Chapter 2
Differential Forms

This chapter discusses integration on differentiable manifolds. Because there is no
canonical choice of local coordinates, there is no natural notion of volume, and so
only objects with appropriate transformation properties under coordinate changes
can be integrated. These objects, called differential forms, were introduced by Elie
Cartan in 1899; they come equipped with natural algebraic and differential opera-
tions, making them a fundamental tool of differential geometry.

Besides their role in integration, differential forms occur in many other places in
differential geometry and physics: for instance, they can be used as a very efficient
device for computing the curvature of Riemannian (Chap. 4) or Lorentzian (Chap. 6)
manifolds; to formulate Hamiltonian mechanics (Chap.5); or to write Maxwell’s
equations of electromagnetism in a compact and elegant form.

The algebraic structure of differential forms is set up in Sect. 2.1, which reviews
the notions of tensors and tensor product, and introduces alternating tensors and
their exterior product.

Tensor fields, which are natural generalizations of vector fields, are discussed
in Sect.2.2, where a new operation, the pull-back of a covariant tensor field by a
smooth map, is defined. Differential forms are introduced in Sect.2.3 as fields of
alternating tensors, along with their exterior derivative. Important ideas which will
not be central to the remainder of this book, such as the Poincaré lemma, de Rham
cohomology or the Lie derivative, are discussed in the exercises.

The integral of a differential form on a smooth manifold in defined in Sect.2.4.
This makes use of another basic tool of differential geometry, namely the existence
of partitions of unity.

The celebrated Stokes theorem, generalizing the fundamental theorems of vector
calculus (Green’s theorem, the divergence theorem and the classical Stokes theorem
for vector fields) is proved in Sect. 2.5. Some of its consequences, such as invariance
by homotopy of the integral of closed forms, or Brouwer’s fixed point theorem,
are explored in the exercises.

Finally, Sect.2.6 studies the relation between orientability and the existence of
special differential forms, called volume forms, which can be used to define a notion
of volume on orientable manifolds.
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62 2 Differential Forms

2.1 Tensors

Let V be an n-dimensional vector space. A k-tensor on V is a real multilinear
function (meaning linear in each variable) defined on the product V- x --- x V of k
copies of V. The set of all k-tensors is itself a vector space and is usually denoted by
TEV*).

Example 1.1

(1) The space of 1-tensors 7 1 (V*) is equal to V*, the dual space of V, that is, the
space of real-valued linear functions on V.

(2) The usual inner product on R" is an example of a 2-tensor.

(3) The determinant is an n-tensor on R”.

Given a k-tensor T and an m-tensor S, we define their tensor product as the
(k + m)-tensor T ® S given by

TQSW1ywews Vi Vil oo o s Vi) = T 1, oo, Vi) - Skt 1, -+ oy Vietm)-

This operation is bilinear and associative, but not commutative [cf. Exercise 1.15(1)].

Proposition 1.2 If {Ty, ..., T,} is a basis for T'(V*) = V* (the dual space of V),
thenthe set {T;, ® ---®T;, | 1 <iy,...,ix <n}isabasis oka(V*), and therefore
dim 75(V*) = nk.

Proof We will first show that the elements of this set are linearly independent. If

then, taking the basis {vy, ..., v,} of V dual to {T1, ..., T}, meaning that 7; (v;) =
0jj (cf. Sect.2.7.1), we have T(vj,...,vj) = aj.j = 0 for every 1 <
Jls ook <.

To show that {T;, ® --- @ T;, | 1 <iy,...,ix < n} spans TK(V*), we take any
element 7 € 7%(V*) and consider the k-tensor S defined by

S:: Z T(Vl‘l,...,Vi/\,)Til®"'®Tik~

Clearly, S(vi, ..., vi,) = T(vjy,...,v;) forevery 1 <ij,...,ix < n,and so, by
linearity, S = T'. O

If we consider k-tensors on V*, instead of V, we obtain the space T*(V) (note that
(V** = V,as shown in Sect.2.7.1). These tensors are called contravariant tensors
on V, while the elements of 7%(V*) are called covariant tensors on V. Note that
the contravariant tensors on V are the covariant tensors on V*. The words covariant
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and contravariant are related to the transformation behavior of the tensor components
under a change of basis in V, as explained in Sect.2.7.1.

We can also consider mixed (k, m)-tensors on V, that is, multilinear functions
defined on the product V x -+ - x V x V* x --- x V* of k copies of V and m copies
of V*. A (k, m)-tensor is then k times covariant and m times contravariant on V.
The space of all (k, m)-tensors on V is denoted by 75 (V*, V).

Remark 1.3

(1) We can identify the space 7! (V*, V) with the space of linear maps from V to
V. Indeed, for each element T € 711(V*, V), we define the linear map from
V to V, given by v — T (v, -). Note that T'(v, -) : V* — Ris a linear function
on V*, that is, an element of (V*)* =V

(2) Generalizing the above definition of tensor product to tensors defined on
different vector spaces, we can define the spaces 7X(V*) @ 7" (W*) gener-
ated by the tensor products of elements of 7%(V*) by elements of 7" (W*).
Note that 75" (V*, V) = TK(V*) @ T™ (V). We leave it as an exercise to find
a basis for this space.

A tensor is called alternating if, like the determinant, it changes sign every time
two of its variables are interchanged, that is, if

T, ey Vig ooV, Vi) = =T (01, oo Vo Vi e, V).

The space of all alternating k-tensors is a vector subspace AK(V*) of T5(V*).
Note that, for any alternating k-tensor 7, we have T'(vq, ..., v) = 0if v; = v; for
some i # j.

Example 1.4

(1) All 1-tensors are trivially alternating, that is, A'(V*) = T1(V*) = V*.
(2) The determinant is an alternating n-tensor on R”.

Consider now Sy, the group of all possible permutations of {1, ..., k}. If o € S,
we set o(V, ..., Vvk) = (Vo(1), - --» Vo(k)). Given a k-tensor T € TK(V*) we can
define a new alternating k-tensor, called Alt(7'), in the following way:

1
Al(T) = > (sgno) (T o0),
: O'ESk

where sgn o is +1 or —1 according to whether ¢ is an even or an odd permutation.
We leave it as an exercise to show that Alt(7) is in fact alternating.

Example 1.5 T € T3(V*),

AI(T)(vi,v2,v3) = £ (T (1, v2,v3) + T (v3,v1,v2) + T (v2,v3, 1)
=T (vi,v3,v2) = T(v2,v1,v3) — T(v3,v2,v1)).
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We will now define the wedge product between alternating tensors: if 7 €
A¥(V*)and S € A™(V*),then T A S € A" (V*) is given by

|
TAS:=— 2 AT ®S).
k'm!

Example 1.6 T, S € A'(V*) = V*, then
TAS=2AT®S)=T®S—-SQT,

implyingthat T AS=—-SATand T AT =0.

It is easy to verify that this product is bilinear. To prove associativity we need the
following proposition.

Proposition 1.7
(i) Let T € T*(V*) and S € T™(V*). If Alt(T) = O then

AT ® S) = Alt(S® T) = 0;

(ii) AAI(T ® ) ® R) = Alt(T ® S® R) = Alt(T ® Alt(S ® R)).

