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ABSTRACT. We study the microlocal structure of the resolvent of the semi-
classical Schrodinger operator with short range potential at an energy which
is a unique non-degenerate global maximum of the potential. We prove that
it is a semiclassical Fourier integral operator quantizing the incoming and
outgoing Lagrangian submanifolds associated to the fixed hyperbolic point.
We then discuss two applications of this result to describing the structure of
the spectral function and the scattering matrix of the Schrodinger operator
at the critical energy.

1. Introduction. We consider the semiclassical Schrodinger operator

1
(1.1) P=P,+V, PO:—EhQA, 0<h<1,
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where V € C*°(R™;R), n > 1, is a short range potential, i.e., for some p > 1 and
all « € N”

(1.2) |0°V (z)| < Cplz)™P7ll 2 e R™

Then P and Py admit unique self-adjoint realizations on L?(R") with domain
H?(R™), that we still denote P and Py. In this paper, we are interested in the
microlocal structure of the resolvent and of the spectral measure of P, as well
as that of the scattering matrix, at energies which are within O(h) of a unique
non-degenerate global maximum of the potential. More precisely, we show below
that they are semiclassical Fourier integral operators (for short h-FIOs). We refer
to Appendix A and to the references given therein for a short presentation of the
theory of such operators.

The resolvent R(E +1i0) can be defined thanks to the limiting absorption
principle which states that, for £ > 0 and when o > %, the limit

R(E +i0) = ii\né(P —(E+ig))!

exists in B(L2(R"), L2, (R")), where L2(R") = {f; (z)®f(z) € L*(R")}. We
denote by d€g the spectral measure of P. The spectral function e is the Schwartz

kernel of d—;, and can be represented through the well-known Stone formula
d€g 1
1.3 — = — (R(E +1i0) — R(E —i0 E > 0.
(13) L — o (R(E+i0) ~ R(E~i0)), B>
The scattering matrix S(E, h) is defined by means of the wave operators.
We recall that under the assumption (1.2), the wave operators, defined as the
strong limits in L?(R™),

1.4 Wi = s-lim e #/heitPo/h
(1.4) +

t—+o0

exist and are complete. The scattering operator is then defined as S = WIW_ :
L*(R") — L?(R"), and S(E,h) : L2(S"~!) — L%(S"~!) is given by

52}
S= [ Fy(E,h)"'S(E,h)Fy(E,h)dE
R+

Here Fy(FE, h) denotes the bounded operator from L2(R"), a > 1/2, to L2(S"1)
given by

(1.5) (Fo(E,h)f) (w) = (2nh)™2(2E)"T / ne*i 28w/ g (1) de, E > 0.
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Notice that most of the results in the literature on the scattering matrix
are given for the operator

1

or for the scattering amplitude
(1.7) A(E, h) = co K1 (E 1)

where we denote K7 (g j,) the Schwartz kernel of the operator 7 (E, h) and
co = co(n, B, h) = —2r(2E)~("=D/4(27p)(n=1)/2¢=iln=3)7/4

The semiclassical behavior of the spectral function for Schrodinger-like
operators has been studied extensively. Popov and Shubin [22], Popov [21], and
Vainberg [29] have established high energy asymptotics for the spectral function
of second order elliptic operators under the assumption that these energies are
non-trapping:

Definition 1.1. The energy E > 0 is non-trapping if for every (z,§) €
p~1(E) C T*R" we have

tl}inoo | exp(tHp)(x,&)| = oo

Here p(z,§) = %{2 + V(z) denotes the principal symbol of P, and

go_N~ (o9 90
" 9¢;j Oz Juj 9

Jj=1

is its associated Hamiltonian vector field.

Robert and Tamura [27] consider the spectral function for semiclassical
Schrodinger operators with short range potentials and establish asymptotic ex-
pansions at fixed non-trapping energy, and at non-critical trapping energies in
the sense of distributions.

The microlocal structure of the spectral function has also been analyzed.
In [30, Theorem XII.5] Vainberg establishes a high energy asymptotic expansion
of the spectral function for compactly supported smooth perturbations of the
Laplacian assuming that the energy 1 is non-trapping. This asymptotic expansion
is expressed in the form of a Maslov canonical operator.
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C. Gérard and Martinez [12] have proved that the spectral function for
certain long-range Schrodinger operators at non-trapping energies E is a h-FIO
associated to the canonical relation (UteR graph exp(tHp)|,-1( E)). Near the di-
agonal {(z,&,z,£); p(z,§) = E} they also give the following oscillatory integral
representation of the spectral function

1 ,
@y / @y B h (g w, B)dw,
s Sn—1

€E(I’,y7E, h) =

where p € C®°(R?" x S*1) is such that

dp 2 B Op

In [4] the first author has studied the microlocal structure of the spectral
function restricted away from the diagonal in R™ x R™ at trapping energies under
the assumption of the absence of resonances near the real axis, as well as at non-
trapping energies. In these cases the spectral function is shown to be an hA-FIO
associated to (UteR graph exp(th)]pq( E)) near a non-trapped trajectory. Under
a certain geometric assumption [4] also gives an oscillatory integral representation
of the spectral function of the form

E-V(z)w, ¢l,_,=0.
(x—y,w)=0

cpa i, E) = [ SE0 aa,y, ) at,

where

St = [ (G0 E-Vai)ds

is the action over the segment [(¢, z,y) of the trajectory which connects x with y

at time ¢t and a € 5’2,;1(1)

The structure of the resolvent in various settings has been studied in [3],
[5], and [14]. For compactly supported and short range potentials, the resolvent
has been shown to be a h-FIO associated to the Hamiltonian flow relation of the
principal symbol of P restricted to the energy surface in [3] and [5]. Hassell and
Wunsch have studied in [14] the resolvent on asymptotically conic non-trapped
manifolds. This class contains in particular some asymptotically Euclidean spaces
after compactification. They prove that the Schwartz kernel of the resolvent is
a Legendrian distribution, that is, roughly speaking, a semiclassical Lagrangian
distribution where the semiclassical parameter is the distance to the boundary.

The semiclassical behavior of the scattering amplitude has also been of
significant interest to researchers in mathematical physics. It is well known that
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A(E, h) satisfies A(E,h) € C®(S" ! xS" 1\ diag(S*~! xS"1)). Several authors
have proved asymptotic expansions for A(FE,h), showing in particular a direct
relation with the underlying classical mechanics.

To describe these results, let us recall that, for (a,b) € T*R" \ {0} =
R™ x (R™\ {0}), there is a unique bicharacteristic curve (i.e. an integral curve of
H,)

(1.8) Y+ (t,a,b0) = (z+(t,a,b), £+ (t, a, b)),
such that
tiiimoo |zy(t,a,b) —bt —al| =0

(1.9) _
thim €4 (t,a,b) —b] = 0.

Moreover, the mapping

(1.10)

T*R"\ {0} — T*R"
(avb> ’Y:I:(Oamb)

is a C*° symplectic diffeomorphism onto its image (see [25, Section XI.2]).

On the other hand, if a bicharacteristic curve (z(t, p), £(t, p)) = exp(tHp)(p)
of positive energy satisfies |z(t,p)] — +oo as t — 400, there is (Too,8o0) =
(Zso(p), €0 (p)) € T*R™ such that

tlg-noo ’J}(t, ,0) — §oot — xoo‘ =0,

(1.11) ,
Jim [€(t, p) — €l = 0.

In that case

O(p) =22 e g
. e é
Z(p) =Too — <xoo,§oo>ﬁ €Ot ~R",

are called the outgoing (asymptotic) direction and outgoing impact factor, re-
spectively.

In particular, for a given E > 0, « € S" ! and z € o (the impact plane),
we define

(1.13) Ye(t,a, 2, E) = (x4 (t,o, 2, E), €4 (t, o, 2, E)) == v+ (t, 2, \/Ea).
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If for some (w,z_) € T*S" !, we have |z_(t,w,z_,E)| — oo as t — +oo, we
denote by z(w,z_, FE) and &x(w,z_, F) the quantities defined through (1.11)
for the curve v_(t,w, z_, E). We also set

(1 14) QZG(W,Z_,E):G(’Y_(O,CU,Z_,E>)

' zy = 24 (w2, B) = Z(y-(0,w, z_, E)),

and we shall say that the trajectory v_(¢,w,z_, F) has initial direction w and
final direction 6, or that it is an (w, #)-trajectory.

Definition 1.2. The outgoing direction 6 € S"~! is called regular for the
incoming direction w € S"1, or w-reqular, if 0 # w and, for all 2’ € wt with
boo(w, 2, E) = V2E0, the map w 3 2z — £o(w, 2, E) € S" ! is non-degenerate
at 2’ i.e. a(2') # 0 where

7(2") = |det(€o(w, 2/, B), 02 €oo(w, 2, E), ..., 0s,_ Eno(w, 2/, E)).

