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We explore the extent to which basic differential operators (such as Laplace-Beltrami, Lamé, Navier-Stokes,
etc.) and boundary value problems on a hypersurface S in R™ can be expressed globally, in terms of the
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1
Introduction

Boundary value problems (BVP’s) for partial differential equations (PDE’s) on surfaces arise in a variety of
situations and have many practical applications. See, for example, [Ha, §72] for the heat conduction by sur-
faces, [Ar, §10] for the equations of surface flow, [Ci], [Ci2], [Go] for shell problems in elasticity, [AC] for the
vacuum Einstein equations describing gravitational fields, [TZ] for the Navier-Stokes equations on spherical do-
mains, [AMMI1, AMM?2] for Stokes equations, [MaMi] for minimal surfaces, as well as the references therein.
Furthermore, while studying the asymptotic behavior of solutions to elliptic boundary value problems in the
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2 R. Duduchava, D. Mitrea, and M. Mitrea: DIFFERENTIAL OPERATORS ON HYPERSURFACES

neighborhood of a conical point one is led to considering a one-parameter family of boundary value problems in
a subdomain S of S™~!, the unit sphere in R”, naturally associated (via the Mellin transform) with the original
elliptic problem. A classical reference in this regard is [Ko]. Finally, PDE’s on surfaces also turn up naturally
in the limit case, as the thickness goes to zero, of equations in thin layers or shells. Cf. [Ci, §3] for the case of
elasticity, and [TW], [TZ] for the case of Navier-Stokes equations.

A hypersurface S 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 S such as curvature. Inherently, these
PDE’s are originally written in local coordinates, intrinsic to the manifold structure of S.

The main aim of this paper is to explore the extent to which the most basic partial differential operators
(PDO’s), as well as their associated boundary value problems, on a hypersurface S in R", can be expressed
globally, 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 so-called Giinter derivatives (cf. [Gu], [KGBB], [Du]):

D := (D1, Ds, ..., Dy). .1)

Here, for each 1 < j < n, the first-order differential operator D; is the directional derivative along 7 e;, where
m : R" — TS is the orthogonal projection onto the tangent plane to S and, as usual, e; = (§jx)1<k<n € R”,
with §;;, denoting the Kronecker symbol. The operator D is globally defined on S by means of the unit normal
vector field, and has a relatively simple structure. In terms of (0.1), the Laplace-Beltrami operator on S simply
becomes

AS:D.D:ZD? on S. 0.2)

j=1

(Cf. [MaMi, pp. 2 ff and p. 8].) Moreover, Ag is the natural operator associated with the Euler-Lagrange equa-
tions for the variational integral

Elu] = —%/SHDuHQdS 0.3)

(Cf. [MaMi, pp. 9 ff]). A similar approach, based on the principle that, at equilibrium, the displacement minimizes
the potential energy, leads to the following expression for the Lamé operator £ on S:

Lu=pum(DeD)u+ A+ p)D(Deu) — p(n—1)HWu, 0.4

for arbitrary vector fields v on S, which are tangent to S. Above, A\, u € R are the Lamé moduli, whereas H,
W stand, respectively, for the the mean curvature and the Weingarten map of S. In particular, when combined
with the recent work from [MMT] (dealing with general elliptic BVP’s on Lipschitz subdomains of Riemannian
manifolds), this identification ensures the well-posedness of the boundary-value problem

= (U, uy) € HOH/22(S RY),
(uyN)=0 in &,
um (DeD)u+ A+ @) D(Dewt) — p(n—HWu=0 in S, 0.5

fe H*2(0S,R™), (f,N)=0onds,

u
oS

whenever 11 > 0, 2+ X > 0,and 0 < s < 1. Here H*? stands for the usual L2-based Sobolev scale. Other
operators discussed in this paper are the Hodge-Laplacian
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AHL = 7d5d:kg - d:;-dg, (06)

where ds is the exterior derivative operator on S, and d its formal adjoint, and the Navier-Stokes system on
S x (0, 00); see §7 for details.

These results are useful in numerical and engineering applications (cf. [AN], [Be], [Ce], [Co], [DL], [BGS],
[Sm]) and we plan to treat a number of special hypersurfaces in greater detail in a subsequent publication.

The layout of the paper is as follows. In §2 we review some basic differential-geometric concepts which
are relevant for the work at hand. In §3, based on variational methods (minimization of energy functional), we
identify the natural Lamé operator on a general (elastic, linear, isotropic) manifold M. Starting with §4, we
specialize our discussion to the case of a hypersurface S, viewed as a Riemannian manifold with the metric
inherited from the ambient Euclidean space. In particular, here we discuss the possibility of extending the unit
normal to S, i.e. N : & — S™ ! in a neighborhood of S under additional assumptions. In §5 we derive some
very useful ‘integration by parts’ formulas for first order operators which are tangent to a hypersurface S.

The proof of the identification (0.2) is given in §6, via a method which is interesting in its own right. In fact,
this is flexible enough to apply to the case of systems of equations, such as the Lamé operators. This yields (0.4),
in §7. Finally, applications to elliptic BVP’s on smooth hypersurfaces with Lipschitz boundaries (such as (0.5)),
are presented in §8.

1 Brief review of classical differential geometry of manifolds

Let M be a smooth manifold, possibly with boundary, of (real) dimension n. As usual, by T'M and T* M we
denote, respectively, the tangent and cotangent bundle on M. Throughout, we shall also denote by T'M global
(C*) sections in TM (i.e., TM = C*°(M,TM)); similarly, T*M = C>°(M,T*M). More generally, if
AYT M stands for the corresponding exterior power bundle (differential forms of degree ¢), then we shall use the
abbreviation A“TM = C> (M, A\*TM).

We shall assume that M is equipped with a smooth Riemannian metric tensor g = > ik 95 kdx; @ dxy, denote
by (g7%) ;i the inverse matrix to (g;i) and set g := det (g;)jx- In particular, dVol, the volume element in M is
locally given by dVol = /g dz:...dz,. Recall next that

divX =Y g '0;(VgX;) if X =) X;0/0x; € TM, (1.1)
J J
and
grad f = Z(gjkajf) /0wy, (1.2)
7.k

are, respectively, the usual divergence and gradient operators. Accordingly, the Laplace-Beltrami operator A
becomes

A :=divgrad = \/§_1 Z 9; (g7 /90 - ) . (1.3)

k=1

The pairing (dz;, dxy) = ¢7* defines an inner product in AYTM. With respect to this, grad and —div are
adjoint to each other. We shall also abbreviate dz;, A dx;, A ... A dx;, by day, where I = (41,13, ...,4) and let

=1 =¢

wedge stand for the ordinary exterior product of forms. Then, (dz;,dz ) := det ((¢g%)ic: ),
jeJ

defines an inner product in AT M foreach1 < ¢ < n.
If, as usual, we letd = > j 0/ Oxj dx ;A stand for the exterior derivative operator on M, and denote by ¢ its
formal adjoint (with respect to the above metric), then the Hodge-Laplacian on M becomes
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4 R. Duduchava, D. Mitrea, and M. Mitrea: DIFFERENTIAL OPERATORS ON HYPERSURFACES

A= —dd —éd. (1.4)
As is customary, we may identify vector fields with one-forms, i.e., TM = T*M = ATM, via 0/ Oxj —
gjrdzy, (lowering indices). This mapping is an isometry whose inverse is given by dz; — ¢?*0/0x), (raising in-
dices). In the sequel, we shall not make any notational distinction between a vector field and its associated 1-form
(i.e., we shall tacitly identify TM = T*M). Under this identification, grad : C*°(M) — C*(M,TM) be-
comes d : C*°(M) — C®°(M,A'TM) and div : (M, TM) — C°(M) becomes —§ : C*° (M, A'TM) —
C>(M).
A tensor of type (k, j) is a map
F:(TM x ...x TM) x (A'TM x ... x A*\TM) — C°°(M) (1.5)

(with j factors of T'M and k factors of A1T'M) which is linear in each factor over the ring C°°(M). There is a
natural inner product at the level of (k, j) tensors defined by

<F7 G> = Z F(XOq ) onza ceey Xaj yWB1Y WPy wevs wﬁk)
'G(Xale(l27"'7X04j7wﬁ1?w[327"'7wﬂk)7 (16)
where X,,’s are an orthonormal frame for 7'M and wg’s are the dual basis in A'T'M (summation over all possible

choices of indices).
Next, let V be the associated Levi-Civita connection. Among other things, the metric property

Z(X,Y)=Vz(X,Y)=(VzX,Y)+ (X, VYY), VXY, ZeTM, (1.7)

holds. This, in concert with

X*=-X-divX, VXeTM. (1.8)

further entails that

(Vx)*=-Vx —divX, VXeTM. (1.9)

For each X € TM, VX is the tensor of type (0, 2) defined by

(VX)(Y,Z):=(VzX,Y), VY, ZeTM. (1.10)
with trace
Tr(VX) = > (V, X, T)) = divX (1.11)
j=1

for any orthonormal frame {7} }; in T'M. For any X € T'M, the antisymmetric part of VX is simply dX, i.e.

dX(Y,Z) = (dX,Y A Z) = %{(VyX, Z) — (V2 X, Y>}, VY, Z e TM, (1.12)
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whereas the symmetric part of VX is Def X, the deformation of X, i.e.