Proof

(i) Let us consider

(k4+m)! AT ® S)(V1, ..., Vigm) =
= z (sgn 0’) T(Vg(l), ey va(k))S(Vo-(k+l), ey Va(ker))-

OESk+m

Taking the subgroup G of Sk, formed by the permutations of {1, ..., kK + m}
thatleave k + 1, ..., kK + m fixed, we have

Z(Sgn DT Wo(1ys -+ Vo) SWotkt1)s - - -5 Voltktm)) =

oeG

= (Z(Sgn T (Vo1)s - - Va(k))) SOk41s -+ Vitm)

oeG

=k! (AI(T)® S) 1, ..., vikgm) = 0.

Then, since G decomposes Sk, into disjoint right cosets G- := {07 | o € G},
and for each coset
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D 6gn o) T @ $)(Vo(i): - -+ Votkim) =

oceG-o

= (sgnd) Y _(sgn o) (T ® )o@ (1)) - - - VoG k4m))

oeG

= (sgno)k! (AIt(T) ® S)YVe1)s -5 Vatm)) = 0,

we have that Alt(7 ® §) = 0. Similarly, we prove that Alt(S ® T) = 0.
(i) By linearity of the operator Alt and the fact that AltoAlt = Alt
[cf. Exercise 1.15(3)], we have

Alt(AIt(S® R) — S® R) = 0.
Hence, by (i),

0= Alt(T ® (Alt(S® R) — S ® R))
= AT ® AIt(S® R)) — Alt(T ® S ® R),

and the result follows. O
Using these properties we can show the following.
Proposition 1.8 (T AS)AR=T A(SAR).
Proof By Proposition 1.7, for T € A¥(V*),S € A™(V*)and R € AL(V*), we have

_(ktm+D)!
(TASAR_-@IEWTMMTA$®R)
_(ktm+D)!

imuy AT SR

and

(k+m+1)!
TAMSAR) = —— AT ® (SAR
A(SAR) I (T®( )
(k+m+1)!

We can now prove the following theorem.

Theorem 1.9 If{T\, ..., T,} is a basis for V*, then the set

(T; /\"'/\Tikllfl.1<"'<ik§n}
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is a basis for A*(V*), and

dim A®(V™) = (k) = —k!(n—k)!'

Proof Let T € AX(V*) c T*(V*). By Proposition 1.2,

T = Z ail‘..ikTil ®®le

and, since T is alternating,

T=AWT)= D a.; AT, @ @ Tj).

We can show by induction that Alt(T};, ® - - - ® T;,) = %Til ATy A+ AT, . Indeed,
for k = 1, the result is trivially true, and, assuming it is true for k basis tensors, we
have, by Proposition 1.7, that

AT, ® --- Q@ Tjy,,) = AlLAI(T}, ® - ® Tjy) ® Ty )
|

k+1

ZWAH(TH@)'“@T[}{)/\E
1

:mTil/\Tiz/\”'/\Ti

k+1°

Hence,

1
T = F Z ail...ikTil /\Tiz/\"'/\Tik~

Tk

However, the tensors 7;; A --- A T;, are not linearly independent. Indeed, due to
anticommutativity, if two sequences (i1, ... i) and (ji, ... jx) differ only in their
orderings, then T;; A --- AT = £Tj A --- A Tj.. In addition, if any two of the
indices are equal, then T;; A --- A T; = 0. Hence, we can avoid repeating terms by
considering only increasing index sequences:

T = Z bi]...ikTil /\"'/\Tik

i <--<ig

and so the set {T;; A--- AT, | 1 <iy < ... < i < n}spans AK(V*). Moreover,
the elements of this set are linearly independent. Indeed, if

0=T= Z bil...ikTil/\"'/\Tik9

i <--<ig
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then, taking a basis {vy, ..., v,} of V dual to {T1, ..., T} and an increasing index
sequence (Jji, ..., jk), we have

0=T@Wj.....vi)=k! D by iy AT}, ® -+ @ Ty)(vjy. ..., vjp)

i <--<ig
= Z bi|...ik Z(Sgna) E|(Vj0(1))"'nk(ng(k))~
i <---<iy og€ES)
Since (i1, ..., i) and (ji, ..., jx) are both increasing, the only term of the second

sum that may be different from zero is the one for which ¢ = id. Consequently,
0= T(le, ey ij) = bj1-~-jk'

|
The following result is clear from the anticommutativity shown in Example 1.6.

Proposition 1.10 If T € AK(V*) and S € A™(V*), then
TAS=(—D"SAT.

Proof Exercise 1.15(4) O

Remark 1.11

(1) Another consequence of Theorem 1.9 is that dim(A"(V*)) = 1. Hence, if
V = R", any alternating n-tensor in R” is a multiple of the determinant.

(2) Itis also clear that AK(V*) = 0 if k > n. Moreover, the set A°(V*) is defined
to be equal to R (identified with the set of constant functions on V).

A linear transformation F : V — W induces a linear transformation F* :
THW*) — T*(V*) defined by

(F*TY(1, ..., ve) = T(F(v1), ..., F(w)).

This map has the following properties.

Proposition 1.12 Let V, W, Z be vector spaces, let F : V. — Wand H : W — Z
be linear maps, and let T € T*(W*) and S € T™(W*). We have:

(1) F{(T ®S) = (F*T) ® (F*S);
(2) If T is alternating then so is F*T;
(3) F*(T AS) = (F*T) A (F*S);
(4) (FoH)*=H*oF*
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Proof Exercise 1.15(5) |
Another important fact about alternating tensors is the following.

Theorem 1.13 Let F : V — V be a linear map and let T € A"(V*). Then
F*T = (det A)T, where A is any matrix representing F.

Proof As A™(V*)is 1-dimensional and F* is a linear map, F* is just multiplication
by some constant C. Let us consider an isomorphism H between V and R”. Then,
H* det is an alternating n-tensor in V, and so F*H* det = C H* det. Hence

(H"Y*F*H*det = Cdet & (H o F o H™")*det = C det & A*det = C det,

where A is the matrix representation of F induced by H. Taking the standard basis
inR”, {eq, ..., e,}, we have

A*det(ey,...,e,) = Cdet(eq,...,e,) =C,

and so
det (Aeq, ..., Ae,) =C,

implying that C = det A. ]

Remark 1.14 By the above theorem, if T € A"(V*) and T # 0, then two or-
dered basis {vi,...,v,} and {wq, ..., w,} are equivalently oriented if and only if
T(vy,...,vy)and T(wy, ..., w,) have the same sign.

Exercise 1.15

(1) Show that the tensor product is bilinear and associative but not commutative.
(2) Find a basis for the space 75" (V*, V) of mixed (k, m)-tensors.
(3) If T € T*(V*), show that

(a) Alt(T) is an alternating tensor;
(b) if T is alternating then Alt(T) = T},
(c) Alt(Alt(T)) = Alt(T).

(4) Prove Proposition 1.10.
(5) Prove Proposition 1.12.
(6) LetTy,..., T, € V*. Show that

(TN AT, .o, vg) = det [Ti(v))].

(7) Show thatLet Ty, ..., Ty € A'(V*) = V* are linearly independent if and only
ifTy A~ AT #0.
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(8) LetT € A¥(V*) andletv € V. We define contraction of T by v, t(v)T, as the
(k — 1)-tensor given by

COHTYW1,y ooy Vi—1) =T W, V1, oy VE—1).

Show that:

@ t(v)O)T) = —t(v2)((v)T);
(b) if T € A¥(V*) and S € A™(V*) then

LT AS) = OWT) AS+ (=DFT A (1) S).