Under the assumption that a certain final direction 6 is regular for a given
initial direction w, it has been shown that

l
(1.15)  A(E,h)(0,w) = > &(w, 2z, E) " exp(ih™'S; — ipjm/2) + O(h),
j=1

where

(Zj)‘lj:l = (ggol(\/ﬁw’ 7E)) (9)’

and

(1.16) S;= /OO (|§,(t,w7zj,E)\2 — 2E)dt — <xoo(w,zj,E),\/@0(w,zj,E)>

—00

is a modified action along the j-th (w,f)-trajectory, and pu; is the Maslov in-
dex of that trajectory. Such a result has been obtained by Vainberg [29], who
has studied smooth compactly supported potentials V at energies £ > supV.
Guillemin [13] has established a similar asymptotic expansion in the setting of
smooth compactly-supported metric perturbations of the Laplacian. Working
with some trapping potential perturbations of the Laplacian satisfying (1.2) with
p > max (1, ”T_l), Yajima [32] has proved such an asymptotic expansion in the
L? sense. For non-trapping short-range (p > 1) potential perturbations of the

Laplacian, Robert and Tamura [28] have proven that (1.15) holds pointwise.
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Their result has been extended to the case of trapping energies by Michel [20]
under an additional assumption on the distribution of the resonances of P.

First to study the microlocal structure of the scattering amplitude was
Protas [23]. He has shown that at non-trapping energies and for fixed initial
directions the scattering amplitude is a Maslov canonical operator associated to
some natural Lagrangian submanifolds of T*S"~!. This representation of the
scattering amplitude is shown to hold uniformly in an open set containing the
final direction and disjoint from the initial direction.

In [3] and [5] the first author has proved, without making the non-
degeneracy assumption, that for short-range Schrodinger operators satisfying a
polynomial estimate for their resolvent, the scattering amplitude is an h-FIO
associated to the scattering relation microlocally near a non-trapped trajectory.
The scattering relation for a short range potential at an energy F > 0 is defined
near a non-trapped trajectory as follows. If vy : ¢ — ~y_(¢, wo, 20, F) is non-
trapped, there exists an open set U C T*S™ with (wq, 29) € U such that for every
(w,z—) € U the trajectory t — ~_(t, z,wp, E') is non-trapped. The scattering
relation near v is given by (see Figure 1)

(1.17) SR(E) = {(0(w,2_,E), ~V2Ez(w,2_, E),w, —V2Ez_); (w,z_) € U},

where 0 and z; are defined in (1.14).

It is also explained in [3] how the expansion (1.15) follows from this result
once the non-degeneracy assumption on the initial and final directions is made.
The asymptotic expansion obtained is more general than the one given in (1.15)
in that it holds microlocally near (w, ) trajectories and not only for fixed initial
and final directions.

In the context of scattering on a manifold with boundary, Hassell and
Wunsch [14] have shown that the scattering matrix at non-trapping energies is a
Legendrian-Lagrangian distribution associated to the total sojourn relation. In
[31], Vasy has also studied the scattering matrix on asymptotically De Sitter-like
spaces (a large class of non-trapped spaces with two asymptotically hyperbolic
ends). Under the assumption that the bicharacteristic curves go from one end to
the other, he has proved that the scattering matrix is a FIO associated to the
natural relation between these two ends.

In this paper we continue the study of the scattering matrix for energies
which are within O(h) of a unique non-degenerate global maximum of the poten-
tial. In that setting, in the one-dimensional case, the scattering matrix is a 2 by
2 matrix, and the semiclassical expansion of its coefficient has been given by the
third author in [24]. The computations there rely on complex WKB construc-
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24

Fig. 1. The scattering relation near a non-trapped trajectory

tions for the generalized eigenfunctions, as well as a microlocal reduction of the
operator to a normal form near the maximum point of the potential.

For such a critical energy, we have already studied the scattering ampli-
tude in the n-dimensional case: In [6], we have established the semiclassical ex-
pansion of the scattering amplitude. In that paper, we use Robert and Tamura’s
formula (see (4.6) below) for the scattering amplitude. This formula itself relies
on Isozaki and Kitada’s construction of a suitable approximation for the wave
operators, and, roughly speaking, reduces the problem to that of the description
of generalized eigenfunctions in a compact set. To do so, we essentially follow the
study in [8], to obtain such a description in a neighborhood of the critical point.

In the present paper we describe the microlocal structure of the spectral
function and of the scattering matrix at such energies. More precisely we show
that they are h-FIOs associated to quite natural canonical relations. To the
contrary of [6], we do not suppose the non-degeneracy assumption, and we state
no geometrical assumptions concerning the behavior of the incoming and outgoing
stable manifolds at infinity. However the results below are valid in a somewhat
smaller region of the phase space. Of course one recovers parts of the results of
[6] in that smaller region once the geometric assumptions alluded to above are
made.
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We are very glad to dedicate this paper to Vesselin Petkov at the occasion
of his 65th birthday. His numerous works, in particular in scattering theory and
microlocal analysis, have inspired us a lot. We thank him too for his availability
and for his judicious advices.

2. Assumptions and main results. We suppose that the potential
V is a short-range, C* function on R" (see (1.2)), and we make the following
additional assumptions:

(A1) V has a non-degenerate global maximum at z = 0, with V(0) = Ey > 0.
We can always suppose that

n AZ
V(z)=Ey - 7%; +0(z?), z—0,
j=1
where 0 < A1 < X < ... < A\,

(A2) The trapped set at energy Fj is reduced to (0,0), namely

{(z,&) € p~ Y (Ep); exp (tH,) (x,£) = oo as t — oo} = {(0,0)}.

Then, the linearized vector field of H, at (0,0) is

0 Id
d(o,0)p = ( diag(A},...,A2) 0 ) ’

and, by the stable/unstable manifold theorem, there exist Lagrangian submani-
folds At of T*R™ (see Figure 2) satisfying

Ay = {(2,8) € T'R™; exp(tH,)(z,&) — (0,0) ast — Foo} C p~*(Ep).

Notice that the assumptions (A1) and (A2) imply that V has an absolute
global maximum at x = 0. Indeed, if £ = {x # 0; V(z) > Ep} was non empty,
the geodesic, for the Agmon distance (Ey — V(az))}r/ ®dx, between 0 and £ would
be the projection of a trapped bicharacteristic (see [1, Theorem 3.7.7]).

We recall from [15] that if py € At and (z+(t,p+),6+(t, px)) =
exp(tHy,)(p+) is the bicharacteristic starting from p4, then for some
g+ € C® (AL;R™) and € > 0,

wi(tpr) = ga(ps)e™ + O(e= M) as ¢ — Foo.
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E= -z

Fig. 2. The incoming A_ and outgoing A, Lagrangian submanifolds

We let o
Ay x Ao ={(py,p-) € Ay x A (g4(py),9-(p-)) # 0},

and define A,/>\</A+ analogously.
Remark 2.1.  The reader may notice that if Ao > Aq, then, by [6,
(6.96)], the vectors g (p) are for any p collinear with (1,0,...,0) € R™. Therefore,

P

Ap xA_ =A \ AL x AL\ A_, where AL = {p € Ay; g+(p) = 0}. We recall
from [8] that in this case dim Ay =n — 1.

Our main result is the following
Theorem 2.2. Assume (A1) and (A2). Then, microlocally near any
(pt,p—) € Ay x A_ we have

=17y

R(E+i0)eZ, ™ (R"xR"A;xA),

and, microlocally near any (p—, p+) € A,/>\</A+,

n o
=12

R(E—i0)€Z, ™ (R"xR"A_xA}),

for B G]EO — Coh, Eg + Coh[ with Cy > 0.

Remark that the symbol of these two A-FIOs can be computed, as well as
that of all the operators below. Concerning the spectral function, using Stone’s
Formula (1.3), we obtain immediately the
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Corollary 2.3. Assume (A1) and (A2). Then the spectral function at
energy E satisfies, microlocally near (p1,p2) € Ap x AL UA_ X Ay,

n
Ej:l Aj

1—
EE € Ih 21 (Rn X Rn7A+ X Afl UA_ x [\4,/)7

for E E]EO — Coh, Ey + Coh[ with Cy > 0.

Now we pass to our result concerning the scattering matrix. We denote
by (see Figure 3)

Notice that A are submanifolds of T*S"~! of dimension n — 1, since the map
(o, 2) = 7+(0,, 2, E) is a C° diffeomorphism. We set also

AR X A= = {(0, —/2Eozy,w, —/2Fpz_) € AP x A
<g+('}/+(0,9,Z+,EO)),Q-('}/_(O,W,Z_,E()))> 7& 0}

Theorem 2.4. Assume (A1) and (A2). Then, microlocally near
(0, —V2Epzy,w, —/2Egz_) in AP x A with w # 0,

n )
1 Xi=1

S(E,h) €I} 1 (S"ExSTTLAR x AX),

for B G]EO — Coh, Eg + Coh[ with Cy > 0.

For potentials V' with compact support, this result can be extended to the
case w = 6. In fact, for such potentials there exists a nice representation of the
scattering matrix which is valid even for w = 0 (see [3, Equation (46)]). Starting
from this representation, one can follow the proof in Section 4.2.

Notice that, near non-trapped trajectories, our proof here gives the follow-
ing improvement of [5, Main Theorem] for what concerns the order. The order is
here optimal as shown by the results of the paper [28]. Of course, one can obtain
analogous results concerning the resolvent or the spectral function (see (4.23)).