(Def X)(Y, Z) = %{(VyX, Z) + (VzX, Y>}, VY,Z € TM. (1.13)

Thus, Def X is a symmetric tensor field of type (0, 2). In coordinate notation,

(Def X)ju = (X + Xiyj), Vi, k. (1.14)

Here, as usual, for a vector field X = Zj Xjaj, we set Xy,; := 0; Xy + Zl I‘fijl, where X = Zz glel and
rt ; are the Christoffel symbols associated with the metric. Deformation-free vector fields X are usually referred
to as Killing fields. They satisfy

3 [gk@X’;’j + 950 X5] = Xey + X =0, Vi k. (1.15)
4

The adjoint of Def is Def* defined in local coordinates by (Def*w)? = —w?* ; for each symmetric tensor
field w of type (0, 2). In particular, if v € T'M is the outward unit normal to M — M, then the integration by
part formula

/(Defu,w>dVol=/ (u,Def*w)dVol—i—/ w(v, u) dvol, (1.16)
M M oM

holds for any « € T'M, and any symmetric tensor field w of type (0,2). Here and elsewhere, dvol will denote
the volume element on OM.
Formula (1.16) is a particular case of a more general integration by parts identity, to the effect that

/(Pu,w)d\/ol:/ <u,P*w>dVol+/ (o(P;v)u, w) dvol, (1.17)
M M

oM

valid for a general first-order differential operator P = ) j A;0; + zero order terms (acting between two hermi-
tian vector bundles on M), with principal symbol o(P;¢) = Zj A&, for & e T*M

For further reference, let us note here that 0(Vx; &) = (X, ), and that o(d; §) = EA -, 0(;&) = £V -, where
we have denoted by V the adjoint of the exterior product, in the sense that

(EVu,w) = (u, & Aw), e ANTM, ue AN'TM, we A“"'TM. (1.18)

The Riemann curvature tensor R of M is given by

R(X,Y)Z = [Vx,Vy]Z - VixvZ, XY, ZecTM, (1.19)
where [X,Y] := XY — Y X is the usual commutator bracket. It is convenient to change this into a (0, 4)-tensor
by setting

R(X,Y,Z W)= (R(X,Y)Z,W), XY, Z, W eTM. (1.20)

The Ricci curvature Ric on M is a (0, 2)-tensor defined as a contraction of R:

n n
Ric (X,Y) := Y (R(T};,YV)X,Tj) = Y (R(Y,T))T;, X), VXY €TM, (1.21)

Jj=1 J=1
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6 R. Duduchava, D. Mitrea, and M. Mitrea: DIFFERENTIAL OPERATORS ON HYPERSURFACES

where 11, ..., T, is an orthonormal frame in 7'M . Thus, Ric is a symmetric bilinear form.
Under the identification TM = A'T M, the Bochner Laplacian and the Hodge Laplacian are related by

V*V = —A — Ric, (1.22)
a special case of the Weitzenbock identity.

Consider now S — M, a smooth, orientable submanifold of codimension one in M, and fix some v € T M
such that v|s becomes the outward unit normal to S. If V¥ is the induced Levi-Civita connection on S (from the
metric inherited from M) it is then well-known that

VY =7(VxY), VX, YeTS, (1.23)

where

7:TM — TS, r=I—-(viv=vV WA "), (1.24)

is the canonical orthogonal projection onto T'S. In particular, the second fundamental form of S becomes

II(X,)Y):=VxY —-VSY =x(VxY), VX, YeTS. (1.25)

In this setting, the Weingarten map

W:TS — TS, (1.26)

originally defined uniquely by the requirement that

WX,Y) = (n,[I(X,Y)), VX, YeTS, 1.27)

reduces to

WX =-Vxvr onS, VXecTS, (1.28)

known as Weingarten formula.

An excellent reference for the material in this section is [Ta2]. Here we only want to point out that, whenever
necessary in order to avoid confusion, we shall write d s, grad,,, divas, A, etc., in place of d, grad, div, A,
etc.

2 The derivation of the Lamé operator on manifolds

In the present paragraph Vu, for u € C°°(M) a scalar function, is naturally identified with the gradient grad
and is identified with the Jakobi matrix (9xu;); if u = (u1,...,uy)" is a vector-function.

One way of understanding the genesis of the Laplace-Beltrami operator (1.3) is to consider the energy func-
tional

Elu] == / |grad u||* dVol, u e C®(M). (2.1)
M

Then any minimizer v of (2.1) should satisfy
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%E[U +tv]| =0, Yo e C (M), (2.2)

t=0

thus, after an integration by parts,

Au=0 on M. 2.3)
In other words, (2.3) is the Euler-Lagrange equation associated with the integral functional (2.1).

Similarly, minimizers of the energy functional

1
Ef) == —3 /M [Hduu? + ||5u||2} dVol,  we A'TM, 2.4)

are null-solutions of the Hodge-Laplacian (1.4), while minimizers of the energy functional

1
£l =~ /M IVul2dVol, e TM, 25)

are null-solutions of the Bochner-Laplacian (1.22).
Our aim is to adopt a similar point of view in the case of the (possibly anisotropic) Lamé system of elasticity
on M. The departure point is to consider the total free elastic energy

Efu] = —% /M E(z,Vu(z)) dVol,, ueTM, (2.6)

ignoring at the moment the displacement boundary conditions. As before, equilibria states correspond to mini-
mizers of the above variational integral. The first order of business is to identify the correct form of the stored
energy density E'(z, Vu(x)). We shall restrict attention to the case of linear elasticity. In this scenario, F' depends
bilinearly on the stress tensor 0 = (o) ;% and the deformation (strain) tensor € = (&) % Which, according to
Hooke’s law, satisfy 0 = 7 ¢, for some linear, fourth-order tensor 7. If the medium is also homogeneous (i.e.
the density and elastic parameters are position-independent), it follows that £’ depends quadratically on Vu, i.e.

E(z,Vu(z)) = (T Vu(x), Vu(x)) 2.7)

for some linear operator

T: Mn,n, (R) — Mn,n (R)7 (2.8)

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"), VA, Be€M,,R), (2.9)

where the superscript T denotes transposition, and Tr is the usual trace operator for square matrices. It is
customary to assume that the linear operator (2.8) is self-adjoint, that is

(TA,B)=(A,TB), A,Bc M,,(R). (2.10)
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The operator 7 = (¢;jxe)ijkes 1.-€.,

TA= (Z Cijkf“kf),,v for A= (ake)ke € Mpn(R), (2.11)
k0 *

will be referred to in the sequel as the elasticity tensor. The condition (2.10), written in coordinate notation, is
equivalent to the following equality
Cijkt = Cktij, vz.vja k7€ (212)

It is also customary to impose a symmetry condition and one is presented with two natural options, namely

T(A")Y=TA, VAecM,,(R), (2.13)

and

(TA)T =TA, VAcM,,(R), (2.14)
where the second one (2.14) follows from (2.11) and from (2.13).
Then (2.13) amounts to symmetry in the second pair of indices, i.e.

Cijkt = Cijlk, Vimja k7£7 (215)

whereas (2.14) is equivalent to symmetry in the first pair of indices, i.e.

Cijkt = Cjikts Vi, j, kL. (2.16)

To sum up our discussion so far, we note that a linear operator 7 (as in (2.8)), which corresponds to the energy
functional of anisotropic elasticity (cf. (2.7)), satisfies the symmetry conditions (2.10), (2.13), (2.14). Thus, for
the corresponding matrix 7 = (Cijkg)?j]d:l, the symmetry conditions (2.12), (2.15) and (2.16) hold, so this
matrix may have at most n + n?(n — 1)?/2 different entries.

