SPECTRAL SUMMABILITY FOR THE QUARTIC OSCILLATOR
WITH APPLICATIONS TO THE ENGEL GROUP
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ABSTRACT. In this article, we investigate spectral properties of the sublaplacian —Ag on the
Engel group, which is the main example of a Carnot group of step 3. We develop a new approach
to the Fourier analysis on the Engel group in terms of a frequency set.

This enables us to give fine estimates on the convolution kernel satisfying F(—Ag)u = uxkp,
for suitable scalar functions F', and in turn to obtain proofs of classical functional embeddings,
via Fourier techniques.

This analysis requires a summability property on the spectrum of the quartic oscillator, which
we obtain by means of semiclassical techniques and which is of independent interest.
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1. INTRODUCTION AND STATEMENT OF THE MAIN RESULTS

1.1. The Engel group. Analysis on Lie groups is nowadays a rich and independent research field,
with applications and intersections with many fields of mathematics, from PDEs to geometry [28,
38]. A particular class of such groups receiving increasing attention is given by the so-called
Carnot groups. These groups, playing the role of local models in sub-Riemannian geometry as the
Euclidean R? does for Riemannian geometry, are nilpotent Lie groups diffeomorphic to R? and
homogeneous with respect to a family of dilations, which are automorphisms of the Lie algebra.
The most renowned examples of such groups are Heisenberg groups, which are Carnot groups of
step 2.

The Lie algebra g of a Carnot group admits a stratification g = ®;_,g; where the grading is
compatible with the dilations, and the first layer g; is Lie bracket generating, i.e., the smallest
Lie algebra containing g; is g itself, satisfying g,11 = [g1, g;] with the convention gs4+1 = 0. The
(smallest) integer s satisfying this property is then called the step of the Carnot group.

While the analysis on Carnot groups of step 2 is now quite well understood (see for instance
the monographs [3, 5, 31, 33, 37, 73, 74, 75] and the references therein), much less can be said for
Carnot groups of higher steps. The main example of a Carnot group of step 3, which is the focus
of the present paper, is the so-called Engel group.

The Engel group G is a nilpotent 4-dimensional Lie group which is connected and simply con-
nected, and whose Lie algebra g satisfies the following decomposition

9=01Dg2D g3,
with
dimgy =2, 0 o1 01], 3 (g1, 92].
This group is described in detail in Section 3. Let us recall that it is homogeneous of degree Q = 7,

and one can define a sub-Riemannian distance on G, and the sub-Riemannian gradient V¢ f. One
can then consider the sublaplacian operator

Aaf € div(Vaf),
where div denotes the divergence with respect to the Haar measure on G.

1.2. Spectral analysis of the sublaplacian. One of our goals in this paper is to provide an
effective analysis of the spectral properties of the sublaplacian Ag, having in mind the following
version of the classical spectral theorem for selfadjoint operators (see [64, Theorem VIIL.4 p. 260]
or [56, Théoreme 4.5 p. 117]).

Theorem 1.1. Let (A, D(A)) be a selfadjoint operator on a separable Hilbert space H. Then,
there exists:

e a Borel set B C Rd, d > 1, endowed with a locally finite Borel measure m on B,

e a locally bounded real valued function a € L° (B; R, dm),

e an isometry U : H — L*(B,dm),
such that UAU* = M,, the operator of multiplication by the function a, with UD(A) = D(M,).

Any such Borel set B can be seen as a “frequency space” for the operator A, and the uni-
tary operator U : H — L?(B,dm) can be understood as a “Fourier transform” adapted to the
operator A.

Let us discuss the spirit of this theorem on two main examples: the Euclidean space R? (which

is a commutative Lie group) and the Heisenberg group H?, which is a non commutative, nilpotent
Lie group, whose Lie algebra b satisfies h = b1 @ bho with ha = [b1, h1] and [h1, h2] = 0.
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(1) The Euclidean space R?. In this case for the (opposite of the) classical Laplace opera-
tor A = —A the standard Fourier identity

(1.1) F(=Au)() = [EPF(u)(€),  &eR?,

can be reinterpreted in terms of Theorem 1.1 by choosing H = LQ(Rd) and B = R? endowed
with the Lebesgue measure, where U = F is the Fourier transform and a(¢) = [£]?.

(2) The Heisenberg group H%. In this case the (opposite of the) sublaplacian —Apa becomes
after non commutative Fourier transform a rescaled version of the harmonic oscillator
acting on L?(R%)

(1.2) HE A, L2122, 2 eRY A eR*,

whose spectrum is given by the set {|A|(2|m| 4+ d),A € R*,m € N?}. A formulation
of Theorem 1.1 for the operator A = —Apa can be given for H = LQ(Hd,dw) and U
a Heisenberg Fourier transform Fpe. An explicit description has been provided in [4]
where B = N% x N? x R* (writing elements of B as triplets @ = (n,m, \)) is the space
of frequencies endowed with the measure §(n)d(m)|A|?d)\, where §(n)d(m) denotes the
counting measure on N?¢. The function a is given by a(n,m, \) = |\|(2|m| + d).

Notice that this translates into the analogue to the Fourier identity (1.1) for A = —Aya
as follows

(1.3) T (—Agau)(n,m, \) = |N(2|m| + d) Fya (uw)(n, m, A).

We highlight that the function a in the case of the Heisenberg group does not depend
on n: this is related to the fact that the operator —Apga diagonalizes the Hermite basis of
eigenfunctions of H.

In this paper our first aim is to identify a family of objects (B, m, a,U) as presented in Theorem 1.1
for the sublaplacian Ag on the Engel group, acting on the Hilbert space L?(G, dx) (as we shall see
in Section 3, the Haar measure on G can be identified with the Lebesgue measure dz in suitable
coordinates), that is useful in applications. In the case of the Engel group it is known that the
non commutative Fourier transform exchanges (the opposite of) the sublaplacian —Ag with an
operator acting on L?(R), which turns out to be the (family of conveniently rescaled) quartic
oscillator

2 2
def d n (9

2
(1'4) PM:_W E—M) , 0eR,

where p € R is a real parameter (see (4.9)-(4.10) below). To the best of our knowledge, this operator
appeared for the first time in relation with hypoelliptic operators in the paper by Pham The Lai
and Robert [63] (but had already been studied before that in relation to quantum mechanics).
Since then it has received enduring attention and has been extensively studied under different
perspectives: more references on the spectral theory for P, are provided in Section 2.

In order to state our first result, we need to recall that P, can be endowed with the domain
2 & 0° 2 2
(1.5) D) = {ue L’®R), —=5+ (5 —n) ue 2®)},
and that its spectrum consists in countably many real eigenvalues {E,,(1)}men of multiplicity 1
and satisfying
0 <Eo(p) <Ei(p) <+ <Em(u) < Epga(p) = +o0.
We also define, for (v,\) € R x R*, the rescaled eigenvalues

def 2 v
1.6 En(, ) S AFEn(— ) -

Theorem 1.2. Set G d:EfN x N x R x R*, write elements of Gasi = (n,m,v,\), and define a

measure on G by d def §(n)d(m)dvd)\, recalling that §(n)é(m) is the counting measure on N2

Then define on G the function
Tr— a(Z) = En(v, \).
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There exists a unitary operator U : L*(G, dx) — L*(G, d%) such that
(1.7) U(-Ag)U" =M,, UD(-Ag)=D(M,),
where M, denotes the operator given by multiplication by the function a.

The set G will be understood in the following as the frequency set of the Engel group. The
operator U will be a Fourier transform F (a function acting on elements Z = (n,m,v,\) of G)
which we construct explicitly, see (4.17)—(4.18). We recall that the Fourier transform on non
commutative Lie groups is classically defined as a family of bounded operators on some Hilbert
space. That notion of Fourier transform enjoys the same properties (in terms of operators) as
the Fourier transform on Rd, such as inversion and Fourier-Plancherel formulae. As we show in
Section 4, our new approach is equivalent to the classical Engel Fourier transform which as already
mentioned above converts —Ag into P, up to scaling. The Fourier transform given by Theorem 1.2
consists in considering the classical Engel Fourier transform (as a family of operators) by means
of its coefficients in the basis of the eigenfunctions of P,,, and as we shall see, the difficulty of the
classical Engel Fourier transform is shifted to the frequency set G which turns out to be discrete
with respect to a part of the variables and continuous with respect to the other part, and thus it
cannot be identified with G as in the Euclidean setting; in Section 6, we attempt to equip it with
a topology which takes into account the basic principles of the Fourier transform, namely that
regularity of functions on G is converted into decay of the Fourier transform on G. Contrary to the
Heisenberg setting investigated in [4], the study of topological properties of G such as determining
its completion, computing the measure on its unit sphere and providing the spectral decomposition
of —Ag prove to be a challenging task requiring refined spectral analysis of P,,.

As in the case of the Heisenberg group described above, notice that the function a involved in
Theorem 1.2 does not depend on n. Again this is related to the fact that the Engel sublaplacian
is diagonal on the basis of eigenfunctions of P,,.

The explicit representation of the Fourier transform in terms of a basis allows us to make effective
computations. Once the Fourier transform is well understood, it is natural to try to recover via
this tool well-known functional inequalities on G, such as Sobolev embeddings, and to analyze
evolution equations involving the sublaplacian. This requires estimating quantities involving the
operator F(—Ag), for suitable functions F' defined on Ry. For such F there holds (for all u in the
Schwartz space S(G) which is nothing else than the Schwartz space S(R*))

(1.8) F(F(=Ag)u)(#) = F(En(v, A)F(u)(2),
hence we are led to computing integrals of the form

/ F(E,,(v,\))d\dv,

meN Y RxR”
which can be rewritten as /AF(a(E))én,mdf, for # = (n,m,1,\) € G and a(Z) = En(v,\).

Contrary to the Euclidean case, or to the harmonic oscillator (1.2) appearing in the Heisenberg
group, the eigenvalues of P, are not explicitly known. However the spectral analysis we conduct in
this paper leads to the following theorem, which enables us to generalize (with some technicalities)
to the Engel group many results in real analysis, such as classical functional inequalities and
Bernstein inequalities. Our second main result is indeed the following.

Theorem 1.3. With the notation of Theorem 1.2, the following result holds. For all measur-
able functions F : Ry — R, the function F o a belongs to LY(G,8, ,»dZ) if and only if F €
LY(R,,r%/%dr), and there holds

(1.9) /6F(a(§))6n7mdfz <Z/R#du> /OOO P52 (1) dr

meN
Moreover

1
1.10) /7du<oo = y>2.
( 2 ey
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To better understand the content of the previous theorem, let us reconsider our two basic
examples:

(1) In the Buclidean space R? we have a(Z) = a(£) = |¢|? with dZ = d¢ so that the left-hand
side of (1.9) can be computed using spherical coordinates

(1.11) /BF(a(f))daz/RdF(W)dg:|Sd—1|/R F(r)yrTdr.

(2) On the Heisenberg group H?, we have a(Z) = a(n,m,\) = |A|(2|m| + d) and 6, ,,dT =
§(m)|A|?dA so that

/BF(a(a))amda: 3 A*F(|A|(2|m|+d))|A|ddA

meNd
2 / .
= —_— rF(r)dr,
(X amreae) [,

where the last equality follows from a change of variables. Note that the power of r
is d = (Q—2)/2 where Q = 2d+2 is the homogeneous dimension of H?, so the summability
conditions have the same homogeneity on R? and on HY, and are exactly the same as that
given by (1.9) since Q = 7 for the Engel group.

(1.12)

Remark 1.4 (On the explicit constants). It is interesting to notice that the prefactor in the
right-hand side of (1.12)

def 2
CHd = ol L Nd+1
+1
2 T+ a

corresponds to the measure of the dual unit sphere of the Heisenberg group (see [36]), when one
endows the dual of the Heisenberg group by its natural metric structure and volume form. The
same property appears also in the Euclidean case, by Formula (1.11) and recalling that the dual
of the Euclidean space coincides in fact with the space itself.

The next proposition shows that this is not a coincidence and is valid also in the Engel group,
suggesting perhaps a more general pattern.

Proposition 1.5. The constant Cg defined by

(1.13) Co ‘MZ/R#@

meN
coincides with the volume of the dual unit sphere of the Engel group, when endowed with its

natural metric structure and volume form.

We refer the reader to Section 4.3 for precise definitions and the proof of this result; we stress
here that the fact that the integral (1.13) is finite is part of the statement of Theorem 1.3.

1.3. Functions of the sublaplacian and their convolution kernel. Let us go further in the
analysis of operators of the type F(—Ag) by considering their convolution kernel. To this end we

| O (R,), with
meN

FeOX(Ry) < () "F e L¥(Ry),

define the space of functions of polynomial growth O (R;.)

and recall the following rather classical result (which holds for any left-invariant sublaplacian on a
Carnot group; the proof is recalled in Section 4.4 for the sake of completeness).

Proposition 1.6. For any F' € O (R,), the operator F(—A¢g) : S(G) — L*(G) is well-defined
(via spectral theory) and there is kr € 8'(G) such that

(1.14) F(-Ag)u=uxkp, forallueS(G),

where % is the natural convolution product on G (see (3.11) and (3.15) below).
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The Fourier transform defined in the present article allows to generalize the set of functions F'
for which the functional calculus is well-defined and to characterize the regularity of the kernel in

def U OL%(R,), where
meN

FeOL(Ry) < ()"™F € LY(Ry,rdr),
where OL%(R,.) is endowed with the norm
m +
d f —m S —m
1Flloze oy N0 Fllsge, oy = [ 7)™ IFGdr.

+

terms of properties of F. We define the space O1*(Ry) =

The space O1*(R, ) is endowed with the associated Fréchet topology.

Theorem 1.7. Assume F € O%/2(R,). For any function u € S(G), one can define in L>(G)
the inverse Fourier transform of the function (n,m,v,\) — F(E,(v,\))F(u)(n,m,v,\) and the
operator F'(—Ag) : S(G) — L*°(G) is thus well-defined by

d f A

F(=Ag)u S FHF(Bm(v, ) F(u)(&)) -

Moreover, there is a distribution kp in 8'(G) such that (1.14) is satisfied and the map

072 (Ry) — S'(G)

F+— kF

is continuous.

Remark 1.8. For a function 6 : G — C, sufficient conditions to have a well-defined inverse Fourier
transform are given in Proposition 4.7.

We next give a sufficient condition for continuity /boundedness of the kernel kp in terms of
properties of F'.

Theorem 1.9. If F € L'(R,,r%/2dr), the kernel ky given by Theorem 1.7 belongs to C°(G) N
L>(G) (where the distribution kp is identified with a function using the Haar measure of G) and

there holds
3 oo
Z/ . / r5/2|F(r)|d7° and
m(ﬂ E 0

meN

kr(0) (ﬂ%/ 3 )/Ooor5/2F(r)dr.

Remark 1.10. The proof shows that if F' € Ll(R+, r°/2+dr) for some ¢ € N, then ALkr belongs

to C°(G) N L*°(G) and there holds
> / ) / o2 P ()| dr.
0

meN

|kr|lLoe(a) < (2m)7 (

HAGkFHLoo(G) < (2m)” <

Remark that it was shown in [32, 51] that the kernel kr belongs to S(G) in the case when F
belongs to S(R,). Here, the assumption on F is much weaker, and the regularity we deduce is
accordingly weaker. However, the regularity of kr described in Theorem 1.9 is the appropriate one
for many applications in analysis. As will be discussed in Section 4.2, the Fourier transform of the
kernel kp satisfies U(kp)(Z) = F(Epm (v, \))dm.n (see (4.54) below). Taking for instance F(r) =
Fy(r) = exp(—tr), t > 0, one recovers the fact that the Fngel heat kernel at the origin satisfies (for
further details see (5.13))

Cal'(3)
kp(0) = ——% >
(2m)3t=
where I' denotes the Gamma function and C¢ the volume of the dual unit sphere defined by (1.13).
Finally, let us also recall that the investigation of necessary and sufficient conditions for operators
of the form F(—A) to be bounded on L? for some p # 2 in terms of properties of the spectral
multiplier F' is a traditional and very active area of research of harmonic analysis. For related
results when working with sublaplacians Ag we refer the reader to [57, 58, 59] and references
therein.
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1.4. Layout. In Section 2 we establish the summability property (1.10), thanks to a semiclassical
analysis of the operator P,. This property is at the core of our work, but is independent from the
rest of this text, and its proof can be skipped altogether by a reader interested only in applications
to the Engel group.

