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Abstract: We consider the high-frequency Helmholtz equation with a given
source term, and a small absorption parameter o > 0. The high-frequency (or:



semi-classical) parameter is € > 0. We let € and « go to zero simultaneously. We
assume that the zero energy is non-trapping for the underlying classical flow.
We also assume that the classical trajectories starting from the origin satisfy a
transversality condition, a generic assumption.

Under these assumptions, we prove that the solution u® radiates in the outgo-
ing direction, uniformly in . In particular, the function u*, when conveniently
rescaled at the scale € close to the origin, is shown to converge towards the out-
going solution of the Helmholtz equation, with coefficients frozen at the origin.
This provides a uniform version (in ¢) of the limiting absorption principle.

Writing the resolvent of the Helmholtz equation as the integral in time of
the associated semi-classical Schrodinger propagator, our analysis relies on the
following tools: (i) For very large times, we prove and use a uniform version
of the Egorov Theorem to estimate the time integral; (ii) for moderate times,
we prove a uniform dispersive estimate that relies on a wave-packet approach,
together with the above mentioned transversality condition; (iii) for small times,
we prove that the semi-classical Schrodinger operator with variable coefficients
has the same dispersive properties as in the constant coefficients case, uniformly
in €.

2000 Mathematics Subject Classification number: Primary 35Q40; Sec-
ondary 35J10, 81Q20.

1 Introduction

In this article, we study the asymptotics € — 07 in the following scaled Helm-
holtz equation, with unknown w*®,

1
ie ae w® () + §Amw€(z) + n?(ex)w® (z) = S (). (1.1)
In this scaling, the absorption parameter a. > 0 is small, i.e.
a. — 0" as e — 0.

The limiting case a. = 07 is actually allowed in our analysis. Also, the index
of refraction n?(ex) is almost constant,

n?(ex) ~ n?(0).

The competition between these two effects is the key difficulty of the present
work.

In all our analysis, the variable z belongs to R?, for some d > 3. The index
of refraction n?(x) is assumed to be given, smooth and non-negative!

VreRY, n%(x) >0, and n’(z) € C*(R?). (1.2)
It is also supposed that n?(x) goes to a constant at infinity,

n*(z) =n2, +0 ((z)™") as z— oo, (1.3)

1Our analysis is easily extended to the case where the refraction index is a function that
changes sign. The only really important assumption on the sign of n is ngo > 0, see Proposition
. Otherwise, all the arguments given in this paper are easily adapted when n?(x) changes
sign, the analysis being actually simpler when n?(x) has the wrong sign because contribution
of terms involving xs(Hc) vanishes in that case (see below for the notations).




for some, possibly small, exponant p > 02. In the language of Schrédinger

operators, this means that the potential n2, — n?(x) is assumed to be either

short-range or long range. Finally, the source term in (|l.1f) uses a function S(x)

that is taken sufficiently smooth and decays fast enough at infinity. We refer

to the sequel for the very assumptions we need on the refraction index n?(z),

together with the source S (see the statement of the main Theorem below).
Upon the L2-unitary rescaling

w®(z) = eV ?uf (ex),

the study of (@) is naturally linked to the analysis of the high-frequency Helm-
holtz equation,

2
ieazut(x) + %Amua(x) + n?(z)us(z) = Ed%S (g) ) (1.4)

where the source term S(z/e) now plays the role of a concentration profile at the
scale . In this picture, the difficulty now comes from the interaction between the
oscillations induced by the source S(x/e), and the ones due to the semiclassical
operator 2A/2 + n?(z). We give below more complete motivations for looking
at the asymptotics in ([L.1)) or ([L.4).

The goal of this article is to prove that the solution w® to ([L.1]) converges
(in the distributional sense) to the outgoing solution of the natural constant
coefficient Helmholtz equation, i.e.

t
)

t

lim w® = w°", where w°" is defined as the solution to

e—0
i0Tw (z) + %Amwom (z) +n?(0)w" (z) = S (). (1.5)

In other words,

1 -1
w°" = lim (i5 + §Az + n2(0)) S

6—0+t

= i/om exp (z‘t (%Az + n2(0))> S dt. (1.6)

It is well-known that w°"* can also be defined as the unique solution to (A, /2+
n?(0))w°" = S that satisfies the Sommerfeld radiation condition at infinity

ﬁ - Vw®(2) + in(0)w™ (z) = O (#) as |z| — oo. (1.7)

The main geometric assumptions we need on the refraction index to ensure
the validity of ([.F) are twofolds. First, we need that the trajectories of the
Hamiltonian £2/2 — n?(x) at the zero energy are not trapped. This is a stan-
dard assumption in this context. It somehow prevents accumulation of energy in
bounded regions of space. Second, it turns out that the trajectories that really
matter in our analysis, are those that start from the origin x = 0, with zero en-
ergy £2/2 = n?(0). In this perspective, we need that these trajectories satisfy a
transversality condition: in essence, each such ray can self-intersect, but we
require that the self-intersection is then “tranverse” (see assumption (H) page

2Here and below we use the standard notation (z) := (1 + 22)!/2.



B, ie. (:23), (7:24), in section [] below). This second assumption prevents
accumulation of energy at the origin.

We wish to emphasize that the statement (E) is not obvious. In particular,
if the transversality assumption (H) page @ is not fullfilled, our analysis shows
that ([.5) becomes false in general. We also refer to the end of this paper for
“counterexamples”.

The central difficulty is the following. On the one hand, the vanishing ab-
sorption parameter a. in ) leads to thinking that w® should satisfy the Som-
merfeld radiation condition at infinity with the variable refraction index
n2(ex) (see (L74)). Knowing that lim oo n*(e2) = n2, this roughly means
that w® should behave like exp(i2~'/?n|z|)/|x| at infinity in = (in dimension
d = 3, say). On the other hand, the almost constant refraction index n?(ex) in
(@) leads to observe that w® naturally goes to a solution of the Helmholtz equa-
tion with constant refraction index n?(0). Hoping that we may follow the
absorption coefficient o continuously along the limit e — 0 in n?(ex), the state-
ment ([[.§) becomes natural, and w® should behave like exp(i2~1/2n(0)|z|)/|z|
asymptotically. But, since n(0) # ne in general, the last two statements are
contradictory ... As we see, the strong non-local effects induced by the Helmholtz
equation make the key difficulty in following the continuous dependence of w*®
upon both the absorption parameter a. — 07 and on the index n?(ex) — n?(0).

Let us now give some more detailed account on our motivations for looking
at the asymptotics e — 0 in ([L.1).

In [, the high-frequency analysis of the Helmholtz equation with
source term is performed. More precisely, the asymptotic behaviour as € — 0
of the following equation is studied?

icanut (z) + %Azua(x) +n(2)uf(z) = Ed%s (g) , (1.8)

where the variable x belongs to R¢, for some d > 3, and the index of re-
fraction n?(x) together with the concentration profile S(x) are as before (see

[BCKH)). Later, the analysis of [BCKP] was extended in to more gen-
CPR

eral oscillating/concentrating source terms. The paper || | studies indeed
the high-frequency analysis € — 0 in

teacut(x) + %Azug(x) +n®(z)uf(z) =

=[5 (5Y) aw e (1 22) ). 9

ed €

(See also [ICRy] for extensions - see for the case where n? has discontinu-
ities). In ([L.9), the function S again plays the role of a concentration profile like
in ([.§), but the concentration occurs this time around a smooth submanifold
I' ¢ R? of dimension p instead of a point. On the more, the source term here
includes additional oscillations through the (smooth) amplitude A and phase
¢. In these notations do denotes the induced euclidean surface measure on
the manifold I', and the rescaling exponant ¢ depends on the dimension of T"

together with geometric considerations, see [CPR].

3note that we use here a slightly different scaling than the one used in [B Hl. This a
harmless modification that is due to mere convenience.



Both Helmholtz equations ([[.§) and ([.9) modelize the propagation of a
high-frequency source wave in a medium with scaled, variable, refraction index
n?(x)/e?. The scaling of the index imposes that the waves propagating in the
medium naturally have wavelength €. On the other hand, the source in (@)
as well as (@) is concentrating at the scale €, close to the origin, or close to
the surface I'. It thus carries oscillations at the typical wavelength €. One
may think of an antenna concentrated close to a point or to a surface, and
emmitting waves in the whole space. The important phenomenon that these
linear equations include precisely lies in the resonant interaction between
the high-frequency oscillations of the source, and the propagative modes of the
medium dictated by the index n?/c%. This makes one of the key difficulties of
the analysis performed in [BCKH] and [CPR].

A Wigner approach is used in [BCKH] and [CPR] to treat the high-frequency
asymptotics € — 0. Up to a harmless rescaling, these papers establish that the
Wigner transform f¢(z,£) of u®(z) satisfies, in the limit ¢ — 0, the stationnary
transport equation

0+f(l',§) +&- vﬂﬂf(‘r’g) + VInQ(‘T) ’ V§f($,€) = Q(‘Tag)a (1'10)

where f(x,€) = lim f¢(z,£) measures the energy carried by rays located at
the point z in space, with frequency ¢ € R?. The limiting source term Q
in ([L.1(0) describes quantitatively the resonant interactions mentioned above.
In the easier case of ([.g), one has Q(z,€) = & (£2/2 —n2(0)) d(z) |S(6)[,
meaning that the asymptotic source of energy is concentrated at the origin in
a (this is the factor §(x)), and it only carries resonant frequencies & above this
point (due to § (£2/2 — n?(0))). A similar but more complicated value of @ is
obtained in the case of ([.g). In any circumstance, equation ([L.10) tells us that
the energy brought by the source @ is propagated in the whole space through
the transport operator & -V, + V,n?(x) - V¢ naturally associated with the semi-
classical operator —2A, /2—n?(x). The term 0% f in ([.10]) specifies a radiation
condition at infinity for f, that is the trace, as ¢ — 0 of the absorption coefficient
a: > 0 in ([.§) and ([.g). It gives f as the outgoing solution

—+oo

f@,8) = Q(X(s,7,8),E(s,2,)) ds.

0

Here (X (s,2,£),E(s,x,€)) is the value at time s of the characteristic curve of
€V, + Vun?(z) - Ve starting at point (z, &) of phase-space (see ([.13) below).
Obtaining the radiation condition for f as the limiting effect of the absorp-
tion coefficient a. in ([L.§) is actually the second main difficulty of the analysis
performed in [BCKH and [CPR].

