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Introduction

Here we introduce differential forms on surfaces, establish basic properties, and explore
some applications. These notes are excerpted from my text Introduction to Analysis in Sev-
eral Variables, available online at http://www.unc.edu/math/Faculty /met/math521.html.

The concept of a differential form in introduced in §6. It is seen that a k-form can be
integrated over a k-dimensional surface, endowed with an extra piece of structure called an
“orientation.” In §7, we define exterior products of forms, and interior products of forms
with vector fields, and we define the exterior derivative of a k-form, which is a (k+1)-form.
Section 8 is devoted to a general Stokes formula, an important integral identity on a surface
with boundary that contains as special cases the classical identities of Green, Gauss, and
Stokes. These special cases are discussed in more detail in §9.

In §10 we use Green’s theorem to derive fundamental properties of holomorphic functions
of a complex variable. In this section we also produce some results on the closely related
study of harmonic functions. One result is Liouville’s theorem, stating that a bounded har-
monic function on all of R™ must be constant. When specialized to holomorphic functions
on C = R2?, this yields a proof of the fundamental theorem of algebra.

Sections 11-12 apply the Stokes formula for differential forms to obtain some basic
results of degree theory. This is done in §12, after the notion of smooth homotopy is
introduced in §11. As a preliminary, we obtain the Brouwer no-retraction theorem and
fixed point theorem, and a result that smooth vector fields tangent to an even dimensional
sphere must vanish somewhere. It is noted that these results follow from the existence
of top-dimensional forms that are not exact. We obtain a general sufficient condition for
exactness, and this leads to a definition of the degree of a smooth map between smooth,
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compact, oriented surfaces of the same dimension. Applications are given to a smooth
version of the Jordan-Brouwer separation theorem, to the index of a vector field, and to
the Euler characteristic of a smooth, compact n-dimensional surface.

Appendix C presents a proof of the change of variable formula for multiple integrals,
following an idea presented by Lax in [L], but using the calculus of differential forms to
carry out the details.

6. Differential forms

It is very desirable to be able to make constructions that depend as little as possible on
a particular choice of coordinate system. The calculus of differential forms, whose study
we now take up, is one convenient set of tools for this purpose.

We start with the notion of a 1-form. It is an object that gets integrated over a curve;
formally, a 1-form on 2 C R" is written

(6.1) o= Zaj(a;) dzx;.

If v : [a,b] — Q is a smooth curve, we set

b
(6.2) /a :/ Zaj(v(t))'yé(t) dt.

In other words,

(6.3) /a:/y*oz

I

where I = [a, b] and
Vo= S a0 d

is the pull-back of o under the map ~. More generally, if F' : O — 2 is a smooth map
(O C R™ open), the pull-back F*« is a 1-form on O defined by

(6.4) Fra=) a;j(F(y) - dy.

The usual change of variable for integrals gives

(6.5) /a — /F*a



if v is the curve F o 0.
If F:0O — Qis a diffeomorphism, and

; 0
(6.6) X =) V() o,
is a vector field on €2, recall from (3.40) that we have the vector field on O :
(6.7) FyX(y)= (DF~'(p))X(p), »=F(y).
If we define a pairing between 1-forms and vector fields on €2 by

(6.8) (X,a) = Zb](x)a](x) =b-a,

a simple calculation gives
(6.9) (FuX,F*a) = (X,a) o F.
Thus, a 1-form on € is characterized at each point p € Q as a linear transformation of the

space of vectors at p to R.
More generally, we can regard a k-form « on €2 as a k-multilinear map on vector fields:

(6.10) a(X1,..., Xp) € C™(Q);

we impose the further condition of anti-symmetry when £ > 2:

(6.11) (X1, Xy Xy Xi) = —a(Xey ooy Xy oo X, X,
Let us note that a 0-form is simply a function.

There is a special notation we use for k-forms. If 1 < j; <--- < jr <n, 5= (j1,--, k),
we set

1
(6.12) =4 Zaj(x) dxj, N\--- Ndzj,
J

where
(6.13) a;j(z) = a(Dj,, ..., Dj,), Dj=0/0x;.
More generally, we assign meaning to (6.12) summed over all k-indices (ji, ..., jx), where

we identify

(6.14) dxj, N--- Ndxj, = (sgn o) dzj, . N Ndzj
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o being a permutation of {1,...,k}. If any j,, = j, (m # £), then (6.14) vanishes. A
common notation for the statement that « is a k-form on €2 is

(6.15) a € AF(Q).

In particular, we can write a 2-form (3 as

1
(6.16) f=3 > bik(x) daj Aday
and pick coefficients satisfying bj(xz) = —bg;(z). According to (6.12)-(6.13), if we set
U=> uj(zr)0/0x; and V =) v;(x)0/0x;, then
(6.17) BUV) = bir(o) (x)v* ().

If b;), is not required to be antisymmetric, one gets B(U, V) = (1/2) Y. (bjx — bj)uiv®.
If FF: O — Qis a smooth map as above, we define the pull-back F*«a of a k-form «,
given by (6.12), to be

(6.18) F*a = Zaj (F(y))(F*dxj,) A+ A (F*daj,)
where
(6.19) Frdx; = Z dye,

the algebraic computation in (6.18) being performed using the rule (6.14). Extending (6.9),
if F'is a diffeomorphism, we have

(6.20) (F*a)(FuX1,...,FuXp) = a(Xy,..., Xp) 0 F.

If B = (bj;) is an n x n matrix, then, by (6.14),

(zk: bipday ) /\(Z bapda ) A+ A (Z buday )

= Z b1k1 nk dafk1 -/\dl‘kn
(6.21) Ei,....k

= < Z (Sgn 0)b15(1)b20(2) - bna(n))dl‘l N Ndxy,
oES,

= (detB) dxi N - Ndxy,.

Here S,, denotes the set of permutations of {1,...,n}, and the last identity is the formula
for the determinant presented in (1.101). It follows that if F : O — Q is a C! map between
two domains of dimension n, and

(6.22) a=A(x)dzy A\ --- Ndzy,



is an n-form on €2, then
(6.23) F*a=det DF(y) A(F(y)) dyi A\ -+ A dyn.

Comparison with the change of variable formula for multiple integrals suggests that one
has an intrinsic definition of fQ « when « is an n-form on €2, n = dim €2. To implement
this, we need to take into account that det DF(y) rather than |det DF(y)| appears in
(6.21). We say a smooth map F' : O — () between two open subsets of R™ preserves
orientation if det DF(y) is everywhere positive. The object called an “orientation” on
() can be identified as an equivalence class of nowhere vanishing n-forms on 2, two such
forms being equivalent if one is a multiple of another by a positive function in C°°(Q);
the standard orientation on R™ is determined by dxi A --- A dx,. If S is an n-dimensional
surface in R™**_ an orientation on S can also be specified by a nowhere vanishing form
w € A™(S). If such a form exists, S is said to be orientable. The equivalence class of
positive multiples a(x)w is said to consist of “positive” forms. A smooth map ¢ : S — M
between oriented n-dimensional surfaces preserves orientation provided ¥ *o is positive on
S whenever 0 € A™(M) is positive. If S is oriented, one can choose coordinate charts
which are all orientation preserving. We mention that there exist surfaces that cannot be
oriented, such as the famous “Mobius strip,” and also the projective space P?, discussed
in §5.

We define the integral of an n-form over an oriented n-dimensional surface as follows.
First, if v is an n-form supported on an open set 2 C R™, given by (6.22), then we set

(6.24) /a:/A@MW@,
Q Q

the right side defined as in §4. If O is also open in R"™ and F': O — ) is an orientation
preserving diffeomorphism, we have

(6.25) ‘/Wa:/m

o Q

as a consequence of (6.23) and the change of variable formula (4.47). More generally, if S
is an n-dimensional surface with an orientation, say the image of an open set O C R" by
@ : O — S, carrying the natural orientation of O, we can set

(6.26) /a:/¢w

S (@)

for an n-form « on S. If it takes several coordinate patches to cover S, define |, g by
writing o as a sum of forms, each supported on one patch.

We need to show that this definition of | g @ is independent of the choice of coordinate
system on S (as long as the orientation of S is respected). Thus, suppose ¢ : O — U C S
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and ¢ : Q — U C S are both coordinate patches, so that F = ¢ 1oy : O — Qis an

orientation-preserving diffeomorphism, as in Fig. 5.1 of the last section. We need to check
that, if « is an n-form on S, supported on U, then

(6.27) /cp*a _ /w*a.
O Q

To establish this, we first show that, for any form « of any degree,
(6.28) Yol =¢p= p'a=F"Y*a.

It suffices to check (6.28) for a = dz;. Then (6.19) gives ¢* dxj; = > (0v;/0x;) dxe, so

. OFy 01, . dg; ,
(6.29) Frgr da ZZM Dty O T = Zm By
but the identity of these forms follows from the chain rule:
0, oY; OF,
6.30 Dy = (DyY)(DF) = L = e R
(6.30) o= (DUDF) = G2 =5 50T

Now that we have (6.28), we see that the left side of (6.27) is equal to

(6.31) /F (Vv ),

O

which is equal to the right side of (6.27), by (6.25). Thus the integral of an n-form over
an oriented n-dimensional surface is well defined.

Exercises
1. If F: Uy — Uy and G : Uy — U, are smooth maps and a € A¥(Us), then (6.26) implies
(6.32) (Go F)*a = F*(G*a) in A*(Uy).

In the special case that U; = R™ and F' and G are linear maps, and k = n, show that this
identity implies

(6.33) det(GF) = (det F')(det G).

Compare this with the derivation of (1.87).



2. Let A*R™ denote the space of k-forms (6.12) with constant coefficients. Show that

(6.34) dimg AFR™ = (Z)

If T:R™ — R"” is linear, then T™ preserves this class of spaces; we denote the map
(6.35) AFT*  AFR™ — AFR™,

Similarly, replacing T' by T yields

(6.36) ART - AFR™ — AFR™,

3. Show that A*T is uniquely characterized as a linear map from A*R™ to A*R™ which

satisfies
(A*T)(vy A=~ Awg) = (To)) A A (Tog), v; € R™.

4. Show that if S,T : R™ — R™ are linear maps, then
(6.37) AR(ST) = (A*S) o (A*T).
Relate this to (6.28).

If {e1,...,e,} is the standard orthonormal basis of R", define an inner product on A*R"
by declaring an orthonormal basis to be

(6.38) {ejy N Nejp, 1 <jp < <jp <n}.

If A: AFR™ — AFR™ is a linear map, define A? : A¥R™ — A¥R" by

(6.39) (Aa, B) = (o, A'B), «,fB € A*R",

where ( , ) is the inner product on A*R™ defined above.

5. Show that, if T': R® — R" is linear, with transpose T, then

(6.40) (ARTYE = AR(TY).

Hint. Check the identity ((A*T)a,3) = (a, (A*T*)3) when o and § run over the or-
thonormal basis (6.38). That is, show that if & = ej; A---Aej, B = €, N+ Aeip,

then

(641) <T€j1 VAN /\Tejk,eil VAN /\eik) = <€j1 VAN /\ejk,Tteil VAR /\Ttez-k>.
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Hint. Say T = (t;;). In the spirit of (6.21), expand Tej, A --- A Tej, , and show that the
left side of (6.41) is equal to

(6'42) Z (Sgn U)t’iau)jl o 'tia(k)jw
€Sy

where S}, denotes the set of permutations of {1, ..., k}. Similarly, show that the right side
of (6.41) is equal to

(6.43) D (sen )i iy
TES)

To compare these two formulas, see the hint for (1.106) in §1.

6. Show that if {us,...,u,} is any orthonormal basis of R™, then the set {u;, A---Auj, :
1 <ji <- - <jr <n}is an orthonormal basis of A¥R™.

Hint. Use Exercises 4 and 5 to show that if 7': R” — R"™ is an orthogonal transformation
on R™ (i.e., preserves the inner product) then A*T is an orthogonal transformation on

AFR™.

7. Let vj,w; € R", 1 < j <k (k <n). Form the matrices V, whose k columns are the
column vectors vq,...,vx, and W, whose k columns are the column vectors wq,...,ws.
Show that

(Vy A== ANvg,wp A -+ Awy) = det WV

6.44
(6:44) = det V'W.

Hint. Show that both sides are linear in each v; and in each w;. (To treat the right side,
see the exercises on determinants, in §1.) Use this to reduce the problem to verifying (6.44)
when each v; and each w, is chosen from among the set of basis vectors {e,...,e,}. Use
anti-symmetries to reduce the problem further.

8. Deduce from Exercise 7 that if v;,w; € R", then

(645) <U1 N Nogy,wp A= A wk> = Z(Sgnﬂ)<vlawﬂ(1)> e <Uk7w7r(k)>7

K

where 7 ranges over the set of permutations of {1,..., k}.
9. Show that the conclusion of Exercise 6 also follows from (6.45).

10. Let A,B : R¥ — R™ be linear maps and set w = e; A --- A e, € AFR*. We have
AFAw, A¥Bw € AFR™. Deduce from (6.44) that

(6.46) (A* Aw, A* Bw) = det B'A.