In Section 3 we recall some basic facts about the Engel group. Section 4 is dedicated to the
study of the Fourier transform on the Engel group. In Paragraph 4.1, we give a brief description of
the standard Engel Fourier transform, using irreducible representations. Then in Paragraph 4.2,
we start the proof of Theorem 1.2 by revisiting this Fourier transform in the spirit of [4] providing
a new, equivalent, functional point of view which consists in looking at the Fourier transform as
a complex valued function that is defined on the frequency set G. This is based on the spectral
analysis of the quartic oscillator P,,. Granted with this new approach, we furnish in Paragraph 4.3
a convenient expression for the spectral decomposition of —A¢. In Paragraph 4.4 we achieve the
proof of Theorem 1.2.

Section 5 is dedicated to some applications of our Fourier decomposition. In Paragraph 5.1,
taking advantage of (1.9), we recover many functional inequalities due to Folland [32] using the
approach based on the Engel Fourier transform, while in Paragraph 5.2, we define the notion
of spectral localization and establish Bernstein inequalities as well as their inverse version. In
Paragraph 5.3 we highlight once again the efficiency of (1.9) by analyzing the heat kernel on the
Engel group.

Finally in Section 6, we endow the frequency set G with a distance linked to its Lie structure.
We deal in two appendices with several complements for the sake of completeness, as we strive for a
self-contained paper. In Appendix A, we recall the construction of the irreducible representations.
In Appendix B, we relate the spectral theory of a family of operators P, y with that of our reference
quartic oscillator P, and recall basic facts of spectral theory.

To avoid heaviness, all along this article C' will denote a positive constant which may vary from
line to line. We also use f < g to denote an estimate of the form f < Cg.

Acknowledgements. The authors wish to warmly thank Jacques Faraut and Georges Skan-
dalis for enlightening discussions and remarks around the Kirillov theory. They also thank Bernard
Helffer for providing references concerning the operator P,, and Albert Cohen for questions related
to Lemma 6.2.

2. SUMMABILITY OF EIGENVALUES OF THE OPERATOR PH

In this section, we study some spectral properties of the operator (P,,D(P,)) introduced
in (1.4)—(1.5).
This operator appears in different contexts:

e in quantum mechanics, see Simon [72] (see also [65]);

e in the study of irreducible representations of certain nilpotent Lie groups (see for example
[63, 41] with focus on analytic hypoellipticity of hypoelliptic operators, see also [19]),
which is the application we have in mind here (see also [24] for the analysis of a related
sublaplacian);

e in the study of Schroédinger operators with magnetic fields on compact manifolds and in
superconductivity (see e.g. Montgomery [61] or [44, 62, 47]).

Properties of the first eigenvalue of P, have also been investigated in [42].

Here, motivated by the study of functions of the Engel sublaplacian Ag, the ultimate goal of
the section is to prove (1.10). Before this, we recall basic spectral properties of this operator. The
following proposition serves as a definition for the eigenvalue E,, () and the associated eigenfunc-
tion ¢# for m € N, and a proof is given in Appendix B.1 for the convenience of the reader.

Proposition 2.1. For any p € R, the following statements hold true. The operator (P,, D(P,))
is selfadjoint on L?*(R), with compact resolvent. Its spectrum consists in countably many real
eigenvalues with finite multiplicities, accumulating only at +o0o. Moreover,
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(1) all eigenvalues are simple and positive, and we may thus write Sp(P,) = {E,.(n), m € N}
with
0 < Eo(s) < Ex(11) <+ < Enn(p) < Ems1() = +00,
dimker(P, — En(p)) =1,

(2) all eigenfunctions are real-analytic and decay exponentially fast at infinity (as well as all
their derivatives),
3) for all m € N, functions in ker(P, — E,, have the parity of m,
Ig H
4) for all m € N, there is a unique function ¥ in ker(P, — E,, such that
Pm 1 Hw

d
@b, is real-valued, ||oh, L2y =1, ¢}, (0) > 0 if m is even, @w“m(()) > 0 if m is odd,

(5) the family (¢f,), _\ forms a Hilbert basis of L*(R).

The aim of this section is now to prove (1.10), that is to say, discuss (in terms of the parameter )
convergence of

def 1
7, = —d fi 0.
Y e

We rewrite the integral in consideration as

1
7, = duds (k)
K /RXN Ek(MW a ( )

where dd(k) is the counting measure on N. As will appear in the proof of (1.10) in Theorem 1.3,
there are three main regimes to be considered in the analysis of the eigenvalues Ej(u) in terms
of (p, k) € Rx N. In each of these regimes, we will use a semiclassical reformulation of the problem
with a single (small) parameter h related either to a power of k=1 or a power of u~*. The three
main regimes in the study of convergence of Z,, are as follows:

(1) |ul S1or|pl < v/Ek(p) (classical and perturbative classical regime) that is, p bounded
or going to +oo not too fast,

(2) p— —oo and Eg(u) < p? (Semiclassical Harmonic oscillator/single well regime),

(3) u— +oo and Eg(u) < p? (Semiclassical double well regime).

We shall then split Z, accordingly, for some € > 0 (small) and po > 0 (large) as

(2.1) I, =TI (g, o) + I9(e, po) + I (e, o), with

(2.2) I3 (e, o) déf/ dE“dié(k), with e = —,0,+, and
go(euo) ER(1)Y

(2.3) E%(e, o) ' {(1 k) € R x N, || < po or |uf> < e2Ex(u)},

(2.4) € (e 0) E {1 k) € R X N, < —pig and [l > 2By (o)},

(2.5) ¥ (e, 10) € (k) € R x N, > pug and [ > e2Ex (1))

In each region, we shall make use of scaling operators in R. We define for o > 0 the following
unitary (dilation) operator

T.:L*R) — L2(R),

uw(z) — aulaz),

(2.6)

having adjoint/inverse Tf = T, = Tp-1.
Note that the (necessary and sufficient) condition v > 2 for having Z, < oo, as stated in
Theorem 1.3, comes from the third (double well) region, see Corollary 2.11 below.

2.1. Classical and perturbative classical regime 1. In the regime 1 we consider P, as a
“small” perturbation of the quartic oscillator Pg = 7%22 + 94—4 and look at the asymptotics k — +oc.

Lemma 2.2. There exist two continuous nondecreasing functionsT'y : Ry — Ry such that '+ (gg) >
0 for g > 0 and I'1 (0) = 0 satisfying the following statements.
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For all ¢ > 0 and u € R such that |uA~'/2| < e, we have
(2.7) A3/* (Vol; —=I'_ () 4 0(1)) < 2m#{k € N, Ex(p) < A} < A%/* (Vol, +T4 () + o(1)) ,

as A — +oo, where
def

Voly :/ dode > 0.
{e24+ 8l <1y

For all &, jup > 0 and for all (1, k) € R x N such that |uEx(u)~'/?| < ¢ or |u| < po, we have

- 4/3
Ex(p) > (mk) (14+0(1)), ask— 4oo.

For all € > 0 such that Vol —I'_(g) > 0 (that is, € small enough), for all (u,k) € R x N such
that |uEy(u)~2?| < e,

- 4/3

In the end, the first term in the decomposition (2.2) can be estimated as follows.

Corollary 2.3. There is g9 > 0 such that for all € € (0,9) and for all o > 0, Z9(e, po) < 400 if
and only if v > %.

Proof. Fix €9 > 0 such that Vol; —T'1(g9) > 0 (and take any ug > 0). For all ¢ € (0,¢¢), there

is ko € N such that if \/lELkl—(u) < eor |u| < po, then [p| < max(C.k?3, o) and C 1.2 < Ex(p) <
C.k*/3 for all k > ko. As a consequence, using that Ej () > 0 on R together with Lemma 2.2 for
all fixed k € N, we have

. duds (k) duds (k) dpds (k)
(e, po) = = + (O TE4/3)y
|l <ev/Ex(@) or [ul<puo Ek(14) ul<pok<ko Ek(p)? Ul <CVETS K>k, (Co k4/3)Y
N |:2/3 - 1
< C(po, ko) + Ce Z ) = C(po, ko) + C- Z (k27321 < 09,

keN* keN*

if and only if v > %(1 + %) = %. Finally, Lemma 2.2 also yields the associated lower bound

duds(k) _ 1
> Ce IO
Jeyem B > 2

Corollary 2.3 is proved. O

Proof of Lemma 2.2. We use the dilation operator T, defined in (2.6) to recast the problem as k —
400 in a semiclassical setup. We have
P;ﬂ/) = Ek(ﬂ)"/’ — TaP,uTorl o) = Ek(M)Taﬂ/}a

where

., d? 62 2
ToP Ty =~ 2_d92 + (a23 — u) .
We deduce that

2 2 2
P = Ex(p)d la63—+(imxﬁ Tutp = 0~ B4 (1) Tat)

def .
We now choose h = a3, ie. a=h"13 so that

Pub=Er(w)y <= P(R)(Ty-1/59) = h*PE(u)(Ty-1/59),
with )
d2 92
P(h) = —h*— + [ = — puh?/3) .
()=~ + (-
As a consequence of the simplicity of the spectrum, we obtain that Sp(P(h)) = {h*/?Ex(u), k € N},
and that these eigenvalues are sorted increasingly. We may now apply Proposition B.7 for L = 1,
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yielding existence of the functions I'1 satisfying the following statement. For all e > 0 and p € R
such that |ph?/3| < ¢, we have

Vol; —=I'_(e) + o(1) < (2rh)#{k € N, h*/?Ej(u) < 1} < Vol 4T (€) + o(1)

as h — 01, Setting A = h™%3 — 400, i.e. h = A~3/% we have obtained that for all ¢ > 0
and p € R such that |uA=12| < e, (2.7) is satisfied.

Finally, we deduce an asymptotics of the Ex(u) from an asymptotics of the counting function.
We recall from Proposition B.1 that the eigenvalues are ordered increasingly, Ex (1) < Ex41(p) and
we set

k(A) % sup{k € N, Ex(n) < A}

By definition (forgetting temporarily the dependence in 1) and simplicity of eigenvalues, we thus
have

Erea) S A <Epayrr, and  #{k € N Eg(p) <A} =k(A) +1

As a consequence, (2.7) rewrites,
A3/ (Vo —T'_ () 4+ o(1)) < 2m(k(A) +1) < A¥* (Vol, 4T, (¢) + o(1)), as A — 400,
whence, assuming | ME;(lA/)2| < ¢ (which then implies [pA~1/2| < ¢),
Eila) (Voli =T (¢) + 0(1)) < 2m(k(A) + 1) < Ejfy),, (Voly +T () +0(1)), as A — +o0.

Since A — k(A) is nondecreasing, tending to infinity and onto from Ry — N, we deduce that,
assuming [uEx (1) 12| <,

E¥* (Vol; —TI'_(g) + o(1)) < 27k < EX/* (Voly +T4 (¢) + o(1)), as k — +00,
which implies the last two statements. O

2.2. Semiclassical Harmonic oscillator/single well regime 2. In this region, we only need
rather loose properties. First notice that, for all m € N,

(2.8) forall u <0, Epn(p)>|u?.

Indeed starting from the eigenvalue equation

e 62 2
( pre) +( —u) )soﬁn= m (1)@, »

and taking the inner product with ¢¥, yields

1
10025 12y — £llOPR T2 + 6% PR 172 + 17 = Em(n),
which implies the bound (2.8). We further need a Weyl-type asymptotics.

Lemma 2.4. For all L > 0, one has

(2.9) #H{k € N,Ex(p) < L|p|*} = (27r)71|,u|3/2(V01L +0(1)), asp— —o0,
where Voly, is defined by
def . z? ’
(2.10) Vol = dede,  withp(x, &) =&+ V(z), V()= (=+1) ,
{p(z,§)<L} 2

I+(L) 2 19
x —|—1 d:I: with xi( i —|—1) =L, forL>1.
) 2

In the end, this is helpful to estimate the second term in the decomposition (2.2).

Corollary 2.5. For any ¢ > 0, there is fig > 0 such that for all po > fio, Z7 (¢, pto) < +oc if y > 5.
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Proof of Corollary 2.5 from Lemma 2.4. The set of integration is u < —e/Ex(u) and p < —pg <
0. Then, the integral can be estimated as: given € > 0, there is po = po(e) > 0 such that for
all p < —pg, the number of eigenvalues in p < —e\/Eg(p) is according to (2.9)

1 _
#{k € N, Ex(p) < S |ul*} < 2m) 7l (Vole—s +1), for u < —puoe).

Since Ex(u) > |u|? for p < —po(e), there is Ce such that

_ duds(k dpds(k
. it | duist)
n<—e/EnGlulzpe ER (1) n<—e/EGlulzpo 1M
d
< (27) /% (Volo 2 +1) - < €. < o0,
pu<—po |M| v
assoonast—%>1thatisv>%- O

Proof of Lemma 2.4. We set n def —up and study for n — +o0,

A
P—UZ—W‘F (3-1—77) .

We choose o = /7 in the rescaling
P2 02\’ & 2\’
— -2 2 -2 4
TaP_nTa71 = —Q W + (Oé E + 77) = — W + « (3 + 1) .
As a consequence

P_ntp = Ex(—n)¢ <= ToP_To-1Totp = Ex(—n)Tay)

e 2 02 2 »
— |—« W + ? +1 Toy =« Ek(_n)Taw'

We set h = a~3 = 173/2 and obtain

Toth = B 3Ep(—n)Tat) .

2 2 2
(2.11) Py =Ex(—n)Y = lh2% + <% + 1>

2
The Weyl Law (B.9) applied to the operator thj—; + (% + 1) then reads: for all L > 0 fixed,

t{k € N,h3E(u) < L} = (27h) ! (Volz +o(1)), ash — 0,
with Voly, defined by (2.10). Recalling that » = ~3/2 then yields
t{k € N,y 2Ex(—n) < L} = (2m) " '%/2( Vol +o(1)), asn — +o0,
and then we write back p = —n to obtain (2.9). O

2.3. Semiclassical double well regime 3. We want to estimate the last term in the decompo-
sition (2.2), namely I,j‘ (€, po). To this aim, we study for y — 400, the operator P, and as above
rescale it with h = a3 = 1 =3/2, as

Totp = W*PEp()Tath = pEx(1)Tat)

d? 62 2
(212) P, =Ex(p)y <~ liﬂﬁ + <3 - 1>

We thus need to study the spectrum of the operator

def o d? . 62 ?
(2.13) Py & W25 £ V(). with V(O) = (5 -1
for energies 0 < E < M for M = &2 (fixed by Corollary 2.3). Remark that this is a symmetric
double well problem, which has been much studied [45, 67, 46, 39, 26].
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In this section, we only work in a semiclassical regime; we thus reformulate completely the
problem with h = 1~%/2, and Ej,(h) = h*/3E(y) the k-th eigenvalue of P,. In the integral Z- (<, y10)

in (2.2), we set u = h=2/3 dy = %h_5/3dh, and obtain with hg = uag/Q
(2.14)

2 h=5/3dhd5 (k 2 p(4v=5)/3
I (e, o) = —/ YT it ") _ —/ S dnds(k).
3 JEp(hy<e—2,0<h<ho (B Ex(h)" 3 Jeuhy<e—2,0<h<h, Er(h)7

To prove convergence of this integral, we split the energy region [0, M] where M = 2 is large
into three different regions as

[0, M] = [0, Bh] U [Bh, a] U [a, M],

where § > 0, € (0,1), M > « are fixed (independent of h). Concerning the energy window [«, M],
a counting estimate will be enough for our needs: the following is a rewriting of (B.9) in the present
context.

2
Lemma 2.6. For V(0) = (% - ) and p(0,&) = €2+ V(0), for any a < M, we have

H{j e N, E;(h) € [, M]} = (Qﬂh)_l(Volp_l([a,M]) + 0a7M(1)), ash —0".

Concerning the energy window [Bh, ], we shall use the following much more precise result
from [46, p294-295].

Lemma 2.7. For F € [0,1), we set

def 1 , 9 62 2
(2.15) o(E) < — dod¢,  with p(6,&) =€+ (=—-1) .
AT Jp.6)<E 2

There are § > 0 and Ng € N such that for all « < 1, there are K, hoy > 0 such that for all h €
(0, ho), there exist N*(h) € N with [N*(h) — N=(h)] < 1 and N*(h) < Kh™!, and two finite
sequences Eji(h) € [Bh,a] for j € {Ng,--- ,N*(h)} with

O(EF(h) = (j +1/2)h+ Oq,5(h%), ash— 07,
such that we have

Sp(Py) N [Bh, o] = U E}(h)U U E; ().