It turns out that the analysis performed in [B P| relies at some point
on the asymptotic behaviour of the scaled wave function w®(z) = e%?uf(cx)
that measures the oscillation/concentration behaviour of u close to the origin.
Similarly, in [CPR] one needs to rescale u° around any point y € I', setting
w;(ac) = Ed/Qus(y + ex) for any such y. We naturally have

ieacw® (x) + %Amws(x) +n?(ex)w (z) = S (z),

in the case of ([.§), and a similar observation holds true in the case of ([.9).
Hence the natural rescaling leads to the analysis of the prototype equation



(DI) Under appropriate assumptions on n?(z) and S(z), it may be proved
that w®, solution to ([L.]), is bounded in the weighted L? space L2({z)'*? dx),
for any § > 0, uniformly in €. For a fixed value of €, such weighted estimates are
consequences of the work by Agmon, Hérmander, [@], [@] The fact that these
bounds are uniform in ¢ is a consequence of the recent (and optimal) estimates
established by B. Perthame and L. Vega in [PV1], [@] (where the weighted
L? space are replaced by a more precise homogeneous Besov-like space). The
results in [PV]] and [PVJ] actually need a virial condition of the type 2n?(z)+z-
V.n?(x) > ¢ > 0, an inequality that implies both our transversality assumption
(H) page @, and the non-trapping condition, i.e. the two hypothesis made
in the present paper. We also refer to the work by N. Burq [@], Gérard and
Martinez [[GM], T. Jecko [[J], as well as Wang and Zhang [W7], for (not optimal)
bounds in a similar spirit. Under the weaker assumptions we make in the present
paper, a weaker bound may also be obtained as a consequence of our analysis.
In any case, once w® is seen to be bounded, it naturally possesses a weak limit
w = limw® in the appropriate space. The limit w clearly satisfies in a weak
sense the equation

(380 +20)) wle) = 5(2) (111)

Unfortunately, equation () does not specify w = limw® in a unique way,
and it has to be supplemented with a radiation condition at infinity. In view
of the equation ([L.1) satisfied by w®, it has been conjectured in [BCKH] and
[CPR] that lim w® actually satisfies

lim w® = w°"t,

where w°" is the outgoing solution defined before. The present paper answers
the conjecture formulated in these works. It also gives geometric conditions for
the convergence lim w® = w°" to hold.

As a final remark, let us mention that our anaylsis is purely time-dependent.
We wish to indicate that similar results than those in the present paper were re-
cently and independently obtained by Wang and Zhang using a stationary
approach. Note that their analysis requires the stronger virial condition.

Our main theorem is the following

Main Theorem

Let we satisfy —ico.w®(z) + $A,we(z) + n’(ex)ws(z) = S(x), for some se-
quence oz > 0 such that e — 07 as ¢ — 0. Assume that the source term S
belongs to the Schwartz class S(R?). Suppose also that the index of refraction
satisfies the following set of assumptions

e (smoothness, decay). There exists an exponent p > 0, and a positive
constant n2, > 0 such that for any multi-indexr o € N%, there exists a
constant C,, > 0 with

0% (n2(z) — n2) \ < Oy (z)~Plal, (1.12)



e (non-trapping condition).  The trajectories associated with the Hamilto-
nian £2/2 —n%(z) are not trapped at the zero energy. In other words, any
trajectory (X (t,x,£),2(t, x,€)) solution to

—X(t,ZC, ):E(t,.’lf, ), X(O,$,€):.T,

EE(t,l‘, )= (van) (X(t,2,9)), E(0,2,8) =¢, (1.13)

with initial datum (x,£) such that €2/2 —n?(z) = 0, is assumed to satisfy

X (t,2,6)| — o0, as |t] — oo.

e (tranversality condition). — The tranvsersality condition (H) page B3 (see

also ) and ) on the trajectories starting from the origin x = 0,
with zero energy £2/2 = n?(0), is satisfied.

Then, we do have the following convergence, weakly, when tested against any

function ¢ € S(RY),

First remark

Still referring to (H) page Bg, or (F:23), (F.24)) for the precise statements, we
readily indicate that the transversality assumption (H) essentially requires that
the set

{(n,&,t) € R?*4x]0, 00 s.t. X (t,0,€) =0, E(£,0,¢) =7, £2/2 =n2(0)}

is a smooth submanifold of R2¢*!, having a codimension > d + 2, a generic
asssumption. In other words, zero energy trajectories issued from the origin
and passing several times through the origin x = 0 should be “rare”. O

Second remark

As we already mentionned, it is easily proved that the virial condition 2n?(z) +
x - Vzn?(z) > ¢ > 0 implies both the non-trapping and the transversality con-
ditions. This observation relies on the identities 9 (X(t, x, 5)2/2) = X(t,x,¢&) -
E(t,z, &) and 0 (X(t,2,8) - E(t,z,8)) = [2n2($) +x- VInQ(xﬂ lo=X (t,0,8) =
¢ > 0, where (X (¢,z,£),E(¢t, x, &) is any trajectory with zero energy (see section
f for computations in this spirit).

In fact, the virial condition implies even more, namely that trajectories issued
from the origin with zero energy never come back to the origin. In other words,
the set involved in assumption (H) page @ is simply void, and (H) is trivially
true under the virial condition. As the reader may easily check, such a situation
allows to considerably simplify the proof we give here: the tools developped in
sections E, E, E, ﬂ are actually enough to make the complete analysis, and one
does not need to go into the detailed computations of section ﬁ in that case.

Last, the above Theorem asserts the convergence of w®: note in passing
that even the weak boundedness of w® under the sole above assumptions (i.e.
without the virial condition) is not a known result. |

The above theorem is not only a local convergence result, valid for test
functions ¢ € S. Indeed, by density of smooth functions in weighted L? spaces,



it readily implies the following immediate corollary. It states that, provided w®
is bounded in the natural weighted L? space, the convergence also holds weakly
in this space. In other words, the convergence also holds globally.

Immediate corollary
With the notations of the main Theorem, assume that the source term S above
satisfies the weaker decay property

18115 := Y 27|18 | L2(cy) < o0, (1.14)
JEZ

where C; denotes the annulus {279 < |z| < 29+1} in RY. Suppose also that the
index of refraction satisfies the smoothness condition of the main Theorem, with
the non-trapping and transversality assumptions replaced by the stronger

(z- Vn? ( )
o (virial-like condition) 22 sup )- <1l. (1.15)
jez zeC; )
Then, we do have the convergence w® — w4

function ¢ such that ||d||p < oo,

, weakly, when tested against any

Under the simpler virial condition 2n?(z) +x-n?(x) > ¢ > 0, a similar result
holds with the space B replaced by the more usual weighted space L? (<$)1+‘5d$)
(6 > 0 arbitrary). Here, we give a version where the decay () assumed on
the source S is the optimal one, and the above weak convergence holds in the
optimal space.

It is well known that the resolvent of the Helmholtz operator maps the
weighted L? space L? ((z)'*°dz) to L? ((z)"'~%dzx) for any 6 > 0 ([Ad, [,
[GM]). Agmon and Hérmander [AT]] gave an optimal version in the constant
coefficients case: the resolvent of the Helmholtz operator sends the weighted L?
space B defined in () to the dual weighted space B* defined by

||| = :=sup2~ ]/2HUHL2 C)- (1.16)
JEZ

For non-constant coefficients, that are non-compact perturbations of constants,
Perthame and Vega in [PV]] and [PV established the optimal estimate in B-
B* under assumption ([l.1§). In our perspective, the assumption ([L17) is of
technical nature, and it may be replaced by any assumption ensuring that the
solution w*® to ([L.1)) satisfies the uniform bound

[w 5= < Cape 15| 5, (1.17)

for some universal constant Cy 2> that only depends on the dimension d > 3
and the index n?.

Proof of the immediate Corollary

Under the virial-like assumption ([.1§), it has been established in that
estimate () holds true. Hence, by density of the Schwartz class in the space
B, one readily reduces the problem to the case when the source S and the test
function ¢ belong to S(R?). The Main Theorem now allows to conclude. O

Needless to say, the central assumptions needed for the theorem are the non-
trapping condition together with the transversality condition. Comments are



given below on the very meaning of the transversality condition (H) page B3
(i.e. (F-29), (724)), to which we refer.

To state the result very briefly, the heart of our proof lies in proving that un-
der the above assumptions, the propagator exp (is_lt (—EQAE/Q — nQ(x))), or
its rescaled value exp (it (—A;/2 — n(ex))), satisfy “similar” dispersive prop-
erties as the free Schrodinger operator exp (it (—AI/Q —n? (0)))7 uniformly in €.
This in turn is proved upon distinguishing between small times, moderate times,
and very large times, each case leading to the use of different arguments and
techniques.

The remainder part of this paper is devoted to the proof of the main The-
orem. The proof being long and using many different tools, we first draw in
section E an outline of the proof, giving the main ideas and tools. We also
define the relevant mathematical objects to be used throughout the paper. The
proof itself is performed in the next sections Eto E Examples and counterex-
amples to the Theorem are also proposed in the last section E

The main intermediate results are proposition El, proposition E, proposition E,
together with the more difficult proposition E (that needs an Egorov Theorem
for large times stated in Lemma []). The key (and most difficult) result is
proposition ﬁ The latter uses the tranversality condition mentioned before.

2 Preliminary Analysis: outline of the proof of
the Main Theorem

2.1 Outline of the proof

Let w® be the solution to icaew® + £ Aw® +n?(ex)w® = S (z), with S € S(R?).
According to the statement of our main Theorem, we wish to study the asymp-

totic behaviour of w® as ¢ — 0, in a weak sense. Taking a test function
#(z) € S(RY), and defining the duality product

we want to prove the convergence
(w®,¢) — (W™, ¢) as e — 0.

where the outgoing solution of the (constant coefficient) Helmholtz equation
w°™ is defined in ([L.F), ([.6) before.

First step: preliminary reduction - the time dependent approach
In order to prove the weak convergence (w®,¢) — (w, ), we define the
rescaled function
1 T
€ _ o el
w(2) = zw (5) (2.1)
It satisfies icacu® +£2/2 Auf +n?(z)uf = 1/e%/28 (x/e) =: S.(x), where for any
function f(x) we use the short-hand notation

o) = <6 (2).

€



Using now the function u® instead of w®, we observe the equality
(w®, @) = (u®, ¢e). (2.2)

This transforms the original problem into the question of computing the semi-
classical limit € — 0 in the equation satisfied by u®. One sees in (.2) that this
limit needs to be computed at the semiclassical scale (i.e. when tested upon a
smooth, concentrated function ¢.).

In order to do so, we compute u® in terms of the semiclassical resolvent
(icae + (2/2)A +n2(z))71. It is the integral over the whole time interval
[0, +00[ of the propagator of the Schrédinger operator associated with e2A /2 +
n?(z). In other words we write

2 —1
Py (isag—l—%A—i—nQ(ac)) S.

+oo 62
i / exp <it <z’€o¢5 + 5A + n2(x))) S, dt. (2.3)
0

Now, defining the semi-classical propagator

U-(t) := exp (zé (§A + n2(x))) = exp (—%Ha) : (2.4)

associated with the semi-classical Schrodinger operator

2
H, = —5A—n2(ac), (2.5)

we arrive at the final formula

7

—+o0
W6 =0 = = [ e U050 . (2.6
0
Our strategy is to pass to the limit in this very integral.

Second step: passing to the limit in the time integral (@)

In order to pass to the limit ¢ — 0 in (E), we need to analyze the contribu-
tions of various time scales in the corresponding time integral. More precisely,
we choose for the whole subsequent analysis two (large) cutoff parameters in
time, denoted by Ty and 77, and we analyze the contributions to the time
integral (R.6) that are due to the three regions

OStST()E, T0€§f§T1, and tZTl

We also choose a (small) exponent k£ > 0, and we occasionally treat separately
the contributions of very large times

t>e "

Associated with these truncations, we take once and for all a smooth cutoff
function x defined on R, such that

x(z) =1 when |z| <1/2, x(2) =0 when |z] >1,
x(z) >0 for any z. (2.7)

10



To be complete, there remains to finally choose a (small) cutoff parameter in
energy 6 > 0. Accordingly we distinguish in the L? scalar product (U.(¢)Sc, ¢.)
between energies close to (or far from) the zero energy, which is critical for our
problem. In other words, we set the self-adjoint operator

xs (He) :== x (%) :

This object is perfectly well defined using standard functional calculus for self-
adjoint operators. We decompose

(Ua(t)saa ¢8> = <Ua(t) X6(H8)585 ¢a> + <Ua(t) (1 - X&) (Ha) S&a¢s>-

Following the above described decomposition of times and energies, we study
each of the subsequent terms:

e The contribution of small times is

2Ty e
! / x< t ) (UL()S., 6.) dt.

