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1. Introduction

1A. Hamiltonian dynamics. Let M be a compact boundaryless Riemannian G” smooth manifold of
dimension n > 2, and let P(x, &) € C*®°(T*M) be a completely integrable Hamiltonian with P(x, &) — oo
as |&| — oo. Complete integrability is the assumption that there exist n functionally independent conserved
quantities of the Hamiltonian flow that are pairwise in involution.

The Liouville-Arnold theorem asserts that we can locally choose symplectomorphisms

x:T"xD—>T*M (1A.1)
such that the transformed Hamiltonian
HO(G,I):(PO)()(G,I) (1A.2)

is independent of 6. It follows that the Hamiltonian flow is quasiperiodic and constrained to n-dimensional
Lagrangian tori, given in local coordinates by

=0, 6=VH(). (1A.3)

Under the Kolmogorov nondegeneracy condition det(VIzH ) # 0, we can locally index the invariant
Lagrangian tori A, by the frequency w = V; H of their quasiperiodic motion.
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120 SEAN GOMES

If we now consider a smooth one-parameter family of perturbed Hamiltonians given by H (6, I; t)
in action-angle coordinates with H(0, I;0) = H 0(I), a natural question is whether or not an invariant
tori A, with quasiperiodic motion of frequency w still exists in the perturbed Hamiltonian dynamics.

This question was resolved positively by Kolmogorov [1954], Arnold [1983], and Moser [1966]. In
particular, they established that the Lagrangian invariant tori corresponding to all but an o(1)-symplectic-
measure subset of frequencies survive this perturbation as the size of the perturbation tends to zero.

In particular persisting tori are those with frequencies w in a set €2, determined by the Diophantine
condition (3B.2), where t > n — 1 is fixed and the choice of x then dictates the measure of the union of
preserved tori.

Popov [2004b] used a local version of the KAM theorem to construct a Birkhoff normal form for Gevrey
class Hamiltonians H about A. This normal form generalises the notion of “action-angle” variables of
a completely integrable Hamiltonian as discussed in [Arnold 1989]. As a consequence of the normal
form construction, Popov obtained an effective stability result for the Hamiltonian flow near the union
of remaining invariant tori. The natural setting for the estimates is that of Gevrey regularity. This work
generalises earlier work in [Popov 2000a; 2000b], where a Birkhoff normal form is constructed for
real-analytic Hamiltonians.

1B. Quantum ergodicity. We now consider the quantisation of a KAM Hamiltonian system given by a
family of self-adjoint and uniformly elliptic semiclassical pseudodifferential operators

Pu(t) =) P;(x, hD; )i/, (1B.1)
Jj=0

with real-valued full symbol in the Gevrey class S¢(7* M) from Definition B.5, analytic in the parameter #,
where £ = (p, u,v), with p(t +n)+1>pu > p'=p(t+1)+1and v = p(r +n+ 1). Furthermore,
we assume Py (¢) acts on half-densities in C*°(M; Q'/?) with principal symbol Py(x, &; 1) completely
integrable and nondegenerate at t = 0, and with vanishing subprincipal symbol. The operator P, (¢) then
has an orthonormal basis of eigenfunctions u;(¢; h) and corresponding real eigenvalues E;(t; h) — o0
for each fixed ¢, h.

The Bohr correspondence principle asserts that aspects of the classical dynamics should be reflected in
the spectral theory of Py (¢) in the semiclassical limit # — 0. A rigorous manifestation of this correspon-
dence principle is the celebrated quantum ergodicity theorem, due to [Shnirelman 1974; Colin de Verdiére
1985; Zelditch 1987], which asserts that billiards with ergodic geodesic flow have eigenfunctions satisfying
a quantum notion of equidistribution, made precise using the machinery of pseudodifferential operators.

We work with a semiclassical formulation of quantum ergodicity. Let diu g denote the measure on the
energy surface Xz = p~!(E) induced by the symplectic measure |d& A dx| on T*M by

ldig AdE| = |dE Adx|. (1B.2)

If a Hamiltonian p(x, &) € C*°(T*M) generates an ergodic Hamiltonian flow on every energy surface g
with E € [a, b] and dp|,-1(jap # O, then for any semiclassical pseudodifferential operator A of
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semiclassical order 0, the quantum ergodicity theorem states that

Y

E;(h)ela,b]

2
— 0. (1B.3)

1

(Apuj(h), uj(h) — ne (e s,

o(A)dpr,

The quantum ergodicity theorem is originally due to Shnirelman [1974], Zelditch [1987], and Colin
de Verdiere [1985]. The semiclassical formulation of the quantum ergodicity theorem (1B.3) is a
straightforward consequence of the sharper formulation in [Helffer et al. 1987], or [Dyatlov and Guillarmou
2014], in which the statement is localised to O (%) energy bands. From (1B.3), a standard diagonal
argument introduced in [Colin de Verdie¢re 1977] shows that

}}lg}) (Apuj(h), uj(h)) —

o(A)dpg;|=0 (1B.4)

wE (ZEy) Jsg,
uniformly for a family A(h) C {E;(h) € [a, b]} of full density, in the sense that

#A(h)
—
#Ej(h) € [a, b]}

(1B.5)

We say that a semiclassical pseudodifferential operator of the form (1B.1) is quantum ergodic if its
eigenfunctions satisfy (1B.3).

In the appendix to [Marklof and O’Keefe 2005], Zelditch raises the question of converse quantum
ergodicity: to what extent is it possible for nonergodic Hamiltonian systems such as those in the KAM
regime to have quantum ergodic quantisations? In the extreme situation of quantum complete integrability,
rigorous results on eigenfunction microlocalisation onto unions of Lagrangian tori have been established
in [Toth and Zelditch 2003], which clearly rules out quantum ergodicity. In the intermediate regimes
between complete integrability and ergodicity, fewer rigorous results on the question of converse quantum
ergodicity are known. In the appendix to [Marklof and O’Keefe 2005], Zelditch shows that the “pimpled
spheres”, which are S? with a metric deformed polar cap, are not quantum ergodic, exploiting the
periodicity of the flow in a strong way. In [Gutkin 2009] it is shown that the “racetrack billiard” is
quantum ergodic but not ergodic, with phase space splitting into two disjoint invariant sets of equal
measure.

As KAM dynamics are far from ergodic dynamics in character, the Bohr correspondence principle
suggests that P (¢) is typically not quantum ergodic, and that under generic conditions on the perturbation,
there could exist sequences of eigenfunctions for P, (#) with semiclassical mass entirely supported on
individual invariant tori.

This localisation was proven for quasimodes in [Popov 2004a], where semiclassical Fourier inte-
gral operators were used to construct a quantum Birkhoff normal form for a class of semiclassical
pseudodifferential operators P (¢). This quantum Birkhoff normal form is used to obtain a family of
quasimodes microlocalised near the union of KAM Lagrangian tori of a Hamiltonian associated to Py,. A
similar construction was previously made in [Colin de Verdiere 1977], which establishes the existence of
quasimodes microlocalised near the Lagrangian tori of a completely integrable Hamiltonian on a compact
smooth manifold.
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As pointed out in [Zelditch 2004], however, the passage from quasimode microlocalisation statements
to microlocalisation statements for genuine eigenfunctions typically requires information on the spectral
concentration of the operator in question.

One way in which this information can be obtained is by considering the spectral flow of Py (¢) in an
analytic parameter ¢ as in this paper. The Hadamard variational formula allows us to rule out spectral
concentration for full measure ¢, given suitable information on the expectation of the quantum observable

(0 Pr(O)uj(t; h), uj(t; b)), (1B.6)

which can be obtained from conditions like (1B.4). One can then draw conclusions about eigenfunction
microlocalisation from those about quasimode microlocalisation.

In [Hassell 2010], this technique was exploited to obtain the existence of a sequence of Laplacian
eigenfunctions on the Bunimovich stadium that does not equidistribute, at least for a full-measure set of
aspect ratios. This strategy was also exploited in [Gomes 2018], where the author establishes a weak
form of Percival’s conjecture for the mushroom billiard.

It is the purpose of this paper to use the same technique to show that quantisations of KAM Hamiltonian
systems in the sense of (1B.1) are typically not quantum ergodic, at least for full measure ¢ € (0, §).

We follow [Popov 2004a] in working in the category of Gevrey regularity for our Hamiltonian P, due to
the availability of explicit and full details of the quantum Birkhoff normal form construction in this setting.

1C. Statement of results. The following is the main result of this paper.

Theorem 1.1. Suppose M is a compact boundaryless G” manifold and Py (t) is a family of self-adjoint
elliptic semiclassical pseudodifferential operators acting on C*°(M; Q'/?) with fixed positive differential
order such that:

(1) The operator Py (t) has full symbol real-valued, analytic in t, and in the Gevrey class S¢(T*M) from
Definition B.5, where £ = (p, t, v), withp(t +n)+1>u>p'=p@r+1)+1landv=p(t+n+1).

(ii) The principal symbol Py(x, &; t) lies in G, U (T*M x (-1, 1)).

(i) Py(x, &; 0) is a completely integrable and nondegenerate Hamiltonian.

@iv) The subprincipal symbol of Py, (t) vanishes.

(v) In an action-angle variable coordinate patch T" x D for the unperturbed Hamiltonian Py(x, &; 0), the
KAM Hamiltonian can be written as H(9, I;t) = Py(-, -; t) o x, and we define H*(I) := H (8, I; 0).

(vi) The KAM perturbation is such that

/ 0:H(@,1;0)do

is nonconstant on some regular energy surface {I € D : H*(I) = E} in the action-angle coordinate
patch.

Then for any regular energy band Po_l([a, b]) with E € (a, b) for the energy surface in condition (vi),
there exists 6 > 0 such that the family of operators Py(t) is not quantum ergodic in [a, b] for full
measure t € (0, ).
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Remark 1.2. Though we choose to work with Gevrey class Hamiltonians, it should be noted that we only
require quasimodes for Py, (¢) of order O (h®+2/2) o carry out the arguments in Section 2. In particular
this implies that Theorem 1.1 should hold in the C* setting, where O (h°°) quasimodes are constructed
in [Colin de Verdiere 1977].

Remark 1.3. The condition (vi) is a rather mild one. Indeed for Hamiltonian perturbations of the form
HO(D)+tHY 6, 1), it is equivalent to the functional independence of H 0(I) and fw H'(®, I)d6. This
holds for generic choice of H'.

1D. Examples. The broad class of operators satisfying the assumptions of Theorem 1.1 are perturbations
of completely integrable Schrodinger-type operators

Pp=—h*Ag+ V(x). (1D.1)

In particular, Theorem 1.1 applies to the case of the semiclassical Laplace-Beltrami operator (V=0) on
a manifold with perturbed metric (M, g;), where (M, go) has completely integrable and nondegenerate
geodesic flow.

The model example of a completely integrable geodesic flow is that of the flat torus

T" = R"/7". (1D.2)

The Hamiltonian that generates the geodesic flow on T” can be written as |7|%, where I € R" is dual to
the spatial variable 6 € T". This is clearly a nondegenerate and completely integrable Hamiltonian system.
Similarly, in [Knorrer 1980], it is shown that the geodesic flow on an n-axial ellipsoid E is completely
integrable and nondegenerate. Thus the Laplace—Beltrami operator for metric perturbations of both of
these manifolds is covered by Theorem 1.1, provided the generic condition (vi) is satisfied.

For an explicit family of examples, one can consider T2, equipped with the metric

g=dO} +d63 +1x(61,6,) db; db,
for t > 0 small and x € C°°(T?) arbitrary. The Hamiltonian corresponding to —h%A ¢ 18

H@O, ) =1} + 13 +1tx61,0) 1 I,

and we have that
/ 8,H(9,I)d9=1112/ x(0)do (1D.3)
'|]'2 ‘H'Z

is nonconstant over any energy surface |/| = E > 0; thus condition (vi) of Theorem 1.1 is satisfied.

1E. Outline of paper. In Section 3A, we introduce some definitions and notations that are prevalent
throughout the paper.

In Section 2, we prove Theorem 1.1 by contradiction. We now outline the strategy of the proof. In
Section 2B, under the assumptions of (vi) in Theorem 1.1, Proposition 2.5 makes use of the calculation in
Section 3E to obtain an upper bound for the flow speed of a positive density family of the quasieigenvalues
constructed in Section 4C. On the other hand, the assumption of quantum ergodicity of P (¢) for large
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measure ¢ yields an estimate for the variation of a large density subset of exact eigenvalues in (2B.22).
The results in this section establish a gap (2B.23) between the flow speed of these quasieigenvalues and
exact eigenvalues that ensures that individual eigenvalues cannot spend large measure ¢ € (0, §) within
O (h"*+1) distance of any of the quasieigenvalues. This is formalised in Section 2C, where it is deduced
that there exists #, € (0, §) at which there are very few actual eigenvalues within O (k1) distance of the
union of quasieigenvalue windows. An elementary spectral theory contradiction is arrived at from this
spectral nonconcentration, completing the proof.

In Section 3, we construct a Gevrey class Birkhoff normal form for the family of Hamiltonians
P(x, &;t). The construction is that of [Popov 2004b], with our only additional concern being establishing
the regularity of this Birkhoff normal form construction in the parameter ¢. In Section 3E, we compute
the derivative of the integrable term K (/;¢) of the Birkhoff normal form in the parameter ¢. This is
done by applying two KAM iterations to P (x, &; t) prior to the application of the Birkhoff normal form
construction of Theorem 3.10.

In Section 4, we recall the quantum Birkhoff normal form construction of [Popov 2004a], formulated
in Theorem 4.1. This construction yields a Gevrey family of quasimodes microlocalising on the KAM
Lagrangian tori of the Hamiltonian P (x, §; ¢). For the spectral flow arguments in Section 2C we require
that the associated quasieigenvalues are smooth in ¢, which is a statement entirely about the symbols of
this quantum Birkhoff normal form.

In Appendix A, we introduce the anisotropic classes of Gevrey functions that are used throughout this
paper as well as some of their basic properties.

In Appendix B, we introduce the semiclassical pseudodifferential calculus for Gevrey class symbols.

In Appendix C, we collect two elementary assertions about analytic functions.

In Appendix D, we state and prove a version of the Whitney extension theorem for the anisotropic
class of Gevrey functions.

2. Proof of Theorem 1.1

2A. Introduction. We begin by assuming that P, (¢) is a family of operators satisfying the assumptions
of Theorem 1.1.

Condition (vi) in Theorem 1.1 implies that there exists a nonresonant frequency wg € 2, with associated
Lagrangian torus A, such that the average of d; Po(x, &§; 0) over the torus A, differs from the average
of 9, Py(x, &; 0) over the associated energy surface

{(x, &) € T*M : Py(x, & 0) = HO(I (w))}. (2A.1)

Moreover, we can ensure that A, lies in an arbitrarily small energy window [a, b] about the regular
energy E from the condition (vi). Without loss of generality, the hypotheses of Theorem 1.1 thus guarantee
the existence of what we shall call a slow forus.

Definition 2.1. A slow forus in the energy band [a, b] for the unperturbed Hamiltonian

H®,1;0)=HI), (2A.2)
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written in action-angle coordinates, is a Lagrangian invariant torus A, with nonresonant frequency
wp € 2, and energy H O(I (wp)) € (a, b) in the notation of Theorem 3.10 that satisfies

1
Qm)™" ooH@, I(wy);0)d0 < inf —— 0 Py(x,&;0)dug (2A.3)
n Ecla.b) up(XE) Jx,

att =0.

