CHAPTER 2

Fiber Bundles

1. Basic Definitions and Examples

We have already encountered examples of manifolds that possess some ad-
ditional structure, such as the tangent bundle T'M of an n-dimensional manifold
M. In this case, each point of T'M has a neighborhood diffeomorphic to a prod-
uct U x R™, where U is an open set in M. Of course, TM itself need not be
diffeomorphic to M x R™. In most of the sequel, we will be concerned with
manifolds that, roughly speaking, look locally like products.

As usual, all maps are assumed to be differentiable.

DEFINITION 1.1. Let F, M, B denote manifolds, G a Lie group acting
effectively on F' (i.e., if g(p) = p for all p € F, then g = ¢). A coordinate bundle
over the base space B with total space M, fiber F', and structure group G is a
surjective map 7 : M — B, called the bundle projection, together with a bundle
atlas A= {(771(Uy,), (7, o) aca on M; i.e.,

(1) {Us}aca is an open cover of B.

(2) (7, ¢0) : 7 1H(Uy) — Uy X F is a diffeomorphism, called a bundle chart.
Notice that for p € Ua, Gajr-1(p) : 7 Y(p) — F is a diffeomorphism.
If p also belongs to Ug, then ¢gjr-1(,) : 7~ 1(p) — F need not coincide
with ¢,; however, they must differ by the operation of some element
in G. To be specific:

(3) For a, 3 € A, there is a smooth map f, 3 : Uy, NUg — G, called the
transition function from ¢q to g5 given by fo s(p) = ¢ﬁo(¢a\7r*1(p))71
F — F; equivalently, ¢gr-1(v,nvy) = (fapom) - Palr—1(UanUs)-

Statement (3) says that the diagram
7T_1(Ua N Uﬁ) _ 7T_1(Ua n U@)

(”’d’“)l l(wa)

(UaﬂUﬁ)XF _— (UaﬁUg)XF

(p7 m) - (p7 foz,ﬁ(p) m)

commutes. Roughly speaking, the total space M consists of a collection U U, x
F', where the U,’s cover B, and copies of F' belonging to intersecting U,’s are
identified by means of elements of G. The projection 7 is a submersion by (2).
The set 771 (p) is called the fiber over p. Notice that (3) implies that f, o = e,

(fa3(0) 7' = f3.a(p), and fo(p) = f3~(0) - fa.8(p)-

57
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FIGURE 1

DEFINITION 1.2. A (real) coordinate vector bundle of rank n is a coordinate
bundle with fiber R™ and structure group GL(n) (or a subgroup of GL(n)).

We will often use Greek letters such as € to denote a bundle 7 : M — B. If ¢
is a rank n vector bundle, then each fiber 771(b), b € B, is a vector space: Given
a bundle chart (7=1(U), (, ¢)) with b € U, define the vector space operations
on the fiber over b so that ¢|-1) : 71(b) — R™ becomes an isomorphism. The
vector space structure is independent of the chosen chart because any transition
function fy 4 (p) at p is an isomorphism of R™.

EXAMPLES AND REMARKS 1.1. (i) The trivial bundle with base space B
and fiber F is the projection 7 : B x ' — B onto the first factor. The structure
group is {1r}. In general, the size of the structure group measures how twisted
the bundle is.

(ii) The tangent bundle TM of an n-dimensional manifold M is the total
space of a rank n vector bundle over M with the bundle projection 7w : TM — M
from Chapter 1: If {(U,, x4 )} is an atlas on M, then {(U,, (7, ¢4)} is a bundle
atlas on TM, where

bo = (dxl, ... da"

(63

) N (Uy) — R™

The transition function from ¢, to ¢g is fo,3 = D(zg 0 z ) oxy Uy NUs —
GL(n). A similar argument applies to the tensor bundles T, (M) and the
exterior bundles A;(M). The tangent bundle of M will be denoted 7M to
distinguish it from its total space TM (which, to confuse things further, is
traditionally also referred to by the same name).

(iii) The Hopf fibration (see also Chapter 1, Examples and Remarks 9.1(i)):

View §2"+1 € R27+2 = C"H1 as the set of all (21,...,2,41) € C*"*! such that
> |zi]% = 1, and consider the free action of S* = {z € C | |z| = 1} on §?"+!
given by 2(z1,...,2n41) = (212,...,2n112). Since S! is compact, this action

is proper, and by Chapter 1, Theorem 14.2, there exists a unique differentiable
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structure on the quotient S?"*!/81 for which the projection becomes a sub-
mersion. The quotient is called complex projective n-space CP™ of dimension
2n.

We claim that 7 : $2"*1 — CP"™ is the projection of a bundle with fiber
and group S*, called the Hopf fibration. In order to establish this, we exhibit
an atlas of bundle charts satisfying Definition 1.1: for ¢ = 1,...,n + 1, define
Ui = {(21,. -, 2ns1) € 8?1 | z; # 0}, and U; = n(U;) € CP™. Tt is easily
checked that U; = 7~ '(U;), so that {U;} is an open cover of CP". Define
@i : U, — St by ¢i(z1,...,2n+1) = 2zi/|zi]- Then (7, ¢;) : U, — U, x St is a
diffeomorphism with inverse (7w(w1,...,wnt1),2) — (2|lw|/w;) (w1, ..., Wpt1),
and the transition function f; j : U;NU; — St is given by fi j(7(21,...,2n41)) =
2z Hzillz

DEFINITION 1.3. Let m; : M; — B; be two coordinate bundles with fiber F
and group G. A differentiable map h : M; — M is said to be a bundle map if
(1) h maps each fiber 77 *(p;) diffeomorphically onto a fiber 75 ! (ps),
thereby inducing a differentiable map h : By — By such that myoh =
homy; and

(2) for any bundle charts (77 ' (Uy), (11, o)) and (75 * (Vi), (72, 45)) of 1
and 72, respectively, p € U, Nh~1(Vj), the map ¢goho ((;Sa'ﬂl(p))*l
from F to F' coincides with the operation of an element of G, and the

resulting map

fap :Ua "R~ H V) — G,
prYgoho (¢a|7r1—1(p))71

is differentiable.

The two coordinate bundles are said to be equivalent if By = By and the
induced map is the identity on the base. A fiber bundle is then defined to be
an equivalence class of coordinate bundles. Alternatively, one could define it to
be a coordinate bundle with a maximal atlas.

Notice that if h is a bundle map, then by the second condition above, the
coordinate bundle over B; with bundle charts of the form (77 * (A= (U)), (1, ¢po
h)), where (751 (U), (72, ¢)) is a bundle chart of 7o, is equivalent to 7. Its
transition functions fgon, yon are equal to fiw o h, where f;,w are the transition
functions of 5.

EXERCISE 47. (a) Show that the functions f, g from Definition 1.3 satisfy
foary = fo- fé,ﬂ and fo, = fg,W - fa,3, Where féﬁ and fgﬁ are transition
functions for m; and o, respectively.

(b) Conversely, suppose m; : M; — B are two coordinate bundles over B
with fiber " and group G. Show that if there is a collection of maps f, s as in
Definition 1.3 satisfying the identities in (a), then the bundles are equivalent.