€ Toe
We prove in sectionﬂ that this term actually gives the dominant contribution in
(-9), provided the cutoff parameter Ty is taken large enough. This (easy) anal-

ysis essentially boils down to manipulations on the time dependent Schrodinger
operator i0; + A, /2 + n?(ex), for finite times t of the order t ~ Ty at most.

e The contribution of moderate and large times, away from the zero
energy, is

L free t
_/ (I=x) (—) et <Ua(t) (1—xs) (H:) S, ¢a> dt.
€ Jrye The

We prove in section@ below that this term has a vanishing contribution, provided
Ty is large enough. This easy result relies on a non-stationnary phase argument
in time, recalling that U.(t) = exp(—itH./e) and the energy H. is larger than
0 >0.

e The contribution of very large times, close to the zero energy is

1 oo —act
z /8% e °° <Ua(t)X6 (Ha)Saa¢a> dt.
We prove in section E that this term has a vanishing contribution as ¢ — 0.
To do so, we use results proved by X.P. Wang [@] these essentially assert
that the operator (x)~° U.(t)xs(H:) (x)~° has the natural size (t)~° as time
goes to infinity, provided the critical zero energy is non-trapping. Roughly,
the semiclassical operator U, (t)xs(H:) sends rays initially close to the origin,
at a distance of the order ¢ from the origin, when the energy is non trapping.
Hence the above scalar product involves both a function U (¢)xs (H:) Se that is
localized at a distance ¢ from the origin, and a function ¢. that is localized at
the origin. This makes the corresponding contribution vanish.

The most difficult terms are the last two that we describe now.

11



e The contribution of large times, close to the zero energy is

l/ e <U€(t)X5 (H.)S-, ¢E> dt.

e s

—K

The treatment of this term is performed in section E It is similar in spirit to
(though much harder than) the analysis performed in the previous term: using
only information on the localization properties of U.(t)xs (H:) Se and ¢, we
prove that this term has a vanishing contribution, provided 7} is large enough.
To do so, we use ideas of Bouzouina and Robert [], to establish a version
of the Egorov theorem that holds true for polynomially large times in €. We
deduce that for any time 77 < t < ™", the term U, (t)xs (He) Se is localized
close to the value at time ¢ of a trajectory shot from the origin. The non-trapping
assumption then says that for Ty large enough, U.(t)xs (Hc) Se is localized away
from the origin. This makes the scalar product (U.(t)xs (Hc) Se, d-) vanish
asymptotically.

e The contribution of moderate times close to the zero energy is

! /T T 1y (ﬁ) et (Unt)xs (H.) S, 6. di.

This is the most difficult term: contrary to all preceding terms, it cannot be
analyzed using only geometric informations on the microlocal support of the
relevant functions. Indeed, keeping in mind that the function U.(t)xs (H.) Se is
localized on a trajectory initially shot from the origin, whereas ¢. stays at the
origin, it is clear that for times Ty e < ¢ < T, the support of U(t)xs (H:) Se and
¢ may intersect, due to trajectories passing several times at the origin. This
might create a dangerous accumulation of energy at this point. For that reason,
we need a precise evaluation of the semi-classical propagator Uc(t), for times up
to the order t ~ T7 . This is done using the elegant wave-packet approach of M.
Combescure and D. Robert [[CRd] (see also [Rd], and the nice lecture [Ro3)):
projecting S. over the standard gaussian wave packets, we can compute U, (t)S.
in a quite explicit fashion, with the help of classical quantities like, typically,
the linearized flow of the Hamiltonian ¢2/2 — n?(x). This gives us an integral
representation with a complex valued phase function. Then, one needs to insert
a last (small) cutoff parameter in time, denoted 6 > 0. For small times, using
the above mentioned representation formula, we first prove that the term

é/TiE (1—x) <ﬁ> et <U5(t)x5 (He) S€7¢€> dt,

vanishes asymptotically, provided 6 is small, and Tj is large enough. To do so,
we use that for small enough 6, the propagator U.(t) acting on S, resembles
the free Schrédinger operator exp (it[A;/2 +n?(0)]). In terms of trajectories,
on this time scale, we use that U.(t)S. is localized around a ray that leaves
the origin at speed n(0). Then, for later times, we prove that the remaining
contribution

l/eTl oot <U8(t)x5 (H5)58,¢8> .

3

is small. This uses stationary phase formulae in the spirit of [], and this
is where the transversality assumption (H) page @ enters: trajectories passing
several times at the origin do not accumulate to much energy at this point.

12



We end up this sketch of proof with a figure illustrating the typical trajectory
(and the associated cutoffs in time) that our analysis has to deal with.

point X(t) of the trajectory
at time t

trajectory in the constant
coefficients case

time g

time Tp € —

spreading
increases with time

support of the test function 0] e
time Tl

N

time &£
2.2 Notations used in the proof

Throughout this article, we will make use of the following notations.

e Semi-classical quantities

The semi-classical Hamiltonian H,. and its associated propagator U.(t) have
already been defined. We also need to use the Weyl quantization. For a symbol
a(z,€) defined on R?4, its Weyl quantization is

1 (w—y)-€ z+y
OpY =— e dy d¢€.
O @) (@) = o [ o (e s ay
Throughout the paper, we use the standard semi-classical symbolic calculus,
and refer, e.g., to [DY or [Md]. In particular, for a weight m(z,¢), we use
symbols a(x,€) in the class S(m), i.e. symbols such that for any multi-index «,
there exists a constant C,, so that

0%a(x,€)| < Cam(z,€), ¥(z,€) € R*.

The notation a ~ Y e¥a;, means that for any N and any «, there exists a
constant C  such that

N
o <0J(IE7 5) - Z Ekak (ZL', g))
k=0

S CN,O( €N+1m(zag)7 V($,§) € R2d'

e Classical quantitities
Associated with the Hamiltonian H(z, &) = £2/2 — n?(z), we denote the Hamil-
tonian flow

O(t,z,8) = (X(t,2,8), (L, 2,5)),

13



defined as the solution of the Hamilton equations

o X (t,€) = Z(t,,€), X(0,2,6) =

0 _ 9 —

SE( 3 = (Vor?) (X(L2,6), 20,2, =& (23)
These may be written shortly

0 DH

a‘ﬁ(t,z,é) =J D@9 (®(t,z,)), (2.9)
where J is the standard symplectic matrix

0 Id

J(—Id 0 > (2.10)

The linearized flow of ® is denoted by
Do(t, z,¢)
F(t,x, &) = ———=~ 2.11
(t2,€) = T (211)
It may be decomposed into
_ (t,l‘,f) B(t,x,f)

Fltme) = < C(t.2.) Dit.x,€) )’ (212)

where the matrices A(t ) B(t), ( ), and D(t) are, by definition
X(t,x, _ DX(t,z,8)
A(t,iﬂ,f) - D I B(f,ZE,g) - D& 9
_ DE(t,z,¢) _ DE(t,z,¢)

Upon linearizing (2.§), the matrices A(t), B(t), C(t), and D(t) clearly satisfy
the differential system

At €) = Clt.,), A2, = Td,

o D2 2

SO, = =1 (X(L,) At CO.09=0,  (213)
together with

S B(t2,€) = Dlt,,6), B0, =0,

) D*n?

D) = S0 (X(ta,€) Blta),  DO0.2.§=1d  (214)
In short, one may write as well

8 D?H

A last remark is in order. Indeed, it is a standard fact to observe that the matrix
F(t,x,€) is a symplectic matrix, in that

F(t,a, &) JF(t,2,8) = J, (2.16)
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for any (¢,x,&). Here, the exponent T denotes transposition. Decomposing F'(t)
th

as in (P.19), this gives the relations
At)TC(1) = C(H)TA®t), B()TD(t) = D(t) B(t),
At)TD(t) — C(t)T B(t) = 1d. (2.17)

These can be put in the following useful form
(A(t) +iB()" (C(t) +iD(t)) = (C(t) +iD(t))" (A(t) + iB(t))
(C(t) +iD)" (A(t) — iB(t)) (2.18)
— (A(t) +iB(t))" (C(t) — iD(t)) = 2ild.

These relations will be used in section ﬂ

3 Small time contribution: the case 0 <t <Tj¢

In this section, we prove the following

Proposition 1. We use the notations of section E The refraction index n® is
assumed bounded and continuous. The data S and ¢ are supposed to belong to
S(RY). Then, the following holds:

(i) for any fized value of Ty , we have the asymptotics

() e s a
€ O X TO(E 13 [} £

2T ‘ . )
*)Z/o X (E) {exp (it(Az/2 +n?(0))) S, ¢) dt. (3.1)

e—0

(ii) Besides, there exists a universal constant Cq depending only on the dimen-
sion, such that the right-hand-side of ) satisfies

i/o o % <%) (exp (it(AI/2+n2(0))) S, é) dt — (w°, )

<CyTo ™% — 0. (3.2)

Ty — o0

Proof of proposition fi]

Part (i)

In order to recover the limiting value announced in (B.1]), we first perform the
inverse scaling that leads from w® to u® (see (R.1))). We rescale time t by a factor
€ as well. This gives

1 [tee t ot
E/O X (E) € <U5(t)55,¢5> dt

=[x e weosaaa
- /O+°° X <%> e~=! (exp (it (A/2 + n?(ex))) S, ¢) dt.
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We now let

w(t,z) := exp (it (A/2 4+ n®(ex))) S().
The function we(¢,z) is bounded in L (IR;L2 (Rd)), and it satisfies in the
distribution sense

1
10wWe(t,x) = —iAzWE(t, x) —n?(ex)w®, w(0,z) = S(x).

These informations are enough to deduce that there exists a function w(t, z) €
L™ (R; L? (Rd)) such that a subsequence of w®(t,x) goes, as ¢ — 0, to w(t, )
in L (]R; L? (Rd)) - weak*. On the more, the limit w(t, z) obviously satisfies
in the distribution sense

0w (t,z) = f%Amw(t, z) —n*(0)w, w(0,2) = S(z).
In other words
w(t) = exp (it (A/2+n*(0))) S(z).

Hence, by uniqueness of the limit, the whole sequence w® (¢, ) goes to w(t,x)
in L> (R; L? (R?))-weak*. This proves (B.1) and part (i) of the proposition.

Part (ii)
This part is easy and relies on the standard dispersive properties of the free
Schrodinger equation. Indeed, we have

[(exp (it (A4/2 +1%(0))) 5, 0)|
< |[exp (it (8024 n2(0)) S| _ N6l
< Cat™2 |8 6llss,

(recall that S and ¢ are assumed smooth enough to have finite L' norm), for
some constant Cy > 0 that only depends upon the dimension d. This, together
with the integrability of the function ¢~%2 at infinity when d > 3, ends the

proof of (B.2). O

4 Contribution of moderate and large times, a-
way from the zero energy

In this section we prove the (easy)

Proposition 2. We use the notations of section E The index n? is assumed
to have the symbolic behaviour ) The data S and ¢ are supposed to belong
to L>(R%). Then, there exists a constant Cs > 0, which depends on the cutoff
parameter &, such that for any e <1, and Ty > 1, we have

LT a0 () e (0 s ) U080 e

€ TUE

< Cjs (Ti + aﬁ) : (4.1)

0
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Proof of proposition
The proof relies on a simple non-stationary phase argument. Indeed, this term
has the value

L ooy (7)) e (= v e (L) 5e.0.)

