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Abstract

In this article, we provide a rigorous derivation of an asymptotic formula for the perturba-
tion of eigenvalues associated to the Stokes eigenvalue problem with Dirichlet conditions and in
the presence of small deformable inclusions. Taking advantage of the small sizes of the inclu-
sions immersed in an incompressible Newtonian fluid having kinematic viscosity different from
the background one, we show that our asymptotic formula can be expressed in terms of the
eigenvalue in the absence of the inclusions and in terms of the so-called viscous moment tensor
(VMT). We believe that our results are ambitious tools for determining the locations and/or
shapes of small inhomogeneities by taking eigenvalue measurements.
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1 Introduction

Let Q be a bounded open C2-domain of R? (d = 2 or 3) containing a Newtonian incompressible
fluid. We suppose that €2 contains a finite number N of small deformable inclusions, each of the
geometry form

B! =z +aB;, 1<i<N, (1.1)

where a is the shared diameter and B; C R is a bounded C?-star-shaped domain containing the
origin (e.g., it can represent the rescaled shape of a droplet). The total collection of inclusions

N
thus takes the form B, = U B!, and the points z; € Q,i = 1, ..., N, that determine the
i=1
locations of the inclusions are assumed to satisfy

0<d0§‘21—2’l| Vl;’él, (12)
O<d0§dist(2’i,89) fori:1,~--,N, ’
with dj is a predefined positive constant.

We denote by p(z) the smooth background coefficient of kinematic viscosity of the fluid and
we suppose that 0 < ¢ < p(z) < ¢1 < 400, Va € , for some fixed constants ¢y and ¢;. For
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simplicity, we assume that p € C°°(Q), but this condition could be considerably weakened. We
assume that the subdomain B}, contains an isotropic Stokes fluid with kinematic viscosity p;
such that u(x) # p;, for z € Q, and we set

u(z) x€Q\ By,

PR (1.3)

po(e) 1= {

where p;,i=1,..., N is a set of positive constants.

Here and in all the rest of this paper we denote by I the unit matrix in R**? and for a
given two (d x d) matrices A = (a;;) and B = (b;;) we denote by A : B the contraction, i.e.,

A:B= Zaijbij.
ij
Now, it is useful to introduce the stress tensor as follows

o(u,p) == —pl + 2pue(u); (u,p) € HY(Q)? x L*(Q) (1.4)

where u denotes the velocity fluid, the scalar function p is the pressure, u is a given parameter
representing the kinematic viscosity of the fluid and e(u) is the linear strain tensor for the flow:

(1 ( Ou; ~ Ou;

1 T
e(u) := i(Vu—i-(Vu) )= 2'9z;  Ox; >1§¢,j§d’

= (uy,-,uq) € R (1.5)

Here and throughout the paper T denotes the transpose. Moreover, we assume that the
divergence of a matrix-valued function A is denoted Div(A), while the divergence of a vector-
valued function u is denoted div(u).

We consider the following eigenvalue problem for the Stokes system (see, for example,[18,
31]):
—Div(2ue(vy)) + Vpo = Aovp  in Q,
div(vg) =0 in Q,
v =10 in 09,
[[vol| =1

(1.6)

where (v, po, Ao) € (H?(2))* x H*(2) x R%. Here we refer the reader to Boyer and Fabrie
([18], Theorem IV.5.8) for more details about the regularity properties. On the other hand, if
S mens the Stokes operator, it is well know that (see for example, [7, 18, 29, 36]) there exist an
orthogonal projection (the Leray projection) P such that:

S(v) = P(=Av), Vv e (H* Q)N H(Q),

where
H(Q):={ve (H}(Q)?: div(v)=0in Q}.

In consequence, the Stokes operator enters the general framework about the well known spectral
properties of —A.

It is well known that the eigenvalue problem (1.6) admits a sequence of no decreasing positive
eigenvalues 0 < A\; < Ay <--- <\, < --- tending to infinity as n — +o0.

The associated eigenfunctions {v,}n>1 C (H3())? and eigenpressures {p,}n>1 C L?(Q2) may
be taken so that {v,},>1 constitutes an orthonormal basis of H (). The pressure p is deter-
mined up to an additive constant.

On the other hand, it is well known that the spectrum of the Stokes operator is not always
simple, as denoted by Ortega and Zuazua in [31]. This for instance is the case when the domain
is a ball as justified by Watson ([37], pp. 124-127).