2.2 Tensor Fields

The definition of a vector field can be generalized to tensor fields of general type.
For that, we denote by T;‘M the dual of the tangent space T}, M at a point p in M
(usually called the cotangent space to M at p).

Definition 2.1 A (k, m)-tensor field is a map that to each point p € M assigns a
tensor T € ’T’“’"(T;‘M, T,M).

Example 2.2 A vector field is a (0, 1)-tensor field (or a 1-contravariant tensor field),
that is, a map that to each point p € M assigns the 1-contravariant tensor X, € T, M.

Example 2.3 Let f : M — R be a differentiable function. We can define a (1, 0)-
tensor field df which carries each point p € M to (df),, where

df),: T,M — R

is the derivative of f at p. This tensor field is called the differential of f. For
any v € T,M we have (df),(v) = v - f (the directional derivative of f at p
along the vector v). Considering a coordinate system x : W — R", we can write

v=2>", Vi (%)p, and so

i 0f
@f),(v) = Zv 57 @),

where f =fo x~!. Taking the coordinate functions x’ : W — R, we can obtain
1-forms dx' defined on W. These satisfy

; 0
@ ((a_) ) -
P
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and so they form a basis of each cotangent space T;M , dual to the coordinate

basis H(%) R (%) } of T, M. Hence, any (1, 0)-tensor field on W can be
p p

written asw = >, widx!, where w; : W — R is such that w; (p) = wp ((%) )
p

In particular, df can be written in the usual way
n R
of ;
@f)p =2 25 x(p)Ex).
i=1

Remark 2.4 Similarly to what was done for the tangent bundle, we can consider the
disjoint union of all cotangent spaces and obtain the manifold

T*M = U "M
peM

called the cotangent bundle of M. Note that a (1, 0)-tensor field is just a map from
M to T*M defined by

pl—)u)peT;M.

This construction can be easily generalized for arbitrary tensor fields.

The space of (k, m)-tensor fields is clearly a vector space, since linear combina-
tions of (k, m)-tensors are still (k, m)-tensors. If W is a coordinate neighborhood

of M, we know that {(dxi)p} is a basis for T;,“M and that [(%) } is a basis for
p

T, M. Hence, the value of a (k, m)-tensor field T at a point p € W can be written as
the tensor

. . 0 0
Ty =2 a3 (P)dx), @ ® (dx'), @ (a_) 28 (5 )

where the a/'"/"

e W= R are functions which at each p € W give us the
components of 7, relative to these bases of 7;M and T), M. Just as we did with
vector fields, we say that a tensor field is differentiable if all these functions are
differentiable for all coordinate systems of the maximal atlas. Again, we only need
to consider the coordinate systems of an atlas, since all overlap maps are differentiable

[cf. Exercise 2.8(1)].

Example 2.5 The differential of a smooth function f : M — Ris clearly a differen-

tiable (1, 0)-tensor field, since its components % o x on a given coordinate system

0.
x : W — R" are smooth.

An important operation on covariant tensors is the pull-back by a smooth map.
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Definition 2.6 Let f : M — N be a differentiable map between smooth manifolds.
Then, each differentiable k-covariant tensor field 7 on N defines a k-covariant tensor
field f*T on M in the following way:

(f*T)pi, o) = Triny (@) pyvis ... (df) pvi),
forvy,...,vx € TyM.

Remark 2.7 Notice that (f*T),, is just the image of T'¢(p) by the linear map (df), :
Tk(T}"(p)N) — Tk(TIj‘M) induced by (df), : T,M — Ty N (cf. Sect.2.1).
Therefore the properties f*(aT + 8S) = a(f*T) + S(f*S) and f*(T ® S) =
(f*T)® (f*S) hold for all a, B € R and all appropriate covariant tensor fields 7', S.
We will see in Exercise2.8(2) that the pull-back of a differentiable covariant tensor
field is still a differentiable covariant tensor field.

Exercise 2.8

(1) Find the relation between coordinate functions of a tensor field in two overlap-
ping coordinate systems.

(2) Show that the pull-back of a differentiable covariant tensor field is still a differ-
entiable covariant tensor field.

(3) (Lie derivative of a tensor field) Given a vector field X € X (M), we define the
Lie derivative of a k-covariant tensor field 7 along X as

d
LxT = = @*T)
X T (r )|r=0

where ¢, = F(-, t) with F the local flow of X at p.
(a) Show that

Lx(T(Yy,....Y) =LxT)(Y1,..., Yr)
+T(LxY,....Y)+...+T{1,...,LxYy),

i.e. show that

X - (T(Y1,....,Yx)=LxT)Y1,...,Yr)
+T(X."lL....Y)+...+T, ..., [X, YD),

for all vector fields Yi, ..., Yy [cf. Exercises6.11(11) and 6.11(12) in
Chap. 1].
(b) How would you define the Lie derivative of a (k, m)-tensor field?
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2.3 Differential Forms

Fields of alternating tensors are very important objects called forms.

Definition 3.1 Let M be a smooth manifold. A form of degree k (or k-form) on M
is a field of alternating k-tensors defined on M, that is, a map w that, to each point
p € M, assigns an element w, € Ak(T[fM).

The space of k-forms on M is clearly a vector space. By Theorem 1.9, given a
coordinate system x : W — R”", any k-form on W can be written as

w = Zw;dx]
I

where I = (i1, ...,ix) denotes any increasing index sequence of integers in
{1,...,n}, dx' is the form dx' A --- A dx%, and the w; are functions defined
on W. It is easy to check that the components of w in the basis {dx"! @ - -- ® dx*}
are +wj. Therefore w is a differentiable (k, 0)-tensor (in which case it is called a
differential form) if the functions w; are smooth for all coordinate systems of the
maximal atlas. The set of differential k-forms on M is represented by QX (M). From
now on we will use the word “form” to mean a differential form.

Given a smooth map f : M — N between differentiable manifolds, we can
induce forms on M from forms on N using the pull-back operation (cf. Definition 2.6),
since the pull-back of a field of alternating tensors is still a field of alternating tensors.

Remark 3.2 If g : N — R is a O-form, that is, a function, the pull-back is defined
as f*g=go f.

It is easy to verify that the pull-back of forms satisfies the following properties.

Proposition 3.3 Let f : M — N be a differentiable map and «, B forms on N.
Then,

(i) fflat+pP) = frat+ f*5
(it) f*(ga) = (go f)f*a = (f*9)(f*®) for any function g € C*(N);
(iti) f*(aAB)=(f ) A (f*B);
(iv) g*(f*a) = (f o g)*a for any map g € C*°(L, M), where L is a differentiable
manifold.

Proof Exercise3.8(1) U

Example 3.4 If f : M — N is differentiable and we consider coordinate systems
x:V = R" y: W — R"respectively on M and N, we have y// = fi(xl, e x™)
fori =1,...,nand f = yo fox~! the local representation of f.Ifw = > wrdy!
is a k-form on W, then by Proposition 3.3,
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fro=f* (Z wzdy’) =D (fron(frdy’y =D (wro Y A A (fHdy™).

