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Abstract. Making use of a surface integral defined without use of the partition of unity,
trace theorems and the Gauss-Ostrogradskij theorem are proved in the case of three-
dimensional domains €2 with a Lipschitz-continuous boundary for functions belonging to
the Sobolev spaces Hl’p(Q) (1 € p < o). The paper is a generalization of the previous
author’s paper which is devoted to the line integral.
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INTRODUCTION

In [Ne| (and similarly in [KJF]) a surface integral is defined with help of the
partition of unity in a rather complicated and unnatural way. This approach is then
used with advantage in the proofs of trace theorems and the Gauss-Ostrogradskij
theorem. Using a Gauss-Ostrogradskij theorem proved in this way for deriving the
variational formulation of the boundary value problem

ou
on q,

—Au=finQ, ul, =0, L=
2

where 90 =T4 UT5, I'1 N Ty = (), we obtain the following problem: Find

weV:={ve H(Q): v’rl =0}

1 This work was supported by the grant No. 201/97/0153 of the Grant Agency of the Czech
Republic.
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such that
Oudv OJudv Judv
/], <axax yoy 9202 >d$dydz
:///vfda:dydz—i—// vgdo Vv eV.
Q Iy

In this variational problem the surface integral is defined with help of the partition
of unity and thus this formulation is not suitable for practical computations.

In this paper we define a surface integral in a quite natural way (this means,
without use of the partition of unity) and prove the Gauss-Ostrogradskij theorem
and the necessary trace theorems. Of course, the theory of a surface integral is also
developed.

In some books the proof of the Gauss-Ostrogradskij theorem reduces to a list of
wishes (or a list of unproved assertions—see, e.g., [PF]) and even in textbooks of
a high standard the proof of this theorem suffers from confusion (see, e.g., [Fi3]).
In books of the top standard the notion of the surface integral is either artificial
(see the already mentioned references [Ne| and [KJF]) or difficult to understand and
unnecessarily general (as far as the applications are concerned) (see, e.g., [Si]).

In the famous book of Saks (see [Sa]) the expression for the area of a surface
z = F(z,y) is derived, where F(x,y) is a continuous function and the expression

VI[Fz(z,y)]?> + [Fy(z,y)]? can be integrable only in the sense of Lebesgue. Our ap-
proach, which accentuates the viewpoint of practical applications, is different. We
will consider surfaces z = f(z,y) for which the expression /f2 + f; is Riemann
integrable (at least in an improper sense) because only such surfaces appear in appli-
cations. These surfaces form parts of boundaries of domains 2 in which variational
problems considered in applications are formulated. The solutions of these problems
belong, in general, to H'(Q). Thus the traces of these solutions are elements of
spaces L2(£2). (As to the notation of Sobolev spaces, it is the same as in [KJF].)

The outline of the paper follows: We will define a surface integral over surfaces
which appear in applications. This definition will be done without help of the par-
tition of unity. First we will define a surface integral in a Riemann sense and prove
its properties. Then we extend the definition to the case when the integrand is the
trace of a function from H%P(Q) = W'(Q) (p € (1,00)). In connection with it we
prove the corresponding trace theorems. The second part of the paper is focused on
various formulations of the Gauss-Ostrogradskij theorem.

It should be noted that the conception expressed in Convention 6.7 and Defini-
tion 10.1 is new and quite suitable for applications. Moreover, it avoids problems
which are unnecessary from the practical viewpoint, solved with difficulties by some
mathematicians.
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1. REGULAR PART OF A SURFACE

In this section we deal with parts of surfaces over which we shall integrate. Unless
stated otherwise we consider an arbitrary but fixed Cartesian coordinate system
<O,x,y, z>, where O is the origin of the system, O = [0, 0, 0].

1.1. Definition. a) We say that a set S is a part of a surface, which is reqular
with respect to the coordinate plane (z,y), if the points [x,y, 2] € S satisfy

(11) z = f(l"y)a [x,y] € SI?J’

where S'my is a simply connected two-dimensional bounded closed domain lying in the
plane (z,y), which is bounded by a simple piecewise smooth closed curve 0.5;,, and
f: Szy — R! is a real function continuous on S,,, which has continuous first partial
derivatives f, = %ﬂé, fy = %5 in Sz, (where the symbol S, denotes the interior
of Suy, i€, Szy = Szy — 0Szy). The closed domain S, is called the orthogonal
projection of the part S onto the plane (z,y).

The set of points [z, y, 2], for which

z=f(z,y), [z,y] € 0Szy,

is called the boundary of the part S and is denoted 0S.
b) Similarly we say that a set S is a part of a surface, which is regular with respect
to the coordinate plane (z,2) (or (y, 2)), if the points [x,y, 2] € S satisfy

(1'2) yzg(ar,z), [.’IJ,Z} € sz»
(1.3) r=h(y,z), [y,z] €Sy,

where the closed domains S, S'yz and the functions g: S,, — R, h: S'yz — R!
have analogous properties as the closed domain S, and the function f: S,, — R!.
The closed two-dimensional domains S, and S y- are called orthogonal projections
of the part S onto the planes (, z) and (y, 2).
¢) We will often use the notion “part” instead of the notion “part of a surface”.
d) We say that S is a regular part if S is regular at least with respect to one
coordinate plane.
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1.2. Definition. a) We say that a part S is Lipschitz-reqular with respect to
the plane (z,y), if S is regular with respect to (z,y) and the derivatives f,, f, are
bounded in Sy, (i.e., in the interior of S,,).

b) Similarly we define that the part S is Lipschitz-regular with respect to (z, z)
or (y,z).

c) We say that a part S is Lipschitz-regular if S is Lipschitz-regular at least with
respect to one coordinate plane.

1.3. Definition. a) We say that a part S is strongly regular with respect to the
plane (z,y) if S is Lipschitz-regular with respect to (z,y) and if the derivatives f,
fy can be continuously extended from S, onto Sy, .

b) Similarly we define a part which is strongly regular with respect to (z,z) or
(y, 2).

c) We say that a part S is strongly regular if S is strongly regular at least with
respect to one coordinate plane.

1.4. Example. a) Let S,y = {[z,y]: 2®> +y? < r?%,r > 0}. The set S of points
[x,y, 2] satisfying (1.1) with f(x,y) = \/r?2 — a2 — y2 is a part of a sphere which is
regular (but not Lipschitz-regular) with respect to the coordinate plane (x,y).

b) Let us divide the part S described in a) into 16 parts by the coordinate planes
and the planes z = r/2, y = x and y = —z. Each of these 16 parts is strongly
regular.

1.5. Example. Let the set S'Iy be the same as in Example 1.4 and let f(z,y) =
22 + y2. Then the set S of points [r,y, 2] satisfying (1.1) is a part of a cone. The
coordinate plane (z, z) (or (y, 2)) divides S into two parts which are Lipschitz-regular.
However, neither of them is strongly regular because the derivatives

z Y

VEe MO

cannot be continuously extended to the point [0, 0].

f:l?(x’y) =

1.6. Theorem. a) Let a part S be regular with respect to (x,y) and (z, z).
Then

(1.4) flx,g(x,2)) =2z V[z,2] € Sy,
(1.5) 9(z, f(z,y))

y Vz,y] € Suy.

b) Let a part S be regular with respect to (x,y) and (y, z). Then

(1.6) f(h(y,2),y) =2z Vy,z] € Sy,
(17) h(y’f($’y)):$ V[x,y] € .

9]
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¢) Let a part S be regular with respect to (z,z) and (y,z). Then

(1.8) 9(h(y,2),2) =y Vly,2] € Sy,
(1.9) hig(z,2),2) =x V|x,z] € .

9]

2] Ty

Proof. We shall prove a). The orthogonal projections of the two closed two-
dimensional domains S'Iy and S,. onto the axis x are identical; this projection is a
segment which will be denoted by <a, b>. Let xg € <a, b> be an arbitrary but fixed
point. Let Z be any fixed point such that [zg, Z] € S, and let us set § = g(zo, 2).
As [z0,7,2] € S (by virtue of the fact that S is regular with respect to (z,2)) we
have (by virtue of the fact that S is regular with respect to (z,9)) [0,3] € Suy,
and simultaneously zZ = f(zo, 7). Thus z = f(x0,y) and y = g(zo, 2) are mutually
inverse functions in one variable. This implies

z = f(xo,9(x0,2)) and y = g(xo, f(z0,¥)).

As zg € <a, b> is an arbitrary point these relations imply (1.4) and (1.5). The proof
of b) and c) is similar. O

1.7. Theorem. At every interior point [r,y,z] € S of a regular part S there
exists a tangent plane to S (and thus also a normal to S).

Proof. Let the part S be regular with respect to (z,y). The assertion of
Theorem 1.7 follows then from the following facts (see, for example, [Fil, pp. 433—
442)):

I. The plane z = f(z,y) has at the point My[zo, yo, 20|, where zo = f(x0,v0), &
tangent plane, which is not parallel to the axis z, if and only if the function f(z,y)
is differentiable at the point [z, yo]-.

II. The function f(z,y) is differentiable at the point [xg,yo] if the partial deriv-
atives fz(x,y), fy(z,y) exist in some neighbourhood of the point [z¢,yo] and are
continuous at this point. O

1.8. Definition (Orientation of the normal to a regular part). Let a
part S be regular with respect to (£,7), where (£,7) denotes one of the planes (x,y),
(7,2), (y,2). In case the part S is regular with respect to more than one coordinate
plane we choose for (£,7) one of them. Let ¢ be that of the coordinate axes z, y, z
which is different from ¢ a 7. Let V be a domain whose boundary 0V is a cylinder
directed by the curve 0S¢, and with surface straight-lines which are parallel to the
axis ¢. The part S divides the domain V into two parts, which will be denoted by
the symbols V; a Vo (the numbering is either arbitrary or depends on the problem

173



with which the orientation of the normal is connected). At each point [z,y,z] € S
the unit normal n(z,y, z) to S will be oriented from V; into V.

If S is a part of the boundary 99 of a domain Q (which has no cuts) then the
definition of the orientation of the normal is simpler: At all points [z,y,2] € S the
unit normal n(z,y, 2) is directed either from Q (we speak about the outer normal),
or into Q (we speak about the inner normal).

The angle which is made by n(z,y, z) with the axis = (or y, or z) will be denoted
by a(x,y,z) (or B(z,y, z), or y(x,y,z)); briefly a (or 8, or v). Thus we have

(1.10) n(x,y,z) = (cosa(x,y, z), cosf(z,y,z), cosy(x,y,z)).

1.9. Theorem. a) If a part S is regular with respect to (z,y) and is described
by relation (1.1) then at each point [x,y, z] € S (where S denotes the interior of S)
the oriented unit normal satisfies

€z

) =
\/1 + f2(z,y) + f2(x,y)

n<$7ya2

(_fﬂf(xvy)’ _fy(x’ y)? 1)a

or more briefly

€z

(1.11) n=————(—fz,—fy,1),

where ¢, = 1 if y(x,y, z) < § for all points [z,y,2] € S, and e, = —1 if y(z,y, z) >

[SIERNIE]

for all points [z,y, z] € S. (Relation (1.11) implies that we cannot have y(x,y, z) =
at the points [x,y,z] € S and that ¢, is the same for all interior points of the part
3.)

b) If a part S is regular with respect to (z,z) and is described by relation (1.2)
then at each point [x,y, z] € S the oriented unit normal satisfies
(1.12) n=——t (g, 1,-g.).

Vit+gi+g?
where ¢, = 1 if B(x,y,2) < § for all points [z,y,2] € S, and e, = —1if B(x,y,2) > §
for all points [z,y,z] € S.

c) If a part S is regular with respect to (y,z) and is described by relation (1.3)
then at each point [x,y, z] € S the oriented unit normal satisfies

(1.13) n=——"% (1, —h, —h.),

1+ h2+ h2
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where e, = 1 if a(z,y, 2) < § for all points [x,y,z] € S, ande, = —1 ifa(zx,y,z) > §
for all points [z,y,z] € S.

Proof. We prove a). Let [zg,yo] € Szy be an arbitrary point. According to
Theorem 1.7 and its proof, there exists a total differential at the point [z, yo)

(1.14) dz = fu(w0,0) dz + fy(20,90) dy.

It is well-known (see, for example, [Fil, p. 442]) that the equation of the tangent
plane 7(Py) to S at the point Py = [20, yo, 20] Will be obtained if the differentials du,
dy and dz in (1.14) are substituted by the differences = — g, y — yo & 2z — zo. Hence

(1.15) —fe(0,y0)(x — x0) = fy(0,40)(y — o) + (2 — 20) = 0.

The left-hand side of (1.15) can be interpreted as the scalar product of the vectors

(1.16) (T =0,y — Yo, 2 — 20),
(1.17) (= f2(xo,90), — fy(20,90), 1).

In (1.16), =, y, z are coordinates of an arbitrary point [z,y, z] € 7(Py). Thus the
vector (1.16) is parallel to the plane 7(Fp). Relation (1.15) then implies that the
vector (1.17) is perpendicular to the plane 7(FPp). As the z-coordinate of the vector
(1.17) is positive this vector makes an acute angle with the z-axis. If e, = 1 in (1.11)
then the orientations of the parallel vectors (1.11) and (1.17) are identical; ife, = —1
then the orientations of these vectors are opposite. Assertion a) is proved. O

2. FUNCTIONS CONTINUOUS ON A REGULAR PART

In Section 1 we have described sets over which we shall integrate; in this section we
will describe functions which will be integrated on these sets in the Riemann sense.

2.1. Definition. a) Let S be a regular part. Let F: S — R! be a real
function defined on S, i.e., to each point [z,y, 2] € S just one real number F(z,y, z)
corresponds (this means that we exclude the cases F(z,y,2) = +oc0 and F(x,y,z) =
—o0). We say that the function F': S — R! is continuous at a point [zo, Yo, 20] € S

W

if for every ¢ > 0 there exists § = d(¢) > 0 such that for all points [z,y, 2] €
satisfying the inequality

(2.1) [(& = 20)* + (y — y0)® + (2 — 20)°]"/* <
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we have
(22) |F(.’13,y,2’) _F(any0>ZO)‘ <E.

b) Let S be a regular part. We say that a function F': S — R! is continuous on
S if it is continuous at each point of the part S.

2.2. Theorem. a) Let a part S be regular with respect to (z,y) and let a
function F: S — R' be continuous on S. Then the function p: S,, — R! defined
at each point [z,y] € S, by the relation

o(x,y) = F(z,y, f(z,y))

is continuous on E'Iy.

b) Let a part S be regular with respect to (z,z) and let a function F': S — R! be
continuous on S. Then the function ¢: S,, — R! defined at each point [x,z] € S,
by the relation

Y(x, z) := F(z,g(x, 2), 2)

is continuous on Sy .

c) Let a part S be regular with respect to (y, z) and let a function F: S — R be
continuous on S. Then the function x: S,, — R' defined at each point [y, z] € S,
by the relation

X(% Z) = F(h(y> Z)> Y, Z)

is continuous on Sy..

Proof. a)Lete > 0be given. Let us consider an arbitrary point [zg, yo] € Szy-
This point is in a one-to-one correspondence with the point

(20, Yo, 20] = [0, Y0, f (20, y0)] € S.