JE{Ng, . Nt (h)} je{Ng,--,N=(h)}

Note that here, Eji(h) is not the j-th eigenvalue of P,. However, the Ej-t(h)’s exhaust the
spectrum of P}, in the energy window [Bh, o] as h — 0.
Concerning the bottom of the spectrum, that is the energy window [0, Sh], we shall need a

precise description of the eigenvalues [45]. We recall that V' (0) = 29(% —1) and V" (0) = 36% — 2.

In particular at the two minima V" (£v/2) = 4 and w := 4/ %ﬂ) = /2. The following result
is a consequence of [45], see also [67] and [39, pp 55-60], and states that the low-lying eigenvalues
are close to those of the Harmonic oscillator —thdTZZ + w?6?.

Lemma 2.8 (Bottom of the spectrum for the double well problem). For all 8 > 0, there are Ng €
N, hg > 0 such that

Sp(Py) N (=00, Bh) = {Ey(h),n € {0,...,Ng}},  uniformly for h € (0, ho),

with 0 < E,(h) < Ept1(h) < Bh for alln € {0,...,Ng—1} and h € (0, hg). Moreover, as h — 0T,
we have
(1) Eok(h) = (2k + 1)wh + Og(h?) is simple and associated to an even eigenfunction sy (h),
(2) Eogi1(h) = (2k+1)wh+Og(h?) is simple and associated to an odd eigenfunction o511 (h).

The regimes of Lemmata 2.7 and 2.8 overlap (depending on the choice of the constant § in these
two statements) and we now check that the two asymptotics as h — 07 coincide.
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Lemma 2.9. The function ® : [0,1) — R defined in (2.15) is continuous, of class C* on (0,1),
and we have, for E € (0,1),

1 re+(E) 1

@’(E):—/ ———dz>0, with z+(E)=1\/2+2VE.
2m Je (m) VE-V(z)

Moreover, the function ® is differentiable at E = 07 with ®(07) = (2/2)7!

Remark 2.10. A consequence of Lemma 2.9 is that the asymptotics given by Lemmata 2.7 and 2.8
coincide in the regime in which they overlap. Indeed, for all eigenvalues belonging to both regimes,
we have, using Lemmata 2.7 and 2.9

(7 +1/2)h ~ ®(Ef (h)) ~ @' (0M)E (h) = (2v2) " B; (),
that is to say Eji(h) ~V2(2j + 1)h as h — 0%, which is consistent with Lemma 2.8.

The proof of Lemma 2.9 is postponed to the end of the section. As a corollary of these four
lemmata, we prove that Z-F (e, po) is finite.

Corollary 2.11. For all M = =2 > 0, there exists po > 0 such that Zi (e, o) < +oo if v > 2.
If v < 2, ZH (e, o) = +oo for all € > 0 and g > 0.

Proof of Corollary 2.11. We let 8 be fixed by Lemma 2.7, fix a = % in this lemma and split the
integral in (2.14) according to

3

51-’-)/"_(57/1/0) = Il +IQ +I3 ’

with, writing ho = 1 3/2 sufficiently small,

) 1-2:

7, = / / T / .
Ex(h)€[0,8h],0<h<hg Ex(h)€[Bh,1/2],0<h<hg Ex(h)€[L,M],0<h<hg

Concerning Z3, we use Lemma 2.6 (which applies for hg sufficiently small) to estimate
B4v=5)/3

- o
Br(h)e[s M), 0<h<ho Er(R)

h() h()
< 2V/ RA=9)/3 4l € N, Ex(h) € [1/2, M]} dh < C/ RAY=5)/3 =1 dh < o0,
0 0

dhdé(k) < 27 / RAT=9)/3 dnds (k)
Ey(h)€[%,M],0<h<hg

as soon as (4y —5)/3 —1 > —1, that is y > 2.

Concerning Z,, we need an additional information on the function ® in (2.15). Lemma 2.9
implies that ®’ is continuous (and positive) on [0,1/2], and we may thus set Mg def maxg,1 /2] P’
We therefore obtain

(2.16) MeFE > ®(E), forall E€]0,1/2].
According to Lemma 2.7, we have
So(PniBh1/2= J  Efmu  J E®
JE{Np, - \NT(h)} je{Ng,-,N=(h)}

with, for all j € {Ng,--- , N¥(h)}
1
Ma B} (h) = ®(Ef () = (G +1/2)h + Oa () = (G + P, for h < ho,

where the inequality comes from (2.16). As a consequence, we have

h(4v=5)/3 (4y—5)/3 g
7, :/ ———dhds(k) = / hr=
Er(h)e(Bh,1/2),0<h<ho Lk(h)Y 0 Z JZN Eji
ho max{Nf(h),NJr(h)} 1 ho 1
<c / @r-5)/3 ———— dh<C / B =98 g @i @
0 j—zl\;e ((47+ D))" 0 js%l Wi+iy

h
< C/ "5 = g < 0,
0



14 H. BAHOURI, D. BARILARI, I. GALLAGHER, AND M. LEAUTAUD

as soon as v > 1 and (4y—5)/3 —+ > —1, that is to say v > 2. The term Z;5 is estimated similarly
but using Lemma 2.8:

h(4v=5)/3 1

ho Np
T3 = / ——dhdé(k) < C / RAT=IBNT __ — g
En(h)€[0,8h),0<h<ho Lk(R)Y 0 JZZ:O (25 + 1)h)7

h
< C/ Uh(4’vf5)/3h*'¥ dh,
0

which is finite as soon as vy > 2 for the same reason.
To conclude the proof, we simply notice that Lemma 2.8 also implies

Rh(4v=5)/3 ho
Ty = / —————dhds(k) > ¢ / RT3 =7 dh = 40
En(h)e[0,8h],0<h<ho Er(h)Y 0

if v <2. O
For the proof to be complete, we now prove Lemma 2.9.

Proof of Lemma 2.9. We have ®(0) = 0 and, for £ € (0,1),

1 1 1
@(E):—/ d9d§:—/ dﬁdfz—/
AT Jipe.0)<m) 27 Jie2+vo)<E.0>0) ™ J{o<e</E-V®).0>0}
1 [0+(8)
=— VvE-V(0)do,

T Jo_(E)

dode

) 2
with V(6) = (% - 1) and
0+(F) are such that V(0+(E)) = E and 0 < 0_(E) < V2 < 0, (E),

that is, 01 (F) = V2 +£ 2vE. As a consequence, ® is a continuous and strictly increasing function
on [0,1) with ®(0) = 0. The functions F — 01 (F) are smooth on (0, 1) and

| o , 0+ (E) 1
()= 0. OV -0 (BT + [
1 0+(E) 1
3}, T

Moreover, recalling w = 4/ %‘ﬁ) = /2, we have
V() =w?(0 — V22 +0((0 —V2)3), asf— V2.
Hence, setting y = ﬁ(@ —/2), we have

0+(E) B 5 04(BE)-V2) E
7®(E) = E—-V(0)dd = £ vE E-V[v2+ £y dy,
0-(E) WS (0-(B)-V2) w

with the following asymptotic properties as F — 0
0+ (F 2
w « %(@(E) ~V?2)?, whence %(@(E) —V3) 1,

vE
\%4 (\/5 + —y) = FEy’ + O(EB/Q), uniformly for y bounded.
w

1=

As a consequence, as £ — 0T we have,

7®(E) = ? /_11 \/E — Ey?2 + O(E3/2)dy + o(E) = g/_ll V1—y2dy + o(E),

with f_ll V1 —y2dy = %. As a consequence, recalling that ®(0) = 0, we deduce that ® is differen-

tiable at £ = 07 with ®'(07) = 5= = ﬁ Lemma 2.9 is proved. O
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3. BASIC FACTS ON THE ENGEL GROUP

As recalled in the introduction, the Engel group G is a nilpotent 4-dimensional Lie group which
is connected and simply connected, and whose Lie algebra g satisfies the following decomposition

g=01D92D 93

with g;+1 = [g91, 8] for ¢ = 1,2, 3 with the properties dim g, = 2 and [g1, g3] = 0.

Notice that the subspace g; is bracket-generating in the Lie algebra g and if g; is endowed with
an inner product, we can define on G a left-invariant sub-Riemannian structure. In this way G
belongs to the class of the so-called Carnot groups [1, 14]. There exists a unique Carnot group
satisfying the above properties, up to isomorphisms [2, 13], called the Engel group (cf. also the
discussion in [60, Section 6.11]).

It is well known that the exponential map exp : g — G is a global diffeomorphism and defining
forz,y€g

(3.1) -y & exp (exp(a) - exp(y))

the Lie group G can be identified with g ~ R* endowed with a polynomial group law [14]. Indeed
using the Baker-Campbell-Hausdorff formula and the fact that the Engel group G is nilpotent we
can write for x,y € g the identity

(3.2) exp(z) - exp(y) = exp (:c +y+ %[w, yl + %([w, [z, y] = [y, [z, y]])) :

Fixing a basis X1, X3, X3, X4 of g (which we can identify with left-invariant vector fields on G)
such that
(3.3) g1 =span{X1,Xo},  go =span{X3}, g3 =span{Xy},
def def
(3.4) X3 = (X1, Xa], X4 = [Xy, X3

one can define a set coordinates = (1,22, x3,24) on G by the identity

4
(3.5) g = exp (Z xin-) exp(z1X71).

After some computations exploiting (3.2), one gets

T Y1 1+ Y1
) Y2 o T2 + Y2

(3.6) x3 ys | T3+ Y3 + x1Y2 ,
Tq Ya Ty + Y4+ 21Y3 + Z2—192

With this choice of coordinates, a basis of left-invariant vector fields is given by

(3.7) x, %o,
2

def zy

(38) Xo = GZZ + xlc’)mg + 5 814 R

and thus
X3 = 813 + $18z4 and Xy = 814 .

Notice that the inverse of an element @ = (1, 22, 3, 24) in the coordinates (3.5) is given by

_ 1
(3.9) (z1, 22,25, 24) 7" = (= 21, —22, —T3 + 2172, —T4 + T 123 — izfzz) .

One can define a sub-Riemannian structure on the Engel group G by introducing the bracket-
generating distribution D spanned by the vector fields in g; and defining an inner product (-, -) on D
such that X; and X5 define an orthonormal frame. Thanks to the bracket generating condition,
we have the following well-known connectivity property through the so-called horizontal curves for
the distribution, which is a consequence of the classical Rashevski-Chow theorem: for every pair
of points z,y € G there exists an absolutely continuous curve «y : [0, 7] — G such that ¥(t) € D)
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and v(0) = z, v(T) = y. We denote by Q, , the set of absolutely continuous horizontal curves
joining x and y. If v: [0,T] — G belongs to Q, , we set

T
to(y) / (i), A0 2t

This enables one to introduce the sub-Riemannian (also called Carnot-Carathéodory) distance dg
on G which is defined as follows

(3.10) de(z,y) & inf {€c(7) |7 € oy}

This is a well-defined distance inducing the Euclidean topology, moreover the metric space (G, dg)
is complete. In particular all closed balls Bg(z,r) are compact [1].
By construction, the sub-Riemannian distance on the Engel group is invariant with respect to

left-invariant multiplications 7, : G — G defined by 7. (z) def . x, namely

dG(szv sz) = dg(l', y) :
Moreover, being a Lie group, G can be endowed with a Haar measure which turns out to be a scalar
multiple of the Lebesgue measure in R? in the coordinate set we have chosen; we shall therefore
denote in what follows for simplicity by dx the Haar measure on G. The corresponding Lebesgue
spaces LP(G) are thus the set of measurable functions u : G — C such that

def

lullray = / |u(x)|pdx)5 < oo, ifl1<p< oo,
G

with the standard modification if p = co.

The convolution product of any two integrable functions u and v is defined by

def — _
(3.11) wro) [ ute-y oy = [ ululya)dy,
G G
and even though it is not commutative, the following Young inequalities hold true:
1 1 1
(312)  |luxvllzr@) < luller@llvllLo), whenever 1 <p,g,r <co and —= St b

Moreover if X is a left-invariant vector field on G, then we have for all C! functions u and v with
sufficient decay at infinity:

(3.13) X(uxv) =ux*(Xv).
We also define the left translation by
def
(3.14) (Leuw)(y) = ulrey) = ul@-y).

According to (3.11), we may also define the convolution between T' € S'(G) and u € S(G) (where
we recall that the Schwartz space S(G) is nothing else than the Schwartz space S(R*)): as
)

def .. . ) . def , _
(T x u) () = (T, tz)s/(@),sc), With . (y) = u(y™'-z) = (L yru) (),

def o . s\ def _ _
(uxT)(z) = (T, 9%)s1(c)sc), With 4 (y) = u(z-y™') = (Leu)(y™),

which both satisfy T'x u € C*(G) and u T € C*(G). Note that this actually stands for the
definition of the convolution product in (1.14).

(3.15)

Recall also the following homogeneity property: the Haar measure |Bg(x, r)| of the ball centered
at x € G and of radius r satisfies

(3.16) |Bg(z,7)| = er?
where ¢ def |B;(0,1)], and @ is the homogeneous dimension of the Engel group which is given by
def >
(3.17) Q=) jdimg; =7.
j=1

Identity (3.16) is related to the following crucial fact: defining the dilations

(3.18) YAS0, 060G =G,  ox(x1,20 a5 21) L a1, Awe, \2as, Axa)
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we have the following homogeneity
(3.19) da(0az, 0xy) = Mg (z,y) .

Given v : G — R one can introduce its sub-Riemannian gradient Vgu defined as the unique
horizontal vector field satisfying

(3.20) (Veu, X) € qu(x)
for every horizontal vector field X € D. This translates in terms of the vector fields in the identity
(321) VG’LL = (Xlu)Xl + (XQ’U,)XQ .

One can then introduce a sublaplacian operator Ag as follows:
(3.22) Acu % div(Veu)

where div denotes the divergence with respect to the Haar measure of G. In terms of the vector
fields we have

(3.23) Agu = (X7 + X3)u

but the definition given above guarantees that Ag is an operator which is canonically associ-
ated with the sub-Riemannian structure on G, i.e., independent of the choice of orthonormal
frame Xl, X2.

Remark 3.1. In a similar way one can build a right-invariant sub-Riemannian structure on the
Engel group, and build the corresponding right-invariant sub-Riemannian Laplacian. With respect
to the product law given by (3.6), a basis of right-invariant vector fields is given as follows

(3.24) X1 %0, 4 020, + 230, ,

(3.25) X, %, .

This defines a right-invariant metric which in turns defines a right-invariant sublaplacian KG as
follows:

(3.26) Agu d:efdiv(ﬁgu) )
where div denotes the divergence with respect to the Haar measure on G (which is indeed bi-

invariant since the group G is nilpotent) while the gradient is different since the metric has changed.
In terms of the vector fields we have

(3.27) Acu = (X? + X2)u.

Remark 3.2. The Engel group can also be described as the set J*(R,R) of 2-jets of a real function
of a single real variable as follows: an element (x,y,p,q) € R* represents a 2-jet of a real function
if it is of the form (x,u(x), v’ (x),u” (x)) which is equivalent to the relations p = Z—g, q= %. These
relations define a vector distribution (playing the role of g1 ) defined by the kernel of the differential
forms in R*

wy = dy — pdx, wo = dp — qdzx.
For more details on sub-Riemannian structures on jet spaces one can see, for instance, [16, 77].

4. THE FOURIER TRANSFORM ON THE ENGEL GROUP: PROOF OF THEOREMS 1.2 AND 1.3
4.1. The standard Fourier theory on the Engel group.

4.1.1. Definition. As recalled in the introduction, the standard way to define an Engel Fourier
transform consists in using irreducible unitary representations. The one that we shall use here
relies on the representations (R;v)‘)(% Aekrxr- introduced in Appendix A, and that are given for
all z in G and ¢ in L?(R), by

A def v 62
(4.1) RYAP(0) = exp |i L + Axs + O3 + ?.Tg) o0+ x1).
For any (v, A) € R x R, the map

aor, [ G — ULPR))
1z — Ry

x
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is a group homomorphism between the Engel group and the unitary group U(L?(R)) of L2(R).
Actually (R””\)(M A)eRxR* Plays the same role as the map x — ei&2) in the Euclidean case, as
regards the definition of the Fourier transform.

