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TRANSFERS OF ENERGY THROUGH FAST DIFFUSION CHANNELS IN SOME
RESONANT PDES ON THE CIRCLE

FILIPPO GIULIANI

ABSTRACT. In this paper we consider two classes of resonant Hamiltonian PDEs on the circle with
non-convex (respect to actions) first order resonant Hamiltonian. We show that, for appropriate
choices of the nonlinearities we can find time-independent linear potentials that enable the construc-
tion of solutions that undergo a prescribed growth in the Sobolev norms. The solutions that we
provide follow closely the orbits of a nonlinear resonant model, which is a good approximation of
the full equation. The non-convexity of the resonant Hamiltonian allows the existence of fast diffu-
sion channels along which the orbits of the resonant model experience a large drift in the actions in
the optimal time. This phenomenon induces a transfer of energy among the Fourier modes of the
solutions which in turn is responsible for the growth of higher order Sobolev norms.
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1. INTRODUCTION

We consider the following resonant Hamiltonian PDEs under periodic boundary conditions:
e Nonlinear wave equations with even-power nonlinearity

uy —Au+Vyxu+u’ =0, u=u(t,z), teR, xzeT:=R/2rZ (1.1)

with p > 4 even.
e Nonlinear Schrédinger equations with cubic z-dependent nonlinearity

i, — Au+ Vy *u+cos(Nx)|ulPu =0, w=u(t,z), tcR, xcT:=R/21Z (1.2)
with N > 1.

We show that, prescribed an arbitrarily large (but finite) growth, for an opportune choice of the
nonlinear terms and fime-independent potentials V,(z), Viy(x) (supported on few harmonics) we
are able to construct arbitrarily small initial data solutions of the equations (I.I), (I.2) whose
Sobolev norms undergo the prescribed growth (we refer to Section [2] for the precise statement of
these results). We point out that this phenomenon is purely nonlinear, since the potentials V;(x)
are chosen such that the origin © = 0 is a resonant elliptic fixed point - all the linear solutions are
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time-periodic or quasi-periodic functions with constant amplitudes.

The construction of the solutions which exhibit a growth in the norms relies on the resonant nature
of the equilibrium and the degeneracy of the first order resonant Hamiltonian.

We remark that in the linear setting one can obtain stronger results, such as the existence of un-
bounded orbits, by adding smooth time-dependent potentials to resonant equations [12]], [14], [3]],

1381, 1301

In a neighborhood of a resonant elliptic equilibrium the analysis of the nonlinear dynamics can
be performed through Birkhoff normal form methods. We can find a change of coordinates that
removes from the Hamiltonian the terms which are not relevant for the dynamics of the equations
in a certain range of times. In these coordinates the Hamiltonian is said to be in normal form.

We construct solutions which are close to orbits of a finite-dimensional resonant model, which is
obtained by restricting the Hamiltonian in normal form on an opportune submainfold of the phase
space. The non-convexity of such Hamiltonian allows the existence of certain affine subspaces of
the action space, called diffusion channels. The orbits that travel on these channels are locked in a
resonance and exhibit a relevant drift in (some of) the actions in the optimal time.

A fast instability phenomenon of this kind is illustrated by the following example: consider the
two-degrees of freedom Hamiltonian system

H(91,92,Il,12) = Il —|—€COS(92), 9, c T, Iz c (O,’f’), 7= ].,2, (13)

for some r > 0. When ¢ = 0 the phase space is foliated by 2-dimensional invariant resonant tori
filled by periodic orbits. Hence there is stability in the actions for all time. For € > 0 the equations
of motion are

91 = 1, 92 = 0, jl = 0, jg = €sin(92).

We note that any section {¢, = a}, € [0,2m) is invariant. If we choose as initial conditions
6,(0) = a with o ¢ {0, 7} it is easy to see that I5(¢) experiences a drift of order O(1) in a time
T = O(c™!). Thus all the periodic orbits on a given unperturbed torus, except two, are destroyed
and give rise to diffusive solutions.

The first examples of finite-dimensional nearly-integrable Hamiltonian systems exhibiting fast in-
stability have been provided by Nekhoroshev [40] and Moser [39]. The analysis of such systems
has been carried out by Biasco-Chierchia-Treschev [[6], Bounemoura-Kaloshin [9] and Bounemoura
[8]]. In these works the authors consider two degrees of freedom systems with an unperturbed
Hamiltonian that violate the Nekhoroshev’s condition for stability (see [40]) and study generic
properties of the perturbations that provide fast diffusion. In the present paper we are interested
in studying how these fast instability phenomena may be exploited, in the context of Hamilton-
ian PDEs under periodic boundary conditions, to obtain different ways to transfer energy among
Fourier modes of nonlinear wave solutions.

The dynamics of the linearized problem at a resonant elliptic equilibrium is in some way similar to
the unperturbed dynamics of the Hamiltonian in (L3)): there is plenty of resonant invariant tori sup-
porting motions that fill densely lower dimensional submanifolds. As observed by Poincaré, these
invariant objects are usually not robust, even under small perturbations. Then we may expect that,
under some degeneracy assumptions on the Hamiltonian, some of them may be partially destroyed
under the effect of the nonlinear terms and accomodate unstable behaviors. As a counterpart we
mention that, under assumptions of integrability and non-degeneracy of the normal form Hamil-
tonian, the existence of invariant tori very close to resonances [36l], [43l], [44]], [L], [19], [16], [15]
and results of long-time stability [4]], [2] have been provided for completely resonant PDEs on tori.
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A drift in the actions in an opportune symplectic reduction of the resonant model corresponds

to a transfer of energy between resonant modes. An arbitrarily large growth of Sobolev norms can
be obtained if this transition occurs across increasingly high Fourier modes.
In this paper we just consider solutions that display an exchange of energy among few modes.
Similar analysis for the dynamics of single resonant clusters have been recently carried out [22],
[32]], [33]], [21]] for the search of time-recurrent exchanges of energy, usually called beatings. In
the present paper we consider “one-way” transfers of energy between two sets of modes, say from
low to high modes (see the end of Section [2] for a comparison with periodic beatings). Roughly
speaking, the nonlinearities play the role of external parameters that modulate the size of the high
modes. This allows to obtain the desired growth in the Sobolev norms by choosing appropriately
the nonlinear terms. Since the construction of the solutions that we provide is relatively simple we
are able to give sharp bounds for the diffusion time.

