Chapter 2
Tensor Fields and Differential Forms

Abstract After providing some definitions and results on tensor fields and differen-
tial forms, this chapter deals with some aspects of general vector bundles, including
the ‘cocycle approach’; other topics are: Tensors and tensor fields, exterior forms,
Lie derivative and the interior product; calculus of differential forms and distribu-
tions. Some examples related to manifolds studied in the previous chapter are also
present, such as the infinite Mdbius strip, considered as a vector bundle, and the tau-
tological bundle over the real Grassmannian. Certain problems intend to make the
reader familiar with computations of vector fields, differential forms, Lie derivative,
the interior product, the exterior differential, and their relationships. Other group of
problems tries to develop practical abilities in computing integral distributions and
differential ideals.

L’algorithme du Calcul différentiel absolu, c’est & dire 1’instrument
matériel des méthodes (...) se trouve tout entier dans une remarque due a
M. Christoffel (...) Mais les méthodes mémes et les avantages, qu’ils présen-
tent, ont leur raison d’étre et leur source dans les rapports intimes, que les lient
a la notion de variété a n dimensions, qui nous devons aux génies de Gauss
et de Riemann. D’apres cette notion une variété V,, est définie intrinséque-
ment dans ses propriétés métriques par n variables indépendants et par toute
une classe de formes quadratiques des différentielles de ces variables, dont
deux quelconques son transformables I’une en 1’autre par une transformation
ponctuelle. Par conséquence une V), reste invariée vis-a-vis de toute transfor-
mation de ses coordonnées. La Calcul differentiel absolu, en agissant sur des
formes covariantes ou contrevariants au ds> de V,, pour en dériver d’autres de
méme nature, est lui aussi dans ses formules et dans ses résultats indépendent
du choix des variables indépendantes. Etant de la sorte essentiellement attaché
a V,, il est I’instrument naturel de toutes les recherches, qui ont pour object
une telle variété, ou dans lesquelles on rencontre comme élément caractéris-
tique une forme quadratique positive des différentielles de n variables ou de
leurs dérivées.!

IThe algorithm of absolute differential Calculus, that is, the material instrument of the methods
(...) is fully included in a remark by Mr. Christoffel (...) But the methods themselves and their
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However Einstein realised his problems: ‘If all accelerated systems are
equivalent, then Euclidean geometry cannot hold in all of them.’ Einstein then
remembered that he had studied Gauss’ theory of surfaces as a student and
suddenly realised that the foundations of geometry have physical significance.
He consulted his friend [and mathematician] Grossmann who was able to tell
Einstein of the important developments of Riemann, Ricci (Ricci-Curbastro)
and Levi-Civita. Einstein wrote: ‘... in all my life I have not laboured nearly
so hard, and I have become imbued with great respect for mathematics, the
subtler part of which I had in my simple-mindedness regarded as pure luxury
until now.” In 1913 Einstein and Grossmann published a joint paper where
the tensor calculus of Ricci and Levi-Civita is employed to make further ad-
vances. Grossmann gave Einstein the Riemann—Christoffel tensor which, to-
gether with the Ricci tensor which can be derived from it, were to become the
major tools in the future theory. Progress was being made in that gravitation
was described for the first time by the metric tensor but still the theory was
not right. (...) It was the second half of 1915 that saw Einstein finally put the
theory in place. Before that however he had written a paper in October 1914
nearly half of which is a treatise on tensor analysis and differential geometry.
This paper led to a correspondence between Einstein and Levi-Civita in which
Levi-Civita pointed out technical errors in Einstein’s work on tensors. Einstein
was delighted to be able to exchange ideas with Levi-Civita whom he found
much more sympathetic to his ideas on relativity than his other colleagues.

JOHN O’CONNOR AND EDMUND F. ROBERTSON, Atrticle General Rel-
ativity, in ‘The MacTutor History of Mathematics archive,” School of Math-
ematics and Statistics, University of St. Andrews, Scotland. (With kind per-
mission from the authors.)

advantages have their foundation and their source in the intimate links they have with the notion
of n-dimensional manifold, which we owe to the geniuses of Gauss and Riemann. According
to this notion, a manifold V, is intrinsically defined with respect to its metric properties by n
independent variables and by a full class of quadratic forms of the differentials of these variables,
such that any two may be mutually transformed by a pointwise transformation. Consequently, a V,,
remains invariant under any transformation of its coordinates. The absolute differential Calculus,
dealing with covariant or contravariant forms of the ds? of V.., in order to obtain other ones of the
same nature, is itself independent of the choice of independent variables inside its formulas and its
results. Being so essentially linked to V},, it is a natural tool of all the researches on such a manifold
(...) or one meets positive quadratic differential forms and their derivatives.”
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2.1 Some Definitions and Theorems on Tensor Fields
and Differential Forms

Definitions 2.1 Let & = (E, 7w, M) be a locally trivial bundle with fibre F over M.
A chart on £ is a pair (U, ¥) consisting of an open subset U C M and a diffeomor-
phism ¥ : 7~1(U) — U x F such that pry o ¥ =, wherepr;: U x F — U is the
first projection map. ¥ is called a trivialisation of & over U.

Let V be real vector space of finite dimension n, and let £ = (E, 7w, M) be a lo-
cally trivial bundle of fibre V. A structure of vector bundle on & is given by a family
o ={(Uy, Wy)} of charts on & satisfying:

(i) Uy is an open covering of the base space M.
(ii) For each pair (o, 8) such that U, N Ug # @, one has

(g oW, ) (p.v) = (p.gpa(PIV), (p.v) € UsNUp) XV,

where gqg is a C° map from U, N Ug to the group GL(V) of automorphisms
of V.
(iii) If &/’ D & is a family of charts on & satisfying properties (i), (ii) above, then
A =4 .
Such a bundle & = (E,w, M, o), or simply & = (E,w, M), is called a (real)

vector bundle of rank n. The C*° maps gq5: M — GL(V) are called the changes of
charts of the atlas 7.

Proposition 2.2 The changes of charts of a vector bundle have the property (called
the cocycle condition)

8ay(P)gyp(P) =8up(p), peUyNUgNU,.

Definition 2.3 Two vector bundles of rank »n are said to be equivalent if they are
isomorphic and have the same base space B.

One has the following converse to Proposition 2.2:

Theorem 2.4 Let % = {U,} be an open covering of a differentiable manifold M,
and let V be a finite-dimensional real vector space. Let go5: M — GL(V), Uy N
Ug # 9, be a family of C* maps satisfying the cocycle condition in Proposition 2.2.
Then there exists a real vector bundle ¢ = (E, w, M, &), unique up to equivalence,
such that the maps gup are the changes of charts of the atlas <7 .

Definition 2.5 The family (Uy, g4g) is said to be a GL(V)-valued cocycle on M
subordinated to the open covering U .

Definitions 2.6 Let .7 (M) be the set of tensor fields of type (r, s) on a differen-
tiable manifold M and write .7 (M) = EB?E:O T (M). A derivation D of 7 (M)
is a map of .7 (M) into itself satisfying:
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(i) D is linear and satisfies
Dx(T'® h)=DxT1 @b+ T1 ® DxT», XeX(M), T\,T» € T(M).

(ii) Dy is type-preserving: Dx (7 (M)) C T (M).
(iii) Dy commutes with every contraction of a tensor field.

Let A" M be the space of differential forms of degree r on the n-manifold M,
that is, skew-symmetric covariant tensor fields of degree r. With respect to the ex-
terior product, A*M = @;_, A" M is an algebra over R. A derivation (resp. anti-
derivation) of A*M is a linear map of A*M into itself satisfying

D(wi Awr) = Doy Awy + w1 ADwy, wi,wr € A*M
(resp. D(w1 Awy) = Doy Awy+ (—1) w1 ADwy, @1 € A'M, wy € A*M.)

A derivation or anti-derivation D of A*M is said to be of degree k if it maps A" M
into A" XM for every r.

Theorem 2.7 (Exterior Differentiation) There exists a unique anti-derivation
d: A*M — A*M

of degree +1 such that:

(i) d*=0.
(ii) Whenever f € C*M = A°M, df is the differential of f.

Definitions 2.8 Fix a vector field X on M and let ¢; be the local one-parameter
group of transformations associated with X. Let Y be another vector field on M.
The Lie derivative of Y with respect to X at p € M is the vector (LxY), defined
by

Yp = (p’*Yfﬂfl(p) _

R
t

(@rY 1))
=0
The Lie derivative of a differential form o with respect to X at p is defined by

wp — @ (0g, (p))

t @2.1)

L = lim
(Lxw)p 20

The Lie derivative of a tensor field T of type (r,s) with respect to X at p is
defined by

d
(LxT)p = T (@ - T)p,
=0

where the dot denotes, for an arbitrary diffeomorphism @ of M,
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2-(X1® QX ®01® - ®6)
=0 - X190 ®P-X, (@ )00 (@)

"5,
X; € X(M),0; € A'M.
In particular, the action of @ on a differential form 6 € A M is given by

(@-0)p=0p-10 (@), =((@7")0),, peM.

