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ASYMPTOTIC BEHAVIOUR
OF THE SCATTERING PHASE
FOR NON-TRAPPING OBSTACLES

by V.PETKOV and G.POPOV

0. Introduction.

This paper is devoted to the asymptotics of the scattering phase
s(\) related to the laplacian in the exterior of a bounded domain
O©C R". The first result concerning the asymptotic behavior of
s(\) for strictly convex domains and the Dirichlet problem was
announced by Buslaev [7]. Recently, the same problem has been
studied by Majda and Ralston [24] where the first three terms in the
asymptotics of s(\) are found (see also [34], [35]). The techniques,
used by Majda and Ralston, are connected with a trace formula, proved
by Jensen and Kato [15], as well as with the important progress,
made by Melrose [30], in the investigation of the forward scatter-
ing amplitude for strictly convex bodies.

For non-convex domains the best known result is due to Jensen
and Kato [15] where for starlike domains the first term in the asymp-
totics of s(\) is given. The approach in [15] is based on a trace for-
mula, discussed below, and on the monotonic property of s(A)
which enables one to apply a Tauberian theorem. For domains
with more complicated geometry, the monotonicy of s(A) is not
known (see [16]). On the other hand, the estimate for the remainder
in [15] is not the best possible, since the tools related to the Laplace
transform are usually not sufficient to obtain a sharp estimate. Finally,
notice that Majda and Ralston [24], [35] have conjectured that the
asymptotic expansion, given in [7], [24], holds for every non-trapping
obstacle.

The analogue of s(A\) for bounded domains is the function
N(A\) equal to the number of the eigenvalues of the laplacian which
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are not greater then A%. After the classical works of Weyl [41] and
Courant [9], the efforts have been concentrated on the proof of a
sharp bound for the remainder in the asymptotics of N(A), predicted
by the Weyl’s conjecture. Recently, Seeley [39], Pham The Lai [33]
and Ivrii [13] succeeded to obtain a rigorous proof of this conjecture.
In particular, Ivrii [13], under some assumption on the set of the
periodic bicharacteristics, established a stronger result, concerning
the form of the second term in the asymptotics of N(A). In his
work Ivrii developed a new perturbation technique for the investi-
gation of the singularity at ¢ = 0 of the Fourier transform of N(\).
The knowledge of this singularity combined with a Tauberian theorem
leads to an estimate for the remainder. Recently, Ivrii [14] proved
a remarkable result, describing the asymptotics of the spectral func-
tion for the laplacian under general boundary conditions. Notice
that the monotonicity of N(A) is crucial for the application of a
Tauberian theorem.

The main purpose of this paper is to prove the conjecture of
Majda and Ralston for non-trapping obstacles. Our analysis is based
on a precise examination of the Fourier transform o¢(#) of the scatter-
ing phase s(A). To study o(?¢), as |[¢t|— oo, we apply some facts
concerning the kernel of the scattering operator, while for the inves-
tigation of o(¢) for ¢ close to O we use the techniques due to Ivrii.
On the other hand, we study the Dirichlet problem as well as the
Neumann one with an additional term. In this direction, our results
are new even for strictly convex domains.

In order to give a precise statement of our main result, we need
to introduce some notations. Let 2 CR", n= 3, be an open
domain with bounded and connected complement © = R"\Q and
smooth boundary 92. Denote by H, the self-adjoint extension
of the laplacian — A in L2?(R"). Next, let Hp (Hy) be the self-
adjoint extension of the laplacian —A in L?(Q) with boundary
condition of Dirichlet (Neumann) type on 4S2. Throughout this
paper the Neumann boundary condition has the form

(%% @) + v u@) =0,

where v(x) €C*(0L2), y(x) =2 0 and v is the outward unit normal
to 0982, pointing into ©O. Associated to H;,j=0,D,N, are

N
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the following quadratic forms

q,(f,8 = (vf, \7g)L ,q0(f, 8 = (Vf, vg)

2(R?) L)’

an(f,8) = (VF, V8) g + [ ¥(¥) £() 2 as,.

These forms are positive, closable and the self-adjoint operators, cor-
responding to the closure of q;, are just H,. . Consider the operators
B,. = \/H,. with domains

D(By) = H;(R"), D(By) = H,(f2),
D(Bp) = {u EH,(R), ulyq = 0}.

Denote by [D(B,)] the closure of D(B,) with respect to the
norm || Bo“”iz(an) and introduce the Hilbert space

¥, = [D(By)] ®L3(R™).

The operator

0 I

Ay =i
-H, O

with domain D(A,) = D(Bg)Q D(B,) is self-adjoint in ¥, and
generates a group U,(#) of unitary operators on ¥,. Similarly,
let [D(Bp)] denote the closure of D(Bp) in the norm || BDuIIi2 .
Consider the Hilbert space ¥y = [D(Bp)] @ L%(2) and the self-
adjoint operator

0 I

~H, 0

with domain D(Ap) = D(Bf,)@ D(Bp). Let Up(#) be the group
of unitary operators on ¥, generated by A, . The wave operators
W.(Ap, Ay;P) =5 — tl_i’{;n“ Up(#) P Uy(—1¢) exist and are com-
plete (see [19, 20, 10, 37]). Here P: {{,—— ¥ denotes the ortho-
gonal projection. Everywhere in what follows we use the notations
of Reed and Simon [37] for the wave operators and the associated
scattering operators. The scattering operator for the Dirichlet problem
becomes S(Ap, Ay, P) = (W_(Ap, Ay; P))™! W, (Ap, Ay ;P).

To handle the Neumann problem, it is convenient to extend
Hy on L%(R"), setting Hy f = f for f€ (L*(Q))*, where the ortho-
gonal complement is taken in L2%(R"). Similarly, we put Byf=7f



114 V.PETKOV AND G.POPOV

for f€(L?(2))*. Denoting by [D(By)] the closure of D(By) with
respect to (qy(u, u))'/?, we introduce the space

¥y = (ID(By)]1® L*(©)) & L¥R")
and consider the self-adjoint operator
0 I
—Hy O
Since ¥, C ¥y, we can determine the wave operators

W, (Ay, Ag) = 5 — lim N Al (- 1)

without using a suitable projection. Following the approach, develop-
ed in [37], we prove the existence and completeness of W, (Ay, A,).
Therefore, we set S(Ay, Ag) = (W_(Ay, A)™! W, (Ax, Ap).

In what follows, for brevity of the notations, we use the sign +
for the Dirichlet problem and the sign — for the Neumann problem.
The scattering operator becomes an operator-valued function S,(A)
in the spectral representation of A, (see [6, 19, 20]). Moreover,
S, (A) has the form

S, =1+K.(D) (0.1)
where K, (\) is trace class [19, 20]. This important property can
be deduced from the one established for the scattering operator
SB;®I,B,;), j=D,N (see section 2). As it is shown in [11, 38],
the representation 20.1) implies the existence of det S,(A), and
we obtain e 2"t = get S.(\). The function s,(\), called
scattering phase, coincides with the spectral shift, studied by Krein
[17, 18] and Krein and Birman [6]. Another important objective
is the fact, that we can choose s,(A\) to be smooth for A > 0. This
phenomenon is connected with the Rellich’s uniqueness theorem
which holds for the problems under consideration (see [19, 20]).

Now we shall precise the non-trapping condition. For this
purpose consider the generalized bicharacteristics of the operator
af — A, introduced by Melrose and Sjostrand in [2_§, 27, 28]. The

projections of the generalized bicharacteristics on 2 will be called
generalized geodesics.

DEFINITION. — We say that © is non-trapping if for every R > 0
with © CBg = {x; |x| < R} there exists a number T(R) > 0 such
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that there are no generalized geodesics with length T(R) within
QNBg.

