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Attribution

The first TikZ versions of all figures and illustrations in Chapters 1-6 were prepared by
K. Freis and A. Goedert. Chapter 7 is based on joint work with T. Covolo and S. Schouten.

Course description

Course name

Differential Geometry

ECTS
5

Teaching units

45 hours, 4 TU on even weeks and 2 on odd weeks

Course type

Interactive lectures and exercise sessions

Prerequisites

None

Learning outcomes

On successful completion of the course, the student should be able to:

(i) Explain the main definitions and results of Differential Geometry

(ii) Comment on new concepts, like the category of smooth manifolds, embedded subman-
ifolds, smooth scalar observables, their derivatives, vector bundles and vector fields,
differential equations on manifolds, tensor fields, Lie derivatives, differential forms,
integral calculus on manifolds...

(iii) Apply the new techniques and solve related problems

(iv) Structure the acquired abilities and summarize essential aspects adopting a higher
standpoint

(v) Give a talk for peers or students on a related topic and write scientific texts or lecture
notes, observing modern standards in scientific writing, in Didactics and in Pedagogy
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(vi) Provide evidence for mastery of the Mathematical Method

Objective

The objective is to provide students with the opportunity to become familiar with a very
active area of mathematics that has wide application throughout science. Beyond this goal,
special emphasis is placed on the mathematical method, i.e., the optimal technique for
learning and applying mathematics, especially with regard to solving real-life problems us-
ing mathematical tools. This method is actually the most important goal of any course in
mathematics.

Description

Differential Geometry has applications in numerous areas of science, including Einstein’s
general relativity, string theory, black holes and galaxy clusters, probability, engineering,
economics, modeling and design, wireless communications and image processing, biology,
chemistry, geology... The main concept of Differential Geometry is differential and in par-
ticular smooth manifolds — roughly, higher-dimensional analogs of curves and surfaces. In
general relativity, for example, the Universe is often modeled as a four-dimensional smooth
manifold equipped with a specific metric. To be able to work scientifically in these new
spaces, a generalization of fundamental chapters of mathematical analysis, such as differ-
ential calculus and integration theory, is required.

Audience

A special emphasis of this geometry course is on communication skills and the math-
ematical method. Therefore, the course is enriching for students of the Master’s Degree
in Secondary Education in Mathematics as well as for students of the Master’s Degree in
Mathematics.

Evaluation

Oral exam

Warning

The script is aimed at students who have attended the oral lectures. The notes are in
standard mathematical text form and only partially take into account the pedagogical ap-
proach of the lectures.



Chapter 1
Nonlinear Analysis

The trilogy of theorems we discuss in this chapter will be used throughout the course
and in particular in the sections on embedded submanifolds of Cartesian space.

1 Preliminaries

1.1 Taylor’s theorem

Let us first fix the notations. If f € C*(Q2), k > 1, Q C R? open, and if a = (a1,...,q,) € N?
is a multi-index of order |a| :=ay + ... + a, < k, we set

o[ =00 ...0,%
and
al:=oq!- ..o ap!.
Similarly, if h € RP, we write
R = (W) - (RP)r
Taylor’s theorem can now be formulated as follows:
Theorem 1 (Taylor’s theorem). If f € C*(Q,R), k > 1, Q C R? open, and if, for a given = €

and a given h € R?, the segment {z + th : t € [0,1]} is included in (), then there exists an
intermediate point x + 6h, 6 €]0, 1], between x and z + h, such that

1 1
flath)= 3 @)@ + Y —(@3f)(x+0hh* .
|o| <k la|=k
Observe that, in the case p = 1, we recover the well-known formula

1
(k—1)!

FED(@)pFt 4 if“f) (z + Oh)hF .

flz+h) :f(x)+f’(x)h+%f”(x)h2+...+ 4
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1.2 The Cauchy-Schwarz inequality

We also recall the Cauchy-Schwarz inequality. If z,2’ € R?, then
|<maxl>‘ < \x||x'| ) (1)

where (z,y) denotes the standard scalar product in R? and |z|,|z’| the corresponding norm
(of course |(x,2')| denotes the absolute value (standard norm in R) of the scalar product).

1.3 Vector-valued functions of several variables

A function f : Q ¢ R? — R? from an open subset Q of RP to RY is of class C*, k > 0,
(resp., of class C'>° — we also say smooth) if and only if its canonical coordinate functions
ff:QCR = R, i€ {l,...,q} are all of class C* (resp., smooth) in Q. The derivative of
f € CHQ,RY) at 2o € Q is the linear map

(o) = ((0us f7) (z0)),; : R? = RY. @)

A function f : Q; € R? — Qy C R? is a diffeomorphism of class C*, k > 1 — we also say
a coordinate transformation of class C* —if f : Q; — Q, is a bijection, f € C*(Q;,R?), and
f_l S Ck(QQ,Rp).

2 Banach fixed point theorem

Let f: S — S be a map from a set S to itself. A fixed point of f is an element s € S such
that f(s) = s. A fixed point theorem provides conditions under which f has at least one or a
unique fixed point.

In the Banach fixed point theorem, S is a complete metric space. A metric space is a set S
endowed with a metric or distance d, i.e. amap d: S x S — R, such that, for any s,¢,u € S,

1. d(s,t) =0if and only if s = ¢,
2. d(s,t) =d(t,s), and
3. d(s,u) < d(s,t) +d(t,u).
In a metric space S, we can define the concept of limit of a sequence of points. A sequence
s, € S converges to s € S if the sequence d(s,,s) of real numbers converges to 0, when

n — +oo. If it exists, the limit of a sequence s, is unique. Indeed, if s,t are two limits, it
follows from the properties of d that

d(s,t) < d(sp, s) + d(sn,t) = 0



Nonlinear Analysis, Norbert Poncin 3

so that s = ¢.

A sequence s,, of a metric space S is a Cauchy sequence if d(s,, s,) — 0, when inf(p, ¢) —
+oo. Of course, any converging sequence s,, — s is a Cauchy sequence, since

d(sp, 8q) < d(sp,s) +d(sq,8) =0,
when inf(p, ) — +00. A metric space is called complete, if the converse holds true, i.e. if any
Cauchy sequence converges.

Theorem 2. In a complete metric space S (with metric d), any contraction — i.e. any map
f: S — S for which there exists 0 € [0, 1] such that, for any s,t € S,

d(f(s), f(t)) < 0 d(s,t) -

has a unique fixed point s. Moreover, s can be found as follows: start with an arbitrary element
so € S and define a sequence s, = f(s,—1), n > 1; this sequence converges to the fixed point s.

Proof. We first prove uniqueness. Let s, be two fixed points. Then
d(s,t) = d(f(s), f(t)) < 0 d(s,t)
so that (1 — 0)d(s,t) =0 and s = t.
As for existence, we will prove that the sequence constructed in the statement of the

theorem is a Cauchy sequence and that its limit is a fixed point.
For that purpose let us first recall the following result regarding the geometric series:

400 0
2" =g

if || < 1; it follows that the sequence of partial sums is a Cauchy sequence.
Note now that

d(sps1,8n) = d(f(sn), [(sn=1)) <0 d(sn,Sn—1) < ... <0"d(s1,50) -
Hence, for p < ¢,
d(8p, $q) < d(8p, $p+1) + d(Spt1, Spt2) + ... + d(Sq-1, 34)
< (P + 6P 4 407 Yd(s1,50) = 0,
when inf(p, ¢) — +00, so that the sequence s,, is Cauchy and converges to a limit s.
To see that this limit s is a fixed point, observe first that f is continuous. Indeed, if z — z
in S, then
d(f(x), f(zo)) < 0 d(x,z0) = 0.
Therefore,
84 sn = f(sn-1) = f(s),

so that f(s) = s, in view of the uniqueness of a limit. O
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3 Implicit function theorem

3.1 Statement and proof

Example 1. Let f(z,y) = y — siny — =. It is not possible to solve the equation f(z,y) = 0
explicitly with respect to y, i.e. to compute a solution of the type y = g(z). However, it can
easily be seen that, for any = € R, the function f(z, —) is continuous and strictly increasing,
and more precisely that it is a bijection f(z,—) : R — R. This means that the equation
f(z,y) = 0 has, for any =z € R, a unique solution y = g(z), which, since it is not known
explicitly, is called the implicit function defined by the equation f(x,y) = 0.

More generally, let 2; C RP and Q» C R? be two open subsets, and let f : ; x Q3 — R? be
a function. The objective of the implicit function theorem is to solve the equation f(z,y) =0
implicitly in the form y = g(z), and to study the differentiability of g for a given differentiability
of f. Note that f(z,y) = 0 contains ¢ scalar equations and that y contains ¢ scalar unknown
variables, so that the stated problem actually makes sense.

Theorem 3 (Implicit function theorem). If
fZQl><QQCRpXRq—)Rq

is of class C*, k > 1, and if, for some (z, o) € Q1 x Qy, the derivative (0y f)(z0,y0) (which is a
q X q matrix with entries in R) is invertible, then the equation

f(x,y) = f(xo’yo)

can be solved implicitly with respect to y in a neighborhood of (xo, yo).
More precisely, there exist open neighborhoods w, > xg in )y and ws 3 yo in s, as well as
a_function g : w; — wo of class C*, such that

T € wy,Y € wa, f(z,y) = f(wo,90) & 7 €wr,y = g(7) .

Eventually, the derivative of the implicit function g : w; C R? — ws C R? can be obtained from
the derivatives of the given function

lel><QQCRpXRq—>Rq :
Jor any x € wy, we have
0zg = — (8,f) " (w,9(2)) (8:f)(x,9(x)) . (3)

Proof. Let us first observe that we can, without loss of generality, assume that (x,y0) = (0, 0)
and that f(xo,v0) = f(0,0) = 0. Indeed, otherwise we use the coordinate transformation
T =0+ ny =yo + Y, so that f(xay) = f(xf)?yo) reads

F(X,Y):= f(xo+ X,y0 +Y) — f(z0,90) = 0.
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(It is easily checked that the new function F'(X,Y) verifies the conditions of the theorem for
0y x Qs replaced by (1 — x0) x (Q2 — yo) and for (xg,yo) replaced by (0,0).)
The basic idea of the proof is to introduce an auxiliary function that will allow to reduce

the problem to an application of Banach’s fixed point theorem. Indeed, if we consider the
auxiliary function

d(z,y) =y — (9, f)1(0,0) f(z,y) € CF(Q x Qz,RY) @)

we have

fl@,y) =0 ¢(z,y) =y,
so that instead of looking for the solutions of f(z,y) = 0, we now look for the fixed points of
the parametric function ¢(z, —).

The main condition in the Banach fixed point theorem is the requirement that ¢(z, —) be
a contraction, i.e. that

¢(,y) — b,y )| <0 ly -],
with 6 € [0,1] (although the appropriate complete metric space will be found not until later,

it is already clear from the context that the good notion of distance is the standard metric
of R9).

We now prove this inequality. Since yo = 0 € Q5 C RY, there exists an open ball b(0,7) :=
{y € R? : |y| < n} centered at 0, n > 0, such that b(0,7) C Q. For any x € Q; and any
y,y" € b(0,7n), we then have, in view of Taylor’s theorem applied at order k =1,

q
¢i(way ¢Z Cﬂ y Z /k 7yk) )

k=1

where z is intermediate between y and ¢/, so that |z| < n (we omit the dependence of z on ¢
and z). It now follows from the Cauchy-Schwarz inequality (1) that

q
6" (x,y) — =10, 2) (" — ")
k=1

< \/Z (@)@, )} Iy — ] < suppa oy ¢Z (@0 2)) Iy vl
k

k

as any R-valued function that is continuous on a compact subset of R? is bounded on this
subset. When passing to the squares, we get

|¢Z(x7y/) _¢l(x7y)‘2 < (Sup| |<71Z ) |y |
< (sup| |<7]Z kﬁbz (x, 2 2) |y'fy\2,
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since the square of the supremum is the supremum of the squares (the same holds true for
the square root). Sum now over ¢,

q

D 1 (@) — ¢, y) P < g (sungn > ((3yk¢i)(1?72))2> ' —yl*,
ik

=1

and pass to the square root,

|¢)(.I‘,y/) - ¢(x7y)| < \/a (Sungn Z ((8yk¢l)(xﬁz))2> |y/ - y‘
ik

= V@ (supp.j, 10-0(2 2)I1) Iy~ yl,

if z € Q; and |y|, |y'| < n (possibly modulo replacement of n by a smaller 7).
Observe now that it follows from Definition (4) that

(8z¢)(070) = id_(azf)_l(O’ 0) (azf)(oa 0) =0.

Hence,
sufficiently small neighborhood

0.¢(x, z)|| is a positive continuous function in Q; x Q5, which vanishes at (0,0): in a

{r ez <n} x{z€Qs: 2] <n}

of (0,0) this function is smaller than any strictly positive constant, in particular smaller

than ﬁ > 0 (if the radius n that appears here and the radius n that appeared above are not

equal, we replace both by their infimum). It follows that

1
6(.4/) = 0w, y)| < v (supj. <, 10-0(x, 2)11) Iy =9l < 51" = ol (5)

if |z, [yl,|y'| <.

The latter result means that, for any = such that |z| < », the map ¢(x, —) is a contraction,
but we still have to check that ¢(x, —) maps b := {y € R : |[y| < n} to itself, and that b is a
complete metric space. The last requirement is satisfied, since any compact metric space is
complete. As for the first, observe that, for any (z,y) € Q; x 23, we have

[¢(z,y)| < lo(2,y) — ¢(z,0)] + [¢(z,0)] . ©)

In view of the contraction property,

1 1
6la,y) — 6,0 < 1ol < 57 @

if |z|, ly| < n. Further, as ¢(z,0) is continuous at 0 and ¢(0,0) = 0, we have

1
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provided |z| is small enough, say |z| < n’ <. It follows from (6), (7), and (8) that

lp(z,y)| <n, if [z] <0/, |yl <7 . 9)

Finally, if we set b := {z € R : |z| < n'}, the map ¢(z, —) is, in view of (5) and (9), for any = € b,
a contraction
¢z, —):b—b

from the complete metric space b = {y € R? : |y| < n} into itself.

It now follows from Banach'’s fixed point theorem that, for any = € b, ¢(z, —) has a unique
fixed point in b. When denoting this point by g(z), we get a map g : b — b. A refinement of
the fixed point theorem - that we omit here for simplicity — shows that this map g is actually
continuous. Hence, we get

zebyed flz,y) =0 zebyeh d(z,y) =y b y=g).

It suffices now to consider the open neighborhood w; := g~'b C b (resp., wy := b) of 0 € R?
(resp., 0 € RY). Indeed, it is easily seen that

TEwW,LY Ew, flz,y) =0 x€w, y=g(z).

This completes the proof of the implicit function theorem, except that we have still to show
that g : w; — wy is of the same class C* as f, and that we must explain the derivation formula
for implicit functions. We will not give the proof regarding the differentiability of g. As for the
derivative of g, remark that f(z,g(z)) = 0, for all € w;. It then follows from the derivation
theorem for composite functions that, in w;,

(02 f) (2, 9(x)) + (9yf)(, 9(x)) Oug =0.

Since 9, f is invertible at (0,0), i.e. since the continuous function det(d, f) does not vanish
at (0,0), this determinant remains nonzero in w; x g(w;) (possibly modulo replacement of w;
by a smaller w; — note that ¢(0) = 0 and that g is continuous). Therefore, for any = € wy,

0zg = — (0yf) " (w,9(2)) (8:f)(x,9(x)) .
O

There exist refinements of the implicit function theorem that we do not mention in these
lecture notes.

3.2 Application

It can be shown that the integration of the differential equation

Yy ieos Y
x(cosx)y —y(cosx) x, (10)
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can be reduced to the integration of the equation
x—Ce s =0, (11)

where C is an arbitrary nonzero constant.

We first study Equation (11) using the implicit function theorem (ImFT). Set
flo,y) =a — Ce ¥ %
For any C' € R* :=R\ {0}, we have f € C>°(R* x R). Further, for any (z,y) € R* xR,

fi(z,y) =1—Ce~ Si'“%(cos %)%

and
y. 1

[z, y) =Ce™ ™ % (cos ;)E .
The ImFT allows to solve, implicitly and locally, the equation f(z,y) = f(x0,¥0), hence, the
equation (11), i.e. f(z,y) = 0, if we find a point (xg,y0) € R* x R such that f(zg,y0) = 0, i.e.
if we find a specific solution of Equation (11) (and if, in addition, the conditions of the ImFT
are satisfied). The specific solution (C,0) € R* x R is readily guessed. Since f,(C,0) =1 # 0
the ImFT applies: there is a neighborhood w; > C, a neighborhood wy > 0, and an implicit
function g € C*°(w;) such that, for any z € wy,

g(x)

f(z,g(x)) =0, i.e, z — Ce "™ & =0. (12)

We now show that, in conformance with our above remark, g(x) is in w; also a solution
of Equation (10). Observe first that, for all z € w;,

/ _ z2
g (l‘) - Ce— sin %’T’)(COS g(.l,))l - cos g(x) )
xr x xr

1= Ot (cos 2008l (cos 202 ol0)

in view of the ImFT and Equation (12). Hence, g(z) is actually a solution of (10) in w; 5 C. It
follows that Equation (10) admits a solution in a neighborhood of any nonzero real number
C.

3.3 Exercises
1. The integration of the differential equation
xy' (2y — x) = o> (13)
can be reduced to the integration of the equation

y2—xy—CJ;:0, (14)
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where C denotes an arbitrary real constant.

a. Prove that, for C # 0, Equation (14) defines an implicit function ¢, (resp., g2) from a
neighborhood of C into a neighborhood of %C (resp., 1_—2‘/50), and show that g; (resp., g2)
is a solution of Equation (13) in a neighborhood of C.

b. Solve Equation (14) explicitly with respect to y (what is possible in the present exam-
ple) and verify that Equation (13) actually admits two solutions in the neighborhood of any
nonzero C.

2. The integration of the differential equation

ryy = 2% +9° (15)
can be reduced to the integration of the equation
2 21,1 ¥

—22°In|=|=0 16

y x n | C | Y [ )

where C is an arbitrary strictly positive constant.

a. Prove that Equation (16) defines an implicit function g; (resp., g2) from a neighborhood
of eC into a neighborhood of eCv2 (resp., —eC'/2), and show that g, (resp., go) is a solution
of Equation (15) in a neighborhood of eC'

b. Solve Equation (16) explicitly with respect to y (what is possible in the present example)
and verify that Equation (15) actually admits two solutions in the neighborhood of eC.

4 Inverse function theorem

4.1 Statement and proof
The next proposition is well-known:

Proposition 1. If f : Q; C RP — Q5 C R?, where Q; and ), are open in R? and R? respectively,
is a diffeomorphism of class C', then, for any zo € Q4, the derivative f'(x) : RP — RY is a
vector space isomorphism, p = ¢, and

(F7Y (f(0)) = (f'(z0)) .

Proof. Indeed, as fo f~! =idg, and f~!o f =idg,, we have

Fl(xo) o (f71)(f(x0)) =idps and  (f71)'(f(x0)) o f'(wo) = ids .

Conversely,
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Theorem 4 (Inverse function theorem). If f : Q@ C R? — R? is of class C*, k > 1, and if
f'(x0), o € Q, is a vector space isomorphism, then p = ¢, and there is an open subset w > x
and an open subset w' > f(xy), such that f : w — w' is a diffeomorphism of class C*. Moreover,
Joranyy e W',

(FH' ) = ()", (17)

where x is of course the point z = f~1(y) that corresponds to y.

Remark that it thus follows from the invertibility (nonsingularity) of the derivative f'(z() =
(0xf)(x0) of f at a point z(, that the original function f is locally a diffeomorphism. This is
actually the best possible result, since it is clear that the derivative of a function at a point
encodes information about the behavior of the original function only in the neighborhood of
the considered point.

Proof. The main challenge in the proof of the inverse function theorem (InFT) is actually to
show that f is locally invertible, i.e. that the equation y = f(z) can locally be solved with
respect to z. It thus suffices to apply the ImFT to

d(r,y) =y — f(x) : A xRP - RP,

but be aware of the fact that, as we solve with respect to x, the roles of x and y are exchanged
in comparison with previous applications of the ImFT.

Set yo := f(z0), and note that ¢ € C*(Q x RP,RP), that

(8$¢)(m0a90) = _(aﬂcf)(x0> = —f/(.%‘o)

is invertible, and that ¢(z¢, yo) = 0, so that the ImFT solves the equation ¢(z,y) =0, i.e. y =
f(z), with respect to z: there exists an open neighborhood w; > z( in €2, an open neighborhood
we 3 f(z0) in RP, as well as a function g € C*(w,,w;) such that

;z:Gwl,yEwg,y:f(:E)@yEwg,z:g(y),

or, equivalently,
T Ewr, f(7) Ewr,y = f(z) &y Ewr,z=9g(y),

or, as well,
zew N wa),y=flz) S yecw,z=g(y).

Since f is in particular continuous, the intersection w; N f~!(ws) is open in Q, and the
preceding conclusion, together with the facts that f and g are of class C*, thus means that
f is a diffeomorphism of class C* from the open neighborhood w := w; N f~(wy) of x4 onto
the open neighborhood w’ := wy of f(z(). As for Formula (17), it suffices to differentiate the
equality f(g(y)) =y, y € w'. Indeed, we then get

f(9(y)) o g'(y) = idps ,
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so that, since ¢ = f~!, we obtain

for any y € w'. O

4.2 Exercise

Prove that if f : O C R? — RP is of class C! and f/(x) is, for any = € (, a vector space
isomorphism (i.e. is bijective / invertible / nonsingular - since f’(x) is a linear map by
definition), then f is an open map, i.e. a map that sends open subsets of {2 to open subsets
of RP.

Hint: To show that f(O), O open in , is open in RP?, it suffices to prove that, for any
yo € f(O), there is an open neighborhood of y, that is contained in f(O). To see this, it
suffices to apply the InFT to a preimage x, of yo and to f restricted to O.

5 Constant rank theorem

5.1 Subimmersions, immersions, submersions
We need some prerequisites.

Definition 1. Let f : Q C R? — R? be of class C'. For any z, € , the rank p,, f of f at xq is
the rank p(f'(x0)) of the linear map or matrix f'(zy).

A well-known result of Linear Algebra states that, for any linear map ¢ € Homg(V, V")
between two vector spaces V and V' over a field F, we have

pl:=dimim/¢ =dimV — dimker ¢, (18)

where notation is self-explaining.

Exercise. Prove that if ¢ € Homp(V,V’) and ¢ € Homg(V’, V"), then
p(t' o) <inf(pl,pl') .

Apply this result and show that the rank is invariant under diffeomorphisms, i.e. if O, Qs
(resp., Q3, Q4) are open in R? (resp., RY), if ¢ : Q; — Qs and ¢’ : Q3 — Q4 are diffeomorphisms
of class C!, and if f: Qy — Q3 is of class O, then for any z € Q4,

pe(¢ 0 fod) = py(a) f- (19)
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Definition 2. Let f : O C R? — RY be of class C'. Then f is an immersion (resp., a submersion)
at a point xq € Q, if its derivative f'(x¢) at xq is injective (resp., surjective), i.e. if p., f coincides
with the dimension of the source space (so that p < q) (resp., the dimension of the target
space (so that q < p)). Further we say that f is an immersion (resp., a submersion), if it is an
immersion (resp., a submersion) at any point z, € (2.

Exercise. Prove that
f:R* xR 3 (p,0) — (pcosh, psinf) € R?
is an immersion and a submersion. Conclude that f is locally a diffeomorphism (recall also

the open subsets of R? between which the transition f from polar to cartesian coordinates
is usually considered).

Remark that, the rank is lower semi-continuous, i.e. that, in a neighborhood of any
point, it cannot decrease. It follows that the rank of an immersion or a submersion at z; is
locally constant at z, i.e. constant in a neighborhood of z.

Definition 3. A map f: Q C R? — R? of class C! is a subimmersion at a point zy € Q (resp.,
subimmersion), if its rank is locally constant at x, (resp., locally constant).

Thus, immersions and submersions are special subimmersions.

5.2 Statement and proof

We are now prepared to state the constant rank theorem. It claims that any subimmer-
sion f, i.e. any function of locally constant rank p, has locally, up to diffeomorphisms of the
source and the target, the very simple canonical form

Theorem 5. Let f : Q) C R? — R? be a subimmersion of class C*, k > 1, at xy € Q. Then, there
are open subsets
U3z, U D f(U)> f(xg),w CRP,w CR?,

and diffeomorphisms ¢ : U — w and ¢' : U' — ' of class C*, such that, for allx := (2!,...,2P) €
w,

(¢’ofo¢_l) (xl,...,:rp) = (;Ul,...,ﬂc'o,(),...,0)7 (20)

where p = p,, f. Further,

(@ ofod ) (W ={yew 1yt = =y? =0} 21
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Observe that the requirement that f must be a subimmersion at z( is necessary in view
of the diffeomorphism invariance of the rank.

