Chapter 6

The Derivative of exp and Dynkin’s
Formula

6.1 The Derivative of the Exponential Map

We know that if [X,Y] = 0, then exp(X + Y) = exp(X) exp(Y'), but this generally false if
X and Y do not commute. For X and Y in a small enough open subset, U, containing 0,
we know that exp is a diffeomorphism from U to its image, so the function, p: U x U — U,
given by
H(X, V) = log(exp(X) exp(Y))

is well-defined and it turns out that, for U small enough, it is analytic. Thus, it is natural to
seek a formula for the Taylor expansion of y near the origin. This problem was investigated
by Campbell (1897/98), Baker (1905) and in a more rigorous fashion by Hausdorff (1906).
These authors gave recursive identities expressing the Taylor expansion of u at the origin
and the corresponding result is often referred to as the Campbell-Baker-Hausdorff Formula.
F. Schur (1891) and Poincaré (1899) also investigated the exponential map, in particular
formulae for its derivative and the problem of expressing the function u. However, it was
Dynkin who finally gave an explicit formula (see Section 6.3) in 1947.

The proof that y is analytic in a suitable domain can be proved using a formula for the
derivative of the exponential map, a formula that was obtained by F. Schur and Poincaré.
Thus, we begin by presenting such a formula.

First, we introduce a convenient notation. If A is any real (or complex) n X n matrix,
the following formula is clear:

! tA - Ak
/06 dtzz(kJrl)!'

k=0
If A is invertible, then the right-hand side can be written explicitly as

G A=

k=0

217



218 CHAPTER 6. THE DERIVATIVE OF EXP AND DYNKIN’S FORMULA

and we also write the latter as
oA

-1 & Ak
A _kz(k+1)!' ()

0

Even if A is not invertible, we use (*) as the definition of eAA%I.

We can use the following trick to figure out what (dx exp)(Y) is:

d
exp(X +€Y) = 7

(dx exp)(V) = 6

de

dRexp(XJreY) ( 1) ;

e=0 e=0

since by Proposition 5.2, the map, s = Rexps(x+ey) is the flow of the left-invariant vector
field (X 4+ €Y)* on G. Now, (X + €Y)" is an e-dependent vector field which depends on ¢
in a C! fashion. From the theory of ODE’s; if p + v.(p) is a smooth vector field depending
in a C' fashion on a real parameter e and if ® denotes its flow (after time), then the map
e — &7 is differentiable and we have

ov;, . [! ¢ Ove .
Fea) = [ (8 G @)

See Duistermaat and Kolk [53], Appendix B, Formula (B.10). Using this, the following is
proved in Duistermaat and Kolk [53] (Chapter 1, Section 1.5):

Proposition 6.1 Given any Lie group, G, for any X € g, the linear map,
dexpyx: 8 — Texpx)G, is given by

6adX -7

ad X

I — e—adX

ad X

1
dexpy = (dRexp(x))1 0 / e** % ds = (dRexp(x))1 ©
0

1
= (dLexp(x))1© / e "X ds = (dLexp(x))1 ©
0

Remark: If GG is a matrix group of n X n matrices, we see immediately that the derivative
of left multiplication (X +— L, X = AX) is given by

(dLA)xY = AY,

for all n x n matrices, X,Y. Consequently, for a matrix group, we get

I — efadX
d =X — ).
eXpyxy = € ( 2d X >

Now, if A is a real matrix, it is clear that the (complex) eigenvalues of fol esAds are of

the form
et —1

A

where A ranges over the (complex) eigenvalues of A. Consequently, we get

(=1 ifA=0),
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Proposition 6.2 The singular points of the exponential map, exp: g — G, that is, the set
of X € g such that dexpy is singular (not invertible) are the X € g such that the linear
map, ad X : g — @, has an eigenvalue of the form k2mi, with k € Z and k # 0.

Another way to describe the singular locus, ¥, of the exponential map is to say that it
is the disjoint union
= J k%,

keZ—{0}

where >3 is the algebraic variety in g given by
Y1 ={X eg|det(ad X —2mi I) = 0}.

For example, for SL(2,R),

¥ = {(Z _ba) €sl(2) | a* + be = —7r2},

a two-sheeted hyperboloid mapped to —I by exp.

Let g. = g — X be the set of X € g such that <

: dX); L is invertible. This is an open subset
of g containing 0.

6.2 The Product in Logarithmic Coordinates

Since the map,

6aLdX —7

ad X

is invertible for all X € g. = g — X, in view of the chain rule, the inverse of the above map,

X —

ad X
X = eadX _ [’
is an analytic function from g. to gl

(g,9). Let g2 be the subset of g x g. consisting of all
(X,Y) such that the solution, t — Z(t
(

), of the differential equation
dZ(t)  ad Z(t)

At eadZ(t) _ [(X)

with initial condition Z(0) = Y (€ g.), is defined for all ¢ € [0, 1]. Set

M(X,Y):Z(l), (va)€gg'

The following theorem is proved in Duistermaat and Kolk [53] (Chapter 1, Section 1.6,
Theorem 1.6.1):
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Theorem 6.3 Given any Lie group G with Lie algebra, g, the set g2 is an open subset of
g x g containing (0,0) and the map, u: g> — g, is real-analytic. Furthermore, we have

exp(X) exp(Y) = exp(u(X,Y)),  (X,Y) € g,

where exp: g — G. If g is a complex Lie algebra, then p is complex-analytic.

We may think of x as the product in logarithmic coordinates. It is explained in Duister-
maat and Kolk [53] (Chapter 1, Section 1.6) how Theorem 6.3 implies that a Lie group can
be provided with the structure of a real-analytic Lie group. Rather than going into this, we
will state a remarkable formula due to Dynkin expressing the Taylor expansion of u at the
origin.

6.3 Dynkin’s Formula

As we said in Section 6.3, the problem of finding the Taylor expansion of p near the origin
was investigated by Campbell (1897/98), Baker (1905) and Hausdorff (1906). However, it
was Dynkin who finally gave an explicit formula in 1947. There are actually slightly different
versions of Dynkin’s formula. One version is given (and proved convergent) in Duistermaat
and Kolk [53] (Chapter 1, Section 1.7). Another slightly more explicit version (because it
gives a formula for the homogeneous components of 1(X, Y')) is given (and proved convergent)
in Bourbaki [22] (Chapter II, §6, Section 4) and Serre [136] (Part I, Chapter IV, Section 8).
We present the version in Bourbaki and Serre without proof. The proof uses formal power
series and free Lie algebras.

Given X,Y € g2, we can write

WX, Y) =3 2 (XY,

n=1

where 2,(X,Y) is a homogeneous polynomial of degree n in the non-commuting variables
X, Y.

Theorem 6.4 (Dynkin’s Formula) If we write p(X,Y) =>"" 2,(X,Y), then we have

n=1

1
(X)) = - Z (2 (X, Y) + 2 (X,Y)),
p+g=n

with

g5V = 3 #((ﬂ(mxw (adY)qz’) (ad X)pm>m

| | |
p1+-+DPm=p =1 Di: qi- Pm:

(I1+"'+Qm—1=tI*1
Pi+q¢i>1, pm=>1,m>1
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and

gon- Y (f[(adX”" (ad”‘“)m.

| A

p1+"'+p'm71:p71 =1 pZ ql
g1t tqm-1=q
pitqi>1,m>1

As a concrete illustration of Dynkin’s formula, after some labor, the following Taylor
expansion up to order 4 is obtained:
1

WX,)Y) = X+Y+ %[X, Y]+ %[X, X, Y] + 1—12[Y, ¥, X)) = 57 X Y. Y]

+ higher order terms.

Observe that due the lack of associativity of the Lie bracket quite different looking ex-
pressions can be obtained using the Jacobi identity. For example,

_[X> [Y7 [X7 Ym = [K [Xu [Yv Xm

There is also an integral version of the Campbell-Baker-Hausdorff formula, see Hall [70]
(Chapter 3).
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Chapter 7

Bundles, Riemannian Manifolds and
Homogeneous Spaces, 11

7.1 Fibre Bundles

We saw in Section 2.2 that a transitive action, -: G x X — X, of a group, GG, on a set,
X, yields a description of X as a quotient G/G,, where G, is the stabilizer of any element,
x € X. In Theorem 2.26, we saw that if X is a “well-behaved” topological space, GG is a
“well-behaved” topological group and the action is continuous, then G/G, is homeomorphic
to X. In particular the conditions of Theorem 2.26 are satisfied if GG is a Lie group and
X is a manifold. Intuitively, the above theorem says that G can be viewed as a family of
“fibres”, GG, all isomorphic to G, these fibres being parametrized by the “base space”, X,
and varying smoothly when x moves in X. We have an example of what is called a fibre
bundle, in fact, a principal fibre bundle. Now that we know about manifolds and Lie groups,
we can be more precise about this situation.

Although we will not make extensive use of it, we begin by reviewing the definition of a
fibre bundle because we believe that it clarifies the notions of vector bundles and principal
fibre bundles, the concepts that are our primary concern. The following definition is not the
most general but it is sufficient for our needs:

Definition 7.1 A fibre bundle with (typical) fibre, F', and structure group, G, is a tuple,

¢ =(E,m,B,F,G), where E, B, F are smooth manifolds, 7: £ — B is a smooth surjective
map, G is a Lie group of diffeomorphisms of F' and there is some open cover, U = (Uy)aer,
of B and a family, ¢ = (¥a)acr, of diffeomorphisms,

Ya: T H(Uy) = Uy X F.

The space, B, is called the base space, E is called the total space, F is called the (typical)
fibre, and each ¢, is called a (local) trivialization. The pair, (Uy, ¢a), is called a bundle
chart and the family, {(Uy, pa)}, is a trivializing cover. For each b € B, the space, 7~ 1(b),

223
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is called the fibre above b; it is also denoted by Ej, and 7~1(U,,) is also denoted by E | U,.
Furthermore, the following properties hold:

(a)

(c)

The diagram
U, x F

\/

commutes for all o € I, where p;: U, x F' — U, is the first projection. Equivalently,
for all (b,y) € U, X F,

mo . (by) =b.
For every (U,, ¢o) and every b € U,, we have the diffeomorphism,

(pQnga) [Ebi Eb — F,

where py: U, X F' — F'is the second projection, which we denote by ¢, 5. (So, we have
the diffeomorphism, ¢, 4: 7 1(b) (= E}) — F.) Furthermore, for all U,, Us in U such
that U, N U # 0, for every b € U, N Ug, there is a relationship between ¢, and g,
which gives the twisting of the bundle:

The diffeomorphism,
Pap O gpg’}): F — F,

is an element of the group G.

The map, gos: Uy NUg — G, defined by

9as(b) = Pab 0 05y

is smooth. The maps g,s are called the transition maps of the fibre bundle.

A fibre bundle, £ = (E,m, B, F,G), is also referred to, somewhat loosely, as a fibre bundle
over B or a G-bundle and it is customary to use the notation

or

F—F—B,

F——F

|

B

even though it is imprecise (the group G is missing!) and it clashes with the notation for
short exact sequences. Observe that the bundle charts, (U,, ¢4 ), are similar to the charts of
a manifold.
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Actually, Definition 7.1 is too restrictive because it does not allow for the addition of
compatible bundle charts, for example, when considering a refinement of the cover, ¢. This
problem can easily be fixed using a notion of equivalence of trivializing covers analogous to
the equivalence of atlases for manifolds (see Remark (2) below). Also Observe that (b) and
(c) imply that the isomorphism, ¢, o cpgl: (UaNUg) x F — (U, NUg) x F, is related to the
smooth map, gag: Uy, NUg — G, by the identity

Pa O 9051<b7 I) = (b7 gag(b)(x)),
forallbe U,NUg and all z € F..

Note that the isomorphism, pq0¢5": (UsNUs) X F = (U, NUg) X F, describes how the
fibres viewed over Uy are viewed over U,. Thus, it might have been better to denote g, g by
g5, so that

9o = 0850 Py
where the subscript, «, indicates the source and the superscript, 3, indicates the target.

Intuitively, a fibre bundle over B is a family, E' = (E})pep, of spaces, Ey, (fibres) indexed
by B and varying smoothly as b moves in B, such that every Fj is diffeomorphic to F. The
bundle, E' = B x F', where 7 is the first projection, is called the trivial bundle (over B). The
trivial bundle, B x F, is often denoted €”". The local triviality condition (a) says that locally,
that is, over every subset, U,, from some open cover of the base space, B, the bundle & | U,
is trivial. Note that if G is the trivial one-element group, then the fibre bundle is trivial. In
fact, the purpose of the group G is to specify the “twisting” of the bundle, that is, how the
fibre, E,, gets twisted as b moves in the base space, B.

A Mobius strip is an example of a nontrivial fibre bundle where the base space, B, is
the circle S! and the fibre space, F', is the closed interval [—1,1] and the structural group
is G = {1,—1}, where —1 is the reflection of the interval [—1, 1] about its midpoint, 0. The
total space, F, is the strip obtained by rotating the line segment [—1, 1] around the circle,
keeping its midpoint in contact with the circle, and gradually twisting the line segment so
that after a full revolution, the segment has been tilted by w. The reader should work out
the transition functions for an open cover consisting of two open intervals on the circle.

A Klein bottle is also a fibre bundle for which both the base space and the fibre are the
circle, S*. Again, the reader should work out the details for this example.

Other examples of fibre bundles are:
(1) SO(n + 1), an SO(n)-bundle over the sphere S™ with fibre SO(n). (for n > 0).
(2) SU(n+ 1), an SU(n)-bundle over the sphere S?"*! with fibre SU(n) (for n > 0).
(3) SL(2,R), an SO(2)-bundle over the upper-half space H, with fibre SO(2).
(4)

4) GL(n,R), an O(n)-bundle over the space, SPD(n), of symmetric, positive definite
matrices, with fibre O(n).
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(5) GL*(n,R), an SO(n)-bundle over the space, SPD(n), of symmetric, positive definite
matrices, with fibre SO(n).

(6) SO(n + 1), an O(n)-bundle over the real projective space RP" with fibre O(n) (for
n >0).

(7) SU(n + 1), an U(n)-bundle over the complex projective space CP" with fibre U(n)
(for n > 0).

(8) O(n), an O(k) x O(n — k)-bundle over the Grassmannian, G(k,n) with fibre
O(k) x O(n — k).

(9) SO(n) an S(O(k) x O(n — k))-bundle over the Grassmannian, G(k,n) with fibre
S(O(k) x O(n — k)).

(10) From Section 2.5, we see that the Lorentz group, SOq(n, 1), is an SO(n)-bundle over
the space, H; (1), consisting of one sheet of the hyperbolic paraboloid, #,(1), with
fibre SO(n).

Observe that in all the examples above, F' = (G, that is, the typical fibre is identical to the
group GG. Special bundles of this kind are called principal fibre bundles.

Remarks:

(1) The above definition is slightly different (but equivalent) to the definition given in Bott
and Tu [19], page 47-48. Definition 7.1 is closer to the one given in Hirzebruch [77].
Bott and Tu and Hirzebruch assume that G acts effectively on the left on the fibre,
F'. This means that there is a smooth action, -: G x F — F, and recall that G acts
effectively on F' iff for every g € G,

it g-x=2 forallz € F, then g=1.
Every g € GG induces a diffeomorphism, ¢,: F' — F', defined by
‘Pg(x) =g,

for all x € F'. The fact that G acts effectively on F' means that the map, g — g, is
injective. This justifies viewing G as a group of diffeomorphisms of F', and from now
on, we will denote ¢, (z) by g(z).

(2) We observed that Definition 7.1 is too restrictive because it does not allow for the
addition of compatible bundle charts. We can fix this problem as follows: Given a
trivializing cover, {(Uy, ¢a)}, for any open, U, of B and any diffeomorphism,

o: m ' (U) = U X F,
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we say that (U, ) is compatible with the trivializing cover, {(Uy, ¢q)}, iff whenever
UNU, # 0, there is some smooth map, g,: U N U, — G, so that

pop, (b,x) = (b ga(b)(2)),

forall b€ UNU, and all z € F. Two trivializing covers are equivalent iff every bundle
chart of one cover is compatible with the other cover. This is equivalent to saying that
the union of two trivializing covers is a trivializing cover. Then, we can define a fibre
bundle as a tuple, (E, 7, B, F, G, {(Uq, ¢a)}), where {(U,, vo)} is an equivalence class
of trivializing covers. As for manifolds, given a trivializing cover, {(Us,, ¢a)}, the set of
all bundle charts compatible with {(U,, ¢»)} is a maximal trivializing cover equivalent

to {(Uaa ‘;004)}'

A special case of the above occurs when we have a trivializing cover, {(U,, ¢q)}, with
U = {U,} an open cover of B and another open cover, V = (Vj3)ges, of B which is a
refinement of /. This means that there is a map, 7: J — I, such that V3 C U, for
all 8 € J. Then, for every Vz € V, since Vg C U,(g), the restriction of ) to Vg is a
trivialization

©g: 7 (V) = Vax F
and conditions (b) and (c) are still satisfied, so (Vj, ¢};) is compatible with {(Ua, o)}

(3) (For readers familiar with sheaves) Hirzebruch defines the sheaf, G, where I'(U, G )

is the group of smooth functions, g: U — G, where U is some open subset of B and
G is a Lie group acting effectively (on the left) on the fibre F. The group operation
on I'(U, G) is induced by multiplication in G, that is, given two (smooth) functions,
g:U—Gand h: U — G,

forallbeU.

Beware that gh is not function composition, unless G itself is a group of functions,
which is the case for vector bundles.

Our conditions (b) and (c) are then replaced by the following equivalent condition: For
all Uy, Ug in U such that U, NUs # 0, there is some g5 € I'(U, N Up, G) such that

Pa © SOEI(I% z) = (b, gag(b)(df)),

forallb € U,NUg and all z € F.

(4) The family of transition functions (g,s) satisfies the cocycle condition,

9ap(0)951(b) = gary(b),
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for all «, 8,7 such that U, NUgNU, # @ and all b € U, NUzNU,. Setting o = 5 =,
we get

Jaa = ldu
and setting v = «, we get

9Ba = go_éé
Again, beware that this means that gg,(b) = g;é(b), where g;ﬁl(b) is the inverse of
9sa(b) in G. In general, 9;51 is not the functional inverse of gg,.

The classic source on fibre bundles is Steenrod [141]. The most comprehensive treatment
of fibre bundles and vector bundles is probably given in Husemoller [82]. However, we can
hardly recommend this book. We find the presentation overly formal and intuitions are
absent. A more extensive list of references is given at the end of Section 7.5.

Remark: (The following paragraph is intended for readers familiar with Cech cohomology.)
The cocycle condition makes it possible to view a fibre bundle over B as a member of a
certain (Cech) cohomology set, H'(B,G), where G denotes a certain sheaf of functions from
the manifold B into the Lie group G, as explained in Hirzebruch [77], Section 3.2. However,
this requires defining a noncommutative version of Cech cohomology (at least, for H'), and
clarifying when two open covers and two trivializations define the same fibre bundle over B,
or equivalently, defining when two fibre bundles over B are equivalent. If the bundles under
considerations are line bundles (see Definition 7.6), then H'(B,G) is actually a group. In
this case, G = GL(1,R) = R* in the real case and G = GL(1,C) = C* in the complex case
(where R* =R — {0} and C* = C—{0}), and the sheaf G is the sheaf of smooth (real-valued
or complex-valued) functions vanishing nowhere. The group, H'(B,G), plays an important
role, especially when the bundle is a holomorphic line bundle over a complex manifold. In
the latter case, it is called the Picard group of B.

The notion of a map between fibre bundles is more subtle than one might think because
of the structure group, G. Let us begin with the simpler case where G = Diff (F’), the group
of all smooth diffeomorphisms of F'.

Definition 7.2 If & = (Ey,m, By, F,Diff(F')) and & = (Es,m, Bs, F, Diff(F')) are two
fibre bundles with the same typical fibre, F', and the same structure group, G = Diff(F),
a bundle map (or bundle morphism), f: & — &, is a pair, f = (fg, fg), of smooth maps,
fe: E1 — FEy and fg: By — Bs, such that

(a) The following diagram commutes:
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(b) For every b € By, the map of fibres,
fe 1 art(0): 77 () — 75 ' (f5(D)),

is a diffeomorphism (preservation of the fibre).

A bundle map, f: & — &, is an isomorphism if there is some bundle map, g: & — &, called
the inverse of f such that

gEOfE:ld and fEOgEZId

The bundles & and & are called isomorphic. Given two fibre bundles, & = (Ey, 7, B, F, G)
and & = (Esy, mo, B, F, ), over the same base space, B, a bundle map (or bundle morphism),
f:& — &, is apair, f = (fg, fB), where fp = id (the identity map). Such a bundle map is
an isomorphism if it has an inverse as defined above. In this case, we say that the bundles
& and & over B are isomorphic.

Observe that the commutativity of the diagram in Definition 7.2 implies that fp is
actually determined by fr. Also, when f is an isomorphism, the surjectivity of m; and
o implies that

ggo fg=id and fgogp =id.

Thus, when f = (fg, fp) is an isomorphism, both fr and fp are diffeomorphisms.

Remark: Some authors do not require the “preservation” of fibres. However, it is automatic
for bundle isomorphisms.

When we have a bundle map, f: & — &, as above, for every b € B, for any trivializations
Yo: T H(Uy) = Uy x F of & and @ 75 (V) = Va x F of &, with b € U, and fp(b) € V3,
we have the map,

(10,/6’ o fE o gp;ll (Ua N f;l(V5)) x F— V/g x F.

Consequently, as ¢, and ¢, are diffeomorphisms and as f is a diffeomorphism on fibres, we
have a map, pag: Us N f5' (V) — Diff(F), such that

0 frowa (b,x) = (fB(b), pas(b)(2)),

for all b € U, N f5'(Vs) and all # € F. Unfortunately, in general, there is no garantee that
Pap(b) € G or that it be smooth. However, this will be the case when & is a vector bundle
or a principal bundle.