Our main result is the following

THEOREM 1. — Assume © non-trapping. Then we have

_n Y (e
;N = —ﬁ)—i——vol(f))\" + (4m) 12 vol 9 OAn-1
r(%+1) 41‘("2" +1)
B (42);; faa (Héx) —27(x)) dS A" 0.2)
2 +OA"3), N — + oo,

where H(x) denotes the mean curvature at x €90, dS, is the
Lebesgue measure on 00 and for s, (\) the term, involving ~vy(x),
must be omitted.

The proof of theorem 1 is very long. The analysis of the Fourier

transform o,(#) of s,(\) is based on a suitable trace formula. In
[15] Jensen and Kato proved that

tre”™™ @ 0 — e ™Moy = ¢ fo"’ eMs,(VNdAN,  (0.3)

where e ™D s extended as O on (L%(2))*. This formula actually
appears in [7] with heat kernels replaced by powers of resolvent
kernels. Working with (0.3), we could not obtain an information about
the singularities of o¢,(¢). It is more convenient to use the formula

2tr /_m p(t) (cos Bt ® 0 — cos B, t) dt
oo d*
= [L 2 wsma, pec®), 04

where cos B¢ is extended as 0 on (L?(2))* and

o) = [ _p(ny e ar.

This result for » odd is given by Lax and Phillips [21] for starlike
domains and by Bardos, Guillot and Ralston [2, 3] in the general
case. One way to prove (0.4), is to exploit the trace class property
of the operator
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(Hy, + D& 0 — (H, + DK, (0.5)

where K > % This assertion for Dirichlet and Neumann problem

is established by Birman [4, 5], provided the boundary smooth. For
domains with more complicated geometry similar results are given
by Deift [10] (see also [37]). Following the ideas, used in [15], we get

THEOREM 2. — For every p € C, (R) we have

oo oo d‘
2tr /_‘“p(t) (cos B, t® 0 — cos B,#) dt =j;” -ﬁ()\) s:(\) d\

an 0.6)
where B,(B_) stands for Bp(By).

Theorem 2 can be proved, without appealing to the trace class
property of (0.5) (see [32]). Notice that a trace formula, involving
the scattering phase for the Schrodinger operator, has been obtained
by Colin de Verdi¢re [8] and Guillopé [12].

The monotonicy of the scattering phase s,(A) for non-trapping
obstacles is an unsolved problem. For this reason we cannot apply an
‘argument, based on a Tauberian type theorem. Nevertheless, the non-
trapping hypothesis enables us to overcome this difficulty and to
obtain o, (#) €C”(R\0). To do this, we use essentially the recent
results of Melrose and Sjostrand [26, 27, 28] on the propagation of
singularities, involving those about the case when the bicharacteristics
are tangent to infinite order to T*(9§2). Moreover, examining the
kernel of the scattering operator, we show that ¢o,(¢#) coincides,
as |t| — oo, with a function whose Fourier transform is rapidly
decreasing.

Finally, it is necessary to study the singularity at ¢+ = 0. It is
easy to reduce the situation to that, investigated by Ivrii [13].
Therefore, the arguments of Ivrii lead to the asymptotic expansion
ds, (A & )
'—s—:’% ~ Z c;-' A"-1-7  With this observation in mind, we can apply
j=0
the trace formula (0.3) and the result of Mc Kean and Singer [25],
to find c]?” . In the same fashion, one could cover the Neumann
problem with y(x) = 0, but the case y(x) ¥ 0 makes some troubles.
For this reason we prefer to compute ci‘“” , taking into account the
perturbation formula for the kernel of cos B, ¢ & 0, due to Ivrii [13].
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We believe the same approach might be useful for some other scatter-
ing problems. To simplify the calculation, we work near the boundary
with special local coordinates. In these coordinates the operator
aj — A, frozen at a point on the boundary, has coefficients which
preserve some of the geometrical information connected with 00.
Furthermore, we study the integrand in the third term in (0.2) at
some suitably chosen point x € 90 and reduce the general case to
the special one.

The plan of the paper is as follows. In sections 1 and 2 we intro-
duce the scattering phase and prove theorem 2. In section 3 we study
the behavior of o, (#) as || —> oo. In section 4 we expose the mo-
difications to the argument in [1], needed to show g, (#) € C*(R\0).
Finally, the sections 5 and 6 are devoted to the computation of

+

¢, J= 0,1,2. A part of our results, concerning the case n odd,

was announced in [31, 32].

The authors are grateful to James Ralston for helpful comments
about the case n even and to Johannes Sjostrand for the discussion
on the propagation of singularities.

1. Scattering phase related to the operators B, , B, .

Let H;, /=D, N be the self-adjoint extension to the laplacian
— A in L?*(Q), defined in the introduction. Using the functional cal-
culus, consider the operators C, = (I + Ho)‘K and C; = (I + H7.)‘K,

j=D,N, where K> g

follows. It is convenient to extend C; as0on (L%(2))'. The extend-
ed operator will be denoted by C,- @ 0. Next, for simplicity of the
notations, we write C; for C, or Cy and B; for By or By if
some special choice is not mentioned.

is an integer, which will be fixed in what

The following proposition plays a crucial role for the existence
of the scattering phase.

ProposITION 1.1. — The operator C, & 0 — C,, is trace class in
L*(R™).

Since we consider domains with smooth boundary, the propo-
sition 1.1 is contained in the results of Birman [4, 5]. A stronger
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result has been obtained by Deift [10], provided the boundary has
the cone property (see also [37], Appendix to XI.10).

The first consequence of the above proposition is the existence
of the scattering operator S(C, ® 0, C;). In the spectral represen-
tation of C, this operator becomes an operator-valued function
SA\,C, ®0,C,) which differs from the identity by a trace class
operator. This enables us to define det SA\,C, & 0, C,) (see [6,
11, 38)).

The second consequence of the trace class property is the exis-
tence of the function

EA) =E¢N,C;©0,C,)
= 7! lim arg det(I + (C, ® 0 — C,) (C, — 2)™1)

z > A+i0

for a.e. A€ R. This follows from the Krein theory of the spectral
shift, developed in [17, 18, 6]. Before we proceed with the operators
B, , By, let uslist some properties of £(A):

@ EVEL'R), [ ENAN=tr(C, 80 - Cp),

() EA) =0 for A€E[0,1], |

(c) given a function ¢ € C;"(R) , the operator ¢(C, & 0) — ¢(C,)
is trace class and tr(¢(C, ® 0) — ¢(Cy)) = jL : ®'(\) EA\) an,

(d) e 2™t = det S\, C, ® 0, C,) forae. AE(0,1).

The properties (a)-(d) are established in [17, 18, 6]. Another
detailed proof of (c) and (d) is given in [12], Chapter II.

In what follows, &) will be called scattering phase. This
notion is motivated by the property (d). The following lemma garantees
that we can choose §(\) to be smooth for A€ (0, 1).

LEMMA 1.2. — The function §(\) is real-analytic for A€ (0, 1).

Since C, & 0 has no eigenvalues A€ (0, 1) and the resolvant
(C, —2)~! allows an analytic continuation from the upper half-
plane across the interval (0, 1), the proof of lemma 1.2 goes like
that of lemma 3.2 in [15]. We leave the details to the reader.
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Next, we wish to apply the invariance principle (see [37], p. 30)
with an admissible function

1
(N K=D"2, x€(©,1),
v =
» NEO, D).