Let us also mention that if the subimmersion f is an immersion (resp., a submersion) at
xo, the rank p,, f coincides with the dimension of the source space, what entails that p < ¢
(resp., target space, what entails that ¢ < p), and the source (resp., target) diffeomorphism
can be suppressed. Hence, the local canonical form of an immersion is

(¢ o f)(x,...,aP) = (a',...,2P,0,...,0) € RY, (22)
and the local canonical form of a submersion is
(foo™) (a!,...,2") = (a',...,2%) € R (23)

Observe that in Equation (22) (resp., Equation (23)), the function “f” is linear and injective
(resp., linear and surjective). As f'(x) is also a linear injection (resp., a linear surjection),
these results show that, up to a diffeomorphism, the behavior of f in the neighborhood of
7o is the same as that of its derivative f/(x() at zo.

Proof. Since p,, f = p((0:f)(x0)) = p, the Jacobian matrix (9, f)(z¢) contains a nonvanishing
subdeterminant of dimension p x p. We can assume without loss of generality that this
subdeterminant occupies the left top corner (otherwise it suffices to exchange the variables).
It is therefore natural to introduce the following notation:

RP 5z =(a/,2") e R? xR, R 3y = (¢/,y") €R* x RY”, and

R? > f(z) = (f'(a,2"), f'(a',2")) e R x RT™7 .

Now
det((0 f')(x0)) # 0
(let us emphasize that here f’ is not the derivative of f).
Set now
o(a', ") = (f'(a,2"),2"). (24)

The function ¢ is actually a diffeomorphism of class C* from an open neighborhood U of z
to an open neighborhood w of ¢(zy). In view of the inverse function theorem, it suffices to
check that (9,¢)(zo) is nonsingular. This requirement is obviously satisfied, since

(0w ') (0) (D7 ') (0) ) |

(020)(w0) = ( 0 d

We now have

(f o ¢_1)(fl(l‘/,$//),$”) — (fl(.%'l,x”),f”(l‘/,x”)) ,
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so that, when denoting the new coordinates (f'(z’,2"),2"”) by (v/,u”), we get, for any u =
(v, u'") ew,

(f © (bil)(u/vu//) = (U’/Mg(u/’u”)) ) (25)

where
g(ul7u/l) — f”((;ﬁ_l(ul,u”)) cRI~P .

We have still to use the assumption that p,f = p, for any x € U (modulo a possible
replacement of U by a smaller U). Since the rank is invariant under diffeomorphism, we
have as well

—1 —1 idpxp 0
p— w u = 8 u' ! = 5
p =P (fod™) = pOu,un(fod™)) p( Durg au”g>
for any (v/,u”) € w. It follows that d,,¢g = 0, for all u = (v/,u”) € w. Indeed, if at some u € w,
one of the entries of 9,g, say 9,;¢°, does not vanish, then the subdeterminant

idy, 0
* au//j gi

of dimension (p+1) x (p+1) is nonzero. Since this is a contradiction, 9,+g = 0 at all the points
u € w. It follows that g is independent of «”. Here we actually apply the well-known result
stating that, if all the derivatives 9, f, ¢ € {1,...,p}, of a differentiable function f vanish in a
connected open subset O C RP?, then this function f is constant in O. To exclude all problems
related to connectedness, we observe that w > ¢(zy) contains a neighborhood of ¢(z,) of the
type v’ x w”, w’ C R?, w”’ C RP~F connected, and we replace w by the smaller w := w’ x w” and
U by the smaller U := ¢~ *(w’ x w”). Now, for any fixed v’ € «’, all the derivatives 9, g’ of g
vanish in the connected w”, so that ¢ is constant in w”; eventually g is independent of «” in
w=w xu" ie g=g), v €w CR".

Set now
vy =Wy —9y)) . (26)

Observe that 1) € C*(w’ x R977,R?) and that 9, is nonsingular at any y = (y/,y") € w’' x RI7°.
Since 1 is thus an open map, it is obvious that v is a diffeomorphism of class C* from
w' x RI77 onto ¥ (w’ x RI77) (its inverse is given by ¢~ (v/,v") = (v/,v” 4+ g(v"))). It finally follows
from (25) that, for any v € w = w’ x W,

(o fop ")/ u") = (u,0). 27)

This completes the proof of the first part of the constant rank theorem. As for the second
part, the inclusion C is obvious. To find the inclusion D it suffices to chase through the
main equations of the proof (and to note that in the proof notation is different from that in
the statement of the theorem). O
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The proof of the fact that, in case f is an immersion (resp., a submersion), the source
(resp., target) diffeomorphism can be avoided (see remark below the constant rank theorem),
is not instructive and will not be given here.






Chapter 2
Topological spaces

We assume that the reader is already familiar with topological spaces. Since manifolds
are specific topological spaces, the most important definitions are recalled below, also to
ensure independent readability of the present text.

1 Sets

In the following, we need some set theoretical concepts.

The basic operations on sets, the union and the intersection, can be extended in an
obvious way to families (5;); of subsets of a given set S. These generalizations have sim-
ilar properties than the underlying usual operations. For instance, the union (resp. the
intersection) is distributive with respect to the intersection (resp. the union), and the com-
plement of a union (resp. an intersection) coincides with the intersection (resp. the union)
of the complements. Nevertheless the empty family of subsets of S deserves some attention,
as the union (resp. the intersection) of the empty family (S;);cp is the empty subset (resp.
the total set S).

Further, the properties of images and preimages also apply to these extensions. Let us
recall that if f denotes a map f : S — S’ from a set S to a set S/, and if X, X’ C S and
Y, Y’ c S, we have

Y uY) =) u Y)Y nY) = )N Y NS\ Y) = S\ YY) (D)
and
FXUX) = f(X)Uf(X), FIXNX)CHX)NFX), fIS\X)DF(9)\FX). 2)

Moreover,
fTHAX) 2 X and f(fTH(Y)) CY. 3)

Of course, if f is a bijection, we get
fXNX) =f(X)Nf(X) and f(S\X)=5"\f(X),
since (f~1)~! = f, as well as

X)) =X and f(fTI(Y) =Y.

17
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2 Exercise

Prove the preceding results.

3 Topological Spaces

Often problems and their solutions do not depend on the exact shape of an involved ob-
ject, but on the way the object is composed, that is, on its topological structure. For example,
the square and the circle have the same topological structure, while a circle and a line have
a different topological structure. Similarly, a strip whose ends have been glued together
and the Mobius strip where the ends have been glued together only after half a turn are
not topologically equivalent. Intuitively, two “spaces” have the same topological structure or
are topologically equivalent if one can be deformed into the other without cutting or gluing.
Therefore, even a coffee mug and a donut are equivalent from the point of view of topology,
since a sufficiently flexible donut can be reshaped into a coffee mug by forming a handle
from one of its halves and a cylinder from the other, and then making an indentation in the
cylinder.

The mathematical concept that best abstracts the idea of a reversible deformation that
does not involve cutting or gluing is — as is easy to understand — a continuous bijective map-
ping whose inverse is also continuous. Such a mapping is called a homeomorphism. Since
the natural generalization of the ordinary idea of a continuous function is the requirement
that the preimage of an open subset is also open, we must first define open subsets. In the
Cartesian space R", the standard definition is that a subset 2 C R" is open if every point
x € §) is the center of a sphere that is contained in 2. These subsets of R™ have basic prop-
erties: every union (resp. every finite intersection) of open subsets is again an open subset.
These minimal requirements lead to the definition of open subsets or — better — a topology
in more abstract spaces than R".

Definition 1. A topological space is a set X together with a collection T of subsets of X that
satisfies the following axioms:

® (O1) The total set X is an element of T.
® (O3) The union of every collection of sets in T is also inT.
* (O3) The intersection of two sets inT isinT.

The collection T is called a topology on X and the elements of X are called points. The sets inT
are referred to as open sets and their complements in X are the closed sets. Let us mention that
the union of the empty collection is the empty set and the intersection of the empty collection
is X.

Remarks.

* Axioms (O;) and (Os) can be replaced by a unique axiom, say (O}), which asks that
every finite intersection of elements of T' be again an element of 7.

¢ There is a dual definition of a topological space based upon the fundamental properties
of closed subsets.
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¢ In the following a topological space will be denoted by (X,T) or simply by X, if no
confusion regarding the considered topology is possible.

Examples.
¢ The discrete topology of a set X is the topology in which every subset of X is open.

¢ The trivial topology of X is the topology in which only the empty set and the whole
space X are open.

* The standard topology of R is made of the unions of the bounded open intervals. If
the unions of the subsets of a collection satisfy the defining axioms (O;) — (O3) of a
topology, we call these subsets, a basis of the topology.

¢ Every metric space can be given the metric topology, in which the basic open sets are
the open balls defined by the metric.

* The Zariski topology of R? is defined by means of its closed subsets, which are just the
plane R? itself, every algebraic curve p(z,y) = 0, where p denotes a polynomial, every
point, as well as all finite unions of such subsets. This topology can be extended to R”
and to more general spaces, and is of special importance in Algebraic Geometry.

Definition 2. A map f : X — Y from a topological space X to another topological space Y is
continuous if, for every open subset 'V of Y, the preimage

fYV)={zeX: fz) eV}

is an open subset of X. The set of continuous maps between the topological spaces X and
Y is denoted by C°(X,Y). A continuous map ¢ : X — Y is a homeomorphism if it is bijective
and its inverse is continuous as well. Two topological spaces related by a homeomorphism are
topologically equivalent.

Often axioms (O;) — (O3) are too weak to allow efficient investigation of a given problem.
We then add additional requirements, such as e.g. the condition that the topology must
admit a countable basis of open subsets, see above (let us recall that a set E is countable
if there is a bijection ¢ : E — P, where P C N). A topological space with a countable basis
of open subsets is said to be second countable. Another type of frequently used restrictions
are separation axioms. They allow distinguishing e.g. distinct points by topological means,
in particular separating points by neighborhoods.

Definition 3. In a topological space X, a neighborhood of a subset P is a subset N, such that
N DU D P, where U is an open subset of X.

In particular, any open subset that contains P is a neighborhood of P.

In the following, we essentially use Hausdorff’s separation axiom (Felix Hausdorff, 1868 -
1942, German mathematician) and work in Hausdorff spaces, in which points can actually
be separated by neighborhoods. This implies for instance uniqueness of limits of sequences.

Definition 4. A topological space is a Hausdorff space if any two distinct points admit disjoint
neighborhoods.
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Examples.

¢ Almost all spaces encountered in mathematical analysis are Hausdorff. Of course, all
metric spaces, in particular R", are Hausdorff spaces.

¢ But then we also understand that pseudometric spaces are typically not Hausdorff.
Also the Zariski topology of R?, see above, does not satisfy Hausdorff's axiom. Indeed,
two non empty open subsets are never disjoint, as the complement of their intersection,
i.e. the union of their complements is, by definition of the topology, a finite union of
algebraic curves and points.

4 Exercises

1. Let S be a subset of a topological space X. The collection of traces SN U on S of the
open subsets U of X is a topology on S. We refer to this topology as the induced or
relative topology and to a subset endowed with the relative topology as a topological
subspace. Prove that the topology axioms actually hold true.

2. Prove that any subspace of a Hausdorff (resp. second countable) space is itself Haus-
dorff (resp. second countable). We say that the Hausdorff property (resp. the existence
of a countable basis) is hereditary.

3. Let B be a collection of subsets of a set X. Prove that X has a unique topology with
basis B if and only if any finite intersection of elements of B is a union of elements of
B, i.e. if and only if X is a union of elements of B and any intersection of two elements
of B is a union of elements of B. Hint: Use the fact that the axioms (0O;) — (O3) are
equivalent to (O}), (O2).

4. Let
(Xi,Ti)i, i€ l:={1,...,n}, neN",

be a finite number of topological spaces. We denote by X := Il;c;X; the Cartesian
product of the X;. Prove that the subsets O := II;;0;, O; € T;, form a basis of a
topology T of X. In the following, we refer to (X,T) as the product space and to T as
the product topology. Hint: It suffices to observe that

(HLOZ) N (HJQJ) = Hk(Ok N Qk) .
5. Prove that if f € C°(X,Y) and g € C°(Y, Z), then go f € C°(X, Z), where X,Y, Z denote
of course topological spaces.

6. Let X and Y be topological spaces, let f : X — Y, and let S (resp. S’) be a topological
subspace of X (resp. of X', such that f(X) C S'). Prove that, if f € C°(X,Y), then the
restriction of f to Sis f|g € C°(S,Y)

(resp. f € C°(X,Y) & f e C%X,S")).



Chapter 3
Manifolds

1 Smooth Manifolds

Manifolds are higher dimensional (dimension n > 0) analogs of curves (n = 1) and sur-
faces (n = 2). They are of importance in most branches of Mathematics and numerous areas
in Theoretical Physics, e.g. in Mechanics, General Relativity, String Theory, ...

We often tend to think of manifolds as “surfaces” that are embedded in a Cartesian space
and more precisely as embedded submanifolds of R". However, manifolds are in fact more
abstract objects. For instance, space-time is a 4-dimensional (pseudo-Riemannian) manifold
that exists without living in a bigger space.

In order to understand the definition of a manifold, consider the 2-dimensional sphere
S? C R3, say the surface of the Earth. A subset U, C S? can be represented by a chart,
mathematically a bijection ¢, : U, — ¢ (U,) C R2. Hence, a sphere or—more generally—a
manifold looks locally like (a subset of) a Cartesian space, but its global structure is more
complicated.

In order to represent it completely, we need a family of charts, i.e. an atlas (Uy, ¢a)a-
Obviously, the region U, N Uz C S? can be mapped to R? by both charts,

Ya:Ua = pa(Us) CR? and  ¢p: Us — ¢p(Us) C R”.
The map
¥p° ‘P;l 1 pa(Ua NUs) = @p(Ug NUa)

is the transition map from chart (U,,¢,) to chart (Ug,¢s). Transition maps encode the
information how the manifold can be reconstructed from its parts by gluing them together.

Further, it is natural to think that in the case of the sphere or even of a more general
“smooth manifold” the chart maps ¢, : U, — ¢(U,) C R? should be “smooth” bijections with
“smooth” inverse, i.e. diffeomorphisms, so that the transition maps

¥B 099;1 2 9a(Ua NUp) = ps(Us NU,)

are diffeomorphisms as well. However, as U, C S? is not an open subset of a Cartesian space,
smoothness of ¢, : U, — ¢.(U,) has no meaning so far, even if we assume that ¢, (U,) C R?
is open. On the other hand, smoothness of

] O‘P;1 : ‘Pa(Ua ﬁU@) — ‘Pﬁ(Uﬁ ﬁUa),

21
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Figure 1: Manifold and charts

which is a map between two subsets of R?, is a well-known concept, at least if we assume
that ¢, (U, NUg) C R? and ¢z(Us NU,) C R? are open subsets.

Hence, the following definitions.

Definition 1. A chart of a set M is a pair (U, ¢), where ¢ : U — ¢o(U) C R™ is a bijection from
a subset U C M onto an open subset o(U) C R™. The components of the image

p(m) = (p'(m),...,¢"(m)) =z = (a!,...,2")
of a point m € U are the coordinates of m in the considered chart or coordinate system.

Definition 2. A smoothn-dimensional atlas (n € N) of a set M is a collection of charts (U, ¢0)a
of M, such that

* the U, cover M,
* the images ¢, (U, N Up) are open in R™, and
¢ the transition or coordinate transformation maps
@500 a(Ua NUp) = ¢p(Us NUa)
are smooth.

Examples.

1. Every n-dimensional real vector space V' admits a smooth n-dimensional atlas. It suf-
fices to choose a basis (e;); and to consider the isomorphism

<p:VSv:Z:cieir—)m::(:cl,...,xn)G]R".
i
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Observe that this atlas is made of a unique chart. In particular, for V = R", we may
take the global chart (R",id). Also any open subset () C R” admits such an atlas (£2,id).

2. The sphere
S"l={zeR":> (') =1} CR"
has a smooth (n—1)-dimensional atlas. In order to simplify notations, consider the case
n =3 Wesetz:=z' y:=222=2%. The atlas is made for instance of the six charts
induced by the two projections ¢+ : (z,y,2) — (y,2) onto the hyperplane = = 0 of the
two hemispheres without boundary H;+ defined by this hyperplane, and the similar
projections ¢,+ and g3+. Indeed, the (H;+, p;+); are charts the domains of which cover
S2. Moreover, the image .+ (Ho+ N H,-) for instance, is the set

Qor1- ={(z,2): 2>+ 22 < 1,2 <0},

which is open in R?, and

p1- (951 (2,2)) = (V1 - a2 = 22,2)

is a smooth bijection between the open subsets {2,+;- and -5+, the inverse of which
is smooth as well.

3. The extended complex plane M = C U {co} admits an atlas with two charts, U; = C,
01(2) = (z,y) € R? and Uy = (C\ {0}) U {0}, p2(z) = 1/2, where it is understood that
1/z is viewed as an element of R? and that 1/co = 0. Further, the image ¢;(U; N Uy) for
instance, is R? \ {0} and the transition map

T -y )

—1 - (- I
P2(p7 (xvy))_(x2+y2’x2+y2

is a smooth permutation of R? \ {0}, the inverse of which is also smooth.

4. The n-dimensional real projective space RP" has an n-dimensional smooth atlas that
contains n + 1 charts. This case will be detailed in the lectures.

If we add a geographic chart to a geographic atlas, we get of course another, maybe even
better, atlas. The union of a mathematical chart (U, ¢) of a set M and a mathematical atlas
(Ua, pa)a of M is again an atlas if and only if the ¢(U N U, ) and the ¢, (U, N U) are open
subsets of R” and the transition maps ¢ o ¢! and ¢, o ¢! are smooth on their domains.

Definition 3. A chart and an atlas of a set M (resp. two atlases of M) are compatible if their
union is an atlas of M.

On the one hand, compatibility of atlases is obviously an equivalence relation. On the
other, we implicitly think of an “n-dimensional smooth manifold” as a set endowed with
an n-dimensional smooth atlas. However, the “manifold” is completely and equivalently
represented by each atlas of a same equivalence class. Hence, the following definition.

Definition 4. An n-dimensional smooth manifold is a set together with an equivalence class
of n-dimensional smooth atlases.
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To define a smooth manifold structure on a set M, we consequently only need to specify
one atlas of M, which then in turn defines an equivalence class. The preceding definition just
means that the same smooth structure on M can be defined by many atlases. For instance,
the global charts (V, ) and (V, ¢’) of a finite-dimensional real vector space V induced by two
bases (e;); and (e}); form two equivalent atlases, which therefore define the same smooth
manifold structure on V. Indeed, the transition map ¢’ o ¢~ maps the coordinates z of a
vector v in the basis (e;); onto the coordinates 2’ = A~!z of v in (e}); , where A is the transition
matrix from the first to the second basis.

Let us explicitly mention that all manifolds considered below are smooth and finite-
dimensional. Further, instead of manifold structure, we also use the terminology smooth
structure and differentiable structure.

We already mentioned that the coordinate maps

o : Uy 2m = (pL(m),...,0o%(m)) = (z*,...,2") € 0a(Us)

should be diffeomorphisms between the manifolds U, and ¢, (U,), but that the concept of
smooth map between manifolds is not yet defined. Actually, the map ¢, can even not yet be
a homeomorphism, as so far we have no topology on U, or M. We now show that an atlas
of M defines a topology on M that only depends on the smooth structure of M, i.e. on the
considered equivalence class of atlases.

Definition 5. Let M be a manifold and let (U,, ¢.). be an atlas of M. A subset W C M is an
open subset of M, if all its representations ¢, (W NU,) C R are open in the metric topology of
the Cartesian space R".

Theorem 1. The collection of open subsets of a manifold M, defined in Definition[5 by means
of an atlas of M, is a topology on M that is independent of the considered atlas.

Proof. Let (W;); be a family of open subsets of M. Due to the properties of images, we have
Pa(UiWi NUa) = Ui 9o (Wi NUa)

and
Ca(MiWs NU) = N oo (W; NU,).

The conclusion regarding the topological structure follows if we interpret the family of W, as
finite in the second case.

As for the independence of the atlas chosen in the equivalence class of the manifold, it
suffices to show that any open subsets of the topology 75, defined by another compatible
atlas (V,,1,), of M, is an open subset in the topology 7 defined by (U,, v ). and vice versa.
Let us for instance prove that W € T} is open in T3, i.e. that ¢,(W NV,) is open in R™.

Any y € ¢¥,(W NYV,) is the image ¢, (z) of some z € W NV,. As we have for sure to use the
compatibility of the two atlases, observe that there is Ug that contains z, so that

Yy e, WNUzNV,) Coa(WNV,).

If we prove now that (U, ) := (W NUg, ¢3|lwnu,) is a chart that is compatible with the “corre-
sponding” atlas (U,, pa)«, then, since compatibility is an equivalence, it is also compatible
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with the atlas (V,,v,),, and therefore ¢, (U NV,) = ¢, (W N Uz NV,) is open in R", which
completes the proof.

Note first that (U, ¢) := (W NUg, vslwnu,) is a chart since W € T;. As for the compatibility,
we have to show that ¢, (U, NU) and (U NU,) are open in R” and that po ¢! and ¢, 0 p~!
are smooth on their domains. We prove the last pair of assertions. As

o(UNUa) = ps(WNUz NUs) = (W NUg) N ps(Ua NUp),

where the first (resp. second) image is open due to the fact that W € T (resp. the definition
of an atlas), the first statement follows. The second is also clear, because ¢, o ¢! is the
restriction of ¢, o <p/§1 to the preceding open subset. O

We are now prepared to prove the expected

Theorem 2. Let M be a manifold and let (U,, ¢.)o be an atlas of M. Every coordinate map
Yo : Un = ¢a(Us) is a homeomorphism (it is of course understood that U, and ¢,(U,) carry
the topologies that are induced by those of M and R" respectively).

Proof. First consider an open subset of a topological space and provide it with the induced
topology. Then the open subsets of this topological subspace are exactly the open subsets
of the whole topological space that are included in the subspace.

Let W be an open subset of U, . As
(@;1)71(W) =9a(W) = pa(WNUs) C pa(Ua)

is open, the map ¢, ! is continuous.

Take now an open subset Q of ¢, (U,). In order to see that ¢_!(2) C U, is open, we have
to show that g(p;'(Q2) N Ug) is open in R™. Since we must of course use the transition
diffeomorphism, it is natural to write

(e () NUp) = pp(px () N U NUp)

= 0p(pa () Ny 0a(Ua NUp)) = @ (2N 0a(Us NUp)).

The conclusion that ¢, is continuous now follows from the fact that the transition diffeo-
morphism is also a homeomorphism. O

2 Exercises

1. Prove that every open subset U of every manifold M is a manifold, and more precisely
that, if (U,, pa )« is an atlas of M, the restrictions (U NU,, ¢o|unu, )o form an atlas of U.

2. Show that if M (resp. M’) is a manifold of dimension n (resp. n') with atlas (U,, pa)a
(resp. (Ug, ¢3)p), then M x M’ is an (n + n')-dimensional manifold for the atlas

(Ua X U,(/%(Poz X 90/5)(01,6) .

We refer to M x M’ equipped with this differential structure as the product manifold
M x M'.
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3. The torus T? := S! x S!, where S C R? is the circle with center (0,0) and radius 1, is a
manifold of dimension 2, and, more generally, the “n-dimensional” torus 7™ := (S!)*"
is an n-dimensional smooth manifold.

4. The manifold topology can be defined just as well as the topology for which the chart do-
mains are a basis. Prove that the unions of the chart domains actually form a topology
and that this topology coincides with the above-defined manifold topology.

3 Submanifolds of R”

Submanifolds of R" are an important class of manifolds. Actually every abstract manifold
can be viewed as submanifold of a Cartesian space with sufficiently high dimension.

The next subsection is a summary of the results now needed from Chapter 1, which we
recall here for simplicity.

3.1 Subimmersions, immersions, submersions, diffeomorphisms

Definition 6. A map f : Q) C R? — R? from an open subset Q of the Cartesian space R? to the
Cartesian space RY is smooth if and only if its canonical coordinate functions f': Q C R? — R,
i€ {l,...,q}, are all smooth in (). The derivative of f at xy € Q2 is the linear map

f'(20) = (941 f°) (x0)); : R” — R (1)

Definition 7. Let f : Q C R? — R? be a smooth map. For every x, € , the rank p,, f of f at x
is the rank p(f'(xo)) of the linear map or matrix f'(zo).

A well-known result from Linear Algebra states that, for every linear map ¢ € Homy(V, V")
between two vector spaces V and V' over a field F, we have

pl:=dimim¢=dimV — dimker/, 2)

where notations are self-explaining.

Exercise. Prove that if ¢ € Homy(V, V') and ¢’ € Homg(V’', V"), then p(¢' of) < inf(pl, p¢'). Apply
this result and show that the rank is invariant under diffeomorphisms, i.e. if 21, Q2 (resp.
Q3, Q) are open in R? (resp. R9), if p : Q1 — Qs and ¢’ : Q3 — Q, are diffeomorphisms, and if
f: Q2 — Qg is smooth, then for every = € Q;, we have

px(@/ ofo 50) = pcp(ac)f’ (3)

Definition 8. Let f : QO C R? — R? be smooth. The map f is an immersion (resp. a submersion)
at a point zy € Q if its derivative f'(xo) at zo is injective (resp. surjective), i.e. if p,, f coincides
with the dimension of the source space (so that p < q) (resp. the dimension of the target space
(so that ¢ < p)). The map f is an immersion (resp. a submersion), if it is an immersion (resp.
a submersion) at every point x, € §).

