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EXPONENTIAL LOCALIZATION
IN 2D PURE MAGNETIC WELLS

Y. GUEDES BONTHONNEAU, N. RAYMOND, AND S. VU NGOC

ABSTRACT. We establish a magnetic Agmon estimate in the case of a purely
magnetic single non-degenerate well, by means of the Fourier-Bros-Iagolnitzer
transform and microlocal exponential estimates a la Martinez-Sjostrand.

1. INTRODUCTION

The question of proving the localization of a quantum state has many mathe-
matical facets. In this article, we investigate the case of the magnetic Laplacian
and prove, under a geometric confinement property on the magnetic intensity, an
Agmon-type localization estimate for low-lying eigenfunctions of this operator.

The interest in the magnetic Laplacian has several origins. From a quantum
mechanical viewpoint, this operator is a simplified model for describing the motion
of an electron in a strong magnetic field, when the electrostatic interaction and
the relativistic effects are ignored; its construction is explained for instance [(]. In
the book [14], the authors recall that the same operator also appears in the lin-
earization of the Ginzburg-Landau functional in the domain of superconductors.
In Spectral Geometry, the magnetic Laplacian is often regarded as a natural vari-
ant of the Laplace-Beltrami operator when the symplectic form of the cotangent
bundle is twisted by the pull-back of a closed 2-form from the base manifold, and
has proved important in the study of magnetic geodesics; see for instance [24], and
references therein. In the present study, we consider the magnetic Laplacian on
the plane, which can be defined as follows.

When B is a real function on R?, a semiclassical magnetic Laplacian associated
with B is a family of operators, depending on a parameter h > 0, of the form

(1.1) L = (—ihV — A)? = (hD; — Ay (2))? + (hDy — Ay(2))?, D = —id.

Here, A = (A1, Ay) is a potential vector associated with B, i.e B = 01 Ay — 0o A;.
Notice that the semiclassical limit h — 0 is related to the limit of strong magnetic
field (1/h)B.

The spectral theory of %}, has received the attention of several authors; in par-
ticular, it follows from [18] that if B is smooth and admits a global non-degenerate
minimum, uniquely attained at some x € R?, the bottom of the spectrum of .%,
(for h small enough) is comprised of multiplicity one eigenvalues A\g(h) < Ay(h). ..,
with

)\](h) = boh + (01 + Cg])h2 + O(h2) .
1
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The corresponding eigenfunctions are concentrated around z, in the sense that
their L? mass outside of a fixed neighbourhood of x is &(h>). The purpose of this
article is to obtain a stronger concentration in the case when B is real analytic.

1.1. Statement of the result. From now on, we assume the following:

(i). The magnetic field B has a unique minimum by at = = 0. It is positive,
non-degenerate, and not attained at infinity (liminf B > by).
(ii). There exists a complex strip S = R? +i[—a, a]” (a > 0) to which B can be
holomorphically extended as a bounded function.
(iii). The function (z1,z2) — [ 9B(w.22) 4y is bounded on the strip S.

Oxo
For example, B = 2—e~ 17 satisfies our assumptions. We will say that a function
f :R™ = R goes linearly to infinity at infinity if there is a constant C' > 0 such
for |z| > C, f > |z|/C. Our main result is the following exponential localization
estimate.

Theorem 1.1. Consider a Lipschitz function d : R*> — R, with a unique and
non-degenerate minimum at 0, d(0) = 0, and going linearly to infinity at infinity,
and let K > 0. Then there exist C, hg,e > 0 such that, for all h € (0,ho) and
u € L*(R?) such that

Lyu = hpu with w<by+ Kh,
we have
e @) de < Clalge.

Observe that here, the third assumption (iii) seems technical, and depends on
a choice of a system of coordinates, but we have not been able to remove it. Also
note that since we are not trying to optimize constants in our theorem, the value
of @ > 0 in (ii) is not essential. As a consequence, to lighten notations, we will use
a > 0 as a generic constant throughout the paper. The size of the strip on which
we are working will be reduced a finite number of times.

1.2. Eigenvalues asymptotics. Strong localization of eigenfunctions, such as
the one claimed by Theorem 1.1, is often a footprint of discrete spectrum. In-
deed, under assumption (i), it follows from the usual theory (see [2|) that below
hliminf B, the spectrum of %, is discrete. Let Ag(h) < A(h) < ... X\(h) < -+ <
liminf B be the (possibly finite) sequence of such eigenvalues, repeated according
to their multiplicity.

The following theorem has been established via a dimensional reduction in [19]
(see also [18] and the review paper [17]) and via a Birkhoff normal form in [36].
In fact, this theorem does not require the analyticity of B (i.e assumptions (ii)
and (iii)), but rather ¥ bounds on B.

Theorem 1.2 ([18, 19], [36]).

1.2
(1.2) VEEN, Mf(h) = boh+ <2£ ” dbetH + (Tr;b[ ) ) h? +o(h?),
0 0

where by = ming2 B and H = %Hess(omB.
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1.3. Complex WKB expansions. With Theorem 1.2 comes the question of
describing the eigenfunctions. Inspired by the results about the semiclassical
Schrodinger operator with an electric potential, we can wonder whether the com-
plex version of the famous Wentzel-Kramers-Brillouin (WKB) Ansatz can be
adapted to the magnetic case. Such constructions, solving formally the eigen-
value problem, are rather rare in the context of the pure magnetic Laplacian; see
however |28, VI, §2|. Their existence has been established for the first time in a
multi-scale framework in [1] and then in non-degenerate magnetic wells (i.e., un-
der Assumption (i)) in [15]. Let us recall the latter result (which was generalized
to the Riemannian setting in [34]).

Theorem 1.3 ([15]). Under Assumption (i), and after a rotation, we can assume
(1.3) B(x1,x5) = by + ax? +ya3 + O(||z|*), with0<a <7.
Let ¢ € N. There exist
(i). a neighborhood V of (0,0) in R?,
(ii). an analytic function S on V satisfying
b
Res(e) = 2 | V0 ar s~ VTl 4 o),
Vaty i Vet A
(iii). a sequence of analytic functions (a;)jen on V,
(iv). @ sequence of real numbers (j1;)jen satisfying
_'_
=2 Vay (f val )
bo 2by
such that, for all J € N, and umformly mnV,

eS/h ((—mv A)? hzu hﬂ) <6_S/hiajhj) = 0(h'+?).

7>0 7>0

Mozb(),

The WKB constructions in [4, 15] give a positive answer to the open problem
mentioned by Helffer in [16, Section 6.1]: in generic situations with pure magnetic
field, WKB constructions corresponding to the low lying spectrum exist. Once the
WKB analysis is done, we want to know to which extent the Ansétze are approx-
imations of the exact eigenfunctions u, € L?*(R?). It follows from Theorem 1.2
that, when h is small enough, the eigenvalues are simple and separated by a gap of
order ~ h?. Thanks to the Spectral Theorem, we deduce that the WKB Ansiitze
are approximations in the L2-sense, and even in a weighted L2-space thanks to
Theorem 1.1 (up to taking a smaller ¢).

