SEMICLASSICAL ESTIMATES OF THE CUT-OFF RESOLVENT FOR
TRAPPING PERTURBATIONS
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ABSTRACT. This paper is devoted to the study of the cut-off resolvent of a semiclassical
“black box” operator P. We estimate the norm of ¢(P — z)~'¢, for any ¢ € C§°(R™), by
the norm of lc, ,(P — z) 'L¢, , where Cap = {z € R"; a < |z| < b} and a > 1. For z
in the unphysical sheet with th| Inh| < Imz < 0, we prove that this estimate holds with
‘II}:}Z‘ eClm=l/h We also study the resonant states u of the operator P and we
obtain bounds for [|pul| by [Lc, ,u|l. These results hold without any assumption on the

trapped set nor any assumption on the multiplicity of the resonances.

a constant

1. INTRODUCTION

In this paper, we prove estimates on the meromorphic extension across the real axis of the
cut-off resolvent of P, a semiclassical operator of “black box” type. This abstract framework,
introduced by Sjostrand and Zworski [25] and described below, allows one to develop the
theory of resonances for many kinds of perturbations (potentials, obstacles, metrics, ...).
In particular, the results stated below hold for arbitrary dimension n > 1 and without any
restriction on the geometry of the trapped set.

More precisely, we will estimate the norm of the cut-off resolvent (P — 2)~1¢p, for any
¢ € C§°(R™), by the norm of T¢, ,(P — z)~ !¢, , where

Cop ={z € R"; a < |z| < b}.

Notice that, on the real axis, there is a big contrast between the behavior of these two norms.
Indeed, the resolvent truncated on rings C,p, with 1 < a < b, is always bounded above by
Ch~t. On the other hand, the norm of the resolvent, truncated near the projection on R" of
the trapped set, depends on the geometry of this set and can be much larger than h~'. For
scattering outside a bounded obstacle K C R™, with n > 3 odd, a similar question has been
investigated by Stoyanov and the second author [19]. Using the scattering theory of Lax and
Phillips [15], they have proved that the cut-off resolvent can be bounded by the norm of the
scattering matrix (we refer to Section 6 for more details).

In scattering theory, it is natural to consider the resolvent of P truncated in rings C, far
away from the origin. Indeed, the operator ﬂca,b(P — z)*lllcayb appears in the representation
of the scattering amplitude for compact perturbations. More precisely, assume that P is a
compactly supported perturbation of —h?A and denote by S(z; h) = I+K(2; h) the associated
scattering matrix at energy z. By definition, the scattering amplitude a(z,w,w’; h) is the
distribution kernel of K(z;h). The standard formula (see for instance, Zworski and the
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second author [20]) gives
(1) azw,wih) = ez ) (VD A (P = 2) T R2A, xoleVE ),
where 1, x2 € C§°(R™) are cut-off functions, w,w’ € S*~1 and

c(z,h) = i7r(27rh)_"znT_2.

Moreover, we can take the functions x1, x2 equal to 1 on arbitrary large compact sets con-
taining the perturbation, and the scattering amplitude is independent of this choice. Thus
the estimatation of 1¢, , (P — z)*lllcaﬁb with 1 < a < b is essential for the estimations of the
scattering amplitude and for the norm of the Hilbert—Schmidt operator K (z;h).

We now give the precise assumptions on the semiclassical “black box” operator P. This
was introduced by Sjostrand and Zworski [25] (see also Sjostrand [22, 23, 24] in the long range
case). Let H be a complex Hilbert space with an orthogonal decomposition

H = Mg, ® L*(R" \ B(Ro)),

with n > 1, Ry > 0 and B(R) = {z € R™; |x| < R}. In the sequel, we will identify
u € L*(R"\ B(Rp)) with 0 @ u € H. We consider a self-adjoint semiclassical operator
P :"H — H with domain D independent of h €]0,1]. We assume that

Igm\ B(ry)D = H*(R™\ B(Ry)),
and conversely that any u € H2(R" \ B(Ry)), which vanishes near B(Ry), is an element of
D. To treat the contribution of P in Hp,, we suppose that
Lp(ry) (P + i)~! is compact.
We also assume that, for all © € D, we have

Lgn\p(ro) Pu = Q(ulrm\B(Ro) )
where @ is a self-adjoint semiclassical differential operator on L?(R™)
(1.2) Q=" aa(z;h)(hDy).
o] <2

We suppose that the a,’s are bounded in C;°(R™) (the space of smooth functions which are
bounded with all their derivatives) when h varies, and that ay(x;h) = an(x) is independent
of h for |a] = 2. We further assume that @ is elliptic:

(13) > aa(2)€* 2 €,
lo]=2

and a long range perturbation of the Laplacian:
(1.4) > aa(z;h)E* — &2,

Jor| <2
as |x| — +oo uniformly with respect to h. Finally, we assume that
(1.5) ao(z;h) = a®(z) + hal (x; h),
where a¥, al, € Cp°(R™) uniformly with respect to h. We denote by

a) o

(1.6) q(w,€) = Y ad(x)e,

<2
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the semiclassical principal symbol of Q).

To define the resonances, we assume that the coefficients a,(z; h) extend holomorphically
in x to the region

(1.7) T ={z € C" |Imz| < §|Rez| and |Rez| > R;},

for some 6 > 0 and R; > Ry, and that the relevant parts of (1.2)-(1.5) remain valid in
Y. Under these assumptions, it is possible to define the resonances by complex distortion
following the approach of Sjostrand [23] (see also Aguilar and Combes [1], Hunziker [14],
Hellfer and Martinez [12] and Sj6strand and Zworski [25] for more references concerning the
definition of the resonances by complex scaling). Let I'g be a maximally totally real manifold
which coincides with R™ along B(R;) and with eR" outside a compact set, and which
satisfies some additional assumptions described in [23, Section 3]. For 0 < 6 < 6 with 6y > 0
small enough, the operator

P9 = P‘Fg7
is well defined on D. Moreover, the spectrum of Py in
(1.8) Ag={z€C; —20 < argz <0},

is discrete and independent of 6§ and of the choice of I'y (in the sense that Py and Py have
the same eigenvalues with the same multiplicity in Ay N Agr). By definition, the resonances
of P are the eigenvalues of Py, in Ag,.