Notice that the rank is lower semi-continuous, i.e. that in a neighborhood of any point
it cannot decrease. It follows that the rank of an immersion or a submersion is locally
constant, i.e. constant in a neighborhood of any point.
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Definition 9. A smooth map f : Q C R? — R? is a subimmersion at a point o € Q (resp.
subimmersion) if its rank is locally constant at x( (resp. locally constant).

Therefore immersions and submersions are special subimmersions. We are now pre-
pared to recall the Constant Rank Theorem, see lectures in Analysis. It states that every
subimmersion has locally, up to diffeomorphisms of the source and the target, a very simple
canonical form.

Theorem 3. Let f : 2 C RP — R? be a subimmersion at xq € (2. Then there are open subsets

U3, U D f(U)> f(xg),w CRP,w’ CR?

and diffeomorphisms ¢ : U — w and ¢’ : U’ — ', such that, for all x := (z},...,2P) € w, we
have

(solofosoil) (xlv"'vxp) = (xla"'vxp70a~~'70)a (4)
where p = p,, f. Further

(Pofop™)(w) ={yew 1yt =...=y'=0}. (5)

Note that the requirement that f be a subimmersion at z, is necessary because of the
diffeomorphism invariance of the rank.

Remember that if the subimmersion f is an immersion (resp. a submersion) at zg, the
rank p,, f coincides with the dimension of the source space, which entails that p < ¢ (resp.
of the target space, which entails that ¢ < p), and the source (resp. target) diffeomorphism
can be suppressed. Hence, the local canonical form of an immersion is

(@' o f)(at,...,2P) = (2',...,2P,0,...,0) € R? (6)
and the local canonical form of a submersion is
(foe™)(a',...,2P) = (2',...,27) € R (7

Observe that in Equation (6) (resp. Equation (7)), the map “f” is linear and injective (resp.
linear and surjective). As f’(xo) is also a linear injection (resp. a linear surjection), these
results show that, up to a diffeomorphism, the behavior of f in the neighborhood of z is
the same as that of its derivative f/(z¢) at zo.

The previous results concern functions f the derivative f’(xo) of which is a linear injection
or a linear surjection. The next theorem, called Inverse Function Theorem, asserts that
functions f such that f/(z¢) is a linear bijection, i.e. a vector space isomorphism, are locally
at x¢ diffeomorphisms. More precisely, we have the

Theorem 4. If f : O C R? — R? is smooth and if f'(xo), xo € Q, is a vector space isomorphism,
then p = q and there is an open subset U > xq, such that f(U) isopenand f : U — f(U) is a
diffeomorphism.

The Inverse Function Theorem is actually a consequence of the Constant Rank Theorem.

Proof. Since f is both an immersion and a submersion at z, it follows from the above re-
marks that p = q. Moreover, Equation (5) implies that f(U) = U’, which is open, and Equation
entails that ¢’ o f o o~ =id,, so that f = ¢'~! o ¢, which is a diffeomorphism between U
and f(U). O
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The reverse result is also valid:

Proposition 1. If f : Q; C R? — Q, C RY, where Q; and Q, are open in R? and R? respectively,
is a diffeomorphism, then, for every x, € Q,, the derivative f'(x) : R? — R? is a vector space
isomorphism, p = ¢, and

(f7 (f(o)) = (f'(z0)) ™"
Proof. Indeed, as fo f~! =idg, and f~!o f =idg,, we have

f(xo) o (f 1) (f(zo)) =idre and (1) (f(z0)) o f'(2z0) = idge .

3.2 Embedded submanifolds of R"

There exist several more or less restrictive concepts of submanifolds. Embedded sub-
manifolds of R" provide examples of (sub)manifolds that live in a Cartesian space R" and
carry the relative topology. Although we will not study submanifolds of an arbitrary man-
ifold M, we would like to mention that such general submanifolds may be endowed with a
richer topology than the one inherited from M and even need not always be subsets of M.

Take two positive integers p < n. The definition of an embedded p-dimensional subman-
ifold N of R™ requires that locally N C R" looks like R” x {0} C R".

Definition 10. A subset N C R" is an embedded p-dimensional submanifold of R™, if, for
every z € N, there is an open subset U > z of R" and a diffeomorphism f : U C R" — f(U) C
R™, f(U) open, such that f(UNN) = f(U) N (R?P x {0}).

To clarify the naturalness of the next theorem, we remind the reader that there are two
natural approaches to “surfaces” in R”. For instance, in R?, the circle with center (0,0) and
radius 1 can as well be described by the Cartesian equation z? + y? = 1 as by the parametric
representation (x,y) = (cost,sint), t € [0, 2n][.

Let us briefly examine further examples. If we write m = (z,y, z), the system of equations

f'im)=azx+by+cz+d=0 and f*(m)=dz+by+cz+d =0,

where a,b,c,d,a’, b/, c/,d € R, defines a line L in R3, if the derivatives (f!)’(m) € R3* and
(f%)'(m) € R3* are linearly independent. Note that L = n?_,(f*)~!{0} and that the number of
equations coincides with the codimension of L. On the other hand,

(z,y,2) = (acost,asint,bt), a,b € Ry, t € R,

is the parametric representation of a helix H with radius « that rises by 27b units per turn.
Observe that the map
Y :R>t— (acost,asint,bt) € H

is a bijection and an immersion, and that the number of parameters gives the dimension of
H.

In view of the above, the following theorem seems perfectly logical:

Theorem 5. Let N C R"™ be a subset of R". The next four statements are equivalent:
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* N is an embedded p-dimensional submanifold of R™.
® For every x € N, there is an open subset U > x of R™ and n — p smooth functions
fRUCR =R, ie{l,...,n—p},
such that the derivatives
(f(z) eR™,ic{1,...,n—p},
are linearly independent and
UNN =P (1) o}

* For every = € N, there is an open subset U > z of R" and a submersion f : U C R" —
R"~P, such that
UNN = f~*{0}.

e For every x € N, there are open subsets U > x of R™ and Q2 3 0 of R?, as well as a
homeomorphism 1 : Q@ C RP — U N N C R"™, which is smooth, is an immersion at 0, and
maps 0 to x.

Observe that all assertions of this theorem are local. The second and third statements,
which are equivalent (it suffices to set f = (f!,...,f" 7)), correspond to the aforemen-
tioned description by Cartesian equations. The fourth item is consistent with the possi-
bility of parametric representations. Further, it is understood that in the requirement that
Y :QCRP - UNN C R" be a homeomorphism, the subset U N N C R" is endowed with the
relative topology. The immersion-condition in the last item is essential. This will follow from
the proof of the theorem, but can also be seen from the example ¢ : R > ¢t — (t2,+3) € R? (the
subset N := 1)(R) C R? does not satisfy the conditions of Definition[10]at (0,0) € N and v is
not an immersion at 0).

As for the proof, we already noticed that Item (2) is equivalent to Item (3). Due to the
Constant Rank Theorem, Item (3) leads to a diffeomorphism f : U ¢ R" — w C R", so it
should imply Item (1). As the diffeomorphism f of Item (1) maps U N N to the open subset
Q:= f(U) NR? of RP, the restriction of its inverse is the homeomorphism  needed in Item
(4). Remark that v = f~! o4, where

i (z',...,2?) € QCRP — (2},...,2P,0,...,0) € f(U) CR"

is the canonical inclusion, so an immersion. Finally, we will prove, using as above-mentioned
(in particular) the immersion-property, that Item (4) implies Item (2). Hence, we get (2) <
(3) = (1) = (4) = (2), where we still have to explain further the implications (3) = (1) and
mainly (4) = (2).

Proof. Implication (3) = (1). As already said, for every = € N, there are open subsets U > x
and w in R” and a diffeomorphism ¢ : U — w, such that in w = ¢(U), we have

(foe™H(at,...,z") = (a',...,2"7P).

As
UNN={("....y") €U f(y",....y") =0},
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it follows that
e(UNN) =pU)N {0} xRP).

Implication (4) = (2). Let m € N and let ¢ : Q C R? - U NN C R" be the corresponding

homeomorphism. As
A Az’
/ . P / o n
P'(0) : R 9z—><B>z—<Bx,>eR,

where A (resp. B)is areal pxp (resp. (n—p) X p) matrix, has rank p, we can assume—modulo
a renumbering of the coordinates—that A is nonsingular, so that

w0’ (0) = (m o) (0) : RP 3 2’ — Az’ € RP,

where

m:R"=RP xR" P> (a,2") =2’ €RP
is the canonical projection (we will denote the projection onto R"~? by m), is a vector space
isomorphism. It therefore follows from the Inverse Function Theorem that 7 o4 : Q C R? —
RP is locally a diffeomorphism or coordinate transformation, i.e. that there are open subsets
w>0andw >m =m(m)of RP, such that

P i=movp:wdr - Pi(d) =y euw

is a transformation of coordinates or, better, of parameters. When combining the homeo-
morphism ¢ : Q 5 2/ — ¢(2') € UNN with this transformation of parameters, we get a simpler
parametric representation

Yoyl 1w 3y =n(a) = v(a’) = (i), ¥2(2") = (v, ¥2(¥1 " (¥) € U' NN,

where U’ > m is open in R” and where U’ N N = v o¢); ' () is the image of w’ by the bijection
Y o1 t. Tt is interesting to observe that U’ N N appears as the graph of 1, o ¢); . In order to
get the equations f?, i € {1,...,n — p}, it suffices to set

Fily) = Pt ) — v,
for every
y=(,y")eU" =UnN(W xR"P).
Indeed, the derivatives at m of these smooth functions f? are obviously linearly independent

and
U'nN=nF(f)""(0).

3.3 Embedded submanifolds versus abstract manifolds

It is possible to construct manifolds whose topology is not even Hausdorff or second-
countable. In order to make further progress in our theory, we exclude such exotic cases.

Remark. In the following all manifolds are implicitly assumed to be Hausdorff and second
countable.

We now prove the result mentioned at the beginning of the previous subsection.



Manifolds, Norbert Poncin 31

Proposition 2. Any embedded p-dimensional submanifold of R™ is a smooth p-dimensional
manifold whose topology is induced by the topology of R™.

In view of the above remark, to prove this theorem we must not only construct a smooth
p-dimensional atlas, but we must also show that the topology of the manifold is Hausdorff
and second-countable. However, as these properties are hereditary, the conclusion imme-
diately follows from the fact that R" is Hausdorff and second countable. For example, the
open spheres b(z,r) of R™ with center z € Q" and radius r € Q form a countable basis of
open subsets of R".

Actually, there are no more abstract manifolds than embedded submanifolds of R". In-
deed, Whitney’s embedding theorem states (Hassler Whitney, 1907 - 1989, American Mathe-
matician) that any smooth (Hausdorff and second-countable) manifold of dimension p can
be embedded in R?’*!, and even in R?? if p > 2. Consequently, any manifold can be treated, if
we wish, as an object that lives in a larger Cartesian space (although this view is not always
of advantage). The proof of Whitney’s embedding theorem is complicated and will not be
given in these notes.

Hereafter we detail the proof of Proposition

Proof. Let N be an embedded p-dimensional submanifold of R". The construction of an
atlas follows from the observation that the parametrizations provided by Item (4) of Theorem
clearly correspond to local coordinate maps.

Let © € N. There are open subsets U/, > z of R” and 2, of R?, as well as a smooth map
1, that is a homeomorphism ¢, : 2, C R? —» U, N N C R" and an immersion (it suffices to
restrict the subsets (2, and U.). Set now

Up:=1.(Q)=U.NN and ¢, =1v;':U, CN—Q, CRP.

The charts (U,, ¢.)zen form a smooth p-dimensional atlas of N. Indeed, the family (U,.).en
is a cover of N and the images ¢, (U, NU,) are open in R?. The only problem is to prove that
the transition bijections

Py © (p;l 20 (U NUY) = oy (U, NUL)

are smooth. Indeed, the source of the bijection
oy =9, :U,NNCN—Q,CR?

is not an open subset of a Cartesian space and smoothness of ¢, has no meaning so far.
The way out is to use the bijections

f:UNN-= fUNN)=f({U)NRP CRP,

which are the restrictions of the diffeomorphisms f: U’ ¢ R" — f(U’) C R" given by Defini-
tion Indeed, when writing

pyop,t=pyoflofopt=(fop, ) o(fop,t),

we deal with bijections fop, ! between open subsets of R?, so that smoothness of the building
blocks of ¢, o ¢! makes sense. The difficulties concerning the matching of the involved
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subsets can be solved via anew restrictions of these. The f o ¢, ! are smooth in 2, C R? and
valued in R?. Moreover, for every X € (2, we have

(f o0y 1) (X) = f'(1y (X)) 0 5 (X) € Endr(RP).

As the derivative of v, is injective and that of f bijective, the map (f o ¢, ')’ (X) is injective
and therefore bijective (since the injectivity of a linear map implies its surjectivity if the di-
mensions of the source and target spaces coincide). It now follows from the Inverse Function
Theorem, that fop,/ ! is a local diffeomorphism. This finally implies that ¢, o ¢! is smooth
in the neighborhood of each point.

As for the manifold topology, denote T'(N) (resp. I(N)) the manifold topology of N (resp.
the topology induced on N by R"). From Exercise [4]it follows that T(N) C I(N). Conversely,
ifUNN € I(N), i.e. if U is open in R”, the image

0, (UNNNU,) =4y, (UNU,NN)

is open in R?, so that, in view of Definition 5 we also get I(N) C T'(N). O

3.4 Exercises

1. The preceding result yields that embedded submanifolds of R” are manifolds that live
in the ambient space R" and carry the induced topology. The next exercise gives an
example of a manifold that is included in the 2-dimensional Cartesian space and the
topology of which is richer than the relative topology.

Let /; and I, be two lines of R? that intersect at a point z,. Denote by I; and I the
two open half-lines defined by z, and consider the set N = [; Ul, Ul . Construct an
(obvious) atlas for N C R? and show that the resulting manifold topology is richer than
the induced one.

2. Prove that every manifold is locally compact and locally connected. A bit of topology is
needed to solve this quite simple problem.



Chapter 4
Derivatives of smooth maps
between manifolds

1 Smooth maps between manifolds

In order to do Analysis on manifolds, we must define smoothness of a map between
manifolds.
Take for instance the rotation

f:S'>2m— f(m)e St
with center (0,0) and angle 7 . In standard polar coordinates, or, more precisely, in coordi-
nate charts
1 / 1 / T om
v: S \{(1,00}>5m —=6€]0,2r] and ¢':S5"\{(0,1)} >5m — 0 6}5,7[,
the rotation f (locally) reads

@’f@fl:RD]0,2W[90—>9’:9+36R.

The map ¢’ fo~! (note that we omit the symbol for the composition of functions) is the local
form of f in the considered charts.

We say that a map f : M — M’ between two manifolds M and M’ is smooth, if, in the
neighborhood of every point of M, it is smooth in coordinates, i.e. it has a smooth local form
¢ et
Definition 1. Let M (resp. M') be an n-dimensional (resp. n’-dimensional ) manifold. A map
f: M — M’ is a smooth map from M to M’, if for any m € M, there exist charts (U, p) of M
around m and (U’ ¢’) of M’ around f(m), such that f(U) C U’ and

O fotiU) CR® - R

is smooth in the sense of Analysis. The set of smooth maps _from the manifold M to the manifold
M’ is denoted by C*>(M,M').

The next proposition claims that the existence of charts, in which the local form of f is
smooth, implies that this property holds for all charts.

33
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Figure 2: Smooth map between manifolds

Proposition 1. If f : M — M’ is a smooth map between two manifolds M and M’', then, for
any charts (U, ) of M and (U’,¢") of M’, such that f(U) C U’, the local form ¢’ fo=t of f is
smooth.

Proof. In order to show that ¢ fo~! is smooth in ¢(U), it suffices to prove that it is smooth
in a neighborhood of every point ¢(my), mo € U, of ¢(U) . Smoothness of f implies that there
are charts (V,v) of M around my and (V’,¢’) of M’ around f(mg), such that f(V) C V' and
Y fyp~1 is smooth in ¢(V). In the neighborhood ¢(U N V) of ¢(my), we then have

P et = (T T (e ™),
so that the LHS is smooth in this neighborhood. O

As continuity of a map between manifolds is defined as for any map between topological
spaces, we need to check that smoothness actually implies continuity.

Proposition 2. For all manifolds M and M’, we have C*(M,M') c C°(M,M'), where it is
understood that M and M’ are endowed with their canonical manifold topology.

Proof. Let f € C*>°(M,M') and m € M. There are charts (U, ) of M around m and (U’, ¢’) of
M’ around f(m), such that f(U) ¢ U’ and ¢'fo~ ' : p(U) € R* — ¢/ (U’) € R" is smooth and
therefore continuous. As the coordinate maps ¢ : U — ¢(U) are homeomorphisms for the
induced topologies, it follows that the restriction of f to U, i.e.

flu=¢ M fe e U—=U,

is continuous. Hence, for every m € M, there is U, € T,,(M), such that f|y,, € C°(U,,, M’),
where ¥,,(M) denotes the set of those open subsets of the manifold topology of M that
contain m. But then, if V € T(M’), we have

f_l(V) = UmEMf‘I;:L(V) € ‘:(M)’
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so that f € CO(M, M’). O

Just as for other types of spaces (e.g. vector spaces, topological spaces, ...), there is a
concept of equivalence (isomorphism, homeomorphism, ...) for manifolds. Equivalent or dif-
feomorphic manifolds are manifolds M and M’ related by a diffeomorphism ¢ : M — M’, i.e.
a smooth bijection with smooth inverse. We denote by Diff (M, M’) the set of diffeomorphisms
from M to M’. Intuitively, two manifolds are diffeomorphic if each one can be smoothly de-
formed to the other.

As recalled above, chart maps ¢ : M D U — ¢(U) C R® are homeomorphisms, and, as
mentioned in Chapter 3, they should be diffeomorphisms ¢ € Diff (U, ¢(U)). Since U and ¢(U)
are manifolds (see Chapter 3, Section 2, Exercise 1), the set Diff (U, ¢(U)) is now defined. We
actually have the

Proposition 3. Let M be a manifold and let (U,, ¢). be an atlas of M . Every coordinate map
(Ua, ¢o) is a diffeomorphism: o, € Diff(Uy, 0o (Uy)) .

Proof. Obvious. O

We now examine the smoothness of maps made of smooth building blocks. The proofs of
these results are simple but instructive. They are left to the reader.

Proposition 4. Let M, M’, and M" be manifolds. If f € C>°(M,M') and g € C>*(M’', M"), then
gofeC®(M,M").

It is well-known that the restriction of a linear (resp. continuous) map to a vector (resp.
topological) subspace is still linear (resp. continuous), and that a linear (resp. continuous)
map viewed as valued in a vector (resp. topological) subspace that contains all images, is
also linear (resp. continuous) (see e.g. Chapter 2, Section 4, Exercise 6). Similar results are
true in the smooth category.

Proposition 5. Let M (resp. M’') be a manifold, let f € C>*(R",M’) (resp. f € C*(M,R?)),
and let N (resp. N') be an embedded submanifold of R" (resp. of R®, such that f(M) C N’).
Then f|y € C*(N,M’) (resp. f € C>(M,N')). Analogous results are valid for f € C>(M,M")
and restrictions of the source (resp. target) manifold to an open subset of M (resp. an open
subset of M’ that contains f(M)).

The set of smooth functions of a manifold M, i.e. of smooth maps from M to the target
manifold M’ = R, is denoted by C*°(M). The addition and multiplication of R induce an
addition f+g¢ and a multiplication f.g of functions, as well as a multiplication \f of functions
by reals.

Proposition 6. The set C°°(M) of smooth functions of a manifold M is an associative commu-
tative unital algebra for the canonical operations f + g, Af, and f.g.

The function algebra C*°(M) is actually a fundamental object associated to the manifold
M. Indeed, the algebraic structure of C>°(M) characterizes the manifold structure of M.
More precisely:

Theorem 1. Two manifolds M and M’ are diffeomorphic if and only if their associative alge-
bras of functions C*° (M) and C>(M') are isomorphic.
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Proof. If ¢ : M — M’ is a diffeomorphism, then, obviously, the map
hy :C®°(M)> f— foop™t e C®(M)

is an associative algebra isomorphism. The proof of the converse result is not obvious and
will not be given. O

2 Exercises

1. Prove Propositions 4 [5] and [6] Hint: To prove Proposition [4 choose first a chart
(U',¢') around f(m), then a chart (U, ¢) around m such that U c f~}(U’). In the proof
of Proposition [6] choose the same chart for f and g.

2. Show that the set Diff (M) of diffeomorphisms of M (i.e. from the manifold M to itself)
is a group for the composition of maps.

3. Prove that the projections 7 : M x M’ — M and 7y : M x M’ — M’ (M, M’: manifolds)
are smooth maps (see Chapter 3, Section 2, Exercise 2).

4. Explain that, if f; € C* (M, M]) and fo € C*°(M;, M), then
fl X f2 My x My > (ml,mg) — (fl(ml),fg(mg)) € M{ X Mé

is also smooth.

3 Tangent space

In Lagrangian Mechanics, the configurations of a double pendulum, i.e. of a pendu-
lum with another pendulum attached to its end, are described by two angles ¢ = (¢*, ¢?) €
[0,27] x [0,27]. Hence, the configuration space M is [0, 27] x [0,27] modulo identification of
the extreme values 0 and 27, in other words M = T2 = S! x §1 C R3. The representative point
q of the considered dynamical system runs through a curve a: I 3t — q(t) € M C R3 of M,
where I C R is the (open) observation interval, and the generalized velocity ¢(0) = d;a|;— at
time 0 is a tangent vector of the curve « at the point ¢(0) = «(0) =: m. Of course, a vector
that is tangent to a curve of M at m is also tangent to the manifold M at m, and the “tangent
space” T,,,M of M at m can be viewed as the set of the tangent vectors d;«a|;—( of all the curves
a € C*(I, M) of M, such that «(0) = m.

If M is an abstract manifold that does not sit in an ambient space, our mental picture of
a tangent vector, as well as the definition of the derivative d.al;—¢ of a curve a € C*>(I, M),
where I denotes an open interval of the real line, meet a problem. A natural idea is to look
ata curve a € C*°(I, M) locally, in coordinates ¢, and to end up, roughly, with a usual curve
pa € C>*(I,R™), which has a tangent vector d;(¢a)|:—o . However, obviously, different curves
B # a, i.e. ¢ # pa, can have the same tangent vector

dt(@ﬁ”t:o = dt(ipa”t:() .

Therefore, a tangent vector is characterized, not by a single curve, but by a class of curves,
and we can define a tangent vector of an abstract manifold M at a point m € M as the class
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[a] of all the curves « € C*°(I, M) of M, such that «(0) = m and whose local forms have the
same tangent vector d;(pa)|i—o -

Figure 3: Tangent space of a manifold

We now make these ideas more precise.

Let m be a point of an n-dimensional manifold /. We denote by C the set of all curves
a € C>*(I,M) of M (where [ is an open interval of R that contains 0) that pass through m
att =0, i.e. satisfy a(0) = m. Due to the continuity of «, there is, for any charts (U, ¢) and
(V,¢) of M around m, an open interval J > 0 of R, such that

pa € C(J,p(UNV)) and yaec C®(J,p(VNU)).

Definition 2. Let M, m, and C be the just defined objects. Two curves «, § € C are tangent at
m, if there is a chart (U, ¢) of M around m, such that

dt(sﬁa)|t:0 = dt(@ﬁ)h:m (1)

Note that the same condition is then satisfied for every chart (V, ¢)) of M around m. Indeed,
we have Yo = (Yp~1)(pa) in J, so that

de(Ya)|i=o = (") ((m)) de(pa)|1=0 , (2)

and as the same result holds for 3, the conclusion follows from Equation (I). It is now clear
that the relation “tangent at m” is an equivalence in C.

Definition 3. The notations are again those introduced above. A tangent vector of M at m is
an equivalence class [a], a € C, of the equivalence relation “tangent at m” in C. The set of all
tangent vectors of M at m is denoted by T,, M.



Derivatives, Norbert Poncin 38

The mental picture of the preceding construction suggests that every chart (U, ¢) of M at
m defines a 1-to-1 correspondence

Thne: TyM — R"

(T is merely a notation) between the tangent vectors of M at m and the vectors of R”.
Of course, the set T,,M of tangent vectors at m should be a vector space. We will use the
bijection just described to transport the vector space structure of R" to 7,,M, i.e. for every
vectors [o;] € T, M, i € {1,...,N}, and every real numbers ); € R, we set

Z/\i[ai] i= (Thnp) ™ <Z i Tmcp[ai]> . 3)

Theorem 2. Let (U, ) be a chart of M around m. The map
T : TinM 3 [a] = di(pa)|i=o € R (4)

is a well-defined bijection. Moreover, the setT,, M admits a unique vector space structure, such
that, for every chart (U, ¢) of M around m, the bijection T,,¢ is a vector space isomorphism.

Proof. It is obvious that T,,,¢ is well-defined and injective. Let v € R"” and set
a(t) = ¢~ (p(m) + tv),

for ¢ close to 0. We have a € C and
Tinpla] = di(pa)li=0 = v,

so that T, ¢ is also surjective.

