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1 Basic on differential geometry: topological and differentiable
manifolds.

1.1 General topology.

Let us summarize several basic definitions and results of general topology. The proofs of the
various statements can be found in every textbook of general topology.

1.1.1. We recall the reader that a topological space is a pair (X, T) where X is a set and T
is a class of subsets of X, called topology, which satisfies the following three properties.

(i) X,0eT.

(ii) If {X;}ier C T, then Ujer X; € T (also if I is uncountable).

(iii) If Xq,...,X, €7, then mi:17...,nXi eT.

As an example, consider any set X endowed with the class P(X), i.e., the class of all the subsets
of X. That is a very simple topology which can be defined on each set, e.g. R™.

1.1.2. If (X, 7) is a topological space, the elements of T are said to be open sets. A subset K
of X is said to be closed if X \ K is open. It is a trivial task to show that the (also uncountable)
intersection closed sets is a closed set. The closure U of a set U C X is the intersection of all
the closed sets K C X with U C K.

1.1.2. If X is a topological space and f : X — R is any function, the support of f, suppf, is
the closure of the set of the points x € X with f(z) # 0.

1.1.3. If (X, 7) and (Y, U) are topological spaces, a mapping f : X — Y is said to be continuous
if f~Y(T) is open for each T € U. The composition of continuous functions is a continuous
function. An injective, surjective and continuous mapping f : X — Y, whose inverse mapping
is also continuous, is called homomorphism from X to Y. If there is a homeomorphism
from X to Y these topological spaces are said to be homeomorphic. There are properties of
topological spaces and their subsets which are preserved under the action of homeomorphisms.
These properties are called topological properties. As a simple example notice that if the
topological spaces X and Y are homeomorphic under the homeomorphism h: X — Y, U C X
is either open or closed if and only if h(U) C Y is such.

1.1.4. If (X,7) is a topological space, a class B C T is called base of the topology, if each
open set turns out to be union of elements of B. A topological space which admits a countable
base of its topology is said to be second countable. If (X,T) is second countable, from any
base B it is possible to extract a subbase B’ C B which is countable. It is clear that second
countability is a topological property.

1.1.5. It is a trivial task to show that, if {T;},cr is a class of topologies on the set X, N;er7T; is
a topology on X too.

1.1.6. If A is a class of subsets of X # () and C 4 is the class of topologies 7 on X with A C T,
Ta = Ngcc, T is called the topology generated by A. Notice that Cy # ) because the set
of parts of X, P(X), is a topology and includes A.

It is simply proved that if A = {B;};cs is a class of subsets of X # (), A is a base of the topoplogy



on X generated by A itself if and only if
(Uier Bi) N (Ujer» Bj) = Ukek By

for every choice of I',I” C I and a corresponding K C I.

1.1.7. If A C X, where (X, 7) is a topological space, the pair (A4, T4) where, T4 :={UNA|U €
T}, defines a topology on A which is called the topology induced on A by X. The inclusion
map, that is the map, ¢ : A — X, which sends every a viewed as an element of A into the same a
viewed as an element of X, is continuous with respect to that topology. Moreover, if f: X — Y
is continuous, X,Y being topological spaces, f [4: A — f(A) is continuous with respect to the
induced topologies on A and f(A) by X and Y respectively, for every subset A C X.

1.1.8. If (X,7) is a topological space and p € X, a neighborhood of p is an open set U C X
with p € U. If X and Y are topological spaces and x € X, f: X — Y is said to be continuous
in z, if for every neighborhood of f(z), V' C Y, there is a neighborhood of z, U C X, such
that f(U) C V. It is simply proven that f : X — Y as above is continuous if and only if it is
continuous in every point of X.

1.1.9. A topological space (X, T) is said to be connected if there are no open sets A, B # () with
ANB = ( and AUB = X. It turns out that if f : X — Y is continuous and the topological space
X is connected, then f(Y) is a connected topological space when equipped with the topology
induced by the topological space Y. In particular, connectedness is a topological property.
1.1.10. A topological space (X, T) is said to be connected by paths if, for each pair p,q € X
there is a continuous path 7 : [0,1] — X such that v(0) = p, v(1) = ¢. The definition can be
extended to subset of X considered as topological spaces with respect to the induced topology. It
turns out that a topological space connected by paths is connected. In particular, connectedness
by paths is a topological property.

1.1.11. If Y is any set in a topological space X, a covering of Y is a class {X;}ier, Xi € X
for all i € I, such that Y C U;erX;. A topological space (X, T) is said to be compact if from
each covering of X made of open sets, {X;}icy, it is possible to extract a covering {X;}jescr
of X with J finite. A subset K of a topological space X is said to be compact if it is compact
as a topological space when endowed with the topology induced by X (this is equivalent to say
that K C X is compact whenever every covering of K made of open sets of the topology of X
admits a finite subcovering).

If (X,7) and (Y, 8) are topological spaces, the former is compact and ¢ : X — Y is continuous,
then Y is compact. In particular compactness is a topological property.

Each closed subset of a compact set is compact. Similarly, if K is a compact set in a Hausdorff
topological space (see below), K is closed. Each compact set K is sequentially compact,
i.e., each sequence S = {py}reny C K admits some accumulation point s € K, (i.e, each
neighborhood of s contains some element of S). If X is a topological metric space (see below),
sequentially compactness and compactness are equivalent.

1.1.12. A topological space (X, 7T) is said to be Hausdorff if each pair (p,q) € X x X admits a
pair of neighborhoods U, U, with p € Uy, ¢ € U, and U,NU, = 0. If X is Hausdorff and z € X
is a limit of the sequence {x, }nen C X, this limit is unique. Hausdorff property is a topological

property.



1.1.13. A semi metric space is a set X endowed with a semidistance, that isd: X x X —
[0, +00), with d(z,y) = d(y,z) and d(z,y) + d(y, z) > d(z,z) for all z,y,z € X. If d(z,y) =0
implies z = y the semidistance is called distance and the semi metric space is called metric
space. Either in semi metric space or metric spaces, the open metric balls are defined as
Bs(y) == {z € R" | d(#,y) < s}. (X,d) admits a preferred topology called metric topology
which is defined by saying that the open sets are the union of metric balls. Any metric topology
is a Hausdorff topology. It is very simple to show that a mapping f : A — My, where A C M
and M7, M5 are semimetric spaces endowed with the metric topology, is continuous with respect
to the usual "€ — §” definition if and only f is continuous with respect to the general definition
of given above, considering A a topological space equipped with the metric topology induced by
M;.

1.1.14. If X is a vector space with field K = C or R, a semidistance and thus a topology can
be induced by a seminorm. A semi norm on X is a mapping p : X — [0,4+00) such that
p(av) = |alp(v) for all a € K, v € X and p(u +v) < p(u) + p(v) for all u,v € X. If pis a
seminorm on V', d(u,v) := p(u — v) is the semidistance induced by p. A seminorm p such
that p(v) = 0 implies v = 0 is called norm. In this case the semidistance induced by p is a
distance.

A few words about the usual topology of R" are in order. That topology, also called the Eu-
clidean topology, is a metric topology induced by the usual distance d(z,y) = /Y i (@i — vi)?,
where x = (z1,...,2,) and y = (y1,...,yn) are points of R"™. That distance can be induced by
anorm ||z|| = /> i~ (x;)?. As a consequence, an open set with respect to that topology is any
set A C R™ such that either A =0 or each x € A is contained in a open metric ball B,(z) C A
(if s >0,y € R", Bs(y) :={z € R" | ||z —y|| < s}). The open balls with arbitrary center and
radius are a base of the Euclidean topology. A relevant property of the Euclidean topology of
R™ is that it admits a countable base i.e., it is second countable. To prove that it is sufficient to
consider the open balls with rational radius and center with rational coordinates. It turns out
that any open set A of R™ (with the Euclidean topology) is connected by paths if it is open and
connected. It turns out that a set K of R” endowed with the Euclidean topology is compact
if and only if K is closed and bounded (i.e. there is a ball B,(x) C R™ with r < oo with
K C B,(z)).

Exercises 1.1

1.1.1. Show that R™ endowed with the Euclidean topology is Hausdorff.

1.1.2. Show that the open balls in R with rational radius and center with rational coordinates
define a countable base of the Euclidean topology.

(Hint. Show that the considered class of open balls is countable because there is a one-to-one
mapping from that class to Q" x Q. Then consider any open set U € R™. For each x € U there is
an open ball B,_(z) C U. Since Q is dense in R, one may change the center x to 2’ with rational
coordinates and the radius 7, to v/, which is rational, in order to preserve x € C}, := B, (a').
Then show that U,C, = U.)

1.1.3. Consider the subset of R?, C := {(z,sinl) | z €]0,1]} U{(z,y) | z =0,y e R}. Is C



path connected? Is C connected?

1.1.4. Show that the disk {(x,y) € R? | 22 + y? < 1} is homeomorphic to R%. Generalize the
result to any open ball (with center and radius arbitrarily given) in R".

(Hint. Consider the mapping (z,y) — (z/(1—+/2? +y?), y/(1—+/2? + y?)). The generalization
is straightforward).

1.1.5. Let f : M — N be a continuous bijective mapping and M, N topological spaces, show
that f is a homeomorphism if N is Hausdorff and M is compact.

(Hint. Start by showing that a mapping F' : X — Y is continuous if and only if for every
closed set K C Y, F7!(K) is closed. Then prove that f~! is continuous using the properties of
compact sets in Hausdorff spaces.)

1.2 Topological Manifolds.

Def.1.1. (Topological Manifold.) A topological space (X,T) is called topological manifold
of dimension n if X is Hausdorff, second countable and is locally homeomorphic to R", that
is, for every p € X there is a neighborhood U, > p and a homeomorphism ¢ : U, — V), where
Vp CR™ is an open set (equipped with the topology induced by R™).

Remarks.

(1) The homeomorphism ¢ may have co-domain given by R™ itself.

(2) We have assumed that n is fixed, anyway one may consider a Hausdorff connected topolog-
ical space X with a countable base and such that, for each € X there is a homeomorphism
defined in a neighborhood of xz which maps that neighborhood into R™ were n may depend
on the neighborhood and the point z. An important theorem due to Whitehead shows that,
actually, n must be a constant if X is connected. This result is usually stated by saying that
the dimension of a topological manifold is a topological invariant.

(3) The Hausdorff requirement could seem redundant since X is locally homeomorphic to R™
which is Hausdorff. The following example shows that this is not the case. Consider the set
X = RU {p} where p ¢ R. Define a topology on X, T, given by all of the sets wich are
union of elements of & U 7, where € is the usual Euclidean topology of R and U € 7T, iff
U= (V\{0})U{p}, Vb being any neighborhood of 0 in €. The reader should show that T
is a topology. It is obvious that (X, 7) is not Hausdorff since there are no open sets U,V € T
with UNV =0and 0 € U, p € V. Anyhow, each point x € X admits a neighborhood which is
homeomorphic to R: R = {p} U (R\ {0}) is homeomorphic to R itself and is a neighborhood of
p. It is trivial to show that ther are sequences in X which admit two different limits.

(4). The simplest example of topological manifold is R™ itself. An apparently less trivial ex-
ample is an open ball (with finite radius) of R™. However it is possible to show (see Exercise
1.1.4) that an open ball (with finite radius) of R™ is homeomorphic to R™ itself so this example
is rather trivial anyway. One might wonder if there are natural mathematical objects which are
topological manifolds with dimension n but are not R"™ itself or homeomorphic to R™ itself. A
simple example is a sphere S? C R?. §? := {(2,y,7) € R? | 22 +y?+ 22 = 1}. S? is a topological
space equipped with the topology induced by R? itself. It is obvious that S? is Hausdorff and



has a countable base (the reader should show it). Notice that S? is not homeomorphic to R?
because S? is compact (being closed and bounded in R3) and R? is not compact since it is
not bounded. S? is a topological manifold of dimension 2 with local homomorphisms defined as
follows. Consider p € S? and let IL, be the plane tangent at S? in p equipped with the topology
induced by R3. With that topology II, is homeomorphic to R? (the reader should prove it).
Let ¢ be the orthogonal projection of S? on IT,. It is quite simply proven that ¢ is continuous
with respect to the considered topologies and ¢ is bijective with continuous inverse when re-
stricted to the open semi-sphere which contains p as the south pole. Such a restriction defines
a homeomorphism from a neighborhood of p to an open disk of II,, (that is R?). The same pro-
cedure can be used to define local homeomorphisms referred to neighborhoods of each point of S%.

1.3 Differentiable Manifolds.

If f:R®™ — R™ it is obvious the meaning of the statement ” f is differentiable”. However, in
mathematics and in physics there exist objects which look like R™ but are not R™ itself (e.g. the
sphere S? considered above), and it is useful to consider real valued mappingsf defined on these
objects. What about the meaning of ” f is differentiable” in these cases? A simple example is
given, in mechanics, by the configuration space of a material point which is constrained to belong
to a circle S'. S! is a topological manifold. There are functions defined on S, for instance the
mechanical energy of the point, which are assumed to be ”differentiable functions”. What does
it mean? An answer can be given by a suitable definition of a differentiable manifold. To that
end we need some preliminary definitions.

Def.1.2.(k-compatible local charts.) Consider a topological manifold M with dimension n.
A local chart or local coordinate system on M is pair (U, ¢) where U C M is open, U # 0,
and ¢ : p — (21 (p),...,2"(p)) is a homeomorphism from U to the open set ¢(U) C R™. More-
over:

(a) a local chart (U, ¢) is called global chart if U = M;

(b) two local charts (U, ¢), (V,1) are said to be C*-compatible, k € (N\ {0}) U {oco}, if either
UNV =0 or, both pop™ : p(UNV) =R and o p~ ' : p(UNV) — R™ are of class C*.

The given definition allow us to define a differentiable atlas of order k € (N'\ {0}) U {cc}.

Def.1.3.(Atlas on a manifold.) Consider a topological manifold M with dimension n. A dif-
ferentiable atlas of order k € (N\{0})U{oo} on M is a class of local charts A = {(U;, ¢;) }ier
such that :

(1) A covers M, i.e., M = U;erU;,

(2) the charts of A are pairwise C*-compatible.

Remark. An atlas of order £ € N\ {0} is an atlas of order £ — 1 too, provided k —1 € N\ {0}.
An atlas of order oo is an atlas of all orders.



Finally, we give the definition of differentiable structure and differentiable manifold of order

ke (N\{0}) U{oo}.

Def.1.4.(C*-differentiable structure and differentiable manifold.) Consider a topological
manifold M with dimension n, a differentiable structure of order k € (N\ {0}) U {oco} on
M is an atlas M of order k which is mazimal with respect to the C*-compatibility requirement.
In other words if (U,$) &€ M is a local chart on M, (U, $) is not C*-compatible with some local
chart of M.

A topological manifold equipped with a differentiable structure of order k € (N '\ {0}) U {oo} is
said to be a differentiable manifold of order k.

We leave to the reader the proof of the following proposition.

Proposition 1.1. Referring to Def.1.4, if the local charts (U, ¢) and (V,%)) are separately C*
compatible with all the charts of a C* atlas, then (U, $) and (V,4) are C* compatible.

This result implies that given a C* atlas A on a topological manifold M, there is exactly one
Ck-differentiable structure M 4 such that A € M 4. This is the differentiable structure which
is called generated by A. My is nothing but the union of A with the class of all of the local
charts which are are compatible with every chart of A.

Comments.
(1) R™ has a natural structure of C*°-differentiable manifold which is connected and path con-
nected. The differentiable structure is that generated by the atlas containing the global chart
given by the canonical coordinate system, i.e., the components of each vector with respect to
the canonical basis.
(2) Consider a real n-dimensional affine space, A”. This is a triple (A", V,7) where A" is a
set whose elements are called points, V' is a real n-dimensional vector space and 7 : A" x A" — V
is a mapping such that the two following requirements are fulfilled.
(i) For each pair P € A", v € V there is a unique point @) € A" such that P—Q> =w.

— = —
(i) PQ + QR = PR for all P,Q,R € A™.
P—Q> is called vector with initial point P and final point (). An affine space equipped with a
(pseudo) scalar product (defined on the vector space) is called (pseudo) Euclidean space.
Fach affine space is a connected and path-connected topological manifold with a natural C'*°
differential structure. These structures are built up by considering the class of natural global
coordinate systems, the Cartesian coordinate systems, obtained by fixing a point O € A"
and a vector basis for the vectors with initial point O. Varying P € A", the components of each
vector OP with respect to the chosen basis, define a bijective mapping f : A" — R™ and the
Euclidean topology of R™ induces a topology on A" by defining the open sets of A" as the sets
B = f~Y(D) where D C R" is open. That topology does not depend on the choice of O and the



basis in V' and makes the affine space a topological n-dimensional manifold. Notice also that
each mapping f defined above gives rise to a C* atlas. Moreover, if g : A™ — R" is another
mapping defined as above with a different choice of O and the basis in V, fog™!' : R — R»
and go f~! : R® — R" are C™ because they are linear non homogeneous transformations.
Therefore, there is a C™° atlas containing all of the Cartesian coordinate systems defined by
different choices of origin O and basis in V. The C'*-differentible structure generated by that
atlas naturally makes the affine space a n-dimensional C*°-differentiable manifold.

(3) The sphere S? defined above gets a C*-differentiable structure as follows. Considering all
of local homomorphisms defined in Remark (4) above, they turn out to be C*° compatible and
define a C™ atlas on S%. That atlas generates a C*-differentiable structure on S”. (Actually
it is possible to show that the obtained differentiable structure is the only one compatible with
the natural differentiable structure of R?, when one requires that S? is an embedded submanifold
of R3.)

(4) A classical theorem by Whitney shows that if a topological manifold admits a C'*-differentiable
structure, then it admits a C'°°-differentiable structure which is contained in the former. More-
over a topological n-dimenasional manifold may admit none or several different and not diffeo-
morphic (see below) C*°-differentiable structures. E.g., it happens for n = 4.

Important note. From now on ”differential” and ”differentiable” without further indication
mean C*°-differential and C*°-differentiable respectively. Due to comment (4) above, we develop
the theory in the C*° case only. However, several definitions and results may be generalized to
the C* case with 1 < k < oo

Exercises 1.2.
1.2.1. Show that the group SO(3) is a three-dimensional differentiable manifold.

Equipped with the given definitions, we can state de definition of a differentiable function.

Def.1.5.(Differentiable functions and diffeomorphisms.) Consider a mapping f : M —
N, where M and N are differentiable manifolds with dimension m and n.
(1) f is said to be differentiable at p € M if the function:

Yo fogp t:p(U)—R",

is differentiable, for some local charts (V,v), (U,¢) on N and M respectively with p € U,
fp) eV and f(U)CV.

(2) f is said to be differentiable if it is differentiable at every point of M.

The real vector space of all differentiable functions from M to N is indicated by D(M|N) or
D(M) for N =R.

If M and N are differentiable manifolds and f € D(M|N) is bijective and f~* € D(N|M), f
is called diffeomorphism from M to N. If there is a diffeomorphism from the differentiable
manifold M to the differentiable manifold N, M and N are said to be diffeomorphic.



Remarks.

(1) It is clear that a differentiable function (at a point p) is continuous (in p).

(2) It is simply proved that the definition of function differentiable at a point p does not depend
on the choice of the local charts used in (1) of the definition above.

(3) Notice that D(M) is also a commutative ring with multiplicative and addictive unit el-
ements if endowed with the product rule f-g : p — f(p)g(p) for all p € M and sum rule
f4+g:p— f(p)+g(p) for all p € M. The unit elements with respect to the product and sum
are respectively the constant function 1 and the constant function 0. However D(M) is not a
field, because there are elements f € D(M) with f # 0 without (multiplicative) inverse element.
It is sufficient to consider f € D(M) with f(p) = 0 and f(q) # 0 for some p,q € M.

(4) Consider two differentiable manifolds M and N such that they are defined on the same
topological space but they can have different differentiable structures. Suppose also that they
are diffeomorphic. Can we conclude that M = N7 In other words:

Is it true that the differentiable structure of M coincides with the differentiable structure of N
whenever M and N are defined on the same topological space and are diffeomorphic?

The following example shows that the answer can be negative. Consider M and N as one-
dimensional C*-differentiable manifolds (k > 0) whose associated topological space is R equipped
with the usual Euclidean topology. The differentiable structure of M is defined as the differen-
tiable structure generated by the atlas made of the global chart f : M — R with f : z — =,
whereas the differentiable structure of N is given by the assignment of the global chart g : N — R
with g :  — 23. Notice that the differentiable structure of M differs from that of N because
fog ' :R — Ris not differentiable in z = 0. On the other hand M and N are diffeomorphic!
Indeed a diffeomorphism is nothing but the map ¢ : M — N completely defined by requiring
that gogo f~1 : 2+ x for every z € R.

(5) A subsequent very intriguing question arises by the remark (4):

Is there a topological manifold with dimension n which admits different differentiable structures
which are not diffeomorphic to each other differentkly from the example given above?

The answer is yes. More precisely, it is possible to show that 1 < n < 4 the answer is negative,
but for some other values of n, in particular n = 4, there are topological manifolds which admit
differentiable structures that are not diffeomorphic to each other. When the manifold is R"™ or
a submanifold, with the usual topology and the usual differentiable structure, the remaining
nondiffeomorphic differentiable structures are said to be exotic. The first example was found by
Whitney on the sphere S7. Later it was proven that the same space R* admits exotic structures.
Finally, if n > 4 once again, there are examples of topological manifolds which do not admit
any differentiable structure (also up to homeomorphisms ).

