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Abstract. We propose an approach which allows global representation
of basic differential operators (such as Laplace-Beltrami, Hodge-Laplacian,
Lamé, Navier—Stokes, etc.) and of corresponding boundary value problems
on a hypersurface . in R”, in terms of the standard spatial coordinates
in R™. The tools we develop also provide, in some important cases, use-
ful simplifications as well as new interpretations of classical operators and
equations.

The obtained results are applied to the Dirichlet and Neumann boundary
value problems for the Laplace—Beltrami operator A4 and to the system
of anisotropic elasticity on an open smooth hypersurface ¥ C . with the
smooth boundary T' := 9%. We prove the solvability theorems for the
Dirichlet and Neumann BVPs on open hypersurfaces in the Bessel potential
spaces.
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1. INTRODUCTION

The purpose of this work, which is based on the joint paper with D. Mitrea
& M. Mitrea [16], is to provide a (relatively) simple calculus of Boundary
value problems (BVP’s) for partial differential equations (PDE’s) on hyper-
surfaces in R™. Such BVPs arise in a variety of situations and have many
practical applications. See, for example, [21, § 72] for the heat conduction
by surfaces, [4, § 10] for the equations of surface flow, [8], [3] for the vacuum
Einstein equations describing gravitational fields, [38] for the Navier-Stokes
equations on spherical domains, as well as the references therein.

A hypersurface . in R™ has the natural structure of a (n—1)-dimensional
Riemannian manifold and the aforementioned PDE’s are not the immediate
analogues of the ones corresponding to the flat, Euclidean case, since they
have to take into consideration geometric characteristics of % such as cur-
vature. Inherently, these PDE’s are originally written in local coordinates,
intrinsic to the manifold structure of .#.

The main aim of this paper is to demonstrate the approach which allows
representation of the most basic partial differential operators (PDQO’s), as
well as their associated boundary value problems, on a hypersurface . in
R™, in global form, in terms of the standard spatial coordinates in R™. It
turns out that a convenient way to carry out this program is by employing
the the so-called Giinter derivatives-the column of surface gradient

D= (D, Doy, D)’ (1.1)

(cf. [20], [23], [13]). Here, for each 1 < j < n, the first-order differential
operator %; is the directional derivative along 7e;, where 7 : R" — T.%
is the orthogonal projection onto the tangent plane to . and, as usual,
ej = (0jk)1<k<n € R™, with 0,z denoting the Kronecker symbol.

The operator Z is globally defined on (as well as tangential to) ., and
has a relatively simple structure. In terms of (1.1), the Laplace—Beltrami
operator on . simply becomes (see [26, pp. 2ff and p. 8])

Ay =99 on 7. (1.2)

Alternatively, this is the natural operator associated with the Euler—Lag-
range equations for the variational integral

Slu] = —%/H@uHQdS. (1.3)
S

A similar approach, based on the principle that, at equilibrium, the dis-
placement minimizes the potential energy, leads to the derivation of the
equation for the elastic hypersurface (cf. [16, 15] for the isotropic case).

These results are useful in numerical and engineering applications (cf.
[2], [5], [7], [10], [12], [6], [34]) and we plan to treat a number of special
surfaces in greater detail in a subsequent publication.

The layout of the paper is as follows. In § 2-§ 3 we review some basic
differential-geometric concepts which are relevant for the work at hand (e.g.,



22 R. Duduchava

hypersurfaces and different methods of their identification). In § 4-§ 5 we
identify the most important partial differential operators on hypersurfaces,
such as gradient, divergence, Laplace—Beltrami operator. In § 5, starting
from first principles, we identify the natural operator of anisotropic elasticity
on a general (elastic, linear) hypersurface .% (see [16] for the isotropic Lamé
operator). Our approach is based on variational methods.

In § 7, § 8 we study the Dirichlet and Neumann boundary value problems
(BVPs) on an open hypersurface. We apply two approaches-the functional-
analytic based on the Lax—Milgram Lemma, which requires less smoothness
of the underlying hypersurface, and the potential method, which appliues
the fundamental solution and imposes the condition of infinite smoothness
on the hypersurface, also allows investigation of the equivalent boundary
pseudodifferential equations in the scale of Bessel potential spaces H;(F),
where |s| < £ and 1 < p < oo, provided the boundary I := 9. is f-smooth.

The same project is carried out in § 9-§ 12 for the equations of anisotropic
elasticity and we study the Dirichlet and Neumann BVPs for them on an
open hypersurface.

2. BRIEF REVIEW OF THE CLASSICAL THEORY OF HYPERSURFACES

The next definition of a hypersurface is basic in the present chapter
and we give two further definitions later. The alternative definitions are
very useful treating various problems and later, in Lemma 2.5, we prove
equivalence of all three definitions.

The next definition is most universal and can be used for manifolds.

Definition 2.1. A Subset ¥ C R" of the Euclidean space is called a
hypersurface if it has a covering . = UJAil ; and coordinate mappings

0 wj— L =0;wj)CR", w,CcR" j=1,...,M, (2.1)
such that the corresponding differentials
DO;(p) := matr [010,(p), ..., 0,-10;(p)], (2.2)
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 ©; for all j =1,..., M.
Such mapping is called an immersion as well.

The hypersurface is called smooth if the corresponding coordinate dif-
feomorphisms ©; in (2.1) are smooth (C*°-smooth). Similarly is defined a
p-smooth hypersurface.

Next we expose yet another definition of a hypersurface. Definition 2.1
is a particular (canonical) case of a hypograph surface represented by a
single coordinate function M = 1, while Definition 2.2 deals with a general
hypersurface.
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Definition 2.2. An open subset
Qp = {p =@ pa) ER": ' €R"Y, py €R, pp < @(p’)}. (2.3)

in the Euclidean space R™, generated by a real-valued function ® : R"~1 —
R, is called a hypograph domain.
The boundary

Sy = {z ER": 2= (1, d(p)), P €w C R”*l} (2.4)

of a hypograph domain Qg is called a hypograph surface. If ® is u-
smooth, .# is referred to a u-smooth hypersurface.
If ® is a Lipschitz continuous
|2(p") — ()| < Llp' = ¢|, v'.d € R L (2.5)
& is referred to as a Lipschitz hypersurface.

Definition 2.3. An open subset Q C R™ (compact or with outlets at
infinity) is called a domain with smooth boundary (with a p-smooth
or with the Lipschitz boundary) if there exists a finite family of open sets

N
{Qj }j:1 such that:
i. each Q;, j =1,..., N can be transformed into a hypograph domain
by an affine transformation, i.e., by a rotation and a translation;

N N
i Q= Qand 92 C () 99;.
j=1 j=1

The C*-smooth (the Lipschitz) boundary .7 := 9 of a hypograph do-
main 2 C R" is called a hypograph surface.

The third definition of a hypersurface is implicit.

Definition 2.4. Let £ > 1 an w C R™ be a compact domain. An implicit
C*-smooth (an implicit Lipschitz) hypersurface in R™ is defined as the set

S ={2r cw: Vy(2)=0}, (2.6)

where ¥ : w — R is a CF-mapping (or is a Lipschitz mapping) which is
regular V ¥(2°) # 0.

Note, that by taking a single function W & for the implicit definition of a

hypersurface . we does not restrict the generality: if

M

S =], and F = {2 cw; CR": ¥;(2) =0},

j=1
we pick up a partition of unity {z/Jj}inl subordinated to the covering
{w;}L,. The surface .7 is then represented by formula (2.6) and a sin-
gle implicit function

M
Uy =Y 1,0, (2.7)
j=1
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Lemma 2.5. Definition 2.1, Definition 2.3 and Definition 2.4 of a hy-
persurface % are all equivalent.

Proof. Let us fix an arbitrary point p € . = 90 at the boundary. Accord-
ing to Definition 2.3 locally, after an affine transformation, which brings
p to the origin p = 0 and the tangential surface at p to the hyperplane
pn = 0, a neighborhood .; C % of the point p is given by the surface
equation .%; = {p, = ®;(p') : p’ € Q; C R"7'}. Thus, modulo an affine
transformation, .%; = {(2/, ®(2’)) : 2’ € Q; C R""'} represents the image
of the mapping ©,(-) = (-,®(:)) : Q; — ¥ C . and, for some integer

M
M eN, . = | ¥ is a hypersurface according to Definition 2.1.
=1

Vice Versa,J let a hypersurface . in R" be given by the definition 2.1.
Fixing arbitrary point p € . we recall that the Jacoby matrix DO; =
VO; of the coordinate diffeomorphism has rank n — 1. We choose a non-
degenerate (n—1) x (n—1) minor among n minors of DO ;(p1, ..., p,) and let
g;? be the distinguished component of the vector-function ©; = (g}, cee g;?)T
not present in this minor. Due to the implicit function theorem (cf., e.g.,
[37, V. I]) there exists a small neighborhood w; of p = 0 and the implicit
function ®;(p) such that g7*(®;(p')) = pm, m =1,...., k=1L k+1,...,n
for (¢/, pn) € 5.

Next we shift the point p to the origin p = 0 and apply the rotation
which interchanges the distinguished variable p; with p,. Then, modulo
an affine transformation of the variable p, the part .%#; of the surface . is
represented as the graph (p/, g¥(®;(p'))) ", i.e. as p, = ;(p) := gF(®;(p"))
and . is a hypersurface according the Definition 2.3. _

The implication Definition 2.3 = Definition 2.4 is trivial: a piece .
of a hypograph surface .%s defined by a function ®; € C¥(V), V. c R*~!,
is an implicitly defined hypersurface and the corresponding function is

U,(0) =2, — ®j(2'), x=(2,2,) Ew; =V x [~¢,¢], (28)
£>0, j=1,..., M.

How to convert a local implicit representation into a global one is shown
in (2.7).

To complete the proof we only need check the implication: Definition 2.4
—> Definition 2.3.

Let . be a part of a hypersurface . given implicitly by a single function
¥ € C*(wj), w; C R™ and Oy, ¥;(x) # 0. Due to the implicit function
theorem there exists the implicit functions ®; € C*(€;), Q; € R"~! such
that

0

\I/(Ilv" '7'rkj717(1)j(‘rla' sy Lhj—1yThj—1, - - .,In),ijfl,. e 7In)

VeeU;, j=1,...,n.
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Then, modulo the affine transformation

(xla-' -wrkj—luxkj—lu' ..,I’n) = (plu' "7pn—l); Pn = (Ekja

the part .7 := U;N.¥ of the surface is represented as the graph p,, = ®;(p’)
and . is a hypersurface according the Definition 2.3. O

Remark 2.6. Redefinition of a C*-smooth hypograph hypersurface as
an implicit hypersurface in (2.8) is not unique: we can also take

U(0):=x,—d0)+Gx), z= (2" 2,) Ew:=V xR, (2.9)

where G(2) = 0 for V2 € . Moreover, G(z) might be non-properly
smooth G € C™(w) with m < k.

Definition 2.4 is a powerful source of hypersurfaces.

Example 2.7. For a fixed pair R > 0 and p € R" the set
SE () = {:17: (21, o, my) ER™: Ug(2)= |z—p|2—R2:O}, (2.10)

defines the sphere of radius R centered at p.

Similarly, for a pair of vectors p € R™ and of r = (ry,...,7,)! with
positive components r; > 0,...,r, > 0 the set
n _pa\2
&t :—{x—(zl,...,xn)TER”: wr,p(x):Z(%%m) —1_0} (2.11)
j=1 J

defines the ellipsoid.
Both, S% ' (p) and &t are hypersurfaces in R™.

In some applications it is necessary to extend the outer unit vector field
to a hypersurface in a neighborhood of .| preserving some important fea-
tures. For example, such extension is needed to define correctly the normal
derivative (the derivative along normal vector fields, outer or inner). We
consider here a natural extension based on implicit representation of a sur-
face . and note that another possible extension is based on the hypograph
representation (2.4).

Lemma 2.8. Let .¥ C R"™ be a k-smooth hypersurface, k = 1,2,...,
given implicitly ¥ o (2°) = 0 by the function Vo € C*(Qy) defined in a
neighborhood Q& of the surface ¥ C Qo C R™.

i. The unit vector field

_ YV T - (Ve
W—W—{Jﬁ,,%} ) %_Wa .]_17"'an (212)

is Ck¥=1-smooth and, for any (fived) point x € Q. it is normal
vector to the level surface

So = {yeR”: \Ify(y):C:: \Ify(l')} (2.13)
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In particular, on the initial surface .7 it coincides with the unit
normal vector field

N(x) =v(z) forall z €.
ii. If k> 2 the following equality holds:

N (x) = Vw or, componentwise,
- \I’y(x) — C - '
Ni(x) = 0, YU @) Vee Yo, j=1,...,n.

iii. The following equalities
0 M (x) = OON;  hold for all z € S, jk=1,...,n. (2.15)
Proof. Let {.7,0;}0, be the atlas which defines . (cf. Definition 2.1).
The pull-back functions ¥3(z) = (0;.Vy)(z) = V;(0;(r)), v € w; C
R"~! are immersions: the corresponding gradient has maximal rank
VU (z) := matr [0V} (2),..., 0,19} (z)],
rank VUi(z) =n—1 Vrew;, j=1,...,M.