We now choose a chart (U, ¢) of M around m and define a vector space structure on 7,, M
via Definition |3 which, of course, turns 7,,¢ into a vector space isomorphism. If (V,v) is
another chart of M around m, the combination of Equations and shows that

T = (1/)<P_1)/(<P(m))Tm%

so that T}, is built from two vector space isomorphisms and is therefore itself a vector space
isomorphism. The uniqueness of the vector space structure having the required property is
obvious. O

Remark. In view of the preceding theorem, the tangent space T,,M of a manifold M at a
point m € M is a real vector space with the same dimension as the underlying manifold. For
M =R", the isomorphism

TnR™ 3 [a] ~ diafi—g € R 5)

is canonical (the atlas contains only one chart) and we often identify both spaces. If it is
necessary to remember the point at which the vectors are tangent to R", we view 7,,R" as
the space

TnM ~ {m} x R"

of vectors of R with origin m. A similar identification is used for real finite-dimensional
vector spaces M =V: T,,,V ~ V. Further, it is clear from the above definitions that for every
open subset U of a manifold M, we have T,,U ~ T,,M, for all m € U - a fact that is also
corroborated by intuition.
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4 Derivative of a smooth map between manifolds

We are now prepared to define the derivative at a point m € M of a smooth map f €
C>*(M, M) between two manifolds M (dim M = n) and M’ (dim M’ = n/). Take a chart (U, ¢) of
M at m and a chart (V,) of M’ at f(m), such that f(U) C V. Just as the diffeomorphisms
v € DIff (U, ¢(U)) and 1 € Diff(V,+(V)) allow us to construct the map

f=v" W fe e

locally from its coordinate form ¢ fo=! € C>(¢(U),(V)), the isomorphisms T}, ¢ € Isom(T,,, M,
R™) and T ()¢ € Isom(Tg () M, ]R"/) allow us to define the derivative

Tmf = (Tf(m)qp)il (¢f§071)/(§0(m)) ngp
of f at m by means of the derivative (¢ fo ') (¢©(m)) € Homg(R™, R of the coordinate form.

Definition 4. Let f € C°(M,M’) and m € M. If (U, ¢) is a chart of M at m and (V,+) a chart
of M’ at f(m), such that f(U) C V, the derivative or tangent map of f at m is defined by

Tmf = (Tf(m)w)_l ('(/)f@_l)/(@(m)) Tm@- (6)
T M TrmyN
J € C=(M,N) v
T,.f linear ? @
N
v »(V) Cc R

Figure 4: Derivative of a smooth map

This definition implies that for f = ¢ € C*(U, ¢(U)), the derivative T,,p, m € U, given by
Equation (6), coincides with the isomorphism T;,,¢, denoted by the same symbol, defined by
Equation (4) and used in Definition @ Further, it is easily checked that if f € C~(Q,R™), Q
open in R", the “Geometry”-derivative T,,, f, m € (1, coincides with the “Analysis”-derivative
f'(m) € Homg(R",R™). As T, f,

f e C%(M, M),

m € M, thus extends the usual derivative, it should be a linear map between vector spaces
attached to M and M’. Indeed, Equation (6) implies that

Tmf S HOHIR(TmM, Tf(m)M/). (7)
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This last result exhibits the functorial character of T' (we encourage the reader to inform
himself about the concepts of category and functor).

Of course, the derivative T,,, f of f € C>°(M, M’) at a point m € M should only depend on f
and m, and not on the charts chosen to compute it. To convince oneself of this independence,
it is sufficient to apply the definition to the computation of 7,, f [¢], [a] € T, M. We get

Tiny¥ T f [0] = (W f0™1) (9(m)) Tinp [0

= (W fe™1) (p(m)) di(pa)li=o = di (Y f)li=0 = Ty [,

as fa is a curve of M’ that passes at t = 0 through f(m). Since T(,,)® is an isomorphism,
we get:

Proposition 7. Let f € C>*°(M,M') and m € M. The tangent map T, f is given in a coordinate-
Jree way by
T f : TaM > [o] = [fa] € Ty M’

The next proposition extends the known result concerning the derivation of composite
maps.

Proposition 8. Let f € C*(M,M'), g € C>*(M',M"), and m € M. The derivative at m of
go f e C>®(M,M"), see Proposition[4} is given by

Proof. Let [a] € T;,, M. On the one hand T,,,(9f) [¢] = [(¢9f)a], on the other
Tf(m)ngf [a} = Tf(m)g [fOé] = [g(foz)} .
O

We also generalize the relations between diffeomorphisms f and isomorphisms f’(z), see
Chapter 3, Section 3.1, Theorem 4, and Proposition 1.

Proposition 9. If f € Diff (M, M'), then, for every m € M, we have
Tonf € Isom (T, M, T(yM') and Ty f~ = (Tinf) "
Proof. We only need to check that the two composite maps built from
T f € Homg (T, M, Ty(yM') and Ty f~' € Homg (LM, T,n M)
are equal to identity. For instance,
Tonf © Tpmy [~ = Ty (F 0 f 1) = Tpiomy idwrr = il 0 -
The second verification is similar. O

Proposition 10. If f € C*°(M,M’'), m € M and T, f € Isom(T;,, M, T}(,,,yM'), there is an open
subset W of M around m, such that f(W) is open in M’ and f € Diff(W, f(W)).



Derivatives, Norbert Poncin 41

Proof. As Equation (6) yields that

(W fe 1) (p(m)) € Tsom(R",R™) |

the aforementioned Theorem 4 asserts that there is an open subset Q > ¢(m) of p(U), such
that Q' := (¢ fo~1)(Q) is an open subset of (V) and ¥ fp~! € Diff(Q2,Q’). Since the coordinate
maps are also diffeomorphisms, ¢ € Diff (U, p(U)) and ¢ € Diff(V,(V)), it follows that

f=97 (Wfe e € Diff (™1 (Q), v~ (X)) -
O

The concept of velocity, see first paragraph, leads to a practical technique for computing
tangent maps. Note that the velocity d:a of a curve « at time ¢ € I is so far only defined
for curves oo € C*°(I,R") of R™. Actually we did not make a difference between this tangent
vector d,a € R™ and the derivative () € Homg (R, R™), because of the canonical isomorphism

Homg (R, R™) ~ R™. In order to define the velocity d;« of a curve a € C*°(I, M) att € I, for any
manifold M, note that we should have d;a € T, ;)M and that Ty € Homg (R, Tty M).

Definition 5. For every curve a € C>*(I, M) of M and every pointt € I, the velocity or tangent
vector d;a of a at t is
dta = TtOé (1) S Ta(t)M

Remarks.

1. Let, as usual, f € C*(M,M') and m € M, so that T, f € Homg(T,, M, Tf(,,yM"). In order
to compute 7., f (X,,), X, € T, M, by means of a velocity, we need a curve o € C* (I, M)
of M that passes through m at t = 0 and whose velocity or tangent vector at ¢ = 0 is
equal to X,,. Indeed, in this case,

Tonf (Xin) = To(o) f (deali=0) = Too)f Toa (1) = To(fa) (1) = di(fa)li=o-

The point is that, if M’ is a vector space or even R”, the map fa € C=(I,R") is a map
between (subsets of) Cartesian spaces, and the RHS of the last equation is a derivative
in the sense of Analysis.

2. In view of the identification (5), we have
Ta(o)Rn > [a} = dt0l|t:0 S R™.

This result is also valid for a curve g of an arbitrary manifold M, which is defined on
an interval I > 0. In fact, as just mentioned, if id denotes the curveid : I 5t — ¢t € R,
we have

ToR 5 [id] =d;id|i=0 =1 € R.

Hence
TeoyM > [B] = [Bid] = ToB [id] = ToB (1) = diBli=0 € Tp(0) M.
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5

6

Exercises

. Prove that for every open subset U of a manifold M, the tangent space 7,,U, m € U, is

isomorphic to the tangent space 7., M.

Suggestion: If i : U — M denotes the canonical injection, it follows from Equation (6)
that 7,,i is a canonical isomorphism.

. We know that if N denotes an embedded submanifold of R" of dimension p, there is,

for any x € N, an open subset U > z of R” and a submersion f : U C R — R""P, such
that U N N = f~1(0) (resp. there are open subsets U > z of R" and Q > 0 of R?, and a
homeomorphism ¢ : 2 C RP - UN N C R”, which is smooth, is an immersion at 0, and
maps 0 to ). Show that, if f (resp. ) is such a submersion (resp. immersion), the
tangent space of N at z is given by

T.N =ker f'(x) (resp. T,N =im’(0)). 9)

Suggestion: Observe that the LHS and RHS of Equation (9) are vector spaces of di-
mension p. Hence, it suffices to prove that T, N C ker f/(z) (resp. im¢’(0) C T, N). In
order to compute f'(z)(X.), X, € T, N, note that X, = [a] = d;a|;—9, Where « is a curve
a € C*(I,UNN), such that «(0) = x (resp. in order to compute ¢’(0)(RP), remark that

RP =TyRP =Tp) > X = [O[] = dta|t:()7

where « is a curve a € C*(I,Q2), such that «(0) = 0).

. Prove that the orthogonal group

O(n) = {A € gl(n,R) : AA —id = 0}
is an n(n — 1)/2-dimensional, smooth, Hausdorff, and second countable manifold.
Suggestion: As O(n) = f~1(0), where

f:RY 54— AA —id € RMHD)/2

(as a matter of fact, the matrix AA — id is symmetric), it is enough to ensure that f is a
submersion at any point A € O(n). Indeed, then O(n) is an embedded submanifold of
R" that has the announced dimension, hence, it is a Hausdorff and second countable
manifold. Compute f'(A)(H), H € R"*, with the help of the velocity of a curve. Note
that based on the result obtained, we get f'(A)(AK) = 2K, for any symmetric matrix K.

Tangent and cotangent bundles

6.1 Model of the cotangent space

We already mentioned that the algebra of smooth functions of a manifold M deserves

special attention. In the following, we refer to the tangent map at m € M or derivative at m
of a function f € C*°(M) as the differential of f at m and we write T,,,f =: (d f),,. Remark

that

(d f)m € Hompg (T M, R) = T M .
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The dual space T,;, M of T,,,M is called the cotangent space of M at m.

Local coordinates of M around m, say (U, = (z!,...,2")), induce a basis of T,,, M and of
T M, by simple transport of the bases of the isomorphic vector spaces R" and R™*. Indeed,
if
e; =(0,...,0,1,0,...,0)

denotes the ith vector of the canonical basis of R™ and if
e =(0,...,0,1,0,...,0)
is the ith vector of the dual basis in R™*, since
T € Isom(T,,, M,R") and T, € Isom(R"*, T M),

the vectors ‘ .

ti = (Tm )7161' and ¢ :=T,pc
are bases of the tangent and cotangent spaces respectively. These bases are dual, as

c'(t;) = Tmpe (Tmp) ' ¢j) = €' (T (Tmp) "' e;) = 85,
where 4} is Kronecker’s symbol.
Since 2! = ¢* =’ o ¢ : U — R is a smooth function z! € C*°(U), we have
(daji)m = Tw(m)ai oTp=coTmp="Tmpe =c.

Hence the

Proposition 11. If (U, = (2!,...,2")) is a coordinate chart of M, and if we write d ' instead
of | |

(d ‘Tl)m = ;9052 )
the differentials (dz',... ,dz") form a basis of the cotangent space T M of M at every point
meU.

Recall that in the previous proposition the dependence of dz¢ on m is implicit. This sim-
plifying convention is prevalent in textbooks.

In Differential Geometry we prefer global viewpoints to computations in local coordinates.
Nevertheless, local computations are important.

In order to find the local coordinate form of the differential of a function f € C>*(M),
remember first that if V' is a real finite-dimensional vector space with basis e¢; and if £ € V* is
a linear form in the vector space V* with dual basis ¢’, we have ¢ = ). /(e;)e’. When working
in a chart (U, = (z!,...,2")) of M and applying the preceding remark to (d f),, € T;, M, with
m € U, so that (t1,...,t,) is a basis of T,,M and (dz',...,dz") a basis of T}, M, we get

(df)m =225(d flm(t:)da' = 32,(fo71) (p(m) Tonep (ti)d 2
=22 (fe7 ) (pm))(ei)da’ = 32, 00 (fo™ ) p(myd .

In a chart, we can identify points m with their coordinates
(@',...,2") = (a'(m),....a"(m)) = p(m).

We then recover the concept of differential known from Mechanics:
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Proposition 12. Let f € C>°(M) and let (U, (z!,...,2")) be a coordinate chart of M. For every
m € U, the differential of f at m is given by

(d f)m = Zaxif

Corollary 1. The differential at m € M,
dp, : C°(M)> f = (df)m €T, M,

md zt. (10)

is a linear operator that satisfies the Leibniz rule, i.e., for every f,g € C*(M), we have

A(f-9)m = (d f)m-g(m) + f(m).(dg)m -
Moreover d,, vanishes on_functions that are constant in an open neighborhood of m.

Note that the last property implies that d,, is a local operator, i.e. that the value of d,,
only depends on the values of f around m, or, more precisely, that, if f = g (resp. f =0) in
an open neighborhood of m, then (d f),, = (dg)n (resp. (d f)m = 0).

The differential d,,, at m leads to a model of the cotangent space T} M, m € M. Indeed, as
d,, is a linear operator, it induces a vector space isomorphism

dp : C°(M)/Xkerd,, — imd,, C T M.
If d,,, is surjective, the LHS quotient is a model of T M.

Theorem 3. Let M be a smooth manifold of dimensionn and let m € M. The differential d,, at
m induces an isomorphism between the real n-dimensional cotangent vector space T, M and
the quotient space of the vector space of smooth functions of M by the vector subspace ker d,,
of those functions whose differential at m vanishes:

T M ~ C*(M)/kerd,, . (11)

m

Remark. Bump functions and partitions of unity (we encourage the reader to familiarize
themselves with these concepts) are crucial technical tools that make it possible to move
from local considerations to global ones. For every smooth manifold M (let us stress that the
Hausdorff property is of importance here), every point m € M, and every open neighborhood
U of m, there is a smooth function v € C*°(M), valued in [0, 1], with support

suppy={m e M :v(m) #0} C U,

and which is equal to 1 in a neighborhood of m. Such functions are referred to as bump
functions or plateau functions. The existence of plateau functions will not be proven in
these notes.
In the following we give the proof of Theorem
Proof. Let (U, = (z',...,2")) be a chart of M around m. For every
Oy = Zai,mdaci eTr M, a;m €R,
the function! € C*°(U), I(z) = Y, i ma', has differential (d{),, = a,,,. If v is a plateau function

with support in U and value 1 around m, we have f := vl € C>®°(M) and (d f),, = (dl)y, =
Ay, - O
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6.2 Model of the tangent space

In Mechanics, we associate to every vector a directional derivative:
U
(o 7-Vf =00, 1),

The extension of this construction to tangent vectors in 7,,, M, m € M, leads to an algebraic
characterization of the tangent space.

Let X,, € T, M and f € C>*(M). As (df)m € T,;,M, we have X,,(d f),, € R. In order to
see that this corresponds to the just mentioned directional derivative, it suffices to write the
last value in local coordinates (U,¢ = (z!,...,2")) of M around m. As X, = Y, X} t; and
(df)m =32 Ops flmd a7, we get

(f = X’m(df)m = (d f)m(Xm) = Zj ijf|mda:j (Zz inti) = Zi Xvinaa?if

Remember that the result

). 02

X (d f)m = (d f)m(Xm)
is the direct consequence of the identification
(T M)* ~T, M,

which is valid for finite-dimensional vector spaces.
Note that the map
LXm : COO(M) = f = Xm(df)m eER

is linear and satisfies Leibniz’ rule. We call such a map a derivation of C*°(M) at m and we
denote the set of all these derivations by Der,,(C*°(M)). The set Der,,(C*>(M)) is clearly a
vector space. Hence, we get a map

Ly : TyoM 3 X, — Lx,, = X, 0dpy, € Der,,,(C*(M)). (13)
It will be shown that this map is a vector space isomorphism.

Theorem 4. Let M be a smooth manifold of dimension n and let m € M. The directional
derivative L,, at m is an isomorphism between the real n-dimensional tangent vector space
T.,M and the vector space Der,,,(C>(M)) of derivations of C*°(M) atm :

Ty M ~ Der,, (C(M)) . (14)

Because of Equation (12), the identification of X,, € T,,M and Lx,, € Der,,(C>(M)) im-
plies in particular the identification of the basis tangent vectors t; with the derivations 0,:
at m.

m

Proposition 13. If (U, ¢ = (z%,...,2")) is a coordinate chart of M and if we write 9,: instead
of
ati m = (Tm >_1€i,

the derivations (0,1, ...,0,») form a basis of the tangent space T,,,M of M at every pointm € U
and every tangent vector X,,, € T,, M reads

X =) X80, (15)

with X!, € R.
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Observe that Theorem [4| provides an algebraic characterization of the tangent space at a
point of a manifold. In order to prove this result, we need the following lemma.

Lemma 1. Every derivation of C>*(M) at m is a local operator and vanishes on constant
functions.

Proof. Let 6, € Der,,(C*>°(M)) and let f € C>°(M) vanish in an open neighborhood U of m.
The proof uses a bump function v with support in U and value 1 in a neighborhood of m.
Since f = (1 —1~)f, we get

Om(f) = om((1 =7)f) = om (1 =7).f(m) + (1 = 7(m)).0m(f) = 0.

As for the last statement, note that d,,(c) = ¢,,(1), for every constant function ¢ € C* (M),
and that
Om (1) = 6, (1.1) = 6,,(1).1 + 1.0, (1) = 26,,(1) = 0.

We are now able to understand the proof of Theorem

Proof. 1t is obvious that the map L,, is linear. As concerns injectivity, note that L,, X, = 0
implies that X,,(d f), = 0, for all f € C>°(M). Since d,, is surjective, this means that X,,
vanishes on T, M. Hence X,, = 0. Surjectivity of L,, is less obvious. Let §,, € Der,,(C*(M)).
Because of Theorem [3] we have

TpM ~ (T M)* ~ Homg(C*°(M)/ker d, R) .

We will prove that §,,, descends to the quotient C>°(M)/ker d,,, . After that 4,, is well-defined
on Ty M and 6,,(d f)m = o (f), for all f € C>°(M). Finally 6,, € T,, M and

Lo = Ly, = 6 0 dypy = 61, -

This then completes the proof.

It remains to show that, for every f € C>°(M), we have d,,f = 0, if (df),, = 0. Take a

coordinate chart (U, p = (z},...,2")) at m and set p(m) = 2o. When using a Taylor expansion

in the neighborhood of z(, say in ¢(U) (we agree to restrict U if necessary), we get

F(@) = flwo) =) (& —p) ((9as f)(w0) + sl — 20)) =

i

Z(xi - xé)&'(iﬂ —20) =: sz(x)gz(x)

i

It follows that f|y = f(m)+ Y, p'g:. If v denotes again a bump function, we obtain

om(f) = 5m(72f|U) = m(f(m)) + Zz 5m(’ypi’ygi)

=3 (6m(vp") v (m)gi(m) + v(m)p*(m).6m (vgi)) = 0,

as p'(m) = gi(m) = 0. O
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6.3 Tangent and cotangent bundles

In Mechanics, a vector field is a vector ¢ = ¢(m) that depends on the point m where it is
“measured”, i.e. is a smooth map

v:R* > m s 5(m) € {m} x R® ~ T,,,R?

(of course, the field, e.g. a constant [with respect to time] fluid velocity, could be defined only
in an open subset of R3). In Differential Geometry, we investigate vector fields on manifolds.
A contravariant vector field (resp. covariant vector field) on a manifold M is a map

X M>smw— X, eT,,M (resp. a:M>mw— a, €T, M).
As the target space of a map must be independent of its variable (here m ), we define

TM := [[ TmM (resp. T°M := [] T;,M),
meM meM

where ] denotes the disjoint union. The set TM (resp. T*M) is the tangent bundle (resp.
cotangent bundle) of the manifold M.

The tangent and cotangent bundles are prototypes of vector bundles. Roughly, if to every
point m of a manifold M (imagine a “horizontal” line segment [resp. a “horizontal” surface]),
we attach a vector space, e.g. T,,M or T M (pictured as a “vertical” line segment [resp. a
“reversed vertical” triangle] over m), the amalgamation of all these vector spaces is a vector
bundle (hence, an often used mental picture of a vector bundle is a rectangle over a line
segment).

TM

an,

Figure 5: Tangent bundle of a manifold

More precisely, a vector bundle is made of three ingredients, the amalgamation or total
space (on Figure [5; 7M), the underlying manifold or base space (on Figure [5} M), and the
projection that associates to every vector in the total space the corresponding base point (on
Figure 5} 7). The preimage of a base point by the projection is referred to as the fiber of the
bundle at this point (on Figure|5; 7='{m} = T}, M is the fiber of TM at m).
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In order to have the possibility to consider smooth contravariant (resp. covariant) vector
fields
X:M>m—X,€TM (resp. a:M>m— a, € T*M),

we must endow their target TM (resp. T*M) with a manifold structure, i.e. we must assign
coordinates to every vector in 7'M (resp. in 7" M).

Each vector of TM belongs to a single tangent space 7,,M (m € M). Denote the vector
under consideration by X,, and note that it has a unique decomposition

X =Y X}, 0

in the basis (9,1,...,0,»), which is induced by a chosen coordinate chart
(U, ) = (U, (z*,...,2"))
of M around m . However, the map
¢:7 N U) = UuevrTyM D TruM > Xy = (Xpy ..o, X1) € R™

is not a coordinate map of T'M, since each tuple (X} ,..., X") € R" is the image by ¢ of one
vector in every tangent space T, M (u € U), i.e. of infinitely many vectors in 7~ (U). To fix the
problem that the coordinate tuple does not inform about which point of M the considered
vector is located over, we use the map

7 U) = UueyTyM D TruM 2 X v (2, .. 2™ X2 X)) € p(U) x R™, (16)

where (z!,...,2") are the coordinates of m in the chosen chart (U, ¢) of M. This map is clearly
a bijection valued in the open subset ¢(U) x R"* C R?", so that (7~ !(U), ®) is a chart of TM
- induced by the chart (U, ¢) of M. The coordinates (z!,...,2") of m = 7(X,,) are the base
coordinates of X,,, and give the position of its base point m; the coordinates (X},,..., X") of
X,, are the fiber coordinates of X, and give the position of X,, in the fiber T,,M of TM at
m.

If the chart (U, ) runs through an atlas of M, the chart (7~ (U), ®) runs through an atlas
of TM. To prove this assertion, we need to verify the three atlas axioms.

(i) The cover condition is fulfilled:
Ur Y U) =7 UU) =7 (M)=TM.
(ii) The mental completion of Figure [5]illustrates that
S Y U) N N U) =@(x"H(UNU")) =p(UNTU") x R™,
where the RHS is open since we start from an atlas of M.

(iii) It remains to be checked whether the coordinate transformations are smooth. Let

(U/? 90/) = (U/’ (yla “ee 7yn))
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be a second coordinate chart of M around m and let (7~(U’), ®') be the induced chart
of TM :

O N U') = uerr Tu,M D Ty M 3 Xy = (Y1, ...y, Y Y™ € o'(U') x R™,

m? m

where (y!,...,y") are the coordinates of m in (U’,¢’) and where (Y,},...,Y") are the
coordinates of X,, in the basis (0,1,...,9y») of T, M, which is induced by (U’,¢’), i.e.
where

X = Y10, .
J
The corresponding coordinate transformation in 7'M is
PO pUNUYXR" 2 (2, o™ Xh, o X0 = (v g™ YY) € @ (UNUY) xR™.

All its component maps must be smooth. The n first component maps are the compo-
nents of the coordinate transformation

Yo lipUNU) 3 (.. a") = (yh . y") e (UNT)

in M and are smooth since we start from an atlas of M. As for the n last component
maps, it follows from the chain rule that

X =3 Xyt = 3 X0y 0?0y = 3 Vid0p
i v J

so that
V) =Y X0 0uy
i
which is a component map that is smooth with respect to the z‘ and the X , since the
component maps 3’ are smooth as stated.

From (i), (i) and (iii) it follows that the pairs (7~1(U), ®), induced by the charts (U, ¢) of
an n-dimensional smooth atlas of the base manifold M form a 2n-dimensional smooth atlas
of the tangent bundle 7'M of M, so that the tangent bundle of a manifold is a manifold of
double dimension

However, since by convention we only use manifolds whose topology is Hausdorff and
second countable, we still have to prove these properties.

First, let us note that the projection = : TM D T,,M > X,, — m € M has the coordinate
form
(a2 XL X)) = (2. 2",

which implies that 7 is smooth (and is a submersion). Take now two vectors X, X’ in TM
and try to separate them. If their projections m := n(X) and m’ := 7(X’) are different, we
can separate m and m’ by open subsets U and U’ of M. But then 7—1(U) and =~ !(U’) are
open in TM and separate X and X'. If m = m/, the vectors X and X’ are in a chart domain
7~1(U), which is homeomorphic to an open subset of R?", so the vectors can be separated
there.