As a matter of fact, the resolvent
(P - Z)_l : Hcomp — Dioe,

admits a meromorphic continuation from the upper complex half-plane {Im z > 0} to Ag, and
the poles of this extension are the resonances. Moreover, if a cut-off function ¢ € C§°(R") is
supported in the set where I'g coincides with R™, then

(1.9) P(P—2) "o =p(Py—2) "o,
We refer to Helffer and Martinez [12] for the equivalence of various definitions of the reso-
nances.

For two functions f, g, we will use the notation f < ¢ if ¢ = 1 in a neighborhood of the
support of f. Since we work with operators of “black box” type, the different cut-off functions
appearing in the sequel will be assumed to be constant near B(Rp). In the following, || -|| will
denote the norm of the Hilbert space H and the operator norm on H. Finally, (P — z)~! will
designate the meromorphic extension of the resolvent from the upper half-plane to Ay, (and
not the inverse of P — z). Our first theorem yields a link between the cut-off resolvents with
two cut-off functions y and an arbitrary cut-off ¢.

Theorem 1.1. Let [Ey, E1] C]0,+o00[. There exists ag > Ry such that, for all M > 0 and
X> ¢ € Cg°(R™) with 1 p(a,) < X, there exists C' > 0 such that

lo(P —2)7 || < Celm AR (P - 2)7 x|,
for z € [Fy, E1] — i[0, Mh|In h|] not a resonance and h small enough.

On the real axis, such a result was essentially obtained by Robert and Tamura [21, Page
437] (see also Bruneau and the second author [4, Proposition 3] for trapping situations) to
prove the well-known resolvent estimate in non-trapping semiclassical situations. The next
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theorem is our main result. We obtain an estimate of p(P — z) "1 by the norm of the cut-off
resolvent 1, , (P —z) ', ,.

Theorem 1.2. Let [Ey, E1] C]0,+oo[. There exists ay > Ry such that, for all ag < a < b,
M >0 and ¢ € C§°(R"), there exists C' > 0 such that

(P —2)" | < C|Imz

ClI h —
|6 | mZ|/ H]]'Ca,b(P - Z) 1]]'Ca,bH’
for z € [Ey, E1] — 1[0, M h|1n h|] not a resonance and h small enough.

In particular, both Theorem 1.1 and Theorem 1.2 hold for any ag large enough. The above
theorem gives no information on the real axis due to the factor |Imz|™! in the right hand
side. This is in agreement with already known results, which say that the behavior of the
resolvent truncated near the trapped set can be very different from its behavior truncated in
rings far away from the origin. Indeed, under some additional assumptions on the operator
P, Burq [6] and Cardoso and Vodev [8] have proved that

sup H]lca,b(P — z)_lllca’bH < ht,
ZG[E(),E1]

without hypothesis on the trapped set. On the other hand,

sup [|o(P —2) 7o,
z€[Eo,En]
can be of order h~! in the non-trapping case (see Robert and Tamura [21]) or greater than
e*/", with & > 0, as in the well in an island situation (see e.g. Helffer and Sjéstrand [13] or
Nakamura, Stefanov and Zworski [17]). For Im z = —Ah, our result implies the following

Corollary 1.3. Under the assumptions and notations of Theorem 1.2 and for A > 0, we have

le(P = 2)7 || < ([, ,(P = 2) e, |
for z € [Ep, E1] — iAh not a resonance.

In particular, if in addition ¢ does not vanish near B(ap), the norms of the operators
(P —z) ' and ¢, (P — z) "', are equivalent for z € [Ey, E1] — iAh not a resonance.
The term e€I™=/" appearing in Theorem 1.1 and Theorem 1.2 cannot be removed in
general. To show this, it is enough to consider the distribution kernel of (—h2A — z)~! in
dimension n = 1 which is given by

jetVzlz—yl/h

SINE

Note also that the constant C' > 0 in the term e€I™ /2 depends necessarily on a, b, .

Remark 1.4. If P has no resonance in [Ey — ¢, E1 + ¢] — [0, Ah|, € > 0, and if the norm
of ﬂCa,b(P — z)*lﬂcmb is controlled in [Ey — €, E1 + €| — iAh, one can exploit Corollary 1.3
combined with a priori bounds on the cut-off resolvent (see e.g. Burq and Zworski [7]) and
the semiclassical maximum principle (see Tang and Zworski [27]) to establish a bound of the
cut-off resolvent (P — z) "1 without | Im z|~! in the band [Ey, E1] — i[0, Ah].

In the proof of the previous results, we will use the following lower bound which can have
an independent interest.
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Proposition 1.5. Let [Ey, Eq] C]0, +oo[. There exists ag > Ry such that, for all p € C°(R")
satisfying supp ¢ N B(ap)® # 0, there exists C > 0 such that

(P = )| = Cnle sl

for z € ([Eo, E1] —i[0,1]) N Ag, /2 not a resonance and h small enough.

The second question we deal with in this paper is that of estimating resonant states. Let
z be a resonance of P. Then, from the general theory of resonances, we can write, for \ in a
neighborhood of z,

Iy 11y
— -+ —+ AN,
(z = NN z2—A )
as operators from Heomp t0 Dioc, where A(X) is an operator-valued function holomorphic near
z and the II;’s are finite rank operators satisfying ImII; C ImII; and II; # 0.