For the points [z,v, 2] € S appearing in Definition 2.1a we have [z,y, z] € U, where
U = SN K(5[xo, Yo, 20]) with

K(6; [%0,90, 20)) = {[z, 9, 2]: (& —20)* + (y — y0)* + (2 — 20)* < 6%}

As the part S is regular with respect to (x,y), the orthogonal projection U,y of the
set U onto the plane (x,y) satisfies mease Uy > 0 and Uy, is a simply connected
set. Thus there exists such a ¢ > 0 that

Dgy = k(0; [20,Y0]) N Say C Ugy, meass Dyy >0,
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where £(0; [0, yo]) = {[z,y]: (x —20)* + (y — y0)* < 0*}.
For the given ¢ > 0 we have found such a ¢ > 0 that the points [z,y] € Dy,
i.e. points [z,y] € S, for which

(2 = 20)® + (y — 90)*]"* < o,

satisfy
\(p(a?,y) - @(x(]?yo)‘ = ‘F(xvyaf(xay)) - F(x(]?y(]af(xo»yo))‘
- \F(:E,y,z) - F(xO,yOaZOH <Eé.
Assertions b), ¢) can be proved similarly. O

2.3. Corollary. A function F: S — R!, where S is a regular part of a surface,
is bounded, if it is continuous on S (i.e., there exists such a constant M > 0 that
|F(z,y,2)| < M for all points [z,y, z] € S).

In applications we use also the notion of a function which is bounded and piecewise
continuous on a regular part of a surface. This notion is a simple and straightforward
generalization of Definition 2.1.

3. A SURFACE INTEGRAL OF THE FIRST KIND OVER A STRONGLY REGULAR PART
OF A SURFACE

In this section the notion of a surface integral of the first kind will be introduced
formally. The meaning of this notion will be explained in the next section.

3.1. Notation. Let a function F': S — R! be continuous on a regular part S.
a) If the part S is strongly regular with respect to (z,y) then we set

G IE) = [ Fawfe) i 2en R,

b) If the part S is strongly regular with respect to (z, z) then we set

(32)  IS(F):= / /S F(e, gz, 2), 2/ 1T 2@, 2) + 92(z, 2) da dz.

c) If the part S is strongly regular with respect to (y,z) then we set

(3.3) IfZ(F) = //5 F(h(y, 2),y, Z)\/l +h2(y, 2) + hi(y, ) dy dz.

Remark. By the assumptions of Notation 3.1, the integrals on the right-hand
sides of (3.1)—(3.3) are Riemann integrals in R2.
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3.2. Theorem. a) Let a part S be strongly regular with respect to (x,y) and
(z,2). Then
s _ 7S

b) Let a part S be strongly regular with respect to (x,y) and (y,z). Then
I3,(F) = I).(F).
c) Let a part S be strongly regular with respect to (x,z) and (y, z). Then

I7.(F) = I.(F).

Proof. We shall prove assertion a). Let us define mapping @: S,. — R? by
the relations

(3.4) r=ux y=g(z,2), [v,2]€ Ss..
Let us verify that the mapping @ satisfies the assumptions of the theorem on substi-
tution in a two-dimensional integral.

Functions (3.4) are continuously differentiable in S,..

The relations

[x,y,z] = [x,y,f(x,y)] = [x,g(x,z),z] €5, [x,y} € S:L’ya [xaz} € Suz
imply that
and that the mapping ¢: S, — S'my is bijective.
By virtue of (3.4), the Jacobian of the mapping ®: S,, — S, satisfies

J(x,2) = g.(x,2), [z,2] € Sy

By the assumptions of Theorem 3.2a the function J(z, 2) is bounded on S,,. Now

we verify that
(3.5) J(x,2) #0 Vz,z] € Sps.

According to Theorem 1.9 and the assumptions of Theorem 3.2, we have at each
point [r,y,2] € S
€z
n—
J1+ ) + F )
_ Ey
V1t g2, 2) + g2(w, 2)

(_fx(xvy)’ _fy(xvy)’ 1)

(79:1:(:5’ Z)a 1, *gz(x’ Z))
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Comparing the z-components of the two vectors, we see that relation (3.5) is satisfied.
Further, the domains S, and S'my are measurable (in both the Jordan and the
Lebesgue sense).
As measy 05, = measy 05,. = 0 and as the integrands on both sides of relation
(3.6) are continuous and bounded functions on E'Iy or S, the theorem for the
transformation of two-dimensional integral gives (we use also (1.4))

(36) J. P @ e + )l dedy

=[] Pste )01+ Ualogle, )P + [ @9t )P lo-(o.2) do

Now we transform the integrand on the right-hand side of (3.6). Differentiating
relation (1.4) with respect to x and z, we obtain

(3.7) fe(z,9(2,2)) + fy (2, 9(2, 2))gu (7, 2) = 0
and
(3.8) fy(x,g(z, 2))g:(x, 2) =1,

respectively. Relation (3.8) yields

(3.9) f.g(a.2) = — (;Z).
Relations (3.7) and (3.9) imply
(3.10) fulagla, ) = - 402

From (3.9) and (3.10) we obtain

1+ el g 2D + [yl g(2,2)2 g (2 2)]
= V14 (0@ )P + =@ 2P, [,2] € B

Inserting this result into the right-hand side of (3.6), we obtain, according to (3.1)
and (3.2), the relation I;?y(F) =I5 (F).
Assertions b), ¢) can be proved similarly. O

3.3. Corollary. If a part S is strongly regular with respect to all three coordi-
nate planes then I3 (F) = I7,(F) = I,(F).

Theorem 3.2 enables us to formulate the following definition:
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3.4. Definition. a) If a part S is strongly regular with respect to (z,y) and
F: S — R! is a function continuous on S then the term Ify(F ) is called the surface
integral (of the first kind) of the function F over the part S. We use the notation

(3.11) //S F(z,y,2)do == I3, (F).

b) If a part S is strongly regular with respect to (z, z) and F: S — R! is a function
continuous on S then the term I, (F) is called the surface integral (of the first kind)
of the function F over the part S. We use the notation

(3.12) //S F(x,y,2)do = IS (F).

c) If a part S is strongly regular with respect to (y,2) and F: S — R! is a function
continuous on S then the term I;Z(F ) is called the surface integral (of the first kind)
of the function F over the part S. We use the notation

(3.13) //S F(z,y,z)do == I,(F).

Remark. a) Theorem 3.2 enables us to use the same symbol on the left-hand
sides of relations (3.11)—(3.13).

b) Instead of the long expression “a surface integral of the first kind” we will often
use the notion “a surface integral”.

4. GEOMETRICAL AND ANALYTICAL MEANING OF A SURFACE INTEGRAL

4.1. Definition (A measure of a strongly regular part of a surface).
The definition contained in this subsection is standard (see, e.g., [ST, p. 198]): Let
a part S be strongly regular with respect to (z,y). Let us embed the closed domain
S 2y into an arbitrary square ) the sides of which are parallel to the coordinate axes
z, y. Let D, be a square net consisting of n? squares of the same size with mutually
disjoint interiors and sides parallel to the axes z, y. Let the union of these closed
squares cover the square ). (The net D,, will be obtained by dividing the sides of the
square (Q into n parts of the same length and connecting the opposite points by lines
parallel to the coordinate axes.) Let 7, be the number of squares belonging to D,
the intersection of which with §$y has a positive two-dimensional measure. Let us

denote these squares by the symbols Asgn), Asgn), ey AS,(:). In each square As,(en)

let us choose arbitrarily a point [xi”), y,i”)] which lies also in S;,. The corresponding
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point P,gn) = [xi”),y,i”) (n)], where z(”) = f(xfgn),ylgn)) lies on S. By Theorem
1.7 at the point Pk( ™) there exists a tangent plane 7(P ,g )) of the part 5. Let Aa,(cn)
be that part of T(Pk(n)), the orthogonal projection of which onto the plane (z,y) is
equal to Asffn). Let \Aa,(:b) | denote the two-dimensional measure of the parallelogram
Aa,i”). If there exists a finite limit

Tn

(4.1) lim >

k=1

Aaén)

and has the property that it does not depend on the choice of the points [x,(9 ), y,(fn)],

then this limit will be called the measure of the strongly regular part S and will be
denoted by |S]|.

Let us note that in case the part S is strongly regular with respect to (z,z) or
(y, 2) the definition of |S| is analogous.

4.2. Theorem. Let a part S be strongly regular. Then
(4.2) S| :/ do.
s

Proof. Let S be strongly regular with respect to (z,y). The acute angle which
is made by the nonoriented normal at the point Pk(,n) and the z-axis, will be denoted

by w,(cn). We have

cos w,(c n = = |cos 'y(x,(cn),y,(en) (”))\,

where, according to (1.11),

n n 1
‘COSWC;“ )’y’(“ ) ( ) (n) (n)  (n)
\/1 fx .’L‘k >yk )] + [f (xk y Yg )]

The same acute angle is made by the tangent plane T(P’gn)) and the plane (z,y).
Hence

n ‘AS n n n
20 = - ’f(n) VI G g0 + 11, @ )P 1257,

where |A8k )| is the measure of the square As§C ") The expression

1S0] = Z% U™, g2 + [y @, g2 A5
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is, according to Definition 4.1, an approximate measure of the part S. On the other
hand, the expression |S,| is an integral sum corresponding to the two-dimensional

Riemann integral

//S VL el )2 + [fy (2, y)2 dedy,

where the integrand /1 + f2 + fy2 is an integrable function in the sense of Riemann
(because the part S is strongly regular with respect to (x,%)). Thus

lim |Sn\:// do,
n—oo Sv

which was to be proved. In case the part S is strongly regular with respect to (x, 2)
or (y, z) the proof is similar. O

The analytical meaning of the surface integral is introduced in the following the-

orem.

4.3. Theorem. Let a part S be strongly regular and let F: S — R' be a
continuous function on S. Let Aalgn) have an analogous meaning as in 4.1 and 4.2.
Then the sequence {I,,(F)} of integral sums

(4.3) ZF (@5, ) Aol

converges to the surface integral [, g F(z,y,2)do independently of the choice of

@™y )

points P,E”) U

Proof. We prove Theorem 4.3 in the case when S is strongly regular with
respect to (z, z). Then we can write the integral sum (4.3) in the form

ZF (@, 9@, 2, 21+ @™ 2N + [ga (7, 21 A5,

where the square Ask lies in the plane (z,2). As the function ¥: S,, — R!, where

W (x,2) = Fz,9(x,2), 2) V1 + [g0(, 2)]2 + [g:(2, 2)]%,

is bounded and continuous on S,,, we obtain from here and from the results of
Section 3 the assertion of Theorem 4.3. O
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A very important application of the surface integral of the first kind appears
in the formulations of the so called weak solutions of boundary value problems of
mathematical physics.

For example, in the case of three-dimensional elasticity problems we meet a surface
integral of the form

(4.4) g / /S pi(5,4, D)l 9, ) do,

where (p1, p2,p3) is the pressure vector prescribed on part S and (u1,us,u3) is the
displacement vector. The physical meaning of integral (4.4) is the work of the exter-
nal pressure which acts on the part S.

5. A SURFACE INTEGRAL OVER A REGULAR PART OF A SURFACE

A generalization of Sections 3 and 4 to the case of a regular part of a surface needs

an improper two-dimensional Riemann integral.

5.1. Definition. a) Let a part S be regular with respect to (z,y) and let F':
S — R! be a function continuous on S. We say that the function F' can be integrated
over the part S with respect to the variables x, y if there exists a real number Tgy(F)
with the following property: For every € > 0 there exists § = §(e, F) > 0 such that
every part D C S, for which

(5.1) meass(Szy — Dyy) < 9,

satisfies

62 |[[ Pl fen) 15 Bl + e ey - BE) <e.

b) Let a part S be regular with respect to (z, z) and let F': S — R! be a function
continuous on S. We say that the function F can be integrated over the part S
with respect to the variables x, z if there exists a number IS (F) with the following
property: For every € > 0 there exists 6 = §(e, F') > 0 such that every part D C S,
for which

(5.3) measy (S, — Dyz) <6,

satisfies

(5.4) \ [ F@gen. )V @E + 2 deds - ) <
D]‘/Z
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c) Let a part S be regular with respect to (y, z) and let F': S — R! be a function
continuous on S. We say that the function F can be integrated over the part S
with respect to the variables y, z if there exists a number ffz (F) with the following
property: For every e > 0 there exists § = (e, F) > 0 such that every part D C S,
for which

(5.5) meass(Sy. — Dy.) <6,
satisfies
60 | [P0 T T ayas - )| <

Let us note that every part D satisfying the inclusion D C S is strongly regular.
Hence the integrals appearing on the left-hand sides of inequalities (5.2), (5.4) and
(5.6) are Riemann integrals.

5.2. Definition. Let (s,t) be one of the pairs (z,y), (z,2) and (y,z). Let
S be regular with respect to (s,t). We say that we can integrate over the part S
with respect to s, t if we can integrate an arbitrary function F: S — R!, which is
continuous on S, over S with respect to s, t.

5.3. Theorem. a) Let a part S be regular with respect to both (x,y) and (z, 2)
and let F: S — R be a function continuous on S. If we can integrate the function
F over S with respect to x, y (or with respect to x, z) then we can integrate the
function F over S with respect to x, z (or with respect to x, y) and we have

(5.7) I3,(F) = I.(F).

b) Let a part S be regular with respect to both (x,y) and (y,z) and let F: S — R
be a function continuous on S. If we can integrate the function F over S with respect
to x, y (or with respect to y, z) then we can integrate the function F' over S with
respect to y, z (or with respect to x, y) and we have

(5.8) I5,(F) = I.(F).

c) Let a part S be regular with respect to both (x, z) and (y, 2) and let F: S — R!
be a function continuous on S. If we can integrate the function F over S with respect
to x, z (or with respect to y, z) then we can integrate the function F over S with
respect to y, z (or with respect to x, z) and we have

(5.9) I.(F) = I.(F).
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Proof. a)Let it be possible to integrate the function F over S with respect to ,
y. Let € > 0 be arbitrary but fixed. By Definition 5.1a there exists §; = d1(¢, F) > 0
such that every part D C S, for which

(5.10) meass(Syy — Day) < 61,

satisfies

() ‘// xy’f(x’y))\/“rff(x’?/)+f§(w7y)dwdy—ffy(F) <

| ™

Let D* C S be a fixed part satisfying (5.10), (5.11). Let us set

8% = measy (S, — DZ,)
and let us choose arbitrarily a part K which satisfies the inclusions
(5.12) D*CcKcCS.

The part K is, according to the assumptions of Theorem 5.3 and Definitions 1.1, 1.3,
strongly regular with respect to both (z,y) and (z, z) and we have

measy(Syy — Kauy) < measy(Say, — D) < 61,
<

measy Sy, — Kauz)

measy(S,, — D) = 85.

By Theorem 3.4a (where we substitute the symbol S by K) we have

// F(z,y, f(z,y) \/1+f2xy)+f2(x y)dz dy

// F(z,g(x,2),2)v/1 + g2(x, 2) + g2(x, z) de dz.

Let us subtract from both sides of this relation the expression I Is ,(F) (which does
exist, according to the assumption formulated at the beginning of this proof) and let
us take the absolute values. Using (5.11) and (5.12) we obtain

(5.13) ‘/_ F(a:,g(x,z),z)\/l—i-gg(x,z)—i—g?(w,z)dxdz—ffy(F) < %
Let us set
(5.14) 63 i=¢/{2 max |F(z,g(z,2),2)\/1+g2(z,2) + g2(z,2)}

[x,2]€ Dz,
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and define
(5.15) d2 :=min(d3,65").

Let M C S be an arbitrary part satisfying

(5.16) measy(Sy, — M,.) < 6a.
and let us set

(5.17) R.. = M,.UD:

Tz

Ay, =Di, — M,,.

Relation (5.17); means that we have set K := M U D*, which is not in contradiction
with (5.12).