Since W (x) =0 for x € wj, the chain rule provides

n—1

OV () = Y (OmT5)(0;(2))(0k0)m(z) =0, k=1,...,n—1

m=1

and justifies that the gradient of the hypograph function is orthogonal to
all tangential vectors

(0k0;(2), (VU £)(0;(2)))=0 Vzew;, k=1,...,n, j=1,...,M. (2.16)
Therefore, the normed gradient

(VU o)(2)

I/(E?”) = W, xr eSS (217)

coincides with the outer normal vector on the surface (cf. Fig. 1).

The same holds for the level surfaces .7, since this surface is defined by
the implicit function ¥ o — C.

The equality (2.14) follows taking into account that ¥ »(x) — C =0 for
all z € Yo

\I/y(l') - C _ ((%‘I’y)(m
TV (2)]  [VEs(2)

0,1V ()| _
MEGE

f C(Wa(x) —C)

*7(@\1/‘7)(17) = N;(x) for all x
= Ry o] =i forall ze Lo

Equalities (2.15) are simple consequences of (2.14). O
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Tn

T2

Fig. 1

Definition 2.9. Let .¥ be a surface in R” with the unit normal v. A
vector filed A4 € C1 (%) in a neighborhood Q. of ., will be referred to

as a proper extension if JV} = v, it is unitary |A4] = 1 in Q& and if
A satisfies the condition

0; M (z) = O N () forall z€Qgy, jk=1,...,n. (2.18)
not only on the surface . but in the neighborhood (cf. (2.15)).

The proper extension of the unit normal vector filed v is organized as
follows: A (x) = v(2) for all x = 2 + tv(2) C Qx», where 2 € ¥ and
—e < t < g, i.e., we extend the unit normal vector field in the direction of
the normal vectors (positive and negative) as constant vectors. Obviously,
Oy N (x) =0in Q.5 and the extension is proper.

In the sequel we will dwell on a proper extension and apply the above
properties of 4.

Corollary 2.10. For any proper extension A (z), x € Q.o C R™ of the
unit normal vector field v to the surface ¥ C Q. the equality

Oy N (x) =0 holds for all x € Q. (2.19)
In particular, for the derivatives
Dy =0k — MOy, k=1,...,n, (2.20)

which are extension into the domain Q& of Giinter’s derivatives Dy = Oy —
vp0y on the surface ., we have the equality:

.@ke/%:akc/%_c/‘/kaﬂ/zak% j,k:L,n (221)
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Proof. We apply (2.18) and proceed as follows:

n n 1 n

Dy =D MM =D M= 5D ;M =0;1=0
k=1 k=1 k=1

forall j=1,...,n. ([

Remark 2.11. Lemma 2.8 was proved partly in [16, § 3] for a particular

implicit function representing the given hypersurface ./, namely for the
signed distance

U o (z) := xdist(z, ), z € Q, (2.22)

where the signs “+” and “—” are chosen for x “above” (in the direction of
the unit normal vector) and “below” .7, respectively.

Lemma 2.12. For an arbitrary unitary estension A (x) € C1(Qx),
|4 (x)] =1, of v(2), in a neighborhood Q.o of .7, the following conditions
are equivalent:

i. 8/1/:/1/"7 =0, ie, Oy Mj(x) = 0 forx — 2 € & and j =
1,2,....n;
ii. [3;6%—aj%]‘y:.@kyj—.@juk:Ofork,jzl,Z,...,n.

Proof. The implication (i7) = (i) follows readily by writing

Oy, = {é%aj%}:_l\y - {é%ak%}:ﬂ’y B

1 1
_ 2 mﬂ/ﬂ = - V,1=0. 2.23
As for the inverse implication, we first observe that, in general,
8V</V‘§, =0 & JV‘y =v imply 8V</V’§, depends only on v (2.24)

and does not depend on a particular extension .4 for arbitrary vector
field V.
Let

Ty R" — ¥ (),
Ty (t) =1 — vt (t) = [ — vi(t)w(t)]

denote the canonical orthogonal projection 77‘%” = 7y onto the space of
tangential vector fields to . at the point t € .%:

W,meV)=> vV =Y vnVi =0 forall V=(V,...,V,)" €R"
J J.k

2.25
te s ( )

nxn’

In the sequel we shall tacitly assume that the projection m ¢ is extended
to the neighborhood Q &

Fo(z) = [ — N (@) M ()] 7, =%y, x €Oy (2.26)

nxn’
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Note that U = 79U + (U, A" ). 4 for arbitrary field U in the neighbor-
hood Q4. Then

because BKAA/V}'?, = 0 and 7« U is a tangential field to .. Thus, we can
dwell on the particular extension (2.14) and observe

Ve vy
M| = O0j==—| =0j0his=—| = 0jM
Wile = 00ge ), = PO, = o
which proves the implication () = (7). O

Remark 2.13. It is clear that a normal vector field and it’s (non-
unique) extension exists for arbitrary Lipschitz surface, but almost every-
where on ..

Moreover to enjoy the properties listed in Lemma 2.8, we have to consider
smoother than Lipschitz surfaces and assume C?-smoothness of ..

3. GAUSS AND STOKE’S FORMULAE FOR DOMAINS IN R"

In the present section we consider a hypersurface ., which is a bound-
ary of some domain 2 C R™. We dwell on Definition 2.1 and 2.2 of a
(hypograph) hypersurface ., which are most convenient for the present
purposes.

The Gau$ formula (3.1) is a basic result in calculus on surfaces. We refer
to [27] for the simplest proof of the following proposition.

Proposition 3.1 (Gaufl formula). Let & C R™ be a domain with the
Lipschitz boundary . = 0Q, v(t) = (vi(t),...,vn(t))" be the outer unit
normal vector to &/ and f € Wi(Q2). Then

[oswa= fu@irmas (3.1)
Q B4

in the following sense: the integral in the left hand side exists (since, by the
condition, 9; f € L1(Q)) and the integral in the right-hand side is defined by
the above equality.

Remark 3.2. The last statement of the foregoing Proposition 3.1 ex-
plains the traces 7.9, f(2) of f € W}(Q) despite, a well known theorem
that the trace v#0;f(2) = ajf(%)|y of a function f € Wi(Q) on the
boundary surface . = 0f) does not exist for sure. The assertion does
not contradicts the trace theorem, because states existence of the trace in
combination with components of the normal vector v;(z) f(z).

Next we are going to derive some important consequences of the Gaufl
formula.

Corollary 3.3. Let Q, . = 9Q and v(7) = (v1(7),...,vn(7T)) " be as
in Lemma 3.1.
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i. The divergence formula

/ div F(y) dy = 7{ (w(r), F(r)) dS (3.2)

7
holds for the divergence

div F(x) := 01 fi(z) + -+ - 4 Onfu(x) (3.3)

of a vector field F = (f1,..., fn)" € WH(Q).
ii. The integration by parts

/ 0,1 (y)g(y) dy = 74 () f(r)g(r)dS — / fWdgw)dy  (3.4)
Q

7
holds for arbitrary f,g € W (7).

Proof. Formula (3.2) is a direct consequences of the Gauf formula (3.1):

/div F(y)dy = Z/ajfj(y) dy =
Q J

= Z]{’/j(T%fj(T)dS - %@,(T) Flr
! 7

Since f,g € W3(.#) implies fg € W3(.#), we can apply the Gaufl formula
(3.1) to the Leibnitz equality 0;[¢(y)¢(y)] = ¢(y)d;1(y) + 1 (y)dj¢(y) and
get (3.4) readily. O

Let us consider the normal derivative

Opp:=v Vo= Z v;0jp, € CHRQ). (3.5)
j=1
Corollary 3.4 (Green’s formula). Let Q C R™ be a domain with Lips-
chitz boundary.
For the Laplace operator

A=07++0?2 (3.6)
and functions o, € W3(Q) the following I and 11 Green formulae are valid:
[0 = foneeeeas-3 [ommoewa, 61
Q 09 =19
/ (M) W)e(y) dy =
Q

- / b() (D) () dy + 74 [(0u)(M)e(r) + $(r) Bu)(7)] dS.  (3.8)
Q

o0
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Proof. Let, for time being, ¢, € C?(Q)). By applying (3.4) we prove I
Green formulae in (3.7).
By writing a similar formula

/ () (0)Ap(y) dy =

Q

= ]{(&/U))(TW(T) dSy — Z/(aﬂ/f)(y)(aﬂﬂ)(y)dy (3.9)
o9 =g
and taking the difference with (3.7), we prove II Green formulae in (3.8).
For arbitrary ¢, 1 € W3(£2) the Green formulae (3.7) and (3.7) follow by
approximation p; — ¢, ¥; — 1, p;,1; € C*(Q). O

Stoke’s derivatives are concrete examples of weakly tangential opera-
tors
///,5/7 = [.///jk] .//]k = l/jak - l/kaj = 8mj,k' (3.10)
These derivatives are directional with respect to a tangential vector fields to
S (cf. (4.8) and (4.10)). Indeed, the directing vector m;x(2) = v;(2)ek —
vi(2)el of My, where {€/}7_, is the Cartesian frame in R", is tangential
to .7

viz) m(2) =vi(2)w(z) —uv(2)vi(z) =0, 2. (3.11)

nxn’

Therefore the Stoke’s derivative .#;, can be applied to functions defined on
the surface . only.

Corollary 3.5. Let Q, . = 9Q and v(1) = (v1(7),...,vn(7)) " be as
in Lemma 3.1.
The following Stoke’s formulae

Flttnn@as =0 (3.12)
7
holds for j,k =1,...,n and for all f € Wi(.%).
The Stokes derivatives M ;1 are skew-symmetric:

Fetpneds = - fomapanas G
S S
for j,k=1,...,n and for arbitrary pair ¢, € W3(.%).

Proof. We assume temporarily that f € C'(.) and extend this function
into the domain F € C*(Q)NC?(Q) with the trace on the boundary F}y =
f. Such extension is possible since the boundary is a Lipschitz hypersurface.
It is possible to construct a direct extension by means of function theory
(cf. E. Stein [35]). But we consider here the following indirect construction:
consider the Dirichlet problem for the Laplace operator AF = 0 in  with
a boundary condition F' ‘ o = f. It is well known that the solution exists



32 R. Duduchava

and, moreover, F' € C®(Q) (cf.,, e.g., [24]). Herewith we have found the
extension.
Now apply the Gaufl formula (3.1) to a function 9;0kf = 9x0; f twice:

[P = e

Q

7
/(6;49 F %V}C dS.
7

Q

By taking the difference we get (3.12) immediately.

Note that formula (3.12) is valid for arbitrary f € C'*() without know-
ing an extension F(z) of f(2) into the domain 2, because the Stoke’s
derivative .#;; can be applied to a function defined only on the surface.

For a function v € W1(.#) formula (3.12) is proved by approximation
(cf. the concluding part of the proof of Lemma 3.1).

Formula (3.13) follows from (3.12) Since .#, is a linear differential op-
erator

Mkl V] = (M) + o(Mjki))
and by applying (3.12) we get

0= § (Mulopl) (1) dS = ) TI0(r) dS + f or) M) () dS
7 S S
The obtained equality completes the proof of (3.13). O

4. CALCULUS OF TANGENTIAL DIFFERENTIAL OPERATORS

The content of the present section partly follows [16, § 4].
Throughout the present section we keep the following convention: .7 is
a hypersurface in R™, given by an immersion

0:w—. wckR™! (4.1)
with a boundary I' = 0., given by another immersion
Or: w—T:=0, wCR"2 (4.2)

v(#) is the outer unit normal vector field to . an 4 (x) denotes an ex-
tended unit field in a neighborhood w. of . (cf. Definition 2.9). vr(t) is
the outer normal vector field to the boundary I', which is tangential to .&.

A curve on a smooth surface . is a mapping
v: I =S, I = (a,b] CR, (4.3)

of a line interval .# to ..
A vector field on a domain 2 in R™ is a mapping

U: Q—=R" U()= Zn: Uj(z)ed, (4.4)
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where U’ € C§°(9) and e’ is the element of the natural Cartesian basis
in R"

e! :=(1,0,...,0), ..., e":=(0,...,0,1), (4.5)
in the Euclidean space R". {e;}"_; is also called the natural frame or the
Cartesian frame.

By 7 () we denote the set of all smooth vector fields on €.
Let U € ¥(Q) and consider the corresponding ordinary differential equa-
tions (ODE):
v =U(y), y(0)=z, z¢€q. (4.6)
A solution y(t) of (4.6) is called an integral curve (or orbit) of the vector
field U. The mapping

y=y(t,x) = F(x): Q—Q (4.7)

is called the flow generated by the vector field U at the point .
A vector field U € ¥/(§2) defines the first order differential operator

Fh(2)) — F(x
Uf(@) = o f(a) o= tim TTEDZIE gy )
By applying the chain rule to (4.8) we get
00 () = (U), V(@) = S U)ot (1.9
=1 !