Let now p, be given by (1.3), our main purpose in this work is to develop rigourously asymp-
totic behaviors of the eigenvalues associated to the following (perturbed) eigenvalue problem
with the Dirichlet boundary conditions:

—Div(2uae(va)) + Vpo = Aqvq  in Q,

div(ve) =0 in €,
Vo =0 in 99, (1.7)
vall =1

where (Va,PasAa) € (H?(Q))? x H'(Q) x RY. The eigenvalue problem with the Neumann
boundary conditions is of equal interest. The asymptotic results for this case can be obtained
with only minor modifications of the techniques presented here.

The properties of eigenvalue problems under shape deformations have been a subject of com-

prehensive studies [1, 2, 11, 15, 14, 16, 23, 25, 27, 31, 33, 34, 35] and the area continues to carry
great importance as in [3, 4, 5, 10, 24, 28, 26, 21, 20] and others. A significant portion of these
investigations discusses the possibility of using asymptotic expansions of eigenvalues as an aid
in identifying unknown small objects.
To the best of our knowledge, the present paper is an appropriate extension of those already
derived in [11, 12, 15] for eigenvalues of Laplace operator or of Lamé system. It extends also the
main achievements done for Laplace eigenvalue problem in a domain with oscillating boundary
[2] and for the case of biharmonic operator in a domain with highly indented boundary [28].

The main objective of this paper is to find an asymptotic expansion for the Stokes operator

eigenvalues of such a domain which has not been established before this work, with the aim of
using the formula as help to locate the unknown inclusions. In other words, we would like to
find a method similar to those elaborated in [4, 11, 12] to determine the locations, shape, and/or
size of the small inclusions by taking eigenvalue measurements.
Note that the idea, to get the asymptotic formulas for the eigenvalues, is to use a result which
provides estimates for the convergence of the eigenvalues of a sequence of self-adjoint compact
operators. To the best of readers, this result may be at once obtained by applying a theorem
of Osborn [32] to self-adjoint operators, with substantial simplifications. One can also see the
works of Kato [23], for more details about the convergence of eigenvalues of a sequence of self-
adjoint compact operators.

In this work we focus our attention to the eigenvalues of the Dirichlet boundary value problem
in the presence of small isotropic inclusions, while the rigorous derivation of similar asymptotic
formulas for the case of anisotropic subdomains requires further work. The general schematic
way, presented in this paper, can be extended to other eigenvalue problems such as, eigenvalue
problem for Dirichlet biharmonic operator which describes the characteristic vibrations of a
clamped plate. Moreover, it can be extended to the quad-curl eigenvalue problem which has a
fundamental importance for the analysis and computation of the electromagnetic interior trans-
mission eigenvalues.

This paper is organized as follows. In Section 1, we introduce the adopted notations, we
describe the geometry of the domain with its constitutive parameters and we formulate the
perturbed Stokes eigenvalue problem with Dirichlet boundary conditions. In Section 2, we
present the main results of this paper. In Section 3, we consider an associated Stokes boundary
value problem in the presence of deformable inclusions B? and using (for example) the Korn’s
inequality, we prove some convergence estimates where one of them is measured in a rescaled
domain Q. These results will be useful to prove our main result. In Section 4, we end our paper
by applying a theorem of Osborn [32] to establish the result which gives the asymptotic formula
for the eigenvalues involving the viscous moment tensors. All these analyzes are of course taken
when the shared diameter o approaches 0, and the deformable inclusions are separated from
each other and do not touch 9.



2 Main results

In this paper, we allow inhomogeneities with more general shapes such that deformable inclusions
modeling droplets in Stokes flow and /or inclusions with highly oscillating boundaries. To
state our main result, we introduce the fourth-order, symmetric, positive definite matrix v
associated with the ith inhomogeneity, called viscous moment tensor [6]. For alli =1,---, N,

the coefficients V,(fl)pq of V@ are given by

7 Bz’ ~ (i
Vi = 2(u(z) — ) (% (OkpOig + OkqOrp) +/a e(V,(;q))kzdy>; 1<klpqg<d, (28)

i

where for 1 < p,q < d the corrector (qu ,7@) is the unique solution of:

—Div(2ue(v{))) + val® 0 in R*\B,

—Div( 2/‘1 é’, )+ Vil — 0 in B,

an(sf)) B ]

qu|+ - (l)|— 0 on OB, (2.9)
) s PYO)

(7{.(;)”""/“ aZ“) |-= (FDv + p(z:)—52) |+ on 9B;,

Vg (y) = O(ly| ™) as ly| — oo,

7@ (y) = Oy ) as [y — oo

Here v denotes the outward unit normal to 0B;; superscript + and — indicate the limiting
values as we approach dB; from outside B;, and from inside B;, respectively. d,, means the

Kronecker’s index and the conormal derivative 2% is given by

ov
ou
o’

Note that the viscous moment tensor depends on the coefficient of kinematic viscosity, size, and
shape of the inclusion.