Theorem 2.5. Suppose (1.1), (1.2), Ey > 0 and, for some o > 1/2,
N eR and Cy > 0,

(2.1) IR(E + i0) |l (13 mny,2 Ry = onM),
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91_ 24
’Y-‘r(ta 07 ) EO)

Fig. 3. The scattering relation AS° x A% consists of the points
(0, —v2Epzy,w,—+/2Eyz_) related as in this figure.

for E €|Ey — Coh, Eg + Coh[. If (w,2_) € T*S" 1 is such that y_(t,w, 2_, Ey) is
non-trapped, then, microlocally near (0(w,z_,Ey),—v2Eoz4+(w,2—, Ep),w,
—V2Eyz_), provided w # 0(w, z_, Ey) we have

S(E,h) € T)(S" ' x S" 1 SR(EY)'),

for E E]EO — Coh, Ey + Coh[

For the other non-trapped trajectories, one can see from the proof of
Theorem 2.5 that we have the following result.

Theorem 2.6. Assume (1.1), (1.2) and (2.1). Let (w,z_),(0,24) €
T*S" 1 be such that w # 0, v_(t,w, z_, Eg) or v4(t,0, 21, Ey) is non-trapped and
the curves y_(t,w,z_, Eg) and v4(t,0,z4, Ey) do not coincide. Then, microlo-

cally near (0, —/2Eyz4,w, —/2Eyz_),
S(E,h) =0,

for E E]EO — Cyh, Ey + Coh[

From the previous results, the reader may notice that, under assumptions
(A1) and (A2), the scattering matrix can be written, for E €|Ey— Coh, Ey+ Coh|
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with Cy > 0, as

n
1 Ej:l Aj

S(E,h)eZ} M (S xS"TLAY x AX) +I(S" x S SR(E)),

microlocally near any point (0, —v/2Epzy,w, —v/2Egz_) € T*S" 1 x T*S"~! not
in A% x A%\ AT x A, with w # 6.

This paper is organized as follows. We prove Theorem 2.2 in Section 3.1,
and in Section 3.2, we give the microlocal representations of the resolvent and
the spectral function implied by Theorem 2.2. In Section 4.2 we prove Theorem
2.4 using the representation of the scattering amplitude presented in Section
4.1. We sketch the proof of Theorem 2.5 in Section 4.3. We use Theorem 2.4 to
deduce an oscillatory integral representation and an integral representation of the
scattering amplitude in Section 5. Lastly, in Appendix A we review the notions
from semiclassical analysis most relevant to this work.

3. The resolvent as a semiclassical Fourier integral operator.
n_A
_zi=1

1
3.1. Proof of Theorem 2.2. We shall prove that R(E+i0) € T, 2
(R™ x R™, Ay x A_') microlocally near any (p4,p—) € Ay x A_. The proof in

the case of the incoming resolvent R(E — i0) is analogous, and we omit it. We
recall the resolvent estimate from [6, Theorem 2.1]

J

log h 1
(3.1) IR(E +i0)||gz3,02 ) = O (%) , for o > 5

In particular, K g0 € S;,(R*") since the above estimate shows that R(E £i0)
maps S,(R") to S (R") continuously. Let a* € C§°(T*R") be supported near
p+. We consider

I(E) = Op(a™)R(E +i0) Op(a™).

Proposition 3.1. There exist T1 > 0 and x € C§°(]0, +00[) such that
(32) T=e =B/ Op(a7,)T (B)

(% / X(t)eit(PE)/hdt> T (P=E)/h Op(a™) + R,

where || R||g(r2,12) = O(h*), the symbol a;ﬁl € S((z)7°(&)™>°) is given by

Op(a;ﬁl) _ eiTl(P—E)/h Op(a—i-)e—iTl(P—E)/h

)
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_ ?:1 Aj
and J(E) €T, ** (R" xR", Ay x A_') is given by [8, Theorem 2.6] and [8,
Remark 2.7].

It is possible to show a better estimate for the remainder term R. In fact,

we have

{(z, hD)™ R{(z, hD))™||g(12,12) = O(h™),

for any N € R.
Proof. Since (p4,p—) € Ay X A_, one can find 71 > 0 such that p; =

exp(—T1Hp)(p+) belongs to A \ A (p—) and is as close as needed to (0,0). We
have

Op(a™)R(E + i0) Op(a~) =e " T1P=E)/h Op(onTrl)eiTl(PfE)/hR(E +i0) Op(a™)
(3.3) =e TP=Eh Op(at YR(E + i0)e™ (P=E)/h Op(a).

We denote K = R(E + i0)e'T1(P=E)/h Op(a~). First we observe that
(P — BE)K = t(P=E)/h Op(a~) = 0 microlocally near (0,0),

and we want to apply the results of [8] in order to compute K microlocally near
(0,0). Here, and in what follows, we say that an operator A is microlocally 0
near V C T*R"™ (respectively p € T*R"™) when there exists § € S(1) with § =1
in a neighborhood of V' (respectively p) such that

10p(B)Allg(r2,22) = O(h™).

To that end, we need to know K microlocally near S = {(z,§) € A_; |z| = ¢} for
some given € > 0 small enough.

We choose R > 0 such that e'1(P=E)/2 Op(a~) is microlocally 0 outside
of B(0, R). One can easily see that there exist 7' > 0 and a neighborhood U of &
in T*R"™, such that

VpeU, Yt > T, exp(—tH,)(p) ¢ B(0,R) x R".

Now we have

. T
- %/ ¢~itP=E)/h Ty (P=E)/h 3 (0~) gt + ¢~ T(P-E)/h
0

and we claim that the second term of the right hand side vanishes microlocally
in U. Indeed, as in [6, Section 5], one can show that e T(P=E)/hic ig microlocally
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0 in some incoming region I' _(Ry, 0, d), where we use the standard notation

(3.4) T'i(R,d,o)
={(z,6) eER" xR |z| > R, d"' < |¢| <d, £cos(z,§) > to},

for incoming and outgoing regions. Moreover we have

Y

(P— E)e—iT(P—E)/hIC — o~ iT(P=E)/h iT1(P=E)/h Op(a™) =0

microlocally in U;>qexp(—tH,)U, and the claim follows by a usual propagation
of singularities argument.
Thus we have, with the notation of [8, Section 2], microlocally near p1,

R(E 4 i0)e 1 F=E)/h Op(a™)

. T
:j(E) (%/O e—it(P—E)/h dt) eiTl(P—E)/h Op(Ol_)

Finally, we notice that there exists § > 0 such that, for any x € C§°(]0,T) with
x =1 on [0, T — ¢], we have, microlocally near p1,

R(E +i0)e 1 P=E)P Op(a7)
_ j(E) <%/X(t)e—it(P—E)/h dt) eiTl(P—E)/h Op(Ol_).

Indeed, by Egorov’s theorem, e =P —E)/heiTi(P=E)/h Op(a~) is microlocally 0 in
U fort <6 andt >T — 4, provided ¢ is small enough. The proposition then
follows directly from (3.3) with a remainder term R = O(h™) in B(L?, L?). O

Now it remains to show that all operators above compose as h-FIOs. We
shall use several lemmas and we begin with the well-known approximation of the
quantum propagator.

Lemma 3.2. For anyt € R, e #P=E)h 45 o h-FIO of order 0 associated
to the canonical relation

Ay ={(z,&y,m) € T"R" x T*R"™; (x,§) = exp(tHp)(y,n)},

uniformly for t in a compact.

Proof. For t small enough, it is well-known that one can write the kernel
K of the operator e #HFP—E)/h 49
1

K= e h)”/ e*i(“’(t’m’g)*y")”E)/ha(t,x,@;h)dﬁ,
7 n
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modulo an operator O(h*°) in B(L?, L?) uniformly for ¢ in a compact. See e.g.
Proposition IV-30 in Robert’s book [26] or Theorem 10.9 in the book of Evans
and Zworski [11]. Here ¢ is a non-degenerate phase function, which satisfies the
eikonal equation

(3.5) ©; + p(z, ) =0,

and (see Proposition IV-14 i) of [26])

(3.6) (z, ) = exp(tHp)(p, 0).

This gives the lemma for ¢ small enough. For other values of ¢, Robert uses the
following trick. For some k € N large enough, one can write

k
o—it(P—E)/h _ H o—it(P—E)/kh

j=1

It is then easy to see that these operators compose as h-FIOs, and that the result
is associated to A; and of order 0. O

Lemma 3.3. Let a € C(T*R") be such that Hy(z,&) # 0 for all
(z,€) € suppaNpL(Ey). There exists § > 0 such that, for any x € C§°(]0,4[),
the operator L : L*(R™) — L*(R™) defined by

£= 4 [x®e B op(a),

is a h-FIO with compactly supported symbol of order 1/2 associated to the canon-
ical relation Ao (Eo) given by

Aoy (Eo) = {(z,&,y,n) € T'R™ x T*R™; p(y,n) = Eo,
(y,m) € supp(a) + B(0,¢), and 3t € supp x+] — €, ¢,
(ﬁa g) = exp(th)(y, 17) }7

for any € > 0.