To avoid the eigenvalue 0, we extend C,, setting C,f=f for
FE (LX(Q))*. The extended operator will be denoted by C, ® I.
This modification on the interior of the obstacle does not affect the
scattering operator, namely S(C,®1,C,) =S, ® 0,C,). We
omit the easy proof of this fact.
Since Y(A) has a finite limit at 1 and the point spectrum of
C, and C, @1 does not contain 0, we can apply the invariance
principle, leading to the existence and completeness to the wave
operators W, (Y(C, @ I), ¥(Cp)) = W (B, ® 0, B,). Consequently,
we obtain
S(B, ® 0, B,) = S*(C, ® I, Cy). (1.1)

As above the modification of B, on (L*2))* does not influence
the scattering operator and we have

S(B, ® I,B,) = S(B, & 0, By). (1.2)

To obtain a link between §(A\) and the scattering phase related
to B,@®I and B,, we need to work in a suitable spectral repre-
sentation for B, and C,. Let L?(R*;N, u) be such representation
for B,, where N = L?*S""!) and u is a measure on R*. In this
space C, actsasa multiplication by (1 + A2)~K . Therefore, changing
the variable, we can find a spectral representation for C,. Namely,
consider the space L2((0, 1); N, i) with the measure

dp(r) = — Y'(1) du(y(7) .

In this space C, acts as a multiplication by 7. Using the unitary
operator U: L*(R*; N, p) 3 f(r) — f(¥ (7)) € L¥((0, 1);N, )
and taking into account (1.1), (1.2), we conclude that

SQA,B,®I,B,) = S*((1 +A)"K,C,®1,C,) forae. A>0.(1.3)

According to lemma 1.2, we can choose a smooth scattering phase for
B, and B, @ I, thatis

§,(N,B,®1,B) =—£((1 +A\)" ), xA>0. (1.4)
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In what follows, this scattering phase will be denoted by £,(A).

2. Trace formula.

This section is devoted to the proof of theorem 2. Introduce

the function
£, A>0,
50 = 2.1

— £ (=N, A<0.

First, we shall prove the following

ProproSITION 2.1. — For every p € C;(R) we have

2trf” p(t) (cosB,t® 0 — cos By#)dt = f“

—00

dp
— (A) s;(\) dn.
d\ ! (2.2)

Proof. — Given p€&CJ(R), consider the cosine transform

f " p(t) cos+/otdt, 0 >0. Extending this function smoothly
for 0 <0, we obtain a function ¢,(0) ES(R). Let
1
‘P(U) ¢1(0 K _ 1), g > 0’
¢(0) =
,0<0

where o€ C:(R), ¢ = 1 in a neighborhood of the interval [0, 1].
Obviously, ¢ € Cj(R), hence applying the property (c), mentioned
in section 1, we deduce that the operator

¢(C, & 0) — ¢(C,y) = ¢,(B2) & 0 — ¢,(B})
is trace class and
tr(6,BD® 0 — ¢,BD) = [ 41(0) £(0) do.
According to (1.4), we get
tr f_: p(#) (cos B, t® 0 — cos B, 1) dt

- Ow % (‘/:: p(t) cos ‘/)Tt d’)‘él(\/i_) dx

_ 1= db
=5 L Fosma
and this completes the proof of (2.2).
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In order to prove theorem 2, it suffices to show, that s,(\)
coincides with the scattering phase related to the operators A, and
Ap or Ay. To do this, we shall use essentially the approach in
[37], section XI.10. In what follows, we restrict our attention to the
Neumann problem. The modifications, needed to cover the Dirichlet
problem, will be sketched in the end of this section.

For simplicity of the notations, we denote by By the operator
By @ I. Introduce the unitary operator J: ¥ ,— ¥y . given by
I, v) = (Bgl Byu,v). Next, we wish to reduce the existence and
completeness of the wave operators W.(Ay,A,;J) to that for
the operators W, (By, By). Consider the unitary operators

T, : ,—> L*(RM) & L*R"), k=0, N,
given by

A simple calculation shows that

wt (BN ) Bo) 0
W, (Ay, Ag ;) = T! T,
0 wt(_ BN s Bo)
which implies
S(By > By) 0
ToS(Ax, Ay ;N Ty = . (2.3)
0 S(— By, — By)
On the other hand,
ToS(Ax, Ag; ) Tyl = S(Ty AN TR', ToA T H)
and
B, 0
T, AT = , J=0,N.
0 —B

i
Let us introduce the space

L?(R;N, u*® p~) = L3R*;N, u*)® LX(R™;N, u7)
with N =L*%S"Y), du*(\) = (A" 'd\ on R*. Therefore,
in the space L2%(R*; N, u*) the operator +B, acts as a multipli-
cation by A, while T,A,T,' acts as a multiplication by A in
L%R;N,u*® u~). On the other hand, in L*R;N,u*® u-)
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we have TyAyTy' = By ® (—By). Taking into account (2.3)
and the equality S(\, — By, —B,) = S*(=\,By,B,), A <0, we
conclude that
{ S(\, By, By) on L%R*;N, u*),
SN, AN, Ay ) =
S*(—\,By,B,) on L%(R™;N,u").
This equality shows that S(A, Ay, A,;J)—1 is trace class, hence
det S\, Ay, Ay ;J) and the related scattering phase s(A, Ay, A, ;)
exist. This observation shows that we can take
{SO\,BN,BO), A>0,
SAA, AN, AT = 2.4)
—&—X,By,By), A<0.
Finally, it remains to prove S(Ay,Aq;d) = S(Ay,A,). To
do this, we shall establish the asymptotic equivalence of & and the
inclusion operator I : 3, — ¥y, that is the relation

Jim (g - L) U () =0, 9€H,, (2.5)
where the limit is taken in- . Then an application of the propo-
sition 5c in [37] yields the above link between the scattering operators.

The relation (2.5) can be proved, applying the argument in [37].
For the sake of completeness, we briefly sketch the proof. Let
Uy (8) ¢ = (u,(t), uy(¢)). Then

17— 1) Ue (D) @l = By — By) u, (D5,
where |- ||, denotesthe norm in L2(R™). On the other hand,
u, (1) = (cos Byt) ¢, + (sin By#) By'w,, ¢ = (91, 9,).

Let @ C $(R") be the space of functions whose Fourier transforms
vanish in some neighborhood of 0. It suffices to show that

1By — By) e " wlly — 0, wE®.

Choose Y ECF(R") with 0<y() <1, ¥(x)=1 on a
neighborhood of the obstacle ©. Since

By =By (I —9y)e

we need to study the term (B, — By) dze—“BOw . It is easy to see,
that the operator (B, — By) ¢ B;? is compact in L?*(R"). Recall

~itB
‘w=0,
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that B, has an absolutely continuous spectrum. Therefore,
. . ~itB "
using a standard argument, we obtain Bf)e oy, 22,5 0 and

this completes the proof of (2.5).

t—+oo

Passing to the Dirichlet problem, notice that the trace formula
(0.4) is proved by Bardos, Guillot and Ralston [2, 3] for n odd. For
the sake of completeness, we shall sketch hew the above argument
can be applied to cover this case. First, extend B, as Bpf=f on
(L*%(2))* and set Hp = H, & (L%(O)® L?*(©)). The extended
operator will be denoted by By . As for the Neumann problem,
we are going to the equality
§\,Bp,By), A>0,

SN, Ap, Ay ) =
—§(—=\,Bp,By), A<0.

Let P: ¥ ,— ¥, be the orthogonal projection. Setting Pf =0
on ©, we can consider P as an operator from ¥, into ¥,. It
remains to prove the asymptotic completeness

where the limit is taken in ¥y, .

Let ngC:(R"), Uo(#) ¢ = (u,(£), uy(2)). The projection
P has the form P(u,(2), u,(9) = (u,(t) —v(#), Xqu,(2)), where
Xg 18 the characteristic function of £ and v(¢) is defined as follows

Av(t) =0 on &, v(t)— 0 as |[x|— oo,
v(t) = u,(t) on 0.

Using the local energy decay, it is easy to show, that as [f| —> oo,
we have |I(1 —x,) Bou, (Dlly — 0, IIBoy(x) u,(ll, — O,
(1 = Xq) 5 (Dllg — O, where Y (x) is chosen as above. With
these observations in mind, we can reduce the asymptotic completeness
to the proof of

I Bp (v(#) — ¥(x) ul(t))IILz( — 0. (2.6)

Q) t—ote

Applying an integration by parts together with the local energy
decay, we get (2.6).
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3. Analysis of the behavior of o(¢) for |t|— oo,

The purpose of this section is to investigate the behavior of the
Fourier transform o(z) of the scattering phase s(A). Our analysis
does not depend on the boundary conditions and we shall write
s(\), o(t) without especially saying what is the boundary condition.