Corollary 1.4. Denote by uy; = x(v)e /" Z]>O ajh?, with x € €°(V), and
constant around the origin. Then, for fived { € N and € > 0 small enough, we
have for some 6 € R

||6 /h(e Ug—UgJ)HLQ R2) = ﬁ(h%)

(This will be proved at the end of section 5). In contrast with Theorem 1.1,
the WKB Ansitze decay like e R%/" away from the magnetic well; thus, the ap-
proximation should actually hold in a slight perturbation of the weighted space
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L%(e~2ReS/h) " Behind this question lies the tunneling effect problem: such expo-
nential estimates are the heart of the analysis of the interaction between multiple
magnetic wells. The present paper does not go that far!, but establishes that
the eigenfunctions decay like e #@/" for some non-negative function . These
types of estimates are well-known and proved in the electric Schrédinger opera-
tor —h*A + V, where they go by the name of Agmon (see [1, 20, 37]). As we
will see, the purely magnetic case seems to necessitate a significantly more ad-
vanced strategy, based on the Fourier-Bros-lagolnitzer (FBI) transform. (In [20],
the FBI transform does appear, but not for proving the exponential localization;
it is used in a second step, to control the asymptotic expansion of eigenvectors
and eigenvalues.)

1.4. Failure of the naive Agmon estimates. Let us explain formally why the
electric strategy fails in giving the optimal Agmon estimates in the pure magnetic
case (see also [35, Prop. 4.23| for a slightly different presentation). This strategy
is based on the following formula:

e?/M(—ihV — A)%e?/h = (—ihV — A + V)2,

where ¢ is bounded and Lipschitz continuous, and on using the coercivity of the
real part

Re (e?/"(=ihV — A)%e™?"u, u) = ||(=ihV — A)ul® — ||V ull?,

where u € 6§°(R?). Then, we want to use the magnetic field, and we notice that

HFMV—AMWthl%MM%%

R2
so that, for all A € R,

Re <(e“’/h(—ihv — A=) e_“”/hu,u> > / (hB(z) — [Ve* = \) |ul* dz.
R2

From this last inequality, we see that the only possibility to control the gradient
is that ¢ actually depends on . With the choice ¢ = h%q), where ® is the Agmon
distance (to 0) associated with the metric (B — by — |[V®[?), dz?, we can deduce
that, for eigenvalues such that A = byh + &(h?), the corresponding eigenfunctions
V(= e?/My) satisfy, for h small enough,

(1.4) /eW“wmmsmwﬁ
R2

Due to the non-degeneracy of the minimum of B, ® may be chosen with a unique
and non-degenerate minimum at 0. Thus, (1.4) tells us for instance that the
ground state is a prior: exponentially localized at the scale hi near the minimum.
This is consistent with Theorem 1.3, but much worse than expected. One should
be able to prove that the eigenfunctions, just as the WKB quasi-modes suggest,
are localized at the scale h2 near the minimum. That it is indeed the case is the
main result of this article.

IThe only known (and optimal) result of pure magnetic tunnelling has recently been proved
in a two-dimensional setting in [5] by means of microlocal dimensional reductions.
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1.5. Related results. Some articles have been devoted to the Agmon estimates
in the presence of a magnetic field, but almost always with an additional elec-
tric potential. For instance, in [21], the decay estimates are inherited from the
electric potential and the magnetic field is considered as a perturbation (see in par-
ticular [21, p. 629]). In the same spirit, Agmon estimates are considered in [33,
Theorem 1.1] (see also the closely related articles |13, 31]) in the case of an electric
well with constant magnetic field. It is proved that the magnetic field improves
the decay of the eigenfunctions away from the electric well.

We will see in this paper that pure magnetic Agmon estimates at the “right”
semiclassical scale can be obtained as projections of microlocal exponential esti-
mates. Our strategy will be inspired by the ideas of Martinez [25] (see also [32],
and [27] in relation with the corresponding WKB analysis). The fact that we are
able to refine this point of view, which is based on the FBI transform, and to apply
it to establish our new magnetic Agmon estimates, is reminiscent of Sjostrand’s
pioneer work on analytic hypo-ellipticity [38].

Remark 1.5. Throughout our analysis, we will meet some known close links be-
tween magnetic and Toeplitz operators. These connections are described, for in-
stance, in [10], or |23, Section 4]. In the context of Toeplitz operators, exponential
decay estimates of eigenfunctions have been the subject of the recent works [23,
Theorem 1.3] and |11, Theorem C|. In these papers, the semiclassical parameter
is of the form h = p~!, where p € N is the degree of tensorization of a line bundle.

1.6. Organization and strategy. In Section 2, we perform various reductions to
put the magnetic Laplacian in a “normal form”. Section 3 is central in our analysis
and is devoted to general properties of the Fourier-Bros-lagolnitzer transform.
Our presentation closely follows and, sometimes, completes the one exposed in
the book by Martinez |26, Chapter 3|. This part of the investigation can also be
considered an interpretation of the magnetic Laplacian as a Toeplitz operator. In
Section 4, we prove that the FBI transform of an eigenfunction (with low energy)
is exponentially localized at the scale hz near 0 € R? x (R%)*. We proceed in two
steps: firstly, we prove the exponential microlocalization near the characteristic
manifold (Theorem 4.4); secondly, we establish an exponential localization inside
the manifold (Theorem 4.5). In Section 5, we use the microlocal exponential
estimates to deduce Theorem 1.1.

2. NORMAL FORM

In [36], the second and third author constructed a Fourier integral operator Uy,
that conjugates the magnetic Laplacian .2}, to an operator of the form

Opjy (f(H,x2,&)) + O(h™),

microlocally near the characteristic set of %, where # = h*D2 + 23 and Op}
denotes the Weyl quantization. If the symbol f were analytic, and the remainder
O(h>) improved to €'(e~¢/"), this would imply a natural (and probably optimal)
exponential estimate on the bottom eigenfunctions of .%},. However, the FIO U, is
constructed in a relatively non-explicit fashion, including a generically divergent
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Birkhoff normal form, and tracking those estimates down would require quite
sophisticated tools of analytic microlocal analysis.

Since we “only” want to obtain decay of eigenfunctions and not the expansion of
the bottom eigenvalues of .Z}, to any power of h, we will only need a rather crude
normal form.

Lemma 2.1. Under assumptions (i), (ii), (iii), there ezists a > 0 and, for h > 0,
a unitary operator Uy, acting on L?(R?,dx) such that

(2.1) UnnU, ' = Op)l (pg),
where pg is an h-dependent holomorphic function on R* + i[—a,a|*, such that
(2.2) Py = g"& + 29" 7 + g2t + K,

where g*, g'2, ¢* and q are holomorphic, bounded, and on R* they are real valued.
Additionally, the g¥ are critical at 0, and

(2.3) B(x,€) = /g1g® — (9'2)?,
when restricted to R, admits a positive non-degenerate minimum at 0, uniquely
attained, and not attained at infinity.

