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Chapter 1

Smooth Manifolds

1.1 Exercises

Exer 1.1. Show that equivalent definitions of manifolds are obtained if instead of allowing U
to be homeomorphic to any open subset of R™, we require it to be homeomorphic to an open ball
in R™, or to R™ itself.

Since U is open, 3r > 0, s.t.B,(¢(p)) C U.
S0 1€ 6™ (Bo @ 0): #l1 gy ¢ (Br(#0)) = Br(i(p)) s homeomorphism,

And let 2 B, (p(p)) > B, s tan (Tlgelel) et}

(o)) homeomorphism from ¢~!(B,(o(p))) to R™.

Hence ¢ o ¢| o1 (B

Exer 1.6. Show that R™ is Hausdorff and second-countable, and is therefore a topological n-

manifold.

Because w(z) = (i) , we can obtain that 7T|Sn is surjective.

Andfora:yES"[ [v] <:>E|a€Rst$—ay<:>x—:|:y

So WLOG, suppose d(z,y) < d(x,—y) and consider two open sets U = (B,(z) N S") U
(Br(—x)NS™),V = (Br(y) NS™) U (Br(—y) NS™), where 2r < d(z,y).

Then U,V are neighborhood of z,y resp. in S*, and UNV =&

Therefore [z] € w(U), [y] € n(V),n(U) N7(V) = &, i.e. RP" is Hausdorff.

And RP" is second-countable, since S is second-countable and 7 is open map.
Exer 1.7. Show that RP" is compact.

By proposition A.45(a), RP" is compact, since W‘Sn : S" — RP" is surjective.
Lemma 1.13. Suppose X is a locally finite collection of subsets of a topological space M.

(a) The collection {X : X € X} is also locally finite.

b)) Ux=U X.

XeX XeX

Exer 1.14. Prove the preceding lemma.

(a) Vp € M,Ineighborhood U, s.t.U intersects at most finitely many of the sets in X.
We claim that if UN X =@, UN X = @.

Then we can deduce the conclusion immediately since {X : X € X, X NU # @} C {X :
XeX,XNU # o}.

To verify the claim, suppose z € U N X.
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Then x must be a limit point of X, i.e.x = lim z,,z, € X.
n—oo

But z,, ¢ U since UU X = &, which means that x € U is a limit point of U, contradiction!
Hence U N X = @ so the statement is true.

(b) U X consist of all X € X and all their limit points, so it is obviously contained in J X.
XeX XeX

Conversely, for p € |J X, if pis in some X € X, then p € |J X is trivial.
XeX XeX

So we now consider the case that p is a limit point of |J X.
XeX

Let U be a neighborhood of p that intersects at most finitely many of the sets in X, and
Jim p; = p, {pn} CU.

Then by pigeonhole principle, 3X € X, s.t.X N {p,} has infinite many elements.

Pick the subsequence of {p,} that contained in X, we conclude that p € X.

Hence J X = U X.
XeX XeX

Prop 1.17. Let M be a topological manifold.

(a) Every smooth atlas A for M is contained in a unique maximal smooth atlas called the
smooth structure determined by A.

(b) Two smooth atlases for M determine the same smooth structure if and only if their union
is a smooth atlas.

Exer 1.18. Prove Proposition 1.17(b).

=: Let A, B be two smooth atlas for M that determine the same smooth structure.
SoA=B=AUBDAUB, i.e.AUB is smooth.

<: Because AU B is smooth and A, B C AU B.

So A=AUB =B, i.e.A,B determine the same smooth structure.

Prop 1.19. Every smooth manifold has a countable basis of reqular coordinate balls.
Exer 1.20. Prove Proposition 1.19.

Consider the same construction as lemma 1.10, for any precompact coordinate ball V', let
(U, ) be the chart of M that contains V.

So V is precompact in U, and V = B,(z) C By(z) C U for some 1’ > r.

Hence V must be a regular coordinate ball, i.e.there is a countable basis of regular coordinate
balls.

Prop 1.38. Let M be a topological n-manifold with boundary.

(a) IntM is an open subset of M and a topological n-manifold without boundary.
(b) OM is a closed subset of M and a topological (n — 1)-manifold without boundary.
(¢) M is a topological manifold if and only if OM = @.

(d) If n =0, then OM = & and M is a 0-manifold.

Exer 1.39. Prove the preceding proposition. For this proof, you may use the theorem on
topological invariance of the boundary when necessary. Which parts require it?
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(a) IntM is the union of all interior chart, so it is an open subset of M.
And for every p € IntM, there is a interior chart (U, ¢) that contain p, and U C IntM.
So (U, ) is a chart of IntM, i.e.Int M is a topological n-manifold without boundary.

(b) By theorem 1.37, OM = M — IntM is closed in M.
For every p € OM, there is a boundary char (U, ¢) that sends p to OH".

So consider V = o~ 1(U NOH") C OM, the chart (v, <p|v) contain p and map V to OH"
RA-L

Hence OM is a topological (n — 1)-manifold without boundary.
(c) =: By definition, there is no boundary chart, i.e.0M = &.
<: M = IntM since each point in M is either interior point or boundary point.
So by (a), M is topological manifold.
(d) Since n =0, RY = H? and OH" = &.
So OM = @, i.e.M is a O-manifold.

Prop 1.40. Let M be a topological manifold with boundary.

(a) M has a countable basis of precompact coordinate balls and half-balls.
(b) M is locally compact.

(¢) M is paracompact.

(d) M is locally path-connected.

(e) M has countably many components, each of which is an open subset of M and a connected
topological manifold with boundary.

(f) The fundamental group of M is countable.
Exer 1.41. Prove the preceding proposition.

(a) Similar to Lemma 1.10 and proposition 1.19, we first consider the case that there is a global
smooth chart (M, ).

If (M, p) is interior chart, it is totally the same as Lemma 1.10.
If (M, ¢) is boundary chart, consider B = {Br(x) .2t € Q, By (x) C U for some ' > T}U
{BT(x) NH": 72 e Qx e H, By(z) NH" C U for some 7/ > r}.

Then B is a countable basis of U, consisting of precompact balls and half-balls.
Hence ¢~ !(B) is a countable basis of precompact coordinate balls and half-balls.

We now let M be an arbitrary smooth manifold. By definition, each point of M is in the
domain of a chart.

By proposition A.16, M can be covered by countably many charts, and each chart has a
countable basis of precompact coordinate balls and half-balls.

Hence the union of all these open set forms a countable basis of precompact coordinate balls
and half-balls of M.

(b) Directly from (a).
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(c) We prove a stronger statement: given an open cover X of M and any basis B, there exists
a countable, locally finite open refinement of X consisting of elements of B.

Let (K;) be an exhaustion of M by compact sets, and V; = K1 /IntK;, W; = IntKj 0/ K;_;.
Then V; is a compact set contained in the open set W;.

For each x in Vj, there exist X, € X, B, € B that contain z, and B, C X, N W;

Since all B, form a cover of Vj, so it has a finite subcover.

The union of all finite subcover as j range over Z™' is a countable open cover of M, which
is a refinement of X.

And the cover is locally finite, since W; N Wy = @ for |j — j'| > 2.
(d) Directly from (a).

(e) By proposition A.43(a), each component is open in M, thus they form an open cover of M.
Since M is second-countable, this cover must have a countable subcover.

But the components are all disjoint, which means that there must have only countable
different components.

And they are connected topological manifold with boundary, since they are open subset.

(f) Using the conclusion of (a)—(e), the prove of this statement is totally the same as proposition
1.16, which is pretty complicated and I don’t want to repeat it here.

Exer 1.42. Show that every smooth manifold with boundary has a countable basis consisting of
reqular coordinate balls and half-balls.