For each X € X(M), the interior product with respect to X is the unique anti-
derivation i of degree —1 defined by ix f =0, f € C*M, and ix0 = 6(X), 0 €
A'M. We shall use sometimes, to avoid confusion, ¢ instead of i to denote the
interior product.

Theorem 2.9 Let X € X(M). Then:

G Lxf=Xf, feC®M.
(i) LxY =[X,Y],Y e X(M).
(iii) Ly maps A*M to A*M, and it is a derivation which commutes with the exte-
rior differentiation d.
@iv) On A*M, we have

Lxy=ixod+doiy,

where iy denotes the interior product with respect to X.

Proposition 2.10 Let ¢; be a local one-parameter group of local transformations
generated by a vector field X on M. For any tensor field T on M, we have

d
@s (LXT)=_<E(‘PI . T))

t=s

In particular, LxT =0 ifand only if ¢; - T =T forall t.

Definitions 2.11 Let m, n be integers, 1 < m < n. An m-dimensional distribution
2 on an n-dimensional manifold M is a choice of an m-dimensional subspace 2,
of T,M for each p € M. & is C*™ if for each p € M, there are a neighbourhood
U of p and m vector fields X1, ..., X, on U which span Z at each point in U.
A vector field is said to belong to (or lie in) the distribution & if X, € 2, for
each p € M. Then one writes X € 2. A C* distribution is called involutive (or
completely integrable) if [X, Y] € 2 whenever X and Y are vector fields lying in 2.

A submanifold (N, ) of M is an integral manifold of a distribution 2 on M if

W*(TqN)=@1/,(q), geN.

Definitions 2.12 Let & be an r-dimensional C*° distribution on M. A differential
s-form w is said to annihilate 9 if, for each p € M,

wp(V1,...,v) =0, v,...,v5€Z,.
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A differential form w € A*M is said to annihilate & if each of the homogeneous
parts of w annihilates 2. Let

I(2)={we A*M : » annihilates Z}.

A function f € C°°M is said to be a first integral of 2 if df annihilates 2. An
ideal .# C A*M is called a differential ideal if it is closed under exterior differenti-
ation d, that is, d.# C .#.

Proposition 2.13 A C* distribution 9 on M is involutive if and only if the ideal
F(D) is a differential ideal.

Theorem 2.14 (Frobenius’ Theorem) Let & be an (n — q)-dimensional, involutive,
C®® distribution on the n-dimensional manifold M. Let p € M. Then through p
there passes a unique maximal connected integral manifold of 9, and every con-
nected integral manifold of & through p is contained in the maximal one.

Definitions 2.15 In the conditions of Theorem 2.14 it is said that the involutive
distribution & defines a foliation, M is said to be a foliated manifold, the unique
maximal connected integral manifold of & through each point is called a leaf of the
foliation, and the foliation is said to be of codimension q.

Definition 2.16 A codimension q foliation F on a differentiable manifold M of di-
mension 7 is a collection of disjoint, connected, (n — g)-dimensional submanifolds
of M (the leaves of the foliation), whose union is M, and such that for each point
p € M, there is a chart (U, ¢) containing p such that each leaf of the foliation inter-
sects U in either the empty set or a countable union of (n — ¢g)-dimensional slices
of the form x"~4+1 = =4+l x" = ¢". More formally, a foliation F consists
of a covering U of M by charts (U;, ¢;) such that on each intersection U; N U, the
changes of charts @;; = ¢; o (pi_l are of the form

@ij(xl,...,xq,xq+l,...,x”)=(wij(xl,...,xq),wij(xl,...,xq,xq+1,...,x"))

with
(p,‘jZRq—>Rq, W,’j!R”—)Rniq.

2.2 Vector Bundles

Problem 2.17 Let (E, 7w, M) be a C* vector bundle with fibre F", where F =
R, C or H. Prove that the homotheties

h:FxE—E, A, y) = h(h,y) =2y,

are C°.
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Solution Let U be an open subset of M.Let ¢: 71 (U) — U x F be a trivialisation
of (E, m, M), that is, a fibre-preserving diffeomorphism linear on the fibres, and ¢ a
chart, that is, a diffeomorphism of the open subset Eyy = P (U) of E onto U x F",
linear on the fibres.

Then, h|y is the composition map

id ’ -1
]FXEUIF—x;prUxIF”L)UXF"(p—)EU

*x,y) — (A, p,x) — (p,Ax) —> Ay.
Since ¢ is a diffeomorphism and A’ is C*°, the map h|y is C*.

Problem 2.18 Show that for a C* vector bundle & = (E, 7, M) with fibre R”,
triviality is equivalent to the existence of n C*° global sections, linearly independent
at each point.

Solution Let {¢;} be the canonical basis of R". If we have a global trivialisation

E —“ 5 MxR"

"] i

[V
then we have sections ¢; of M x R" given by ¢; = (id, ¢;). Thus, we have sections
& of E defined by & = u~! 0 &;, which are linearly independent because ! is an
isomorphism on each fibre.
Conversely, if &; are such linearly independent sections of E, we define the triv-
ialisation u by u() = (7 (), ol . oM witha = Zi o'& (w(a)) € E. Its inverse
map is given by u "' (p, !, ..., a") = Ziai€i|p, pEM.

Problem 2.19 Prove that the infinite Mobius strip M (see Problem 1.31) can be
considered as the total space of a vector bundle over S'. Specifically:

(i) Determine the base space, the fibre and the projection map 7.

(ii) Prove that the vector bundle (M, 7, S!) is locally trivial but not trivial.
Solution

(i) With the notations of Problem 1.31, we have that the base space is S L= (0, 11 x
{0})/~ C M, the fibre is R (see Fig. 2.1), and the projection map is defined by

I if0<x <1,
JT([(x’y)])_{[(0,0)]=[(1,0)] ifx=0orx=1.

(ii) The charts in Problem 1.31 are in fact trivialisations that cover S entirely. Now
suppose that there exists a non-vanishing global section o : S' — M, i.e. a con-
tinuous map such that w o 0 =idg:. This is equivalent to a continuous function
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Fig. 2.1 The Mobius strip as R _on
the total space of a vector =i =
bundle il
M"‘-\-\.
-'“““x_,___h__ T
T
Sl
s: [0, 1] — R such that s(0) = —s(1). Since s must vanish somewhere, o must

also vanish somewhere, so getting a contradiction.

Problem 2.20

(i) Consider
E={(u,v)=(xy.zabc)eR xR :|ul =1, (u,v) =0}

and the projection map on the unit sphere S> givenby 7 : E — S%, w(u, v) =u.
Prove that £ = (E, 7, $%) is a locally trivial bundle over $2 with fibre R2.

(i) Let & = {(U;, ®;)}, i = 1,2, 3, be as in the solution of (i) below. Prove that
TS?=(E,n, 82, o) is a vector bundle (see Definitions 2.1) with fibre RZ.

Solution

(i) The open subsets Uy, U, Uz of §? given by |x| < 1, |y| < 1, |z| < 1, respec-
tively, are an open covering of $2. Define local trivialisations by

@&1: WU - Ui xR, (x,y,z,a,b,¢) > (x,y,2,bz — ¢y, a),
O (Up) > U xR, (x,y,z.a,b,0) > (x,y,2.cx —az, b),
&3: N (Uz) = Uz x R?, (x,y,z,a,b,¢c)—~ (x,y,z,ay — bx,c).

It is immediate that they are diffeomorphisms.
(i) As a computation shows, the changes of charts are given, for each u =
(x,v,2) € S%, by

-1 [(xy =z -1 yz X
gZI(M)—m<_Z xy)’ 832(M)—12+x2 —x yz)°

—1 x y
g13(u)_x2+y2 (_y Zx)'
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The cocycle condition is thus satisfied. Indeed, one has

(—yz * ) = (832(M))_1 = g23(u)

—X —YyZ

g21(u)g13(u) = 212

and the similar identities for gi2(u)g23 (1) and g13(u) g3z (u).
Moreover, for

E={(uv), (' V) eExE:u=u,(uv)=u,)=0},
the maps
stE—E, (), (@, ) (u,0+0),
h:RxE—E, (A, (u,v)) > (u, 1v),

are C* (as for h, see Problem 2.17), and they induce a structure of two-
dimensional vector space on each fibre of T'S?.

Problem 2.21

(1) Let {(Uy, @y)} be an atlas on a manifold M, where ¢,: Uy — R”, ¢, =
(x(}l, oo, Xxy),n=dimM. Let go5: Uy NUg — GL(n, R) be the map

h 8x£
(gaﬂ(p))[ :a i (p)7 pEUamUﬂ.
*p

Prove that {g,g} is a cocycle on M whose associated vector bundle is the tangent

bundle T M.
(i1) Similarly, if the map g;ﬂ : Uy NUg — GL(n, R) is given by

i

0x
h
(85(P); =55 (). PE€UaNUp.
o

prove that {g ﬂ} is a cocycle on M whose associated vector bundle is the cotan-
gent bundle 7*M.

