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Abstract: We study Hamiltonian systems which depend slowly on time. We show that
if the corresponding frozen system has a uniformly hyperbolic invariant set with chaotic
behaviour, then the full system has orbits with unbounded energy growth (under very
mild genericity assumptions). We also provide formulas for the calculation of the rate
of the fastest energy growth. We apply our general theory to non-autonomous pertur-
bations of geodesic flows and Hamiltonian systems with billiard-like and homogeneous
potentials. In these examples, we show the existence of orbits with the rates of energy
growth that range, depending on the type of perturbation, from linear to exponential in
time. Our theory also applies to non-Hamiltonian systems with a first integral.

1. Setting the Problem
Consider a Hamiltonian system
H=H(p,q,et) (1
with e small. It is natural to compare its dynamics with the frozen system
H=H(p,q,v), (2

where v is now treated as a constant parameter. The Hamiltonian H is a first integral of the
frozen system but not of the non-autonomous system described by (1). Let (p(t), g(¢))
be a trajectory of (1) and H(¢) = H(p(t), q(t), et). Differentiating with respect to time
and using the Hamilton equations we see that the rate of energy change is small

. oH
H(t) = e-=(p(t), q (1), e1).
Vv

Adiabatic invariants play an important role in description of dynamics for this class of
systems [10]. It is also known that if the frozen system is integrable, then under certain
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assumptions the energy H may oscillate at a bounded distance from its initial value for
a very long time.

On the other hand, in the case of chaotic dynamics in the frozen system the behaviour
of the energy may be drastically different. Indeed, in the mid nineties Mather discovered
that adding a time-periodic perturbation to the Hamiltonian of a uniformly hyperbolic
flow creates orbits with an unbounded energy growth. Moreover, the energy on Math-
er’s trajectories tends to infinity linearly, i.e., it changes at a much faster rate than it
could do if the unperturbed system were integrable. This result and its generalisations
were studied in [4,6,7,9,16,23], where the reader can e.g. find more detailed discussion
on the history of the problem. While some papers treat the problem of estimating the
energy growth in nonautonomous Hamiltonian systems mostly as a simplified model for
Arnold diffusion, we think it has an independent interest and a wide range of applications
(see e.g. [13—15,26] where billiards with time-dependent boundaries were discussed in
connection with Fermi acceleration).

In our paper we establish that the existence of orbits of unbounded and rapid energy
growth is a very general phenomenon, typical for practically arbitrary slow non-autono-
mous perturbation of a Hamiltonian system with chaotic behaviour. The construction we
employ is different from most of those used by the previous authors and is applied to a
wider class of systems. Thus, we do not use variational constructions, nor KAM theory,
we do not build heteroclinic chains, and we do not assume any kind of periodicity for the
time-dependence. Finally, we provide formulas for calculating the energy growth rates,
and provide examples for which the growth rates vary from linear to exponential one.

In short, the acceleration mechanism we discuss here is as follows. First, by saying
that the frozen system has a chaotic behaviour, we mean that there exists #* such that
the frozen system has a uniformly-hyperbolic, compact, transitive, invariant set Ay, in
every energy level H = h > h* for all v > 0. In every given energy level, the set Ay,
is in the closure of a set of hyperbolic periodic orbits each of which has an orbit of a
transverse heteroclinic connection to any of the others. This means that orbits of (2) may
stay close to any of the periodic orbits for an arbitrary number of periods, then come
close to another periodic orbit and stay there, and so on. Recall also that periodic orbits
of (2) form families parametrized by the value of H and by v. By a standard averaging
procedure (see e.g. [3,12]), one establishes that for the orbits of the original system (1)
close to a periodic family of (2) there exists an adiabatic invariant — a function J (&, v)
such that J(H (1), et) stays almost constant for a very long time > ¢~!. Now we take
two periodic families, L, and Ly, of the frozen system. For the orbits that stay near
L, the value of J,(H (t), et) will remain almost constant while J, (H (¢), £¢) may grow
or decrease, and for the orbits that stay near L; we will have Jj, nearly constant while
J, changes. In this paper we show that under some natural conditions one can arrange
jumps between L, and Lj in such a way that one of the functions J, or Jp will always
grow while the second one rests. Then the sum J, (H (¢t), et) + Jp(H (), £¢) may tend to
infinity. Note that both J, and Jj, are monotonically increasing functions of %, therefore
the unbounded growth of J,(H (¢), et) + J, (H (), et) implies, typically, the unbounded
growth of H(z).

These considerations do not depend on how the Hamiltonian depends on ¢¢. Indeed,
we treat the cases of periodic and non-periodic perturbations simultaneously, and the
results hold true for periodic, quasiperiodic and other settings. We note that the invariant
set Ay, with the desired properties exists, provided the frozen system has a family of
hyperbolic periodic orbits, each one with a transversal homoclinic trajectory.
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Technically, for the most part of this paper we do not use the Hamiltonian structure
of the system. Therefore, for a greater generality, instead of (1) we consider

X =G(x,et), 3)
where x € R™. The corresponding frozen system has the form
¥=G(x,v). “4)

We assume that a function H (x, v) is an integral, i.e.
oH
—(x,v)-G(x,v)=0. (®))
ax

We will continue calling H the energy.

Assume that for all v > 0 in every energy level H = h > h* the frozen system (4)
has a heteroclinic cycle composed of a pair of hyperbolic periodic orbits L, and Ly, and
a pair of transverse heteroclinic orbits, I';;, and I'p,; the first corresponds to a transverse
intersection of W*(L,) and W*(L}), while the second one corresponds to a transverse
intersection of W (L) and WS (L,).

We note that the set of all orbits that stay in a small neighbourhood of the heteroclin-
ic cycle in a given energy level is a locally maximal, uniformly hyperbolic, compact,
transitive, invariant set [20]. We denote this set by A. It is well known that a hyperbolic
periodic orbit continues in a unique way as a smooth function of parameters /2 and v.
The same holds true for a transverse heteroclinic.

So, L, and Ly, as well as the transverse heteroclinic orbits ', and I'p,, depend on
h and v in a smooth way. Let 7,.(h, v) (where ¢ = a or ¢ = b) be the period of the orbit
Lc(h,v) : x = xc(t; h, v). Let us consider the average of H,, over the periodic orbit L.:

1 [T 8H
UC(hs V) = _/ _(xs V) dt. (6)
TC 0 dv x=xc(t;h,v)
Theorem 1. Assume that the differential equation
dh
—— =max{va(h, v), vp(h, v)} (7N

dv

has a solution h(v) such that h(v) > h* for all v > 0 and h(v) — +00 as v — +0oQ.
Then given any h1 > ho = h(0) there exists t; > 0 such that for every sufficiently small
& there is a solution x(t) of system (3) such that H(x(0), 0) = ho and H(x(t), et) = h;
atatimet <t/e.

In Sect. 1.2 we show that in the Hamiltonian setup (i.e. in the case where system
(3) is Hamiltonian) equation (7) possesses tending to infinity solutions under very mild
assumptions. Thus, for the case of periodic or quasiperiodic dependence of the Ham-
iltonian on et we show (Proposition 2) that the boundedness of solutions of (7) is a
codimension infinity event. Simple sufficient conditions for the unbounded energy
growth are given for special classes of Hamiltonian systems in Sect. 4.

Theorem 1 does not directly imply that system (3) has an orbit with unbounded
energy. In order to prove the existence of such an orbit we need information on the
behaviour of the system near the hyperbolic set Ay, at v and & tending to infinity, i.e.,
for a non-compact set of values of z and v. Therefore, certain uniformity assumptions are
necessary. As they are quite technical, we postpone their precise statements till Sects. 2
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and 3. In short, in condition [UA1] we require that the set Ay, has a cross-section and that
the right-hand sides of the corresponding Poincaré map, when written in the so-called
“cross-form” [22], are uniformly bounded, along with their first derivatives, for all suffi-
ciently large /# and v and all small . In condition [UA2] we require a certain uniformity
for the times of the first return to the cross-section and for the change in the energy
between two consecutive returns. In Sect. 4 we check these uniformity assumptions for
several classes of examples.