We call such a torus a slow torus to draw intuition from the special case where 9,P;(¢) is a positive
operator. In this case, as ¢ evolves, the quasieigenvalues associated to such a torus increase as ¢ evolves at
a slower rate than the typical increase of eigenvalues at the same energy. The intuition behind this stems
from the Hadamard variational formula (2B.8), and the fact that the associated quasimodes microlocalise
onto A,,. This intuition is confirmed in Section 3E, by a more careful analysis of the leading-order
behaviour as t — 0 of the integrable term in the Birkhoff normal form established in Theorem 3.10.
Under the assumption of quantum ergodicity, this analysis implies a discrepancy (2B.23) in the spectral
flow of genuine eigenvalues and quasieigenvalues attached to slow tori. Consequently, we obtain the
spectral nonconcentration statement Proposition 2.10.

We begin by using the slow torus condition and choosing ¢ > 0 sufficiently small so that

1
(27‘[)_"/ 0H@O, I(wy;0);0)d0 < inf —— 0;Py(x,&;0)dug —3c (2A4)
n Eela,b) ug(ZE) Jx,

is satisfied.

As the quantum ergodicity condition (1B.3) is preserved upon passing to energy subintervals, we can
assume that [a, b] is an arbitrarily small energy window containing H°(I (wp; 0)). In particular, we can
scale our interval [a, b] by a small factor A to ensure that the condition

dPodug — dPodpe =:04(0)—0_(0) <e <c (2A5)

sup inf ——
Eecla,p] ME(ZE) Jx, Eelabl ngp(Zg) Jx,

is satisfied for any particular € < c. From the regularity of Py, one can achieve this by taking
A=0(e). (2A.6)

Through the course of this section, we will track the size of various small quantities in terms of this e,
which we will eventually take small in the proof of Proposition 2.10.
Proposition 3.14 applies to H, and we obtain a family of symplectomorphisms

X € Gp’p/"’/(T” x D x (-1, %) T" x D) (2A.7)

and a family of diffeomorphisms
we G (Dx(-1,1), Q) (2A.8)
such that
H(x(0,1;1);0) =KU;1)+ R0, I 1), (2A.9)
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where 97 R(0, I; t) = 0 for nonresonant actions I € E,(¢). Using the diffeomorphism (2A.8), we can

define an action map I € G***'(Q x (-1, 1)) implicitly by

o=w((@;t);1) (2A.10)

and we can use this map to specify the action coordinates of a nonresonant torus with fixed frequency at
any t € (—%, %) in the Birkhoff normal form furnished by x (-, -; t).

We first obtain a positive-measure family of slow tori near A,.

Proposition 2.2. There exists r > 0 and § > 0 such that for any w € Q := B(wp, r) N Q., the torus
Ay = x(T" x {I(w, t)}) has energy

K (w;1),1) € [a, D] (2A.11)
forallt € (0, §).
In particular, the family of tori
AW = Ao (2A.12)
we2

is a positive-measure family of KAM tori entirely contained within the energy band |a, b].
Moreover, r and § can be chosen small enough to ensure

Qo)™ H@O,I(w;1);1)dd < 2r)™" | 0;H®, I(w;0);1)d0 +¢

T "

< inf Q_(t)—2c (2A.13)
te(0,8)

for each w € Qand each t € (0, 8).
We can also choose 6 > 0 small enough to ensure that

Or—Q_:= sup Q,(t)— inf Q_(r) <2e. (2A.14)
1€(0,5) 1€(0,9)
In particular r, § can be taken to be O (€), with constant independent of t and h.

Proof. From the regularity of x, I, and K established in Theorem 3.10, it follows that we can take
r = O(X) to ensure that (2A.11) is satisfied at ¢t = 0, where L = O(¢) is as in (2A.6). Similarly, we can
ensure that

(271)_”/ 0,H(@,1;0)do < (271)_”/ 0,H (@O, I(wy);1)dO+¢/2 (2A.15)
T T
holds for |I — I (wg)| = O(X). Since (2A.4) is satisfied at r = 0, it follows that
(271)"/ o,HO, I(w;0);0)dd < Q_(0)—3c+¢€/2 (2A.16)
Tn

forall w € Q = B(wy, r) N EZK upon taking r = O(A).

The regularity of x, I and K in the parameter ¢ then allows us to deduce that (2A.11) and (2A.13)
are satisfied for ¢ € (0, §), for sufficiently small § > 0 and for each w € Q. In particular, we can take
8=0() =0(e).
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Finally, the estimate (2A.14) for small § follows from the regularity of

1
0; Pydu (2A.17)
we(Xg) Js, ' £

int and E. 0

We can now apply the quantum Birkhoff normal form construction outlined in Section 4. From
Theorem 4.5, we obtain a family of quasimodes that microlocalise onto the family of KAM tori A(¢)
introduced in (2A.12).

In particular, following Section 4C, we take S(¢) ={l(w; t) : w € Q) and define the index set M, (¢) as
in (4C.2). Then for each m € M, (t) C Z", we have a quasimode v, with corresponding quasieigenvalue (i,
as in (4C.3). We introduce notation for the union of 2" *!-width energy windows about the quasieigenvalue
associated to tori in A():

W=\ s ) =0 s )+ 0, (2A.18)
meM(t)

We also introduce the index set
G(h)={j eN:E;(t) €la, b] for some t € (0, )} (2A.19)

of the eigenvalues that can possibly play a role in the spectral flow considerations in Section 2C.
To conclude this section, we collect asymptotic estimates for the number of eigenvalues and the number
of quasieigenvalues that are in the energy window [a, b] as h — 0.

Proposition 2.3. We have the asymptotic estimate

H#M () ~ Qrh) " w(T x {I(w, 1) :w € Q}) (2A.20)
foreacht € (0, §).
Furthermore, we have
limsupRrh)"#G (h) < n({(x, &) : Po(x,&;0) € [a— MS, b+ MS]}), (2A.21)

h—0
where M is the uniform bound on spectral flow speed in (2B.11) and G (h) is as in (2A.19).
Here 11 denotes the symplectic measure d& dx on T*M.

Proof. The estimate (2A.20) is a consequence from (4C.8), and (2A.21) follows from (2B.11) and an

application of the semiclassical Weyl law [Zworski 2012, Theorem 14.11]. U
From Proposition 2.3, it follows that we can bound
#G(h
_—() (2A.22)
inf #My(t)
1€(0,5)

for t € (0,68(¢)) and h < hg(e). Moreover, this upper bound is uniform in €. By the nature of their
construction in Proposition 2.2, the quasieigenvalues u,, (¢; k) lie in [a, b] for all ¢ € (0, §).
It is convenient to introduce the subset G (h) C G(h) given by

G(h) = {j eN:E;(t) €la,b] forallz € (0,d)}. (2A.23)
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By choosing §(¢) > 0 appropriately small, we can ensure that a large proportion of eigenvalues that lie in
[a, b] for some ¢ € (0, §) lie in [a, b] for all ¢ € (0, 5).

Proposition 2.4. We can choose §(¢) = O (€?) such that

#G(h
L >1—Ce (2A.24)
#G(h)

forall e < eyand h < hy(€), where C > 0 is a constant.

Proof. We have the bound

#G(h) - Np(la+Mé,b— MS$))

— < , (2A.25)
#G(h) ~ Np(la— M3, b+ MS])

where Nj, (1) counts the semiclassical eigenvalues of the operator P, (0) in /. Recalling that the interval
[a, b] is of scale A = O (¢), it follows that for any choice of § = O (€?), the ratio of phase space volumes

w(Po(x,€;0)ela—Mé,a+MS1U[b—Ms, b+ Mé])

(2A.26)
w(Po(x, &:;0) € [a— M8, a+ M)

can be bounded by a constant multiple of € for all sufficiently small €. Application of the semiclassical
Weyl asymptotics to (2A.25) completes the proof. U

2B. Eigenvalue and quasieigenvalue variation. We now turn our attention to the variation of quasieigen-
values and eigenvalues as ¢ € (0, §) varies. The quasieigenvalues can be handled rather explicitly.

Proposition 2.5. For any all sufficiently small 6(¢) > 0 and all t € (0, §), we have

limsup o, (t; h) < Q_ —c¢ (2B.1)
h—0

for allm € U, 5) Mn(t) uniformly in t.
Proof. From Proposition 3.14, we have
Ko(I; 1) = H(I) +1- (27r)_”/ H®,I;0)d6 + 0(°®) (2B.2)
'[I'Yl

for any / € D. Hence we have

3, (Ko(h(m +9/4); 1)) < (271)"/ 3 H (O, h(m +9/4); 0)do + € (2B.3)

for all ¢ € (0, §(¢)), taking § sufficiently small. From the definition of M, (¢), we know that
lh(m +v/4) — [ (w; t)| < Lh

for some w € €, and so from the regularity of I in ¢ it follows that

0 (Koth(m+v/4); 1)) < (271)_”/ H@O, I (w;1);t)d0+€+ O(h) (2B.4)
T
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for some w € Q. This allows us to compute
O pom (5 1) = 3, (K (h(m +9/4); 1, 1))
= 0;(Ko(h(m +19/4); 1)) + O(h)

< (27‘[)_"/ oHO, I(w;1);t)d0 +€+ O(h)

<Q_—2c+e+0(h) (2B.5)
which implies
limsup 0; w,, (t; h) < Q— —2c + €, (2B.6)
h—0
using (2B.4), (2A.13), and (2A.14). O

In particular, we can choose B > 0 and A¢ > 0 such that

Opm(t;h) <B < Q_—c (2B.7)
for all r € (0, §) and all & < hy.

Remark 2.6. We abused notation slightly here by writing w,, (¢; &) even when m ¢ My, (¢). That is, we track
the behaviour of K°(h(m+9 /4),t; h) even for t € (0, &) such that this does not correspond to a quasieigen-
value in our family. This is a necessity due to the rough nature of the set { (w; 1) : @ € R} of nonresonant
actions. Indices m € Z" will typically be elements of M, (¢) for only O (h)-sized t-intervals at a time.

Remark 2.7. This is the last part of the argument that involves placing an additional restriction on the
size of § > 0.

We now consider the variation of eigenvalues. For each fixed & > 0, the operators P}, (f) comprise
an holomorphic family of type A in the sense of [Kato 1966] and so we can choose eigenvalues and
corresponding eigenprojections holomorphic in the parameter ¢. Thus if at each time ¢ we order our
eigenpairs E;(t; h) in order of increasing energy, by holomorphy it follows that E; will be continuous
and piecewise smooth in (0, §). On the cofinite set where E; is differentiable in #, we have

O Ej(t; h) = (8, Pp(t)u;(t; h), uj(t; h)), (2B.8)

since (u;) is an orthonormal basis. We will control (2B.8) using our assumption of quantum ergodicity.
To this end, we now suppose for the sake of contradiction that there exists a positive-measure set
B C (0, §) such that Py (¢) is quantum ergodic in the sense of (1B.3) for every ¢ € 5.

Proposition 2.8. For everyt € B and € > 0, there exists ho(t, €) such that, for all h < hy(t, €), we have

[€0; P ()uj (25 h), uj(t; h)) —/ Podig;uml <€ (2B.9)

2:Ej(r:h)
for a family of indices S(t; h) C{j e N: E;(t; h) € [a, b]} with

#S(t; h)
>
(j €N E;(t: h) € [a, b])
Proof. This is a direct application of (1B.4). O

1—e. (2B.10)
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We also note that we have a global-in-time bound
O Ej(t;h) <M < o0 (2B.11)
from differentiation of the expression
Ei(t; h) = (Pp(t)uj(t; h), uj(t; h)) (2B.12)
and using a routine elliptic parametrix construction that is uniform in ¢ € (0, 1) to bound the quantity
(0, Pr(®)uj(t; h), uj(t; h)) (2B.13)

given that E;(z; h) lies in a fixed energy band [a, b].
Recalling (2A.5), Proposition 2.8 implies that

(B,Ph(t)uj,uj) e[0-—¢€, O+ +€] (2B.14)

for all j € S(¢; h) such that E; is smooth at ¢, and all & < ho(z, €).
Now, from the outer regularity of the Lebesgue measure, we may then choose a subinterval J C (0, §)

such that
mBNJ)

m(J)

We can then apply the monotone convergence theorem to upgrade Proposition 2.8 for ¢ € BB to a statement

>1—e. (2B.15)

that is uniform in a large-measure subset of J.
Proposition 2.9. There exists a subset B C BN J and an hy(e) > 0 such that
B
mbB) e (2B.16)

and, for any h < ho(e) and any t € B, there exists a subset

Z(t.h) C {j €N E;(t, h) € [a, b]} (2B.17)
such that
2@ h) 1—2¢ forall0<h<h (2B.18)
> — or a < < .
#(j eN: E;(t. h) € [a. b]} 0
and

(0Pp(Duj,uj) €[Q- —€, Oy +€] forall j€Z(t, h), (2B.19)
forall Z(t; h) such that E; is smooth at t and all h < ho(€).
Proof. For fixed n, € > 0, we define
By :={teBNJ:hy(t, e)>n}, (2B.20)

where h(t, €) is as in Proposition 2.8. As BNJ =
sufficiently small ny > 0, we have

»=0 By, countable additivity implies that for

m(Byy) > %m(l’ﬁ‘ﬂf) > (1=2e)m(J). (2B.21)
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We now take B = By, and Z(t; h) = S(t; h) in the notation of Proposition 2.8, and (2B.19) follows from
(2B.14). O

In light of Proposition 2.9, we redefine Q_, O to be the endpoints of the enlarged interval in (2B.19).
Hence
(0, Pp(t)uj,uj) € [Q—, Q4] forall j € Z(t, h). (2B.22)

In terms of the redefined Q_, Q ., we have
O_—B>c—€>0, (2B.23)

and so we have established a discrepancy between the typical speed of eigenvalue flow and the upper
bound for the speed of quasieigenvalue flow.

2C. Spectral nonconcentration. We can now complete the proof of Theorem 1.1 by proving a spectral
nonconcentration result that follows from the results of Section 2B.

Proposition 2.10. Under the quantum ergodicity assumption m(B) > 0 imposed in Section 2B, for
sufficiently small € > O there exists t, € B C B such that

N(ty; h) 1
2 2C.1
#M(L) 2 eeD
for a sequence hj — 0, where
N(t;h):=#{j eN:E;j; h) e W(t; h)} (2C.2)

is the number of exact eigenvalues lying in the union W (¢t, h) of the quasieigenvalue windows as introduced
in (2A.18).

