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Abstract

A quasimode for a positive, symmetric and compact operator on a Hilbert space could be defined as a pair (u, A), where u is
a function approaching a certain linear combination of eigenfunctions associated with the eigenvalues of the operator in a “small
interval” [A — r, A + r]. Its value in describing asymptotics for low and high frequency vibrations in certain singularly perturbed
spectral problems, which depend on a small parameter ¢, has been made clear recently in many papers. In this paper, considering

second order evolution problems, we provide estimates for the time 7 in which standing waves of the type eV approach their
solutions u(¢) when the initial data deal with quasimodes of the associated operators. We establish a general abstract framework
and we extended it to the case where operators and spaces depend on the small parameter &: now A and u can depend on ¢ and also
perform the estimates for ¢. We apply the results to vibrating systems with concentrated masses.

© 2008 Elsevier Masson SAS. All rights reserved.

Résumé

On peut définir un «quasimode » pour un opérateur positif, symétrique, compact sur un espace de Hilbert comme un couple
(u, 1), ot u est une fonction approchant une certaine combinaison linéaire de fonctions propres associées a des valeurs propres de
I’opérateur appartenant a un « petit intervalle » [A — r, A 4+ r]. Récemment dans plusieurs articles on a mis en évidence 1’intérét des
quasimodes pour décrire le comportement asymptotique des vibrations de basses et de hautes fréquences dans certains problemes
spectraux, singulierement perturbés, dépendant d’un petit parametre & qui tend vers 0. Dans cet article on considere des problemes
d’évolution du deuxieéme ordre ; on obtient des estimations précises pour le temps ¢ pendant lequel les ondes stationnaires du

type ¢V donnent des approximations des solutions u(z) de problemes d’évolution quand les données initiales sont liées aux
quasimodes des opérateurs associés. On établit un cadre abstrait trés général que 1’on étend au cas ou les opérateurs et les espaces
dépendent du petit parametre ¢ : ici A et u peuvent dépendre de ¢ ainsi que les estimations en . On applique les résultats a des
systemes vibrant avec des masses concentrées.

© 2008 Elsevier Masson SAS. All rights reserved.
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1. Introduction

In this paper, we consider vibrating systems for which the associated spectral problems are singularly perturbed
problems which depend on a small parameter e. The abstract framework for these problems can be established as
follows:

Let us consider a positive, self-adjoint, compact operator A® on a Hilbert space H?, ¢ being a parameter that
converge towards zero. For fixed ¢, let { (,uf)_l};?il be the set of eigenvalues of A®, uf — oo asi — oo. Let {uf}2,
be the associated eigenfunctions, which are assumed to form an orthonormal basis in H®. Assuming that the low
frequencies (or the re-scaled low frequencies) u}, with a fixed i, are of order O (1), the high frequencies are referred
to as the sequences of eigenvalues M,-E(g) of order O(¢™%) for some « > 0 and i(¢) — oo as ¢ — 0. Considering
standard vibration problems associated with these operators (within the suitable abstract framework), the elementary

vibrations are the standing waves exp(i_ / ujt)uj.

On account of the difficulty of explicit and/or numeric computations of the eigenelements (,u‘;., u?) for singu-
larly perturbed spectral problems, many papers in the literature deal with the asymptotics for these eigenelements.
Nevertheless, there is a lack of studies of asymptotics for solutions of the associated time dependent problems when
the initial data are in neighborhood of the eigenfunctions as € — 0. This is one of the main aims of this paper. As
a matter of fact, we show that in the case where approaches to eigenfunctions individually are not available, then
approaches through quasimodes can work as approaches to eigenfunctions individually (cf. Remark 4.4). Here ap-
proaches must be understood in the framework of the usual energy spaces.

Roughly speaking, a quasimode u® for a spectral problem can be defined as a function approaching a certain linear
combination of eigenfunctions associated with the eigenvalues in a “small interval” [Af — 8%, A% + §8¢]. In fact, the
definition of a quasimode is related with an operator A® on a Hilbert space H?, the almost frequency A¢ and the
reminder §° (cf. Remark 2.6). Its value in describing asymptotics for high frequency vibrations in certain singularly
perturbed spectral problems has been made clear recently in many papers. Let us refer, for instance, to [26,31-33]
and [34] for vibrating systems with concentrated masses and further references on other spectral stiff problems and
to [35] for boundary homogenization problems. But also for operators on Hilbert spaces which do not depend on
perturbation parameters, the quasimodes are of interest in describing high frequency vibrations; see [2,4,15,31] in this
connection.

We emphasize that for problems arising in spectral perturbation theory, constructing quasimodes can be impor-
tant to describe low and high frequency vibrations in the case where obtaining approaches to true eigenfunctions of
the original e-dependent problem is difficult (see [6,11,12,14,18,19,23-26,31,32,34,35]). This happens, for instance,
when consecutive eigenvalues are very close and we do not have any precise information on the distance between
these eigenvalues. Below are some comments in this respect:

(i) As regards the high frequencies, under certain hypotheses on the operators, it is known that the re-scaled high

frequencies ,uf(g)s"‘, with o > 0, accumulate asymptotically on the whole positive real axis, being at a small
distance between them, and it is difficult to study the asymptotic behavior of the associated eigenfunctions uf( o)
individually (cf. for instance [8,12,23], [25] and [37]).
Besides, in certain problems the low frequencies converge, as ¢ — 0, towards those of a limit problem with
conservation of the multiplicity. If so, there is also a convergence for the associated eigenfunctions, but it may
occur that these low frequencies give rise to vibrations of the system which are asymptotically concentrated
in a certain region and it is possible to construct quasimodes associated with high frequencies giving rise to
other kinds of vibrations. This is the case, for instance, of spectral stiff problems (cf. [27,18,19,23]) or vibrating
systems with a single concentrated mass (cf. [12,16,29,30,38,31]) or with the mass concentrated along a curve
(cf. [11]).

(i) For the low frequencies, in the case where they converge towards the same positive value w; that is, for fixed
i=1,2,..., Mf — u > 0as e — 0 (cf. [26,33] and [35]), it can be difficult to describe the asymptotic behavior
as ¢ — 0 of the eigenfunctions u; individually, or even asymptotics for the first eigenfunction u{. This fact clearly
depends on the normalization of the eigenfunctions.

Sometimes quasimodes #° providing an approach to linear combinations of eigenfunctions associated with all
the eigenvalues in intervals [ — 8%, u + §%], with §° — 0 as ¢ — 0, can be constructed. These quasimodes



E. Pérez/J. Math. Pures Appl. 90 (2008) 387-411 389

could concentrate asymptotically their support and/or their energy at points or thin layers. This is the case
of vibrating systems with many concentrated masses near the boundary (cf. [24,26,32,34]) or in models from
Geophysics (cf. [5,7,35]) and in reinforcement problems depending on the geometry of the reinforced region
(see [13]).

For all these vibrating systems described above, given a quasimode as an initial data, we show that the solution
of the evolution problem behaves as a standing wave for a long time, a time which we establish in this paper (cf.
Remarks 3.3, 4.1 and 4.5). This makes it possible to detect standing waves affecting only certain regions, for long
periods of time. Specifying, we prove here that for a long time, namely ¢ € [0, O((8°)~#)], for some positive 3, the

solution of the associated evolution problem is approached by functions of the type exp(i,/ut)u® (or exp(i\/? ).
These functions (namely, their real or imaginary parts) shall be henceforth referred to as standing waves, though they
may not be solutions of wave equations (cf. Remarks 2.3 and 2.4). In this framework, we note that this is not far from
giving approaches to eigenfunctions individually, since these approaches, when taken as initial data, also originate
standing waves for long times (cf. Remark 4.4). The aim of Section 4 is to present a sample where the behaviors
described in (i) and (ii) for the asymptotics of the eigenvalues occur: accumulation of the high frequencies on the
whole positive real axis and concentration of the low frequencies at a point.

Finally, it should be noted that the idea in this paper is different from the idea used in previous works where the
convergence of the solutions of the evolution problems for certain initial data, by means of the Fourier or Laplace
transforms, provide a convergence of the associated spectral families which leads to a certain spectral convergence
for low and high frequencies (see [23,38,39] as general references and Remarks 4.3 and 4.10 to compare). Here we
use stronger convergence, from results in previous works (cf. [25] and [26]), to obtain approaches for solutions of
evolution problems via standing waves (see, for instance, Remarks 4.1, 4.3, and 4.5).

The structure of the paper is as follows: Section 2 contains the general abstract framework for evolution
problems and quasimodes for operators and Hilbert spaces which do not depend on the perturbation parameter. The
more general results are given by Theorems 2.2 and 2.3 and Corollaries 2.1 and 2.2 (see also Remarks 2.4 and 2.5).
They allow a wide range of application when considering problems from the spectral perturbation theory (cf. also
Remark 3.2). Section 3 contains an abstract framework for problems arising in spectral perturbation theory. The above
mentioned frameworks are general for standard vibration problems (cf. Sections I-III in [38], for instance): the asso-
ciated semigroups of contraction are unitary and the conservation of the energy is used to derive uniform bounds for
the discrepancies between solutions of the evolution problems and standing waves.

In Section 4 we apply the results in Sections 2 and 3 to vibrating systems with concentrated masses which have
been widely studied in the literature. Namely, we consider the vibrations of a body occupying a domain £2 of R",
n =2, 3, that contains many small regions B® of high density near the boundary, the so-called concentrated masses.
The small parameter ¢ deals with the size of the masses, their number and their densities. The asymptotic behavior,
as ¢ — 0, for the eigenelements (A%, u®) of the corresponding spectral problem (4.2) has been treated in [32] when
A8 = 0(£™2) and in [25] when A% = O(1). We refer to [24,25,31-34], as previous works where quasimodes that we
use throughout Section 4 have been constructed and to [26] for a large list of references on the low and high frequencies
for this problem. Here, considering the second order evolution problem (4.5), we provide estimates for the time ¢ in
which certain standing waves approach time dependent solutions when the initial data are quasimodes. Also precise
bounds for the discrepancies between the solutions and the standing waves in the suitable Sobolev spaces are provided
(see Theorems 4.3, 4.4, and 4.6). Section 4.2 contains the new results related to the low frequency vibrations while
Section 4.3 has those related to the high frequency vibrations. It should be noted that a re-scaling of the eigenvalues
of the original e-dependent spectral problem leads to a re-scaling of times and velocities in terms of the solutions
of the wave equations. The phenomena also recalls that noticed in [40] on the different time scales of observation
of disturbances depending on the initial disturbance of the media (see (4.21)—(4.24), (4.26)—(4.27), (4.37)—(4.41) and
Remarks 4.1, 4.5, and 4.6).

