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CHAPTER 11

Manifolds-with-Boundary

Abstract. This chapter introduces oriented manifolds-with-boundary, obtains Stokes’s Theorem
for them, and shows that the classical theorems of Green, Gauss-Ostrogradsky, and Kelvin—Stokes
fit into this framework.

Section 1 introduces the subject by working with ordinary oriented smooth manifolds, i.e., those
oriented smooth manifolds without boundary. Stokes’s Theorem for this situation reduces to a
theorem about compactly supported differential forms in Euclidean space.

Section 2 introduces smooth manifolds-with-boundary of dimension m, charts being homeomor-
phisms from nonempty open subsets of the manifold-with-boundary onto relatively open subsets
of the closed half space H” of R™. One distinguishes manifold points and boundary points and
observes that the set of manifold points yields a smooth manifold. The section defines smoothness
of real-valued functions and associated objects, and for this setting, it goes through much of the
same kind of development that was done for manifolds in Chapter I.

Section 3 defines orientability of a smooth manifold-with-boundary to mean orientability of the
smooth manifold of manifold points. If a smooth manifold-with-boundary is orientable, then so is its
boundary, and a particular choice of orientation of the boundary, known as the induced orientation,
is defined so that the signs will eventually work out properly in Stokes’s Theorem.

Section 4 states and proves Stokes’s Theorem for oriented smooth manifolds-with-boundary,
handling the case of dimension m = 1 separately from the case of dimension m > 2.

Section 5 examines the meaning of Stokes’s Theorem in the settings that give rise to three
classical integration theorems —Green’s Theorem, the Divergence Theorem, and the Kelvin—Stokes
Theorem—and in the setting of line integrals independent of the path.

1. Stokes’s Theorem for Manifolds without Boundary

This section establishes Stokes’s Theorem for oriented “manifolds without bound-
ary,” which is to say, for oriented manifolds in the sense of Chapter I." It will
always be assumed that the differential forms that appear in integrals have compact

I'Terminology differs among mathematicians —whether manifolds are restricted to the kind that
was defined in Chapter I or whether manifolds can have embellishments, such as some kind of
attached boundary. For this section we stick to the kind that was defined in Chapter I. Starting
in Section 2, we shall work with “manifolds-with-boundary,” which are not necessarily manifolds
in the sense of Chapter I. Instead they come with extra points satisfying some special conditions.
The use of hyphens in the name “manifold-with-boundary” will be a continuing reminder that a
manifold-with-boundary is not necessarily a manifold.

56



1. Stokes’s Theorem for Manifolds without Boundary 57

support, i.e., that they are 0 outside of some compact subset of the manifold. On
a compact manifold this condition is automatically satisfied.

All forms of Stokes’s Theorem are local theorems in the following sense: The
heart of the matter is to prove the theorem in a “model space,” the model space
for manifolds of dimension m being R™. The validity of the theorem in the model
space and the local nature of the result imply the validity of the theorem in any
chart. Finally an orientation allows for the results for single charts to be added
up with the help of a partition of unity.? It is as if the manifold in question is
divided into pieces, and then the proof of the theorem proceeds one piece at a
time and the results added. The virtue of using a partition of unity is that the
borders between the pieces are smoothed out so as to avoid technical problems
arising from discontinuities.’

Theorem 2.1. If M is a smooth oriented manifold of dimension m, then every
smooth m — 1 form w with compact support on M has

/dw:O.
M

REMARKS. The prototype for this theorem with M noncompact is the case that
M = R!. Inthiscase, d is the usual differentiation operator on functions (regarded
as 0 forms), and the statement comes down to the assertion that f;o f'(x)dx =
0 for any f in C (R'). This assertion is immediate from the Fundamental
Theorem of Calculus. The prototype for this theorem with M compact is the case
that M is the circle. We may then think in terms of smooth periodic functions
of period 27 on the line, and the statement comes down to the assertion that any
smooth f of period 27 on the line has ff . f'(x)dx = 0. Again the Fundamental
Theorem of Calculus applies, giving f(w) — f(—m) = 0 as the value of the
integral.

PROOF. We shall use the same approach in proving each version of Stokes’s
Theorem —the one here for manifolds, the one in Section II.4 for manifolds-
with-boundary, the one in Section III.3 for manifolds-with-corners, and the one
in Section II1.6 for Whitney manifolds. The main step is to prove the theorem for
the model space, which in this case is R™.

Thus we consider the special case M = R™ with the standard orientation. We
may assume that w is not 0. The support S of w being compact, we choose real

2In other words, the only potential obstruction to extending Stokes’s Theorem from a local result
to a global result is the possible failure of the underlying manifold to be oriented.

30n the other hand, the shortcoming of using a partition of unity is that the method does not lend
itself to actual computations.



58 1. Manifolds-with-Boundary

numbers a; and b; for 1 < j < m such that all points x = (xy, ..., x;) of § have
a; < xj < bj for all j. The smooth m — 1 form w necessarily has an expansion

m —_—
w=Y Fr(X1,...,xp)dxy A= Adx, A+ Adxy,
r=I1
the circumflex indicating a missing term. All the coefficient functions F, are
smooth and are equal to O off the compact set S. Then we have

m m —_—
do=3" 3 SEdx; ndxi Ao A dx, Ao Adxy
r=1s=1

> (=1 (G2 ) dxy A -+ Aday.

r=1

Hence the definition of integration of m forms on R™ gives

/dw:Z(—l)"I/ (3Le) dixy - - - dxy,
R™ r=1 Rm "

with the integral on the right side equal to an ordinary integral with respect to
Lebesgue measure. Consider the 7™ term of the sum on the right side. We
can carry out the integration over R™ in any order, and we choose to do the x,
integration first. By the Fundamental Theorem of Calculus, that integral over x,
is

b,
oF, _ oF,
=/ (W,.)dxr—[ (5) dx:
R! ar
=F(,....br,....x0) — F(x1,...,0r,...,Xn).

The right side is O because F, vanishes off S. Therefore the 7™ term is 0 for each
r, and we conclude that
/ do =0, )

The proof is now complete for the model case R™.

To handle the general case, we proceed as follows: About each point p in M
of the compact support S of w, we choose a positive compatible chart (M,, o).
Since the sets M,, form an open cover of the compact set S, we can choose a
finite subcover {My,, ..., My, }. By Theorem 1.25 let {y, ..., ¥} be a smooth
partition of unity of M subordinate to this finite open cover. For 1 <i < k, the
m — 1 form y;w is compactly supported in M,,. Then we have

/ d(Y;w) 2/ d(lﬁiw)Z/ (™ H*d(Y;w) by Theorem 1.29
M M, o

o i (Mo;) and positivity

= / d((@™ Y (i) by Proposition 1.24.
o (My,)
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Since ;@ is compactly supported on M, , the m — 1 form (e~ H*(Y;w) is com-
pactly supported in o; (M, ) € R™. Extending this form to be O on the remainder
of R™ and leaving its name unchanged, we obtain fai (M,.) d((a ™Y (Yiw)) =

me d((a~")*(Y;w)). The right side is 0 by the result () for the model case. In
other words,

/d(wia)):O for all i.
M

Summing over i from 1 to k and using the fact that Y ; is identically 1, we

0=12/Md<x/f,~w>=fMd(le/nw)=/de,

and the proof of the general case is complete. ([l

obtain

2. Elementary Properties and Examples

Smooth manifolds of dimension m > 0, as introduced in Chapter I, were defined
as separable Hausdorff spaces that are locally modeled on open subsets of R™.
In similar fashion the present section and the remainder of this chapter will work
with smooth manifolds-with-boundary in dimension m > 1, which are separable
Hausdorff spaces that are locally modeled on open subsets of the closed half space

H" ={(x1, ..., Xnu_1,%xm) € R" | x,, > 0}.

The open subsets of H™ are understood to be those subsets that are relatively
open in the relative topology from R™. We write H'} for the interior of H™,
namely the subset

Hiﬁ ={(x1, ..., Xm—1,Xm) € R™ | Xm > 0},
and we write dH" for the boundary, namely the subset
oH"™ = {1, oy xm—1,0) € Rm}.

Before coming to the formal definition of smooth manifold-with-boundary,
we need to establish some definitions concerning smooth functions on H™. A
real-valued function f defined on an open subset U of H™ will be said to be
smooth if there is a smooth function F defined an open subset V of R” such
U =V NH" and f is the restriction of F to U. The extending function F need
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not, of course, be unique.4 With this definition of smoothness in place, we can
define the space C, (H™) of germs of smooth functions at points p of H" and the
tangent space T, (IH™) at p. For p € R, these definitions are not new, but for
p € dH™, they are. We obtain facts about them in the same way as in Section L.1.

If U, and U, are two open subsets of H”, a smooth map F : U, — U, is
a continuous function whose m component functions are all smooth real-valued
functions on U;. The derivative (DF), : T,(U;) — Tr(p)(Us) of the smooth
map F at a point is defined just as in Section I.1. The smooth map F is a
diffeomorphism if it is a homeomorphism with inverse G : U, — U, such that
the m component functions of each of F and G are smooth real-valued functions
on U; and Uy, respectively. The composition of smooth maps is smooth, and the
derivative of the composition is the composition of the derivatives. It follows that
at each point the derivative of a diffeomorphism is an invertible linear function.

Although the components of a diffeomorphism F extend to be smooth func-
tions on an open subset of R” and similarly for G, no assertion is made about the
extendability of the identities F o G =1land Go F = 1.

Let M be a separable Hausdorff topological space, and fix an integer m > 1.
For purposes of working with manifolds-with-boundary, a chart (M,, o) on M
of dimension m is a homeomorphism « of a nonempty open subset M, of M
onto an open subset «(M,) of H™; the chart is said to be about a point p in M
if p is in the domain M,, of «. When it is convenient to do so, we can restrict
attention to charts (M, «) for which M,, is connected.