11. Let ¢ : O — R™ be smooth, with O C R" open. Deduce from Exercise 10 that, for
each x € O,

(6.47) IA™ Dy (@)w||* = det Dy ()" Dy(w),

where w = e; A+ - Aey,. Deduce that if ¢ : O — U C M is a coordinate patch on a smooth
m-~dimensional surface M C R™ and f € C(M) is supported on U, then

(6.48) / fds = / F((@)) |A™ Do ()] d.
M (@)

12. Show that the result of Exercise 5 in §5 follows from (6.48), via (6.41)-(6.42).

13. Recall the projective spaces P”, constructed in §5. Show that P™ is orientable if and
only if n is odd.
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7. Products and exterior derivatives of forms

Having discussed the notion of a differential form as something to be integrated, we
now consider some operations on forms. There is a wedge product, or exterior product,
characterized as follows. If o € A*(€2) has the form (6.12) and if

(7.1) B= bi(z)dw;, A--- Ndx;, € A(Q),

define

(7.2) alf= Z aj(x)bi(x)dxj, N+ Ndxj, Adxg, A--- Ndwg,
4,

in A¥(Q). A special case of this arose in (6.18)—(6.21). We retain the equivalence (6.14).
It follows easily that

(7.3) aAB= (=18

In addition, there is an interior product if « € A*(Q2) with a vector field X on €,
producing txa = o] X € A¥~1(Q), defined by

(7.4) (o] X)( X1y, X)) =X, X1, o0, Xim ).
Consequently, if o = dxj, A--- ANdxj,, D; = 0/0x;, then
(7.5) a|D;, = (-1 daj, A Adzj, A Nday,
where @jg denotes removing the factor dz;,. Furthermore,

i¢{j1, ..,jx} = a|D; = 0.

If F:O — Qis a diffeomorphism and «, § are forms and X a vector field on 2, it is
readily verified that

(7.6) F*(@AB) = (F*a) A(F*8), F*(a]X)=(F"a)|(F4X).
We make use of the operators A, and ¢, on forms:

(7.7) Apa = dxg Ao, g = af Dy.

There is the following useful anticommutation relation:

(7.8) Nkte + Lok = Oke,
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where 0 is 1 if &k = £, 0 otherwise. This is a fairly straightforward consequence of (7.5).
We also have

(7.9) Nj N+ AN Nj =0, it + ey =0.

From (7.8)-(7.9) one says that the operators {¢;,A; : 1 < j < n} generate a “Clifford
algebra.”
Another important operator on forms is the exterior derivative:

(7.10) d: A*(Q) — AL Q),

defined as follows. If o € A*() is given by (6.12), then

(7.11) da = Z 6% dxy Ndxj, A--- Ndxj, .
Equivalently,
(712) da = Zag Ne @

where 0y = 0/0x, and Ay is given by (7.7). The antisymmetry dx,, A dz, = —dxy A dx,,,
together with the identity 0%a;/0z¢0x,, = 0a;/0x.m0x,, implies

(7.13) d(da) =0
for any differential form «. We also have a product rule:
(7.14) dla A B) = (da) A B+ (=D)ka A (dB), «cAFQ), e A (Q).
The exterior derivative has the following important property under pull-backs:
(7.15) F*(da) = dF*a,

if o € A*(Q) and F : O — Q is a smooth map. To see this, extending (7.14) to a formula
for d(a A B1 A -+ A B¢) and using this to apply d to F*«, we have

0
— Z a_xe(aj o F(x)) dxe N (F*dwj) A+ A (F*dj,)
(7.16)
; Z (i) Ao d(F ) Ao ()

Now the definition (6.18)—(6.19) of pull-back gives directly that

(7.17) Z 89013 = dF},
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and hence d(F*dz;) = ddf; = 0, so only the first sum in (7.16) contributes to dF™*a.
Meanwhile,

(7.18) Frda = Z 8“3 (F*dzy) A (F*dzj) Ao A (Frday,),

3xm

o (7.15) follows from the identity

0 oa;
(7.19) zg:a_ﬂfe(aj o F(z)) dxy = Z 8:1:; ) F*dz,,,

which in turn follows from the chain rule.

If do = 0, we say « is closed; if o = df3 for some 3 € AF~1(Q), we say « is ezact. Formula
(7.13) implies that every exact form is closed. The converse is not always true globally.
Consider the multi-valued angular coordinate 6 on R? \ (0,0); df is a single valued closed
form on R?\ (0, 0) which is not globally exact. An important result of H. Poincaré, is that
every closed form is locally exact. A proof is given in §11. (A special case is established

in §8.)

Exercises

1. If a is a k-form, verify the formula (7.14), i.e., d(a A 3) = (da) A B+ (=1)*a A dp.
If « is closed and [ is exact, show that a A § is exact.

2. Let F be a vector field on U, open in R3, F = Zi’ fj(z)0/0x;. The vector field
G = curl F' is classically defined as a formal determinant

€1 €2 €3
(720) curl /' = det 81 82 83 y
fi fo Js

where {e;} is the standard basis of R3. Consider the 1-form ¢ = Zi’ fj(x)dz;. Show that
dy and curl F' are related in the following way:

3
curl FF = Zgj(x) 0/0x;,
1

dp = g1(x) dxo A dxs + go(x) dzs A dzy + g3(x) dxy A dxs.

(7.21)

See (9.30)—(9.37) for more on this connection.

3. If F and ¢ are related as in Exercise 2, show that curl F' is uniquely specified by the
relation

(7.22) dp AN a = (curl F,a)w



13
for all 1-forms o on U C R3, where w = dxq A dza A dxs is the volume form.

4. Let B be a ball in R?, F a smooth vector field on B. Show that
(7.23) Jue C®B)st. FF= grad u= curl F' =0.
Hint. Compare F' = grad u with ¢ = du.

5. Let B be a ball in R? and G a smooth vector field on B. Show that

(7.24) J vector field F' s.t. G = curl FF = div G = 0.
Hint. If G = Z? gj(x)0/0x;, consider

(7.25) Y = g1(z) dra A dxs + go2(x) des A dxy + g3(x) dzy A dzs.
Show that

(7.26) dy = (div G) dxy A dzo A dxs.

6. Show that the 1-form df mentioned below (7.19) is given by
rdy —ydx

df =
$2+y2

For the next set of exercises, let {2 be a planar domain, X = f(z,y) 9/0z + g(z,y) 9/0y a
nonvanishing vector field on Q. Consider the 1-form o = g(z,y) dz — f(x,y) dy.

7. Let v : I —  be a smooth curve, I = (a,b). Show that the image C' = ~(I) is the
image of an integral curve of X if and only if v*a = 0. Consequently, with slight abuse of
notation, one describes the integral curves by gdxr — f dy = 0.

If « is exact, i.e., a = du, conclude the level curves of u are the integral curves of X.

8. A function ¢ is called an integrating factor if & = ¢« is exact, i.e., if d(pa) = 0,
provided €2 is simply connected. Show that an integrating factor always exists, at least
locally. Show that ¢ = e is an integrating factor if and only if Xv = — div X.

Find an integrating factor for a = (22 4+ y? — 1) dz — 2zy dy.

9. Define the radial vector field R = 19/0z1 + - - - + £,0/0x,,, on R™. Show that
w=dxri N Ndx, =

w|R = Z(—l)j_lxj dry N--- /\@j A ANdxy,.
7j=1

Show that
d(w]R) = nw.

10. Show that if F' : R™ — R" is a linear rotation (i.e., F' € SO(n)) than § = w|R in
Exercise 9 has the property that F*§ = (3.
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8. The general Stokes formula

The Stokes formula involves integrating a k-form over a k-dimensional surface with
boundary. We first define that concept. Let S be a smooth k-dimensional surface (say in
RY), and let M be an open subset of S, such that its closure M (in RY) is contained in S.
Its boundary is M = M \ M. We say M is a smooth surface with boundary if also OM
is a smooth (k — 1)-dimensional surface. In such a case, any p € M has a neighborhood
U C S with a coordinate chart ¢ : O — U, where O is an open neighborhood of 0 in R”,
such that ¢(0) = p and ¢ maps {x € O : 21 =0} onto U N IM.

If S is oriented, then M is oriented, and OM inherits an orientation, uniquely determined
by the following requirement: if

(8.1) M =RF = {2 e RF : 2, <0},

then OM = {(z2,...,x)} has the orientation determined by dza A - - A dx.
We can now state the Stokes formula.

Proposition 8.1. Given a compactly supported (k —1)-form 3 of class C' on an oriented
k-dimensional surface M (of class C?) with boundary OM, with its natural orientation,

(8.2) Aldﬁ :84 3.

Proof. Using a partition of unity and invariance of the integral and the exterior derivative
under coordinate transformations, it suffices to prove this when M has the form (8.1). In

that case, we will be able to deduce (8.2) from the Fundamental Theorem of Calculus.
Indeed, if

(8.3) B=0b;(x) doy A+ Adzj A~ Aday,
with b;(x) of bounded support, we have

1 by

(8.4) s = (~1) 152

dxi N - Ndxy.

If j > 1, we have

(8.5) /dﬁ: (_1)3'—1/{/0; % dmj}dx/ =0,

2 _
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and also k*3 = 0, where k : 9M — M is the inclusion. On the other hand, for j = 1, we

have
O ob,
/dﬁ_/{ _Ooa—xldxl}d:cg-ndxk

M

(8.6) - / b1 (0,2') da’
L

This proves Stokes’ formula (8.2).

It is useful to allow singularities in M. We say a point p € M is a corner of dimension v
if there is a neighborhood U of p in M and a C? diffeomorphism of U onto a neighborhood
of 0 in

(8.7) K={zeRF:2; <0, for 1 <j<k-—v},

where k is the dimension of M. If M is a C? surface and every point p € OM is a corner (of
some dimension), we say M is a C? surface with corners. In such a case, 9M is a locally
finite union of C? surfaces with corners. The following result extends Proposition 8.1.

Proposition 8.2. If M is a C? surface of dimension k, with corners, and 3 is a compactly
supported (k — 1)-form of class C* on M, then (8.2) holds.

Proof. 1t suffices to establish this when 3 is supported on a small neighborhood of a corner
p € OM, of the form U described above. Hence it suffices to show that (8.2) holds whenever
B is a (k — 1)-form of class C!, with compact support on K in (8.7); and we can take 3 to
have the form (8.3). Then, for j > k — v, (8.5) still holds, while, for j < k — v, we have, as

in (8.6),
/dﬁ—(—l)j‘l/{/o %dm}daz dz; - dx
" N — 00 8:1:]- J ! J k
(88) = (—l)j1/bj(m1,...,acj1,0,x]~+1,...,xk)dm1---c/l;j---dxk

%

This completes the proof.

The reason we required M to be a surface of class C2? (with corners) in Propositions
8.1 and 8.2 is the following. Due to the formulas (6.18)—(6.19) for a pull-back, if 5 is of
class C7 and F is of class C*, then F*f3 is generally of class C*, with p = min(j,£ — 1).
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Thus, if j = £ = 1, F*{3 might be only of class C?, so there is not a well-defined notion
of a differential form of class C! on a C' surface, though such a notion is well defined on
a C? surface. This problem can be overcome, and one can extend Propositions 8.1-8.2 to
the case where M is a C! surface (with corners), and 3 is a (k — 1)-form with the property
that both # and df are continuous. We will not go into the details. Substantially more
sophisticated generalizations are given in [Fed].

We will mention one useful extension of the scope of Proposition 8.2, to surfaces with
piecewise smooth boundary that do not satisfy the corner condition. An example is il-
lustrated in Fig. 8.1. There the point p is a singular point of M that is not a corner,
according to the definition using (8.7). However, in many cases M can be divided into
pieces (M; amd My for the example presented in Fig. 8.1) and each piece M; is a surface
with corners. Then Proposition 8.2 applies to each piece separately:

/db’=m45,

M;

and one can sum over j to get (8.2) in this more general setting.
We next apply Proposition 8.2 to prove the following special case of the Poincaré lemma,
which will be used in §10.

Proposition 8.3. If a is a 1-form on B = {x € R? : |z| < 1} and da = 0, then there
exists a real valued v € C*°(B) such that o = du.

In fact, let us set

(8.9) uj(r) = /Oz,

75 ()

where v;(z) is a path from 0 to # = (x1,22) which consists of two line segments. The
path first goes from 0 to (0,z2) and then from (0,x3) to x, if j = 1, while if j = 2 it first
goes from 0 to (z1,0) and then from (z1,0) to z. See Fig. 8.2. It is easy to verify that
Ou;/0x; = aj(x). We claim that u; = ug, or equivalently that

(8.10) / a =0,

o(z)

where o(x) is a closed path consisting of v2(z) followed by 71 (z), in reverse. In fact, Stokes’
formula, Proposition 8.2, implies that

(8.11) /a: / dov,
o(x) R(x)

where R(x) is the rectangle whose boundary is o(z). If da = 0, then (8.11) vanishes, and
we have the desired function u: u = uy = us.
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Exercises

1. In the setting of Proposition 8.1, show that

8M:®:>/d6:0.
M

2. Consider the region Q C R? defined by

Q={(z,y):0<y<2?,0<z <1}

Show that the boundary points (1,0) and (1,1) are corners, but (0,0) is not a corner.
The boundary of 2 is too sharp at (0,0) to be a corner; it is called a “cusp.” Extend
Proposition 8.2. to treat this region.

