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1 Theory

1.1 Notions of topology

Let X be a set. A topology on X is a choice of a set 7 of parts of X such
that
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Elements of 7 are said open in X for the topology 7. Let us point out the
difference between the second and the third point: the third point allows
infinite unions. If we consider A; =]0,1+ [C R, we have

() A =]0.1]

i€Ng

which is not open in R.

If E C X, the induced topology on E by X is the one for which a subset
A of E is open in F if and only if there exists a subset U of X which is
open in X and such that A = ENU. In other words, A € 7 if and only if
A= ENU for a certain U € 7x.

When X and Y are topological spaces, we say that f : X — Y is con-
tinuous if for all A € 7y, f71(A) € 7x, that is, if the inverse image of any
open set is open. Let us see a non trivial example.

We consider X as R endowed with the usual topology and Y as R with
the topology 7v = {0, R}. We have X =Y as sets, but X # Y as topological
spaces. The identity map id : X — Y is continuous because id () = 0 € 7x
and id'(R) = R € 7yx. But the identity id : ¥ — X is not continuous

because ia_l(](), 1[) =10, 1] which is not open in Y.

1.2 Differential, path and extensions

Let’s take Xy € T,,C, a map f : C' — C’ and an extension f of fona
neighbourhood V' around z,. If one consider the path n : R — V', n(t) =
xo + tXo, we know that

1fu((0) = & [7 )]

_of dy
Coxt dt

t=0

On the latter expression, we see that if 7(0) = v(0) = zo and +/(0) = 7/(0),
then df,, (7/(0)) = dfs,(1'(0)). In particular, we can chose a path v such
that v(t) € c for all ¢t. For this path, we can put f(y(t)) in the derivative
instead of f(fy(t))

Hence we can consider the differential of amap f : C'— C” as an object in-
trinsically defined on C' without extensions. So we set dfy,: T,,C' — T C,

Al 0) = Z[(F o))

t=0



1.3 Vector fields

A tangent vector field along an embedded curve C in R? is a rule which
assigns to every point x € C' a vector X, tangent to C' at x. Moreover, one
requires the dependence on x “to be smooth”.

More precisely, let T'(C') denote the set of all vectors tangent to C"

T(C) = |J T:(0) (1)

where the union is a disjoint union. A tangent vector field on C is a map
X :C—T(C), x— X, such that

(i) for all z, one has

X, € T,(C), (2)

(ii) the map C' — R? x R?,

r— (x, X,) (3)

is smooth.

The latter is a non trivial point since C' is not open in R2.
Exercise 1. Some students remarked that equation (B was a lie because
of ([2)): firstly 7,,C is vector space of dimension one (so X, cannot belong
to a R?) and secondly, the union (l) being a disjoint union, if z and y are
different points of €', X, and X, belongs to two different spaces: 7,C" and
T,C.

Try to understand the problem and to find a solution.

1.4 Cohomology
When C'is a curve in R?, the cohomology of C' is the quotient
259
HY(C) =
() dC>=(C)

of differential forms on C' by forms which are differential of some functions.
When « € QY(C),
W] =A{w+df[f € C=(C)}.

We are going to study two examples: H'(R) and H*(S1).



1.4.1 Cohomology of R

We begin by defining the form dt on R by the following action of a tangent
vector 4(t) = v € R: dt(¥(t)) = v. Each form on R can be written as

a=adt

where a is a smooth function on R. Why ? Because for each x € R, TR
has dimension one. We are going to prove the following;:

Theorem 1. The cohomology of R is zero:
H'(R) = 0.

In other words, each form o on R, reads df for a suitable function f &€
C*(R). For the proof, we explicitly give a function f such that o = df for
any o € Q'(R).

Let a € Q'(R) and let us write it as a, = a(z)dt € T(R). We pose

and we compute that df = a. Let v be a path in R,

d

df.0)¥(0) = p [(f o 7)(t)LZO

~al [ .
= a(v(0))7'(0).

On the other hand,

0y 03(0) = a() (dr4(0))

this is the same !

1.4.2 Cohomology of S!
In the whole part about S!, ~ will denote the path
y(t) = e,

and o will denote a parametrization of S! used in integrals.
We begin to show that H'(S!) # 0: there exists some 1-forms on S* that
cannot be written under the form df. For this, we begin to prove that
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Proposition 2. For all f € C>(S?),

[0

Proof. 1f o : [0,27] — S is a parametrization of S', we have

/5 = /[0 Yooty
- [ fleeaw] )

= (foa)(2m) —(f 0 0)(0)
= 0.

We define the differential 1-form « by

a(¥(t)) = 1.

/81 = /027r o) (0(t)) dt =21 # 0.

Then this « is not an exact form.
There exists an alternative way to define this form. We consider the
function 6 : S — R given by

(') = . (7)

This is the function which gives the angular coordinate of a point in S*. As
a map from S! to R, one can compute its differential applied on a tangent
vector; for example on (¢):

WG60) = o], = gl =

so this is the previously defined form «. By the way, it proves that this form
is a smooth differential form.