Proof. The method of proof is by averaging in ¢ and using Proposition 2.9 to show that most individual
eigenfunctions cannot lie in W (¢, k) for a significant proportion of ¢ € J. We begin by defining

Aj(h) ={t € J: E;(t; h) € [a, b]}, (2C.3)
Bithy={teJ:jeZ{ h) (2C.4)
Ci(hy={t € J: Ej(t; h) e W(z; h)}. (2C.5)

From Proposition 2.9, for each ¢ € B we have

D olg = (1-26)) 1y, (2C.6)

jeN jeN
for h < ho(¢). Integrating, we obtain

Z/ng_,, dtz(l—ZG)Z/NlAj dt. (2C.7)
B B

JjeN jeN

1p. dt > (1=2 14 dt — 14.dt
S [1arza-20 Y (fra-[ 1a)

jeN jeGh)

> (1 —2¢) Z (f 1, dt—26m(])>, (2C.83)
J

jeGh)

Hence
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which can be rewritten as
> m(B) = (1-2¢) Y (m(Aj) —2em(J)). (2C.9)
jeN jeG(h)

From the definitions (2A.19) and (2A.23), we know that m(A;) > 0 only if j € G(h) and m(A;) =m(J)
if j e 6(}1). Thus we can estimate

1 #G (h)
G EN: m(B;) > (1 —2¢) <—#G(h) — 26)m(J)

> (1 =26)(1 = O(e))m(J)
= (1—-npm(J), (2C.10)

where lim sup;,_, o n(€; h) = 0c(1). Consequently we have

m(By) = (1—n'"*)m(A)) (2C.11)
for a subfamily F(h) C é(h) with

AF e

G >1—n O (¢) (2C.12)

in the limit 2 — 0, where we have made use of Proposition 2.4.
Taking E(t; h) := E;(t; h) for some j € F, the bound from the Hadamard variational formula (2B.22)
yields

E(ta; h) — E(t1; ) > (1 —n"/*)Q_ — Mn'*m(J), (2C.13)

where M is the uniform bound on eigenvalue flow speed for eigenvalues in [a, b] and J = [t1, 1»].
On the other hand, we now bound E(t;; h) — E(t;; h) above. To do this, we define

E(t;h) =E(@;h) = Bt and  jin (3 h) = (i3 h) — Bt,
where B was the upper bound in (2B.7). Then the transformed quasieigenvalue windows
Wi (8 h) = Ul (15 ) = " i (25 1) + "1

are nonincreasing. From this it follows that if Z (s; h) € [fim (s; B)—h" Y, i (s; B)+h" 1] and m € M, (s)
for some s € J, then E(s’; h) — E(s; h) < 2h™*1 where s’ is the final time 7 € J such that m € M, (¢)
and E (13 h) € [fim(t; h) — k"L, fi,, +h"1]. This implies E(s'; h) — E(s; h) < 2h" T + B(s' — ).

Generalising this idea, we can cover each C;(h) with a finite union of intervals U « T with I = [y, s;{]
defined as follows:

(1) We define so :=inf{t € J : E(t; h) € W(t; h)}, and we choose an m(0) € M},(sg) such that E(¢; h) €
[m©) (t; ) — B, o) (25 h) + h" 1] and m(0) € M, (¢) for all sufficiently small # — 5o > 0.

(ii) We then define s{ :=sup{t € J : E(t; h) € [y (t; h) — K", oy (85 h) + A"}
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(i) If{red:t> s,/(_l and E(t; h) € W(t; h)} is empty, we terminate the inductive process; otherwise
we proceed inductively by defining s :=inf{r € J : 1 > s, _, and E(t; h) € W(z; h)} and choosing a corre-
sponding m (k) € My, (s) such that E(¢; h) € [ (t; h) — h Wmo) (L h) + 1" and m(k) € M, (1)
for all sufficiently small t — s_; > 0.

(iv) We then define s; := sup{t € J : E(t; h) € [mu)(t; h) — A", oo (85 h) + A"}
From the Weyl asymptotics, this procedure must terminate after finitely many iterations.

Remark 2.11. In the case that E(¢; &) is still in a quasieigenvalue window for ¢ arbitrarily close to, but
greater than s;, we will have s = s;. This is the only kind of overlap possible between the intervals 7.
We also remark that the m (k) are necessarily distinct, by the nature of this construction.

For each such interval Iy = [sx, 5], we have that E(s;; h) — E(sg; h) < 2h"H 4 B(s; — sx). As there
can be at most O (h™") intervals I, we obtain

ZE(S]/C;h)—E(Sk;h)EBZ(S]L—S]()-FO(]’!). (2C.14)
k k
For such eigenvalues, we thus obtain the upper bound

E(ty: h) = E(n: h) < 3 (E(sgih) — E(se: h) + (mu)(l —n') = (st —sk>) 0 +m(Ny'*M
k k

<B-0)) (=) +mNU =10 +m(Hn'>M+ 0(h)
k

< (B—Q)m(C;)+ (1 =004 + Mn'?ym(J) + O(h) (2C.15)
in the limit 7 — 0. Rearranging (2C.15) and using (2C.13), we arrive at
<Q+—B>M <2Mn'? + 1 -n"* (04— 0-). (2C.16)
m(J)

Hence by taking € sufficiently small and then passing to sufficiently small 0 < & < ho(¢) we can bound
m(C;)/m(J) by an arbitrarily small positive constant y for all j € 7. Hence we have

/N(t;h)dtf/ZlcjdtS/yZlAj—i—#(G\]-")dt
J I jeN I eF
< (Y#F + "> + 0(e))#G)m(J)
<@y +n'"?+0(@)#HG)m(J), (2C.17)

where we used Proposition 2.4 in the final line. Fixing sufficiently small € > 0, for all & < ho(e) we have
1 N(t; h)
m(J) J; # My (1)

It follows that for each such i < hy, the set

{teJ' AL <l} (2C.19)
CHM (1) T 2 '

dt < le (2C.18)
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has measure at least m(J) /2. Taking a sequence /; — 0 and applying the Borel-Cantelli lemma completes
the proof. (|

Remark 2.12. In fact, the above argument demonstrates the existence of a family of such #, with measure
bounded below by |J|/2; however, we shall only require a single such ¢, in what follows.

We now prove an elementary spectral theory result that will show that the conclusion of Proposition 2.10
is in fact absurd, hence establishing that m(B) = 0 and completing the proof of Theorem 1.1. We
denote by U the h-dependent span of all eigenfunctions with eigenvalues in W (¢; ), and as in (4C.3),
{(Un (t; h), o (t; 1)) }merm, ) denotes the family of quasimodes and associated quasieigenvalues.

Proposition 2.13. For sufficiently small h > 0, the projections

Wiy (L, ) = 7wy (U (25, 1)) (2C.20)
are linearly independent.

Proof. First, we show that the estimate from Definition 4.4 on the error of quasimodes implies that the

projections 7y (v, (ts, h)) are large. In particular, for m € M, (t,), we have
2
H(Pha*) — i (tar 1)) Y (O (tar B), 1 (b )t | = O (R F2)

jeN

= 0 Ei(t h) = o (, DPom (tas B, 1 (1 ) = O (R )
‘E_/'_/'Lm|>h”+l
= wyL(Vn(te, h)) = O Y ™").

Hence for sufficiently small /2, we have
1w |1? = 1170 (v (14, )P = 1+ OB + O RV 72", (2C.21)

From the almost-orthogonality condition that our quasimodes v,, satisfy (see Definition 4.4), together
with (2C.21), it follows that the w,, are almost orthogonal for distinct m € Mj(¢). In particular, for
m # k, we have

{7y (Ui (t4, h)), 7wy (Ui (B, 1)) < [(Om (s, B), Vi (B, R+ (g2 (U (25, 1)), Ty (Ue(2, h)))|

— O(h}/+1) + O(th—Zn)'
Hence

(72 (U (L, 1)), T (Ui (s 1)) — S| = O (WY TH) + O (RPY 2 (2C.22)

for all sufficiently small 4. If we enumerate the quasimodes v,, (¢, i) by positive integers rather than
m € 7", we can then form the Gram matrix M (h) € Mat(#My(¢,), R), with entries given by

M;j(h) = (w;, wj). (2C.23)
Since

IM —Illgs = #Mu(t) (OB + 0P 2) = O 7" + O (h* ), (2C.24)

we can invert M = I 4+ (M — I) as a Neumann series for sufficiently small 4, provided the exponents
of h are positive. This can be ensured by taking y > 3n/2. Since M is nonsingular, we can therefore
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conclude that the functions in the collection

{my (L4, h)) 2 m € Mp(2,)} (2C.25)
are linearly independent. 0
We are now in a position to complete the proof of Theorem 1.1.

Completion of proof of Theorem 1.1. Having fixed € > 0 in Proposition 2.5, we showed in Proposition 2.10
that there exists a #, € (0, §) at which we have the spectral nonconcentration result (2C.1) for a sequence
h; — 0.

On the other hand, we showed in Proposition 2.13 that the projections wy (v,, (¢, h)) are # M, (t,)
linearly independent vectors in a vector space of dimension dim(U) = N(t,, h) < #M,,(t,)/2. This
contradiction completes the proof. O

3. Birkhoff normal form

In this section we construct a family of Birkhoff normal forms corresponding to a family of Gevrey
smooth Hamiltonians H (0, I; t), real-analytic in the parameter ¢t € (—1, 1). The introduction of this
parameter leads to only minor changes in the argument of [Popov 2004b].

We formulate the KAM theorem from [Popov 2004b] in Section 3B and outline the proof in Section 3C.
We then complete the Birkhoff normal form construction following [Popov 2004b] in Section 3D.

In Section 3E, we compute the leading-order behaviour of this Birkhoff normal form as ¢ — 0, which
was used in Proposition 2.5 to obtain an expression for the derivatives of the quasieigenvalues of the
operator Py, (t) constructed in Section 4.

3A. Notation. We begin by introducing some notational conventions that will be used several times in
this section.

Definition 3.1. For s, r > 0 we write
Ds,:={0 €C"/2n7" : |[ImB)| < s} x{I €eC" : |I| <r}, (BA.1)
where | - | denotes the sup-norm on C” induced by the 2-dimensional £*° norm on C.

These domains arise from considering the analytic extension of real-analytic Hamiltonians in action-
angle variables. In this area it is common to bound derivatives of analytic functions using Cauchy
estimates, which requires keeping track of shrinking sequences of domains.

For simplicity of nomenclature, we call an analytic function of several complex variables real-analytic
if its restriction to a function of n real variables is real-valued.

As a final notational convenience, we use | - | to denote the £! norm when applied to elements of Z"
throughout this paper, as well as the matrix norm induced by the sup norm on C".

3B. Formulation of the KAM theorem. Let D C R" be a bounded domain, and consider a completely
integrable Hamiltonian H°(I) = H°(8, I) : T" x D — R in action-angle coordinates. To begin, we shall
assume that this Hamiltonian is real-analytic.
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In addition, we assume the nondegeneracy condition det(d>H /d1%) # 0. This assumption implies that
the map relating the action variable I to the frequency w = VH?(I) is locally invertible. In fact, we
assume that

I VH(I) (3B.1)

is a diffeomorphism from D to Q C R™ The inverse to this map is given by Vg® where g is the
Legendre transform of H°. The phase space T" x D is then foliated by the family of Lagrangian tori
{T" x {I} : I € D} that are invariant under Hamiltonian flow associated to H°.

The KAM theorem asserts that small perturbations of H O(I), written as H@©@, 1) = H'(I)+ H'(6, )
on T" x D still possess a family of Lagrangian tori which fill up phase space up to a set of Liouville
volume o(1) in the size of the perturbation. More precisely, if Q := {w : @ = V;H"} is the set of
frequencies for the quasiperiodic flow of H the frequencies satisfying

(3B.2)

for all nonzero k € Z" and fixed « > 0 and T > n — 1 also correspond to Lagrangian tori for the
perturbed Hamiltonian H, provided |H — H 9| < e(x) in a suitable norm. Such frequencies are said to be
nonresonant, and we denote the set of nonresonant frequencies by 2}, suppressing the dependence on t
from our notation. These sets are obtained by taking the intersection of the sets

{weQ:|(w,k>|z I:I} (3B.3)

over all nonzero k € Z", and hence (), 2} is closed and perfect, with | J, ., 2% of full measure in €,
as can be seen from the observation that

m({weR":l(k,wH < Ilfl}> =0<|k|'++1). (3B.4)

Q= {w e Q : dist(w, Q) > «}, (3B.5)

We work with the sets

which have positive measure for sufficiently small «. It is also convenient to introduce notation for the set
of points of Lebesgue density in €2,, which we denote by

$~2K = {w e Q: m(B(w, ) N k)
m(B(w, 1))

—lasr— 0}. (3B.6)

From the Lebesgue density theorem we have that m(ﬁK) =m(£2,). We also note that a smooth function
vanishing on €2, is necessarily flat on Qe

The construction of the Birkhoff normal form is a consequence of Theorem 3.2, which is a version of
the KAM theorem localised around the frequency w which is taken as an independent parameter. The
idea of treating @ as an independent parameter in this problem was originally due to Moser [1967]. This
version is particularly useful for the Birkhoff normal form construction, as it makes it an easier task to
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check the regularity of the invariant tori with respect to the frequency parameter. To illustrate the setup of
this theorem, we set
Q' ={weQ:dist(w, Q) <«/2}), D =vVg'Q). (3B.7)

Taking zo € D', we let I = z — z¢ lie in a small ball of radius R about 0. That is, R is chosen such that
Bgr(zo) C D. Taylor expanding gives us the expression

1
H'(z) = H(z0) + (V. H(20), I) + / (1—=0)(VZH (zo+tD)I, I) dt. (3B.8)
0

We now take o € Q to be the corresponding frequency V H(zg). The inverse of the frequency map is
Vo) = Vg (@), (3B.9)

where g° is the Legendre transform of H. Hence we can write
H(z) = H'(Yo(w)) + (w, I) + (P°(I; w)1, 1), (3B.10)

where PY is the quadratic remainder term in (3B.8). Expanding about the point zg = Vgo(a)), we can
write our perturbation H! locally as

H'©0,2)=H'©O, Vg (w)+1)=P'®, I, w). (3B.11)

This leads us to consider perturbed real-analytic Hamiltonians in the form

H@®,I;w)=HYo()+ (w, [)+ PO, I;0) = N; w)+ PO, I; w), (3B.12)

where
N(I; ) = H (Yo () + (o, I), (3B.13)
PO, I:»)=(P°(I; )], I)+ P (6, I; w). (3B.14)

The traditional formulations of the KAM theorem assert the existence of a Cantor family of tori that persist
under small perturbations of a single Hamiltonian H° with domain D. In the framework laid out above, we
now have a Cantor family of Hamiltonians parametrised by w € €2,. Note that each of these Hamiltonians
consists of a component N (/; w) that is only linear in /, and a nonlinear perturbation P (0, I; w).

The essence of the frequency-localised KAM theorem in Theorem 3.2 is that for sufficiently small P we
can find a symplectic change of variables that transforms H to a linear normal form in / with remainder
quadratic in I for w € €2,. This establishes the persistence of the Lagrangian torus with frequency w.
From Theorem 3.2, one can obtain Theorem 3.9, which establishes the existence of a Cantor family of
invariant tori for the original Hamiltonian H as with traditional formulations of the KAM theorem.

To work with Gevrey smooth Hamiltonians, we fix L, > Lo > 1 and Ag > 1, and assume that
HO e G‘L’L)I’LZ(DO x (=1,1)) and g° € G‘L’L)I’Lz(QO) with the estimates

IH N 20,25 18° 1 o, 2 < Ao (3B.15)
For L, > L1 > 1 we now consider the analytic family of Gevrey perturbations

H' eGP, (T"x D x (=1,1)),
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with the perturbation norm
en =k H 1, 151, (3B.16)
The estimate (3B.15) implies that there is a constant C(n, p) dependent only on n and p such that taking
C )
R< (n_p2>,< (3B.17)
AoLg

is sufficient to ensure that Bg(z9) C D for any zo € D'.

At this point we introduce the notational convention for this section that C represents an arbitrary
positive constant, dependent only on n, 7, p and Lg. Similarly, ¢ will represent a positive constant strictly
less than 1, also only dependent on n, 7, p and Lo. We will be explicit when we stray from this convention.

