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DISPERSIVE ESTIMATES FOR THE SEMI-CLASSICAL
SCHRODINGER EQUATION IN A STRICTLY CONVEX DOMAIN

OANA IVANOVICI

ABSTRACT. We consider a model case for a strictly convex domain Q C R? of dimension
d > 2 with smooth boundary 99 # @ and we describe dispersion for the semi-classical
Schrédinger equation with Dirichlet boundary condition. More specifically, we obtain the
optimal fixed time decay rate for the linear semi-classical flow : a loss of (%)1/ 4 occurs
with respect to the boundary less case due to repeated swallowtail type singularities. The
result is optimal and implies corresponding Strichartz estimates.

1. INTRODUCTION

Let us consider the Schrédinger equation on a manifold (€2, g), with a strictly convex
boundary 9f2 (a precise definition of strict convexity will be provided later):

(1) 0w+ Ay =0, V=0 =120, vlgrxan =0,

where A, denotes the Laplace operator. The boundary condition will be assumed to be
Dirichlet.

In all recent work on hyperbolic equations on manifolds, understanding the linear flow is
a pre-requisite to studying nonlinear problems: when dealing with the Cauchy problem for
nonlinear wave equation, one starts with perturbative techniques and faces the difficulty
of controlling the size of solutions to the linear equation in term of the size of the initial
data. For this (especially at low regularities), mixed norms of Strichartz type (L{L") are
particularly useful. In the case of the Schrédinger flow e®9v, of (1), local Strichartz
estimates (in their most general form) state that

(2) lle™v0| Laqo.ryLr (@) < Crllvoll (),

where 2 < ¢,r < oo satisfy the Schrodinger admissibility condition, % + g = g, (q,r,d) #
(2,00,2) and §+§ > %l — o (scale-invariant when equality; otherwise, loss of derivatives in
the estimate (2) as it deviates from the optimal regularity predicted by scale invariance.)
Such estimates are well known in the flat Euclidean space R? with g = (d;;). In that case
o0 =0 and T = oo, so that (2) holds globally in time.

The canonical path leading to such Strichartz estimates is to obtain a stronger, fixed
time, dispersion estimate, which is then combined with energy conservation, interpolation
and a duality argument to obtain (2). The dispersive estimates for the classical Schrédinger
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flow read as:
(3) |2 8% || 1 gay oo may < C(d)t™42, for all ¢ # 0.

Indeed, (3) and the unitary of the propagator on L?(R?) are all that is required to obtain
all known Strichartz estimates ; the endpoint cases are more delicate (see [21], [L1], [35]).

On any boundary-less Riemann manifold (£2, g) one may follow the same path, replacing
the exact formula by a parametrix which may be constructed locally within a small ball,
thanks to finite speed of propagation for waves or in semi-classical time for Schrodinger
- where one deals with very short time, wavelength sized intervals (e.g. the size is the
inverse of the frequency), allowing a reduction to almost finite speed of propagation. In
semi-classical time, the dispersive estimates for the Schrodinger equation in the Euclidian
space read as follows

. 1 h
(4) sup | (hDy)e "3t | < 5 min(1, (?)%) for all 0 < [t| < 1.

When Q = RY, dispersive properties of (1) are well understood and play a crucial role
in understanding the nonlinear problems. Studying the same hyperbolic or dispersive
equations on manifolds (curved geometry, e.g. variable metric) started in part with Bour-
gain’s work on KdV and Schrodinger on the torus, and then expanded in several different

directions, all of them with low regularity requirements (e.g. Staffilani-Tataru [32]|, Burg-
Gérard-Tzvetkov |9], [8] for Schrodinger, Smith [26], [27], Tataru [33], Bahouri-Chemin [1],
[3], Klainerman-Rodnianski [24] and Smith-Tataru [31], [30] for wave equations).

Even though the boundary-less case has been well understood for some time, our un-
derstanding of dispersion on domains is far from complete. Indeed, one may think safely
that while the subject has seen considerable progress in recent years, we only have a very
partial knowledge of dispersive properties of solutions to the wave equation on domains
with boundary, while for Schrédinger on a bounded domain we do not have any satis-
factory estimates to deal with important applications (as an example, the cubic nonlinear
Schrodinger equation on even a 3D ball is not well-understood in the natural energy space).
For compact manifolds (even without boundary) one cannot expect estimates of the same
form as for the Euclidian space: eventually a loss will occur, due to the volume being finite.
There can be no-long time dispersion of wave packets, since they simply have nowhere to
disperse. Long time estimates for the wave equation are unknown, while in the case of the
Schrodinger equation, the infinite speed of propagation immediately produces unavoidable
losses of derivatives in dispersive estimates. Informally, this may be related to the existence
of eigenfunctions, but the complete understanding of the loss mechanism is still a delicate
issue. During the last decade, we have studied dispersive properties of the wave equation
on domains with boundary. Our first result [18], which deals with the model case of a
strictly convex domain (the Friedlander domain, which can be seen as a simplified model
for the disk) highlights a loss in dispersion for the solution to the linear wave equation
which we informally relate to the presence of caustics generated in arbitrarily small time
near the boundary. Such caustics appear when optical rays are no longer diverging from
each other in the normal direction, where less dispersion occurs as compared to the R? case.
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The Friedlander’s model domain is the half-space, for d > 2, Q4 = {(z,y)|z > 0,y € R¥1}
with the metric g inherited from the following Laplace operator

(5) Ap=02+) 02+ qxdy,0,
J Ji:k

where g; are constants and q(0) = »_., ¢;x0;0k is a positive definite quadratic form.
Notice that the strict convexity of the domain defined by €2; with the metric inherited
from Ap is equivalent to the ellipticity of > ik @ k0y; Oy . When g = §%% (i.e. when
q(0) = 10|*) the domain (Qg4, gr) is a first order approximation of the unit disk in polar
coordinates (r,0) : set r = 1 — 2,0 = y. Let h € (0,1] and let 0 < @ < 1 be small
(comparable to a positive power of h) : if u,(t,z,y) = cos(t\/|Ap|)(6z=ay=0) denotes
the linear wave flow on (£, g) = (Qq4, gr) with data §,—,,—0 and satisfying the Dirichlet
boundary condition, then

6)  IerDualt, Yo < Ol min {1, (n/1)'5* ()2 4 (5 4 a2 y) |
Moreover, there exists a sequence (¢, ), for which equality holds in the estimates (6), making
them sharp. This optimal loss of % in the % exponent is unavoidable for small a and is
due to swallowtail type singularities in the wave front set of u,. This preliminary steps
opened several directions, from obtaining the generic convex case to understanding more
complicated boundary shapes.

In the present work, we address the same set of issues for the Schrodinger equation,
where parallel developments were expected, at least in the so called semiclassical setting
(recall that is a shorthand for saying that one deals with time intervals of the size of
the wavelength h, allowing a reduction to almost finite speed of propagation). It should
be understood that obtaining sharp results for the classical Schréodinger equation - in
the non-trapping case - is far from routine, the main issue being the infinite speed of
propagation of the flow. In the case of a convex boundary, even the wavelength sized time
behaviour is complicated due to the existence of gliding rays. Let h € (0,1] and consider
the semiclassical Schrodinger equation inside the Friedlander domain (€4, gr), with Ag
given in (5) and Dirichlet boundary condition

(7) ihOw — h*Apv =0,  v|—o = vy, v|ag, = 0.
The main result of this paper is the following :

Theorem 1. Let ¢ € C5°([3,3]), 0 <o < 1. There exists C(d) > 0, Ty > 0 and ap < 1
such that for all a € (0,a0], h € (0,1] and |t| € [=To, o], the solution v(t,-) to (7) with
data vo(x,y) = Y(hDy)0y—ay—o satisfies the following estimates:

1

h a1 . t
9Dt e S 5q(;)F min{lnaaly )}, where
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g 14
thatt) (shayp) ( h1/37 Zfa 5 h2/37
T I ; b
a \ o Va, if B3 S a < (th)Y?,

() N " ) =

,.,.f"' e (%)1/27 if (Mh)lﬂ Sas th/?,
21 /
g -------- hm (sharp) \ (}\;_7)1/47 Zf |t|h1/3 5 a S o < 1

Moreover, for every |t| € (/a,Ty] and every |t|h'/? < a < 1, these bounds are sharp as
1/4
<@> > A3 and

It

1 h. w-n sha\1/4
(8) "¢(th)v<ta ')”LOO(Qd) >~ m(?)%} (ﬁ)

Remark 1. Notice that when a < [t|h'? we have Yy q.4(L) < (R|t])Y*, when a = [t|h/3 we
have Ypaa(L) S Y3, while when |t|h'? < a < ag, (8) yields a sharp loss of 1/4 powers of
h/t compared to the Fuclidian case (4).

We notice in particular two main differences with respect to the wave equation which
imply important additional difficulties.

e When a is not too small, the Green function for the wave flow can be explicitly
expressed as a sum of "time-almost-orthogonal" waves, which essentially "live"
between a finite number of consecutive reflections; we are therefore reduced to ob-
taining good dispersion bounds for a finite sum of waves well localised in both time
and tangential variable. Using a subordination formula yields a similar representa-
tion of the Schrodinger flow as a sum of wave packets ; nonetheless, at a given time
t, all the waves in this sum provide important contributions, which occurs because
they travel with different speeds. To sum up all these contributions we need very
refined bounds for each of them, similar to those obtained in [17] for waves.

e When a is very small, writing a parametrix as a sum over reflections doesn’t help
anymore since there are too many terms to deal with (the number of terms becomes
unbounded even in the case of the wave equation, but the finite speed of propagation
allows to handle the situation at least as long as a > h?/3); using the spectral
decomposition of the data in terms of eigenfunctions of the Laplace operator allows
to obtain a parametrix as a sum over the zeros of the Airy function. When dealing
to the wave equation, each term in this sum satisfies the usual dispersive estimate,
hence we can sum up sufficiently many of them and still get sufficiently good bounds.
On the other hand, when considering the semi-classical Schrédinger flow, even the
very first modes - localised at distance h%?3 from 9 (that are known as gallery
modes) yield a sharp loss of 1/6 in both dispersion and Strichartz estimates (in [13]
we compare the two situations).
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Theorem 2. The Strichartz estimates for the semi-classical flow hold with at most i loss
s let (q,7) be a such that, for d > 2,

1 d 1.1 1
§§(5_1)<§__)’

let s =d/2—2/q—d/r, then the solution to (7) with data vy, satisfies

|19 (hDy)v||Lago,m),Lr0a)) S P lvollL2(y)-

The proof of Theorem 2 follows from Theorem 1 using the classical TT* argument and
the endpoint argument of Keel-Tao [21] for ¢ = 2 when d > 3. The (scale-invariant) loss
at the semi-classical level corresponds to 1/4 derivative in space, as illustrated with d = 2,
for which the (forbidden) endpoint (2, 00) with s = 0 is replaced by (8/3, 00) with s = 1/4.

In [12], we proved that there must be a loss of at least % derivatives in the Strichartz
estimates for the semi-classical Schrodinger flow, which is obtained when the data is a
gallery mode. It is currently unknown whether or not this result is sharp, nor even if a loss
in the semi-classical setting should provide losses in classical time in the case of a generic
non-trapping domain where concave portions of the boundary could act like mirrors and
refocus wave packets (yielding unavoidable losses in dispersion). In fact, understanding the
Strichartz estimates in exterior domains seems to be a very delicate task: the obstructions
from the bounded situation no longer apply, at least in the case of non-trapping obstacles.
Thus, one may reasonable expect all Strichartz estimates to hold, but the full answer
remains unknown. The conflict between this questioning and the failure of semi-classical
Strichartz (and dispersion) near the boundary is only apparent: for non trapping domains,
a wave packet would spend too short a time in a too narrow to be a contradiction by itself.

For the wave equation, Stricharz estimates with losses were obtained in [5] using short
time parametrices constructions from [29]. As already noticed, the main advantage of [7]
is also its main weakness: by considering only time intervals that allow for no more than
one reflection of a given wave packet, one may handle any boundary but one does not
see the full effect of dispersion in the tangential variables. New results in both positive
and negative directions have recently been obtained, which improve on known results for
strictly convex domains in all dimensions: in [17] it is shown that Strichartz estimates for
the wave equation hold true on the domain (24—2, gr) with at least 1/9 loss. For d = 2,
[5] obtained # instead of § (but for any boundary), while [15] provides ;. The proof of
[17] rely on improving the parametrix construction of [18] and the resulting bounds on the
Green function : in particular, the degenerate stationary phase estimates in [18] may be
refined to isolate precisely the space-time location of the worst case scenario of a swallowtail
singularity. It turns out that, for the wave equation, such singularities only happen at an
exceptional, discrete set of times. The proof of Theorem 1 relies on the refinements of the
degenerate stationary phase estimates from [17] as well as on refined estimates on gallery
modes from [12], all of which are of independent interest:

e the parametrix construction from [18] may be done for initial data 0(y—qy—0) With
a > h?/3=¢ for any ¢ > 0;
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e the degenerate stationary phase estimates in [18] may be refined to isolate precisely
the space-time location of the worst case scenario of a swallowtail singularity. If
in the case of the wave equation it turns out that such singularities only happen
(see (6)) at exceptional, discrete set of values of ¢, in the case of the semiclassical
Schrodinger equation for a given time ¢ € (h, 1] we can expect to get 1/4 losses for
all y in a whole interval around 2¢; this happens because wave packets propagate
with different speeds.

e gallery modes provide 1/6 losses in the usual dispersive and Strichartz estimates
(as already proved in [12]|) but with uniform constant with respect to the order of
the mode : this allows to deal with the a < h*3~¢ region.

Remark 2. Adapting the construction of a parametriz for the wave flow from [14], one
should be able to generalize the proof of Theorem 1 to a domain 2 whose boundary is
everywhere strictly (geodesically) convex : what we mean by that is that for every point
(0,90) € 00 there exists (0,yo,&0,m0) € T*Q where the boundary is micro-locally strictly
convet, i.e. such that there exists a bicharacteristic passing through (0, yo, &0, n0) that inter-
sects OS2 tangentially having exactly second order contact with the boundary and remaining
in the complement of 0. Under this assumption, local coordinates can be chosen in order
to work on the half space Qq with a Laplace operator of the form A = 02+ R(x,y,d,) such
that

7—2 = R(an07770)7 {52 + R(mayan)wamo = 260 = Oa

{{52 + R(LL’, Z/J])a JI}7§2 + R<x7y77]>}|no = 28mR(07y07 7]0) > 07

where {.,.} denotes the Poisson bracket. This is work in progress.

For general domains, there have been important developments especially by H. Smith
and C. Sogge (see for example [6], [29] and references therein). All these positive results
rely on a clever reduction from a boundary problem with smooth metric to a boundary-less
problem with a Lipschitz metric across an interface, and then use the machinery originally
developed for low regularity metrics |20, 33] and spectral cluster estimates [29]. Such con-
structions do away with multiply reflected rays by suitable microlocalizations: one ends
up working on a possibly very small time interval, depending on the incidence of the wave
packet under consideration, such that all corresponding rays are only reflected once. Sum-
ming these intervals induces (scale-invariant) losses, which get worse with dimension; while
Strichartz estimates are obtained in a more direct way in [0] in the case of the wave equa-
tion, one can observe that the corresponding dispersion estimate would have at most 1/t
decay for d > 4, as the argument is blind to the full dispersion which should occur in
tangential directions. As a result, one gets sub-optimal estimates for d > 3 because the
new metric is not smooth enough (only Lipschitz along an hyper-surface, which is meant
to be the boundary). However, as we have shown in [18], caustics (points where light is
singularly intense) appear right between the first and the second reflection of the wave
front: hence, while very flexible with respect to the boundary shape, any microlocalization
procedure that reduces to wave-packets crossing the boundary only once cannot provide
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optimal results.