Definition 4.1. The Fourier transform of an integrable function v on G is defined by
(42) W) ER xR Fwn) Y [ u@riA.
G

4.1.2. Main properties. According to Definition 4.1, the Fourier transform of an integrable function
on G is a family, parametrized by (v, \) € RxR*, of bounded operators on L?(R): for all u in L!(G),
there holds

(43) V(l/, )\) eR x R* R ||9(u)(1/, )‘)H,?,”(LQ,LQ) < ||u||L1(G) .

Despite first appearances, this Fourier transform has many common features with the Fourier
transform on R?. First, since R is a group homomorphism, . (u)(v, A) transforms convolution
into composition, that is to say, for all integrable functions u and v,

(4.4) Vv, \) ERxR*, F(u*xv)(v,\) =F(u)(v,\) o F(v)(v,\).

Moreover as in the Euclidean case, the Fourier-Plancherel and inversion formulae hold true in that
setting, with dvd)\ as Plancherel measure, resorting respectively to Hilbert-Schmidt norms and
trace-class operators (see for instance Corwin-Greenleaf [22]).

In order to state the Fourier-Plancherel formula, let us recall the definition of the Hilbert-
Schmidt norm. Denoting by (e, )nen an orthonormal basis of L?(R), we define the Hilbert-Schmidt
norm |.Z (u)(v, \)||ms on L*(R) (which is independent of the choice of the basis) by

17 (w) (v, Vs & (Z 17 (u) (v, A)emniz(m>

meN

2

Then if u belongs to L'(G) N L?(G), then .Z(u)(v, \) is a Hilbert-Schmidt operator for almost
every (v,A) in R x R*, and there holds

(4.5) HUH%Z(G):(%)’B/R . 17 () (v, N[z dvdA.
R

The inversion formula requires introducing the trace of the operator Rgf‘l F (u)(v, A). By definition,
this operator is trace-class if

> ‘(Rgﬂy(u)(% )\)emlem)‘ < o0,

meN

and, if so, its trace is defined as follows (and as the Hilbert-Schmidt norm it is independent of the
choice of the basis)

(R Z ()1, A) B3 (R F () (v, Nemlen) -

xr
meN

In particular if

(4.6) Z/ 1% () (v, N)eml| 2y didA < oo,
RxR*

meN

then the operator R~ A .Z (u)(v, \) is of trace-class, and one has

(4.7) u(z) = (27)~3 /R B tr(RYAF (u) (v, A)) dvd).

Let us emphasize that the hypothesis (4.6) is satisfied in the Schwartz space S(G) (see Proposi-
tion 4.10 below).

Remark 4.2. Observe that if u € L'(G), then for all (v,\) € R x R* and all z € G,
(4.8) F(Lau)(v,N) = REY F (u)(v, )
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where L, is the left-translation operator defined in (3.14). Indeed by definition of L, we have

F(Lyu)(v,\) = /Gu(:c . y)’RZ’/\dy.

Using the left invariance of the Lebesgue measure, changing variable z = -y and taking advantage
of the fact that R¥"» is a group homomorphism, we get

F(Lyu) (v, )\):/Gu(z)RZ’,)‘l.zdz

= Rgi u(2)RY Nz
G
= RN F (u)(v, \)
which proves (4.8).

4.1.3. Action on the sublaplacian. A key point in the analysis of the Engel group consists in
studying the action of the Fourier transform on the sublaplacian A defined by (3.23). Actually,
we check that, for any C? function ¢ on R, for any (v, \) € R x R* and any x in G, there holds

(4.9) — AGRYM¢) = RYAPyrd and  — AgRYN¢) = PyaR2 ¢,
with?!
def d2 A 2 v 2
4.1 p T (g2 V)
(4.10) A a0z (29 A)

This shows, as explained in the introduction of this paper, that the Fourier transform on the Engel
group is strongly tied to the spectral analysis of the quartic oscillator. To obtain (4.9) we take
advantage of (4.1) to gather that

@1 XRPAG) =RAD and %R =i(50+m) Y )R @),
which implies that —AgRYA(¢) = Rg’)‘PV, 2¢. Along the same lines, one gets

(@12) KRG = C(RAG) ad KorA0) = i(50° - V)R @),
which completes the proof of (4.9). Note also that

(4.13) XRyM@) = iIAR;M(09), XaREAN9) = iNREAN(9)

and

(4.14) XaRUAN9) = iNREN(B) s XaRyM@) = iNREN (9).

Remark 4.3. Let us give some insight on the parameters (v, \) € R x R* involved in the definition
of the Fourier transform (4.2). By definition, \ belongs to the dual of the center of G, which in
accordance with the structure of the Lie algebra of G is associated to an operator of homogeneous
order 3. On the other hand the parameter v is associated to the operator X, X — %X% which is an
operator of homogeneous order 4. This can be illustrated through the relations (4.11) and (4.13)
which give

(1.15) (XX — SXDREA(6) = vREN @)

4.2. The Fourier transform seen as a function: proof of Theorem 1.2. This section is
dedicated to introducing an alternative definition of the Fourier transform on G introduced in
Section 4.1. This will provide the construction of the set é, the operator U and the function a
satisfying (1.7) of Theorem 1.2.

1As will be seen later, the operators P, » and P, are, up to the factor |)\\2/3, unitarily equivalent.
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4.2.1. The frequency set. This new approach, initiated by H. Bahouri, J.-Y. Chemin and R. Danchin
in the setting of the Heisenberg group [4], is based on the spectral analysis of P, x conducted in Ap-
pendix B.1, where it is in particular established that the operator P, y is self-adjoint on its domain,
in L%(R), with compact resolvent (for any choice of the parameters). Thus it can be associated
with an orthonormal basis of eigenfunctions ;" associated to the eigenvalues E,,(\,v) € R (see
Proposition B.1 for further details)

(4.16) Pu,,\iﬂ;;i/\ = E’m(V’ )\WZQ/\ :

Then by projecting .% (u)(v, A) on the basis (1/%),,en, one can see the Fourier transform of u as the

mean value of u modulated by some oscillatory function in the following way: for all 2 def (n,m,v, \)
.~ def (oo *
in G = N° xR x R",

def

F(u)(n,m,v,\) = (y(u)(l/a )\)Wr’f WJZ’/\)[;(R) .

Now computing the right-hand side of the above formula, we discover that
(4.17) F(u)(n,m,v,A) = / W((n,m,v,\), z)u(z)dz

G
with

d f v v v
W((njmj V7 >\>51') :e (RzﬁA’l/)f”i)\h/)ny)\)LZ(R)

(4.18) : : =
:ez(/\&k,%m)/ez/\(0x3+712)1/}’1r/r,1/\(9+x1)1/;7l;1/\(9)d9.
R

It readily stems from (4.17) (and the Cauchy-Schwarz inequality in (4.18) and the fact that (Y% )men
is an orthonormal basis) that the following continuous mapping holds:

(4.19) F:LNG) — L=(G).

In the following G will be called the frequency set of G.

4.2.2. Proof of Theorem 1.2. With this point of view, the Fourier-Plancherel and inversion formu-
lae (4.5)-(4.7) may be expressed in a similar way as in the Euclidean case, namely

(4.20) lullZa ) @m) P IF @I, g,

(4.21) (W, V)2 = (2m)~3 (]:(u),]:(v))m(a)

(4.22) u(x) (27r)73//\W((n,m,1/, A), 7N F(u)(z)dz,
G

where the measure dz is defined by
(4.23) /A 0(z) dz % / 3" O(n,m, v, N)dvd),
G RxR* (n,m)€eN?

and where x7! is given by (3.9). Finally for any function u in the Schwartz class S(G) and

any 7 € G, combining (4.9) together with (4.17)-(4.18) along with an integration by parts, we get
according to (4.16)

F(=Agu)(n,m,v,\) = En (v, \)F(u)(n,m,v,\) and

(4.24) ~
F(=Agu)(n,m,v,\) = E,(v, \)F(u)(n,m,v, \).

This construction proves Theorem 1.2. O
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4.2.3. Additional properties. First observe that the relations (4.24) lead in particular to the defi-
nition of the homogeneous Sobolev semi-norms as in the Euclidean case by means of the Fourier
transform:

(425)  Jullgee € (=86 Full ) = @m)2( /aEmV,A)\f(u)(f)fdf)?

and along the same lines in the non homogeneous framework

1

(426)  fullmee) < 1(1d = Ag) Fullpaq) = 2m) %2 ( /A<1+Em<u,A>>5|f<u><a>l2df)2
G

Second note that in this new setting, the convolution identity (4.3) rewrites as follows, for all
integrable functions u and v and all £ = (n,m,v, \) € G,

(4.27) Fluxv)(@) = (F(u) - F0)) (&) €S F(w)(n,p, v, VF @) (p,m, v, A).
peN

Before going further, let us list some useful properties of the function W.

Proposition 4.4. For any ¥ = (n,m,v, A) in G and z in G, we have

(4.28) W((n,m,v,A),0) = 6pm and W((n,m,v,\),z)| <1,
(4.29) W((n,m,v,\),z) = W((n,m,v,—\),z),
(4.30) W((n m,v, \), 1) = W((m,n, v, )\),x),
(4.31) Z W((n,m,v,\),2)> = 1,
neN
(4.32) W((n,m,v,\),6:(z)) = W((n,m, v, 3N, z), Vr>0.

Proof. The first property follows from the fact that (¢%*),,en is an orthonormal basis and the
Cauchy-Schwarz inequality in (4.18). The second one is an immediate consequence of the fact that,
for all m € N, thanks to the symmetry invariance? of P, » with respect to A,

A -
v =,

Identity (4.30) follows from (3.9), while Formula (4.31) stems from the fact that R%* are unitary
operators and thus ||RZ*¢%*| L2(r) = 1, which implies that for all m € N

SR 2| = D W m v 0), @) [F =

neN neN
In order to prove (4.32), we first observe that in view of (4.18), there holds

W((?’L, m,v, )\), 57‘(:5)) — ei()\TSl‘AL_XTIZ)/ ix(0r? zs—i——rmg)wu k(e + Txl)wu A(G)d@
R
Then performing the change of variable § = rz, we deduce that
4 .9 22
) / ezrd,\(zstrTyz)TTw;,l/\(z + y1)Tr¢Z”\(2)dZ,
R

where T;. is the unitary operator in L?(R) defined by (2.6).
Recalling that by (B.2), we have T,%>(0) = 47 »"2(6), this completes the proof of (4.32),
hence of the proposition. O

W((n, m,v, \), 5T(x)) =

Remark 4.5. Note that introducing, for all r > 0,

(4.33) &(n, m,v,\) def (n,m, v, r3)\),
it readily follows from (4.32) that
(4.34) Fuod,)=r"?F(u)o St

20ne has P,x=P, _,.
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We deduce that the frequency set G has the same homogeneous dimension @ as G. Indeed according
to (4.23), we get for any integrable function 6 on G,

/A (6006,)(F)dz = / ST 0, m vy, N dvdx
G RxR* (n,m)€eN?

= T_Q/ Z O(n, m, v, \)dvdX.
RxR* (n,m)€eN?

In contrast with the Euclidean situation, when adopting the function point of view for the Engel
Fourier transform one has to take into account that somehow, we deal with infinite matrices asso-
ciated to bounded operators in L?(R). To better exploit the relation between the definitions (4.2)
and (4.17), let us introduce the following definition.

Definition 4.6. For p € [1,00], we define E’]’f(@) as the set of functions 6 on G equipped with

the norm

def
H9||Lz;2(a) = 10llze, | mxrexnezm) -

The following two statements are the analogues of the Hausdorff-Young inequality in R?, which
we here have both for F and F~!. Recall that F~1(0) is defined by (cf. also (4.22))

F L) (z) = (27r)73//\W((n,m,1/, A,z 1)0(Z)dz .
G
Proposition 4.7. For all 1 < p < 2, the following inequality holds: for all u in S(G),
(4.35) H]:(U)Hcg__’ﬂ(a) < HUHLP(G) )

where p’ is the dual exponent of p, and thus F extends as a continuous linear map F : LP(G) —
L%(G).

For all § in £%*(G), its inverse Fourier transform F~1(6) belongs to L>(G) N C°(G) and the
map F~1: £1}-2(CA¥) — L*°(G) N C%(@G) is continuous.

For all 1 < p < 2 there is a positive constant C such that for any 6 in E’]’f(@), its inverse Fourier
transform F~'(#) belongs to L* (G) and

-1
(4.36) 7 (9)||LP’(G) < CHHHL??(E;\) :
Proof. Let us start by proving that if u € L*(G) then F(u) € 53-02(@) and
(4.37) ||-7:(u)||£;_02(§) < ”u”Ll(G)'

Note that (4.37) is more accurate than (4.19). By definition (4.17) followed by the Cauchy-Schwarz
inequality, there holds

‘]:(u)(f)f: ‘LW((n,m,V,A),x)u(z)dz
S/G|W((n,m,V,)\),z)|2|u(:c)|dz/g|u(:c)|dz

so according to Identity (4.31),

> [F)mm, v N < ullfs g
neN

’ 2

which proves (4.37). Combining the Fourier-Plancherel formula (4.20) together with complex
interpolation, we deduce (4.35).

In light of (4.6)-(4.7), all functions 6 € E}Q(@) admit an inverse Fourier transform given by

f_l(ﬁ)(z) = (27r)_3/é\W((n,m,1/, )\),x_l)G(EE) dz .
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Invoking the continuity of the function W with respect to x together with the smoothness of the
group operations of multiplication and inversion on G, we infer that for all (n,m,v, A\) € G, the
function = — W((n, m, v, \), x’l)Q(n, m, v, \) is continuous. Since in view of (4.31), there holds

| S W, 0), 2000, m, v, M| < 106, 1,0 Nl )
neN

applying the Lebesgue dominated convergence theorem, we deduce that F~1(#) belongs to L>(G)N
C°(@) and satisfies

17 Oz~ ) < @) 18] 1 g
which implies Formula (4.36) by combining Fourier-Plancherel formula (4.20) together with com-
plex interpolation. O

Remark 4.8. Let us emphasize that with the Fourier function point of view, the action on
left translations (4.8) translates into the following property: if u € LY(G), then for all z € G
and T = (n,m,v,\) € G, there holds

(4.38) F(Lyu)(n,m,v,A) = Z W((p,n,v,\),z) F(u)(p,m, v, \),
pEN
the latter sum being finite according to (4.31) and (4.35). Indeed since for all (v, \) € R x R* and
ally € G, Ry is a unitary operator of L*(R), it follows from (4.18) that for any integer n
(4.39) RZ’)‘Q/JZ”\ = ZW((p,n, v, )\),y)w;’)‘ with Z |W((p,n,1/, )\),y)|2 =1.
peN peEN

Then invoking (4.8) together with (4.17)-(4.18), we infer that
F(Low)(n,m,v, A) = (F (Law) 0, NN oy = (RED F () (0, M)

L2(R) —
= (Z@)@ VIR ™) 2wy

L2 (R)

which thanks to (4.39) leads to (4.38).

Remark 4.9. It will be useful later to note that for all F € O%“%/2(R ), the operator F(—Ag)
acting on S(G) is invariant by left translation. This can be proved by means of functional calculus
(see for instance [70, Section 5.3]), but can also be obtained easily from the above remark which

ensures according to (1.8) that, for allu € S(G), F € OY3/2(Ry), z € G and & = (n,m, v, \) € G,
there holds

F(F(=Ag)(Low))(n,m, v, \) = F(Em(v, X)) Y W((p,n, v, ), 2) F(u)(p,m, v, A),

and

F(L,(F(—Ag)u)(n,m,v,\) = Z W((p, n,v, \), x)f(F(—Ag)u)(p, m,v, \)

= F(En(v, ) >_W((p,n,v,\),2) F(u)(p,m, v, A) .
peN

Let us end this section by establishing that if u belongs to the Schwartz space S(G), then F(u)

belongs to E;;Q((A?), which according to Proposition 4.7 is a natural class to define the inverse
Fourier transform, hence to write

u(x) = (27T)3/§W((n,m, v, )\),zfl)}"(u)(fc\) dz .

