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Abstract: Self-adjoint extensions are constructed for a family
of boundary value problems in domains with a thin ligament and
an asymptotic analysis of a L,-continuous functional is performed.
The results can be used in numerical methods of shape and topology
optimization of integral functionals for elliptic equations. At some
stage of optimization process the singular perturbation of geometri-
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geometrical domain can be determined and used e.g., in the level-set
type methods of shape optimization.
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1. Introduction

Topology optimization is a new field of research in shape optimization. We re-
fer the reader to e.g., Allaire, Jouve, Toader (2004), Bendsoe, Sigmund (2003),
Burger, Hackl, Ring (2004), Eschenauer, Kobelev, Schumacher (1994), Garreau,
Guillaume, Masmoudi (2001), Novotny et al. (2003), Sokotowski, Zochowski
(2001, 2003a), for recent developments in the field, using in particular the topo-
logical derivatives introduced in Sokotowski, Zochowski (1999), see also Nazarov,
Sokotowski (2003) for the complete mathematical background. In the mathe-
matical analysis of such optimization problems a special role is assigned to the
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shape functional in the form of the energy of weak solutions, the so-called com-
pliance in solid mechanics (Lewinski, Sokolowski, 2003). On the other hand,
for some nonlinear problems, e.g. the variational inequalities, the knowledge of
the first term of asymptotics of the energy functional, can be used to construct
the outer approximations of solutions and as a result to obtain the topological
derivatives of shape functionals (Sokotowski, Zochowski, 2003b). The topology
variation in shape optimization means in particular the introduction of small
holes, or cavities in the geometrical domains, and leads to the singular pertur-
bations of the associated boundary value problems. Therefore, we have to deal
with geometrical domains depending on a small parameter which measures the
size of such holes or cavities. From the numerical point of view such a construc-
tion is not satisfactory since it involves mesh generation for singularly perturbed
domains. To overcome the difficulty and define the boundary value problem in
a fixed domain we could construct the so-called self-adjoint extensions of el-
liptic operators (Nazarov, 1996). In the present paper such a construction is
performed for the exterior topological variation of boundary value problems for
the Laplacian.

Our analysis is applicable to the energy functional, and to a more general
class of shape functionals which is defined in Section 6. The choice of the
shape functional is limited by the results of asymptotic analysis performed for
the boundary value problem under considerations, see (6) below for the precise
conditions. In particular, our analysis does not cover the case of shape functional
depending on the gradient of solutions.

Outline of the paper is the following. In Section 2 the boundary value prob-
lem in a domain with thin ligament is introduced and the shape functional is
defined. In Section 3 the potential applications of our results are described.
In Section 4 the limit problems are defined and the asymptotic approxima-
tions of solutions to problem in singularly perturbed domain are constructed.
Self-adjoint extensions are obtained in Section 5. Finally, the first terms of
asymptotics for shape functionals are determined in Section 6.

2. Statement of the problem

Let Q be a domain on the plane R? with a smooth boundary 92 and the compact
closure Q = 0Q U Q. Suppose also that I' is a simple, closed as a subset of R2,
and smooth contour which intersects € at the two points P* at nonzero angles
and has endpoints inside 2, see Fig. 1. In a neighborhood of I" we introduce
the natural curvilinear coordinates (v, 7), where 7 is the arc length along I and
|v| is the distance to I'. We assume that P™ and P~ correspond to the values
7 =1 and 7 = —1, respectively; here 2/ is the length of the curve I'\ Q. Taking
some freedom, we now identify a point and its coordinate on I'. Considering
functions Hy € C°(T") such that H := H, + H_ > 0 we define the curvilinear
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strip

Ap={z:7€T,(:= h_1V€w(T) = (—H_(T),H+(T))} (1)
and the domain

Q(h) = QU A, (2)

depending on a small geometric parameter h € (0, hg] (we fix the upper bound
ho > 0 so that the ends of strip (1) are contained in €2 for h < hg). The part of
Ay, outside € is called the ligament and denoted by A(h) = Ay \ Q.

Figure 1. The geometrical domain Q(h) = QU A(h)

We consider the following mixed boundary-value problem for the Poisson
equation in the singularly perturbed domain (2), which implies a junction of
sets with various limit dimensions:

_Azu(hax) = f(hvx)v T e Q(h)v
Onu(h, ) =0, 2 € 0Q(h) \ %, (3)
u(h,z) =0,z € %,

where 9, is the derivative along the outward normal. Problem (3) has a unique
solution u(h, ) € ﬁl(Q(h); ¥)) for every right-hand side f(h,-) € La(2(h)). For
the simplicity of the presentation, we assume that X is a connected component
of the boundary 092 and XN A, = 0 for h € (0, hg]. Thus, the solution u(h, -)
is of class H? everywhere, possibly except at four angular points at which OA;,
intersects 0€). In fact, we should speak of a family of problems and the corre-
sponding family of solutions parameterized by the relative thickness h € (0, h)
of the ligament A(h). Nevertheless, in construction of the self-adjoint extension
we can assume that the parameter A > 0 is small but fixed and speak of the
only one problem and its solution.
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The asymptotic behavior of a solution u(h,z) is determined in particular
by the dependence of the right-hand side of equation (3); on the parameter h.
Suppose that

~ { fa(x), xz € ()

f(h,(E) :f(h,$)+ fA(T)7 J?EA(]’L)

Here fq and fa are some given functions on the body €2 and on the ligament axis
YT = (—I,l) > 7, and f is a small remainder which can be ignored in asymptotic
analysis. We state the exact conditions on fqo, fa and f in Section 3. Note
that all conditions are satisfied in the most reasonable situation: the function
f in (3)1 is independent of the parameter h and is smooth in a neighborhood of
Q containing the ligament A(h).