We note that some of the results in Section 4.2 have been announced without any proof in [36] while we provide
here their proofs using the results in Section 3. See [11,12,18,19,23,31,34,35], for other problems of spectral perturba-
tion theory where we can apply the general results of Section 3 and see [26] for a large bibliography. Finally, it should
be mentioned that comments on extensions of the technique in this paper to other spectral perturbed problems and
comparisons with different techniques and results in previous papers can be found in the introduction of Sections 4
and 4.1 as well as in Remarks 4.2-4.11.
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2. The general abstract framework

Let A:H — H be a linear, self-adjoint, positive and compact operator on a separable Hilbert space H. Let {)Ll._1 1724
be the set of positive eigenvalues with the usual convention of repeated eigenvalues, A; — oo as i — oo. Let {u;}72,
be the set of eigenfunctions which form an orthonormal basis of H.

A quasimode with remainder r > 0 for the operator A is a pair (u, u) € H x R, with |u||g = 1 and p > 0, such that
L Au — pu ||l < r. Throughout the text, if no confusion arise, we shall refer to u as the quasimode, which is associated
with the almost frequency (1 and the rest r.

The following theorem establishes the closeness in the space H x R of the eigenelements of the operator A to a
given quasimode of A (see [41] for the proof).

Theorem 2.1. Let A: H — H be a linear, self-adjoint, positive and compact operator on a separable Hilbert space H.
Letu € H, with ||ullg = 1 and ¢, r > 0 such that || Au — pul| g < r. Then, there exists an eigenvalue u; of A satisfying
A — ui| < r. Moreover, for any r* > r there is u™ € H, with ||[u*||g = 1, u™ belonging to the eigenspace associated
with all the eigenvalues of the operator A lying on the segment [ — r*, u + r*] and such that

o~ < 2.

We refer to [15] for the definition of families of quasimodes, results on the total multiplicity of the eigenvalues in

the interval [;« — r, u + r] and a more general statement of Theorem 2.1 (in the case where A is not necessarily a
positive operator). In fact, here Theorem 2.1 can be rewritten as follows:

Given a quasimode (u, ) for the operator A of remainder r, in each interval [ — r*, u + r*] containing
[ — r, u + 1] there are eigenvalues of A, {)‘i_(rl*)+k}k=1’2w'a1(r*) for some index i(r*) and some natural number
I(r*) > 1. In addition, there is u* € H,

10%)
”M* HH =1, ut e [ui(,*)_H, Ui(r)42, Mi(r*)+l(r*)]7 ut = Z QU (5 )4k » 2.1
k=1
satisfying
Al 2r
lu—u* g ={u— ]; Ol )+ ) < (2.2)

where, on account of the normalization for the eigenfunctions and u*, the ay are constants such that |ay| < 1 for
k=1,2,...1().

The following theorem shows the connection between a quasimode of an operator and the standing waves of the
type e'v* iy approaching solutions of second order evolution problems. In order to prove the theorem, let us introduce
a general abstract framework of the standard vibration problem for a system with discrete spectrum.

Let V and H be two separable Hilbert spaces, V C H, with a dense and compact imbedding. Let a(u, v) be a
sesquilinear, hermitian, continuous and coercive form on V. We consider V equipped with the scalar product inducted
by a(-,-). Let A € L(V, V') be the associated operator with the form a, namely, a(u, v) = (Au, v)y v, and, let us
consider the associated spectral problem: to find A and u € V, u # 0 satisfying,

a(u,v) =A(u,v)g, VYveV.

Let Ay be the operator restriction of A to H, that is the restriction of the operator A to the domain of definition
D(Ap) ={v e V/Av € H}, defined by A, f = u s where u s is the solution of a(u s, v) = (f, v)u. Then, A = A_l,
A :H — H is an operator which satisfies the properties in Theorem 2.1. The eigenvalues of A (respectively A) are
{ki}?il (respectively {Ai_l};?o 1)» and the associated eigenfunctions are {ui}ioi1 which form an orthogonal basis in H

and V, of norm 1 in H and of norm 4/A; in V.



E. Pérez/J. Math. Pures Appl. 90 (2008) 387-411 391

Let us consider the evolution problem,

d*u
—2 =+ Au= 0,
t
u(0) =g, 2.3)
du
Z2(0) =
r 0=y
For initial data (¢, ¥) € V x H, there is a unique solution u(¢) of problem (2.3) which satisfies:
du
uc L0, 00,V), ' € L*°(0, 00, H), 2.4)
u(0) =, (2.5)
and, for any fixed T > 0,
T
f a(u(), ®(1)) — du dP) Ny - (v, ®(0)) (2.6)
’ dt’ dt [¢) H '
0

for any test function @ of the form @ () = ¢ (#)v, where v is any element in a dense set of V and ¢ is any function in
{¢p € C1([0, T])/¢(T) =0}.

The solution u(#) of (2.3) has the Fourier expansion,

o0
u(r) = g cos(v/Aiu; + Vi sin(v/Aif)u;, .7
i=1 Vi
where ¢; and y; are the Fourier coefficients of the initial data, namely,
o0 o0
=Y @u; inV, Y=Y Y inH,
i=1 i=1
and the conservation of the energy is satisfied:
2 00 00
H=a(¢,¢)+||¢||%I=Z\/>T%<p?+2w?, vieR 2.8)
i=1 i=1
(see Section II1.8 in [17], Sections 1.6 and II1.11 in [38], Sections IV.5 and XII.3 in [39]).

It is self-evident that, from (2.7), for a given ¢ = au; or Y = Bu;, with «, B any constants, u; any eigenfunction of
A associated with the eigenvalue A;, the solution of (2.3) is the standing wave,

u(t) = (oz cos(v/Ait) + ﬁ%)”i-

a(u@®),u()) + H Z—‘;(t)

Similarly, for

1(r*) 1(r*)
p= Z aruig++k and Y = Z bui (r+)+k» (2.9
k=1 k=1

with ag, by constants, the solution of (2.3) is given by

1(r*)

sin(y/Ai () +41)
u(t) = <ak cos( )\,‘( *)+kt) + by —m————— Ui (r*)+k - (2.10)
l; VA /—)»i(r*)+k i(r

Also, for solutions of problem (2.3),

I1(r*)

u(t) =Y ar(cos(y/higmyrkt) + sin(y/Aigre) 4)) o) 4 2.11)

k=1
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* | soox . o el
associated with complex solutions of the form u(¢) = Z,i(:rl) age'V Rkl ui(+)+k» the associated initial data are:

1(r*) 1(r*)
= Z AR (r*) -k » V= Z Qjer/ Mi (%) +h Ui () +k - (2.12)
k=1 k=1

Theorem 2.2. Let (u,2~') be a quasimode with remainder r of the operator A = A7l A arising in (2.3).
Let {ki?:*)+k}k=1,2 ..... 1% and {u; )1k }k=1,2,....1¢*) be the eigenvalues and the associated eigenfunctions of the op-

erator A satisfying (2.1)~(2.2). Let us assume that r* > r and .~' — r* > 0. Then, for ¢ =0, ¥ = u, the solution u(t)
of (2.3) satisfies

I I

) Sln(\/ i(r)+kt) - Sln(\/ i(r)+kt)

alu(®) — E —— Ui+, W) — E Ui(r+)+k
k=1 vV t(r*)+k k=1 vV 1(r*)+k

1(r*) 2
du 2r
— (0 - Z 008 (y/A ,(r*)+kt>ul<r*>+k < (r—) . V>0 (2.13)
In addition, for any t > 0, we have:
sin(~/At) ®
———u—u
VA H

max( 2 (L) max Isin(y/Aigm) 1x8) — sin(VAD)| + C*VrF ), (2.14)
= e r*\/X’ ﬁ 1<k<LI(r") ot ’ ‘

and

cos(«/Xt)u - Z—l; 2]

2r
3max(r* , 1<£n<alx(r*) coS(y/Ai(r*)4kt) — cos(ﬁt)‘), (2.15)

which are bounds depending on the relation between A, r, r* and t; here Cy, C* are constants independent of these
parameters.

In the case where u belongs to V, the relation (2.2) holds in the norm of V and u* is bounded in the norm of V by
a constant C* independent of r*, then the estimate in (2.14) holds for || («/X)*l sin(«/Xt)u —u(@®)|v.

Proof. The estimate (2.13) is a consequence of the conservation of the energy. Namely, consider ¢ = 0,
Y=u-— Z,i(:rl) QU (r)+k in problem (2.3), which by uniqueness has the solution:

1
u() (i) Sm(\/ l(r*)-i-kt) .
- O —F——— Ui(r*)+k>
RV l(}"*)+k

then, from (2.8) and (2.2) we easily obtain (2.13) for any .
Let us prove (2.14). Indeed, we can write:

sin(v/At)
Tu —u(?) i
sm(\/—t) 1) sm(\/mt) 1) sin(\/mt)
1; o Ui (r*)+k H+ I;Olk—ﬁ(r*)% uj )k — u(r) i}

On account of the continuous imbedding of V in H, and of (2.13), the last term on the right-hand side of the above
inequality is bounded by (2rCy)/r*. Let us consider the first term of the inequality, we can write:
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I
sm(\/_t) (i) sin(/A ,(,*)+kt) .
Ui(r*)+
k=1 vV l(}"*)—I—k

sm(\/_t) [i) ksm(\/—t)

H

Ui(r*)+-k

H

1 1
(i) Sln(ft) (i)a sin(y/ l(r*)+kf)u
O ——F—Ui*)+k — \/7 i(r*)+k
i(r*)+k

Again, because of (2.2), the first term on the right-hand side of the above inequality is bounded by v'A~1(2r/r*).
As for the second term, we take into account that A and A;(+)4 are positive and satisfy |Ai_(r1*) kT )ﬁll < r¥, for
k=1,2,...,1(#%), then we have:

