Chapter 16
Integration on Manifolds

In Chapter 11, we introduced line integrals of covector fields, which generalize or-
dinary integrals to the setting of curves in manifolds. It is also useful to generalize
multiple integrals to manifolds. In this chapter, we carry out that generalization.

As we show in the beginning of this chapter, there is no way to define the inte-
gral of a function in a coordinate-independent way on a smooth manifold. On the
other hand, differential forms turn out to have just the right properties for defining
integrals intrinsically.

We begin the chapter with a heuristic discussion of the measurement of vol-
ume, to motivate the central role played by alternating tensors in integration the-
ory. We will see that a k-covector on a vector space can be interpreted as “signed
k-dimensional volume meter.” This suggests that a k-form on a smooth manifold
might be thought of as a way of assigning “signed volumes” to k-dimensional sub-
manifolds. The purpose of this chapter is to make this rigorous.

First, we define the integral of a differential form over a domain in Euclidean
space, and then we show how to use diffeomorphism invariance and partitions of
unity to extend this definition to n-forms on oriented n-manifolds. The key feature
of the definition is that it is invariant under orientation-preserving diffeomorphisms.

After developing the general theory of integration of differential forms, we prove
one of the most important theorems in differential geometry: Stokes’s theorem. It
is a generalization of the fundamental theorem of calculus and of the fundamental
theorem for line integrals, as well as of the three great classical theorems of vector
analysis: Green’s theorem for vector fields in the plane; the divergence theorem for
vector fields in space; and (the classical version of) Stokes’s theorem for surface
integrals in R3. Then we extend the theorem to manifolds with corners, which will
be useful in our treatment of de Rham cohomology in Chapters 17 and 18.

Next, we show how these ideas play out on a Riemannian manifold. We prove
Riemannian versions of the divergence theorem and of Stokes’s theorem for surface
integrals, of which the classical theorems are special cases.

At the end of the chapter, we show how to extend the theory of integration to
nonorientable manifolds by introducing densities, which are fields that can be inte-
grated on any manifold, not just oriented ones.
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Fig. 16.1 A covector field as a “signed length meter”

The Geometry of Volume Measurement

How might we make coordinate-independent sense of multiple integrals? First,
observe that there is no way to integrate real-valued functions in a coordinate-
independent way on a manifold, at least without adding further structure such as a
Riemannian metric. It is easy to see why, even in the simplest case: suppose C C R”"
is a closed ball, and f: C — R is the constant function f(x) = 1. Then

/ £dV =Vol(C),
C

which is clearly not invariant under coordinate transformations, even if we just re-
strict attention to linear ones.

On the other hand, in Chapter 11 we showed that covector fields could be inte-
grated in a natural way along curves. Let us think a bit more geometrically about
why this is so. A covector field on a manifold M assigns a number to each tangent
vector, in such a way that multiplying the tangent vector by a constant has the effect
of multiplying the resulting number by the same constant. Thus, a covector field can
be thought of as assigning a “signed length meter” to each 1-dimensional subspace
of each tangent space (Fig. 16.1), and it does so in a coordinate-independent way.
Computing the line integral of a covector field, in effect, assigns a “length” to a
curve by using this varying measuring scale along the points of the curve.

Now we wish to seek a kind of “field” that can be integrated in a coordinate-
independent way over submanifolds of dimension k£ > 1. Its value at each point
should be something that we can interpret as a “signed volume meter” on k-
dimensional subspaces of the tangent space, a machine w that accepts any k tangent
vectors (v1,...,Vg) at a point and returns a number w(vy,...,v) that we might
think of as the “signed volume” of the parallelepiped spanned by those vectors,
measured according to a scale determined by w.

The most obvious example of such a machine is the determinant in R”. For ex-
ample, it is shown in most linear algebra texts that for any two vectors vy, v, € R2,
det(vy, vy) is, up to a sign, the area of the parallelogram spanned by vy, v,. It is not
hard to show (see Problem 16-1) that the analogous fact is true in all dimensions.
The determinant, remember, is an example of an alternating tensor.

Let us consider what properties we might expect a general “signed k-dimensional
volume meter” w to have. To be consistent with our intuition about volume, multi-
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Fig. 16.2 Scaling by a constant Fig. 16.3 Sum of two vectors

plying any one of the vectors by a constant should scale the volume by that same
constant (Fig. 16.2),

and the volume of a k-dimensional parallelepiped formed by adding together two
vectors in the i th place should be the sum of the volumes of the two parallelepipeds
with the original vectors in the ith place (Fig. 16.3):

w1, ...,¢cVi, ..., 0k) =co(Vy,...,V,..., V),
o(Vi Vi V) =0 v vE) F o (v Y] ).

(Note that the vectors in Fig. 16.3 are all assumed to lie in one plane.) This suggests
that w should be multilinear, and thus should be a covariant k -tensor.

There is one more property that we should expect: since a linearly dependent k-
tuple of vectors spans a parallelepiped of zero k-dimensional volume, w should give
zero whenever it is applied to a such a k-tuple. By Lemma 14.1, this forces w to be
alternating. Thus, alternating tensor fields are promising objects for integrating in a
coordinate-independent way. In this chapter, we show how this is done.

Integration of Differential Forms

Just as we began our treatment of line integrals by first defining integrals of 1-forms
over intervals in R, we begin here by defining integrals of n-forms over suitable
subsets of R”. For the time being, let us restrict attention to the case n > 1. You
should make sure that you are familiar with the basic properties of multiple integrals
in R”, as summarized in Appendix C.

Recall that a domain of integration in R" is a bounded subset whose boundary
has measure zero. Let D € R” be a domain of integration, and let w be a (contin-
uous) n-form on D. Any such form can be written as w = f dx' A --- A dx™ for
some continuous function f: D — R. We define the integral of » over D to be

/Da)zjl;de.

This can be written more suggestively as

/fdxl/\---/\dx"zffa’xl---dx”.
D D
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In simple terms, to compute the integral of a form such as f dx! A --- A dx", just
“erase the wedges”!

Somewhat more generally, let U be an open subset of R” or H”, and suppose
is a compactly supported n-form on U. We define

e

where D C R” or H” is any domain of integration (such as a rectangle) containing
supp w, and w is extended to be zero on the complement of its support. It is easy to
check that this definition does not depend on what domain D is chosen.

Like the definition of the integral of a 1-form over an interval, our definition of
the integral of an n-form might look like a trick of notation. The next proposition
shows why it is natural.

Proposition 16.1. Suppose D and E are open domains of integration in R" or H",
and G: D — E is a smooth map that restricts to an orientation-preserving or
orientation-reversing diffeomorphism from D to E. If w is an n-form on E, then

/G*a):
D _

Proof. Letususe (y',...,y") to denote standard coordinates on E, and (x',...,x")
to denote those on D. Suppose first that G is orientation-preserving. With o =

fdy' A--- A dy", the change of variables formula (Theorem C.26) together with

formula (14.15) for pullbacks of n-forms yields

/ w if G is orientation-preserving,
E

/ w if G is orientation-reversing.
E

/Ew=/Ede=/D(foG)|detDG|dV=/D(foG)(detDG)dV

=/(foG)(detDG)dxlA---Adx”:/ G*w.
D D

If G is orientation-reversing, the same computation holds except that a negative sign
is introduced when the absolute value signs are removed. O

We would like to extend this theorem to compactly supported n-forms defined
on open subsets. However, since we cannot guarantee that arbitrary open subsets or
arbitrary compact subsets are domains of integration, we need the following lemma.

Lemma 16.2. Suppose U is an open subset of R" or H", and K is a compact
subset of U. Then there is an open domain of integration D such that K € D C
DcU.

Proof. For each p € K, there is an open ball or half-ball containing p whose clo-
sure is contained in U. By compactness, finitely many such sets By,..., B, cover
K (Fig. 16.4). Since the boundary of an open ball is a codimension-1 submani-
fold, and the boundary of an open half-ball is contained in a union of two such
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Fig. 16.4 A domain of integration containing a compact set

submanifolds, the boundary of each has measure zero by Corollary 6.12. The set
D = B; U---U By, is the required domain of integration. O

Proposition 16.3. Suppose U, V are open subsets of R" or H", and G: U —
V' is an orientation-preserving or orientation-reversing diffeomorphism. If  is a
compactly supported n-form on V, then

/(u::l:/ G*ow,
v U

with the positive sign if G is orientation-preserving, and the negative sign otherwise.

Proof. Let E be an open domain of integration such that suppw C E C E C V
(Fig. 16.5). Since diffeomorphisms take interiors to interiors, boundaries to bound-
aries, and sets of measure zero to sets of measure zero, D = G_I(E) Cc U is an
open domain of integration containing supp G *w. The result follows from Proposi-
tion 16.1. O

Integration on Manifolds

Using the results of the previous section, we can now make sense of the integral
of a differential form over an oriented manifold. Let M be an oriented smooth 7-
manifold with or without boundary, and let @ be an n-form on M. Suppose first
that @ is compactly supported in the domain of a single smooth chart (U, ¢) that is
either positively or negatively oriented. We define the integral of ® over M to be

/a)zi/ (0™ ) w, (16.1)
M o(U)

with the positive sign for a positively oriented chart, and the negative sign otherwise.
(See Fig. 16.6.) Since (¢ ~!)*w is a compactly supported n-form on the open subset
e(U) € R” or H", its integral is defined as discussed above.