Proposition 4.10. For any p > %, there exists a positive constant C' such that the following result
holds. For all w in §(G), its Fourier transform F(u) belongs to E;_-Q((A?) and

IF@ 128 < Cllulle + I1(=Aa) ull i)
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Proof. The proof is inspired from the proof of the corresponding result on the Heisenberg group
which can be found in [10]. In order to establish the result, let us consider u in S(G) and
split || F(u) into two parts I; 4+ I2 where

R Z/ IF v s dvi.

meN

Hﬁl 2
Since by (4.35) (with p = 1), one has

1F @) pnga) < Nullzeco)

I < ullpie Z/ dyd)\.

mGN

we deduce that

Then performing the change of variables y = (for fixed A), and recalling (1.6), we infer that

|)\|4/3
I <l e Z// A4/ 3dNdp
meN m (1 )3/2
Sl Y [ et

meN
which according to (1.10) ensures that
I S lullzve -
On the other hand thanks to (4.24), and again (4.35) with p = 1, there holds
[F@)Cm,v, Ml < B, M (=A6) ull i)
for any integer k € Z, and thanks to complex interpolation, we find that for all p € R,
[F)(-;m, v, Nl < B (v, MI(=A6) ullLra) -
We deduce that
I < [(-A)ullLie) Y / (v, \)dvd\ .
Em

meN (1/ k)>1

Considering again the change of variables u = (for fixed M), this leads to the following

|)\|4/3
estimate
L < (~Aa)ull e 3 / / /320 gy
meN MZW
Sl=berulie 3 [ e
meN
as soon as p > 7/2, which achieves the proof of the proposition. 0

4.3. The spectral measure of —Ag. Let us start by recalling that the spectral measure of a

self-adjoint operator A on L? (Rd) is characterized for any continuous bounded function F' by
def 2(md
</’LU,U7 F> = (F(A)ua ’U) LQ(]Rd) 9 u,v € L (]R ) )

and thus in particular when A = —A, we get thanks to the Fourier-Plancherel formula
(4.40) () = (2m) [ PUSPREC)dE.

~d
Using spherical coordinates in R , we readily gather that

(—Au,v)p2gay = (27)” / RQ/ i(Rw)v(Rw)R*™ 1 dwdR
Sa-1

(4.41)
= (0 —d 1i2 17 6 SA —1 Ii dli .
(2 ) /O /Sdl( ) (5) (f)d d ( )
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Then setting v = R?, we infer that

(— Aty ) gy = / T (AG)ulv)dy,

with
(A@yule) & 2mt [ ARV Q%dw
(4.42) 1Sd !
_ T d_~ ~ 5\ A . .
=755 ) . A(€)D(§)dSa1(v7)

The above formula can be interpreted as the spectral decomposition of —A

—Au = /0 b ydPyu
and one has
(=8 0)paeey = [ 2@Pyule) with (@Pyul) ® (A)ulo)ay
We deduce that for any continuous bounded function F'

(4.43) (F'(=A)v,v) p2(ra) :/]R F(y)(dP,v|v) = (27)~¢ /ni{d F(I€1?)[0(8)%de .

+

Arguing similarly for the Engel group, we infer that the spectral measure of the self-adjoint
operator —Ag is given, thanks to (4.21), by

(s F) E (F(=A6)0) 12
(4.44)
(2m)~ /]RX]R* H;EN M) F(u)(n,m, v, NF () (n,m,v, \)dvdX,

for any continuous bounded function F' and all u,v in L?(G). Then performing the change of

variable p = (for fixed \), we deduce that

|)\|4/3
(-Bau v =@ [ S F@mm T m, A,
meN Y RXR" ey
X [APPE () dp A2,
Recalling that E,, (v, \) = |\|>/3E,, (1) plays the same role as [£|? in the Euclidean framework, we

now consider the change of variables R? = |\|*/3E,,(11), which gives rise to

onvie = [ 8 | e S g )

meN 2

uR* +R3
En()? En(j0)?

Analogously to (4.41), the above formula can be reinterpreted in terms of the dual sphere Sa(R),
namely

(4.45) (—Au,0) p2(a) = (27) / R / )(@)F)(2)dS5(R)dR

x W(n,m, )R%R.

where S5(R) def {(n,m,v,)) € G| Em(v,\) = R?} and

g [ @R s S5 [ S o, g )

meN £

This definition is justified by the following proposition which is the analog of the classical integra-
tion formula in spherical coordinates.
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Proposition 4.11. For any function § € L?( é we have

/A|9(:2)|2dfz/ (/ Il dogA(R))dR
a S~(R)
where / |9(£)|2dJSA(R) is given by (4.46).

~(R) @

Proof. By definition of the measure on é we have

oz dx*/ 9nm1/)\ dvd) .
/a|<| [ )2

n,meN

Then performing successively the change of variables u = (for fixed ) and R = |A\|'/3\/E,. (1)

|/\|4/3
(for fixed p), we infer that

/6|9(;i~)|2d§/ 322/ ] Z] (n,m )Q’E:(]Z;)’QR%R’

2
which proves the proposition. O

Remark 4.12. As a byproduct of the above formula, we find that the measure of the dual unit
sphere S@ is given by

(4.47) o(Sg) =3 / dfu%

This proves Proposition 1.5.

Finally setting v = R?, we deduce that
(—Agu,v)r2 @) = / Y(A(y)ulv)dy
0
with

(4.48) (A()ulv) = 2\/— . F(u)(n, ) F(v)(n, )dSz(v/7)-
S5 nGN

This shows that the spectral decomposition of —Ag takes the following form

—Agu:/ vdPyu  where d(P,ulv) def (A(7)ulv)dy,
0

and readily ensures that, for any continuous bounded function F and all functions v in L?(G),
there holds

(4.49) (F(—Ag)v, 'U)LZ(G) = /

FO)@Pulo)dy = (2m)° | F(a(@)|Fo(@) e,
R4 G

where a denotes the function on G introduced in Theorem 1.2.

4.4. End of the proof of Theorems 1.3, 1.7, 1.9 and proof of Proposition 1.6.

Proof of Theorem 1.3. Recall that (1.10) has been proved in Section 2. Let us start by proving the
following identity, for F' € C2(R%):

(4.50) Z/R R*F(Em(u,A))dz/dA3</R 2 F(r )

> [ e

meN meN
Recalling that P, \ = P, _x = P, ||, we have E,,(v,\) = En(v,—)) = B, ( |A]) so it suffices to
prove that
_3 512
> /RXW F(Ep(v, ))dvd) = 5 </ F(r ) > / 7/2
meN + R+ meN
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Invoking Corollary B.4, and using changes of variables, the integral on A > 0 rewrites

Z/}RXR* (1, A)) dvd\ = Z/ )\2/3E (/\4/3’ ))dud)\

meN RxR%

so setting p = 175 (for fixed ) and then r = N2/3E,, () (for fixed ) we find

WZEN/RXR* F(Ep(v,\)dvd\ = n%/ﬂ%xm F (/\2/3Em (u)) M/3a dp
> [ e

([ 3r)
i 2 meN

This concludes the proof of the identity (4.50). The latter remains true (with equality in [0, +00])
for all nonnegative measurable functions F. Applied to |F| instead of F, this implies that F o a
belongs to L!(G, 6,.md%) if and only if F € L* (R, r%/2dr), and, if so, then (1.9) (which is nothing
but (4.50)) holds. O

We now prove Theorem 1.7. Note that the Schwartz kernel theorem [50, Thm 5.2.1] or [76,
Equation (51.7) p 531] states that any continuous map S(G) — §’(G) has a distribution kernel.
Here, left translation invariance of the operator F(—Ag) further implies that the operator is a
right convolution operator. Our proof of Theorem 1.7 is inspired by [48, Proof of Theorem 1.2
p 98] and does not rely on the kernel theorem.

Proof of Theorem 1.7. To prove that, for any function 4 € S(G), one can define the inverse Fourier
transform of the function (n, m, v, \) = F(E., (v, A))F(u)(n, m, v, \), it suffices according to Propo-
sition 4.7 to check that this function belongs to E;;Q, that is to say

T BBy (v, \)F () (1m0, M) [ 12 = > / o (v, M) || F (@) -y 1, 2, ) vd < oo
meN
For this we reproduce the proof of Proposition 4.10, writing J = J; + J2 with
def
L=y / B (v, V)||F () (- m, v, \) [ 2dvd .
meN Y Em (v, /\)<1

As in the estimate of I; in the proof of Proposition 4.10, and thanks to (4.50), we find

A o) 2 / /K ]F (X7 ()| I drds

< Jlullzie) / r5/2|F<r>|dr

Sl 17l g -

On the other hand and again as in the estimate of Is in the proof of Proposition 4.10

Ty < [1(1d - Ax)’ul 2o / (r) 52| F (1) dr

SId — Ag)u F
It @) ullye I Fll . i)

This implies that for F € 0,;”*(Ry) and u € S(G),
S = (| F(Em (v, A)F (w)(n,m, v, A)|| g1.2

< F Id - Ag)" Fll .5 .
Il 5+ 104 = Ae) ul @ IFl 13
We have thus obtained that (n, m, v, A) — F(Ep, (v, A))F(u)(n, m,v, ) belongs to E}}Q. According

to Proposition 4.7, its inverse Fourier transform

F(—Ag)u  FL (BB (v, ) F(u)(n,m, v, \))
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thus satisfies F'(—Ag)u € C°(G) N L>®(G) together with

4.51 F(-A i < v IF)l 13 d— Ay |FIl 1s .
(4.51) [F(=Ac)ullL=@) < llullzyo)ll IIO A, +||( a)ullpy ol ”o,z@h)

In particular, the bilinear map
(4.52) Oy (Ry) x 8(G) €, (Fu) s (F(~Ag)u) (0)

is linear, continuous for the topology of O;’%(RJF) x S(G). As a consequence, for a fixed F €
Oé’% (Ry4), the partial map S(G) — C given by u +— (F(—Ag)u) (0) belongs to S'(G). That is to
say, there is T' € §'(G) such that

(F(=Ag)u) (0) = (T, u)s/(a),s(a), forall u € S(G).
Now, there is T € S'(G) such that, with @(y) = u(y~'), we have

(T, u)sa),s@) = (T, W)s (q)sc), forallue S(G).

v

Recalling the definition of the convolution in (3.15), and noticing that % = g = u°, the above two
lines rewrite

(F(-Ag)u) (0) = (T, 4)s/(c),5(c) = (uxT)(0), forallu € S(G).
Invoking Remark 4.9, we infer that, for all z € G and u € S(G),
(453) (F(~A6)u) (2) = (LaF(~Aa)u) (0) = (F(~Ac)Law) (0) = ((Law) + 7)(0) = (u T)(x)
where, in the last equality, we have used again the definition of the convolution in (3.15). This

concludes the proof of Theorem 1.7 with kg def T. The continuity statement of the map F > T =
kr follows from (4.52), (4.53) and the continuity of L, as a map S(G) = S(G). O

Notice that (4.53), joint with (4.22) and (4.24), imply the following useful identities:
(4.54) Fkr)(&) = F(En(v,A)0mn

and
(4.55) b (z) = (2m)"3 /A W((ny 10 N), ) F (B (v, ) .
G

For the sake of completeness, we also give here a proof of Proposition 1.6, which follows that of
Theorem 1.7 with a different starting point (the general functional calculus for selfadjoint operators
instead of the Fourier transform F), and would hold in any Carnot group.

Proof of Proposition 1.6. As it was emphasized in Section 4.3, spectral theory associates with —Ag
a spectral measure that we denoted by dP., and it is well-known (see for instance [64, Theorem
VIIL.6] or [70, Section 5.3]) that if F' is a locally bounded Borel function on R, one can define on
the Hilbert space L?(G) the operator F(—Ag) by

def

D(F(~8e) & ue 7@ /|F )Pd(Pyulu) < oo}

F(—Ag)u ™ /]R F(7)dPyu, for u € D(F(—Ag)).

Now if F' is a function in O (R ) for some nonnegative real number m, then we have, for u € S(G),
IF(=Ag)ullieq) = /R |F(y)[*d(Pyulu) < C/wamd(?%um) = Cl(Id — Ag)™ull72(c)-

Therefore, D((Id — Ag)™) is embedded continuously in D(F(—Ag)). Next, since Ag is a dif-
ferential operator with polynomial coefficients, we have (Id — Ag)*u € S(G) for any u € S(G)
and k € N, together with

||(Id — AG)kF(—AG)UH%g(G) S CH(Id — Ag)m+ku||%2(c), for all u € S(G)
As a consequence, we obtain

(4.56) uweS(G) = F(-Ag)ue [ D((Id - Ag)*) = [ D(AE).
keN keN
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Now, local hypoellipticity of the operator Ag proved in [49] (see also [69] for the expression
of ) implies the existence of ¢ > 0 such that D(—A¢g) C HE.(G) with continuous embed-

loc

ding, where Hf (G) et Hg, (R*) denotes the usual local Sobolev space defined by: v € HE (R
if (&)°F(xv)(€) € L*(R?) for all x € C°(R*), where F denotes the usual Euclidean Fourier trans-
form. A classical induction argument (see e.g. [55, Corollary B.2]) shows that D(—AE) C HFE (G)
for all k € N with continuous embedding. We thus deduce from (4.56) (and the usual rough Sobolev
embeddings in R*) that if u € S(G), then F(—Ag)u € Nyey HES(G) = C*°(G) (and this map
is continuous). In particular, F(—Ag) maps continuously S(G) in C°(G) and, from this point
forward, we may follow the end of the proof of Theorem 1.7 line by line.

O
Let us turn to the proof of Theorem 1.9.

Proof of Theorem 1.9. First assume that F € L'(R,,r%/2dr). Thanks to formulae (4.28), (4.50)
and (4.55), we deduce that

|kp(z)] = (2m) 73 /aW((n,m, v, )\),x_l)F(Em(u, A))0m.n dT

< (2m) /6|F<Em<u, X))o 4 = (27) 7 (/ L5 IEe) 'dT> 2 / 7/2

The continuity of kr under the hypothesis of Theorem 1.9 readily follows from the continuity of W
with respect to x, (4.28) and Lebesgue dominated convergence theorem. ([l

5. APPLICATIONS

5.1. Functional embeddings. Combining the Engel Fourier transform together with (1.9), we
recover in this section many functional inequalities, whose original proofs may be found in [32].

Let us start with the following result concerning Sobolev embeddings in Lebesgue spaces. Such
embeddings are known to hold in a variety of contexts (see for instance [7], [17], [18] [25], [30],[52]).
The proof conducted here is inspired from the paper of Chemin-Xu [20], and adapted previously
in other contexts (see for instance [6], [8] for the Heisenberg group).

Theorem 5.1. For any real number s in [0, QQ/2], there exists a constant C such that the following
inequality holds:

2Q
Q —2s .
Proof. Let us assume that [[uf 7.y = 1, and compute the L? norm according to the Cavalieri
principle:

Vue H*(G), |lulltr(@) < Csllull oy with p=

iy =2 [ 8l > B)]as.

In order to go further, we shall use the technique of decomposition into low and high frequencies,
namely we shall decompose, for all A > 0, the function u into two parts as follows

def

(5.1) u=uga+upa with Fluga)(n,m,v,\) = F(u)(n,m,v,\) 1, r<a> -

From the inversion formula (4.22), the definition of the Sobolev norm (4.25) and the Cauchy-
Schwarz inequality, we get

ue,allL=(e) < Cllue,all gs(c) (/ W((n,m, v, A), 2™ )2 (B (v, A)) de) .
()< A2

In view of (4.31), we have

/ W, 2), 5 )R (B, )~ d7 = 3 / B, A))~*dvd.
E,,(\v)<A2 meN (v,A) <A2

Then applying Formula (1.9) with F(r) = r7°1)9 a2)(r), we deduce that

—S

Q
llue,allpo(a) < CAZ2
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Thus, choosing A = Ag = cf3 @ for some small enough positive real number ¢ ensures that

(Jul > B)] < [(Jue.asl > B/2)| + [(Jun,as| > B/2)| = |(lun.as] > B/2)],

which thanks to Bienaymé-Tchebitchev inequality yields

iy S [ 8 una, ) 45

Hence, by virtue of Fourier-Plancherel formula (4.20),

wmm>c/6“/(MM2 (w)(@) d7 8,

which completes the proof thanks to the Fubini theorem. O

Notice that refined versions of Sobolev embeddings (see [34, 35]) can be obtained by slightly
adapting the above proof. We shall not pursue this further here.