This type of operators, whose symbol is a quadratic form of some variables, with
parameters, was studied by several authors in the context of hypo-ellipticity in the
smooth category (see |7] and references therein), and in the analytic category by
Sjostrand in [38]. It would be interesting to obtain a global version of Sjostrand’s
results in order to give a different proof of Theorem 1.1.

Observe that the exponential decay of eigenfunctions is not preserved by general
unitary operators. However, we will see that U, can be explicitly described, so
this will not be an issue.

For a given magnetic field B, the choice of magnetic potential A is not unique.
Any other choice A’ differs from A by a gradient, i.e. A’ = A 4+ Vf. Then, the
corresponding magnetic Laplacian is obtained by conjugating %, by the multipli-
cation operator u — e*//"u, which is unitary, both pointwise and in L?. Hence, it
does not impact Theorem 1.1. Therefore we may, and we will, assume that

(2.4) A@) = (0, As(x)),  Ag(z) = /0 " Bu, w2) du.,

Notice that A, is real-analytic, admits a holomorphic extension to the strip S,
and its derivatives are bounded on S according to assumption (iii).

For d = 2 or d = 4 depending on the context and a > 0, it will be convenient
to set S, := R? + i[—a, a]®.

2.1. Normal form near the characteristic set. In this section, we prove
Lemma 2.1. The operator U, will be decomposed as the composition of a change
of variables and a metaplectic operator. Let us start by constructing the change
of variable.

The first idea, which is quite standard, is to choose coordinates in which the mag-
netic field is constant as a 2 form. In that case, the natural symplectic structure
becomes canonical, and all the magnetic information is transferred to a variable
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Riemannian metric. The guiding model is the case of constant magnetic field and
constant metric, where the magnetic Laplacian takes the form

't = (hDy,)* + (hD,, — Bxy)?,
and its bottom eigenvalue is hB. The solutions, sometimes called zero modes, to
(.iﬂhct — hB) u=>0

are of the form e57i/2h f, with f holomorphic, and they play an important role
in the spectral analysis of the magnetic Dirac operator (see [3]).

Coming back to our problem, there are many diffeomorphisms x of R? such that
k.« B is the canonical 2 form (Darboux’ Lemma), so we pick the following

r1
(1'1,1’2) = K(Zi'l,i’g), i’l = / B(I’I,ZL'Q) dl’,, ZZ’Q = T3.
0

That this defines indeed a global diffeomorphism of R? is ensured by assump-
tion (i).

Lemma 2.2. Under Assumption (i), (ii) and (iii), k is a bi-Lipschitz analytic
diffeomorphism of R? such that k,B = di; A dZs and kK, A = &1 dZs. Moreover,
there exists A > 1 and a > 0 such that k and k= send Sy to Sxy for all a’ €
(0,a/X).

It will be useful to let
Tl
Oé(l‘l, ZL’Q) = / 8m2B(u, LEQ)d.CL’l.
0

Proof. k is a global diffecomorphism of R? because B is positive, and ™1 is well

defined on S,. Next, there is a C' > 0 such that |B| < C and |a| < C', so that
k™! maps S, into Secy for 0 < a’ < a.
We can compute

In particular,

1 o(z)
-1\ -1 _ B(z " Bz
@) = (7 7).
Since B > by > 0 on R? and using Assumption (ii), there exists 0 < ag < a such
that |B|™' < (ReB)™' < 1/(2by) on S,,. In particular, on S,,, (d.(x71))"" is
bounded.

Around each real point z, we can apply the holomorphic local inversion theorem
and deduce that there are €, ¢, > 0 such that ="' is a biholomorphism between
the ball of radius €, centered at x and its image, which contains the ball of radius
¢, around k~'(x). One can give lower bounds to the constants ¢, €,, expressed

only in terms of the C? norms of 7!, and an upper bound on (d,(x7'))~'. In
particular, we can choose them independent of x.
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Additionally, if k~!(z) = k7 (y) for some z,y € Sy with 0 < o < ay, then
Ty = Yo, and ffll B = 0. Observe that

Y1 Rey: Imy;
OZRe/ / ReBt—l—zImxl,xg)dt—/ Im B(Rey; + it, z5) dt.

Rexq Imxzq

Since Re B > by/2 on S,,, we deduce that [Re (z; — ;)| < C(a’)? for some C' > 0.
In particular, according to the argument above, if ¢’ is small enough, this implies
that 21 = y;. For such an @’ > 0, k! is a biholomorphism between S, and
k1 (S4), which satisfies

S, C K_l(Sa/) C Sca/,

for some a” > 0. Further, x~! is uniformly Lipschitz, and so is its inverse. Taking

min(a’,a”) as the new value of a and \ the Lipschitz constant of x, k="' ends the
proof. O

We can associate £ with a unitary operator U, by setting

U.f(y) = Jac(r)'/? f(5(y))-
According to Lemma A.1 and keeping the same notation, we have
(2.5) U LU = (—ihV, — A)g*(—ihV, — A) — h?V .

Here, V is explicit in terms of x, and g* is the dual Riemannian metric (dx? dr)~?
Note also that

(2.6) (—ihV, — A)g*(—ihV, — A) = Op}(g*(n — A(y).n — A(y))) + O(h?)

where the @'(h?) comes from the explicit computation of the subprincipal term
with the composition formula (the operator in the right hand side is symmetric).
From explicit expressions for the remainders, we deduce that

(2.7) U0 = Opy (161, & — 2[5 + O(h?))

where the remainder symbol is of the form h2qi, ¢1 holomorphic and bounded on
some S, with a > 0. Moreover, letting B = B ok and & = a o k, we get

(2.8) (61,6 — 1) |12 = B + (& — w1 + a&1)*

We are now almost in the desired form. We consider the following symplectomor-
phism

rm(z, &) = (x + AL €), where A:((l) (1)), Al =4,

It is associated with the metaplectic operator M, defined as

s [ et ayae,

(2.9) Mu(zy, x9) = e

the phase being given by

B(r.9,6) = (0.6) ~ (1,6), $(.6) =z~ 3A6,8),
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and ¢ being the generating function of k.. We observe that

Mu(z) = (27h) 2 / eHO (£ 16D dg
R2
where we used the semiclassical Fourier transform

Fou() = /R Uy, Frhe(e) = (2nh) /R eH () o

Recalling that
F (OV) = F o (U) = F (V)
the operator M can be written as a convolution operator
(2.10) Mu=K *u, K = F;lemant488) = ieﬂf‘m,
2mh

where we used the well-known result about the Fourier transform of a quadratic
exponential.