Depending on the trajectory of light rays, we distinguish two main situations :

The non-trapping case. In order to assure dispersive effects, certain authors introduced the
non-trapping assumption for a manifold: (€2, g) is non-trapping if any geodesic of the metric
g reflecting on the boundary according to the laws of geometric optics goes to infinity. In
the case of the wave equation, this condition is essentially equivalent to the local decay
of the energy which is "transported" along optical rays, which therefore go to infinity.
The Schrédinger equation on non-trapping domains induces a gain of spatial regularity for
almost all t when compared to the initial data which, if ¢ is a smooth, compactly supported
function, reads as

(9) [pe" 2905 12 11/20) < Cllvol| z2(y-

The non-trapping condition is known to be essentially necessary and sufficient for (9) to
hold. The local smoothing estimate guarantees that the wave packets only spend a bounded
amount of time next to the obstacle. While for (9) the situation is fairly well understood, as
far as Strichartz estimates are concerned much less is known and it is not really clear under
what geometric assumptions a loss in (2) must occur. Despite important progress on the
study of Strichartz estimates (and nonlinear Schrédinger equations) in exterior domains
(see the papers [2], [3], [22], [23], [19], [25] [321120], [56], [] and the references therein),
when the domain is non-trapping, we only dispose of some partial results (a restricted set
of non sharp, but scale invariant Strichartz estimates that are known to hold, together
with square function type estimates) : results with loss of derivatives were obtained in
[3] (see also 1] and [5]). For the Schrédinger equation, Strichartz estimates without loss
of derivatives have been obtained by Blair, Smith and Sogge in [7]|, where the authors
have shown that (2) holds true with o = % for a range of sub-critical indices (g, 7) such
that 3/qg +2/r < 1 ,ifd = 2; 1/g+ 1/r > 1/2, if d > 3. This is currently the best
known result in the case of general non-trapping exterior domains. For the wave equation,
Burq, Lebeau and Planchon [10] used the square function estimates from [29] to prove
Strichartz without loss for solutions to the linear wave equation on €2 for the admissible
pair (d = 3,q = 5,r = 10), that allowed them to show that there is global existence for the
H'! - critical nonlinear wave equation. Both works [7] and [10] are based on [29] and the
restriction of indices is naturally imposed by the local nature of the parametrix construc-
tion in [29] and is clearly not optimal for d > 3.

In the particular case of the exterior of a strictly convex obstacle the situation has been
much better understood lately : let © C R be an obstacle whose boundary is everywhere
strictly geodesically convex and let Q = R?\ ©, then the Strichartz estimates are known
to hold like in RY (see [13]). The first step in |13] consisted in proving sharp, scale-
invariant Strichartz for the semi-classical Schrodinger equation (e.g. on a time interval of
size the wavelength for the classical equation) on compact manifolds with strictly concave
boundaries of dimension d > 2 (an example of such manifold is the so-called Sinai billiard,
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e.g. a punctured torus). Following the approach of [9], one then sums up over such small,
wavelength size intervals of time and obtain Strichartz estimates on a fixed time interval
for the classical flow with a loss of 1/¢ derivative and the same admissible pairs as in flat
space. We want to stress that in order to obtain Strichartz in semi-classical time in [13]
we bypassed dispersion: in fact, we side-stepped this issue by taking advantage, as in [28],
of the L? continuity of certain operators to reduce consideration to operators like those on
a manifold without boundary: we wish to point out that this approach is very unlikely to
work when one is interested in obtaining dispersion.

While many positive results on dispersive effects had been established lately in exterior
domains, the question about whether or not dispersion estimates hold remained completely
open, even for the exterior of a sphere, until very recently. In [15], we provided some
interesting answers to this question: outside a ball in R?® we obtained a precise description
of the behaviour of the flow and proved that dispersive estimates hold like in R?, while
in higher dimensions d > 4 we constructed explicit counterexamples to (3) for both wave
equation and Schrodinger equation : in fact, a loss in dispersion may be informally related
to a cluster point: such clusters occur because optical rays (sent along different directions)
are no longer diverging from each other. Our intuition tells us that if there is a location
where dispersion could fail, this could only happen at the Poisson-Arago spot (a bright
point that appears at the center of a circular obstacle’s shadow due to Fresnel diffraction).

Compact domains. For both compact manifolds and bounded domains, finiteness of the
volume means that there can be no long-time dispersion of wave packets: because of
this, all Strichartz estimates must be local in time. Further, due to the existence of
conjugate points for the geodesic flow, high frequency waves can refocus and this can
happen arbitrarily quickly. As a consequence, the corresponding Strichartz estimates lose
derivatives relative to the Euclidean setting.

On a compact domain with smooth boundary, the same set of estimates as in the exterior
case are still known to hold, but only at semi-classical time scales. In fact, the estimates
in the non-trapping case are obtained by combining these semi-classical estimates via the
local smoothing effect, following a strategy pioneered by [32]. Thus, the best available
Strichartz estimates are due to [7] and they exhibit losses with respect to scaling.

In the remaining of the paper, A < B means that there exists a constant C such
that A < C'B and this constant may change from line to line but is independent of all
parameters. It will be explicit when (very occasionally) needed. Similarly, A ~ B means
both A < B and B < A.

2. THE SEMI-CLASSICAL SCHRODINGER PROPAGATOR: SPECTRAL ANALYSIS AND
PARAMETRIX CONSTRUCTION
We recall a few notations, where Ai denotes the standard Airy function: define
(10) As(z) = T8 Ai(eTm/32) = q/(e:Fi”/sz)e;%izs/Q , for z€ C,
then Ai(—z) = A, (2) + A_(2). We have U(z) ~ 2 V432 1a;273/2 a5 =

j=0 4m3/2°
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Lemma 1. (see |16, Lemma 1]|) Define
A_(w)
Ap(w)’

then L 1s real analytic and strictly increasing. We also have

(11) L(w) =m+ilog for we R,

4 -
(12) L(0)=7/3, lim L(w)=0, Lw)= gw% + g - B(w%), for w>1,
w——00

with B(u) ~ Y 70 byu™, by € R, by > 0. Finally, Ai(—w;) =0 <= L(wy) = 27k and
L'(wy) = 27 [;° Ai*(x — wy) dz where here and thereafter, {—wy}r>1 denote the zeros of
the Airy function in decreasing order. Recall that wy ~ 2.33.

2.1. Spectral analysis of the Friedlander model. Our domain is the half space €2; =
{(z,y) € RY,z > 0,y € R} and the Laplacian A is given in (5). As Ar has constant
coefficients in y, taking the Fourier transform in the y variable, it transforms into —9? +
1012 + 2q(#). For 6 # 0, this operator is a positive self-adjoint operator on L*(R, ), with
compact resolvent.

Lemma 2. (see |10, Lemma 2|) There exist orthonormal eigenfunctions {ex(x,0)}r>0 of
—0% + |0|% + xq(0) with corresponding eigenvalues M\,(0) = [0|> + wpq(0)*, which form
a Hilbert basis of L*(R,). These eigenfunctions have an explicit form in terms of Airy
functions :

V2mq(0 )1/6A1( s _ )
L' (wr)
where L'(wy) (with L as in (11)) is such that |[ex(.,0)| r2®,) = 1.

(13) ex(z,0) =

In a classical way, for xy > 0, the Dirac distribution d,—,, on R, may be decomposed
as Op—gy = > 1> €k(T, 0)er(xo, 0). If, for some fixed ty, we consider a data at time ¢t = £,
such that u(tg, 7,y) = ¥(hDy)Ss—ryy=y» Where h € (0,1] is a small parameter and ¢ €
Cs°([3, 3]), we can write the (localized in ) Green function associated to the semi-classical
Schrodmger operator on {2y as

(14)  Gu((t,z,y), (to, 0, Y0)) Z/ =) (6) gi<y=b6>),(h10| ey, (, ) ex(a, 6)dO .
k>1 YR

In addition to the cut-off 1(h|f|), which localizes the Fourier variable dual to y, we may
add a spectral cut-off 11 (h\/Ax(#)) under the 6 integral, where 1; is also such that i, €
C5°([3,3]). For that, we use

~ A (V0] er(w,0)) = M(O)L(hIO])e e (x,0)
On the flow, this is nothing but ¢, (hD;) and this smoothes out the Green function.

Remark 3. As remarked in [18] where the wave flow was considered (see also [17]), after
adding 1 (h/A,(0)), the significant part of the sum over k in (14) becomes then a finite
sum over k < 1/h. Indeed, with the usual notations T = ’gat = hDy, £ = %836 =hD,, n=
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%Vy = hD,, the characteristic set of the semi-classical Schrodinger operator ihd, — h*Ap
s given by

=&+ n” + zq(n).

The hyperbolic (resp. elliptic) subset of the cotangent bundle of the boundary x = 0 is
7> |n? (resp. T < In|?) and the gliding subset is T = |n|*. Using T = hD; = h\x(D,), one
obtains (at the symbolic level) that on the micro-support of any gallery mode associated to
wy we have

(15) WP (n) = [€]° + wq(n).

We may assume that on the support of ¥(n)ib1(hy/Ax(n/h)) one has h*3w, < g with &

small. This is compatible with (15) since it is equivalent to |£|* < eg. Considering the
asymptotic expansion of wy, ~ k*? the condition h* 3wy < gy yields k < eo/h.

Remark 4. As in [18], irrespective of the position of xo relative to h, the remaining part of
the Green function (corresponding to larger values of k) will be essentially transverse and
will see at most one reflexion fort € [0,Ty] with Ty small (depending on the above choice
of €0). Hence, this regime can be dealt with as in |5 to get the free space decay and we will
ignore it in the upcoming analysis.

Reducing the sum to k& < g¢/h is equivalent to adding a spectral cut-off ¢.,(z +
h*D?/q(#)) in the Green function, where ¢., = ¢(-/gg) for some smooth cut-off func-
tion ¢ € C5°([—1,1]): using that the eigenfunctions of the operator —9? + xq(0) are also
ex(z,0) but associated to the eigenvalues \y(6) — |0|> = wrg??(6), we can localize with
respect to @ + h?D?/q(6) : notice (x + h2D?/q(0))er(z,0) = (wrq??(8)/q(0))ex(x,0) and
this new localization operator is exactly associated by symbolic calculus to the cut-off
by (wi/q(0)'/3). We therefore set, for (to, zo,%0) = (0,a,0),

(16) G t2,0:.0.0,0) = 37 [ 00016 s (/5,00)

k>1

X ey (Wi /q(0) e (x, 0)er(a, 6)dO .

In the following we introduce a new, small parameter v satisfying max (a, h?/?) < v < &
and then split the (tangential part of the) Green function into a dyadic sum Gy, corre-
sponding to a dyadic partition of unity supported for wy/q(6)"/? ~ v ~ 2/ max (a, h*/?) <
0. Let 12(-/7) := ¢4() — ¢/2() and decompose ¢, as follows

(17) ¢€0(') = ¢max (a,h2/3)('> + Z ((ij max (a,h2/3) ¢2j—1 max (a,h2/3))(')

1<j<logs (e0/ max (a,h2/3))

= Dmax (a,p2/3) (") + Z ¥2(-/7),

y=2J max (a,h?/3),1<j<log,(e0/ max (a,h2/3))
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which allows to write G, = > .. (a,h2/3)<<1 Ghy Where (rescaling the 6 variable for later
convenience) GJ, , takes the form

T L Oy (/NG )

x (h*Pwy/ (a(n)' ) er(, n/h)ex(a,n/h)dn .
Remark 5. Notice that, when v = max (a, h?/?), according to the decomposition (17), we
should have written ., o p2rs) instead of a(-/ max (a, h*/?)) in (18) : it turns out that, for
values h*3wy < 2 max (a, h?/?), the corresponding Airy factors are exponentially decreas-

~Y

(18) Gh,(t,z,a,y) =

k>1

ing and provide an irrelevant part; therefore writing Gy o p2/3) o ¥2(-/ max (a, h%/3)) =
Prmax (a,n2/3)(*) — D1 max (a (a,n2/3) (") yields the same contmbutwn i1 Gy max (a,p2/3) Modulo O(h™).

In fact, when a < h2/3 is sufficiently small, there is no wy, satisfying h*/3wy,/q"/3(n) < h?/3/2
as wy > wi ~ 2.33 and || € [%, 2] on the other hand, when a 2 h*3 and h*3w,/q"/*(n) <

a/2 then the Airy factor of ex(a,n/h) is exponentially decreasmg (see |31, Section 2.1.4.3]
for details). In order to keep similar notations, we use the same formula (18) for each

Gh -

Note that from an operator point of view, if Gj(+) is the true semi-classical Schrodinger
propagator, we are in fact considering (with D, = 0,/i, D, = V, /1)

Ghyy = V(WD )1 (h/ = Ap)iba((x + D3 /q(hD,)) /)G

We are left to evaluate ||Gp, o (t, )| £ (0y)-

Remark 6. For a < h?/3, dispersive estimates with unavoidable loss of 1/6 have been
proved in |12] :

1 /hy\(@-1)/2
(19) HGh,h2/3<t7 Ha 5 h2/3 )HL‘X’ ~ hd (_) h1/3.

The proof in [12] is given for q(n) = |n|* but can be easily generalised to any positive definite
quadratic form q. This loss of 1/6 is optimal in the regime a < h?/3 : in [12, Theorem
1.8] we have suitably chosen a gaussian data whose associated semi-classical Schrédinger
flow satisfied (19) with < replaced by ~. This regime (called the regime of "whispering
gallery modes") has been well understood by now. It is worthwhile recalling that (see [12]),
in the case of the wave flow, this regime provides no loss in the dispersive and Strichartz
estimates.

Remark 7. Fora > h*3, the main contribution in the sum (16) comes from values of k and
v such that v ~ a and a/h?*/® ~ wy, (when the mazimum of ey(a,n/h) is reached). When
a lies in a h*3-neighborhood of the boundary, the sum defining Gy max(a,p2/3) 18 €ssentially
finite (as wy ~ k*° ~ a/h?/?). Each term (or wave packet) in this sum has degenerate
critical points and provides a 1/6 loss at x = a; obtaining a sharp bound for each wave
packet and then summing-up a finite number of terms still gives a sharp bound. When
a > h*3, in the sum defining Gho the number of wave packets that provide important
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contributions can be very large, as k =~ a3/2/h = A summing A > 1 terms provides
additional losses. Moreover, in the sum over eigenmodes e, we cannot expect to localize
the essential supports of the wave packets : for a given (t,z,y), each of the k ~ X\ terms
provide contributions corresponding to 1/6 loss.

Remark 8. We will see later on that for a > h*?®, the "tangential” part Gpq of (14),
corresponding to v ~ a and values k ~ X provides a loss in the dispersion of \/a (when
a ~ h?3 we find h'? in (19)) : when 1 > a > h'/? this is obviously (much) worst than
announced in Theorem 1; it becomes clear that this regime has to be dealt with in a different
manner. Below we will show how a Poisson summation-type formula allows to transform
the sum over eigenmodes into a sum over "reflected waves" that will be used later on to
handle the case of larger values of a.