= (Vu+ Vul)r. (2.10)

~ The first main result of this paper is the following derivation of the asymptotic expansion of
X]a — Ao as a — 0, where Q is a bounded region outside the total collection of inclusions B,.
Theorem 1 Let Q be a bounded domain of R? (d = 2 or 3) with boundary of class C*. Suppose
that we have (1.2)-(1.3) and let Ao be an eigenvalue of multiplicity m of (1.6), with an L?
orthonormal basis of eigenfunctions {v}}1<j<m. Suppose (M) are eigenvalues of (1.7) which

converge to \g. If we define each v by (2.8) fori=1...N, the following asymptotic expansion
holds:

. m N
*i—XO:adz—izZZe ) VWe(u}) (2) + o(a?), (2.11)

A
j=11i=1
—j I o1 . N 1 p
where X, := — E v is the average of the set (M), Ao = " and the term o(a®) depends on
m “ 0
Jj=1

the separation dy but is otherwise independent of the location of the set of points (z;)N.;.

Suppose now that ) contains single, bounded and smooth inhomogeneity B with C°°-
boundary dB but this regularity condition could be considerably weakened. In a neighborhood
O of 9B we introduce a system of natural curvilinear coordinates (n, s), where n is the distance
to OB, taken with the minus sign inside of B, and s is the arclength on dB. We assume now
that the background viscosity u, defined in (1.3), is a constant function and equals to the posi-
tive constant pg. For d = 2, we suppose that €2 enclosed a deformable inhomogeneity B, with
rapidly oscillating boundary (see Fig. 1) defined by

OBy ={rc0OCQ:s€cdB, n:oﬂH(g,s)}, (2.12)



where H is a profile function that is smooth relative to both variables, the slow variable s and
the fast variable n = s/, and 1-periodic relative to n. Moreover « is a small parameter and ~
is a quantity measuring the regularity of the boundary 0B, according to Kozlov and Nazarov
[28].

Figure 1: The domain () contains an inclusion
with rapidly oscillating boundary. The initial
inclusion B is tinted.

The viscosity of the subdomain B,, is assumed to be a positive constant p; > 0, and then
introduce pp, = pox(Q\B.) + H1XB, Where X is the characteristic function.

The following result holds

Theorem 2 Let Q C R? be a bounded, smooth domain containing the inhomogeneity B, with
rapidly oscillating boundary defined by (2.12). Let Ao be a simple eigenvalue of the problem
(1.6) and associated to the eigenfunction vo. Let v§ = volo\p and vy = volg. Then, replacing
to by up,, , there exists a simple eigenvalue of problem (1.7), denoted by A, such that Ao, — Ao
as a — 0, and

Aa — Ao =a(l — @) H(s)e(v)(s,0) : ((ule(vé)T) ® 7+ (noe(vs)v) ® u) (s,0)ds (2.13)
H1 JoB

+0(a!th)

1
for some positive 8 dependant on vy, and where H(s) = / H(n,s)dn. Here, v, T are respectively
0

the outward normal vector and the tangent vector to OB and the term O(a*?) depends on the
separation dy, the quantity v but is otherwise independent of H and the location of B,,.

Using the parameterization (n, s) of the neighborhood of the boundary 9B, the Laplacian op-
erator can be written as

Ay = J(0,5) " (00T (1, 9)00 + 0T (1, )70

where J(n,s) = 14 nk(s) is the Jacobian, and «(s) is the curvature of 9B at the point s. Let
n and § be the unit vectors of the axes n and s respectively, then the gradient operator can be
given by

Ve =0 -+ J(n,s) 10, - 5.



For more details one can refer, for example, to [8, 28, 22]. We omit in this article the detailed
proof of the Theorem 2, while the proof of the main result stated by Theorem 1 will be entirely
given in Section 4.

