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A. MANIFOLDS

This course is about manifolds. An m-manifold is a space
that looks locally like Euclidean space R™.

Examples of manifolds include a circle S', a sphere S? or
atorus T2 = S' xS! or any surface in R3. These generalize
for instance to an m-sphere S”  R”*! or an m-torus T" =
Stx...xs!

In multivariable calculus, one studies (smooth) m-sub-
manifolds of R"; these have several equivalent characteri-
zations (locally being level sets or images of smooth func-
tions). These are the motivating examples of (smooth)
manifolds. Indeed, we will later see that any manifold can
be embedded as a submanifold of some (high-dimensional)
R". But it is important to give an abstract definition of
manifolds, since they usually don’t arise as submanifolds.

One important feature of manifolds is that they are spaces
on which one can do analysis (derivatives, integrals, etc.).
This means we are talking here not simply about topologi-
cal manifolds, but about smooth (differentiable) manifolds.
This is a distinction we will explain soon.

Al. Topological manifolds

Definition A1.1. A topology [DE: Topologie] on aset X is a
collection U of subsets of X (called the open [DE: offenen]
subsets) such that

e 3, XeU,
eUVell — UNnVed,
e {UjCcU = UaUaE(LI.

All other topological notions are defined in terms of open
sets.

Definition Al1.2. A subset A C X is closed [DE:
abgeschlossen] if its complement X \ A is open.

Definition A1.3. Any subset ¥ C X naturally becomes a
topological space with the subspace topology [DE: Unter-
raumtopologie]: {U NY : U C X open}. That is, the open
sets in Y are exactly the interestions of Y with open sets
in X.

Definition A1.4. A space X is connected [DE: zusammen-
hingend] if @ and X are the only subsets that are both open
and closed. A space is compact [DE: kompakt] if every
open cover has a finite subcover. (If we talk about a subset
Y c X being connected or compact, etc., we mean with
respect to the subspace topology.)

Definition A1.5. A map f: X — Y between topologi-
cal spaces is continuous [DE: stetig] if the preimage of
any open set in Y is open in X. A continuous bijection
f: X — Y whose inverse is also continuous is called
a homeomorphism [DE: Homdomorphismus] — an equiv-
alence of topological spaces.

Definition A1.6. Usually, one specifies a topology not by
listing all open sets, but by giving a base [DE: Basis] B.

This is a collection of “basic” open sets sufficient to gener-
ate the topology: an arbitrary U C X is defined to be open
if and only if it is a union of sets from B. Equivalently, U
is open if for each x € U there is a basic open set B with
x € Bc U. The requirements on B to form a base are

(1) that B covers X (meaning that each x € X is in some
B € B), and

(2) that intersections B; N B, of two basic open sets are
open, that is, for any x € B} N By, there exists B3 € B
with x € By C By N B,.

These conditions are familiar from metric spaces (X, d),
where the open balls B.(x) := {y : d(x,y) < &} form
a base for the metric topology. The topological spaces
that will arise for us are all metrizable, meaning the topol-
ogy arises from some metric. In particular, the standard
topology on R” comes, of course, from the Euclidean in-
ner product (scalar product) (x,y) = x -y := Y x'y' via
the metric d(x,y) = |x —y| := +/{(x—y,x—y). (Note
that, following a standard convention in differential geom-
etry, we use upper indices for the components of a point
x=@' .. X" eR™)

Definition A1.7. A space X is Hausdorff [DE: Haus-
dorff’sch] if any two distinct points x # y € X have disjoint
(open) neighborhoods. It is regular [DE: reguldr] if given a
nonempty closed set A C X and a point x € X \ A, there are
disjoint (open) neighborhoods of A and x. (These are just
two examples of the many “separation axioms” in point-set
topology.)

Definition A1.8. A space X is second countable [DE: dem
zweiten Abzdhlbarkeitsaxiom geniigend] if there is a count-
able base for the topology. It is separable [DE: separabel]
if it has a countable dense subset.

Metric spaces are Hausdorff and regular (take metric
neighborhoods of radius d(x,A)/2). Euclidean space is
second countable (take balls with rational centers and
radii). In general, a metric space is second countable if
and only if it is separable. The importance of these notions
is clear from the Urysohn metrization theorem, which says
that X is separable and metrizable if and only if it is Haus-
dorff, regular and second countable.

We will later need the following two properties of Haus-
dorff spaces.

Exercise A1.9. A space X is Hausdorff if and only if the
diagonal A := {(x, x) : x € X} is a closed subset of X x X.

Exercise A1.10. If X is Hausdorff and K C X is compact,
then K is a closed subset of X.

Definition A1.11. We say a space M is locally homeo-
morphic [DE: lokal homéomorph] to R™ if each p € M has
an open neighborhood U that is homeomorphic to some
open subset of R™. If p: U — ¢(U) c R™ denotes such a
homeomorphism, then we call (U, ¢) a (coordinate) chart
[DE: Karte] for M. An atlas [DE: Atlas] for M is a collec-
tion {(Uy, ¢q)} of coordinate charts which covers M, in the
sense that | J U, = M.

Clearly we can rephrase the definition to say M is locally
homeomorphic to R™ if and only if it has an atlas of charts.
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Less obvious (but an easy exercise, since an open ball in
R™ is homeomorphic to R™) is that it is equivalent to re-
quire each p € M to have a neighborhood homeomorphic
to R™.

Although one might expect this to be a good topological
definition of an abstract manifold, it turns out that there
are some pathological examples that we would like to rule
out. Certain properties from point-set topology are not au-
tomatically inherited under local homeomorphisms. For
instance, examples like the line R with the origin doubled
(or with all x > 0 doubled) fail to be Hausdorft. The “long
line” (obtained by gluing uncountably many unit intervals)
fails to be second countable — it is sequentially compact
(every sequence has a convergent subsequence) but not
compact, although those notions are equivalent for metric
spaces. The “Priifer surface” is separable but not second
countable, so again cannot be metrizable. although again
those notions are equivalent for metric spaces. (Note there
are also much weirder examples, for instance in papers of
Alexandre Gabard.) For technical reasons, we also prefer
manifolds to have at most countably many components, as
is guaranteed by second countability.

Thus we are led to the following:

Definition A1.12. A topological m-manifold [DE: topol-
ogische m-Mannigfaltigkeit] is a second-countable Haus-
dorff space M = M™ that is locally homeomorphic to R™.

Regularity then follows, ensuring that our manifolds are
metrizable spaces. Indeed, we will later put a (Rieman-
nian) metric on any (smooth) manifold. It is also straight-
forward to check various other local properties: A topo-
logical manifold M is locally connected, locally compact,
normal and paracompact (defined later when we need it).
Being separable and locally compact, it is also globally the
union of countably many compact subsets.

Note: For m # n, it is easy to see there is no diffeomor-
phism R” — R” It is also true that there is no homeomor-
phism, but this requires the tools of algebraic topology like
homology theory. Any R™ is contractible, so they all have
the same (trivial) homology. The trick is to first remove a
point. Then R™ \ {0} deformation retracts to S”~!, and
spheres of different dimension have different homology.
This was the start of topological dimension theory, and
shows that every (nonempty) manifold has a well-defined
dimension.

Examples A1.13.

o R™ is an m-manifold (with a single chart).

e An open subset U € M™ of an m-manifold is itself
an m-manifold (restricting charts to U).

e Any smooth surface M? c R? is a 2-manifold. (Get
a chart around p € M by projecting orthogonally to
T,M.)

e Other surfaces — like polyhedral surfaces — are also
topological manifolds.

e More generally, any smooth m-submanifold in R" is
an m-manifold. (We will consider such examples in
general later.)

e RP" := §"/+ = {lines through 0 in R™*'} is an m-

manifold called real projective space.

e M™ x N" is an (m + n)-manifold (using product
charts).

e For any smooth surface M> c R, the tangent bundle
TM ={(p,v): p€ M,veT,M}is a4-manifold.

One of our first tasks will be to define 7\, M for an abstract
smooth manifold M™; in general we will find that it is a m-
dimensional vector space and that these can be put together
to form a 2m-manifold, the tangent bundle.

In some cases it is important to consider also manifolds
with boundary, modeled on the halfspace

H" = {(xl,xz,...,xm) eR": x! < 0},
whose boundary is 0H™ = {x' = 0} = R""!.