The isotropic media is further assumed to satisfy

TWWAU Y =U(TAU™', VAUEM,,(R), U unitary. (2.17)

As we shall see a posteriori, the conditions (2.13), (2.14) and (2.17) imply the linear operator (2.8) is self adjoint,
i.e., imply the condition (2.10). Indeed, we have:

Proposition 2.1 Consider a linear operator T, as in (2.8), such that the isotropy condition (2.17) holds. Then
T satisfies (2.13) if and only if it satisfies (2.14). Furthermore, any linear operator T which satisfies (2.17) along
with either (2.13) or (2.14) has the form

TA=ANTr A +p(A+AT),  AecM,,(R), (2.18)
for some constants X\, ju € R.
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Proof. Let us first show that any linear operator (2.8) satisfying (2.17), (2.13) can be represented in the form
(2.18). By the previous discussion, it suffices to prove that the space of linear operators (2.8) satisfying (2.17),
(2.13) has dimension two.

Since for any A € M, ,(R) we have TA = { T(A + A"), thanks to (2.13), and since A + AT can be
diagonalized (via a suitable conjugation with an unitary matrix U), it suffices to show that

a
6 b0 T 1O
TD=1 0 0 b 0 |, where D :=
0 00 .. 00 .. 0

for two numbers a, b € R. To this end, consider the following types of unitary matrices:

1 0 oo v oo 0 1 0 .. .. .. .0
01 0 . o .. 0 01 0 0
0 0 1 0 0 0 1 0

Uie’ =1 0o . 1 .. 0 .o Wei™=| 0o . 21 . 0 .. 0
00 0 .. .. 10 00 0 .. .. 1
00 0 .. .. .. 1 00 0 ..o o 1

where the only non-zero, off the diagonal entries are at (7,, j,) and (j,, i,). Next, set
A=TD, A= (ay)
1<i,j<n

and observe that D is invariant under conjugation by W;_ ;_, i.e. Wio,joDWisz = D, as long as i, # 1 and
jo # 1. Thus, by (2.17), the same is true for A = 7 D which, in turn, eventually implies that

Qiyiy = Qjojo Vio,jo # 1. (2.19)

The next observation is that D is invariant under conjugation by the product U;_; W;_; ,i.e.

Uimjo WiovjoDUZI7jo Wi—orvjo = D’
this time for every 1 < i, # j, < n. Hence, by (2.17), the same holds for A = 7 D, which ultimately implies
that a;,;, = —a;, 4, for every pair of indices 1 < ¢, # j, < n. Consequently,

ai,;, =0, forevery 1<1i,#j, <n. (2.20)

Under the current assumptions, i.e. (2.17), (2.13), the desired conclusion, i.e. that 7 D has the two-parameter
diagonal form indicated above, now follows readily from (2.19) and (2.20).

There remains to analyze the case when the linear operator 7 satisfies (2.17) along with (2.14). In this
situation, it can be readily checked that 7*, the adjoint of 7 with respect to the inner product (2.9), satisfies
(2.17), (2.13), so the previous reasoning applies. Consequently, 7 * can be represented in the form (2.18), which
is invariant under adjunction. Hence 7 can be written in the form (2.18) also. In particular, (2.18) holds in this
case as well, and this finishes the proof of the proposition. O

Remark. The above proof can be modified to hold in the case when (2.17) is (seemingly) 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, ¢, U;, j, Wi, j, (with k., €, # 1), in place of conjugation by (the inversion)
Ui,.;.Wi,.;, as in the original proof.

We are now ready to derive the Lamé equations of elasticity on M.
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10 R. Duduchava, D. Mitrea, and M. Mitrea: DIFFERENTIAL OPERATORS ON HYPERSURFACES

Theorem 2.2 On a Riemannian manifold M, modeling a homogeneous, linear, isotropic, elastic medium, the
Lamé operator L is given by

L = —2p Def*Def + A grad div. (2.21)

In particular, L is strongly elliptic, formally self-adjoint.
If u € TM denotes the displacement, natural boundary conditions for L include prescribing u|sns, Dirichlet
type, and

Tractionu := 2u (Def u)v + A (divu)r  on OM, (2.22)

Neumann type.

Here v € TM is the outward unit normal to M and we identify (Def u)r with the vector field uniquely
determined by the requirement that ((Def u)v, X) = (Def u)(v, X) for each X € T'M.

Proof. For elastic materials, it is known that the elasticity tensor (2.8) is symmetric matrix-valued, i.e. it
satisfies (2.13). Thus, according to the discussion in the first part of this section, the elasticity tensor in the case
of linear, isotropic, elastic media is given by (2.18), where A, ;1 are the Lamé moduli. Consequently, the stored
energy density we need to consider is

E(A) = (TA, A) = \(Tr A)? + gTr((fH—AT)Q). (2.23)

Further substituting A := Vu in (2.23) yields

E(z, Vu(z)) = A (divu)?(x) 4+ 2u ((Def u)(z), (Def u)(x)), (2.24)

by (1.11) and (1.13). Thus, we are led to considering the variational integral

1
Elu] = —3 / [/\ (divu)? 4 2u (Def u, Def u) | dVol, u€TM. (2.25)
M
To determine the associated Euler-Lagrange equation, for an arbitrary v € T'M, smooth and compactly supported,
we compute

ié’[u—i—tv]’

- / [)\ (divu)(divv) + 2p (Def u, Def v) | dVol
dt u

= / ((Agrad div — 2u Def*Def )u, v) dVol
M

- / (2u (Def w)v + A (divu)v, v) dvol (2.26)
oM

after integrating by parts, based on (1.16) and the Divergence Theorem (i.e. (1.17) with P = div). (From (2.26),
the desired conclusions follow without difficulty. O

Remark. In the (linear) anisotropic case, the Lamé operator takes the less explicit form

Lu = —-V*TVu, u€TM, 2.27)
where, as before, 7 is the elasticity tensor; cf. (2.11).
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3 Distinguished extensions of the unit normal to a hypersurface

We retain the notation adopted in §2, albeit specialized to the case M = R". In particular, V and div are the
usual gradient and divergence operators, V := (91, ...,0,) and div = V ., respectively, in R™. Also, if X is a
vector field in R™, we denote by Ox the directional derivative X « V. Hereafter, X « Y = (X,Y") stands for the
standard inner product in R™. Thus,

VxY = (X.V)Y = (Xx(0kY5));, if Y =(Y;);, X =(Xp)k

Also, VX is naturally identified with the matrix (9, X;); k-

Next, let S be a C*-hypersurface, i.e. an orientable, submanifold of class C¥, k > 1, of codimension one in
R™, with unit normal N (z) = (Ny(z),...,N(z)), z € S. Also let S denote the boundary of S (3S = 0 if S
is closed) and v = (71, ..., V) stand for the outward unit vector to S, relative to S.

Hereafter, we let d.S and ds denote the ‘volume’ element on S and 0S8, respectively.

The typical situation is when S is an open region of the boundary 0f2 of a smoothly bounded domain €2 in R"™.

The following propositions describe an extension of the unit normal to a hypersurface enjoying a number of
properties that will prove very useful in the sequel. Before stating our first result, we remind the reader that

mT:R* — TS, m= 05— N;jNg)jx, (3.1)

denotes the canonical orthogonal projection onto the tangent space to S.

Proposition 3.1 For any unitary extension v € CY(U) of N, in a neighborhood U of S, the following condi-
tions are equivalent:

(i) Vyov=00nS,ie,0,v;=00nSforj=12,..n;

(ii) dv=00nS, ie, Opv; —Ojvp =0o0n S, fork, j=1,2,...,n.

Proof. That (ii) = (i) follows readily by writing
(Vor, X) =2dv(v, X) + (Vxv,v) = 2dv(v, X) + LV x|v|?
for any vector field X in R™.
As for the opposite implication, we first observe that, in general,

V| =0 & 1/‘ =N = VU’ depends only on S and not on v. 3.2)
S S S

Indeed, for any field X,
vxu‘ — Vox ,,’ X, )V,
S S

=V,xN onS,
S

since V. x is a tangential derivative operator.
In particular, given a field v which satisfies

lv||=1 near S, v=N on S, and V,r=0 on S, (3.3)

it follows that dv s depends intrinsically on the hypersurface S.

Let us now consider a particular extension. To set the stage, let r : R” — R be a function of class C* with
the property that » = 0 on S and dr # 0 in some neighborhood U of §. For example, r can be taken to be
the “signed” distance to S, defined as dist (z, S) for = above S and —dist (z,S) for = below S, first in some
neighborhood of S then extended to the whole R™.
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12 R. Duduchava, D. Mitrea, and M. Mitrea: DIFFERENTIAL OPERATORS ON HYPERSURFACES

In particular, dr/||dr|| is a unitary extension of N, the normal to S. Upon noting that dr/||dr|| = d(r/||dr||)

on S, we finally, take
vi=d(gg) /| a(wm)|

in some neighborhood U of S. Clearly, ||v|| = 1in U and

av = (gin) /()| - i) ()]

Recall now that d? = 0 in R™ so that the first term in the right-side above is zero. Next, d(r/||dr||) = N on S, so
-1

that Hd(M) H = 1 on S. Since the differential operator N A d = Zj<k(Nj8k — N0;)dx; A dxy, contains

only tangential derivatives (cf. (4.10) and the discussion in §5), it follows that the second term in the right-side

above is also zero. All in all, dv = O on S.