We have proved that df is the differential of the function 6 and that it is
not an exact form (because its integral is not zero). It is a problem. In fact,
equation (7)) doesn’t globally defines a function on S* because 0(e'°) = 0 but
0(e"?™) = 2m. In other words, (1) is not well defined. Then we can only
define the function # on a local chart. For example on the half circle, we
define 6 : ST —] — Z Z[ by §(e"?) = 0. This is a well defined function.

22
The following theorem is the main part of the proof that H'(S') = R.

bt



Theorem 3. A form o € QY(SY) fulfil

/azO
Sl

if and only if there exists a function f : S* — R such that df = .
Proposition 2] is the first half of the proof. Let’s see the second one

Proof. Let o € Q'(S") such that [, @ = 0 . It can be written under the
form

o = ale) db
and we define f: S' — R by

F(e?) = /0 a(e”) do.
Since a0 (Y(0)) = a(e”) di(7(c)) = a(e?), in fact f is

e = | o (®)

It is important to remark that this function has not the problem of definition
of the previously 8 because fsl a=0.

Now we want to prove that df = a. For this we consider a path c(t) =
e?® in S' and we compute df.i ' (0). We have:

df o0y (0) = % [(f ° C)(t)} t=0

“al [ e, 0

= a(e? )9 (0).
On the other hand,
Qo) C/(O 19(0 d@ (C/ )
_ (1, 29(0 i |:0 10(t) }
Cf; (10)
— 19(0 _|:0 ]
dt
- < “0)9(0).
This concludes the proof.
O



It is now easy to see that
Iija]— | «
S1

defines a vector space isomorphism between H!(S!) and R. We check that

I is well defined: if [a] = [5], we must have I([a]) = I([f]). Tt is correct
because [a] = [] means that there exists a function f such that § = « + df.

Then
160 = [ 8= [ faran= [ a=1(a),

1.5 Integral curve

A map ¢ : R — R" is an integral curve of the vector field X € X(R") if
for all ¢ (in the domain of ¢),

C,(t) = Xc(t)- (11)
As a vector field, X is a map X : R — R", so equation (1] reads

d(t) = X(c(t)).

Now, “to be an integral curve” means “to satisfy a differential equation”.
You know some existence and unicity theorems; for example this one:

Theorem 4. Letu: I — R and f: J — R where J is open in R and I has
non empty interior. We consider the following differential equation:

y'(t) = u(t)f(y(t)). (12)

Suppose that u is continuous on I and f is continuous on J with f(n) # 0
for allm € J. Let ty € I and yo € J. Then there exists an interval I' C I
with non empty interior with ty € I' and a C* function y : I' — J such that

(i) y is solution of ([I2) on I' and fulfils the initial condition y(to) = yo,

(i1) if z is a solution of (I2)) in an interval I" C I with ty € 1" and
2(to) = yo, then I" C I' and z(t) = y(t) fort € I".

When one says that an embedded curve C'is an integral curve of a vector
field X, one means that there exists a system of charts ¢, : U, — C on this
curve which solve condition (Il as map ¢, : U, — R™. In particular, X
must be tangent to C' on each point.



1.6 Christoffel symbols

When f: U — R3 is a parametrization of a surface S in R?, there exists two
interesting tangent vectors fields:

d d
Calavan = 3 [P0+ )| and eyl = % | P +8)| . (13)
They form a basis of T, 4,)S. These vectors are often called 9;. You can
ask yourself why this partial derivative notation.
The problem of finding the first fundamental form (see exercise [[3]) reduce
to computes products e; - ¢;. These products form the matrix g:

gij = €; " ej.

Now, there are no reasons for d;e; to be a tangent vector. In fact, it is even
difficult to define the object 0;e; because it should be something like

b el D) e
v t—0 t '

But e;(z) and e;(z + t) are not vectors on the same points, therefore the
difference on the right hand side is not well defined as difference in 7'S. This
difference is however well defined in the ambient space R3. So in order to
define the derivative of a tangent vector field, we have to consider the surface
as a part of R®. In other words, we have to extend the coordinate system
(z,y) — S into a coordinate system (x,y,2) — R?® which reduce to original
coordinates when z = 2y and such that the vector e, is normal.

As an example, polar coordinates on the (unit) sphere in R? are given by

(ip,8) — (cos psin b, cos @ cos , sin )
and an extension of the system is the full spherical coordinates on R3:
(p,0,7) — (rcospsind, rcospcos, rsinp);

it is easy to see that e, is normal. Now, our new set of e;’s form a basis
of the whole R3, then we define the Christoffel symbols Ffj of the new
coordinates system

Oiej =Y Thex. (14)
k

In this formula, £ is summed over all coordinates, including the normal one.
There exists a funny formula to explicitly compute these Christoffel sym-
bols. We begin by taking the derivative 0y of g;; = e;-¢;, where k, i and j are
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tangent coordinates. So we do not take care about the normal coordinate.
Remark that in formula

akgz] - szel €; +€; - ijela

the summed index [ take a priori all values including the normal coordinate,
but the scalar product with e; and e; kill the normal component. So in the
sequel we are left with only tangent coordinates. Replacing the products
e; - ej and e; - ¢, by the corresponding elements of the matrix g,

Ongi; = Uhig + Ffrgjgil-

Computing the combination dyg;; + 0;9;x — 0;gr; and taking the symmetry
property T Tfl, gij = g;; into account, we find the relation
21501 = Onis + OiGik — O Ghi-

If we write g% := (g7 !)a, We can rewrite it as
1
I = lek (Digj1 + Ojq1 — Dr9ij) - (15)

This is the promised formula. Now we are able to write down elements Tfj
by simply derive and invert the matrix g.