Definition A1.14. An m-manifold with boundary [DE: m-
Mannigfaltigkeit mit Rand] is then a second-countable
Hausdorft space locally homeomorphic to H™ (meaning
that each point has a neighborhood homeomorphic to some
open subset of H™). If a point p € M is mapped to the
boundary in one chart, then this is true in every chart. Such
points form the boundary [DE: Rand] 0M c M of M; it
is an (m — 1)-manifold (without boundary, and perhaps
empty). The complement M \ dM is called the interior
[DE: Inneres] and is an m-manifold (without boundary).

We will use manifolds with boundary later when we study
integration and Stokes’ theorem. Until then, we will ba-
sically neglect them, with the understanding that all our
theory extends in the “obvious” way. The following termi-
nology is standard even if confusing at first: a closed mani-
fold [DE: geschlossene Mannigfaltigkeit] means a compact
manifold without boundary.

Let us look at the lowest dimensions. A 0-manifold is a
countable discrete set. Equivalently, we can say that the
only connected 0-manifold is a point. In general, of course,
any manifold is the countable union of its connected com-
ponents, so it makes sense to classify connected manifolds.
It is not hard to show that any connected 1-manifold is
(homeomorphic to) either R! or S!. If we allow manifolds
with boundary, there are just two more examples: the com-
pact interval I = [0, 1], and the ray or half-open interval
H'.

2024 October 14: End of Lecture 1

While the complete classification of noncompact surfaces
is known, we will only consider the compact case. We
have seen the examples S, 72 and RP?. Further examples
can be obtained as connect sums: the connect sum M#N
of two surfaces is obtained by removing an open disk from
each and then gluing them along the resulting boundary
circles. It turns out that any connected closed surface is
either an orientable surface X, of genus g (the connect sum
of g tori) or a nonorientable surface N, (the connect sum
of h projective planes). If we allow compact surfaces with
boundary, then what we get is these examples with some
number k& of open disks removed, denoted X, x or Ny .

The uniformization theorem, a classical result in complex
analysis and Riemann surface theory, implies that any sur-
face admits a metric of constant Gauss curvature. By the
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Gauss—Bonnet theorem, the sign of this Gauss curvature
agrees with the sign of the Euler characteristic of the sur-
face. Thus the sphere and the projective plane have spher-
ical (K = 1) metrics, and the torus and Klein bottle have
Euclidean (flat, K = 0) metrics, while all other closed sur-
faces have hyperbolic (K = —1) metrics.

Guided by this, Bill Thurston conjectured a method to
understand compact 3-manifolds (with boundary). In
2003, Grigory Perelman proved this “geometrization con-
jecture”, establishing that any 3-manifold can be cut into
pieces, each of which admits one of eight standard geome-
tries. There is interesting work remaining to be done to
better understand the case of hyperbolic 3-manifolds.

In dimensions four and higher, there is in some sense no
hope of classifying manifolds. Given any finite group pre-
sentation, one can build a closed 4-manifold with that fun-
damental group. Since the group isomorphism problem is
known to be undecidable, it is impossible in general to de-
cide whether 4-manifolds are homeomorphic. Much inter-
esting research thus restricts attention to the case of simply
connected manifolds (with trivial fundamental group).

In certain other ways, higher dimensions are easier to un-
derstand. One reason is that two generic 2-disks will have
empty intersection in dimensions five and above. Thus, for
instance, the Poincaré conjecture was first proved in these
dimensions, while the original conjecture in three dimen-
sions had to wait for Perelman’s result.

A2. Smooth structures

If (U, ¢) and (V, ¢) are two charts for a manifold M™, then
Yo liUNV)—>y(UNV)

is a homeomorphism between open sets in R™, called a
change of coordinates [DE: Kartenwechsel] or transition
function. The inverse homeomorphism is of course goy~!.

Since the transition functions are maps between Euclidean
spaces, we know how to test how smooth they are. Sup-
pose U C R™ is open and f: U — R". To say f is C°
just means that it is continous. If f is differentiable at each
p € U, then its derivative is a function Df: U — R™".
We say f is C' if Df is continuous. By induction, we say
fis C"if Df is C"™!, that is, if D" f is continuous. If f has
(continuous) derivatives of all orders, we say it is C*. If
a C* map f is real analytic [DE: reell-analytisch], mean-
ing that its Taylor series around any p € U converges to f,
then we say f is C“.

Definition A2.1. Fix r € {0,1,2,...,00,w}. We say
two charts (U, ¢) and (V,y) for a manifold M™ are C"-
compatible if the transition functions ¢ o ¢~ and ¢ o y~!
are C” maps. (They are then inverse C"-diffeomorphisms.)
A C’-atlas [DE: C"-Atlas] for M is a collection of C’-
compatible coordinate charts which covers M. A C’-
structure [DE: C"-Struktur] on M is a maximal C"-atlas,
that is an atlas U = {(U,, @)} such that any coordi-
nate chart (V, ) which is compatible with all the (U, ¢,)
is already contained in U. A C"-manifold [DE: C’-
Mannigfaltigkeit] is a topological manifold M™ with a

choice of C"-structure. A chart for a smooth manifold will
mean a chart in the given smooth structure (unless we ex-
plicitly refer to a “topological chart”).

Of course the case r = 0 is trivial: any atlas is C° and the
CO-structure is the set of all possible topological charts. (In
this case, of course, one should use the term “homeomor-
phism” instead of “C°-diffeomorphism”.)

This course is about smooth manifolds, where we use the
word “smooth” to mean C*. When we say “manifold”
we will mean smooth manifold unless we explicitly say
otherwise. Of course many of our results will be valid even
for lower degrees of smoothness (usually C! or C? or C3
would suffice) but we will not attempt to keep track of this.

Lemma A2.2. Any C"-atlas is contained in a unique max-
imal one.

Proof. Given an atlas U = {(U,, ¢o)}, let V be the col-
lection of all charts (V,y) that are compatible with every
(Uq, @q). We just need to show that V is a C"-atlas, that
is that any charts (Vy,¥) and (V», ¢,) are compatible with
each other. But any p € V| NV, is contained in some U,,
and on ¢ (V; NV, N U,) we can write

vaoui! =Waog)o(gaoyi'). O
At the end of this proof, we implicitly use three properties:

e The composition of two C" maps is C”.
e The restriction of a C" map to an open subset is C”.

e A map thatis C” is some neighborhood of each point
inUisC"onU.

Without getting into formal details, these properties mean
that the class of C” diffeomorphisms form a pseudogroup
[DE: Pseudogruppe] (of homeomorphisms on the topolog-
ical space R™).

Although we have only defined C” structures, other kinds
of structures on manifolds arise from other pseudogroups.
For instance, a projective structure [DE: projektive Struk-
tur] or a Mobius structure [DE: Mobius-Struktur] on M
arises from an atlas where the transtion functions are all
projective transformations or all Mdbius transformations
(respectively). An orientation [DE: Orientierung] on M
arises from an atlas where all transition functions are
orientation-preserving. (We will return to this later. Note
that it is easy to tell if a diffeomorphism is orientation-
preserving, using the sign of the Jacobian determinant; for
homeomorphisms one needs homology theory.)

Given a C"-structure on any manifold, for any s < r, by the
lemma it extends to a unique C*-structure. On the man-
ifold R™, the standard C”" structure arises from the atlas
{(R™,id)} consisting of a single chart. If we let U" denote
the collection of all charts C"-compatible with this one,
then we have

U>U >U S - >U™ DU,

The point of a smooth structure is to know which mappings
are smooth. Suppose f: M™ — N" is a (continuous) map
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between two smooth manifolds. Given p € M, we can find
(smooth) charts (U, ¢) around p € M and (V,y) around
f(p) € N. Then the composition

Yofog lioUnf (V) >R

is called the expression of f in these coordinates. (Writ-
ing (x',...,x™) for a typical point in @(U) c R™ and
(', ...,y" for a typical point in (V) C R”, then we can
think of ¢ o f o ¢~! very explicitly as n real-valued func-
tions, giving the y/ as functions of (x',...,x™).)