It is intriguing to remark that 4 is the dimension of the spacetime.

(6) Similarly to differentiable manifolds, it is possible to define analytic manifolds. In that case
all the involved functions used in changes of coordinate frames, f : U — R™ (U C R™) must be
analytic (i.e. that must admit Taylor expansion in a neighborhood of any point p € U). Analytic
manifolds are convenient spaces when dealing with Lie groups. (Actually a celebrated theorem
shows that a differentiable Lie groups is also an analytic Lie group.) It is simply proved that
an affine space admits a natural analytic atlas and thus a natural analytic manifold structure

10



obtained by restricting the natural differentiable structure.

1.4 Some Technical Lemmata. Differentiable Partitions of Unity.

In this section we present a few technical results which are very useful in several topics of differ-
ential geometry and tensor analysis. The first two lemmata concerns the existence of particular
differentiable functions which have compact support containing a fixed point of the manifold.
These functions are very useful in several applications and basic constructions of differential
geometry (see next section).

Lemma 1.1. If x € R" and x € B.(x) C R™ where B,(x) is any open ball centered in x with
radius r > 0, there is a neighborhood G, of x with G, C B,(x) and a differentiable function
f:R" — R such that:

(1) 0 < f(y) <1 for all y € R,

(2) fly) =1ify € Gy,

(3) f(y) =0ifyéd Br<$)

Proof. Define
1
a(r) ‘= e () (t+r/2)
for r € [-r,—r/2] and a(r) = 0 outside [—r, —1/2]. a € C*°(R) by construction. Then define:

fioo a(s)ds
f__r/Q a(s)ds .

r

Bt) =

This C*°(R) function is nonnegative, vanishes for ¢ < —r and takes the constant value 1 for
t > —r/2. Finally define

f(@) = B(=llz —yll) -

This function is C°°(R™) and nonnegative, it vanishes for ||z — y|| > r and takes the constant
value 1 if ||z —y|| < /2 so that Gp = B, j5(z) O.

Lemma 1.2. Let M be a differentiable manifold. For every p € M and every open neighborhood
of p, Up, there is a open neighborhoods of p, V), and a mapping h € D(M) such that:

(1) vp - Up;

(2) 0 < h(q) <1 forallqe M,

(3) h(g) =1 if g € V),

(4) h(q) =0 if x & Up.

h is called hat function centered on p with support contained in Up.

Proof. We use the notation and the construction of lemma 1.1. It is sufficient to consider a
local chart (W, ¢) with p € W. Then define x = ¢(p), and take r > 0 sufficiently small so that,
B,(z) C ¢(Up) and B,(x) C ¢(W). Finally define V,, := ¢~ 1(G;) so that (1) holds true, and
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h(q) = f(¢(q)) for ¢ € W and h(q) = 0 if ¢ ¢ W. The function h satisfies all requirements
(2)-(4). The differentiability is the requirement not completely trivial to show. Notice that, if
q € W or g€ M\ W there is a neighborood of ¢ completely contained in, respectively, W or
M \ W where the function is smoothly defined. The crucial points are those of the remaining
set AW := M\ (WU (M \ W)). Their treatement is quite subtle. First notice that the support
of fin M, K, coincides with the support of f in W.

Indeed, as f vanishes outside W, possible further points of the support of f in M must belong
to the closure of the set {p € W | f(p) = 0} with respect to the topology of M (which is different
from that of W). However, this cannot happen if K is closed also in M. K is compact (in W)
by construction. As the topology of W is that induced by M, K remains compact in M too by
general properties of compact sets. As M is Hausdorff K is closed also in M. So K is both the
support of f in W and in M.

Ifqge AW, q & W and thus ¢ ¢ K C W. Using the fact that K is compact and M Hausdorff one
proves that there is a neighborhood of the considered point ¢ (¢ K) which does not intersect
K = supp f. In that neighborhood f = 0 by definition of support. As a consequence f is
trivially differentiable also in the points ¢ € AW. We have prove that f is differentiable in the
points of the three disjoint sets W, M \ W and AW whose union is M itself. In other words f
is differentiable at every point of M. O

Remark. Hausdorff property plays a central role in proving the smoothness of hat functions de-
fined in the whole manifold by the natural extension f(q) = 0 outside the initial smaller domain
W. Indeed, first of all it plays a crucial role in proving that the support of f in W coincides with
the support of f in M. This is not a trivial result. Using the non-Hausdorff, second-countable,
locally homeomorphic to R, topological space M = RU{p} defined in Remark (3) after Def.1.1,
one simply finds a counterexample. Define the hat function f, as said above, first in a neighbor-
hood W of 0 € R such that W is completely contained in the real axis and f has support compact
in W. Then extend it on the whole M by stating that f vanishes outside W. The support of the
extended function f in M diffears from the support of f referred to the topology of W: Indeed
the point p belongs to the former support but it does not belong to the latter. As an immediate
consequence the extended function f is not continuous (and not differentiable) in M because it
is not continuous in p. To see it, take the sequence of the reals 1/n € R with n = 1,2,.... That
sequence converges both to 0 and p and trivially lim,,, f(1/n) = f(0) =1 # f(p) = 0.

Let us make contact with a very useful tool of differential geometry: the notion of paracom-
pactness. Some preliminary definitions are necessary. If (X,T) is a topological space and
€ = {Ui}ier C T is a covering of X, the covering €’ = {V;};c; C T is said to be a refinement
of € if every j € J admits some i(j) € I with V; C Uy(;). A covering {U;}ies of X is said to be
locally finite if each z € X admits an open neighborhood G, such that the subset I, C I of
the indices k € I, with G, N Uy # 0 is finite.

Def.1.5. (Paracompactness.) A topological space (X,T) is said to be paracompact if every
covering of X made of open sets admits a locally finite refinement.
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It is simply proven that a second-countable, Hausdorff, topological space X is paracompact if
it is locally compact, i.e. every point x € X admits an open neighborhood U, such that
71,, is compact. As a consequence every topological (or differentiable) manifold is paracompact
because it is Hausdorff, second countable and locally homeomorphic to R™ which, in turn, is
locally compact.

Remark. Tt is possible to show (see Kobayashi and Nomizu: Foundations of Differential Geome-
try. Vol I, Interscience, New York, 1963) that, if X is a paracompact topological space which is
also Hausdorff and locally homeomorphic to R™, X is second countable. Therefore, a topological
manifold can be equivalently defined as a paracompact topological space which is Hausdorff and
locally homeomorphic to R™.

The paracompactness of a differentiable manifold has a important consequence, namely the ex-
istence of a differentiable partition of unity.

Def.1.6. (Partition of Unity.) Given a locally finite covering of a differentiable manifold M,
C = {U;}ic1, where every U; is open, a partition of unity subordinate to C is a collection of
functions {f;}jes C D(M) such that:

(1) suppf; C U; for everyi €1,

(2) 0< fi(x) <1 for every i € I and every x € M,

(3) Doicr filx) =1 for every x € M.

Remarks.

(1) Notice that, for every x € M, the sum in property (3) above is finite because of the locally
finiteness of the covering.

(2) It is worth stressing that there is no analogue for a partition of unity in the case of an
analytic manifold M. This is because if f; : M — R is analytic and suppf; C U; where U; is
sufficiently small (such that, more precisely, U; is not a connected component of M and M \ U;
contains a nonempty open set), f; must vanish everywhere in M.

Using sufficiently small coordinate neighborhoods it is possible to get a covering of a differen-
tiable manifold made of open sets whose closures are compact. Using paracompactness one finds
a subsequent locally finite covering which made of open sets whose closures are compact.

Theorem 1.1. (Existence of a partition of unity.) Let M a differentiable manifold and
C = {Ui}ier a locally finite covering made of open sets such that U; is compact. There is a

partition of unity subordinate to C.

Proof. See Kobayashi and Nomizu: Foundations of Differential Geometry. Vol I, Interscience,
New York, 1963. O
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2 Tensor Fields in Manifolds and Associated Geometric Struc-
tures.

2.1 Tangent and cotangent space in a point.

We introduce the tangent space by a direct construction. A differentiable curve or differen-
tiable path v : (—€y,4+¢,) — N, e, > 0, where N is a differentiable manifold, is a mapping
of D(Mc,|N), with M = (—¢,, +e,) equipped with the natural differentiable structure induced
by R. e, depends on v. If p € M is any point of a n-dimensional differentiable manifold, @),
denotes the set of differentiable curves v with v(0) = p.

Then consider the relation on @):

' i and onlv if diL’i dxivl
o ifand only it sy = —2 sy

Above, we have singled out a local coordinate system ¢ : ¢ — (z!,...2") defined in a neighbor-
hood U of p, and t — xiy (t) denotes the i-th component of the mapping ¢ o v. Notice that the
above relation is well defined, in the sense that it does not depend on the particular coordinate
system about p used in the definition. Indeed if 1 : ¢ — (y',...y") is another coordinate system

defined in a neighborhood V of p, it holds

dﬂvi oz’ dy
7 =0 = Ay JWOW g =
The n x n matrices J(q) and J'(q) of coefficients, respectively,
oz’
a7 V@)
and
8y
Ol |¢(q
defined in each point ¢ € U NV, are non—smgular. This is because, deriving the identity:

(povy™ o (oo™ =idyrnvy

one gets: ' ' '
Oox' oy’ ox' i
By V@) g 9@ = gleta) = %k
This is nothing but

J(@)J'(q) =1

and thus
detJ(q) detJ'(q) =1,
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which implies det.J'(q), detJ(q) # 0. Therefore the matrices J(¢q) and J'(q) are invertible and in
particular: J'(q) = J(q)~!. Using this result, one simply gets that the definition

' i and onlv if dazfy| dxfyl
v~ ifandonly if — o= — lt=0 ,
can equivalently be stated as
dyj dyj/
~~' if and only if —X|i—g = —|—0 .
v~ iandonly i - lt=0 i lt=0

~ is well defined and is an equivalence relation as one can trivially prove. Thus the quotient
space T, M := @,/ ~ is well defined too. If v € @, the associated equivalence class [y] € T, M
is called the vector tangent to v in p.

Def.2.1.(Tangent space.) If M is a differentiable manifold and p € M, the set TyM := Qp/ ~
defined as above is called the tangent space at M in p.

As next step we want to define a vector space structure on T,M. If v € [n],y € [1] with
nl,[n'] € T,M and o, € R, define afn] + B[n'] as the equivalence class of the differentiable
curves 7" € @, such that, in a local coordinate system about p,

dxi// d.’L‘Z dl‘i/
v — v v
ot li=0 = o lt=0 + o lt=0

where the used curves are defined for t €] — €, +-¢[ with € = Min(e,, e,/). Such a definition does
not depend on both the used local coordinate system and the choice of elements v € [n],y" € [/],
~" we leave the trivial proof to the reader. The proof of the following lemma is straightforward
and is left to the reader.

Lemma 2.1. Using the definition of linear combination of elements of T,M given above, T, M
turns out to be a vector space on the field R. In particular the null vector is the class 0, € T, M,
where yop € 0p if and only if, in local coordinates about p, xzv(t) = 2%(p) + tO(t) where every
O'(t) - 0 ast — 0.

To go on, fix a chart (U,%) about p € M, consider a vector V € R™. Take the differentiable
curve I'y contained in ¢ (U) C R™ (n is the dimension of the manifold M) which starts form
Y (p) with initial vector V, I'y : t — tV + 4(p) with ¢t €] — §,6[ with 6 > 0 small sufficiently.
Define a mapping ¥, : R" — T,M by ¥, : V s [~} (T'y)] for all V € R™.

We have a preliminary lemma.

Lemma 2.2. Referring to the given definitions, ¥, : R"™ — T, M 1is a vector space isomorphism.
As a consequence, dimT,M = dimR" = n.
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Proof. W, : R" — T,M is injective since if V' # V', »~YTy) # ¢~1(T'y/) by construction.
Moreover W, is surjective because if [y] € T,M, ¢~ (I'y) ~ v when V = %\t:(ﬂp(fy(t)). Finally
it is a trivial task to show that ¥, is linear if 7}, M is endowed with the vector space structure
defined above. Indeed oW, (V') + S¥,(W) is the class of equivalence that contains the curves 7
with (in the considered coordinates)

dx’ . .
n — % )
7dt |t:0 aV*'+ W,

Thus, in particular
[aWp (V) + BYp(W)] = [(—€,€) 2t t(aV + SIW) + (p)]
for some € > 0. Finally
[(—€,€) >t = t(aV + BW) + 4 (p)] = ¥p(aV + W)

and this concludes the proof. O

Def.2.2. (Basis induced by a chart.) Let M be a differentiable manifold, p € M, and take
a chart (U,v) with p € U. If Ey, ..., E, is the canonical basis of R", ey = V,E;, i=1,...,n,
define a basis in T,M which we call the basis induced in T,M by the chart (U,v).

Proposition 2.1. Let M be a n-dimensional differentiable manifold. Take p € M and two local
charts (U,), (U',¢") with p € U,U’ and induced basis on TyM, {epi}i=1,.. n and {e;j}jzl,m,n

respectively. If t, = tley = t’je;j € T,M then

N
1o k
e = oxk ’w(p)t )
or equivalently
oz’
e

/
Pk = Gk |y (p)€ps »

where ') = (' o1 (zt, ..., 2") in a neighborhood of V(p).
Proof. We want to show the thesis in the latter form, i.e.,

B oz’ ,
Epk = WW@)@M :

Each vector Ej; of the canonical basis of the space R™ associated with the chart (U,) can be
viewed as the tangent vector of the differentiable curve I'y : ¢ — tEj + ¢(p) in R™. Such a
differentiable curve in R™ defines a differentiable curve in M, ~y : t + ¢~ }(I'x(t)) which starts
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from p. In turn, in the set ¢/(U) C R™ this determines a curve Ay, : t — ¢'(7x(t)). In coordinates,
such a differentiable curve is given by

1900\ — 3051 _ i1 k
¥ (t) = 2 (e (t),..., 2" (1) = 2" (2, .t + Xy, 1),

where x’; are the coordinates of p with respect to the chart (U,1)). Taking the derivative at t = 0

we get the components of the representation of Ej with respect to the canonical basis Ff,--- , E,
of R™ associated with the chart (U’,+’). In other words, making use of the isomorphism ¥,
defined above and the analogue W;, for the other chart (U’, ),

—1 i 03}”
((‘IJ; o \I];D)Eky = Ok ‘w(p) )
or .
1 856/3
(¥, 0 Up) By = Ok o) Ej.

As W, is an isomorphism, that is equivalent to

ol
VB, = Ok |¢(p)\I';E;‘ J

but ey, = ¥,E, and e;n- = V,E! and thus we have proven that

B 8x’j’ ,
Cpk = 5k 1(P)pi -

which is the thesis.O

We want to show that there is a natural isomorphism between 7, M and ®pM , the latter being
the space of the derivations generated by operators %h,. We need two preliminary definitions.

Def.2.3. (Derivations) Let M be a differentiable manifold. A derivation in p € M is a
R-linear map Dy, : D(M) — R, such that, for each pair f,g € D(M):

Dyfg= f(p)Dpg + g(p)Dpf -

The R-vector space of the derivations in p is indicated by D, M.

Derivations exist and, in fact, can be built up as follows. Consider a local coordinate system
about p, (U, ¢), with coordinates (z',...,2"). If f € D(M) is arbitrary, operators

9 Of ot
Er AN At wal OB
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are derivations. Notice also that, changing coordinates about p and passing to (V1) with
coordinates (y!,...,y") one gets:

o o, 0
8T/k|p_ Tykw(p)@b-

Since the matrix J of coefficients g—zz ’w(p) is not singular as we shown previously, the vector space
spanned by detrivations 8%|p, for k =1,...,n, coincides with that spanned by derivations a%kh’

for k =1,...,n. In the following we shall indicate such a common subspace of D, (M) by ®pM .
To go on, let us state and prove an important locality property of derivations.

Lemma 2.3. Let M be a differential manifold. Take any p € M and any D, € D,M.
(1) If h € D(M) vanishes in a open neighborhood of p or, more strongly, h = 0 in the whole
manifold M,
D,h =0.
(2) For every f,g € D(M),
Dpf = ng ;

provided f(q) = g(q) in an open neighborhood of p.

Proof. By linearity, (1) entails (2). Let us prove (1). Let h € D(M) a function which vanishes in
a small open neighborhood U of p. Shrinking U if necessary, by Lemma 1.2 we can find another
neighborhood V' of p, with V' C U, and a function ¢ € D(M) which vanishes outside U taking
the constant value 1 in V. As a consequence ¢’ := 1 — g is a function in D(M) which vanishes
in V and take the constant value 1 outside U. If ¢ € U one has ¢'(q)h(q) = ¢'(q) -0 = 0 = h(q),
if ¢ € U one has ¢'(q)h(q) = 1-h(q) = h(q) hence h(q) = ¢'(q)h(q) for every ¢ € M. As a
consequence

Dph = ng/h = 9/<p)Dph + h(p)ng’ =0-Dph+0- ngl =0.

a

As a final proposition we precise the interplay between D,M and T,M proving that actually
they are the same R-vector space via a natural isomorphism.

A technical lemma is necessary. We remind the reader that a open set U C R™ is said to be a
open starshaped neighborhood of p € R" if U is a open neighborhood of p and the closed R"
segment pq is completely contained in U whenever ¢ € U. Every open ball centered on a point
p is an open starshaped neighborhood of p.

Lemma 2.4. (Flander’s lemma.) If f : B — R is C*°(B) where B C R" is an open starshaped
neighborood of po = (x§,...,x}), there are n differentiable mappigs g; : B — R such that, if

p= (:vl,...,:n”),

f©) = f(po) +>_ gi(p)(z’ — )
=1
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with
of

gi(po) = %’Po

foralli=1,....n
Proof. let p = (x!,...,2™) belong to B. The points of pgp are given by
y'(t) = @+ t(z" — xp)

for t € [0,1]. As a consequence, the following equations holds

1
F0) = 1)+ [ G5+t = )t = oo +Z( L sipmydt) & = ).

If
Lof
gl(p) = 0 axz ‘po-‘rt p po)dt
so that
Lof 8f
gi(p0> = @‘Po ‘po )

the equation above can be re-written:
n . .
f@) = flpo) + D gi(p) (&' — () .
i=1

By construction the functios g; are C*°(B) as a direct consequence of theorems concernig deriva-
tion under the symbol of integration (based on Lebesgue’s dominate convergence theorem). O

Proposition 2.2. Let M be a differentiable manifold and p € M. There is a natural R-vector
space isomorphism F : T,M — D, M such that, if {ep;}i=1,. n is the basis of TyM induced by
any local coordinate system about p with coordinates (x*,..., "), it holds:

.k k
F:t epk}—>t w‘p,

for all t, = tkepk € T,M. In particular the set {a%lc’p}k:lw,n is a basis of D, M and thus every

derivation in p is a linear combination of derivations {3%1@|p}k:1,...,n

Proof. The mapping
.k k
F:t epk- — 1 Wh)

is a linear mapping from a n-dimensional vector space to the vector space generated by the
derivations {%]p}k:17.,"n. Let us denote this latter space by D,M. F is trivially surjective,
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then it defines a isomorphism if {%\p}k:17._,7n is a basis of ®pM or, it is the same, if the
vectors ﬁpM are linearly independent. Let us prove that these vectors are, in fact, linearly
independent. If (U, ¢) is the considered local chart, with coordinates (z?,...,z"), it is sufficient
to use n functions f@) € D(M), j =1,...,n such that f9) o ¢(¢q) = 27(q) when ¢ belongs to an
open neighborhood of p contained in U. This implies the linear independence of the considered

derivations. In fact, if:
0
ka k |p =0
then
k'af =
Oxk P
k5

which is equivalent to ¢¥d; = 0 or :

=0 forallj=1,...,n

The existence of the functions f) can be straightforwardly proven by using Lemma 1.2. The
mapping f@) : M — R defined as:

9 (q) = h(q)$ (q) if ¢ € U, where ¢/ : ¢ — 27(q) for all ¢ € U,

f9q)=0ifge M\ U,

turns out to be C™ on the whole manifold M and satisfies (f\)o¢)(¢q) = 27(q) in a neighborhood
of p provided h is any hat function centered in p with support completely contained in U.

The isomorphism F' does not depend on the used basis and thus it is natural. Indeed,

. 1k k
F:t epkl—>t %h}

can be re-written as:

oxk ;. 02", oxF ;. 0z 0
8.1'” )( axk epr) = (8.1'” )( axk a:E/r |P) .