1 1
i) sln(\/_t)u ok — i: sin(y/ t(r*)—l—kt)u -
i(r*)+ 1)+
k=1 vV t(r*)+k

. I
s1n(,/ki(r*)+kt) s1n(ft) )
< max Zakul(r*)-i-k
ISKSIE®| (/A +k

= max Sin(y/ i t41) — s1n(ft)
1<k<IED| /hieok VA
max sin(\/Wt) sin(\/_t) v sin(v/A1) B sin(v/A1)

< sin axt) — sin(v/AD) | + Vr*
\1<k<1(r*)m| (VAi(r)+kt) (Va1)|

1
< | —+Vr* max
h («/X " > 1<k (%)

Thus, we have proved (2.14) for C* = 1.
Now, we follow the same steps to derive the inequality (2.15):

H

H

N

1<k<T (%)

sin(,/)\i(r*”kt) — sin(ﬁt)’ + \/F

dua
cos(~/At)u — Z(r) i

1(r*) 1(r*)
du
< COS(\/XI)M — Z akcos(w/)\i(r*)—i-kt)ui(r*)—',-k Z akcos(w/)\i(r*)-i—kt)ui(r*)—f—k — E(t)
k=1 H k=1 H
1(r*) 1(r*) 2
< |lcos(VAt)u — Z akcos(ﬁt)u,-(r*prk + Z o (cos(«/Xt) — cos(,/ki(r*)+kt))ui(r*)+k + g
k=1 H k=1 H

and we obtain (2.15).
The last assertion in the statement of the theorem is obtained rewriting the proof of (2.14) for the norm of V on

account of

I(r*)

Z Ok Ui (r)+k
k=1 v

<C*.

Therefore, the theorem holds. O

Remark 2.1. It should be noted that some different bounds could be replaced by |(,/ ki(,*)+k)_1 — (ﬁ)_1| <A
used throughout the proof of Theorem 2.2, but this might not be convenient when the values A and r* depend on a
small parameter as happens in the following sections.
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Also, we note that in the case where r*, 2r/r*, and | sin(\/A; () 4xt) — sin(+/At)| and | sin(, /X )k l) — sin(v/A1)]
“are small”, fork =1, 2, ..., I(r*), we can assert that the bounds in the right-hand side of (2.14) and (2.15) “are also
small”. This means that t can be large in the case where Aj+ vk, for k =1,2,...,1(r"), are sufficiently near of X.
As a matter of fact, for any positive t, we have the bounds given by the following corollary.

Corollary 2.1. Let us consider the hypothesis and notations of Theorem 2.2. Then, for any t > 0, from (2.14) and
(2.15) we have:

. -1
%u —u)| < 3max<2};’%, 3—:% 5(% + Jr_*> (% - Jr_*) V¥t +ﬁ), (2.16)
and
du 2~ 1 -1
cos(Wau — —@)|| < 3max(—, ch—*(— — JF) «/Xz), (2.17)
dr g r¥ N

respectively, where C is a constant independent of t, r and r*.

Proof. Estimates (2.16) and (2.17) are a consequence of (2.14) and (2.15) and the Taylor series error of the sinus and
cosinus functions in a neighborhood of +/Az. Indeed, considering (2.14), we can write:

sin(v/At) ®
—Uu —u
N H
2rCy 2r 1 1 ~
<3 | —=+Vr*)|C ik — NAE+ A
maX( ¥ r*ﬁ (ﬁ+ I’) lgingalx(r*)| i(r*)+k \/_| + I‘)
2rCy 2r 1 1 ~ 1 -1
<3max(uv_r_a(—+Vr*>CVr*<(_—Vr*) \/Xt"_ Vr*>>s
reo e \Wa VA

which gives (2.16), and similarly, from (2.15) we obtain (2.17). O

Remark 2.2. Let us note that only bounds (2.15) and (2.17) are independent of the constant Cy related with the
continuous imbedding of V in H. This is also the case where # € V and the last hypothesis of Theorem 2.2 hold; we
have

sin(v/A1)
TM — ll(f) v
< 3max(2—r, gi, C*&(L + \/r*> (i — x/r*>_1«/x\/r*t + C*«/r*). (2.18)
r¥ort VA VA

The constant Cy would appear accompanying the term 2r/r* on the right-hand side of (2.13) in the case where,
when applying Theorem 2.1, properties (2.1) and (2.2) hold in the norm of V instead of H. Consequently, this constant
Cy would also affect (2.15) and (2.17). As noticed in Remark 2.1, taking into account this constant can be important
for specific bounds when it also depends on a small parameter of perturbation ¢.

Under the last hypothesis in Theorem 2.2, similar bounds to those in Theorem 2.2 can be obtained for the initial
data ¢ = u, ¥ = 0, considering cos(v/At)u instead of (v/A)~Lsin(+/Af)u. As a matter of fact, the estimates in the
following theorem hold.

Theorem 2.3. Let (u, \~') be a quasimode with remainder r of the operator A = A;Il, A arising in (2.3). Let
{)Li_(rl*)Jrk}k:l,g,,_,,](,*) and {u; (- +kYk=1,2,....1(+) be the eigenvalues and the associated eigenfunctions of the operator

A satisfying (2.1)—(2.2). Let us assume that r* > r and A=Y —r* > 0. Moreover, let us assume that u belongs to V,
the relation (2.2) is verified in the norm of V and u™ is bounded in the norm of V by a constant C* independent of r*.
Then, for ¢ =u, ¥ =0, the solution u(t) of (2.3) satisfies:
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1(r") 1(r")
Cl(ll(l) — Z akcos(w/)\i(r*)+kt)”i(r*)+k, u(t) — Z akcos(w/)\i(r*)+kt)ui(r*)+k)

k=1 k=1
du 2o\
+ E(l) + Z ak\/)\i(r*)+k Sin(w/)ui(r*)q_kl‘)ui(r*)-kk < <I”_*> , Vi>0. (2.19)
k=1 H

In addition, for any t > 0, we have:

||cos(«/Xt)u —u(?) ||V < 3max(2—:, max
r* k<1 ()

cos(\/Ajre)4+kt) — cos(«/Xt)|>, (2.20)

and

H«/X sin(v/At)u + ‘;—';(z)

H

-1
<3max<2rc Zrﬁ,c*<i—«/r_*> ( max \sin(\/)»i(r*)+kt)—sin(«/Xt)|+«/F«/)_»)), (2.21)

r* ¥ A 1<k ()

which are bounds depending on the relation between A, r, r* and t; C and C* are constants independent of these
parameters.

Now, following the idea of Corollary 2.1, we derive bounds for,

’

H

||cos(ﬁt)u —u(?) ||V and

‘\/)_»sin(\/)_»t)u + fl—';(z)

interms of £, A, r* and r.

Corollary 2.2. Let us consider the hypothesis and notations of Theorem 2.3. Then, for any t > 0, from (2.20) and
(2.21) we have:

-1
|cos(vAtu —u() |y < 3max(3—:, 6«/7*(% —~ «/7*) «/Xz), (2.22)
and
Hﬁ sin(v/At)u + d—“(t)
2rC 2r ~ ~( 1 i -1
< 3max(_, /i c(_ - w—*) (<_ - w—*) NN ﬁﬁ)), (2.23)
reor N N

respectively, where C and C are constants independent of t, r and r*.

Remark 2.3. We emphasize that the bounds (2.14)—(2.17) ((2.20)— (2.23), respectively) establish the range of ¢ where
the standing wave (VA Vsin(v/A)u (cos(v/At)u, respectively) approaches the solution u(z) of problem (2.3) for the
initial data ¢ = 0 and ¥ = u (¢ = u and ¥ = 0, respectively), (u, A~!) being a given quasimode of the operator A. It
should also be mentioned that, here and hereafter, the so-called standing waves do not satisfy in general homogeneous
wave equations.

Remark 2.4. Under the hypothesis in Theorem 2.3, given the initial data ¢ = u, ¥ = /Au, rewriting proofs in
Theorems 2.2 and 2.3 leads us to obtain approaches for solutions of (2.3) via the function cos(v/At)u + sin(v/Ar)u
(see (2.11) and (2.12)).

Also, extensions of the results in Theorems 2.2 and 2.3 and Corollaries 2.1 and 2.2, for more general initial data
can be obtained combining the results in both theorems (see (2.9) and (2.10)): namely, for ¢ = u and ¥ = v, where
(u, Al_l) and (v, A, 1y are quasimodes of the operator .A, approaches to solutions of (2.3) are given by sums of standing
waves of different frequencies, namely /A1 and +/A.
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Remark 2.5. It is self-evident that all the results in Theorems 2.2 and 2.3 and Corollaries 2.1 and 2.2 hold in the case
where we know that there is only one eigenvalue )Li_(rl*) in the interval [A~! —r*, =1 4 7*]. In this case, the restriction

A~! —r* > a > 0 allows us to assert that ||u*||y is bounded independently of r*.

Remark 2.6. Note that proofs of the results throughout the section rely on the fact that properties (2.1) and (2.2) hold
in spaces V and/or H more than in the precise definition of quasimode at the beginning of the section.

3. The spectral perturbation problem

It appears in the literature of the spectral perturbation theory that when applying Theorem 2.1, the spaces and
operators under consideration often depend on a small parameter & that converges towards 0. Also, the functions u
and numbers A and r arising in the definition of a quasimode depend on this parameter. We establish here an abstract
general framework that can be applied to several problems of spectral perturbation theory.

Let us consider ¢ a small parameter ¢ € (0, 1). Let V* and H® be two separable Hilbert spaces and V¢ C H?, with
dense and compact imbedding. Let a®(u, v) be a sesquilinear, hermitian, continuous and coercive form on V¢. We
consider V* equipped with the scalar product inducted by a®(-,-), namely (u, v)ye = a®(u, v). Let A® € L(VE, (V?))
be the operator associated with the form a®, namely, a®(u, v) = (A®u, v)(yey e . Let us assume that

lullye < Cllullye,  Yu eV, (3.1

where C is a constant independent of u and ¢.

Let A%,. be the operator restriction of A® to H®, with domain of definition D(A%,.) = {v € V*/A®v € H?}. Then,
A = (A%_lg)_l, A? :'H® — 'H? is an operator which satisfies the properties in Theorem 2.1. The eigenvalues of A®
(respectively, A®) are {A7}72, (respectively {(A? y~! }72 1), and the associated eigenfunctions are {u?}°°, which form
an orthogonal basis in H* and V*, u? of norm 1 in H® and of norm ,/A{ in V*.