Now it is easy to define smoothness:

Definition A2.3. The map f is smooth [DE: glatt] if for
each p we can find charts (U, ¢) and (V, ) as above such
that o f o ™!, the expression of f in these coordinates, is
smooth (as a map between Euclidean spaces). (If M and N
are only C"-manifolds, then it makes sense to ask whether
f: M — Nis C’ for s < rbutnot for s > r.) A diffeomor-
phism [DE: Diffeomorphismus] f: M — N between two
smooth manifolds is a homeomorphism such that both f
and f~! are smooth. The set of all smooth maps M — N
is denoted by C*(M, N); we write C*(M) := C*(M,R).

Exercise A2.4. If f: M™ — N" is smooth, then its ex-
pression ¢ o f o ¢~ in any (smooth) coordinate charts is
smooth.

Note two special cases: if M = R™ (of course with the
standard smooth structure), then we can take ¢ = id and
thus consider o f; if N = R” then we can take ¢ =
id and consider f o ¢~!. For a map f: R" — R", we
take ¢ = id and ¥ = id and see that our new definition of
smoothness agrees with the one we started with for maps
between Euclidean spaces.

The basic constructions of new manifolds from old — open
subsets and products — can be adapted to the smooth set-
ting.

If U ¢ M™ is an open subset of a smooth manifold, then we
can restrict the smooth structure on M to a smooth struc-
ture on U (which we already know is a topological man-
ifold). In particular, each chart (V,¢) for M gives a chart
(VNU,Ylyay) for U. (If we talk about a smooth map on an
open subset U of a smooth manifold M, then we implic-
itly mean smooth with respect to this restricted structure.)
Suppose we have a cover {U,} of M andamap f: M — N.
Then f is smooth if and only if its restriction to each U,
is smooth. (This is a version of the pseudogroup property
above.)

If M™ and N" are smooth manifolds, then it is a straight-
forward exercise to put an induced smooth structure on
the manifold M x N. (Hint: Use only product charts
(U x V,¢ X ) obtained from smooth charts (U, ¢) and
(V,¢).) The two projection maps from M X N to M and N
are smooth maps.

A3. Exotic smooth structures

Suppose h: M™ — N™ is a homeomorphism between
topological manifolds (so that M and N are really the

“same” topological manifold). Then A can be used to
move other structures between M and N. A trivial exam-
ple would be a real-valued function f: N — R; it can be
“pulled back” to give the real-valued function f o s on M.

Of interest to us is the case of a C"-structure U on N (a
maximal atlas). We can use the homeomorphism # to pull
it back to give a C"-structure 2" () on M: the pull-back of
achart (U, ¢) € U is the chart (b~ (U), poh) for M. Almost
by definition, h: M — N is then a C’-diffeomorphism
from (M, h*(U)) to (N, U).

Since M and N are homeomorphic, they are really the same
topological manifold, and we might as well be considering
self-homeomorphisms #: M — M. If h = id then clearly
h*(U) = U; more generally this is true any time £ is a dif-
feomorphism from the smooth manifold (M, U) to itself.

But suppose & is a homeomorphism that is not a diffeo-
morphism. Then 4*(U) is a distinct smooth structure on
the manifold M. Consider a couple of examples on the
line M = R, starting with its standard smooth structure
U, the pull-back structure 4*(U) is the one generated by
the single coordinate chart (R, /). If h: x — x> then A is
smooth but its inverse is not, so with respect to h*(U) it is
easier for maps into M to be smooth, but harder for maps
from M to be smooth. (The reverse is true of course if we
start with x = +/x.) If on the other hand A: x — 2x + |x],
then neither & nor its inverse is smooth. (Note that in all
these examples, the meaning of smoothness changes only
near 0.)

Such examples are weird, but in fact they are all trivial.
As we noted above, h is always a diffeomorphism from
(M, h*(U)) to (M,U). Thus the two smooth manifolds
are diffeomorphic to each other — they are really the same
smooth manifold. We have merely put on strange eye-
glasses — the map & — to relabel the points of M.

More interesting is the question of existence of “exotic”
smooth structures — can two different (nondiffeomorphic)
smooth manifolds have a homeomorphism between them
(meaning that their underlying topological manifolds are
the same). There are still many interesting open questions
here, especially in dimension 4. The following facts are
known:

e Up to diffeomorphism, there is a unique smooth
structure on any topological manifold M™ in dimen-
sion m < 3. Up to diffeomorphism, there is a unique
smooth structure on R™ for m # 4.

e The Hauptvermutung (known by that name even
in English) of geometric topology (formulated 100
years ago) suggested that every topological manifold
should have a unique piecewise linear (PL) structure
— essentially given combinatorially by a triangula-
tion — and a unique smooth structure. This is now
known to be false.

e Every smooth manifold has a (PL) triangulation. For
every dimension m > 4, there are topological m-
manifolds that admit no triangulation — and in par-
ticular no PL or smooth structures. (For m = 4 this
has been known since the 1980s, but for m > 4 it
was just proven in 2013!)
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e There are uncountably many different smooth struc-
tures on R*. It is unknown if there is any exotic
smooth structure on S*.

e In higher dimensions, some things get easier. In
dimensions m > 7, for instance, there are exotic
spheres S, but these form a well-understood finite
group (e.g., there are 28 for m = 7). In general, the
differences between smooth and PL manifolds (and
to some extent between PL and topological mani-
folds) can be analyzed for m > 5 by means of alge-

braic topology.

e For compact, simply connected topological 4-mani-
folds, Freedman showed how to use invariants from
algebraic topology to check when they are homeo-
morphic. In most (but not all) cases we know which
of these topological manifolds admit smooth struc-
tures; it is not known how to classify the smooth
structures when they do exist.

Especially since we know there are exotic spheres in cer-
tain dimensions, it is important to say what we mean by
the standard sphere S™ as a smooth manifold. The “right”
answer is that it inherits a smooth structure as a smooth
submanifold of R"*!, but since we haven’t developed that
theory yet, we use explicit charts. Any “obvious” atlas will
give the same standard smooth sphere, for instance the two
charts of stereographic projection:

X

Us =S" N {zens1},

‘pi(x7 Z) = ,» X € Rma Z € R9

1%z

or the 2m + 2 charts of orthogonal projection:
Usj={xeS"cR™ :sgnx/ = 1},

00 = (x5, X, ),

It is a good exercise to check that all these charts are C*-
compatible with each other.

With our basic constructions, we then get many further
examples of smooth manifolds, like the m-torus 77" =
St'x---xS!( product of circles) or the n?-dimensional
matrix group GL(R") ¢ R™" (an open subset).

2024 October 15: End of Lecture 2

A4. Tangent vectors and tangent spaces

We usually think of the tangent space T,R" at a point
p € R" as a copy of the vector space R"; a vector v € T,R"
can be viewed intuitively as an arrow from p to p + v.
(Technically, a tangent vector should know where it is
based, so we could set T,R" = {(p,v) : v € R"}. We
will soon introduce a different formal definition, valid also
for abstract smooth manifolds. But still, the tangent space
to R” is naturally isomorphic to R” and we often implicitly
make this identification.)

If v is a smooth curve through p := ¥(0) in R", then its
velocity y’(0) is best viewed as a vector in T,R". If M™ is
an m-submanifold through p € R", then the tangent space

T,M™ is an m-dimensional linear subspace of T,R", con-
sisting of all velocity vectors to curves lying in M.

For an abstract manifold M™, its tangent space T,M™
should still be the collection of velocity vectors to curves
through p € M. But of course, there are always many
curves with the same tangent vector. One approach would
be to define tangent vectors as equivalence classes of
curves, but when are two curves equivalent? One could
say: “when they agree to first order”, but this begs the
question.

A good approach is to think about what we use tangent
vectors for: to take directional derivatives! If g: R —» R
is a real-valued function, and v is a curve through p = y(0)
with velocity v = y’(0) € T,R" there, then the directional
derivative of g is the derivative along y:

d
0,8 = Dpg(v) = 7 0(g °y).

1=

Let us think about 9, as a map taking g to the real number
0,g € R. This is linear:

0,(g + Ah) = 8,8 + 10,h
and satisfies the Leibniz product rule:

9v(gh) = (0,@)h(p) + (3,18 (p).

Such a map is called a derivation [DE: Derivation]. Fur-
thermore, it is local in the sense that d,g only depends
on values of g in an arbitrarily small neighborhood of p.
A fact we will check later is that there are no other local
derivations at p € R" besides these directional derivatives.
Thus we can use this as the definition of tangent vector.