By 7 () we denote the set of all smooth vector fields, tangential to the
hypersurface .. Note that if the vector U is tangential, i.e., U € ¥ (%),
its orbit can be chosen as a curve on the surface .,

Fh(x): S-S, S Ccwc R (4.10)

Then the derivative Oy defined by (4.8) is applicable to a function f €
C1(.) which is defined on the surface .# only.

Note, that if a function f is defined not only on the surface ., but
also in a neighborhood of . C R”, formula (4.9) gives the rule for the
differentiation of f along a vector field U € ¥ (.%).

Definition 4.1. A derivative 97 : CY(¥) — CY(¥), U € V(&) is
called covariant if it is a linear automorphism of the space of tangential
vector fields:

oF - V() — V(). (4.11)

If . is embedded in R™, a directional derivative 0y along a tangential
vector field U € ¥() maps the space of tangential vector fields to the
space of possibly non-tangential vector fields

ou : V() /— V().
If composed with the projection
oGV =m10uV =0V — (v,0uV)v (4.12)
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(cf. (2.25)), it becomes a covariant derivative, i.e., becomes an automor-
phism of the space of tangential vector fields (cf. (4.11)).
The Giinter’s derivatives {_@j }?:1 are tangent and represent a full system

(cf. (4.37)-(4.39)). But the derivative 2,V is not covariant and maps the
tangential vectors to non-tangential ones 2; : ¥ (%) 4 ¥ (). To improve
this we just eliminate the normal component of the vector by applying the
canonical orthogonal projection mg onto ¥ () (cf. (2.25))

@]‘yv = Wy@jv = @jV - <V, 9jV>V = @jV + ((9vl/j)1/, (4.13)

where Oy := Z Vkoakcp = Z V,?@kgo
k=1 k=1

and obtain an automorphisms of the space of tangential vector fields

97 - V(S) = V(). (4.14)
To check the equalities in (4.13) we recall (v, V) = > v;V) = 0 and
j=1

proceed as follows

Iy p = Z Vkoaks@ = Z Vkogksp + Z Vkol/kau(;o = Z VkO@k%

k=1 k=1 k=1 k=1
<I/, .@JV> = Z Vm.@jvrg = Z [.@J(va,g) — Vng.@jl/m] =
m=1 m=1
= — Z Vﬁ@jym = — Z Vrg@ml/j = —8Vyj. (415)
m=1 m=1
Note that if U € ¥/(.) is tangent then
U=> Ul => Uld since » vUj = (v,U)=0, (4.16)
=1 j=1 =1

i.e. the system {d’ 7y is full in ¥(). Although this system is linearly

dependent, the representation of a tangential vector by {dj };?:1 is unique.

Definition 4.2. A tangential vector field U € ¥/ (%) is called Killing’s
field, if it generates a flow consisting of isometries and preserves the metric
on the surface . (cf. [37, V. I, Ch. 2, § 3]).

In other words the metric g(V, W) is invariant under the flow .#}, gen-
erated by the vector field U and can be recorded in terms of the Lie de-
rivative £y (cf. [37, V. I, Ch. 2], [16]) as follows:

Lyg(V,W)=0 forall VW € ¥ (). (4.17)
The representation matrix Def» U of the bilinear form
2Def»(U)V , W) := Lyg(V, W), YU, V,W € ¥ () (4.18)

is called the deformation tensor (cf., e.g., [37, V. I, Ch. 5, § 12]).
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Note that the deformation tensor is the symmetrized covariant derivative
(cf., e.g., [37, V. I, Ch. 5, § 12]).

(Defy U)(V, W) = % Lovu, W) + (owU, V)} =

% {7 U, w) + 03U )}, vV W ey (7). (419)
Let
dj :ZWyejEV, j=1...,n, (420)

be the projection of the Cartesian frame onto the tangent space ¥ (%) to
the hypersurface .. Obviously, the frame {d; };?:1 is linearly dependent

<V,dj> = Zl/jdj = 0, j: 1,...771.
j=1
Then any tangential vector field U € ¥ () has the following representation
U=> U)e => Uld € V() (4.21)
j=1

in the canonical Cartesian frame and its projection.

Lemma 4.3. In Cartesian coordinates the deformation tensor Def o (U )=
[D?k(Uﬂ ,, has order n_and of type (0,2) and

nx

1
D9.(U) = (Defr (U)) 1 = 5[(91‘50');‘ +(27U)] =
1 .
=3 [.@leg + .@kUJQ +0u(vjwe)], Vi k=1,....,n. (4.22)

where (.@J‘-yU)k denotes the k — th component of the covariant derivative
.@fﬂU.

Proof. For the proof we refer to [16]. O

Remark 4.4. Let us introduce the linearly dependent but full system
of vectors

{djk =d'® dk}?zl, d=e — viv, jk=1,...,n (4.23)
in contrast to the system

{ef=e/we} . (4.24)
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which is linearly independent. Then the deformation tensor can be written
as follows

Defy (U) = [9%(U)], ., = > DW(U)d" =
j,k=1

VAW (27 U); + (27U )] d* =

J 1

VkOW]Q [@kU]O + .@JU;(CJ + 8UVJ‘V;€} djk =
1

I
EINGERANERINGE

- VOW? [2,U7 + 2,UL] ", (4.25)
7 1
since, due to (4.38)
Z aU(Vij)djk = Z [VjUSL@ka + l/kU,,qn@myj} djk =0.
4 k=1 Jrksm=1

The obtained formulae prompts the following representation for the entries
1

of the deformation tensor @ ;5 (U) = 3 [(2;U)1 + (2,U);], which is false

since all rows of the deformation tensor Def & (U') (and all columns-since the

tensor is a tensor Def »(U) is symmetric) should be tangent for U € ¥ ().
This is the case if Def »(U) is written in the form (4.22).

Definition 4.5. Let . be a Lipschitz hypersurface in R® and € C .%¥
be an open subsurface with the Lipschitz boundary I' = 0%.

We say that a class of functions % (£2) has the strong unique continuation
property from the boundary if a vector-function U € % (§2) which vanishes
U(s) =0, Vs € v on an open subset of the boundary v C T, vanishes on
the entire €.

Let Z(”) denote the linear space of all deformation-free tangential vec-
tor fields (or Killing’s vector fields; see Lemma 4.3).
For the proof of the next Proposition 4.6 we refer to [15].

Proposition 4.6. The set of Killing’s vector fields (%) coincides with
the set of all solutions to the following system of partial differential equations

D%.(U)=(27U)+(2{ U)j = Z;UR+ DU +0u (vve) =0 (4.26)
for 1<j<k<n

provided that (v, U) = I/jUJQ = 0 and is finite dimensional, i.e.,
i=1

J
dimZ(¥) < oo (¢f. (4.21)) and Z(S) C C*(S) is the surface ./ is
infinitely smooth.
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If % is a C?-smooth hypersurface in R™ and € C . is an open C2-
smooth subsurface, the set () has the strong unique continuation prop-
erty from the boundary.

Let us find a formally adjoint operator to %;.
With (4.50) and with (2.18) we get

Do = =050+ Y h(vivep) =

k=1

= =00+ Y [vjukOne + (vkOkv;)e + v (Okn) @] =
k=1

= - j@_yj‘%ﬂ.;¢+(8VVj)¢a (pecl(ﬂy)’ (427)
since, like (2.23),

vlVj = Zl/kakyj = Zl/kajuk = 5 Zaju,f = §8j1 =0 (4.28)
k=1 k=1 k=1
(cf. Lemma 2.12.ii). Here
— Z @kuk(%) (4.29)
k=1

and (n — 1)7'#2(2) = H#w(2) is actually the mean curvature of the
surface at 2 € ..
It is obvious that the formal adjoint to the derivation Jyy with respect to

the vector field U € ¥/(.#) in Cartesian coordinates U = > U]de, can be

j=1
written as follows
Opf=|> U2\ f== 27U f)==> (2 + Hyvj)(U}f) =
j=1 j=1 j=1

n

==Y 2;(U)f)=-0uf— (diva U)f, (4.30)

j=1

since 75 = =9 —v; A (cf. (4.52)) and i Hyv;Ulf = Ay f(v,U) =0.
This further entails that =
(0F) = 719(0u)" = =07 — diveU, YU € ¥ (7). (4.31)
In particular, for U = d’,

07) =(27) =-27 -dive & = -2 —v; 40, j=1,...,n, (4.32)
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since

diVy dj = Z@k(l/jl/k) =
k=1

= Z (V; Devi, + vieDv;) = vidivov + Oyvj = v, H5.
=1
The adjoint Def%, to Defs is defined in Cartesian coordinates by
(Deft, )k = 5 (27|27 + Z"7] (4.33)
for each tensor field Z = [ij] of type (0,2). Indeed, by assuming .7 a
closed surface, we get

/<Def5ﬂ U,Z> ds =

4
- /Tr[(Defy U)Z']dS = %Z/ (2:U;j + 2;Ux) 27* dS
S 7,k %
1 . .
=5 Z/Uk[(@ij’“ + (2424 dS = /(U,Def}Z> s
ik 2 2

which holds for all tangential vectors U € ¥ (.¢) and all tensor fields Z =
[Z7*] of type (0,2) and Def’, defined in (4.33).
Let
P(Dyu=Ya;0;u+bu, aj,beC(R™™) (4.34)
j=1

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

a(P;§) = Zajéj, §={&}j=1 eR™ (4.35)
j=1

Definition 4.7. We say that P is a weakly tangential operator to the
hypersurface ., with unit normal v, provided that

o(P;v) =0 on the hypersurface .7. (4.36)
The most important weakly tangential differential operators to the hy-
persurface for us are the following:

A. The weakly tangential Gilinter’s derivatives

.@j = 8j —l/ja,, :6j —ijykak, ]: 1,...,71,
k=1
introduced in (2.20);
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B. The weakly tangential Stoke’s derivatives .#j, = v;0r — 110}, in-
troduced in § 3.

The Giinter’s and Stoke’s derivatives are tangent since their directing
vector fields are tangent

.@j = 8dj = dj . V, ijk = (9mj,C = My - V,

d=ngel =€l — Vv =v A (1/ A ej) = Z(éj — le/k)ek, (4.37)
k=1
mjj 1= vjer — Vg€ , (d?,v) =0, (mjg,v) =0, j,k=1,...,n.

Here 7 is the projection on the tangential space to the surface. Therefore
P; and ), can be applied to functions which are defined on the surface
< only.
The generating vector fields {d’ }ioq {myk}7 x=; are not frame since they
are linearly dependent
n
> vi(2)d (2) =0, my; =0, (4.38)

j=1

but both systems {d’ }i—q and {my}", _, are complete in the space of all
tangential vector fields: any vector field U € ¥/ (.%) is represented as follows
U(z)= Z Ul(a)d (2) = Z cik(2)mk(2). (4.39)

j=1 0<j<k<1
Let .4 be a proper extension of the unit normal vector field v to . (cf.

Definition 2.9). Then each operator 2, and .#j; extends accordingly by
setting (cf. (2.20))

Dy =0 — N0y, My = N:0p — NeD;, 1< k<n (4.40)

In the sequel, we shall make no distinction between the operator Z; or .#
on . and the extended one in R™ given by (4.40).

Note that in a weakly tangential operator P (cf. (4.34)) the coordinate
derivatives 0; can be replaced by the Giinter’s derivatives %;:

P(D)u = Z a;0;u + bu = Z a;Diu+ o(P;v)u = P(2)u. (4.41)
Jj=1 j=1
Therefore, any weakly tangential operator P in (4.34) is strongly tangential

to ./, which means the following: there exists an extended unit field A4
such that

o(P;4") =0 in an open neighborhood of .# in R". (4.42)

In particular, the extended operators %; and .#);, are strongly tangential.
For further reference, below we collect some of the most basic properties
of this system of differential operators.
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Lemma 4.8. Let A 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. %JJ—O .ﬂjk— %]@]7

i O = 3 Nullye + MOy = — Z% M+ N0y ;
Jj=1 =1

iii. E Mip Ny = —N;HY, where HY(2) = —diverv(z) and
%”y( ) (n—1)"1#%(2) is the mean curvature at 2 € .7;

iv. 95 = Z N Mij;

v. M zk:«/liﬁgk - M Dj;

Vi. Z J‘G.@J = 0,’
j=1
m+1
vii. S o(r g, k)N, =2 > o(r,j, k)N, =0
r.j,k=m—1 {r,j,k}C{(m—1),m,(m+1)}
form=2,. — 1, where o(r, j, k) is the permutation sign;

viii. [2;, 2] = z( Mk Ne) Dy + [ N0 N — NeOy N0y 5

ix. (P, D] = 3. (MixNe)Dr = N Doy 03] = N5 Doy Ol
r=1
X. 0jM = DjNy = DN
Proof. The identities (i)—(ii) and (iv)—(vii) are simple consequences of the
definitions. For the equality (iii) we have

n

D MM =Y Mg M =Y (N0 — Nedy) M =
k=1 k=1 k=1

. 1
= Ay div A = SO N D) = — A5,

as claimed.
To prove (viii) we calculate

D; D = (05 — N;jOx ) (O — NOx) = 050k — (0jN)On—

=S Ay D A NN 0,05+ Ny N 01 00) NG (D M) O+ N MO =

r=1

== M0N0 + N (04 MOy + Bjx =

r=1

== Ml 0sM) Dy + N (04 Ne)On + Bjk, (4.43)
r=1
since

- 1 & 1
Z%(f%«/ﬂ)«/ﬂ@w =3 Z%(aj«/ﬁ)aw = 5«/%(5j1)3w =0.

r=1 r=1
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The operator
Bjx = 0;0k — (03 M0 — > [MeHp0r0j + N M,0:0]) + N MO
r=1
is symmetric Bj, = By; and the desired commutator identity in (viii) follows
from (4.43).