The following theorem is to be compared with the Poincaré inequality.

Theorem 5.2. Let s be a nonnegative real number and K a subset of G with finite measure.
There exists a positive constant C(s, K) such that for all functions u in the subspace Hj,(G) of
functions in H*(G) with support in K, we have

lull ey < Nullms @) < Cls, K)|lull (e

Proof. The first inequality is obvious, and in view of Fourier-Plancherel formula (4.20) the second
one amounts to prove that

1 (w) < (CIKD ¥ lull -

|| LQ(G)
To this end, let us again decompose u into low and high frequenmes as in (5.1). We thus set € >0
and write

IF@I2 ) = IF el g + IF el &
=/ B (v, \) ™2 B (v, )| F (u) (n,m, v, M) d2 + || F (uee)I7,
Ep(v,\)>e2 L (G)

The first integral may be bounded by e=4%|ul2 . @ To handle the second one, we first take
advantage of (4.37) which since u is compactly supported gives rise to

D F@mm, v NP < ulfs g < K] ulfaq = @n) K] F@I7, 5 -

neN
Thanks to Identity (1.9) with F'(x) = 1j9 c2)(z), this implies that

H]:(UZE HLQ(G (27T 3|K| ||]:( )||i2(5)€Q
We deduce that
172, 5, < =l ) + CIKENF@I, 6

which achieves the proof of the result choosmg e? = 1/(20|K)). O

Decomposing functions into low and high frequencies is a key tool to establish functional in-
equalities, but also to investigate nonlinear Partial Differential Equations. Let us showcase again
the efficiency of this method by establishing the Sobolev embedding corresponding to the critical
exponent s = @ /2. To this end, we introduce the space BMO(G) of locally integrable functions u
on G with Bounded Mean Oscillations:

def 1

def 1 .
llull Brroce) = sup—/ [(u—up)(x)|dr < oo with up = u(x) dx,
B |Bl /g 1B] /5

where the supremum is taken over all balls B of G, and where |B| denotes the Lebesgue measure
of the ball B.
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Theorem 5.3. The space L] .(G) N H%(G) is included in BMO(G). Moreover, there exists a
constant C' > 0 such that

HUHBMO(G) C||U|| _(G)

for all functions u in LL _(G) N H% (@).

loc

Proof. As previously, we use the decomposition (5.1). Then applying the Cauchy-Schwarz inequal-
ity, we infer that for any ball B in G, we have

2
< flug,a — (Ug, A 2\ T —T|lUn AllL2
[l = us) @ < e = )51 ) + T lomallize
In order to estimate the low frequency part, we shall use the metric structure of the Engel group:
recall that for any (z,2") of G x G, there exists a horizontal curve of €2, ,+ joining = to 2’. Using
the Carnot-Carathéodory distance dg defined in (3.10), we infer that, for any ball B of G of
radius R, there holds

(5.2) llwe,.a — (UZ,A)BR|‘L2(BR7‘d_T) S RA|ull . g

BRI H2(G)

Indeed, by definition of (ug 4) By, we have

1
(ue,a — (ue,a)Bp)(@) = 5 | (ueal@) —uga(z’))ds’.
|Br| /b5
p=J
Since for any curve vy = U vp where 7, : [0,T,] — G belongs to Q, »,.,,, namely
p=1

O (t) = £Xi (1),  1(0) =xp,  W(Tp) = Tp41,
m(0) ==z, ~;(T;)=2a" for p=1,...,J—1 and i€ {1,2},
there holds
Tp
e aGep) = ueala) = [ Ouuna(rple)) .
0

we readily gather that

(5.3) lue,a(z) — uga(2’)| < da(x,a’) S{up} [ Xiue,allL=(c) -
1€4{1,2

We deduce that

l[we,a — (W,A)BRHLz (BR7£_I‘) SR ,ES{%PQ} [ Xiue,all= () -
R K3 )

By the inversion formula (4.22), we have
[ XiweallL= () 5/ IW((n,m, v, X), 2™ H)|IF (Xiu) ()| d.
m (A ) <A2

Then combining the Cauchy-Schwarz inequality together with (1.9) and (4.31), we get

X' [SS]
1 Xiunalli=io) S Alull g

which ensures that

lue.a = (wea)ell o g, gy S BAllul g
"IBR

To bound uy, 4, we combine Identity (4.20) with Formula (1.9), which gives rise to

s < CA™9 [Ju)?
l[un,allZz(a [ull”. o Prye.

We know by (3.16) that |Br| = CR?. Then, the latter estimate implies that

2
(5.4) o llunallize) S (AR)” 7 [l ¢

|Br|? %@

Gathering the estimates (5.2) and (5.4) and choosing A = R™! completes the proof of the result. [J
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One can also prove, by a similar high-low decomposition technique, embeddings between Holder
spaces and Sobolev spaces. To ease the notations, we denote in what follows X = (X7, X2) the
family of horizontal left-invariant vector fields on G, and we set for any multi-index « in {1,2}*:

k

Then we denote by C** (@), (for (k, p) in Nx]0, 1]) the Hélder space on the Engel group, consisting
in functions v on G such that

def o X%u(x) — X%u
lullcnaer  sup (1 ul e + sup TUD LW o
lal<k Y d(z,y)
We have the following result.
Proposition 5.4. If s > % and s — % is not an integer, then the space H*(G) is included in the

Hélder space of index

= (G- [-9)

and we have for all u € H3(QG),
lullcreiay < Csllull ()

Proof. We prove the result only in the case when the integer part of s — /2 is 0, namely the case
when s = % + p, with 0 < p < 1. Using again Decomposition (5.1), we infer, according to (5.3),
that the low frequency part of u satisfies

lue,a(x) —uea(z’)| S da(x,y) sup || XsugallLe(a) -
ie{1,2}

In view of Formula (1.9), one gets

. 3 )
HXiue,AHLw(G)§||u||H5(G)(Z/E . )<A2Em(1/,)\) +1dyd/\) S A Dl oy,
meN Y Em V)

which implies that
(s_Q
g, a(2) — uea(@)] S da(,y) A2 ull o -
Along the same lines, we obtain

1
_s 2 Q
Jur.alliio) < e (X [ En(v, N) " dvd))” £ A
meN E,,(v,\)>A?

ol s @) -

Consequently
u(z) —u(y)l S (da(z,9)A"™" + A7) [|ull o () -
Choosing A = dg(x,y)~1, we conclude the proof of the result. O

5.2. Bernstein inequalities. Similarly to the Euclidean case, Formula (4.24) allows to give a
definition of a function whose Fourier transform is compactly supported, in the following way.

Definition 5.5. We say that a function u in L?*(G) is frequency localized in a ball By centered
at 0 of radius A > 0 if

Supp F(u) C {a = (n,m, v, \) € G/ Em(v,A) < A?} .

Similarly we say that a function u on G is frequency localized in a ring C, centered at 0 of small
radius A/2 and large radius A if

~ A2
Supp F(u) C {fz (n,m,v,\) € G/ T < EnvA) < AQ}.
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Remark 5.6. Equivalently, u in L?(G) is frequency localized in By if there exists a function 1
in D(R) supported in By, valued in the interval [0,1] and equal to 1 near 0 such that for any & =
(n,m,\,v) in G,

(5.5) Flu)(m,m, v, A) = F(u)(n,m, 1, ) (A2 B (1, 1))

Similarly w is frequency localized in Cy if there exists a function ¢ in D(R) \ {0} valued in the
interval [0, 1] and supported in Cy such that for any & = (n,m,v, A) in G,

(5.6) Flu)(m,m, v, A) = F(u)(n,m, v, A) $(A2 Epn (1, 1)) .

This definition allows classically to recover equivalent definitions of Sobolev and Hélder spaces
via the well-known Littlewood-Paley decomposition, and to define generalizations of those spaces
known as Besov spaces; these turn out to be very important tools, namely to refine Sobolev
inequalities, and to study nonlinear PDEs. For an introduction to this topic, we refer the reader
for instance to [9]. We shall not pursue further this line of investigation here, but only prove the
following proposition, known as the Bernstein inequalities. The proof of this result is inspired by
the corresponding result on the Heisenberg group in the monograph of Bahouri-Chemin-Danchin [3]
— we refer also to [8] for the easier case (5.7).

Proposition 5.7. With the above notation,
e ifu is frequency localized in By, then for all1 < p < ¢ < oo, k € N and 3 € N? with |S| = k,
there exists a constant C}, depending only on k such that
(5.7) 150l Loy < CeA G~ u o)

e if u is frequency localized in Cy, then for allp > 1, k € N and 3 € N? with |3| = k, there
exists a constant Cy depending only on k such that

(5-8) lull (e < CeA™ sup, 127 ull o) -

Remark 5.8. Spectral truncations are convenient means of approximating functions. Indeed
Proposition 5.7 shows that for any u € L?*(G) for instance, 1(—A~2Ag)u belongs to H*(G) for
any s > 0, and, as a consequence of the Plancherel formula, 1)(—A~2Ag) u converges to u in L*(G).

Proof of Proposition 5.7. By density and to make sense of the next computations, we assume that u
belongs to S(G). First, we notice that (5.5) and (5.6) can be restated respectively as

u=10(-A"2Ag)u and u=¢(—A2Ag)u.

In view of Hulanicki’s result [51], there exist functions hy and he in S(G) such that, for all u
in §(G), there holds

(5.9) V(—AT2Ag)u = ux A9(hy 08y) and (—A2Ag)u = ux A9(hy o).
Let us prove that the functions hg and hy are even, that is to say, for all z € G,
ho(@) = hy(e™) and hy(a) = hy(e™).

Since the analysis of hy is similar to that of hy, we limit here ourselves to the case of hy. By
definition

(5.10) F(hy)(n,m, v, A) = Y (Em (v, A))6m.n
which in view of the inversion Fourier formula (4.22) implies that

hy(z) = (2m) 73 Z/R R*W((m,m, v, A), 27 ) (B (v, \)) dvd.
meN v RX

Also,

hy(z™t) = (2m)73 Z / W((m, m,v,\), 2)p(Ep (v, A)) dvdX.
meN Y RXR”
But, in view of(4.29)-(4.30), we have

W((m7 m,v, A)? xil) = W((m7 m,v, 7)\>5 1') )
which gives the result since E,, (v, —A) = E,,,(v, A).
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Let us return to the proof of the proposition. We observe that by scale invariance, it is enough
to prove the proposition for A = 1. In order to establish (5.7), we first combine Definition 5.5 with
Identity (5.9) which implies that

U =uxhy,
with hy € S(G). Invoking (3.13), we infer that
XPu=ux* Xﬁhw ,
which leads to the result, thanks to Young’s inequalities (3.12).

Let us turn to the case when u is frequency localized in a unit ring: we use (5.9) again, and
notice that

Aghg = Aghg .
Moreover, since hg is frequency localized away from the origin, for any integer k, one has
(5.11) u=ux*hg :u*(ng)kh’(; =ux(—Ag)*hk,
where h’j) is the even Schwartz class function defined by

k

FE)(n,m, v, ) € (B (1, N) ™ 6 (B (1, 2)) S -

We claim that for any u,v € S(G) and all i € {1,2}, one has
(5.12) Xouxv=uxX;v.

Indeed by definition, one has

(1)« ota) = [ @l -2 dy == [ aw)dy, (o -a) dy
by integration by parts, and since

—1 1 2
Y '$:(*y1+$1,*y2+$2,*y3+$3*y1(*y2+$2),*y4+$4*y1(*y3+$3)+§y1(*y2+$2))7

and by Remark 3.1
Xl = 811 + ZL'Q(?IS + ZL'38I4

then we obtain

(Xyu) % o(z) = / u(y)(Fao) (g™ - z) dy

G
whence (5.12) for ¢ = 1. Along the same lines, since

(Xou) * v(z) = /

2
[ (204100 + B0, ) 0) oty -1y,

performing an integration by parts, we get
(o) xoo) = [ uly) (Kav)(y " ) dy.
G
from which (5.12) also follows for ¢ = 2. Then invoking (5.11), we deduce that

2
u=ux(~Ag)*hh =3 Xiux Xi(~Ag)*1hk.
i=1
By induction, we obtain
U = Z XBU*(I)Ig,k,
|Bl=k

for some functions ®3 1 in S(G). This completes the proof of the proposition thanks to Young’s
inequalities (3.12). O
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5.3. Application to the heat equation. The heat kernel of the sub-Riemannian Laplacian has
been object of several investigations in the last decades, both from the analytic and geometric
viewpoints. We refer the reader to [11, 12, 15, 71] and references therein for a complete discussion.
In this paragraph we show the efficiency of Formula (1.9) by analyzing the heat kernel on the Engel
group.

It is well-known that this kernel is a Schwartz class function; see for instance [23] and the
references therein. Here we show in an elementary way, thanks to (1.9), that it belongs to H*(G)
for any s > 0. As already mentioned in the introduction, the Fourier transform U given by
Theorem 1.2 allows to compute explicitly the solutions of evolution equations associated with —Ag.
For instance, if we consider the heat equation on G

(He) {atu—AGu = 0

Ujt=0 = U0,
applying the Engel Fourier transform and taking advantage of the identities (4.24), then integrating
in time the resulting ODE, we deduce that, for all Z = (n, m,v, A) in G,
Fu(t))(n,m, v, ) = e~ FnN F(ug) (n, m, v, A)..

Invoking the Fourier inversion formula (4.22) along with the convolution identity (4.27), we infer
that

(5.13) u(t,-) =ug*hy with  F(he)(n,m,v, \) = e tEnNg,
Then according to the scaling property (4.34), the heat kernel h; is given, for all ¢ > 0, by

(5.14) hi (h06 ) with h(m):(27r)_3/ e_Em(””\)W((n,m,u, A,z 1) O, ndd .
t2 G

Thanks to Formula (1.9), we deduce that the heat kernel on G belongs to NsH*(G). Indeed
combining (4.26) together with (5.14), we infer that for all s € R,

I8l 3e () = (2m) ™ Z/R i (1, \))dud
-

meN

where Fy(r) def (14 7)*e~2" which ensures the result.

6. METRIC STRUCTURE ON THE FREQUENCY SET G

The aim of this paragraph is to endow the frequency set G = N2 x R x R* with a distance. To
do so, we have to keep in mind that, as in the Euclidean setting, we expect the Fourier transform
to transform the regularity of functions on G into decay of the Fourier transform on G. So first
let us start by observing that in view of the relations (4.13), (4.15) and (4.24), one has

F(=Agu)(n,m,v,\) = En,{W,\NF(u)(n,m,v, )

F(=Agu)(n,m,v,\) = En(v,\)F(u)(n,m,v,A)
F(Xqu)(n,m,v,A) = —iAF(u)(n,m,v,\)
F((X4X2 — —X3) u)(n,m,v,\) = vF(u)(n,m,v,\).

Our aim now is to endow G with a distance d in accordance with the above relations and which is
moreover homogeneous of degree one with respect to the dilation d, defined by (4.33). This moti-
vates our definition of the distance d between two elements Z = (n,m, v, A) and &’ = (n/,m’, v/, X')
of the set GG as follows:
Y2 PN d f 1
") = ‘E v, A) = B (V/, X) ‘2 + ‘ En) (v, A) = (B _En’)(l/a)‘/)‘

d(z,x
—|—|1/—1/|4 —|—|)\—)\'|3.

1
2

(6.1)

To check that d is a distance on (A?, the main point consists in proving that
dz7)=0=7=7".

In view of (6.1), this amounts to showing that if for some integers k, k', we have Ei (v, \) = Ej/ (v, A),

then k& = k’. This follows from the first item of Proposition B.1 which asserts that the energy levels
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do not intersect. Now the fact that d is homogeneous of degree one with respect to the dilation ga,
namely for all @ > 0

d(6a7,0,7") = ad(z,7"),

b0 X) = INPPE (i) (see (B.6)).

Since X belongs to R*, the set (CAT', d) is not complete. Its completion is described by the following
proposition.

follows from the scaling property E

Proposition 6.1. The completion of the set G for the distance d is the set

GUGy, with Gy def (R xRx{0g2 ) U{((2m+1)V2v,2(m—n)v2v,1,0), (n,m,v) € N2 x R% }.
Proof. We denote by S the completion of the set G foAr the distance J, that is to say the set of all
limits of Cauchy sequences (np, My, Vp, Ap)pen it (G, d), and our goal is to prove that

S:éUéo, with éo :éoﬁouaoﬁl,
Goo =Ry x R x {02}, Go1 = {((2m +1)v2v,2(m — n)V20,1,0), (n,m,v) € N> x R} }.