First, let us recall some results concerning the kernel of the
scattering operator S. Given f= (f,,f,)EH,, set Rf =0,f, — f,

where f; (s, w) = f fi(x) dS is the Radon transform of f;.
=s

(x,w)
The translation representation &, of the unitary group U,(¢),

found in [19, 20], depends on the parity of n. For » odd &,
becomes &, f=d, 3" " V2Rf, d,=1/2"70-M/2_ For n even
there are two representations, related to the outgoing and incoming
spaces D, (see [20]). Namely, & = d,p* = Rf with
gz £>0,
p )= (2=2)

_ gm0 g "<,

The basic property of these representations is (Ri Uy(2) =T, (Rf‘
where T, denotes the operator of translation to ¢ in the space
LR x S"1).

Associated to ®; is the scattering operator S= R, SR
where for n odd we put &, = &, . Recall that S is an unitary
operator which commutes with T,. Therefore, its kernel will
be a distribution s(f—t,0,w)EMD'(RxS" ! xR xS""!) with
(t',w)ERxS" !, (t,0)eRxS" 1.

The representation of s(7,6,w), which we need, is closely
related to the boundary values of the solution w*(¢, x, w) to the
mixed problem )

@2 —=A)w=0,

B(w* + 8(t — (x, 0N lpypn = 0, 3.1)
=0.

Here A =sup {|x|; x€ ©} and @ cormresponds to Dirichlet or
Neumann boundary conditions. The distribution §(¢,0,w) has
the form

Wle_a
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3(t, 60, w) = 8(1) 8(0 — w) + d2M, 3] (3.2)
s s

ow ow
xfnfm 5(t + 7 —(x,0)) [E — (v, 0) 3;] (1,x, w) drdS,.

Here dS_ is the measure on 082 and

Id, n odd,
M. =

n
i""'H, n even,

H being the Hilbert transform, i.e. }if = (sign \) f()\), where f()\)
is the Fourier transform of f(¢). The formula (3.2) has been establish-
ed by Majda [22] for n odd and by Melrose [30] for arbitrary dimen-

mension xn = 2. Note that a factor i in the formula (6.12) in [30]
is omitted.

The treatment of (3.2) for the Neumann problem with y(x) # 0
is a straigthforward repetition of that for y(x) = 0. Moreover, the
modification of Hy on (L?(2))', which we have used in section 1,
does not affect the action of ¢/*™ on the space D* = U, (— A)D_.
It turns out that, this modification does not influence the formula
(3.2). Indeed, the starting point for the proof of (3.2) is the expression

Sk=lm T, & ¢PIN@)U Tk

Therefore, given k€ C5(R x s*=1), with k=0 for |s|i> R,
we have T_,, k€ R, D, for ' >R, + A.

Using a simple argument, we deduce from (3.2) the relation
$(t,0,w0)=0 for r>2A. (3.3)

The reader should consult [22] for a stronger result. Similarly, for
the distribution s*(¢,60,w), related to the adjoint operator S*,
we obtain

$*(t,0,w) =0 for t<—2A. (3.4)

A more important information is contained in the following

PROPOSITION 3.1. — Assume © non-trapping. Then there exists
a number T, > 0 such that 5(t,0,w) can be written as the sum
S(t,0,w)=8(t)8(0 —w)+M,(al(t,0,w) +b(t,0,w)) where a
and b have the properties:
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i) supp a(t,0,w) C (= T,, Ty,
ii) m;xsupp b(t,0,w)<—Ty + 1,
iii) b(¢, O:w) is smooth and
19BN, 0, W) <CyIATN, j=0,1, YN, [\|— . (3.5)
Moreover, these properties are uniform with respect to

(0,w)ES"" 1 xS" 1.

Proof. — The non-trapping hypothesis and the results for pro-
pagation of singularities [26, 27, 29] imply the existence of a constant
T>0 such that ws(t,x,w)EC” for t =T, |x| <2A. Given
pE C;"(R) with supp p C(—o, —T—A), we obtain

V(t, 0, w), p(2)
ow* ow®
=(a, 2fl;fm 8(t+‘r—(x,0))[ ™ — (v, 0) ar] d‘rde,p(t))

. ow* ow'\ _,_, _
= [ (55 — @0 5-)8 e(x, 8y — n) drds,.

Obviously, we have ¢t = T for ({x, 8) — t) € supp p. Consequently,
the traces
aw.\' s

oy

are smooth functions and we conclude that

V), p(0) = [ F(t) p(1) dt

with F(£) €C*(R). Choose T, > T+ 2A +1 and a cut-off func-
tion p&Cy(R) with 0< () <1, o(8)=1 for [¢|<T, -1,
p(t) =0 for [t|=T,. Setting a=¢V,b=(1 -9V, we
arrange i), ii) and the first part of iii). In order to obtain the estimate
(3.5), some information about the rate of local energy decay is needed.
Namely, assuming n odd, and sufficiently large 7, we have

0 j 0 \a s
Gr) o) wrx
for j + |a| <N, where Cy dependson N and A. For the proof
of this result we refer to [40, 23, 29, 36].

(7,x, w) (7,x, w)

RxQ = OT Rx3Q

max

max <Cue?,8>0,7>T (3.6)
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For n even a similar result with a weaker rate of decay holds.
More precisely, we have

0 j 0 \a s
) (Ge) wirx
for j + || <N, where C depends on N and A. The proof
of (3.7) is given by Melrose [29, 30] (see also [36] for a sharper result
established for mixed problems with initial data in the energy space).
The modifications, needed to treat the Neumann problem with

v(x) # 0, are obvious, since the Rellich’s uniqueness theorem holds
for the problem under consideration.

SCyr

E_.
max > r>T @37)
|x|<2A

Now, it is clear, that the second part of iii) follows from (3.6)
and (3.7). In particular, for n odd we can arrange b(¢,0, w) € $(R).
Thus, the proposition 3.1 is proved.

A similar result is true for 5*(¢, 6, w), which we state without
proof.

PROPOSITION 3.2. — Assume © non-trapping. Then there exists
a number Ty, > 0 such that $*(t,0, w) can be written as the sum
S, 0, w) =8(¢) 6(0 — w) + M, (c(t,0, w) +d(t,0,w)) where
¢ and d have the properties:

i) sutpp c(t,0,w)C(—T,, Ty,
i) min surpp d(t,0,w)=2T, -1,
iii) d(t, 0, w) issmooth and
|8,’ch(l,0,w)|<CNl)\l‘N, j=0,1, VN, |[A]| — 0. (3.8)
Moreover, these properties are uniform with respect to

0, w)esS" "t xSt
After this preparatory work, we turn to the analysis of o(#)
as |t] —> oo. The basic tool will be the well-known formula (see
for example [11])
d
d\

First, consider the case n odd. According to the above propositions,
we deduce the existence of the convolution

Log det SQA) = — tr (sm % s*m), A£0. (3.9)



128 V.PETKOV AND G.POPOV

F(1,0, w) % it 3,0, w)=1(t,0,w) +7(t,0, w)

where f€ &'(R) and FES(R). Let k(A, 6, w) be the kernel of
the operator S(A\) — I. Following the arguments of Majda [22],
it follows easily that k(\, 6, w) depends smoothly on 6 and w.
Therefore, we get

tr (so\) 4 S* V) = Ik

d —mm8 —
Z d
a ns ay P @, @) do

d —
ko, @) R o dnde,

gh—lygn-1

and taking into account (3.9), a representation formula for to(#)
can be found. Namely, there exists a distribution f€ &'(R) and
a function r € $(R) so that

ta(t) = f() +r(e). (3.11)