The part M is by assumptions of Theorem 5.3 (which include the regularity of S
with respect to (x,y) a (z,z)) and Definitions 1.1, 1.3 strongly regular with respect
to both (z,y) and (z, z) and it holds

(5.18) ‘//M F(z,g(w,2), 2)\/1+ 62(x, 2) + 62(z, 2) dardz ffy(F)‘

<|/[ | Fleg(e2) VI 02 g2 2 deds -13,)

b

" ’//A F(z,g(z,2),2)vV/1+ g2(x, 2) + g2(w, 2) dz dz

because, according to (5.17), the integral over M,, is equal to the difference of
integrals over K., and A,.. The first expression on the right-hand side of (5.18) is,

according to (5.13), less or equal to £/2. As A, C Sy, — M, it holds by (5.16)
(5.19) meass Ay, < Ja.

Further we have, according to (5.17)a,

(5.20) A, C DZ,.

Relations (5.14), (5.15), (5.19) and (5.20) imply

(5.21) ‘//A F(z,g(z,2), 2)V/1 + 62(z, 2) + g2(x, 2) dadz

F(z,9(x,2), 2)\/1+ g2(z, 2) + ¢2(x, z)’ measy Ay, <

< max
[z,z]€D}

| ™
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Combining inequality (5.18) with (5.13) and (5.21) we obtain

(5.22) ’//M F(x,g(x,2), 2)\/1+ g2(, 2) + g2(x, 2) dxdszfy(F) <e.

For the given € > 0 we have found 63 > 0 which depends on ¢, F and S and is
such that relation (5.22) holds for all parts M C S satisfying (5.16). As e > 0 is
arbitrary, we obtain from here and from Definition 5.1b that the function F' can be
integrated over the part S with respect to x, z and (5.7) holds. O

5.4. Theorem. Let a part S be strongly regular with respect to (s,t), where
(s,t) is one of the pairs (z,y), (v,z), (y,2). Then we can integrate over S with
respect to (s,t) (in the sense of Definition 5.2) and we have

(5.23) ) = [[ P e

where F: S — R! is an arbitrary function continuous on S.

Proof. Theorem 5.4 will be proved in the case that (s,t) = (x,y). Let us
choose an arbitrary € > 0 and set

0= 5/ max
[z,y] €Sy

Fo,y, £ )1+ f2(0,9) + f(ay) |

For every part D C S satisfying (5.1) we then have (see relations (3.11) and (3.1))

’//ﬁmy F(a:,yvf(x,y))\/l—kf%(%y)+f§(a:,y)dxdy—//gﬂxw’zMa

= ’// _ F(ff,y,f(x,y))\/1+f§(x,y) + f2(z,y) dxdy‘
Suy—Day

Fa,y, [ (@, 9)\/1+ f2(2,9) + [3(@,)| meass(Say — Day) <.

< max
[Iay]eswy

Thus, taking into account Definitions 5.1 and 5.2, we can see that relation (5.23) is
satisfied. 0

5.5. Definition. Let a part S be regular with respect to (s,t), where (s,t) is
one of the pairs (z,v), (z,2), (v, 2), and let F': S — R! be a function continuous on
S. If the function F' can be integrated over S with respect to s, ¢ then we set

//S F(z,y,2)do := I5(F).
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Theorem 5.4 shows that Definition 5.5 is an extension of Definition 3.6 (i.e., the
definition of the surface integral over a strongly regular part of a surface) to the case
of a surface integral over a regular part of a surface, and Theorem 5.3 guarantees
correctness of this definition.

In Section 6 a practical criterion is introduced enabling us to decide whether it
is possible to integrate over a given part of a surface (or over a given surface)—see
Theorem 6.2.

5.6. Definition. We say that we can integrate over a part S if S is regular at
least with respect to one of the three coordinate planes (let us denote it by (s,t))
and if we can integrate over S with respect to s, .

Theorem 4.2 can be extended only by definition:

5.7. Definition. Let us assume that we can integrate over a part S. Then we

5] = //S dor.

5.8. Notation. For the sake of brevity we set

set

=1+ f2(@,9) + f2(e,y),
U(w =1+ g2z, 2) + g2(x, 2),
\/1+h2 z) 4+ h2(y, 2).

The same symbol o for three different functions is introduced in order to be able to
use the neutral variables s, t.

6. THE SURFACE INTEGRAL OVER A UNION OF
LIPSCHITZ-REGULAR PARTS OF A SURFACE

6.1. Theorem. a) Let S be a Lipschitz-regular part with respect to (z,y).
Then we can integrate over S and for an arbitrary function F: S — R!, which is
continuous on S, we have

(6.1) // x,y,z)do = // (z,y, f(z,y))o(x,y) dzdy.

b) In the case that S is a Lipschitz-regular part with respect to the plane (z, z)
(or (y, z)) the assertion of the theorem is analogous.
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Proof. By the assumptions of Theorem 6.1 the integral on the right-hand side
of (6.1) is a proper Riemann integral. Let us choose an arbitrary ¢ > 0 and set

0= 6/{SUP(|F($ay, f(x,y))\a(x,y))}

zy

Let D C S be an arbitrary part for which

meass(Syy — Dyy) < 6.

Then we have
] / / (. (1), y) de dy — / / F(a, £, 9)o (z, y) da dy
Sy D.,

<Py Sty [

< sup ([F(z,y, f(z,y))lo(z,y)) 6 = e.

Ty

From here we obtain, according to Definition 5.1,
B,0) = [[ Pl st deds
Ty

If S is not regular with respect to the other two coordinate planes then relation
(6.1) is proved, according to Definition 5.6. If in addition the part S is regular
with respect to (z,z) or (y,z) then we prove in the same way as in Theorem 5.3
that I5,(F) = IS, (F) or IS,(F) = IS, (F). From here and Definition 5.5 we obtain
relation (6.1). O

Now we formulate a sufficient condition for integration over a regular part S.

6.2. Theorem. Let a regular part S satisfy

(6.2) S=J5, §nS =0 (i#jij=1,...,m),

i=1
where S1,..., 8™ are Lipschitz-regular parts. Then we can integrate over S and we
have

(6.3) / /S Fla,y,2)do = i:; / [ Py

where F: S — R! is an arbitrary function continuous on S.
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Proof. By Theorem 6.1 we can integrate over the parts S’; thus the right-hand
side of (6.3) has sense. Let, for example, the part S be regular with respect to (x,y).
Let us choose an arbitrary ¢ > 0. We have to prove that there exists such a § > 0
that for every part D C S, which satisfies

measy(Sgy — Day) < 6,

we have

(6.4) ’/_ F(z,y,z da—Z/ F(x,y,z)
Dy

o| <e.

The proof of inequality (6.4) meets with a small technical difficulty: Namely, we have

m
=|JD.ynS,
1=1

where the closed domains Dy, N S'fty are not subsets of the domains S% . Thus
the proofs introduced in Section 5 must be modified. Details are laborious but not
surprising; thus we omit them. O

Now we extend the preceding results by definition:

6.3. Definition. Let a surface S and Lipschitz-regular parts S*, ..., S™ satisfy

(6.5) S 8NST =0 (i#j;4,5=1,...,n).

»l
I

i=1

Let F: S — R! be a function defined almost everywhere on S and such that it is
continuous and bounded in S? (i = 1,...,n) and continuously extendible from S on
St (i=1,...,n). Then we set

(6.6) //gF(x,y,z)dU =Z:// Flz,y,2)do

It has to be proved that this definition does not lead to a contradiction.

6.4. Theorem. Let it be possible to express a surface S in the form

D!, DInDF=0 (j#k jk=1,...,m)

Co|
,Cg

i=1
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and also in the form

S=JK', K'nEK*=0 (i#k ik=1,...,n),
j=1

where D', ..., D™ and K',..., K" are Lipschitz-regular parts. Let F: S — R' be a
function defined almost everywhere on S and such that it is continuous and bounded
inD', ..., D™ K! ... K" and continuously extendible from D' to D' (i = 1,...,m)
and from K7 to K7 (j =1,...,n). Then

(6.7) i//_iF($,y,z)dajzi:l//l?jF(x,y,z)da.

Proof. As the intersection D! N K7 of Lipschitz-regular parts D, K7 is either a
Lipschitz-regular part, or the union of a finite number of mutually disjoint Lipschitz-
regular parts, the evident relations

D= |Jpnk, |Jo={J|UDnEK,
Jj=1 i=1 =1 7=1
m n n m
K'=|JKnD, | JE =K nD

s
Il
_
<
Il
_
<
Il
_
©
Il
_

imply
i~ Ur =D nK

j=1 i=1j=1 k=1

»]
=
i
C-
5

-

i

Il
_

where M'N M7 =0 (i,j=1,...,p; p>=mn) and M*!,... MP are Lipschitz-regular
parts. From here and Theorem 6.2 we immediately obtain (6.7). g

6.5. Corollary. Definition 6.3 does not lead to a contradiction.
It is natural to expect that the surface integral is also additive. Let us prove it.
6.6. Theorem (additivity of the surface integral). Let S be a regular part

of a surface and Fy: S — R!, F5: § — R! two functions continuous on S. Let the
integrals on the right-hand side of (6.8) exist. Then

(6.8) //E(Fl(x,y,z) + Fy(x,y,2))do = //5 Fi(x,y,z)do + //5 Fy(x,y, z)do.
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Proof. Let the part S be regular with respect to (z,y). Let us choose an
arbitrary € > 0. Then, according to Definition 5.1, there exist §; > 0 (¢ = 1,2) such
that for an arbitrary part D C S, which satisfies the inequality

measy(Syy — Day) <6, (i=1ori=2),

we have

Ty

or

//[_) Fy(z,y, f(z,y))o(z,y) dxdy—/gFg(a:,y,z) do| <.

Ty

Let us choose an arbitrary part D C S satisfying the inequality

measy (Syy — l_)wy) < min (01, d2).

Then the additivity of the Riemann two-dimensional integral and the preceding in-
equalities imply

’/ Fl .T Y, f € y)) +F2(.T,y,f(.’L‘,y)))O’(.’L‘,y)d.’L‘dy—

—//_Fl(a:,y,z)da—/_Fg(a:,y,z)da <
5 5

< 2¢,

which proves relation (6.8). O

6.7. Convention. In what follows we will consider only surfaces satisfying the
assumption of Definition 6.3 expressed by relation (6.5).

7. A PARAMETRIC REPRESENTATION OF A SURFACE INTEGRAL

A parametric representation is convenient for computation of some surface inte-

grals.

7.1. Definition. We say that a part (or surface) S has a smooth parametric
representation if every point [x,y, 2] € S can be expressed in the form

(7.1) z=X(u,v), y=Y(u,v), z=27Z(u,v), [u,v]e€ M,
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and the following conditions are satisfied:

a) M is a closed and bounded simply connected two-dimensional domain;

b) the functions X : M—R,Y: M —R', Z: M — R are continuous;

c) the partial derivatives X, X, Yy, Yy, Zu, Z, exist at each point [u,v] € M and
the functions X,,: M — R',...,Z,: M — R' are continuous;

d) each point [u,v] € M is mapped onto a point [z,y,2] € S;

e) if two points [u1,v1] # [uz, ve] satisfy

X(ui,v1) = X(ug,v2), Y(ur,v1) =Y (uz,v2), Z(ui,v1)=Z(uz,vz),

then both the points [u1,v1], [u2, v2] lie on the boundary M of the domain M;

f) if S is not a closed surface (i.e., a boundary of a three-dimensional domain)
then the boundary 0S5 of the surface S is the image of a subset of the boundary OM
of M.

7.2. Lemma. Let a part S have a smooth parametric representation (7.1).
a) If S is regular with respect to (x,v), i.e., it can be expressed in the form

(7'2) = f(x,y), [l‘,y] € Saﬁya
then
Z(u,v) = f(X(u,v),Y (u,v)) V[u,v] € M,

(7.4) Sey = {[z,9]: = X(u,v), y=Y(u,v), [u,v] € M}.

b) If S is regular with respect to (z, z), i.e., it can be expressed in the form

(75) Y= g(a:, Z), [J,‘, Z} € Suz,

Y(u,v) = g(X(uv'U)a Z(u,v)) V[u,v] € M?
(7.7) Se. =1z, 2]: = X(u,v), 2= Z(u,v), [u,v] € M}.

c) If S is regular with respect to (y, z), i.e., it can be expressed in the form

(78) T = h(ya Z)a [ya Z} € Syz’

then

(7.9) X (u,v) = WY (u,v), Z(u,v)) V[u,v] € M,
(710) Syz = {[y’ Z]: y= Y(u,v), z = Z(uvv)a [uav} € M}
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Proof. We shall prove a). According to the assumptions, the coordinates of
each point [z,y, 2] € S satisfy both the relations (7.2) and (7.1) and in the case (7.1)
for every point [u,v] € M there exists just one point [z,y, 2] € S. Hence, inserting
(7.1) in (7.2), we obtain relation (7.3).

Relations (7.1) and (7.3) enable us to write all points [x,y, z] € S in the form

[z,y, 2] = [X (u,v),Y (u,v), f(X(u,v),Y (u,v))], [u,v] € M.

From it we can see that the orthogonal projection of S onto the plane (z,y) is the
set appearing on the right-hand side of (7.4). By (7.2) the orthogonal projection of
S onto the plane (z,y) is S;,. Thus relation (7.4) is satisfied. O

7.3. Notation. We set

(711) H(u,v) := v/[A(u, o) + [B(u, 0)2 + [Clu, )7,
where

(7.12) Alu,v) = ’?EZZ; ?Ezzi ’

(7.13) B(u,v) == — ?jézz; ZEZZ; ’
(7.14) Clu,v) = ’f(jézzi 112;233 '

7.4. Lemma. a) Let S be regular with respect to (z,y) and let it have a smooth
parametric representation (7.1). Then

(7.15) C(u,v) #0 Vu,v]e M

and the cosine of the angle, which is made by the normal to S and the z-axis at an
arbitrary interior point of S, satisfies

(7.16) cosy(z,y, z) = &,|C(u,v)|/H (u,v),

where ¢, is defined in Theorem 1.9 and [z, y, z] corresponds to [u,v] € M according
to (7.1).

b) Let S be regular with respect to (x,z) and let it have a smooth parametric
representation (7.1). Then

(7.17) B(u,v) #0 Vu,v] e M
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and the cosine of the angle, which is made by the normal to S and the y-axis at an
arbitrary interior point of S, satisfies

(7.18) cos B(z,y, 2) = €y|B(u, v)|/H(u,v),

where ¢, is defined in Theorem 1.9 and [z, Y, z] corresponds to [u,v] € M according
to (7.1).

c) Let S be regular with respect to (y,z) and let it have a smooth parametric
representation (7.1). Then

(7.19) A(u,v) #0 Yu,v] € M

and the cosine of the angle, which is made by the normal to S and the z-axis at an
arbitrary interior point of S, satisfies

(7.20) cosa(z,y,z) = ez|A(u,v)|/H(u,v),
where ¢, is defined in Theorem 1.9 and [z,y, z] corresponds to [u,v] € M according
to (7.1).

Proof. By (1.11) and (7.1) we have

€z

(1:21) - cosy(®0:2) = e e o) Y e P T (X (e 0) Y (a0

In order to obtain (7.16), we must conveniently express the term appearing under the
sign of the square root on the right-hand side of (7.21). In the course of computation
we also prove (7.15).