Consider the same construction as proposition 1.40, for any precompact coordinate ball V',
let (U, ) be the chart of M that contains V.

So V is precompact in U, and V = B,(x) C Bu/(z) C U for some ' > r.

Hence V must be a regular coordinate ball.

And for any precompact coordinate half-ball V', let (U, ¢) be the boundary chart of M that
contains V.

So V is precompact in U, and V = B,.(0) NH" C B,,(0) NH" C U for some 7' > r.

Hence V must be a regular coordinate half-ball.

Therefore there is a countable basis consisting of regular coordinate balls and half-balls.

Exer 1.43. Show that the smooth manifold chart lemma (Lemma 1.35) holds with “R™” replaced
by ‘“R™ or H"” and “smooth manifold” replaced by “smooth manifold with boundary”.

Totally the same as lemma 1.35 since there is no particularity of R™ been used while proving.

Exer 1.44. Suppose M is a smooth n-manifold with boundary and U is an open subset of M.
Prove the following statements:

(a) U is a topological n-manifold with boundary, and the atlas consisting of all smooth charts
(V,p) for M such that V. C U defines a smooth structure on U. With this topology and
smooth structure, U is called an open submanifold with boundary.

(b) If U C IntM, then U is actually a smooth manifold (without boundary); in this case we call
it an open submanifold of M.

(¢) IntM is an open submanifold of M (without boundary)
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(a) Consider the atlas in the statement, denote it as A.

For every point p € U, since there is a chart (V,¢) of M that contains p, the chart
(U Ny, @’Umv) € A also contains p.

And we can easily check that every two charts in A are compatible.

Hence A is a well-define smooth atlas and U is a smooth manifold with boundary.

(b) By proposition 1.40, Int M is a topological manifold without boundary, and all charts in the
smooth atlas in (a) are interior charts.

So IntM is a smooth manifold without boundary.

By example 1.26, U is an open submanifold of IntM.
(c) Directly by (b).

1.2 Problems

Prob 1.1. Let X be the set of all points (z,y) € R? such that y = +1, and let M be the quotient
of X by the equivalence relation generated by (x,—1) ~ (x,1) for all x # 0. Show that M is
locally Euclidean and second-countable, but not Hausdorff. (This space is called the line with
two origins).

Denote two different origins as a, b resp.

For x #0, z € (r — e,z + ¢) is an open set in M, where |¢| < |z|.

And (—€,0) U (0,e) U{a}, (—&,0) U (0,e) U{b} are both open and homeomorphic to (—¢,¢).

Hence M is locally Euclidean.

The set {(z,y) : x,y € Q,xzy > 0} U{(x,0) U (0,y) U{p}:z,y € Q,x <0< y,p € {a,b}} is
a countable basis of M, so M is also second-countable.

But every neighborhood of a must contain (—¢,0)U (0, ) U{a} for sufficiently small e, which
means that any two neighborhood of a,b must have nonempty intersection.

Therefore M is not Hausdorff.

Remark 1.1. This is a famous counterexample of the statement “quotient space of Hausdorff
space is Hausdorff”.

Prob 1.2. Show that a disjoint union of uncountably many copies of R is locally euclidean and
Hausdorff, but not second-countable.

X = | ] R, is obviously locally Euclidean and Hausdorff, we now prove that it is not
acd
second-countable.

Consider a cover B = {R,|a € &/}.

Then by proposition A.16, if X is second-countable, B must have a countable subcover.
But countable many sets in B can only cover countable many X;, contraction!

Hence X is not second-countable.

Remark 1.2. In generally, any disjoint union of uncountable many topological spaces is not
second-countable.

Prob 1.3. A topological space is said to be o-compact if it can be expressed as a union of
countably many compact subspaces. Show that a locally Fuclidean Hausdorff space is a topological
manifold if and only if it is o-compact.

=: By lemma 1.10, topological manifold is obviously o-compact.
<: Since X is locally Euclidean, for every point p, there is a chart (U, ) containing p.
So X can be covered by countably many charts, since X is o-compact.
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And because every charts are homeomorphic to open subset of R™, which are all second-
countable, we can obtain that X is also second-countable.
Hence X is a topological manifold.

Prob 1.4. Let M be a topological manifold, and let U be an open cover of M.
(a) Assuming that each set in U intersects only finite many others, show that U is locally finite.
(b) Give an example to show that the converse to (a) may be false.

(¢) Now assume that the sets in U are precompact in M, and prove the converse: if U is locally
finite, then each set in U intersects only finitely many others.

(a) Suppose there is a point p in M such that any of its neighborhood intersects with infinitely
many of the sets in U.

Then p must be contained in some U € U, since U is an open cover of M.

So U intersects with infinitely many of the sets in U, contradiction!

(b) let M =R, U ={R}U{(n,n+1):n € Z}, then it is clear that R intersects with infinitely
many different sets in U, but U is locally finite.

(c) For every open set U € U, U is compact.
Since every point p € U has a neighborhood that intersects with finitely many of sets in U.
Consider all these neighborhood as a cover of U, it must have a finite subcover.

So there must have only finitely many of the sets in U that intersects with U, otherwise one
of the neighborhood in the finite subcover will intersects with infinitely many of sets in U.

Prob 1.5. Suppose M is a locally Fuclidean Hausdorff space. Show that M is second-countable
if and only if it is paracompact and has countably many connected components.

=: By proposition 1.11 and theorem 1.15, M is paracompact and has countably many
connected components.

<: We first prove that M is second-countable when it is connected, once this is done, there
is also a countable basis for countably many connected components cases.

For every point p € M, there is a precompact chart (U, ¢) containing p.

All these charts form a open cover of M, so it has a locally finite refinement denoted by U.

By problem 1.4(c), every set in U intersects only finitely many others.

Consider a set sequence V,, in U, inductively define by letting Vo be an arbitrary set in U,

n—1
and V,, be the sets in U that intersect sets in |J V; but not contained in it.
i=0

oo
We claim that the collection |J V; cover M.
i=0
Since M is locally Euclidean and connected, it is locally path-connected, i.e.M is path-

connected.

So for each point x € M, there must have a path v : [0,1] — M that connects x and a point
in Vg together.

And ~([0,1]) is compact, it can be covered by finite many sets in U.

Divided [0, 1] into several parts 0 = ag < a1 < --- < ag = 1, such that f([a;—1,a;]) C U; for

some U; € U.
i k
Then it is easy to see that U; C |J V;, which means that z is covered by (J V;.
=0 i—0
o0 I !
Hence the collection |J V; cover M, and it is countable since every V; are countable.

1=
Therefore M is second-countable, since every elements in V; are charts.
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Prob 1.6. Let M be a nonempty topological manifold of dimension n > 1. If M has a smooth
structure, show that it has uncountably many distinct ones.

Let fs : B" — B",x — |z|* 'z, which is obviously a homeomorphism, we first prove that
fs(x) is a diffeomorphism iff s = 1.
When s =1, fs(z) = x is obviously a diffeomorphism.

Then we consider the case that s < 1, we have aaf—;’ll .= |zt + (5 — 1)a2|z|*~3. If we
r=
approx 0 along the xi-axis, we find that aaf;’ll = (s — 1)|z1|*~ — oo, is not well-defined.
So fs(z) is not a diffeomorphism when s < 1. And for s > 1, f;l(z) = \xﬁ_lx is not
diffeomorphism.

Hence, for a given smooth manifold M with a smooth structure A, we consider an arbitrary
point p and a chart (U, ) € A that contains p.

We first make (U, ¢) to be the only chart that covers p, let A" = {(V\{p}H)|(V,v) € A} U
{(U, )}, which is obviously a smooth chart.