Let us consider the evolution problem:

d*v®
+ Afuf =0,
dr?

us(()) = (pg, (3.2)

du® .
o 0=V

For initial data (¢%, ¥¢) € V¢ x ‘HE, there is a unique solution uf () of (3.2) which satisfies properties (2.4)—(2.8) for
(@, ¥) = (¢°, ¥*), V=V* and H="H®.

Theorem 3.1. For each fixed ¢, let (u®,1~") be a quasimode with remainder r of the operator A® = (Ag_ls)_l,
A? arising in (3.2). Let r} be r} >r° r® — 0 and r} — 0 as ¢ — 0. On account of Theorem 2.1, let
{(Af(r*)+k)_] Yk=12....1(r) e the eigenvalues of A® in the interval i ry, A4+ rX], for some index i(r}) and
natural number I (r}) > 1, and let {“f(r*)+k}k=1,2,...,1(r;") be the associated eigenfunctions. Let u®* € H¢,

1(r)
&% _ £x £ £ £ &% £ &
|y =1, u™ e [”i(r;)—l—l’ UiGre)+20 ---’”i(r;)ﬂ(rg)]’ u- = Z O U () 4k (3.3)
k=1
satisfying
1(r})
2rf
& &% _ & £ &
Ju® —u ||Hs =4 - Z Xl (r2)+k o (3.4)
k=1 He &
where the a,i are constants such that |a,§| <lfork=1,2,...,1(r}). Inaddition, let us assume that limg_,o(r®/r}) =

0 and that there is a constant 8 > 0 such that .~ — ry > § for sufficiently small e.
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Then, for ® =0, ¥ = u®, the solution v®(t) of (3.2) satisfies:

. 1(r}) . sin( kf(r*)Jrkt) . i 1)) . sin( l(r*)+kt)
(1 — Z G Higmeo U () — Z G —— U F)
k=1 \/)‘z(r*)+k k=1 \/)‘i(r*)+k
I(r}) 2 9
du® 2r¢
o ) — Z o cos(, /)Li(,;)+kt)ui(r;)+k < (r—*) , Vt>0. (3.5)
k=1 He €

In addition, for any t > 0 and sufficiently small &, namely & < gg with &g independent of t, the estimates:

sin—(ﬁt)u < maX<C1— Cz C3\/—f + C4\/F) (3-6)
HS

ﬁ & _ue(t) 8

and

cos(vVAH)u® — % (1)

2
< max<ﬁ, c_ﬁ@), (3.7)
He rg

hold, where C1, Co, C3, C4 and Cs are constants that may depend on ) but which are independent of t and .
In the case where u® belongs to V¢, the relation (3.4) is satisfied for the norm of V¢, and u®* is bounded in the
norm of V¢ by a constant C* independent of ¢, that is the inequality,

1(r) 1(r})
u = Z U (2 1k Z QU () 1k
k=1

holds for sufficiently small ¢ and for certain constants C and C* independent of ¢, then we also have

3 )\.t & &
%ua - < max(C1 :—* Czi—*, C3/rit + c4\/E>. (3.9)
Vg & &

~2rf ~
<C—, and < CH, (3.8)

*
rS

e

Ve Ve

u® (1)

Theorem 3.2. Let us consider all the hypothesis of Theorem 3.1 for A, r®, r}, u® € V° and u®* satisfying (3.3)-(3.4)
and (3.8). Then, for ¢ = u®, ¥® =0, the unique solution w®(t) of (3.2) satisfies:

1) 1)
a (“80) — > ajcos(y My e UG oy i 05 (1) = D e cos(y )‘f(r;)+k’)”i<r;")+k)
k=1 k=1

1Gr) 2 7€\ 2
_(t) + Z O‘k\/)‘z(r*)+k sin \/ z(rg)+kt)ui(r§‘)+k < (—*> , Yt>0. (3.10)
&

H8

In addition, for t > 0, and sufficiently small e, namely & < gy with &g independent of t, the estimates:

&
|cos(vAu® —uf (1) e < max(Clr—*, C2/7§t>, (3.11)
re

and

H Visin(WVanu® + dd—u:(t)

<max<c1— C3 C4\F¢+c5\/7*) (3.12)

HE Te

hold, where C1, Co, C3, C4 and Cs are constants that may depend on ) but which are independent of t and .
On account of (3.1), the proofs of Theorems 3.1 and 3.2 follow applying the results in Theorem 2.2 and

Corollary 2.1 and Theorem 2.3 and Corollary 2.2 respectively with minor modifications: specifying, the appropri-
ate modifications of spaces, functions and constants which now depend on ¢.
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Remark 3.1. Under the assumptions |[u®||ye = 1, |u®*||ye = 1, (3.1) and (3.8), similar relations to those in (3.3), (3.4)
hold, namely,
ré’;‘
| <Cand [uf — ], <

*
ré‘

for C a constant independent of €, and the estimates in Theorems 3.1 and 3.2 also hold.

Let us note that property (3.1) always holds in the case where V? is equipped with the norm ||u||7s + ||u||ye which
is equivalent to the norm of V¢ given by a® (u, u)'/? (cf. Remark 2.2 to compare). With this new norm for V¢, bounds
(3.8) imply the kind of bounds in (3.3)—(3.4).

Remark 3.2. Note that the bounds in Theorems 3.1 and 3.2 hold on the basis that A is independent of ¢. In contrast,
the bounds in Theorems 2.2 and 2.3 and Corollaries 2.1 and 2.2 make it to maintain possible the dependence on &
of all the constants A, r and r*. Also we note that Remarks 2.4 and 2.5, with the suitable modifications, apply to the
results in this section where spaces, operators, quasimodes and rests depend on .

Remark 3.3. It should be noted that estimates (3.6), (3.7), (3.9), (3.11) and (3.12) establish the range of ¢ for which

the standing waves cos(v/AH)uf or sin(v/A)ut approach the solutions of (3.2), when the given initial data (along with

A) are quasimodes of A°. This range of 7 is ¢ € [0, (r;“)_"‘/ 2] for any constant & with 0 < o < 1, and the precise bounds

for the discrepancies between the solutions and the standing waves depend on the relations between r¢/r}, \/E and
rrt.

In connection with Remark 3.1, we note that the hypothesis of the uniform continuous imbedding (3.1) of V* into
‘H? can be weakened but this also implies weakening the estimates (3.6), (3.7), (3.9), (3.11) and (3.12) involving
norms in H?, and more specifically those related to the derivatives with respect to time. As a matter of fact, when
applying the general results of Theorems 3.1 and 3.2 to particular vibrating systems, it may occur that the norm of the
space H? involves a singular weight p° (x) depending on ¢ and neither (3.1) nor (3.3)-(3.4) hold, while it is possible to
show estimates (3.8) for ||u®|lye = 1 (cf., for instance, Theorem 4.6 and Remark 4.8). Roughly speaking, this amounts
to saying that we can apply Theorem 2.1 when the space H is V* instead of 7. In this case, we can only prove the
estimate (3.11) as stated in the following theorem.

Theorem 3.3. For each fixed ¢, let u® € V¢, with |uf|y: = 1, and let 27 be a positive number, and re and r} be

such that r} >r®, r® — 0andr} — 0 as ¢ — 0. Let us assume that {()‘?(r*)+k)_1 Yk=1,2....1(rx) are eigenvalues of the

operator A® arising in (3.2) which are in the interval e ry, A rX1, for some index i(r}) and natural number
I(r}) > 1, and let {Mf(r*)Jrk}k:l,2,,.,,1(r;) be the associated eigenfunctions. Let us assume that there is u®* € V¢,

1(rf)
Ex _ &% & & & Ex __ e &
Ju]ye =1 u™e [”i(r;)+1»“i(rg<)+2» R ui(r;‘)+1(r;‘)]’ w- = Z Ok U () +ko (G.13)
k=1
satisfying
1) 2r¢
& ex _ & I
||u —u Hw = ||u® — Z Ui () 1k < pra (3.14)
k=1 Ve €
where, the o} are constants such that o | < 1 fork =1,2, ..., 1(r}). In addition, let us assume that lim;_o(r®/ry) =0

and that there is a constant § > 0 such that \~" — r} > & for sufficiently small e. For ¢¢ = u, ¥ =0, let u®(t) denote
the solution of problem (3.2). Then, for any t > 0, and sufficiently small ¢ (namely & < gy with &g independent of t)
we have

&
|cos(Wanu® —u (], < max(Cl - cz\/@), (3.15)
rE

where C1 and C, are constants that may depend on )\ but which are independent of t and ¢.
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4. Vibrating systems with concentrated masses

In this section, we consider vibrating systems with many concentrated masses which have been described first in
[20-22]. Extensions of the results and comparisons with other vibrating systems in the literature are also outlined in
Remarks 4.2-4.11.

The spectral problem here considered, problem (4.2), depends on a small parameter ¢ which deals with the size of
the masses B?, their number N (¢), and their densities p® (x). The asymptotic behavior, as ¢ — 0, for the eigenelements
(A%, u®) of (4.2) has been studied in many papers: let us refer to [9] and [26] for further references.

In the case where A° = O (¢ 2), results on the construction of quasimodes to approach low frequency vibrations
can be found in [24,32,33], while those for A® = O(1) can be found in [25]. Here, considering the second order
evolution problem (4.5), we provide estimates for the time ¢ in which certain standing waves approach time dependent
solutions when the initial data are quasimodes. Also, precise bounds for the discrepancies between the solutions and
the standing waves in the suitable Hilbert spaces are obtained. In Section 4.1, we provide a summary of the results
obtained in previous papers for the low frequencies and the microscopic variable (cf. Theorem 4.1) while interpreting
them in the macroscopic variable (cf. Theorem 4.2). In Section 4.2 we obtain the approaches for the solutions of the
associated wave equations in both variables, the macroscopic variable being the original one. It should be noted that a
re-scaling of the eigenvalues of the original ¢ dependent spectral problem leads to a re-scaling of times and velocities in
terms of the solutions of the wave equations (see Theorems 4.3 and 4.4 and Remarks 4.1 and 4.5 to compare). Finally,
Section 4.3 contains a brief summary of the results for the high frequency vibrations, which have been obtained in
previous papers, and the application of these results to approach solutions of the evolution problem (4.5) via standing
waves which concentrate their support over the whole domain for large times.