Taking into account the assumptions of assertion a) we can see that relation (7.3)
holds. According to the rule for differentiation of a composite function, relation (7.3)

implies

Inserting these relations into both (7.12) and (7.13), we obtain after an easy compu-
tation in which we use (7.14):

(7.22) A(u,v) = — fo (X (u,v),Y (u,v))C(u,v),
(7.23) B(u,v) = — fy(X(u,v),Y (u,v))C(u,v).
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It will be proved in Section 8 that no point [u,v] € M satisfies A(u,v) = B(u,v) =
C(u,v) = 0. This fact and relations (7.22), (7.23) imply (7.15): Let us choose an
arbitrary point [ug,vo] € M. If C(ug,vo) # 0, then we need not prove (7.15) for
this point. If A(ug,v9) # 0 then (7.22) implies C(ug,vo9) # 0 (because both the
expressions f; and C on the right-hand side are finite). If B(ug,vg) # 0 then the
relation C(ug,vg) # 0 follows from (7.23).

As (7.15) holds, we can divide both relations (7.22) and (7.23) by C(u,v). If we
insert such modified relations (7.22), (7.23) in (7.21), then after a small rearrange-
ment in which we use (7.11), relation (7.16) follows. O

7.5. Theorem. Let a part S be Lipschitz-regular and let it have a smooth
parametric representation (7.1). Let F': S — R! be a function continuous on S.
Then

(7.24) //gF(x,y,z)dU:/MF(X(u,v),Y(u,v),Z(u,v))H(u,v)dudv,

where the function H: M — R! is given by (7.11)—(7.14).

Proof. The proof of (7.24) is a modification of the proof of Theorem 3.2; it is
again based on the theorem on transformation of a two-dimensional integral. If S is
Lipschitz-regular with respect to (z,y) then we have

a2)  [[ Pepzdo= [[ P i) /i5 B+ e dedy

The integral on the right-hand side of (7.25) will be transformed by means of the
substitution

(7.26) x=X(u,v), y=Y(u,v), [uv]e€ M.
By (7.14) we can write
J(u,v) = C(u,v) Vu,v] € M;

hence by Lemma 7.4a
J(u,v) #0 Vu,v] € M.

The other assumptions of the theorem on substitution in an integral can be easily
verified and we have

J[ P syt 2w+ ) dedy
Say

- //M F(X(u,v),Y (u,v), Z(u,v))

x\/l + f2(X (u,0),Y (u,v)) + f2(X (u,0),Y (u,0))|C(u,v)| dudv.
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By (7.22), (7.23) and (7.11) we have

\/1 + f2(X (u,0), Y (u, 0)) + f3(X (w,0), Y (u,0))|C(u, 0)| = H(u,v)
and we obtain (7.24). O

7.6. Corollary. The value of a surface integral does not depend on the form of
the parametric representation of the surface.

7.7. Theorem. Let a surface S satisfy relation (6.5) and let it have a smooth
parametric representation (7.1). Let the parts S* have smooth parametric represen-
tations

x:X(U,U), y:Y(u,v), Z:Z(uav)a [U,U] GMia

where the functions x = X (u,v), y = Y (u,v), z = Z(u,v) are the same as in (7.1),
and let closed domains M satisfy the relation
n
M=|JM;, MinM;=0 (i#j;ij=1,...,n).
i=1
Then we have

//S F(z,y,2)do = / /MF (X (u,v), Y (u,v), Z(u,v))H (u,v) dudv.

Proof. According to Theorem 7.5, we have

/ . F(z,y,z)do = / /M F(X (u,v),Y (u,v), Z(u,v))H(u,v) du do.

Summing up these relations from ¢ = 1 to ¢ = n, we obtain the assertion of Theorem
7.7; we use the assumptions of the theorem and the preceding results. O
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8. THE GEOMETRICAL MEANING OF DETERMINANTS A, B, C

Let us consider a smooth parametric representation (7.1) of a regular part S. Let
us choose an arbitrary point [xg, Yo, 20] € S. There is just one point [ug,vg] € M
which corresponds to this point in transformation (7.1). We shall prove that the
equation of the tangent plane of S at the point [z, yo, 20] can be written in the form

(8.1) A(uo,vo)(x — x0) + B(uo,v0)(y — yo) + C(uo,v0)(z — 20) = 0,

where A(ug,vg), B(ug,vo), C(ug,vo) are the values of the determinants A(u,v),
B(u,v), C(u,v) given by relations (7.12)—(7.14) at the point [ug, vo].

In order to prove it let us write for the first time the equation of the tangent plane
at the point [xg, Yo, z0] in the form

(8:2) ki(z — o) + k2(y — yo) + k3(z — 20) = 0,

where the coefficients k1, ko, k3 should be determined. Let us consider the so called
vo-curve on the part S, whose parametric representation can be obtained if we set
v =1 in (7.1):

T = X(U,UO)a Y= Y(U,UO), z= Z(U,’Uo), [U,UO] € M.

Let us consider an arbitrary point [z*,y*, 2*] € S lying on the vo-curve. Then the
parametric equations of the straight line determined by this point and the point
[0, Yo, 20] are of the form

X (u*,v9) — X (ug, v9)

T =xo+ t, te (—o0,00),

u* — up
Y (u*,v9) — Y (ug,v
Y=Y+ ( ’02 (uo O)t, t € (—o0,00),
u” — uUg
Z(u* -7
2= 20+ (Uﬂ)oz (UO’UO)t, t € (—00,00).
u” — Up

If [x*, y*, 2*] — [x0, Yo, 20] then u* — uy and we obtain from the preceding relations
the parametric equations of the tangent line to the vo-curve at the point [z, yo, 20]:

(83) z = w0 + Xu(uo, v0)t, y = x0 + Yu(uo, vo)t,
z = w0 + Zu(ug,v0)t, t € (—00,00).
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Similarly we obtain the parametric equations of the tangent line to the ugp-curve at
the point [zg, Yo, 20]:

(8.4) x = xo + Xy (ug, v0)t, y =xo + Yy (uo, vo)t,
z=x0 + Zy(ug,v0)t, t€ (—00,00).

As (8.3), (8.4) are parametric equations of straight lines, none of the vectors

(Xu(uo,v0), Yo (uo, vo), Zu(uo, v0)),
(86) (Xv(UO,UO)aYv(UOarUO)aZv(uoavo))’

can have all components equal to zero. Further, as the straight lines u = ug, v = vg
intersect, the vg-curve and ug-curve intersect too; hence, the tangent lines (8.3), (8.4)
are noncollinear and thus determine the tangent plane (8.2). Hence we obtain that
the vectors (8.5), (8.6) are noncollinear.

We express x —xg, Yy — Yo, 2z — 2o from equations (8.3) and insert in (8.2). Assuming
[x,y, 2] # [To, Yo, 20], i-€., t # 0, we obtain dividing (8.2) by the parameter t:

(87) k:lXu(uo, UU) + k;gYu(u(), UU) + k‘3Zu(uO, ’Uo) =0.
From equations (8.4) and (8.2) we similarly obtain
(88) k;lXU(uo, UU) + k;gYU(u(), UU) + k‘3ZU(uO, UU) =0.

We can see from (8.7) a (8.8) that the numbers k1, k2, k3 can be interpreted as
components of a vector different from the zero vector,

(89) (klakZakB) 7é (030,0)3
which is orthogonal to noncollinear vectors (8.5), (8.6). Thus we can set

€1 €2 €3
(k1, ko, k3) = | Xu(uo,v0) Yu(uo,vo) Zu(uo,vo) |,
Xo(uo,v0)  Yo(uo,vo) Zy(uo,vo)

where e1, ez and ez are the unit vectors which are parallel to the positive directions
of the axes z, y and z, respectively. The determinant on the right-hand side expresses
the vector product of vectors (8.5) and (8.6). From here and from (7.12)—(7.14) we
obtain that

(810) kl = A(UQ,’UQ), kg = B(UQ,’UQ), k3 = C(UQ,’UQ).
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Inserting (8.10) in (8.2), we obtain equation (8.1).

Relations (8.9) and (8.10) imply the following lemma, which we have used in the
proof of Lemma 7.4:

8.1. Lemma. At any point [u,v] € M which corresponds to the point [x,y, z] €
S, the relations
A(u,v) =0, B(u,v)=0, C(u,v)=0

cannot hold simultaneously.

9. INVARIANCE OF THE SURFACE INTEGRAL WITH RESPECT TO A
TRANSFORMATION BETWEEN TWO CARTESIAN COORDINATE SYSTEMS

Till now we have considered the surface integral only in one (arbitrarily chosen)
Cartesian coordinate system.

9.1. Theorem (on the invariance of the surface integral). Let (z,y,2)
and (&,7,() be two Cartesian coordinate systems related by the transformation

T =z + a1§ + azn + asq,
(9.1) Y = yo + b1§ + ban + b3(,
z=12zp+ c1§+ can+ c3C
where [xg, Yo, 20] is the origin of the system (£,7,() in the system (x,y,z). Let a

part S be strongly regular to both the coordinate planes (z,y) and (£,7). Let S be
expressed in the system (x,y, z) by

(9.2) z=f(z,y), [z,y] € Say,
where f € C1(S,,), and in the system (£,7,¢) by

(9.3) ¢=e&m), [&n] € Sey,

where ¢ € Cl(gfn)- If F: S — R! is a function continuous on S with values
F(z,y,2), [2,y,2] € S then

J. P t@an/i+ e+ e dray
(9.4) o

= // F(&,m, (& m)y/1+ @3, m) + #3(¢,m) dé dn,
Sen
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where

(9.5) F(&,0,C) := F(x0 + a1€ + aon + az(, . . ., 20 + c1€ + can + ¢30).

Proof. A)Itis well-known that the determinant of transformation (9.1) satisfies
the relation

a; a2 as
(9.6) by by bs|=+1,
C1 (6] C3

where we take the sign + (sign —) if both systems (z,y,z) and (§,7,¢) have the
same (opposite) orientation. In the case of the same orientation each entry of the
matrix of transformation (9.1) is equal to its complement. In the case of the opposite
orientation each entry is equal to its complement with the opposite sign.

It is also well-known that the lines (columns) of (9.6) form a system of three
orthonormal vectors.

B) Let P € S be an arbitrary but fixed point. By (9.2) we can write its coordinates
in the system (x,y, z) in the form [x,y, f(z,y)] and by (9.3) in the system (£, 7, ()
in the form [£, 71, p(£,n)]- By (9.1) these coordinates satisfy the relations

(9.7) = 0(&1n) == xo + ar§ + azn + aze(&, 1),
y=0(£,n) = yo+ b€ + ban + bzp(&, 1),
(99) f(l’, y) = 20 + Clg + Ccam + 03‘)0(5, 77)

First we prove that the mapping @: 5'577 — R?, which is given by relations (9.7)
and (9.8), is injective and that @(S¢,) = Su,. As the part S is regular with respect
to both (z,y) and (£,7), every point P € S is the image of just one point [z,y] € S,y
and of just one point [¢,7] € S¢, and the coordinates of these points [z,y], [¢,7]
satisfy relations (9.7), (9.8). From here both properties of the mapping @ follow.

As the part S is strongly regular with respect to 5'577, the functions p: 5‘577 — R,
o: S¢gy — RY are continuous and bounded on S together with their first partial
derivatives. The Jacobian of transformation (9.7), (9.8) satisfies

Hen =Giem = | T8

= (a1 + azpe(§,m)) (b2 + bapn(&,m)) — (b1 + b3pe(€, 1)) (a2 + azpy(§,m))
ay asg
b1 bo

9

a2 as
by b3

4107](5’ 77)

a; as
we(&m) + ‘ b by

201



Thus, according to part A), we can write

(910) J(f, 77) = é(fa 77) = :tC3 + C1p¢ (f, 77) + 02@?7 (57 77)

As the part S is strongly regular with respect to (£,7) and is expressed by (9.3),
we obtain from (9.10) that the Jacobian .J(£,n) is bounded on S¢,. In part C) of
this proof we will show that

(9.11) J(&m) #0 V[En] € Sen.

Finally, the domains S,, and S¢, are measurable and the function F(z,vy, f(z,y))
is continuous and bounded on S,,. Thus all assumptions of the theorem on trans-
formation of the two-dimensional Riemann integral are satisfied for the integral ap-
pearing on the left-hand side of relation (9.4).

For the sake of brevity let us set

(9.12) 7(&n) = f(o(& ), o(&,m)).

Then, according to (9.9),

(9.13) 7(&,m) = 20 + 1€ + can + c30(E, 1)

and by the rule of differentiation of a composite function

bt oe&n) TeEn)| |oe fulo,0)0e + fy(0,0)0¢
Alem) = on(&m) Tn(f,n)’ oy folo,0)0n + fy(o,0)0y
= - Rletenoteny | 0T T,
similarly
n o Qﬁ(fvn) 75(5777) _ o 95(5777) U&(fﬂl)
Blem==|, &n) Tn@,n)‘ fulel&m- o @, e ) an@,n)"

Using the definition of 5’({, 1), we obtain



and as J(&,n) = C(¢,1) the theorem on transformation of the two-dimensional Rie-

mann integral yields

©016) [ Fle.y. S /15 B+ ) dedy

_ / /S F(o&,n), 0 (& m), f(o(&,n), o (E.1m))

X \/1 + f2(0(&,m), o (&,m)) + F2(0(&,m), 0(&,m)) |C (€, n)| dEdny
-/ /S Fo(¢, n), o(&,m), 7€ M)y A2(€,m) + B2(E,n) + C2(&, n)de dy

The definition of the determinants E(E 1), B (&,m) and part A) yield (similarly as
(9.10), with the use of (9.7), (9.8), (9.13))

(9.17) A&, n) = + a3 F arpe(€,m) F azgpy(€,7).
(9.18) B(&,m) = £ b3 Fbipe(&,n) F ban(,1).

Relations (9.17), (9.18) and (9.10) give (for the sake of brevity we omit the arguments
& n)

A2 =d+ alpi + azpr — 2a1a30¢ — 202030y + 2010206 P,
B? = b3 + bi7 + byl — 2b1b3pe — 2babsoy + 2b1ba0e oy,
C?=ck+ c%gog + c§<pf] — 2c10300¢ — 2¢aC30n + 2C1C2P Py

Hence by the last assertion of part A) we obtain
2 P2 A2 2 2

and relation (9.16) can be rewritten to the form

©19) [ Play. ST+ 2le0) + o) dedy

Ty

= [ Fleten. ot remy/ 1+ e + b€ de

By (9.5), (9.7), (9.8) and (9.13) we have

F(o(&m),0(&m), 7(&,m) = F(&m,0(&,m);
thus relation (9.19) is identical with relation (9.4).
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C) It remains to prove relation (9.11). As

T = Q(fﬂ?), Y= 0(5377), = 7_(5377), [5,77} € §§77

is a smooth parametric representation of the part S, it follows from Lemma 8.1 that
at any point [£, 7] € S¢, the relations

A€, =0, BEn) =0, C(&n) =0

cannot hold simultaneously. Using this result and (9.14), (9.15), we can prove in the
same way as in Lemma 7.4 that

JEn)=CEn) £0 V&1 € Sep.

Theorem 9.1 is proved. O

9.2. Remark. Using symbolism analogous to that of Section 3, we can write
relation (9.4) in the form

(9.20) I5,(F) = IS (F).

Relation (9.20) is one of the nine possibilities, which can be formally expressed by
the relation

(9:21) I;,(F) = I (F),

where (u,v) is one of the pairs (z,y), (z, 2), (y,2) and (o,7) one of the pairs (£, ),
(&:¢)s (1, €).

9.3. Theorem. Let <O,x, Y, z>, <O’,§,17, C> be two arbitrary Cartesian coordi-
nate systems. Let the part S be strongly regular in both systems and let F, F be
functions from Theorem 9.1. Then

(9.22) //SF(x,y,z)daz//Sﬁ(g,n,g) d

where the meaning of the symbols is obvious.