Solution

(i) Let us define two linear frames at p:

Gl ad
Ug =\ — S ug =\ —-
"~ oy » P~ o)

According to the definition of gus(p), we have

ad
R )
axﬂ

0

*
n
oxlt

g o

p

)

p

n

_ n 9
=Y (2ap(p)), o,

P h=1

d
Bxl’g
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Hence ug = uy - gop(p), where the dot on the right-hand side stands for the right
action of GL(n, R) on the bundle of linear frames F'M (see Definitions 5.3).
Accordingly,

ug =y - gyp(p) = (Ua - 8y (P)) - 8yp(P) = e - (8ay (P)&yp(P)).
As GL(n, R) acts freely on F'M, we conclude that

8ap(P) = 8ay (P) &y (D),

thus proving that {gyg} is a cocycle.
Moreover, if 7: TM — M is the tangent bundle, for every index o, we have
a trivialisation

Oo: N (Uy) —» Uy xR, (X)) = (p, 21, ... "),
X =" ,A(d/dx}), € TyUy, or in other words,

o (X) = (p,ug ' (X)),

where u, is understood as a linear isomorphism uy: R* — T, M.

In order to prove that the cocycle {gqg} defines T M, it suffices to see that the
cocycle associated to these trivialisations is {g4g}. In fact, if {e;} is the standard
basis of R”, forv =Y, Ale;, p € Uy N Ug, we have

(®q 0 <15/5_1)(p, v) = Po(up(v)) = (p, Uy (up(v)))

(e (55

i
B

n h
-0X d
-1 i o
=(pu'[ DN =2p)— ))
( (i,h—l dxg — xql,
n h
S 0X _1f 9
( s 9% “ \oxg
; h
= <p, M (gap(P)), eh) = (p. gap(p) - V).
ih
(i1)) We have
" Mg axt n gyl 9 )
h X
Z(é’;;;(l’))j (fgaﬂ(P)){ = ﬁ(p) ‘;(p) = Z ﬁ(p)_] (x(lx)
j=1 j=1 ax,s j=1 "¢ 3)‘,3 p
9 i
= — X :81
ax(l;ll p( Ol) h
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Hence g%5(p) = ('gap) ™' (p), and then

8y ()85 () = (8ay) " () (8y8) " (1) = (‘ap) ™ () = 85(P).

thus proving that {g;f;} is a cocycle.

Finally, by proceeding as in (i) above, it is easily checked that {g;ﬁ} is the
cocycle attached to the trivialisations of the cotangent bundle 7: T*M — M
defined as follows:

Wy 7 (Uy) > Uy x R,

Vo (@) = (p, u (@) = 2
(@) = (p. (@) = (,,, w(axl

o

)-o(3:
) -
» ox]!

where u; : T;,“M — (R")* is the dual map to uy : R* — T, M.

)

weT M, peU,NUp,

Problem 2.22 (The Tautological Bundle Over the Real Grassmannian) Denote
by y¥(R") the subset of pairs (V,v) € Gx(R") x R" such that v € V and let
7 y*(R") - Gr(R") be the projection 7 (V, v) = V. Prove that ykR") isa C®
vector bundle of rank k.

Solution The fibres of 7 are endowed with a natural structure of vector space as
7~ (V)= V.Hence rank 7 ! (V) =k for all V € G;(R"). The maps

YE(R?) xGu@m vE(RY) = yE(RY), (V. v), (V,w)) > (V, v+ w),
R x y*(R") = yF(R"), (A, (V,0)) > (V,20),

are differentiable as they are induced by the corresponding operations in R”. It re-
mains to prove that y¥(R") is locally trivial. Let us fix a point Vp € G (R"), and
let 7 be the set of k-planes V such that ker p|y = 0, where p is the orthogonal
projection onto Vj relative to the decomposition R"” = Vp & VOJ-. Certainly, Vo € %
as ply, =id.

If {v?, e vg} is an orthonormal basis of Vj and {vy, ..., vt} is a basis of V, then
V € 7 if and only if

det((v7, vj)); ;-

thus proving that % is an open neighbourhood of Vj. For every V € %, the restric-
tion ply: V — Vj is an isomorphism as ker p|y = 0 and dim V = dim Vj. Hence
we can define a C trivialisation

.....

U xVo— 1 U)cC v (R")
(V,v0) = (V. (plv) ™ (v0)).
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Problem 2.23 Let @: E — E’ be a homomorphism of vector bundles over M with
constant rank. Prove that ker @ and im @ are vector sub-bundles of E and E’, re-
spectively.

Solution As the problem is local, we can assume that E, E’ are trivial: E = M x
R", E' =M x R™. Then @ is given by

@(p,v) = (p, A(p)v),

where A = (a;'.), 1<i<m, 1<j<n, a;'. € C®M, is a C*® m x n matrix. Set
r =rank, @ for all p € M. Given pg € M, by permuting rows and columns in A,
we can suppose that

aj(po) ... a}(po)
det : : #0.
ay(po) ... a(po)
Hence there exists an open neighbourhood U of pg such that
al(p) ... a(p)

det : : #0, pel.
aj(p) ... a/(p)

Asrank A(p) =r forall p € U, it is clear that ker(®|y ) is defined by the equations
n
Za}(p)v] =0, 1<i<r,
j=1

where v = Zj vjej, {e1,...,e,} is a basis of R”. By using Cramer’s formulas we
conclude that the previous system is equivalent to

n
vl = Z bl(pE, 1<h<r
k=r+1

Hence (p, v) € ker @ if and only if
n r
v= Z ok (ek + Zb,’j(p)eh).
k=r+1 h=1
Define sections of E over U by

ey, 1<k
+1

O'k(p) = :ek + 22:1 blil(p)eh’ -

Then, {o1(p),...,0,(p)} is a basis of E,, and {o,11(p),...,0,(p)} is a basis of
(ker @), for all p € U, thus proving that ker @ is a sub-bundle of E.
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Moreover, if F C E is a sub-bundle, then FO = {we E*: w|p =0} is a sub-
bundle of E*, asif {01, ..., 0y} is a basis of sections of E over U and {01, ..., 0,}
is a basis of sections of F', then the dual basis {O’l*, ..., 0.} is a basis of sections of
E*|y,and {o],..., 0} is a basis of sections of FY. Furthermore, as @ has constant
rank, then the same holds for @*: E’* — E*, as a matrix and its transpose have the
same rank. We can conclude by remarking that im & = (ker @*)°.

Finally, we give the following counterexample. Let £ = E’ = R x R be the trivial
bundle over R with fibre R, and let @: E — E’ be defined by @ (p, ) = (p, Ap).
Then

0 if p##0,

ket P =1R it p=0

2.3 Tensor and Exterior Algebras. Tensor Fields

Problem 2.24 Let V be a finite-dimensional vector space. An element 6 € A*V*
is said to be homogeneous of degree k if & € A¥V*, and a homogeneous element of
degree k > 1 is said to be decomposable if there exist ol ..., 0% € A'V* such that
0=0"A-- nO*.

(i) Assume that & € A¥V* is decomposable. Calculate 6 A 6.
(ii) If dimV > 3 and 0',62, 63, 6% are linearly independent, is 0! A 6% + 63 A 64
decomposable?
(iii) Prove that if dim V = n < 3, then every homogeneous element of degree k > 1
is decomposable.
(iv) If dim V =4, give an example of a non-decomposable homogeneous element
of A*V*,

Solution

(i) It is immediate that 6 A 6 = 0.
(i) No, since

(0" A2+ ANOY) A (0" NO2+ 07 A0Y)=20" NOPAOP NGO F£O

so by virtue of (i) it is not decomposable.

(iii) If dimV =1 or 2, the result is trivial. Suppose then that dim V = 3, and let
{a!, @?, &3} be a basis of V*. If @ € ALV*, the result follows trivially. If 6 €
A3V*, then § = aa' A a? A3, and hence it is decomposable. Then suppose
that € A2V*, so that @ = aa! A a? + ba! A o + ca? A a®. Assume that
a #0. Then

b b
% =aoz1 A <(x2 + —oc3) +coc2 /\Ol3 = (aot1 — CO(3) A <oc2 + —a3>.
a a

If a = 0, then 6 = (ba! + ca?) A a3,
(iv) The one given in (ii) in the statement is such an example.
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Problem 2.25
1. Let A, B be two (1, 1) tensor fields on a C* manifold M. Define S by
S(X,Y)=[AX,BY]+[BX,AY]+ AB[X,Y]+ BA[X, Y] — A[X, BY]
— A[BX,Y]— B[X, AY] - B[AX,Y], X,YeX(M).

Prove that S is a (1, 2) skew-symmetric tensor field on M, called the Nijenhuis
torsion of A and B.

2. Let J be a tensor field of type (1,1) on the C* manifold M. The Nijenhuis
tensor of J is defined by

Ny (X, Y)=[JX,JY]—J[JX, Y] —J[X,JY]+J?[X,Y], X,YeX(M).