Let £2 be any bounded domain of R", n =2, 3, with a Lipschitz boundary d2. Let X' and I'; be non-empty parts
of the boundary, such that 32 = X U ', and X is assumed to be in contact with {x,, = 0}. Let & and 7 be two small
parameters such that ¢ < n and n =n(e) > 0as e — 0.

For n =2, let B be the semi-circle B = {(y1, y2) / yl2 + y% <1, y» < 0} in the auxiliary space R? with coordinates
1, y2. For n =3, let B be the half-ball B = {(y1, y2,¥3) / ¥} +¥3 + ¥ < 1, y3 < 0} in the auxiliary space R* with
coordinates y1, y», y3. Let 3B be the boundary of B, 3B =T U I', where T is the part lying on {y, = 0}. Let B® (and
similarly 7¢, I"®) denote its homothetic e B (¢T, eI"). Let B} (and similarly T;°, I'}’) denote the domain obtained by
translation of the previous B® (T¢, I'?) centered at the point X; of X at distance n between them. k is a parameter
ranging from 1 to N(e), k € N. N(e) denotes the number of B; contained in §2; N (¢) is of order O(%) when n =2

and O (#) when n = 3. The parameter « denotes the value:

—1
o = lim whenn =2 and o = lim £ when n = 3. “4.1)
e—~0nlne e—0 172

We consider the eigenvalue problem:

—Auf = pf(x) fuf in 2,

ut® =0 onloU| JTE,
e U 4.2)
I/l [
- =0 on ¥ —JT¢,
where p® = p?(x) is the density function defined as
1
pf)=— ifxel B, pf)=1 ifxee—| B (4.3)
€

The symbol [ J is extended, for fixed ¢, to all the regions B contained in §2 and the parameter m is a real number,
m > 2 (see [20-22], for different values of the parameter m, boundary conditions and shapes of the domains).

As is well known, problem (4.2) has a discrete spectrum. For fixed ¢, let {A7}7°, be the sequence of eigenvalues
of (4.2) converging to oo, with the classical convention of repeated eigenvalues. It has been proved (see [20-22]) that
they satisfy the estimates C&™ 2 < VS C;e™~2, where C is a constant independent of & and i and C; is a constant
independent of ¢. Let {uf}?°, be the corresponding sequence of eigenfunctions which are an orthogonal basis of the
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space V¢, where V¢ is the completion of {u € D(£2)/u =0 on I'p U|J T?} in the topology of H'(£2). The norm that
we consider in V* is that of the gradient || Vyul| 2 (). In fact, the variational formulation of the problem reads:

/Vu‘g.Vv'S dx =)\'9/.,08(x)u‘€v's dx, Vv eVe. (4.4)

2 2
Let us consider the set of functional spaces V¢ and H?, H® = L?(£2) with the norm ||(,08)1/2u||L2(_Q), p? being

defined by (4.3). Let A? be the operator associated with the form on V¢ arising on the left-hand side of (4.4). Let us
consider the evolution problem associated with (4.4):

d*ut e e
77 + A%u® =0,

u®(0) = ¢°,
du?
0) =y°.
oh O =y
As for problem (2.3), the initial data (¢®, ¥¢) € V& x H? ensure that (4.5) has a unique solution u®(¢) satisfying (2.4),
(2.5) and (2.6) in the couple of spaces (V, H) = (V¢, H?), which now reads:
du®

W € LOO(O, o0, He),

4.5)

u® € L%°(0, 00, V¥), u®(0) = ¢°,

and, for any fixed 7" > 0,
T

VUV d ey ™9 Nar = [ o oyve0)d
/(/ o, x—/p(x)dt$x> z_/pmw 0)dx,
0 2 2 22

for any test function @ of the form @ = ¢ (¢)v, where v € V¢, and ¢ € C'([0, T])/¢(T) = 0. In addition, here (2.8)
amounts to

/}Vuf(z)]zdwr/pf(x)

2 2

4.1. Background on the low frequencies

du®
t
7 (t)

(4.6)

2
dx =/\W}2dx +fp8<x>|w|2dx, Vi > 0.
2 (%}

Convergence results for the low frequencies, the eigenvalues of order O (¢™~2) of (4.2), and the associated eigen-
functions can be found in [32-34]. As in the case of one single concentrated mass, in general, the low frequencies are
associated with the local vibrations of the concentrated masses, each one independent of the others. We have found
only one exception: for n = 3 and « > 0, these frequencies can also give rise to global vibrations affecting the whole
structure (cf. [26] and [33]). Apart from this exception, the low frequencies and the corresponding eigenfunctions are
asymptotically described, in a certain way, by the so called local eigenvalue problem (4.7).

The local problem is the spectral problem posed in R"~ ={y e R" / y,, < 0}:

-AU =AU in B,
—AU =0 inR"™ — B,
oUu
[U]=|:—:|=0 on I,
ony
SU 4.7
U=0 onT, =0 on{y,=0}—-T,
Y
U()—c, as |y| — oo, yp <0 whenn=2,
U(y)— 0, as |y| — oo, yp <0 whenn =23,

where the brackets denote the jump across I, 71y the unit outward normal to I" and ¢ some unknown but well deter-
mined constant. The variable y is the local variable:

X — Xk
y= .
€

(4.8)
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Problem (4.7) can be written as a standard eigenvalue problem with a discrete spectrum in the space V, where V is the
completion of {U € D(R"~)/U =0 on T} for the Dirichlet norm ||V, U | L2 (R (see [20] and [22]).

Theorem 4.1 below allows us to assert that there are at least [o /N (¢) values AE( ) /e™~2 converging towards each

eigenvalue AO of (4.7), lo being the multiplicity of A°. The corresponding eigenfunctions U? (cf. (4.9)) are approached
in the space Ve by the eigenfunctions of (4.7) associated with A%, concentrating their support asymptotically in neigh-
borhoods of the concentrated masses as stated in Theorem 4.1.

Also, the results in Theorem 2.2 along with results of comparison of the spectra for perturbed domains in [33]
allow us to obtain an important difference for the asymptotic behavior of the low frequencies for the dimensions n = 2
and n = 3 of the space. Namely, for n =2, and foreachi =1, 2, ..., Af/em_z — )»(1), as ¢ — 0, where )‘(1) is the first
eigenvalue of (4.7). This does not hold for n = 3 and o > 0, @ being the parameter defined in (4.1) (see [33] and [34]
for further explanations). Let us refer to [12,16,30,29,38] to compare the above mentioned results with the stronger
results on the approach for the eigenfunctions in the case of one single concentrated mass, case where the convergence
of the re-scaled spectrum of (4.2) towards that of (4.7) with conservation of the multiplicity holds.

Let us change the variable in (4.2) by setting y = x/e. We obtain:

28 ~
/VyUg.VyVde: NWU®V®dy, VVZeV?, 4.9
8m—2
£2¢
£2. being the domain {y/ey € §2} and B¢ (y) in (4.9) is defined as
B =1 ifyel Jr,B*, and B*(y)=¢" ifye.—| Jr B (4.10)

where 7,B° denote the transformed domains of the regions B to the y variable. V¢ is the functional space
{U =U(y)/U(ey) € V¥}, with the norm defined by the right-hand side of (4.9). We assume that the eigenfunctions
{UF}2,, in the local variable, satisfy [|U;® || = 1.

Let us consider A an eigenvalue of (4.7) of multiplicity [y and let U 0 Ug s Ul?) be the corresponding eigen-
functions, orthogonal in )7, satisfying ||V, U 1'0” 2@y = L.

Let us introduce ¢°(y) a function defined depending on the value of n. For n = 2, we consider R, = /(4¢ + n)/4e,
and we define:

1 if |y < Re,
ey L1 MITINRe e < R 4.11
¢ (y) = InR, e SIVIS RS, (4.11)
0 if |y| > R?

For n = 3, we consider ¢° as a smooth function which takes the value 1 in the semi-ball of radius ((¢ +1n/8)/¢),
B((e +n/8)/¢), and is zero outside the semi-ball of radius ((¢ + n/4)/¢), B((¢ +n/4)/¢):

e leyl —e
() =¢|2 . ; (4.12)

where ¢ € C*°[0,1],0< ¢ <1,¢=1in[0, 1/4] and Supp(go) C [0, 1/2].
Obviously, the elements of V¢ extended by zero in R"~ — 2, are elements of V. Moreover, we have that U 0<p8 e Ve,

and,as e — 0, UggZJS — US iny (see [20,22]). Foreachk =1,2,...,N(¢), p=1,2,..., Iy, we introduce the function
(see [24,32] for this construction):

. Upy = )@ (v =)
Zep) == oz ; (4.13)
IVy(WUp@) |l 12 we-)

and the order functions o, independent of k and p, o, tending to 0 as ¢ — O:

1
4 —3
ogzc<1n H”) when n =2, (4.14)
4e
e\?2 o
0£=Cmax{(—> e } when n =3, (4.15)
n

with the constant C independent of ¢.
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Theorem 4.1. Let us consider M0 an eigenvalue of (4.7) of multiplicity lo, and, let Ulo, Ug,...,Ul?) be the

corresponding eigenfunctions which are assumed to be orthonormal in V. For any K > 0 there is 8*(K ) such that,
for e < e*(K), K <IgN(¢) and the interval A9 — g2, A0 + d?] contains eigenvalues of (4.9), )»8(8)/8 2 with total

multiplicity greater than or equal to K, d° is a certain sequence, d — 0 as ¢ — 0 and the interval [\0 — d?, 10 + d?]
does not contain other eigenvalues of (4.7) different from 1°. We denote by,

I }\0 &
{)‘f(e)+; } @55 10.9,4%)

— and {Uf, (4.16)
&

) i(e)+j } j=I ’

j=1

the sets of the eigenvalues of (4.7) in [\’ — d®, \° + d®] and of the associated eigenfunctions.
In addition, we have that for any B such that 0 < B < 1, and for d° = (0,)P, there are lgN(¢) functions,

{U,f’p}]fjll,’jl\?(e), U,f’p € V¢, such that ||U,f’p||{,g =1, U,f’p belongs to the eigenspace associated with all the eigen-

values in [\° — d¢, A0 + d¢], and
|05, = 72, 5. <2001, @17)
In (4.17), o¢ is given by (4.14) when n = 2 ((4.15) when n = 3), Z,?p is defined by (4.13) and ¢¢(y) is defined by

(4.11) when n =2 ((4.12) when n = 3). These functions, {U }’'~ 1:lo , satisfy that for any extracted subset of K
k,plk=1,N(e)
functions {U? H U;, H US H ), they are linearly independent functions.