For a symbol o in §'(R*) (which is surely the case of the symbols we are ma-
nipulating so far, we have the exact “Egorov” correspondence

(2.11) M Op} ()M = Opy (o 0 k) -
It follows that MU, 4 UM is in the form announced by Lemma 2.1. Tt
remains to check the conditions on the coefficients. We find that
= (B*+d%) okim, g7 =dorm, g7 =1.
Then

(2.12) B(x,€) = /g9 — (9'2)% = B(r(rm(,€))),

is suitably non-degenerate according to assumption (i), and it remains to check
that & o Kk is critical at 0. But this is true if « itself is critical at 0, and this
holds since (B being critical at 0)

a=12702 . B(0) + O(2%).

2,21

O
It is important to observe that since M somehow mixes x and & variables, it does
not preserve exponential decay of functions. However, in a sense to be precised
later, we will get decay in “x and &”, which is preserved by M.
In the sequel, it will be convenient to let

(2.13) pa= glE + 29" & + g*at
Additionally, we will distinguish variables by setting X; = (z1,&1), Xo = (22,&2).

2.2. Reduction to a bounded symbol. Our strategy strongly relies on the
presentation of the Fourier-Bros-lagolnitzer (in short, FBI) transform given in
Martinez’ book [26]. There, many results require that operators have symbols
in the class S(1), which is the space of smooth functions on phase space that
are uniformly bounded, together with all their derivatives. However, because the
magnetic Laplacian is a differential operator of positive order, its symbol does
not belong to that class. The statements we will use could probably be extended
to the general case of symbols with more general order functions. It is to avoid
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this, and concentrate on the essential arguments, that we have decided to restrict
ourselves to the case of a bounded magnetic field, a situation where we can reduce
the problem to a problem in the S(1) class, as follows.

Initially, the symbol of magnetic Laplacian is polynomial in £ and hence belongs
to a class with gains of powers of (£): locally in z,

(2.14) 1050, pel < Cap(€)* 7.

This still holds after the change of variables k. However, the metaplectic transform
M mixes the z and £ variables, so that we do not gain powers of £ anymore. Recall
that for a non-negative function m on R, Sga(m) is defined as the set of functions
o that satisfy estimates
|0%| < Cym, o € N
If o is holomorphic on a complex strip RY € & € C¢, we shall say that o € Ss(m)
if
Vz e S, 0% (2)] < Com(Rez), a € N
Also recall what it means for a non-vanishing smooth function m on T*R? = R*
to be an admissible order function. First, one requires that m € Sga(m). Second,
there is an N > 0 such that for some C' > 0 and any (z,¢), (2/,&') € T*R?,
m(xvé-) / N\ N
2.15 ——— < {(x -2, & — :
Given two admissible order functions m and m/, then 1/m and mm’ also are

admissible and we have the following result (see for instance |12, Proposition
7.7)): if 0 € S(m) and ¢’ € S(m'), then

/ W / h /
(2.16) Opy} (o) Op} (¢') = Opy, <00 + 2—@_{0, o'} + ﬁs(mm/)(h2)> ,

with the usual sign convention {f, ¢} = 0¢f0,g — 0, f0¢g. Following the result of
Boutet de Monvel-Krée [3], a refinement of estimate (2.16) shows that if o, 0" had
a holomorphic extension to a strip, with uniform estimates, then the symbol of
the product also does, with uniform estimates. Consider now

mm (X1, Xo) = 1+ pum (X1, Xa).

Lemma 2.3. Assume that pp is in the form (2.13), with coefficients satisfying
the conclusion of Lemma 2.1. Then myq is an admissible order function, and
pm € Ss,(mpq) for some a > 0.

If these assumptions are satisfied, we will introduce a bounded spectral param-
eter p and work with

2P = Opy) ( ) Opy (py — hp)

1
(2.17) + P

_ w [ PM — h:u 2 . A
= Opy, <71 Yy + Oss, 1y (h )) = Opj, (pn),

where py = pa + hq, see (2.2), so that p, € Ss, (1), uniformly with respect to h
and f.
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Remark 2.4. Since the intensity of the magnetic field is given by

\/det Hessx, (pn)|x,=0 + O'(h)

(see Equation (2.12)) the fact that it is globally bounded is actually necessary for
obtaining py, € Ss, (1).

Proof. Let us check that py € Ss,(maq). Since the coefficients g¥ are in Ss, (1)
for some a > 0, one finds that

0%pml < Ca(L+1X0) o S,
Thus, it suffices to show that there exists A > 0 such that
(2.18) L+ Repy > A1+ X%,

Let us start by proving this on R*. Note that (2.18) is satisfied for example if
A < 1 and everywhere

9" +9% = V(9" — g7 +4(g")°

A<
- 2

Let
€ =sup{lg"] + |7}, €' = inf{g" g% ~ ("))

The quantity in the right hand side is larger than
2(9" g% — (9")*) /(g™ +¢%) = 2C"/C > 0,

uniformly on T*R2. Now, we turn to the case that (z,£) = (Rex, Re) + i(u,v).
Then, we can write

Repm = Re (9" (€7 —v7) + 29" (&1 — waon) + g (a7 — ui))
— 2Im (91151“1 + 2912(§1U1 + xv1) + ngxlul)
> N (Re X;)? — Ca*(1 + |Re X1]),

where A\ may be smaller than the A\ from before, but is still non-negative if we
assume that inf{Re g"'Re ¢** — (Reg'?)?} > 0 on R? + i[—a, a]4. Up to taking a
small enough, this holds.

Finally, we consider the temperance of the symbol. We already know that for
some constants C', C",

Lt pu(,6) _ 1+ C(X])
1L+pm(2,&) — 1+0C'XE7

whence we find

1"‘]1/\4(2575) C !
T ppa(a, ) < 5(1 +AM(X1 — X1)?Y),

for A\ large enough. U
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3. ABOUT THE FBI TRANSFORM

Our main tool in this section will be the Fourier-Bros-lagolnitzer (FBI) trans-
form. Several versions exist in the literature, see [22]; in this paper we follow |20,
Chapter 3|, and the FBI transform we use here is defined, for u € .%/(R?), by

(V[

Tu(z, &) = ah/ e @/ e le=yP/2hy () dy | ay, = 27N (wh) T2
R4

The oy, is chosen so that T is isometric from L?(R?) to L*(R?*). The knowledge of
Tu implies the knowledge of v via the inversion formula?:

(3.1) u(y) = ah/ e~ @M=yl 2hpy (1 €) da dE = T*Tu .
R4

It will be essential later that
(3.2) (h(0y — 10c) —1€)T = 0.
In other words, 7" maps L?(R?) into the closed subspace of L*(R?*) of functions of
2

the form e 2n f(z —i€), where f is holomorphic on C2.

3.1. Towards a Toeplitz representation. Since the naive Agmon tactic fails,
it seems natural to try and use weights in phase space that depend on both z and
¢. However, it is not easy to understand the behavior of an operator of the type
Op} (e?@&)/M) " all the more if ¢ was not bounded. (Although, in the case of a
quadratic v, see the recent article |9]). Following the strategy of [26, 3.5], [30], we
use the FBI transform to simplify this, as e?(®%)/" can be seen as an multiplication
operator on L?(R*). Precisely, let us consider the following quantity

(3.3) (me?"T P, eWhTu>L2(R4) ,

where & is defined in (2.17), and m € S(1) is multiplier (it is not an order
function!). In this section, ¢» € S(1) and might depend on parameters uniformly
with respect to the S(1)-topology, and all the bounds will depend on d¢> only.