In the last decades lots of effort has been put to obtain lower bounds of Sobolev norms for
solutions of nonlinear Hamiltonian PDEs on compact manifolds. The first works in this direction
are due to Bourgain [L1]], [10] and Kuksin [33]] (see also the related works [34], [37]). In 2010
Colliander-Keel-Staffilani-Takaoka-Tao (I-team) proved an outstanding result concerning the
H*-instability of solutions of the cubic nonlinear Schrddinger equation on T? with s > 1 [ The
construction of the unstable solutions is inspired by Arnold diffusion techniques: it relies on the
presence of orbits of a finite dimensional good approximation of the equation (called toy model)
that shadow a chain of invariant hyperbolic manifolds (periodic orbits in a suitable symplectic
reduction). After this work many papers have been devoted to the analysis and extensions of
this scheme, exclusively for NLS models ﬁ In Guardia-Kaloshin provide estimates for the
diffusion time of solutions obtained by refining the analysis of the dynamics of the toy model,
Haus-Procesi and Guardia-Haus-Procesi [26] extended the result of the I-team to Schrodinger
equations with all type of analytic nonlinearities. The study of the H°-instability of different
invariant objects rather than elliptic fixed points have been carried out just recently. We mention the
paper [29] by Hani for a proof of H*-instability of plane waves and Guardia-Hani-Haus-Maspero-
Procesi [24]], for the case of finite gap solutions for s € (0,1). We point out that the I-team
mechanism strongly relies on the fact that the Schrodinger equation possess several symmetries.
In particular the dynamics of the resonant models considered in the aforementioned papers is far
to be genericﬁ and so it seems hard to implement a similar strategy for different Hamiltonian
PDEs. Then it seems natural to look for alternative mechanisms and we believe that a first step
in this direction should be to find out different ways of transferring energy between modes, even
restricting the study to single resonant clusters. About this, we mention the very recent result [20]
by Guardia-Martin-Pasquali and the author of the present paper concerning chaotic-like transfers
of energy for the wave, beam and Hartree equations on T?.

'We remark that the energy provides a complete control of the H*-norm.

2Regarding results of growth of Sobolev norms for different Hamiltonian PDEs see [18], [17], [41]], [42].

30One can find arbitrarily long sequences of invariant manifolds on the same energy level. Moreover the heteroclinic
connections between these manifolds are not transversal, in any possible sense.
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2. MAIN RESULTS
Let s > 0, we introduce the Sobolev spaces
R OIS SRR o)
JEL JET
where (j) := max{1, [j|}. We define the following norm
ullgs == lulfs1 + [lel]s-
The first result regards a class of nonlinear wave equations with even-power nonlinearities.

Theorem 2.1. Let s > 3. Given 0 < 1 and K > 1 there exists py = po(s, 0, K) such that for all
even numbers p > pg the equation

uy —Au+Vyxu+ouf =0, oe{£l}, (2.1)
where
Vi (x) := 1+ cos(x) + p* cos(pz), (2.2)
possesses a solution u(t, x) such that
u(O)lles <6, [lu(T)]|zs = K
with

1-p

T =002 p" ||u(0)||5.").

With respect to the factor of growth C := K /0 we have the following estimate on the diffusion time

T < exp(C72 | log(6))). 2.3)

Some comments are in order:

e The nonlinearity in equation (2.I)) can be replaced by any analytic function f(u) with a
zero of order p at the origin u = 0. The degree p is used as a parameter to deal with
increasingly high order resonances in the first step of a Birkhoff normal form procedure.
More precisely, it turns out that the modes +1 (low modes) and £p (high modes) are in
resonance. We remark that this choice of low modes permits to obtain an upper bound on
the diffusion time (2.3)) that gets better when the order of the Sobolev norm s increases.

e The degeneracy of the resonant Hamiltonian of the nonlinear term is due to the evenness
of the degree p. An evidence of the unstable behavior of wave equations with even-power
nonlinearities on T is given, for instance, by the result of non-existence of periodic solu-
tions given in [3]).

e Although the results are rather different, it is interesting to compare the estimate on the
diffusion time for arbitrarily small initial data solutions obtained in ( see also [28]])
with the bound (2.3). Using our notations, the upper bound provided in isT < exp(C?)
witha > 1.

The next theorem concerns cubic NLS equations which are not z-translation invariant. A similar
model has been considered in for the search of time-periodic beating solutions.

Theorem 2.2. Let s > 0. Given 6 < 1 and K > 1 there exists Ny = Ny(0, K) such that the
following holds:
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forall N > Ny there exists a trigonometric polynomial Vi : T — R with real Fourier coefficients
such that the equation

i, — Au+ Vi * u + cos(Nz) |u*u = 0 (2.4)
possesses a solution u(t, x) such that
lu(O)]ls <6, [lu(T)lls > K (2.5)

with
T = O(N* [[u(0)[7%).
With respect to the growth C := K /§ we have the following estimate on the diffusion time
T <C* 2.
Some comments are in order:

e We remark that in dimension one the cubic NLS is completely integrable and, by the pres-
ence of infinitely many constants of motion, the Sobolev norms are controlled for all time.
In the equation (2.4) the Hamiltonian structure and the mass (or the L?-norm) are still
preserved, but the nonlinear term breaks the momentum conservation. The frequency of
the cosine x-function is used as parameter to involve modes of very different size in the
4-resonant interactions. Broadly speaking, the ratio between the size of the low and high
modes is given by a power of V.

e The convolution potential Vy is supported on 4 modes. Respect to the wave case we have
more freedom in the choice of the Fourier support of Vi, see (4.1)), @.2).

e We remark that when Vy = 0 the H'-norm of solutions with small L?-norm is controlled
for all time. This can be seen by using that cos(/Nz) is uniformly bounded in /N and by
applying the Gagliardo-Nirenberg inequality. When Vy # 0 the H'-norm has still an upper
bound for all time, but it is not uniform in V.

e This result can be extended to higher dimensional domains T4, with d > 1, by considering
one-dimensional solutions and following the same construction.