Theorem 4.1 has been proved in [32] (cf. also [24,34]) by applying Theorem 2.1 and results on almost orthogonality
for the quasimodes. Note that formula (4.17) has been obtained from the fact that (Z,i’ » 1/ 20 is a quasimode of

remainder o, for the operator on V¢ defined by the right-hand side of (4.9). In the same way, according to (2.2), the
width of the interval d¢ = (0,)? and the bound (4.17) provide the closeness of these quasimodes and the eigenelements
of the above mentioned operator.

Theorem 4.1 can be re-written in terms of the frequencies of the original problem (4.4) and the macroscopic
variable x as follows:

Theorem 4.2. Let us consider 10 an eigenvalue of (4.7) of multiplicity ly, and, let U?, Ug, cees Ul(()) be the correspond-

ing eigenfunctions which are assumed to be orthonormal in V. For any K > 0 there is ¢*(K) such that, for ¢ < ¢*(K),
K < IlgN(¢) and the interval [\9e™~2 — dfe™=2 \¢m=2 4 q¢em=2] contains eigenvalues of (4.4), )»l(a), with total
multiplicity greater than or equal to K; d° is a certain sequence, d* — 0 as ¢ — 0 and the interval [\° — d®, 10 + d?]
does not contain other eigenvalues of (4.7) different from \°.

In addition, we have that for any B such 0 < B < 1, and for d° = (0,)P, there are IgN (¢) functions, {ui’p}
n—2

p=L1l
k=1,N(g)’

ui’p € V¢, such that ||ui’p ||%,S =" ui’p belongs to the eigenspace associated with all the eigenvalues in
[AOSm—Z _ degm—Z’ kogm—Z +d88m—2] and

Juai, p~ Tl HHI(Q) <2(0) P2, (4.18)
In (4.18), o, is given by (4.14) whenn = 2 ((4.15) whenn = 3), 1, Z,‘z’p is defined by (4.13) with the change of variable
(4.8) from y to x, and ¢°(y) is defined by (4.11) when n =2 ((4.12) when n = 3). The functions {u;p},‘z7 1111\(1)(5)’ are
defined by ui’p(x) = U,f’p(y) which also amounts to ui,p =Ty U,f’p, while {U,f’p},lel”lls(g) are the functions provided
by Theorem 4.1, satisfying (4.17). These functions, {“i, p},fzzll ”113( &) satisfy that for any extracted subset of K functions

{uj1 , uj.z, e, qu }, they are linearly independent functions.

4.2. The evolution problem and the low frequencies

Let us consider the set spaces V¢ and HE where V¢ is defined in (4.9) and HE = (U(y)/U(ey) € L>(2 )} with the
norm ||(8%)/2u|| 12(e-152)» B® being defined by (4.10). Let A® be the operator associated with the form on Ve arising

on the left-hand side of (4.9). Let (Zs’ kop? 1 /AO) be the quasimodes constructed in Section 4.1, for k =1,2,..., N(e),
p=1,2,..., 1, from the eigenelement 0, Ug) of the local problem (4.7).
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Let us consider the second order evolution problem associated with (4.9):
d>u¢

dt?
U (0) = ¢°, (4.19)

du?®
; 0)=v*.

+ A°U* =0,

For initial data (¢?, ¥¢) € V¢ x HE, problem (4.19) has a unique solution U?(¢) satisfying:

&

; e L®(0,00,H?),  U(0)=

U® € L2(0, 00, V¥),

and, for any fixed 7 > 0,

T
dU do
/( [ vevedn- [ s —dy)dtz [ Bovowa

dt d
0 e 1R e 1R e 1R

for any test function @ of the form @ = ¢ (¢#)V, where V € \~78, and ¢ € c(o, T1)/¢(T) =0. In addition,

g Vi>0 (4.20)

~ el

Ju* v

5 auve  |?
~+“7(1‘)ﬁ

see (2.4)—(2.8) for (V, H) = (V¢, H?) and (¢, ¥) = (¢%, ¥%)).

We refer to [36] for the explicit construction of the operator A° for which the functions (4.13) arising in
Theorem 4.1, namely Z; k,p» are quasimodes. See [36] in connection with formulas (2.7)—(2.12), that is for the so-
lutions of (4.19) which are standing waves or sums of standing waves when the initial data are linear combinations of
eigenfunctions of (4.16) and for the Fourier expansion of the solutions of (4.19) for general data. In the case where
the initial data are the quasimodes Z; k.p associated with the eigenelement o, U O) of 4.7), fork=1,2,...,N(e)
and p=1,2,..., [, approaching the functions U¢ k.p (cf. (4.17)), the solutions of the evolution problem (4 19) are
not standing waves or sums of standing waves. The following theorem establishes the range of ¢ where the stand-
ing wave cos(«/— t)ZS (v (A9~ 1sm(«/_ t)ZS , resp.) approaches the solution U?(¢) of (4.19) for the initial data
(%, ¥ = (Z 0) (((p ) = (0, Z ) resp) See Remark 4.1 in this respect.

Theorem 4.3. Ler (A0, UO) be an eigenelement of (4.7), and ZE deﬁned by (4.13) for k=1,2,...,N(¢e), and
=1,2,...,1y. Let us conszder problem (4.19) for (¢®,¥?%) = (ZS k. p ,0). Then, for t > 0, and suﬂiczently small ¢
(namely, & < &g with &g independent of t), the unique solution U® () of (4.19) satisfies:

H cos(\/EI)Z,‘ap —U®

o < Crmax((0)' ™, (00)71), 421

£
H\/)Tosin(mt)z,f’p—i-%(t) <
HF

Cymax((00)' . (00) 21 + (00) ). (4.22)

where Cy and Cy are constants that may depend on A, but are independent of € and t, o, is defined by (4.14) when
n =2 and by (4.15) when n = 3, and B is the constant appearing in (4.17), 0 < 8 < 1.
In the same way, for (%, ¥®) = (0, Zi’p), the following estimates hold:

sin(«/k_ot)

T < Crmax((00)' . (00)F1 + (00)%): (4.23)

Z,f’p —U%(r) B
VS

< Cymax((00)' P, (00) 21). (4.24)

cos(\/it)Zk » (t)
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Proof. The proof of Theorem 4.3 is now a consequence of Theorems 3.1 and 3.2 for the spaces H* = HF and V¢ = V¢,
ré =og, 1} = (0¢)P and the operator A® associated with the form on Ve arising on the left-hand side of (4.9). Indeed,
first, let us note that (3.1) holds for C a constant independent of ¢ and u (see also Remark 3.1). In order to obtain
(4.21) and (4.22), let us consider problem (4.19) for the initial data (¢, ¥¢) = (Zg 0), where U} £ p are the

. . o _ 1(A0,d)
functions '1n'"1.“heorem 4.1 satisfying (4.17), namely, S Z,f’p — Z, 1 jk pr(S)ﬂ
For these initial data, problem (4.19) has the solution:

k P’
for certain constants a/ k.p

I1(A0,d%)

2 .
i(e)+)
Ué(r) — E a’ cos( o t) ig(a)—i-j'

Then, we use (3.10), (4.20), (3.3), (3.4), (3.8), and the precise bounds (4.17) (see also (4.11)—(4.17)), to obtain (4.21)
and (4.22) from (3.11) and (3.12), respectively.
Similarly, we consider problem (4.19) for the initial data (¢, ¥*) = (0, Z; » U ,f p), which has the solution:

1(\°,d%) ) B
gm M)+
3 : J 3
v - Z % k.p Mo Sm(\lw Uiter+j:
i(e)+)

From (3.5), (3.9) and (3.7) together with (4.20), (3.3), (3.4), (3.8) and (4.17) (see also (4.11)—(4.17)) we obtain (4.23)
and (4.24). Therefore, the estimates in the theorem are proved. O

Remark 4.1. It should be noted that the bounds in Theorem 4.3, namely (4.21)—(4.24), establish the range of r where
the standing waves cos(v XOI)Z,"; , Or Y/ (A9~ Lsin(v/ Aot)Z,i , approach the solution of (4.19) for given initial data

(¢°, ¥®) certain quasimodes of the operator associated to problem (4.9). In fact, the approaches in Theorem 4.3 hold
uniformly if

re 0,007 F ],

for any constant B’ satisfying 0 < B8’ < 1. In this case, the bounds on the right-hand side of (4.21)-(4.24) are
C*(0,)Mmin(1=A.8(1=1/2) C* being a constant independent of ¢.

In particular, both constants 8 and B’ could be taken to be 8 = B’ = 1/2, and if so, the bounds in the right-hand
side of Theorem 4.3 are C(o,)~ /8, for all t < C*(0,)!/® and C and C* constants independent of ¢.

Remark 4.2. Note that all the bounds and results stated throughout the paper extend to the case where the concentrated
masses are placed along a line or a plane inside the domain §2. That is, B® has a smooth boundary which does not
touch 0£2, problem (4.2) reads:

{ —Au® = p*(x)A*u® in £2, 425)

ut =0 on 442,

and (4.7) is the local problem, when R"~ is replaced by R” (also Eq. (4.7)4 disappears). Nevertheless, we also note
that for (4.25) with n = 2 the low frequencies are of a lower order of magnitude than &2, as it has been shown
in [34]. The same could happen for the dimension n = 3 (cf. [34] for the estimates and proofs of Theorem 4.1 for
problem (4.25)).