Since the FBI transform we are using has a quadratic phase, we have an exact
formula

T Opy(0) = Opy (o7)T',
where o (z,&, 2%, &%) = o(x — £, 2%), valid for o0 € ./(R?*). From this, we get
(me?/"T Pu, /" Tu) 12@ey = (me?!" PrTu, e/ Tu) 21 -
We set
c@}l’ = eV/h Pre VI Uy = ey = Tyu,
so that
(33) = <m32;eu$, Uw>L2(R4) .

Thanks to our analyticity assumption and [30, Corollary 5] or [26, Lemma 3.5.4],
PV is still a pseudo-differential operator with symbol in S(1). Its symbol satisfies

(3.4) Pl = pu(x — & — 0, 2 + i0,90) + O(h?).

2 sometimes called coherent state decomposition; in relation with the magnetic Laplacian, it

has been used in |4, Section 2.3]
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Since we use the Weyl quantization, we have indeed @ (h?) and not only &(h).
Now, we apply [30, Theorem 1| or [26, Theorem 3.5.1|, which gives

(35)  (TPum T = [ 5o G0l do d€ + O .
R4

with

(3.6) Dhn (2, € 1) := m(z, )pn(a + 200, € — 2i0:0) + O(h).

Here, we have introduced the complex variable z = = 4 £, and

9. = %(a,c i), 0= %(a,c 4 i0).

We stress again that the all the constants in the estimates only involve 1 via
semi-norms of d¢ in S(1).

3.2. Subprincipal term. In fact, we can even describe the term estimated by
O(h) and we will actually need it. For that purpose, and also for the convenience
of the reader, let us revisit and refine [26, Theorem 3.5.1].

3.2.1. General expression of the subprincipal term. Let us focus on the proof
of (3.5) once we have (3.4). The following proposition shows how to explicitly
write a pseudo-differential operator acting on the range of 7 (in the sense of
quadratic forms) as a multiplication operator modulo &'(h?).

Proposition 3.1. Consider a symbol ¢ = qo(x, &, x*,&*) € Sgs(1). We have

(Opy (@) uy, uy) r2(rey = 44(60(567 &) + hi(z,6))|uyl” dz dé + O(h*)luy||72@s)
where

W,€) = ao(w, &€ — 0, 0,0) Dl €) = 3 ({o7,0} + {1:04)) g -
with

f=a &40
925*—ax¢
1
(37) (Uz/Q%%@@é—&w+ﬁ@ww
0

1
%z/V%%mff—@m@w+WMt
0

Proof. Let us follow the presentation by Martinez. The computations also appear
in [30]. We consider
ri(z,& 2%, &) = q(x, &, 3%, &) — q(2,§,§ — 0cv, 000
By the Taylor formula,
r1 = for+goy,.
We set F'= Opy, f and G = Opy g. Since we use the Weyl quantization, we have

Ob}(fo5) = 5(F Ob} (05) + OB} (o)) + O (17).
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(Here, the symbol f is not in S(1), however all its derivatives are, which is essential
in the computation). Next, we observe that Equation (3.2) implies that FT,; =
1GT, and deduce

5 ((F OBy (o) + O} (0)F g ) = 5{[0B3 (o), Gl ).

Thus (again, since dg € S(1))
\ h \
(Opy (fop)up, up) = {0y ({07, g} up, wg) + O (h*)]|uy|*.
2
In the same way, we get
\ h \
(0P} (909 up, ug) = 5 {0y ({f, o9 Py, uy) + O (1?)||uy|*.
2
Therefore, iterating the argument,
w h
(Op s ws) = 5 [ (7.0} + {00} yymo s d€ + O
O

Notation 3.2. When a € Sga(1), we let
a(z,€) = a(z +20:, £ — 2i0:9)) .
Corollary 3.3. We have

38)  (TPum T = [ B0l do d€ + O .
R

where
(3.9) DY (2, € h) = m(, )pn(,€) + hpy 1 -
and -

Dy = —20=m.p), + ms(w,€),
with

1
S(:L’,f) = 5 ({Ufag} + {fa O-g})‘f:g:(] )
where we used the notations of Proposition 3.1 with
Qo(z,&, 2%, &) = pulx — & —i0h, x" + i0,7)) .

Proof. We apply Proposition 3.1 to the pseudo-differential operator Op) ¢ =
m@}ﬁ . By the composition formula,

Q(Z',g,l’*,g*) = qu(ZE,g,l’*,g*) + hQ1($? ga ZIZ'*, 5*) + ﬁ(h2) ’
where
QI(xvé-vx*vg*) = (2@)_1{m(x,§),ph(x - 5* - Zaﬁwvx* + Zﬁww)}
= —(2i)7'0,m - Oepp, + (20) ' Oem - Dy, -
We deduce that

~ ih —~ —
qul:,m = m(l’,g)ph(iﬁ, 5) + 5 <8wm . 85ph — 8§m . 8wph> + hS(ZL’,g) ,
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with
1
5= 5({m0f, gt +{f,mag})j=g=0

m 1 — _
= (o593 + 100 =m0 + 5 (~3ep, - Oem — Doy - Dom).
But we have
i - N 1, —~ .
5 (&Em - Ogp, — Ogm - &Bph) + 5(—8§ph - Ogm — Oypy, - Opym)

1 — 1 A
= 5050771 . (—Qcph + zﬁgph) + iﬁgm . (—z@xph — 85ph)

= —20:m - @h-
U

3.2.2. Rough estimate of the subprincipal terms. Let us describe p;f’m’l in the case
when m = m(X,) € S(1). Recall that

by = 96 = 297600 + g7t — hy
"1+ gMEE — 2926w + g2}

+0(h?),

where the coefficients ¢*/ are in S(1) on R*4i[—a, a]*, and g > 0. Then we notice
that, since m only depends on z,,

9= - oy | = |(Dm) By | < Clmin(I X2, 1) + A2),

and that this term is zero when m = 1. Also, we observe that a priori, s € S(1),
so that

pﬁm = mpy + hmO(1) + hO(min(| X%, 1)) + O(R%).