3. Suppose U C R”™ is an open set with smooth boundary M = 0OU, and U has the
standard orientation, determined by dxi A- - Adx,. (See the paragraph above (6.23).) Let
© € CHR") satisfy p(z) < 0 for x € U, p(x) > 0 for z € R*\ U, and grad o(x) # 0 for
x € 0U, so grad ¢ points out of U. Show that the natural orientation on 9U, as defined
just before Proposition 8.1, is the same as the following. The equivalence class of forms
B € A"~1(0U) defining the orientation on QU satisfies the property that dp A3 is a positive
multiple of dxq A --- A dz,,, on OU.

4. Suppose U = {z € R" : z,, < 0}. Show that the orientation on QU described above is
that of (=1)""1 dzy A+ Adzy_1. f V = {z € R" : 2, > 0}, what orientation does oV
inherit?

5. Extend the special case of Poincaré’s Lemma given in Proposition 8.3 to the case where
a is a closed 1-form on B = {z € R™ : |z| < 1}, i.e., from the case dim B = 2 to higher
dimensions.

6. Define 8 € A""1(R"™) by

B=> (=1 ayday A Aday Ao A day,.

j=1

Let © C R™ be a smoothly bounded compact subset. Show that
1

— / B = Vol(92).

n

oN
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7. In the setting of Exercise 6, show that if f € C*(Q), then

aé 1= Q/(Rf nf)da,

where

Rf: E l'j—ax
j=1 !

8. In the setting of Exercises 67, and with S”~! C R” the unit sphere, show that

[ g5 [ sas
Sn-1 Sn-1

Hint. Let B C R™! be the unit ball, and define ¢ : B — S" ! by p(z') = (2, /1 — |2']2).
Compute ¢*(. Compare surface area formulas derived in §5.

Another approach. The unit sphere $"~! <& R™ has a volume form (cf. (9.13)), it must
be a scalar multiple g(j*f3), and, by Exercise 10 of §7, g must be constant. Then Exercise
6 identifies this constant, in light of results from §5.

See the exercises in §9 for more on this.

9. Given [ as in Exercise 6. show that the (n — 1)-form
w=z["p
on R™\ 0 is closed. Use Exercise 6 to show that f g1 W # 0, and hence w is not exact.

10. Let © C R™ be a compact, smoothly bounded subset. Take w as in Exercise 9. Show
that

/w:An_l if 0€Q,
oN
0 if 0¢ Q.
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9. The classical Gauss, Green, and Stokes formulas

The case of (8.1) where S =  is a region in R? with smooth boundary yields the
classical Green Theorem. In this case, we have

g O
(9.1) 8= fdx+gdy, dﬁ:(a—i—a—g)dmdy,

and hence (8.1) becomes the following

Proposition 9.1. If Q is a region in R? with smooth boundary, and f and g are smooth
functions on €2, which vanish outside some compact set in ), then

(9.2) //(%—%)dwdy:/(fdx+gdy).
Q

oN

Note that, if we have a vector field X = X;0/0x + X20/9y on §, then the integrand
on the left side of (9.2) is

0X 0X
Ly 222 - div X,

(9.3) 2 T oy

provided g = X1, f = —X5. We obtain

(9.4) / / (div X) da dy = / (— Xy dz + X, dy).
Q

o0

If 9 is parametrized by arc-length, as v(s) = (z(s),y(s)), with orientation as defined
for Proposition 8.1, then the unit normal v, to 0f), pointing out of €2, is given by v(s) =
(y'(s), —2'(s)), and (9.4) is equivalent to

(9.5) / / (div X) dz dy — / (X, ) ds.
Q

oN

This is a special case of Gauss’ Divergence Theorem. We now derive a more general
form of the Divergence Theorem. We begin with a definition of the divergence of a vector
field on a surface M.

Let M be a region in R™, or an n-dimensional surface in R*T*, provided with a volume
form

(96) Wy € A" M.
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Let X be a vector field on M. Then the divergence of X, denoted div X, is a function on
M given by

(9.7) (div X) wy = d(wpr] X).

If M =R"™, with the standard volume element

(9.8) w=dx1 N Ndx,,
and if
(9.9) X = ZXJ'(;B)%,
Ly
then
(9.10) wJX:i(—w’—lxj(x)dxlA---Ad’xjA-.-Adxn.
j=1

Hence, in this case, (9.7) yields the familiar formula

(9.11) div X =Y 9;X7,

j=1
where we use the notation

of

:%j.

(9.12) 0, f

Suppose now that M is endowed with both an orientation and a metric tensor g;x(x).
Then M carries a natural volume element wj;, determined by the condition that, if one
has an orientation-preserving coordinate system in which g;x(po) = d;i, then wyr(po) =
dxy A\---Adx,,. This condition produces the following formula, in any orientation-preserving
coordinate system:

(9.13) wp = /g dry A ANdzy, g = det(g;i),

by the same sort of calculations as done in (5.10)—(5.15).
We now compute div X when the volume element on M is given by (9.13). We have

(9.14) war)] X =3 (17X g day A Adag A A da,
J

and hence

(9.15) d(war ] X) = 0;(y/gX?) dxy A -+ Nday,.
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Here, as below, we use the summation convention. Hence the formula (9.7) gives
(9.16) div X = g~1/29,(¢"/?X7).

Compare (5.55).
We now derive the Divergence Theorem, as a consequence of Stokes’ formula, which we
recall is

(9.17) /da: /a,

M oM

for an (n—1)-form on M, assumed to be a smooth compact oriented surface with boundary.
If @ = wyr | X, formula (9.7) gives

(9.18) / (div X) war = / o | X.

M oM

This is one form of the Divergence Theorem. We will produce an alternative expression
for the integrand on the right before stating the result formally.

Given that wp; is the volume form for M determined by a Riemannian metric, we can
write the interior product wys|X in terms of the volume element wgy, on OM, with its
induced orientation and Riemannian metric, as follows. Pick coordinates on M, centered
at pg € OM, such that OM is tangent to the hyperplane {x; = 0} at po = 0 (with M to
the left of OM), and such that g;x(po) = ;&, so war(po) = dx1 A - -+ A dx,,. Consequently,
wan (po) = dza N -+ - A dxy. It follows that, at pg,

(9.19) 7 (wm | X) = (X, v)wanr,

where v is the unit vector normal to 0M, pointing out of M and j : OM — M the natural
inclusion. The two sides of (9.19), which are both defined in a coordinate independent
fashion, are hence equal on M, and the identity (9.18) becomes

(9.20) / (div X) wyy = / (X 1) wonr.

M oM

Finally, we adopt the notation of the sort used in §§4-5. We denote the volume element
on M by dV and that on OM by dS, obtaining the Divergence Theorem:

Theorem 9.2. If M is a compact surface with boundary, X a smooth vector field on M,
then

(9.21) / (div X) dV = / (X, ) dS,

M oM
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where v is the unit outward-pointing normal to OM.

The only point left to mention here is that M need not be orientable. Indeed, we can
treat the integrals in (9.21) as surface integrals, as in §5, and note that all objects in (9.21)
are independent of a choice of orientation. To prove the general case, just use a partition
of unity supported on orientable pieces.

We obtain some further integral identities. First, we apply (9.21) with X replaced by
uX. We have the following “derivation” identity:

(9.22) div uX = u div X + (du, X) = v div X + Xu,

which follows easily from the formula (9.16). The Divergence Theorem immediately gives

(9.23) A{ (div X)udV + A[ Xudv - Aé (X, )u dS.

Replacing u by uv and using the derivation identity X (uv) = (Xu)v + u(Xv), we have

(9.24) [(Xuw)v +u(Xv)]dV = — [ (divX)uwdV + [ (X,v)uwwdS.
/ oo |

It is very useful to apply (9.23) to a gradient vector field X. If v is a smooth function
on M, grad v is a vector field satisfying

(9.25) (grad v,Y) = (Y, dv),

for any vector field Y, where the brackets on the left are given by the metric tensor on
M and those on the right by the natural pairing of vector fields and 1-forms. Hence grad
v = X has components X7 = ¢/*9yv, where (g7%) is the matrix inverse of (g;).

Applying div to grad v, we have the Laplace operator:

(9.26) Av = div grad v = g—1/2aj (gjkgl/zakv).

When M is a region in R™ and we use the standard Euclidean metric, so div X is given
by (9.11), we have the Laplace operator on Euclidean space:

R R

2 Ap=9Y oY
(9.27) v 8x%+ +8x%

Now, setting X = grad v in (9.23), we have Xu = (grad u,grad v), and (X,v) =
(v, grad v), which we call the normal derivative of v, and denote dv/0v. Hence

v

ey ds.

(9.28) /u(Av) dv = —/(grad u, grad v) dV + / u

M M oM
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If we interchange the roles of u and v and subtract, we have

(9.29) /u(Av) dv = /(Au)v dVvV + / [ua — %U} ds.

M M oM

Formulas (9.28)—(9.29) are also called Green formulas. We will make further use of them
in §10.

We return to the Green formula (9.2), and give it another formulation. Consider a
vector field Z = (f,g,h) on a region in R3 containing the planar surface U = {(z,y,0) :
(x,y) € Q}. If we form

ik
(9.30) curl Z =det [ 0, 0y O,
fog n

we see that the integrand on the left side of (9.2) is the k-component of curl Z, so (9.2)
can be written

(9.31) //(curl Z) k dA = /(Z - T) ds,
U

oU

where T is the unit tangent vector to OU. To see how to extend this result, note that k is
a unit normal field to the planar surface U.

To formulate and prove the extension of (9.31) to any compact oriented surface with
boundary in R3, we use the relation between curl and exterior derivative discussed in
Exercises 2-3 of §7. In particular, if we set

3 3
0
(9.32) F = ij(:z:)%, Y= ij(x) dxj,
j=1 / j=1
then curl F' = Zi’ gj(z) 0/0x; where
(9.33) dp = g1(x) dxa A dxs + go(x) dzg A dzy + g3(z) dzy A dxs.

Now Suppose M is a smooth oriented (n — 1)-dimensional surface with boundary in R™.
Using the orientation of M, we pick a unit normal field N to M as follows. Take a smooth
function v which vanishes on M but such that Vu(z) # 0 on M. Thus Vv is normal to M.
Let o € A"~ 1(M) define the orientation of M. Then dv A o = a(x)dxy A -+ A dz,, where
a(x) is nonvanishing on M. For x € M, we take N(z) = Vu(z)/|Vv(z)| if a(x) > 0, and
N(z) = =Vou(x)/|Vv(x)| if a(z) < 0. We call N the “positive” unit normal field to the
oriented surface M, in this case. Part of the motivation for this characterization of N is
that, if 2 C R™ is an open set with smooth boundary M = 02, and we give M the induced
orientation, as described in §8, then the positive normal field N just defined coincides with
the unit normal field pointing out of (). Compare Exercises 2-3 of §8.
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Now, if G = (g1, .., 9n) is a vector field defined near M, then
(9.34) /(N .G)dS = /(Z(—nj—lgj(x) day A---daj - A da;n>.
M Mo Il

This result follows from (9.19). Whenn = 3 and G = curl F, we deduce from (9.32)—(9.33)
that

(9.35) // dyp = //(N-curl F)dS.

Furthermore, in this case we have

(9.36) /90: /(F-T) ds,

where T is the unit tangent vector to OM, specied as follows by the orientation of M if
T € A (OM) defines the orientation of M, then (T, 7) > 0 on M. We call T the “forward”
unit tangent vector field to the oriented curve M. By the calculations above, we have the
classical Stokes formula:

Proposition 9.3. If M is a compact oriented surface with boundary in R3, and F is a
C* wector field on a neighborhood of M, then

(9.37) / / (N - cwrlF) dS = / (F-T) ds,
M oM
where N is the positive unit normal field on M and T the forward unit tangent field to

oM.

REMARK. The right side of (9.37) is called the circulation of F' about M. Proposition
9.3 shows how curl F' arises to measure this circulation.

Direct proof of the Divergence Theorem

Let © be a bounded open subset of R, with a C! smooth boundary 9€2. Hence, for
each p € 012, there is a neighborhood U of p in R", a rotation of coordinate axes, and a
C" function u : @ — R, defined on an open set @ C R”™!, such that

QNU ={z€eR": 2z, <u(2'), 2’ € 0O}NU,

/

where x = (2/,x,), ' = (z1,...,2p-1).
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We aim to prove that, given f € C1(Q), and any constant vector e € R™,

(9.38) Q/@-Vf(x)dx:/(e-]\f)fds,

o2

where dS is surface measure on 92 and N(z) is the unit normal to 9f2, pointing out of (2.
At z = (2/,u(z")) € 02, we have

(9.39) N = (1+|Vul?) Y3 (=Vu,1).
To prove (9.38), we may as well suppose f is supported in such a neighborhood U. Then
we have
of , _ / /
a_wnd,q;_/( / 5’nf(a:,a:n)dxn> dx
Q O z,<u(z’)
(9.40) = / f(a' u(2")) da’
@
= [(en Mg as
o0

The first identity in (9.40) follows from Theorem 4.9, the second identity from the Funda-
mental Theorem of Calculus, and the third identity from the identification

ds = (14 |Vu?)"* da,

established in (5.21). We use the standard basis {eq,...,e,} of R™.