F

Since
ok ox’"

ax/i oxk o

the identity above is noting but:

0
o

F:t'e —t"'—
P o't

To conclude the proof it is sufficient to show that @pM = D,M. In other words it is sufficient
to show that, if D, € D,M and considering the local chart about p, (U, ¢) with coordinates
(x',... 2"), there are n reals c!, ..., c" such that

D,f = Z kafo“
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for all f € D(M). To prove this fact we start from the expansion due to Lemma 2.3 and valid
in a neighborhood U, C U of ¢(p):

(fod™)(0(@) = (foo ) dm) + ) gid(@) e’ —a7),
=1

where ¢(q) = (z',...,2") and ¢(p) = (:czl,, .., 7y) and
O(fogpt
gilow) = 220

If hi, ho are hat functions centered on p (see Lemma 1.2) with supports contained in U, define
h:= hy-ho and f’ := h- f. The multiplication of A and the right-hand side of the local expansion
for f written above gives rise to an expansion valid on the whole manifold:

(@) = fF)h(@) + Y gi(@)riq)
i=1

where the functions ¢}, € D(M) and
ri(q) = ha(q) - (' — :L‘;) = (2' — x;) in a neighborhood of p

while

(fqﬁ) (foo™")

gi(p) = h1(p) - lot0) = =g o) -

Moreover, by Lemma 2.3, D, f’ = D, f since f = f’ in a neighborhood of p. As a consequence

Dyf =Dpf" = Dy <f(p)h(Q) + Zgé(qm(q)> :
=1

Since g — f(p)h(q) is constant in a neighborhood of p, D, f(p)h(q) = 0 by Lemma 2.3. Moreover

D, (Z gé(Q)ri(Q)> = (gi(p)Dpri + ri(p) Dpgt)
=1

i=1

) = 0. Finally we have found

Dy =S gy Zk8f0¢ "
i=1

where r;(p) = (2, — ],

where the coefficients
i
c = DpTZ'
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do not depend on f by construction. This is the thesis and the proof ends. O

Remark. With the given definition, it arises that any n-dimensional Affine space A" admits
two different notions of vector. Indeed there are the vectors in the space of translations V' used
in the definition of A" itself. These vectors are also called free vectors. On the other hand,
considering A" as a differentiable manifold as said in Comment (2) after Proposition 1.1, one can
define vectors in every point p of A", namely the vectors of T,,M. What is the relation between
these two notions of vector? Take a basis {e;};cs in the vector space V' and a origin O € A",
then define a Cartesian coordinate system centered on O associated with the given basis, that
is the global coordinate system:

¢ A" SR :p ((Op, eh),...,(Op, &™) = (z',...,2") .

Now also consider the bases %\p of each T,A™ induced by these Cartesian coordinates. It

results that there is a natural isomorphism x, : T,A"™ — V which identifies each %M, with the
corresponding e;'.

Xp.U@|pl—>U€rL.

Indeed the map defined above is linear, injective and surjective by construction. Moreover using
different Cartesian coordinates y', ...,4" associated with a basis fi, ..., f,, in V and a new origin
O’ € A™, one has

yi = Al ; 2+

where

€ = Al kfj and C* = <0,0, f*z> .

Thus, it is immediately proven by direct inspection that, if an is the isomorphism

X;; : UiaT/,;‘p = Uifi )

it holds x, = xj,- Indeed
Xp Ui@b = vle

can be re-written, if [B; ¥] is the inverse transposed matrix of [AP ]

o B o
A’ jujBi kaiyk‘p — A juJBZ- kfk .

!This is equivalent to say the initial tangent vector at a differentiable curve ~y :Je, e[— A™ which start from

p can be computed both as an element of V: 4|, = limp_o w or an element of T,A" using the general
procedure for differentiable manifolds. The natural isomorphism is nothing but the identification of these two
notions of tangent vector.
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But A? ;B k— 5;“ and thus
Xp vi@\p — vle;

can equivalently be re-written

9 )
! @\p = fj,
that is x;, = X;. In other words the isomorphism y does not depend on the considered Cartesian
coordinate frame, that is it is natural.

As T, M is a vector space, one can define its dual space. This space plays an important role
in differential geometry.

Def. 2.3. (Cotangent space.) Let M be a n-dimensional manifold. For each p € M, the
dual space Ty M s called the cotangent space on p and its elements are called 1-forms in
p or, equivalently, covectors in p. If (z',... 2™) are coordinates about p inducing the basis
{%k\p}k:l,...,m the associated dual basis in Ty M is denoted by {da:k|p}k:17__,,n.

Exercises 2.1.
2.1.1. Let v : (—¢,+€) — M be a differentiable curve with 7(0) = p. Show that the tangent
vector at v in p is:

) dacﬁy 0
Y]p = T|t=0 @b’
where (x!,... 2") are local coordinates defined in the neighborhood of p, U, where v is repre-

sented by t +— m%(t), i=1,...,n.
2.1.2. Show that, changing local coordinates,

1k
1k 0z i
dz’"|p, = Oz lpdz’|p
: _ . i o, I
and if wy, = wpida'|, = w'prda’"|,, then
i
, ox

Wopr = oz |pWpi -

2.2 Tensor fields. Lie bracket.

The introduced definitions allows one to introduce the tensor algebra Ag(7,M) of the tensor
spaces obtained by tensor products of spaces R, T, M and T;M. Using tensors defined on each
point p € M one may define tensor fields.

Def.2.5. (Differentiable Tensor Fields.) Let M be a n-dimensional manifold. A differen-

tiable tensor field ¢ is an assignment p — t,, where the tensors t, € Ar(T,M) are of the same
kind and have differentiable components with respect to all of the canonical bases of Ar(T,M)
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given by tensor products of bases {a%ﬂp}k:l,-.-,n C T,M and {dmk|p}k:17“_7n C Ty M induced by
all of local coordinate systems on M.

In particular o differentiable vector field and a differentiable 1-form (equivalently called cov-
ector field) are assignments of tangent vectors and 1-forms respectively as stated above.

Important note. From now tensor (vector, covector) field means differentiable tensor (vector,
covector) field.

Remarks.
(1) If X is a differentiable vector field on a differentiable manifold, X defines a derivation at
each point p € M: if f € D(M),

o
() = X)),

where z!,... 2" are coordinates defined about p. More generally, every differentiable vector
field X defines a linear mapping from D(M) to D(M) given by

f— X(f) forevery f e D(M),
where X (f) € D(M) is defined as

X(f)(p) :==Xp(f) foreverype M.

(2) For tensor fields the same terminology referred to tensors is used. For instance, a tensor
field ¢ which is represented in local coordinates by t ;(p) 8?01. |p @ dx?|, is said to be of order (1,1).
(3) It is obvious that the differentiability requirement of the components of a tensor field can be
checked using the bases induced by a single atlas of local charts. It is not necessary to consider
all the charts of the differentiable structure of the manifold.

(4) For (contravariant) vector fields X, a requirement equivalent to the differentiability is the
following: the function X (f) : p — X,(f) (where we used X,, as a derivation) is differentiable
for all of f € D(M). We leave the proof of such an equivalence to the reader.

Similarly, the differentiability of a covariant vector field w is equivalent to the differentiability
of each function p — (X, w,), for all differentiable vector fields X.

(5) If f € D(M), the differential of f, df, is the 1-form defined by

af
ot

dfy = lpda’[p

in local coordinates about p. The definition does not depend on the chosen coordinates.

(6) The set of contravariant differentiable vector fields on any differentiable manifold M defines
a vector space with field given by R. Notice that if R is replaced by D(M), the obtained alge-
braic structure is not a vector space because D(M) is a commutative ring with multiplicative
and addictive unit elements but fails to be a field as remarked above. However, the outcoming
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algebraic structure given by a ”vector space with the field replaced by a commutative ring with
multiplicative and addictive unit elements” is well known and it is called module.

The following lemma is trivial but useful in applications.

Lemma 2.5. Let p be a point in a differentiable manifold M. If t is any tensor in Ar(T,M),
there is a differenziable tensor field in M, E such that 2, = t.

Proof. Consider a local coordinate frame (U, ¢) defined in an open neighborhood U of p. In
U a tensor field Z' which have constant components with respect the bases associated with the
considered coordinates. We can fix these components such that =, = ¢t. One can find (see
remark 2 after Def.2.3) a differentiable function h : ¢(U) — R such that h(¢(p)) = 1 and h
vanishes outside a small neighborhood of ¢(p) whose closure is completely contained in ¢(U).
E defined as (ho ¢)(r)-E'(r) if r € U and E(r) = 0 outside U is a differentiable tensor fields on
M such that =, = t.0

Since contravariant differentiable vector fields can be seen as differential operators acting on
differentiable scalar fields, we can give the following definition.

Def.2.5. (Lie Bracket.) Let X,Y be a pair of contravariant differentiable vector fields on
the differentiable manifold M. The Lie bracket of X and Y, [X,Y], is the contravariant
differentiable vector field associated with the differential operator

(X, Y](f) ==X (Y () =Y (X)),
for f € D(M).

Exercises 2.2.
2.2.1. Show that in local coordinates

, OYI ., OXIT N\ 0
X Y — XZ I - YZ I ey .
XY= (X0 Gl = YO 5 ) 5l

2.2.2. Prove that the Lie brackets define a Lie algebra in the real vector space of the con-
travariant differentiable vector fields on any differentiable manifold M. In other words [, | enjoys
the following properties, where X, Y, Z are contravariant differentiable vector fields,
antisymmetry, [X,Y] = —[Y, X|;

R-linearity, [aX + 8Y, Z] = o[X, Z] + B[Y, Z] for all a, B € R;

Jacobi identity, [ X, [Y, Z]] + [Y, [Z, X]] + [Z, [ X, Y]] = 0 (0 being the null vector field);
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2.3 Tangent and cotangent space manifolds.

If M is a differenziable manifold and with dimension n, we can consider the set
TM :={(p,v) | peM , veT,M}.

It is possible to endow T'M with a structure of a differentiable manifold with dimension 2n.
That structure is naturally induced by the analoguous structure of M.
First of all let us define a suitable second-countable, Hausdorff topology on TM. If M is a
n-dimensional differentiable manifold with differentiable structure M, consider the class B of all
(open) sets U C M such that (U, ¢) € M for some ¢ : U — R™. It is straightforwardly proven
that B is a base of the topology of M. Then consider the class T'B of subsets of TM, V', defined
as follows. Take (U, ¢) € M with ¢ : p— (2!(p),...,2"(p)), and an open nonempty set B C R"
and define

Vi={(p,v) eTM | peU ,vedA)pB},
where ¢, : R® — T, M is the linear isomorphism induced by ¢: (Ups .- ) — v},%\p. Let Tprg
denote the topology generated on T'M by the class T'B of all the sets V' obtained by varying U
and B as said above. T'B itself is a base of that topology. Moreover T3 is second-countable and
Hausdorff by construction. Finally, it turns out that T'M, equipped with the topology Tpg, is
locally homeomorphic to M x R™, that is it is locally homeomorphyc to R?". Indeed, if (U, ¢) is
a local chart of M with ¢ : p — (2'(p),...,2"(p)), we may define a local chart of TM, (TU, ®),
where

TU::{(]),U) |p€U7 UGTPM}

by defining
®: (p,v) — (z'(p),... ,x"(p),v;,,...,vg) ,

where v = v}@%b. Notice that ® is injective and ®(TU) = ¢(U) x R® C R?". As a consequence
of the definition of the topology Trg on T'M, every ® defines a local homeomorphism from T'M

to R?". As the union of domains of every ® is TM itself
Urv=1Mm,

TM is locally homeomorphic to R?".

The next step consists of defining a differentiable structure on T'M. Consider two local charts on
TM, (TU,®) and (TU’, ®') respectively induced by two local charts in M, (U, ¢) and (U’, ¢'). As
a consequence of the given definitions (TU, ®) and (TU’, ®’) are trivially compatible. Moreover,
the class of charts (TU,®) induced from all the charts (U, ¢) of the differentiable structure of
M defines an atlas A(T'M) on TM (in particular because, as said above, | JTU = TM). The
differentiable structure M 4(rys) induced by A(T'M) makes TM a differentiable manifold with
dimension 2n.

An analogous procedure gives rise to a natural differentiable structure for

"M :={(pw) |peM , w, €Ty M}.
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Def.2.7. (Tangent and Cotangent Space Manifolds.) Let M be a differentiable manifold
with dimension n and differentiable structure M. If (U, ¢) is any local chart of M with ¢ : p —

(z'(p),...,z"(p)) define
TU = {(p.v) | p€U . veT,M}, T'U:={(pw) | peU . weT;M}

and
Vi={(pv) | pelU,vee,B}, "V:={(pw) |peU , we" ¢,B},

where B C R™ is any open nonempty set and gZ;p :R" — T,M and *(;Aﬁp : R" — T M are the
linear isomorphisms naturally induced by ¢. Finally define ® : TU — ¢(U) x R™ C R*" and
@ T*U — ¢(U) x R* C R?" such that

®: (p,v) — (z'(p),... ,x"(p),v;,...,vg) ,
i O
where v = v, 5|, and
P (p,v) — (xl(p), @ (p), Wipy W)

where w = wi,dx'|.
The tangent space (manifold) associated with M is the manifold obtained by equipping

TM = {(pv) | pe M , veT,M}

with:

(1) the topology generated by the sets V' above varying (U, ¢) € M and B in the class of open
nonempty sets of R™,

(2) the differentiable structure induced by the atlas

A(TM) = {(U,®) | (U, ) € M}
The cotangent space (manifold) associated with M is the manifold obtained by equipping
"M :={(p,w) | peM , weT,M}

with:

(1) the topology generated by the sets *V' above varying (U,$) € M and B in the class of open
nonempty sets of R™,

(2) the differentiable structure induced by the atlas

TA(TM) = {(U®) | (U,¢) € M}.

From now on we denote the tangent space, including its differentiable structure, by the same
symbol used for the “pure set” T'M. Similarly, the cotangent space, including its differentiable
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structure, will be indicated by T* M.

Remark. It should be clear that the atlas A(T'M) (and the corresponding one for 7% M) is not
maximal and thus the differential structure on TM (T*M) is larger than the definitory atlas.

For instance suppose that dim(M) = 2, and let (U, M) be a local chart of the (C*°) differentiable
structure of M. Let the coordinates of the associated local chart on TM, (TU, ®) be indicated
by z!, 22, v, v? with 2’ € R associated with ¢ and v* € R components in the associated bases

in Tyy-1(41 ,2)M. One can define new local coordinates on TU:

yl = a! ol ) y2 =zt — 0! ) y3 = 2% +0? ) y4 =2 — 02,
The corresponding local chart is admittable for the differential structure of 7'M but, in general,
it does not belong to the atlas A(T'M) naturally induced by the differentiable structure of M.

There are some definitions related with Def.2.7 and concerning canonical projections, sections
and lift of differentiable curves.

Def.2.8. (Canonical projections, sections, lifts.) Let M be a differentiable manifold. The
surjective differentiable mappings

I1:TM — M such that II(p,v) — p,

and
T:T"M — M such that T(p,w)—p,

are called canonical projections onto T'M and T*M respectively.

A section of TM (respectively T*M ) is a differentiable map o : M — T'M (respectively T*M ),
such that II(o(p)) = p (respectively *II(o(p)) = p) for every p € M.

If v : t — ~(t) € M, t € I interval of R, is a differentiable curve, the lift of ~, T', is the
differentiable curve in TM,

It (y(0),5(1)) -

2.4 Riemannian and pseudo Riemannian manifolds. Local and global flat-
ness.

Def.2.9. ((Pseudo) Riemannian Manifolds.) A connected differentiable manifold M equipped
with a symmetric (0,2) differentiable tensor ® field which defines a signature-constant (pseudo)
scalar product (| ), in each space TyM @ T; M is called (pseudo) Riemannian manifold. ¢
is called (pseudo) metric of M.

In particular a n — dimensional pseudo Riemannian manifold is called Lorentzian if the sig-
nature of the pseudo scalar product is (1,n — 1) (i.e. the canonical form ofthe metric reads
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(—=1,41,--- ,+1).)

Comments.

(1) It is possible to show that each differentiable manifold can be endowed with a metric.

(2) Assume that v : [a,b] — M is a differentiable curve on a (pseudo) Riemannian manifold,
ie., v € C*®([a,b]) where v € C*([a,b]) means v € C*°((a, b)) and furthermore, the limits of
derivatives of every order towards a™ and b~ exists and are finite. It is possible to define the
(pseudo) length of ~ as

b
L) = [ VIGOROd

Above and from now on (¥(t)|§(t)) indicates (§()|(t)))-

(3) A (pseudo) Riemannian manifold M is path-connected and the path between to points
p,q € M can be chosen as differentiable curves. Then, if the manifold is Riemannian (not
pseudo), define

b
d(p,q) := inf{/ VI @)1 ()]t ‘ v la,b] = M,y e C%([a,b]) , v(a) = p,~(b) = q} :

d(p,q) is a distance on M, and M turns out to be metric space and the associated metric topol-
ogy coincides with the topology initially given on M.

A physically relevant property of a (semi) Riemannian manifold concerns its flatness.

Def.2.10. (Flatness.) A n-dimensional (pseudo) Riemannian manifold M is said to be locally
flat if, for every p € M, there is a local chart (U, ¢) with p € U, which is canonical, i.e.,

(9¢)ij = diag(—1,...,—1,+1,...,+1)

for each q € U, where ' ‘
®(q) = (99)ijda’|q ® da’ |

is the (pseudo) metric represented in the local coordinates (x',...x™) defined by ¢. (In other
words all the bases {%\q}kzlywn, q € U, are (pseudo) orthonormal bases with respect to the
pseudo metric tensor.)

A (pseudo) Riemannian manifold is said to be globally flat if there is a global chart which is
canonical.

In other words, a (pseudo) Riemannian manifold is locally flat if admits an atlas made of canon-
ical local charts. If that atlas can be reduced to a single chart, the manifold is globally flat.

Examples.2.1.
2.1.1. Any n-dimensional (pseudo) Euclidean space E", i.e, a n-dimensional affine space
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A™ whose vector space V is equipped with a (pseudo) scalar product (| ) is a (pseudo) Rie-
mannian manifold which is globally flat. To show it, first of all we notice that the presence
of a (pseudo) scalar product in V' singles out a class of Cartesian coordinates systems called
(pseudo) orthonormal Cartesian coordinates systems. These are the Cartesian coordi-
nate systems built up by starting from any origin O € A™ and any (pseudo) orthonormal basis
in V. Then consider the isomorphism x, : V. — T,M defined in Remark after proposition
2.2 above. The (pseudo) scalar product (|) on V can be exported in each T,A™ by defining
(ulv)p = (Xg1u|xg1u) for all u,v € T,A". By this way the bases {%b}i:l,...,n associated with
(pseudo) orthonormal Cartesian coordinates turn out to be (pseudo) orthonormal. Hence the
(pseudo) Euclidean space E", i.e., A" equipped with a (pseudo) scalar product as above, is a
globally flat (pseudo) Riemannian manifold.

2.1.2. Consider the cylinder C' in E3. Referring to an orthonormal Cartesian coordinate
system x,v,z in E3, we further assume that C is the set corresponding to triples or reals
{(z,y,2) € R® | 22 + y? = 1}. That set is a differentiable manifold when equipped with
the natural differentiable structure induced by E3 as follows. First of all define the topology
on C as the topology induced by that of E3. C turns out to be a topological manifold of di-
mension 2. Let us pass to equipp C' with a suitable differential structure induced by that of
E3. If p € O, consider a local coordinate system on C, (6, z) with § €]0,7[, 2 € R obtained
by restriction of usual cylindric coordinates in E3 (r,6,2) to the set r = 1. This coordinate
system has to be chosen (by rotating the origin of the angular coordinate) in such a way that
p=(r=1,0=m/2z=z,). There is such a coordinate system on C for any fixed point p € C.
Notice that it is not possible to extend one of these coordinate frame to cover the whole manifold
C (why?). Nevertheless the class of these coordinate system gives rise to an atlas of C' and, in
turn, it provided a differentible structure for C. As we shall see shortly in the general case, but
this is clear from a syntetic geometrical point of view, each vector tangent at C in a point p
can be seen as a vector in E? and thus the scalar product of vectors u,v € T,C makes sense.
By consequence there is a natural metric on C induced by the metric on E3. The Riemannian
manifold C' endowed with that metric is locally flat because in coordinates (6, z), the metric
is diagonal everywhere with unique eigenvalue 1. It is possible to show that there is no global
canonical coordinates on C. The cylinder is locally flat but not globally flat.

2.1.3. In Finstein’s General Theory of Relativity, the spacetime is a fourdimensional Lorentzian
manifold M?%. Hence it is equipped with a pseudometric ® = guda’ ® da/ with hyperbolic
signature (1,3), i.e. the canonical form ofthe metric reads (—1,+1,+1,+1) (this holds true if
one uses units to measure length such that the speed of the light is ¢ = 1). The points of
the manifolds are called events. If the spacetime is globally flat and it is an affine four dimen-
sional space, it is called Minkowski Spacetime. That is the spacetime of Special Relativity Theory.

2.5 Existence of Riemannian metrics.

It is possible to show that any differentiable manifold can be equipped with a Riemannian met-
ric. This result is a straightforward consequence of the existence of a partition of unity (see
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Section 1). Thus, in particular, it cannot be extended to the analytic case.

Theorem 2.1. If M s a differentiable manifold, it is possible to define a Riemannian metric
® on M.

Proof. Consider a covering of M, {U,};c;, made of coordinate domains whose closures are
compact. Then, using paracompactness, extract a locally finite subcovering € = {V;},c;. By
construction each V; admits local coordinates ¢; : V; — R™. For every j € J define, in the
bases associated with the coordinates, a component-constant Riemannian metric g;. If {h;};cs
is a partition of unity associated with € (see Theorem 1.1), ® := ZjeJ hjg; is well-defined,
differentiable and defines a strictly positive scalar product on each point of M.O

2.6 Differential mapping and Submanifolds.

A useful tool in differential geometry is the differential of a differentiable function.