Proof. Relation (9.22) is an immediate consequence of Theorem 3.2, Definition
3.4 and relations (9.21). O

9.4. Remark. It is not difficult to see that Theorem 9.3 holds also in the case
when the part S is only regular in both systems provided it is possible to integrate
over S at least in one of the systems. (Then we can integrate over S also in the other
system and relation (9.22) holds.)
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9.5. Remark. On the contrary, the invariance of the three-dimensional integral
over a domain ) with respect to transformation (9.1) is an immediate consequence
of the theorem on transformation of an integral:

(9.23) ///QF(x,y,z) dxdydz:///ﬂ F(&,n,¢)dedndc.

On the right-hand side of (9.23) one usually writes another symbol; for example, if
we write transformation (9.1) in the form (x,y,2)T = A(&,1,¢)T then it is more

convenient to write

(9.24) ///ﬂ F(x,y,z)da:dydz:///Al(Q) F(&,m,¢)dedndc.

In both cases we integrate over the same domain but we see it in two different ways.

In the case of a surface integral the situation is different: Both integrals in relation
(9.22) are symbols the precise meaning of which is given in Definition 3.4 and by
Theorem 3.2.

10. TRACE THEOREMS

10.1. Definition. a) We say that a domain 2 has a piecewise smooth boundary
00 if OQ satisfies the assumptions of Definition 6.3 concerning S = 9Q and if 9Q
has an outer normal at almost all points.?

b) We say that a domain €2 has an S-continuous boundary if 2 has a continuous
boundary in the sense of Necas (see [Ne, pp. 14-15]) and if Q has a piecewise smooth
boundary.?

c) We say that a domain Q has an S-Lipschitz continuous boundary if € has a
Lipschitz continuous boundary 9 in the sense of Necas and Hlavacek (see [NH,
p. 17]) and if Q has a piecewise smooth boundary 90.*

Restricting our considerations to S-Lipschitz continuous boundaries we shall be
able to prove both the trace theorems and the Gauss-Ostrogradskij theorem without
use of the partition of unity.

In the case of Sobolev spaces we will use the same notation as in [KJF]. In what
follows we will need these three well-known theorems:

2 This assumption guarantees that the domain 2 has no “cuts”.

3 There are domains which have a continuous boundary but do not have a piecewise smooth
boundary.

4 There are domains which have a Lipschitz continuous boundary but do not have a piece-
wise smooth boundary.
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10.2. Lemma (density theorem). Let a domain ) have a continuous bound-
ary in the sense of Ne¢as. Then the set C>(€)) is dense in the Sobolev space H"? ()
for every p € (1,00) and k € N. Moreover, H*?(Q) = Wk»(().

For the proof see [KJF, pp. 271-272].
10.3. Lemma (extension theorem). Let a domain Q C RYN have a Lipschitz
continuous boundary. Then there exists a bounded linear operator E: H()) —

H'(RN) such that

E(u)|,=u onQ Vue H(Q).

Q

For the proof see [Ne, p. 80].

10.4. Lemma (imbedding theorem). Let a domain Q C RY have a Lipschitz
continuous boundary, let N > 2, p € (1,N). Put ¢* = Np/(N — p). Then

H'P(Q) C L,(Q) algebraically and topologically

provided q € (1,¢*) (e, 1> 1> % - )

For the proof see [KJF, pp. 282-286].

1
q

10.5. Definition.  Let a surface S satisfy (6.5) with Lipschitz-regular parts
St,..., 8" Let
w = w;(s,t), [s,t] €8k,
be the explicit expression of the part S, where s,t,w are the so called neutral
variables. Let the corresponding function from Notation 5.8 be denoted by o (s, t),

Ow; 2 Ow; 2
. — 1 7 K3 .
oi(s,t) + {85 (s, t)] + [ Y (s,t)}
Let u: S — R! be such a function that u(s,t,w;(s,t)) € L,(S%,) where 1 < p < .
Then we say that v € L,(S) and define the norm

ie.,

(10.0)  Julzs = (Z S, 1ot tpponta.nasar) "

It is easy to see that the expression |lu||z, sy defined by (10.1) satisfies all three
axioms of a norm. Moreover, according to the results of Section 9, expression (10.1)
does not depend on the choice of a Cartesian coordinate system.
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10.6. Theorem. Let a surface S satisfy relation (6.5) with Lipschitz-regular
parts S', ..., 8", Let u € L,(S), where 1 < p < co. Then the expression

(10.2) I, s(u) = <Zz:;//7t lu(s,t,w;(s,t)|”ds dt) v

defines a norm which is equivalent to the norm ||ul|. (), i.e., there exist two positive
constants C7, Cs such that

(10.3) Crlys(u) < |ull,(s) < Calps(u) Yu e Ly(S).

Proof. The assumptions of Theorem 10.7 imply
1<02(5,t)<K2 (iil,...,n),
where K; are constants. These inequalities immediately imply

(104) (s < ull} 5 < max KL, s@)]P Vu € Ly(S).

,,,,,

1/p
Relations (10.4) yield inequalities (10.3) with C; =1 and Cy = ( Inax Ki) .
i=1,...,n
10.7. Corollary. Let a surface S satisfy relation (6.5) with Lipschitz-regular
parts S*,...,S™. Then the normed space L,(S), where 1 < p < oo, is a Banach
space.

Proof. According to Definition 10.5, the set of elements belonging to L, (S5)
equipped with the norm I, g(u) is a Banach space. This fact and Theorem 10.6 yield
the assertion. O

Now we can start our considerations concerning the trace theorems. First we prove

a generalization of [KJF, Theorem 6.4.1]:

10.8. Theorem (trace theorem). Let a domain Q C RY have an S-Lipschitz
continuous boundary. Let 1 < p < N =3,q¢= (Np—p)/(N—p) =2p/(3—p). Then
there exists a uniquely determined continuous linear mapping v: H'P(Q) — L,(9%)
such that yu = ul,, for all u € C>(Q).

Proof. A) First we prove that for any function v € C*°(G) we have
(10.5) lullL,00) < Cllullmre ),
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where G is a simply connected bounded domain such that

(10.6) QCqG
with
(10.7) 20 := dist(99, 0G) > 0.

Let u € C°°(G) and let

(10.8) v(s, t,wi(s,t)) = \u(s,t,wi(s,t))|(Np_p)/(N_p).
Then
T ov
(10.9) v(s, t,wi(s, 1)) = — ——(s,t,&)dE 4+ v(s, t,7),
w;(s,t) ({95
where
(10.10) wi(s,t) <7 < w(s,t) + 6.

Inserting (10.8) into (10.9) and taking into account (10.10), we obtain, after calcu-
lating the derivative,

(10.11) |u(s, t,w;(s, t))| NP~/ (N=P) L u(s, t, 7)|(NP—P)/(N=P)

Np—p /M(s’tHﬁ (Np—N)/(N—p) | O
+ U S,t,f P ) P = S,t,g dg
Ny L, et S0

Let us integrate (10.11) with respect to T over the interval (w; (s, t), w;(s,t) 4+ 3) and
let us use the definition of g. Then we find that

wi(s,t)+B

Blu(s, t,wi(s, )] < / lu(s, t,7)|?dr
wi(s,t)
wi(s,t)+3
+qp fus, 1, €)| (Nr= /N | Oy 5)] dé.
w;(s,t) 8£

Let us multiply this inequality by the inequality

oi(s,t) < K;
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and integrate the result over S’,. We obtain

Blul?, o) < Ki ///V (s, 7|7 ds dt dr

(10.12) + ¢BK; /// lu(s, t, €)|(NP=N)/(N=p) Z—Z(s,t,f)‘dsdtdg,
Vi

where

(10.13) V,CG.

Let us write shortly dV = dsdtd¢ and let us use the Holder inequality for the
second integral on the right-hand side of (10.12):

ou

(10.14) // |ust§|(NpN/(Np)a
<( dV) (][ wenorsstav)”
Vi

Denoting the right-hand side of (10.14) shortly by RHS and using the notation
= Np/(N — p) introduced in Lemma 10.4, we obtain by (10.13) and then by
Lemma 10.4

£(s.t.9)]av

u
v 2

(10.15) RHS < lularylull oy < Cllull e

because 1 + NJ\’,’:;V J}’Vp P — ¢. Relations (10.12)—(10.15) yield

(10.16) lullz, 60) < CillullL,c) + Callullzrra)-

As ¢ = ]X,p If’ < NN—_’; we can use Lemma 10.4 to obtain from (10.16) inequality
(10.5).

B) Let us choose v € HY'P(Q) arbitrarily. Then, according to Lemma 10.3, there
exists ¥ € HP(Q) such that ¥ = v on . By Lemma 10.2 there exists a sequence
{un} C C°°(G) such that

(10.17) u, — v in H"P(Q).
By (10.5)
(10.18) [vunllL,s) < Cllunllgreq)
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and by (10.5) and (10.17)
(10.19) [Vun — Yumllz,s) < Cllun — uml|gre@) — 0 as m,n — oo.

By (10.19), {yu,} is a Cauchy sequence in L,(S) and as L,(S) is a Banach space
(see Corollary 10.7), there exists a yv € L,(S) such that

(10.20) Yun, — v in Ly(S).

Using (10.17) and (10.20), we obtain from (10.18):

(10.21) Iellzys) < ClFlans(e).

Inequality (10.21) and Lemma 10.3 imply

(1022) I70lly) < Cllollmoy Vo € HY(8),

which was to be proved. O

10.9. Theorem (trace theorem). Let a domain Q C RY (N = 3) have an
S-Lipschitz continuous boundary.

a) Let p > N. Then for any q > 1 there exists a unique continuous linear mapping
v: HYP(Q) — L,(09Q) such that yu = u’aﬂ for all u € C*°(Q).

b) Let p = 2. Then for ¢ = 2 there exists a unique continuous linear mapping
v: HY2(Q) — Ly(99) such that yu = u,, for all u € C=(0Q).

Proof. a) Because of its shortness we reproduce the proof of [KJF, Theorem
6.4.2] and correct simultaneously a misprint appearing in this proof.

Let ¢ > 1 be an arbitrary fixed number. Since the function v(t) = 2t/(3 — t)
increases from 1 to co on the interval <1,3), there exists a p € <1,3) such that
q = v(p). According to Theorem 10.9, there exists a uniquely defined linear mapping
M: HYP(Q) — L, (09Q), Mu = u’aﬂ if u € C*°(Q). Composing it with the identity
mapping I from H'P(Q) into H'?(£2), we can see that v = Mo I.

b) We have v(2) = 2, ie, p= 2 if ¢ = 2. As HY*(Q) € HY3(Q), we can set
p = 2 in this case and the considerations of part a) remain without changes.

Another proof: As Ls(0Q) C L2(09) (algebraically and topologically), assertion
b) is a special case of Theorem 10.9 for p = 2 in the case N = 3. O

Our approach enables us to prove the following trace theorem which does not
follow from the theory developed in [Ne] and [KJF]. (For example, the theory from
[Ne] and [KJF] does not allow us to consider domains with cusp points.)
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10.10. Theorem (trace theorem). Let{) C G, whereQ C R? is a domain with
a piecewise smooth boundary and G C R® a domain with a continuous boundary in
the sense of Necas. Let us consider functions v € HV?({) as restrictions of functions
v € HYP(G) to Q and functions v € C*(Q) as restrictions of functions v € C*(G).

a) Let 1 < p < 3, ¢ = 2p/(3 —p). Then there exists a uniquely determined
continuous linear mapping v: H'P(Q) — L,(0Q) such that yu = u’aﬂ for all u €
C>(Q).

b) Let p > 3. Then for any q > 1 there exists a unique continuous linear mapping
v: HYP(Q) — Ly(99) such that yu = u),, for all u € C>(9Q).

c) Let p = 2. Then for ¢ = 2 there exists a unique continuous linear mapping
v: HY2(Q) — Ly(09) such that yu = ul,, for all u € C>(%Q).

The proof is almost identical with the proofs of Theorems 10.8 and 10.9 and thus

we omit it.

11. FLOW OF A VECTOR THROUGH A PART OF A SURFACE.
SURFACE INTEGRAL OF THE SECOND KIND

11.1. In physics we often speak about the flow of a vector of magnetic induction
through an oriented surface, about the flow of a vector of the intensity of an electric
field through an oriented surface, about the flow of a vector of velocity of a liquid
through an oriented surface, etc. All these considerations have a common base: We
are given a vector field

(11.1) F(x,y,2) = (P(z,y, 2),Q(z,y, 2), R(z, y, 2)),

where P, @, R are three continuous functions (components of a vector field in the
directions of the axes x, y, z), which are defined in a three-dimensional domain 2,
and an oriented regular part S which lies in Q, S C Q. (The orientation of S is
given by prescribing a unit normal vector n(z,v, 2), [z,y, 2] € S—see (1.10).) We
are interested in whether we can integrate the function

F-n=Pcosa+ Qcosf+ Rcosy

over the part S, i.e., whether the surface integral

(11.2) //E(PcosaJchosﬂ+Rcos7) do

exists. This integral is called the flow of the vector F = (P,Q, R) through the
oriented part S.
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Let us explain the physical meaning of the integral (11.2). Let (P, Q, R) be, for
example, the velocity field of a flowing liquid. If this field is constant (i.e., the
components P, @, R are constants) and the part S is a part of a plane, then during
a unit of time the volume

(11.3) (Pcosa+ Qcosf + Rcosv)|S].

will pass through the part S. This volume has a positive (negative) value, if the
liquid flows out from the upper (lower) side of the part S. In the case of a variable
field (P, Q, R) and a curved part S we consider the expression

Tn

SUIPGL, 4, ) cosaaf®, 4, ) + Qi =) cos B, )
k=1

+ Rz gV, ") cos vz, ", 24 ))]~’AU£")

as an approximate value of the volume flowing out during a unit of time (an analogue

o (4.3)), which gives, according to Theorem 4.3, the integral (11.2) (for the time
being, under the assumption that the part S is strongly regular—this restrictive
assumption will be removed in this section).

11.2. Theorem. Let functions P: S — R', Q: § — R', R: S — R! be
continuous on S, where S is a strongly regular part of a surface.

a) If the part S is strongly regular with respect to (z,v), then

(11.4) //g(Pcosa+Qcosﬂ+Rcosy) do
:52/ _ {7P(xay,f(x,y))fz($,y)
Suy

- Q(‘T’ Y, f(x,y))fy(a:, y) + R(.T, Y, f(xvy))} dz dy

b) If the part S is strongly regular with respect to (z, z), then

(11.5) / (Pcosa+ Qcos3+ Rcosy)do
5

= [ (-Pg(e 9, 20:(0,2)
+ Q(x,g(w, Z)a Z) - R(x,g(x, Z)’ Z)gz($’ Z)} dz dz.
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c) If the part S is strongly regular with respect to (y, z), then

(11.6) //g(Pcosa+Qcosﬂ+Rcos7) do

5m/§yZ{P(h(yaz)ay’Z)

- Q(h(y’ Z)y’ Z)hy(y’ Z) - R(h(y’ Z)’ya Z)hz(y’ Z)} dy dz.

Proof. All three assertions follow immediately from Definition 3.4, Notation
3.1 and Theorem 1.9. O

Assumptions of Theorem 11.2 are too strong and expressions on the right-hand
sides of relations (11.4)—(11.6) complicated. Both these drawbacks will be removed
in Theorem 11.4.