In formula (IH), indices (including the summed one) only take values in
tangent coordinates. The normal one is completely forgotten.

Information Here is the definition given in the oral course. Let r : U C
R? — ¥ C R3 be a chart on an embedded surface . Set r; := 0,,r ; N :=
m’rl X1y (i =1,2). Then the Christoffel symbols I'}; are deﬁned by
the relations:

xl Tj = ZF TE + Vzg

Do you understand why the latter formula has two terms while formula
(I4)) has only one ? Is there really one term less in (I4) 7

1.7 Commutator of vector field

Let M be a surface and X, Y € X(M). We want to define [X,Y] € X(M),
so for each x € M and f € C*°(M) we have to define [X,Y],f. We know
that X, is an element in T, M which acts on f by

d

Zlrw)]  —danx. er,

Xalf) = dt t=0

9



so one can consider X f as a function, (X f)(x) = X,f. We can apply the
vector Y, to this function and get a real:

VX 1) = L[]

dt =0
d d
TR [f(XYz(t) (u))]szo'

t=0

This allows us to define [X, Y], f = X, (Y f) — Yo (X f). If, in a local coordi-
nate system, X = X'9; and Y = Y79;, we have

(XY)f = X'0,(Y70;f)
= XYY f + XY, f.

The same computation with X <+ Y shows that the second derivative disap-
pears in the commutator [X,Y]. So [X,Y] is a combination of the e;’s and
therefore is a vector fields.

The set of vector fields endowed with the bracket [.,.] is an algebra. It is
even a Lie algebra because the bracket

(i) is bilinear,
(ii) is skew-symmetric: [X,Y] = —[Y, X],
(iii) fulfills the Jacobi identity: [[X,Y], Z] + [[Y. Z], Z] + [[Z, X],Y] = 0,

forall X, Y, Z € X(M).

10



2 Exercises

Exercise 2. Find a smooth parametrization of the set

E = {1t he-rar

Is E an embedded curve in R? ?
A parametrization is like a chart, but without the regularity condition.
Solution at page [15l

Exercise 3. s the following set £ an embedded curve in R? ?

E = {(t, sin(%))}te}o,l[ U{(0,8)}sel-1.1)-

Solution at page [[5Hl

Exercise 4. Consider the set

cosf sind
E= {(—sin@ 0059) 0€ R}'

(i) It this set an embedded curve in R* ?

(ii) Write a general tangent vector at § = 0. Is it surprising ?
Now, fix a v € R?, and let f, : E — R? be defined by

fo(0) = Ov

with a slight abuse of notation between 6 and the element of E which is
defined by 6. You have to guess the product in the right hand side.

(iii) Give an explicit form of (df,); where 1 is the 2 X 2 unit matrix.

(iv) Can you give a geometric intepretation as “infinitesimal” rotation ?
Does it help to answer point ?

Solution at page [I6l

For general culture, remark that E is a group for the matrix product and
that the anti-symmetric matrices form an algebra over R for the product
A - B := AB — BA where the dot denotes the algebra product and the
product in the right hand side is the usual matrix product.

11



The elements of E depend smoothly on one parameter, turning £ into
what is called a Lie group of dimension 1. The set of antisymmetric matrices
(which form the tangent space to E at the identity), endowed with the dot
product, forms the Lie algebra associated with the Lie group E. Note that
in this case, the dot product always gives zero. This is common to all Lie
algebras of dimension 1.

More generally, consider a curve z(t) in O(n) (the group of orthogonal
matrices) such that x(0) = 1. For each ¢, one has x(t)xz(t)T = 1. Taking
the derivative of this equation with respect to ¢t at t = 0, Leibnitz rule yields
#(0)z(0)T + 2(0)2(0)T = 0, or, taking £(0) = 1 into account,

i(0) + #(0)" = 0.

This proves that #(0) is an antisymmetric matrix. So the Lie algebra of the
Lie group of orthogonal matrices is the algebra of antisymmetric matrices.
When n > 3, the algebra product AB — BA is no longer identically zero.

