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1. INTRODUCTION

Let K CR", n > 2 be a bounded domain with € boundary K and connected complement
Q2 =R"\ K. The set K is called an obstacle in R". We consider the Dirichlet problem for the wave
equation

(@ — A)u=0in R x Q,
u=0 onR x JK, (1)
u(0,z) = fo(z), du(0,z) = fi(z).

Let K C B, ={x € R": || <a} and for m > 0 set

|Vaullz2(B,ne) + 10l z2(B.ne)
IV foll i (Bane) + I f1ll m(Bine)”

(070) 7& (f(])fl) € C(C))O(Q) X 080(9)7 Suppfi C Ba, i = 071 .

For Im A > 0 consider the cut-off resolvent R, (\) = x(—Ap — A2)"1x : L?(Q2) — L?(Q), where
x € C°(R™), x =1 on B, and Ap is the Dirichlet Laplacian in Q. The behavior of R, ()) on the
real axis is closely related to the decay of the local energy p,,(t) as t — +oo. The following result
of Vodev generalizes the classical one of Morawetz [13].

Pm(t) = sup

Theorem 1. ([23]) The following conditions are equivalents:
(a) lim¢— 100 po(t) =0,
(b) There exist Cy > 0, C; > 0 so that

”)\RX()‘)H < 017)‘ S R7 |)\| > 007

(¢) There exist constants C, v > 0 such that for t > 1 we have

Ce ", nodd
t < ) b
polt) < {Ct‘",neven.

It is known that (a) holds if the obstacle K is non-trapping, which means that the singularities
of the solution of the Dirichlet problem with initial data with compact support leave any compact
w C Q for t > t(w). For trapping obstacles without any condition on the geometry of the obstacle
N. Burq proved the following

Theorem 2. ([5]) There exist constants C > 0 and Cy > 0 so that

IRVl < CeCP XN eR, A > Co
1
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and for every integer m > 1 we have

() < (IOZ—”;W £>1. 2)

It is well known that the cut-off resolvent R, ()) has a meromorphic continuation in C for n
odd and in C' = {2 € C: z # —iu, p € R*} for n even. There are many examples when we have a
domain

Ds={2€C: =6<Imz<0},5>0
without poles (resonances) of R, ()) (see for example [9]). We will show that in this case we have
a polynomial bound of the cut-off resolvent R, ()\) on R and a better local energy decay than (2).

A general result says that if the generalized Hamiltonian flow introduced in [12] is continuous
and if we have at least one trapping ray =, then the condition (b) in Theorem 1 fails and we have

sup [[ARA( M) 22()—£2(0) = +00- (3)
ACR

This condition (3) is too week and we have no information on the geometry of K outside a small
neighborhood of the ray . Nevertheless, this condition implies some interesting spectral properties
of the Lax-Phillips semigroup Z(t) and we discuss in Sections 3 and 4 this question.

2. ESTIMATES OF R, (\) AND LOCAL ENERGY DECAY
Under the hypothesis that there exists a resonances free region we obtain the following

Theorem 3. Assume that the cut-off resolvent R, (\) has no poles in the domain Im X\ > —6, 6 > 0.
Then
IR Nllz2r2 < CIA"2, A € RyA| = C (4)

The proof is based on a semiclassical approach. Setting A\ = %, 0 < h <1, we have
(=Ap — X)L = h2(=h?Ap —2)7!
and we study the operator x(P(h) — z)~'x with P(h) = —h?Ap, h > 0, in the domain
Dye={2€C: a' <|Rez|<a, —ch<Imz<c, a>2, c¢>0}.
We will work in the “black box” setup ([19], [20]). For this purpose define Hr = L?(2 N Bg) and
set
L =Hr® L*(R"\ Bg).
We consider P(h) as an operator P(h) : £L — L with domain D(P) C £ and the hypothesis in
[19], [20] for a “black box” framework are satisfied. In particular, setting
Hf=Hg ® LX(T}\ B1), Th = R"/(RZ"),

we introduce P¥(h) by replacing —h?Ap by —h2AT;§. The operator P#(h) has a discrete spectrum
and we denote by N(P*¥(h),\) the number of eigenvalues of P#(h) in [\, A]. Then we have
A
h2
We examine the resolvent of the complex dilated operator Py(h) (see [19]) and we take 6 = ¢h,