The estimates (3B.15) and (3B.16), together with Proposition A.3 in [Popov 2004b] show that our
constructed functions P and P! are in the Gevrey classes

Gy crc,Brx @ X (=1.1) C Gy, o, (Brx @ x (<1 1),
Gﬁ’l?’Lz’,]CLz,Lz(Tn x Bg x Q' x (=1, 1))

respectively, where the C does not depend on Lg or L,. Additionally we have the estimate

IP 2y cracLacL, <K 2e€n. (3B.18)

Dropping the factors in our Gevrey constants dependent only on n, t, p, Lo for brevity of notation, we
are in a position to state the local KAM theorem in terms of the weighted norm

(P)r =P iy, 10 1y + 1P L 10, Lo (3B.19)
forO <r < R.

Theorem 3.2. Suppose 0 < ¢ <1 is fixed and k < L;lf{. Then there exists N(n, p,t) >0ande >0
independent of k, L1, Ly, R, Q such that whenever the Hamiltonian

HO,I;0,t) = H (Wo(w); 1) + (o, I) + (P°(I; 0, )1, )+ P10, I; w, 1) (3B.20)

and 0 < r < R are such that
(P), <exrLy™ (3B.21)
we can find
¢e Gp(r+l)+l,1(9 % (_%’ %)’ Q)
and
®=(U,V)eGrPrUTLIT x @ x (=32, 3), T" x Bg)

such that

(1) Forall w € Q. and all t € (_43_1’ %), the map ®,; = ®(-;w,t): T" — T" x Bg is a G embed-
ding, with image A, ; an invariant Lagrangian torus with respect to the Hamiltonian Hy, 1) (0, 1) =
H@O,I; ¢(w,t),t). The Hamiltonian vector field restricted to this torus is given by

XHywns © Pt = Dy - Loy, (3B.22)
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where

n
d
Ly = — e TT". 3B.23
@ Z wj 36; ( )
Jj=l
(i1) There exist positive constants A and C dependent only on n, T, p, Lo such that

18382 (U85 w, 1) — )| +r 113588V (8; w, )| + 1188 (¢ (w; 1) — w)]
(P),

< A(CLI)W(CLTH/K)WOI!'O IB!p(r+1)+1
Kr

LY (3B.24)
uniformly in T" x Q x (_43'1’ %)

We remark that at the endpoint t = 0, this result is trivial by taking ¢ (w, 0) = w, U0, w,0) =6 and
VO, w,0)=Vg'(w).

Theorem 3.2 can be proved in the same way as [Popov 2004b, Theorem 2.1], based on the rapidly
converging iterative procedure introduced in [Kolmogorov 1954]. Indeed, much of the technicality in
[Popov 2004b] involves the approximation of Gevrey class Hamiltonians by real-analytic Hamiltonians.
Thanks to the assumption of analyticity in ¢ in Theorem 3.2, no such approximation is necessary in the
t-parameter.

In the next section, we sketch the key steps in the proof of Theorem 3.2, highlighting the points at
which the presence of the ¢-parameter requires a modification of the argument in [Popov 2004b].

First, we discuss the result that will comprise the steps of the iterative construction. Given a Hamiltonian
in the form

H@O,I,w,t)=e(w;t)+{w, [)+ PO, I;w,1)

=N, w,1)+ P, I;0,1), (3B.25)

we aim to construct a #-dependent symplectomorphism @ and a t-dependent frequency transformation ¢
such that for F = (®, ¢) we have

(HoF)O,I;w,t) = Ni(l;0,8)+ Py, I; , 1), (3B.26)

where Ny (I, w, t) = ey (w) + (I, ) and with | Py| controlled by | P|" for some r > 1. This construction
is analogous to that in [Pdschel 2001].
Theorem 3.3. Suppose €, h, v, s, r, n, 0, K are positive constants such that

s,r<1, v< %, n<g, O0< és, e <cknro™', e<cvhr, h< K/ZKTH, (3B.27)

where c is a constant dependent only on n and t.
Suppose HO, I; w,t) = N(I; w,t) + P9, I; w,t) is real-analytic on D;, x Oy x (=1, 1), and
|Pls.r.n < €. Here, Dy, is as in Definition 3.1,

Oy = {w e C" : dist(w, Q) < h}, (3B.28)
and | - |s.r.n denotes the sup-norm on Dy, x Oy. Then there exists a real-analytic map

F= ((D, d)) : D575J,nr X 0(1/273v)h X (_17 1) - Ds,r X Oh’ (3B29)
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where the maps
D : Dy 555 X Op x(—1,1) = Dy, (3B.30)
¢ :0q2-30n X (=1,1) = Oy (3B.31)
are such that
HoF=ei(w,t)+{w, 1)+ Pr(0,1;w,1)
=N (l;w,t)+ P06, ]; w,1) (3B.32)

and we have the new remainder estimate
2

| P |s—50.r. (1 /2—200h < c( +(n* + K”e"‘“)e). (3B.33)

krottl

Moreover ® is symplectic for each (w, t) and has second component affine in I. Finally, we have the
uniform estimates on the change of variables

C
W(@—id)|, [W(DO—1)W ™| < ——. (3B.34)
. Ce
|¢ —id|, vh|D¢ —1d| < —, (3B.35)
r

where W = diag(o ~'1d, r~'Id). All estimates are uniform in the analytic parameter t € (—1, 1).

This theorem is identical to [Popov 2004b, Proposition 3.2], with all estimates uniform in the parameter ¢.
The proof is identical, with a detailed exposition in [Poschel 2001]. The application of [Popov 2004b,
Lemma 3.4] to obtain the frequency transformation ¢ is replaced by Proposition C.2 in our setting.

As in [Pdschel 2001; Popov 2000a], Theorem 3.3 can be used to prove the KAM theorem for
real-analytic Hamiltonians H (0, I; w, t). However, in order to treat the more general class of Gevrey
smooth Hamiltonians H € G”**'((T" x D x Q) x (—1, 1)), we require the approximation result
Proposition 3.4.

3C. Proof of the KAM theorem. Following the proof of Theorem 3.2 in [Popov 2004b, Section 3], we
extend the P/ (0, I, w, 1) to Gevrey functions

Ple Gé’fl”ICLZ,CLZ(T” x R x (=1, 1)), (3C.1)

where C depends only on n and p. We do this whilst preserving analyticity in # by making use of an
adapted version of the Whitney extension theorem for anisotropic Gevrey classes, from Proposition 3.8.
We thus obtain the estimate

IP7| < ALY PYY, (3C.2)

where A also only depends on n and p. We then cut off P/ without loss to have (I, w) supported in
By x Bg C R2" where 1 < R is such that Q° ¢ B %_1- From here, we suppress the tilde in our notation, as
well as the factor C in our Gevrey constant. We require the following approximation result for functions
in anisotropic Gevrey classes that plays a key role in the KAM iterative scheme.
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Proposition 3.4. Suppose P € G}” ’le’ L, (T" x R*" x (=1, 1)) satisfies supp; ,,(P) C By x Bg. If
uj, wj, v; are positive real sequences monotonically tending to zero such that

ViLy, w;jLy <ujL; <1, wp, wp=< Lz_l_g, (3C.3)

where 1 < L1 < Ly and 0 < ¢ < 1 are fixed, then we can find a sequence of real-analytic functions
P; : Uj — C such that

|Pis1 — Pjlu,,, < C(R"+ DL} exp(—3(p — D@Lyuj)~ /P~ D)| P, (3C.4)
|Poluy, < C(R" + 1)(1+ LY exp(—3 (o — D(2L1up) /7 D)), (3C.5)
99(P — P))(0,I; 0, 1) < C(1+ RL]Lyexp(—3(p — 1)(2Lyu;)~/*7D) (3C.6)

inT" x By x Bg x (=1, 1) for |a| < 1, where

U ={0,1;0,1)eC"2nZ" xC" xC" x C:
|Re(0)| = 7, [Re(])| =2, |Re(w)| = R+ 1, [Re(®)| <1,
IIm(0)] < 2u;, Im(D)| < 2v;, Im(w)| < 2w;, [Im(1)| < 2Ly) ™'} (3C.7)
and
U;:=U}, (3C.8)

where we have identified [—m, w]" with T" for simplicity of notation.

The proof of Proposition 3.4 can be found in [Popov 2004b, Section 3]. The first step is to extend P to
functions F; : U ].2 — C that are almost analytic in (6, I, w) and are analytic in . The Gevrey estimate
on z-derivatives of P implies that the Taylor expansions in ¢ have radius of convergence L, I and so the
expression

e -t ﬂ .~ y e 6
. s .= .~ ey aaBay ) )G DHP (i)Y (it)
FJ(9—|—10,1+11,a)+1a),t+1t).—;89 WorP@O, I; 1) 21Ty Ts! (3C.9)
J

is convergent on U?, where the index set is as in [Popov 2004b].

The remainder of the proof in [Popov 2004b] can be followed without change. As P is analytic in ¢,
we do not need to consider shrinking domains of analyticity as in the other variables.

The iterative scheme in [Popov 2004b, Section 3.3] can then be carried out, defining decreasing
sequences of our parameters s;, rj, hj, 1;, €;, 0, K; such that the hypotheses of Theorem 3.3 are always
satisfied, as well as decreasing sequences of the parameters u;, v;, w; such that the hypotheses of the
Proposition 3.4 are always satisfied. Due to the modifications made in Theorem 3.3 and Proposition 3.4
from their analogues in [Popov 2004b], all estimates are uniform in the analytic parameter ¢ € (—1, 1).

Writing U; = U jl N{lI| <rj}, where U jl is defined as in Proposition 3.4, and applying Proposition 3.4
to the terms P°, P! from (3B.14), we obtain sequences PJ.O, le of real-analytic functions in U jl that are
good approximations to P and P'.

Setting

PO, 1;w,1):= (PjO(I; w, ), 1)+ le @, I w,1), (3C.10)
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Proposition 3.4, together with the factors picked up during the Whitney extension of P, P! in (3C.2),
implies the estimates

[ Poly, < €o, (3C.11)
|P; — Pi—1lu; <€, (3C.12)

where ¢€; is a positive sequence rapidly converging to zero.
Defining the Hamiltonian

Hj0,I;w,1) = No(I; 0) + P (0, I; 0, 1) = (0, I) + P;(0, I; o, 1), (3C.13)

which is real-analytic in U}, one can now perform the KAM iterative scheme as in [Popov 2004b,
Proposition 3.5], using the key ingredient of Theorem 3.3. For j > 0 we denote by D; the class of
real-analytic diffeomorphisms from D; | X Ojy1 X (=1, 1) = D; x O; of the form

FO, I, t)=(P0, I;w,1),p(w; 1)) =UO; w,1), VO, I; 0, 1), p(w; 1)), (3C.14)

where @ is affine in / and canonical for fixed (w, t). The domains are defined in terms of the parameters
by D; = Dy, ,; and O; = Oy;.
Proposition 3.5. Suppose P; is real-analytic on U; for each j > 0 and that we have the estimates
[ Poly, < €o, (3C.15)
|Pj — Pi—1lu; <€ (3C.16)
foreach j > 1.

Then for each j > 0 we can find a real-analytic normal form N;(I; w,t) = ej(w,t) + (w, I) and a
real-analytic map F/ given by

fj+1 =Fpo-- -O.Fj : Dj+1 X Oj+1 X (=1,1) = (Dg x Op)NU;, (3C.17)

with the convention that the empty composition is the identity and where the F; € D; are such that

Hjo F/™ = Njj1+ Rjp1, (3C.18)
[Rj1lj+1 < €41, (3C.19)
— ) — — Ce;
W (F = id)ljs1, [W;(DF; 1W< =2, (3C.20)
c Finj
— . . E.
(Wo(F/ = F|j41 < j (3C.21)
J"

where the constants C depend only on n and p and Wj = diag(aj_lld, rj_lld, hj_lId).

To show that this iterative scheme converges in the Gevrey class G#° T TD+1Lp+D+L1 reqyires Gevrey
estimates for the §; := F J+1 _ Fi. To this end we introduce the domains

D;:={(,1) € D; : |Im()| <s;/2}, O;:={weC":dist(w, ) < h;/2}. (3C.22)
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For multi-indices o, 8 with |8| < m, we also introduce the following notation for the (m—|g|)-th Taylor
remainder in the frequency variable, centred at w:

REOGOESHO. 1, o 1) := 05008 — Y (0 — )7 953017 SI (0, 1w, 1)/y!. (3C.23)
e

We then have the following Gevrey estimates of [Popov 2004b, Lemma 3.6] uniformly in the #-parameter.

Lemma 3.6. We have
(W0 0587(0,0, w, 1) < eACIITIPIL PR IRl 10 g1o" 112 (3C.24)
orall (0,0; w,t) € 13-+1 X fOVv+1 x (=1, 1), where p' = p(t + 1)+ 1, and
J J

|Wo(R"358PS7)(6,0, ', 1)]

< gACm+\a|+1L|la\+(m+1)(r+1)+1 et
(m—1B]+ 1!

forall® € T", w, @' € Q, and |B| < m, where the constants A, C only depend onn, p, t, ¢.

_ /[m—lBl+1 ,
w=o| ! m+ DY E}? (3C.25)

We can now bound derivatives in ¢; we use the Cauchy estimate from Proposition C.1. This yields the
following corollary.

Corollary 3.7. We have
(Wodgdb9! S0, 0; . 1)] < ACIITIPHIILIHPIETDTL 1Bl 0 g1e"y ) 112 (3C.26)
forall (0,0;w,t) € 5j+1 X 5j+1 X (—%, %), where p' = p(t + 1)+ 1, and

|Wo(R"358P 87 S7)(0,0, 0, 1)]

< EACTHalHY I Ll Ot DD |
B (m —|B]+ D!

1 ym— 1
w—ao'|" Pt 12

al? m+ DV Yl E;>(3C.27)

forall e T", w,w' € Q. t € (—%, %) and |B| < m, where the constants A, C only depend onn, p, t, ¢.

From Proposition 3.5 and Corollary 3.7, the rapid decay of E; implies that the limit
820, HP (0, w; 1) := lim 37828} (F/(6,0; w,1) — (6,0, w)) (3C.28)
J—>00

exists for each (0; w, 1) € T" x Q, X (_43'1’ %), and each triple of multi-indices «, B, y. Convergence is
uniform, and the limit is smooth in 6 and ¢ and continuous in w, with dj o (HP) = 0y 8/ HP, justifying
the notation in (3C.28).

We now need to use the jet H = (9 82/7-[’3) of continuous functions T" x 2, x (—%, %) —>T"xDxQ
to obtain a Gevrey function on T" x € x (_43'1’ %) by using a Gevrey version of the Whitney extension
theorem. We define

(RO, H)p(0. o 1) := 5] HP (0. /. 1) — > (0 =)0 HPP (010, 1)/y!.  (3C.29)
[8|<m—|B|
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In this notation, the results of Corollary 3.7 yield

|Wodg 9! HP(0; w,1)| <AL (CL) (CLTH /i) /Plcy at? g1e' p1, (3C.30)

_ 1 lw—a/ |~ 1B ,
IWo(R"353) H)p(0, 0, 1)| <AL (CL)*\(CLTH /K)m“cymammﬂ)!p y! (3C.31)
for |B| <m,and (0, w, @', 1) € T" x Q, X Q¢ X (—%, %), where A and C depend only on n, p, t. These

estimates allow us to apply the following consequence of Theorem D.3.