(1.10) (P-)N"1=

Definition 1.6. A resonant state u is an element of ImI; which satisfies (P — z)u = 0.

In particular, resonant states are in Dj,. but, in general, they are not in H. In the same
spirit as in Theorem 1.2, we obtain the following

Theorem 1.7. Let [Ey, F1] C|0,+oo[. There exists ag > Ry such that, for all ag < a < b,
M > 0 and ¢ € C§°(R"™), there exists C' > 0 such that

(1.11) lpul| < C

)

eC\Imz|/hHﬂC U
a,

| Im z|

for any resonant state u associated to a resonance z € [Ey, E1] — [0, Mh|Inh|] and h small
enough.

Thus, this theorem gives a lower bound of the resonant states on the ring C,p. In a
certain sense, it can be seen as an effective unique continuation result for the resonant states.
However, we not consider the behavior at infinity of the resonant states.

Remark 1.8. i) Note that, under some assumptions and for resonances satistying | Im z| < h,
Stefanov [26] and Michel and the first author [3] have shown that

| Im z|
el S /=~ Ls@ull-

Thus, the estimate given in Theorem 1.7 is sharp in this case.

i1) Note also that one can use the known results concerning the resonant states to refine
Theorem 1.7. For instance, it is known that the resonant states are outgoing. This means
that they vanish microlocally in the incoming region

I_(Rez) = {(z,¢) € ¢ '(Rez); exp(tH,)(z,£) — oo ast — —o0}.

We refer to Michel and the first author [3] for a precise result. Thus, it can be possible,
under some assumptions, to replace u by Wu in the right hand side of (1.11) where V¥ is a
pseudodifferential operator which microlocalizes near the complement of the incoming region.

iii) For Schrédinger operators P = —h?A + V(x) and for simple resonances, Theorem 1.7
can be deduced from Theorem 1.2. Indeed, letting the spectral parameter go to z in Theorem
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1.2, we get
h
liettael) < Cppe ™ e, hite, ||

Therefore (1.11) follows since, for Schrédinger operators, we can write II; = cu(a, -) for some
ce C\{0}.

iv) Theorem 1.7 shows that the resonant states associated to resonances at distance h from
the real axis cannot be localized near the trapped set to first order. More precisely, let u(h)
be a family of resonant states, with ||u(h)||g®) = 1, whose corresponding resonances z(h)
verify h/A < —Imz(h) < Ah. Then, every semiclassical measure u associated to w(h) has
the property

(1.12) 1(Capy x R™) > 0.

Note that, for differential operators (i.e. P = @), one could obtain (1.12) by using the
propagation properties of the semiclassical measures associated to the resonant states (see
e.g. Theorem 4 of Nonnenmacher and Zworski [18]).

Example 1.9. The estimates given in Theorem 1.7 and Remark 1.8 i) are already known in
the well in an island situation. In dimension n» = 1 and at the bottom of the well, Helffer
and Sjostrand [13, Proposition 11.1] (see also Harrell and Simon [11]) have proved that the
imaginary part of the first resonance satisfies

Imz = —(a+ o(1))h!/2e25/"

where Sy > 0 is the Agmon distance between the well and the sea and a # 0 is explicit. On
the other hand, the resonant state u (normalized on B(b)) verifies

|Lp@ul =1 and e, ul| = (8 + o(1))h~/4e=So/h,
with 3 # 0. This is in agreement with Theorem 1.7 and Remark 1.8 7).

Note that the well in an island situation in the multidimensional case has been treated
in [13, Theorem 10.12]. We also refer to Fujiié, Lahmar-Benbernou and Martinez [10] for
potentials which are only C'*° in a compact set. In all these works, the authors prove precise
asymptotics of the resonant states and they obtain the imaginary part of the resonances by
a formula similar to (5.2) which is used in the proof of Theorem 1.7.

Example 1.10. The resonant states have also been computed for barrier-top resonances. In
[2, Theorem 4.1], Fujiié, Ramond, Zerzeri and the first author have proved that, for simple
resonances with |Im z| < h, the resonant states u are classical Lagrangian distributions whose
Lagrangian manifold Ay is the stable outgoing Lagrangian manifold at the critical point.
Moreover, the principal symbol of u does not vanish almost everywhere on A .

In particular, since the spatial projection of Ay is the whole space R", we get
leull S [[Le, ,ull S llpull.

for all 0 # ¢ € C§°(R™). On the other hand, in this context, the imaginary part of a resonance
satisfies Imz = —Ah + o(h) where X\ # 0 is given by the eigenvalues of the Hessian of the
potential at its maximum. This is in agreement with Theorem 1.7 and Remark 1.8 7).

By our arguments, we can also study the generalized resonant states.

Definition 1.11. A generalized resonant state u is an element of ImIl;. The order of u is
the smallest integer J > 1 such that (P — z)’u = 0.
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Note that, using the notations of (1.10), the order of a generalized resonant state is bounded
by N because (P — z)IIy =0 and (P — 2)II; =114 for 1 < j < N — 1. As a consequence
of Theorem 1.7, we have the following result on the generalized resonant states of bounded
order.

Proposition 1.12. Let [Ey, E1] C]0, +oo[. There exists ag > Ry such that, for all ag < a < b,
M >0, J e N\ {0} and ¢ € C§°(R"), there exists C > 0 such that
h

J-1
1 .
lpull < c\/wec“m/hjzo T2 1 L6 (P = 270

for any generalized resonant state u of order less than J associated to a resonance z €
[Eo, E1] — 1[0, Mh|Inh|] and h small enough.