We briefly recall a variant of the Poisson summation formula that will be crucial to
analyse the spectral sum defining Gy, ., (see |10, Lemma 3| for the proof).

Lemma 3. InD'(R,), one has 3 yop e VAW = 2057, mé(w—wk) . In other words,
for ¢(w) € G,

(20) Z/ TN G(w) dw =21 Y T —— L’ N P(wr)

NeZ keN*

Using (20) to G}, we transform the sum over k into a sum over N € Z, as follows

(21) Gun(t,x,a,n/h) = Z/ —INL@ (|Inl/R)* 3¢ 3 (n/|n])e Ftnl (1+h2/3wq 3 (n/|n))/n|>/%)

NEZ

X <|77|\/1 + h2/3wq2/3(n/lnl)/lnl2/3)@Dz(h”?’w/(ql/s(n)v))
x Ai(wq'P(n)/h*? — w) Ailag" (n) /1?7 — w)dw,

2.
s “ho
“—. Replacing the Airy factors by their integral

where G, is the Fourier transform in y. For max (a,h?/?) < v < 1, we let A\, =

when h?? < @ and v ~ a we write \ 1=
formulas yields

(22) Ai(x 1/3( )/h2/3 W) = 2i/ z(" +oql/3(mA 2/3( ETRVEIICN "
s

1/6 1/3
(23) _ A / 1A (5 +o (2 —w/ @B X)) g0

2m
Rescaling w = ¢'/3(n)A7 o = ¢"/3(n)ya/h?/3 in (21) yields

. A3
(24) Ghy(t,z,a,m/h) = 3h2/3 Z//Rzeh%wma””) (n)

x 1 (Inly/T+ 1aq(n/ ) ) a(a) dsdoda,
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where iDN,aﬁ(n, a,s,0,t,x) is given by

(25) Pnan(n, e, s,0,t,2) = tn]>(1 +vaq(n/|n)) — NhL(g"*(n)A\2a)
3

3

+7%2¢"2(n) (% + a(% —a) + % + s(% — a)) :
Here NhL(ql/?’(n))\%/goz) = IN¢"2(n)(ya)*?* — NhB(¢"*(n)A,a*?) and we recall that
B(q"P (%) ~ 37, ) M’W, where on the support of ¥y(a) we have a ~ 1.
At this point, it is worth noticing that, as |n| € [1/2,3/2], we may drop the 1, localiza-
tion in (24) by support considerations (slightly changing any cut-off support if necessary).
Therefore we obtain

1 72 0 S
26) Gunltra0) = s 3= [ [ B gt
-

NEeZ

X 9(ar) dsdodadn .

Remark 9. Notice that formulas (26) and (18) define exactly the same object and both
will be necessary in order to prove the dispersive estimates. The sum over the eigenmodes
ex will be particularly useful for small values of a < (ht)Y/2, while for large values of the
wnitial distance to the boundary the sum over N will provide the announced bounds. Note
that, while both formulas coincide, there is a duality between the two on them: when a is
small, there are less terms in the sum over k in (18), while when a > (ht)'/? there are less
terms in the sum over the reflections N.

Remark 10. As noticed in [13|, the symmetry of the Green function (or its suitable spectral
truncations) with respect to x and a allows to restrict the computations of the L norm to
the region 0 < x < a. In other words, instead of evaluating ||Gh.e, | Lo 0<ay) (L, ) it will be
enough to bound ||Gpc,(t, )|l Lo (0<z<ayy) -

Remark 11. In order to generalize Theorem 1 to a convex domain as in Remark 2, our
construction of gallery modes from 14| will turn out to be crucial. Notice that in the general
situation even the regime a < h has its own difficulties : even deciding how the initial data
should be chosen in order the Dirichlet condition to be satisfied on the boundary becomes
a non trivial issue. Indeed, an initial data of the form xo(hDg)Y(hDy)d(0) can provide a
non-trivial contribution on the boundary.

In the model case, Lemma 2 provides a Hilbert basis of L*(R.) in terms of eigenfunctions
of the (model) operator —9? + |0|*> + xq(0). In the general case, the eigenfunctions of the
Laplace operator in a compact Q form a basis in L*(2) and one can safely think that this
basts can be used to expand a data of the form s(—h?*A)p(hDy)d0), but it turns out that
we don’t have a complete understanding of the eigenfunctions of A = 02+ R(x,y,d,) from
Remark 2 on Q). Instead, we chose to use the spectral theory for the model Laplace operator
(5) in order to expand 3(—h*Ay)Y(hDy)d0) in terms of the eigenfunctions ey, of —Ajy.
Thus, constructing of a parametriz in the model case (in terms of both eigenmodes and sum
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over reflections) and obtaining its best possible decay properties is particularly important
in order to be able to further generalize Theorem 1.

3. DISPERSIVE ESTIMATES FOR THE SEMI-CLASSICAL SCHRODINGER FLOW

In this section we prove dispersive bounds for Gy, ., (¢, x, a,y) on €y for fixed |t| € [h, To),
where T, > 0 is a suitably chosen small constant. To do that, we estimate separately
1Ghn (t, )]lo<z<ayeri— for every 4 such that max (a, h*3) < v < . The reduction to the
interval [0, a] in the normal variable is due to the symmetry of the Green function with
respect to x and a (see Remark 10).

Henceforth we assume ¢t > 0. We deal separate with the following situations :

(1) max (h¥37¢, (ht)*/?) < a < g, for some small € > 0 : in this case, for all v such that
max (a, h*?) < v < gy we have

max (h?37¢ (ht)Y?) < a < v < &.

This is, in some sense, the main situation, when only formula (26) is useful; the

integrals with respect to o, s have up to third order degenerate critical points and

we need to perform a fine analysis of these integrals. In particular, the "tangential"
case 7 ~ a provides the worst decay estimates. When 8a < ~, the integrals in

(26) have degenerate critical points of order at most two. We call this regime

"transverse" : summing up » g, [|Gn (¢, )| still provides a better contribution

than ||Gpa(t, )| Lee-
(2) a < max (h?/3<, (ht)'/?) for some small € > 0 : in this case we consider separately
the following situations:

(a) when max (h?/37¢, (ht)1/?) < v < &, the situation corresponds to the "trans-
verse" regime of the preceding case, and the same kind of estimates follow
using (26).

(b) when max (a, h??) < v < max (h¥37¢ (ht)1/?) we use the form(18) of G}, in
terms of eigenmodes to evaluate its L> norms.

3.1. Case max (h?37¢ (ht)'/?) < a < ¢, for some small ¢ > 0. In this section we use
(26). Since in this case max (a,h??) = a, we consider 7 such that a < v < gy. Let
A, := v*2/h, then we also have \, > h=3¢/2.

Remark 12. The approach followed in this part applies for all h*/3~¢ < a < gy (and not
only for max (h¥3=< (ht)Y/?) < a < &) and provides sharp dispersive estimates for each
G for all B¥37¢ < a < v < gg; however, when summing up over a < v < (ht)Y/? we
obtain bounds for Gy, that are worst than those announced in Theorem 1. This is why
we consider here only values max (h?3~¢, (ht)*/?) < a < &.

We first show that the sum defining G, in (26) over N is essentially finite and we
estimate of the maximum number of terms in this sum.
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Proposition 1. For a fized t € (h,Tpy] the sum (26) over N is essentially finite and
IN| < —=. In other words,

1 ')/2
(27m)3 ha+1

/ / e (B8N0 g (nVah (|| )ba (@) dsdodadn = O(h™).
RxRd—1 JR2

NezZ |N\f¢o

Proof. The proof follows easily using non-stationary phase arguments for N > M-L 7 for

some M sufficiently large. In fact, the critical points with respect to o, s satisfy

(27) 02:a—§, 52:0z—g,

g g
and since x > 0, it follows that ®y .. may be stationary in o, s only if |(o, s)| < /. If
|(a,8)| > (14 |N|9)y/a for some € > 0 we can perform repeated integrations by parts in
o, s to obtain O(((1+ N)A,)™™) for all n > 1. Let x a smooth cutoff supported in [—1, 1]

and write 1 = x(o/(Nya)) + (1 — x)(o/(Ny/«)), then
SS [ [ eF @) s (VRN 0o /(N V) dsdoda

NEZ

< /\;1/3 sup )Az’ ((a — ya)ql/?’(n)/hwg) ‘ Z ((1 + NG)/\W)_n>

a,|nl€[1/2,3/2] NeZ

— 0(A;%) = O(h™),

where in the last line we have used that in this regime A\, > h=32 ¢ > 0. In the same way,
we can sum-up on the support of (1 — x)(s/(N/a)) and obtain a O(h™) contribution.
Therefore, we can introduce the cut-offs x (o /(N¢yv/a))x(s/(N¢y/a)) in the integral defining
G without changing its contribution modulo O(h>).

Using again (25), the critical point of P N,a~ With respect to « satisfies :

(29) Tl — 2l +0) = 2N )Vl = {B (1)),

and as |(0,s)] < (1 4+ |N|¢)y/a on the support of x(o/(N/a))x(s/(N¢y/a)), it follows

that ®y.,, may be stationary with respect to a only when % ~ 2N. As B'(n\a??) =

O(X;%) = O(h?9/?), this contribution is very small. From (27) and (29), it follows that if

t |77| 1/2
(30) NGV (n/Inl) ¢ 2(N —1),2(N + 1)],

then the phase in non-stationary in «. Recall that ¢ is a positive definite quadratic form :
let

(31) mo:= inf ¢"*(©), My= sup ¢'/*(©).
O¢cSd—2 0cSd-2
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— t 3/2
As ||, o € [%, 3] on the support of the symbol, it follows that, it 2(N — 1) > -5 X Mo s

i t 1/2
or if 2(N +1) < 5 X Mo—— a2 then the phase is non-stationary in « as its first order

derivative behaves like N. Repeated integrations by parts allow to sum up in N as above,
and conclude. O

Remark 13. Notice that we can introduce a even better localization with respect to o and
s o indeed, on the support of (1—x)(0/(2y/a)) and (1—x)(s/(2v/@)) the phase is still non-
stationary in o or s, and repeated integrations by parts yield a O()\; ) contribution there.
According to Proposition 1, for h <t < Ty < 1 the sum over N has finitely many terms, and
therefore summing up finitely many O(A;>°) contributions still yields O(A>°) = O(h™).

Remark 14. Notice that we can bring the factor eINB(@Ae®?) into the symbol as it

doesn’t oscillate : indeed, as q is a positive definite quadratic form, o, |n| € [3, %] on the
support of 1o, ¥ and N =~ \%, we obtain, using Lemma 1

Nb ht
NB(q = (mha N}: 47201 a3/2>k @ 2N, 2
k>1

and since we consider here the case (ht)'/? < % this term remains bounded. Notice that

we consider here only values N S\, as N ~ f < A’\%h =\,
We set O, =< y,n > —{—(fN,m7 — NhB(ql/Q(n))wa?’/z): from Remark 14 it follows that,
in this regime, ®y .~ is the phase function of G}, , defined by (26). We have

(32) (I)N7077(777 «, s, 0, t, z, y) =< y,n > +t|77|2(1 + ’VOZQ(U/MID)
3 3 4
+ 73/2611/2(77)(% + 0(% —a)+ % + s(% —a) — gNa?’/Q).
In the following we study, for each |N| < %, the integrals in the sum (26). Notice that

when N = 0 we deal with the free semi-classical Schrodinger flow (that hasn’t reached the
boundary yet). As we have fixed a sign for ¢t > 0, we consider N > 1.

Proposition 2. Let N > 1. The phase function ®n,. can have at most one critical

point (a.,n.) on the support [%, g] of the symbol. When V,®n ., = 0 and 0PN oy =

0, the determinant of the matrix of second order derivatives with respect to n and « is

~ t=1 x ~*2N. In other words the stationary phase applies in both o € [1/2,3/2] and
d—1 - hy(d—1)/2 1

n € R and yields a factor (%) X i

Proof. The derivatives of the phase ®y ,, with respect to o, n are

t
0a®n ar = 7v2¢"?(n (—q1/27] —(o+s —QN\/a),
o =720 (=0 0) — 0+
Vq(n) /03 T 3 a 4 ¢
Dy~ = ot + ~3/2 (_ i 5 TN ENGA? Lo 1/2 )
Vi®nay =y + 20t + 7 24172(1)) 3+a(7 oz)Jr?)Jrs(7 @) 5 Ve + Oz—ﬁq (n)
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At 0,®Pn 4~ =0 and V, Py, = 0 the equations satisfied by the critical points are

tg'?(n) s+o

(33) Vo= IN7 2N

and also (replacing 2N/a by %qlﬂ(n) — (0 + s) in the expression of V, @y, )

\V4 3 3
32 V() U_Hzﬁ_ﬂz_w],

1
4 2 - = —y—
(34) t(n+2'yaVQ(?7)) R wveTm ] I E i s 3

It follows from (30) (and the support condition on 7 and «) that a critical point v, € [3, 2]
does exist only if

(35) (1— 1/N)3]\410//22 < 2Nt\/_ < (1+1/N)\nf/722.

e For N > 2, fix M sufficiently large such that [(1 — 1/2)%~"%, (1 + 1/2) ] C

3M0/2’ m0/2
[1/M, M], then (33) may have a solution on the support of ¥, only when

[1/M, M] (notice that if g(n) = |n|?, we can take M = 3+/2).
e For N = 1, we obtain the upper bound # < %\/3/2 but also, using (27), the

t
N ©

. . . 3 . . t \/a
following lower bounds : either s + ¢ > —5y/a, in which case 7 Mgy O
(s+0) < 3 « in which case both s and ¢ must take non positive values and in
this case

s + o a/y z/y a/y

M= > Va+ + >

27 © “3(Va-s) 2Va-o) - d/a

. : a/\A ’
< — v 7T
This last lower bound on ¢ states precisely that for ¢ NIk the flow doesn’t

reach the boundary (hence there are no reflections).

Let N > 1 hence t > % (since otherwise the phase is non-stationary).

Asa e [2, 3] and v < g it follows that (34) may have a critical point 7. only when
lyl/2t €[5+ O(e0). 5 + Ofe0)].



18 OANA IVANOVICI

Using 0,,q(n) = 2q;,m; + Zk# 4Nk 4k = qk,; the second order derivatives become

N
(36) 02 PN ay = —7"2q" Q(U)ﬁ’
(37) 0, Ouby,. = Wy g e b a(n),
n; o @Y 2q<77) « @Y 2\/_ 77]
9 _ (On,a(n))?
(38) 02 1y Onan = 2t(1+ (e )
(39)
3/2 9. 2 3 3
P Oga) e st a A e ot
+q1/2(77) (q],j 19(n) ><3 +0(’y a) + 3 +S(’y a) 3Na ~|—2aﬁq (n)>,
I, a(n) Opeq(n)
2 _ 5 Mk
(40) Oy e PN.ary = 2t70‘2q1/2(77) 2¢'72(n)
(41)
3/2 Oy q(m) 0y q(n) 703 x s3 a 4 t
T 90O (T s a . 4.3 RISV
+q1/2(77) (q],k 190n) >(3 -I—U(7 a) + 3 +s(7 Q) 3Na +2aﬁq (n))

At the stationary points we easily see that Vi, ®nay ~ 2t(1 + O(y))lg—1d + O(y3/?)
where II;_; denotes the identity matrix in dimension d — 1 ; as gy < 1 is small we deduce

a—1

V%m@ Nan~ = 2tl;—1. Hence, the stationary phase with respect to 7 yields a factor <’—Z) ’ ,
. . . . 1 >

while the stationary phase in « yields a factor N for N > 1. U

Lemma 4. Let N > 1 and a < v < 50 The critical point n. of ®na~ 15 a function of

s+o, (0—s)? (U—s)w,y;a), 2 and 2N\f

valued functions ©,0 depending on the small parameter v satisfying

y ot 1, ¢ y y
O35 ) = ~3a 7 AV (5 + 90 G 37

such that the value at 0 = s = 0 of the critical point, denoted 00 := n.|,—s—o, satisfies

0 y y 1
(2 )
e == T P\gpaN 5

Moreover, the vector valued functions defined as follows ©1 := 73%60% and ©4 := #85770
are smooth and uniformly bounded.

