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Abstract. We consider the defocusing cubic nonlinear Schrodinger equation (NLS) on the two-
dimensional torus. The equation admits a special family of elliptic invariant quasiperiodic tori called
finite gap solutions. These are inherited from the integrable 1D model (cubic NLS on the circle) by
considering solutions that depend only on one variable. We study the long-time stability of such
invariant tori for the 2D NLS model and show that, under certain assumptions and over sufficiently
long time scales, they exhibit a strong form of transverse instability in Sobolev spaces HS(T?)
(0 < s < 1). More precisely, we construct solutions of the 2D cubic NLS that start arbitrarily close
to such invariant tori in the H® topology and whose H® norm can grow by any given factor. This
work is partly motivated by the problem of infinite energy cascade for 2D NLS, and seems to be
the first instance where (unstable) long-time nonlinear dynamics near (linearly stable) quasiperiodic
tori is studied and constructed.

Keywords. Nonlinear Schrodinger equation, quasiperiodic, KAM, stability, growth of Sobolev
norms

1. Introduction

A widely held principle in dynamical systems theory is that invariant quasiperiodic tori
play an important role in understanding the complicated long-time behavior of Hamilto-
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nian ODE and PDE. In addition to being important in their own right, the hope is that
such quasiperiodic tori can play an important role in understanding other, possibly more
generic, dynamics of the system by acting as islands in whose vicinity orbits might spend
long periods of time before moving to other such islands. The construction of such invari-
ant sets for Hamiltonian PDE has witnessed an explosion of activity over the past thirty
years after the success of extending KAM techniques to infinite dimensions. However, the
dynamics near such tori is still poorly understood, and often restricted to the linear theory.
The purpose of this work is to take a step in the direction of understanding and construct-
ing nontrivial nonlinear dynamics in the vicinity of certain quasiperiodic solutions for the
cubic defocusing NLS equation. In line with the above philosophy emphasizing the role
of invariant quasiperiodic tori for other types of behavior, another aim is to push forward
a program aimed at proving infinite Sobolev norm growth for the 2D cubic NLS equation,
an outstanding open problem.

1.1. The dynamical system and its quasiperiodic objects

We start by describing the dynamical system and its quasiperiodic invariant objects at
the center of our analysis. Consider the periodic cubic defocusing nonlinear Schrédinger
equation (NLS),

i0,u + Au = |ulu (2D-NLS)

where (x,y) € T2 =R?/(2nZ)?,t € Randu : R x T? — C. All the results in this paper
extend trivially to higher dimensions d > 3 by considering solutions that only depend on
two variables.! This is a Hamiltonian PDE with conserved quantities: (i) the Hamiltonian

Ho(w) = [ (VuGr. )P + Hutr. ) dy, (L.
(ii) the mass
M) = / (e, )[2 dx dy. (1.2)
’]I‘2

which is just the square of the L2 norm of the solution, and (iii) the momentum
P(u) :i/ u(x, y)Vu(x, y)dxdy. (1.3)
T2

We also remark that the equation is locally well-posed for data in H*(T¢) for all
s > 0 [6]. Thanks to the conservation of energy (and the subcritical nature of the local
well-posedness result), one directly obtains global well-posedness in H*(T¢) fors > 1.
This global existence can be pushed further down to at least s > 2/3 using almost conser-
vation inequalities (see for instance [15]). All the solutions constructed in this manuscript
are infinitely smooth, and hence their global-in-time existence is guaranteed.

'We expect that the results also extend to the focusing sign of the nonlinearity (—|u|?u on the
R.H.S. of (2D-NLS)). The reason we restrict to the defocusing sign comes from the fact that the
linear analysis around our quasiperiodic tori has only been established in full detail in [43] in this
case.
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Now, we describe the invariant objects around which we will study and construct
our long-time nonlinear dynamics. Of course, such a task requires a very precise under-
standing of the linearized dynamics around such objects. For this reason, we take the
simplest nontrivial family of invariant quasiperiodic tori admitted by (2D-NLS), namely
those inherited from its completely integrable 1D counterpart

i0:q = —0xxq + |lqI’q. x€T. (ID-NLS)

This is a subsystem of (2D-NLS) if we consider solutions that depend only on the first
spatial variable. It is well known that equation (1D-NLS) is integrable and its phase space
is foliated by tori of finite or infinite dimension with periodic, quasiperiodic, or almost
periodic dynamics. The quasiperiodic orbits are usually called finite gap solutions.

Such tori are Lyapunov stable (for all time!) as solutions of (1D-NLS) (as will be
clear once we exhibit its integrable structure) and some of them are linearly stable as
solutions of (2D-NLS), but we will be interested in their long-time nonlinear stability (or
lack of it) as invariant objects for the 2D equation (2D-NLS). In fact, we shall show that
they are nonlinearly unstable as solutions of (2D-NLS), and in a strong sense, in certain
topologies and after very long time. Such instability is transversal in the sense that one
drifts along the purely 2-dimensional directions: solutions which are initially very close
to 1-dimensional become strongly 2-dimensional after some long time.”

1.2. Energy cascade, Sobolev norm growth, and Lyapunov instability

In addition to studying long-time dynamics close to invariant objects for NLS, another
purpose of this work is to make progress on a fundamental problem in nonlinear wave
theory, which is the transfer of energy between characteristically different scales for a
nonlinear dispersive PDE. This is called the energy cascade phenomenon. It is a purely
nonlinear phenomenon (energy is static in frequency space for the linear system), and
will be the underlying mechanism behind the long-time instability of the finite gap tori
mentioned above.

We shall exhibit solutions whose energy moves from very high frequencies towards
low frequencies (backward or inverse cascade), as well as ones that exhibit a cascade
in the opposite direction (forward or direct cascade). Such cascade phenomena have
attracted a lot of attention in the past few years as they are central aspects of various
theories of turbulence for nonlinear systems. For dispersive PDE, this goes by the name
of wave turbulence theory which predicts the existence of solutions (and statistical states)
of (2D-NLS) that exhibit a cascade of energy between very different length scales. In the
mathematical community, Bourgain drew attention to such questions of energy cascade
by first noting that it can be captured in a quantitative way by studying the behavior of the

2The tranversal instability phenomenon was already studied for solitary waves of the water
waves equation [51] and the KP-I equation [52] by Rousset and Tzvetkov. However, their instability
is a linear effect, in the sense that the linearized dynamics is unstable. In contrast, our result is a
fundamentally nonlinear effect, as the linearized dynamics around some of the finite gap tori is
stable.
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Sobolev norms of the solution,

e = (30 + i) .
nez?
In his list of problems on Hamiltonian PDEs [9], Bourgain asked whether there exist solu-
tions that exhibit a quantitative version of the forward energy cascade, namely solutions
whose Sobolev HS norms, with s > 1, are unbounded in time,

sup lu(@)||lgs = +o0, s> 1. (1.4)

>0

We should point out here that such growth cannot happen for s = 0 or s = 1 due to
the conservation laws of the equations. For other Sobolev indices, there exist polynomial
upper bounds for the growth of Sobolev norms (see [7, 10, 11, 13, 14, 44, 53-56, 60]).
Nevertheless, results proving actual growth of Sobolev norms are much more scarce. After
seminal works by Bourgain himself [7] and Kuksin [37,39,40], the landmark resultin [12]
was of fundamental importance in the recent progress, including this work: It showed that
forany s > 1,8 < 1, K > 1, there exist solutions u of (2D-NLS) such that

[u@)lgs <8 and [Ju(T)|as = K (1.5)

for some T' > 0. Even if not mentioned in that paper, the same techniques also lead to the
same result for s € (0, 1). This paper induced a lot of activity in the area [26-28,31-33]
(see also [16,22-24,42,45,46] on results about growth of Sobolev norms with differ-
ent techniques). Despite all that, Bourgain’s question about solutions exhibiting (1.4)
remains open on T? (however, a positive answer has been given for the cylindrical
domain R x T4 [32]).

The above-cited works revealed an intimate connection between Lyapunov instability
and Sobolev norm growth. Indeed, the solution # = 0 of (2D-NLS) is an elliptic critical
point and is linearly stable in all H*¢. From this point of view, the result in [12] given
in (1.5) can be interpreted as a strong form of Lyapunov instability (see item (6) in Sec-
tion 1.4) in H*®, s # 1, of the elliptic critical point u = 0 (the first integrals (1.1) and (1.2)
imply Lyapunov stability in the H! and L? topology). It turns out that this connection
goes further, particularly in relation to the question of finding solutions exhibiting (1.4).
As was observed in [31], one way to prove the existence of such solutions is to prove
that, for sufficiently many ¢ € H®, an instability similar to that in (1.5) holds, but with
[|(0) — @¢|lgs < 4. In other words, proving long-time instability as in (1.5) but with solu-
tions starting §-close to ¢, and for sufficiently many ¢ € H¥, implies the existence (and
possible genericness) of unbounded orbits satisfying (1.4). Such a program (based on a
Baire category argument) was applied successfully for the Szeg6 equation on T in [24].

Motivated by this, one is naturally led to studying this strong form of Lyapunov
instability for more general invariant objects of (2D-NLS) (or other Hamiltonian PDEs),
or equivalently to investigate whether one can achieve Sobolev norm explosion starting
arbitrarily close to a given invariant object. The first work in this direction is by one
of the present authors [31]. He considers the plane waves u(f, x) = Ae'"*~®") with
w = m? 4+ A?, periodic orbits of (2D-NLS), and proves that there are orbits which start
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8-close to them and undergo H*® Sobolev norm explosion, 0 < s < 1. This implies that
the plane waves are strongly Lyapunov unstable in these topologies. Stability results for
plane waves in H®, s > 1, on shorter time scales are provided in [20].

1.3. Statement of results

Roughly speaking, we will construct solutions to (2D-NLS) that start very close to finite
gap tori in appropriate topologies, and exhibit either a backward cascade of energy from
high to low frequencies, or a forward cascade from low to high frequencies. In the former
case, the solutions that exhibit backward cascade start in an arbitrarily small vicinity of a
finite gap torus in a Sobolev space H*(T?) with 0 < s < 1, but grow to become larger
than any pre-assigned K > 1 in the same H*® (higher Sobolev H*® norms with s > 1
decrease, but they are large for all times). In the latter case, the solutions that exhibit a
forward cascade start in an arbitrarily small vicinity of a finite gap torus in L2(T?2), but
their Sobolev H’ norm (for all s > 1) exhibits growth by a large multiplicative factor
K > 1 after a large time. We shall comment further on those results after we state the
theorems precisely.

To do that, we need to introduce the Birkhoff coordinates for equation (1D-NLS).
Grébert and Kappeler showed in [25] that there exists a globally defined map, called the
Birkhoff map, such that for all s > 0,

®: H(T) - h*(Z) x K (Z), q+> Zm\Zm)mez, (1.6)

such that equation (1D-NLS) is transformed in the new coordinates (z,,, Zm)mez = P(q)
to
iZm = om(I)zm, (1.7)

where I = (I;p)mez and I, = |z,,|? are the actions, which are conserved in time
(since o, (1) € R). Therefore in these coordinates, called Birkhoff coordinates, equation
(1D-NLS) becomes a chain of nonlinear harmonic oscillators. Of course the solutions of
(1.7) live on finite- and infinite-dimensional tori with periodic, quasiperiodic or almost
periodic dynamics, depending on how many of the actions I, (which are constant!)
are nonzero and on the properties of rational dependence of the frequencies. Hence the
(1D-NLS) equation admits a family of finite-dimensional integrable subsystems, denoted
by g5, where § runs through the nonempty, finite subsets of Z; §s is contained in
Mpso H"(T, C) and its elements are called S-gap solutions. In particular, §s is foli-
ated by 7 := ®1(T}) where

TSI ={zel? zpfP =Ipformes§, |zu>=0form ¢ S8}

is a torus of dimension |§| parametrized by the action variables I = (/});es € Rio. This
torus, as an invariant object of equation (1D-NLS), is stable for all times in the sense of
Lyapunov.

We will abuse notation, and identify H*(T) with the closed subspace of H*(T?)
of functions depending only on the x variable. Consequently, ‘TSI is a closed torus in
H*(T) C H*(T?) which is invariant for the (2D-NLS) dynamics.
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The main result of this paper will show the instability (in the sense of Lyapunov) of
many of these invariant objects under the dynamics of (2D-NLS). Roughly speaking, we
show that, under certain assumptions on the choices of modes § and actions 7, these tori
are unstable in the H*(T?) topology for s € (0, 1). Even more, there exist orbits which
start arbitrarily close to these tori and undergo an arbitrarily large H* norm explosion. In
order to state our result precisely, we introduce the definition of generic set 3:

Definition 1.1 (L-genericity). GivenL € N, we say that § = {m;,...,my} is L-generic if
it satisfies the condition

d d
D limi #0 forall£ € Z% with 0 < [¢] := ) " |t;] <L, (1.8)

i=1 i=1
where d is the cardinality of .

Our main result is the following:

Theorem 1.2. Fix a positive integer d > 2 and a sufficiently large L. € N. Assume that Sy

has cardinality 4 and is L-generic. Then there exists e« > 0 such that for any ¢ € (0, £x)

there exists a positive measure Cantor-like set 4 C (g/2, €)? such that the torus 'J:glo with

I = (Ij)jes, € d has the following properties:

(1) (Long-time instability of So-gap solutions in H*(T2, C) for 0 < s < 1) For any
s € (0,1), § > 0 small enough, and K > 1 sufficiently large, there exists a smooth
solution u(t) of 2D-NLS), u : R — (), H"(T?,C), and a time 0 < T < e (K/8)F
such that -

dist(u(0), T ) s r2y <8 and  [u(T)|gs(r2) = K.

Here the exponent B > 1 can be chosen independently of K, 6. In particular, the
So-gap solutions in ‘TS{) are Lyapunov (orbitally) unstable.

(2) (Long-time instability of So-gap solutions in H*(T?2,C) fors > 1) Foranys > 1 and
any K > 1 sufficiently large, there exists a smooth solutionu : R — (.o H" (T 2.0)
of (2D-NLS) and a time 0 < T < X7 such that

dist(0). T )22y < K0 and  [u(T) |l gscr2y = KIu(O) | s r2y.

Here 0,0’ > 0 depend on s, but not on K. Note that dist(u(0), %{))Hs(']I‘Z) might not
be small.

1.4. Comments and remarks on Theorem 1.2
(1) The relative measure of the set 4 of admissible actions can be taken as close to 1 as
desired. Indeed, by taking smaller ¢, the relative measure satisfies

|1 —meas(J)| < Céel

for some constant C > 0 and 0 < « < 1 independent of ¢, > 0. The genericity condition
on the set ¢ and the actions (/y)nes, € 4 ensure that the linearized dynamics around
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the resulting torus TS{J is stable for the perturbations we need to induce the nonlinear
instability. In fact, a subset of those tori is even linearly stable for much more general
perturbations as we remark below.