We point out that the convolution potentials have the role to confine the dynamics of the normal-
ized Hamiltonian on a finite dimensional submanifold, but they still preserve the resonant nature
of the equations. The solutions that we construct bifurcate from a periodic or quasi-periodic in
time function w(t, z) (see (3.11), (#.6)) that is obtained as a solution of the linearized problem at
the origin by exciting a finite set of modes. The orbit w(-, x) fills densely a lower dimensional
submanifold of an embedded resonant torus. The solutions u(t, ) provided by the above theorems
remain close to w(t, z) in a weak norm for ¢ € [0, 7], but clearly not in the H*-topology.

Comparison with beating solutions. To optimize the ratio between the Sobolev norms at time t = 0
and at some other time ¢t = 7" we want to set the initial energy of the high modes almost at zero, say
e-small. Thanks to the use of diffusion channels the exchanging time turns out to be independent of
¢ (see for example Lemma[3.9]and Remark [3.10)). This is not the case if the same amount of energy
is transferred among the modes of a periodic beating solution. These solutions are usually obtained
following hyperbolic periodic orbits of a resonant model which are surrounded by heteroclinic or
homoclinic loops. Let us suppose for simplicity that the transfer of energy involves just two modes.
Setting the initial energy of one of the modes almost at zero corresponds to consider an orbit with
very large period that visits a small neighborhood ¢/ of a saddle point (or a hyperbolic manifold).
If the size of U is O(e) then the time spent to escape from it is O(log(e)).
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2.1. Scheme of the proofs. The proofs of Theorems 2.1l 2.2 follow the same steps. Let us briefly
describe the general strategy. First we introduce the Hamiltonian structure of equations (2.1]) and
@2.4). Then we perform a Birkhoff normal form algorithm (see Propositions 3.7} 4.2]), namely we
provide a change of coordinates that remove some terms from the Hamiltonian that do not affect
the dynamics in a neighborhood of the origin for a certain range of times. The terms removed
in the case of the wave and Schrodinger equations are different (we discuss that in Remark [.3)).
The Hamiltonian in normal form turns out to possess finite-dimensional invariant subspaces. The
restriction of the Hamiltonian to such spaces defines our resonant model. We analyze the dynamics
of the resonant model by using action-angle variables H. We construct an orbit that exhibit a certain
drift in the actions in the optimal diffusion time (see Lemmata M.4). Thanks to a rescaling
argument we prove that there exists a solution of the full PDE that remains close (in a weak norm)
to the unstable orbit of the resonant model (see Propositions [4.3). The last step is to prove
lower bounds for the ratio of the Sobolev norms of the solution at time ¢t = 0 and ¢t = 1', where T’
is the rescaled diffusion time.

Acknowledgments. The idea of applying the theory of fast instability in the context of Hamilton-
ian PDEs has been suggested by V. Kaloshin to L. Biasco and M. Procesi some time ago. Recently
they told me about that discussion and suggested me to read the papers [6], [9] about diffusion
channels. This has inspired the present work. So I would like to thank them all.

I am grateful also to M. Guardia, R. Scandone and R. Feola for many useful comments and dis-
cussions.

This paper has received funding from the European Research Council (ERC) under the European
Union’s Horizon 2020 research and innovation programme under grant agreement No 757802.

3. PROOF OF THEOREM 2.1

3.1. Hamiltonian structure. In this section we introduce a useful set of coordinates and we dis-
cuss the Hamiltonian structure of the equation (2.1). To simplify the notation we drop the subindex

p from the potential, namely we write V,, = V. Let us denote by A := —A + V'x. The wave equa-
tion (2.I)) can be written as a first order system
U=
’ 3.1
{1) = —Au —uP, &0
that, in the following complex coordinates
oo Mui o APutiv 3.2)
V2 V2
reads as
izt = AL/2,+ + -
i M +glz2), (3.3)
127 = AY2 g2t 27),
with

4We refer to [7] for the analysis of analogous finite-dimensional models.
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Remark 3.1. We provide a solution of (3.3) that undergoes growth of high Sobolev norms || - ||s.
Then it is easy to recover the same result for the norms ||-|| gs by undoing the change of coordinates

G.2).

We introduce the infinitely many coordinates

2t = Z z;-reijx, 27 = Z zj_e_ijx (3.4)

= JEL.

that transform the system (3.3) in an infinite dimensional system of ODEs in the unknowns (2], z; ),
j € Z. Such system is equipped with a Hamiltonian structure given by the symplectic form
—13,cp d2 A dz;, which in turn induces the Poisson structure

{F,.G}:=—i) (0.4F0.-G~0-F0.-G), (3.5)
JEL
where F' and G are two real-valued functions defined on the phase space. The Hamiltonian of (3.3))
is given by

H(z, z)) :Zw(])z;rzj_
jez
- - 3.6
1 v Ern) G ) G0

(p + 1)\/§(p+1) P \/W(jl) . w(ij) )

w(j) =ji*+V;, JEL

are the linear frequencies of oscillation. We shall look for a solution mainly Fourier supported on
the symmetric fangential set

+

where

S:=8TusS™, S%:={%1,+pl. (3.7)

By the choice of the convolution potential as in (2.2) the linear frequencies of oscillation are given
by

1 j=0,
w(j) = { V24| j €S, (3.8)
17 j ¢ Su{o}.

Remark 3.2. We could choose Vi, = n with an integer n. > 1. Moreover \/2 can be replaced by
any badly approximable number. Indeed all we need is to use the fact that

V20 +m| > % Ynom e Z, (n,m)+#(0,0) (3.9)
for some v € (0, 1).

Remark 3.3. The frequencies w(j) with j € S (the tangential frequencies) are irrational while
the normal frequencies are integer numbers. This is the key property that allows to decouple the
resonant dynamics of the tangential and normal modes.

We point out that the real subspace
R:={z =2} (3.10)
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is invariant under the flow of /1. Since we shall work on R it is convenient to adopt the following
notation

R i o
Zji=2z, Zji=2z;.