Since we may always pick U, and Vj so that fg C Vg, we may also write p, instead
Yy Y B B Y p
of pa g, with p,: Uy, — G. Then, observe that 1ocally, fE is given as the composition

~ s —1

AT U) -2 Uy x F—2" V% F i

w3 (V)

z (b, z) (f5(0), pa(b)(2)) —= ¢~ (f5(b). pa(b)(2)),
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with fo (b, z) = (f5(b), pa(b)(z)), that is,
fe(z) = & (f(b), pa(b)(x)),  with z € 77 (Ua) and (b,z) = @a(2).

Conversely, if (fg, fp) is a pair of smooth maps satisfying the commutative diagram of Defini-
tion 7.2 and the above conditions hold locally, then as ¢, gp%‘l and p, (b) are diffeomorphisms
on fibres, we see that fg is a diffeomorphism on fibres.

In the general case where the structure group, G, is not the whole group of diffeomor-
phisms, Diff(F'), following Hirzebruch [77], we use the local conditions above to define the
“right notion” of bundle map, namely Definition 7.3. Another advantage of this definition
is that two bundles (with the same fibre, structure group, and base) are isomorphic iff they
are equivalent (see Proposition 7.1 and Proposition 7.2).

Definition 7.3 Given two fibre bundles, & = (Ey, m, By, F,G) and & = (Es, 79, B, F, G),
a bundle map, f: & — &, is a pair, f = (fg, fg), of smooth maps, fr: E; — FE; and
fB: B1 — Bs, such that

(a) The diagram

B,—— B
1 f 2
commutes.

(b) There is an open cover, U = (Uy,)aer, for By, an open cover, V = (Vj3)ges, for Bs,
a family, © = (©Qa)acr, of trivializations, p,: 77 (Uy) — Uq x F, for &, a family,
¢ = (¢)pes, of trivializations, ¢ : 75 (V) = Vax F, for &, such that for every b € B,
there are some trivializations, o : 7y ' (Us) = Us X F and @ly: my ' (V) — VX F, with
f8(Us) € V3, b € U, and some smooth map,

pa: Uy — G,
such that ;o fpo @ ': Uy x F = V, x F is given by
0 frowy (b,a) = (f5(b), pa(b)(x)),
forallbe U, and all z € F.

A bundle map is an isomorphism if it has an inverse as in Definition 7.2. If the bundles &
and &, are over the same base, B, then we also require fp = id.

As we remarked in the discussion before Definition 7.3, condition (b) insures that the
maps of fibres,

fe Lat(b): m () = my ' (fo(b),
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are diffeomorphisms. In the special case where £ and & have the same base, By = By = B,
we require fp = id and we can use the same cover (i.e., Y = V) in which case condition (b)
becomes: There is some smooth map, p,: U, — G, such that

Yoo fowa (bx) = (b, pa(b)(2)),
forallbe U, and all x € F.

We say that a bundle, &, with base B and structure group G is trivial iff £ is isomorphic
to the product bundle, B x F'| according to the notion of isomorphism of Definition 7.3.

We can also define the notion of equivalence for fibre bundles over the same base space, B
(see Hirzebruch [77], Section 3.2, Chern [33], Section 5, and Husemoller [82], Chapter 5). We
will see shortly that two bundles over the same base are equivalent iff they are isomorphic.

Definition 7.4 Given two fibre bundles, & = (Fy,m, B, F,G) and & = (Es,m, B, F,G),
over the same base space, B, we say that & and & are equivalent if there is an open cover,
U = (Uy)acr, for B, a family, ¢ = (pq)acs, of trivializations, ¢,: m ' (Us) — U, x F, for
€1, a family, @' = (¢))acr, of trivializations, ¢',: 7, ' (Uy) — U, x F, for &, and a family,
(Pa)acr, of smooth maps, p,: U, — G, such that

65(8) = pa(B)gas(Bps() !, for all b€ Uy N Up.

Since the trivializations are bijections, the family (p4)aes is unique. The following propo-
sition shows that isomorphic fibre bundles are equivalent:

Proposition 7.1 If two fibre bundles, & = (Ey,m, B, F,G) and & = (Eq, w9, B, F, G), over
the same base space, B, are isomorphic, then they are equivalent.

Proof. Let f: & — & be a bundle isomorphism. Then, we know that for some suitable
open cover of the base, B, and some trivializing families; (¢,) for & and () for &, there
is a family of maps, p,: U, — G, so that

o0 f 0 pa (b,z) = (b, pa(b)(2)),
for all b € U, and all z € F'. Recall that
Pa 0 @5 (b,x) = (b, gap(b)(x)),
for all b € U, NUg and all x € F. This is equivalent to
5 (0,2) = 05 (b, gap(b)(2)),

so it is notationally advantageous to introduce v, such that 1, = ¢_'. Then, we have

¥p(b, ) = Ya(b, gap(b)(1))
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and
¢ o foplt(bx) = (b, pa(b)(z))
becomes
Ya(b,x) = [~ 04y (b, pa(b)(2)).
We have
Up(b, ) = Ya(b, gap(D)(2)) = f7 0 P (D, pa(b) (gas(b)(2)))
and also

bp(b,x) = [ o a(b, ps(b)(w)) = f~ 0 (b, ghs(b)(ps()(2)))
from which we deduce
Pa(b)(gas(b)(@)) = g,5(b)(ps(b)(2)),
that is
9o (b) = pa(b)gas(b)ps(b) ", for all b € U, N Us,

as claimed. O

Remark: If § = (B, m, By, F,G) and & = (Es, my, Bs, F, G) are two bundles over different
bases and f: & — & is a bundle isomorphism, with f = (fg, fr), then fr and fp are
diffeomorphisms and it is easy to see that we get the conditions

9os(f5(0) = pa(0)9as(b)ps(d)™!,  forallbe Uy NUs.
The converse of Proposition 7.1 also holds.

Proposition 7.2 If two fibre bundles, & = (Ey,m, B, F,G) and & = (Ey, w9, B, F, G), over
the same base space, B, are equivalent then they are isomorphic.

Proof. Assume that & and & are equivalent. Then, for some suitable open cover of the
base, B, and some trivializing families, (¢, ) for & and (¢)) for &, there is a family of maps,
pa: Uy — G, so that

g:xﬁ(b) = pa(b)gaﬂ(b)pﬁ(b)_la for all b € U, N U/J’a

which can be written as
9o (0)p3(b) = pa(D)gas(D).

For every U,, define f, as the composition

~ ;-1

fo LU, xF—%° w3 (U.)

N (Uy) 22> Uy x F

2 (b, 2) = (b, pa (D) (2)) — ¢, (b, pa (b) (),
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that is,
fa(2) = & (b, pa(B)(@)),  with 2 € m ! (Ua) and (b,2) = pa(2).
Clearly, the definition of f, implies that
P © fa 0 00 (b 2) = (b, pa(b)(2)),

for all b € U, and all x € F' and, locally, f, is a bundle isomorphism with respect to p,. If
we can prove that any two f, and fs agree on the overlap, U, N Ug, then the f,’s patch and
yield a bundle map between &; and &. Now, on U, N Ug,

Pa © 9051([% x) = <b7 gag(b)(l’))
yields

5 (b,2) = 95" (b, as(b) ().
We need to show that for every z € U, N Ug,

fal2) = €4 (b, pa(b)(2)) = @5 (b, ps(b) () = fs(2),
where ¢, (2) = (b,x) and pg(z) = (b, 2').
From 2z = 3 (b, 2') = ;' (b, gas(b) (")), we get
T = gap(b)(2').

We also have
o (0, ps (D)) = @ (b ghs(B)(ps(b) ("))
and since g,,5(0)pp(b) = pa(b)gas(b) and x = gap(b)(z’) we get

2 (0. ps(0)(@)) = @ (b pa(B)(gas(9)) (@) = @~ (b, pa(b)(x)),

as desired. Therefore, the f,’s patch to yield a bundle map, f, with respect to the family
of maps, p,: U, — G. The map f is bijective because it is an isomorphism on fibres but it
remains to show that it is a diffeomorphism. This is a local matter and as the ¢, and ¢!,
are diffeomorphisms, it suffices to show that the map, f;: U, x F— U, x F, given by

(b, ) = (b, pa(b)(2))-

is a diffeomorphism. For this, observe that in local coordinates, the Jacobian matrix of this

( >

where [ is the identity matrix and J(p, (b)) is the Jacobian matrix of p,(b). Since p,(b)
is a diffeomorphism, det(J) # 0 and by the Inverse Function Theorem, the map f, is a
diffeomorphism, as desired. (]
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Remark: If in Proposition 7.2, £ = (B, m, By, F,G) and & = (Es, s, By, F),G) are two
bundles over different bases and if we have a diffeomorphism, fz: B; — By, and the condi-
tions

s (f5() = pa(b)gap(b)ps(®)™',  forallbe U, NUs
hold, then there is a bundle isomorphism, (fg, fg) between & and &,.

It follows from Proposition 7.1 and Proposition 7.2 that two bundles over the same base
are equivalent iff they are isomorphic, a very useful fact. Actually, we can use the proof of
Proposition 7.2 to show that any bundle morphism, f: & — &, between two fibre bundles
over the same base, B, is a bundle isomorphism. Because a bundle morphism, f, as above
is fibre preserving, f is bijective but it is not obvious that its inverse is smooth.

Proposition 7.3 Any bundle morphism, f: & — &, between two fibre bundles over the
same base, B, 1s an isomorphism.

Proof. Since f is bijective, this is a local matter and it is enough to prove that each,
fo: Uy x FF— U, x F, is a diffeomorphism, since f can be written as

f =000 fa0pa,

with _
fa(bz) = (b, pa(b)()).

However, the end of the proof of Proposition 7.2 shows that f; is a diffeomorphism.

Given a fibre bundle, ¢ = (E,w, B, F,G), we observed that the family, g = (gag), of
transition maps, go5: Uy N Us — G, induced by a trivializing family, ¢ = (¢a)aer, relative
to the open cover, U = (U, )acr, for B satisfies the cocycle condition,

9a5(0)95+(b) = gar (b),

for all o, 8,7y such that U,NUzNU, #  and all b € U,NUzNU,. Without altering anything,
we may assume that g,g is the (unique) function from ) to G when U,NUg = 0. Then, we call
a family, g = (gag)(a,p)crx1, @s above a U-cocycle, or simply, a cocycle. Remarkably, given
such a cocycle, g, relative to U, a fibre bundle, &, over B with fibre, F', and structure group,
G, having ¢ as family of transition functions, can be constructed. In view of Proposition 7.1,
we say that two cocycles, g = (gag)(a,8)cixr a0d §' = (gap)(a,8)crxr, are equivalent if there is
a family, (pa)acrs, of smooth maps, p,: U, — G, such that

9o (D) = pa(b)gas(b)ps(b) ", for all b € U, N Up.

Theorem 7.4 Given two smooth manifolds, B and F', a Lie group, G, acting effectively
on F, an open cover, U = (Uy)acr, of B, and a cocycle, g = (gap)(apcixi, there is a
fibre bundle, {, = (E,m, B, F,G), whose transition maps are the maps in the cocycle, g.
Furthermore, if g and ¢’ are equivalent cocycles, then &, and £y are isomorphic.
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Proof sketch. First, we define the space, Z, as the disjoint sum

Z:HUaxF.

ael

We define the relation, ~, on Z x Z, as follows: For all (b,z) € Us x F and (b,y) € U, X F,
it U, NUsz # 0,

(b, ) = (by) il y=gas(b)(z).
We let F = Z/ ~, and we give FE the largest topology such that the injections,
Na: Uy X F— Z, are smooth. The cocycle condition insures that ~ is indeed an equivalence
relation. We define 7: E — B by n([b,z]) = b. If p: Z — FE is the the quotient map, observe
that the maps, pon,: U, X F' — E, are injective, and that

mopon,(bx)=nb.

Thus,
pong: Uy x F— 71 (U,)

is a bijection, and we define the trivializing maps by setting
Yo =(poma) ™.

It is easily verified that the corresponding transition functions are the original g,g. There are

some details to check. A complete proof (the only one we could find!) is given in Steenrod

[141], Part I, Section 3, Theorem 3.2. The fact that &, and £, are equivalent when g and

¢ are equivalent follows from Proposition 7.2 (see Steenrod [141], Part I, Section 2, Lemma

2.10). O

Remark: (The following paragraph is intended for readers familiar with Cech cohomology.)
Obviously, if we start with a fibre bundle, £ = (E, 7, B, F,G), whose transition maps are
the cocycle, g = (gap), and form the fibre bundle, ,, the bundles ¢ and &, are equivalent.
This leads to a characterization of the set of equivalence classes of fibre bundles over a base
space, B, as the cohomology set, H'(B,G). In the present case, the sheaf, G, is defined such
that I'(U, G) is the group of smooth maps from the open subset, U, of B to the Lie group,
G. Since G is not abelian, the coboundary maps have to be interpreted multiplicatively. If
we define the sets of cochains, C*(U, G), so that

=[[ow). c'w,6) =T[6W.nUs), C*u,6)= [[ 6W.nUsNT,),

a<p a<pBly

etc., then it is natural to define,
So: CO(U,G) — CHU,G),

by
(009)as = 9295,
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for any g = (ga), with g, € I'(U,, G). As to
01: C'U,G) = C*(U, G),
since the cocycle condition in the usual case is

Jap + 98y = Gary,

we set
(019)asy = Gop9srJar

for any g = (gap), With gap € I'(U, N U, G). Note that a cocycle, g = (gap), is indeed an
element of Z'(U,G), and the condition for being in the kernel of

61: C'U,G) — C*(U,G)

is the cocycle condition,
9a5(0)g5,(b) = gay (D),

for all b € U, N Ug N U,. In the commutative case, two cocycles, g and ¢', are equivalent if
their difference is a boundary, which can be stated as

Jos + P8 = Yap + Pa = Pa T Gap

where p, € I'(U,, G), for all @ € I. In the present case, two cocycles, g and ¢’, are equivalent
iff there is a family, (pa)acr, With p, € I'(U,, G), such that

9o (D) = pa(b)gas(b)ps(b) ",

for all b € U, N Ug. This is the same condition of equivalence defined earlier. Thus, it is
easily seen that if g,h € Z*(U,G), then &, and &, are equivalent iff g and h correspond to
the same element of the cohomology set, H'(U,G). As usual, H'(B,G) is defined as the
direct limit of the directed system of sets, H YU, G), over the preordered directed family of
open covers. For details, see Hirzebruch [77], Section 3.1. In summary, there is a bijection
between the equivalence classes of fibre bundles over B (with fibre F' and structure group G)
and the cohomology set, H'(B,G). In the case of line bundles, it turns out that H'(B,G) is
in fact a group.

As an application of Theorem 7.4, we define the notion of pullback (or induced) bundle.
Say £ = (E,m, B, F,G) is a fibre bundle and assume we have a smooth map, f: N — B. We
seek a bundle, f*¢, over N, together with a bundle map, (f*, f): f*¢ — &,

el E

ml g

N ——

f
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where, in fact, f*F is a pullback in the categorical sense. This means that for any other
bundle, &', over N and any bundle map,

|~

E’ E
NT‘ B,

there is a unique bundle map, (P,id): & — f*¢ so that (f', f) = (f* f)o (f’,id). Thus,
there is an isomorphism (natural),

Hom(¢', €) = Hom(¢,' f*¢).

As a consequence, by Proposition 7.3, for any bundle map betwen & and &,

;

NTB,

|~

E/
s

there is an isomorphism, £ = f*¢€.

The bundle, f*¢, can be constructed as follows: Pick any open cover, (U,), of B, then
(f~Y(U,)) is an open cover of N and check that if (gag) is a cocycle for &, then the maps,
gap o f: [ (Us) N f7H(Us) — G, satisty the cocycle conditions. Then, f*¢ is the bundle
defined by the cocycle, (gap © f). We leave as an exercise to show that the pullback bundle,
f*&, can be defined explicitly if we set

fTE={(n,e) e N x E| f(n) =mn(e)},
7 = pry and f* = pro. For any trivialization, g,: 7 (Ua) — Uy x F, of € we have
(7)) (Ua) = {(n,e) e N x E | n € f7H(Ua),e € 7' (f(n))},
and so, we have a bijection, F: (7*)" (f~(Ua)) — f~1(Ua) x F, given by
Pa(n, e) = (n,pra(va(e))).

By giving f*E the smallest topology that makes each ¢, a diffeomorphism, @,, is a trivial-
ization of f*¢ over f~1(U,) and f*¢ is a smooth bundle. Note that the fibre of f*¢ over a
point, n € N, is isomorphic to the fibre, 771(f(n)), of £ over f(n). If g: M — N is another
smooth map of manifolds, it is easy to check that

(fog)é=g"(fr).
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Given a bundle, £ = (E, 7, B, F,G), and a submanifold, IV, of B, we define the restriction
of ¢ to N as the bundle, £ | N = (7= }(N),n | 7= Y(N), B, F,G).

Experience shows that most objects of interest in geometry (vector fields, differential
forms, etc.) arise as sections of certain bundles. Furthermore, deciding whether or not a
bundle is trivial often reduces to the existence of a (global) section. Thus, we define the
important concept of a section right away.

Definition 7.5 Given a fibre bundle, ¢ = (E, 7, B, F,G), a smooth section of £ is a smooth
map, s: B — FE, so that m o s = idg. Given an open subset, U, of B, a (smooth) section of
¢ over U is a smooth map, s: U — FE, so that w o s(b) = b, for all b € U; we say that s is
a local section of . The set of all sections over U is denoted I'(U, §) and I'( B, §) (for short,
['(€)) is the set of global sections of &.

Here is an observation that proves useful for constructing global sections. Let s: B — E
be a global section of a bundle, £. For every trivialization, p,: 7 HUy,) — U, X F, let
Sq: Uy, — E and o,: U, — F be given by

Sa =58 [ U, and o, =prso @, o Sq,

so that

sa(b) = ¢3! (b, 0a(D)).
Obviously, 7 o s, = id, so s, is a local section of £ and o, is a function, o,: U, — F. We
claim that on overlaps, we have

a(b) = gap(b)os(b).

Indeed, recall that

Pa 005 (b, 2) = (b, gap (b)),
forall b e Uy,NUsz and all z € F and as s, = s | U, and sg = s | Ug, s, and sg agree on
U, NUs. Consequently, from

sa(b) = ¢3! (b,04(b) and  s5(b) = @5 (b,05(D)),
we get
o' (b,04(b) = sa(b) = 55(b) = 93" (b, 05()) = 5" (b, gas(b)as (b)),
which implies 0, (b) = gag(b)os(b), as claimed.
Conversely, assume that we have a collection of functions, o,: U, — F, satisfying

Ta(b) = gap(b)os(b)

on overlaps. Let s,: U, — E be given by

Sa(b) = ¢, (b, 0a(b)).
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Each s, is a local section and we claim that these sections agree on overlaps, so they patch
and define a global section, s. We need to show that

Sa(b) = ¢, (b,0a(b)) = 5" (b, 05(b)) = s5(b),

for b € U, N U, that is,
(b,0a(0)) = ¢a 0 95" (b, 05(b)),

and since ¢, o <p§1(b, o5(b)) = (b, gap(b)os(b)) and by hypothesis, 0,(b) = gap(b)os(b), our
equation s, (b) = sg(b) is verified.

There are two particularly interesting special cases of fibre bundles:

(1) Vector bundles, which are fibre bundles for which the typical fibre is a finite-dimensional
vector space, V', and the structure group is a subgroup of the group of linear isomor-

phisms (GL(n,R) or GL(n,C), where n = dim V).

(2) Principal fibre bundles, which are fibre bundles for which the fibre, F, is equal to the
structure group, GG, with GG acting on itself by left translation.

First, we discuss vector bundles.

7.2 Vector Bundles

Given a real vector space, V', we denote by GL(V') (or Aut(V)) the vector space of linear
invertible maps from V to V. If V has dimension n, then GL(V') has dimension n?. Obviously,
GL(V) is isomorphic to GL(n, R), so we often write GL(n, R) instead of GL(V') but this may
be slightly confusing if V' is the dual space, W* of some other space, W. If V' is a complex
vector space, we also denote by GL(V') (or Aut(V')) the vector space of linear invertible maps
from V' to V but this time, GL(V') is isomorphic to GL(n,C), so we often write GL(n, C)
instead of GL(V).

Definition 7.6 A rank n real smooth vector bundle with fibre V' is a tuple, & = (E,m, B, V),
such that (E,m, B,V,GL(V)) is a smooth fibre bundle, the fibre, V', is a real vector space of
dimension n and the following conditions hold:

(a) For every b € B, the fibre, 771(b), is an n-dimensional (real) vector space.

(b) For every trivialization, ¢, : 71 (U,) — U, x V, for every b € U,, the restriction of ¢,
to the fibre, 771(b), is a linear isomorphism, 7~ *(b) — V.

A rank n complex smooth vector bundle with fibre V is a tuple, & = (E,m, B, V), such
that (£, 7, B,V,GL(V)) is a smooth fibre bundle such that the fibre, V, is an n-dimensional
complex vector space (viewed as a real smooth manifold) and conditions (a) and (b) above
hold (for complex vector spaces). When n = 1, a vector bundle is called a line bundle.