For a greater generality, we allow for the right-hand side of system (3) under consid-
eration to depend explicitly on &, i.e., the system takes the form

x =G(x,et; ), (®)

with G depending on ¢ continuously. Thus, the frozen system (4) and the integral H
will also depend on €, as well as the functions v, in (6).

Theorem 2. Assume the uniformity assumptions [UA1] and [UA2] hold true. Consider
a differential equation

dh

o = max{v,(h, v), vp(h, v)} — §B(h, v), &)
v

where the smooth function B is defined by condition (46). Suppose there exists 6 > 0

such that Eq. (9) has, for all small e, a solution hs(v) that satisfies hs(v) > h* for all v

and tends to +00 as v — +00. Then for all sufficiently small e system (8) has an orbit

x(t) for which H (x(t), et; ) — +00 ast — +00.

Theorem 2 above is an immediate corollary of the following comparison theorem.

Theorem 3. Assume the uniformity assumptions [UA1] and [UA2] hold true, let § > 0
and denote as hs a solution of the differential equation (9). Then for all sufficiently small
& system (8) has a solution x (t) such that H(x(0), 0) = hs(0) and

H(x(t), et) > hs(et)
forallt > 0.

The proof of Theorem 3 is given in Sects. 2 and 3. Note that the uniformity assump-
tions are automatically fulfilled for any compact set of # and v, hence Theorem 1 is
indeed extracted from Theorem 3 by modifying, if necessary, the equations outside a
neighbourhood of the region H(x, v) € [ho, h1] and v € [0, #1].

Note also that although the function 8 in Theorem 2 is defined in technical terms, in
the examples which we consider in Sect. 4 this function is asymptotically (as 4 — +00)
of the same order as the functions v, 5. Therefore, the contribution of the second term
of Eq. (9) is not very important (recall that § in (9) can be taken arbitrarily small). In
other words, the energy growth rate is, essentially, given by the solution of Eq. (7).

1.1. Scheme of the proof. Let us now describe the scheme of the proof of Theorem 3.
Consider the family L. : x = x.(¢; h, v) of the hyperbolic periodic orbits of the frozen
system (4) (here, c = a or ¢ = b). This is a three-dimensional invariant manifold of
system (4). Importantly, this manifold is normally-hyperbolic, because of the hyperbo-
licity of the periodic orbits which comprise it. Therefore, it persists for all small ¢ [8] (the
set of values of (%, v) under consideration is not compact and therefore we also need our
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uniformity assumptions to make such claim). Thus, system (8) has an invariant manifold
x = Xq(t; h,v; ¢) such that X, = x. at ¢ = 0; moreover, x, depend periodically on
the first argument t (with the period depending on 4, v and ¢). The dynamics on this
manifold is close to the dynamics of the frozen system, therefore the evolution of 4 and
v is slow, while the first argument 7 is a fast rotating phase. Hence, in the first order
with respect to ¢, the evolution of /4 and v on the invariant manifold is described by the
system averaged with respect to the fast time

h=e¢ve(h,v), v=¢, (10)

where v, is defined by Eq. (6). Therefore if a trajectory stays close to L. its energy
changes following the equation

% = v.(h, v) +h.o.t.

dv
As we see, for given values of & and v the velocity of the change of /2 depends on the
periodic orbit L.. We will prove that the full system has a trajectory which switches
between small neighbourhoods of L, and Lj, always choosing the periodic orbit which
gives larger velocity at the moment; clearly, this is the trajectory which implements the
optimal strategy for the acceleration. For this trajectory the rate of energy change is
described by the differential equation:

@ = max{v,(h,v), vp(h,v)}+ h.o.t.

dv
Hence, Eq. (7) correctly describes the evolution of / along the trajectory of the fastest
energy growth. The small é term in (9) takes care of all higher order corrections (we
can neglect this term in the framework of Theorem 1, where the time of acceleration is
finite).

As we see, in order to prove Theorem 3, we just need to construct an orbit which
actually jumps between L, and L in the above described way. In order to do this, we
code the orbits of the frozen system that stay in a small neighbourhood of the heteroclinic
cycle L, U Ly Uy, U Ty, by sequences of a’s and b’s. Given any such sequence, the
corresponding orbit depends smoothly on % and v, i.e. we have a normally-hyperbolic
invariant manifold corresponding to any of these sequences. Because of the uniform
normal hyperbolicity, all of these manifolds persist for all small & (we supply a proof in
Sect. 2; as a matter of fact, our approach is similar to that of [21]). We repeat that every
sequence of a and b is a valid code, i.e. for every itinerary of the jumps between L,
and L, system (8) has an invariant manifold, orbits on which implement this particular
itinerary. In particular, it has an invariant manifold for the orbits on which the growth of
the energy is estimated from below by Eq. (9). The rigorous construction is in Sect. 3.

1.2. Adiabatic invariant revisited. In this subsection we discuss the meaning of Eq. (7)
in the Hamiltonian setup and conditions which imply that all its solutions tend to infinity.
This section is of independent interest and the proofs of our main theorems do not rely
on its results.

Note that Theorems 1, 2 and 3 do not assume that system (3) is Hamiltonian. How-
ever, as we will show in a moment, in the Hamiltonian case Eq. (7) indeed has a tending
to infinity solution under almost no assumptions.
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We first recall that hyperbolic periodic solutions L. comprise, at every fixed v,
a one-parameter family parametrized by the energy h. Thus, they fill a certain two-
dimensional cylinder in the phase space. As usual in the theory of slow perturbations,
we may introduce “action-angle” variables on this surface. The “action” is defined by

Je(h,v) =]{ p dq 1D
Le

in the case of the standard symplectic form. In a more general case, where the Hamilto-
nian system (2) is defined on a manifold with a symplectic form €2, let us assume that
the symplectic form is exact, i.e. 2 = d¢, where ¢ is an 1-form. Then the action is
defined as

Jc(h,v)zjf . (12)
L.
It is well-known that
aJ, aJ. e 9H
vy = Toth vy, 2wy = —/ o g (13
8/1 81) 0 8]} XZXC(t;h,U)

In order to see this, note that, by definition of the action, the difference between the
actions corresponding to two close closed curves L.(h, v) and L.(h + Ah, v + Av) is,
essentially, the area of the surface spanned by these two curves. Therefore in the case of
standard symplectic form 2 we obtain

= [ (e PR D
0

av av

aJ, Te(h,v) ope(t; h,v) aqc(t; h,v)

9t _ st by Bl D) o,y XA
Bh /0 (qC( 5 V) ah pC( U) ah )

In the general case we have

aJ, Te dx.(t; h,
) =/ Q (J‘Cc(t; h,v), M) dt,
0

v v
aJ, Te dx (13 h,

¢ =/ o (5ot nvy, BBV
oh 0 oh

Taking into account the definition of the frozen Hamiltonian vector field we see
Q(x, -) = dH(-), which implies in the coordinates

0x.(t; h,
xe( V)dt

3Je _/Tc OH (x,v)
0

’

v [ v
aJ, _/Tc dH (x,v) 8xc<t;h’v)dt
oh  Jo R P O ) B '

Since H (x.(t; h,v),v) = h for all h and v due to the definition, these formulas imply
(13) immediately.
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Let us consider the Hamiltonian system with one degree of freedom defined by the
Hamiltonian function J.(h, v):

9, 0

h’ 9
oy V) V=

W= -

(h,v).

Taking into account (13), we conclude that

oH

T.
h,:/ Sy oV lk=xewnmdt, V= Te(h,v), (1
0

which coincides with Eq. (10) up to a time change. Consequently J. (%, v) is an integral
of (10), i.e., Jo.(h(v), v) = J(h(0), 0) for every its solution.

This gives us a leading order model for an orbit of the full system which stays close to
L.: the action J. is an adiabatic invariant and the energy oscillates like a trajectory of a
Hamiltonian system with one degree of freedom described by the Hamilton function J.