¢ > ¢ so that in the domain

Que={2€C: [z—w| <0, —ch<Imz<c} C Dy,

N(PHR),\) = O(( )”/2), for A > 1.
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for a=! < |Rew| < a, there are no eigenvalues of Py. Note that the eigenvalues of Py coincide with
their multiplicities with the resonances of P ([19], [20]). By using the construction of a suitable
finite rank perturbation (see [1]) and a Grushin type operator we show that

_ —n+1
”(PG' - Z) lH < ClGCQh , 2 € Qw,C/Q’
This estimate is uniform with respect to the choice of w with 2a=! < |Rew| < a/2. Thus we obtain
_ —n—+1
[(Py — 2) 7| < C3e“" ™, 2 € Dyyaeso
The complex scaling is chosen so that for supp x C Br+1 we have
X(P —z2)"'x = x(Py —2)"'x,
hence i
IX(=h*Ap = 2) "Xl 2 —r2) < Cae“" ", 2 € Dyyaeso.
Taking into account A = %, for z € D, /3.c/2 we get

IR, (W) < C5e“N"™  ReA > b, ImA > —b, b> 0. (5)
In the same way we treat the domain Re A < —b, Im A > —b and we obtain (5) for [Re A\| > b > 0.
To establish the estimate (4) on R, we apply Pragmen-Lindel6f theorem to prove the following
Proposition 1. Let f(z) be a holomorphic function in
Uy={2€C: Imz>—a}, a>0,
such that
|f(Z)| < AOeA‘Z‘ma S Uaa m > 1)

Al
<1 Tmz>o0.
|f(z)|_|z\1 . z

Then we have |f(2)| < A2(1 + |2])™7!, z € R.
In our case, the resolvent R(z) = (—Ap — 22)~! of the positive operator —Ap satisfies the
estimate

C
R 2 <——— Imz>0
IR omps € s I
and using Proposition 1 we complete the proof of Theorem 3. We refer to [4] for more details.

Remark 1. Notice that if for some M > 0 we have the estimate

Ry (Mlp2r2 < C1(L+ [ADM, ImA > —4,|Re A| > C,
then a result of N. Burq [8] says that
log(2 +|AP)

Al

In particular, a such estimate holds for two strictly convex disjoint obstacles and under some
conditions for several strictly convex disjoint obstacles (see [9]). It is interesting to examine the
question if it is possible under the hypothesis of Theorem 3 to obtain an estimate of R, () on R

independent on the dimension n. For the semiclassical Schrodinger operators —h2A + V(z) in the
case of dimension 1 a polynomial bound O(h~™) of the cut-off resolvent in

W={2eC:0<ap<Rez<ay, Imz>—ash,a; >0,i=0,1,2}

Ry (Ml2—sr2 < Co A ER, A > Co.
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has been obtained in [2], provided that we have no resonances in W.

Theorem 3 combined with a result of G.Popov and G. Vodev [17] leads to the following

Theorem 4. Under the hypothesis of Theorem 3 for every m > 0 and t > 1 we have for n odd the

estimate
pm(t) < C(t logty™ =1,
while for n even and t > 1 we have

) < C(t logt)™ =1 for0 < m < n(n — 1),
Pmi® =3 ot form > n(n —1).