Then since U C R™ is open, there exist an r such that B (p,r) c U.

So let A” = {(V\{p},¥)|(V,¥)) € A} U{(W,¢)}, where W = o~ ! (B (p, 7)) C U.

Now we try to modify ¢, define ¢ = ‘pT_ﬁ, then ¢ maps W to the unit ball.

Therefore we define AY = {(V\{p},¥)|(V,¢) € A} U{(W, fs o $)} and prove that it is
smooth.

Since every two charts that not containing p are smoothly compatible, we now focus on the
chart (V\{p}, ) and (W, f, o ).

Then (Fso0¢)oyp™1 1 p(WUV\{p}) — B"\{0} is a diffeomorphism.

In the end, we prove that any two A” and A}’ are not compatible.

Consider charts (W, fs o ¢) and (W, f; o ¢), the transition map is fso¢po ¢! o f;l = fg is
not diffeomorphism, ¢.e.these two charts are not smooth compatible.

Hence it has uncountably many distinct ones.

Prob 1.7. Let N denote the north pole (0,---,0,1) € S* C R"*!, and let S denote the south pole
(0,---,0,—1). Define the stereographic projection o : S"\{N} — R™ by o (z!,--- ,2"*1) =

(aliminf?) Let 6(x) = —o(—xz) for x € S\{S}.

(a) For any x € S\{N}, show that o(z) = u, where (u,0) is the point where the line through N
and x intersects the linear subspace where x" " = 0. Similarly, show that &(x) is the point
where the line through S and x intersects the same subspace. (For this reason, & is called
stereographic projection from the south pole. )

(b) Show that o is bijective, and o= (ul, - ju™) = (QUI""‘jZHMLI)-

(c) Compute the transition map & o o~ and verify that the atlas consisting of the two charts
(S"\{N},0) and (S"\{S},5) defines a smooth structure on S™. (The coordinates defined
by o or & are called stereographic coordinates. )

(d) Show that this smooth structure is the same as the one defined in Example 1.31.

(a) We only need to prove that (o(x),0), x and N are collinear.

.. xl—(a(z))l o xn+lxi o CL‘i o C[,/.2'7]\/"2
This is because P = gl (ptITT) = patIo] = gt T NwF

(b) By (a), since a line can only have two intersect with the sphere.

So o is injective.

Consider an arbitrary point u = (u!,--- ,u™), we need to prove that the line connecting u

and N has another intersect with the sphere.



CHAPTER 1. SMOOTH MANIFOLDS 8

Then the point x on the line satisfy that 2° = (1 — 2" Hu! fori=1,--- ,n
Since # € S\{ N}, we can obtain that (1 — 2" 1)2|u|? + (z"T1)? = 1,d.e.a™t = mzj
Hence o is bijective and o= (u!,--- ,u") = (2u1,---|,u2|1;:71|u|2,1)'

(c) 6o tul, - ,u") =6 (Qul’“"jg:’l'u'Ll)) = (uli;‘gun) is diffeomorphism, whose inverse is

itself.

So these two charts are smooth compatible, i.e.the atlas consisting of these two charts
defines a smooth structure on S”.

2u1>"' 71;i7"' 72u’n7|u|271

(ulz'" sV 17‘“"27’“‘”_1)

(d) Fori#n+1, pfoot = EEs) and oo (¢f) " = T—um are
diffeomorphism.
Fori=n+1, cpzi ool = ‘u‘gﬂu and o o (gogt)_l = —21 ___y are diffeomorphism.

VAR
So (S\{N'}, o) is smooth compatible with (U, ¢7), so is (S\{S},5).

Hence this smooth structure is the same as the one defined in Example 1.31.

Prob 1.8. By identifying R? with C, we can think of the unit circle S' as a subset of the complex
plane. And angle function on a subset U C S' is a continuous function 0 : U — R such that
e = 2 for all z € U. Show that there exist an angle function 0 on an open subset U C S if
and only if U # S'. For any such angle function, show that (U,0) is a smooth coordinate chart
for St with its standard smooth structure.

If there exist such angle function #, and suppose U = S'.

Since S' is connected and compact, let (S!) = [a, b].

And 0 is injective because e o § = Id is injective.

So 6 : St — [a, b] is homeomorphic, but S! is not simply connected, contradiction!

If U is proper subset of S, then every component of U is simply connected.

Let 0(z) = —iln(z) where In is a well-define branch of logarithm function.

Then 6 is a well-define continuous function satisfying that e?@(*) = 2.

And since 00§71 = [ = tan (% + %) ,G0071 =tan (—% + %) are diffeomorphism.
Hence U is smooth compatible with S'\{N} and S'\{S}, 4.e.(U, #) is a smooth coordinate

chart for S! with its standard smooth structure.

Prob 1.9. Complex projective n-space, denoted by CP", is the set of all 1-dimensional
complex-linear subspaces of C"1, with the quotient topology inherited from the natural projection
7 : C"*N\{0} — CP". Show that CP" is a compact 2n-dimensional topological manifold, and
show how to give it a smooth structure analogous to the one we constructed for RP". (We use
the correspondence (x' +iyt, -, 2" +iy" T o (2t gyt oo 2Lyt to ddentify CTL with
R2n+2_ )

For each i = 1,--- ,n+ 1, let U; € C**1\{0} be the set where 2 # 0 and let U; = 7 (Ul)

Since U; is a saturated open subset, U; is open and W‘U_ :U; > U is a quotient map.

Zl Z’i—l Zi+l Zn+l
P R Y R R A B B .

Define a map ¢; : U; — C" by ¢;[zt, -+, 2" = (
This map is well define because its value is unchanged by multiplying z by a nonzero constant.
Because p; o 7 is continuous, ¢; is continuous by the universal property of quotient maps.

In fact, ¢; is a homeomorphism because it has a continuous inverse given by Lpi_l (ul, - um) =
[ul, - w1 1wt - ™ as you can check.
Because the sets Uy, - -, U,41 cover CP", this shows that CP" is locally Euclidean.

And let f: CP" x CP" — C, (z,w) = >_ |ziw; — w;z;]
1<j
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Then f is obviously continuous, and f~1(0) = {(z, )|z € CP"}.
So {(z, z)|z € CP"} is closed, i.e.CP" is a Hausdorff space and a topological manifold.

. -1 _ (ul! T w1 W u” '\ :
More precisely, because ¢; o ;= (W’ o e s s s ) 18 adiffeo-
morphism, all these charts are compatible to each other.

Hence CP” is a smooth manifold.

Prob 1.10. Let k and n be integers satisfying 0 < k < n, and let P,QQ C R" be the linear
subspaces spanned by (e1,--- ,ex) and (exy1,- - ,en), respectively, where e; is the ith standard
basis vector for R"™. For any k-dimensional subspace S C R™ that has trivial intersection with
Q, show that the coordinate representation p(S) constructed in Example 1.36 is the unique

(n—k) x k matriz B such that S is spanned by the columns of the matrix [[Bﬂ , where I}, denotes
the k x k identity matriz.

Since e; + p(S)e; € S and are linear independent, since ¢(S)e; € Q.
So S is spanned by {e; +¢(S)e;|i = 1,--- ,k}, i.e.it is spanned by the columns of the matrix

[Ig] and B is obviously unique.

Prob 1.11. Let M = B", the closed unit ball in R™. Show that M is a topological manifold with
boundary in which each point in S"~ is a boundary point and each point in B" is an interior
point. Show how to give it a smooth structure such that every smooth interior chart is a smooth
chart for the standard smooth structure on B™.