Solutions of problem (3) are used in order to evaluate the functional

J(u;h) = o J(; u(h, z))dz, (5)

which is supposed to verify (compare with Nazarov, Sokolowski, 2005) the L4-
continuity condition: for some ¢ € [1,00) and any u,v € L,(€2(h)) the inequality
holds

|T (u; h) =T (03 h)| < elfu—v; Ly (M) |(1fu; Lq (QM)|7* +[[v; Ly (UR))||7),

(6)

where the constant ¢ is independent of the functions u,v and the parameter

h € (0, hg]. In particular, the assumption (5) with ¢ = 1 covers the case of the
energy functional investigated in Nazarov, Sokolowski (2004).

3. Objectives and methods of shape and topology
optimization

With problem (3) and functional (5) a shape optimization problem can be as-
sociated. The minimization or maximization of such a functional over a family
of admissible domains involves the so-called interior and exterior topological
derivatives. For the interior topological derivatives of shape functionals we have
an almost complete mathematical theory at our disposal. In contrary, the ex-
terior topological derivatives are now the subject of intensive studies for model
problems.

The basic question, associated with the investigations of shape optimiza-
tion problems over the family of singularly perturbed domains {Q(%)}ne (0,
concerns model simplification. Namely, whether the boundary value problems
defined on domains §2(h) can be approximated by a boundary value problems
posed on the fixed geometrical domain. Usually, such an approximation leads
to regular or singular perturbations of the differential operator with coefficients
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depending on a small parameter h. Such a modification, required by numeri-
cal methods, should preserve the main properties of the shape functional under
consideration. For the interior topological derivatives of shape functionals the
positive answer to such a question is provided in Nazarov (1996), Nazarov,
Sokotowski (2003, 2005), on the basis of self-adjoint extensions of differential
operators. The notion is proposed in Berezin, Faddeev (1961) and investigated
in Karpeshina, Pavlov (1986), Pavlov (1987), Kamotski, Nazarov (1998) and
others (see also the monograph of Albeverio, Kurasov, 2000, where the tech-
nique is used in some other applied problems).
The variable domain (2) can be replaced by the hybrid domain

QX =QuUT, (7)

which consists of the two-dimensional domain €2, the one dimensional curve
T (the ligament axis) and two tips P* of the curve Y. The well posed, self-
adjoint boundary value problems on hybrid domains, which include transmis-
sion conditions at the joining points, are investigated in Nazarov (2004). In this
framework, generalized Green’s formulae are applied and spaces with separated
asymptotics are used (we refer to Nazarov, Plamenevskii, 1992, 1994, and to
Nazarov, 1996, 1999, respectively, and to others). The problem formulations
proposed in Nazarov (2004) in particular ensure its reformulations as minimiza-
tion problems, applicability of a symmetric Green’s formulae, the zero index and
some other properties as expected for the usual self-adjoint problems in geomet-
rical domains. The self-adjoint extensions are not investigated in Nazarov (2004)
in all generality, therefore in the paper we provide the necessary results on the
topic applied to the particular boundary value problem. Actually, a formulation
of a problem on the hybrid domain (7) is given, with the associated unbounded
self-adjoint operator 2 defined in the space L = La(€2) x La(Y). In addition,
the solutions of the abstract equation

A{v,w} = {fq,fa} € L2(2) x Lao(T) (8)

can be considered as approximations of solutions to the boundary value prob-
lem (3) in ©(h), and used for the asymptotic formula of the functional (5).

4. Limit problems and asymptotic solutions

The first limit problem results from (3) by passing from h > 0 to h = 0, i.e., by
elimination of the ligament from (2) and the remainder f from (4);,

—Azvo(z) = fal(z), x € Q,

— 9
Onvo(z) =0,z € 00\ Z;09(z) =0, v € 2. ©)

If, for example, fo € L2(Q2), then there exists a unique weak solution vy €
H*(Q(h);¥) to problem (9), the symbol H means that vy = 0 on ¥. Since
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3 C 99 is a connected component, there are no collision points on the boundary;
the solution vy of the mixed boundary-value problem belongs to the Sobolev
space H%(Q) and

llvo; H* ()] < cllf; L ()] -

It is not excluded that ¥ = (), but then the solution vg is not unique.

A particular singular solution to problem (9) is of a further use. To specify it
and to describe the behaviour of a solution near the points P, it is convenient to
employ Kondratiev spaces (see Kondrat’ev, 1967 and also Maz’ya, Plamenevskii,
1978, and, for example Nazarov, Plamenevskii, 1994), which are defined as
completion of the linear space C§°(Q\ P¥) in the weighted norm

l 1
s Va1l = Y (11 Vs L(@)17) " (10)
k=0

Here ] € Ny ={0,1,2,...} ,¢ € (1,4+o0) and § € R are the indices of regularity,
integrability, and weights, respectively, dp(x) = min{dist(z, P*)} being the
weight factor.