So fix a point p in a (smooth) manifold M™. What is the
right domain for a derivation (think of a directional deriva-
tive) at p € M? Consider the class

C= U Cc>(U)

Usp

of all real-valued functions g defined on some open neigh-
borhood of p. If two functions agree on some neighbor-
hood, then they must have the same derivatives at p, so we
consider them to be equivalent. More precisely, g: U — R
is equivalent to h: V — R if there is some open W 3 p
(with W c U n V) such that gly = hly. An equiva-
lence class is called a germ [DE: Keim] (of a smooth func-
tion) at p. The set of germs at p is the quotient space
C/~ =: C=(p). If g is a function on a neighborhood of p,
we often write simply g for its germ (which might more
properly be called [g]).

Note that if g € C*™(p) is a germ, we can talk about its
value g(p) € R at p, but not about its value at any other
point. (For M = R™, a germ g at p also encodes deriva-
tives of all orders at p — that is, the Taylor series of g —
but also much more information, since g is not necessarily
analytic.)

The set C*(p) of germs is an (infinite dimensional) alge-
bra over R, that is, a vector space with multiplication. (Ex-
ercise: check that multiplication of germs makes sense,
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etc.) We now define a tangent vector [DE: Tangentialvek-
tor] X, at p € M to be a derivation on this algebra. That s,
X,: C*(p) — Ris a linear functional:

X,(g+ Ah) = X,g + AX,,h
satisfying the Leibniz rule:

Xp(gh) = (Xpe)h(p) + (Xph)g(p).

We let T,M denote the tangent space [DE: Tangential-
raum] to M at p, that is, the set of all such tangent vectors
X,.
Clearly T, M is a vector space, with the obvious operations

X, +AY,)f =X, f + AY, f.

(In fact, this is just exhibiting 7,,M as a linear subspace
within the abstract dual vector space C*(p)* of all linear
functionals on C*(p).

Note that if U ¢ M is open with p € U, then T,U = T,M
since the set C*(p) of germs is the same whether we start
with M or U.

Now suppose f: M™ — N" is a smooth map of manifolds
and consider a point p € M and its image g := f(p) € N.
If g is a germ at ¢, then g o f is a germ at p. (Here of
course, we really compose f with any of the functions in
the equivalence class g.) This gives a map

[11C%@ - C%(p),  f@)i=gof

between these algebras of germs, which we claim is linear,
indeed an algebra homomorphism. (Note that the upper
star is used to indicate a “pull-back”, a map associated to f
acting in the opposite direction.)
Like any linear map between vector spaces, f* induces a
dual map between the dual spaces; here we claim this re-
stricts to a map f.: T,M — T,N. Working out what the
dual map means, we find that for X, € T,M and g € C*(q)
we have

(f*(Xp))(g) = Xp(f*(g)) = Xp(g ° f)

This linear map f, is called the differential [DE: Differen-
tial] of f at p and we will usually write it as D, f. (Other
common notations include d, f or simply f’(p).)

Theorem A4.1. Given a smooth map f: M™ — N" of
manifolds and a point p € M, the construction above in-
duces a linear map f, = D,f: T,M — Ty,)N, the differ-
ential of f at p.

Proof. The many claims we made during the construction
are all routine to check. We gives just two examples. To
see that f.(X,) is actually a tangent vector at g := f(p), we
need to check the Leibniz rule:
J:(Xp)(gh) = X,((gh) o f) = Xp((g o /)(ho f))
= (Xp(g 0 N)(h(q) + (Xp(h o 1)) (8(9))
= (f(Xp)9)h(q) + (f(Xp)h)g(q).

To see that f. is linear, we compute:

f*(Xp + /IYp)(g) = (Xp + AYp)(g © f)
:Xp(gof)+/lyp(gof)
= (fi(Xp) + AL(Y)p)) (). m

It is now a straightforward exercise to check the “functori-
ality” of the operation f — f., that is, the following two
properties:

e For f =id: M — M, the maps f* and f, are also
the identity maps.

e If h = g o f (for maps between appropriate mani-
folds), then h* = f* o g* and h, = g. o f..

(The second of these is of course the chain rule from cal-
culus, Dy(go f) = Dppygo Dypf.)

Corollary A4.2. If f: M — N is a diffeomorphism, then
forany p € M, the map D,f: T,M — TsN is an iso-
morphism. In particular, if (U, ) is a coordinate chart
for M™, then ¢.: T,M — T,,»R™ is an isomorphism. O

Of course, this refers to 7,R™ in the sense we have just de-
fined for abstract manifolds. It is time to go back and prove
the claim we made early on, that there are no derivations
on R™ other than the usual directional derivatives, that is,
that 7,R™ = R"™.

We know we have a map R” — T,R"™ which associates to
each v € R the directional derivative d, at p. This map is
clearly linear and is easily seen to be injective. Indeed, if
n': R™ — R denotes the projection p — p', then 0,7 =
vl = 7'(v); now two distinct vectors v # w must differ in
some component v # w', meaning d,7’ # 9,7, s0 0, #
0,,. The claim that now remains is just that this map is
surjective — there are no other derivations.

Lemma A4.3. Suppose X, € T,R" and g € C¥(p) is
constant (in some neighborhood of p). Then X,g = 0.

Proof. By linearity of X, it suffices to consider g = 1. By
the Leibniz rule,

X,(H)=X,1-D)=X,(1)-1+X,(1)-1=2X,(1)
which clearly implies X,(1) = 0. O

Our next lemma can be thought of as a version of Taylor’s
theorem. (Note that one could let B be an arbitrary star-
shaped region around p.)

Lemma A4.4. Let B := B.(p) where p € R™ and € > 0.
For any g € C*(B), we can find a collection of m functions

h; € C*(B) with hi(p) = %(p), such that on B we have

20 = g(p) + D (¥ = pHhi().
Proof. If we set

1
0
hi(x) = f S+ 1(x=p)dr
0 X

then the desired properties follow from the fundamental
theorem of calculus in the form

1
d
8(x) = g(p) + f S8+l = p)dr,
0

noting that this #-derivative is the directional derivative of
g in direction x — p. O
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Theorem A4.5. The map v — 0, is a (natural) isomor-
phism R™ — T,R™.

Proof. As noted above, all that remains is to prove surjec-
tivity. Given X, € T,R™, define v € R" by v' := X, ().
We claim d, = X,. By definition, these agree on (the germs
of) the projections /. Now suppose g € C(p) is any
germ. Finding a representative g € C*(Bg(p)) for some
& > 0, we can use the second lemma to write

g =g(p)+ » (' = ph.
Then by the definition of derivation,
Xp8 = X, (e(p) + Y (Xp' = X,p)(hi(p))
+ > X (p) = p).

Here the last sum (which would seem to involve second
derivatives of g) vanishes simply because 7'(p) = p'. And
the terms X,p’ and X,(g(p)) vanish by the first lemma.
Thus we are left with

: 0
X8 = Y (X hi(p) = v = p) = B,(s)

as desired. O

Combining this with Corollary A4.2, we see that each tan-
gent space T,M to an m-manifold M™ is m-dimensional.

2024 October 21: End of Lecture 3

Note that if {e;} is the standard basis of R™ (so that v =
> Vie,), then {0, = %} is the corresponding standard ba-
sis of T,R™. Recall that, given a coordinate chart (U, ¢)
around p € M™, the differential D, = ¢.: T,M —
To»R™ = R™ is an isomorphism. In particular, each tan-
gent space T}, M to an m-manifold has dimension m. Under
this isomorphism, the (% correspond to the elements of a
basis for T,M, which we write as

[0
(9,' = (9,-,,, = (,0*] (ﬁ)

Suppose a function f € C*(U) has coordinate expression
foe': p(U)— R. Then at p € U we get

0 0
ai = -1 iy = -1 .
f=¢ (6x,)(f) 2a(foe)
In particular, if we consider the individual components
x/ = 7/ o ¢ of the coordinates ¢ as real-valued functions,

we find 9;(n/ o ) = On//0x' = 611 We can express any
X, € T,M in terms of our basis {0;} as follows:

X, = Y (X' 0 9))0;
i=1

Consider a smooth map f: M™ — N" between manifolds,
and choose local coordinates (U, ¢) around p € M and

(V,y) around g := f(p) € N. (We write X' = 7' o ¢ and
y/ = 1/ o .) In these coordinates, f is represented by the
map ¥ o f o ¢! of Euclidean spaces, or more explicitly as
functions y/ = f/(x!,...,x™). Here the derivative is given
by the Jacobian matrix

= oy’ (0 £
“loxi ) \oxt )
Let us write {0;} as usual for the coordinate frame of 7, M,
where 8; = ¢;'(8/0x'). For T,N, we use the notation

d; = y:'(0/9y’). We find that J is the matrix of D, f with
respect to these bases. That is,

oy’ .
D, f(0ip) = Z (E) ( )‘9/,61’
e

or equivalently, if X, = Yvd;, and fi(X,) = ¥ w/d;,,

then we have
. oy’ )
w! = Z (ll) v
i dx @(p)

Consider now the case of the identity map f = idy,. That
is, we have overlapping coordinate charts (U, ¢) and (V, )
for M. At any point p € U NV, we have two different
coordinate bases for 7,M, which we write as {9;} (with
respect to ¢) and {9;} (with respect to ). Then the change-
of-basis matrix is just the Jacobian matrix of the coordinate
expression of idys, which here is just the transition function
Yo', (This is the basis for a definition of tangent vectors
still popular among physicists: a tangent vector “is” its ex-
pression in a coordinate basis, with the rules for changing

this “covariantly” when we change coordinates.)

