LECTURE 16: DISTRIBUTIONS AND FOLIATIONS

1. DISTRIBUTIONS

¢ Distributions.

Suppose M is an n-dimensional smooth manifold. We have seen that any smooth vector
field X on M can be integrated locally near any point p to an integral curve ~,. Moreover,

o If X, =0, then ~, is the constant curve 7,(t) = p. (0-dimensional points)
o If X, # 0, then v, is a 1-dimensional curve passing p. (l-dimensional curves)

In what follows we will develop a higher dimensional analogue to the “vector field « integral
curve” correspondence. We first generalize the conception of vector field.

Definition 1.1. Let M be a smooth manifold.

(1) A k-dimensional distribution V on M is a map which assigns to every point p € M
a k-dimensional vector subspace V, of T, M.

(2) A distribution V is called smooth if for every p € M, there is a neighborhood
U of p and k smooth vector fields X, -+, X on U such that for every ¢ € U,
{X1(q),- -, Xk(q)} form a basis of V,. (In particular, X,;(¢) # 0 for all 1 <7 < k)

(3) We say a vector field X belongs to a distribution V if X, € V, for all p € M.

In what follows, all distributions will be smooth.

We also generalize the conception of integral curves:
Definition 1.2. Suppose V is a k-dimensional smooth distribution on M.

(1) An immersed submanifold ¢ : N < M is called an integral manifold for V if for every
p € N, the image of duy : T,N — T,M is V,.

(2) We say the distribution V is integrable if through each point of M there exists an
integral manifold of V.
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€ Examples of integrable and non-integrable distributions.

Ezxample. The vector fields 8%1, e ,% span a k-dimensional distribution ) in R™. The

integral manifolds of V' are “hyperplanes” defined by the system of equations
v'=c (k+1<i<n).

We will see below (Theorem 2.2, the local Frobenius theorem) that locally any integrable
distribution can be written as this form.

Ezample. An integral manifold need not to be an embedded submanifold of M. For example,
consider M = S' x S' C RZ x R?. Fix any irrational number a, the integral manifolds of
the non-vanishing vector field

2 0 10

0 0
Tt T 81:2) +aly oyt 4 83/2)

are “dense curves” in M. (However, they are immersed submanifolds.)

X9 = (

Example. Any non-vanishing vector field X is a 1-dimensional distribution. It is always
integrable: the image of any integral curve of X is an integral manifold.

It turns out that a higher dimensional distribution may fail to be integrable.

Ezample. Consider the smooth distribution V on R? spanned by two vector fields

0 , 0 0

= @ +x @, 9 = w

I claim that there is no integral manifold through the origin. In fact, if V is integrable,
then the integrable manifold N of V containing the origin must also contain the integrable
curve of X passing the origin (for a reason, see Corollary 2.3 below), which is a piece of the
rl-axis, i.e.

Xy

N > {(£,0,0) | [t| <&}

Similarly N must also contain the integral curves of the vector field X, passing all these
points (¢,0,0). It follows that for each [t| < &, N contains a small piece of line segment
parallel to the z2-axis, i.e.

NS {(ts,0) | |t] <& |s| < 8.}

In other words, N contains a piece of the z'-z? plane that contains the origin. This is a
contradiction, because the vector a%l is a tangent vectors of this piece of plane but is not in
V, for any p # (t,0,0).

€ Frobenius condition and involutive distributions.

Since not all distributions are integrable, we are interested in the conditions to make a
distribution integrable. A necessary condition is easy to find. Intuitively, if two vector fields
of M are tangent to a submanifold N of M, then their Lie bracket should also tangent to
N. Motivated by this fact, we have
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Theorem 1.3. If a distribution V is integrable, then for any two vector fields X and Y
belonging to V, their Lie bracket [ X,Y] belongs to V also.

Proof. Fix any p € M, suppose ¢t : N — M is an integrable manifold of V passing p. Since N
is an immersed submanifold of M, one can “shrink” N so that ¢(V) is in fact an embedded
submanifold of M. Now suppose X, Y are vector fields belonging to V, then the restrictions
X|n,Y|n of X,Y to N are vector fields that are tangent to the submanifold N. More

precisely, there exists X,Y € T *(T'N) such that
X, = di,(X,) and Y, = di,(Y,), Vpe N = (N).
It follows from today’s PSet (PSet 5-1-3-a-ii)) that for any p € N,
X, Y = di([X,Y]Y) € V),
So [X, Y] belongs to V also. O

Definition 1.4. A distribution V is involutive if it satisfies the following Frobenius condition:

Frobenius condition: If X, Y € I'°(T'M) belong to V, so is [X,Y].

Ezample. Any 1 dimensional distribution is involutive since

[f X, gX] = (FX(9) —gX(f))X
is a multiple of X.