The rest of this paper is organized as follows. In Section 2, we prove Theorem 1.1 by
constructing an auxiliary non-trapping operator which coincides with P at infinity. Section
3 is devoted to the proof of Theorem 1.2. The main idea is to exploit the formula

(X(P = 2)u, xu) = (xu, x(P = z)u) = ([x* Plu,u) — 2iTm z[|xul|?,
which is generally used to compute imaginary parts of resonances (see e.g. Helffer and
Sjostrand [13, Page 155]). Proposition 1.5 is proved in Section 4 by building a well-chosen
quasimode. The estimates concerning the resonant states are obtained in Section 5 using
ideas similar to those of Section 3. In Section 6, we apply our results to the case of obsta-
cle scattering and we make the link with the work of Stoyanov and the second author [19].
Finally, we give some basic properties of the generalized resonant states in Appendix A.

2. PROOF OF THEOREM 1.1

First, we construct a non-trapping operator by planing ) in a large compact set. This
idea has been used by Robert and Tamura [21] (see also Bruneau and the second author [4]
for trapping situations) to estimate the weighted resolvent on the real axis in non-trapping
situations. Secondly, we recall the standard estimate of the cut-off resolvent associated to
this new auxiliary operator. Let 7,v € C°°(R™;[0,1]) be such that

Ipay) <7 <1,
and 72 + 2 =1 on R™. For a > 0, we define

o= () (G) = (G)rar(5)

a differential operator of order 2 whose semiclassical principal symbol is
x x
ra(w,€) = (e, OV (5) +€7(2).

In particular, £2/C —C < r, < C£2+ C uniformly for a > 0. Moreover, using the assumption
(1.4), a direct computation yields

{roe- & = {2 +{a-*(3).2-¢}
(2.1 = 267 + 0440 ((£)%) = 2 + 00 rc((6)?) = Eo/2 > 0,

for ro(x,&) € [Eo/2,2E1] and a > ag with ag > Ry sufficiently large. This implies that, for
a > ap, the symbol r4(x, €) is non-trapping on 7, 1 (E) for all energies E lying in the interval
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[Eo/2,2E1]. Then, we can apply a result of Nakamura, Stefanov and Zworski [17] (see also
Martinez [16]) which yields the following resolvent estimate.

Lemma 2.1. For all j € N, s € R, M > 0 and ¢ € C§°(R"), there exists C' > 0 such that
, Climz|/h
HSO(Ra - 2)7]90“1{;_%2% < CT;
for z € [Ey, E1] — 1[0, Mh|In h|] and h small enough. Here,

Hi(R") = {u € S'(R"); (hD,)*u € L*(R™)},

is the semiclassical Sobolev space equipped with the norm [ju|lg; = [[(hDy)%ul| 2.

Proof. Since the operator R, is non-trapping on the energies in [Ey/2,2F1], we have

N 6C|Imz\/h
lo(Ra = 2) " ll 2 po < C——,

for z € [Ey, E1] — i[0, Mh|Inh|] + B(h). This estimate follows from Proposition 3.1 of Naka-
mura, Stefanov and Zworski [17] and (1.9) for Imz < 0 and from the usual Mourre theory
(see e.g. Vasy and Zworski [28]) for Im z > 0. In particular, for z € [Ey, E1] — [0, M h|In hl],
it yields

. eC\Imz|/h
HSO(RG_)‘) QOHL2—>L2 < c A —,
for all A € z 4+ B(h). Then, the Cauchy formula implies
, , 1 X
Ra_Z_j = — ag_l Ra—Z_l = — Ra—)\_l >
o( ) G- ( )=  conn o( ) )

and then

> eC|Imz\/h
(2.2) HSD(Ra ) SOHLQ*)LQ < CT

It remains to bound this operator from Hj to H, fb+2. Since R, is an elliptic differential operator
of order 2, we have

el gze = || (R + )] o

for all k € Z. Thus, performing multiple commutations between R, + i and ¢(R, — \) /¢
and using (2.2), a standard argument gives

) €C| Imz|/h
(R =) el s < O
for all £ € Z. And the lemma follows from an interpolation argument. O

We now prove Theorem 1.1. Assume that 1p(,) < x with a > ag where ag > Ry is given
by Proposition 1.5 and Lemma 2.1. Let x1, x2 € C§°(R"™) be such that

(2.3) Ip@) < Xx1 < X2 <X
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In particular, P(1 — xe) = R4(1 — Xe). For Imz > 0 and then for z € Ay, by meromorphic
extension, we can write
P(P = 2)7 ¢ = pllga p(ro) (Ra — 2) 7' (1 = x1)9 + ox1(P = 2) " xag

+ ox1(P = 2) '[P, x2(Ra — 2) " lgo\ p(ro) %

— Pl p(ry) (Ra — 2) T [Pxa)(P — 2) " 'xaep
(2.4) — ¢l B(ry) (Ra — 2) 7 [P xal(P = 2) T P, xel (Ra — 2) ™ L\ (o) #-
To prove this identity for Im z > 0, the cut-off function ¢ can be omitted and it is enough
to expand the commutator [P, x2] and then the commutator [P, x1], and to use the formula
[P, Xe] = (P — 2)(Xe — 1) — (xe — 1)(P — z). The properties of the xs’s given in (2.3) imply
that
(2.5) [P, xo] = x(2)(hV)RO(1)x (),
where the O(1) denotes an operator bounded uniformly in & on L?(R"). Combining Lemma
2.1, (2.4) and (2.5) (with its adjoint), we finally obtain

)"

P
P

(P =27t S [lo(Ra = 2) s@H +[x(P = 2)" x|
+ Al (P = 2) " x| [x(Ra = 2) 7l 12
+hfx(P = 2) x|l e(Ba = 2) 7 X o1 e

+ 02 [[x(P = 2)7'X][[le(Ra = 2) "l g1 g [X(Ra = 2) 70| 12

C|Imz|/h
< %_F (P — 2) XH<1+€2C\Imz|/h>

To complete the proof of Theorem 1.1, it is enough to use Proposition 1.5.