There exists smooth, uniformly bounded vector

Proof. We start with the second statement. Let first N > 2 and define M as follows

\V/3/2 M,
(42) M = 4max{ / , 2 ;‘/20 }, with mg, My introduced in (31),
mo — &o
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and where we can assume, Without loss of generality, that 0 < g9 < my / 2. Then M is
large enough so that [(1—1/2) Y (14+1/2)—7 } [1/M, M] and for 2Nf € [1/M, M]

3Mo /2’
and % € [,2], the critical points a, and 7, of CIDN,Cw solve the system (33) and (34). Let
70 := Ne|y=s=0 denote the value of 7. at ¢ = s = 0, then, using (34) we find that n° solves
the following equation :

1 t 2 Y
0 - 0 0 — _ 7
ne + 27( ) q(n.)Va(n.) :

2N /A ot
For W [1/M, M), writing n° = —£ 4+ 70(Z, 2Ntﬁ,7), yields the following equation
(43) 6+ ()2 (qVa) (- L +40) =0,
2 aN A YTy TR
which further reads as follows, with © = (6 ... ©@-D) and forall 1 <1 <d—1
Y Y
ol + 2N\/_ Z%k%l ——+7®( ))(—fntv(% (=5 +107) =

As v < gy < 1, the last equation has an unique solution that is a smooth function of

(3. 3575+7) of the form 00 = ()2 (X, Guetpa($)(5)(%)) + 700, where © =

(M), .., 01 is a smooth function of (%, 2N\f’7) When N = 1, ¢ can take (very) small
values but doesn’t vanish there where the phase ®,,, may be stationary and therefore
(43) still holds and % € [1,2], hence we obtain © in the same way.

We now show that for all N > 1, 7, is a function of s + o, (o — s)?, (6 — ) (‘r;a), 2 and
This will be useful in the last part of the paper, and in particular in the proof of

2N\f
Proposition 5. Inserting (33) in (34) yields

(44) nc+7< L) - 0+S)2VQ(%)

oN A ON
y 2 Ve (00 x & a (s—l—a)( t 12 )_a+s>2}

T ot 2q1/2(nc)[§+”§+§+s§_ 3 \aN 57 VT N

It follows that 7. is a function of (s + o) and %3 +o0%+ % + s% and writing the last term
under the form @ —4(s+0o) ((s +o)2—(s— 0)2> + (s + U)% + (0 — s)% allows

to conclude. Taking now the derivative with respect to o in (44) yields

(45) one (Lot + O() + O /1)

3/2

g} M[(jum@(ﬂ_m—cﬂ,

_ g
= an VI T S iy 17 TS TS
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where the second and third terms in brackets in the first line of (45) are smooth, bounded
functions of 7., ﬁﬁ’ (s+0) and %3+a%+§+s% with coefficients  and 73/2 /t, respectively.
Let first N > 2, then using ﬁﬁ € [1/M, M] we find v*/2/t ~ v/N and therefore 0,7, =
O(7*/2/t). In the same way we obtain d,n. = O(7*/2/t). Let now N = 1, then %2/t > ~
there where the phase may be stationary, and therefore we still find 9,1, = O(y%*?2/t) and
Osne = O(3/2/t). Tt follows that ©; := #&,nc (and ©y := #88770, respectively) is a
smooth and uniformly bounded vector valued function depending on o + s, 02 + = o3/3 +

02 +s°/3+s2 and (QNW’ 5i»7) (and, respectively, on o +s, s*+2,0%/3+0% +5°/3+s2 and
(2N\ﬁ’ 2,7)). In the following we write ©; = ©; <0 ,2Nf,§ 2, Qyt,’y) for j € {1,2}. O

The next lemma gives the form of the critical point c..

Lemma 5. For all N > 1, the critical point . has the following form

(46) T= e 0" () - gy =€) - g1 -8,

where E; are smooth, uniformly bounded functions, defined as follows

1
y Vg
)do. [ Stz (ont+ (1 = o) )do >

z

8

! t T

(48) Es :<:/ @2(00,05, -,
0 v

Proof. Equation (33) can be written as

VA= st (1) = g+ s — o)

As Wc—USZﬁl < (0,5) fo @1,@2)<00 0s

1
Y Va0
,Qt,v)dm/o 2172 (one + (1 —o)nc)do > .

T a y
’2Nﬁ’7’7’2 )d0>and

1 vq
(49) ¢'2(nc) = a"(nd) = (ne —ny) / (2q1/2) (on? + (1 — o)ne)do,
0
defining &; as in (47) and (48) yields (46). 0
Corollary 1. Applying the stationary phase in both o and n yields
C /hN@=1)/2 - |y -
=(2) UG YD Vnaltay) + O(h),
#ENS A

where C' # 0 is a constant (independent of h,a,~), Y e Cgo([;ll,Q]) with ¥ = 1 on the
support of 1 and where we set

Gh,’y (tv x, y) =

Vst z,y) = P LARRICEREXY »x(o,s,t,x,y;h,v,1/N)dods,

hw/)\N
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with phase ¢y a~(0,8,t,2,y) = Pna~(Ne, Qc, 0,8, 8, 2,y) and symbols s(-;h,v,1/N) ob-
tained from q(n)w(|n])ihs(a)eNB@ 2™ yier the stationary phase in 1, a.

Remark 15. The new symbol s(-; h,~, 1/N) has main contribution q(ne)t(|ne]) e (o )eNB@ /2 (mAya/2)

Its dependence on the parameters h,a,v,1/N is harmless as (-, h,7,1/N) reads as an as-
ymptotic expansion with small parameter (\,N)~™t = h/(N+*/?) in a and small parameter
(h/t) in n, and the terms in the expansions are smooth functions of ae,n..

Remark 16. Notice that, due to Remark 13, we can introduce the cut-offs x (o /(2 /0¢)) and
x(8/(2y/a)) supported for |(o,s)| < 2\/ac in the integral defining Vi, without changing
its contribution modulo O(h™).

We are left with integrals with respect to the variables s, and we need to estimate
|V h~(t, ) ||Le: in order to address this issue in a meaningful way, we first need to compute
the higher order derivatives of the critical value @y , (7., ac, 5,0, t,y, z). The critical points
in o, s satisfy the following system

T

(50) ao (q)N,a,’Y(,r]c; &, S,0, )) = 73/2q1/2(77c> (02 + ; - Oéc),
a

(51) 85 (q)Nﬂ,’Y(nm A, S, 0, )) = 73/2(]1/2(770)(82 + ; - aC)'

The higher order derivatives of ¢n 4~(0,5, ) = PN a(1e, e, 0, 8, ) involve derivatives of
the critical points a., 7. with respect to o, s :

(52)

02, (105,00 ) = ok B Bua, + 9970120 20 — 2520, /0.
(53)

02, (00 (10 00,5,0,)) = Dung 0, Dy 49702025 — 200 ),
(54)

02, (90010 0,5,0,)) = Dt g 4y Do, =200 2 0,
and therefore, when 0,0y~ = O,¢n,a~, = 0, we have

ag,aQbN,aﬁ(nw G, S, 0, .)|80¢N,a,'y:8a¢N,a,7:O = 273/2(]1/2(770)(0 — Vads/ae),
az,sng:a"V(nC? ac’ S? U? ')|80¢N,a,'y:ao'¢N,a,'y:0 = 273/2q1/2(nc) (S Y, Oécas V aC)’
aigd)N,a,’y(nm A, S, 0, ) |80¢N,a,'y:80'¢N,a,'y:0 = _273/2q1/2 (770) V acaa \VASTE
Remark 17. Notice that, at the critical points we indeed have Oy\/a. = 05/ : in fact,
the derivatives of . depend on . that solves (34) ; from (34), the derivatives of n. with
respect to o (and s, respectively) depend upon (s + o), o2 + 5 and o3 /3 + o+ s3/3 + S5
(and upon (s+0), s*+ 2 and o3/3+ o2+ s3/3+ s%); as at the critical points o, s we have
o? + % =52+ % = q,, we find ,m. = O47e.
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3.1.1. Tangent waves a € [%7, 8y]. To deal with the situation v ~ a it will be crucial to
obtain very precise dispersive bounds for Vy , : such bounds are given in Propositions 3,
4 and 5 below (similar to those obtained for the wave flow in [17]). In this section we show
how they can be applied to prove Theorem 1 for a > (ht)'/2.

To eliminate any confusion, we write in this case Gy, instead of Gjyma, A = a*2/h
instead of \,~, and we recall from Corollary 1 that

C /hy@-D/2 |y N
55)  Gualtry) = (M) S vy + 00,
7a=NS
where C' # 0 is constant (independent of k, a), ¢ € C3°([1/4,2]) with ¢» = 1 on the support
of ¥ and
a1
56 VNnhalt,z,y) = ——
( ) N,h, ( T y) h \/W
where ¢y o(0, 5,8, 2,9) = Pnga(e, e, 0, 8, t, x,y) and where the symbol s is obtained from
g (|n])be(@)eNB@ 2 (mMAa®2) gfter the stationary phase in 7, «

6%¢N’a(0757t7$’y)%(07 S, ta z,Y, ha a, ]_/N)dO'dS,

Remark 18. Recall from Remark 14 that we consider here only values N < A, After
a careful examination of the second order derivatives if ¢y, it turns out that one needs
to deal separately with the cases N < A3 and \'/* < N. Fiz t and set T = \/La coif
A3 < T~ N, then OnN.a behaves like the phase of a product of two Airy functions and can
be bounded using mainly their asymptotic behaviour.

When N ~ T < A3, the situation is more delicate as OnN.a may have degenerate critical
points up to order 3. We will show that for any t such that T := \tf < A3 and for any
N =T there exists a locus of points Yy (T) :={Y € R K, (%, &) = 1}, where K, is the
smooth function defined in (57) such that, for all Y € Yn(T) we have ||Gho(t, )| L) =
Gha(t, a, a,y)|lyevayy /ey = () D224 and for all (ht)'/? < a S e, which
will prove that the announced estzmates are optzmal.

Remark 19. When dealing with the wave flow inside the same domain, a parametriz is
also obtained as a sum of reflected waves : due to the finite speed of propagation, the main
contribution in this sum at a given momentt comes from the waves that are located between
the (N — 1)th and (N + 1)th reflections, where N = [\/La] For each N < \'/ there exists
an unique time ty when the worst bound is reached and this happens at x = a and for an
unique yy; in the case of the Schridinger equation, for anyt//a < A3 and any N ~t/\/a
there is a locus of points Yn(t//a) such that, for x = a, |Vyna(t,a,y)|lyeayye/va) =
|1Ghalt, )|, where Yn(t/v/a) N Y (t//a) =0 for all N # N'.

We denote ol the value of the critical point a, obtained in (46) at 0 = s = 0. Recall
from Lemma 4 (with ~ replaced by a), that ) = —2% +aO(Z, 2Nf? a) is a smooth function

of (3, 5577+ a), hence so is \/a = 2N\[ql/2 nc). Let T = t/\/a, Y = y/\/a and define
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Ko(X, L) = \/aﬂ(fjf\/%, 5, a). We then have

Yy 7. ||, Y  T4N Y 2N T
"o R e )
(57) (v an) = v ¢ vi toonyPan T

with K, smooth in all variables. The following estimates, proven in Section 4, are crucial
in the proof of Theorem 1 :

Proposition 3. For A/ < T ~ N, we have
h1/3
(TN AT AN K B )~ 177)

|VN7h,a(t7 z, y)| ~

Proposition 4. For 1 < N < A% and |K,(2, 55) — 1| 2 1/N?, we have
h1/3

58 Vivnaltz,9)| < .

Proposition 5. For 1 < N < A% and |K, (%, 2N) — 1| < 35, we have

(59) |VN,h,a(ta xvy)| S

((N/AB)E + NVB|(K 1)[1/8)

o(ix 33) —

We postpone the proofs of Propositions 3, 4 and 5 to Section 4 and we achieve the proof
of Theorem 1 in the case (ht)'/? < a~~ <&y < 1. Let therefore v/a <t < 1 be fixed and
let N; > 1 be the unique positive integer such that T = \/La <N < \/La +1=T+1, hence
N, = [T], where [T] denotes the integer part of T. If NN, is bounded then the number of
VN .ha with N ~ Ny in the sum (55) is also bounded and we can easily conclude adding the
(worst) bound (5) a finite number of times. Assume N; > 2 is large enough. We introduce
the following notation: for k € 7Z let

Ingg = [4(N, + k) — 2,4(N, + k) + 2).

As ag,me € [3,2] and oo = 35q"*(n.) — (Ui with |(o,s)| < 2\/076 on the support of
X (see Remark 16), we deduce (using (35)) that for M defined in (42), we have 2N €
[+, MT] C [8t, M (N, + 1)]. Using (55), we then bound Gha(t,-) as follows

1 shy(d-1)/2
1Ghalt: Mimozosan S 73(7) s D [Vaaltay)l

TSGY N IM<2N<M(N,+1)

It will follow from the proofs of Propositions 3, 4 and 5 that the worst dispersive bounds for
Vi.ha always occur at x = a (when ¢y, may have a critical point of order 3). Therefore,
we will seek for bounds for G}, , especially at z = a.

For a fixed y on the support of w(ly\) we let Y = f’ then 1 155 |Y| < 2, and therefore
Y| € [T/2,4T] C [N:/2,4(N; + 1)]. We want to study the set of pomts where K, may
get close to 1 : using (57) and the fact that ¢'/? is homogeneous of order 1, this happens
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when ¢'/2(-Y + QaT@(Q’;, s, a)) is sufficiently close to 4N. As 2 < N, < T < 1/+/a,

Y|/T € [1/2,4], © is bounded and 0 < a < gy is small,

Y T
1/2( Y + 24T
1 + 20O, 5

@) € [Y|lmo + Ola), My + O(a)]
C [Ne(mo — €0)/2,4(N; + 1)(Mo + &),
where mg and M, are defined in (31). Setting
ki =—=N;(1—(mg—¢e0)/8), ko= (Ne+1)(My+eo—1)—1,
we have N, + k ~ N, and
[Ni(mo — €0)/2,4(N; + 1) (Mo + €0)] C Ugy <k<ien IN, k-

Let Iy, := (4(N; + k) — 1, 4(N, + k) + 1) C Iy, . We now write

(60) sup Z VN .ha(t, z,y)]
BY N /M<2N<M(Ni+1)
= sup sup Z |VN,h,a(tu a, y)|

k1<k<ks

> sup sup Z [V na(t, a, ).

k1 <k<ks N
1/2( Y+2aT@(2T V> )>61Nt,k Ny /M<2N<M(N¢+1)

In the next three propositions we prove dispersive bounds for Gy ,(t,-) : we start with
the case A3 < N,(< )), when only Proposition 3 applies, then we deal with the case
A3 > N, when only Propositions 4 and 5 may be used and eventually we deal with the
case N, ~ A3 when we can encounter all the three situations.