Remark 4.3. We emphasize that the results in this paper are very different from those in [20] and [22], where evolution
problems (4.19), for initial data (¢?, %) = (Zl 1» 0) are used to derive the spectral convergence of the low frequencies.
Namely, using the Fourier transform, convergence results for the eigenelements of problem (4.2) are obtained. These
convergence results prove to be much weaker than those stated in Theorem 4.1. In contrast, here, we use Theorem 4.1
to obtain approaches, via standing waves, to the solutions of (4.19) for given initial data which are the quasimodes
constructed in Theorem 4.1. These approaches are valid for a large time which is established in Theorem 4.3 (see also
Remark 4.1).
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Remark 4.4. In the framework of Remark 4.2, it should be noted that in the case where we have a single concentrated
mass inside §2, or a finite number at a distance of order O (1) between them, the convergence of the spectrum of (4.25)
towards that of the associated local problem with conservation of the multiplicity has been proved in [16,30,29] and
[38]. Also convergence rates for the eigenvalues and the associated eigenfunctions are outlined in [30] and [29]. That
is, the r®, r}, d° are known and can be taken in such a way that there is only a fixed finite number of eigenvalues in
the intervals associated with the quasimodes, which depend on the multiplicity of the eigenvalue of the local problem,
independent of ¢. Thus, the quasimodes in the initial data can be approaches to true eigenfunctions (individually).

The same proofs developed throughout the section show that we also have standing waves that approach solutions
of the evolution problem for a long period of time. In this case, this period of time depends on the above mentioned
discrepancies between the eigenvalues and eigenfunctions. This leads us to assert that in terms of the evolution prob-
lem, from a qualitative viewpoint, having approaches for the eigenfunctions u® through quasimodes amounts to having
approaches of u® through eigenfunctions of the limiting problem.

4.2.1. On the low frequency vibrations in the macroscopic variable

We emphasize that computations throughout the section above and results in Theorem 4.3 involve re-scaled fre-
quencies Af /&2 of the original problem (4.2) and the local variable y in (4.8). This implies that the frequency of
vibration of the standing waves constructed are of order O(1). Therefore, considering the original problem (4.2) and
the macroscopic variable, it is self-evident that frequencies for the associated waves must be very small, of the order
0 (e™=2D/2) This is why it is reasonable to consider the evolution problem (4.5) associated with (4.2), with the initial
data (7, Zlf, » 0) arising in Theorem 4.2, instead of (4.19).

Nevertheless, this causes problems when approaching the solutions of (4.5) if the initial velocities are provided
by the quasimodes (namely, bounds related to (4.23)—(4.24) in the x variable). These problems are due to the fact
that, in general, (3.1) does not hold for all the values of the parameter m with m > 2, and we cannot ensure that the
quasimodes in the space H¢ provide quasimodes in the space H? (see Theorems 4.1 and 4.2 to compare results in both

spaces). As a consequence, we can only prove estimates in Theorem 4.4 below. That is, considering (7, Z} » 1/19)

the quasimodes constructed in Section 4.1, for k =1,2,...,N(¢), p =1, 2, ..., o, from the eigenelement (10, Ul?)
of the local problem (4.7), we take the initial data (¢®, %) = (7 Z,i’ pO) in (2.3) and obtain the bounds (4.26) and
(4.27) below.

Theorem 4.4. Let (10, Ug) be an eigenelement of (4.7), and Z,ip defined by (4.13) for k =1,2,...,N(¢), and
p=1,2,...,1p. Let us consider problem (4.5) for (p*yf) = (er,f’p, 0). Then, for t > 0, and sufficiently small ¢
(namely, ¢ < g9 with &g independent of t), the unique solution u®(t) of (4.5) satisfies:

Hcos(\/ )\Osm—zt)er,?p - us(t)HHl(_Q) < Cls% max((og)lfﬂ, (og)gsmTizt), (4.26)

and

d &
H\/xogm—Zsin(\/x%m—Zt)rx Z p+ 1)

L%(£2)

< Coe"T max((00)' 7 (00) 26" T (" T 1 + 1)), (4.27)

where Ci and C, are constants that may depend on 12, but are independent of € and t, o, is defined by (4.14) when
n =2 and by (4.15) when n = 3, and B is the constant appearing in (4.17), 0 < 8 < 1.

Proof. The theorem holds using the technique in Section 2, combining proofs of Theorems 2.2, 2.3, 3.1 and 3.2 and
Corollaries 2.1 and 2.2, and taking into account (4.6) and (4.18). For brevity, we outline here the proof:
We consider ¢ = 0 and ¢° = 1, Z,i’ p u,i » where u,i »=Tx U ,f » and T, Z,i’ p are the functions arising in Theorem

1A0.d%) ¢

o1 a5 g pWi () Tor certain constants af . For these initial

4.2, as in the proof of Theorem 4.3, ¢° = 7, Z}, b > e

data, problem (4.5) has the solution:

1(A\0,d%)

u’ (1) — Z aj,k,pCOS(\/)\?(S)+jt)u?(8)+J"

j=1
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Therefore, for any fixed ¢ > 0, we can write:

|cos(v/2.0em=21) V(s Z,f,p) — V,ut (1) @)

1(A\0,d%)

cos(VAlem=21)Vy (1. Z; ) — Z a;,k,pcos(\/ Koy 1) Vatticerr
j=1

1(A0,d%)
Z a »€OS /kf(8)+j )V ul(g)ﬂ V. ub (1)
L2(£2)

Using (4.6) and (4.18), the last term on the right-hand side of (4.28) is bounded by a constant times (0g) ! "Pe(=2/2,
while for the first one we can write:

<

L%(£2)

(4.28)

10.9.4%)
cos(\/ koe"i_zt)v Tka » Z aj k,p €O \/)‘is(e)ﬂ )V ”1(8)+j
L2(2)
1(\0,a%)
< |leos( /Aogmfzt)vx(flefp Z asy. pcos(\/kogm 24)V, Ui (o)t )
j=1 L2(£2)
1(00,d%) 1(\°,d%)
+ Z a;,k,pcos(mt)v ey~ Z aj’k’pcos(v Aie)it )Va xlie)+ ] ,
o o L2(2)

We use again (4.18) for the first term in the above inequality, and we apply the Taylor series error of the cosinus
function in a neighborhood of v/ A%¢™—2¢ for the second term, while using the fact that the set of eigenvalues A¢

for j=1,2, L I00, a5, belong to the interval [WO0em=2 _ gegm=2 30em=2 4 4&cm=2] then, we obtain:
0.m—2
|cos(VA0em=21)V, (2 Zf ) — Veu® (1) HLz(m
<ep(0)\ P22 L (=22 g \/)\'1(8)+ t—/20gm— 2,’
1< <I(0.d7) d

< o1(00) Fe@DI2 4 e =D/2(5 \B/2gm=2)/2.

i(e)+j’

where c1 and ¢ are two constants independent of ¢ and ¢. Therefore the inequality (4.26) also holds on account of the
Poincaré inequality for the elements of VZ.
As regards (4.27), we take into account,
lull 2@y < lullue,  Yu € L*($2),

and the Poincaré inequality for the elements of V®. Then, we follow the steps for the proofs of (2.14), (2.23) and
(4.26) on account of (4.6), (4.18) and we have:

&
\/Aos’”_zsin(\/kosm_zt) wZp ,+ di Q)

L2(R)
<cze’ = (08) P 4 cqv/20em=2¢" = (0e)! 7P

-2
+ 56’2 max \/k. .sin\/k. 1 —+/20em=2gin~/3.0gm=2¢|,
1<J<I(A0,d€)| i(e)+j i(e)+j |

where c3, ¢4 and cs are constants independent of ¢ and . Now, we consider the term accompanying cs and write:

max \/A’? . sin \/A’? £ — v/ 20em—2gin~/20gm—2;
1<J<1(A0,d€)| i(e)+j i(e)+j \

e : e _ 0am—2 o &
<y, o sin gt = VA% Rsin A, il

+  max |\/A08m*2 sin \/Af(8)+ 1 — v/ 20sm=2gin\/30em—2; |,
1< <T(W0,d9) J
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and, then, the Taylor series error of the sinus function in a neighborhood of +/A%™~2¢, and the fact that the set of
eigenvalues Af(€)+ L for j=1,2,..., (0, d?) belong to the interval [A0e” 2 — dfe™~2, 10em~2 4 d¢¢™~2], lead us
to obtain (4.27). Thus, the theorem is proved. O

Remark 4.5. According to Remark 4.1, estimates (4.26)—(4.27), establish the range of ¢+ where the standing waves of
the type cos(vA%m—2t)T, Z,i » approach the solution of (4.5) for the given initial data in Theorem 4.4. In fact, the
approaches in Theorem 4.3 hold uniformly if,
=(Btntm=-4)p’
ref0. ()" ]
for any constant B’ satisfying 0 < B’ < 1. In this case, the bounds on the right-hand side of (4.26)—(4.27) are
C*(0g)minU=A+n=2)/2,(1=F)(B+n+m=4/2) ' C* being a constant independent of ¢.

4.3. Background and approaches to high frequency vibrations

In this section we deal with the eigenvalues of order O (1) of (4.2), namely, A* = kf(g) = O(1). We assume that
the associated eigenfunctions u® = uf(e) have norm 1 in V?, which amounts to being bounded in H? (see (4.4)).
In Theorem 4.5 we gather the main results of use in Theorem 4.6 to construct standing waves which approach the
solutions of the evolution problem (4.5), for certain initial data and for long times. We refer to [26] and to [25] for a
review and a large list of results dealing with the converging sequences of the eigenelements (A%, u®) as ¢ — 0, when
A =0(1).

As a matter of fact, a homogenized problem arises related with the high frequency vibrations. The homogenized
problem depends on the dimension of the space n and on the relation (4.1) between the parameters ¢ and 7. For the
critical size of the masses B?, namely for o > 0, the homogenized problem is:

—Au=2>Au in $2,

= I
u=0 on I'g, (4.29)
— =—aCu on X,
on

where the constant C takes the value C = §,,/2 with S,, the surface of the unit sphere in R"”: C = 7 when n = 2, and
C =2 when n = 3 (see Remark 4.7 for different geometries of B?).
For the extreme cases, the boundary condition on X' in (4.29) reads:

9

a—” =0 onX, whena =0, (4.30)
n

u=0 onX, when o =+o00. 4.31)

As is well known, all tree problems have a pure point spectrum which we denote by {1;}°°,. We refer to [25] for

an extensive literature on the relation of these three problems with the high frequency vibrations, further references,
validity of these limit problems for different values of m (here we consider m > 2), other geometries of the domains £2
and B¢, and also for the proof of Theorem 4.5. For brevity, we state this theorem (also Theorem 4.6) for & > 0 but the
main results also hold for « = 0 and o = oo, for other geometries of B? and for the extreme cases (see Remarks 4.7
and 4.8)

For n =2 we consider w? the function defined in B(0, 1):

0, if x| <,
. In|x| —Ine . 0
w®(x) = n(1/2) —Ine’ ife <|x[<7, (4.32)
1, if x| > 1.