3. SPECTRUM OF THE SEMIGROUP Z(t)

Throughout this and the following sections we assume n > 3, n odd, and we examine the
spectrum of the Lax-Phillips semigroup Z°(t) = PLU(t)Pb, t > 0, where U(t) = €"“ is the unitary
group related to the Dirichlet problem for the wave equation in 2 and P{ are the orthogonal
projections on the orthogonal complements of the spaces

DY ={feH :Uyt)f =0, || < £t + b, £t > 0}.
Here b > a and Upy(t) is the unitary group related to the Cauchy problem for the wave equation in
Ry x R™. We choose x € Cg°(R"™) so that x =1 for |z| < a, x = 0 for |z| > b. We fix b > a with
this property and note that Pix =x = XPi. For simplicity of the notations we will write Z(t)
instead of Z%(t) and Py instead of P{. Let B be the generator of Z(t). Therefore,
o(B) C{z€C:Rez <0}
and the eigenvalues z; of iB coincide with their multiplicities with the poles of R, ()) (see [14]).
The condition (3) implies

sup ||(B 4 i\) || qon = +oo. (6)

AeR
In fact, for Re A > 0 we have

o0
X(iG =X = - / e Mxe"xdt = x(B - A\)"'x.
0
By analytic continuation for Re A > 0 we obtain
(G +iN) Iy = x(B+i\) Ty, VAER
and we may exploit the representation
_ AR(N) —iR(\)
— 1 —
G=N"=(LapR0) ARG )

The condition (3) is typical for trapping obstacles. To make a precise definition we must consider
the generalized bicharacteristics of the wave operator (1 = 8t2 — A, determined as the trajectories
of the generalized Hamiltonian flow F; in Q generated by the symbol > , £2 — 72 of O (see [12] for
a precise definition). In general, F; is not smooth and in some cases there may exist two different

integral curves issued from the same point in the phase space. To avoid this situation we introduce
the following generic condition

(9) If for (z,€) € T*(0K) the normal curvature of 0K vanishes of infinite order in direction
&, then 0K is convex at x in direction &.
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Assuming (G), given o = (z,&) € T*(Q) \ {0} = T*(Q), there exists a unique generalized
bicharacteristic (x(t),£(t)) € T*() such that z(0) = =, £(0) = ¢ and we define Fi(x, &) =
(z(t),£(t)) for all t € R (see [12]). We obtain a flow F; : T*(Q) — T*(Q) which is called the
generalized geodesic flow on T*(Q) The flow F; is discontinuous at points of transversal reflection
at T3 (Q) and to make it continuous, consider the quotient space T*(Q)/ ~ of T*(Q) with respect
to the following equivalence relation: p ~ o if and only if p = o or p,0 € T;,(2) and either
lim; -0 F¢(p) = o or limp g Fi(p) = 0. Let ¥y be the image of S*(Q2) in T*(Q)/ ~. The set
is called the compressed characteristic set. Melrose and Sjostrand ([12]) proved that the natural

projection of F; on T*()/ ~ is continuous. Thus if (G) holds, the compressed Hamiltonian flow is
continuous.

Proposition 2. If the generalized compressed Hamiltonian flow is continuous and if we have at
least one (generalized) trapping ray the condition (3) is fulfilled.

Proof. Our hypothesis imply the existence of a sequence of ordinary reflecting rays -, with
sojourn times T, — oo (see for instance [12], [15]) and we may apply the result of Ralston [18]
which says that the condition (a) of Theorem 1 is not fulfilled.

In the following we suppose the condition (3) fulfilled. Assume that there are only finite number
of resonances in the domain

{zeC:Imz > —§}, § > 0.

Choose 0 < a < ¢ so that we have no resonances on the line {z € C : Imz = —a}. Then the
resolvent (B + a +i)\) ™! exists for every A € R and it is easy to see that

supH(B—Fa—i—i)\)_lﬂH_)H = +00. (7)
AER

Indeed, if the resolvent (B + « + i\)~! is uniformly bounded with respect to A € R, the cut-off
resolvent ||AR, (—ia + A)||z2_ 2 will be also bounded uniformly with respect to A € R. Consider
the domain