EXERCISE 48. Identify S%"+3 C R4+ = H"*! with the set of all (n +
1)-tuples of quaternions (g1, ..., ¢n+1) such that > |g|?> = 1 (see Chapter 1,
Example 8.1(iii)). Replace complex numbers by quaternions in Examples and
remarks 1.1 (iii) to construct quaternionic projective space HP™ and a fiber
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bundle 7 : §4"*3 — HP" over HP" with fiber and group S2. This bundle is
often called a generalized Hopf fibration.

EXERCISE 49. (a) Show that CP! is diffeomorphic to the 2-sphere via
CP' — 5%,
1
|21? + [ 22
(b) Show that HP! from Exercise 48 may similarly be identified with S*.

Thus, for n = 1, the Hopf fibrations become S° — S? with fiber S!, and
S7 — S§* with fiber S°.

[21, 22] — (22122, |21]* — |22).

2. Principal and Associated Bundles

The Hopf fibration discussed in the previous section is a prime example of
the following key concept:

DEFINITION 2.1. A fiber bundle 7 : P — B with fiber and group G is called
a principal G-bundle if there exists a free right action of G on P and an atlas
such that for each bundle chart (7=(U), (7, ®)), the map ¢ : 7= 1(U) — G is

G-equivariant; i.e.,

(7, ¢)(pg) = (n(p),6(p)g), pen "(U), geG.

It follows that B is the quotient space P/G: Since 7(pg) = 7(p), the orbit
G(p) = {pg | g € G} of p is contained in 7= (x(p)); conversely, if (7, ) is a
bundle chart around p, then for ¢ € 7=1(7(p)),

1

q=(m,¢) " (n(q), 8(q)) = (m, ) (x(p), (p)d(p) " d(q))
= (m,¢)" (7 (p), 6(p)g) = Y,

where g = ¢(p)"1¢(q) € G. Furthermore, the structure group is G' acting on
itself by left translations: for p € P,

Jow(m(p)) = ¥(p)o(p) ",

where the choice of the element p € 7~1(7(p)) is irrelevant because

(pg)d(pg) " = v(P)g(d(p)g) " = v(p)gg ' d(p) " = v(p)s(p) "

EXAMPLES AND REMARKS 2.1. (i) The Hopf fibrations S?"*! — CP" and
S4n+3 _, HP™ are principal S' and 52 bundles.

(ii) The trivial principal G-bundle over B is the projection B x G — B onto
the first factor. The action of G is by right multiplication (b, g1)g = (b, g19) on
the second factor.

(iii) Let G be a Lie group, H a closed subgroup of G, and denote by B
the homogeneous space G/H. We first show that the quotient space G™/H*
admits a (unique) differentiable structure of dimension n — k for which the
projection m : G — G/H becomes a submersion. This actually follows from
Theorem 14.2 in Chapter 1, but we provide an independent argument, since
that theorem won’t be proved until Chapter 5. Observe that 7 is an open
map for the quotient topology on G/H: If U is open in G, then so is w(U)
(in G/H), because 7~ (7(U)) = Upeg Ry (U) is open in G. Furthermore, the
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quotient space is Hausdorff: If w(a) # w(b), so that a='b ¢ H, there exists a
neighborhood of a~'b that does not intersect H. Such a neighborhood always
contains an open set of the form U - a~'b - U, where U is a neighborhood
of the identity with U = U~!. Then Ua~'0U N H = (), which implies that
bUHNaUH = (). Thus, moLy,(U) and 7oL, (U) are disjoint open sets containing
7 (b) and 7(a), respectively.

In order to exhibit a manifold structure on G/H, recall that Frobenius’
theorem applied to the distribution Lg.H,, g € G, guarantees the existence of
a chart (U, z) around e, with (U) = (0,1)™, such that each slice

{geU| 2" (g) =a1,....2"(9) = an—i}

is contained in a left coset of H. If S denotes the slice containing e, there exists
a neighborhood V' of e such that VNS =V N H (since H is a submanifold
of G), and V = V=1, V.V C U. For the sake of simplicity, denote V by U
again. Let N = (m; ox)~%(a), where m; : R® — R¥ x 0 denotes projection, and
a :=m oxz(e). We claim that 7 is one-to-one when restricted to N: Indeed, if
m(a) = m(b), then a='b € UN H = U N S, so that b belongs to L,(U N S). The
latter set, being connected, is contained in a single slice. Since it also contains
a, a and b lie in the same slice, so that x(a) = x(b); i.e, a = b.

It follows that my : N — W := 7(N) is an open, bijective map, hence a
homeomorphism. So is & :=m oz o (my) "' : W — Z(W) C 0 x R"™*, where
o 1 R — 0 x R" % denotes the projection onto the other factor. We may
then take (W, %) as a chart around 7(e). In order to produce a chart around
m(a), consider the homeomorphism L, of G/H induced by left-multiplication
by a in G, Lo(7(g)) := m(ag). The desired chart is then given by (L,(W),Z o
L,-1). Given b € G, the corresponding transition function is mp o 2|y 0 Ly-15 ©
(m2 o xn) "t so that the collection {(Lo(W),Z 0o L,-1) | a € G} induces a
differentiable structure on G/H.

It remains to check that 7 is differentiable at ¢ € G. Using the charts
(Lg(U),x 0 Ly-1) around g and (ILy(W),Z oL,-1) around 7(g), we have

1 1

~ —1 _ ~ -1 _ = -1 _
Tollj1omo(xoLy1) " =Folgi1omoLjox™ =Zomox =my,

which establishes the claim.

Finally, we show that = : G — G/H is a principal H-bundle: Notice that
for any [g] := 7(g), there exists a neighborhood U = L4(W) of [g] on which
m has a right inverse sy. In fact, taking sy = Ly o (mN)_l oLg-1y, we have
mo sy = ly. Then the map

UxH—a Y(U),
(lg], h) = (sulgl) - h

is a diffeomorphism. Its inverse is of the form (7, ¢r/), where ¢y : 7~ 1(U) — H
is H-equivariant, since ¢r7(g) = sy (m(g))~tg, so that

du(gh) = su(m(gh))'gh = (su(n(g))~" - 9)h = du(g)h.

Thus, the collection of such maps (7, ¢y) forms a principal bundle atlas on G
over B.
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We have seen that given a fiber bundle 7 : M — B with fiber F and
group G, a bundle atlas {(7~*(U,), (7, ¢a))} determines a family of transition
functions fo g : Uy N Ug — G which satisfy fo, = fs,4 - fa,3- It turns out
that the bundle may be reconstructed from these transition functions. More
generally, one has the following:

PROPOSITION 2.1. Let {Uq}aca be an open cover of a manifold B, and G
a Lie group acting effectively on a manifold F. Suppose there is a collection of
maps fap: Us NUg — G such that

(2'1) fa,'y(p):fﬁ,’y(p)'fa,ﬂ(p)v pEUaﬁUgﬂU—y, aaﬂa7€A~

Then there exists a fiber bundle m : M — B with fiber F, structure group G,
and a bundle atlas whose transition functions are the given collection {fa g}
Furthermore, if F = G and G acts on itself by left translations, then the atlas
is a principal bundle atlas.