As for second countability, note that a manifold, say M’, which is (a priori not second
countable and is) a countable union of chart domains, say U/, (« € N), is second countable.
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Indeed, as any chart domain U/, is homeomorphic to an open subset of R, it is also second
countable. Let now W be an open subset of M’. Since W = U,enWNU,, and WNU,, is a union
of elements of the countable basis of U/, the union over o € N of these countable bases is
a countable basis of M’. But then, as the base manifold M of the tangent bundle TM is
second countable, it is a countable union of chart domains, so that 7'M is also a countable
union of chart domains.

Hence the following result:

Theorem 5. If M is a smooth n-dimensional (Hausdorff and second countable) manifold, its
tangent bundle T M is a smooth (Hausdorff and second countable) manifold of dimension 2n.

Because of this theorem, we can consider smooth vector fields, i.e. smooth maps
X Momw—X, T, MCTM.

These basic objects will be investigated in the next chapter. Moreover, the elementary idea
that the derivative of a smooth function is again a smooth function, can now be extended to
maps between manifolds. In fact:

Proposition 14. If f € C>°(M, M), its derivative or tangent map
Tf:TM D TyM > Xy, = T f(Xm) € TpmyM' € TM'
is smooth.

The proof of this proposition is easy and will not be given.

Of course, the cotangent bundle T# M can also be endowed with a manifold structure.

Theorem 6. If M is a smooth n-dimensional (Hausdorff and second countable) manifold, its
cotangent bundle T*M is a smooth (Hausdorff and second countable) manifold of dimension
2n.

Proof. The proof of Theorem [6]is analogous to that of Theorem [5] If we denote the projection
T*M — M by 7*, every chart (U, p = (z1,...,2")) of M induces a chart ((7*)~*(U), ®*) of T*M,
whose coordinate map is defined by

O () HU) D TEM 3 ™ (2h, ... 2™ al, ... o) € p(U) x R™, (17)
where x = (x!,...,2") are the coordinates of the projection m = 7*(a™) in the considered
chart of M and where (af*,...,a™) are the components of « in the induced basis dz’ of

Ty M. The transition maps are here

(@) (w o alt) e (y(@), O [ymy () @ Oy @ [y () ).

They are obviously smooth with respect to z = (z!,...,2") and (af*,...,a™). O

) n

Although in this Lecture script no general vector bundles or even fiber bundles are
treated—these geometric objects are similar to vector bundles, except that the “space” over
every base point, the fiber over this point, is not a vector space, but an arbitrary manifold—
some additional comments on bundles are appropriate. The equations and show
that a fiber bundle is locally diffeomorphic to a product manifold, although globally it can
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be a more complex topological object. For example, the Mobius strip (August Ferdinand
Mobius, 1790 - 1868, German mathematician and theoretical astronomer) is a fiber bundle
over the base manifold S!. Its fiber | — 1,1[, whose 0 point is glued to every point m € S*,
undergoes a half rotation when m passes through S*. It is obvious that the Mébius strip
has a smooth 2-dimensional atlas consisting of two charts, for instance

p1:Up =]0,27[x] — 1,1 and ¢y :Us =] —m,w[x] —1,1].

The transition diffeomorphism is

—1 . J0,m[x] —1,1] (z, X) €]0,7[x] — 1,1]
P21 1 onx] - 1,1] }9 (x’X)H{ (z,—X) €]m,2n[x] - 1,1]

Consequently, the Mobius bundle is locally diffeomorphic to product manifolds, although
globally it is topologically more complicated. Although the aim of this remark is to emphasize
that fiber bundles are in general only locally trivial, i.e. are in general only locally diffeomor-
phic to a product manifold, it should be mentioned that there are of course exceptions. For
example, since R” is a manifold with a single global chart (R",id), Equation shows that
the tangent bundle TR" is globally diffeomorphic to the product manifold R” x R" ~ R?",






Chapter 5
Differential Equations
on Manifolds

1 Definition

In Chapter 4, we defined a smooth vector field on a manifold M as a smooth map X :
M > mw— X, € TM, such that X,,, € T,,M, for all m € M. The last requirement admits the

equivalent formulation used in

Definition 1. Let TM be the tangent bundle of a manifold M and let n : TM — M be the
corresponding projection onto the base. A smooth vector field of M is a smooth map X : M —
TM, such that wo X =1idyy.

1 1m M 1 1m’ M
TM
L—"1¢ m
X m/’
-~
X \
X

/ M

m m

Figure 6: Vector field of a manifold

Figure [6] suggests to interpret a smooth vector field of a manifold M as a smooth section
of the tangent bundle T'M of M. The standard notation for the set of smooth vector fields of
M is Vect(M) and the one for the set of smooth sections of TM is T'(TM): Vect(M) =T(TM).

In particular, a smooth vector field of R” is a smooth map X : R" > m — X,,, € T,,R* C TR"
and, since T;,R" ~ R" and TR" ~ R?*" we get

Vect(R™) ~ C*°(R™",R"),

53
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so we recover the original definition of a vector field of R" as a family of vectors of R” indexed
by the point of R™.

In the following, all vector fields of M or, equivalently, sections of 7'M will implicitly be
assumed to be smooth.

2 Playing with local forms

The following observations provide insight into the practical handling of coordinate forms.

Remember that if f € C(M, M’) and if (U’,¢' = (y*,...,y™)) is a chart of M’ and (U, p =
(x!,...,2")) a chart of M, such that f(U) C U’, the local form of f in these coordinate systems
is ¢’ fo~t. If we agree to identify a point of a chart domain with its coordinates in the
corresponding chart map, this local form reads

(@ fe (@) = W (F@), ..y (f(2)) = (fH(@),.... " (2) = f(2),

where z denotes the coordinates in the source chart of the variable m € U of f and where
f(z) is the point of R” made of the coordinates in the target chart of the image f(z) € U’. If,
for instance, f € C*°(M), its local form is

(fe™(@) = f(x).

Smoothness of f just means that these coordinate forms f(x) or f(z) are smooth.

If we use the notation of Chapter 4, Subsection 6.3, the coordinate form of a vector field
X € Vect(M) € C=°(M,TM) is

(®Xe N (2) = (z, X (2),..., X"(2)) ~ (X (z),..., X"(2)) = X(x),

where the X(r) are the components of X,, in the basis of T}, M induced by the coordinates
r'. Smoothness of X means that these components X’ are smooth with respect to z € ¢(U)
or, equivalently, smooth with respect to m € U. In other words, smoothness of a vector field
of M means that, in every coordinate chart (U, = (z!,...,2")) of an atlas of M, this field

reads
Xl =) X'0n, with X'eC™(U)Vi. 1)

Often we also refer to this formula as the local form of a vector field.

These examples show that a diffeomorphism ¢ € Diff (U, p(U)) transforms a function f €
C>(U) into a function ¢, f € C*(p(U)), defined by

(p:f)(@) = f(2) = (fo~ (@), 2

and changes a vector field X € Vect(U) into a vector field ¢.X € Vect(p(U)) ~ C*®(o(U),R"),
defined by
(QD*X)I = X(ZL‘) = Tw—l(w)s@XW—l(w). (3)

Indeed, for any z € o(U) 2 m € U, we have

To-1()p Xp=1(z) = TmpXm = Tin Z Xvinaz'i lm = T Z Xwin(TmSﬁ)il(ei)
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N Zanei = X{(x).

These examples are only the shadow of the general fact that diffeomorphisms act on most
objects and transform them into objects of the same type. For instance, if ¢ € Diff (M, M)
and X € Vect(M), it is natural to define the action ¢.X € Vect(M’) of ¢ on X or pushforward
of X by ¢ using exactly the same formula as above, i.e. to set

<¢*X)m’ = T¢*1(m’)¢X¢*1(7n’) S Tm/Ml, (4)

for all m’ € M’. Since ¢.X = (T'¢p)X ¢!, the vector field ¢, X is smooth (recall that we have
chosen to consider only smooth vector fields in these notes). It is instructive to check this
fact by looking at the local form of ¢, X.

Of course, the local form of a derivative
Tonf = (Tram®) "' (@' fo™ 1) (9(m)) Tnep,
with self-explanatory notations, is the linear map or matrix
(' fe™) (p(m)) = u£(x) = (s ' (2)) 5,
where the RHS is evaluated at © = ¢(m). More precisely, we have the

Proposition 1. If f € C°(M,M’) and m € M, and if (U,p = (x,...,2")) is a chart of M at m
and (U, ¢ = (y*,...,y")) is a chart of M’, such that f(U) c U’, the derivative

Tonf € HOmR(Tva Tf(m)Ml)

at m of f is characterized, in the induced bases 0,
derivative

m Of T M and 0y f(m) of T¢myM', by the

9uf () = (Ons [*(2))i
at x = p(m) of the coordinate form of f in the considered charts.

Proof. Remember that the matrix of a linear map ¢ € Homg(V, V'), where V and V' are finite-
dimensional real vector spaces, in two bases (¢;); of V and (#}); of V', is given by ¢*(¢(t;)),
where (c’*); is the dual basis of (¢);. It then suffices to note that in the present case

tj = 8I7|m = (Tm )_l(ej) and C/i = (dyi)f(m) = Tﬂm)4p/(€i)7
and to use the above definition of 7}, f . O

The local form of
(¢*X)m/ =Tnd X € Tm/M/u

where m = ¢~ (m’) (see above), can now easily be found. We get
Note that the coordinate form of the “composite object”
T¢—l(m/)¢X¢—l(m/)

is the “object” which is composed in the same way of the local forms of the components. As
a byproduct, we again find that ¢.X is smooth.
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3 Algebraic structures on Vect(M)

Just as addition and multiplication in R induce similar operations on functions f: M >
m +— f(m) € R, the vector space structures of the tangent spaces 7,,M (m € M) induce
a vector space structure on vector fields X : M > m — X,,, € T,,M C TM. If r € R and
X,Y € Vect(M), the vector fields X + Y € Vect(M) and rX € Vect(M) are of course defined
pointwise, i.e. defined by (X +Y),, = X,, + Y., and (rX),, = r X,,,. The smoothness of
X +Y and rX follows from the above remarks on the smoothness of a vector field. Of course,
the new operations inherit the properties of the inducing vector space operations, so that
Vect(M) is indeed a real vector space for the induced operations.

It is possible to substitute functions f € C*°(M) for reals r € R, i.e. to set (fX),, =
f(m) X,,, but the “scalars” f then live in a ring C*°(M) (even in an associative commuta-
tive unital algebra) and not in a field R. Apart from this difference, this leads to a similar
structure on Vect(M) as before, which we call the module structure of Vect(M) over C>(M).

Proposition 2. The set Vect(M) of vector fields of a manifold M is a vector space over the field
R of real numbers and a module over the ring C* (M) of smooth functions of M.

The algebraic interpretation of the tangent space, 7,,M ~ Der,,(C*(M)), m € M, leads to
an algebraic characterization of vector fields.

Theorem 1. The vector space Vect(M) is isomorphic with the vector space Der(C*(M)) of
derivations of the algebra C*(M):

Vect(M) ~ Der(C*°(M)).
Let us first clarify that:

Definition 2. A derivation of the algebra C*° (M) is an endomorphism § € End(C>(M)) that
satisfies the Leibniz rule, i.e. the condition 6(f.g) = 6(f).g + f.0(g9), for all f,g € C>°(M). The
vector space of all derivations of C*° (M) is denoted by Der(C>(M)).

Proof of Theorem[I, We need to define an isomorphism

L :Vect(M) > X — Lx € Der(C*™(M)),

that is, for each X € Vect(M) and each f € C°°(M) we must define a function Lx f € C>*(M)
and show that Lx f is linear in f and satisfies Leibniz’s rule. To define the function Ly f , we
set

(Lx f)(m) := Lx,, f = (df)m(Xm) €R,

for each m € M . The properties of L follow from the similar properties of
Ly, : TpwM > X, — Lx,, € Der,,(C*°(M)).

The detailed proof of the last statement is not particularly exciting and is not given here. O
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In addition to its real vector space and function-module structures, the set Vect(M) has
a third important algebraic structure which we now describe.

If x is an associative algebra multiplication on a vector space (A4,+,-), it induces the
commutator-bracket-multiplication

[—,—]c:Ax A>3 (a,b)—~axb—bxac A (5)
on A. However, the commutator bracket is not a new associative multiplication on A since

[a, [, c]] # [la, 0], ]

but
[CL, [bv CH = [[a7 b}v C] + [bv [CL, CH : (6)
The property (6) which means that [a, —] acts as a derivation on the product [b, ], is referred
to as the Jacobi identity. Further, it is clear that the multiplication [—, —] is antisymmetric,
i.e. that
[b,a] = —[a,b]. (7)

This observation motivates the following

Definition 3. A Lie algebra (LA for short) structure on a vector space (V, +, ) is a bilinear map

[—,—-]: VxV =V
onV that satisfies
* [v,u] = —[u,v] (antisymmetry (AS for short)) and
* [u, [v,w]] = [[u,v],w] + [v, [u, w]] (Jacobi identity (JI for short)),

Jor allu,v,w e V.

Proposition 3. Every associative algebra structure x on a vector space (A,+,-) induces a
Lie algebra structure on (A, +,-) which is given by the commutator bracket [—, —]. defined by
Equation (5).

Now note that the usual composition o of maps provides the vector space End(V') of endo-
morphisms of an underlying vector space V with an associative algebra structure. Therefore,
the commutator bracket

[, 0).=toll —V o,

2,0 € End(V), defines a LA structure on the endomorphism space. Now, if one chooses as
the underlying vector space V the space C*°(M) of functions of a manifold, one obtains a
LA structure on the space End(C>(M)) and also on its subspace Der(C*°(M)) of derivations
of functions. To prove that this subspace inherits the LA structure from the endomorphism
space, we need only show that the subspace is closed under the commutator bracket, i.e.
that if

8,0" € Der(C*(M)) C End(C>(M)),

then
[8,8]e € Der(C*®(M)),
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or, more explicitly, the commutator bracket of two endomorphisms satisfying the Leibniz rule
itself satisfies this rule. The interesting aspect here is that it turns out that the commutator
bracket satisfies the Leibniz rule, but not the two terms whose difference it is. Verifying all
this is easy, we leave it to the reader.

Let us now recall the vector space isomorphism
L : Vect(M) & Der(C*°(M)) (8)

from Theorem (1] Explicitly, the Lie derivative L is a bijection preserving internal addition
and external multiplication by scalars. It allows us to naturally transfer the LA structure
from the derivations to the vector fields by defining the bracket [X,Y] of two vector fields
X,Y € Vect(M) by

71
[X,Y]:= L[LX)LY]

_ € Vect(M). 9)
Since the inducing bracket [—, —|. on the derivations is a Lie bracket, i.e. satisfies the Jacobi
identity and is antisymmetric, it is fairly obvious and easy to verify that the same holds for
the induced bracket [—,—] on the vector fields. Thus, the set Vect(M) of vector fields of
a manifold M has a rich and interesting algebraic structure: it is a real vector space, a
C*(M)-module, and a real Lie algebra. Since the defining equation (9) can be equivalently
written as

Lixy) = [Lx,Lylc,

the bijection L not only preserves addition and multiplication by scalars, but it also respects
the Lie bracket: the bijection L is not only an isomorphism of vector spaces, but even an
isomorphism of Lie algebras.

Theorem 2. The real vector space Vect(M) of the vector fields of a manifold M is a Lie algebra
with bracket [—, —] which is isomorphic to the Lie algebra Der(C>(M)) of the derivations of the
Jfunctions of M with the commutator bracket [—, —]., and the Lie algebra isomorphism between
the two is given by the Lie derivative:

L[X7y] = [Lx, Ly]c7 fOT all X, Y e Vect(M) . (10)

We often identify a vector field with the corresponding derivation. For example, if
(U, (z!,...,2™)) is a coordinate chart of M the local form of a vector field X € Vect(M) in
these coordinates is

Xl =) X0y,

where the LHS is a vector field on U and the RHS is the corresponding derivation of C*°(U)
(see Equation (I)). More generally, if we identify X with Ly , the equation becomes

[X,Y]=[X,Y],=XoY -YoX,

where X,Y are considered as vector fields in the LHS and as derivations in the subsequent
parts of the last equation. From here it follows that if

Xlp=> X0, and Y|gp=)» Y0, ,

J
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then

[X,Y]|ly = inami (Z Yﬂ'aﬂ-(—)) —Z Y70, (Z Xiazi(—)> =...= Z (X(Y7) = Y(X7)) Oy

(11)
where X,Y are viewed as vector fields in the LHS and as derivations or Lie derivatives in the
RHS. The same type of proof allows us to determine the behavior of the R-bilinear bracket
[—, —] of vector fields with respect to the module structure of the vector fields over the func-
tions. If f,g € C*°(M), then

[fX,gY]=FX(gY(=) —gY (fX(=)) = ... = fg[ X, Y]+ X(9)Y —gY(f) X, (12)

where X, Y are considered as vector fields except when acting on a function where they are
considered as derivations. We encourage the reader to either memorize the formulas
and or practice finding them quickly when needed.

4 Differential equations on manifolds

Consider a particle p moving in a manifold M. Let m € M be an arbitrary initial position
and let ¢,(m) € M be the position of p at time ¢ € R. It is clear that

do(m) =m and ¢(¢ps(m)) = dsrs(m). (13)

If
¢ € C°(R x M, M) and, for every fixed t € R, ¢; € Diff(M), (14)

it follows from the previous properties that the maps ¢; form a subgroup of the group Diff (M),
or, better, a 1-parameter group of diffeomorphisms.

Such a 1-parameter group {¢; : t € R} of diffeomorphisms of M defines a vector field of
M. Indeed, for every fixed m € M, the map ¢(m) = ¢(m) € C*(R, M) is a curve of M that
passes through m at ¢t =0, so

X = di|s=0pe(m) € T,, M
defines a vector field X of M.

Xy (m) = degpe(m)

¢t(m)

Xy = dilt=0de(m)

Figure 7: 1-parameter group and vector field

In the following, we examine the opposite problem, i.e. we start from a vector field and
try to build a 1-parameter group of diffeomorphisms from it. More precisely, if X € Vect(M),
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is it then possible to integrate X, i.e. to find curves oo € C*°(I, M) in M (I open interval in R)
such that
diox = Xa(t),Vt el?

Furthermore, do the solutions of this equation form a 1-parameter group of diffeomor-
phisms?

Definition 4. An integral curve of a vector field X € Vect(M) of a manifold M, is a curve
a € C>®(I,M) of M (I denotes an open interval of R) such that

dta:Xa(t),VtE 1. (15)

In view of the above remarks on local forms, it is clear that in local coordinates (U, ) of
M the equation reads
dta:Xa(t), Vt € I7 [16)

provided that a(I) C U. The last equation has the form X (¢, o, d;a) = 0 of a known relation
X between an unknown function «, its derivative d;a and its variable ¢, and is therefore an
ordinary differential equation (ODE). As in fact X does not explicitly depend on the variable ¢
in the present case, Equation is a so-called autonomous ODE. In Analysis, there exists a
local existence and uniqueness theorem for this type of equation. Of course, the statements
of this theorem can be transferred to Equation (15). They then read as follows:

Theorem 3. Let X € Vect(M). For every ty € R and my € M, there are open neighborhoods
Jto — e, to+ €[, € > 0, of tg inR and U of my in M, such that for every value m € U, there is
an integral curve a(m) = «a(t,m) of X, which is defined in the interval |ty — ¢, to + [ — which is
independent of m — and passes through the point m at timet = t,. Moreover, « € C* (|t —¢,to+
e[xU, M), and if € C>*(I, M) and v € C*°(J, M) are two integral curves of X that coincide at
one point t; € I N J, the they coincide everywhere they are both defined, i.e. on I N J.

We could of course view the points m as the initial values of « at the initial time ¢ = t,.
However, we restrict the use of the term “initial value” to the case ¢t = {5 = 0. Let now m be
any point in M and consider all the integral curves «, € C*°(I,, M) of X with initial value m.
As any two such curves «; and «; coincide at the point 0 € I; N I;, they coincide everywhere
in I; N I;. Hence, we can glue all the «, together - remark that, due to the previous local
existence and uniqueness theorem, there is at least one such curve — and construct a unique
maximal integral curve of X with initial value m. This maximal curve ¢(m) = ¢:(m) is defined
in I, = U,I, by ¢:(m) = «,(t), if t € I,. It is obvious that we obtain this way a well-defined
smooth integral curve of X with initial value m and that this curve is maximal and unique.

Proposition 4. Let X € Vect(M). For every point m € M, there exists a unique maximal
integral curve ¢,(m) of X with initial value m.

Take now any integral curve ¢,(m) and any point ¢4(m) on it. Observe that we assume
here that s € I,,,. As a consequence of the last proposition, there is a unique maximal
integral curve ¢;(¢s(m)) that admits the point ¢;(m) as initial value. Of course, we ask if
¢t(ps(m)) = ¢i4s(m) and if I, () = I,,, — s. These results are reworded in

Proposition 5. Letm € M. If s € I,,, then
te[qu(m) St+sely,,

and in this case, we have

Gi(ds(m)) = brys(m). (17)
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Thus Property is valid if the inner map of the LHS is defined and either the LHS
composite map is defined or the RHS map is defined.

Lemma 1. Let X € Vect(M). If a = a(t) is an integral curve of X with domain I, then a(-+s) =
a(t + s) is an integral curve of X with domain I — s, for every s € R.

We first prove this lemma.

Proof. 1t is clear that a(- + s) € C>°(I — s, M). Further, for every ¢t € I — s, we have

di(at 4 5)) = (dra)(t +5).1 = Xq(14s)-

Now we establish the above proposition.

Proof. In view of the lemma, the RHS ¢;s(m) of Equation is an integral curve of X with
domain I,,, — s and initial value ¢,(m) (remark that we used here the fact that s € I,,,). It
follows that

Im—SCI¢S(m) (18)

and that for every ¢ € I,, — s, we have

Girs(m) = ¢r(ps(m)). (19)

When applying the lemma, for a translation by —s, to the LHS ¢:(¢s(m)) (we use again
the information s € I,,,), which is an integral curve of X with domain I, ,,), we find that
¢i—s(¢s(m)) is an integral curve of X that is defined in I, (,,,) + s and has initial value (the
fact that 0 lies in the domain comes from Equation ) m (this results from Equation ].
Hence, Iy () + 5 C L. O

M Wy C M

DCRxM
m | I, CR
m' 1 I, CR
R

Figure 8: Domains D, I,,, and W,
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We understand that the image of several maximal integral curves of a vector field X €
Vect(M) resembles a liquid flow. Hence, the family of all maximal curves, ¢ = ¢(t,m) :=
¢¢(m), t € I,,,m € M, is called the flow of the vector field X. The domain of the flow ¢ is
D={(t,m) e Rx M :te€I,} (see Figure|[g). If we fix in ¢ = ¢(¢,m) the variable m, we recover
of course the integral curve ¢;(m) (¢, = ¢,,(t) would be a better notation, but we’ll stick to
the traditional ones), which is defined in I,,, i.e. in the section of D at level m. If we fix ¢,
we obtain a map ¢; = ¢:(m) that is defined in the section W; C M of D at level ¢. Finally,
we have ¢ : D C Rx M — M and ¢, : Wy C M — M. As we thus get close to the concept
of 1-parameter group of diffeomorphisms, see above, three natural questions arise: can we
prove that D is open and ¢ smooth, is ¢; a diffeomorphism, and under which condition do
we have D =R x M and W, = M?

Theorem 4. Let X € Vect(M) and denote by I,,, the domain of the maximal integral curve
¢+(m) of X with initial value m € M. The source D = {(t,m) e Rx M : t € I,,,} of the flow ¢(t, m)
of X is an open subset of R x M and ¢ € C>*(D, M).

It suffices to prove that for every (¢y,mg) € D, there are open neighborhoods |ty — ¢,%y + €]
of tp in R and U of mg in M, such that |to —e,tp + e[xU C D and ¢ € C=(Jtg — €, to + £[xU, M).

At first sight this requirement seems to be a direct consequence of Theorem (3| which
guarantees the existence of a flow

a=a(t,m)e C>®(Jto —&,to +e[xU, M).

However, for every m € U, the integral curve «a(t,m) passes through m at time t = t, and not
at time t = 0. The curve «(t + tg,m) is an integral curve, which is defined in | — ¢,¢[ and has
initial value m, so that | —¢,e[C I, for all m € U, and

¢ = o(t,m) =a(t+tg,m) € C°(] —e, e[xU,M).

Finally it follows from Theorem [3| that, for every my € M, there is an “open box” | — ¢,e[xU
around (0,mg), which sits inside D and on which ¢ is smooth. In other words, the above
requirement is a priori only satisfied for the points of the type (0,my).

The following idea underlies the extension of this conclusion to any point (¢g,mg) € D. As

¢(t — t(],m) S COO(]t() —&,tg + E[XU,M),
if in addition ¢(ty, m) € C>(U,U), then, on the one hand
ot — to, d(tg,m)) € C(Jtg — &,t0 + e[xU, M),

and on the other, this last mapping coincides with ¢ = ¢(¢, m). However, the implementation
of this idea is somewhat tricky.

Proof. Let (to, mo) € D. The proof consists of three steps.