3.2.3. A more accurate description. When ) = ¥(X3), we can give a more explicit
expression for s. It will be convenient to set

Then,

1 1
o= [ optwstrga o= [ e
0 0
We have
{Uf> g}f=g:0 - Z{§j> gk}ﬁfkﬁgjw(:)s, 57 0, O)
k’j

1
+ §{fja gk}afkaijU(ZL', 57 0, O) + {gja gk}afkagjw(za ga O> 0) )

and

1
{f7 Ug}f=g=0 = Z{fk7 xj}agkﬁij(xv 57 07 O) + §{fk7 gj}ﬁgkaqu(xa 57 07 0) .
k.j
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From the expressions of f and g, we notice that {&;, gx} = —6jk, {fe. 2} = dji
and

{gkv gj} = _852k,xjw o 852j7$k¢’
{90, fi} = =0k + O 0 + 03, o0

Since ¢ = W(X3), the only non-zero terms involving v are obtained for j = k = 2.
Thus,

1 1
(3.11) 2s(x,&) = (Z —0y,O0¢, + §0fk0fk + 0y, Oz, + 58%0%) w(z,&,0,0)+ Ry,
k

where Ry = O(|d*y||d%,pr). Let us look at the first term in the right-hand side
of (3.11) and recall (3.10). Then, we can write it as

1 1 1 —
<Z _afkaﬁk + §afk8fk + af]kamk + 589k89k> w(:c,g, 0, O) = _§Aph + Ry,
k
where again, Ry = 0/(|d*¢||d%, ps|), so that finally,
1 —
s = _ZAph + O(min(| X;|*, 1)) + O(h?).

We can summarize the discussion above in the following.
Scholium 3.4. Under the conclusion of Lemma 2.1, consider 1 bounded with
dy € S(1) and m = m(Xsy) € S(1). Then
(me™ V"I Pu, e VM Tu) = / luy|® [mpn, + hms + hr + O(h*)] dX; dX>,
R4

where r,s € S(1) and |r| < C(min(]X;|%,1)). Moreover, we have the following
properties.

(i). Whenm =1, r =20
(ii). When ¢ = V(Xy),

1/\ ~
S = _ZAph(x>€) + Ra

where R € S(1) and R = O(]d*¥| min(| X, |*> + h?, 1)).
Moreover, all estimates are uniform for h small and dy varying in a bounded
subset of S(1).

Noticing that R is zero when v = 0, we get the following.
Proposition 3.5. When o € S(1),
(Opy (0)u, u) r2@ey = (T Opy (0)u, Tu) 2 (ray

_ /R <a(m,§) _ %Aa(m,ﬁ) + ﬁ(zﬂ)) g2 d dé

Remark 3.6. This classical proposition (see [26, Corollary 3.5.7 & Section 3.6, Ex.
7] and consider also |39, Theorem 13.10]) is also true when o is a quadratic form,
and in this case the remainder &'(h?) is zero.

(3.12)
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4. MICROLOCAL AGMON ESTIMATES

In this section, we establish Agmon estimates with respect to X; in an ex-
ponentially weighted space with respect to X,. These estimates are stated in
Theorem 4.3 and 4.4. They imply Theorem 4.1. In this whole section we will
consider u € L*(R?) solving the equation

(4.1) Pu = Op} ( ) Opy (pm — hit + h*q)u = 0.

14+ pum
with py = pa+h?q satisfying the conclusion of Lemma 2.1, so that the conclusions
of Scholium 3.4 applies.

Theorem 4.1. Let Vi, ¥y be non-negative Lipschitz functions with a unique and
non-degenerate minimum at O with minimum value 0. We also assume that they
go linearly to infinity at infinity. We set (z,§) = U(X3) + Wa(Xs). Given
K >0, there exist €, hg, C > 0, such that, for all h € (0,hg), p < by + Kh and u
solving (4.1), we have

/ e2aw(x,£)/h|Tu|2dxd§§C/ Tul?dzdé (= C |ull?).
R4 R

4.1. Decay away from the characteristic manifold. In this section, we es-
tablish the exponential decay of T'w with respect to Xj.

4.1.1. First estimate. One will need the following elementary lemma.

Lemma 4.2. Recall that ppy(z, &) = g"&8 — 2¢"2& 1 + g*22. Then, there exist
non-negative numbers v, ¢y, co, c3 such that

(i). for all [ X1 = v, 75— > a1,

(ii). for all | X1| <7, % > ] X1]?.
If, moreover, € is small enough,
(i). for all |X1| > v, Re 24— > ¢,
M
D.

I4+pm —
(if). for all | X1 <7, Re {25 > Repm — 3| Xu|*, and Repa > c2| Xa [,
where we used Notation 3.2.

Theorem 4.3. Given K > 0, there exist €, hg, C > 0 such that, for all h € (0, hg),
p < K and u solving (4.1), we have

/ 2 XD+ V(X)) Py 2 4 dg < C/ 22 ()M |2 A d€
R4 R

Proof. Assume temporarily that W; is bounded. Let us use Scholium 3.4 with
m = 1. Then, taking the real part, we get

/ (Repy, — Ch)|uy|*dzd¢ <0.
R4

Recall (0.6) = b
_ pm\T, — Y 2



18 Y. GUEDES BONTHONNEAU, N. RAYMOND, AND S. VU NGQC

Since pag > 0,

P :
Re — —01+Kh)u drd€ <0.
[ (Rep 22— 8)n) fug P

Counsider R > 0 and the set
Jr={X €R": |Xi| > Rh2} .

We write
Pm 5
Re — —C'1+Kh)u dz d
[ (Re 2o — s ) gt
Pm 9
< — Re — —C’1+Kh)u dx d¢,
/C( B o KR
and notice
/ <Re b —Ch) \u¢|2dxd§‘§CRh(1+K)/ e?V2(X2)/h )2 4 dg
CJ 1+ pm R4

From Lemma 4.2, we get ¢; > 0 such that on Jg,

Re M 01+ K)h > &R — C(1+ K)h.
L+Dpm
Choosing R large enough, we get

uilPded < Cr [ OOMTUP dade,

e
Jr R4
and then

/ uy? do dé < C/ 22 (X2)/h |2 4 de
R4 R4

If ¥, is not bounded, we introduce an appropriate cutoff function. For example,
we apply the previous estimates to Wy ; := y(k™'eW;(X;))e¥;(X;) and send k to
+00. The estimates are independent of k because d¥, j is uniformly bounded in
S(1). Then, we conclude with the Fatou lemma. O

4.1.2. Agmon estimate with multiplier. Let us now add a multiplier in the previous
estimate. This can be done modulo &'(h).

Theorem 4.4. Consider m = m(Xs) non-negative with m € S(1). Then, for
M > 0, there exist €, hg,C > 0 such that, for all h € (0,hg), p < M and u
solving (4.1), we have

me? (XM Ty 2 4y de < C / (m + h)e* "2 XD/0Ty)? da dg .

