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CHARACTERISTIC PROPERTIES OF DISTRIBUTIONS
ASSOCIATED WITH THE WAVE GROUP

D.G.VASSILIEV

Let us consider the spectral problem

(A) Av = XMy,

) = 1=1,2,...
(B) (B v) 8M 07 ] 1, ) 7m’

where A > 0 is the spectral parameter, A is a positive self-adjoint elliptic linear
differential operator of order 2m (m € N) acting on half-densities on a compact
n-dimensional (n > 2) manifold M with boundary M or without boundary
(0M = 0). The BU) are “boundary” linear differential operators describing reg-
ularly elliptic (see [1]) boundary conditions in the case M # 0.

Under our assumptions the differential operator A initially defined on

D(A) = {ve C®(M) : (B(j)v)IaM =0, j=1,2,...,m}
has a self-adjoint closure A in Ly(M) with a domain of definition
D(A) = {v € H™M) : (B(j)v)|aM 0, j=1,2,...,m}

where H2?™(M) denotes the Sobolev space of half-densities belonging to La(M)
together with all their partial derivatives of order < 2m. It is well known [1] that
the operator A has a positive discrete spectrum 0 < v; < vy < ... accumulating
to 400 (we numerate the eigenvalues taking their multiplicities into account). The
numbers Ay = 1/,1/ 2'", k = 1,2,... may be interpreted as the eigenvalues of the
operator A(/2M) It is also well known that the respective eigenfunctions (more
precisely, half-densities) v; are infinitely smooth on M , satisfy (A), (B) and form
an orthonormal basis in La(M).

Note that whereas .4 is an operator in the full sense of the word A is not really
an operator: it is more correct to call A a “differential expression”. Nevertheless,
for the sake of simplicity we speak in both cases of “operators”, distinguishing A
and A by different script.

This paper is devoted to the study of the operator exp(—it.AI/ (2'")),
t € (T-, T4+). Information on this operator is essential for obtaining two-term
spectral asymptotics for the eigenvalue problem (A), (B), see [2-8].
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1. Functional spaces and basic notation. In this section we define precisely
the functional spaces of our distributions in order to prepare the ground for the
formulation and subsequent proof of Theorem 1.

Local coordinates on M will be denoted by z = (z1,22,...,2,) or by y =
(y1,¥2,---,Yn)- In a neighborhood of M we will use only special coordinate sys-
tems of the type z = (2/, 2,,), where 2’ = (21, z2,...,2,-1) are coordinates on M
(the boundary coordinates) and z,, > 0 is the “normal” coordinate in the sense
that OM = {z, = 0}.

Following Schwartz [9, Sect. 3.7] and Hormander [10, vol. 1, Sect. 2.3] we denote
by £(M) the vector space of infinitely differentiable (up to the boundary!) complex-
valued half-densities v(z) on M equipped with the usual C*-topology defined by
the semi-norms

q
a
vy ) max |07 (xpv)l

p=1 |a|<k

where k ranges over all integers > 0 and 1 = E;’,:l xp(2), Xp € C®(M),
suppx, C M ()| is some partition of unity on M with local coordinates z in

coordinate maps M(P). We denote by £p(M) the subspace of £(M) consisting of
all the half-densities which satisfy the boundary conditions

1 BUY A™S = | = =0,1,2,...;
(1) ( v)aM 0, j=12...,m, r=0,1,2,...;

the topology on £p(M) is taken to be the same as on £(M). By &'(M), Ep(M)
we denote the dual spaces of £(M), Eg(M) respectively (i.e. spaces of linear con-
tinuous functionals on £(M), £g(M)) equipped with the dual (strong) topology
generated by the initial topology on £(M), £g(M), see [9, Sect. 3.2, 3.3 and 3.7].
Obviously, £'(M) C £g(M) because (M) C £(M). The value of the functional
(distribution) u on the test half-density v will be denoted by (u,v), with the
subscript = emphasizing the variable in which the distribution is acting.