For »n even some new terms appear in the form of to(¢).
This phenomenon is essentially related to the singularity at A =0
of the scattering operator S(A) (see for more details [20]). On

d.
the other hand, our aim is to study the asymptotics of ;}-\s- (A\) as
A —> + oo, hence the terms which vanish for A > 0 can be omitted.
To make 5)% in a suitable form, introduce a function ¢(A) € C;(R),

such that ¢y(A\) =1 for [¢t|< 8 and ¢(A) =0 for [t|=26>0.
Making use of formula (3.9) for A # 0 and performing some calcu-

lations, we can write (%% (\) asfollows:
ds ds .
n ) = o) oy M) +d;(1 — o)) sign X

X f f (a + 5) d—i\- (sign A (¢ + a7)) dndw

gn—1lygn-1

—i"'d, (1 - p(V) sign\ |

d . N _ ds
- Y (c +d)dw= o) oy ™)
+ (1 — o) (F+7) — i*1d,(1 — p(\) (sign A — 1)

f 4 e+dyd
d)\ w .

gh—1
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Taking the Fourier transform, we obtain
ta(t) = f(t) +r(t) +g(1) (3.12)

where f(t) € &'(R), r(£)€EC*(R) and r(\) is rapidly decreasing
and supp g(A) C (—o0, —§).

In the next section we show that o(¢) € C°(R\0). Therefore,
the asymptotics of :—;— (\) as A—> + oo can be computed, evaluat-

ing p(?) ﬁ(\t). Here p(#)€ Cj(R) with supp p suffiently close
to 0. This assertion follows immediately from (3.12) and the obser-
vation that

_8 N N
[ =N & du= 0N, YN, A= + e

Obviously, the same result holds for » odd.

4. Singularities of a(t).

In this section we prove that the non-trapping condition implies
o()€C” for t+ 0. We preserve the notations of the previous
sections and denote by B, the operator B, or By, extended
on L?(R”). Let II: L% R") — L2%(2) be the orthogonal projec-
tion. Then we obtain

tr fp(t) e M(cos B, t — cos By 1) dt
= trfp(t) e MII(cos B, t — cos By¢) Il dt
—tr | p(£) e=™(1 — 0) cos B¢ (I — IT) dt
+tr [ p(£) e=™(I — ) (cos B, ¢ — cos By1) Tl dt
—trfp(t) e~™MII cos By (I — II) dt. (4.1)

It is not hard to see, that the last two terms in (4.1) vanish. The second
term involves a distribution which is smooth for ¢## 0. To study
the first one, introduce the kernels wu,(¢,x,y) and u,(¢,x,y)
of the operators cos Bt and cosB,z. Let p& Cj(R") with
supp p C (—T, T). Hereafter, we fix T and choose ¢(x)€E Cy (R™)
such that 0<op(x) <1, p(x)=1 for |x|<T+ A, o(x)=0
for |x|> T+ 2A. Then a domain dependence argument implies
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fp(t) e~ "MII(cos B, ¢ — cos Byr) I1 dt
= [ p( e ™ (e, x, %) = us(t, x, %) g (%) 9(x) drdx,

Xa being the characteristic function of Q. Since uy(¢,x,x)€EC”
for t # 0, it remains to study the distribution

CzRDY — [[ U0 uy(t,x, %) xq(x) 0(x) drdx

for |¢#|<T. On the other hand, for [¢#|<T, |x|>2T + 2A
we have u,(¢,x,y)Xq(¥) ¢(¥) =0, hence we can restrict our
attention to the distribution v(¢, x, y), determined as solution
to the mixed problem

@} —A) v(t,x,y) =0,
Bvlgyan = 0. vl oorioa = 05 4.2)
vl_o = 8(x —») 0(»), Dl,_, = 0.

Setting M = QN {x;|x| <2T + 2A}, we are going to study the
.singularities of the distribution ‘/1; v(t,x,x)dx for [t|<T. A

similar problem has been studied by Melrose and Andersson [1] under
the assumption that 0£2 is strictly convexe or concave. The analysis,
carried out in [1], can be applied in our case, where some modifica-
tions concerning the more complicated propagation of singularities
are needed.

First, note that the reflection of singularities on |x| = 2T + 2A
does not produce closed generalized geodesics with length less than
T. Therefore, the analogue of proposition (8.15) in [1] holds, since
its proof does not involve an analysis of the singularities near 9£2.

Next, a precise examination of the proof of proposition (8.20)
in [1] shows that the geometry of 0£2 is essential only for the appli-
cation of the results concerning the regularity up to the boundary
of solution w(x,z) = E'g(x,z) to the following mixed problem

(a§ —-Aw=0
63‘") IRxaﬂ =g(x,2), (4-3)
wl,co = 0.

Here z,0<z<wu, is a parameter, WF(g) CI'y uniformly for
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0<z<pu and T, is a conic neighborhood of p, = (x,0, §, 7).
((¢, 7) denote the variables dual to (x,t)). The regularity up to
the boundary is described by the generalized wave front WF,(w),
introduced in [26]. We need the following.

PROPOSITION 4.1. — Let p = (%,7,£,7), x€0Q, 0<i<T.
If T, is sufficiently small there exists a conic neighborhood I' of
p such that
WF,(w)NT =@ “4.4)
uniformly for 0 <z < pu.

Proof. — Let I' be a small conic neighborhood of p. Consider
all generalized bicharacteristics issued from I'. We claim that for
sufficiently small 'y and I' these bicharacteristics do not intersect
I'y . In order to prove the claim, we need to define the relation C,
for ¢+ <0, which is completely analogous to that introduced for
t >0 in [27, 28]. The obvious modifications are left to the reader.
We list three properties of C, :

i) § €C,n if and only if there is a generalized bicharacteristics
v connecting n and ¢, ie. y:[t,0] — T*(M) with 4(0) =7,
() =¢,

ii) C,, o C,2 =Cr,» 1 <0, 15 <o,

iii) C, isa closed relation.

Remark 4.2. — In the case }:: = ¢, the property iii) can be

strengthed, since C,n coincedes with the generalized Hamiltonian
flow F(¢, n) which is continuous with respect to ¢ and n (see [26]).

Suppose there are sequences p, — po, M, — Po,> L, SO
that
n, € C,”p,, , t, <0. 4.5)

According to the outgoing condition, we can assume — T, <¢, <O0.
Passing to subsequences, let t, — ¢, where ¢, =1¢, or t, <t,
for every n. In the first case, consider a sequence z, € Cfo—fn M, -
Using the behavior of the generalized bicharacteristics, discussed
in [27, 28], we deduce from n, — p, that z, —> p,. Therefore,
the properties i)-iii), mentioned above, imply
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2,€C ¢ °C P =Cy Py
Hence p, € Cfo p, which contradicts the non-trapping hypothesis.

In the case ¢, <t, we have C, _
n
to the existence of a sequence z, such that

° C,o = C,n. This leads

fo
z, € Cto Pps My € Ct,,—to Zy -

Now the remark (3.16) in [27] shows that z, — p, and we

obtain again p, € Ctop , leading to a contradiction. Thus, the claim

is proved, and the neighborhoods I';, I' do not depend on z.

Now we are in position to apply the microlocal version of the
results of Melrose and Sjostrand [26, 27] uniformly with respect
to z. Assuming x, EWF,(w) NI' and following the procedure
exposed in [28], we can construct a generalized bicharacteristics
v issued from x, and determined for r < 0. As we have proved,
v hits the boundary at points y ¢I',. The wave front WF,(w)
propagates along <, hence w is singular for ¢ large negative,
which contradicts the outgoing condition. This completes the proof
.of proposition 4.1.