Def. 2.11. (Differential of a mapping.) If f : N — M is a differentiable function from the
differentiable manifold N to the differentiable manifold M, for every p € N, the differential of
[ atp

dfy : TN — TM |,

1s the linear mapping defined by

(dfpXp)(g) == Xp(go f)

for all differentiable vector fields X on N and differentiable functions g € D(M).

Remarks

(1) Take two local charts (U,¢) in N and (V) in M about p and f(p) respectively and use
the notation ¢ : U 3 q — (2'(q),...,2"(q)) and ¥ : V > r — (y*(r),...,y™(r)). Then define
fi=tofopl:pU)—R™and §j:=gotp~! : (V) — R. f and § "represent” f and g,
respectively, in the fixed coordinate systems. By construction, it holds

(gofos ) =x2 (goptopofop).

; 0

ort

That is, with obvious notation

X0 f)=Xj (30 ) = x

- P Yyt

09 o1 _ (0F" i) 99,
oyt oxt — \ oai oyk'l

In other words

off .\ 93
((dfpX)g)* = (;;X) yﬁ!f-
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This means that, with the said notations, the following very useful coordinate form of df,, can
be given

i 0 i 0o fog ) 0
dfy: X'(P) gzl = X'(p) 5 o) gy lr®)
That formula is more often written
i 0 i oy* 0
ifp: X'0)gile = X035l @) grlie)

where it is understood that 9o fo¢=1: (z!,... ,2") — (yi(xt,... 2", ...,y (2}, ..., 2")).
(2) With the meaning as in the definition above, often df is indicated by fi and go f is denoted
by f*g.

The notion of differential allows one to define the rank of a map and associated definitions useful
in distinguishing among the various types of submanifolds of a given manifold.

Notice that, if (U, ¢) and (V,4) are local charts about p and f(p) respectively, the rank of the
Jacobian matrix of the function ¢ o f o ¢~!: ¢(U) — R™ computed in ¢(p) does not depend on
the choice of those charts. This is because any change of charts transforms the Jacobian matrix
into a new matrix obtained by means of left or right composition with nonsingular square ma-
trices and this does not affect the range.

Def. 2.12. If f : N — M 1is a differentiable function from the differentiable manifold N to the
differentiable manifold N and p € N:

(a) The rank of f at p is the rank of df,, (that is the rank of the Jacobian matriz of the function
Yo foo ! computed in ¢p(p) € R™, (U,¢) and (V,1)) being a pair of local charts about p and
f(p) respectively);

(b) p is called a critical point of f if the rank of f at p is smaller than dimM = m. Otherwise
p s called regular point of f;

(c) If p is a critical point of f, f(p) is called critical value of f. A regular value of f, q is
a point of M such that every point in f~'(q) is a regular point of f.

It is clear that if N is a differentiable manifold and U C N is an open set, U is Hausdorff
second countable and locally homeomorphic to R™. Thus we can endow U with a differentiable
structure naturally induced by that of N itsef, by restriction to U of the domains of the local
charts on N. We have the following remarkable results.

Theorem 2.2. Let f : N — M be a differentiable function with M and N differentiable
manifolds with dimension m and n respectively and take p € N.

(1) If n > m and the rank of f at p is m, i.e. dfy is surjective, for any local chart (V, 1) about
f(p) there is a local chart (U,¢) about p such that

Yofop Nt . 2™ 2" = (2t ..., ™) ;
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(2) If n < m and the rank of f at p is n, i.e. dfy is injective, for any local chart (U, $) about p
there is a local chart (V,4) about f(p) such that

Yofop Nzt ... 2" =(2!,...,2™,0,...,0);

(3) If n = m, the following statements are equivalent

(a) dfp : TyN — Ty, N is a linear isomorphism,

(b) f defines a local diffeomorphism about p, i.e. there is an open neighborhood U of p
and an open neighborhood V' of f(p) such that f [y:— V defined on the differentiable manifold
U equipped with the natural differentiable structure induced by N and evaluated on the differen-
tiable manifold V' equipped with the natural differentiable structure induced by M.

Sketch of the proof. Working in local coordinates in N and M and passing to work with the
jacobian matrices of the involved functions (a) and (b) are direct consequences of Dini’s implicit
function theorem. Let us pass to consider (c). Suppose that g := f [y is a diffeomorphism onto
V. In that case g~! : V — U is a diffeomorphism to and go f = idy;. Working in local coordinates
about p and f(p) and computing the Jacobian matrix of g o f in p one gets J{g] @)/ [f]p = I
This means that both det.J[g](,) and detJ[f], cannot vanish. In particular det J[f], # 0 and,
via Remark (1) above, this is equivalent to the fact that df, is a linear isomorphism. Conversely,
assume that dfy is a inear isomorphism. In that case both (1) and (2) above hold and there is
a pair of open neighborhoods U 5 p and V' > f(p) equipped with coordinates such that

Yo fop Nat,. .. 2™ = (!, ..., 2™),

which means that ¢ o fo ¢~ !(z!,...,2™) : (U) — (V) is the (restriction of) identity map on
R™. This fact immediately implies that f [y is a diffeomorphism onto V. O

Let us consider the definitions involved with the notion of submanifold.

Def.2.13. If f : N — M is a differentiable function from the differentiable manifold N to the
differentiable manifold M then:

(a) f is called submersion if df, is surjective for every p € N;

(b) f is called immersion if df, is injective for every p € N;

(c) An immersion f is called embedding if

(i) it is injective and

(ii) f : N — f(N) is a homomorphism when f(N) is equipped with the topology induced by
M:;

Def.2.14. Let M, N be two differentiable manifolds with N C M (nomatter the differentiable

structures of these manifolds). N is said to be a differentiable submanifold of M if the
inclusion map i : N — M s differentiable and is an embedding.
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An equivalent definition can be given by using the following proposition.

Proposition 2.3. Let M, N be two differentiable manifolds with N C M (nomatter the differ-
entiable structures of these manifolds) and dimN = n, dimM = m.
N is a submanifold of M if and only if

(i) the topology of N is that induced by M,

(i) for every p € N (and thus p € M) there is an open (in M ) neigborhood of p, U, and a
local chart of M, (Uy, ¢), such that if we use the notation, ¢ : ¢ — (x1(q),...,2"(q)), it holds

SN NU,) = {(&', ™) € G(U) [« " = 0,...,a™ =0},

(iii) referring to (ii), the map N NU, > q — (x(q),...,2"(q)) defines a local chart in the
differentiable structure of N with domain V, = N N Up,.

Sketch of proof. If the conditions (i),(ii),(iii) are satisfied, the class of local charts with domains
V), defined above, varying p € N, gives rise to an atlas of N whose generated differential strucure
must be that of N by the uniqueness of the differential structure. Using such an atlas it is simply
proven by direct inspection that the inclusion map ¢ : N <— M is an embedding.

Conversely, if N is a submanifold of M, the topology of N must be that induced by M because
the inclusion map is a homeomorphism from the topological manifold NV to the subset N C M
equipped with the topology induced by M. Using Theorem 2.2 (items (2) and (3)) where f is
replaced by the inclusion map one straightforwardly proves the validity of (ii) and (iii). O

Examples 2.2.

2.2.1. Themap v : R >t (sint,cost) C R? is an immersion, since dy # 0 (which is equivalent
to say that 4 # 0) everywhere. Anyway that is not an embedding since v is not injective.
2.2.2. However the set C' := v(R) is a submanifold of R? if C' is equipped with the topology
induced by R? and the differentiable structure is that built up by using Proposition 2.3. In fact,
take p € C' and notice that there is some ¢t € R with v(¢) = p and dv, # 0. Using (2) of theorem
2.2, there is a local chart (U,) of R? about p referred to coordinates (z!,22), such that the
portion of C' which has intersection with U is represented by (z',0), ' € (a,b). For instance,
such coordinates are polar coordinates (,7), § € (=, 7), r € (0,+00), centered in (0,0) € R?
with polar axis (i.e., § = 0) passing through p. These coordinates define a local chart about p
on C in the set U N C with coordinate x'. All the charts obtained by varying p are pairwise
compatible and thus they give rise to a differentiable structure on C'. By Proposition 2.3 that
structure makes C' a submanifold of R?. On the other hand, the inclusion map, which is always
injective, is an immersion because it is locally represented by the trivial immersion 2! +— (x!,0).
As the topology on C' is that induced by R, the inclusion map is a homeomorphism. So the
inclusion map i : C' — R? is an embedding and this shows once again that C is a submanifold
of R? using the definition itself.

2.2.3. Consider the set in R?, C := {(z,y) € R? |22 = y?}. It is not possible to give a differen-
tiable structure to C in order to have a one-dimensional submanifold of R?. This is because C
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equipped with the topology induced by R? is not locally homeomorphic to R due to the point
(0,0).

2.2.4. Is it possible to endow C' defined in 2.2.3 with a differentiable structure and make it
a one-dimensional differentiable manifold? The answer is yes. C' is connected but is the union
of the disjoint sets C1 = {(z,y) € R? |y = z}, Cy := {(z,y) € R?|y = —z , x > 0} and
Cs := {(r,y) € R® |y = —x , x < 0}. Cj is homeomorphic to R defining the topology on
C by saying that the open sets of C; are all the sets fi(I) where I is an open set of R and
fi : R >z~ (z,2). By the same way, C turns out to be homeomorphic to R by defining its
topology as above by using fa : R 5 z — (€%, —€®). C3 enjoys the same property by defining
f3 : R > 2z — (—€*€*). The maps ffl,fgl,fgl also define a global coordinate system on
C1,C4, C5 respectively and separately, each function defines a local chart on C'. The differ-
entiable structure generated by the atlas defined by those functions makes C a differentiable
manifold with dimension 1 which is not diffeomorphic to R and cannot be considered a subman-
ifold of R2.

2.2.5. Consider the set in R?, C = {(x,y) € R? | y = |z|}. This set cannot be equipped with
a suitable differentiable structure which makes it a submanifold of R?. Actually, differently
from above, here the problem concerns the smoothness of the inclusion map at (0,0) rather
that the topology of C. In fact, C' is naturally homeomorphic to R when equipped with the
topology induced by R2. Nevertheless there is no way to find a local chart in R? about the point
(0,0) such that the requirements of Propositions 2.3 are fulfilled sue to the cusp in that point
of the curve C. However, it is symply defined a differentiable structure on C' which make it a
one-dimensional differentiable manifold. It is sufficient to consider the differentiable structure
generated by the global chart given by the inverse of the homeomorphism f : R >t — (|t|, ).
2.2.6. Let us consider once again the cylinder C' C E? defined in the example 2.1.2. C is a
submanifold of E? in the sense of the definition 2.13 since the construction of the differential
structure made in the example 2.1.2 is that of Proposition 2.3 starting from cylindrical coordi-
nates 0,7 :=r —1, 2.

To conclude, we state (without proof) a very important theorem with various application in
mathematical physics.

Theorem 2.3 (Theorem of regular values.) Let f : N — M be a differentiable function
from the differentiable manifold N to the differentiable manifold M with dim M < dim N .
If y € M is a reqular value of f, P := f~*({y}) C N is a submanifold of N.

Remark. A know theorem due to Sard, show that the measure of the set of singular values of
any differentiable function f : N — M must vanish. This means that, if S C M is the set of
singular values of f, for every local chart (U,¢) in M, the set ¢(S NU) C R™ has vanishing
Lebesgue measure in R™ where m = dim M.

Examples 2.3.
2.3.1. In analytical mechanics, consider a system of N material points with possible positions
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P, € R3 k = 1,2,...,N and c constraints given by assuming fi(P,..., Py) = 0 where the
¢ functions f; : R3N — R, i = 1,...,m are differentiable. If the constraints are functionally

independent, i.e. the Jacobian matrix of elements gg}i has rank c¢ everywhere, z!', 22, ... 23V
being the coordinates of (P, ..., Px) € (R*)Y, the configuration space is a submanifold of R3¥

with dimension 3NN — ¢. This result is nothing but a trivial application of Theorem 2.3.

2.3.2. Consider the same Example 2.2.2 from another point of view. As a set the circunference
C={(x,y) € R? |22+ y?> =1} is f~1(0) with f : R? — R defined as f(z,y) := 22+ 3> — 1. The
value 0 is a regular value of f because df, = 2zdx + 2ydy # 0 if f(z,y) = 0 that is (z,y) € C.
As a consequence of Theorem 2.3 C' can be equipped with the structure of submanifold of R2.
This structure is that defined in the example 2.2.2.

2.7 Induced metric on a submanifold.

Let M be a (pseudo) Riemannian manifold with (pseudo) metric tensor ®. If N C M is a
submanifold, it is possible to induce to it a covariant symmetric differentiable tensor field ® 5
associated with ®. If ®x is nondegenerate, it defines a (pseudo) metric called the (pseudo)
metric on N induced by M. The procedure is straightforward. If IV is a submanifold of M,
the inclusion 7 : N — M is an embedding and in particular it is an immersion. This means
that diy, : T,N — T, M is injective. As a consequence any v € T,N can be seen as a vector in
a subspace of T),M, that subspace being di,T, N. In turn we can define the bilinear symmetric
form in T,N x T,N:
D np(v|u) == @(dipv|dipu)

Varying p € N and assuming that v = U(p), v = V(p) where U and V are differentiable vector
firlds in N, one sees that the map p — ®n,(V(p)|U(p)) must be differentiable because it is com-
position of differentiable functions. We conclude that p — @y, define a covariant symmetric
differentiable tensor field on N.

Def. 2.15. Let M be a (pseudo) Riemannian manifold with (pseudo) metric tensor ® and
N C M a submanifold. The covariant symmetric differentiable tensor field on N, @y, defined
by

P np(v|u) = ®(dipv|dipu) for allp € N and u,v € T,N

is called the metric induced on N by M.
If N is connected and ® is not degenerate, and thus (N, ®y) is a (pseudo) Riemannian man-
ifold, it is called (pseudo) Riemannian submanifold of M.

Remarks.

(1) We stress that, in general, @ is not a (pseudo) metric on N because there are no guarantee
for it being nondegenerate. Nevertheless, if ® is a proper metric, i.e. it is positive defined, ® is
necessarily positive defined by construction. In that case (N, ®y) is a Riemannian submanifold
of M if and only if NV is connected.

(2) What is the coordinate form of ®x7? Fix p € N, a local chart in N, (U, ¢) with p € U
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and another local chart in M, (V,1) with p € V once again. Use the notation ¢ : q +—
(v*(q),---,y"(q)) and ¥ : 7 — (2'(r),...,2™(r)). The inclusion map i : N — M admits the
coordinate representation in a neighborhood of p

i=voiog :(yl, .. y") — (@@t Ly, 2 (YY)

Finally, in the considered coordinate frames one has ® = gijd:ﬁi ®@dz? and Py = 9 N)kldyk Qdy'.
With the given notation, if u € T, N, using the expression of df, given in Remark (1) after Def.
2.11 with f =i, one sees that, in our coordinate frames

. 07
(dipu)' = a—ykuk .

As a consequence, using the definition of @y in Def. 2.15, one finds

ox' , 0xI ox' Ol
k.l - k l R PN
JNKIU V= Oy (ulv) = gzgiayku Gylv = (6yk oy gzj) uv .

Thus ot B
't Ox?
(g(zv)kz - ngij) ufol = 0.

Since the values of the coefficients u” and v® are arbitrary, each term in the matrix of the
coefficients inside the parentheses must vanish. We have found that the relation between the
tensor g;; and the thensor gy evalueated at the same point p with coordinates (y!,...,y") in
N and (2'(y',...,9™),...,2™(y', ..., y")) in M reads

B = 2l Dl 90)

INkI\P) = Bk W) T W) 9ij\P) -

Examples 2.4.

2.4.1. Let us consider the subamnifold given by the cylinder C' C E3 defined in the example
2.1.2. It is possible to induce a metric on C' from the natural metric of E3. To this end, referring
to the formulae above, the metric on the cylinder reads

B ozt Oz’ -
gkl = 8yk (3yl gij -
where 2!, 22, 2 are local coordinates in E? defined about a point ¢ € C and y', y? are analogous
coordinates on C defined about the same point q. We are free to take cylindrical coordinates
adapted to the cylinder itself, that is ! = 0,22 = r,2® = z with § = (—7,7), 7 € (0, +00),

z € R. Then the coordinates y',4? can be chosen as y' = @ and 3?> = z with the same
domain. These coordinates cover the cylinder without the line passing for the limit points at
0 = m = —m. However there is such a coordinate system about every point of C, it is sufficient

to rotate (around the axis z = u®) the orthonormal Cartesian frame u!, u?, u? used to define the
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initially given cylindrical coordinates. In global orthonormal coordinates u', u?, u3, the metric

of E3 reads
d = du' @ du' + du® @ du?® + du® @ du® |

that is ® = 5ijdui ®@du?. As u' =rcosf, u?> = rsinf, u? = z, the metric ® in local cylindrical
coordinates of E? has components

ozt OxI
9rr = G o 0 = 1
Ox® 927 9
900 = g g 0 ="
_ Oz' 9a7 S
g0 = 0z 0z Y

3 = 2 the metric

All the mixed components vanish. Thus, in local coordinates z! = 6,22 = r,x
of E? takes the form

d =dr @dr+r’dd @ do + dz @ dz

The induced metric on C, in coordinates ' = @ and y? = z has the form

ort Ozd <
C= 50 ay gijdy’ @ dy' = r|3d0 @ df +dz @ dz = df @ d + dz @ dz .
That is

P =diI®dI+dzQdz .

In other words, the local coordinate system y!,y? is canonical with respect to the metric on
C induced by that of E3. Since there is such a coordinate system about every point of C, we
conclude that C is a locally flat Riemannian manifold. C' is not globally flat because there is no
global coordinate frame which is canonical and cover the whole manifold.

2.2.2. Let us illustrate a case where the induced metric is degenerate. Consider Minkowski
spacetime M*, that is the affine four-dimensional space A* equipped with the scalar product
(defined in the vector space of V associated with A% and thus induced on the manifold) with
signature (1,3). In other words, M* admits a (actually an infinite class) Cartesian coordinate

system with coordinates 29, 2!, 22, 3 where the metric reads

3
P = gijdmi ® dr? = —dz® @ da® + Z de' @ da' .
i=1

Now consider the submanifold

¥ ={peM | (2%p),z'(p),z%(p), 2> (p)) = (u,u,v,w) , u,v,w € R}
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We leave to the reader the proof of the fact that ¥ is actually a submanifold of M* with dimension
3. A global coordinate system on ¥ is given by coordinates (y*, 42, y3) = (u,v,w) € R3 defined
above. What is the induced metric on %7 It can be obtained, in components, by the relation

B “833 oz’
~ 5oy oy

7
Py = g(n)pgdy? ® dy? dy? @ dy? .

Using 2° = ¢!, 2! = y', 22 = y?, 2% = y3, one finds 933 = 1, g(z)3k = gmypz = 0 for k =1,2
and finally, g(s)11 = g(z)22 = 0 while g(s12 = g(x)21 = 1. By direct inspection one finds that
the determinant of the matrix of coefficients g(s),, vanishes and thus the induced metric is
degenerate, that is it is not a metric. In Theory of Relativity such submanifolds with degenerate
induced metric are called “null submanifolds” or “ligkt-like manifolds”.
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3 Covariant Derivative. Levi-Civita’s Connection.

3.1 Affine connections and covariant derivatives.

Consider a differentiable manifold M. Suppose for simplicity that M = A", the n-dimensional
affine space. The global coordinate systems obtained by fixing an origin O € A™ a basis
{€i}i=1,..n in V, the vector space of A" and posing:

$:A" SR :p ((Op, e),....(Op, ™).

are called Cartesian coordinate systems. These are not (pseudo) orthonormal Cartesian
coordinates because there is no given metric.

As is well known, different Cartesian coordinate systems (z!,...,2") and (y*,...,y") are related
by non-homogeneous linear transformations determined by real constants A’ i B,

where the matrix of coefficients A’ ; 18 non-singular.

Let (z!,...,2") be a system of Cartesian coordinates on A™. Each vector field X can be decom-
posed as X, = X;%b. Changing coordinate system but remaining in the class of Cartesian
coordinate systems, components of vectors transform as

X" =AlXT
if the primed coordinates are related with the initial ones by:
2t = Aijxj + B,
If Y is another differentiable vector field, we may try to define the derivative of X with respect
to Y, as the contravariant vector which is represented in a Cartesian coordinate system by:

VxY X! oY,

(VxY)p = p@@’p ;

or, using the index notation and omitting the index p,

j(?Yf '
ox?

(VxY) =X

The question is: "The form of (VxY)" is preserved under change of coordinates?” If we give the
definition using an initial Cartesian coordinate system and pass to another Cartesian coordinate

system we trivially get: A . '
(VXY)’; = A" (VxY)),

since the coefficients A ; do not depend on p and the action of derivatives on these coefficients
do not produce added terms in the transformation rule above. Hence, the given definition does
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not depend on the used particular Cartesian coordinate system and gives rise to a (1,0) tensor
which, in Cartesian coordinates, has components given by the usual R™ directional derivatives
of the vector field Y with respect to X.