A smooth manifold-with-boundary of dimension m is a separable Hausdorff
space M with a family F of charts (M, «) of dimension m such that

(i) any two charts (M, a) and (Mg, B) in F are (smoothly) compatible in
the sense that 8 o @', as a mapping of the open subset o (M, N Mpg) of
H™ to the open subset 8(M, N Mpg) of H™, is a diffeomorphism,
(i1) the family of compatible charts (M, o) is an atlas in the sense that the
open sets M,, cover M, and
(iii) the family F is maximal among families of compatible charts on M.

In the presence of an understood atlas, a chart will be said to be compatible if it
is compatible with all the members of the atlas.

As with smooth manifolds in the sense of Chapter I, any atlas of compatible
charts for a smooth manifold-with-boundary can be extended in one and only one
way to a maximal atlas of compatible charts. Also if U is any nonempty open
subset of an m dimensional smooth manifold-with-boundary M, then U inherits
the structure of a smooth manifold-with-boundary as follows: first define an atlas
of U to consist of the intersection of U with all members of the atlas for M, using

4However, two extending functions F| and F> do have matching partial derivatives of all orders
at every point of U N 9H™, and we shall quietly make use of this fact.
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the restrictions of the various functions «, and then discard occurrences of the
empty set.

Later in this section we shall use charts to transfer our notions of tangent
space, cotangent space, smooth function, smooth mapping, and derivative from
H™ to general manifolds-with-boundary. But before we look at the details, let
us underscore that manifolds-with-boundary are built from two distinct types of
points.

The points of a smooth manifold-with-boundary divide into two distinct
types—manifold points and boundary points. The manifold points are those
points p for which there is a chart (M, o) about p with «(M,) contained in
H'?. The set of them will be denoted by M. The set M is the union for all
compatible charts (M,, ) of the inverse image o ~! (H), which is open in M
by continuity of . Thus M, is a nonempty open subset of M and is a smooth
manifold of dimension m. The other points are called boundary points. One
writes d M for the set of boundary points and calls M the boundary.’ As the
complement of M in M, it is a closed set.

Proposition 2.2. If M is a smooth manifold-with-boundary of dimension m,
then

(a) each manifold point p has the property that every sufficiently small
compatible chart (Mg, B) about p has B(Mg) contained in H},

(b) whenever (M,, «) is a compatible chart for M, then its restriction to d M,
namely (M, N OM, a|M nan)s 18 @ chart for M of dimension m — 1 as
long as My N OM is non%mpty,

(c) whenever (M, o) and (Mg, ) are two compatible charts for M that meet
d M, then the charts (M, N oM, O[|MaﬂaM) and (Mg N oM, 'B|Mﬁﬁ8M) are

compatible for oM,

(d) 9M becomes a smooth manifold of dimension m — 1 if the atlas of charts
is taken as the nonempty restrictions to d M of the charts in an atlas of
compatible charts for M.

PROOF. For (a), suppose that (M, o) is a chart about p with a(M,) € HY.
If (Mg, B) is another chart about p, we are to show that 8(p) is in H!. Consider
B oa~! asa map from a(M, N Mpg) to B(M, N Mpg). This map is smooth in
the ordinary Euclidean sense with domain a Euclidean open set, it carries a(p)
to B(p), and its Jacobian determinant is nonzero at «(p). Therefore it carries a
sufficiently small open set about «(p) onto a Euclidean open set about S(p), by

3This notion of the boundary can differ from the set-theoretic notion, as Example 6 later in this
section will show.
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the Inverse Function Theorem.® The latter open set cannot be contained in H”
unless B(p) lies in HY.

For (b), let (M,,, @) be a chart for M. In view of (a), « carries M, N0 M one-one
onto o(M,) NOH™. The set M, N dM is relatively open in d M since M,, is open
in M, and the set o(M,,) N IH™ is relatively open in dH™ since o(M,,) is open in
H". The restrictions of o and o~! are continuous. Thus (M, N M, a| M)
is a chart for 9 M; its dimension is m — 1 since the Euclidean space in quesgion is
oH™.

For (c), we are given (M,, o) and (Mg, B) as in (b), we may assume that
M, N My is nonempty, and we are told that Boa ™" : a(MeNMpg) — B(MsNMp)
ando o B! 1 B(M, N Mpg) — a(Mg N Mg) are smooth. Put ¢ = o a”l =
(@1, ..., @m). The smoothness of ¢ means that each ¢; extends to a smooth real-
valued function on an open neighborhood in R” of its domain in H™. Then the
restriction of ¢; to the intersection of that neighborhood with 9H™ is certainly
smooth, and hence Boa™! : a(M, N MgNoM) — B(M,NMgNIoM) is smooth.
Similarly the restriction of a o 7! is smooth. Thus the restrictions of the charts
are compatible.

For (d), each nonempty restriction of a chart of dimension m for M is a chart
of dimension m — 1 for dM by (b). These charts for d M are compatible with
one another by (c), and they cover d M since the given charts cover M. Thus the
charts for d M form an atlas. g

EXAMPLES.

(1) Any smooth manifold of dimension > 1 is a smooth manifold-with-
boundary, the boundary being the empty set.

(2) In dimension 1, any interval of R, whether open or closed or half open,
is a manifold-with-boundary; the boundary consists of those endpoints that are
present. The circle S' = {(x, y) € R? | x> 4 y?> = 1} is a manifold of dimension
1 without boundary. The definitions allow no flexibility to declare that some of
the points of the circle are boundary points and the rest are manifold points.

(3) The closed ball B™ = {(x,...,xy) € R" | x} + - +x2 < 1}isa
manifold-with-boundary of dimension m, the boundary being the sphere $”~! =
{1 e xm) [ xf 4 4 x2 = 1)

(4) The closed unit square {(x, y) € RZ|0<x<1land0 <y < 1}is
not a manifold-with-boundary because of the presence of the corners. If the four
corners are removed from the set, then the result is a manifold-with-boundary,
the boundary consisting of the remaining points on the four edges.

(5) A closed figure 6 in R? is not a 1 dimensional manifold-with-boundary
because the point where the 6 closes on itself does not satisfy the definitions.

%Theorem 3.17 of Basic Real Analysis.
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(6) If U is an open subset of R” whose topological boundary U — U is
a smooth manifold of dimension m — 1, then M = (UY — U)U U = U is
a manifold-with-boundary of dimension m. However, if U is the union of the
subsets where |x| < 1 and 1 < |x| < 2 in R?, then the topological boundary of
U — U, which s two circles, is different from the boundary 0U <l of the manifold,
which is one circle.

(7) It is often possible to define regions in Euclidean space parametrically or
implicitly and end up with a manifold-with-boundary. In R?, for example, the
image of a curve ¢t — (x(¢), y(¢)) in the plane is smooth if x(z) and y(z) are
smooth and if the Implicit Function Theorem can be invoked around each point
of the image to realize the set in question locally as the graph of a smooth function,
i.e.,if x'(¢) and y'(¢) are nowhere simultaneously vanishing. When such a curve
is closed, in the sense of taking the same value at the two endpoints of the domain
of definition, and when it is simple, in the sense of being one-one except for the
equality of values at the endpoints, it bounds a region of the plane. The region
and the curve together form a manifold-with-boundary of dimension 2.

(8) The same considerations apply in higher dimensions. Itis also of interest to
define smooth manifolds-with-boundary in higher dimensional spaces by using
parametric equations and invoking the Implicit Function Theorem. The Mobius
band, given as Example 3 in Section 1.6, is a smooth manifold of dimension 2
defined parametrically in R? by two parameters. As it was defined in that section,
it is a noncompact smooth manifold without boundary. If the domain in the ¢
variable is taken to be —1 < ¢ < 1 instead of —1 < ¢ < 1, then we obtain a
compact smooth manifold-with-boundary of dimension 2. The boundary can be
seen to be connected in this case; topologically it is a circle.

A smooth real-valued function f : M — R on the smooth manifold-with-
boundary M of dimension m is by definition a function such that for each p € M
and each compatible chart (M,,, «) about p, the function f o «~! is smooth as
a function from the open subset o(M,) of H"” into R. A smooth real-valued
function is necessarily continuous.

To verify that a real-valued function f on the smooth manifold-with-boundary
M is smooth, it is sufficient, for each point in M, to check smoothness within
only one compatible chart about that point. The reason is the compatibility of the
charts: if (M, a) and (Mg, B) are two compatible charts about p, then f o 8 ~1is
the composition of the smooth function & o f~!, which is smooth between open
subsets of H™, followed by the smooth real-valued function f o ™.

If E is anonempty open subset of M, the space of smooth real-valued functions
on E will be denoted by C*°(E). The space C°°(E) is an associative algebra over
R under the pointwise operations, and it contains the constants. The support of
a real-valued function is, as always, the closure of the set where the function is
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nonzero. We write Coo (E) for the subset of C°°(E) of functions whose support
is a compact subset of M.

Transferring our notions of tangent space, cotangent space, smooth function,
smooth mapping, and derivative from H™ to general manifolds-with-boundary
can be done by suitably adjusting the definitions and proofs that we gave above
for H™. Some care is appropriate, however: Although functions on H™ can be
viewed as restrictions to H™ of functions on R, we have no such global extended

space to use with a general manifold-with-boundary. See Figure 2.1.

oM H™

o a(My NOM)
e
a(My)
JH™

< 7
\

e wn’
Smooth functions on o (M) extend
to be smooth beyond 9H"

FIGURE 2.1. Nature of a chart about a boundary point.