240 CHAPTER 7. BUNDLES, RIEMANNIAN METRICS, HOMOGENEOUS SPACES

The trivial vector bundle, £ = B x V, is often denoted €. When V = R*, we also
use the notation €*. Given a (smooth) manifold, M, of dimension n, the tangent bundle,
T M, and the cotangent bundle, T* M, are rank n vector bundles. Indeed, in Section 3.3, we
defined trivialization maps (denoted 7y7) for TM. Let us compute the transition functions
for the tangent bundle, T'M, where M is a smooth manifold of dimension n. Recall from
Definition 3.12 that for every p € M, the tangent space, T, M, consists of all equivalence
classes of triples, (U, ¢, x), where (U, ) is a chart with p € U, z € R", and the equivalence
relation on triples is given by

U, p,2) = (Vib,y) it (o), (2) =y
We have a natural isomorphism, 0y, ,: R" — T, M, between R" and T,,M given by
Ovpp: ©— [(U,p, )], x € R"™.
Observe that for any two overlapping charts, (U, ¢) and (V,),
O © O = (¥ 00 Vi
We let T'M be the disjoint union,

T™ = | J T,M,

peEM

define the projection, m: TM — M, so that w(v) = p if v € T,M, and we give T'M the
weakest topology that makes the functions, @: 7=1(U) — R?", given by

B0) = (pom(v), 65y (),

continuous, where (U, ¢) is any chart of M. Each function, ¢: 77 1(U) — ¢(U) x R" is a
homeomorphism and given any two overlapping charts, (U, ¢) and (V,), as
0\22}4) © QU,tp,p = <¢ o w_l):p(p), the tranSitiOn map,

Ypop i pUNV)xR" — p(UNV) x R",
is given by
Vo (z) = (op ' (2),(ep )i(x),  (2) €pUNV)XR"
It is clear that QZ o 1 is smooth. Moreover, the bijection,
e m N (U) = U x R,

given by
0 (0) = (7(0), 054, 7y (V)
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satisfies pry o 7y = m on 7 1(U), is a linear isomorphism restricted to fibres and so, it is a
trivialization for 7M. For any two overlapping charts, (U, ¢o) and (Us, @), the transition
function, g.5: Uy N Uz — GL(n,R), is given by

9as(P)(2) = (@a © 05" )y (T).
We can also compute trivialization maps for 7*M. This time, 7% M is the disjoint union,

"M = | ;M

peEM

and 7: T*M — M is given by m(w) = p if w € Ty M, where Ty M is the dual of the tangent
space, T, M. For each chart, (U, ¢), by dualizing the map, 0,,,: R" — T,(M), we obtain an
1somorphlsm 00 pp: TyM — (R™)*. Composing 67, ,, with the isomorphism, ¢: (R")* — R"
(induced by the canomcal basis (e, ..., e,) of R" and its dual basis), we get an isomorphism,

Ofop = 1000, TrM — R™. Then, deﬁne the bijection,

" 7 HU) — p(U) x R* C R*™,

by
P (W) = (pom(w), 074w (@),
with w € 771(U). We give T* M the weakest topology that makes the functions ¢* continuous
and then each function, ¢*, is a homeomorphism. Given any two overlapping charts, (U, ¢)
and (V,1), as
9V1ﬁp 0 Opp = (o™ )go(p)

by dualization we get

eggop (9\/1/) p) = el—lJ—cpp (QV},Z)p) = ((Q/] © @_1);(p))Ta

then
O © (0 o) = (W0 ™)) )7,
and so
100y, 0 (00,,) ot =10 (hop ), ) e,
that is,

0;1/,71, © (Ql*f,cp,p)_l =to(((¥o ‘P_l):p(p))—r)_l o L.
Consequently, the transition map,
P o () p(UNV) xR — p(UNV) x RY,

is given by

Vo (@) TNz a) = (o (2), o ((Wop ™)) )T o (x),  (2,2) €p(UNV) xR
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If we view (¢ o p 1) as a matrix, then we can forget ¢ and the second component of

0o (@) Nz ) is (o ))T) e
We also have trivialization maps, 73;: 7 1(U) — U x (R")*, for T*M given by
T5(W) = (W), 0. (@)
for all w € 7~*(U). The transition function, g%z: Uy N Uz = GL(n,R), is given by

9o M) = T, (Tz’}ﬁp)’l(n)
- 9;@ P (GITJB ©ps Tf(n))ilo7>
= ((QUi Yam(n) © gUﬁ»%m(n))T)_l(n)
= (a0 95 o) )7 (),
with n € (R™)*. Also note that GL(n,R) should really be GL((R™)*), but GL((R™)*) is
isomorphic to GL(n,R). We conclude that

9ip(p) = (gag(p)T)_l, for every p € M.

This is a general property of dual bundles, see Property (f) in Section 7.3.

Maps of vector bundles are maps of fibre bundles such that the isomorphisms between
fibres are linear.

Definition 7.7 Given two vector bundles, & = (Fy,m, B, V) and & = (Ey, me, B, V),
with the same typical fibre, V| a bundle map (or bundle morphism), f: & — &, is a pair,
f = (fe, fB), of smooth maps, fr: E; — E3 and fg: By — By, such that

(a) The following diagram commutes:

(b) For every b € By, the map of fibres,

fo Tyt (b): mt(b) = w5 (f(D)),
is a bijective linear map.

A bundle map isomorphism, f: & — &, is defined as in Definition 7.2. Given two vector
bundles, & = (Ey, 71, B, V) and & = (FEsy, m9, B, V'), over the same base space, B, we require
fp =id.
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Remark: Some authors do not require the preservation of fibres, that is, the map

fe T (0): mt(0) = w3 ' (f6(D))

is simply a linear map. It is automatically bijective for bundle isomorphisms.

Note that Definition 7.7 does not include condition (b) of Definition 7.3. However,
because the restrictions of the maps ., ¢} and f to the fibres are linear isomorphisms,
it turns out that condition (b) (of Deﬁmtlon 7.3) does hold. Indeed, if f5(U,) C V3, then

o fop iUy xV — VaxV

is a smooth map and, for every b € B, its restriction to {b} x V is a linear isomorphism
between {b} x V and {fg(b)} x V. Therefore, there is a smooth map, p,: U, — GL(n,R),
so that

o fopy (bx) = (f5(b),pa(b)(2))
and a vector bundle map is a fibre bundle map.

A holomorphic vector bundle is a fibre bundle where E, B are complex manifolds, V is a
complex vector space of dimension n, the map 7 is holomorphic, the ¢, are biholomorphic,
and the transition functions, g.g, are holomorphic. When n = 1, a holomorphic vector
bundle is called a holomorphic line bundle.

Definition 7.4 also applies to vector bundles (just replace G by GL(n,R) or GL(n,C))
and defines the notion of equivalence of vector bundles over B. Since vector bundle maps
are fibre bundle maps, Propositions 7.1 and 7.2 immediately yield

Proposition 7.5 Two vector bundles, & = (Ey,m, B, V) and & = (Ey, ma, B, V'), over the
same base space, B, are equivalent iff they are isomorphic.

Since a vector bundle map is a fibre bundle map, Proposition 7.3 also yields the useful
fact:

Proposition 7.6 Any vector bundle map, f: & — &, between two vector bundles over the
same base, B, is an isomorphism.

Theorem 7.4 also holds for vector bundles and yields a technique for constructing new
vector bundles over some base, B.

Theorem 7.7 Given a smooth manifold, B, an n-dimensional (real, resp. complex) vector
space, V', an open cover, U = (Uy)acr of B, and a cocycle, g = (gap)(agycixr (with

Gap: Uy NUsg — GL(n,R), resp. gap: Uy N Usg — GL(n,C)), there is a vector bundle,
& = (E,m, B,V), whose transition maps are the maps in the cocycle, g. Furthermore, if g
and g’ are equivalent cocycles, then &, and £y are equivalent.
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Observe that a coycle, g = (gag)(a,8)cix1, is given by a family of matrices in GL(n,R)
(resp. GL(n,C)).

A vector bundle, &, always has a global section, namely the zero section, which assigns
the element 0 € 771(b), to every b € B. A global section, s, is a non-zero section iff s(b) # 0
for all b € B. It is usually difficult to decide whether a bundle has a nonzero section.
This question is related to the nontriviality of the bundle and there is a useful test for
triviality. Assume £ is a trivial rank n vector bundle. Then, there is a bundle isomorphism,
f: BxV — & For every b € B, we know that f(b, —) is a linear isomorphism, so for any
choice of a basis, (e1,...,e,) of V, we get a basis, (f(b,e1),..., f(b,e,)), of the fibre, 7=1(b).
Thus, we have n global sections, s; = f(—,e1),...,8, = f(—, en), such that (s1(b), ..., s,(b))
forms a basis of the fibre, 7=1(b), for every b € B.

Definition 7.8 Let { = (E, 7, B, V) be arank n vector bundle. For any open subset, U C B,
an n-tuple of local sections, (sq,...,s,), over U if called a frame over U iff (s1(b), ..., s,(D))
is a basis of the fibre, 771(b), for every b € U. If U = B, then the s; are global sections and
(81,...,58y) is called a frame (of &).

The notion of a frame is due to Elie Cartan who (after Darboux) made extensive use of
them under the name of moving frame (and the moving frame method). Cartan’s terminology
is intuitively clear: As a point, b, moves in U, the frame, (s1(b),. .., $,(b)), moves from fibre
to fibre. Physicists refer to a frame as a choice of local gauge.

The converse of the property established just before Definition 7.8 is also true.

Proposition 7.8 A rank n vector bundle, &, is trivial iff it possesses a frame of global
sections.

Proof. We only need to prove that if £ has a frame, (si,...,s,), then it is trivial. Pick a
basis, (e1,...,€,), of V and define the map, f: B x V — &, as follows:

F(b,v) = Zvisi(b),

where v = Y"1 v;e;. Clearly, f is bijective on fibres, smooth, and a map of vector bundles.
By Proposition 7.6, the bundle map, f, is an isomorphism. [J

As an illustration of Proposition 7.8 we can prove that the tangent bundle, T'S*, of the
circle, is trivial. Indeed, we can find a section that is everywhere nonzero, i.e. a non-vanishing
vector field, namely

s(cos @, sinf) = (—sin#, cosh).

The reader should try proving that T'S? is also trivial (use the quaternions). However, T'S?
is nontrivial, although this not so easy to prove. More generally, it can be shown that T'S™ is



7.2. VECTOR BUNDLES 245

nontrivial for all even n > 2. It can even be shown that S, S® and S” are the only spheres
whose tangent bundle is trivial. This is a rather deep theorem and its proof is hard.

Remark: A manifold, M, such that its tangent bundle, T'M, is trivial is called parallelizable.

The above considerations show that if £ is any rank n vector bundle, not necessarily
trivial, then for any local trivialization, p,: 7~ 1(U,) — U, X V, there are always frames
over U,. Indeed, for every choice of a basis, (eq,...,e,), of the typical fibre, V| if we set

sO(b) = ot (bye)), bEU, 1<i<n,

then (s§,...,s%) is a frame over U,.

’ren

Given any two vector spaces, V and W, both of dimension n, we denote by Iso(V, W)
the space of all linear isomorphisms between V' and W. The space of n-frames, F(V), is the
set of bases of V. Since every basis, (vy,...,v,), of V is in one-to-one correspondence with
the map from R” to V given by e; — v;, where (e, ..., e,) is the canonical basis of R" (so,
e; =(0,...,1,...0) with the 1 in the ith slot), we have an isomorphism,

F(V) = Iso(R™, V).
(The choice of a basis in V' also yields an isomorphism, Iso(R", V) = GL(n,R), so
F(V) = GL(n,R).)

For any rank n vector bundle, £, we can form the frame bundle, F(§), by replacing the
fibre, 771(b), over any b € B by F(n~'(b)). In fact, F'(§) can be constructed using Theorem
7.4. Indeed, identifying F'(V') with Iso(R", V'), the group GL(n,R) acts on F (V) effectively
on the left via

A-v=vo0oA "

(The only reason for using A~! instead of A is that we want a left action.) The resulting
bundle has typical fibre, F'(V) = GL(n,R), and turns out to be a principal bundle. We will
take a closer look at principal bundles in Section 7.5.

We conclude this section with an example of a bundle that plays an important role in
algebraic geometry, the canonical line bundle on RP". Let HX C RP" x R™*! be the subset,

HY = {(L,v) € RP" x R""! |v € L},

where RP" is viewed as the set of lines, L, in R"™! through 0, or more explicitly,

HY = {((wo: -+ 2), Mo, ..., 20)) | (wo: -+ 2 2,) € RP", X € R}.
Geometrically, HX consists of the set of lines, [(zo, ..., 2,)], associated with points,
(rg: -++: x,), of RP". If we consider the projection, 7: HX — RP", of HX onto RP", we see

that each fibre is isomorphic to R. We claim that HY is a line bundle. For this, we exhibit
trivializations, leaving as an exercise the fact that HX is a manifold.
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Recall the open cover, Uy, ..., U,, of RP", where
Uy={(xo: - :2,) € RP" | x; # 0}.
Then, the maps, ¢;: 7 1(U;) = U; x R, given by

wil(xo: -+t xn), M, ..., 20)) = ((To: -+ 1 ), Axy)

are trivializations. The transition function, g;;: U; N U; — GL(1,R), is given by

Li
Gij(zo: -+t xp)(u) = —u,
L

where we identify GL(1,R) and R* =R — {0}.

Interestingly, the bundle HZ is nontrivial for all n > 1. For this, by Proposition 7.8 and
since HE is a line bundle, it suffices to prove that every global section vanishes at some point.
So, let o be any section of HX. Composing the projection, p: S — RP", with o, we get a
smooth function, s = g op: S — HE, and we have

for every x € S™, where f: S™ — R is a smooth function. Moreover, f satisfies

f(=x) = —f(z),

since s(—z) = s(z). As S™ is connected and f is continuous, by the intermediate value
theorem, there is some x such that f(x) = 0, and thus, ¢ vanishes, as desired.

The reader should look for a geometric representation of Hy. It turns out that HY is
an open Mobius strip, that is, a Mobius strip with its boundary deleted (see Milnor and
Stasheff [110], Chapter 2). There is also a complex version of the canonical line bundle on
CP", with

H, = {(L,v) € CP" x C"" |v € L},

where CP" is viewed as the set of lines, L, in C"*! through 0. These bundles are also
nontrivial. Furthermore, unlike the real case, the dual bundle, [, is not isomorphic to H,,.
Indeed, H; turns out to have nonzero global holomorphic sections!

7.3 Operations on Vector Bundles

Because the fibres of a vector bundle are vector spaces all isomorphic to some given space, V/,
we can perform operations on vector bundles that extend familiar operations on vector spaces,
such as: direct sum, tensor product, (linear) function space, and dual space. Basically, the
same operation is applied on fibres. It is usually more convenient to define operations on
vector bundles in terms of operations on cocycles, using Theorem 7.7.
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(a)

(b)

(d)

(Whitney Sum or Direct Sum)

If £ =(E,m, B,V) is arank m vector bundle and {' = (E’, 7', B, W) is a rank n vector
bundle, both over the same base, B, then their Whitney sum, ¢ $¢’, is the rank (m+n)
vector bundle whose fibre over any b € B is the direct sum, E, & Ej, that is, the vector
bundle with typical fibre V@& W (given by Theorem 7.7) specified by the cocycle whose

matrices are )
gaﬁ 0 ) b
, e U,NU;z.
( 0 g,s(D) ’

(Tensor Product)

If ¢ =(E,m, B,V) is arank m vector bundle and {' = (E', 7', B, W) is a rank n vector
bundle, both over the same base, B, then their tensor product, £ ® £, is the rank mn
vector bundle whose fibre over any b € B is the tensor product, £, ® Ej, that is, the
vector bundle with typical fibre V@ W (given by Theorem 7.7) specified by the cocycle
whose matrices are

00 (8) @ s(b), b UL U

(Here, we identify a matrix with the corresponding linear map.)

(Tensor Power)

If £ = (E,7,B,V) is a rank m vector bundle, then for any & > 0, we can define the
tensor power bundle, £%*, whose fibre over any b € £ is the tensor power, El?k and with
typical fibre V®*. (When k = 0, the fibre is R or C). The bundle £** is determined

by the cocycle
925(b), be U,NUp.

(Exterior Power)

If £ = (E,7,B,V) is a rank m vector bundle, then for any & > 0, we can define the
exterior power bundle, /\I*C &, whose fibre over any b € £ is the exterior power, /\k E,
and with typical fibre /\k V. The bundle /\kf is determined by the cocycle

k
N gas(b),  beUsNUs.

Using (a), we also have the exterior algebra bundle, N € = @7-, N* €. (When k = 0,
the fibre is R or C).

(e) (Symmetric Power) If £ = (E, 7, B,V) is a rank m vector bundle, then for any k& > 0,

we can define the symmetric power bundle, Sym® ¢, whose fibre over any b € ¢ is the
exterior power, Sym* E, and with typical fibre Sym” V. (When k = 0, the fibre is R
or C). The bundle Sym*¢ is determined by the cocycle

Sym* gas(b), b€ U,NUs.
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(f) (Dual Bundle) If £ = (FE,m, B, V) is a rank m vector bundle, then its dual bundle, £*,

is the rank m vector bundle whose fibre over any b € B is the dual space, £, that is,
the vector bundle with typical fibre V* (given by Theorem 7.7) specified by the cocycle
whose matrices are

(gap(d) ), be U, NUs.

The reason for this seemingly complicated formula is this: For any trivialization,
0o ™ HU,) — U, x V, for any b € B, recall that the restriction, @,: 7 1(b) = V,
of p, to 771(b) is a linear isomorphism. By dualization we get a map,

Pap: V= (m71(b))*, and thus, ¢ , for £ is given by

Ohp = (o)t (771 (b)) = V™.
As gis(b) = w0 (¢h,) ", we get

925(6) =

(
(
(e55) 0@y
(
(

as claimed.

(g) (Hom Bundle)

If ¢ = (E,7,B,V) is a rank m vector bundle and ¢ = (E', 7', B,W) is a rank n
vector bundle, both over the same base, B, then their Hom bundle, Hom(,&'), is
the rank mn vector bundle whose fibre over any b € B is Hom(E,, E}), that is, the
vector bundle with typical fibre Hom(V,W). The transition functions of this bun-
dle are obtained as follows: For any trivializations, ¢,: 71 (U,) — U, X V and
ol ()N (U,) — Uy x W, for any b € B, recall that the restrictions, p,5: 7 1(b) — V
and ¢/, ;2 (7)1 (b) — W are linear isomorphisms. Then, we have a linear isomorphism,
@n™: Hom(x ' (b), (7') ' (b)) — Hom(V, W), given by
Hom

i (f) = Capo fowy  f€Hom(n (b), () 7'(b)).

Then, gig™(b) = who™ o (pe™) .

(h) (Tensor Bundle of type (r,s))

If ¢ = (FE,m B,V) is a rank m vector bundle, then for any r, s > 0, we can define the
bundle, 7™* £, whose fibre over any b € £ is the tensor space T"* Ej, and with typical
fibre T* V. The bundle T"*¢ is determined by the cocycle

a5 () ® ((gas(0) )7H* (), bEUaNUs.
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In view of the canonical isomorphism, Hom(V, W) = V* ® W it is easy to show that
Hom(&,&'), is isomorphic to & ® &' Similarly, £** is isomorphic to . We also have the
isomorphism

TE 2 € @ (¢)°

@ Do not confuse the space of bundle morphisms, Hom(¢,¢'), with the Hom bundle,
Hom(&,¢'). However, observe that Hom(&, £') is the set of global sections of Hom/(&,¢').

As an illustration of (d), consider the exterior power, A" T*M, where M is a manifold of
dimension n. We have trivialization maps, 75;: 7 H(U) — U x \"(R™)*, for A" T*M given
by

Té(w> = (71'(&)), /\ 65,90,71‘(0.7) (W)),

for all w € 7~1(U). The transition function, gé\;: U, NUz = GL(n,R), is given by

T

gy () (@) = (AN (a0 95" )W),

for all w € #=1(U). Consequently,

T

9l () = N(gas®)) ™,
for every p € M, a special case of (h).

For rank 1 vector bundles, that is, line bundles, it is easy to show that the set of equiv-
alence classes of line bundles over a base, B, forms a group, where the group operation is
®, the inverse is x (dual) and the identity element is the trivial bundle. This is the Picard
group of B.

In general, the dual, £*, of a bundle is not isomorphic to the original bundle, E. This is
because, V* is not canonically isomorphic to V' and to get a bundle isomorphism between &
and £*, we need canonical isomorphisms between the fibres. However, if £ is real, then (using
a partition of unity) £ can be given a Euclidean metric and so, £ and £* are isomorphic.

@ It is not true in general that a complex vector bundle is isomorphic to its dual because
a Hermitian metric only induces a canonical isomorphism between E* and E, where E
is the conjugate of F, with scalar multiplication in E given by (z,w) — wz.

Remark: Given a real vector bundle, &, the complexification, &c, of £ is the complex vector
bundle defined by

§c = € ®r €,
where ec = B x C is the trivial complex line bundle. Given a complex vector bundle, &, by

viewing its fibre as a real vector space we obtain the real vector bundle, (&g. The following
facts can be shown:
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(1) For every real vector bundle, &,
(Eclr =EDE.

(2) For every complex vector bundle, &,

(Er)c=ED@E

The notion of subbundle is defined as follows:

Definition 7.9 Given two vector bundles, £ = (E,m, B,V) and ¢’ = (E', 7', B, V"), over the
same base, B, we say that ¢ is a subbundle of £ iff F is a submanifold of E’, V is a subspace
of V' and for every b € B, the fibre, 771(b), is a subspace of the fibre, (7')~1(b).

If £ is a subbundle of ¢, we can form the quotient bundle, /€, as the bundle over B
whose fibre at b € B is the quotient space (7')7*(b)/m~1(b). We leave it as an exercise
to define trivializations for &'/¢. In particular, if N is a submanifold of M, then TN is a
subbundle of TM | N and the quotient bundle (7'M | N)/T'N is called the normal bundle
of N in M.

7.4 Metrics on Bundles, Riemannian Manifolds,
Reduction of Structure Groups, Orientation

Fortunately, the rich theory of vector spaces endowed with a Euclidean inner product can,
to a great extent, be lifted to vector bundles.