Notice that taking « = 8 =+ in (2.1) implies that f, o = e. Taking a =~
then yields f 5 = f5.a-

PRrROOF. Consider the disjoint union Uy e 4 (Uy X F'), and the quotient space
M under the equivalence relation:

(P, 1) ~ (p,q2) iff g2 = fa,3(p)q1 for some «, 5 € A.

If p: Uy(Uy x F) — M denotes the projection, then each restriction p :
Uy X F — p(U, x F) is a homeomorphism, and its inverse (m, ¢, ) may be taken
as a bundle chart. By construction, the transition functions of this atlas are
the fa,ﬂ- O

As a simple application, consider the group G = {+£1} acting on R by
multiplication. The circle B = S' of unit complex numbers admits U; =
ST\ {—i} and Uy = S*\ {i} as open cover. Then the map

f172 . UlﬁUQ —>G,

1, if Rez > 0,
Z
—1, otherwise,

determines a rank 1 vector bundle over the circle, called a Moebius band.

DEFINITION 2.2. Let m: M — B be a fiber bundle with fiber F' and group
G. The principal G-bundle obtained as in Proposition 2.1 from the transition
functions of 7 is called the principal bundle associated to .

Thus, a fiber bundle with group G induces an associated principal G-bundle.
One can recover the original bundle from the principal one: More generally, let
wp : P — B be a principal G-bundle, F' a manifold on which G acts effectively
on the left. Define an equivalence relation ~ on the space P x F by setting
(p,m) ~ (pg,g~'m), and denote the quotient space (P x F)/ ~ by P x¢g F.

There is a well-defined map 7 : P xg F — B given by w[p, m| = wp(p).

THEOREM 2.1. Let mp : P — B be a principal G-bundle, F a manifold on
which G acts on the left. Then the map w : P xg F — B constructed above
is a fiber bundle over B with fiber F' and structure group G, called the fiber
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FIGURE 2. A Moebius band.

bundle with fiber F' associated to the principal bundle 7p : P — B and the
given action of G. Furthermore, the principal G-bundle associated to m is mp.

PrOOF. If (7p,¢) : mp' (U) — U x G is a principal bundle chart, define
é: 7 Y U) — U x F by ¢[p,m] = ¢(p)m. We claim that (7, ) is a candidate
for a bundle chart; i.e., it is invertible. Indeed, define s : U — 7T1§1(U) by
s(b) = (mp, ) L(b,e); then f: U x F — 7~ 1(U), where f(b,m) = [s(b), m], is
the inverse of (7, ¢) : On the one hand,

(1,0) o f(b,m) = (m,9)[s(b), m] = (mp(s(b)), d(s(b))m) = (b,m);
on the other, given p € WISl(U), we have s(7p(p)) = po(p) !, so that
fo(md)lp,m] = f(rp(p), o(p)m) = [s(mp(p)), ¢(p)m]
= [po(p) ™", $(p)m] = [p, m].
This establishes the claim. Since both (7, ¢) and f are continuous, they are
homeomorphisms. Now, let (7p, ¢) and (7p, 1) be two principal bundle charts
with overlapping domains. Given b in the projection of their intersection and
m € F', the transition function of the (candidates for) associated bundle charts
at b is given by
f&,@(b)m = 'JJ o (71-’ (E)_l(b’ m) = &[(WP’ d))_l(bv 6)7 m]
= (Yo (mp, @)~ (be))m = (fo,u(b)e)m
= f¢ﬂlf (b)m'
The collection of charts therefore induces a differentiable structure on P xg F
and satisfies the requirements for a bundle atlas. Since the transition functions

of the bundle coincide with those of 7mp, mp is the principal G-bundle associated
to m. g

EXAMPLE 2.1 (The Frame Bundle of a Vector Bundle). Let 7 : E — B
denote a rank n vector bundle over B. We shall construct a principal GL(n)-
bundle 7p : Fr(E) — B, called the frame bundle of E, with the same transition
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functions. It will then follow from Proposition 2.1 and Theorem 2.1 that the
frame bundle of F is the principal GL(n)-bundle associated to m, and that
E — B is equivalent to Fr(E) Xgrn) R™ — B. Denote by Ej, the fiber 7= (b)
over b € B, and let Fr(E}p) be the collection of all frames of the vector space
Ey; i.e., the collection of ordered bases p = (v1,...,v,) of E,. Each such frame
can be viewed as an isomorphism R" — FEj mapping e; to v; for 1 < i < n.
Given two frames p; : R® — E, there exists a unique g € GL(n) such that
p1 = pa2g. Identifying any single frame p with e € GL(n) yields a bijective map
Fr(Ey) < GL(n).

Let Fr(E) := UpepFr(Ep), mp : Fr(E) — B the map that assigns the
point b to a frame of Ey. If (7,¢) : 7~ 1(U) — U x R™ is a vector bundle chart
for E, define

¢:mp'(U) = G =GL(n),
P PlE, ., ©P-

¢ is G-equivariant by construction, and (7wp, ¢) : zr;l(U) — U x G is therefore
bijective. Given another vector bundle chart (7, ) over U, we have

(’/TPaw) ° (’R—Paq&)il(ba g) - (ﬂpvw)(d_)FElbg) = (b,"LZ) o (Q_S‘_E'lb)g)

The collection of maps (wp,d) therefore induces a differentiable structure on
Fr(E) and forms a principal bundle atlas with transition functions fs y = f5 ;-
This establishes the claim.

Notice that there is an explicit equivalence between Fr(E) X g R — B
and m: if p = (vy,...,v,) is a frame of Ej, the equivalence maps [p, (a1, ..., a,)] €
FT(E) Xa R™ to Zaivi € Ey.

EXERCISE 50. Consider a principal G-bundle 7p : P — B and an associated
bundle 7 : P xg F — B.

(a) Show that p: P x F — P x¢g F, where p(p,q) = [p,q], is a principal
G-bundle, and that the projection w1 : P x F — P onto the first factor is a
G-equivariant map inducing 7 on the base spaces.

PxF - p

| |

PXGF—>B

(b) Show that for any p € P, the map F — 7~ !(w(p)) given by ¢ — p(p, q)
is a diffeomorphism.

(c) If F is a vector space and G acts linearly on F', show that 7 is a vector
bundle.

EXERCISE 51. Let H be a Lie subgroup of G, ng : P4 — B, 7y : Py — B
two principal G and H-bundles over B respectively with Py C Pg. Py — B
is said to be a principal subbundle of P — B if for any b € B, there exists
a neighborhood U of b and principal bundle charts (7g, ¢), (7g,¥) of 7y, 7g
over U such that

(WGalD)O(WH,(b)*l:UxHeUXG
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is the inclusion map. Show that in this case, given an action of G on a manifold
F', the total spaces Py xg F and Pg xg F of the associated F-bundles are
diffeomorphic via a fiber preserving map. We say the structure group G of
Pg xg F — B is reducible to H.

EXERCISE 52. Prove that the structure group G of a bundle is reducible
to H (see Exercise 51) iff the bundle admits an atlas with H-valued transition
functions.

3. The Tangent Bundle of S™

In this section, we apply some of the concepts introduced above to discuss
a basic example, that of the tangent bundle of the n-sphere.