Let 7_ < T} be real numbers, finite or +oo. In accordance with traditional
notation we denote by D’'(7- , T4) the vector space of linear continuous functionals
on C(T-,Ty). The value of the distribution f € D'(T-, T}) on the test
function g € C§°(T-, T4) will be denoted by (f,g):. For the sake of simplicity
we, following Hormander [10, vol. 1, Sect. 2.1], equip D/(T-, T}) with the weak*
topology defined by the semi-norms

DT, Ty) 3 f— (£, 9)

where ¢ is any fixed function from C§°(T-, T4).

By C*((T-, T4) x My; &'(Mz)), C®°((T-, T+) x My; Eg(M;)) we shall de-
note the class of distributions from &'(M.), £g(M;) respectively infinitely dif-
ferentiably depending on (¢,y) € (T-,T4+) x M, as on a parameter (the sub-
scripts ¢ and y are used to distinguish the two copies of the manifold M ).
By C*(M, x My; D'(T-, T})) we shall denote the class of distributions from
D'(T-, T;) infinitely differentiably depending on (z,y) € M, x M, as on a pa-
rameter. Here infinite differentiability is understood in the strong (Fréchet) sense
with account of the respective topologies in £'(M;), E5(M;), D'(T-, Ty).
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We shall use the notation “f = O(JA|=®°) as A — —o0” to describe the fact
that the function f(A) € C*°(R) vanishes faster than any given negative power
of |A\| when A — —co . More generally, we shall use this notation for “functions”
f(A,z,y) depending on additional parameters z € M, y € My to describe the
fact that f as well as any given derivative of f with respect to z, y vanishes
faster than any given negative power of |A| as A — —oo uniformly over M, x M, .

By F1() & (2m)~? fj—:: exp(etA) (-) dt we shall denote the inverse Fourier
transform.

2. Main result. The main result of this paper is the following abstract theorem
which plays a fundamental role in the asymptotic analysis of higher order (m > 1)

spectral problems. It allows us to avoid the consideration of an ill-posed Cauchy

problem (in the variable t) for the equation D?™u = A,u (D, e —i0/0t); see

[6-8] for applications of this theorem.
Theorem 1. Let T- < 0 < T} be real numbers, finite or +o0o, and let

2)  ult,z,y) € CF((T-, Ty) x My; E5(My)) N C® (M x My; D'(T-, Ty))

be a distribution which behaves as a function in the variable t and as a half-density
in the variables z , y.
If

(3)  u(t,z,y) — exp(—itAY™)u(0,z,y) € CP((T-, Ty) x My x M,)
then

(4) Di™u — Azu € C°((T-, T4) x Mz x My),
(5) (BY)u) oy, € CC(T- Ty) xOM: x My),  j=1,2,...,m,

(6) Fi gyl = O(AI™®) as A — —o0

for any g(t) € C§°(T-, T4).
Inversly, if (4), (5) hold, (6) holds for some g(t) € C§°(T-,T4), ¢ #0, and, in
addition,

) (Bgf)A;u)aM =0 at t=0, j=12,....m, r=0,1,2,...,

then (3) is fulfilled.

Before proceeeding to the proof of Theorem 1 let us explain in what sense for-
mulas (2)—(7) should be understood (recall that we are dealing with distributions!).

Firstly, (2) means that for any v(z) € £€g(M;), ¢(t) € C&(T-, T}) we have
the equality

Ty
/(u,v),ydt = /(u,g)tvda:
T- M,
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over all y e M, .
By exp(—itAY(?™) t € (T_, Ty), we denote the bounded operator Ly(M) —
Ly(M) (called the unitary ezponent) defined by the series

k=1

400
(8) exp(—itAYC™) = 3" exp(—itA) vk () / (-) vk (y) dy
M!I

where A; are the eigenvalues and vy are the orthonormalized eigenfunctions of the
problem (A), (B). In accordance with (8), by exp(—it.A,lg/(zm))u(O, z,y) we denote
the formal expression

+00
(9)  exp(=itAYE™)u(0,z,y) = Y exp(—ith) vi(z){ u(0, ,y) , vi() )= -
k=1

Note that if u(0,z,y) = 6(z — y) then (9) is the Schwartz kernel of the uni-
tary exponent. The formal expression (9) can be understood in the sense of
C*((T-, T4) x My; E(My))- distributions as well as C®° (M, x My; D'(T- , T4))-
distributions. In the first case the value of the distribution exp(—it.A}/ (zm))u(O, z,Y)
on the test half-density v(z) € £g(M,) is defined as