In particular, by the implication already proved (i.e. (i) = (¢)) it follows that v satisfies (¢). Hence, since
this particular field satisfies dv = 0 on S, the above discussion implies that any other extension of N as in (3.3)
has this property.

The proof of the proposition is therefore finished. O

Remark. A unit vector field v, ||v(z)| = 1 for all z € Q C R", is called integrable if there exists a family of
surfaces filling up €2 which are orthogonal to the given vector field v.

In [MaMi, § 1.1.4] it is proved that the necessary and sufficient condition for v = (1/1, ceey nun)T to be
integrable is the symmetry of the matrix

R(x) := Vv(z) = (Drv;(x))jk (3.4

where Dy, := 0 — vgv - V are the Gunter’s derivatives (cf. the forthcoming § 4). Note, that the matrix R(z)
coincides with

R(z) := Vv(z) = (Opvj(2)) 1, xelU (3.5)

(see § 4) and Proposition 3.1 is not a direct consequence of the formulated result, although they are related.

Concerning the particular extension of the normal vector field with the distance function, exploited above.
This extension is well known and used often to define non-smooth (simply integrable) mean curvature to a rough
surface (cf. (3.6)). We have exposed the proof of this part just for the convenience of a reader.

In the sequel, given a hypersurface S and an extended unit vector v in a neighborhood U of S, we shall tacitly
assume that the projection 7 has been extended to U by setting # =I — (-,v)v =vV (VA -).

The forthcoming Proposition 3.2 and Proposition 3.4 are folklore. Being unable to find a comprehensive
reference to their proofs in literature, we expose short proofs for the convenience of a reader.

Proposition 3.2 For any unitary extension v € C1(U) of N, in a neighborhood U of the hypersurface S, the
quantity div v|s depends only on S and not on the particular v itself. In fact,

G :=divv satisfies G - (n—1)H, 3.6)
where H stands for the mean curvature of S.

Proof. Fix alocal ortho-normal frame 77, ..., T, _1 in some open subset O of S. In particular,

Ti,...,T,_1,v isalocal orthonormal basis for R" 3.7

at each point on O. Next, recall that

n n—1
divy‘oz Tr(VV)‘O: > (Vou,Tj)lo =Y (Vr,N,T;) on O,
j=1 j=1
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since (V,v,v) = 3V, |[v|> = 0in Y. Now, the last expression above is clearly independent of v. Since O is
arbitrary, this justifies the first claim of the proposition.

To prove the second part, i.e. the identity (3.6), it suffices to perform calculations for a particular choice of the
unitary extension v of N. If, locally, S is given as the graph of a function ¢ : R*~1 — R, pick

/

—1

l/(l‘) — (VSO($ )7 /) -, sz(m’,mn) eRnERnfl < R.

L+ [[Ve(a)|
Then

n—1

(le 1/) i[ jo @) }, Vo' e R"7L
= 97 1+||V<P( II?

As is well-known, the right hand-side above is n — 1 times the mean-curvature at the point (z’, o(z’)) on the
graph of ¢. O

Definition 3.3 Let S be a hypersurface in R™ with unit normal N. A vector filed v € C(U), where U is a
neighborhood of S, will be called an extended unit field for S if v o N, ||v|| = 1inU, and if v satisfies either
one of the (equivalent) conditions listed in Proposition 3.1.

It is implicit in the course of the proof of Proposition 3.1 that each C*, k > 2, hypersurface S has a C*~1
extended unit field (which, nonetheless, is not unique).

Proposition 3.4 Let S be a hypersurface in R™ and fix an extended unit field v in a neighborhood U of S.
Then, for the n x n matrix valued function R(x) in (3.5) the following are true:

(i) Rv =0inlU;

(i) Tr(R) =G inU.
Moreover, when restricted to the hypersurface S, R has the following additional properties:

(iii) R depends only on S and not on the choice of the extended unit v.

(ivyRT =RonS;

(v) (Ru)|s is tangential to S for any vector field u : S — R™. In fact,

IRYY (3.8)
TS

the opposite of the Weingarten map of S. In particular, the eigenvalues {k;}1<j<n—1 of —R (at points on S) as
an operator on T'S are the principal curvatures of S, whereas its determinant is Gauss’s total curvature of S;

Proof. First, Rv = V|[v||> = 0 in U, justifying (7). Next, (ii) follows from (3.6) and (3.5), whereas
(#it) — (4v) are direct consequences of (3.2) and (¢) in Proposition 3.1. Next, the first part of(v) is a consequence
() and (i4). As for (3.8), for each X € T'S we write

WX = -VSv=—n(Vxv) = —-Vxv=—RX

since, as we have just seen, Vxyv = RX is tangential to S. O

Remark. If v; € T'S,1 < j < n— 1, form an orthonormal system of 7'S and are eigenvectors for the matrix — R,
ie. —Rv; = r;v,1 < j <n—1,it follows that

Oy, V = —K; vy, 1<ji<n-1.
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14 R. Duduchava, D. Mitrea, and M. Mitrea: DIFFERENTIAL OPERATORS ON HYPERSURFACES

4 Calculus of tangential differential operators

Let

Pu = (Z a2 djus + baf’m) @.1)
3.8 3 “

be a first-order differential operator acting on vector-valued functions u = (ug)g in R™. Its adjoint (in R™) is
then defined by

Py = (— Z @(a?ﬁva) + Z baﬁva)ﬂ 4.2)
e a

and its symbol is given by the matrix-valued function

o(Pi) = (3 a%) . &= Ehsen (43)
J

Let henceforth S be a fixed, C? -hypersurface in R™, with unit normal V.
We say that P is a weakly tangential operator to the hypersurface S, with unit normal V, provided

o(P;N) =0 on the hypersurface S. 4.4)

If Q C R™ is a smooth, bounded domain, and if P is a first-order operator, weakly tangential to OS2, then P can
be integrated by parts over €2 without boundary terms, i.e.

/(Pu,v) dmz/(u,P*v) dx, (4.5)
Q

Q

for any C, vector-valued functions u, v in €.
Next, call P a strongly tangential operator to S provided there exists an extended unit field v such that

o(P;v) =0 in an open neighborhood of S in R". (4.6)

Since o (P*; &) = —a(P;€) T, for each £ € R”, it follows that P is weakly/strongly tangential if and only if P*
is so.

Recall that d.S, ds stand for the volume elements on S, dS, and that N, v denote the outward unit vectors to
S and its boundary 0S8, respectively (Cf. § 3).

Theorem 4.1 Let P be a first-order differential operator as in (4.1) with coefficients of class C* in R™. If P is
weakly tangential to S then P extends uniquely to an operator (still denoted by P) which acts on C! vector-valued
functions defined on S. In fact, this extension satisfies

(Pu)‘sz P(u|3) 4.7)

for every C* function u defined in a neighborhood of S. Furthermore, similar considerations apply to P*, and

/S(Pum> s = /S<u,P*11> as+ > /S(aNa;“B)Njuﬁvads

Ja.p

+7{ (o(P;7v)u,v) ds, (4.8)
oS
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for any C1, vector-valued functions u, v defined on S.
If in fact P is strongly tangential to S then the following integration by parts formula holds:

/S(Puw> ds = /S<u, Prov) dS+j<§9s<J(P; Y)u, v) ds, 4.9)

for any C*, vector-valued functions u, v defined on S.

As a corollary, for a first-order differential operator P which is weakly tangential to a hypersurface S, its
transposed in R"™ differs from its transposed in the sense of integration by parts along S by a zero-order term. In
fact, this term disappears if P is strongly tangential to S.

Let us consider the first-order, tangential differential operators (Stokes’s derivatives)

M,y = N;jOp — Npd;, 1<jk<n, (4.10)

where, we remind, [V is the unit normal to S.
If v is an extended unit field for S, then each surface operator M ;;, extends accordingly by setting M 3, =
v;jO, — v1:0;. In the sequel, we shall make no distinction between this operator in R" and (4.10).

Lemma 4.2 The following formulas hold:

(i) M, = —My;, foreach 1 < j k < n;

(ii) O, = Z?Zl viMi + 150, for each 1 < k < n;
(iii) Y p_, Mg = G, foreach 1 < j < n.