The standard action of SO(n + 1) on S™ yields a map SO(n + 1) — S™
that sends g € SO(n+1) to g(e1). The subgroup of SO(n + 1) acting trivially
on e; may be identified with SO(n), and one has an induced map

SO(n+1)/S0(n) — S,
[g} = gei1,

which is one-to-one by construction. It is also onto since SO(n + 1) acts tran-
sitively on the unit sphere. This map is a homeomorphism (SO(n +1)/SO(n)
being compact) which is easily checked to be a diffeomorphism. By Examples
and Remarks 2.1(iii), SO(n + 1) — S™ is a principal SO(n)-bundle.

On the other hand, the tangent bundle of S™ is a vector bundle with group
GL(n). For p € S™, the derivative of the inclusion map S™ — R"*! induces
an inner product on the tangent space of S™ at p. By requiring the second
component ¢ of each bundle chart (7, ¢) to be a linear isometry ¢, sp Sy —
R™, we obtain a reduction of the structure group to O(n); cf. Exercise 52.
Since the sphere is orientable, the group may further be reduced to SO(n).
(More generally, we will see in the next section that any vector bundle admits
a reduction of its structure group GL(n) to O(n). The bundle is said to be
orientable if its structure group is further reducible to SO(n). The Moebius
band from the preceding section is an example of a nonorientable bundle.)

In terms of principal bundles, we are reducing the frame bundle Fr(T'S™) of
Example 2.1 to the SO(n)-subbundle SO(T'S™) — S™ of oriented orthonormal
frames whose fiber over p € S™ consists of all positively oriented orthonormal
frames of S}

We claim that SO(T'S™) — S™ is equivalent to SO(n + 1) — S™: In fact,
the map f: SO(n+1) — SO(TS™) which sends g € SO(n + 1) to the ordered
orthonormal frame (Jye,ge€2; - -, Jge;g9€n+1) of S, induces the identity on
S™. Its inverse maps an orthonormal frame vy,...,v, of S to the element
g € SO(n + 1) defined by ge; = p, ge;y1 = jp’lvi, 1 < ¢ < n. Since f is
SO(n)-equivariant, the claim now follows from the following theorem:

THEOREM 3.1. Let w; : P, — B, i = 1,2, be two principal G-bundles over
B. If h: P, — Py is a G-equivariant map inducing the identity on B, then the
two bundles are equivalent.
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ProOF. If (1] 1(Uy), (71, ¢a)) and (15 (V3), (72, 15)) are bundle charts of
71 and Ty, there are smooth maps ;' (U,) — G and 77 *(V3) — G given by
p — ¢a(p) and g — (15 o h)(q) respectively. Thus, the assignment

fa,g U, ﬂVg — G,
b (¢ 0 h)(p)pa(p) ',

where p is any element of the fiber over b, is a well-defined smooth map. The
bundles are then equivalent by Definition 1.3, since f, g(b) = ¢B°h°(¢a\w;1(b)):

Indeed, let g € G, a := ¢4(p); then g = aa"tg = ¢po(p)a=tg = ¢a(pa=tg), so
that

Vg 0 ho (Ggipy) ' (9) =¥ 0 h(pa™lg) = ¥s(h(p)) -a™'g

= (Ygoh)(p) dalp) ™" - g.
O

COROLLARY 3.1. Let m; : E; — B, i = 1,2, be two rank n vector bundles
over B. If h : E1 — Es is a diffeomorphism mapping each fiber ﬂ'fl(b) linearly
onto w5 1 (b), then the bundles are equivalent.

PRrOOF. Define f : Fr(E;) — Fr(E3) by f(p) = hop, where p : R —
77 H(b) is a frame of E;. By Theorem 3.1, the two frame bundles are equivalent,
and therefore so are the associated vector bundles E; — B. O

Corollary 3.1 provides another approach to the tangent bundle of the sphere,
or more generally, to the tangent bundle T'M of any homogeneous space M =
G/H: Let p = eH € M, so that H is the isotropy group at p of the action;
ie, H={g € G| gp = p}. The linear isotropy representation at p is the
homomorphism p : H — GL(M,) given by p(h) = hsp. It is not difficult to
show that if M is connected and G acts effectively on M, then p is one-to-one;
in this case, p induces an effective linear action of H on M,,.

ProrosiTiON 3.1. If G acts effectively on the homogeneous space M =
G/H, then the tangent bundle of M is equivalent to the bundle G x g M, — M,
where H acts on M, via the linear isotropy representation at p.

ProOF. Consider the map f : G xyg M, — TM defined by f[g,u] = g.u,
which is clearly smooth, and linear on each fiber. Its inverse is given as follows:
if v € My, then by transitivity of the action of G, there exists some g € G such
that gp = ¢. Then f~'(v) = [g, 95, v]. This is well-defined, for if ¢ = gp = gp,
then g~'g € H, so that g = gh for some h € H, and

[9, 9o 0] = [gh, p(h) " g} 0] = [gh, hiy 92, 0] = [gh, (gh)opv] = (3, Gap V).

|

The hypothesis that G act effectively on M in Proposition 3.1 is not re-
strictive: Exercise 54 shows that M can always be realized as G/H, where G
acts effectively on M.

EXERCISE 53. Let S? denote the group of quaternions of norm 1. Identify
SO(3) with the special orthogonal group of span{i, j, k} = R3, and define p :
S$3 — SO(3) by p(p)g = pgp~! (quaternion multiplication).
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(a) Show that p is a homomorphism with kernel {£1}. It is not hard to
see that p is onto, so that SO(3) is diffeomorphic to RP? and p is the standard
double covering.

(b) Consider the principal SO(2)-bundle 7 : SO(3) — S2. Prove that
mop: 83— 52 is equivalent to the Hopf fibration.

EXERCISE 54. Let M = G/H be a homogeneous space.

(a) Show that the subgroup of G which acts trivially on M is the largest
normal subgroup N(H) of G which lies in H.

(b) Show that G = G/N(H) acts effectively on M, and that M = G/H,
where H = H/N(H).

4. Cross-Sections of Bundles

A trivial bundle B x F' — B has the property that through any point
(b,m) € B x F, there is a copy B x {m} of B; alternatively, the map s : B —
B x F given by s(b) = (b,m) is a lift of the identity 1 (in the sense that
mos = 1) through (b,m). It is by no means clear that such lifts exist in
general, and they have a special name:

DEFINITION 4.1. Let ¢ =7 : M — B be a fiber bundle. Amaps: B— M
is said to be a cross-section of € if Tos = 1p.

For example, a vector field on a manifold M is a cross-section of the tan-
gent bundle of M; a differential k-form on M is a cross-section of the bundle
Ay (M) — M. It is common practice to abbreviate cross-section by section.
Before looking at further examples, we point out that one can construct from a
given vector bundle £ many other vector bundles whose structure is induced by
that of £. We illustrate the procedure in detail for the dual £* of a vector bundle
€. Tt is convenient to denote the fiber 7=1(b) of a vector bundle 7 : E — B over
b by Ey, and we will often do so.

ProprosITION 4.1. Let &€ = m: E — B be a rank n vector bundle, and
define E* = UpepEy. For a € Ey, let m*(a)) = b. There exists a natural rank
n vector bundle structure on £&* = n* : E* — B induced by £. &* is called the

dual bundle of &.