Exercise 5. Consider the algebra C*(5?) of smooth functions on the sphere
S? and the Lie algebra X(S?) of smooth vector fields. Consider the vector

field
3 B)
Yi= D Oy

jk=1

with ) i (z;)* = 1. Check that Y; is actually a tangent vector and prove that
these vector fields generate the whole algebra. Then, prove that this set is

not free because
J

This proves that the tangent space of S? is non trivial. Solution at page [Tl

Exercise 6. Show that the set, T'(S'), of all tangent vectors to S* C C
is naturally diffeomorphic to a cylinder in R?®. Describe, in terms of the
cylinder, the differential of the map ¢ : St — S*,

o(z) = 2.
where N € Nj is fixed.
Solution at page [I8

12



Exercise 7. Let C be an embedded curve in R? globally traced out by a
regular path v :] — 1, 1[— R?. It means that ~ is a global chart of C. Prove
that the velocity field {§(t)}ic)—1,1] naturally defines a tangent vector field
on C.

Solution at page 201

Exercise 8. Prove that the data of a tangent vector field X on a curve C'is
equivalent to the data of a smooth map = : C' — R? with Z(x) € T,C, the
identification being given by Z(z) = X,. In other words, locally, a tangent
vector field on a curve embbeded in R? is the restriction to C' of a vector field
= on some open neighbourhood U of C' in R2. Draw a picture illustrating
this fact.

Solution at page 211

Exercise 9. Prove that, identifying 7'(S') with the cylinder Cyl := S'xR C
R? = R? x R, the data of a tangent vector field X on S! is equivalent to
the data of a smooth map & : S! — Cyl such that pr,of = idg: where
pr; : R? = R*: (z,y,2) = (z,y).

Solution at page 211

Exercise 10. Let C be a curve in R? and X, Y € X(C) with X, # 0 for all
x € C. Then there exists a smooth curve f: C' — R such that Y = fX ie.
Y, = f(x)X, for each x € C.

Hint Show the property in the case C = R and C' = S!. In the general
case, you can use a diffeomorphism to transform C into R or S*.
Solution at page 221

Exercise 11. Prove the following.

Lemma 5. Let X be a smooth non vanishing vector field on an open set U
in R?, f:U — R a smooth non vanishing function andY the smooth vector
field on U defined by Y, = f(x)X,. If c: I — R? is an integral curve of X,
then there exists a smooth map o : I — R such that co« is an integral curve
of Y.

In other words, if one changes the norm of a vector field, then one just
has to change the parametrization of integral curves.

Solution at page 241

13



Exercise 12. In the setting of exercise §, prove that the curve C' is an
integral curve of = i.e. for all initial data zq € C' the solution x = z(t), t €
| — €, €[ to the Cauchy problem

(11>

t==; x(0) =z
is a local chart on C' around zy. We suppose that X is non vanishing.
Solution at page 241

Hints Draw a circle and any smooth tangent vector field. Extend it in any
smooth manner. Then pick a point on the circle. Is it possible to find an
integral curve of your vector field which is not the circle 7 Try and convince
yourself that the integral curves of a vector field X are defined by the field
of directions and are independent of the norm of X,.

Exercise 13. Prove that on an embedded surface ¥ C R?, the following
formula
Z,(v,w) :=v - w

for each z € ¥ and v, w € T,(X) C R? defines a Riemannian metric, Z, on
Y. called the first fundamental form of .
Solution at page 25l

Exercise 14. Give the expression of the first fundamental form of the sphere
S

(i) within spherical coordinates (6, ¢);

(ii) within stereographical coordinates z € C.

Solution at page 25l

Exercise 15. Compute the first fundamental form of the torus 7% C R3.
Solution at page 23

Exercise 16. Same question for a surface of revolution generated by the
curve [y = f(z)] N[z = 0]. Solution at page

Exercise 17. Compute the Christoffel symbols in the following cases: the
plane X0Y C R?, the sphere parametrized by spherical coordinates (6, ¢), a
surface of revolution.

Solution at page 28
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Exercise 18. Since basis vectors given in equation (I3) are just derivatives
with respect to coordinates, it is obvious that they commute: [e;,e;] = 0.
The fact that basis vectors commute seems to prove that any vector field
should commute. Find the mistake. Can you find two vector fields on the
sphere which doesn’t commute ?

Solution at page 28

3 Solutions

Solution of exercise

The parametrization given in the question is not smooth because the
derivative is discontinuous at ¢ = 0. Remark that tangent vectors in this
parametrization must be parallel to (1,—1) in the left part and to (1,1) in
the right part. The only way for a function (namely the vertical part of the
derivative of the parametrization) to change sign without discontinuity is to
vanish. One thus needs a parametrization whose derivative vanishes at (0, 0).
This already answers the second question: this is not an embedded curve.

Consider the parametrization ¢(t) = (¢%, z(t)) where

t) =
() t*  when t €]0,1[.

{—t2 when ¢t €] — 1,0]
This parametrization doesn’t work because the second derivative has a dis-
continuity at £ = 0. Try to convince yourself that a correct parametrization
is given by
p(t) = .
LDf)  iftelo,]

where f : R — R is a function which gives 1 at 1 and —1 and vanishes
at zero with all its derivatives. Such a function can be built from Cauchy’s
regularization function p(x) = e~ /%’

The annihilation of all derivatives of the parametrization at (0,0) is re-
quired by the fact that on the left, a derivative of any order must be a multiple
of (1, —1) while on the right it must be a multiple of (1,1).

