We will use the following abbreviations: if R™ has coordinates z°, we will use 0; to denote the
differentiation with respect to z?, i.e. 0; = %. In addition, we will use Einstein’s summation
notation where the sum symbol is not written if two indices appear, one as a lower index and one
as an upper index, e.g. the directional derivative is

dup(A) = ip - A”.
In such a situation, the summation is implicit (and thus, it is necessary to state explicitly if the
summation is not intended). We believe that this highly improves readability of formulas.
1. TANGENT VECTORS, VECTOR FIELDS AND DERIVATIONS
1.1. Partitions of unity.
Definition 1. A support of a function f: M — R is the closure
supp f ={z € M | f(z) # 0}.

Definition 2. Let & = {U; | ¢ € Z} be an open cover of a manifold M. A (smooth) partition of
unity subordinate to U is a collection of functions \;: M — [0, 1] such that supp A\; C U;, such that

in a neighbourhood of every point x € M, there is only a finite number of non-zero A; and such
that Z Ai =1.

For simplicity, we will assume M to be compact, it is however not necessary. Then the local
finiteness of the \; in the definition of the partition of a unity can be replaced by the finiteness,
i.e. only a finite number of the \; is nonzero.

Theorem 3. Let M be compact. There exist a partition of unity subordinate to any open cover
of M.

Proof. We choose a finite subcover Uy, ...,U,. We will construct the functions \; inductively and
denote V; = {z € M | \j(x) # 0}. It is enough to find the A; in such a way that |JV; = M, since
then A = > A; > 0 and we may replace each \; by A;/\.

Thus, suppose that the A; have been constructed for j < 7. Then let A; be a function that is
supported in U; and is positive on a compact set C; = M ~ (Uj<i V; U Uj>i U;). We may verify
inductively that Uj<i V; U UjZi U; = M so that C; C U; and such a function can be chosen by
the following lemma. O

Lemma 4. Let C C U C M be subsets of a manifold M such that C is compact and U open.
Then there exists a function A\: M — [0,1] with supp A C U that is positive on C.

Proof. For each x € C, we will find a function A\,: M — [0,1] that is positive at z and with
supp A, C U. Then choose a finite subcover of C by the open sets V,, = {y € M | A\.(y) # 0}, say
C CVz, U---UV, . Then the required function is A = Ay, + -+ Az, .

It is enough to find the functions .. Let ¢: V' — R”™ be a chart centred at = (i.e. p(z) = 0)
with V' C U. Let p.: R — [0,1] be the function from the next lemma for e small enough that
[—&,e]™ C o(V). Then we define

Aaly) = {/’a(yl) copelyt) yeV

0 yeV
where y!,...,y" are the coordinates of y in the given chart, i.e. y* = i(y). Since \, is smooth
on V and on M \ ¢~ !([—¢,&]") (where it is zero), it is smooth on M. O

Lemma 5. There exists a function p.: R — [0,1] such that p-(0) > 0 and p.(x) =0 for |z| > €.

Proof. The function
—1/z 0
Az) = e T >
0 <0
is smooth (that needs to be verified, see Koldi’s text). We set po(x) = A(e + z)A\(e — z). O
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1.2. Germs.

Definition 6. We say that two maps f, g: M — N have the same germ at x if they agree in some
neighbourhood of x. We denote the class of f with respect to this relation as germ, f, the germ
of f at z, the resulting decomposition is denoted C2°(M, N); in the case of smooth functions on
M, we will abbreviate it to C2°M.

We will need that germs of maps defined in a neighbourhood of x extend to germs of globally
defined maps (this clearly does not hold for maps themselves — e.g. 1/x does not extend from
(0,00)). We will suffice with functions, thus, let f: U — R be a function defined in a neighbour-
hood U 5 z. Let A\: M — R be such that A equals one in a neighbourhood of z and with support
in U. Then the function A - f, extended outside of U by the zero function, is smooth both on U
and M ~\ supp f (where it equals zero); clearly, it represents the same germ at x as the orginial f.
Thus, the restriction map C*°M — C°°U induces a map

CPM = CU
which we just showed to be surjective; it is injective almost by definition (if two function f, g have

the same germ in U, i.e. agree in a neighbourhood of x in U then this neighbourhood is also a
neighbourhood in M and, thus, the germs of f and g in M agree).

1.3. Tangent vectors.

Theorem 7. Let D: C°M — R be an R-linear map that satisfies the following “Leibniz rule at

xo ”

D(f-g)=Df-g(xo) + f(xo) - Dg
(we say that D is a derivation at xo). Then there exists a unique tangent vector A € Ty, M such
that Df = Af, the derivative of f at x in the direction of A.

Proof. First we prove the statement for M = R™ and zo = 0. Let f € C°°R"™ and write

F@) — F(0) = [f(t- x)}to—/odtftxdt /Zax,txa:dt Z/ 9 (t.2) dt - .

Denoting g;(x) = ' of (t - x) dt, a smooth function on R™ with ¢;(0) = 2£(0), we get

0 9z? ox?
0) + Z gi(x)x

Now we apply D to obtain

Df = D(f +Z Dg; - x —l—gz(O) -Dz')y =Y 25(0)- D' = do f(Da?,..., Da")
0 0
(it is easy to see from D(1-1) = D1-141- D1 that D1 = 0 and consequently also D(f(0)) =
f(0)- D1 =0), i.e. Df is the derivative of f at 0 in the direction of the vector (Dz?!,..., Da™).
Let now M and zy be general and let f be a function that equals zero near xy. Then there
exists a function A\ that equals zero near zy and equals one on the support of f, i.e. f(x) #0 =
A(z) = 1. Then we may write

Df =D\ f)=DX- f(zo) + AMzo) - Df =0.

Thus, by the additivity, D agrees on any two functions with the same germ at xg; in other words,
D gives rise to a map D: C2°M — R. From the diagram

Ty, U —— Der,, (C°U)
Ty M —— Derg (C™M)

we conclude from the local result that D is indeed a derivative in the direction of a unique vector
AeT, M. O



Theorem 8. Let D: C*°M — C*°M be an R-linear map that satisfies the following “Leibniz
rule”

D(f-9)=Df-g+f-Dyg
(we say that D is a derivation). Then there exists a unique vector field X € XM such that
Df = X f, the derivative of f in the direction of X.
Proof. For any x € M, the composition of D with the evaluation map at z (sending f — f(z)),
D,: C®°M 2 oM &= R

is a derivation at x and, thus, there is a unique vector X, € T, M such that Df(z) = D, f = X, f.
It remains to show that z — X, is a smooth vector field.