PROOF. Let (7, ) be a bundle chart of { over U C B. Since ¢|g, : Ep, — R"
is an isomorphism for each b € U, so is QB‘E; s By — R™ = R", where 43|E§ =
(¢1g,) "' (recall that the transpose of a linear transformation L : V — W is
the linear map L* : W* — V* given by (L*a)v = a(Lv) for « € W*, v € V).
Then (7*,¢) : 7~ 1(U) — U x R™ is one-to-one, onto, and its restriction to
each Ej is linear; if (m, 1) is another bundle chart, then

(", 9) o (7*,0) 71 (b, @) = (0, 0 (J;) " @) = (p, (P 0 U, ) ).

Thus, there exist unique topological and differentiable structures on E* for
which the maps (7*, ¢) become local diffeomorphisms. These maps form a
bundle atlas, since the transition functions are given by fz ;(b) = fy 4(p)*. O
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Given two vector bundles §; = m; : F; — B, one defines in a similar fashion
the tensor product bundle & ®&; with fiber Fq, ® Fop, over b, the homomorphism
bundle Hom(&;,&) whose fiber over b consists of all linear transformations
E1, — FEg, etc. The isomorphism Hom(FEhy, Eo) = Ej, ® Eg, induces an
equivalence Hom(&y, &) 2 & ® &s.

DEFINITION 4.2. A FEuclidean metric on a vector bundle £ =7 : F — B
is a section s of the bundle (£ ® £)* such that s(b) is an inner product on Ej
for each b € B. A Euclidean metric on the tangent bundle of a manifold M is
called a Riemannian metric on M.

Loosely translated, a Euclidean metric on £ is just an inner product on the
fibers that varies smoothly with the base point.

THEOREM 4.1. Every vector bundle &€ = w : E — B admits a Fuclidean
metric.

PRroOOF. Consider a locally finite cover of B by sets {U,} whose preimages
are the domains of bundle charts {(m, ¢)}. Define a Euclidean metric s, on
each 7~1(U,) so that ¢, becomes a linear isometry: s (u,v) = (Pat, Pav),
where (,) denotes the standard inner product on R™. Let {t,} be a partition
of unity subordinate to {U,}, and extend s, to all of B by setting 5,(b) =
o (b)sa(b) if b € U, and 5,(b) = 0 otherwise. Then s = )" 5, is a Euclidean
metric on &. O

Theorem 4.1 implies that every rank n vector bundle admits a reduction of
its structure group to O(n), by requiring that charts be linear isometries when
restricted to each fiber.

Notice that a vector bundle always admits a section, namely the zero section
given by s(b) = 0 € Ej. Principal bundles, on the other hand, do not, in general,
admit sections:

THEOREM 4.2. A principal G-bundle w : P — B admits a section iff it is
trivial.

PRrROOF. If 7 : B x G — B is trivial, then for any fixed g € G, the map
s(b) := (b,g) defines a section of . Conversely, suppose s : B — P is a
section. Since p € P and s(w(p)) belong to the same fiber, there is a well-defined
equivariant map ¢ : P — G such that p = s(w(p))é(p). (7, ¢): P — B x G is
then an equivalence by Theorem 3.1. O

EXAMPLE 4.1. Recall from Section 3 that the principal SO(n)-bundle over
S™ associated to the tangent bundle of S™ is 7 : SO(n + 1) — SO(n +
1)/SO(n) = S™. When n = 3, S? is identified with the group of quaternions of
norm 1, and e; =1 € H.

Consider the map s : S — SO(4) given by s(q)u = qu, for ¢ € S3 C H,
u € H=R* Then (7m05s)(q) = s(¢q)1 = g; i.e., s is a section of 7 : SO(4) — S3,
and SO(4) is diffeomorphic to S3 x SO(3) (although not isomorphic, as a group,
to the direct product S3x SO(3)). Since 7 is trivial, so is the associated tangent
bundle T.5% — S3. We saw in Chapter 1 that even-dimensional spheres do not
admit a nowhere-zero vector field; i.e., their tangent bundle does not admit a
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nowhere-zero section, and is therefore nontrivial. Thus, none of the bundles
SO(n+ 1) — S™ admit sections when n is even.

EXERCISE 55. Consider the map
$: 8% x 83— S04), qﬁ(ql,qg)u:qluqz_l, ¢ €83 weH=R.

Show that ¢ is a Lie group homomorphism, and determine its kernel. It is not
hard to see that ¢ is onto, so that S® x S3 is the two-fold covering group of
S0O(4), denoted Spin(4). Notice that if 2, A : S — 83 x S? are the imbedding-
homomorphisms given by 2(¢) = (g, e¢) and A(q) = (g, q), then ¢ou is the section
from Example 4.1, and ¢ o A is the two-fold covering from Exercise 53.

EXERCISE 56. Let & = m; : E; — B be vector bundles over B, i = 1,2, and
denote by T'¢; the collection of sections of &;.

(a) Show that T'¢; is a module over the ring of smooth functions B — R.

(b) Show that I' Hom(&y, &) and Hom(I';,T°¢,) are naturally isomorphic
as modules.

EXERCISE 57. A complex vector bundle is a bundle with fiber C" whose
transition functions are complex linear. Show that a real rank 2n vector bundle
¢ admits a complex vector bundle structure iff there exists a section J of the
bundle Hom(¢, €) such that J? equals minus the identity on the total space. J
is called a complex structure on &.

5. Pullback and Normal Bundles

Let { =7 : M — B denote a fiber bundle with fiber /" and group G. Given
a manifold B and a map f : B — B, one can construct in a natural way a
bundle over B with the same fiber and group: Consider the subset

frM ={(b,m) € Bx M |n(m) = f(b)}

together with the subspace topology from B x M, and denote by 7 : f*M — B,
mo : f*M — M the projections.

PROPOSITION 5.1. f*¢ =7y : f*M — B is a fiber bundle with fiber F' and
group G, called the pullback bundle of £ via f, and w5 : f*M — M is a bundle
map covering f. Furthermore, f*& is uniquely characterized by the property
that mome = fomy;

M ——= M

B —— B

e, iféE=m7: M H_B is a fiber bundle with fiber F' and group G, and there
exists a bundle map f : & — £ covering f : B — B, then £ & f*¢.

PROOF. A bundle chart (7, ¢) of £ over U C B induces a chart (7, $) of
f*€ over f~Y(U), where ¢ = ¢ o mp. It is easily checked that the transition
functions satisfy fz ;5 = fg,p © f, so that f*¢ is a bundle as claimed, and
is a bundle map by definition. For the uniqueness part, let £ be a bundle
as in the statement. By the remark following Definition 1.3, the coordinate
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bundle over B with bundle charts of the form (7=!(f~*(U)), (7, ¢ o f)), where

(m=1(U), (7, ¢)) is a bundle chart of 7, is equivalent to £. Since it has the same
transition functions as f*¢&, f*¢£ is equivalent to £. a

Observe that the structure group of f*¢ may very well be smaller than G,
since its transition functions are those of £ composed with f.

If ¢ = m; : E; — B are two vector bundles of rank n; over B, then £; x {; =
m X 7y : 1 X F5 — B X B is a vector bundle of rank n; + no. Consider the
diagonal imbedding A : B — B x B, A(b) = (b,b).