Such an argument works when e,, is replaced by any constant vector e with the property
that we can represent 9QNU as the graph of a function y,, = @(y’), with the y,,-axis parallel
to e. In particular, it works for e = e, + ae;, for 1 < j < n — 1 and for |a| sufficiently
small. Thus, we have

(9.41) /(en+ae]~)-Vf(m)dmz/(en+aej)-Nde.

Q o0

If we subtract (9.40) from this and divide the result by a, we obtain (9.38) for e = e;, for
all 7, and hence (9.38) holds in general.
Note that replacing e by e; and f by f; in (9.38), and summing over 1 < j < n, yields

(9.42) Q/ (div F) dz :a é N - Fds,
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for the vector field F' = (fi,..., fn). This is the usual statement of Gauss’ Divergence
Theorem, as given in Theorem 9.2 (specialized to domains in R™).

Reversing the argument leading from (9.2) to (9.5), we also have another proof of Green’s
Theorem, in the form (9.2).

Exercises

1. Newton’s equation md?z/dt?> = —VV (z) for the motion in R™ of a body of mass m, in
a potential force field F' = —VV, can be converted to a first-order system for (x,¢), with
& = max. One gets

d
5(3% 6) = Hf(iL’, 6)7
where H is a “Hamiltonian vector field” on R*", given by

_N~[of 0 0f 0
Hf_z[afj 8a:j 633'j (953 .

Jj=1

In the case described above,

L2
fla,8) = 5 —[€]” + V(2).
Calculate div Hy from (9.11).

2. Let X be a smooth vector field on a smooth surface M, generating a flow F%. Let
O C M be a compact, smoothly bounded subset, and set O; = FL(O). As seen in
Proposition 5.7,

(9.43) % Vol(0;) = / (div X) dV.
O

Use the Divergence Theorem to deduce from this that

(9.44) %Vol(@t) = / (X,v)dS.
00

Remark. Conversely, a direct proof of (9.44), together with the Divergence Theorem, would
lead to another proof of (9.43).

3. Show that, if F': R® — R3 is a linear rotation, then, for a C! vector field Z on R3,

(9.45) Fyu(curl Z) = curl(FyZ).
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4. Let M be the graph in R? of a smooth function, z = u(z,y), (z,y) € O C R?, a
bounded region with smooth boundary (maybe with corners). Show that

Jer s [ 55 + (- 5

(258

(9.46)

where OF;/0x and OF; /0y are evaluated at (z,y,u(z,y)). Show that
ou ~  ~ Ou
(9.47) /(F “T)ds = /<F1 + Fga—) dz + (F2 + Fga—y) dy,
oM 80

where ﬁj(x,y) = Fj(z,y,u(z,y)). Apply Green’s Theorem, with f = B+ ﬁg(au/ax),
g = Fy + F3(0u/0y), to show that the right sides of (9.46) and (9.47) are equal, hence
proving Stokes’ Theorem in this case.

5. Let M C R™ be the graph of a function x,, = u(2’), =’ = (z1,...,2,-1). If
3= Z z)dzy A Adzj A Aday,

as in (9.34), and ¢(2') = (2, u(2’)), show that

8u
Z g; (@', u(z 81:] — gn (2 u(@) | dzy A Adzp_s

= (-1 )”_1G (=Vu,1) dey N+ Ndxp_q,

where G = (g1, ..., 9n), and verify the identity (9.34) in this case.
Hint. For the last part, recall Exercises 2-3 of §8, regarding the orientation of M.

6. Let S be a smooth oriented 2-dimensional surface in R3, and M an open subset of S,
with smooth boundary; see Fig. 9.1. Let N be the positive unit normal field to S, defined
by its orientation. For x € M, let v(x) be the unit vector, tangent to M, normal to OM,
and pointing out of M, and let T' be the forward unit tangent vector field to dM. Show
that, on oM,

Nxv=T, vxT=N.

7. If M is an oriented (n — 1)-dimensional surface in R"™, with positive unit normal field
N, show that the volume element wy; on M is given by

wy = w]N,
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where w = dx1 A -+ A dz,, is the standard volume form on R". Deduce that the volume
element on the unit sphere S"~! C R is given by

n
Wgn—1 = Z(—l)j_lxj dey A+ ANdxj A -+ Ndxy,
j=1

if S7~! inherits the orientation as the boundary of the unit ball.

8. Let M be a C* surface, k > 2. Suppose ¢ : M — M is a C* isometry, i.e., it preserves
the metric tensor. Taking p*u(z) = u(¢(z)) for u € C?(M), show that

Ap*u = ¢*Au.
Hint. The Laplace operator is uniquely specified by the metric tensor on M, via (9.26).
9. Let X and Y be smooth vector fields on an open set 2 C R3. Show that

Y-curl X — X -curlY =div(X x Y).

10. In the setting of Exercise 9, assume Q is compact and smoothly bounded, and that X
and Y are C! on Q. Show that

/X-Curlex:/Y-curlea;,
Q Q

provided either

(a) X is normal to 092,

or

(b) X is parallel to Y on 0f2.

11. Recall the formula (5.25) for the metric tensor of R™ in spherical polar coordinates
R:(0,00) x S""! - R" R(r,w) = rw. Using (9.26), show that if u € C?(R"™), then

9? n—120 1
Au(rw) = wu(rw) + " Eu(rw) + T—QAsu(rw),

where Ag is the Laplace operator on S”~!. Deduce that

n—1

u(z) = f(|jz]) = Au(rw) = f"(r) + f'(r).

12. Show that

(n—2)

||~ is harmonic on R"™\ 0.



In case n = 2, show that
log || is harmonic on R?\ 0.

In Exercise 13, we take n > 3 and consider

_ 1 /(y)
010 = g, | e
Rn

1 /f(fc —y)
=— | ——*dy,
Cn |ly|"—2
Rn

13. Assume f € C3(R"). Let Q. = R"\ B, where B. = {z € R" : |z| < £}. Verify that

C, AGf(0) = gl_r% /Af(x) x> da
Q

~ lim / Af(@) - e — f(@)AleP "] de
Qe

: 2 0f _

_ 2—n 1-n

=— EIII% [5 5 (2—n)e f] as
0B

= —(n—2)A,-1f(0),
using (9.29) for the third identity. Use this to show that

AGf(z) = f(a).

14. Work out the analogue of Exercise 13 in case n = 2 and

Gf() = 5 [ Fo)log |z~ vl dy.
R2

29
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10. Holomorphic functions and harmonic functions

Let f be a complez-valued C' function on a region 0 C R2. We identify R? with C, via
z = x + 1y, and write f(z) = f(x,y). We say f is holomorphic on 2 provided it is complex
differentiable, in the sense that

(10.1) }lblir%) %(f(z + h) — f(2)) exists,

for each z € Q. When this limit exists, we denote it f/(z), or df/dz. An equivalent
condition (given f € C1) is that f satisfies the Cauchy-Riemann equation:

of 10f
In such a case,
N Of _10f
(10.1B) filz)=5-(2) =+ a—y(2)~

Note that f(z) = z has this property, but f(z) = Z does not. The following is a convenient
tool for producing more holomorphic functions.

Lemma 10.1. If f and g are holomorphic on €2, so is fg.
Proof. We have

0 0 0 0 0 0
(10.2) o9 = Gha+ 15t S (te) = o+ 12,

so if f and g satisfy the Cauchy-Riemann equation, so does fg. Note that
d
(10.2A) 5 [9)(2) = [1(2)g(2) + [(2)g'(2)-

Using Lemma, 10.1, one can show inductively that if k£ € N, z* is holomorphic on C, and

d
(10.2B) Ezk = kzF1,
Also, a direct analysis of (10.1) gives this for £k = —1, on C\ 0, and then an inductive

argument gives it for each negative integer k, on C\ 0. The exercises explore various other
important examples of holomorphic functions.

Our goal in this section is to show how Green’s theorem can be used to establish basic
results about holomorphic functions on domains in C (and also develop a study of harmonic
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functions on domains in R™). In Theorems 10.2-10.4, 2 will be a bounded domain with
piecewise smooth boundary, and we assume {2 can be partitioned into a finite number of
C? domains with corners, as defined in §8.

To begin, we apply Green’s theorem to the line integral

8éfdz :ag fdz +idy).

Clearly (9.2) applies to complex-valued functions, and if we set g =i f, we get

(10.3) /fdz—// Zg_i_a_i dz dy.

Whenever f is holomorphic, the integrand on the right side of (10.3) vanishes, so we have
the following result, known as Cauchy’s Integral Theorem:

Theorem 10.2. If f € C1(Q) is holomorphic, then
(10.4) /f(z) dz =
o9

Using (10.4), we can establish Cauchy’s Integral Formula:
Theorem 10.3. If f € C'(Q) is holomorphic and z € €2, then
1 z
(10.5) f(z0) = — /(z) d

21 Z— 2
o2

Proof. Note that g(z) = f(z)/(z — 20) is holomorphic on Q \ {20}. Let D, be the disk of
radius r centered at zg. Pick r so small that D, C Q. Then (10.4) implies

(10.6) @) g, - / RGPS

zZ — 20 zZ — 20
oN oD,

To evaluate the integral on the right, parametrize the curve 0D, by () = zo+re®®. Hence
dz = ire'® df, so the integral on the right is equal to

27 i0 27
—f(zo +re?) ire'? dp = i flzo+ rew) do.

10.
( 0 7) 0 rett 0

As r — 0, this tends in the limit to 27if(zp), so (10.5) is established.
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Suppose f € C'(Q) is holomorphic, zg € D, C €, where D, is the disk of radius r
centered at zg, and suppose z € D,.. Then Theorem 10.3 implies

(10.8) fz) = 2L7TZ / (= Zo)f(f)(z — 20) .
59

We have the infinite series expansion

1 1 N
(10'9) (C—zo)—(Z—ZO)_C—Zonz_:<<_z0>’

0

valid as long as |z — z9| < |¢ — 29|. Hence, given |z — 29| < r, this series is uniformly
convergent for ¢ € 0€), and we have

(10.10) f(z) = QLM i / gf—(gio (Z - 2)” dc.

n=0 90

We summarize what has been established.

Theorem 10.4. Given f € C*(Q), holomorphic on Q and a disk D, C 2 as above, for
z € Dy, f(z) has the convergent power series expansion

N n 1 f©)
(1011) f(Z) = Zoan(z — Zo> 5 Ay = 2_7'("L W dC
= oQ

Note that, when (10.5) is applied to 2 = D,., the disk of radius r centered at zg, the
computation (10.7) yields
1 27

(10.12) FGo) = 5= [ S0t re®)an = oos | ferasio).
0D,

when f is holomorphic and C! on D,, and £(0D,.) = 277 is the length of the circle dD,.
This is a mean value property, which extends to harmonic functions on domains in R™, as
we will see below.

Note that we can write (10.1) as (0, +140,)f = 0; applying the operator 9, — i, to this
gives
0? 02
0y
ox?  0y?
for any holomorphic function. A general C? solution to (10.13) on a region  C R? is called

a harmonic function. More generally, if O is an open set in R", a function f € C?(Q) is
called harmonic if Af =0 on O, where, as in (9.27),

0% f 0% f
10.14 Ap L T
( ) / oz? o oz2
Generalizing (10.12), we have the following, known as the mean value property of harmonic
functions:

(10.13) =0
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Proposition 10.5. Let  C R™ be open, u € C*(Q) be harmonic, p € §, and Bgr(p) =
{zeQ:|x—p| <R} CQ. Then

1
(10.15) u(p) = A /( | u(z) dS(z).
For the proof, set
(10.16) W(r) = ﬁ / u(p + rw) dS(w),
Sn—l

for 0 < r < R. We have ¥(R) equal to the right side of (10.15), while clearly ¥ (r) — u(p)
as r — 0. Now

1

Sn—1 9B (p)

At this point, we establish:

Lemma 10.6. If O C R" is a bounded domain with smooth boundary and u € C*(0) is
harmonic in O, then

(10.18) %(w) dS(x) = 0.
00

Proof. Apply the Green formula (9.29), with M = O and v = 1. If Au = 0, every integrand
in (9.29) vanishes, except the one appearing in (10.18), so this integrates to zero.

It follows from this lemma that (10.17) vanishes, so ¥(r) is constant. This completes
the proof of (10.15).
We can integrate the identity (10.15), to obtain

(10.19) u(p):m / w(z) dV(z),
Br(p)

where u € C? (B R (p)) is harmonic. This is another expression of the mean value property.
The mean value property of harmonic functions has a number of important conse-
quences. Here we mention one result, known as Liouville’s Theorem.
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Proposition 10.7. If u € C?(R"™) is harmonic on all of R™ and bounded, then u is
constant.

Proof. Pick any two points p,q € R™. We have, for any r > 0,

1
(10.20) u(p) —u(q) = —(0)) / u(z) dx — / u(z) dz

vV (B,
B.(p) B.(q)

Note that V(BT (O)) = Cpr™, where C,, is evaluated in problem 2 of §5. Thus

(1021) ulp) ~u(@| < 52 [ Juto)] da,
A(p,q,r)
where
(10.22) Alp,q,7) = B,(p) 2B, (g) = (Br(p)\ Bo(@)) U (Br(a) \ Bo(p)).