The first commutator identity in (ix) utilizes the facts that 9 s A3 = 0 (cf.
Lemma 2.12) and follows from the identity in (viii). The second commutator
identity in (ix) applies the same identity 0y A% = 0, the identity 0;.4% =
Ok (cf. (2.19)), and follows by a routine calculations.

The identities in (x) are already proved in (2.18) and (2.21). O

The next proposition generalizes Stoke’s formulae (3.12) and (3.13). Since
the proof applies some properties of differential forms on hypersurfaces, we
drop the proof and refer [37, § 2.2, Theorem 2.1], where the case a compact
Riemannian manifolds is considered.

Proposition 4.9. Let vr(¢) = (VL (€),..., v (€)) " be the unit tangential
vector to .7 at the boundary point £ € T’ := 0.7 and outward (unit) normal
vector to the boundary I' = 0.. Then

/'ﬂjkgo ds = ]{ [yjuff — kaf;} 0T ds, (4.44)

7 r
/@jcp s = 7{1/1{90"’ ds (4.45)
7 r

for any real-valued function ¢ € C1(7), its trace ¢t on the boundary T,
and any j £k, j,k=1,...,n.

The formal adjoint in R™ to P in (4.34) is defined by
Pru=-Y d;autbu. (4.46)
J

Moreover, if Q C R"™ is a smooth, bounded domain, and if P is a first-order
operator, weakly tangential to 92, then, applying (3.4), P can be integrated
by parts over 2 without boundary terms, i.e.

(Pu,v)q == /(Pu,v) dx = /(u,P*U> dr =: (u, P*v),, (4.47)
Q Q

for all vector-valued sections of vector fields u,v € C1((Q).
For a weakly tangential differential operator P on a closed hypersurface
< let Q%, denote the “surface” adjoint:

Qi) = f Qo) dS= jf (0, Q2 0) dS= (2. Q%) o (4.48)

7 7
Vo, ¢ € CHQ).
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Throughout the paper we use the following notation

(u,v) 5 = fuT(t)@ds, (¢, V)p = %@T(s)md& (4.49)
2% r

Corollary 4.10. For a weakly tangential differential operator P in (4.34)
the surface-adjoint and the formally adjoint operators coincide, i.e.,

n
Pyo=Po==-> 0a/¢+b ¢ (4.50)
j=1
In particular, the Stoke’s derivatives are skew-symmetric

(M) = My = =My = My, Vi k=1,...,n, (4.51)
while the adjoint operator to the operator 2; is given by formula
(2550 = D50 = ~Djp —viHpp, ¢ €CH(S). (4.52)
For any real-valued function ¢ € C1 (), any 1 < j < k < n and for
vr = (Vb ..., vR)T being the the same as in Theorem 4.9 the following
integration by parts formula is valid:
[ (@010 - 7;0] as = §vipvas. (4.53)
7 T

Proof. We start by proving (4.51): applying the the Stoke’s formulae (3.12)
from § A.5, we get

]{( k)Y dS = ]{ M) dS — j{ M) dS——j{@(///jkiﬁ)dS

% %
and the equality

(M) = —Mix = My (4.54)
follows. Moreover, note that the formal adjoint to A, = ;D — N D; is
Mo = (N0 = MDj)"p = =0j( i) + Ou(Nj0) =
= MOjp — MO + (0 M) — (Or N )p = — Mk

(cf. (2.18)), where p € C1(2%) is defined in a neighborhood of .. (4.51)
is proved.
To prove (4.50) we note that, on .7,

Py = Zajajcp—i-b(p = Zaj (2 +v;j0,]¢ =

Jj=1 J

:Zaﬂ Dip +bp+ o(P;v)0,p = Zaj ) (4.55)
=1

= Z a; Vi M (4.56)

j,k=1
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due to Lemma 4.8.iv and the weak tangentiality of P. The property postu-
lated in (4.50) follows from (4.56) and (4.51):

PLo = Z (Mj)spa] vip + b o = Z (Mij) a)vep+bT o =Prp
Jk=1 Jik=1

(4.52) follows as in (4.27), since (cf. (2.19)) 0y 4; = 0.
To prove (4.29) we apply (2.23) and proceed as follows

Z@kuk = Z (akl/k — Vg Zujajl/k) = —%@9 - Z ?Jajl = —%59:.
k=1 k=1 j=1 j=1
For the proof of the last formula (4.53) we apply Lemma 4.8.iv, (4.51),

the equalities Z vi=1, Z vgvf = 0 and proceed as follows:

k=1 k=1
f D) dS = Z](uk Moy dS — Z%w M) dS++
kly
+Z]{ykup Vv, Uk wwds_j{zb@* dS+j{VFgm/st O
le T

Lemma 4.11. Let P be, as in (4.34), a first-order differential operator
with Ct-smooth coefficients. P is weakly/strongly tangential if and only if
the adjoint P* operator is so.

If P is weakly tangential to . and P is defined in a neighborhood of .7,
then

(Py)|, = Plyl) (4.57)
for every C' function ¢ defined in a neighborhood of .. In particular,

250\, = Pi(ole), Minp|, = Mir(pls), jk=1,...,n.  (4.58)
Furthermore, (4.57) is true for the adjoint P*, and

[tPewyas = [o.Proyds+ floPivpuids  (w59)
7 7 r
for any vector-valued functions @, € 7.

Proof. The first assertion follows since o(P*;¢) = —a(P;€)7, for each
£ eR™

Due to the representation (4.55) it suffices to prove (4.57) for only the
operator Z; = d’ -V, where & = 1€l = N A (AN Aé€l) is at least C'-
smooth vector field in a neighborhood & of ., tangent to the surface
7 at surface points (cf. (4.37)). Thus, we have to justify the following
equality:

250l = (& V)|, =d -V(ply) = Z(pls) (4.60)
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The vector field d’(z) = d’ (6, 2) depends on the signed distance =
dist(z,.”) = £|x — 27| continuously (6 > 0 for the outer domain and 6 > 0
for the inner one). Let féj(') be the integral curve of the vector field d’
and

yéj(,) : Qe — Qo ﬁéj(o),) =FL(): S =S (4.61)
be the flow generated by this vector field ¢y in the neighborhood Q. (cf.
(4.7)). Since the flow depends continuously on the parameter 6, we get

d

) d
(dj(ea z)- V)@‘y = lim — (/éf(e,%))‘tzo = %‘P(yéf)’t:o =

6—0 dt
=d V(pls) = 2(¢|l»)

and (4.60) is proved.
Next, using (4.55), (4.53) and integrating by parts we get

/<P<p1/; ydsS = Z/aj 0, 1/;>dS+/<b<p,1/1>dS

22 J=ly 22
= /%.@* T ds+/<<p,bw ds+2](¢,yp ) dS =
=l Rz Jj=lp
— [tePruyas+ floPivne)ds
R r
and this completes the proof. |

Based on the above formulae it is easy to write adjoint to a high order
partial differential operator

=Y g.(2)2° =" fa(2)l”, 2 €S,
la| <k IBI<k
=P P, aeN,
—1
M = P M, BeENE, m:L”2 )

on a hypersurface . and find ample examples of self adjoint operators
among them. Below we will consider concrete examples of such self adjoint
operators which encounter in applications.

5. DIFFERENTIAL OPERATORS ON HYPERSURFACES IN R"

Let us start by the definition of the surface divergence div ¢, the surface
gradient V & and the surface Laplace-Beltrami operator A .
Consider the following differential 1-form
n—1 n—1

wi(V) =0y f=Y VFoLf for feC'(), V=) VFg e (), (51)

k=1 k=1
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where ¥ (.) denotes the linear space of tangential vector fields to a sur-
face .. The form is well defined because the differential operator dy is
tangential and can be applied to a function f defined on the surface .%
only.

Due to the Riesz theorem for a given f there exists a vector field Vo f €
¥ () such that

wr(V):=(Vef, V) forall Ve ¥(), (5.2)

which is, according the classical differential geometry, the surface Gradi-
ent of a function f € C*(.) and maps

Vo: C°(S) = V(). (5.3)
The surface divergence
divg : V() — C®(Y) (5.4)
of a smooth tangential vector field V' in (5.1) is, by the definition,
n—1 n—1
diveV =Y VI Vi=0V/+ > 1, v" (5.5)
k=1 m=1
where Fim denotes the Christoffel symbols:
n—1
. 1 . .
L = 3 Z 97 [Omgre + Oxgme — Oegrm] =T (5.6)
k=1
div & is the negative dual to the surface gradient:
(dive V., f) = —(V,Vof), VV eV (), VfeC'(Y). (5.7)
The Laplace—Beltrami operator A & on . is defined as the composition
Ayt =divy Ve = -V (Vy1/l). (5.8)

Expressions of the surface divergence and gradient in intrinsic parameters
of the surface . (tangential vector fields, Metric tensor etc.) are rather
complicated (cf. e.g., [36]). We suggests an alternative, much simpler inter-
pretation.

Theorem 5.1. For any function ¢ € C*(.%) we have

.
Vop= {.@up, .@2@,...,.@ng0} . (5.9)
Also, for a 1-smooth tangential vector field V =Y Vie; € ¥ (&),
j=1
divy V =-V5,V =3 2V (5.10)
j=1

The Laplace—Beltrami operator A o on . takes the form

Api=3 =Y M= Y My, Vv eC(F). (511)
j=1

i<k j,k=1
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Proof. Any function ¢ € C!(”) is approximated, [|¢ — ¢r|C*H(Z)|| — 0
as k — oo, by a functions ¢, € C*(Uy), k = 1,2, ..., defined in a neigh-
borhood Uy C R™ of .#. Then, from the definition of the surface gradient
(5.2), follows

(Voo V) = w,(V) = Oyp = lim dyp, = lim Z;vjajwk =
J:

= klim (Vor, V) = klim (e Vi, V) for p e CH.S),

n—1 n
~k
V= § Vg, = § Vhe, € V(S),
k=1 k=1

where 7. denotes the orthogonal projection onto the tangential vector fields
V() (cf. (2.25)); we get finally

= kli>nolo (-@1%%, ey -@n%’k)T = (-@1@7 RS -@n¢)—r

Now we consider the divergence operator div.y = V7%, (cf. (5.4), (5.7)).
Let a scalar function ¢ and a tangential vector field V' € ¥(.#) be both
smooth, . be non-closed with the boundary 0.7 # @, and the supports
have no intersections with the boundary supp N0 = @, suppV No.¥ =
@. By applying the duality, the proved formulae (5.9) and (4.52) for the
dual (2;)%,, we get:

(diveV,@)y = —(V,Voip) , =

We applied above that V is tangent (v(2),V(2)) = > vj(2)Vi(2) =0.
j=1
Since the function ¢ is arbitrary, (5.10) follows.
To prove (5.8) we apply (5.9), (4.52) and proceed as follows

Ay p =diveyVgh =

=Y (D) G =Y PR+ ALY v D = D,

j=1 j=1 j=1 j=1
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since (v, 2) = > v;P; =0 (cf. Lemma 4.8.v)).
j=1
To prove the last equality (5.11) we note that (cf. (4.28))
S viD(viy) = VDt + Y v (D) = D) (5.12)
j=1 j=1

and Z vi9; =0, My, = viD—viP; for j,k =1,...,n; (cf. Lemma 4.8.vi,

4.8. V) Then
I i
92 Z 2k = Z V]@k Vk@] P
j,k=1 j,k=1
1 n
=5 Z [uj%guj%gw — Vi D D + vk D Db — v 9. yJ@kw}
k=1

= Z {Vj@kl/j@k@[]—%‘@kyk@jw} =
§k=1
=S 0= Y B+ (D) %] =3 R = Ay, D
k=1 jyk=1 k=1

Lemma 5.2. Let . be pu—smooth and ¢ € Ny, ¢ < pu. The Laplace—
Beltrami operator A o is elliptic on the hypersurface . and self adjoint,

i.e.,

Ag(t,) =IEP V(1 € T7(), (Ar)y =As. (5.13)
For arbitrary £ = 0,+1,... the operator
~Agy: W) - W) (5.14)

is positive definite (coercive) on non—constant functions

(= B50,9) 1) =D Dkt Dhp) La() = |V w0l La(£) || >0 (5.15)
k=1

for Vi € Wi(.7), ¢ # const.
Proof. Let us prove that A & is elliptic. We proceed straightforwardly:

n

Z@kts =3 [& — (@), ©)]°

k=1
= l¢]* - 2(1/( )6 + 7)1 (#(),6)* =

= [¢]* = (#7(t),6)* = [¢]* for (t,6) € T(7). (5.16)