For n = 3 we consider w? the function defined in B(0, %):

0, if x| <e,

x|t et
fx)=4 ——, ife<<|x| <2, 4.33
w (x) P X[ < 3 (4.33)

1, if [x| > 7.
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We extend w?® by periodicity to all the balls centered at the points X of radius /2 and by 1 outside these balls.
Theorem 4.5. The following results hold:

o For each \* > 0, there is a sequence A; o) of eigenvalues of (4.4) converging towards A* as ¢ — Q.

e Let A be any positive real number. Let 1(5%) denote the interval [A — 8%, A + §°] having eigenvalues 1% of (4.4),
and 8% converging to 0 as ¢ — 0. Then, X is an eigenvalue of the homogenized problem (4.29) if and only if there
are {8%}. and {i®},, each u® belonging to the eigenspace associated with all the eigenvalues 1\* in I1(8%), u® of
norm 1 in V¥, and, such that ||u* || 2oy > a > 0 for some constant a independent of .

e Let & > 0 be an eigenvalue of the homogenized problem (4.29), and u® be an associated eigenfunction satisfying
||u0||Lz(9) = 1. Then, there is a sequence §%, §° — 0 as ¢ — 0, such that the interval [} — 8%, 1 + 8°] has
eigenvalues of (4.4). Moreover, §¢ can be chosen such that there is u?,

| e =1 and ]y <7,

with C* a constant independent of €, u® belonging to the eigenspace associated with all the eigenvalues A° in
[A — 8%, A + 8%] such that

~ 0 .

i* 5 w0 in HY(Q)-weak. (4.34)

o Let us consider the situation above. Namely, let ). > 0 be an eigenvalue of the homogenized problem (4.29), and_uo

the corresponding eigenfunction with ||u°|| 12(2) = 1. Let us assume that the domain 2 is such that u e C(Q).
Let us consider w® the sequence of functions defined by (4.32) when n = 2 and (4.33) when n = 3. Then, the
convergence of ii® towards u® stated above reads:

e—>0

||ﬁ8 —uw® ”HS + Hfte —uw® HW =0, — 0, (4.35)
and, consequently, also
@ = u%w® | 1 ) = 0. (4.36)

As a matter of fact, the two last assertions in Theorem 4.5 are obtained from the fact that given an eigenelement
(x, u) of (4.29), then (A2, u®) (A0, uw?, respectively) is a quasimode for problem (4.2). Namely, a quasimode for a
certain operator associated with (4.4) in the space Lz(.Q) (VE, H¢ or H'(2), respectively) with a certain reminder »*
that cannot be computed explicitly in terms of known order functions of €. The same can be said for o, and §°. In fact,
the results in [25] provide a certain relation between o, and §°: % can be any sequence converging towards zero such
that 6, < &°, for a certain well determined 0, and o, = 0, /8° (we can take 0, = 6° = 4/0,). Also, we emphasize that
the condition u° € C(£2) is not a very restrictive condition (cf. Lemma 4 in [25]).

Theorem 4.6. Let us consider (1, u®) an eigenelement of (4.29), with ||u0||Lz(Q) =1, and w? the functions defined
by (4.32) when n =2 and (4.33) when n = 3.

Considering (4.5) for the initial data (%, ¥¢) = (uPw?, 0), for any t > 0, and sufficiently small €, namely & < &g
with g independent of t, the solution 0 (t) of (4.5) satisfies:

[cos(Vanu®w® —u (@) | 1o, < C1max(oe, V6°1), 4.37)
and
Hw/pe(x)(\/i sin(van)uw® + dd—“:(t)> < Cymax(0g, V8 (1 + 1)). (4.38)
L2(92)

Considering (4.5) for the initial data (%, ¥¢) = (0, u®w?®), for any t > 0, and sufficiently small €, namely & < &g
with gq independent of t, the solution 0 (t) of (4.5) satisfies:

H\/pe(x)<%u°wf - u%)) < C3max(0, V85 (t + 1)), (4.39)
L2(9)
Muowf —u (1) < Cymax(og, V8 (1 + 1)), (4.40)
\/X H(2)
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and

< Cs max (o, V/6°1). (4.41)
L)

H,/p«e(x)(cos(\/it)uows - dd—lf(t))

Here, C1, Cy, C3, C4 and Cs are constants that may depend on ) but which are independent of t and €. o, and 5¢ are
the sequences arising in the last statement of Theorem 4.5.

Proof. Taking into account (4.6), the theorem is a direct consequence of (4.35) in Theorem 4.5 and of the application
of Theorems 3.1 and 3.2 for the spaces V® and H®, which are defined in (4.3)—(4.6), and for the values of r® and r}:
ré/rf =o0g and r} =6°.

Indeed, taking into account that the norm in V¥ is that of the gradient and that the Poincaré inequality holds for
the elements of V¢, we use (3.11), (3.12) to derive (4.37) and (4.38) and (3.6), (3.7) and (3.9) to derive (4.39)—(4.41).
Therefore, all the estimates in the theorem hold. O

Remark 4.6. Bounds (4.37)—(4.41) lead us to assert that for the initial data in Theorem 4.6 the solutions of (4.5)
asymptotically remain at rest inside the concentrated masses for times 7 € [0, (8°) 7], with any g/, 0 < g’ < 1/2.

Remark 4.7. Let us denote by 2 (B¢, T, respectively) the extended domain of £ (B?, I'?, respectively) by
symmetry to R”. In the case where the B® are not half-balls, that is, B is any open bounded domain of R"” with
a Lipschitz boundary, T the part in contact with {x, =0} and I" the rest, the test functions w® must be replaced by
the functions satisfying:

—Aw®=0 inB(0,1)\ B¢,
w® =0 in Be, (4.42)
wf =1 on dB(0, ),

and the constant C appearing in (4.29) must be replaced by the capacity constant,

C= f IV, UI*dy,
R3-\B

when n = 3, where U is the solution of a stationary local problem, U satisfying Eqs. (4.7)2, (4.7)4, (4.7)¢ and the
equation in B: U = 1 (consequently, also U = 1 on T). The constant C remains C = 7w when n = 2. We refer to [25],
and more specifically to Remark 7 in [25], for comparison of proofs and explicit formulas that must be combined with
the maximum principle and compactness results for non-negative measures (see also [3,10,28] for the technique).

Remark 4.8. Results in Theorem 4.5 hold for « = 0 and o = +o00 with the following modifications: Condition on X
in (4.29) is replaced by (4.30) and (4.31), respectively, (4.34) holds in the strong topology of H'!(£2), and, in the case
where a = +00, convergence (4.35) and (4.36) reads:

| — uPwf || 0. (4.43)
Consequently, the results of Theorem 4.6 hold for &« = 0, while for « = 400 the results have to be derived from (3.6)
and (3.7) for u® = u®w? and from (3.15) for u® = u°.

Remark 4.9. Roughly speaking, Theorem 4.5 shows that the high frequencies accumulate on the whole positive real
axis (0, oo) and singles out the eigenvalues of the homogenized problems from the others depending on the behavior
of the associated eigenfunctions, since it shows that only the eigenfunctions u® associated with the eigenvalues A°
asymptotically near an eigenvalue of the homogenized problem are asymptotically different from zero in L>(£2).

In this respect, it should be emphasized that, from a qualitative viewpoint, these results are in fact very general
results for many problems of spectral perturbation theory such as stiff problems or problems with one single concen-
trated mass (cf. [11,12] and [23]). In addition, these results involve the energy norm.
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Remark 4.10. Also, in connection with Remark 4.9, we note that the asymptotic spectral accumulation of the eigen-
values A® on the whole real positive axis could recall the so-called spectral pollution. That is when a sequence of
eigenvalues of a perturbed operator approach a point of the resolvent of the original operator: let us refer to [37] for
the precise definition of spectral pollution, connections with the Weyl sequences and convergences of the spectral
families as well as for further references on the subject. See also Section II1.2 in [1] for related issues.

Nevertheless, the results in Theorem 4.5 are not in the scope of the spectral pollution since our original problem
is already the perturbed problem and we try to approach its eigenvalues. These eigenvalues can in fact be approached
through the points of the continuous spectrum of the Laplacian in an unbounded domain (cf. [12] and [25]), the
eigenvalues {1;}72, of the homogenized problem (namely, (4.30)—(4.31)) being very particular points in the way
stated in Theorems 4.5 and 4.6.

For the rest of the values A ¢ {;}72,, depending on the geometrical configuration of the problem, it is possible to
construct explicitly functions ¥¢ such that [|u® — ¥°|| g1y — 0 as & — 0, for a certain sequence of §° in the second
statement of Theorem 4.5 and ¢ ranging in certain subsequences still denoted by ¢ (see Remark 4.11 and [34] for
further references).

Remark 4.11. Theorem 4.5 also holds in the case where we have one single concentrated mass, either near the
boundary or inside £2 (cf. (4.25)). If so the homogenized problem is the classical spectral Dirichlet problem in £2
(namely, as if « = 0), and 0, and §° can be explicitly computed from the results for the high frequencies in [12].

For problem (4.25), other correcting terms, improving the convergence (4.34), (4.35) and (4.36) (also the conver-
gence of ii® towards zero in H'!(§2)-weak, in the case where A is not an eigenvalue of the Dirichlet problem in £2)
can be constructed. We refer to [12] and [31] for the explicit computation of these correcting terms in the case where
n = 2. Here, we only mention, that these correcting terms restrict the approaches to certain subsequences of ¢ and
involve eigenfunctions of the corresponding local problem associated with very large eigenvalues (cf. Remark 4.2).

In terms of the evolution problem (cf. Theorem 4.6), when the initial data are certain specific quasimodes, it seems
as if, for certain ¢, the high frequency vibrations of (4.25) would interact with the high frequency vibrations of the
local problem, and this allows us to construct standing waves for long times having a very short wavelength inside the
concentrated mass, or concentrating exclusively their support in a thin layer along the interface I'¢, that is, along the
boundary of the concentrated mass.
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