Thus, when the orbit is close to the invariant manifold that corresponds to L,, the
function J,(H (), et) remains almost constant for a long time, while the evolution of
Jp(H (1), t) is, in the first order, described by the equation

. aJp 0J, aJp, dJ,
Tody = eldp, Ju) = ¢ (—” e oD —“), (15)

where the factor T, is due to the change of the time variable. Analogously, when the
orbit is near the invariant manifold that corresponds to L, the function J, (H(¢), &t)
remains nearly constant, while the evolution of J, is, in the first order, given by

aJ, daJp 0Jy 8Jb) (16)

Thja =¢e{Ja, J},}:g(_ _v ¢ 77

As we see from (15) and (16), by virtue of the anti-symmetricity of the Poisson bracket,
if {J,, Jp} is not identically zero one can always choose between L, and Lj in such a
way that one of the functions J, or J, will be increasing, while the other is constant.
Thus, for an orbit of (1) that stays near the invariant manifold corresponding to L, when
{Jp, Jo} > 0 and near the invariant manifold corresponding to L; when {Jp, J,} < O,
we will have the “total action” J := J, + Jp, steadily growing with time (in the first
order of our approximations). Since dJ/dh = T, + Tj is always positive, the growth of
J allows h(t) = H(x(t), et) to grow (we will make this statement more precise below;
see Propositions 1 and 2).

It is remarkable that the above described itinerary of the switching between L, and
L, coincides with that employed in Eq. (7), due to the following relation:

{Jar Ip} = TaTp(vg — vp), (17)

which directly follows from Egs. (13) and (6) and implies, obviously, that the Poisson
bracket changes its sign at the same time as (v, — vp) does.
Note that v, defined by (6) has a simple geometrical meaning: since (13) implies

aJ. aJ;
ve(h,v) = — W(h, v)/ o (h,v), (18)
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ve(h, v) describes the angle between the direction of the Hamiltonian vector field of J.
at a point (&, v) and the direction of the v-axis. Now, Eq. (7) can be interpreted in the
following way. On the plane (%, v) there are two Hamiltonian vector fields generated
by the Hamiltonian functions J, and Jp. A solution of (7) follows the level lines of J,
and Jp: at every point there are two level lines and the solution chooses the one which
leads to larger 4 in the immediate future.

Because of the monotone dependence of J. on 4, such choice implies that both func-
tions J.(h, v) are non-decreasing along the solutions of Eq. (7). Indeed, by (13) and (6),
if 2 (v) is a solution of (7), then

1
ch—ch(h(V), v) = max{vg, vp} — ve > 0.

Now we are ready to formulate a general criterion for the unbounded growth of the
solutions of (7). Note that since dJ./dh # 0, every level line of J.(h, v) is a graph of a
certain function & of v. We will say that a certain level line of J, is asymptotic to a level
line of Jj, if the difference in & between these two lines tends to zero as v — +00.

Proposition 1. Let the actions J, and Jp be defined at (h > h*,v > 0). Assume that

limp,—s 400 J (R, v) = +o0 uniformly forallv > 0. Suppose also that the actions J, (I, v)

remain bounded from above and the periods T, p(h,v) = Bg;;l’b(h, v) remain bounded

away from zero on any bounded set of values of h, uniformly for all v > 0. Under these
assumptions, if none of the level lines of J, is asymptotic to a level line of Jp, then every
solution of Eq. (7) that starts with a sufficiently large hq stays in the region h > h™ and,
if defined for all v > 0, tends to infinity as v — +00.

Proof. Let ¢ = a or ¢ = b. Since J.(h, v) uniformly tends to infinity as 4 — +oo, for
every finite value of J, the corresponding level line is defined for all v and the corre-
sponding values of / remain uniformly bounded. Let £ be a level line which corresponds
to the value of J. greater than sup,~ J(h*, v), so this line stays entirely above h = h*
(recall that J (h, v) is an increasing function of / for a fixed v). Since J is non-decreas-
ing along the orbits of Eq. (7), any solution of (7) that starts above £ at v = 0 remains
above it for all v > 0, i.e. it remains above & = h*. Hence, unless it tends to oo at some
finite v, it is defined for all v > 0. If 4 (v) is such a solution, then the monotonicity of
Jo(h(v), v) implies that there exists lim,_, 1o J(h(V), V), finite or infinite.

Now suppose that 4 (v) does not tend to infinity as v — +o0o. Then there exists
at least a sequence of values of v=v; — +00 such that the corresponding values of
h(vr) remain all bounded from above by the same constant. By assumption, the val-
ues of, say, J,(h(vg), vk) also remain uniformly bounded for all k, therefore J, :=
limy_ 400 J4 (A (v), v) is finite. Moreover, the line 7 = h(v) stays entirely below the
level line J,(h, v) = J,, hence h(v) is uniformly bounded for all v. Since both curves
Ju(h,v)=J, and h =h(v) stay in the region of bounded #, the value of 9J,/dh =
T, remains bounded away from zero between these curves. Therefore, the fact that
Ja(h(v),v) — J, as v — +oo implies that the line 2 = h(v) tends to the level line
Ja(h, v) = J,. As the same arguments are equally applied to the action J,, we find that
by assuming that /2(v) does not tend to infinity we obtain the existence of two level lines,
Jy(h,v) = J, and Jp(h, v) = Jp, that are asymptotic to each other. O

In the case of periodic or quasiperiodic dependence of H on ¢f the periodic orbits L.
of the frozen system do not necessarily depend periodically, or quasiperiodically, on v.
However, let us assume that L, and L, are periodic or quasiperiodic functions of v, or at
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least the corresponding actions J, 5 and, hence, the periods T, ; are (this is always the
case in many settings, e.g. for the classes of systems we consider in the Examples Sec-
tion). Then all the uniformity assumptions of Proposition 1 are automatically fulfilled.
Moreover, two level lines of (quasi)periodic functions may be asymptotic to each other
only if these lines coincide (this is, of course, a very rare event). Thus, we arrive at the
following result.

Proposition 2. Let the actions J,(h, v) and Jp(h, v) be defined at (h > h*, v > 0), and
let them depend periodically or quasiperiodically on v. Assume thatlimy,_, 10 J (h, V) =
+00 uniformly for all v > 0. Then, if J, and J do not have a common level line, then
every solution of Eq. (7) that starts with a sufficiently large hq stays in the region h > h*
and tends to infinity as v — +00.

As we see, conditions of Theorem 1 are almost always fulfilled if the system under
consideration is Hamiltonian. Thus, the phenomenon of an unbounded energy growth in
slowly perturbed chaotic Hamiltonian systems has a universal nature, practically inde-
pendent of a particular perturbation shape, or of the structure of the frozen system. It is
caused by some basic properties of Hamiltonian dynamics, namely by the existence of
adiabatic invariants for slowly perturbed one-degree-of-freedom systems and by the fact
that the adiabatic invariant is the Hamiltonian of the corresponding averaged motion. In
other words, this phenomenon is a direct consequence of the Hamiltonian structure of
the problem. This approach naturally extends onto slow-fast Hamiltonian systems with
several slow degrees of freedom [25].

2. Description of a Horseshoe and Normally-Hyperbolic Invariant Manifolds
Consider the frozen system

x=G(x,v;e), (19)
and assume that a function H (x, v; ¢) is an integral of system (19), i.e.

oH
—-Gx,v)=0 (20)
ax
(we suppress, notationally, the dependence on ¢ in the frozen system from now on).
Let system (19) have a pair of saddle periodic orbits L, : x = x,(t; h,v) and
Ly : x = xp(t, h,v)atall v > v* (for some v* < 0) in every energy level H = h > h*.
Take a pair of small smooth cross-sections, ¥, and X, to L, and L, respectively. As
L, and L, depend smoothly on & and v, the cross-sections X, ; can also be taken to
depend smoothly on A and v. Denote the Poincaré map on X, near L. as I1.. (¢ = a, b);
the Poincaré map is smooth and depends smoothly on % and v.
We assume that the frozen system has, atall v > v*inevery energy level H = h > h*,
a pair of heteroclinic orbits: Iy, € W*(L,) N W¥(Lp) and 'y, € W¥(Lp) N W5 (L,).
Let I1,p, and I1p, be maps on ¥, and on X; defined by the orbits close to I',; and I,
respectively; I1,;, acts from some open set in X, into an open set in X, while Iy,
acts from an open set in X into an open set in X,. There is a certain freedom in the
definition of the maps I1,; and I1p,: each of these maps acts from a neighbourhood of
one point of a heteroclinic orbit to a neighbourhood of another point of the same orbit,
and different choices of the pairs of points lead to different maps. When a definite choice
of the maps is made (we will do it in a moment), we find for every orbit that lies entirely
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in a sufficiently small neighbourhood of the heteroclinic cycle L, U Ly U Ty, U T, a
uniquely defined sequence of points M; € ¥, U X, such that

Mivy = Mg, Mi,
where
& =cif Mje X, (c=a,b).