From the definition (5.8) and the property (5.7) it follows easily that A &

is self adjoint and non-negative:

Az, Q)i () = (Vro, Voro)we o) = (0, Ar @)y ()
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(Ar @, Owi (o) = ~(Vro, Vrodw o) = Vool Wa(#)|| > 0
provided ¢ € W5t2(.#), ¢ # const.
The last assertion (5.15) also follows from the definition (5.8) and the
property (5.7):
(—Axp, @)Lz(y) = (Vyw,vys@)h(y) = "VY@|W§(y)" >0
for ¢ € W3(.#), ¢ # const. O
We remind that the surface gradient V. maps scalar functions to the
tangential vector fields
Ve: C°(S) = ¥V (S):=C(,¥(S)) (5.17)
and the scalar product with the normal vector vanishes everywhere on the
surface .7
(v(2),Vop(2)) =0 foral pc CH(7). (5.18)
Tangential derivatives can be applied to the definition of Sobolev spaces
Wi(s) =H (), £ € N’ 1 <p < oo on an f-smooth surface .7/
¢ ‘ -
HY(7) = W, () :=
= {cp €D'(F): VopeLy(¥), VaeN, |a| < e}. (5.19)

Equivalently, Wf;(&” ) is the closure of the space C*(.# with respect to the
norm

et = [ 3 [ Zueln()],)"
| <t

The space Wf; () can also be understood in distributional sense: deriv-
ative Z;¢ € La() means that there exists a function in Lo () denoted
by Z;¢ such that

(Z50.0) = (0. T10) = / o(2)TFHZ)dS, V9 € Lo(:7)
7

(cf. (4.52) for the formal dual 27).
Moreover, W5(.%) is a Hilbert space with the scalar product

(0. 0)9 = 3" ¢ 220)(2) 2 v(=)dS. (5.20)
la|<e oy

Under the space W;E(Y) with a negative order —¢, £ € N, is understood,
as usual, the dual space of distributions to the Sobolev space W4(.7).

The following Proposition 5.3 accomplishes the definition of the Banach
spaces H' (') (cf. [15] for a simple proof).

Proposition 5.3. For ¢ € C'(.%) the surface gradient vanishes V. g =
0 if and only if p(2) = const.
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Remark 5.4. For any smooth scalar function f, defined in a neighbor-
hood of .7, there holds (see [16])

(Agef)|, = As(fle) + #2000 ]|, + O] - (5.21)

In particular, for the case the unit sphere in R, i.e., . = S"~! one can
choose v(z) = z/|z||, z € R™\ 0, so that #2 = dive = (n —1)/||z|,
and 9, = > (z;/||z|)0; = 0/0r, the radial derivative in R™. Then (5.21)
becomes, after a rescaling, the classical formula

2 n-10 1
A n = =7 — = —A n—1.
R 8r2+ r 6r+r2 st

A number of related identities, at least for n = 3 and special extensions

of the unit normal, can be found in [12], [7], [10], [23], [26], [31] [33] and the

references therein.

6. THE EQUATION OF ANISOTROPIC ELASTIC HYPERSURFACE

One way of understanding the genesis of the Laplace-Beltrami operator
(5.8) is to consider the energy functional

lu] = /||Vu||2d57 we (). (6.1)
S

Then any minimizer u of the functional (6.1) should satisfy

d
O:aé"[u+tv]|t:0:/{<VU7V”>+<VU’VU> dsS =
S

- 2Re/<Vu, Vo) dS, ueC®(F), YveCE(F), (62)
7
which implies
Au=0 on .7. (6.3)

In other words, (6.3) is the Euler-Lagrange equation associated with the
integral functional (6.1).

We assume that the closed hypersurface . is f-smooth and ¢ > 1.

Our aim is to adopt a similar point of view in the case of anisotropic
(Lamé) system of elasticity on .. The starting point is to consider the
total free (elastic) energy

Ue¥ (), (6.4)

&MU .:/E(y, 27U (y)dS, 27U =[(27U)], ...
7

ignoring at the moment the displacement boundary conditions (Koiter’s

model). As before, equilibria states correspond to minimizers of the above

variational integral (see [32, § 5.2]). First we should identify the correct form

of the stored energy density E(z, 2 U(x)). We shall restrict attention to
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the case of linear elasticity. In this scenario, F = (&.s,Defs) depends bi-
linearly on the stress tensor & .» = [&7%],,,, and the deformation (strain)
tensor

Defﬁ” = [Djk]nxnu

1
DU == - [(Z7U); + (27 U)i] = 3 (2;U} + 2:U)) + 0u (vijvr)] =

N =

1 . .
=3 [@jU,8+@ka+ZUq@q(yjyk)}, Vik=1,....n  (6.5)

q=1

(cf. [16]) which, according to Hooke’s law, satisfy & = T Def, 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 E
depends quadratically on the covariant derivative 27U, i.e.

E(z,27U(z)) =(T27U(2), 27 U(z)) (6.6)
for a linear operator
T: My n(R) = M, ,(R), (6.7)

where M, ,,(R) stands for the vector space of all n x n matrices with real
entries. Hereafter, we organize M, ,(R) as a real Hilbert space with respect
to the inner product
(A, B) :==Tr(AB")=)>_aijbij, ¥A=la;lij, B=[bijli; EMpn(R), (6.8)
0,J
where BT denotes transposed matrix, and Tr is the usual trace operator for

square matrices.
A linear operator (6.7) is a tensor of order 4, i.e., T = [¢;jkeijke, and

TA= [Zcijkmk@} R for A= [akg]kg (S Mn)n(R). (6.9)
kf *

T will be referred to in the sequel as the elasticity tensor. It is customary
to assume that the elasticity tensor (6.7) is self-adjoint

(TA,B) = (A, TB), A B¢ M,n.(R). (6.10)
The condition rescaling (6.10), written in coordinate notation, is equivalent
to the following equality
Cijke = Ckeij, V1,7, kL. (6.11)
Indeed, the equality
Tr(TA)B') = Y cijueanebij = Y creijarebi; = Tr(A(TB) ")
RN RN

holds, for arbitrary A = [ak],, and B = [bge]re, if and only if (6.11) holds:
by inserting the delta functions are = ke, bi; = 0i; we get the equality
(6.11).
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It is also customary to impose a symmetry condition, presented with two
natural options:

T(A")=TA and (TA)" =TA, YA¢cM,,(R). (6.12)

Then (6.12) amounts to the following symmetry in the indices of the elastic
tensor:

Cijke = Cijer and Cijre = Cjine, V1,7, k, ¢, (6.13)

where the second (the first) equality follows already from (6.11) and the
first (the second) equality in (6.13).

Remark 6.1. The conditions (6.10) and the first equality in (6.12) imply
the second equality in (6.12) as well as the conditions (6.10) and the second
equality in (6.12) imply the first equality in (6.12). This is evident if we
apply an equivalent formulation for corresponding tensors and matrices:
(6.11) and (6.13).

A linear operator T in the energy functional of anisotropic elasticity (6.6)
satisfies the symmetry conditions (6.10), and (6.12). Equivalently, the cor-
responding elasticity tensor T = [c¢;;ke]ijre has the symmetries (6.11), (6.13)
and, therefore, might have n + n?(n — 1)2/2 different entries only.

By inserting the value (6.5) of deformation tensor Def U and applying
the symmetry properties (6.13), we obtain

4<TDefyU(I),DefyU(I)> =
=(T27U(z),2”U(z)) = E(z, 27 U(x)) (6.14)

(cf. (6.6)) which means that the density of the elastic energy functional
depends quadratically 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 6.2. There exists a constant Cy > 0 such that

(TC,C) == cijneCisCre > Co Y _1Giil* = Col¢|? (6.15)

i,5,k,0 .3

for all symmetric and complex valued (;; = (j; € C tensors ¢ == [Cijlnxn-

Proof. The sum in the left hand side of (6.15) is real (T'¢,¢) = (T ¢, ()

(easy to check applying the symmetry properties (6.13) of the real valued

coefficients). Dividing equality in (6.15) by [(|? = Y |Gm|? we find that it
lm

suffices to prove

|gi‘lel Z CiijCijZké > (Cpy > 0. (6.16)
Tk
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If otherwise Cy = 0, we select a sequence C;Z) = C,(Cz) e€eC,q=1,2,... such
that

Jim 3 encGE =0, 0] =1,
i,5,k, 0

Since the space of tensors [C;Z)]nxn is finite dimensional, there exists a

0 .
convergent subsequence (IEZT) — ,gé) as 7 — o0o. Then we get an obvious

contradiction
> cineCl Gy =0, ¢V =1.
.5,k L
which proves that Cy > 0. (]

Theorem 6.3. The total free (elastic) energy functional (cf. (6.4)) ac-
quires the form

&U] ::/(T@yU(y),@yU(y»dS:
7
:4/<’]1‘DefyU(y),DefyU(y)>dS, Uecv() (6.17)
7

and the Euler—Lagrange equation associated with the energy functional (6.17)
for a linear anisotropic elastic medium, reads

Ay (t,2)U = Defl, T Def U = { Z { = Cikim Dm — HyCikimV;

Jk,m=1

—+ Vm Z Cjkqm-@qu] [.@kUJ‘ + I/k<.@jl/, U>] } (618)

q=1 =1

for U € V(). Here again T = [cijrelijre is the elasticity tensor which is
positive definite (cf. (6.15)) and has the symmetry properties (6.11), (6.13).

Proof. The representation (6.17) follows from (6.4) and (6.14).
The Euler-Lagrange equation (6.18) is derived from (6.17) as a similar
equation e3.3 is derived from (6.1):

sU] = 4/<’H‘DefyU(y)7DefyU(y)>dS -
S
= 4/<Def}TDefyU(y), U(y))dS=0
S

if and only if U € ¥ () is a solution of equation (6.18) due to the positive
definiteness of the elasticity tensor T (cf. (6.15)).
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The vector-function U(t) = (Uy(t),...,Un(t))" denotes the tangential
field of elastic displacement. The strain (the deformation) tensor has the
following mapping properties

Defy : HY () := (H))"() — (H) )" () (6.19)
for arbitrary 8 € R, 1 < p < oo and maps displacement vector field to the
tensors of order 2. The dual operator

Defyw = {Djw}y_,, (6.20)

* 1 - * -
CDkw=§ {Z@k (wjr+wg;)+ Z wjm@k(ujum)} for w=|lwjkllnxn

Jj=1 Jym=1
(cf. (4.33)) maps tensor functions to vector functions and has the following
mapping properties
Def?, : (H)™ " () — (H*"")2(.7) (6.21)
for arbitrary 8 € R, 1 < p < 0o. Moreover,

Diw = Z Drwir + Z U (Ojvk )Wy, for symmetric wj, = wg; (6.22)
Jj=1 Jym=1
due to the curl-free condition Oxv; = 0jvy (see Lemma 2.12.ii). Then, by
applying the equality

n n

Z Citim® U = % Z Cikim [-@kUj + ;U + <U, V(g(l/juk»} =
jk=1 jok=1
= Z Cikim {.@kUJ‘ =+ Vi Z(.@jl/q)Uq} =

J,k=1 q=1

Cikim [DnUj + vie(Zv,U)], (6.23)
1

Es o
I M3 i

J

which exploits the symmetry of coefficients (6.13) and the symmetry
properties of the deformation tensor (6.22), we finally prove (6.18)

A (t,2)U = Def’, T Def U = Def’ ‘ 3 um®uU

Pywd) nxn
= Def}H Z Ciklm [@kUJ‘ + v (P;v, U>] e =
Jk=1
Y [owni Y ] [0+ migw )} =
e = I=1

m
n n
0
= { E [— Cjklm@m — f%ﬂycj‘klmyj + v E Cjkqm@lyq} X

Jik,m=1 q=1
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X [.@kUJ‘ + I/k<_@jll, U>] }l
=1

since 7 = =P — v Y (cf. (4.52)). O
If the surface . is isotropic, i.e., has the corresponding energy functional

is invariant with respect to any rotation, the elasticity tensor T has the

properties
T(BAB™') =B(TA)B™', VA, B € M,.(R)
N ) (6.24)
and unitary B' = B™".

Moreover, then the tensor T has the form
TA=XANTr AT +u(A+A"), AecM,,R), (6.25)
where A\, € R are some constants. The corresponding lamé operator
A(D) =Ly (t,2) (cf. (6.18)) on the hypersurface acquires the form
Lo(t, D) =unsViy Vo + AN+ ) Ve Vi, —ntoWy =
= Ay —A+p)Vodive —pu oW, We=— 2] . . (6.26)
For details of the formulated assertions we refer to [16].

The next Proposition 6.4 is proved in [15, Theorem 3.5] for a isotropic
case. For the anisotropic case the proof is similar.

Proposition 6.4. Let . be an £-smooth closed hypersurface in R™. The
operator A (D) for anisotropic/isotropic media (cf. (6.18) and (6.26)) is
elliptic. Therefore the mapping

Ay(t,2): HST(S) — H () (6.27)
is Fredholm and has the trivial index Ind A (t,2) = 0 for all 1 < p < 00
and all s € R, provided |s| < £.