(2.6)

3. PROOF OF THEOREM 1.2

We will first estimate y1(P — 2)~'x1 for a particular cut-off function x; adapted to the
ring C,p and then apply Theorem 1.1 to estimate p(P — 2) "'y for all ¢ € C§°(R™). Let
X1, X2, X3, X4 € C§°(R™) be such that Lp) < x1 < X2 < X3 < X4 < Lp@). We also consider

V1,92, 93,14 € Cg°(R™) such that Vx1 < ¢1 <92 < xaole, ,, VX3 < ¥3 < 94 < xulc,, and
x24 = 0. We begin with the following estimates.

Lemma 3.1. For f € Heomp and z € Ay, with |Imz| <1, we have
1,2 1 h 1412
(3.1) [xs(P—2)"f] 5ﬁ\|X4f\\2+m“¢4(P—z) i

* h *
(3.2) Ixi(P—2)"" 7| < ‘QHXszQ mZ|H1/)2(P—z)*1 fII>

S T
Proof. For u € Dyyc, we have
(x3(P — 2)u, xau) — (x3u, x3(P — 2)u) = ([x3, Plu, u) — 2i Im z[| x3u||*.
Taking u = (P — z) L f yields
[T 2f||xa(P = 2) 7 F|* < Ixs(P = 2) 7 £l lIxs /|
(33) +|DG, PI(P = 2) 7 F||[va(P = 2)7 |-
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Moreover, combining (2.5), the ellipticity of P and the properties of the support of the cut-off
functions, we obtain

[, PI(P —2) 7' f =[5, PI(P +0) (P +i)ys(P — 2)7 ' f
=[5, PI(P +4) "  (¢3(P + ) + [Ps]) (P — 2) 7' f
= [x3, PI(P +14) s f
+ D, PP +4) 71 (0 + 2)e0s + 1P %})(P —2)7
(3.4) = O(h)l[xafl + Oh)|[¢a(P — 2)
Combining (3.3) and (3.4), we obtain
|Im z|
| Tm 2 [|xs(P = 2) 7 f* < Ixs(P = 2)71£]]* + ’ngfHZ
2
+ Chl!><4f||2 + Ch|[pu(P = 2)7 /]
12
< It ﬂmﬂV+MW4 -2~ I
This implies (3.1). The estimate for the adjoint operator (3.2) can be proved by the same
argument using (P — z)~ " = (P — z)~ . O
We can now prove Theorem 1.2. Recall that, for simplicity, we use the notation || - || for
the norm of the space H and the operator norm on H. To be more precise, in the rest of this
section | - || denotes the norm of H only when f or u appears in the expression. From (3.1),

we can write
[x1(P = 2) leH < |Ixs(P = z2) leH

1 h _ 2
§m||X4X1f||2+mH¢4(P—Z) af||

1 2 h 1% 2 2
< — _— P — .
< 1P + gy (P = 2wl
Using now (3.2) and x2t4 = 0, we get

_1%* 2

xi(P—2)""xafll” S 1£1% + 1£11? S X1(P = 2)"

H s |1 y Hm 1P s | u

1
< 2 2 (

! muw -2 vad?)

1 h2 B
= o I+ g lva® = 27 e 1P

Combining with ¢ < 1¢,, yields
1

il 5 | Im 2| * |Imz

ha(P -7 1P =27, )
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We now apply Theorem 1.1 and assume that a > ag. Since 1g(4,) < x1, Theorem 1.1 together
with the previous estimate gives

h
(3:5) le(P =27l e M (e, (P = 2) e,

~ | Im z|

|+nr71).

To conclude the proof of Theorem 1.2, it is enough to apply Proposition 1.5.

4. PROOF OF PROPOSITION 1.5

To prove this result, we construct a quasimode of order h. Since the semiclassical principal
symbol ¢(z, &) of Q) converges to £2 at infinity, there exists ag > Ry such that, for all |z| > ao,
we have ¢(x,0) < Ey/2. Let now ¢ € Cg°(R") and |zg| > ag be such that ¢(xq) # 0.

Using ¢(x0,0) < Ep and the form of ¢(zo,-) given in (1.6), one can construct &y(A) € C*°
such that g(xo, & (X)) = X and O, q(z0,&0(N)) # 0 for all X € [Ey, Eq]. Solving the Hamilton—
Jacobi equation by the usual method (see e.g. Dimassi and Sjostrand [9, Theorem 1.5]),
there exists a phase function ¥ (x,\) € C* defined for x in a neighborhood of zy and for
A € [Ep, E1], and such that

q(x, va:d}(xv )‘)) = A
for all A € [Ey, E41]. Let now
U(LU, Z) — X(x)eiw(:p,Rez)/h’
where 0 # x € Cj°(R") is supported in the intersection of W = {z; |¢(z)| > |¢(z0)|/2} and
the set where ¢ is defined.