(2) Why does the finite gap solution need to be small? To prove Theorem 1.2 we need to
analyze the linearization of equation (2D-NLS) at the finite gap solution (see Section 4).
Roughly speaking, this leads to a Schrodinger equation with a quasi-periodic potential.
Luckily, such operators can be reduced to constant coefficients via a KAM scheme. This
is known as reducibility theory which allows one to construct a change of variables that
transforms the linearized operator into an essentially constant coefficient diagonal one.
This KAM scheme was carried out in [43], and requires the quasi-periodic potential, given
by the finite gap solution here, to be small for the KAM iteration to converge. That being
said, we suspect a similar result to be true for nonsmall finite gap solutions.

(3) To put the complexity of this result in perspective, it is instructive to compare it with
the stability result in [43]. In that paper, it is shown that a proper subset 4’ C 4 of the
tori considered in Theorem 1.2 are Lyapunov stable in H®, s > 1, but for shorter time
scales than those considered in this theorem. More precisely, all orbits that are initially
8-close to TSIO in H* stay C§-close for some fixed C > 0 for time scales t ~ §72. The
same stability result (with a completely identical proof) holds if we replace H® by ¥ ¢,
norm (functions whose Fourier series is in £1). In fact, by trivially modifying the proof,
one could also prove stability on the §72 time scale in $¢; N H® for 0 < s < 1. What
this means is that the solutions in the first part of Theorem 1.2 remain within C§ of 'J:s{)
up to times ~ 72 but can diverge vigorously afterwards at much longer time scales.

It is also worth mentioning that the complementary subset 4 \ 4’ has a positive meas-
ure subset where tori are linearly unstable since they possess a finite set of modes that
exhibit hyperbolic behavior. In principle, hyperbolic directions are good for instability, but
they are not useful for our purposes since they live at very low frequencies, and hence can-
not be used (at least not by themselves alone) to produce a substantial growth of Sobolev
norms. We avoid dealing with these linearly unstable directions by restricting our solution
to an invariant subspace on which these modes are at rest.’

(4) The growth in part (1) of the theorem is the result of the so-called inverse cascade of
mass from high frequencies towards smaller ones, whereas the growth for s > 1 in part (2)
is the result of a forward cascade of kinetic energy from low to high frequencies. Both
phenomena are predicted by the physical theory of wave turbulence but their rigorous
justification is highly nontrivial from a mathematical viewpoint as we discussed earlier.
For part (1), initially the mass of the perturbation is concentrated on the “high frequency
set” A3 in Theorem 7.3, but becomes concentrated on the “low frequency set” Ag,q—1 at
time T'. This leads to the inflation of the H* norm for 0 < s < 1 (cf. (7.5)) whereas the
Sobolev norms for s > 1 actually contract. In contrast, in part (2), the initial kinetic energy

3We expect that such hyperbolic directions should imply a transverse instability result similar
to the one obtained by Rousset and Tzvetkov [51, 52] for solitary waves.
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of the perturbation is concentrated on the set Ag q—1 and ends up being concentrated on
the “high frequency set” A3, which yields the growth of Sobolev norms for s > 1. It is
here that the dependence of the solution on s starts to make a difference in the proof (cf.
Sections 7 and 8).

(5) It is expected that a similar statement to the first part of Theorem 1.2 is also true
for s > 1. This would be a stronger instability compared to that in the second part (for
which the initial perturbation is small in L? but not in H*). Nevertheless, this case cannot
be tackled with the techniques considered in this paper. Indeed, one of the key points in
the proof is to perform a (partial) Birkhoff normal form up to order 4 around the finite
gap solution. The terms which lead to the instabilities in Theorem 1.2 are quasi-resonant
instead of being completely resonant. Working in the H* topology with s € (0, 1), such
terms can be considered completely resonant with little error on the time scales where
instability happens. However, this cannot be done for s > 1, for which one might be able
to eliminate those terms by a higher order normal form (s > 1 gives a stronger topology
and can thus handle worse small divisors). This would mean that one needs other resonant
terms to achieve growth of Sobolev norms. The same difficulties were encountered in [31]
to prove the instability of the plane waves of (2D-NLS).

(6) The first part of the result of Theorem 1.2 can be interpreted as a strong form of Lya-
punov instability in H* norm (0 < s < 1) of the tori ‘]:S{) where the Sy-gap solutions are
supported. Indeed, for an invariant subset X of the phase space, being Lyapunov stable
means that for all € > 0 there exists § > 0 such that all solutions that are §-close to X at
time ¢ = 0 stay e-close to X for all times. Thus, Lyapunov instability of X means that
there exists K > 0 such that for all § > 0 there exist a solution () and a time 7 such that
dist(u(0), X) < 6 and dist(u(7T'), X) > K. In the first part of Theorem 1.2, we prove that
for X = 'J‘:gf) such an instability property holds true for all § > 0 and for all K > 0 in H®
norm (with s € (0, 1)). Thus, a stronger form of instability holds: one can start as close to
TS{) as desired but still end up as far as desired from 7:9{) after some time 7 = T' (K, §) > 0.

(7) For finite-dimensional Hamiltonian dynamical systems, proving Lyapunov instability
for quasi-periodic Diophantine elliptic (or maximal-dimensional Lagrangian) tori is an
extremely difficult task. Actually all the results obtained [30, 59] deal with C” or C*°
Hamiltonians, and not a single example of such instability is known for analytic Hamilto-
nian systems. In fact, there are no results of instabilities in the vicinity of nonresonant
elliptic critical points or periodic orbits for analytic Hamiltonian systems (see [17, 18,34]
for results on the C* topology). The present paper proves the existence of unstable Dio-
phantine elliptic tori in an analytic infinite-dimensional Hamiltonian system. Obtaining
such instabilities in infinite dimensions is, in some sense, easier: having infinite dimen-
sions gives “more room” for instabilities.

(8) It is well known that many Hamiltonian PDEs possess quasiperiodic invariant tori
[1,3-5,8,19,21,38,47-50,57,58]. Most of those tori are normally elliptic and thus linearly
stable. It is widely expected that the behavior given by Theorem 1.2 also arises in the
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neighborhoods of (many of) those tori. Nevertheless, it is not clear how to apply the
techniques of the present paper to these settings.

1.5. Scheme of the proof
Let us explain the main steps to prove Theorem 1.2.

(1) Analysis of the 1-dimensional cubic Schrodinger equation. We express the 1-dimen-
sional cubic NLS in terms of the Birkhoff coordinates. We need a quite precise knowledge
of the Birkhoff map (see Theorem 3.1). In particular, we need that it “behaves well” in £1.
This is done in [41] and summarized in Section 3. In Birkhoff coordinates, the finite gap
solutions are supported in a finite set of variables. We use such coordinates to express the
Hamiltonian (1.1) in a more convenient way.

(2) Reducibility of the 2-dimensional cubic NLS around a finite gap solution. We reduce
the linearization of the vector field around the finite gap solutions to a constant coefficients
diagonal vector field. This is done in [43] and explained in Section 4. In Theorem 4.3 we
give conditions leading to full reducibility. In effect, this transforms the linearized oper-
ator around the finite gap into a constant coefficient diagonal (in Fourier space) operator,
with eigenvalues {27} ;c72\s,- We give the asymptotics of these eigenvalues in Theorem
4.4, which roughly speaking look like

Q; =P+ 0™ (1.9)

for frequencies j = (m, n) satisfying |m|, |n| ~ J. This seemingly harmless O(J2)
correction to the unperturbed Laplacian eigenvalues is sharp and will be responsible for
the restriction to s € (0, 1) in the first part of Theorem 1.2 as we shall explain below.

(3) Degree 3 Birkhoff normal form around the finite gap solution. This is done in [43],
but we shall need more precise information from this normal form that will be crucial for
Steps (5) and (6) below. This is done in Section 5 (see Theorem 5.2).

(4) Partial normal form of degree 4. We remove all degree 4 monomials which are not
(too close to) resonant. This is done in Section 6, and leaves us with a Hamiltonian with
(close to) resonant degree 4 terms plus a higher degree part which will be treated as a
remainder in our construction.

(5) We follow the paradigm set forth in [12, 28] to construct solutions to the truncated
Hamiltonian consisting of the (close to) resonant degree 4 terms isolated above, and then
to the full Hamiltonian by an approximation argument. This construction will be done
at frequencies j = (m, n) such that |m|, |n| ~ J with J very large, and for which the
dynamics is effectively given by the following system of ODE:s:

iay = —lajlPaj + Ygg 4, @5,a5,¢ "

R =12, 3) €L*\So - J1, 3# ], =2+ J3 =],

17117 = 17217 + 17512 = 17},

I':=Q-

n =Ry, + Q5 —Q5

3 J°
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We remark that the conditions of the set R(J) are essentially equivalent to saying that
(J1. J2. J3. J) form a rectangle in Z?2. Also note that by the asymptotics of £2; mentioned
above in (1.9), one obtains I' = O(J ~2) if all the frequencies involved are in R() and
satisfy |m|, |[n| ~ J. The idea now is to reduce this system to a finite-dimensional system
called the “Toy Model”, which is tractable enough for us to construct a solution that
cascades energy. An obstruction to this plan is the presence of the oscillating factor 'l
for which I is not zero (in contrast to [12]) but rather O(J ~2). The only way to proceed
with this reduction is to approximate e’ ~ 1 which is only possible provided J 2T « 1.
The solution coming from the Toy Model is supported on a finite number of modes ] €
72\ 8 satisfying | j| ~ J, and the time it takes for the energy to diffuse across its modes
is T ~ O(v™2) where v is the characteristic size of the modes in £! norm. Requiring
the solution to be initially close in H® to the finite gap solution would necessitate that
vJ® < 8, which gives T =5 J 2%, and hence the condition J 2T <« 1 translates into
s < 1. This explains the restriction to s < 1 in the first part of Theorem 1.2. If we only
require our solutions to be close to the finite gap solution in L2, then no such restriction
on v is needed, and hence there is no restriction on s beyond being s > 0 and s # 1, which
is the second part of the theorem.

This analysis is done in Sections 7 and 8. In the former, we perform the reduction to the
effective degree 4 Hamiltonian taking into account all the changes of variables performed
in the previous sections; while in Section 8 we perform the above approximation argument
allowing us to shadow the Toy Model solution mentioned above with a solution of
(2D-NLS) exhibiting the needed norm growth, thus completing the proof of Theorem 1.2.

In Appendix B we give a list of notations and parameters used throughout the paper.

2. Notation and functional setting

2.1. Notation

For a complex number z, it is often convenient to use the notation

VA =

o z ifo =41,
z ifo=-—1.

For any subset I' C Z2, we denote by A (T") the set of sequences (a 7)jer with norm

1/2
lallsay = (X 071a;2) " < co.
jer
Our phase space will be obtained by an appropriate linearization around the finite
gap solution with d frequencies/actions. For a finite set S¢ C Z x {0} of d elements,
we consider the phase space X = (C% x T9) x £1(Z? \ 8o) x £1(Z? \ Sy). The first
part (C? x T%) corresponds to the finite gap sites in action-angle coordinates, whereas
LY(Z? \ So) x £1(Z? \ Sp) corresponds to the remaining orthogonal sites in frequency



Sobolev instability near finite gap tori in 2D NLS 1507

space. We shall often denote the £! norm by | - ||;. We shall denote variables on X by
X3, 0a): YeC:0eT? a=(a,a) el (Z?\S8) xLH(Z?\ ).

We shall use multi-index notation to write monomials like ¥’ and m, g = a®a# where
[ eNdanda,B € NZ*\So, Oftentimes, we will abuse notation, and simply write a € £!
tomean a = (a,a) € £'(Z*\ So) x £'(Z*\ So), and ||a|l; = [lall;1(z2\s,)-

Definition 2.1. For a monomial of the form ¢'¢? ¥/ mg g, we define its degree to be 2|/ | +
|| + |B| — 2, where the modulus of a multi-index is given by its £! norm.

2.2. Regular Hamiltonians

Given a Hamiltonian function F (¥, 6, a) on the phase space X/, we associate to it the
Hamiltonian vector field

Xr :={—0pF,0yF,—i05F,i0,F},

where we have used the standard complex notation to denote the Fréchet derivatives of F
with respect to the variable a € £!.
We will often need to complexify the variable § € T¢ into the domain

Tg = {0 € C*:Re(d) € T?, |Im(9)| < p}
and consider vector fields which are functions
C4 x T;)i x ! > Cix Cx ¢!, (Y.6,2a) — (X(y),X(e), X(a)’ X(d)),
which are analytic in Y, 0, a. Our vector fields will be defined on the domain

<rh. 2.1)

D(p.r) :=Tgx D(r) where D(r):={|¥| <r? |lal;

For the vector fields, we use the norm

IX] = [Xx©] + |X®) n X @, n ||X(d)||1.
" r2 r r

All Hamiltonians F considered in this article are analytic, real-valued and can be expan-
ded in Taylor Fourier series which are well defined and pointwise absolutely convergent,

F(Y,0,a) = > Fupiee“®Ym,g. (2.2)
a,BeNZZ\50, (74, [eNa

Correspondingly we expand vector fields in Taylor Fourier series (again well defined and
pointwise absolutely convergent)

X(v) Y, 6,a) = Z X(vg ) eeie.e ylma,ﬂ’

a’

@,BeNZ2\S0 fe79,]eNd

where v denotes the components 6;, Y; for 1 <i <dor as,a;j for j € Z2\ So.
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To a vector field we associate its majorant
o @) ol
XWIY,a] = > X, 50 0le? Y g p
£eZ4,1eN4, o, BcNZ>
and require that this is an analytic map on D(r). Such a vector field is called majorant

analytic. Since Hamiltonian functions are defined modulo constants, we give the follow-
ing definition of the norm of F:

|Floy = sup |(XF) |.
(¥,2)€D(r) °r
Note that the norm | - |, » controls | - | ,» whenever p’ < p, 1’ <r.
Finally, we will also consider Hamiltonians F(A; 6, a,a) = F(A) depending on an
external parameter A € @ C R, For those, we define the inhomogeneous Lipschitz norm

[F(A1) — F(A2)lp,
|FI9, := sup [F()|pr + sup 2
A€0 A £Ar €0 [A1— Az

2.3. Commutation rules

Given two Hamiltonians F and G, we define their Poisson bracket as { F, G} := dF (Xg);
in coordinates,

(F.Gy=—~dyF -G +3gF - 9yG +i( Y 9a;Fda;G — 0, Fia,G).