As usual, we also consider the special cases where one of
the manifolds M or N is (a submanifold of) R. For R of
course we use the standard chart (the identity map), and we
write 0, for the corresponding basis vector for the tangent
space to R at any point.

A map y: (a,b) - M™ is a curve [DE: Kurve] in M. Its
velocity vector [DE: Geschwindigkeitsvektor] at p := y(t) €
Misy'(t) := Dyy(0;) € T,M.

The opposite case is a real-valued function f € C*(M).
For X, € T,M, we have (D,f)(X,) € Ts»R, so that
(D, f)(Xp) = 20, for some A € R. Of course, this A is just
the directional derivative X, f. For instance, in local coor-
dinates, (D, f)(9;) = (0;1)0;. We write d,f: T,M — R for
the linear map X, — X, f.

The vector space T,M dual to T,M is called the cotangent
space [DE: Kotangentialraum) and its elements are cotan-
gent vectors (or covectors [DE: Kovektoren] for short).
Thus d,, f € T,M is the covector given by d,, f(X,) := X, f;
this is just another way to view the differential since we
have D, f(X,) = d,f(X},)0;.

If f: M" — N" is a smooth map, we define its rank
[DE: Rang] at p € M to be the rank of the linear map
D,f: T,M — TgpN. In local coordinates (U,¢) and
(V, ) as above, this is the rank of the Jacobian derivative
matrix (0y’/0x).
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The rank theorem from multivariable calculus can be re-
stated most nicely for smooth manifolds. (When stated for
Euclidean spaces it needs to mention diffeomorphisms.)

Theorem A4.6 (Rank Theorem). Suppose f: M™ — N"
is a smooth map of constant rank k. Then for each p € M
there are coordinate neighborhoods (U, ) of p and (V, )
of f(p) such that y o f o ¢~! is the orthogonal projection
map

.M e (. x5,0,...,0) e RY,

where of course there are n — k zeros at the right. (Note:
if we want, we can require that o(U) = B1(0) and (V) =
B1(0).)

Note that the rank can be at most min(m, n); maps of max-
imum rank are particularly important. We say that f is an
immersion [DE: Immersion] if f has constant rank m < n,
that is, if D, f is injective for every p € M. We say f is a
submersion [DE: Submersion] if f has constant rank n < m,
that is, if D, f is surjective for every p € M. Form = n
these notions coincide. A smooth map f: M" — N™
between manifolds of the same dimension is a diffeomor-
phism if and only if it is bijective and has constant rank .

AS. The tangent bundle

Definition A5.1. The tangent bundle [DE: Tangentialbiin-
del] TM = T(M) to a smooth manifold M™ is, as a set, the
(disjoint) union TM := |J,ey TpM of all tangent spaces
to M; there is obviously a projection 7: TM — M with
aUpl = T,M. We can equip TM in a natural way
with the structure of a smooth 2m-manifold. Start with
a (smooth) atlas for M. Over any coordinate chart (U, ¢),
there is a a bijection Dp: TU — @(U)xR™ c R¥" sending
Yivio; € T,U = T,M to (¢(p), v). We define the topology
on TM by specifying that these maps Dy are homeomor-
phisms; they then form an atlas for TM as a topological
2m-manifold.

Exercise A5.2. These charts for TM are C*-compatible,
and thus define a smooth structure on 7M.

Note that TM is an example of a vector bundle, which is
a special kind of fiber bundle to be defined later. Without
going into details, a fiber bundle [DE: Faserbiindel] with
base B and fiber F is a certain kind of space E with projec-
tion 7: E — B such that the preimage of any point b € B
is isomorphic to F. A trivial bundle is E = F X B pro-
jecting to the second factor. Any fiber bundle is required
to be locally trivial in the sense that B is covered by open
sets U over which the bundle is trivial (F X U). A section
[DE: Schmitt] of abundle 7: E — B is a continuous choice
of point in each fiber, that is, a map o: B — E such that
moo =idg.

Definition A5.3. A (smooth) vector field [DE: Vektorfeld]
X on a manifold M™ is a smooth choice of a vector X, €
T,M for each point p € M. That is, X is a (smooth) sec-
tion [DE: Schnitt] of the bundle 7: TM — M, meaning a
smooth map X: M — T M such that ro X = idy,. We write
X = X(M) = T(T M) for the set of all vector fields.

We define addition of vector fields pointwise: (X +Y), =
X,+Y,. Similarly, we can multiply a vector field X € X(M)
by a smooth function f € C%(M) pointwise: (fX), =
f(p)X,. That s, the vector fields X(M) form not just a real
vector space, but in fact a module over the ring C*(M) of
smooth functions.

Given a vector field X and a function f, we can also define
Xf € C*(M) by (Xf)(p) := X,f € R. Note the distinc-
tion between the vector field fX (given by pointwise scalar
multiplication) and the function X f (given by directional
derivatives of f).

Exercise AS5.4. Each of the following conditions is equiv-
alent to the smoothness of a vector field X as a section
X:M—>TM:

e For each f € C*(M), the function Xf is also
smooth.

o If we write X|y =: YV'0; in a coordinate chart
(U, ¢), then the components v': U — R are smooth.

2024 October 22: End of Lecture 4

A6. Submanifolds

The canonical example of an m-dimensional submanifold
of an n-manifold is R™ x {0} c R", the set of points whose
last n — m coordinates vanish.

Definition A6.1. Given a manifold N", we say a subset
M C N is an m-submanifold [DE: m-Untermannigfaltig-
keit] if around each point p € M there is a coordinate chart
(U, ¢) for N in which M looks like R x {0} c R”". That is,
in such a preferred chart we have

eM N U) = oU) N (R" x{0}).

It is straightforward then to check that M (with the sub-
space topology) is an m-manifold. Indeed, the preferred
charts (dropping the last n — m coordinates) form a C* at-
las for M™.

Two alternative local descriptions — as for submanifolds
in R" — are then immediate. A submanifold M™ c N" can
be described locally (that is, in some neighborhood U ¢ N
of any point p € M) as

1. the zero level set of a submersion N* — R"™ (here
¢ composed with projection onto the last n — m co-
ordinates), or

2. the image of an immersion R” — N" (here the stan-
dard inclusion R™ < R" composed with ¢~ !).

We now want to consider in more detail the description
of submanifolds via immersions. Immersions from (open
subsets of) R™ are also known as regular parametriza-
tions [DE: reguldre Parametrisierungen]. Recall that last
semester we used such regular parametrizations to describe
curves and surfaces in R3. It is of course important that the
parametrization be an immersion, in order to be sure that
the image is a smooth submanifold.
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Definition A6.2. A continuous injection f: X — Y of
topological spaces is a topological embedding [DE: Ein-
bettung] if it is a homeomorphism onto its image f(X).
A (smooth) embedding [DE: Einbettung] f: M™ — N" of
manifolds is an immersion that is a topological embedding.

We already know that any submanifold is locally the image
of a smooth embedding. We will show that this holds glob-
ally and, conversely, that the image of any smooth embed-
ding is a submanifold; the embedding is then not merely
a homeomorphism but indeed a diffeomorphism onto its
image.

Examples A6.3. Consider the following examples of im-
mersions based on smooth plane curves.