Proposition 6. There exists a constant C' > 0 independent on h,a such that, if Ny :=
[\/ia] > A3 then

Gt i S ()" 40),

1/2
Remark 20. Notice that in this regime we always have h'/? < (%) as this is equiv-

alent to 7= > h‘(/g A3 which is the case we consider here. As (ht)'? < a, we also

1/2
% < (ht)4, and for t < 1 this yields a dispersive bound which is better than

announced in Theorem 1.

have (

Proof. If \Y/3 < Ny, then N; + k > A3 for all k € [k, ko] and we estimate the L norms
of Gp.(t,-) using the first two lines of (60) and Proposition 3 : if k, € [ky, ko] is such

that ¢'/%(=Y) € Iy,y,, then, using again that a is small, it follows that AN K, (2, 25) =
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q*/? ( Y +2aTO(%, 55 a)) € Ujw—k,|<1In, » and therefore the second line in (60) can

2T 2N’
be (uniformly) bounded as follows
(61)  sup sup Z VN ha(tsa,y)|
k1 <k<ks ANKa (35,55 )€IN, & 2N €[N, /M, M(N141)]
< sup sup Z VN ha(t a, )l
K —ky|<LANKa (3558 ) €N, 1 2N €[Ny /M, M (Ny+1)]
h1/3
< sup Z
1/3)1/2 1/6 Y T 1/2
4NKG(L )€U|k’7ky|<11Nt K 2NE[Ny/M,M(Ny+1) ((N/)\ / ) / + A / ‘4NK‘1<4N N) 4N’ / )

NI
As 4NK, (LN —N) € Up—p,|<1In, i, we find, for N = N, +k, + j and |j| > 2, that

Y T
AN K, ( AN| > 7] —1
‘ (v o) ~ 4NV 2l =1
and therefore the last line in (61) can be further bounded by
(62)
1/3 1/2
(N: + ky) (143 /(Ne =+ ey ))A=L6 4 NV6[([5] — 1) /(N; + &y )|1/?

|N—=(Netky)|=5]122

As N3 < \/La ~ N; ~ N; + k,, we bound the first term in the last sum as follows

B1/3)\1/6 N 1/3( A\L/3 )1/2 < h1/3
(Ny + k)12 t/Va)/ —
The sum over N > N, + k, + 1 reads as
hY3(N, + k,)Y/? 3 1
NNt ky) e (T G DN k)N 4 15/ (N o+ by [
(Nt + ky)1/2 / dx
\1/6 0 \/E_i_ )\71/3<1 + (Nt + ky)fl + $)1/2’

(63)

1
and the last integral is bounded by /z ‘ = % The sum over N < N; + k, reads as
0

(64)
h1/3(Nt—|—k‘y)1/2 Z 1
NNy B iy o 0= O DO+ R4 N+ )
= pi/3 (Nt + k?y)l/Q /1_(Nt+ky)1(1+Nt/(2M)) dx
PUCI A VAN B(L— (N, + ky) L — )72

where the last integral is taken on [0,1— (N;+k,) "' (1+ N,/(2M))] as in the previous sum
the following restriction 1 — (N + k)~ '(1 + N;/(2M)) > j/(Ny + k) holds. As k, > ky,



26 OANA IVANOVICI

we have N; + k, > Ni(1+ (mg — £0)/8) and therefore, using (42),
N, 4 1
< < :
2M (N; + k) — M(mg — o) 3/2

As the integral is bounded by 3, the contribution coming from the sum over | N —(N;+ky)| >
21in (62) is hY/3(N; + k)2 /XY and as Ny +k, < (N;+1)(My +e¢ — 1) where M, is fixed,
depending only on ¢, and N; < \/La’ we obtain

(65) sup > Winaltan) < VIR A

y T
ANKa(7x 28 )€Y —ky <1 TNy k! 2N €[Ny /M, M (Ny+1)]

1/2
and h1/3(\})1/2)\ /6 = ( ) . We can conclude as at fixed y there are at most three

values of k that satisfy ¢"/?(—Y + 2aTO(27, 55, a)) € Iy, k, that the bounds in (65) are
independent of k, and that the intervals Iy, ; are disjoint. U

Before dealing with the case N, < A!/3) we need to introduce one more notation. As

a is small, for a fixed ¥ = \/ia there exists at most one value of k such that ¢/ 2( —
Y + 2aTO(%, 2f\,,a)) € In,x If y is such that q1/2< Y + 2aTO(%, 2@,@)) € Iy

for some k1 < k < ko, then k is unique and we denote it k# (recall that t is fixed). If
2(N, + k) € [N,/M, M(N; + 1)], we can either have A3 < N, + k¥, or N, + k¥ < A3
(notice that this last situation always occur if N; < A'/3 as k# < ky < 2MyN, and M is
fixed, depending only on ).

Remark 21. When N; + krzl‘7£ < A3, Proposition 5 may apply only for N = N, + k#, as
for kff # k € [k1, k] and n = Ny + k we necessarily have

(66) q1/2( y—|—2aT@(2T N )—4n) > dln — (N, + k)]
T 1
— 1/2( Y 2aT )_4 N #\| > :
q —l—a@(2T 2]\7 ) (t_|_ky)_3>>n

Proposition 7. There exists a constant C' > 0 independent on h,a such that, if Ny :=
[\/La] <K A3, then

(67) [Cnalt i = o (2 (R

Proof. If y is such that ¢'/>(=Y) € Iy, s, for some k, € [ki, k2], using that a < & is small
enough, it follows that

1/2( Y+2aT@( > 4n‘ > 4n—(Ny+ky)|—

1/2< Y 42070(-—

2T 2N’ 2T 2N’ )> —A(Nitky)
for all n # N; + k,; the second term in the right hand side is smaller than 2, while the first
one is at least 4; therefore the assumption of Proposition 5 cannot hold for n # N, + k,,.
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For all such n we then use Proposition 4 that yields

(68) sup Z |Vn,h7a(t7 a, y)|
02 (=Y))EIN, by 2ne[Ny /M, M(Ne+1)],n#Ne+ky
< /3 3 L
~ 1/2 Y T _ 1/2
I[N MM (Ve 1)t Ne ey (14 [n(¢"2(=Y + 2aTO(553, 3., a)) — 4n)|*/?)
1
T
~ N1/2[4]1/2
neNesk i<, (L (Ve Fy =+ 5)1217]172)
L (Neethy) ™ (14N (2) i 1 da
§h1/3</ 1/2 1/2 1+/ 1/2 172
0 o 2(1—2) 2+ (N + k)t Sy 221+ 2)2 + (N, + ky)~

where the last two integrals are uniform bounds for the sum over N < N; + k, and
N > N; + k,, respectively; when N > N; + k,, the integral over [0,1] is bounded by a
uniform constant ; when N < N; + k, we write z = sin®6, § € [0,7/2) and therefore
1—2 = cos?0, dz = 2sin 0 cos f, and therefore the first integral is also bounded by at most
m. This bound is also uniform with respect to k, € [k1, ka].

We are left with N = N, + k,. If q1/2( —Y + 2aTO(35, 5, a)) ¢ In,,, then we

2T 2N’ a)
k:;f = ky € [k1, k] and we may be able to apply Proposition 5 with N = Nt+k‘# if moreover

the following holds: ‘q1/2< Y + 2a70(L, L. )) _ 4N

use again Proposition 4. If, on the contrary, ql/Q( —Y +2aTO(% ) € In,,, then

5T 9N < —; if this is not the case we

apply again Proposition 4 for N = N; + k‘f . We then have

(69) sup ’VN:Nt-‘rka,h,a(t? a, y)'
=Y )elnk,

h1/3 h1/3
~ NI (U IN(g (Y + 20T0(35 ) — 4N)[17)

2N
~ (E) v + K13,
t

1/4
As for N; ~ f < h1/3 = A3 we have h'/? <« (%) it follows that, at fixed t, the
supremum of the sum over Vi 4(t, z,y) is reached for z = a and y such that ¢'/2(=Y +

2aTO(57, 5v,a)) = 4N where N = N, + k,. As the contribution from (68) the sum over

n # N; + k, is h'/3, we obtain an upper bound for G}, ,(t,-). Using the last line of (60)

1/4
and the fact that h!'/? < <%> yields a lower bound for Gy ,(t, ) of the same form and
therefore (70) holds true. O

)
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Proposition 8. There exists a constant C' > 0 independent on h,a such that, if N; :=
[\/La] ~ /3 then

(70) [Gnat Mo < oo () () (B ),

a

Remark 22. When N; ~ A3 we find a ~ h'/3t and all the terms in brackets in the right
(d—1)/2
hand side of (70) behave like h'/3, hence ||Gha(t, )| Loy < ( > h'/3.

_hd

Proof. If N, ~ X\'/3 and k ~ N, we split according to whether y is such that N, + k, < AL/3
or Ny + k, > A3 and proceed as in the previous cases using Propositions 3, 4 and 5. As,
for such Ny, we have (%2)1/4 ~ p1/3 ~ (12)1/2 we cannot deduce that the supremum equals
(52)1/4 but obtain the uniform bound h'/? for y, 44(L). O

3.1.2. Tranverse waves. Let v > 8a, a > x > 0.

Proposition 9. Let —= 2\F , then

1 sh\@-1)/2 [th
(71) Gt ) em0ozan < 73 () -
Moreover,

1 shy(@=1)/2
(72) > G imozran S 7a(F) B0
y=223 (ht)1/2

Proof. As 7 m% it follows, using (35), that only Vi ,(t,-) with N > 2 may provide

significant contributions in Gy ,(¢,-). Let therefore N > 2. We will show that the usual
stationary phase applies in o, s : the critical points satisfy o2 + % = a, s*+ % = a, and

[13 1

since £ < ¢ < ¢ and a. € [4, 3] on the support of ¢y, we find |o.s| > [a. — 2z ac—5

and |0+ s| < 2\/a.. Moreover, 02¢n .4y = 2(0 — \/QOpr/Cc), 2PN 0y = 2(5 — /ADsy/Cc),
802.75¢N,a,7 = —2,/0.05\/a.. At the critical points we do have 0s/0c = 0,4/t (see Remark
17). Using Lemma 5 yields

1 1
O/ = _ﬁ(l — (& +00,&1)), O/a= —ﬁ(l — (& + 00,E)),

where &; are smooth, bounded, defined in (47), (48). Putting all this together allows to
obtain a lower bound for the determinant of the matrix of second order derivatives at the
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stationary points as follows
(73)

3
det HeSSa,s¢N,a,'y|Vo,s¢>N,a,~/:0 = 47

(0 V@3 (5 — D7) — e [Eur/e

a. 1
>4 (Jos| — lo 4 s 2c 1+ 0)| 2 40— 5 - G214+ 0)
> 3|———|>173 VN 22,

where in the last line we have used that v < ¢y and that ¢y can be taken sufficiently small
such that 2. > %(1 4 O(eo)) for a. € [3,3]; in the last inequality we have used that
Qe > % The stationary phase applies in both ¢ and s for all N > 2 and provides a factor

AJ': the sum over transverse waves Gy, with v > 8a can be bounded as follows

1 /hy@d=1)/2 2 1 1
() Ghalt Mimomazan S 12(7) D 7 5

ot
N5

Ni(ﬁ)(dl)ﬂ’y2 1 ( t >1/2 1 (h)(dl)/2 th

" hd e A2\ /A AV v
Taking the sum over dyadic (ht)1/2 < v < g yields (72). O
Proposition 10. Let £ < 2[ = then
1 [hy(d=1/2 ht/?
Gt Mimozezon £ 3a(5) (P4 5m).
Moreover,

1 shy(d-1)/2 h
> Gt Mimoscan S 77 () (W log(h) + BV,

~=22 (ht)1/2

Proof. For bounded values of ¢/,/7, only a bounded number of Vy ., may provide non-
trivial contributions in Gy, (¢, -); in particular, we can have N = 1. Since for NV = 2 we can
use the preceding bounds (and sum only a small, uniformly bounded number of them), we
focus on N = 1. Notice that if |s 4+ 0| < 5y/0¢/4, then
det HeSSa,s¢1,a,7’Va,s¢1,a,'y:0 Z 473(0% - é - zac> 2 ;’7 (3040 - 1) > Y /4

and we can act as in the proof of (74). We are left with the case |s 4+ o > 5,/ac/4:
making the change of variables £&; = s 4+ 0 and & = s — o yields a new phase for which
the usual stationary method applies in & whenever & > ¢ for any small constant ¢ > 0;
as we consider here |&| = |s + o] > 5\/a./4, where now o, = a.((&1 — &2)/2, (&1 + £2)/2),
this is indeed the case. We state that the critical value may be degenerate in &; of order at
most two : this follows in the same way as in Lemma 7 from the last section. As such, the
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contribution on the set |&| > ¢ of Vi, (¢, ) is /\7_1/2 x Ay /% where the first factor comes

from the non-degenerate stationary phase in & and the second one is coming applying Van
der Corput in & . This yields

1 hy@D2e2 ] 1 by @02
(75)  [Viny () e 0g<ay) S hd< > EXWZE< ) i/

t

Taking the sum over v > h?3~¢, yields

1 shy\(d-1)/2
S Vit l=osecan S 75 (7) B log(h).

=221 (ht)1/2

For 2 < N bounded we obtain as before

1 /hy(@-1)/242 1 1 /A (d=1)/2 p1/2
HVNh’y( )HLOO (0<z<a,y) ,S hd( ) z X W = h_<;> W’

. . . (d-1)/
and summing up in 7 yields Zv 221 (hi)1/2 VN (E ) 2o (0<a<an) S id (%) h1/4(%)1/8.
O

3.2. Case a < max (h?37¢ (ht)'/?) for some small ¢ > 0.

3.2.1. The sum over 8max (h?/3¢, (ht)1/?) < v < gy. This part is easy to deal with as we
can apply the estimates obtained in the previous section. As we necessarily have 8a < ~
and as in this regime we can use the parametrix (26), we get from(74)

1 shy(@-1)/2
CONN > Gt Miozezan S 75 (3) Y

8a S8 max (h2/3—,(ht)1/2) <y<eo

3.2.2. The sum over max (a, h??) < v < max (h?/37¢, (ht)'/?). This part will be entirely
dealt with using the formula (18) and next Lemma.

Lemma 6. (see [18]) There exists Cy such that for L > 1 the following holds true
(77) sup( Z Wy AR — wk)> < CoL3.
beR *i<k<r
Moreover, we have
(78) sup ( Z w_1/2h2/3Az'2(b—wk)> < Coh?*L.
beR+ M i<k<r

Although the proof of (77) has been given in [18]|, we recall it here since it is useful to
understand how the same arguments can be used in order to obtain (83) below.
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Proof. From |Ai(2)] < C(1+ |z])~"/4, we get

—-1/2 -1/2 1
J(b Z wy, Ag? (b — wy) Z Wy, RS-

1<k<L 1<k<L

Using wy ~ k*/3, we get easily with C independent of L and D large enough
sup J(b) < CLY3, sup J(b) < CLY3.

b<0 b>DL2/3
Thus we may assume b = L?3b with ¢/ € [0, D]. As w;, = k*3g(k) with g being an elliptic
symbol of degree 0, we are left to prove that

1
/ 1/3 -1/3
V') = Z (k/L) 1+ L3y — (k/L)%/3|1/?