It is known (see e.g., the introductory chapter 2 in Nazarov, Plamenevskii,
1994), that in the case of

2 2
f eV, 1-2>8>-, (11)

there exists a solution vy to problem (9), which admits the representation
vo(x) = ZXQ(Ti){Uo(Pi) +(s— Si)ﬁsvo(lﬁ)} + vo(), (12)
+

and the estimate

170 V2@ + 3 (oo (PH)] + [0seo (P} < IHVEU@I (13)
+

Here s is the arc length on 92, s are the coordinates of P* € 99, and xq is a
cut-off function in C§°(R) which equals to one for r < r9/2 and zero for r > 7.
Finally, r = dist(x, P*) and the radius 7o is sufficiently small.

REMARK 4.1 1) Assume that ¢ > 2, € (—%,O]. Then the function
fevgiQ) (14)

belongs to the intersection L2(€2) N Vg’q(Q). Furthermore, both solutions to
problem (9) introduced already coincide, namely, the weak (generalized) solution
and the solution given by (12).
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2) Inclusion (14) means that dgf € L,(2), i.e., the restriction (7) in the paper
Nazarov, Sokotowski (2004)

dof € E2(Q2)  for some p e (0,1) (15)
is satisfied. In view of the Holder inequality the relation
15" f; B2l < elldp fi B, a2 2, (16)

is satisfied for any p <1 — 0 — %, whence for 3 > —% condition (15) is always
verified.

3) The restrictions imposed on the weight indices in (11) heuristically can be
seen by the following argument: In accordance with the Taylor expansion (12)
the space V;’Q(Q) includes functions, decaying as O(r3) in the vicinity of points
P*, however, it does not include functions with the linear behaviour in the
vicinity of these points.

In Nazarov, Sokotowski (2004) the following asymptotic ansatz for the re-
striction of the solutions to (3) to the ligament A(h) is accepted:

u(h, ) ~ wo(T) + hwy (¢, 7) + h2wa (¢, 7) + . .. (17)

(compare with Dzhavadov, 1968; Mazja, Nazarov, Plamenevskii, 1991, chap-
ter 15; Nazarov, 2002, chapter 1, and others). Here w; are the functions to be
determined and 7 and ¢ = h™'v are the slow longitudinal and fast transversal
variables on the ligament. The third term in (17) can be obtained by solving
a family of problems defined on sections w(7) of the ligament, see (1), parame-
trized by the variable 7 € T = (—I,1):

—02w2(¢,7) = fa(r) + 02wo(7), ¢ € w(T), (18)

+0cwo (£H4 (1), 7) = Hy (7)0-wo(T) .
Problem (18) admits a unique solution if and only if the right-hand sides verify
the compability conditions which take the form of ordinary differential equations
for the first term wq (we refer the reader to Nazarov, Sokotowski, 2004, Section 3,
for all the details)

=0 (H(7)0rwo(T)) = H(T)fA(7), TET. (19)

We point out that a solution of the Neumann problem (18) is defined up to
an additive term w3(7), which does not depend on the variable ¢. Actually,
the term h2ws(¢,7) has no influence on the construction of global asymptotic
approximation. The function w; is not fixed since it can be arbitrary in the
framework of the required asymptotic precision (compare with Section 5 in
Nazarov, Sokotowski, 2004). What is important, is that in the final Theorem 4.1
on asymptotics, we are free from all amphibologies.
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The ordinary differential equations (19) is supplemented with the Dirichlet
boundary conditions

wo(£1) = vo(PF), (20)

resulting from the comparison of ansatz (17) with the elementary ansatz u(h, z) ~
vo(z). If

fa € Lo(T), (21)

there is a unique solution wy € H?4(Y) to problem (19), (20) and, by (13),
there holds the estimate

[lwo; H24(T)|| < e (|[fa5 Lo(D)[ + 1 fe: V5 (D)]]) - (22)

Besides that, by the elementary embedding theorems for ¢ > 2 (assumption in
Nazarov, Sokotowski, 2004)

wo(r) = 3 xalr F D {0 (PE) + (7 F Do (1) } + o (7), (23)
=+

with the term |0;wo(£!)| smaller than the right-hand side of (22) and wg a func-
tion which vanishes along with its derivatives at 7 = £l. In (23) xa € C*(R)
is a cut-off function equal to one near ¢ = 0 and zero for ¢ > [/2.

In Nazarov, Sokolowski (2004) it is shown that condition (21) can be obtained
by investigation of a boundary layer phenomenon, which appears in the zones of
junction of the ligament to the domain §2, and is described by the fast variables
¢t = h=Y(z — P) (see Section 4 in Nazarov, Sokolowski, 2004). Furthermore,
in the framework of the method of compound asymptotic expansions the decay
condition for the boundary layer at a distance from the points P* (or the
procedure of matching ansitze in the framework of the method of matched
asymptotic expansions) leads to appearance of logarithmic singularities of the
term vy from the ansatz

u(h,z) = vo(x) + hvy(z) + .. ., (24)

accepted in the set Q outside of small neighborhoods of the points P~. Actually,
v1 is a solution to the problem
0,z€9Q, wv(z)=0z€X,

—Ayv(z) =
= S FH () wo(£1)d(s — sT), z € 90\ T, (25)
+

Onv1 ()
which admits the representation

vi(x) = Z XQ(T‘i){ + %H(:l:l)(%wo(:I:l)lnrjE + Ci} + 01 (). (26)
+
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Here § is the Dirac function, —7~'nry is the Poisson kernel, ¢t are constants
depending on H, wo and €2, while 7; € H*() is the regular part with 1 (P¥)=0.