We first prove that S C G U Gy. Let (np, Mp, Vp, Ap)pen be a Cauchy sequence in ((A?,g)
Then (vp)pen and (Ap)pen are Cauchy sequences of real numbers, and thus they converge respec-
tively to some v and A in R. Moreover, E,, (vp, Ap), En, (vp, Ap) are Cauchy sequences in Ry and
thus converge in R, : there exist £ € Ry and y € Ry such that

p—0o0 p—o0

(6.2) En,(Vp, Ap) = &, En,(Vp, Ap) — 4.
Recalling the scaling relation (B.6), this reads |Ay[>/3E,, (1) "—3 & and |\, |2/3Enp () =35,

— 00
)P

€ Rand |, |2/3Emp (1p) = @, [Ap[*/? En, (kp

) p~>oo

. v, —
with p, = W-H)\;«é 0, wehave,upp g IM‘W

y. As a consequence E,, (1) — #|A\|72/3, Ep, (1p) — 9|A|~2/2 and, according to Item 1 in Propo-
sition 2.1, we infer that the sequences (mp)pen and (n,)pen are constant after a certain index.
Therefore, there exist m and n in N such that

&\((npa mpa Vpa Ap)a (TL, m,v, )\)) pjf 0 :
Consequently (in that case) the limit of the sequence (n,, My, Vp, Ap)pen inl (é, J) belongs to G.

We now consider the case A = 0, that is to say A, — 0, and recall that v, - v € R. If v <0,
recalling that by (2.8), for any k and any pu < 0, one has E(u) > |u|?, we deduce that

2 2

v 1%
AP, () > 2 P2% oo, [N, [PE, > PP 1o,
ol Em, (5 i) 2 1, p Pl (5 i |4/3) Y

which contradicts (6.2). In the case A = 0, we thus necessarily have v > 0 and we distinguish the
two cases v = 0 and v > 0. (i) Firstly if v = 0, then according to (6.2),

(B, (Vs Ap)s By (Ups Ap) = By (Vs Ap)s Vs Ap) "= (&,d — 17,0,0) € Gog -

(i) Secondly if ¥ > 0, then v, > 0, for p large, and according to the scaling relation (B.6)
and (6.2),
B, (vp, Ap) = 1/2 _1/2Emp (kp) =y i,

-3/2

with g, = ‘4/3 — +00. As a consequence, (i, /QEmp (p) — v=12¢. Setting hp = pp -0

[Ap
and performing the change of scales (2.12), it follows that Ey,, (hy) = u,, 2E,,, (1p) is an eigenvalue

of the semiclassical Schrodinger operator in (2.13). Since
(6.3) hy Enm, (hy) = piy 2B (1) "= v %4,

there exists § > 0 such that h;lEmp( hp) < f for all p € N. Lemma 2.8 implies first the existence
of Ng > 0 such that m, < Ng for all p € N, and second that there exists m € N with m < Ng
such that

(6.4) hyt Em, (hy) = V2(2m +1), as h — 0%,
Combining (6.4) and (6.3) yields £ = v/2v(2m + 1).
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The same method applies to the sequence E,, (v, \p) yielding existence of n € N such that y =
V2v(2n + 1), and we finally obtain

(Emp (Upy Ap)s By, (Up, Ap) — By, (Vpy Ap), Vp )‘;D) = (V2v(2m +1),2(m —n)V2v,1,0) € CA*'O,l .

This concludes the proof of S C GU CAY'O,O U 6071.

We now prove the converse statement, that is S D GU (A?o,o U @0,1. If (n,m,v,\) € CA¥, that is
to say with A # 0, then the constant sequence (n,m,v, \) converges to (n,m,v,\) in G.
If (£,9,0,0) € Gp 0, we claim that there exists a Cauchy sequence (n,, my, vp, Ap) € G such that

(6.5) Ap =0, v, =0, En (Vp,Ap) =&, En (Vp,Ap) = 7.

Indeed, if £ = 0 and ¢ = 0, then, choose v, = 0, m, = n, = 1 and any sequence A, — 0. We then
have
B, (Vp, Ap) = |)‘p|2/3E1(0) =0, En,(vp,Ap) = |)‘p|2/3E1(0) —0.

Otherwise, either & # 0 or ¢ # 0. Assume for instance & # 0, and recall that by virtue of Lemma 2.2

P P

4/3

one has Eg(0) ~ (% k:) as k — +o00. Then applying Lemma 6.2 below to the sequence uy =
E.,(0)

En, (0)

Ex(0), we infer that there exist sequences (my)pen, (n,)pen € NY such that NN Setting
@

) 3/2
then v, =0 and A, = (#(0)) , we have

En, (Vpa Ap) = |)‘p|2/3Emp 0) =12,

Enp (0) Pi>>0 .Ig
En,(0) &

Eny Uy Ap) = g2 3Ey (0) = I\ 2/ *Epn, (0)

P

=Y,

which proves the existence of a Cauchy sequence satisfying (6.5), and thus (A?o,o cS.
Finally, let (v2v(2m + 1),2(m — n)v2v,1,0) € 60,1, that is to say v > 0 and m,n € N. First,
choosing 8 > 2v/2(2max{m,n} + 1), Lemma 2.8 implies that
h = Eom(h) = V2(2m +1), h™'Ey(h) = V2(2n+1), ash—0.

Second, we fix any sequence A, — 0 and notice that p, def W — 400. As already noticed
P

in (6.3), we have with h,), def u;3/2 —0

Em (v, Ap) = \/;H;U2Em(ﬂp) = \/;hglEm(hp) = @(27” +1),
and similarly E, (v, \p) = v2v(2n+1). This proves the existence of a Cauchy sequence satisfying
A =0, vy —=v, En (Vp,Ap) = V20@2m+1), E, (vp,2) — V2r(2n+1),
and thus @0,1 C S. This concludes the proof of the proposition. O
Lemma 6.2. Assume that (u,)nen in (0,00)Y is such that u, — +oco and u;’—:l — 1, as n — oo.

Then, the set {¥=, (n,m) € N?} is dense in R.

Proof. Our purpose is to prove that for all £ > 0 and all € > 0, there exists (n,m) € N? such

that ‘u_m — E‘ < e. We shall argue according to the value of 4.
Un

(i) The result is true when ¢ = 0 (respectively £ = 1) since by hypothesis 10 fends to 0
n
Un+1

(respectively tends to 1), as n goes to infinity.

n
ii) Assume now that £ > 1. Since the sequence (uy, )nen is such that “2+L — 1, there exists ng €
u
Un+1 ’
U

N such that for all n > ng, one has ’ — 1’ < E Then using that u,, — 400, one can define

n

mo = min {uy, > lup, }
m>ng
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which clearly satisfies Ymo—1 < £. We deduce that

Ung
Um €\ Ump—1 €
< =< (1+-)——=<(14+-)=l+e
Ung ( ﬂ) Ung ( E) ¢
that is to say ‘Umo -/ ’ < ¢, which completes the proof of the claim in that case.
Unyg

(iii) The case when £ < 1 can be dealt by inverting m and n in the proof of the case £ > 1. O

Invoking (4.24) together with (6.1), we readily gather that, as in the Euclidean case, the regu-
larity of a function implies the decay of its Fourier transform in (G, d). In the next statement we
have used the notation

def
lullvsec) = sup(1 + dg (2, 0))™](Id — AZ)u(z)|
S
for the semi-norms on S(G).

Proposition 6.3. Denoting by 0 the point in Gy corresponding to (¢ =0,y =0,v=0,\=0),
for any k in N, an integer Nj and a constant C}, exist such that
(1+d(@,0))"1F () (@) < Crllullnese) -
Proof. Taking advantage of (4.24), we get that
By, (v, )F(u)(@) = F((-Ac)" ) (7).
Hence, invoking (4.19), we infer that
Ep, (v, MIF()(@)] < [[(-=A6) ul| 1 g

< Crllullny,s)-
Similarly, one has B
By (v, N F(u)(@) = F((-A¢)*u) (@),
which implies that
Eyy (v, M| F(w)(@)] < Crllulln, s -
Finally, using that

1
vF(u)(@) = F((XaX2 — §X§)u) (@) and IAF(u)(Z) = —F(Xqu) (),
we end up with the result. O

APPENDIX A. IRREDUCIBLE REPRESENTATIONS

In this section we briefly summarize the Kirillov theory which permits to compute explicitly
the irreducible unitary representations for nilpotent groups and in particular to recover those of
the Engel group described in Section 4.1. For a comprehensive description we refer the reader to
[22, 53]. See also [40, Section 2] for another derivation.

A.1. Induced representations. Let G be a nilpotent Lie group and H be a subgroup. Given a
representation X : H — U(V') of H onto the space U(V') of unitary operators on a vector space V
one can define an induced representation R : G — U(W) on a Hilbert space W which we now
define. Consider functions f : G — V such that X(h)f = f o Lp, where Lj; denotes the left
translation, or

(A.1) f(hg)=X(h)f(g), heH,geG.

Notice that for such a function, since X'(h) is unitary, we have that ||f(hg)| is independent of h
and hence the norm of ||f(Hg)|| is well-defined, where Hg denotes the left coset of g in H\G. We
also require that

(A.2) / I < o,

where dy is an invariant measure on H\G. This means that the function f is in L2(H\G,dpu).

Then we set

WL f .G = V| f satisfies (A.1)-(A.2)).
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Finally one defines R : G — U(W) as follows

R foRy, e, (R9N))=19),

where the Ry is the right translation. One can check that R is unitary and strongly continuous.

Remark A.1. In order to compute explicitly the induced representation one can use the following
observation. Consider the natural projection m : G — H\G of the group onto its quotient. Given

any section® s : H\G — G we can consider its image K def s(H\G) and write elements of G as
products H - K. If ¢'g = hk, where h € H and k € K (both depending on ¢'g), we can write

(A.3) (R(9))(g") = f(g'g) = f(hk) = X(h) f (k).

In what follows we apply this construction when X is a character of the group. Thus, in the
induced representation, X represents the exponential part while the component f(k) is a “shift”.
The crucial step in the computations will be to solve the equation

(A.4) 9'9="n(g'9)k(q'g) .

Since f satisfies (A.1), it is enough to solve (A.4) for ¢’ € K. (In a compact form, one has to
solve K -G=H-K.)

A.2. Coadjoint orbits and Poisson structure. Given a Lie group GG and its Lie algebra g one
can consider the so-called coadjoint action for g € G

* * * * def
Ady :g" — g7, (Adyn,v) = (0, (Adg-1).v),
where Ad, is the usual adjoint map. Notice that Ad" can be seen as an action of G on g*.
Given 1 € g* the coadjoint orbit of n is by definition the set

def «
0, = {Ad)n|geG}.

The dual of the Lie algebra g* has the natural structure of Poisson manifold with the bracket

{a,b}(n) % (n, [da, db]),

where a,b : g — R are smooth functions and da, db are their differentials thought as elements
of (g*)* ~ g (hence the Lie bracket [da,db] is a well-defined element of g). Given a smooth
function a : g* — R we can define its Poisson vector field by setting for every smooth b : g* — R

def

a@(b) % {a,b} .

The computation of the coadjoint orbits can be done in a coordinate independent way using the
Poisson structure. The set of all Poisson vector at a point defines a distribution

D, ¥ i) | a e 0= (g%},

which does not have in general constant rank (notice indeed that we always have Dy = {0}). We
can define also the Poisson orbit of n € g*, in the sense of dynamical systems, as follows

(97173 def {eh@ o, oel(n) | LEN,t; € R,a; € C(g*)}.
Notice that both Of; and O, are subsets of g* containing 7.

Proposition A.2 ([53]). For every n € g* we have the equality O} = O,. Each orbit is an even
dimensional symplectic manifold.

3recall that a section is a map s : H\G — G such that mo s = idg\g-
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A.3. Computation of coadjoint orbits. To compute explicitly coadjoint orbits on a nilpotent
Lie group G one can use the following method (cf. for instance [1, Ch. 18]). Consider a basis of
the Lie algebra X, ..., X, such that

[Xi, Xj] = Z i X,
k=1

Thanks to the fact that the vector fields are left-invariant, the functions cf» are constant. Define

the corresponding coordinates on the fibers of T*G given by h;(p,z) = p - X;(x). Notice that h;
are functions which are linear on fibers. These functions, due to left-invariance, can be thought as
smooth functions on g* and satisfy the relations

{hih} = ckih.
k=1
We recall that a Casimir is a smooth function f € C°(g*) such that

{a,f} =0, VaeC™(g").

If we consider an arbitrary function f € C°°(g*) as a function of the coordinates just introduced f =
f(h1,...,hy), then f is a Casimir if and only if {f,h;} =0 for all j =1,...,n, which means

“~Of &
oh, i

=0, 5 k=1,...,n.
i=1

With similar computations, the Poisson vector field associated to a function f is given by
> "0 9]
(A.5) f= Z —f_c]-“-hk—_ -

We stress that the Poisson vector field associated to a Casimir is the zero vector field. Moreover,
for coordinate functions hq, ..., h, we have

- n B
(A-G) hi = Z ijhkﬁ'
G.k=1 J

Clearly, to compute Poisson orbits (9,173 , it is sufficient to consider the flow of the vector fields from
the family A1, ..., hy.

A 4. Kirillov theory. The Kirillov theory gives a way to describe all irreducible unitary repre-
sentations of GG in terms of coadjoint orbits of the group. The Kirillov theorem can be described
as the following three-steps algorithm:

(1) Fix an element n € g* and any maximal (with respect to inclusion) Lie subalgebra § of g

in such a way that n([, h]) = 0.
2) Consider the one-dimensional representation X, p : H — S = U(C) defined by
7,b

Xy p(eX) = im0, Xeh.
where as usual (1, X) denotes the duality product g* and g.
(3) Compute the induced representation R, : G — U(W).
Notice that, due to the previous discussion, the space W of functions f : G — V satisfying (A.1)
and are in L2(H\G) can be identified with L?(R?) with d = dim g — dim b.
The Kirillov theorem states that the map which assigns to n € g* /G to R, in G is a bijection.
This is formalized in the following statement.

Theorem A.3 ([53]). We have the following properties:

(a) every irreductible unitary representation of a nilpotent Lie group G is of the form R,y for
some n € g*/G and b maximal subalgebra of g such that n([h, ]) = 0,

(b) two representations R,y and R,y are equivalent if and only if n and i’ belong to the
same coadjoint orbit.
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Here two irreductible unitary representations Ry : G — U(Wj) and Ry : G — U(W3) are
equivalent if there exists an isometry T : W7 — W5 between the corresponding Hilbert spaces such

that T o Ry(g) o T~ = Ry(g) for every g € G.

Notation. In what follows we write R, def R,y by removing the Lie algebra from the param-

eters to simplify the notation.

A.5. The irreducible representations on the Engel group. Recall that the Engel group is a
nilpotent Lie group of dimension 4 with a basis of the Lie algebra satisfying

[X15X2]2X3) [X13X3]:X4-
Following the discussion in Section A.3, to find a basis of the Poisson vector fields it is enough to
compute h; for every i = 1,2,...,5. Using formula (A.5) we have that
(A.7) Hl = h38h2 + h46h3, ﬁg = —h3ah1, ﬁg = —h4ah1, ﬁ4 =0.

Notice that hy is a Casimir since the corresponding vector field X4 is in the center of the Lie
algebra. The Lie algebra admits a second independent Casimir.

Lemma A.4. The function f = %hg — hohy is a Casimir. In particular all coadjoint orbits are
contained in the level sets L, ) defined by

(A.8) ]14 S A
1h2 — Ahy =

Proof. This is a consequence of an explicit calculation. Indeed we have {f, h;} =0 for j = 2, 3,4,
since {h;, h;}(p,z) = p - [Xi, X,;](z) which vanishes identically if ¢ and j are both different from 1.
Moreover

{f, hl} = {hg, hl}hg — {hg, hl}h4 = —h4qhs + hshy = 0.

This proves the lemma. O

Coadjoint orbits are given by the flow of the Poisson vector fields restricted to the level sets of
the Casimirs. One gets the following description.