3 Estimates for an associated boundary value problem

In this section we suppose that the small deformable inclusions having the shape (1.1) are im-
mersed in the viscous fluid, and around which the fluid is flowing in a greater bounded domain
Q. It is well known that we make the assumption of small size of the objects to use asymptotic
formulae which allows us to get a simple and precise reconstruction method. In connection with
this idea, one can see the main works [9, 10, 13, 17, 30] for example. Eigenvalue expansions
in the presence of small inclusions with Dirichlet or Neumann boundary conditions have been
developed by Ammari et al. in a series of papers [11, 12, 15] for the Laplace operator and in [14]
for the full Maxwell equations. The case of elastic eigenvalue problem it is attentively studied by
Ammari et al. in [4] in terms of elastic moment tensors (EMT). We will use a similar approach,
along with estimates for the convergence of the eigenvalues of a sequence of self-adjoint compact
operators, to develop an asymptotic expansion for the eigenvalues in terms of viscous moment
tensor (VMT).

Let f bein L2(Q)9. In this section we assume that the velocity field, v, satisfies the following
homogeneous Stokes problem, with Dirichlet boundary conditions

—Div(2une(uq)) + Vpa = f in
div(ue) =0 in Q (3.14)
Uy =0 on 0f)

Here the coefficient of kinematic viscosity pq is given by (1.3).

We know that as « approaches zero, the velocity field u, and the pressure p, converge
respectively to the background velocity field ug and the pressure pg which satisfy:

—Div(2pue(ug)) + Vpo = f in Q
div(ug) =0 in Q (3.15)
Upg = 0 in 0.

In the case of N star-shaped imperfections of type z; + aB; which are sufficiently separated
from each other and the boundary, it has been shown in [17] (one can see [19] for the case of
conductivity imperfections), that the following asymptotic formula holds when d = 2 or 3:

N
(e — up)(y); = adZew(Gi)(zj,y) : V(j)em(uo)(zj) + o(ofH%), for 1 <1 <d, (3.16)

where z; is the center of the ith inhomogeneity, and we have denoted by G; the ith row of G,
where (G, F) € HX(Q)* x L2(2)? denote the Green tensors associated with the reference system
(3.15). Precisely, for a fixed z € Q, G(-, z) = (Gi;(+, 2))1<i,j<a and F (-, 2) = (Fi(-, 2))1<i<d are
the solutions to oF

— 102Gy, 2) + —(2,2) = §;;0.(x) inQ

&Bj
d
Z 0G (,2) =0 i Q (3.17)
= 81‘]’
Gij(x,2) =0 on 09,

where of course ¢, is the Dirac mass at the point z while d;; is the Kronecker delta.



The remainder o(a?) in (3.16) is independent of the set of points (z;)~_, and signifies a term
which goes to zero faster than a? uniformly in y for y bounded away from the inhomogeneities.
For more details we refer the readers to [17]. For the conductivity case, similar results have
been shown rigorously in [9, 19]. Notice that the achievements in this section will help us to
prove our main result in this paper, then we introduce firstly the following remark.

Remark 3.17 Let vy and v, solutions to (1.6), (1.7) respectively. Then by replacing f in
(8.15) (resp. in (3.14)) by Aovo (resp. by Aova), the estimation properties of vo, — vo can be
easily deduced from those of uq, — ug.

Next we will prove, using Korn’s inequality, the following lemma which describes the H!-
norm convergence of u, to ug.

Lemma 1 Assume d = 2 or 3 and suppose that we have (1.2)-(1.8). Let us be the solution
to (3.14) and ug the solution to (3.15) for a given f € L?*(Q)9. Then for some constant C,
depending on ug but independent of o and the set of points (z;)X,, the following estimate holds:

d
||’U,a — UQHHl(Q)d < Caz.

Proof. Let u, be the solution to (3.14) and wg the solution to (3.15) respectively. Expanding
the following

/92,uae(u0) s e(uq—ug)der = /QQu(x)e(uo) : e(ua—uo)dac—/Q 2(p(z)—pa)e(uo) : e(uqg—up)de.