Step 1: Construction of an “open box” | — e,e[xV, such that ¢(t,m) € C®(] — ¢,¢[xV, M) and
Vo d)([o, to], mo)

For any ¢, € [0,%y] C In,, we have ¢(t,,mo) € M, and there exists, see above, a box
| — e,,e.[xU, around (0, ¢(t,,mp)), such that ¢ € C*(] — ¢,,&,[xU,,M). As U, 3 ¢(t,,mp), it
suffices to set V := U,U, and | —¢,¢e[:= N,] — ¢,,¢,[. Indeed, the problem concerning the last
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intersection can be solved by using the fact that the open covering J, := ¢(¢t,m¢)"'U,, J, 3 t,,
of the compact subset [0,ty] contains a finite subcover.

Step 2: Construction of an open neighborhood U C V of myg, such that ¢(to, m) € C=(U,V)

Let p € N* be an integer, such that % €] —¢,¢[. Then,
o(12,m) € C(V, M),
and the i successive inverse images
V= o, m)t gt m) Y
provide an open subset V; C V, for any i € {1,...,p}. It now follows from the conclusion of
Step 1 that the open subset U :=N;V; C V contains m,. Further,

612, 0(%2,...6(22,m))) € C(U, V),
for (at most) p iterations. In view of Proposition [5] this entails that ¢(ty,m) € C>(U, V).

Step 3: Application of the above-detailed basic idea

The conclusions of the steps 1 and 2 imply that
¢(t - th d)(t()v m)) € Cm(]to - &, tO + €[XU5 M) )

so that finally
o(t,m) € C(Jtg — e,t0 + e[xU, M),

where U is a neighborhood of my. O

For any fixed ¢t € R, the map ¢; = ¢(t,m) is defined in the section W; = {m € M : I,,, > t} of
D atlevel t and ¢, € C°(W;, M). Let us turn to the question whether ¢, is a diffeomorphism.
Observe first that t € I,,, & m € W;. Equation then yields ¢_.(¢¢(m)) = m, for any m € W,
and ¢.(¢_¢(m)) = m, for any m € W_,. Therefore, ¢, € Diff(W;,W_;) and ¢; * = ¢_;.

Corollary 1. For every t € R, the section W, of D at level t is open in M, ¢, € Diff (W, W_,),
and ¢t_1 = ¢—t.

Remark. It is interesting to remember that, for any m, € M, Closure Equation is valid
for t, s near 0 and m near my, i.e. in an “open box” around (0, mg). As a matter of fact, the flow
is defined (and even smooth) in an “open box” | —¢,e[xU around (0,my), so that it suffices to
take t,s €] — 5, 5[ (since then s,t + s €] —¢,¢[) and m € U.

The obvious result ¢o(m) = m, for all m € M, Closure Equation (17), Theorem [4} and
Corollary[I} mean that the ¢;, t € R, form a local 1-parameter group of local diffeomorphisms
of M. Indeed, the maximal integral curves ¢;(m) € C*°(l,,, M) are not necessarily defined on
the whole real line R. However, if M is compact, we have I,,, =R, for all m € M, i.e. Wy = M,
for all t € R, or, equivalently, D =R x M.

Proposition 6. For every vector field X € Vect(M) of a compact manifold M, the maximal
integral curves ¢.(m), m € M, of X are all defined on the whole real line and the ¢, t € R, form
a 1-parameter group of diffeomorphisms of M.
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Proof. It suffices to prove that R C I,,, for all m € M. First, we explain that compactness of
M allows building a “stripe” | — ¢,¢[x M that sits inside D, so that | —¢,¢[C I, for all m € M.
Then, we show that the last claim entails that the same statement holds true for | — 2¢, 2¢],
so that, by iteration, we get R C I,,,, for all m € M.

U/l 1

[ir}

m 4 - I,

T Um/
m

m 7,

m

—eQ €

—Em €m

Figure 9: Problem of the possible existence of smaller and smaller boxes

We already observed that, for every m € M, there is an open box | — ¢, [xU,, C D.
As the open cover U,,, m € M, of the compact manifold M contains a finite covering U,,
i€{l,...,p}, the flow is defined in | — ¢,e[x M, where | — ¢, e[= N;] — &;, ¢;[, so that | — e, e[C L,,,
for all m € M.

In order to extend this interval to | — 2¢, 2¢], note that, for every m € M, see Proposition
if s € I,,,, then

| —ee[Clm =5+ 14 (m) Dls—e,5+e¢l

Finally,

TE]|-262[= T €| —ce[=T€|F—¢,5+e[C Ly,
due to the previous result (take s = 7). Hence the conclusion. O
Remarks.

1. If M is not compact, the flow of X € Vect(M) is not necessarily defined in R x M.

2. For obvious reasons, the local diffeomorphisms ¢;, ¢ € R, which are induced by a
vector field X € Vect(M) are often denoted by exp(¢tX). If we use the notation ¢, and
must specify the underlying vector field, we write ¢;X.
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Exercise. Consider the vector field X € Vect(R?) that is defined by X, ,) = —y9, +29,. Show
that the maximal integral curves ¢,(x,y) of X are

p+(x,y) = (zcost — ysint, rsint + y cost)

and that the representation of the flow is a family of circles with center at the origin. Prove
that the ¢;, ¢ € R, form a 1-parameter group of diffeomorphisms and that this group is
isomorphic to SO(2,R).

5 Lie derivative of a vector field

We defined the Lie derivative of a function f € C*°(M) in the direction of a vector field
X € Vect(M) (Marius Sophus Lie, 1842 - 1899, Norwegian mathematician) by

(LXf)m = Xm(df)m7 (20)

for all m € M. As vector fields X € Vect(M) are isomorphic to derivations Lx € Der(C>*(M)),
we identify X with Lx most of the time and simply write X f instead of Ly f.

When trying to define the Lie derivative of a vector field Y € Vect(M) in the direction of a
field X € Vect(M) at a point m € M, we have to compare the value Y,, € T,,,M of Y at m with
the value of Y at a point of M which is close to m in the direction given by X, i.e. with the
value

Yo (m) € Tox m)M,

t~0.

Yin =Yg (m) € Tm M
chz,(m) € Tc‘n,(m)M

X'm Be(m) o

m

/_\M
t t R
0 t

Figure 10: Problem of difference of values of Y

In order to subtract these values, we transport the second into the space T,,M of the
first, by means of
T¢X, : Tyx ;myM — T, M.

Hence, we get

(LXY)m = lim el )d) t7 i (m) ' = lim (¢ i ) (¢ % ) :dt‘t:0(¢§t,*y)m>

t—0 t t—0 t

where ¢¥, . denotes the pushforward by ¢~,, see Equation .
Of course, we have to check if the above derivative of

(ta m) = (qﬁ)ftka)m = T¢ff(m)¢)jty¢f{(m)
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actually exists. Let mo € M and let (¢,m) vary in an open box | — ¢,¢[ xU around (0, myg), in
which the flow ¢X (¢,m) is smooth and the closure property

(b)ft ((bf( (m)) = ¢)jt+t (m) =m

is valid. It follows in particular that ¢;X(m) € W_,, where W_, is the domain of ¢*, €
Diff(W_;, W;). Further,

Tyx (my @y € Tsom(Tyx (1) M, T M).

(m
As Yyx ) € Tyx(myM, we get a map
| —e.e[xU 3 (t,m) = (6%, .Y )m = Tyx (imy 0™ Yx (4my € TM C TM.

In local coordinates (z!,...,2") in U, this map reads

ayd)(_tﬂy)|y:¢(t7m)Y¢(t7m)u (21)

with self-explaining notations. The preceding coordinate form is clearly smooth with respect
to (t,z) and its derivative with respect to ¢t at ¢t = 0 is smooth with respect to z. Hence,

Usme— (LxY)m = dili=o (6%, Y )m = dili=o Tyx (m) 8>t Yix (my € TM C TM (22)

is smooth, and therefore LxY is defined at every point my € M and smooth in the neighbor-
hood of every point mg € M. Finally LxY € Vect(M).

Definition 5. The Lie derivative of a vector field Y € Vect(M) with respect to a vector field
X € Vect(M) is the vector field LxY € Vect(M), which is defined for every m € M by

(LxY)m = dt|t:0(¢)ft’*y)m~ (23)

Note that the definition allows us to state that the Lie derivative is a local operator with
respect to both arguments, see Equation (22)—a fact that is intuitively clear a priori.

The next theorem is quite amazing.

Theorem 5. For every X,Y € Vect(M), the Lie derivative LxY € Vect(M) of Y in the direction
of X coincides with the Lie bracket [X,Y] € Vect(M) of X and Y (see Equation (9)). Hence the
Lie derivative

L :Vect(M) x Vect(M) 3 X,Y — LxY € Vect(M)

endows the vector space Vect(M) with a Lie algebra structure.
For the definition of Lie brackets and Lie algebras, we refer the reader to Section
Proof. In view of Equations and (22), the local coordinate form of LxY is
(LxY)z = dili=o Oyd(=t,9)|,_p(t.0) Y pt,0) = tli=0 (Oup(t, )" Yo -

Let us recall that the definition A='A4 = AA~! = id of the inverse of a matrix implies that the
derivative of the inverse of an invertible matrix, which depends smoothly on a variable ¢, is
given by d;A~! = —A~'d, A A~!. We therefore get

(LXY)w = _dt|t:0 amd)(ta .’L‘) Ym + dt|t:0Y¢(t’x) = _8xX Yw + awY dt|t:0¢(t7 l‘)
(24)
— .Y Xy —0,X Y, = ¥, XE 0, Y = 3, Y 0, X = ¥,(X(YT) = V(X)) = [X,Y]a

(see Equation (I1)). O
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We know from Theorem [2] that
L : Vect(M) — Der(C*(M))

is a Lie algebra isomorphism, so that Lxy] = [Lx, Ly].. It follows that for every function
f e C>®(M), we have
Lixy1f=Lx(Lyf)— Ly(Lxf).

The same equality is actually valid if we replace the function f € C*°(M) by a vector field
Z € Vect(M) :
Lixv)Z = Lx(LyZ) = Ly (Lx Z) . (25)

Indeed, in view of Theorem [5] the last equality reads

and is nothing but the Jacobi identity of the Lie bracket of vector fields. In fact, Equation
(25) is true for all tensor fields, and not only for functions (tensor fields of type (0,0)) and
vector fields (tensor fields of type (1,0)). Of course, this claim cannot yet be understood,
since tensor fields and their Lie derivatives have not been defined so far.

Since the bracket [X,Y] = LxY of vector fields is a Lie bracket on Vect(M), its behavior
with respect to the vector space structure of Vect(M) is clear: the Lie bracket of vector fields is
an R-bilinear map on Vect(M). The next proposition clarifies the behavior of the Lie bracket
with respect to the C*°(M)-module structure of Vect(M).

Proposition 7. For every X,Y € Vect(M) and every f,g € C* (M), we have
[fX,gY] = fglX, Y]+ f(Xg)Y - g(Y )X (26)

Proof. It suffices to show that the LHS and the RHS derivations coincide on functions. O

6 Exercises

Exercise 1

Above, we defined the actions of diffeomorphisms (resp. vector fields) on functions and
vector fields, see Equations (2) and (3) (resp. Equations and (23)). In the following exer-
cises, we further investigate these actions, as well as the link between them.

* Let ¢ € Diff (M, M’) and ¢ € Diff (M’', M"").

1. Prove that
Gy :C®(M)> f— fogp t € C®(M)

is an associative algebra isomorphism, and that

(1/JO¢)* = s 0 Py . (27)
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2. Show that
by : Vect(M) > X = TgpoX op ' € Vect(M')

is a Lie algebra isomorphism and that the preceding formula for pushforwards and
compositions is also valid in the case of vector fields. In order to show that

X,Y € Vect(M), prove first that ¢.(Xf) = (¢ X)(¢sf), X € Vect(M), f € C(M),
then use this result to show that the LHS and RHS derivations of the equation
coincide on each function.

* In local coordinates, we have d;|;—o ¢i(z) = X! and this equation implies that, for an
infinitesimal ¢ = ¢,
po(x) =2" +eX;.

Because of this result, the vector field X is called the infinitesimal generator of the
diffeomorphism ¢; .

Let us stress that the action of a vector field X on a field Y,
LxY = dyli—o 7, .Y, (29)

is defined as the derivative at time ¢ = 0 of the action on Y of the diffeomorphism

X, = exp(—tX). This observation is only the shadow of a more general link between

the action of certain types of objects and the action of the corresponding infinitesimal
objects.

Prove for instance that we also have
Lx f = di|i=o0 ¢)ft,*f~ (30)

* Above, we remarked that the actions ¢. of diffeomorphisms ¢ € Diff(M) on func-
tions (resp. vector fields) are associative algebra (resp. Lie algebra) automorphisms
¢ € Aut(C>®(M)) (resp. ¢. € Aut(Vect(M))) (an automorphism is an isomorphism
from an object onto itself). The induced actions Lx of vector fields X € Vect(M) on
functions (resp. vector fields) are associative algebra (resp. Lie algebra) derivations
Lx € Der(C*>°(M)) (resp. Lx € Der(Vect(M))). Explain this fact.

Exercise 2

Let X,Y € Vect(M). Prove that, for all m € M, if ¢t is sufficiently close to 0, the equation
(@XLXY )i = de (6%,.Y )ums (31)

which generalizes the definition of the Lie derivative of vector fields, is valid.
Suggestion: Observe that

dy (¢i{t,*y)m = ds|s:0 (¢i{t75’*Y)m .
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7 Geometric interpretation of the Lie bracket of vector
fields

This section shows that the Lie bracket [X, Y] of vector fields measures the non-commu-
tativity of the corresponding “flows” ¢;¥ and ¢! .

We first need a new concept. The pushforward
X =fX=TfoXof!

of a vector field X € Vect(M) by a function f € C*(M, M’) does of course not make sense,
if the function is not a diffeomorphism. However, there can exist vector fields X € Vect(M)
and X’ € Vect(M’) that satisfy the equation

X'of=TfoX,

and that are therefore related by the function f. Hence, the following weak substitute for
the pushforward of vector fields by diffeomorphisms.

Definition 6. Let f € C°(M,M’). Two vector fields X € Vect(M) and X' € Vect(M') are
f-related, if
Tmem = X}(m)7 (32)

Jorallm e M.

Lemma 2. Let f € C°(M,M’). If X € Vect(M) and X' € Vect(M') are f-related, the function f
intertwines the flows of X and X', i.e., for every m € M and everyt € I,,, we have

F(@7 (m) = 6 (f(m). (33)
Proof. Let m € M. It suffices to check that the LHS is an integral curve of X’ with initial
value f(m). O

Theorem 6. The Lie bracket of two vector fields X,Y € Vect(M) vanishes, i.e.
(X, Y] =0,
if and only if, for every m € M,
¢ (93 (m)) = @3 (67" (m)),
ift and s are close to 0.

Theorem [6] holds in the general case, but for simplicity we assume that the flows are
defined in R x M.

Proof. If [X,Y] = 0, Equation implies that
di (6%, Y )m = (6%, [ X, Y])m = 0,

so that
T(b)—(ty¢f‘(m) = ((b)—(t,*y)m = ((25)_(07*5/)7” =Ym,
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or, equivalently,
Té7 Y = Yo (m)-

Since the last equality means that Y is ¢;%-related to itself, it follows from Lemma that
o (o3 (m)) = ¢ (¢7° (m)).

Conversely, if the previous commutation relation is valid, it suffices to compute, for any
fixed ¢, the derivative d; of this relation at the point s = 0. This yields

TéX (dsls=o ¢Y (m)) = ds|s=0 &Y (67 (m)),

or even better
T Yo = Yy (m)-

It follows that [X,Y],, = 0. O

Figure 11: Commutation of flows and Lie bracket of vector fields

Exercise. Let f € C°(M,M'), X,Y € Vect(M) and X', Y’ € Vect(M'). Prove that, if X and
X', aswellas Y and Y’ are f-related, then their brackets [X,Y] and [X’, V'] are also f-related.

Suggestion: Suppose again, in order not to obscure the ideas, that the flows are defined
in R x M and compute [X',Y"]¢,,,), m € M, using the definitions, assumptions, and known
results.



Chapter 6
Differential Calculus on Manifolds

1 Tensors calculus on vector spaces

This first section is a revision of a topic that is explained in most Bachelor programmes.

In the following, we only consider finite-dimensional real vector spaces. They will be
denoted by VW, V;, ...

1.1 Vector law

It is well-known that the transition matrix from a basis (e;) (resp. (e})) of V to another
basis (e}) (resp. (e;)) of V is defined by

e = Alje; (resp. e; = A'je})
where the Einstein summation convention has been used. Note that one passes from one
equation to the other by suppressing and adding dashes. Of course, we have A’ = A~ 1.
It is easily checked that the components in the two bases of a vector v € V satisfy the
so-called “vector law”
v' = A" (resp. v = A7) .
1.2 Bidual of a vector space

Let us recall that the dual of V' is the vector space V* = £,(V,R) of linear forms on V, i.e.
of R-valued linear maps on V. The forms ¢’ (j € {1,...,n}, n = dim V), defined by

&l (ei) = 5ji )

where §/; is Kronecker's symbol, are a basis of V*, the dual basis of (e;). Hence dim V* =
dimV =n.
The bilinear map
b:VxV*3 (v,a) = alv) €R

defines a vector space isomorphism, still denoted by b,
b:Vov—(bw):V'sa—al) eR)e (VH)".
When identifying (for finite-dimensional vector spaces) V with its bidual (V*)*, we get

v(a) = av) .

71
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1.3 Tensor algebra over a vector space

We just explained that
V=L1(V*,R)

and that the component transformation law for v € V' is
vt = A and v = A"l

As this law is ‘contrary’ to the law for basis vectors, we say that the elements of V' are
contravariant vectors.
Similarly
V' =Li(V,R),
and since the components of any a € V* in the dual basis are a; = a(e;) = a(A”%¢}), the
component transformation law for elements o € V* is

oy = A/j,;Oélj and Ot; = AjiO[j .

Since the components of o € V* are thus transformed in correspondence to the basis vec-
tors, we say that the elements of VV* are covariant vectors or covectors.

Exercise. Prove that if, in a Euclidian space, we confine ourselves to orthonormal bases,
the distinction of contravariant and covariant vectors is redundant.

In order to extend the above observations, we set
VeV =Ly (V" xVR).

To examine the transformation law of the components of 7' € V ® V*, we first need a basis of
this vector space. Observe that any basis (e;) of V induces not only a basis (¢/) of V*, but
also a basis _
(i @) (inj € {1,...,n})
of V@ V*. Just set
(e; @ ) (a,v) = ei(a) €9 (v) = av? | (1)
with self-explaining notations. It is easily checked that these bilinear forms are independent.

As dim(V ® V*) = n?, the conclusion follows.
Since, for T € V ® V*, we have

T(aa U) = Ozl"l)jT(Si, ej) - T(€i7 ej)(ei ® Ej)(aa U) )

the transformation law of the components t; = T'(¢,e;) of T € V © V* will follow from the
transformation law of the vectors ¢’ of the dual basis (and the known law for the vectors e;).
The guess

gl = Aijslj and " = A'ijsj

is readily verified. Hence, we have
th = AR At)F and t] = A" A%t

so that the components t;- of the elements of V ® V* are contravariant in ¢ and covariant in j.
We therefore refer to the elements of V @ V* as tensors on V of contravariant and covariant
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degrees 1, as tensors on V of type (1, 1), or, still, as (1, 1)-tensors on V.

More generally, the set

(p) (@) () (@)
RV :=V@.. VeV ®@.. V=L (V' x...x V" xVx...xV,R)

is an n?*?-dimensional vector space. Its basis induced by a basis (e;) of V is obtained as for
®1V =V ® V*, the transformation law of the components t Zj’; of an element 7' € @IV is
obvious and these elements are the p times contravariant and g times covariant tensors on
V. Observe that @}V =V, @)V = V* and note that by convention ®JV = R.

It follows that any physical quantity characterized in every basis (e;) by an ordered set
of nP*4¢ real numbers t ”” that satisfy the just mentioned tensor law of type (p, ¢), i.e. that

satisfy the condition
Jp

)

11 i,, 1€y Lq k..
e Al Al AT A

can be viewed as a tensor of type (p, q).

Exercise. Let n = dimV = 2 and let T € ®1V. Denote by (a,b) (resp. (a,3)) the basis of V
(resp. the dual basis of V*). Decompose T in the induced basis of @V

We now endow the vector space
®V = Dpqgen ®Z 14

with an associative multiplication. Let 7' € ®}V and S € ®;V. To define T ® S € ®ZIZV we
set, see Equation (1),

(T®8)(a,...,aPT" vy, vgrs) =
T(al,...7a”,v1,...,vq) S(ap"’l,....,ap”,vqﬂ,...,vq+s) . 2)

This multiplication ® endows the space ®V with an associative unital (noncommutative)
graded algebra structure. Indeed, observe that, if c € R = @)V, we have ¢ ® T' = ¢ T, so that,
in particular, 1® T =T®1="1T.

Exercise. Let T € ®2V and S € ®iV. Show that, if t¥/ (resp. s bc] are the components of T
(resp. S), the components of U := T ® S are given by uajblz ;= tYsk .. What is the number of
components of U if dimV = 37

1.4 Tensor product of vector spaces

We define the tensor product of a finite number of vector spaces Vi, ..., V, in a way similar
to the tensor powers ®8V, i.e. we set

Vi@...eV, =L,V x...x VS R).

Moreover, the tensor product v; ® ... ®v, € V1 ® ... ® V, of vectors v; € V; is defined as the
tensor product of tensors on V, see Equations (1) and (2):

(11 ®...0v,)(at, ..., af) = v (a')

where of € V*.
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The following vector space isomorphism is fundamental. For every vector space W, we
have
L,(Vix...xVp,,W)=Li(Vi®...0V, W), (3)

i.e. the space of multilinear maps on a Cartesian product can be identified with the space
of linear maps on the corresponding tensor product. Indeed, the map

Li(Vi®... @V, W)l
(L:Vix...xVpy3(i,...,0p) m (1 Q...Qvp) € W) € L,(V1 x...xV,, W)

is obviously linear and injective and the source and target spaces have the same dimension.
Hence, for any multilinear map L on the Cartesian product, there is a unique linear map ¢
on the tensor product, such that

U1 ®...Qvpy) = L(vy,...,vp),Vv; €V, .

This fundamental property is often used to define maps the source space of which is a tensor
product space. Indeed, the decomposition 7'=5> v ®...®v, ofatensor T € V; ®...®V, as
a finite sum of decomposable tensors is not unique. To understand this claim, it suffices to
consider a basis (e¥) of each V} and to write

T=Y thref@..@cd =3 (" rel)o...0d =Y e @0 ).
i1.nip i1.nip i1.eip

Exercise. Prove the following important isomorphisms:

V'@ W~ L£(V,W) and (22V)" ~ @FV*.
Hint: The first one is simply a consequence of the well-known isomorphism Ly(V x W* R) ~
L1(V,£;(W*,R)) and the second one is just a particular case of the isomorphism (3).

1.5 Skew-symmetric covariant tensor algebra over a vector space

Let us recall that the space

(p)
RV =V =V*"®...0V*=L,(Vx...x V,R)

of p times covariant tensors on V is just the space of p-linear forms on V. So the space of
skew-symmetric p times covariant tensors on V,

(p)

NVE=V*AN L AVE=A,(V x ... x V,R),

is nothing but the space of skew-symmetric p-linear forms on V. Again, by convention,
A’V* = R. Furthermore, due to antisymmetry, such a tensor necessarily vanishes if p > n =
dim V. We denote by

ANVZ =@, o A\PV*

the vector space of all skew-symmetric covariant tensors on V.
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Exercise. Let T € A*V* C ®3V*. Explain why the components t,,. of T in the basis of @3V*
are skew-symmetric in a, b, c.

To define an associative algebra structure on AV* and to get a basis of this space, we
introduce the skew-symmetrization operator A. First note that if T € ®?V* and if we set

(AT) (v, w) = 3 (T(o,w) = T(w,0)) .

then AT € A2V* and AT =T, if T is antisymmetric from the beginning. More generally, the
skew-symmetrization operator is defined by

A:T e QFV* —

1
AT:VX...XVB(vl,...,vp)H—' ZsignaT(vol,...,v%)ER € NPV™ |
T oES,

where S, is the symmetric group of order p, i.e. the group of all the permutations of p dif-
ferent objects.

We are now ready to define the skew-symmetric tensor product A (also called “exterior
product” or “wedge product”) of skew-symmetric covariant tensors on V. Let T' € APV* C
®@PV* and S € ANTV* C ®7V* and set

(p+a)!
plg!

TAS= A(T ® S) € A\PTIV* |

Then, for any vy, ...,vy44 € V, we have

(T/\S)(’Ulv'-'vv;ﬂ"'q)

1

~ plg!
1

= MZsigna TWoys-3V0,) S(Vopirse Vopyy) - 4)

Zsigna (T'®8)(Voyy-+sVopy)

o

When using the antisymmetry of 7" and of S, we can write this result also as follows:

(TAS)(v1,...,0p1q) = Z signpe T(Vpys -5 V,) S(Wppyrs e s Vppiy) - 5

H1<...<fplp
Hp41<...<Hpiq

The permutations p such that py < ... < pp, and pp11 < ... < pp+q are called the (p,q)-
shuffles. We often write i € Sh(p,¢). To understand the last claim, consider a (p, ¢)-shuffle
p € Sh(p,q) and a (p + ¢)-permutation o € S,1, that can be obtained via permutation from
this shuffle:
Wy, s pp) = (01, .oy 0p),  WES,
1 (ptts s bprg) = (Opt1s ooy Opig) s ' ES,.