{zeC:—a<Imz<c¢y |Rez| >¢1, ¢;>0,i=0,1}
with sufficiently large c;. For each z in this domain we have the estimate (see [22])
n+1
2Ry ()|l L2()—L2() < Cel

and an application of the Pragmen-Lindel6f theorem leads to a contradiction with (3). Next, assume
that

e "0 ¢ g(eP), VB e R.
Then [|(e=@~% — eB)~1|| < Cq, VB € R and we deduce

1
(B+a+if) ' = - /0 HBratib) (1 — eBrotif) =1,

Consequently, the resolvent (B + a + i3)~! is uniformly bounded with respect to 3 € R and we
obtain a contradiction with (7).
This shows that there exists 8y € R such that

e g g(eB)\ e7(B),
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Now we are in position to apply the result of I. Herbst [11] saying that there exists a set M, C R
with Lebesgue measure zero so that for all ¢ €]0, co[\ M, we have

ezl v ¢ 5(Z(t)), Vw € R,
hence '
e~ ¢ (Z(t)), Yw € R,

where o(Z(t)) denotes the spectrum of Z(t).
Assume that for f]’—: €Q,0< Z—: < 6, we have no resonances on the line

{zeC: Imz = -2,

an

The above argument implies the existence of a set M, C RT with Lebesgue measure zero such
that for ¢ €]0, co[\\M,, we have
—tZ—Z-l—iw

€ a(Z(t)).

The rationals are dense in |0, d] and the spectrum o(Z(t)) is closed. Thus for

te]o,oo[\(u /\/ln)

neN

e

we get the relation '
{z=eW" co(Z(t): 0<y <6, weR}
Thus we have proved the following

Theorem 5. Suppose the condition (3) fulfilled. Assume that we have only a finite number of
resonances z with Imz > —68, § > 0. Then there exists a set R C RT with Lebesque measure zero
so that for all t €]0,00[\R we have

{zeC:e ¥ <|z| <1} Co(Z(t)).

Moreover, if for all § > 0 we have only a finite number of resonances z with Im z > —4§, then there
exists M with Lebesgue measure zero so that for all t €]0, 00\ M we have

{zeC: |2| <1} = a(Z(t)). (8)

Remark 2. The argument used above shows that if the condition (3) holds, then for almost
all t € RT we have
St c o(Z(t)).
Moreover, this relation is true without any hypothesis on the distribution of the resonances and on
the geometry of K.

Remark 3. The above theorem shows that if (3) holds, we have at least one of the following
properties:

(i) For some § > 0 we have infinite number of resonances in the domain {z € C : Im z > —4§}.
(ii) For t €]0, co[\ M we have (8).
The condition (i) is known as the modified Lax-Phillips conjecture.

It is interesting to see that in some cases both properties (i) and (ii) are satisfied.
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Theorem 6. Suppose the condition (3) fulfilled and let |[Im ;| > € > 0 for all resonances A;.
Assume that for every a > 0 and all r € R the resonances counted with their multiplicities satisfy
the estimate

#{z € Res(—Ap):r <Rez<r+1,Imz > —a} <C, 9)
with C, > 0 depending only on o. Then there exists M with Lebesque measure zero so that for
all t €]0,00[\M we have (8). In particular, (8) holds if K = K; U Ko, where K1 N Ky = () and
K;, 1 =1,2, are strictly convexr obstacles.

The proof is based on the construction of a holomorphic function f,(z) such that f,(z) has as
zeros with their multiplicities the resonances lying in {z : Im z > —a} and, moreover,

[fa(2)] < Aq, [Imz] < o,

|fa(2)| = Ba >0, z € R.
Let {)Aj}jez € C counted with their multiplicities be such that —a <Im\; < 3, @ > 0,3 > 0, and
assume that with some integer N = N(«, 3), depending on «, 3, we have

#H{Aj: Redj€[r,z+1], —a <Im); <[} <N, Vz e R. (10)
Given A > 0, define the function
zZ =N\ Ai
1) = Iml;ll<a(m) b )
Lemma 1. For all M >0 and A > M + o we have |f(z)| = Oa pm(1) in the domain
Dy ={z€C: |Imz| < M}
Proof. For z € Dy we have Im(z — A\j — Ai) < M + o — A <0 and

‘z—;l—AZ < Caar. ()
Then
Ai Ai 2
:H( to ) e m o =s) )
TG of( 1))
We deduce

(Y Y ﬁ)

k=0 k<|Re(z—X\;)|<k+1
C = 2NC
<ep( 3 <|Z—Aj—Az'|2)+Z w) =00,
|Re(z—A\j)|<1 k=1

where we have used (11) and we denote by C different positive constants which may change from
line to line.
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Lemma 2. For all M > 0,1 >0 and A > M + «a, we have |f(2)|7! = Oa (1) in the domain