1. t = (cos2mt,sin2nxt) is a periodic parametrization
of a simple closed curve, a 1-submanifold, the unit
circle. This immersion is not injective, but becomes
injective (indeed an embedding) if we consider the
domain to be the abstract circle R/Z = S'.

2. If r: R — (1,2) is strictly monotonic, then
t — (r(f) cos 2xt, r(t) sin 2rt)

is an embedding whose image is a submanifold, a
spiral curve in the plane. Note that this image is
not a closed subset of R? (because the immersion is
not “proper”’). Any small neighborhood of a point
p € R? on one of the limiting circles sees infinitely
many “sheets” of the submanifold.

3.t — (sin2nt,sin4nt) is again a closed curve, this
time a figure-eight. It descends again to the quotient
cirle R/Z, but is not injective even there. The image
is not a submanifold.

4. If we restrict this last example to the open interval
(0, 1), which of course is diffeomorphic to R, we
get an injective immersion whose image is still the
whole figure-eight curve, not a submanifold. This is
not an embedding.

5. One can build an injective immersion whose image
is not even locally connected. For instance, join the
“topologist’s sine curve”, the curve ¢t +— (1/z,sint)
for t > 2, to a downward ray in the y-axis, the curve
t — (0,1 for t < 1, via a smooth intermediate arc
fort e [1,2].

6. For any slope @ € R, we can project the line ¢t —
(¢, at) of slope a from R? to the quotient torus T2 =
R?/Z%. For a = p/q € Q, this gives a periodic curve,
that is, a submanifold in 72 diffeomorphic to a circle.
For irrational «, on the other hand, the immersion is
injective but its image X is dense in T2 and thus is
not a submanifold (in our sense). (The abstract torus
T? can of course be embedded in R? as the standard
round torus.)

In some other contexts, mainly that of Lie groups, exam-
ples like this last one can be considered as submanifolds. A

Lie group is smooth manifold with the structure of an alge-
braic group, where the group operations are smooth maps;
we will discuss these later. The torus 77 is an example of a
(compact, 2-dimensional) Lie group (under addition). The
dense subset X — consisting of points of the form (7, ar) —
is a subgroup; from the point of view of Lie groups this
is a 1-dimensional Lie subgroup. Of course X c T2 with
the subset topology is not a manifold. Instead we simply
use the bijective immersion R — X to transfer the standard
smooth manifold structure from R to X.

Indeed, any time we have an injective immersion
f: M™ — N",itis a bijection onto its image, and could be
used to transfer the topology and smooth structure from M
to that image, making f by definition a diffeormorphism,
though not to a subspace of N. This is often called an im-
mersed submanifold, to distinguish is from the embedded
submanifolds we have defined.

Above we saw several examples of injective immersions of
manifolds which were not embeddings. However, there is
a standard result from point-set topology which guarantees
that this never happens when M is compact.

Proposition A6.4. If X is compact and Y is Hausdorff,
then any continuous bijection f: X — Y is a homeomor-
phism.

For the proof, recall that a map f: X — Y is open [DE:
offen] if the image of every open set U C X is open in Y,
and f is closed [DE: abgeschlossen] if the image of every
closed set A C X is closed in Y. If f is a bijection, then
these notions are equivalent, and also equivalent to f~! be-
ing continuous.

Proof. We need to show f~! is continuous, or equivalently
that f is a closed map. So suppose A C X is closed; we
need to show f(A) is closed in Y. Since X is compact,
A is also compact. Since f is continuous, f(A) is then
compact. But a compact subset of the Hausdorff space Y
is necessarily closed by Exercise A1.10. O

Two examples related to the quotient map I — S' (where
I = [0, 1] and the quotient identifies the endpoints {0, 1}
to a single point) show why the two conditions are neces-
sary. First, we can get a bijection by restricting this map
to the noncompact interval [0, 1). Second, we can get a
bijection by replacing S! by a non-HausdorfF circle with a
doubled basepoint (like our line with doubled origin). In
both cases we have a continuous bijection whose inverse is
not continuous.

Corollary A6.5. If X is compact and Y is Hausdorff, then
any (continuous) injection f: X — Y is a topological em-
bedding.

Corollary A6.6. If M is a compact manifold, then any in-
Jjective immersion f: M™ — N" is a smooth embedding.

Now we show that the concepts of smooth embedding and
submanifold coincide in the following sense:

Theorem A6.7. If f: M™ — N" is an embedding, then
f(M) c N is a submanifold and f: M — f(M) is a dif-
feomorphism. If M™ C N" is any submanifold, then the
inclusion i: M — N is an embedding.
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Proof. For the first statement, consider a point p € M and
its image ¢ = f(p) € f(M) c N. Because f has constant
rank m < n, by the rank theorem, we can find coordinates
(U, ¢) around p € M and (V,y) around g € N in which f
looks like the embedding R™ < R”. It is tempting to hope
that (V,¢) is the preferred chart we seek in the definition
of submanifold — but we have not yet used the fact that
f is an embedding and the problem is that other parts of
f(M) might enter V, while we want f(U) = f(M) N V.
But since f is an embedding, f(U) is open in f(M) — in
the subspace topology from N. By definition of subspace
topology, this means there is an open subset W C N such
that f(U) = W n f(M). Now we simply restrict (V, ) to
W NV and we find these are preferred coordinates showing
f(M) as a submanifold of N (around g).

We essentially proved the second statement when we put a
smooth structure on the submanifold M C N: we remarked
then that the manifold topology on M was the subspace
topology from N, which exactly means the inclusion is a
topological embedding. The fact that it is an immersion is
also obvious in a preferred coordinate chart. O

Suppose M™ C N" is a submanifold. Then at any p € M
we can view T,M C T,N in a natural way as a vector
subspace (using the injective differential D,,i of the inclu-
sion map i). If the submanifold M is described (locally)
as the image of a regular parameterization, an immersion
R™ > U — N, then T,M is the image of its differen-
tial. If instead M is (locally) the zero set of a submersion
f: N — R"™ then T,M is the kernel of D, f.

2024 October 28: End of Lecture 5

A7. Vector fields and their flows

Suppose f: M™ — N" is a smooth map and X is a vector
field on M. For any point p € M, we can use f. = D,f
to push a vector X, € T,M forwards to a vector at f(p) €
N. If there exists a vector field Y on N such that for each
p € M we have Yy, = D,f(X,), then we say Y is f-
related to X. Of course, when f is not injective, it might be
impossible to find an f-related vector field; when f is not
surjective, Y is not uniquely determined away from f(M).
But when f is a diffeomorphism, there clearly is a unique
Y that is f-related to any given X, and then we write ¥ =
J(X).

If f: M — M is a diffeomorphism it can happen that a
vector field X is f-related to itself: X = f.(X). In this case,
we say X is f-invariant [DE: f-invariant]. As a simple
example, consider the radial field X, = p on R™. It is
invariant under any invertible linear map L: R — R™.
This may seem like a very special situation, but in fact our
goal now, given an arbritrary vector field X, is to construct
a one-parameter family of diffeomorphisms 6,: M — M
under which X is invariant. (In the case of the radial field,
our construction would pick out the one-parameter family
of homotheties p — ¢'p.)

Recall that if G is an algebraic group and X is any set, then
an action [DE: Wirkung] 6 of Gon Xisamap 8: G X X —

X, often written as
(8, %) > g - x 1= bg(x),
satisfying the following properties:

Ge = idx, egh = 9g o Qh.

(That is, in the typical group theory notation, e - x = x and
(gh)-x=g-(h-x).) Bachf,: X — X is a bijection (since
01 is an inverse). The action @ partitions the set X into
orbits [DE: Bahnen]

G-x:={g-x:8€G},

which are the equivalence classes under the equivalence
relation x ~ g - x.

We are interested in smooth actions of the (1-dimensional
Lie) group (R, +) on a smooth manifold M™. Such an ac-
tion is a smooth map 6: R X M — M, again written as
(t, p) = 6,(p), satisfying

Go = idy, 05006, =0y,

It follows that each 6,: M — M is a diffeomorphism, with
inverse 6_,. Note that since R is an abelian group (s + ¢ =
t + s), these diffeomorphisms all commute:

0; 00, =05, =0500;.

This is often simply called a one-parameter group action
or a (global) flow [DE: (globaler) Fluss] on M.