Solution of exercise 3

Let us denote By = {(t,sin(7)) }ejon and By = {(0,5)}sej—11). If one
wants F to be an embedded curve in R?, one has to find maps ¢, : U, — E
such that the famous three conditions hold.
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Figure 1: The function ¢ — sin(%) powered by Gnuplot

One of these maps must contain the point a = (0, —1); let’s say ¢(1) = a.
Consider the open set B(a,r) of radius r < % around a. If ¢ is continuous,
there exists a § such that ¢ < ¢ implies p(1 +¢) € B(a,r).

It is possible to find an open neighbourhood B’ of a which does not
contain the oscillation on which b lies. Let b’ = ¢(1 4+ €) € B’. Since ¢ is
continuous, the path c: [¢,e] — C given by ¢(t) = ¢(1+t) is continuous (as
path in R?). A point of the image of ¢ has the form ¢(1 + s) with s <€ < 4.
So ¢([¢, €]) C B(a,r).

But the fact that ¢ reaches O’ from b which is not on the same oscillation
forces at least one point of ¢ to be on the top of an oscillation and then to
get out from B(a,r). This contradicts the continuity.

Solution of exercise 4

The natural mistake is to say “0 takes values in [0, 27| which is not an
open interval. Then I cannot parametrize £ 7. One can use more than one
local chart ! For instance it is possible to take

Z/{l :]07271'[,
3m om
=155
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and in both cases
@i(e) = (

In order to write a tangent vector at § = 0, we consider a general path in F
given by a path 6 : R — R such that 6(0) = 0. We have

SL(eni = Coormtit) o)

=0'(0) (—01 é)

which is a general anti-symmetric matrix. Formally, you have to interpret it
as a vector in R*, but matrix realization is fruitful to interpret the sequel.

Now the map (df,); has to be applied to a tangent vector at point 1, so
one computes (we set v = (v, vy))

0 a d cosat  sinat
(dfo)u (—a 0) - E[f” <— sin at cosat) L:o

_i[ vy cos at + vy sin at } (17)
dtL\—v,sinat + vycosat ) li=o

o).

If you apply a “very little” rotation on the vector (Zm) , the displacement
y

cosf sinf
—sinf cosf )

(16)

is given by the vector (_vz )

Solution of exercise

Let us pick a point x = (21, 29, 23) € S? and check that the vector Y;(z)
is tangent to S? at the point . For that, we just have to prove that the
product of Yj(x) and x is zero (when you are tangent to a sphere, you are
perpendicular to the radius):

I 3
Yi(w) (22| = ) ejrajae =0
I3 k=1

because contraction of symmetric indices (jk in z;x)) and skew-symmetric
indices (jk in €;;) is zero.

17



Solution of exercise

A point z € S! can be written under the form z = €. A tangent vector
of S! at the point z can be expressed by means of the derivative of a path
X : R — S such that X (0) = z. Let us consider a general path X (t) = e*®
with 6y = 0y. Its tangent vector is

dr . A S x
X =5[] =i (0)e = 6(0)e!(3+%0) (18)
dt t=0
Let us point out the fact that the velocity 6'(0) of the path describes the
norm of the tangent vector while €’ is the point of S' on which X is fixed.
The differential of ¢ at z on the vector X reads

46.X = S o(X (1)

t=0
_d iNO(t):|
Cdt [e t=0 (19)
— NO(0)e -1 (5)
= NN71X.

Now let us see T'S* as subset of RY. Any X € T'S! can be written as (z,v)
where z € S € € ~ R? is the point at which X is “fixed” and v € C ~ R?
is the vector itself. Relation (I8)) contains strong constraints on elements
(z,v) € RY: if z = €% = (cos@,sinf), the element v must be of the form
hei(%wo) = (—hsin 6, hcos ). Now T'S! is seen as the subset of R?* of vectors
of the form

(z,X) = (cosf,sinf, —hsinf, hcosb).
At this point it is important to emphatize two points.

e The map h can be negative as well as positive.

e An element in € does not uniquelly determines an element in 7°S*
although tangent spaces of ¢ and ¢/ look like the same (draw a
picture if you are unsure). When one deals with a tangent vector, one
has to keep trace of the point on which the vector is fixed. If one does
not, one can believe that T, S' = T,,S* and then that finally, T'S! = C,
see figure 2

The way to see a cylinder (of radius 1) as a subset of R? is to take the
coordinates (cos0,sinf, h). A diffeomorphism f : T'S' — Cyl is given by

f(cosO,sin@, —hsin @, hcosf) = (cos@,sinb, h). (20)
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Figure 2: A possible mistake is to confuse T}, S* and T,,5".