We observe that by exciting the tangential modes we obtain a solution w(¢, ) of the linearized
problem at the origin
izj = w(]) zj, J€Z,
of the form
w(t,z) = a; eV cos(z) + a, VP cos(px),  ay, a, € C. (3.11)
These linear solutions can be seen as periodic motions supported on an invariant embedded torus of

dimension 4. We expect that even a small perturbation, which here is provided by the nonlinearity,
may destroy these resonant manifolds and give rise to diffusive orbits.

We write the Hamiltonian (3.6) as H = H® + H®*1 where

H?(2,2) = > w(j)%7,

jez
1
H(2,7) = (+1) Z Cap 272’ (3.12)
(p+1)V2 (a,8)ENE XN,
||+ B|=p+1,
(,3)=0

with o] =37, aj, m(a, B) := 305 7 (0 — B)),

2% = Hz;yj, Z° = Hz_jﬁj

jez jez
and the coefficients
(p+ 1)! N\ 2itBi
Cog = el [[ot) = eRr (3.13)
jez

Remark 3.4. We observe that a monomial z*Z° commutes with the momentum Hamiltonian
M(z,Z) = =1}, 7% % if and only if w(a, ) = 0.

The vector field of H is defined by components as
Xy = (X7 X)), Xy —io-H, X7 .=-id, H jeL

3.2. Birkhoff normal form. In this section we perform a Birkhoff normal form procedure in order
to highlight the terms of the Hamiltonian (3.12)) which give the effective dynamics of equation (2.1))
for a certain range of time. We shall work on the space of sequences

= {Z:Z—>C|||z||gl ::Z|zj|<oo}. (3.14)

JEZ

We point out that ¢! is an algebra with respect to the convolution product. We denote by B, the
ball centered at the origin of ¢! with radius 7 > 0, namely

Byi={z e :[]2]ln <n}.
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Definition 3.5. Let
F=F(2,7%) = Z Fop2*%”
(ar,B)ENZ X NZ,

|| +18]=gq,
m(a,3)=0

be a homogenous Hamiltonian of degree q > 2 preserving momentum. We give the following
definitions:
o Let 0 < k < q, we denote by F\%) the projection of F on the monomials supported on
Agg = {(@, 8) e N x N*: w(a, ) = 0, |a| + 8] = q, #(a, 8, 5°) = k},
where #(c, B, S¢) denotes the number of indexes j ¢ S such that a; # 0 or B; # 0.

Similarly we define F@=F) F(@2k) g5 the projection of F on the monomials supported
respectively on

o We define the following norms

[F1:=sup |Fosl. 11Xl =3 sup X7

jez. "

Lemma 3.6. Let F, G be two homogenous Hamiltonians preserving momentum of degree q and §
respectively. The Poisson bracket { F, G} defined in (3.3)) is a homogenous Hamiltonian preserving
momentum of degree q + q — 2.

Moreover we have the following estimates

1F(z,2)] < [F]II=[7, (3.15)
1Xp(2,2)|le < g [FIII=I1E (3.16)
[{£. G} < qq[F][G]. (3.17)
Proof. The proof follows the same lines of the proof of Lemma 3.2 in [22]. U

We denote by Ilk., and Ilg, the projection on the kernel and the range, respectively, of the
adjoint action of H®)
adH(z) [F] = {F, H(2)}.
The adjoint action of H® is diagonal on the monomials 2® Z° with eigenvalues
Qa, B) = =1 Y _w(j)(a; — B)).
JEL
Proposition 3.7. (Birkhoff normal form) Recall 3.12). There exists n > 0 small enough such

that there exists a symplectic change of coordinates I': B, — DBy, which takes the Hamiltonian H
into its (partial) Birkhoff normal form up to order p + 1, namely

Hol=HY + H,  + H"12Y L R (3.18)

where:
(i) the resonant Hamiltonian is given by

H,os = Mg HPHH) = (2Re (7%, ) + 2Re (27, 75,)). (3.19)

\/§P+1
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(ii) The remainder R is such that

1 Xrlly < Cov ™' + Cry 2 (3.20)
with

Cr=2""pY((p+ DY, Co=(Bp—1)pP2 3 (p+ ).
Moreover the map I is invertible and close to the identity
T+ = 1d||,, < Coy "o (3.21)
with
Co=V2" P (p+1)

and it preserves the real subspace R.

Remark 3.8. With an abuse of notation we have renamed the Birkhoff coordinates as the original
ones (z;);.
Proof. We consider the following homogenous Hamiltonian

F—Z Bzz

p+1 <3

with
Cop

. if O, B) # 0,
Fap =1 Qa, V2" (p+1) e )

0 otherwise.

We claim that the coefficient F,, 5 are uniformly bounded (we prove this claim later, see (3.26)),
then the Hamiltonian F' is well defined and by using Young’s inequality is easy to prove that the
associated equation is locally well posed in ¢!. By a standard bootstrap argument one can prove
that, provided 7 is small enough, the flow ®% maps B, into By, for t € [0, 1]. We define I := ®F.
By the definition of F,, 5 and the fact that w(j) € R for all j € Z (see (3.8)) the vector field Xp
preserves the real subspace R.

By definition F' satisfies the following homological equation

{F,H®} 4 HPHLS — 1 FPHLSY), (3.22)
We claim that
ke HPHYR =0, k=1,2,3. (3.23)
If (v, B) € Api11 then there exists j ¢ S such that (note that w(j) = w(—j) for all j € Z)
Qa, B) = w(l) (o + a1 = Bi — 1) + w(p) (e + a—p — By — B—p) + [il(a; — 5)
with (a;, 8;) = (1,0) or (a;,3;) = (0,1) and >, . a; + B; = p. Then by (3.8) we have that
Q(a, B) = v/2n + m for some n, m € Z with |n| < p, hence (see (3.9))
Q. B)] = 5 > 0. (3.24)
p

Reasoning in the same way one can get the bound (3.24) for Q(«, ) when (o, 3) € A, 1 for
k = 2, 3. This proves the claim (3.23). Now we prove the estimate (3.21) on the map I'. By (3.13)),
(3.8) we have

|Capl < (p+ 1)L (3.25)
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If (o, 5) € Api10 and Q(av, §) # 0 then by the definition of the tangential frequencies in (3.8)