It is not difficult to conclude that v1 € Ly(Q) for any ¢ > 1. Besides that,
v € Vé’q(Q) and v; € V;l’q(Q), where

ﬁle<2—§,3—§>, B}e<1—§,2—§>. (27)

In addition, the norms of v; € V;lq(Q) and U1 € Vg’q(Q) are bounded by the
quantity ¢(|0-wo(1)]|4|0-wo(—1)|) for the indices listed in (27), thus, are bounded
by the right-hand side of inequality (22).

Using the Green’s functions G+ of problem (9) with the singularities at the
points P*, the formula holds

vi(x) =Y FH(ED)Irwo ()G . (28)
+

We note that G4 is a solution of the homogeneous problem (9) which admits
the representation

Gle) = xa(rs) { =2 nrs + GLPH L+ xalrr)GLPT) 4 Cute)  (20)

with the remainders G+ € Vg’q(Q) (we indicate that boundary condition (9)2

at the point Py € 90\ X is not verified for the function G1). Now, the values
of ¢* from (26) are given by

¢ = H(=1)0:wo(=1)G® (PF) — H(1)0,wo (1)G%(PF). (30)

It is known, and can be easily proved that the 2 x 2-matrix

G- | GHPT) GLUPT)

| GYPt) GY(P) (31)

is symmetric.

The solutions given above for the limit problems, (9), (25), and (19), (20),
as well as solutions of the boundary layer type, which are not described here,
can be used in order to construct the global asymptotic approximation U (h, x)
of the solution u(h, z) to problem (3) in the domain with ligament. The related
construction, rather complex, is, however, necessary for the further analysis of
functional (5), and therefore is presented here. The restrictions of the function
U to the body © and the ligament A(h) look as follows

U(h,z) =V(h,z) +hd> | xa(rs)Z *(h,z), €,

Uh,z) = W(h,z) + h> xa(Tr F1)Z E(h,z), z€A(h). (32)
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Detailed description of the structure of (32) is given in Section 5 of Nazarov,
Sokotowski (2004), here, we explain the notation only. The main terms in the
right-hand sides of (32) are given by the formulae

V(h,x) = Xo(h,z) {vo(z) + hv1(z)} +
+ ; xa(r+) {vo(P%) + h (¢t + 77 H(£1)d-wo(+l)Ink) +
+(1=xa(h™'ry)) [(s—s4)0sv0(PE)+hr L H(£1)0;wo(£1) (Inry. —Ink)| },
W(h,z) = Xa(h,z) {wo(T) + hw:(T)} +
+§XA(T F 1) {wo () + hwi (£1) + (1 = xa(h™ (7 F1))) (7 F DOrwo () } -
(33)

Here the cut-off functions are used

Xa(h,z)=1 —Z xa(h™try), Xa(h,z)=1 —Z xa(h YT F 1)), (34)
T T

and vy, v; and wy are the remainders in the representations (12), (26) and
(23), the function wy is arbitrary, e.g., a linear function of the variable 7, which
verifies the condition

wy (£1) = af 0svo(PE) £ 77 H(£1)0rwo(£1) [ag + Inh] + bF",
wi(r) = @1 (r) + > Xa(T F Dwi ().
+
Finally, Z4 are the terms of boundary layer type, which have been mentioned

several times. We need only the estimates presented in Section 4 of Nazarov,
Sokotowski (2004)

|Zi(hax)|
|Zi(ha7-)|

CQh(h—l-’l“i)_l , in Q,

Crexp|[—6gh™ (I —|7])], in A(R). (35)

NN

Here Cq, Cp and 0y are certain positive constants.

In Nazarov, Sokotowski, (2004) an estimate is derived for the asymptotic
remainder R = u — U under the following restrictions on the terms in decom-
position (4) and the right-hand f(h,z) in problem (3):

Ng :=h™'"#(1 + [Inh|)~Y|dp(1 + [Indp|) f; L2(Q)]] ,
hH.y(7)
filhyv,m)dv =0, 7€ (—1—2h\1+2hN);
—hH_ (1)
Flhy) = folh,2) + folhv,7),

N = (1+ [InA))"H{h=3/2|| fo; La(A(R))]| + h=Y2||f 15 La(A(R))]]}

(36)
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with the terms ]\79 and N, » of order 1 = k%, and the number X chosen in such a
way that the tips of the curve {z € I : |7| <[4 2hA} are inside of Q.

THEOREM 4.1 Assume that the function f verifies the conditions (4), (21) with
q =2, (36)2 and (15) with u = —1/2. Then the solution u € H'(Q(h);¥) of
problem (3) and its asymptotic approximation (33) are related by the inequality

[ld(u = U); La(Q)l + |V (w = U); La(Q)|| < CHPN (L + [Inh|)*  (37)

in which d denotes the weight factor

_ [ dp(@) M+ mdp(@)) 7,z e
) = { (h+dp(@) (1 + ), € A(h), >

the constant C is independent of either the parameter h € (0, hg] or the compo-
nents in decomposition (4),

NZNQ+./\~/Q+NA+./\~/A, (39)

the quantities ./\79 and ./\7A are introduced in (36), Nq is the left-hand side of
(16) and finally Np = ||fa; L2(T)]|.