The sequence {&; };:j%% is called the code of the orbit.

The periodic orbits L, and L; are saddle, and the intersections of the stable and
unstable manifolds of L, and L, that create the heteroclinic orbits are transverse, by the
assumption of the theorem.

This implies (cf. [1]) that one can choose the maps I1,; and I, and define coordi-
nates (¢, w) in X, and ¥ in such a way that the following holds:

e In the given coordinates, X, = U, x W,, where U, , and W, j are certain balls in
R~ (we assume that the dimension of the x-space equals 2m); so we may choose
some constant R such that

max{ diam U,, diam U, diam W,, diam W, } < R. 21

e For each pair ¢ and ¢’ the Poincaré map I, can be written in the “cross-form” [22];
namely, there exist smooth functions f.., g¢r : Ue X Wer — Uy x W, such that a
point M (u, w) € X, is mapped into M (i, w) € X/ by the map Il if and only if

U= feou,w), w = g (U, w). (22)
e There exists A < 1 such that
0
(fO'O' VgO'O') S )\' < l (23)
B(u w)

(where we define the norm in U x W as max{|ju||, |w]|}).

Inequality (23) means that the set Aj, of all the orbits that lie entirely in a sufficiently
small neighbourhood of the heteroclinic cycle L, U L, U Ty, U Ty, in the energy level
H = h at the given value of v is hyperbolic, a horseshoe. Thus, one can show that Ay, is
in one-to-one correspondence with the set of all sequences of a’s and b’s, i.e. for every
sequence {&; }i_t%oo there exists one and only one orbit in Ay, which has this sequence
as its code. Indeed, by (22), an orbit from Ay, has code {&'l}‘_+OQ if and only if the
intersection points M; (u;, w;) of the orbit with the cross-section satlsfy

Wirl = [, Wi, Wis1), Wi = g, Ui, Wix1),

}+OO

i.e. the sequence { (u;, w;) }}22  is a fixed point of the operator

{ i, w) 22 o > {(fe i (imt, wi), &gy, Uiy wis1) 2 .

By (23), this operator is a contracting map of the space Hz——oo Ug,

existence and uniqueness of the orbit with the code {él}’ follows (see e.g. [20]).
Moreover, as the fixed point of a smooth contracting map depends smoothly on parame-
ters, the orbit depends smoothly on /2 and v, so the derivatives of (u; (h, v, &), w; (h, v, §))
with respect to (&, v) are bounded uniformly for all i and &.

x W, hence the

i
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It also follows from (21),(23) that
iy v, D) = i (v, €2, w; G, v, ED) = wi(h, v, €PN < R (24)
for any two code sequences &) = {Ei(l)}lfzo‘i 002 £@ = {Ei(z)}lfi‘i o Which coincide at
li| <n(.e. gi(l) = &i(z) at |i| < n); the constants R > 0 and A € (0, 1) are given by (21)
and (23) and are independent of g1.D)

Let us now switch to the system with a slowly changing parameter v = ef. This
means that we augment system (19) by the equation

b=e, (25)

while (19) remains unchanged. Although relation (20) still holds true, the conservation
of energy no longer follows: indeed, by (19),(20),(25),

d oH
—H(x(1),v(t)) = e——(x(1), v(1)). (26)
dt av

By continuity, for system (19),(25) the Poincaré maps .. : Uy , X, — Uy, 2 are

still defined at small ¢. Denoting z = (h, v), for any compact set of z values we may
write the maps in the following form:

|
Il

Jecr(u,w,z,8), w=ge(u,w,z,¢)
(27)
Z=2z+&P (U, w,z,¢),

where f, g, ¢ are bounded along with the first derivatives and f, g satisfy (23). Clearly,
any smooth transformation of the z-variables will not change the form of map (27).

As the set of values of v and /& under consideration is not compact (we are interested
in the behaviour of the system for v and % tending to infinity), we need certain uniformity
assumptions. We require the following:

[UA1] Forall h > h* and v > v*, one can introduce coordinates (u, w) on %, and
Y and define z = (a(h, €), v) with a smooth function o such that a’(h) > 0,
in such a way that for all small ¢:

(1) formula (27) holds for the Poincaré maps T, and the functions f, g, ¢ along
with the first derivatives are uniformly bounded and uniformly continuous with
respect to ¢, for all h > h™ and v > v*;

(i1) estimate (23) holds with the constant » < 1 the same for all h > h*, v > v*
and all small ¢;

(iii) the diameter of the balls U. and W, is uniformly bounded, i.e. (21) holds with
the constant R the same for all h > h*, v > v* and all small ¢.

It also does no harm to assume that ¢ = 0 if h = h* or v = v*, i.e. the region
{h > h*, v > v*} is invariant with respect to the Poincaré map. If this is not the case,
then we can modify ¢ in a small neighbourhood of 7 = h* and in a small neighbourhood
of v = v*: as we are interested in the orbits for which 7 — +o0, they will never enter
the region of 4 close to 2*; and v = &t is a growing function of ¢ anyway.

Now we are ready to formulate the main technical result beneath Theorems 1-3. It
has a general nature and has little to do with the Hamiltonian structure of the equa-
tions. Rather we notice that by fixing any code & and varying & and v we obtain at
& = 0 a sequence of smooth two-dimensional surfaces, the ih surface is the set run,
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as h and v change, by the point M; of the uniquely defined orbit with the code &; this
sequence is invariant with respect to the corresponding Poincaré maps and is uniformly
normally-hyperbolic — hence it persists at all e sufficiently small.

Lemma 1. Given any sequence & of a’s and b’s, there exists a uniquely defined sequence
of smooth surfaces

Li,e): (u,w)=(ui(z,§,8),w;(z,§,¢)) (28)
such that
Hgg, Li = Liv- (29)

The functions (u;, w;) are defined for all small ¢ and all h > h*,v > v* they are
uniformly bounded along with their derivatives with respect to z and satisfy (24).

Proof. Take a sufficiently large K and consider any sequence of surfaces of form (28)
with

A(ui, w;)

0z

(we further suppress notationally the dependence of u; and w; of £ and ¢). Define
functions 7; (z) and 7;(z) by the relations

‘ <K (30)

2 =0 +&dg e, (i), wis1(2), i, &), (31)

and

Ni =2+ &bge,, Wi (2), wir1(M;), 2, €). (32)

As all the derivatives of ¢, u; and w;4+1 are uniformly bounded, Egs. (31) and (32) define
the functions 7; (z) and 71; (z) uniquely.