Let U = B",U;" = {(xl,--- ,m”)EE"‘xi>0},Uf = {(xl,--- ,x”)e@”‘mi<0} and
define:

Sp;tUli—)B?;t’(ajl’ 73;”)_) (xl’ 7:6'7':':\/1_(;61)2__@__(%”)27 ’xn>7
where B"" = {(!, 2™ EIB%"‘xi>0},B?’7: {(@!,- 2™ GIB%"‘xi<0}.

It is easy to check that (pf;t is diffeomorphism, so the transition maps are all diffeomorphism.
Hence B" is a smooth manifold, with charts (U,1d), (Ui, apli)

)

Prop 1.45. Suppose My, -+ , My are smooth manifolds and N is a smooth manifold with
boundary. Then My X -+ X My x N is a smooth manifold with boundary, and O(My X --- X
My x N) =My X --- X My x ON.

Prob 1.12. Prove Proposition 1.45(a product of smooth manifolds together with one smooth
manifold with boundary is a smooth manifold with boundary).

By example 1.34, My x --- My, is a smooth manifold, denoted by M.

Consider the charts (U, ¢), (V,4) for M, N resp., and let (U x V, ¢ x 1)) be a chart for M x N.

And For any two such charts (U x Vi, o1 X ¥1), (Uz X Va, o2 X 1b2), note that (w2 X 13) o
(o1 X 1)1 = (p20 1) o (2 0 h ) is diffeomorphism.

Hence M x N is a smooth manifold with boundary.

And let (z,y) € (M x N), (U x V,¢ x 1) be a boundary chart that contains (z,y).

Since p(U) is open, (V,%) must be a boundary chart.

Moreover, ¥ (y) must be contained in OH", otherwise there is an interior chart whose image
is a neighborhood of ¥ (y).

Therefore (z,y) € M x ON.

Conversely, if (z,y) € M x ON, there is a boundary chart (V,1) that contains y such that
¥(y) € OH™.

So for a chart (U, ) that contains z, (U x V,¢ x 1) contains (z,y) and (¢ X ¥)(z,y) =

(o(x),9(y)) € OH™ ™.
Hence O(M x N) =M x ON.



Chapter 2

Smooth Maps

2.1 Exercises

Exer 2.1. Let M be a smooth manifold with or without boundary. Show that pointwise mul-
tiplication turns C*°(M) into a commutative ring and a commutative and associative algebra
over R.

For each point p € M, consider smooth charts (U, ¢), (V, 1) whose domain contain p, and
foe™t goy! is smooth.

So (U NV, ) is a smooth chart, and in p(UNV), goy ! =goyp=to(popt) is smooth.

Therefore (f +g) oot (fg) o vt (cf) ot are all smooth in (U NV).

Hence f + g, fg,cf € C®°(M), i.e.it is a commutative and associative algebra over R.

Exer 2.2. Let U be an open submanifold of R™ with its standard smooth manifold structure.
Show that a function f : U — RF is smooth in the sense just defined if and only if it is smooth
in the sense of ordinary calculus. Do the same for an open submanifold with boundary in H".

For each point p € U, fold™! = f in U, since (U,Id) is the global smooth chart.
So f is smooth in the sense just defined iff it is smooth in the sense of ordinary calculus.

Exer 2.3. Let M be a smooth manifold with or without boundary, and suppose f : M — RF is
a smooth function. Show that f o™ : o(U) — RF is smooth for every smooth chart (U, ) for
M.

For each point p € U, there exists a chart (V,v) containing p and f o~ is smooth.
So (UNV, ) is a smooth chart, and in o(V NU), fop ! = foyp~to(op™t)is smooth.
Hence f o ! is smooth at every point p € U, i.e.f o ¢! is smooth.

Prop 2.5 (Equivalent Characterizations of smoothness). Suppose M and N are smooth man-
ifolds with or without boundary, and F : M — N is a map. Then F is smooth if and only if
either of the following conditions is satisfied:

(a) For every p € M, there exist smooth charts (U, ) containing p and (V, 1) containing F(p)
such that U N F~Y(V) is open in M and the composite map ¢ o F o ¢! is smooth from
p(UNFH(V)) to (V).

(b) F is continuous and there exist smooth atlases {(Uq, pa)} and {(Vs,¢p)} for M and N,
respectively, such that for each o and 3, goF ot is a smooth map from po(UsNF~1(V3))

to wg(Vg).

Prop 2.6 (Smoothness Is Local). Let M and N be smooth manifolds with or without boundary,
and let F': M — N be a map.

10
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(a) If every point p € M has a neighborhood U such that the restriction F‘U is smooth, then F
is smooth.

(b) Conversely, if F is smooth, then its restriction to every open subset is smooth.
Exer 2.7. Prove the preceding two propositions.

(a) If F satisfies the condition, notice that (UNEF~1(V), ) is a smooth chart since UNF~1(V)
is open.

So F' is smooth by definition.

If F is smooth, by definition, for every p € M, there exist smooth chart (U, ¢) containing
p and (V,v) containing F(p), such that F(U) C V and ¢ o F o p~! is smooth.

So UNF~YV) =U is open, i.e.F satisfies the condition.

(b) If F satisfies the condition, then every point p € M is contained in some (Uy, ¢4 ), and F'(p)
is contained in some (Vj,3), and Uy N F~1(V3) open.
So by (a), F is smooth.

If F' is smooth, then there exists smooth atlases {(Ua,¢q)} and {(Vp,v3)} for M and N
resp., such that for each « there exists a 3 such that F(U,) C Vs and 1pgo Fopy! is smooth.

We now prove that these atlases satisfies the condition.
For each «, 3, let B’ satisfying that F(U,) C Vi and ¢z o F o o ! is smooth.
So¢pgoFop ! = (g0 ¢5_,1) o (g o Fopyt) is smooth from ¢, (Us N F~1(Vp)) to 95(Vp).

Remark 2.1. The conditions that UNF~1(V) is open in proposition 2.5(a) is necessary, problem
2.1 is a counterexample of the situation U N F~1(V) is closed.

(a) There exist smooth charts (V,¢) containing p and (W, 1)) containing F'(p) such that V' C
U,F(V)C W and 9 o F o p~! is smooth, since F‘U is smooth.

So by definition, F' is smooth.

(b) For each open set U and point p € U, there exist smooth charts (V) containing p and
(W, ) containing F(p) such that F(V) C W and 1 o F o ¢! is smooth.
And since (U NV, ¢) is a smooth chart and F(UNV) C W.

Hence by definition, F' ‘U is smooth

Exer 2.9. Suppose F': M — N is a smooth map between smooth manifolds with or without
boundary. Show that the coordinate representation of F with respect to every pair of smooth
charts for M and N is smooth.

For each pair of smooth charts (U, ¢), (V,1) and p € U, there exist smooth charts (U’, ¢')
containing p and (V’,4') containing F(p) such that F(U’) C V' and 9’ o F o (¢')~! is smooth.

SopoFop™t = (o) No(oFo(¢) 1) o(¢ op™t)is smooth from p(UNU'NF~L(V))
to Y(F(U) NV A V).

Hence v o F o ¢~ ! is smooth at each p € U,i.e.F" is smooth.

Prop 2.10. Let M, N, and P be smooth manifolds with or without boundary.

(a) Every constant map ¢ : M — N is smooth.

(b) The identity map of M is smooth.
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(c) If U C M is an open submanifold with or without boundary, then the inclusion map U — M
is smooth.

(d) If F: M — N and G : N — P are smooth, then so is GoF': M — P.
Exer 2.11. Prove parts (a) — (¢) of the preceding proposition.

(a) Let (V,%) be a chart that contains ¢(M).

Then for each point p € M and a chart (U, ¢) containing p, ¥ o cp™
constant map whose image is 1 (c(M)).

L is smooth since it is a
Hence ¢ is smooth.