Let Py be the operator P distorted outside the support of ¢ by a fixed angle 0 < 8 < 6
large enough. A standard computation by the method of stationary phase gives

(Pg—2)u=(P—2u=(Q—2)u
= (Op(¢) —Rez)u+ hQiu —ilmzu
= (q(z, Va¥(z,Re 2)) —Rez)u+ O(h + | Im z|)
(4.1) = O(h+ |Imz|).

where Op(q) is any semiclassical quantization of ¢ and @ is a h-differential operator of order
two with coefficients uniformly bounded with respect to h. Using that (Py — 2)u = (Q — 2)u
is supported in W, we so can write

(Py — z)u = v,
where
(4.2) lv(z,2)|| S h+|Imz|.
Then, using that (Py — z)~! is invertible and the equality (1.9), we get
pu=p(Py—2)" v = (P —2) " pu.
Finally, combining the previous equation with (4.2) and ||¢u| 2 1, we obtain

HgO(P—Z)i > h7167|1mz\/h,

1
1 >_ -
el = h+|Imzl —

and the proposition follows.
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5. ESTIMATES FOR THE RESONANT STATES
In this part, we prove the estimates for the (generalized) resonant states given is Section 1.
Proof of Theorem 1.7. Choose cut-off functions x, x € C§°(R") so that

(5.1) ]]-B(a) <X < ]]-B(b) and Vx <X < ]]'Ca,b'

Let u be a resonant state associated to a resonance z € [Ey, E1] — i[0, Mh|Inhl|]. We first
estimate yu. Since u € Djye and (P — z)u = 0, we have

0= (xX(P — 2)u,xu) — (xu, x(P — z)u)

(5.2) = <[X2, Plu,u) — 2iIm z||xul|?.
Thus we obtain

2 o
(5.3) [Ixul” < 2|I . [([X?, Plxu, xu)|-

To estimate the action of [x2, P] on Yu, we write
[X*, PIxu = [X*, PI(P +0) "' (P + i)Xu
= [X*, PI(P + i) (X(P +i)u + [P, X]u)
(5.4) =
The operator [x2, P](P +i)~'x

X PP +4) 7 (X(z + i), yu + [P X e, u)-

X : L? — L? is bounded by O(h), while the operator
[* PI(P +4d) ' [P.X] : L* — L?,

is bounded by O(h?). Thus, combining (5.3) and (5.4), we deduce

(5.5) Ixull < C\/ Hllcab

We now estimate pu for all ¢ € C3°(R™). Let Py (resp. R,p) be a complex distortion of
P (resp. of R, which is defined in Section 2) by a fixed angle 0 < 6 < 6y. We also assume
that the scaling occurs only outside of supp ¢ U B(b). Then, from Lemma A.5, there exists
ug € D such that (Py — z)ug = 0,

(5.6) Lppyue = Lppyu and YUy = Qu.

On the other hand, the definition of R, and 154y < x imply Ra (1 —x) = Ps(1 —x). Thus,
we can write

(Ra,0 — 2)(1 = X)ug = (P — 2)(1 — x)ug = —[P, x]up
This yields
(1= x)ug = —(1 = X)(Rap — 2) ' [P, x]uo,
where ¥ € Cg°(R"), with 1gp,) < X < X, is an artificial cut-off function used to identify
(1 —X)H and (1 — X)L%. Finally, we get
pu = pug = pxug — o(1 = X)(Ra,0 — 2) " [P. x]ug
(5.7) = oxu— (1 - X)p(Ra — 2)'X[P, x]1¢, ,u
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To complete the proof of Theorem 1.7, it is enough to use (5.5) and

H(l_SC\)SO(RG_Z)ili[P7X]HHHHS H90( Z XHH ~>L2H ]||L2~>H;1
<MXh<C LeC\Iszh
~ h - | Im z| ’
which follows from Lemma 2.1. O

Proof of Proposition 1.12. We will prove this result by induction over the order J of the
generalized resonant state u. For J = 1, Proposition 1.12 is a direct consequence of Theorem
1.7. Now assume that Proposition 1.12 holds true for generalized resonant states of order less
than J — 1 for some J > 2. Let u be a generalized resonant state of order J. Following the
analysis of (5.2), we have

(X(P = 2)u, xu) = (xu, x(P = 2)u) = ([x* Plu,u) — 2iTm z||xul|?*,

which implies

Ixull® < greo KO Plus w) |+ =l [Ix(P = <)o
1
< mmx Plu,u)| + *IIXUIIQ + gz NP = 2)ul”
(5.8) < \Imz\ (%, Plxu, Xu)| —|— ‘2 |x(P z)uH2

As in (5.4), we can write
[X*, PIxu = [x*, PI(P + i)~ (P +i)xu
[*, PIP + ) T'X(P = 2)u
+ D PP +0) 7 (R(z + i), u + [P X]Te, ),

which yields

D¢, PIxul| < ke, , (P = 2)ul| + ke, ,ul.
Then, ) becomes
Ixell S 4/ 7 ees \/ Sillees (P = 2)ull + (P = 2)ul].
Now we remark that ( z)u € I is a generalized resonant state whose order is J — 1. Then,
applying the recurrence assumptlon the previous equation gives
3 i S '
(5.9) Ixull < We“m'/";‘) Tz 1eea (P =2 ull

Next will now obtain a formula similar to (5.7) to control gu for ¢ € C§°(R™). As in (5.6),
let Py (resp. R,p) be a complex distortion of P (resp. R,) by a fixed angle 0 < 6 < 6.
Assume also that the scaling occurs only outside of supp ¢ U B(b). Then, from Lemma A.5,
there exists ug € D’ such that (Py — z)’ug = 0,

Lppyup = Lppyu and YUy = QU.
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We also have R, 9(1 — x) = Pyp(1 — x). A direct computation gives

J-1
(Rap — 2)" (1= x)ug = (Pp— 2)" (1 = x)ug = =y, (adf 7 x) (P — 2)u,
=0

where ad(])g x = x and adgjl x = [P, adgj X|. Thus, mimicking the proof of (5.7), we get