By (27), the sequence of surfaces will satisfy (29) if and only if the sequence of
functions {u; (z), w;(z)} is a fixed point of the operator

F i Aui(@), wi(2)} > {ui (2), wi(2)}
defined by

i1i41(2) = feg (i (0 (2)), Wi (2), 10 (2), €), (33)
Wi (2) = &g,y i (2), wiv1(7i(2)), 2, €).
Let Wk be the space of sequences of functions ¥ = {u; (z), w; (2)}]2°  satisfying (30).
Endow Vg with the norm

¥ [l = sup max{lu; (), lwi(2)[}. (34)

Itis easy to see that F(Wg) C Wk provided K is large enough, and that F is contracting
on Wk, for all small €. Indeed, let us check this claim at ¢ = 0. In this case we have
ni = n; = z (see (31),(32)). Therefore,
oujiv1  Of  0(ui, wis1) Lo
0z a(u, w) 0z 0z

dw; _ 0g Oui, wivt) | 98
9z d(u,w) 9z 9z’
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which gives

H (i1, wi) ” < H O(ui, Wit1) (35)

90z

0 )
e[
<

(see (23)). Thus, for any

1
K > su
1—x pH

we have F(WVg) C Wk indeed. To prove the contractivity of F at ¢ = 0 just note that it
follows immediately from (33),(23) that

- @ 20 ~ (2 n_ ~@ 1 2
1@l -l o — s < alw - i wl —wlhl. Ge

Uipp — Uiy W Uy 5 Wiy — Wiy

At & # 0 inequalities (35),(36) change to
O(Ui+1, W;)
0z

293212 +06) ()

=@A+0C ))H

d
‘ + sup H —(g’ 8)
Z

and

(1 2) - 2 1 2 A 2
Iy — @y, ol = i) < G+ 0@ e —a®, wl) —wihl. (38)

i+1 1+1’ i+1 1+1

Hence, at all small ¢ the operator F remains a contracting map Wg — Wg. Thus, it
has a fixed point in the closure of Wg in the norm (34). This gives us the existence of
the invariant sequence of Lipshitz continuous invariant surfaces — the smoothness is
standard (see e.g. Theorem 4.4 of [22]).

Finally, the estimate (24) follows immediately from (38) and (21). O

According to this lemma, for all sufficiently small ¢, for every code & = {§; }i;t%%
system (19),(25) in the space of (x, v) has a smooth three-dimensional invariant mani-
fold M that corresponds to this code, i.e. the manifold depends continuously on ¢ and,
at ¢ = 0, it is the union, over all & > h*, v > v* of the orbits with the code & (recall
that for each &, v we have exactly one such orbit). The intersection of Mg with the
cross-section Uy, ,, (X, U Xp) is exactly the sequence of surfaces {£; (£, £)}72° . Thus,
dynamics on M is described by the Poincaré map on the cross-section. The Poincaré
map is obtained by plugging u = u;(z,&;§), w = w;(z, &; &) into (27). Namely, z;
is the sequence of the points of intersection with the cross-section of an orbit on the
invariant manifold M if and only if

Zisl =2 +ePgg,, (Ui (2i, € E), wis1(Zit1, € &), 2y €). (39)

Recall that in our notations z is a vector of two components: y := «(h, €¢) and v. So we
will write

Vitel = Vi + 80, (Ui (i, £, 8), wit1(Zis1, € 8), 2, €),
(40)
Vigl = Vi + T, Wi (i, 6 8), wir1(Zi+1, € 8), 2, ©),

i.e., 0 and t denote the two components of the function ¢ in (39).

Note that for the codes & = a® (i.e.&; = aforalli)and & = b® wehave u;+1 = u; and
wiy1 = w; for all i. We denote u.(z, ) := u;(z, &; ¢®) and w.(z, &) = w;(z, &; c?)
(where ¢ = a or b). By construction, the manifold (u, w) = (u.(z,0), w.(z,0)) is
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the set of the intersection points of the periodic orbit L. : {x = x.(¢; h, v)} of the
frozen system with the cross-section (we have one intersection point for every value of
z = (a(h,e),v)).

By (25), the function t in (40) is just the time of one return onto the cross-section.
Therefore, for the orbits on the manifold M.~ we have

Teele=0 = Te(h, v), (41)

where T, is the period of L.. Analogously, for the function 6. in (40) we have

1 T
=lim - [ ydr,

. Yil — Vi
Occle=0 = lim ———
e—>0 & e=>0¢€ Jo

where y is the time derivative of y by virtue of system (19),(25). As y = «(h), we find
from (26),(25) that
y=c¢d (H)H), (42)

SO

dt (43)

x=xc(t:h,v)

e 9H
Becleo = o' (h) / e
0 1%

for the orbits on the manifold M o.

3. Proof of Theorem 3

Before proceeding to the proof we will formulate the second uniformity assumption.
It is automatically satisfied for any compact set of values of z = (y, v), hence for any
compact set of values of 4 and v.

Denote

ad
—GCC’(uv w, é.v 8)

o(u, w)

where ¢ runs centered at z ball of some small radius p — we take p as small as we want,
but independent of . The supremum of |« (H) H| is taken over the piece of the orbit that
starts on the cross-section at the point (#, w, ¢) and continues until the next hit with the
cross-section (i.e. ../ (u, w, ¢, €) gives the length of the corresponding time-interval).
Thus, by (42), e®, estimates the maximal change in y between the two intersections
with the cross-section. In particular,

O)(z,8) = sup [Ia/(H)Hﬁlfccf(u,w,§,€)+

u,w,c,c’,¢

(44)

.[CC/ (l/l, ws §7 8)

d
Tp(z,8) = sup T (U, w, g, 8)+ T w)

/
u,w,c,c’, ¢

®,0(Z7 S) 2 |9CC/(M5 w, Ca 8)|'

The function 7,,, obviously, estimates the return times to the cross-section.

Recall that 7, (4, v) denotes the period of the saddle periodic orbit L. (¢ = a, b) of
the frozen system (19) for a given value of z = («(h, €), v). Assume that the following
holds.
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[UA2] (i) There exist a constant C > 0 and a small p > 0 such that
max{®,(a(h), v, &), Ty(a(h),v,e)} < Cmin{T,(h,v), Tp(h,v)} (45)

forall h > h* and v > v*, and for all small ¢.
(ii) The functions

;(pcc(“c(z’é\)’wc(z"g)» Z,S) (C=a7b)

T.(h,v)

are uniformly continuous with respect to ¢ and z = (y,v) for all
h=a'(y) > h*and v > v*.
Denote as B(h, v, €) any smooth function such that
Op(a(h), v, €)

Flh. v e) = N T o). Ty (o))

(46)

By construction, ® /T, ; estimates the velocity of the change of y = «a(h), therefore
the function S estimates the velocity of the change of /. Indeed, in the examples we
consider in Sect. 4, it is of the same order as v, 5.

Now we can prove Theorem 3. Take any independent of ¢, arbitrarily large N and
consider any code & such that for some i we have & = &4 = ... = &+ny—1 = c (Where
c =aorb). By (24),

(i) (2, €, 8) — ue(z, €), wisj(zZ, & &) — we(z, &, &) < RAMMNTIZI - (47)

Take any orbit on the invariant manifold M that corresponds to this code &, and let z;
be the sequence of intersection points of the orbit with the cross-section Uy, ,, (X, U Xp).
It follows from (47) and from the uniform e-closeness of the right-hand side of (39) to
identity that for all sufficiently small ¢

lzisn — 2i — ENGec(Ue(zi, €), We(Zis €), 2is )|

(48)
< K(©p(zi. &) +Tp(zi, €)) (e + (eN)P),
where K is a constant.
By (48),(41) and the uniformity assumption,
gligb(ww —vi)/e = NTc(hi, vi) + O(1), (49)
uniformly for all z. It also follows immediately that uniformly for all z,
tim 2 X 5 )+ O (N By, v (i), (50)
e—=>0 Viyny — V;
where we denote
R Occ(z, ¢, 0)
be(z) = W =o' (hve(h, v) (51)

(see (40),(43),(45),(46),(6)).
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Thus, for every § > 0 there exists N such that for all sufficiently small ¢ and for
every code £ such that [£;&,1 ...&+y_1] = ¢ the change in y after N iterations of the
Poincaré map is greater than the change in the solution y of the equation

dy .
—= = Dc(y, v) — 8Ba’ (52)
dv
on the interval v € [v;, vi+n], with the initial conditions y(v;) = y;. Indeed, as the
function ¥, is uniformly bounded and uniformly continuous (according to [UA2]), we
have for the solution y(v) of (52),
Vi — (v .
lim YWisn) — y (i) = bo(zi) — 8,30[/, (53)
e=>0  ViaN —V;
uniformly for all z, so the claim follows from the comparison of (53) with (50).