(10) (exp(—itAY™)u(0,z,y),v),

+00
= Zexp(—z’t/\k)/vk(:c) v(z)dz (u(0,2,y),ve())s -
k=1

M,

In the second case the value of the distribution exp(—it.Ai/ (2m))u(0, z,y) on the
test function g(¢) € C°(T- , T4) is defined as

(11) (exp(—itAYC™)u(0,z,y),9):

+o00 T+
= Z ve(z) / exp(—itAx) g(t) dt (u(0,z,y), vx(z) )s .
k=1 T
Elementary integration by parts
1 [u@ed = [ e @) ds,
M. M.
Ty Ty
(13) /exp(—it/\k)g(t) dt = (ix)™* /exp(—it/\k) (07 9(¢)) dt
T T_

(obviously we used (1) in deriving (12)) with arbitrary s € N proves that the
quantities [, vi(z)v(z)dz, fTTf exp(—itAg) g(t) dt vanish faster than any given
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negative power of Ay as k — 400, and, consequently (since we @ priori know from
classical works on one-term spectral asymptotics the rough estimate Ay > ck2™/"
e > 0), faster than any given negative power of k. On the other hand, in view
of standard embedding theorems and of the fact that a distribution from £5(M;)
always has finite order (due to the definition of the topology on £g(M;) ), the quan-
tities vg(z), (u(0,z,y),vr(z))r grow not faster than some fixed positive power
of k. This argument shows that the series (10), (11) are absolutely convergent.
Moreover, this convergence is uniform over (7_, T}) x My, M, x M, , and does
not suffer as a result of differentiation with respect to (¢,y), (z,y); see a more
detailed discussion after Lemma 8.

Thus, the left-hand side of (3) can be understood in the sense of
C®((T-, T4+) x My; E5(M,))- distributions as well as C°(M,x My; D'(T- , T}))-
distributions. The C*-inclusion here means that there exists a w(t,z,y) €
C®((T-, T4) x My x M) such that

(u(t,z,y) — exp(—itAYC™u(0,2,y),v)s = / w(t,z,y)v(z)de
M:
T4
(u(t,2,2) = exp(=itAY™)u(0,2,),9): = [ w(t,2,v)9(t)
T
for v(z) € Eg(M.), g(t) € CF(T-, T).
The expressions (Bg,] )u) oar.’ and, consequently, the inclusions (5), are under-
stood in the sense of C°°(6sz>< My; D'(T- , Ty ))-distributions:

j def (B
(14) (BDw|, o) & (BP0},

for g(t) € C§°(T- , T}) . When (6) holds we shall denote the infinitely differentiable
“functions” (ng)u)laM by b;j(t,2',y), j=1,2,...,m.

The expression D?™u — A,u , and, consequently, the inclusion (4), can be un-
derstood in the sense of C®°((T-, T4) x My; Eg(My))-distributions (if we already
know that (5) holds) or C*°(M, x My; D'(T- , T} ))-distributions. In the first case

m
- def om i /
(Di™u— Agu,v), = D} (u,v)z—(u,A,v)x—Z /bj (ng)v)laM:dxl

for v(z) € £p(M;); here the CU) are “boundary” differential operators defined
uniquely (for a given set of B(j)) by Green’s formula

/(Au(z)) v(z)dz — /u(z) (Av(z))dz = i / (B(j)u)IaM (C(j)v)laM dz',

M M =1 oM
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Yue E(M), Yv € Eg(M). In the second case

(D?™u— Agu,g)e = (u, DA} — As(u,g)e

for g(t) € C§°(T-, T4). In both cases the subscript z is used to emphasize the
variable in which the respective differential operators are acting.

The expressions (ng)A;u)’aM appearing in the left-hand side of (7) are un-
derstood in the sense of C°°(31\/I1 x My; D'(T-, Ty ))-distributions similarly to
(14):

((BOAz)| o) & (BOAL(u,0))|

z

for g(t) € C§°(T-, T4). It is easy to see that if (4), (5) hold then

(15) (BgﬂA;u)’aM € C®((T- , Ty) x OM, x M,),
i=1L2,...,m, r=0,12,...,

so the equalities (7) can be understood in the classical sense. We shall denote the
infinitely differentiable “functions” (Bg’ )A;u) - by b;-(t,2',y).