1<k<L

satisfies supy g I(0') < CoLY3. We split [0, 1] into a finite union of intervals on which the
1+L1/3t‘;,1/i2/3|1/2 is monotone : as each term in the sum is bounded by 1, we get

function

t_l/S 13 1 3
1+L1/3|b/_t2/3’1/2dtSCt€+L /0 2‘b1_3‘1/2d57
which achieves the proof of (77). Inequality (78) follows from similar arguments together
with |Ai'(2)| < C(1 + |2|)Y/2. O

Write, for Yiay := max (h2/37¢, (ht)'/?), Y := max (a, h?/?),

1
I(V) < Cte + L3 /
0

h1/3 B
1) Y. Gulbway = Y S [ ()

Ymin <Y< Vmax Ymin <Y< Vmax
X Z o tIn+wrh/3¢*/3(n ))CILlI/ZEZ)) Vo (B3 /(¢ (0)7))
wi<eo/h2/3
x Ai(wq” () /h*? — wi) Ailag' P (n) /0?7 — wi)dy
= X hh/ eI ([ eI rent >>%¢ (12w (a" (1))

kﬁ)\»y,’yming’yg'}/maz
x Ai(zq'*(n)/h*® — wi) Ai(ag"* (n) /h* — wi)dn + O(h™),

where we have used the fact that ¢, and v are supported on [5, ;’] to deduce k ~ wz/ S

A q?(n) = A, on the support of ¥y (h* 3wy /(q**(n)7))¥(|n|); the term O(h*>) comes from
the (finite) sum over 1 <k < A\, and A, < k < 1/h.

We are left with the sum over k in the last two lines of (79). Notice that if ¢ < h!/372
then (ht)'/? < h*37¢ which yields Ymax = h*37¢ and therefore for such ¢ we only need to
consider values a < h??¢ (otherwise Ymin = @ > h?/37¢ > 4.« and there are no terms to
consider in the sum (79)). Recall that A, := v*2/h: fort < hY?72¢ and v < ypax = A¥/37¢ it
follows that A\, < h=3/2¢ for € > 0 small and we cannot perform stationary phase arguments
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with parameter \,; formula (26) becomes therefore useless. The integral formulas of the
two Airy factors in (18) have phase functions with parameter A\, (these two Airy functions
correspond to the integrals in o,s in (26)), but the advantage of (18) compared to (26)
is that there is no integration with respect to o (instead we have to sum over k& < A,
hence over an essentially bounded number of k; recall that the Airy-Poisson formula (20)
transformed wy, into w = ¢/ 3(77))\3/ 304). As we cannot take advantage of stationary phase
arguments in the integral formulas of the Airy functions, we instead deal with the two Airy
factors in (18) as if they were part of the symbol (using the fact that they don’t oscillate
"too much", as we will see below). In order to do that we have to check that the stationary
phase in 17 does apply, and it turns out that this is indeed the case if ¢ is not "too" small.
On the other hand, when ¢ > h'/372¢ then h?/37¢ < (ht)"/? = Yy and for v < (ht)'/?
we can apply again the stationary phase with respect to n with the two Airy factors as
part of the symbol (using that ¢ is definitely not "too small"). We consider separately the
situations t > h'/372¢ and t < h'/37%¢ although the arguments in the corresponding proofs
are similar.

3.2.3. Let t > h'/32 in which case (ht)'/?> > h?*3~¢. We will be able to bring the Airy
functions into the symbol and apply the stationary phase in n € R%"'. The sum over k
is taken over 1 < k < (ht)3/4/h and on the support of 1 we have k2/3 ~ wy, ~ \2/* with
Y < Vmaz = (ht)l/g'

Proposition 11. Fort > h'/372¢, the following dispersive estimates hold

/3 ko (d=1)/2 (ht)3/4 1/3
| 2 G"”“")”L”(Osﬂcéa,y)SW(?) ( h >

max (a,h?/3)<y<(ht)!/?

1 /hyd=1)/2

Proof. Let z = y/t and let % be the large parameter in the integrals in the fourth line of

(79) whose phase function are, for each wy ~ )\3/ ? of the form
<z, >+l + weh® 2 ().
For each wy, < Amax/h?? = (ht)'/2/h?/3 the corresponding critical point 7. satisfies z +

~

2. + O(wph?/?) = 0 and using that w,h?*? < gy, we obatin that the matrix of second order
derivatives behaves like 2I; 1 + O(gg). In order to apply the stationary phase with symbol

¢ )l galeon (@ 2NN A (0 PN — ) Ao PN )

we need to check that there exists some v > 0 such that for all j > 1 and for all multi-indice
a with |a| = j one has

o <Az’ <q1/3(n))\i/3£ _ Wk))‘ < Cj<%>j(1/2_y), V|a| = j.

(80) 5
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In particular, this allows to deduce that, for n on the support of ¥ we have

(81)
02,y (42 (n)a(eon/ (@ (m)AZ))A (g 1/3<n>A3/3§—wk)Ai(ql/?’(mz/gg_wk)) < (%)””,

and assures that the stationary phase can be applied with the Airy factors as part of the
symbol. As one has, for all [ > 0,

sup ‘blAz @ (b — wk)‘ < C’lw?’l/Q,
b>0

it is sufficient to check that for ¢ > 23~ and k < (ht)**/h the following holds

(52) G ()"

Using that wy, o~ k23 < A23 ~ ((ht)3/4/h)*/3 for k < (ht)*/*/h, (82) holds if we show that

o) - 5 (1)

which is obviously true as it reduces to t < ()22 for some v > 0 (recall that we consider
here only values ¢ < 1). The sum of the main contributions of the symbols obtained after
applying the stationary phase equals in 7 equals

(83) ’ Z o 1P A (xq1/3<n6(27%h2/3)) —wk) Ai (aq1/3(nc(z,wkh2/3)) _wk>‘

12/3 $2/3
kS(ht)3/4/h

1/2

1/3 2/3
< Z wk—1/2AZ.2 (xq (Uc(;,/t;kh ) _ wk)
)

1/2

1/3 1,2/3
% ‘ Z wk—l/2Ai2<aq (nC(Z’wk )) _Wk>

)1/3
h2/3
kS(ht)3/4/h

S (A

“Ymax 9

where we have applied the Cauchy-Schwarz inequality followed by (77) from Lemma 6
with L ~ X\ = (ht)3*/h. Notice that we can indeed use (77) as the critical points
Ne(Z, wih?/?) satisty ne(2, wph??) = =L 4+ O(wph®?) with | — ¥| € [2 + O(eo), 2 + O(&9)]
and O(wyh?3) = O(gy) for all wy, on the support of ¢, and using the asymptotic behaviour

of the Airy function |Ai(z)| < the factors As* ( M — wk> with x < a

1+—| RER 1273
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or Ai? (aw — wk) can be bounded as follows

h2/3
1/3 2/3
o (4 (ne(z, wih®?)) ~ |l as2( 173 2/3
(84) ‘Az (a 1273 —wk>‘ r~ ‘Az <q / <_2_t + O(wph? ))m —wk>‘
< 1
™ (L ok — @3 (=3) (1 + O(wih??)) 1551)1/2
1

- (14 |wr(1 4+ O(a)) — ¢*/3(— %) 252

a

and therefore the proof of (77) of Lemma 6 does indeed apply with b = ¢!/ N(—Z) -
However, this is not enough to conclude : we also need to show that the lower order
terms of the symbol obtained after the stationary phase do sum up and provide smaller
contributions : the second main contributions of these symbols are obtained by taking two
derivatives with respect to ) and are of the form (81) (with the factor % (w )) : although the
condition (82) assures that these contributions are small enough for each k < (ht)¥*/h, in
order to prove Theorem 1 in this regime we also need to estimate the following sums for
r < a (where we recall that A = a®?2/h): the first sum involves one derivative on each Airy

factor

1/3 2/3 1/3 2/3

iz za o @ (e(z, wih®?)) S0P ez, weh??))

(85) ?‘ Wy / h4/3A2’<x 273 —wk>Az’<a 373 —wk>‘
k<A

Ymax

< (57em)

2/3 1/3 2/3 1/3 2/3
h Ai,<$q (nC(Z’wkh )) —wk>A2"(aq (nC(vakh )) . Wk)’

172 2/3 2/3
S)"Ymax wk h / h /
h \Y/3 a
< (22 2/3 — \1/3 1/3
<t h2/3> X h A’Ymax )\’Ymax xax (ht)l/Z S A'Ymax X a?

where we have first used (78) from Lemma 6 with L ~ X, together with Cauchy-Schwarz,
and then the fact that we consider only values a < (ht)'/?; the second sum involves two
derivatives on the same Airy factor

h B 1/3 . h2/3 1/3 . h2/3
(86) _‘ Z w; 1/2)\4/3‘<a61 (n (2270;% ) —wk>‘Ai(xq (7 (ZQaC;k ) _wk>
t h?/ h?/
kg)"‘/max
g (ne(z, wih®?))
h2/3

—wk>) < (LHS)(83) x <h>)\4/3)\2/3 <AB xq,

Ymax N/ Ymax

X Ai(a

and then
<a

where in the first inequality in the second line we have bounded each wy by A 2/3

Ymax

used (83), while in the last inequality we used the fact that A%/ N2 < ax

Ymax (ht)—l/2

when a < (ht)'/2.
Using the equation satisfied by the Airy function, it follows that each contribution ob-
tained by taking 2n derivatives of the symbol will be a product of either two Airy functions
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as in (86) or a product of two derivatives of Airy functions as in (85) and we can apply
Lemma 6 at each step to obtain a factor @™ and conclude. O

Remark 23. Notice that applying the stationary phase with respect to n provides a disper-
sive bound of the form

RY3 fh@=1)/2 (32173 1 o (=12
wi) ) =) v

where the sum over k is taken for k < vﬂfx/h. It is clear that for v > h'/? this method

cannot provide estimates sufficiently good for our purpose. Although \/Ymax may not be
sharp, it coincides with the one obtained for t ~ 1 in the regime (ht)"/? < a < h'/3. In
this situation, and in particular when a ~ h'/? and t ~ 1, there are too many wave packets
producing important contributions that overlap. Still, the sum of all these contribution
gives a loss less important then the one obtained for a > h'/?, when the oscillatory integrals
describing the reflected wave packets may have degenerate critical points of order exactly 3.

3.2.4. Let t < h'/37% for some small ¢ > 0. Then max (%3¢, (ht)'/?) = h?/3>~¢ and, as
we have already noticed, we only need to consider values of v such that max (h%*?,a) <
v < h¥37¢, as the sum over v > h?37¢ > (ht)"/? can be handled as in (76). In this case

)\'y _ (h2/3—e)3/2/h _ h—3e/2
Proposition 12. Let 0 < e < 9(d+1) For all Y3+t <t < h1/372¢ we have
1 h E
H Z Gh’Y( )”Loo(0<z<ay) S, hd( ) (d— 1/2h1/3 /2

max (a,h?/3) Sy<h2/3-¢

For all 0 < t < h'/3%¢ we have

1 h
I > Gt Mexogacan S 75(2)7

max (a,h2/3) SySh?/3-¢
Proof. Notice first that

h 1/2
(?) < W32 if and only if t > R/,

therefore When hl/3+e < ¢ < h1/372¢ 3 loss appears when compared to the flat case. Consider

O<e< 9(d+1 and set

t(h,E) — h1736726/d.

Notice that the condition 0 < € < ﬁ implies t(h,e) < h'/3%¢ for all d > 1. Let

t(h,e) <t < hY372¢ when the same proof as in the previous case applies. In fact, to use
the stationary phase with the Airy factors in the symbol we need the condition (82) to be
satisfied for all £ < A which translates into

“Ymax ?

1/2—v
3e/2 <
(87) h~ <h> for some v > 0.

Let v = 52, then (87) holds since it is equivalent to ¢ Wi = t(h,e).
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1/2
o If h1/3+e < ¢ < h1/3-2¢ we obtain a loss as h!/3¢/2 > %

o If t(h,e) <t < A3 we bound h'/37¢/2 by (2 hy1/2,

Let now ¢ < t(h,€). We set L := 8h73/2 then the sum over k in (79) is taken for k < L.
Applying the Cauchy-Schwarz inequality in (79) and using (77) yields

(88) |l > Gy (8 )L 0<w<ay)

max (a,h2/3)<y<h2/3—¢

h1/3 B |
S Zwk 1/2A2($q1/3( )/h2/3 — wy) Ai(ag () /h2® — wy)
k<L
Bl/3 B . s ) | y
S W( Z wy AP (g () 17 — wk)> ( Z wy P A (ag" P () /0 — wk)>
1<k<L e
h1/3 s
S WL /3,

d/2
< band as (i) AR = hf2 e ind

For t < t(h,€) we have t(h,e)

t(h €)

BUBLL3 _ opl/3—e/2 _ 2( h >d/2h1/3—3(d+1)e/2 < (ﬁ)d/2h1/3—3(d+1)5/2 < <ﬁ)d/2
t(h, €) ~\7 =\#) -

as the condition € < implies 1/3 — 3(d + 1)¢/2 > 0. O

TeRsy

4. PROOF OF PROPOSITIONS 3, 4 AND 5

Here we need to analyse in details the structure of higher order derivatives of the phase
functions ¢n,. Let T be fixed, N € [ , MT] with M > 8 large enough and let Y = \f

with % € [1—11, 2]. We prove Propositions 3, 4 and 5 for Viy, , defined in (56), whose integral
formula is recalled here

a? 1

VNha t,fE,y = T T
nel V) =5
where, from Remark 16, we can assume (without changing the contribution of Vy 4, , modulo
O(h*)) that the symbol s is supported for |(o,s)| < 2\/a.. In order to integrate with
respect to the remaining variables o, s we need precise information on the higher order
derivatives of the phase functions.

€%¢N’“%(O', s, t,z,y,h,a,1/N)dods,

Proof of Proposition 3. We start with the case where A/ < N and we follow closely
the proof of [17, Prop.7]. We will prove the following :

)\—2/3
~ /\1/3|K2(

(89)

i'(z)N,a
/Rzeh #(0,s,t,2,y,h,a,1/N)dsdo| < Y Ty e
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Let X = £. We rescale variables with ¢ = A="/%p and s = A7'/3¢ and define

Y T
AN’ 2N

Y T

2/3( 1.2
(90) A= \B(K(— N

—)—X) and B=\3(K*(—,—)-1),

and we are reduced to proving that the following holds uniformly in (A, B) :

(91)

. 1
iGN, A (P,0,1,3,Y) -1/3 -1/3 < -

where the rescaled phase is
(92) GN,a,)\(p7Q7tax7y) = <¢Na( 1/3 /\ 1/3q,t,x,y) - ¢N,a(070>tax7y)>'

Replacing v by a in the expression of the first order derivatives of ¢y~ in (50) and (51)
yields

1 80
o = £y = NI 4 X )
= q1/2(nc)(p2 - Az/g(ac — X)),
1 85 B
0iGnan = 350008l mirspacissg = NPE P )W 41— ao)

= ql/Q(UC)(q2 - )‘2/3(040 —1)).