' = 1d is smooth.

(b) For each point p € M and a chart (U, ) containing p = Id(p), poId o ¢~
So Id is smooth.

1

(c¢) For each point p € U and a chart (V, ) containing p = i(p), ¢ oio ¢~ = Id is smooth.

So ¢ is smooth.
Prop 2.15 (Properties of Diffeomorphism).

(a) Every composition of diffeomorphisms is a diffeomorphism
(b) Every finite product of diffeomorphisms between smooth manifolds is a diffeomorphism.
(¢) Every diffeomorphism is a homeomorphism and an open map.

(d) The restriction of a diffeomorphism to an open submanifold with or without boundary is a
diffeomorphism onto its image.

(e) “Diffeomorphic” is an equivalence relation on the class of all smooth manifolds with or
without boundary.

Exer 2.16. Prove the preceding proposition.

(a) Let M, N, P be the smooth manifolds with or without boundary, F: M —- N,G : N — P
are diffeomorphisms.

Then G o F is a bijection and by proposition 2.10, G o F and F~! o G~! are smooth.
Hence the composition G o F' is a diffeomorphism.

(b) Let My,---,M,, Ni,---, N, be the smooth manifolds with or without boundary, and F; :
M; — N; are diffeomorphisms, M = M7y X --- X My, N = Ny X--- X Ny and F=F| x --- F,.

Then for each p € M, there are smooth charts (U;, ¢;) containing p; and (V;,1);) containing
F;(p;), such that F(U;) C V; and 1; o F; o go;l is smooth.

So(U=Uyx-xUp,p=@1%x-xXpp)and (V = Vi x---xV,, 9 =11 X+ - - X1),) are smooth
charts of M and N resp., and F(U) C V,poFop™! = (10 Fop; ') x - x (0 Fop, 1)
is smooth.

Therefore F' is smooth, so is F~1.

And since F' is bijective, we conclude that F' is diffeomorphism.

(c) By proposition 2.4, F and F~! are continuous.

Hence F' is a homeomorphism since F' is bijection.
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(d) Let M, N be the smooth manifolds with or without boundary, F': M — N is a diffeomor-
phism, U is a open submanifold of M and V = F(U).

By proposition 2.6(b), F‘U is smooth and F~1(V) is smooth since U = F~1(V).

Therefore F ‘U is smooth.

(e) By proposition 2.10(b), identity map is smooth and bijective, i.e. M ~ M.
If M ~ N,let F : M — N be the diffeomorphism, then F~! is a diffeomorphism, i.e.N ~ M.
If M ~ N,N = P, then by (a), we can obtain that M =~ P.

Hence “Diffeomorphic” is an equivalence relation on the class of all smooth manifolds with
or without boundary.

Thm 2.18 (Diffeomorphism Invariance of the Boundary). Suppose M and N are smooth man-
ifolds with boundary and F': M — N is a diffeomorphism. Then F(OM) = ON, and F restricts
to a diffeomorphism from IntM to IntN.

Exer 2.19. Use Theorem 1.46 to prove the preceding theorem.

For each p € OM, there exist smooth charts (U, ¢) containing p and (V, ) containing F'(p)
such that F(U) C V and o F o ¢! is smooth.

By proposition 2.15(d), ¢ o F‘U o 1 is diffeomorphism from U to F(?)

So F(U) is also a subset of H" and F/'(p\) € OH",i.e.F(p) € ON.
Similarly, we have OM C F~1(ON),i.e.F(OM) = ON.
And F}IntM is a diffeomorphism to IntN, since F'(IntM) = IntN.

Thm 2.23 (Existence of Partitions of Unity). Suppose M is a smooth manifold with or without
boundary, and X = (Xa)aca s any indexed open cover of M. Then there exists a smooth
partition of unity subordinate to X.

Exer 2.24. Show how the preceding proof needs to be modified for the case in which M has
nonempty boundary.

By exercise 1.42, each set X, has a basis B, of regular coordinate balls and half-balls.

So we can obtain a basis B = |J B, of M and by proposition 1.40(c), X has a count-
acA
able, locally finite refinement {B;} U {C;} consisting of elements of B, where {B;} are regular

coordinate balls while {C;} are half-balls.

By lemma 1.13(a), the cover {B;} U {C;} is also locally finite.

We can define the smooth function f; : M — R such that suppf; = B; in the same way as
theorem 2.23, so it is sufficient to define this function to C;.

Since there exist some C! C X, such that C; C C! and a smooth coordinate map ¢; : C! —
R™ such that ¢; (C;) = By, (0) NH", ¢;(B}) = B,.(0) N H" for some r; < r7.

Define g; = H; o ; on CJ, and zero else—whére, where H; : R — R is a smooth function
that is positive in By, (0) and zero else-where, as in lemma 2.22.

So g; is a smooth function such that suppg; = C;.

And the remaining part is totally the same to the proof for smooth manifold without bound-
ary.

Lemma 2.26. Suppose M is a smooth manifold with or without boundary, A C M is a closed
subset, and f : A — RF is a smooth function. For any open subset U containing A, there exists

a smooth function f : M — RF such that f W f and suppf cU.

Exer 2.27. Give a counterexample to show that the conclusion of the extension lemma can be
false if A is not closed.
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Let M =R,A=U=(0,1) and f = 1.
Suppose such [ exists, then suppf is a closed set contained in U = A.
This is impossible since A C suppf.

2.2 Problems

Prob 2.1. Define f : R — R by

0 x<O.

f(x)z{l e

Show that for every x € R, there are smooth coordinate charts (U, ) containing x and (V)
containing f(x) such that 1 o f o @~ is smooth as a map from (U N f=1V)) to (V), but f
s mot smooth in the sense we have defined in this chapter.

For # < 0, consider a sufficiently small neighborhood U such that U C (—o0,0), then
o fop = f}U = 0 is a constant function, which is definitely smooth.

Similarly, for = > 0, consider U such that U C (0,00), then ¢ o f o ¢! =1 is smooth.

Forz =0,let U= (—¢,e),V=(1—-¢,1+¢) wheree <1

Then UN f~4(V) =[0,¢),i.epo fop~! =1 is smooth.

But for chart (V1) such that f(U) C V, V must contains 0, 1 since UN(—00,0) # @,0 € U.

Then o fop ™l = f ’U is not smooth since it has no derivative at 0.

Prop 2.12. Suppose My,--- , My and N are smooth manifolds with or without boundary, such
that at most one of My, - -+ , My has nonempty boundary. For each i, let w; : My XX My — M;
denote the projection onto the M; factor. A map F: N — My x --- X M}, is smooth if and only
if each of the component maps F; = m;o F : N — M; is smooth.

Prob 2.2. Prove Proposition 2.12(smoothness of maps into product manifolds).

If F' is smooth, then F; = m; o F' is smooth since 7; is smooth by Example 2.13.
If each of F; is smooth, then for each point p € N, there exist smooth charts (U;, ¢;)
containing p and (V;,1);) containing F;(p), such that F;(U;) C V; and v; o F; o go;l is smooth.

k k k
Solet U = N U;,V=1[Vi,v =[] ¢, we have F(U) C V, and for each 1, mowoFogpl_l =
i=1 i=1 i=1
;0 Fy ot o (p;0prt) is smooth, i.e.qp o F o gyt is smooth.
% 1 1

Hence F' is smooth.

Prob 2.3. For each of the following maps between spheres, compute sufficiently many coordinate
representations to prove that it is smooth.

(a) pn : St — St is the n-th power map for n € Z, given in complex notation by p,(z) = 2".
(b) a:S"™ — S" is the antipodal map a(x) = —z.