Finally, the expression F;_!,[gu] is the C®(R x M, x M,)-“function” (more
precisely, function in the variable A and half-density in the variables z, y) defined

as Fi_,[gu] = (2m)7 (u(t, 2, ), exp(itA)g(t) ).

3. Proof of Theorem 1. If (2), (3) hold then (4)-(6) are obviously fulfilled.
So we have to prove only the inverse statement of Theorem 1. It is convenient to
split this proof into several parts which we shall consider as separate lemmas.

Lemma 2. Let bj.(t,2') € C®(T-,Ty) x 0M), j = 1,2,...,m,
r=0,1,2,..., be aset of “functions” which satisfy b;,(0,z') = 0. Then there
exists w(t,z) € C*°((T-, T4+) x M) such that

1 B A" = b;, j = e, =
(16) ( w) . ir s ji=1,2 m, r=2012,...,
(a7 Wleo = 0.

Proof of Lemma 2. In order to simplify notation let us renumerate our boundary
“functions”, boundary operators and their orders with one index k = j + mr:

def ; def 1 def
bj+mr = bjr, B(]+mr) = B(])Ar, Mjtmr = M; + 2mpr,

i=12....m r=0,1,2,... Here 0<m; <mp <...<mpy <2m —1 are the
orders of BM) B() . B(m)

Let us consider some local coordinate system z = (2’,z,) and some compact
K C M which lies inside the chosen coordinate map. Without loss of generality
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we shall assume that suppby € K for all ¢t € (T-,T4) and k = 1,2,...; the

general case is reduced t; this one by a partition of unity.

Each operator B*)  k = 1,2...., can be represented in the form B®*) =
cx(z")ox ~ B®) | ¢r(z') # 0, where B%) is a “boundary” differential operator of
order my without the leading conormal derivative :

mk—l
B = Z B(kp)ag .

p=0

Here the B(*P) are differential operators in z’ of order < mj —p. Without loss of

generality we shall assume that c¢x(2’) = 1; the general case is reduced to this one

by an obvious renormalization of the operators B(¥) and the “functions” by(t,z’).
Let us construct w as a formal Taylor expansion in z,,

+00 Mk
18 w(t,z) ~ wi(t, ') =2 .
(18) () ~ 3wt #)

Substituting (18) into (16) we obtain an infinite system of differential equations:

(19) w; = bl,
k=1

(20) w= 3 (B*™w) + b, k=23,
i=1

Due to its triangular structure this system is solved explicitly: (19) gives w; and

(20) gives a recurrent procedure for the determination of wy, k = 2,3,... Note

that we have wi|,_, =0 and suppwy € K for all t € (T_, Ty ) because the by
z/

possess these properties.

It is known that given an arbitrary formal Taylor expansion (18) one can con-
struct an infinitely smooth “function” w with such Taylor coefficients and with
support lying in our coordinate map. Moreover, as in our case the Taylor coeffi-
cients vanish at ¢ = 0, w can be chosen to vanish identically over M at t = 0.
(These simple statements are proved analogously to [11, Proposition 3.5].)

Lemma 2 is proved.

Lemma 3. Let i < 0 < {4 be finite real numbers and let a(t,z) €
C>®([t-, t4+] x M) be a “function” which satisfies

BU) AT = j = =0,1,2,...
@) (BOa9| =0, j=12..m r=0132,
Then there exists w(t,z) € C([t-, t4+] x M) such that equalities
(22) Dy = Aw + a,
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23 BU) AT = j = =
(23) ( Aw)aM 0, i=12,...,m, r=0,1,2,...

and (17) hold.
Proof of Lemma 3. Set

+o0

(24) w(t,z) = Z uk(z) (wi(t) — wr(0) cos Axt) ,
k=1
m 2m
(25) wi(t) = D wht) + Y wi(t),
=1 l=m+1
iexp(—itA t .
(26) wi(t) = _W exp(iTAr) ar(r) dr
@7) ax(t) = / a(t, ) 7e(2) dz ,
M
(28) Ao = Agexp(in(l—1)m™1),  1=1,2,...,2m.

