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Abstract
The main purpose of this talk is to present the Frobenius Theorem. A classical theorem of the
Differential Geometry that connects distributions or families of vector fields with sub-manifolds of
a smooth manifold M.

Motivation

Let M be a C'*° manifold, X a vector field on M and p € M. We know that there exists a unique
maximal integral curve,

Cp(t) : (a,b) — M,

such that C,(0) = p and its tangent velocity vector field is given by C’p(t) = X,(1), in particular
C,(0) = X,,. We also use the notation C,(t) = ®(t,p) ans say that C,(t) is the integral curve of Y at
.

We can see (locally) that Im(Cp) = N is a sub-manifold of M such that for any ¢ € N, it holds
TyN =< X4 >Rr.

We will say that D =< X >goo(p) is a one-dimensional distribution on M, and, that N is an
integral manifold of D.

Our goal is to generalize the last result for higher dimensional distributions.

Local Parameter Groups and Commutative Vector Fields

Before we state and prove the Frobenius Theorem, we are going to learn some properties about vector
fields on a manifold M and the one parameter group generated by them.

Remark. From now on we are going to assume that M is a C°° n-dimensional manifold.

Remember that given a vector field X on a manifold M, it has an associated family of local diffeo-
morphisms {p;}, called the one parameter group of local transformations generated by X. The local
diffeomorphims ¢y is given by,

Ot : Ut — M
p— @©(t,p),

where Uy = {p € M |a <t < b} and (a,b) = dom(®(t,p)).

Proposition 1. Let X, Y be vector fields on M and {¢:}, {¢1} their corresponding one parameter
groups. The following statements are equivalent,

i. X, Y are commutative, i.e, [X,Y] = 0.
it. 'Y is invariant bu ¢y, i. e, for an arbitrary t € R, (¢¢).Y =Y.

1. @p and Yy are mutually commutative, i.e, for any t,s € R, ¢ o 1hs = g0 ¢ .



Proof. i. = 1i.
First note that pg =idyy = (o)« = idr,ar. Therefore, for any p € M it holds (y9)+Y, = Y.

On the other hand, the derivative with respect the parameter t of (¢;).Y at t = tg is given by,

= Uiyt (1o ) P

. <Y — ng
%((@t)*y)‘t:to == Zthﬁto ((PtthO) t (@tO)

= (010 )ulimisiy PEYY = (p4,)u [~ X, Y] = 0.

The latter tells us that (¢;).Y is a constant vector field, i.e, it doesn’t depend on ¢. Therefore, for all
t we have ()Y = (pg,)+Y =Y.

Let ¢ : U — M be a local diffeomorphism. Let us take p € U, Y a vector field on M and ¢(t) and
integral curve of Y.
Note the following, the curve v(t) = ¢ o ¢(t) : (a,b) — M is a smooth curve on M, s.t,

fep 0 clt) = ()G = (2):C(1) = (P)Yeqy) = [(©)+Y Jyocts)
which implies that ¢ o C(t) is an integral curve of (¢).Y.

Now, let us assume that ¢ o ¢(0) = p, since ¢ is a local diffeomorphism we have ¢(0) = ¢~!(p).

The last remark tells us the following, if c¢(¢) is the integral curve of Y at o ~!(p (i-e, c(t) = @(t, 0 1(p))
), then the curve v(t) = p o ¢(t) is the integral curve of (¢).Y at p (i.e y(t) = ®(¢,p))

Let us take an element 1@ of the one parameter family generated by (¢).Y. Then, for all p € U,
we have,

Gi(p) = ®(t,p) = o ®(t, o (p)) = pothu(p ™' (P)) =pothop '(p) =d=poryop . (1)
From now on, let s be an element of the one parameter subgroup generated by X. It holds,

1. Since (ps).Y =Y, it’s clear that the local diffeomorphisms ¥y and 1), are the same.

2. From the latter and equation (1) we get that ¢y = pso 0 ;! = b0 ps = g0y,
By assumption we know that o4 01y 0 o5 = 1y, let us take p € M

a. By letting the parameter ¢ vary, we get that ¢;(p) = ®(¢,p) is the integral curve at p of Y.
Therefore, we have that %wt(p)]tzo =Y,.

b. In the last proof we showed that %gps 0 bt 0 3 1 (p) =0 = [(ps)«Y -

Since, @5 01 0 @31 (p) = y(p), from a. and b. it follows that (ps)«Y =Y, and so, we get that

[X,Y] = lim,p—E=20Y=Y —



Frobenius Theorem

We are going to study completely integrable distributions. In particular, we will state and prove
the Frobenius Theorem, which gives us the conditions to generalize the result that was given in the
motivation.

Definition. An r-dimensional distribution D on M is an smooth assigment of an r-dimensional
subspace D), of T,M at each point p € M, such that D, is C* with respect to p.
We also say that a vector field X on M belongs to D if X, € D, for any point p € M.

Definition. A submanifold N of M s called an integral manifold of D, if T,N = D,, for any point
p € N. Moreover, if an integral manifold of D exists through each point of M, D is said to be
completely integrable.

Example. The distribution D =< X >ceo(pr) is completely integrable, since for all p € M we can
find the integrable curve c(t) = ®(t,p) at p.

Theorem (Frobenius Theorem). Let D be a distribution on a C*° manifold M. Then, D is completely
integrable if and only if for any two vector fields X, Y belonging to D, the lie-bracket [X,Y] also belongs
to D (a distribution with this property is said to be involutive).