JEZ\Sy
Given o, B € NZ*\%0 we denote gy g 1= a®aP. To the monomial e“?Y'm, g with
£ e 74,1 e N9 we associate various numbers. We denote
d
np)i= Yy, (a;—B7. 1) :=) . (2.3)

erz\So i=1
We also associate to e'¢? ylma,ﬁ the quantities 7 (o, 8) = (mx, 7)) and 7 ({) defined by

x(@. p) -
rwp=|TeBl= % [Mer-e. CERTRCE

J=(m,n)€Z?\8y

The above quantities are associated with the mass M and momentum P = (P, P))

functionals given by
d
M=) Y+ Y laz]
i=1

JEZ2\Sy
d
Pr = Zmiyi + Z m|a(m,n)|2, (2.5)
i=1 (m,n)€Z2\S
Py = Z n|a(m,,,)|2,

(m,n)€Z?\8y

via the following commutation rules: given a monomial €% Y1, g,
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(M. Y mg g} = i(n(er, B) + 1(0))e Y g .
{Pr.e“0Y g g} = i(x (e B) + w()e " Y g g,
(Py. Yy g} = imy (e, B)e“OY g p.

Remark 2.2. An analytic Hamiltonian function ¥ (expanded as in (2.2)) commutes with

the mass M and the momentum J if and only if the following selection rules on its
coefficients hold:

{(F. M =0 = Faprea p)+nt)) =0,
{F.Px} =0 <= Fopie(mxla p)+ ) =0,
{(F. P} =0 <= Fapre(ny(@ p)) =0,

where n(«, B), n(£) are defined in (2.3) and 7 («, B), w({) are defined in (2.4).

Definition 2.3. We will denote by +,, , the set of all real-valued Hamiltonians of the form
(2.2) with finite | - |, , norm and which Poisson commute with M, $. Given a compact
set @ C RY, we denote by Ag, the Banach space of Lipschitz maps @ — #, , with the
norm | - ;(?,r-

From now on, all our Hamiltonians will belong to +,, , for some p,r > 0.

3. Adapted variables and Hamiltonian formulation

3.1. Fourier expansion and phase shift
Let us start by expanding v in Fourier coefficients,
u(x,y,t) = Z uj(t)ei(mx"’”y).
j=(m,n)ez2
Then the Hamiltonian Hy introduced in (1.1) can be written as
o = Y NP+ Y i,

jez? ji€z?
J1—J2+J3—J4a=0

Mu)?
e N
. 1 2 1 * - -
= 2Pk =5 Y gt 2 (X ) 4y Y upipugy,
jez? jez? jez? jiez?

J1—J2+J3—Jj4=0

where " means the sum over the quadruples J; such that {71, 73} # {J2, Ja}-
Since the mass M (u) in (1.2) is a constant of motion, we make a trivial phase shift
and consider an equivalent Hamiltonian H (u) = Ho(u) — M(u)?,

H(u) =[ |Vu(x,y)|2dxdy + l/ |u(x,y)|4 dxdy —M(u)2 (3.1
T2 2 T2
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corresponding to the Hamilton equation
i0,u = —Au + |u|u —2M@)u, (x,y)e T2 (3.2)

Clearly the solutions of (3.2) differ from the solutions of (2D-NLS) only by a phase shift.*
Then

Hu) = Y |j| |u]|2—— > uy |4+— > ui itz uziy,.  (3.3)

jez? jez? jiezZ?
J1=J2+J3—Jj4=0

3.2. The Birkhoff map for the 1D cubic NLS

We devote this section to gathering some properties of the Birkhoff map for the integrable
1D NLS equation. These will be used to write the Hamiltonian (3.3) in a more convenient
way. The main reference for this section is [41].
We shall denote by B*(r) the ball of radius r and center O in the topology of

h = hS(Z).
Theorem 3.1. There exist r, > 0 and a symplectic, real analytic map ® with d®(0) =1
such that for all s > 0 one has the following:

(1) @ : B*(r«) — h®. More precisely, there exists a constant C > 0 such that for all

0<r=<ry

sup (@ —1)(@)llns < Cr°.

ligllps <r
The same estimate holds for ®~' — 1 or with h* replaced by {'.

(ii) Moreover, if g € h® for s > 1, then ® introduces local Birkhoff coordinates for
(1D-NLS) in h*® as follows: the integrals of motion of (1D-NLS) are real analytic
functions of the actions 1; = |z;|* where (zj)jez = ®(q). In particular, the
Hamiltonian Hipnis(q) = [1 19xq(x)[* dx — M(q)* + %fT lg(x)|* dx, the mass
M(q) := [1 lg(x)|* dx and the momentum P(q) := — [ G(x)idxq(x) dx have the
form

(Hipis © D7) (z2) = hipaes((12m]*)mez)

1
=Y Izl =5 D laml* + 0029, G4

meZ meZ
(Mo®)(z) =) |zl

meZ
(Po®™)(2) =} mlzm|.

mezZ

4To show the equivalence we consider any solution u(x, ¢) of (3.2) and consider the invertible

map
us v =ue MW withinverse v > u = pe2MON

Then a direct computation shows that v solves (2D-NLS).
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(iii) Define the (1D-NLS) action-to-frequency map I +— o'PNS(1) by olPNLS(T) =
q m
ah.(;?% for m € Z. Then one has the asymptotic expansion

@wm (1)
(m)

arlnD-NLS(]) —m?—1, +

(3.5)

where @y, (1) is at least quadratic in 1.

Proof. Ttem (i) is the main content of [41], where it is proved that the Birkhoff map is
majorant analytic between some Fourier—Lebesgue spaces. Item (ii) is proved in [25].
Item (iii) is [36, Theorem 1.3]. [

Remark 3.2. Theorem 3.1 implies that all solutions of (1D-NLS) have Sobolev norms
uniformly bounded in time (as it happens for other integrable systems, like KdV and Toda
lattice, see e.g. [2,35]). On the contrary, the Szegb equation is an integrable system which
exhibits growth of Sobolev norms [24].

3.3. Adapted variables

The aim of this section is to write the Hamiltonian (3.1), the mass M (1.2) and the
momentum P (1.3) in the local variables around the finite gap solution corresponding
to

|zZm|? = Im, m € 8y,
Zm =0, meZ\ .

We start from the Hamiltonian in Fourier coordinates (3.3), and set

Gm ‘= Umyo) ifmeZ, a; =uj if 7= (m,n)eZ? n#0.

We rewrite the Hamiltonian accordingly in increasing degree in a, obtaining

2 » 1 4 1 * _ _
H(g.a)= Y m?|qm| -3 > lgm +3 > Gm1Gm>GmsGm.
mezZ mezZ m;eZ
mi1—mo+m3—myg=0
*
212 2 — —
+ Y 17Plal* +2 > qm1qm>a 5,47,
JEZ\Z Ji=(m;,n;),i=3,4,n; #0
m1—mo+m3—m4=0
n3—ng=0
+ Re E , dm,a5,qmsa;z, +2Re 2 : dm,ay,ddj,
Ji=(m;,n;),i=2,4,n; #0 Ji=(m;,n;),i=2,3,4,n; #0
my—mo+m3—my4=0 mi—moa+m3—myg=0
no+ng=0 —ny+n3—n4=0
1 N } o1 .
+3 ) ajazapds, =5 Y lajl
Ji=(m;,n;),i=1,2,3,4,n; #0 JEZ2\Z

J1=J2+J3—Jj4=0
=: Hipaes(q) + H'(q.a) + H"(¢.a) + H" (a).
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Step 1. First we make the following change of coordinates, which amounts to introducing
Birkhoff coordinates on the line Z x {0}. We set

(EmImez, (a7)7ez2\z) = ((@mmez, (a7)jez2\7)-
GmImez = ©~((Zm)mez), aj =uj, JeZ*\Z.

In those new coordinates, the Hamiltonian becomes

H(z,a) = Hipnis(®71(2)) + H'(@7'(2),a)
+ HYN@ Y(2),a) + HY (a),

where
Hipxis(®71(z2)) = hipaes((12m | mez)-

Step 2. Next, we go to action-angle coordinates only on the set
So ={my,...,my} C Z x {0}
and rename z,, for m ¢ Sg as a(y,0), as follows:

(Yi.6:i.a3) 1=iza = (Zm. A7) mez, jez2\2>

J€Z2\So
Zn; =/ Inm; + Y ei@," m; € Sy,
Zm = A(m,0)> m € Z\ S,
a; =a;, 7eZ*\Z.

In those coordinates, the Hamiltonian becomes (using (3.4))

H(Y.,0.a) = hipsis(Tny + Y1, Lug + Ya. (1a0n,0) ) meso ) (3.6)
+ HY O (VI + Y169, Vg + Ya e, (m,0)meso)s @omm)nto) (3.7
+ H™( @ (VI + Y169 Ty + Ya ™, (@om,0)meso) @onm)Inzo) (3.8)
+ H™ ((@gnm)n+0)- (3.9)

We first remark that 'J:g{) is described in the (¥, 6, a) coordinates by ¥ = 0, a = 0. Fur-
thermore, it is proved in [43, Proposition 4.2] that a neighborhood of (0, 8, 0) corresponds
in the original variables to a neighborhood of the torus 'J}{) ; in particular

Y| <72 llalps@asy <7 = distw(¥,0,a), Tg) ) gser2y < cr (3.10)

for some ¢ > 0 and any sufficiently small r > 0.

Step 3. Now, we expand each line separately. By Taylor expanding around the finite gap
torus corresponding to (¥, 8, a) = (0, 8, 0) we obtain, up to an additive constant,
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hipis(Tny + Y1s - oo Ing + Y, ([a0n,0) [P mes,)

d
= > Onhionis(ays o Tng. 0%+ D Omhivais(fay. - - Tay. O)lagm o)

i=1 meZ\So
1 d 2
=3P+ Y lamol) + (I Y + Y lamol])
meZ\So j=1 méSo
({Zy + Y lamol} ).
m¢So
where we have used formula (3.4) in order to deduce that 831}””33’“ (0) = —6; where 8}

is the Kronecker delta.

The following lemma follows easily from Theorem 3.1 (particularly formulae (3.4)
and (3.5)):

Lemma 3.3 (Frequencies around the finite gap torus). Denote

almjth-NLS(IHl17~~-7Imd70) Ea;};)-NLS(Iml’-- Imdy()) —m A (Im ~~-,Imd)-
Then:
(1) The map (I, ... Ing) > A(Lny - .o Iny) = (A (Iny - . .. Iny))1<i<a is a diffeomor-

phism from a small neighborhood of 0 in R¢ to a small neighborhood of 0 in R<.
Indeed, A = Identity + (quadratic in I). More precisely, there exists €14 > 0 such
that if 0 < ¢ < &14 and

Al s In) =X, A e (1/2,1)%,

then (In,, ..., In,) = €A + O(&?). From now on, and to simplify notation, we will use
the vector A as a parameter as opposed to (I, . .., In,), and we write

w;(A) = miz —gA;, 1 <i<qd,
for the frequencies at the tangential sites in Sy.
(2) Form € Z \ Sy, denoting Qp,(A) 1= 01, hip-NLs (I (A), - . ., Ing (1), 0), we have
e
Qm(A) :=m? + M with sup  sup |w(I(L))] < Ce2.
(m) Ae(1/2,1)8 meZ

With this in mind, line (3.6) becomes
hipses(Tny + Y1. - ng + Ya, (1a0n,0)) ) meso )

—oh) ¥+ Y blamol 3 (¥4 Y lamol?)

meZ\So meZ\So

(III{Zy + Y lagmol } )+0<{Zy + > lagmol } )

méSo m¢So
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We now analyze (3.7). This is given by

*
-2 2
GND= Y 1jPla;)*+2 > Gm, Gy 3505,
JEZ\Z Ji=(m;,n;),i=3,4,n; #0
m1—mo+m3—myg=0
n3—n4=0
+ Re Z dm,a37,qm343,

Ji=(mj.n;),i=2,4,n;#0
mi1—mp+m3—m4=0
no+ng4=0

where we now think of ¢,, as a function of ¥, 6, a. By Taylor expanding it at ¥ = 0 and
a =0, we get
qm = qm (A y 9 (a(m1,0))m1€Z\S())
L)) 3
——
dm (10,6, 0)+Z q"’(x 0,6,0)Y;

8qm dq _
+ Yy (3 (4:0.0.0)aqm, 0 + 5~ = (X;0,9,0)0<m1,0))

m1€Z\So 4(m1,0) (m1,0)
+ Y O 0ag, 0at, g + O Yadd), G
m1,my€Z\So

o1,0p=%1

where we have denoted by (¢,5(A; 6))mez the finite gap torus (which corresponds to
Y =0,a=0),0(Y?, Ya,a?) are terms that invoke Y2, Ya or a3, and

1 qn
;{?rzzlmz(k;e) 2 W(k 0,6,0).
1
Therefore, we obtain
GNH= > |ilPla;+2 > drs, A 0)3%, (A; 0)az,az,
JEZA\Z Ji=(m;,n;),i=3,4,n; #0
m1—mo+m3—m4=0
n3—ng=0
+ Re > 75, (A 0)az,q, (A 0)as,
Ji=(m;i.n;),i=2,4,n; #0
mi1—mp+m3—m4=0
no+n4=0
* aq
+{z > > o =2 (2:0.6,0)q15, (A: )y 0y 7,7,

Ji=(m;i.n;),i=3,4,n; #0 m,€Z\So @m3,0)
m1—mp+m3z—m4=0
n3—n4=0

+ similar cubic terms in (a, d)}

+37P + 3. 7HEY
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where (3.7)(2) are degree 2 terms (cf. Definition 2.1), and (3.7)(23) are those of degree
> 3. More precisely,

. 0
3D =2 3 O 0) 02 2(4:0.6.0)%:az,

Ji=(m;,n;),i=3,4,n; #0
mi1—mo+m3—myg=0
n3—ns=0
1<i<d

* 01,02
+ Z Lml’mz’m,l’m (A; Q)a(ml’o) 0973474 + similar terms,

Ji=(m;,n;),i=3,4,n; #0
my1—mo+m3—myg=0
n3—ns=0
01,00=%1,m’,m,eZ\So (3.12)

a 7t similar terms

01,02
my,ma,m’,mh’
Next, we move on to (3.8), for which we have, using (3.11),

(3.8) = 2Re ) Im, (A:0)az,az.a3,
Ji=(m;,n;),i=2,3,4,n; #0
mi—mp+m3—myg=0
—nz+n3—ns=0

9
+2Re 3 I (2:0,0.0)a0m, 0y

for some uniformly bounded coefficients L

+ similar terms

Qo 247397,
Ji=(m;,n;),i=2,3,4,n; 70 (m},0)
m1—mo+m3—m4=0
—ny+n3—n4=0
(3.8)@
+ (3.8)Y, (3.13)

where (3.8)® are terms of degree 2 and (3.8)=? are terms of degree > 3.
In conclusion, we obtain

HA:Y.0,a) =N+ HON:0,a) + H#D(:0,2) + HP(1:Y.6,a)

+ HEDN: Y, 6, a), (3.14)
where
d
N =D oMWY+ Y Wlamol + Y 17Pla;P 3.15)
i=1 m¢So j=(m,n)ez?
n#0
HO0:;0,2) =2 > 0¢, (A 0)qE, (A: 0)az,az,

Ji=(mi.n;),i=3,4,n; #0
mi1—mp+m3z—m4=0
n3—n4=0

+ Re > % (A 0)az,qt, (A 0)as,, (3.16)