Hence, making the natural integrations by parts in time, we recover the value
+oo 63 t
2 —aet
R 1 — - e
s 0-o(gz) )
(1—xs (He)) -t
<(—’LT)3 exp —ZEHE Sg,¢g dt.

A direct inspection shows that this is bounded by

(00

1 1
+—+a§+a§).

+oo
€6 |Slze loloe [ @
0

<Ce?63 00 | —5—
<020 Idwos (73 + 7

O

5 Contribution of large times, close to the zero
energy: the case t > 7"

In this section we prove the following

Proposition 3. We use the notations of section @ The index n? is assumed

to have the symbolic behaviour ) The Hamiltonian flow associated with
€2/2 —n?(x) is assumed non-trapping at the zero energy level. Finally, the data
S and ¢ are supposed to belong to S(R?). Then, for any § > 0 small enough,
and for any k > 0, there exists a constant C,. s depending on k and 6, so that

LT et (s (1) 8202) | < s (5.1)

€ Je—r

The proof relies on the dispersive properties of the semi-classical propagator
U:(t), inherited from the ones of the classical flow ®(t). More quantitatively, we
use in this section a Theorem by X.P. Wang [[Wd], that we now state. Our index
of refraction n?(z) is such that n?(x) lies in C*°(R%), and it has the symbolic
behaviour

n?(z) =n% — V(z), with |0V (z)| < (z)=P~ I

(the case 0 < p < 1 is the long-range case, and the case p > 1 is the short-range
case, in the terminology of quantum scattering). On the more, the trajectories
of the classical flow at the zero energy (i.e. on the set {(x,¢) € R?*? s.t. £2/2—
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n?(x) = 0}) are assumed non-trapped. It is known [D] that this non-trapping
behaviour is actually an open property, in that

there exists a dg > 0 such that for any energy F
satisfying |E| < dg, the trajectories of the classical flow (5.2)

at the energy E are non-trapping as well.

Under these circumstances, it has been proved in [@] that for any real s > 0,
and for any n > 0, the following weighted estimate holds true,

VteR, |[(z)""Ue(t)xs(He)fllrz < g;—"_,] [[{@)” f () 2, (5.3)
provided the cutoff in energy ¢ satisfies § < dp, i.e. provided we are only looking
at trajectories having a non-trapping energy. This inequality holds for any test
function f, and for some constant Cjs, s depending only on §, n and s. In the
short-range case (p > 1), one may even take n = 0 in the above estimate. Note
that [@] actually proves more: in some sense, the non-trapping behaviour of
the classical flow is equivalent to the time decay (E) We refer to the original
article for details. We are now ready to give the

Proof of proposition
Taking 6 < &y, we estimate, using (@),

1

3

—+o0
/ e=9et (s (H.) U-()Se, 6.) dt

—K

+oo
< 1/ (1) ™" Ue (£)x5 (He) Se | 2 [1(2)° 0e[ 2 dt

E —K
+oo

, o
D@ S@le Naodlos [ o2 ar

g~ K <t>5777
< Cpps €717 D71 (@) S (@)| 22 () el 2

IN

Hence, taking s large enough, and 7 small enough, e.g. s =2+ 2/k, n =1, we
obtain an upper bound of the size

Cr5 € [(2)*S(@) L2 [[(2)* | 2

Here we used the easy fact that ||(z)®f.(z)||r2 < ||[{(z)*f(z)|L2, when ¢ < 1,
together with |[{x)*S(z)||2 < oo, and similarly for ¢. O

6 Contribution of large times, close to the zero
energy: the case T} <t <e™"

To complete the analysis of the contribution of “large times” and “small ener-
gies” in (R.§) that we begun in section [], there remains to estimate the term

—K

L/ T -y (%) e~ (x5 (H:) U (1)Se, 62 db. (6.1)

g s

In this section, we prove the
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Proposition 4. We use the notations of section @ The index n? is assumed
to have the symbolic behaviour ) with n%, > 0% The Hamiltonian flow
associated with €2 /2—n?(x) is assumed non-trapping at the zero energy. Finally,
the data S and ¢ are supposed to belong to S(R?). Then, for § > 0 small enough,
there exists a Th (0) depending on & such that for any Ty > Ty (6), we have for
Kk small enough,

L -y (75) & (s (U5, 00) at

ETl

<Cgkse, as € —0, (6.2)

for some constant C,, s that depends upon k and §.

The idea of proof is the following: the functions S. and ¢. are microlocally
supported close to points (g, &) € R?? such that 2o = 0 (due to the concen-
tration of both functions close to the origin as ¢ — 0). On the more, using
the Egorov Theorem, one may think of the time evolved function U, (¢)S: as
being microlocally supported close to points (X (¢; xo, &), Z(¢; x0,&p)) that are
trajectories of the classical flow, with initial data (xo,&p) such that xg = 0.
Using the non-trapping assumption on the classical flow, we see that for large
times ¢t > Ty with Ty large enough, the trajectory X (¢;xg, &) with 29 = 0 is
far away from the origin. Hence the microlocal support of U.(t)S. and ¢. do
not intersect, and the factor @) should be arbitrary small in € as € — 0.

The difficulty in making this last statement rigorous lies in the fact that we
need to use the Egorov Theorem up to (polynomially) large times of the order
t ~ ¢~ ". This difficulty is solved in Lemmaﬁ below. Indeed, upon adapting a
recent result of Bouzouina and Robert [@] we give remainder estimates in the
Egorov Theorem that hold up to polynomially large times (logarithmic times
are obtained in the context of [BR|]). This is enough to conclude.

6.1 Proof of proposition |
The proof is given in several steps.

First step: Preliminary reduction

In this step we quantify the fact that the functions involved in the scalar
product in (.9) are microlocalized close to the zero energy £2/2 = n?(x) (in
frequency) and close to the origin z = 0 (in space). To do so, we simply write,
using the fact that S and ¢ belong to S(R?),

¢ (w) = xs(|2)¢= () + O5(c>)  in L*(RY),

and similarly for S.. This means that for any integer N, there exists a C s > 0
that depends on N and 4, such that ||¢-(z) — x5(|2])@e (z)|| L2(ra) < Cne™. As
a consequence, we may rewrite the contribution (f.1]) we are interested in as

l/ S -y (TL) et (xs(|z]) x5 (Ho) Us(t)x5(|2]) Se, o) dt

g T
4The assumption nZ is crucial, see Lemma E below. It ensures that the wave Uc(t)Se
propagates with a uniformly non-zero speed, at infinity in time t¢.
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up to an Os(e*). There remains to bound the above term by

1"
< 2 2 X —
< |ISell 2 || dell 2 x €/T1 Hxa(lacl)xa (Ha)UE(t)Xé(lxl)Hﬁ(LZ)

c e
< — .
<2 [ s tabs mvens Ga |, e, (6.3)

up to an Og(e>). Our strategy is to now evaluate the operator norm under the
integral sign. This task is performed in the next two steps.

Second step: symbolic calculus
In view of @), our analysis boils down to computing, for any 77 <t < e™F,
the operator norm
2
s (el s (B U e Gl [,
Expanding the square, this norm has the value
o () U2 6 (FL2) 33 () s (H) U (D | (6.4)

Now, and for later convenience, we rewrite the above localizations in energy and
space, as microlocalisations in position and frequency.

Using the functional calculus for pseudodifferential operators of Helffer and
Robert [HR] (see also the lecture notes [DY] and [Md]), there exists a symbol
Xs(z,€) such that

xs (H:) = Op¥ (Xs) + O(e>®) in L(L?).
The symbol Xs(z,£) is given by a formal expansion
Xs(x,8) ~ Y " asW (2, ), (6.5)
k>0

where the expansion (B.§) holds in the class of symbols that are bounded to-
gether with all their derivatives. Furthermore, the principal symbol of Xjs is
computed through the natural equality

%0 (2,6) = xs <% —i(w).

Finally, the explicit formulae in [@} give at any order k£ > 0 the following
information on the support of the symbols X(;(k),
supp X5 C {[¢7/2 — n*(x)| < 4}

Hence (f.4) becomes, using standard symbolic calculus,

s lal) D2 2) [0 (Xt €) 5 (lal) 223, )] Ut xa () |, (66)

up to an Os(e*) (Here we used the uniform bound ||U.(t)|zz2) < 1). Let
us define for convenience the following short-hand notation for the symbol in
brackets in (6.9):

bs(2,€) = Xs(x,€) £ (|2]) § Xs(x, ©).
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The only information we need in the sequel is that bs admits an asymptotic

(k) (k)
5

expansion bs =Y, e*b{"” | where each bs"’ has support

supp bs*) C {Ja] <6} N {[€7/2 — n®(2)| < 5} =: E(5).

This serves as a definition of the (compact) set E(d) in phase space. In the
sequel, we summarize these informations in the following abuse of notation

supp bs C E(9). (6.7)

The remainder part of our analysis is devoted to estimating

s (1) 020y Op (G, €D V) s ()
and the hard part of the proof lies in establishing an “Egorov theorem for large
times”, to compute the conjugation U*(£)Op® (bs(z, €))Ue(t) in (5.4).

Third step: an Egorov theorem valid for large times - End of the proof
Now we claim the following

Lemma 5. We assume that the refraction index has the symbolic behaviour
) with n%, > 05. We also assume that the zero energy is non-trapping for
the flow. Take the cutoff parameter in energy 6 small enough. Then,

(i) Let ®(t,x,€) be the classical flow associated with the Hamiltonian &2 /2 —
n?(x). Let F(t,x,€) be the linearized flow. For any multi-index o, and for any
(small) parameter > 0, there exists a constant Cs ||, such that for any initial
datum (z,€) € E(0) = {|z| < 8} N {|€2/2 — n?(x)| < 6}, we have

O F(t, )
O(x, )"

In other words, the linearized flow has at most polynomial growth with time.

Vt € R, < Cs ol <t>(1+n)(1+\a|)+2|a\. (6.8)

(i) As a consequence, for any time t, there exists a time-dependent symbol
bs(t,z,€) ~ Y Fbs M (t,2,¢),
k>0

such that the following holds: there exists a number cs > 0 such that for any
N > 0, there exists a constant Cs N such that

< Cs NN (6.9)
L(L?)

N
U2 (1)OpY (bs) U (1) — Op?" (Z skba<k>>
k=0

Again, the error grows polynomially with time, and we have some control on the
dependence of the estimates with the truncation parameter N.

(iii) Moreover, we have the natural formulae
b5 (t, 2. €) = bs (2(t, 2,))
and, for any k > 0 we have the information on the support
supp bs ¥ (¢, z,€) C {(x,€) e R* s.t. ®(t,x,€) € E(6)}.

5The assumption n2, > 0 is crucial, see ()
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We postpone the proof of Lemma E to paragraph @ below. We first draw its
consequences in our perspective.