Note that, if a = |p — ¢q|, then A(p,q,7) C Br14(p) \ Br—a(p); hence
(10.23) V(A(p,q,7)) <C(p,g) ™', r>1

It follows that, if |u(z)| < M for all z € R™, then

(10.24) lu(p) —u(q)| < MC,C(p,q) rt, Vr>1.

Taking r — 0o, we obtain u(p) — u(q) = 0, so u is constant.
We will now use Liouville’s Theorem to prove the Fundamental Theorem of Algebra:

Theorem 10.8. If p(2) = a,2"™ + ap_12""t + -+ + a1z + ag is a polynomial of degree
n>1 (a, #0), then p(z) must vanish somewhere in C.

Proof. Consider

1
(10.25) fe) =y

If p(z) does not vanish anywhere in C, then f(z) is holomorphic on all of C. (See Exercise
9 below.) On the other hand,

1 1

2" QA Q127 Fagz

(10.26) f(z) =

SO

(10.27) |lf(z)] — 0, as |z] — .
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Thus f is bounded on C, if p(2) has no roots. By Proposition 10.7, f(z) must be constant,
which is impossible, so p(z) must have a complex root.

From the fact that every holomorphic function f on © C R? is harmonic, it follows that
its real and imaginary parts are harmonic. This result has a converse. Let u € C2(O) be
harmonic. Consider the 1-form

ou ou
10.2 _ g U g
(10.28) e a9y dz + P dy

We have da = —(Au)dx A dy, so « is closed if and only if w is harmonic. Now, if O is
diffeomorphic to a disk, it follows from Proposition 8.3 that « is exact on O, whenever it
is closed, so, in such a case,

(10.29) Au=00n O = JveCHO)st. a=dv.

In other words,

ou Ov  Ou ov
10. gu_dv ou_ Oov
(10.30) ox Oy Oy Ox

This is precisely the Cauchy-Riemann equation (10.1) for f = u + iv, so we have:

Proposition 10.9. If O C R? is diffeomorphic to a disk and v € C?*(O) is harmonic,
then u is the real part of a holomorphic function on O.

The function v (which is unique up to an additive constant) is called the harmonic
congjugate of w.

We close this section with a brief mention of holomorphic functions on a domain O C C™.
We say f € C1(O) is holomorphic provided it satisfies

of _ 197 1<j<n

10.31 —_ =
(03) 61’j i@yj’ - -

Suppose z € O, z = (21, ..., 2,). Suppose ( € O whenever |z—(| < r. Then, by successively
applying Cauchy’s integral formula (10.5) to each complex variable z;, we have that

1032 @) =Cr) " [ [ OG22 G
Tn Y1
where v, is any simple counterclockwise curve about z; in C with the property that

|Cj — Zj’ < T/\/ﬁ for all Cj € ;-
Consequently, if p € C"™ and O contains the “polydisc”

D={zeC": |z —p| <6 Vjl,
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then, for z € D, the interior of D, we have

f(2) = (@mi)™ / - --/f<<> (G —p1) — (21— p)] F -
C Cq

n

(10.33)
[(Cn —pn) — (20 — pn)} - dgy -+ dGp,

where C; = {¢ € C: |( — p;| = 6}. Then, parallel to (10.8)—(10.11), we have

(10.34) f(z) =) calz—p)7,

a>0

for z € D, where a = (a1, ..., q,) is a multi-index, (z —p)* = (21 — p1)** - -+ (2, — Pn )™,
as in (1.13), and

1035) o= @n) [ [ HQOG=p) T G =) GG
Cn Cq

Thus holomorphic functions on open domains in C™ have convergent power series expan-
sions.

We refer to [Ahl], [Hil], and [T6] for more material on holomorphic functions of one
complex variable, and to [Kr| for material on holomorphic functions of several complex
variables. A source of much information on harmonic functions is [Kel]. Also further
material on these subjects can be found in [T].

Exercises

1. Let fx : 2 — C be holomorphic on an open set 2 C C. Assume fr — fand Vf, — Vf
locally uniformly in €2. Show that f : {2 — C is holomorphic.

2. Assume
(10.36) flz) =) apt
k=0

is absolutely convergent for |z| < R. Deduce from Proposition 1.10 and Exercise 1 above
that f is holomorphic on |z| < R, and that

(10.37) fl(z) =) kapz""', for |z| <R.
k=1
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3. As in (3.89), the exponential function e® is defined by

= 1
10. —
(10.38) =D "
k=0
Deduce from Exercise 2 that e* is holomorphic in z.

4. By (3.90), we have
e*th =e?eh, V2, heC.

Use this to show directly from (10.1) that e* is complex differentiable and (d/dz)e* = e?
on C, giving another proof that e* is holomorphic on C.
Hint. Use the power series for e to show that

. eh —1
lim
h—0

= 1.

5. For another approach to the fact that e® is holomorphic, use
e = e%e
and (3.89) to verify that e satisfies the Cauchy-Riemann equation.

6. For z € C, set

(10.39) cosz = = (e +e %), sinz= %(eiz — 7).

]

DN | =

Show that these functions agree with the definitions of cost and sint given in (3.91)—(3.92),
for z =t € R. Show that cos z and sin z are holomorphic in z € C. Show that

d , d

(10.40) g, cose=—sinz, - sin z = cos z,
and

(10.41) cos® z +sin® 2 = 1,

for all z € C.

7. Let O, be open in C. If f is holomorphic on O, with range in €2, and g is holomorphic
on (2, show that h = g o f is holomorphic on O, and h/(z) = ¢'(f(2))f'(2).
Hint. See the proof of the chain rule in §1.
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8. Let 2 C C be a connected open set and let f be holomorphic on §2.

(a) Show that if f(z;) = 0 for distinct z; € Q and z; — zp € €, then f(2) =0 for z in a
neighborhood of zj.

Hint. Use the power series expansion (10.1).

(b) Show that if f = 0 on a nonempty open set O C €2, then f =0 on (.

Hint. Let U C 2 denote the interior of the set of points where f vanishes. Use part (a) to
show that U N is open.

9. Let Q =C\ (—00,0] and define log : Q@ — C by

(10.42) logz:/%dg,
72

where v, is a path from 1 to z in 2. Use Theorem 10.2 to show that this is independent
of the choice of such path. Show that it yields a holomorphic function on C \ (—o0, 0],
satisfying

d 1
L log s = = _ .
5 logz=—, z € C\ (—o00,0]

10. Taking log z as in Exercise 9, show that
(10.43) e%8% =2 VzeC\ (—o0,0.
Hint. If p(z) denotes the left side, show that ¢(1) = 1 and ¢’(2) = ¢(z)/z. Use uniqueness
results from §3 to deduce that p(z) = x for z € (0,00), and from there deduce that
©(2) = z, using Exercise 8.
Alternative. Apply d/dz to show that

loge® = z,
for z in some neighborhood of 0. Deduce from this (and Exercise 3 of §2) that (10.43)
holds for z in some neighborhood of 1. Then get it for all z € C\ (—o0, 0] using Exercise
8.
11. With Q = C\ (—00,0] as in Exercise 9, and a € C, define 2® for z € Q by
(10.44) 20 = etlo8z,

Show that this is holomorphic on €2 and

d
(10.45) d—z“ =az%" !, 2% =200 vzeq.
z
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12. Let O = C\ {[1,00) U (=00, —1]}, and define As: O — C by
As(a) = [-¢) e,

where o, is a path from 0 to z in @. Show that this is independent of the choice of such
a path, and that it yields a holomorphic function on O.

13. With As as in Exercise 12, show that
As(sin z) = z,
for z in some neighborhood of 0. (Hint. Apply d/dz.) From here, show that
sin(As(z)) =z, VzeO.

Thus we write

(10.46) arcsin z = /Z(l — )24,
0

Compare (3.97).
14. Look again at Exercise 4 in §1.

15. Look again at Exercises 3-5 in §2. Write the result as an inverse function theorem for
holomorphic maps.

16. Differentiate (10.5) to show that, in the setting of Theorem 10.3, for k € N,

|
(10.47) FH) (z0) = Qk—m / %dzﬁ
o0

Show that this also follows from (10.11).

17. Assume f is holomorphic on C, and set

M(z0,R) = sup |[f(2)]-

|z—20|<R
Use the k = 1 case of Exercise 16 to show that

M(Zo,R)

|f'(20) € =5, VR E(0,00).
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18. In the setting of Exercise 17, assume f is bounded, say |f(z)| < M for all z € C.
Deduce that f/(z9) = 0 for all zp € C, and in that way obtain another proof of Liouville’s
theorem, in the setting of holomorphic functions on C. (Note that Proposition 10.7 is more
general.)

The next four exercises deal with the function

(10.48) G(z):/ etz qt. 2 eC.

— 00

19. Show that G is continuous on C.

20. Show that G is holomorphic on C, with

Hint. Write
1 > 2 1
E[G(z +h)—G(2)] = / et Hzﬁ(eth 1) dt,
and
l( th _ 1) =t+ lR(th)
B T ’
where
e =14+ w+ R(w), |Rw)| < Clw|?e™l,
SO

1
‘ER(th)‘ < CE|hle™!,

21. Show that, for x € R,
G(z) = et /4,
Hint. Write
G(x) = em2/4/ e~ (t=2/2)* dt,

and make a change of variable in the integral.
22. Deduce from Exercises 21 and 8 that

(10.49) G(z)=me* /4, VzeC.
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The next exercises deal with the Gamma function,

(10.50) I'(2) :/ e *s* 1 ds,
0
defined for z > 0 in (5.32).

23. Show that the integral is absolutely convergent for Rez > 0 and defines I'(z) as a
holomorphic function on {z € C: Rez > 0}.

24. Extend the identity (5.35), i.e.,

(10.51) [(z+1) =2I(2),

to Rez > 0.

25. Use (10.51) to extend I' to be holomorphic on C\ {0, —1,—-2,-3,...}.

26. Use the result of Exercise 16 to show that if f, are holomorphic on an open set 2 C C

and f, — f uniformly on compact subsets of €2, then f is holomorphic on @ and f, — f’
uniformly on compact subsets.

27. The Riemann zeta function {(z) is defined for Rez > 1 by
(1052) (=3 L
' - k=1 k=

Show that ((z) is holomorphic on {z € C: Rez > 1}.
The following exercises deal with harmonic functions on domains in R".

28. Using the formula (9.26) for the Laplace operator together with the formula (5.25) for
the metric tensor on R™ in spherical polar coordinates r = rw, = € R", r = |z|, w € S~ 1,
show that of u € C%(Q2), Q C R",

0? n—1 0 1
(10.53) Au(rw) = Wu(rw) + " Eu(rw) + T—zAsu(rw),

where Ag is the Laplace operator on S~ 1.

29. If f(z) = ¢(|x|) on R™, show that

(10.54) Af(z) = o"(2]) + ”|7‘|1so'<|x|>.
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In particular, show that

(10.55) |2|~("=2) is harmonic on R™ \ 0,
if n > 3, and
(10.56) log || is harmonic on R? \ 0.

If O, are open in R”, a smooth map ¢ : O — (1 is said to be conformal provided the
matrix function G(x) = Dy(x)'Dp(z) is a multiple of the identity, G(z) = v(z)I. Recall
formula (5.2).

30. Suppose n = 2 and ¢ preserves orientation. Show that ¢ (pictured as a function
¢ : O — C) is conformal if and only if it is holomorphic. If ¢ reverses orientation, ¢ is
conformal < % is holomorphic (we say ¢ is anti-holomorphic).

31. If O and Q are open in R? and u is harmonic on €2, show that u o ¢ is harmonic on O,
whenever ¢ : O — () is a smooth conformal map.
Hint. Use Exercise 7 and Proposition 10.9.

The following exercises will present an alternative approach to the proof of Proposition 10.5
(the mean value property of harmonic functions). For this, let B = {z € R" : |z| < R}.

Assume u is continuous on Br and C? and harmonic on the interior Br. We assume
n > 2.

o

32. Given g € SO(n), show that u,(z) = u(gz) is harmonic on Bp.
Hint. See Exercise 7 of §9.

33. As in Exercise 24 of §5, define Au € C(Bg) by

Au(z) = / u(gzx)dg.

SO(n)

Thus Au(x) is a radial function:

Au(x) = Su(|z]), Su(r) =

T / w(rw) dS(w).

Sn—1

Deduce from Exercise 32 above that Awu is harmonic on Bpg.

34. Use Exercise 29 to show that ¢(r) = Su(r) satisfies
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for r € (0, R). Deduce from this differential equation that there exist constants C and C4

such that
p(r)=Co+ Cir~ "2, if n >3,

Co+ Cilogr, if n=2.

Then show that, since Au(x) does not blow up at z = 0, C; = 0. Hence

AU(Q?) =Cy, Vzé€ Bg.

35. Note that Au(0) = u(0). Deduce that for each r € (0, R],

(10.57) u(0) = Su(r) = Anl—1 / u(rw) dS(w).