The given definition can be re-written into a more intrinsic form which makes clear a very
important point. Roughly speaking, to compute the derivative in p of a vector field Y with
respect to X, one has to subtract the value of Y in p to the value of Y in a point ¢ = p + hX,,
where the notation means nothing but that pg = hxpYp, Xp : TpA" — V being the natural
isomorphism between T,A™ and the vector space V' of the affine structure of A" (see Remark
after Proposition 2.2). This difference has to be divided by h and the limit h — 0 defines the
wanted derivatives. It is clear that, as it stands, that procedure makes no sense. Indeed Y, and
Y), belong to different tangent spaces and thus the difference Y, —Y), is not defined. However the
affine structure gives a meaning to that difference. In fact, one can use the natural isomorphisms
Xp : TpA™ — V and x4 : T,A" — V. As a consequence Alq,p] := lel 0 Xq : TyA™ — THA™ is a
well-defined vector space isomorphism. The very definition of (VxY), can be given as

Alp+ hX, pYyinx, — Y,
(va)p — }ILH% [p+ p p}]L p+hX, p )

Passing in Cartesian coordinates it is simply proven that the definition above coincides with
that given at the beginning. On the other hand it is obvious that the affine structure plays a
central role in the definition of (VxY'),. Without such a structure, that is in a generic manifold,
it is not so simple to define the notion of derivative of a vector field in a point. Remaining in the
affine space A" but using arbitrary coordinate systems, one can check by direct inspection that
the components of the tensor VxY are not the R™ usual directional derivatives of the vector
field Y with respect to X. This is because the constant coefficients A; have to be replaced by

%b which depend on p. What is the form of VxY in generic coordinate systems? And what
about the definition of VxY in general differentiable manifolds which are not affine spaces? We
shall see that the answer to these questions enjoy an interesting interplay.

The key-idea to give a general answer to the second question is to generalize the properties of
the operator Vx above.

Def.3.1. (Affine Connection and Covariant Derivative.) Let M be a differentiable mani-
fold. An affine connection or covariant derivative V, is a map

V:(X,Y)— VxY,

where X, Y,VxY are differentiable contravariant vector fields on M, which obeys the following
requirements:

(1) VivigzX = fVy X + gVzX, for all differentible functions f,g and differentiable vector
fields X, Y, Z;

(2) Vy fX =Y (f)X + fVy X for all differentiable vector field X, Y and differentiable functions
f’.

(3) Vx(aY + 32Z) = aVxY + fVxZ for all o, 5 € R and differentiable vector fields X,Y, Z.
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The contravariant vector field Vy X is called the covariant derivative of X with respect to
Y (and the affine connection V).

Remarks.

(1) The relations written in the definition have to be understood pointwisely. For instance, (1)
means that, for any p € M, (Viyi92X)p = fF(0)(VyX)p + 9(p)(V2zX)p. (2) The identity (1)
implies that (Viy Z), = h(p)(Vy Z), and thus VxZ = 0 everywhere if X, = 0 (it is sufficient
to consider h > 0 which vanishes exactly on p and define X := hY’). As a consequence one can
write (VxZ), = (Vx,Z), where it is stressed that (VxZ), is a (linear) function on the value
of X attained at p only.

(3) It is clear that the affine structure of A" provided authomatically an affine connection V
through the class of isomorphisms Al[g, p|. In fact,

Alp+h Xy, pYyinx, — Y,
(VXY)p — }llln%] [p p p}l P+th p

satisfies all the requirements above. The point is that, the converse is not true: an affine con-
nection does not determine any affine structure on a manifold.
(4) An important question concerns the existence of an affine connection for a given differen-
tiable manifold. It is possible to successfully tackle that issue after the formalism is developed
further. Exercise 3.1.1 below provided an appropriate answer.

Let us come back to the general Definition 3.1. In components referred to any local coordinate
system, using the properties above, we have?
0 0 L0Y7T 9

VyY =V, 0 YI— =XVIV § — + X'~
X X % oxJ %axﬁ + ozt 0xJ

Notice that, if 4,7 are fixed, V o % define a (1,0) differentiable tensor field which is the
ox?

derivative of % with respect to -2; and thus:
T or

0 0
Vi oo = Vi ow

0 0
k . Fk

The coefficients Fi?j = Ffj (p) are differentiable functions of the considered coordinates and are
called connection coefficients.

Using these coeflicients and the above expansion, in components, the covariant derivative of Y
with respect to X can be written down as:

oY’
ozl

2 Actually the vector and scalar fields which appear in computations below are not defined in the whole manifold
as required by Def.3.1. Nevertheless one can extend these fields on the whole manifold by multiplying them with
suitable hat functions and this together Lemma 2.3 justify the passages below.

(VxY)' = XI(

INREOR
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Fix a differentiable contravariant vector field X and p € M. The linear map Y, — (Vy, X),
(taking Remark (2) above into account) and Lemma 2.5 define a tensor, (VX), of class (1,1)
in Ty M @ T, M such that the (only possible) contraction of Y, and (VX), is (Vy X),. Varying
p € M, p— (VX), define a smooth (1,1) tensor field VX because in local coordinates its
components are differentiable because they are given by coefficients
28 i vk i i
VX is called covariant derivative of X (with respect to the affine connection V).
In components we have ‘ o
(VyX)' =Y'X" ;.

Now we are interested in the transformation rule of the connection coefficients under change
of coordinates. We pass from local coordinates (z',...,2™") to local coordinates (z'*,...,z"™)
and the connection coefficients change form I‘fj to F’gq.

k P 1q
)= 0x" Ox v, (3:1: 0 ),dx’h>.

0 3:1:/q 0 8$k
k _ k\ __ , th
Fz] — <v o dx > = < V ox'P 9 ( d :L»/h - s ; 1

: . x
Ba7 OxJ’ 907 92 OXJ 83:"1)’ oz

Expanding the last term we get

oxF ox'? oz’ 0 y 4 oxF ox'P 02’7 0

' 5 : —_— o =
o't Oxt TP Oxd ) <6ac’q ’ o't Oxt Oz P A2’

dz'™y |

which can be re-written as

ok 9z’P 922" N oxF 0z 9z,
o't Oxt OxPOxI Yyt Oxt Oxd T P4

or

oxk 922" ok 9x'P 921,

Ox'M OxidxI * Oz Ozt Oxd ~ P

The obtained result show that the connection coefficients do not define a tensor because of the
non-homogeneous former term in the right-hand side above.

k. _

Remarks. (1) If V is the affine connection naturally associated with the affine structure of an
affine space A", it is clear that I';;* = 0 in every Cartesian coordinate system. As a consequence,
in a generic coordinate system

ko ok 922"

U 9gth Oxtoxd
where the primed coordinates are Cartesian coordinates and the left-hand side does not depend
on the choice of these Cartesian coordinates. This result gives the answer of the question ” What
is the form of VxY in generic coordinate systems (of an affine space)?”. The answer is

i LOYh
(VxY)' = XJ(@ + 10, Y5),
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where the coefficients F;k are defined as
Pk o 8:Ck a2ﬂflh
U gt 9xidzd
the primed coordinates being Cartesian coordinates.
(2) By Schwarz’ theorem, the inhomogeneous term in
ko ozk 922" oxk 9x’P 921,
YU ggth Oxioxd T ggth Oxt Oxd T PT

drops out when considering the transformation rules of coefficients:
Hence, these coefficients define a tensor field which, in local coordinates, is represented by:
T(V) = (T~ Th) 2 @ de? @ di*
(V) = (T — kj)@@’x@ :

This tensor field is symmetric in the covariant indices and is called torsion tensor field of
the connection. It is straightforwardly proven that for any pair of differentiable vector fields
X and Y

(VxY —VyX — [X,Y)F = T(V)F ;XYY

That identity provided an intrisic definition of torsion tensor field associated with an affine
connection. In other words, the torsion tensor can be defined as a bilinear mapping which
associates pairs of differentiable vector fields X, Y with a differentiable vector field T'(V)(X,Y)
along the rule

T(V)(X,Y)=VxY -VyX - [X,Y].

There is a nice interplay between the absence of torsion of an affine connection and Lie brack-
ets. In fact, using the second definition of torsion tensor field we have the folluwing useful result.

Proposition 3.2. Let V be an affine connection on a differentiable manifold M. If V is torsion
free, i.e., the torsion tensor T(V) field vanishes on M,

[X,Y]=VxY - VyX,
for every pair of contravariant differentiable vector fields X,Y .

All the procedure used to define an affine connection can be reversed obtaining the following
result.
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Proposition 3.1. The assignment of an affine connection on a differentiable manifold M is
completely equivalent to the assignament of coeffcients F% (p) = (Vi‘p%]p,dxk]p) in each local
ozt

coordinate system, which differentiably depend on the point p and transform as

N 92" ozt 0z ox'?
Fij(p) - ax/h ’paxiax]’ ’p + 8.1‘/h ‘p ort |P oxi p pq(p) ’

under change of local coordinates.

Note. Shortly, after we have introduced the notion of geodesic segment and parallel transport,
we come back to the geometrical meaning of the covariant derivative.

3.2 Covariant derivative of tensor fields.

If M is a differentiable manifold equipped with an affine connection V, it is possible to extend
the action of the covariant derivatives to all differentiable tensor fields by assuming the following
further requirements;

(4) Vx(au+ fv) = aVxu+ fVxo for all a, 8 € R, differentiable tensor fields u,v and differ-
entiable vector fields X.

(5) Vx f:= X(f) for all differentiable vector fields X and differentiable functions f.

(6) Vx(t®@u) := (Vxt)®@u+t® Vxu for all differentiable tensor fields u, ¢ and vector fields X.
(7) Vx(Y,n) = (VxY,n) + (Y, Vxn) for all differentiable vector fields X,Y and differentiable
covariant vector fields 7.

In particular, the action of Vx on covariant vector fields turns out to be defined by the require-
ments above as follows.

0 K 9 K 9 K
Vxn= (@,VXW dx” = VX((@#?)) dr” — <wa,n> dz”
where 9 9
i Ok
V(g m = Vxn = X () Bt
and
(v o )= X'n(V 9 dz") = X'n, I}
Xaxk77] - Nr E)Zl Ok’ - Ml ik -
Putting all together we have:
0
(Vx n)rda® = X( 8771;: —T0m) da®
x
which is equivalent to:
O r

(Vki = M = St Lo

where we have introduced the covariant derivative of the covariant vector field n, V7, as the
unique tensor field of tensors in T, M ® Ty M such that the contraction of X, and (Vn), (with
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respect to the space corresponding to the index i) is (Vx,7)p.

Given an affine connection V, there is only one operator which maps tensor fields into tensor
fields and satisfies the requirement above. In components its action is the following:

o L ottt . A . o
21...9] | L 41 X _ J1---Jk 91 4S...0] . 1] 411...S | .
(Vt) J1-JET T t J1---JkT T or" + Fsrt J1--Jk +..t Fsrt J1--Jk
S 481...1] . S 4i1...0] .
R R BN A (1)

where we have introduced the covariant derivative of the tensor field ¢, Vt, as the unique
tensor field of tensors in T;M ® SpM, SpM being the space of the tensors in p which contains
tp, such that the contraction of X, and (Vt), (with respect to the space corresponding to the
index r) is (Vx,t)p.

3.3 Levi-Civita’s connection.

Let us show that, if M is (pseudo) Riemannian, there is a preferred affine connection completely
determined by the metric. This is Levi-Civita’s affine connection.

Theorem 3.1. Let M be a (pseudo) Riemannian manifold with metric locally represented by
P = g,;jda:i ® dx?. There is exactly one affine connection V such that :

(1) it is metric, i.e., V& =0

(2) it is torsion free, i.e., T(V) = 0.

That is the Levi-Civita connection which is defined by the connection coefficients, called
Christoffel’s coefficients,:

s B Ogks | 09sj  Ogjk
j =4 k} 5 ( oxJ oxk  Oxs )
Proof. The coefficients
i 1, Ogks 09gsj gk
{j k}(p) = 29 (p)( Ozi |p+ Ok |p T o |p)

define an affine connection because they transform as:

ok *a'" 0x'” 0’
{Zk]}<p)_a /h|p8.'177’8513]| a ,h’p 8561 ‘pamj |p {p }( )7

as one can directly verify. Hence the Levi-Civita connection does exist.
Then we show that (1) and (2) imply that V is the Levi-Civita connection. Expanding (1) and
rearranging the result, we have:

- 8.21:; = - Zigsj - sz'gis ’
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twice cyclically permuting indices and changing the overal sign we get also:

OGri
817; = F;‘kgsi + F;igks 5
and 5
gjk
(%; = Ffjgsk + kagjs .

Summing side-by-side the obtained results, taking the symmetry of the lower indices of connec-
tion coefficients, i.e. (2), into account as well as the symmetry of the (pseudo) metric tensor, it
results:
Ogri N 99k 0gij
Oxd ~ Ozt Oxk

Contracting both sides with % g"" and using g..g"" = &7 we get:

k096 Ogjr Ogij, 1 4 0gjk  Ogri  0gij .,
(ot T o~ aat) = 597 (52 S =1}

T = oxJ ozt  Oxk oxt = Oxd  Oxk

1
29
This concludes the proof. O

Remarks (1) This remark is very important for applications. Consider a (pseudo) Euclidean
space E™. In any (pseudo) orthonormal Cartesian coordinate system (and more generally in any
Cartesian coordinate system) the affine connection naturally associated with the affine structure
has vanishing connection coefficients. As a consequence, that connection is torsion free. In the
same coordinates, the metric takes constant components and thus the covariant derivative of the
metric vanishes too. Those results prove that the affine connection naturally associated with
the affine structure is Levi-Civita’s connection. In particular, this implies that the connection V
used in elementary analysis is nothing but the Levi-Civita connection associated to the metric of
R™. The exercises below show how such a result can be profitably used in several applications.
(2) A point must be stressed in application of the formalism: using non-Cartesian coordinates
in R™ or E”, as for instance polar spherical coordinates r,6,¢ in R3, one usually introduces
a local basis of T,R?, p = (r,0,¢) made of normalized-to-1 vectors e, €9, e, tangent to the
curves obtained by varying the corresponding coordinate. These vectors do not coincide with

the vector of the natural basis %|p, %|p, 8%5|P because of the different normalization. In fact,

if g = 6ijda:idxj is the standard metric of R® where x', 22, 22 are usual orthonormal Cartesian

corodinates, the same metric has coefficients different from d;; in polar coordinates. By con-
struction g,, = g(%\%) =1, but ggg = g(%]%) # 1 and g4 = g(%]%) # 1. So % = e, but
% = \/900€0 and % = \/9pp€p-

Exercises 3.1.

3.1.1. Show that, if Vj, are p € N affine connections on a manifold M, then V =%, f;V}, is an

affine connection on M if the p smooth functions f; : M — R satisfy f > 0 and >, fi(p) =1
for every p € M (i.e. Y, fxVy is a convex linear combination of connections).

47



3.1.2. Show that a differentiable manifold M (1) always admits an affine connection, (2) it
is possible to fix that affine connection in order that it does not coincide with any Levi-Civita
connection for whatever metric defined in M.

Solution. (1) By Theorem 2.1, there is a Riemannian metric ® defined on M. As a consequence
M admits the Levi-Civita connection associated with ®. (2) Let w, n be a pair of co-vector fields
defined in M and X a vector field in M. Suppose that they are somewhere nonvanishing and
w # n (these fields exist due to Lemma 2.5 and using ® to pass to co-vector fields from vector
fields). Let = be the tensor field with Z, := X, ® wy, ® n, for every p € M. If T j; are
the Levi-Civita connection coefficients associated with ® in any coordinate patch in M, define
NG jk = I jk + =K jk in the same coordinate patch. By construction these coefficients transforms
as connection coefficients under a change of coordinate frame. As a consequence of Proposition
3.1 they define a new affine connection in M. By construction the found affine connection is not
torsion free and thus it cannot be a Levi-Civita connection.

3.1.3. Show that the coefficients of the Levi-Civita connection on a manifold M with dimension

n satisfy
i B Jln+/|g]|
Fij(p) = W‘p

where g(p) = det[g;;(p)] in the considered coordinates.
Solution. Notice that the sign of g is fixed it depending on the signature of the metric. It holds

dlny/lg| ~ 1 9g

oxi 290wl

Using the formula for expanding derivatives of determinats and expanding the relevants deter-
minants in the expansion by rows, one sees that

dg _ 14k aglk 2+k 92k n+k agnk

That is

0 9gi
5= D (-1 eofu

i7

On the other hand, Cramer’s formula for the inverse matrix of [g;x], [gP9], says that

. — 1)tk
g* = (gcofz‘k
and so,
ﬁ _ ggik ik
OxJ OxJ '
hence

1 99 1 ;x0gik

29 Oz’ 29 i
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But direct inspection proves that Log
L) = 59™ S

Putting all together one gets the thesis.)

3.1.4. Prove, without using the existence of a Riemannian metric for any differentiable manifold,

that every differentiable manifold admits an affine connection.

(Hint. Use a proof similar to that as for the existence of a Riemannian metric: Consider an atlas

and define the trivial connection (i.e, the usual derivative in components) in each coordinate

patch. Then, making use of a suitable partition of unity, glue all the connections together paying

attention to the fact that a convex linear combinations of connections is a connection.)

3.1.5. Show that the divergence of a vector field divX := V,;X? with respect to the Levi-Civita

connection can be computed by using:

: 1 9y/lglV*
divV = —|p -
( )(p) TGy o |

3.1.6. Use the formula above to compute the divergence of a vector field V' represented in polar
spherical coordinates in R?, using the components of V' either in the natural basis %, %, % and
in the normalized one e,,eq, e, (see Remark 2 above).

3.1.7. Execute the exercise 3.1.3 for a vector field in R? in polar coordinates and a vector field
in R3 is cylindrical coordinates.

3.1.8. The Laplace-Beltrami operator (also called Laplacian) on differentiable functions is

defined by:

Af = gIVVif,

where V is the Levi-Civita connection. Show that, in coordinates:

1 9 0
A = : i_Z .
(Af)(p) o0 <8mz lglg a$j> nf

3.1.9. Consider cylindrical coordinates in R3, (r,6,2). Show that:

H? 10 1 92 9?2
f+ —f+ f+—f

A =or e Teae T

3.1.10. Consider spherical polar coordinates in R3, (r, 6, ¢). Show that:

19 [ ,0f 1 90 (. 0f 1 0%f
Af= r2or <T 87‘) * 2 sin 6 99 (Sln089> * r2sin 6 0p?

3.4 Geodesics: parallel transport approach.

Take a manifold M equipped with an affine connection V. It is possible to generalize the concept
of straight line by introducing the concept of geodesic. First of all we notice that, if v : [a,b] — M
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is a smooth curve (we remark that the definition of a curve used here includes a preferred choice
for the parameter), with tangent vector 4, defined on ~y([a, b]), it is possible to extend the vector
field 7 into a smooth vector field V' defined in a neighborhood N of «([a, b]). Hence V' [;((q.0)= V-
Then we may consider the field Vi ¥(t) = (Vv'V) [y(jap))- It is a trivial task to show that the
obtained restriction defines a vector field on 7([a, b]) which does not depend on the extension V'
of 4 and thus the used notation is appropriate. In local coordinates we have

. d%a , dad dzk
Vi ¥ () = = 4+ Tl (7(8)) = —— | 2
(Vi (0) = T + Tl () - )
where v is given by n = dimM smooth functions x! = z%(¢). If V is Levi-Civita’s connection
in R™ or in an affine space referred to a metric which is everywhere constant and diagonal in

Cartesan coordinates, in Cartesian coordinate system it holds

) ; dei
(Vi (@) = TR

As a consequance, straight lines are the unique solutions of Vﬁ(t)"yi(t) = 0 in those spaces. More
precisely, if v = 7(¢) is a solution of the equation above, in whatever (generally local) Cartesian
coordinate system, the expression for the curve v, parametrized by the parameter t € (¢, d), has
the form z(t) = a’t + b’ for 2n constants a',...,a™, b',...,b" In general manifolds we have the
following definition which, in a sense, extends the concept of straight line.

Def.3.2. Let M be a differentiable manifold equipped with an affine connection V. If v : [a,b] —
M is smooth and satisfies the geodesic equation

Vi ¥(t) =0 forallt € [a,b]

7y is called geodesic (segment ).
A wector field T defined in a neighborhood of ~([a,b]) is said to be transported along -~y
parallely to 5§ (and with respect to V) if

VinT(y(#)) =0 for allt € [a,b].

Therefore, geodesics are differentiable curves which transport their tangent vector parallely to
themselves.

In the (semi) Riemannian case we have an important result which, in particular holds true for
Levi-Civita connections.

Proposition 3.3. If a differentiable manifold M admits both a (pseudo)metric ® and an affine
connection V such that V® = 0 (i.e., the connection is metric), the parallel transport
preserves the scalar product. In other words, if X,Y are vector fields defined in a neigh-
borhood of a differentiable curve v = ~(t), and both X,Y are parellelly transported along -y, it
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turns out that t — (X (v(¢))|Y (~(t))) is constant.

Proof. The connection is metric and thus:

%(X(’V(t))ly(v(t))) = (Vs X(v(O)Y (v(1)) + (X (v(£)[V5Y (v(£))) =0+ 0=0.
Od
Remarks.

(1) Let M be a differentiable manifold equipped with an affine connection V. From known
theorems of ordinary differential equations, if p € M and v € T, M, there is only one geodesic
segment vy = 7(t) which starts from (0) = p with initial tangent vector 4(0) = v. and defined in
a neighborhood of 0. This is because the geodesic equation is a second-order equation written in
normal form in a ny coordinate system about p. The correct background where one can profitably
study the properties of the geodesic equation is T'M. Actually it is possible to formulate global
existence and uniqueness theorems.