Leaving N as a free parameter for the moment, we obtain

s (lal) 02 0) OpE (s, €) Ut s () |,

_ H” |z[) OpY <Z€kb5(k)(t @ §)> X6(|$|)H )

k=0
+ 05 (V4 (1))

~lowe (M o 4 (ngb,;w (t.a g)) muw) oo,
+ 05 (N4 (1))

Now, part (iii) of Lemma [] and standard symbolic calculus indicate that the
above symbol has support® in

U (k)
Y (Supp xs (|z]) Nsupp bs (¢, , 5))
C{(z,¢) s.t. |z| <4, and ®(t,x,€) € E(0)}.
The non-trapping condition (and more precisely estimate (6.10) below) allows

in turn to deduce that this set is void for ¢ large enough. Hence, up to taking a
large value of Ty, Ty > Ty (§) for some Ty (§), we eventually obtain in (@),

1[5

= H)U.(t |

S s tebs vt (e |

. 1/806 (E(N+1)/2<t>csN2/2) dt < O (E(N—l)/Q—cgnNZ/Q) < 0.5(e),
€Jm

for x small enough (and N = 4 will do). This ends the proof of proposition E

6.2 Proof of Lemma [§: an Egorov theorem for polynomi-
ally large times

In view of the above proof, we are left with the task of proving the large time
Egorov theorem of Lemma ﬂ To do so, we follow here closely ideas developped
in [BR] in a slightly different context. Part (iii) of the Lemma is proved in [BR]],
so we will skip this aspect. The implication (i) = (ii) in Lemma [§, which we
prove below for completeness, is also essentially proved in ] Our main task
in the sequel turns out to be the proof part (i) of the Lemma.

The proof is given in several steps.

First step: estimates on the flow ®(t,x, &)
6

we make here the same abuse of notation than in (@)
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In this step, we prove that for small enough a ¢, there is a time T'(9), depending
on 4, such that for any initial datum (z,&) of phase-space in the set E(§) =
{|z|§5}ﬁ{|§2/27n (z)| < 6} (see[6.7)), one has

YVt >T(6), |X(t )| >Cst, (6.10)

for some constant Cs > 0 that depends on §, that is however independent of both
time ¢ and the initial point (z,€) under consideration. The proof is standard
and uses the information n? > 0.

First, the non-trapping condltlon implies that for any large number R’ > 0,
and for any initial point (z,&) € E(§), there exists a time T'(R’, z, ) such that

Vt>T (R, z.§), |X(t8)|>R.

By continuous dependence of the flow X (¢, z, ) with respect to the initial data
(z,£), and compactness of the set E(d), there is a time T(R’,d), that now
depends upon R’ and ¢ only, such that for any initial point (z,£) € E(d), there
holds

vt >T(R), |X(tx8)|>R.

In other words, the trajectory X (¢, x, &) goes to infinity as time goes to infinity,
uniformly with respect to the initial datum (z, &) € E(9).
Second, we get estimates for the standard “escape function” of quantum and

—_

classical scattering, namely the function X (t) - E(¢). We compute

0 —_ EQ(t,:C,g) 2
5 (0,6 2,0, =2 (S5 2 (x(1,0.0))

+ 2TL2 (X(t, 1',5)) + X(tvxvg) : VTL2 (X(tv'rvg))
= (% - n2(x)) 202 (X (t,2,6)) + X(t,2,€) - Vn? (X (t,2,€))

(thanks to the conservation of energy)

S 2
t*>2 ?fn(z) +2nZ,,

uniformly with respect to the initial datum (x, &) € E(d). Hence, using the fact
that n2, > 0, and taking a possibly smaller value of the cutoff parameter &, we
obtain the existence of a constant Cs > 0, and another time 7'(5), such that

Vt>T(5), X(tz,€) Z(t x> Cst. (6.11)
Using the fact that % (% XQ(t,x,f)) = X(t,z,€) - E(t,x,€), we deduce the
desired lower bound

2

vt > T(6), (X2(t,z,&) — X*(T(8),2,€)) > Cs %

N~

Second step: estimates on the linearized flow F(t,x,€).
One first proves the estimate (B.§) in the case o = 3 = 0. By its very definition

(), the linearized flow
— A(tv'rvg) B(t,x,f)
F(twraé-)_ ( C(t,:c,f) D(t,:c,g) )
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satisfies (see (2.19), (B-14)) the differential system

%A(t,x,&) =C(t,x,¢), A(0,z,¢) =1d,
%C(t,x,g) = D*n? (X (t,2,¢)) A(t,z,£), C(0,z,6) =0, (6.12)

together with

%B(t,x,f) = D(t, z,§), B(0,z,&) =0,

%D(t,x,s)zDW(X(t,x,&)) B(t,z,€),  D(0,z,6) =1d.  (6.13)

Here, the notation D?n?(x) refers to the Hessian of the function n?(z) in the
variable z. Due to the assumption ([.1) on the behaviour of n?(x) at infinity,
we readily have

|D*n?(2)] < C ()72,

for some constant C' > 0, independent of x. This, together with the previous
bound (6.10) on the behaviour of the flow X (t,z,&) at infinity in time, gives
the estimate

|D*n? (X (t,2,8)) | < Co (t)~P72, (6.14)

for some constant Cy > 0 which is independent of time ¢ > 0, and of the point
(z,€) in phase-space. We are thus in position to estimate A(t) and C(t) using

(b.12). Integrating (p.19) in time, and setting
e(t) = [D*n* (X (t,,)) | (6.15)

for convenience, we obtain (dropping the dependence on (z,¢) of the various
functions),

|A(t) —1d| < /0 (t—s)e(s) |A(s) —1d| ds Jr/o (t —s)e(s)ds, (6.16)
o) < / £(s) |A(s)| ds. (6.17)
0

Choose now a constant C,, and define the time ¢, as
te :=sup{t >0 s.t. |A(t) —Id| < C. ()T}

We prove that t, = 400, provided C, is large enough. Indeed, for any time
t < t,, using (B.16) together with the decay (6.14), we have

|A(t) — Id| < CoC /t(t —8){s) 7P ds < CyCy t /t<s>p1+" ds
< CoCiCy t ’ ’
(for some constant C,, > 0, provided n > 0 satisfies n < p/2 )
< O, (Y
(provided t is large enough, t > T'(Cy, Cy,), for some T'(Cop, C,;)
that only depends on Cy and Cy)).
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On the other hand, we certainly have |A(t) —Id| < C,(t)1*7 for bounded values
of time ¢t < T'(Cy, Cn), provided C. is large enough. Hence t, = 4+00. Inserting

this upper-bound for A in (.17) gives
[CO) < Cy,

for some C),, > 0, provided n > 0 is small enough. We may estimate B(t) and
D(t) in the similar way. The analysis is the same, and starts with the formulae

B#) < t+ / (t - 5) () |B(s)] ds,
DOI<1+ [ e(o) 1B s

We skip the details. At this level, we have obtained the bound
[E(t,2,6)] < Cy (t)F,
for any (small enough) 1 > 0, and a constant C, independent of (¢, z,&).

Third step: estimates on the derivatives of the linearized flow
Let now a be any multi-index. We prove (6.§) by induction on |a|. Define, for
any p > 1

Mp(t) :== sup sup
|B]=n (x,§)€R24

9PD(t, x, ) |
Oz, 8)7 |
We have proved in the second step above that
My(t) < Cy ().
Assume that for some integer pg, the estimate

M, (t) < O, (H)PAIFM+2p=1)

has been proved for any p < py. We wish to prove the analogous estimate
for Mpy4+1. Take any multi-index « of length || = po. From now on, we
systematically omit the dependence of the various functions and derivatives
with respect to (z,€), and write 0*F(t), 0*H instead of 0*F(t,x,&)/d(x,£)?,
0%H (x,&)/0(x,&)* and so on. Upon differentiating « times the linearized equa-

tion (R.15) on F, we obtain,
0 (0°F(t) =J > < > 9% (D*H (®(t))) (0°PF(t)).  (6.18)
B<a

In order to make estimates in (p.1§), we first need to write the Faa de Bruno
formula as

m(¢)
0% (D*H o d(t)) =31 Y (9" D*H) XH 1!<8<¢<>) |

v,m

Here € N2¢, v € N?¢ and ¢ € N?? are multiindices, and m associates to each
multi-index ¢ € N??, another multi-index m(¢) € N2¢. Also, the above sum
carries over all values of v, m, and ¢ such that

S om(Q) =7, > ¢Im(Q)] =8 (6.19)
¢

¢
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Finally, when |3| > 1, the above sums carries over v’s and (’s such that |y| > 1

and [¢| > 1. All this gives in (f.1§),

0 (0°F(t) =T > B ( p >Z(87D2H) o B(t)

B<a ¥,m

¢ m(¢)
H L !<8 @()) x OPF(t).

¢

Hence, putting apart the contribution stemming from § = 0, we recover
Op (0°F(t)) = J D*H (®(t)) (0“F(t)) + Ral(t), (6.20)

where the remainder term R, (t) is estimated by

[Ra(t)|
<Co Y. S (0'D*H) o (t |H (1)) ™" joo=P F(t))
0#B<ay,m
< 3 S roll o500
0#£B<ay,m

for some constant C|,; > 0 that depends on |a|. The last line uses the fact
that sup, (|07 D*H (x,£)| < C, for some constant C,. Using the inductive
assumption, we recover

|Ra(t)] < Clayy Z Z y(la=Bl+1)(A+m)+2la—H|

0#£B<av,m
% H<t>(\€\(1+n)+2(\€\*1)) [m(Q)]
¢
< Clajm Z <t>(1+n)(1+|a—ﬁ|+24\C\\W(C)|)+2(|a—ﬁ|+2g(ICI—l) Im()])
0#£B<a
= Claln Z (t) A+ (A+la=B1+1BD+2(ja=Bl+18]=17)
0#£B<a

< Clay.y (HAFDOFlD+2(al=)

Here we used the constraints (6.19) together with the information || > 1. Using
Lemmaﬂ below in equation (p.2()) satisfied by 0“F, we obtain,

|0“F(t)| < Clam () (al+1)+2laf

Hence
MpoJrl(t) < Cpom <t>(1+n)(p0+1)+2p0-

This ends the recursion.
Fourth step: A Gronwall Lemma for solutions to the linearized Hamilton equa-

tion
The preceding step uses the following
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Lemma 6. Assume the function G(t,x,§) satisfies the differential equation

WLy oo (@20 -Glr ) +O(1Y),  (621)

G(0,2,8) =0,
where the O ((t)*) is uniform in (z,€). Then, G satisfies the uniform estimate
G(t,z,&) =0 ({t)*1?).
Proof of Lemma E

Decompose G(t) = G(t, z,§) as
a(t)  Ba(t)
G = ((w>Daw)
Then, equation (5.21)) for G writes
& Aalt) = Coln) +0 (). A6(0) =0, (6.22)
£.Calt) = D (X() Aglt) +0 (1Y), Ca(0) =0,

together with
0

5; Ba(t) = Da(t) + O ((1)*) Bg(0) =0, (6.23)
& Do(t) = D (X(1) Bolt) +0 (1)), Da(0) =0.
Equations (f.29) give rise to the estimates
46O <0 [ (¢=5) (<) 1Aato)] + (5) s (6.21)
Ca(t)] < C / ) [Ac(s)| ds, (6.25)

where the function e(s) is defined in (p.15) above. Using e(s) < Cp (s)7P72 <
C, (s)7"72 for any small 5 > 0 (see (.14)), gives in equation (f.24),

t
|[Ag(t)| < Cy t / (s)7”72 |Ac(s)| ds+ C (t))‘+2 . (6.26)
0
From this it can be deduced that
Ac()] < C (2.