Repeating the arguments in [1] and using the proposition 4.1,
we deduce that the singularities of -/;4 v(¢,x,x)dx are related
to the lengths of the periodic generalized geodesics. The non-trapping

hypothesis excludes the existence of such geodesics and we conclude
that () €C™ for t # 0.

5. Asymptotic expansion of the scattering phase.

In this section we show that s(\) has an asymptotic expansion
with respect to A and we compute the first term in this expansion.
Moreover, using special coordinates near the boundary, we prepare
the calculation of the second and third term given in the next section.

Our analysis is based on the trace formula, proved in section 2.
Hereafter, we write B, for B, or By and denote by s(A\) the
scattering phase related to S\, Ap,A,,P) or SQAA\,Ay,A,). We
have

. . ds
2tr [ p(f) e (cosB,1® 0 — cosByr)dt = — (4 » dT)O‘) +r(\)

where r(\) israpidly decreasing.
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To handle the second term in (4.1), we shall find the Fourier
transform of u,(¢,x,x), working with the Fourier-Laplace
transform

(7, £,3) = @mynt [T [ emitrt
R uy(t,x,y)dtdx, Imr <0,

0 .
(7, £,) = @yt [0 eierd
uy(t,x,y)dtdx, Imr>0.

The same tool will be used in the next section for some more com-
plicated calculations. It is a simple exercise to show that

Ug(r,6,9) =2ir(2m) "2 — |§1*) e t, £+ Im7 > 0.
Hence the Fourier transform {‘o (\, £, y) becomes

U\, &, ) = —iAQ2m) ""H[((A - i0)* — {17!

) 2m)~" )
— (400 — (g et = BT e 5 — (g
Therefore,
. Qm)~" n  (4m)~"/?
)\’ , — n-1 n—-1 - — n—1 .
uy(\, x, x) > [A[""1vol S > F—(n/2+1) A

On the other hand, u,(¢,x,x) has a singularity only for ¢ =0,
which implies
n (4m)~"/?

PR — —
Nox,x) = & = A"t 4+ O(AITN), VN.
pug(\, x, x) 2 T2+ 1) IN] (XTT)

Now we turn to the asymptotics of
g\ = 2trf p(#) e ™TII(cos Byt — cos B, #) Mdr.

Using the finite speed of the propagations and choosing the support
of p(t) sufficiently small, we see that the kernel of the operator
p(t) II(cos Byt — cos B, #) I1 vanishes for x and y outside a suffi-
ciently small neighborhood of 9£2. Applying a finite partition of
unity  {p;(¥) ,.1\1‘} , we can reduce the calculation to the case where
92 has a simple form. Consider a function ¢(y)€ C;(R") and
assume that in a neighborhood U C 92 of 92 N supp ¢ the bound-
ary 0§} is given by y, =g(»"), ¥ = (¥,,..., y,). It is conve-
nient to work with the coordinates (7, x') connected with (677 i)
as follows
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YD) =o(r,x") = Y(x") + rN(Y(x") .

Here Y(x') = (g(x'),x") and N:U — S”°! is the Gauss map.
The next lemma follows from a simple geometrical argument and
we omit the proof.

LEMMA 5.1. — In the coordinates (r,x') the operator D? + A
has the form

P= Df —a(r,x)D? —R(r,x',D) —R,(r,x",D,, D) (5.2)
where R is an elliptic operator with symbol R(r,x',t'), homo-

geneous of order 2 in &', while R, is a first order differential
operator.

For the calculations, we need a sharper result concerning the
Taylor expansions of R and R,;. For this purpose we shall prove
the following

LEMMA 5.2. — We have

1 g, o B,
“8xy 1 Bayny o TByx,
(‘Do (r, xN™" = : +0(r? + |vgl?).
8x, "8xx, - 1+ "8x,xp

Proof. — We start with the computation of det D¢(r, x').
It follows easily that D¢(r,x') = (I + rDN) (N,D,.¥) hence
det Do(r, x") = det(I + rDN) det(N D,¥). On the other hand,

det(I + rDN) = H (1 +’)‘i) = L ¢ ri where A; are the eigen-

values of the Gauss map. In partlcular co =1, ¢, = —H(x") where
H(x') is the mean curvature at (g(x’'), x'). Remark that we have
H(x") = Ag(x') if vg(x') = 0. Furthermore, a simple calculation
yields det(N,D..¢) = (1 + |vg(x")[*)*?, and we conclude that

det Do(r, x") = (1 + [vg(x")I»)? (1 — rH(g(x"), x") + ... + ¢, r").
5.3)
Next we have
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- gxz T gxn
1 - I8x,x, + =+ — Mxyx,
+0(r* + |vg?).
—I8xyx, - 1 - 18 x,
Applying (5.3), we are going to
1—rH gx2 e g"‘n
_g"z l_r(H_gxzx ) . rg,
("Dg(r, x")) " =(1+rH) ’ 2
—8x, 18, x, . l—r(H—gx"xn)

+0(@?+|vg|?

which proves the assertion.

Now lemma 5.2 enables us to write the operator P in the form

P=D?—D?—D2 —2r Zk 8y ¥) Dy,
J

—iH(g(x"),x")D,+ Y aD*+ ) b,D*
la|=2 lal=1
with a, = O(r* + |vgl?®), b, = O(lr| + |vg|). Here it is important,
that the coefficients of P, which are essential for the calculations,
coincide with some geometrical invariants.

Following the techniques, developed by Ivrii [13], we shall study
the asymptotics of the expression J(A). For brevity of the nota-
tions, we shall use below the coordinates x = (x,, x'), y = (¥,, ¥,
where x, stands for r. Consider the distributions u,(¢,x,y),
u(t, x,y), determined as solutions to the problems

Pu, =0,
(5.5)
Ugly=g = 8(x =), Dsuy|, o =0,
Pu = O, Ru = 09
{ IRx20 (5.6)
Ulng = 6(x —y), Dt“l::o =0.
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Setting u, = uy, —u, We shall investigate

Q) = 2f0°° fRH p/u\l(k,x,x)D(%)(x) o(x) dx, dx’.

For every y' € U consider the differential operator
P(»',D,,D,) = P°(0,y',D,,D,)

where P° is the principal symbol of P. Taking the Taylor expan-
sion of the coefficients of the operator K = P — P, we obtain

K= X a,,,(x’—y)x{D+ ¥ a,DF (5.7)
j+lal<m B
BI<2

with a", =0O((Ix"—yp'l + x,)™1). In a similar way, we handle
the function vy (x) and get

v(E(x),x) = Xy (x'—y)* + O(x'—y'I™Y). (5.8)
lal<m

Following the approach of Ivrii [13], we shall build an appro-
ximation to u and u,, using the parametrices related to the
operator P. Denote by u, the solution to the Cauchy problem

%FJO=0,

— _ 5.9
uO'g:o = 6(x —y); Dtuol

0.

t=0 =
Let E,, E', E be the parametrices to the following problems
{ PE, =1,

Eol,_, = D,E,| 0,

t=0 =
{FE'=0, BpE' =1 or ByE =1,
E'l,., = D,E'l,_, = 0,

{FE=I, BrE=0 or RYyE =0,
El,_, = D,El,_, = 0.

]
Here @®Bpu = u(0,x'), while @yu = % 0, x"). These para-
1

metrices depend on y' but we omit this in our notations.
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It is easy to show that

m
uy = uy + EgKug = Y, (EgK)*uy + (EK)™* 1y, , (5.10)
k=0
m
u, = E'®pu, + EKu, = X, (EK¥E'®pu, + (EKY"'u,, (5.11)
k=0

where E' and E are determined with Dirichlet boundary conditions,

u, = E(®By + YBp)u, + (EK — E'v®Bp) u,
(5.11)y

m
= Z (EK — E'v®B, ¥ E'(By + vBp) u, + (EK —E'v®p)"*"'u,,
k=0
where E' and E are determined with Neumann boundary condi-
tions. We associate to every term aa,ﬁ,/(x' — y’)z" D# in the develop-
ment of K a weight w = |a|+j— |8l + 2. Similarly, we asso-
ciate weight ||+ 2 to every term vy, (x' — y')* in the develop-
ment (5.8). The weight of a product of terms of this kind by defini-
tion will be the sum of the weights of all terms. Thus, we obtain the
representations Uy = ug‘) + ..+ ugm) + ugm+l) ,
uy =u + U™+,

where (), k=0,1, has weight j, 0<;j<m, while u{™" is
a sum of terms with weights w = m + 1 and the remainders in the
corresponding developments.