Remark 3.4. Note that A, (Ep) is not a closed Lagragian submanifold.
Nevertheless, this is not important here since the support of the symbol of the
h-FIO does not reach the boundary of A, (Ep) for any ¢ > 0. In particular,
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the parameter € plays no role. It would be natural to write that the canonical
relation of this h-FIO is A(Ey) given by

A(Eo) = {(z,&,y,m) € T"R" x T*R™;
p(x,§) = Eo, 3R, (2,8) = exp(tHy)(y,n)}-
However, since the Hamiltonian flow vanishes at (0,0), A(FEy) is not a manifold.

Of course, in the non trapping case, there is not such difficulty and A, (Ep) can
be replaced by A(Ey).

Proof. As in the proof of Lemma 3.2, we have, modulo an operator
O(h*™) in B(L?, L?),
K= o) nhn+1 // o(t,a,0)—y-0+tEq)/h B4,y y, 0: h) dt df,

and we consider (¢, 6) as phase variables. Such a formula can be obtained by usual
WKB construction (see e.g. Théoreme 2 of [7]). Here, e®F1x(t)b(t,z,y,0,h) ~
Zj bj(t,z,y,0)h’ is a classical symbol of order 0 and has compact support in

t,x,y,0 with I, g supp(e®E1yb) C supp(ar). We have to show that the function
@ : R™ x R” x R""! — R given by

@([E, Y, (tv 9)) = @(t; x, 0) Y- 0 + Iij()7
is a non-degenerate phase function. We denote by
Co = {(z,y,t,0) € supp(xb); ®4(t.0,2,y) =0, ®y(t,0,2,y) = 0}
= {(z,y,t,0) € supp(xb); »;+ Eo =0, ¢y =1y},

the critical set of the phase ® intersected with the support of the symbol. We
have to show that at any point (x,y,t,0) of Cg, the matrix

d®y(z,y,t,0) Cor Yoo ¥o. —ld )’
is of maximal rank. The bottom n rows are clearly independent and it is enough
to prove that the first line does not vanish on the compact Cg. Assume that the

first line vanishes at some point of Cp. At this point, (y,0) € supp(«a), ¢;+Ey = 0
and ¢y = y. Differentiating (3.6) with respect to t, we obtain

(0,¢1,) = Hy(exp(tHp)(¢p,0)) + d (g 0y exp(tHp) (¢, 0),



284 Ivana Alexandrova, Jean-Frangois Bony, Thierry Ramond

and then
H,(exp(tHy)(y,0)) = (0,0).
Since (d(y¢) exp(tHp)) (Hp(x,€)) = Hy(exp(tH,)(x,€)), we deduce

(3.7) Hy,(y,0) = (0,0).

Moreover, from ¢} =y, (3.6), the eikonal equation (3.5) and ¢} + Ey = 0 we have
p(y,0) = p(ey, ) = p(x, ) = —¢} = Eo.

But since (y,0) € supp(a) and H,, does not vanish on suppa N p~1(Ep), this

contradicts (3.7). Therefore, ® is a non-degenerate phase function and £ is an
h-FIO with compactly supported symbol associated to

Ap = {(z, P (2,y,1,0),y, =P, (z,y,t,0)); (z,y,t,0) € Ca}
= {(z, ¢, (t,2,0),y,0); ¢} +Eo=0, ¢p=y,
(xvyvt’ 9) € Supp(Xb)} S Aa,X(EO)7
thanks to the equations (3.5) and (3.7). From Definition A.4, we obtain that the
order of this A-FIO is 1/2. O

We are now able to prove the following

Lemma 3.5. Let a € C§°(T*R"™) be such that H,(x,&) # 0 for all (z,§) €
suppa N p~Y(Ey). For any x € C§(]0, +00]), the operator L : L*(R™) — L?(R"™)
defined by

L= [x®e B op(a),

is a h-FIO with compactly supported symbol of order 1/2 associated with the
canonical relation Aq (Eo) given by

Aoy (Eo) = {(x, & y,m) € T"R" x T*R™; p(y,n) = Eo,
(y,m) € supp(a) + B(0,¢), and 3t € supp x+] — ¢, €|,
(l', €> = exp(th)(y, 77)}7

for any e > 0.

Remark 3.4 still applies here and one can, formally, replace A, (Eo) by
A(Ey).
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Proof. For § > 0 small enough so that Lemma 3.3 applies, we can find
X € C§°(]0,0[) so that, for some v > 0,

> Xy —vk)=1.
keN
We have, for some N € N,

1

L= 7 Z/X(t)i(t — vk)e P/ Op(«)
=+ [ (@Rt~ vie B Opa)

. N
- % S emwk(P=B)/h / X(t + vk)X(t)e " P=E/hat Op(a).
k=0

Using that the operator in Lemma 3.3 is a h-FIO with compactly supported
symbol and the Egorov theorem, we can find 3,y € C5°(T*R") such that

N

L= Op(B)e =B/ Op(y) 0 / X(t+ vk)X()e M P=B/h gt Op(a) + R,
k=0

where R = O(h®°) in B(L?, L?). From Lemma 3.3,
Op(ﬂ)e_wk(P_E)/h Op(’y) e I}? (Rn x R™, Ak/)

with compactly supported symbol.

To finish the proof, it is enough to compose this operator with the h-
FIOs described in Lemma 3.2. Since Ay is given by a canonical transformation,
A X Ao y(t+vi)5(t) (Bo) intersects T*R™ x diag(T*R"™ x T*R™) x T*R" transversely
(cleanly with excess 0). Then, using Theorem A.7, they compose as h-FIOs with
compactly supported symbol of order 1/2 with canonical relation

Ak o A x(t4vi)x) (o) = Ao x@®)x(t—vk) (Fo)-

Summing over k, we obtain the lemma. O

Proof of Theorem 2.2. From Proposition 3.1, to calculate Z(E), it
is enough to compose the h-FIOs which appear in (3.2). We will use Theorem
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A.7 for that. As in the end of the proof of Lemma 3.5, we have from Lemma 3.2
and Lemma 3.5,

(3.8) <%/X(t)e—it(P—E)/hdt> T (P—E)/h Op(a™)

1
€ 77 (R" x R, Aocoexp(T1Hzo),x(EO)/)7

with compactly supported symbol.
We recall that, from [8, Remark 2.7],

n .
Gj=17j

(3.9) JE)eZ, ™ (R"xR"A; xA),

with compactly supported symbol. The manifold (A4 X A-) X Aqoexp(ry 1,),x (E0)
intersects T*R™ x diag(T*R"™ x T*R") x T*R" cleanly with excess 1 and

(A+ X A*) ° Aaoexp(Tal),x(EO) - A+ x A

Then, the composition rules for the h-FIOs in (3.8) and (3.9) implies that

(3.10) J(E) <%/X(t)e—it(P—E)/hdt> ¢TI P=E)/h Op (™)

with compactly supported symbol.
Finally, from Lemma 3.2,

(3.11) e~ (P=E)/h Op(aj,) € I (R" x R", Ap,"),

with a compactly supported symbol. Since A, is given by a canonical trans-
formation, the intersection between Ap, x (A; x A_) and T*R" x diag(T*R" x
T*R™) x T*R™ is clean with excess 0. Moreover

A/\T1 ©) (A+ X A_) C A+ x A_.

Then, (3.2) and the composition of the h-FIOs appearing in (3.10) and (3.11)
gives

(3.12) Op(a"R(E +i0)Op(a™) €Z, ™ (R"xR" AL xA_').
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3.2. Microlocal representation of the spectral function. We give
here the representation of the spectral function as an oscillatory integral oper-
ator microlocally near any point (p4,p—) € Ay x A_. The oscillatory integral
representation near points in A_ x Ay is analogous.

Theorem 3.6. Let (py,p—) € Ay X A_. Then there exist m € N, a non-

1— ?:1 )\j +ﬂ+m
degenerate phase function ¥ € C* (R2”+m) and a symbol b € SQn_HTfAl 22
such that, microlocally near (py,p—),

en(x,y; h) =/ M@V Mz, y, 7y h) dr.