(for a given constant C,, define indeed t, = sup{t > 0 s.t. |Ag(t)| < C, () 2
- one deduces from (.26) that ¢, = 40 provided C, is large enough - see (.16)
and sequel for details). Equation (6.25) then gives

Ca(®I < €y [ (77 Aa(s)] ds < €, ()

The estimates for B and D¢ are the same. This ends the proof of the Lemma.
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Fifth step: adapting the estimates of /@/
We now put together the estimates on the linearized flow obtained before, to
complete the proof of parts (ii) and (iii) of Lemma fj.

The construction of the symbols bs™®) (t,2,€) in Lemma [] is made in an
explicit way in [BR|]. Part (iii) of Lemmaf] follows. Also, the remainder estimate
(b-9) is a consequence of the above estimates on the linearized flow F(t,x,¢)
and its derivatives, upon adapting the analysis of [} Let us indeed write the
rough (but simpler) estimate

|aaF(t7‘Ta§)| S Ca<t>4‘a|+25

corresponding to the special choice n =1 in (@) Then, Theorem 1.2 - formula

(12) of [BR],
bé(O)(ta :Cag) = b5 ((I)(t,.’ll,é-)) )

together with the Faa de Bruno formula, give for any multi-index « the estimate
0°bs (¢, )| < Clay ()17,
From Theorem 1.2 - formula (14) of [@], we have for any k > 1 the explicit

value

t
bs®) (¢, z,€) = Z F(a)/ [8O‘H X 80‘b5(6)} o ®(t —s,x,€)ds,
|| +€=k+1 0
0<e<k—1

where T'(a) is a harmless coefficient whose explicit value is given in [BR]. This,
together with the Faa de Bruno formula, implies for any & > 1, the upper-bound

1075 (1,2, €)] < Clay g (1)HTHFHD,

for some fixed number ¢y, independent of « and k. Then, using formulae (51),
together with (52), (54), (97) and (99) of [BR] gives the estimate (6.9). This
ends the proof of Lemma f. [l

7 Contribution of moderate times, close to the
Zero energy

After the work performed in sections E through E, there only remains to estimate
the most difficult term

[ 0 e s

This is the key point of the present paper.
The main result of the present section is the following

Proposition 7. We use the notations of section @ The index n? is assumed to
have the symbolic behaviour ) The zero energy is assumed non-trapping
for the Hamiltonian £2/2 — n%(x). Finally, we need the tranversality condition
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(H) page @ on the trajectories ®(t,x,&) with initial data satisfying x = 0,
€2/2 = n2(0). Then, the following two estimates hold true,
(i) for any fixed value of the truncation parameters 6, Ty and 6, we have

1 t\ _
L[N a0 (5) e (vt (i 500 an —so.
€ Jo 0 e—0
(i) for 8 > 0 small enough, there exists a constant Cy > 0 such that for any
e <1, we have

é/:i (1-x) (é) X (g) e ! <Ua(t)Xa (H.) S&a¢a> dt

< Co T~/ T jroo 0.
0

The remainder part of this paragraph is devoted to the proof of proposition ﬁ
In order to shorten the notations, we define

0 =) (7 ) e (7.1)

so that the proof of proposition ﬂ boils down to estimating

I
2[R0 (o (0 82 U000 . (72)
€ TUE

The precise value of the cut-off function X.(t) in the analysis of (7-2) will be
essentially irrelevant in the sequel.

Proof of proposition ﬁ

The proof is given in several steps. As in section E, we begin with some
preliminary reductions, exploiting the informations on the microlocal support
of the various functions. Then, we use the elegant wave-packet approach of
Combescure and Robert to compute the semi-classical propagator U, (t)
in () in a very explicit way - see Theorem E below: this gives a representation
in terms of a Fourier integral operator with complex phase, that is very well
suited for our asymptotic analysis (see also], or the work by Hagedorn
and Joye , [@], [@], or by Robinson [RH], or even the seminal work by
Hepp [@] for similar representations - see also Butler [@]) This eventually
reduces the analysis to stationary phase arguments that are very much in the
spirit of [, and where the tranversality assumption (H) page @ turns out
to play a crucial role.

First Step: Preliminary reduction, projection over the gaussian wave packets

As in section [} (see (6.), (3), (b.7)), we may first build up a symbol ag(z, £) €
C>°(R2%) such that

suppag C {|z] <6} N {|¢?/2 —n®(x)| < 63, (7.3)
and

(s (Ho) S, Uo(=0)2 ) = (OPY (a0(a.€)) Sz, Uo(=1)9- ) + Os(=™).
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With the notation (f.5), we actually have the value ag(z, &) = Xs(z, &)txs (|7]).
Therefore, the asymptotic analysis of () reduces to that of the expression

L " R0 (OpP (a0, U (—1)6. ) i (7.4)

€ To e

Now, to be able to use the wave-packet approach of [], we need to decompose
the above scalar product on the basis of the Gaussian wave packets

Foal) = () exp (L (o= 1)) e (—%)

Each function ¢ , is microlocally supported near the point (g, p) in phase-space.
Using the well-known orthogonality properties of these states, i.e.

(u,v) = (2me) /

» dadp (u, ¢ ,) (5 V),

for any u(z) and v(z) in the space L?(R¢), and forgetting the normalizing factors
like 7, etc., we obtain in ([7.4)

M
W/TOE /]R2'i dtdquXa(t)<Opa (aO)SE’(pq,p> <(pq,p’U8(_t)¢€>

1 [
= /TOE /de dtdqdpxs(t)<5‘s,0pg (ao)@q,p> <Us(t)soq,p,¢s>- (7.5)

Before going further, and in order to prepare for the use of the stationary phase
theorem below, we make the simple observation that the integral dgdp over R??
in (7.5) may be carried over the compact set {|z| < 20} N {|€2/2 —n2(z)| < 26},
up to a negligible error Os(e>°). For that purpose, take a function xo(gq,p) €
C>°(R2%) such that

supp xo(q, p) C {|z| < 26} N {|€2/2 — n?(z)| < 26}
Xo(q,p) =1 on {|z| < 36/2} N {[€*/2 — n’(z)| < 36/2}. (7.6)

We claim the following estimate holds true:

2

[ dadp (1= xoa.p) [Op o), | 03(). )

Lard)
Indeed, we have the following simple computation:
w 2 w
||Op€ (a’o)cpzs],pHLQ(Rd) = <Ops (GOﬂGO)Sﬁz,pa @Z,p>
— [, dnde (aotan) . €) W5, ) (2.8

(where W (ypy ,,) denotes the Wigner transform of ¢ )
- Py
—<t [ dod (antan) (o, €) exp (- I1=TH2ZELY
R2

3

and the last line uses the fact that the Wigner transform of ¢ , is a Gaussian.
Now, using supp (aofiao) C {|z| < 6} N{|€2/2 —n%(z)| < &}, together with ([7.4),
establishes ([.7).
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Using this estimate ([.7), and replacing back the factor OpY(ao) by the
identity in (.5), we arrive at the conclusion

l/Tl .00 <X5 (H.) SE,UE(—t)¢E> dt = Or, 5 (=) +

€ TUE
1 -
gy /TOE /de dtdgdp X< (t) Xo(q,Pp) <Ss,50§,p> <Us(t)50§,p,¢s>-

Our strategy is to now pass to the limit in the term

1 h
gy /TDE /de dtdqdp X-(t) xo(q,p) <Ss,<pq,p> <Us(t)@q,p,¢s>- (7.8)

In order to do so, we need to compute the time evolved gaussian wave packet
U. (t)go;p in an accurate way.

Second Step: Computation of Us (t)cp;p - reducing the problem to a stationary
phase formula

The following theorem is proved in [[CRd (see also [Rd], [RoZ])

Theorem 8. ([CRd], [Rd]) We use the notations of section [} Under as-
sumption ) on the refraction index n*(x), there exists a family of functions
{Pr5(t, 4, p, )}k, jyenz, that are polynomials of degree at most k in the variable
x € RY, with coefficients depending on t, q, p, such that for any ¢ < 1, the
following estimate holds true: for any given value of Ty, and any given integer
N, we have, for any time t € [0,T}],

)
U055, ~ o0 (£000.00)) Toar A Q0,000

M(F(t,q,p)) (=~ exp (~22/2)) <Cw Y, (7.9)

L2(R<)

where

k_
QN(taq7p)$) =1 + Z €2 jpk,j(taqapax)a

(k.j)EIN
In:={1<j<2N-1,1<k—2j<2N—1, k> 3j}.

Here, the following quantities are defined:
e A. is the dilation operator

(Acw) (z) 1= e~y (%) , (7.10)

o T_(qt,pt) is the translation (in phase-space) operator

(g, pe)u) (x) := exp <§pt . (:c — %)) u(x — q), (7.11)

o (g+,pt) denotes the trajectory

(Qtapt> = (X(t,q,p),E(t,q,p)) ) (712)
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e i(t,q,p) denotes quantity

t 2 . —_ .
sit.an) = [ <%+n2(qs>> ds — L, (7.13)
0

o M(F(t,q,p)) is the metaplectic operator associated with the symplectic matriz
F(t,q,p). It acts on the gaussian as

M) (0 (—3)) _

(At ) + Bt ) exp (i (7.14)

Here, the square root det(A(t, q,p) + iB(t,q,p));l/2 is defined by continuously
(hence the index c) following the argument of the complex number det(A(t, q, p)+
1B(t,q,p)) starting from its value 1 at time t = 0. Also, the complex matriz
L(t,q,p) is defined as

I'(t,q,p) = (C(t,q,p) +iD(t, q,p)) (A(t,q,p) +iB(t,q,p)) " (7.15)

Remark

If the refraction index n?(x) is quadratic in x, then formula @) is exact, and
the whole family {ps ;} vanishes. This is essentially a consequence of the Mehler
formula. We refer to [@] for a very complete discussion about the propagators
of pseudo-differential operators with quadratic symbols.

In the case when n?(x) is a general function, the polynomials py ; are ob-
tained in [CRd] using perturbative expansions “around the quadratic case”. We
refer to [Rd] for a very clear and elegant derivation of these polynomials. Let us
quote that similar formulae are derived and used in [[IJ]. The idea of consider-
ing such perturbations “around the quadratic case” traces back to [@], see also

The fact that the matrix A(t) + iB(t) is invertible, and I'(¢) is well defined,
is proved in [@, see also . It is a consequence of the symplecticity of F(¢)
(see the relations (R.17)). We refer to the sequel for an explicit use of these
important relations. O

In the next lines, we apply the above theorem, and transform formula (@)
accordingly.

