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In [Du2] we have revised an asymptotic model of a shell (Koiter, Sanchez-
Palencia, Ciarlet etc.), based on the the calculus of tangent Giinter’s derivatives,
developed in the papers of R. Duduchava, D. Mitrea and M. Mitrea [Du2, Du3,
Du4, DMM1]. As a result the 2-dimensional shell equation on a mid-surface
¥ was written in terms of Giinter’s derivatives, unit normal vector field and the
lamé constant, which coincides with the Lamé equation on the Hypersurface .7,
investigated in [Du2, Du3, Du4, DMM1].

The present investigation is inspired by the paper of G. Friesecke, R. D. James &
S. Mller [FJIM1], where a hierarchy of Plate Models are derived from nonlinear
elasticity by I'-Convergence. The final goal of the present investigation is to
derive 2D shell equations in terms of Giinter’s derivatives by I'-Convergence.

As a first step to the final goal in the paper of T. Buchukuri, R. Duduchava
& G. Tephnadze [BDT1] was studied a mixed boundary value problem for the
stationary heat transfer equation in a thin layer around a surface 4 with the
boundary. It was established what happens in I'-limit when the thickness of the
layer converges to zero. In particular, was shown that the I'-limit of a mixed
type Dirichlet-Neumann boundary value problem (BVP) for the Laplace equa-
tion in the initial thin layer is a Dirichlet BVP for the Laplace-Beltrami equation
on the surface. For this was applied the variational formulation and the calculus
of Giinter’s tangential differential operators on a hypersurface and layers. This
approach allow global representation of basic differential operators and of cor-
responding BVPs in terms of the standard cartesian coordinates of the ambient
Euclidean space R".
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INTRODUCTION

Modern interest in shell theories has blossomed with the ubiquitous presence of thin
films in science and technology. Thin structures encounter in engineering applications more
and more often and there emerged numerous approaches proposed for modeling linearly elas-
tic flexural shells. Started by the Cosserats pioneering work (1909), Goldenveiser (1961),
Naghdi (1963), Vekua (1965), Novozhilov (1970), Koiter (1970) and many others con-
tributed essentially the development of the shell theory. Ellipticity of the corresponding
partial differential equations was proved later by Roug’e (1969) for cylindrical shells, by
Coutris (1973) for the shell model proposed by Naghdi, Gordeziani (1974) for the shell
model proposed by Vekua, Shoikhet (1974) for the shell model proposed by Novozhilov,
Ciarlet & Miara (1992) for the model proposed by Koiter (cf. [Cil], [Ci3]-[Ci6], [Del] for
survey and further references).

Inspired by the books and papers of Sanchez-Palencia [Sal, Sa2], Miara & Sanchez-
Palencia [MS1], Ciarlet & Lods [CL1, CL2, CL3], Ciarlet, Lods & Miara [CLM1] and ex-
posed in details in Ciarlet [Ci3, Ci5] we have developed in [Du2] asymptotic analysis of a
linearly elastic shell based on the formal calculus of tangential Giinter’s derivatives, devel-
oped in the papers of the author with D. Mitrea and M. Mitrea [Du2, Du3, Du4, DMM1]. As
a result the 2-dimensional shell equation on a middle surface .# is derived written in terms
of Gunter’s derivatives, unit normal vector field and the lamé constant, which coincides with
the Lamé equation on the Hypersurface .7, investigated in [Du2, Du3, Du4, DMM1].

The present investigation is inspired by the paper of G. Friesecke, R. D. James & S.
Mller [FIM1], where a hierarchy of Plate Models are derived from nonlinear elasticity by
['-Convergence. The final goal of the investigation is to derive 2D shell equations written in
terms of Giinter’s derivatives by I'-Convergence

Let us consider an example: a surface .# be given by a local immersion

O:w—.97, wCcR", (0.1)
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which means that the derivatives { g ‘= ak@};j are linearly independent, 1.e., the Jakobi

matrix V0, has the maximal rank n — 1. Thus, { gk}z;ll is a basis (or a covariant frame
if the basis is enriched with 0) in the space w(.¥) of all tangential vector fields on .. The
system { g’“}k which is biorthogonal (g;, g *) = §;; forms the contravariant basis (the
contravariant frame) in the same space w(.¥) of all tangential vector fields on .. Let
v(2) = (n(z),...,vj(2))" be the outer unit normal vector (the GauB mapping) to . at
7 €S (see§ 1.4 for details).

The Gram matrix G.»(2) = [gjx(2)]n-1xn-1-> 9jk = (7;, gk), is then positive definite,
responsible for the Riemann metric on . and is called the covariant metric tensor. More-
over, it has the inverse matrix G (2) = [¢7*(2)]n_1xn_1, » ¢°F = (g7, g") (cf. (1.19),
(0.2)), which is called the contravariant metric tensor.

The Gram determinant
G(010(x),...,0,-10)(z)) = det G» (), r€wcCR! (0.2)

is responsible for the volume element do of the surface, which is the vector product of the
tangential vectors

=[01OAN... N0, 10| = Vdet G» dz, (0.3)

de =dxy---dr,_1.

The surface divergence and the surface gradient are defined in the intrinsic coordinates
by the equalities

div, U = [det G/ ] 3 0] [det 6] 0}
7 (0.4)
Vo f= 3 (¢"0;f) 0

jk=1

(see § 1.6 and [Ta2, Ch. 2, § 3]). Their composition is the Laplace-Beltrami operator

n—1
Ay fi=divyVof =[det Gy 2y aj{gﬂf [det G ] "0, f} . feCiy),
k=1
’ (0.5)
which is self-adjoint
Ay = (Vadivy) = (divy) (Vy) = Vadive = Ay, (0.6)

The intrinsic parameters enable generalization to arbitrary manifolds, not necessarily im-
mersed in the Euclidean space R".

On the other hand sometimes it is more convenient to record these operators in Cartesian
coordinates. To set the conditions for precise formulations let us consider the natural basis

e :=(1,0,...,0)",...,e":=(0,...,0,1)" 0.7)

I'-CONVERGENCE R.Duduchava et all
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in the Euclidean space R" ({ej }?:1 is also called the Cartesian basis since it is ordered).
Each point z = (21, ..., z,)" in the Euclidean space R" is represented in the Cartesian basis
x =37 ¥'e; in a unique way.

Let the operator (the matrix)

Ty R s w(), 7mot)=1—vtWw ()= [0 — vj{t)v(t)] tes (0.8)

nxn’

denote the canonical orthogonal projection 7%, = 7 onto the space of tangential vector
fields to . at the point t € .

v, mov) = Zijj — Zujzykvk =0 forall v = (vy,...,v,) €R".
J J.k

It turns out that the surface gradient is nothing but the collection of the weakly tangential
Giinter’s derivatives (cf. [Gul], [KGBB1], [Dul])

Vo=29:=(D,...., %), D:=0;—vj(2)0, =g, 0.9)
where 0, := E};l v;0; denotes the normal derivative. The first-order differential operators
D; = 04i, 1<j<n, (0.10)

are the directional derivative along the vector fields d’ := 1€/, j =1,... n.

Moreover, the surface divergence coincides with the operator
div,U =Y g;U), for U=> Ud; €w() (0.11)
j=1 j=1
and the Laplace-Beltrami operator coincides with (see also [MMI, pp. 2ff and p. 8.])
Ay =divyVap=Y o, peC5). (0.12)
j=1

Relatively simple form of recorded operators enables simplified treatment of correspond-
ing boundary value problems, which require proofs of Korn’s inequalities or similar.

The Laplace-Beltrami operator (0.12) is the natural operator associated with the Euler-
Lagrange equations for a variational integral

Elu] = —%/y | |2 ds. 0.13)

A similar approach, based on the principle that, at equilibrium, the displacement mini-
mizes the potential energy (Koiter’s model), leads to the following form of the Lamé operator
Lo on ¥ (cf. [DMMI1])

LoU = umydivy VU + (A + p) VodiveU + pu WU | (0.14)

I'-CONVERGENCE
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(cf. (0.8) for the projection 7). Here U is an arbitrary (tangential) vector fields on .7,
A, i € R are the Lamé moduli, whereas

%yq = —diVeyI/ = - Z .@jl/j =Tr Wy, Wy = — [.@jl/k} (015)

j=1

nxn '

Note, that 7% = (n — 1)_1%@9} and #» represent, respectively, the mean curvature and
the Weingarten mapping (cf. (1.34)) of .. This identification ensures that the boundary-
value problem

gyU:O in 5”,
(0.16)

U’F:fEHS(&E”), frv=f-vr=0 on I':=0Y,

where U = Y77, Uld7 € w(.#)NH*T'/?(9.7) is the (tangential) generalized displacement
vector field of the elastic hypersurface ., is well-posed, whenever p© > 0, 24 + A > 0, and
0 < s < 1. Here H* stands for the usual L?-based Sobolev scale, v is the normal vector to
& and vr(t) is the unit tangential vector to . at the boundary point ¢ € ' := 0. and outer
normal vector to the boundary I' = 0.7.
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1 AUXILIARY

In the present chapter we have collected, for the readers convenience, some auxiliary
information, mostly from [Cil, Ci2, Ci3, Ci4, DMMI1, FIM1, Tal].

1.1 DIFFERENTIATION AND IMPLICIT FUNCTION THEOREM

In the present section we expose implicit and inverse function theorems, which are applied
later.

Let us recall some standard notation: N := {1,2,...}, Ny := {0,1,...}. For a natural
number n € N let R™ and C™ denote the n-dimensional spaces of vectors z = (z1,...,2,)"

with real z; € R and complex z; € C entries and standard metrics, based on the scalar
product

<.I',y> =Ty Taln for x7y€Cn

<$,y> =01 + - +xnyn fOI' z,Yy € R™.

N,, and Nj denote the sets of n-tuples & = (aq,...,qa,) with components from the
corresponding sets

||
0%u(zx) = 02u(x) :_8—u(w)7 0; ::%, , j=12....n (1.1)
j

©Ox .. Oxom
aeNy, |al=a1+ -+ a,.
Let 2 C R" be an open domain. A continuous function & : Q — R™ is called

differentiable at a point = € Q) with derivative D®(z) : R" — R™, if D®(z) is a linear
mapping (i.e., a matrix) and

d(z +y) = &(x) + D(2)y + R(x,y), R(z,y)=o(|yl) (1.2)

for small y € R™, |y| — 0.

With respect to the standard bases of R” and R™ the derivative D®(z) is the matrix of
partial derivatives

D®(z) = [0;®4(2)]nxm (1.3)

and transforms a column vector u = (ug, . . ., un)T into a new column vector

Do(x)u = (Z 8j<1>k(:z:)uj) .

The matrix D® in (1.3) is called the Jacobi matrix. If n = m the corresponding deter-
minant is called Jacoby determinant or Jacobian.

® is differentiable whenever all the partial derivatives exist.

Let 2 C R™ be an open domain ({2 can be non-compact, e.g. 2 = R"). For r,m € Nj
by C"(2,R™) (or by C"(2)) is denoted the r-times continuously diferentiable mappings
¢ : Q— R™and C*(Q,R™) =2, C"(Q,R™).

I'-CONVERGENCE
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The set of complex valued mappings will be denoted by C" (2, C™) (or by C"(2)).

The subspace C3°(£2) consists of infinitely differentiable functions on 2 with compact
supports.

A composition of functions
F=Uo0®: Q>R ®:Q>#CR™, & : .4 —R",

where @ is differentiable at a point € {2 and V is differentiable at a point z = ®(x) € Z,
is differentiable at a point z and the chain rule holds:

D(V 0 ®)(z) = (DW)(®(z)) Dd(x) . (1.4)

Let us recall that (2 C R" is called a star-like domain with respect to the point 2y € 2
if y € Qimplies zg + t(y — xp) € Qforall 0 < ¢ < 1.

The fundamental theorem of calculus, applied to p(t) = ®(x + ty) in a star-like domain
with respect to « € (), gives the Lagrange formula

1
O(z+y) = d(x) + / Do(x + ty)y dt = ®(z) + DO(x + toy)y (1.5)
0

for ® € C*(Q),ally € Q and some 0 < ¢y < 1.
Let us consider a function

P Q- R, deCt, (1.6)

which maps a domain 2 C R" to the same Euclidean space and ®(xo) = yo. It is important
to know conditions ensuring the existence of the inverse mapping

>l VoUCQ, @'y =y, yevV (1.7)

and its smoothness properties, at least locally, in a neighborhood of some 1y. The next inverse
function theorem provides such conditions and, together with the Implicit function theorem
(cf. Theorem 1.2), represent most fundamental results of multivariable analysis.

Theorem 1.1 (Inverse function theorem). Let ) be a domain in R", k € N and ® €
Ck(Q,R™). Let the differential D®(x) be an invertible matrix at xo € 2 and ®(xy) = yo €
Rn

There exist neighborhoods U C ) of xo and V' C R"™ of yo such that the mapping
® : U — V is one-to one and the inverse mapping ®=* : V — U is C*-smooth (i.e.,
&1 is a C*-diffeomorphism).

Proof: Let
U(z) := (D®)(z0)] " [®(z0 + x) — yo] - (1.8)

Then, obviously,
v(0)=0 and (DV)(0)=1.

I'-CONVERGENCE R.Duduchava et all
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Thus, the case reduces to ®(0) = 0, (D®)(0) = I, 0 € 2, which we suppose fulfilled. Then
we have to solve the equation ®(u) = v for small v. Due to formula (1.2) this can be written
as an equation

u+ R(u) =v, R(0)=0, (DR)(0)=0 (1.9)
where R(u) = o(|u]).
with the mapping R € C*~1(Q2, R"). Solving (1.9) is equivalent to solving
Ty(u) =u, Ty(u) =v— R(u) . (1.10)

Thus, we look for a fixed point u = K (v) = ®~!(v) and will show that (DK)(0) = I or,
equivalently, K (v) = v + ¢(|v|). The latter implies that for all = close to the origin (small
enough)

-1

(DK)(z) = (DU(K(x))) (1.11)

and taking further derivatives it follows by induction that X € C*. To implement this idea
we consider a metric space

M, ={ue: ju—v <},
where (cf. (1.2) and (1.9))
o, = sup |R(w)| = e(Jw|) = e(|v]). (1.12)

|w|<2[v|
Let us check that 91, is invariant under the mapping
T, : M, =M, (1.13)

provided that v is small enough. Indeed, since 7, (u) — v = —R(u) we only need to check
that |R(u)| < 47, for all u € 9, provided that v is small enough. Indeed, if u € 9, than,
due to (1.12), |u] < |v| + o, < 2|v]| for a v small enough and

|B(u)| < sup |R(w)| = 4, .

[wl<2lol

This completes the proof of the mapping property (1.13).

Due to the Lagrange formulae (1.5) and the property (DR)(0) = 0 (see (1.5), by taking
v sufficiently small, the mapping (1.13) becomes a contraction

T (u) = Ty(w)| = [R(u) = R(w)| = [(DR)(u + to(w — u))(u — w)]
< rlu—wl, 0<r<l.

Then, by virtue of the fixed point theorem there exists a unique fixed point u = K (v) € 9,,.
Moreover, from u € 91, we conclude that

|K(v) —v| = |u—v| < o, =0o(v]).

This completes the proof. |

I'-CONVERGENCE
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Theorem 1.2 (Implicit function theorem). Ler (2 C R™, & C R" be domains and k =
1,2.... Let U(z,y) : Qx & — R" be a C*-mapping, V(zo,yo) = 0 and the partial n x n
Jacoby matrix D,V (z,y) be invertible at (xy,yo) € {2 x &.

There exists a neighborhood Uy C Q of x¢ and a C*-smooth mapping y = (x), ¢
Uy — & (called the implicit function) such that V(x,(x)) = 0.

The function (x) is unique: If there exists another continuous implicit function 1
U' — &, the functions coincide 1, (x) = (x) in the common neighborhood x € U° N U!
of xg.

Proof: Consider the mapping ® : 2 x & — R™ x R" defined by

®(z,y) = (2, ¥(z,y)) . (1.14)
The corresponding differential (the Jacobi matrix)
I D,V
(Da®) = ( 0 Do ) (1.15)

is, obviously, invertible. Therefore, by virtue of the foregoing Theorem 1.2, there exists the
inverse function ®~! : V% x Uy — R™ x R™ and at the point (z, 1) acquires the form

Oz, y0) = (2,0(x, 1)) -

The function ¢ (z) = ¢ (z, yo) is the desired implicit function.

The uniqueness of the implicit function follows since, according to Theorem 1.1, there
exists only the unique inverse function to ®(x,y) = (z, ¥(z,y)). [

1.2 CALCULUS OF TANGENTIAL DIFFERENTIAL OPERATORS

The content of the present section follows [DMMI1, § 4] with a slight modification.

Throughout the present section we keep the convention similar to that in § 1.6: . is a
hypersurface in R", given by an immersion

©: 0.7, QcRv! (1.16)
with a boundary I' = 0.7, given by the corresponding immersion
Or:w—-I1:=0, wcCR?, (1.17)
such that the corresponding differentials
DO;(p) := matr [0:0;(p), - .., 0n-10;(p)], (1.18)
have the full rank
rank DO;(p) =n—1, VpeY;, k=1,....n, j=1,...,M,

i.e. , all points of w; are regular for ©; forall j = 1,..., M.

I'-CONVERGENCE R.Duduchava et all
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Let . be a hypersurface given by a collection of charts {(5”], 0,) }jj‘il, where

M
0w, L=  wcRT, j=1...M (1.19)
j=1
(cf. (1.17)). The derivatives
g, = 019;, k=1,...,n—1, (1.20)

are then tangential vector fields on . and this system is a basis in the space of tangential
vector fields w(.). The symmetric Gram matrix

Gr(2) = [gr(2): G (2)n-1xn1 = [(0kO;(2), IO (2 ))]n-1xn-1, (1.21)
T €w; C R

defines the natural metric on the space of tangential vector fields w(.%), which is inherited
from the ambient space R". Namely, for arbitrary tangential vectors

up(z) = a010;(x) + -+ + a1 9,-10;(z) € w(H), af' eR, k=1,2,
the inner product is defined by the bilinear first fundamental form

(ur, us) = (G.yay,as), ap = (a,lg,...,az_l)T7 k=1,2. (1.22)

vr(t) is the outer normal vector field to the boundary I', which is tangential to . and
v(2) is the outer unit normal vector field to ., which has the most important role in the
calculus of tangential differential operators we are going to apply. The unit normal vector
field to the surface ., also known as the Gaufl mapping, is defined by the vector product
of the covariant basis

(o) e+ SN NGual) (1.23)

g 2) N NG, (7))

The system of tangential vectors {gk}z;% to . (cf. (1.20)) is, known as the covariant
basis. There exists the unique system { g" }Z;i biorthogonal to it-the contravariant basis:

(99" =dp G k=1,....n—1L

The contravariant basis is defined by the formula:

1
E_ __ - N NG 1 ANUNG N NGy, k=1,...,n—1, (1.24)

g = det Gygl

where G () is the Gram matrix (see (1.21)).

Next we expose yet another definition of a hypersurface-an implicit one.

I'-CONVERGENCE
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Definition 1.3 Let k > 1 an w C R™ be a compact domain. An implicit C*-smooth (an
implicit Lipschitz) hypersurface in R" is defined as the set

yz{%éw : \Ify(y;):o}, (1.25)

where U o : w — Ris a C*-mapping (or is a Lipschitz mapping) which is regular V V(') #
0.

T2

Fig. 1

Note, that Definition (1.16) and Definition 1.3 of a hypersurface .# are equivalent and
by taking a single function ¥ & for the implicit definition of a hypersurface . we does not
restrict the generality (see e.g., [Du4]).

It is well known that using implicit surface functions gradient (see (1.25)) we can write
an alternative definition of the unit normal vector field on the surface (see (1.23)):

v(t) := lim (V7))

oL e 1.26
(V) (@) (120

In applications it is necessary to extend the vector field vt in a neighborhood of .7,
preserving some important features. Here is the precise definition of extension.

Definition 1.4 Letr . be a surface in R™ with unit normal v. A vector filed ¥ € C'(Q)
in a neighborhood Q.o of ., will be referred to as a proper extension if ./ L= v, it is
unitary || = 1in Q. and if N satisfies the condition in the neighborhood (

0jM(x) = OpMNj(x)  forall €y, jk=1,...n (1.27)
Such extension is needed, for example, to define correctly the normal derivative (the

derivative along normal vector fields, outer or inner). It turned out that the “naive” extension
(cf. (1.26))

v(t) = —220  p ey, (1.28)

I'-CONVERGENCE R.Duduchava et all
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is not proper. Indeed (see [DST1]), let n = 2 and . be the ellipse

{x = (11, 19) € RV (21, 20) := 23 + 225 — 1 = 0} )

Then
(VUs)(2)|  \/a? + 423
2[L’2 T
o My(z) = ———21L
14() (:L’%+4x§)3/2
azm(x) _ 41’1372

(22 + 4a3)**

Hence 01 .A5(x) # 0241 (x) unless 1 = 0 or x5 = 0.

For the proof of the next Proposition 1.5 and Corollary 1.6 on extension of the normal
vector field we refer to [DST1].

Proposition 1.5 Let . C R" be a hypersurface given by an implicit function
S ={2eR" : Vy(2)=0}.
Then the gradient V® o () of the function
by(2 +tr(2)) :=t, 7 +tv(2z) € Qy, (1.29)
defined in the parameterized neighborhood
Qo ={r=2+tv(z) : 2€, —-e<t<e}
represents a unique proper extension of the unit normal vector field on the surface

v(z)= lim Voy(z), 2 e

=2
Corollary 1.6 For any proper extension N (x), v € Qo C R™ of the unit normal vector
field v to the surface . C () the equality
Oy N(x)=0 holds for all = € Q. (1.30)

In particular, for the derivatives
.@k:ak_e/%aﬁ/, kzl,...,n, (131)

which are extension into the domain Qs of Giinter’s derivatives &9, = 0 — v,0, on the
surface ., we have the equality:

D = Oy — My = Oty Dk = DM, (1.32)
forall j k=1,....,n.

I'-CONVERGENCE
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In the sequel we will dwell on a proper extension and apply the above properties of .4".

N (z)] =

Lemma 1.7 (see [DMM1]) For an arbitrary unitary extension N (x) € Cl(Qy),
1, of v(2), in a neighborhood Q) of ., the following conditions are equivalent:

i Oy N|,=0ie, dyNj(x) = 0forz —2 €S andj=1,2,..,n;
ii. [Op N — 0j M) !5, =0fork,j=1,2,...,n.

The second fundamental form of .¥ has the form
IH(U(2),V(2))v(2):=0uV(z) — 8‘5V(3x‘) = —7my)0uV(2)
=(w(2)yV(z)v(z), Ve, U,V cw(Y) (1.33)

and the Weingarten matrix (or the Weingarten mapping)

Wy w(S) — w(S), (1.34)
is defined uniquely by the requirement that
(WU, V) =I1I(U,V) = (v,0uV) = —(0yv,V) = —(0jv,V) (1.35)
VU,V cw(Y).