Definition A7.1. We say a vector field X is invariant [DE:
invariant] under the action 6 if it is invariant under each 6;,
that is, if (6,),X = X for all 1.

This may seem very unlikely, but we will see it is quite
natural.

Our notation 6,(p) := 6(t, p) emphasizes the diffeomor-
phisms 6, obtained by fixing ¢+ € R. If instead, we fix a
point p € M, we of course get a curve y,: R — M defined
by ¥,(#) := 6:(p). The trace of this curve is the orbit of
p € M under the action 8. It is helpful to rewrite the defin-
ing property 6, o 8, = 6, of a flow in terms of these flow
curves. For any point g := y,(s) = 64(p) along v,,, we find
that the curve vy, is just a reparametrization of y,; indeed

Yq(0) = 6:(q) = 0,(05(p)) = Ors(p) = ¥p(s +1).

We could write this as y, = y, o (s + -). Similarly, y, =
Os0p:

'Yq(t) = Hx(et(p)) = 05(7p(t))~

Definition A7.2. The infinitesimal generator [DE: in-
finitesimaler Erzuger] of the flow 6 is the vector field X
on M defined by X, := v/,(0), the velocity vector of the
curve y, at p = y,(0).

An equivalent way to define the infinitesimal generator X
comes from looking at a standard “vertical” vector field V
on R X M, defined by

TepyRXM)=TRXT,M 3 (0:,0) =: Vit ).
Then it is easy to check that X, = (Do, ,»0)(V).

10
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Theorem A7.3. Suppose 6 is a flow on M with infinitesi-
mal generator X. Then X is 0-invariant. That is, for any
s € Rand p € M we have

(GY)*(X[’) = Xg:["

Proof. Write g = 0,(p) so that X, = y/,(0) and X, = y,(0).
Then the desired formula follows immediately from the
observation above that y, = 6, o y,, via the chain rule. O

Corollary A7.4. If X, = O then the curve vy, is the con-
stant map y,(t) = p. If X, # O, then the curve vy, is an
immersion. If it is not injective on R then it is s-periodic
and injective on R/ sZ for some s > 0.

Proof. First note that
7,p(t) = Xyp(t) = (91)*Xp~

Since 6,. is a linear isomorphism, these vectors either re-
main zero or remain nonzero. By the rank theorem, an
immersion is locally injective; if globally we have a non-
injective curve with y,(t + s) = v,(f) for some s and ¢,
then the same holds for this s and every ¢, that is, y), is
s-periodic. O

Recall that these curves are the orbits [DE: Bahnen] of
the flow 8 and form a partition of M. By the corollary
above, each orbit is either a single fixed point, an embed-
ded closed loop (called a periodic orbit), or an injectively
immersed open arc (which might not be embedded).

Note also that the vector field X is 6-related to the vertical
vector field V = (9,,0) on R X M since

Xowp) = Dit.py)0(Viep))-

As we have seen, any flow 6 has an infinitesimal genera-
tor X. What if we start with a vector field X on M: does it
generate a flow? We will see that the answer is always yes
when M is compact; in general the flow might exist only
for small 7 (depending on p).

Definition A7.5. Given a vector field X on a manifold M,
acurve y: J — M (where J C R is some open interval) is
called an integral curve [DE: Integralkurve] of X if y'(¢) =
Xy forall t € J.

As we have seen, any R-action 6 has an infinitesimal gen-
erator X. Then each orbit y, (with y,(t) = 6,(p)) is an
integral curve of X, defined on J = R. In other cases,
the integral curve does not exist for all time, since it flows
out of M in finite time. For instance, consider the flow
6,(x) = x + te; on R™, whose infinitesimal generator is
X = 0;. If we replace R” by an open subset (like B;(0) or
R\ {0}) then we sometimes leave this open subset in finite
time.

Think for a minute about dimension m = 1. Up to diffeo-
morphism, there is no difference between reaching the
“end” of a finite open interval like (0, 1) and reaching oo.
A classical example is the flow of 29, on R, that is, the
solution of the ODE du/dt = u?, which blows up in finite
time. So it is too much to hope for a global solution in

general. But of course, standard theorems on ODEs guar-
antee local existence and uniqueness of solutions, which
can be viewed as integral curves of a vector field. (In an
ODE course, you might learn about minimal smoothness
conditions for existence and for uniqueness; certainly C*
or even C! suffices for both.)

Theorem A7.6. Suppose U c R™ isopenand f: U — R"
is smooth. Then for each p € U, there is a unique solution
to the equation dx/dt = f(x) with initial condition x(0) =
p; it is smooth and is defined on some maximal open time
interval (ap, b,) 3 0. O

A proof of this basic result (using the Banach fixed-
point theorem for contraction mappings) can be found in
Boothby’s textbook. Somewhat more subtle is the “smooth
dependence on parameters” as given in the next theorem.
(See Conlon’s textbook for a proof.) In our version, there
are no parameters other than the initial point.

Theorem A7.7. Suppose U C R" isopenand f: U — R™
is a smooth function. For any point p € U there exists
e >0, a neighborhood V C U of p, and a smooth map

x: (—,e)xV->U

satisfying

ox
E(L ‘]) = f(-x(t7 Q)), X(O, CI) =q
forallt € (—¢,&) and q € V. This map x is unique. O

Like any local result, this can be transferred immediately to
the context of an arbitrary manifold, where its restatement
has a more geometric flavor.

Definition A7.8. A local flow [DE: lokaler Fluss] around
p € M is a map

0: (-, e)xV-o>M

(for some € > 0 and some open V 3 p) such that 6y(q) = g
for all g € V, and

et(es (61)) = 0115(q)

whenever both sides are defined. The flow lines [DE: Flus-
slinien] are the curves y,(t) := 6:(q); the infinitesimal
generator |DE: infinitesimaler Erzeuger] is the vector field
Xy = v,4(0) tangent to the flow lines.

Theorem A7.9. Any vector field X on a manifold M has a
local flow around any point p € M. )

Note that if we prove this theorem by appealing to the pre-
vious theorem on R”, then the neighborhood V we con-
struct (and even the values of #) will be in some coordinate
chart around p. But this doesn’t affect the statement of the
theorem.

Theorem A7.10. On a compact manifold M™, any vector
field X has a global flow.

11
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Proof. For any p € M we have a local flow, defined on
some (—&p, £p) X V,. By compactness, finitely many of the
V, suffice to cover M. Let & > 0 be the minimum of the
corresponding (finitely many) &,. Then we know that the
flow of X exists everywhere for a uniform time 7 € (—¢, &).
But then, for instance using 6,, = 6, o --- o 6,, we can
construct flows for arbitrary times. O

2024 October 29: End of Lecture 6

There is one point that still needs clarification. When we
prove Theorem A7.9 by working in coordinates, the local
flow is unique by the uniqueness results in R”. But to prove
Theorem A7.10 we need to know that the flows defined on
different neighborhoods V,, agree on their overlaps. This
could actually fail if we didn’t require our manifolds to be
Hausdorff spaces: on a line or circle with a doubled base-
point, a flow could flow through either copy of the doubled
point, so can’t be uniquely defined.

Lemma A7.11. Suppose X is a vector field on a manifold
M. If @ and B are two flow lines of X through p € M, then
they agree (on the intersection I > 0 of the time intervals
they are defined on).

Proof. Consider S = {r € I : a(r) = B(r)} c I. Clearly
0 € § since a(0) = p = B(0). We show S = I, using the
connectedness of I, by showing the nonempty subset S is
both open and closed in 1.

Openness follows from the local uniqueness of flows in a
coordinate neighborhood. If t € §, then pick a coordinate
chart U around ¢ := () = B(r). By continuity, both flows
stay in U for some time interval V > ¢, so the flows must
agree there.

One in tempted to simply say that S is closed since @ = 8
is a “closed condition”, but this is where we use the Haus-
dorff property of M. The set S is the preimage under the
map (a,B) of the diagonal A := {(¢,q) : ¢ € M}. By
Exercise A1.9, since M is Hausdorff, A ¢ M X M is a
closed subset. Thus its preimage S under the continuous
map (a, ) is closed. |

A8. Lie brackets

Definition A8.1. A Lie algebra [DE: Lie-Algebral is a vec-
tor space L with an antisymmetric [DE: antisymmetrisch]
(or skew-symmetric) product

LxL—> L,

v,w) > [v,w] = —[w, V]

that is bilinear [DE: bilinear] and satisfies the Jacobi iden-
tity [DE: Jacobi-Identitit]

[u, [v,w]] + [v, [w, ul] + [w, [u,v]] = 0.