(a) Prove that N is a tensor field of type (1,2) on M.
(b) Find its local expression in terms of that of J.

The relevant theory is developed, for instance, in Kobayashi and Nomizu [2, vol. 2,
Chap. IX]. However, for the sake of simplicity we omit the factor 2 of the Nijenhuis
tensor in that reference.

Solution

1. From the formula

[fX,gY]= fglX. Y]+ f(Xg)Y —g(Y )X

it follows that S(f X, gY) = fgS(X,Y), f, g € C*®°M. Since the Lie bracket is
skew-symmetric, so is S.
2. (a) The proof is similar to the one in the case 1.

(b) Let x!, ..., x" be local coordinates in which J = Z”JJ’ ail ® dx’/ and
szzi’jkN}ka,@)dxf@dx
d 2,0 a SR
F= 2 g NJ(W@FE%@'

From the definition of the Nijenhuis tensor we obtain

, . ,
i _Xn: JlaJ" J’%+1i%—1i% .
Jk po T ax! kgxl Daxk 7l gxi

Problem 2.26 Write the tensor field J € ﬂllR3 given by

J = dx®ai+dy®ai+dz®a%
in the system of spherical coordinates given by
X =rcosgcosb, y=rcos¢sinb, z=sing,
r>0, pe(—n/2,7/2), 6 €(0,2m).
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Solution We have
0 0 0
J=d — +d — +do® —,
r®8r+ ¢®8¢)+ ®89

as J represents the identity map in the natural isomorphism T*R?® ®@ TR3 =
End TR3, and hence it has the same expression in any coordinate system.

2.4 Differential Forms. Exterior Product

Problem 2.27 Consider on R?:

0 0 0
X=("+y)—+(*+1) V=01

dx 3y’
0 = (2xy + x>+ 1)dx + (x* — y)dy,
and let f be the map
f:R3—>R2, (u,v,w)|—>(x,y):(u—v,v2+w).
Compute:

@ [X, Y]o,0-
(i) 6(X)(0,0).

(i) f*6.
Solution

)

[X Y]:(yz—znyrz)le)i so [X,Yloo _9
’ 3x’ ’ ©.0 ax (0’0)
(ii)
6(X)(0,0) = ((2xy + x>+ 1) (x> +y) + (x* = y) (»* +1))(0,0) = 0.

(iii)

[0 = {2(u - v)(v2+w) +w—v)Y’+ l}du
+{2v( —v)? = v —w) —2(u — V) (V2 + w) — (u —v)* — 1} dv
+{—v)? —v* —w}dw.

Problem 2.28 Consider the vector fields on R?:

0 a
X=x—+2xy—, Y=y

ax ay @’
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and let w be the differential form on R? given by
o= (x?+2y)dx + (x + %) dy.
Show that w satisfies the relation
do(X,Y)=XoY) - Yo(X) —o([X, Y]),
between the bracket product and the exterior differential.

Solution We have [X, Y] =0 and

a(xZ+2 a(x2+2
dw:( O+ 2) g 20T y)dy>/\dx

ax ay
3 2 3 2
+( (x+y)dx+ (x+y)dy>/\dy
dax ay
= —dx A dy.
From
Xa)(Y):xy+2x2y+6xy3, Yo(X) =2xy+2x2y+6xy3,

a a a
dCL)(X, Y):—(dx/\dy) X—+2xy—,y— =—xy
0x dy ~ dy

one easily concludes.
Problem 2.29 Find the subset of R? where the differential forms
oa=xdx + ydy, B=ydx+xdy
are linearly independent and determine the field of dual frames {X, Y} on this set.

Solution We have det()yc ;) =x2—y2£00nR?\ {(x,y): x =+y}. Thus « and
B are linearly independent on the subset of R? complementary to the diagonals
x+y=0andx —y=0.

The dual field of frames
0 0 0 0
X=a—+b—, Y=c—+d—, a,b,c,deC®R?
ox dy ox ay

must satisfy X (o) =Y(8) =1, X(B) =Y («) = 0. Hence,

ax+by=1 and cx+dy=0
ay+bx=0 cy+dx=1.
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Solving these systems, we obtain

X ad y a y 0 X d
X = —_ = —, Y =—
x2—y209x x%2—yZoy

xz—y28x+x2—y2@'

Remark The result also follows (here and in other problems below) from the
general fact that, {e; =), kfﬁ} being a basis of vector fields on a manifold

and {0/ =), Mljdxl} its dual basis, from (3, ,uljdxl)(zk)\fﬁ) = §;; one has
(wH="0H7"

Problem 2.30 Consider the three vector fields on R3:

a 0 0

— 2 z__ = _ 2 —

a=Q2+y)e— e 2xy8x+(2+y)ay,
a 0 0

e3 = —nyza _y(2+y2)5 + (2+y2)8—z

(i) Show that these vector fields are a basis of the module of C* vector fields
on R3.

(i) Write the elements 9 of its dual basis in terms of dx, dy, dz.
(iii) Compute the Lie brackets [e;, e ;] and express them in the basis {e;}.

Solution

(i) The determinant of the matrix of coefficients is (2 + y%)3e?, which is never
null; hence the three fields are indeed a basis of X(RR>).

(i) We proceed by direct computation. One has 0l (e i) = 8;, where 8; is the Kro-
necker delta. Hence, if

6' = A(x,y,2)dx 4+ B(x, y,z)dy + C(x, y, 2) dz,
we have
1=0"(e1) = A(2+ y?)e?, 0=06"(e2) = A2xy + B(2 +y?),
0=0"(e3) = A(—2xy%) + B(—y(2+ %)) + C(2+y).
Solving the system, we have

1 2xy
A= ——— B=——7"5—, C=0.
(2+y2)e 2+ y?es

Similarly, if 2 = D(x, y, z)dx + E(x, y, z) dy + F(x, y, z) dz, we deduce

1
D=0, E=—+, F= Y .
2+y2 2+y2
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Finally, if 63 = Gx,y,2)dx + H(x,y,z)dy + I (x, y, z) dz, we similarly

obtain
1
G=0, H=0, I=——.
24 y?
Hence,
1 2
1 dx — xgz dy,
(24 y?)er (2 + y?)2ez
1 y 1
0% — dy + dz, 03 = —dz.
242 Y Ty 2452

(iii) Applying the formula
[fX,gY]=f(XQ)Y —g(Y )X + fgl[X, Y],

we deduce [e1, e2] = 0. Similarly, one gets
le1, e31=—(2+ y?)er, [z, e3] = (y* —2) ez + 2ye3.

Problem 2.31 Consider the three vector fields on R3:

0 8+8 8+8+(1+2)8
e = —, ep=—+ —, e3=— + — xX°)—.
= o 27 ox ay 37 ox ay 9z
(1) Show that these vector fields are a basis of the module of C* vector fields

on R3.
(ii) Write the elements of the dual basis {#?} of {e;} in terms of dx, dy, dz.

Solution
)
1 0 0
det|{1 1 0 |=14x20.
1 1 14x2
(i)

1=0"(1) = (Adx + Bdy + Cdz)(e;) = A, 0=0'(e)=A+ B,
0=0'(e3)=A+ B+ (1+x7)C.

Solving the system, we have A =1, B = —1, C = 0. Hence ol = dx — dy.
Similarly, we obtain 6% = dy — dz/(1 + x2) and 63 = dz/(1 + x?).

Problem 2.32 Consider the vector fields
0 0

d ad
X=x— —, Y=—y— —
x8x+y8y y8x+x8y
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on R?, and let i : R — R* be defined by

u:x2—y2, v:x2+y2, w=x-+Yy, t=x—y.
(i) Compute [X, Y.
(ii) Show that X, Y are linearly independent on the open subset R? \ {(0, 0)} of R?
and write the basis {«, 8} dual to {X, Y} in terms of the standard basis {dx, dy}.
(iii) Find vector fields on R*, y-related to X and Y, respectively.

Solution

i [X,Y]=0

(i)

det(x y>=x2+y2¢o, (x, ) €R*\ {(0,0)}.
—y x
Let
a=a(x,y)dx +b(x,y)dy, B=c(x,y)dx +d(x,y)dy.
We thus have

9 9 9 9
l=a(X)=a(x,y) dx(xa— +y8—) + b(x, y)dy<x8— +y5>

] d a a
O=a¥)=alx,y)dx|{ —y—+x— | +blx, y)dy| -y — +x—
dax ay ax dy

Thatis, 1 =a(x,y)x +b(x,y)y and 0 =a(x, y)(—y) + b(x, y)x, and one has
a(x,y) =x/(x*+y?), b(x,y) = y/(x* + y*). Hence,

X y
= d d .
o 2+2 x+x2+y2 y
Similarly, we obtain 8 = —ﬁ dx + xsz}z dy.
(iii)
2x 2y

12 2y X
e 1 (y)
1

2x —2y <ai ) 2x2+2y2)(%o¢>
0 d
+(x+y)<8— 1/f>+(x—y)( 1!f>,

d d 0
W*Y=—4xy(£ 01ﬂ> +(X—)’)<£Olﬂ> +(—y—x)<501/f>-
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Taking
~ 0 d 0 d ~ 0 0 0
X=2u—+2v—+w—+1t—, Y= —w?)—+1t— —w—,
“ou T TV T e e R i
we have
VX =X o, UY =Y o
Problem 2.33 Prove that the differential 1-forms w!, ..., ®* on an n-manifold M

are linearly independent if and only if w! A --- A @k 0.