On the one hand, we use the Parseval formula in @) to compute the two
scalar products. Forgetting the normalizing factors like 7, etc., it gives, e.g. for
the first scalar product,

(Se, 5 ) = 4/2 /]Rd dad¢ exp(iz - £/e) S(€) ©5 ()

S / dedg expliz - £/) xa () 5(6) 95, (@) + O(™),

for any truncation function x; being = 1 close to the origin. On the other
hand, we use formula (f.9) to compute U:(t)¢g, p in (F.9), using the short-hand
notation

Py (t,q,p.x) = m~ Y det(A(t, q,p) +iB(t,q,p)) /> Qn(t, ¢, p, 2).
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These two tasks being done, we eventually obtain in (IE), upon computing
the relevant phase factors explicitly,

l/Tl .0 <X5 (H.) SE,UE(—t)¢E> dt = Or, 5 (=) +

€ Toe

1 & _ i
e dtdgdpdédndady X.(t - t
REEE /TOE/RM qdpd€dndrdy X(t) exp (E (9,61, 4,p, ))

Qe ox Yy—q

S(€)e" (mxo(g: p)x1(z,y) Py <t,q,p, f) - (7.16)
where x1 € C2° is = 1 close to (0,0). Here, the crucial (complex) phase factor
has the value

t /.2
p
U(x,y,&n,q,p,t) = / (3 + nQ(qs)) ds—p-(x—q)+pi-(y—a)
0
(x—q¢°® TMy—a) y—a
+
2 2
Our goal is now to apply the stationary phase formula to estimate () Ob-
viously, the cutoff in time away from ¢ = 0 in ) prevents one to use directly
the stationary phase formula close to ¢ = 0. This is the reason why times close

to 0 are treated apart in the sequel (see steps four and five below - see also the
outline of proof given in section f).

+z-&E—y-n+i

(7.17)

Third Step: computing the first and second order derivatives of the phase W
First, it is an easy exercice, using the symplecticity relations ), to prove
that the matrix I'(¢) is symmetric and it has positive imaginary part. The
relation

. - 2
Im (T(6)(y — a) - (y — ) = | (A(t) +iB(1) ™" (y —a)]",
implies indeed
. — 2
Im¥ = |z — g + | (A@t) +iB(®) " (y — a0)| -
Hence we recover the equivalence
Im¥ =0 iff y=¢; and =z =q. (7.18)

Second, using the differential system (R.13), (R.14) satisfied by the matrices
A(t), B(t), C(t), and D(t), we prove

t /.2 T
Ds | . 2 _( At)'pe—p
Var (/ ( 2 " W) ds) - ( B’y )
This gives the value of the gradient of ¥

Vz,y,ﬁ,n,q,p,t\p(xvya&vnv%p»t) =
—p+&+i(z—q)
pe—n+T) (Y —q)
—y
CO(y — ) +ilg — )+ AQTW@ -y | T
;(w —q)+ D) (y —q) + BO)™T(t) (g — v)

_%t +n2(qe) + YV (a) - (y — a) +pe - T(t)(a — y)
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This computation is done up to irrelevant O ((y — ¢)? + (z — ¢)?) terms.

These observations allow to compute the stationary set, defined as

M = {(z,y,&1,q,p,t) € Rx]0, +00]
st. InVU =0 and Vg y¢04p,¥ =0} (7.20)

Note (see above) that we exclude the original time ¢ = 0 in the definition of M.

In view of (7.19), (F.19), the set M has the value

M = {(z,y,6,q) st. a=y=q=0, £=p}
2

i {ean st L0 =0 m=nf.  2)

Note that the second set reads also, by definition,

772

{(p,n,t) s.t. 5 = n?(0), X(t,0,p) =0, Z(t,0,p) = 77}.

Last, there remains to compute the Hessian of ¥ at the stationary points. A
simple but tedious computation gives, for any point (z,y,&,7n,q¢,p,t) € M, the
value

D? U =
©,y,6,1,4,p,t
v&ma.p (z,9,€,m,q,p,t)EM

ild 0 d o —ild —Id 0
0 Iy 0 —Id Ci—T4A,; D¢—T';B; vn2(0)
—I'in
d 0 0 0 0 0 0
0 —Id 0 0 0 0 0
—ild Cof-ATr, o0 o —CFA+ild  —CFB; —Cfn
+ATT A, +ATT: B +ATTn
-1d Df-Bfr, 0 o0 Id—DF A, -DI' B, -Dfn
+BFT. A, +BfT,B, +BITn
0 vn2(0)T 0o o —nTc, —nTD, —nTvn2(0)
—nTr, +n T A, +nTT: B, +nT T

Here we wrote systematically A;, By, etc. instead of A(t), B(t), etc. The above
matrix is symmetric, due to the relation () The very last computation we
need is that of Ker D?W at stationary points. The value of D?W¥|;; clearly shows
that

Ker (D*U[y) = {(X,Y,E,H,Q,P,T) st. X=Y=Q=0,Z=P,

—H 4+ (Dy —TB;)P + T(Vn?(0) — T'yn) = 0,
(—CF + AT)BP+T(-C{ + A{Ty)n =0,
(-Df + Bf'T)B,P +T(~DF + BIT,)n =0,
0T (=D + TyBy)P + Ty (—Vn2(0) + Typj) = 0}.
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Hence, using DI — BIT, = (A; +iB;)™!, together with Cf — ATT, = —i(A; +
iB;)™t, and (A; +iB;) YT + T4 B, = Dy (see (R.1§)), we obtain
Ker (D2Wy) = {(X,Y,E,H,Q,P,T) st. X=Y=Q=0,E=P,

and n"H =0, B.P+ Ty =0,H = D,P+ TVn3(0) =0} (7.22)

Fourth Step: Application of the stationary phase Theorem - proof of part (i)
of proposition

In this step, we formulate the main geometric assumption on the flow ®(t, z, €),
that allows for the proof that the contribution in () vanishes asymptotically.

(H) Transversality assumption on the flow

We suppose that the stationary set

2
M=o =y=q=0.6 =0 {5 =0 X(t.0.9) = 0. 5.0.0) = 0}

is a smooth submanifold of R6x]0, +-oc, satisfying the additional constraint
k := codimM > 5d + 2. (7.23)

We also assume that at each point m = (z,y,&,1,q,p,t) € M,
the tangent space of M at m is

TM = {(X,Y,Z,H,Q,PT) st. X=Y=Q=0,Z=P,
and n""H = 0, ByP + Ty =0, —H + D,P + TVn2(0) = 0}. (7.24)

In other words, we assume that T,, M is precisely given by
linearizing the equations defining M.

First Remark

We show below examples of flows satisfying the above assumption. It is a
natural, and generic, assumption. Note in particular that the assumption on
the codimension is natural, in that the equations defining M give (roughly)
4d constraints on (z,y,q,§), one constraint on 7, and again 2d constraints on
the momentum p, the solid angle n/|n|, and time ¢. Hence one has typically
k=6d+ 1. O

Second remark
Equivalently, the above assumption may be formulated as follows. The set

2
M = {(p,n,t) s.t. % =n?(0), X(¢,0,p) =0, (t,0,p) =n}

is assumed to be a smooth submanifold of R24+1 satisfying the additional con-
straint codim M > d + 2, and whose tangent space is given by

{(P,H,T)st. n*H=0, B.P+Tn=0, D;P+TVn*0) - H = 0}.

Note in passing that the conservation of energy allows to replace the requirement
n?/2 = n?(0) by the equivalent p?/2 = n?(0) in the definition of M. O
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Third Remark
Provided M is a smooth submanifold with tangent space given upon linearizing
the constraints, its codimension anyhow satisfies

codim M > 5d + 2.

Equivalently, provided M is a smooth submanifold with the natural tangent
space, its codimension anyhow satisfies

codim M > d + 2.

As a consequence, the analysis given below (see ([7.27)) establishes that (w®, ¢)
is uniformly bounded in €. This fact is not known in the literature. O

Under assumption (H), we are ready to use the stationary phase Theorem in
(F.16), at least for large enough times ¢ (recall that the very point ¢t = 0 is
excluded from the definition of M above). Indeed, assumption (H) precisely
asserts the equality
TmM = Ker (D*¥|y),

so that the Hessian D?¥|), is non-degenerate on the normal space (T,,M)*.
This is exactly the non-degeneracy that we need in order to apply the station-
nary phase Theorem.

To perform the claimed stationary phase argument, we first take a (small)
parameter

0 > 0.

We use a cutoff in time (/) with y as in (R.7), and evaluate the contribution

L a0 (1=x(5) ) (s (50,0106 dt = O s ) +

€
1 h o (1 13 { .
(d+2)/2 ) dee() X\ exp g@(x,y,é,n,q,p, )

* Yy—q
S(€)¢" (mxo(g, p)x1(z,y) Py (t, P ) dtdzdyd{dndqdp.
When the point (z,y,£,7,q,p,t) is far from the stationary set M, the integral
is O(e®). Close to the stationary set M, using the fact that the integral carries
over a compact support, we may use a partition of unity close to M, and on
each piece we may use straightened coordinates (a, 3) € R%+1=F x R¥ such that

(z,9,&,m,q9,p,t) =v(a,3), where ~ is a local diffeomorphism, with

(x7y557n7q7p7t) eEM<+— a=0.

Using such coordinates, we recover a finite sum of terms of the form
1 )

RErEYE /Q dxdydédndqdp exp <E\P($,y,é,n,q,p,t))

S(6)" () Py <t,q7p, y—\/;t> X2 (2, y,€,7, 4P, 1)

1 )
= m/g . da df exp (E\II oy(a,ﬁ))
/>< 17

(303 0Py (22 ) ) or@ 9 xata ) (7.25)
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where Q, ', Q" are bounded, open subsets, and Y2, Y3 are cutoff functions.
Thanks to the non-degeneracy of the Hessian D?¥ in the normal direction to

M, for any 3, we have
D2V o~y
det———— ) (0 0.
(e B )(,ﬁ)#

Hence, by the standard stationary phase Theorem, for any integer J, the above
integral has the asymptotic expansion to order J

E(kad*Q)/Q/ dp exp (é‘P 0 (0, 6)>
( "

x isj Q2 (D, 5) <<§(.)$*(.)PN ( - %» oy Xg) (0,8) (7.26)

=0

4 c(k=5d-2)/20) <€J+1 sup Hafaﬁ) (§(.)$*(.)PN <.,.,., %> XB)H)’

k<2J+d+3

where the ()2;’s are differential operators of order 25. Now, we anyhow have

VieN  £9¥Ppy <\/ig) =0(1).

On the more, Py is a polynomial of degree < 4N in its last argument. This
implies that the e*=5¢=2/20(_..) in ([.26) has at most the size

0 (E.]+1+(k75d72)/272N) _

Hence, taking J large enough (J > 2N will do), we eventually obtain in ([7.24),
using the assumption (H) on the codimension & (k > 5d + 2),

= " t) |1 ! H.)S., U (—t dt
m/e Xe(t) —X\3 <X6( e) S, Ue(— )¢a>
= Oo1, .5 (5(k75d72)/2) _o. (7.27)

e—0

Fifth Step: Elimination of times such that Toe <t < 0 - proof of part (ii) of
proposition
The previous step leaves us with the task of estimating

1 (% t
2w (5) (o (15 U-00.) ar
g Ty e 9

The idea is to now come back to the semiclassical scale, and write

-/ " % (5) (s (He) Se, Ue(~0)6e ) dt

€ To e

= /26/8 X (%) <X6 (Ha) Se,exp (_it (EQA + n2($))) ¢E> dt. (7-28)

To
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This term is expected to be small, provided Ty is large enough. Indeed, the
propagator exp (—it (e?A +n?(x))) acting on ¢. is expected to be close to the
free propagator exp (—it (¢?A 4+ n?(0))) on the time-scale we consider. Hence
the propagator should have size O(t~%/?) for large values of time, and the above
time integral should be O(Tp ~¥/?*1) — 0 as Ty — .