11.3. Lemma. a) Let a part S be regular with respect to (y, z) and let P: S —
R! be a continuous function. Then we can integrate the function Pcosa: S — R!
over S with respect to y, z and we have

(11.7) / P(z,y,z)cosa(z,y, z // P(h(y,2),y,2)dydz.

b) Let a part S be regular with respect to (z,z) and Iet Q: S — R! be a continuous
function. Then we can integrate the function Q cos3: S — R over S with respect
to x, z and we have

(11.8) /EQ(x,y,z)cosﬂ(w,y,z) dazsy/g Q(z,g(z,2), z)dz dz.

c) Let a part S be regular with respect to (x,y) and let R: S — R' be a continuous
function. Then we can integrate the function Rcosvy: S — R over S with respect
to x, y and we have

(11.9) / R(z,y, z) cosy(z,y, z / R(z,y, f(x,y)) de dy.

Proof. a)As P: S — R! is a continuous function on S (and thus bounded on
S), the integral on the right-hand side of (11.7) exists. Let us choose & > 0 arbitrarily
and let us set

0 = ¢/ max|P(z,y, z)| = &/ max |P(h(y, 2), y, 2)].
5

Yz
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Then every part D C S for which
meass (Sy; — Dy,) <9

satisfies, according to (1.13), (3.3) and (3.13), the relations
‘//_ P(z,y,z)cosa(z,y,z)do — e, //_ P(h(y,2),y,2)dydz
D Syz

_ ] J[ . Pow)w) e
Sy>—Dys

< max |P(h(y,2),y,2)|d < e.

yz

< max |P(h(y, 2),y, )| meas2(Sy. — D)

yz

From here, according to Definitions 5.1 and 5.5, we obtain (11.7). O

11.4. Theorem. Let a part S be regular with respect to all three coordinate
planes and Iet P: S — R', Q: S — R', R: S — R be functions continuous on S.

Then the integral (11.2) exists and satisfies
(11.10) //_(Pcosa + Qcos 3+ Rcosy)do
5

=g, //§yz P(h(y,z2),y,2)dydz
+ ey //§“ Q(z,g(z,2),z)dzdz + ¢, //_ R(z,y, f(z,y)) dz dy.

Sy

Proof. By Lemma 11.3 the integrals

//_Pcosada, //_Qcosﬂdcr, //_Rcosyda
3 3 3

exist. According to Theorem 6.6, the integral (11.2) also exists and is equal to
the sum of these integrals. Relation (11.10) can be now obtained by summing up
relations (17.7)—(17.9). O

Remark. From the point of view of the Gauss-Ostrogradskij theorem, at which
we are aimed, the assumption of Theorem 11.4 concerning the part S is not restric-

tive.

11.5. Definition. a) Let a part S be regular with respect to all three coordi-
nate planes, let n(x,y, z) be its oriented unit normal and let P, @), R be functions
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continuous on S. We set

(11.11) // x,y,z)dydz =g, // ,z)dydz,

(11.12) //_ Q(z,y,2)dedz = 5y/ B Q(x,g(x,z),z) dz dz,

(11.13) // x,y,z)dedy =€, // (z,y, f(z,y)) dz dy.

Integrals (11.11)—(11.13) are called projective surface integrals or surface integrals of
the second kind.
b) Under the same assumptions as in a) we denote

(11.14) //g(P(x, y,2)dydz + Q(z,y, z) drdz + R(x,y, z) de dy)

= //@P(x,y,z)dydz+/§Q(x,y,z)dxdz+//gR(%y,Z)dfdy

The left-hand side of (11.14) is very often written in the form
/ _P(x,y,z)dydz+ Q(x,y, z) dr dz + R(x,y, z) de dy.
S

Theorem 11.4 and Definition 11.5 yield

11.6. Corollary. Under the same assumptions as in Definition 11.5 we have

(11.15) //_(Pcosa+Qcosﬁ+Rcosy)dcr://_(dedz+Qd$dz+Rdwdy).
5 5

If the part S is regular with respect to all three coordinate planes then
(11.16) measy Sgy > 0, measy Sy, >0, meass Sy, > 0.

In the case that (11.16) does not hold we proceed according to the following definition.

11.7. Definition. Let S be a regular part of a surface (i.e., S is regular at
least with respect to one coordinate plane), let n be its oriented unit normal, i.e.,

and let P, Q, R be functions continuous on S.
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a) If S is a part of the plane z = zy then
cosa(z,y,z) =cosB(z,y,2) =0 V|z,y,2] €S.

In this case we set

//gp(x’yvz)dydzzov //gQ(xyy,z)dxdz:O.

b) If S is a part of the plane y = yo then
cosa(z,y,z) = cosvy(x,y,2) =0 Vz,y,2] € S.

In this case we set

//_ P(z,y,z)dydz =0, //_ R(z,y,z)dzdy = 0.
3 3

c) If S is a part of the plane x = z¢ then
cos B(z,y,2) = cosy(x,y,2) =0 V[z,y,2] € S.

In this case we set

//gQ(x,y,z)ddeZO, //gR(x,y,z)dxdy:O_

d) If S is regular with respect to (x,%) and (,z) and if S is a part of a surface
formed by straight lines which are parallel to the z-axis, which means that it can be
expressed in either of the forms z = f(y), [z,y] € Suy and y = g(2), [z,2] € Suz,
then

cosa(x,y,z) =0 Vz,y,z] €S.

//_ P(z,y,z)dydz = 0.
5

e) If S is regular with respect to (z,y) and (y,2) and if S is a part of a surface

In this case we set

formed by straight lines which are parallel to the y-axis, which means that it can be
expressed in either of the forms z = f(z), [z,y] € Sy and z = h(2), [y,2] € Sy,
then

cosB(z,y,2) =0 Viz,y,2] € S.

//5 Q(z,y,z)dzdz = 0.

In this case we set

216



f) If S is regular with respect to (z,2) and (y,2) and if S is a part of a surface
formed by straight lines which are parallel to the z-axis, which means that it can be
expressed in either of the forms y = g(z), [z,2] € S,. and =z = h(y), [y, 2] € Sy,
then

cosy(z,y,2) =0 V[z,y,z] €8S.

//_ R(z,y,z)dxdy = 0.
3

11.8. Definition. = We say that a part S has property (R) if it satisfies one of

In this case we set

the following three conditions:

a) the part S is regular with respect to all three coordinate planes;

b) the orthogonal projection of the part S onto one of the three coordinate planes
has the two-dimensional measure equal to zero; the part S is regular with respect to
the remaining two coordinate planes;

¢) two components of the vector n(z,y, z) equal zero for all points [x,y, 2] € S.

11.9. Theorem. Let a part S have property (R), let n be its oriented unit
normal and let P, Q, R be three functions continuous on S. Then relation (11.15)
is satisfied, i.e.,

//_(PcosaJchosﬂJchos'y)da://_(dedz+dedz+Rdwdy).
3 5

Proof. Relation (11.15) follows from Theorem 11.4 and Definitions 11.5, 11.7
and 11.8. In more detail:

In the case 11.8a the assertion of the theorem coincides with Corollary 11.6.

In the case 11.8b let, for example, cosa = 0. Then

//_(Pcosa+Qcosﬁ+Rcosy)da
5
= //_(QcosﬁJchosy)da
5
=&y //§ Q(w,g(x,z),z) d$d2+€z //§ R(w,y,f(x,y)) dl’dy

Ty

//_(dedz+dedz+Rdxdy),
5

where the second equality follows from Theorem 11.4 and the third equality from
(11.12), (11.13) and Definition 11.7d.
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In the case 11.8c let, for example, cosa = 0, cos 3 = 0. Then

//_(Pcosa+Qcosﬁ+Rcosy)da://_Rdcr

// (z,y, 2o dwdyf// (Pdydz+ Qdxdz + Rdx dy).

O

11.10. Theorem. Let a surface S be the union of n parts with property (R)
which have mutually disjoint interiors, let n be its oriented unit normal and let P,
Q, R be three functions continuous on S. Then we can set

//_(dedz-i—Qda:dz—i—Rdxdy) ::Z/ _(Pdydz+ Qdxdz + Rdxdy).
3 1 JJ5

Proof. The assertion of the theorem follows from the preceding results. O

At the end of this section we prove a basic theorem concerning the parametric
representation of a surface integral of the second kind.

11.11. Theorem. Let a part S, which has a smooth parametric representation
(7.1), be regular with respect to all three coordinate planes, let n be its oriented unit
normal and let P, QQ, R be three function continuous on S. Then

(11.17) //g P(z,y,z)dydz = ﬁ//M P(X(u,v),Y (u,v), Z(u,v))A(u,v)dudo,
(11.18) //5 Q(z,y,z)drdz = ﬁ//M Q(X (u,v),Y (u,v), Z(u,v))B(u,v) dudv,
(11.19) //5 R(z,y,z)dzdy = ﬁ//M R(X (u,v),Y (u,v), Z(u,v))C(u,v) dudo,

where § = +1 (8 = —1) if the vector (A, B, C) is oriented similarly (not similarly)
as the normal vector n = (cos a, cos 3, cos~y). (For the definition of the components
A, B, C see (7.12)—(7.14) and for the definition of the set M see Definition 7.1.)

Proof. The proof of all three expressions is the same. Thus we prove only
(11.19). We start from expression (11.13), i.e., from

(11.20) //5 R(z,y,z)dxdy = Ez/g R(z,y, f(x,y)) dz dy.

218



By the theorem on transformation of a two-dimensional integral, Lemma 7.2a and
the fact that C(u,v) # 0 for all points [u,v] € M we can write

(11.21) //g R(x,y,f(a:,y))dxdy:/M R(X,Y, Z)|C|dudv,

where for greater simplicity we omit the arguments u, v on the right-hand side.

A) Let £, = 1, which means that cosy > 0. Let the vector (A, B,C) be oriented
similarly as the vector n. As cosv > 0, we have, due to the same orientation of the
vectors mentioned, C' > 0 (the fact that C' # 0 follows from the considerations of
Section 8). Hence |C| = C and relations (11.20), (11.21) yield relation (11.19) with
B =+1.

Let now the orientation of the vectors (A4, B,C) and n be opposite. In this case
C < 0. Hence |C| = —C' and relations (11.20), (11.21) imply relation (11.19) with
B=—

B) Let €, = —1, which means that cosy < 0. Let the vectors (A, B,C) and n be
oriented similarly. As cosy < 0, we have C' < 0 in this case; hence |C| = —C. Let
us insert this relation into (11.21) and multiply the relation obtained by minus one.
This yields

(11.22) // (x,y, f(z,y)) de dy 7/ R(X,Y,Z)C dudwv.

Relation (11.19) with 5 = +1 follows from (11.20) and (11.22).

Let now the vectors (A, B, C) and n be oriented in the opposite way. In this case
C > 0; hence |C| = C. If we multiply (11.21) by the relation €, = —1 and use
(11.20) we obtain (11.19) where 5 = —1. O

12. THE ELEMENTARY FORM OF THE GAUSS-OSTROGRADSKIJ THEOREM

12.1. Definition. a) A bounded domain {2 is called elementary with respect to
the coordinate plane (x,y) if every straight line parallel to the z-axis intersects the
boundary 02 at two points or has with 9€2 a common segment which can degenerate
into a point.

b) Similarly we define domains elementary with respect to the plane (x, z), or with
respect to the plane (y, z).

¢) A bounded domain € is called elementary if it is elementary with respect to all
three coordinate planes.
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12.2. Lemma. Let a domain ) be elementary with respect to (x,y) and let
its boundary 92 consist of a finite number of parts with property (R), which have
mutually disjoint interiors. Then these parts can be divided into three groups with
the following properties:

a) The union of parts belonging to the first group forms a part D', whose points
[x,y, z] satisfy the equation

(12.1) z=za(z,y), [r,y] € Dy,

where z1 Is a continuous function.
b) The union of parts belonging to the second group forms a part D?, whose points

[x,y, z] satisfy the equation

(12.2) z=z(z,y), [r,y]€D;

Yo

where z9 is a continuous function. At the same time we have

21(z,y) < 22(z,y) V[z,y] € E;y.
¢) The normal vector of the parts belonging to the third group satisfies
cosy = 0.

The set of the parts belonging to the third group can be empty.

Proof. The assertion is evident. O

12.3. Theorem. Let the boundary 02 of an elementary domain ) be the union
of a finite number of parts with property (R). Let functions P, Q, R be continuous
on § and let the derivatives OP/0z, 0Q /0y, OR/0z be continuous and bounded in ).
Let the positive direction of the unit normal n be the direction of the outer normal.
Then

(12.3) /// (3P 8_Q+88—R) dxdydz:// (Pdydz + Qdxdz + Rdxdy).
z 00

Proof. By Lemma 12.2 and the Fubini theorem

z2(z,y)
(12.4) /// dzdydz = // {/ a—Rdz} drdy
Dl z1(x,y) 0z

:/_ R(%%@(%Q))dxdy—/_ R(xayvzl(xvy))dxdy
D2 D;y
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Owing to the orientation of the normal, we have cosy < 0 on D! and cosy > 0 on
D?. Thus relation (12.4) can be rewritten in the form

(12.5) ///ﬁg—]jdxdydz

= [ Beys@)dedy e [[ Ryl dedy.
D2, Dy

As the boundary 9 can be expressed as the union of the surfaces (12.1), (12.2) and
the parts for which cosy = 0, the right-hand side of (12.5) is equal to the surface
integral [[,, Rdxdy. Hence

(12.6) // a—Rdxdydz:// Rdxzdy.
a 0z o0

Similarly we obtain

a2 [ Zasiyis= [[ rae
(12.8) ///ﬁ%—gdxdydz = /GQdedz.

Summing (12.6)—(12.8), we obtain (12.3). O

12.4. Theorem. Let a domain Q be the union of a finite number of elementary
domains ', ...,Q", which have mutually disjoint interiors. Let the boundary 05
of each domain Q' (i = 1,...,n) be the union of a finite number of parts with
property (R). Let functions P, Q, R be continuous on Q and let the derivatives
OP/0x, 0Q/dy, OR/Jz be continuous and bounded in Q. Let the unit normal n of
the boundary Of) be oriented in the direction of the outer normal. Then

[219)

Proof. The assumption concerning the normal n enables us to orient the
normal of each boundary 9Q¢ in the direction of the outer normal of Q¢; hence

(5 ) v 5 [ (352 )

_Z/ (Pdydz + Qdxdz 4+ Rdzdy) = / (Pdydz + Qdxdz + Rdxdy),
Qi

because at every point P € {2 which satisfies the relation P € 97 N9QF (j # k) two
opposite normals meet—one belonging to 9’ and the other to 9QF. O
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Remark. Every bounded convex domain is elementary.

13. A MORE GENERAL FORM OF THE GAUSS-OSTROGRADSKIJ THEOREM

Verifying the assumptions of Theorem 12.4 concerning the domain €2 is in most
cases very difficult: Let us consider, for example, a domain (the so called “cheese
ball with many bubbles”)

where Ko, K1,..., K, are balls with properties
KicKy (i=1,...,n), K,NK;=0 (#3;i,j=1,...,n).

To make the Gauss-Ostrogradskij theorem applicable in general use we must sub-
stitute its assumption concerning the domain 2 by an assumption which would enable
us to check only the properties of the boundary 9f2. This is the aim of this section.

13.1. Definition. We say that a part S has property (R*) (or property (R**))
if it satisfies conditions a)—c) (or conditions a)-d)) where
a) the part S has property (R);
b) if
z=f(z,y), y=g(z,2), z="h(yz)

are functions appearing in the analytical expressions of the part S with respect to the
coordinate planes then at least one of the three relations f € CZ(S'W), g € C%(S,.),
h € C*(S,.) holds;

c) if measy Sg; > 0, then the boundary 9Sy; is piecewise of class C? and has no
cusp-points;

d) at least one of the plane domains S'xy, Sz, S'yz is starlike. (A domain D is
starlike if there exists at least one point () € D with the property that every half-line
starting from this point intersects OD just at one point.)