Definition 7.10 Given a (real) rank n vector bundle, £ = (E, 7, B,V), we say that ¢ is
Fuclidean iff there is a family, ((—, —))sep, of inner products on each fibre, 771(b), such
that (—, —), depends smoothly on b, which means that for every trivializing map,

0o: T HUy) = U, x V, for every frame, (sq,...,s,), on Uy, the maps

b— <8i(b),8j(b>>b, be Ua7 1< Z?] <n

are smooth. We say that (—, —) is a Fuclidean metric (or Riemannian metric) on &. If £
is a complex rank n vector bundle, £ = (E, 7, B, V), we say that & is Hermitian iff there is
a family, ((—, —)p)sep, of Hermitian inner products on each fibre, 7=1(b), such that (—, —),
depends smoothly on b. We say that (—, —) is a Hermitian metric on . For any smooth
manifold, M, if TM is a Euclidean vector bundle, then we say that M is a Riemannian
manifold.
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If M is a Riemannian manifold, the smoothness condition on the metric, {(—, =), }penm,
on T'M, can be expressed a little more conveniently. If dim(M) = n, then for every chart,
(U, ), since dgo;(lp): R™ — T,M is a bijection for every p € U, the n-tuple of vector fields,
(S1,...,8n), with s;(p) = dgo;(lp)(ei), is a frame of TM over U, where (ey,...,e,) is the
canonical basis of R". Since every vector field over U is a linear combination, Y . | f;s;, for
some smooth functions, f;: U — R, the condition of Definition 7.10 is equivalent to the fact
that the maps,

p = {dogi, (), desg(e))y,  peEU, 1<i,j<n,
are smooth. If we let © = (p), the above condition says that the maps,
z > (dpp (), de (e))prw, T €9(U), 1<, <,

are smooth.

If M is a Riemannian manifold, the metric on T'M is often denoted g = (gp)per- In a
chart, (U,¢), using local coordinates, we often use the notation, g = 3_,. g;jdz; ® dx;, or
simply, g = > _,; gijdr;dx;, where

9:(p) = <(8ii)p’ (a%ﬂ)p>p

For every p € U, the matrix, (g;;(p)), is symmetric, positive definite.

The standard Euclidean metric on R”, namely,
g=dx; +--+dz2,

makes R” into a Riemannian manifold. Then, every submanifold, M, of R™ inherits a metric
by restricting the Euclidean metric to M. For example, the sphere, S"~1, inherits a metric
that makes S"~! into a Riemannian manifold. It is a good exercise to find the local expression
of this metric for S? in polar coordinates.

A nontrivial example of a Riemannian manifold is the Poincaré upper half-space, namely,
the set H = {(z,y) € R? | y > 0} equipped with the metric

B dx? + dy?
==

A way to obtain a metric on a manifold, N, is to pull-back the metric, g, on another man-
ifold, M, along a local diffeomorphism, ¢: N — M. Recall that ¢ is a local diffeomorphism
iff

dgop: TpN — Tga(p)M
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is a bijective linear map for every p € N. Given any metric g on M, if ¢ is a local diffeo-
morphism, we define the pull-back metric, p*g, on N induced by ¢ as follows: For all p € N,
for all u,v € TN,

(£*9)p(,0) = G (dpp(u), dipp(v)).

We need to check that (¢*g), is an inner product, which is very easy since dy, is a linear
isomorphism. Our map, ¢, between the two Riemannian manifolds (N, ¢*g) and (M, g) is a
local isometry, as defined below.

Definition 7.11 Given two Riemannian manifolds, (M, g1) and (Ma, g2), a local isometry
is a smooth map, ¢: M; — My, such that dy,: T, M; — T, M, is an isometry between the
Euclidean spaces (T,M1, (g1)p) and (T, M2, (92)4()), for every p € M;, that is,

(91)p(u,v) = (92)g0(p)(d90p(u)7d§0p(v))a

for all w,v € T,M; or, equivalently, p*gs = ¢g1. Moreover, ¢ is an isometry iff it is a local
isometry and a diffeomorphism.

The isometries of a Riemannian manifold, (M, g), form a group, Isom(M, g), called the
isometry group of (M,g). An important theorem of Myers and Steenrod asserts that the
isometry group, Isom(M, g), is a Lie group.

Given a map, ¢: M; — M, and a metric g; on M, in general, ¢ does not induce any
metric on M,. However, if ¢ has some extra properties, it does induce a metric on M,. This
is the case when M, arises from M, as a quotient induced by some group of isometries of
M. For more on this, see Gallot, Hulin and Lafontaine [60], Chapter 2, Section 2.A.

Now, given a real (resp. complex) vector bundle, £, provided that B is a sufficiently nice
topological space, namely that B is paracompact (see Section 3.6), a Euclidean metric (resp.
Hermitian metric) exists on £. This is a consequence of the existence of partitions of unity
(see Theorem 3.26).

Theorem 7.9 FEvery real (resp. complex) vector bundle admits a Euclidean (resp. Hermi-
tian) metric. In particular, every smooth manifold admits a Riemannian metric.

,s%), over U,.
For every b € U,, the basis, (s¥(b),...,s%(b)) defines a Euclidean (resp. Hermitian) inner

r n

product, (—, =), on the fibre 771(b), by declaring (s¢(b), ..., s%(b)) orthonormal w.r.t. this

Proof. Let (U,) be a trivializing open cover for ¢ and pick any frame, (s, ..., s&

inner product. (For z = Y " 2;s%(b) and y = >, y;s3(b), let (z,y)p = > 1| x:y;, resp.
(x,y)p = >, x;J;, in the complex case.) The (—, —), (with b € U,) define a metric on
7 1(U,), denote it (—, —),. Now, using Theorem 3.26, glue these inner products using a
partition of unity, (f.), subordinate to (U,), by setting

(@,y) = falz,y)a.
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We verify immediately that (—, —) is a Euclidean (resp. Hermitian) metric on . O

The existence of metrics on vector bundles allows the so-called reduction of structure
group. Recall that the transition maps of a real (resp. complex) vector bundle, £, are
functions, gug: Uy, N Us — GL(n,R) (resp. GL(n,C)). Let GL*(n,R) be the subgroup
of GL(n,R) consisting of those matrices of positive determinant (resp. GL*(n,C) be the
subgroup of GL(n,C) consisting of those matrices of positive determinant).

Definition 7.12 For every real (resp. complex) vector bundle, &, if it is possible to find a
cocycle, g = (gap), for & with values in a subgroup, H, of GL(n,R) (resp. of GL(n,C)), then
we say that the structure group of & can be reduced to H. We say that & is orientable if its
structure group can be reduced to GL*(n, R) (resp. GL*(n,C)).

Proposition 7.10 (a) The structure group of a rank n real vector bundle, £, can be reduced
to O(n); it can be reduced to SO(n) iff £ is orientable.

(b) The structure group of a rank n complex vector bundle, £, can be reduced to U(n); it
can be reduced to SU(n) iff £ is orientable.

Proof. We prove (a), the proof of (b) being similar. Using Theorem 7.9, put a metric on &.
For every U, in a trivializing cover for £ and every b € B, by Gram-Schmidt, orthonormal
bases for 7= 1(b) exit. Consider the family of trivializing maps, @,: 7 *(U,) — U, X V,
such that @up: 71 (b) — V maps orthonormal bases of the fibre to orthonormal bases of
V. Then, it is easy to check that the corresponding cocycle takes values in O(n) and if £ is
orientable, the determinants being positive, these values are actually in SO(n). O

Remark: If ¢ is a Euclidean rank n vector bundle, then by Proposition 7.10, we may assume
that £ is given by some cocycle, (gag), where go5(b) € O(n), for all b € U, N Uz. We saw in
Section 7.3 (f) that the dual bundle, £*, is given by the cocycle

(gap(®) )7, be U, NUs.

As ga5(b) is an orthogonal matrix, (gas(b)")™! = gas(b), and thus, any Euclidean bundle is
isomorphic to its dual. As we noted earlier, this is false for Hermitian bundles.

Let £ = (E,m, B,V) be a rank n vector bundle and assume ¢ is orientable. A family of
trivializing maps, ¢, : 7 (Uy) — U, x V, is oriented iff for all «, 8, the transition function,
gap(b) has positive determinant for all b € U, N Ug. Two oriented families of trivializing
maps, po: ™ H(Uy) = Uy X V and ¢g: 7 H(Ws) — W, x V, are equivalent iff for every
b e U, N W, the map pry o ¢, 0 wﬁ_l I {b} x V: V — V has positive determinant. It
is easily checked that this is an equivalence relation and that it partitions all the oriented
families of trivializations of £ into two equivalence classes. Either equivalence class is called
an orientation of .

If M is a manifold and £ = T'M, the tangent bundle of £, we know from Section 7.2 that
the transition functions of T'M are of the form

!/

9o (P) (1) = (pa © 05" ) ) (1),
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where each ¢, : U, — R" is a chart of M. Consequently, T'M is orientable iff the Jacobian of
(pq © 9051):0 (p) 18 positive, for every p € M. This is equivalent to the condition of Definition
3.27 for M to be orientable. Therefore, the tangent bundle, T'M, of a manifold, M, is

orientable iff M is orientable.

@ The notion of orientability of a vector bundle, £ = (E, 7, B, V), is not equivalent to the
orientability of its total space, FE. Indeed, if we look at the transition functions of the
total space of T'M given in Section 7.2, we see that T'M, as a manifold, is always orientable,
even if M is not orientable. Yet, as a bundle, T M is orientable iff M.

On the positive side, if £ = (F,m, B, V) is an orientable vector bundle and its base, B, is
an orientable manifold, then E is orientable too.

To see this, assume that B is a manifold of dimension m, £ is a rank n vector bundle
with fibre V', let ((Uy,%4a))a be an atlas for B, let p,: 7 1(U,) — U, x V be a collection of
trivializing maps for £ and pick any isomorphism, ¢: V' — R™. Then, we get maps,

(Yo X 1) 0 po: T H(Uy) — R™ x R™.

It is clear that these maps form an atlas for F. Check that the corresponding transition
maps for E are of the form

(@,9) = (Y50 U5 (%), gap(va ' (2))y).

Moreover, if B and & are orientable, check that these transition maps have positive Jacobian.

The fact that every bundle admits a metric allows us to define the notion of orthogonal
complement of a subbundle. We state the following theorem without proof. The reader is
invited to consult Milnor and Stasheff [110] for a proof (Chapter 3).

Proposition 7.11 Let & and n be two vector bundles with & a subbundle of 1. Then, there
exists a subbundle, £, of n, such that every fibre of £+ is the orthogonal complement of the
fibre of & in the fibre of n, over every b € B and

naEDE

In particular, if N is a submanifold of a Riemannian manifold, M, then the orthogonal
complement of TN in TM [ N is isomorphic to the normal bundle, (TM | N)/TN.

Remark: It can be shown (see Madsen and Tornehave [100], Chapter 15) that for every
real vector bundle, &, there is some integer, k, such that ¢ has a complement, 7, in €*, where

e* = B x R is the trivial rank k vector bundle, so that

EDn ="
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This fact can be used to prove an interesting property of the space of global sections, I'().
First, observe that I'(£) is not just a real vector space but also a C*°(B)-module (see Section
22.19). Indeed, for every smooth function, f: B — R, and every smooth section, s: B — F,
the map, fs: B — E, given by

(f5)(b) = f(b)s(b),  be B,

is a smooth section of . In general, I'(§) is not a free C*°(B)-module unless ¢ is trivial.
However, the above remark implies that

L) ® T(n) = T(e"),

where I'(¢¥) is a free C°°(B)-module of dimension dim(§) + dim(n). This proves that T'(£)
is a finitely generated C'°°(B)-module which is a summand of a free C*°(B)-module. Such
modules are projective modules, see Definition 22.9 in Section 22.19. Therefore, I'(§) is a
finitely generated projective C*°(B)-module. The following isomorphisms can be shown (see
Madsen and Tornehave [100], Chapter 16):

Proposition 7.12 The following isomorphisms hold for vector bundles:

L(#om(&,n)) Homgee () (I'(€), T'(1))

I

LEwn) = T'(E) c=m) ()
I'(&") = Homee(p)(T(E),C*(B)) = (T'(£))"
k k
PN = A @T©)
C>=(B)

7.5 Principal Fibre Bundles

We now consider principal bundles. Such bundles arise in terms of Lie groups acting on
manifolds.

Definition 7.13 Let G be a Lie group. A principal fibre bundle, for short, a principal
bundle, is a fibre bundle, £ = (E, 7, B, G, &), in which the fibre is G and the structure group
is also GG, viewed as its group of left translations (ie., G' acts on itself by multiplication on
the left). This means that every transition function, g,s: U, N Uz — G, satisfies

9ap(b)(h) = g(b)h,  for some g(b) € G,

for all b€ U, NUg and all h € G. A principal G-bundle is denoted { = (E, 7, B, G).

Note that G in gu5: U, N Ug — G is viewed as its group of left translations under the
isomorphism, g — L, and 50, g,s(b) is some left translation, L,(b). The inverse of the above
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isomorphism is given by L — L(1), so g(b) = gas(b)(1). In view of these isomorphisms, we
allow ourself the (convenient) abuse of notation

9ap(b)(h) = gap(b)h,
where, on the left, g,(b) is viewed as a left translation of G and on the right, as an element
of G.

When we want to emphasize that a principal bundle has structure group, G, we use the
locution principal G-bundle.

It turns out that if ¢ = (E, 7, B, ) is a principal bundle, then G acts on the total space,
E on the right. For the next proposition, recall that a right action, -: X x G — X, is free
iff for every g € G, if g # 1, then x - g # x for all z € X.

Proposition 7.13 If ¢ = (E, 7, B,G) is a principal bundle, then there is a right action of
G on E. This action takes each fibre to itself and is free. Moreover, E/G is diffeomorphic
to B.

Proof. We show how to define the right action and leave the rest as an exercise. Let
{(Ua, ¥a)} be some trivializing cover defining . For every z € E, pick some U, so that
7(z) € U, and let p,(2) = (b, h), where b = 7(z) and h € G. For any g € G, we set

29 =¢q (b hg).

If we can show that this action does not depend on the choice of U,, then it is clear that
it is a free action. Suppose that we also have b = 7(z) € Us and that ¢g(z) = (b,h'). By
definition of the transition functions, we have

h' = gsa(b)h and  pg(z - g) = (b, gsa(b)(hg)).
However,
95a(b)(hg) = (gpa(b)h)g = Wy,
hence
z-9=5 (b,hg),
which proves that our action does not depend on the choice of U,. O

Observe that the action of Proposition 7.13 is defined by

£-g = (10;1<b7 @a,b('z)g)a with b= 7T(Z)7

for all z € F and all g € G. 1t is clear that this action satisfies the following two properties:
For every (Ua, ¥a),

(1) m(z-g) =m(z) and
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(2) pal(z-9) =pa(2)-g, forall z€ E and all g € G,

where we define the right action of G on U, x G so that (b,h) - g = (b, hg). We say that ¢,
is G-equivariant (or equivariant).

The following proposition shows that it is possible to define a principal G-bundle using
a suitable right action and equivariant trivializations:

Proposition 7.14 Let E be a smooth manifold, G a Lie group and let -: E X G — E be a
smooth right action of G on E and assume that

(a) The right action of G on E is free;

(b) The orbit space, B = E/G, is a smooth manifold under the quotient topology and the
projection, 7: E — E/G, is smooth;

(¢) There is a family of local trivializations, {(Uy, ¢a)}, where {Uy,} is an open cover for
B = FE/G and each
Go: T (Us) = Uy x G

1s an equivariant diffeomorphism, which means that
Pa(z-9) = pal?) - g,

for all z € m=(U,) and all g € G, where the right action of G on U, x G is

Then, £ = (E, 7, E/G,G) is a principal G-bundle.

Proof. Since the action of G on FE is free, every orbit, b = z - GG, is isomorphic to G and
so, every fibre, 7=1(b), is isomorphic to G. Thus, given that we have trivializing maps, we
just have to prove that G acts by left translation on itself. Pick any (b, h) in Uz x G and let
z € m1(Ug) be the unique element such that pg(z) = (b, h). Then, as

pp(z-9) =s(z)-g, forallgeG,

we have
a5 (b,h) - g) = ps(z-9) = s(2) - g = (b, 1) - g,
which implies that
w5 (b, h) - g =@z ((b,h)-g).
Consequently,
Pa 0@ (b, h) = a0y ((b,1) - h) = @alps' (b,1) - h) = a0 05" (b1) - A,

and since

Qa0 05" (b,h) = (b, gap(b)(h)) and @40 @5 (b, 1) = (b, gap(b)(1))
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we get
9as(0)(h) = gas(b)(1)h.

The above shows that g,5(b): G — G is the left translation by g,(b)(1) and thus, the
transition functions, g.s(b), constitute the group of left translations of G' and ¢ is indeed a
principal G-bundle. O

Brocker and tom Dieck [25] (Chapter I, Section 4) and Duistermaat and Kolk [53] (Ap-
pendix A) define principal bundles using the conditions of Proposition 7.14. Propositions
7.13 and 7.14 show that this alternate definition is equivalent to ours (Definition 7.13).

It turns out that when we use the definition of a principal bundle in terms of the conditions
of Proposition 7.14, it is convenient to define bundle maps in terms of equivariant maps. As
we will see shortly, a map of principal bundles is a fibre bundle map.

Definition 7.14 If £ = (Ey,m, By, G) and & = (Ey, m, By, G) are two principal bundles
a bundle map (or bundle morphism), f: & — &, is a pair, f = (fg, fB), of smooth maps
fE: E, — E5 and fB: B; — B, such that

(a) The following diagram commutes:

E, £ E,

Bl? By

(b) The map, fg, is G-equivariant, that is,

fela-g) = fr(a)-g, for all @ € E; and all g € G.

A bundle map is an isomorphism if it has an inverse as in Definition 7.2. If the bundles
&1 and & are over the same base, B, then we also require fp = id.

At first glance, it is not obvious that a map of principal bundles satisfies condition (b) of
Definition 7.3. If we define f,: Uy, X G = Vg X G by

fa:gpfgoon(pglj

then locally, fg is expressed as

Je= 90/5_1 Oﬁx O Pa-
Furthermore, it is trivial that if a map is equivariant and invertible then its inverse is equiv-
ariant. Consequently, since B

Ja=¥s0 fuow.’,
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as o1, ¢ and fp are equivariant, f; is also equivariant and so, ﬁ is a map of (trivial)
principal bundles. Thus, it it enough to prove that for every map of principal bundles,

0: Uy x G = Vg xG,
there is some smooth map, p,: U, — G, so that

o(b,g) = (fB(b), pa(b)(9)), for all b € U, and all g € G.

Indeed, we have the following

Proposition 7.15 For every map of trivial principal bundles,
w: Uy x G = Vg xG,
there are smooth maps, fg: Uy, = Vg and ro: Uy, — G, so that
o(b,g) = (fe(b),ra(b)g), for allbe U, and all g € G.

In particular, ¢ is a diffeomorphism on fibres.

Proof. As ¢ is a map of principal bundles,
o(b,1) = (fB(b),ra(b)), for all b € U,

for some smooth maps, fp: U, — V3 and r,: U, — G. Now, using equivariance, we get

(p(b7 g) = @((ba 1)9) = So(gv 1) g = (fB(b)ara(b)) g = (fB(b),Ta(b)g>,
as claimed. O
Consequently, the map, p,: U, — G, given by

Pa(b)(g) = Ta(b)g forallbe U, and all g€ G

satisfies
w(b,g9) = (fa(b), pa(b)(9)), forallbe U, and all g € G

and a map of principal bundles is indeed a fibre bundle map (as in Definition 7.3). Since a
principal bundle map is a fibre bundle map, Proposition 7.3 also yields the useful fact:

Proposition 7.16 Any map, f: & — &, between two principal bundles over the same base,
B, is an isomorphism.



260 CHAPTER 7. BUNDLES, RIEMANNIAN METRICS, HOMOGENEOUS SPACES

Even though we are not aware of any practical applications in computer vision, robotics,
or medical imaging, we wish to digress briefly on the issue of the triviality of bundles and
the existence of sections.

A natural question is to ask whether a fibre bundle, &, is isomorphic to a trivial bundle.
If so, we say that ¢ is trivial. (By the way, the triviality of bundles comes up in physics, in
particular, field theory.) Generally, this is a very difficult question, but a first step can be
made by showing that it reduces to the question of triviality for principal bundles.

Indeed, if £ = (E, 7, B, F,G) is a fibre bundle with fibre, F', using Theorem 7.4, we
can construct a principal fibre bundle, P(), using the transition functions, {gas}, of £, but
using G itself as the fibre (acting on itself by left translation) instead of F'. We obtain the
principal bundle, P(§), associated to . For example, the principal bundle associated with
a vector bundle is the frame bundle, discussed at the end of Section 7.3. Then, given two
fibre bundles £ and &', we see that £ and &' are isomorphic iff P(§) and P({’) are isomorphic
(Steenrod [141], Part I, Section 8, Theorem 8.2). More is true: The fibre bundle ¢ is trivial
iff the principal fibre bundle P() is trivial (this is easy to prove, do it! Otherwise, see
Steenrod [141], Part I, Section 8, Corollary 8.4). Morever, there is a test for the triviality of
a principal bundle, the existence of a (global) section.

The following proposition, although easy to prove, is crucial:

Proposition 7.17 If £ is a principal bundle, then & is trivial iff it possesses some global
section.

Proof. 1f f: B x G — £ is an isomorphism of principal bundles over the same base, B, then
for every g € G, the map b — f(b, g) is a section of .

Conversely, let s: B — E be a section of £&. Then, observe that the map, f: B x G — &,
given by

f(b,g) = s(b)g
is a map of principal bundles. By Proposition 7.16, it is an isomorphism, so £ is trivial. O

Generally, in geometry, many objects of interest arise as global sections of some suitable
bundle (or sheaf): vector fields, differential forms, tensor fields, etc.