We give below a quantitative proof of this rough statement, based on the
exact computation of the propagator exp (—it (€2A + nQ(:I:))) obtained in Theo-
rem E The proof given below could easily be replaced by a slightly simpler one,
upon writing the propagator as a Fourier Integral Operator with real phase. We
do not detail this aspect, since we anyhow had to use in the previous steps the
more precise expansion of the propagator given by Theorem E: this theorem has
indeed the great advantage to give a representation of the propagator that is
valid for all times.

From the second step above (see ([-16)), we know

/26/E X (%) <X6 (H:) Se,exp (fit (52A + nQ(z))) ¢5> dt

To
20 /e 6u
=0, 5(7) + /TO X <§) xe % /de exp (10 (ct)/e)
S(6)¢* (n)xo0(g, p)x1 (2, y) Px (t,q,p, Y ;g”) dxdyd€dndgdp, (7.29)

where we drop the dependence of the phase ¥ in (x,y,&,n,q,p). To estimate
this term, we now concentrate our attention on the space integral

== [ e () S50

y—q
xo(q,p)x1(z,y) Py (t,q,p, ﬁEt) dadydEdndgdp. (7.30)

We claim we have the following dispersion estimate, uniformly in e,
’fe(t)‘ < Cpt~%2, for some Cp > 0, provided Ty <t < 26/e. (7.31)
Assuming ([7.31)) is proved, equation ([7.29) shows that

1

3

< CeTO_%—H — 0

To —o0

(7.32)

3

/29 Xe(t)x <§) <X5 (He) Se, Us(*t)¢>g> dt

To e

in any dimension d > 3, which is enough for our purposes. It is thus sufficient
to prove ([[.31]).

We have in mind that the integral () defining f.(t) should concentrate
ontheset t =y=¢q=0,q¢ =0,p: =n, p=E&. Also, the present case should be
close to the “free” case where the refraction index n?(x) has frozen coefficients
at the origin n%(x) ~ n2(0). For that reason, we perform in ([.30) the changes
of variables

(z—q)/Ve =z, (y—q)/Ve =y, ¢ — Veg,
£ — p+Veg, n— E(et,Veq,p) + Ven.
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We also put apart the important phase factors in the obtained formula. This
gives

f(t) = /RM dqdpdn exp (it U(p, et, \/2q, x/En)) G(q,p.n,et,\eq, Ven),
(7.33)

up to introducing the phase

U(p,et, v/zq, \/en) = é/oat (M +n? (X (s, \/Eq,p))) ds

2
n Vep - q — E(et,\/eq, p) - X(et, \/eq, p)
et
eq — X (et,\/eq,
JH/EU.fq it qup),

together with the amplitude (C*°, and compactly supported in p, /2q)

G(q,p,n,et,\/eq,\/en) = /de drdyd¢ exp (i€ - (¢ + =) —in- (y + q))

® | T(et,Veq,p)y-y
exp (7 + Z#)
S(p + VE€) ¢ (2(et, Vea, ) + vVEn)xo (VEas p)

x1(ve(q + x), X (et,V/2q,p) + Vey) Py (t,Veq,py) - (7.34)

Now, the idea is to use the stationary phase formula in the p variable in ([7.33),

where ¢ plays the role of the large parameter. We wish indeed to recognize in
(F:33) a formula of the form

2
/dp exp (—it%) x smooth(p),

to recover the claimed decaying factor t~%/2 in (f.31)). In other words, we wish to
get the same dispersive properties as for the free Schrodinger equation. This is
very much reminiscent of the dispersive effects proved for small times in [Dsf] for
wave equations with variable coefficients, and relies on the fact that ¥ a —p> /2
as et < 6 is small enough. N

In order to do so, we need to get further informations both on the phase ¥
and the amplitude G.

Firstly, the smooth amplitude G is defined in () It clearly is compactly
supported in p and \/q. Also, the gaussian exp(—z%/2 + il'(et, /q,p)y - y/2)
belongs to the Schwartz space S (RQd) in the variables z and y (recall indeed
that ImT'(et) > 0, and et belongs to a compact set), uniformly in the compactly
supported parameters et, v/2q, and p. From this it follows that the amplitude
G(q,p,m,€t,\/2q,\/en) belongs to the Schwartz space S (R*?) in the first and
third variables ¢ and 7, it is C>°(R?) in the second variable p, and these infor-
mations are uniform with respect to the compactly supported parameters et,
V€q, together with the (non-compact) parameter /en.

Secondly, the smooth phase ] depends upon the small parameter et € [0, 26],
together with the two position/velocity variables v/eq and p. All of them belong
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to a compact set. It also depends upon the variable y/en, which is not in a
compact set. On the more, we have the easy first order expansion in the (small)
parameter ¢t < 26,

U(p,et, v/eq, Ven) =
- &+ n(VEq) — Vg Van® (Vea) = Ven- (p+0(0)) + 0 (6%).

Here the remainder terms O(6), O(6?), only depend upon the compactly sup-
ported parameters et < 26 and p, v/eq (they do not depend upon +/e7), and
they are uniform with respect to these variables. Hence, the stationary points
of the phase (in the p variable) are given by

—p—en(1+0(0)) + 0 (%) = 0. (7.35)

Finally, there remains to observe that the Hessian of the phase in p is

DU
Dp?

= —Id+0(6). (7.36)

Upon taking € small enough, all these informations allow us to make use of
the standard stationary phase estimate in p. More precisely, we write,

f(t) = /RM % /Rd dp exp (z t U(p, et, /g, x/En))

(@) (n)** G(q, p,n,et, Veq,Vzn). (7.37)

For each given values of ¢ and 7, we analyze the integral over p in (f.37). If
\/en is outside some compact set around the support of G in p, integrations by
parts in p together with the information ([.35), allow to prove that the integral
over p in () is bounded, for any integer N, by Ci ot~ for some Ci g > 0
independent of ¢ and 1. Hence the corresponding contribution to f. is bounded
by Cn gt~ as well. Now, for /27 in some compact set around the support of
G in p, we may use the information () this, together with the stationary
phase Theorem with the parameters €t, v/eq, \/en in a compact set, establishes
that the integral over p in ([.37) is bounded by Cypt~%/? for some Cy > 0, and Cy
turns out to be independent of ¢ and 7. Hence the corresponding contribuition
to f in (.37) is bounded by Ct=%2 as well.
All this gives the claimed estimate

|fa(t)| < C9t_d/2'

The proof of proposition ﬁ is complete.

8 Conclusion: Proof of the main Theorem

We want to prove the convergence

(wa) ¢> - (wout) ¢>)
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when the source S and the test function ¢ are Schwartz class. Therefore, one
needs to prove

7

+oo
g/ e <t (U.(t)Se, ¢-) dt — (W™, ¢) as e — 0.
0

Proposition EI asserts

7

; 270 €
_/ X (L) e~ ast <U5(t)Saa¢a>dt = <w0ut’¢>
€ Jo TOE
1
0
+0r1, (") + O <W> ’

where the notation O(¢) denotes a term going to zero with e, and Og, (¢°)
emphasizes the fact that the convergence depends a priori on the value of T .
On the other hand Propositionﬁ asserts

LT a0 () e (0 0 o) (1) S0

€ JToe
—o(L + 0(£?)
= A g7 ).

Now, for very large times and almost zero energies, Proposition H shows, for §
small enough, and any k,

LT e (s (1) 82.00) di = O,

As for large times and almost zero energies, Proposition E shows that, for ¢
small enough, x small enough, and 77 large enough,

—K

L[ e (0 (1) 52062 di = 00

€ Jn

Finally, for moderate times and almost zero energies, one has the following two
informations. First, for 6 small enough, and uniformly in €, we have

é/Ti (1-x) (#) X (g) e ! <Ua(t)Xa (H.) S&a¢a> dt

1
o ()

Second, for any fixed value of § > 0, and 17,

! /9 R (é) o<t (Un(t)xs () S 6. di

= 097T1 0 (EO) .

All these informations show our main Theorem, upon conveniently choosing the
cutoff parameters 0, Ty, T (in time), 6 (in energy), and the exponent £ (in
time). This ends our proof.
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9 Examples and counterexamples

9.1 The harmonic oscillator

Given an appropriate potential V' (x), and defining the semi-classical Schrédinger
operator

52
HE = *gAI + V(SC),

our main Theorem proves

é /0+00 ea€t< exp (—ZEHE) S:, ¢8> dt "
+oo
/ (exp (it [-A./2+ V(O0)) S.0) . 9.1)
0

Though we used in many places that our analysis requires a potential of the
form

V(z) = —n’(2) = —nZ, + O((z)™"),

it seems interesting to investigate the validity of () when the potential is
harmonic

d
V(x 0)+>

Jj=1

it (9.2)

o |§w

for some frequencies w; € R, and a given value V(0) < 0. Such a potential does
not enter our analysis since it is confining. However, it is easily proved that for
pairwise rationally independent values of the frequencies w;, the transversality
assumption (H) page @ is true for this potential, whereas in the extreme case
where all w;’s are equal, this assumption fails. On the other hand, one may use
the Mehler formula [Hd| (see [d] for a use of these formulae in the nonlinear
context) to compute the propagator

d
-t 2 2.2
exp | —ic | —¢ Ag/2 + g wizi /2| | = (9.3)

j=1

1/2 .
I I Wy 2 2
, (2@#5 sin( wjt)) oxp <25 sin(w;t) [(:cj + ;) cos(w;t) z]%})

(Here we identified the propagator and its integral kernel).

Surprinsingly enough, using the Mehler formula to compute the limit on the
left-hand-side of (9.1]), we may prove that for rationally independent w;’s, the
convergence result (0.1) is locally true in this case, for dimensions d > 4, i.e (p.1))
is true with the upper bounded +oo replaced by T, for any value of T > 0.

We do not give the easy computations leading to this result. The idea is the
following: at each time k7/w; (k € Z), the trajectory of the harmonic oscillator
shows periodicity in the direction j. However, due to rational independence, at
times k7 /w;, the trajectory does not show periodicity in any of the d — 1 other
directions. Hence one gets enough local dispersion from these directions to show
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that the corresponding contribution to the time integral on the left-hand-side
of (p.1]) is roughly

(I+kn/w;)/e
of/ -0/ gr) — o (-0 L,
(

—1+4+kn/wj)/e

aslongasd—1> 2,i.e. d>4.

Needless to say, in the extreme case where all w;’s are equal, the result in
(@) is false, even locally: in this case, periodicity creates a disastrous accumu-
lation of energy at the origin (all rays periodically hit the origin at times k7 /w,
keZ).

To our mind, this simple example indicates that our main Theorem probably
holds true for less stringent assumptions on the refraction index. For instance,
a uniform (in time) version of our transversality assumption is probably enough
to get the result (without assuming neither decay at infinity of the refraction
index, nor assuming the non-trapping condition).

9.2 Examples of flows satisfying the transversality condi-
tion

We already observed that the harmonic oscillator with rationally independent
frequencies does satisfy the transversality assumption (H). One actually has
the value k = 6d + 1 (see ([[.23)) of the codimension in that case.
It is also easily verified that the flow of a particle in a constant electric field,
i.e. the case of a potential
V(z) = 1,

does satisfy (H) as well, with k = 6d + 1.
Coupling the two flows, it is also verified that the potential

d
V(z)=a1 + Zw?z?/l
j=1

does satisfy (H) as well, with k = 6d + 1.

Clearly, these examples are satisfactory, in that we may assume that the
potential has the above mentioned values close to the origin, and we may trun-
cate outside some neighbourhood of the origin so as to build up a potential that
satisfies the global assumptions we met in our main Theorem.
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