Example. Let us divide the sphere
OK = {[z,y,2]: 2> +y* + 22 =1}

by the coordinate planes into eight parts S*,...,S®, or alternatively by the coordi-

nate planes and the planesy =z, y = —x, z = %, z= 7; into 32 parts 51, e ,332
— —32 — —

The parts Dl, ..., D"" have property (R**), whilst the parts S, ..., S® do not satisfy

condition 13.1b.
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13.2. Lemma. Let g(0) =mn1, g(I) =12 and |¢"(s)| < Kg for s € (0,1). Then
1
lg(s)| < max|n;| + §K2l2 Vs € (0,1).

Proof. According to the Lagrange interpolation theorem, we have

g(s)=m (1 - ;) +772§ +1(s), se(0,1),

where the remainder (s) satisfies

0(s)] < gEals(s ~ DI, s € (0,1),

Hence 1
(5] < masxl| + 5Kz mase [s(s =D, s € (0.0)
From here the assertion of Lemma 13.2 follows, because max |[s(s — )| = 12, O

s€(0,1)

13.3. Lemma. Let T be a closed triangle in the plane (s,t) with points Py, P,
Pj as vertices. Let p € C?(T) and let My be a constant bounding the second partial
derivatives of the function ¢ on T. Then the linear polynomial p(s,t), for which

(13.1) p(P) = (P) (i=1,23),
satisfies

1
(13.2) lo(s,t) — p(s,t)| < 5Mgé%, [s,t] € T,

where 7 is the length of the largest side of the triangle T.

Proof. Let us set

(133) X(Sat) = Qp(sat) 7]9(8,75).

Then M, is a constant bounding the second partial derivative of xy on T and by
(13.1) we have
x(P)=0 (i=1,2,3).

Let us consider the function g = x|p,p,. Then Lemma 13.2, where we set Ky = 2Mo,
implies
1
‘X(Sat” < ZMQ(S%, [S,ﬂ € BP;.
Let P € T (P # P;) and let B be the cross-point of the segment P»Ps; and the
straight-line determined by the points P;, P. Then by Lemma 13.2
1 1
IX(P)| < ZMZ(S% + ZMZ(S%'
This estimate and (13.3) yield (13.2). O
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13.4. Lemma. If a function u(s,t) belongs to the class C™(D), where D € R?
is a bounded closed domain whose boundary 0D is piecewise of class C", without
cusp-points and with the outer normal existing at almost all points of 0D, then this
function can be extended with keeping its class onto the whole plane (s,t).

Proof. The proof of this theorem is presented, for example, in [Fil, Appendix].
O

13.5. Theorem (Gauss-Ostrogradskij). Let Q be a three-dimensional
bounded closed domain whose boundary Of) is the union of a finite number of parts
with property (R*), which have mutually disjoint interiors. Let functions

P, Q, R, OP/0x, 0Q/dy, OR/Dz

be continuous and bounded in a bounded three-dimensional domain satisfying
Q D Q. Let the unit normal n of the boundary 99 be oriented in the direction of
the outer normal of 0f), which exists at almost all points of 0§2. Then

o0

Proof. First we prove the theorem in the case that the parts forming 9 have
property (R**). At the end we show how to change the proof when these parts have
only property (R*).

A) Let us choose 0 > 0 arbitrarily but fixed (6 < 1). In this part of the proof
we show how we shall approximate a part with property (R**) by a “panel-shaped”
surface which consists of triangular panels whose longest side is less or equal to 4.
This approximation will be constructed in such a way that if

(13.5) o0 =JS5, SinS;=0(i+#j)
i=1

is a decomposition of I into parts with property (R**) and S‘? is a panel-shaped
surface approximating S;, then

(13.6) 00 =8
i=1
is a polyhedron (or a union of polyhedrons if the domain € is multiply connected)
satisfying
(13.7) SINSI=0 (i#j;i,j=1,...,n)
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and with vertices lying on 9). The closed bounded three-dimensional domain with
the boundary 99° will be denoted Q°.

Let us consider one part S := S; appearing in the decomposition (13.5) and let,
for example, its orthogonal projection S, onto the plane (z,y) be a starlike plane
domain. The part S can be analytically expressed in the form

(13.8) z=f(z,y), [2,y] € Say.

If measy Sy, > 0 then we can express S also in the form

(13'9) Y= g(x, Z), [J,‘, Z} € Suz,

and if meas; Sy, > 0, then also in the form

(1310) T = h(ya Z)a [ya Z} € Syz

Let us choose the nodal points on the boundary 95 so dense that the distance of
two adjacent nodal points is not greater than 6. (If 9S has corners, i.e., if 3S,, is
a piecewise smooth curve, then these corners are also nodal points. Also each point
P € 05 at which at least two “edges” of the decomposition (13.6) meet will be a
nodal point; the expression “edge” is in quotation marks because the surface 02
can be smooth—for example, if Q is a sphere.) We obtain in such a way a closed
curve 05°, which is the union of a finite number of segments of lengths not greater
than 6. The orthogonal projection of the curve 9S° onto the plane (x,y) will be
denoted QSgy. It is the boundary of a simply connected polygonal domain S‘;y.
As the domain S, is starlike, the domain giy is also starlike (with respect to the
same point ()). Connecting all nodal points lying on 3S£y (they are the orthogonal
projections of the nodal points lying on 9S° onto the plane (x,%)) with the point
@ we obtain a rough triangulation of the domain §iy. Choosing a sufficiently great
integer s, dividing each segment which has the point ) as one end point into 2° equal
parts and triangulating each triangle which has the point () as one vertex in such
a way that each quadrilateral, which has arisen by connecting two opposite points,
will be divided by two diagonals into four triangles, we obtain a sufficiently fine
triangulation T(E“;y) of the domain Eiy. The nodal points on S which correspond,
according to (13.8), to the nodal points of this triangulation, determine uniquely a
panel-shaped surface §°. This panel-shaped surface can be analytically expressed in
the form

(13.11) z=f(x,y), [x,y] €8,
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where f°: Eiy — R! is a continuous function which is linear on triangles of the
triangulation T(S";y).

If meass Sz» > 0 (or meass Sy. > 0) then the orthogonal projection of the surface
5% onto the plane (z,z) (or (y, z)) defines the triangulation 7(S3,) (or 7(59.,)) of
the polygonal domain 52 (or ggz) and the surface 5 can be expressed analytically
in the form

(1312) y:gé(xaz)a [.%,Z} € Siz,
or
(13.13) x="h(y,2), [y z]€ giz’

where ¢°: 55 — R (or A°: 59 — R') is a continuous function which is linear on
triangles of the corresponding trlangulation.

B) As % is a polyhedron, we can express {)° by [Ze, Lemma 4.2] in the form

m
(13.14) =T
j=1
where U, ...,U,, are closed convex polyhedrons. (It was Kfizek who inspired the

very idea of the proof of this lemma—see [Kf].) Let us orientate the normal to OU;
as the outer normal of U; (j = 1,...,m). Relation (13.14) and Theorem 12.4 yield

(13.15) ///m(ap 8Q+??R) dzdydz
fz/// <8_P a_QJr%—]:)dxdydz
Z_;//{)Uj(dederdedanRdxdy)
://{)m(dederdedquRdxdy),

because the surface integrals over OU; N Q% altogether cancel.

C) Now we prove that

(13.16) hm///m<ap 9Q %}:)d dy dz _/// (ap a—Q—l—aa—R)dxdydz.
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We have

o [ (352 )
///m(” @+%)dxdydz
U (52

(52 e

< {m£x< oP| 129G |9k >}{meaS3(Q — 0%) 4 meas3(Q° — Q)}.

o) " ay| " oz
By Lemma 13.3 we have

(13.18) meas (2 — °) < Z Z M52 measy T + A(6),

(3
SIZ’

where St = S; and 5%, is the one from the orthogonal projections Sxy, S;Z
which satisfies both the inequality measy S?, > 0 and condition b) from Definition
13.1. (The first term on the right-hand side of (13.18) can be split into two or three

terms with different meanings of s,t.) The constant Mg is given by the relation

82$i )

ot?

8262
"|osot|’

— H2
M; = max max 5
i=l...n gi, 0s

st

where §§t > 8%, USY for all 6, @ is the extension of the function ¢’ (see Lemma
13.4) and ¢* denotes that of the functions f?, g*, h* which belongs to the variables
s, T.

As it is not guaranteed that the first term on the right-hand side of (13.18) is the
upper bound of measz (2 — %) (in general, this term does not cover neighbourhoods
of edges and “edges” in which the parts S; meet), we also have the term A(5) on the
right-hand side of (13.18). A rough estimate of this term is

A(5) < |095;
thus relation (13.18) implies

(13.19) meass (€ — 0°) < (1 + 21M6)[09]6.
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Similarly
(13.20) meass (0 — Q) < (1 + 2M56)[09]6.

Relations (13.17), (13.19) and (13.20) yield (13.16).
D) Now we show that
(13.21)

lim/ (dedz-i—dedz—l—Rdxdy):/ (Pdydz + Qdxdz + Rdxdy).
6—0J Jaqs Gle)

We prove only

(13.22) lim Rdxdy = / Rdxdy
6—0.J Jaqs o0

since the remaining two relations

lim dedz:/ Pdydz, hm/ dedz—/ Qdrdz,
=0 J Jaqs aQ Qs aQ

which together with (13.22) give (13.21), can be derived in the same way.
By (13.5)—(13.7) we have

13.23 // Rdxdy = // Rdzdy,
( ) Qs ; 5s

13.24 / Rdzdy = / Rdxdy.
( ) o0 ZZZ; S,

Thus, it is sufficient to prove that

(13.25) lim // Rdxdyf// Rdxdy.
6—0 Sé

In this part of the proof we restrict ourselves to the case meass Si,y > 0; the case
meass S;y = 0 will be analyzed in the next part of the proof.
Let measy S;y > 0, where we set S :=5;. Then

(13.26) ’//_ R(z,y,2) dxdyf//_ R(z,y,2) dxdy’
// R(z,y, f(x,y) dxdyfez// (z,y, f°(z,y))dzdy

<L)+ |L| + |5 —//S g, R ) = Rl £ ) oy

// 5 R(z,y, f(z.y) ‘dxder// R(z,y, f2(z,y))| dz dy.
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According to the Lagrange theorem on the increment, we have

(1327)  |L| = //S -
x| f(z,y) — f(z,y)|dz dy

OR =
5’ meass Sgy - _max | f(x,y) — f5($ay)|a

SayNSY,

o £ o) + 9(S0) — £ (o)

< max

where 0 < ¢ < 1. Further,
(13.28) |I>] < max|R|meas(Syy — Szy),
Q

(13.29) |I5] < mgx|R\ meaSQ(Szy — Suy)-

Let [2,y] € Sy N S2, be arbitrary but fixed. Let the line perpendicular to the
plane (z,y) which passes through the point [z,y] intersect the part S (or S%) at the
point P (or P»). If f € C%(S,,) then

1~
(13.30) dist (Py, P») < 51\4252.

If f ¢ C*(S4y) then either g € C?(S,.), or h € C*(5y:). Let, for example, g €
C?(S;.). Then the line perpendicular to the plane (z,z) which passes through the
point P; will intersect the part S° at a point, which will be denoted by Ps, and we
have, according to Lemma 13.3,

1~
dist (P1, P3) < 5M2*62.

For a small § the distance between S and S? is very small and the point P3 belongs
either to the same triangle ' C 5% as P, or to a very near triangle. We deduce from
here that dist (P, P3) < Cd (where C' < 5); hence

(1331) dist (Pl,Pg) < 05,

because P;, P, P; are the vertices of the right triangle with the hypotenuse P, Ps.
Thus (13.30) and (13.31) yield

(13.32) _max |f(z,y) — f(x,y)| < C6.
SzyNS?

zyl 10 zy

Assumption 13.1c, Lemma 13.2 (with 7; = 72 = 0) and the fact that the number of
segments which form 852y is O(6~1) imply

(13.33) meass (Szy — giy) < C6, measz(giy — Say) < C6.
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Relations (13.27)—(13.29), (13.32) and (13.33) give
(13.34) || + |I2] + |I3] < C6.

Using (13.26) and (13.34), we obtain (13.25) provided measy Sz, > 0.
E) Let now meass Sy, = 0. In this case

//Rdxdyzo
S

(13.35) lim // Rdzdy = 0.
gs

5—0

and we have to prove

In this part of the proof we shall need the following property of triangles T' C S°
(0 < 6 < 1is arbitrary): There exist

(13.36) O0<tdg<y<m

such that for every 0 < § < 1 we can find in every triangle T C S° an angle 97
satisfying

(13.37) do < I < 0.

This requirement can be easily achieved: Let us consider a panel-shaped part 5% . If

a triangle T C 59" has two angles smaller than ¥y and the remaining angle greater

than vy then we refine locally the triangulation ’T(S‘g;) in such a way that the

orthogonal projection T of T is divided into two right angled triangles. Thus we

can assume that all triangles T C 59 satisfy (13.37). Panel-shaped parts S% with

§; < 6* (i=1,2,...) can be obtained if we refine 7(5?%,) by the bisection process.
We have

Z / Rcosvyrdo
T

TCSs

(13.38) ‘/ Rdxdy’ =
35

Z /Rdxdy‘ =
Tcge "'t

< max |R| Z measg T'|cos yr|
& TCSS
< 215/ max | R| macos vr.
Q TCS?

If we show that

(13.39) max|cosyr| — 0 for & — 0,
TCS?

then (13.35) will follow from (13.38).
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As we assume that the part S has property (R*), Definitions 13.1, 11.8 and 11.7
guarantee that at least one of the following inequalities holds:
(13.40) lg'(z)| < K1, = € (a1,a2),
(13.41) IV (y)| < K2, y € (b1,b).
Let, for example, (13.40) hold. Let us consider an arbitrary triangle 7 C S° and
let P;(zi,g(x;),2) (i = 1,2,3) be its vertices, P; being the vertex at ¥r. The

. = re— .
z-coordinate 7 of the vector product Py P> x P; P5 is of the form

7= (g(x3) — g(x1))T21 — (9(x2) — g(x1))T31
= T21Z31(9 (v1 + V1Z31) — ¢’ (21 + 92Ta1)),
where 0 <9, <1,0 <92 <1 and Tj;, =x; — z3. Hence
[cosyr| = 2m<|3;|52T i l :
| Py Ps| - | Py P3| sindp

<|g'(z1 + 91%31) — ¢’ (21 4 VoZor)| sin ™ Jo.

From here and from the uniform continuity of ¢’(z) on (a1,as) relation (13.39)
follows.

F) Passing to the limit in (13.15) for § — 0 and taking into acccount (13.16) and
(13.21), we obtain (13.4).

G) As we have not had any requirements as far as the triangulation 7 (S;) is

concerned, we have used the assumption of the starlikeness of Sy; only for the sake
of greater simplicity of part A). Now we show that it is sufficient to assume property
(R*) in the case of parts of surfaces forming 0.