Note that by definition, to check a distribution V is involutive, one need to check [X,Y] €
Y for all X|Y € V. It turns out that it is enough to check this for a set of local smooth basis
of V:

Lemma 1.5. Let V be a k dimensional distribution on M. Suppose for each p € M,
there exist a neighborhood U of p and k pointwise linearly independent smooth vector fields
Xy, , Xy on U so that [X;, X;]| belong to V for all 1 <i,5 <k. ThenV is involutive.

Proof. Left as an exercise. 0
Ezxample. The distribution spanned by 8%1, cee % in R™ is involutive, since
0 0
—,—1]=0 V1 <49 <k.
Ezxample. The distribution V spanned by
0 0 0
X =— I Xy=—
LT ot e ox3 27 a2

is not involutive, since

0
(X1, Xo] = o

is not in V.
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9 Frobenius Theorem.

Theorem 1.3 tells us that any integrable distribution is involutive. It turns out that the
converse is also true, namely, any involutive distribution is integrable:

Theorem 1.6 (Global Frobenius Theorem). Let V be an involutive k-dimensional distribu-
tion. Then through every point p € M, there is a unique maximal connected integral manifold
of V (in particular, V is integrable).

Ezxample. Let f: M — N be a submersion. For any p € M, let V, = ker(df,,). Then

e V is a distribution since dimV, = dim M — dim N is constant for all p € M.

e V is involutive: if X,Y are vector fields belonging to V, then df,(X,) = df,(Y,) =0
for all p. It follows that for any g € C*(N), X(g o f)(p) = df,(X,)(g) = 0 for all p,
ie. X(go f)=0. Similarly Y (go f) = 0. It follow that

dfy(1X,Y]p)(9) = [X,Y]p(g o f) = Xp(Y(g o f)) = Yp(X(go f)) = 0.
e V is integrable: the integrable manifold passing p € M is the submanifold f~1(f(p)).

Ezxample. Consider the distribution V on R? spanned by

0 0 0
Xlzl'lﬁ—l'Q@, 2:@
on M = R?®— {z! = 2% = 0}. Since [X;,X5] = 0, V is involutive. What are its integral
manifolds? Well, let’s first compute the integral curves of X; and Xs. Through any point
(!, 2% 23), the integral curves of X, are circles in the z3-plane with origin the center,
and the integral curves of X, are the lines that are parallel to the x*-axis. Note that the
integral manifold passing (z*, 2%, 23) of the distribution should contain all points of the form

0 (X2 (2!, 22, 2%)) for all ¢, 5. In our case, these are the cylinders centered at the z°-axis.

9 Foliation.

As a consequence, given any k-dimensional involutive distribution on M, one can “de-
compose” M into a disjoint union of k-dimensional connected immersed submanifolds. Such
a decomposition is called a foliation structure on M.

Definition 1.7. A k-dimensional foliation F of an m-dimensional manifold M is a decom-
position of M into a union of disjoint connected immersed submanifolds { L, }aca, called the
leaves of the foliation, with the following property:

Every point in M has a neighborhood U and a system of local coordinates
x = (x1, -+ ,2y) on U such that for each leaf L,, the connected components
of U N L, are described by the equations xpi1 = Cxi1,** » Tm = Cm.

A foliation is called regular if each leaf is an embedded submanifold.

Using the language of foliation, we can rewrite the Frobenius theorem as: Let V be an
involutive k-dimensional distribution. Then the collection of all maximal connected integral
manifold of V form a k-dimensional foliation F of M. Conversely, given any k-dimensional
foliation JF, by definition the collection of all tangent spaces of all leaves form an integrable
k-dimensional distribution.
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2. THE PROOF OF FROBENIUS THEOREM

¢ Flatten one vector field locally.
We first prove the following useful lemma:

Lemma 2.1. Let X be any smooth vector field on M with X, # 0. Then there is a local
chart (o, U, V') near p so that X = 0, on U.

Proof. Choose a local chart (ﬁ,yl, .-+ ,y") around p such that X, = 8%1 . Denote X =
P

Yo fia%i on U , where & are smooth functions on U. Shrinking U if necessary, we may
assume & # 0 on U. Consider the system of ODEs
dy' &Lyt YY)
dy'  &(yhyr e yn)

2<i1<n

By basic theory of ODE, locally for any given initial data (22,---,2"), with |z| < €, the

system above has a unique solution
yi=y'yh 22, Y <e
with initial condition

yi(0;2% - 2" =2F 2<i<n

and the functions y* depends smoothly on y* and on z7’s. Consider

y' =z,
y=vyl (222", 2<i<n.
Since the Jacobian
a(y:l?...’yn) :1
Azt 2 |, ’
we can make the change of variables from (y!,---,9y") to (z',---,2"), i.e. there exists a
neighborhood U C U of p, with (z!,--- ,2") as local coordinate functions. We have in this
new chart
X=Y g =63 ghan =
oy St Le 92l gy 1521
Finally if we let z'(z',---,2") = [ W and x; = z; for j > 2, then {z',--- 2"}
are local coordinate functions on U such that X = a =2 on U. ]