Q(a, B)] = V2.
Hence by Lemma [3.6-(3.16) we have
—_ 1 _ 1
[F]<~y'V2 w0 1 1XEll, <77 V2 v )pz(p—i— P, (3.26)

By the mean value theorem and using that ®%.: B, — By, for t € [0, 1] we have
— p—1
IT(2) = 2[ly < sy 1Xp(@F(2))|ly < 77V2 PP (p + 1)l
te|0,

This gives the bound (3.21) for I. If 7) is small enough we can invert I by Neumann series and get
a similar bound for the inverse.
Now we prove formula (3.19). By (3.23) we focus on monomials of the following form

s b,
1=

ieS
where
Yty Bi=p+l, i, >0 (327)
i€s ieS
These monomials are resonant if (recall (3.8))
(o1 4+ a_y — B — Bo1) +play, + oy, — B, — B-p) = 0. (3.28)
While the momentum conservation reads as
(1 — a1 = Bi+ Bo1) + ploy, — ap — By + B-p) = 0. (3.29)
First we observe that (3.28) implies
p‘ap‘i_a—p_ﬁp_ﬁ—p‘ = |a1+05—1 — B _ﬁ—l‘- (3.30)

If |, + a_, — B, — B_p| # 0 then by (3.27) we have p + 1 > |a1 + a1 — 51 — B_1| > p.
The case |a; + a1 — 1 — B_1]| = p + 1 is clearly impossible since the left hand side of (3.30) is
even. Thus

|a1+a—1 — B _ﬁ—l‘ =D ‘Ofp‘i_a—p_ﬁp_ﬁ—p‘ =L (3.31)
By the latter equality we deduce that there is exactly one integer number in {avy,, 51, } which is
equal to 1, while all the others are zero. Then (3.29) implies that

|y — oy = By + | = p. (3.32)

It is easy to see that (3.31) and (3.32) imply o; = 3, or a_; = [_;. Without loss of generality
suppose that oy = (31, then |a_y — _1| = p. This means that («_1, f_1) = (p,0) or (a1, 1) =
(0, p) (and so by (3.27) «; = 1 = 0). The resonant monomials corresponding to these cases are

=P =P
ZpR1, Z_pZ—1

and their complex conjugate . We are left with the case |, + a_, — 5, — f_,| = 0. By (3.30) we
have |y + a_1 — 1 — f_1| = 0. By the fact that «y;, 3; > 0 this implies that

o +a_; =B+ 6, J=1Lp.



12 FILIPPO GIULIANI

Then (3.27) becomes 2(a; +a—1 +a, +a_,) = p+ 1, which is a contradiction since p + 1 is odd.
Now we prove (4.7). The new Hamiltonian is obtained by Taylor expanding H o ®%. at ¢t = 0. We
have

HoF:H+{F,H}+%/1(1—t){F,{F,H}}o(I)}dt

— H® 4 {F, H(Z)} + gWwthss) o pgt+h24) {F, H(p+l)}

I I
+§/ (1—t){F,{F,H(z)}}ocb}dt+§/ (1 —t){F,{F,H?}} o &L dt
0 0

H® 4 I HPHL0 ¢ gtz L p
where
e e
R = {F, H(p+1)}_§/ (1—t>{F, HRgH(P+1,S3)}O(I)% dt+§/ (1—t){F, {F7 H(P+1)}}OCI)% dt.
0 0

By using Lemma[3.6-(3.17) and the bounds (3.26)), (3.23)) we obtain the following bounds
[[H(:UH)]] < p!\/i_(erl),
[{F, HPD}] < 4712702 ((p + 112,
{EAFHP]) < 72p°2720 72 (0 + 1))
Then using again Lemma [3.61(3.16) we get the estimate (3.20). O
3.3. Dynamics of the resonant model. We introduce the rotating coordinates
2j =7; et

in order to remove the quadratic part of the Hamiltonian H o I'. If z is a solution of (£.7)) then r
satisfies the equation associated to the Hamiltonian

H = Hyes + Q(t) + R(t) (3.33)

where :
Q((ry)jez, t) = H@+1.24) (r; elw(J)t)’

R((r))jez,t) :== R(r; ei“(j)t) :
The next step is to study the dynamics of the resonant Hamiltonian ;.. We observe that the finite
dimensional submanifold

(3.34)

Us ={r:Z—-Clr;=0 j ¢S}
is invariant by the flow of H,.;. We introduce the following action-angle variables on Usg
rj = \/Tjeiej jes.
The reduced Hamiltonian now reads as (recall (3.19))
G=Gt+G-, Gt=v2 "I /T, cos(phir — Os,). (3.35)

We observe that G is the sum of two uncoupled integrable Hamiltonians, indeed both G* have
one degree of freedom in an opportune reduction. Then it makes sense to analyze just G*. The
following lemma provides the existence of an orbit that exhibit a large drift in one of its actions.



TRANSFERS OF ENERGY THROUGH FAST DIFFUSION CHANNELS IN SOME RESONANT PDES ON THE CIRCLE3

Lemma 3.9. Let ¢ > 0 be arbitrarily small and c > 0. There exists an orbit of G
92c(t) = (01(1), 0,(t), 11(t), I (1))

such that
L(0) =c—pe,  1,(0) =c¢,
_ c (3.36)
L(Ty) =c(l—p™"), L(Tp) = 2
with +1 +1
VY vy
\/57 << — V2 -1 (3.37)
T T (1 —p‘l)p/2

Proof. We consider the following linear symplectic change of coordinates
901:917 Sop:_p91+‘9pa J=1 +pIp7 Jp:Ip-
The new Hamiltonian reads as

G =A(J1 - pJp)p/2 vV Jp cos(pp).
Since J; = I; + pl, is a constant of motion for G, we can look for solutions on the diffusion
channel

{(c—=pl,,1,): I, € (0,c/p)y={/h=L+pl,=c} (3.38)
We fix the section {¢, = 7/2}, which is invariant by the flow of G,.. The dynamics of J, = I,
is determined by the equation

Jy =X (c —pJ)P2\/J, = f(J,).
The function f is Lipschitz continuous and strictly positive in the interval [¢,c/p). Hence we

can easily conclude that there exists an orbit with initial condition .J,(0) = ¢ which is monotone
increasing and reach the value c/p? at time

1 [ 1
Ty = \/ip 1/ dJ,.
’ € (C_pJp)p/2\/Jp :

By using the fact that
c—pe>c—pJy,>c(l—pH
on the interval of integration we get the bounds (3.37).