Wy ={z€C: |Imz| < M}\|JBO\;,n).
j
Proof. We have

) =11 %;Az)exp(ﬁ)
el = o))
1+0(|Z_Aj —ilz’|\z—)\j| * \z—Ajl— AiP))

:1;[ 1+(’)(|Z _1Aj|2 + |Z_Aj1— Az’|2))'

Consequently,

FEIT < eXp(Z = Ajc— Az’|2) eXp(Z E —ij|2)
=0(1) exp( Z » |z— % ToAE +Z Z ﬁ) = O0a,my(1),
)<1

| Re(z—A k=1 k<|Re(z—\;)|<k+1 z
since |z — Aj| > n on W,. O
To obtain (8), we must show that the function 2R, (z) is not bounded on every line Imz = —«
on which we have no resonances and to repeat the argument of the proof of Theorem 5. To do

this, assume that the operator-valued function zR, (z) is bounded for Imz = —a < 0. Clearly, this
function is also bounded for Im z = 8 > 0. Consider in

Dopg={2€C: —a<Imz <}
the holomorphic function g(z) = 2R, (2) fa(2). We know (see [22]) that for
2 € Dap\ | JBMin)
J
we have the estimate
n+1
2Ry (2)]| < Cpe*™ 1y > 0.
By the maximum principle we deduce
lg(e)l] < Ce“FI™, ¥z € Dy .
An application of the Pragmen-Lindel6f theorem in D,, 5 yields ||g(z)|| < Ba,g and for z € R we get
lzRy (2)Il < Bl g

which is a contradiction with (3). In the case of two strictly convex disjoint obstacles the hypothesis
(10) follows form the results of C. Gérard [10]. In particular, for every fixed a > 0 the resonances
in the domain Im > —a have multiplicities bounded by an integer m, € N depending only on «.



ESTIMATES OF THE CUT-OFF RESOLVENT 9

On the other hand, it is interesting to mention that the existence of a holomorphic function
F(z) with the properties given in Lemmas 1 and 2 implies a restriction on the distribution of the
zeros of F(z) and hence on that of the resonances. More precisely, if we have

|F(2)| < Cop, —a<Imz < g,

|F(2)| > ¢co >0, Vz €R,
we obtain by the Jensen formula for ro € R, 0 < R < min{a, 8} and 0 < < 1 the estimate
Cap

€o

1

H{zeC: F(z) =0, |z —1r9| <IR} < T log
log 5

and this condition is uniform with respect to g and R. Consequently, we get a restriction equivalent

to (10).

In order to cover some cases when we have a different distribution of resonances and (10) fails
it seems convenient to search a function G(z) holomorphic and bounded in the domain

C
J={z€C: —aglngﬂ
z
such that
|G(2)] > ¢o >0, Vz €R,
provided that the resonances z € Res(—Ap) with Im z > —a« are between the zeros of G(z). In fact,

if a such function exists, we may consider g(z) = G(z)zRy(z) in J and apply the above argument
since zR,(z) is bounded on the line {z : Imz = C/|z|, |Rez| > Cy > 0, C > 0}. The function

h(z) = oA 1/2, A>0

is an example of functions having the first two properties. It is easy to see that h(z) has a sequence
of zeros converging to the real axis. Moreover, the zeros of h(z) have not the property (10).