Since, owing to (38), d(h,z) > cq for z € Q and d(h,z) > ca(1 + |Inh|)~! for
x € A(h), where cq, cp are positive constants, we have

COROLLARY 4.1 Under the assumptions of Theorem 4.1 the following inequali-
ties hold

llu —U; H(Q)|| < CR*PN (1 + [ Inh[)?, (40)

|lu — U HY(A(R))|| < Ch3/2N (1 + |Inh|)3.

5. Self-adjoint operators defined in limit and hybrid
domains

Let us consider the unbounded operators A2 in Ly(Q) and A% in La(Y), de-
fined by the differential expressions —A, and —9; H (7)0;, respectively, with the
domains of definition

DAY) ={veCP@Q\PY): v=0 on %,0,0=0 on IN\X}, (a1)
D(AT) = C5°(T)..

In other words, the functions v € D(AY) are smooth in Q, verify boundary
conditions (9)2 and vanish in the vicinity of the points P*. A function w €
D(AY) is a smooth function, which vanishes in the vicinity of the ends of the
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segment T = (—1,1). It can be shown that the operators AY, and A$} admit the

—0 —0
symmetric closures A, and Ay with the domains

D(Zg)z{vEHz(Q) s v(PY¥)=0, v=0 on %, d,0=0 on AN\ X}, (42)
D(AY) = H2(T) = {w € HA(Y) : w(l) = d,w(+l) = 0} (43)

Besides that, the adjoint operators A& and A% are defined by the same dif-
ferential expressions as before, —A, and —0,H(7)0,, but with the following
domains of definition

D(A;) ={v : v(z) =) xalr:) [—%ailnri—i—bi + (),
+
6€H2(Q)a i}(Pi):O’ at,by € R},

D(A%L) = H(Y). (45)

REMARK 5.1 The following embeddings take place for any e > 0
-0 N
D(A,) CV2(Q), D(Ay) C VEL(9).

Since the dimensions of the quotient spaces D(Ag)/ D(Zg) and D(A%L)/ D(Z?r)

are equal to 4, the operators .7(22 and .71(; are not self-adjoint. However, by the
general scheme (see Rofe-Beketov, 1969; Gorbachuk, Gorbachuk, 1984; Pavlov,
1987, and others) applied here, it follows that the operators admit self-adjoint
extensions. Friedrichs’ extension of the operator A is given by the restriction
of A to the linear space

{veDAY) : ax =0} ={vec H*(Q) : v=00n %, d,v=0o0ndQ\X}.

In this particular case, the boundary value problem associated with the ex-
tension, is just the classical formulation of problem (9) in the space H?((Q).
Similarly, the restriction of operator A% to the linear space

{u e D(AY) : w(£l) =0} or {ueD(A}) : drw(xl) =0}

corresponds to the Dirichlet, or Neumann problem for the ordinary differential
equations (19), respectively.

For modelling of asymptotic solutions to problem (3) by means of the self-
adjoint extensions we have to impose some conditions. First, we should consider
the unbounded operator A° = diag{.A2, A%} defined on the cartesian product
L = Ly(Q) x La(Y), with the domain of definition D(AY) x D(A%). Second,
the parameters of the extension 20 should be determined, i.e. the relations
between the coefficients a1, by and the values w(=+l), dw(+£l) in the domain of
definition D(Ag) x D(A% ) of the restricted operator A*. The parameters should
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be selected in such a way that the components v(z) and w(7) of solutions to
the abstract equation (8) turn out to be close, in a proper sense, to the parts
vo(x)+hvi (x) and wo(7) of asymptotic ansétze (24) and (17). Finally, we should
verify that the constructed extension is self-adjoint.

PROPOSITION 5.1 Assume that 2 is an unbounded operator in the space L. =
Ly(Q) x Lo(Y), defined by the differential expressions diag{—A,, —0-H(7)0;}
with the domain of definition

D) = { {v,w} € D(A}) x D(A%), a=TB, b=T 'A+ T—%ST%B} ,

(46)

where

a_ b_

If T is a positive definite matriz, and S is a symmetric 2 X 2-matriz, then
the operator 2 turns out to be the self-adjoint extension of the operator A° =
diag{A%, A}}. By Tz we denote the positive square root of the matriz T .

(47)

_ | ~H{)orw(+1)
 B= [ H(1)o,w(-1)

Proof. We only need to verify the assertion: If for some {V, W} {Fq,Fy} € L
the identity holds true

v, wh {V.WhHr — ({v,w},{Fo,Fr})L =0 V{v,w}eD®) (48)
then
{V,W}eD®) and 20{V,W} ={Fq,Fr}. (49)

Let us take w € C§°(—1,1) and v € C§°(Q \ P*), while in addition v satisfies
the boundary conditions (9)2. Integration by parts in equation (48) leads to

0= (—AIV, V)Q — (V, FQ)Q + (—aTHa-,—W,W)T — (W, FT)T =
= (V, —-A,V — FQ)Q + (V, 8nV)3Q\E — (8nv, V)Z + (W, -0, HO,W — FT)T .
(50)