In the last equality in (1.35) we have applied the following: for a tangential vector field
V € w(¥)holds (v(2),V(2)) =0, 2 € . and, by differentiating,

(Ouv(2),V(2))+ (v(2),0uV(2)) =0, rves, j=1,...,n, (1.36)

forall U= Uid;, V=) Vid;, d’=nye, 0f:=> U;%.

j=1 j=1 j=1
We can extend the Weingarten matrix #»(x) from the surface . to a neighbourhood as

follows:
Wy (x) = =VAN(2) = —[0;M(2)] T €Qy. (1.37)

nxn’

Lemma 1.8 The extended Weingarten matrix #'y(x) in (1.37) has the following properties:
i. Wo(x) N (x)=0forall xz € Qy;

ii. even if extension N (x) is not proper, the restriction to the hypersurface V/y| 5 coin-

cides with the Weingarten mapping of . and only depends on . (is independent of
the choice of the extension N);

iii. even if extension AN (x) is not proper, TT(Wy)‘y: HY, where FY is the mean
curvature of .;
. Wo(x)V(x), x € S, is tangential to the level surface

o ={yeR"” : UVy(y)=C:=Vy(x)} (1.38)
for arbitrary vector field V : . — R™
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Proof: First, # ./ = V| A]|> = V1 = 0 in Qg, justifying (i). Assertions (ii) and (iii)
follow from Lemma 1.7.

Next, (iv) is proved as follows:

n n

(N (@), V(@) == 3 MOMWVe == (O Mo =0
k=1 k=1
due to (1.30), proved below. [
We remind that
Go(2)=G(2) = [gjx(2)]n-1xn-1, gix = (9}, 9

is the positive definite Gram matrix, which is known as the covariant Riemannian metric
tensor and defines the metric on the surface . (cf. § 1.4).

Let do = v/det G »dx and ds = +/det Grdz’ stand for the volume elements on .¥ and
I := 0.7, respectively (x € R" 1, 2/ € R" 2, cf. § 1.4).

Let

P(V)u=Y adu+bu,  a;beC (R™™) (1.39)
j=1

be a first-order differential operator with real valued (variable) matrix coefficients, acting on
vector-valued functions © = (ug)sz in R™ and its principal symbol is given by the matrix-
valued function

o(Pi&) =) a;§ &= {6} eRrR". (1.40)
j=1

Definition 1.9 We say that P is a weakly tangential operator to the hypersurface .7, with
unit normal v, provided that

o(P;v) =0 on the hypersurface .. (1.41)

Next, call P a strongly tangential operator to . provided that there exists an extended
unit field N such that

o(P; A) =0 inan open neighborhood of . in R" . (1.42)

Note that in a strongly tangential operator the coordinate derivatives 0; can be replaced
by the Giinter’s derivatives ;:

P(V)u=Y au+bu=>Y a;Zu+bu=PQPu,  a;becC'(R™™) (143)

j=1 j=1
Most important tangential differential operators to the hypersurface are for us:

A. The weakly tangential Giinter’s derivatives (see (0.9))

@j::@—yj(’“),,:@j—yjzykak, ]:1,,71

k=1
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B. The weakly tangential Stoke’s derivatives .#;, = v;0;, — 1;0;, introduced in § 1.5.

The Giinter’s and Stoke’s derivatives are tangent since the corresponding vector fields
are tangent

.@j::&ﬁ:dj-v, .ﬂjkizamjk:mjk'v,
di=nyel =€ —vyv=vA(vAel)= Z(éj —vv)er, (1.44)
k=1
myy, = e — ey,  (dI,v) =0, (mp,v)=0, jk=1,....,n,

where 7 is the projection on the tangential space to the surface (see (0.8)). Therefore ¥;
and .#;, can be applied to functions which are defined on the surface .# only.

The generating vector fields {dj }?:1 {mjk};l ., are not frame since they are linearly
dependent

n

> vi(2)d?(2)=0,  my =0, (1.45)

=1
but both systems {d’ }?:1 and {mjk}? ., are full in the space of all tangential vector fields:

any vector field U € w(.¥) is represented as follows

n

U(%‘):ZUj(%)dj(%') = > ele)mp(2). (1.46)

0<j<k<l
For example, the covariant vector fields g,(2) := 0:0x(2),...,9,_1(2) = 0,_10x(2),
2 € S,k =1,..., N on ., which generate the derivatives 0; = 8(1%., are represented as
follows
g;(2) =) _gl'(z)em =Y gl'(»)d™ () (1.47)
m=1 m=1

and {em}fn:l is a Cartesian frame in R". Indeed, by applying the derivative to O we get
g; = Z gj'e™ = Z g;'d™ since Z g;'le™ —d™]
m=1 m=1 m=1
:Zggnlfml/=<gj,u>1/:0, j=1...,n—1
m=1

Let us recall the following result about surface divergence div ., the surface gradient
V. and the surface Laplace-Beltrami operator A .

Theorem 1.10 ((IDMM1]) For any function o € C'(.) we have
T
Vop = {%p, D, ...,%so} : (1.48)
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Also, for a 1-smooth tangential vector field V = Z?Zl Vie; € w(Y),

divy V ==V, V= 9V (1.49)

j=1

The Laplace-Beltrami operator A » on . takes the form

Ay p=divy Vg = V7, (qup) - 7 (1.50)
j=1
1 n
=Z%ﬁ;¢=§ N MGy Ve eCS). (1.51)
j<k k=1

An important operator on forms is the exterior derivative. The derivative of a 0-form,
1.e., of a scalar function

f: =R, fec(y), (1.52)

is a 1-form and maps

df(w) : Te? — R. (1.53)

Thus, df (w) is a linear functional df (w) € T5¥ over T, for all w € .¥: being a vector

df (w) = Df(w) = (01 f(w),...,0,_1f(w))" the differential assigns to a vector £ € T,
the number

n—1
df (1) =Y 0if(2)&, 0 f(x) :=0u, [(2), €, (1.54)
j=1

where {dz; = 8j®k};:_11 is the covariant basis on . and ©, : Q) = %, k=1,...,Nis

the surface immersion.

From (1.47) and the definition of the derivative 0; f(z) := Ou., f(x) in (1.54) follows
that (see for the differential matrix DOy,):

85” = (817 s 7an71)—r = (80{:1:17' . 7ad:tn_1)—r = (D(ak)—rveya
Vo= (Z1,.... %) or O, =Y (0,0) P, m=1,... 101

m=1

(1.55)

Let .4 be a proper extension of the unit normal vector field v to . (cf. Definition 1.4).
Then each operator &; and .#;, extends accordingly by setting

Dy =0;— Ndy, M= No— M, 1<jk<n (1.56)

In the sequel, we shall make no distinction between the operator &; or .#;, on . and the
extended one in R" given by (1.56). Note, that the extended operators Z; and .#;, becomes
even strongly tangent.

For further reference, below we collect some of the most basic properties of this system
of differential operators.
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Lemma 1.11 Let .V be a proper extension of the unit vector field of normal vectors v to
<. The following relations are valid for j, k =1,... n:

i My =0, My, = —Myj;
ii. O = Y Nyl + MOy = — Y py Nelly + N0
iii. Yy gy My = —N;HD, where H0(2) = —divy v(2) and Hy(2) = (n —
1)~ t#0(2) is the mean curvature at 2~ € . (see (0.15));

iv. .@j = z f/%v%kj;
k=1

=

My = N, D= NP

VI. Z J%@j = 0,'
j=1

m+1
VIl. Z o(r,7, k)N, = 2 Z o(r,j,k)Nilly, =0 form =2,....,n—1,
7.gk=m—1 {r.g,k}c{(m—1),m,(m+1)}

where o (r, j, k) is the permutation sign:

(

+1 if (j1,...,jx)is an even permutation of the strongly
ordered row (mq,...,mg), my < ... < my,
o(j1,-- k) =4 0 if j,=jsforsomer,s=1... kandr # s, (1.57)

-1 if (j1,...,Jx) is an odd permutation of the strongly

| ordered row (mq,...,mg), my < ... < my;

Viil. [Qj, -@k} = Z (%kf/yr)-@r + [e/%a/w/% — %84/%} Oy
r=1

ix. (25, D) =Y (MpH)Dr = M Doy, 0}) = N[ Dy, Ohl;

r=1

x. My = DNy = DN
Proof: The identities (i)-(ii) and (iv)-(vii) are simple consequences of the definitions. For
the equality (iii) we have

n

S M =3 M N =S (Nh — M) N
k=1 k=1 k=1
) 1
= M div A = SO (A |) = — N D,

as claimed.
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To prove (viii) we calculate
DD =(0j — N;0.x) (O — NO.x) = 0;0, — (0;M:)0.x

= [ M0;4)0, + N, 0,05 + N N 0,0) + N (04 M) Oy + N NeOy

r=1

== M0 M) 0 + N (D M)Ox + B

r=1

== M N) Dy + N;(Dy M)Ox + By, (1.58)

r=1
since

" 1 — 1
Z%(aj%)%aﬂ/ =3 Z‘/%i‘(aj‘/j{?)a/i/ = 5%(@”@% =0.
r=1 r=1

The operator
B = 0;0k — (05 M)0 = > [MeAi0,0; + NN 0, 0k) + N NeDy
r=1
is symmetric B;, = By; and the desired commutator identity in (viii) follows from (1.58).

The first commutator identity in (ix) utilizes the facts that 9 ».4; = 0 (cf. Lemma (1.27))
and follows from the identity in (viii). The second commutator identity in (ix) applies the
same identity 0 .4} = 0, the identity 0;.4;, = O./#; (cf. (1.30)), and follows by a routine
calculations.

The identities in (x) are already proved in (1.27) and (1.32). [

The next Lemma 1.12 provides an useful and interesting example of restriction of the
differential form to hypersurface and to it’s boundary.

Lemma 1.12 Let © : Q — % be a smooth hypersurface in R™ with a smooth boundary

' := 0., while do and ds designate the respective volume elements on . and on T.
Letv(2) = (n(2),... ,yn(%))T be the outer unit normal vector to . at 2 € ./ and
vr(s) = (Vi (s),..., Vﬁ(s))T-the unit tangential vector to . at the boundary point s € T,
which is outward (unit) normal vector to the boundary .. Then
v;dS = 55|, (1.59)
[vivk — viid] ds = B, (1.60)
where

Byi=ldai A Nday AL A dan| = (<1 e AL Adag AL A dy,,
Bipi=day Ao Nday AL Adag AL A diy|
= (=1 gy A Adag AL Adag AL A da,

and d/xjn denotes that the factor dx,, is dropped.
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The next Theorem generalizes Stoke’s formulae (see [Ta2, § 2.2, Theorem 2.1] for the
version on compact Riemannian manifolds).

Theorem 1.13 For any real-valued function ¢ € C'(#) and any 1 < j < k < n, there
hold:

/ Mipdo = 7{ [vf — l/kl/ﬂgpds, (L.61)
7 r

where v (&) = (V£(€), ..., VF({))T is the unit tangential vector to . at the boundary point
¢ € I := 0% and outward (unit) normal vector to the boundary I' = 0.7

Proof: With formula (1.59) at hand the integrand in (1.61) can be represented as a total
differential

(Mrp) do = (Opp)w;

Applying the well known Stoke’s formula

/Ud/@ = /FB (1.62)

(see, e.g., [Du2]) and formula (1.60) we get:

////jkwdaz/ d[SDijHy;:/SOWMp:/ (vl — v o ds
7 % r r

and (1.61) is proved. ]
The formal adjoint (in R™) to P is defined by

7 (aﬁp)w’f’y = d[wwjk} ‘y

Puy=— Z é?jajTu +bu
J

If  C R" is a smooth, bounded domain, and if P is a first-order operator, weakly
tangent to 0f2, then, applying (1.69) (cf. § 1.5), P can be integrated by parts over {2 without
boundary terms, i.e.

(Pu,v)q := /(Pu,v) dr = /(u, P*v) dx =: (u, P*v)q (1.63)
Q Q

for all vector-valued sections of vector fields u,v € CHQ).

For a weakly tangential differential operator () on a closed hypersurface . let ()%,
denote the “surface” adjoint:

Qs )y = f (Qurp, ) do = 74 (0 Qo) do = (0. Q) (1.64)
B4 5%

for all vector-valued sections of vector fields ¢, 1 € C(Q).
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Corollary 1.14 The surface-adjoint operator P, to the weakly tangential differential oper-
ator P in (1.39) is equal to the formally adjoint one

Pyp=Pp=-Y 0 o+b ¢. (1.65)

j=1
In particular, the Stoke’s derivatives are skew-symmetric
(M), = M=M= My Vi k=1, n. (1.66)
The adjoint operator to the operator 9; is
(D), 0=D0o=-Djp+v 00,  peC'(F), (1.67)

where (n — 1) 0 (2) = Ay (2) is the mean curvature of the surface . (cf. (0.15)).
For any real-valued function ¢ € CY(), any 1 < j < k < n and for vp =

(1/%, cee V?)T being the the same as in Theorem 1.13 the following integration by parts
formula

L (B = o(Z0) | do = ]g%w ds, (1.68)

holds. It is an analogue of the classical Gaufian integration by parts formula

/Q 0, (1)g(y) dy = fy vy () (r)g(r) do — / F)059() dy, (1.69)

which holds for arbitrary f, g € W(7).
In particular, the following GauBl formulae for open surfaces is valid:

/ Dipdo = fyﬁg0d5+/ v o do . (1.70)
7 r 7

Proof: We start by proving (1.66): by applying the Stoke’s formulae

7{(,///]-kf)(7')da:0, ik=1....n feW/(%) (1.71)
5

we get

é(%k%ﬁ)wdo = ]{@(//ljknpw) do — ]{w@(///jw) do = _7{ (M) do

5%
and the equality

( j*k)y = —Mix = Mk, (1.72)
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follows. Moreover, note that the formal adjoint to .#Zj;, = N} %), — N, D; is
= M.050 — N;Okp + (05 M) 0 — (M) 0 = —Misp

(cf. (1.27)), where p € C*(£2) is defined in a neighborhood of .. (1.66) is proved.

To prove (1.65) we note that, on .%,

Po=> a050+bp = a;[Z;+v0,]¢

J=1 J
= ;0 +bo +o(Piv)dyp = > a; P
j=1 j=1
= Z ajuk%kjw
G k=1

21

(1.73)

(1.74)

due to Lemma 1.11.iv and the weak tangentiality of P. The property postulated in (1.65)

follows from (1.74) and (1.66):

PLo= Y (M)yajvp+b o= (M) a]mp+b =Py

jk=1 jk=1

n

With (1.65) and with (1.27) we get
(2)50=0 =00+ Oh(NNiop)
k=1

=—0,p + Z [Jg:/%gakcp + (z/%ﬁk%)go + ‘/16(6"7‘/%‘5) ('0}
k=1

=—Djo — N;Hpo+ (04 N)p,

where ¢ € C*(€.) is defined in a neighborhood of .¥ and

HY ==Y DM, HY(2) == Dw(z) for rES.
k=1 k=1

(1.67) follows since (cf. (1.30)) 0y 4; = 0.
To prove (1.76) we apply

o)
j=1

n

Oy N

o
P j=1

k=1

k=1 S

N~ R

VAAPE| = %Vxl 0.
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and proceed as follows
Z @kvk = Z <8ka — VL Z Vjajl/k> = —jf;; - Z 5]8]1 == —%59; .
k=1 k=1 j=1 j=1

For the proof of the last formula (1.68) we apply Lemma 1.11.1v, (1.66), the equalities

Z =1, Z vevf = 0 and proceed as follows:
k=1 k=1

7{ Do) do= Z]{uk WWU—Z]W M) d

kly kly

+Z ]{(V,fvﬁ — yrvp) e ds = j{w(@;w) do + f 1/%¢¢ ds .
= JT A r

Concerning the formula (1.70): it follows from formulae (1.68) and (1.67), if we insert
Y(t) = 1in (1.68) and note, that Z;1 = 0. n

Lemma 1.15 Let P be, as in ((1.39)), a first-order differential operator with C'-smooth
coefficients. P is weakly/strongly tangent if and only if the formally adjoint P~ is so.

If P is weakly tangent to . and P is defined in a neighborhood of ., then

(Pe)| = P(el~) (1.78)
for every C! function ¢ defined in a neighborhood of .. In particular,

7 Zi(el,),  Mppl,=Mule),).  Gk=1...n. (179

Furthermore, (1.78) is true for the adjoint P*, and
/ (Pp,v)do = / (p, P*o) do + ]{<0(P; vr)e, ¥) ds (1.80)
bz £% r

for any vector-valued functions @, € ..

Proof: The first assertion follows since o(P*;§) = —o(P;&) T, for each £ € R™.

Due to the representation (1.73) it suffices to prove (1.78) for only the operator ¥; =
d’ -V, where d/ = myel = N A (AN A e€) is at least C'-smooth vector field in a

neighborhood €2 & of ., tangent to the surface . at surface points (cf. (1.44)). Thus, we
have to justify the following equality:

ot~ @O, 0 (o )-m(]) om
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The vector field d’(x) = d’(6, 2) depends on the signed distance 6 = dist(z, ) =

T |z — 27| continuously (¢ > 0 for the outer domain and ¢ > 0 for the inner one). Let .7 i)

be the integral curve of the vector field d’ and
Fhiy t Qo = Q. Fhioy=Fu() + S =S (1.82)

be the flow generated by this vector field ¢y in the neighborhood €2 (cf. § 1.2). Since the
flow depends continuously on the parameter 6, we get

- d d
= lim — ¢ (c%%(@,ﬁf)) o @t ¥ (Zas)l1=

(dj<9733’)V)g0y 650 dt
=d’- V(@‘y) =7 (SOLW>

and (1.81) is proved.
Next, using (1.73), (1.68) and integrating by parts we get

/y(Ptp,@ﬁ) dff:zn;/y@@j%w d0+/y<bgo,@/)> do

:;///w, PDja] 1)) do + /y(wﬂ@zz) do + ;}Q%V@IW do

:/y@p, P*1p) da+j€<0(P;Vr)%¢> ds

and this completes the proof. [ ]

Remark 1.16 By iteration, an identity similar in spirit to (1.80) holds for higher order
weakly tangential differential operators which are higher order polynomials of Giinter’s or
Stoke’s derivatives (cf. Lemma 1.17).

In this connection, let us also point out that the strongly tangential operator-the Stoke’s
gradient

My =N NNy =N NN = { Mo, — M3, M}, ///y}y =vAVy (1.83)
in R3 acting on scalar functions on ., is naturally identified with the skew-symmetric matrix
whose entries are the Stoke’s derivatives, in the sense that

13
uAd:§Z///jkdxjAdxk= > Mpdu; Adzy . (1.84)
Jik=1 1<j<k<3

Further important examples of strongly tangential, first-order differential operators are
offered by

PU =divU - 9,U (U,v), with Pfo=-Vo+ (0,p0+ A0,
PU :=divy 7TyU, with PQ*QO = —W(yvfygp, (1.85)
PU = 0,7oU — vV dU, with  Pjo = —7m50,0 — Honsp—S(VA ).
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Indeed,

o(Pi;6) = (&)=, (v, ), o(Py8) = (&7mr()), (P8 = (§v) mr—vV(EN),

so that (1.42) is easily verified in each case.

In the sequel we use the following standard notation

& =90 L De a e Ny,
-1
MO = M. MO B e NP m_%, (1.86)
where
Vo =(D,.... %) .  My:= (M, ... M) (1.87)
and the selected Stoke’s derivatives % := M1 o, ..., My = My,_1, are non—vanishing,

while the remaining non-vanishing Stoke’s derivatives differ from the selected ones only
by the sign. In contrast to the case of the usual derivatives 0% it does really matters in

which sequence we apply the derivatives @f 7 and A, ,f *in (1.86), because they have variable
coefficients. In this connection let us write precisely what is meant under the dual operators:

(Z7)* = (Z3)™ .. (Z0)", aeNg,

(A7) = (=) () (A0)™ B €N (1.88)
Note, that we use the same operators 4 = — M1 = —Mo,..., M, = — My =
— M1, Tor the adjoint operators to the Stokes derivatives, because these operators are
skew-symmetric (#Z; ;)" = —.#, (cf. (1.66)).

Lemma 1.17 Let G(2) be a tangential differential operator of the form

G(2)=> g9.0)7¢ = s, te7. (1.89)
|| <k 1BI<k
Then
F(@ .0 ds = fle. (@) do. (1.90)
B B
where
G (2) =) (7)g9al =) (V) La’f]1 (1.91)
lee| <k |B|<k

and 9" and MH* are the adjoint operators (cf. (1.67) and (1.66)).
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Remark 1.18 Note that the operators i.#;, j = 1,..., m with variable coefficients

M
A, Mp)u =Y bi(x)(idly)™ 0] (x)u, by € [C(F)N (1.92)
j=1
and polynomials with constant self adjoint N x N matrix coefficients
M —
B(A,)u = Zaj///jmjm a;-r =a;=const Vj=1,...,M, Vm; €Ny, (1.93)
j=1

are all self adjoint on the hypersurface A%, (M) = A(A).

1.3 EQUATION OF ELASTIC HYPERSURFACE

One way of understanding the genesis of the Laplace-Beltrami operator A o on the surface
< (see (1.50)) is to consider the energy functional

&l ::/ IVulPdo, we (). (1.94)
57

Then any minimizer u of the functional (1.94) should satisfy

Ozi(o‘"[u+tv] :/ (Vu,Vv)+ (Vov,Vu)] do
dt t=0 7
:2Re/ (Vu,Vv)do u e C™(S), Vo e Cy° (), (1.95)
y

which implies
Au=0 on .7. (1.96)

In other words, (1.96) is the Euler-Lagrange equation associated with the integral func-
tional (1.94).

Similarly, minimizers of the energy functional
s[U] ::/ (14012 + 6U1] do, U € M), (1.97)
5%

are null-solutions to the Hodge-Laplacian (cf. later (1.147)), while minimizers of the energy
functional

EU] ::/ |IVU|? do, U € w(Y), (1.98)
5%
are null-solutions to the Bochner-Laplacian (cf. later (1.148)).
Our aim is to adopt a similar point of view in the case of anisotropic and isotropic (Lamé)

system of elasticity on .7
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The Giinter’s derivatives {@j };l:l are tangent and represent a full system (cf. (1.44)-
(1.46)). But the derivative Z;V is not covariant and maps the tangential vectors to non-
tangential ones Z; : w(.¥) /4 w(). To improve this we just eliminate the normal com-
ponent of the vector by applying the canonical orthogonal projection 7y onto w(.) (cf.