Proposition 16.4. With w as above, | y @ does not depend on the choice of smooth
chart whose domain contains supp .
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Fig. 16.5 Diffeomorphism invariance of the integral of a form on an open subset

Proof. Suppose (U, ¢) and (l7 ,§) are two smooth charts such that supp w C U NT
(Fig. 16.7). If both charts are positively oriented or both are negatively oriented, then
@ o ¢~ ! is an orientation-preserving diffeomorphism from ¢ (U nU ) to @ (U no ),
so Proposition 16.3 implies that

~_1* _ ,._,_1* _ ,..,O _1* ,...,_1*
Loy @ 0= [ @ 0= [ o @™ G

_ ZINE ek ~—1)\ K _ 1\ *
—/w([mﬁ)(w ) @ @) w—/w)(w ) o

If the charts are oppositely oriented, then the two definitions given by (16.1) have
opposite signs, but this is compensated by the fact that $ o ¢! is orientation-

reversing, so Proposition 16.3 introduces an extra negative sign into the computation
above. In either case, the two definitions of f @ agree. |

To integrate over an entire manifold, we combine this definition with a partition
of unity. Suppose M is an oriented smooth n-manifold with or without boundary,
and w is a compactly supported n-form on M. Let {U;} be a finite open cover of
supp @ by domains of positively or negatively oriented smooth charts, and let {v; }
be a subordinate smooth partition of unity. Define the integral of ® over M to be

/MwZXi:/M%w' (16.2)

(The reason we allow for negatively oriented charts is that it may not be possible
to find positively oriented boundary charts on a 1-manifold with boundary, as noted
in the proof of Proposition 15.6.) Since for each i, the n-form y;w is compactly
supported in U;, each of the terms in this sum is well defined according to our
discussion above. To show that the integral is well defined, we need only examine
the dependence on the open cover and the partition of unity.

Proposition 16.5. The definition of f u @ given above does not depend on the choice
of open cover or partition of unity.

Proof. Suppose {17,} is another finite open cover of supp w by domains of posi-
tively or negatively oriented smooth charts, and {1}1} is a subordinate smooth parti-
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Fig. 16.6 The integral of a form over a manifold

tion of unity. For each i, we compute

/M%w:/z‘u (]Z%)w"w:]Z/M Vivio.

Summing over i, we obtain
> [ wio=3 [ T
i M ij "M

Observe that each term in this last sum is the integral of a form that is compactly
supported in a single smooth chart (e.g., in U;), so by Proposition 16.4 each term is
well defined, regardless of which coordinate map we use to compute it. The same
argument, starting with |, M % w, shows that

]z /| J,w=§ | o

Thus, both definitions yield the same value for f Mo Oa

As usual, we have a special definition in the zero-dimensional case. The integral
of a compactly supported O-form (i.e., a real-valued function) f over an oriented
0-manifold M is defined to be the sum

[ 1=¥ xr0.

PEM

where we take the positive sign at points where the orientation is positive and the
negative sign at points where it is negative. The assumption that f is compactly
supported implies that there are only finitely many nonzero terms in this sum.

If S € M is an oriented immersed k-dimensional submanifold (with or without
boundary), and w is a k-form on M whose restriction to S is compactly supported,
we interpret [¢ w to mean [ 5w, where 1g: S < M is inclusion. In particular, if
M is a compact, oriented, smooth n-manifold with boundary and w is an (n — 1)-
form on M, we can interpret |, aa @ unambiguously as the integral of ¢3,, @ over
dM, where OM is always understood to have the induced orientation.
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Fig. 16.7 Coordinate independence of the integral

It is worth remarking that it is possible to extend the definition of the integral
to some noncompactly supported forms, and such integrals are important in many
applications. However, in such cases the resulting multiple integrals are improper,
so one must pay close attention to convergence issues. For the purposes we have in
mind, the cases we have described here are quite sufficient.

Proposition 16.6 (Properties of Integrals of Forms). Suppose M and N are non-
empty oriented smooth n-manifolds with or without boundary, and w,n are com-
pactly supported n-forms on M .

(a) LINEARITY: If a,b € R, then

/aw—l—bn:a/ w—i—b/ n.
M M M

(b) ORIENTATION REVERSAL: If —M denotes M with the opposite orientation,

then
/ w:—/ 0.
-M M

(c) POSITIVITY: If w is a positively oriented orientation form, then fM w > 0.
(d) DIFFEOMORPHISM INVARIANCE: If F: N — M is an orientation-preserving
or orientation-reversing diffeomorphism, then
/ a) -
M

/ F*w if F is orientation-preserving,
N

—/ F*w if F is orientation-reversing.
N
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Proof. Parts (a) and (b) are left as an exercise. Suppose o is a positively oriented
orientation form for M. This means that if (U, ¢) is a positively oriented smooth
chart, then (¢~!) o is a positive function times dx' A---Adx", and for a negatively
oriented chart it is a negative function times the same form. Therefore, each term in
the sum (16.2) defining |, ) @ is nonnegative, with at least one strictly positive term,
thus proving (c).

To prove (d), it suffices to assume that w is compactly supported in a single posi-
tively or negatively oriented smooth chart, because any compactly supported n-form
on M can be written as a finite sum of such forms by means of a partition of unity.
Thus, suppose (U, ¢) is a positively oriented smooth chart on M whose domain
contains the support of . When F is orientation-preserving, it is easy to check that
(F “LU),po F ) is an oriented smooth chart on N whose domain contains the sup-
port of F*w, and the result then follows immediately from Proposition 16.3. The
cases in which the chart is negatively oriented or F is orientation-reversing then
follow from this result together with (b). O

» Exercise 16.7. Prove parts (a) and (b) of the preceding proposition.

Although the definition of the integral of a form based on partitions of unity is
very convenient for theoretical purposes, it is useless for doing actual computations.
It is generally quite difficult to write down a smooth partition of unity explicitly, and
even when one can be written down, one would have to be exceptionally lucky to be
able to compute the resulting integrals (think of trying to integrate e ~1/*).

For computational purposes, it is much more convenient to “chop up” the mani-
fold into a finite number of pieces whose boundaries are sets of measure zero, and
compute the integral on each piece separately by means of local parametrizations.
One way to do this is described below.

Proposition 16.8 (Integration Over Parametrizations). Let M be an oriented
smooth n-manifold with or without boundary, and let w be a compactly supported
n-form on M. Suppose D1, ..., Dy are open domains of integration in R", and for
i =1,....k, we are given smooth maps F;: D; — M satisfying

(1) F; restricts to an orientation-preserving diffeomorphism from D; onto an open

subset W; C M,

(i) W,NW; =2 wheni # j;

(i) supp @ C Wy U ---U Wy.

Then

k
= Fo. 16.3
Joe=xk, me 16

Proof. As in the preceding proof, it suffices to assume that w is supported in the do-
main of a single oriented smooth chart (U, ¢). In fact, by restricting to sufficiently
nice charts, we may assume that U is precompact, ¥ = ¢(U) is a domain of inte-
gration in R” or H”, and ¢ extends to a diffeomorphism from U to Y.
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Fig. 16.8 Integrating over parametrizations

For each i, define open subsets A; C D;, B; € W;, and C; C Y (Fig. 16.8) by
Ai=F ' (UNW), Bi=UNW =F(4), Ci=¢(Bi)=goF(4).

Because D; is compact, it is straightforward to check that dW; C F;(dD;), and

therefore 0W; has measure zero in M, and dC; = ¢(dB;) has measure zero in R”.
The support of (go_l)* w is contained in C; U --- U Cy, and any two of these

sets intersect only on their boundaries, which have measure zero. Thus by Proposi-

tion C.23,
k
_ _1* — _1* ]
[o=[ o E/C,.(“’ ) o

The proof is completed by applying Proposition 16.1 to each term above, using the
diffeomorphism ¢ o F;: A; — C;:

/Ci ((p_l)*a)Z/A,‘((pOFi)* (¢—1)*w=[4i Fi*w:/l;i Fro.

Summing over i, we obtain (16.3). O

Example 16.9. Let us use this technique to compute the integral of a 2-form
over S2, oriented as the boundary of B>. Let w be the following 2-form on R3:

w=xdyAndz+ydzAndx +zdx ANdy.

Let D be the open rectangle (0,7) x (0,27), and let F: D — S? be the spher-
ical coordinate parametrization F(p,0) = (singcos6,singsinf,cos¢). Exam-
ple 15.28 showed that F'|p is orientation-preserving, so it satisfies the hypotheses
of Proposition 16.8. Note that

F*dx =cosgcosfdp—singsinf db,

F*dy = cosgsinfdg + sing cos 0 db,

F*dz=—singpdg.
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Therefore,

/ a)=/ (—sin® g cos® 0 df A dg + sin’ g sin® 0 dp A df
S2 D

+Cosz<psin(pcos29d<p/\d9—cosz(psingosinzedO/\d(p)
2w pm
:/ singodq)/\d@z/ / sinpdp df = 4. /
D o Jo

It is worth remarking that the hypotheses of Proposition 16.8 can be relaxed
somewhat. The requirement that each map F; be smooth on D; is included to ensure
that the boundaries of the image sets W; have measure zero and that the pullback
forms F;* are continuous on D;. Provided the open subsets W; together fill up
all of M except for a set of measure zero, we can allow maps F; that do not ex-
tend smoothly to the boundary, by interpreting the resulting integrals of unbounded
forms either as improper Riemann integrals or as Lebesgue integrals. For example,
if the closed upper hemisphere of S? is parametrized by the map F: B2 — S2 given
by F(u,v) = (u, v,vV1—u?2—v2 ), then F is continuous but not smooth up to the
boundary, but the conclusion of the proposition still holds. We leave it to the inter-
ested reader to work out reasonable conditions under which such a generalization of
Proposition 16.8 holds.

Integration on Lie Groups

Let G be a Lie group. A covariant tensor field A on G is said to be left-invariant if
LzA=AforallgeG.

Proposition 16.10. Let G be a compact Lie group endowed with a left-invariant
orientation. Then G has a unique positively oriented left-invariant n-form wg with
the property that [, wg = 1.