A straightforward consequence of the local uniqueness theorem is that the tangent vector of a
non constant geodesic v : [a,b] — M cannot vanish in any point.

(2) If one changes the parameter of a non constant geodesic ¢t — 7(t), t € [a,b] into u = wu(t)
where that mapping is smooth and du/dt # 0 for all t € [a,b], the new differentiable curve
v i u — v(t(u)) does not satisfy the geodesic equation in general. Anyway, working in local
coordinates and using (2), and the geodesic equation for 7, one finds

dzt d?t

(Varm (1) = A

Since (t) # 0, as a consequence we see that 4/ satisfies too the geodesic equation if and only
if uw = kt + k' for some constants k # 0,k" in [a,b]. These transormations of the parameter
of geodesics which preserve the geodesic equations are called affine transformations (of the
parameter).

(3) If v : [a,b] — M is fixed, the parallel transport condition

ViypnT(y(t)) =0 forallt € [a,b].

can be used as a differential equation. Expanding the left-hand side in local coordinates
(x',...,2") one finds a first-orded differential equation for the components of V referred to
the bases of elements %H(t)' As the equation is in normal form, the initial vector V(vy(a))
determines V' uniquely along the curve at least locally. In a certain sense, one may view the
solution ¢ — V() as the “transport” and “evolution” of the initial condition V(y(a)) along ~y
itself.

The local existence and uniqueness theorem has an important consequence. If 7 : [a,b] — M
is any differentiable curve and u,v € [a,b] with u < v, the notion of parallel transport along =y
produces an vector space isomorphism P [y(u),y(v)] : Ty) — Ty(y) which associates V' € Ty,
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with that vector in T,,) which is obtained by parallely trasporting V' in T ().

If V is metric, Proposition 3.3 implies that P-[y(u),y(v)] also preserves the scalar product, in
other words, it is an isometric isomorphis.

(4) Consider a Riemannian manifold M. Let v = «(¢) be a non constant geodesic segment with
t € [a, b] with respect to the Levi-Civita connection. The length ascissa or length parameter

s(t) = / VEORE) dt’

defines a linear function s = kt + k' with k& # 0 and thus s can be used to reparametrize
the geodesic. Indeed (%(¢')|¥(t')) is constant by Proposition 3.3 and ((¢')|¥(¢')) # 0 because
5(t') #0.

(5) If the manifold M is equipped with an affine connection M, it is possible to show that each
point of p € M admits a neighborhood U such that, if ¢ € U, there is a unique geodesic segment
~ completely contained in U from p to ¢q .

Example 3.1. As we said, in Finstein’s General Theory of Relativity, the spacetime is a fourdi-
mensional Lorentzian manifold M*. Hence it is equipped with a pseudometric ® = ggpdz’ ® da?
with hyperbolic canonic form (—1,41,+1,+1) (this holds true if one uses units to measure
length such that the speed of the light is ¢ = 1). The points of the manifolds are called events.
If the spacetime is flat and it is an affine four dimensional space, it is called Minkowski spacetime.
That is the spacetime of Special Relativity Theory.

If Ve T,M,V #0, for some event p € M, V is called timelike, lightlike (or null), spacelike
if, respectively (V|V) < 0, (V|V) =0, (V|V) > 0. A curve v : R — M is defined similarly
referring to its tangent vector 4 provided 5 preserves the sign of (§|¥) along the curve itself.
The evolution of a particle is represented by a world line, i.e., a timelike differentiable curve
v :u+— y(u) and the length parameter (length ascissa) along the curve

tw= [ VIG@R@)) d |

(notice the absolute value) represents the proper time of the particle, i.e., the time measured by
a clock which co-moves with the particle. If y(¢) is an event reached by a worldline the tangent
space T, ;)M is naturally decomposed as T,y M = L(§(t)) © X,), where L(¥(t)) is the linear
space spanned by §(t) and X is the orthogonal space to L(¥(t)). It is simple to prove that
the metric ®, ;) induces a Riemannian (i.e., positive) metric in ¥,). ¥, represents the local
rest space of the particle at time .

Lightlike curves describe the evolution of particles with vanishing mass. It is not possible to
define proper time and local rest space in that case.

As a consequence of Remark (3) above, if a geodesic v has a timelike, lightlike, spacelike ini-
tial tangent vector, any other tangent vector along ~ is respectively timelike, lightlike, space-
like. Therefore it always make sense to define timelike, lightlike, spacelike geodesics. Timelike
geodesics represent the evolutions of points due to the gravitational interaction only. That in-
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teraction is represented by the metric of the spacetime.

3.5 Back on the meaning of the covariant derivative.

The notion of parallel transport respect to an affine connection enable us to give a more geo-
metrical meaning of the notion of covariant derivative. As remarked in Section 3.1, if M is a
differentiable manifold and we aim to compute the derivative of a vector field X with respect to
another vector field Y in a point p € M, we should compute something like the following limit

lim X(p+hY)—X(p) ‘
h—0 h

Unfortunately, there are two problems involved in the formula above:

(1) What does it mean p+hY? In general, we have not an affine structure on M and we cannot
move points thorough M under the action of vectors as in affine spaces.

(N.B. The reader should pay attention on the fact that affine connections and affine structures
are different objects!).

(2) X(p) € T,M but X(p + hY) € Tpyrpy M. If something like p + hY makes sense, we ex-
pect that p + hY # p because derivatives in p should investigate the behaviour of the function
g — X(¢) in a “infinitesimal” neighborhood of p. So the difference X (p + hY) — X (p) does not
make sense because the vectors belong to different vector spaces!

As we have seen in Section 3.1, if M is an affine space A™ the candidate definition above can
be improved into
Alp+ hY,, p| X - X
(Vy X)p := lim ot 1Yy p]h pihYy TP

(see Section 3.1 for notation) which turns out to coincide with the definition given via the
affine connection naturally associated with the affine structure of A™. Is it possible to extend
such a (equivalent) definition of derivative in the case of a manifold M equipped with an affine
connection V7 The answer is yes. Fix p and Y (p) and consider the unique geodesic segment
[0,€) > h +— ~(h) starting from p with initial vector Y (p). Consider the point y(h). Formally
we can view that point as “p + hY”. Using that interpretation X (p + hY’) has to be interpeted
as X(v(h)) and the problem (1) becomes harmless. That is not the whole story because

X(v(h) = X(p)

does not make sense anyway since the vectors belong to different vector spaces.
As we are equipped with geodesics, we can move the vectors along them using the notion of
parallel transport. In practice, to improve our idea we may say that

X(p+hY)
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must actually be understood as
P p, v (W)X (v(R))

where

Pa [a(u), Oé(’U)] : Ta(u) - Ta(v)

is the vector-space isomorphism, introduced in Remark (3) after Proposition 3.3, induced by the
parallel transport along a (sufficiently short) differentiable curve « : [a,b] — M for u < v and
u,v € [a,b]. Within this interpretation

X(p+hY)—X(p) =P, [p,v (W)X (v(h)) — X (p)

makes sense because both fP;l [p,v(h)] X (v(h)) and X (p) belong to the same vector space T},(M).
Notice that, in general

P A (WX (v(h) # X(p) .

Summarizing, if M is equipped with an affine connection V, the derivative of X with respect to
Y in p can be define as

P p, v(R) X (v(h)) — X
DY, = i 1 v(h)] }fv( )= X0)

Let us show that the notion of derivative defined above is nothing but the covariant derivative
Vy X referred to the affine connection V. To this end, take a local coordinate system about p.
From the equation of parallel transport, if P~! := P, [p, v(h)] we have

X (y(h) = (PTIX(1(h)" + B YT (5(R) iy (v(h)) (P X (7(h))" = hA¥(h),

where A*(h) — 0 as h — 0F. That identity can equivalently be written

(PIX((h))" = X (1(R) + B Y (p) iy (p) (P71 X ()" + hO'(h),

where we have dropped some infinitesimal functions which are now embodied in O with O*(h) —
0 as h — 0. Using that expansion in the definition of Dy X|p we get:

i Xi(~(h)) — X? hYJ(p) T P=1X (~(h k—hOh
(DYX,)' = lim (v(h)) = X'(0) + h Y (p) ;lkoo)( (2(1))" = hO(h)

Equivalently:

(DF )" o= Jim F OO gy vy, ) (25,21 X ()

and thus ,
oxX"

(DY X1y) = V492X

b+ Y/ (p)T(0) X (p) = (Vy X)'(p) -
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Let us summarize our results into a Proposition.
Proposition 3.4. Let M be a differentiable manifold equipped with an affine connection V. If

X and Y are differentiable contravariant vector fields in M and p € M,

» i
(VyX)(p) = Jim 7y | »Wh)thw(h)) X().

where, v : [0,€) — M 1is the unique geodesic segment referred to V starting from p with initial
tangent vector Y (p) and
Pala(u), a(v)] : Towy = Taw)

is the vector-space isomorphism induced by the V parallel transport along a (sufficiently short)
differentiable curve « : [a,b] — M for u < v and u,v € |a,b].

3.6 Geodesics: variational approach.

There is another approach to determine geodesics with respect to Levi-Civita’s connection in a
Riemannian manifold. Indeed, geodesics satisfy a wvariational principle because, roughly speak-
ing, they stationarize the length functional of curves.

Let us recall some basic notion of elementary variation calculus in R™. Fix an open nonempty
set U C R™, a closed interval I = [a,b] C R with a < b and take a nonempty set

Gc{y:I—Q|~yeC*1)}

for some fixed integer 0 < k < +ool (y € C!([a,b]) means that v € C'((a,b)) and the limits
towards either a* and b~ of derivatives of v exist and are finite up to the order 1).

A variation V of v € G, if exists, is a map V : [0,1] x I — U such that, if V; denotes the
function t — V(s,t):

(1) V e C?*([0,1] x I) (i.e., V € C'((0,1) x (a,b)) and the limits towards the points of the
boundary of (0,1) x (a,b) all the derivatives of order up to [ exist and are finite),

(2) Vs € G for all s €[0,1],

(3) Vo =~ and V; # v for some s € (0, 1].

It is obvious that there is no guarantee that any v of any G admits variations because both con-
dition (2) and the latter part of (3) are not trivially fulfilled in the general case. The following
lemma gives a proof of existence provided the domain G is defined appropriately.

Lemma 3.1. Let Q C (R™)* be an open nonempty set, I = [a,b] witha < b. Fiz (p, Py,. .., Py_1)
and (¢,Q1,...,Qr_1) in Q. Let D denote the space of elements of {y: 1 — R™ | v € C**(I)}
such that:

(1) <’y(t) dy dk%v) € Q for allt € [a, b,

) dtl ) dtk—1

d! dk—1 dt qk—1
(2) (’Y(a)a erqaa e ey W_?h) = (p7 P17 ceey Pk:—l) O/Ild <’y(b)7 #hﬂ ceey W—Y’b) == (Q) Qla sty Qk—l)-
Within the given definitions and hypotheses, every v € D admits variations of the form

Vi(s,t) =~(t) £sen(t),

55



where ¢ > 0 is a constant, 1 : [a,b] — R™ is C* with

n(a) =n(b) =0,
and e I
n n
a pr— pr— O
i le = g b

forr=1,... k—1. In particular, the result holds for every ¢ < C, if C > 0 is sufficiently small.
Proof. The only nontrivial fact we have to show is that there is some C' > 0 such that
dl dkfl
(702 (). 5 (30 & sen(@). .. s (00) £ 5en(0)) € 2

for every s € [0.1] and every ¢t € I provided 0 < ¢ < C. From now on for a generic curve

7:1I—R", . -
. dr(t d¥ T (t
7(t) :== (T(t), dti ),..., dtkg )> .

We can suppose that € is compact. (If not we can take a covering of ¥([a,b]) made of open
balls of (R™)* = R™ whose closures are contained in . Then, using the compactness of ¥([a, b])
we can extract a finite subcovering. If Q' is the union of the elements of the subcovering,
Q' C Qis open, ¥ C Q and @ is compact and we may re-define Q := Q'.) 9Q is compact
because it is closed and contained in a compact set. If || || denotes the norm in R™ the
map (x,y) — ||z —y|| for x € 7, y € 0N is continuous and defined on a conpact set. Define
m = ming, ,)e5xa0 ||z —y||. Obviously m > 0 as 7 is internal to Q. Clarearly, if ¢ — 7(t) satisfies
[17(t) — 7(t)|| < m for all t € [a,b], it must hold 7(I) C Q. Then fix  as in the hypotheses
of the Lemma and consider a generic R™¥-component t +— ¢(t) + scii’(t) (the case with — is
analogous). The set I’ = {t € I | 7'(t) > 0} is compact because it is closed and contained in
a compact set. The s-parametrized sequence of continuous functions, {7' + scij*} s€[0,1], MONO-
tonically converges to the continuous function 4° on I’ as s — 07 and thus converges therein
uniformly by Fubini’s theorem. With the same procedure we can prove that the convergence is
uniform on I” = {t € I | 7#*(t) < 0} and hence it is uniformly on I = I’UI”. Since the proof can
be given for each component of the curve, we get that ||(7(t) + scn(t)) —7(¢)|| — 0 uniformly in
t € I as sc — 07, In particular |[(7(¢) + sen(t)) — F(t)|| < m for all ¢ € [a,b], if sc < §. Define
C:=0/2. If0<c<C, sc<dforse|0,1] and ||(F(¢) + sen(t)) —A(t)|| < m uniformly in ¢ and
thus 4(t) + sen(t) € Q for all s € [0,1] and ¢ € 1.

Decreasing C' if necessary, by a similar proof we get that, 5(t) — sen(t) € D for all s € [0, 1] and
tel,if0<e< C. O

Exercises 3.2.

3.2.1. In the same hypotheses of Lemma 3.1, drop the condition vy(a) = p (or v(b) = ¢, or
both conditions or other similar confitions for derivatives) in the definition of D and prove the
existence of variations Vi in this case too.
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(Hint. Note that the proof is obvious.)

We recall the reader that, if G C R™ and F' : G — R is any sufficiently regular function,
xo € Int(G) is said to be a stationary point of F if dF|,, = 0. Such a condition can be
re-written as

dF(xzo + su)
ds

for all u € R™. In particular, if F' attains a local extremum in xg (i.e. there is a open neighbor-
hood of zg, Up C G, such that either F(xo) > F(x) for all x € Uy \ {x0} or F(zo) < F(x) for all
x € U\ {z0}), zo turns out to be a stationary point of F.
The definition of stationary point can be generalized as follows. Consider a functional on
Gc{y:1—-U/|~eC?*(I)}, ie amapping F: G — R. We say that v, stationary
point of F, if for all variations of 7g, V, the variation of F,

’8:0 :07

dF Vs
vy = g

exists and vanishes.

Remark. There are different definition of dy F related to the so-called Fréchet and Gateaux
notions of derivatives of functionals. Here we adopt a third definition useful in our context.

For suitable spaces G and functionals F' : G — R, defining an appropriate topology on G itself,
it is possible to show that if F' attains a local extremum in v9 C G, then vy must be a stationary
point of F'. We state a precise result after the specialization of the functional F.

From now on we work on domains G of the form D defined in lemma 3.1 and we focus attention
on functionals with the form

Fo) = o (00, 2 T, )

where k is the same used in the definition of D and F € C*(Q). Making use of Lemma 3.1 we
can prove a second important Lemma.

Lemma 3.2. If F: D — R is the functional in (3) with D defined in Lemma 3.1, 0y F|,, exists
for every vo € D and every variation of vo, V and

"L [ OV
il =3 [ G
i=1 71 5=0

k

0F d" oF
. -1)" A

r= d

dt

o

Proof. From known properties of Lebesgue’s measure based on Lebesgue’s dominate convergence
theorem (notice that [0, 1] x I is compact an all the considered functions are continuous therein),
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we can pass the s-derivative operator under the sign of integration obtaining

ov? o0F
ovF|y, = g / — | dt.
b i=170a ( 95 5= s=0 8ddtz >

We have interchanged the derivative in s and r derivatives in ¢ in the first factor after the second
summation symbol, it being possible by Schwarz’ theorem in our hypotheses. The following

identity holds
r+1y/1 F idr F
POV [ (07,
1 Otr0s oL I Os dtr oL

This can be obtained by using integration by parts and dropping boundary terms in a and b
which vanishes because they contains factors

oF k 87'4-1 Vz

oy L ords

al-i-lvi
m |t:a or b

with [ =0,1,...,k — 1. These factors must vanish because the conditions on curves in D:

Y(a)=p and ~(b) =gq,

d"ty
a — Pr
drt |
and I
T
drt |b — Qr

for r =1,...,k — 1 imply that the variations of any 79 € D with their ¢-derivatives in a and b
up to the order £ — 1 have to vanish in a and b whatever s € [0,1]. Then the formula in thesis
follows trivially. O

A third and last lemma is in order.

Lemma 3.3. Suppose that f : [a,b] — R™, with components f' : [a,b] — R, i = 1,...,n, is

continuous. If
b n
/ S b (@) £ ()de = 0
@ =1

for every C* function h : R — R™ whose components h' have supports contained in in (a,b),

it has to hold f(x) =0 for all x € [a,b].

Proof. If xy € (a,b) is such that f(zp) > 0 (the case < 0 is analogous), there is an integer
j €{1,...,n} and an open neighborhood of g, U C (a,b), where f/(x) > 0. Using Remark (3)
after Def.2.3, take a function g € C*°(R) with supp g C U, g(x) > 0 therein and g(z¢) = 1, so
that, in particular, f7(z¢)g(xo) > 0. Shrinking U one finds another open neighborhood of o,
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U’, such that U’ C U and g(z)f’(z) > 0 on U’. As a consequence mingg - f/ =m > 0.
Below x4 denotes the charateristic function of a set A and h : (a,b) — R" is defined as h/ = g
and h' = 0 if ¢ # j. Finally we have:

0= [ S rese = [ oo = [

because the integrand vanish outside U. On the other hand, as U’ C U and g(z)f(z) > 0 in U,
xu()g(x) f (z) = xgr(a)g(a) f (z)

and thus
/th d$>/ (x)fj(x)dem [ dx>0.
a / U’

because m > 0 and fﬁ dx > fU, dx > 0 because nonempty open sets have strictly positive
Lebesgue measure.
The found result is not possible. So f(xz) =0 in (a,b) and, by continuity, f(a) = f(b) =0. O

We conclude the general theory with two theorems.

Theorem 3.2. Let Q C (R™)F be an open nonempty set, I = [a,b| witha < b. Fiz (p,Py,..., P._1)
and (¢,Q1,...,Qr_1) in Q. Let D denote the space of elements of {y: I — R" | v € C**(I)}
such that: )

(1) ( ()’ dlta'--yil;ilt> EQfOT allte[a b]
k 1 k-1,
(2) (7( )’ d1t|a,...,%|a> = (p?Pla'-ka—l) (md( ( )acclll’mba-'-,(ék Tt ’b) = (q,Ql,...,Qk_l),

Finally define
dy dk~
Flyl = | Ft,~(@), —,-- dt
=[5 (0. G )
where F € CF(Q).

Under these hypotheses v € D is a stationary point of F' if and only if it satisfies the Euler-
Poisson equations fori=1,...,n:

k

dr oF
Z dtr (8& Z>:O

dt”

Proof. It is clear that if v € D fulfils Euler-Poisson equations, 7 is an extremal point of F
because of Lemma 3.2.
By Lemma 3.2 once again, if v € D is a stationary point, it must satisfy

Vi N
Z/ +;vnw(mm>

dtr

dt =10

s=0
Yo
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for all variations V. We want to prove that these identities valid for every variation V of v entail
that ~ satisfies E-P equations. The proof os based on Lemma 3.3 with

k
, o0F dr o0F
= - 1) — —
re et ()

r=1 asr Y0

and oy
ht = 4 .
0s |,_g

Indeed, the functions h? defined as above range in the space of C°°(R) functions with support
in (a,b) as a consequence of Lemma 3.1 if one uses variations V¥(s,t) = 7§(t) + csn'(t) with
n' € C*°(R) supported in (a,b). In this case h’ = cn’. The condition

" ov?
;/[ Js |.—o

k

oF d [ o7
5y T2V G <W>

r=1 dtr

dt =10

Yo

becomes ) n
c/ Zhi(a:)fi(w)dx =0
@ =1

for every choice of functions h; € C*((a,b)), i = 1,...,n and for a corresponding constant ¢ > 0
which does not affect the use of the Lemma 3.1. Then, Lemma 3.1. implies the thesis. O

Remark. Notice that, for k = 1, Euler-Poisson equations reduce to the well-known Euler-
Lagrange equations F being the Lagrangian of a mechanical system.