Given a principal bundle, £ = (E,m, B, G), and given a manifold, F, if G acts effectively
on F' from the left, again, using Theorem 7.4, we can construct a fibre bundle, {[F], from
¢, with F' as typical fibre and such that {[F] has the same transitions functions as . In
the case of a principal bundle, there is another slightly more direct construction that takes
us from principal bundles to fibre bundles (see Duistermaat and Kolk [53], Chapter 2, and
Davis and Kirk [39], Chapter 4, Definition 4.6, where it is called the Borel construction).
This construction is of independent interest so we describe it briefly (for an application of
this construction, see Duistermaat and Kolk [53], Chapter 2).
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As £ is a principal bundle, recall that G acts on E from the right, so we have a right
action of G on E X F', via

(z.f)-g=(z-9.9" )

Consequently, we obtain the orbit set, 2 x F'/ ~, denoted E X F', where ~ is the equivalence
relation

(va>N(Z/7f/) iff (E'gGG)(Z/:Z'g, f/:gil'f)

Note that the composed map,
ExF™ F- 5 B,

factors through F x4 F, since
w(pri(z, f) =7(2) =7(z-9) = 7(pri(z- 9,97" - f)).

Let p: E xg F — B be the corresponding map. The following proposition is not hard to
show:

Proposition 7.18 If¢ = (E,w, B,G) is a principal bundle and F is any manifold such that
G acts effectively on F' from the left, then, {|F)| = (E X¢ F,p, B, F,G) is a fibre bundle with
fibre F' and structure group G and E[F] and & have the same transition functions.

Let us verify that the charts of £ yield charts for {[F]. For any U, in an open cover for
B, we have a diffeomorphism

Oo: T HUy) = Uy x G,
Observe that we have an isomorphism
(Uy X G) xg F=U, X F,
where, as usual, G acts on U, x G via (z,h) - g = (2, hg), an isomorphism
P~ (Ua) = 71 (Ua) % F,
and that ¢, induces an isomorphism
N Uy) xg F 2% (U, x G) x¢ F.

So, we get the commutative diagram
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which yields a local trivialization for £[F]. It is easy to see that the transition functions of
E[F] are the same as the transition functions of &.

The fibre bundle, {[F], is called the fibre bundle induced by £. Now, if we start with a
fibre bundle, £, with fibre, F, and structure group, G, if we make the associated principal
bundle, P(§), and then the induced fibre bundle, P(§)[F], what is the relationship between
¢ and P(§)[F]?

The answer is: £ and P(§)[F] are equivalent (this is because the transition functions are
the same.)

Now, if we start with a principal G-bundle, £, make the fibre bundle, [F], as above, and
then the principal bundle, P(£[F]), we get a principal bundle equivalent to . Therefore, the
maps

= &[F] and £ P(E),

are mutual inverses and they set up a bijection between equivalence classes of principal G-
bundles over B and equivalence classes of fibre bundles over B (with structure group, G).
Moreover, this map extends to morphisms, so it is functorial (see Steenrod [141], Part I,
Section 2, Lemma 2.6-Lemma 2.10). As a consequence, in order to “classify” equivalence
classes of fibre bundles (assuming B and G fixed), it is enough to know how to classify
principal G-bundles over B. Given some reasonable conditions on the coverings of B, Milnor
solved this classification problem, but this is taking us way beyond the scope of these notes!

The classical reference on fibre bundles, vector bundles and principal bundles, is Steenrod
[141]. More recent references include Bott and Tu [19], Madsen and Tornehave [100], Morita
[114], Griffith and Harris [66], Wells [150], Hirzebruch [77], Milnor and Stasheff [110], Davis
and Kirk [39], Atiyah [10], Chern [33], Choquet-Bruhat, DeWitt-Morette and Dillard-Bleick
[37], Hirsh [76], Sato [133], Narasimham [117], Sharpe [139] and also Husemoller [82], which
covers more, including characteristic classes.

Proposition 7.14 shows that principal bundles are induced by suitable right actions but
we still need sufficient conditions to guarantee conditions (a), (b) and (c). Such conditions
are given in the next section.

7.6 Homogeneous Spaces, 11

Now that we know about manifolds and Lie groups, we can revisit the notion of homogeneous
space given in Definition 2.8, which only applied to groups and sets without any topology
or differentiable structure.

Definition 7.15 A homogeneous space is a smooth manifold, M, together with a smooth
transitive action, -: G x M — M, of a Lie group, G, on M.

In this section, we prove that G is the total space of a principal bundle with base space
M and structure group, GG, the stabilizer of any x € M.
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If M is a manifold, G is a Lie group and -: M x G — M is a smooth right action, in
general, M/G is not even Hausdorff. A sufficient condition can be given using the notion
of a proper map. If X and Y are two Hausdorff topological spaces,! a continuous map,
p: X = Y is proper iff for every topological space, Z, the map ¢ x id: X x Z =Y X Z is
a closed map (A map, f, is a closed map iff the image of any closed set by f is a closed set).
If we let Z be a one-point space, we see that a proper map is closed. It can be shown (see
Bourbaki, General Topology [23], Chapter 1, Section 10) that a continuous map, p: X — Y,
is proper iff ¢ is closed and if ¢~1(y) is compact for every y € Y. If ¢ is proper, it is easy
to show that ¢~1(K) is compact in X whenever K is compact in Y. Moreover, if Y is also
locally compact, then Y is compactly generated, which means that a subset, C, of Y is closed
iff K NC is closed in C for every compact subset K of Y (see Munkres [115]). In this case
(Y locally compact), ¢ is a closed map iff ¢~1(K) is compact in X whenever K is compact
in Y (see Bourbaki, General Topology [23], Chapter 1, Section 10).? In particular, this is
true if Y is a manifold since manifolds are locally compact. Then, we say that the action,
-+ M x G — M, is proper iff the map,

MxG—MxM, (z,9) (z,z-g),
is proper.

If G and M are Hausdorff and G is locally compact, then it can be shown (see Bourbaki,
General Topology [23], Chapter 3, Section 4) that the action -: M x G — M is proper iff
for all z,y € M, there exist some open sets, V, and V, in M, with x € V, and y € V}, so
that the closure, K, of the set K = {g € G | V,,- gNV, # ()} is compact in G. In particular,
if G has the discrete topology, this conditions holds iff the sets {g € G | V- gN'V, # 0}
are finite. Also, if G is compact, then K is automatically compact, so every compact group
acts properly. If the action, -: M x G — M, is proper, then the orbit equivalence relation is

closed since it is the image of M x G in M x M, and so, M /G is Hausdorff. We then have
the following theorem proved in Duistermaat and Kolk [53] (Chapter 1, Section 11):

Theorem 7.19 Let M be a smooth manifold, G be a Lie group and let -: M x G — M
be a right smooth action which is proper and free. Then, M /G is a principal G-bundle of
dimension dim M — dim G.

Theorem 7.19 has some interesting corollaries. Let G be a Lie group and let H be a
closed subgroup of GG. Then, there is a right action of H on G, namely
GxH— G, (g,h)— gh,

and this action is clearly free and proper. Because a closed subgroup of a Lie group is a Lie
group, we get the following result whose proof can be found in Brécker and tom Dieck [25]
(Chapter I, Section 4) or Duistermaat and Kolk [53] (Chapter 1, Section 11):

Tt is not necessary to assume that X and Y are Hausdorff but, if X and/or Y are not Hausdorff, we
have to replace “compact” by “quasi-compact.” We have no need for this extra generality.

2Duistermaat and Kolk [53] seem to have overlooked the fact that a condition on Y (such as local
compactness) is needed in their remark on lines 5-6, page 53, just before Lemma 1.11.3.
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Corollary 7.20 If G is a Lie group and H is a closed subgroup of G, then, the right action
of H on G defines a principal H-bundle, £ = (G,7,G/H, H), where m: G — G/H 1is the
canonical projection. Moreover, T is a submersion, which means that dm, is surjective for
all g € G (equivalently, the rank of dmy is constant and equal to im G/H, for all g € G).

Now, if -: G x M — M is a smooth transitive action of a Lie group, GG, on a manifold,
M, we know that the stabilizers, G, are all isomorphic and closed (see Section 2.5, Remark
after Theorem 2.26). Then, we can let H = G, and apply Corollary 7.20 to get the following
result (mostly proved in in Brécker and tom Dieck [25] (Chapter I, Section 4):

Proposition 7.21 Let -: G x M — M be smooth transitive action of a Lie group, G, on a
manifold, M. Then, G/G, and M are diffeomorphic and G is the total space of a principal
bundle, & = (G, 7, M,G,), where G, is the stabilizer of any element x € M.

Thus, we finally see that homogeneous spaces induce principal bundles. Going back to
some of the examples of Section 2.2, we see that
(1) SO(n + 1) is a principal SO(n)-bundle over the sphere S™ (for n > 0).
2) SU(n + 1) is a principal SU(n)-bundle over the sphere S?"™! (for n > 0).
b

(2)
(3) SL(2,R) is a principal SO(2)-bundle over the upper-half space, H.
(4)

4) GL(n,R) is a principal O(n)-bundle over the space SPD(n) of symmetric, positive
definite matrices.

(5) GL*(n,R), is a principal SO(n)-bundle over the space, SPD(n), of symmetric, posi-
tive definite matrices, with fibre SO(n).

(6) SO(n + 1) is a principal O(n)-bundle over the real projective space RP" (for n > 0).

(7) SU(n + 1) is a principal U(n)-bundle over the complex projective space CP" (for
n >0).

(8) O(n) is a principal O(k) x O(n — k)-bundle over the Grassmannian, G(k,n).
(9) SO(n) is a principal S(O(k) x O(n — k))-bundle over the Grassmannian, G(k,n).

(10) From Section 2.5, we see that the Lorentz group, SOg(n,1), is a principal SO(n)-
bundle over the space, H; (1), consisting of one sheet of the hyperbolic paraboloid
H,.(1).

Thus, we see that both SO(n+1) and SOy(n, 1) are principal SO(n)-bundles, the differ-
ence being that the base space for SO(n + 1) is the sphere, S™, which is compact, whereas
the base space for SOg(n, 1) is the (connected) surface, H.7 (1), which is not compact. Many
more examples can be given, for instance, see Arvanitoyeogos [8].



Chapter 8

Differential Forms

8.1 Differential Forms on Subsets of R" and de Rham
Cohomology

The theory of differential forms is one of the main tools in geometry and topology. This
theory has a surprisingly large range of applications and it also provides a relatively easy
access to more advanced theories such as cohomology. For all these reasons, it is really an
indispensable theory and anyone with more than a passible interest in geometry should be
familiar with it.

The theory of differential forms was initiated by Poincaré and further elaborated by Elie
Cartan at the end of the nineteenth century. Differential forms have two main roles:

(1) Describe various systems of partial differential equations on manifolds.

(2) To define various geometric invariants reflecting the global structure of manifolds or
bundles. Such invariants are obtained by integrating certain differential forms.

As we will see shortly, as soon as one tries to define integration on higher-dimensional
objects, such as manifolds, one realizes that it is not functions that are integrated but instead,
differential forms. Furthermore, as by magic, the algebra of differential forms handles changes
of variables automatically and yields a neat form of “Stokes formula”.

Our goal is to define differential forms on manifolds but we begin with differential forms
on open subsets of R™ in order to build up intuition.

Differential forms are smooth functions on open subset, U, of R", taking as values al-
ternating tensors in some exterior power, A”(R™)*. Recall from Sections 22.14 and 22.15,
in particular, Proposition 22.24, that for every finite-dimensional vector space, E, the iso-
morphisms, p: A"(E*) — Alt"(F;R), induced by the linear extensions of the maps given
by

oy A Ao ) (g, - uy) = det(u](u;))

265
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yield a canonical isomorphism of algebras, u: A(E*) — Alt(E), where

Alt(E) = 5 Alt"(E;R)

n>0

and where Alt"(E;R) is the vector space of alternating multilinear maps on R”. In view
of these isomorphisms, we will identify w and u(w) for any w € A"(E*) and we will write
w(uq, ..., u,) as an abbrevation for pu(w)(uq, ..., u,).

Because Alt(R") is an algebra under the wedge product, differential forms also have a
wedge product. However, the power of differential forms stems from the exterior differential,
d, which is a skew-symmetric version of the usual differentiation operator.

Definition 8.1 Given any open subset, U, of R", a smooth differential p-form on U, for
short, p-form on U, is any smooth function, w: U — AP(R™)*. The vector space of all
p-forms on U is denoted AP(U). The vector space, A*(U) = P, AP(U), is the set of

differential forms on U.

Observe that A°(U) = C*(U,R), the vector space of smooth functions on U and
AYU) = C>=(U, (R™)*), the set of smooth functions from U to the set of linear forms on R".
Also, A?(U) = (0) for p > n.

Remark: The space, A*(U), is also denoted A*(U). Other authors use QP(U) instead of
AP(U) but we prefer to reserve QP for holomorphic forms.
Recall from Section 22.12 that if (ey,...,e,) is any basis of R and (e7, ..., e}) is its dual

e n
basis, then the alternating tensors,

* * - *
ep=¢;, N Neg,

form basis of A"(R™)*, where I = {i1,...,i,} € {1,...,n}, with iy < --- < 4,. Thus, with
respect to the basis (eq,...,e,), every p-form, w, can be uniquely written

w(z) = Zfl(x) e N Nep = Z fr(z)e; rel,
I I

where each f; is a smooth function on U. For example, if U = R? — {0}, then

—Y * T *
w(z,y) = mﬁ 1’2—+y262
is a 2-form on U, (with e; = (1,0) and e; = (0, 1)).

We often write w, instead of w(z). Now, not only is A*(U) a vector space, it is also an
algebra.
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Definition 8.2 The wedge product on A*(U) is defined as follows: For all p,q > 0, the
wedge product, A: A?(U) x AY(U) — APTI(U), is given by

(wAn)(x) =w(x) An(z), xeU.

For example, if w and n are one-forms, then
(W A2 (u,v) = wa(u) Ae(v) = wa(v) A 1a(u).

For f € A°%(U) = C*(U,R) and w € AP(U), we have f Aw = fw. Thus, the algebra,
A*(U), is also a C°°(U, R)-module,

Proposition 22.22 immediately yields

Proposition 8.1 For all forms w € A?(U) and n € AY(U), we have

nAw=(=1)"wAn.

We now come to the crucial operation of exterior differentiation. First, recall that if
f: U — V is a smooth function from U C R" to a (finite-dimensional) normed vector space,
V', the derivative, f': U — Hom(R", V), of f (also denoted, Df) is a function where f’'(z)
is a linear map, f'(x) € Hom(R™, V'), for every x € U, and such that

— Ofi :
FEe) =Y e, 1<i<n
i 9T
where (ey,...,e,) is the canonical basis of R" and (u1,...,u,) is a basis of V. The m x n
matrix,

O fi
(3$j)’

is the Jacobian matriz of f. We also write f.(u) for f'(x)(u). Observe that since a p-form
is a smooth map, w: U — AP(R™)*, its derivative is a map,

p

WU — Hom(R”,/\(R")*),

such that ! is a linear map from R" to A”(R"™)*, for every x € U. By the isomorphism,
AP (R™)* =2 AItP(R™; R), we can view w, as a linear map, w,: R™ — Alt?(R";R), or equiva-
lently, as a multilinear form, w’: (R")?*! — R, which is alternating in its last p arguments.
The exterior derivative, (dw),, is obtained by making w/ into an alternating map in all of
its p + 1 arguments.
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Definition 8.3 For every p > 0, the exterior differential, d: AP(U) — APTY(U), is given by

p+1
(deo)z(ur, . tpar) = > (=1 wh(wg) (ur, iy ),
i=1
for all w € AP(U) and all uy, ..., u,+1 € R", where the hat over the argument u; means that

it should be omitted.

One should check that (dw), is indeed alternating but this is easy. If necessary to avoid
confusion, we write d?: A?(U) — AP*(U) instead of d: AP(U) — APTH(U).

Remark: Definition 8.3 is the definition adopted by Cartan [29, 30]' and Madsen and
Tornehave [100]. Some authors use a different approach often using Propositions 8.2 and 8.3
as a starting point but we find the approach using Definition 8.3 more direct. Furthermore,
this approach extends immediately to the case of vector valued forms.

For any smooth function, f € A°(U) = C=(U,R), we get

dfe(u) = fr(u).

Therefore, for smooth functions, the exterior differential, df, coincides with the usual deriva-
tive, ' (we identify A'(R")* and (R™)*). For any 1-form, w € A'(U), we have

duwy (u,v) = W (u)(v) — W (v0)(w).
It follows that the map
(u,v) = Wi (u)(v)
is symmetric iff dw = 0.
For a concrete example of exterior differentiation, if

-y * T

w(z,y) = m‘% mezv

check that dw = 0.

The following observation is quite trivial but it will simplify notation: On R", we have
the projection function, pr;: R"™ — R, with pr;(uy,...,u,) = u;. Note that pr; = ef, where
(é1,...,€,) is the canonical basis of R™. Let x;: U — R be the restriction of pr; to U. Then,
note that x} is the constant map given by

zi(x) = pry, zeU.

'We warn the reader that a few typos have crept up in the English translation, Cartan [30], of the orginal
version Cartan [29].
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It follows that dx; = «/ is the constant function with value pr; = e}. Now, since every p-form,
w, can be uniquely expressed as

Wy = fo(x) e N Nep = Z fr(z)eg, reU,
I I
using Definition 8.2, we see immediately that w can be uniquely written in the form

w:ZfI(x) drg, A - Ndw;,, (%)
1

where the f; are smooth functions on U.
Observe that for f € A°(U) = C*°(U,R), we have

df, = i af‘ (x)e; and df = i g—xf dx;.
i=1 "

i=1

Proposition 8.2 For every p form, w € AP(U), with w = fdz;, A --- Ndw;,, we have
dw = df Ndx;, N\ --- Ndx,.
Proof . Recall that w, = fej, A--- A€} = fe], so

wy(u) = fr(u)e] = dfa(u)e]
and by Definition 8.3, we get

p+1

dwg(ur, .. upn) = Y (=1 dfa(w)es(un, o G upir) = (dfa Aef) (s ),

i=1
where the last equation is an instance of the equation stated just before Proposition 22.24.
[l

We can now prove
Proposition 8.3 For allw € AP(U) and all n € AY(U),
dlwAn)=dwAn+ (—=1)’w A dn.
Proof. In view of the unique representation, (x), it is enough to prove the proposition when
w = fej and 1 = ge’. In this case, as w A = fgej A e, by Proposition 8.2, we have
dwnn) = d(fg)Ae;nes
= ((df)g + f(dg)) Ne Nej
= (df)ge; Nej+ fldg) Nej Aej
= (df)er Agey+ (=1)"f Nep Aldg) Nej
= dwAn+(—1)PwAdn,
as claimed. O

We say that d is an anti-derivation of degree —1. Finally, here is the crucial and almost
magical property of d:
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Proposition 8.4 For every p > 0, the composition AP(U) —Ls AP+YL(U) —L APF2(U) is
wdentically zero, that 1s,

dod=0,

or, using superscripts, dP™ o dP = 0.

Proof. It is enough to prove the proposition when w = fej. We have

dw, = df, Ne] = —&Ul(a:)el Nep+ -+ 8xn<x>€"/\€]'
Asej Nef = —ej Nej and ef Aej =0, we get
- an * * *
(dodw = 2 oo, (z)e; Nej Aep
*f % f
Z (8:618:15] (IE) (99538351 (ﬂf)) € eJ €r )

i<j
since partial derivatives commute (as f is smooth).

Propositions 8.2, 8.3 and 8.4 can be summarized by saying that A*(U) together with the
product, A, and the differential, d, is a differential graded algebra. As A*(U)) = @54 A?(U)
and d”: AP(U) — AP (U), we can view d = (dP) as a linear map, d: A*(U) — A*(U), such
that

dod=0.

The diagram
AU) L ANU) — - — AHU) S A(U) S APT(U) — -

is called the de Rham complex of U. It is a cochain complezx.

Let us consider one more example. Assume n = 3 and consider any function, f € A%(U).
We have

and the vector
of of of
ox’ 0Oy 0z
is the gradient of f. Next, let
w = Pdx + Qdy + Rdz

be a 1-form on some open, U C R3. An easy calculation yields

_(OR 0Q oP OR 0Q 0P
dw—(ay 8Z>dy/\dz—|—(az ax)dZAdx+(8x 8y)d:v/\dy.
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The vector field given by
Ok _0Q 0P OR  0Q 0P
oy 0z 90z Ox’ 0Ox Oy
is the curl of the vector field given by (P, @, R). Now, if
n = Ady AN dz + Bdz A\ dv + Cdx N\ dy

is a 2-form on R3, we get

0A 0B oC
dn=—=—+—+ — | de ANdy N dz.
1 (8$+8y+82) TAdyhaz

The real number,
0A 0B 0C

o oy o
is called the divergence of the vector field (A, B, C'). When is there a smooth field, (P, @, R),

whose curl is given by a prescribed smooth field, (A, B, C')? Equivalently, when is there a
1-form, w = Pdx 4+ Qdy + Rdz, such that

dw =n= Ady Ndz + Bdz N\ dx + Cdx N dy?

By Proposition 8.4, it is necessary that dn = 0, that is, that (A, B, C) has zero divergence.
However, this condition is not sufficient in general; it depends on the topology of U. If U is
star-like, Poincaré’s Lemma (to be considered shortly) says that this condition is sufficient.

Definition 8.4 A differential form, w, is closed iff dw = 0, exact iff w = dn, for some
differential form, n. For every p > 0, let

ZP(U) ={w € A’(U) | dw = 0} = Kerd: A*(U) — APTH(U),
be the vector space of closed p-forms, also called p-cocycles and for every p > 1, let
BP(U) ={we A(U) | I e A/ HU), w=dn} =Imd: A~H(U) — A*(U),

be the vector space of exact p-forms, also called p-coboundaries. Set B°(U) = (0). Forms in
AP(U) are also called p-cochains. As BP(U) C ZP(U) (by Proposition 8.4), for every p > 0,
we define the p'" de Rham cohomology group of U as the quotient space

Hpg(U) = 2°(U)/B"(U).

