LECTURE 7

YASH LODHA

1. SUBMANIFOLDS

Let F': M — N be a smooth map between smooth manifolds. We say that F' is an immersion if
Fy : Tp(M) = Tp) (M)
is injective at each point p € M. We say that F' is a submersion if
Fy : Tp(M) — Tp) (M)

is surjective at each point p € M. We say that F' is a smooth embedding if it is an immersion that is a
homeomorphism onto its image.

The rank of F' at a point p € M is the rank of the linear map Fj. If the rank is constant, then we denote
this as rank(F).

Example 1.1. The standard immersion is the map
R" - R™ (!, ..., 2™) = (..., 2™,0,..,0),m >n
The standard submersion is the map
R” - R™ (zt, .., 2") = (z, .., 2™),m <n

A smooth curve v : J — M is an immersion if and only if /(¢) # 0 for each ¢ € J. The inclusion S” — R"*! is
an immersion, where both manifolds are endowed with the standard smooth structures. Given smooth manifolds
My, ..., My, the projections

My X ... x My — M,

are submersions.
Let J = (=%, 3%). Consider the curve

2072
v:J—R? ~(t) = (sin(2t), cos(t))
This curve is an injective immersion yet it is not an embedding.
Exercise 1.2. Show that the curve in the last example is not an embedding.
Now we recall two important theorems from multivariable calculus.

Theorem 1.3. (Inverse function theorem) Let F : R™ — R"™ be continuously differentiable. If the Jacobian
matriz dF : Ty(R™) = Tr,)(R") is invertible at a point p € R™, then F is locally a diffeomorphism, i.e. there
is a neighbourhood U of p such that F [y is a diffeomorphism onto its image.

Theorem 1.4. (Constant rank theorem) Let M, N be smooth manifolds of dimension m,n respectively. Let

F : M — N be of constant rank in a neighbourhood of p € M. Then there exist charts (U, $) centred at p and

(V,x) centred at F(p) such that the coordinate representation x o F o ¢! (x!,....,a™) = (2!, ...,2%,0, ..., 0).

This provides a “standard form” for any immersion or submersion.
1.1. Embedded submanifolds.

Definition 1.5. Let M be a smooth n-manifold. A subset N C M is called an embedded submanifold of
dimension k of M if for all p € N there exists a slice chart: A smooth chart (U, ¢) with p € U such that

HUNN)={x€pU)|2? =0for k+1<j<n}
Example 1.6. Let f: U — R™ be a smooth map where U C R” is an open set. Then the graph
L(f) ={(z, f(z)) |z € U} CR" x R™
is an embedded submanifold in R™ x R™. The slice chart is

¢:UxR™ S R"xR™  (z,y) eD(f) (z.9) = (x,y — f(z))



2 YASH LODHA

Proposition 1.7. Let M be a smooth manifold and let N C M be a subset of M. If for all p € N there ezists a
neighbourhood U of p in M such that UNM is an embedded submanifold of dimension k, then N is an embedded
submanifold of dimension k.

The proof of the above is an easy exercise.

Proposition 1.8. Let N C M be an embedded submanifold. of dimension k Then N has a unique smooth
mamnifold structure such that the inclusion map N — M is a smooth embedding.

Proof. We endow N with the subspace topology. Since subspaces of Hausdorff and second countable spaces
have the same property, N has these features. For each p € N, there is an open neighbourhood U of p in M
and a slice chart (U, ¢) such that
p(UNN)CRF CcR"

Let V. = UNN and let 7 : R® — R* be the projection. Then (V,x) for x = 7o ¢ is a chart for N and
V is homeomorphic to an open subset of R*. So for each slice chart (Uy, ¢o) of N (for a in some set ) we
have a chart (V,,, xo) of N Since slice charts cover N, these charts make N locally Euclidean. This makes N a
topological manifold.

Now we will show that these charts are smoothly compatible. Let (Vi, xo) and (Vg, x3) be charts. Then

Xa©Xz = (Toda)o(mogs) ™ =mo(paogy)on !
is smooth since it is a composition of smooth maps. Note that 7=! is simply the inclusion R¥ — R™. This
makes N a smooth manifold with the aforementioned system of charts.

Now we will show that this inclusion is a smooth embedding, i.e. an immersion which is a homeomorphism
onto its image. Given a slice chart (U,, ¢o) and the corresponding chart (Vy, x) around p € M, the inclusion
i: N — M and the induced map i, : T,(N) — T,(M) has the coordinate representation ¢, oo x,' which
simply equals the inclusion R* — R™. This is a map of constant rank k < n, hence an immersion. It is already
clear that N is a homeomorphism onto its image. This finishes the proof.