(0.8))
D7V =n,DV =DV — (v, D;Vv = DV + (Ovv))v, (1.99)

where Oy := Z V020 = Z Vi) D

k=1 k=1

and obtain an automorphisms of the space of tangential vector fields

27 w(S) = w(S). (1.100)

J

The starting point is to consider the total free (elastic) energy

SU) = /y E(y,27U(y))do, 27U :=[(2;U)], Ucwl) (1.101)

xmn '’

(cf. (1.99), (1.100)), ignoring at the moment the displacement boundary conditions (Koi-
ter’s model). As before, equilibria states correspond to minimizers of the above variational
integral (see [NHI1, § 5.2]). First we should identify the correct form of the stored energy

density E(x, 27U (x)). We shall restrict attention to the case of linear elasticity. In this
scenario, £ = (&, Def &) depends bi-linearly on the stress tensor S o = [Sj k] . and the
deformation (strain) tensor

1 , ,
Defy = (D] .. DU =3 [(HU),+(Z/U),], jk=1...n (1102

nxXn

which, according to Hooke’s law, satisty G » = TDef ., for some linear, fourth-order tensor
T. If the medium is also homogeneous (i.e. the density and elastic parameters are position-

independent), it follows that £ depends quadratically on the covariant derivative 27U,

e E(x, 27 U(2)) = (T27U(z), 27 U(x)) (1.103)

for a linear operator
T : MP*(R) — M™"(R), (1.104)

where M"*"*(IR) stands for the vector space of all n X n matrices with real entries. Hereafter,
we organize M"*"(IR) as a real Hilbert space with respect to the inner product
AV

<A,B> = TI'(ABT> = Zaijbij, VA = [aij] B = [bij]iJ < MnanR), (1105)
1,J

where BT denotes transposed matrix, and Tr is the usual trace operator for square matrices.

A linear operator (1.104) is a tensor of order 4, i.e., T = [c;jk] e A0
TA = Zcijkgm] , for A= [ad],, € M"(R). (1.106)
o,

ij
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T will be referred to in the sequel as the elasticity tensor. It is customary to assume that the
elasticity tensor (1.104) is self-adjoint

(TA,B) = (A, TB), A, B € M "(R). (1.107)

The condition rescaling (1.107), written in coordinate notation, is equivalent to the following
equality

Cijkt = Cktij, VZ,j,k,g (1108)

Indeed, the equality

Tr((TA)BT) = Z CijkeQrebij = Z cruijarebi; = Tr(A(TB)T)
ikt Ty

holds, for arbitrary A = [ay],, and B = [by],,. if and only if (1.108) holds: by inserting the
delta functions ayy = de, b;; = 0;; we get the equality (1.108).

It is also customary to impose a symmetry condition, presented with two natural options:
T(A")=TA and (TA)'=TA VAcM™"(R). (1.109)

Then (1.109) amounts to the following symmetry in the indices of the elastic tensor:
Cijke = Cijer and  Cijke = Cjike Vi, gk, 0. (1.110)
Remark 1.19 The conditions (1.107) and the first equality in (1.109) imply the second
equality in (1.109) as well as the conditions (1.107) and the second equality in (1.109) im-

ply the first equality in (1.109). This is evident if we apply an equivalent formulation for
corresponding tensors and matrices: (1.108) and (1.110).

A linear operator T in the energy functional of anisotropic elasticity (1.103) satisfies the
symmetry conditions (1.107), and (1.109). Equivalently, the corresponding elasticity tensor

T = [cijue] ;1 has the symmetries (1.108), (1.110) and, therefore, might have n + n*(n —
1)%/2 different entries only. ]

Remark 1.20 It is rather natural to introduce the deformation tensor as the symmetrized
covariant derivative (cf., e.g., [Ta2, V. I, Ch. 5, § 12]).

(Def, U)(V, W) :%{(8VU, W) + (OwU, V)}

_%{<85U’ W>+<a'v(/VU7V>}= YV, W € w().(1.111)

It is also worth of mentioning that the antisymmetric part of the covariant derivative df;

dU(V, W) = (dU,V A\W) = %{(35& W) — (95U, V>}, YV, W € w(),
(1.112)

is the exterior differential.
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By inserting the value (1.102) of deformation tensor Def U and applying the symmetry
properties (1.110), we obtain

4TDef ,U (z),Def, U (z)) = (T27U(z), 27U (x)) = E(x, 27 U(x))  (1.113)

(cf. (1.103)) which means that the density of the elastic energy functional depends quadrati-
cally also on the deformation tensor.

The density of the potential energy of an elastic medium should be strictly positive for
the non-vanishing deformation tensor Def U # 0 (the energy conservation law!). This
leads to the following.

Lemma 1.21 There exists a constant Cy > 0 such that
(T¢,¢) == Z Cz‘jkz@jzkz > Cy Z |C¢,j\2 = C'o|C|2 (1.114)
3.kl ij

for all symmetric and complex valued (;; = (j; € C tensors ¢ = [Q]] e

Proof: The sum in the left hand side of (1.114) is real (T(,() = (T¢,() (easy to check
applying the symmetry properties (1.110) of the real valued coefficients). Dividing equality
in (1.114) by [¢|? = >_,,., |Gim|? we find that it suffices to prove

inf CijkECijZké > CO > 0. (1.115)

=1
‘Cl i?jvkvg

If otherwise Cy = 0, we select a sequence J(.Z) = C,ig) € C,q=1,2,...such that
i Y emllGr =0, |¢9 =1,
Y
Since the space of tensors [( ;Z)]nxn is finite dimensional, there exists a convergent subse-

quence (9" — ¢!9 as r — co. Then we get an obvious contradiction
0) ~(0)
S emay =0, K01=1.
1,5,k,¢

which proves that Cy > 0. |

Theorem 1.22 The total free (elastic) energy functional (cf. (1.101)) acquires the form

EU) = /y(T@yU(y),@yU(y»da:4[7<TDefyU(y),DefyU(y)>da, (1.116)
" U cw(.s)

and the Euler-Lagrange equation associated with the energy functional (1.116) for a linear
anisotropic elastic medium, reads

ZyU = Def", TDef »U , Ucw(Y). (1.117)
Here again T = [Cijkg] ke is the elasticity tensor which is positive definite (cf. (1.114)) and
has the symmetry properties (1.108), (1.110).

I'-CONVERGENCE



June 27, 2017 I'-CONVERGENCE AND SHELL THEORY 29

Proof: The representation (1.116) follows from (1.101) and (1.113).

The Euler-Lagrange equation (1.117) is derived from (1.116) as a similar equation €3.3
is derived from (1.94):

S[U):=4 /y(TDefyU(y), Def, U(y)) do
=4 /y(Def;/]I‘DefyU(y), U(y))do =0

if and only if U € w(.¥) is a solution of equation (1.117) due to the positive definiteness of
the elasticity tensor T (cf. (1.114)). [ |

Next we will find the Euler-Lagrange equation associated with the energy functional
(1.101) for a linear isotropic elastic medium (Lamé equation) which is simpler. Such energy
functional should be invariant with respect to any rotation. For the elasticity tensor T this
results into the requirement that

T(BAB™') = B(TA)B™', VA, B < M""(R) andunitary B" = B~*.  (1.118)
Examples of linear operators (1.104) satisfying (1.109) and (1.118) include

T=TA:=(TrA)] and TA:=A+ A", (1.119)

where I denotes the identity. The incisive step in the direction of identifying all such oper-
ators is the observation that any other operator of the type is a linear combination of these
two. Namely, we have the following.

Lemma 1.23 Let a linear operator T in (1.104) be frame indifferent (cf. (1.118))
T(BAB") = B(TA)B', forall A< M**® andforall orthogonal B € SQ(3)

and have the symmetry property: one of conditions in (1.109) holds.
Then T has the form

TA=A(TrA) +p(A+A"),  AeM,,(R), (1.120)

where \, i € R are some constants and it has both symmetry properties from (1.109).

Proof: Let us first show that any linear operator (1.104) satisfying (1.109), (1.118) is repre-
sented in the form (1.120). By the previous discussion (cf. (1.119)), it suffices to prove that
the space of linear operators (1.104) satisfying (1.109), (1.118) has dimension two.

It suffices to show that

10 ..0
00 ..0

TD =aD +b(I — D) where D := (1.121)
00 .. 0
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for the identity matrix / and two numbers a, b € R. Indeed, consider the following types of
unitary matrices:

1 0 ... ... .. .. 0 10 ... ... .. .0
01 0 0 01 0 0
0 0 1 0 0 0 1 0
Ui =1 ¢ 1 0 o |+ W= 10 L 4 0 0
00 0 .. .. 10 0 0 0 1
|00 0 ... .. .. 1] | 00 0 L]
where the only non-zero, off the diagonal entries are at ( J, k) and (k, j). By multiplication
U, 1A exchanges j-th with k-th rows in A, while W; ; A, 7 <k, makes the same but changes

the sign of j-th row before shifting it to k-th row.
By applying the unitary operator U, j, we get

TE=Y» e"TU, DU} =Y e*Uy4(TD)U;

=1 j=1
=Y e"UiilaD - b(I — D)|U;} = aE + b(I — E) (1.122)

j=1
for arbitrary diagonal matrix £ = [;e] = " €U, DU}, +. Since for any A €

M™"(R) we have TA = I T(A + AT), thanks to (1.109), and since a self adjoint matrix

can be diagonalized $(A + A") = UEU ™! with a suitable unitary matrix U, the equality
(1.122) holds for arbitrary A:

TA=TUEU ' =U(TE)U ' =Ul[aE +b(I — E)JU ' =aA+b(I — A).

To check (1.121) we again apply the unitary matrices U;, ;, and W;_; . Set

05Jo

A= TD, A= [aij]

1<i,i<n

and observe that D is invariant under conjugation by W;_; , ie. W;, jODWT 5, = D, as
long as i, # 1 and j, # 1. Thus, by (1.118), the same is true for A = TD which, in turn,

eventually implies that

Qi i, = ajojo? V’io,jo 7£ 1. (1123)
The next observation is that D is invariant under conjugation by the product U;,; W;_; , i.e.
Ui juWi,joDW,! ; Ul = D, this time for every 1 < i, # j, < n. Hence, by (1.118),

0,Jo

the same holds for A = TD, which ultimately implies that a; ;, = —a;,;, for every pair of
indices 1 < i, # j, < n. Consequently,
aipj, = 0, forevery 1< i, # jo <n. (1.124)

Under the current assumptions, i.e. (1.118), the first condition in (1.109), the desired
conclusion, i.e. that T'D has the two-parameter diagonal form indicated above, now follows
readily from (1.123) and (1.124).
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Let us analyze the case when the linear operator T satisfies (1.118) along with the second
condition in (1.109). In this situation, let us consider the adjoint T* to the tensor T with
respect to the inner product (1.105) (T A, B) = (A, T*B). It can be readily checked that
the adjoint T* satisfies (1.118) and the first condition in (1.109), so the previous reasoning
applies. Consequently, T* can be represented in the form (1.120), which is invariant under
the adjunction. Hence T can be written in the form (1.120) also. In particular, (1.120) holds
in this case as well.

Concerning the equivalence of the first and the second condition in (1.109). Each of two
conditions in (1.109) along with the condition (1.118) imply that the linear operator (1.104)
has the form (1.120). Then, in particular, T is self adjoint. Since conditions in (1.109) are
obtained by taking the adjoint, they are equivalent and the proof is completed. ]

Remark 1.24 A posteriori, the conditions (1.109) and (1.118) imply that the linear opera-
tor (1.104) has the form (1.120) and, in particular, is self adjoint, i.e., imply the condition
(1.107).

Remark 1.25 The above proof can be modified to hold in the case when (1.118) is (seem-
ingly) weakened to allow only orientation preserving unitary matrices U. All one has to
do in this later case is to employ the invariance of D under conjugation by Uy, o U; ; Wi ;.
(with k,, ¢, # 1), in place of conjugation by (the inversion) U, ; W, ;. as in the original
proof.

We are now ready to derive the Lamé equations of elasticity on a hypersurface.

Theorem 1.26 On a smooth hypersurface . in R", modeling a homogeneous, linear, iso-
tropic, elastic medium, the Lamé operator £y is given by

Ly = —AVydivy + 2uDef’,Def» = Adiv’, divy + 2uDef’,Defy,.  (1.125)

In particular, Ly is a formally self-adjoint differential operator of second order.

Proof: According to the discussion in the first part of this section, the elasticity tensor in the
case of linear, isotropic, elastic medium is given by (1.120), where A, ;4 are the Lamé moduli.
Applying the following properties of the trace

Tr(A+ B) = Tr(A) + Trv(B), Tr(AT) = Tr(A),
1 1
(A+ AT, A) =Tr[(A+ AT)AT] = 5" [A2 42447 4+ (AT)?)" = 5Tr(A + AT)?
which are easy to verify directly, due to (1.103) the stored energy density is of the form

E(A)=(TA, A) = (\NTr(A) + u(A+ A7), A) = ATr(A)(I, A) + (A + AT, A)
=ATr A2+ S Tr((A+AT)?). (1.126)

=

Further, by inserting A := 2”U in (1.126) and recalling (1.49), we get

E(z, 27U (x)) = M(divy U)*(z) + 2 ((Def » U)(z), (Def U ) () (1.127)
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by (1.111) and since the trace

Tr(V,U) = (0,,U, h;) = DivyU (1.128)

J=1

is the divergence and is independent of a basis {hj }::1. Thus, we are led to considering the
variational integral

&U) = / [/\ (divy U)? + 24 (Def » U, Def U>] do, Uecw(l?). (1129
B

To determine the associated Euler-Lagrange equation, for a smooth and compactly supported
vector field V € w(.) (N C3 () we compute

d
ZEU +1V]

— 2/ [A div,Udiv,V + 2u (Def, U, Deny>] do
0 S

t=

By applying the GauB3theorem on the divergence div &

/QdiVF(y) dy = j{ (v(r), F(7))do (1.130)

7

and taking into account that V' vanishes on the boundary I' = 0. we get

d
%g[U +tV]

:2/ ((=AVgdivy + 2uDef%,Def ) U, V) do
0 S

t=

:2/ (LU, V)do =0. (1.131)
57

Since the vector field V' € w() () C(.7) is arbitrary, from (1.131) follows that the dis-
placement vector field U satisfies the equality Z»U = 0.

That the operator £y = A div’, div.o+2u Def’, Def o is formally self adjoint, is obvious
from its structure:

(Z5U,V)y = MdivydiveU, V), + u(Defy,Def U, V), = U, Ly V)y. m

1.4 THE SURFACE LAME OPERATOR AND RELATED PDO’S

The present section deals mostly with the identification of the deformation tensor
1 ,
Def,(U)(V,W) := 5{(05U, W)+ 03U, V)}, VYU, V,W cw(¥), (1.132)
and the Lamé operator (1.125).
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Theorem 1.27 For the deformation tensor and the Lamé operator on . the following iden-
tities are valid:

Defy(U) := [D;4(U)] . | (1.133)

nxn

1 , 1
D(U) = 3 (27 U) + (2 U);] = 3 [%Uk + DU, + aU(ujyk)} . (1.134)

[Def(U)]" = Defy(U) and Def,(U)y =0, (1.135)

fy:uﬂyV;Vy+ (/\+u)Vij’;, —[L%;)/Wy
= Ay — A+ @) Vodivy —p oWy . (1.136)

Proof: Given the local nature of the identities we seek to prove, it suffices to work locally,
in a small open subset & of ., where an orthonormal basis 77, . .., T, to w(.¥) has been
fixed. We extend the basis by the outer unit normal vector field 7,, := v so that {7} }1<j<,
becomes an orthonormal basis for R", at points in .

Since Def»(U) is a linear operator (see (1.132)) it is represented by an n X n matrix
in the fixed basis {7} }1<;<, and the first equality in (1.133) follows. The symmetry prop-
erty of the matrix, recorded as the first equality in (1.135), follows from (1.132) since by
interchanging vector fields V and W does not affect the definition (1.132).

For a tangential field U to . with suppU C & and arbitrary V., W € R" we have

U =0, U, (YU, W) = (0. yU,1sW)

Uy Uy

and, by the definition of the deformation tensor (cf. (1.132)) obtain
(Defo (U)V, W) :=Def»(U)(rsV,ms W), VV,W e R" (1.137)

Equality (1.137) implies the second equality in (1.135). Applying (1.111) and (1.99) we
eventually obtain the second equality in (1.133):

1 g g 1
Du(U) =5 |(#V), + (2/0),| = 5| 2U; + 2,0 + 00 (i) |

:% (DU + DU+ 3 Ui Doy + 3 U Doy
r=1 r=1

We proceed with the proof of the last remaining equality (1.136). If V' is also a smooth
vector field, tangential to .#, applying (1.133) we get

/ (Def?, Def  (U), V) dor — / (Def, (U), Def (V) do
B B

1
= Z Z/ [.@kU] + .@]Uk + aU(Vij)i| [.@kvj + .@JVk + av<l/jl/k> do . (1138)
S

jk=1
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Next consider

Z/ (2;Ux + DU (2 Vi + DiV;) da—QZ/@*@Uk+@k Vi do

7,k=1 7,k=1

_ 5 Z/ w Up — Va2, 2U; — A%0,(2;U)Vi %?;yj(_@k(fjm} do

7,k=1

:_2/ (A,U,V)do —2 Z/ ng DU, +%yuj(@kU)vk] do, (1.139)
54

7,k=1
n
since ) v;%; =0on.”.
J=1

To proceed in the second integrand in (1.139): we employ the commutator identity from
Lemma 1.11.ix and recall that the fields U and V are tangential to write

Z / Vi 2, 24U, do = Z / vkgkngj+vk[@j,9k]Uj]da

7,k=1

/ <Vyd1VyU V d0+ Z / Vkl/]@kyl — Vk‘/;g.@ Vl] @lU dsS
S

7.k,0l=1

/(V/leyU V)do + Z / Vi .@kul)[_@l(V]U) (.@ﬂ/j)Uj}da

7,k,1=1

n

Z /y(ale)(anj)Uij do

:/ <Vyd1VyU,V>d0'—
s Gkd=1""

= / (VodiveU,V)do — / (W2U,V)do (1.140)
5 S

on ., because Z viU; = Z 1.V = 0 and, due to (1.36)

7=1 =
> @) @)UV = Y (w)U(0ui) Vi = (WU, Hp V) = (#ZU, V).
Jlk=1 gyl k=1

For the third integrand in (1.139) we use Lemma 1.7.1 and that the field U is tangential:

> / AHYvi (DU Vi do = Ay / Vi [2(viU;) = (Zev;)U;] do
~ ) —~ )

:/ AW U,V do. (1.141)
5
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At this point, we may therefore conclude that

Z/ (2;Ux + D.U,)(2;Vie + DV;) do

7,k=1
= 2/ (=AU — VydiveU + WU — WU, V) do. (1.142)
S

We now proceed to analyze the remaining terms in (1.138). More precisely, we still
have to take into account the terms containing either Oy (1) or Oy (v;vy). We start with
the identity

D (DUNDy (vivi)= > v DU) Dvvy + > (Dvwi) [Z(vU;) — Uj-@k’/j]
Jk=1 Jik=1 k=1
==Y (Dvw)(Zun) = - (WU, V), (1.143)
k,j=1

valid at points on ., because Z 9, = 0, Z v;U; = 0 and Zyv; = Z;v. There are

four such terms in (1.138), i.e. contalnmg elther v (vjvg) or Dy (vjv;). An inspection of

the above calculation shows that, on ., they are all equal to —(#2U, V). We still have to
compute the last integrand in (1.138):

Z Du (vivg) Dy (vivg)

jk=1

Z [Ur(.@er)I/k -+ U,«(.@Tl/k>yji| [W(.@ﬂ/j)vk + Vl(.@le)I/j}
J,k,rl=1

n

UV 12 Y U BVi S7 (D)) =2p20 v,

k,rl=1 j=1

on .. At this point we combine all the above to get

4 Z/ k(U )d0—2/< A UV ydiveU—30WU,Vdo. (1.144)
5

7,k=1

Having deduced (1.144), we may now compute

4 / (Def?, Def  (U), V) dor — / (Det, (U), Def (V') do
ey / D, (U)D (V) dor = 2/ (—ALU -V div, U — AH,U , V) do
— ) %

= 2/ (—~7y AU — NV ydive U — H9W,U |, V) do, (1.145)
54
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since (W, V) = (ro W, V) for a tangential vector field V and an arbitrary vector field W
(also note that the original operator Def%,Defy : w() — w(.¥) is tangential). We have
also applied that the vector #oW € w(.¥) is tangential or an arbitrary vector field W.
Thus,

4Deft,Defy = —2n9 Ay — 2V ydivy — 2H9W », (1.146)
since the tangential vectors fields U, V' are arbitrary.

The first identity in (1.136) now follows easily from (1.146) and (1.125). The remaining
identity in (1.136) then follows from what we have just proved and from Theorem 1.10. =

Next recall the definition of the Hodge-Laplacian acting on 1-forms, i.e.
App:=—d”d’, —d*d”  Nw(S) — Nw() (1.147)

where d - is the exterior derivative operator on ., and d *, its formal adjoint. As explained
in §2, 1-forms on . are naturally identified with tangential fields to . so, from now on, we
shall think of Ay, as mapping w(.¥) into itself.

As pointed out in §2, the Hodge-Laplacian (1.147) is related to the Bochner-Laplacian
on ./
App = —(V7)*'V7, (1.148)

via the Weitzenbock identity
ABL:AHL—}—RiCy. (1149)

Our aim is to find alternative expressions for all these objects, starting with the Ricci tensor.
The Ricci curvature Ric on .7 is a (0, 2)-tensor defined as a contraction of R,

n n

Ricy (U,V):=Y (Ry(h;, VU, hj) =Y (Ry(V, hj)h;,U), (1.150)
j=1 j=1
VU,V € w(Y),
where hy, ..., h, is an orthonormal basis (of unit vectors) in w(.%’). Thus, Ricy is a sym-

metric bilinear form.
Theorem 1.28 For the Ricci tensor Ricy (cf. (1.150)) on .# there holds

Ricy = — W5 + AW . (1.151)
In particular, when n = 3 —i.e. for a two dimensional hypersurface . in R3— the above

identity reduces to
RiCy = —det Wy = —e%/y, (1152)

where Ko is the Gaufsian curvature of the hypersurface ..
Proof: The Riemannian curvature tensor R of .# is given by
Ry (U, V)W = [0, 0y |W — 0, /W, U, V.W cuw(¥), (1.153)

where (U, V| := 0yY — 0y U is the usual commutator bracket. It is convenient to change
this into a (0, 4)-tensor by setting

R, (U, V.W.Z):=(Ry,(UV)W,Z), UV, W,Zecuw¥). (1.154)
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Since R" has zero curvature, it follows from Gau3’s Theorema Egregium that, if X, Y,
Z, W are tangential vector fields to .7, then

(see, e.g., [Ta2], Vol.II, p.481). By inserting the second fundamental form I7,(U,V) =
(OuV — 0V ,v) = (OyV,v) (cf. (1.33)), we obtain:

(Ry(U, VW Z)=(0uZ,v){(OyW ,v) — (Ov Z,v)(Ouy W ,v)
= <Z, aUV> <W, avl/> — <Z, avl/> <W, 8Ul/>
=(R,Z,UNRsW,V)— (RyZ, V)Y {(R,W,U). (1.156)

For the second equality in (1.156) we have used the fact that U, V', W, and Z are tangential,
so in particular, Oy (W, v) = 0, Oy (W ,v) = 0, Oy (W,v) = 0, and 0y (W ,v) = 0 on
.