If M is a smooth manifold-with-boundary of dimension m, we already have
definitions of the tangent and cotangent spaces T, (M) and T; (M) at manifold
points p, since M is a smooth manifold. It is for boundary points p that we need
to do something new. Thus let p be a boundary point. We define a germ at p to
be an equivalence class of locally defined smooth real-valued functions in open
neighborhoods of p. Arithmetic operations on germs mirror the corresponding
operations on functions. The germs at p form an associative algebra C, (M) over
R with identity, just as in the manifold case. Derivations of C,(M) are defined
just as in the manifold case.

Observe, however, that in the case of a boundary point of H™, the open
neighborhoods of boundary points are merely relatively open. They are somewhat
one-sided and in particular are not open in R™.

The tangent space 7,(M) at p is defined to be the real vector space of all
derivations of C,(M), just as it was in the manifold case in Section L.1. If
a local coordinate system at p is given by means of a chart (M,, o) with o =
(x1, ..., Xm), then m examples of members of 7,,(M) are given by the derivations
[aix,-]p defined by
[af] d(foa™h

P

for j=1,...,m.
0x; ou; U1yt )= (X1 (D), e Xm (D))

This is so even if p is a boundary point. In this case one or more of the partial
derivatives may need to be interpreted as a one-sided partial derivative within
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o (M,). Just as in the manifold case, the m derivations [aix,-]p form a vector-space
basis of T, (M), regardless of whether p is a manifold point or a boundary point.
Vector fields and smoothness of them are notions defined in the same way as in
the manifold case.

The derivative D F of a smooth function F : M — N between manifolds-
with-boundary is defined just as in the case of manifolds. If p is in M, then
(DF)(p) is a linear function from 7,(M) to Tr(,(N). The cotangent space
TI;" (M) is defined to be the dual of T,,(M), just as in the manifold case. Differ-
entials of smooth functions provide examples, the differential of f at p being
defined by (df),(L) = Lf for p in T,(M), just as in the manifold case. We can
then go on to define differential 1 forms, differential k£ forms, and smoothness of
differential forms. There are no surprises. The notion of pullback of a differential
form is still meaningful.

The final preparatory step for working with manifolds-with-boundary is to
make smooth partitions of unity be available. We begin with analogs of Lemmas
1.2 and 1.3.

Lemma 2.3. If U is a nonempty open subset of a smooth manifold-with-
boundary M and if f is in CS (U), then the function F defined on M so as to

com

equal f on U and to equal O off U is in C (M) and has support contained in U.

com

REMARK. This is proved in the same way that Lemma 1.2 was proved for
smooth manifolds. The argument makes use of the Hausdorff property of M.

Lemma 2.4. Suppose that p is a point in a smooth manifold-with-boundary M,
that (M, o) is a compatible chart about p, and that K is a compact subset of M,
containing p. Then there is a smooth function f : M — R with compact support
contained in M,, such that f has values in [0, 1] and f is identically 1 on K.

PROOF. Let M have dimensionm. The set«(K) is acompact subset of the open
subset o (M,,) of H”. Let U be an open subset of R” such that U NH" = a(M,,).
Lemma 1.1 produces a function g in Cgy (U) with values in [0, 1] that identically
L ona(K). Let f be the pullback of g to M,; thatis, let f = goa~!. Extending
f to be 0 on the complement of M, in M and applying Lemma 2.3, we see that

the extended f has the desired properties. O

The notion of a smooth partition of unity of a manifold-with-boundary M
subordinate to the finite open cover {U;} of a compact subset K of M works
just as in the case of smooth manifolds without boundary. The statement is as
follows.

Proposition 2.5. Let M be a smooth manifold-with-boundary, let K be a
nonempty compact subset, and let {U; | 1 < i < r} be a finite open cover of K.
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Then there exist functions f; in C*(M) for 1 < i < r, taking values between 0

and 1 such that each f; is identically O off a compact subset of U; and >_ f; is
i=1
identically 1 on K.

REMARKS. Except for changes in notation, the proofis the same as for Theorem
1.25. Specifically Lemmas 1.26 and 1.27 are unchanged except that “manifold” in
each of their statements is to be replaced by “manifold-with-boundary.” Lemma
1.28 is unchanged except that “manifold” in its statement is to be replaced by
“manifold-with-boundary” and the citation of Lemma 1.3 is to be replaced by a
citation of Lemma 2.4. Then the proof of Theorem 1.25 goes through without
further change.

3. Induced Orientation on the Boundary

Let M be an m dimensional manifold-with-boundary with m > 1, let 9M be
its boundary, and let M. be its subset of manifold points. We shall say that M
is orientable (or oriented) if M is orientable (or oriented). This definition is
meaningful because M is a smooth manifold. The point of this section is to
address the question of determining an orientation on d M from an orientation on
M. We postpone the case where d M has dimension 0, namely the case m = 1,
until the last example of this section. Thus for now, let m > 2.

The goal of the exercise is to be able to prove Stokes’s Theorem, which gives
the formula [, @ = [}, do for any compactly supported smooth m — 1 form on
a manifold-with-boundary M of dimension m. In the formula, the integral over
M is really an integral over the set M of manifold points. Both M, and d M are
smooth manifolds, and they are disjoint. To make sense of the two integrals, we
need orientations for M, and d M, and they need to be correlated in some way.
As in the special case of Theorem 2.1, Stokes’s Theorem is really a local matter
in the presence of an orientation. It is therefore necessary to understand what is
happening in the model space H"™.

EXAMPLE. M = H™ as a manifold-with-boundary. The manifold points are
those in H'}, and the boundary points are those in dH™. A single chart suffices
for the whole manifold-with-boundary. The atlas for M consists of this one chart;
its restriction to dH™ gives us a single chart for d M, hence an atlas for 9 M. The
subset M of manifold points is H'?, which is an open subset of R™. As such, it
can inherit the standard orientation from R, which is the one determined by the
mformdx; A---Adx,. To obtain an orientation for d M, we cannot simply let x,,
tend to 0 in the latter m form. Instead, we can proceed by declaring some nowhere-
vanishing m — 1 form on the Euclidean space 0H™ to be positive. For example,
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we could declare that the orientation for dH™ is determined by dx; A - - - Adx,,—;
since the variable x,, is constantly equal to O on d M. Unfortunately this choice
leads to the Stokes formula only up to a sign; specifically it leads to the formula
modified by the inclusion of a factor of (—1)" on one of the two sides. Another
approach is to renumber the variables so that the special variable that gets put
equal to 0 on d M is the first variable. The m form on M. is still the same, and the
temptation is to declare that the orientation for the Euclidean space where x; = 0
is determined by dx, A - - - A dx;,. As is shown in Problem 10 at the end of the
chapter, this choice leads to the Stokes formula modified by a single factor of
(—1) on one of the two sides. Or one could try some other way of relating M to
M notationally, and one may expect that we are always led to a parity question,
namely whether we get the desired Stokes formula or we get that formula except
for a minus sign. There is a traditional procedure for orienting d M so that the
signs come out correctly, and we tell what that is momentarily. The point is that
the choice of procedure we make is rather arbitrary. The motivation is to make
the signs come out right at the end, and any geometric justification is secondary.

The traditional procedure is to take an outward-pointing tangent vector to
oM = R into account, considering it to be primary. The outward-pointing
vector in question can be —[%m] We follow it with the standard basis of tangent
vectors to dH™, including them in their standard order and obtaining

(—3/0xp, 8/0x1, 8/0X2, ..., 3/3xXm_1).

Then we use the nowhere-vanishing differential m form dx; A - - - A dx,,, on H"
to determine the alternating m — 1 linear form on 0H™ given by

W1y ooy, V1) > (dxy Ao Adxy)(—0/0X, V1, - ooy Upp—1).

The value of this expression is

dxi(— %) dxi(vy) - dxi(Up-1)
1 :
= — det s
m! dxm1(— m) dxp—1(v1) -+ dxp—1(Vm-1)
dxin(=35)  dxa@) o dxp @)
0  dxi(vy) dxi(v,_1)
1 : : ’
= —‘ det
m: 0 dxp—1(vi) -+ dxm-1(vm-1)

-1 dxu(v) - dx, (Vp—1)
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dxi(vi) -+ dx1(vp-1)
(=" )
= det
m!
dxm—1(v1) - dxp_1(Vu-1)
= (=D"m™ " dxi A+ Adxpy—) (i, .. Unet),

and we see that the above form is nowhere vanishing on dH™. We take its
equivalence class modulo everywhere positive functions to be the induced
orientation on 0H". In other words, the induced orientation is determined by
(=D)™(dx; A -+ Adxp—1) up to a positive factor.

To work with this construction in the context of a general manifold-with-
boundary M of dimension m, we shall make use of a particularly nice atlas of
charts for M. This atlas consists of one compatible chart about each point of M.
Distinct points are allowed to correspond to the same compatible chart.

For a manifold point p, we can use any chart about p that does not meet 0 M.
For a boundary point p, we start from any compatible chart (M, «) about p
such that M,, is connected. The charts are mutually compatible and cover M by
construction. Thus the result is an atlas for M consistent with its manifold-with-
boundary structure. The members of the atlas that do not meet d M are exactly
the charts about boundary points.

The following proposition uses this constructed atlas on M to extend the notion
of induced orientation from H" and dH™ to M and 0 M.

Proposition 2.6. Let M be an m dimensional manifold-with-boundary, and
suppose thatm > 2 and that M is oriented. Then the orientation on M induces a
nowhere-vanishing m — 1 form n on d M with the property that on any connected
positive chart (M,, «) about a boundary point, 1 is the product of a positive
function and the pullback (—1)"a*(dx; A -+ Adxp—1).

REMARK. The orientation on dM obtained in this way, i.e., the equiva-
lence class of n modulo everywhere-positive functions, is called the induced
orientation for 0 M. It is uniquely determined by the orientation of M. A
version of this proposition valid for m = 1 will be noted after the end of the
proof.