It follows immediately that if N is taken sufficiently large, then for all sufficiently
small ¢, given any code sequence & built of length N blocks of equal symbols, i.e.
Ein=&iNv1 =...=&jN+N—1 = Cj, Where {c; };Of_oo is an arbitrary sequence of a’s
and b’s, for every orbit £ in the invariant manifold Mg,

Yin > y(vjN) forall j > 0, 54

where {(y;, vl)}ff‘i ~ 18 the sequence of the intersection points of £ with the cross-sec-

tion, and y(v) is the solution of the equation

d . 1
T2 = 0, (3, v) = 30 ) () at v € [V, vgnw] (55)

with the initial condition y(vg) = yo.

Let us now construct a particular code sequence &* by the following rule. Fix some
(yo,vo) suchthatyo > a(h™), vp > v Ati < Oweputé* = a. Ati > 0 we put
7 = ] el = .- =& INeN—1 = c , where the symbols c] are defined inductively,
as follows. Denote as £*(/) the code sequence such that é*(/ ) = E*ati < jN and
& D — gati > jN.Denote as M the invariant manifold with the code & ) Let £*()

be the orbit on M ; with the initial conditions ZOU ) = ()0, vo). Let z; *() (y*(j ), *(j ))

denote the i™ point of intersection of the orbit £*(/) with the cross-section. Deﬁne

) [a if Da (250 > BT,

Cj - b lf Ua(Z (/)) < Ub( (/)) (56)

By construction, the value of c;‘. is completely determined by the segment of £* with
i < jN, so we indeed can inductively define £* in this way.

Let £* be the orbit on the manifold M¢g+ with the same initial values of (yo, vo), as
we have chosen for the orbits £*), and let z;" be the points of the intersection of ¢* with

the cross-section. As the code £* coincides with the code £*() foralli < jN, it follows
from (24) that

i (z, €%) = wi (2, §°9), wi (2, %) — wi(z, §* )| < RAVN .

Plugging this into (39) gives, uniformly for all j,

Gy =) =0
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(we use here that 13 — zSU ) = 0). Therefore, it follows from the uniform continuity
of v(z) that 067_ (z*()) is uniformly close to max{ 0, (z*/)), 05 (z*)) } (see (56)). This
implies (see (54),(55)) that

y;‘N > y(v;‘N) for all j > 0, (57)

where y(v) denotes here the solution of the equation

d
ﬁ = max{0,(y, v), 0p(y, v)} — 8B (h, v)a'(h) (58)
with the initial condition y(vg) = yo. Asthe change in y between N intersections with the
cross-sectionis O (e N®,), i.e. it is uniformly small in comparison with o’ min{7,, T}
(see (46)), we find from (57) that for every point on the orbit £* the value of y is larger
than the value of y for the solution of (58) at the same value of v.

Now recall that y = «(h) with an increasing function «. Thus, it follows from (58)
that for every point on the orbit £* the value of 4 is larger than the value of 4 for the
solution of

dh
dv o' (h)

max{ﬁa()’: U)v ﬁb(% U)} - 3:3(117 v, 8)

at the same value of v, which completes the proof of Theorem 3 (see (51)).

4. Examples

4.1. Non-autonomous perturbation of a geodesic flow. We begin with the Mather prob-
lem: a geodesic flow on an m-dimensional manifold (m > 2), with the Hamiltonian H,,
subject to a non-autonomous perturbation V (g, t). Here ¢ denotes position in the con-
figuration space, i.e. V does not depend on momenta. Assume the uniform hyperbolicity
for the geodesic flow (i.e. strictly negative curvature; recall that the uniform hyperbo-
licity implies that periodic trajectories are dense in the phase space of the geodesic flow
[2]), and assume uniform boundedness and continuity for V and its first and second
derivatives.

The trajectories of the unperturbed geodesic flow are the same in every energy level,
just the velocity of motion grows as the square root of the energy. Namely, the flow does
not change with the following scaling of time, energy, and momenta:

t = t/ss, H— Hs, p— ps. (59)

At the same time, this transformation changes the perturbation. If we let s = =2, then
the perturbation term V (g, t) is replaced by 2V (g, et). Therefore at large energies,
adding V (g, t) to H, is, effectively, a small and slow perturbation of the geodesic flow.
Thus, this example belongs to the class of systems (1).

Theorem 4. Let L, : g = q,(t) and Ly, : g = qp(t) be two periodic trajectories of the
geodesic flow H = Hy in the energy level Hy, = 1. Denote

— 1
VC(V) = F

C

T.
/ V(ge(1), vydt, (60)
0
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where T, (¢ = a, b) is the period of L.. Assume

1 N
lim inf—/
s—>+00 5 /g

Then the Hamiltonian system

i(17a(v) — V() |dv > 0. (61)
dv

H=H,+V(q,1) (62)
has orbits for which H linearly grows to infinity.

Proof. After the scaling transformation (59) with s =&~2 the Hamiltonian function
recasts as

H = Hy(p,q) +2V(q, et), (63)

which has the form (1). We check that the assumptions of Theorem 3 are all satisfied.
First we note that if ¢ is sufficiently small, the frozen system

H=H, +£*V(g,v)

has a heteroclinic cycle close to the heteroclinic cycle of the geodesic flow in every
energy level H = h > 1. Indeed, after the scaling transformation (59) with s = &, the
system in the energy level H = h is transformed into

~ 82
H=H; + EV(Q, V)

in the energy level H=1,ie. itis uniformly close to the geodesic flow in the level
H, = 1. Therefore the heteroclinic cycle of the frozen system exists for all 2 > 1.

It is useful to note that according to (59) the periods of the periodic orbits L, (h, v)
and Ly (h, v) in the heteroclinic cycle behave as

Tas(h,v) = h~ V2T + 0(e2)), (64)

where T;fb) denotes here the v-independent period of the corresponding orbit of the
geodesic flow in the level H, = 1.

In order to apply Theorem 2 we have to check that Poincaré maps near the heteroclinic
cycle satisfy the uniformity assumptions [UA1] and [UA2]. Let (ug, wp) be the coordi-
nates for which the Poincaré map for the geodesic flow in the level H, = 1 has the form
which satisfies (22) and (23). Then we define coordinates («, w) on the cross-section in
the following way:

(w, w) = (uo(q, p/\/ H(p, q,v)), wolg, p/\/ H(p, q,v))) (65)

and z = (h,v) with h = I:I(p, q,v).

Now we need uniform estimates for the Poincaré map represented in these coordi-
nates. Let us take any sufficiently large s and consider the part of the phase space that
corresponds to

s < I:I(p,q, v) < 2s. (66)
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The scaling (59) transforms the system to H = Hg,+ % V(q, st/+/s) in the energy levels

1 < H < 2. The scaled system is uniformly 0(e? /s)-close to the geodesic flow in these
energy levels. Therefore, in the coordinates

(. w) = (uo(q. p/v/5). wolq. p/v/5), h=H(p,q.v), v=et. (67
the following formulas hold for the Poincaré map:

il = foor(u, W)+ O(E>/h), w = gee(u, W)+ O/ h),
h=h+0(3/h'/?), b=v+0(/h'?),

uniformly for all 2 > 1 and v; the functions f, g in (68) define the Poincaré map for the
geodesic flow. The equations for 7 and v are obtained immediately from the fact that the
time of return to the cross-section behaves as O (h~'/?) (see e.g. (64)), while the time
derivative of H along the orbit is given by £28V /v, i.e it is uniformly O (e?).

As s/ H is uniformly bounded and separated from zero, it is easy to check that the
Poincaré map written in the coordinates (u, w) defined by (65) also has the form (68).
Recall that (#, w) run over balls of finite radii by construction, so the validity of the
uniformity assumptions (with «(h, ¢) = h) follows immediately from (68) and (64).