Proof. 1If dimG = 0, we just let wg be the constant function 1/k, where k is the
cardinality of G. Otherwise, let Ey,..., E, be a left-invariant global frame on G
(i.e., a basis for the Lie algebra of G). By replacing E; with —FE if necessary, we
may assume that this frame is positively oriented. Let ¢!, ..., " be the dual coframe.
Left invariance of E; implies that

(L3e") (Ej) = &' (Lg Ej) = €' (Ej) = 6L,

which shows that Lz,si =&l s0 & is left-invariant.
Let wg = &' A--- A g". Then
Lz (w) :L;el Ao A Lge" =el A A =g,

s0 wg is left-invariant as well. Because wg(E1,..., E,) = 1> 0, wg is an orien-
tation form for the given orientation. Clearly, any positive constant multiple of wg
is also a left-invariant orientation form. Conversely, if @¢ is any other left-invariant
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supp @

Fig. 16.9 Proof of Stokes’s theorem

orientation form, we can write Wg|. = cwg|e for some positive number ¢. Using
left-invariance, we find that

03G|g = L;—15G|e = CL;—1CUG|e = C’CUG|g,

which proves that @g is a positive constant multiple of wg.

Since G is compact and oriented, fG wg 1s a positive real number, so we can
define @ = (f; wg) 'wg. Clearly, @ is the unique positively oriented left-
invariant orientation form with integral 1. O

Remark. The orientation form whose existence is asserted in this proposition is
called the Haar volume form on G . Similarly, the map f +— [ f wg is called the
Haar integral. Observe that the proof above did not use the fact that G was compact
until the last paragraph; thus every Lie group has a left-invariant orientation form
that is uniquely defined up to a constant multiple. It is only in the compact case,
however, that we can use the volume normalization to single out a unique one.

Stokes’s Theorem

In this section we state and prove the central result in the theory of integration on
manifolds, Stokes’s theorem. It is a far-reaching generalization of the fundamental
theorem of calculus and of the classical theorems of vector calculus.

Theorem 16.11 (Stokes’s Theorem). Let M be an oriented smooth n-manifold
with boundary, and let w be a compactly supported smooth (n — 1)-form on M.

Then
/dw:/ . (16.4)
M M

Remark. The statement of this theorem is concise and elegant, but it requires a bit
of interpretation. First, as usual, dM is understood to have the induced (Stokes) ori-
entation, and the w on the right-hand side is to be interpreted as (3, . If IM = @,
then the right-hand side is to be interpreted as zero. When M is 1-dimensional, the
right-hand integral is really just a finite sum.
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With these understandings, we proceed with the proof of the theorem. You should
check that it works correctly when n = 1 and when M = @.

Proof. We begin with a very special case: suppose M is the upper half-space H"
itself. Then because w has compact support, there is a number R > 0 such that
supp  is contained in the rectangle A = [—R, R] x---x[—R, R] x [0, R] (Fig. 16.9).
We can write w in standard coordinates as

n
w=Zwidx1/\---/\dx’ A-es Adx",

i=1

where the hat means that dx’ is omitted. Therefore,

n
da)=2dw,-/\dx1/\---/\dx"/\---/\dx"

i=1

n
dw; . -
= Ldx?T Adx' Ao AdXP A Adx
5= oxJ

n

" . dw;
= Z(—l)l—la—’. dx' A~ Adx".
xl

i=1

Thus we compute

Ba)i

n
do =Y (-1)\7! dxV A Adx"
H” l; A ox?

Eor [ [ f

i=1

We can change the order of integration in each term so as to do the x’ integration
first. By the fundamental theorem of calculus, the terms for which i # n reduce to

n—1 R /R R )
Z(-])H/ / / a‘”’.(x)dxl-.-dx"
= o J-r J-roox!

not . R rR R Hw; . —
=Z(—1)’—1/ / / 5 —(x)dx" dx"---dx"---dx"
=1 o J-R —R 0X

nol . R R R x!=R —
:Z(—l)l_lf / / I:a)l(x)] ) dxl...dxl...dxnzo’
o1 o J-R —R x'=—R
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because we have chosen R large enough that @ = 0 when x’ = &= R. The only term
that might not be zero is the one for which i = n. For that term we have

. R R (R g, . .
do= (D" / f / 2 (x)dx"dx' - dx""
/]HI" D R J-rJo 0x" )
R R x"=R
:(_1 n—I/ .../ C()n(x) dxl...dxn_l
) _R _R[ ]x":O

R R
=(—1)”/ / wn (x' X" 0) dxt e dx T (16.5)
—R —R

because w, = 0 when x" = R.
To compare this to the other side of (16.4), we compute as follows:

—

/ w=2/ wi (x',...,x"71,0) dx' A Adxt A Adx™.
9H” ~ JAnomE"
1

Because x” vanishes on 0H", the pullback of dx" to the boundary is identically
zero (see Exercise 11.30). Thus, the only term above that is nonzero is the one for
which i = n, which becomes

/ a):/ a),,(xl,...,x"_l,O) dx' A Adx™L,
oH” ANOH"

Taking into account the fact that the coordinates (xl, e, x”_l) are positively ori-
ented for dH" when n is even and negatively oriented when n is odd (Exam-
ple 15.26), we find that this is equal to (16.5).

Next we consider another special case: M = R”. In this case, the support of @
is contained in a cube of the form A = [—R, R]". Exactly the same computation
goes through, except that in this case the i = n term vanishes like all the others, so
the left-hand side of (16.4) is zero. Since M has empty boundary in this case, the
right-hand side is zero as well.

Now let M be an arbitrary smooth manifold with boundary, but consider an
(n — 1)-form w that is compactly supported in the domain of a single positively
or negatively oriented smooth chart (U, ¢). Assuming that ¢ is a positively oriented
boundary chart, the definition yields

/de=/Hn (w‘l)*dw=/ﬂnd((w“)*w)~

By the computation above, this is equal to

/aHn (™) o, (16.6)

where dH” is given the induced orientation. Since d¢ takes outward-pointing vec-
tors on dM to outward-pointing vectors on H" (by Proposition 5.41), it follows
that ¢|ynaa is an orientation-preserving diffeomorphism onto ¢(U) N dH", and
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thus (16.6) is equal to [ apr @- For a negatively oriented smooth boundary chart, the
same argument applies with an additional negative sign on each side of the equation.
For an interior chart, we get the same computations with H” replaced by R”. This
proves the theorem in this case.

Finally, let w be an arbitrary compactly supported smooth (n — 1)-form. Choos-
ing a cover of supp w by finitely many domains of positively or negatively oriented
smooth charts {U; }, and choosing a subordinate smooth partition of unity {; }, we
can apply the preceding argument to ; w for each i and obtain

/BMw:Xi:/aMWinXi:[‘ld(Wiw):;/MdWiAw"'l/fidw

() (e o

because ) ; ¥; = 1. O

Example 16.12. Let M be a smooth manifold and suppose y: [a,b] — M is
a smooth embedding, so that S = y([a,b]) is an embedded 1-submanifold with
boundary in M. If we give S the orientation such that y is orientation-preserving,
then for any smooth function f € C°*° (M), Stokes’s theorem says that

/ydfzf[a,b]y*df:/sde/asf:f(y(b))_f(y(a))'

Thus Stokes’s theorem reduces to the fundamental theorem for line integrals (Theo-
rem 11.39) in this case. In particular, when y: [a,b] — R is the inclusion map, then
Stokes’s theorem is just the ordinary fundamental theorem of calculus. I

Two special cases of Stokes’s theorem arise so frequently that they are worthy of
special note. The proofs are immediate.

Corollary 16.13 (Integrals of Exact Forms). If M is a compact oriented smooth
manifold without boundary, then the integral of every exact form over M is zero:

/da)=0 if oM = @. O
M

Corollary 16.14 (Integrals of Closed Forms over Boundaries). Suppose M is a
compact oriented smooth manifold with boundary. If w is a closed form on M, then
the integral of w over OM is zero:

/ w=0 ifdo=0onM. |
oM

These results have the following extremely useful applications to submanifolds.

Corollary 16.15. Suppose M is a smooth manifold with or without boundary,
S € M is an oriented compact smooth k-dimensional submanifold (without bound-
ary), and w is a closed k-form on M. IffS  # 0, then both of the following are
true:
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(a) w is not exact on M .
(b) S is not the boundary of an oriented compact smooth submanifold with bound-
aryin M. O

Example 16.16. It follows from the computation of Example 11.36 that the closed
I-form w = (xdy — ydx)/ (x2 + y2) has nonzero integral over S'. We already
observed that w is not exact on R? ~ {0}. The preceding corollary tells us in addition
that S! is not the boundary of a compact regular domain in R? ~ {0}. I

The following classical result is an easy application of Stokes’s theorem.

Theorem 16.17 (Green’s Theorem). Suppose D is a compact regular domain
inR2, and P, Q are smooth real-valued functions on D. Then

[(B—Q—a—P)dxdyzf Pdx+ Qdy.
p \dx dy oD

Proof. This is just Stokes’s theorem applied to the 1-form P dx + Q dy. O

Manifolds with Corners

In many applications of Stokes’s theorem it is necessary to deal with geometric ob-
jects such as triangles, squares, or cubes that are topological manifolds with bound-
ary, but are not smooth manifolds with boundary because they have “corners.” It is
easy to generalize Stokes’s theorem to this setting, and we do so in this section.
Let Rﬁ_ denote the subset of R” where all of the coordinates are nonnegative:

R% ={(x",....x") eR":x' >0,....,x" > 0}.
This space is the model for the type of corners we are concerned with.
» Exercise 16.18. Prove that I@ﬁ_ is homeomorphic to the upper half-space H”.