The antisymmetry of 7' and S implies that

signge T (Vg s -3 Vu,) S(Wpp iy e Vupyy) =
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signpsign’ signp” T(Veys -+ s Ve,) S(Vapirs e s Vopr,) =
sigho T'(Vgy, -+, Ve,) S(Vopiys e Vopyy) -

Therefore, in the last sum of Equation (4), the term corresponding to 1 € Sh(p, ¢) appears plg!
times. Hence the announced result (5).

Exercise.

* Consider the case (p,q) = (2,1) and prove by direct computation that Equation (4)
reduces to Equation (5).

e Let T, S € A’V* and compute explicitly (T A S)(vy,va,v3,v4).

Remark that the wedge product is graded commutative, i.e. satisfies
TAS=(-1)PMSAT,
where T € APV* and S € A?V*. In particular, for o, 3 € A'V* = V*, we get
aANB=—-8BANa.

This graded commutativity is easily understood from the explicit form (5) of T A S and SAT.
Indeed, the term of T' A S characterized by the shuffle p; < ... < pp, pipy1 < ... < ppyq has
up to sign the same value as the term of S A T' characterized by the shuffle y,.1 < ... <
Hptqs 1 < ... < up. The signature of these shuffles are signy and (—1)7signy, respectively,
which explains the result.

Exercise. Take (p,q) = (3,1) and prove by direct computation that T A S =—-SAT.

Finally, the wedge product A endows the vector space AV* with a graded commutative
associative unital algebra structure.
In the following we use the same notation as above.

Exercise. This exercise will guide the reader through the next proof. Let n = dimV = 2 and
let T € A?2V* C @*V*. Show that

T=AT =A <t1151 ®el 4+ t12€1 ®e? + ﬁ2182 ®et + t2282 ® 62)

=1 (tnet Aet +tioe! Ae? 4 tore? Al +tae? A?)

= % (t12€1 Ag? —|—t21€2 /\61)

= t1251 Ae?.
Let now n = 3 and prove that

(' ANe®)(er,e0) = el (er)e?(ea) — e'(ex)e?(er) =1 and (' Ae?)(er,e3) =0.

The p-covariant skew-symmetric tensors

AL AE (1<i;<...<ip,<n)
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form a basis of APV*. Indeed, for any T' € APV* C ®PV*, we have

Y]
_ R S 1 Jp
_Zjhm}jp th--upp;? /\.../\;
ti i EXNAN.LNEY

11 <. <ip U1-elp

T =AT =A<Zj17_ 4ptjl,,,jpsjl®...®gjp)

so that the € A ... A g% actually generate APV*. To get the result in the last line, note first
that — due to antisymmetry — any product /! A ... A g/» with at least two identical factors
vanishes. Then observe that in any of the remaining products the factors can be written
in the natural order. The signature generated in this way is annihilated by the also skew-
symmetric component ¢;, . ; = T(e;,,...,e;, ). As any term of the last line is obtained that
way p! times, the result follows. Moreover, it is easily checked that the vectors ¢ A ... A g
are independent. Indeed, if

11 <. .. <ip
we have
Z t,‘lmip(e’:‘“/\.../\61p)(€k1,...,€k1))ZO,
i1 <...<lp
for each k; < ... < k,. Since (¢ A... Ae')(ek,,. .., ex,) Vanishes, except that it takes value

1, if (i1,...,4) = (k1,...,kp), the last equation reduces to t, ., = 0. It follows that the
tensors et A ... Ae, 1<i; < ... < ip < n, form a basis of the space APV* of skew-symmetric
p-covariant tensors on V and that this space has dimension

dim APV = (”) =CF.
P

Exercise. Let n = dim V' = 3. Decompose T € APV*, for p = 0, 1,2, 3, in the basis induced by
the basis ¢’ of V*.

Of course, instead of considering skew-symmetric covariant tensors, we could just as
well study skew-symmetric contravariant tensors. Moreover, symmetric contravariant or
covariant tensors play an important role too, even if they are not mentioned in this text.

Finally, the above fundamental property concerning maps on Cartesian and tensor prod-
ucts remains valid: for any vector space W and for any skew-symmetric multilinear map
L e A,(V x ... xV,W), there is a unique linear map ¢ € £;(V A... AV, W), such that

vy Ao ANwvp) = L(v1,...,0p), Y, €V .

2 Tensor calculus on manifolds

2.1 Tensor bundles

Let M be a smooth n-dimensional manifold (that is Hausdorff and second countable).
For every m € M, set V :=1T,,M, so that V* =T} M,

®FV = @FPT,,M and AP V* = APTM .
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Just as we have considered the tangent and cotangent bundles TM = ][]
T*M = [1,,ea T M, we now study the disjoint unions

mem ImM and

@PTM = [[ ®¥TnM and APT*M:= [[ APT;M .
meM meM

Let us recall that every chart (U, ¢ = (z!,...,2")) of M induces a basis (9,.:) of T,, M and a
basis (d %) of Tx M, for m € U (as usual, the dependence of these bases on m is not explicitly
mentioned). Hence, every tangent or cotangent vector X,,, € T,, M, o.,, € T;;, M, m € U, can be
uniquely decomposed as

X, = ZXi(m)ﬁmi and a,, = Zai(m)dxi )

Further, the chart ¢ of M over U allows us to define charts ® of TM and ®* of T*M over
7~1(U), where = denotes the projection or “foot map” of the bundle under consideration.
These charts are given by

o:TM|y := H ThM > X, — ((p(m);...,Xi(m),...) € o(U) xR™,
meU

and
o T Mly = [ T5M 3 am (gp(m);...,ai(m), . ) € p(U) x R" .
meU

We have proved that the charts ® of TM and ®* of 7% M, induced by all the charts ¢ of an
atlas of M, form an atlas of TM and T*M, respectively, and thus endow 7'M and T*M with
a smooth manifold structure of dimension 2n (that is Hausdorff and second countable).

Similar constructions go through for ®?TM and APT*M. Note first that, for m € U, every
(p,q)-tensor T,, € @b T M reads

Tpo= > 577 (M) 0 @... @0y, @da’ ®...@dalt (6)

J1i---Jq
B, 0y0p
J1s-++50q

and that every skew-symmetric covariant p-tensor w,, € APT,; M can be written in the form
Wy, = Z Wi .., (M) dz* AL Ad .
11 < .. <ip
Just as in the case of TM and 7T*M, the maps

€ @PTM|y = [[ @0TmM 3 Ty
meU

i1...0p nPt n
(gp(m);...,tj;“jq(m),...) € p(U) x R "~ o(U) x PR
and
" ANPT*M |y = H NPT M 3wy, —
meU

((p(m); Wiy (M), ) € o(U) x RE = o(U) x AP(R")* ,
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obtained if ¢ runs through an atlas of M, form an atlas of ®?TM and APT*M, respectively,
and endow ®§TM and APT*M with a smooth manifold structure of dimension n + n?*? and
n + C?, respectively (which is Hausdorff and second countable).

It is straightforwardly checked that

Proposition 1. [f M denotes a smooth n-dimensional manifold, the manifolds T M, T* M, QT M
(p,q € N), and A\PT*M (p € {0,...,n}) are vector bundles of rankn, n, n? ™%, and C?, respectively.

These vector bundles are called tensor bundles. Let us write down the exact definition
of a vector bundle. See also Chapter 4 and think about the local (but not global) triviality of
the Mobius strip.

Definition 1. Let E and M be two manifolds and = : E — M a smooth surjective map from
E onto M. The manifold E is a vector bundle of rank r over the base manifold M - with
typical fiber R" and projection © - if and only if the fibers E,, := 7w '(m), m € M, are r-
dimensional real vector spaces, and, for every m € M, there is an open neighborhood U in M
and a diffeomorphism

d:7YU) - U xR" (7)

- called local trivialization -, such that, for every p € 7=(U), we have

and, for every m € U, the restriction

Om : B = RT
of ¢ is a vector space isomorphism.
m(U) B, E
p
J
T T
ot M
P U
R" ¥
¢(p) - i ©(p) o(U) oo
! T = (xl,...,x")l
U
m
=m(p)

Figure 12: Vector bundle
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Hence, roughly speaking, a vector bundle F is an amalgamation of vector spaces E,,
(m € M) that is locally trivial, i.e. that can locally be identified with a product manifold
(but may globally have a more complicated structure). To get the local trivializations in the
previous examples, it suffices to compose the chart diffeomorphisms &, ®*, % & with the
diffeomorphism ¢! x id.

Definition 2. A smooth section of a vector bundle n : E — M is a smooth map o : M > m >
om € B C E. We denote by T'(E) the R-vector space and C*° (M )-module of smooth sections
of E.

APTAM NPT, M

NPT* M

0
“m

\W\/

Figure 13: Differential p-form of a manifold

For instance, a section w € I'(A?T* M) is a smooth map

w:M3>mw wy, € NPT M C NPT*M ,

hence a map, whose local form over a chart (U, ¢ = (2!,...,2")) is given by
wly = Z Wiy ..., dz AL Adatr (8)
1< <ip

where w;, .;, € C*(U). We study these tensor bundle sections in detail in the next section of
this text.

The mentioned vector space and module structures on I'(F) are, as in the case of vector
fields Vect(M) = I'(T'M), induced by the vector space operations in the fibers E,,, m € M.
More precisely, the sum of two sections 0,0’ € I'(E) is defined by

o+o': M>mw o, +ol, €E, CE.
Analogously, the multiplication of a section o € I'(E) by a scalar A € R is given by
Ao: M>m— A o, €F, CE
and the multiplication by a function f € C*°(M) by

fo: M>mw— f(m)o, € E,, CE.
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2.2 Differential forms
Let us recall that the differential d,, f at m € M of f € C°°(M) has been defined by

Ao [ = Tonf € Hom(Ty, M, Ty(m)R) = T M

Hence,
df - M>smw—d,felT:McT*M

m

is a section of T* M. Since d f admits — see Chapter 4 - in every chart (U, ¢ = (z!,...,2")) the
local form

dflv =" 0ufda’,

with 0,: f € C>(U), the section d f is smooth, i.e. d f € [(T*M) = I'(A'T*M). As mentioned
above, see Equation (8), an arbitrary smooth section «a € I'(A'T*M) locally reads

aly = E a;dz* |
i

a; € C=(U) . Since
a:M>sm—ay,eThnM=L(T,M,R)CT"M

assigns to every point m € M a linear form of the tangent space of M at m, we refer to it as
a differential form, or, better, a differential 1-form of A/ . More generally,

Definition 3. The sections w € I'(A\?T*M), p € {0,...,n}, n = dim M, are referred to as differ-
ential p-forms of M. The R-vector space and C* (M )-module T'(APT*M) of differential p-forms
of a manifold M is also denoted by Q¥ (M). The direct sum

QM) = @)W (M)
is the vector space and module of all differential forms on M.

Differential forms are fundamental objects in Differential Geometry — which are for in-
stance tightly connected with integration over manifolds.

Remember that every differential p-form w € QP(M) locally reads as specified by Equation
(8). Note also that differential 0-forms are smooth maps

f:M3me f(m) e AT M =R,

so that Q°(M) = C>(M).

Just as the vector space structures of the fibers E,, = APT; M induce a vector space
structure on I'(E) = ['(APT*M) = QP(M) (see above), the graded commutative associative
unital algebra structures ‘wedge’ on the AT, M (see above) induce a similar structure on

m

Q(M). Indeed, for every w € (M) and v’ € Q4(M), we set
WAW M3 m— wy Aw), € APTITE M C A\PTIT*M |

so that w Aw’ € QPT4(M) (for the smoothness of w A w’, see Example 1). This wedge product
is then extended by linearity to Q(M).
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Proposition 2. The wedge product turns the vector space (M) of differential forms of a
manifold M into a graded commutative associative unital algebra.

Example 1. Let M be of dimension n = 3 and let (U, ¢ = (2!, 22, 2%)) be a chart. Consider two
differential forms w € Q'(M),w’ € Q?(M), which locally read

wly =Y wida' and W[, =Y, wpdaf Adal,  wiwe € CF(U) .
7

Their wedge product w A w’ € Q3(M) is then given over U by

wAW U >m— Z wi(m) Wy (m)da' Ada® Adat .
ik<l

We note that, due to the antisymmetry of the wedge product of differential 1-forms, the only
terms of the above sum that do not vanish are those in dz! Adz? Ad23, d2? Adz! Ad2® and
da3 Adazt Ada?. Hence,

wAW |y = (wiwhy — waws + wawisy) dzt Adz? Ada?,

with wiw)s — wawls + wawl, € C°(U), so that w Aw’ is actually smooth.

Exercise. Compute the explicit local form of w AW/, w € QY (M), w’' € Q%(M), for a manifold M
of dimension n = 4.

2.3 Interior product

Let w € QP(M) and X € Vect(M). For every m € M, we have w,, € NPT M = A,(T,,M*?,R)
and X,, € T,, M, so that

(ixW)m = W (Xom, . .) € Ap 1 (T M* P~V R) = AP7IT M 9)
defines a differential (p — 1)-form ixw on M. For smoothness, see Equation (13).

Definition 4. The differential formixw € QP~1(M), defined pointwise by Equation (9), is called
the interior product of the differential form w € QP(M) by the vector field X € Vect(M).

The interior multiplication
i: Vect(M) x QP(M) — QP~1(M)
is clearly R- and C*°(M)-bilinear. Moreover:

Proposition 3. The interior multiplication by X € Vect(M) is a graded derivation of degree —1
of the algebra (2(M), N), i.e.

ix(wWAW) = (ixw) A’ + (=1)PwA (ixw'), (10)

Jor every w € OP(M) and every v’ € Q(M).

Exercise. Check the property for w € Q!'(M) and w’ € Q?(M).
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Proof. It suffices to consider a form w’ € Q4(M). For every m € M, we have

b0 ) € Apigor (T, M50, B)

and, for every vs,...,Uptq € T M,
ix(wAW)],, V2, Vptq) = (W Aw)) (X, v2, .., Upgq)
= Z SIgN L Win (Vpys -+ -5 V) Wr (Vppirs e oo s Vpipyg) 5
p1<o..<pp

Pp+1<...<pUptq

where we set X,,, =: v;. Since 1 = p; or 1 = p,,4;, this sum reads

Z SigN - Win (X, Vpgs -+ 5 0p,) W (Vs v s Uiy (11)
1<pa< . <pip
Hp+1<...<fp+q

+ Z SIgN L Win (Vpys -+ -5 V) Do (Kos Vpip s o o5 Uppy) - (12)

p1<o..<pp
1<pppo<...<ppiq

In the sum (11), the factor wy, (X, vp,, ..., v,,) €quals (ixw)m(vy,,...,v,,) and the sum over
the (p,¢)-shuffles pn = (1, po, ..., pp+q) can be replaced by the sum over the (p — 1, ¢)-shuffles
woi=(pa, ..., tptq). Since sign p = sign i/, we thus get

(ixw) AW |, (Va, ..., Uptq) -
Analogously, in the sum (12), the factor w;, (X, vy, 0+ -5 Vp,,,) 18 €qual to (ixw)m(Vu, o)
vu,.,)- When replacing the (p,q)-shuffles p = (u1,...,1p, 1, ftpy2, ..., iprq) by the (p,qg — 1)-
shuffles u' := (p1, ..., tp, fbp+2, - - -, lhp+q)» W€ have to remark that sign y = (—1)?signy’. Hence,
we get
(71)1) wA (in/) |m (UQa cee 7vp+q) .
O
Exercise. Let X ¢ Vect(M) and w € QP(M), with local forms X|y = }~; X79,,; and
wly = Z Wiy .oy dz* AL Adat
i1 <...<ip
in a coordinate patch (U, (z!,...,2")). Prove that the local form of ixw € QP~1(M) is given by
(ixwlo= Y D (-DF w3, X*da" A Adaik AL Ada' (13)

i1 <. < k=1

where ‘hat’ means that the corresponding differential is omitted.

2.4 Pullback and pushforward
2.4.1 Extensions of linear maps

Let us first recall an important elementary fact that will be needed in the following.
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Proposition 4. Every isomorphism ¢ € Isom(V,W) (resp. every linear map ¢ € L;(V,W))
between two vector spaces V and W, can be extended as a homomorphism to an isomorphism

®
¢ € Isom(@PV, @PW)

(resp. to a linear map
(% € Ly(®FV, W)

and a linear map
2 € Li(APV,NPW)) ,

Jorallp,q € N.
Proof. In the case ¢ is an isomorphism, it suffices to set, for v; € V, o7 € V*,
L(vy,...,vp, 0l 0%) = L(v1) @ ... @ L(vp) L") @ ... @ (a%) € @FW

where /=1 € Isom(V*, W*). If £ is just a linear map, then ¢ = 0, because of the result we
have to prove in this case. Due to the abovementioned fundamental property of the tensor
product, there is a unique map (® € £,(®FV,®@W), such that

P ®..000ad ®@...0a1) =Lv)®...0Lv,) @ o) ®...0 0 (a9).

It follows that the map ¢® is in fact the extension of ¢ as a homomorphism. It is obvious
that, in the isomorphism-case, we have

(® = ().

The extension of ¢ to a linear map on the exterior power is similar; it suffices to replace the
ordinary tensor product ® by the skew-symmetric tensor product A. Let us also stress that
if g = p =0, we take (® = idg . O

We now briefly report on useful properties of the preceding extensions.

Lemma 1. For every isomorphisms ¢ € Isom(V, W), ¢’ € Isom(W, Z) (resp. for every linear maps
te Ly(V,W), 0 € Ly(W, Z)), we have

(0 0l)® =09 oc®.

Proof. We first confine ourselves to the case p = ¢ = 1. For v € V and a € V*, we get, by
definition,
(0 0)®(v,a) = ("o l)(v) @ (L0 0)™(a) .

Since
t(e/ OZ)_l _ t(g—l oﬁ'_l) _ tg/—l ° té—l )
we find
("0 0)®(v,0) = (£ 0 O)(v) ® (7" 0 1) (a) = (¥ 0 £¥) (v, 0¥) .
The proof goes through for arbitrary p and gq. O

Lemma 2. For every isomorphism ¢ € Isom(V, W) (resp. every linear map ¢ € L,(V,W)), we
have
12y = ()% = 4% .
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Proof. We know that ¢ induces an isomorphism (% : ®@PV — @PW and consequently an
isomorphism
QN . * * * *
(£2) : (EW)" = QQEW™ — (V)" = @PV™ .
On the other hand, the isomorphism % : W* — V* can be extended to an isomorphism
& . * *
(0F : W™ — PV

To prove the claim, we have to show that {¢/®) and (%)® coincide on every element of their
source space. Let us examine e.g. the case p = 2 and ¢ = 1; the general case is completely
analogous. When applying both maps to 31 ® 3, ® w € ®?W*, we obtain two elements in

WV =Ly(VX VXV R ~L(VRV®V*R),
which we must apply to an arbitrary element of the type v; ® v2 ® a. Then,

U B @Pr@w) (11 @r2@a) = (B1® P w)(l?(v; ®vr @ a))
(B1® B2 @ w)(L(v1) ® £v2) ® € )
= Bi(l(v1)) B2(L(v2)) ot (w))

whereas

(DB Br@w) (1 @u@a) = (UB)® U B)® £ (w))(v @ vy ® a)
Bi(l(v1)) Ba(£(va)) a7 (w)) .

2.4.2 Pullback of covariant tensor fields by a function
Let M and N be two manifolds. Every
feC>®(M,N)
allows us to pull every covariant tensor field on N back to M, i.e. to define a linear map
ffiT(@PT*M) > f*T <+~ T € T(QPT*N) .
The pullback of differential forms,
ffrP(M)=T(NPT*M) > ffw < w e T(APT*N) = QP(N) ,
will turn out to be of particular importance in the present context. We therefore detail this

case.

Remark. The derivative of f € C*°(M,N) at m € M was denoted so far by 7,,f. For N =R,
we mostly replaced T, f by (d f)., or d,,, f. To simplify the notations a little bit, we write f.,,
instead of 7,,, f in the following.

As we start with a field w, € APTN (n € N) and aim to construct a field (f*w),, €
APT* M (m € M), we must look for a suitable ‘means of transportation’. Since f&, €
Ly(NPT M, NPTy N) (m € M), it is clear that 'f3, € Li(APTy,, N, APT; M). Hence, the
definition

(f*w)m = o wpm) (meM). (14)
Observe that for a O-form i € C*°(N), we have 'f® = id, so that

*m

Ff*h=hof. (15)
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Proposition 5. Let M 4 N % P be smooth maps between manifolds. The pullback by the
composite map is given by
(gof) =frog".

Moreover, f*: Q(N) — Q(M) is a unital R-algebra homomorphism.

Proof. Let w € QP(P) and let m € M. It follows from the definition of a pullback and from
Lemma 1 that

((gof)* w)p

go f)Sn wo(rm)

= t(gf)f(m) o f?m) Wy(f(m))

= 5 (9 m) @t )

= o ((0"w)sem)

= ((ffeog") W, -
As for the homomorphism property, it is clear from Definition (14) that f* is R-linear. More-
over, the constant function 1y : N 3 n— 1 € R is the unit of Q(N) and we get from Equation

(15) that f*1x = 1,,. Finally, since /& = '(f2 ) = (‘f.n)® and since the latter is defined as
algebra homomorphism, we get

(f* (w A CU/))m =1 Pm (w A w/)f(m) = tf?m (wf(m) A w}(m)) =

tf;‘gmwf(m)/\ tf?mw}(m) = (f*W/\f*w/)m-
O]

Exercise. Let w € QP(N), f € C>~°(M, N) and consider a chart (V, (y!,...,4")) of N. Prove that
if
w|V: Z lemjpdyjl /\/\dy‘]p s
jl<~~<jp
then
(ffolyroy= D wigof dg o f)A...Ad(yrof).

J1<...<Jjp

Consider now the case p = n and f = ¢ € Diff(U,V), where U C R". Show that, if the
coordinates of U are denoted r = (z!,...,2") and if we set y'(¢(z)) = y'(z), we obtain

(¢*w), = det(0,y) h(y(x)) dzt A oAdz™,

where we wrote h instead of w;_,, .

2.4.3 Pushforward of contravariant tensor fields by a diffeomorphism

Let
f € Diff(M, N)

and try to define a pushforward map

[« :D(@PTM)> T f.T € T(RPTN) .
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Here the known object is a field 7,,, € ®*T,,M (m € M) and the object we look for is (f.T), €
®PT,N (n € N). Itis clear that f& € £,(®PT,,M, ®PT¢myN) (m € M), so that it suffices to
choose m = f~1(n) (here we use the assumption that f is a diffeomorphism). Hence the
definition

(fsThn = (FonTm) pejr(y (MEN).

Proposition 6. Consider M LN % P two diffeomorphisms between manifolds. The push-
Jorward satisfies

(gof)*:g*of*-

Exercise. Prove the previous proposition.

2.5 Lie derivative of tensor fields
2.5.1 Definition and properties

The Lie derivative of a (p, q)-tensor field T' € T'(®2T'M) is defined along the same lines as
the Lie derivative of a vector field Y € Vect(M) = T'(TM) = T(®}TM), i.e. of a (1,0)-tensor
field.

Take a tensor field 7' € T'(®TM), a vector field X € Vect(M) and a point m € M. To
compute the value (LxT),, at m of the Lie derivative of T with respect to X, i.e. the variation
at m of T in the direction of X, we have to compare T}, and T, (,,), where ¢, is the flow of X
and where ¢ ~ 0. The point is that T;,, € ®5T,, M and T, ) € ®T,,m)M. Hence, if we wish
to subtract T, from T, (,,), we first have to transfer 7, ,,) into the space that contains 7,.

Assume, for convenience, that X is complete. As then ¢, € Diff(M), we have
(@tem) ™" = O tugy(m) € Isom(T}, ()M, T, M)

and

%, € Isom(®§T,,

(m) M, ®5TmM) ’

where, to simplify notations, we omitted the point ¢;(m) at which the derivative ¢_;, is
computed. Hence the definition

@Q_@t* Ttpt (m) — T
t

(LxT)m = lim;_g = dilt=0 %1 Ty, (m) € @V T,n M . (16)

As in the case of the Lie derivative of a vector field, the local form of @?HT%(M) shows that
this curve is smooth with respect to ¢ and m, so that the derivative makes sense and defines
a smooth tensor field LxT € T'(®2TM).

The Lie derivative of a differential form w € QP (M) = I'(A?T*M), i.e. of a skew-symmetric
covariant tensor field, is defined analogously.

The Lie derivative has good properties.

Proposition 7. 1. The Lie derivative preserves the type of the tensor field, i.e., for every
X € Vect(M), f T € T'(®ETM), then LxT € T(®@)TM), and if w € QP(M), then Lxw €
(M), ...

2. The Lie derivative is local in each argument and bilinear.
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3. For every X € Vect(M), every T € T'(®7TM) and every S € T(®;TM), we have
Lx(T®S)=(LxT)®S+T® (LxS),
ifwe QP (M) and w' € QU(M), we get
Lx(wAWw)=(Lxw) A +wA (Lxw'),

and similar results are valid for other types of tensor fields and the corresponding tensor
product. In other words, Lx, X € Vect(M), is a (graded) derivation (of degree 0) of the
algebras (T'(Q@TM),®), (UM), ), ...