Since the linear spaces C§° () C C5°(Q\ PT) and C§°(—1,1) are dense in Lo (€2)
and Lo(—I,1), respectively, from (50) we deduce that V and W solve equation
(9); with the right-hand side Fy and equation (19) with the right-hand side
Fq, respectively. Since for v € C5°(Q \ P¥) the traces v € Lo(99 \ X) and
Onv € Ly(X) are arbitrarily smooth, from (50) the boundary conditions (9)2
for V are obtained. Being a solution to problem (9), with the right-hand side
Fq € Ly(9), the function V € Ly(£2) belongs to the space (44) (the detailed
proof of the property can be found in Nazarov, Sokotowski, 2005) for a similar
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boundary value problem). It can be shown using the same argument that W
belongs to the space (45)2. It remains to verify that the coefficients ay, by from
the decomposition of v in (44) and the quantities W (=£l), 9, W (£l) are related
by the formula given in (46).

For functions v, V € D(A)) generalized Green’s formula holds

(—A,v, V) = (v,=AV)q = Y (bras —azbs). (51)
+

For general self-adjoint problems similar formulae were constructed in Nazarov,
Plamenevskii (1992, 1994), a simple argument for the Neumann case is given
in Nazarov, Sokolowski (2005). We add to (51) Green’s formula on the interval
T = (-1,

(—0:HOyw, W)y — (w, -0, HO; W)y =
= 37 H () (W(E1), W () — W () D w(]))
+

and use relations (46) for the coefficients of {v,w}
(—Axv, V)Q + (—&,—H@TW,W)T — (V, —AIV)Q — (W, —8TH87W)T =
= Z(biai —axzby £ H(E)w(£)0, W (£l) F H(E)W (Xl)0,w(£l))) =
+

= <bva> - <a’ab> + <BvA> - <AaB> =

=(T"'A+ T 3ST?B,a) — (TB,b) + (B,A) — (A,B) =

= (A, T 'a—B)+ (B,T?ST 2a—Th+A). (52)
Here (,) is the scalar product in R2.

The left-hand side of (52) coincides with the left-hand side of (48), and thus
vanishes by our assumption for any pair {v, w}. Since the columns A and B in

(47) can be made arbitrary by means of the choice of the functions w and v,
identity (52) implies the following relations

T'a=B, Tb=A+T:ST ?a,
which readily turn into the relations
a=TB, b=T'A+T :ST:B.

These relations define the domain of the operator 2. Therefore, {V,W} €
D(21), which completes the proof. [ ]

REMARK 5.2 Proposition 5.1 does not cover all possible self-adjoint extensions
of the operator A°, but only of the type required in the paper. All self-adjoint
extensions can be described on the basis of general results in Gorbachuk, Gor-
bachuk (1984), Pavlov (1987), Rofe-Beketov (1969) .
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PROPOSITION 5.2 There exists a number t > 0 such that for ||T;R* — R?|| < t
equation

A{v, w} = {fo, £} € La(Q) x Ly(T)

with the operator A from Proposition 5.1 admits the unique solution {v,w} €
D) for any right-hand side {fo,fr} € L.

Proof. We introduce two functions v* € H?(Q) and w® € H?(Y) in the domain of
Friedrichs’ extension of Ag. Let v® € H?(Q2) denote the solution of problem (9)
with the right-hand side fo, and w®* € H%(YT) be the solution to problem (19)
with the right-hand side fy and the boundary conditions w®(£l) = 0. We set

v(z) =v*(z) + al Gy (z) + a® G_(z), (53)

wir) = w*(r) + AVW. () + A2 W_ (7).

where W is the solution of the homogeneous equation (19) with the boundary

conditions W, (=1) = 0,W,(l) =1 and W_(=1) = 1, W_(I) = 0. We show that
0

AO
the columns a° = a;‘ and A = A(—; can be selected in such a way that
a’ 2
the pair (53) belongs to the linear space (46).
Let a® = 0,b°%, A®* = 0, B® be attributes (47) of the pair {v*®, w®}. We specify

the algebraic conditions, from (46), prescribed for the functions in (53)

a® = T(B* — MA),

1 1 54
b*+Ga® =T71A°+ 772572 (B — MA"). (54)

Here G is matrix (31), and M denotes the matrix with the elements My , =
+H(+1)0; W, (£l), where o = +. Observe that integration by parts leads to
the equality

l
My — / H(7)0, Wy (7)0; We ()dr
—1

which shows that M is Gram’s matrix, symmetric and positive definite (these
properties are not used in the sequel). We insert (54); in (54)3 and multiply by
the nonsingular matrix 7', which leads to the relation

{I, + TGTM — T2 ST:M}A® = Tb* + TGTB® — T:ST=B°.  (55)

It is clear now that for a small ¢ in our assumption, the matrix {Is + TGTM —
T2ST2M} is invertible. Therefore, the column A° can be determined from
(55), the column a° from (54), and finally the solution of equation (8) is given
by formula (53). [ |
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We construct the self-adjoint extension 2, suitable for modelling of prob-
lem (3). In accordance with the asymptotic ansatz (24) we set

v(z) = vo(x) + hvy(z) . (56)

By formula (26) and (24) the coefficients of decomposition in (44) of the function
from (56) take the form

at = FhH(£1)0,wo(£l),

bE = p(P2) + h{H(—D)drw(—1)GO (P*) — H()0suo(1)G0 (P2)}. 1)

Therefore, in order to define the matrix T from (56) in the proper way we put
w(r) = h¥w(7). (58)
Now relations (57), taking into account condition (20), become

a* = FhH ()0, w(+l),

bt = h=2w(+l) + h2 {H(=1)0,w(—1)G° (P¥) — H(1)0,w(l)G° (P*)} (59)

which means that they can be rewritten in the form (46), namely,
a=TB, b=-T'A+hiGB,

where T = h%]b, I3 is the unit 2 x 2-matrix, and G is matrix (31). We point
out that h2G = § = T_%ST%, because the matrix T is proportional to the
identity matrix.