Proposition 3.8. Suppose K C R" is compact, and 1 < p < p'. If the jet (f*P7) of functions f&P7
T" x K x (—%, %) — R is continuous on T" x K x (—%, %) and is smooth in (0,1) € T" x (—%, 43'1) for
each fixed w € K, where

0 0] (fuBy = parel By (3C.32)

and we have the estimates
| f2P7(0; w, 1) < ACI'CP Y ate g1e 1, (3C.33)
|(R 98] [)p(0, &, )] < Acialcgwlclgl |zum__“’|—x:ﬁll;l al? (m+ 117 y! (3C.34)

then there exist positive constants Ag, Co, dependent only on (n, p, T) (in particular, independent of the
set K) such that we can extend f to f € G**"1(T" x R" x (=3, 3)) such that agaﬁa}f = fobPe on

47
T" x K x (—%, %) and

108928) F(0, w)| < AgA max(Cy, YCHPFI et clbicirigie gie' 1 (3C.35)

The proof of Proposition 3.8 is identical to that in [Popov 2004b, Theorem 3.7], making use of
Theorem D.3 involving the parameter ¢. Having established Proposition 3.8, the proof of Theorem 3.2
can be completed as in [Popov 2004b, Section 3.5] without modification.

3D. Birkhoff normal form. We obtain a Birkhoff normal form for near-integrable Hamiltonians using
a version of the KAM theorem that is a consequence of Theorem 3.2. The Gevrey index p(t + 1) +1
frequently appears in these results, and so we introduce p’ := p(t + 1) + 1.

Theorem 3.9. Fix 0 < ¢ < 1 and let H(I; t) be a real-valued nondegenerate smooth family of Hamilto-
nians in G*1(D° x (=1, 1)) and let D be a subdomain with D C D°. We define Q@ = VH(D) and fix
Ly>Li>1andk < Lz_l_c such that Ly > Lo and 2, = . Then there exists N =N, p,t) ande >0
independent of k, L1, Ly and D C D° such that for any H € G’Z’l’?’le’Lz (T" x D x (—1, 1)) with norm

en =k |H—H1, 1,0, <€L]" (3D.1)
there exists a map
®=(U,V)e G |(T"xQx(-3,3),T" x D) (3D.2)
such that:

(i) For each w € 2, and each t € (_43_1’ 43_1)’ Ay = {®O; w, 1) : 0 € T"} is an embedded invariant
Lagrangian torus of H, and X g o 5( Lw,t) = DCTD( sw, t) - Ly,
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(ii) There exist constants A, C > 0 independent of k, L1, L, and D C D° such that
10282 (U (0; w, 1) —0)| + k13595 (V(0; w, 1) — Vg°(w))|
< ACCL)(CL™ /i)Platr g1 LY ?e}*  (3D.3)
uniformly in T" x Q x (—%, %)
The proof of Theorem 3.9 is identical to [Popov 2004b, Theorem 1.1], making use of Theorem 3.2.
We can now use Theorem 3.9 to obtain the Birkhoff normal form as done in [Popov 2004b].

Theorem 3.10. Suppose the assumptions of Theorem 3.9 hold. Then there exist N(n, p, t) > 0and e > 0
independent of k, L, Ly, D such that for any H € G’L)’l’j’le,Lz(T" x D x (—1, 1)) with

ey <eL N, (3D.4)

where ey is as in (3D.1), there is a family of G*-* maps w : D x (—% 1, 2) — Q and a family of maps
x € GPPF (T” x D x (—%, 1, 2), T x D) that are diffeomorphisms and exact symplectomorphisms
respectively for each fixed t € (—%, 1, 2). Moreover, we can choose the maps w and y such that family of
transformed Hamiltonians

H@O,I;t):=(Hox)®,I:1) (3D.5)

is of Gevrey class GPP"-F' (T” x D x (—%, 1, 2)) and can be decomposed as

K(;t)+R®,1:1):=H(©,1;:t)+(H®, ;1) — H(O, I; 1)) (3D.6)
such that:
(1) T" x {1} is an invariant Lagrangian torus ofﬁ( -,+3t) foreach I € E.(t) = wil(ﬁ,{; t) and each
te(-3.1,2).
(i) 8) (VK(I;1) —w(I;1)) =8V RO, I;1) =0 forall (0, 1;1) € T" x Ec(t) x (—1,1,2), BN~
(iii) There exist A, C > 0 independent of x, L1, Ly, and D C DY such that we have the estimates
1050702 (0. I; 1) +10) 9 (w(I: 1) = VHO (I3 )| + |85 8] (H (0, 15 1) — H(I: 1))

< AKcla|+|ﬂ|+|5|L|1“|(L¥+1/K)I/3|a!ﬂ ,3!'0/ s1e’ L?/Zf}f/z (3D.7)

uniformly in T" x D x (—%, 1, 2) for all o, B, where ¢ € Gp’pl’p,(T” x D x (—%, 1, 2)) is such that

0,1)+ ¢, I;1t) generates the symplectomorphism x in the sense of (3E.8).

Remark 3.11. For our purposes, high regularity in the ¢-parameter is not required, so we have dropped
from analyticity to G regularity in # at this point in order to simplify the proceeding arguments. We
expect that analyticity in # could be preserved by using a stronger variant of the Komatsu implicit function
theorem than Corollary A.5.

Proof. We begin by taking €, N as in Theorem 3.9 and noting that ey < eLfN -2 by assumption.
This implies that the factor (AC Ll)LiV/ Zﬁ occurring in the Gevrey estimate (3D.3) can be bounded
above by AC./e. Hence, taking € small enough that both the conclusion to Theorem 3.9 holds as
well as AC /e < %, we can first apply the Cauchy estimate from Proposition C.1 to (3D.3) in ¢, and
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then apply a variant of the Komatsu implicit function theorem, Corollary A.5, to obtain a solution
O(y;w,1): T" x Q2 x (—3, 1,2) — T" to the implicit equation

U@©;w,t)=1y. (3D.8)
Moreover, this solution satisfies the Gevrey estimate
1899592 (0(y: w, 1) — y)| < ACPHIBHRILI (L T4 /) Plre 11" LY fey (3D.9)

uniformly on T" x € x (—%, 1, 2).

Weset F(y; w,t) :=V(O(y;w,t); w,t). Interms of (y; w, t), the Lagrangian torus A, is now given
by (y, F(y;w,t):y € T") for each w € Q, and each t € (—% 1, 2). Moreover, Proposition A.7 on the
composition of Gevrey functions gives us the estimate

182959 (F(y: 0, 1) — Vg ()] < Ak ClHPFBILIEI LT+ i) Blg1e g1e" 517 LY feg. (3D.10)

We next construct functions yr € Gr-r' P (R” X 2 X (%, 1, 2)) and R € G#-*' (Q X (%, 1, 2)) such that the
function

Ox;w,t) =v(x;w,t) — (x, R(w, 1)) (3D.11)
is 2m-periodic in x and satisfies
Vi (x; w,t) = F(p(x), w, t) (3D.12)
in R" x €, x (1, 1,2), where p : R* — T" is the canonical projection, as well as the estimate

18Y950; Q(x; , )] +1859; (R(w, 1) — Vg* (@)
< AicClHBHBI LIl et ey Blg1e gie” 510" LY2 fer (3D.13)

for (x; w, 1) e R" x @ x (3, 1, 2).
We do this by first integrating the canonical 1-form I dx over the chain

¢y ={(sx, F(p(sx); w,1)):0<s <1} CR" x D. (3D.14)

We define |
&(x; w,t) = / o =/ (F(p(sx); w,t),x)ds (3D.15)

Cy 0

in R” x Q x (% 1,2). From the estimate (3D.10) it follows that V(x; o, 1) — (Vg2w), x) is bounded
above by the right-hand side of (3D.13) in [0, 47]" x Q x (3, 1,2). Hence if we define R;(w, ) =
Qm)~! 1}(27‘[61'; w, 1), then R — Vgo satisfies the required estimates in (3D.13).

Since for w € 2, we know that A, is a Lagrangian torus, it follows that the integral of the canonical
1-form over any closed chain in A, is homotopy invariant. This means that such an integral is a
homomorphism from the fundamental group of A, to R. Hence

V(x+2mm; 0, 1) — ¥ (x; 0, 1) = 2rm, R(w, 1)) (3D.16)
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and so the function
é(x;w,t):: 1/~/(x,w)—(x,R(a), 1)) (3D.17)

both satisfies the Gevrey estimate in (3D.13) and is 2w -periodic in x for (w, t) € €2, X (%, 1, 2).
To obtain the sought Q in (3D.11) from Q, we use an averaging trick. Choosing f € GZ(R”) for some
positive constant C such that f is supported in [7/2, 77/2]" and

> fat2mh) =1 (3D.18)
keZ"
for each x € R”, it then follows that
Ox;w,t) = Z f(x+2nk)§(x+2nk; w, 1) (3D.19)
keZ"

is 27 -periodic in x for every w € 2 and coincides with é for w € Q,. Moreover, Q satisfies the same
Gevrey estimate (3D.13) as Q. We define

Yx;w,t):=Q0(x; o, 1)+ (x, R(w, t)). (3D.20)

Note that by multiplying Q and R — Vg° by a cut-off function 4 € GZ//K which is equal to 1 in a
w-neighbourhood of 2, and vanishes for dist(w, R" \ 2) < «/2, where C > 0 is independent of Q2 C Q0
we can assume that ¥ (x; o, 1) = (x, V go(a))) for dist(w, R™\ 2) <« /2. This cutoff preserves the Gevrey
estimates on .

Now since e LY 2" < ¢, we have that k A(CL,)(CLT' /)L /e < AC%/€. By taking
€ sufficiently small we have that w — V, ¥ (x; w, t) is a diffeomorphism for any fixed x € R" from
the Gevrey estimate (3D.13). Hence we have a G” # foliation of T" x D by Lagrangian tori A, =
{(p(x), Vi (x, w)) : x € R"}, where w € 2.

In the sought coordinate change, the action / (w, t) of the Lagrangian torus A, will be given by R(w, t).
Hence from (3D.13) and Proposition A.4, it follows that for € sufficiently small, the map

(0,0~ (I(w,1),1) = (R(w, 1), 1) (3D.21)
is a G*"*'-diffeomorphism and we have the Gevrey estimate
1099 (I, 1) — VHO(I; 1) < AcClHIBI(LTH /iyl g1’ g1o" LV Jey (3D.22)

uniformly for (8, I,t) e T" x D x (%, 1, 2).
We construct the sought symplectomorphism y using the generating function ®(x, I; ), setting

P, ;) =y (x,wo;1);t) (3D.23)

and noting that we have the required 2m-periodicity of ¢ (x, I;t) := ®(x, I,t) — {x,I), and from
Proposition A.7, we also have the estimate

1898, 80 (O (x, I 1 — {x, )| < AcCleFPFRILIN (L T4 1) Blg1e g1e" 510" LY Jer. (3D.24)



148 SEAN GOMES

We can then apply Corollary A.5 to solve the implicit equation

Py, 1,t)=0 (3D.25)
for y with the estimate

1089702 (0, 1, 1) —0)] < A CleHIPHBI LI (Tt IBlg10 g1 510" LN Jey. (3D.26)

This completes the construction of a symplectomorphism y satisfying

x(0;PO,1,1),1)=(0,0P0,1,1)). (3D.27)
It follows that
@, FO;,w,t)=x0;D0, [ (w),1), (w) =xO, [(w),1) (3D.28)
for w € @, and so
Ao =1{x0,I(w),1):0 €T"} (3D.29)

for (w, 1) € Qe x (5, 1, 2).

We now set H, K, R as in the theorem statement in terms of the symplectomorphism y. Since H is
constant on A, for each w € Q,, it follows that R(-, I; t) is identically zero for each I = I (w) with
w € Q. Hence R is flat at I € E,(t), since each point in E,(¢) is of positive density in 7 (£2;).

Finally, the Gevrey estimate in (3D.7) for H 0,1,t)— H(l,1) follows from Proposition A.7. O

3E. Calculation of 3;K( (1, 0). A crucial ingredient in the proof of Theorem 1.1 is the calculation of the
derivative of quasieigenvalues in Proposition 2.5 in the semiclassical limit # — 0. From the truncated
quantum Birkhoff normal form in Theorem 4.1, this can be reduced to the study of the ¢-dependence of
the integrable term K (/; t) in the classical Birkhoff normal form established in Theorem 3.10.

We now consider a 1-parameter family of Hamiltonians H (6, I; t) satisfying the assumptions of
Theorem 1.1. We can write

H@O,I;1)=H(I)+ H' 0, I 1), (3E.1)
with
H(I):=H@®,I;0) (3E.2)
H'O,I;1):=1t3,H®, I 0)+/ (1—$)97H®,1;5)ds =13,H(®, 1;0)+ O (), (3E.3)
0

and we assume that H additionally satisfies the assumptions of Theorem 3.10 with this choice of H, H',
By applying two KAM stem iterations to H (6, I; t), we obtain a transformed completely integrable com-
ponent and reduce the order of magnitude of the 6-dependent remainder. An application of Theorem 3.10
to this transformed Hamiltonian produces a Birkhoff normal form, and (3D.7) yields an expression for
K (I;t) up to order o(t).

The KAM step iterations required differ from that in Theorem 3.3, in that they are not parametrised by
w € Q and instead take place in the action-angle space T" x D. Such a KAM step appears in the proof of
the KAM theorem found in [Gallavotti 1983]. We first describe the KAM step without the presence of
the parameter ¢ for simplicity. One begins with a perturbation

H®O,I)=H(H+H'©, (3E.4)
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of a completely integrable Hamiltonian H(I), and a fixed perturbation H'(6, I'), both analytic on the
complex domain
0 €2xC"\27R", |Im(9)| <s, (3E.5)

Re(I) € D, [Re(I)| <. (3E.6)

We assume that |H' |s.- = O(€) in the uniform sense.
By consideration of the linearised Hamilton—Jacobi equation, we choose a symplectic transformation
x : T" x D — T" x D with the aim to write

HO,I)=Hox)0,1)=H' )+ H'®, 1), (3E.7)

with H! = O (%) for some « > 1. Then we have transformed a sufficiently small perturbation of an
integrable Hamiltonian to an even smaller perturbation of a new integrable Hamiltonian, in a way we can
hope to iterate.

Obtaining the “new” error bound for H! necessarily requires a shrinking of the domains of analyticity,
through the use of Cauchy estimates to control derivatives. Moreover, there is a more subtle shrinking of
domain required in the /-variable, due to the infamous “small-divisor” problem. Specifically, x is found
using terms of the generating function

Hl I/ ik-6
o, 0)=i Y "(]—fek (3E.8)
keZm:0<|k|<M w(l’)-

where Hk1 denotes the k-th Fourier coefficient of H!, and w = V; H%(I); see [Gallavotti 1983, (2.10)].
The denominators in (3E.8) can generally be zero, and so one must restrict to values of I’ for which
we have a nonresonance condition

o) k> % (3E.9)

for all 0 < |k| < M, where C and M are chosen suitably. We also need to remove those actions I’ with
dist(1’, 92) < p so that the perturbed tori do not escape the coordinate patch; see [Gallavotti 1983, (3.12)]
for the choice of the constant p. This leads to the definition of the set

Dy ={I eD:dist(I,dD) > j and w(I) -k > C/|k|* for all 0 < |k| < M}. (3E.10)

For any I € D the expression (3E.8) is certainly defined, but as the domain might have rather rough
boundary, it is convenient to slightly enlarge D to the open set

Dy =) BU.5/2). (3E.11)
1 eﬁ.
Upon restricting to this action set for suitable C and M, the objective of (3E.7) can indeed be achieved,
and the “integrable part” of the new Hamiltonian can be written as

HUI) = HO(1)+(271)_”/ HY0,1)d6; (3E.12)
see [Gallavotti 1983, (3.38)]. The overall transformed Hamiltonian is then given by

H@O,)=H' (D +H@,1) (3E.13)
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in the domain T" x D;, with
IH'| = 0. (3E.14)

The classical KAM theorem is then proven in [Gallavotti 1983] by iterating this procedure, carefully
choosing the C, M, p and the analyticity parameters r, s so that the estimate (3E.14) is satisfied with
every step, ensuring convergence, and so that the limiting domain [ j Dj of nonresonant actions is of
large measure. A full discussion of this procedure can be found in [Gallavotti 1983].