Suppose M is a topological n-manifold with boundary. A chart with corners for
M is a pair (U, ¢), where U C M is open and ¢ is a homeomorphism from U to
a (relatively) open subset Uc I?Rfﬁr (Fig. 16.10). Two charts with corners (U, ¢),
(V. ) are smoothly compatible if the composite map ¢ o ¥~ ': y(U NV) —
@(U NV) is smooth. (As usual, this means that it admits a smooth extension in
an open neighborhood of each point.)

A smooth structure with corners on a topological manifold with boundary is a
maximal collection of smoothly compatible interior charts and charts with corners
whose domains cover M. A topological manifold with boundary together with a
smooth structure with corners is called a smooth manifold with corners. Any chart
with corners in the given smooth structure with corners is called a smooth chart
with corners for M .

Example 16.19. Any closed rectangle in R” is a smooth n-manifold with corners. //
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Fig. 16.10 A chart with corners

Because of the result of Exercise 16.18, charts with corners are topologically
indistinguishable from boundary charts. Thus, from the topological point of view
there is no difference between manifolds with boundary and manifolds with corners.
The difference is in the smooth structure, because in dimensions greater than 1, the
compatibility condition for charts with corners is different from that for boundary
charts. In the case n = 1, though, ]1_%1+ is actually equal to H!, so smooth 1-manifolds
with corners are no different from smooth manifolds with boundary.

The boundary of R” _in R" is the set of points at which at least one coordinate
vanishes. The points in R’} at which more than one coordinate vanishes are called
its corner points. For example, the corner points of ]1_%1 are the origin together with
all the points on the positive x-, y-, and z-axes.

Proposition 16.20 (Invariance of Corner Points). Let M be a smooth n-manifold
with corners, n > 2, and let p € M. If ¢(p) is a corner point for some smooth
chart with corners (U, @), then the same is true for every such chart whose domain
contains p.

Proof. Suppose (U, ¢) and (V, ) are two smooth charts with corners such that
¢(p) is a corner point but ¥ (p) is not (Fig. 16.11). To simplify notation, let us
assume without loss of generality that ¢(p) has coordinates (xl, ... ,xk,O, ... ,0)
with k <n —2. Then ¥ (V') contains an open subset of some (7 — 1)-dimensional
linear subspace S € R”, with ¥(p) € S. (If ¥(p) € IR™, take S to be the unique
subspace defined by an equation of the form x’ = 0 that contains ¥ (p). If ¥(p) is
an interior point, any (n — 1)-dimensional subspace containing ¥ (p) will do.)

Let S’=SNy(UNV),andleta: S" — R” be the restriction of g oy ! to S’.
Because ¢ o ¢! is a diffeomorphism from ¥ (U N V) to ¢(U N V), it follows
that ¥ o ¢! o « is the identity of S’, and therefore day(p) is an injective linear
map. Let T = dayp) (Ty(p)S) S R”. Because T is (n — 1)-dimensional, it must
contain a vector v such that one of the last two components, v~ 1 or v™, is nonzero
(otherwise, T would be contained in a codimension-2 subspace). Renumbering the
coordinates and replacing v by —v if necessary, we may assume that v" < 0.

Now let y: (—e,e) — S be a smooth curve such that y(0) = p and
da(y’(0)) = v. Then « o y(r) has negative x” coordinate for small 7 > 0, which
contradicts the fact that « takes its values in R’} . O
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Fig. 16.11 Invariance of corner points

If M is a smooth manifold with corners, a point p € M is called a corner point
if ¢(p) is a corner point in ]I_%’:L with respect to some (and hence every) smooth chart
with corners (U, ¢). Similarly, p is called a boundary point if ¢(p) € 8]1_%’_'F with
respect to some (hence every) such chart. For example, the set of corner points of
the unit cube [0, 1]> € R3 is the union of its eight vertices and twelve edges.

Every smooth manifold with or without boundary is also a smooth manifold with
corners (but with no corner points). Conversely, a smooth manifold with corners is a
smooth manifold with boundary if and only if it has no corner points. The boundary
of a smooth manifold with corners, however, is in general not a smooth manifold
with corners (e.g., think of the boundary of a cube). In fact, even the boundary of
I@i itself is not a smooth manifold with corners. It is, however, a union of finitely
many such: dR”. = H, U---U H,,, where

Hiz{(xl,...,x”)e]l_%i:xi=0} (16.7)

is an (n — 1)-dimensional smooth manifold with corners contained in the subspace
defined by x? = 0.

The usual flora and fauna of smooth manifolds—smooth maps, partitions of
unity, tangent vectors, covectors, tensors, differential forms, orientations, and in-
tegrals of differential forms—can be defined on smooth manifolds with corners in
exactly the same way as we have done for smooth manifolds and smooth mani-
folds with boundary, using smooth charts with corners in place of smooth boundary
charts. The details are left to the reader.

In addition, for Stokes’s theorem we need to integrate a differential form over
the boundary of a smooth manifold with corners. Since the boundary is not itself
a smooth manifold with corners, this requires a separate (albeit routine) definition.
Let M be an oriented smooth nz-manifold with corners, and suppose w is an (n — 1)-
form on dM that is compactly supported in the domain of a single oriented smooth
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Fig. 16.12 Parametrizing the boundary of the square

chart with corners (U, ¢). We define the integral of w over dM by

fum=2 ),

where H;, defined by (16.7), is given the induced orientation as part of the boundary
of the set where x’ > 0. In other words, we simply integrate w in coordinates over
the codimension-1 portion of the boundary. Finally, if @ is an arbitrary compactly
supported (n — 1)-form on M, we define the integral of w over dM by piecing
together with a partition of unity just as in the case of a manifold with boundary.

In practice, of course, one does not evaluate such integrals by using partitions
of unity. Instead, one “chops up” the boundary into pieces that can be parametrized
by domains of integration, just as for ordinary manifolds with or without boundary.
The following proposition is an analogue of Proposition 16.8.

Proposition 16.21. The statement of Proposition 16.8 is true if M is replaced by
the boundary of a compact, oriented, smooth n-manifold with corners.

» Exercise 16.22. Show how the proof of Proposition 16.8 needs to be adapted to
prove Proposition 16.21.

Example 16.23. Let / x I = [0, 1] x [0, 1] be the unit square in R, and suppose @
is a 1-form on d(/ x I'). Then it is not hard to check that the maps F;: [ — I x [
given by

Fi(1) = (1.0), Fy(1) = (L.1),

F()=(0-11), Fu(1) =(0,1—1),
satisfy the hypotheses of Proposition 16.21. (These four curve segments in sequence
traverse the boundary of / x I in the counterclockwise direction; see Fig. 16.12.)

Therefore,
/ w:/w+/w+/w+[m. /
B(IXI) F] F2 F3 F4

» Exercise 16.24. Verify the claims of the preceding example.

(16.8)

The next theorem is the main result of this section.
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Fig. 16.13 Stokes’s theorem for manifolds with corners

Theorem 16.25 (Stokes’s Theorem on Manifolds with Corners). Let M be an
oriented smooth n-manifold with corners, and let w be a compactly supported
smooth (n — 1)-form on M . Then

/ dwz/ .
M aM

Proof. The proof is nearly identical to the proof of Stokes’s theorem proper, so we
just indicate where changes need to be made. By means of smooth charts and a
partition of unity, we may reduce the theorem to the case in which either M = R”"
or M = ]I_Ri. The R” case yields zero on both sides of the equation, just as before.
In the case of a chart with corners, w is supported in some cube [0, R]* (Fig. 16.13),
and we calculate exactly as in the proof of Theorem 16.11:

- i-1 K R da; 1 n
3 dw:Z(—l) 3 i(x)dx ceedx
RY i=1 0 o oX

n R R
. dw; . —
= E (—1)’_1/ [ @ (x)dx'dx'---dx"---dx"
i=1 0 0

axt

" . R R i—R —
ZZ(_l)l—I/ [ [wi(x)]ii;() dxl...dxl...dxn
i=1 0 0

o~

n . R R T
=Z(—l)’/ [ w; (xl,...,O,...,x") dxeodxt oo dx"
= 0 0
n
Y[ o= o
Sn oy

(The factor (—1)* disappeared because the induced orientation on H; is (—1)! times

that of the standard coordinates (x!,...,x’,...,x").) This completes the proof. O

The preceding theorem has the following important application.

Theorem 16.26. Suppose M is a smooth manifold and yy,y:: [a,b] — M are
path-homotopic piecewise smooth curve segments. For every closed 1-form w on M,
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Fig. 16.14 Homotopic piecewise smooth curve segments

[o=] o
Yo Y1

Proof. By means of an affine reparametrization, we may as well assume for simplic-
ity that [a,b] = [0, 1]. Assume first that yo and y; are smooth. By Theorem 6.29,
yo and y; are smoothly homotopic relative to {0,1}. Let H: I x I — M be such a
smooth homotopy. Since w is closed, we have

d(H*w) = H*dw = 0.
IxI IxI
On the other hand, / x I is a smooth manifold with corners, so Stokes’s theorem
implies
0= d(H*a)):/ H*w.

IxI (I xI)
Using the parametrization of d(/ x I') given in Example 16.23 together with Propo-
sition 11.34(d), we obtain

0:/ H*w = H*o + H*o + H*o + H*ow
B(IXI) F] Fz F3 F4

:/ a)+/ w—i—f a)—i-/ w,
HoF; HoF, HoF3 HoFy

where Fy, F», F3, Fy are defined by (16.8). The fact that H is a homotopy relative to
{0, 1} means that H o F, and H o F, are constant maps, and therefore the second and
fourth terms above are zero. The theorem then follows from the facts that H o F; =
yo and H o F3 is a backward reparametrization of y;.