(c) F:S? = §?%is given by F(w,z) = (20 + wZ,iwZ — 2w, 2Z — ww), where we think of S* as
the subset {(w, z) : |w|? + |2|? = 1} of C%.

(a) Notice that p,, is continuous, it remains to prove that stereographic coordinates satisfies the
condition of proposition 2.5(b).
For convenience, we let N =1,5 = —1.
For U = S"\{N},V =S"\{N}, (o 0p, 00 !)(z) = tan(narctanz — 251 7) is smooth.
For U = S"\{N},V = S"\{S}, (6 opn oo™ !)(z) = tan(%71 — narctanz) is smooth.
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For U = S"\{S},V = S"\{N}, (c opn o5 !)(z) = tan(5 — narctanz) is smooth.
For U = SN\{S},V = S"\{S}, (6 o pp 057 1)(z) = tan(n arctan x) is smooth.
Hence by proposition 2.5(b), p, is smooth.
(b) For point p # N, smooth chart (S"\{N}, o) contains p and (S"\{S}, &) contains a(p) = —p,
and we have a(S"\{N}) = S"\{S},5 0 a0 0~ (u) = —u is smooth.

And for p = N, smooth chart (S*"\{S},&) contains p and (S"\{N}, o) contains a(p) = S,
and a(S"\{S}) = S"\{N}, 0 0a 05 ! (u) = —u is smooth.

Hence o is smooth.

(c) Notice that F(z,y,z,w) = (222 + 2yw, 2yz — 2zw, 2% + y? — 22 — w?) is continuous.
So similar to (a), we check that the stereographic coordinates satisfies the condition of

proposition 2.5(b).

For U = S\(N},V = 8\(N}, goFeo ) = 442 b htoteson (10 i sinoorh,

For U = S8\ {N},V = §2\{S}, 50 F oo~ () = e (el oi2el b (P 0) i oo,

For U = S3\{S},V = S2\{N}, 0o Fo5~(z) = Wf”*2502((";0"3:11))%?;{;;3961“I‘“)) is smooth.

For U = S3\{S},V =S?\{S}, 60 F o5 !(z) = <2x1x3*w2<|;(lj:;)12>f;;§§jxl“f’f‘“)) is smooth.
Hence F' is smooth.

Prob 2.4. Show that the inclusion map B™ — R™ is smooth when B" is regarded as a smooth
manifold with boundary.

For p € B", the smooth chart(U,Id) contains p, and i o Id = Id‘Bn is smooth.
For p € OB", there exist a smooth chart (U;", ;") containing p, WLOG.

—

Soiop i(z) = (3:1,--- Lt 4 \/1 — ()2 = = ()2 = = (a™)2, - ,x") is smooth.
Hence the inclusion map ¢ is smooth.

Prob 2.5. Let R be the real line with its standard smooth structure, and let R denote the same
topological manifold with the smooth structure defined in FExample 1.23. Let f : R — R be a
function that is smooth in the usual sense.

(a) Show that f is also smooth as a map from R to R.

(b) Show that f is smooth as a map from R to R if and only if ) (0) = 0 whenever n is not
an integral multiple of 3.

(a) Since (Yo fold 1) (z) = f(x) is smooth.

So f is smooth as a map from R to R.

(b) f is smooth as a map from R to R is equivalent to say that (foy 1) (z) = f (:c%> is smooth.

Let g(z) = f (xé>

n 23)® ki
Notice that £ (z) = > % 17.!;6 pg(Fitethn) (353) [1 <( zl) > .
ki4-4nkn=n rrhn =1 '

So if g is smooth, f(™(0) can only be nonzero when n = 3ks.
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And if £ (0) = 0 for all 31 n, by Taylor’s theorem, we have f(x) = f(0) + %xg +-+

f((g;;z)( 0) g8n 4 g3n+3R, (x) for some smooth R,,.

Therefore g(z) = g(0) + f<33>!( o4+ 4 f(?zz)('()) n4 "R, ( i), then it remains to prove
that R, € C™(R).

By induction, <x"+1Rn (wé)), =" <(n +1)R, <x%) + %Ry, (2 < é)) € C"Y(R).

Hence g is smooth.

W=

Prob 2.6. Let P : R"1\{0} — R¥1\{0} be a smooth function, and suppose that for some
d € Z,P(\x) = NP(x) for all A\ € R\{0} and xz € R"*1\{0}. (Such a function is said to be
homogeneous of degree d.) Show that the map P : RP" — RP* defined by P([z]) = [P(z)] is
well defined and smooth.

If [] = [y], then & = Xy, P([z]) = [P(x)] = MP(y)] = [P(y)] = P([y]).
So P is well-defined. )
And for any two chart (U, ¢;), (Vj, ;) for RP™ and RP” resp., we have ¢; o P o ¢; ! (u) =

Pi(z Pj_i(z) Pjii1(=) Pry1(x) _ i— i n
<P;§x§’..., fvj(lx) 7 g(lx) e zkvj(lx) ),Wherex_(u1,~~',u L1l u)

Since P is smooth and P; # 0.
Hence P is smooth.

Prob 2.7. Let M be a nonempty smooth n-manifold with or without boundary, and suppose
n > 1. Show that the vector space C*°(M) is infinite-dimensional.

We first prove that if f1,---, fr € C°°(M) have nonempty disjoint supports, then they are
linearly independent.

Suppose they are linearly dependent, ¢1f1 + -+ + ¢ fr = 0.

For every point p € suppfi, p is not contained in any other suppf; since they are disjoint.

So c1f1(p) =0, i.e.f1 =0, contradiction!

consider an arbitrary chart (U, ¢), let By, Ba,- -+, B be k disjoint balls in U.

For each B;, let f; : M — R maps U to H; o ¢ and be zero else-where, where H; is a smooth
function such that supp(H;) C B; by lemma 2.22.

Hence C'*°(M) is infinite-dimensional since k can be arbitrarily big.

Prob 2.8. Define F : R* — RP" by F(z!,--- ,2") = [z',--- 2", 1]. Show that F is a
diffeomorphism onto a dense open subset of RP". Do the same for G : C* — CP" defined by
Gzt -, 2" = [z, -+, 2" 1]. (see Problem 1.9).

Since F' = (p;}rl is the coordinate map.

So it is a diffeomorphism from R" to Upy1.

And every open set in RP" intersect with Uy, 41, i.e.U,41 is dense.

Similarly, for chart (U,1, pnt1) in CP", G = gogil is also the coordinate map.
So it is also a diffeomorphism from C™ to U1, which is dense in CP".

Prob 2.9. Given a polynomial p in one variable with complex coefficients, not identically zero,
show that there is a unique smooth map p : CP' — CP' that makes the following diagram
commute, where CP! is 1-dimensional complex projective space and G : C — CP! is the map of
Problem 2.8:

c & cp!

| b

1
CTCP
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Since CP'\Us, = {[1,0]} is a one point set.

So we define $([1,0]) = [1,0], and p(z) = G(p(G~*(x))) for = € Us.

For point z € Uy, p(Uz) C Uy and g 0 fo ¢y *(2) = p(2) is smooth.

There is only finite many point in CP' that is mapped to [0, 1] by $ since p is a polynomial.
Therefore there exist a small neighborhood U of [1, 0] contained in U such that p(U) C Uj.

P T EUL

~ -1 o S : 1 _
We then have g1 opo ] (z) = { , this is smooth because il_r)r(l) PGT) — 0.

0 z = 0.
Hence p is smooth and unique.

Prob 2.10. For any topological space M, let C(M) denote the algebra of continuous functions
f: M — R. Given a continuous map F : M — N, define F* : C(N) — C(M) by F*(f) = foF.

(a) Show that F* is a linear map.

(b) Suppose M and N are smooth manifolds. Show that F': M — N is smooth if and only if
F*(C*®(N)) Cc C>*(M).