An element of HY i (U) is called a cohomology class and is denoted [w], where w € ZP(U) is a
cocycle. The real vector space, Hp (U) = D, HY R (U), is called the de Rham cohomology
algebra of U.
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We often drop the subscript pr and write H?(U) for H{ i (U) (resp. H*(U) for Hr(U))
when no confusion arises. Proposition 8.4 shows that every exact form is closed but the
converse is false in general. Measuring the extent to which closed forms are not exact is the
object of de Rham cohomology. For example, if we consider the form

LA AU )

on U = R?— {0}, we have dw = 0. Yet, it is not hard to show (using integration, see Madsen
and Tornehave [100], Chapter 1) that there is no smooth function, f, on U such that df = w.
Thus, w is a closed form which is not exact. This is because U is punctured.

Observe that H*(U) = Z°(U) = {f € C*(U,R) | df = 0}, that is, H°(U) is the space of
locally constant functions on U, equivalently, the space of functions that are constant on the
connected components of U. Thus, the cardinality of H°(U) gives the number of connected
components of U. For a large class of open sets (for example, open sets that can be covered
by finitely many convex sets), the cohomology groups, H?(U), are finite dimensional.

Going back to Definition 8.4, we define the vector spaces Z*(U) and B*(U) by

7'U) =P z*(U) and B*(U) =D B(U).

p>0 p=>0

Now, A*(U) is a graded algebra with multiplication, A. Observe that Z*(U) is a subalgebra
of A*(U), since
dwAn)=dwAn+(—1)PwAdn,

so dw = 0 and dn = 0 implies d(w A ) = 0. Furthermore, B*(U) is an ideal in Z*(U),
because if w = dn and d7 = 0, then

dnt) =dn AT+ (-1 'pAdr =w AT,

with n € AP~Y(U). Therefore, Hyy = Z*(U)/B*(U) inherits a graded algebra structure from
A*(U). Explicitly, the multiplication in Hpy is given by

[w] [n] = [w An].

It turns out that Propositions 8.3 and 8.4 together with the fact that d coincides with
the derivative on A°(U) characterize the differential, d.

Theorem 8.5 There is a unique linear map, d: A*(U) — A*(U), with d = (dP) and
dP: AP(U) — APTH(U) for every p > 0, such that

(1) df = f', for every f € A(U) = C>(U,R).
(2) dod=0.
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(3) For every w € AP(U) and every n € AY(U),

dwAn)=dwAn+ (=1)’w A dn.

Proof. Existence has already been shown so we only have to prove uniqueness. Let d be
another linear map satisfying (1)-(3). By (1), df = df = f', if f € A°(U). In particular,
this hold when f = x;, with z;: U — R the restriction of pr; to U. In this case, we know
that dz; = e}, the constant function, e} = pr;. By (2), de; = 0. Using (3), we get dej = 0,
for every nonempty subset I C {1,...,n}. If w = fe}, by (3), we get

Sw=0fAes+ fASe: =0f Aes =df Ael = duw.

Finally, since every differential form is a linear combination of special forms, fe}, we conclude

that d =d. O

We now consider the action of smooth maps, ¢: U — U’, on differential forms in A*(U’).
We will see that ¢ induces a map from A*(U’) to A*(U) called a pull-back map. This
correspond to a change of variables.

Recall Proposition 22.21 which states that if f: £ — F is any linear map between two
finite-dimensional vector spaces, F and F', then

M((/p\fT>(w)>(U1,...,up) = pu(W)(f(u), ..., f(uy)), w E /p\F*, Up, ..., up € E.

We apply this proposition with £ =R", F =R™ and f = ¢, (x € U), and get

(AT @) W 15) = i) () o), w € AV, s € R

This gives us the behavior of A’(¢%)" under the identification of A?(R)* and Alt"(R™; R) via
the isomorphism p. Consequently, denoting AP(”) " by ¢*, we make the following definition:

Definition 8.5 Let U C R™ and V' C R™ be two open subsets. For every smooth map,
p: U =V, for every p > 0, we define the map, ¢*: A?(V) — AP(U), by

P (W)a(ur, . up) = W) (05 (W), - -, @ (up)),
for all w € AP(V), all x € U and all uy,...,u, € R". We say that ¢*(w) (for short, p*w) is
the pull-back of w by .

As ¢ is smooth, ¢*w is a smooth p-form on U. The maps ¢*: AP(V) — AP(U) induce a
map also denoted ¢*: A*(V) — A*(U). Using the chain rule, we check immediately that

id* = id,
(Yop) = ¢ oy
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As an example, consider the constant form, w = ef. We claim that ¢*e; = dyp;, where
w; = prio . Indeed,

(prei)a(u) = € (¢ (u))

For another example, assume U and V are open subsets of R", w = fdxi A--- Adx,, and
write © = (y), with & coordinates on V' and y coordinates on U. Then

() = () det (20 ) dyy Ao Ay = S )Ty A iy

where

o)y = det (G240

is the Jacobian of p at y € U.

Proposition 8.6 Let U C R™ and V C R™ be two open sets and let p: U — V' be a smooth
map. Then

(1) o*(wAnN) =g w A, for allw e AP(V) and alln € AI(V).
(ii) o*(f) = fo, forall f € A°(V).

(111) dp*(w) = ¢*(dw), for all w € AP(V), that is, the following diagram commutes for all
p=>0:

A(V) —E s Ar(U)

q| Jo

APFY(V) —Ze AP,

Proof. We leave the proof of (i) and (ii) as an exercise (or see Madsen and Tornehave [100],
Chapter 3). First, we prove (iii) in the case w € A%(V). Using (i) and (ii) and the calculation
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just before Proposition 8.6, we have

@ (df) = isO* (ﬁ) A ¢"(ex)

axk

k=1
- S () (B )
B m n ﬁo % ,
= 23 (noe) (5

"~ [~ [ Of Dy .
- Z(Z(a—xk )—> g

=1 k=1

—~I(fop) ,
- Z 8931 €

= d(f o) =d(¥"(f))-
For the case where w = fej, we know that dw = df A ej. We claim that
de*(e7) = 0.
This is because

dp*(er) = d(@™(ei) N~ Ng'(e,))

ip

= D DG ) A Ad( () A AR(e) =

p

since p* (e, ) = dip;, and d o d = 0. Consequently,
d(e"(f) N*(er)) = d(e™f) A @™ (7).

Then, we have

275

¢ (dw) = @™ (df) A *(e) = d(@™f) A" (er) = d(@™(f) A p™(er)) = d(p*(fer)) = d(¢w).

Since every differential form is a linear combination of special forms, fej, we are done. [J

The fact that d and pull-back commutes is an important fact: It allows us to show that a
map, ¢: U — V, induces a map, H*(p): H*(V) — H*(U), on cohomology and it is crucial

in generalizing the exterior differential to manifolds.

To a smooth map, ¢: U — V| we associate the map, H?(y): H?(V) — HP(U), given by

H?(p)([w]) = [¢"(w)].

This map is well defined because if we pick any representative, w + dn in the cohomology

class, [w], specified by the closed form, w, then

de*w = p*dw =0
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S0 p*w is closed and

P (w A+ dn) = oo+ " (dn) = P+ de™n,
so HP(p)([w]) is well defined. Tt is also clear that

H (@) ([w][n]) = H (@) (W) H()([n]),

which means that H*(¢) is a homomorphism of graded algebras. We often denote H*(yp)
again by @*.

We conclude this section by stating without proof an important result known as the
Poincaré Lemma. Recall that a subset, S C R"™ is star-shaped iff there is some point, ¢ € S,
such that for every point, x € S, the closed line segment, [c, z], joining ¢ and x is entirely
contained in S.

Theorem 8.7 (Poincaré’s Lemma) If U C R™ is any star-shaped open set, then we have
H?(U) = (0) for p > 0 and H°(U) = R. Thus, for every p > 1, every closed form w € AP(U)

is exact.

Proof. Pick c so that U is star-shaped w.r.t. ¢ and let g: U — U be the constant function
with value ¢. Then, we see that

‘o — 0 if we A(U), with p > 1,
TU=Vw(e) ifwe AV),

where w(c) denotes the constant function with value w(c). The trick is to find a family of
linear maps, h?: AP(U) — AP~1(U), for p > 1, with h° = 0, such that

doh? + Wl od=1id — ¢*, p>0

called a chain homotopy. Indeed, if w € AP(U) is closed and p > 1, we get dhP’w = w, so w is
exact and if p = 0, we get hldw = 0 = w — w(c), so w is constant. It remains to find the AP,
which is not obvious. A construction of these maps can be found in Madsen and Tornehave
[100] (Chapter 3), Warner [147] (Chapter 4), Cartan [30] (Section 2) Morita [114] (Chapter
3). 0

In Section 8.2, we promote differential forms to manifolds. As preparation, note that
every open subset, U C R"”, is a manifold and that for every € U the tangent space, T,U,
to U at x is canonically isomorphic to R™. It follows that the tangent bundle, TU, and the
cotangent bundle, T*U, are trivial, namely, TU = U x R" and T*U = U x (R")*, so the
bundle,

P P
NTU=Ux AR,
is also trivial. Consequently, we can view AP(U) as the set of smooth sections of the vector

bundle, A” T*(U). The generalization to manifolds is then to define the space of differential
p-forms on a manifold, M, as the space of smooth sections of the bundle, A" T*M.



8.2. DIFFERENTIAL FORMS ON MANIFOLDS 277

8.2 Differential Forms on Manifolds

Let M be any smooth manifold of dimension n. We define the vector bundle, A T*M, as

the direct sum bundle,
n p
AT v =B AT
p=0

see Section 7.3 for details.

Definition 8.6 Let M be any smooth manifold of dimension n. The set, AP(M), of smooth
differential p-forms on M is the set of smooth sections, I'(M, A" T* M), of the bundle A” T*M
and the set, A*(M), of all smooth differential forms on M is the set of smooth sections,
C(M, \NT*M), of the bundle A\ T*M.

Observe that A°(M) = C>°(M,R), the set of smooth functions on M, since the bundle
/\0 T*M is isomorphic to M x R and smooth sections of M x R are just graphs of smooth
functions on M. We also write C*(M) for C*(M,R). If w € A*(M), we often write w, for
w(z).

Definition 8.6 is quite abstract and it is important to get a more down-to-earth feeling by
taking a local view of differential forms, namely, with respect to a chart. So, let (U, ) be a

local chart on M, with ¢: U — R"™, and let x; = pr; o ¢, the ith local coordinate (1 < i < n)
(see Section 3.2). Recall that by Proposition 3.4, for any p € U, the vectors

o 0
or, )\ o, ),

form a basis of the tangent space, T, M. Furthermore, by Proposition 3.9 and the discussion
following Proposition 3.8, the linear forms, (dx1),, ..., (dz,), form a basis of Ty M, (where
(dx;)p, the differential of z; at p, is identified with the linear form such that df,(v) = v(f),
for every smooth function f on U and every v € T,M). Consequently, locally on U, every
k-form, w € A¥(M), can be written uniquely as

w:fodxil/\~--/\da:ik:Zfldwl, peU,
I I

where I = {iy,...,ix} C {1,...,n}, with 4y < ... < i, and dz; = dx; A -+ Adz,.
Furthermore, each f; is a smooth function on U.

Remark: We define the set of smooth (r,s)-tensor fields as the set, I'(M,T"™*(M)), of
smooth sections of the tensor bundle 7"*(M) = T*" M ® (T*M)®*. Then, locally in a chart
(U, @), every tensor field w € I'(M,T™*(M)) can be written uniquely as

iy 0 0
w= fjll 7777777777 o <%@.1>®.”®(&Ei)®dxj1®”'®dxjs'
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The operations on the algebra, A\ T*M, yield operations on differential forms using point-
wise definitions. If w,n € A*(M) and A € R, then for every z € M,

(WHn)e = W +n
M)z = Awy
(w A 77)90 = Wy Ay

Actually, it is necessary to check that the resulting forms are smooth but this is easily done
using charts. When, f € A%(M), we write fw instead of f A w. It follows that A*(M) is a
graded real algebra and a C'*°(M)-module.

Proposition 8.1 generalizes immediately to manifolds.
Proposition 8.8 For all forms w € A"(M) and n € A*(M), we have
nAw=(=1)MwAn.
For any smooth map, ¢: M — N, between two manifolds, M and N, we have the

differential map, dp: TM — TN, also a smooth map and, for every p € M, the map
dpy: T,M — T ;)N is linear. As in Section 8.1, Proposition 22.21 gives us the formula

k
p((A\@0) ) @) ) (s - ) = (i) (dipy(n). (), w € AS(N),

for all uy, ..., ux € T,M. This gives us the behavior of /\k(dgap)T under the identification of

A" Ty M and Alt*(T,M;R) via the isomorphism j. Here is the extension of Definition 8.5
to differential forms on a manifold.

Definition 8.7 For any smooth map, ¢: M — N, between two smooth manifolds, M and
N, for every k > 0, we define the map, ¢*: A*(N) — A*(M), by
O (W)p(ur, ... uk) = Wep) (dp(ur), . . ., dep(ur)),

for all w € A¥(N), all p € M, and all wy, ..., u, € T,M. We say that ¢*(w) (for short, ¢*w)
is the pull-back of w by .

The maps ¢*: A¥(N) — A¥(M) induce a map also denoted ¢*: A*(N) — A*(M). Using
the chain rule, we check immediately that

id* = id,
(Yop) = ¢ oy

We need to check that ¢*w is smooth and for this, it is enough to check it locally on a
chart, (U, ). On U, we know that w € A*(M) can be written uniquely as

w=Y_ fidz, A+ Adxy,,  peU,
I
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with f; smooth and it is easy to see (using the definition) that
prw=> (frop)d(xi op) A+ Nd(x;, o),
I

which is smooth.

Remark: The fact that the pull-back of differential forms makes sense for arbitrary smooth
maps, ¢: M — N, and not just diffeomorphisms is a major technical superiority of forms
over vector fields.

The next step is to define d on A*(M). There are several ways to proceed but since
we already considered the special case where M is an open subset of R", we proceed using
charts.

Given a smooth manifold, M, of dimension n, let (U, ) be any chart on M. For any
w € AF(M) and any p € U, define (dw), as follows: If k = 0, that is, w € C(M), let

(dw), = dw,, the differential of w at p

and if £ > 1, let
(dw)p =" (d((W_l)*W)cp(p))pa

where d is the exterior differential on A*(o(U)). More explicitly, (dw), is given by
(dw)p(ut, .. s upr1) = d((97") W) o) (dipp(ur), - . ., dpp(ugi1)),

for every p € U and all uy,...,upp1 € T,M. Observe that the above formula is still valid
when k = 0 if we interpret the symbold d in d((¢™")*w) ) = d(wop ™)y as the differential.

Since p~!: p(U) — U is map whose domain is an open subset, W = o(U), of R, the
form (¢71)*w is a differential form in A*(W), so d((¢p~!)*w) is well-defined. We need to
check that this definition does not depend on the chart, (U, ¢). For any other chart, (V,1),
with U NV # 0, the map 6 = 1 o o~ ! is a diffeomorphism between the two open subsets,
eUNV)and p(UNV), and ¢ =0 o p. Let x = ¢(p). We need to check that

d((0™") w)a(dgp(ur), - .., dp(ursr)) = A7) w)a(dp(ua), .. ., diby(unin)),

for every p €c UNV and all uy,...,ux1 € T,M. However,

A((¥™) w)a(dip(ur), - ., dibp(wri1)) = d((¢™" 0071) w)a(d(0 0 @)p(wr), - ., d(0 0 ) (urs1)),

and since

and, by Proposition 8.6 (iii),

d(((071)" o (™) )w) = d((07)"((¢™)'w)) = (07)"(d((¢™")"w)),
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and then

(O™ (d((0™") ' w))oiw) (d(0 0 P)p(ur), ..., (6 0 )p(trs1))
= d((¢™") @) (A0 o) (d(0 0 @)p(ur)), - - (A0 o) (d(B © ©)p(ur1)))-

As (d07 1)) (d(0 0 p)p(ur)) = d(0 o (0 0 ¢))p(u;) = dpp(u;), by the chain rule, we obtain

A7) w)a(dp(u), ., dibp(urin)) = d(( 7))o (dpp(un), - ., dipp(ur1)),

as desired.

Observe that (dw), is smooth on U and as our definition of (dw), does not depend on
the choice of a chart, the forms (dw) | U agree on overlaps and yield a differential form, dw,
defined on the whole of M. Thus, we can make the following definition:

Definition 8.8 If M is any smooth manifold, there is a linear map, d: A*(M) — A*1(M),
for every k > 0, such that, for every w € A¥(M), for every chart, (U, ), for every p € U, if
k =0, that is, w € C*°(M), then

(dw), = dw,, the differential of w at p,

else if £ > 1, then
(dw)p =" (d((CP_l)*W)cp(p))

where d is the exterior differential on A*(p(U)) from Definition 8.3. We obtain a linar map,
d: A*(M) — A*(M), called exterior differentiation.

p7

Propositions 8.3, 8.4 and 8.6 generalize to manifolds.

Proposition 8.9 Let M and N be smooth manifolds and let p: M — N be a smooth map.
(1) For allw € A" (M) and all n € A*(M),

dlwAn)=dwAn+(=1)"wAdn.

(2) For every k > 0, the composition A*(M) N ARFL(M) N ARF2(M) is identically
zero, that is,

dod=0.

(3) ¢*(wAN) =*wAen, for allw € A"(N) and all n € A*(N).
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(4) ¢*(f) = f o, for all f € A°(N).

(5) do*(w) = ¢*(dw), for all w € A¥(N), that is, the following diagram commutes for all
k>0:

AF(N) —F s A (M)
dl ld
Ak—l—l(N) L A’H'I(M).

Proof. 1t is enough to prove these properties in a chart, (U, ), which is easy. We only check
(2). We have

(ddw)), = d(e"(dle)w)),
= o[y (@ (™)) )|

ey W),

p

I
SRS

as (p7) 0" = (popT!) =id" =1
O

(o}

and dod = 0 on forms in A*(p(U)), with p(U) C R".

As a consequence, Definition 8.4 of the de Rham cohomology generalizes to manifolds.
For every manifold, M, we have the de Rham complex,

AO(M) —Ls AN (M) — -+ — AN =S AR (M) - A (M) — - -

and we can define the cohomology groups, HER (M), and the graded cohomology algebra,
HYr(M). For every k > 0, let

ZFM) = {w e A¥(M) | dw = 0} = Kerd: A*(M) — A*(M),
be the vector space of closed k-forms and for every k > 1, let
B¥(M) = {we A¥(M) | 3n € AH M), w=dn} =Imd: AY(M) — A*(M),

be the vector space of exact k-forms and set BY(M) = (0). Then, for every k > 0, we define
the k" de Rham cohomology group of M as the quotient space

Hpy (M) = Z*(M)/B*(M).

The real vector space, Hg (M) = @,5q Hir(M), is called the de Rham cohomology algebra
of M. We often drop the subscript, pr, when no confusion arises. Every smooth map,
©: M — N, between two manifolds induces an algebra map, ¢*: H*(N) — H*(M).

Another important property of the exterior differential is that it is a local operator, which
means that the value of dw at p only depends of the values of w near p. More precisely, we
have
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Proposition 8.10 Let M be a smooth manifold. For every open subset, U C M, for any
two differential forms, w,n € A*(M), ifw | U =mn U, then (dw) | U = (dn) | U.

Proof. By linearity, it is enough to show that if w [ U = 0, then (dw) [ U = 0. The crucial
ingredient is the existence of “bump functions”. By Proposition 3.24 applied to the constant
function with value 1, for every p € U, there some open subset, V' C U, containing p and a
smooth function, f: M — R, such that supp f C U and f =1 on V. Consequently, fw is a
smooth differential form which is identically zero and by Proposition 8.9 (1),

d(fw)=df Nw+ fdw,
which, evaluated ap p, yields
0=0Aw,+ ldw,,
that is, dw, = 0, as claimed. [J

As in the case of differential forms on R", the operator d is uniquely determined by the
properties of Theorem 8.5.

Theorem 8.11 Let M be a smooth manifold. There is a unique local linear map,
d: A*(M) — A*(M), with d = (d*) and d*: A*(M) — AY(M) for every k > 0, such that

(1) (df), = df,, where df, is the differential of f at p € M, for every
fe A (M)=C>(M).

(2) dod = 0.

(3) For every w € A"(M) and every n € A*(M),

dwAn)=dwAn+(=1)"wAdn.

Proof. Existence has already been established. It is enough to prove uniqueness locally. If
(U, p) is any chart and z; = pr; o ¢ are the corresponding local coordinate maps, we know
that every k-form, w € A¥(M), can be written uniquely as

w = f[dl’l /\/\dl’z eU.
D Judz, .op
1

Consequently, the proof of Theorem 8.5 will go through if we can show that ddx;, | U = 0,
since then,
d(f]dﬂ?il VANRIERIVA dl’lk) = df[ N dl‘il VANEIVAY dﬂflk

The problem is that dx;; is only defined on U. However, using Proposition 3.24 again,
for every p € U, there some open subset, V C U, containing p and a smooth function,
Jf: M — R, such that supp f C U and f =1 on V. Then, fx; is a smooth form defined on
M such that fz;, [V =z [V, so by Proposition 8.10 (applied twice),

0=dd(fw;,) |V = ddz;, |V,
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which concludes the proof. O

Remark: A closer look at the proof of Theorem 8.11 shows that it is enough to assume
ddw = 0 on forms w € A°(M) = C>*(M).