Ji=0m;.n;),i=2,4,n; #0
mi1—mo+m3—myg=0
no+ng=0
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HD 0, a)

— fg
= 2Re Z qml(A 9)a12 73474
Ji=0m;,n;),i=2,3,4,n; #0
mi1—mo+m3—myg=0
—ny+n3—n4=0

* aq
2 Y Y e (050.0.0045 (4 s 0455,

- . ’ a(mz
Ji=(m;,n;),i=3,4,n; #0 m,€Z\So
m1—mo+m3—myg=0
n3—n4=0

+ similar cubic terms in (a, a), 3.17)

1
HD2:60.) = HY (@gnauzo) = 5 (1P + Y laamol?)
mGZ\SQ

( {Zy + D laemol } )+(3.7)(2’ +(3.8)@, (3.18)

mé¢Sg

where (3.7)(2) and (3.8)(2) were defined in (3.12) and (3.13) respectively. Finally, # =3)
collects all remainder terms of degree > 3.
For short we write N as N = w(1) - ¥ + D where D is the diagonal operator

0
D = Z Q§)|a7|2
J=(m,n)eZ2\8,

and the normal frequencies Q;O) are defined by

QO ._ {|j|2 if 7 = (m,n) withn # 0, .19

T Qw0 = m0).m ¢ So.
Proceeding as in [43], one can prove the following result:

Lemma 3.4. Fix p > 0. There exists e > 0 and for any 0 < ¢ < g4 there exist r+ < \/¢/4
and C > 0 such that @, # D H#2 and 3 =3 pelong to Ap r, and for O <r <y,

7 @9, <Ce, |HDVS, <CVer, |HD, <cCr?, |#ED0 <C (3.20)

S
1) W

4. Reducibility of the quadratic part

In this section, we review the reducibility of the quadratic part &' + #©@ (see (3.15) and
(3.16)) of the Hamiltonian, which is the main part of [43]. This will be a symplectic linear
change of coordinates that transforms the quadratic part into an effectively diagonal, time
independent expression.
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4.1. Restriction to an invariant sublattice Z%\,

For N € N, we define the sublattice Z%V := 7 x NZ and remark that it is invariant for
the flow in the sense that the subspace

=0forj ¢ Z%)}

is invariant for the original NLS dynamics and that of the Hamiltonian (3.14). From now
on, we restrict our system to this invariant sublattice, with

N > max |m;]. 4.1)

1<i<d

The reason for this restriction is that it simplifies (actually eliminates the need for) some
genericity requirements that are needed for [43] as well as some of the normal form cal-
culations that we will perform later.

It will also be important to introduce the following two subsets of Z%\,:

S ={mn):meSo.neNZ n#0}, Z=7%\(SUSp). 4.2)

4.2. Admissible monomials and reducibility

The reducibility of the quadratic part of the Hamiltonian will introduce a change of vari-
ables that modifies the expression of the mass M and momentum J as follows. Let us

set B
M= "Yi+ Y el

i=1 (m,n)eZ
d
Py 1= Zmiyi + Z mla(m,n)lz, 4.3)
i=1 (m,n)ex
ﬂ)y = Z n|a(m,n)|2.
(m,n)eZ%\,

These will be the expressions for the mass and momentum after the change of
variables introduced in the following two theorems. Notice the absence of the terms

2 2 : i
Zlﬁisd’neNZ la(m; ny|* and leiﬁd’neNZ m; |a(m,; n)|> from the expressions of M
and P, above. These terms are absorbed in the new definition of the ¥ and a variables.

Definition 4.1 (Admissible monomials). Given j = (J1..... Jp) € (Z% \ So)?. L € Z8,

[ € NY and 0 = (0y, ... ,0p) € {—1,1}7, we say that (j, £, o) is admissible, and

denote (j, £,0) € %,, if the monomial m = !%*Y! a‘}fl' . a;” Poisson commutes with
v

M, Py, P,. We call a monomial eig'eyla;: . a;” admissible if (j, £, o) is admissible.
P

Definition 4.2. We define the resonant set at degree 0 by

Ry :={(J1, 2. 0,01,00)} €N : L =0, 01 = —02, J1 = Jo}. (4.4)
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Theorem 4.3. Fix gy > 0 sufficiently small. There exist positive py, Yo, To, 0, Lo (with Ly
depending only on d) such that the following holds true uniformly for all 0 < ¢ < g¢: For
an Lo-generic choice of the set Sy (in the sense of Definition 1.1), there exist a compact
domain O C (1/2,1)4, satisfying |(1/2,1)¢ \ Q| < €o, and Lipschitz (in 1) functions
125} FeZ2\So defined on O (described more precisely in Theorem 4.4 below) such that:

(1) The set

€O = {1 e o L+01Q5 (. e) + 02254 8)| = yoe/ ()™,
V(7. L.o)e Ay \ Ry}  (4.5)

has positive measure. In fact |0g \ €@ < go” for some ko > 0 independent of €.
(2) ForeachA € €9 andallr €0,ro], p € [£%, pol, there exists an invertible symplectic
change of variables £© that is well defined and majorant analytic from D(p/8, Eor)

to D(p, r) (here &y > 0 is a constant depending only on pg, max |my |?) and such that
ifae hl(Z%V \ 8o), then

W+ K)o 0@ 0.2 =0-Y+ Y 2l
jezZ\So
(3) The mass M and the momentum P (defined in (2.5)) in the new coordinates are given
by
Mot©® =M Pog®=2p, (4.6)

where M and P are defined in (4.3).
(4) The map £© maps h' to itself and has the form

2O ar L(A6,6)a, Y Y+ (a, QL 0,8)a), 6+ 6.

The same holds for the inverse map (£©)~1.

(5) The linear maps L(A; 0, ) and Q(A; 0, ¢) are block diagonal in the y Fourier
modes, in the sense that L = diag, c yn(Ln) with each L, acting on the sequence
{@(m,n), Am,—n)}mez (and similarly for Q). Moreover, Lo = 1d and L,, is of the form
Id + S, where S, is a smoothing operator in the following sense: with the smoothing
norm [-], —1 defined in (4.7) below,

Sup [Sp © Pfim|=(mat 1}l p.—1 S &

n#0
where Pym|>ky is the orthogonal projection of a sequence (¢n)mez onto the modes
Im| > K.

The above smoothing norm is defined as follows: Let S(A; 6, ¢) be an operator act-
ing on sequences (cx)rez through its matrix elements S(A; 0, €),, k. Let us denote by
S(A; £, €)m x the 6-Fourier coefficients of S(A; 0, €),, k. For p, v > 0 we define

[SR:0.0) o= sup | (D2 1S,k ki L0 () e )|
lelgi<1 " p 27 ¢
Lez?

4.7
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This definition is equivalent to the more general norm used in [43, Definition 3.9].
Roughly speaking, the boundedness of this norm means that, in terms of its action on
sequences, S maps (k)”£! — £1. As observed in [43, Remark 3.10], thanks to the con-
servation of momentum this also means that S maps £! — (k)™¢!.

Proof of Theorem 4.3. The result follows from [43], by applying first the change of vari-
ables in Theorem 5.1 and then the one in Theorem 7.1 to the quadratic part of the
NLS Hamiltonian (hence ignoring the terms Je , J=2 in [43, (5.2)] and the terms
KD K =2 in[43, (7.3)]). Note that in [43] the results are proved in #° norm with s > 1,
for instance in (4.7) the £! norm is substituted with the 4#* norm. However, the proofs
only rely on momentum conservation and on the fact that #° is an algebra with respect to
convolution, which holds true also for £1. Hence the proof of our case is identical and we
do not repeat it.

We are able to describe quite precisely the asymptotics of the frequencies €27 of The-
orem 4.3.

Theorem 4.4. For any 0 < & < gg and A € €O, the frequencies Q-+ = Q;(A,e), J=
(m,n) € Z%V \ 8o, introduced in Theorem 4.3 have the following asymptotics:

fz](x,e)er, n=0,
m
Qj(k’é‘) - S’:‘Z (A, 8)+ ®m(l»8) ®m,n(ka3) n #O (48)
7 (m)? (m)? 4 (n)2’ ’
where
mzv j = (m,O), m ¢ 307
Q;(A.e) := { m? +n?, J=@m,n)eZ n#0,

ei(A) +n%, J=@m,n)e.s, n#O0,

where Z and . are the sets defined in (4.2).
Here the {j1; (A)}1<i<a are the roots of the polynomial

d d
P A :=[Je+x)-2> 4 []¢+ 1)
i=1 i=1 ki
which is irreducible over Q(1)[t].
Finally, 11i (1), {wm (%) ez s {Om (A€ hmez and (O n (X)) ez s il
fill

1
D 11+ sup = sup [@n(,6)|%+5up (O (,8)| %+ up [Oprn(-,)|®)

2
l<i<d £<e0 €7 “\meZ\Sy meZ (m.n)ezZ?,

n#0
=My (49)

for some My independent of .
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Theorem 4.4 follows from [43, Theorem 2.10 and Corollary 7.5)], together with
the observation that the set 4 defined in [43, Definition 2.3] satisfies 4 N Z%V =@ if
N > max; |m;|.

We conclude this section with a series of remarks.

Remark 4.5. Notice that the {t;(1)}1<i<a depend on the number d of tangential sites
but not on {m; }1<ij<a.

Remark 4.6. The asymptotic expansion (4.8) of the normal frequencies does not con-
tain any constant term. The reason is that we canceled such a term when we subtracted
the quantity M(u)? from the Hamiltonian at the very beginning (see the footnote in
Section 3.1). Of course if we had not removed M (1)2, we would have had a constant cor-
rection to the frequencies, equal to ||g (wt, ) ||i2. Since g(wt, x) is a solution of (2D-NLS),
it enjoys mass conservation, and thus ||¢(w?, ~)||iz = |¢(0, ')leﬁ is independent of time.

Remark 4.7. In the new variables, the selection rules of Remark 2.2 become (with #
expanded as in (2.2))

(H My =0 == Hopy (il p)+n(0) =0,
(H, P} =0 = Hypi(Frla,B)+ 7(£) =0,

{(H. Py} =0 = Hopu(my(a,p)) =0,

where 7({) is defined in (2.3), 7y (e, B), w(£) in (2.4), while

A B) =) (a;—B7). Fc(@.p):= >  ml;—p;).

JjeZ J=(m,n)ez

5. Elimination of cubic terms

If we apply the change £ (%) obtained in Theorem 4.3 to the Hamiltonian (3.14), we obtain

KA Y,0,a):=H oD Y,0,a)
=0 Y+ Y Qjla;P+ KD+ K+ k&
jez3 \So

KD = 300) 5 O (j =1,2), KED = g3E3) 5 20

(5.1)

As a direct consequence of Lemma 3.4 and Theorem 4.3, estimates (3.20) hold also for
KD, j =1,2,and XK=,

We now perform one step of Birkhoff normal form change of variables which cancels
out X' completely. In order to define such a change of variables we need to impose third
order Melnikov conditions, which hold true on a subset of the set ©© of Theorem 4.3.

Lemma 5.1. Fix 0 < &1 < gg sufficiently small and t1 > 1y sufficiently large. There exist
constants y1 > 0 and Ly > Ly (with Ly depending only on d) such that for all 0 < & < &,
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and for an Ly -generic choice of the set Sy (in the sense of Definition 1.1), the set

€W :=1e@: o L+0Q; A &) +02Q5,(he) + 0325, (A, e)| = yr1e/()™,
Y(j. ¢ 0) € As},

where N3 is introduced in Definition 4.1, has positive measure. More precisely, we have
le@\ e < g1' for some constant k1 > 0 independent of €.

This lemma is proven in [43, Appendix C].
The main result of this section is the following theorem.

Theorem 5.2. Assume the hypotheses and the notation of Lemma 5.1. Consider the con-
stants Ly, y1, 11 given by Lemma 5.1, the associated set €W, and the constants £0, PO
and rq given in Theorem 4.3. There exist 0 < g1 < g9, 0 < p1 < po/64, and 0 < ry <rg
such that the following holds true for all 0 < & < &1. For each A € D andall 0 < r <nr
and 0 < p < py, there exists a symplectic change of variables £V that is well defined
and majorant analytic from D(p/2,r/2) to D(p, r) and such that applied to the Hamilto-
nian K in (5.1) it leads to

Q=Ko2WW¥.ba)=w-Y+ Y Q;hola;+a?+a= (52

j€Z3\So
where:
() The map £V is the time-1 flow of a cubic Hamiltonian ) such that |X(1)|§/(;Tr/2
S r/Ve
(i) @@ is of degree 2 (in the sense of Definition 2.1), it is given by
Q® = x@ 4 %{J{(l)7 X(l)}» (5.3)
and satisfies |(,‘2(2)|p/2,,/2 <r2.
(iii) Q&3 is of degree at least 3 and satisfies
Q=I5 <13/ Ve, (5.4)

(iv) £W satisfies MoEW = Mand P o £V = P.

v) D maps D(p/2,r/2) N h' — D(p, r) N h', and if we denote (g, 6, a) =
ED(Y. 6,a), then
Ia—allg < [lal7i- (5.5)

To prove this theorem, we use the following lemma, which is proved in [43].
Lemma 5.3. For every p,r > 0 the following holds true:

(i) Leth, f € Agr. Forany0 < p' < pand0 < r’ <r, one has

£ gH9 ., <v'Clf19, 1219,



M. Guardia, Z. Hani, E. Haus, A. Maspero, M. Procesi 1522

where v ;= min(l — r'/r,p — p'). If U_1|f|gr < ¢ is sufficiently small then the
(time-1 flow of the) Hamiltonian vector field X r defines a close-to-identity canonical
change of variables Ty such that

|hoJf| (1+C§‘)|h|f)9’r forall0 <p <p, 0<r <r.

plr’ =

(ii) Let f,g € Ag, be of minimal degree respectively dy and dg (see Definition 2.1) and
define the function

o0 I
T =3 S i he= th £, 56)

=i

ThenU;(f; g) is of minimal degree dsi + d, and
(IS, < CUSI) gl Yo<p <p,0<r <r

Proof of Theorem 5.2. We look for £ as the time-1 flow of a Hamiltonian x(!). With

_ Ay WY=17L D
Fimo ¥+ Y QP ad Gu =Y Q0 T

|
7eZ3,\80 k>j k
we have
KodM® =N+ {N, yV}+xD (5.7)
F B N) LKD) 1T W5 K W) (5.8)
+ K +T71(X(1)§ JC(Z)) + KE3 o g (5.9)

We choose ! to solve the homological equation {J\\/ 1Py 4+ KD = 0. Thus we set

) _ i0-£ 01 02 03 1) _ o i0-L o1 02 03
K = Z K@ (A,e) e as sapaz, = Z )(Lj(/\,a)e as'as as:
£,j,0€ A £,j,0€ A3
with .
iK7 (2. ¢)
w-L+01Q57 (A, 8) +0225,(A,8) +03Q5,(A, )