Remark 3.10. The time of diffusion T, does not depend on ¢, see the first line in (3.36).

Remark 3.11. By (3.38) and the fact that J, = I, is monotone increasing in the time interval
0, Tb] we have that
sup I1(t) = 1,(0) < c.
te[0,To]
By the discussion above it is clear that Lemma 3.9 provides also an orbit g__(t) for G~ with the
same evolution of the actions /_;, I_, as in (3.36).
We consider the family of solutions gafc(t) given by the Lemma[3.9|for the values of the parameters

e =¢eop 2, forsome ¢y > 0 small enough,

(3.39)
c € (4,p”) for an opportune v > 0 (not too large).
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We define b(e, c;t,2) = b(t,z) = D, b;(t)e” with

bj(t) = {vfj(t) eV jes

0 otherwise.

Then the function b(t, x) is a solution of H,. such that

b1 (0)> =c—ep, [bs,(0)]* =c¢,

3.40
b (To))? =c(l—p"), |bap(T0))* = Z% (340

For p large enough we have
2 p/2 2 p/2
2pt (—) < Ty <4pt (—) . (3.41)
c c

3.4. Approximation argument. In this section we show that solutions of the Hamiltonian (3.33))
with initial condition ¢*-close enough to b(0, z) remain ¢*-close to b(t, x) for all the time that we
need to appreciate the drift in the actions (3.40). Since we need to work in a sufficiently small
neighborhood of the origin we use a rescaling argument.

The solutions u(t, z) of H,s are invariant under the rescaling
u(t,z) = p tu(p P, o).

Given 1 > 0 we consider the rescaled solution

ri(t, o) = (P, ). (3.42)
The diffusion time is rescaled in the following way
T := P 'Ty, (3.43)

hence we need to ensure a good approximation of r#(¢) by solutions 7(¢) of (3.33) at least in the
range of time [0, 7']. By Remark B.11] we have

[|[r* ()| < 4v/ep Sp™t fort € [0,T]. (3.44)

Let us define 1

b= .
p—>5/2

Proposition 3.12. Let p and a be large enough. For all ji > g in (3.43) we have that if r(t) is a
solution of (3.33) such that

Ho = paf}/—bv a> 07 (345)

3
7(0) = (@)l < w7, 01:= 42, (3.46)
then 1
[lr(t) — r*(O)]|n < =%, 09 : =01 — 3 fort €10,T]. (3.47)

Proof. We set & := r — r* and we study the evolution of its ¢!-norm. We have that £ = Z,(t) +
Z1(t) € + Z(t, &) with (recall (3.34)

Zy = Xr(r,),

Zl = DXHres(TM)?

Zy = Xu,oo(r) = Xpo (") = DX py, (r")€ + XR(r) — Xr(ry) + Xo(r) — Xo(ry).
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By the differential form of Minkowsky’s inequality we get

d
1€l < 11 Zo)ller + [[22(2) Ellex + [1Z2(8) ]
Now we give bounds on the terms of the right hand side of the above inequality.
Bound for Zy: By (3.20), (3.44)) we have
1 Zolln S Coy~ 2t + Cry 22,
By (3.43)) and the fact that 1 > po we have, for p large enough,
Cw—llu—zpﬂ < M—(7/4)p—1’ ’C"}y—2ﬂ—3p+2 < ,u/—(7/4)p—1' (3.48)
Hence
| Zoller S = /0P,
Bound for Z,: Taking into account the definition of (3.19), the bound (3.44)) and Lemma [3.6 we
have, for p large enough,
—(p+1) _ _
1200 €l S 0+ V2 T w2 [E | S (€]
Bound for Z5: We use a bootstrap argument. Let us define 7} as the sup of the times ¢ such that
HE@ | < ™. (3.49)

We observe that for ¢ = 0 we have ||£(0)||x < p~ 7' and since o > oy we have 7, > 0. A
posteriori we shall prove that 7, > T > (. We call

Zoy = X, (r) — Xpoo (") — DX, ()€,
Z2’2 = X’R(’/’) —XR(T,u)v Z273 = XQ(’/’) —XQ(Tu).
By the definition of (3.19)
b . . 39,648 P
—(p+1) - ’ —(p+1) i—p)—o2(j—
1Zoalle < (p+1) V2 Y NP ECNEN: S (D) V2 Y e,
j=2 j=2

Since o5 > 1 we have, for p large enough,

—(p+1) _ _
1Z2alle S (p+ D) V2 PP (€] S P [€]
Now recall the bound (3.20). We have

2p—1 3p—2
_ 2p—1—7 : — 39 )
1 Zasller < Oy ™ D PR 16 4+ Coy ™ D e 272716
j=1 j=1

Reasoning as for the bound on Z, ; and using (3.44), (3.48), (3.49) we get
1 Zapllon S = @2 €]

The most problematic term is H (P+1.24) pecause it has the same degree of H,.s. However we recall
that the monomials of H®*1:>%) are Fourier supported on at least four normal modes. Then by the

(3:34)) and the bound (3.23))

p p

—(p+1) —j j . —(p+1) —j i

1Z23lle < pV2 > R NEN < o)V TN e e
j=3 j=3
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Since
(3.43)

Pl <plug® S plpT
and reasoning as for the bound of Z,; we get, for p large enough,
1 Zosller S P[]

By collecting all the previous estimates we obtained

d —_— — —
ZHlella S T g
Then by Gronwall lemma
ED) || S p~7" exp(uPtht) fort € [0,T,].

For times ¢ € [0, P~ log(u)] we have that |[£]| < p'™7 < p=2, then T, > pP~'log(u). We
conclude by noting that log(u) > log(ug) > Tp (recall (3.41), (3.39)). Thus 7, > T and we can
drop the bootstrap assumption.