Locally, we have seen that the coordinates of X, are obtained as (X,)* = D,x*. Choose a coor-
dinate chart around zg € M and let A\: M — R be a function that equals one in a neighbourhood
U > x¢ and with support inside the coordinate chart. Then, for all x € U, we get

(X.)" = Dya' = Dy(\-2%) = D(\ - 2%) ()
and, since A - x! is smooth, so is D(\ - z?). t
1.4. Duality between tangent and cotangent spaces. We consider the collection P, of all

paths through z, i.e. maps v: R — M satisfying v(0) = x and the collection F, of all functions
vanishing at z, i.e. maps f: M — R satisfying f(z) = 0. Then we have the following mapping

F,x P, >R

(f? ,Y) = %‘t:o f © W(t)
Now we consider the relations on both F, and P, that identify those functions/paths that give
rise to the same pairing. In local coordinates, we have

1
2 (0)

4 for) =Y 2@ 0) = (X)) - 2h)

9-(0)

and thus, we see that this relation means having the same derivatives. We denote the class of f by
d. f, the differential of f at z, and the corresponding decomposition 7M. We denote the class of
v by 4(0) = % ’t:O ~(t), the tangent vector to -y at 0, and the corresponding decomposition T, M.
Thus, we obtain an induced mapping

T:M x T,M — R,

(daf,5(0)) = il g £ 0(8) = du f((0)),

or simply (¢, A) — ¢(A). Using the local coordinate expression, we see that T, M and T M are
dual to each other via this pairing. Even without employing coordinates, T M has an obvious
vector space structure and, thus, we may endow T, M with a vector space structure using the
pairing:
T,M =5 Lin(T*M,R) = (T M)*

Concretely, this means that the sum A 4+ B of two vectors (represented by paths) is a vector
that differentiates functions as d, f(A + B) = d,f(A) + d,f(B). Locally, it is easy to add the
representing paths, but there is no obvious coordinate-free addition of paths in M (put differently,
any local chart gives a way of adding the representing paths and, while different, they produce
the same tangent vector).

Later, we will also need the tangent vector 4(tg) of a path + at a general time ¢y. This is most
easily defined as ¥(tg) = % |t:0 ~v(to+t), i.e. by reparametrization. Let us look at a different point
of view: the path ~ has an associated tangent map ,: TR — T'M and there is a canonical vector
field & on TR (with value at t, denoted by & and 4(tg) = 7*(%‘15:150) (this is obvious
because

’tito )

% |t:t0 is the tangent vector at 0 of the path ¢ — ¢y + ¢, the same reparametrization map

as above).
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We will also need a differential d, f of a function f with f(z) # 0. Again, this is defined via
“reparametrization” as d,.f = d.(f — f(z)).

2. LIE BRACKET
We define the Lie bracket through derivations.

Definition 9. Let X and Y be two vector fields. Then it is easy to see that f+— XY f—-Y X f
is a derivation and the corresponding vector field is denoted [X,Y] and called the Lie bracket of
the vector fields X and Y.

It is easy to derive a coordinate formula

XY[-YXf=) XI0;(Y'o,f) =) YI0;(X'0if)

() 0,J

=Y (XI0,Y'0,f + XY 9;0,f) = > (XI0;Y'0;f +YIX'0;0; f)
() 4,J

- Z(Xﬂ'ajyi - Y70;X"0; f
i,

so that [X, Y] = EW(XJ@YZ — Y38]X1)81
Lemma 10. Vector fields X and Y are f-related if and only if
FORLS () = FIY (f(2))

In other words f transfers the flow lines of X into the flow lines of Y. We will use this property
quite often.

Proof. Differentiating the given equality, we get

FX(@0) = § 1o FFE (@) = ], FIY (F(2) = Y (f(2)),
which is precisely the definition of the f-relatedness.

In the opposite direction, given that X and Y are f-related, we wish to prove the equality
from the statement, i.e. we want to prove that v(t) = f(Fl;X(x)) is an integral curve of Y through
f(z). Since clearly v(0) = f(z), we need only check that it satisfies the differential equation of an
integral curve:

(to) = ooy, S (2)) = LX(FL (2)) = Y (f(Fli () = Y (1(to))
(the third equality uses the f-relatedness). O
Definition 11. Let X, Y be two vector fields on a manifold M. Then we denote
(FI)*Y (z) = (FI2,).Y (FIf () € T.M
the “pullback” of Y along the flow FIX of X. For each 2 € M it is defined for ¢ small.

We will need a useful property for the proof of the next proposition. It is based on an observation
that for a function (s, t) of two variables, with values in a vector space, we have

d _ d d
E’t:to go(t,t) - é|t=to ‘P(t’to) + E|t=t0 So(t07t)'

Now let X be a time-dependent vector field, i.e. a map X: Rx M — T'M such that X (¢t,z) € T,,M.
Let f: R x M — R be a “time-dependent” function on M (just a function on R x M). Write X;
and f; for the vector field and function obtained by plugging in a specific value of ¢. Then we may
form the directional derivative X;f; and

%’tzto tht = (%‘t:to Xt)fto +Xt0(%‘t=t0 ft) (*)

(Locally, we have X, f;(r) = X (t,x)* gji (t,z) and we apply the previous observation.)

Proposition 12. %’t:to (FIX)*Y (z) = (Flfg)*[X, Y|(z).



5

Proof. First assume that tg = 0 and let f : M — R be a smooth function. We differentiate f in
the direction of the left hand side:

(&0 )Y Y(@) 72 &, ()Y (@)r)
o (P Y (P (@)7)

Lo (YEE@)(f 0 FIY))
= Sl Y@ (F o) + &Ly Y (FF @)()
DY @)( &l S o) + &y (VNI @)
=Y (@) (=X f) + X(@)(Y )
= ~(YXP)(@) + (XY )(@) = (IX,Y)(@)) f

(the steps labeled by (%) involve the observation made before the proposition, the first in the
opposite direction).

For a general to, we have (FI;*)*Y (z) = (Flt)g)*(Flf(_to)*Y(x). Since (Flfg)* is a linear map we
can interchange with %. O

Q..

—~
=

Corollary 13. The following conditions are equivalent:
e [X,Y]=0,
o (FI)*Y =V, i.e. Y is FI\ -related with itself for all t,
o FIXF1Y (z) = FIY FI,* (), i.e. the flow lines commute.
In general we have F1¥ [ FI*, F1Y FIX (2) = x + st[X, Y](z) + o(s, t)2.

Proof. The equivalence of the first three conditions follows immediately from the previous propo-
sition — the second condition states that (FI;X )*Y is a constant function of ¢, i.e. that the derivative
is zero and this is essentially the first condition. At the same time, the second condition is equiv-
alent to Y being FltX -related to itself and this is equivalent to FltX preserving the integral curves
of Y, which is precisely the third condition.

Differentiating the commutator of the flows twice, we get

Blico Bl omg FYLFIX FL P @) = &, (- (@) + (F) Y (@) = X, Y](2)

The remaining derivatives of order at most two are clearly zero. O

3. DISTRIBUTIONS

Theorem 14. If vector fields X, ..., X, are linearly independent and satisfy [X;, X;] = 0 then,
in a neighbourhood of any point x, there exists a coordinate chart in which X; = 0;.

Proof. We define a map
e:R" = M, (t',....t") — FLY" - FIX" (2)

(it is defined in a neighbourhood of 0). Since we may interchange the flows (since [X;, X;] = 0),
the partial derivatives equal

Opp(t) = O; FLY FIT' - FLY - FI () = X;(FLY FIY - FLY - FIn (2)) = X;(p(t))

and ¢ is a local diffeomorphism. We may thus use its inverse ¢! as a coordinate chart on M and

the above shows that, in this chart, we have 0; = X;. O

A distribution & on M is called involutive if for every two vector fields X,Y € S their bracket
[X,Y] also lies in S.