Remark. More generally, if [X;, X;] = 0 and if X;’s are linearly independent, then there
exists a coordinate chart so that X; = 0;. The proof is left as an exercise. Note that the
condition [X;, X;] = 0 is necessary since in any local charts, we have [0;,0;] =0
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q Local Frobenius Theorem: “Flatten” an involutive distribution.
Before proving the global Frobenius theorem, we first prove the following local version:
locally any involutive distribution is “flat”, and thus is integrable.

Theorem 2.2 (Local Frobenius Theorem). Let V be an involutive k-dimensional distribu-
tion. Then for every p € M, there exists a coordinate patch (U,x',---  z") centered at p

such that for all g € U, V, = span{0:1(q), - -+ ,0k(q)}.

Proof. By Lemma 2.1, the theorem holds for £ = 1. Now suppose the theorem holds for
k — 1 dimensional involutive distributions. Let )V be an k dimensional distribution spanned
locally by X, Xy, -+, Xi near p. Suppose V is involutive, i.e.

(X, X;] =0 mod (Xy,---,Xy), 1<4,57<k.

According to Lemma 2.1, there exits a local chart (U;y', -+, y") near p such that Xj = 0.
For1<i:<k-—1Ilet
Xi = X; = Xi(y*) X,
then X/(y*) = 0 for 1 < i < k — 1, and X,(y*) = 1. Note that the vector fields
X1, -+, Xi_q, X still span V. Moreover, if we denote
[Xz,?Xj,] :aZij mod (X{’ 7XI::—1)7 1 §Z7.] Sk_la

then after applying both sides to the function y*, we see a;; = 0 for all 1 < i,j < k — 1.
According to Lemma 1.5, the £ — 1 dimensional distribution
V' =span{ X}, -, X; 1}
is involutive. By induction hypothesis, there is a local chart (U, z',-- -, 2™) near p such that
V' is spanned by {0.1,---,0.k-1}. Since each 0.:(1 < < j) is a linear combination of X
for 1 < j <k —1, we conclude 0.:(y*) = 0.
Now denote
I:azi7 Xk] — bZXk mOd (azl, cte ,aszl).
Apply both sides to the function y*, we see b; = 0 for all . So we can write

k—1
(0., X3 =) Cl0,s.
j=1

Suppose X = Z?Zl €;0,i. Insert this into the previous formula, we see
8.6=0, 1<i<k—1k<j<n.
In other words, for j > k, & = &;(2%,--- | 2"). Let

X =Y &0
j=k

Then {0,1,---,0.k-1, X} still span V. Finally according to Lemma 2.1 again, there is a
local coordinate change from (z%,---, 2% ... 2") to (z!,--- 2% .-+ 2") with 2! = 2% for
1 <i<k—1,such that X = J,x. This completes the proof. O
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As a consequence, we get the following result that we used in previous examples:

Corollary 2.3. Let X be a smooth vector field belongs to V. Then for any p € M, the
integral curve of X passing the point p lies in the integral manifold of V passing p.

q[ Sketch of proof of the Global Frobenius theorem:

Sketch of proof of the Global Frobenius theorem: For any p € M, let
N, = {q € M | 3 a piecewise smooth integral curve of V jointing p to ¢}'.

We claim that [V, is the maximal connected integral manifold of V containing p.
The manifold structure is defined as follows: for any ¢ € IV,,, there is a coordinate patch
(¢, U, V) (with ¢p(w) = (x'(w), -+ ,2™(w))) centered at q such that V = span{dy,--- , 0} in
U. For each small ¢, let
W.={weU| (") (w)+- -+ (2")*(w) < &, 2" (w) = --- = 2"(w) = 0}.
Then any point w € W, can be joint to ¢ by the integral curve

Y(t) = ¢ Htw(w), - -+ tag(w), 0, -+ ,0).
So W, C N,,. Let
0:W.— B*e) cR*, w (21(w), -, zr(w)).

Now we define the topology on N, by giving it the weakest topology such that all these
¢’s are homeomorphisms. The atlas on N, is defined to be the set of charts (¢, W, B*(¢)).
One can check that N, is a manifold with this given atlas. For more details, c.f. Warner,
pg.48-49. OJ

We say v is a piecewise smooth integral curve of V if ~ is of the form “7; connected to v, connected - - -
connected to v,,,”, where each ~; is a smooth integral curve of a smooth vector field in V.