Proof. The first two identities are immediate from definitions. To see the last one, we write

n

> Mg =Y (0 — vk0j)vi = v dive — 20;(|[v]*) = G,
k=1

k=1

as desired. O

Lemma 4.3 For any C*, real-valued functions f, g on S and any 1 < j < k < n, there holds

[ [Midrg+ 1Ming)| dS = § (N = Ny fy s @1
S oS

Proof. Let:: S — R", 3: 39S — S,and i : 9S — R” be the natural inclusion operators. In particular,
t = ¢ o). Itis then essentially well-known that, with the superscript ‘star’ denoting pull-back,
(day A Nz A Nday) = (<1)TIN; S, j=1,2,.n, 4.12)

and, for1 < j <k <n,

#(doy Ao Ay A Adag A Aday) = (=17 (N — Niy,) ds. (4.13)
Here, as usual, the ‘hat’ symbol indicates omission. Now, if we set
wi= (=17 fgday A Adag A Adzg A A day,

then
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16 R. Duduchava, D. Mitrea, and M. Mitrea: DIFFERENTIAL OPERATORS ON HYPERSURFACES

do = (=1)*9;(fg)dxy A ... A dzg A ... A day,
—(=1)70(fg) dz1 A ... Ndzp A ... A day. (4.14)
Consequently,
dst*(w) = ¢*(drnw) = [N;0k(fg) — NkO;(fg)| dS (4.15)
whereas
7 (Cw) = (o) 'w=1"w= (N — Npv;)fgds. (4.16)

The desired conclusion then follows from Stokes’s classical formula

/ ds(t*w) = j{ 7 (w) (4.17)

S as

with the help of (4.15), (4.16). O
After this preamble, we are ready to present the

Proof of Theorem 4.1. Fix two arbitrary C'!, vector-valued functions defined in a neighborhood of S. For
starters we note that, on S,

(Pu)q = Za?ﬁﬁjiw + Zba’gu5

J.B B
= — Z a?ﬁNijku,g + Za?ﬁNjaNulg + ZbaﬁUﬁ
Jk.B 7,8 B
= - Z a?ﬁNijkUg + Zbaﬁug + (0(P; N)VNu)a
ik.B B
= — Z a?ﬁNijku,@ + Zbaﬁu;g (4-18)
J.k.B B

on account of the weak tangentiality of P. If we now take the last expression above as a definition of P on
functions which are defined only on S, then (4.7) holds.
Next, fix an extended unit field v for S. Using (4.11) and integrating by parts we get

/(Pu7 v) dS —ZZ/ a?ﬂuk(/\/ljkug)va dS’—l—Z/ b*Pugv, dS
S s on S

Jik a8

ZZ/ u,g[./\/ljk(a?ﬁykva)} dSJrZ/ b*Pugv, dS
S a8 S

Jik a8

—7{ Z Z(Vj% — zxkfyj)ayﬁuku,gva ds. (4.19)
oS

gk a,B
In the boundary integral, we write
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- Z Z[Vj%a?ﬁykuﬁva — Vk'}/jayﬂl/k’ug’l]a]
ik o

= — (7, v)(o(P;v)u,v) + [[v|*(o(P;y)u, v)
= (o(P;7v)u,v), (4.20)

since (7, ) = 0 on S; this term is in agreement with (4.8).
As for the first surface integral in the rightmost expression in (4.19), use Leibnitz’s rule to expand

ZZUB[Mjk(a?ﬁukva)] = ZZ“B“?[}U&MMW@ + ZZuguijk(a?ﬁva)

gk a8 Jik a8 Jik a8

= I+1I 4.21)

With regard to I above, we invoke (¢i¢) in Lemma 4.2 to write

1= upaf’vav;G = (0(P;v)u,v)G =0, (4.22)
Jro,B

once again due to (4.6). Turning our attention to II, recall from (i7) in Lemma 4.2 that > ;_, vy M =
Vj&, — 87 Thus,

II+ *Pugv, = — ugd:(a™Pvy) + g0, (a*Pvy) + > b*Pugu,
B BYj 7 BYj ] B
a,B J,a, B J.a,B B
= (u, P*v) + Z {u;;l/j(&,a?ﬁ)va +uﬁyja?ﬁ3uva}
Jra,B

= (u,P*v) + Z {ugay(uja?ﬁ)va - uﬁ(&,l/j)a?ﬁva]
Jra,8

+{o(P;v)u, V,v)
= (u, P*v) + ([0,0(P;v)]u,v) — (o(P; V,v)u,v)
+(o(P;v)u, V). (4.23)

Thanks to the weak tangentiality of P, the last term in the last line above vanishes on S; in fact, since V,v = 0
on S so does the next-to-the-last term. Finally, ([0,0(P;v)]u,v) = Zj)a7ﬁ(aNa?ﬂ)NjU5'Ua on S, after some
simple algebra. Thus, ultimately,

IT+ Zbo‘ﬁugva = {(u, P*v) + Z (8Na?ﬁ)Nju50a on S.
a, J,a,B

This, in concert with (4.19)-(4.20) and (4.22), finishes the proof of (4.8).
In the case when P is strongly tangential the identity also follows from what we have proved so far since, in
this scenario, 0,0 (P;v) = 0 by definition. O

Remark. By iteration, an identity similar in spirit to (4.9) holds for higher order differential operators which are
successive compositions of first-order differential operators, strongly tangential to S.

The Stokes derivative operators M j;, = 1,0, — v4,0;, introduced in connection with a hypersurface S (with v
denoting an extended unit field for S), are clearly strongly tangential to S, since (M ;&) = v;€, — V€. As
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18 R. Duduchava, D. Mitrea, and M. Mitrea: DIFFERENTIAL OPERATORS ON HYPERSURFACES

My, = Ok(vj-) — 9;(vy ) which becomes —Mj; on S, it follows that, a posteriori, Lemma 4.3 is a special
case of Theorem 4.1.

In this connection, let us also point out that v A d, acting on scalar functions on S, is naturally identified with
the skew-symmetric matrix whose entries are the Stokesian derivatives, in the sense that

vAd= % Z M dzj A dxy, = Z M dzj A dzy,. 4.24)

Gk=1 1<j<k<n

Of special interest for us in this paper are the so-called Giinter derivatives

Dj:=0; —v;0, =0; — > vjukde,  j=1,2,...n. (4.25)
k=1
We set
Df = (D1 £,Dof, ..., Dy, f) . for scalar-valued functions, (4.26)
Dew:=Y Djuj, if w=(u1,...,up). 4.27)
j=1

For further reference, below we collect some of the most basic properties of this system of differential opera-
tors.

Proposition 4.4 The following relations are valid:

(i) Dj = > vpMyy, foreach 1 < j < n;

k=1
(ll)M ik = V;Dg —ukD foreach1 < j,k <n;
(iii) Z v;D; = 0 and Z Djv; =G.

(iv) [Dj,Dk] = Vj(Vuk V) —vp(Vr;eV)on S, foreach 1 < j, k <n;
(v) for every C! functions f,gon S, and every1 < j < n,

/(D f)gds = / Djg) + N;G ] ds+7f vifgds. (4.28)
oS
Proof. The first three identities are simple consequences of definitions. To prove (iv) we first note that

DjDk = (6] — yjﬁu)(é'k - l/kay) (429)

= 8j8k — (8juk)8,, — Z {Vk(ajyl)az + Vkulajal + ujulalﬁk} + Vjukag
=1

where the second equality utilizes the fact that 9, v = 0 on S (cf. () in Proposition 3.1). If we now observe,
with the aid of (4¢) in Proposition 3.1, that the expression

8j6k — (6]-1%)8” — Z [l/kl/lajal + Vjvlalak} + l/jl/kﬁz

=1
is symmetric in j and k, then the desired commutator identity follows from (4.29).
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Turning to (v), note that D; is a first-order differential operator defined in a neighborhood of S in R™, and
whose principal symbol is 0(D;; &) = & — v;(§,v), for £ € R™. In particular, D; is strongly tangential to S,
and 0(Dj;~y) = 7. Thus, (4.28) will follow from Theorem 4.1 as soon as the transposed of D; in R is properly
identified. To this end, we compute

(Dj)* = (83 —Vj Z I/kak) = —Bj + Z Ok [(Vkuj)} =-D; +v;G+ 31,1/]' (4.30)
k=1 k=1
and observe that, when further restricted to S, the last term vanishes, as desired. O

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

Py :=div—-9,(-,v), with Pf=-V+ (0, )v+ G,
Py:=V,mr—vVvd, with Py=-7V,+Gr—-3JvA "), 43D
Py :=divm(-), with PJ=—7nV.

Indeed,

U(Pﬁg) = <£’ > - <V’§><V7'>7 O'(PQ;f) = <§7V>7T —vV (5/\ ) and O’(Pg;f) = <£vﬂ-(')>7

so that (4.6) is easily verified in each case.
We are interested to express these operators in terms of the Giinter derivatives (4.25) rather than the ordinary
0;’s. A general result to this effect is as follows.