Proof. =" We want to see that for any vector fields X, Y belonging to D, and, an arbitrary p € M,
it holds [X, Y], € D,.
Since D is completely integrable there exist an integrable manifold N of D through p. Let r = dim(N),
we can choose a coordinate neighborhood (U, x1, ..., z,,) of p, such that, z1(p) = za(p) = ... = z,(p) =0
and (N NU,z1,22,...,;Tp, Zr41 = 0,...,x, = 0) is a local chart of N. Due to the fact that for any
g€ NDy; =T,N, we have

Dq =< %’q, ey %‘q >R.

On the other hand, the following holds:
1. The local expressions of X and Y are given by X =" , aia%i and Y =", bia%i'

2. Since X, Y belong to D, we get that aj(z1,...,2,,0,...,0) = bj(x1,...,2,,0,...,0) = 0 for j > r.
Consequently,

%(0):0fori§randj>r,

0b;
ox;

(0)=0fori<randj>r.

3. Finally, we know that [X,Y] =30, ¢;52-, where ¢; = Y1, ai% - bi%.
J % 2

Let us take j > r, since a; =b; =0 fori >r =c¢; = 22:1 aig%i — bi%‘ Moreover, we know that
J(0)=52(0)=0fori<r = ¢(0)=0.

From the latter, we get [X, Y], = >7% cj(p)%hn = [X,Y], € D,.



7«<" Let us assume that D is involutive, and, let us take an arbitrary point p € M. We want to find
an integral manifold N of D through p.

We can choose a small coordinate neighborhood (U, z1, ..., z,) of p, and, vector fields Y1, ..., Y, in D,
such that, {Y1,...,Y,} is a linearly independent set for all ¢ € U. With respect to (U, 1, ...,zy) we
can write

n o .
Yi=>, ij 5 fori=1,...,r.

Since {Y1,...,Y,} is linear independent set, we can assume, w.l.o.g (change the order if necessary),
that the matrix A = [a;j]; j—1,...» is invertible. Let B = [bj]; j=1,..» = A~1 and let us take the vector
fields

Xi =3 1 bicY.

By definition [AB]yij = >"_, birax; = 0;; fori,j = 1,...,7, and so, X; can be given in local coordinates
as follows

= 5T b a2 n r a2
Xi =2 5—1 2= bikar; oz; T D i—rt1 2k=1 bikG; dz;

_ N\’ 0 n 0
= 2 5=1 013z, T 2=t Cig 9z;

0 n 0
By T 2jmrt1 Cij dx; *

It’s clear that X; belongs to D for alli =1, ...,7, and,{ X}, ..., X;,} is a linearly independent set. Con-
sequently, Dy =< {X1(q), ..., Xn(q)} > for all g € D.

Also note that

_[190 9 o) 0 o) o) 1é) [é)
[X% X]] - [311" E] + ZZ:T+1[TM7 Czkaixk] + ZZ:r-l,-l[cjk’aixkv E] + ZZ"]{/:T+1[CU€@7 Cjk’ Wk/]’

and, since
2] o 1_ ,0b 9 da 0 . 1\ ~ 9
[CLTM, baxk/ ] = am 8Ik/ — b@xk/ e it tells us that [X’La X]] == Zk‘:T’-‘rl Ck day "

Moreover, since D is involutive we know that [X;, X;] belongs to D, and, for that reason

[Xi,Xj] = 22:1 fu Xy, where fi, € COO(U)
From the last computations and considerations we have that:
(X3, X5] =2 fka%k + ZZ:TH ék% = Dk fka%k =0
= fr=0forallk=1,..,r =[X;X;]=0.

The latter tells us that, the set {Xi,..., X,,} is a linear independent set of mutually commutative
vector fields, which generate and belong to D.

Now, let {@%Z} be the one parameter group generated by X;, and, let us take a small neighbor-
hood V' of the origin in R", we can define a map

p:V—U

by @(t1,....tr) = ¢, 09}, 0 ... 0@ (p).
Since the vector fields X; are mutually commutative, we have that

i i—1 +1
Pt tr) = @h 0 pf 00y ot ooyl (p)



and so, at t = 0, and, for f € C°°(U) we have that

(el f = 200 X = (9)e() = Xilp).

As a consequence, we get that (¢). : To)R" — T,,M is an injective map, and, by tacking V' as small
as necessary, ¢ is an embedding.

Let N = Imey, by the last result, N is a submanifold of M with the property that D, = T,N.

We want to see now that for all ¢ € N, D, = T;N. Since ¢ is an embedding there is a t = (¢4, ..., t,),

such that, ¢ = p(t1,....tr) = ¢, 0 ... 0 @} (p),
in the same way as we did before, as the vector fields X; are mutually commutative, we have that
A - -
q =@} 0pf 0p 0wl o ogl (p).
Let us take

] o
P=¢f o opitl 0.0 (p)

, and, a small interval (a,b) C R, such that, ¢; € (a,b) and the mapping (t) = ¢i(p) defines a curve
on N.
It is clear that v(¢;) = g. Moreover, since i(p) is by definition an integral curve of X; =

Y(ti) = Xi(qg) = Xi(q) € TyN.

We also know that {Xi(q), ..., X, (¢)} is a linear independent set and dim(T,N) =r =
T,N = D,
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