Next we consider the general case of piecewise smooth curves. We cannot simply
apply the preceding result on each subinterval where y and y; are smooth, because
the restricted curves may not start and end at the same points. Instead, we prove
the following more general claim: Let yo,y1: I — M be piecewise smooth curve
segments (not necessarily with the same endpoints), and suppose H: I x I — M
is any homotopy between them (Fig. 16.14). Define curve segments 0g,01: I — M
by

oo(t) =H(0.7),  o1(1) = H(L.1),
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and let 6,0, be any smooth curve segments that are path-homotopic to o0y, 0

respectively. Then
/a)—/ wzf a)—/ w. (16.9)
Y1 Y0 a1 G

When specialized to the case in which Yo and y; are path-homotopic, this implies
the theorem, because o¢ and o are constant maps in that case.

Since yp and y; are piecewise smooth, there are only finitely many points
{ai,...,anm} in (0, 1) at which either yq or y; is not smooth. We prove the claim by
induction on the number m of such points. When m = 0, both curves are smooth,
and by Theorem 6.29 we may replace the given homotopy H by a smooth ho-
motopy H . Recall from the proof of Theorem 6.29 that the smooth homotopy H
can actually be taken to be homotopic to H relative to / x {0} U I x {1}. Thus, for
i =0,1,thecurve g;(t) = H (i,t) is a smooth curve segment that is path-homotopic
to o0; . In this setting, (16.9) just reduces to the integration formula of Example 16.23.
Note that the integrals over ¢y and 7 do not depend on which smooth curves path-
homotopic to oy and o} are chosen, by the smooth case proved above.

Now let yp, y1 be homotopic piecewise smooth curves with m nonsmooth points
{ai,...,an},and suppose the claim is true for curves with fewer than m such points.
For i = 0,1, let y/ be the restriction of y; to [0,ap], and let y/’ be its restriction to
[am,1]. Let 6: I — M be the curve segment o(t) = H(an,t), and let G by any
smooth curve segment that is path-homotopic to o. Then, since y; and y; have
fewer than m nonsmooth points, the inductive hypothesis implies

/ylw_/yow: (/y;w_/yaw)+(/yq'w_/ygw)
(Lo L)+ ([e- L)

Corollary 16.27. On a simply connected smooth manifold, every closed 1-form is
exact.

Proof. Suppose M is simply connected and w is a closed 1-form on M . Since every
piecewise smooth closed curve segment in M is path-homotopic to a constant curve,
the preceding theorem shows that the integral of @ over every such curve is equal
to 0. Thus, w is conservative and therefore exact. |

Integration on Riemannian Manifolds

In this section we explore what happens when the theory of integration and Stokes’s
theorem are specialized to Riemannian manifolds.



422 16 Integration on Manifolds
Integration of Functions on Riemannian Manifolds

We noted at the beginning of the chapter that real-valued functions cannot be inte-
grated in a coordinate-independent way on an arbitrary manifold. However, with the
additional structures of a Riemannian metric and an orientation, we can recover the
notion of the integral of a real-valued function.

Suppose (M, g) is an oriented Riemannian manifold with or without boundary,
and let wg denote its Riemannian volume form. If f is a compactly supported con-
tinuous real-valued function on M, then fw, is a compactly supported n-form, so
we can define the integral of f over M tobe [,, fw,.If M itself is compact, we
define the volume of M by Vol(M) = [,, w,.

Because of these definitions, the Riemannian volume form is often denoted by
dVg (or dAg or dsg in the 2-dimensional or 1-dimensional case, respectively). Then
the integral of f over M is written [, f dV,, and the volume of M as [;,dV,.
Be warned, however, that this notation is not meant to imply that the volume form
is the exterior derivative of an (n — 1)-form; in fact, as we will see when we study
de Rham cohomology, this is never the case on a compact manifold. You should just
interpret d V as a notational convenience.

Proposition 16.28. Let (M, g) be a nonempty oriented Riemannian manifold with
or without boundary, and suppose [ is a compactly supported continuous real-
valued function on M satisfying f > 0. Then fM fdVg >0, with equality if and
only if f =0.

Proof. If f is supported in the domain of a single oriented smooth chart (U, ¢),
then Proposition 15.31 shows that

/ fdVy =/ f(x)y/det(gij) dx'---dx" > 0.
M o)

The same inequality holds in a negatively oriented chart because the negative sign
from the chart cancels the negative sign in the expression for d V. The general
case follows from this one, because | m J dVg is equal to a sum of terms like
[ Vi f dVy, where each integrand v; f is nonnegative and supported in a sin-
gle smooth chart. If in addition f is positive somewhere, then it is positive on a
nonempty open subset by continuity, so at least one of the integrals in this sum is
positive. On the other hand, if f is identically zero, then clearly [;, f dVy =0. O

» Exercise 16.29. Suppose (M, g) is an oriented Riemannian manifoldand f: M — R
is continuous and compactly supported. Prove that | Iy fd Vg| <[y lfldVs.

The Divergence Theorem
Let (M, g) be an oriented Riemannian n-manifold (with or without boundary). We

can generalize the classical divergence operator to this setting as follows. Multi-
plication by the Riemannian volume form defines a smooth bundle isomorphism
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x: C®(M) - Q"(M):
* f=fdVg. (16.10)

In addition, as we did in Chapter 14 in the case of R3, we define a smooth bundle
isomorphism B: ¥(M) — Q"1 (M) as follows:

B(X)=X_1dV,. (16.11)
We need the following technical lemma.

Lemma 16.30. Let (M, g) be an oriented Riemannian manifold with or without
boundary. Suppose S C M is an immersed hypersurface with the orientation deter-
mined by a unit normal vector field N, and g is the induced metric on S. If X is any
vector field along S, then

i5(B(X)) = (X.N), dVz. (16.12)
Proof. Define two vector fields X T and X+ along S by
Xt = (X,N),N,
XT=x-x*t

Then X = X+ 4 X T, where X is normal to S and X T is tangent to it. Using this
decomposition,

BX)=XLt1dVy+XT 1dV,.
Now pull back to S. Proposition 15.32 shows that the first term simplifies to

(XL 0dVe) = (X, N)gts(N 2dVy) = (X,N)gd V3.

Thus (16.12) will be proved if we can show that (% (X T 1d V) =0.1f X1...., Xp—1
are any vectors tangent to S, then

(XT2dVe) (X1, Xne1) =dVe (X, X1, Xne1) =0,

because any n-tuple of vectors in an (n — 1)-dimensional vector space is linearly
dependent. O

Define the divergence operator div: X(M) — C*°(M) by
divX = *1d(B(X)).
or equivalently,
d(X 1dVg) = (divX)dV,.
» Exercise 16.31. Show that divergence operator on an oriented Riemannian man-

ifold does not depend on the choice of orientation, and conclude that it is invariantly
defined on all Riemannian manifolds.
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Fig. 16.15 Geometric interpretation of the divergence

The next theorem is a fundamental result about vector fields on Riemannian man-
ifolds. In the special case of a compact regular domain in R3, it is often referred to
as Gauss’s theorem. (Later in the chapter, we will show that this theorem holds on
nonorientable manifolds as well; see Theorem 16.48.)

Theorem 16.32 (The Divergence Theorem). Let (M, g) be an oriented Riemann-
ian manifold with boundary. For any compactly supported smooth vector field X
on M,

f (diVX)dVg=/ (X.N)gdVz.
M oM

where N is the outward-pointing unit normal vector field along OM and g is the
induced Riemannian metric on O0M .

Proof. By Stokes’s theorem,

/M(divX)dV =/Md(,B(X))=/aML§,B(X).

The divergence theorem then follows from Lemma 16.30. O

The term “divergence” is used because of the following geometric interpretation.
A smooth flow 6 on M is said to be volume-preserving if for every compact regular
domain D, we have Vol (9, (D)) = Vol(D) whenever the domain of 6, contains D.
It is called volume-increasing, volume-decreasing, volume-nonincreasing, or
volume-nondecreasing if for every such D, Vol (6;(D)) is strictly increasing,
strictly decreasing, nonincreasing, or nondecreasing, respectively, as a function of 7.
Note that the properties of flow domains ensure that if D is contained in the domain
of 9, for some ¢, then the same is true for all times between 0 and ¢.

The next proposition shows that the divergence of a vector field can be interpreted
as a measure of the tendency of its flow to “spread out,” or diverge (see Fig. 16.15).

Proposition 16.33 (Geometric Interpretation of the Divergence). Let M be an
oriented Riemannian manifold, let X € X(M), and let 0 be the flow of X . Then 0
is

(a) volume-preserving if and only if div X = 0 everywhere on M .
(b) volume-nondecreasing if and only if div X > 0 everywhere on M .
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(c) volume-nonincreasing if and only if div X < 0 everywhere on M .
(d) volume-increasing if and only if div X > 0 on a dense subset of M .
(e) volume-decreasing if and only if div X < 0 on a dense subset of M .

Proof. First we establish some preliminary results. For each ¢ € R, let M, be the
domain of ;. If D is a compact regular domain contained in M,, then 6, is an
orientation-preserving diffeomorphism from D to 6,(D) by the result of Prob-
lem 15-4, so

Vol (6,(D)) = /

dV, :/ 0 dV,.
6:(D) D

Because the integrand on the right depends smoothly on (¢, p) in the domain of 6,
we can differentiate this expression with respect to ¢ by differentiating under the
integral sign. (Strictly speaking, we should use a partition of unity to express the
integral as a sum of integrals over domains in R”, and then differentiate under the
integral signs there; but the result is the same. The details are left to you.)