Solution Ifw!, ..., o* are linearly independent, then each T, M, p € M, has a basis
{1, ..., Uk, ..., Up) such that its dual basis {!, ..., ¢k, ..., ¢"} satisfies ¢’ = 0|,
1 <i <k;hence w! A --- A of is an element of a basis of A¥M, and so it does not
vanish.

Conversely, suppose that such differential forms are linearly dependent. Then
there exist a point p € M and i € {1,...,n} such that |, = 3", ; a;w/|,, and
thus, at the point p,

W' NP AN A Ao =0 AN AY ajel A A0t =0

Problem 2.34 Prove that the restriction to the sphere S of the differential form
a=xdy —ydx +zdr —tdz
on R*, does not vanish.
Solution Given p € §°, (alg3)p =0 if and only if a, (X) = O for all
X eT,S*={X eT,R*: (X,N)=0},

where (, ) stands for the Euclidean metric of R*, and

Nextpylyp 24,2
= X— —_— —_— —_—
dox Y ay ¢ az ot
is the outward-pointing unit normal vector field to $3. Define the differential form
B by B(X)=(X,N). Thus B =xdx + ydy 4+ zdz + ¢ dr.
If (a]g3)p =0, then &), and B, vanish on T), $3. But two linear forms vanishing
on the same hyperplane are proportional, and thus &, = A8, A € R, or equivalently,
-y X -t z

—:—:—:)\,_
X y z t

We find x2 +y2 =0,z2+1% =0, and hence x = y =z =1t =0, which is not possible
because p € S°.
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Problem 2.35 Let !, ..., ®" be differential 1-forms on a C® n-manifold M that
are independent at each point. Prove that a differential form 6 belongs to the ideal
¥ generated by ', ..., " if and only if

OAD' A A =0.

Solution If 6 € .7, then 6 is a linear combination of exterior products where those
forms appear as factors, and hence 0 A w! A --- A 0" =0.

Conversely, given a fixed point, complete !, ..., o toabasis
Y. 8 p p
ol e o e,
SO
0 = Z filmikwil A Ak,
I1<ij<<ig<n
IfO Aw' A--- A" =0, then for each {i1, ..., i}, we have
filn_,‘ka)"‘/\--~Aa)i"/\w1/\-~~/\wr=0.
Then
R 4 | o' AR A A =0,
1 N f = A ADRAD A AD =0
{(1,....r}0{i1, ..., ik} =9 = fi,..ii =0.
Hence,

0= Z f,-lmika)"‘ A Ak,

(oo IO{i1 oo it 50

Problem 2.36 Let M be a C* manifold. If {a)l, ..., "} is abasis of T;M, pPEM,

1

prove that there are coordinate functions x ", ..., x" around p such that (dxi )p= '

forall i.
Solution Let (U, yl, ..., y") be a coordinate system around p. Since the differ-
entials {(dyl)q, ..., (dy")4} are a basis of Tq*M for each ¢ € U, we can write

o' =), f;’(dyf),,. Since {w', ..., "} is a basis of T)M, we have det(f;') £0.
Thus the system (U, x!, ..., x") defined by x'(¢q) = > f}yf (q) is a coordinate
system, and one has (dx'), = > f} (dy)p, =o',

Problem 2.37 Determine which of the following differential forms on R3 are clo-
sed and which are exact:

(1) a=yzdx+xzdy+xydz. (i) B=xdx+x?y>dy + yzdz.

(i) y =2xy?dx Ady+zdy A dz.
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Solution

(i) @ =d(xyz); thus « is exact and hence closed.
(ii) dB =2xy?>dx Ady + zdy A dz; thus B is not closed, hence it is not exact.
(iii) y = dw, where w = (x?y% — %zz) dy; thus y is exact, hence closed.

Recall that, by the Poincaré lemma, every closed differential form on R” is exact.
Thus, another way to prove (i) and (iii) is:

(i) da =0, and thus « is closed and hence exact.
(iii) dy =0, and thus y is closed and hence exact.

Problem 2.38 Let 7: M — M’ be a surjective submersion of manifolds M and
M’ . Suppose that the set 7 ~!(p’) is connected for all p’ € M'. Let w € A*(M).

Prove that there exists a unique differential form o’ € A*(M’) such that @ =
7*(w') if and only if iyw = 0 and Lyw = 0 for all vector fields ¥ belonging to the
smooth distribution ker, C T M of vectors annihilated by 7.

Solution The distribution kerm, is an involutive smooth distribution (see Prob-
lem 2.57). Since the map 7: M — M’ is a submersion, by the Theorem of the
Rank 1.11, for any point p € M, there exist a connected neighbourhood U of p,
coordinates x!, ..., x" on U and coordinates x!,..., X" (n > n’) on the open set
U’ =7 (U) C M’ such that the restriction 7 |y in these coordinates has the form

T (xl,xz,...,x") — (xl,xz,...,x”/),

i.e. in the neighbourhood U the restriction ker 7|y is spanned by the vector fields
a/ox" o, 0/0x". Now let w € AYM. Let iyw =0 and Lyw = 0 for all vector
fields Y € ker . Since

Ly =iyod+doiy
(see formula (7.3)), we obtain that iy dw = 0. Then in the local coordinates
(xl, ..., x™)on U we have

’

_ L 1 n n J1 Jg+1
do|y = Z b]lm]qﬂ(x,...,x e X )dx Ao Adxte

1< i< <jgr1 <0
and, consequently,

: o .
wly = Z ail.,,iq(x,...,x")dx”/\u-/\dxl‘l,

P P ’
I<ij<--<ig=<n

where a;, . ; , are functions only of the variables x L % Hence, there is a unique
local differential g-form «’ € AU’ such that w|y = p*o’.

Let p1 € U and py € 7~ (7w (p1)), i.e. m(p1) = w(p2). Since the set 7~ (7w (p1))
is a connected closed submanifold of M (by the Implicit map Theorem for Submer-
sions), the points pj, p> belong to the same leaf of the distribution ker 7. Then
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there exists a smooth vector field Z € ker m, such that for the corresponding (local)
one-parameter group ¢; we have ¢r(p1) = p2, T € R. But Lzw = 0, and therefore
¢;w = w for all ¢ (see Proposition 2.10). Thus, for ¢_7 = (p;l,

wpy =T rwp, =97 (T W y,)) = (T 0 91) W) =T 0r

i.e. w|;-1(y) = 7% (w'). From the uniqueness of the local form o’ € A9U" it follows
that there is a smooth global differential g-form w’ € A9M’ such that v = 7*w'.
Since the map 7 is a surjective submersion, such a form ' is unique.

Problem 2.39 Let o be a closed differential 2-form of constant rank 2¢ on a mani-
fold M. Denote by ker « the kernel of «, i.e. the distribution on M which is formed
by the set of all vector fields X € X(M) satisfying ixya = 0.

Prove that the distribution ker « is a smooth involutive distribution.

Solution Let pyp € M be an arbitrary point. Locally, in a coordinate system
(U, x',...,x™), where U C M is an open subset containing po, the form « is deter-
mined by the expression

Z aij(xl,...,x”)dx' Adx’.
1<i<j<n

Since the two-form « is smooth, the map p — A(p) = (aij(xl(p),...,x”(p)))
(ajj = —aj;) determines a smooth matrix function on the set U. Moreover, there
exists some 2¢ x 2¢ minor of the matrix A(p) nowhere vanishing on some open
subset O C U containing pg. Therefore in O the kernel of the form «), which
coincides with the kernel of A(p), is generated by n — 2¢ smooth vector fields.
Thus ker« is a smooth distribution of dimension n — 2¢.

By the definition of do (see formula (7.2)), for arbitrary vector fields X, Y, Z €
X(M), we have

da(X,Y, 2) = X(a(Y, 2)) — Y(a(X, 2)) + Z(a(X, Y))
—a([X,Y].Z) +a([X. Z1.Y) —a([Y, Z], X).

Suppose now, in addition, that X, ¥ € ker«. Then in the right-hand side of the ex-
pression above all terms vanish with the exception of the fourth term. Since do =0,
we obtain that ([ X, Y], Z) = 0. Thus

X,Y ekera = [X,Y]€ekerq,

i.e. ker« is involutive.

Problem 2.40 Let M be a submanifold of a manifold M. Suppose that X, Y are
smooth vector fields on M which are tangent to M at each point belonging to M,
ie. Xp, YpeT,MCT,MifpeM.
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Prove:

(i) The map M—TM, p+> X, (resp. p = Y)), defines a smooth vector field X
(resp. Y) on M.
(i1) The bracket [X, Y] of the vector fields X, Y has the same property as X and Y:
[X,Y], e T,M CT,Mif pc M.
(iii) We have [X, Y], =[X, Y1, foreach p e M C M.