Theorem 3.3. With the same hypotheses of Theorem 3.2, endow D with the norm topology
induced by the norm

If the functional F' : D — R attains an extremal value at vy € D, o turns out to be a stationary
point of F' and it satisfies Fuler-Poisson’s equations.

dy
dtk

dy
||7]|x := max < sup ||v]|,sup ||==|],. .. ,sup
I 1|l dt I

Proof. Suppose that vy defines a local maximum of F' (the other case is similar). In that case
there is an open norm ball B C D centered in 7y, such that, if v € B\ {0}, F(7) < F(y). In
particular if Vo = v+ sen,

F(vo £ csn) — F() -
S

0

for every choice of n € C*°(R) whose components are compactly supported in (a,b) and s € [0, 1].
¢ > 0 is a sufficiently small constant. The limit as s — 0" exists by Lemma 3.2. Hence

Oy Flyy <0.
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Making explicit the left-hand side by Lemma 3.2 one finds

n k T
| 0F d" oF
+ E * - E -1 _— <
=1 r=1 dt 41~
and thus i
- | 0F dr oF
E v . E -1" — dt =0
, /IU v + 2.1 datr (ad“ﬂ )
=1 r=1 dt ~0

Using Lemma 3.3 as in proof of Theorem 3.2 we conclude that ~q satisfies Euler-Poisson’s equa-
tions. As a consequence of Theorem 3.2, vq is a stationary point of F. O

We can pass to consider geodesics in Riemannian and Lorentzian manifolds. Let us state and
prove a first theorem which is valid for properly Riemannian metrics and involves the length of
a differentiable curve (see comment (2) after Def.2.9).

Theorem 3.4. Let M be a Riemannian manifold with metric locally denoted by g;;. Take
p,q € M such that there is a common local chart (U, ¢), ¢(r) = (x1(r),...,2"(r)), withp,q € U.
Fiz [a,b] C R, a < b and consider the curve-length functional:

b Tt b
LM:/ \/gz’j(’)/(t))d (dvt(t))d (v(1)) dt

dt

defined on the space S of (differentiable) curves 7y : [a,b] — U (U being identified to the open
set p(U) C R™) with y(a) = p, v(b) = q and everywhere nonvanishing tangent vector 7.

(a) If o € S is a stationary point of L, there is a differentiabile bijection with inverse dif-
ferentiable, u : [0, L[y]] — [a,b], such that v ow is a geodesic with respect to the Levi-Civita
connection connecting p to q.

(b) If v0 € S is a geodesic (connecting p to q), o is a stationary point of L.

Proof. First of all, notice that the domain S of L is not empty (M is connected and thus path
connected by definition) and S belongs to the class of domains D used in Theorem 3.2: now
Q =o¢(U) x (R™\ {0}). L itself is a specialization of the general functional F' and the associated
function F is C*° (indeed the function x — /z is C* in the domain R\ {0}).

(a) By Theorem 3.2, if 7o € S is a stationary point of F', g satisfies in [a, b]:

dz’ 109ij dat dad
d |_ oGy 2out dr &
1 dt _ 2 BI dt dt 0 , (4)

% T s T s -
N v
where 2%(t) := 2%(70(t)) and the metric g;,, is evaluated on yo(t).

Since 4o(t) # 0 and the metric is positive, gm(’yo(t))dg d;ts # 0 in [a,b] and the function

(t) = / 8 \/ ro(0() o 2 gy
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takes values in [0, L]v]] and, by trivial application of the fundamental theorem of calculus, is
differentiable, injective with inverse differentiable. Let us indicate by w : [0, L[yo]] — [a,b] the
inverse function of s. By (4), the curve s — 7(u(s)) satisfies the equations

d [ de'] 10y datdo?
ds |7 ds 2 0zk ds ds
Expanding the derivative we get

d?at Ogri det dad 1 0gij dxzt da?

ds? Gki Ori ds ds 20xF dt dt

These equations can be re-written as

PR s ds -

d?ax’ 1 [Oggi dwidij Ogr; dz’ dx'  Og; da:idij
0zl ds ds Ozt ds ds  Oxk ds ds

Contracting with ¢g"* these equations become

2" 1 . [Ogki | Qg Dgij] da’ da?
ds ds ’

ds®? = 2 dxi ' dxi  Oxk
which can be re-written as the geodesic equations with respect to Levi-Civita’s connection:

&z’ T }dxldﬁ
ds? t I ds ds

=0.

(b) A curve from p to ¢, t — v(t), can be re-parametrized by its length parameter: s = s(t),
s € [0, L[y]] where s(t) € [0, L(70)] is the length of the curve -y evaluated from p to ~(¢). In
that case it holds

and thus

2" dr!
Yot

Then suppose that t — 7o(t) is a geodesic. Thus t € [a,b] is an affine parameter. By Remark
(4) af Def.3.2, there are ¢,d € R with ¢ > 0 such that ¢ = c¢s + d. As a consequence

" dat " dx!
A A o)
and thus
" dat
\/g”(%(t»ddt(ilt = % . (6)
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Following the proof of (a) by a reversed order one proves that

d2x" dzt da?

T —— =0.
dt2 +1 J}dt dt

implies

dt

Tkiqt | T 20ak dt dat

d dx’ 10g;; dx® da’
dt

or, since ¢ > 0,

Yok dt dt

Using the fact that ¢ is constant and (6), these equations are equivalent to Euler-Poisson equa-
tions

LA, dat]  10gy dat’ da
dat |9

da' 1095; da' da?
d 9ki gy _ 2o9dk dt dt _
dt da” dz® da” da ’
9rs~ar dt 9rs g ~dr

and this concludes the proof by Theorem 3.2. O
We can generalize the theorem to the case of a Lorentzian manifold.

Theorem 3.5. Let M be a Lorentzian manifold with metric locally denoted by g;;. Take p,q € M
such that there is a common local chart (U,¢), ¢(r) = (z'(r),...,2"(r)), with p,q € U. Fix
[a,b] C R, a < b and consider the timelike-curve-length functional:

MM=K¢

defined on the space St of (differentiable) curves v : [a,b] — U (U being identified to the open
set ¢(U) C R™) with v(a) = p, v(b) = q and ~ is timelike, i.e. (|7) < 0 everywhere.

Suppose that p and q are such that St # ().

(a) If vo € St is a stationary point of Ly, there is a differentiabile bijection with inverse dif-
ferentiable, w : [0, Lr[v]] — [a,b], such that v o u is a timelike geodesic with respect to the
Lewvi-Civita connection connecting p to q.

(b) If v0 € St is a timelike geodesic (connecting p to q), vo is a stationary point of L.

(v(1)) di (v(1))
dt dt

g5 ((1) it

Proof. The proof is the same of Theorem 3.4 with the precisation that Sy, if nonempty, is a
domain of the form D used in Theorem 3.2. In particular the set Q C R?™ used in the definition
of D is now the open set:

{(zt,..., 2"l 0" e R | (2h, ... 2"™) € p(U) (gd)—l(xl,m’xn))ijviv‘j <0}

where g;; represent the metric in the coordinates associated with ¢. O
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Theorem 3.6. Let M be a Lorentzian manifold with metric locally denoted by g;;. Take p,q € M
such that there is a common local chart (U,¢), ¢(r) = (x'(r),...,2™(r)), with p,q € U. Fix
[a,b] C R, a < b and consider the spacelike-curve-length functional:

b xt xJ
Bsh = [ oty @O 00

defined on the space Sg of (differentiable) curves v : [a,b] — U (U being identified to the open
set p(U) C R™) with y(a) = p, v(b) = q and v is spacelike, i.e. (§|¥) > 0 everywhere.
Suppose that p and q are such that Ss # ().

(a) If vo € Sg is a stationary point of Lg, there is a differentiabile bijection with inverse dif-
ferentiable, u : [0, Ls[vyo]] — [a,b], such that v o w is a spacelike geodesic with respect to the
Levi-Civita connection connecting p to q.

(b) If vo € Sg is a spacelike geodesic (connecting p to q), Yo is a stationary point of Lg.

Proof. Once again the proof is the same of Theorem 3.4 with the precisation that Sg, if nonempty,
is a domain of the form D used in Theorem 3.2. In particular the set Q C R?" used in the
definition of D is now the open set:

{(z', .., ol o) e R (2. 2™ € 9(U) (g¢_1(x17,__7xn))ijvivj >0}
where g;; represent the metric in the coordinates associated with ¢. O

Exercises 3.3.

3.3.1. Show that the sets  used in the proof of theorems 3.5. and 3.6 are open in R?",

(Hint. Prove that, in both cases Q = f~!(FE) where f is some continuous function on some
appropriate space and E is some open set in that space.)

Remarks.

(1) Working in T'M, the three theorems proven above can be generalized by dropping the
hypotheses of the existence of a common local chart (U, ¢) containing the differentiable curves.
(2) It is worth stressing that there is no guarantee for having a geodesic joining any pair of
points in a (pseudo) Riemannian manifold. For instance consider the Euclidean space E? (see
Example 2.2.1), and take p,q € E? with p # q. As everybody knows there is exactly a geodesic
segment v joining p and ¢q. If r € v and r # p, r # ¢, the space M \ {r} is anyway a Riemannian
manifold globally flat. However, in M there is no geodesic segment joining p and gq.

As a general result, it is possible to show that in a (semi) Riemannian manifold, if two points
are sufficiently close to each other there is at least one geodesic segments joining the points.
(3) It is worth stressing that there is no guarantee for having a unique geodesic connecting a
pair of points in a (pseudo) Riemannian manifold if one geodesic at least exists. For instance,
on a 2-sphere S* with the metric induced by E3, there are infinite many geodesic segments
connecting the north pole with the south pole.
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(4) It is possible to show that, in Riemannian manifolds, geodesics locally minimize the curve-
length functional (“locally” means here that the endpoints are sufficiently close to each other).
Conversely, in Lorentzian manifolds, timelike geodesics (see example 3.1) locally maximize the
curve-length functional.

3.7 Fermi’s transport in Lorentzian manifolds.

Consider a differentiable curve v : (a,b) — M, M being Lorentzian manifold. We further assume
that the curve is timelike, i.e., (4(¢)|7(t)) < 0 everywhere along the curve. We finally assume
that t denotes the length parameter and thus (§(¢)|¥(¢)) = —1. t is the proper time associated
with the particle which admits v as its worldline (see Example 3.1). It is possible to define a
smooth verctor field along the curve itself, i.e., the restriction (a,b) >t — V ;) € T,y M of a a
differentiable vector field defined in a neighborhood of v For the moment we also suppose that
Vi) € Lyt), Loty denoting the subspace of T, ;) (M) made of the vectors u with (u|¥(t)) = 0.
From a physical point of view, in the Lorentzian case, V, ;) is a vector in the rest space X, at
time ¢ (see Example 3.1) of the observer associated with the world line . For instance V' could
be the spin of a particle whose world line is - itself.

We want to formalize the idea of vectors V' which do not rotate in ¥ ;) during their evolution
along the worldline preserving metrical properties.

As T,y M is orthogonally decomposed as L((t)) ® X, the only possible infinitesimal defor-
mations of V) during an infinitesimal interval of time ¢ must take place in the linear space
spanned by 7. If V, ;) does not satisfy V) € ;) a direct generalization of the said condition
is that the orthogonal projection of V. onto 3, does not rotate in the sense said above:
its infinitesimal evolution involves deformations along % only. The second condition about the
preservation of metrical structures means that (V,)|V,)) is preserved in the evolution along
~. Notice that 4 naturally satisies both constraints.

The nonrotating and metric preserving conditions can be generalized to set of vectors { V() () }aca:
the nonrotating condition is formulated exactly as above for each vector separately, while the
metric preserving property means that the scalar products (V(q)y 1)l (Vig)y()), with a,b € A, are
preserved for t € (a,b).

In formulae, interpreting V) as said in 3.4, if V' is any differentiable contravarian vector field
defined in an open neighborhood of v((a,b)) and V(t) := V(v(t)), the nonrotation constraint
reads:

Vi [V(E) + (V(O3(2) ¥(1)] = alt)(2) (7)

for some suitable function «.

Remarks.
(1). V(t) + (V(#)[7(t))¥(t) is the orthogonal projection of V' onto X . Indeed as T, M =
L(7(t)) ® Ey ey,

V(t) =c(t)y(t) + X(t),

65



where X (t) € X, is the wanted projection. Since X, = L((£))*,

(V(2),7(t)) = c@)(¥(®)[7(t)) = —c(t)
and thus
X(t) =V (&) + (V(O)l7(2)5(t) -
(2) We have interpreted the infinitesimal deformations of a vector U(t) during an infinitesimal
interval of time dt = h as dU = V) Udt making explicit use of the Levi-Civita connection. As
explained in 3.5, up to an infinitesimal function of order h?, hV U is the difference of vectors
in T\ M,
Pot (V) A+ W)U (Y(t+ ) = U(1(t)

where « is a geodesic from y(¢) to y(t+h) (which in general is different from «) and Py (a(u), a(v)) :
To(u) = Tov) 1s the isometric vector-space isomorphism induced by Levi-Civita’s connection by
means of parallel transport along « (see Remark (3) after Proposition 3.3.) The existence of the
geodesic « is assured if h is sufficiently small (see Remark (5) after Proposition 3.3).

It is possible to get a mathematical formulation of the nonrotating condition more precise than
(7). Expanding (7) we get

ViV (t) + (Vs V(O 1)) + (VOIVs0) 7 () 7(E) + (VO)IY(E) Vi@ ¥(t) = a@)i(t) . (8)

Taking the scalar product with 4(¢) and using (¥(¢)|5(t)) = —1 we obtain

(Vs VOI(®) = (Vs VI () = (VO)IV397(1) = —alt) (9)
and thus
(VOIVsm)¥(t) = alt) -
That identity used in the right-hand side of (7) produces the more precise equation
Vi V() + (VO #) 4] = (VO V50 7@) 3 () - (10)
Equivalently:

ViV () + Vi (V1Y) 3(B)] = (VO V07 (#)3(t) = 0,

or

ViV () + (VO #) Vi (@) + (Vi) VE)7()3(#) = 0. (11)

This identity, which is the mathematical formulation of the nonrotating property, can be re-
written in a more suitable form which allows one to use the metric preserving property:

d

Vi V(t) + (VIO @)) Vs y(t) = (VOIVs0) ()7 () + [dt(V(t)I"Y(t))} () =0.  (12)
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Both 4 and V satisfy the metric preserving property and thus it also holds

L wmm) =o (13)

As a consequence (12) reduces to

ViV (#) + (VOI(#) Vi 3(@E) — (VOIVi3@)3(#) = 0. (14)

We have found that if V satisfies both the nonrotating condition and the metric preserving con-
dition, it satisfies (14). However if vectors satisfy (14) their scalr products along ~ are preserved
as shown below, moreover 7 itself satisfies (14) and thus (13) holds true. We conclude that (14)
implies both (12), which states the nonrotating property, and the metric preserving property.
(14) is the wanted equation.

Def.3.3. (Fermi’s Transport of a vector along a curve.) Let M be a Lorentzian manifold
and 7 : [a,b] — M a timelike (i.e. (4(t)|¥(t) < 0 for all t € [a,b]) differentiable curve where
t is the length parameter (i.e., the proper time). A differentiable vector field V defined in a
neighborhood of v([a,b]) is said to be Fermi transported along v if

ViV (y(0)) + (V(y@O) () Vi ¥(#) — (V) Vs@)¥(8)¥(t) = 0
for allt € [a,b].

Proposition 3.5. The notion of Fermi transport along a curve v : [a,b] — M defined in Def.3.3
enjoys the following properties.
(1) It is metric preserving, i.e, if t — V(y(t) and t — V'(y(t) are Fermi transported along
s

t—= (V(y@)IV'(2(1)))
is constant in [a,b].
(2) t — 5(t) is Fermi transported along ~y.
(3) If v is a geodesic with respect to Levi-Civita’s connection, the notions of parallel transport
and Fermi transport along v coincide.

Proof. (1) Using the fact that the connection is metric one has:

%(V(v(t))lv’(v(t))) = (VsVOy@IV (1)) + (V(y(0)IVV (v(1))) - (15)

Making use of the equation of Fermi’s transport,
VipU(#) = (U @) (E) Ve v(#) + (U )V ¥(8)3()

for both V' and V’ in place of U, the terms in the right-hand side of (15) cancel out each other.
The proof of (2) is direct by noticing that

(@B (#) = -1
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and

GOV = 3 T30 = 5 e1=0.

The proof of (3) is trivial noticing that if 7 is a geodesic V)¥(t) = 0 and (15) reduces to the
equation of the parallel transport

ViU(y(t) =0.
O

Remarks.
(1) If v : [a,b] — M is fixed, the Fermi’s transport condition

Vi) V(1) = (VOO Vi@ ¥ @) 7(E) = (VY)Y (E) Vi3 (E)

can be used as a differential equation. Expanding both sides in local coordinates (z?,...,z")
one finds a first-orded differential equation for the components of V referred to the bases of
elements a%’clv(t)‘ As the equation is in normal form, the initial vector V(y(a)) determines V'
uniquely along the curve at least locally. In a certain sense, one may view the solution ¢ — V()
as the “transport” and “evolution” of the initial condition V' (vy(a)) along = itself.

The local existence and uniqueness theorem has an important consequence. If ~ : [a,b] — M is
fixed and u, v € [a, b] with u # v, the notion of parallel transport along v produces an vector space
isomorphism . [y(u),v(v)] : Ty) — Ty which associates V' € T,y with that vector in T,
which is obtained by Fermi’s trasporting V' in T’,. Notice that F,[y(u),y(v)] also preserves
the scalar product by property (1) of Proposition 3.5, i.e., it is an isometric isomorphis.

(2) The equation of Fermi transport of a vector X in a n-dimensional Lorentz manifold M can
be re-written

VymX(v(#) = (X(y)A@)V(E) — (X (v(O)IV (1) A() ,

where we have introduced the n-velocity V (¢) := §(t) and the n-acceleration A(t) := V()
of a worldline v parametrized by the proper time t. These vectors have a deep physical meaning
if n =4 (i.e., M ia a spacetime). Notice that (A(t)|V(¢t)) = 0 for all ¢ and thus if A # 0, it turns
out to be spacelike because V is timelike by definition.

(3) The nonrotating property of Fermi transport can be viewed from another point of view.
Consider the proper Lorentz group SO(1,3) represented by real 4 x 4 matrices A : R* — R*
A= [A;], i,j = 0,1,2,3. Here the coordinate x° represents the time coordinate and the remaining
three coordinates are the space coordinates. It is known that every A € SO(1,3) can uniquely
be decomposed as

A=QP,

where Q, P € SO(1,3) are respectively a rotation of SO(3) of the spatial coordinates which
does not affect the time coordinate, and a pure Lorentz transformation. In this sense every pure
Lorentz transformation does not contains rotations and represents the coordinate transformation
between a pair of pseudoorthonormal reference frames (in Minkowski spacetime) which do not
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involve rotations in their reciprocal position.
Every pure Lorentz transformation can uniquely be represented as

P — eXini Ak ’

where (A1, A, A3) € R? and K1, Ko, K3 are matrices in the Lie algebra of SO(1,3), so(1,3),
called boosts. The elements of the boosts K, = [K (a);] are

K(a)? = K(a)g = d0q; and K(a);_ =0 in all remaining cases.

We have the expansion in the metric topology of R

0 1n 3 n
_ A AK hf I
P=e¢ 1 —Z ol <ZA1K1) ’
n=0 1=1
and thus 5
P=TI+h)Y AK;+hO(h),
i=1
where O(h) — 0 as h — 0. The matrices of the form
3
I+ hz AK; .
i=1

with h € R and (Aj, Az, A3) € R3 (notice that h can be reabsorbed in the coefficients A;) are
called infinitesimal pure Lorentz transformations.

Then consider a differentiable timelike curve v : [0, €) — M starting from p in a four dimensional
Lorentzian manifold M and fix a pseudoorthonormal basis in T,M, eq, e1, e2, e3 with e; = 4(0).
We are assuming that the parameter ¢ of the curve is the proper time. Consider the evolutions of
ei, t — e;(t), obtained by using Fermi’s transport along v. We want to investigate the following
issue.

What is the Lorentz transformation which relates the basis {e;(t)}i=o,.. 3 with the basis of Fermi
transported elements {e;(t + h)}i—o,. 3 in the limit h — 0%

In fact, we want to show that the considered transformation is an infinitesimal pure Lorentz
transformation and, in this sense, it does not involves rotations.

To compare the basis {e;(t)}i=o,. 3 with the basis {e;(t + h)}i=o,. 3 we have to transport,
by means of parallel transport, the latter basis in (¢). In other words we want to find the
Lorentz transformation between {e;(t)}io,. 3 and {P;1[y(t),v(t + h)]ei(t + k) }izo....3, @ being
the geodesic joining v(¢) and (¢ + h) for h small sufficiently. We define

et + h) :== Py(t), y(t + h)]ei(t + h) .

By the discussion in 3.5 we have

62(t + h) — ei(t) = hV&(t)ei(t) + hO(h) .
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Using the equation of Fermi transport we get
ei(t +h) — ei(t) = h(ei(t)|A(t))eo(t) — hlei(t)|eo(t))A(t) + hO(R) , (16)

where A(t) = V4)¥(t) is the 4-acceleration of the worldline v itself and O(h) — 0 as h — 0.
Notice that (A(t)|eo(t)) = 0 by Remark (2) above and thus

3

At) = Aitei(t) (17)

i=1

for some triple of functions A, Ag, As. If 7y = diag(—1,1,1,1) and taking (17) and the psudo
orthonormality of the basis {e;(t)}i=o,... 3 into account, (16) can be re-written

ei(t +h) = ei(t) + h(Ai(t)eo(t) — mioA(t)) + hO(h) . (18)
If we expand €(t + h) in components refereed to the basis {e;(t)}i=o,..3, (18) becomes
(eh(t + ) = 6] + (A ()5 (1) — mioA; (1)) + hO (h) , (19)
where one shoulds remind that Ag = 0. As (e;(t))! = (5{ , (19) can be re-written
3
et+h)=T+n|> AK; |e(t)+hO(h). (20)
j=1

We have found that the infinitesimal transformation which connect the two bases is, in fact,
an infinitesimal pure Lorentz transformation. Notice that this transformation depends on the
4-acceleration A and reduces to the identity (except for terms hO(h)) if A =0, i.e., if the curve
is a timelike geodesic.
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4 Curvature.