An integration by parts yields

/ 2pae(ug) : e(uq —ug)de = / (2u(x)e(ug) — pol)vy - (ug — ug)do(z)
Q o)
N
72; /B (n(@) — p)e(uo) : e(ua — ug)da

((x) — ps)e(ug) : e(uq — ug)dz.  (3.18)

I
]
—

i—=1 7 Bl

On the other hand, choosing u, — ug as a test function in (3.14) yields

/ 2pae(te) : (g — ug)dr = / (2uae(ug) — pal)vy - (ua — ug)do(x) = 0. (3.19)
Q a0

The last relation was deduced by using the Dirichelet conditions on 92 and the fact that
div(uq) = 0.
Using equalities (3.18) and (3.19), we immediately obtain

/ 2tele(ta — ug)|?de = —/ 2pne(ug) : e(uy — ug)de —|—/ 2pne(uq) : e(uq — up)dx
Q Q Q

N
= 221 /Bi (u(x) — ps)e(ug) : e(uq — ug)dz.

But, the Cauchy-Schwarz inequality and the fact that vector valued function ug is bounded in
) shows that

N
/QZM(X\e(ua — up)|?dx < Z/B |p(z) — Mi|||e(u0)||L2(Bg)d2 le(ua — UO)”LQ(BA)“IZ
i=1" B4
< Ca?|le(ua = uo)ll L2y

7



which, by invoking the Korn inequality [29], yields the desired result. O

Now we make the change of variables y := *—*., and we set Q= éﬂ Note, here we use
similar approach as done in [12, 19] for the conductivity problems and in [17] for the case of a
dilute suspension of droplets with interfacial tension. Let (V,Q) € H! (R"l)iioC x L2 (R"l)iioC be
the unique solution to

—Divy(2uey(V)) + V4,Q = 0 in R"\B,
—Divy (2uey(V)) + V,Q = 0 in B,
div, (V) = 0 in R",
VI, - V| — 0 on 0B (3.20)
Qv+ p(z)%0) |+ —(Qv+m%%) |- = —(p(z) — pi)ex(uo(z:))v  on IB;,
V(y) = O(ly|™") as |y| = o0,
Qy) = O(ly|™?) as |y| — oo,

where the subscripts + and — indicate the limits from outside and inside of B;, respectively.
The reader may be referred, for example, to [17] for the existence and uniqueness of V' by
using single layer potentials with suitably chosen densities.
The following result will be useful to develop the asymptotic expansion of the eigenvalues.

Theorem 3 Assume d = 2 or 3 and suppose that we have (1.2)-(1.8). Let u, be the solution
to (3.14) and ug the solution to (3.15) for a given f € L?*(Q)9. Then for some constant C,
depending on ug but independent of o and the set of points (z;)X.,, the following estimate holds:

ley (ua(zi + ay) — uo(zi + ay) — aV(y)) | a@ye < Ca’. (3.21)

Proof. In order to verify the above estimate, we introduce firstly (Va, Qo) € H' ()% x Lg(ﬁ)
to be the unique solution to

—Divy(2pey(Va)) + VyQa = 0 in Q,
div(Vy) =0 in O (3.22)
Va = 0 on 99

We set Ry (y) := ua(zi + ay) — uo(z; + ay) — aV,(y) for y € Q. Integration by parts gives
LlesRaPay = = [ e, (Ra(w): e, uo(ei + o)y

4 /giueyma(y)) - ey (tta (21 + ) dy

—a /iiuema(y)) ey (Va(9))dy. (3.23)

For the second term, in the right-hand side of the previous equality, one may use change of
variables and integration by parts to find that

T — z;

) : ex(ug(x))de

Tr — zZ;

_/Nﬂey(Ra(y)):ey(u0(2i+ay))dy = —aQ_d/Quem(Ra(

Q «

- —aQ‘d/QM(Zi)ez(Ra<

) : e (up(x))dx

(07

(67

N
_QH;/&- (1 = 1(z2))ea(Ra( 1) : e (ug(x))da:

N
= O‘QZ/B (1(2i) = pi)ey(Ra(y)) : ex(uo(zi + ay))ds-24)



On the other hand, since R, is divergence free and and R, ( )|oa = 0, we may use integration

by parts to obtain

Tr—Zz;
[e%

r — z;

) : €x(ua(x))de

r — z;

/Nueyma(y»:ey<ua<zi+ay>>dy = o / e (Ra
Q Q

o2 / pen(RalE20)) - (2p1es () — poX)vedo(x)
o0

= 0. (3.25)

Using now R, as a test function in (3.20 ), we may use integration by parts again to find that

—a [ ey (Ra(w) - €, (Vo )y = . (3.26)

Inserting all equalities (3.24), (3.25) and (3.26) into (3.23), the following holds

N
/~u|ey<Ra<y>>|2dy:a22 / (1(z0) — i)y (Ra(y)) - exlun(zi +ag))dy.  (3.27)
Q i=1 7 Bi

But ug is a bounded vector-valued function in 2, therefore the Cauchy-Schwarz inequality
applied to (3.27) immediately gives

ey (ua(zi + ay) — o(zi + ay) — aVal)) | oo = ley(Ra)ll oy < Co®. (3.28)

Next, if we set
Uy, =V,—V andIl, =Q,— Q,

where V,,, V are the solutions of (3.22), (3.20) respectively, we get (Uy, I1,) € H'(Q)? x L2(Q)
and

—Div, (2ue,(Us)) +V,II, = 0 in €,
div(U,) = 0 in Q (3.29)
U, = -V on O0ON.