PROOF. We start from the atlas for M constructed just before the statement
of Proposition 2.6. It supplies one compatible chart about each point p of M.
Applying Proposition 2.2 to this atlas, we obtain an atlas of compatible charts
for dM by restriction, provided we discard those charts that do not meet d M.
The ones that do not meet 0 M are all the charts about manifold points. Thus
our construction has the property that the restrictions to d M of the charts about
boundary points form an atlas of compatible charts for d M.
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pP1 p2
M,

Ap3

FIGURE 2.2. Some charts used in proving Proposition 2.6.

Since M, is orientable, Proposition 1.30 associates to each orientation of
M a nowhere-vanishing smooth m form on M. This m form is unique up to
multiplication by a real-valued function that is everywhere positive. Fix such an
o for the given orientation of M. Before working with the atlas for d M, we shall
make an adjustment to the charts about boundary points that we are including in
the atlas for M.

For each p in dM, let Fy, : a),(M,,) — R be the smooth function such that

(@) )0 = Fy, (X1, ..., Xp) dX1 A - Adxy.

The right side is the local expression for w in the image in H™ of the chart
(Mg, , ap). Since w is nowhere vanishing and ), (My,) is assumed to be con-
nected, Fy, has constantsignona, (My, ). If the constantsign is positive, we retain
(Mg, , a)) for the adjusted atlas. If the sign is negative, we take advantage of the
fact that m > 1 to redefine o, by following it with the linear map 7' : R" — R™
givenby T (x1, x2, ..., X)) = (—X1, X2, ..., Xp,). In this case we instead include
(My,, T o a)) in the adjusted atlas. Since

(T oap) o= (a,)o T Vo=T"a")o
by Proposition 1.18f and since T~! = T, we have
(T oay) Vo= —Fy (—x1,%, ... Xn)dx1 A+ Adxy.

With this change the coefficient of dx; A - - - Adx,, is now everywhere positive on
its domain «(M,,). This completes our adjustment to the charts about boundary
points that we are including in our atlas.

Referring to (%) in the proof of Theorem 1.29, we see that each function

ay; . .
det el arising from a coordinate change between two of the charts

0% 4 jmtom
about bound]ary points in the adjusted atlas for M is positive on its domain.
We now want to interpret this information for the atlas on d M. The members
of the atlas for d M are obtained by restricting to d M the charts about boundary
points. We want to see that this atlas for M exhibits M as oriented.” Thus

71t indeed exhibits 8 M as oriented, but sadly the resulting orientation on d M is not quite the one
we seek.
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suppose we have two such charts, say (M, o) and (Mg, ), with the property
that M, N Mg N dM is not empty. It is enough to consider

Boa | . a(My N Mg NIM) — B(My N Mg N OM).

This is the same as the full map g o a1 but restricted to the set where x,, = 0,
and we know from Proposition 2.2a that y,, = 0 for such points. Since the m™
coordinate function is 0, the Jacobian matrix has all entries equal to O in its mth
row except for the diagonal entry, which is %Z If we write J (xy, ..., x,) for the
full Jacobian determinant and Jy(xq, ..., x,,_1) for the Jacobian determinant
of the upper left m — 1 by m — 1 block, we obtain

0 Ym
J(x1, .., Xmo1,0) = g(xlv co s Xm=1,0) oy (X1, oo X—1).
m

We have seen that the left side is everywhere positive. If we can show that
%(x17 .oy Xm—1,0) is everywhere > 0, then it will follow that every Jacobian
determinant Jyy (x1, ..., X,—1) is everywhere positive, and we will have proved
that the adjusted atlas exhibits M as oriented. But this is just one-variable
calculus: the m™ component of y,, is > 0 for x,, > 0 and takes the value 0 at
X, = 0; its first derivative must then be > 0 at x,,, = 0.

Thus we have constructed an orientationon d M. Itis notexactly the orientation
we seek. We define the induced orientation on dM to be the constructed
orientation if m is even and to be the opposite of the constructed orientation
if m is odd. In symbols if 1, is a nonvanishing m — 1 form on 0 M defining the
constructed orientation, we can use n = (—1)"n; in every case as a nowhere-
vanishing m — 1 form on d M defining the induced orientation. (]

The proof of Proposition 2.6 breaks down when m = 1. The smooth function
Fy, @ a(M,,) — R of the third paragraph of the proof still makes sense. Since
m = 1, it involves just one variable:

(o, )0 = F,,(x) dx.

It is still true that the function Fy, necessarily has constant sign on &, (M, ). But
if that sign is negative, no variables are available to make use of the reflection
function 7. Thus we leave Fy, as it is, positive or negative, and we make no
adjustment to the charts about boundary points. Nevertheless, the restrictions
of these charts to 0 M still exhibit 9 M as oriented. We just take the orientation
of a point p to be the sign of Fy,(0), and there is no contradiction. Following
through for m = 1 on the sign convention in our definition above of the induced
orientation for m > 1, we define the contribution of a point p to the value of an
integral over M of a 0 form in the induced orientation to be —F,, (0).
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4. Stokes’s Theorem for Manifolds-with-Boundary

Now we come to Stokes’s Theorem, working with an oriented manifold-with-
boundary M of dimension m > 1. Proposition 2.6 has shown how to obtain an
induced orientation of d M when starting from a given orientation of M.

Theorem 2.7. Let M be an oriented manifold-with-boundary of dimension
m > 1, and give its boundary d M the induced orientation. If w is any smooth
m — 1 form on M of compact support, then

/ w:/ dow.
aM M

PROOF. The model space is H™, and we first prove the theorem in this special
case. The smooth m — 1 form w necessarily has an expansion

m —
W= Fr(X1yeeey Xpy ooy X)) dXy A v A dXy A Adxyy, (%)

r=1

the circumflex indicating a missing term. All the coefficient functions F, are
smooth and are equal to O off the compact support S of w, and we have

O dxs Adxy A+ A dxy A Adxp

X
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(‘;TF) dxi A -+ Adxy,. (k)

\
I

The support of @ being compact, we choose real numbers a; and b; for
1 < j < m —1 and a real number ¢ such that all points x = (xy,...,x;)
of Shavea; < xj <b;jforl < j<m—1land0 <x, <c.

On oH™, where x,, is identically 0 and dx,, is in effect 0, all the terms of (x)
drop out except for the term with r = m, and thus

w="F,x,...,xn_1,0)dx; A--- ANdx,,_1.
We want to integrate w over 0H™, taking into account the orientation. Suppose

for the moment that m > 2. Since (—1)"dx; A--- Adx,,— is positively oriented
on o™ in the induced orientation, application of Theorem 1.29 gives

/ w= (D" Fo(xt,..., Xm-1,0)dxi A~ Adxp,_1
Hm 9T

by bim—1
=(—1)m/ / Fo(xt, .o, Xm-1,0)dxp—1 -+ -dxy. (F)
ai Am—1
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Special remarks are appropriate here when m = 1. Then 0H"™ reduces to a single
point (0), and the differential form w is the scalar F;(0) attached to that point.
When it comes to integration, our convention about the induced orientation at the
point O for this value of m, which was spelled out in the final paragraph of the
previous section, is that we multiply F;(0) by —1. That is

/ w = —Fi(0),
OH!

and thus (F) still holds for m = 1. Therefore we take (}) as known for all m > 1.
Meanwhile, dw is given on H™ for all m > 1 by (*%), and application of
Theorem 1.29 and its Remark (2) yields

/dwz S (=1 (2 dxy A A diy,
m Hm r=1 r

o e /H (3) dxy -+ dx ()
r=1 m

with the integral on the right side equal to an ordinary integral with respect to
Lebesgue measure. On the right side of (1) in the r™ term, the integration is
taking place in m variables, and we choose to do the integration in the variable
x, first. Since the set of integration is a product set, the inside integral in the case

thatr < m is .
r IF,
/ (W) dxr.
ar

The function F, in its dependence on x, is smooth and compactly supported in
the open interval a, < x, < b,. By the Fundamental Theorem of Calculus, the
integral in the variable x, is 0. For r = m, the inside integral on the right side of

(1) is
/ (522) dxpn = Fu(x1, .. X1, €) = Fu(x1, ..., X1, 0)
0

with F,(xy,...,Xu—1,c) = 0 by the support condition. Therefore the whole
expression (1) boils down to

b] bm—]
:(_l)m/ / Fm(.X],...,xmfl,O)dxmfl"‘dX],
a a

m—1

which exactly equals (7). We conclude that

/ w:/ do. (€3]
BHVH m
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in the special case that M = dH"™.

To handle the general case, we proceed in the same manner as in the proof of
Theorem 2.1: About each point p in M of the compact support S of w, we choose
a positive compatible chart (My, ). Since the sets My, form an open cover of the
compact set §, we can choose a finite subcover {My,, ..., M, }. By Proposition
2.5 (instead of Theorem 1.25), let {1, ..., Y&} be a smooth partition of unity of
M subordinate to this finite open cover. For 1 < i < k, the m — 1 form ;0w
is compactly supported in M,,, and the m — 1 form (e~ ')*(¥; ) is compactly
supported in «; (M,,) € H™. Let us extend it to all of H" by setting it equal to 0
off a; (M,,) € H™, leaving its name unchanged. Then

/ d(Y;w) =/ d(Y;w) =/ (a;l)*(d(wia))) by Theorem 1.29
M My, o (M,
= / (ot Y (d (Y w)) after extension by 0
Hm
= / d((e; Y (Y w)) by Proposition 1.24
= (@ ")@io) by (%)

OHm™

:/ 1//1-0):/ Yiw by Theorem 1.29.
M, M

k
Summing over i from 1 to k and using the fact that > v; is identically 1, we
i=1

obtain
k k
[o=3 [ awor=[ (Suo)=[ o
M i=1JMm M i=1 M
and the proof of the general case is complete. g

EXAMPLE. Suppose M is the closed bounded interval [a, b] of R!. This
manifold-with-boundary has M, = (a, b) and M = {a, b}. We can cover M
with an atlas of two charts about boundary points, namely (M., o) and (Mg, B)
with

M, = [a, b), a(x)=x—a, a(M,) =10,b—a),
Mg = (a, b], Bx) =b—x, B(Mg) =[0,b — a).