(c) Suppose F' : M — N is a homeomorphism between smooth manifolds. Show that it is
diffeomorphism if and only if F* restricts to an isomorphism from C*°(N) to C*°(M).

Remark 2.2. This result shows that in a certain sense, the entire smooth structure of M is
encoded in the subset C*°(M) C C(M). In fact, some authors define a smooth structure on a
topological manifold M to be a subalgebra of C'(M) with certain properties; see, e.g., Nestruev’s
Smooth Manifolds and Observables.

(a) F*(f+g) = (f+g)oF = foF+goF = F*(f)+F*(g), F*(cf) = (cf)oF = c(foF) = cF*(f).

Hence F* is a linear map.

(b) If F' is smooth, then F*(f) = fo F € C>*(M) for any f € C*®°(N).

If F*(C*°(N)) C C*°(M), then for any charts (U, ), (V,4) for M and N resp., consider an
arbitrary smooth function f: N — R.

We have f o~! is smooth from V to R, and f o F o ¢! is smooth from (U N F~1(V))
to R.

let f = m; 09, where m;(x) = 2* is smooth.
So 7 o (1) o F o ), which equals the i-th component of image of 1) o F' o ¢, is smooth

Hence 1 o F' o ¢ is smooth, i.e.F' is smooth.

(c) If F is diffeomorphism, then f =g« foFoF ! =goFoF ' foF =goF.
And by (b), we can obtain that F™* is restricts to an isomorphism.

If F* is restricts to an isomorphism, then by (b), F and F~! are both smooth, i.e.F is a
diffeomorphism.

Prob 2.11. Suppose V is a real vector space of dimension n > 1. Define the projectivization
of V, denoted by P(V'), to be the set of 1-dimensional linear subspaces of V', with the quotient
topology induced by the map 7 : V\{0} — P(V) that sends x to its span. (Thus P(R") = RP""1,)
Show that P(V) is a topological (n — 1)-manifold, and has a unique smooth structure with
the property that for each basis (Eyi,--- ,Ey) for V, the map E : RP"™' — P(V) defined by
E[vt, -+ v = [v'E;] (where brackets denote equivalence classes) is a diffeomorphism.
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For an arbitrary basis (Bi,---,B,), we can define a homeomorphism from R" to V, by
mapping (z!,---,2") to 21B1 + -+ + 2, B,.

So there is a quotient map f : R™\{0} — P(V') induced by 7.

By the universal property of quotient map ¢ : R"\{0} — RP""!, we have a continuous

map [ : RP"~! = B(V) such that f([«]) = f([y)) & =~ (f([a])) = 7 (F([s])) « spane =
spany < [z] = [y], i.e. f is a homeomorphism.
Therefore P(V) is homeomorphic to RP"~!, which is a topological (n — 1)-manifold.
Define the smooth structure the same as RP" !, such that (f(Ul), p; © f‘l) are the charts.

For any two charts, the transition map is ¢; o flofo goi_l = ;o cpz._l, which means that
they are compatible.

And for any other basis (Ey,--- , Ey,), we first prove that floFE and E~!o f are smooth.

This is because f‘loE[vl, coo" =2t oo 2], where 11 B+ - - 2, By = v1E1 - v By,
is an invertible linear map.

So ;o f toEoy; and ;o E-lo fo (pj_l, which are the coordinate representation of E
and R~ resp., are smooth.

Hence E is a diffeomorphism since it is homeomorphism.

Prob 2.12. State and prove an analogue of Problem 2.11 for complex vector spaces.

Statement: Suppose V' is a complex vector space of dimension n > 1. Define the projec-
tivization of V', denoted by P(V'), to be the set of 1-dimensional linear subspaces of V', with
the quotient topology induced by the map = : V\{0} — P(V) that sends x to its span. (Thus
P(C") = CP" 1) Show that P(V) is a topological (2n — 2)-manifold, and has a unique smooth
structure with the property that for each basis (Eq,--- , E,) for V, the map E : cprt — P(V)
defined by E[v!,---,v"] = [v'E;](where brackets denote equivalence classes) is a diffeomor-
phism.

The proof is totally the same as the real case and I don’t want to repeat it again.

Prob 2.13. Suppose M is a topological space with the property that for every indexed open
cover X of M, there exists a partition of unity subordinate to X. Show that M is paracompact.

Consider a partition of unity (1) of open cover X = (X,), let U, = ¥ ((0, +00)).
Then each U, C suppt, C X, and (U,) is locally finite since (suppw),) is locally finite.
Moreover, since Y 1, (x) = 1, we conclude that (U,) cover M.

Hence (U, ) is a open, locally finite refinement of X, i.e.M is paracompact.

Prob 2.14. Suppose A and B are disjoint closed subsets of a smooth manifold M. Show that
there exists f € C°°(M) such that 0 < f(z) <1 for allz € M, f~1(0) = A and f~1(1) = B.

By theorem 2.29, there exist function g, h such that ¢g=1(0) = A, h=1(0) = B, and g, h > 0.

Let f = {5, then 0 < f(z) < Land f71(0) = 4, f7'(1) = B.



Chapter 3

Tangent Vectors

3.1 Exercises

Lemma 3.4 (Properties of Tangent Vectors on Manifolds). Suppose M is a smooth manifold
with or without boundary, p € M,v € T,M, and f,g € C®(M).

(a) If f is a constant function, then vf = 0.
(b) If f(p) = g(p) = 0, then v(fg) = 0.
Exer 3.5. Prove Lemma 3.4.
1. WLOG, assume f = 1.
Then v(f) = v(f - f) = fp)o(f) + f(p)v(f) = 2v(f), i.evf = 0.
2. v(fg) = f(p)v(g) + g(p)v(f) = 0.

Prop 3.6 (Properties of Differentials). Let M, N and P be smooth manifolds with or without
boundary, let F : M — N and G : N — P be smooth maps, and let p € M.

(a) dF, : TyM — Tr,) N is linear.
(b) d(G o F)p = dGF(p) o de : TpM — TGOF(p)P'
(¢) d(Idn), = Idg,n : T,M — T, M.

(d) If(F z'is*)a diffeomorphism, then dFy, : TyM — TpgyN is an isomorphism, and (de)_1 =
d(F~ .
F(p)

Exer 3.7. Prove Proposition 3.6.

(a) dFp(v+w)(f) = (w+w)(foF)=uv(foF)+w(foF)=dFy(v)(f)+dF,(w)(f)-
dFp(cv)(f) = (ev)(f o F) = cv(f o F) = cdFp(v)(f).
Hence dF), is linear.

(b) d(G o F), (v)(f) =v(foGoF)=dFy(v)(foG)=dGpg) o dFy(v)(f).

(c) d(dar), (v)(f) = v(f o1d) = v(f), i.e. d(Idar), = Idz,nr-

(d) Since Fo F~! =1Id.
So by (b)(c), d(F~1) py
Hence dF}, : T,M — Ty, N is an isomorphism, and (dF,) ! = d(F 1)

odFy, =1Idp,m

F(p)

19
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Exer 3.17. Let (x,y) denote the standard coordinates on R2. Verify that (%,7) are global

smooth coordinates on R?, where & = x,j = y + x>. Let p be the point (1,0) € R? (in standard

coordinates), and show that %‘ #* % even though the coordinate functions r and I are
P T

identically equal.

p}

_ 0% () O 9F (s\ O _ 0 o) 0
g l, = a5 (0) 55, + 52 (D) Fg‘p_ %|p+3a*g‘p7é 97 lp

Exer 3.19. Suppose M is a smooth manifold with boundary. Show that TM has a natural
topology and smooth structure making it into a smooth manifold with boundary, such that if

(U, (2%)) is any smooth boundary chart for M, then rearranging the coordinates in the natural
chart (7= 1(U), (z*,v")) for TM yields a boundary chart (=1, (v¢, 2%)).