4. SINGULARITIES OF THE CUT-OFF RESOLVENT x(U(t) — 2) "1y

In the analysis of the resonances for time-periodic perturbations of the wave equations [3],
[16] the analytic properties of the cut-off resolvent x(U(T) — z)~tx of the monodromy operator
U(T) = U(T,0) play an essential role. Here T" > 0 is the period of the perturbation and U(t,s)
denotes the propagator of the corresponding problem. For stationary obstacles K we can consider
U(t) instead of U(T) since the obstacle is periodic with any ¢ > 0. Consider the cut-off resolvent

x(U(t) —2)"'x,

where x € C§°(Q) is equal to 1 on K. If K is non-trapping, the operator Z(t) is compact for
t > to > 0 (see [14]) and this implies that x (U (t) —2) !y for t > ¢y has a meromorphic continuation
from

{z€C:|z| >B>1} to{z € C:|z| < g}

For trapping obstacles satisfying the condition (3) the situation is dramatically different. Let
VelCP(z] <b+1), ¥ =1for |z| <b, where b > a is large and fixed.
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Theorem 7. Assume the condition (3) fulfilled. Then for almost all t €]0, 00 and all z9 € S* we
have

lim — [[W(U(t) — 2) 7" lpp = +00,

z—20, |z|>1

where H = Hp(Q) @ L?(Y) is the energy space for (1).
The proof is based on a representation of > 72 z7I71Z(jt), |z| > 1 as a sum of terms involving
the cut-off resolvent W 3222, >~/ ~1U(jt)¥

Let ¢ € C§°(R™) be a function such that ¢(x) =1 for |z| < a+ 1, ¥(z) =0 for |z| > a + 2.
Introduce the operator

Lilg.h) = (0.(Vah, Vag) + (A0)g).

In particular, we define Ly (U(t)f) and Ly (Up(t)f) and will write simply LU (t) and LyUp(t). It
is easy to see that we have

(1 - 1[))U(t) = +/0 Uo LwU t - S)d

Ut (1 — ) = (1 - +/0 U(t — 8)LyUp(s)ds.

Applying these equalities, we get

) <V + (1 =000 + | 6= )L Ui(s)ds
+ /t Uo(t — 8)(1 — @b)Lon(S)dS + /t o Uo(T)LwU(t — 8 — T)Lon(S)deT
0 0 0
—YU () + Uo()p(1 — ) + (1 — 9)Uo(t) + /0 Ut — $)LyUs(s)ds
+ /t Uo(s)LyU(t — s)pds + /t Uo(t — 5)(1 — ) LyUo(s)ds
0 0

t pt—s
+ / Uo(T)LyU(t — s — 7) Ly U (s)dsdr.
0 Jo

Now let z € C be such that |z| > 1. Let g € C§°(Bgs+2) be a cut-off function equal to 1 on Bgt1.
We choose the projectors P = Py so that

Pitp =9 =vYPy, Prg=g=gPy.
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Next we fix b > 0 and the projectors Py with these properties and note that gL, = Ly, = Lyg. Let
To > 0 be chosen so that P,Uy(t)P- =0 for t > Tj. Given a t > 0, we have

(Z(t) —2)t=— i 27 U(jt) P
j=0
=P p(U(t) — 2) " 'pP- — ; 2T PTG (jt) (1 — o) P
- ; 2P (1 - iﬁ);]o_(j;)P—
- OTO P U(s)Ly(U(t) — 2) ' ®U(—s)yP_ds
To

+ i Pip(U(t) — 2) 1 @U(—5)LyUy(s) P-ds

min(jt, 7o) )
- > / 2P U (it — s)(1 — ) LyUo(s) P-ds
jt<1 79

To To
+ / / PoUNT) Ly (U(t) — 2)7 0U (s — 7) Lyl (s) P-dsdr + G(=)
0 0

with an operator G(z) holomorphic for z # 0. Here @ is a cut-off function with compact support
determined by the finite speed of propagation so that

(1 —=®)Up(t)g =0 and (1 — ®)U(t)g = 0 for |t| < 2T.

The terms in the above presentation of (Z(t) — z)~! given by finite sums are holomorphic operators
with respect to z # 0. Consequently, if

lim [ W(U(t) — 2) " [l < 00

z2—20,|2|>1

exists for ¥ € C§°(x € R" : |z| < c¢+1) and equal to 1 for |z| < ¢ for some suitably large and fixed
¢ > 0, we conclude that (Z(t) — 2)~! is not singular at zyp € S'. As we mentioned in Remark 2, this
gives a contradiction with the condition (3) which implies that S! C o(Z(t)) for almost all t € RT.
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