Solution It is clear that it is only necessary to prove all three assertions (i), (ii), (iii)
locally.

(i) Fix some point py € M C M. Since M is a submanifold of M, by the Theo-
rem of the Rank 1.11 there exist nelghbourhoods OCMand OCMNO of
the point pg, and coordinates (x!, ”) in O such that a point pe O is an
element of the subset 0 if and only 1f xi( p) =0 forall i > dimM, i <n.In
particular, x (p) ,x'(p), where [ = dim M, are coordinate functlons in the
open subset 0. We have

n
Xlo)p =7 _ai
i=1
But for each p € 9] C O, the vector X is an element of T;IV[, i.e.

ai(p) = a; (x"(p),....x'($),0,...,0) =0, i>1, (%)

and, consequently,

8al 8 1, ~ . .
8—]([7)— ( (), . x(p),O,...,O):O, i>1, j<I. (%)
Thus,
Xl ;—Zal
for all p € OcCo, where a; = aj|g. Since Gt =at X
0,...,0), the vector field X |5 is smooth.
Slmllarly,

- 3
(Ylo)p = bi(p)5 -

i=1

for all p € O C M, and the vector field 17| o>

/
Yﬁﬁzz axz’

is smooth.
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(ii) and (iii) We shall see (ii) and (iii) giving two proofs. The first proof using the
local representations of the vector fields:

j ad
[X,Y]5= ZZ(a,(ma £(P) - )m (by definition)
j=1li=1
n
~ a a
=ZZ(ai ’<p>—bl (7 ))F (by ()
j=li=1 *
I I ) 3
=ZZ(a,(p)—’<p)—b(p)— ))ﬁ (by (+%))
j=1i=1 *
j ad
_ZZ(al ](P)— )w

j=1li=1

Hence assertions (ii) and (iii) hold. _

As to the second proof, consideL the one-to-one immersion 7 : M —- M,
pHp, defining the submanifold M C M. Then the vector fields X and X,
Y and Y are m-related, i.e.

n*o)?ZXon', n*oyzYon.

By Theorem 1.21 the vector fields (brackets) [i , Y ] and [X, Y] are also m-
related. Thus,

[X.Y],=m(X.Y],)=[X.Y],, peM,
and, in particular, [X, Y], € Tp]l7[.

Problem 2.41 Let w be a differential 1-form on a manifold M and consider a
nowhere-vanishing function f: M — R such that d(fw) = 0. Prove that w A
dw =0.

Solution We have d(fw) =df A w + fdw, and since f(x) % 0 for all x € M,

one has dw = —(1/f)df A w. As w is a differential 1-form, we have w A dw =
—(1/)ondf Ao=0.

2.5 Lie Derivative. Interior Product

Problem 2.42 Let X and Y be vector fields on a C*° manifold M. Prove that if ¢,
is the local 1-parameter group generated by X, we have for all p € M:

o1
(Ps*((LXY)%—l(p)) = th—I}(l) ?(‘ps*Y%—l(p) (ps-H*Y —1 (p)) (*)
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Solution Since ¢; is the local one-parameter group of X, one has ¢; - X = X,
where by definition (¢; - X), = @ (X o (p )) Then, applying Problem 1.107, we
have

os  LxY =@ - [ X, Y]=[ps- X, 05 - Y] =[X, 05 - Y] =Lx(gs - Y).
Thus,

Dsx ((ny)%—l (p)) Lx(psY, (17))
1
= hm (QDS* Qot*(((ps* (1))) (p)))
= lim ‘(%*Yw;‘@) ~ Prebss i )

= hm (gDS* _l(p) (pS-H*Y(p;*_lt(p))'

Problem 2.43 Let f denote a diffeomorphism of the C*° manifold M. Prove that
ix(ffa)=f*lrxa), XeX(M), acA™M.
Solution If « € A" M, then for Xy, ..., X,_; € X(M), one has
(ix(f@)),(Xtlp, ... Xr—1lp)
=(f" )p(X,,,X1|p,...,Xr,1|,,)
= oy (X ps [ (Xilp)s s fs(Xrmilp))
=) (X p(p (- XD fpys oo (F - X)) i)
and
(f*Gpx),Xilp. ... Xr—1lp)
= (i f.x0) rop) (e X1lp)s s fue(Xrz1lp))
= ((f X (F X0 gy (F - X)) -
Problem 2.44 Consider on an open subset of R? the differential 1-form
a = P(x)dx' 4+ Py(x)dx? + P3(x) dx?,

where x = (x!, x2, x3).

(i) Find the conditions under which ix do = O for
X =X10/0x + X20/dy + X30/0z.

(i1) When do we have ixa =0 and ix doe = 0?
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Solution
(i) Letus compute do. If we write P;; = 8Pi/8xj and Qj; = Pj; — P;j, then
do = (P31 — Ppp)dx! Adx? + (P31 — P3)dx! Adx®

+ (P33 — P3)dx? A dx?

:ZjSdxi/\dxj.
i<j
Hence,
ixde=0 <& ixda(Y)=0, YeX(R}
& dal X 9 0, k=1,2,3
(04 [ =V, = 1,4,
axk
& ) Qjidx Ady in 2
£ =t PoxT” axk
i<j 1
=33 0ji(xi88] — xi8;8)
I i<y
= Z(Z QuXi— QlkX1>
I 1<k k<l
=ZQHX1=0, k=1,2,3.
!
(i) By (),
3
ixde=0 & > QuX;=0, k=123,
=1
and

. 9 .
ixa=a(X)=0 < (ZP,-dx’)(ZX/$>=O 2N ZPiX’z(),
i j i

2.6 Distributions and Integral Manifolds. Frobenius Theorem.
Differential Ideals

Problem 2.45 Consider on the octant of R? of positive coordinates the vector fields

X d 5 d Y d d
= X— — —, = Xy— — XZ—.
ox yay yay Zaz
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(i) Prove that they span an involutive distribution on this octant of R3.
(i) Find the integral surfaces.

Hint (to (ii)) Substitute Y by x7ly.

Solution

1 [X,Y]=Y.

(ii) Since in the given domain x does not vanish, we can substitute x~ Y for v,
which, jointly with X, determines the same distribution. The integral curves of
X are (xpe', yoe =%, zo), and those of x~'Y are (xo, yoe*, zoe ™), so that the
respective local flows are

@i(x.y.2)=(xe',ye . 2),  Yylx.y.2) = (x,ye', ze7).

The map

(t.5) € R* > (5 0 @) (x0, Y0, 20) = s (x0e’, yoe ™, 20)

—2t+s

= (xoe', yoe ,20¢™")

is the integral surface through (xo, yo, zo). In fact, the point (5 o ¢;)(x0, Y0, 20)
is obtained from (xg, yo,zo0) as follows: We first run an interval “¢” from
p = (x0, Yo, zo) along the integral curve of X through p for r = 0 and then
an interval “s” from ¢, (p) along the integral curve of x ™'Y through ¢; (p) for
s = 0. If we put

—2t+s s

x(t,8)=xoe',  y(t,5)=yoe z(t,s) = z0e ",

then we see that x2yz is constant. Hence the integral surfaces are defined by
xzyz = const. As a verification, observe that X(xzyz) = Y(xzyz) =0.

Problem 2.46 Consider on R? the distribution & determined by

a 2xz a y i 2yz d

o T ey ez Ty 1+x2+y207
(i) Calculate [X, Y] and find whether Z is involutive or not.
(i) Calculate the local flows of X and Y.
(iii) If & is involutive, find its integral surfaces.

Solution

(i) [X,Y]=0, and thus Z is involutive.

(ii)) We have
x' =1 xX=x9+1
, =4
y =0 Y=o
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and
7 200+
2 1+ @o+02+

if and only if logz =log A(1 + (xo + £)? + y3) if and only if z = A(1 + (xo +
)% +y3). Fort =0,z0 = A(1 + x5 + y3). so

1+ (xo+ %+ y3
1+x§+y§ .

Hence the local flow of X is

1+(x+t)2+y2>

wz(x,y,z)=<x+t,y,z T+a2 12

Similarly, the local flow of Y is

1+x2+(y+s)2>

%(x,y,z)=<x,y+s,z a2 1)?

(iii) The integral manifolds can be written as ¥ (¢, s) — (Y5 o ;) (x0, Yo, 20). Butlet
us see a better solution. We are looking for a differential 1-form annihilating X
and Y. For example, we have as a solution:

o =2xzdx +2yzdy — (1+x2+y2)dz
=zd(1+x*+y?) — (1 +x* +y?)dz

_ 2 21\2 Z
=—(1+x"+y%) d<71+x2+y2)'

Hence, the integral manifolds are = const.