THEOREM 5.1 If in Proposition 5.1 we set T = hzly and S = G, then the self-
adjoint extension A of the operator A°, with the domain of definition (46), can
be considered as a model for the singularly perturbed problem (3) in the following
sense: The solution {v,w} of abstract equation (8) with the right-hand side

{fo, fa} = {fa, fa} €L

has the components v = vy + hvy and w = h%wo, which contain the functions
vo,v1 and wg from asymptotic ansdtze (24) and (17) justified in Theorem 4.1
and Corollary 4.1.

We emphasize that, by virtue of Proposition 5.2, the abstract equation (8)
is uniquely solvable for a small h > 0.

6. Analysis of functional J

In this section we derive a simple asymptotic formula for functional (5), in terms
of solutions {v, w} of the abstract equation (8), which can be used as simplified
model for the singularly perturbed problem (3). The task is achieved in few
steps. In the first step, an error estimate is obtained for the replacement of the
solution u(h, z) by its global asymptotic approximation.
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LEMMA 6.1 Let U be the global asymptotic approzimation (32) of solutions to
problem (3) in the domain with ligament. Then the following inequality is valid

|7 (us h) = T Us h)| < co(R)9h3 (1 + [ Inh|)3N, (60)
where the notation from Theorem 4.1 is used and
o(h) =max{1,h 2 (14 |Inh|)}. (61)
Proof. First, we need to establish the estimate
[4; L (Anl| < ch™= a4 H' (A (62)
Let us straighten the ligament by the change of variables
v (v,7) = E = (6,6) = (H(N) ™ v+ hH_(7)],7), (63)
which transforms the curvilinear strip (1) onto the rectangle A, = [0,h] x

[-1_,14]. Here the lengths 4 are chosen in such a way that I' = {& : 7 €
[—I_,14+]}. The function U written in variables (63) is denoted by U. Since
H(t) > 0 for 7 € [—I_, 4], the relations hold

lleds H (An)|| < |1t H (An)| < Clitds H (An)l,

D (64)
Cql [t La(An) || < [[U; Lg(An)l| < Cylld; Lg(An)I,

with positive constants c,c, and C,Cy;. Let us consider the union of rectangle
Aj, with its shifts Kh(j) ={eR? : (& —hj,&) C /A\h} along the axis &;.
Here j = 0,...,N, and N = [h~1] is the integer part of the number h=1. In
this way we obtain the rectangle A¥(h) with the side of order 1, yet its width
remains dependent on the parameter h. The function U is extended from the
rectangle A, (0) onto the consecutive rectangle Ay (1) as an even function over
the right-hand side of Aj(0), i.e., we set

UE) =U—&,&) for €€ Ay(1).

The same procedure is repeated for all pairs of neighbours Kh(j) and Kh(j +
1), =1,..,N — 1, so the function U* is defined on AgL, furthermore, by con-
struction it belongs to the Sobolev space Hl(Agl). The embedding theorem
H!' C L, applied on the overlapping domains {¢ € Agl & € (0,%)} and
{¢€€ Agl &4 —(N+1he (—%,0)} gives the inequality

\U¥; Lo (M| < el s HY (AL)]], (65)

with the constant ¢ independent of the parameter h and of the function U*.
Taking into account that in both sides of (65) there are N + 1 copies of the
function U, we rewrite (65) as follows

(¥ + D18 o Ralir) < (v + D1 Rn)IE) (66)
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In view of the relation N ~ h~! and the norm equivalence (64), inequality (66)
becomes (62). n

Weighted Poincaré-Friedrichs’ inequality, proved in Proposition 1 of Nazarov,
Sokotowski (2004) combined with formula (38) for the weight d(h, z) results in
the inequality

[lus La(Q)]| + (1 + [ Al) 7w La(A(W)I] < clldus La(Q(R))]| <
< o[ Vau; La(Q(R))]]
which means, according to (62) and (61), that
[lu; Lg (M) < ca(h)[|Vzu; Lo(Q(R))]] -
From the above, and the evident relation
[IVaus La(Q))|* < elld™" f5 La(Q(0)) || du; L2(Q(R)]]
for the solution u of problem (3), we get
45 Lo( QU < co®)|df; La(QUm)| < co(h)A' . (67)

The last evaluation is obtained taking into account the specific representation (4)
of the right-hand side f with the introduced notation (39) for norms of its
components.

Now, we make use of property (6) of the functional [J and apply estimates
(40) and (66). As a result we obtain that

T (u; h) = T U h)| < eflu— UL( I ([l Lg(Q(A)17~+

(s Lo QM| + [l = Us La(Q)IN) < N2 (1 4+ [Inh]) ([o(h)]) "+
+lo(h) + o ()R * (1 + | In bl)*]* ><th%<1+|1nh|) o(h)?
and the proof of lemma is completed. [ ]

To some extent, the second step consists in removing the nonnecessary terms
from the global asymptotic approximation.