Recall that by A; and vx, k = 1,2,..., we denote the eigenvalues and the or-
thonormalized eigenfunctions of the problem (A), (B). Due to the boundary condi-
tions (21) the quantity ax(t) defined by (27) vanishes faster than any given negative
power of k as k — +o0o uniformly over [t_, ¢;]; the same is true for any given
derivative of ai(t) with respect to ¢. An elementary analysis of formulas (25),
(26), (28) shows that this rapid decay property is inherited by the terms of the
series (24): this series converges absolutely, uniformly over [t_,t4+] X M, as well
as the series of any given derivatives with respect to t, z. Thus (24) defines an
infinitely smooth “function” which can be differentiated under the Z:ﬁ sign.

Straightforward substitution shows that the constructed w satisfies (22), (23)
and (17).

Remark 4. Lemmas 2, 3 and their proofs remain true if the “functions” b;, and
a depend smoothly on the additional parameter y € M, . In this case the resulting
w will also smoothly depend on y.

Lemma 5. It is sufficient to prove the inverse statement of Theorem 1 with

(29) D¥™y = Agu,

(30) (ZU)aMI 0, Ji=12..,m,
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instead of (4), (5), (7).

Proof of Lemma 5. It follows immediately from (13), Lemma 2 and Remark
4 that we can turn (5), (7) into (30) by adding to u an infinitely smooth with
respect to all the variables “function” which vanishes at ¢ = 0. Obviously such an
operation does not spoil (2), (4), (6) and it also has no infiuence on the formula (3)
which we are proving.

Take now arbitrary finite real numbers ¢_, ¢4 such that

(31)) T_-<t_-<0<ty <T4.

Formulas (4), (30) imply that the “function” a(t, z,y) & D?™y — Au satisfies the
conditions of Lemma 3. It follows from Lemma 3 and Remark 4 that we can turn
(4) into (29) by adding to u an infinitely smooth with respect to all the variables
“function” which satisfies (23) in the variable z and which vanishes at ¢ = 0. Such
an operation does not spoil (2), (6), (30) and it does not influence the formula (3)
which we are proving, only the time interval becomes smaller (({— , t4+) instead of
(T-, T})). Assuming that the inverse statement of Theorem 1 with (4), (5), (7)
replaced by (29), (30) is true, we have

(32) u(t, z,y) — exp(—itAYP™)u(0,z,y) € C®((t-, t4) x My x My).

As t_, ty are arbitrary numbers satisfying (31) formula (32) implies (3).
Lemma 5 is proved.

Thus we have reduced the proof of Theorem 1 to the proof of the following
statement.

Let u(t,z,y) be a distribution of the class (2) which behaves as a function in
the variable t and as a half-density in the variables z, y and which satisfies (29),
(30) and (6) for some ¢g(t) € C°(T-, T4+), g £ 0. Then (3) is fulfilled.

Set

(33) ue(t,y) = (ut, z,y),ve(z))s -
In view of (2) we have
(34) up(t,y) € CO((T-, Ty) x My).
Moreover, formulas (29), (30) and (33) imply D?™uj = Agux, and consequently
2m
(35) ur(t,y) = O unlt,y) ,
=1
2m
(36) uri(t,y) = uri(0,y) exp(—ither) = bip (=)' P DM un(t,y) -
p=1

Here ||aip|| is the symmetric 2m by 2m matrix with elements
ai, = exp(ir(l —1)(p—1)m™1), Lp=12,...,2m,

and ||bip]] = |laip]|™" . The Ax; are defined by (28). Note that formula (36) allows
to express the functions ug(¢,y) in terms of derivatives of the function ui(t,y);
with account of (34) this gives uxi(t,y) € C°((T-, T}+) x My).
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Definition 6. Consider a sequence of “functions” (more precisely, functions in
the variable ¢ and half-densities in the variable y)

wi(t,y) € CO((T- , Ty) x My), k=1,2,...