Integration by parts immediately gives

/~2Ney(Ua(y)) ey (U(y))dy /~ V- (2pey (Ua) — HaI)vydo(y)
Q o0

I i N
| VESE- Cone U

T — z;

T — z;

)

M)vdo(x). (3.30)

«

_Ha
( (0%

Using Cauchy-Schwarz inequality, and the corresponding decay of V (see for example Appendix
B in [17]) one may compute that

| /§52Mey(Ua(2/)) cey (U(y)dy| < Ca'2lley (Ua)l 2 gue-

l}lus, 1/2
ey [Oé [ 2(Q d2 Sy [ [ y 2(Q a2z = o7

To establish the theorem, it now suffices to remark that
ua (2 + ay) —uo(zi + ay) — aV(y) = ualzi + ay) — uo(z + ay) — aVa(y) + a(Va — V)(y)

and to use both relations (3.28) and (3.31). |



4 Asymptotic formulas for the eigenvalues

In this section we may detail the proof of Theorem 1, while the proof of Theorem 2 is dedicated
to a separately work [22]. Our method is deeply based on the theorem of Osborn [32] which
gives estimates for the convergence of the eigenvalues of a sequence of self-adjoint compact
operators. For simplicity we will not state the theorem in its full generality, and we refer the
reader to [12, 25] for example, for considerable simplifications and applications of this theorem.
A simplified statement of the Osborn’s Theorem is as follows: Let H be a (real) Hilbert space
and suppose we have a compact, self-adjoint linear operator T : H — H along with a sequence
of compact, self-adjoint linear operators T, : H — H such that T,, — T pointwise as a — 0 and
the sequence {7T,} is collectively compact. Let wy be a nonzero eigenvalue of T' of multiplicity
m. Then we know that for small «, each T, has a set of m eigenvalues counted according to

multiplicity, {wl,...,w™} such that for each j, w) — wg as a — 0. Define the average
1 m
j=1
If o', 42, ..., 9™ is an orthonormal basis of eigenfunctions associated with the eigenvalue wy,
then there exists a constant C' such that for j = 1,...,m the following estimate holds:
1y i i 2
|wo — @Wa — - Z((T — T )V, 97)| < CIT — To)lspangyiyic; < I (4.32)
j=1

where (T’ — T )|span{ys}, <,<,, denotes the restriction of (7' — T,) to the m-dimensional vector
space spanned by {97 }1<;j<,,. The above estimate (4.32) is slightly different from what is stated
in the theorem in [32].
For our case, we let H be L?(2)? with the standard inner product. For any f € L?(Q),
define
Tof = tia, (4.33)

where v, is the solution of (1.7), and
Tf = v, (4.34)

where wvg is the solution to (1.6). Clearly T(:= Tpy) and {T,}a>0 are linear and self-adjoint
operators from L?(Q)? to L?(2)¢. Using Korn and Poincar’e inequalities, we may prove the
next result which is useful to apply Osborn’s Theorem in order to prove Theorem 1. We recall
the reader the properties of {T,} are proved before in [9] but for the Stokes operator, it is
introduced as follows for the first time.

Proposition 4.1 Let a > 0 and T, T be defined by (4.33), (4.84) respectively. Then the
family of operators {Ty} is collectively compact such that T, — T pointwise as o — 0.

Proof. To prove that T, is a compact operator, we may use standard energy estimates based
on Korn and Poincaré inequalities. For all a > 0 we have

||Taf||H1(Q)d = HUoz”Hl(Q)d < Clle(va)HL2(Q)d2 < C|\f||L2(sz)d7

where the constant C' is independent of . Moreover, due to the fact that the embedding of
H'(Q) into L?() is compact, we conclude that the perturbed operator T, is compact. The
compactness of T follows exactly by same arguments.