Next, recall from (1.150) the definition of the Ricci tensor, i.e.

[y

n—

Ricy (U,V) = (Ry(h;, VU, h;),
j=1
where hy, ..., h,_1 is, locally, an orthonormal basis in w(.¥), and U, V are arbitrary tan-

gential vector fields to .. If we set h,, := v, and employ (1.156) together with # v = 0,
we obtain

,_.

n— n

(Ry(T;, V)U,Tj) = > [(RyT;, T;){RsU,V) - (RyT;, V)(R,U, Ty)|

1 j=1

<.
I

= —#%R,U,V)— (R,V, Z CRLUNT)) — (W2 + 90, U, V) (1.157)

which takes care of (1.151).

Finally, (1.152) is a consequence of what we have proved so far, in Lemma 1.8.ii, and
the elementary identity A2 — (Tr A)A = —(det A)I, valid for any 2 x 2 matrix A. [

Lemma 1.29 Let H := {h;}"_,

Consider the hyperspace B, := {u €B : (u,v) = 0} orthogonal to some vector v € ‘B,
|v| # 0. Consider the system

hy:==hj—vjv, vi:=wh) j=1,...n, (1.158)

which is full in *B,, but linearly dependent and thus can not be a basis. Nevertheless, for
a linear operator A = [ajk]nxn B — B with Av = 0 and AB, C B, (ie., it maps
A : B, — B)we have

//4\ = [ajk]nxn = [ajk]nxn = A7 (1159)

where A = [ajk]nm is the matrix representations of A in the systems H := {hj };l:l C ‘B,.
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Proof: Let us note that

n n

Zajkl/k:Zakjykzo forall 5=1,...,n,
k=1 k=1

where the first equality is equivalent to Av = 0 and the second one-to (v, A{) = 0 for all
¢ € °B. Applying the obtained equalities we find that

A}Alj = Ahj — l/jAl/ = Zakjhk = Zakjizk + Zakjykl/ = Z akjﬁk
k=1 k=1 k=1 k=1

which entails ax; = ax;. n

Theorem 1.30 The following identities are valid:

App=TsDy + W2, (1.160)

Proof: In order to identify the Bochner-Laplacian operator A gy, on . we observe that, with
tangential field U fixed, if the matrix Def (U ) satisfies (Def (U)V , W) = (9 , U, ws W),
for each V., W € R" then, much as in the proof of Theorem 1.10

Dji(U) := (Defy(U)e*, ') = (9, U &) = DU; = Y _ v, Zi(U,). (1.162)

r=1

On account of this we can now write

n—1
/((vf’)*v“U, V) dcr:/ (VU V' V)ydo =Y / (V7.U, Ti)(V7,V, Ty) do
5% 5% 1Y

= i /Sﬁ<Def5ﬂ(U)Tj,Tk><Defy(V)TjaTk) do = i /5,, D, (U)D;(V) do

Jk=1"" Jk=1""
= Z / [@kUj@kV} — Z le/T@jUr@kV} — Z Vle@kUj@sz
jk=1" r=1 =1

+y Vrm_@kUr_@le] do=3" /y [(@;@kUj)vj =S UV (0) (0| do
r=1

rl=1 7,k=1""
= / (~ALU —W2U,V)do. (1.163)
5

In the next-to-the-last equality, we have applied the following identity to the terms under the
integral sign in the fourth line above:

Zn: v W, = 9, (i VTWT) _ Xn: W, D, = — Xn: W0, on .,  (1.164)
r=1 r=1 r=1

r=1
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valid for any tangential vector field W, and any index s € {1,...,n}. In turn, the identity
(1.164) can be seen from a direct computation (recall that 0, v/, = 0 on .¥). Finally, to justify

the last equality in (1.163), it suffices to recall (1.50), (1.67) and the fact that » _ 14, %, = 0.
k=1

The conclusion is that (1.160) holds. Finally, the identity (1.160) in concert with (1.149)
and (1.151) implies (1.161). [ ]

Recall now from [EM1, Note Added in Proof, pp.161-162], [Tal] (cf. also the remark at
the end of this paper), and [Ta2, Vol. III], that the Navier-Stokes system for a velocity field
U, tangential to ., and a (scalar-valued) pressure function p on .% reads

O 2Def, Def, (U) + U ~Vop = in 7 x (0,0),

diveU =0, in 7. (1.165)

If . is embedded in R™ and the Riemannian metric is inherited from R"™, a directional
derivative Oy along a tangential vector field U € w(.¥’) maps the space of tangential vector
fields to the space of possibly non-tangential vector fields

v : w(Y) — w(lY).
If composed with the projection
ogV =n,00V =0y V — (v,0uV)v (1.166)
(cf. (0.8)), it becomes an automorphism of the space of tangential vector fields. Such deriva-
tives are compatible with the Riemannian metric on . and are torsion free as well. There-

fore, they represent the natural Levi-Civita connection on .&.

Theorem 1.31 The Navier-Stokes system (1.165) is equivalent to
ou

v + 05U + 1y AU + WU ~Nyp=f in .7 x(0,00),
diveU =0 in .. (1.167)
Proof: This is a direct consequence of (1.146) and (1.166). [

1.5 LIONS’ LEMMA AND KORN’S INEQUALITIES

For 1 < p < oo, an integer m = 1,2,... and a closed C™"!-smooth hypersurface .
by Wi(), W () := Wy'() we denote the Sobolev spaces. The space W™ () is

defined as the dual to W3 (), p' := 1%, with respect to the sesquilinear form (p, 1) &~

(cf. (1.64)) on functions ¢, 1) € C™() and extended by continuity to pairs p € W3 (.%)
and ¢ € W ™(7).
The embeddings W'(.) C L, () C W™ (%) are continuous, even compact, and

W ™) ={P% : p e L,(¥) forall 2° = 21" --- D, |a| =m} .

p
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If .7 is an open surface with the Lipschitz boundary I' = 0.& # 0, W;”(Y ) denotes the
space of functions obtained by closing the space C§°(.) of smooth functions with compact

support in the norm of W7*(.#’), where . O . is a closed surface which extends the surface
. The notation W'(.’) is used for the factor space W'(.)/ Wg(&” \ .); the space

W7() can also be viewed as the restriction of all functions |, of the space W'(.) to
the subsurface . (cf. [Tr1] and [DS1] for details about these spaces spaces).

The following generalizes essentially J. L. Lions’ Lemma (cf. [DaLl, p.111], [Tal],
[AG1, Proposition 2.10], [Ci3, § 1.7], [Mcl1]).

Lemma 1.32 Let . be a 2-smooth closed hypersurface in R™. Then the inclusions p €
W NS, Do € WH(F), forall j = 1,...,nimply p € Ly(S).

p
Moreover, the assertion holds for a hypersurface . with the Lipschitz boundary T' :=

0. and the spaces W, (/) and W' (.7).

Proof: First we assume that . is a closed surface. The proof is based on the following facts
from [DS1, Hrl, Ta2], which we recall without proofs.

A. There exists a “lifting operator” (a Bessel potential operator) A(2°, D), which has the
inverse A~!(2", D) and they mapping isometrically the spaces

ANz, D) : W) —» WIS, Aa,D) : W) = WrH() (1.168)

p
for arbitrary m = 0, =1, .. ..
B. A~'(2, D) is a pseudodifferential operator of order —1 and the commutant
(2, A\ (#,D)] :== Z;A"(2,D) — AN (2,D)Z; (1.169)
with the pseudodifferential operator Z; has order —1, i.e., maps continuously the spaces

12, A" (#,D)] : W(#) = L,(.%).

p

Let p € W, '(7), Zj0 € W I(), forall j = 1,...,n. Then, due to (1.168), ¢ :=
A Y2, D)p € L,() and, due to (1.169), Z;¢ = [Z2;, A" (2, D)o + A (2,D)D;p €
L,(”) for all j = 1,...,n. From the definition of the space W (%) follows that 1) €
W) (). Due to (1.169) we get finally ¢ = A(2, D) € L, (7).

If . has non-empty Lipschitz boundary I # (), there exist pseudodifferential operators
ANz, D) : W(F) = Wt (),

By _ o (1.170)
AT (#,D) : Wn(.#) —» Wntl (),

arranging isomorphisms between the indicated spaces, and having the inverses AZ" (2", D),
A" (27, D) (cf. [DSI1]).

Moreover, pseudodifferential operators A7' (2", D) have order —1 and the commutants
(2;,A7 (2, D)] :== 2;A7" (2, D) — A{'(#, D)%, have order —1, i.e., map continuously
the spaces W, (") — L, (7).
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By using the formulated assertions the proof is completed as in the case of a closed
surface .. ]

The foregoing Lemma 1.32 has the following generalization for the Bessel potential
spaces H> () and H (') (see [Tr1] and [DS1] for details about these spaces spaces).

Lemma 1.33 [f.” is closed, sufficiently smooth, 1 <p < oo, s € R, m=1,2,...and
@ GH;—m(y), @a¢: @fl @snw eH;—m(y) forall |O{‘ <m7

then p € H> (7).
Moreover; the assertion holds for a hypersurface % with the Lipschitz boundary I :=
0. and the spaces H; (') and H; (7).

Proof: Assume first . has no boundary. The proof is based, as in the foregoing case, on the
following facts from [Hrl, Ta2, Tr1], which we recall without proofs.

A. There exists a “lifting operator” (the Bessel potential operator),
A (2,D) : ]HI;(Y) — H;_’"(Y) , reR (1.171)
arranging isomorphism between the indicated spaces, and having the inverse A~" (2, D).
B. A"(2, D) is a pseudodifferential operator of order —r and the commutant
(2% N'(2,D)] := 2°AN"(2,D) — A" (2, D)2 (1.172)
with the pseudodifferential operator ¢ = 27" - -- 2% has order |a| + r — 1, i.e., maps
continuously the spaces H () — Hzf‘O"*rH(ﬁ’), Vv eR.

Assume that m = 1. Then ¢ € ]H[z_l(f) and, due to (1.171), (1.172), it follows that
b= A (7. D)p € Ly(), D3 = (2,85 (#, D)lp + A% (#, D) D0 € Ly () for
all j = 1,...,n. By the definition of the space W}?(Y ) we conclude that ¢ € W}J(Y ). Due
to (1.169) we get finally ¢ = A'~*(2, D)t € H3(.).

Now assume: m = 2,3,... and the assertion is valid for m — 1. Then, due to the
hypothesis, ¥; := Z;p € H;_m(ﬂ )forj =1,...,n. Moreover, due to the same hypothesis,

D= DY e I ™(S) forall |af <m—1 andall j=1,...,n.

Hence the induction hypothesis implies that ¢; := 2,0 € H>"() for j = 1,...,n. Now
it follows from the already considered case m = 1 that p € H> (7).

If . has non-empty Lipschitz boundary I" # (), there exist pseudodifferential operators

A (2,D) : Hi(S) = H"(#),  A(2,D) : HY(S) - H7(S),  (1.173)
arranging isomorphisms between the indicated spaces, and having the inverses AZ"(2", D),
A" (2, D) (cf. [DS1]).

Moreover, the pseudodifferential operators A7"(2", D) have order —r and the commu-
tants (2%, A" (2, D)] := 2°A;" (2, D) — A" (2, D)2° have order |a| — 7 — 1, i.e., map
continuously the spaces H () — Hy el (.

By using the formulated assertions the proof is completed as in the foregoing cases. m
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Theorem 1.34 (Korn’s I inequality “without boundary condition”). Let . C R" be a
Lipshitz hypersurface without boundary, Def (U ) := [©,,(U)] . be the deformation ten-
sor

nxn

ij(U) = [.@kUJ + .@JUk + Z Um.@m (V]'Vk)]

m=1

[.@kU] + .@jUk + 8U (ijk)] =

N | —
| =

(cf. (1.133)) and
n 1/p
|Def o (U)|L,(#)]| := [Z \}@ij|@(%)””] , UeWl () (1174
k=1

for1l < p < oc. Then
[U[W ()| < M [|[UL,(2)|” + ||Def (U) | Lo ()] " (1.175)
for some constant M > 0 or, equivalently, the mapping
U — [|[UL,(2)|] + ||Defo (@)L, ()] (1.176)

is an equivalent norm on the space W) (.).

Proof: Consider the space

W) = {U — U0 U U, D(U) € L(F) forall jk=1,.. n}
(1.177)
endowed with the norm (cf. (1.175) and (1.176)):
[T = [V + et @)L ams)

The derivatives here are understood in the sense of distributions: ©;,(U) € L,(¥) means
that there exists a function in LL,,(.%’) denoted by ©,;(U) such that

@) V)= [ [UN TV + G TV )
+ i V(2)Upn(2) D, (VJ(%)Vk(Q”))] do VYV elL,(Y),

(cf. (1.67) for the formal dual 7).
It is obviously sufficient to prove, that the spaces W}(.#’) and W;(Y ) are identical.

The inclusion W;,(&” ) C W},(Y ) is trivial and we concentrate on the proof of the inverse
inclusion W;,(Y) C W (7).
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To this end take U € W;(Y ) and note that the inclusions U € L,(.), Def»(U) €
L,(~) (.e.,D;U € L,(¥) forall j, k =1,...,n) imply

1 1 ¢
@?k(U) = 5 .@kUj + .@]Uk] = ®]k(U) — 5 Z&r(yjyk)Ur < Lp<y) (1179)

r=1
for all j,k=1,....,n.
Then (cf. [DMM1, Proposition 4.4.iv] for the commutator [Z;, Z)):

.@jUk € H;l(y) [.@j, @k] Un = Z [Vj-@er - Vk-@jyr} DU € H;l(y)’
r=1

~ ~ 1
D.DiUp = 2D4m(U) + DD (U) — 2,0 4(U) — 3 (2, Dr| Un,

1 1 .
—5[%,%}% - 5[%,%]@ el (&) for jkm=1,...n,

Due to Lemma 1.32 of J. L. Lions this implies 2;U,,, € L,(.*) forall j,m = 1,...,n and
the claimed result U € W (.#) follows. n

Remark 1.35 The foregoing Theorem 1.34 is proved by P. Ciarlet in [Ci3] for the case
p = 2, for curvilinear coordinates and covariant derivatives.

A remarkable consequence of Korn’s inequality (1.175) is that the space
W)= {U = (U1...,0) "+ Uj, U5 € Ly() forall jik=1,...n}

and the space W;(ﬂ ) (¢f: (1.177)) are isomorphic (i.e. can be identified), although only

n(n+1)
2 AN

in the definition of the space Hé(&” ).

< n? linear combinations of the n* derivatives DUy, j,k = 1,...n participate

1.6 KILLING’S VECTOR FIELDS AND FURTHER KORN’S INEQUALITIES

Definition 1.36 Let .7 be a hypersurface in the Euclidean space R™. The space %(.%) of
solutions to the deformation equations

D,(U):=5 (27 V) + (27 U))]

N = N =

(DU + DU+ > US T (vi) | = 0, (1.180)

m=1

U=> U)d’cw(s), jk=1...n

J=1

is called the space of Killing’s vector fields.
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Killing’s vector fields on a domain in the Euclidean space 2 C R"™ are known as the
rigid motions and we start with this simplest class.

The space of rigid motions Z(£2) extends naturally to the entire R” and consists of linear
vector-functions

V(x) =a+ Bz, B = [bi], . acR", zeR", (1.181)
where the matrix % is skew symmetric
0 bio bi3 o bi—2) bigm—n
—b12 0 ba1 o bines) bame2)
B = =—RB" (1.182)
—bi(n—2) —ban-3) —b3n-sy - 0 bn—1)1
—bin—1) —b2n—2) —b3n-3) * —bm-1n 0

with real valued entries b;;, € R. Forn = 3,4, ... the space Z(IR") is finite dimensional and
—1 1
dim Z(R™) = n + ”("2 ) _ ”(”; ).
Note that for n = 3 the vector field V € Z(Q2), Q C IR3, is the classical rigid displace-
ment

Vig)=a+PBr=a+bAz, 0 —bs by
B = b3 0 —=b |. (1.183)
b .= (bl,bg,bg)—r S Rg, WS Q, —bg bl 0

Definition 1.37 We call a subset .# C R™ essentially m-dimensional and write ess dim .4 =
m, if there exist m + 1 points 2°, 271, 2™ € .# such that the vectors {3{7 — 3{0};11
are linearly independent.

Note, that any m-dimensional subset .#Z C R™ is essentially m-dimensional, because
contains m linearly independent vectors. Moreover, any collection of m + 1 points in R™ (a
0-dimensional subset!) is essentially m-dimensional, provided these points does not belong
to any m — 1 dimensional hyperplane.

Lemma 1.38 Let

Def(U) := [D%(U)] | (1.184)

nxn

1 noo
D% (U) = 5 [akU;? + ajU,S], U=Y Ul
j=1

be the deformation tensor in Cartesian coordinates.
The linear space Z(R"™) of rigid motions (of Killing’s vector fields) in R" consists of
vector fields K = (K?, ..., K2)" which are solutions to the system

209, (K)(z) = 0K} (z) + ;KQ(z) =0  we.” forall jk=1,...,n (1.185)

If a rigid motion vanishes on an essentially (n — 1)-dimensional subset K(2') = 0 for
all # € M, essdim A = n — 1, or at infinity K(z) = o(1) as |x| — oo, then K vanishes
identically K(z) = 0 on R".
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Proof: By differentiating (1.185) and recalling that 0,0, K = 9,0, K7, we get
90k Ky, = 0;9},,(K) + 0,D),,(K) — 0,0, (K) =0 forall j,k,m=1,2,...,n—1,

Therefore,
K () =a; +bpai+ -+ bz, j=1,2,....n
or
K(z)=a+ %Bx with 2 = [bjk]nxn - (1.186)

From (1.185) we derive that # is a skew symmetric matrix (cf. (1.182)):
0, K} (x) = —8kKJQ(x) =0 = bjp=-by jk=12,....n —= B= 3"

The inclusion K € Z(R") is proved.

The inverse statement, that any vector field K € Z(R") (of the form (1.181)) is a
solution of the system (1.185), is easy to verify.

Let us prove the second assertion: for any linearly independent vectors z°, ..., 2" ! the
condition

K2")=0 = a+%Bs"=K(@") =0 (1.187)

implies a = 0 and Z = 0, i.e., K(z) = 0 for all x € R". Indeed, if 2 = 0 then, obviously,
a = 0. Accepting A # 0, for rank of & we have the estimate 2 < rank Z < n (if Z # 0

then, due to the symmetry % = —2", there exists a non-degenerate minor of order at least
2). On the other hand, from (1.187) follows

B(x" — 2% =0 VE=1,...,n—1,
which contradicts the estimate 2 < rank % < n since {z! — 29, ..., 2"~ — 2°} are linearly
independent.

If a rigid motion K(z) in (1.186) vanishes at infinity K(z) = ¢(1) as |z| — oo, then
obviously a = 0, # = 0 and, therefore, K(z) = 0 for all z € R™. u

Remark 1.39 For the deformation tensor in Cartesian coordinates Def(U ) (cf. (1.184)) in
a domain ) C R™ Korn’s inequality

|UH,(Q)|| < M [HU|LP(Q)HP + ||Def(U)\Lp(Q)Hp] l/p, l<p<oo (1.188)

with some constant M > 0 is well known and is proved e.g. in [Ci2] (cf. (1.174) for a similar
norm).

In contrast to the rigid motions in R™ nobody can identify Killing’s vector fields on
hypersurfaces explicitly so far. The next Theorem 1.40 underlines importance of Killing’s
vector fields for the Lamé equation on hypersurfaces. Later we investigate properties of
Killing’s vector fields to prepare tools for investigations of boundary value problems for the
Lamé equation.
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Theorem 1.40 Let . be an {-smooth closed hypersurface in R" and { > 2. The Lamé
operator L for an isotropic media

Lo - H;Jrl(y) — H;;l(y), (1.189)
LU = urtgdivey VU + ()\—i—u) V odiv, U +M%§7/yU,

is self adjoint £}, = £, elliptic, Fredholm and index Ind £y = 0 for all 1 < p < 0o and
all s € R, provided that |s| < /.

The kernel of the operator Ker. %y C ]H[;(,V ) is independent of the parameters p and s,
coincides with the space of Killing’s vector fields

Ker.Zy = (U € w(.¥) : LU =0} = B(F), (1.190)

is finite dimensional and dim Z () = dim Ker £y < oc.

If % is C™ smooth, then the Killing’s vector fields are smooth as well () C
C>®(Y).

Ly is non-negative on the space H'(.) and positive definite on the orthogonal com-
plement H.,(.%) to the kernel

(Z,U,U), >0  forall UeH(Y), (1.191)
(LU, U), > C|UHNS)|*  forall UcHL(¥), C>0, (1.192)

where H.,(.) is the orthogonally complemented subspace to % () in H' (7).
Moreover; the following Gdarding’s inequality

(LU, U), > Ci||UH ()| — Co|UHT(¥)]? (1.193)

holds for all U € H'(.%), with any —1 < r < { and some positive constants Cy > 0,
Cl > 0.

Proof: The proof is exposed in [Du2]. Here we draw the following consequence.

Corollary 1.41 Let ¥ C R" be a Lipshitz hypersurface without boundary, Def o (U) =
[9,,(U)], .. be the deformation tensor

1., :
D5(U) = (Det (U)) 5 = 5 (2 U); + (27 U]
Z%[%U;?Jr%Uerau(vjvk)}, Vik=1,...,n. (1.194)

where (9]'7 U);. denotes the k — th component of the covariant derivative 9&7 U. The norm
|Def s (U)|Lo(.7)|| is defined by (1.174).
Then the following Korn’s inequality

[Def o (U)|Lo(2)|| = ¢|U[H'(.2)|| VU € HY(.#) (1.195)

holds for some constant ¢ > 0 or, equivalently, the mapping U +— HDefy(U)‘IL,Q(y)” is

an equivalent norm on the orthogonal complement H,(.) to the space of Killing’s vector
fields.
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Proof: Due to Korn’s inequality (1.175) for p = 2
UL = 2| [U[H ()]~ [|Defr (U La() ]

the mapping Defy, : HL () — Ly(.#) is Fredholm and has index 0. The inequality
(1.195) follows since the mapping is injective (has an empty kernel). [ ]

Let us recall some results related to the uniqueness of solutions to arbitrary elliptic equa-
tion.

Definition 1.42 Let Q2 be an open subset with the Lipschitz boundary 00 # () either on a
Lipschitz hypersurface ¥ C R™ or in the Euclidean space R~

A class of functions % () defined in a domain ) in R", is said to have the strong
unique continuation property, if every u € % (2) in this class which vanishes to infinite
order at one point must vanish identically.

If a surface .7 is C'°°-smooth, any elliptic operator on .# has the strong unique continu-
ation property due to Holmgren’s theorem. But we can have more.

Lemma 1.43 Let . be a W2 -smooth hypersurface in R". The class of solutions to a second
order elliptic equation A(2, Z)u = 0, with Lipschitz continuous top order coefficients on a
surface . has the strong unique continuation property.

In particular, if the solution u(2) = 0 vanishes in any open subset of . it vanishes
identically on entire ..