1 1 1
Moreover, forv e T, M,

(7 @y = @) (@) = (a0 ) 0,
that is, f*(dy') = d(y' o f). Hence,

fro=> wroHdy" o YA Ady* o f)
1

=D wroHd(f" ox) A Ad(fox).
1

If k = dim M = dim N = n, then the pull-back f*w can easily be computed from
Theorem 1.13, according to which

(f*dy' A--- Ady™), = det (d fepdx' A Adx"),. 2.1)

Given any form w on M and a parameterization ¢ : U — M, we can consider
the pull-back of w by ¢ and obtain a form defined on the open set U, called the local
representation of w on that parameterization.

Example 3.5 Letx : W — R” be a coordinate system on a smooth manifold M and
consider the 1-form dx' defined on W. The pull-back p*dx’ by the corresponding
parameterization ¢ := x~! is a 1-form on an open subset U of R” satisfying

n

* g0 * g0 E j 9 i " j —a
(gp dx )X(V) = ((p dx )X j=1 vj (ax])x = (d.x )p ;vf(dQO)x (3x/)x
= (dx") En v (i) =V = (dx")(v)
P ox/J o

j=1 P

forx e U, p = p(x) and v = Z?:l v/ (%) € T,U. Hence, just as we had
X X

( 4 )p = (d)y ( 2 )x, we now have (dx), = ¢*(dx'),, and so (dx'), is the

oxT oxl

I-form in W whose local representation on U is (dxh)y.

If w = >, widx! is a k-form defined on an open subset of R”, we define a
(k + 1)-form called exterior derivative of w as

dw = Zdu}] Adxl.
I
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Example 3.6 Consider the form w = —
Then,

x2+J2 dx + 2+ > dy defined on R?\{0}.

Y x
dw:d(—m)/\dx—i—d(m)/\dy

2 _ .2 2_ .2
—x —
= _dyndx+ 2

———=dx ANdy =0.
2+ 2)2 2+ 2)2 Yy

The exterior derivative satisfies the following properties:

Proposition 3.7 If o, w, wy, wy are forms on R”", then

(i) d(wi +wr) = dwy +dws;

(ii) ifwis k-form,d(w A a) =dw A o+ (—l)kw Nda;
(iii) d(dw) = 0;
(iv) if f:R™ — R" is smooth, d(f*w) = f*(dw).

Proof Property (i) is obvious. Using (i), it is enough to prove (ii) for w = a;dx'
and o = bydx”:

dw A a) =d(arbydx’ ANdx?) =d(arby) Adx' Adx’
= (byjda; +a;dby) AdxT A dx?
=byda; Adx' Andx? +ajdby Adx' Adx?
=dw A a+ (—D*ardx! Adby Adx?
=dw A a+ (—DFw A da.

Again, to prove (iii), it is enough to consider forms w = a;dx’. Since

o
dw = daj A dx' Zﬂd Adx!

we have

n n
8%a . .
d(dw) =3 =ade Adxl Adx!

j=li=1

n
82611 8261[ j i I
:Zz(axfﬁxi_axiaxj)dx Adx" ANdx' =0.

i=1 j<i

To prove (iv), we first consider a 0-form g:

fidg) = f Z ) Z(agl f)dfizi((%”)gf;)

i=1 i,j=1
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— 9o f)
=2 o =dgo f)=d(f*g).
=

Then, if w = a;dx’, we have

d(f*w) =d((f*apdf’y =d(f*ap) Adf' + (frapnd@f’y = d(f*ar) ndf!
= (f*das) A (f*dx") = f*(da; Adx") = f*(dw)

(where df! denotes the form df’! A --- A df), and the result follows. O

Suppose now that w is a differential k-form on a smooth manifold M. We define
the (k + 1)-form dw as the smooth form that is locally represented by dw,, for each
parameterization ¢, : U, — M, where w,, := ¢} w is the local representation of w,
that is, dw = (ga;l)*(dwa) on . (U). Given another parameterization g : U —
M such that W := ¢, (Uy) Ng(Ug) # @, it is easy to verify that

(05" 0 pp)*wa = wp.
Setting f equal to . ! o ¢, we have
[Hdwa) = d(f*wa) = dwp.
Consequently,

(g5 dws = (95 f*(dwa)
= (fop; ) (dwa)
= (p5 ) (dwa),
and so the two definitions agree on the overlapping set W. Therefore dw is well

defined. We leave it as an exercise to show that the exterior derivative defined for
forms on smooth manifolds also satisfies the properties of Proposition 3.7.

Exercise 3.8

(1) Prove Proposition 3.3.

(2) (Exterior derivative) Let M be a smooth manifold. Given a k-form w in M we
can define its exterior derivative dw without using local coordinates: given k + 1
vector fields X1, ..., Xx4+1 € X(M),

k+1
dw(X1, ..., Xig) = D (=D"7X; w(Xy, . Xii ..., Xit1)
i=1
+ DX, X1 X X X X,

i<j
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where the hat indicates an omitted variable.

(a) Show that dw defined above is in fact a (k + 1)-form in M, that is,
@ dwoXy, ..., Xi+Yi, ..., Xp41) =
dwo(X1, ..., Xi, oo, Xgr1) +dw(Xy, .. Y ooy Xker1)s
(i) dw(Xy, ..., fXj, ..., Xpp1)=fdw(X1, ..., Xgq1) for any differen-
tiable function f;
(iii) dw is alternating;
(iv) dw(X1, ..., Xgy1)(p) depends only on (X1)p, ..., (Xi41)p- ‘
(b) Letx : W — R” be a coordinate system of M and let w = >"; ajdx'' A
.-+ A dx'* be the expression of w in these coordinates (where the a; are
smooth functions). Show that the local expression of dw is the same as the
one used in the local definition of exterior derivative, that is,

dw = ZdaI Adx"U A A dxE,
]

Show that the exterior derivative defined for forms on smooth manifolds satisfies
the properties of Proposition 3.7.
Show that:

(@) ifw= fldx + f2dy + f3dz is a 1-form on R3 then
dw = g'dy ndz + ¢*dz A dx + g>dx A dy,

where (g, g%, g°) = curl(f!, f2, f3);
(b) ifw = fldy Adz+ f?dz Adx + f3dx A dyis a 2-form on R, then

dw =div(f, 2, 3 dx Ady A dz.

(De Rham cohomology) A k-form w is called closed if dw = 0. If it exists a
(k — 1)-form (3 such that w = d 3 then w is called exact. Note that every exact
form is closed. Let Z* be the set of all closed k-forms on M and define a relation
between forms on Z¥ as follows: o ~ 3 if and only if they differ by an exact
form, that is, if 3 — a = d for some (k — 1)-form 6.

(a) Show that this relation is an equivalence relation.

(b) Let H*(M) be the corresponding set of equivalence classes (called the k-
dimensional de Rham cohomology space of M). Show that addition and
scalar multiplication of forms define indeed a vector space structure on
HK(M).

(c) Let f: M — N be a smooth map. Show that:

(i) the pull-back f* carries closed forms to closed forms and exact forms
to exact forms;
(ii)) if o~ Bon N then f*a ~ f*Fon M,
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(iii) f* induces a linear map on cohomology f* : HX(N) — HK(M)
naturally defined by f%[w] = [f*w];
(iv) if g : L — M is another smooth map, then (f o g)* = g% o f*.
(d) Show that the dimension of H%(M) is equal to the number of connected
components of M.
(e) Show that H*(M) = 0 for every k > dim M.