Proposition 2.6 does not modify this atlas before we restrict matters to d M. Fix
a function ¢ in C ([a, b)) taking values in [0, 1] and having ¥ (x) = 1 near

com
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x = a and ¥ (x) = 0 near x = b. Our partition of unity on [a, b] can be taken as
. 1-v}

The orientation on M, is given by the nowhere-vanishing 1 form n = dx; in
other words, it is right to left as usual. The pullbacks of dx into the charts are
given by (¢ ~")*(dx) = dx and (B~1)*(dx) = —dx. So the functions F, and Fj
in the proof of Proposition 2.6 are given by F, = 1 and Fg = —1. The induced
orientation is obtained by multiplying these by —1 since m is odd. Thus we get
a total contribution of —1 at the point a of 9 M and +1 at the point b.

Let w be the 0 form x — f(x), f being a C* function on [a, b]. Then

Jom @ = Ly vo+ [1,(1 =)o =—f(a) + fb).

Meanwhile,

Sy do = [ s () dx =[] f' @) dx.

So the conclusion of the theorem, namely fa ye = f Iy dw, reduces to the
Fundamental Theorem of Calculus, namely f(b) — f(a) = fab f'(x)dx.

5. Classical Vector Analysis

Vector analysis refers to the part of multivariable calculus in R? and R? that uses
techniques of geometry and calculus to provide tools helpful in applications to
science and engineering. These tools include

vector notation for R? and R3,

dot product and vector product,

various differentiation operators and notation for them,

double and triple integrals,

descriptions of curves and surfaces,

tangent vectors and normal vectors,

line integrals and surface integrals,

arc length and surface area,

Green’s Theorem, the Divergence Theorem, and the Kelvin—Stokes
Theorem.

Most of what is said in this section will be simply alternative notation for notions
that are already known. Though the mathematics will not be new, it is important
for good communication to be able to recognize this alternative notation and to
be able to work with it.

The emphasis in this book has been and continues to be on the unified
treatment of Green’s Theorem, the Divergence Theorem, and the Kelvin—Stokes
Theorem that was introduced by E. Cartan. The Cartan approach has led us to a
certain amount of differential geometry (tangents vectors, tangent spaces, vector
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fields, differentials, derivatives, differential forms, pullbacks, integration of top-
degree differential forms, and so on), and at the same time it has avoided making
essential use of orthogonality anywhere. It avoided using orthogonality by being
cast as a theory about general smooth manifolds with no additional structure.
Some of the tools in vector analysis do make considerable use of orthogonality
inherited from Euclidean space, and we shall touch on these tools only lightly.
In vector analysis one works with scalar-valued functions and vector-valued
functions in two or three dimensions. To fix the ideas, let us work with dimen-
sion 3; dimension 2 van be handled by simply taking the third component to

be 0. For a mathematician, R3 is often viewed as a space of column vectors of
a

real numbers, such as | » ). Mathematicians allow themselves to write such a

Cc
column vector horizontally with commas, as in (a, b, c), to save space, and the
subject of vector analysis sometimes uses the same horizontal notation. Often
in vector analysis, however, a different kind of abbreviation appears, in which

1 0
one gives names to the three standard basis vectors, namely i = <0 ) ,j= < 1 )

0 0
0

and k = (0). Then the vector (a, b, ¢) becomes ai + bj + ck. Sometimes a

1
vector ai + bj + ck = (a, b, ¢) is associated geometrically with an arrow that
extends from the origin (0, 0, 0) to the point (a, b, ¢). Vectors are often written
with boldface symbols as inv = ai+bj+ck = (a, b, ¢), or with symbols having

arrows over them as in v = a_i) + b7 + c?, but we shall usually not follow
either of these conventions.

Functions into R? with domain in R! are called curves if they satisfy some
additional properties, functions with domain in R? are called surfaces if they
satisfy some additional properties, and functions with domain in R> are called
“vector fields” in this language. The case of values in R? requires some special
comments. Such a function F, carrying part of R? into R3, can be viewed
conveniently as a system of arrows in R?, one such arrow having its tail is at the
point (a, b, ¢) of the domain and having its tip is at (a, b, ¢) + F(a, b, ¢). The
arrows show how each point (a, b, c) moves under the function. Just as with
vectors themselves, vector-valued functions are sometimes denoted by boldface
symbols or by symbols with arrows over them, but we shall often not follow this
convention.

Dot product in R? is familiar to the reader from elementary linear algebra. The
dot product of vectors u = (uy, uz, u3) and v = (vy, vy, v3) is written # - v in the
language of vector analysis, and its value is # - v = u;v| + upv2 4+ u3v3. which is
a scalar. As a function from R? x R3 into R, dot product is linear in each variable,
and it satisfies u - u > 0 with equality if and only if # = 0. The length of a vector

u = (uy, uy, uz), written |u|, is given by |u| = Ju -u = ‘/u% + u% —I—u%. Dot
product has the geometric interpretation that u - v = |u||v| cos 6, where 0 is the
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angle that # and v make with the origin.

The cross product, also known as the vector product, of two vectors may be
less well known. Cross product is defined reasonably only in R? and does not
generalize well to other dimensions. The cross product or vector product of
vectors u = (u1, up, uz) and v = (vy, vz, v3) in R? is the vector in R? given by

U X v = (Uv3 — U3V2, U3V] — UIV3, UV — UV]).

Fortunately there is a mnemonic for this definition, the formal expression being

either
i j k i ou v
uxv=det| u u us or uxv=det|j u v,

U1 Uy U3 k us v3
whichever is more convenient. As a function from R? x R? into R?, vector product
is linear in each variable. It is O if and only if u and v are collinear.

Let w = (w;, wy, ws) be a third vector. The triple product w - (# X v) is given
by substituting into the mnemonic the coordinates of w for i, j, and k. From this
fact it is clear that # x v is orthogonal to # and v. Moreover, a little computation
shows that |u x v|2 4 (u-v)?> = |u|?|v|>. Therefore |u x v| = |u||v|| sin 8|, where
0 is again the angle that # and v make with the origin. Consequently we know the
magnitude of u x v (namely |u||v||sin@]) and the direction up to sign, namely
orthogonal to both u and v; that final sign can be determined from easy geometric

Uy up U3
considerations.® Finally if u, v, and w are three vectors, then det ( v vy U3 ), up
wp; w2 w3
to sign, is the volume of the parallelepiped with sides u, v, and w. (See Problem 2

at the end of the chapter.)
Vector analysis makes use of three differential operators on functions on R,
known as gradient, divergence, and curl. They are defined by

0 a 0
grad f = —f i+ —f i+ —f k for f scalar-valued,
ox ay 0z
oF oF oF
divF = =1 + 72 + et} for F = (Fy, F», F3) vector-valued,
ax dy 0z
and
oF oF oF oF oF oF
curl F = (22 = 22 )i+ (54 -S2)i+ (52— )k

ay 9z 9z ax ax ay

for F = (Fy, F;, F3) vector-valued. Observe that grad f and curl F are vector-
valued, but div F is scalar-vaued. The symbolic vector V = %i + %J + a%k,

8That sign is determined by the right-hand rule or the left-hand rule, whichever applies to the
valid formulai x j =k,
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pronounced “nabla,” allows us to write these definitions more economically as
follows:

grad f=Vf, divF=V-F, and curlF =V x F.

These operators may be interpreted as special cases of the exterior derivative
operator d, as was shown in Example 2 in Section 1.4.

Double and triple integrals are familiar from Chapter IIl of Basic Real Analysis,
and it is not necessary to say any more about them now except that dx dy
is sometimes abbreviated as dA in dimension 2 and dx dy dz is sometimes
abbreviated dV is dimension 3.

Curves and surfaces were discussed somewhat in problems at the end of
Chapter I, and the reader may wish to refer to that material. In the present
chapter we are interested only in smooth curves and smooth surfaces, which are
often given either “parametrically” or “implicitly.” Parametric curves are usually
given by a function of 1 parameter into R3, while parametric surfaces are usually
given by a function of 2 parameters into R3. In both cases the defining function is
assumed to satisfy a certain nondegeneracy condition so that the Inverse Function
Theorem can be applied. In the implicit case, curves and surfaces are usually
given as the set of simultaneous solutions of some (nonlinear) equations, usually
n—1equations in n variables in the case of a curve or n —2 equations in  variables
in the case of a surface. In addition, the defining equations are assumed to satisfy
a certain nondegeneracy condition so that the Implicit Function Theorem can be
applied. Nothing more needs to be added to these remarks at this time.

One way that a curve can arise in physics and engineering is as the trajectory of
a particle in space. The position is often written as r(t) = x(1)i + y(¢)j + z(¢)K,
in which case the velocity is v(r) = r'(¢) = x’(1)i+ y'(1)j + 2/ (1)k. The velocity
vector is always tangent to the curve. The nondegeneracy condition that was
mentioned in the previous paragraph is that the velocity vector is nowhere the
0 vector. This condition ensures that the curve is locally a smooth manifold of
dimension 1.

A surface can arise, for example, as a membrane through which fluid is flowing,
or as the two dimensional boundary of an open subset of R®. Say that the surface is
given in terms of two parameters s and ¢ by three functions x (s, t), y(s, 1), z(s, t).
We write r(s,t) = x(s, )i + y(s, 1)j + z(s, t)k. The nondegeneracy condition
that was mentioned above is that the surface has two linearly independent tangent
vectors at each point, hence a genuine tangent plane at each point that varies nicely
with the point. A vector orthogonal to this tangent plane is called a normal vector,
and such a vector of length 1 is often denoted by n. A unit normal vector at a
particular point is determined up to sign. A smoothly embedded surface need
not have a continuously varying unit normal vector; the Mobius band does not.
A surface in R? has a continuously varying unit normal vector if and only if it is
orientable. Orientability is often disposed of quickly in physics and engineering
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applications, often by a phrase such as “with the region on the left” or “with an
outward pointing unit normal vector.” We shall see examples in the next section.