We now return to our setting of the one-parameter family of Hamiltonians

H®,I;t)=H()+ H' O, I;1).
One iteration of the KAM step outlined above yields a family of symplectomorphisms

x1:T"x Dy —>T"xD (3BE.15)
parametrised by ¢ such that

HO,1;t)=Hox)®,1;t)=HI) +1- (27'[)_"/ &H®O,1;0)d0+H 0,1;1),  (3E.16)

n

where the second term comes from (3E.3) and the error term H Lo, I;1) = 0@13?). Regarding this
transformed Hamiltonian as a small perturbation of the integrable Hamiltonian

Ho(I; 1) = H(I) +¢ - (271)_"/ a,H(®,1;0)do, (3E.17)
'l]'ﬂ

we perform one more KAM iteration to obtain another family of symplectomorphisms

x2:T"x D3 — T" x D, (3E.18)
parametrised by ¢ such that
H@O, 1;0)=(Hox)®, ;1)

=H'()+1-Qm)™ | 8,H®H,1;0)d0+ 2n)™" ﬁl(é,l;t)dO—i—I-zI](@,I;t).
TV[ —W)l

Moreover, by taking our initial choice of nonresonance parameter C sufficiently small, we can ensure
that the action domain D3 contains a collection of nonresonant actions E, (¢), with

Vi (F(Ec(1)) = Q. (3E.19)

where
flo(l;z) :HO(I)+t-(2n)_”/ HY0,1)do+Q2rx)™ | H O,I;t) do. (3E.20)
n T}’l

We now summarise the preceding discussion.

Proposition 3.12. Suppose H (0, I;t) is a family of real-analytic perturbations of the completely inte-
grable nondegenerate Hamiltonian HO(I) in T" x D x (—1, 1) that has an analytic extension to

Ws.-(D):={0,1)eC"/2rZ) x C" : |Im(0)| < s, dist(I, D) < r}. (3E.21)
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Suppose further that the conditions

aH"
-7 <E, (3E.22)
aZHO -1
‘( Y ) <n, (3E.23)
9H! OH!
) < (3E.24)
ol 90

are satisfied.
Then for sufficiently small § > 0, there exists a subdomain D C D and a family of real-analytic
symplectic maps

x:T"x Dx(=8,8) —T"x D (3E.25)
that analytically extend to a new domain of holomorphy
Wi, . (D) (3E.26)
such that
(Hox)®,1:t)=HU; )+ H' 0, I;1), (3E.27)
with
3 H"(I;0) = (271)_”/ 9,H@®,1I;0)do (3E.28)
‘|]'n
and
\H'|,, .. = 0%, (3E.29)

with constant depending only on n and E. Moreover, this domain D contains a collection E.(t) of actions
such that
Vi(H)(Ec() = Q. (3E.30)

We can also generalise this result to the Gevrey setting.

Proposition 3.13. Suppose H (0, I;t) € G*P'(T" x D x (—1, 1) is a family of Hamiltonians satisfying the
assumptions of Theorem 3.10, where H°(I) :== H (9, I; 0) for fixed p > 1, and choose k > 0 small. Then
for sufficiently small |H 6, I;t) — HO(I)IILI,LZ,Lz, there exists a subdomain D C D and a G?P ' family
of symplectic maps

x:T"xDx(=1,1)>T"x D (3E.31)
such that
(Hox)O,I;1)=H(I; )+ H' 0, I; 1), (3E.32)
with
9, H(1;0) = 2n)™" | 8,H®,I;0)do (3E.33)
and ks
IH e, cLocr, = 0G°), (3E.34)

with constant independent of k and with C dependent only on n and p.
Moreover, the domain D contains E,.(t) = o (Qe: 1) = (Vi HO)™1(Q; ).
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Proof. This result is established via the approximation of Gevrey functions by real-analytic functions.
First, we define

H(I)=H(®,1;0), (3E.35)
t
HYO,1;)=H®,I;t)—H(®,1;0) =/ o,H@O,I;s)ds (3E.36)
0
and use Proposition 3.8 to boundedly extend H® and H! to the domain T x R" x (—1, 1), before cutting
off in / to a ball B with D C Bp_;. From the same methods used in the proof of Proposition 3.4, we
may then construct sequences of real-analytic functions P].O and le on shrinking j-dependent complex
domains U; containing T" x R" x (—1, 1) with a corresponding sequence u; — 0 such that
|Pf = Pfly,, < C(D% Ly, Ly) exp(—3(p — DQ2Luj) V)| HY, (3E.37)
08 (Pf — H*)(0. I: 1) < C(D°, Ly, Ly) exp(—3(p — (2L yuj)~ "7 D) (3E.38)
inT" x By x (—1, 1) for || < 1. These sequences ij are convergent in G*#*1(T" x R" x (—1, 1)), as is
shown in [Hou and Popov 2016, Proposition 2.2]. (This fact can be readily obtained by applying Cauchy
estimates to (3E.37).)

Now for each j € N, we can carry out the first KAM step for the real-analytic Hamiltonian P; = Pj0 + le
to obtain a real-analytic symplectic map

xj:T"xD; —T"xD (3E.39)

defined in shrinking holomorphy domains such that
(P)+Pyox)®.I: 1) = P°(I) +1- (271)_”/ %P0, 1;00d0 + P'(0. I; 1), (3E.40)
. Lo

with || le | = O(*?). Note that for an individual KAM step, the symplectic map x ; 1s defined using a
generating function ®; that is a weighted sum of finitely many Fourier components of P!; see (3E.8) and
[Gallavotti 1983, (3.14)]. This implies that as PJ.O + le — H'+ H"in GP»1(T" x D x (-1, 1)), the
generating functions ®; converge to some

@GPPI (T" x Dy x (—1, 1)) (3E.41)

in the G”*#! sense. From Corollary A.5, it follows that the corresponding symplectic maps x j converge
to some

x'e GPPHT" x Dy x (=1, 1)) (3E.42)

in the Gevrey sense.
Similarly, the symplectic maps x; that comprise a single KAM step for the Hamiltonians

(P)+ P)ox; (3E.43)
can also be seen to converge to some

x% e GPP N (T" x Dy, T" x Dy). (3E.44)
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It follows that the family of symplectic maps x; o x; whose existence is asserted by applying
Proposition 3.12 to PjO + le converge to some x := x ! o x? in the G*-*!-sense. Moreover, if we write

(PP +Phoyjof;=H(U;t)+H .15 1), (3E.45)

in the notation of Proposition 3.12, we have that H jk are convergent sequences in G**!, and so it follows
that their limits H°, H' satisfy

9H(1;0) = (27r)‘”/ aH®,1;0)do (3E.46)

and
1H ey crscn, = 0% (3E.47)
as required. U

Finally, we complete our computation of d; Ko(/; 0) for a given Hamiltonian H (6, I; t) satisfying the
conditions of Theorem 3.10 by applying Proposition 3.13 to H, prior to applying Theorem 4.1 to compute
the Birkhoff normal form of the transformed Hamiltonian H @,1;1).

By applying Proposition 3.13 to H (0, I;¢t) with ||H (9, I;t) — H(9, I; 0)| sufficiently small, we can
then apply Theorem 3.10 to the Hamiltonian

HO,I;t)=HU; )+ H' 6, I: 1), (3E.48)

with an improved error term.
Proposition 3.14. Suppose the assumptions of Theorem 3.9 hold for the Hamiltonian
H®,I;1)eG"" (T" x D x (-1, 1)). (3E.49)
Then there exist N (n, p, T) > 0 and € > 0 independent of L1, Ly, D such that for any
HeGy! , (T"x D x (—1,1)),
with
K NHO, 10 = HO, 101 10, =€ < L7 2, (3E.50)

there is a subdomain D C D containing E(0) and a family of Gr-r' maps o : D x (%, 1, 2) — Q
and a family of maps x € GP*-* (T" x D x (%, 1, 2), " x 5) that are diffeomorphisms and exact
symplectomorphisms respectively for each fixed t € (% 1, 2). Moreover, we can choose the maps w and x
such that family of transformed Hamiltonians

H@O,I;1):=(Hox)0,I:;1) (3E.51)
is of Gevrey class G- (TT" x D x (%, 1, 2)) and can be decomposed as

K(I;t)+RO,1:t):=H@O,I;t)+(H®,I;t)— H(O,I;1)) (3E.52)
such that:

(1) T" x {1} is an invariant Lagrangian torus of ﬁ( .,-1t) foreach I € E (1) = o™ (ﬁ,() and each
te(3.1,2).
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Gi) 3P (VK(U; 1) —w(;1) =8P RO, 1:1) =0 forall 0, I;1) € T" x E(t) x (3, 1,2), B e N™.

(iii) There exist A, C > 0 independent of «, L1, Ly, and D C DO such that we have the estimates

050f 9290, I: )] + 105 0 (@ (I 1) = VEO(L; )| + 19 0F 0D (0, 1; 1) — HO(1; 1)
< AClIHBIFBI LI (Tl Bl g1o 51" LY 111°/8 (3E.53)

uniformly in T" X D x (%, 1, 2) for all a, B, where ¢ € G"'/’,’p/(T” x D x (%, 1,2)) is such that
@,1)+ ¢(0, I;t) generates the symplectomorphisms x in the sense of (3E.8) and H°, H' are as
in Proposition 3.13.

(iv) K(;t)=Qn)™" | 9H@®,I;0)40(1) (3E.54)
—I]')l

uniformly in T" x D x (%, 1, 2).

Proof. The only new claim in this proposition is (3E.54), which follows from (3E.53) and the expression
(3E.33) for HC. Note that the exponent % in (3E.53) comes from (3E.34) and the square root in (3D.7). [

4. Quantum Birkhoff normal form

Through the work in Section 3, we have now established that the Birkhoff normal form construction
in [Popov 2004b] preserves smoothness in the ¢-parameter when applied to the Hamiltonian Py(x, &; t)
that is the principal symbol of the operator introduced in (1B.1). This regularity in ¢ propagates through
the quantum Birkhoff normal form construction in [Popov 2004a], which we discuss in this section.
The upshot of this regularity in ¢ is that the quasimodes constructed in [Popov 2004a, Section 2.4] can
be chosen to have associated quasieigenvalues varying smoothly in the parameter . We discuss these
quasimodes in Section 4C.

4A. Quantum Birkhoff normal form. In [Popov 2004a], a quantum Birkhoff normal form is constructed
for semiclassical pseudodifferential operators of the form (1B.1) after first obtaining a classical Birkhoff
normal form for the principal symbol of regularity G”*" as in Theorem 3.10. This normal form uses the
Gevrey symbol classes introduced in Section B and is stated in Theorem 4.1. We remark that the proof is
presented in [Popov 2004a] for differential operators, but can be carried out without change if the Py, is a
pseudodifferential operator.

We denote by x; the symplectomorphism that transforms the completely integrable Hamiltonian
P(x, &; 0) into action-angle coordinates H = P o (x;) and we denote by xo(¢) the symplectomorphism
that transforms the perturbed Hamiltonian H (6, I; ¢) into Birkhoff normal form, as constructed in
Theorem 3.10. For the purpose of stating the quantum Birkhoff normal form for P}, (¢), the Maslov class
of the KAM tori A, : w € .} (as defined in Section 3.4 of [Duistermaat 1996]) can be identified with
elements of © € H'(T"; Z) via the family of symplectomorphisms xo(¢)o x; : T" x D — T*M. Following
[Popov 2000b; Colin de Verdiere 1977], we can then associate a smooth line bundle £ over T" with the
class ¢ such that smooth sections f € C*°(T", £) can be canonically identified with smooth functions
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f € C®(R", C) satisfying the quasiperiodicity condition
i

R p>)f(x> (4A.1)

fx+2mp) = eXp(

for all p € 7".

The quantum Birkhoff normal form in [Popov 2004a] is far sharper than is necessary for the purposes
of this paper, with remainders of order O(e_"h_l/v). We require only the following truncated version,
with error terms of order O (h?*!) for some fixed y > 0.

Theorem 4.1. Suppose Py (t) is as in (1B.1). Then for each fixed t there exists a uniformly bounded family

of semiclassical Fourier integral operators
Up(r) : LX(T"; L) —> L2 (M), 0<h <hy, (4A.2)

that are associated with the canonical relation graph of the Birkhoff normal form transformation x (t)

such that we have

(1) Up(t)*Uy(¢t) —1d is a pseudodifferential operator with symbol in the Gevrey class S¢(T" x D) which
restricts to an element of h? T'S,(T" x Y) for some subdomain Y of D that contains E, (1),

(i) Pp(t) o Up(t) — Uy(t) o P,?(t) =Ry (t) € h? 1S, where the operator P,?(t) has symbol

PO, 1;t,h)=K°U:t,h)+ RO, I;:t,h) = Z K;j(I; Oh' + Z R0, I; )WY, (4A.3)

=y iy
with both K° and R° in the symbol class S¢(T" x D) from Definition B.5 where n > 0 is a constant,
Ko(I; 1), Ry(0, I;t) are the components of the Birkhoff normal form of the Hamiltonian Py o x| as

constructed in Theorem 3.10, and
0 R;j(0,1;1)=0 (4A.4)

for (0, 1;1) e T" X E(t) x (=1, 1). Moreover, the symbols K, R; in (4A.3) are smooth in the parameter t.

Our statement of Theorem 4.1 differs from [Popov 2004a, Theorem 2.1] only in the presence of the
parameter ¢, the smoothness of the symbols K;, R; in ¢, and the truncation to fixed finite order Oh'Th.
We sketch the details of the proof of Theorem 4.1 in this section, following the argument of [Popov 2004a].

The construction of Uy (¢) can be broken into multiple steps. We begin by constructing a family of
semiclassical Fourier integral operators Ty (¢) that conjugate P, (¢) to a family of semiclassical pseudodif-
ferential operators Ph1 (t) : C°°(T"; L) with principal symbol equal to Ko(1; t) + Ro(0, I; t), the Birkhoff
normal form of H, and with vanishing subprincipal symbol. The conjugating semiclassical Fourier integral
operators arise by quantising the G* symplectomorphisms

x1:T"xD—T"M, (4A.5)
x0:T"xD—T"xD (4A.6)
that transform the unperturbed Hamiltonian P (x, &; 0) to action-angle variables and transform the per-

turbed Hamiltonian to Birkhoff normal form respectively, and composing these two operators. Full details
for this construction can be found in [Popov 2000b, Section 2].
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From the regularity of the symplectomorphisms, it follows that there exists a semiclassical expansion
for P} (¢) with symbols smooth in 7.