We have to check that it is diffeomorphic: it is smooth, bijective and the
inverse is smooth too. This needs the “new” definition of smooth map.
Indeed the map f is defined on a rather non trivial subset of R*: the set of
(x,y,u,v) such that

P =1 and {v:—ux/y if y #0

veR ify=0
which is not open. We have to consider pointwise a neighbourhood and a
prolongation. Let’s take the part Ag =z # 0, y # 0 of the domain of f. On
this part of the domain, f reads (z,y,u,v) — (z,y,%). We can find an open
set A C R* which contains A and such that x and y don’t vanish on A. The
prolongation of f from Ay to A by the same formula (z,y,u,v) — (2,9, %)
is a smooth map.

When = = 0, the map f reads (0,1,0, k) — (1,0, h) which can be prolon-
gated to the smooth map (z,y,z, h) — (y,z,h). The same idea is true on
y = 0 where f reads (1,0,0,h) — (1,0, h).

The inverse map f~' is (z,y,h) — (x,y,—hy, hx) with the constraint
2?2 +y? =1 on the domain.

The following diagram is the definition of the dotted line; this is what
one means when one says “d¢ seen on the cylinder”:

f71

[~ (p) € TS;

dg J{d@
Y

(foddo f)(p) € Cyl——do.(f(p) € Ty»)S".

D E_Cyl

In this, we suppose that p € Cyl is the image by f of a tangent vector on S*
at the point z.
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In order to express the d¢, of equation (I9)) in terms of the cylinder, we
pick X = (—sinf,cosf,r) € Cyl, ie. X = he!2t9 € T,:»S" and we apply
do, on it:

do, (hei(%+9)) — Nei(N71)9h€i(%+9)

_ Nhez‘(g+N9)
= (—sin N0, cos N0, Nh).

Solution of exercise [T]

For each to, it is clear that §(tg) € T3, C. The problem is to prove that
the function f : C' — R?* x R?, f(z) = (z, X,) is smooth. Let = be a point of
C and U an open neighbourhood of z. We have to find a smooth extension
f:U — R?x R? of f. In particular, we have to find an extension X of X
in a neighbourhood C of C' in R2.

First method Since 7 is a chart, it can be extended to a smooth bijection
5 :]—1,1[x] =1, 1[ = U such that 5(0,t) = (). For each y = Y(uq, to) € U,
we define

- ghen]..

Now we define f(y) = (y, X,). The vector field X being a directional deriva-
tive of a smooth function, it is itself a smooth function.
Here is a partial proof of the existence of the extension 4.

Lemma 6. Let ¢ be a chart of an embedded curve C in R?; is is seen as a
map ¢ U — C where C is an open neighbourhood of C' in ]R2

Then there exists an open set W C R? and a smooth map @y : W — C
such that $ = oy o :U — W has the form

p(x) = (x,0).

We will not prove it here. ) A
Now we can extend this ¢ to the map ¢ : U x [ — W by ¢(x,y) = (x,y)
for a suitable neighbourhood I of 0 in R. Then we look at

g&zg@ocﬁ:le—)é

which is smooth.
How to choice I ? For each x € U, the point (z,0) belongs to the open
set W C R2. Therefore there exists a non empty neighbourhood I, of 0 such
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that (x,1,) C W. Taking if necessary a smallest chart U’ instead of U, one
can take the non empty set [ = Nyl

Solution of exercise

Let us consider a smooth map = : C' — R? with Z(z) € T,(C). Tt defines
the tangent vector field X, = Z(x). It is smooth because = is, and thus so is
x +— (z,X;). The inverse sense is the same.

Solution of exercise
A general form of a function ¢ : St — Cyl is

§(z,y) = (z,y, h(z,y))

only defined on 22 4+ y? = 1. Here, h is a smooth function. We naturally
associate to £ the field

X(x,y) = h(.ﬁl], y>€i(§+9)

where 6 is the angular polar coordinate of (x,y). We have to prove that this
field is smooth. For this, we have to prove that

(2,9) = (2,5, bz, y)e' (5+)) (21)

is smooth at each point of 22 +? = 1. Since h is smooth, by definition it can
be extended. So we can extend equation (2I) keeping the same form around
any (zg,1y0) € S'. The result is smooth in the sense of functions from an
open set of R? to an open set in R3.

Let us now prove that a vector field defines a function. The general form
of a vector field on S! is

X(x,y) = h(l,’y)ei(%Jr@) (22)

where h is smooth on S! and can thus be extended into a smooth function
on a neighbourhood of each point of S'. The map £ : S! — Cyl we were
looking for is thus

§(z,y) = (2,9, h(z,y)).

A second way is possible The reader should remark that the construc-
tion given up to here is essentially the construction of exercise We can
direclty exploit the diffeomorphism f : T'S' — Cyl. So in a first time, we
pick a ¢ : S' — Cyl and we want to buils a vector field X¢, i.e. a map
X¢: 8! — TS The natural candidate is

Xt =f"lot.
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On the one hand, smoothness comes from smoothness of f~! and ¢ and on
the other hand, X¢(z) € T,S* because of projection property of &.

In a second time, we pick a vector field X : S* — T'S' and we want to
build a map £X : S' — Cyl. The candidate is

fX:foX.