From the last line of (68) we see that the function 8 defined by (46) is uniformly
0(82). Now, according to Theorem 3, it remains to check that for some sufficiently
small § > 0O solutions of the equation

h'(v) = max{vg (h, v), vp(h, v)} — 28

tend to infinity asymptotically linearly with time. Recall that v, is the average change
in H along the periodic solution of the frozen system (6). As the frozen system is
0 (2)-close to the geodesic flow in our case, we find that

(68)

ve(h, v) = szi\_/c(v) +0(eh
dv

(see (60),(64)). For small ¢ the O (¢*)-term is absorbed by §28, so after scaling i we are
left to examine the behaviour of solutions of

H'(v) = max { V,(v), Vj(v) } = 6.
By taking the integral of both parts we find

1

. _ _ _ vid - -
h(v) —ho = > (Va(V) + Vp(v) = Va(0) — V3, (0) +/0 o (Va = Vi)

dv — 26 v),

i.e. condition (61) ensures the existence of linearly tending to +o0 solutions indeed. O

Note that in (61) we take an integral of a non-negative function, therefore (61) is not
very restrictive. For example, if V (g, ¢) is periodic or quasi-periodic in time, condition
(61) is equivalent to

V,(v) — Vj(v) # const. (69)

Thus, for a (quasi)periodic in ¢ potential V (g, t) the only case where there may be no
trajectories of unbounded energy is that when the average (60) of V(g (#), v) is the same
(up to a constant) function of v for every periodic trajectory of the geodesic flow.

Note also that we do not, in fact, need the hyperbolicity of the flow in the whole
phase space. It is sufficient to have a locally-maximal, uniformly-hyperbolic, transitive,
compact, invariant set A in the energy level H, = 1. Theorem 4 then holds true, provided
the periodic orbits L, and L, belong to A.
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4.2. Exponential energy growth. In the previous example we found trajectories with
the energy growth which is asymptotically linear in time. Such estimate is essentially
optimal in that case: because of the uniform boundedness of the time derivative of the
perturbation V (g, ) there can be no trajectories with energy growing faster than linearly.

In this section we describe a different class of perturbations for geodesic flows which
have trajectories whose energy tends to infinity at a much faster rate. These are obtained
by a “parametric” perturbation of the geodesic flow. Namely, consider the following
Hamiltonian:

1
H= 3P g(g.t) p, (70)

where g~! is the metric tensor. We assume that the corresponding curvature remains

strictly negative for all #. We also assume the uniform boundedness and continuity of g
with all the derivatives up to the second order. The scaling (59) with s = =2 changes
the Hamiltonian to

|
szpg(q,et)p-

We see that at large energies the original system belongs to the class of Hamiltonian
systems with slowly varying parameter.

By the assumed strict negativity of the curvature at every fixed ¢, the frozen system
is hyperbolic in every energy level except for H = 0. Therefore, we may take a pair of
saddle periodic orbits L, (h, v) and L (h, v) and a heteroclinic cycle that contains them.
As in the case of Theorem 4, the period of L, ; behaves as ~ sh™1/2 while the change
of h during one period is given by

Ah ~ evh.

Indeed, by the scaling invariance of the frozen system, we find that
dt

Te(h,v) oH
/ a—(p, q,v)
0 v (P.@)=(pe.qe)(t:h,v)

To(1,v)
— E«/Z/O pe(t; 1,0)8) (qe(t; 1, 1), v) pe(t; 1, v)dt,

where (p, q) = (pe, qc)(t; h, v) is the equation of the periodic orbit L.(h, v).

Like we did it in the proof of Theorem 4, by using the fact that the scaling (59) can
map a neighbourhood of an arbitrarily high energy level into a neighbourhood of the
energy level H = 1, we find that the Poincaré map has the following form (uniformly
for all 4 and v):

ﬁzfcc/(uaw7v)+0(8/\/z)a wzgcc/(uaw’ V)+0(8/\/E),
h=h+0(@Vh), v=v+0(/Vh),

where the functions f, g define the Poincaré map for the frozen geodesic flow in the
energy level H = 1. It follows immediately from (71),(64) that the uniformity assump-
tions are fulfilled with a(h) = In i, and B(h) = O(h).

Thus, by Theorem 3, there exist orbits bounded from below by a solution of the
equation

(71)

R (v) = h(v) (max{D, (v), Dp(v)} — ) , (72)
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where
| T.(1,v)
8e(v) = m/o pe(ts 1 )gh(gets 1, v), Wpe(ts L, vdr. (73)

Let us estimate the solutions of (72). Denote f‘c(v) = T.(1, v) (i.e. this is the period
of the orbit L. of the frozen system in the energy level H = 1). By the invariance of the
frozen system

1
H=3peq.v)p (74)
with respect to energy scaling, we find that
T.(h,v) = T.(v)/vVh.
Let us introduce the action variable (see Sect. 1.2)
T.(h,v)
Jethovy = [ petes hovdet b vydr,
0

As g = g(g,v) p in system (74), this gives us the following explicit formula for the
action:

T (h,v)
Je(h,v) =/ Pe(t; h,v) g(qe(t; h,v),v) pe(t; h, v)dt
0

(75)
= 2hT.(h,v) = 2vhT.(v).
Now recall that by general formula (13),
d - R N
afc(l, v) = =0T (v). (76)

Equations (75) with 7 = 1 and (76) imply that in the case of Hamiltonian (70) there is
a closed formula which expresses 0.(v) in terms of T, (v):

d A
De(v) = —2—InT.(v). (77
dv
Plugging this in (72) we find

4 Inh(v) = —i(ln T,(v) +InTp(v)) +
dv dv

d A .
—(nT,(v) —In Tb(v))‘ -4,
dv

which gives us

Inh(v) — Inho = In T, (0)Tp(0) — In T, (v) Tpp (v) + /
0

a4 ln(f"a(v)/f’b(v))’ dv — §v.
dv

As we see, solutions of (72) tend exponentially to infinity for all sufficiently small &,
provided

1 [5|d A A
lim inf —/ — ln(Ta(v)/Tb(v))’ dv > 0, (78)
s—>+00 s Jo |dv

and the functions f"a, » are bounded away from zero and infinity uniformly for all v > 0.
Thus, we arrive at the following result.
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Theorem 5. If the periods ﬁ,(l)) and fb(v) of the periodic orbits L, of the frozen
system in the energy level H = 1 are bounded away from zero and infinity for all v > 0,
and if condition (78) is satisfied, then Hamiltonian system (70) has orbits for which H
exponentially grows to infinity.

Note that similar to the previous section, if g(g, t) is periodic or quasi-periodic in
time, condition (78) is equivalent to

T,(v)/Ty(v) # const. (79)

4.3. Time-dependent billiard-like potentials. Another example: Let D € R", m > 2,
be a bounded region whose boundary is composed of a finite number of strictly concave
(when looking from inside of D) smooth (m — 1)-dimensional manifolds which intersect
by non-zero angles. Let Vy(g) (¢ € D) be a positive function such that

Vo(qg) = +00 as g — 9D.

Consider the Hamiltonian system
m p2
H=> L 4Vyq) +Vig,1), 80
; 5+ Vo@) + Vig, 1) (80)

where V1 (g, v) is uniformly bounded, along with the first and second derivatives, for all

g € D and v € R. By scaling time, energy and momenta by the rule (59) with s = 72,

this system transforms into

m.o 2
bi 2 2
H = L 4+ &7V, +e°Vi(q, et). 81
; 5 0(g) +&*Vi(g, e1) @81
Thus, at large energies, it is a slow perturbation of the singular Hamiltonian
m.o2
T pPi 0 atgqgeD,
H_Hb_z 2 +[+ooat q & D.

i=1

This defines a billiard in D: inertial motion inside D and reflection at the boundary.
In order to ensure the actual closeness of (81) to a billiard with the standard reflection
law (“the angle of reflection equals the angle of incidence’) we need certain assumptions
(see [17,24]). Namely, let S C 9D be the set of “corner” points, i.e. those where d D
is not smooth (these are the points where the smooth boundary components intersect).
Assume that there exists an open neighbourhood U of d D\ S such that

Vo(q) = W(Q(q)) (82)

for all ¢ € U. Here Q(q) is the so-called pattern function: it is at least a C2-smooth
function defined for all g € U, its first derivative d QO /dq does not vanish in U, and the
smooth boundary components of D are given by the equation Q = 0. The function Q
thus defines the shape of the billiard region D. The function W defines the growth of the
potential as the boundary is approached. We assume that W' # 0 for all small Q and
that its inverse function W ! satisfies

WY hV)—0 as h — +o0, (83)
CZ
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on any interval V. > C > 0. Roughly speaking, by representing the potential in form
(82) we achieve that its gradient (“the reaction force”) is, in the limit 4 = +00, normal
to the billiard boundary, which is an obvious necessary condition for the validity of the
standard reflection law; condition (83) ensures the C I_closeness of Poincaré map for the
smooth flow (81) at large h to the Poincaré map for the billiard flow, outside the set of
singular trajectories, i.e. those which hit § or which are tangent to a smooth component
of the billiard boundary at some point.