In the language of differential forms, line integrals are integrals of 1 forms
over oriented manifolds of dimension 1, and surface integrals are integrals of 2
forms over oriented manifolds of dimension 2. In a sense, that fact remains true
in the notation used in physics and engineering, but the differential forms are
somewhat concealed. In the notation of physics and engineering, a line integral

is an expression like
/ F - ds.
c

where C is a curve. We are to think of F = Fji + F»j + F3k as a force field,
assigning a quantity of force to a particle at any particular point of C or perhaps at
any point of an open set containing C. Also we aretothink of dsasidx+jdy-+kdz.
The integral represents the limit of a sum of infinitesimal displacements multiplied
by values of F, each summand of force times displacement representing a quantity
of work (energy). A rigorous definition using a limiting process appears in
Chapter III of Basic Real Analysis, but we need not be concerned with that
point at present. Operationally we evaluate |, ¢ F - ds the same way we evaluate
the integral of the 1 form F| dx + F>dy + F3dz, namely by parametrizing the
oriented curve with a parameter ¢, substituting for dx, dy, and dz in terms of dt,
and evaluating an ordinary Riemann integral.

Similarly in the notation of physics and engineering, a surface integral is an

expression like
[ ¥-as.
s

dy ndz
dsS = (dz/\dx).

dx Ndy

where

The integral | ¢ F - dS is evaluated in the same way as the integral of the 2 form
Fidy Adz + F,dz Adx + F3dx A dy. The interpretation of the integral is of
the total “flux” crossing the surface, with F telling how much flux per unit area
is crossing the surface at each point and with dS representing infinitesimal area
of the surface. “Flux” is a term in physics whose exact meaning depends on the
particular application. In hydrodynamics it is a quantity of fluid. The term is used
also in electromagnetic theory. Since we know how to work with the integral of a
smooth 2 form, we need not be concerned with incorporating a rigorous passage
to the limit into our definition of surface integral.

Let us turn to arc length and surface area. Arc length was defined rigorously
in Chapter III of Basic Real Analysis by a passage to the limit. For surface area,
however, we found that an approach by taking a limit of areas of inscribed surfaces
does not work, and consequently the surface area of a manifold of dimension 2
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requires extra structure for a meaningful definition. It would be enough to have
the surface smoothly embedded in R3, and then unit normal vectors to the surface
are available. This concept takes us beyond the mathematics needed for Stokes’s
Theorem, and we shall not pursue it after this paragraph except to say that a unit
normal vector to the surface in R? defined parametrically by r(s, ) is

n

or(s,t) or(s,t) *1<8r(s, t) or(s, t))
= X X
as dt as dt

and that the total surface area of a surface is given by integration of a scalar
quantity dS over the surface, dS being related to the vector quantity dS by the
formulas

ar(s,t) ar(s,?)
= X dS

ds dt
as ot
ar(s.t)  Or(s.t
ds = r;s’ ) D e ar
S

Finally we want to see in some detail how Green’s Theorem, the Divergence
Theorem, and the Kelvin—Stokes Theorem arise as special cases in dimensions 2
and 3 of Stokes’s Theorem. That is the topic for the next section.

6. Low Dimensional Cases of Stokes’s Theorem

Let us examine the meaning of Stokes’s Theorem for compact manifolds-with-
boundary that are subsets of Euclidean spaces in dimensions 2 and 3. In every
case we need to pay particular attention to orientations. In each case we shall
state the classical result that comes from Theorem 2.7, explain the choices that
are being made, and give a simple example. More complicated examples appear
in the problems at the end of the chapter.

We have already handled the case of a closed interval in R! as an example at
the end of the previous section; it yields the Fundamental Theorem of Calculus on
a closed bounded interval of R!. In dimensions 2 and 3, the situations to examine
are those of Green’s Theorem in R?, the Divergence Theorem in R? and R?, the
Kelvin-Stokes Theorem in R?, and integration of a differential along a curve in
R? or R3.

Before coming to the analysis of cases, let us summarize what we know
about orientations from the previous section and Section 1.6. Orientation of
a smooth manifold M of dimension m amounts to a parity condition and is
constant on connected components. One way of expressing it is as the sign of
a nowhere-vanishing form of the top degree m. The standard orientation on R
corresponds to the m form dx; A - - - A dx,,. Permuting the variables corresponds
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to permuting an ordered basis, and the effect on orientation is given by the sign
of the determinant of the change-of-basis matrix, which is the same as the sign
of the permutation. An orientation on a smooth manifold-with-boundary is given
by an orientation on the set of manifold points, and this induces an orientation
on the boundary points. This process of inducing an orientation may or may not
seem natural; primarily it is designed to make the signs come out right in Stokes’s
Theorem. One way of describing the process is the following: One works with
the tangent space to M, starts with an outward pointing vector from the boundary,
and extends that one-element set of vectors to an ordered basis of the tangent
space by adjoining tangent vectors to the boundary. Then one takes that basis
into account in parametrizing the boundary.

a. Green’s Theorem. Rather than try to make the above general description
more precise all at once, let us see how it is to work in increasingly complex
examples. We begin with Green’s Theorem, whose statement in the current
setting is as follows.

Theorem 2.8 (GREEN’S THEOREM). Let M be a compact oriented smooth
manifold-with-boundary of dimension 2 within R?. If P and Q are smooth
functions on an open subset of R? containing M, then

30 P
/ de+Qdy=/ (—Q——)dxdy,
oM M N 0X dy

provided 0 M is given the induced orientation.

Here Theorem 2.7 is being applied on M to the 1 form w = P dx + Qdy.

According to Example 1 in Section L4, dw equals (3¢ — %) dx A dy. The

manifold M, is understood to be given the standard orientation from R?, which
is determined by the 2 form dx Ady. Evaluation of the integral f y docanbe done
by using Theorem 1.29; since dx A dy corresponds to the standard orientation of
R?, dx A dy is to be replaced by dx dy in a double integral.

According to Theorem 2.8, 9 M is to be given the induced orientation. This
means informally that a parametrization of the boundary curve d M is to trace out
the curve “with the region on the left.” More formally let the parametrization be

t (;g;) The derivative is (;C/ZD’ it is assumed that x'(¢) and y'(¢) never

vanish simultaneously, so that at each point the Inverse Function Theorem applies
either in x or in y and shows that locally one of the variables x and y is a smooth
function of the other. At the point of the curve where ¢ = #;, the tangent space in

R? has an ordered basis (v, <fgﬁ; ) ) where v is a vector pointing outward from

the boundary. This basis can be transformed into the standard basis of R? by a
linear map of nonzero determinant. In terms of orientations, the determinant is
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positive if and only if the parametrization of the curve at ¢ is consistent with the
induced orientation of the boundary,® and it remains consistent for all # while the
parametrization is in force.

EXAMPLE. Let M be the closed annulus {(x, y) € R?> | 1 < x?>+y? < 4}. The
boundary consists of two circles, the outer circle being traversed counterclockwise
(sothat M is on the immediate left) and the inner circle being traversed clockwise
(so that M is on the immediate left). Let w = Pdx + Qdy = ydx. Then
do = —dx Ndy. So [dw = [,,—1dxdy = —Area(M;) = —3m. We can
parametrize the boundary by two circles, one being t — (2cost, 2sint) for
0 <t <27 and the other being ¢ + (cost, —sint) for 0 <t < 2m. Then

fyyxdx = [77 2sintd(2cost) — sint d(cos 1)
= J7 (~4sin’t + sin> 1) dt = —3m.

b. Divergence Theorem. The Divergence Theorem works for manifolds-
with-boundary in any number of dimensions m > 2. Let us begin with dimension
3. We state the theorem in that case, remark about orientation, and give an
example. Then we make remarks about the case of general dimension m and
say how the result in dimension 2 compares with Green’s Theorem. Finally we
restate the Divergence Theorem in dimension 3 in the notation of the previous
section that is often used in physics and engineering.

Theorem 2.9 (DIVERGENCE THEOREM). Let M be a compact oriented smooth
manifold-with-boundary of dimension 3 within R3. If Fy, F», F3 are smooth
real-valued functions on an open subset of R? containing M, then

oF, 0F, OF
( : 2—I——3>dxdydz,

/Fldy/\dZ+F2dzAdx+F3dx/\dy:/ il Rt
M ox  dy 0z

M

provided d M is given the induced orientation.
Theorem 2.9 is the special case of Theorem 2.7 applied to the 2 form
FidyANdz+ Fydz Adx + Fzdx ANdy.

According to Example 2 in Section 1.4, do = (3 + aa—f;z + ) dx Ady Adz.

M is oriented by the standard orientation of R3, the one determined by
dx ANdy A dz. To sort out the meaning of the induced orientation, we start with a

9Positive determinant means that the tangent vector to the curve points to the left of the outward-
pointing vector v; thus the inward-pointing vector —v points to the left of the tangent vector, and the
region is on the left of the curve.
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x(s,t)

parametrization of the surface dM, say (s, t) (y(s,t) ) This parametrization
z(s.t)

does not have to work everywhere on M atonce. Consistentlocal parametrizations

will be good enough because of the assumed orientability. The derivative matrix is
dx/ds dx/dt

the 3-by-2 matrix ( dy/ds 0ydt > The assumption on the parametrization to make
dz/ds dz/dt

it locally invertible is that this derivative matrix has rank 2 everywhere. Then

about every point of the surface, one can in principle solve for one of the variables
X, ¥, z in terms of the other two, according to the Inverse Function Theorem. At
the point of the surface where (s, ) = (so, fy), the tangent space in R> has an
ax/ds ax /ot
ordered basis (v, (ay/BS> , <3y/31) , where v is a vector pointing
0z/0s / (s0.10) 02/t / (s0.10)
outward from the boundary. This basis can be transformed into the standard basis
of R? by a linear map of nonzero determinant. If the determinant is positive,
then the parametrization of the surface near (so, %) is consistent with the induced
orientation of the boundary. Conversely if the determinant is negative, then
the parametrization of the surface is consistent with the opposite of the induced
orientation.