0

3.5. Conclusion of the proof. In this section we conclude the proof of Theorem 2.1/ by showing
that a solution z(¢) with initial datum z(0) = r#(0), with an opportune choice of y, undergoes the
prescribed growth of its Sobolev norms.

We consider (recall the definition of 1 in (3.43)
do < V2cpq"
and we fix 0 € (0, ). Recalling the rescaling (3.42]) we choose p such that
V2eu ™t =0 (3.50)

Let us consider r(¢) solution of (3.33) with r(0) = I'"'r#(0). The (3.30) implies that p > 1o,
hence we can apply the approximation argument in Proposition[3.12] Let us call

2(t) = T((r;e*V");ez).

Now we give a lower bound for ||z(7')||,. It turns out that it is sufficient to estimate |z4,(7")|. We
give a lower bound for z,(7"), the one for z_,(7") is obtained in the same way. We have

|2,(T")| > |rp,(T)| — ‘FP((TjeiW(j)t)jez) — 1 (T)e“®T|
> [T = [y (T) = r2(T)] = Ty ((rs*9) sez) — 7y(T)eT].
First we need a lower bound for |r%(T")|. By (3.40) and the rescaling (3.42)
(1)) = Vep™ uh (3.52)
Now we give an upper bound for |r,(T") — r4/(T')|. By the estimates (3.21)) and (3.44) we have that
[17(0) = (0)[ler < Coy'pu ™.

By the definition of p in (3.43)) and the fact that y > uo we have, for p large enough, ||r(0) —
r#(0)||p < p~9* (recall oy in (3.46)). Then by Proposition [3.12] (recall o in (3.47))

|7 (t) — r(t)||n < p~=7* fort € [0,T]. (3.53)

(3.51)

Hence
rp(T) = r(T)] < . (3.54)
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We are left with an upper bound for |I',((r;eW");c5) — r,(T)e“®T|. By (3.33) and (3.44) we
have
o (D) < (D)l < N[ (T)|er + || (T) = (T2 < 8Veu™.
Then by using the estimate (3.21) and (3.43)) we get, for p large enough,
|Fp((rjei“(j)t)jez) — rp(T)eiw(p)T| <8 Coy P < pmo (3.55)

By (3.37)) and collecting the bounds (3.32)), (3.34)), (3.33)) we obtained

—1
(T > Vep ™ p™h = =™ > ﬁ%/fl-
This implies that
12D 2 (lp(T) + [z (D)) p** = 27 e 7 2p* 72, (3.56)

Regarding the Sobolev norm at time zero of z(¢) we have by (3.40) and choosing & in (3.39) small
enough

120)I = [I*(0)|[2 = 2u7*((c — ep) +ep™) < 2cu™ = 6% (3.57)
By (3.36) and (3.37) the ratio between the Sobolev norms at time t = 7" and ¢ = 0 has the following
lower bound D) ,
z(T)lls - p*~
> (3.58)
1z(0)]]s = 2

Hence since s > 2 we can use p as a parameter to get the prescribed growth of the //° norm. By
(3:43)) and (3.30) we have that
G2 9p+2

T =’ 'Ty = (V2)P 10" PT, < —— 6P, (3.59)
From (4.19) and (3.39) we get 2.3).

4. PROOF OF THEOREM

We follow the same steps of the proof of the Theorem 2.1l shown in Section 3
First we build the convolution potential V. To simplify the notation we write Vy = V. We
consider the tangential set

S = {ky, ko, k3, k4} CZ 4.1)
with
ks >0, ko <0, kyi=Fk —ky+ks+ N. 4.2)
Let us also assume that
ks = max{ky, |ka|, ks} < VN. 4.3)
Let us consider q := (qy, g2, q3) € [1, 2] such that
Q-+ k> WeTZ 0<[(<9, VkeZ, (Lk)#/(0,0) (4.4)

(&)
withy € (0,1) and 7 > 0 large enough. We set
qz_kz2> ]:kla Z:1a2>37
Vi=qai—aq+as— ki, J =k
0 otherwise.
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We consider the Fourier expansion u = . _, u; €7% with u; := 5~ [ ue™* dz. The equation
JEZ I J 2w JT
(2.4) is Hamiltonian with respect to the symplectic structure —i » ©., du; A diz;. The Hamiltonian
is H=H® + H® where

HO(uy, ) =Y w(iuag, HO(uw) = Y wy, Tu,m,  (45)
JEZL J1—ja+jzs—ja=£N
with
q; ]:kza Z.:]-72737
w(j) = ¢ a1 — g2 + s, J = ku,
52 otherwise.

Remark 4.1. As in the case of the wave equation (see Remark[3.3), the tangential frequencies are
irrational real numbers while the normal ones are integers.

The equation (2.4)) can be written as an infinite dimensional system of ODEs for the Fourier
coefficients

—it; = w(j)u; + > wj, Uj, gy,  J €L
Ji—j2+j3—j==N
We consider the solution of the linear problem
—1uy = W(j)Uj, j c Z,
obtained by exciting the modes in S, namely
w(t,x) = Z ay, e@EkD) (4.6)
kes

By the definition of the linear frequencies of oscillation and by @.4)) the orbit w(-, x) is conjugated
to a quasi-periodic motion on an embedded 4-d resonant torus that fills densely a lower dimensional
manifold.

As in Section we construct a change of coordinates that puts (partially) in normal form the
Hamiltonian (.3). Again we work with the ¢!-topology. Recall (3.14) and Definition 3.3

Proposition 4.2. Recall @.3). There exists n > 0 small enough such that there exists a symplectic
change of coordinates I': B,, — Bo, which takes the Hamiltonian H into its (partial) Birkhoff
normal form up to order 4, namely

Hol'=H® + Hyo + H*>? + R (4.7)
where:
(i) the resonant Hamiltonian is given by
Hyes = Mg H* = 2Re (uy, T, up, Uy )- (4.8)

(ii) The remainder R is such that
1 XRlly S 97" +97" " (4.9)
Moreover the map 1 is invertible and close to the identity

0=t —1d, S+ ', (4.10)
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Proof. The proof follows the same lines of the proof of Proposition[3.71 Actually the proof is easier
since the parameter [V, that we need to control, does not enter in the estimates for the map I" and
the remainder R. The only thing that we need to prove is that [Tk, [ (41 = 0 and formula @.38).
If (a, ﬁ) S .A4,1 then
Q(Oé,ﬂ) = qﬁj:yz

for some ¢ = ((, 3) € Z3 with3 < || < 9and j ¢ S. Since j* is an integer, by (.4) we have
Q(a, B) > 4977 > 0. This proves that Ik, H*Y = 0. If (o, 3) € Ay by @3) and the choice of
the potential the only resonant monomials are wy, Uy, ug, Uy, and its complex conjugate.