Using Cartan’s magic formula for the Lie derivative of the Riemannian volume
form, we obtain

£xdVy =X 1d(dVg) +d(X 1dVy) = (divX)dV,,

because d(dVg) is an (n + 1)-form on an n-manifold. Then Proposition 12.36
implies

d 0

=to D

(0 dVy) = / 0; (LxdVe)
to D

t=

=/ 9;;((divX)dvg)=/ divX)dV,. (16.13)
D

to(D)

Now we can prove the “if” parts of all five equivalences. If divX = 0, then
it follows from (16.13) that Vol (Gt(D)) is a constant function of ¢ for every D,
and thus 6 is volume-preserving. Similarly, an inequality of the form div X > 0 or
div X < 0 implies that Vol (Gt (D)) is nondecreasing or nonincreasing, respectively.
For part (d), suppose that div X > 0 on a dense subset of M, and let D be a compact
regular domain in M. Then div X > 0 everywhere by continuity, so Vol (9,(D)) is
nondecreasing by the argument above. Because Int D is an open subset of M (by
Proposition 5.1), Int6;(D) is open for each ¢ such that D € M;, and therefore by
density there is a point in Int 8; (D) where div X > 0. Proposition 16.28 then shows
that [y, py(div X)d Ve > 0, and thus Vol (6¢(D)) is strictly increasing by (16.13).
A similar argument proves (e).

To prove the converses, we prove their contrapositives. We begin with (b). If there
is a point where div X < 0, then by continuity there is an open subset U € M on
which div X < 0. The argument in the first part of the proof shows that X generates
a volume-decreasing flow on U. In particular, for any regular coordinate ball B
such that B C U and any ¢ > 0 small enough to ensure that 6, (E) C U, we have

Vol(6;(B)) < Vol(B), which implies that § is not volume-nondecreasing. The same
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argument with inequalities reversed proves (c). If div X is not identically zero, then
there is an open subset on which it is either strictly positive or strictly negative, and
then the argument above shows that it is not volume-preserving on that set, thus
proving (a).

Next, consider (d). If the subset of M where div X > 0 is not dense, there is
an open subset U € M on which divX < 0. Then (c) shows that 6 is volume-
nonincreasing on U, so it cannot be volume-increasing on M . The argument for (e)
is similar. O

Surface Integrals

The original theorem that bears the name of Stokes concerned “surface integrals”
of vector fields over surfaces in R3. Using the version of Stokes’s theorem that we
have proved, we cam generalize this to surfaces in Riemannian 3-manifolds.

Let (M, g) be an oriented Riemannian 3-manifold. Define the curl operator,
denoted by curl: X(M) — X(M), by

curl X = ,B_ld(Xl’),

where B: (M) — Q2(M) is defined in (16.11). Unwinding the definitions, we see
that this is equivalent to

(curl X) 1dVy = d(X"). (16.14)

The operators div, grad, and curl on an oriented Riemannian 3-manifold M are
related by the following commutative diagram analogous to (14.27):

ey B2 2oy 22 2oy L ey

R S

Qo) — QM) - Q2(M) — Q3(M).

The identities curl o grad = 0 and div o curl = 0 follow from d o d = 0 just as they
do in the Euclidean case. The curl operator is defined only in dimension 3 because
it is only in that case that A2T*M is isomorphic to TM (via the map B: X
X 1dVy).

Now suppose S € M is a compact 2-dimensional submanifold with or without
boundary, and N is a smooth unit normal vector field along S. Let dA denote the
Riemannian volume form on S with respect to the induced metric (g and the ori-
entation determined by N, so that dA = (5 (N 1 dVg) by Proposition 15.32. (See
Fig. 16.16.) For any smooth vector field X defined on M, the surface integral of X
over S (with respect to the given choice of unit normal field) is defined as

/S(X,N)g dA.
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Fig. 16.16 The setup for a surface integral

The next result, in the special case in which M = R3, is the theorem usually
referred to as Stokes’s theorem in multivariable calculus texts.

Theorem 16.34 (Stokes’s Theorem for Surface Integrals). Suppose M is an ori-
ented Riemannian 3-manifold with or without boundary, and S is a compact ori-
ented 2-dimensional smooth submanifold with boundary in M . For any smooth vec-
tor field X on M,

/(curlX,N)gdAzf (X, T)gds,
s as

where N is the smooth unit normal vector field along S that determines its orien-
tation, ds is the Riemannian volume form for S (with respect to the metric and
orientation induced from S), and T is the unique positively oriented unit tangent
vector field on 9S.

Proof. The general version of Stokes’s theorem applied to the 1-form X yields

/Sd(xb) = /as X"

Thus the theorem follows from the following two identities:
15d (X%) = (curl X, N)g dA, (16.16)
e X" = (X, T)gds. (16.17)

Equation (16.16) is just the defining equation (16.14) for the curl combined with
the result of Lemma 16.30. To prove (16.17), we note that Lngb is a smooth 1-form
on a 1-manifold, and thus must be equal to f ds for some smooth function f on
dS. To evaluate f, we note that ds(7T) = 1, and so the definition of X" yields

f=/fds(T)=X"(T)=(X.T),.

This proves (16.17) and thus the theorem. O

Densities

Although differential forms are natural objects to integrate on manifolds, and are
essential for use in Stokes’s theorem, they have the disadvantage of requiring ori-
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ented manifolds in order for their integrals to be defined. There is a way to define
integration on nonorientable manifolds as well, which we describe in this section.

In the theory of integration of differential forms, the crucial place where orien-
tations entered the picture was in our proof of the diffeomorphism-invariance of
the integral (Proposition 16.1), because the transformation law for an n-form on
an n-manifold under a change of coordinates involves the Jacobian determinant of
the transition map, while the transformation law for integrals involves the abso-
lute value of the determinant. We had to restrict attention to orientation-preserving
diffeomorphisms so that we could freely remove the absolute value signs. In this
section we define objects whose transformation law involves the absolute value of
the determinant, so that we no longer have this sign problem.

We begin, as always, in the linear-algebraic setting. Let V' be an n-dimensional
vector space. A density on V is a function

w: Vx---xV—->R

———
n copies

satisfying the following condition: if 7: V — V is any linear map, then
w(Tvy,...,Tv,) =|detT|u(vy,...,v,). (16.18)

(Compare this with the corresponding formula (14.2) for n-forms.) Observe that a
density is not a tensor, because it is not linear over R in any of its arguments. Let
D (V) denote the set of all densities on V.

Proposition 16.35 (Properties of Densities). Let V' be a vector space of dimension
n>1.

(a) D(V) is a vector space under the obvious vector operations:

(c1pt1 +c2p2)(1, ..., 0n) = 1 i1 (V14 ..o, V) + C2p2(V1, ..., V).

®) If w1, 2 € OD(V) and p1(Eq, ..., Ey) = wa(Eq, ..., Ey) for some basis (E;)
of V, then (11 = l>.
() Ifwe AN*"(V*), themap |w|: V x---x V — R defined by

o] (V1,...,00) =|0(V1,..., V)]
is a density.
(d) D(V) is 1-dimensional, spanned by || for any nonzero w € A" (V*).

Proof. Part (a) is immediate from the definition. For part (b), suppose w1 and p,
give the same value when applied to (E1,..., E,).If vy, ..., v, are arbitrary vectors
inV,letT: V — V be the unique linear map that takes E; tov; fori =1,...,n. It
follows that

Ml(Ul,...,Un) ZMI(TEI,...,TE,,)

= |detT| w1 (E1,..., Ep)
= |detT|u2(E1,..., Epn)
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= /Lz(TEl, ey TEn)
= U2(V1,...,0y).
Part (c) follows from Proposition 14.9:
|w|(Tvy,...,Tvy) = |o(Tvy,...,Tvy,)|
=|(detT)w(vy,...,v,)|
=|detT| |®|(v1,...,V,).

Finally, to prove (d), suppose w is any nonzero element of A”(V*). If u is an
arbitrary element of O(V), it suffices to show that i = ¢ |w| for some ¢ € R. Let
(E;) be abasis for V, and define a,b € R by

a=|o|(Er,....,En) =|w(E1,....En)l,
b= u(Es,.... Ep).

Because w # 0, it follows that @ # 0. Thus, u and (b/a)|w| give the same result

when applied to (E1, ..., E,), so they are equal by part (b). O
A positive density on V is a density u satisfying u(vy,...,v,) > 0 whenever
(v1,...,Vy) is a linearly independent n-tuple. A negative density is defined simi-

larly. If w is a nonzero element of A™(V'*), then it is clear that || is a positive

density; more generally, a density ¢ |w| is positive, negative, or zero if and only if ¢

has the same property. Thus, each density on V is either positive, negative, or zero,

and the set of positive densities is a convex subset of (V') (namely, a half-line).
Now let M be a smooth manifold with or without boundary. The set

oM =[] D(T,M)
PEM

is called the density bundle of M .Let w: DM — M be the natural projection map
taking each element of D(7T, M) to p.

Proposition 16.36. If M is a smooth manifold with or without boundary, its density
bundle is a smooth line bundle over M .

Proof. We will construct local trivializations and use the vector bundle chart lemma
(Lemma 10.6). Let (U, (xi)) be any smooth coordinate chart on M, and let w =
dx! A--- A dx™. Proposition 16.35 shows that |w,| is a basis for D (T, M) at each
point p € U. Therefore, the map @: 7~ (U) — U x R given by

@ (clwpl) = (p.c)

is a bijection. 5 5
Now suppose (U , (55-’ )) is another smooth chart with U N U # &. Let & =
d¥' A--- AdF", and define @: 77 (U) — U x R correspondingly:

@ (cl@pl) = (p.c).
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It follows from the transformation law (14.16) for n-forms under changes of coor-
dinates that
-1 ~ 0x/
Dod (p,c)=@(c|@p|) =D c|det o7 )|l
X

¥J
= (p,c det(ax. )D .
oax?

Thus, the hypotheses of Lemma 10.6 are satisfied, with the transition functions equal
to |det (8)71/8x’)|. O

If M is a smooth n-manifold with or without boundary, a section of DM is
called a density on M. (One might choose to call such a section a “density field”
to distinguish it from a density on a vector space, but we do not do so.) If u is
a density and f is a continuous real-valued function, then fu is again a density,
which is smooth if both f and p are. A density on M is said to be positive or
negative if its value at each point has that property. Any nonvanishing n-form w
determines a positive density ||, defined by |w|, = |w,| for each p € M. If w is
a nonvanishing n-form on an open subset U C M, then any density u on U can be
written y = f'|w| for some real-valued function f.