You have to check that pr; ofX = id; it comes from construction of f.

Now in order to say that the data of the function is “the same” that
the data of the vector field, we have to prove that the two constructions are
inverse each other. In other words, you are now able to do two things: if I
give you a vector field, you can give me a function and if I give you a function,
you can give me a vector field. Let me give you the function £. So you give
me a vector field X¢. Now I give you X¢; will you give back the original
function £ 7 If not, the whole construction has no interest.

E XE e Le

From definitions, £X¢ = fo X¢ = fo f~1o& = ¢, This is a good point. The
other is .

X 58 5 XY =X,
from definitions, X¢* = flo&¥ = f1lofo X = X.

Solution of exercise

When C' = R, a vector field is just a smooth function R — R (be sure
that you deeply understand this assertion !). If gx is the function of the
vector field X and fy the one of Y, the answer is given by

gy ()
flx) = 23
(z) (@) (23)
which is smooth as quotient of smooth functions.
We turn our attention to the case C' = S!. The formula, for each z € C

Y, = f(x)X
completely defines f because X doesn’t vanishes. The problem is to prove

that it is smooth (extensions and all that @ The natural way to begin is
to say that X and Y admit smooth extenswns X and Y in terms of which,
we should be able to build an extension f . The problem is that you have no
guarantee that X and Y are parallel outside C'.

One can build normal vectors to the curve and translate X and Y along
these lines. Then one gets smooth parallel extensions. Such a construction
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was given in the course during the proof of the lemma just below the inverse
function theorem. From there, one defines the extension of f by

A ~ ~

for all z in a neighbourhood of C'. But how to prove that it is smooth
? Maybe it is possible. I don’t know, but this formula seems to define a
smooth function since f is a quantity which relates two smooth quantities
each other.

A possible way to solve the exercise is to use results of exercise [0 Let
£x : St — Cyl be the map associted to X, and &y the one associated with
Y. They can be written under the form

Ex(z) = (., hx(2)) (24a)
Sy (r) = (., ., hy(z)) (24D)

where the dots represent some non essential functions. The functions hx and
hy are smooth and we define

oy Py (2)
e (o)

which is smooth and a correct extension of f.

Now a general curve C is diffeomorphic of R or S'. We denote by « :
C — E the diffeomorphism where F denotes R or S*. The map o allows us
to transform a complicated problem on C' into a solved problem on E. We
consider X = daX and Y = daY, two vector fields on E. Then there exists
f: E — R such that

Ve = f() X, (25)

for each =z € FE.
Let us summarize the functions that we have at hand:

a:C—F

f:E—=R
and we are searching for

f:C—R.

Obvioulsly the candidate is f = f o & which is smooth because it is a com-
position of smooth functions. In order to check that it is the right function,
we have to prove that, for all x € C, Y, = (f o ) () X,.
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The defining property of f is
da,Y, = f(a(z))da X,.

Since « is diffeomorphic, da, is a linear injective map for each x; so we can
“simplify” both sides by da,.

Solution of exercise 1]
By definition of ¢ as an integral curve of X, we have

for all £. The requirement for c o a to be an integral curve of Y reads

(coa)(t) =< (a(t))o/(t)
= Yieoa)(t) (26)
= f((coa)(t)) X(coamyt)-

Since we supposed that X is non vanishing, ¢/(t) # 0 everywhere. So we find
the following differential equation for a:

() = (f o c)((t)). (27)

The existence of a solution for this equation is given by the following powerful
theorem [l

Remark that this theorem only deals with continuity (not smoothness).
It should be an exercise to find an even more powerful theorem which ensures
the smoothness of «.

Solution of exercise

Let us begin by almost true proof. Why “almost” 7 Because we will not
care about locality problems. We will speak about C, R?,.. . while we should
speak about “a neigborhood of zy € C”... You should do it as an exercise.

Let ¢ : U — C be a paramertization of C' with tangent vector field V.
We want to find a new parametrization ¢ : U’ — C with tangent vector field
X, = f(x)V, where the smooth function f is given. In other words, we want
aa:U — U and ¢ = ¢ oa with

¢'(t) = (poa)(t) = ¢'(at))d'(t).

The function a is the solution of the differential equation



So another way to state this result is to say that there always exists a
reparametrization of a curve for which the tangent vector field is given.

Solution of exercise [13]

The fact for Z to be bilinear, symmetric, positive definite and nondegen-
erate comes from the corresponding properties of the inner product on R3.
The eventual problem is smoothness. As usual, we have to find extensions.
Let X, Y € X(X); the problem is to find a (local) smooth extension of the
function Z(X,Y) : ¥ = R, z — Z,(X,,Y,) = X, - Y, If X and YV are
extensions of X and Y, what do you think about

A A ~

TX,Y)(y) =X, Y, ?
Solution of exercise [14l
The chart f: R? — S? of S? that we chose is
f(6, ) = (cosBsinp, cosd cos @, sin ).