O

Remark 4.3. The normal form procedure performed in Proposition .2 removes less terms respect
to the one of Proposition 37 This is because in the case of the wave equation 2.1) we need
better estimates on the non-normalized vector field of degree p. Indeed these bounds get worse
when the parameter p is increasing (the coefficients of the associated Hamiltonian grow like p),
see for instance the bound (3.13))) and the approximation time T is not short enough to close the

approximation argument (see (3.43) and (3.41)).

We introduce the rotating coordinates
Uj =71;j et

in order to remove the quadratic part of the Hamiltonian /7 o I'. Then r satisfies the equation
associated to the Hamiltonian

H = Hyes + Q(t) + R(2) 4.11)
where o
Q((Tj)jez,t) — H(4’22)((Tj 61w(j)t)jEZ)7
R((Tj)je%t) = R((Tj eiw(j)t)jez)-
We study the dynamics of the resonant Hamiltonian H,.;. We observe that the finite dimensional
subspace

(4.12)

Us :={r: Z—=C|r;=0 j ¢S5}
is invariant by the flow of H,.;. We introduce the following action-angle variables on Usg
re, = /1%, j=1,2,34.
The Hamiltonian H,., now reads as
G =211 I I31;cos(0y — Oy + 05 — 0).
Lemma 4.4. Let € > 0 be arbitrarily small and let ¢ > 0. There exists an orbit of G
Gero(t) = (01(1), ..., 0a(t), 1 (1), ..., Lu(1))

such that
c—¢
11(0) = 12(0) = 13(0) = 3 s 14(0) =£

c 2 c 4e c

I(Ty) = I3(To) = 6 + 3 L(Ty) = SRR I(Ty) = =
with ¢
Ty < —.
c
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Proof. We apply the following linear symplectic change of variables

1 0 0 0
B o o 1 0 0
p=Ab, J=ATI A=|. 4 | §
11 -1 1

We observe that the matrix A € SL(4,Z), hence this defines a linear automorphism of the torus

T. The new Hamiltonian is given by

Q* = 2\/(J1 — J4) (Jg + J4) (Jg — J4) J4 COS(Q04).

We observe that .J;, Js, J3 are constants of motion. Then we fix

c—¢ c—¢

+e 1=1,3, Jy =0 = 3
and we look for solutions traveling along the following diffusion channel
{la =1, B4+ Ly, a0 — 1y, 1y) - I, € (0,0) },
which is contained in the mass level
{h+d+Ss=0L+1L+ 13+ 1, =c}.
If we restrict to the invariant section {¢4 = 7/2} the equation of motion for .J, = I is
Ji=2(a—J) (B+ ) Ju

Reasoning as in Lemma[3.9 we can conclude that there exists an orbit such that

Ji=a:= _e

c
J4(O) =g, J4(T0) = 6
with ) )
1 [e/8 1 3 [e/° 1 6
Toz—/ dJ4§—/ —_——dJ,; < —.
2 € (OK—J4)\/(5—|—J4)J4 CJo \/(%+J4)J4 C
We set
€= 50k4_25, for some £y3 > 0 small enough.
We define b(e, c; t, ) = b(t, ) = >, bi(t)e” with
bi(t) = Vi) et jes
0 otherwise.
Then the function b(¢, x) is a solution of H,.s such that
c—¢
[0k, (0)]? = [br, (0)* = [bry (0) 7 = 3 ;b O = ¢,
c 2 c 4e C
b (To) P = o (TP = S+ b(To)P = 5 = 5, [bu(To)? = £

In particular from the proof of Lemma 4.4l we deduce that

sup |bp, (1) <c, i=1,2,3,4.
t€[0,To)

(4.13)

(4.14)
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We follow the same procedure of Section 3.4l The solutions u(¢, x) of H,.s are invariant under
the rescaling

u(t,x) = p tu(p 2t x).

Then we consider the rescaled solution

ri(t, x) = ptb(p Rt x). (4.15)
The diffusion time is rescaled in the following way
7= 27, < 62 (4.16)
c
By (@.14) we have
||| < 4v/ep™. (4.17)

Proposition 4.5. There exists pg > 0 large enough enough such that for all 1 > o we have that
if r(t) is a solution of (3.33) such that

[17(0) = #(0)||er < =2
then
|[r(t) — r(t)||p < /%, fort € [0,T].
Proof. The proof is very close to the proof of Proposition [3.12l Actually it is easier because the
coefficients of the vector fields and the time 7' do not depend on the parameter /N. One can also

follow the proof of Theorem 2.9 in [26] taking into account the bound (#.17) on the ¢!-norm of
TH. O

We fix ¢ small enough and we choose p such that

Vekip ™t =Co (4.18)

for some pure constant C' > 0. Let us consider r(¢) solution of @IT) with r(0) = I'"'r#(0). Let
us call

Z(t) = F ((Tjeiw(j)t>jez) .
Reasoning as in Section [3.5] we can obtain the following lower bound for the Sobolev norms of z
attimet =1

(D2 > (lan (D)) K3* 2 p~*c ki

Regarding the Sobolev norm at time zero we have by (3.40) and the choice of ¢ in (4.13)) (recall
@.3))

12O)I[2 = [IF" ()2 S p~* c k3.

We choose the constant C' in @I8) to get ||2(0)||? < §2. The ratio between the Sobolev norms at

time ¢t = 7" and t = 0 gives
oz () 2 9

We conclude by giving the estimate on the diffusion time respect to the growth C := K /¢.
T < Ty S N6 2=C%2
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