J—1
pu=pxu—(1-R)p(Ra—2)7/%) (ad} 7 x)1e, (P — 2)u.
j

Il
=)

Using (5.9), Lemma 2.1 and || adfD Xl s O(Rh7), the previous equation gives
h

*}H}SL_].:
J— J-1 .
ol % |/ C““'/Zumzm cas(P =2l oIS 5 e, (P~ 2yl

Q

>
k

<

1
C|Imz|/hz H Cab P—Z)

| Tm 2|7

| Im z|

since h=! < |Im z|~teltm=l/ h. Thus Proposition 1.12 holds for generalized resonant states of
order J and the proof is complete. ]

6. SCATTERING BY OBSTACLES

Let K C {z € R"; |z| < Ro}, n > 2, be a bounded domain with smooth boundary
such that Q = R™ \ K is connected. Let —Ap be the Dirichlet Laplacian in 2 which is a
self-adjoint operator on H = L%*(Q) with domain D = H}(Q) N H?(Q). For Im A > 0 the
resolvent (—Ap — A?)~! is a bounded operator from H to D and, for all ¢ € C§°(f2), the
cut-off resolvent ¢(—Ap — A?) "1y admits a meromorphic continuation in C for n odd and in
C\ iR~ for n even. For non-trapping perturbations, we have an estimate

le(=Ap = X*)7hel| £ (N7
for A € R, |A| > 1, while for trapping perturbations and A € R, |A\| > 1 this cut-off resolvent
is bounded by ¢“IM (see Burq [5]).

Since we will use the Lax—Phillips theory [15], we consider in 2 the wave equation
(6.1) O*u — Apu =0,

with Dirichlet boundary condition on 0. Let Hp(2) be the closure of C§°(2) for the norm
|V - l12@). We introduce the energy space H = Hp(Q2) & L?(Q) and the unitary group
e~"G . H — H with generator —iG, where

(0 I
G_Z<AD o>’

is a self-adjoint operator on H (see Lax and Phillips [15]). As usual, the solutions of (6.1)
are given by

(6.2) (5&1)) =e0 (aﬁ((%» '
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To apply the results for semiclassical operators established in Section 1, we consider the

scaling A = % and write
(6.3) (~Ap =X)L =h3(P—2)7 Y
where P = —h?Ap satisfies the general assumptions of Section 1. We want to estimate the

cut-off resolvent of —Ap in the region
S={AeC; ReA>1and 0 >ImA > —-MIn(Re\)}.
It is then enough to consider the situation
AeS,=[h1,2h71] —i[0, M(|Inh| +1n2)],
since the union of Sy, over 0 < h <1 covers §. For A € 8, we have
Vz €[1,2] —i[0,hM(|Inh| + In2)],
and finally
z € [1/2,4] —i[0,5Mh|1In hl],
for h small enough. Applying Theorem 1.2 in this region to the operator P and using the
relation (6.3), we obtain, for A € S;, with h small enough,

|

le(=Ap = A*) "t = [|h%e(P - 2) "1y
h
<OC—— C|Imz|/h h2]]. P— 71]1
=" Tm 2| € | Ca( z) e,
€C| Im \| o1

< Cmﬂﬂca,b(—AD =X, |,
since |Im z|/h behaves like |ImA| in Sp,. Note also that such relation holds true in any
compact set (with a constant C' depending on the compact set). This follows from Corollary
A.3 near the resonances and from the fact that llcmb(—AD - /\2)_1]10(1’,) does not vanish
(because x = (—=Ap — A2)"L(—=Ap — A?)x) away from the resonances. Summing up, we have
proved the following

Theorem 6.1. There exists ag > Ry such that, for all ag < a < b, M > 0 and ¢ € C§°(R"),
there exists C' > 0 such that

GC‘ Im A|
(6.4) le(=Ap =A%) 1| < CWHHC(M(—AD -\,

for X\ not resonance with Re A > 1 and 0 > Im A > —M In(Re \).

)

For n > 3, n odd, there is a link between the cut-off resolvent ¢(—Ap — A?)7"1p and
the contraction semigroup Z°(t) = Ple "GPP = !B’ : I — H, t > 0, with generator B*,
introduced by Lax and Phillips [15]. Here, P{ are the orthogonal projections on the orthogonal
complements of the Lax—Phillips spaces DY, p > Ry. The spectrum of i B” coincides with the
resonances and is then independent on the choice of p > Ry. Given ¢ € C5°(Q2), we may fix
p > Ry so that pP{ = ¢ = P{¢. In the sequel, we drop the indexes p in the notations and
write B, Py instead of B?, P{. For Im A > 0, we have

—@(B+i\) o = / eMoPLe " P_pdt = —ip(G — X)L,
0
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and, by analytic continuation, this equality holds true for A not resonance with Im A < 0.
Moreover, one can see that

(G —A)~ < CllpA(—Ap = A?)~

ngH—»H 190HL2(Q)_>L2(Q)’

for A\ not resonance with |A| > 1. Thus (6.4) implies

A _
< C | | eC|Im)\|H]1Ca’b(_AD o )\2) 1]1Ca,b

(6.5) HQDB—f—l)\ @HHHH_ T\

HL2(Q)HL2(Q)'

Note that, in odd dimension n > 3, it is possible to estimate the cut-off resolvent in term of
scattering quantities. This was done by Stoyanov and the second author in [19] using the Lax—
Phillips theory. More precisely, consider the scattering matrix S(\) = I+K()) : L2(S*~!) —
L2(S™1), associated to the Dirichlet problem for the wave equation in {2 given in (6.1). This
operator is defined for Im A > 0 and it is unitary for A € R. The operator K (\) is a Hilbert—
Schmidt operator with kernel a(\,w,w’), called scattering amplitude. The scattering matrix
S(X) (as the scattering amplitude a(\, w,w’)) has a meromorphic continuation from Im A > 0
to the half plane Im A < 0 and the poles coincide with the resonances. Of course, the form
of the scattering operator S(\) depends on the outgoing and incoming representations of the
energy space H (see [15]) and to have the formula (1.1) for the scattering amplitude we must
have an appropriate outgoing/incoming representation.