Proposition 4.5 Let

Pu = (Z a2 djus + baﬂW) (4.32)
3.8 3 “

be a first-order differential operator which is strongly tangential to a hypersurface S. Then P remains unchanged
(in a neighborhood of S) if one formally replaces 0; by Dj, i.e.

Pu= (3" a5 Djup + 3 b ug) (4.33)
58 ] “
Proof. The two right sides in (4.32) and (4.33) differ by o (P;v)(V,u). O

When used in conjunction with the operators (4.31), the above proposition gives

Proposition 4.6 For an arbitrary vector field u we have

Piu=D.(mu)+ G{v,u) — (Ru,v),
Pyu = D({v,u)) + (v,u)V,v — R u, (4.34)
Psu=D.(mu) — (Ru,v),

where R := (8kuj) has been introduced in Proposition 3.4.
ik
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Proof. These follow by invoking Proposition 4.5 plus a straightforward calculation. In the case of P, it
helps to first notice that, if u = (uy, ..., u,) = urdzy + ... + u,d,, then

vVdu = i(iukakuj>d:cjfi(iykaqud:cj

j=1 k=1 j=1 k=1
= Vou—V{v,u)+ R u. (4.35)
‘We leave the details to the interested reader. O

Remark. Although the tangential derivatives M ;. and D; are known for a long time (M3, was introduced by
Stokes and D; by the soviet mechanist Giinter in [Gu]) and were applied by several authors (see [Ce, Co, DL,
Gu, KGBB, MaMi, NDS, Ne] etc.), we have not found most of the properties listed above in the literature. In
[Gu, KGBB] these differential operators, in 3D case, are applied to problems of mechanics, while in [MaMi] to
differential geometry and minimal surfaces.

S Expressing surface differential operators in spatial coordinates

Throughout this section we shall regard the hypersurface S as a Riemannian manifold with the natural metric
inherited from R™. The goal is to describe the action of divs on T'S, as well as that of gradg and A on scalar
functions on S, it terms of the Giinter derivatives (4.25). Our main result in this regard is as follows.

Theorem 5.1 For any smooth, tangential field u = (uy, ..., u,) on S we have

divsu:D.u:ZDjuj. (5.1

Jj=1

Also, for any smooth, real-valued function f on S,

grads f = Df = (D1f.Daf, D). (5.2)

In particular, the Laplace-Beltrami operator Ag on S takes the form
n
As f = divsgradg f = D. (Df) =Y D3y, (5.3)
j=1

Proof. The operators in question have local character, so it suffices to carry out calculations in some fixed,
small open subset O of S. With 7 denoting the orthogonal projection onto 7'S, we consider the n x n matrix
A(u) uniquely defined by the requirement that

(Aw)X,Y) =(Vexu,nY), VXY e R™ 5.4)
Also, fix an ortho-normal frame 77, ...,7T;,,_1 to T'S in O, so that

Ti,...,Tn_1,v isan orthonormal basis for R" (5.5)
at each point in O. Thus, if we set T}, := v then the vectors 717, ..., T}, form an ortho-normal basis in R™, when

evaluated at points in O.
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Going further, if VS stands for the Levi-Civita connection on S then, according to (1.23), ViY =7(VxY)
forany X,Y € T'S. For any u € T'S supported in O, we may therefore write

n—1 n n
diveu =Y (VEu,T;) = > (Vru, Tj) = > (A(w)T;,T). (5.6)
j=1 j=1 j=1

At this point we claim that the last term in (5.6) does not depend on the particular basis of R™. Indeed, this is
folklore and, for the reader’s convenience, a couple of such statements are collected below.

Lemma 5.2 [f A is a n X n matrix with real entries then

TrA= Z(ATj, T;) (5.7)
j=1

for any orthonormal basis {T;}; in R™. In particular, the sum in the right side above is independent of the
particular orthonormal basis {T}} ;.
Also, if B is another n X n matrix with real entries, then

n

Tr(AB") = > (AT}, Tp)(BT;, Ty) (5.8)
g k=1

is independent of the particular orthonormal basis {T}} ;.

Returning to the task of carrying on the calculation initiated in (5.6) we denote by e; := (0,...,1,...,0), for
j =1,...,n, the usual canonical basis in R", and by
n
€j :=Tej; =€ —VjV:Z((Sjk — VVg)ek, j=1,...,n. (5.9)
k=1

the projection of e; onto 7'S. One simple yet important observation is the fact that the Giinter operators are
directional derivatives corresponding to the ¢;’s, i.e.

Dj:Vé.7 j=1,2,...,n.

J

Relying on these observations, we may now continue —invoking Lemma 5.2— with

n

diveu = Z(A(U)6.17€j> = Z(ngu, €j) = Z (Djur){ex, &)

3
3
3

(5.10)

Il
5
S

<~
N
RS
S
Ead
S
AS
I
RS,
S
~

justifying (5.1).
Turning attention to the operator gradg, we note that if f is scalar and v € T'S, both smooth and supported
away from 0S8, then
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/S(gradsf,u> s = —/SfdivsudS:—/Sf;Djuj

— * dS = D, fdS.
L;(Dgf)uj /sz:;ujpjf

- /(Df, u) dS. (5.11)
S

Here we have used (4.28) and the tangentiality of u. Since both gradgf and Df are tangential, it follows that
(5.11) holds for arbitrary smooth vector fields v : S — R™ (not just tangential). We may therefore conclude that
gradgs f = D, as desired.

Finally, (5.3) follows from (1.3) and what we have proved so far. This finishes the proof of the theorem. [

Define

(O3 )ls =D NiNu(8;0:f)|s = (92f)]s. (5.12)

Jik

Corollary 5.3 For any smooth scalar function f, defined in a neighborhood of S, there holds

(Bef)| = As(fls) +GOn s + @R f)ls. (5.13)

To keep matters in perspective, it is illuminating to work out in detail the case when S = S™~!, the unit
sphere in R™. In this scenario, one can choose v(z) := z/||z||, v € R"\ 0, so that G := divv = (n — 1) /|||,
and 0, = ) (z;/||z||)0; = Oy, the radial derivative in R™. Then (5.13) becomes, after a rescaling, the classical
formula

02 n—-10 1
+EASn,—1.

Apn = =— + ——
R or? r Or

Proof. The identity (5.13) follows by expanding

n

As =Y D= (9; —v;0,)(0; —v;0,)
=1

j=1
and performing straightforward algebraic manipulations based on Proposition 3.1. We omit the straightforward
details. O

Corollary 5.4 For any smooth scalar function f, and any smooth vector field u defined in a neighborhood of
S, the following identities hold:

grads (N, uls)) = [Vu(ru)lls = NV (du)|s + R(uls), (5.14)

(divu)|g= divs(muls) + G{uls, N) + (Vyu)|s, N), (5.15)

divs(muls) = div(r u)|s, (5.16)

grads(fls) = [7V []|s, (5.17)
where R is as in (3.5).

Copyright line will be provided by the publisher



mn header will be provided by the publisher 23

Proof. To justify (5.14)-(5.16), in the light of (4.7), we simply point to the alternative representations of the
operators Py, Py, P5 in (4.31) and (4.34), keeping in mind that V,,v = 0 on S. Finally, (5.17) is the adjoint of
(5.16). O

Corollary 5.5 For the Stokes derivatives from (4.10), here holds

Y M= > Mi=As on S (5.18)

jk=1 1<j<k<n

Proof. Denote by @ the second-order differential operator in the left side of (5.18), and fix two scalar func-
tions f, g on S, supported away from the boundary. We may then write

f@nodas = = 5 [(MapMogas = = [ wndrndgas

1<j<k<n

_ / (div (7Y f)]g dS (5.19)
S

thanks to (4.11), (4.24), and the fact that P := v A d is strongly tangential to S, with adjoint P* = é(v V -).
Since f and g are arbitrary, it follows that

Q|3 = div (7TV~)|3 = diVS (Wv . |3) = diVS (grads . |5) = As on S,
by (5.16)-(5.17) and (5.3). O
A number of related identities, at least for n = 3 and special extensions of the unit normal, can be found in
[DL], [Ce], [Co], [KGBB], [NDS], [Ne] and the references therein.

Moreover, in [MaMi] it is proved that the solution to the Laplace-Beltrami equation

n

Vsv+cv=0, 2= Du)" = (01)° (5.20)

Jj=1 Jj=1

describes a surface with constant mean curvature.