DEFINITION 5.1. The Whitney sum & @ & is the rank (ny + ns) vector
bundle A* (& x &2).

The fiber of &1 @© & over b € B is Eyp, ® Eap.

DEFINITION 5.2. Let & = m; : E; — B be two vector bundles over B. A
map h : Fy — FE5 is said to be a homomorphism if it maps each fiber Fy,
linearly into Fao.

Thus, a homomorphism h : E; — Es is just another word for a section s of
the bundle Hom(&1,&2): We can go from one to the other via s(b) = h|g,,. By
Corollary 3.1, if A is an isomorphism on each fiber, then h is an equivalence.
Conversely, an equivalence is a homomorphism (and a bundle map). More
generally:

PROPOSITION 5.2. Let&; = m; : E; — B; be vector bundles over B;, i = 1, 2.
If h : By — FE5 maps each fiber 7r1_1(b1) linearly into a fiber 772_1(172), then
h = fog, where g is a homomorphism and f a bundle map.

PROOF. Consider the pullback bundle h*&s, where h : By — Bs is the map
induced by h. If pry : h*Ey — Fj3 is the bundle map given by projection onto
the second factor, then h = pry o g, where g : 1 — h*Fs is the homomorphism

g(u) = (m1(u), h(u)).

B, —2— e, 22 B,

ml pnl Jm

Bl —— By ——— DBy
1B1

O

THEOREM 5.1. Let & = m; : E; — B denote vector bundles over B, h :
Ey — Es a homomorphism.
(1) If h is one-to-one (on each fiber), then coker h = & /h(&1) is a vector
bundle over B.
(2) If h is onto, then ker h is a vector bundle over B.

PROOF. (1) Suppose that for each b € B, the restriction h : Ey, — Egp is
injective. If & has rank n and &; rank n + k, then the vector space Eap/h(E1p)
has dimension k. We construct a bundle atlas for coker h = Upe g Eop/h(E1p):
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Let b € B, (m1,¢) and (m2,v) be bundle charts on 7; }(U), where U is a
neighborhood of b. Consider the map g : U — Hom(R", R"*¥) given by

g(p) =voho(dp,) "

g(p) has rank n for all p € U, and we may assume, by reordering coordinates
if necessary, that the first n rows of the matrix M (b) of g(b) with respect to
the standard bases are linearly independent; i.e., that pry o g(b) : R — R™ is
an isomorphism, where prq : R**% — R™ is the projection. By continuity, this
holds for all p in a neighborhood (which we also call U) of b. It follows that for
each p € U, the map

R"+k = R" % Rk N Rn+k,
(u,v) = g(p)u+ (0,v)
is an isomorphism, and f : U x R® x R¥ — U x R"** where f(p,u,v) =
(p, g(p)u + (0,v)), is an equivalence of trivial bundles. Thus, (s, ¥) := f~!
(m2,%) is a bundle chart for . By construction, v € Es, belongs to h(E1p)
iff (mo, ¥)(v) € px R® x 0 C U x R™® x R*. Therefore, if 7 : coker h — B is

the natural projection and pry : R” x R¥ — RF the projection onto the second
factor, then the bundle chart (s, ¥) of & induces a diffeomorphism

7Y U) — U x R,
w + h(Elp) = (p7 (pTQ © \I/)’(U),

e}

which is linear on each fiber. This yields a bundle atlas on cokerh — B:
smoothness of the transition functions follows from smoothness of h and of the
transition functions of &;.

(2) Suppose h : By, — Eop is onto for each b € B, with n+k& and n denoting
the ranks of & and & respectively. Let U, g : U — Hom(R"** R") be as in
(1). We may assume that g(p)ei,...,g(p)e, are independent for each p in U.
Define a bundle equivalence

f:U xR U xR" x RF,
(p,a) — (p,9(P)a, ani1,- -, Anik),

so that (71, ®) := f o (71, ¢) is a bundle chart for &; over U. By construction,
h(v) = 0 for v € wy 1(U) iff (1, ®)(v) € U x 0 x R¥. (71, pry o ®) is therefore a
bundle chart for ker h. O

If h: & — & is a one-to-one homomorphism, then h(£;) is a subbundle of
&5 equivalent to . An exact sequence of bundle homomorphisms is a sequence
of homomorphisms

0—& 2 Logg—o0
such that the kernel of each map equals the image of the preceding one; thus,

h is one-to-one, f is onto, and h(&;) = ker f.

ProroOSITION 5.3. If 0 — & N & £, & — 0 is an exact sequence
of homomorphisms, then there exists an equivalence g : & — & & &3 with
goh : & — & @ &3 being the inclusion, and fog™! : & ® & — &3 the projection.
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PRrROOF. Consider a Euclidean metric (,) on & (cf. Theorem 4.1). Since
the metric is smooth as a section, the orthogonal projection 7 : & — h(&) is a
bundle homomorphism. Being onto, its kernel h(£;)* is a bundle, and the map

L:h(&) & h(&)*r — &,
(v,w) = v+w

is an equivalence. The restriction h : & — h(&;) of h is also an equivalence.
Furthermore, the restriction f : h(&;)* — &3 of f is a one-to-one homomorphism
because ker f = h(&;), so that by rank considerations, it is an equivalence. Thus,
g:= (1@ f)oL™: & — & @ &3 has the required properties. O

EXAMPLE 5.1. Let £ = 7 : E — B be a vector bundle over B, and denote
by 7g, 7 the tangent bundles of E and B. Since 7, : TE — T B maps the fiber
over u € E linearly onto the fiber over 7(u) € B, m. induces an epimorphism
h : 75 — m*1p by Proposition 5.2. Its kernel ker h = ker 7, is therefore the
total space of a bundle V¢ = 7y, : VE — FE over F, called the vertical bundle of
&. By Proposition 5.3,

TE ZVED TR,
The fiber VE,, of V¢ over u € E can be described as follows: If b = w(u), and
1: B, = 7~ 1(b) — E denotes inclusion, then VE, = 1.(E}), as an immediate
consequence of Proposition 6.2 in Chapter 1 (here, (Ej),, is the tangent space
of Ey at u).

Let f : M — N be an immersion. Since f, : TM — TN is linear and
one-to-one, it induces a monomorphism h : 7py — f*7n.

DEFINITION 5.3. Let f: M — N be an immersion. The normal bundle of
f is the bundle v(f) = f*7n/h(Tp) over M.

Since 0 — 7y — f*rn — v(f) — 0 is an exact sequence of homomor-
phisms, Proposition 5.3 implies that f*ry = 73 @ v(f). In fact, given a Eu-
clidean metric on f*7y (for instance one induced by a Riemannian metric on
N), v(f) is equivalent to the orthogonal complement of h(7as).

EXAMPLE 5.2. Consider the inclusion 2 : S — R"*!. By the remark
following Proposition 5.1, the pullback of the trivial tangent bundle of R**!
via 1 is the trivial rank (n + 1) bundle €"*! over S™. The normal bundle of 1 is
also the trivial rank 1 bundle €' over S™: Indeed, the restriction of the position
vector field p — Jpp to the sphere is a section of the frame bundle of Td». Thus,

Tgn @€t = et

even though 7g~ is not, in general, trivial.