Performing a rather lengthly computation, it can be'shown that
—~ y .
S 7PN, x, 1) () D(Z ) dx = 0UAP=27), 0<j <m.

The main steps of this calculation are sketched in [13]. The analysis
of the remainder term u(l"‘“) is the hardest part in the approach,
proposed by Ivrii. This analysis is based on the so called normal sin-
gularity at ¢ =0 of the distribution F = j;,, p(t) u,(t,x,x)dx

where the integral is taken over a bounded set M as was discuss-
ed in section 4. More precisely, there exist two numbers €, >0,
5o €R such that, provided suppp C(—¢€,, €), we have
(D, FEH fo(— €9, €) for every integer k = 0. The argument,
carried out in [13], can be applied without any change to the pro-
blem under consideration and we obtain
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S Ao, x, %) e D (= )dx = oA

where s, does not depend on m .

Finally, these observations show that
m
=23 [ (+ 1) L, x) dx' + O(A[1™?)
/:0 Rn——l

where

L,(x,x')=f0 FUPO, x, x) 9(x) (1 — x, H + ...+ c,x7) dx, .

6. Computation of the second and third terms.

In this section we study the asymptotics of Li(A, xL) ,7=0,1.
The calculations depend on the form of the operator P(y',D,,D.)
which can be essentially simplified, provided vg(y') = 0. The general
case will be covered in the end of the section by an approximation
argument adapted to the developments (5.11); and (5.11).

Now, let us consider the terms with weight 0 and 1. We have
P =D?—D2,
K,(x,D)=2x, Y 8xxy Dy T iAg(y") Dy,
ik
Denote by p(r,§) = 7> — |£|* the symbol of P and let A, (7,¢") "

be the roots of the equation p(7, §) = 0, Im7 <0, with respect
to &, . By convention, we put + ImX, (7, ¢')>0.

Let o(7, £) denotes the Fourier-Laplace transform of v(z, x)
for Im7 < 0. From the previous section we know that

Uy(T, §) = — iT(2m)~ "t e PE(p(T, §))71.

The parametrix E, has the form 15.\f= (p(7, &)? f(r, . On
the other hand, the parametrix E' with Dirichlet boundary condi-
tion becomes

(E'f)‘ (t,x) = A/; L‘n-l ei(t1'+x1>\+(T,E')+xl£') f?(T, E') deE'

where L_ = {7;Im7 =17, <O0}. Similarly, the parametrix, asso-
ciated to the Neumann problem, is given by
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(E'f) (¢, x)
= [ [ TN g A ) dra
Finally, we o;)tain E=I—-E®)E,, j=D,6N.
Next, in our exposition we restrict our attention to the Neumann

problem, since the analysis of the Dirichlet problem is similar and
simpler.

In the development (5.11)y the terms with weights 0, 1 have

the form
u®(t,x,y) = E®Byu,, 6.1)
uP(t,x,y) = ERyE K, uy + EK, E'®y U, (6.2)
+v(g(x"), x") (EBpuy, — E'Bp E'Byuy) .

First, we deal with (6.1). Taking into account the expressions
for uy(r,%,y) and E;, we obtain

Bnuo(T, £, )

—n—1 —iv'E 1s 51(51 =N (7, E'))—l
_ — n—1 iy't
7(271') e~V Rll_l;ll j;‘; sl — )\_(T, E,)

where I'g = [-R,R]U {z;|z] = R, Imz < 0}. Computing the
integral, we are going to

e Mt

S j e =i
Ruig(7, ¢',y) = 5 TQm " e ¥ ¥ T
Therefore,
A0, x,, ', y) = —QmneWE T ) )1 (6.3)
Now we turn to the analysis of (6.2). It is convenient to set
Ky =2x, Y 85, V) Dy » Kip = iHE(Y"),y) D,
jk
As the form of K,, shows, we have
EoKyttg = —ir2m ™" X g, &6 Qy,p7 + 415,073
ik
Furthermore,
g “ ! — . —n-1 _inEI
Ry EoKyytg(7, £, y) = —irQu) " e X g bk
ik

. _ -2 — -3 .
x 2 lim ‘[F_ (y1 151(‘61 )\+) + 4E1($1 )\+) ) e—'y‘E’d.El )
R

R~ & —\)? (& — A
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Performing some calculations, we get
E®y E/O\Ku uy = —:— Q) ne ¥ PR AT
X Z;c 8 £ E (T — ¥ A — PN
i
Repeating the same procedure, we obtain
E@y E;\szao = ZT{ @m) e '¥ T CTYOM - g 4y )N

and this completes the calculation of the first term in (6.2).
To handle the second one, we make use of the equality
EK,,EByu, = (1 - EBy) E;K,,EBy U -
First, we get

L —_— T o —iy'E iy A_
EKll E'@N uo = )\__ (217) n-1 e v'E e 1 Z gx’-xk E]Ek
— ik

R e A ¢ +A)

with I‘; =[—-R,R]U{z;|z] =R, Im > 0}. Taking the integral,
we have

. =X A —1
. ix it e —Al)
x lim £+ (e ¥ 4 & ) (&, dg§,
R

TN _ T T
EK,, EByu, = 7 Qm " e ¥ e DR~
x X 8xxp £l —x A_ — ixf)\l’_) A
ik
In a similar way, we find
2N J— T st —i(x
EK,, E'@y ity = 7 Qm " e ¥'¥e DM g x A A2
Finally, treating the last two terms in (6.2), we obtain
EB u, —ERL,E'Byu, =0.
Summarizing the above calculations, we are going to
i . -2i
UP(r,y k' y) = - @m e E T
’ -2 . -1 __ 2
x [2 8 ) EEOT + 0N =y (64)
ik

+ H(g(y", y) + 2'7(g(y'),y')] .
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In order to prepare the calculation of I:,-(T, ), i=0,1,
we shall take the integration over y,. It is clear, that without loss
of the generality, we may assume that ¢(x) = ¢,(x,) p,(x') where
¢, ECT(R), ¢, €EC”(R""') and ¢, =1 in some neighborhood
to x, = 0. Therefore,

r ’ "N — _I_I -n ,—iy't' n aA—2
Lo(r,8,y) = 5 @m~"e P, (¥) A 6.5)

x(l + i H(g(y"), y") A\Z! + lower order terms),

N T s gt N ~— - '
L(r,¢,y)= 3 Qm)ne V¥ g (yHN? [7\_’ )y gx,.xk(y)é,-ék
ik

+ 1 H(g("),y") + v(g(»"), ") + iower order terms] .
2

(6.6)
_ After this preparatory work, we obtain the Fourier transform
L,. (A, ¢, y"), making use of the equality

L E, ) =LA —i0,¢,y)— LA +i0, £, ).
Taking the inverse Fourier transform, it is important to note, that
the distributions L;(A, ¢,y"), i=0,1 have compact support.
We omit the easy proof of this fact.

Next, our aim is to find the inverse Fourier transform of
6,',]‘(7' s E'y ")

= eV E g [((r —i0)2 — |§12)7%2 — (v + i0)2 — |§'?)~51],
where the branch 0 < Argz <27 for Arg:z is taken. Before we
proceed with the analysis of 6,-',‘ , it is necessary to justify the choice
of this branch. For this purpose we go back and recall the form of
the parametrix E'. It is wellknown [26, 13], that WF, (E'u) does
not contain points which belong to the elliptic region, given by the
inequality |7] < |§'|. Therefore, we need to arrange the equality
(7 — i0)? — |E'PHY?2 = (7 + i0)2 — |¢')*)Y?  and for this reason
we take 0 < Arg z < 27.