Sn—l
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11. Homotopies of maps and actions on forms

Let X and Y be smooth surfaces. Two smooth maps fo, f1 : X — Y are said to be
smoothly homotopic provided there is a smooth F : [0,1] x X — Y such that F(0,z) =
fo(z) and F(1,z) = f1(x). The following result illustrates the significance of maps being
homotopic.

Proposition 11.1. Assume X is a compact, oriented, k-dimensional surface and o €
A*(Y) is closed, i.e., da = 0. If fo, f1 : X — Y are smoothly homotopic, then

(11.1) /f{fa:/ffa.
X X

In fact, with [0,1] x X = Q, this is a special case of the following.

Proposition 11.2. Assume Q is a smoothly bounded, compact, oriented (k+1)-dimensional
surface, and o € A*(Y) is closed. If F : Q — Y is a smooth map, then

(11.2) /F*a 0.

o0

Proof. Stokes’ theorem gives
(11.3) /F*a = /dF*a =0,
o0 Q
since dF*a = F*da and, by hypothesis, da = 0.
Proposition 11.2 is one generalization of Proposition 11.1. Here is another.

Proposition 11.3. Assume X is a k-dimensional surface and o € AY(Y) is closed. If
fo, f1 : X — Y are smoothly homotopic, then fyo — fia is exact, i.e.,

(11.4) foa— ffa=4dpg,
for some 3 € A*~1(X).
Proof. Take a smooth F': R x X — Y such that F(j,x) = f;(x). Consider

(11.5) a=FacA(RxX).
Note that doo = F'*da = 0. Now consider

(11.6) O, :Rx X —RxX, & t,x)=(s+t ).
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We claim that
(11.7) a— Pja=dg,

for some 3 € A“"1(R x X). Now take

(11.8) B=76, j:X—->RxX, jx)=(0,z).
We have Foj = fy, Fo®,0j= fi,soit follows that

foa—fla=j"a—j ®1a

11.9 -
) = j*dB,

given (11.7), which yields (11.4) with § as in (11.8).

It remains to prove (11.7), under the hypothesis that da = 0. The following result gives
this. The formula (11.10) uses the interior product, defined by (7.4)—(7.5).

Lemma 11.4. If & € AY(R x X) and ®, is as in (11.6), then

d

(11.10) —dla = cp*( (@)0y) + (dd)J8t>.

Hence, if dao =0, (11.7) holds with
3 1
(11.11) 3= —/ (@&) |0, ds.
0

Proof. Since @, , = ®;®; = &5}, it suffices to show that (11.10) holds at s = 0. It also

g S
suffices to work in local coordinates on X. Say

a = Zaf&(t,x) dx;, N -+ Adxy,
(11.12) '
+ Zag(t,x) dt Ndxj, N--- Ndxj, .
J
We have ®}a given by a similar formula, with coefficients replaced by o] (t + s,z) and
j(t + s,z), hence

‘s 0= Z@ta t,x)dzy A ANdz,

(11.13)
+ Zaﬁo‘j (t,x)dt Ndxj, N---Ndzj, .
J



46

Meanwhile
(11.14) aloy =Y ab(t,x)dwj, A+ Nz,
SO

d(a|o) = Z 8tozb- (t,x)dt Ndxj, A--- Ndxj,_,
(11.15)

—1—28% aj(t,z)dx, Ndxj, A--- Ndxj,_ .

A similar calculation yields

= Z@ta# t,x)dx;, A--- Ndxy,

(11.16)
— Z@xv J (t,x)dx, Ndxj, N--- Ndzj, .

Comparison of (11.15)—(11.16) with (11.13) yields (11.10) at s = 0, proving Lemma 11.4.
The following consequence of Proposition 11.3 contains the Poincaré lemma.

Proposition 11.5. Let X be a smooth k-dimensional surface. Assume the identity map
I: X — X is smoothly homotopic to a constant map K : X — X, satisfying K(z) = p.
Then, for all £ € {1,...,k},

(11.17) a € A(X), da =0= a is exact.

Proof. By Proposition 11.3, « — K*« is exact. However, K*a = 0.
Proposition 11.5 applies to any open X C RF that is star-shaped, so

(11.18) Ds: X — X for s€(0,1], Dg(x)= sz.

Thus, for any open star-shaped X C R¥, each closed o € A*(X) is exact.

We next present an important generalization of Lemma 11.4. Let €2 be a smooth n-
dimensional surface. If & € A¥(Q) and X is a vector field on (2, generating a flow F%, the
Lie derivative L x o is defined to be

d
11.19 Lxa=—(F%)* :
(11.19) xa= 2 (Fi)a|
Note the similarity to the definition (3.77) of LxY for a vector field Y, for which there was
the alternative formula (3.80). The following useful result is known as Cartan’s formula
for the Lie derivative.
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Proposition 11.6. We have

(11.20) Lxa =d(a]X)+ (da)] X.

Proof. We can assume ) is an open subset of R™. First we compare both sides in the
special case X = 9/0xy = 0y. Note that

(11.21) (F5,) = Zaj(ac—i—teg)da;jl A~ Ndzj,,
J

SO

(11.22) Lo, = Z@mzaj(x) dxj, N\--- Ndxj;, = Opa.

J

To evaluate the right side of (11.21), with X = 0y, we could parallel the calculation
(11.14)—(11.16). Alternatively, we can use (7.12) to write this as

(11.23) d(veer) + tedo = Z(aj Nj e + 0N

Jj=1

Using the commutativity of J; with A; and with ¢y, and the anticommutativity relations
(7.8), we see that the right side of (11.23) is dpcr, which coincides with (11.22). Thus the
proposition holds for X = 0/0xy.

Now we prove the proposition in general, for a smooth vector field X on Q. It is to
be verified at each point zo € Q. If X(xg) # 0, we can apply Theorem 3.7 to choose a
coordinate system about xg so X = d/0x; and use the calculation above. This shows that
the desired identity holds on the set {xy € Q2 : X (z¢) # 0}, and by continuity it holds on
the closure of this set. However, if g has a neighborhood on which X vanishes, it is clear
that Lxa = 0 near zp and also a| X and daX vanish near xy. This completes the proof.

From (11.19) and the identity F3'" = FFY, it follows that

d
(11.24) E(J’:ﬁ()*a: Lx(F)a=(FY) Lxa.
It is useful to generalize this. Let F}; be a smooth family of diffeomorphisms of M into M.

Define vector fields X; on Fy(M) by

(11.25) %Ft(x) = X,(Fy(z)).

Then, given a € A¥(M),

d
(11.26) dt

= Fr|d(a)X,) + (da) th].
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In particular, if « is closed, then, if F} are diffeomorphisms for 0 <¢ <1,
1
(11.27) Fla—Fja=dpg, B:/ F/' (| Xy) dt.
0

The fact that the left side of (11.27) is exact is a special case of Proposition 11.3, but the
explicit formula given in (11.27) can be useful.

More on the divergence of a vector field

Let M C R™ be an m-dimensional, oriented surface, with volume form w. Then dw = 0
on M, so, if X is a vector field on M,

(11.28) Lxw = d(w]X).
Comparison with (9.7) gives
(11.29) (div X)w = Lxw.

This is sometimes taken as the definition of div X. It readily leads to a formula for how
the flow F% affects volumes.
To get this, we start with

d
S (Fh)w = (Fh)" £xw

(11.30) dt
= (Fi)*((div X)w).

Hence, if Q C M is a smoothly bounded domain on which the flow F% is defined for ¢ € I,
then, for such ¢,

dt )=
Q

iVol}"}((Q d /(]:&)*w

1131 ~ [Fr v x)w)

Q
= / (div X) w.
F ()
In other words,
d . .
(11.32) 7 Vol F5 (22) = (div X) dV.

F ()



49

This result is equivalent to Proposition 5.7, but the derivation here is substantially different.
Compare also the discussion in Exercise 2 of §9.

Exercises
1. Show that if av is a k-form and X, X; are vector fields,

(11.33) (Lxa)(mr,..., Xp) =X (X1, X)) = Y o(X1,... . LxXj, ..., Xp).
J

Recall from (3.80) that £LxX; = [X, X;], and rewrite (11.33) accordingly.

2. Writing (11.20) as
txda = Lxa —dixa,

deduce that

(11.34) (dO&)(X07X1, ce ,Xk) = (ﬁXOOé)(Xl, ce ,Xk) - (dLXOOé)(Xl, cee 7Xk)~

3. In case « is a one-form, deduce from (11.33)—(11.34) that

(1135) (da)(Xo, Xl) = X() : Oé(Xl) - X1 : Oé(Xo) — O(([Xo,Xl]).
4. Using (11.33)—(11.34) and induction on k, show that, if « is a k-form,

k
(do)(Xo,..., Xp) = > _(-1)'X¢- (X, ..., Xy, ..., Xp)
(11.36) (=0

_|_
™
2

B

e

B

IS

“>< )

oo Xi).
0<t<j<k

Here, X ¢ indicates that X, has been omitted.

5. Show that if X is a vector field, 7 a 1-form, and « a k-form, then
(11.37) (AgLx +ixNg)a = (X, B)a.

Deduce that

(11.38) (df) A (@) X) + (df A )] X = (X f)a.

6. Show that the definition (11.19) implies

(11.39) Lx(fa) = fLxa+ (XF)a.
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7. Show that the definition (11.19) implies

(1140) dCon == £X<d05)

8. Denote the right side of (11.20) by Lxa, i.e., set
(11.41) Lxa=d(a|X)+ (da)] X.
Show that this definition directly implies

(11.42) Ly(da) = d(Lya).

9. With Lx defined by (11.41), show that

(11.43) Lx(fa)= fLxa+ (Xf)a.

Hint. Use (11.38).

10. Use the results of Exercises 6-9 to give another proof of Proposition 11.6, i.e., Lxa =
LXa.

Hint. Start with Lxf = X f = (X,df) = Lxf.

In Exercises 11-12, let X and Y be smooth vector fields on M and o € A*(M).

11. Show that Lix yjao = LxLya — Ly Lxa.

12. Using Exercise 11 and (11.29), show that

div[X, Y] = X (divY) — Y (div X).
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12. Differential forms and degree theory

Degree theory assigns an integer, Deg(f), to a smooth map f : X — Y, when X and
Y are smooth, compact, oriented surfaces of the same dimension, and Y is connected.
This has many uses, as we will see. Results of §11 provide tools for this study. A major
ingredient is Stokes’ theorem.

As a prelude to our development of degree theory, we use the calculus of differential
forms to provide simple proofs of some important topological results of Brouwer. The first
two results concern retractions. If Y is a subset of X, by definition a retraction of X onto
Y isamap ¢ : X — Y such that p(x) =z for all x € Y.

Proposition 12.1. There is no smooth retraction ¢ : B — S™"~! of the closed unit ball B
in R™ onto its boundary S™ 1.

In fact, it is just as easy to prove the following more general result. The approach we
use is adapted from [Kan].

Proposition 12.2. If M is a compact oriented n-dimensional surface with nonempty
boundary OM, there is no smooth retraction ¢ : M — OM.

Proof. Pick w € A""Y(OM) to be the volume form on M, so ngw > 0. Now apply
Stokes’ theorem to 8 = p*w. If ¢ is a retraction, then ¢ o j(x) = x, where j : OM — M is
the natural inclusion. Hence j*¢*w = w, so we have

(12.1) /w:/dw*w.
oM M

But dy*w = ¢*dw = 0, so the integral (12.1) is zero. This is a contradiction, so there can
be no retraction.

A simple consequence of this is the famous Brouwer Fixed-Point Theorem. We first
present the smooth case.

Theorem 12.3. If F': B — B is a smooth map on the closed unit ball in R™, then F' has
a fized point.

Proof. We are claiming that F(x) = z for some x € B. If not, define ¢(x) to be the
endpoint of the ray from F(z) to z, continued until it hits 9B = S™"~1. An explicit

formula is
VB2 ¥ dac — b
o(r) = v+t = F(z), =10

a=lz—F()|* b=2z(z-F(z), c=1-]a

Here t is picked to solve the equation ||z + t(x — F(z))||> = 1. Note that ac > 0, so t > 0.
It is clear that ¢ would be a smooth retraction, contradicting Proposition 11.1.

Now we give the general case, using the Stone-Weierstrass theorem (discussed in Ap-
pendix E) to reduce it to Theorem 12.3.
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Theorem 12.4. If G : B — B is a continuous map on the closed unit ball in R™, then G
has a fixed point.

Proof. If not, then

inf |G(x) —z| =0 > 0.
zeB

The Stone-Weierstrass theorem (Appendix E) implies there exists a polynomial P such
that |P(z) — G(z)| < §/8 for all z € B. Set

Flz) = (1- g)P(x).

Then F': B — B and |F(z) — G(x)| < §/2 for all z € B, so

)
inf |F(z)— ey
xlgB! (r) 9:|>2

This contradicts Theorem 12.3.

As a second precursor to degree theory, we next show that an even dimensional sphere
cannot have a smooth nonvanishing vector field.

Proposition 12.5. There is no smooth nonvanishing vector field on S™ if n = 2k is even.