The symbol of the operator Ph1 (t) satisfies the property (4A.3) to O(h?), and to improve this, we
replace the conjugating Fourier integral operator 7} with 7, A;, for a suitable elliptic pseudodifferential
operator A, whose symbol is determined iteratively on the family of Cantor-like sets

{0, ;1) eT" xR" x (—=1,1): I € E((1)}

by solving equations of the form
(VKo, 99) f(0,151) =80, I 1), (4A.7)

referred to in the literature as homological equations. In this manner the “flatness condition” of (4A.4) is
obtained for j > 0, where the j = 0 statement is established by Theorem 3.10. We outline this procedure
in Section 4B.

The key fact is that the homological equation can be solved smoothly in the parameter ¢, which is the
content of Theorem 4.3. One can then apply Theorem 4.3 as in [Popov 2004a, Section 2.3] to complete
the construction of the quantum Birkhoff normal form, with the additional consequence of smoothness of
symbols K;, R;.

4B. Construction of the quantum Birkhoff normal form. After conjugating P, (¢) by semiclassical
Fourier integral operators as described in the previous section, we obtain a family of self-adjoint semiclas-
sical operators Ph] () with symbol p € S;(T" x D) satisfying the flatness condition (4A.4) to order h?,
where £ = (p, p/, p+p’ — 1). That is to say, the formal summation of 5,

o0
> 6. Ik, (4B.1)
Jj=0
satisfies
po@, I;t) = Ko(I;: 1)+ Ro(6, I; 1), (4B.2)
p10,I;1)=0. (4B.3)

The next step of the proof of Theorem 4.1 is the improvement of the order of the flatness condition by
composition with a suitable elliptic semiclassical pseudodifferential operator

Ap(t)=1d4+ 0h)
with symbol
o0
a0.I;t)=>_a;0. I; t)h’. (4B.4)
j=1
To motivate the method, we suppose that a quantum Birkhoff normal form P;? exists in the sense of
Theorem 4.1. Our current operator Py is equal to P,? up to order 42 by construction. Hence, we have

T, (1) A (1) Py (£) = Ty, (t) B (t) Ap () + Ty (1) [An (1), Py(1)]

| 5 ~ (4B.5)
= P, ()T () Ap(t) + h°T (1) B()A(t) + Th(D)[An(2), Pr(1)]
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for some semiclassical pseudodifferential operator By (¢) in the symbol class S;(T" x D). From composi-
tion formulae, the symbol of the commutator is equal to

— (9§ a10f po)h* = —Loraar, (4B.6)

where L, = (w, dg)ai (0, I; t). Thus to improve the order of the flatness condition, it suffices to choose
ay solving the homological equation
Lo1;nar = by, (4B.7)

where by denotes the principal symbol of B (¢). Indeed, if (4B.7) is solvable, then we have
Th (1) Ap () Py(t) = Py Th (1) Ap (1) + O (). (4B.8)

Extending this idea, it was shown in [Popov 2000b] that we can choose higher-order terms of the symbol a
in an iterative fashion by the solution of such a homological equation for each power of & that we gain.
The consequence is the following result.

Proposition 4.2. There exist a, K 0 r e S(T" x D), where £ = (p, i, v), such that

[e.0]
a@.I;t,h)~ > a;(0. I; t)h/, (4B.9)
j=0
o0
KO t.h) ~ > Kj(I:)h!, (4B.10)
j=0
o0
r@. 1t )~ @, 1 OhY, (4B.11)
j=0
where ag =1, ro = Ry, K1 =0, and
poa—aoK’~r, (4B.12)

where each rj (0, I;t) is flat in I on T" x E,.(1).

The symbol K in the statement of theorem corresponds to the sought symbol K° in Theorem 4.1,
while the symbol R is then constructed by solving a o R = r, which is possible by ellipticity.

The completion of the proof of Theorem 4.1 after establishing Proposition 4.2 is contained in [Popov
2000b, Section 3]. For our additional requirement of smoothness in ¢ in Theorem 4.1, it thus suffices to
verify that the homological equation can be solved smoothly in the parameter 7. In particular, we require
the following.

Theorem 4.3. Suppose f(-,-;t) € GP*(T" x D) satisfies the estimate
19507 £(0, I; D] < doC* ™ PIT (plar| + Bl + ) (4B.13)

uniformly in the smooth parameter t € (—1, 1) for some q > 0 and some C > 1 and that for each I € D,
we have

f©6,1;1)d6 =0. (4B.14)
T
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Then for any smooth family w(-;t) € G’L)/O(D, Q) there is a solution u( -, -;t) € GP*(T" x D) to the
equation
Lou®,1;t)=f©,1;1), (0,1)eT" x Ec(1), (4B.15)

u(,1;t)=0, leD, (4B.16)
where L, = (w(I; t), d/30). Moreover, u is smooth in the parameter t and satisfies the estimate
1090°u(0, I; 1)] < AdoC"™HFHBHID (o] 4+ | Bl + p(n 47 + 1) +q), (4B.17)

where A depends only onn, p, T and |L.

This theorem statement differs from [Popov 2004a, Proposition 2.3] only in the presence of the smooth
parameter ¢, and indeed an identical proof based on taking the Fourier expansion

u®,1;1) = Z ey (I 1) (4B.18)
keZz"

and solving for u; can be pursued. The rapid decay of Fourier coefficients established in [Popov 2004a]
implies that the limit u (0, I; t) is smooth in ¢ as required. The proof is then identical to that in [Popov
2004a], with the uniformity in (4B.17) following from the uniformity in (4B.13).

4C. Quasimode construction. We now briefly outline how the construction of Gevrey class quasimodes
for Py, (¢) follow from the quantum Birkhoff normal form Theorem 4.1. These quasimodes microlocalise
onto a family of nonresonant tori and moreover have quasieigenvalues that are smooth in the parameter
te(—1,1).

Definition 4.4. An O (h?*1) family of G” quasimodes Q(t) for Pj(¢) is a family
{(n (x5, h), (2, h)) :m € My(1)} CC*(M x Dy(m)) x C>(Dp(m)) (“C.D)
parametrised by & € (0, ho], where

e My(t) C Z" is an h-dependent finite index set,

e Dpy(m) ={te(—1,1):me M;()},

e each v, (-;t, h) is uniformly of class G”,

o |Ph(t)Um (-5t h) — o (t; )V (-5 t, )| 2 = O WY T for all m € My, (1),

o [(Vn(-it,h), v(-5t, h)) — 8| = OhYTY) for all m, 1 € My, (2).
Theorem 4.5. Suppose now that t € (—1, 1) is fixed and S C E,(t) is a closed collection of nonresonant
actions. For an arbitrary constant L > 1, we define the index set

My = {m € 7" : dist(S, h(m + 9 /4)) < Lh), (4C.2)

where v € 7" is the Maslov class of any Lagrangian tori {x (T" x {I})} with I € S. Note that this class is
independent of the choice of torus by the local constancy of the Maslov class.
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Then
[ (x5 2, 1), o (5 1)) € My ()} == (Un(t)em, KO(h(m +0/4); t, h) (4C.3)

defines a G” family of quasimodes for Py (t) that has Gevrey microsupport on the family of tori

As=JAwuy=Jx@ xtuh cT*m. (4C.4)
IeS IeS

where {e,}mezn is the orthonormal basis of L>(T"; ) associated to the quasiperiodic functions
em(x) :=exp(i{m+v/4, x)). 4C.5)
Proof. From the definition of the functions e,,, it follows that
Py (1) (en)(6) = 0 (P (1))(6, h(m +9/4))en (6)
= (K(h(m +0/4); t, h) + R0, h(m + 9 /4): 1, h))e,, (9)
= (Am(t; ) + R%0, h(m +9/4))e, (0). (4C.6)

From the definition (4C.2) of the index set M}, (¢) and from A.2, it thus follows that
Pu(@)(Un()en) = Un(t) P (t)em = O (h7 ) (4C.7)

upon an application of Theorem 4.1. The almost-orthogonality of the Uy (¢)e,, then follows from the fact
that Uj, (¢) is almost unitary by Theorem 4.1, and that the ¢,, are exactly orthogonal by construction. [

These quasimodes are as numerous as we could hope for; indeed the index set M, (¢) satisfies the
local Weyl asymptotic

%in})(ZJTh)” #Mp =m(T" x 8S) = u(As), (4C.8)

where m denotes the (2n)-dimensional Lebesgue measure and p denotes the symplectic measure d§ dx.
To see this, we can denote by U the union of n-cubes centred at the lattice points in M, with side length 4.
The containment

ScUc{I:dist(,S) < Lh)} (4C.9)
for a constant L then yields the claim by monotone convergence of measures, noting that since S is closed
we have

S=8={I:dist(l, S) < Lh}. (4C.10)
h>0

In the special case of § = {I}, we have a family of G quasimodes with microsupport on an individual
torus x (T" x {I}).
Appendix A: Anisotropic Gevrey classes

In this appendix, we define the Gevrey function spaces used throughout the paper and collect several of
their properties from the appendix of [Popov 2004b].
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Definition A.1. For p > 1 and X C R" open, the Gevrey class of order p is given by

G7(X):={f €C®(X) :supsup |32 £ (x)| L™l ™" < o0}. (A.1)
a xeX
If f € G (X), the supremum in (A.1) is denoted by || f1.. We will frequently suppress the L in our
notation. Equipped with this norm, Gﬁ (X) is a Banach space. Gevrey regularity is generally weaker the
real-analyticity (they coincide when p = 1 as can be seen by using the Cauchy—Hadamard theorem to
characterise analytic functions by the growth of their Taylor coefficients) and importantly, there exist
bump functions in the Gevrey class for p > 1.
An important property of the Gevrey class that follows from Taylor’s theorem is that if a Gevrey
function has vanishing derivatives, then locally it is superexponentially small.

Proposition A.2. Suppose f € G (X), and p > 1. Then there exist positive constants c, C, n and ry only
dependent on the Gevrey constant L, the norm || f||L, and the set X such that

foo+r =" Y falxo)r®+R(x, 1), (A2)

ol <nlr (/=)
where f, = (0% f)/a! and

1/(p—1)

18P R(xo, )| < C1TIPIg1P g=clrl” for all 0 < |r| < min(rg, d(xg, R" \ X)). (A.3)

We also need to consider anisotropic Gevrey classes, which are classes of Gevrey functions with
differing regularity in individual variables.

Definition A.3. Suppose X and Y are open subsets of Euclidean spaces. Suppose that p;, po > 1 and
L], L2 > 0. Then

GP (X xY)={feC®XxY): sup [9208 FIL, Ly Plat=r1 g1 < oo}, (A4)
’ (x,y)eXXY

If f € G7""}, then we denote the supremum in (A.4) by || f1|z,.z,. Equipped with this norm, G7'/7,
is a Banach space. This definition extends in the natural way to k > 3 variables. Furthermore, some of
these variables might lie in complex domains.

In anisotropic Gevrey classes, one has the following implicit function theorem due to Komatsu.

Proposition A.4. Suppose that F € GZ’I?,LZ(X x QO R™), where X C R", Q° C R™ and
Li|F(x,0) = xllz, L, < 3.
Then there exists a local solution x = g(y, w) to the implicit equation
Fx,w)=1y (A.5)

defined in a domain Y x Q. Moreover, there exist constants A, C dependent only on p, p', n, m such that
g€ GLL 1 (¥ x @, X), with llgllcr, L, < AlF 1.1,

A consequence of this theorem is established in [Popov 2004b].
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Corollary A.5. Suppose F e Gi’ll,iz (T" x Q, T"), where Q¥ C R™ and Ly ||F (0, @) — 01,1, < 3. Then
there exists a local solution x = g(y, w) to the implicit equation

Fx,w)=y (A.6)

defined on T" x Q. Moreover, there exist positive constants A, C dependent only on p, p’, n, m such that
p.p .
g€ GLY o (T x Q) with ligllcr, cr, < AN, 1o

Finally, we have two results on the composition of functions of Gevrey regularity, which can also be
found in [Popov 2004b].

Proposition A.6. Ler X C R", Y C R™, and Q C R¥ be open sets. Suppose g € Gp (2, Y), with
Igllz, = A1, and f € G‘;‘z (X x Y), with || f||p., = Aa. Then the composition F(x, ) := f(x, g(w))
is in G%/I)‘(X X ), where

L =217 max(1, A|L»),
with | = max(k, m, n). Moreover we have the Gevrey norm estimate
|FligL < As.

Proposition A.7. Let X C R", Y € R™, and Q C R* be open sets. Suppose g € G L (X X Q,Y) with
lgllp,.L,=A1and f € G‘;szz(Y X ). Then the composition

Fx,0):= fg, w), w)
is in G’;"’Z (X x ), where
B = 4'(41)? B; max(1 + A By),

L=L,+4'@H"L, max(1, A; By),

with | = max(k, m, n). Moreover we have the Gevrey norm estimate

| Fllp 1L < A>.

Appendix B: Gevrey class symbols

In this appendix, we introduce the class of Gevrey symbols used throughout this paper. We suppose D is
a bounded domain in R”, and take X = T" or a bounded domain in R™. We fix the parameters o, u > 1
and o > o + u — 1, and denote the triple (o, u, 0) by £.

Definition B.1. A formal Gevrey symbol on X x D is a formal sum
o
> pi0. D', (B.1)
j=0

where the p; € C5°(X x D) are all supported in a fixed compact set and there exists a C > 0 such that

sup |95 95 p; (@, 1) < CTHHPIHTg17 gyt e, (B.2)
XxD
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Definition B.2. A realisation of the formal symbol (B.1) is a function p(8, I; h) € C;°(X x D) for
0 < h < hg, with

sup < pNHICNTH B2 g1o gt (N )12, (B.3)

X xDx(0,ho]

N
eh <p(9, I;h)y =Y p;®, I)hf)

j=0

Lemma B.3. Given a formal symbol (B.1), one choice of realisation is

p®O. I;hy:==Y_ pj@ Dh, (B4)
j<eh~l/e

where € depends only on n and C\.

Definition B.4. We define the residual class of symbols S, as the collection of realisations of the zero
formal symbol.

Definition B.5. We write f ~ g if f — g € S, ™. It then follows that any two realisations of the same
formal symbol are ~-equivalent. We denote the set of equivalence classes by S¢(X x D).

We now discuss the class of pseudodifferential operators corresponding to these symbols.

Definition B.6. To each symbol p € S¢(X x D), we associate a semiclassical pseudodifferential operator
defined by

@y [ e g ) d dy (B.5)
X xRr
for u € C3°(X).
The above construction is well-defined modulo exp(—chil/ ¢),asforany pe S, (X x D) we have
IPaull = Op2(exp(—ch™"/9)) (B.6)
for some constant ¢ > 0.

Remark B.7. The exponential decay of residual symbols is a key gain that comes from working in a
Gevrey symbol class.

The operations of symbol composition and conjugation then correspond to composing operators and
taking adjoints respectively. Moreover, if p € S(s,5,26—1), then G?-smooth changes of variable preserve
the symbol class of p. This coordinate invariance allows us to extend the Gevrey pseudodifferential
calculus to compact Gevrey manifolds.

Appendix C: Estimates for analytic functions

In this appendix we prove several elementary but important estimates for analytic functions.

Proposition C.1. Suppose ﬁj C C are open sets and Q2j C ﬁj are such that dist(£2;, C \ ﬁj) > rj. Define

n n
Q=[] ad Q=]]%. (C.1)
j=1 j=1
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If the analytic function f : Q — C satisfies

[flle=A<o0 (C2)
then we have
107 flle < Ar “a! (C.3)

for each multi-index a.