LEMMA 6.2 The inequality holds
1t = vo — hy; Lo(Q)[| + |[U — wo; Ly(A(R))[| < A TIN . (68)

Proof. In view of estimate (35) the norm in L,(2(h)) of the components hyqZ*
and hxaZ* of the boundary layer is bounded by

1

ch (hq/ (h+ry) Iredry + /2 exp (—qdph™ (1 — |T|))d7’> <
0 0

< ch(hI,(h) + h)a < ch' e

1
q
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where I,(h) = h?79 for ¢ > 2, I,(h) = 1+ |Inh| for ¢ = 2 and I,(h) = 1 for
€[1,2).
Simple calculations, based on the representation (12), (26) and (33); lead to

V(h,x) —vo(z) — hvy(z) =
=—Z xa(hrs { o(z )—Uo(Pi)+h(v1(x)—ci—hﬂ_lH(il)ﬁTwo(il)ln h)}

Using the estimate (13) for vy and the estimate for vy given after the formula (27)
we find out that

1
q

h
||V<h,x>—vo<x>—hm(:z);Lq(mn<cN< / [rq+hq<|1nr|+|1nh|>q1rdr> <

< N (hTT2 4+ ha(1 + |Inh|)9h2) s < cNAFa (1 + |Inhl).
Finally, taking into account (33)2 and (23), (20), we obtain

W(ha) = uo(r) == 3 x(h” (1)) (wol(r) — wo (D)) +

+ hws (7 hZX T:Fl ))w1(T).

Hence

1
l q
[IW—wo; Lg(A(R))]|< eN / / [l— |7]|%dTdv+ / hidrdv | <
I—hi/2 —ch Ji—hi/2
< e(hh?tY + hh9)e < ch' i .

The estimate completes the proof of the lemma. [ ]
The obvious formulae
[lvo + ho; Lo(D|] < e(llvo; HH ()] + hllor; HY(Q)]]) < N
[[wos Lg(A(R))|| < h|[wo; Ly(T)|] < chi N

together with inequality (68) and property (6) of the functional J lead to the
estimate

T W h) = T(as )] < eNRTa (1970 4 (14 R a) 170 < eh' TN, (69)
where the function u is defined as follows
u=uvg+hv; onQ and u=wy onA(h).

Now the error estimate can be given for the replacement of the exact solution
by its approximation

{vo + hvi,wo} = {v,h™Fw},
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obtained either by consecutive solution of problems (9), (19), (20) and (25), or
by solution of abstract equation (8) with the self-adjoint operator defined in
Theorem 5.1.

THEOREM 6.1 Under the assumptions and with the notation of Theorem 4.1
there holds

|T(U;h)—T ({vo+hvi,wo}; h)| < cmax{hH%,U(h)qh%(l + [Inh)*INY, (70)

where the constant c is independent of the parameter h, and of the components
in the decomposition (4) of the right-hand side of problem (3).

In view of the formula (61) for o(h), we can see that for ¢ € [1,2] the upper
bound in (70) equals

ch? (1 + |Inh|)>N9
and in the case of ¢ > 2 it equals
ch™=* (1 + |Inh|)>N4,

with the exponent of the small parameter A which is strictly greater than one
only for ¢ < 3.

The loss of the precision is due to the apriori estimate (67) of solutions
to (3), which contains in the case of ¢ > 2 the large factor h_%"’%(l + [In Al).
The factor comes from the estimate (62), which is asymptotically exact on the
ligament (for U = 1 the left-hand side equals (meSQAh)é = O(h%), and the
right-hand side equals (mesyAy)2 = O(hz)). At the same time, on the body €2,
the Sobolev embedding theorem gives the inequality

[lus Lo()|] < eljus H Q)]

with a constant which obviously is independent of h. In other words, the wor-
sening of estimate (70) with the growth of ¢ is caused just by the presence
of the thin ligament. The upper bound in (70) can be in principle improved
only due to the small norm of f in Ls(A(h)) (in view of (4) the norm is of the
order O(h%))7 however to this end an apriori estimate of solutions is required,
such that the norm on the ligament includes an additional large weight factor.
Unfortunately, such a weighted estimate is not known to the authors.

COROLLARY 6.1 Let g € [2,3), and assume that the integrand J(x;u) in (5)
verifies for any s,t € R the relation

|J(z;s +t) — J(x;t) — J) (x5t)s] < c(sq*2 + tq72)82 , (71)
and the relation

|J(x(v,7);t) — J(x(0,7);¢)| < chlt]|?,
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where t € R, 7 € T and z(v,7) € Ay is a point in the strip (1) with the
coordinates (v, 7). Then the following asymptotic formula is valid

J(u;h) — /Q J(z;v0(x))dx — h/QJ;(x;vo(x))vl(x)dx—i—

— h/ H(7)J(x(0,7); wo(7))dr| < ch¥(1 +[Inh|)3N7.
T

From Corollary 6.1, the case of a linear functional u — 7 (u; h) is excluded. The
same analysis can be performed for the latter functional, as in the case of the
energy functional (see Nazarov, Sokolowski, 2005).
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