Z
14x24y2
Problem 2.47 The vector field X = x% + xyaiV + za%, defined on x > 0, y > 0,

z > 0 in R?, determines a two-dimensional distribution given by the vector fields
orthogonal to X. Is this distribution involutive?

Solution The vector fields U = — y% + aiy and V = —z% +x 3% are orthogonal to

X and linearly independent at each point. They span that distribution, but [U, V] =
P .
—y3;- Since

-y 1 0
-z 0 x|=-yz
0O 0 —y

is not identically zero, we have [U, V], ¢ (U, V,). Hence the distribution is not
involutive.
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Fig. 2.2 An example of

foliation with non-Hausdorff
quotient manifold 40

N
—
I R

Problem 2.48 Prove that

0 0
X = —cos?x — + sinx —
ax dy

determines a foliation with non-Hausdorff quotient.

Solution This vector field determines an integrable distribution of codimension 1
of R?. We have two kind of solutions:
Integrating the equation that X determines, i.e.

dx dy
cos2x  sinx’
we obtain the curves
y=—secx + A

(see Fig. 2.2) for x # 2k + D)n /2, k € Z.

Moreover, we have the solutions with initial conditions of the type ((2k + 1) /2,
Y0), that is, the straight lines ¢ — ((2k+1)m /2, (=DFp). Actually, if p and g are two
non-separable points of the quotient, then each of them corresponds to a solution of
this kind.

Take, for instance, the integral curve x = —m/2; a point on it, say (—m /2, yo);
and an open disk around this point. This open disk intersects all the integral curves
intersecting the y-axis at the points with ordinate greater than or equal to Ag > 0.
This is also true for open disks around the point (;r /2, y1). Such an open disk inter-
sects all the integral curves that intersect the y-axis at points with ordinate greater
than or equal to A1 > 0. Now, the integral curves intersecting the y-axis at points
with ordinate greater than max(Ag, A1) intersect both open disks. Hence the pro-
jections of the two open disks on the quotient intersect, so that the projections of
x = —m/2 and of x = /2 cannot be separated. Consequently, the quotient mani-
fold is not Hausdorff.
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Problem 2.49 Consider on R3 the vector fields

i ? y_0 0 39
~x Tz

=—t— Z=z———.
ay + 9z ¢ ox dy
(i) Prove that X, Y, Z define a C* distribution 2 on R3. Which dimension is it?
Is it involutive?
(i) Compute the set .#(2) of forms which annihilate 2. Is it a differential ideal?
Is the ideal .# generated by e* dy a differential ideal?

Solution

(i) X,Y, Z are not linearly independent because Z = X — Y. Hence ¥ is a two-
dimensional C* distribution spanned, for instance, by X and Y, which are
linearly independent. Z is not involutive, as [X, Y] = —% and —% ¢ 9, since
if it were

9 0 + 9 +b 9 +b 9
—— =az—+a— — —,

ox ¢ ox 9z ay 0z
we would have az = —1, b =0, b + a = 0, which would lead us to a contradic-
tion.

(i) {X,Y,d/dx} is a basis of X(R>). Therefore, if {«, B, w} is its dual basis of 1-
forms, then . (%) = (w), where (w) stands for the ideal generated by w.
Let us determine w = f dx + gdy + hdz, f, g, h € C*R3. From

O=wX)=fz+h, O=w()=g+h, 1=a)(ai>:f
X

it follows that f = 1. Thus h = —z, and hence g = z; that is, w = dx + zdy —
zdz. Since & is not involutive, . (Z) cannot be a differential ideal.

We can also prove this directly. One has dw =dz Ady = —dy Adz. If it
were, for a, b, c € C°R3,

do=wA (adx +bdy +cdz)
=(b—az)dx Ady+ (c+az)dx Adz 4+ (zc +zb)dy A dz,
we would have b —az =0, c+az =0, zc +zb = —1. From the first and second
equations one has b 4 ¢ = 0, in contradiction with the third equation. One can

also conclude by applying Problem 2.35, as w A dw = —dx A dy A dz # 0.
Finally, .# is a differential ideal since

d(e*dy) =e*dx Ady =e*dy A (—dx).

Problem 2.50 Given on R* = {(x, y,z,1)} the 1-forms « = dx + zdr and 8 =
dz + dt, let .7 be the ideal generated by « and 8, and let & be the distribution
associated to .#.
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(i) Compute a basis for 2.
(i) Is & involutive?
(iii) If p= (1,0, 1,0) € R*, do we have

B a

+8
ay ‘

» 0x

€ 9y?
P

Up

(iv) fo=dx Adz4+dx Adt +dzAdt,isw e F?
(v) Is y = const, z = const an integral manifold of 2?
Solution

(i) For X, Y € 2 given by

X 9 +b 9 + 9 +d 9 Y 90 + f 9 + 9 +h 9
=a— — 4+ c— —, —e— _ - —
ax oy ez % ox oy T8 T

fora,b,c,d, e, f, g, h € C®R*, it must be

a(X)=a+zd =0, aY)=e+zh =0,
B(X)=c+d=0, BY)=g+h=0.

Thus, for instance, we can consider

X= 0 + 9 9 Y=
“ox oz e oy
(i) [X,Y]=0, and hence ¥ is involutive.
(iii) No, as
(vp) = (dx + zdr) 3 9 + 9 1#£0
o,(vy) = (dx —3— — ] = .
PP £y ay Zax »

@(iv) w=dx AB+dz A B,and hence w € .¥.
(v) The tangent space is (%, %), but a(%) =1, so y = const, z = const is not an
integral manifold of 2.

Problem 2.51 Prove that the 1-form a = (1 +y?)(x dy + y dx), defined on R?\ {0},
generates a rank-1 differential ideal and find the integral manifolds.

Solution Since 1 + y2 does not vanish, o generates the same annihilator ideal as

o
As d(xdy + ydx) =0, the ideal is differential.
The integral manifolds are xy = const (see Fig. 2.3).
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Fig. 2.3 Integral manifolds
of a = (1+ yz)(x dy + ydx)

<

T
Fig. 2.4 The component in Z
the first octant of an integral
surface of the distribution
a=yzdx +zxdy +xydz
Y

Problem 2.52 Let U = R3 \ {axes}. Compute the integral surfaces of the distribu-
tion determined by the ideal of A*U generated by

o=yzdx +zxdy +xydz.

Solution We have o = d(xyz). If X is annihilated by «, then we have a(X) =
X (xyz) = 0. Thus the integral surfaces are the surfaces xyz = const (see Fig. 2.4).

Problem 2.53 Consider the (1, 1) tensor field

1 9 0
= — ®dx hx— ®d
coshx dy % dx o cos x8x ©dy

on R? and the distribution & defined by the condition: X € Z if and only if JX =
X.

(i) Compute the integral curves of Z.
(i) Compute the fields X € & for which LxJ =0.
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Solution

() IfX = fax+h €9, f,h € C°R2, then

1 9 0 a
( —®dx+coshx—®dy>(f +h >

coshx dy ay
d d d d
f — +hcoshx—=f—+h—.
~ coshx ay ax ox ay

Thus f = hcoshx. Denoting by (x,y) the integral curves of &, we have
dx/dt = (dy/dt) coshx. Hence dy = dx/ cosh x, and thus

y = arctansinhx + A. (%)

That is, the integral curves of & are given by (*).

(i)

B] 3
LxJ = hycoshx — Iy — ®dx — — ®dy
coshx / \ dx ay

d 1 d
+ (hycoshx + fsinhx — fy coshx)( ®dy — 3 ®dx>
cosh” x 8y

=0. ()

Moreover, if X € &, then we have f = gcoshx, and from this equation and
from (»xx) we conclude that we have to solve only the following equation:

Let u = 2arctane”. Then we have

oh . 1 0h
dx  coshx du’

oh __

and hence = 3y Taking t =u + y, w =u — y, we obtain

oh  0h ah

= dy w’
Thus & = h(u + y) = h(2arctane* + y), and we finally have
f= h(2 arctane® + y) coshx,

where h(2arctane” + y) is an arbitrary differentiable function in that argument.

Problem 2.54 (A Reeb Foliation of $3) The three-sphere S* can be decomposed as
two solid 2-tori joint along their common 2-torus boundary. In fact, if one removes



W
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Fig. 2.5 Left: The two core
circles of §3 (here actually
the part in $3 \ {oo}), this
viewed as the union of two
solid 2-tori. Right: Some
curves y = f(x) + ¢

@

the solid torus of rotation from R3 = §3 \ {00}, what remains is homeomorphic to a
solid torus minus an interior point. Consider the vertical coordinate axis as the core
circle (see Fig. 2.5, left).

Find a foliation of the strip

[,y eR*:—1<x< 1}

originating a foliation in (each) solid torus and so a codimension 1 foliation of the
three-sphere S°3.
For the development of the relevant theory, see Reeb [4] and Lawson [3].

Solution Consider the C°°-foliation of the (x, y)-plane given by the lines x = ¢ for
|c| > 1 together with the graphs of the functions

y=fx)+c, —l<x<I,eR,

where f has the property that its derivatives £ satisfy limyx 1 f ) = o0 for all
r (see Fig. 2.5, right).