EXERCISE 58. Show that if € is a vector bundle, then £ B¢ admits a complex
structure, see Exercise 57. Hint: Let J(u,v) = (—v,u).

EXERCISE 59. If £ =7 : E — B is a vector bundle, show that the vertical
bundle of ¢ is equivalent to the pullback 7*¢. Hint: Recall the canonical iso-
morphism 7, of the vector space E, with its tangent space (Ej), at u. Show
that f: 7*FE — VE is an equivalence, where f(u,v) = J,v.
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EXERCISE 60. If ¢ = 7 : E — B is a vector bundle, then by Example 5.1
and Exercise 59, 7p = 7*¢ @ ¥ 1. Prove that if s is the zero section of &, then

S'TE 2 EPD TBR.

Thus, the normal bundle of the zero section in £ is & itself.

6. Fibrations and the Homotopy Lifting/Covering Properties

Although we have so far only considered bundles over manifolds, the defi-
nition used also makes sense for manifolds with boundary (and even for topo-
logical spaces—the traditional type of base in bundle theory— if we replace
diffeomorphisms by homeomorphisms). Let B be a manifold, I = [0, 1], and for
t € I, denote by ¢ : B — B x I the imbedding :(b) = (b,). Recall that two
maps f,g: B — B are said to be homotopic if there exists H : B x I — B with
How= fand How =g. H is called a homotopy of f into g.

Homotopies play an essential role in the classification of bundles: In this
section, we will see that if £ is a bundle over B, then for any two homotopic
maps f,q: B — B, the induced bundles f*¢ and g*¢ are equivalent.

We begin by introducing the notion of fibration, which is weaker than that
of fiber bundle:

DEFINITION 6.1. A surjective map 7 : M — B is said to be a fibration if
it has the homotopy lifting property: namely, given f : B — M, any homotopy
H:Bx[—>Bof7rofcanbeliftedtoahomotopyﬁ:BxIHMoff; ie.,
mroH=H,Hou=f.

In order to show that a fiber bundle £ =7 : M — B is a fibration, we first
rephrase the problem: Notice that a homotopy H : B x I — B can be lifted
to H : B x I — M iff the pullback bundle H*M — B x I admits a section.
Indeed, if H is a lift of H, then (b,t) ~— (b, t, H(b,t)) is a section. Conversely, if
s is a section of H*M — B x I, then myo s is a lift of H, where my : H*M — M
is the second factor projection. In other words, the homotopy lifting property
may be paraphrased as saying that if £ is a fiber bundle over B x I, then any
section of §|pxo can be extended to a section of .

We begin with the following:

LEMMA 6.1. Let & be a principal bundle over B x I. Then any b € B has
a neighborhood U such that the restriction &y s trivial.

PROOF. By compactness of b x I, there exist neighborhoods V7, ..., V) of b,
and intervals Iy, ..., It such that {V; x I;} is a cover of bx I, and each restriction
§|v,x1, 1s trivial. We claim that U may be taken to be V3 N ---NVj. The proof
will be by induction on k.

The case k = 1 being trivial, assume the statement holds for ¥ — 1. Order
the intervals I; by their left endpoints, so that if I; = (t‘;,t}), then t? < t?ﬂ
(if t? = t9+1a then either I; or ;41 can be discarded). We may also assume
that ¢} < t} since otherwise Io may be discarded. If to € (¢3,¢1), then by the
induction hypothesis, £ is trivial over Uy X [0,%9), and over Us X (tg, 1], where
Ui =Viand Uy = VonN---NV,. Let s; and s9 be sections over these two sets.
For each (q,t) € (U NUs) x (t9,t1), there exists a unique g(q,t)) € G such that
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51(q,t) = s2(q,t)g(q,t), and g : (U3 NUs) x (t9,t}) — G is smooth because the
sections are. Extend g to a differentiable map g : (U; N Us) x (t3,1] — G. We
then obtain a section s of ¢ restricted to (U; N Uz) X I by defining

S(q t) — Sl(qvt)7 for t S th
’ SQ(qvt)g(qat)v for ¢t > to.

O

THEOREM 6.1. Let £ = m : P — B x I be a principal G-bundle, and
consider the maps p: Bx I — B x 1, p(b,t) = (b,1), and j: Bx 1 — B x 1,
j(b,1) = (b,1). Then

§Z(jop)"§ =p"EBx1-

PROOF. Denote by 7 : P — B and u : P — I the maps obtained by
composing 7 with the projections of B x I onto its two factors. We will construct
a G-equivariant bundle map f : P — 7 1(B x 1) covering p; the theorem will
then follow from Theorem 3.1 and Proposition 5.1.

By Lemma 6.1, there exists a countable cover {U,} of B such that ¢ is
trivial over each U, x I. Let s,, denote a section of {7, 1, and {¢, } a partition
of unity subordinate to {U,}. Since any element in 7—1(b,t) with b € U,, can
be written as s, (b,t)g for a unique g € G, the assignment

fon 7 N U, x I) = 77U, x I),
sn(b,t)g — sp(b, min{t + ¢, (b),1})g

is a G-equivariant bundle map. Furthermore, f, is the identity on an open set
containing 7~ (0U,, x I), and may therefore be continuously extended to all of
P by defining f,,(q) = q for ¢ ¢ 7= (U,, x I). Finally, set f = fio foo---. The
composition makes sense because all but finitely many f, are the identity on
a neighborhood of any point. f is G-equivariant since each f, is, and uwo f =
min{u + (3. ¢,) o g, 1}, so that uo f = 1. Thus, f maps into 7= 1(B x 1),
and furthermore, f is differentiable, because although w o f,, is in general only
continuous, u o f is differentiable. This completes the proof. g

COROLLARY 6.1 (Homotopy Lifting Property). A fiber bundle is a fibration.

PROOF. As noted at the beginning of this section, what needs to be shown
is that if £ is a fiber bundle over B x I with group G and fiber F, then any
section s of §|px1 can be extended to the whole bundle. With the notation of
Theorem 6.1, if 7 : P — B x I denotes the principal G-bundle associated to &,
then there exists a bundle map f : P — 7~ (B x 1) covering p. f then induces a
bundle map f : £ — § px1 between the associated bundles with fiber F'. Thus,
[t osopis asection of £ Furthermore, the restriction of f to 7~1(B x 1) is
the identity, so f~! o s o p is an extension of s. O

Recall that 2 : B — B x I denotes the imbedding #:(b) = (b, t).

COROLLARY 6.2. Let € be a fiber bundle over B x I. Then & = 17€.
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PROOF. We may assume that £ is a principal bundle. Let p; : Bx I — B
denote the projection onto the first factor. With notation as in Theorem 6.1,

jop=1opi, and = (jop)*{ = piy;&. Thus,
w08 = piné = (p1ow) 1€ = 11E,
since p; o9 = 13. 0

COROLLARY 6.3 (The Homotopy Covering Property). Let § denote a fiber
bundle over B. If f,g: B — B are homotopic, then f*¢ = g*&.

PROOF. Let H : Bx I — B be a homotopy with Hoy = f and Hov, = g.
By Corollary 6.2,
&= (H"E) =1 (H") = g%¢.
|

EXERCISE 61. Show that a bundle over a contractible space (one for which
the identity map is homotopic to a constant map) is trivial.