Let M be a Riemannian manifold which is locally flat in the sense of Def.2.10. As the metric
tensor is constant in canonical coordinates defined in a neighborhood U of any x € M, the Levi-
Civita connection is representd by trivial connection coefficients in those coordinates: I‘fj =0.
As a consequence, in those coordinates it holds
A o*zk
.7k — — — V.V,
ViViZt = 0xi0xd  Oxidxt ViViZ,

for every differenziable vector field Z defined in U. In other words, the covariant derivatives
commute on differenziable vector fields defined on U:

V.V, Z% =v;v,Z"

Notice that, by the intrinsic nature of covariant derivatives, that identity holds in any coordinate
system in the neighborhood U of p € M, not only in those coordinates where the connection coef-
ficients vanish. Since p is arbitrary, we have proven that the local flatness of (M, ®) implies local
commutativity of (Levi-Civita) covariant derivatives on vector fields on M. This fact completely
caracterizes locally flat (semi) Riemannian manifolds because the converse proposition holds
true too as we prove at the end of this section. Therefore a (semi) Riemannian manifold can be
considered “curved” whenever local commutativity of (Levi-Civita) covariant derivatives fails to
be satisfied. Departing from (semi) Riemannian manifolds, investigation about commutativity
of covariant derivatives naturally leads to a very important tensor R, called the curvature tensor
(field). Commutativity of the covariant derivatives in M turns out to be equivalent to R = 0 in
M. Actually, coming back to manifolds equipped with Levi-Civita’s connection, it is possible
to prove a stronger result, i.e., the condition R = 0 locally is equivalent to the local flatness of
the manifold. The next subsections are devoted to these topics and straightforward extensions
to cases of non metric conections.

4.1 Curvature tensor and Riemann’s curvature tensor.

To introduce (Riemann’s) curvature tensor let us consider the commutativity property of co-
variant derivative once again.

Lemma 4.1. Let M be a differenziable manifold equipped with a torsion-free affine connection
V (e.g. Levi-Civita’s connection with respect to some metric on M ).
Covariant derivatives of contravariant vector fields commute in M, i.e.,

VARV VAV (21)

in every local coordinate system, for all differentiable contravariant vector fields Z and all coor-
dinate indices a,b, c, if and only if

VxVyvZ -VyVxZ — V[Xy}Z =0, (22)
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for all differenziable vector fields X,Y,Z in M.

Proof. If X, Y are differenziable vector fields (21) entails
XYV, V, 78 = X'YIV,;V, 2"
which can be re-written,
D QAVAZAIVARS UVA SV EAVID QYA CIAVP GV

or

X'V, YIv;z8 —YIv, XV, 28 — (X{(V,Y)V,; 28 - YV, X))V 28 =0,
and finally
X'V, YIv;Z8 — VIV, XV, 28 — (XU (VY9 - YV X))V 28 =0,
Using Proposition 3.2, the above identity can be re-written in the implicit form
VxVyZ —VyVxZ —Vixy|Z=0.

(22) is equivalent to (21) because the latter implies the former as shown and the former implies

the latter under the specialization X = {?xi and Y = %. Notice that [%, %] = 0.

Proposition 4.1. Let M be a differentiable manifold equipped with an affine connection V.
(a) There is a (unique) differenziable tensor field R such that, for every p € M the tensor R,
belongs to TyM @ TyM @ Ty M @ TyM and

Rp(Xpay;n Zp) = (VyVXZ —VxVyZ + V[X,Y}Z)p
(b) In local coordinates,

l
arék . 8ij l

Rijk L= Oz Ot + F:krér - Frkrzr ) (23)

J

where

0 0 0
(Rp)iji ' = <Rp(axi|”’ 927 P W‘p)’dxé’> '

Proof. (a) Consider the mapping which associates triples of differenziable contravariant vector
fields on M, X,Y, Z, to the differenziable contravariant vector field
VxVyZ —=VyVxZ —Vixy1Z.

This map is R-linearity in each argument as a straightforward consequence of the linearity
properties of the covariant derivative and the Lie bracket. Fix p € M, using Lemma 2.5 the
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above multi linear mapping define a multilinear mapping form 7, M x T,M x T,M to T,M. As
a consequence, at each p there is a (uniquely determined) tensor T, M ® oM @TyM @ T;M
which satisfies

Ry(Xp, Yy, Zy) = (VyVxZ —VxVyZ + V[X,y}Z)p .

for every triple X,Y, Z of differenziable contravariant vector fields. As a further consequence,
the right-hand side is differenziable under variation of p and so must be the left-hand side. This
fact assures that p — R, is differenziable too, because the components of R in local coordinates
are differenziable they being

0 0 0
((Rp)ijkl = <Rp(8a:i|p’ @’pa a‘p)ud%‘é> .

rk

(b) (23) arises by direct explicitation of the identity above, where the right hand side reduces to

P 0
Vo Vo 5g-VaVa o) daf
<< 9e7 et OaF ph ijaﬁ)p? $> ,

because [aaxi’ %} =0. 0

Remark. Notice that, in the hypotheses, we have not assumed that the connection is Levi-
Civita’s one.

Def.4.1. (Curvature tensor and Riemann’s curvature tensor.) The differenziable tensor
field R associated to the affine connection V on a differentiable manifold M as indicated in
Proposition 4.1 is called curvature tensor (field) associated with V. If V is Levi-Clivita’s
connection obtained by a metric ®, R is called Riemann’s curvature tensor (field) associ-
ated with .

From now on we adopt the following usual notations: R(X,Y,Z) indicates the vector field
which coincides with R, (X, Yy, Z,) at every point p € M. Moreover R(X,Y)Z := R(X,Y, Z),
in other words R(X,Y’) denotes the differential operator acting on differenziable contravariant
vector fields

R(X,Y) =VyVx —VxVy + V[Xy] .

To conclude we state a general proposition concerning the interplay between flatness and
curvature tensor. The final statement concerning the (semi) Riemannian case will be completed
shortly into a more general proposition.

Proposition 4.2. Let M be a differentiable manifold equipped with a torsion-free affine con-
nection V. The following facts are equivalent.
(a) Covariant derivatives of differenziable tensor fields = commute i.e.,

=A =A
V:V;2% =V;V;E7,
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in every local coordinate frame;

(b) covariant derivatives of differenziable contravariant vector fields X commute;

(c) covariant derivatives of differenziable covariant vector fields w commute;

(d) the curvature tensor associated with ¥V vanishes everywhere in M, i.e., R =0 in M.
Moreover, if V is Levi-Civita’s connection and (M, ®) is locally flat the following pair of facts
hold;

(e) Riemann’s curvature tensor vanishes everywhere in M ;

(f) Levi-Civita’s covariant derivatives of differenziable tensor fields commute.

Proof. 1t is clear that (a) implies (b) and (c) and, together (b) and (c¢) imply (a) by Eq.(1).
Finally (b) can be shown to be equivalent to (c) by direct use of properties (5) and (7) of
covariant derivatives (see below Proposition 3.1).

Let us prove the equivalence of (b) and (d). Lemma 3.1 proves that V,;V;Z* = V,;V,;Z* for
all Z is equivalent to VxVyZ — VyVxZ — Vixy)Z =0 for all X,Y,Z. In other words
ViV,Z k — V;ViZ k for all Z is equivalent to the fact that the multilinear mapping associated to
R at each point of M vanishes (notice that Lemma 2.5 must be used to achive such a conclusion).
This is equivalent to R =0 in M.

The last statement is a straightforward consequance of (23) noticing that local flatness implies
that for each p € M there is a coordinate patch defined about p where the coefficients of the
metric are constant and thus Levi-Civita connection coefficients vanish. In these coordinates
all the coefficients R;kl must vanish too, but since they define a tensor, they vanish in every
coordinate system, i.e., R = 0 in M. As a consequence, Levi-Civita’s covariant derivatives of
differenziable tensor fields X commute because of the equivalence of (d) and (b). O

Exercises 4.1.
4.1.1. Prove that
Vz‘vj‘wk - Vjviwk = Rijk lwl .

4.1.2. Prove that, in the general case, Ricci’s identity holds:
P P
A v S N v vl e o dymireeSlp o Smiip .
ViViERTT iy = ViViET7 i, = E :Rws s P giede T E :Rmu E0 P jreesegy -
u=1 u=1
4.2 Properties of curvature tensor. Bianchi’s identity.

The curvature tensor enjoys a set of useful properties which we go to summarize in the proposi-
tion below. In the (semi) Riemannian case, these properties are very crucial in physics because
they play a central role in relativistic theories as we specify below.

Proposition 4.3. The curvature tensor associated with an affine connection I' on a differen-

tiable manifold M enjoys the following properties where XY, Z, W are arbitrary differentiable
contravariant vector fields on M.
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(1)
R(X,Y)Z = —-R(Y,X)Z  or equivalently Rijkl = —Rjir L,

(2) If V is torsion free,
R(X,Y,Z)+ R(Y,Z,X)+ R(Z,X,Y) =0 or equivalently ~Rjr' + Rjpi' + Ryij ' = 0;
(3) if V is metric [i.e.V® = 0 where locally ® = g;jdz’ @ da? is a (pseudo)metric on M],
(R(X,Y)ZIW) =—(Z|R(X,Y)W)  or equivalently Rijn = —Rijik

where Rijry := Riji "gr ;
(4) if V is Levi-Clivita’s connection, Bianchi’s identity holds

Vi Rijx Ly ViRjnk Ly Vi Rpik L=y.
(5) if V is Levi-Clivita’s connection,

Rijii = Ryuij -

Proof. (1) is an immediate consequence of the definition of the curvature tensor given in Propo-
sition 4.1.
To prove (2) we start from the identity,

V[iv]‘wk] = viv]‘wk + Vjvkwi + V;Nzwj =0

which can be checked by direct inspection and using I'}, = I'y.,. Then one directly finds by (23),
ViVw—V;Viwy, = Rijklwl (see Exercise 4.1.1) and thus V;Vjwy) — V[;Viwy) = R[Z-jk]lwl. And
thus R[ijk]lwl = 0. Since w is arbitrary R[ijk]l = 0 holds. This nothing but Rijkl+Rjkil+Rkijl =0
which is (2).

(3) is nothing but the specialization of the identity (see Exercise 4.1.2)

P P
R vA= 2 EL R v A v SR 7 R L dumtieSilp L seilp .
ViV;2 j1dg — Vi ViB Jide = E :Rws = j1dg T E :Rmu = J1-8dq

u=1 u=1

to the case Z = ® and using V,g,,;, = 0.
(4) can be proven as follows. Start from

X% = X ji = Rigp “XP
and take another covariant derivative obtaining

a a avyvp __ a
X Gj — X jik — Rijp “ X}, = Rijp “XP
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Permuting indices ijk one gets
(X“ ik = X ik = Rijp “X@ + (Xa ki = X ikj = Rjkp “Xf?)

+ (Xa kij — X kji — Riip aXZ-)

= Rijp “XP + Rjkpi “ X + Rhipj “ X7 .
Using Ricci’s identity (Exercise 4.1.2) and property (2) in the component form, one gets
X"; (Rijk Py Rj]ﬂ' Py Rkij p) =0
for every vector field X. Since that field is arbitrary one has
X7y (Riji” + Rjki ¥ + Riij 7) = 0.
As a consequence it also holds
Rijp “XP Rjkpi GXP 4+ Riip “XP =0.

Since X is arbitrary, we get Bianchi’s identity (4).
Property (5) is a immediate consequence of (1)(2) and (3).0

Exercises 4.2.

4.2.1. Prove that, at every point p € M, Ryl has n*(n? — 1)/12 independent components,
R;ji; being Riemann’s tensor of a (semi) Riemannian manifold with dimension n. (Hint. Use

properties (1) and (2) and (3) above.)
4.2.2. Give the implicit form for Bianchi’s identity.

4.3 Ricci’s tensor. Einstein’s tensor. Weyl’s tensor.

In a (semi) Riemannian manifold, there are several tensors which are obtained from Riemann
tensor and they turn out to be useful in physics. By properties (1) and (3) the contraction of
Riemann tensor over its first two or last two indices vanishes. Conversely, the contraction over
the second and fourth (or equivalently, the first and the third) indices gives rise to a nontrivial

tensor called Ricci’s tensor:
. L L k
RZCij = Rij = Rikj .

By property (5) above one has the symmetry of Ric:
Ricl-j = RiCji .
The contraction of Ric produces the so-called curvature scalar

S:=R:=R}.
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Another relevant tensor is the so-called Einstein’s tensor which plays a crucial role in General
Relativity,
) 1
G,;j = RZCZ'j — 59@5 .
Einstein’s tensor satisfies the equations

Gij, 7 =0
Let us prove those identities. Starting from Bianchi’s identity one gets
ViRju '+ V;Ricy — ViRic; =0,
rising the index [ with the metric and contracting over [ and j it arises
V,Ric} + V;Ric, + ViS =0.
Those are the equations written above.

Remark. Celebrated Einstein’s equations read
Gij = kTij .

Above k > 0 is a constant and T is the so-called stress-energy tensor (field). That symmetric
tensor field represents, in General Relativity, the mass-energy-momentum content of the matte-
rial objects responsible for the gravity. Notice that the equations above hold at each point of
the spacetime (a Lorentzian manifold). T satisfies another equations of the form

Ty, =0.

From a pure mathematical point of view, that identity must hold as a consequence of Einstein’s
equations and Ricci’s identity. In the next subsection we prove that the local flatness of a
(semi)Riemannian manifold, M, is equivalent to the fact that Riemann’s tensor field vanishes
everywhere in M. In General Relativity, the presence of gravity is mathematically defined as the
nonflatness of the manifold (the spacetime). Equations of Einstein locally relate the tensor field
G, instead of Riemann’s one, with the content of matter in the spacetime. As a consequence
the absence of matter does not imply that the Riemann tensor vanishes and the manifold is flat,
i.e., there is no gravity. This fact is obvious from a physical point of view: gravity is present
away from physical bodies because gravity propagates. However a flat spacetime must not have
matter content because R;jj =0 implies G;; = 0.

As we said above, in a (semi)Riemannian manifold M, Ricci’s tensor and the curvature

scalar are the only nonvanishing tensors which can be obtained from Riemann tensor using
contractions. If dimM =: n > 3, using Ric and S it is possible to built up a tensor field of order
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4 which satisfies properties (1),(2) and (3) in Proposition 4.3 and produces the same tensors as
Rk under contractions. That tensor is

2 . . 2
Dijiy = mgi[kchl]j — gipRicy; — msm‘[wuj -

Above [ab] indicates antisymmetrization with respect to a and b. As a consequence
Cijkl = Rijri — Dijri

satisfies properties (1), (2) and (3) too and every contraction with respect to a pair of indices
vanishes. The tensor C, defined in (semi) Riemannian manifolds, is called Weyl’s tensor or
conformal tensor. It behaves in a very simple manner under con formal transformations.

4.4 Flatness and Riemann’s curvature tensor: the whole story.

We want to prove a fundamental theorem concerning the whole interplay between Riemann
tensor and local flatness of a (semi)Riemannian manifold. By Proposition 4.2, we know that the
Riemann tensor must vanish whenever the manifold is (locally) flat. We aim to show that also
the converse proposition holds true. In fact, Riemann’s curvature tensor vanishes everywhere in
a (semi)Riemannian manifold M if and only if M is locally flat.

Remark.

This result has a remarkable consequence in physics since R = 0 if and only if there is no
“geodesic deviation”, i.e., there is no gravity in a spacetime. By this way one is allowed to
physically identify gravity with Riemannian curvature.

A lemma is necessary. That lemma is nothing but an elementary form of well-known Frobe-
nius’ theorem. Its proof can be found in any textbook of first order partial differential equations.

Lemma 4.2. Let U C R" an open set and let Fi; : U x R® — R be a set of C°° mapping,

i=1,...,n,j=1,...,m. Consider the following system of differential equations

00X,

amf = Fij(z', .. 2™ X1, .. Xom) - (24)
where X; = X (x!,...2") are real-valued C*° functions. For every point p € U and every set of
initial conditions X;(p) = Xjy, j =1,...,m, a C* solution {X;};=1,_m exists in a neighbor-
hood of p and it is unique therein if, for all j = 1,...,m the following Frobenius’conditions
hold.

OF (!, ... 2" Y1, .. Vi) +Zj: OF (@', ...a" Vi, . Yi)

Ok Sy Fr (2t 2™ Y1, ... Y)

r=1

Fi(z',... 2" Y1,... Yy)

OFy;(z,. . 2"\ Y1, .. Yy, +Zj: OFy; (2. .. 2™ Y1, ... Yy)
Ozt ot oyr
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on U x R™,

Remarks.
(1) Frobenius’ conditions are nothing but the statement of Schwarz’ theorem referred to the
solution {Xj}jzlr__,m,
*X;  0°X;

0xrOxs  Oxsox"’
written in terms of the functions Fj;, making use of the differential equation (24) itself.
(2) Actually the theorem could be proven with a weaker requirement about the smoothness of
the involved functions (if each F}; is C? the thesis holds true anyway and the fields X; are C3).
We can state and prove the crucial theorem.

Theorem 4.1. Let M be a (semi)Riemannian manifold. The following facts are equivalent.
(a) M is locally flat;

(b) Riemann’s curvature tensor vanishes everywhere in M ;

(c) Levi-Civita’s covariant derivatives of contravariant vector fields in M commute;

(d) Levi-Civita’s covariant derivatives of covariant vector fields in M commute;

(e) Levi-Civita’s covariant derivatives of tensor fields in M commute.

Proof. By Proposition 4.2 we know that (a) implies (b) and that (b), (c), (d) and (e) are
equivalent. We only have to show that (b) implies (a). In other words we go to show that if
the curvature tensor vanishes everywhere, there is an open neighborhood of each p € M where
canonical coordinates can be defined. To this end fix any p € M and take a (pseudo)orthonormal
vector basis in T,M, e1,--- ,e,. The proof consists of two steps.

(A) First of all, we prove that there are n differentiable (C'*°) contravariant vector fields
X1y -+ X(n) defined in a sufficiently small neighborhood U of p such that (X)), = e; and
VX =0fora=1,...,n As a consequence each scalar product (X|X)) turns out to be
constant in U because

0
77 X@lXw) = (Ve X@lXe) + XV

Oz 2. X)) =0,

2]

where 2!, ..., 2" are arbitrary coordinates defined on U. Hence the vector fields X (1)s -+ X(n)

give rise to a orthonormal basis at each point of U.
(B) As a second step, we finally prove that there is a coordinate system 3!, ..., 4" defined in U,
such that

0
(X(a))g = 87yq‘q )
for every g € U and i = 1,...,n. These corrdinates are canonical by construction and this prove
the thesis.
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Proof of (A). The condition VX = 0 (we omit the index (4 for the sake of semplicity), using
a local coordinate system about p reads

0X't
ox"

Lemma 4.2 assures that a solution locally exist (with fixed initial condition) if, in a neighborhood
of p,

_OFZ"J' X7 41019 X4
s i+ sq

equals

%
LS vy i pi xa
ox" 537 Tq

for all the values of i, 7, s. Using the absence of torsion (I'f; = I'}, ) and (23), the given condition
can be rearranged into o
Ry X7 =0,

which holds because R = 0 in M. To conclude, using the found result, in a sufficiently small
neighborhood U of p we can define the orthonormal fields X(y),... X, as asid above.
Proof of (B). Fix any local coordinate frame in U, x!,... 2™. The fields X(q) satisfy

(X ()| X)) = Nab

at each point of U, where the diagonal matrix of coefficients 74, has the constant canonical form
of the metric. Define the n 1-forms w® in U,

b = i
w; ) = ZnabX(a)gij . (25)
a=1

It is a trivial task to show that these forms are constant and pairwise ortho-normalized, i.e.,

V@ =0,
and
(@D ®) = 14
Moreover, for a,b=1,...,n, it also holds
(X(a),w®) =05 (26)
We seek for n differentiable functions y* = y%(z!,...,2"), a = 1,...,n defined on U (or in a
smaller open neighborhood of p contained in U) such that
9" _ (@
) 2
ori i (27)
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for i =1,...,n. Once again Lemma 4.2 assures that these functions axist provided

S WG

ox" ozt

for a,i,r = 1,...,n in a neighborhood of p. Using the absence of torsion of the Levi-Civita
connection, the condition above can be re-written in the equivalent form

erga) = Vz'w}na) s

which holds true because Vw(® = 0. Notice that the found set of differentiable functions
Yyt = y“(azl, a2, a=1,...,n satisfy

oy
det [axl] # 0.

This is because, from (27), det [gﬁj

independent and that is not possible because they are pairwise orthogonal and normalized. We
have proven that the functions y* = y®(x!,... 2"), a = 1,...,n define a local coordinate system
about p. To conclude, we notice that (26) implies that (27) can be re-written

} = 0 would imply that the forms w(® are not linearly

; Ox’
Xy = g0

in a neighborhood of p. In other words, for each point ¢ in a neighborhood of p,

0
(X(a))g = 87(1"1'

This concludes the proof of (B). O
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