One important fact about densities is that every smooth manifold admits a global
smooth positive density, without any orientability assumptions.

Proposition 16.37. If M is a smooth manifold with or without boundary, there
exists a smooth positive density on M .

Proof. Because the set of positive elements of DM is an open subset whose in-
tersection with each fiber is convex, the usual partition of unity argument (Prob-
lem 13-2) allows us to piece together local positive densities to obtain a global
smooth positive density. O

It is important to understand that this proposition works because positivity of a
density is a well-defined property, independent of any choices of coordinates or ori-
entations. There is no corresponding existence result for orientation forms because
without a choice of orientation, there is no way to decide which n-forms are positive.

Under smooth maps, densities pull back in the same way as differential forms. If
F: M — N is a smooth map between n-manifolds (with or without boundary) and
W is a density on N, we define a density F*u on M by

(F*1)p (Wi....,00) = wr(p) (dFp(v1),....dFy(vn)).

Proposition 16.38. Let G: P — M and F: M — N be smooth maps between
n-manifolds with or without boundary, and let |1 be a density on N .

(a) Forany f € C®(N), F*(fu)=(f o F)F*p.

(b) If w is an n-formon N, then F*|w| = |F*w|.

(¢) If u is smooth, then F* i is a smooth density on M .
(d) (FoG)*u=G*(F*p).
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» Exercise 16.39. Prove the preceding proposition.

The next result shows how to compute the pullback of a density in coordinates.
It is an analogue for densities of Proposition 14.20.

Proposition 16.40. Suppose F: M — N is a smooth map between n-manifolds
with or without boundary. If (xi) and (yj ) are smooth coordinates on open subsets
UCM andV C N, respectively, and u is a continuous real-valued function on V,
then the following holds on U N F~1(V):

F*(uldy' A---Ady"|) = (uo F)|det DF||dx" A--- A dx"

, (16.19)

where DF represents the matrix of partial derivatives of F in these coordinates.

Proof. Using Propositions 14.20 and 16.38, we obtain
F*(uldy' A+ Ady"|) = o F)F* |dy' A--- Ady”|
= o F)|F*(dy' n---Ady")|
=(uoF)|(detDF)dx" A--- A dx"|
= (uo F)|det DF||dx' A+ Adx"]. O

Now we turn to integration. As we did with forms, we begin by defining integrals
of densities on subsets of R”. If D C R” is a domain of integration and u is a
density on D, we can write jt = f |dx1 A Adx? | for some uniquely determined
continuous function f: D — R. We define the integral of ju over D by

/Du=/Dfdv,

/f|dx1/\---/\dx"|=/fdxl---dx".
D D

or more suggestively,

Similarly, if U is an open subset of R” or H" and u is compactly supported in U,

we define
Jy=
U D

where D is any domain of integration containing the support of . The key fact is
that this is diffeomorphism-invariant.

Proposition 16.41. Suppose U and V are open subsets of R" or H",and G : U —
V' is a diffeomorphism. If | is a compactly supported density on V', then

fr=fo
14 U

Proof. The proof is essentially identical to that of Proposition 16.3, using (16.19)
instead of (14.15). O
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Now let M be a smooth n-manifold (with or without boundary). If u is a density
on M whose support is contained in the domain of a single smooth chart (U, ¢), the
integral of p over M is defined as

/M n= /ww) (™) 1

This is extended to arbitrary densities w by setting

/MILZXi:/M‘/fiH7

where {{;} is a smooth partition of unity subordinate to an open cover of M by
smooth charts. The fact that this is independent of the choices of coordinates or
partition of unity follows just as in the case of forms.

The following proposition is proved in the same way as Proposition 16.6.

Proposition 16.42 (Properties of Integrals of Densities). Suppose M and N are
smooth n-manifolds with or without boundary, and |L,n are compactly supported
densities on M .

(a) LINEARITY: Ifa,b € R, then

/au—i—bn:a/ pL—l—b/ n.
M M M

(b) POSITIVITY: If u is a positive density, then fM w>0.
(c) DIFFEOMORPHISM INVARIANCE: If F': N — M is a diffeomorphism, then

Jur= [y F*p.
» Exercise 16.43. Prove Proposition 16.42.

Just as for forms, integrals of densities are usually computed by cutting the mani-
fold into pieces and parametrizing each piece, just as in Proposition 16.8. The details
are left to the reader.

» Exercise 16.44. Formulate and prove an analogue of Proposition 16.8 for densi-
ties.

The Riemannian Density

Densities are particularly useful on Riemannian manifolds.

Proposition 16.45 (The Riemannian Density). Let (M, g) be a Riemannian man-
ifold with or without boundary. There is a unique smooth positive density jLg on M,
called the Riemannian density, with the property that

pg(Er.... . Ep) =1 (16.20)

for any local orthonormal frame (E;).
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Proof. Uniqueness is immediate, because any two densities that agree on a basis
must be equal. Given any point p € M, let U be a connected smooth coordinate
neighborhood of p. Since U is diffeomorphic to an open subset of Euclidean space,
it is orientable. Any choice of orientation of U uniquely determines a Riemannian
volume form wg on U, with the property that wg(Eq,..., E;) =1 for any ori-
ented orthonormal frame. If we put g = |wg|, it follows easily that jig is a smooth
positive density on U satisfying (16.20). If U and V are two overlapping smooth
coordinate neighborhoods, the two definitions of 1, agree where they overlap by
uniqueness, so this defines p, globally. O

» Exercise 16.46. Let (M, g) be an oriented Riemannian manifold with or without
boundary and let wg be its Riemannian volume form.

(a) Show that the Riemannian density of M is given by g = |wg].
(b) For any compactly supported continuous function f: M — R, show that

/M Tig = /M Jeg.

» Exercise 16.47. Suppose (M, g) and (1\7 ,§) are Riemannian manifolds with or
without boundary, and F: M — M is alocal isometry. Show that F */Lg =lg.

Because of Exercise 16.46(b), it is customary to denote the Riemannian density
simply by dVy, and to specify when necessary whether the notation refers to a
density or a form. If f: M — R is a compactly supported continuous function,
the integral of f over M is defined to be [;, f dVy. Exercise 16.46 shows that
when M is oriented, it does not matter whether we interpret d V as the Riemannian
volume form or the Riemannian density. (If the orientation of M is changed, then
both the integral and d V, change signs, so the result is the same.) When M is not
orientable, however, we have no choice but to interpret it as a density.

One of the most useful applications of densities is that they enable us to general-
ize the divergence theorem to nonorientable manifolds. If X is a smooth vector field
on M, Exercise 16.31 shows that the divergence of X can be defined even when M
is not orientable. The next theorem shows that the divergence theorem holds in that
case as well.

Theorem 16.48 (The Divergence Theorem in the Nonorientable Case). Suppose
(M, g) is a nonorientable Riemannian manifold with boundary. For any compactly
supported smooth vector field X on M,

[ @ivious = [ 0Ny (1621)
M oM

where N is the outward-pointing unit normal vector field along M, g is the induced
Riemannian metric on OM, and [ig, Lz are the Riemannian densities of g and g,
respectively.

Proof. Let7: M — M be the orientation covering of M. Problem 5-12 shows that
7T restricts to a smooth covering map from each component of M to a component
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of dM, so in the terminology of Chapter 15, 77 : IM — dM isa generalized covering
map.

Define metrics § = 7*g on M and g = 7*% on M. Denote the Riemannian
volume forms of g and g by wz and wg, respectively, and their Riemannian densities
by 11z and pg. Because 7 is a local isometry, it is easy to check that the outward unit
normal N along dM is 7-related to N. Moreovg, it follows from Problem 8-18(a)
that there is a unique smooth vector field X on M that is 7-related to X.

Since M is an oriented smooth Riemannian manifold with boundary, we can
apply the usual divergence theorem to it to obtain

2/ (divX)pue = / z* ((div X)/Lg) (by Problem 16-3)
M M
= [ (divX)pg (7 is a local isometry)
M
= / _(divX) wg (by Exercise 16.46(b))
M
= / (X,N). vz (divergence theorem on M)
oM &
= / (X,N). uz (by Exercise 16.46(b))
oM g
=/ (7?|M71)* ((X.N)gug) (7l,z is alocal isometry)
oM
= / (X,N)g ug (by Problem 16-3).
M
Dividing both sides by 2 yields (16.21). O
Problems
16-1. Let vy,...,v, be any n linearly independent vectors in R”, and let P be

the n-dimensional parallelepiped they span:
P={tvi+- -+, :0=t; <1}

Show that Vol(P) = | det(vy,...,v,)|. (Used on p. 401.)

16-2. Let T2 = S! x S! € R* denote the 2-torus, defined as the set of points
(w, x, y,z) such that w2+ x% = y2 + z2 =1, with the product orientation
determined by the standard orientation on St. Compute sz w, where w is
the following 2-form on R*:

w=xyzdwAdy.

16-3. Suppose E and M are smooth n-manifolds with or without boundary, and
w: E — M is a smooth k-sheeted covering map or generalized covering
map.
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16-4.

16-5.

16-6.

16-7.

16-8.

16-9.

16-10.
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(a) Show that if £ and M are oriented and 7 is orientation-preserving,
then f gm0 =k /; @ Tor any compactly supported n-form @ on M.

(b) Show that | g =k /; M whenever (o is a compactly supported
density on M.

Suppose M is an oriented compact smooth manifold with boundary. Show
that there does not exist a retraction of M onto its boundary. [Hint: if the
retraction is smooth, consider an orientation form on oM .]