Let M be a manifold of dimension 7, let U be an open subset of R” and let w be
a k-form on R x U. Writing w as

w=dt /\ZaIdxl +ijdxj,
I J

where I = (i1, ...,ix—1) and J = (ji, ..., jx) are increasing index sequences,
(x!, ..., x") are coordinates in U and t is the coordinate in R, consider the

operator Q defined by
t
/ a Ids) dx?! s
0]

which transforms k-forms w in R x U into (k — 1)-forms.

QW) (1,x) = Z (

I

(a) Let f : V — U be a diffeomorphism between open subsets of R". Show
that the induced diffeomorphism f :=id x f : R x V — R x U satisfies

f*oQ:Qof*.

(b) Using (a), construct an operator Q which carries k-forms on R x M into
(k — 1)-forms and, for any diffeomorphism f : M — N, the induced
diffeomorphism f:: id x f : Rx M — R x N satisfies f* 0Q = Qof*.
Show that this operator is linear.

(c) Considering the operator Q definedin (b) and theinclusioniy, : M — RxM
of M at the “level” 19, defined by i, (p) = (fo, p), show that w — 7*ifw =
dQuw + Qdw, where ™ : R x M — M is the projection on M.

(d) Show that the maps 7 : H*(M) — H*(R x M) and i}, : H*(R x M) —
H (M) are inverses of each other (and so H*(M) is isomorphic to H k(R x
M)).

(e) Use (d) to show that, for k > 0 and n > 0, every closed k-form in R” is
exact, that is, Hk(R”) =0ifk > 0.

(f) Use (d) to show that, if f,g : M — N are two smoothly homotopic
maps between smooth manifolds (meaning that there exists a smooth map
H : R x M — N such that H(ty, p) = f(p) and H(#1, p) = g(p) for
some fixed #g, 1 € R), then fIi = gﬁ.

(g) We say that M is contractible if the identity map id : M — M is smoothly
homotopic to a constant map. Show that R” is contractible.
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(h) (Poincaré lemma) Let M be a contractible smooth manifold. Show that every
closed form on M is exact, that is, H¥ (M) =0forall k > 0.

(Remark: This exercise is based on an exercise in [GP73 ]).

(7) (Lie derivative of a differential form) Given a vector field X € X(M), we define
the Lie derivative of a form w along X as

d
Lyw = — ;" ,
Xw = (U w)ltzo
where ¢y = F (-, t) with F the local flow of X at p [cf. Exercise2.8(3)]. Show
that the Lie derivative satisfies the following properties:

(@) Lx(wi Awp) = (Lxwi) Awy +wi A (Lxws);
(b) d(Lxw) = Lx(dw);
(c¢) Cartan formula: Lyw = 1(X)dw + d(1(X)w);
(d) Lx(t(Y)w)=t(LxY)w+ (Y)Lxw
[cf. Exercise 6.11(12) on Chap. 1 and Exercise 1.15(8)].

2.4 Integration on Manifolds

Before we see how to integrate differential forms on manifolds, we will start by
studying the R" case. For that let us consider an n-form w defined on an open subset
U of R". We already know that w can be written as

wy = a(x)dx' A Adx",

where a : U — R is a smooth function. The support of w is, by definition, the
closure of the set where w # 0 that is,

suppw = {x € R" | w, # 0}.

We will assume that this set is compact (in which case w is said to be compactly
supported). We define

/w:/a(x)dxl/\--~/\dx" :=/a(x)dxl---dx",
U U U

where the integral on the right is a multiple integral on a subset of R”. This definition
is almost well-behaved with respect to changes of variables in R”. Indeed, if
f 'V — U is adiffeomorphism of open sets of R”, we have from (2.1) that

f*w=(ao f)detdf)dy' A---Ady",
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and so

/f*w:/(aof)(detdf)dy1-~-dy".
Vv Vv

If f is orientation-preserving, then det (df) > 0, and the integral on the right is, by
the change of variables theorem for multiple integrals in R” (cf. Sect.2.7.2), equal to
/; y w- For this reason, we will only consider orientable manifolds when integrating
forms on manifolds. Moreover, we will also assume that supp w is always compact
to avoid convergence problems.

Let M be an oriented manifold, and let A = {(U,, @o)} be an atlas whose
parameterizations are orientation-preserving. Suppose that suppw is contained in
some coordinate neighborhood W,, = ¢ (U,). Then we define

. k
/w.:/ <paw=/ Wa-
M Uq Ua

Note that this does not depend on the choice of coordinate neighborhood: if supp w is
contained in some other coordinate neighborhood W3 = 3(Up), then wg = f*wa,
where f = <p;1 o (g is orientation-preserving, and hence

/ wp = f*woz :/ War-
U, UJ @

To define the integral in the general case we use a partition of unity (cf. Sect. 2.7.2)
subordinate to the cover {W,} of M, i.e. a family of differentiable functions on M,
{pitier, such that:

(i) for every point p € M, there exists a neighborhood V of p such that V N
supp p; = & except for a finite number of p;;
(ii) forevery point p € M, > .., pi(p) = 1;
(iii) 0 < p; < 1 and supp p; C W,, for some element W,,; of the cover.

Because of property (i), suppw (being compact) intersects the supports of only
finitely many p;. Hence we can assume that [ is finite, and then

o= (zpi)w Y

iel iel iel

with w; := p;w and suppw; C W,,. Consequently we define:

R _ *
/ W = E / w; = E / <pmwi.
M iel M iel ¥ Ua
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Remark 4.1

(1) When supp w is contained in one coordinate neighborhood W, the two definitions
above agree. Indeed,

foos he hzee L (3)

iel

=/UZSO*wi=Z/USO*wi=§/Mwi,

iel iel

where we used the linearity of the pull-back and of integration on R”".

(2) The definition of integral is independent of the choice of partition of unity and
the choice of cover. Indeed, if {Pj}jey is another partition of unity subordinate
to another cover { W3} compatible with the same orientation, we have by (1)

Z/Mﬂz‘wZZZ/Mﬁjﬂiw

iel iel jeJ

and

> [ ae=23 [ nie

jeJ jeJ iel

(3) Itis also easy to verify the linearity of the integral, that is,

/aw1+bw2=a/ w1+b/ wy.
M M M

fora,b € R and w;, wy two n-forms on M.
(4) The definition of integral can easily be extended to oriented manifolds with
boundary.

Exercise 4.2

(1) Let M be an n-dimensional differentiable manifold. A subset N C M is said
to have zero measure if the sets cpEl(N ) C U, have zero measure for every
parameterization ¢, : U, — M in the maximal atlas.

(a) Prove that in order to show that N C M has zero measure it suffices to check
that the sets <p(;1 (N) C U, have zero measure for the parameterizations in
an arbitrary atlas.

(b) Suppose that M is oriented. Letw € Q" (M) be compactly supported and let
W = ¢(U) be a coordinate neighborhood such that M\ W has zero measure.

Show that
fo o
M U
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where the integral on the right-hand side is defined as above and always
exists.

(2) Letx, y, z be the restrictions of the Cartesian coordinate functions in R3 to S2,
oriented so that {(1, 0, 0); (0, 1, 0)} is a positively oriented basis of T(g,o, 1)52,
and consider the 2-form

w = xdy Adz +ydz Adx + zdx A dy € Q*(S5).

w
i

using the parameterizations corresponding to

Compute the integral

(a) spherical coordinates;
(b) stereographic projection.