Consider now the foliation of the solid cylinder obtained by rotating the strip
given in the statement about the y-axis in R3. This foliation is invariant by vertical
translations, and so we can obtain a foliation of the solid torus where each noncom-
pact leaf has the form that one can see in Fig. 2.6, left. Gluing together two copies
of the foliated solid torus gives a Reeb foliation of S (see Fig. 2.6, right, showing
part of a transversal cutting of two leaves). Note that both the “interior” and the
“exterior” leaves approach their common 2-torus boundary after turning around it.

Problem 2.55 Let M be a C* n-manifold, and let 2 C T M be an integrable dis-
tribution of rank p. By Frobenius’ theorem, & is spanned by 8/dx",...,3/3x” on
an open subset U of M, for a certain coordinate system (U, x'). We can consider
local frames of M of the type

0 a .
(Q,...,M—p,Xu...,Xq), p+g=n=dimM,
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Fig. 2.6 Left: The foliation (generated by curves as the previous ones) of the “interior” solid torus
in §3. Right: Transversal cut of a Reeb foliation of S> showing two sections of an “interior” leaf
and part of an “exterior” leaf

where
X—L—Zf“i 1<a<p, 1<u<q, f*eC®M
M_axp+u uaxaa ~X \p7 X \qa u .
a

Write the integrability condition of the complementary distribution .7# generated
by X1, ..., X4 on the open subset where these vector fields are defined.

Solution In order for . to be integrable, it must be [X,, X,] € 5 for any
Xu, Xy, u,v=1,...,q.Then

ad 0 0 d p 0
(X, Xy] = [W D iyt —;fv W}
a
ofd afy pOfS B OfIY)
_Xa:(axpﬂ T xptu +Xb: gt = Waab ) Joxa €7
As [Xy, Xy] € H2, the last expression in parentheses must be zero, that is, the con-

dition is
afe___ofy +Z<fbaf:_ baf;)zo'
b

dxptv  gxptu “9xb v axb

Problem 2.56 Let X be a vector field on a smooth manifold M, and let ¢, be its
local one-parameter group (local flow) on M. Let 2 C T M be a smooth distribution.
Prove that the following conditions are equivalent:

(i) For any vector field Y lying in &, the bracket [X, Y] belongs to & (the distri-
bution ¥ is preserved by the vector field X).

(i1) For any vector field Y lying in 2, the local vector field ¢; - Y belongs to & (the
distribution & is preserved by the local flow ¢, of X).

For a development of the relevant theory, see, for instance, Gawedzki [1].
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Solution Let p € M and suppose that & is preserved by the vector field X. Let
us choose a scalar product in 7,M. Let P; be the orthogonal projection onto
©1+(Py_,(p)) C TpM. The operator function P;: T,M — T, M smoothly depends
on the parameter ¢. Let Y € 2, and let

Yi=(¢-Y)p, 1ie. bydefinition Y; = (Yp_, (p))-
We have by Proposition 2.10

dy;

Fr = —((pz -[X, Y])p € P(TyM),

because [X, Y] € Z. Now Y; = P;(Y;) by the definition of Py, and consequently,

dv, d(RY,) dP N av, dp, day,
d —  dr de " Tdar T odr T ode
Thus,
dp,
—IYIZO
dr

Since varying Y, ¥; span the range of P, we get

dp,

— P =0.

ar '
Let P/ denote the transpose operator of P; (with respect to the scalar product in
T,M). From P, = P} and P? = P, one obtains

dP\* dP q dP,P L p dp, dP,
— ) =—— and — - =
dt dt d T e T A
Hence,

dpP, dp, dP, \*
—=pPp—=—P, | =0.
dr dr dr

Consequently, P, = Py, and ¢, preserves .
Clearly, from the definition of the Lie bracket (see also Proposition 2.10) we have
thatif ¢; - Y € 2, then [X,Y] € 2.

Problem 2.57 Let m: M — M’ be a surjective submersion of manifolds M
and M’.

(i) Prove that kerm, C T M (the set of vectors annihilated by 7,) is an involutive
smooth distribution on M.

Let the set 7' (p’) be connected for all p’ € M’, and let 2 C T M be a smooth
distribution on M containing the distribution kerz,. Suppose that 2 is preserved
by kerm,, i.e. [Z, Y] € & for all vector fields Z € kerm, and Y € 2.
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Prove:

(i)

(iii)

There exists a unique smooth distribution 2’ on M” such that 7, ) = 7.7
for all p € M. Moreover, for any point p € M, there exist a neighbourhood
U C M and vector fields {¥;} lying in 2|y such that the restriction 2’|y,
where U’ = 7 (U), is spanned by vector fields {Y[ }, and the vector fields Y;, Yl/
are sr-related for each /.

If the distribution & is involutive, then so is 2'.

Solution

®

(i)

Since the map 7w : M — M’ is a submersion, by the Theorem of the Rank 1.11,
for any point p € M, there exist a neighbourhood U of p, coordinates
xL,...,x"on U, -1 <x/ <1, j=1,...,n, and coordinates xl,...,x",
(n’ < n) on the open subset U’ = w(U) C M’ such that the point p has co-

ordinates (0, ..., 0) and the restriction 7|y in these coordinates has the form
7'[:(xl,xz,...,x”)—>(xl,xz,...,x”), (*)

i.e. in the neighbourhood U the restriction ker |y is spanned by the commut-
ing vector fields 9/ dx 1, ...,0/9x™. Therefore & is an involutive smooth
distribution on M.

Let py, p2 € 7' (p’) C M for some point p’ € M’. Since the set 7~ (p’) is
connected, the points pj, pa belong to the same leaf of the distribution ker 7.
Then there exists a smooth vector field Z € ker 7, such that for a correspond-
ing (local) one-parameter group ¢;, we have ¢y, (p1) = p2, to € R (we can use
a partition of unity to construct such a field). But & o ¢, = 7 for all ¢, and
therefore it follows (see Problem 2.56) that

(D) = (5 0 01, ) (D) = 1:(Dpy).

Hence the distribution 2’ is well defined. To prove the smoothness of &',
choose a point p € M and neighbourhoods U C M, U’ C M’, with the co-
ordinates as above. Let ¥ be any local vector field belonging to 2|y :

n
0
1 (] —
Y(x ,...,x")—jg_la](x ,...,x”)axj.

The sub-bundle ker 7, is spanned on U by 8/8xk, k=n"+1,...,n, and the
distribution 2|y is preserved by these vector fields 8/dx* and, consequently

(see Problem 2.56), by the corresponding local flows
(p,k: (xl,...,xk_l,xk,xk+1,...,x”) = (xl,...,xk_l,xk +t,xk+1,...,x”).

Therefore the vector field

. , 3 - N
1 1 1
Y//(x ,...,x”):jgzlaj(x ,...,x",O,...,O)WZ E bj(x ,~~~7xn)ﬁ
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(recall that x/ (p) =0, j=1,...,n)is asmooth vector field belonging to 2| .
Thus,

n/
’ , 9
Y/=7T*Y”(xl,...,)c”)=j2=;bj(x1,...,x")ﬁ

is a smooth vector field belonging to %'|y, and the vector fields Y”, Y’ are 7 -
related. Thus there are vector fields {¥;"} and {Y/} belonging to the restrictions
9P|y and 2’|y, respectively, such that 2’|y is spanned by the vector fields
{Y/} and the vector fields ¥,”, Y/ are r-related for each /.

(iii) By Proposition 1.21, if the distribution 2 is involutive, then so is &’.

Problem 2.58 Let: M — M’ be a surjective submersion of manifolds M and M’.
Let the set 7! (p’) be connected for all p’ € M’, and let X € X(M) be a smooth
vector field which preserves the distribution ker .

Prove that there exists a unique smooth vector field X’ on M’ such that the vector
fields X, X’ are m-related.

Solution We will use the notation of the solution of the previous Problem 2.57.
As above, consider the vector field Z (belonging to the distribution ker ) with its
local one-parametric group ¢, connecting points pp, pp for which 7 (p1) = 7 (p2).
For the vector field X, we have (see Proposition 2.10)

d
5(901 - X)=—¢:-[Z, X].

Since the bracket [Z, X] belongs to the distribution ker i, and the local flow ¢; of
Z € kerm, preserves the (involutive) distribution kerm,, the difference ¢; - X — X
is a vector field belonging to kerm, for all . Thus m.X, = m.X,, and X',
X;T( = X 18 a well-defined vector field on the manifold M’. Therefore in

the coordinate system (U, x x") around p € M, the smooth vector field X|y
has the following form (see the local expression (x) for 7 in the solution of Prob-
lem 2.57):

(X|U)(x],...,xn)=Zaj(x1,...,xn/)@

Now it is clear that the vector field

0

n/
1 n'
= aj\x ,...,x —
U’ Zl ]( ’ ’ )8xj
J:

X/

is also smooth. The vector fields X, X’ are w-related.
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