Smooth differential forms can also be defined in terms of alternating C'*°(M )-multilinear
maps on smooth vector fields. Let w € AP(M) be any smooth k-form on M. Then, w induces
an alternating multilinear map

wi X(M) % - x X(M) — C=(M)

[ /
~~
k

as follows: For any k smooth vector fields, Xi,..., X} € X(M),

w(X1, .., Xe)(p) = wp(X1(p), - -, Xik(p)).

This map is obviously alternating and R-linear, but it is also C°°(M)-linear, since for every

fel>(M),

W(Xh'"?in X]f)(p) = wp(*Xl(p)a"'»f(p)Xi(p)v >Xk(p))
= f@)wp(Xa(p), -, Xi(p), -+, Xk(p))
= (fw)p(Xa(p), .-, Xi(p), ..., Xi(p))-

(Recall, that the set of smooth vector fields, X(M), is a real vector space and a C*°(M)-
module.)

Interestingly, every alternating C°° (M )-multilinear maps on smooth vector fields deter-
mines a differential form. This is because w(Xj, ..., X;)(p) only depends on the values of
Xl,---an at D.

Proposition 8.12 Let M be a smooth manifold. For every k > 0, there is an isomor-

phism between the space of k-forms, A*(M), and the space, Alt’éoo(M) (X(M)), of alternating
C®(M)-multilinear maps on smooth vector fields. That is,

AF(M) 22 Altf py (X(M)),
viewed as C*°(M)-modules.

Proof. Let ®: X(M) x --- x X(M) — C°°(M) be an alternating C'*°(M )-multilinear map.

7/

g

k
First, we prove that for any vector fields Xi,..., Xy and Yi,..., Y}, for every p € M, if
Xi(p) = Yi(p), then
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Observe that
O(Xy,..., Xp) —P(Yy,..., ) = (X -V, X, .., Xp) +O(V), Xy — Yo, X, .0, X5)
- +q)(}/17}/2aX3_}/23a7Xk)+
= +O(Y1,.. Yo, X1 — Vi1, Xi)
= Fo (Y, Y, X — Vi),
As a consequence, it is enough to prove that if X;(p) = 0, for some 7, then

O(Xy,...,Xk)(p) =0.

Without loss of generality, assume i« = 1. In any local chart, (U, ¢), near p, we can write

“ 0
X1 :Z;fia_ﬂfi’

and as X;(p) = 0, we have f;(p) =0, for i = 1,...,n. Since the expression on the right-hand
side is only defined on U, we extend it using Proposition 3.24, once again. There is some
open subset, V' C U, containing p and a smooth function, h: M — R, such that supph C U
and h =1 on V. Then, we let h; = hf;, a smooth function on M, Y; = ha%i, a smooth vector

field on M, and we have h; [V = f; [V and Y; | V = 8%1 | V. Now, it it obvious that

X1 =Y hYi+(1-h")Xy,

=1

so, as @ is C°(M)-multilinear, h;(p) = 0 and h(p) = 1, we get

q)(X17X27 s 7Xk)(p) = @(Z hl}/; + (1 - hz)X17X27 s 7Xk’>(p>
=1

n

= > hP)P(Yi, Xa, ., Xi)(p) + (1 = B (0))®(X1, Xa, .., Xi) (p) = 0,

i=1
as claimed.

Next, we show that ® induces a smooth differential form. For every p € M, for any
ui,...,ur € T,M, we can pick smooth functions, f;, equal to 1 near p and 0 outside some
open near p so that we get smooth vector fields, X, ..., X, with Xy(p) = u. We set

wp(ul, c ,Uk) — (I)(Xl, N ,Xk)(p)

As we proved that ®(X,..., X;)(p) only depends on Xi(p) = uy,..., Xg(p) = ug, the
function w, is well defined and it is easy to check that it is smooth. Therefore, the map,
® — w, just defined is indeed an isomorphism. ]

Remarks:
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(1) The space, Homeeo(pr)(X(M), C*°(M)), of all C*° (M )-linear maps, X(M) — C*(M),
is also a C°°(M)-module called the dual of X(M) and sometimes denoted X*(M).
Proposition 8.12 shows that as C°°(M)-modules,

AN(M) = Homeee (1) (X (M), C®(M)) = X*(M).

(2) A result analogous to Proposition 8.12 holds for tensor fields. Indeed, there is an
isomorphism between the set of tensor fields, I'(M, T"*(M)), and the set of C*°(M)-
multilinear maps,

O ANM) x - x A(M) x X(M) X -+ x X(M) — C*(M),

[
-~ -~

T S

where A'(M) and X(M) are C°°(M)-modules.

Recall from Section 3.3 (Definition 3.15) that for any function, f € C*(M), and every
vector field, X € X(M), the Lie derivative, X[f] (or X (f)) of f w.r.t. X is defined so that

X[f]p = dfp(X(p))-

Also recall the notion of the Lie bracket, [X,Y], of two vector fields (see Definition 3.16).
The interpretation of differential forms as C°°(M)-multilinear forms given by Proposition
8.12 yields the following formula for (dw)(X7,..., Xk11), where the X; are vector fields:

Proposition 8.13 Let M be a smooth manifold. For every k-form, w € A¥(M), we have

k+1

(dw)(Xb B 7Xk‘+1) = Z(_l)z_lXZ[w(Xla s 75(\1'7 s an-i-l)]
=1

+ Z<—1)i+jw<[Xi7Xj],X1, ce ,Xi7 .o ,Xj, .o ,Xk+1)],

1<j

for all vector fields, Xi,..., Xpi1 € X(M):

Proof sketch. First, one checks that the right-hand side of the formula in Proposition 8.13
is alternating and C'°°(M )-multilinear. For this, use Proposition 3.13 (c¢). Consequently, by
Proposition 8.12, this expression defines a (k + 1)-form. Second, it is enough to check that
both sides of the equation agree on charts, (U, ). Then, we know that dw can be written
uniquely as

w:ZfId:Eil/\---/\da:ik peU.
I

Also, as differential forms are C°°(M)-multilinear, it is enough to consider vector fields of
the form X; = a%. However, for such vector fields, [X;, X;] = 0, and then it is a simple
Ji

matter to check that the equation holds. For more details, see Morita [114] (Chapter 2). O
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In particular, when £ = 1, Proposition 8.13 yields the often used formula:
dw(X,Y) = X[w(Y)] = Yw(X)] —w([X,Y]).
There are other ways of proving the formula of Proposition 8.13, for instance, using Lie
derivatives.

Before considering the Lie derivative of differential forms, L xw, we define interior multi-
plication by a vector field, i(X)(w). We will see shortly that there is a relationship between
Lx, 1(X) and d, known as Cartan’s Formula.

Definition 8.9 Let M be a smooth manifold. For every vector field, X € X(M), for all
k > 1, there is a linear map, i(X): A*(M) — A*1(M), defined so that, for all w € A*(M),
for all p € M, for all uy, ..., up_y € T,M,

(U X)w)p(ur, ..y up—1) = wp(Xp, u, . .., ug—1).

Obviously, #(X) is C°(M)-linear in X and it is easy to check that i(X)w is indeed a
smooth (k — 1)-form. When k = 0, we set i(X)w = 0. Observe that i(X)w is also given by

(((X)w)y = i(Xp)wp, — pe M,

where (X)) is the interior product (or insertion operator) defined in Section 22.17 (with
i(X,)w, equal to our right hook, w, L X,). As a consequence, by Proposition 22.28, the
operator i(X) is an anti-derivation of degree —1, that is, we have

i(X)(wAn) = @(X)w) An+ (=1)"wA (i(X)n),

for all w € A"(M) and all n € A%(M).

Remark: Other authors, including Marsden, use a left hook instead of a right hook and
denote i(X)w as X Jw.

8.3 Lie Derivatives

We just saw in Section 8.2 that for any function, f € C*(M), and every vector field,
X € X(M), the Lie derivative, X[f] (or X(f)) of f w.r.t. X is defined so that

X{ﬂp = dfp(Xp)-

Recall from Definition 3.24 and the observation immediately following it that for any mani-
fold, M, given any two vector fields, X,Y € X(M), the Lie derivative of X with respect to
Y is given by
oY) —Y, d
(LxY), = lim (i )p r

t—0 t - E ((I):Y) p ’

t=0
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where ®, is the local one-parameter group associated with X (& is the global flow associated
with X, see Definition 3.23, Theorem 3.21 and the remarks following it) and ®; is the
pull-back of the diffeomorphism ®; (see Definition 3.17). Furthermore, recall that

LxY =[X,Y].

We claim that we also have

(@7 f)(p) — f(p)

d -y
= %((th)(p) )

=0
with @} f = f o ®; (as usual for functions).

Recall from Section 3.5 that if ® is the flow of X, then for every p € M, the map,
t — ®4(p), is an integral curve of X through p, that is

Di(p) = X(Pi(p)),  Polp) =p,

in some open set containing p. In particular, éo(p) = X,. Then, we have

p @NE) = FB) o F(@(D) — F( @)
t—s0 t t—s0 t

d
= E(foq)t(p)) .

= dfp((i)0<p)) = dfp(Xp) = Xp[f]-

We would like to define the Lie derivative of differential forms (and tensor fields). This
can be done algebraically or in terms of flows, the two approaches are equivalent but it seems
more natural to give a definition using flows.

Definition 8.10 Let M be a smooth manifold. For every vector field, X € X (M), for every
k-form, w € A¥(M), the Lie derivative of w with respect to X, denoted Lxw is given by

: (@:w)p —W  d
(Lxw)p = th_r}n() Tt at ((I)tw)p t=0

where ®w is the pull-back of w along ®, (see Definition 8.7).

Obviously, Lx: A*(M) — A*(M) is a linear map but it has many other interesting
properties. We can also define the Lie derivative on tensor fields as a map,
Lx:T(M,T™*(M)) — I'(M, T™%(M)), by requiring that for any tensor field,

@:X1®...®Xr®wl®...®ws’
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where X; € X(M) and w; € A' (M),
Bra = DX @ @ DX, @D @ ® Do,

where ®;.X; is the pull-back of the vector field, X;, and ®jw; is the pull-back of one-form,
wj, and then setting

dF —
(Lxa), = lim w = i (q;:a)

t—50 t Cdt P

t=0

So, as long we can define the “right” notion of pull-back, the formula giving the Lie derivative
of a function, a vector field, a differential form and more generally, a tensor field, is the same.

The Lie derivative of tensors is used in most areas of mechanics, for example in elasticity
(the rate of strain tensor) and in fluid dynamics.

We now state, mostly without proofs, a number of properties of Lie derivatives. Most
of these proofs are fairly straightforward computations, often tedious, and can be found in
most texts, including Warner [147], Morita [114] and Gallot, Hullin and Lafontaine [60].

Proposition 8.14 Let M be a smooth manifold. For every vector field, X € X(M), the
following properties hold:

(1) For allw € A"(M) and all n € A*(M),
Lx(wAn)=(Lxw)An+wA (Lxn),
that is, Lx s a derivation.

(2) For allw € A*(M), for all Yy, ..., Y, € X(M),

k
LX(“(}/la s 7Yk)) = (LXW)(}/la s 7Yk) + ZW(H, s a}/ithX}/;ﬁ}/;er s 73/16)

i=1
(8) The Lie derivative commutes with d:

LXOd:dOLx.

Proof. We only prove (2). First, we claim that if ¢: M — M is a diffeomorphism, then for
every w € A¥(M), for all Xi,..., X € X(M),

(P"w) (X1, -, Xi) = " (w((07) " Xa, .o, (971)"Xi)), (%)

where (¢71)* X is the pull-back of the vector field, X; (also equal to the push-forward, o, X;,
of X;, see Definition 3.17). Recall that

((9071)*}/)10 = dgpso‘l(p) (Yw_l(p))>
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for any vector field, Y. Then, for every p € M, we have

289

(P w(X1,... . Xp))(p) = wep)(dep(X ( ) dpp(Xi(p)))
= We(p)(dpy1(p() (X ( (sO(p )+ A1) (X (97 (0(p))))
= Wy (¢~ ) Xl)cp(p () Xk) »))

(W™ X1, (971) k) 0 0)(p)
= W) Xr - (07) X)) (p),

since for any function, g € C*°(M), we have p*g = g o .

We know that

and for any vector field, Y,

[X,Y], = (LxY), = lim

t—0 t

Since the one-parameter group associated with —X is ®_; (this follows from ®_, o &,
we have

d*Y) -Y,
lim —( - )p -
t—0 t

_[Xa Y]p
Now, using ®; ' = ®_; and (*), we have

(Lxw) (V... Vi) = Tim i) —w(¥, 1)

t—0 t
oy @Y 8 Y) —w(Y YY)
t—0 n
o BH(@TY1 @0 Y) — (Vi YE)
t—0 t
+ lim CI)I(MO/I’ T ’Yk>> — w<Yi7 <o ;Yk>
t—0 t .

we have

— id),
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As to A, we have

O (w(D*,Yh,..., 0%, Y3)) — B (w(Yi,..., V)

A = lim

t—s0 t
. L (w(®@ Y, ., 00 Y) —w(Y, ..., YY)

= lim @,
t—0 t
. * w(q)it}/h ) q)ttyk) _ w<}/17 q)it}/Qa s 7q)ttyk>

= lim P,
t—s0 t

. * w(}/la ®itY'27 ey (I)ttYk) - OJ(}/laYév qyit}/}n <. 7(I)>k—tYk)
+ lim @;
—0 t
Yi,.... Y 1,95, Y) —w(Yy,.... Y,
i 1 lim cp: (w( 15 y L k—1, % ¢ k) w( 15 ) k))
t—0 t

= > w,..., XY, V).

i=1
When we add up A and B, we get
k
A+B = XwM,... YD)l =) wl,...,[X,Y],... . V)
i=1

= (Lxw)(Y1,...,Ys),

which finishes the proof.

Part (2) of Proposition 8.14 shows that the Lie derivative of a differential form can be
defined in terms of the Lie derivatives of functions and vector fields:

k
(Lxw)(Y1,....Ye) = Lyx(w(i,....Y2) = > w(Vi,...,Yie, LxY;, Yier, ... V)
i=1
k
= Xw®,.. .Yl =D wi,... Y, [X, Y], Vi, ..., VR).
i=1

The following proposition is known as Cartan’s Formula:

Proposition 8.15 (Cartan’s Formula) Let M be a smooth manifold. For every vector field,
X € X(M), for every w € A¥(M), we have

Lxw = i(X)dw + d(i(X)w),

that is, Lx = 1(X)od+doi(X).
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Proof. If k = 0, then Lxf = X|[f] = df(X) for a function, f, and on the other hand,

1(X)f =0 and i(X)df = df(X), so the equation holds. If £ > 1, then we have
(X) q :

(i(X)dw)(Xy,. .., Xp) = dw(X, X1,..., X5)

k
= X[w(X1,. . Xl + D (D) Xifw(X, X0, Xy, X))
=1
k —_~
+ Y (WX, X)X, X X
j=1
+ ) (D)X XL X X X X
1<J
On the other hand,
k —~
(di(X)w)(X1, ... Xp) = > (D)7 Xw(X, X1, X5, X))
i=1

+ 3 (D)Mw(X, X X)L X XL X

1<j

Adding up these two equations, we get

(i(X)dw + di(X))w (X1, ..., Xi) = X[w(X1, ..., X})]

k
+Z(_1)zw([X7Xl]7X177X277Xk)
=1
k
= X[w(Xy,.. =) WX, XX X)) = (Lxw) (X
=1

as claimed. O

Gy

7Xk)7

The following proposition states more useful identities, some of which can be proved

using Cartan’s formula:

Proposition 8.16 Let M be a smooth manifold. For all vector fields, X, Y € X(M

w e A*(M), we have
(1) Lxi(Y) —i(Y)Lx = i([X,Y)).
(2) LxLyw — Ly Lxw = Lixyw.
(3) Lxi(X)w =i(X)Lxw.
(4) Lixw = fLxw +df Ni(X)w, for all f € C°(M).

), for all
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(5) For any diffeomorphism, o: M — N, for all Z € X(N) and all § € A*(N),

©*LzB = Ly-z0"B.

Finally, here is a proposition about the Lie derivative of tensor fields. Obviously, tensor
product and contraction of tensor fields are defined pointwise on fibres, that is

(O“X’B)p = o,®05

(cija)p = cijay,

for all p € M, where ¢; ; is the contraction operator of Definition 22.5.

Proposition 8.17 Let M be a smooth manifold. For every vector field, X € X(M), the
Lie derivative, Lx: T'(M,T**(M)) — T'(M,T**(M)), is the unique local linear operator
satisfying the following properties:

(1) Lx [ = X[f] = df (X), for all f € C=(M).
(2) LxY =[X,Y], for allY € X(M).

(3) Lx(a® ) = (Lxa) ® B+ a® (LxB), for all tensor fields, « € T'(M,T™**(M)) and
g e (M, T™>*2(M)), that is, Lx is a derivation.

(4) For all tensor fields « € T'(M,T"*(M)), with r,s > 0, for every contraction operator,

Cij,

Lx(cij(a)) = cij(Lxa).

The proof of Proposition 8.17 can be found in Gallot, Hullin and Lafontaine [60] (Chapter
1). The following proposition is also useful:

Proposition 8.18 For every (0,q)-tensor, S € T'(M, (T*)®1(M)), we have
q
(LxS) (X1, Xg) = X[S(X1, .., X)) = ) S(Xy, . [X, X, X),
i=1
for all Xy,...,X,, X € X(M).

There are situations in differential geometry where it is convenient to deal with differential
forms taking values in a vector space. This happens when we consider connections and the
curvature form on vector bundles and principal bundles and when we study Lie groups,
where differential forms valued in a Lie algebra occur naturally.
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8.4 Vector-Valued Differential Forms

Let us go back for a moment to differential forms defined on some open subset of R". In
Section 8.1, a differential form is defined as a smooth map, w: U — AP(R")*, and since we
have a canonical isomorphism,

p
w: \RY) = AIP(R™ R),

such differential forms are real-valued. Now, let F' be any normed vector space, possibly
infinite dimensional. Then, Alt?(R™; F') is also a normed vector space and by Proposition
22.33, we have a canonical isomorphism

7% (;\(R")*) ® F — AItP(R™; F).

Then, it is natural to define differential forms with values in F' as smooth maps,
w: U — AltP(R™; F'). Actually, we can even replace R" with any normed vector space, even
infinite dimensional, as in Cartan [30], but we do not need such generality for our purposes.

Definition 8.11 Let F' by any normed vector space. Given any open subset, U, of R", a
smooth differential p-form on U with values in F, for short, p-form on U, is any smooth
function, w: U — Alt?(R"; F). The vector space of all p-forms on U is denoted AP(U; F').
The vector space, A*(U; F) = @,5¢ A?(U; F), is the set of differential forms on U with
values i F.

Observe that A%(U; F) = C>(U, F), the vector space of smooth functions on U with
values in F' and AY(U; F') = C*(U,Hom(R", F)), the set of smooth functions from U to the
set of linear maps from R™ to F. Also, AP(U; F') = (0) for p > n.

Of course, we would like to have a “good” notion of exterior differential and we would like
as many properties of “ordinary” differential forms as possible to remain valid. As will see in
our somewhat sketchy presentation, these goals can be achieved except for some properties
of the exterior product.

Using the isomorphism
p
1 (/\(R”)*) ® F — AltP(R™; F)

and Proposition 22.34, we obtain a convenient expression for differential forms in A*(U; F).

If (e1,...,6,) is any basis of R™ and (e},...,e’) is its dual basis, then every differential

e n

p-form, w € AP(U; F'), can be written uniquely as

w(m)zzefl/\---/\efp@)fl(x):Z(ﬁ@f](x) xeU,

1 1
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where each f;: U — F'is a smooth function on U. By Proposition 22.35, the above property
can be restated as the fact every differential p-form, w € AP(U; F'), can be written uniquely
as

w(x):Zefl/\---/\efp~f1(J:), xeU.
I

where each fr: U — F is a smooth function on U.

As in Section 22.15 (following H. Cartan [30]) in order to define a multiplication on
differential forms we use a bilinear form, ®: F' x G — H. Then, we can define a multipli-
cation, Ag, directly on alternating multilinear maps as follows: For f € Alt"(R"; F)) and

g € Alt"(R™; @),

(f No g)(ury .. Uppyn) = Z sgn(0) P(f(Uo1), - - - Us(m))s I (Uo(m+1)s - - - s Uo(mn)))s

oeshuffle(m,n)

where shuffle(m, n) consists of all (m, n)-“shuffles”, that is, permutations, o, of {1,...m+n},
such that o(1) < --- <o(m) and o(m+1) < --- < a(m +n).

Then, we obtain a multiplication,
No: AP(U; F) x AYU;G) — APY(U; H),
defined so that, for any differential forms, w € A?(U; F) and n € AY(U; G),
(W Ao N)z = Wa Ao T zeU.

In general, not much can be said about Ag unless ® has some additional properties. In
particular, Ag is generally not associative. In particular, there is no analog of Proposition 8.1.
For simplicity of notation, we write A for Ag. Using ®, we can also define a multiplication,

AU F) x AU, G) — AP(U; H),
given by
(W- alur, ... up) = Plwe(us, ..., up), f(x)),

for all z € U and all uy,...,u, € R". This multiplication will be used in the case where
F =R and G = H, to obtain a normal form for differential forms.

Generalizing d is no problem. Observe that since a differential p-form is a smooth map,
w: U — AItP(R™; F), its derivative is a map,

w': U — Hom(R", AltP(R"; F)),

such that w/, is a linear map from R™ to Alt?(R"™; F'), for every z € U. We can view w!, as
a multilinear map, w’: (R")P*! — F which is alternating in its last p arguments. As in
Section 8.1, the exterior derivative, (dw),, is obtained by making w/ into an alternating map
in all of its p 4+ 1 arguments.
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Definition 8.12 For every p > 0, the exterior differential, d: A?(U; F) — APYY(U; F), is
given by

Pt
(dw)z(ur, ... upp1) = Z(—l)z_lw;(ui)(ul, e Wy ey Uppn),s
i=1
for all w € AP(U; F) and all uy,...,u,+1 € R”, where the hat over the argument u; means

that it should be omitted.