(3) Consider the manifolds
5= {(x’y’z’ w) € R* |x2+y2+zz+w2=2};

T2={(x,y,z,w)eR4|x2+y2=12+w2=1}.

The submanifold 72 < §3 splits S* into two connected components. Let M be
one of these components and let w be the 3-form

w=zdx Ndy ANdw — xdy ANdz A dw.
Compute the two possible values of f yw-

(4) Let M and N be n-dimensional manifolds, f/ : M — N an orientation-
preserving diffeomorphism and w € Q"(N) a compactly supported form.

Prove that
/w:/ fFw.
N M

2.5 Stokes Theorem

In this section we will prove a very important theorem.

Theorem 5.1 (Stokes) Let M be an n-dimensional oriented smooth manifold with
boundary, let w be a (n — 1)-differential form on M with compact support, and let
i : OM — M be the inclusion of the boundary OM in M. Then
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/ i*w:/ dw,
oM M

where we consider OM with the induced orientation (cf. Sect. 9 in Chap. 1).

Proof Let us take a partition of unity {p;};c; subordinate to an open cover of M
by coordinate neighborhoods compatible with the orientation. Then w = >, _; piw
where we can assume / to be finite (w is compactly supported), and hence

dw = de,w = Zd(p,w).

iel iel

By linearity of the integral we then have,

/de = %/Md(piw) and /aMi*w = ;/@Mi*(piw).

Hence, to prove this theorem, it is enough to consider the case where suppw is
contained inside one coordinate neighborhood of the cover. Let us then consider an
(n — 1)-form w with compact support contained in a coordinate neighborhood W.
Let ¢ : U — W be the corresponding parameterization, where we can assume U
to be bounded (supp(¢*w) is compact). Then, the representation of w on U can be
written as

orw = Za‘/ dx' Ao ndx TV A dI T A A dX,
(where each a; : U — Ris a C*°-function), and

* _ _ j—1 a] n
pfdw =dp*w = Z;( 1) £ dx' A AdX".
J

The functions a; can be extended to C°°-functions on H" by letting

N e ATl L n
aj(x], .’xn):{a](x, M if Lo ) eU

0 if (x!,...,x") e H"\U.

If WNOM = &, then i*w = 0. Moreqver, if we consider a rectangle / in H
containing U defined by equations b; < x/ <c; (j =1,...,n), we have

- .1 0a; Oa;
= > (i =L 2 1)/~ 1/ 4T axd
/de /U j:l( ) Ox/ dx! - dx" =D dx
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_Z(—I)J 1/ (/ aajdx]) Vodx/=ldxd o axn
Rn—1
j=1

n

=Z(—1)j7]/ (aj(xl,...,xjfl,cj,xH],...,x”)—
Rr—

J=1

—aj(xl,...,x/_l,bj,xj"'],...,x")) dx' - dxT lax It axt =0,

where we used the Fubini theorem (cf. Sect.2.7.3), the fundamental theorem of
Calculus and the fact that the a; are zero outside U. We conclude that, in this case,
Jop i*w = [}, dw =0.

If, on the other hand, W N OM # & we take a rectangle I containing U now
defined by the equations b; < x/ < cjforj=1,...,n—1,and 0 < x" < ¢,.
Then, as in the preceding case, we have

- . Oa; " . Oa;
_ _1hvJj—1 J l_._ n o__ _1hJj—1 J 1._. n
/de_/U ,~§=1( DI dat et = > (1) /—axj dx'...dx

j=1 !

(o 8
:0+(—1)"—1/ ( “de") dxl - dxn!
Rr—1 0 ax

= (—1)"—1/ 1 (@an(xt, o x" ) —an e X" 0)) dxt e dx !
Rn=

= (=1)" lan(xl,...,x”_l,O)dxl...dx”_l.
R

To compute |, o i*w we need to consider a parameterization ¢ of M defined on
an open subset of R”~! which preserves the standard orientation on R”~! when we
consider the induced orientation on 9M . For that, we can for instance consider the set

U={G". .., x" HeR (=D 22, ..., x"10) e U}

and the parameterization  : U :— dM given by

Q?'(xl,...,xnfl) = go((—l)"xl,xz,...,x"*l,O).

Recall that the orientation on M obtained from ¢ by just dropping the last coordinate
is (—1)" times the induced orientation on OM (cf. Sect.9 in Chap. 1). Therefore
@ gives the correct orientation. The local expression of i : M — M on these
coordinates (i : U — U such thati = ¢! oi o) is given by

l?(xl,...,xnfl) = ((—1)"x1,x2,...,x”71,0) .
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Hence,

/ i*w:/~§5*i*w=/~(io@)*w=/~(cpof)*w=/~f*<p*w.
oM U U 7 U

Moreover,
n
ifptw = i*Zaj dx' A Adx TV AN ATV A A dx"
j=1

n
= (ajoiydi' A AdiTT AT A A dT”
j=1

= (=D"(apoi)dx" A  Adx"T,

sincedi! = (—1)"dx",di" = 0anddi’/ = dx/,for j # 1and j # n.Consequently,

/ i*w = (—1)"/~(anof)dxl-~-dx"_l
oM U

= (—l)"/~a,, ((—1)"x1,x2, ...,x”_l,O) dx' - dx™!
U

:(—1)”/ an(xl,xz,...,x”_l,O)dxl-~-dx"_1:/ dw
Rr-1 M

(where we have used the change of variables theorem). O

Remark 5.2 If M is an oriented n-dimensional differentiable manifold (that is, a
manifold with boundary OM = @), it is clear from the proof of the Stokes theorem

that
/ dw=0
M

for any (n — 1)-differential form w on M with compact support. This can be viewed
as a particular case of the Stokes theorem if we define the integral over the empty
set to be zero.

Exercise 5.3

(1) Use the Stokes theorem to confirm the result of Exercise4.2(3).

(2) (Homotopy invariance of the integral) Recall that two maps fo, f1 : M — N are
said to be smoothly homotopic if there exists a differentiablemap H : Rx M —
N such that H (0, p) = fo(p) and H(1, p) = fi1(p) [cf. Exercise3.8(6)]. If M
is a compact oriented manifold of dimension n and w is a closed n-form on N,

show that
/ fd"w:/ flw.
M M
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(3) (@)

(b)

(©)

Let X € X(S™) be a vector field with no zeros. Show that

XP
X,

H(t, p) = cos(mt)p + sin(mt)

is a smooth homotopy between the identity map and the antipodal map,
where we make use of the identification

X, € T,S" C T,R*" =R,

Using the Stokes theorem, show that

/w>0,

where
n+1
w= D (=D xdxt A ndx T AdX T A Adx
i=1
and §" = 9{x € R"T! | ||lx| < 1} has the orientation induced by the

standard orientation of R"*1,
Show that if » is even then X cannot exist. What about when 7 is odd?

(4) (Degree of a map) Let M, N be compact, connected oriented manifolds of
dimension n, and let f : M — N be a smooth map. It can be shown that there
exists a real number deg( f) (called the degree of f) such that, for any n-form
w € Q"(N),

(a)
(b)

()

(d)

(e)
®

/M fro = deg(f) /N w.

Show that if f is not surjective then deg(f) = 0.

Show that if f is an orientation-preserving diffeomorphism then deg(f) =
1, and thatif f is an orientation-reversing diffeomorphism then deg( f)=—1.
Let f : M — N be surjective and let ¢ € N be a regular value of f.
Show that f~!(g) is a finite set and that there exists a neighborhood W of
g in N such that f~1(W) is a disjoint union of opens sets V; of M with
flv, : Vi = W adiffeomorphism.