Furthermore, if (p+,p—) € Ay x A_ and the projections m : T*R" — R"
are diffeomorphisms when restricted to some neighborhood of p+ in Ay, then there
;’7‘:1 ’\j n
1 2(1) such that, microlocally near (p4,p_),

ep(z,y; h) = e S+EHS-WNhy (g gy,

exists a symbol b € 52;

where .
Se)= [ Jleal + Bo— Viws(t)at
7+ (2)

are the actions over the Hamiltonian half-trajectories v4(z) = (x4,&+) which
start at 7T|7\1 (z) and approach (0,0) as t — Foo.
+

Proof. The first part of the theorem follows from [2, Theorem 1] and
Theorem 2.2. Assume now that m Ay is a diffeomorphism in a neighborhood of
p+. We will now show that

(3.13) Ay = {(2,£0.5:(2)); 2 near w(p+)},

locally near p1. We only prove (3.13) for A since the manifold A_ can be treated
by the same way. Let

(24 (t, 2), €4 (t, 2)) = exp(tH,) (wl—Al+ (2)).
From the definition of the Hamiltonian vector field, we have
O (64, 2)0: (218, 2))) = €4 (1, 2)05(E4(t,2)) — (02 V) (24 (¢, 2))0: (24 (¢, 2))
= 501646, 2)P) — 0.V (1,2)

(3.14) = 0. (Gles (2P + By~ Vias (1,2))).
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Moreover, as t — —oo, we have £ (¢,z) — 0 and
0:(z4(t,2)) = dll, o dexp(tHp) (8:24(0, 2),0.£4(0,2)) — 0,

since (24(0, 2),£4(0,2)) € Ay for all z and 0 is a unstable node of H), restricted
to A4. Using 24 (0, 2) = 2z, we obtain

0
azsi(z):/ 62<é|§+(t,z)\2+EO—V(x+(t,z))>ds

—0o0

=&+ (0, Z)(?Z (l’+(0, Z)) = f—i—(ov Z)

Since A+ = {(#,€4(0,2)); z near m(py)} locally near py, we get (3.13). Then
the second part of the theorem follows again from [2, Theorem 1] and Theorem
22, 0O

Remark 3.7. From [8, Section 2.2] we have that there exists a neigh-
borhood © C T*R"™ of (0,0) such that the projection 7 : T*R"™ — R" restricted
to Q N Ay is a diffeomorphism.

4. The scattering matrix.

4.1. Representation of the scattering matrix. Here we review the
representation of the short range scattering matrix which we shall use in the proof
of Theorem 2.4. The construction is close to the one used by Robert and Tamura
[28] and constitutes a semiclassical adaptation of the representation of the short
range amplitude originally established by Isozaki and Kitada [18]. Their starting
point is a set of WKB parametrices for the wave operators given in (1.4).

For Rp > 0,1 <dy<d3<do<di <dy,and 0 < o4 <o03<09 <0<
0o < 1 Robert and Tamura construct phase functions ®4 and symbols (aij);io
and (bs;)72, such that:

i) ®1 € C°(T*R") solve the eikonal equation
1 1
(4.1) §‘vx¢):|:(m7§)‘2 +V(z) = 552

for (z,€) € I'+(Ry, do, £0o0) respectively (see (3.4) for the definition of these
sets).

it) Let A,,(Q) be the class of symbols a such that (z,€) — a(z,&; h) belongs
to C*°(Q) and, for any (a, ) € N® x N" and L > 0,

0200 a(z, & h)| < o)™ 1o (),
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for all (z,€&) € Q. We have, from Proposition 2.4 of [17],
(4.2) Py (2,8) —(2,8) € A1, (I'1(Ro, do, +00)) -
iti) For all (z,&) € T*R"

Rk
affj a&k

(m,f) - 5jk < €<R0)7

where 9§, is the Kronecker delta and e(Rg) — 0 as Ry — oc.

w) (a+;); and (b+;), are determined inductively as solutions to certain trans-
port equations and satisfy

QA+ c A_j(Fi(3R0,d1,:|:Ul)), Supp a+; C Fi(3R0,d1,:|:Ul),
bij c A_j(Fi(5R0,d3,:|:U4)), supp bij C Fi(5R0,d3,:|:U4).

Using the Borel process, we can find two symbols ay € Ag(I'+(3Rg,dy,+01)) and
by € A()(F:t(5R(), ds, :|:U4)) such that a4 ~ Z;’io hjaij and by ~ Z]Oio hjbij.

For a symbol ¢ and a phase function ¢, we denote by Ij,(c, @) the oscilla-
tory integral

1
(2mh)™

(e, ) = / (@O~ ey ¢ 1) de

and let
K:ta(h> = P(h)]h(ai, q):i:) - Ih(ai, ‘I):t)P()(h)

Kip(h) = P(h)Iy(by, ®y) — Iy(bs, ) Py(h).

The scattering matrix, or more precisely the operator 7 (E,h) is then given for
2
E e ]d%, %4[ by (see [18, Theorem 3.3])
4
(4.3) T(E,h) =T (E,h)+T_1(E,h) — To(E,h),

where

Ti1(E,h) = Fo(E, h)In(ax, d2) Kap(h)Fy ' (E, h)
and, with Fy(E, h) given in (1.5),

(44)  To(E,h) = Fo(E,h)K* (W)R(E +i0, h) (K (h) + K_y(h)) Fj (E, h).



290 Ivana Alexandrova, Jean-Frangois Bony, Thierry Ramond

4.2. Proof of Theorem 2.4. Since S(E,h) is a unitary operator on
L?(S™1), we have, by [5, Lemma 1], that its kernel Ksen) € Sy (S" 1 x §"1)
and therefore K7 (g ) € S;(S™1 x sy,

Since we are working away from the diagonal in S?~! x §"~! we can use
integration by parts, as in [28] and [20], to obtain

K1y, (B,1) = Oceo(sn—1xsn-1\diag(sn—1 xsn-1)) (A7)

Therefore

(4.5) WE] (Kryy (2.0 ) = 0.

lsn—1 x8n—1\diag(sn—1xsn—1)

We now observe that the proof of [28, Lemma 2.1] depends only on the
estimate (3.1) and the support properties of the symbols a+ and by, and by
the same method of proof, we obtain the following strengthened version of [28,
Lemma 2.1].

Lemma 4.1. Suppose (A1) and (A2). For vy > 1,
i) K5 (MR(E +i0) Ky (W)lpz2 12) = O(h>)
i) ||KLo(R)R(E +10) (1 = xp) Ko (D)l g2 12y = O(h™)
i) (1= Xa) Kya(h))" RUE + 06 K_o(W)sz2_12) = O(h) .

From (4.5), Lemma 4.1, and [5, Equation (10)] we then conclude, as in
[28, Corollary, page 168], that

(4.6) WE (x(Ksn — a1 G)) =0,

for every y € C§°(S"! x S~ 1\ diag(S"~! x S*71)), where
(4.7)
G(0,w; E,h) = (R(E +i0)e™®-WV2F0)/hg(y i h), e+ V2RO G (22 6; 1)),

g1 (@, 03 h) = e~ P+ @V2EO Ry p(B)ay (z, v2E; )l (= V2EO
g- (. wih) = e =V Py(R)]b_ (y, V2Ew; h) - 0V2E/N,

and
¢ = c1(n, B, h) = —2ix(2E)2 ' (2rh) ™.

Here xq(x) and x3(y) are C§°(R™) functions with value 1 in a large disc. In
particular, the symbols gy (z,0;h), g_(y,w;h) € S71(1) have compact support
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(uniformly with respect to h). Notice that we have used the fact that £ — Eg =
Eih.
From (4.7), one can see that G(0,w; E, h) is the kernel of the operator

(4.8) G =M R(E+i0)M_,

where My : L2(S"1) — L?(R") are given by
K, (x,0;h) = e+ @V, (0 h),
K (@,wih) = e 0V g (4 ).

The operator M can be view as an h-FIO

(4.9) My e, T (R xS0,
with compactly supported symbol (and no phase variable). The canonical relation
Cy is given by
(4.10) Cy = {(z,£,0,\/2Ez1); &= 0,94 (z,/2E0b),
V2Eyzy = —0p®(z,\/2Eo0), (z,0) € supp(9+) + B(0,¢)},

for any ¢ > 0 (see Remark 3.4). Notice that Jy denotes the derivative on S?~1.
Now we calculate more precisely C.

Lemma 4.2. We have
C+ = {($7§797_ \% 2EOZ+) 3t e R, (.’IJ,{) = 7+(taz+797E0)7
(l’, 9) S Supp(g+) + B<07€)}7

where v4(t, z, o, E) is defined in (1.13).
Proof. We set

U (z,0) (z,\/2E0).
Let x be such that (z,/2Eq0) € F+(3R0, dy,01). We denote
(4.11) (y(t,z,0),n(t,x,0)) = exp(tHp)(x, 0,V (x,0)).
Remark that (y(t,z,0), /2Eq0) stays in I'+(Rg, dg, 0¢) for all t > 0 and then the

following limits exist

hm n(t,z,0) = Ns € \/2ES" 1

(4.12)
hIIl y(t, €, 9) Moo = Yoo-
t—-+o0
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By (4.1) we have

1 9 1
(4.13) §|8m\lli(x,0)| +V(x) = EEO'
Differentiating with respect to x we obtain

(072 04) (2, 0)(0:01) (x,0) + (0:V)(2) =

Therefore, the Hamiltonian flow H,, is tangent to {(z, 0,V (z,0)); x € R"} and
then

(4.14) n(t,z,0) = (0:V4)(y(t, =,0),0),
for all t > 0. In particular, from (4.2),
Moo = lim n(t,2,0) = lim V2Eo0 + O(|y(t,z,0)| ")
(4.15) =\/2E0.
On the other hand, differentiating (4.1) with respect to 0, we get
(4.16) (07 004 )(2,0)(0 04 )(2,0) = 0.
Using (4.14) and (4.16), we obtain

at(89\lj+)(y(t’x’9) ) ( )(y(tvx’e)ve)aty(tvxve)
( Q\I’Jr)(y(tvx’e)ve)n(t’xae)
( Q\I’Jr)(y(tvx’e)v9)(8m\y+)(y(t7x"9)79)