3

and let 1 = Z;q;=1 xp(y), xXp € C*°(My), suppx, C My(p), be some partition of
unity on M, with local coordinates y in coordinate maps My(p ). We will say that
this sequence tncreases slowly if for any real numbers ¢_, t, satisfying (31),
any multiindex o > 0 and any integer r > 0 there exists a natural s such that
k=207 0y (xp(y) w(t,y)) — 0 as k — +oo uniformly over t € [t_,t,], y € Mép),
p=1,2,...,9. We will say that this sequence decreases rapidly if for any real
numbers t_ , t; satisfying (31), any multiindex a > 0, any integer r» > 0 and any
natural s k°070; (xp(y) wk(t,y)) — 0 as k — +oo uniformly over ¢ € [t—, t4],
ye MP, p=12,...4q. _
Lemma 7. The sequence ux(t,y), k= 1,2,..., increases slowly.

Proof of Lemma 7. Suppose that the statement of Lemma 7 is false. Then there
exist real numbers t_ , ¢t satisfying (31), a multiindex a > 0, an integer » > 0, a

coordinate map Mép ) with local coordinates y, a cut-off function x,(y) € C*(M,)

with suppx, C My(p), and sequences k; € N, t, € [t_,t4], ys € suppxp,
s=1,2,..., such that k; — +00 and

(37) (ks)™" (8705 (xp(y) ur, (¢, ))) | 70

as s — 4o0o. Without loss of generality we shall assume that t, — ¢ € [t—, 4],
Ys — § € supp Xp a8 s — +0o; this can always be achieved by extracting subse-
quences in view of the compactness of [t_, t;] x supp xp . Let us introduce the set
of half-densities B = {(ks)_’ vg, () : s=1,2,. } Obviously B is a bounded
set (see [9, Sect. 3.2 and 3.7]) in £p(M). Denote by u(t,z,y) the distribution
defined by the formula (&,v), = 0795 (xp(y) (u(t, 2,9),v(2))z), v(z) € E8(My).
Due to (2) we have 4(t,z,y) € C((T-, Ty) x My; Eg(M;)). So, in particu-
lar, 4(t,z,y) is a continuous function of the parameters ¢, y at the point ¢t = t,
y = ¥ in the sense of the £5(M,))-topology which means (see [9, Sect. 3.3 and
3.7]) that (i(t, 2, y),v(x))s — (@, ,§),v(z))r as t =1, y — § uniformly over
all v(z) € B, where B is an arbitrary bounded set in £g(M). But this contradicts
(37).
Lemma 7 is proved.

t=ts, Yy=ys

Lemma 8. For any | = 1,2,...,2m the sequence uri(t,y), k = 1,2,...,
Increases slowly.

Proof of Lemma 8. Lemma 8 follows immediately from Lemma 7 and formula
(36).

Lemma 8 allows us to represent our distribution u(f,z,y) in the form of a series
of smooth “functions”

400 2m

(38) u(t,z,y) = Z Z uri(t, y) ve(2),

k=1 I=1
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with the values of this distribution on the test “functions” v(z) € Ep(M),
g(t) € C°(T- , T4) given by the natural formulas

+o00 2m

(39) (u(t,z,9),0)e = DD unlt,y) / vk(2) v(z) dz
k=1 I=1 M,
400 2m Ty
(40) (u(t,2,0),00 = 3 Y uo) [ wnlt.att)dr.
k=1 I=1 T_
It follows from Lemma 8 and formulas (12),
Ty Ty
(41) /uu(t,y)y(t) dt = (i)\u)"/ uki(t, y) (9¢ (1)) dt
T_ T

(cf. (13)) with arbitrary s € N that the series (39), (40) converge absolutely,
uniformly over (7_-,T}) x My, M; x My, as well as the series of any given
derivatives with respect to (¢,y), (z,y). This justifies the representation (38)
in the sense of C°((T-, T}) x My; (M. ))-distributions as well as C°(M, x
My; D'(T- , T} ))-distributions.

Lemma 9. Forany | # 1, m+1 the sequence uri(t,y), k =1,2,..., decreases
rapidly.

Proof of Lemma 9. Assume m > 2 (otherwise none of the | = 1,2,...,2m
satisfy the condition ! # 1, m + 1). Let us consider first the case 2 < I < m.
Having fixed ! and arbitrary s, r, o, X, (in the notation of Definition 6) set

def s
pe(to 1) = max k* |87 0y (xp(y) uri(t, )|
t€ft-,t4], yEM)
where ¢_, t4 are arbitrary real numbers satisfying (31). Set ¢ = (T} — t4+)/2.