28 =

Since A € €D, we have
o)
XIS, S /e,

since the terms qf,% appearing in X1 (and hence K (V) are O(4/¢). We turn to the terms
of line (5.8). First we use the homological equation {N, y(V} + X1 = 0 to get

CIVRINEDY ad O HN DY JC(I) o Z ad () 1x D)

= k! k + 1)
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Therefore, we define @@ as in (5.3) and

ad ()50

Q=) =Ty KDY £ T (yD: K@y 4 KGO
& (x )+ i (x )+ K=V o 2 T

k>2

By Lemma 5.3, @3 has degree at least 3 and fulfills the quantitative estimate (5.4). To
prove (iv), we use the fact that {M, D} = {£, yD} = 0 since XD commutes with M
and %, hence its monomials fulfill the selection rules of Remark 4.7. By the explicit
formula for y) above, the same selection rules hold for x(V), and consequently £
preserves M and P

It remains to prove the mapping propertles of the operator £, First we show
that it maps D(p/2.r/2) — D(p,r). Let (Y.6,3) = £D(Y, 6, a). Then (Y, 6,3) =
("J(s), Q(S), a(s))|s=1 where (Zy(s), 0(s), a(s)) is the Hamiltonian flow generated by y
attime 0 < s < 1. Using the identity

Y(t).0(0).3(t)) = (¥.0.a) +/0 X (F(s), B(s), a(s)) ds

where X ¥ is the Hamiltonian vector field associated with )((1) above, and a standard

continuity (bootstrap) argument, we conclude that (g 5 a) € D(p, r). Similarly, one also
deduces estimate (5.5). Finally, to prove that £ maps D(p/2,7/2) N h' — h', we note
that V is equivalent to the square of the 2! norm, and

- - . ad(y KT
Nod® =N 4TV N)=N %=N+O(«/§r3),
k>0 ’
and this completes the proof. |

6. Analysis of the quartic part of the Hamiltonian

At this stage, we are left with the Hamiltonian @ given in (5.2). The aim of this section
is to eliminate nonresonant terms from @®. First note that @ contains monomials of
one of the following two forms:
é0a% a2 a%a% or 9P Y a7 a%  with|l| = 1.
J1 72 03 Ja 12

In order to cancel out the terms quadratic in a by a Birkhoff normal form procedure, we
only need the second Melnikov conditions imposed in (4.5). In order to cancel out the
quartic tems in a we need the fourth Melnikov conditions, namely to control expressions
of the form

w(A) L +01Q27(A,8) + 02925, (4,8) +03RQ7,(A,8) +04Q25,(,8), oi==x1. (6.1)



M. Guardia, Z. Hani, E. Haus, A. Maspero, M. Procesi 1524

We start by defining the following set R4 C 24 (see Definition 4.1):

Ry = {(j,f,o):@ = 0and J1, J2. /3, J4 ¢ - form a rectangle, or
=0, J1, 2 ¢ .7, J3, J4a € % form a horizontal rectangle (even degenerate), or
L#£0, J1, 2. J3 €., Ja €. and |m4| < My, where My is a universal constant, or
€ =0, J1.J2. J3. Ja € . form a horizontal trapezoid} (6.2)

where .7 is the set defined in (4.2). Here a trapezoid (or a rectangle) is said to be hori-
zontal if two of its sides are parallel to the x-axis.

P

Fig. 1. The black dots are the points in §¢. The two rectangles and the trapezoid correspond to cases
1,2, 4in R4. In order to represent case 3, we have highlighted three points in §. To each such triple
we may associate at most one £ # 0 and one j4 € Z, which form a resonance of type 3.

Proposition 6.1. Fix 0 < e, < &1 sufficiently small and t, > 11 sufficiently large. There
exist y, > 0 and L, > Ly (with L, depending only on d) such that for all 0 < ¢ < g5 and
for an Lp-generic choice of the set 8o (in the sense of Definition 1.1), the set

€D = eV o L +019;,(8) + 025,16 + 0325, (4 6) + 0425, (4, 0|
> 126/(0)2, V(] L.0) € Ay \ Ry},

has positive measure and [€M \ €@ < &5> for some kz > 0 independent of ¢,.

The proof of the proposition, being quite technical, is postponed to Appendix A.

An immediate consequence, following the same strategy as for the proof of The-
orem 5.2, is the following result. We define I1x, as the projection of a function in D(p, r)
onto the sum of monomials with indices in &4. Abusing notation, we define analogously
Ty, as the projection onto monomials e'¢? yla‘jfl‘ a;fzz with || = 1 and (J1, J2, £, 01,02)
€ 3&2.

Theorem 6.2. There exist 0 < r, <rj;and0 < py < py such that for all 0 < ¢ < &, all
A e €D andallr €0,r3], p € [p2/2. pa] there exists a symplectic change of variables
£@ well defined and majorant analytic from D(p/2,r/2) to D(p, r) such that

Qo2PW 0 =0-Y+ Y (ol +eld +8%, (6.3
JEZ2\S,
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where
Q) =My, @? + My, @® (6.4)

with R4 defined in (6.2), R, defined in (4.4) and
@ p2r2 S 720 1@ 00 S 17/ Ve,

Moreover, £ maps D(p/2,r/2) N h' — D(p,r) N k', and if we denote (‘g, 6, a) =
£@(Y,0,a), then
13 —ale < lallfi

Proof. The proof is analogous to the one of Theorem 5.2, and we skip it. ]

7. Construction of the toy model

Once we have performed (partial) Birkhoff normal form up to order 4, we can start apply-

ing the ideas developed in [12] to the Hamiltonian (6.3). Note that throughout this section

& > 0 is a fixed parameter. Namely, we do not use its smallness and we do not modify it.
We first apply the (time dependent) change of variables to rotating coordinates

a; = ﬁjeiﬂj(l,s)t’ 7.1)

to the Hamiltonian (6.3), which leads to the corrected Hamiltonian

Qi(Y.0.8,1) = Qo $<2>(y,9,{ﬂjeiﬂf*(&s)'}je%\so) - > Q0B

7eZ%\So

(7.2)
We split this Hamiltonian as a suitable first order truncation ¥ plus two remainders,
Q(¥,0,8,0) =9(Y,0,8) + $:1(¥,0,B8,1) + R(Y,0,B,1)
with
§Y.0.8)=0-Y+a2¥Y.0.p).
J1(Y.0.8.1) = QR 0. 85T o \5) — Qar(¥. 0. B),
RY,0,B.1) =AY, 0,{B ieiﬂf(l’*ﬂf)t}M%V \80)" (7.3)

where Q]gze)s and @ are the Hamiltonians introduced in Theorem 6.2.

For the rest of this section we focus on the truncated Hamiltonian §. Note that the
remainder J; is not smaller than §. Nevertheless it will be smaller when evaluated on the
particular solutions we consider. The term R is smaller than § for small data since it is
the remainder of the normal form obtained in Theorem 6.2. Later in Section 8 we show
that including the dismissed terms $; and R barely alters the dynamics of the solutions
of § that we analyze.
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7.1. The finite set A

We now start constructing special dynamics for the Hamiltonian § with the aim of treating
the contributions of ¢; and R as remainder terms. Following [12], we do not study the
full dynamics of § but we restrict the dynamics to invariant subspaces. Indeed, we shall
constructaset A CZ:=(Z x NZ) \ (So U .¥), for some large N, in such a way that it
generates an invariant subspace (for the dynamics of §) given by

Up = {,37=02j¢1\}. (7.4)
Thus, we consider the following definition.

Definition 7.1 (Completeness). We say that a set A C Z is complete if Uy is invariant
under the dynamics of §.

Remark 7.2. It can be easily seen that if A is complete, then Uy, is also invariant under
the dynamics of § + 4.

We construct a complete set A C Z (see Definition 7.1) and we study the restriction
on it of the dynamics of the Hamiltonian § in (7.3). Following [12], we impose several
conditions on A to obtain dynamics as simple as possible.

The set A is constructed in two steps. First we construct a preliminary set A C Z2 on
which we impose numerous geometrical conditions. Later on we scale Ay by a factor N
toobtain A C NZ x NZ C Z.

The set Ay is “essentially” the one described in [12]. The crucial point in that paper
is to choose carefully the modes so that each mode in A only belongs to two rectangles
with vertices in Ag. This allows one to simplify the dynamics considerably and makes
it easier to analyze. Certainly, this requires imposing several conditions on Ay. We add
some extra conditions to adapt the set A to the particular setting of the present paper.

We split Ay into g disjoint generations, Ag = Agy U --- U Agq. We call a quadruplet
(J1. J2, J3, Ja) € Ag anuclear family if J1, J3 € Aok, J2» Ja € Ao k+1, and the four vertices
form a nondegenerate rectangle. Then, we require the following conditions.

e Property I, (Closure): If 71, J2. J3 € Ag are three vertices of a rectangle, then the
fourth vertex of that rectangle is also in Ag.

o Property 115, (Existence and uniqueness of spouse and children): Foreach 1 <k < g
and every J1 € Aok, there exists a unique spouse J3 € Aoy and unique (up to trivial
permutations) children >, Ja € Agx+1 such that (J1, 2, J3, Ja) is a nuclear family
in A().

o Property III5, (Existence and uniqueness of parents and siblings): Foreach 1 <k < g
and every J» € Agk+; there exists a unique sibling j4 € Agx+1 and unique (up to
permutation) parents J1, /3 € Agg such that (J1, J2, J3, J4) is a nuclear family in Ao.

e Property IV, (Nondegeneracy): A sibling of any frequency j is never equal to its
spouse.
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e Property Vy,, (Faithfulness): Apart from nuclear families, A¢ contains no other rect-
angles. In fact, by the closure property I,,, this also means that it contains no right
angled triangles other than those coming from vertices of nuclear families.

e Property VI, : There are no two elements in A such that J1 £ J» = 0. There are no
three elements in Ag such that J; — 7, + 73 = 0. If four points in A g satisfy 1 — J> +
J3 — Ja = 0 then either the relation is trivial or such points form a family.

e Property VIIA,: There are no points in Ao with one of the coordinates equal to zero,
ie.

Ao N (Z x {0} U {0} x Z) = 6.

o Property VIII,,: There are no two points in Ao which form a right angle with 0.

Property I, is just a rephrasing of the completeness condition introduced in Defin-
ition 7.1. Properties 15, III5,, IV, VA, correspond to being a family tree as stated
in [12].

Theorem 7.3. FixX > 1 and s € (0, 1). Then there exist g > 1, Ag > 1, 1> 0, and a
set Ao C Z?* with
Ao = Ao1 U---U Agg,

which satisfies conditions 1p,—VIll s, and also

R 2128
ZJEAQQ*I |71 > lz(l—s)(g_“) > K2, (7.5)

D jengs T T2
Moreover, for any A > Ay, there exists a function f(g) satisfying
e < f(g) < 2TV for o large enough, (7.6)
such that each generation Aoy has 2871 disjoint frequencies ] satisfying

C'f(q) < |71 <C3%f(q). J€ Ao, (7.7)

and o
ZjeAOk |.]| < CeSg (7.8)

Z]’eAOi |j|2s B
forany 1 <i <k < g and some constant C > 0 independent of g.

The construction of such sets was first done in [12] (see also [26-29]) where the
authors construct sets A satisfying Properties Iy—V 5 and estimate (7.8). The proof of
Theorem 7.3 follows the same lines. Indeed, Properties VIp—VIII5 can be obtained
through the same density argument. Finally, the estimate (7.7), even if not stated explicitly
in [12], is an easy consequence of the proof in that paper (in [27-29] a slightly weaker
estimate is used).
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Remark 7.4. Note that s € (0, 1) implies that we are constructing a backward cascade
orbit (energy is transferred from high to low modes). This means that the modes in each
generation of A are just labeled in reverse order Ag; <> Ag,q—j+1 compared to the ones
constructed in [12]. The second statement of Theorem 1.2 concerns s > 1 and therefore
a forward cascade orbit (energy transferred from low to high modes). For this result, we
need a set Ao of the same kind as that of [12], which thus satisfies

7128
Z;EA(),Q—I |‘]| > 12(5—1)(9—4) Z K2

ZIEA()3 P T2

instead of estimate (7.5).

We now scale Ay by a factor N satisfying (4.1) and we denote A := N Ay. Note that
the listed properties I5,—VIII5,, are invariant under scaling. Thus, if they are satisfied by
Ay, they are satisfied by A too.

Lemma 7.5. There exists a set A satisfying all statements of Theorem 7.3 (with a different
f(q) satisfying (7.6)) and also the following additional properties.

(1) Iftwo points J1, J» € A form a right angle with a point (m,0) € Z x {0}, then
Im| > v/ f(g).
(2) ACNZx NZ with N = f(g)*/>.

Proof. Consider any of the sets A obtained in Theorem 7.3. By Property VIII,, one has
m # 0. Define j3 = (m, 0). The condition for orthogonality is either

D) Gr—72)-(J3—72) =0 or (i) (ji—J3)-(J2—J3) =0.
Taking 7; = (m;,n;),i = 1,2, condition (i) implies (after some computations) that

_ (ny—n2)na + (my —ma)my
mip —my ’

Then since |m; — my| < 2C f(g)39 and the numerator is not zero, we have
1
m| > > 5
ACf ()38 ~ f(a)¥

Now we consider condition (ii). One finds that m is a root of the quadratic equation

(7.9)

m? — (my + ma)m + (mymy + niny) = 0.

First we note that mm, + nin, # 0 by Property VIII,,, since m = 0 cannot be a solu-
tion. Now consider the discriminant A = (m + m2)? — 4(mmo + n1n,). If A <0, then
no right angle is possible. If A = 0, then clearly |m| > 1/2, since once again m = 0 is
not a solution. Finally, let A > 0. Then

my + my 4(mima + niny)
m=—\\1=+,/l———==.
2 (my + my)?
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Denoting y := ‘W:’r:”mi—W the condition A > 0 implies that —oo < y < 1. Splitting

in two cases: |y| < 1 and y < —1 one can easily see that in either case m satisfies (7.9).
Now it only remains to scale the set A by a factor f(g)*. Then, taking as new f(g),
]7 (g) := f(g)°, the resulting set A satisfies all statements of Theorem 7.3 and also the
statements of Lemma 7.5. ]

7.2. The truncated Hamiltonian on the finite set A and the toy model of [12]

We use the properties of the set A given by Theorem 7.3 and Lemma 7.5 to compute the
restriction of the Hamiltonian & in (7.3) to the invariant subset U (see (7.4)).