Theorem 15 (Frobenius theorem). If S is involutive then for every x € M there exists a local
coordinate system t', ..., t" in a neighbourhood U of x such that the vector fields 01, ..., 0y form
a basis of the distribution S on U. In particular S is integrable.
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Proof. Let X1, ..., X} belocal vector fields which span the distribution S near x and choose vector
fields Xg41,...,X, so that (X1,...,X,,) form a basis near x. We then define a map

e:R*"2D2U — M
(th .. 1) — Flﬁ1 - FI ()
The partial derivatives at the origin clearly consist of the vectors X;(z) and thus ¢ is a local

diffeomorphism — its inverse will form our coordinate system.
Let us compute the partial derivative with respect to t* for ¢ < k at a general point.

Bip(th,. .. ") = (Flf‘) . (Flffi;l)*Xi (FltX L FI (x))
To conclude the proof it is therefore enough to show that for any Y belonging to S the pullbacks

(F17')*X; also belong to S (then the same will be true for pullbacks (F1} )*X with X € S by
linearity, and we apply the claim to X, (Flffi‘ll) X, etc.) Denote this pullback by

Yi(t) = (F, )" Xi(z) € T, M

and write [V, X;] = ag X;. By Lemma 12 the paths Y;(t) satisfy the following system of differential
equations '

&Ya(t) = (F)*[Y, Xi] = o] (FI} (2))Y;(t)
We have Y;(0) = X;(z) € S(z) and, since the system is linear, we must have Y;(t) € S(z) for all ¢
(namely, there exists a solution of the system & Z;(t) = o] (F1Y' (2))Z;(t) with Z; € S(z) and with
Z;(0) = X;(z). By uniqueness, we must have Y;(¢) = Z;(t) and, thus, Y;(t) € S(z).) O
Theorem 16 (Frobenius theorem through 1-forms). Let w: TM — V be a smooth map that

is linear on each T, M (we say that w is a V-valued 1-form) and surjective. Then kerw is a
distribution. It is integrable if and only if w(X) =0, w(Y) =0= dw(X,Y) = 0.

This uses the exterior differential of the next section.
Proof. In local coordinates on M and in a basis of V, the 1-form w is given by a matrix of
maximal rank. We may assume that the left most square block is regular in a neighbourhood
of a given point and use the Gauss elimination to make this matrix (E | A). Then kerw is

given by (z"F*+1 . 2T = —A(2!, ..., 2" %), proving that it is a (smooth) distribution. Now
dw(X,Y) = Xw(Y) — Yw(X) — w([X,Y]) gives easily the result. O

4. EXTERIOR DIFFERENTIAL

4.1. Invariant differentiation of forms. Let us study the invariance of higher derivatives under
the change of coordinates, i.e. let w be a k-linear form with components w;,...;,,

w= wili..ikdx“ ® - @ da*.
Differentiating all components in the direction of a vector Xy gives another k-linear form Dx w
with
DXOU) = 8iow,-1...ik (Xo)“’dx“ [N da'*
which we interpret as a (k + 1)-linear form Dw(Xo, X1,...,Xk) = Dx,w(X1,...,X); its coordi-
nates are (Dw);gi,...i, = OigWiy-i,- INOW we apply the change of coordinates f to get
P (Dw)jogieg = DigWiywir © f) - Qs f1° - Oju f1 -+ - 0y, [+
On the other hand D(f*w) equals
D(f*w)jojiwin = Ojo(Wiyewiy, 0 F) - Ojy f11 oo 0. ™)

= 8j0((wi1"'ik 0 f)) ’ ajl e 6jkflk

+(wi1~~ikof)'6j1f“ """ 632‘0jkflk""'ajkflk
The first term equals to f*(Dw);,j,...j, Py the chain rule. Now the point is that to get f*(Dw) =
D(f*w) (i-e. to get a differential that does not depend on coordinates), we have to get rid of the



second term involving the second derivative 5‘2 ka It clearly disappears after antisymmetriza-
tion. Some representation theory would be requlred to get that no other part is invariant and we
will not attempt to do this here.

Thus, we get an invariant differentiation operator — the exterior differential — on antisymmetric

forms by antisymmetrizing Dx,w(X7y,...,Xx); for technical reasons, we multiply the antisym-
(k+1)!
&l

metrization by since the form already was antisymmetric in the variables X1,..., X and

obtain

dw(Xo, ..., Xi) = > _(-1)'Dx,w(Xo, ..., X;,..., Xp)

i

Denoting by ¢ A = ‘@\T\If\" Alt(¢ ® 1), we obtain for

a coordinate expression

dw = Z Z aiowil..iikdxio Adz A Adate.

ig 1< <ip

4.2. Coordinate-free formula for the exterior differential. The differentiation operator Dx,
satisfies the Leibniz rule
Dy (Wiy iy, (X1)™ (X)) = Dxoiy ey, (X1)™ - (Xp)™
Dy (K1) Dy (X)) - (X

which (after subtracting the sum from the right hand side) translates to
Dx,w(X1,..., Xp) = Dx,(@(X1, ..., Xi)) = > _w(X1,..., Xj 1, Dxy Xj, X1, -, Xp).

Here the first Dx, on the right is the directional derivative of the function w(Xj,..., Xy). The
second appearance is, however, very different and we have [X,Y] = DxY — Dy X. The exterior
differential then equals

dw(Xo, ..., Xi) = Y _(-1)'Dx,w(Xo, ..., Xi, ..., Xx)
= Z(i]‘)iXiw(Xm cee Xiv s 7Xk)

- Z(—l)iw(Xo, ce 75(\1', ce an—laDXinan—i-l, .. ,Xk)

S DXy X1, Dx, X, Xjars o, X, Xi)

>3]

where we split the antisymmetrization of the second term according to whether ¢ < j or i > j.
Next we move the term Dx, X onto the first spot (here the sign differs for the two possibilities):

72 Xw(Xo, . Xay o, Xk)

+Z H—jwDXXj,Xo,...,E,...,E,...,Xk)
1<J
> (-1 w(Dx, X, Xo, -, Xjy o Xy X))

i>7



and finally swap the indices i, j in the last sum and subtract, using Dx, X; — Dx, X; = [X;, Xj],
to obtain the final formula

—Z iXiw(Xo, . Xive o, Xi)

+Z D0 Xi, X0, Xos oo Xay oo X X5

i<j

5. INTEGRATION OF FORMS

5.1. Integral. Let w be an n-form on an open subset V' C R™, say with a compact support.
Writing
w(z) = a(x)-dz* A - Ada™,

/Vw:/~o/va(:c)dx1~~dx".

The important property of this integral is that for a diffeomorphism ¢: W — V with positive

Jacobian, we get
/ cp*w:/ w.
w \%

This follows from the theorem about the transformation of the integral. Clearly, the above defined
integral is additive in w.

Let M be an oriented manifold of dimension n. We assume for simplicity that M is compact.
Let w be an n-form on M. We would like to define |  w- Consider the maximal orientation-
preserving atlas on M and choose a partition of unity A; so that supp A; is a subset of a domain
U; of a chart ¢;: U; — V;. Then we define

femZ e

We note that A\;w has a compact support inside U; and, thus, the pullback (<pi_1)*()\iw) has a
compoact support inside V;. Thus, the integral exists and is finite. It remains to show that it does
not depend on the choice of the partition ;.