Now (4.2) and (4.12) yield
(Op¥1)(x,0) = ,im L (9pV ) (y(t,2,0),0)
— til? V2Eo1y(t,z,0) + O(|y(t, 2, 0)|'~*)
(4.17) SNCT AR

where IIy1 is the orthogonal projection on the hyperplane orthogonal to 6:

Mz =x— (z,0).
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Finally, let (z,£,0,—+/2Epz4) € C4+. The asymptotic momentum and
position (4.12) of the Hamiltonian curve (4.11) were calculated in (4.15) and
(4.17). Then, there exist ¢t € R such that

(2, Vo @i (z,\/2Ep0)) = v+ (t,0, 11 yso, Eop),

and, from (4.10), we conclude
(x,8) = v4(t,0, 24+, Ep). O

The same way,

2n+3

(4.18) M_eI, * (R"xS*" 1 C),

with compactly supported symbol (and no phase variable). The canonical relation
C_ is given by

_ = {(y,njw,—\/QEoz,); JteR, (y,n) =~v-(t 2-,w, Ey),
(y,w) € supp(g-) + B(0,¢)}.
Let now (0%, 29,u%,2%) € AOO x A% be as in Theorem 2.4. The reader

may notice that we use here shorter notation. Let Sy € C§°(T*S"1) with 84

(resp. _) be supported in a small neighborhood of (0%,29) (resp. (w°,22)) and

equal to 1 near (6°,20) (resp. (w° 2%)). From (4.6) and (4.8), we have
Op(84)S(E,h) Op(B-) = 1 Op(B4 )M R(E +i0)M_ Op(3-) + R,
where R = O(h®°) in B(L?, L?). Let now ag € C$°(T*R™) supported near
Ny = Cy o supp(fs) () (I supp g+ x R"),

and equal to 1 near this set. Then, the composition rules for h-FIOs implies

(4.19)  Op(B84+)S(E,h)Op(B-)
= ¢1 Op(B4 )M’ Op(at )R(E +i0) Op(a—)M_ Op(5-) + R,

where R = O(h*°) in B(L?, L?).
Note that N is arbitrary close to

= {fy+(t,90,zg_,Eo); t e R} ﬂ (Hm supp g+ X ]R”),
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and N_ is arbitrary close to

NY = {v_(t,u% 2" Ep); t € R}ﬂ (IL, supp g— x R™).

Every (p4,p—) € N? x N is in Am_ because (6°,29,w%,20) € AOE;T\EO.
Up to a finite summation in (p4, p_) since I, supp g+ is compact, we can assume
that a4 is localized in a small neighborhood of such a point p4+. To prove the
theorem, we will compose the h-FIOs appearing in the formula (4.19).

The manifold (A4 x A_) x C_ intersects T*R"™ x diag(T*R"™ x T*R") x
T*S" 1 cleanly with excess 1 and

(A+ X A_)OC_ C A+ X Aio

Then the composition rules between the h-FIOs

n .
Xio1Ry

1
Op(at)R(E+i0)Op(a_) €Z, " (R*xR", AL xA_'),

with compactly supported symbol (see Theorem 2.2), and

2n+3

M_Op(B-) ez, * (R*xS" ' C),
with compactly supported symbol (see (4.18)), gives
(4.20)  Op(a+)R(E +i0) Op(a—)M_ Op(3-)

n
3-on  2j=12j

c Ih 1 221 (Rn « Sn717A+ % AZOI),

with compactly supported symbol.
But now, taking the adjoint of (4.9), we obtain

n+3

_2n43
(4.21) Op(B )M} €T, T (8" x R, C5Y),
with compactly supported symbol. Here
Cit={(0,2,2,8); (2,6,60,2) € C1 }.

The manifold C7' x (A4 x A%®) intersects T*S"~! x diag(T*R" x T*R") x T*S"~!
cleanly with excess 1 and

Cilo(Ap x A®) C AT x A™.
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Then (4.19) and the composition rules between the h-FIOs given in (4.20) and
(4.21) imply that

n )
1 Zj=17y

(4.22) Op(B+)S(E,h) Op(B-) € I, ™™ ("1 x S" 1AL x A>),

and this statement is Theorem 2.4.

4.3. Proof of Theorem 2.5. We explain briefly how to obtain from the
preceding arguments the structure of the scattering matrix given in Theorem 2.5.
It is clear that (4.19) holds also in the present case, and we have first to analyze
the structure of the resolvent R(E + i0), or more precisely that of

Op(a )R(E + i0) Op(a),

where oy € C§°(T*R™) are now microlocally supported respectively near p_ €
p 1(Ey) and py = exp(TH,)(p—) for some given 7.
As in Proposition 3.1, one can see that

Op(a)R(E +i0) Op(a—) = Op(ay) /X(t)e_“(P_E)/hdt Op(a-) + R,

with || R| g2, 12y = O(h™), for some x € C§°(]0,27T). From Lemma 3.3 (see also
Remark 4.3), we then know that

(4.23) Op(at)R(E +1i0) Op(a_) € T,/*(R* x R™, A(Ey)),

where

A(EO) = {(337571/777) € T*R"™ x T*Rn7 p<x7§) = E07
It eR, (,8) =exp(tHy)(y,n)}-

The scattering matrix is given by (4.19). Proceeding as in the previous section
and using the fact that

C7' o A(Ep) o O- C SR(Ep),
we obtain the theorem.

5. Microlocal representation of the scattering amplitude.
Here we discuss the representation of the scattering amplitude as an oscillatory
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integral implied by Theorem 2.4. We also show that this leads to an integral
kernel representation of the scattering amplitude.
For o € S"~! we define the Lagrangian submanifolds AX c T*R™ by

AZ = {pe TR Jim £(t,p) = V2Eoat,

and the (modified) actions Sy over the trajectories v+ = (z4,&+) C At as

(5.1) Sy — / € (O] = 2By Lursodt.

We now have the following

Lemma 5.1. Let wy,fy € S* ' be such that A, intersects A_ trans-
versely in p~1(Ey) and A9+0 intersects Ay transversely in p~*(Ep). Then

i) there exist open sets OF C SP~1 with wy € O~ and 0y € OF such that for
every w € O~ and every 0 € Ot the intersections of A_ with A, and of
Ay with A} are transverse in p~*(Ey).

it) there exist numbers N1 € N such that for every w € O~ there are exactly
N_ trajectories ¥ (w) in A_ with initial direction w and for every § € O
there are exactly N4 trajectories 7‘;(9) in Ay with final direction 6.

iii) fork € {l,...,N_} and £ € {1,...,N.}, let 2 (w) and 25 (0) be the impact
parameters of the curves ¥ (w) and ¥4 (0) defined in (1.12). Then w
2k (w) and 0 — 25.(0) are C* functions in O*.

Anticipating Lemma 5.2, we can now define the open sets
A_gr = {(w,—V2E2" (w)) e T*S" !, w e O™} C A%,
Age = {(0, —V/2Ez4 (0)) € T*S™'; 6 € O} C AT,

Of course, the restrictions to A_gr and to Asi of the projection 7 : T*S"~! —

S*—1 are diffeomorphisms.
Proof. Let pg € Ay N Agro. Then, there exists a C'* function f :
p 1 (Eo) — R"! defined locally near py such that, for p near py,

pENy = f(p) =0,
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and the differential of f is of maximal rank. The same way, since A;r depend
smoothly on 6, there exists a C* functions g : p~!(Ep) x S*~! — R"~! such that

p €N < g(p,0) = 0.

and the differential, with respect to p, of g is of maximal rank.
Now we define

F: {p_l(EO) x §"1 — R22
(p.0) (f(p),9(p.0))

and we note that
p €A NAS < F(p,0) =0.

Since the intersection Ay N A;O is transverse, the differential of F', with respect
to p, is of maximal rank for 6 = 6. By continuity, this property remains true for
0 near 0y and i) follows.

In particular, up to a reordering of the coordinates, we can assume that
dy F(p,0) is invertible for (p, ) in a neighborhood of (po, 6y). Here p’ denotes the
2n — 2 variables (p2,...,pan—1). Then, by the implicit function theorem, there
exist a C™ function G : R x S*"~! — R?"~2 such that

pENLNAS < p' =G(p1,9).

Thus, for 6 fixed, Ay N Agr is locally a one dimensional manifold. Since Ay N
A/ is necessarily stable by the Hamiltonian flow, Ay N Ag is locally a unique
Hamiltonian curve and

pEANLNAS < TteR, p=-exp(tHy)(po1,G(poa.0)),

locally near pg (here, pp 1 can be replaced by any real number close to this value).
Then 4i) follows from a compactness argument on A N {|z| = &}.