Lemma 7.6. Consider the set A C N7 x NZ obtained in Theorem 7.3. Then the set
Mpar ={(¥,0,8):Y =0, 8ecU,}

is invariant under the flow associated to the Hamiltonian §. Moreover, § restricted to M s
can be written as

Glua (0, 8) = Go(B) + 206, B) (7.10)
where { {
B =—32 1B +5 D Bubnbubi (7.11)
JeA (11,12,13 Ja)eAt

Ji form a rectangle

and the remainder ¢, satisfies

|Fa2lpr < 2 f ()45, (7.12)

Proof. First we note that, since ¥ = 0 on My,
2
Gy = Q2w = M1, @2,

where @1(12e)s is the Hamiltonian defined in Theorem 6.2. We start by analyzing the Hamilto-
nian @@ introduced in Theorem 5.2, which is defined as

Q® = x@ %{J{(l)’ X(l)}~

We analyze each term. Here it plays a crucial role that A € NZ x NZ with N = f(g)*/>.

In order to estimate K, defined in (5.1), we recall that A does not have any mode
in the x-axis and therefore the original quartic Hamiltonian has not been modified by the
Birkhoff map (1.6) (this is evident from the formula for # @ in (3.18)). Thus, it is enough
to analyze how the quartic Hamiltonian has been modified by the linear change £
analyzed in Theorems 4.3 and 4.4. Using the smoothing property of the change of coordin-
ates £© given in Theorem 4.3(5), one obtains

2
r
Mg, KP|p, = —= Z |a;|* + = Y ajanand;, + o(ﬁ).

JEA RectanglesCA
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Now we deal with the term {K®, y®}. Since we only need to analyze
Mg, (KD, xDY| 4, we only need to consider monomials in K and in y? which
have at least two indices in A. We represent this by setting

1 1
(1):)(() (1)

X #h<1 T XaAas2

where #A > 2 means that we restrict to those monomials which have at least two indices
in A. We then have

KO ay = KD 2R e

We estimate the size of X#S\)zz' As explained in the proof of Theorem 5.2, Xilzzzz has

coefficients

- g0 (1)
A = Hiss (7.13)
tj.g w-L+0192;5 (4, 8) +029275,(4,8) +03025,(4, )

with jz, j3 e A.

We first estimate the tails (in £) of ¥(!) and then we analyze the finite number of cases
left. For the tails, it is enough to use Theorem 5.2 to deduce the following estimate for
any p < p;/2, where p; is the constant introduced in that theorem:

e 4 4
0. —o—0) YN M o1 —o) Y
‘ E )(gl.).e‘géa‘fla‘?aﬂ73 < e (1) N|X(1)|€ , <re (o1=p) VN
" 3,0 J1 U2 T3 p pLT —
1> YN

We restrict our attention to monomials with || < v/N. We take J», 73 € A and we
consider different cases depending on J; and the properties of the monomial. In each case
we show that the denominator of (7.13) is larger than N.

Case 1: j; ¢ .. The selection rules are (according to Remark 4.7)
n)+o1+02+03=0, m-£+o1my +0amy+0o3m3 =0, o111 + 021+ 0313 =0,
and the leading term in the denominator of (7.13) is

n - L + 01| 1> + 02|21 + 031751 (7.14)
where m? = (m?, ..., m2). We consider the following subcases:

Al: 03 =01 = +1,0, = —1. Inthiscase j; — J» + J3 — v = 0, where v := (—m- £, 0).
We rewrite (7.14) as

i+ @07 — @0 + |71 — 721 + 73> =82 L+ @-0)* —2(v~ J3. 3 — Ja)-

Assume first J, # J3. Since the set A satisfies Lemma 7.5(1), and |m- £| < /N <
£(g)'/*, we can ensure that J, and J3 do not form a right angle with v, thus

(v—J2. 73— J2) € Z\ {0}.
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Actually by Lemma 7.5 (ii), J3 — J» € NZ? and hence, using also |£| < VN,
m? - €+ @- 0> —2(v—J3,J3— J2)| > 2N — N/8 > N.

Now there remains the case J» = j3. Such monomials cannot exist in J M jn 3.17)
since the monomials with two equal modes have been removed in (3.3) (it does not sup-
port degenerate rectangles). Naturally a degenerate rectangle may appear after we apply
the change £© introduced in Theorem 4.3. Nevertheless, the map £© is identity plus
smoothing (see statement (5) of that theorem), which leads to the needed N ~1 factor.

B1: 03 =05 = +1,01 = —1. Now the selection rule reads —J; + J» + j3 — v = 0, with
again v = (—m- £, 0). We rewrite (7.14) as

i+ @07 — @ 02— 1P+ R+ 1P =80+ @0 —2(v = J3,v = J2).

By Lemma 7.5 (1), (v — J2,v — J3) # 0. By Property VIII5 and Lemma 7.5 (2), one has
|(J», 73)| = N? and estimate (7.7) implies | J»|, | 73| < N3/2. Then

(v = J2.v = J3)| = |(J2. J3)| = |(v. ]2 + J3)| = [v|* = N?/4
and one concludes as in A1.

C1: 01 = 03 = 0, = +1. The denominator (7.14) satisfies
@£+ 71> + 121 + 1J31?] = 2N —|&® - €] = 2N = N/8 = N.
This completes the proof of Case 1.
Case 2: J; € .. The selection rules are
n) +o0y+03=0, m-£+oamy+o03m3=0, oyny+0ny+03n3=0,

and the leading term in the denominator is

5 - L+ o1n + 02|l + 03] J3 2, (7.15)
where m2 = (m%, .. ,mﬁ). We can reduce Case 2 to Case 1.
B2: 0, = 03 = +1, 01 = —1. We can assume that j; = (mj, 7). Define =10+ er,

and deduce from the selection rules and (7.15) that
m-l—m; +my+my=1-L+ms+ms=0.
Then the leading term in the denominator becomes
i - — @} +n}) + | + |73
and one proceeds as in case B1 with {in place of £.

Cases A2 and C2, defined analogously to A1 and C1 in Case 1, are completely equivalent.
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In conclusion, we have proved that

(1) e -1

Xsnsalaal,, =TN (7.16)

Item (i) of Lemma 5.3, jointly with estimate (7.16), implies that, for o’ € (0, p/2] and
r' e (0,r/2]

1 e _
KD koM |y S PPN

This completes the proof of Lemma 7.6. ]

The Hamiltonian §, in (7.11) is the Hamiltonian that the I-team derived to construct
their toy model. A posteriori we will check that the remainder J, plays a minor role in
our analysis.

The properties of A imply that the equation associated to §, reads

L. 2 _ _
lﬂj = _ﬂ]|137| + 2’Bichi]d1 ﬂ_;childz ﬁix’pnuse + 2’Bj'pa\rent] ’B]parentz ’Bisibling (7.17)

for each j € A. In the first and last generations, the parents and children are set to zero
respectively. Moreover, the particular form of this equation implies the following corol-

lary.
Corollary 7.7 ([12]). Consider the subspace

Up={BeUx: B3, = Bj, forall 1. J> € A for some k},

where all the members of a generation take the same value. Then Uy is invariant under
the flow associated to the Hamiltonian §y. Therefore, equation (7.17) restricted to Ua
becomes

ibe = —bEbr + 20k (b}_, +bE,)). k=1.....q. (7.18)

where
by = B; forany J € Ag. (7.19)

The dimension of U A 1s 2g, where g is the number of generations. In [12] and [28],
the authors construct certain orbits of the foy model (7.18) which shift its mass from being
localized at b3 to being localized at bg_;. These orbits will lead to orbits of the original
equation (2D-NLS) undergoing growth of Sobolev norms.

Theorem 7.8 ([28]). Fix a large y > 1. Then for any large enough g and u = e~7$,
there exist an orbit of system (7.18) and Ty > 0 such that

[b3(0)] > 1 — p, lbg—1(To)| > 1 — p,
1bi(O) < fori #3.,  |bi(To)l <p fori#g—1.
Moreover, there exists a constant C > 0 independent of g such that
0<Ty<Cgln(l/p) = Cyg?.

This theorem is proven in [12] without time estimates. The time estimates were
obtained in [28].
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8. The approximation argument

In Sections 4-6 we have applied several transformations and in Sections 6 and 7 we have
removed certain small remainders. This has allowed us to derive a simple equation, called
the toy model in [12]; then, in Section 7, we have analyzed some special orbits of this
system. The last step of the proof of Theorem 1.2 is to show that when incorporating back
the removed remainders (§; and R in (7.3) and &, in (7.10)) and undoing the changes of
coordinates performed in Theorems 4.3 and 5.2, in Proposition 6.2 and in (7.1), the toy
model orbit obtained in Theorem 7.8 leads to a solution of the original equation (2D-NLS)
undergoing growth of Sobolev norms.

Now we analyze each remainder and each change of coordinates. From the orbit
obtained in Theorem 7.8 and using (7.19) one can obtain an orbit of the Hamiltonian
(7.11). Moreover, both (7.11) and (7.18) are invariant under the scaling

b (t) = v b(v™%1). (8.1)
By Theorem 7.8, the solution b(¢) is thus defined on the interval [0, T'], where
T =v2Ty <v?Cyg?, (8.2)

where Ty is the time obtained in Theorem 7.8.
Now we prove that one can construct a solution of the Hamiltonian (7.2) “close” to
the orbit BY of the Hamiltonian (7.11) defined as

; v b (v™2t) forJ € Ag,
BL() = ] (8.3)
0 for j &€ A,

where b(t) is the orbit given by Theorem 7.8. Note that this implies incorporating the
remainders in (7.3) and (7.10).

We take a large v so that (8.3) is small. In the original coordinates this will correspond
to solutions close to the finite gap solution. Taking § = 1 + &2 (see (7.3) and (7.10)),
the equations for 8 and ¥ associated to the Hamiltonian (7.2) can be written as

iB = 05%(B) + 954 (Y.6.B) + 9gR(Y. 0. B). 8.4)
Y =—0p9(Y.0,B) — g R(Y, 0, ). '

Now we estimate the closeness of the orbit of the toy model obtained in Theorem 7.8
and orbits of (7.2).

Theorem 8.1. Fix 0 < 51 < 55 < 1. Consider a solution

(¥.6.8) = (0.60. B"(1))

of the Hamiltonian (7.11) for any 6y € T, where 8¥ (t) = {IBJE(Z)}]GZ%\,\SO is the solution
given by (8.3). Assume
f@™ =v = fl@™. (8.5)
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Then there exists o (depending on s1, s» but independent of g and y) such that any solu-
tion (Y(t), 0(t), B(t)) of (7.2) with initial condition B(0) = B € £1, Y(0) = ¥° € R¢
with | B% — B (0)|l;1 < v 174 and |Y°| < v™2749 and any 6(0) = 0, € T4 satisfies

185(0) = B2 O)llr = v 70, YD) =077,
for0 <t < T, where T is the time defined in (8.2).

The proof is deferred to Section 8.1. Note that the change to rotating coordinates in
(7.1) does not alter the £! norm and therefore a similar result can be stated for orbits of
the Hamiltonian (6.3) (the modulus in (6.3) adding the rotating phase).

Proof of Theorem 1.2. We use Theorem 8.1 to obtain a solution of the Hamiltonian (3.14)
undergoing growth of Sobolev norms. Then the same property will hold true for the cor-
responding solution of the Hamiltonian (3.3), by applying the inverse of the Birkhoff
map @ in Theorem 3.1, which leaves untouched the modes a,, ) with n # 0. We con-
sider the solution (¥*(¢), 6* (), a*(t)) of the former Hamiltonian with initial condition

Y* =0,
0* = by,
- (8.6)
P v b (0) for J € Ay,
J 0 for J & Ay,

for an arbitrary choice of 8y € T¢. Since this initial condition has finite support, it follows
by applying (the inverse of) the Birkhoff map @ in Theorem 3.1 that the corresponding
initial condition in the original coordinates u ; belongs to 4* for all s > 0. Then the well-
posedness properties of equation (2D-NLS) imply that the solution u (¢, x) with this initial
condition belongs to (o H*(T?,C) for all times. Also, note that the distance from u(0)
to the torus fi:g{) is measured by the amplitude of {a;i} (see (3.10)).

We need to prove that Theorem 8.1 applies to this solution with v satisfying (8.5).
To this end, we perform the changes of coordinates given in Theorems 4.3, 5.2 and 6.2,
keeping track of the £! norm.

For £), j = 1,2, Theorems 5.2 and 6.2 imply the following. For (¥, 8,a) € D(p,r)
define 7,(Y, 0, a) := a. Then

(Y. 60,2) —aln < |lall?,. (8.7)

This estimate is not true for the change of coordinates £(®) given in Theorem 4.3. Never-
theless, this change is smoothing (see Theorem 4.3 (5)). This implies that if all j € supp{a}
satisfy | 7| > J then

Iat @ (¥, 6,2) — a1 ST ] (8.8)

Thanks to Theorem 7.3 (more precisely (7.7)), we can apply this estimate to (8.6) with
J = Cf(g). Using the fact that ||a*||,;1 < v~!g28% and the condition on v in (8.5) (which
implies f(g)~! < v™1), one can check

Ira @ (0, 6%, 2%) —a* || S v7'g2% f(g) " S VT2
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Therefore,
[7a(£@ 0 £W o £©@(0, 0%, a%)) —a*| 1 Sv/2

We define (¥*, 6*,3*) to be the image of the point (8.6) under the composition of these
three changes. We apply Theorem 8.1 to the solution of (7.2) with this initial condition.
Note that Theorem 8.1 is stated in rotating coordinates (see (7.1)). Nevertheless, since
this change is the identity on the initial conditions, one does not need to make any further
modification. Moreover, the change (7.1) leaves invariant both the £! and Sobolev norms.
We show that the solution (‘g* (1), o* (t),a*(t)) expressed in the original coordinates sat-
isfies the desired growth of Sobolev norms.
Define

S; = Z |71> fori=1,...,q.
JEA;
We first estimate the initial and final Sobolev norms of the solution (¥*(¢), 0*(¢),a*(¢))
in terms of the constants S;; namely, we prove

-2

1 _ _ %
V7283 <" Ol <2075 and [la* ()]s = =~ Sg-1. (8.9)

The initial condition (8.6) for the orbit under consideration has support A (recall that
Y = 0). Therefore,

g
la* )17 =D Y 17102 [bi (0)[.
i=1 fEAl'

Then, taking into account Theorem 7.8,

S.
|la* ) I7s — v™>S3| <3v72uS3 +v2u? Z Si <v7%S; (3M +u? Z —l)
, — 53
i#3 i#3
From Theorem 7.3 we know that S; /S5 < %8 fori # 3. Therefore, to bound these terms
we use the definition of p from Theorem 7.8. Taking y > 1/2 and g large enough, we
obtain the first estimate in (8.9).
To obtain the second estimate in (8.9) (final Sobolev norm), note that

@@ = Y 1TPIOR = Sperinf (@} DE 610
fEAg_] JENAGg—1
Thus, it is enough to obtain a lower bound for |a]’i(T)| for J € Ag—1. To do so, we need to
express a* in normal form coordinates and use Theorem 8.1. We split |a’;(T)| as follows.
Let (g* (), 6* (t), a*(¢)) be the image of the orbit with initial condition (8.6) under the
changes of variables in Theorems 4.3 and 5.2, in Proposition 6.2 and in (7.1). Then

@ (T)| = |BUT)| = [@3(T) = BUT)EDT RO | — [@3(T) — a’(T)].
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The first term, by Theorem 7.8, satisfies |,31‘1(T)| > v~1/2. For the second one, using
Theorem 8.1, we have

|@3(T) = BH(T)el 74T < y717e,
Finally, taking into account the estimates (8.7) and (8.8), one can bound the third term as

[[a* () |1
171
Now, by Theorems 8.1 and 7.3 (more precisely the fact that | 7| = f(g) for J € A),

@3(T) —aj(D)| < [&(T) —a* (D)o < lla" (D)7 +

@5(T) — a3(T)| < v~

(taking a smaller o if necessary). Thus, by (8.10), we obtain the second estimate in (8.9).
The last step to prove Theorem 1.2 is to choose suitable v and g in terms of the
parameters K > 1 and 0 < § < 1.
To measure the growth of Sobolev norms, note that (8.9) implies

>
a* ()|l - Sg-1 - iz(l—s)(g—4).

la*(O)[7 — 853 T 16

Thus, taking g ~ In(K/§), one obtains the growth of Sobolev norm

* 2 2
la* (D)3 _ K?

la* O ~ 8
To control the initial Sobolev norm, we need [|a*(0) |17, ~ v=2S3 ~ §2. Note that this

estimate and the ones just obtained imply [|a*(T)||7, 2 K?. To estimate [|a*(0) |7, it is
enough to choose a suitable v (as a function of g). To this end, note that by Theorem 7.3,

C™12% f(g)* < S5 < C293% f(g)*’.
Thus, one can take v2 ~ § 2S5, which satisfies
f(@)* S v 871282392 f(g)".