By using the link between ||(B +i)\)~!||z_ g and the inner representation of the scattering
operator S1()) established in [15, Chapter IV], it is proved in [19, Section 4] that

' 3 Bl ImA|
(6.0 1B +i3) Mo < 5 T IS g2,

for some 3 > 0 given by the inner representation of the scattering operator. Using that the
Hilbert-Schmidt norm of an operator is the L? norm of its kernel, the last estimate yields

3 eflImA| ) 1/2
: B+i\) Y gon < s AW, w)| dw dw' 1).
00 e <3 ([ e wPasas) )

Now, we can handle the integral over S*~1 x S*~! using the representation (1.1) with h = 1,
z= A and P = —Ap. Choosing the functions x; € C§°(2), j = 1,2 so that Vy; < Lc, ,»
the formula (1.1) and the estimate (6.7) give an analog of (6.5) with a possible polynomial
loss in (A).

APPENDIX A. PROPERTIES OF THE GENERALIZED RESONANT STATES

In this part, we collect some basic properties of the generalized resonant states. Being for
the most part in the folklore of the theory of resonances, we only give them for a reason of
completeness.

Let z € Ag, be a resonance of P. Since (P — AL Heomp — Dioc is an operator-valued
meromorphic function, we can write, for A in a neighborhood of z,

Iy I,
P-Nl=—"r+- o AR

as operators from Heomp to Dioc, where A(A) is holomorphic near z and the II;’s are finite

rank operators. Let Py be a complex distortion by an angle arctan (l‘grel;l) < 0 < 6. Then,
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for A in a neighborhood of z, we have

0
% 4+ 4 H?
(z — A\)Ne z—A
as operators from H to D, where A(\) is holomorphic near z and the H?’s are finite rank

operators. Moreover, if the distortion occurs outside of the support of ¢ € C§°(R"), it follows
from (1.9) that

(A1) eIl = @I,
for all j > 1.

(Pp—N"'=

+ A(N),

Lemma A.1. Let ¢ € C§°(R") be such that 1pg,) < . Then, the multiplication by ¢ is
injective on ImTI; (resp. ImI1%) for all 1 < j < N (resp. 1 < j < Np).

Proof. Let up € Im H? be such that pup = 0. Using (Py — z)H?VO =0and (Py—2)I1f =117 |,
we get
(Pp— 2)(Py — 2)N ug = (Py — 2)"ug = 0.

From Lemma 3.1 of Sjéstrand and Zworski [25], we deduce that (Py — z)No~luy is (outside
of B(Ry)) the restriction to I'y of a holomorphic function in Y. On the other hand, (Py —
2)No—lyg = 0 on the support of ¢ since puy = 0. Therefore,

(Pg — Z)(P@ — Z)NgizlLQ = (P9 - Z)Ngillm =0.
Then, performing an induction argument, we get ug = 0. The fact that the multiplication by
¢ is injective on ImII; is similar. O
Remark A.2. Using (P —\)"" = (P —X\)7! (resp. (Pp—\)"" = (P_g—\)"1), we can
prove the same way that ImIl;¢o = ImII; (resp. Im H?cp =Im H?).

Combining (A.1), Lemma A.1 and Remark A.2, we get
Corollary A.3. Let ¢ € Cg°(R") be such that 1p,) < ¢ and such that the distortion
occurs outside of the support of . Then, we have N = Ny and, for all 1 < j < N,
RankII; = Rank ¢Il;¢o = Rank goH?ap = Rank H?.
In particular,
(A.2) Im II; = Im pIT; = Im goH?cp =Im (pH?.

Lemma A.4. For all1 < j < N, we have ImII; C ImII; and Im H? C Im H?.

Proof. Since the resolvent of Py acts from L%(R") to itself, a standard argument gives Im H? C
ImIT9. Consider now u € ImII;. Let » € C§°(R™) be such that 1ppr,) < ¢ and Py be a
complex distortion outside the support of ¢. Then, from (A.2), there exists uy € Im H? such
that pu = puy. Therefore, using Im H}g C ImTIY together with (A.2), there exists u, € Im1II
such that

PU = Plp.
Let now ¢ € C§°(R™) be such that ¢ < 1. From the previous construction, pu, = piu, =

eYu = pu = pu, and uy, — Uy € ImII;. Then, Lemma A.1 implies u, = uy. In other words,
for all ¢ € C§°(R™), we have

Yu = YPug,.



18

J. F. BONY AND V. PETKOV

This implies u = u, € ImII;. O

Lemma A.5. Let p € C§°(R") be such that 1,y < ¢ and such that the distortion occurs

outside of the support of ¢. Then, for all u € Im1ly, there exists a unique ug € Im H? such
that ou = pug. Moreover, (P — z)”u = 0 if and only if (Py — z)”ug = 0.

Proof. Let u € ImII;. From (A.2), there exists uyp € Im H? such that pu = pug. Thanks to
Lemma A.1, this ugy is unique. Lemma A.4, (P — 2)II; = II;41 and (P — Z)H? = H?H imply
(P —2)'u € ImII; and (Py — 2)7up € ImII¢. Then, from Lemma A.1, (P — 2)’u = 0 iff
O(P — 2) u=@(Py — 2) ug = 0 iff (Py — 2)’up = 0. O
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