EXAMPLE. Let M be the closed unit ball
M={(xy,2eR | x>+ +2 <1}

The boundary is the unitsphere M = {(x, y, z) € R? | x24y?>+z? = 1}, and itis
to be given the induced orientation. Let w = zdx Ady. Thendw = dx Andy Adz.
So [,,dw = [,,dx dydz = Volume(M,) = 47/3.

To evaluate f oy 2dx A dy directly and check Theorem 2.7 in this case, we
need to parametrize the sphere. We can use ordinary spherical coordinates (¢, 0)
near most points for this purpose:

x(p,0) cos @
y(p,0) | = | sinpcosé
2(¢,0) sin ¢ sin

for0 < ¢ < w and — < 6 < m. The derivative matrix is

—sing 0
(cosqzcos@ —singsin @ ) .
cosgsinf  singcosd
This derivative matrix is convenient to examine at (¢, 0) = (;r/2,0), which
0
corresponds to (x, y,z) = (0, 1,0). At this point, | 1 ] is an outward pointing

0
vector from the closed unit ball. The derivative matrix at this point is

-10
< 00).
01
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If the outward pointing vector is adjoined to this matrix as its first column, the
determinant of the resulting 3-by-3 matrix is +1, positive. Thus our parametriza-
tion gives us the induced orientation, not its opposite. To evaluate f am 2dx Ndy,
we compute

_ (9(x.y)
dx Ndy = (a(%g))dw AdO

=det( —sing 0 )d(p/\d@:SinzgosiHGdgo/\dO.

cos @ cosf —singsinf

Then

T b T
/ zdxAdy:/ / sinwsin@sinzgosinGdega:n/ sin® @ d.
oM =0 Jo=—m ¢=0
One readily checks that the ¢ integral equals 4/3, and thus the surface integral
equals 47 /3, in agreement with the statement of the Divergence Theorem.

REMARK. It may at first appear that Theorem 2.9 applies to many familiar
regions of R3. But one has to remember that the hypotheses require the closure of
the region to be a smooth manifold-with-boundary. In particular the boundary has
to be smooth. A solid hemisphere does not fit the hypotheses. Often the region
between two smooth surfaces suffers the same drawback, having “corners” where
the two surfaces meet. The relevant setting to handle this situation is that of a
“smooth manifold-with-corners.” Such objects will be discussed in Chapter III.

In general dimension m, Theorem 2.7 gives

- : —~ " 3F;
f Z(—l)’_lF,-dxl/\~-«Adxi/\~-«Adxm:/ Z Ldxy - dxp,
am i M= 0xi

i=l1

where the circumflex indicates a missing factor. In dimension 2, the formula

reduces to 9F 9F
/ Fldy—dex=/ (—1+—2>dxdy.
oM M\ 0x dy

This matches the formula of Green’s Theorem if we put F, = —P and F; = Q.

In the notation of the previous section that often arises in physics and engineer-
ing, the integral formula in the Divergence Theorem can be written more briefly

as
/ F-dS=/(divF)dV
oM M

oras [, F-dS = [,,(V-F)dV,wheredV is shorthand for the volume element.
The manifold-with-boundary M has dimension 3 and is assumed to lie in R3. It
follows that its set M, of manifold points is an open subset of R3. Then M,
inherits the standard orientation from R?, and it is understood that 3 M gets the
induced orientation. Thus nothing explicit needs to be said about orientations or
normal vectors.
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c. Kelvin-Stokes Theorem. The classical form of Stokes’s Theorem, also
known as the Kelvin—Stokes Theorem, applies to a manifold-with-boundary of
dimension 2 realized in R3. First we state the theorem and relate it to Theorem 2.7
for differential forms, and we make a few general comments about orientations in
the Kelvin—Stokes Theorem. Second we work through a simple example, paying
particular attention to orientations. Third we look at the example in the light of
the notation in the previous section.

Theorem 2.10 (KELVIN-STOKES THEOREM). Let M be a compact oriented
smooth manifold-with-boundary of dimension 2 within R3. If P, Q, R are smooth
real-valued functions on an open subset of R* containing M, then

opP 0Q oP
———d/\d — — —)dzAd — — —)dx nd
// Z Y Z+<BZ 8x) ¢ x+<8x 8y> * Y
=/de+Qdy+RdZ.
Y

provided 0 M is given the induced orientation.

Here Theorem 2.7 is being applied to the 1 form
w=Pdx+ Qdy+ Rdz.
According to Example 2 in Section 1.4,

do = (38 —S8)dy ndz + (3£ — §8)dz ndx + (5% — 8E)dx A dy.

About orientations for this setting, M is not an open subset of the Euclidean
space R? is which it lives; thus it does not automatically inherit an orientation
from R3. By assumption, M, is orientable, and we must actually choose an
orientation. One way to do so is to make use of a local parametrization, since
a local parametrization allows us to identify part of M, with an open subset of
the Euclidean space of parameters and transfer the standard orientation from that
Euclidean space to M. Once that step is done, then the orientation of M, can
be pieced together, d M acquires the induced orientation, and we can proceed.
Observe that an orientation of R* plays no role in this construction.

EXAMPLE. Let M be the cylinder in Figure 2.3 given by

M={(xy2eR |[x*+y"' =1, 2 <1}
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FIGURE 2.3. M and 9 M in an example for the Kelvin—Stokes Theorem.

The boundary d M consists of two circles:

IM ={(x,y,2) e R® | x>+ y> =1andz = 1},

and it is to be given the induced orientation from M, whatever the orientation
of M might mean. To get at such an orientation locally, we can parametrize the
cylinder locally with a pair (r, ) of parameters, r for the z component and 6 for

the angle made with (x, y). One parametrization of M is

x(r,0) cos
a(r,0) = <y(r,9)) = (sin@) ,
z(r,0)

r

valid for —1 <r < 1 and —7w < 6 < m, let us say. The space of all parameters

(r, 0), being an open subset of R?, contains a standard orientation given by dr Ad#8,
and we move this over to M by the pullback of & ~!. Thus we obtain a nowhere-
vanishing 2 form on an open set of M. We can argue similarly with different
parameters for a second open subset of M., and the two open sets together cover

M . The assumption that M is orientable implies that these nowhere-vanishing
2 forms can be chosen consistently from the one open set to the other, and then

we have realized our orientation of M, more or less concretely. To use this
information, we form the derivative matrix of «, which is

0 —sin6
Da(r, 0) = ( 0 cos@).
1 0

Its columns span the tangent space of M. at the point of M corresponding to
(r, 0).

85
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We can parametrize the boundary circles one at a time, the one at z = 1 being

given by
x(1) cost —sint
(y(t) ) = < sint ) ,  with derivative ( cos t ) .
2(t) 1 0
To orient this component of d M, we seek a tangent vector to M that points outward
from d M. Consider a single point of d M, say (1, 0, 1), which arises whenr = 1

0 0
and 6 = 0. The tangent space at this point has basis { (0) , ( 1 ) } An example

1 0
0

0
of an outward pointing tangent vector at this point is (0 > , since the vector (0)

1 1
is in the span of the two columns of the derivative matrix and is not a multiple

of the second vector in the basis. Working with the induced orientation of 0 M
means that when d M is parametrized, the derivative vector of the parametrization
points in a direction that is a positive multiple of the second column. In other
words the above parametrization of the circle at z = 1 is consistent with the
induced orientation on d M.

The candidates for such a vector are & any vector that is in the span of the two
columns of the full derivative matrix but is not a multiple of the second column,
and (0, 0, 1) will do fine. To have the vector point outward, we can use (0, 0, 1)
at z = 1. In our ordering of basis vectors yielding an orientation for M, this
vector is to precede a tangent vector to d M, and that situation is already the case
with the columns of the derivative matrix as is. Thus the above parametrization
of the circle at z = 1 is consistent with the induced orientation.

Now let us orient the boundary circle!® at z = —1. We select a single point
of this part of the boundary to examine. The point (0, 1, —1), which arises when
6 = /2, will do fine. An outward pointing tangent vector can be taken to be

1
orientation on d M, then the linear map that carries the tangent space to itself, sends

0 0 0

( 0) to (0 ), and sends v to ( 1 ) must have positive determinant. This means
—1 1 0
0

0
< 0 ) . If we write v for the second vector in a basis purporting to give the induced

that v is a negative multiple of | 1 ]. In other words the parametrization of 0 M
0

x(t) cost
as <y(t)> = ( sint > is inconsistent with the induced orientation on 0M. So we
z(t) -1

10 An observant reader will say that we are merely ensuring that the circle with z = —1 is traversed
with the region on its left, just as the circle with z = 1 was. Resorting to familiar geometric intuition
is all very well in this case, but the method being discussed here works even in higher dimensional
cases when 9 M need not be 1 dimensional.
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should use its opposite as in Figure 2.4, parametrizing the circle by

y(t) —sint

z(1) —1

x(1) cost —sint
( ) = ( ) with derivative <—cost> .
0

Boundary circrlﬂeu T >
atz =1 ya
/|

Boundary circle
atz = —1 ‘J

FIGURE 2.4. Tangent planes at points on the boundary circles in the example.
The indicated planes are the respective tangents at (1,0, 1) and (0, 1, —1).