From (46) it follows that, in the new variables, a, has the following form

vy T ~1/3_P -1/3_4 2
(93) O[C|()\—1/3p’>\—1/3q) = (Ka<m, W) - A / ﬁ(l - agl) - A / ﬁ(l - a52)> y
where f; are smooth functions of (o,s) = A™/3(p,q) and of 55, X and 2. With these

notations and with K, = K,( 4}]/\,, %) we re-write the first order derlvatlves of G as
follows

)\1/3
8pGN,a,/\:q1/2(nc)<p2_A+TKa(p(l_a51)+Q<1_a82)> 4N2( p(1—a&i)+q(1-a&s)) >7
1/2 2 A3
0yGNax = q/ (7c) (q —B+TKa(p(l—agl)"‘Q(l—agQ)) 4N2( p(1—a&i)+q(1—a&,)) >w

Since A\'/3 < N, we notice that if A, B are bounded, then (91) obviously holds for |(p, q)|
bounded and by integration by parts if |(p, ¢)| is large. So we can assume that |(A, B)| > 7
with 79 > 1. Set (A, B) = r(cos(#),sin(#)) and rescale again (p,q) = r'/?(p,§): we aim at

(94)

/ eiT3/QGN,a,'y%(A—l/Srl/Qﬁ’ )\—1/37,,1/2@, t, x’ y’ h/, CL, 1/N) dp‘*dq’ 5 5_/4 ,
R2 T
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where o < 7 < A%/3 is our large parameter, and the phase C~¥N7a7>\ is given by C?N,a’,\(ﬁ, g, t,x,y) =
132G N o (1 2p,7Y2q, t, 7, y). Let us compute, using the formulas of the first order deriva-
tives of G g,

(95)
8~éN,a,,\ 9 MBK, . (p(1 = a&y) + G(1 — a&y))?
;1/2—(770) =p —COSQ+W(p(1—a51)+q(1—a52)) — N ,
0;GNar o ANBE, ) (B(1 — a&y) + d(1 — a&y))?
qql/z—(nc):qz_sm@%— i 1/2( p(1 —a&r) +q(1 —a&s)) — Nz ,

where, abusing notations, &; is now &;(r'/2A71/3(g,p), ;5. ). Since on the support of
the symbol se(A~1/3r1/2p \=13012G 2y, h,a,1/N) we must have |(5,q)| < AV/3r=1/2 <
)\1/37“0_1/2, it follows that, for A/3 < N, the last term in both derivatives is 0(7“0_1), while

the next to last term is 7, Y 20(]5, ¢). Indeed, using that & o are uniformly bounded, K,

is bounded for = on the support of ¢ and r > ry we obtain |%/3K (p(1— “517?*/’;(1 —at2) )| <
o -1/ 5+ G|. Therefore, when |(p, §)| > C with C sufficiently large, the corresponding part

of the integral is O(r~>°) by integration by parts (since (sin(6), cos()) stay bounded). So
we are left with restricting our integral to a compact region in (p, §).

We remark that, from the restriction X < 1, we have A > B (and A = B if and only
if X = 1), that is to say, cosf > sin# and therefore 0 € (—34—”, 7). We proceed depending
upon the size of B = rsinf. If sinf < —C/r'/? for some C > 0 sufficiently large then
9;GN.ax > ¢/(2r'/?) for some C' > ¢ > 0 and the phase is non stationary. Indeed, in this

case we have

0:GNar _ » C  NPK, (P(1 — a&)) + G(1 — a&,))?
ey 2 g+ Yy (O~ 68) 401~ a82)) - -
and using that P, are bounded, that on the support of s we have |r'/2(p, §)| < A3 and
that le S /3 < 1, we then have, for some C' large enough
M3 1K, (p(1—a&) +G(1 — a C
N e B0 08 0 gy
N rl/ AN NV/3 4rl/
We recall that on the support of 15(a) we had « € [3, 2] and the critical point « satisfied
(33) (with ~ replaced by a in this case) hence K, = K (7, 55) introduced in (57) stays

close to 1 as main contribution of the critical point a.. It follows that 8,;@ Nax > C/(2r1/?)
and integrations by parts yield a bound O(r~™") for all n > 1. Next, let sin@ > —C/r!/?
and assume A > 0 (since otherwise the non-stationary phase applies), Which in turn implies
A > 19/2. Indeed, since cos @ > sin§ > —C'/r1/? it follows that 6 € (— \ﬁ, ) and therefore

in this regime cosf > %
Consider first the case |sinf| < C/r'/2, with C' > 0 like before. The non degenerate
stationary phase always applies in p, at two (almost) opposite values of p, such that [ps| ~
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| £ Vcosf] > 1/4, and the integral in (94) can be written as follows
(96) [ e s (O XS gy, e, 1N diid
R2

- 3L/4 ( / e an st (G, t, 2, y, by a, 1/N) dG + / e *ONar s (G, h,a, 1/N) d(j) .
r R R
Indeed, the phase is stationary in p when

)\1/3Ka
Nrl/2

(P(1 — a&1) + q(1 — a&s))?

(p(1 — a&1) +4(1 — a&s)) + N2 ;

P = cosf —

and since cos § > ‘/7§ and % < % < 1, it follows that there are exactly two distinct solutions

t0 953G n.ax = 0, that we denote jy ~ ++/cos 0+O(r~/?). Using (95), the second derivative
of the phase with respect to p at the critical points becomes
. . NBK, _
02 3Granles = 02(10) (2D + Gz (14 0(@)) + O(N )

where we have used the fact that p, ¢ are bounded and that 9;&; = O(W) to deduce
that all the terms except the first one are small. Since A\'/3 < N and r~/2? < 1, and since
K, is bounded, close to 1, it follows that for p € {p+} the second order derivative equals
02 :Gnanlpe ~ 2L +O0(r™/2), and since [ps| > L—O(r='/%), the stationary phase applies.
The critical values at ps, denoted Gﬁa’ ), satisfy

(97) 0GR -) = 03Gnan(@, P, ) = 4" (1) (52 —sinf

MBK(B(1 —a&)) +G(1 —a&))  (p(1 —a&)) + (1 — a&,))?
" Nri/2 N AN? ’ﬁ:ﬁi) '

Since |sinf| < C/r'/2?, the phases éﬁ’m/\ may be stationary but degenerate; taking two
derivatives in (97), one easily checks that |6§C~¥]j\t,’a7)\| > "2 (ne)(2 — O(rgl/z)) . Hence we

get, by Van der Corput Lemma

(98)

/ eir3/2é§5’a’>\%i(6) l,z, Y, h7 a, 1/N> d(j‘ S (T3/2)_1/3 :
R
Using (96) and (98) eventually gives

(99) r/ e"g'/QGN’“’A%()\_1/37“1/2]5, AV3R2G ¢ a g, hya, 1/N) dﬁdcj‘ < VA4
R2

Notice moreover that |B| = |rsinf| < Cr'/2, hence from 72 = A%+ B? we have A ~ r and
since 7 is large r~/* < 1/(1 + | B|*/?), which means that (91) holds true and, replacing B
by A2/3(K2%—1), it yields (39). Recall that A, B are given in (90); using that a> = (hA)*/3,
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we obtain from (89)

a® 1 A28
/AN (L+ B2 — 1]172)

(100) [V nalt,z,y)| <

2h!/3
2/ N/AB 4\ /K, +1ANK, — AN|1/?

In the last case sin @ > C'/r'/2 which means A > B > Cr'/?, we directly perform stationary

phase in (p, §): the determmant of the Hessian matrix is at least C'v/cos0v/sinf and we
get a bound for the integral in the left hand side term in (94)

1 1 1 11
’LHS < <

< (vV/cos 0+v/sin 0)1/2r3/2 ™ 1 (1ry/cos By/5in )2 ~ r (AB)1/4

so in this case the estimates is slightly better than (89), as we have

1 1
S A2/3|AB|1/4 < N2/3|B|1/2

(101)

/ eh¢N“%(s o,t,x,y,h,a,1/N)dsdo
R2

This eventually yields

(RS N2 1 TR 1/6 1
h N1/2 )\2/3‘3’1/2 - N1/2 )\1/3’[(2 _ 1’1/2

(102) |VN,h,a(taxay)‘ S
The proof of Proposition 3 is achieved.

Proof of Propositions 4 and 5. The only differences between the proof of Proposition
4 and that of [17, Prop.5| occur from the existence of the additional critical point 7., which
is not considered in the case of the wave equation. The proof of Proposition 5 follow the
same path as the one of |17, Prop.6|, but in the last part the analysis is slightly more
delicate as one has to carefully deal with the contributions coming from the higher order
derivatives of n.. Let 1 < N < AY/3: we aim at proving

(103) S NVANTS/A,

/ €%¢N’a%(aa S7t7x7y7 h7a’7 1/N) deU
R2

Since N is bounded by A'/3, we cannot ignore anymore the last two terms in the first order
derivatives of ¢n 4, as we did in the previous case when they were small enough to make
a meaningful contribution. Set A = A\/N* = 2z x a¥?2/h to be the new parameter. We
rescale again variables with ¢ = p//N and s = ¢//N and set now

1
E <¢N,a(aa S, ta Z, y) - ¢N,a(oa 07 ta Z, y)) .

On the support of 3 we then have |(p',¢')| < N. We are reduced to proving

AGN,a(pla qla t? x, y) =

(104) S A4

/ NN as(p' /N, ¢ /N, t, 2, y, h,a,1/N) dp'dq
R2
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The first order derivatives of Gy, with respect to (p', ¢’) are given by

do ds
(105) V(I)’,q’)C7YN,CL = h (a ; U¢Na7a/ s¢Na>|p/Nq/N)
= ¢2(00) (1 + V(X — ), ¢% + N*(1 - ) ),

where, using (46), a.(0, s, )| (o=p//N,s=¢'/n) 15 given by
/ /

p 2
Fs(l—afi) - S5 —af)

(106) el (pr /N /) = (Ka —

Recall that K, = K,(7y, 5% ), given in (57), equals \/aQ and stays therefore close to 1 on
the support of the symbol. We define

(107) A =(K}-X)N* and B = (K?-1)N?.

With these notations, the first order derivatives of Gy, read as follows

OyGna = 1”(%)(p’Q—A’JrKa(p’(l—a<‘31)+Q’(1—a<‘32))— (p'(l—a51)+Q’(1—a52))2>,

4N?

0 Gva = 42 00) (42 = B'+ Ko(p'(1=a&1) +¢ (1= &) = 115 (0 (1= a€) +q/(1—a&2))?).

v
Unlike the previous case, we can no longer ignore the two last terms (since even the terms
with ﬁ factors may provide important contributions !).

We start with |(A’, B")| > r( for some large, fixed r¢, in which case we can follow the same
approach as in the previous case. Set again A’ = rcosf and B’ = rsinf. If |(p/, ¢')| < r0/2,
then the corresponding integral is non stationary and we get decay by integration by parts.
We change variables (p', ¢') = r'/2(¢/, §') with 7y < r < N? and aim at proving the following

(108)

7ﬂ/ eir?’/?AéN,a%( 1/2 '/N r1/2 ’/N t x,y h,a, 1/N) 5d §r71/4A75/6,
R2

where s is now compactly supported in an annulus. The new phase is G Na(D,q tx,y) =
732G N o (2P 2G t x, y). We compute

8}3/61\77@ _ =2 K, ~/ ~/ (ﬁ,<1 - agl) + le<1 - ag?))2
22 P —cosf+ 7 (P (1 —afh) +q(1 — a&y)) — e :
0Gna _ Ka (#'(1 —a&) + (1 — a&y))?
(]1/2—(7’}0)—q —SIH9+ 1/2(( a81)+Q(1—CL52)) AN? .

We intend to follow the same approach, as long as possible, as in the case A3 < N.
Since X < 1 we have A" > B’ which implies cos¢ > sind. If [(p,q')| > C for some
large C' > 1, then the critical points (pL, q.) satisfy p? > ¢ and if C is sufficiently large
the non-stationary phase applies (in fact it is enough to ple any C' > 4). Therefore we
are reduced, like in the previous case, to the situation where |(p/, )| stay bounded. We
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deal again with three situations, depending upon B’ = rsinf : if sinf < —% for some
sufficiently large constant C' > 0, then
IyCra - 2y O K

+ =5+

( ( (ﬁ/(l - agl) + dl(l - a52>)2
q1/2(77€) 12 e

4N? ’

—a&) + ¢ (1 —a&)) —

and as |(p/,¢')| is bounded, f;5 are bounded, N is sufficiently large in this case (indeed,
recall that 79 < r < N? so that \/i; > %), it follows that the non-stationary applies

since the sum of the last three terms in the previous inequality is greater than C/(2r'/?)
if C' is large enough. If |sinf| < % then, again, 0 € (—\/%,E) and cosf > \/75 We
have |B'| = |rsinfd| < COy/r; if |B'| < C, then 1+ |B'| < /2, while |4'| ~ r. As in
the previous case the stationary phase applies in ' with non-degenerate critical points p/,
and yields a factor (r®/ 2A)*l/ 2; the critical value of the phase function at these critical

points, that we denote GNa, always satisfies |02, GjE W > @2 (n)(2 — O(=)) and the
To

integral in ¢ is bounded by (r*2A)~1/2. We therefore obtain (108) which yields, using that
|B'| = [N*(KZ — 1) < r'/2,

h1/3>\4/3 . -
VNan(t, 2, y)| = NN /2 e"sﬂAG‘\”a%(rlmﬁ’/N,rl/Q(j’/N, t,x,y, h,a,1/N)dp'dq
R
< h1/3)\5/6 _1/4< Y >5/6 < hl/3 hl/3
S r — ~
N5/2 N? (L+[B12) — (1+ N|Kal(gy. o) — 1M72)

If sinf > \Cf, then B’ = rsinf > C4/r and therefore N?)|K? — 1| > Cr'/2. We directly
perform the stationary phase with large parameter 3/2A as the determinant of the Hessian
matrix at the critical point is at least C'v/cos#sin 6, and obtain a bound for the left hand

side term in (108) of the form
cr 1 1 < 1 1
(Vsin 6v/cos 0)1/2r3/2A A (A'B')Y/4 — A B2

We just proved that for N < A% and when N?|K (2, ;%) — 1| is not too small, the
following holds

h1/3
S
)‘1/6\/_|K (4]\/7 ﬁ) - 1|1/2

We now move to the most delicate case |(A’, B")| < ro. For |[(p/,q')| large, the phase is
non stationary and integrations by parts provide O(A~*°) decay. So we may replace s by
a cut-off, that we still call s, that is compactly supported in |(p’,¢")| < R. We proceed
as in [17, proof of Prop. 6|, by identifying one variable where the usual stationary phase
may be performed and then evaluating the remaining 1D oscillating integral using Van der
Corput lemma with different decay rates depending on the lower bounds on the derivatives
of order at most 4.

(109) VN ha(t, z,y)
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Using (105), we compute the derivatives of Gy, as follows
(110) Oy GNa = q1/2(770)(p/2 + N2<X —ae)), OyGna= q1/2(770)<q/2 + N2(1 —ac)).