Proof: The result was proved in [AKS1] for a domain 2 C R" by the method of “Carleman
estimates” (also see [Hr1, Volume 3, Theorem 17.2.6]). Another proof, involving monotonic-
ity of the frequency function was discovered by N. Garofalo and F. Lin (see [GL1, GL2]).
A differential equation A(2, Z)u(2) = 0 with Lipschitz continuous top order coefficients
on a W2 _-smooth surface .# is locally equivalent to a differential equation with Lipschitz
continuous top order coefficients on a domain 2 C R"!. Therefore a solution u(2°) has the
strong unique continuation property locally (on each coordinate chart) on .%.

Since .7 is covered by a finite number of local coordinate charts which intersect on open
neighborhoods, a solution u(2°) has the strong unique continuation property globally on ..
|

Remark 1.44 [f the top order coefficients of a second order elliptic equation A(2, Z)u = 0
in open subsets ) C R", n > 3, are merely Holder continuous, with exponent less than 1,
examples due to A. Plis [Pl1] and K. Miller [Mil] show that a solution u(z) does not have
the strong unique continuation property.

Lemma 1.45 Let ¢ be a W? -smooth hypersurface in R™ with the Lipschitz boundary T' :=
0% and v C T be an open part of the boundary I'. Let A(2°, ) be a second order elliptic
system with Lipschitz continuous top order matrix coefficients on a surface ..

The Cauchy problem

Az, D)u=0 on ¢, weH(Q),
u(s) =0 forall s €7, (1.196)
(Oyu)(s) =0 forall se€~,
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where the vector V' is a non-tangential to ', but tangential to ., has only a trivial solution
u(2) = 0 on entire ..

Proof: With a local diffeomorphism the Cauchy problem (1.196) is transformed into a simi-
lar problem on a domain 2 C R"~! with the Cauchy data vanishing on some open subset of
the boundary v C I' := 0X).

Let us, for simplicity, use the same notation v C I' = 02, the non-tangential vector V' to
7, the function u and the differential operator A (z, 2) for the transformed Cauchy problem
in the transformed domain §2. Moreover, we will suppose that ~ is a part of the hypersurface
x1 = 0 (otherwise we can transform the domain §2 again). We also use new variables t = x;
and z = (x2,...,2n—1). Then (0, z) € v while (¢, z) € Q for all small 0 < ¢ < ¢ and some
x e .

Thus, the natural basis element e' (cf. (0.7)) is orthogonal to ~ and, therefore, e! =

z)V () + c2(x)g(x) for some unit tangential vector g(z) to v for some scalar functions
x), co(x) and all z € . Then, due to the third line in (1.196),

(Oru)(0, ) = Oeiu(0, z) = c1(z)Ovu(0, x) + ca(x)dqu(0,2) =0

1
C1

because any derivative along tangential vector to -y vanishes d,u (0, x) = 0 due to the second
line in (1.196).

The second order equation A(t, z; &) can be written in the form
A(t,z, D)u = A(t, z; €")0%u + Ay (t, ; D)Oyu + As(t, x5 D)u, D = —i0,,

where A(t, z; e') is the (invertible) matrix function, A (¢, z; D) and Ay (¢, x; D) are differen-
tial operators of orders 1 and 2 respectively, compiled of derivatives 0., x € §2'. Therefore,
if AY(t,z; D) := A7'(t,z;e")A;(t, 2; D), j = 1,2, the Cauchy problem (1.196) transforms
into
O2u(t, z) + AVt z; D)owu(t, z) + AS(¢t, x; D)u(t,x) =0  on (t,x) € (.,
u(0,2) =0 forall =€ @, (1.197)

(Opu)(0,2) =0 forall z € (Y,

where €. := (0,e) x ' C Q,u € H'(Q) and y := {(0,2) : z € ¥}

Now let us recall the inequality (see [Mizl, § 4.3, Theorem 4.3, § 6.14], [Scl, § 4-7,
Lemma 4-21]): There is a constant C' which depends on ¢ and A(¢, z; D) only and such that
the inequality

| eMpttapaeds < [ eNiatn Do Pdeds, (1199
QE QE

holds for A(t, z; D)v € Ly(€2:), v € C*(£2.); moreover, v(t, ) should vanishe near t = ¢
and should have vanishing Cauchy data v(0, z) = (0;v)(0,z) = 0 for all z € 0'.

Let p € C?*(0,¢) be a cut-off function: p(t) = 1for 0 < ¢t < ¢/2 and p(t) = 0 for
3e/4 <t < e. Thenv := pu € H'(£,) and since A(¢, z; D)u = 0 on €2, we get

A(t,z; D)(pu) = pA(t, x; D)u + (0} p)u + (0sp)0yu + (9:p) AL (¢, 3 D)u

=(92p)u + (01p)Ou + (0yp) A (¢, z; D)u.
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We have asserted u € H'(€).), p € C? and this implies (0?p)u € Ly(.), (Orp)du €
Lo (. ). Note, that d;p(t) vanishes for 0 < ¢ < /2. Therefore (9;p)A (¢, z; D)u vanishes in
a neighborhood of the boundary v C I'. Due to a priori regularity result (cf. [LM1, Ch. 2, §
3.2, § 3.3]), a solution to an elliptic equation in (1.197) has additional regularity u € H?(Q2?)
for arbitrary Q0 properly imbedded into .. This implies (9;p)A{(¢, z; D)u € Lo(€.) and
we conclude

A(t,z: D)(pu) € La(). (1.199)

Introducing v = pu into the inequality (1.198) we get

e/4
/ / e M p(tyu(t, z)*dt do < / e M p(t)ult, z)|*dt dz
/0 E
3e/4
/ / (At D))p(t)ult, 7) 2dt do.

This implies for A > 0

/ / u(t, z)|*dt doe < 6_)‘8/4/ \(A(t,z; D)) p(t)u(t,z)|” dt dz < Cre /4,

where, due to (1.196), C'; > 0 is a finite constant. By sending A — oo we get the desired
result u(t,z) = 0 forall 0 < ¢ < ¢/4 and all x € €. Since u(z) vanishes in a subset of the
domain 2, bordering ~y, due to Lemma 1.43 the solution vanishes on entire €2 (on entire %).
|

Due to our specific interest (see the next Lemma 1.47) and many applications, for ex-
ample to control theory, the following boundary unique continuation property is of a special
interest.

Definition 1.46 Ler.” be a Lipschitz hypersurface in R™ and ¢ C . be an open subsurface
with the Lipschitz boundary I’ = 0F.

We say that a class of functions 7% (1) has the strong unique continuation property
from the boundary if a vector-function U € 7/ (X)) which vanishes U (s) = 0, Vs € 7 on
an open subset of the boundary v C T, vanishes on the entire € .

Lemma 1.47 Let . be a W2 -smooth hypersurface in R" and ¢ C . be an open W?_-
smooth subsurface.

The set of Killing’s vector fields %(.%) on the open surface € has the strong unique
continuation property from the boundary.

Proof: Lety C I' := 0%, mesy > 0and U(s) = O foralls € v C I" := 9%. Then (cf.
(1.39))

(Z,U9)(s) + (ZU?)(s) = — il U0(s)2 ( (8)i(s)) =0,
U(s) =0 Vscy, jk=1,..

(1.200)
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11 only

n — 1 are linearly independent. One of vectors might collapse at a point d?(s) = 0 if
the corresponding basis vector €’ is orthogonal to the surface at s € ., while others might

be tangential to the subsurface I', except at least one, say d " (s), which is non-tangential to
7. Then from (1.200) follows

Among tangential vector fields generating the Gunter’s derivatives {dj(s)};:

2(2,U)(s) =0 and implies (2;U.)(s) =0 (1.201)
forall s€~ andall j;=1,...,n.

Indeed, the vector d7, 1 < j < n — 1, is a linear combination d’(s) = c¢;(s)d"(s) +
co(s)77(s) of the non-tangential vector d™(s) and of the projection 77(s) := m,d’(s) of
d’(s) to the subsurface v at the point 5 € ~. Since U™ vanishes identically on , the
derivative (0,;U?)(s) = 0 vanishes as well and (1.201) follows:

(2;Un)(s) = c1()(0aUy) () + c2(8)(0n Uy) (8) = c1(8)(ZuUy) () = 0

Vs €.
Equalities (1.200) and (1.201) imply
(2.U)(s) = —(2;U)(s) =0  Vsen, Vji=1,...,n (1.202)
Thus, we have the following Cauchy problem
L2, U (2) =0 on €,
U(s)=0 forall se7, (1.203)

(2,U)(s) = (04:U)(s) =0 forall s ¢,

where d™ is a vector filed non-tangential to I". Due to Lemma 41.45, U(2) = 0 for all
2 €%. n

Before we draw some consequences from the proved unique continuation property, we
should make some comments. The finite dimensionality of the linear space % (%) when the
surface % is 2-smooth, was proved in the papers [CLM1, GS1, Gel].

The foregoing Lemma 1.47 generalizes essentially the “infinitesimal rigid displacement
lemma” (see [Ci3, Theorem 2.7-2] the following conditions are imposed:

i. € C . is C3-smooth, elliptic in R?, i.e., if

[\

2
DEP<C Y al2)get]  Vaes, VELE)T R, (1204)

k=1 k,j=1

where bj;(2) : . — R are the covariant components of the curvature tensor of .7;
the equivalent condition is that the Gaulian curvature is positive on the entire surface
. or that tho principal curvatures of the surface .” have the same sign everywhere on

.
ii. The Killing’s vector field U vanishes on the entire boundary 0.7, i.e.,

Ro(€)={Ue% : U|, =0}={0} (1.205)
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A similar assertion is proved by Lods & Mardare in [LoM1], but for C*!-smooth hypersur-
face with the Lipschitz boundary 0. and when a Killing’s vector field expires on the entire
boundary 0.7. An earlier version of the “infinitesimal rigid displacement lemma” is due to
I. Vekua [Vel], who proved it using the theory of “generalized analytic functions”.

Corollary 1.48 (Korn’s I inequality “with boundary condition”). Let € C R" be a C"*-

smooth hypersurface with the Lipschitz boundary T := 0% # 0 and { > 2, |s| < (. Then
|UHE(%)|| < M||Defe(U)|HS(€)|| VU € H3(¥)
for some constant M > 0. In other words: the mapping
U — ||Defys (U)|H; ™ (%)]] (1.206)

is an equivalent norm on the space H)(%).

Proof: If the claimed inequality (1.206) is false, there exists a sequence U’ € ]ﬁ[f,(%),
7 =1,2,...such that

|U7|H(6)|| =1 Vji=1,2,... lim |[Defy(U’)[H;™(%)|| = 0.

J]—00

Due to the compact embedding ﬁ;(%) C H3(¢) C H;~'(%), a convergent subsequence
U, U”,...in Hf,_l(%) can be selected. Let U = limy_, o, U’*. Then

[Defi (U%) 574 | = Jmn [|Defie (U7 [H74(@) | = 0

and U" is a Killing’s vector field. Since U(x) = 0on T, due to Lemma 1.47 U°(z) = 0 for
all x € € which contradicts to HUO‘HISD(%)H = limy_ 00 HU“ ‘H;(%)H =1. [

Let us check the following equalities for a later use:

VaU = [Z;U] s T (A0 Yo, (1.207)
where
n+1 n n
U:i=) Upd™=> Une™, Ulyy=> MlUn, Dns1i=0,, d'"':=.4
m=1 m=1 m=1
Wa- is the extended Weingarten matrix
Wo: = (DM i 1nin (1.208)

and its last column and last row are 0, because Z; N, 11 = Dpi1N; = Dnp1Mn41 = 0 for
j=1... n.
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In fact (see (3.13) fore some further details of calculation):

VoU:=[0;U] Z 0;Ure’ @ e
7,ky=1
= Z AU+ AN O+ ] @ [dF + N ]
Jk 1

— Z ;U0 @ [dF + MN]+ D DMAN U @ [dF + NN ]

Jik=1 g,k=1
+ Y NONUDNN @ [d + MH ]+ D NN (N UYVN @ N
jk=1 j.k=1

(Z,U)d @ d* + Y M(U)E @ d™

J,k=1 J,k=1

n

+ Y AN UNZ M) @ [dF + M ] + Z NEDAN UV @ d™H

jkl 7,k=1

+ Z (D U)d™ @ d* + Z (NP UL+ D UL,,] d"H @ d"

k=1 k=1

= Z (2;U0)d’ @ d* + Z (MUY — UL M) & @ d
Jik=1 4, k=1
HAU)D (ZpM)d @d +> 24N U)d @ d™
Ji:k=1 j=1

+ Z(@n-l—lUlg)dn—H ® dk: + (@n+1U2+1)dn+1 ® dn+1

k=1
n+1 A n ‘ n -
=> (ZU)d @d" - Y UNZM)d @d" + (N U)Y (Z;M)d @ d*
Ji.k=1 Ji.k=1 gk=1
=[25U4] s 1yx sy + (A U W e = Z UND; M)d @ d™
7,k=1
[‘9 Uk] (n+1)x (n+1) + (AN U)W — [(WQEU )id;, ”+1} (n+1)x(n+1)
since
OpM;=0, Y AN=1, NiD; =0, Y Hd =0,

g k=1 j=1 j=1

DML =0, Y MPM=5D;y ME=521=0, j=12.. 0+l

k=1 k=1 k=1
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For a domain §2 C R" with a smooth boundary .# := 02 and .#, C ./ -a subsurface
of non-zero measure let W' (€2, .#,) denote a subspace of functions p € W'(Q, .#,) which
is the closure of the set C'°(£2, .#,) of smooth functions ¢(x) which have vanishing trace

on .y, i.e. ¢T(2) = 0 forall 2 € .#,. The space W' (Q, .#,) inherits the standard norm
from W!(Q):

n 1/p
lp | WHQ) || = llw\Lp(Q)H+Z|I3j90{]bp(9)||] :

Since the space Wt (Q, .#4) does not contain constants, it is easy to prove the following.
Lemma 1.49 The formula

1/p

o | WH(©.0) | := [Z 10 | Lo(@)] (1.209)
j=1

defines an equivalent norm in the space Wt (Q, Ap).

If € is sufficiently small, the boundary .Z. := 0f). is represented as the union of three
C'-smooth surfaces .4, = M. p UM UMy, where M. p = OC x [—¢, €] is the lateral
surface, /", = ¢ x {+¢} is the upper surface and .#_ = ¢ x {—e} is the lower surface
of the of the boundary .Z. of the layer domain .. ’

The next Lemma 1.50 is proved for a later use in § 3.

Lemma 1.50 T € W'(Q., %), Let My = 7 X [—¢,¢], where v C I := 0% is a subset of
the boundary of the surface € of non-trivial measure. If g € 1Lo(€.), for the linear functional

Bo(u) = / g(@)ulz)de, e W (O, ) (1210)

Qe
we have the following estimate:

E.(u) < Cllg|La ()] || ZgulLa(2)]] (1.211)

for some constant C' > 0 independent of u € Wl(ﬁa, Mp).

Proof: To prove (1.211) we recall that u € Wl(ﬁg, M) vanishes on the lateral subsurface
2 € My C Mp = 0F X (—¢,¢).

Let %; be the “parallel” surface to the mid-surface %" on a distance |¢| and for negative
t < 0 the surface %; is "below” %, while for positive ¢ > 0 is “above” %, i.e., in the

direction of the normal vector filed v(2°), 2 € €. Note, that €+,. = A, 5 . Taking u(2, 1),
2 € €, —e < t < ¢ from a dense subset of the space W' (2., .#,) we can assume that
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u(-,t) € Wl(%) for all fixed —e < ¢ < e. Since u(2,t) vanishes on the part of the
boundary .#, N 0%;, the Sobolev semi-norm

3 1/2
lu( WG o = | Zgul-, ) [La ()| = [Z/g I%U(%,t)FdU]

turns into the norm and is equivalent to the standard Sobolev norm

/2

lu(-, t)[WHE)] : [/ |u1t|da+2/|@u%t2da]

for all t € [—¢, €], which means
Mlu(-, ) WHE) || < [lu(-, )W (E)]lo < [lul-, t)[ W (E)||

for some constant 0 < M < 1, independent of ¢ and w. From this equivalence we get the
estimate

1— M?

lu(, L (G)II* < |Zeu-, )La(%) 1. (1.212)

By integrating the obtained inequality with respect to the variable ¢ we get the following final
estimate

V1— M2 —
[l Lo (92.)]] < TH%MLQ(QE)H Yu € WHQ., .4). (1.213)

The estimate in (1.211) follows with the help of the Cauchy inequality and inequality
(1.213):

| sty Vi- M

2 < [lg e (€2) [[lJuTLa(2:)]] < 19/Lea (€2 [[[| Z L (2

M  m

Remark 1.51 Let us stress that in estimate (1.211) we only need the surface derivatives

D1, Dy and Ds. If we would have g € W(Q.), then we should assume u € WI(QE). These
spaces are dual and, therefore if the integral in the functional E. in (1.210), is understood
as the duality, the functional E. is bounded, but then estimate writes

E(u) < CllglLa(Q)|| | Zauleo(Q)l, Do, = (91,22, 5, 7). (1.214)

In this estimate all derivatives, the surface and the transversal 0, = 0,, = Y, (the normal to
the surface €' ) are participating.

I'-CONVERGENCE



June 27, 2017 I'-CONVERGENCE AND SHELL THEORY 55

1.7 AUXILIARY FROM THE OPERATOR THEORY

The results exposed in the present section will be applied to complex valued matrices, which
are identified with operators in the finite dimensional space C. Nevertheless, we will formu-
late results in general setting of operators in a Hilbert space.

Throughout this section we assume that §) is a Hilbert space with respect to some con-
tinuous scalar product, a bilinear form (-,-) : $§ x H — C, i.e.,

A u+ pw,v) = Mu, v) + 1i(w, v), (u, Av + p 2) = Mu,v) + p(u, 2),
‘(““)‘ Cllullgllvlly, Vu,we$H, Vv,ze€H,
(90’1#):(%90) V90>¢€53

Recall, that the dual operator (A*p, 1) = (¢, A)) maps continuously the same space
A" H— Hand A € Z(9) is self-adjoint operator if

(Ap, V) =(p, AY) Yo, e (1.215)
A € Z(9,9) is positive definite (or coercive) if the inequality
(Ap,0) = Clle|9I? (1.216)

holds for some constant C' > 0 and all ¢ € §).

Lemma 1.52 Let A € £ (9). The inequality
A9 = Clle|5ll (1.217)

with some constant C' > 0 holds if and only if the operator A is normally solvable S A =
& A and injective Ker A = {0}.

Proof. If the inequality (1.217) holds, then Ap = 0, ¢ € $) implies ¢ = 0 and Ker A = {0}.
Now let ¢; = Ag; — 1)y (convergence in the norm). From (1.217) follows the convergence
©; — ¢o. Due to continuity of A this implies Aypy = 1y € I A and S A is closed.

Vice versa, let A be normally solvable and Ker A = {0}. Then & A is a Hilbert space,
subspace of $) and the operator A : $) — & A is bijective. Due to the Banach’s Inverse
mapping theorem A is invertible: there exists B € £ (3 A) such that ABx = 2 BAy =y
forall z € S Aandall y € §. Inserting in | By|$]| < C||¢|S Al := [[¢]$]| the equahty
V= Ap, p €N, we get (1.217).

Definition 1.53 For an operator A € £ (%)) the closed set

Y(A) = {(Ap,p) : v € H}, (1.218)

where the overbar denotes closing of the set, is called the spectral set of A.

Lemma 1.54 If the spectral set 3(A) of an operator A € £ () is real valued ¥.(A) C R,
then A is self-adjoint.

I'-CONVERGENCE R.Duduchava et all



56 1. AUXILIARY June 27, 2017
Proof. We proceed as follows:
1
(Ap, ) = 1{(14[90 +¥l o+ — (Alp — ¢, 0 — )

FilAlp + i), o + i) — i(Alp — i), o — i4)]}

= i{(A[¢+¢],¢+¢) —(Alp — 9], 0 =)

HiAlp T W] g+ D) — dAlp — W]~ i)
= Hotv Ao+ o) - - v, Alp v

+ilp + i), Alp + i) — iCo — i), Alp — i)}
= (A, e

since (Au,u) = (Au, u) by the condition 3(A) C R and (Au,u) = (u, Au) by the defini-
tion. ]

Corollary 1.55 Ifan operator A € £ (%)) is positive definite, it is self-adjoint and invertible.

Proof. If A is positive definite, its spectral set is real valued and A is self-adjoint.
From (1.216) we get

1Al > (Ap, ) = Clle|9]?

and further
[Ap|9|]l = Clleloll,  ¢en. (1.219)

Due to Lemma 1.52 the inequality (1.216) implies that A is normally solvable and has a
trivial kernel Ker A = {0}. Being self-adjoint A* = A the operator has the trivial cokernel
dim Coker A = dim Ker A = 0 (due to (1.216) Ap = 0 implies that ¢ = 0). Therefore, A
is invertible. |

Let A € Z($) and A = RH,4 be its left polar decomposition, where R € SO($))
is the orthogonal (unitary) operator R* = R~! and H 4 is positive, self adjoint (Hermitian)
operator

(Hap,9) = Collol?,  Co>0, Hy=Hs, Veeh

Let us check, that H4 = vV A* A. Indeed, if A = RUy4, then A* = H4,R* = H4R ! and

VA*A = /H,R RH, = \/H = Hy. »
Similarly, for the right polar decomposition A = H,R’ we get H, = VA A™.

Note, that if A is positive definite (or, at least, has a real valued spectral set), then A

is self adjoint A* = A and the polar decomposition is trivial Hy = H, = VAA = A,
R=R =L
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Note, that the norm has the following property:
|IRAR| = |RA| = ||AR|| = || A]| VAec Z(®), and VR € SO(H). (1.220)

Indeed,

IRAJ = inf V(RA)RAp, ) = inf V(A'R'RAp, ¢) = inf \/(A"Ap,¢) = | A].

By using the obtained equality and recalling that ||A|| = ||A"|| and R € SO($) implies
R* € SO($), we prove the following

IAR] = [[(AR)"]| = [[R"A™[| = [|A][ .

As a consequence, |[RAR|| = ||[RA| = ||[AR|| = || A]|- [

Next we will prove, that if A = RH 4 is the left polar decomposition, then

dist(A,SO(H)) = |[Ha — I|| if A is invertible,
dist(A,SO(9)) < |[Ha —I|| otherwise.

(1.221)

Indeed, due to (1.220),

dist(A4,80(9) = inf |RHa V(= inf [R'(RHa- V)]
= inf ||HA_R*V“ [Ha — 1],
VesSOH

since I, R*V € SO($).

The second inequality in (1.221) is proved. To prove the first equality in (1.221) we
assume A is invertible and...

The subsequent proof has to be modified later!