R4 R4

Proof. We use again Scholium 3.4, this time without assuming that m = 1. We
have

Re [l (o€ Wl de d = O(07)
R
so that, with Theorem 4.3,

[ Rept o &Ml arag < Cn? [ 000 rup azae.
R4 ’ R4



SEMICLASSICAL EXPONENTIAL LOCALIZATION 19

Then, by Scholium 3.4,
/ (mRepy(z, &5 h) — Chm) Juy|* dodé < Ch/ | X1 [ g |* do d€
R4 R4

+Ch2/ 2= V2 (X2)/h 1y 2 4 dg
Rzl

Using again Theorem 4.3 with a smaller ¢ to absorb the | X|? term,

/ (mRe Py (x, & h) — Chm) |uy|? de dé < Ch2/ V2R 1y 2 g dE
R4 R4

Then, the analysis the same lines as in the proof of Theorem 4.4. The same
splitting of the integral in the left-hand-side gives the conclusion. 0

4.2. Subprincipal decay estimates. Let us now prove an exponential estimate
with respect to all the phase space variables. In the previous section, we essen-
tially used the ellipticity of the operator outside of the characteristic set. The
results, while new in this precision as far as we know, are not surprising. However,
in this section, we have to understand what is happening directly on the charac-
teristic set, i.e understand in detail the subprincipal terms. This is a much finer
analysis. At the microlocal level, the computations are similar to the ones in [38];
however, instead of using the Boutet de Monvel calculus for polynomial operators,
we directly use the invertibility of an effective harmonic oscillator.

Theorem 4.5. For M > 0, there exist £, hg, C' > 0 such that, for all h € (0, hg),
< byg+ Mh and u solving (4.1), we have
/ eV (X2)/h 2 dg de < C/ |Tu|? da dé .
R4 R4
Proof. This time, 1» = W(X5). Let us use Scholium 3.4 again with m = 1. We get
h — -
/ Re (ﬁh — ZAph — R - C’h2) luy?dedé <0.
R4
With Theorem 4.3, we can estimate R and get
~ h 2 2
Re ( pn — ZAph — Ch* | |uy|"dzd€ <0.
R4

Observe that

. pm—hp Pm P
4.2 +O0(h*) = F—L = —hu+h — — .
(4.2) Pt O(W) =7 == =Dm = hjt+ == = 7
The fourth term in the right-hand side is @ (min(]X;|* 1)), and can be absorbed
using Theorem 4.3, and replaced by a &(h?). The third term can also be absorbed

in the same fashion, and replaced by &'(h*u). We deduce that

/ (ReﬁM — boh — %Reﬁp\h —C(1+ K)h2) ug|?dade < 0.
R4
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Using Equation (4.2) to estimate the contribution from Kp\h, and using the same
arguments,

~ h, ——
/ (RepM—boh—ZReAleM—C(l—i‘K)hz) ‘U¢‘2d$d£§0,
R4

Now, we will approximate py; by a quadratic form in X, with coefficients depend-
ing only on X5. To this end, let
12

Qx, (X1) = [gll\xlzo] &—2 [9 2\X1:0] §1z1 + [922|X1:0] a?.

(Observe that since 1 does not depend on X;, ~ and differentiation in X; com-
mute). Since the coefficients g are assumed to be critical at 0, and di(0) = 0,
we find

Re pa — %Rem = Re Qu, (X)) — gTr Re Qx,
+0 (1 X1 P (min(| X, * + | X2|?, 1) + A X1 + A X1 | min(| Xz, 1)))
Using Theorem 4.4, we can absorb & (h*| X% min(|X5/?,1)) and replace it by
O(K* ™ (min(] X,|?, 1) + h)).
Therefore, using also | X1||Xs| < e7H X |2 + €| Xs|?, we get

/ (Re QXQ(Xl) - boh - gTrRe QX2 — Ceh Il’liIl(|X2|2, 1)) ‘U¢‘2 dX1 dX2 S

(1+6_1+K)h2/\u¢\2dX1 dX,.

For fixed X5, we recognize the Bargmann symbol of the “harmonic oscillator”
in X (see Remark 3.6) and thus

/]R;2 <Re QXQ(Xl) — ng"Re QX2> ‘U¢‘2dX1 Z h\/det Re QX2 / ‘U¢‘2dX1.
So that
/ (x/det Re O, — by — Cemin(|Xs|?, 1) — C(1 + 7! + K)h) lug|? dade < 0.
R4

Recall now that B = v/det Q, so that
VdetRe Q = B(1+ O0(TrRe @ 'Im Q)) = B(1 + £0/(min(|X;|*, 1))).
Under the conclusion on Lemma 2.1, we get the estimate

/ (min(|X2|2, (1—Ce)—C(1+e + K)h) luy|? dwdé < 0.
R4

The conclusion follows from the usual Agmon arguments, and again the fact that
the constant only depend on derivatives of . U
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5. SPACE EXPONENTIAL DECAY

We are now in position to prove Theorem 1.1. Let @& € L?(R?) such that %,i =
hut and let u = MU 4 = M*U. 4. We have Pu = 0, see Equation (4.1).

Remark 5.1. Following |26, Theorem 4.1.2|, with Theorem 4.1, one could deduce
(up to technicalities) that, if K is a compact set away from 0, we have
lll 2y = O™/

for some ¢ > 0. Below, one will get a more explicit result. Already observe that
we can drop the factor U,. Indeed, since « is uniformly bi-Lipschitz, it preserves
spatial exponential decay. So we can concentrate on u : = Mu = U, u.

With the notation of Theorem 4.1, we have, for € small enough,
Tu e L2,(R"), where L2,(R") := L*(R% e* dz d¢),
with a uniform bound: ||Tu||L2w(R4) < C'lJul| 2(gey, where C' does not depend on h.

From this exponential decay in phase space, we wish to obtain exponential decay
in the position variable = for @. We start with the inversion formula (3.1):

i = MT*(Tu).

Let ¢ be a non-negative Lipschitz function, going linearly to infinity at infinity,
having a unique and non-degenerate minimum at the origin, with minimal value 0
(let us call these functions admissible weights). We would like to obtain a uniform

bound ||e“#q 2@y < C'l[a]| 2y, for some € > 0 small enough. Thus, it is
enough to prove that the operator
(5.1) MT*: L2(RY) — L7 (R?)

is uniformly bounded with respect to h € |0, o).

Lemma 5.2. Let 1, po be admissible weights on RY. Then there exists C > 0
such that

(5.2) Clr <y < Oy .

Proof. By the Taylor formula at the origin, the estimate (5.2) is valid in a neigh-
borhood of 0. By the linear behavior at infinity, it is valid outside of a compact
set. On the remaining compact subset of R?\ {0}, it is enough to use that the
range of ¢; is a compact interval of |0, +oc]. O

A consequence of the lemma is that the choice of ¢ and v in (5.1) is not relevant,
as long as we don’t seek the optimal constants and are allowed to play with ¢, €.

Proposition 5.3. Given an admissible weight p on R?, there exists an admissible
weight 1 on RY of the form required by Theorem 4.1, and a constant C > 0
independent of h, such that for all € < €¢/C, € < 1, the operator MT™* defined
in (5.1) is bounded by O(1).

As a consequence, there exists €, such that if € < €, then there exists C' > 0
such that

oz ~ 2 ~ 112
e o) d < C il
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Proof. By Lemma 5.2, we can always change the function ¢, so we will pick a
convenient one. First, consider the ¢! Lipschitz function f defined by f(p) = p?
if pe[0,1] and f(p) =2p —1if p > 1. Notice that

(5.3) Vp >0, f(20) <4f(p).