Now letw = yz dx. Having parametrized both components of d M consistently

with the induced orientation, we shall evaluate |, oy @ = fa v Yz dx in the two

ways that Theorem 2.10 says should give the same answer. The signs will be
crucial. One way is directly as the sum of two line integrals, namely as

= .[zzl yz dx + fz:—l vz dx
= JZ inD)(+1)(=sint)de + [T (sint)(=1)(sin1) dt = 2.

The other way is as

fydo=[,,d(yz) Ndx
= [yzdy ndx+ [, ydz ndx

=—[yzdx Ady+ [, ydz ndx.

Referring to the derivative matrix Da(r, ), we have

_o(x,y) 0 —sinf \ __
dx Ady = 252 — det(o CM) —0
and
— X)) _ 0 _ ;
dz Ndx = 305 = det(0 7sin8) = —siné.
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Therefore
[ydo=[,ydzAdx = [ [ sin6(—sin6)drd6
= -2 [ sin*0do = —2r.
Thus indeed the two computations give the same answer.

Finally let us review the example in the light of the other systems of notation.
The vector-valued function that we have been using is F = (yz,0,0) or F = yzi

vz
or F = <0>,and
0

culF=det| § &0 | = k(%) +(252) =i - ok
kK £ 0

Then

0 dy Ndz
curlF-dS:( y) . (dzAdx) =ydzAndx —zdx ANdy.

-z dx ANdy

d. Integration of a differential along a curve. In many applications of
Stokes’s Theorem, we are given f oy @ and we want to compute f ydo.
Occasionally an application arises in which one wants to go in the other direction.
In this case we are evaluating an integral [,  for some m form n on M, where
m is the dimension of M, and we recognize n as d of something, say n = dw.
Then we can use the equality [,, n = [, do = [,,, o.

This is what happens in the last low dimensional instance of Stokes’s Theorem
mentioned at the beginning os this section, namely the integration of a differential
along a curve in R? or R®. We are to compute a line integral /. ¢ 1> where 7 is
a 1 form and C is a smooth curve with endpoints A and B in R? or R?. A
smooth curve with endpoints present is an example of a 1 dimensional manifold-
with-boundary, and the above theory can apply. The only case in which Stokes’s
Theorem applies in straightforward fashion, however, is the case that the 1 form
n is d of something, specifically d of a smooth function f. Thus suppose that the
1 form 7 that we are integrating is equal to a differential df. Then we have

[ n=[ ar =1 - s

This formula is an instance of Stokes’s Theorem, but it is really easier than that. If
the curve C is parametrized as y (t) fora <t < bwithy(a) = Aandy (b) = B,
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then an application of the Fundamental Theorem of Calculus to the composition
f oy immediately gives

b
/Cde/ fly@)dr = f(y®) — f(y(@) = f(B) = f(A).

e. Final remarks. In many authors’ formulations of versions of Stokes’s
Theorem, inner products and normal vectors play a role in the statements of the
theorems and in the proofs. This is so in the formulations of the classical theorems
of the Introduction, for example. In the text we have systemically avoided this
extra layer of structure. Stokes’s Theorem is really something about the exterior
derivative and integration of differential forms, not about orthogonality, and the
text has sought to emphasize this point. The cost has been small. We have had to
work with “outward pointing tangent vectors” from the boundary of a manifold-
with-boundary rather than outward “normal vectors.” The inner product focuses
attention on one good choice of an outward vector, but it does not help otherwise
in the theory.

7. Problems

1. InR3, show that [u x v|? + (u - v)? = |ul?|v|>.
2. Ifu = (uy,ur,u3), v = (vq,v2,v3), and w = (wy, wy, w3) are vectors in R3,
uyp uz us

show that det ( vr vz v3 >, up to sign, is the volume of the parallelepiped with

wp wy w3
sides u, v, and w.
3. Ifu = (uy,u2,u3), v = (v, v2,03),and w = (w;, wy, ws3) are vectors in R3,
which of the six expressions u - (v X w), u - (W X v), v - (U X w), v - (W X u),
w - (1 X v), and w - (v X u) are equal to the first one. What is the relationship
of the first one to the others?

4. (a) Compute div F and curl F for F = x?yi — (z° — 3x)j + 4y’k.
(b) Compute div F and curl F for F = (3x 4+ 2z%)i + x3y%j — (z — Tx0)k.

5. Let M be a smooth compact orientable manifold without boundary of dimension
m. Proposition 1.30 showed that M has a nowhere-vanishing smooth m form
. Use Stokes’s Theorem to show that w cannot be obtained as dn for a smooth
m — 1 form 7.

6. (a) Exhibit a smooth differential 2 form w on R* such that w A @ # 0.

(b) Suppose that M is a compact orientable smooth manifold of dimension 2n
without boundary. Suppose that « is a smooth differential 1 form on M, so
that do is a 2 form. Can the n fold wedge product @ = da A --- A da be
nowhere vanishing? If so, exhibit such an w for some M. If not, prove that
such an @ can never be nowhere vanishing.
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7. (a) Show that
xdyANdz+ydzANdx +zdx Ady
w =

(21 y2 + 2232

has dw = 0 in R? — {0}.
(b) Let T be the torus in R? given by rotating the unit circle in the x-z plane
about the line where x = 2 and y = 0. It is the locus where

(Ja—27 432 -2) +2=1.

Evaluate the integral f 7 @, Where w is as in (a) and where T is oriented so
that the unbounded component of R? — T is “outside” the torus.

8. Let M be the subset of R lying between the sphere S} of radius 1 and the sphere
S, of positive radius a with a < % Regard M as a manifold-with-boundary that
inherits its orientation from the standard orientation of R?, and give its boundary
S = S1 US, the induced orientation. Let F be the vector-valued function
F(x) = |x|3x.

(a) Show thatdivF =0on M.
(b) Why is fSl F-dS= fSa F -dS?

9. Generalize the formula in (a) of the Problem 7a by finding a smooth n — 1 form
w= f(x,..., xu) " 'nponR"” — {0} such thatdny = dx; A- - - Adx, and dw = 0.

10. By examining the example of H™ in Sections 3 and 4, show for every m > 1
that if 9H™ is made to correspond to x; = 0 and if dH"™ gets its orientation from
dxy A - -+ Adxy,, then one is led to Stokes formula for H with a single minus
sign (rather than (—1)") on one of the two sides of the formula.

Problems 11-15 concern surface integrals and the Kelvin—Stokes Theorem in R3.

11. Evaluate the surface integral | ¢Xxi-dS, where S is the surface in R? given by

z = x> 4 y? for z < 4 and § is oriented by an outward/downward pointing
normal vector.

12. Use the Kelvin—Stokes Theorem to compute f S curl F - dS, where F(x, y,z) =
yzi+xyk and S is the part of sphere x>+ y? +z> = 4 that lies inside the cylinder
x? 4+ y? = 1 and above the x-y plane. The surface is oriented by an outward
pointing normal vector.

13. Let F be the vector-valued function F = (—yz,4y+1, xy+e€%), and let C be the
oriented curve s(t) = (3cost, 4, 3sint). This is the circle of radius 3 given by
x2 4+ y? =9 and y = 4. With the help of the Kelvin—Stokes Theorem, evaluate
the line integral [ F - ds.
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14. Use the Kelvin—Stokes Theorem to evaluate f s curl F - dSif F = (y, —x, yx3)
and S is the portion of the sphere of radius 4 about the origin having z > 0 and
the upward orientation.

15. Evaluate fc F - ds, where F(x, y,z) = —y*i + xj + z°k, and C is the curve of
intersection of the plane y 4 z = 2 and the cylinder x*> + y?> = 1. The curve C is
to be oriented counterclockwise when the x-y plane is viewed as horizontal and
the curve is viewed from above. Do this in two ways, as follows:

(a) directly by parametrizing the curve by the angle 6 in the x-y plane,
(b) by using the Kelvin—Stokes Theorem, taking C to be the boundary of the
filled ellipse in the plane where y + z = 2.

Problems 16-20 establish the Brouwer Fixed-Point Theorem, which says that when-
ever a continuous function f carries the closed unit ball B = {x € R" | [x < 1} of
R" into itself, then there is some x in the ball with f(x) = x. Let

B={xeR"||x <1} and 9B ={xeR"||x=1}.

A retraction of B into 3B is a continuous function 7 : B — 9B such that r is the

identity on d B. The line of proof will be to show that there is no smooth retraction,

that the fixed-point theorem follows in the smooth case from the nonexistence of a

smooth retraction, and that the fixed-point theorem in the smooth case implies the

fixed-point theorem in the general case.

16. This problem and the next show that there is no smooth retraction of B onto d B.
In fact, suppose that a smooth retractionr : B — 3B exists. Let w be a nowhere-
vanishing n — 1 form on 9 B; this has to exist on d B by Proposition 1.30 because
Problem 15 at the end of Chapter I showed that all spheres are oriented. Justify
the following steps in a computation for the smooth manifold-with-boundary B:

0< fipo=[zr) = [pdr*w) = [pridw).
17. Explain why the right side is O in the displayed line of the previous problem and
why the retraction r cannot exist.

18. Show that if f : B — B is a smooth function such that f(x) # x for all x in
B, then one can construct from f asmooth retraction » of B onto 9 B. Since the
previous two problems have shown that there is no such smooth retraction, every
smooth f : B — B has a fixed point.

19. If f : B — B is a continuous function, show that there exists a sequence { fi}
of smooth functions from B into B that converges uniformly to f on B.

20. If f : B — B is a continuous function, choose by the previous problem a
sequence { fi} of smooth functions carrying B — B and converging uniformly
to f on B. Using Problem 18, let x; be a point in B with fi (xz) = x¢. If xg is
a limit point of {x;} in B, show that f(xo) = xo. Consequently f has a fixed
point in B.