Thus, let p; be another partition. Then we get

3 [ 0 = 32 [ G e

Denoting 0 = A;jujw, a compactly supported n-form inside U; N U, whose images we denote
Vij = @i(U; N U;) and Vj; = ¢;(U; NU;), we have

/Vi(*”i_l)*ez/v,.(“"?l)*@:/v sOZ‘j(«o;l)*e)=/V”(so;1)*9=/v‘(¢;l>*e

k¥ ©J Je J

we define

by the invariance of the integral with respect to the diffeomorphism ¢;; = cpicpj_ls Vij = Vi

5.2. Manifolds with boundary. The main idea here is: in exactly the same manner in which
manifolds are built from the Euclidean space R™, manifolds with boundary are built from the
Euclidean halfspace H"*1 = {(2%,21,...,2") € R**! | 2% < 0}. It is however important that we
allow tangent vectors at the boundary hyperplane to be all vectors from R"*1, i.e.

THTL+1 — Hn+1 X Rn+1.

Thus, the geometric definition using paths is inappropriate. Derivations work well if we interpret
0o f(x) for a boundary point z to be the one-sided partial derivative.

Formally, a map between open subsets of the half-spaces is said to be smooth, if all partial
derivatives exist (one-sided where needed) and are continuous. A diffeomorphism between open
subsets of H"! preserves the boundary points, since at an interior point, any (local) diffeomor-
phism has a local inverse and as such maps to an interior point.
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With this notion, we define a (smooth) manifold with boundary W as a topological space,
Hausdorff and with countable basis of topology, equipped with a maximal atlas consisting of
homeomorphisms ¢: U — V with V an open subset of H"*! and with all change of coordinate
maps smooth in the above sense. We define the boundary of W to be the set W of points that
correspond to the boundary points in a chart.

The standard bases (eg, e1,...,e,) of H"™ and (ey,...,e,) of R™ are considered positive. We
say that OH"*! is oriented via its outward normal: The outward normal is by definition eq (or
any combination x%ey + xle; + ---az"e, with 2° > 0) and a basis (ug,...,u,) is then a positive
basis of 9H"*! according to this principle if and only if (eg, u1,. .., u,) is a positive basis of H"*1.
This gives a way of orienting a boundary W of any oriented manifold with boundary W. We will
always consider W with this induced orientation.

5.3. Stokes’ theorem.

Theorem 17. For a compact manifold with boundary W of dimension n+1 and an n-form w on

W, we have
/ w:/ dw.
2di%4 w

(The left hand side is really the integral of the pullback t*w along the inclusion v: OW — W.)

Proof. Denoting Odp; the restriction of ¢; to the boundaries, dp;: dU; — 9V;, it is enough to
compare the contributions

[ @y et and [ (o) dow).
oV Vi

Denoting j: 9V; — V; the inclusion, the left hand side equals [, j*(¢; 1*(A\iw), while the right
hand side equals fVi d(;1)*(A\w). Thus, denoting 6 = (p; ')*(\w), we want to show that

/ j*e:/ do.
ov; Vi

Since @ is an n-form on V; C H"*!, we may write

G:Zai-dzOAmA@/\mAdx”.

Since j(z,...,2") = (0,2,...,2"), we get j*dz’ = 0 and j*da’ = da?, for i > 0. Thus,
§*0 = apj - dzt A--- Ada”

and the integral on the left is

/ j*@z/---/ ap(0,2, ..., ™) dat---da".
6% (3

Now we simplify the integral on the right, i.e. we compute

dezZaiai-dx"’/\dxo/\---/\a&:\iw--/\dx"
[
:Z(—l)iaiai~dx0/\'--/\dx”.

Now the integral simplifies to

dw = —]_l// azazd$0dxn
[o-sovf
:Z(*l)l// 0;a; datdz® - dgt - - - dg™
i Vi
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For i > 0, we get [~ 0a; - da’ = wie—oo = 0—0 = 0, while fi)ooaiai -da =
0| 20—0 — a0 |p0——oo = ao(0, z! ) Thus, the integral also equals

/dw—/ /ao o' 2") dat - da O

Remark. Tt is interesting to see what we would get if we integrated over a cube instead. Then the
“boundary conditions” a;|zi—t.o = 0 would be replaced by the non-zero restrictions to the faces
of the cube and the resulting formula would be

JRECED SC RIS S A

3

ilri=co — Qi

where the 9I"! denotes the subset {(z°,...,2") € I"*! | ' = £}. The signs reflect the
orientations these faces so that the right hand side actually equals [ HInt1 W-

5.4. Cohomology in top dimension. In order to distinguish compact manifolds without bound-
ary from those with boundary, we call then closed.

Theorem 18. For any closed oriented Riemannian manifold M of dimension n, H*(M) # 0.

Proof. Since every n-form on M is closed, it is enough to find one that is not exact. We
know that oriented Euclidean spaces admit a canonical volume form specified by the require-
ment Vol(ey,...,e,) =1 for any positive orthonormal basis (e, ...,e,). In this way, we obtain a
volume form Vol € Q" M. In any chart compatible with the orientation,

Vol=a-dz' A--- Ada"

with a = Vol(d4,...,0,) > 0. Thus, fM Vol is an integral of a positive function and as such must
be also positive. On the other hand, if Vol = df, we would get

[ vo= [ a0~ [ oo
M M oM

since OM = 0. O

5.5. Homotopy invariance. We would like to show that H*R™ = 0 for & > 0. This will follow
from the following “homotopy invariance” property.

Theorem 19. Let h: [—-1,1] x M — N be a smooth map and denote hy = h(t,—). Then for any
closed k-form w, we get [h* ;w] = [hiw] € H*M.

Proof. The idea of the proof is simple. Any k-form is determined by its integrals along k-
dimensional cubes embedded in M. This is so because any embedding [~1,1]¥ — M that
maps 9;(0) to A; € T, M restricts to the cube [—¢,¢]* to an embedding i. such that [(i.)*w ~
(2e)Fw(Ay, ..., Ag) (equality holds in lim._,).

Now for an embedding i: [~1,1]¥ — M, we get an associated embedding id xi: [—1, 1]*¥*1 —
[~1,1]x M. Denote by j;: [~1,1]* — [~1,1]**! the embedding given by j.(t!,...,t*) = (¢,t,...,t).
Then hjw = j;h*w and both ji; are embeddings as part of the boundary. Thus, the Stokes’ the-
orem relates

/ d(h*w) = / h*w
[—1,1]x[—1,1]® O([—1,1]x[—1,1]F)

:/ hfw—/ hilw—/ h*w (%)
[—=1,1]% [—1,1]% [-1,1]x9[—1,1]%

(the first two terms correspond to 9[—1,1] x [—1,1]*). Writing
d(h*w) =a-dt Adt A--- Adt?,

the integral on the left can be computed using Fubini’s theorem as

/ d(h*w):/ / a(t,tt, .. %) dt | dtt- - de*.
[=1,1]x[—1,1]% [—1,1]% [—1,1]
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This can be rephrased in terms of an operator K : Q*+1(I x M) — QFM, given by the integral

K(n)(x) = {({[_1’” o Z(ztdi/\__e, =0

/‘ ahmo:i/ KHUfw%:/‘ K (h*dw).
[—1,1]x[—1,1]k [—1,1]F [—1,1]%

The remaining boundary term in (x) is then

/ h*w :/ K(h*w) :/ dK (h*w),
[=1,1]x[—1,1]* O[—1,1]* [—1,1]*

again by the Stokes’ theorem. Thus, we have finally obtained

/’ m—/’ th:/ (dK (h*w) + K (h*dw))
[71’1]k [71’1]k [71’1]k

or, in other words, hjw—h* ;w = dK (h*w)+ K (h*dw). This implies rather easily the result, since,
for w closed, the first term on the right vanishes and, thus, the difference on the left is exact, i.e.
the two terms represent the same cohomology class. O

as

In the situation from the above proof, we say that two chain maps (maps that commute with
differentials, such as pullback maps h}) are chain homotopic if there exists a collection of maps 7
(these are the compositions Kh* in the proof) such that

g—f=dn+nd

Then, f and g induce the same map in cohomology.
Corollary 20. H*R™ =0 for k > 0.