Let now zﬁ (0) be the impact parameter of the trajectory t — exp(tH,)
(p1,0,G(p1,0,0)) defined in (1.12). From (1.10) and the fact that G is smooth,

26 (0) is a C* function in O if O is a small enough neighborhood of . O

For m € {1,...,Ny}orm € {1,...,N_} and § € O" or w € O~ we
shall use the superscript m to denote objects related to the unique trajectory v
with final direction @ or initial direction w. In particular, we let S7*(9), 6 € O™,
denote the (modified) action, given by (5.1), over the m-th trajectory with final
direction 6. With S™(w) for w € O~ defined mutatis mutandis, we now have the
following lemma which is analogous to [5, Lemma 5] and Equation (3.13).
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Lemma 5.2. Form € {1,..., N1}, we have Argp = {(a, £0,57(v));
o€ Oi}.

Proof. We will only calculate Age. The case of the manifold A_gr can
be treated the same way. Here, we will use the notation B

{ x4 (t,0) = 2, (t,0,25 ()
f.:,_(t, 9) = f—i-(tv 0, Zﬁ-(a»

We recall from [6, Equation (7.11)] that
+00 5
U (4 (1,60),0) =2Eotlis0 — / €4 (5, 0)% — 2Eo1,m0 ds
t

(5.2) —— 5L+ [ el 0)Pds

—00

From Lemma 4.2 and Lemma 5.1,

(5.3) Age = {(6,(0% ) (w4 (,0),0)); 6.€ 0},

for any ¢ € R. Combining (4.14) and (5.2), we obtain

(000 ) ((£,0),6) = Dy (V1 (4. (1,0).0)) — (D) (a1 (1.60),6)0 (4 (1,0))

(5.4) = — 0p55(0) + /_ 0o (161 (s, 0)[*)ds — &4(,0)Dp (24 (1, 6))-

Since the energy is constant on the Hamiltonian curves, we have, as in

(3.14),
O (64 (t,0)p(+(1,0))) = &4 (1,0)Dp(E4.(,0)) = (0:V) (w1 (¢,6))Fp (w4 (1,0))
= Lou(e . 00) (V- 1.0)
= Lon(ew.0)?) - a0 (B~ Ll t.0)?)
(5.5) = 99 (€ (t,0)]?).
Moreover, as t — —oo, we have £ (¢,0) — 0 and

dg(z4(t,0)) = dIl, o dexp(tHp)(0pz+(0,6),09¢1(0,0)) — 0,
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since (24(0,0),£4(0,0)) € Ay for all § and 0 is a unstable node of H), restricted
to A4. Then, (5.5) yields

t
- (00)20(w-(0.0) = [ (€45, 0)P)ds.
Using this equality, the lemma follows from (5.3) and (5.4). O

We now have the following

Theorem 5.3. Let E = Ey+ hEy, with Ey €] — Cy, Cy| for some Cy > 0,
and w®,0° € S~ satisfy w° # 0°. Then

i) for every (00,—\/2E023_,w0,—\/2E020_) € AS° x A there erist m € N, a

1 Zi=1N  m
symbol a € 82n+m2g > (1), and a non-degenerate phase function ¢ €

C°(R*™™m=2) such that, microlocally near (6°, —/2E2%,w°, —/2E22),

A(E, h)(0,w) = / e 0w ha (0, w, 7, B, h) dr.

i) Assume that A intersects A_ transversely and Aj intersects Ay trans-

versely. For every (69, — 2E0z+, 0 —V2Ey2°) ¢ A?E;j\io, there exists
1 Zi= A
a symbol a € Sy, 5 ' (1) such that, microlocally near (6°, —/2Epz},w°,

2E029),
A(E, h)(8,w) = S+ O+5-D/ha(6, 0 B, 1),

where S1(0) and S_(w) are the actions defined before Lemma 5.2 associ-
ated to the paths in AL N Ag and A_ N A, close to fy+(t,90,z9F,E0) and
’Y—(taw()?Zg?EO)'

iii) Assume O~ NOT =0 and (g+(p+),9—(p-)) # 0 for all (p4+,p-) € Ay X A_
such that £1imy_ 1o & (t, p+) € V2EOT. Let N4 be the number of (w,0)-
tragectories. For j € {1,..., Ny}, k€ {1,...,N_} and ¢ € {1,..., Ny},
there exist m;, my o € N, non-degenerate phase functions

p; €C® (S xS xR™)  and g€ C™(S"H x ST x R™kl)
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and symbols

J 1 i )‘j+mk,2
221

a; € Sg_ﬂmj(l) and ayp € S;R_Q_ka’g 2 (1),

m

such that, in C*°(O% x O7),

Noo
A(E,h)(0,w) = Z/ ei""j(e’w’T)/haj(G,w,T;E, h)dr
o /R

N_ Ny

+ Z Z /Rmk ) €i¢k,é(9,w,7)/hak7g(0, w, 7 E,h)dr + O(h™).
k=1 /(=1 ’

Proof. i) The first part is a direct consequence of Theorem 2.4 and [2,
Theorem 1].

i1) The second part follows from Theorem 2.4, Lemma 5.2, and [2, Theo-
rem 1].

ii1) To establish the last part of the theorem, it suffices to prove that
WE} (xA(E,h)) = 0 for every x € C§(S"! x S"~1\ diag(S"~! x S*71)). Recall
the representation (4.3) of the scattering amplitude. From [28, page 166], we
have, in the sense of oscillatory integrals,

Kr., — / e Owa) /by (2 /2 Bw; hyar(z, V2E0; h) da,

with kg = e /M — A 4V — 1e2)ei®4/hp, ¢ A and Yi(f,w,z) =
& (2,vV2Ew) — &, (x,v/2Ef). Since OT N O~ = (), there exists C' > 0 such
that |0,¢+| > C for (6,w) € O x O~. Then, integrating by parts with respect
to x, we see that the distribution K, is a C* function on O" x O~. Moreover
this function and all its derivatives are bounded by O(h*°). Therefore,

(5.6) W (Kry,y ) =0.

From (4.7), it is clear that (§,w) — G(0,w) is C*° with respect to (6,w).
In some coordinate chart and for any f (), f-(w) in C§°(R™ 1) supported in
this chart, we have

|(Fu(ff-G)) (& )]



Resolvent and Scattering Matrix at the Maximum of the Potential 301

for £&,7 € R"~. For |¢| large enough, we have

106(£0 + @ (2, \/2Eo0))|

on the support of g. The same way, for |n| large enough, we have
|0, (nw — @ (y, v/2Eow))| 2 (n),

on the support of g_. Then, performing integration by parts with respect to 6 or
w, we obtain |(F, (f4/-G))(& ) = O(h™(¢,n)=) for (£,7) large enough, and
therefore

(5.7) WEFi(G) =9.

To treat, now, the terms in (4.4) containing the operators whose norms
are estimated in Lemma 4.1, we use the following result, the proof of which we
present later.

Lemma 5.4. Let T € B(L% (R™), L2(R™)) satisfy HT”B(LQ_W’L’%) = O(h™)
for ally > 1 and let E > 0. Then

WEF; (KFO(E,h)TFg(E,h)) =0.

From (4.3), (5.6), (4.4), (5.7), Lemma 4.1, and Lemma 5.4 we now con-
clude that

(5.8) WE(xA(E,h)) = 0.

For j € {1,..., Ny} we now let SR;(Ey) denote the scattering relation
near the j-th (w,#)-trajectory, defined in (1.17) and indicated in Figure 1. From
Theorem 2.5,

S(E,h) € I (S" ' x S" 1, SR (Ey)')

microlocally near the limit points of the j-th (w,)-trajectory. Moreover
S(E,h) = 0 microlocally near the other points given in Theorem 2.6. From
(5.8), it is enough to know the scattering amplitude microlocally in a compact
set. Then, the conclusion of the theorem follows from these observations, (1.7),
Theorem 2.4 and [2, Theorem 1]. O
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Proof of Lemma 5.4. In some coordinate chart and for any f(0),
f-(w) in C§°(R™"!) supported in this chart, we have

K(&n) = (FuKy, ropyrrsems)(Emn)
= ¢ /// z(Gf-‘r\/ﬁm@)/hf ( ) (ei(\/ﬁyw—wn)/hfi(w)) dz df dw,

with ¢ = (27rh)*”(2E)T. In particular, for o, 8 € N*~1,

K (E,n) = ¢ / / / e~ E/(—ihy) (e~ VEED/h f(9))

T (™" (—ihd,)? (e™V2Pw/h f_(w))) da df dw,
We remark that
¢TI0/ (—ihy) (7 V2P0 1 (9)) € L2 jo-1-1a)(RE),
T (—ihd,, )0 (VAW F_(w)) € L2, ) 5 (RD),
uniformly with respect to h, &, 1, 6, w. Combining ||T||zs’(L2 2 -

Znso-1-i80 2014 a)
O(h™) with these estimates and the compactness of S"~1, we get

K () = O(h),
uniformly in &, n and the lemma follows. O

Remark 5.5. It is clear that all estimates in the above proof can be
made uniform in the energy if that is allowed to vary in a bounded set.

Appendix A. Elements of semiclassical analysis.