Now, since the constant C' is independent of «, the sequence of operators (Ty,)a>0 is collectively
compact. To show that T,, — T pointwise as a — 0, one may prove that T, f converges to T f
in L2(Q)? for every f € L?(Q)?. In the presence of the total collection B, satisfying (1.1)-(1.2),
we set Uy = T f and ug = T'f. For any w € H} ()4, we have:

/gzDiV(uae(ua)—paI).w:/Qf.w.

10



So,
a(Ua) — pol) r e(w) = — .
Awe()z>)d) Lf
Similarly,

| wetwa) = ) efw) = [ fa

Consequently, choosing w = u,, — up and subtracting these two equations we get

/Q (tae(ua) — pe(uo) — (pa — po)I) : e(uq — ug) =0,

which gives

/ tae(ua — ug) : e(ug — ug) = —/(ua — p)e(ug) : e(uy — ug).
Q Q
Hence, by using successively Korn inequality and Hélder’s one, we may obtain

le(ua — uO)||L2(Q)d2 < C”e(UO)Hp(BQ)dQ'

It then follows by the Poincaré inequality that
[T f = T fllm )2 = llua — ol i (0)e < Clle(uo)ll 2 s, )0

Consequently, using the last inequality and the fact that |[B,| — 0 as @ — 0 and that ug is a
smooth vector-valued function in €2, we obtain that T, — T pointwise as a — 0 in L2(Q)¢. O

Now we can proceed with the proof of Theorem 1 as follows.
Proof of Theorem 1. By means of Proposition 4.1, we see that the family of operators {T,}
is collectively compact. For this reason all hypotheses hold for writing (4.32). Let (vg, Ag), and
(Va, Ao) be normalized eigenpairs of (1.6) and (1.7) respectively. Then according to (4.34), we

have
—Div(2ue(vy)) + Vpo=f inQ
div(vg) =0 in Q (4.35)
Vo = 0 in 89,

and by (4.33), we have

—Div(2uae(va)) + Vpa = f in Q
div(ve) =0 in Q (4.36)
Vo =0 on ON).

Notice that, the boundary value problems (4.36) and (4.35) are similar to those (3.14) and (3.15)
respectively. Then all estimates established for the difference u,, — ug, in Section 3, hold exactly
for vy — vg.

Now if we set
1 odw, = &
" and w, = o
then according to problems (4.36) and (4.35) one can see that (v,,ws) and (vo,wp) are the
normalized eigenpairs of T, and T respectively. Throughout this proof we suppose that g is
an eigenvalue of (1.6) with multiplicity m and with a corresponding set of orthonormal eigen-
functions {v]}1<;j<m. Since the set {v}} is orthonormal,

Wy =

(T - T.) | = max | Teh = Tovg |20 (4.37)

‘Span{vg}lggm

11



Now we need to express the term Tavé, but one may use the definition of T, to see that there
exists a vector-valued function v?, solving the following boundary value problem

—Div(2pae(v])) + Vpa = vj in Q
div(vl) =0 in (4.38)
vl =0 on 0.

such that , _
Tov) = vl.

Then (4.37) it transforms to,

H(T_Ta)

Loi_ i
|span{vg}13j§m|| = m]aX H)\T)UO - Ua||L2(Q)d

On the other hand, since US satisfies (1.6), we can use directly Lemma 1 to obtain the
estimate

1 : d
H)\*Ové — V3 ll2q)a < Caz.

Consequently, inserting all of this information into the relation (4.32), the following holds

1 1m 1’“

— vl v]) + O(a?). (4.39)

y‘H

We focus our attention now on the term

Since v} solves (1.6), we immediately get

1 S 1 1
<)\70U6_W‘J’“uj> = /(oné—W)V-vV()\ovo)d:c (4.40)

1 i 15 / 1 i 15
/Q\Ba<)\0v0 U)V 'yV<)\O )dx—|— . )\Ovo vl | V-4V )\0 dx.