Proof. There is a homotopy id ~ 0 between the identity and the constant map onto the zero.
Then for any closed k-form w we have [w] = [id* w] = [0*w] = [0]. O

6. RIEMANNIAN GEOMETRY
6.1. Preliminary results.

Lemma 21. For every map
F:XM x---x XM — C*M

that is C°° M -linear in each variable there exists a unique tensor field w of type (0,k) such that
F(Xl,...,Xk) = w(Xl,...,Xk).

Proof. We first prove that F,, = ev, F' is local; we will assume k = 1 here for simplicity. Thus,
let X € XM be zero in a neighbourhood of z € M. Then there exists a function A such that A
is zero near x and X = A+ X. Then F,(X) = F,(A- X) = A(z) - F;,(X) = 0. This allows one to
define F, on germs of vector fields and, consequently, a local version F,: XU — R as in the case
of derivations.

Now, for general k, the map F is C'°°M-linear in each variable and thus local in each variable.
Since locally X; = X% 0;;, we obtain

F(X1,...,Xp)(2) = Fo(X1,.. ., Xg) = Fp(0iy, ., 03 ) X (2) -+ X (),
i.e. we have w = F(;,,...,0;,)dz" @ - - @ dx'*. a
A similar result holds for maps F': XM x --- x XM — XM — such maps are given by tensor
fields of type (1, k); the proof is the same.

A slightly generalization of the first part of the proof of the previous lemma is the following
(for simplicity, we state only unary version):

Lemma 22. Suppose that F': XM — C*°M is R-linear and satisfies F,(fX) =0 for each f that
is zero in a neighbourhood of x. Then there exists a unique map F: XU — C°°U that passes to
the same map Fy: X, M — C°M.
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6.2. Covariant derivative in vector spaces. First, we describe the local covariant derivative,
i.e. the covariant derivative in a vector space E, or its open subspace U C E. We will speak
uniformly about vector fields, tensor fields and other fields as associations F': z — F(z) € ®(T,U)
— for vector fields, ®(V) = V itself; for k-forms, ®(V) = (A¥V)*; for functions, ®(V) = R. To
simplify the notation, we define ®(TU) = | |, o, ®(T%U), so that F'is a map U — ®(TU) with the
property F'(z) € ®(T,U). Since we have a canonical identification T,,U = E, we may reinterpret
these as maps f: U — ®(E).! Let now A € T,U be a tangent vector. Then the directional
derivative Af = dzf(A) € ®(E) can be translated back to an element of ®(7,U), denoted by
DAF. For a vector field X € XU, we then get another field Dx F, given by Dx F(x) = Dx ) F.

{fields F': U = ®(TU)} +—— {maps f: U — ®(E)}

DXJ lx

{fields F': U = ®(TU)} +— {maps f: U — ®(E)}

As in the case of the differential in calculus, we also consider the total derivative of F' at a
point z, an element D, F € hom(T, M, ®(T,M)) = &(T, M) @ T M, given by D, F(A) = DsF.
Finally, denoting again ®(TM) @ T*M = | | . ®(T: M) @ T M, this total derivative defines a
field DF: U —» ®(TM)®T*M.

In the special case of vector fields, we have DxY — Dy X = [X,Y]; this will be important later.
In general, Dx Dy F — Dy DxF = D(x y)F. We will also see later that this derivative is really
connected with the vector space structure on F.

We will now speak briefly about parallel transport and geodesics — these are trivial in a vector
space. First we observe that D) F corresponds to

df(3(t)) = S/ (1)

and this depends only on the values of F' along «. Thus, we may consider a field G(t) along ~(t),
ie. G: R — ®(TU) such that G(t) € ®(T,4)U); again, this corresponds to a map g: R — ®(K).

Assuming that there is a field F' such that G(t) = F(y(t)), we also have g(t) = f(y(t)). We

may thus define DyG o D4 F since we have already seen that the latter corresponds simply to

df(7(t)) = ¢(t) and thus depends only on G. As a special case, we obtain Dju)¥(t) = 5(t). In
terms of this derivative, we may define the concept of a field F' transporting parallelly along a
path as DsF = 0 — this simply means that f is constant along . The covariant derivative may
be defined easily using this transport: in order to define D) F, we transport each F'(t) along
to v(0) and thus obtain a path R — ®(T’yM) and D) F is the usual derivative of this path.
The advantage of this approach is that it avoids going through ®(E), of course at the cost of
introducing the parallel transport. We will generalize this to Riemannian manifolds later.

We will now explain some simple rules that hold for computing with the local covariant de-
rivative D. The first one is that for an actual function f: U — R and its corresponding field
F:U — |],cy R =U x R, the derivative is the usual directinal derivative, i.e. D4 F' corresponds
to Af (most of the times, these can be considered equal).

The second one is that any linear and natural 7 = 7y : ®(V) — ¥(V) defines, for a field
F:U — ®(TU), a field 7F: U — ¥(TU), as the composition t — 7(F(t)). Since 7 is linear, we
obtain easily

zeU

DA(TF) =TDJF.

Our last tool will be a general Leibniz rule. Let two fields F': U — ®(TU) and G: U — ¥(U)
be given. Then we may form their tensor product F @ G: U — ®(TU) @ ¥(TU) (again the union
of the (T, U)®¥(T,U)). This corresponds to the map f®g: U — ®(E)®@¥(FE), whose derivative
is

d.(f ® 9)(A) = do f(A) @ g(z) + f(z) @ d.g(A)

1Formally7 we have a single requirement: ® should be a functor from the category of vector spaces and their
isomorphisms to itself.
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(express everything in some bases of the ®(E) and U (FE), observe that the coordinates of f ® g
are actual products of the coordinates of f and g and thus, the standard Leibniz rule applies;
alternatively, avoiding coordinates, tensor multiply the defining relations for the differential f(x+
&) = f(x) + daf(&) + o(¢) and the same for g and observe that d, f(§) ® d,g(§) € o(§)). This
yields immediately

DA(F®G)=DsF @ G+ F ® DG.