Proposition A.5. In coordinates (hi,ha,hs, hy) on g*, the coadjoint orbits are described as
follows:
(i) if A = v =0, then every point (hi, hs,0,0) is an orbit,
(ii) if A = 0 and v # 0, then orbits are planes {hs = ¢} for ¢ € R,
(iii) if X\ # 0, then the orbit coincides with the set defined by the equations (A.8).

Proof. Case (i) is easy. By assumption A = v = 0, then hy = hy = 0 by (A.8). Hence coadjoint
orbits are contained in the set Lo o = {(h1, h2,0,0) | k1, he € R} but since all Poisson vector fields
vanish on this 2-dimensional set thanks to (A.7), all points in Lg ¢ are orbits.

Case (ii) is similar. By assumption A = 0, v # 0, then hy = 0 and hs # 0 by (A.8). Hence
coadjoint orbits are contained in the set L,o = {(h1,he2,h3,0) | hi,he € R hs # 0}. When
restricted to L, ¢ the only non zero Poisson vector fields are

(Ag) FLI = h3ahza EQ = _h3ah1 )

so that if hs # 0 orbits are planes {h3 = ¢} for ¢ € R.

Case (iii). Here A # 0 hence each orbit is contained in the level set L, » defined by equations hy =
Aand $h3 — Aho = v as in (A.8). On the other hand the non zero vector fields (A.7) restricted to
the level set have the form

(A.10) By = vOh, + ANon,,  ho = —vdn,,  hs=—Aoh, ,
Since A # 0, it is not difficult to check that the orbit in this case coincides with the level set
itself. O

Let us now compute all irreducible representations corresponding to the case (iii), i.e., A # 0.
In this case the orbit is the set L, x described by (A.8) and on this set we fix the element n =
(0,—v/X,0,A). Then we choose the subalgebra

h = Span{X?a X37X4}5 [ha h] =0.
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which clearly satisfies n([h, h]) = 0 and is maximal with respect to inclusion since 7 is not zero.
The corresponding 1-dim representation acts on H = exp(h) as follows

X, (€I2X2+I3X3+I4X4)
1%

)

— ei(fuzg//\+/\x4)

Let us write points on G as follows

(A.ll) g= er2 X2tz Xat+wa Xy w1 X1

Following the discussion in Remark A.1, we consider the complement K = exp(RX;) and we have
to solve the equation K -G = H - K. Thanks to Lemma A.7 below (applied in the form e4e? =
eC(A:B)eA) we have the identity

X1 graXotws XstwaXa pz1 Xa 6I2X2+(13+9I2)X3+(I4+913+§12)X46(9+I1)X1 )
We deduce that
2
R%}\f(eexl) — XV,A(€Z2X2+($3+0Z2)X3+(z4+9$3+%$2)x4)f(€(9+Z1)X1) .

Introducing the notation f(@) def f(e?X1) we can summarize the above result as follows

Proposition A.6. All unitary irreducible representations on the Engel group corresponding to
coadjoint orbits of case (iii) are parametrized by A\ # 0 and v € R, acting on L*(R) as follows:

(A12) R,,y,\f(G) = exp |:’L <XZL'2 + /\(ZL‘4 + 91‘3 + %:CQ))] f(9 + 561) .

where (21, x2,23,x4) are coordinates on G defined by (A.11).
We state here without proof the following algebraic lemma.

Lemma A.7. Assume that the Lie algebra generated by A,B is nilpotent. Then we have
that efAePe=4 = eC(AB) with

s—1 k
ad”(A
C(A,B)=e*MB =" k(' )5,
k=0

where s is the nilpotency step of the structure. In particular in the case of the Engel group we
have
1

Remark A.8. Formula (A.12) gives the representations of the element of the group G parametrized
by coordinates (x1, x2, x3, x4), where (0,0,0,0) is the origin of the group (which corresponds indeed
to the identical representation).

Hence, differentiating (A.12) with respect to the variables x; at x = 0, we get also the repre-
sentations of the element of the Lie algebra, as follows

v

A

which indeed satisfy [X1, Xo] = X3 and [X1, X3] = X4 as differential operators. Notice that the
Laplacian in this form is written as

d? A v\ 2

~ 2 ~ ~ ~ ~ ~
Gl xi=i(-3A5)F xaf-ef. XF-i

Remark A.9. Notice that in the explicit computations of Section 4 only the representations
corresponding to the case (iii) of Proposition A.5 are involved, since in the Fourier trasform the
representations are integrated with respect to the the Plancherel measure, which in this coordinates
is written as dP = d\dv. Computing the representations corresponding to the case (i) and (ii)
reduces to the representations of the Fuclidean plane and the Heisenberg group, respectively.
See [27, 53] for more details on the Plancherel measure and [54] for an explicit formula on nilpotent
Lie groups.
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APPENDIX B. SPECTRAL THEORY

B.1. Spectral analysis of the quartic oscillator P, . We first collect general properties of
the operator P, » defined in (4.10) for (v, A) € R x R*, and endowed with the domain

Proposition B.1. For any (v,\) € R x R*, the following statements hold true. The opera-
tor (P,x,D(P,.)) is selfadjoint on L?*(R), with compact resolvents. Its spectrum consists in
countably many real eigenvalues, accumulating only at 4+co0. Moreover,

(1) all eigenvalues are simple and positive, and we may thus write Sp(P, ) = {Em (v, \),m €
N} with

0< Eo(r,\) < BE1(v,\) <+ < Ep(v,A) < Enpg1 (v, A) = 400,
dimker(P, x — En(v,A) =1,

(2) all eigenfunctions are real-analytic and belong to S(R),
(3) for all m € N, functions in ker(P, x — E,, (v, \)) have the parity of m,
(4) for all m € N, there is a unique function %> in ker(P, » — En (v, X)) such that

d
e is real-valued, ||| p2@y =1, 92(0) > 0 if m is even, @1/;,”3(0) > 0 if m is odd,
(5) the family (1), forms a Hilbert basis of L*(R).

This proposition serves as a definition for the eigenvalue E,, (v, A) and the associated eigenfunc-
tion ¥4 for m € N. Note that for 1/%*, we made a particular choice.

Proof. If 1 € D(P, ), the inner product of P, % with ¢ implies in particular that ¢ € H'(R)
and (36% — %) ¢ € L?(R), whence the compactness of the embedding D(P,,,) < L*(R) and that
of the resolvent of P, . The structure of the spectrum is a direct consequence of the first stated
facts. Then we notice that the coefficients of P, ) are real and one may thus choose real-valued
eigenfunctions. The fact that the eigenvalues are simple follows from the classical Sturm-Liouville
argument, see e.g. [65]. The latter also yields that any real-valued eigenfunction 1 associated
to F,, has exactly m zeroes.

The property (—oo, 0]NSp(P,.») = 0 follows from the fact that P, x¢ = Ev) for ¢ € D(P, »))\{0}
implies

"2 AV ?
0< Wl + (538 -5) 0] . =EWlia.
L2(R)

Hence, E > 0. If E = 0, then the left hand-side yields ¥’ = 0 in D’(R), thus ¥ = 0 (since
¢ € L?(R)), which is a contradiction.

In Ttem 2, real-analyticity of the eigenfunctions follows from the analytic Cauchy-Lipschitz
theorem. That eigenfunctions belong to S(R) follows from Agmon estimates, see [45, 39, 26].

Item 3 is a consequence of the fact that (%92 — %)2 is even. Hence, if v, is an eigenfunction
associated to E,,, then © — 9, (—x) is also an eigenfunction. Simplicity of the spectrum implies
that z + 1, (—) is proportional to 1,,. Since we choose v, real-valued and L?-normalized, we
necessarily have ¢, (—z) = £, (). That 1., has the parity of m follows from the fact that .,
has m zeroes.

Concerning Item 4, since dim ker(P, x—FEp, (v, A)) = 1, there are only two normalized eigenvalues,
say ¢ and —. In case m is even (resp. odd), these eigenvalues are even (resp. odd) from Item 3
and hence one has ¥ (0) # 0 (resp. ¥'(0) # 0), and we choose among £ the one having positive
value (resp. positive derivative) at zero.

Finally, the last item is a consequence of the spectral theorem for compact selfadjoint operators.

]

We now explain how the study of the two parameter family of operators P) , reduces to that

of P,. We start with the following scaling argument, referring to the scaling operator T;, defined
in (2.6).
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Lemma B.2 (Scaling). For all « > 0 and (v, \) € R x R*, the operators a?P, y and Pya, 43 are
unitarily equivalent: we have

Poiy sy = To Py \To-1.
In particular, we have for all & > 0 and (v,\) € R x R*, and all m € N,

(B.1) En(atv,a)) = o*E, (v, \),
(B.2) PN G) = Ta(0) .

This scaling property will later allow us to get rid of one of the two parameters. Note that the
last property can also be written, if needed: for all a > 0, we have

a 2v,a3/? V.
(B.3) g N 0 20) = ¢ 0).

Proof of Lemma B.2. The first statement simply follows from the following computation:

1 d? 02 v\® 1| & 02 v\’
TuPosTor = —— 2 4 (22l 22} = 2 |- (hatD oY
e a2d92+(a ) /\) o2 d92+(0‘ ) O‘/\)

1 d? 0%  (vat) 2 1
— — 4+ (P = = —2 = —P. 4, 3.
o? [ do? <( o) 2 ()\a3)> a2 e

Concerning the second statement, we deduce from the first one that
Pa‘*u,aSATa"/)Zi)\ = 042Tapu,/\Ta*1Ta"/)7yﬁ)\ = 042TaPV,)\"/)Z{)\ = QQEm(Vv A)Taw:ﬁ/\ .

Hence, T,1)% is an eigenfunction associated to the eigenvalue o E,, (v, \). From Item 1 of Propo-
sition B.1, we deduce that a®E,, (v, \) is the m-th eigenvalue of P,a, 43, whence (B.1). From the
uniqueness of the eigenvalue in Item 1 of Proposition B.1 and the fact that ¥ — T, preserves the
sign of ¥(0) and ’(0), we deduce (B.2). O

We also notice that P,y = P, _) = P, |- Now, we choose a particular value of o with so that
to reduce to a one-parameter problem, namely o = |\|~1/3 > 0.

Definition B.3 (Reference operator). For u € R, and m € N, we set

def d? 92 2 def def
B4 PR, L (5 u) ) B (1), o g

Note that Proposition B.1 applies to P, En, (1), ¢¥, and we use it implicitly. In particular, E,,(u)
is the m-th eigenvalue of P,, and ¢#, is the (with the appropriate choice) associated eigenfunction.
According to Lemma B.2 taken for o = |\|7%/3 > 0, we have the following statement.

Corollary B.4 (Scaling and reference operator). For all (v, ) € R x R*, and all m € N, we have

14
(B.5) P\ = |>\|2/3T\/\|1/3PuT\/\|*1/3’ H= RNEE €R,
14
(BG) Em(l/7 )\) = |>‘|2/3Em(:u)7 ,LL = |)\|4/3 € ]R’
v 14
(B?) Q/Jw;/A = 71|)\\1/3(P¢Lna n= |)\|4/3 eR.

As a consequence, we are left with the study of the family of operators P,, depending on a
single parameter p € R.

B.2. Spectral theory for semiclassical Schrodinger operators. In this section, we collect
several results of spectral theory, that are used in the main part of the paper to study the opera-
tor P, (or equivalently P, ).

We refer e.g. to [78, Section 6.4] for the following very classical Weyl law.

Theorem B.5 (Weyl’s law in dimension 1). Assume that V € C*(R;R) is real valued and
satisfies |0%V (0)| < (9)* for all a and all § € R, and V() > c(0)* for |§] > R > 0. Then, for
all h > 0, the operator

2

(B.8) P(h) = —hQ% +V (), D(P(h)) = {u € L*(R), —hQ%u +Vu e LQ(R)} ,
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acting on L*(R) is selfadjoint, has compact resolvent, has discrete real spectrum, and an orthonor-
mal basis of eigenfunctions. Moreover, for any a < b,

(B.9) 1 (Sp(P(h)) Na,b]) = (QFh)fl(VOI{(evﬁ) ER’a<&+V(0) <b}+ 0(1)) :
ash — 0t.

Note that the phase space volume (taken according to the symplectic volume form df d¢) is
given by

VOl{(Ga'f)GRQ,GS§2+V(9)§5}=/ do de .
{a<E2+V (6)<b}

In the 1-dimensional context, it can often be computed more simply, see e.g. Remark B.8 below.
We shall also make use of the following lemma, which is a simple consequence of the minimax
and maximin formulae (see [43, Chapter 11 and discussion top of p148]).

Lemma B.6. Let H be a Hilbert space. Assume that (A, D(A)) and (B, D(B)) are two selfadjoint
operators, with compact resolvents, that are bounded from below and such that D(B) C D(A).
Denote for j € N by E;(A) (resp. E;(B)) the j—th eigenvalue of the operator A (resp. B), defined
by the minimax formula, so that in particular Eg(A) < E1(A) <--- < Ej(A) < Ej11(A) < —
+00.

Assume further that (Au,u)y < (Bu,u)y for all u in a dense set of D(B). Then we have

EJ(A) S EJ(B), for aﬂj € N.

We now consider the operator

5 d2 92 2 5 9 d2 92 2 5
P(h)=-h W+<? — s(h)) , D(P(h)) = {u € L“(R),—h WunL (— - s(h)) u€L (R)}
Note that

ot
(B.10) P(h) = —hQW + < 0% + e(h)?.
Since —e(h)0? + £(h)? is a relatively compact perturbation of —hQCIdTQZ + %, we notice that
d? 64
D(P(h)) = {u € IA(R), ~h*—u+ —u € L?(R)}

does not depend on e(h).

Proposition B.7. For any L > 0, there are two continuous nondecreasing functions I'y : Ry —
Ry such that T'y(eg) > 0 for g9 > 0 and I'y+(0) = 0 satisfying the following statement. For
all g > 0 and all |e(h)| < eg, we have

Volr, —T'_(go) + o(1) < (2wh)t (Sp(P(h)) N[0, L]) < Vol +T'4(gg) + o(1)
as h — 0%, where

4
Vol dzefvol{(e,g)eRxR,52+9—gL}:/ do de.
4 {e2+5 <L}

In particular, if e(h) — 0 as h — 07, we have
(2rh)4 (Sp(P(h)) N[0, L]) = Vol +o(1) ash — 0%

Remark B.8. Notice that we can take advantage of the homogeneity of the symbol £ + % to
prove that Vol = L3/*Voly. Indeed, we have explicitly

x4 (L) 4 L)%
Voly, = / VL - z—daz where =B 1 4 ) s0
(L) 4
(4L)"/4
:/ \/L— —d:z: and thus, setting y def x/LY*,
4L)l/4
41/4 41/4
VL — Ly LY4dy L3/4/ V1 - = L%¥*Vol, .

41/4 41/4
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The proof of the proposition relies on a comparison argument using Theorem B.5 and Lemma B.6.

Proof of Proposition B.7. For |e(h)| < &g, we define
6t
2

— _ el M 2
P (h)— d92+ n €ob”,

2 2 (6 ?
P+(h>h2ﬁ+1+5092+53h2ﬁ+<? +50> ,

with respective domains defined as in (B.8). According to the same remarks as above, we have D(P*(h)) =
D(P(h)). According to (B.10), we further notice that

(Pf(h)u,u)LZ(R) S (P(h>u’u)L2(]R) S (PJr(h)uvu)
where S(R) is dense in D(P(h)).

For j € N, we now denote by Eji (resp. E;) the j—th eigenvalue of the operator P*(h) (resp. P(h)),
defined by the minimax formula. Lemma B.6 yields for all j € N and h > 0

- _ +
E; < E; < E}.

L2(®) for all u € S(R),

As a consequence, for any L,h > 0,
t{j eN,Ef <L} <t(Sp(P(M))N[0,L]) =¢{j e N, E; <L} <#{jeN,E; <L} .

Theorem B.5 then implies that for any g, L > 0 we have in the limit A — 07;

/ dde +o(1) < (2nh)4 (Sp(P(h)) 1 [0, 1)) g/ d0 dg + o(1).
{2+ (% +e0) <L} {62+ 8 —e00?<L}

The sought result follows by taking I'(eg) = max{I'y(eo),I'~(eo)} with

def

Ii(e0) = do dg

/ \ do d¢ — \
{62+ —<00?<L} {2+ <L}

def

I'_(g0) = do de .

/ df d¢ — )
{e2+8 <1} {2+ (% +e0) <L}
and noticing that I" has the desired properties. O
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