Due to the exponential behavior of the “function” ugi(t,y) in the variable ¢ (see
(36)) we have

(42) pr(t—, ty) = exp(—e Ag sin(w/m)) pe(t— , t4 +¢) .

According to Lemma 8 and Definition 6 there exists a natural § such that

(43) E % ur(t- ,t4 +€) =0 as  k— +oo.

Combining (42) and (43) we get

(44) pr(t— , t4) < ck®*? exp(—e Mg sin(7/m))

where ¢ = rileal%((k‘s pr(t—, t4 +¢)). As the right-hand side of (44) contains an

exponential term which is obviously stronger than the term k*+? | it follows from

(44) that pg(t—, t+) vanishes as k — +oo. This means rapid decrease in the sense
of Definition 6.

The case m+2 <1 < 2m is handled similarly by estimating pi(t— , t4+) through
pr(t- —e, ty), e=(@t--T-)/2.
Lemma 9 is proved.
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Lemma 10. The sequence upm41)(t,y), k=1,2,..., decreases rapidly.

Proof of Lemma 10. As in the proof of the previous lemma let us fix arbitrary
s, r, a, Xp. It follows from (6) that

(45)  k(ihe)05 (xp(y) Fhlo() u(t,z,ynmdx) —0 as A= —00

M.

uniformly over y € My(p ) , k € N; here uniformity over k is established by integra-
tion by parts in the variable z (similarly to (12)) with account of the boundary
conditions (30). Substitution of (38), (36) for u(t,z,y) turns (45) into

2m
(46)  k*(ide)"OC (xp(y) th__f()‘_hl)[g(t)] ug1(0, y))) —0 as A\ — —o0.
=1

Let us choose and fix some p € R such that ft'ju[g(t)] # 0 (such a p exists
because g # 0), and let us relate A and k by the condition A = p — Ax. Then
(46) takes the form .

(47) zm:gkz(y) -0 a k- +oo,
=1
where
(48) gei(y) = K ()" Fl (s, a9 (35 (6o () ur(0, 1)) -

Formula (48) can also be rewritten as

exp(—inr(l —

T4
ouly) = S0 explit(n - 2e)) 9(0) (3535 (o) w8, 9)
T

in the case | # 1, m + 1 the integral in this formula is easily estimated with the
help of Lemma 9 which gives

(49) gri(y) =0 as k — +oo, 41, m+1.

Let us examine now formula (48) in the case I = 1. As Apy = Ap the se
quence f:( - ,\“)[g(t)] decreases rapidly (the usual property of the Fourier
transform of a Cg§°-function), and the presence of slowly increasing factors k?,
(#Ae)", 05 (xp(y) uki(0,y))) (see Lemma 8) in the right-hand side of (48) cannot

spoil this rapid decrease. Thus
(50) gr1(y) = 0 as k— +4oo.
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Formulas (47)—(50) and Ag(m41) = —Ax imply that

Iem+1)(¥) = k()" Ful9(D] (95 (xp(¥) uk(m+1)(0,)) — 0 as k— +oo.

Dividing the latter formula by the non-zero constant ¥, 4[9(t)] and multiplying
it by the function exp(itAx) (which obviously has unit modulus) we arrive at

(51) B (005 (xp(9) sy (£, ) — 0 as k= +oo.

Formula (51) is uniform over y € Mlsp ) because the initial formula (45) had this
property and all our arguments leading from (45) to (51) preserved uniformity in
y . Moreover, as the time dependence in %i(m41)(t,y) is trivial (purely imaginary
exponent) formula (51) is uniform over all ¢t € R. So (51) means rapid decrease of
the functional sequence ug(m41)(t,y), k=1,2,..., in the sense of Definition 6.

Lemma 10 is proved.

Now it only remains to rearrange (38) as

(52) u(t,z,y) = exp(—itAY™))u(0,z,y)
+o00 2m

+ Z Z(ukl(t,y) — uk1(0, y) exp(—itAg)) ve(z) .

k=1 =2

Due to Lemmas 9, 10 the infinite sum in the right-hand side of (52) defines a
C*®((T-, T+)x M, x My )-“function”. So the inclusion (3), and with it our Theorem
1, is proved.
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