Then, choosing the parameters s, s> introduced in Theorem 8.1 such that 0 < 57 <5 <
s2 < 1, one sees that, taking g large enough (recall that we have chosen g ~ In(K/§),
which we can make arbitrarily big by enlarging K if necessary), the chosen v belongs to
the range admitted for v in Theorem 8.1. This gives

C18% < |la*(0)]7, < C§?

for some C > 0 independent of §. Note that in the reasoning above, to obtain small initial
Sobolev 4% norm it has been crucial that s € (0, 1).

Remark 8.2. In case we require only the £2 norm of a*(0) to be small, we can drop the
condition s < 1. Indeed, [|a*(0)||,2 < v~!28g, which can be made arbitrarily small by
simply taking g large enough (and v as in (8.5)).
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The time estimates can be easily deduced from (8.2), (8.5), (7.6) and Theorem 7.8,
which concludes the proof of Theorem 1.2 (1).

For the proof of the second statement of Theorem 1.2 it is enough to point out that
the condition s < 1 has only been used in imposing that the initial Sobolev norm is small.
The estimate for the £2 norm can be obtained as explained in Remark 8.2. |

8.1. Proof of Theorem 8.1

To prove Theorem 8.1, we define
§=B-B"0),
We use the equations in (8.4) to deduce an equation for &. It can be written as
iE = Zo(t) + Z1(0)E + Z)(D)E + Z/ ()Y + Z2(£,Y,1), (8.11)

where

Zo(1) = 954(0.0.B") + 95R(0,6, B7),

Zi(1) = 3555(B") + 9554(0.6,BY),

Z\(t) = dg550(B") + 0554(0. 6, B¥).

Z{(t) = 0ygo(B") + 0y54(0.0.B"),

Z,(1) = 0g50(B" + &) — 055 (B") — 05550 (B")§
— 5550 (B")E + 059(Y,0, " + £) — 359(0,6, ")
— 0558(0,60, )& — d559(0,6, ") — dy54(0,6, 8")Y
+O5RY. 0. 8" + &) — I5R0.0, ).

(8.12)

We analyze the equations for £ in (8.11) and ¥ in (8.4).
Lemma 8.3. Assume that (8*,Y), (B” + £,¥Y) € D(rp) (see (2.1)) where rp has been
given by Theorem 6.2. Then
Dl = Cvg*2% + CU @29 + 1/ (@) + Cv g 2 el
+Cv1g2% (Y] + CvT g8 €17y + ClIEN 1Y+ CIY
for some constant C > 0 independent of v.

Proof. We compute estimates for each term in (8.12). For Zy, we use the fact that the
definition of R in (7.3) and Theorem 6.2 imply ||8F72(O, 0,8 < (9(||/3"||21). Thus,
it only remains to use the results in Theorems 7.8 (using (8.1)) and 7.3, to obtain

135R(0,6, 8")[|g1 < Cv*g*2%s.
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To bound 8ﬁg(0, 6, BY), the other term in Zy, recall that § = §; + F2» (see (7.3) and
(7.10)). Then we split into two terms dg (0,6, B”) = 9541(0,6, B”) + 0g2(6. B) as
0591(0,6,8) = 35(5(0,0, (Bye'*7“); 72 \5) = 6(0,6. )}
= 33{(21({26)8(0, g, (ﬁ;emju’g)t)jezgv\so) - @1(128)5(0, 0,8%)}, (8.13)
0592(6. ) = 9549(0.6. (B3 F7 42 ga \ ) = Go(BYe 745000 1500},
(8.14)

To bound (8.13), recall that (,‘2}(2261 defined in (6.4) is the sum of two terms. Since HRZQ(Z)
is action preserving, the only terms contributing to (8.13) are the ones coming from
Iy 4(,‘2(2). Since B is supported on A, it follows from (6.2) that

9391(0,0, ")
=( X @O g ) 619
J1,J2,J3€A

17112=1722=17312=71>=0

In order to bound the oscillating factor, we use the formula for the eigenvalues given in
Theorem 4.4 to find that, for J1, J2, J3, ] € A, one has

@RI T 1| £ 1] 195, ~ Q, + Q] < 111// (0%

Hence, for ¢ € [0, T'], using the estimate for @1(22 given by Theorem 6.2,

1954100, 6, ")l < Cef (@) 2B I < Crv3g*2%8 f(g) 2.
To bound (8.14), it is enough to use (7.12) and (7.6) to obtain

log2(0. B")ler < CL@™PIB 7y = Cv7¢ 2% f(g) ™",
For the linear terms, one can easily see that

1Z1@)Ellr < CIBYIZNEN < Cv 262228 IE o1,
and the same for || Z) ()| o1 Analogously,
IZ{@O)Y e = ClIB 0¥l < Cv™'g28|Y).

Finally, it is enough to use the definition of Z;, the definition of R in (7.3) and Theorem
6.2 to show

1220l < 1B I NEIZ + 1BV I 1Y + M€ |¥]+ UBY I 1Nl + 117
< CvTIg28|YL 57 + Cv 2 @228 €l Y] + Cv g 2% g ln + Y2 m
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Lemma 8.4. Assume that (B*,Y), (8" + £,Y) € D(r2) (see (2.1)) where r, has been
given by Theorem 6.2. Then

d _ _
S YI=Cy 2q°2%8 + Cv g2 €17,
+CvTIg28 €7 + ClElp |Y] + Cv3g 2% |Y)?
for some constant C > 0 independent of v.
Proof. Proceeding as for é, we write the equation for Y as
Y = Xolt) + X1(1)& + X[ (DE + X[ ()Y + Xa(£, Y. 1), (8.16)
with
Xo(t) = —094(0,6, ") — 99 R(0,6, B*),
X1(1) = 080 4(0.6, %),
X1@) = 8394(0, 0,B"),
X{(t) = 0yp4(0,6,8"),
Xa(t) = =004 (Y.0.B" + &) +004(0.0. %) — 0 R(Y. 0. B" + §) + 09 R(0.6. B).

We claim that X (¢) and X (¢) are identically zero. Then, proceeding as in the proof of
Lemma 8.3, one can bound each term and complete the proof of Lemma 8.4.

To explain the absence of linear terms, consider first dgg & (0, 6, B”). It contains two
types of monomials: those coming from R, (see (4.4)), which however do not depend
on 6, and those coming from R4 (see (6.2)). But also those last monomials do not depend
on 6 once they are restricted to the set A (indeed, the only monomials of #4 which are
6-dependent are those of the third line of (6.2), which are supported outside A). Therefore

9o d (0,0, 87) = 0 (and s0 d5,4(0, 0, B”) and dyg 4 (0,6, B*)). [

We define
M =&l + v]Y].

As a conclusion of these two lemmas, we can deduce that
M < C(v_4g424g + \)_3g3239(f(g)_4/5 + tf(g)_z)) + Cv_2g2229M + v_1g29M2.

Now we apply a bootstrap argument. Assume that for some 7* > 0and 0 <t < T* we
have
M(1) < Cv~179/2

(the constant o will be determined later).
Recall that, by assumption, for # = 0 we know that the above is already satisfied since

M(0) < vi74o, (8.17)

A posteriori we will show that the time 7' in (8.2) satisfies 0 < T < T™* and therefore
the bootstrap assumption holds. Note that, taking g large enough (and recalling (7.6)
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and (8.5)), the bootstrap estimate implies that (8", ¥) and (8" + £, ¥) satisfy the assump-
tion of Lemmas 8.3 and 8.4. With the boostrap assumption, we have

M < C(v*g*2% 173 2% (f(g) ™7 + 1/ (g)7?)) + Cv 257270 M.

Applying the Gronwall inequality one obtains

—2 222gt

M < C(M(©0) +v7*g*2%1 +v72g* 281/ ()™ + 12 f(9) 7))
Thus, using (8.2), the estimates for Ty in Theorem 7.8, (8.17) and (8.5) (note that it implies
f(@)™ ' <v7h), we get

M < C(M(0) +v72g%2% +v7'g°2%8 f(9)™*/° + vg72% f(g) %)™

< C(U—1—40‘ + v—2g624g + v—9/5g523g + v—3g723g)ecg4229.

Now, taking A large enough (see Theorem 7.3), there exists ¢ > 0 such that for ¢ € [0, T,
provided g is sufficiently large,
M(t) <v 177,

This implies that 7 < T*. That is, the bootstrap assumption was valid. This completes
the proof.

Appendix A. Proof of Proposition 6.1

We split the proof into several steps. We first perform an algebraic analysis of the nonres-
onant monomials.

A.1. Analysis of monomials of the form e\ a}” a‘;z a(;; 74

We analyze the small divisors (6.1) related to these monomials. Taking advantage of the
asymptotics of the eigenvalues given in Theorem 4.4, we consider a “good” first order
approximation of the small divisor given by

w(A) L —|—01£2 (A.¢8) +029 (4. 8) —|—03Q (A, 8) +04Q (A, 8). (A.1)
Note that this is an affine function in ¢ and therefore it can be written as
(A1) = K], + €F] 4 (A).

We say that a monomial is Birkhoff nonresonant if, for any & > 0, this expression is not 0
as a function of A.

Lemma A.1. Assume that the my’s do not solve any of the linear equations defined in
(A.5) below (this determines L2 in the statement of Theorem 6.1). Consider a monomial
of the form e'?*t ajt al’ all ait with (j,€,0) € Wy If (j. £, 0) & Ra, then it is Birkhoff
nonresonant.
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Proof. We write the functions KJf’l and FJ?’, (1) explicitly as

K7y = 0@ L4012 (1.0)+02Q5, (1. 0)+03Q7, (1. 0)+04Q7,(1.0).  (A2)
FJy(A) := 0 (0(V)-L+01Q7, (A, £)+02Q5, (A, £) +03Q7, (1. ) + 0425, (. 8)) |,
= —/\-f-}-O‘lﬁj’l (A)+021972(/\)+631973 (/X)+O4l9_74(k). (A.3)

As in [43], Kf ¢ 1s an integer while the functions ©#;(4) belong to the finite list of functions
¥7(A) € {0, {i(A)}1<i<a} defined in Theorem 4.4. Clearly to prove that the resonance
(A.1) = 0 does not hold identically, it is enough to ensure that

KISy =0 and FJ,(1)=0 (A4)

cannot occur for (j, £,0) € Ay \ Ry. We study all the possible combinations; each time

we assume that (A.4) holds and we deduce a contradiction.

(1): jy €Zforany 1 <i < 4. If £ # 0, then FJy(A) = —A - L is not identically 0. Now
take £ = 0. By conservation of fx, fﬁy we find that Z?zl 0iJ; = 0 and Kf,e =0
implies Z?:l 0;|7:|> = 0. Then, using mass conservation (see Remark 4.7), since
£ =0, one has Z?:l 0; = 0 and therefore the J;’s form a rectangle (and thus (j, 0, o)
belongs to R4).

(2): J1. )2, J3 €Z, Ja € .. Then F;.’e()t) =—-A-L+o3u;(A) forsome 1 <i <d.If
F;Z (A) =0then p; (1) = 034 - £is aroot in Z[A] of the polynomial P (¢, 1) defined in
Theorem 4.4; however, P(t, A) is irreducible over Q(A)[¢], yielding a contradiction.

3): J1.J2 €Z, J3, Ja € .. We can assume J3 = (m;, n3), j4 = (mg,ny) for some 1 <
i,k <d.Then

F{y(A) = =A- L+ 03 i (A) + oapr (R).

Case £ # 0. ThenF], (A) = 0iff 11; (1) = —030441k (1) + 032 - £. This means that 114 (1)
is a common root of P (¢, A) and P(—o0304t + 034 - £, A). However this last polynomial
is irreducible as well, being the translation of an irreducible polynomial. Hence the two
polynomials must be equal (or opposite). A direct computation shows that this does not
happen (see [43, Lemma 6.1] for details).

Case { = 0. Then F;e()t) = 0iff u; (X)) = —o3041 (A).

e Ifi # k and 0304 = —1, then P(¢,A) would have a root with multiplicity 2. But P(z, 1),
being an irreducible polynomial, has no multiple roots.

e Ifi # k and 0304 = 1, then P(¢,A) and P(—t, A) would have p (1) as a common root.
However, P(—t, A) is irreducible on Z[A] as well, and two irreducible polynomials
sharing a common root must coincide (up to sign), i.e. P(t,A) = £ P(—t, 1). A direct
computation using the explicit expression of P (¢, A) shows that this is not true.

e If i =k and 0304 = 1 then p;(A) = 0 would be a root of P (¢, A). But P(¢, ) is
irreducible over Z[A], so it cannot have 0 as a root.
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o If i = k and 0304 = —1 (we can assume o3 = 1, 04 = —1), by mass conservation
one has o7 4+ 0, = 0 and by conservation of ng one has oymy + o,m, = 0, thus
my = my. Then by conservation of j)'y we getny —ny + n3 —ng = 0, which together
with 0 = Kjf”[ = n? —n3 + n3 —n3 gives {n1,n3} = {na,na}. One verifies easily that
in that case the sites J,’s form a horizontal rectangle (which could even be degenerate),
and therefore they belong to R 4.