Let’s use integration by parts twice on Q\B, and on B, successively, taking into account that

vy and vJ, are already two solutions of (1.6) and (4.38) respectively, and recall that B,
N N

U (2; +aB;) = U B!,. Then, by carefully calculus, the following holds

L j 1+ ‘ : j
oot =) = 32 [ (Cole(ed) — Dl = (2u@)eted) ~ sl - vido
N
b2 o) =) o) o

N
i — p(2i)
* Z iAo /

Now, by the change of variables y = *=* and the fact that vg is bounded, we can see easily
that the last term above is of the order a®*!. Hence by the conjugation condition for v/ this

12



gives us

J

N
o 1 A _
e D Y B TCI BRI 8
=1 a

+ /\io Zl/a (1(z) — p(z)) e(vl) : e(vf)dz
o (4.41)

Now we introduce the following vector-valued function

where V(y) is the solution of (3.20), (with )\iovj in place of u). Inserting this into the above
formula, we immediately get

<)\i0v3 —vl, ) = )\10;/& ((z) — p(z)) e ()\10% +aV(E=E) : e(ul)da
1 & J
+ )\0;/3 (u(z) = p(zi)) e(ra) : e(vy)d

1 ,
+ — 2i) — i) (To, )| — - v}do,
" E /aBi(u( ) = 1i)o (ra; p)vz| - - vy

1 ,
+ o Z/asb (2i) — i) (o ()\ Uo, vz +0(V,Q)vy|-) - vjdoy
+ O(a?). (4.42)

Note that by change of variables and since e(v )(ay + z;) is uniformly bounded for o small
enough, in view of Theorem 3, we get that

N
’2/1 (p(x) — pu(z)) ex(ra) : dx{ = ad| Z/ ) ey(ra) :e(vé)(ay+zi)dy|

< ca®t3/2, (4.43)

At the same time, by a rescaling a Taylor expansion of vg(ay + z;) about x = z; and using
Lemma 1, we obtain

’2/33 (zi)—pi)o(ra, p)ve| - vodam—i—z /de J()\iové,p)um—i—o(V,Q)yy|7).vgdaz‘
= 0(a?).
Thus, considering the above estimate and (4.43), so from (4.42) we obtain that
PR 1 -z g

Geb=rhd) = 2 / () = ) el +aV () el + O(a)
_ aly L (v
= o e (el it + 20+ e, (V)0) o) (o + =)y
+ 0O(a? (4.44)
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where the term O(a?) is uniformly bounded by ca?, for some constant c that depends on u, but
is independent of a. On the other hand, a Taylor expansion of e(v))(ay + z;) at x = z; yields

ol /Bi (i — p(2:)) (e(%ovg)(ay +z) + ey(V)(y)) ce(vd)(ay + 2)dy

:ad/B (ui—u(zz))( (;0 )(%)—l—ey(V)(y)) e(vl) (z:)dy + O(a%).

Therefore (4.44) becomes

(5ot —vhod) = a fZ / el () (a0) + e, (V)W))dy (149

Noting that the pair (V,Q) solution of (3.20) is an affine function of e(v})(z;), and can be
rewritten as

d

d
e fvo )z )uvi () and Qy) = Y e 7% (z0) 7D (y), (4.46)
k=1 k=1
where (v(l), (D) are solutions to (2.9). Thus, by inserting the first term of (4.46) into relation
(4.45) one can obtain that

N d
1
et Z Ye(vd)(z) : / (e =)z Y e(vl) (i) me(v) ))dy
0 =1 Bi k=1
(4.47)
+0(a?)
which, by using the notation (2.8), allows us to conclude that
1 :
(Gt = vhood) = 52 Z e(d)(z1) : VPe(t) (1) + O(a?). (4.48)

The proof of Theorem 1 is then achieved by inserting (4.48) into (4.39).

Now suppose that m = 1, then the following result holds.

Corollary 1 Suppose that Ay is a simple eigenvalue of (1.6) with the corresponding eigenfunc-
tion vg, and suppose that A, is the eigenvalue of (1.7) which converge to \g. Let Vi pe defined
by (2.8) for i = 1...N. Then, there exist a positive constant g such that for |a| < «q, the
following asymptotic expansion holds:

N
Oéd

Ao = Ao = > e(vo)(zi) : VW e(vg)(2i) + o(a?), (4.49)

i=1

where the term o(a®) depends on the separation dy but is otherwise independent of the location
of the set of points (z;)N ;.

Proof. The fact that A\, tends to A\g allows us to find a small positive constant «g such that

Moda = A2 +0(1), for |a| < ag. (4.50)

14



On the other hand rewriting (2.11), given by Theorem 1, with respect to m = 1,

1 1 o N i
= o ez s Ve(r) () + ofa).
e 0 ,—1

The proof is then achieved by writing the left-hand side of the above equality as follows

1 1
Aa - )\0 = )\0)\0(()\70 - )\7)7

and by considering (4.50). O
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