As the boundary components are strictly concave, the billiard in D is dispersing. This
implies [18] the hyperbolicity of the billiard flow (outside the set of singular trajecto-
ries); moreover, periodic orbits are dense in the phase space [5,11]. We call a billiard
orbit regular, if it stays bounded away from the singularities, i.e. from the set of points
in the phase space which correspond to corner or to a tangency to the billiard boundary.

Theorem 6. Let L, : g = q,(t) and Ly, : g = qp(t) be two regular periodic trajectories
of the billiard in D, corresponding to kinetic energy equal to 1. Denote

_ 1
7w = /0 Vi(ge (), v, (84)

C
where T, (c = a, b) is the period of L.. Assume that condition (61) (or condition (69)
in the case of periodic or quasiperiodic dependence of V of t) is fulfilled. Then system
(80) has orbits for which H linearly grows to infinity.

Proof. 1t follows from [18, 19] that for any two regular periodic orbits L, and L, in the
strictly dispersing billiard there exists a pair of transverse heteroclinic orbits 'y, and 'y,
which are also regular. Take a sufficiently small neighbourhood of L, U L, Ul Uy,
in the intersection of the phase space with the level H, = 1. The hyperbolic set A of
the orbits that stay in this neighbourhood consists of regular orbits only; as a whole,
A stays bounded away from the singularity. One can take two small cross-sections,
¥, and X, to the orbits L, and L, in the intersection of the phase space with the level
Hj, = 1, such that every orbit of A returns to X, U X, at a finite time; the corresponding
Poincaré maps are smooth, as the orbits of A undergo only regular collisions with the
billiard boundary. We have the same picture in every other energy level because of the
invariance of the billiard flow with respect to energy scaling.

According to [17,24], under conditions (82),(83), at small ¢ a finite-time flow map
of the smooth system (80) near a regular orbit of the billiard flow is close, along with the
first derivatives, to the corresponding map for the billiard flow (while only an autono-
mous case was considered in the quoted papers, the results and proofs do not change for
our case where a bounded and slow non-autonomous term £2V; is added to the Ham-
iltonian). Therefore, for any compact interval of the energy values, the Poincaré maps
defined on the cross-section X, U X, by the smooth system (80) is close to the Poincaré
map of the billiard flow. Now, applying the scaling transformation (59) exactly as we did
it in the proof of Theorem 4, we find that the uniformity assumptions [UA1] and [UA2]
are fulfilled with «(h) = h and the Poincaré map can be written in the form (68). The
equation for h in the last line of (68) is found from the relation

h=h+e / aa_uvl (q(t), et)dt (85)

(see (81)) where the integral is taken over the corresponding orbit of the smooth system.
As the orbits of the smooth system are close to the orbits of the billiard after an appropri-
ate time-parametrization [17], the integral in (85) tends, as ¢ — 0, to the integral over
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the limit billiard orbit, i.e. it remains uniformly bounded along with the first derivatives
with respect to initial conditions for any compact set of energy values. Now, by using
the scaling transformation (59) with s = & we find that the integral in (85) behaves as
O (h—1/%), which gives Eq. (68) for h indeed. After formula (68) is established for the
Poincaré map, the rest of the proof follows exactly like in Theorem 4. O

Note that like in Theorem 4, the conditions on the billiard domain D may be relaxed.
We do not need the billiard to be dispersing; it is enough to have a locally-maximal,
uniformly-hyperbolic, transitive, compact, invariant set A composed of regular orbits.
Theorem 6 holds true, provided the regular orbits L, and L, belong to A.

4.4. Nonautonomous perturbation of a homogeneous potential. In the last example, we
consider the Hamiltonian system

H=T(p)+Vo(g) +Vi(g,t) + Va(q, 1), (86)

where 7 is a quadratic polynomial of momenta p € R™ (m > 2), Vp is a degree d > 3
homogeneous polynomial of the coordinates ¢ € R™, V| is a degree d — 1 homogeneous
polynomial of ¢, and V5 is a polynomial of g of degree less than d — 1; the coefficients
of V1 and V; are smooth functions of time, uniformly bounded, along with the first
derivative, for all 7.

By scaling time, energy, momenta and coordinates by the rule

t—t/s'?7V H 5 Hs, p— pJs, g — gs'/? (87)

with s = £724/(d=2) this system transforms into

H = T(p) +Vo(q) +&72Vi(q, £1) + O(e7). (88)
It is a small and slow perturbation of the homogeneous Hamiltonian
H =T(p)+Vo(q). (89)

This system is invariant with respect to the scaling (87), hence its behaviour is the
same in every energy level. Assume that system (89) has a locally-maximal, uniformly-
hyperbolic, compact, transitive, invariant set A in the energy level H = 1. Take any two
periodic trajectories L, : {g = q,(t), p = pa(t)} and Ly : {g = qp(t), p = pp(t)}
from A. Denote

TL‘
Ve(v) = i/ Vilge(®),v)dt  (c =a,b). (90)
T. 0

By the scaling invariance, we obtain that a pair of saddle periodic orbits L, ,(h)
exists in every energy level with 2 > 0; since the orbits belong to a transitive hyperbolic
set, they are connected by transverse heteroclinic orbits I'y; and I'p,. As the frozen sys-
tem for (88) is close to (89) (recall that d > 2), the former also possesses a heteroclinic
cycle in every energy level. By applying scaling transformation (87) with s = h, one
can immediately see that the change of the energy along an orbit of system (88) for one
round near L.(h) is given by

T
h—h=ga2p!/? (/0 Vl(qc(t),v)dt+...), 1)
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while the return time to the cross-section behaves as
d,

v =eh (T, +..), (92)

where the dots stand for the terms which tend to zero as the distance to L. (/) diminishes
and ¢ — 0.

Now, like we did it in the examples above, by using the scaling transformation (87)
one can check that the Poincaré map satisfies the uniformity assumptions [UA1] and
[UA2] with

a(h) = hi
and
21
B=0(d2h ~4d).

This, along with Eqgs. (91),(92) implies that system (88) has, for any § > 0, orbits for
which the energy grows not slower than the solution of the equation

W (v) =eT2h!"7 (max [i\'/a(v), i\‘/,,(u)] —5) (93)
dv dv

(see Theorem 3). By scaling energy back in order to return to the original system (86):
h — he2d/[@d=2) e rewrite this equation as

d - d -
By =h'"7 (max | =V, ), =V, ! —5).
dv dv
This is solved as

hw)!74 —h()'

_ 1 (\_/a(v) + Vp(v) — V,(0) — Vj,(0) +/v
0

d - _
—((V, =V,
2d dv(a »)

dv — 26 v).

Thus, we arrive at the following result.

Theorem 7. If (61) is fulfilled, then system (86) has orbits for which H grows to infinity
as t?.

Like in Theorems 4 and 6 above, in the case of periodic or quasiperiodic dependence
of Vi of ¢, condition (61) reduces to (69).

As we see, every time we have a chaotic Hamiltonian system which is invariant with
respect to a scaling of energy, its non-autonomous perturbation creates orbits of growing
to infinity energy, provided very non-restrictive conditions of type (61), (69) or (79) are
fulfilled. The rate of the energy growth with time depends on how the perturbation term
rescales, and is determined by solving the corresponding equation (7).
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