@: J1, J2. J3 € <, Ja € Z. We can assume that j; = (mj,,n1), J» = (mi,, n2), J3 =
(m;, n3) for some 1 < iy,ip,i3 < dandny,ny,n3 # 0. Then

F{o(A) = =4 - L+ o1 () + 02piy (A) + 031145 (4) -

By conservation of mass n({) + o4 = 0, hence £ # 0. Assume F}’Z(A) = 0. This
can only happen for (at most) a unique choice of £%%) € Z4, i := (i1, i, i3). By
conservation of &, we have
kael(ci’o) + o4my = 0.
k
These two conditions fix mg = mi"”
large, we have a contradiction.

(3): jr € SLforalll <r <4. Then

uniquely. In particular, if my4 is sufficiently

Fy o) = —A - L+ o1, () + 02piy (M) + 031445, (A) + 04 ptiy (D).

If £ # 0, the condition F{ /(1) = 0 fixes 069) ¢ 74 uniquely, i := (i1, 2, i3.14). By

conservation of &, we have the condition

Y mel? =0 (A.5)
k

defining a hyperplane, which can be excluded by suitably choosing the tangen-
tial sites my (recall that the functions p;(A) are independent of this choice, see
Remark 4.5).

If £ =0, we have Y., o,n, = >, o,n% = 0. Then {ny,n3} = {na, n4}. One
verifies easily that in that case the sites j, form a horizontal trapezoid (which could
even be degenerate). ]

A.2. Analysis of monomials of the form e'?tY! a;l a;zz

In this case, since the factor Y! does not affect the Poisson brackets, admissible mono-
mials (in the sense of Definition 4.1) are nonresonant provided they do not belong to the
set R, introduced in Definition 4.2.

Lemma A.2. Any monomial of the form e%* a‘jf]‘ ajfzz Y; with (j,£,0) ¢ Ry admissible in
the sense of Definition 4.1 is Birkhoff nonresonant.

Proof. We skip the proof since it is analogous to that of [43, Lemma 6.1]. ]
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A.3. Quantitative measure estimate

We are now in a position to prove our quantitative nonresonance estimate. Recall that,
by Theorem 4.3, the frequencies £2;(A, ¢) of the Hamiltonian (5.1) have the form (4.8).
Expanding €25(4, ¢) in Taylor series in powers of & we get
o(d) €+ 01925 (A, ¢) + 02925,(4,¢) +03R27,(4,¢) +04Q5,(4, )
=K{, + eF7, (W) + £267,(A, ), (A.6)
where K}Tl is defined in (A.2) and F}’Z (A) is defined in (A.3). We wish to prove that the set

of A € 85(2) such that

lw(A) - €+ 01925, (A, &) + 0225, (A, &) + 0325, (A, &) + 0425, (A, &)| = ey2/ (€)™,
V(. lo) e As\ Ry, (AT)

has positive measure for y, and e small enough and 7, large enough. We deal with the

cases |[£| < 4Mgy and |£| > 4V, separately.

A.3.1. Case |[£| < 4My. We start with the following lemma.

Lemma A.3. There exists k € N such that for any y. > 0 sufficiently small, there exists
a compact domain €. C Oy with |Og \ €| ~ ycl/k and

min{|F}”e(A)| A eC, (£,j,0) e Uy \ Ry, €] < 4My, K}’,Z =0}>y.>0.

Proof. See [43, Lemma 6.4]. The estimate on the measure follows from classical results
on sublevels of analytic functions. ]

We can now prove the following result.
Proposition A.4. There exist &, > 0 and a set €, C Oy such that for any ¢ < &, and any
A € €. one has

4
) L+ Y 025,00 = B2 V(.Lo) €W\ Be [l = 4o, (AH)
=1

Moreover, |O¢ \ €| < aek where a, k do not depend on ..

Proof. By the very definition of My in (4.9) and the estimates on the eigenvalues given in
Theorem 4.4, one has sup, ¢, |F;Te (A)] < 8Mp and sup, g, |GJff£ ()] < 4Mp. Assume first
that K;YZ € Z \ {0}. Then if &, is sufficiently small and for ¢ < &, one has

(A.6)] = [KT,| — e8Mg — £74Mg > 1/2.

Hence, for such £’s, (A.8) is trivially fulfilled for all A € . If instead K}’e = 0, we use
Lemma A.3 with y, = 10Mpe, to obtain a set €, C Oy such that for any A € €, and any
(j,2,0) € Ay \ Ry with |€] < 4My,

[(A.6)] > eye — e24Mg > eyc/2. n
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A.3.2. Case || > 4My. In this case we prove the following result.

Proposition A.5. Fix ¢, > 0 sufficiently small and t. > 0 sufficiently large. For any
& < &y, there exists a set €, C Q¢ such that |O¢ \ €| < & (with «, k independent of €.,
and for any A € €, and |{| > 4V, one has

[reSy 43 o020 I 2 (A9)
=1

for some constant y, depending on &..

To prove the proposition, first define, for 1 <i <dand 0 < k < d, the functions

eui(A) ifk =0,

euf () ifl <i<k<d,
S/Li_’k()t) ifl <k<i<d,
0 ifl<i=k<d

Fixp() =

The right hand side of (A.6) is always of the form

w(x) L + K + nl/l:\'il,kl (A) + nzi:‘\iz,kz (A') + 773/F\i3,k3 (A) + 7741:\1'4,/(4 ()L)
@ml(l,8)+ Om, (A, 8) n @mS(X,S)_f_ Om, (A, 8)

+
M1 ()2 V) )2 13 (1m3)? N4 (ma)?
TP ®m1,n1 (A»S) N2 ®m2,n2(/\s 5) N3 ®m3,n3(Av 8) N2 ®m4,n4 (178)
(m1)? 4+ (n1)? (m2)2 + (n2)? (m3)2 + (n3)? (m4)? + (n4)?
o, (A, € W, (A, € wms(A, € oy (A, €
+ 31 LILGIL)) + 132 L2AGIL)) 1733 my (4. €) 134 LAGIL)) (A.10)
(my) (m2) (m3) (ma)

for a particular choice of K € Z,m; € Z,n; € NZ \ {0} and n,,1n;;» € {—1,0, 1}. There-
fore it is enough to show (A.9) where the left hand side is replaced by (A.10).

Proof of Proposition A.5. If the integer K is large, namely |K | > 4|¢| max; < <qm?, then
the quantity on the left hand side of (A.9) is far from zero. More precisely,

(8)

O,
(A0 2 K] = o] ] =3 B — Z'—

r=1 r)

Z|®mrnr 8)|(91 Z|wmr €)|1
mr
r=1

>4 1max n?|¢| — [max m2|Z| — || — 4eMg — 4&2My > M.
<i<d

So from now on we restrict ourselves to the case |K| < 4|¢| maxj<j<qm?. We will
repeatedly use the following result, which is an easy variant of [47, Lemma 5].
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Lemma A.6. Fix K € Z, m; € Z,n; € Z\ {0}, nj,n;jj» € {—1,0, 1}. For any a > 0 one
has

meas({A € O : [(A.10)| < ea}) < 16a|€|7L.

The proof relies on the fact that all the functions appearing in (A.10) are Lipschitz
in A; for full details see e.g. [43, Lemma C.2].

Now, let us fix
E*MO

100
We construct the set €, by induction on the number n defined by

Yo = (A.11)
ni=n1l+--+ 034l <12,

which is nothing but the number of nonzero coefficients in (A.10) . For every 0 <n < 12
we construct (i) a positive increasing sequence T, and (ii) a sequence of nested sets €" =
€" (Y4, Ty) such that:

(1) There exists C > 0, independent of ¢ and y,, such that
meas(Qg \ €°%) < Cy,, meas(€" \ €"*!) < Cy,. (A.12)
(2) For A € €" and |£| > 4M one has
[(A.10)] = ey./(€)™. (A.13)

Then the proposition follows by taking €, := €12, 1, = 145, so0 that |Og \ €, ]
13Cy. ~ y. provided y, is small enough.

IA

Case n = 0. Define
GRixyt(Vx10) = {A € 0o : [(A.10)] < ey, /(€)™ and nj;r =0V, j'},

where K € 7Z with |K| < 4max15i5d m12|€|, i= (il, iz, I3, i4) € {1, e, d}4, k =
(k1,ka, k3, kq) € {0, ... ,d}4, ¢ € 74 with || = 4My, n = (91, N2, 13, Na) € {—1,0, 1}4.
By Lemma A.6 with @ = y, (£) 7™ we have

meas(G%,i’k,n,e(y*, 10)) < 16y,/ (€)™t

Taking the union over all the possible values of K, i, k, 1, £ one gets

1
< CVys,
(o =7

meas( U G%,i’k,n,e(y*, To)) <C(d)y« Z

[€]=4M0,1.k,n [€]=4M0
| K|<4 max; ml-2|l\

which is finite provided 7o > d + 1. Letting

€ =0\ U GRixnrsm0)

[€]=4M0,i.k,n
| K|<4 max; ml-z\ﬁl
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one clearly has meas(Qy \ €°) < Cy,, and for A € €°,

4
0Q) L K+ 0Fi kR 2 eva/ (0
r=1

for any admissible choice of £, K, i, k, 1. This proves the inductive step for n = 0.

Case n ~» n + 1. Assume that (A.13) holds for any possible choice of 7,1, ..., 34 such
that [n11] + -+ + [n34] = n =< 11 for some (z;)7_,. We now prove step n + 1. Let us fix
Th+1 > d + 1 + 67,. We shall show that for each || > 4M,, the set

Gy = (L € EIAL0)] < ey /(O™ Il 4+ paal =n+ 1} (A14)
has measure < C(d)y,/{£)4*!. Thus defining
«€n+1 —en \ U G?“()’*,Tnﬂ),
[€]=4Mo

we obtain the claimed estimates (A.12) and (A.13). To estimate the measure of (A.14) we
consider three cases.

Case 1: Assume that
am;, |m,| > (Z)r"'

(of course we also assume that one of the coefficients 7y;, n2;, 173; is not null); we can
assume it is my4. Then we treat all the terms in (A.10) which contain m4 as perturbations,
and we estimate all the other terms using the inductive assumption. Here are the details:
First we have

Mo 82
UK

W, (A, €)

(my)

‘@m(k,s)

(mq)?

By the inductive assumption (A.13) and (A.11), for any A € €” one has

' Omyny(A, )
(ma)* + (n4)?

LA > O (A.e)
wA)- £+ K + ZrliFi_,-,k_,- L)+ Zrllj—

|(A.10)] =
=1 o
3 Omin: (A, €) > w,(he)| Mpe?
+ Ay . N _
j; )2 + ()2 ; T ) ()

EVx _M0£2 - EVx - EYx
A= ()= T 2™ T ()Tt

provided t,4+1 > 1, + 1. Therefore, in this case, there are no A’s contributing to the set
(A.14).

Case 2: Assume that
i, |ni> = (€)™
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(and again we also assume that one of the coefficients 7,; is not null); we can assume it
is n4. Similarly to the previous case, we treat the term in (A.10) which contains n4 as a
perturbation, and we estimate all the other terms using the inductive assumption. More
precisely, we have

‘ Omuns(A, ) - Moe?
(ma)? + (na)?| = (€)=
so by the inductive assumption (A.13) and (A.11),

4 o~ 4 ®mj(l»8)
(A1) = |@A) - £+ K + Y niFi i, A + Y nij—r——
j=1 j=1 (m])
3
®m‘n'(k’3) wm'(kv‘g) MOS2
,; 2 m2 + ()2 ,; Y my | o
= EVx < EVx

SEGERNUITE

provided 7,41 > 1, + 1. Also in this case, there are no A’s contributing to the set (A.14).

Case 3: We have
Imil. |ni|> < (€)™

for all the m;, n; that appear in (A.10) with nonzero coefficients. Furthermore, recall that
we are considering the case |K| < 4 max; m?|¢|. Thus we are left with a finite number of
cases and we can impose a finite number of Melnikov conditions. So define

It (s Tug) o= (L €E™ [(ALO) < 7 /(O It -+ [aal =n + 1.
By Lemma A.6 with @ = y/(£)™+! we have

meas(Gih o o mn(Vas Tt1)) < 16y, /(07 +1H (A.15)

and taking the union over the possible values of K, i, k, 7, m, n one gets
1 _
GZJ'_ = U U GK,i,k,n,Z,m,n(V*» Tnt1).

LK |m; |,n; |2 < (€)™
| K| <4 max; n?|£]

Estimate (A.15) gives immediately

1+67

+1 (6 m°m _ C(dys

meas(G; ") < C(d)y« ()il = 0yt

as claimed. [ ]
We can finally prove Proposition 6.1.

Proof of Proposition 6.1. Fix y. = y, =: y» sufficiently small, and put &, := min(g, &4),
7, 1= 1, and €@ := €, N €,. Propositions A.4 and A.5 guarantee that for any A € €@,
estimate (A.7) is fulfilled. Finally, one has [€(M \ €@| < p/* 4y, ~ y1/% .
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Appendix B. List of notations

We give a list of notations and parameters. We also specify the relations between the
parameters needed to prove the first statement of Theorem 1.2.

e d € N — Dimension of the torus 3}{)
e So C Z x {0} — Set of (Birkhoff) modes where the torus (]:S’IO is supported. It has cardinality d.

o I =(Iy,...,In,) € R:, — Actions which define the torus TSIO

e ¢ € R - Size of the actions /.

e s € (0, 1) — The index for the Sobolev H* norm in the first statement of Theorem 1.2.

e § < 1 — It measures the initial distance from the torus ?}{) (in the Sobolev HS norm) in the first
statement of Theorem 1.2.

e K > 1 - It measures the final Sobolev norm in the first statement of Theorem 1.2.

e r € R — Size of the neighborhood of 0 where the several steps of Birkhoff normal form are
performed (see (2.1)).

e p € R — Width of the analyticity domain in the angles 6 (see (2.1)).

e ) € (1/2,1)4 — Parameter used to modulate the actions / (see Lemma 3.3).

e w()) € R? — Tangential frequencies of the torus (see Lemma 3.3).

e N € N —Itis introduced in (4.1) and defines the set lattice Z x N Z where equation (2D-NLS)
is restricted. It will be chosen depending on g (see below).

o Q 7(/\, &) — Normal frequencies of the torus 7:910 (see Theorem 4.3).

o A C Z x NZ — Set where the solution undergoing growth of Sobolev norms is essentially sup-
ported (see Theorem 7.3).

e g € N — Number of generations of the set A. In Section 8 itis g ~ In(K/§).
e f(g) — It gives the size of the modes in A (see (7.6) and (7.7)).

e 1 € R — It measures the errors in the toy model orbit (see Theorem 7.8). It satisfies u = e~'$
for some y > 1.

e Ty € R — Transition time for the toy model orbit (see Theorem 7.8). It satisfies Tp ~ gz.

e v € R — Scaling applied to the toy model solution. In the case s € (0, 1) (first part of the statement
of Theorem 1.2) it satisfies f(g)*! <v < f(g)%2 forsome 0 <51 <5 <53 < 1.

e T € R — Transition time for the orbit in the first statement of Theorem 1.2 (see also (8.2)). It
satisfies T ~ v2g2 < eK/9 for some B> 1.
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