Let us show that a small perturbation R(¢) := R + tU, [t| < €, of R by arbitrary matrix
U with the constraint R(t) € SO($) (i.e., R(t)R*(¢t) = I for all |t| < ¢) gives

%gﬂg I|A —R(t)]| zinf inf V(A =R())p, (A—R(t))p)
—%&;22 V(A-R({0) (A-R{®)e.9)

=inf inf \/( [(Ha —1)2 —t(U*A + A™U)| ¢, ¢)

teR peH

—inf inf \/(Ha — I)2¢, ) = mf%( Hy — Do, (Ha — I)p)

teR peH

=|Ha -1

because the minimization by ¢ shows, that the norm minimizes at (U*A+ A*U) = (U*A+
A"U)* = 0. n

I'-CONVERGENCE R.Duduchava et all



58 1. AUXILIARY June 27, 2017

1.8 GEOMETRIC RIGIDITY

The basic rigidity result relevant to passage to the thin plate limit is the following.

Proposition 1.56 (see [FJM1]) Let ) be a bounded Lipschitz domain in R", n > 2 and
1 < p < oo. There exists a constant C'(S)) with the following property: For each U € W*(Q)
there is an associated rotation Ry € SO(n) such that,

|V U = Ry|L,(Q)|| < C(Q)||dist(V U, SO(n)) |L,(Q)]| - (1.222)

The result is sharp in the sense that neither the norm on the right hand side nor the power
with which it appears can be improved.

By considering the special case when the right hand side in (1.222) is zero, Proposition
1.56 reduces to the following.

Corollary 1.57 (Liouville theorem) Let () be a bounded Lipschitz domain in R™, n > 2. If
U is a W(Q) map which satisfies the partial differential equation

VU(xz) € SO(n) a.e. in €, (1.223)
then it is affine U(x) = Rx + ¢, R € SO(n), ¢ = const or, equivalently, VU = R € SO(n).

Proof: In the setting of Sobolev maps this was first proved by Reshetnyak [Rel]. A short
modern proof belongs to G. Friesecke, R.D. James & S. Miiller [FIM1] and consists of three
observations.

First, for n x n matrix A = [a;]nxn let cof A denote the matrix of cofactors of 4, i.e.,

cof A = [(—1)*"detA;] (1.224)

nxn’

where A; is the (n — 1) x (n — 1) matrix obtained from A by deleting the j-th row and the
k-th column. It is well-known that

diveof VU =0  forall U € W'(Q). (1.225)

Note first that if the equality (1.225) is proved for U € C?(f2), it can be extended to
arbitrary U € W!(Q).
We have to prove

3

Ci=Y 0u(cofVU); =0, i=1,...,n (1.226)

k=1

Note, that C; can be formally written as

o, Oy 0,
R, RTC R anv(i)

o , (1.227)
(911)521 821),?11 e &ﬂJSL
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where v = (Uy, -+, U;_1, Uiy, -+, Uy,). The equality (1.226) follows from the following
assertion: For any u = (ug, - u,—1) € C*(R"1)

B, By oD,
o1u Ol s Opu

det | 00 A T — 0, (1.228)
a1un—1 82un—1 Tt 8nun—1

which can be easily proved by induction, expanding the determinant with respect to the last
row.

Second, (1.223) implies that U is harmonic, and in particular smooth. To prove this
recall, that if A € GL(n) is an invertible matrix, A~! = det A(cof A)". In particular, for
B € SO(n), which means B! = BT, det B = 1, we get cof B = B. Then from the asserted
inclusion VU € SO(n) we get V(U)(x) = cof V U(z) and by taking the divergence we get
the following:

AU =divVU =divcof VU (z) = 0.

Third, the second gradient squared of any harmonic map can be expressed pointwise via
derivatives of the inner products,

1
5 (IVU]? =n) =(VUAVU)+ VU] = |[V*U* (1.229)
but [V U|* — n = 0 when U satisfies (1.223). [
An estimate in terms of € + /¢, where ¢ := ||dlst (VU,SO(n ‘ |]L ||, is much easier

to prove, but is insufficient for the application to plate theory, where one needs to sum the
estimate over many small cubes of size h.

Corollary 1.58 (see [Rel]) If U; — U in WH(Q) and dist(V U;,SO(n)) — 0 in measure,
then V U; — R in Ly(Q2) for some constant rotation matrix R € SO(n)).

Let us remind, that the space of n x n matrices M"*"(R) is a real Hilbert space with
respect to the inner product (1.105) and the norm

|A|| := /Tr(AAT) = \/Tr(ATA) = /Z%, VA= ag] . - (1.230)

Note, that the norm has the following property:
|RAR|| = || RA| = ||AR]| = || A]] VAe M™" and VR e SO(n). (1.231)
Indeed,

[RA[ = \/Tr[(RA)T(RA)] = VTr(ATRTRA) = /Tr(ATA) = ||A],

|AR|| = /Tr[(AR)(AR)T] = /Tr(ARRTAT) = \/Tr(AAT) = || A|
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and, as a consequence, ||RAR|| = ||RA| = ||AR]| = || A]|. [

Let A = RH 4 be the left polar decomposition of a matrix A, where R € SO(n) is the
orthogonal (unitary) matrix R' = R~! and H 4 is positive, self adjoint (Hermitian) matrix

<HA€7£> > COH£H27 CO > 07 H:X = HA7 v£ cC.

Let us check, that Hy = VAT A. Indeed, if A = RU4, then A" = H}R" = HyR™! and
VATAI\/HARflRHA:\/H2:HA. |

Similarly, for the right polar decomposition A = H, R’ we get H/, = VA AT.

By analogue with (1.221) is proved, that if A = RH 4 is the left polar decomposition of
A, then

dist(A,SO(n)) = ||Ha — || ifdet A#0 (ie., Aisinvertible),

(1.232)
dist(A,SO(n)) < ||Ha — 1] otherwise.
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2 T'-CONVERGENCE BY NUMBERS

2.1 SOME PRELIMINARIES

The main purpose of the present chapter is to introduce I'-convergence, discuss it‘s properties
and demonstrate its application on a simplest version of dimension-reduced problems. I'-
convergence was introduced by De Giorgi in [DF1] and represents powerful toolkit for the
investigation of various dimension-reduction problems.

Our exposition follows mostly the book [Br1]. Let N denote the set of positive integers,
N:= N; U {0} and R the set of real numbers.

Definition 2.1 Let f : X — R. We define the lower limit (lim inf for short) of f at x as

liminff (y) = inf {liminff (zj) z; € X, xj = }
j

y—x
= inf {limf(xj) cx; € X, x5 — x, Ilim f (x) } :
J J

and upper limit (lim sup for short) of f at x as

limsupf (y) = sup {limsupf(xj) rx; e X, x> }

y—w J

= sup {hjmf(xj) rxj e X, x5 =, Hli§nf(xj) }

The lower limit is linked to our minimum problems much more then the upper limit. The
first notion will be preferred in our statements, but many results will obviously hold for the
limsup, with the due changes. Definition (2.1) can also be given if f is not defined in the
whole X' (in this case the z; must be taken in the domain of f); in particular, we can have
X = Nand x = oo and recover the usual definition of lim inf and lim sup for sequences.

By taking z; = = we always get liminff (y) < f (z). Moreover, it can easily checked
y—x
that

Yy—x

liminf (f (y) +9(y)) = liminff (y) + liminfg (y). (2.1)

Y=z

lim inf (f (y) +9(y) < limsupf (y) + lim infg (y) -

Yy—x

liminf (—f (y)) = — liminf f (y),

A way to interpret these limit operators is that they give the sharpest upper and lower
bounds for the behaviour of f close to x : that is, for all ¢ > 0 we will have

liminff (y) —e < f(2) < liminff (y) + ¢,
Yy—x Yy—x

provided that d (z,2°) < 6 = J (¢). With this observation in mind it can be easily checked
that we have the equivalent topological definitions:

liminff (y) = sup inf f(y), limsupf (y) inf supf(y), (2.2)
Yy UeN(z)¥eU y—a UEN (z)yeUr

where we have used the notation N (z) for the family of all open sets containing a point
r € X.
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2.2 LOWER SEMICONTINUITY

Definition 2.2 A function f : X — R will be said to be (sequentially) lower semicontinuous
functions (l.s.c for short) at x € X, if for every sequence (x;) converging to x we have

f (@) < liminf f (z;),

or, in other words,
f (z) = min {liminff () : ;= } :
J

We will say that f is lower semicontinuous functions (Ls.c for short) (on X) if it is Ls.c at
all x € X.

Remark 2.3 The following conditions are equivalent:

(1) f is lower semicontinuous.

(17) we have f (z) =liminf, ,, f (y), forall x € X.
(i1) for all t € R the sublevel set { f < t} is closed.
I
J
)

ndeed the equivalence of (i) and (zz) is given by (2.2). Note that (i) implies that if
f(z;) < tand z; — =z then f(x) < t, while if there exists  and x; — =z such that
f(x) >t > liminf; f (z;) then (iii) is Vlolated for such at.

Remark 2.4 (i) If f and g are l.s.c at x, then so is f + g by (2.1).

(11) Let {f; :i € 1} be a family of Ls.c functions (I an arbitrary set of indices, not
necessarily countable). Then the function defined by f (x) = sup, f; (x) is Ls.c. In fact, for
fixed v € X and xv; — x, we have

fi (z) < liminf f; (z;) < liminf f (z;).

By taking the supremum for i € I we obtain f (z) < liminf; f (z;). In particular, the
supremum of a family of continues functions is L.s.c.

(ii1) If f = xg is the characteristic function of the set E, then f is Ls.c, if and only if
E is open, by Remark (2.3) (ii).

(iv) A function f : X — R is called upper semicontinuous if —f is Ls.c. All the
results of this section have an obvious counterpart for upper semicontinuous functions. In
particular f = xg is upper semicontinuous if and only if E closed.

2.3 CONVEXITY

Definition 2.5 We recall that a function f : R" — (—o0, +00] is convex if we have

[tz + (1 =t)2) <tf(2) + (1 —1) f ()
forall zi, z € R"and t € (0,1).
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Remark 2.6 (a) The convexity of f is equivalent to requiring that Jensen ‘s inequality holds:

f ( /X gdu> < /X f(g)dp (23)

for all probability spaces (X, i) and measurable f : X — R™.
(b) If f € C'(R"), then it is convex if and only if

FE < F@)+(f ()2 —w) 2.4

forall z,w € R".
(c) The supremum of the family of convex functions is convex.

(d) If [ is a convex function and f is finite at every point of en open set €}, then f is
continuous on 2 and locally Lipschitz continuous on ).

(e) If f is convex and there exists 1 < p < oo and ¢ > 0 such that
0<f(2) <e(+]2)
for all z € R™, then f satisfies the local Lipschitz condition
[f(2) = F) <& (]2 + [wl™) [z = wl (2.5)

for all z,w € R™ for some ¢ defending only ¢ and p.

() If f; : R® = R is a sequence of locally equi-bounded convex functions then there
exists a subsequence of (f;) converging uniformly on all compact subsets of R".

We can now recall the definition of I'-convergence and make some first remark.

2.4 T'-CONVERGENCE

Definition 2.7 (I'-convergence) We say that a sequence f; : X — R T-converges in X to
foo : X = Rifforall x € X we have

(¢) (lim inf inequality) For every sequence (z;) converging to z,

foo (x) < liminf f; (z;); (2.6)
J
(74) (lim sup inequality) There exists a sequence (x?) converging to z, such that
foo () > limsup f; (933) ; (2.1)
J

The function f,, is called the I'-limit of (f;) and we write fo, = I'-lim; f;.

Pointwise definition. The definition above can be also given a fixed point z € X : we
say that (f;) I'-convergence at x to the value f, (z) if (), (i7) above hold. In this case we

write
foo () =T-lim f; (x).
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In this notation, f; I'-convergence to f if and only if
foo () =T- lijm fi ()

atall z € X.

If we want to highlight the role of the metric, we can add the dependence on the distance
d, and write I' (d)-lim; I" (d)-convergence and so on.

Different ways of writing the lim sup inequality. Note that if (x;) satisfies the lim sup
inequality, then by (2.6) we have

foo (z) <liminf f; (z) <limsup f; (z) < fx (),
J J

so that indeed '
foo (@) =lim f; ().
hence (i7) can be substituted by

(i1)" (exitance of a recovery sequence) there exists a sequence (x;) converging to x, such
that
foo (7) = li]m fi(z5); (2.8)
On the other hand, sometimes it is more convenient to prove (i:) with a small error and
then deduce its validity by an approximation argument: that is, (i) can be replaced by
(43)" (approximate lim sup inequality) for all ¢ > 0 there exists a sequence (;) con-

verging to x, such that
foo (x) > limsup f; (x;) — €. (2.9)
J

In the following (and in the literature) all conditions (i4), (4)’, (i7)" are equally referred
to as the lim sup inequality or as the exitance of a recovery sequence.

Note that the lim inf inequality () can be rewritten as
foo (z) <inf {hminffj () : z; = } .
J
Trivially, we always have

inf {liminffj () z; = } < inf {limsup filz;): ;> }
] :

J

and if () is a recovery sequence for (ii) we have

inf {limsup filz;): z; > } < limsup f; (7;) < [ (2),
J J

so that (7) and (iz) imply that we have

foo () = min {liminf filz;): z; > } = min {limsup fi(z;): ;> } . (2.10)
; ,

J

(and actually both minima are obtained as limits along a recovery sequence). It is impor-
tant to keep in mind this characterization as many properties of the I'-limit will be easily
explained from it.
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Remark 2.8 (I'-convergence as an equality of upper and lower bounds) It is sometimes
convenient to state the equality in (2.10) as an equality of imfima

J

foo () = inf {liminffj () z; = } = inf {limsupfj () : ;=2 } . (211
] :

This equality is indeed equivalent to the definition of I'-limit, that is, the I'-limit exists if
and only if the two infima in (2.11) are equal. This characterization will be important in that
in this way the exitance of the I'-limit (which not always exists) is expressed as the equality
of two quantities which are always defined and which can (and will) be studied separately.
The first quantity can be thought as the lower bound for the I'-limit, the second as an upper
bound.

By (2.11) we obtain in particular that the I'-limit, if it exists, is unique.

Remark 2.9 (stability under continuous perturbations). An important property of I'-
converges is its stability under continuous perturbations: if (f;) I'-converges to f., and
g: X — [—00,+00] is a d-continuous function then (f; + g) I'-converges to fo + g.

This is an immediate consequence of the definition, since if (i) holds then for all x € X
and x; — x we get

foo () + g (2) < lim inf f; () + lim g (z;) = lim inf (fj (25) + g (x5)),

while if (u)/ above holds then we get
foo (2) + g () = lim f; (2;) + lim g (2;) = Lim (f; (2;) + g (2;)) -

Remark 2.10 (T'-limit of a constant sequence). Consider the simplest case f; = f for all
J € N. In this case it will be easily seen that f; I'-convergence. By the liminf inequality,

the limit f., must satisfy
J

forall v and x; — x. If f is not lower semicontinuous then there exists T and a sequence
T; — T such that
liminf f; (z;) < f (7)),
j

hence, in particular fo, (T) # f (T). This shows that T'-convergence does not satisfy the re-
quirement that a constant sequence f; = f converges to f (if f is not lower semicontinuous).
We will see however that this holds true in the family of lower semicontinuous functions (see
Remark (2.12))

Remark 2.11 (dependence on the metric). The choice of the metric on X is clearly a
fundamental step in problems involving I'-limit. In general, even when two distance d and d’
are comfortable; That is

limd (zj,z) = 0= limd (x;,z) = 0. (2.12)

J J
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The exitance of 1'-limit in one metric does not imply the existence of the 1'-limit in the
second (see examples in Section 1.3). However, in this situation, if both I'-limits exist then
we have

mem?ﬁgr@v—@q%

This is clear, for example, from the characterization (2.10) since the set of converging
sequences for d is larger than that is for d .

Remark 2.12 (comparison with pointwise and uniform limits). As a very particular case,

we can consider the metric d of the discrete topology (where the only converging sequences
are constant sequences). In this case the I'-limit coincides with the pointwise limit (if it
exists). If d is any other metric then (2.12) holds trivially, so that we obtain

[ (d) — lim f; < lim ,
J j
as a particular case of the previous remark.

If f; converges uniformly to a f on an open set U (in particular if f; = f) and f is Ls.c.
then we have also that f; I'-convergence to f. Indeed, the lim sup inequality is obtained by
the constant sequence, while the liminf inequality is immediately verified once we remark
thatif x; — o € U, then x; € U, for j large enough, so that

hmifjlf fi(x;) = h;fﬂ (fj (z5) = f (x5)) +1imiljlf fi(x) > f(x).

2.5 SOME EXAMPLES ON THE REAL LINE

In this section we will compute some simple I'-limit of functions defined on the real line
(equipped with the usual Euclidean distance) and will also compare it with the point-wise
convergence, which can be thought of as a I'-limit with respect to the discrete metric, as
explained in Remark 2.12.

We have seen that a constant sequence f; = f I'-converges to f if and only if f is
lower semicontinuous. Hence, if f is not l.s.c the point-wise limit and I'-limit are different.
Now we construct an example where these two limits differ even if the pointwise limit is
lower semicontinuous.

Example 1. Let
fi @) = fr(5t)

where

fi (1) = V2texp (— (22 — 1) /2)

ﬁwz{iL if t= =11,

0, otherwise.

Then f; — 0 pointwise, but I' — lim; f; = f, where
|0, if t+#0,
f@_{—L if =0
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Indeed, the sequence f; converges locally uniformly (and hence also I'-converges) to 0 in
R\ {0}, while clearly the optimal sequence for z = 0 is —1/j, for which f; (z;) = —1.In
this case the pointwise and I'-limits both exist and are different at one point.

Example 2. Take

where f is as in the previous example. Clearly, the I'-limit remains unchanged. This shows

that in general
[-lim (= f;) # —T-lim f;,
j J
[-lim (f; + g;) # I-lim f; 4+ I-lim g;.
J J J

(taking in the example g; = — f;) even if all functions are continuous.

The pointwise and I'-limits may exist and be different at every point. Take g; = fj,
where

(1) = 0, if t¢Qort==% withke€Zandne{1,..,;}
9i\t) = —1,  otherwise.

We then have f; — —1. The liminf inequality is trivial and limsup inequality is easily
obtained by remarking that {g; = —1} is dance for all j € N.

Example 3. There may be no pointwise converging subsequence of ( f;) but the I'-lim; f;

may exist all the same. Take, for example, f; (t) = — cos (jt) . In this case I'-lim; f; = —1.
Again, the liminf inequality is trivial, while the lim sup inequality is easily obtained by
taking, for example, x; = [jx/27] 27/j ([t] the integer part of ?).

The sequence f; may be converging pointwise, but may not I'-converge. Take for exam-
ple
fi= (=15,

where g;, is defined in Example 2. In this case f; — 0 pointwise, but the I'-lim; f; does not
exist at any point.

2.6 FUNCTION SPACES AND THEIR PROPERTIES

In all the follows (a, b) is bounded open interval of R.
The norm (or quasi norm) of the space L,(a,b) (0 < p < 00) is defined by

b 1/p
1l = ( / \f(x)\”du(w)) . (0<p<oo) .13
and
1oy = inf (s (@) = AL} =) .14

It is well known that

p—o0

1/p
£l oy = lim ( /( I dum) . @.15)
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Definition 2.13 (Weak derivative). We say that v € Ly(a,b) is weakly differentiable if a
function g € Li(a,b) exists such that the following integration by parts formula holds

b b
/ucpdt:—/ggodt

forall ¢ € C}(a,b). If such g exists then it is called the weak derivative of u and is denoted
u .

Remark 2.14 The notion of weak derivative is an extension of notion of classical derivative:
If u € C*(a,b) and its classical derivative belongs to Li(a,b) then the classical derivative
coincides with its weak derivative. The function © — |x| is weakly differentiable in any
(a,b), but u ¢ C'(—1,1) and its weak derivative is the function x — x/ |z|, which in turn
is not weakly differentiable in (—1,1).

Definition 2.15 (Sobolev spaces) Let p € [0. + o] . The Sobolev spaces WP (a,b) is de-
fined as the space of all weakly differentiable v € L,(a,b) such that v’ € Ly(a,b). The norm
of uwin WP (a, b) is defined as

ol iy = Nl + o] -

The space Wwhp (R) consists of such functions u for which u € VVllof (I) for all bounded open

loc

intervals I C R.

Remark 2.16 The Sobolev spaces WP (a,b) equipped with the natural norm, indicated in
Definition 2.15, is a Banach space. This is easily checked upon identifying WP (a, b) with
the subspace of Ly(a,b) x Ly(a,b) of all pairs (u,u’) with u € WP (a,b). The same
identification shows that W'P (a, b) is separable if 1 < p < oo.

Theorem 2.17 (pointwise value of Sobolev spaces). Let v € W' (a,b) . Then there exists
w € C} [(a,b)] such, that i = u a.e. on (a,b) and

w(y) —u(z) = /y u (t)dt (2.16)

forall z,y € |[a,b] . We commontly identify u with its continuous reprensentative u’ whenever
pointwise values are taken into account.

Remark 2.18 (boundary values). If W' (a, b) then the boundary values u (a) and u (b) are
uniquely defined by the values u (a) and u (b) , respectively. We may then extand a function
W (a,b) to the function W,5" (R) by simply setting u (t) = u (a) for t < a and u (t) = b,
fort >b.

Theorem 2.19 (equivalent definitions of Sobolev spaces). Let 1 < p < oo. Then the fol-
lowing statements are equivalent:
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(i) u € W (a,b).
(ii) There exists C' > 0, such that

b
[ < Cllely

for arbitrary ¢ € Cl(a,b).

(iii) There exists C' > 0, such that for all for all I C (a,b) and for all h € R such that
|h| < dist(1,{a,b}) we have

| Thu — uHLp(I) < Clnl,

where Thou = u (t — h) .
(iv) There exists a sequence (u;) in C* ([a, b]) such that

li;rn luj = ullgrpap = 0- (2.17)

(v) There exists a sequence (u;) in C* (R) such that (2.17) holds.

(vi) There exists a sequence (u;) in C* (R) such that sup; |[u; ||y, ) < 00 and

li§n |lu; — u||Lp(a’b) = 0.
Remark 2.20 (a) The best constant C'in (ii) and (iii) above is Hul HL (ab) "
p\@,

(b) If p = 1 then (i) =(ii)<(iii). Note that the function x — x/ |x| satisfies (ii)-(vi) with
p = 1 but does not belongs to W' (—1,1)

(c) By (iii) we easily see that WY (a, ) coincides with the space lip (a,b) of all Lips-
chitz functions on (a,b) and Hu/ H Lo (@) is the best Lipschitz constant for u.

Theorem 2.21 (embedding results). There exists a constant C' = C'(a, b) such that
lullr @py < €l (2.18)
Moreover, we have compact embeddings
W (a,b) C C° ([a,b]) (2.19)

for1l < p < ooand
W (a,b) C Ly(a,b)

forallq > 1.

Definition 2.22 The space W, (a,b) is defined as the closure of CS° (a,b) in the W,"-
norm, or equivalently, as the set of those u € WP (a,b) with boundary values u (a) =

u(b) =0.
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Theorem 2.23 (Poincare‘s inequality). There exists a constant C' = C'(a, b) such that

) (2.20)
Ly(a,b)

lelhynnga < C |||

for all w € WP (a,b) such that i (x) = 0, for some x € [a,b] . In particular this holds for
ue WyP (a,b).