Now suppose that F: U — (T*U)%F is a tensor field of type (0, k). Then the evaluation map
ev: (V)PP Ve 4R
is linear and natural and yields
Da(ev(FRX1® - @ Xg)) =ev(DaA(F X1 ® -+ ® X))
=ev(DAF X1 ® - @ Xk)

+Y ev(FRX1® - @DaX;®- - ® Xx)

Expanding the evaluation map, this reads

Da(F(X1,...,Xg) = (DaF)(X1,...,Xk) +ZF(X1,...7DAX1-7...,X;€)

The term on the left is the directional derivative. In particular, we will need shortly a formula for
the derivative of a tensor field g of type (0, 2):

(Dag)(X,Y) = Ag(X,Y) = g(DaX,Y) — g(X, DaY).
A similar result holds for tensor fields of type (1, k).

6.3. Covariant derivative for submanifolds of Euclidean spaces. We start with the follow-
ing situation. Let M C F be a submanifold. Then we have the following concepts available in M:
parallel transport and covariant derivative. We start with the parallel transport which we find
more intuitive. Let v: R — M be a path and X: R — TM be a vector field along ~, i.e. we as-
sume X (t) € T4y M. We say that X transports parallelly along y in M if X (t) is perpendicular to
T M. Denoting by P(x) the orthogonal projection T, £ — T3, M, this means P(y(t))X(t) = 0.

Denoting VxY = P(DxY), the condition of the parallel transport is thus V4 X = 0. Since we
have DxY — Dy X = [X,Y] and [X,Y] is tangent to M if both X and Y are (so that [X,Y] is
preserved by P), we obtain

VxY -VyX =[X,Y].
We say that the covariant derivative V is symmetric. The second property that we need is that
Vg = 0 where g is the metric on M (we say that g is covariantly constant). First, we have to
introduce the covariant derivative V x¢g. This is done by postulating the formula from the previous
section,
(Vxg)(Y,2) = XY, Z) = (VxY,Z) = (Y, Vx Z).

Now we claim that this is zero: this follows from the same rule for D (here g corresponds to
the constant map U — E* @ E*, taking every point to the given scalar product in F, yielding
Dxg = 0) with the projection P applied (since Z is tangent to M, its product with DxY is the
same as with VxY = PDxY).

6.4. Riemannian manifolds and linear connections.

Definition 23. A Riemannian metric on a smooth manifold M is a choice of a scalar product
on each T, M that depends smoothly on z € M. In detail, it is a tensor field of type (0,2), i.e.
a smooth map g: M — (T*M)®2, that is symmetric and positive definite at each point (i.e. each
gz € (T*M)®? should be symmetric and positive definite).

Definition 24. A Riemannian manifold is a manifold M equipped with a Riemannian metric.

Example 25. The Euclidean space with the constant field g. Any submanifold M C FE of a
Euclidean space F with the restriction of the scalar product on F to M.
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Definition 26. A linear connection on a manifold M is a mapping
V:XM x XM — XM,
denoted (X,Y) — VxY, satisfying the conditions
Vx (Y1 +Y2) =VxY] + VxYs,
Vx(gY)=Xg Y +gVxY,
Vx,+x,Y =Vx,Y +Vx,Y,
VixY = fVxY.
Example 27. The local covariant derivative D on an open subset of a vector space (all properties
are trivial). The covariant derivative VxY = PDxY on a submanifold of a Euclidean space —

the only non-trivial axiom is the second one (apply the projection P to the equality D,(gY) =
Xg- Y 4+ gDxY and observe that the second term belongs to TM so that it is preserved by P).

Definition 28. We say that a connection V is symmetric is VxY — Vy X = [X,Y].

Definition 29. A connection V on a Riemannian manifold M is metric if
XY, Z)=(VxY,Z)+ (Y, VxZ).

The conditions of a connection imply that it is local (i.e. VxY (x) depends only on the germs
of X and Y at z). Let now DxY again denote the usual local covariant derivative in a given
coordinate system on M. Then VxY — DxY is C°°M-linear in both X and Y and, thus, given
by a tensor field T' of type (1,2), i.e.

VxY =DxY +T(X,Y).

The symmetry of V translates to I'(X,Y) = I'(Y, X), i.e. the symmetry of I', and the metricity

of V translates to

0=X(Y,Z) —(DxY +T(X,Y),Z) —{Y,DxZ + (X, Z))

- (DXg)(K Z) - <F(Xv Y)a Z> - <Ya F(Xa Z)>a

ie. (T(X,Y), 2)+(Y,I'(X, Z)) = (Dxg)(Y, Z). According to the following lemma, this determines
(D(X,Y), Z) uniquely and, thus, also T'(X,Y’), so that we obtain the following theorem.
Theorem 30. There exists a unique symmetric and metric connection on a given Riemannian
manifold — it is called the Levi-Civita connection. (]
Lemma 31. The map symqys: (S2V&@V)* — (VRS2V)*, given by symyy w(X,Y, Z) = w(X,Y, Z)+
w(X,Z,Y) is an isomorphism.
Proof. The spaces have the same dimensions; thus, it is enough to show that the kernel is zero.

But any w € kersym,, is symmetric in the first two and antisymmetric in the last two variables,
hence zero. (]

Remark. In fact, it is not difficult to show that the inverse is given by
((Sym23)_10)(X7 Yv Z) = %(Q(Xv Y7 Z) + 9(}/3 X7 Z) - G(Zv Xa Y))
However, we will not make use of this formula.

6.5. Parallel transport, geodesics. The equation for a parallel transport is
0=V:X = DsX +T(3,X),

ie. X = —I'(4,X). This is a differential equation and, locally, a unique solution exists through
each X (0). However, since the solution exists globally for the zero vector, it must exist for any
small vector and then for any vector since the parallel transport is clearly linear — any linear
combination (with constant coefficients) of parallel vector fields is also parallel.

Another observation is that if both X and Y transport parallelly along v then

Vo (X,Y) = (V4 X,Y) + (X, V5Y) =0
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and the scalar product (X,Y’) is constant along v — we say that the parallel transport preserves
the scalar product (in fact, this is equivalent to the metricity of V).

We denote by Pt} the map Tyto)M — Ty (49+t)M obtained by transporting vectors parallelly
along . We have thus proved that each Pt} is orthogonal.

A geodesic path is a path « such that 4 transports parallelly along . This reads

¥ = -T(4.7)

and is a differential equation of second order. Again, locally, a unique solution exists with any
given A = 4(0) € T, (oyM. We will temporarily denote it v4. Then it is pretty much clear that

Yaalt) = 7a(st).

Thus, denoting exp A = v4(1), we obtain y4(¢t) = va(1) = exptA. The map exp: TM — M is
not defined globally; however, it is defined in a neighbourhood of the zero section of T'M, since
exp0, = z. Each exp,: T,M — M is a local diffeomorphism at 0, (since its derivative is the
identity — exp,,o, A = %’t:o exp, (tA) = A).

We will now show how the covariant derivative can be reconstructed from the parallel transport.
Let e; be an orthonormal frame at x and transport it parallelly along a path 7 through xz. Then
we get vector fields F; along v and they will still be orthonormal since parallel transport preserves
scalar product. Let X be a vector field along v and express it in this orthonormal frame as
X = f'E;. Then

VﬁX = V;Y (fZEl) = V,Yfl -FE; + fl . V,'),Ei = V,Yfl - F;.
0

In other words, expressing the vector field in a parallel orthonormal frame makes it into a function
f: R — R™ and then the covariant derivative is simply the usual derivative % f.