Proof. If X were such a vector field, we could arrange it to have unit length, so we would
have X : S™ — S™ with X(v) L v for v € 8® C R™"!. Thus there would be a unique
unit speed curve 7, along the great circle from v to X (v), of length 7 /2. Define a smooth
family of maps Fy : S™ — S™ by Fy(v) = v,(t). Thus Fo(v) = v, Fr/2(v) = X(v), and
F, = A would be the antipodal map, A(v) = —v. By Proposition 11.3, we deduce that
A*w — w = df is exact, where w is the volume form on S™. Hence, by Stokes’ theorem,

(12.2) 5[ A = /w.

Sn

Alternatively, (12.2) follows directly from Proposition 11.1. On the other hand, it is
straightforward that A*w = (—1)""1w, so (12.2) is possible only when n is odd.

Note that an important ingredient in the proof of both Proposition 12.2 and Proposition
12.5 is the existence of n-forms on a compact oriented n-dimensional surface M that are
not exact (though of course they are closed). We next establish the following counterpoint
to the Poincaré lemma.

Proposition 12.6. If M is a compact, connected, oriented surface of dimension n and
a € A" M, then o = df3 for some 3 € A"~ M) if and only if

(12.3) /a:o

M
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We have already discussed the necessity of (12.3). To prove the sufficiency, we first look
at the case M = S™.

In that case, any n-form « is of the form a(z)w, a € C*°(S™), w the volume form on
S™, with its standard metric. The group G = SO(n + 1) of rotations of R"™! acts as a
transitive group of isometries on S™. In §5 we constructed the integral of functions over
SO(n + 1), with respect to Haar measure.

As seen in §5, we have the surjective map

Exp : Skew(n+ 1) — SO(n + 1),

giving a diffeomorphism from a ball O about 0 in Skew(n + 1) onto an open set U C
SO(n + 1) = G, a neighborhood of the identity. Since G is compact, we can pick a finite
number of elements §; € G such that the open sets U; = {{;g9 : g € U} cover G. Pick
n; € Skew(n + 1) such that Exp n; = &;. Define ®;, : U; — G for 0 <t <1 by

(12.4) ®;, (& Exp(A)) = (Exp tn;)(Exp t4), A€O.

Now partition G into subsets §2;, each of whose boundaries has content zero, such that
Q; CU,. If g € Qy, set g(t) = ®j1(g). This family of elements of SO(n+1) defines a family
of maps Fy; : S™ — S™. Now by (11.27) we have

(12.5) a=g'a—drg(a), rela)= /0 Fo(a]Xgt)dt,

for each g € SO(n + 1), where X is the family of vector fields on S™ associated to F,
as in (11.25). Therefore,

(12.6) a :G[g*oz dg—dG//ig(a) dg.

Now the first term on the right is equal to aw, where @ = [a(g - x)dg is a constant; in
fact, the constant is

_ 1
(12.7) O = o gn /a
Sn

Thus in this case (12.3) is precisely what serves to make (12.6) a representation of o as an
exact form. This takes care of the case M = S™.

For a general compact, oriented, connected M, proceed as follows. Cover M with open
sets O1,...,Ok such that each 6j is diffeomorphic to the closed unit ball in R™. Set
Ui = Oy, and inductively enlarge each O; to Uj, so that Uj is also diffeomorphic to the
closed ball, and such that U;11 NU; # 0, 1 < j < K. You can do this by drawing a simple
curve from 5]-“ to a point in U; and thickening it. Pick a smooth partition of unity ¢;,
subordinate to this cover. (See Appendix B.)
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Given o € A" M, satisfying (12.3), take &; = pja. Most likely [ a1 = ¢1 # 0, so take
o1 € A" M, with compact support in U; N Us, such that fal =c1. Set vy = a1 — o1, and
redefine as to be the old as plus 0. Make a similar construction using f Qo = cg9, and
continue. When you are done, you have

(12.8) a=a+- -+ ok,

with a; compactly supported in U;. By construction,

(12.9) /aj =0

for 1 < j < K. But then (12.3) implies [ ax = 0 too.
Now pick p € S™ and define smooth maps

(12.10) Wi M — S"

which map U; diffeomorphically onto S™ \ p, and map M \ U, to p. There is a unique
v; € A"S™, with compact support in S™ \ p, such that ¢*v; = a;. Clearly

/’Uj = O,
Sn

so by the case M = S™ of Proposition 12.6 already established, we know that v; = dw;
for some w; € A"71S", and then

(12.11) a; =dBj, B; = Yjw;.

This concludes the proof of Proposition 12.6.

We are now ready to introduce the notion of the degree of a map between compact
oriented surfaces. Let X and Y be compact oriented n-dimensional surfaces. We want to
define the degree of a smooth map F' : X — Y. To do this, assume Y is connected. We
pick w € A™Y such that

(12.12) /w =

Y

We propose to define

(12.13) Deg(F) = [ Frw.
/

The following result shows that Deg(F') is indeed well defined by this formula. The key
argument is an application of Proposition 12.6.
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Lemma 12.7. The quantity (12.13) is independent of the choice of w, as long as (12.12)
holds.

Proof. Pick w1 € A™Y satisfying [, w1 = 1, so [, (w — w1) = 0. By Proposition 12.6, this
implies

(12.14) w —wy = da, for some o € A"71Y.

Thus

(12.15) /F*w—/F*wl :/dF*oz:O,
X X X

and the lemma is proved.

The following is a most basic property.
Proposition 12.8. If Fy and Fy are smoothly homotopic, then Deg(Fy) = Deg(Fy).
Proof. By Proposition 11.1, if Fjy and F} are smoothly homotopic, then fX Fiw = fX Flw.

The following result is a simple but powerful extension of Proposition 12.8. Compare
the relation between Propositions 11.1 and 11.2.

Proposition 12.9. Let M be a compact oriented surfazwith boundary, dim M =n + 1.
Take Y as above, n =dimY . Given a smooth map F': M — Y, let f = F‘aM :OM —'Y.
Then

Deg(f) = 0.

Proof. Applying Stokes’ Theorem to o = F*w, we have

/f*w:/dF*w.
oM M

But dF*w = F*dw, and dw = 0 if dim Y = n, so we are done.

Brouwer’s no-retraction theorem is an easy corollary of Proposition 12.9. Compare the
proof of Proposition 12.2.

Corollary 12.10. If M is a compact oriented surface with nonempty boundary OM, then
there is no smooth retraction @ : M — OM.

Proof. Without loss of generality, we can assume M is connected. If there were a retraction,

then OM = p(M) must also be connected, so Proposition 12.9 applies. But then we would
have, for the map id. = go! oy the contradiction that its degree is both zero and 1.

We next give an alternative formula for the degree of a map, which is very useful in
many applications. In particular, it implies that the degree is always an integer.

A point yg € Y is called a regular value of F, provided that, for each x € X satisfying
F(z) = yo, DF(x) : T, X — T,,Y is an isomorphism. The easy case of Sard’s Theorem,
discussed in Appendix F, implies that most points in Y are regular. Endow X with
a volume element wy, and similarly endow Y with wy. If DF(z) is invertible, define
JF(x) € R\0 by F*(wy) = JF(z)wx. Clearly the sign of JF(x), i.e., sgn JF(x) = £1, is
independent of choices of wx and wy, as long as they determine the given orientations of
X and Y.
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Proposition 12.11. If yg is a reqular value of F, then

(12.16) Deg(F) =Y {sgnJF(x;) : F(x;) = yo}.

Proof. Pick w € A™Y, satisfying (12.12), with support in a small neighborhood of . Then
F*w will be a sum ) w;, with w; supported in a small neighborhood of z;, and [w; = £1
as sgn JF (z;) = £1.

For an application of Proposition 12.11, let X be a compact smooth oriented hypersur-
face in R™*!, and set Q = R\ X. Given p € ), define

_r—-p
|z —p|

(12.17) Fp: X — 8", F,(z)

It is clear that Deg(F),) is constant on each connected component of €. It is also easy to
see that, when p crosses X, Deg(F},) jumps by 1. Thus Q has at least two connected
components. This is most of the smooth case of the Jordan-Brouwer separation theorem:

Theorem 12.12. If X is a smooth compact oriented hypersurface of R"*1, which is con-
nected, then Q = R"*1\ X has exactly 2 connected components.

Proof. X being oriented, it has a smooth global normal vector field. Use this to separate a
small collar neighborhood C of X into 2 pieces; C\ X = CoUC;. The collar C is diffeomorphic
to [-1,1] x X, and each C, is clearly connected. It suffices to show that any connected
component O of Q intersects either Cy or C;. Take p € 00. If p ¢ X, then p € Q, which is
open, so p cannot be a boundary point of any component of €2. Thus 00 C X, so O must
intersect a C;. This completes the proof.

Let us note that, of the two components of €2, exactly one is unbounded, say €2y, and
the other is bounded; call it €2;. Then we claim

(12.18) p € Q; = Deg(F}) = J.

Indeed, for p very far from X, F, : X — S™ is not onto, so its degree is 0. And when p
crosses X, from €y to €2y, the degree jumps by +1.

For a simple closed curve in R?, Theorem 12.12 is the smooth case of the Jordan curve
theorem. That special case of the argument given above can be found in [Sto]. The
existence of a smooth normal field simplifies the use of basic degree theory to prove such
a result. For a general continuous, simple closed curve in R?, such a normal field is not
available, and the proof of the Jordan curve theorem in this more general context requires
a different argument, which can be found in [GrH].

We apply results just established on degree theory to properties of vector fields, par-
ticularly of their critical points. A critical point of a vector field V' is a point where V'
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vanishes. Let V' be a vector field defined on a neighborhood O of p € R", with a single
critical point, at p. Then, for any small ball B, about p, B, C O, we have a map

_ V()

V(@)

The degree of this map is called the index of V' at p, denoted ind,(V'); it is clearly inde-

pendent of r. If V' has a finite number of critical points, then the index of V' is defined to
be

(12.20) Index(V) =) _ind, (V).

(12.19) V, 0B, — S"t V()

If ¢ : O — O’ is an orientation preserving diffeomorphism, taking p to p and V to W,
then we claim

(12.21) ind,, (V) = ind, (W).

In fact, Dy(p) is an element of GL(n,R) with positive determinant, so it is homotopic
to the identity, and from this it readily follows that V, and W, are homotopic maps of
0B, — S™!. Thus one has a well defined notion of the index of a vector field with a finite
number of critical points on any oriented surface M.

There is one more wrinkle. Suppose X is a smooth vector field on M and p an isolated
critical point. If you change the orientation of a small coordinate neighborhood O of p,
then the orientations of both 0B, and S™ ! in (12.19) get changed, so the associated
degree is not changed. Hence one has a well defined notion of the index of a vector field
with a finite number of critical points on any smooth surface M, oriented or not.

A vector field V on O C R" is said to have a non-degenerate critical point at p provided
DV (p) is a nonsingular n x n matrix. The following formula is convenient.

Proposition 12.13. If V has a nondegenerate critical point at p, then
(12.22) ind, (V) = sgndetDV (p).

Proof. If p is a nondegenerate critical point, and we set ¥ (z) = DV (p)z, ¥.(z) =
Y(x)/|Y(x)|, for x € OB,, it is readily verified that v, and V, are homotopic, for r small.
The fact that Deg(v,) is given by the right side of (12.22) is an easy consequence of
Proposition 12.11

The following is an important global relation between index and degree.

Proposition 12.14. Let Q be a smooth bounded region in R"1. Let V be a vector field
on Q, with a finite number of critical points p;, all in the interior Q). Define F' : 9§} — S™
by F(x) =V (x)/|V(z)|. Then

(12.23) Index(V') = Deg(F).
Proof. If we apply Proposition 12.9 to M = Q\ Uj B.(pj), we see that Deg(F) is equal to
the sum of degrees of the maps of 0B.(p;) to S™, which gives (12.23).

Next we look at a process of producing vector fields in higher dimensional spaces from
vector fields in lower dimensional spaces.
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Proposition 12.15. Let W be a vector field on R™, vanishing only at 0. Define a vector
field V on R""* by V(z,y) = (W(z),y). Then V vanishes only at (0,0). Then we have

(1224) ind()W = ind(o’o)v.

Proof. If we use Proposition 12.11 to compute degrees of maps, and choose yy € S"~! C
Sntk=1 "4 regular value of W,, and hence also for V., this identity follows.

We turn to a more sophisticated variation. Let X be a compact n dimensional surface
in R"** W a (tangent) vector field on X with a finite number of critical points p;- Let Q
be a small tubular neighborhood of X, 7 : Q — X mapping z € ) to the nearest point in
X. Let p(z) = dist(z, X)2. Now define a vector field V on Q by

(12.25) V(z) =W(m(z)) + Vp(2).

Proposition 12.16. If F': 9 — S"T*=1 js given by F(z) = V(2)/|V(2)|, then

(12.26) Deg(F) = Index(W).

Proof. We see that all the critical points of V' are points in X that are critical for W, and, as

in Proposition 12.15, Index(W) = Index(V'). Then Proposition 12.14 implies Index(V') =
Deg(F).

Since ¢(z) is increasing as one goes away from X, it is clear that, for z € 99, V(z)
points out of €2, provided it is a sufficiently small tubular neighborhood of X. Thus F' :
00 — S™Tk=1 is homotopic to the Gauss map

(12.27) N :9Q — Skl

given by the outward pointing normal. This immediately gives:

Corollary 12.17. Let X be a compact n-dimensional surface in R"t*  Q a small tubular
neighborhood of X, and N : 09 — S™T*=1 the Gauss map. If W is a vector field on X
with a finite number of critical points, then

(12.28) Index(W') = Deg(NV).