The kernel of the operator KerA »(t, 7) C H(.7) is independent of the
parameters p and s, is finite dimensional dim Z(.) = dimKer A #(t, 2) <
oo and coincides with the space of Killing’s vector fields

KerAy(t,2)={U eV (S): Ay(t,2)U =0} = Z(S).  (6.28)

Lo is non-negative on the space H'(7) and positive definite on the

orthogonal complement HL,(.7) to the kernel
(Ax(t,2)U,U),, >0 forall U € H'(.Y), (6.29)
(A (t,2)U,U) > C||UHYZ)||* for all UeHL(.#), C>0, (6.30)

where H' () = HL,() & Z(S).
Moreover, the following Gaarding’s inequality

(As(t, 2)U,U),, > Ci||UHN)|]” - Co|[UET(2)||°  (6.31)

holds for all U € H'(.), with arbitrary 0 < v < £ and positive constants
Co > 0, Cy > 0.
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7. BOUNDARY INTEGRAL EQUATIONS FOR THE LAPLACE-BELTRAMI
OPERATOR

To apply the potential method to the investigation of BVPs (8.1) and
(8.2) for the Laplace—Beltrami operator A¢ on an open hypersurface €
in the next section, we need a fundamental solution for A » when . is a
closed hypersurface, which coincides with the Schwartz kernel of the inverse
operator (see [14]). Such fundamental solution might fail to exist and we
consider an alternative.

Theorem 7.1. Let .7 be p-smooth and ¢ € Ny, ¢ < p. Assume 7 €
C*(R™) is real valued and non-negative S > 0 with non-trivial support
0 # messupp J.

The perturbed Laplace—Beltrami operator

Ay — AT : HPHS) — Hy H(S) (7.1)

is invertible for arbitrary s € R, i.e. Ay — FI has the fundamental solu-
tion.

Proof. As an elliptic operator on the closed hypersurface A o — 1 in (7.1)
is Fredholm for s = 0,1,.... On the other hand,

(—(Ay— %)WNP)LQ(;#) =
= [|[VoolLo()|| + H Nl Lo(L )], Vo € W3 (). (7.2)
and, therefore, Ker (A o — 1) = @.
The same is true for the dual operator, which is the same and, therefore,
Coker (A — #I) = @, which yields the invertibility.
The dual operator, which is again Ay — J#I, but between spaces

Wi(7) — W5(#), is also invertible. Then for non-integer s € R the
invertibility of the operator (7.1) follows by the interpolation (see [39]). O

Remark 7.2. Ay — JZ1 is invertible as an operator between more
general Sobolev-Slobodetski spaces W5t () — W 1(.) and the Bessel
potential spaces H5™! (%) — Hy~' () for arbitrary s € R, 1 < p < co.

In fact, for p = 2 this follows from Theorem 7.1. For arbitrary 1 < p < oo
the assertion follows since the operator A ¢ — 5[ has the same kernel and
cokernel in all these spaces (see [17]).

Remark 7.3. The function

1

— P, ip(—z-y), pneR, z,yes? 7.3
COS(TF,U,) © 1/2( € y) 2 z,y ( )
where P, (t), —1 <t <1, is the Legendre special function of the first kind
of order =, represents the fundamental solution to the Laplace-Beltrami
equation

gu(x,y) =

(Ag +u? - i)gu(x, y) =d(x —y) (7.4)
on the unit sphere S? := {u € R?: || =1} (cf. [6], [34]).
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T2

Fig. 2

Thus, g,(z,y) is the fundamental solution to the perturbed Laplace-
Beltrami operator A2 + p? — 1/4.

Now let € C . be a smooth subsurface of a closed hypersurface . and
v = 0% # & be its smooth boundary 9% =T (see Fig. 2).

Following [39], by W2 (%) (and by H; (%)) we denote the subspace of
W2 () (of Hi,(.7), respectively) obtained by closure of the subset C5°(%).
If s > 0, by an equivalent definition,

Wi (%) ::{u: weWP (), (9Fu)*(t)=0 for k=0,...,m, tggy}, (7.5)

where m = [s] is the integer part of s. Similar definition holds can be given
for H3(¢), s > 0.
W5(€) and H3 (%) denote the quotient spaces

W(%) = Wi(#) /W3 (7 \ 6),
H3(¢) = H3(.7)/H3 (S \ 6).

The next Corollary 7.4 is a standard consequence of the Stoke’s formulae
(4.45).

(7.6)

Corollary 7.4. For the Laplace—Beltrami operator A« on the open hy-
persurface € with the boundary 0% := T the following Green formulae are
valid

(A%(tv 9)% 77[})95 + (v‘g</7’ v%d’)% = _(-@ﬁF@Jrv er)Fa (77)
(A(v”(ta ‘@)@7 d))‘@”_ (gﬁF@Jrv 1Z)JF)I‘: (@7 A(v”(tv ‘@)1:[})%”_ (<P+; -@171‘1/}+)F (78)

for arbitrary ¢, € C>®(€), where (p,v), and (p,¥) denote the appro-
priate scalar products (cf. (4.49)).
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By continuity the Green formulae (7.7) and (7.8) are extended to arbi-
trary functions ¢ € Wé(%), (NS W}D, (€), 1<p<oo,p = m—
p—
Let us consider the following volume (Newton), the double and the single
layer potentials, respectively

(N ) (D)plt) = f HA (8.t — 1) f(r)dS,
€

(Wed)t) = § [ #a)ts — 0] 6H9)ds, (1)

r

(Vry)(t) == j{%A(t,t— s)Yt(s)ds, t €€,
I

where A )(t, 7) is a fundamental solution to the Laplace-Beltrami operator
Ay — AT with some function £ € C*(R").

Theorem 7.5. Let 1 < p < oo, r € R. Then the direct values of
the double and the single layer potential operators are bounded between the
spaces:

Ny : H(%) — H3P(%),
. S 542 s+2
: Wi(€) — Wim=(¢) NH, (%),

s s+141
Vr: H)(T) —H,  *(%),

sl st14l 7.10
WD) - W, @) nE, (%), (710
s st3
Wr : Hy(T) — H, 7 (6),
s+ s+L
W (D) = W, "(€)NH, ” (%).
The following Plemelj formulae for the layer potentials hold:

(Wrg)*(s) = £ 6(5) + Wols, Z)e(s),

(7 Vo) (s) = T3 0(5) + Wils, Z)(s). (7.11)

(Vo)™ (s) = (V)" (s) = V_i(s, Za)e(s),
(25 Wre)™ (s) = (Z5: Wr) " (s) = V41(s, Zs)(s).

Here @~ (s) denotes the trace of ®(t) on T' from the hypersurface €°, com-
plemented to € (outer with respect of T', which is the common boundary
I' = 9% = 0€¢°). The operators W(s, Zs) and V _1(s, Ds) are the di-
rect values of the corresponding double and the single layer potentials on
the boundary T' and represent PsDOs of order —1. W{(s, D) is the dual
(adjoint) PsDO to Wo(s, Ds). V 11(s, Ds) is the direct values of the opera-
tor Y5 Wr on the boundary I' and represent a PsDO of order +1.
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Proof. The proof is verbatim to the case of domains in R™ and we quote for
details [14], [19], [23] etc. O

By a standard approach it is proved that the operator
V_y: (D) — HP(D),

P

D W (I) — WD) (7.12)

is invertible for all s € R, 1 < p < oo (is positive definite for p = 2, s = — %)
while the operator

Vi HY(T) — H7(D),

: W (T) — WD)

has one dimensional kernel and cokernel for all s € R, 1 < p < o0, is

non-negative for p = 2, s = % (cf. [11], [17], [18], [29], [28] for a similar

assertions). Theorem 8.2 follows from these results by standard arguments
(see [11], [17], [18], [29], [28]).

Remark 7.6. The “indirect potential method” is also applicable: if we
look for a solution of the Dirichlet BVP (8.1) as the double layer potential
and for a solution of the Neumann BVP (8.2) as the single layer potential
with unknown densities, from boundary conditions we derive appropriate
boundary integral equations, which are Fredholm integral equations. These
equations can be investigated by a standard procedure (see, e.g., [23]). Later
we apply these results to prove Theorem 8.2.

(7.13)

In conclusion of the present section we formulate the following auxiliary
assertions.

Lemma 7.7 (Lax-Milgram). Let B be a Banach space, A(p,) be a
continuous, bilinear, symmetric form
A(): BxB—-R (7.14)
and positive definite
A, ) = Clle|B|?, Voe B, C>0. (7.15)

Let L(-) : B — R be a continuous linear form (a functional).
A linear equation

Alp, ) = L(¥) (7.16)

has a unique solution @ € B for arbitrary ¢ € B. Moreover, the same ¢
minimizes the functional

1
F) = 5A(,%) - L) (717)
i.e., represents a unique solution to the following problem
1 1
min |5 AW %)~ L)] = 5 Alp.9) ~ L(9). (7.18)

Proof. For the proof we refer to [9, § 6.3]. O
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8. BOUNDARY VALUE PROBLEMS FOR THE LAPLACE-BELTRAMI
OPERATOR

Let again ¢ C ¥ be a smooth subsurface of a closed hypersurface .# and
v = 0% # & be its smooth boundary 94 =T (see Fig. 2). Let A¢(t, Z) be
the Laplace-Beltrami operator restricted to the hypersurface . Consider
the Dirichlet

(A (t,2)0)(0) = f(1), tE, 8.1)

©T(s) = g(s), sel' =0¢ .
and the Neumann

(Ax(t, Z)o)(t) = [(t), t€F, (8.2)

(Do(@)(s) = h(s), seT =0% |

boundary value problems for the Laplace—Beltrami operator A (see (5.11))
on the open hypersurface 4" with the boundary I'. The derivative () is
defined as follows

D (s) = Z vr(8)Pr, Dr(s) = (vra(s),...,vrm(s)’, s€T, (8.3)
k=1

where P, () is a tangent derivative on the hypersurface 4" and the normal
derivative with respect to the boundary T'.

Note, that BVPs (8.1) and (8.2) describe the stationary heat transfer
process in a thin conductor having the shape of the hypersurface * . (see
[21, § 72]).

Corollary 8.1. For arbitrary solution ¢ € Wzl,(‘f) of the equation
1
Ayp=f, feW, HE) the trace (D )" exists and belongs to Wy, * (I').
Proof. Let ¢ € W] (%) be a solution of the equation Ay = f, f € W, (%)
and ¢ € W), (%) be arbitrary. Then (7.7) gives

(D™ 0 )p = = (Fi ) — (Vep, Vieth) . (8.4)

Since the right-hand side in (7.8) is correctly defined and ¢yt € W;T " () =
1
W, (I'), the functional in the left-hand side is defined correctly and the
_1
inclusion for the trace Zp.p" € Wy, 7 () holds by duality. O

We impose the following constraints on the participating functions in
BVPs (8.1) and (8.2):

fFeW; (), v e Wi(?),
s—1 s—1—1 (85)
geWw, *(I), heW, =), 1<p<oo, s>1.

*We consider the stationary heat conduction only for simplicity. For the time de-
pendent process, which is represented by a Hypoelliptic operator, similar results can be
obtained.
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Note that due to Corollary 7.4 the traces of solutions to the equation Agp =
f in BVPs (8.1) and (8.2) under constraints (8.5) are defined correctly.

In the perturbed Laplace-Beltrami operator A g — 2T (see (7.1)) we
choose the function J# € C°°(R™) which is supported in the complemented
domain supp # C €°¢ := .\ €. Then any solution of the Dirichlet (8.1),
(8.5) and the Neumann (8.2), (8.5) boundary value problems is represented
as follows

p(t) = Nef)(t) + (Wret)(t) = (Vr(Znp)')(t), tET, (8.6)
where the potential operators are defined in (7.9).

The proof of (8.6) is standard: by inserting the solution ¢ of Agp = f
and the fundamental solution ¢ = J#A (t,t —7),
Acg%A(t,t—T) =
=x¢(Ay = HD)HA(t,t—T) =xc0(t —T)=6(t—7), t,TEE
truncated properly around the diagonal ¢ = 7 on the distance € > 0, into
the Green formula (7.8), written for A — 521, we derive the representation
formula (8.6) by sending € — 0.

Following the “direct potential method” we apply the representation for-
mulae (8.6) and note that one of the densities either ¢* or (Zg.(5)p)" is
already known and given by the boundary conditions in (8.1) or in (8.2),
respectively. Applying also the appropriate Plemelj formulae from (7.11)

we get the following equivalent boundary pseudodifferential equations:
A. For the Dirichlet BVP (8.1)
1
V _1(s,Zs)¢(s) = (N (s, Zs) f) (s) — 59+ (Wo(s, Zs)g)(s), seT, (8.7)
where 1(s) := (Zs.p) T (s) is the unknown function and the right-hand side
is known.