It is convenient to introduce the distributions
T, = [((1 —i0)*> — p?)* — ((7 + i0)*> — p?)*] H(p)
|72 — p?| sign 7(e®™Z — 1) H(p), I7]>p,
- { 0 s ATl <p,
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where H(p) is the Heaviside function. Moreover, T, is an analytic
function of z for Rez > —1 and meromorfic for z&€ C with
poles at z=—1, —2,... . To simplify the notations, let us intro-
duce also the distributions Q, = ((r —i0)? — p2)* — ((r + i0)? — p?)*.
Since for |7|> 0, v;,(7, ¢, »") has no singularity at ¢ =0, we
may work with polar coordinates ¢’ = pw, x'—y' =rf, wE S !,
0 € S"~!. The inverse Fourier transform of v; (7, ¢, y") isa smooth
function and the trace x' = y' ‘can be evaluated, putting r = 0.
Consequently, we obtain

U7, ¥, ¥ = (P20, T_gps 72

vol -2 vol S§#~2
1 (Tgp. o™y == b ——

= 8, n-2y,

n—1 T p

First, we treat the case nodd and set n =2k +1, k= 2.

A simple calculation yields
1 90\
Ty = (D @k =307 () Ta s

which implies

B (2k — 2)!! d
(T——3/2’p2k 1y = m (p) 5—[; Q(zk—3)/2’l)
_ 2% —-2) (k—1)!signTr"*
2k — D! '
2pn-1/2
Therefore, taking the product with vol S"~2 = (I:—_I—)T’ we get
_ B . ., 2(n—2) (4m)~"?

(T_yp, p*¥~1) vol S"~2 = (sign7) 7"~ ¢ T (a/D) - (6.7)

Now, let n = 4 be even. We have
(T_3p, P *)=—=(n=3) (T_y, ")
= 2(sign ) "% (n — 3)‘[01 41— )" 12 dr
Computing the last integral, we are going to
(T_325 p" 2y = 2(Gsign )™ w2 (n=3)! (n—4)!"H) !,
which implies (6.7).



SCATTERING PHASE FOR NON-TRAPPING OBSTACLES 143

From (6.5) and (6.6) we bring together the terms, involving
(\_)"?, and obtain the expression

TQm) " e ¥ 0, (") (T_g),, p""2) vol 8772

1
X3 HE"), y) + 49, »")).

The first term in (6.5) can be treated by an argument, similar to
that, used for u#,(\, £, ) in section 5. Then summarizing all cal-
culations and applying (6.7), we have for 7> 0 the following
asymptotics

4m)~-(=D2 (p — 1)

Lo(r,y)+ Li(7,y") = — e, (¥ "2
sr(~5— +1)
_ (4m) "2 (n—-2) (H(E(L"),y) n " ne3
o (B Y€, 1)) 0, (V) 1"

+ O(m"%).

The remainder of the section is devoted to the analysis of the

case Vg(y')# 0. Let z be new coordinates, given by z = Cy,

where C is an orthogonal matrix. Following the argument in sec-
tion 5, introduce the functions

., ¥) =0o(r,x") = Y(x") + rN(Y(x"),
(z,,2") = ¢(r,z") = ¥(z") + rN(U(z")

with Y(x') = (g(x"), x"), :\;(z’) = (g(z"),z"). The wave operator
in these coordinates has the form
P=D? —a(r,x")D? —(R(r,x")D,,, D,

+ b(r,x")D, + P(r,x',D,),
P= D? —a(r,z")\D? — (R(r, z" Dz,,D;.)

+ b(r,z")D, + P, (r,z',D,).
Here R, R are (n—1)x(n —1) matrices, P, Fl are differen-
tial operators of first order with homogeneous symbols and «a,a,
b, b are smooth functions. Consider the Taylor expansion for P
and P respectively near (0, y') and (0,y'). We write down the

terms with weight 0 or 1:
P(y',D,,D,) =D? —a(0,y)D} —<(R@,y")D,, D),

$(3",D,,D,) = D* —4(0,3") D2 — (R(0,5")D,., D),
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oR , da , ,
K, =—r<¥(0,)’)Dx,,Dx, —r———(O,y)Df +5(0,y")D,

+ Y (x; - y) R,(D,) + P\(D,.),
j=2
~ R L 505"
Kl=—r<—5—(0’y)Dz’D *-r—(O y)D3+b(O9y)Dr

Z - 3) R;(D,) + PL(D,) .

Here R;, R are differential operators of second order with homo-
geneous symbols while Pl s P' are first order differential operators
with homogeneous symbols. Let Y = h(y') where h(y') is given
by the equality (r h(x") = ¢ lo(r, x’) Our purpose is to compare
the operators P P as well as K, and K . Writing P in coordinates
(r,x') and applymg the Taylor formula for (*Dh)~! , we obtain

~

~ o~ da ~ oa N~
a0,y =a0,y", > 0,y = 50,59, 50,%) = 50,5,
(Dr)~1 (3" R(0,3") (*'Dh)"1(3" = RO, "),
~. R ~, dR ,
Dr)' (") — (0,¥") (DA '(¥")= — (0,y").
or or
These relations imply
P(y',D,,D,,D,) = P(h(»"),D,, D,, ('DR)1(»") D, (6.9)
and consequently
u@t,r, Y, r,y)=u®, r, h(y'), r, k(") (6.10)

where ulk)(t z,y), k=0,1, are the distributions related to P.

In order to deduce a similar connection between u(l‘) and
Tii‘), we need to study the terms given by (6.2). Introducing the
operator

K°(r,D D)=—r<§(o "D, >
1 > r> z' ar y z'

—r—(o ) D? + 60,5 D,,

we obtain the representations
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K,(',r,x',D,,D,,D.) =K(r,D,, D,, ("D (»),D,,)
n
+2 (x; —y)M; + L (D,),
.:2
K,(k(»"),r,z',D,,D,,D,)=Kr,D,,D,,D,) .
n
+2 (x;—y)M, +L,(D,)

j=2

where M;, M L, L are dlfferentlal operators w1th homogeneous
symbols and ord M = ord M =2, ord L, = ord L = 1. Using

the solutions uo, uo, related to P, P the associated parametrlces
and comparing the terms corresponding to the operator K we
conclude that

u®,r,y',r,y)=ud®, r, ("), r, (y").  (6.11)
Here the coefficients of K° do not depend on z', which enables
us to find a simple relation between the form of K° in the coordi-
nate systems under consideration. The other terms in K, and K
involve only the operators (x; — ;) kax s (x; — y,) DZ, D
which do not contribute to the asymptotics of u“’()\ y,¥).

Now consider

Lo o) = [T EP0 7, BGY 1L RGN ()

S S
D (Z22-) kY dr, j=0,1.
r,z
Making use of (6.10), (6.11), it is easy to establish the equality

(1 + Vg LA, ') = (1 + IVERG DDV T\, h(»")).

Therefore, the case Vg(y') # 0 can be reduced to that with
vg(y') =0, and this completes the computation of the second
and third term. The result of theorem 1 follows immediately from

ds
the asymptotics of — (7).
ymp 7Y )
The above reduction can be avoided if a stronger version of

the so called normal singularity at ¢ = 0 is proved. Namely, it is
necessary to show, that the distribution
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F(t,x") =fo°° p(t) ult,x,, x',x,, x') ¢, (x,) ¢, (x") dx,

satisfies the property (5.12), uniformly for x' € supp ¢, . This infor-
mation can be deduced from the arguments, exposed in [13], but
some complementary work is needed.
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