We remark that f'(t)e; = Pt?, X(t) so that VX = %|t:0 Pt?, X(¢t). In plain words,
transporting the vector field X along 7 to y(0) produces a path of vectors in T, o) M and V)X
is then the usual derivative at zero of this function R — T, M with values in a vector space. This
will be important in the next section.

6.6. Second covariant derivative. Let us compute the second covariant derivative of a field
V2F(X,Y)=VVF(X,Y)=Vx(VF(Y)) - VF(VxY)=VxVyF — Vy,yF.
Now define the antisymmetric version of V2F as
V2, F(X,Y)=V?F(X,Y) - V?*F(X,Y)=VxVyF - VyVxF —Vy,y_vyxF

where the last term becomes V(x y)F for a symmetric connection. There are two important
special cases — that of functions where V2, f(X,Y) = Vix,y]-vxy-vyxf, i.e. the derivative of
f in the direction of (minus) the torsion (which is zero for symmetric connections — clearly, this
is equivalent to the symmetry of V), and that of vector fields where V2, Z(X,Y) is the so-called
curvature.
By definition, VZ,F(X,Y) is C*°M-linear in both X and Y. We will now show that V2, F is
C® M-linear in F. Thus, let h be a function and compute
V2(hEF)(X,Y) = VxVy(hF) — Vg, v (hF)
=Vx(Vyh-F+h-VyF)=Vy,wh-F—h-Vy,vF
=VxVyh - F+Vyh -VxF+Vxh-VyF+h - VxVyF —-Vy,wwh-F—h-Vy.vF

=h-V?F(X,Y)+V?h(X,Y) - F+Vyh-VxF+Vxh-VyF
and both V2h and the remaining terms disappear after antisymmetrization, yielding
V2, (hF)(X,Y) = hV2, F(X,Y)
or simply V2, (hF) = hVZ,F.
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This means that the alternating second derivative is “algebraic” in the sense that it is a value
of a field on (X,Y,F). In fact, it turns out that TM ® T*M has a natural action® on ®(T'M)
and V2 F(X,Y) is simply the action of R(X,Y) on F (here R(X,Y) is the curvature tensor
evaluated in two arguments, i.e. still a tensor field of type (1,1); it could be viewed as the map
Z— R(X,Y)Z).

Since V2, is zero on functions (the symmetry on V) and since the local covariant derivative
of any field is obtained by differentiating covariantly the coordinates of the field (and these are
functions!), we see that the curvature of a local covariant derivative is zero.

6.7. Curvature. The curvature is defined to be R(X,Y)Z = VxVyZ - VyVxZ - Vixy)Z. Tt
is a tensor of type (1,3) that is clearly antisymmetric in the first two variables. We have seen
that the curvature of the Euclidean covariant derivative is zero. In fact, this characterizes the
FEuclidean connection, as the following theorem says.

Before going into the proof, we give a geometric meaning to the curvature. Let X, Y be vector
fields that commute, i.e. such that [X,Y] = 0. Then VxVy Z(z) is obtained as the mixed partial

derivative %A(O, 0) of the vector valued function A(s,t) € T,,M given by transporting parallelly
Z(F1¥ (F1X(z))) along the flow line of ¥ back to FIZ* (z) and then along the flow line of X back to
z. A similar formula holds for the second term. We may however define Z by first transporting
Z(0,0) € T,.M along the flow line of Y and then along the flow lines of X so that the second term
actually becomes zero. Thus, we finally obtain
R(X,Y)Z = 22 Pt Pt Pt P 7
( ) ) 0sOt (s,t):(0,0) —s —t s t

(it would look slightly better to change both s, ¢ to their opposites — then this becomes a commu-
tator).

Continuing the notation of the above proof, we will show that for R(X,Y)Z =0 and [X,Y] =0,
the parallel transports along the flow lines of X and Y commute: 0 = R(X,Y)Z = VxVy Z, so
that Vy Z transports parallelly along the flow lines of X. Since Vy Z = 0 for s = 0, it must be
zero everywhere, i.e. Z also transports parallelly along the flow lines of Y. In particular, we obtain
Z(s,t) also by transporting Z (0, 0) first parallelly along the flow line of X to get Z(0,¢) and then
parallelly along the flow line of Y (this is what we have just proved).

Theorem 32. The following conditions are equivalent.

(1) The curvature is zero.

(2) The parallel transport does not locally depend on the path.
(3) There is an atlas in which all the T are zero.

(4) There is an atlas consisting of isometries.

Proof. We will prove (1)=-(2)=-(3)=(4)=(1).

(1)=-(2): We use the fact that the parallel transports along vector fields X, Y commute when
[X,Y] = 0. Start with a vector Z; € T, M and transport it parallelly along the local vector fields
O1,...,0n to obtain a vector field Z with Z(x) = Z,. Since Z was obtained by parallel transport
along 0; (any one could have been used the last), we have Vy,Z = 0. This holds for any ¢ and,
thus, dxZ = 0 for any X. In particular, Z transports parallelly along any path, implying that
the parallel transport of Z(x) along a path from z to y is always Z(y).

(2)=(3): Suppose that the parallel transport does not locally depend on the path. Start
with a basis (e;) of T, M and transport it locally to a neighbourhood to obtain vector fields E;.
Then [E;, Ej] = Vg, E; — Vg, E; = 0 and there exists a chart with £; = 0;. In particular,
F(E“EJ) = VE1E] — DElE] =0and I'=0.

(3)=(4): Clearly, to obtain a local isometry, it is enough to have Dxg = 0 for all X (then g is
constant and we may modify the chart by a linear isomorphism). But

0=(Vxg)(Y,2) = (Dxg)(Y, Z2) = (T(X,Y), Z) = (Y, I'(X, Z)) = (Dxg)(Y, Z).

(4)=(1) is clear since we have VxY = DxY in a Euclidean space and the curvature is zero. [

2t is the derivative at the identity of the map GL(Ty M) — GL(®(T;;M)), o — (), given by the functor ®.
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6.8. Remarks about covariant derivative of other fields. The above point of view may
also be applied to other fields. Let ® be a functor from the category of vector spaces and their
isomorphisms to itself>. By a field F of type ®, we will understand an association M > z + F(z) €
®(T,, M) that will be smooth in the following sense: a local chart ¢: U — R™ gives trivializations
Oug s Tp M =, R of each tangent space T, M, x € U, and applying the functor ® then gives a
map (the expression of the field in local coordinates)

U — ®(R")
&= (e ) (F(2))

that should be smooth.* Now we apply this in the same way as above, i.e. in the situation
that v is a path and F a field along . Choose a parallel frame (E;) that gives trivializations
ag: TypnyM S Re (different from those above) and use them to translate the field F to a function
f:R — ®R"), t — ®(cy)(F(t)). Then we take the usual derivative & f: R — ®(R") and
translate it back to a field V4 F along v, i.e.

v»'y(t)F = (I)(at)_l(%f(t))~

A different parallel frame differs by a constant (and orthogonal) transformation (E;) = (E;)P
which corresponds to an automorphism P: R" — R™ satisfying &; = Poy. This implies f = O(P)f
and, since ®(P) is linear, we obtain %f(t) = ®(P) <L f, yielding finally the independence of V4 F
on the choice of the frame.