On edges and “edges” of the boundary 02 we choose nodal points so dense that
the distance of two adjacent nodal points is less than 6. We triangulate now the
simply connected and bounded polygonal domain S?, as follows: The vertices of the
domain S?, will be denoted by Ai,..., A,,. As the number of vertices A; is finite it
is easy to see that if m > 3 then there exist at least two vertices A;, A; such that
the interior of the segment A;A; lies in the interior S%, of S%,. The segment A;A;
divides the closed domain S¢, into two closed domains S} and S%2. If S% is not
a triangle we can divide it again into two polygonal domains without dividing the
sides. After a finite number of steps the domain S?, is divided into triangles in such
a way that each side A;A; of S, is a side of some triangle.

Every triangle is a starlike domain. Hence, we can triangulate it in the same way
as in part A). Thus the polygonal domain S?, is triangulated in such a way that the
corresponding panel-shaped surface 5° has edges of a length which is less than 4.
The proof of Theorem 13.5 is complete. O
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Example. In the case of a cheese ball with many bubbles the assumption of
Theorem 13.5 concerning 0f2 can be easily verified.

Similarly as in the case of Green’s theorem we shall reduce the assumption of The-
orem 13.5 concerning the functions P, ), R and their derivatives to the assumption
that they are continuous on a closed bounded three-dimensional domain Q. This will
be done in Subsections 13.6-13.9.

13.6. Definition. a) We say that a domain 2 has an R-continuous boundary
if Q has a continuous boundary 92 in the sense of Necas (see [Ne, pp. 14-15]) and if
0 is the union of a finite number of parts with property (R*).

b) We say that a domain Q has an R-Lipschitz continuous boundary if Q has a
Lipschitz continuous boundary 9 in the sense of Nedas and Hlavacek (see [NH,
p. 17]) and if 09 is the union of a finite number of parts with property (R*).

13.7. Remark. If a domain Q has an R-Lipschitz continuous boundary (or an
R-continuous boundary) then it has an S-Lipschitz continuous boundary (or an S-
continuous boundary).

According to [Fil, p. 676], the following theorem holds:

13.8. Theorem. Let a domain Q C R® have an R-Lipschitz continuous bound-
ary 02 and let a function f: Q — R belong to C*(Q). Then the function f(z,y, z)
can be continuously extended to the whole space R? with keeping its class.

The following theorem is a consequence of Theorems 13.5 and 13.8:

13.9. Theorem (Gauss-Ostrogradskij). Let a (simply or multiply connected)
domain  have an R-Lipschitz continuous boundary 0f). Let the unit normal n of
the boundary 02 be oriented in the direction of the outer normal of €}, which exists
at almost all points of OQ. Finally, let P,Q, R € C*(Q). Then

/// (313 5_Q+88_]:) dﬂcdydz://BQ(dedz+dedz+Rdxdy).

Using Theorem 11.4 and denoting
(13.42) n = (ny,n2,n3) = (cosa, cos 3, cosy),
we can reformulate Theorem 13.9 as follows:

13.10. Theorem. Let the assumptions of Theorem 13.9 be satisfied. Then

(13.43) /// <8P a—Q—l—g—Jj) dxdydz:/ (Pcosa+ Qcosf3+ Rcosvy)do.
00

232



Setting one of the functions P, Q, R equal to uv, where u,v € C*(Q), and the
other two functions equal to zero, denoting z; := z, x2 := y, 3 := z and using
(13.42), we obtain from Theorem 13.10:

13.11. Theorem (Gauss-Ostrogradskij formula). Let a (simply or multi-
ply connected) domain Q have an R-Lipschitz continuous boundary. Then for all
functions u € C(Q), v € C(Q) we have

(13.44) /// Ou vdxy dze dzg = // uvn; do — /// U v dxo dxs,
Q 8581 90 o) é)xz

where (ny,n2,n3) is the outer unit normal vector.

14. THE GAUSS-OSTROGRADSKIJ THEOREM IN SOBOLEV SPACES

14.1. Theorem (Gauss-Ostrogradskij formula in H'). Let a (simply or
multiply connected) domain Q have an R-Lipschitz continuous boundary. Then for
all functions u € HY(Q2), v € HY(Q) we have

(14.1) // da:2da:3—//dﬂuvnzda—///

where (ny,n2,n3) is the outer unit normal vector.

d$2 d$3,

Proof. Let {u,} C C®(Q), {v,} C C=(Q) be such sequences that
(14.2) Up — u, v, —v in HY(Q).

It should be noted that these sequences exist, by virtue of Lemma 10.2. By Theo-
rem 13.11,

(14.3) ///_ %vn dzi das das = // UpUpn; do — ///_ un% dzq dxo das.
Q 3% Fle) Q 3%
We have
(14.4) // UpVpn; do = // (up, —u+u)(v, —v+v)n;do
o0 o0
:// (up —u) TLZdCT+// v)n; do
o0 le)
// u)on; do + // uon; do.
20 le)

233



As by Theorem 10.9b

|un — ullLy00) < Cllun — ullgi@) — 0,

<
|vn = v||Ly00) < Cllvn —vl[H1(@) — 0,

the first three terms on the right-hand side of (14.4) tend to zero with n — co. Hence

(14.5) // UpUpn; do — // wvn;do  for n — oo.
a9 o0

Similarly we find

Ouy, 0
(14.6) ///_ 3LU" dzi dzs dzs — ///_ a;ivdarl dzs dzs,
(14.7) /// ung dz; dzy dzs — ///

Passing to the limit in (14.3) with n — oo we obtain, by virtue of (14.5)—(14.7),
relation (14.1). O

dl’g dl’g

14.2. Theorem (divergence form of the Gauss-Ostrogradskij theorem).
Let a (simply or multiply connected) domain Q have an R-Lipschitz continuous
boundary. Then for all functions P; € H'(Q) (i = 1,2,3) we have

(148) /// (apl aPZ Jr%) dxdydz:// (Pin1 + Pang + Psng) do,
z oN

where (n1,ng,n3) is the unit vector of the outer normal to the boundary 9.

Proof. Let ussetu:=PF;, v=1in (14.1). Summing up the result from i = 1
to ¢ = 3, we obtain relation (14.8). O

The most general form of the Gauss-Ostrogradskij formula is introduced in the
following theorem:

14.3. Theorem (the general Gauss-Ostrogradskij formula). Let a (simply
or multiply connected) domain Q have an R-Lipschitz continuous boundary. Let
u € HYP(Q), v € HY9(Q) with one of the following possibilities:

a)%—i— <14+, wherel1 <p<N,1<q<N with N =3;

byp>1,¢=>N (N=3);

c)p=N,q>1(N=3).
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Then (~yu)(yv) € L1(092) and we have

o v [] e [

where (ny,n2,n3) is the outer unit normal vector.

Proof. The proof is long and complicated; thus we divide it into several parts.
(We use the symbol N instead of 3 because the assertion and its proof hold also in
the case of N = 2.)

A) First we prove (14.9) in the case

(14.10) <1, 1<p<N,1<q<N (N=3).
Let {u,} C C>(9), {v,} C C>(9) be such sequences that
(14.11) up, —u in H'?(Q), v, —v in Hl’q(Q).
Then by Theorem 13.11
(14.12) /// %vn dz; dzg dxs = // UpUpn; do — /// un@v
a 0x; 20 a Oz
We have
(14.13) ///_ %vn dzq das das
ouy,
///(833 D )(vnv)dxldxgdxg
ouy,
/// £ n — U dxldxgdxg—i—/// 9z, Do vday das dzs
+ ///ﬁ s dzs das.

A generalized Holder inequality (see [KJF, p. 67]) can be written in the following
form: Let f; € HYPi(Q), where > 1% =1. Then fifo... fn € L1(R2) and
i=1""

///Q fifa- . ful diy das dig < Ny ()N (F2) .- N, ()

Nutty=([[ 15

with

1/pi
P dzq dzo dx;;) .
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Settingheren:S,fgzl,m:p,pz:q,“’here117+%<1’andpigzlleaiéwe

obtain
(14.14) // ool day deza das < (meass VP ol fell -
Q

If % + % =1 then we can use the standard Holder inequality

(14.15) / / ool day dea ds < |12l Foll e
Q

Relations (14.11), (14.14), (14.15) enable us to prove that the first three terms on
the right-hand side of (14.13) tend to zero with n — oo. Hence

(14.16) /// a“"vndxldx2dx3—>///

Similarly

10 [[[ G dm s~ [[[ w3

Now we use the restrictions 1 < p < N, 1 < ¢ < N (with N = 3) which enable us
to set

dzodxs for n — oo.

for n — oo.

q—1 N —q

(14.18) 1 1 p—1  N-p 1 1
' p* p (N-1)p (N-1)p ¢ q¢q (N-1)¢ (N-1)¢

Then, according to Theorem 10.8, we have
(14.19) yu € Ly-(09Q) if u € HYP(Q), ~v € L,-(09) if v € HY(Q).
By (14.18)

1 1 1 1 1 1 1 1 1 2
—t+—=—+-——=—— 1—+1—) = (1+—)<—+—) -— <1
P p g N—l( P q N-1/\p ¢/ N-1

because we assume that %Jré < 1. Hence by an analogy to (14.14) (yu)(yv) € L1(99)

/ / yuyvdo <
ble)

We can write

(14.20)//munvnnida: //m(unf u)(vp, — v nzngr//m o)n; do
//m(un — u)on; dcr+//89 wvn; do.

and

*(OQ)H’W}HL (69) -
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As 09 is piecewise smooth we have

‘// n—w)(vp —v)n;do| < ‘// n—u) (v, —v)do|.
o0 a0

Hence, according to the generalized Holder inequality (14.14), Theorem 10.8 (which

guarantees the trace inequalities) and (14.11), we obtain

(14.21) ‘ // (upn, — u) (v, —v)n; do
2Q
< Cllun — ullr,. o0)lvn — vllL,. (00)
< Cllun — ullgrvoe)llvn — vllg1a00) — 0 for n — oo.

Similarly

(14.22) ‘// v)n; do
o0

Hence by (14.20)—(14.22)

(14.23) // UpUpn; do — // wvn; do.
Ele) Ele)

Passing to the limit for n — oo in relation (14.12) and using (14.16), (14.17), (14.23),
we obtain (14.9) under the assumption (14.10).
B) Now we shall prove (14.9) under the assumption

— 0 forn — oo.

— 0, ‘// u)on; do
o0

1 1 1
14.24 S4+2<14+4 =, 1<p<N,1<q<N (N=23).
(14.24) L N ( )

The proof is a modification of part A). If

1 1 1
14.25 g<N, ——1__
(14.29) ¢ ¢ N
then (see Lemma 10.4)
(14.26) HY(Q) C L(Q) algebraically and topologically;

this means that

[on = vz, @) < Cllvn = vllEra(9)-
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The inequality q% +1 <1 (ie., the inequality % + % <1+ %) implies, by virtue of

(14.14), (14.15) and (14.11),

(14.27) ‘/// <ZZ" - l'i)(vn — v)day dzy das

Ooun, B ou

< Ollun — ullgre)llvn —vlg10) — 0 for n — oo.

3|

<c

[vn = |z, ()
Lp(©)

Similarly we prove that for n — oo

‘/// 833, n — ) doy daeg das| —
Ouy,
‘/// <3xz a$l>vdx1 dzo das

Hence relation (14.16) follows; relation (14.17) can be proved similarly.

-0,

(14.28)
— 0.

The proof of (14.23) in the case ¢ < N, p < N remains without changes. Passing
to the limit for n — oo in relation (14.12) and using (14.16), (14.17), (14.23) we
obtain (14.9) under the assumption (14.24).

C) In the remaining parts we prove Theorem 14.3 for possibility b). In the case
of possibility ¢) the proof is similar. First we prove (14.16) and (14.17) in the case
q=N.

By [KJF, Th. 5.7.7(ii)], for any 1 < ¢* < co we have

(14.29) H"N(Q) C L,~(Q) algebraically and topologically.
Let us choose ¢* = ﬁ; hence

H"N(Q) Ly (p—1)(R2) algebraically and topologically;
this means (setting ¢ = N in (14.11))

an UHLP/(p () X CHUN - UHHI N(Q) 0.

we have by (14.15)

’/// (?’;Z xi)(vnv)d$1dx2dx3

S

oun, B ou

< lun — ullgre@) — 0
Lp(Q)

(9.’13‘Z a.’lfz ”Un - UHL;}/(;}—l)(Q) —0 forn— 00,
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Similarly we prove convergences (14.28). Hence relation

which results in (14.27).

(14.16) follows.
To prove (14.17) let us write

(14.30) ///_ 20

(avn v ) dxl d$2 d.’L‘3

/ / / TN 0z o
vy,
— dzq dws dxs + dzs
ﬁxz :EZ
/// s
Ifp>N then 14+ L1 < 1. Hence by (14.14)
vy, ov vy, ov
dzq dza dxs| < Clluy, — — = —
‘/// (ﬁxz a$z) L1tz ars ||Un uHLP(Q) a.’ﬂz 8% Ly (Q)
< Cllun — ul| gre() g&* a@v — 0 for n — oco.
T T HLN(Q)
Similarly we prove that for n — oo
vy,
— dridzsdas| — 0 (u dzs dzs| — 0.
ox; Ox; Q
Thus (14.30) implies (14.17) in the case p > N
Let now p < N. Similarly as in (14.25) we set
r_r_r
p p N
then we have by (14.26)
H'?(Q) C L,-(Q) algebraically and topologically
This means that
[un = ullL,. @) < Cllun = ullgrr@)-
The inequality pi* + 4= % — %+ 4+ & < 1 implies, by virtue of (14.14)
Ov v
Cllun —ullz,. (o) a—n ~3
Ti iy @

8% a.’ﬂz

0 0
< Un — v ) da:l d$2 d.’L‘3 <
< Cllun = ullgre@)llvn — vl — 0 for n — oo

e~

239



Similarly we prove that for n — co

oGz om0 [

Thus (14.30) implies (14.17) in the case p < N.
D) The proof of (14.16) and (14.17) in the case ¢ > N follows from part C) because

dl’g dl’g — 0.

(14.31) H™(Q) c H™(Q) algebraically and topologically.

The proof of (14.31) is a consequence of Holder’s inequality (14.15):

Pz = (//Q o]V da; de dx3)}v
< ((J[[ amarsans) ™ ([][ o) arsarsans) )

= (measy Q)ﬁi%HUHLq(Q) Yov € Ly(9).

2z~

E) It remains to prove (14.23) in the case p > land ¢ > N (N =3). If ¢ > N
then, according to Theorem 10.9, for any 1 < ¢* < co we have

(14.32) [vvllz,.o0) < Cllvllaa@) Vo € H(Q).

Let us choose p > 1 arbitrary but fixed and let us distinguish between two cases:
a) The case 1 < p < N. Using Theorem 10.8 we set p* =

(14.33) vullz,.00) < Cllullgie @) Yue HYP(Q).
Let us choose ¢* in this case such that

1 1
(14.34) —+ ==L
q p
This means that
1 1 N—-p Np—-N
q* Np—p Np—p’

Hence ¢* > 1 and by (14.34), (14.15), (14.32), (14.33) and (14.11) we have

(14.35) ’// (up, — n — U)N; // vy, —v)do
a9 le)

< Ollun — u”Lp* o) llvn — vz .00

< CHUn — u”Hl‘p(Q)an — UHHL‘I(Q) — 0
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which yields (14.21). Relations (14.22) can be derived similarly. Hence (14.23)
follows in the case 1 <p < N.
b) The case p > N. Using Theorem 10.9, for any 1 < p* < co we have

(14.36) vullz,.00) < Cllullgie@) Yue HYP(Q).

By (14.32) and (14.36) we can choose p* = ¢* = 2 and derive again (14.35) and then

(14.23).
F) Using (14.16), (14.17) and (14.23) proved in parts C)-E), we obtain (14.9) in
the case p >1,q > N. O
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