Admitting the existence of a regular value of f, show that deg(f) is an
integer . (Remark: The Sard theorem guarantees that the set of critical values of a differentiable map f
between manifolds with the same dimension has zero measure, which in turn guarantees the existence of a
regular value of )‘)

Given n € N, indicate a smooth map f : S' — S! of degree n.

Show that homotopic maps have the same degree.



86 2 Differential Forms

(g) Let f:S" — S" be an orientation-preserving diffeomorphism if n is even,
or an orientation-reversing diffeomorphism if » is odd. Prove that f has a
fixed point, that is, a point p € S” such that f(p) = p. (Hint: Show that if f had

no fixed points then it would be possible to construct an homotopy between f and the antipodal map).

2.6 Orientation and Volume Forms

In this section we will study the relation between orientation and differential forms.

Definition 6.1 A volume form (or volume element) on a manifold M of dimension
n is an n-form w such that w, # 0 forall p € M.

The existence of a volume form is equivalent to M being orientable.

Proposition 6.2 A manifold M of dimension n is orientable if and only if there exists
a volume form on M.

Proof Let w be a volume form on M, and consider an atlas {(U,, ¢4)}. We can
assume without loss of generality that the open sets U, are connected. We will
construct a new atlas from this one whose overlap maps have derivatives with positive
determinant. Indeed, considering the representation of w on one of these open sets
U, C R", we have

n
a’

©rw=andx) Ao Adx

where the function a, cannot vanish, and hence must have a fixed sign. If a, is
positive, we keep the corresponding parameterization. If not, we construct a new
parameterization by composing ¢,, with the map

(xl, XY (—xl,xz,...,x”).

Clearly, in these new coordinates, the new function a,, is positive. Repeating this for
all coordinate neighborhoods we obtain a new atlas for which all the functions a,,
are positive, which we will also denote by {(U,, ¢,)}. Moreover, whenever W :=
va(Ua) Npg(Upg) # @, we have w, = (go[;l o Ya)*wg. Hence,

aadx(ll Ao Adxl = (gagl o wa)*(ap dxé A A dxg)
= (a5 095 opa)det(d(py' 0pa))) dxy A Adx]
and so det(d (gogl 0 ©q)) > 0. We conclude that M is orientable.

Conversely, if M is orientable, we consider an atlas {(U,, @)} for which the
overlap maps apél o (p, are such that detd(gogl 0 o) > 0. Taking a partition
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of unity {p;}ic; subordinate to the cover of M by the corresponding coordinate
neighborhoods, we may define the forms

wi = p,~d)cl-1 Ao Adx!
with supp w; = supp p; C @q, (Uy;). Extending these forms to M by making them
zero outside supp p;, we may define the form w := > ,_; w;. Clearly w is a well-

defined n-form on M so we just need to show that w, # O forall p € M. Let p
be a point in M. There is an i € [ such that p;(p) > 0, and so there exist linearly

independent vectors vy, ..., v, € T, M such that (w;),(v1, ..., v,) > 0. Moreover,
for all other j € I\{i} we have (w;),(vi,...,vy) > 0. Indeed, if p ¢ gpaj(Uaj),
then (w;)p(v1, ..., vy) = 0. On the other hand, if p € Pa; (Uaj), then by (2.1)

dx} Ao Adxt = det(d(<p;j‘ 0 Qo )dx} Ao Adx!

and hence
pi(p) -1
W) pi,.oyv) = (det(d(py: © Pa ) (Wi)p(V1, ..., vy) = 0.
pi(p) J
Consequently, w,(v1, ..., v,) > 0, and so w is a volume form. O

Remark 6.3 Sometimes we call a volume form an orientation. In this case the orien-
tation on M is the one for which a basis {vi, ..., v,} of T, M is positive if and only
ifwp(vi,...,vy) > 0.

If we fix a volume form w € Q" (M) on an orientable manifold M, we can define
the integral of any compactly supported function f € C*°(M, R) as

o=l

(where the orientation of M is determined by w). If M is compact, we define its

volume to be
vol(M) :=/ 1=/ w.
M M

(1) Show that M x N is orientable if and only if both M and N are orientable.

(2) Let M be a compact oriented manifold with volume element w € Q" (M). Prove
that if f > ( then fM fw > 0. (Remark: In particular, the volume of a compact manifold is always
positive).

(3) Let M be a compact orientable manifold of dimension n, and letw be an (n — 1)-
form in M.

Exercise 6.4

(a) Show that there exists a point p € M for which (dw), = 0.
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(b) Prove that there exists no immersion f : S! — R of the unit circle into R.

(4) Let f : 8" — S”" be the antipodal map. Recall that the n-dimensional projective
space is the differential manifold RP" = S" /Z,, where the group Z, = {1, —1}
acts on §” through 1 - x = x and (—1) - x = f(x). Let 7 : §" — RP" be the
natural projection.

(a) Prove that w € QK(S") is of the form w = 7*6 for some 0 € Q¥R P") if

and only if f*w = w.
(b) Show that RP" is orientable if and only if » is odd, and that in this case,

/ ™0 = 2/ 0.
n RP"

(c) Show that for n even the sphere S” is the orientable double covering of R P"
[cf. Exercise 8.6(9) in Chap. 1].

(5) Let M be acompact oriented manifold with boundary and w € Q" (M) a volume
element. The divergence of a vector field X € X (M) is the function div(X)

such that
Lxw = (div(X))w

[cf. Exercise 3.8(7)]. Show that

/ div(X) = / U(X)w.
M oM

(6) (Brouwer fixed point theorem)

(a) Let M be an n-dimensional compact orientable manifold with boundary
OM # &. Show that there exists no smooth map f : M — OM satisfying
flom = id.

(b) Prove the Brouwer fixed point theorem: Any smooth map g : B — B of
the closed ball B := {x € R" | ||x]| < 1} to itself has a fixed point, that is,
a pOiIlt JZRS B such that g(p) = p. (Hint: For each point x € B, consider the ray ry starting
at g(x) and passing through x. There is only one point f(x) different from g(x) on ry N dB. Consider the
map f: B — i)B).

2.7 Notes

2.7.1 Section2.1

(1) Given a finite dimensional vector space V we define its dual space as the space
of linear functionals on V.
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Proposition 7.1 If {v{,...,v,} is a basis for V then there is a unique basis
{T1,..., T} of V*dualto {vq, ..., v,}, thatis, such that T; (v;) = §;;.