EXERCISE 62. Suppose M — B is a fiber bundle, and let H : Bx I — M be
a lift (the existence of which is guaranteed by Corollary 6.1) of some homotopy
H : B x I — B. Show that H may be chosen to be stationary with respect to
H:i.e., if H(b,t) is constant in ¢ for some b € B, then so is H(b,t).

EXERCISE 63. Let 7 : M — B be a fibration, b € B, p € 7~ (B).

(a) Show that any curve ¢ : I — B with ¢(0) = b may be lifted to a curve
¢ in M with ¢(0) = p.

(b) Let ¢;, i = 1,2, denote two curves in B from b to b, and H a homotopy
of ¢1 into ¢y with H(0,s) = b, H(1,s) = b for all s € I. Prove that, if ¢; is a
lift of ¢; to M with ¢;(0) = p, then ¢; is homotopic to ¢z, and the two curves
have the same endpoint.

(c) Prove that the lift of ¢ in (a) is unique.

7. Grassmannians and Universal Bundles

The collection Gy, ) of all n-dimensional subspaces (or n-planes) of R™"+k
is called the Grassmannian manifold of n-planes of R"**. Consider the map
m:0(n+k) — Gy given by m(L) = L(R™), where R™ denotes the subspace
R" x 0 C R"**. 7 is onto, and (L) = 7(T) iff L= o T(R") = R"; i.e., iff L7 1o
T € O(n) x O(k) C O(n + k). m therefore induces a bijective correspondence

O(n+k)/O(n) x O(k) «— G,

and we endow G, , with the differentiable structure for which this correspon-
dence becomes a diffeomorphism. G, ;. is then a compact homogeneous space
of dimension (";k) -(%) - (12“) = nk. Gy, for example, is just RP*.

One can explicitly describe a differentiable atlas for G, : Given an n-plane
P in G, 1, decompose R"™* = P @ P+ and denote by 7, 72 the projections
of R"* onto P and P~ respectively. Let U be the open neighborhood of P
consisting of all n-planes V' such that 7y : V' — P is an isomorphism, and

define x : U — Hom(P, P+) by (V) =m0 771_“1/ x is a homeomorphism with



76 2. FIBER BUNDLES

inverse (L) = {u + Lu | u € P}. Since Hom(P, P*) = P* ® Pt is a vector
space of dimension nk, x may be considered as a coordinate map x : U — R"*.
It is straightforward to check that the transition maps for the collection of all
such charts are differentiable.

There is a canonical rank n vector bundle v, , over G, j: its total space is
the subset E(7y.1) of Gy, X R** consisting of all pairs (P,u) such that u € P,
and 7 : E(vnx) — Gnk is given by m(P,u) = P. Thus, the fiber over P € G,, 1,
is P itself. The differentiable atlas of G, ; described above induces a bundle
atlas on 7, ,: given P € G, j, the orthogonal projection p : R*"tF — P, and
U ={V € Gnx | pjv is an isomorphism}, let ¢ : 7= 5(U) — P = R"™ be given
by ¢(v) = p(v). Then (m,¢) : m~1(U) — U x R" is a diffeomorphism which
maps each fiber isomorphically onto R™.

Y,k is called the universal rank n bundle over G,, i, the reason being that
any rank n vector bundle over a manifold B is equivalent to f*v, , for suffi-
ciently large k& and some map f : B — G, . Recall that the pullback of a
bundle is less twisted than the original, since the transition functions of the
former equal those of the latter composed with the pullback map. Roughly
speaking, the universal bundle is so twisted that any other bundle is a diluted
version of it. Some more work is needed before we are in a position to prove
this, but it can already be established in the case of a tangent bundle:

ExAMPLE 7.1. A classical theorem in topology states that any n-manifold
M can be immersed in Euclidean space R"t*  provided k is large enough. If
f is such an immersion, then f,M, is an n-dimensional subspace of R?E;’)“ for

each p in M, and jf?;)f*Mp is an element of G, ;. The map
h: TM — E(yn k),
0= Ty o Mps Ty F20),

for v € M, is a bundle map covering h : M — G,, j;, where h(p) = jf_(zl,)f*Mp-
Thus, the tangent bundle of M is equivalent to h*v, ; by Proposition 5.1.

FIGURE 3. A classifying map h : S — Gy for 752.

In order to deal with the general case, we will need the following:
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LEMMA 7.1. Let £ denote a vector bundle over an n-dimensional manifold
B. Then B can be covered by n+1 sets Uy, ..., Uy, where each restriction &y,
is trivial.

PrOOF. Choose an open cover of B such that £ is trivial over each element.
It is a well-known theorem in topology that this (and in fact any) cover of an
n-dimensional manifold B admits a refinement {V, },ec4 with the property that
any point in B belongs to at most n+ 1 V,,’s. Let {¢,} be a partition of unity
subordinate to this cover, and denote by A; the collection of all subsets of A with
i+1 elements. Given a = {ay,...,a;} € A;, denote by W, the set consisting of
those b € B such that ¢ (b) < oy (), ..., dq, (b) for all & # ag,...,a;. Then

(1) each W, is open,
(2) WoNWy =0if a#a, and
(3) §w, is trivial.

Statements (1) and (2) follow immediately from the definition of these sets;
(3) holds because W, C ﬂ;zo Supp ¢, C ﬂ;-:OVaj, and £ is trivial over each
V. Define U; = Ugea, W,. By (1), U; is open, and by (2) and (3), £ is trivial
over U;.

It remains to show that Uy, ..., U, cover B. For any fixed b € B, consider
the set a = {a € A | ¢o(b) > 0}. a is nonempty because ¢, (b) > 0 for some «,
and a € A; for some j < n because at most n + 1 of the sets V,, contain b, so
that at most n+ 1 of the functions ¢, are positive at b. Thenbe W, C U;. O

THEOREM 7.1. Let £ be a rank n vector bundle over B. For large enough
l, there is a map f : B — G,,; such that £ = f*~v, ;.

G, is then called a classifying space and f a classifying map for €.

PROOF OF THEOREM 7.1. By Lemma 7.1, there is an open cover Uy, ..., U
of B with the restriction of £ over each U; being trivial, so that there exist bun-
dle charts (m, ¢;) : 7 1(U;) — U; x R™. Let 41,...,9, be a partition of unity
subordinate to Uy, ..., Uy, and define &, : E(§) — R™ for each ¢ = 1,...,k by

(1) = (Yiom)(w)gi(u),  uwer YUy,
' 0, u ¢ HUy).

®; is linear on each fiber of £, but not one-to-one in general. However, ® =
(®1,...,P%) : E(€) — R is one-to-one: suppose ®(u) = 0; if b = 7(u), then
;(b) > 0 for some j, and b € U;. Since ®(u) = 0, ®;(u) must also vanish. But
®; is an isomorphism on FEj, so that v = 0, and ® is one-to-one. Then

fE€) = E(n(e-),
u = (@ (m(u)), (u))
is a bundle map covering
[iB = Gpnk-1);
bim &(m (b)),
and § 2 f*v, nk—1) as claimed. 0
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