For any smooth function, f € A%(U; F) = C*(U, F), we get

dfe(u) = fr(u).

Therefore, for smooth functions, the exterior differential, df, coincides with the usual deriva-
tive, f’. The important observation following Definition 8.3 also applies here. If z;: U — R
is the restriction of pr; to U, then x} is the constant map given by

zi(x) = pry, zeU.

It follows that dx; = 2 is the constant function with value pr; = ef. As a consequence, every
p-form, w, can be uniquely written as

Wy = Z dry, N Ndr;, @ fr(x)
I

where each f;: U — F is a smooth function on U. Using the multiplication, -, induced by
the scalar multiplication in F' (®(A, f) = Af, with A € R and f € F), we see that every
p-form, w, can be uniquely written as

w:Zdasil/\---/\da:ip-f[.
I

As for real-valued functions, for any f € A%(U; F) = C>(U, F), we have

o) =3I

— Jx;
=1

(2)(u) &,

and so,
df = dr; - ——.

In general, Proposition 8.3 fails unless F' is finite-dimensional (see below). However for
any arbitrary F, a weak form of Proposition 8.3 can be salvaged. Again, let ®: F x G — H
be a bilinear form, let -: A?(U; F') x A°(U; G) — AP(U; H) be as defined before Definition
8.12 and let Ag be the wedge product associated with ®. The following fact is proved in
Cartan [30] (Section 2.4):



296 CHAPTER 8. DIFFERENTIAL FORMS

Proposition 8.19 For allw € AP(U; F) and all f € A°(U;G), we have

dw- f) = (dw) - f +w Ne df.

Fortunately, d o d still vanishes but this requires a completely different proof since we
can’t rely on Proposition 8.2 (see Cartan [30], Section 2.5). Similarly, Proposition 8.2 holds
but a different proof is needed.

Proposition 8.20 The composition AP(U; F) -5 APFH(U; F) % APY2(U; F) is identi-
cally zero for every p > 0, that is,
dod=0,

or using superscripts, dP*t o dP = 0.

To generalize Proposition 8.2, we use Proposition 8.19 with the product, -, and the wedge
product, Ag, induced by the bilinear form, &, given by scalar multiplication in F, that, is
O\, f)y=Af,forall A e Rand all f € F.

Proposition 8.21 For every p form, w € AP(U; F), with w = dx;; A--- Ndx;, - f, we have
dw = d[L‘il AN /\dxip YA df,

where A is the usual wedge product on real-valued forms and Ap is the wedge product asso-
ctated with scalar multiplication in F'.

More explicitly, for every € U, for all uy,...,up11 € R", we have

p+1

(o) (ua, - tpgr) = D (=1) (dwsy Ao Aday))o (v, T g )df o ().

i=1
If we use the fact that
df =S da; - <L

(2

we see easily that

dw = de” /\/\d.fl?zp/\dl'] : a—xj,
7j=1
the direct generalization of the real-valued case, except that the “coefficients” are functions
with values in F'.

The pull-back of forms in A*(V, F') is defined as before. Luckily, Proposition 8.6 holds
(see Cartan [30], Section 2.8).
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Proposition 8.22 Let U CR"™ and V' C R™ be two open sets and let o: U — V' be a smooth
map. Then

(i) p*(wAnN) =¢*wAe™n, for allw e AP(V; F) and all n € AUV F).
(ii) o*(f) = fop, fordl f € A%(V; F).

(117) dp*(w) = *(dw), for all w € AP(V; F), that is, the following diagram commutes for
all p > 0:

AP(V, F)—5— AP(U; F)
d d

APV F) 2 A (U F).

Let us now consider the special case where F' has finite dimension m. Pick any basis,
(f1,--- fm), of F. Then, as every differential p-form, w € AP(U; F'), can be written uniquely
as

W(x)zzefl/\---/\efp-f[(x), r el
T

where each f;: U — F' is a smooth function on U, by expressing the f; over the basis,

(fi,---, fm), we see that w can be written uniquely as
m
W= Z wi - fi,
i=1
where wy, ..., w,, are smooth real-valued differential forms in AP(U;R) and we view f; as

the constant map with value f; from U to F. Then, as
Wo(w) = (@h)a(w) fi,
i=1
for all u € R™, we see that

i=1

Actually, because dw is defined independently of bases, the f; do not need to be linearly
independent; any choice of vectors and forms such that

k
w=> w-fi
=1

will do.
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Given a bilinear map, ®: F'xG — H, asimple calculation shows that for allw € AP(U; F)
and all n € AP(U; G), we have

w/\<1>77—zzwz/\77] fl?g.])

=1 j=1

withw =" w;- f; and n = Z;nzll n;-g;, where (fi1,..., fm) is a basis of F' and (g1, ..., gm)
is a basis of G. From this and Proposition 8.3, it follows that Proposition 8.3 holds for
finite-dimensional spaces.

Proposition 8.23 If F,G, H are finite dimensional and ®: F x G — H is a bilinear map,
then For allw € AP(U; F) and alln € AYU;G),

dw Ao n) =dw Ao n+ (—1)Pw Ag dn.

On the negative side, in general, Proposition 8.1 still fails.

A special case of interest is the case where F' = G = H = g is a Lie algebra and
®(a,b) = [a,b], is the Lie bracket of g. In this case, using a basis, (f1,..., f,), of g if we
write w =, i f; and = 3, B; f;, we have

nl = Zai A Bilfis fil,

where, for simplicity of notation, we dropped the subscript, ®, on [w, ] and the multiplication
sign, -. Let us figure out what [w,w] is for a one-form, w € A(U, g). By definition,

W] = sz ij[fi?fj]a
i,J
SO

w,wl(u,0) = D (@i Awy)(u, o) fi, f]

= Z(wi(u)wj(v) - wi(v>wj(u))[fi7fj]
= Zwi(u)wj i fi] — sz v)w; (W[ fi, fj]
= [sz(u)fz - ij ) fi] = Zwi v)fi — ij(“)fj]

w(u), w()] = [w(v), w(u)]
= 2fw(u),w(v)].
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Therefore,

[w, wl(u, v) = 2[w(u),w(v)].
Note that in general, [w,w] # 0, because w is vector valued. Of course, for real-valued forms,
[w,w] = 0. Using the Jacobi identity of the Lie algebra, we easily find that

[[w, w],w] = 0.

The generalization of vector-valued differential forms to manifolds is no problem, except
that some results involving the wedge product fail for the same reason that they fail in the
case of forms on open subsets of R™.

Given a smooth manifold, M, of dimension n and a vector space, F, the set, A*(M; F),
of differential k-forms on M with values in F' is the set of maps, p — w,, with

€ (/\k T;M) ® F = Alt*(T,M; F), which vary smoothly in p € M. This means that the
map
p = wp(Xi(p), . .-, Xi(p))

is smooth for all vector fields, X1,..., X} € X(M). Using the operations on vector bundles
described in Section 7.3, we can define A*(M; F) as the set of smooth sections of the vector

bundle, (/\k T*M) ® e, that is, as

AR(M; F) = <(/\T M) @ ep),

where ep is the trivial vector bundle, ez = M x F. In view of Proposition 7.12 and since
[(ep) = C®(M; F) and A*(M) = F(/\k T*M), we have

worE) = (A o)

k
o~ P(/\ T*M) ®co(r D(er)
= ANM) @coear) O (M F)

k

N (C(TM))* @coeary C(M; F)
Co° (M)

> Altge ) (X(M); C*(M; F)).
with all of the spaces viewed as C'°°(M )-modules. Therefore,
AN(M; F) & AX(M) @ (ar) O (M F) 22 Altéoe () (X(M); C%(M; F)),

which reduces to Proposition 8.12 when F' = R. The reader may want to carry out the
verification that the theory generalizes to manifolds on her/his own. In Section 11.1, we

will consider a generalization of the above situation where the trivial vector bundle, ep, is
replaced by any vector bundle, £ = (E, 7, B, V), and where M = B.

In the next section, we consider some properties of differential forms on Lie groups.

12
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8.5 Differential Forms on Lie Groups and
Maurer-Cartan Forms

Given a Lie group, G, we saw in Section 5.2 that the set of left-invariant vector fields on G
is isomorphic to the Lie algebra, g = T1G, of G (where 1 denotes the identity element of G).
Recall that a vector field, X, on G is left-invariant iff

d(La)s(Xp) = Xr,b = Xab,
for all a,b € G. In particular, for b = 1, we get
X, =d(Ly)1(Xy).

which shows that X is completely determined by its value at 1. The map, X — X (1), is an
isomorphism between left-invariant vector fields on G and g.

The above suggests looking at left-invariant differential forms on G. We will see that the
set of left-invariant one-forms on G is isomorphic to g*, the dual of g, as a vector space.

Definition 8.13 Given a Lie group, G, a differential form, w € A*(G), is left-invariant iff
Liw=uw, for all a € G,
where Lw is the pull-back of w by L, (left multiplication by a). The left-invariant one-forms,

w € AYQG), are also called Maurer-Cartan forms.

For a one-form, w € AY(G), left-invariance means that
(Law)g(u) = wr,g(d(La)gu) = weg(d(La)gu) = wy(u),
for all a,¢g € G and all u € T,G. For a = g~ !, we get
wg(u) = wi(d(Ly-1)gu) = w (d(Lgl)gu)a
which shows that w, is completely determined by its value at g = 1.

We claim that the map, w — wy, is an isomorphism between the set of left-invariant
one-forms on GG and g*.

First, for any linear form, o € g*, the one-form, o, given by

ag(u) = a(d(Ly")su)

g g

is left-invariant, because

(Lho)g(u) = oy,
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Second, we saw that for every one-form, w € A'(G),

wy(u) = wi(d(L,")gu),

g

so w; € g* is the unique element such that w = wl, which shows that the map a — o’ is an
isomorphism whose inverse is the map, w — wy.

Now, since every left-invariant vector field is of the form X = u”, for some unique, v € g,
where u® is the vector field given by u*(a) = d(L,)iu, and since

Wag(d(La)gu) = we(u),
for g =1, we get wy(d(Ly)1u) = wi(u), that is
w(X)y = wi(u), acG,

which shows that w(X) is a constant function on G. It follows that for every vector field, Y,

(not necessarily left-invariant),
Y[w(X)] = 0.

Recall that as a special case of Proposition 8.13, we have
dw(X,Y) = X[w(Y)] = YV[w(X)] = w([X, Y]).

Consequently, for all left-invariant vector fields, X, Y, on G, for every left-invariant one-form,
w, we have

dw(X,Y) = —w([X,Y]).

If we identify the set of left-invariant vector fields on GG with g and the set of left-invariant
one-forms on G with g*, we have

dw(X,Y) = —w([X,Y])), weg, XY €g.
We summarize these facts in the following proposition:

Proposition 8.24 Let G be any Lie group.

(1) The set of left-invariant one-forms on G is isomorphic to g*, the dual of the Lie algebra,
g, of G, via the isomorphism, w +— wy.

(2) For every left-invariant one form, w, and every left-invariant vector field, X, the value
of the function w(X) is constant and equal to wy(X7).

(8) If we identify the set of left-invariant vector fields on G with g and the set of left-
mwvariant one-forms on G with g*, then

dw(X,Y)=-w(X,Y]), weg, X, Yeg.
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Pick any basis, Xi,...,X,, of the Lie algebra, g, and let wy,...,w, be the dual basis of

g*. Then, there are some constants, c”, such that

X, X;] Z%Xk

The constants, cfj are called the structure constants of the Lie algebra, g. Observe that

k __ k

As wi([X,, X)) = ¢, and dw;(X,Y) = —w;([X,Y]), we have

Z cpwy A wi(Xp, Xg) Z (Wi (Xp)wr(Xq) — wj(Xg)wr(Xp))
7.k

= Z e (Xp)wn(Xg) = D e (Xgwn(X,)

j7k j7k
D (X )wr(Xy) + 3 chjwi(Xg)wr(X,)
j7k j?k

1 i __o.d
- Cp,q_l_cp,q_QC

p,q’

so we get the equations
1 .
dw; = 3 Z c;kwj A Wi,
Jik

known as the Maurer-Cartan equations.

These equations can be neatly described if we use differential forms valued in g. Let wyc
be the one-form given by

(wme)g(u) = d(L‘l)gu, g€ G, ueT,G.

g

The same computation that showed that ol is left-invariant if o € g shows that wyc is
left-invariant and, obviously, (wyc); = id.

Definition 8.14 Given any Lie group, G, the Maurer-Cartan form on G is the g-valued
differential 1-form, wyic € AY(G, g), given by

(wnc)g = d(Lg_l)gv geG.

Recall that for every g € G, conjugation by ¢ is the map given by a — gag~!, that is,
a > (Lgo Ry-1)a, and the adjoint map, Ad(g): g — g, associated with g is the derivative of
Lyo Ry at 1, that is, we have

Ad(g)(u) = d(Ly o Ry i(w), €.

Furthermore, it is obvious that L, and R;, commute.
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Proposition 8.25 Given any Lie group, G, for all g € G, the Maurer-Cartan form, wyc,
has the following properties:

(1) (WMC)I = ldg

(2) For all g € G,
R‘ZWMC = Ad(g_l) O WmMC(C-

(3) The 2-form, dw € A*(G,g), satisfies the Maurer-Cartan equation,

1

dwne = — = [wmc, wic)-
2

Proof. Property (1) is obvious.

(2) For simplicity of notation, if we write w = wyic, then

(Row)h = wng o d(Ry)n
d( )hg o d(Rg)n
d(Ly, hg o Ry)n
= d((LhOL )~ o Ry)n
= d(L ; o Lh o Ry)p
= d(L, o Ryo L;")y
= ALy o Ry)y od(Li
= Ad(g") owp,
as claimed.
(3) We can easily express wyc in terms of a basis of g. if X,..., X, is a basis of g and
Wi, - . . ,w, 18 the dual basis, then wyc(X;) = X;, for i = 1,...,7, so wyc is given by

wve = w1 Xy + -+ wp X,

under the usual identification of left-invariant vector fields (resp. left-invariant one forms)
with elements of g (resp. elements of g*) and, for simplicity of notation, with the sign -
omitted between w; and X;. Using this expression for wyc, a simple computation shows that
the Maurer-Cartan equation is equivalent to

1

dwyic = _§[WM07WMC ,

as claimed. [J

In the case of a matrix group, G C GL(n,R), it is easy to see that the Maurer-Cartan
form is given explicitly by
wae =g 'dg,  geG.
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Thus, it is a kind of logarithmic derivative of the identity. For n = 2, if we let
_(a B

B 1 dda — Bdy  6df — Bdo
b —fy \—vda+ady —ydf+add)”

we get

wMC

Remarks:

(1) The quantity, dwyc + 3[wmc, wac] 18 the curvature of the connection wyc on G. The
Maurer-Cartan equation says that the curvature of the Maurer-Cartan connection is
zero. We also say that wyc is a flat connection.

(2) As dwyc = —%[ch,ch], we get
dlwmc, wwc] = 0,

which yields

[[wmc, wac), wme] = 0.

It is easy to show that the above expresses the Jacobi identity in g.

(3) As in the case of real-valued one-forms, for every left-invariant one-form, w € A!(G, g),
we have

wy(u) = wi(d(Ly")gu) = wi((wnce)gw),

forall g € G and all u € T,G and where w; : g — g is a linear map. Consequently, there
is a bijection between the set of left-invariant one-forms in A'(G, g) and Hom(g, g).

(4) The Maurer-Cartan form can be used to define the Darboux derivative of a map,
f: M — G, where M is a manifold and G is a Lie group. The Darboux derivative of
f is the g-valued one-form, wy € A'(M, g), on M given by

Wy = f*ch.

Then, it can be shown that when M is connected, if f; and f5 have the same Darboux
derivative, wy, = wy,, then fo = Ljo fi, for some g € G. Elie Cartan also characterized
which g-valued one-forms on M are Darboux derivatives (dw + 3w, w] = 0 must hold).
For more on Darboux derivatives, see Sharpe [139] (Chapter 3) and Malliavin [101]
(Chapter IIT).
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8.6 Volume Forms on Riemannian Manifolds and Lie
Groups

Recall from Section 7.4 that a smooth manifold, M, is a Riemannian manifold iff the vector
bundle, T'M, has a Euclidean metric. This means that there is a family, ((—, —),)pem, of
inner products on each tangent space, T, M, such that (—, —), depends smoothly on p, which
can be expessed by saying that that the maps

x> (do (), doy (€)1, T EQU), 1<i,j<n

are smooth, for every chart, (U, ), of M, where (eyq,...,e,) is the canonical basis of R". We
let

gi(x) = (dp; (i), dpz (e))) pm1(a)
and we say that the n x n matrix, (g;;(x)), is the local expression of the Riemannian metric
on M at z in the coordinate patch, (U, ¢).

For orientability of manifolds, volume forms and related notions, please refer back to
Section 3.8. If a Riemannian manifold, M, is orientable, then there is a volume form on M
with some special properties.

Proposition 8.26 Let M be a Riemannian manifold with dim(M) = n. If M is orientable,
then there is a uniquely determined volume form, Voly,, on M with the following properties:

(1) For every p € M, for every positively oriented orthonormal basis (b, ..., b,) of T,M,
we have

Vol (b, . .., by) = 1.

(2) In every orientation preserving local chart, (U, ), we have

((p™1)"Volar)g = y/det(gi(q)) dryr A -+ Ndw,, g € p(U).

Proof. (1) Say the orientation of M is given by w € A™(M). For any two positively oriented
orthonormal bases, (by,...,b,) and (V},...,b)), in T,M, by expressing the second basis over

r n

the first, there is an orthogonal matrix, C' = (¢;;), so that

n

b; = Z Cijbj-

=1

We have
wp(by, ..., b)) = det(Chwy (b, . .., by),
and as these bases are positively oriented, we conclude that det(C) = 1 (as C' is orthogonal,
det(C') = £1). As a consequence, we have a well-defined function, p: M — R, with p(p) > 0
for all p € M, such that
p(p) = wyp(br, ..., by),
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for every positively oriented orthonormal basis, (by,...,b,), of T,M. If we can show that p
is smooth, then Voly; = p~lw is the required volume form.

Let (U, ¢) be a positively oriented chart and consider the vector fields, X, on ¢(U) given
by
Xj(Q):d90;1<ej)7 gepU), 1<j<n.

Then, (X1(q),...,Xn(q)) is a positively oriented basis of T,-1(4). If we apply Gram-Schmidt
orthogonalization we get an upper triangular matrix, A(q) = (a;;(¢)), of smooth functions
on ¢(U) with a;(¢q) > 0 such that

b)) =Y a@X 0, 1<i<n

and (b1(q), - --,bn(q)) is a positively oriented orthonormal basis of T\,-1(,. We have

Pl (@) = werq(bi(), -, ba(q))
= det(A(q))wp-1(q) (X1(q), - -, Xn(q))
= det(A(q)) (") wyler, ... en),

which shows that p is smooth.

(2) If we repeat the end of the proof with w = Voly;, then p = 1 on M and the above
formula yield
(e~ 1)*Volpr), = (det(A(q))) 'day A -+ Ada,.

If we compute (b;(q), bx(q))p-1(g), We get

n n

Ot = (bi(a), br(@)) o) = D Y g (@)95(@)ara(a),

j=1 1=1

and so, I = A(q)G(q)A(q)", where G(q) = (gs1(q)). Thus, (det(A(g)))?det(G(g)) = 1 and
since det(A(q)) = [, @ii(¢) > 0, we conclude that

(det(A(q))) ™" = /det(gi;(q)),

which proves the formula in (2). O

We saw in Section 3.8 that a volume form, wy, on the sphere S C R*™! is given by

(wo)p(ut, ... uy) = det(p, us, ... uy),

where p € S™ and uy, ... u, € 1T,5". To be more precise, we consider the n-form,
wy € A"(R™!) given by the above formula. As

(WQ)IJ(@l, e ,é\i, e 7€n+1) = (—1)2'71})“
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where p = (p1, ..., Pns1), We have

n+1

i=1

Let i: S® — R™*! be the inclusion map. For every p € S™, and every basis, (u,...,u,),
of T,5", the (n + 1)-tuple (p,us,...,u,) is a basis of R™"! and so, (wp), # 0. Hence,
wo [ S™ = i*wp is a volume form on S™. If we give S™ the Riemannian structure induced by
R"*! then the discussion above shows that

Volgn = wy [ S™.

Let r: R*1 — {0} — S™ be the map given b
pPg y

x

r(z) =+

]l

and set

w = r*Volgn,
a closed n-form on R"™! — {0}. Clearly,

w [ S™ = Volgn.

Furthermore

Wa(Urs o Uy) = (Wo)r(a)(drz(ur), ..., dry(uy,))
= ||£L’H_1 det(z, dry(uy), ..., dr(u,)).

We leave it as an exercise to prove that w is given by

n+1 g
Z(—l)iilﬂfi d.fCl VANEIEIVAN dili'l A A danrl.
i=1

1
Wy = ——
]
We know that there is a map, w: S™ — RP", such that 7—([p]) consist of two antipodal
points, for every [p] € RP". It can be shown that there is a volume form on RP" iff n is
even, in which case,

* (VOIR[[M) = VOlSn.
Thus, RP" is orientable iff n is even.

Let G be a Lie group of dimension n. For any basis, (wy,...,w,), of the Lie algebra, g,
of GG, we have the left-invariant one-forms defined by the w;, also denoted w;, and obviously,
(Wi, ... ,wy) is a frame for TG. Therefore, w = wy A -+ Aw, is an n-form on G that is never
zero, that is, a volume form. Since pull-back commutes with A, the n-form w is left-invariant.
We summarize this as

Proposition 8.27 FEvery Lie group, G, possesses a left-invariant volume form. Therefore,
every Lie group is orientable.
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