In these coordinates, a basis of T(g, ,,)S? is given by

sl si],, m S

Computations give

sin f sin g

0p = — | sinfycos g | , (28a)
—cos
cos 0y cos g
O, = | —cosbysingy | . (28b)
0

One can check that dy - f(6o, o) = 0, - f(0y, o) = 0: tangent vectors are
orthogonal to radius. It is easy to see that d, -0y = 0, Jy - 9y = 1 and
Dy 0, = cos? .

Solution of exercise

Let us parametrize the torus by two angles 6 (radius R) and ¢ (radius
r). We suppose that 6 descibes a circle in the plane zz (or a parallel plane
when ¢ is non zero) while the plane of the rotation ¢ depends of 6.

A simple rotation (an isometry of R?) allows us to only consider points
with & = 0. So we expect that the result will not depend of 6. Let us
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explicitly give the parametrization f : R? — T2. When ¢ is fixed, the curve
f(0,¢0) is a circle of radius R+ r cos g in a plane parallel to xz with center
at (0,7sin g, 0). Thus we have

fl, ) = ((R + rcos)sinf, rsin g, (R + rcos p) cos 0) . (29)

We find
d ) ) .
O (00,00 7 [f(@o, v+ t)] 0 —r ( sing p sin y, — cos g, sin g cos 90>
(30a)

= (R + rcos pp) ( cos by, 0, — sin 90> .
(30b)

d
O0l(00, 00) = 2 [F(00 +.0)|

Given under a matrix form, the result is

P 0
9=\ o (R+rcosp)?)”

Can you geometrically understand the dependance in r, R and ¢ ?
Note that the norm of an angular coordinate is the radius of the corre-
sponding circle.

Solution of exercise
We parametrize the surface by x and 6:

f(2.0) = (x, f(x) cost,  (x) sin).
In this parametrization, the basis vectors are given by

e. = (1, f'(x) cos b, f'(x)sin ) (31a)
eg = (0, —f(z)sin b, f(z)cos()), (31b)

and the matrix g is given by

(4 1)

Christoffel symbols are obtained by formula

1
Fi?j = 5g”“(&'gjl + 9iq1i — Oigij)
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where the ¢’ are elements of the inverse matrix of g. The non zero symbols

/F / ff
erz_rfﬂ’ zxzri€:77 Fi:}:: 1+f,2' (32>
Covariant derivatives of basis vectors are

Vee, =T7 e, Ve, =1 eq (33)
Vxeg = Fgeeg VQGQ = F596$. (34)

As far as Riemann tensor and related curvature issues are concerned, we do
not need to compute V,V.e; and VyVye;. Computations are as follows:

V;,;Vgem - al- (sz>€9 _'_ Fgerggeg
B f//

= — €.

S

Other results —up to personal faults— are

B 3ff/2f// B f/2+ff//
V.Vgey = <(1+f’2)2 - 1+f’2 >€m
VoVae, = (%)%g (35)
VoVaey = —fF/ 1 _{f}/z Cq-

Isometry criterion All this part is “without proof”.
We consider the following tensor:

R(X, Y) =VxVy —-VyVyx — V[X,y}
and the Ricci curvature pointwise defined by
r(Y,Z)="Tr [X — R(X, Y)Z}.

It is a trace in the sense of the trace of a matrix of a linear operator in
a vector space: R(.,Y)Z:T,%/ — T,%/. For a general A: V — V, it is
defined by

TrA= Z(ei, A€Z>

where {e;} is a basis of V. We define the scalar curvature by

p= Z T(€q, €q)-

a=1
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This defines a real valued function p/: ¥/ — R for the surface ¥/ and a
corresponding one p?: X9 — R for 39, From symmetry of the problem,
these functions do not depend on the angular part of the parametrization of
¥/ and ¥9. So one can only consider the restrictions

o’ a, b[— R, (36a)
P’ e, d[— R. (36b)

The criterion for ¥/ and X9 to be isometric is the existence of a diffeomor-
phism ¢: |a, b|—]c, d] such that

pl=plop.
Explicit proof of existence of such a ¢ can be very hard.

Solution of exercise [I7
The polar coordinate on the sphere is given by

cos f cos
f(0,9) =1 | cosfsinp
sin 6

where r is the (constant) radius. Simple derivations shows that

—sin 6 cos ¢ —cosfsin g
eg =1 | —sinfsing |, e, =1 | costcosy
cos 6 0

The metric matrix is given by

g 7"2 1
g cos?6 )

The non zero Christoffel symbols are

0 .
I';, = cosfsind,
Pg@ = —tan@.

(37)

Solution of exercise 18]
When coeficient of a vector field are non constant functions, the compu-
tation of XY f shows that X act not only on f but also on the coeficients of
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X. For example X = ey and Y =sinfe,. At (6y, ¢o), the path which define
these vectors are

Y(Go,goo)(t) = (0o, o + tsinby), (38a)
X000 (t) = (6o + 1, 00). (38D)

So Xf = g—'g and Yf zsineg_:;’

2
(XY)f = &89; sin9+g—fcosﬁ
% , ¥ (39)
(YX)fzsm@ae&p.
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