Definition 2.24 Letu : (a,b) — R be measurable function. The total variation of u on (a, b)
is defined as

Var (u, (a,b)) :=

N
in (a7b)sup{;\v( 41)—v ()] a<ty<..<ty< € }

If Var (u,(a,b)) < oo then we say that u is a function of bounded variation. We simply
write Var (u) if (a, b) is fixed.

Remark 2.25 Ifu € Wh! (a,b) , then

u/‘ dt.

b
Var (u,(a,b)) = /
In particular, u is a function of bounded variation. Note that also

v(z) = /x|

is a function of bounded variation with Var (v, (—1,1)) = 2.

2.7 MORE PROPERTIES OF ['-LIMITS

From the definition of I'-convergence we immediately obtain the following properties.
Remark 2.26 If {f; } is a subsequence of { f;}, then

I' —lim inf f; <T' — lim ir]if fins I' —lim sup f;, <I'—lim sup f;.
J k J

In particular, if foo = I' — lim; f; exists then for every increasing sequence of integers ji,

foo =1 - hmk fjk'

Remark 2.27 If g is a continuous function then fo+g = I' —lim;( f; + g); more in general,
if gj — g uniformly then fs, + g =1 — lim;(f; + g;). In particular, if f; — f uniformly on
an open set U, then I' — lim; f; = sc f On U.

Remark 2.28 If f; — [ pointwise, then I —lim sup; f; < f and, hence, I' —lim sup; f; <
sc f.
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We can state some simple but important cases when I'-limit does exist and is computed
easily.

Proposition 2.29 (I'-limit of monotone sequaences) (i) (decreasing sequences)If fj 1 <
fjforall j € N, then

I' —lim f; = sc(inf f;) = sc(lim f;). (2.2)
J J J

(ii) (increasing sequences) If f; < fj11 forall j € N, then

I' — lim f; = sc(sup sc f;) = lim scf;. (2.3)
j ; j

J

In particular, if f; is l.s.c. for every j € N, then
J J

In particular, if f; is l.s.c. for every j € N, then

Proof: As f; — infy fi pointwise, by Remark 2.28 we have I' — lim sup;, f; < sc(infy, fi),
while the other inequality is trivially derived from the inequality sc(infy, f;) < infy fi < f;
and (i) is proved.

To prove (ii) note that since sc f; — sup,, sc fi pointwise, by Remark 2.28

I' = lim sup f; = I" — lim sup sc f; < sup sc f;.
J J k

On the other hand sc fj, < f; for all j > k so that the converse inequality follows easily. =

Remark 2.30 By Proposition 2.29.(ii), if f; is a equi-mildly coercive non-decreasing se-
quence of L.s.c. functions, then sup; minx f; = miny sup; f;.

Proposition 2.31 (Compactness of I'-convergence) Let (X, d) be a separable metric space.

and forall j € Nlet f; : X — R be a function. Then there exists a subsequence fj,. such
that the I'-limit I' — limy, f;, exists forall x € X.

Proof: Let {U,.} be a countable base of open sets in the topology of X. Since R is compact,
there exists an increasing sequence of integers {0? }, along which the limit

B
im inf fo0(y)

exists, and for all k& > 1 we define {o¥}; recurrently as a subsequence of {affl}j along
which the limit

lim inf fox;(y)

exists. The “duiagonal” sequence j+k := o} being a subsequence of {crj: };, has the property

that the limit
lim inf f;
1§n ylélUg f]k (y)
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exists for all £ € N. In particular, we have
lim H]if ylél(% [ (y) = lim sgp ylél(% fi(y)
for all / € N, and the claimed convergence follows. ]

Remark 2.32 If (X, d) is not a separable metric space, then Proposition 2.31 fails. As an
example we can take X = {—1,1}" equipped with the discrete topology. X is metrizable
and I'-convergence on X is equivalent to pointwise convergence. We take the sequence
fi + X — {-1,1} defined by f;(z) = x; if v = (vo,x1,...). If {fj,} is a subsequence
of {f;} and we define x by z;, = (—1)* and x; = 1ifj & {jx : k € N}, then the limit
limy, f;, (z) does not exist. Hence no subsequence of { f;} I'-converges.

['-convergence enjoys the following useful property.

Proposition 2.33 (Urisohn property of I'-convergence) We have f., = I' — lim; f; if and
only if for every subsequence { f;_} there exists a further subsequence which I'-converges to

oo

Proof: Clearly, if f; I'-converges to f, then every subsequence of f; I'-converges to the
same limit (see Remark 2.26).

For an increasing sequence of integers {j;} we have

I' = lim inf f; <T' —lim h/%f fir <T'=lim sup f;, <I' —lim sup f;.
J k J

Hence if I' — lim inf}, f;, (z) = foo(z) but I' — lim f;(2) does not exist we have

either foo(r) <T —limsup fj(x) or fo(z)>T —lim inf f;(z).
j J

In the first case we have

foo(x) < sup lim sup inf f;(y),
UeA (z) j yel

so that there exists U € .4"(x) with the property
foo(z) < lim Sl;p ;125 fi(y).
This means that there exists a subsequence { f;, } of { f;} along which
foolw) < lim inf inf £, (y),
so that f(z) < I" — lim infy ;25 fj.(y) leads to a contradiction. In the second case a

sequence x; converging to x exists such that lim inf; f;(z;) < fw(x). This means that
I' — lim supy, fj,, foo(2), thus giving a contradiction. [ ]

Proposition 2.34 Let X be a topological vector space. If {f;} is the sequence of convex
Jfunctions, the U'-limit f := ' — lim sup; f; is also a convex function.
The statement fails in general case.

Proof: We leave the proof to the reader as an exercise (see [Brl], Exercise 1.6). [ |
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3 TI'-CONVERGENCE OF HEAT TRANSFER EQUATION

A mixed boundary value problem for the stationary heat transfer equation in a thin layer
around a surface ¥ with the boundary is investigated. The main object is to trace what
happens in I'-limit when the thickness of the layer converges to zero. The limit Dirichlet BVP
for the Laplace-Beltrami equation on the surface is described explicitly and we show how the
Neumann boundary conditions in the initial BVP transform in the I'-limit. For this we apply
the variational formulation and the calculus of Giinter’s tangential differential operators on a
hypersurface and layers, which allow global representation of basic differential operators and
of corresponding boundary value problems in terms of the standard Euclidean coordinates of
the ambient space R".

The exposition follows the paper of T. Buchukuri, R. Duduchava & G. Tephnadze [BDT1].

3.1 INTRODUCTION

The main object of the paper is to demonstrate what happens with a boundary value problem
for the Laplace equation in a thin layer ()¢ around a surface ¢ in R® when the thickness of
the layer ¢ diminishes to zero: ¢ — 0. We impose the Neumann boundary conditions on the
upper and lower faces of the layer ¢ x { ¢} and the Dirichlet boundary conditions on the
lateral surface 0% x (—¢,¢).

The limit of the associated functionals is understood in the sense of I'-convergence
and the main tool is the representation of differential operators with the help of Gunter’s

derivatives-the system of tangential derivatives on the surface &, := 0, — v;0,, 7 = 1,2, 3

.. 3 . :
and the normal derivative 9, := > ;_, v;0;, where v = (1, 12, v3) ' is the unit normal vector

field on the mid surface 4. The first-order differential operator Z; is the directional deriva-
tive along 7 e/, where  : R?* — T is the orthogonal projection onto the tangent plane to

% and €', ..., e" is the canonical basis in the Euclidean space ¢/ = (5jk>1§k§3 € R3, with
d;1 denoting the Kronecker symbol (cf. [Gul], [KGBB1], [Dul]).

Calculus of Gunter’s derivatives on a hypersurface allows representation of the most
basic partial differential operators (PDQO’s), as well as their associated boundary value prob-
lems, on a hypersurface % in global form, in terms of the standard spatial coordinates in R".
Such BVPs arise in a variety of situations and have many practical applications. See, for ex-
ample, [Hal, §72] for the heat conduction by surfaces, [Arl, §10] for the equations of surface
flow, [Cil], [AC1] for the vacuum Einstein equations describing gravitational fields, [TZ1]
for the Navier-Stokes equations on spherical domains, as well as the references therein.

A hypersurface 4 in R? has the natural structure of a 2-dimensional Riemannian man-
ifold and the aforementioned PDE’s are not the immediate analogues of the ones corre-
sponding to the flat, Euclidean case, since they have to take into consideration geometric
characteristics of 4 such as curvature. Inherently, these PDE’s are originally written in local
coordinates, intrinsic to the manifold structure of % .

The surface gradient
D = (D, D2, D5)" (3.1

is defined on %, and has a relatively simple structure. In terms of (3.1), the Laplace-Beltrami
operator on ¢ simply becomes (see [MM1, pp. 2ff and p. 8.])

Ay =97 on ¢.

Alternatively, this is the natural operator associated with the Euler-Lagrange equations for
the variational integral
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Elu) = —= / (Du, Du)dS, (3.2)
@

where (-, -) denotes the scalar product in R™.

A similar approach, based on the principle that, at equilibrium, the displacement mini-
mizes the potential energy, leads to the derivation of the equation for the elastic hypersurface
(cf. [DMM1, Du3] for the isotropic case).

These results are useful in numerical and engineering applications (cf. [AN1], [Bel],
[Cel], [Col], [DaL1], [BGS1], [Sm1]) and we plan to treat a number of special surfaces in
greater detail in a subsequent publication.

We consider heat conduction by an “’isotropic” medium, governed by the Laplace equa-
tions, with the classical mixed Dirichlet-Neumann boundary conditions on the boundary in
the layer domain §2° := ¢ x (—¢, ¢) of thickness 2¢, where ¢ C . is a smooth subsurface
of a closed hypersurface . with smooth nonempty boundary 0%’. In particular, we confine
ourselves with zero Dirichlet and non-zero Neumann data (see Remark 3.5 for the case of
non-zero Dirichlet data):

A:T(2,t) = f(2,1), (2,t) € € x (—¢,e),
TH(2,t) =0, (2,1) € 0C x (—¢,¢), (3.3)
(atf>+(%-7 ié‘) = qfir (‘%f)? 7 ET.

In the investigation we apply that the Laplace operator Aq: = 07 + 05 + 03 is represented
as the sum of the Laplace-Beltrami operator on the mid-surface, the square of the transversal
derivative and the lower order term

Ao:T = AgT + 0T + 24,0,T, (3.4)
where 2, = 0,. The Laplace-Beltrami operator Ay defined in (0.12) and the mean curvature
3
Hy(7) = Z DN (2) of the surface are extended properly from % (see the forthcoming
=1

k=
Lemma 3.4).

Introducing the function G(2°,¢) which has the same Dirichlet and Neumann traces as
T on the 9¢ x (—¢,¢) and on € x {te} respectively

1 1
G(z,t) = 4—€(t + )¢t (2) — 4—€(t —e)q- (2), (3.5)

we can reduce the problem (3.3) to the following boundary value problem with respect to
unknown function 7' =T — G

No:T(2,t) = F(2,t), (2,t) € € x (—¢,¢), (3.6)
TH2,t) = 0, (2,t) € 0F x (—¢,¢), (3.7)
OT)H (2, +e) = 0, 2€F. (3.8)
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where

Frt) = )= (4 2B (7) — (1 = £ Doz (7))

(o B 1 B
- —éi )((Zf +e)gX (#) = (t = €)gz (#) = 5 (e (#) — ¢ (#), B9)
(%725) S % X (_5,6).
The BVP (3.6)-(3.8) is reformulated as the minimization problem for the functional which,

after scaling (stretching the variable ¢ = 7 and dividing the entire functional by ¢) has the
following form

E(T.): = //B(%TEV(%,TH%(@TE)?(%J)+Fa(,%,T)T5(gf,r) dodr (3.10)

-1 %
Foz,t) = F(o,et)= f(o,et) — i((t +1)2Agqt (2) — Z(t — 1)’ Agqs (7))
= LB (0t ()~ (-0 () - (@ ()~ (), D
Tz,7) = T(z,er), T.cH(Q,0¢ % (-1,1)), F.eH'(QY), ¢ €H?),

(2,t) € € x (—¢,¢).

(For the definition of H'(Q, 8% x (—1,1)) see (3.9).)
Let

P(C) = {T cHYOY : T(2,7) = To(2), TyeHY(F), 7el[-1, 1]} . (3.12)

The main result of the present investigation is the following Theorem 3.1.
Theorem 3.1 Let
fo(z,t) = f(2,et) — fO2) in Ly(QY),

e—0
¢ € ]?]12(‘5) be uniformly bounded (with respect to ) in H*(€), and

li_r)r(l)qj:li_r}(l)q; =qo, Qo € La(%),
1

2—€(q:—q;)£:>0 g1 in Ly(%).

Then the functional in (3.10) I'-converges to the functional

/ (2T (2), D6Ts(2)) +2(f(2) — HPq(2) — qu(2))Te(2)] do,

EONTy=/{ % 3.13
(T) ¢ i Te %) (3.13)

oo, if T¢PE).
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The following Dirichlet boundary value problem for Laplace-Beltrami equation on the mid

surface €
AT (2) = f22) — HDq0(2) —q(2), 2 €F,
TH(2) =0, 2 € 0F, (3.14)
TGHI(%)v fO7QO7q1 E]L‘?((g)a

is an equivalent reformulation of the minimization problem with the energy functional (3.13).

Remark 3.2 The BVP (3.14) is the T limit” of the initial BVP (3.3) in the following sense:
The corresponding functional (3.13) is the I'-limit of the functional (3.10), corresponding to
the BVP (3.6)-(3.8).

It is remarkable to note that the weak derivative ¢° of the Neumann condition from the
initial BVP (3.3) migrated into the right hand side of the limit equation.

Note as well that the T-limit Tz (2') of a solution T(z,e7). T € HY(Q.) to the BVP
(3.6)-(3.8) has better smoothness Ty € H' (%) than expected.

['-limits of boundary value problems in thin structures, reformulated as a minimiza-
tion problem for the associated energy functional, were studied by many authors (see, e.g.,
[FIM1, FIMMI, Vel, Brl] and the literature cited therein). But mostly the Lamé equations
for elastic plates 4 C R? and zero boundary conditions were treated (the Laplace equation
for a plate is studied in [Brl]). In the papers [FIMMI1, Vel] the case of shells is treated, but
with a different technique. Our approach is based on the calculus of Giinter’s derivatives,
which we find more appropriate for such problems.

The layout of the paper is as follows. In §1-§2 we review some basic differential-
geometric concepts which are relevant for the work at hand (e.g., hypersurfaces and different
methods of their identification). In §3 we identify the most important partial differential
operators on hypersurfaces, such as gradient, divergence, Laplace-Beltrami operator. In §4
we consider the energy functional (3.2) and the associated Euler-Lagrange equation. In
sections § 5, § 6 the aforementioned approach is applied and proved main theorems of the
present paper, including Theorem 3.1.

3.2 LAPLACE OPERATOR IN A LAYER DOMAIN

We will keep the notation of § 1: ©, w, . and €. We consider a layer domain
OF = {%t ER": 2y =2+tw(2)=0@)+w(O(), zcw, —e<t< 5}

=% x (—¢,¢), 3.1)

where v(27) = v(O(y)) for 2 = O(y) € .7, is the outer unit normal vector field (see (1.23)
and (1.26)). The surface % is a mid-surface for the layer domain.

We will also use the notation v(y) := v(©(y)) for brevity unless this leads to a confu-
sion. The coordinate ¢ will be referred to as the transverse variable.

Without going into detail let us remark only that if the hypersurface . is C?-smooth and
1/e is more than the maximum of modules of all principal curvatures of the surface . (i.e.,
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of all eigenvalues |\ (2)|,..., [ \n—1(2)], \n(2) = 0 of the Weingarten matrix # (%),
2 € .%), then the mapping

O° W' i=w X (—g,e) > Q. w CR",

(3.2)
O%(y,t) = O(y) + tv(y), (y,1) € w

is a diffeomorphism.

We will also suppose that .4 is a proper extension of the outer unit normal vector field
v into the layer neighborhood €2° (cf. Definition 1.4).

The n-tuple g, := 0,0,...,9,_1 := 0,-10,g,, := A4, where ./ is the proper exten-
sion of v in the neighborhood €27, is a basis in {2° and arbitrary vector field U = Z?Zl U jQ e’
on )¢ is represented with this basis in “curvilinear coordinates”.

Let us consider the system of (n + 1)-vectors

d’ =€ — NN, j=1,...,n and d"':=.4, (3.3)
where e', ..., e" is the Cartesian basis in R™ (cf. (0.7)); the first n vectors d',...,d" are
tangential to the surface ¢, while the last one d"*! = _#" is orthogonal to all d *, ..., d".

This system is, obviously, linearly dependent, but full and any vector field U € #/(Q)) is
written in the following form:

n n+1
U=> Uge =) Uld’. (3:4)
j=1 j=1

Since the system {dj} is linearly dependent
> Ad! =0, (N, &) =0, j=1,...,n, (3.5)

the representation (3.4) is not unique. To fix the unique representation in (3.4) we will keep
the following convention:

U =U; — (N, UN, j=1,....n, U =(NU)= ZU (3.6)

J

The convention (3.6) is natural because if the vector U (2) is tangent to € for 2~ € €, then
Ul(z) =Uj(z)forj=1,...,nand U}, () = 0.

Moreover, if the scalar product of vectors

n+1 n+1

U = ZUeJ—ZUOdJ V= ZVeJ—ZVOdJ (3.7)

is defined by the equality
n+1

=2V
j=1
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then the "new” and the ”old” scalar products coincide:

n+1 n
ZUOVO D (U = NN UV = NN V) + (N UNAN V)
j=1
:Z U;V; = (U, V). (3.8)
j=1
In particular,
n+1 n
[U(°:=> U7 => " |U;]> = U] (3.9)
j=1 j=1

Note for a later use, that due to the equalities (3.5) and the convention (3.6) we get

Oy = ZU@—ZUOa + (N, U)N, ZUO Oy)+ (N, UNDy

n+1

- Z U D+ Upo1 Do = > U D5 = Dy
- =

Definition 3.3 For a function o € H'(Q)) the extended gradient is

n+1

T )
Dae p = {.@190, s Dnps .@n+190} =D (Zip)d, D =04¢ (3.10)

j=1

n+1

and for a smooth vector field U = Z U]de € W () (see (3.4), (3.6)) the extended

j=1
divergence is
n+1
dive: U := Y QU) + AN U) = =V,.U, (3.11)
j=1
since
n n+1 n
A (w) =Y 0 Mi(x) =D DiNi(w) = Dyv() = AL (),
j=1 j=1 j=1

x € €F, 2 =Tl

and ) () differs from the mean curvature 7 () (see (1.183)) by the constant multiplier
HP (7)) = (n—1)H(2).
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-
Lemma 3.4 The classical gradient V¢ := {Eiﬁgo, o ancp} , written in the full system of

vectors {dj }j;l in (3.3) coincides with the extended gradient ZYq-  in (3.10).
Similarly: the classical divergence divU := Z 0;U; of a vector field U := Z U jej ,
j=1 j=1
written in the full system (3.3), coincides with the extended divergence divU = divg- U in
(3.11).

The extended gradient and the negative extended divergence are dual 9. = —divge
and divg = —Pq-.

The Laplace-Beltrami operator Aq- 1= divg: Dge ¢ = — D (.@Qe <p> on ), written in
the full system (3.3), acquires the following form

n n+1
Nosp =Y Dro+ P+ HP0yvo =Y Do+ H) Dy, (D). (3.12)
=1 =1

Proof: A similar lemma is proved in [Du5, Lemma 4.3], but definition of the divergence
divqe is different there. Therefore we expose the full proof below.

That the gradients coincide follows from the choice of the full system (3.3):

VQD:: {81907 ey angp}—r = Z(aj@)ej = Z(.@]QD + J%Qnﬂ‘ﬂ)ej

j=1 J=1
n ‘ n+1 '
=Y (250)d7 + (Dnir0) N = (Zs0)d? = Do (3.13)
j=1 j=1

since

ej:dj+%JV, 6j:.@j+e/¢§a/m

- » ~ 3.14
S MB =0 S (Z)e = D (Fp)d G
j=1 j=1 j=1
By applying (3.6) and (3.14) we proceed as follows:
dvU=> "0,U; =Y QUi+ Y _ No,Uy=>_ ; [U) + (N, U)]
j=1 j=1 j=1 j=1
+ 20w (MU;) =D GU) + Y (D5 M)A U) + DUy
j=1 j=1 j=1
n+1
=Y QU + AN U) = divg-U. (3.15)
j=1
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The proved equality and the classical equality V* = —div, ensure the both claimed
equalities 7. = —divge and divy,e = —Pge:

(Do, U) = (Vo,U) = —(p,divU) = —(p,divo:-U).

Formula (3.12) for the Laplace-Beltrami operator is a direct consequence of equalities
(3.13), (3.15) and definitions. Indeed, the first n components of the gradient

Vo = Darp =Y (29)d” + (Dnsrp) N
j=1
have the property (Z,0)° = Do — (N, Da=¢) N; = D because (see the third formula in
B 1) (N, D p) = Z N;D;0 = 0 and we can write

j=1
n+1
Ap = divVy = divg: Za-p = Z @jzgo + AN V)
j=1
n+1
= Z Do+ HY Dnirp = Naep.
j=1 ]

3.3 CONVEX ENERGIES

Let again 2° be a layer domain of width 2¢ in the direction transversal to the mid-surface ¢
(cf. § 3).

Any minimizer u of the energy functional

&°(u) ::/ (Vu,Vu)dy, u € H'Y(QF) 3.1)
should satisfy
d
:E@‘"E(u—i-tv) = / (Vu, V) +(Vo,Vu)| dy
t= .

:2Re/ (Vu,Vu)dy = —2Re/ (divV u,v) dy = —2Re/ (Au,v)dy
for arbitrary v € ﬁl(Qe), which implies
Au=0 on °. (3.2)

In other words, (3.2) is the Euler-Lagrange equation associated with the energy func-
tional (3.1).

I'-CONVERGENCE



June 27, 2017 I'-CONVERGENCE AND SHELL THEORY 81

Similarly, minimizers of the energy functional
Ey(u) == / (Vou, Vyu) do, u € HY(E)
3

on the hypersurface % should satisfy the following Laplace-Beltrami equation
Agu = dchchgu =0 on €. (33)

To treat the dimension reduction problem for the Laplace equation (see [Brl] for a similar
consideration in case of a flat 3D body), we assume, without restricting generality, that Q*
(i.e., for ¢ = 1) is still a layer domain. Otherwise we can first change the variable 27, =
€02 n, 0 < 2, <1, where 0 < gy < 11is such that €2°° is still a layer domain.