Finally, we will show that this smooth structure on NN is the unique smooth structure with the property that
the inclusion is a smooth embedding. Let A’ be another smooth structure on N which makes the inclusion an
embedding. Let (W, n) € A’, and let (V,, x«) be a smooth chart in the aforementioned smooth structure on N.
We simply need to show that the map

Xaoion L in(WNV,) = xa(WNV)

is a diffeomorphism to show that in fact (W,n) belongs in the original set of charts. We will show that the
Jacobian at each point is regular, and by the inverse function theorem this will imply that this map is a
diffeomorphism. Note that

d(xa0ion ') =drodps odiodn!
diodn~" is of full rank since (W, n) is a chart in an atlas that makes N — M and embedding. And dr o d¢,, is
of rank k, since d¢,, is surjective on the first k coordinates. This makes the composition regular. O

Corollary 1.9. The standard smooth structure on S™ is the unique smooth structure that makes it an embedded
submanifold of R™.

Proposition 1.10. Let M, N be smooth manifolds of dimenisonn,k andlet F': N — M be a smooth embedding.
Then the image F(N) is an embedded submanifold of M of dimension k.

Proof. We need to construct slice charts. Let p € F(N). By the constant rank theorem, we can find a smooth
chart (U, ¢) around F(p) € M, and a smooth chart (V = F~1(U N F(N)),x) of N such that the coordinate
representation ¢ o F o x ™! is of the form

So the required slice chart is (U, ¢). |
Corollary 1.11. Embedded submanifolds are precisely the images of smooth embeddings.

The following is a famous result in differential geometry.
Theorem 1.12. (Whitney embedding theorem) Any smooth n-manifold can be embedded in R?™.

Embedded submanifolds often arise as level sets of smooth maps of constant rank.

Theorem 1.13. (Constant rank level set theorem) Let F': M — N be a smooth map of constant rank k. Then
the level set F~1(p) for p € N is an embedded submanifold of codimension k in M.
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Proof. Let S = F~!(p) and let ¢ € S. We shall construct a slice chart for S in M at ¢g. By the constant rank
theorem, there exist charts (U, ¢) centred at g and (V, x) centred at F(q) = p, such that

xoFog¢ tat,...,z") = (2}, ...,2%,0,..,0)
with x(p) = 0 and ¢(¢) = 0. This means that
pUNS)={zecepU)|2=0|1<i<k}
This means that the chart (U, ¢) is a slice chart for S. O

Now we shall prove that any embedded submanifold is, locally, given as the level set of a submersion.

Proposition 1.14. Let S be a subset of a smooth manifold M. Then S is an embedded submanifold of dimension
k if and only if each point p € M admits an open neighbourhood U such that U NS is the level set of a smooth
submersion F : M — R"™F,

Proof. One direction follows from Theorem 1.13. Now let .S be an embedded submanifold of M, let p € S and
let (U, ¢) be a slice chart centred at p. Then

pUNS)={z€d(U) |2’ =0,k+1<j<n}
Let 7 : R® — R™* be the projection onto the last n — k coordinates. Then the required submersion is

mo¢:U — R"F. O

Definition 1.15. Let F : M — N be a smooth map. We say that p € M is a regular point of F if F, :
Tp(M) — Ty (N) is surjective, and is said to be a critical point otherwise. A point ¢ € N is said to be a
reqular value if each point p € F~1(q) is a regular point of F. In this case, F~1(q) is called a regular level set.

Proposition 1.16. (Regular level set theorem) Every regular level set of a smooth map F : M — N is an
embedded submanifold whose codimension equals the dimension of N.

Exercise 1.17. Prove the above proposition.

Example 1.18. We can describe S~ ! as a level set of the map
R"—>R  (2',.,2")— Y ()7 S"=F"'({1})

1<i<n
Example 1.19. The special linear group SL, (R) is the group of nxn matrices with determinant equal to 1. It is
a level set of the determinant function, Det : GL,(R) — R. For A € GL,,(R), we identify T4 (GL,(R)) = M(n)
and as usual Tpes(4)(R) = R. The pushforward is given by

det, [a (B) = (Det(A))tr(A™'B)

Since this is always rank 1 surjective, this means that SL,(R) is an embedded submanifold of GL,(R.).

Definition 1.20. If S € M is an embedded submanifold and if U C M is open, F' : U — N is smooth such
that U N S is a regular level set of F, then F' is said to be a local defining map for S.

Proposition 1.21. Suppose that S C M is an embedded submanifold and for U C M an open set we have
F:U — N a local defining map for S. Then

ix(Tp(S)) = ker(F) |p
foreachpe SNU andi:S — M the inclusion map.

Proof. Suppose that SN U = F~1(q) for ¢ € N. Let the dimension of M be n and the dimension of N be k.
First we will show that i,(7,(S)) C ker(F) |,. Note that F o [ S is constant, so it follows that (F o), =
Fy o [ T,(S) = Fi | 1.(Tp(S)) is trivial. So we conclude that i.(T,(S)) C ker(Fy) |p.
We conclude by showing that the dimensions of i.(T,(S)), ker(Fy) |, are equal. Note that dim(i.(T,(S))) =
n — k and since F) is surjective we have that dimker(F) |, is also n — k.
g