Proof By linearity, the equations 7; (v;) = ¢;; define a unique set of functionals
T; € V*.Indeed, for any v € V, we have v = Z'}:l ajv; and so

n n
Ti(v) = ZajTi(Vj) = Zajé,-j =a;.
Jj=1 j=1

Moreover, these uniquely defined functionals are linearly independent. In fact,

if
n
T:=> bTi =0,
i=1
then, foreach j = 1, ..., n, we have
n
0=T@)) =D bTi(v;) =bj.
i=1
To show that {T1, ..., T, } generates V*, we takeany S € V*and setbh; := S(v;).
Then, defining 7' := Z?:l biT;,weseethat S(v;) =T (v;)forallj =1,...,n.
Since {vi, ..., v,} is a basis for V, we have S = T. O
Moreover, if {v{, ..., v,}isabasis for V and {T1, ..., T,} is its dual basis, then,

foranyv= > a;v;i e Vand T = > b;T; € V*, we have

Tw) = ZbiTi(V) = Z ajb;Ti(v;) = z ajb;d;j = Zaibi~
=i i=1

i,j=1 i,j=1

If we now consider a linear functional F' on V*, that is, an element of (V*)*, we
have F(T) = T (vg) for some fixed vector vg € V. Indeed, let {v{,...,v,} be
a basis for V and let {T, ..., T,,} be its dual basis. Then if T = >"_, b;T;,
we have F(T) = Z?:l b; F(T;). Denoting the values F(T;) by a;, we get
F(T) = X% _aibj = T(v) for vop = >/, a;v;. This establishes a one-to-
one correspondence between (V*)* and V, and allows us to view V as the space
of linear functionals on V*. Forv € V and T € V*, we write v(T) = T (v).
Changing from a basis {vi, ..., v,} to a new basis {V|, ..., v} in V, we obtain
a change of basis matrix S, whose jth column is the vector of coordinates of
the new basis vector v;. in the old basis. We can then write the symbolic matrix
equation
Ve sv) =1, .. v S,

The coordinate (column) vectors a and b of a vector v € V (a contravariant
1-tensor on V') with respect to the old basis and to the new basis are related by
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by a
b=|: |=5" =S""a,
by dap
since we must have (V{, ..., v,)b = (vi,...,v)a = (V],..., v;l)S’la. On the
other hand, if {Ty, ..., T,} and {7}, ..., T,} are the dual bases of {vi, ..., v}
and {v}, ..., v,}, we have
T, T{
Oty =1 (v’l,...,v;)zl
T, T/

(where, in the symbolic matrix multiplication above, each coordinate is obtained
by applying the covectors to the vectors). Hence,

T T
: (v’l,...,v,’l)S_l=I<::>S_l (vl, ,v;)zl,
T, T,
implying that
Tl/ T
=gt
T T,
The coordinate (row) vectors ¢ = (ai,...,ay) and b = (by,...,b,) of a

I-tensor T € V* (a covariant 1-tensor on V) with respect to the old basis
{T1, ..., T,} and to the new basis {7, ..., T, } are related by

Ty Tl’ Tl’ Tl’
al =bl : < aS| - =b| :
T, T, T, T,

and so b = aS§. Note that the coordinate vectors of the covariant 1-tensors on V
transform like the basis vectors of V (that is, by means of the matrix §) whereas
the coordinate vectors of the contravariant 1-tensors on V transform by means
of the inverse of this matrix. This is the origin of the terms “covariant” and
“contravariant”.
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2.7.2 Section2.4

(1) (Change of variables theorem) Let U, V C R”" be open sets, let g : U — V be
a diffeomorphism and let f : V — R be an integrable function. Then

/fZ/(fOQ)Idetdgl.
\4 U

(2) To define smooth objects on manifolds it is often useful to define them first
on coordinate neighborhoods and then glue the pieces together by means of a
partition of unity.

Theorem 7.1 Let M be a smooth manifold and V an open cover of M. Then
there is a family of differentiable functions on M, {p;}icy, such that:

(i) for every point p € M, there exists a neighborhood U of p such that
U N supp p; = < except for a finite number of p;;
(ii) for every point p € M, > ;. pi(p) = 1;
(iii) 0 < p; < 1 and supp p; C V for some element V € V.

Remark 7.2 This collection p; of smooth functions is called partition of unity
subordinate to the cover V.

Proof Letus first assume that M is compact. For every point p € M we consider
a coordinate neighborhood W), = ¢,(U),) around p contained in an element V),
of V, such that ¢,(0) = p and B3(0) C U, (where B3(0) denotes the ball of
radius 3 around 0). Then we consider the C*°-functions (cf. Fig.2.1)

Y

Fig. 2.1 Graphs of the functions X and &
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AMR—-R
RS
[N eG-De-2) if 1 <x <2
0 otherwise
h:R—-R
[2A@) dt
X H 2— 5
Iy A@) dt
8 :R" =R

x = h(lx]) .

Notice that & is a decreasing function with values 0 < h(x) < 1, equal to zero
for x > 2 and equal to 1 for x < 1. Hence, we can consider bump functions
vp : M — [0, 1] defined by

Ble, (@) if g € pp(Up)
Yp(q) =
0 otherwise.

Then supp v, = ¢, (B2(0)) C ¢,(B3(0)) C W), is contained inside an element
V), of the cover. Moreover, {¢,(B1(0))}yem is an open cover of M and so we
can consider a finite subcover {, (B} (O))}f.‘:l such that M = Ule ©p; (B1(0)).
Finally we take the functions

Vpi

=
2.j=1"p;

Note that 21;:1 Yp;(q) # 0 since g is necessarily contained inside some
©p;(B1(0)) and so 7;(g) # 0. Moreover, 0 < p; < 1, > p; = 1 and

supp p; = suppyp; C Vp;.

If M is not compact we can use a compact exhaustion, that is, a sequence
{K;};en of compact subsets of M such that K; C int K;;; and M = U;’ilKi.
The partition of unity is then obtained as follows. The family {¢,(B1(0))}pem
is a cover of K1, so we can consider a finite subcover of K1,

{o0 BIOD. ..., BION].

By induction, we obtain a finite number of points such that

{80,,1 (B1(0)), ..., i, (B1 (0))}
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covers K;\ int K;_1 (a compact set). Then, for each i, we consider the corre-
sponding bump functions

Wl"i""’vl’i,- M — [0, 1].

Note that ;i +--- + Vpi > 0 for every ¢ € K; \ int K;_1 (as there is always

1
one of these functions which is different from zero). As in the compact case, we
can choose these bump functions so that supp Vpi is contained in some element
J

of V. We will also choose them so that supp Y C J Kit1\ Ki—> (an open set).
J
Hence, {’YpiA}ieN,lgjsk,- is locally finite, meaning that, given a point p € M,
there exists an open neighborhood V' of p such that only a finite number of these
functions is different from zero in V. Consequently, the sum > o~ Z];’zl Vi, 1
J

a positive, differentiable function on M. Finally, making

o = r}
J = [’} ki 7
21 2 j=17 v
we obtain the desired partition of unity (subordinate to V). O

Remark 7.3 Compact exhaustions always exist on manifolds. In fact, if U is a
bounded open set of R”, one can easily construct a compact exhaustion {K;};cN
for U by setting

. 1
K; = 1x e U | dist(x,0U) > —
n

If M is a differentiable manifold, one can always take a countable atlas A =
{(U;, vj)}jen such thateach U; is a bounded open set, thus admitting a compact

exhaustion {K};cn. Therefore

U o (k1)

i+j=I leN

is a compact exhaustion of M.

2.7.3 Section2.5

(Fubini theorem)Let A C R" and B C R" be compactintervalsandlet f : Ax B —
R be a continuous function. Then
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[ = (st )it av
AxB A B
=/ (/ f(x,y)dxl~--dx")dy1...dym'
B A

2.7.4 Bibliographical Notes

The material in this chapter can be found in most books on differential geometry
(e.g. [Boo03, GHLO04]). A text entirely dedicated to differential forms and their
applications is [dC94]. The study of de Rham cohomology leads to a beautiful and
powerful theory, whose details can be found for instance in [BT82].
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