6 The identification of the surface Lamé operator and related PDO’s

Recall from §3 that the geometric-differential definition of the deformation tensor Defs and the Lamé operator
L on S are, respectively,

Defs(X)(Y,Z) == ${(V§ X, Z) + (V3 X,Y)}, VX,Y,Z€eTS, 6.1)

and

L := —2uDefsDefs + Agradgdivs. (6.2)

The main result in this section, dealing with the identification of Lamé operator (6.2), is as follows.
Theorem 6.1 The following identities hold on S:

L=punAs~+ A+ pu)gradgdive + uGR=pun (DeD) + (A+ p) D(D.) + nGR. (6.3)

In particular, L : TS — TS is a second-order, strongly-elliptic, formally self-adjoint, differential operator on
S.
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Proof. Given the local nature of the identities we seek to prove, it suffices to work locally, in a small open
subset O of S, where an ortho-normal frame 74, ...,7T,,_1 to T'S has been fixed. As before, we set T, := v so
that {7; }1<j<n is an ortho-normal basis for R™, at points in O.

Next, fix u a tangent field to S supported in O, and let A(u) = (ajx(u));x be the n x n matrix uniquely
defined by the requirement that

(A(u)X,Y) := Defs(u)(rX,nY), VX, Y e R™ (6.4)

It is then clear that

[A(w)]" = A(u) and A(u)r = 0. (6.5)

For each j, k we can write

ajr(u) = (A(u)ey,e;) = Defs(u)(ex, €;)
= % ( U, €5) V U ek>> = % ((Véku,éj) + <Véju,ék>)
= %Z[ Dyur)(6jr = vivr) + (Djur)(Orr — Ver)]- (6.6)

r=1

To further simplify (6.6) we note that, on S,

n
Z(Dku, vivy = Dy, (Z u,.y,> Zu, Dy )V Zu, (Orvg)v;, 6.7)
r=1
for every j, k. In the last step above we have used the fact that (u,~) = 0 on S, and (¢) in Proposition 3.1.
Combining (6.6) and (6.7) we eventually arrive at

as() = [ Dyus + Dy, + Vulvjmn)] (6.8)

Now if v is also a smooth vector field, tangent to S, we get —keeping in mind that Def s (u) is symmetric— that

(Defs(u), Defs(v)) = Tr (Defg(u)Defg(v))

= z_: Defs(u)(ﬂ,Tk)Defs(U)(Tj,Tk)
Gk=1

-y (AT}, Ti)(A()T;, Te) = > (A)T5, Ti) (A(0) Ty, T)
Jk=1 j,k=1

= > (A(u)ej, ex)(A(v)ej er) = > ajr(u)ap(v). 6.9)
Jk=1 Jk=1

The second to the last equality in (6.9) relies on the second part of Lemma 5.2. Integrating, this leads to
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4 Z /Sajk(u)ajk(v) as

dk=1

- / [Pty + Djui + Vaulvun) | [Drvs + Djor + T (vymy)| ds. (6.10)
S

To proceed, we first consider

/ > (Djuk + Dyu;)(Djvg + Dyvy) dS = 2/ > D;(Djup + Dyuj)vy dS
S S

jk=1 k=1

= 2/ Z [—ka?uk — v D; Dy + G (Djug)vi + G (Dkuj)vk} ds
s

jk=1
=2+ I+ 11T +1V). (6.11)
It is immediate that I = — [((Agsu,v)dS, while ) v;D; = 0 on S forces 11 = 0. Next we concentrate on

j=1
IV. By using Proposition 3.1 and the tangentiality of u we get

v

/szk Dk(ZVjuj)—Zuj(akl/j—ykau”j) s
S k=1 j=1 j=1

—/ G(Ru,v) dS. (6.12)
s

As for IT, we employ the commutator identity from (év) in Proposition 4.4 plus the fact that « and v are tangential
to write

Z UijDkUj = Z UkaDj’LLj + Z U}c['Dj,’Dk]Uj
Jk=1 Jik=1 jok=1
= D uDDyuy+ Y (B)(@wy)uve 6.13)
jk=1 3.k, 1=1

on S. Thus,

n

Il = /S< i v DrDju; — Z (8kyl)(8luj)ujvk) ds

J,k=1 L,j,k=1

= /(gradsdivSu, v) dS—/(RQu,w ds. (6.14)
s S

At this point, we may therefore conclude that
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n

/ Z (Djur + 'Dkuj)(’Djvk + Dyv;) dS
S

J k=1
=2 / (—Asu — gradgdivsu + R?*u — GRu, v) dS. (6.15)
S

We now proceed to analyze the remaining terms in (6.10). More precisely, we still have to take into account
the terms containing either V,,(v;v;) or V., (v;1;). We start with the identity

n

> (Druy) Vo (vimn)

J,k=1

n n
Z Vi Dku] vq,VJ + Z V oVE (Dk Zu]V] — Z’U,jakl/j)
k=1 Jj=1 Jj=1

7,k=1

= Z Vo) (Vari) = —(R%u,v), (6.16)

k,j=1

valid at points on S. There are four such terms in (6.10), i.e. containing either V,,(v;vy) or V,(v,v4), but not
both. An inspection of the above calculation shows that, on S, they are all equal to —(R?u, v).
We are still left with computing

Z Vu(vjvgp)Vy(vivg) = Z [ur(a Vi)V + ur (0 I/k)l/j] {vl(alyj)uk + v (O v

Jik=1 Jok,m =1

n n

= 2(R?u,v) + 2 Z uT(aryk)vlyk%& (Z I/]2> = 2(R?u,v), 6.17)

k,rl=1 j=1

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

4 Z /ajk w)ajk(v)dS = 2/( Asu — gradgdivsu — GRu, v) dS. (6.18)

7,k=1

Having deduced (6.18), we may now compute

4 /S (Def%Def s (u), v) dS /S (Defs(u), Defs(v)) dS

42 /ajk w)aji(v) dS (6.19)

7,k=1

= 2/<—Agu — gradgdivsu — GRu, v) dS.
S

Thus,

4DefsDefs = —27Ags — 2gradgdivs — 2GR, (6.20)
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since the tangential vectors fields u, v are arbitrary (note that here we use the fact that the image of R is a subspace
of T'S).

The first identity in (6.3) now follows easily from (6.20) and (6.2). The remaining identity in (6.3) then follows
from what we have just proved and Theorem 5.1. O

Next recall the definition of the Hodge-Laplacian acting on 1-forms, i.e.

App = —dsdy — dsds : A'TS — A'TS (6.21)
where ds is the exterior derivative operator on S, and d7 its formal adjoint. As explained in §2, 1-forms on S are
naturally identified with tangent fields to S so, from now on, we shall think of Ay, as mapping 7'S into itself.

As pointed out in §2, the Hodge-Laplacian (6.21) is related to
App = —(VS)*V°, (6.22)

the Bochner-Laplacian on S, via the Weitzenbock identity

ABL :AHL'FRiC,S. (623)

Our aim is to find alternative expressions for all these objects, starting with the Ricci tensor.
Theorem 6.2 On S, there holds

Rics = —R? + GR. (6.24)

In particular, when n = 3 —i.e. for a two-dimensional surface S in R3>— the above identity reduces to

Rics = —det W = —K, (6.25)
where KC is the Gaussian curvature of the surface S.
Proof. Let us denote by Rs the Riemann curvature tensor of S. Since R"™ has zero curvature, it follows
from Gauss’s Theorema Egregium that, if X, Y, Z, W are tangent vector fields to S, then

See, e.g., [Ta2], Vol.IL, p. 481. In this context, the second fundamental form of S becomes IIs(X,Y) = VxY —
V$Y = (VxY,v)r, by (1.23). Thus, on S,

<R$(X, Y)Z, W> = <VXW, V><VyZ, V> - <VYW, V><VXZ7 V>
= (W, Vxv)(Z,Vyv) — (W, Vyv)(Z,Vxv)
= (RW,X)(RZ,Y)— (RW,Y)(RZ, X). (6.27)

For the second equality in (6.27) we have used the fact that X, Y, Z, and W are tangential, so in particular,
Vx{W,v) =0,Vy(Z,v)=0,Vy(W,v) =0,and Vx(Z,v) =0on S.
Next, recall from (1.21) the definition of the Ricci tensor, i.e.

n—1
Ric (X,Y)s := > (Rs(T},Y)X, T}), (6.28)

J=1
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where 11, . ..,T;,_1 is, locally, an orthonormal basis in T'S, and X, Y are arbitrary tangential vector fields to S.
If we set T), := v, and employ (6.27) together with Rv = 0, we obtain

n—1 n
Y (Rs(T;,Y)X,T;) = Y [(RT;, Tj)(RX,Y) — (RT;, Y )(RX, T})]
= G(RX,Y) zn: (T;, RX)T;) = —((R> — GR)X,Y), (6.29)

which takes care of (6.24).
Finally, (6.25) is a consequence of what we have proved so far, (3.8), and the elementary identity A% —
(Tr A)A = —(det A)I, valid for any 2 x 2 matrix A. O