We define now the admissible weight () := f(|z|), z € R%.
A formula for MT™* can be obtained from the action of the FBI transform 7" on
arbitrary metaplectic operators, see |20, 3.4]; here we derive it explicitly. We have

2

Tu(x,§) = ahe%(L*u)(z), with L(z) = e, z:=x—if € C2.

_¢2 _ _
From (2.10) we obtain TM*u(z,§) = ozhe%((L * K) x u)(z), where L x K is
a complex Gaussian that can be computed explicitly, using in particular that
(I+iA)~™ = %(I —iA):

LxK(y) = V2rhe (I+iA)y.y) A= ((1) (1)) .

Hence
_ g2 _ .
R R L
- V2

and therefore, taking the adjoint, we have for v € L2, (R*)

(MT*)o(y) = & / ¢FreTHUZNEDT Ny (&) dude, = +i€.

R4

Let K+ (y, z,€) be the Schwartz kernel of eE,TvMT*e_%, viewed as an operator
L*(R*) — L3(R?), i.e.

2
Koy (0,1, €) = e 50 5l ia) ).

We have

Re (I —iA)(z —y),z —y) = |z —y[* — |¢]* — 2(A¢, 2 —y)
=A¢ = (z—y)f =20,
where in the second line we used |A¢|” = |¢|*. Therefore,

do(y) A= (z—)|%  cp(x,)
2h A

| K+ (y, 2, &) < Gpe™ F

Let us choose now, as we may, 1(z, &) := o(z) + |£]° /(£). Indeed, ¢ is not of the
form Wy + Wy, but is bounded from below by a function of this form (this can be
written explicitly, or by invoking Lemma 5.2). By convexity of ¢,

o(y) < 50(22) + 50(2(y — 2))

and hence

L o) o) | doCy-a) |z-y—Ag®  clel?
|KMT* (y, z, €)| < ape 2t h 2h oh ey
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If ¢ < ¢/2 then, by (5.3), €p(21)/2 < ep(z) for all x € R? so that

do@y—2) _|z—y—Ae? _ egl?

(5.4) |\ K+ (y, 2, €)| < ape” 2 2h G

We wish to conclude on the L? continuity of MT™* by applying the Schur lemma.
For given (z, &), we make a change of variables to get

[ sar- a1y = [ e (-4 0+ A6 2.9y

From (5.4) we have

o2y +Ae) _ |y? _ eg?

|KMT* (y + x4+ Af,l’,fﬂ < ape 2h 2h T R(E)

Using again the convexity of ¢,

oy +AQ) € oty  do(dA9 [yl° e
20 o h(E) = 4h ah TG

From Lemma 5.2, there exists C,, > 0 such that, p(4A¢) < C, €] /(€). Hence, if
€ <4C €, we get % - ;f; <0, and

(5.5)

do(ay)  yl?
/ | K= (y + 2 + A&, 2,6)|dy < &h/ 6%_% dy .
R2 R2
Using Laplace’s method, the integral on the right-hand side is &'(h) provided
¢ < 1/16. Hence,

/ | K+ (y, 2, )| dy < Chay, .
R2

On the other hand, for a given y, we make an analogous change of variables:

/\KMT*<y,x,£>|dxd£=/ K- (g2 y + AL, €)] de de
R4 R4

and write (5.4) as

o2(z+A8) |22 <2

| K (y, 2 +y + AL, €| < ape 2k 2h T h(E)
Applying Equation (5.5) with y replaced by x, and choosing € < 2C ¢, gives
o(ar) x|

€2
|KMT*<y,x+y+As,§>|dxd5Sdh/ e dg [ “HI5 dp
R4 R2 R2

Using that both integrals are €'(h), we have
R4

Hence, the Schur lemma gives MT* = &(a,h*?) = 0(1) : L2, (R*) — Lf,w(RQS

With this Proposition 5.3, the proof of Theorem 1.1 is complete. It would be
very interesting to investigate the optimality of (¢, €’) for which Proposition 5.3
holds, in particular by relating ¢”(0) to the behaviour of the magnetic field at the
origin.
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Corollary 1.4. In L*(R?), we can decompose Up g = aeuy 4+ w with w orthogonal
to ug, # € R and « > 0. Since the eigenvalues of %, are h? separated, the Spectral
Theorem implies that ||(-Z,—Ao(h))ue 5| > Ch?||w]|, so |w|| < Ch’. In particular,
1 —a < (Ch’)?/2. We then get

lue,s — €Puellz = 2(1 — @) < (CR7)2.

Now, we turn to exponentially weighted spaces. We consider € > 0 small enough
so that Theorem 1.1 applies to 2¢. Then we observe that

i i 1/2 ; 1/2
e, — €| o eeatermamy < Nty — €Pugll e,y — €| L/z(ezsdm/hdx) :

APPENDIX A. CHANGE OF VARIABLES

Since ., is invariantly defined by the 2-form B and the Riemannian metric on
M, its principal and subprincipal Weyl symbols are well defined, which implies
that a change of variables like the one defined in Lemma 2.2 and used in Lemma 2.1
acts naturally on the Weyl symbol modulo terms of order &'(h?) (see also [29]).
Here we give a direct proof of this and compute explicitly the &'(h?) remainder.

Lemma A.1. Consider a change of variable s : RY — R2. We let

Uy = |g\i¢o,'<a: Jac(m)%qﬁom.

We have

ULU = (—ihV, — A)g*(—ihV, — A) — h*V |
with

v =1lgI* (div(lgl*g"V (lg1) + 9" (g)]?)
and

g =", g=(dr)"(dr), A=(dr)"0Aok.
Proof. Considering the quadratic form 2, of %, on L*(R2,dz), we have

D) = [ (i, = R))i (k9 = A)i)rlal? do.
where
g =N, g=(dr)"(dr), v=vokr, A=(dr)ToAok.
In terms of forms, this means that
Kgo=g, KY=1, r(Ade+ Aydas) = A, dy, + Ay dy,.
We let P = —ihV, — A(y) and notice that

() = [ (lg|T P, |g|1 i) dy

2

T

2

(Plolt, 91 P}, du+ [ (lalt Y lal! POy,
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and then

2u0) = [ 1Pl’d

2
> dy

+ [ lglt P13 gl PO dy + [ (Plal¥d (1l P1),-dy,
R? R2

so that

20) = [ 1Pl

2
o dy

+2Re [ (lolt, P lol POy = [ il PIIE. .

pt
Since [P, |g|1] = —ihV(|g|1) and A is real-valued, we deduce that
2Re [ (llglt, Y.l P dy = 20t | (59l ol (~ihV,) ), dy
R2 R2
—217Re [ (@919l 191 9,0, dy
R2

—2h%Re | (F-V,)dy

RQ

[ F(9,10) dy
R2
:—h2/ divF [¢[2 dy .
R2
where F = |g|1g*V(|g|7). Therefore,

2w) = [ NPvoliay - [ vwePay,

and the conclusion follows. O
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