4. If X € Vect(M), T € T(RETM), w', ... ,wP € Q'(M), and X, ..., X, € Vect(M), we get

Lx (T(wl,...7wp,X1,...,Xq)) = (LxT)(w!,...,wP, X1,...,X,)
+ 30 T(wh,...,Lxw', ... ,wP, Xq,...,X,) (17)
30 T WP Xy D X, X))

5. Forevery T € I'(®TM) and every X,Y € Vect(M),
Lixy)T = Lx(LyT) — Ly (LxT) ,
ie.
Lixy) = [Lx, Ly] (18)
in(®TM).
Proof. 1. By construction.

2. The expression LxT is linear with respect to T by construction. Linearity with respect
to X comes — as in the case of the Lie derivative of vector fields — from the local form of
LxT, whereas locality is almost obvious.

3. The proofs of these results are similar. For instance,

Lx(T®S)m = di,_g @Q—Z)t*(T@S)cpt(m)
= d; (90&* Toim) ® @Q—@t* Sw(m}) |t:0
= (de (9% Ty, (m)) @ %10 Sy (m)) |t:0
+ (‘Pé—bt* Tw(m) @ dy (‘pé—?t* S%(m)» |t:0
= (LxT)m ® Sm + T @ (LxS)m, -

4. To avoid cumbersome notations, we prove the announced result for
w:=TecT(ITM)=T(T*M) = Q" (M) .

In this case, it reads
Lx(w(Y)) = (Lxw)(Y) +w(LxY),

where we wrote Y instead of X;. Observe first that
90(§t*wgat(m)(Sa?t*ygot(m)) = t@t*wgat('m) (So—t*Ygat(’m))

= W, (m) (PP —tx Y, (1))
= <P§)t*<wwf(m) <Y¢t(m))) ’
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since ¢; and ¢_, are inverses and since the extension (® of every linear map / is identity
on real numbers. If follows that

(Lx(@@¥)))m = dilieg 920 (Wi, (m) Yor(m)))
= dtly—g P21 We(m) (P21 Yo, (m))
= (dil,—p #2004, m)) (Ym) +wm (dili—g 020 Yo (m)
= ((Lxw)(Y) + w(LxY))m -
The extension to an arbitrary 7' € T(®)T'M) is straightforward.

5. We prove the announced result at the end of Section 2.6.

2.5.2 Local forms

Equation (17) in Proposition 7 gives LxT in terms of the Lie derivatives of a function
(C=(M) = T'(®3TM)), differential 1-forms (Q*(M) = I'(®)TM)) and vector fields (Vect(M) =
['(®{TM)). In this subsection, we provide the local forms of the Lie derivatives of a function,
a vector field and a differential 1-form.

When applying Definition (16) of the Lie derivative of an arbitrary tensor field T' ¢
['(®PTM) in the direction of X € Vect(M) to a function f € C*(M), we get, for every m € M,

(Xf)(m) == (Lx [)m = di|t=0 f(@e(m)) =

Is is now easily checked that the local expression of Lx f in a chart (U, (z!,...,2")) of M is
(Lxf)lu=>Y X0, (20)

if X|p=>", X?0,:. It is worth to remember that
Xf=Lxf=(dNHX)=Xdf).
The relation
[fX,9Y] = fglX, Y]+ [(Xg)Y —g(Y )X

(f,g € C*(M), X,Y € Vect(M)) between the Lie and the module structure of Vect(M) allows
to easily recover the local expression of LxY. If X [y= Y7, X*9,: and Y [y= >, Y7,s, then

(LxY) o= (Z X0, Y = Yjamjxi) Dyi - (21)
J

i J
When applied to X,Y € Vect(M) and w € Q'(M), such that X|y = 3°, X70,5, Y|v = 9,
and wly =3, w; d a7, the property Lx (Y(w)) = (LxY)(w) + Y (Lxw) leads to the local form

(LXw) |U: Z (Z X"@M w; + ijazin) da’ . (22)
k J

7

Note that in the preceding computations we implicitly used the locality of the Lie derivative,
i.e. the fact that
(LxT) v = Lx, Tlu -
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2.6 De Rham differential and Cartan calculus

We know that the differential of a function f € C~(M) = Q°(M) is a differential 1-form
d f € QY(M). Moreover, the linear map

d: Q°(M) > frdfe Q' (M)

is a derivation, i.e.
d(fg) = (df)g+ f(dg),

for every f,g € C°°(M). This derivation d can be extended from functions, or differential
O-forms, to differential p-forms, p > 0.

Theorem 1. There exists a unique linear map
d: QP (M) — QP (M),

p > 0, called the de Rham differential or exterior differential, which satisfies the following
requirements:

1. The de Rham differential extends the differential of functions.
2. For every w € QP(M) and every v’ € Q(M), we have
dlwAW) = (dw) Aw' + (=1)Pw A (dw')

i.e. d is a graded derivation of degree 1 of the graded commutative algebra (Q(M), A) of
differential forms of M.

3. The map d is a differential on Q(M) in the sense of Homological Algebra, i.e. an endo-
morphism of Q(M), such thatd* =dod = 0.

Proof. 1. We first prove uniqueness of d.

If d exists, it is a local operator. This follows as usual from the derivation property.
Indeed, if w € Q(M) and U is an open subset of M such that w|y = 0, and if m € U, we take
a bump function v around m, i.e. a function v € C*°(M) such that suppy C U and vy =1 in
a neighborhood V C U of m. Then w = (1 — y)w and dw = d(1 — ) Aw + (1 — v) dw, so that
(dw)]y = 0. In view of this locality property, if two differential forms w,w’ € Q(M) coincide in
an open subset U C M, then their differentials coincide as well, i.e. (dw)|, = (dw')|,.

Let us also recall that local operators can be restricted to open subsets U C M. In the
case of d : QP(M) — QPF1(M), this means that there exists an operator d |y : QP(U) — QPTH(U)
such that in particular d |yw|y = (dw)|y for every w € Q(M). Indeed, let wy € QP(U) (observe
that we denote by wy a form over U and by w|y the restriction to U of a form over M). To define

dlpwy € QPTL(U), we consider, for every m € U, a bump function vy € C°°(M) around m
that is equal to 1 in a neighborhood V' C U of m and equal to 0 in M \ U. Then yywy € QP (M)
and we can set

(dlywo)ly == diywwo)ly € V).

In every overlap V NV’ the two definitions coincide, i.e. d(yywy) = d(yv/wy), since in the
overlap we have yywy = vy wy. Hence, we obtain a well-defined differential form d|, wy €
QPHL(U). It follows that, for the restriction w|y € QP(U) of a form w € QP(M), we have

dlywlv = (dw)ly -
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Take now a differential form w € QP(M), a chart (U, (z',...,2")), a point m € U and a
bump function ~y as above. If

wly= Z wilmipdgcil/\.../\dncip7 (23)

i1<...<ip

we have necessarily

do)ly = (dgwlo)ly, = d Y wwi.,dova™) A Adoya) v

1< <ip

= Z d(’)/vwilmip)/\d(’}/vmil)/\.../\d(’)/v fL‘ip>|V
i1<...<ip

= Z dwi, i Ada™ A Ada'™ |y,

i1 <...<ip

where we wrote, exactly as in Equation (23), d instead of d |y (indeed, we write differentials
of functions over U, e.g. dz%, in this a bit unprecise way as from the very beginning). Hence

dw)o =Y dw,. i, Ada" A Ada'r, (24)

11 <. <ip

so that d is actually unique.

2. We now prove the existence of d. We first construct d in a chart (U, (z*,...,2")) and
verify that this dy : QP (U) — QPT1(U) has all the required properties. Then, we show that the
dy-s can be glued, thus providing a d : Q?(M) — QPT1(M) that inherits the same properties.

2.a. For every chart (U, (z*,...,2")) and every wy € QP(U), we have

wy = E Wiy, dx™ AL da'
1< .. <ip

and we define dy wy, see Equation (24), by

dpwy ==Y dwi i, Ada AL Ada? (25)

1< <ip

so that dy € L(QP(U),QPT1(U)) and coincides on Q°(U) = C>~(U) with the differential of
functions. Further, for every w = f dzt A...Adz% € QP(U) and every o’ = g da/t A...Adzls €
Q9(U) (to simplify notations we omit sums and indices), we find

dy(wAw) =dy ((fdz™ A...Ada™) A (gda? A Adade))
=dy ((fg) dz™ A...Ada’ Adz? AL Adai)
=(df)g+ f(dg)Ada™ A...Adz> Adz* A... Adae
=(dfAda* A Ada)A(gdadt AL Adade)
+(=D)P(fda A AdaP)A(dgAdadt AL Adade)
= (dyw) Aw' + (-1)Pw A (dp ') .
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As for the property d;; = 0, note that
dpw =dy (du(f da™ A...Ada'))

=dy (Zal.kf da® Adah A...Adxip>

k

= 0p0pef dz' Adab Ada AL Adatr
k.0

= 0 5
in view of the symmetry 9,:0,« f = 9,10, f and the antisymmetry dz’ Adz* = —d 2% Ad 2.

If w e OP(M), we have dyw|,; € QPTH(U) and dy w|,, € QPT(V), for every chart domains
U,V ¢ M. We will prove that the latter forms coincide on U NV, so that they can be glued
and define a (p + 1)-form on U U V. When considering all chart domains of an atlas of M,
we thus get a map d € £(QP(M), QPT1(M)), which inherits the required properties from the
underlying dy-s.

Denote now by (z!,...,2") (resp. (y!,...,y")) the coordinates in U (resp. V). Let us
examine the case w € Q'(M): w|y = w; da* and w|y = W} dy/, where the sum symbols have
been omitted. Hence, we have 4 4

w; da' = W) dy?
in U NV, and must show that, in this overlap,
Oprw; dzP Adat =dw; Adat = dw; Ay = 8yew; dyt Ady . (26)
Since dz' = A% dy* = 0 k2’ dy* and w; = A% Wi = Oy Y’ wj, the first sum reads
Oy Opiy 8 0z 8 m® w dyt Ady™ —|—8x1:yj8 zxka mato) kw’-dyé Ady™.

As the Jacobian matrices d,y and 0,z are inverses, the last term is equal to dw Ady?. The
first term vanishes in view of the above mentioned symmetry-antisymmetry argument O

The next theorem describes the main properties of the de Rham differential.
Theorem 2. Let M and N be two manifolds.
1. For every f € C>*(M,N),

dof* = f*od .
2. For every X € Vect(M), we have in Q(M),
Lx =lix,d =ixod+doix . (27)
3. For every X € Vect(M),
[Lx,d]=Lxod—doLx =0. (28)

4. Ifw e QP(M), X; € Vect(M), i € {0,...,p}, we have
p .
(dw)(Xo,...,X,) :ZH)ZX-( w(Xo,s .- dyn s Xp))
i= (29)
+ ) (=D)w([Xi, X1, X0, h ey d o Xp)

1<j

where © means, as usual, that the corresponding argument, here X;, is omitted.
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Proof. 1. Let g € C*°(N). Since f*g=go f, we get

3.
4.

(f*dg)m = tf*m(dg)f(m) = Tf(m)gonf = (d f*g)m 3

m € M, so that the property is valid for 0-forms. Let now w € QP(N), p > 0, let
(V,(y%,...,y%)) be a chart of N, and let U = f~(V). In U, we have

frdw=f*d(gdy A...Adyir) = ffdgA frdy* A A frdylr

and
dffwo=d(ffgnfrdy Ao AfFdy?) = (dffg) A fFrdy A A fFrdytr .

Finally f*dw =d f*w in U and thus everywhere in M.

. Remember that iy (resp. d) is a graded derivation of degree —1 (resp. 1) of (Q(M),A). It

follows that the graded commutator
lix,d] =ixod—(=1)"Y1doiy =iy od+doix

is a (graded) derivation (of degree —1 + 1 = 0). The same is true for Lx. These deriva-
tions coincide if they coincide on any coordinate patch. Considering their locality, it is
therefore sufficient to prove that they coincide on functions and exact forms. It is clear
that, for every function g, we have

Lxg = (dg)(X) =ix(dg) = ix(dg) +d(ixg) = [ix,d]g .
Moreover, if we prove that Lx(dg) =d(Lxg), we get
Lx(dg) =d(ix(dg)) = (ix od+doix)(dg) = [ix,d](dg) .
Since
(Lx(@9)m = dilig#Ze(d9)g,(m)
= di%u(dg)gm) |,y
= di(prdg)y, |
= 0 deigli—om

= d at (g © ‘Pt) |t:0,m

for every m € M, the proof is complete.
The result is a direct consequence of the previous one.

For p = 0 and w = f € Q% M), the announced result reads (d f)(X,) = Xo(f), which is
nothing but Equation (19). We now proceed by induction. It then follows from (27) and
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(17) that
(dw)(Xo,Xl, ce ,Xp) == (iXo dw)(Xl, .. .,Xp)
= (Lx,w)(X1,..., X,) — (dix,w)(X1,...,Xp)
=Xo(w(X1,...,Xp) = Y _w(X1,...,[Xo, Xi],..., X))

i=1

= (D)X ((ixw) (X1, d e, X))

1<i<j<p
p .
:Z(_l)lXL (W(Xo, aiv 7XIJ))
=0
+ Z ( 1)i+jw([XZ7Xj]’ 7i> 7j7 )
0<i<j<p
O
Exercise. Write Equation (29) explicitly for p =1 and p = 2.
Proposition 8. For every vector fields X,Y € Vect(M), the results
[da ZX] = LXa [d7 LX] = 0? [ZXa ZY] = 07 [LX7 ZY] = i[X,Y] and [LXa LY] = L[X,Y] 3 [30)

concerning graded commutators of the degree —1 (resp. 0, 1) derivations ix (resp. Lx, d) of the
algebra (Q(M), N), are valid and are referred to as the Cartan calculus on smooth manifolds.

Proof. The first and second results are known, see Equations (27) and (28); the third is a
direct consequence of the skew-symmetry of differential forms. As for the fourth, note that
both sides are graded derivations of the algebra (Q2(M), A). It follows that they are local and
that it thus suffices to prove that they coincide on functions and differential 1-forms. Since
they have degree —1, they both vanish on functions, whereas, for w € Q' (M), we get

ixyjw = (X, Y]) = w(LxY) = Lx(w(Y)) = (Lxw)(Y) = [Lx, iv]w,

in view of Equation (17). We already observed that the last of the equations (30) is valid
on functions and on vector fields, see Chapter 5. Since the graded commutator of graded
derivations of Q(M) is a graded Lie algebra bracket, it satisfies the graded Jacobi identity,

Lixy) = [dixyy] = [d, [Lx,iy]] = [[d, Lx],iy] + [Lx, [d,iv]] = [Lx, Ly] ,

so that this result is valid on differential forms as well. This completes the proof of Proposi-
tion 8. However, we still have to prove Equation (18) of Proposition 7, i.e. we must show that
the result is valid for every tensor field 7' € I'(®TM). Again, both sides Lixy] and [Lx, Ly]
being derivations of (I'(®7T'M),®) and therefore local operators, we just need to check that

they coincide on a coordinate patch (U,z!,...,2"). Since a tensor field reads there
Ty= Y 770, ®.. . ®0,,@ds" @...adal,
T

see Equation (6), these derivations coincide at 77, as they do on functions, vector fields, and
differential forms. O



Chapter 7
Integral Calculus on Manifolds

1 Orientable manifolds

The concept of orientability is well known for smooth surfaces: a smooth surface is ori-
entable if it admits a continuous field of unit normal vectors. We now want to generalize
the notion of orientability to smooth manifolds. What it means for a smooth manifold to be
orientable becomes clear when we consider the non-orientable Mobius strip M.

Figure 14: Non-orientable Mébius strip M

The blue arrows represent bases of the corresponding tangent spaces. Since the two left-
most bases (9,1, 0,2) and (J,1, J,2), where the first (resp. second) vectors are horizontal (resp.
vertical), are direct bases their transition matrix, which equals the Jacobian matrix of the
coordinate transformation from z- to y-coordinates, satisfies det 9,y > 0. However, as indi-
cated in the above figure we cannot equip the whole manifold with coordinates that satisfy
this condition. This means that there does not exist any atlas Ay, = (U,, vq)o Satisfying

det(pp o o 1) (z) >0

for all z € ¢, (Uy NUp) and for all indices o and 3. This is a defining criterion for non-
orientability. Moreover, it can be observed that on non-orientable manifolds such as M
there does not exist any nowhere vanishing smooth top-form, which constitutes an equiv-
alent criterion for non-orientability. Indeed, the top-form represented by the green arrows
is not smooth and the one indicated by the red arrows vanishes. We conclude that the ori-
entable smooth manifolds are those that admit a nowhere vanishing (smooth) top-form, or,

95
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equivalently, those that can be equipped with an atlas whose Jacobian matrices have strictly
positive determinants.

2 Integration over orientable manifolds

Let N be a p-dimensional smooth connected and orientable manifold and let 2 be a volume
form of N, i.e. a nowhere vanishing (smooth) top-form. We fix an orientation of N, either 2 or
—(1, say we pick (2, and we choose a compatible atlas Ay , i.e. an atlas where the determinant
of the Jacobian matrix of each coordinate transformation is strictly positive and where

Qlyn(z) = X(x)dz" A--- Ada? 1)

with X € C*(p(U),Rso) for every chart (U, = (z',...,27)) € Ax. Note that (1) is obvious
and that the assumption here is that the values of X are strictly positive. Observe also that
if we choose a chart (V,¢ = (y,...,9?)) € Ay such that U NV # 0, if

Qe (y) =Y (y) dy' A+ Ady?
and if we denote the coordinate transformation
pop i p(UNV) = pUNV)
by = = z(y), we get
da’ = i Oyos zidy”

o;=1
and
Y(y) dy' A+ Ady” = Qlywavy (y)
= X(x(y)) Z Oyrr -+ Dyopa® dy”* A -+ N dy°?
o=(o1-0p)
= X(z(y)) Z Oyor zte. Oyor P signo dy' A« A dyP
o=(01--0p)ESp
= X(z(y)) detdyx dy' A---Ndy”,
so that

Y(y) = X(z(y)) det Oy . 2)

The transformation law (2) of the volume form component is coherent with respect to our
positivity assumptions.

We now come to the integral over the connected orientable manifold N associated with
the volume form 2.

Let us first consider a compactly supported continuous function f € C2(N), whose sup-
port is contained in a chart domain U with coordinates ¢ = (z!,... zP). If f(x) is this function



Integral Calculus, Norbert Poncin 97

read in these coordinates and X (z)dz' A ... A dxP is the coordinate form of the volume, we
define the integral over N of f with respect to () by

/fQ:/fQ: f(@) X (z)dz' AL A da? = f(@) X(z)da' ... dzP €R,  (3)
N U @(U) »(U)

where the RHS is the Lebesgue integral in R?, which makes sense as the integrated function
is continuous and compactly supported in ¢(U).

We then pass to an arbitrary f € C%(N) by means of a partition of unity (Us, ¥, Ta)a
subordinate to the compatible atlas Ay, i.e. we set

/Nfﬂ:%:/]v(mf)ﬂel&, (@)

where the terms of the RHS are defined by (3) and the sum over « is finite because the cover
is locally finite and the support of f is compact.

The integrals (3) and (4) only depend on f and neither on the chosen charts, nor on
the partition of unity considered. The independence from the partition of unity follows
from a standard proof from integration theory, which we will not repeat here, while the

independence from the chosen chart can be easily checked. Indeed, if (V,¢ = (y},...,yP)) is
another chart whose domain contains the support of f, we can write as well
[ro=[ wywd'ar=[ w)Yedy..dp, )
N P(V) Y(UNV)

where §(y) is the function f read in the coordinates y . However, if we perform the coordinate
transformation z = z(y) = y = y(z) in the integral (3) which is also given by the Lebesgue
integral

/ f(z) X (z)dat ... daP,
e(UNV)
we get

/ F(()) X (2 ()| det 0] dy' ... dy?,
B(UAY)

which, in view of the function transformation law f(z(y)) = f(y), the volume transformation
law (2) and the positive sign of the Jacobian determinant, coincides with the integral (5).
This also makes it understandable why it is so important that the manifold over which we
integrate is orientable. The assumption of connectedness, on the other hand, is merely a
simplifying assumption to limit the number of orientations of N to 2: connectedness can
easily be avoided.

Note now that Equations (3) and (4) clearly define a positive linear form on C%(N).

Since the oriented smooth p-dimensional [Hausdorff and second countable] manifold N
is a locally compact topological space and a countable union of compact subspaces, the
general theory of Radon measures allows us to extend the positive linear form [, —Q on
CY(N) to a larger space L{,(N) D C?(N). We denote p this extension or measure and say that
the functions g € L{,(N) (we also write g € L},(N)) are integrable over N with respect to Q (or
u) and their integral is defined by

/ gQ:=p(g) €R
N

(we also write [, g = p(g) € R).
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3 Integration over arbitrary manifolds

The Cartesian space R™ admits a canonical measure, the Lebesgue measure, which we
denote by &y = |dz! A ... Adz"|. The theorem that allows to change coordinates in a Lebesgue
integral now reads as follows. Let z = z(y) = y = y(x) be a diffeomorphism between two open
subsets U and V of R". We have f(z) € Lj (U) if and only if f(x(y))|det d,z| € Lj (V) and

/f(x)|dx1A...Adx"|=/f(x(y))|detayx||dy1A...Ady"\. ©)
U 1%

The appropriate objects for integration over a (not necessarily orientable) smooth n-
dimensional manifold M are 1-densities. Roughly, 1-densities are differential top forms
up to sign. More precisely, a 1-density on the vector space 7,,M (m € M) is a map

0: A", M\ {0} - R,
such that, for every s € R\ {0} and every I € A"T,,M \ {0}, we have
o(sIT) = |s|*o(10)

with A = 1. If A is an arbitrary real number, 0 is a A-density of T,,M. It is clear that the set
Dy (T,,M) of all A-densities of T,,, M is a real 1-dimensional vector space and that the disjoint
union Dy(M) = U, Dx(T;,M) is a rank 1 vector bundle over M. Indeed, if w € A"T\ M is a
nonzero top linear form of the tangent space, then |w|* is a basis of D) (T}, M). A A\-density
field of M is then a smooth section ¢ € ©,(M) := I'(D»(M)) of the A\-density bundle. If no
confusion is possible it is customary to speak about A-densities instead of fields of such
densities and about densities instead of 1-densities. From what has just been said it is
obvious that over a coordinate chart (U, p = (z!,...,2")) of M a A-density § reads

Slpwy () = X (z)|da' A ... Ada™|?,
where X () is smooth. Observe that if (V,¢ = (y,...,y")) is another coordinate patch and if

Slyon () =Y ()ldy' Ao Ady™

then, in view of the computations in Section 2, the component transformation law for A-
densities is
Y(y) = X (a(y))| det 9,2, (7)

The point with densities is that for A = 1 the basis vector |w| is a volume element of the
tangent space, viewed up to Zs-action. Whereas on non-orientable manifolds a global top
differential form is either not smooth or has to vanish at some point, it is intuitively clear
that a global smooth nowhere vanishing top differential form up to sign, i.e. a global smooth
nevervanishing 1-density field, must exist even for non-orientable manifolds. It follows that
the line bundle D, (M) is trivial.

Let us now come to the integral over a manifold M associated with a 1-density § € ©,(M).
We know from what has been said above that it suffices to show that this density defines a
positive linear form on C?(M).

It suffices to proceed as in the orientable case.
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Let us first consider a continuous function f € C%(M) that is compactly supported by
a chart domain U with coordinates ¢ = (z!,...,2"). If f(x) is this function read in these
coordinates and X (z)|dz' A ... A dz"| is the coordinate form of the density §, we define the
measure or integral over M of f associated to J by

fé:= (z) X (z)|dz* A ... Ada™], (8)
M ()

where the RHS Lebesgue integral makes sense as the integrated function is continuous and
compactly supported in ¢(U).

We then pass to an arbitrary f € C%(M) by means of a partition of unity (Us, ¥, Ta)a
subordinate to the charts of an atlas, i.e. we set

/M fo:= Z /M(wm g 9

This defines obviously a positive linear form and the integrals (8) and (9) only depend on
f and neither on the chosen charts, nor on the partition of unity considered. Indeed, if
(V.4 = (y*,...,y")) is another chart that contains the support of f, we can write as well

£oi= [ ) Y@ldy A ndy]. (10)
M w(V)

When performing the coordinate transformation = = z(y) = y = y(z) in the integral (8), see
(6), we find

[ $al) X ()| detdyalidy’ A Ay
(V)
which, in view of transformation law (7), coincides with the integral (10). This also allows
us to understand why orientability is not needed if we integrate with respect to a 1-density.
4 Exercises

Additional exercises — related to the whole course — will be proposed in separate files
provided in the UL Learning Management System MOODLE.
5 Disclaimer

The present text served as a reference for a Master Course given by the author at the Uni-
versity of Luxembourg. As the notes gradually grew over the years, some bibliographic data
may have been lost or forgotten; in this case, the author is happy to add these references.
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