The second order derivatives of G, follow from (52), (53) and (54)

(111) 02 Gra = q"*(n) (20 — N?Opya) + %zgc)(p’? + N*(X — ),
(112) 02y Gna =" (n.)(2¢ — N?0pa.) + %ﬁ(q@ + N3 (1 — a)),
(03 3G = g0~V + S 2 4 N2~ a)

= 3G = ) (- N0) + I 2y w1 o)

At the critical points where 0,Gn,, = 0yGn o = 0, the determinant of the Hessian matrix
of Gy, is given by

det HeSS(Plvq/)GNua|V(p/,q/)GN,a:0 = q(nc) <4p/q/ _ N2 (p/ + q/)ap/Oéc> .

When V(, ¢)Gno =0 and | det Hess(y )G n,a| > ¢ > 0 for some small ¢ > 0 we can apply
the usual stationary phase in both variables p’,¢’. We expect the worst contributions to
occur in a neighborhood of the critical points where |det Hess(y )Gl < ¢ for some c
sufficiently small. We turn variables with & = (p' + ¢')/2 and & = (p' — ¢)/2. Then
p =& + & and ¢ = & — &, and we also let

p=A+B =N*Q2K?-1-X), v:=A—-B =N*(1-X).

We will show that the most degenerate situation corresponds torv =pu=0and & =0,& =

0. Let gna(&1,82) = Gral&r + 62,61 — &2).
Case ¢ < |&]. We first prove that, for & outside a small neighbourhood of 0, the usual

stationary phase applies in & and the critical value gnq(&1,&2,.) may have degenerate
critical points of order at most 2. The phase gn,, is stationary in & when 0,Gn, = 0y Gn
and from Remark 17 it follows that in this situation 0yn. = 0yn. and Oy, = Jya,.. The
second derivative of gy, with respect to &, is given by

02, e, 9na(61, &) = (02 Gnva — 208, Gva + 02, G ) 0, ey

Using the explicit form of the second order derivatives of Gy, given above we obtain, at
P =&+ &, ¢ =& — & such that p? + N*(X — a.) = ¢ + N*(1 — a.) and for which
DyMe = OgMe, the following form for 9, ., gn.a(61,62)

02, 6,9N.0(E1,€2) |09 0=0 = 24" (1) (' + ¢') = 44" ().
Since q(n.) = |nela(ne/|nel) € [3md, $MZ] with mg, My defined in (31), it follows that the
stationary phase applies in & when |£;| 2 ¢, . We denote &, . the critical point that satisfies

8529N,a(€17 52) = <8p'GN7G - aq/GN’a> (p,7 q,)|p’:§1+€2,Q’ifl—§2 =0,
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and obtain

(& + 52,6)2 + Nz(X —a) = (& — 52,0)2 + N2(1 —a),

which, in turn, yields 4£,&,. = N?(1 — X) = v and therefore & . = 16 In the following
we compute the higher order derivatives of the critical value of the phase gn (&1, &2,c) with
respect to & and prove the following lemma :

Lemma 7. For |[N| > 1, the phase gno(&1,&2c) may have critical points degenerate of
order at most 2.

Proof. Recall that at the critical point & ., Remark (17) implies dyn. = Oyn. and Oya, =
Oya.. This in turn implies that the functions ©; 5 in Lemma 4 coincide there, hence
the functions &; 5 defined in (47),(48) coincide also at & .. Notice that we kept the same
notation & » but we refer to now as functions of (p'/N,¢'/N) = (&1+&)/N, (&1—&)/N. As

gl|p'2+N2X=q’2+N2 = g2|p’2+N2X=q’2+N2> Setting E = gllp’2+N2X=q’2+N2 = 82‘p’2+N2X:q’2+N2
in the expression (46) yields

Vaelo,gn a=0 = Ka — m(l —af)
and therefore

O (93061, €0.)) = O 93060, €0.) + 32Dl @l

= 8&1 gN,a (517 527C)
e <ap/GN7a + 8q’G(]V,a) (p/’ q/)|§17£2,c

= q1/2(770> ((gl &)+ N X —ar) + (& —&0)” + N*(1 O‘C))

0 n) (26 + 263, — — 2N? (K — S50 a£)? ~ K2))

g'2( (2 1———1f%w»+2gﬁ—u+4Kgﬂ1—aa)

/ _ v? _
(114) g'/2( (2 (1 ~ ) + 25 — p+ AKG( a5)>

Taking the derivatives of (114) with respect to &; yields

%, (9al6, ) = 0210 [46 (1 — 51 — alE + 36104,8)) -

+MQO—a@+&@£0]

B0 - 00 1))

8¢}

851 9N,a (51 ) 5270)
q"2(ne)

+<ap/(q1/ 2(ne)) + 0 (0" (ne)) +
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where the last line vanishes when 0g, gn (&1, &2,) = 0. In the same way we find

1 312
3 2
(9517,51 €1 (gN,a (517 52,C>) ’851 (gNya(fl,fgﬂc))zangl (gN,a(§17€2,c))=0 = ql/ (77@) <4 <1— ) 851 +O(G/)) .

Let first || > 2, then we immediately see that the third order derivative takes positive
values and stays bounded from below by a fixed constant, 8?1751751 (gn.a(&1,82.)) > 2, and
therefore the critical points may be degenerate (when 0, ¢ (gn.a(£1,82.c) = 0) of order at
most 2. Let now |N| = 1 when the coefficient of 262 in (114) is O(a). Assume that for
¢ < |&| the first two derivative vanish, then % = 4K, + O(a) and therefore the third
1
derivative cannot vanish since its main contribution is %. U
1
Case |§| < ¢ for some small 0 < ¢ < 1/2. Let now & = p' + ¢ belong to a small
neighbourhood of 0, [£;] < ¢ < 1/2 : we first show that the stationary phase with non-

degenerate critical point applies this time in &. We compute (in the same way as we did
for |&1] 2 ¢)

(115) D, gxa(1 &) = (G + 0y Gva ) 0, e
= ¢ (6 + &)° + N2(X = a0) + (6 = &) + N (1 - a)).
Using (46), we write again, with K, = K, (2, 5x) = o a"/2(n0),

vaz = Ko = T L) — 6,

where in the new variables o + s = 2&;/N. Using (49), we have (¢*/2(n.) — ¢**(n?)) =
~70(&1,§2) and since & < ¢ < % is small, a < gy and a. € [5,2] it follows from
K, = \/a. + O(c/N?) that we must have K, € [1/4,2] for all N Z 1. The derivative of
gn.a(&1,&2) becomes

*(n
2]

lolr—t

(116)

Oe,gnal6r, &) = ') {268 + 268 — p— 2V?| (K., - ]f;z (51752)> - &2}

= 2 (2601~ 13) + 26 - u+4Kasl+ao<a,52>).

At the critical point, the second derivative with respect to &; is given by

1
(117) 8217519N7a<€17£2>|8§19N,a(§17§2):0 = q1/2(770) (451(1 - ﬁ) +4K, + O( ))
and as K, € [1,2] it follows that the second derivative behaves like 4¢'/2(n.)K,. The

stationary phase applies for any |N| > 1 and provides a factor A='/2. We are left with the
integral with respect to & and we will show that it may be degenerate up to order 3. In
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order to obtain precise bounds for it we need the exact form of the critical point & as a
function of &. Let & . denote the solution to O, gnq(£1,&2) = 0, then & . satisfies

(1) 26,28 = pt 2oV [K2 - (K2 - S ) — 0 00) e

where, using (49), 2= (¢"*(n.) — ¢"/2(n?)) = O(s%). Notice that requiring [ .| < ¢ for
some small ¢ implies |p/2 — &3] < ¢. More precisely, if /2 — &3] > 4c, the equation (118)
has no real solution & . such that [£;,. < c.

Lemma 8. For all [N| > 1 and |p/2 — &3] < 4e, the equation (118) has one real solution
of the following form

(119) 0= (1/2 = )20 +a((1/2 = )1+ E52 + &a3%).

where K,—o = |Y| ¢P(=Y/|Y]) and Zo = Zo(p/2 — €2, Ko—o, 1/N?) is given by
1
Koo+ Ko+ (/2= &)1 - 1/N?)

and where =1 5 3 are a smooth functions of (&2, p1/2—&35,v/N?, K4, 1/N, a) such that |(‘9§2E]~| <
Cy, for all k > 0, where C}, are positive constants.

(120) EO(M/2 _§§7Ka:071/N2)

Proof. Notice that for a = 0, the equation (118) has an unique, explicit solution & .|a—o
that reads as follows

ol = n/2 =&
T Ko+ VEZ + (12— &)1 - 1/N?)

that we rename (1u/2 — £2)Zg where Zg = Zo(p/2 — €2, Koo, 1/N?) is defined in (120). Let
now a # 0. Using Lemma 4 with s+o0 = (p'+¢')/N = 2& /N, 0—s = (p'—¢')/N = 2& /N,
(a —x)/a = v/N?, it follows that the critical point 7. is a function of & /N, £2/N? and
&u/N?. Write &, under the form & . = (u/2 — &)=y + a= for some function = to be
determined; introducing this in (118) allows to obtain = as a sum of smooth functions with
factors p/2 — €2, €2 and &v/N? as follows

E=(u/2 - &)1 + &5 + & N2“3’
where =; are smooth functions of p/2 — &3, &5 /N?, &v /N3, O
Let gna(&2) = gn.a(&1c, &2) @ the first derivative of gy, with respect to & vanishes when
(OGN — 0gGna) (P 4)|(er.0c0) = O which is equivalent to 4£; .{, = v. We compute the

second derivative of gy, using Og,gn .o = v — 4&1 &2, With & . given in (119) as follows

85225291\77@ = _4(5285251,0 + 51,0)-
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It follows that the critical points & are degenerate when
(121) (/2 = E)Z0 + a((1/2 ~ )51 + EZ + &a355%)
= 26520 (1= (1/2 ~ &)Zo(1/2 - &, Ko, 1/N?)

+a(28(E ~ B~ 260,5s — 3 36,Es) — /2~ B)3E — b2y,
where the term in the second line of (121) equals £0¢,Zo. We have thus set
(1 B 1/N2)EO(M/2 — ggv Kaa 1/N2)
2V K2+ (1/2 - &)1 — 1/N?)

Consider a = 0 in (121) for the moment, then the critical points are degenerate if

w2 — € =28 (1= (/2 - €)Z0(n/2 - €&, Ko, 1/N?)).

Recall that K, € [1/4,2] and that |u/2 — €3] < 4c with ¢ small enough. The last equation
can be further written as follows

1
2 ¢ (2 _ >:
(1/2=8)(2+ 1= (12— )5, H

which may have solutions only if y is also small enough, |u| < 10c. Let z = pu/2 — £3; for
|z| < 4c and |p| < 10c with ¢ small enough, we may now seek the solution to z(2 + 1/(1 —
2Z0(z, Ko, 1/N?)) = o under the form z = puZy(ju, Ko, 1/N?) and obtain an explicit form
for Zo(p, Ko,1/N?) which satisfies Z(0, Ko, 1/N?) = 5. It follows that the solutions to
(121) when a = 0 are functions of /i which coincide at ;1 = 0 when they both vanish.
They have the form

So(11)2 — €3, Ko, 1/N?) =

£o.+a=0 = j;% (1 + pC(p, Ko, 1/N2)), for some smooth function (.

Let now a # 0, then the solutions & to (121) are functions of /i1, v/N?, a that coincide
at 4 = v = 0 when they are both equal to 0. In fact, since =; is a function of /2 —
2,63, &u /N2, it follows that &0, =, is also a function of p/2 — &, &3, &uv/N? and we can
write 11/2 — €2 as a function of /2, &2 and &v/N?,

(122) /2 - & = 26301~ (/2 — )Z0(1/2 — &, Koy 1/N?)
+ (SR /N 1) + Eans P& Eav /N ) ).

for some smooth functions F} 5. Notice that, as |1/2 — &3] < 4c¢ and a is small, (122) may
have real solutions & only for |€3| < 4c. For such small &, equation (122) has at most two
distinct solutions (that coincide at p = v = 0) of the form

(123) &z = i\/TZ(l + ¢ (i, Koy 1/N?)) 4 a < (Vi %)7 (Crx, Gox) > (V1 %7[(117@)’
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for some smooth functions ¢, (;+ . We compute the third derivative of gy, at the points
&+ defined in (123) where its second derivative vanishes. Using (121) yields

(124) 9, ¢, 6,9v.0(610r E2) g2 . = —4(206,810 + 207, £,61.0)|ea s

61 c 2
= |52 —tor — 46210, ,81c

:u@a@—wm—@amm—ﬁm@uwm
- 1 — Voo N — vo_
+ 8a<2€2(:1 — 2~ 58065 — 15065) — (/2 §)0,51 - m:?)) .
+86Z0(1+ 0(1/2 = &) + 0(a)) s .
where the last line in (124) equals —4£, 207, ¢, €1, © we don’t expand this formula since it
comes with the small factor & 1, which is sufficiently small for what we need. The third
and forth lines of (124) represent the formula of —80,&; . already obtained in (121) (where

O,&1,. comes with a factor &). Since the third derivative of gy, is evaluated at &» 4 we
can replace (122) in (124) and obtain

- 12
832762,529N,a(§1,c> §2)|§2:§2,i = [?’i (1 + O(gg,i) + O(a)) + O(GV/NQ)'

It follows that at ¢ = v = 0 the order of degeneracy is higher as & +|,—,—0 = 0 and
3, er.659N,ales 1 =v=0 = 0. We now write

Ina(§2) = §N,a(52¢)+(§2—§2¢)5§2§N,a(§2¢)+%5@ £, gng,a(52,i)+0((§2—52¢)4),

where the fourth derivative doesn’t cancel at &, 4 since it stays close to 12/K, € [6,48]
as K, € [1/4,2]. Since we are to have 0, gn(§24) = 0, we also deduce v = 4&; c|e, L &4,
which gives

(125) v = 4( + %(1 + uC(p)) + al(y/pCr+ + %CQ,i))

x (/2= G0+ al(1/2 — G )F1 + 8452 + &.47550))

and replacing (123) in (119) yields v of the form v = ig\f[“jf( + O(a)), which is at

leading order the equation of a cusp. At the degenerate critical points £, + where v =
L Y20 (14 O(a)), the phase integral behaves like

3V3K,
VBT o o
= / plga)e™ A gy
&2
and we may conclude in a small neighborhood of the set {£Z 4 |u| + |v|?/? < ¢} (as outside
this set, the non-stationary phase applies) by using Van der Corput lemma on the remaining
oscillatory integral in & with phase gy o(&2). In fact, on this set, 8?2 Jn . 1s bounded from

below, which yields an upper bound A~*, uniformly in all parameters. When p # 0, the
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third order derivative of the phase is bounded from below by % : either /6 — &3] < /12
and then |02 gn.q| is bounded from below by |u|*/?/(12K,) or |11/6 — &3 < |u|/12 in which
case |0Z,Gn,a| is bounded from below by |u|/(12K,). Hence, using that K, € [1/4,2], we

find |02 gn.a|l + 102, 9n.al 2 /|1t| (recall that here i is small so /|| > [p]) which yields an

~Y

upper bound /| ,u|A_1/3. Eventually we obtain

1 1
(126) 1] 5 inf { 7. |M|1/6A1/3}.

From = A"+ B and v = A’ — B’ ~ 4% < p for p < 1, we deduce that A’ ~ B’ and
therefore  ~ 2B’, which is our desired bound, as the non degenerate stationary phase in
& provided a factor A=/2,
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