For boundary chart (U, ¢), 7~ 1(U) C TM is the set of all tangent vectors to M at all points
of U.
Let (x!,---,2") denote the coordinate functions of ¢, and define ¢ : 7=1(U) — R?" by

~ )
P (v ] ) =@ o) ()

Its image set is R™ x ¢(U), which is an open subset of H?". Tt is a bijection onto its image,
because its inverse can be written explicitly as ¢~ 1(vt,--- 0™ 2t .-+ 2") = 0! a(zi o)

The remaining part it totally the same as proposition 3.18.

Exer 3.27. Show that any (covariant or contravariant) functor from C to D takes isomorphisms
in C to isomorphisms in D.

Let f € Homc(X,Y) be a isomorphism, g € Homc(Y, X) such that fog =1Idy,go f = Idx.
Then F(f) 0o F(g) = F(f o g) = Idy = ldg(y), F(g) o F(f) = F(g o f) = ldx = Idg(x)-

Hence covariant functor takes isomorphisms to isomorphisms, so is contravariant functor.

3.2 Problems

Prob 3.1. Suppose M and N are smooth manifolds with or without boundary, and F' : M — N
is a smooth map. Show that dF), : T,M — Tp,) N is the zero map for each p € M if and only
if F' is constant on each component of M.

If dF}, is zero for each p € M, then for smooth charts (U, ¢) for M containing p and (V)
i fi) OF7 1~ 8
for N containing F'(p), we have dF), (8:& p) =2 () o | iy
So %if (p) =0 for each i,j and p € U, i.e.F' is constant on each component of U.
Hence F' is constant on each component of M.
If F' is constant on each component of M, Then for each smooth charts (U, ) for M and
AR _
(V,4) for N, we have G+ =
So dF, (% p) = 0 for each p € U N F~1(V).
Hence dF), = 0 for each p € M.

Prop 3.14 (The Tangent Space to a Product Manifold). Let My, --- , My be smooth manifolds,
and for each j, let mj : My x --- X My, — M; be the projection onto the M; factor. For any
point p = (p1,-- ,pk) € My X -+ X My, the map o : Tpy(My X -+ x My) = Tp, M1 & - - - & Ty, My,
defined by a(v) = (d(m1)p(v), -+, d(7k)p(v)) is an isomorphism. The same is true if one of the
spaces M; is a smooth manifold with boundary.

Prob 3.2. Prove Proposition 3.14 (the tangent space to a product manifold).
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For smooth charts (U;, ;) containing p;, « (% p) = (d(m)p (% p) yo o d(m), <% p)).
. ‘ 9 o 87?§j, ) _ 5! 0 :
Since d(my ), (azi’j p) = BT G |y O B Iy where 0 is the Kronecker symbol.

Soa( 0 :<O,--- 9

OxtJ P ) Qg P
And by proposition 3.15, domain and codomain of a has the same dimensions.
Hence « is an isomorphism.

o ,O) are linear independent.

Prob 3.3. Prove that if M and N are smooth manifolds, then T(M x N) is diffeomorphic to
TM x TN.

By proposition 3.14, we can define F': T (M x N) = TM x TN, u, ® vg — (up, vq).
Let (U, ), (V,) be smooth charts for M, N resp.
Then (71';41((]), 4,5) , <7r;,1(V), 1%) , <7T]T41><N(U x V), x w) are the smooth charts for TM, TN,
T(M x N) resp.
- —1 -
= — (5 i 0 i _0
So (so x ¢) oFopxy (z,y,u,0)= (90 X w) (u a7 o102y V" By

Hence F and F~! are smooth, i.e.F is a diffeomorphism.

> = (z,u,y,v).

P~ 1(y)

Prob 3.4. Show that TS' is diffeomorphic to S' x R.

Define F : TS' — S' x R, vg2- > (pv), where SI\{—p} = R, e s 6.

Consider smooth charts (7~1(S"\{p}), ?) , (S'\{p}) x R, ¢ x Id) for TS',S! x R resp.
Notice that for ¢ € S'\{—p}, %‘ = %‘ for ¢ : S"\{—¢} = R, e — 6.
q q
We have (¢ x Id) o F o g~1(0,v) = (6,v).
Hence F and F~! are smooth, i.e.F is a diffeomorphism.

Prob 3.5. Let St C R? be the unit circle, and let K C R? be the boundary of the square of side
2 centered at the origin: K = {(x,y) : max(|z|, |y|) = 1}. Show that there is a homeomorphism
F :R? — R? such that F(S') = K, but there is no diffeomorphism with the same property.

Consider an arc v of S!, such that F o (0) = (1,1),F o y(t) = (1,y(t)) for t > 0 and
For(t) = (x(t),1) for t < 0.

2(t) 35l t <0,
Then (Fov) =X , % ‘( (t),1)
y'(t) 37;)( Y1) t>0.
So dF(7(0)) = (£ 07)'(0) = 0, but +'(0) # 0, contradiction!

Prob 3.6. Consider S® as the unit sphere in C? under the usual identification C? <+ R*. For
each z = (21,22) € S, define a curve v, : R — S3 by 7.(t) = (e21,e22). Show that 7. is a
smooth curve whose velocity is never zero.

For smooth chart (U;", ¢7), ¢f 07.(t) = (a'sint + b* cost, a? cost — b? sint, a®sint + b* cost)
is smooth and the same for other charts.

So 7, is a smooth curve.
2

/ _ d _ d(efors) 5 _ (1 1 o .
And ’Yaz(to) = dv, (E‘m) = 1(17158 907 I (t) = (a' cost —b'sint) th(t) + (—a*sint —
2 2 2 - . . 1 1 .-
b= cost) W‘%(t) + (a”cost — b"sint) 575 . (1) 18 nonzero since a cost — b sint > 0.

Hence 7, is a smooth curve whose velocity is never zero.

Prob 3.7. Let M be a smooth manifold with or without boundary and p be a point of M. Let
C’go(M) denote the algebra of germs of smooth real-valued functions at p, and let D,M denote
the vector space of derivations of C;°(M). Define a map ® : DpM — T,M by (®v) f = v([f]p)-
Show that ® is an isomorphism.
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It is easy to check that ® is well-defined and linear.
And for a smooth chart (U,¢), («',U) are not equivalent to each other in Cg°(M).
So dim D, M > dim T, M, i.e.it is sufficient to prove that @ is injective.

For a closed ball B centered at p contained in U, there exist f : M — R such that f ‘B =f } B

and suppf C U by lemma 2.26.
Therefore if ®v = 0, then v([f],) =v <[ﬂ > = Qv <f) =0,7.ev=0.
P

Hence @ is a isomorphism.

Prob 3.8. Let M be a smooth manifold with or without boundary and p € M. Let V,M
denote the set of equivalence classes of smooth curves starting at p under the relation 1 ~ v
if (fov1)(0) = (f o) (0) for every smooth real-valued function f defined in a neighborhood
of p. Show that the map U : V,M — T,M defined by ¥[y] =+'(0) is well defined and bijective.

Since 1 ~ 72 < df(71(0)) = df(75(0)) & df(711(0) —72(0)) = 0 = ~1(0) = 75(0).
We can obtain that ¥ is well-defined and injective.
And for smooth chart (U, ) and v = v* 22| | defined v(t) = ¢~ (v't,--- ,v™t)

ox?
So W] =/(0) = dy (&],) = A 0,

Hence ¥ is well-defined and bijective.

p7
_ i 0

P oz’
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