There are three simple rules that allow one to compute the covariant derivative of the standard
fields.

The zeroth one is that a function is a field of type R, the constant functor taking every vector
space to R and every isomorphism to the identity. Then, independently of the frame, we obtain

= F and V4 F = %F . For a global function (as opposed to a function along v which then
happens to be just F o «), we obtain VF = dF, the differential of F' (i.e. VoF = dF(A) = AF,
the derivative of F' in the direction of the vector A).

The first one is that linear natural transformations commute with the differentiation, i.e. if
T=1y: ®(V) = ¥(V) is linear and natural then we define, for a field F' of type ®, a field 7F' of
type U, as the composition ¢ — 7(F(t)). We obtain easily

V(rF)=71VE.

The second concerns the tensor product of fields. Given functors ® and ¥, the tensor products
®(V) ® ¥(V) clearly form another functor denoted ¥ ® ¥. Given fields F' and G of types ® and
U respectively, the association z — F(z) @ G(z) € ®(T,M) ® ¥(T,M) is a field of type & @ ¥
and the corresponding function is f ® g: R — ®(R™) @ U(R™); its derivative is

di(f @ 9)(A) = di f(A) @ g(t) + f(t) © dig(A)

(by tensoring the defining relations for the differential f(t + 7) = f(¢) + d:f(7) + o(7) and the
same for g, observing that d;f(7) ® d;g(7) € o(7)). This yields immediately

VIFRG)=VF®G+ F®VG.
Now suppose that w is a field of type hom(®®*, ¥). Then the evaluation map
evy : hom(®(V)®F ¥(V)) @ (V)% — ¥ (V)

3It is useful to think of this as a way of producing out of coordinates V' =, R" on V some sort of coordinates
O(V) = B(R™) on ®(V), e.g. ARVF S5 ARRM w3, oy Wiy i f8 Ao A

4More generally, we may equivalently ask for the expression F in any field of frames (FE;) (simply an n-tuple of
vector fields that provides a basis at each point) to be smooth; such a frame does not necessarily come from a local
chart (e.g. we may require an orthonormal frame and it may be impossible to obtain one from a chart).
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is linear and natural and yields

VX(ev(w®X1®~~~®Xk)):evVX(w®X1®~'®Xk)
=ev(Vxw®e X1 ® - ® Xi)

+) evwR X1 ® @ VxX; ®- - ® Xi)

When the evaluation map is expanded, this reads

Vx(w(X1,. .., Xi)) = (Vxw)(X1,.., Xi) + Y _w(X1,..., VxXi,. .., Xp)

Let us compute as an example the second covariant derivative of any field
V2F(X,Y)=VVF(X,Y)=Vx(VF(Y)) - VF(VxY)=VxVyF — Vy,yF.
Now define the antisymmetric version of V2F as
V2, F(X,Y)=V?*F(X,Y) - V?F(X,Y)=VxVyF —VyVxF —Vyv,vy_vyxF,

where the last term becomes V| x y ) F for a symmetric connection. There are two important special
cases — that of functions where V2, f(X,Y) = Vix,y]-vxy—-vyxf, i.e. the derivative of f in the
direction of (minus) the torsion, and that of vector fields where V2, Z(X,Y) = R(X,Y)Z, i.e. the
curvature (at least when torsion is zero).

7. SPACES OF CONSTANT CURVATURE

7.1. Sectional curvature. First we observe that (R(X,Y)Z, W) is also anti-symmetric in the
variables Z, W. This follows from

0= (V2 (ZW)(X,Y) = VxVy(Z,W) - VyVx(Z,W) - Vv, v_v,x(Z,W)
= (R(X,Y)Z, W) + (2, R(X,Y)W)

(the terms where each Z, W receives one of the Vx, Vy cancel out).

Let p be a 2-dimensional vector subspace of T,, M with orthonormal basis (e1, e2). We define the
sectional curvature K(p) = (R(e1,e2)ez,e1). Denoting R(X,Y,Z, W) = (R(X, Y)W, Z), we see
that this depends only on X AY and Z AW. Thus, when replacing these by a linear combination,
the whole expression gets multiplied by the product of the determinants of the transformation
matrices. In the case of K(p), this means the square of an orthogonal matrix and the value does
not change.

7.2. Sphere. We compute the sectional curvature of a sphere S™ C R"*1. Thus, let e1, e € T}, S™
be two orthonormal vectors. We extend them to vector fields on S™ in the following way: think
of the e; as a constant vector field on R"T! and project it orthogonally to obtain a vector field E;
on T'S™; at a point z, this equals

Ei(z) =e; — (z,e;)x
In fact, this formula prescribes a vector field on R**! — this is useful since we want to apply the
covariant derivative of R"*1:

DaE; = —(A,e))x — (x,e;)A

Projecting to T'S™, the first term becomes zero and the second term remains unchanged (since A
is now assumed tangent to S™), i.e.

VAEZ' = —<£L’, 61>A

This leads to
[Ei, Ej] = Vg, Ej — Vi B = (x,e)Ej — (x,¢;) E;
and finally
R(Ei, E;)E; =VE, Vg, Ej =V, Ve, E; —Vg, g,F;
—— ——

—(z,e;)E; —(@,e;) E;
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Now the derivative of (x,e;) in the direction of E; equals (E;, e;), since the function is linear in
x. Thus,

R(E;, Ej)E; = —(x,¢5) - Vi, E; —(Ei,¢;)E;
——
—(z,e5) E;
+ <$,€j> . VEJEZ +<Ej,€j>Ei
——
_<$7ei>Ej
+ (2, 65)((z,€) Ej — (z, ;) E;)
(the function (x,e;) is linear in x) so that
(R(Ei, Bj)Ej, Ei)(x0) = —(ei, ¢5){ej, e:) + (ei, es)(ej, ) = 1 - Vol(es, e5)?
as (xo,e;) = 0, since e; € T, S™.
7.3. Hyperbolic space. We compute the sectional curvature of a hyperbolic space H" C R"+!
equipped with a metric g = —dz® ® d2® + dz' @ dz! + - - - 4+ dz"™ ® dz™, where
H" = {z e R"" | g(z,z) = —1}.
Since each x € H™ generates a 1-dimensional subspace where the metric is negative definite, it
is easy to see that on its orthogonal complement — and this is again T, H™ — the metric must be
positive definite (the inertia theorem). Thus, let e1, e2 € T,y H" be two orthonormal vectors. We
extend them to vector fields on H™, this times the formula is
Ei(z) =e; + (z,e;)x
(because (z,r) = —1). Again, this prescribes a vector field on R"*! and:
DAEi = <A, 6Z‘>l‘ + <.73,61‘>A
Projecting to T'S™, we get
VAEi = <l‘,€i>A
This leads to the same formula for R(E;, E;)E; as above, only with different signs. Since the
surviving terms in (R(E;, E;)Ej;, E;) contain exactly one scalar product from R(E;, E;)E;, we get

(R(E;, E;)Ej, E;)(w0) = (ei,€5) (€5, €5) — (e, €5)(ej, €5) = —1 - Vol(e;, e;)?.