B. For the Neumann BVP (8.2)
1
Vii(s, Ds)w(s)=— (Ncg(s, .@S)f) (s)+ 5 h+ (Wa(s, .@S)h) (s), sel, (8.8)
where w(s) := ¢T(s) is the unknown function and the right-hand side is
known again.

Theorem 8.2. Let 1 < p < oo, s > 11. The Dirichlet problem (8.1),
(8.5) has a unique solution ¢ € W;(%) for arbitrary right-hand side g €
s—1
W, 7).
The Neumann problem (8.2), (8.5) has a solution ¢ € W3 (%) only for

s—1—1
those right-hand sides h € Wy, v (T") which satisfy the condition
f{ h(s)ds = 0., (8.9)

r

If the condition (8.9) holds, the Neumann problem has a solution pg €
W2(€) and a general solution reads ¢ = o + const.
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Proof. For the proof of existence in the restricted space settings (8.5) we
recall that the equivalent boundary pseudodifferential equations (8.7) and
(8.8) to BVPs (8.1) and (8.2), respectively, are Fredholm and have indices
zero. Moreover, the operator in (8.7) is even invertible, while the kernel
and cokernel of the equation in (8.8) coincide with constants (cf. (7.12)
and (7.13)). Therefore, the Dirichlet BVP (8.1) is solvable uniquely, while
for the solvability of the Neumann problem there must hold the orthogo-
nality condition (8.9) for the data with the solution v(t) = const of the
homogeneous equation. O

9. BVPs FOR AN ELASTIC HYPERSURFACE AND GREEN’S FORMULAE

Throughout the present section .# is an open C?-smooth hypersurface
(or: the derivative of the corresponding diffeomorphisms are Lipscitz con-
tinuous) with the Lipschitz boundary 0% =I' # &, a subsurface of a closed
C2-smooth hypersurface .. r¢ denotes the restriction to the surface ¢
from . and

Ap(t, D) =reAe(t, D), Let, D) =reLe(t, D).
Note that the imposed constraint on the surface % can not be relaxed,
because in the definition of the equation
A4s(D)U =F, U cHY¥), FecH (%), (9.1)
is participating the gradient V. ov = [Z;Vk]nxn of the unit normal vector
field v (cf. (6.18) and (6.26)). v(¢) is defined almost everywhere on € is
just Cl-smooth (or is Lipschitz continuous, respectively).
Equation (9.1) is actually understood in a weak sense:
(A« (t,2)U,V), = (T DefgU,Defs V), = (F, V), (9.2)
YU € H(%),V € H(¥)
(cf. (6.18)). In particular, for the Lamé operator in isotropic medium we
have

(Le(t, 2)U, V) := AVeU, Ve V)t
+ (4 p)(diveU, divg V), = (F, V), YV € Hy(7) (9.3)

(cf. (6.26)).
Let vr = (v,...,v8)" be the tangential to ¢ and outer unit normal
vector field to I'.
If a tangential vector field U € HJ(%') N (€) denotes the displacement,
the natural boundary value problems for % are the following:
I. The Dirichlet problem when the displacement is prescribed on the
boundary

{(A%(t, NU)(t) = F(t), te, 0.4

U'(r)=G(r), Tel,
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FeH (%), GeH"*I), UcH (%),

the first (basic) equation in the domain is understood in a weak
sense (see (9.2), (9.3)) and

VU =U" (9.5)

is the Dirichlet trace operator on the boundary.
II. The Neumann problem when the traction is prescribed on the boun-

dary:
(Actt AV)D=F(@O),  tew, 0
(Te(vr,2)U)"(r) = H(7), 7T€T,
FeH (%), HeH Y*(T), UeH (%)
here
WU = (Te(vr, 2)U)" (9.7)
and
zcg(llp, @)U = [ Z Cjklml/lz [@kUj + V/d@jl/, U>” o (9.8)
k,m=1 nxn
In particular, for an isotropic case,
T (vr, 2)U = —A(diveU)vr —2“2{ v+ Hgv) D (U) }_, =
Jj=1
= —puZy U — (A + p)(diveU)vr (9.9)
is the Neumann trace operator on the boundary (the traction) with
D = Z V.90, ¢ € HYE). (9.10)
j=1

The trace 'yj{,U exists provided that U is a solution to the basic
(first) equation in (9.6) (see Corollary 9.2 below).

Later we will relax constraints on the data and the solution and replace
them by constraints in Hp-setting to gain some a priori smoothness of so-
lution. On the other hand we should raise constraints on the underlying
hypersurface ¥ and require the infinite smoothness to apply the potential
method.

A crucial role in the investigation of BVPs (9.4)-(9.6) belongs to the
Green formula.

Lemma 9.1. For the operator A (t, 2) on the open hypersurface € the
following Green formulae are valid:

(A% (t, 2)U, V)(g =&U,V)+ ((Z¢(vr, .@)U)Jr, VJF)F? (9.11)
(A« (t, 2)U, V)% — ((T#(vr, @)U)Jrv V+)F =
= (U7A%”(t7 ‘@)V)(v” - (U+7 (z‘fo”(yfv @)V)+)F (9'12)
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for arbitrary U,V € H,(.*) and the traction operator is defined in (9.8) (see
(9.9) for an isotropic case). The energy bilinear form & U, V) is defined
by the formulae

EU,V) := / (TDef5U(y),Def U (y))dS, U € ¥ () (9.13)
7
(cf. (6.17)) and, in particular,

EU,V) = / [nyU, Vo V) + (A + p){dive U, dive V>} dS (9.14)
€
for an isotropic case.
Proof. Using the first representation of A« (t, Z) in (6.18) (for an isotropic

case — in (6.26)) and the integration by parts on surfaces (Stoke’s formulae)
(4.45) we get the following

j{ (A (t. WU )] VD) dS = (Te(vr, D)UY, V), + EU. V), (9.15)
€
where is defined in (9.13) (in (9.14) for an isotropic case).
To find the expression for the traction operator T« (vr, 2 we apply the

second representation of A« (t,2) in (6.18), the integration by parts on
surfaces (Stoke’s formulae) (4.45) and get the following;:

7{ [Ag(t, 2)U (1)) VD) dS =

€
% Z [ — Cjklm .@j — %;CjklmVj + Um (t) Z Cikqm _@luq (t)} X
% J.k,m,l=1 q=1

X [@kUj(t) +u(2u(t), U(t)>} Vit) dS =

= D0 () [(ZuU)F () + i Ziv(s). U ()| V7 () ds +

T 7,k,m,l=1
+&6U,V) = (Tewr,2)0U)T, V) +&U, V).

For an isotropic case we apply the representation of £ (t, D) in (6.26) and
proceed similarly. O

Corollary 9.2. For arbitrary solution U € HJ () to the equation
Ay(t,2)U = F, F € H,' (%), the trace (T¢(vr, 2)U)" exists and be-

_1
longs to W, * (7).

Proof. The proof is based on (9.11) and is verbatim to the proof of Corol-
lary 8.1. (I
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Theorem 9.3. Let . be p-smooth and £ € Ny, ¢ < p. Assume H €
C*(R™) is real valued and non-negative 7 > 0 with non-trivial support
0 # messupp 2.

The perturbed operator of anisotropic elasticity

Ay(t,2)— AT : Hyt () — Hy () (9.16)

is invertible for arbitrary s € R, i.e. A (t,2)— I has the fundamental
solution.

Proof. The proof is based on Proposition 6.4 and follows the proof of The-
orem 7.1. (|

10. THE DIRICHLET BVP FOR THE EQUATION OF ANISOTROPIC
EvrasTIiCciTY

Throughout this section % is a C?-smooth hypersurface with the Lips-
chitz boundary I' = 0% .

Theorem 10.1. The Dirichlet problem (9.4) has a unique solution U €
HY(€) for arbitrary data F € H- Y%) and G € HY?(T).

The proof will be exposed at the end of the section after we prove some
auxiliary results.

Lemma 10.2 (Garding’s inequality “with boundary condition”). The
operator

Ag(t,2) : HY(E) — H (%) (10.1)
is positive definite: there exists some constant C' > 0 such that
(A4 (t,2)U,U), > C||[UH' (¢ H YU € H'(%). (10.2)

Proof. Due to (6.30) inequality (10.1) holds for all U € HJ,(.¥), i.e., for
U e H'(Y) and U € Z(.%). Since U € H'(%) due to the strong unique
continuation from the boundary (cf. Proposition 4.6), all Killing’s vector
fields K € H'(%) are identically 0. Therefore, (6.30) holds for all U €
HY(%). 0

Corollary 10.3. The operator Ax(t,?) in (10.1) is invertible.

Proof. From the inequality (10.2) follows that A« (¢, Z) is normally solvable
(has the closed range) and the trivial kernel Ker A (t,2) = {0}. Since
A (t, ) is self adjoint, the co-kernel (the kernel of the adjoint operator) is
trivial as well Ker A% (t,2) = Ker A¢(t, 2) = {0}. Therefore A4 (t,P) is
invertible. g

Definition 10.4 (see [25, Ch. 2, § 1.4]). A partial differential operator
B(z,7):= Y aa(x)V%, VE=2{" - 75", aacC(€,CN*N) (10.3)

laf<m
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is called normal on I if

inf |det%o(t,v(t))| #0, tel, =1, (10.4)
where %y(z, ) is the homogeneous principal symbol of A
Bo(w,) = Y aa(z)(—i&)*, z€F, R (10.5)
loe|=m

Definition 10.5. A system {D,(¢, D;) ?;& of differential operators with
matrix N X N coefficients is called a Dirichlet system of order k if all par-

ticipating operators are normal on I' (see Definition 10.4) and ord D; = j,
7=0,1,....k—1.

Let us assume € is k-smooth and m < k (m,k =1,2,...) and define the
trace operator (cf. (9.10)):

#nU = {yrDiU,...,wD,, U}, U e CL@). (10.6)

Proposition 10.6. Let € be k-smooth, 1 <p<oo,m=1,2,..., m<k
and m < s —1/p & Ng. The trace operator

R H(C) — & WiH/P=I(T), (10.7)
7=0
where W;(%) = B;’;yp(%) is the Sobolev-Slobodecki—-Besov space (cf. [39]
for details) is a retraction, i.e., is continuous and has a continuous right
inverse, called a coretraction
(Zm) ' & WeTVPI() — H (9),

7=0
(10.8)

B (RB) " ® = B, VO € %O We—l/P=i(7).
i

Proof. The result was proved in [39, Theorem 2.7.2, Theorem 3.3.3] for
a domain © C R™! and the classical Dirichlet trace operator Z,,u :=
{yrouu, ..., 7r0u}T. In [15] the theorem was proved for a domain Q C
R™ ! and for arbitrary trace operator Z,,u.

A surface € = U;-V:fﬁj is covered by a finite number of local coordinate
charts »; : Q; — €, Q; C R"1. After transformation, the Dirichlet
trace operator %Z,,u on a portion %; of the surface transform into another
Dirichlet trace operator on the coordinate domains 2;. Therefore, we prove
the assertion locally on each coordinate chart ¢; C ¢ and, by applying a
partition of unity, extend it to the entire surface % . O

Proof of Theorem 10.1. Let G = (%y) " *G € H!(%) be the continuation of
the Dirichlet boundary data G € HY?(T) from BVP (9.4) into the surface ¢
from the boundary I", found with the help of a coretraction from Proposition
10.6. Then the Dirichlet BVP

{(Aw, 2)0)() = Fo(t), te¥,

~ 10.9
U+(T) =0, Tel, (109)
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Fo:=F — Ax(t,2)G € H (%),
is an equivalent reformulation of BVP (9.4) and the solutions are related by
the equality U := U — G. On the other hand, since

H %) :={UcH(¥): U =0},

the solvability of BVP (10.9) is equivalent to the invertibility of the operator
Ax(t,2) in (10.1). Now the unique solvability of BVP (10.9) (and of the
equivalent BVP (9.4)) follows from Corollary 10.3. O

11. THE NEUMANN BVP ror THE EQUATION OF ANISOTROPIC
EvrasTIiciTy

Throughout this section % is a C?-smooth hypersurface with the Lips-
chitz boundary I' = 0%

Theorem 11.1. The Neumann problem (9.6) has a solution U € H' (%)
only for those right-hand sides F € H~'(T') and H € H~'/2(T") which satisfy
the equality

/F t)ds = fH 7)ds, VK € Z(F). (11.1)

If the condition (11.1) holds, the Neumann problem has a general solution
U =U’+ K c H(%), where U’ € HY(%) is a particular solution and
K € Z(€) is a Killing’s vector field.

The proof will be exposed at the end of the section after we prove some
auxiliary results.

Lemma 11.2. The condition (11.1) is necessary for the Neumann prob-
lem (9.6) to have a solution U € H(¥).

Proof. First note that for a Killing’s vector field K € Z(%),
Ag(t,2)K =0 and 74K = (T¢(vr, 2)K)" = 0. (11.2)

Indeed, if K € Z(%) is naturally extended to K € %(), then
Ac(t, 2)K(t) = A¢(t,2)K(t) = 0 for t € € (cf. (6.28)) and the first
equality follows.