Clearly the right side of (12.28) is independent of the choice of W. Thus any two vector
fields on X with a finite number of critical points have the same index, i.e., Index(W) is
an invariant of X. This invariant is denoted

(12.29) Index(W) = x(X),

and is called the Euler characteristic of X.
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REMARK. The existence of smooth vector fields with only nondegenerate critical points
(hence only finitely many critical points) on a given compact surface X follows from results
presented in Appendix G.

Exercises

1. Let X be a compact, oriented, connected surface. Show that the identity map 7 : X — X
has degree 1.

2. Suppose Y is also a compact, oriented, connected surface. Show that if F': X — Y is
not onto, then Deg(F') = 0.

3. If A: S™ — S™ is the antipodal map, show that Deg(A) = (—1)""1.

4. Show that the homotopy invariance property given in Proposition 12.8 can be deduced
as a corollary of Proposition 12.9.
Hint. Take M = X x [0, 1].

5. Let p(z) = 2" + an_12"" 1 + -+ + a1z + ag be a polynomial of degree n > 1. The
fundamental theorem of algebra, proved in §10, states that p(zgp) = 0 for some zy € C.
We aim for another proof, using degree theory. To get this, by contradiction, assume
p:C— C\O0. For r > 0, define

10
Fost st Rty = PUeT)
€)= Totre®]

Show that each F. is smoothly homotopic to Fp, and note that Deg(Fy) = 0. Then show
that there exists r¢ such that

r > rg = F, is homotopic to P,
where ®(e?) = ¢™?. Show that Deg(®) = n, and obtain a contradiction.
Note. Regarding the use of degree theory here, show how the proof of Proposition 12.6
vastly simplifies when M = S*.
6. Show that each odd-dimensional sphere S?*~! has a smooth, nowhere vanishing tangent
vector field.

Hint. Regard S?*~! ¢ C*, and multiply the unit normal by i.

7. Let V be a planar vector field. Assume it has a nondegenerate critical point at p. Show
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that

p saddle = ind —1

\%
p center = ind, (V'

o
p source = ind,(V
p sink = ind,(

(

8. Let M be a compact oriented 2-dimensional surface. Given a triangulation of M, within
each triangle construct a vector field, vanishing at 7 points as illustrated in Fig. 12.1, with
the vertices as attractors, the center as a repeller, and the midpoints of each edge as saddle
points. Fit these together to produce a smooth vector field X on M. Show directly that

Index(X) =V — E+ F,

where
V = # vertices, E = # edges, F = # faces,

in the triangulation.

9. With X = §™ C R™"! note that the manifold 92 in (12.27) consists of two copies of
S™, with opposite orientations. Compute the degree of the map N in (12.27)—(12.28), and
use this to show that

(12.30) X(S8™) =2 if n even, 0 if n odd,

granted (12.28)—(12.29).

10. Consider the vector field R on S? generating rotation about an axis. Show that R
has two critical points, at the “poles.” Classify the critical points, compute Index(R), and
compare the n = 2 case of (12.30).

11. Generalizing Exercise 9, Let X C R"*! be a smooth, compact, oriented, n-dimensional
surface, so again the neighborhood © of X as in (12.27) has boundary 0f) consisting

essentially of two copies of X, with opposite orientations. Let N : X — S™ be the outward
pointing unit normal. Show that

~ 1
(12.31) Deg N = §X(X)’ if n is even.

Remark. If wg is the volume form on S™ and wx that on X, then N*ws = Kwyx, and
K : X — R is called the Gauss curvature of X. Then (12.31) implies

[ K@) ds@) = 34, x()

if n is even. This is a basic case of the Gauss-Bonnet formula.
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12. In the setting of Exercise 11, assume n is odd. Show that
(12.32) X(X) = 0.
Give examples where the identity in (12.31) fails.

13. Retain the setting of Exercise 12, especially that n is odd. Let X = 90, with © Cc R*+!
bounded and open. Take a smooth function

0:0 —[0,00), ¢(z)=dist(z,X) near X, ¢(z)>0 on O.

Let ¥ c R™*2 be the surface

S ={(z,y): 2 €0, y* = p(a)},
and let v : ¥ — S"*! be the outward pointing unit normal. Show that
(12.33) Degv = Deg N,
and deduce that

-1
(12.34) Deg N = 2 x().

Hint. Taking N:X — S cC Sntl show that each regular value of N is also a regular
value of v, with the same preimage in X C ¥. Then show that Proposition 12.11 applies.

14. Actually, (12.33) holds whether n is odd or even. Can you get anything else from this?

15. In the setting of Exercise 12 (n is odd), generalize the construction of Exercise 6 to
show directly that there is a smooth, nowhere vanishing vector field tangent to X.

16. Let O C R™ be open and f : O — R smooth of class C?. Let V = Vf. Assume
p € O is a nondegenerate critical point of f, so its Hessian D?f(p) is a nondegenerate
n X n symmetric matrix. Say

(12.35) D?f(p) has ¢ positive eigenvalues and n — £ negative eigenvalues.

Show that Proposition 12.13 implies

(12.36) ind, (V) = (-1)"*.

17. Let X C R"* be a smooth, compact, n-dimensional surface. Assume there exists



62

f € C?*(X), with just two critical points, a max and a min, both nondegenerate. Use
Exercise 16 to show that

(12.37) X(X)=2 if n iseven, 0 if n is odd.

Considering S™ C R™"*!, use this to give another demonstration of (12.30).
18. Let 7 C R? be the “inner tube” surface described in Exercise 15 of §5.

(a) Show that rotation about the z-axis is generated by a vector field that is tangent to 7
and nowhere vanishing of 7.

(b) Define f : T — R by f(z,y,2) =, (z,y,z) € T. Show that f has four critical points,
a max, a min, and two saddles. Deduce from Exercise 16 that V f is a vector field on 7 of
index 0.

(c) Show that both part (a) and part (b) imply x(7) = 0.
Let X C R™ be an m-dimensional surface, and let Y C R” be a p-dimensional surface,
both smooth of class C*. Then

XxY={(z,y) eR"xR":z € X,y Y} CR" xR”

has a natural structure of an (m + u)-dimensional C* surface.

19. Let X and Y be as above, and assume they are both compact. Let V; be a smooth
vector field tangent to X and V5 a smooth vector field tangent to Y, both with only
nondegenerate critical points. Say {p;} are the critical points of V; and {g;} those of V5.

(a) Show that W(x,y) = Vi(x) + Va(y) is a smooth vector field tangent to X x Y. Show
that its critical points are precisely the points {(p;, ¢;)}, each nondegenerate. Show that
Proposition 12.13 gives

(12.38) ind(p, ¢,y W = (indy, V1)(indy; V2).
(b) Show that

(12.39) Index W = (Index V;)(Index V3).
(c) Deduce that

(12.40) WX X ¥) = x(X)x(Y).

Let X and Y be smooth, compact, oriented surfaces in R". Assume £k = dim X, / =dimY,
and k+/¢=n—1. Assume X NY = (. Set

T —y
|z —y|

(12.41) e X XY — 8" p(z,y) =
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We define the linking number
(12.42) AMX,Y,R") = Deg ¢.

20. Let v and o0 C R? be the following simple closed curves, parametrized by s,t €
R/(27Z):
v(s) = (cos s,sins,0), o(t) = (0,14 cost,sint).
Thus 7 is a circle in the (z, y)-plane centered at (0,0,0) and o is a circle in the (y, z)-plane,
centered at (0,1,0), both of unit radius. Show that
Ay, 0,R?) = 1.

Hint. With ¢ as above, show that (0,1,0) € S? has exactly one preimage point, under
p:yxo— S

21. Let M be a smooth, compact, oriented, (n — 1)-dimensional surface, and assume

¢: M — R™\ 0 is a smooth map. Set
|o(2)]

Take w € A" 1(R™ \ 0) to be the form considered in Exercises 9-10 of §8, i.e.,

, F:M— S" 1L

n
w= ]w|_”2xjdx1/\--~/\dxj/\-~~/\da:n.
j=1
Show that

1 *
Deg(F) = o /go w.
i

Hint. Use Proposition 11.1 (with Y = R™\ 0), plus Exercise 9 of §8, to show that

/SOw—/F*

M

and show that, under S”! < R™, j*w is the area form on S~ 1.

22. In Exercise 21, take n = 3 and M = T? = R?/(2nZ?), parametrized by (s,t) € R2.
Show that
Y1 P2 3
e*'w =|p| P det | Osp1 Osp2  Osp3 | (ds A dt)

Orpr Oppa O3

_ dp Oy
= lpl - (52 x 57 ) (ds Adb).

In case p(s,t) = v(s) — o(t), deduce the Gauss hnkmg number formula:

A(y,0,R3) = /!7 —olt P-(y’(s)xa'(t))dsdt.



64

C. Differential forms and the change of variable formula

The change of variable formula for one-variable integrals,

t w(t)
(1) / F (@) (@) de = / L

given f continuous and ¢ of class C, is easily established, via the fundamental theorem
of calculus and the chain rule. We recall how this was done in §0. If we denote the left
side of (C.1) by A(t) and the right by B(t), we apply these results to get

(C.2) A'(t) = f(e(t) @' () = B'(1),

and since A(a) = B(a) = 0, another application of the fundamental theorem of calculus
(or simply the mean value theorem) gives A(t) = B(t).

For multiple integrals, the change of variable formula takes the following form, given in
Proposition 4.13:

Theorem C.1. Let O, Q be open sets on R™ and ¢ : O — Q be a C* diffeomorphism.
Giwen f continuous on §2, with compact support, we have

(C.3) /f ‘detD@ |da:—/f

There are many variants of Theorem C.1. In particular one wants to extend the class of
functions f for which (C.3) holds, but once one has Theorem C.1 as stated, such extensions
are relatively painless. See the derivation of Theorem 4.15.

Let’s face it; the proof of Theorem C.1 given in §4 was a grim affair, involving careful
estimates of volumes of images of small cubes under the map ¢ and numerous pesky details.
Recently, P. Lax [L] found a fresh approach to the proof of the multidimensional change of
variable formula. More precisely, [L] established the following result, from which Theorem
C.1 is an easy consequence.

Theorem C.2. Let ¢ : R® — R™ be a C* map. Assume o(x) = z for |x| > R. Let f be
a continuous function on R™ with compact support. Then

(C.4) /f ) det Dy(x dx—/f

We will give a variant of the proof of [L]. One difference between this proof and that of
[L] is that we use the language of differential forms.
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Proof of Theorem C.2. Via standard approximation arguments, it suffices to prove this
when ¢ is C? and f € C}(R™), which we will assume from here on.

To begin, pick A > 0 such that f(x — Ae;) is supported in {z : |z| > R}, where
e1 = (1,0,...,0). Also take A large enough that the image of {x : |x| < R} under ¢ does
not intersect the support of f(z — Ae;). We can set

0
(C5) F(z) = [(a) ~ [(@— der) = 2 (z),
T
where
A
(C.6) U(z) = / flx —se1)ds, € C5(R™).
0
Then we have the following identities involving n-forms:
a=F(x)dxy N--- Ndx, = a—wdml/\---/\dacn
81‘1

(C.7) = dip Adxs A+ Adzy,

=d(pdxa A -+ Ndxy,),

i.e., « = dB, with 3 = dwy A --- A dz, a compactly supported (n — 1)-form of class C?!.
Now the pull-back of o under ¢ is given by

(C.8) o a = F(p(z)) det Dp(z) dzy A -+ A dzy,.
Furthermore, the right side of (C.8) is equal to
(C.9) f(e(z)) det Do(z)day A -+ Nday, — flz — Aer) dzy A -+ Aday,.

Hence we have

(C.10)
:/w*a= e*dB = [ d(¢*p),

where we use the general identity

(C.11) ©*dp = d(¢* ),

a consequence of the chain rule. On the other hand, a very special case of Stokes’ theorem
applies to

(C.12) cp*ﬁzyzZ'yj(x)dxl/\---/\d/x\j/\--~/\dxn,
J
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with v; € C§(R™). Namely

Oy
j=1=7
(C.13) dry g (—1) a2, dxy A -+ Ndxy,

J

and hence, by the fundamental theorem of calculus,

(C.14) /d7 =0.

This gives the desired identity (C.4), from (C.10).

We make some remarks on Theorem C.2. Note that ¢ is not assumed to be one-to-one
or onto. In fact, as noted in [L], the identity (C.4) implies that such ¢ must be onto, and
this has important topological implications. We mention that, if one puts absolute values
around det Dep(zx) in (C.4), the appropriate formula is

(C.15) /f(cp(ac)) |det Dop(x)| dz = /f(x) n(x) dz,

where n(z) = #{y : ¢(y) = z}. A proof of (C.15) can be found in texts on geometrical
measure theory.

As noted in [L], Theorem C.2 was proven in [B-D]. The proof there makes use of dif-
ferential forms and Stokes’ theorem, but it is quite different from the proof given here. A
crucial difference is that the proof in [B-D] requires that one knows the change of variable
formula as formulated in Theorem C.1.
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