A.1. Semiclassical distributions. Here we recall some of the elements
of semiclassical analysis which we use throughout the paper. A family (un)ne)o,h0]
of distributions in D’(R™) is called a semiclassical distribution when

vx € C°(R"), 3N eN, F(xu)€) Sh (oY,

where F}, is the h-Fourier transform

Fia©) = [ eyt da.

The space of semiclassical distributions is denoted by D} (R™). We define the
semiclassical wavefront set of u = (uj) € D}, (R") as follows.

Definition A.1. Let u € D) (R") and let (z9,&) € T*R*" L T*S" 1. We
shall say that (z¢,&o) does not belong to the semiclassical wavefront set of u if:
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o If (x0,&0) € T*R™: there exist x € C§° (R™) with x (x09) # 0 and an open
neighborhood U of &y, such that VN € N, V€ € U,

[Fh (xu) (€) | < Onuh™.

We shall denote the complement of the set of all such points by WF,{(u)

o If (x0,&) € T*S"L: there exist x € C§° (R™) with x (x0) # 0 and a conic
neighborhood U of &, such that VN € N, V¢ € U n {[¢] > %} for some
K >0,

[Fn (xu) ()| < Cnoh™ (7.

We shall denote the complement of the set of all such points by WF,Zl(u)

We shall further use W F}, (u) = WF}{(U) UWE}(u) to denote the semiclassical
wavefront set of u.

A family u = (up,) of temperate distributions in S’(R"™) is called a semi-
classical temperate distribution when, for some N € R,

(2, hD)) "N u = O(h™™),
in L2(R"). The space of semiclassical temperate distributions is denoted by
S; (R™).

A.2. Pseudodifferential operators. We now define briefly the semi-
classical pseudodifferential operators (see the book of Dimassi and Sjdstrand [9]).
A positive function m : RP —]0, +oo[ is called an order function if there exists
C > 0 such that

m(X) < C(X —Y)m(Y),

for all X,Y € RP. We denote by S%(m) = SE(m) the set of (families of) functions
a(X;h) € C*°(RP) such that, for all @ € NP,

8% a(X:h) = O(h~m(X)).

If a(z,&; h) is a symbol of class S4.(m), we define the h-pseudodifferential oper-
ator, in Weyl quantization, Op(a) with symbol a by

(A1) Vue SR,
(Op(a)u) (@) = s [[ X Yty dy .
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extending the definition to &’ (R™) by duality. We also denote by ¥%(m) the
space of operators Op(S4,(m)).

We extend these notions to compact manifolds through the following defi-
nition of semiclassical pseudodifferential operators on compact manifolds. Let M
be a smooth compact manifold and x; : M; — X;, j=1,..., N, be a set of local
charts. A linear continuous operator A : C*°(M) — D; (M) belongs to ¥I(1, M)
if for all j € {1,...,N} and v € C§°(M;) we have Au o /<;j_1 =Aj(uo /ij_l) with
Aj; € ¥9(1), and x1Axz2 : D, (M) — h*C>(M) if supp x1 Nsupp x2 = 0 (see [11,
Section E.2] for more details).

A.3. Microlocal Properties. We can now define what we mean by
“microlocally”. We will only work on R". Using the previous paragraph, this
definition can be extended to the case of compact manifolds.

Let u,v € S;,(R™). We say that u = v microlocally near a set U C T*R",
if there exists a € (1), @ = 1 in a neighborhood of U, such that

Op(a)(u —v) = O(h™),

in L2(R™). We also say that u € S; (R") satisfies a property P microlocally near
a set U C T*R™ if there exist v € S} (R™) such that v = v microlocally near U
and v satisfies property P.

Definition A.2. Let A,B : L*(R") — L?*(R™) be linear operators
bounded by O(h~N), N >0 and (p,p) € T*R™ x T*R™. We say that

A = B microlocally near (p, p),

if there exists a € C§°(T*R™) (resp. 5 € CG°(T*R™)) equal to 1 near p (resp. p)
such that
Op(a)(B — A) Op(B) = O(h*),

in B(L3(R"), L2(R™)).

A.4. Semiclassical Fourier integral operators. We now define global
semiclassical Fourier integral operators. For the general theory of the FIOs in
the classical setting, we refer to Hérmander [16, Section 25.2]. The theory of the
semiclassical FIOs can be found in the books of Ivrii [19, Section 1.2], Robert
[26], in the PhD thesis of Dozias [10] or in the article of the first author [2]. We
will develop this theory in R™. Using local charts, the following definitions and
theorem can easily be extended to the case of compact manifolds.
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Let p(z,y,0) € C®() where Q is an open set of R™*7+4 We say that
¢ is a non-degenerate phase function if, for all (z,y,0) € C, with

04/7 - {<$7y76) € Q7 89()0 = 0}7

the d differentials ddp, ¢, ... ,d0p,p are linearly independant.
If ¢ is a non-degenerate phase function, Cy, is a (m + n)-dimensional
manifold and
Jo:| Cop —— T*R™ xT*R"
(xayue) ($78x§0>yyay§0)

is locally a diffeomorphism whose image is a Lagrangian manifold for the sym-
plectic form dé A dz + dn A dy ((z,€) and (y,n) are the standard coordinates on
T*R™ and T*R™). We set A, = j,(Cyp).

Definition A.3. A submanifold A C T*R™ xT*R" is a canonical relation
from T*R™ to T*R™ if A is a Lagrangian manifold for the symplectic form d§ A
dr —dn A dy.

A canonical relation A is given by a canonical transformation if there
exists a symplectic diffeomorphism rk : T*R™ — T*R™ such that A = graph(k).

As usual, if A C T*R™ x T*R", we set

A/ = {<$7§7y7 _77)7 (xvguyvn) € A}7

which is also a subset of T*R" x T*R". In particular, for a non-degenerate phase
function ¢, the manifold AZD is a canonical relation (if ¢ is restricted to a small
set).

Definition A.4. Letr € R, A be a canonical relation from T*R™ to T*R™
and A : L(R") — L?(R™) be a linear operator bounded by O(h~N), N > 0. Then
A is called a h-Fourier integral operator (h-FIOs) of order r associated to A and
we denote by

A€ TI(R™ x R, \),
if, for all (p,p) € T*R™ x T*R™, A is equal to

(A.2) h’"4§/ eig"(‘”’y’g)/ha(:u,y,ﬁ; h)de.
HeR

microlocally near (p,p). Here, the symbol a € S°(1) has compact support in the
variables z,y,0 (uniformly with respect to h). The function ¢ is a non-degenerate
phase function defined near the support of a with A, C A.



306 Ivana Alexandrova, Jean-Frangois Bony, Thierry Ramond

A h-FIO A will be called a h-Fourier integral operator with compactly
supported symbol if, modulo an operator O(h®®) in B(L*(R™),L*(R™)), A is a
finite sum of operators of the form (A.2).

Lastly, we give the composition law for h-Fourier integral operators (see
e.g. [10] for the proof). The following theorem is a semiclassical version of
Theorem 25.2.3 of Hérmander [16]. Since all the h-FIOs which appear in the
present paper (except the one in Lemma 3.2) have compactly supported symbol,
we give the composition law only in that case.

Let Ay € Z;'(R™ x R, Ay’) and Ay € Z;2(R" x RP, Ay’) be two h-FIOs
with compactly supported symbols, associated with Ay C T*R™ x T*R" and
Aoy C T*R™ x T*RP respectively. We set

X =T'R™ x T*R" x T*R"™ x T*RP
Y = A1 X A2 cX
Z = T*R™ x diag(T*R" x T*R") x T*RP C X.

Definition A.6. We say that Y and Z intersect cleanly if Y N Z is a
manifold and T,(Y N Z) = T,Y NT,Z at each p € Y N Z. The excess of the
intersection s

e=dimX 4+dimYNZ—-dimY —dim Z.

Let
(A.3) T:YNZ— TR™ x T*R?,
be the natural projection. The image of 7 is

AgoAy = {(p3, p1) € T*R™XT*RP; Ipy € T*R", (ps3, p2) € A2 and (p2,p1) € A1}

Definition A.7. We say that Y and Z intersect connectedly if, for all
v € T*R™ x T*RP, the set 7~ 1(7y) is connected.

When Y and Z intersect cleanly and connectedly, the set As o Ay is a
Lagrangian submanifold of T*R™ x T*RP. In general, the intersection Y N Z is
also assumed to be proper. This means that 7, defined in (A.3), is proper. But
since Ay and As have compactly supported symbol, we don’t have to make such
a hypothesis.



Resolvent and Scattering Matrix at the Maximum of the Potential 307

Theorem A.7. Let A; € 7, (R" xR™, Ay') and Ay € Z;*(R™" xRP, Ay') be

two h-FIOs with compactly supported symbols. If Y and Z intersect connectedly
and cleanly with excess e, then

Ayo A, € I;1+T2+€/2(Rm x RP, Ay 0 All)7

is a h-FIO with compactly supported symbol.

As stated in [16, Page 18], the hypothesis “Y and Z intersect connectedly”

is made to avoid self-intersections of As o Ay. In particular, this assumption can
be replaced by “As o Aj is a manifold”. Note that all the compositions in this
paper satisfy this last statement.
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