The second equality in (11.2) follows from (9.9) if we recall that
Defe (K) = 0 (see 4.26) and this implies

Te(vr, 2)K = Def’,(vr)TDef»(D)K =0, U € V(). (11.3)
The latter formula can easily be seen analyzing (9.15).
From (9.13) and Defy (K) = 0 it follows

E(K,U) = /(’H’Deny(y), Def U (y))dS =0 (11.4)
7
for all U € HY(%¥) and all K € Z(%).
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Introducing into the Green formula (9.11) F = A«¢(t,2)U, V = K €
(%) and the obtained equality, we get the claimed orthogonality condition
(11.1). O
Lemma 11.3. The bilinear form
An(U.V) = (Ae(t, DU V) = G5UAHV)r = 6(U.V) (11.5)
is well defined, symmetric AN(U, V) = Ax(V,U) for all U, V € HY(%)
and non-negative Ay (U,U) > 0 for U € H'(.Z) (cf. (9.13)). Moreover,
the form is positive definite
An(U,U) > Ms|[UH'()|?, VU € Hy(#) (11.6)
on the orthogonal complement HL,(.7) to the finite dimensional subspace of
Killing’s vector fields Z(€) in the Hilbert-Sobolev space H'(¥).
Proof. The proof is a direct consequence of the equality
An(U,V) = &U, V) := (TDef U, Def,U), YU € HY(.%) (11.7)
(cf. (9.13)) if we recall that the tensor T is positive definite (cf. Lem-
ma 6.2). O

Proof of Theorem 11.1. The space of Killing’s vector fields Z () is fi-
nite dimensional and consists of continuous vector-fields with bounded sec-
ond derivatives (these fields are actually as smooth as the surface €, i.e.,
are infinitely smooth if .# is infinitely smooth; see Proposition 4.6). Let
Kiq,...,K,, be a finite dimensional orthonormal basis in Z(%),
(K;,K.)y = djr, j;r = 1,...,m. Consider the finite rank smoothing
operator

TU(2):=Y (K;U), K;i(z), 2€.5. (11.8)
j=1
The operator T' is symmetric and non-negative:

(TU,V), = (TV,U),, (TU,U), = Zm: (U,K;)2 >0, (11.9)

=1

YU,V € ?1411(%).
Consider the modified bilinear form
ALU, V) = (A% (t, 2) + T)U, V), — (ZU V) =

=&U,V)+(TU,V), U,V € HY(%). (11.10)

The form is symmetric because both summands are

AL (U, V)=&(U,V)+(TU,V),=E(V,U)+(TV,U),=A%(V,U)

(cf. Lemma 11.3 and the first equality in (11.9)).
Moreover, the corresponding quadratic form is strongly positive

A% (U, U) = 6(U,U) + (TU,U), > C||UH (%) (11.11)
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for some C > 0. Indeed, due to the positivity of the summands the equality
Aﬁ(U7 U) implies &(U,U) = 0, and further U € Z(%) (cf. Lemma 11.3).
Also (TU,U)., = 0 and further (U,K;) =0 for all j = 1,...,m. Then
U=> (UK;)K; =0. A non-negative symmetric form with the prop-
j=1
erty Aﬁ&,(U, U) =0 if and only if U = 0 is positive definite.
According to Lax—Milgram’s Lemma 7.7 the equation

AL (U, V)= (F,V), — (H, V"), (11.12)

has a unique solution U € H'(%) for all V. € H!(%). This solves the
problem

(11.13)

(Ag(t, 2)U)(t) + TU(t) = F(t), te %,
(T (vr, 2)U)* () = H(7), rel,

which is a modified Neumann’s problem (9.6).

Now assume that the vector-functions F € H~1(¢) and H € H-'/2(I)
satisfy the orthogonality condition (11.1) from Theorem 11.1 and U° ¢
H (%) be a solution of (11.13). Since

(TUoka)cg = (UOaKk)‘@”v
AvUK,)=6U, Ky)=0, k=1,2,...,m
(cf. (11.3)) from (11.12) we get

0=(F,Ky)y — (H Kp)p = AL (U’ Ky) =
=An(U", Ky) + (TU°, K}), = (U, K)o, k=1,2,...,m.

m

Therefore, TU® = Y (U, K}),K) = 0 and BVP (11.13), which is
k=1

uniquely solvable, coincides with BVP (9.6) provided that the right hand

sides satisfy the orthogonality condition (11.1). Since the kernel of BVP

(9.6) coincides with the space of Killing’s vector fields Z(%), a general so-

lution of BVP (9.6) has the form U = U° + K with arbitrary K € %Z(%).

12. POTENTIAL METHOD AND BOUNDARY INTEGRAL EQUATIONS

In the present section we relax the constraints on the data for the BVPs
in (9.4) and (9.6):

F e W;72(¢), UeW(%),
s—1 s1-1 (12.1)
Gew, *I'), Hew, "I), 1<p<oo, s>1

Note that due to Corollary 9.2 the traces of solutions to the equation
Ax(t,2)U = fin BVPs (9.4) and (9.6) under constraints (12.1) are defined
correctly.
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To apply the potential method and relax constraints on the data of BVPs
we have to restrict ourselves with smooth hypersurfaces to ensure the ex-
istence of a fundamental solution to the basic equation. Thus, throughout
this section a hypersurface % will be infinitely smooth and % will be a
subsurface with the ¢-smooth boundary I' = 0%¢". A function # € C*°(¥%)
is supported in the complemented domain supp # C €°¢ := .7 \ € and let
JHa(t,t — 7) be the fundamental solution to the perturbed elasticity oper-
ator A (t,2) + PAI, which exists due to Theorem 9.3. Then any solution
to the BVPs (9.4) and (9.6) is represented by the formulae

U(t) = (N F)(t)+(WrU ') (t)— (Vi (Tg(vr, 2)U)T) (1), te €, (12.2)

where the corresponding potential operators are defined as follows
(Ng(t, 2)¢ f%Att—T (1) dS,

.
(Wr(t, 2)p)(t) := ]{ [(%(w(ﬂ %)%A)(m—t)} p(T)ds,  (12.3)

(V(t, D)p ](%A t—7)p(r)ds, tEF.

The proof of (12.2) is standard: by inserting the solution U to A« (¢, 2)U =
F and the fundamental solution V' = JZ4(t,t — 7),

Acgf/"i/A(LL,t—T) ZXcg(Ay—ij)Ji/A(ht—T) =
=xgd(t—7)=0(t—7), t,TEFE

truncated properly around the diagonal ¢ = 7 on the distance € > 0, into the
Green formula (9.12) we get the representation formula (12.2) by sending
e —0.

Let us consider the following pseudodifferential operators on the bound-
ary I', which are direct values of potential operators and their compositions
with the boundary operator Tq: (vr, Z) (cf. (9.9)):

(LU == Vr(x, 2)U|,
Wi (t, 2)U := T (vr, Z2)Vr(z, 2)U|
Wo(t,2) := Wr(z, 2)U| ,,

Vi(1,2) :=%q-(vr, 2)Wr(z, .@)U]y.

(12.4)
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For these operators we have the standard Plemelji formulae, proved
in [15]:

(Wrp)*(r) = +5
(T%(Vrag)vrw) (1) = F50(1) + Wi(T, Z2)p(7),
(V)™ (1) = (V) (1) = V_u(7, Z)e(7),
(T4(vr, 2)Wre) (1) =

= (T (vr, Q)WFSD)JF(T) =V.ii(r, 2)p(r), TETL.

Moreover, if T is f-smooth and |s] < ¢, 1 < p < oo, the pseudodifferential
operators

() + Wo(T, Z)e(7),

l\3|>—~

(12.5)

Vi =V_(r,2): HT) - H7HT), (12.6a)
Vi =Vu(r,2): () - (D), (12.6b)
Wi = Wo(r, 2) : Hi(T) — H (D). (12.6¢)

are bounded (cf. similar assertions in [13], [17], [18]).

Lemma 12.1. The pseudodifferential operators V _y is elliptic, positive
definite (and, therefore, self adjoint)

(V_1U,U), > C||um=>1)|” (12.7)

for some C > 0.
The pseudodifferential operators

Vi =Vi(r,2): HY2(T) - H YD), (12.8)
is elliptic, non-positive
—~(V_12,2),. >0, YZ e H/*(D) (12.9)

and has the trivial index Ind V 1 = 0.

Proof. For the proof of (12.7) we refer to [11], [17], [18], [29], [28] where
similar assertions are proved. O

Corollary 12.2. Let T is £-smooth and |s| < /¢, 1 < p < oc.

The pseudodifferential operators V _y in (12.6a) is invertible.

The pseudodifferential operators V 41 in (12.6a) is Fredholm, has the
trivial indez, i.e., IndV 11 = 0 and Killing’s vector fields all belong to the
kernel Z(7) C Ker V ;4.

Proof. For p = 2 the first two assertions are direct consequences of the
inequalities (12.7), (12.14) and of ellipticity of the corresponding ¥DOs.
Concerning the last assertion about the kernel-the proof is standard and we
refer to [11], [17], [18], [29], [28] for such proofs.

For arbitrary 1 < p < oo the we quote [17] (also see [1], [14], [22]) where is
proved that an elliptic pseudodifferential operator on closed manifold have
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the same kernel and cokernel in the spaces H (%) for all [s| < £ and all
1<p<oo. (I

As a byproduct we prove in the next Theorem 12.3 that the kernel
Ker V ;1 consists of only Killing’s vector fields Ker V 1 = Z(%) (cf. Corol-
lary 12.4.

Theorem 12.3. Let 1 < p < oo and s > 1.
The Dirichlet problem (9.4), (12.1) has a unique solution U € H (%) for

arbitrary data G € H;fl/p(l"). This solution is written in the form

U(2)=(NgF)(2)+ (WrG)(z) - (VrZ)(z), 2 €€,  (12.10)

where Z € Hz_l/p_l(F) 18 a unique solution to the boundary pseudodiffer-
ential equation

(V_12Z)(t) = (NgF)(t) — %G + (WoG)(t), teTl. (12.11)

The Neumann problem (9.6), (12.1) has a solution U € H3(€') for those

data H € Hz_l/p_l(l") which satisfy the condition (11.1). If this is the
case, a solution is written in the form

U(2)=(NgF)(2)+(WrZ)(2)—(VrH)(2)+V(2), 2 €%, (12.12)

where V- € Z(T') is arbitrary Killing’s vector field and Z € Hf,_l/p_l(F) is
a solution to the boundary pseudodifferential equation

(Vi1 Z)(t)=— (T4 (vr, 2)N«F)(t)+ % H(t)+(WyH)(t), tel. (12.13)

Proof. By introducing the representation of a solution (12.10) into the
boundary condition in (9.4), invoking Plemelji formulae (12.5), we obtain an
equivalent boundary pseudodifferential equation (12.11). Since this bound-
ary WDE is uniquely solvable (see Corollary 12.2), the initial BVP has a
unique solution, the first part of the theorem is proved.

Similarly, by introducing the representation of a solution (12.12) into the
boundary condition in (9.6), invoking Plemelji formulae (12.5), we obtain
an equivalent boundary integral (pseudodifferential) equation (12.13). Due
to the equivalence, the homogeneous equation V11 Z = 0 has as solutions
Killing’s vector fields Z € #Z(%) only. The solvability condition (11.1) is a
consequence of the definition of a Fredholm operator. O

Corollary 12.4. The pseudodifferential operators V 1 satisfies the Gar-
ding’s inequality

2 112
—(V_1U,U)y, = C1||UHYA(D)||” - Co||UH (1) (12.14)
for some Cy > 0, Cy > 0 and arbitrary 0 < r < £.
Proof. Let {K };n:1 be a biorthogonal basis (K, Kj)p = d;; in the finite

dimensional space of traces of Killing’s vector fields Z(I") on the boundary
I'. Let us consider the smoothing (infinitely smoothing if ¢ = oo) finite
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rank operator operator T': H™"(T') — H"(T") defined in (11.8). We remind

that { K }m_ C C*(T) is the orthonormal system of Killing’s vector fields.
Jj=1

Then, the operator

~V i +T: HY2(T) - H V(D)
is invertible and non-negative
(Vi + DU U)p = ~(VuU,U)p + Y (K U)E >0
j=1
(cf. (12.9)). This implies that —V 1 + T is positive definite
(-Var + TU.U)p 2 Co|U[HY(0)|
and we write
-(VaUu,U)p:=(-Vu+TU,U), - (TU,U) >
> ||UHY2()||° = (TU,U),, > 6 |UEY(D)|)? - Collu (@)%,
which proves (12.14). O

Remark 12.5. Not only the pseudodifferential operator V' _; in (12.6a)
is invertible for closed surface I' of codimension 2, but also for an open part
ofitI'p CI':

rpV_y: H3(Tp) — H3TH(Tp), (12.15)
provided that

1 1 1 1

- — = -+ =, 1 . 12.16

>3 <s< ’ + 5 1<p<o ( )

Here rp is the restriction of functions from I' to the subsets I'p.

The proof is standard and can be retrieved from [17], [18], [30] and other
sources.

This assertion can be used for the investigation of the mixed type BVPs,
associated with (9.4) and (9.6).
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