Suppose M and N are oriented, compact, connected, smooth manifolds,
and F,G: M — N are homotopic diffeomorphisms. Show that F and G
are either both orientation-preserving or both orientation-reversing. [Hint:
use Theorem 6.29 and Stokes’s theorem on M x [.]

THE HAIRY BALL THEOREM: There exists a nowhere-vanishing vector

field on S™ if and only if n is odd. (““You cannot comb the hair on a ball.”)

Prove this by showing that the following are equivalent:

(a) There exists a nowhere-vanishing vector field on S”.

(b) There exists a continuous map V: S” — S” satisfying V(x) L x (with
respect to the Euclidean dot product on R”*1) for all x € S”.

(¢) The antipodal map «: S* — S” is homotopic to Idgn.

(d) The antipodal map o: S — S” is orientation-preserving.

(e) nisodd.

[Hint: use Problems 9-4, 15-3, and 16-5.]

Show that any finite product M; X --- x My of smooth manifolds with cor-
ners is again a smooth manifold with corners. Give a counterexample to
show that a finite product of smooth manifolds with boundary need not be
a smooth manifold with boundary.

Suppose M is a smooth manifold with corners, and let € denote the set of
corner points of M. Show that M ~ € is a smooth manifold with boundary.

Let w be the (n — 1)-form on R” ~ {0} defined by

n
o =[x (=1 x dx Ao ndxt A Adx" (16.22)
i=1
(a) Show that Lgn_]  is the Riemannian volume form of S”~! with respect
to the round metric and the standard orientation.
(b) Show that w is closed but not exact on R” ~ {0}.

Let D denote the torus of revolution in R3 obtained by revolving the cir-
cle (r —2)? + z? = 1 around the z-axis (Example 5.17), with its induced
Riemannian metric and with the orientation determined by the outward unit
normal.

(a) Compute the surface area of D.

(b) Compute the integral over D of the function f(x,y,z) =z% + 1.

(c) Compute the integral over D of the 2-form w = zdx A dy.
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16-11.

16-12.

16-13.

16-14.
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Let (M, g) be a Riemannian n-manifold with or without boundary. In any
smooth local coordinates (x’), show that

: ;0 1 d ;
le(X W)_ «/MW(X \/detg),

where det g = det(gg;) is the determinant of the component matrix of g in
these coordinates.

Let (M, g) be a compact Riemannian manifold with boundary, let g de-

note the induced Riemannian metric on dM, and let N be the outward unit

normal vector field along oM .

(a) Show that the divergence operator satisfies the following product rule
for feC®(M), X e X(M):

div(fX)= fdivX + (grad f, X ).

(b) Prove the following “integration by parts” formula:

/(gradf,X)ngg:/ f(X,N)ngg;—/ (fdivX)dV,.
M M M

(c) Explain what this has to do with integration by parts.

Let (M, g) be a Riemannian n-manifold with or without boundary. The
linear operator A: C*®°(M) — C*°(M) defined by Au = —div(gradu) is
called the (geometric) Laplacian. Show that the Laplacian is given in any
smooth local coordinates by

1 0 i ou
Au=——=—|g"detg—].
! J/det g 0x! (g ¢ gaxf)

Conclude that on R” with the Euclidean metric and standard coordinates,

9%u

n
i=1

[Remark: there is no general agreement about the sign convention for the
Laplacian on a Riemannian manifold, and many authors define A to be the
negative of the operator we have defined. Although the geometric Laplacian
defined here is the opposite of the traditional Laplacian on R”, it has two
distinct advantages: our Laplacian has nonnegative eigenvalues (see Prob-
lem 16-15), and it agrees with the Laplace—Beltrami operator defined on
differential forms (see Problems 17-2 and 17-3). When reading any book
or article that mentions the Laplacian, you have to be careful to determine
which sign convention the author is using.] (Used on p. 465.)

Let (M, g) be a Riemannian manifold with or without boundary. A function
u € C®°(M) is said to be harmonic if Au = 0 (see Problem 16-13).
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(a) Suppose M is compact, and prove Green'’s identities:

/uAvdngf (gradu,gradv)ngg—/ uNvdVz,
M M M

/(uAv—vAu)dngf (WvNu —uNv)d Vs,
M M

where N and g are as in Problem 16-12.

(b) Show that if M is compact and connected and dM = &, the only har-
monic functions on M are the constants.

(c) Show that if M is compact and connected, dM # @, and u, v are har-
monic functions on M whose restrictions to dM agree, then u = v.

Let (M, g) be a compact connected Riemannian manifold without bound-

ary, and let A be its geometric Laplacian. A real number A is called an

eigenvalue of A if there exists a smooth real-valued function ¥ on M, not

identically zero, such that Au = Au. In this case, u is called an eigenfunc-

tion corresponding to A.

(a) Prove that O is an eigenvalue of A, and that all other eigenvalues are
strictly positive.

(b) Prove that if v and v are eigenfunctions corresponding to distinct eigen-
values, then [, uvdV, =0.

Let M be a compact connected Riemannian z#-manifold with nonempty
boundary. A number A € R is called a Dirichlet eigenvalue for M if there
exists a smooth real-valued function ¥ on M, not identically zero, such that
Au = Au and u|gps = 0. Similarly, A is called a Neumann eigenvalue if
there exists such a u satisfying Au = Au and Nu|sps = 0, where N is the
outward unit normal.

(a) Show that every Dirichlet eigenvalue is strictly positive.

(b) Show that 0 is a Neumann eigenvalue, and all other Neumann eigenval-

ues are strictly positive.

DIRICHLET’S PRINCIPLE: Suppose M is a compact connected Riemann-
ian n-manifold with nonempty boundary. Prove that a function u € C*°(M)
is harmonic if and only if it minimizes |, | gradu |%g dV, among all smooth
functions with the same boundary values. [Hint: for any function f €
C(M) that vanishes on dM, expand [, | grad(u + 8f)|§ dVg and use
Problem 16-12.]

Let (M, g) be an oriented Riemannian n-manifold. This problem outlines
an important generalization of the operator x: C*° (M) — Q" (M) defined
in this chapter.

(a) Foreach k =1,...,n, show that g determines a unique inner product
on A¥ (T, M) (denoted by (-, +)¢, just like the inner product on 7, M)
satisfying

(a)l A n@® gt A A nk)g = det(((wi)’iﬁ (Uj)ﬂ)g)
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16-19.

16-20.

16-21.

16-22.
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whenever w!,.. .,a)k, r)l,...,nk are covectors at p. [Hint: define the
inner product locally by declaring {81 |p : 1 is increasing} to be an
orthonormal basis for A¥(T,¥ M) whenever () is the coframe dual
to a local orthonormal frame, and then prove that the resulting inner
product is independent of the choice of frame.]

(b) Show that the Riemannian volume form dV; is the unique positively
oriented n-form that has unit norm with respect to this inner product.

(c) For each k = 0,...,n, show that there is a unique smooth bundle
homomorphism *: AKT*M — A""KT*M satisfying

wAxn={(w,n)gdV,

for all smooth k-forms w, 5. (For k = 0, interpret the inner product as
ordinary multiplication.) This map is called the Hodge star operator.
[Hint: first prove uniqueness, and then define * locally by setting

* (" A AER) =Ll A NETnk

in terms of an orthonormal coframe (si ), where the indices ji, ..., jn—k
are chosen so that (iy,...,ik, j1,---»jn—k) 1S some permutation of
(1,...,n).]

(d) Show that x: A°T*M — A"T*M is givenby * f = f dV,.

(e) Show that % xw = (—1)¥"=K) ) if @ is a k-form.

Consider R” as a Riemannian manifold with the Euclidean metric and the
standard orientation.

(a) Calculate * dx! fori =1,...,n.

(b) Calculate *(dx’ A dx”) in the case n = 4.

Let M be an oriented Riemannian 4-manifold. A 2-form w on M is said to

be self-dual if x = w, and anti-self-dual if xw = —w.

(a) Show that every 2-form w on M can be written uniquely as a sum of a
self-dual form and an anti-self-dual form.

(b) On M = R* with the Euclidean metric, determine the self-dual and
anti-self-dual forms in standard coordinates.

Let (M, g) be an oriented Riemannian manifold and X € X(M ). Show that
X 1dVy =%X",
divX = xd * X",
and, when dim M = 3,
curl X = (x de)ﬂ.

Let (M, g) be a compact, oriented Riemannian n-manifold. For 1 <k <n,
define a map d*: Q¥(M) — Q¥ 1(M) by d*w = (—1)"*TDH wd xw,
where * is the Hodge star operator defined in Problem 16-18. Extend this
definition to 0-forms by defining d *w = 0 for w € Q°(M).
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(a) Show that d* od™ = 0.
(b) Show that the formula

(w,n) = [M(w MedVe

defines an inner product on Q¥(M) for each k, where (-, ) ¢ is the
pointwise inner product on forms defined in Problem 16-18.
(c) Show that (d*w,n) = (w,dn) for all w € Q¥(M) and n € QK1 (M).
(Used on p. 464.)
16-23. This problem illustrates another approach to proving that certain Riemann-
ian metrics are not flat. Let B2 be the unit disk in R?, and let g be the
Riemannian metric on B? given by

_dx?4dy?
T 1—x2— y2 :

(a) Show that if g is flat, then for sufficiently small r > 0, the volume of
the g-metric ball Bf (0) satisfies Volg (Ef (O)) =nr2.

(b) For any v € B2, by computing the g-length of the straight line from 0
to v, show that dg (0, v) < tanh™! [v| (where tanh™! denotes the inverse
hyperbolic tangent function). Conclude that for any r > 0, the g-metric
ball Bf (0) contains the Euclidean ball By, (0) = {v : |v| < tanhr}.

(c) Show that Vol, (Ef (O)) > 7 sinh? r > 72, and therefore g is not flat.
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