Next we introduce a new coordinate system (cf. (3.6))

n n
T = E Tne’ = E Zpd™ +td™
m=1 m=1

Ty =x) — MANx), k=1,....n, t=2,4:=(x,N)= me

(3.4)

and define the scalar product of elements as follows (cf. similar in (3.7)):

n+1 n+1 n+1
v) = E 2w; for 2= E Zpd™, @ = E Y pd™.
j=1 m=1 m=1

Then (cf. (3.8)-(3.9))

n+1

Z 7= Z i = M A2 (Y = AN 9) (A2 (A )

i=1

In particular,
n+1 n

ol =D 1ol =D Lyl = Il (3.5)
j=1 j=1

Due to Lemma 3.4 the classical gradient in the energy functional (3.1) can be replaced
by the extended gradient

& (u): /6<@QEU( ), Dasu(y) dy—/_ / |Dgu(2, )] + |Opu(2,t)] ?] do dit(3.6)

where 2y = (Z4,...,%,) " is the surface gradient and u € H' () is arbitrary, because
D1 = Oy = 0;. Here € 1s the mid surface of the layer domain 2* = ¢ x (—¢,¢) and do
is the surface measure on % .
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Due to the representation (3.6) and the new coordinate system (3.4) we can apply the
scaling with respect to the variable ¢ and study the scaled energy. The approach is based on
['-convergence (see [Brl, FJIM1]) and can be applied to a general energy functional which
is convex and has square growth. The problem we have in mind is the following: Do these
energies defined on thin n-dimensional domains €)° converge (and in which sense) to an
energy defend on the n — 1 dimensional Hypersurface € (the mid-surface of €)°) when the
domain € is "squeezed” infinitely in the transversal direction to € ?

In the next two sections we apply the results developed in the present paper to boundary
value problems for the heat conduction by a hypersurface. In particular we shall show, that if
the thickness of the layer domain 2°, with the mid-surface %, tends to zero, the functionals
in variational formulation of the linear heat conduction equation, Gamma-converge to the
functional corresponding to some explicit boundary value problem for the Laplace-Beltrami
equation on the mid-surface %

3.4 VARIATIONAL REFORMULATION OF HEAT TRANSFER PROBLEMS

Let 2 be a bounded Lipschitz domain in R? with the piecewise smooth boundary 92 =
€ p U%E N, where €p and €y are open non-intersecting surfaces ép N ¢y = @ and their
common boundary is a smooth arc. Denote by v = (v, vy, yg)T the unit normal on ¥,
external with respect to €.

We consider the general steady-state, linear heat transfer problem for a medium occu-
pying domain ). We assume that on the € part of the boundary 0f2 the temperature g is
prescribed, while on the @y part of 02 is prescribed the heat flux q.

We look for a temperature distribution 7'(z) in 2, which satisfies the linear heat conduc-
tion equation

div(e/ (x)VT)(z) = f(x), r e 3.1)

and boundary conditions
TH(y) =g(y)  on %p, (3.2)
—(w), (VT (y)) = aly)  on Gy, (3.3)

where o7 is the thermal conductivity, f is the heat source, ¢ is the distribution of temperature
and ¢ is the heat flux. All these quantities are supposed known.

We assume, that <7 (x) is a bounded measurable and positive definite 3 x 3 matrix-
function (cf. a similar condition (1.131))

(A(2)€,€) 2 Cll¢ll’, 2€Q EeR
The following inequality is an obvious consequence of the positive definiteness of .27
(«/U.U) > C||U L)

for all 3-vectors U = (U, Uy, Us)" € LLy(£2). Further we assume that the traces .7 (y) at
the boundary % exist. Then &/ has the same properties as ./ on €2, namely, is a bounded,
measurable positive definite matrix function.

We impose the following natural constraints on the solution 7" and on the prescribed data
f9.¢

TeH'(Q), feH'(Q), geH*(%p), qeH *(%y). (3.4)
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The existence of the traces (v(y), &+ (y)(VT)*) € H~/2(%3), which is not ensured by the
trace theorem, follows from the Green formula

/Q (div o (2)VT) () (x)dz = / (), () (V) () () do

4

_ /Q (o (2)VT(z), Vop(z)) da (3.5

by the duality between the spaces H'/2(%) and H-/2(%) due to the fact that T is a solution
to the equation (3.1). For this we rewrite (3.5) in the form

[g (W), () (VT)* ()0 () do = / F (@) () dz + / (o (2)VT (), Vib(x) dr,

and note that 1) € H'(2) is arbitrary and, therefore, ¢)* € H'/?(%) is arbitrary.

First we will reduce the BVP (3.1)—(3.3) to the equivalent BVP with vanishing Dirichlet
data.

Remark 3.5 Let us assume the subsurface €p is smooth and g € H*(6p), s > % There

exists a domain ) with a smooth boundary €' = 0SY, with the properties: Q0 C §) and
6p C €' Let g° € H*(€") be such extension of g which maintains the space.

The Dirichlet BVP

div( (2)VG)(x) = 0, r e,

GT(y)=9¢"(y) on & G0

has a unique solution

1 —1
G(z) =W (51 + Wo) L), xeQ, GemHQ),

where W is the double layer potential for the operator div.e/ (x)V and Wy is its direct value
(a singular integral operator) on the surface €' 1 : H*(€¢") — H*(%") is a unit operator).
Then the BVP

div(e/ (x)VTy)(z) = f(z), x €,

TS (y)=0  on %p, (3.7

(), 7 (W)(VIo)"(y) = wly)  on Cy

is an equivalent reformulation of the BVP (3.1)—(3.3), now with vanishing Dirichlet traces.
The solutions and Neumann datae are related as follows:

To(x) :=T(x) — G(x), =€,

q0(y) == qly) — ((%W AT+ W)™ go>+ (W), ve%. (3.8)

Note, that if we require higher smoothness for the Neumann data q € H" (6x), r > —1/2
and take g € H' Y (6p) (i.e., s = v+ 1 in (3.6)), the Neumann data in the BVP (3.7) inherits
the same smoothness qo € H' (€y).
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Let © C R" be a domain with a Lipshitz boundary . := 0§ and .#, C 0f)-be a
subsurface of the boundary surface which has the non-zero measure. By H'(Q,.#,) we

denote a subspace of H'(2) of those functions which have vanishing traces on the part of the
boundary

HY(Q, ) = {p € HY(Q) : ¢*(y) =0 Vyec.4). (3.9)

This space inherits the standard norm from H'((2):

1/2
lp |HHQ) [ = [l | La(Q) |!2+Z;||3j<ﬂ\1142(9)|l2] :

Consider the functional

v = [ wam»wu» n f<x>T<a:>] i+ [a)T e 310

Q En

where f and ¢ satisfy conditions (3.4) and T' € Hl(Q) has vanishing traces on %p, i.e.,
T € HY(Q, 6p) (see (3.9)).

The second summand in the integral on €2 is understood in the sense of duality between
the spaces H~*(£2) and H'(£2). Concerning the integral on %y: it is understood in the sense
of duality between the spaces HY/2(€y) and H™/2(%y) because ¢ € H~'/2(€y) and the
conditions T € H(, €p), supp T C €y imply the inclusion T+ € HY2(€)y).

Theorem 3.6 The problem (3.1)-(3.3) with vanishing Dirichlet condition T (y) = g(y) =0
for all y € 6p is reformulated into the following equivalent variational problem: Let f and

q satisfy conditions (3.4) and look for a temperature distribution T € ]ﬁll(Q, %p) (see (3.9))
which is a stationary point of the functional (3.10).

Proof: Let T'(x) be a stationary point of the functional (3.10). Consider the variation

5 — dii@(T b V)| = / (o (@) VT(2), YV (2)) + f(2)V (2)]da

+ / qy)V*F(y)do.  (3.11)
o

The trial function V' € H'(Q) is such that T + £V satisfies the boundary conditions. Then

from the equalities T (y) + V' (y) = 0 = T (y) on %p follows that T (y) = V" (y) = 0
on ép, i.e., T and V have the traces vanishing on the part 4 of the boundary:

It is clear, that for those V' for which the functional (7" + £V') has a stationary point,
we have 0® = (. By applying the Gaul3 theorem to the first summand under the integral on
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2 in (3.11), we obtain the associated Euler-Lagrange equation

[ = dvar@9T @) + @] Vi) o+ [ i) @I @)V (o
Q ép
+ [ o)+ ) o VD) )]V i =0. G12)
N
Since the trial function V' vanishes on %) (see (3.9)), the integral on % in (3.12) van-

ishes. Now taking arbitrary function V' € C§°({2) (vanishing in the vicinity of the boundary
%), all summands in (3.12) except the first one vanish and we obtain

/ | — dive/ (2)VT (z) + f(2)|V (z)dz =0,

which is equivalent to the basic differential equation in (3.1).
Therefore from (3.12) follows that

[ o)+ ). (VD )]V ) dor o G.13)
CN
The trace V' of a trial function in (3.13) is arbitrary, we derive, the boundary condition
(3.3).

Vice versa: Let 7" be a solution to the mixed problem (3.1)-(3.3) with vanishing Dirichlet
traces 71 (y) = g(y) = 0 on €, by taking the scalar product of the basic equation in (3.1)
with the solution 7', by applying the Green formulae and the boundary conditions (3.2) with
g = 0, we get the following equality:

0= / [ — dives (2)VT(z) + f(2)]T(x) dw = / [ (2)VT(z) + f(2)] VT () da
b [ W) VD )T )
- [ (@91 + 1) V1@ dr [ a7 )i
Therefoje, T is a stationary point of the funj[]ivonal ® in (3.10). |

If 6p = ¢, €x = 0, the problem (3.1)-(3.3) reduces to the problem with a Dirichlet
boundary condition

TH(y)=0 on €
and the corresponding functional ¢ in variational formulation (see (3.10)) takes the form

1

2p(T) = 3 / (e (2)VT(2), VT (@) + f(@)T ()] da.
Q
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If¢p =0, €x = €, from (3.1)-(3.3) we get the problem with Neumann boundary condition

—((yv(y), (VT) (y) =qly) on ¢

and the corresponding functional in variational formulation (see (3.10)) takes the form

ou(T) = 5 [ [(@VI@). V@) + )T @) do+ [ a7 ()

Q 4

We conclude the section with some auxiliary results on Lebesgue points of integrable
functions which is important in the next section.

Let B(x) be a ball in the Euclidean space B C R™ centered at x. The derivative of the
integral at x is defined to be
li !
im

f(y) dy, (3.14)

where |B(x)| denotes the volume (i.e., the Lebesgue measure) of B(x), and B(z) — =«
means that the diameter of B(z) tends to 0. Note that

%wz/ﬁ iy

()] dy. (3.15)

'1 ) dy — f(2)

|B(@)] JB)

1B (:L“ | /B
The points x for which the right hand side tends to zero are called the Lebesgue points of f.

Theorem 3.7 (Lebesgue Differentiation Theorem, Lebesgue 1910.) For an integrable func-
tion f € 1Ly (Q2) the derivative of the integral (3.14) exists and is equal to f(x) at almost every
point x € (.

Moreover, almost every point x € () is a Lebesgue point of f (see (3.15)).
Corollary 3.8 If g € Lo(Q2), f € Lo(2 x (—1,1)), then

1 t+e
g o= [ (G0, £ 7)adr = G0, £ (3.16
t—e

foralmostallt € (—1,1).

Proof: It is clear, that g - f € L,(€2 x (—1,1)) and for the function h(t) := (g(-), f(-, 1))

the inclusion h € Ly ((—1, 1)) is true. Thence we can apply Theorem 3.7 to the function h(t
and get (3.16).

I'-CONVERGENCE



June 27, 2017 I'-CONVERGENCE AND SHELL THEORY 87

3.5 HEAT TRANSFER IN THIN LAYERS

Let € be a C? smooth orientable surface in R? given by a single chart (immersion)
0: w—%C, w C R?

and let v(2°), 2 € € be the unit normal vector field on ¢ with the fixed orientation. Chart is
supposed to be single just for convenience and multi-chart case can be considered similarly.

Denote by ¢ the layer domain i.e. the set of all points in R? in the distance less then € from
% . Then for sufficiently small e themap © : € x (—¢,e) — Q°

O(2,t) =2 +tv(z) =0(z) + tv(d(x)), T EwW

is C'' homeomorphism and O (% x {0}) =

As noted above we can extend unit normal vector field to the entire (2° properly by

assuming
v(z +tv(z)) =v(e), 2 €F, —e<t<e.

If € is sufficiently small, the boundary .Z° := 0€)° is represented as the union of three
C*-smooth surfaces .#° = M. p UM UMy, where M. p = OC x [—¢, €] is the lateral
surface, /4"y = € x {+¢} is the upper surface and .#_ = € x {—&} is the lower surface
of the of the boundary .Z° of layer domain 2°.

In the present section will be considered the heat conduction problem by an isotropic”
medium, governed by the BVP (cf. (3.4) for Ag:)

Aq:T(2,t) = f(2,1), (2,t) € € X (—¢,¢),
TH(2,t) =0, (2,t) € 0F x (—¢,¢), (3.1)
O (7, te) = ¢ (2), 2 €F.

The case of an "anisotropic” medium will be treated in a forthcoming publication.
We impose the following constraints

T e HY(QF), ¢ €H2(¥), feLy(),

~ (3.2)
0 is the Lebesgue point for the function f / |f(2,t)]2do

(see (3.15) and note that Hﬂ]Ll(—l, 1| < || f|L2(Q2")[|?). The latter constraint implies that
£(0) exists and, due to Theorem 3.7,

i~ [ Fie = [ [ 10 Pdodt = Fo0

The formulated BVP (3.1) governs a heat transfer in the body (2 when there are thermal
sources or sinks in {2°. The temperature on the lateral surface 0% x (—¢, €) is zero, the heat
fluxes are fixed on the upper and lower surfaces 6’ := € x { £¢). Itis well known, that the
boundary value problem (3.1) as well as it’s equivalent problem (3.6)-(3.8) have the unique
solution T' € H'(QF) (respectively, Ty € H!(02°); see, e.g., [DTT1]).
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The energy functional associated with the problem (3.1) reads (cf. Theorem 3.6)

//{ (26T (2, 7) + (‘9 T%(#,7) + F(2,7)T.(2,7)| dodr,(3.3)

—€ €
F(r. 1) = f(,%,t)—4—18((t+5)2A(gqj(%)—(t—e)QAcgqg(%))
— T+ ()~ (- e () 5 (@ ()~ (), G

(2,t) € € x (—¢,¢).

More generally, we consider the non-linear functional

EAT) = / [Ho(Por T (), T(x)) + Fo(2)T(2)] do, (3.5)

where #o(Zq:T, T) is strictly convex and has quadratic estimate. In the case of the func-
tional (3.3),

1 1 1 1
Ho(DoeT, T) = §@QET, Do-T) = 5(%ET)2 = 5(%@)2(%, T) + 2—82(87T5)2(%,7)(3.6)

and it is clear that the kernel is strictly convex because the quadratic function F'(x) = 22 is
strictly convex [0z; + (1 — 0)x5)? < 022 + (1 — )2 forall v, 29 € R, 11 # 29,0 < 0 < 1.
The kernel has a trivial quadratic estimate, because 1s a quadratic function.

A nice proof of the next Lemma 1.49 is exposed in [AMR1, Example 3.6]

Lemma 3.9 Let Q) be a domain in R™ with the Lipshitz boundary 4 = 0 and My C M
be a subsurface of non-zero measure. Then the inequality

1/2

lp | La(Q)]] < O Ve | La(Q)]| = C [ZII@@\M )|1? 3.7)

holds for all functions ¢ € ]ﬁll(Q, My) and the constant C' is independent of .

Now we perform the scaling of the variable t = 7, —1 < 7 < 1, and study the following
functionals in the scaled domain Q! = ¢ x (—1,1)

1
E.(T.) = / 1 [g {% <@%T€, é&tTe,Te) + FETE} dodr (3.8)

where Yy = (D1, Do, P3), Y4 = O;. The functionals E. (T.) are related to the original
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functional £ (T") by the equality

. (T.)— éE (T), where T(#,t) =T (21,29 25¢t), and (3.9)
Fu,)=F(#,2t) = f(7,et) = =((t + 1) Do (#) = 2t = 1)*Agqz (2))
- @((t +1)g () = (t = Dz (2)) - 2%((1?(%) —q¢(2)), (3.10)

(2,t) € € x (—¢,¢).
Lemma 3.10 Let F. be uniformly bounded in Ly(Q')
sup || FL|[Ly(QY)]| < oo. (3.11)

e<eg

Then the energy functional E.(T) in (3.8) is correctly defined on the space ]ﬁll(Ql, 0€ x
(—1,1)), is strictly convex and has the following quadratic estimate

E.(0T, + (1 — 0)Ty) < 0E.(Ty) + (1 — 0)E-(Ty), 0<6<1
1
Cl /% (9%07-', gatT, T) dodt — CQ g EE(T>
o (3.12)
<Gy |1+ / H (%T, Lo, T) dodt )| |
9
Ol

VT, To, T € HY(Q!, 0% x (—1,1))

for some positive constants Cy, Cy and C3 not depending on ¢.

Proof: Let us decompose the functional E.(7') in (3.8) into the sum of non-linear and linear
parts

E.(T) = (1) + BA(T)
EO(T) ::/ 7 (@%T, %&T, T) da, (3.13)
Ql

(2) = i X lax.
EO(T) = / F@)T(a)d

By the conditions imposed on #j in (3.5), the first (non-linear) functional EE(I)(T) 18
strictly convex and has a quadratic estimate:

1
C?/ <<-@(5Tj, D¢T;) + 5—2|8tTj|2> dz — C9 < EW(T)
J

Ql

1
<Y 1+/<<%Tj,@ﬂj>+§|aﬂ}|2) dr| . (3.14)

ot !
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On the other hand EE(Q) (T) is linear and, therefore, strictly convex (see the first inequality
in (3.12)). Thus, we only have to prove the two-sided quadratic estimate in (3.12) for the

linear functional (T'). Due to Lemma 3.9 and the equality (3.13) we can write:

< F Lo QYT Lo (Y]] < MIIVT[L2(QY)]

/Q F(a)T(x)da

1 1
<2 ( +mIVTIL@)) < M+l P TIL()). 315

Choosing 7 = 1 in (3.15) and taking into account (3.14) we get the right inequality in the
second line of (3.12), whereas taking 7 sufficiently small we obtain

E(T) > |[EX(T)| = |EENT) > Cil|Za: T|La(¥)||* = Co. O

Let F; = F.,,0 < ¢; <1, lime; = 0 and F.; be uniformly bounded (see (3.11)).

j—00
Further let T; = T, € H'(Q',0¢ x (—1,1)), j = 1,2,... be the sequence of functions
with “finite energy”:
sup £, (1) < +o0. (3.16)
J

Then from (3.14)—(3.15) we get
1 1
CNTa T L= | (59T, 9T + 55T ) do
0l 2 28]

=CYE. (T;) — C} /Q Fj(2,0)Ty(#,t)dodt
<G (1+ [ F L QD1 T3 |2 (1))
<OB(1+ | ZaTILA@)) (3.17)
since, due to Lemma 3.9,
IT5 Lo ()] < Col| Zen T Lo (). (3.18)

Consequently,

1 1 1/2
sup [Za L@ =sw ([ (306D, 260+ Llom ) de) < 4oc19
J j Ot j

J

From (3.17)-(3.19) follows

1
Sup/ |T;]? dz < oo, sup/ |Z¢ Ty dz < o0,  sup - 0,T}) dz < co. (3.20)
i Ja i Ja i &5 Jan

Note, that if 7; are the scaled solutions to problem (3.3), then from the Euler-Lagrange
equation, associated with the functional (see (3.12)), follows that £, (T3) = 0 and therefore
conditions (3.20) are satisfied.
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Due to (3.20) the sequence {7}} ™, is uniformly bounded in HY(Q!, 0% % (—1,1)) and a

weakly converging subsequence (say {7}~ itself) to a function 7" in H (O, 0 x (—1,1))
can be extracted.
The functional

H(T) = / 0,7 dx
Ol

is convex and continuous in H'(Q}, 8% x (—1,1)); then it is weakly lower semi-continuous
and 0,17 = 0 a.e., because

5 0,7 de = H(T) < lim inf H(Tj) = lim inf /Q 0,T;|” dz = 0.
(see the last inequality in (3.20)). Hence T'( 2, t) is independent of ¢, i.e.
T(,t)=T(2), €€, —-1<t<l1. (3.21)
Let the following conditions are fulfilled

fe(#,t) = f(o,et) = fOz) in Ly(Qb), (3.22)

qgi € H?(¥) are uniformly bounded (with respect to €) in H?(%’), and

. Jr . . - _ .
limg = limg: = go, in La(?), (3.23)
and
1 _ :
%(qj —q) —q in Ly(%). (3.24)
From (3.22)- (3.24) follows in particular, that
Fi(2,t) = F(2,0) in Ly(Q"). (3.25)
Set
EWO(T)+ E®(T) for T € 2(¢);
©) () — ;
ET(T) = { +o00, for T & Z(¥). (3.26)
where & (%) is defined in (3.12), and
1
EOT) =5 [ (D) (w.t) (FonT) (1)) dor
01
— [ (96T )@ ()i (327)
2
E<2>(T);—/ F(2,0)T (2, t)do dt
Ot
- 2/ (f22) — Hqo(2) — qu(2)) T (2)do. (3.28)
€
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Let us check that the E. sequence I'-convergs to £¥) in H(QF, 0 x (—1,1)). Indeed, we
have
E.,(T;) = EL/(Ty) + ED(T),

where

e
—~
—_
~—
~
3
~—
|

1 1
- [ (51,21 + Slomp) do, 521 = [ Fins
J

Ot QL

The functional £ (T) is convex and continuous and so it is weakly lower semicontin-
uous in H!(QF, 0¢ x (—1,1)), therefore

liminf EY(T;) > liminf EW(T)) > EY(T).
J J J

Sequence Eg) (Ty) converges to E@(T), because Fj(2,t) — F(2,0) and T; — T in
Lo (Q'). Consequently
liminf E. (T}) > E°(T).
J

This proves lim inf inequality for the sequence E .
Note, that

1
E(T) = //F(ﬂ” 0)T (2, t)dt do = 2 / F(2,0)Ty(2)do.
¢ —1 3
To show that the lower bound is reached i.e. to build a recovery sequence 7 we fix Ty €

H! (¢) and set T (2,t) = Ty (2), 2 € €, t € (—1,1). Define recovery sequence as
Tj(x,t) =T(x,t) = Ts(x) Then 0,1; = 9,7 = 0 and

lim E. (T;) = lim ED(T) + lim EX(T) = EY(T) + E®(T) = EO(T).

Jj—00 Jj—o0 Jj—00 €
We have proved the following result.

Theorem 3.11 If conditions (3.22)- (3.24) are fulfilled then the functional in (3.8) I'-converges
to the functional E©)(T) defined in (3.13) as £ — 0.

Now we are able to prove the main Theorem 3.1 formulated in the introduction.

Proof of Theorem 3.1: The first part of the Theorem i.e. I'-convergence of the functional
(3.13) to the functional £(*) defined by (3.13), is proved in Theorem 3.11.

The concluding assertion, that the BVP (3.14) is an equivalent reformulation of the min-
imization problem with the energy functional (3.13), is explained in Theorem 3.6. U
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