Proof. For z € €2, the Cauchy integral formula implies

1
f(Z) = . ff % .. f f(w) dwidwy -+ dw,, (C4)
Q)" Jopirr JoBeary  JoBn) W2
which yields
a! f(w)
9 f(2) = - yg % % ————dw;dw; - dw (C.5)
’ Qri)" Jaerry Joberrn  Joseyny w—2)F !

upon repeated differentiation, where 1 denotes the multi-index (1, 1, ..., 1). Hence
107 flle < Ar“a! (C.6)
as required. U

We also have an implicit function theorem for real-analytic functions. Defining
Oy ={weC":dist(w, Q) < h}, (C.7
where distances in C" are taken with the sup-norm, we have the following.

Proposition C.2. Suppose f : Oy x (—1, 1) — C" is real-analytic, and we have the estimate

| fln < o0. (C.8)
Then, for any 0 < v < % such that
| f —1d[p < vh, (C.9)

the function has a real-analytic inverse g : O 2—3v)n X (=1, 1) = O —_4v)n that satisfies the estimate
max(|lg —1id|q/2-3vn, 3vh| D —1d|(1/2-30)n) < | f —1id|s (C.10)

uniformly int € (—1, 1). The norm | - |, denotes the sup-norm over Oy, and the matrix norm in (C.10) is
the norm induced by equipping C" with the sup-norm.

Proposition C.2 can be proven in the same way as in Lemma 3.4 of [Popov 2004b]. The only difference
is that we need to work on domains of the form O, x BF, and invert maps of the form

flo, 1) :=(f(w,1),1) (C.11)

for given f satisfying the assumptions of the proposition uniformly in ¢.
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Appendix D: Whitney extension theorem

In this appendix, we prove a version of the Whitney extension theorem for anisotropic Gevrey classes.
The proof is adapted from [Bruna 1980] in the non-anisotropic case.

Definition D.1.

aqbB
( |(8x 8y f)(x’,z)” ) < oo for some Lj >O}, (Dl)

C°°~(XxY)—{f€COO(XXY R)y: sup sup| — g
Ly Ly Mo Mg

(x,y)eXxY a,B

where X, Y are open sets in Euclidean spaces of possibly differing dimension, ¢, 8 are multi-indices of
the appropriate dimension, and M and M are positive sequences satisfying

(1) Mo=1,

(2) M} < My_1 My,

(3) My < AKM;M;._;,

@) Mg, < A'MH,

(5) Mj41/(kMy) is increasing,

(6) Zkzo My /M1 < ApM,/M 4 for p >0,
where A > 0 is a positive constant.

In the Gevrey case of interest to us, My = k!”!, Mk = k!”2. For fixed L; > 0, the supremum in (D.1)
defines a norm which equips a subspace of C°° (X x Y) with a Banach space structure. The space
C°° . (X x Y) is then the inductive limit of these spaces as L = L, = L, — oo, which identifies it a Silva

space
Forf€C°° (X xY),and z=(z1,22) € X x Y, x € X we define
0y f)(x, 22)
(TP @)= Y === =2, (D.2)
la|<m

(RY )(@) = f(@) = (I\" ) (@). (D.3)
To slightly generalise this notation, for a jet f# of continuous functions, we write

(RY fap(2) = f*P (@) = (T f*F) (). (D4)

We can now pose the question:

Given a compact set K C X, under what conditions is it true that an arbitrary continuous jet
(f*B): K xY — Ris the jet of a function f € C;;M(X x Y)?

We assume without loss of generality here that the set X is a full Euclidean space R?, rather than
just an open subset thereof. This question is the anisotropic non-quasianalytic analogue of Whitney’s
extension theorem from classical analysis, which deals with the C* case.

We begin by finding necessary conditions for the existence of such an extension, before proving that
these conditions are indeed sufficient.
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Proposition D.2. Suppose f € Cy oo 7 X xY) with Gevrey constants Ly, Ly. Then there exists a constant A
dependent only on the a’zmenszons of X, Y and on M, M such that the jet f4P = 8( A f satisfies

£4P) < ALYILY Mg Mg, (D.5)
|Z1 _x|n+1

|(RY k()] < AI:'f+1Mn+1L|2”1‘71\1|W (D.6)

for all nonnegative integers m, n and all multi-indices |k| <m, |l| <n, where I:1 = CL with C dependent
only on the dimension of X.

Proof. The first estimate (D.5) follows immediately from the definition of C°° (X xY). We prove the
second claim (D.6) by making use of the estimate (D.5) on the jet f*# = 8“8[3 f and Taylor expansion:

RYf(2)= Z

la|=n+1

+‘1(Z1 —x)“/ (1 —t)”f“’o(x—l-t(zl —Xx),zp)dt
0

a.0 (Zl _x)a
<(sup sup [f*°@) D |+
le|=n+1zeXxY - o!
Cn+1|Zl _xln-i-l
<( sup sup [f*°() : (D.7)
(|a|:n+l 7€XxY ) (n+1)!
Hence 1
(R f) ¢ pn—lkl = ntl Wz —x|'t
ki@ =1(RT )@ < ALY M4 L, M|1|—(n T (D.8)
as required. 0

Subsequently, for simplicity of notation, we omit the tilde in L with the understanding that we are
allowed to absorb constants that are dependent only on the dimensions of X, Y and on the sequences M, M.

Theorem D.3. Suppose (f*F): K x Y — R s a jet of continuous functions smooth in y that satisfies
Y (fFy = frty, (D.9)

as well as the conditions (D.5) and (D.6) on K x Y. Then there exists a function f € C;’/[" M(X x Y) such
that 3% f = £*P on K x Y.

Moreover, there exist constants Cy, Cy dependent only on the dimensions of X and Y and the weight
sequences My, My such that

| fllciL,,L, < CoA. (D.10)

Before proving Theorem D.3, we need to collect some lemmas, the proofs of which can be found in
[Bruna 1980].

Proposition D.4. Suppose K C R is compact. Then there exists a collection of closed cubes {Q i}jeN
with sides parallel to the axes such that:

(i) R\K =J; Q).
(i) int(Q;) are disjoint.
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(iii) §; :=diam(Q;) <d; :=d(Q;, K) < 44;.

@iv) For0 < A < 4—1‘, we have d(z, K) ~ §; forz € Q;‘ =1+1)0;.

(v) Each Qf intersects at most D = (12)%@ cubes Q;-k.

(vi) 6; ~§; ifQ;“ﬂQ;‘ # .

Proposition D.5. For each n > 0, there exists a family of functions ¢; € CZT,IO(Rd) such that:
1) 0=<¢i

(i) supp(¢:) C Q7.

(i) Y, ¢i(z) = 1 for z e RY.

@iv) [0%¢p;(2)| < Ah(Bnd(z, K))n""'Mm forz € QF, where A, B > 0 are constants and

|

lkMk )

h(t) :=sup (D.11)
k

Proposition D.6. Suppose T € L(E, F) is a continuous linear surjection between Silva spaces. Then for

any bounded set B C F, there exists a bounded set C C E with T(C) = B.

We also require an anisotropic version of Carleman’s theorem, which is the special case of Theorem D.3
with K = {0}, and the Gevrey analogue of Borel’s theorem from classical analysis.

Proposition D.7. Let (g4)yene be a multisequence of functions in Cj%lo(Y ) such that

19}80 ()] < KL LY Mig My, (D.12)
for some constant K > 0.
Then there exists a function f € C;IO’M(X x Y) such that g,(y) = 07 (0, y) forall y € Y. Moreover,
| fllce,.., < AK for some constants A, C > 0 independent of f, L1, and L,.

Proof. We adapt the solution of [Petzsche 1988] of the classical Carleman problem to this setting. Key is
that the assumptions on M imply that the hypotheses of [Petzsche 1988] are satisfied. Hence as in the
proof of [Petzsche 1988, Theorem 2.1(ai)], we can construct compactly supported x,(x) € C,?,,Op (R) for
each nonnegative integer p such that

x50 (0) = 8(k, p) (D.13)
and
1 [Ae\’

IxpllLra-1y < E(f) (D.14)

for some dimensional constant A and any L > 0. Hence we can define

d
Ko () = [ | oy () (D.15)
j=1

for & € N? which satisfies
xP0) =8B, o). (D.16)
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Moreover, we have the estimate

d
<ﬂ)|—1‘[|x¢|s]‘[
j=I

(Aec(d, M)

L (4N Lava—yium
Mo, \ L &

IA

L
By taking L =2CL| =2Aec(d, M)L, we can estimate

e
) ol L2+ AP, (D.17)

|850% (Xa () 8 ()] < K(C/L)™ M| (L2 + A~ M My (LY LY My )
<k-27™M@cLi@+ A" Y)KLY My My, (D.18)

where A, C, and K are constants independent of f, L, and L.
Hence we have that || xo (X)ge (V) ll2cz,244-1),0, < K - 2-lel Tt follows that

FE) =) Xa(X)gal(y) (D.19)
aeNd
converges in the C;; M(X x Y) sense, and satisfies 9y f (0, y) = g« (y) as required. Il

Equipped with these tools, we are ready to prove Theorem D.3.

Proof of Theorem D.3. We begin by estimating the difference in Taylor expansions about different points
in K. Using the identity

(TR — (T) H) = > M(R"f)a 0(x, 22), (D.20)
we can estimate =
T H@— (T HN = Y. k %(R;fm,z(x) (D.21)
using the assumed estimate (D.6) for (R}™" f)i.. 'Il‘h|1; ;ellds
T 1)) — (77 P = ALy L4107y LTSV g )

(n— k| + 1)!
We now invoke Proposition D.7. For x € X consider the map T : C;IO, (X xY) — G, given by
(Te Ha(y) := %%, y), where the space G, consists of all multisequences of analytic functions
fo i Y — R satisfying | f,| < ALH“'L'ZﬂIM|a|A7|ﬂ‘ for some A > 0. From the assumed estimate (D.5)
on %P Proposition D.7 applies, and for each x € K we can find a function f, € C;’;’ (X x Y) such that
02 frx, z2) = f*P(x, 22) (D.23)

for each «, B. Moreover, the conclusion of Proposition D.7 implies that there exist constants B = CpA,
=C|L;, K = Ly > 0 such that the estimate

10%7 £ (2)] < BKI" K M Mg (D.24)

holds uniformly, where the C; depend only on the dimensions of X and Y and the weight sequences My, M.
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Hence we can bound

Z X < Jx X < X k,l < '2
us g C same :le: Ll]atl:ll as i I I :p:SItl:Il [ '2' S :ttzlln

105! (fe2) = (TP @) = I(R" f )i (2]

< ACLLY™ My L3, 2= (D.26)

(n—lk|+1!"
The upshot of this estimate is that we can replace 7\ f and T} f in (D.22) with f, and f respectively.
That is, we have

, (21 = x| + ]z =y K
9@ = S = ACLY™ My LYy == oS (027)

We now fix k, [ and vary n > k in order to optimise the upper bound (D.27). By defining the quantity

|

h(t) = D.28
(1) iggtkﬂlk (D.28)

as in [Bruna 1980] we obtain
195 (f2(2) = fy@)] < AC LYY My Ly Myh((C1L1) (21 = x| + 21 = y) ™ (D.29)

by using property (3) following (D.1).

The next step in the construction is to use Proposition D.5 to piece together the functions f, using
a Cy; partition of unity subordinate to the cover arising from the decomposition of X \ K by cubes in
Proposition D.4. Taking the collection {Q;};en of cubes in X = R? constructed by Proposition D.4, we
choose x; € K such that d(x;, Q;) =d(Q;, K). Note that the conclusion of Proposition D.4 implies that

|z —xj| ~d(z, K) (D.30)
forall z € Q;.k. Now taking ¢; as in Proposition D.5, we define

f @) if z1 € K,

D.31
Y0z fy(x) ifz e X\ K. (D.31)

f&%={

Note that since the partition of unity {¢;} is locally finite, the function f (z) is smooth in (X \ K) x Y.
It remains to check that f is smooth elsewhere, and moreover that f € C;IO 7 (X xY). To this end, for
x € K and z; € X \ K, we estimate

090 (@) = fe@) =2 (5) D@ 0@ 02 (£, 2) = f(@), (D32)

k<a

First we estimate the k = 0 term. If z; € spt(¢;) = O}, we have

d(zi,x;) ~d(z1, K) <d(z1, x) (D.33)
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and hence we have

> iz) 9P (fr, (2) — fx(z»‘ < ACL L) My LY My h(C1 L) |21 — x]) 7 (D.34)

from (D.29).
We now estimate the terms with |k| > 0. For x € X \ K, we choose x € K with d(x, x) =d(x, K).
Since }_; 3*¢; = 0, we have

D @ @) 0T (fr, @) = fe@) =D (@04 di)(21) TP (fo () — f2,(2). (D.35)

Now as before, we exploit the fact that d(zy, x;) ~ d(z1, K) to bound
1097 KB(f,(2) = fo @) < ACCL L) MM g L Mg h (C1 L) (21, K)) 7 (D.36)

Since log(M;) is an increasing convex sequence with first term 0, it is also superadditive, and we have
M M| < M4y Hence for |k| > 1, we can use property (4) in Proposition D.5 to conclude that

h(Bnd(z1, K))
h((C1Ly)d(z1, K))’

(D.37)

> (059 (1) 05T P (£, (2) — 1 (2))| < AMig My (Cy L) =MLYyl

where 7 remains to be chosen. Equation (15) from [Bruna 1980] implies the existence of a constant ¢ > 0
such that

Mo _ A

hen) = m (D.38)

for some A > 0. Hence we choose n = C;L;/(cB) to arrive at the estimate
‘Z(a%)(zl) 08P (f,(2) = fx(@)] < ACLY ™MLY My Mg h(C L)z — )7 (D.39)
i

Combining (D.34) and (D.39), we arrive at
0P (f(2) = fe@)] < ALY Mg Mg (C1L1) + )Y R ((C1 L) 21 — x]) 7! (D.40)

forze (X\K)xY.
The estimate (D.40) is key to proving f € C*(X x Y) (and that the derivatives coincide with the those
given by the jet f*#), as well as the subsequent deduction of C;IO i regularity. We write

3P F(z) ifz e X\K,

feP(z) ifz eK. D41

[P = {

The smoothness of each f @B : X x Y — R readily follows from the fact that each f*#: K xY — Riis
smooth in y, together with the estimate

| 74P (2) — %P T £ ()| = o(lz1 — x| 1. (D.42)
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For z with z; € K, the estimate (D.42) comes immediately from (D.6) on K x Y. Otherwise, it is a
consequence of the estimate (D.40), the defining property (D.23) of the functions f,, and the fact that the
function /() increases faster than any polynomial in r~! as ¢ — 0.

Finally, we need to check C;I", ;7 regularity. That is, we need to verify the Gevrey estimate

Il fllciz,,L, < CoA (D.43)

for some constants Co, C; dependent only on the dimensions of the spaces X and Y and the weight
sequences My, M. In light of (D.5), it only remains to prove (D.43) on (X \ K) x ¥, and by multiplication
by a cutoff function we may assume d(z;, K) is bounded. Then, by applying (D.40) with x = z; we can
further reduce the problem to verifying (D.43) for f,, uniformly in x € K. However this was established
earlier in (D.24). Hence, the proof is complete. U
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