Theorem 6.3 The following identities are valid:

A, = wAs+ R?, (6.30)
Anr 7As + 2R? — GR. (6.31)

Proof. In order to identify the Bochner-Laplacian operator Apy, on S we observe that, with u tangential
field fixed, if the matrix A(u) satisfies (A(u)X,Y) = (VS u,7Y), for each X,Y € R™ then, much as in the
proof of Theorem 5.1,

aji(u) = (A(u)er, ej) = (Ve u, €;) = Dyuj — ZVJVer Up). (6.32)

On account of this and Lemma 5.2 we can now write

/S<(v5)*v u,v) dS = / VSu, VS0) dS = Z / S, T} (VS 0, Ty) dS

7,k=1

n

Z/S D (A@)T; des—Z/ajk Waze(v) dS

J,k=1 7,k=1

Z / DkujDkvj

J,k=1

— Z vivy Dju,Dyv; — Z vy Diu; Doy + Z VerDk.uervl} ds

r=1 =1 ri=1
Z / Dkau] v — ZUT’U]‘ (8kur)(8kyj)} ds
7,k=1 r=1
= / (—=Asu — R*u,v) dS. (6.33)
S

In the next-to-the-last equality, we have applied the following identity to the terms under the integral sign:
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Xn: v, Do, = D, (Z yw) - zn: w,Dvy = — zn: w.dsvp, on S, (6.34)
r=1 r=1 r=1 r=1

valid for any tangential vector field w, and any index s € {1,...,n}. In turn, the identity (6.34) can be seen from
a direct computation (recall that 0, v, = 0 on S). Finally, to justify the last equality in (6.33), it suffices to recall
n

(4.30), (5.3) and the fact that > 1Dy = 0.

k=1
The conclusion is that (6.30) holds. Finally, the identity (6.30) in concert with (6.23) and (6.24) implies
(6.31). O

Recall now from [EM, Note Added in Proof, pp.161-162], [Ta] (cf. also the remark at the end of this paper),
and [Ta2, Vol. IIT], that the Navier-Stokes system for a velocity field u, tangent to S, and a (scalar-valued) pressure
function p on S reads

% — 2DefsDefs(u) + Vou —gradgp = f in S x (0, 00),

diveu =0, in S. (6.35)

Theorem 6.4 The Navier-Stokes system (6.35) is equivalent to

0 -
8—1; —Vyu+ mAsu+ GRu —gradgp=f in S x (0,00),
diveu=0 in S. (6.36)
Proof. This is a direct consequence of (6.20) and (1.23). O

7 Further applications

We debut by briefly discussing a number of boundary value problems for tangential operators to a smooth hyper-
surface S in R"™, for which 0§ is a Lipschitz submanifold of codimension one in S.

For starters, the treatment of the classical Dirichlet and Neumann boundary problems for the Laplace-Beltrami
operator in Lipschitz subdomains of Riemannian manifolds from [MT] translate into the well-posedness results

about
(DeD)u=f in S,

ul, or V.,u prescribedon OS.
S

In order to be more specific, consider the case of the Lamé system on S and, to set the stage, let H*P stand
for the scale of LP-based Sobolev spaces, 1 < p < oo, s € R.

Theorem 7.1 Assume that S is a C*° hypersurface in R™ with unit normal N and a Lipschitz boundary 0S.
If the Lamé moduli \, i € R satisfy
w>0, 2u+A>0, (7.1)

then the boundary value problem
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u= (..., u,) € H1/22(S R"),

(uy,Ny=0 in S,

un(DeD)u+ A+ p)D(Deu)+pGRu=0 in S, (71.2)
ul = Fema@s R, (V) =0onos.

is well-posed for each 0 < s < 1.
Furthermore, if the traction operator is defined by

Tractionu = 2 Def (u)y + p {Ru, Y)v + A (Do u)y (7.3)
where
Def (u) := (Dkuj + Djuk)zgj,kgn
(recall that v € T'S is the outward unit normal to 0S), then
u= (..., u,) € H3?752(S,R"),
(u,N)=0 in S,
um(DeD)u+ AN+ p)D(Deu)+puGRu=0 in S, (7.4)

Traction u s fe H=52(0S,R"),

is Fredholm solvable, of index zero, for each 0 < s < 1.

For a discussion pertaining to the physical significance of (7.1) see [LL], p.11. The proof relies on the
corresponding statement for the boundary problem for the intrinsic Lamé operator for S (viewed as an abstract
Riemannian manifold) from [Mi], and the identifications (6.3).

Theorem 7.2 Let S be a C*° hypersurface in R™ with unit normal N and Lipschitz boundary 0S. Then the
boundary value problem

u= (..., u,) € HT/22(SR™), pec H1/22(S),

(u,Ny=0 in S, [4pdS=0,

7 (DeD)u+GRu—Dp=0 in S, (7.5)
Deu=0 in S,

uaszfeHS*Q(a&R”), (fiN) =0 on 88, §88<f,7>d5:0,

is well-posed for each 0 < s < 1.

Once again, this follows by translating the main result in [MT2] by means of the identifications (6.3).

Finally, natural boundary value problems for the Hodge-Laplacian on Lipschitz subdomains of (general) Rie-
mannian manifolds have been recently treated in [MMT]. When phrased in terms of the operators studied in this
paper, these yield the following sample result:

Theorem 7.3 Let S be a C* hypersurface in R™ with unit normal N and Lipschitz boundary 0S. Then the
boundary value problem

u=(up,...,u,) € H/22(S,R"), (u,N)=0 in S,
7(DeD)u+ 2R? - GR)u=0 in S,

(NANd)u=0 in S,

(v.ulos) = f € L*(0S,R"), (F,N)=0, (f,7)=0 on 08,

(7.6)
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is Fredholm solvable, of index zero.

We conclude with a regularity result, very useful in electromagnetic theory (see, e.g., [Ne] for a discussion in
a lower dimensional case).
Theorem 7.4 Let ) be a smooth, bounded subdomain of R™ and set S := 0$). As usual, we let N stand

for the outward unit normal to OS2 and denote by T the orthogonal projection onto T'S. Then for each field
u= (U, ..., un) € L2(Q,R"™) such that

Zajuj € L*(Q) and Ojup — Opu; € L*(Q)  foreach 1< j k <n, 1.7
j=1

the following statements are equivalent:
(i) u € HY2(Q,R");
(ii) Tu|ls € H-Y?2(S,R"™) and divs(ruls) € H-Y/?*2(S);
(iii) (N, (uls)) € H'/*2(S).

Proof. The departure point is to write, via (1.22) and repeated integrations by parts (cf. (1.17)), that

/HVu||2d:U - /(V*Vu,u>dx+/<VNu,u>dS
Q Q

S

/((d5+5d)u,u> dx+/<VNu,u> ds
Q S

/[||du||2+||5u||2} dx+/<Pu,u> is (7.8)
Q S

where

Pu:=V,u—vVdu— (divu)v. (7.9)
Next, we decompose V,u = V,,(7u) + V., ({u, v)v), and use (5.14)-(5.15) to replace the last two terms in (7.9).
This procedure yields

(Pu,u) = (gradg((v,u)), mu) — divs(mu) (v, u) — G{v,u)? — (Rru, 7u), (7.10)

so that, all in all,

JIvulpds = [ [idul? + 60l ] do
Q Q

- /S (20, w)divs (mu) + Glv,w)? + (Rw, wu)] dS. (7.11)

The boundary integral in (7.11) can be estimated by a (fixed) multiple of

)| 1 22s) - 1divs ()| -1 2.2(s

w3722y - ) -2

Hlmull g1z sy - [7ullg-1/220) (7.12)
In concert with standard trace theorems, to the effect that

Copyright line will be provided by the publisher



32 R. Duduchava, D. Mitrea, and M. Mitrea: DIFFERENTIAL OPERATORS ON HYPERSURFACES

lullrea@zny <C IVl agpe) + lullzaozn)
KN, w1225 gmy < C {Hdi" ullr2(a) + ||UHL2(Q,]R")}7 (7.13)
|mull gr-1/22(5rn)y <C {Z 0wk — OkujllLz(o) + ||u||L2(sz,Rn)]7
7.k

this implies equivalence of norms

%

> 05un = Okullra) + Y 105w o)

HUHHL?(Q,R")

Jik J
—|—||7TUHH—1/2,2(3) + HdiV5(7T'u)||H—1/2,2(S) (7.14)
Y 05uk — Okusll2 ) + Y 1055l 2@y + 1N, w22 s)-
Jik J
With this a priori estimate at hand, the desired conclusion follows from a standard density argument. O
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