Bilinearity of course means that the product is linear in v
and in w. By antisymmetry it suffices to check one of these:

[Av+V,w] = Alv,w] + [V, w].

A trivial example of a Lie algebra is any vector space with
the zero product [v, w] := 0.

The Jacobi identity could be viewed as a replacement for
associativity (which for an antisymmetric product would
mean [u, [v, w]] + [w, [, v]] = 0, omitting the middle term
of the Jacobi identity). The Jacobi identity may not at first
seem intuitive, but in fact there are some familiar nontrivial
examples.

Example A8.2. Three-space R? with the usual vector cross
product [v,w] := v Xw = v A wis a Lie algebra.

Example A8.3. The ordinary matrix product on R™" is bi-
linear but neither symmetric nor antisymmetric. But the
matrix commutator [A, B] := AB — BA is clearly antisym-
metric. To check the Jacobi identity, we compute

[A,[B,C]] = ABC — ACB — BCA + CBA

and then cyclically permute. The bracket notation for Lie
algebras comes from this earlier use of brackets for com-
mutators.

Example A8.4. More generally (and more abstractly), sup-
pose V is any vector space, and consider the set End(V) :=
L(V, V) of linear endomorphisms (self-maps) on V. Then
the commutator

[A,B] :=AoB-BoA

is again a Lie product on the vector space End(V).

Now consider the set X(M) of smooth vector fields on a
manifold M™. As we have observed, this is an (infinite-
dimensional) vector space over R and indeed a module
over C®(M), where for X,Y € X and f € C* the vector
field fX + Y is defined pointwise:

(fX + Y)p = f(p)Xp + Yp-

But we also recall that a vector field X € X gives (or indeed
can be viewed as) a linear map C*(M) — C*(M) via f —
X f, taking directional derivatives of f in the directions X,.
That is, we can view vector fields as endomorphisms of
C*(M):

X(M) € End(C*M).

As Lie observed, the commutator product on End(C* M)
in fact restricts to the subspace X:

Theorem A8.5. The space of vector fields X(M) is a Lie
algebra with the Lie bracket

(X, Y]f == X(Y ) = Y(X]).

Note that the ordinary composition product does not re-
strict: the mapping f — X(Yf) is an endomorphism of
C*®(M) which should be thought of as taking a second
derivative of f in particular directions; this does not cor-
respond to a vector field, because second derivatives do
not satisfy the Leibniz product rule. But partial derivatives
commute; in the commutator above the second-order terms
cancel, leaving only first-order terms, that is, a vector field
[X, Y]. To understand why there can be first-order terms
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remaining, recall the formula for the second derivative of a
function f along a curve y in R” passing through y(0) = p
with velocity y’(0) = v and acceleration y”(0) = a:

2

ar
dr|_,

f®) = D) f(v,v) + D, f(a).

Proof. We need to check that the endomorphism
[X,Y]: C(M) —» CT(M)

is a vector field, that is, that it is local and satisfies the
Leibniz product rule. But locality — the fact that the value
of [X, Y]f at p depends only on the germ of f at p and not
on its values elsewhere — is clear, giving

(X, Y],: C(p) >R, [ X,(Y[)=Yp(X[).

To show [X, Y], € T,M we now check the Leibniz rule:

(X, Y1,(f8) = X,(Y(f9) - Yp(X(f2))
= X,(fYg +gYf) - Y,(fXg + gXf)
= (X, )(Yp8) + f(P)X,(Yg)
+ (Xp8)(Y, /) + 8(P) X, (Y )
- (Y, NXp8) = f(P)Y,(Xg)
- (Y,9)(X,f) — g(p)Y,(Xf)
= f(PIX. Y],g +g(PIX. Y], f m

Exercise A8.6. Of course the Lie bracket [X, Y] is R-
bilinear, but it is not C*°(M)-bilinear. Instead we have

[fX.gY] = felX. Y]+ f(Xg)Y — g(Yf)X.

(Hint: consider first the case [fX,Y] = f[X,Y] - (Y)X
and then use that twice, with the antisymmetry.)

Lemma A8.7. Suppose (U, ¢) is a chart for a manifold M,
and let 0; € X(U) denote as usual the coordinate basis vec-
tor fields on U. Then their Lie brackets vanish: [0;,0;] = 0
foralli,j=1,...,m.

Proof. Let f be a germ at p € U, and write f for the pull-
back germ f o ¢! at ¢(p) € R”™. By definition of 9, we
have (9;f)(p) = (0f/9x")(¢(p)). Then for the Lie bracket
we get:

[0i,0j1pf = 0:(9;1)(p) = 0;(0if)(p)

*f *f
= — - N - = O,
T g PP = 5 (@)
using the fact that the mixed partials commute. O

Exercise A8.8. Using this lemma and the result of the pre-
vious exercise, compute the formula for the Lie bracket
[X, Y] in coordinates, if X = Y @6, and Y = 3. 59; in a
chart (U, ).

A9. Lie derivatives

Vector fields are defined as a way to take directional deriva-
tives of functions. If X € X(M) and f € C*(M) then
(Xf)(p) = X,,f is the directional derivative of f along the
flow lines of X. That is, if ¥ = ), is the integral curve of X
through p and 6 its (local) flow, then

d
X, f = —
pf dt =0

fly(®) = % . f6:(p)).

1=

Now suppose we want to take a derivative of a vector
field Y along a curve y. The problem is that for each
q = (1), the vector Y, lives in a different tangent space
T,(M). So we cannot compare these vectors or ask for
their rate of change along y without some sort of addi-
tional information. Later in the course, we will introduce
the notion of a “connection” (for instance coming from a
Riemannian metric), which does allow us to differentiate
a vector field along a curve. But Lie suggested a different
approach. Suppose we have not just one (integral) curve
7p but a whole vector field X and its associated local flow
around p. Then we can use

D,6; =6,.:T,M — Ty ,M

to identify the tangent spaces along the integral curve 7,,.
In particular, for each 7 (in the interval (—¢, €) of definition)
we have (6_,).(Ys,p) € T,M.

Definition A9.1. If X, Y € X(M) then the Lie derivative
[DE: Lie-Ableitung] LxY of Y with respect to X is the vector
field defined by

(LxY)p = i

0_(Yy,) € T,M,
d[t:() z(H;p) )4

where 6 is the local flow of X.

It would be straightforward but tedious to check in coor-
dinates that this is a smooth vector field. For us, that will
follow from the theorem below, saying that the Lie deriva-
tive is nothing other than the Lie bracket:

LxY =[X,Y] = -[¥,X] = -LyX.

For this we first need the following lemma, a modification
of the Taylor-type lemma we used to prove 7,R™ = R™.

Lemma A9.2. Suppose a vector field X € X(M) has local
flow 0: (—&,&) X V. — M around p € M. Given any f €
C*®(M), there exists a smooth function g: (—&,&) XV — R,
which we write as (t,q) — g,(q), such that

f0(q) = f(@) +tgi(q), Xf = go(q).

Proof. First we define h,(g) := % f(6:(q) = Xgqf, and

then we set g.(q) := f;:o hy(q)ds. For t = 0 this clearly
means go(q) = ho(q) = X,f. Using a change of variables
and the fundamental theorem of calculus, for arbitrary f we

get 18/(q) = f(6,(q)) — f(g) as desired. O
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Theorem A9.3. For any vector fields X,Y on M, the Lie
derivative and Lie bracket coincide, that is, we have LyY =
[X,Y].

Proof. Suppose f € C¥(p)is agerm at p € M. We want
to show (LxY),f = [X,Y],f. Choose a representative
f € C*(U) for the germ and use the lemma (applied to the
manifold U) to find g; such that gy = Xf and fo8, = f+rg,,
or negating ¢ as we will, f o 6_, = f — tg_,. Then starting
from the definition of LyY we find

1
(LxY),f = lim —((0-1.Y,)f = Y, f)

= tim {10005 20 ~,)

lim =Y, = 18-) = ¥, )

d .
= E -0 (Ya,pf) - }EI(} Yerpg—t
d
- 2| anewn -
=0

=X,(Yf) - Y,(Xf) = [X,Y],f o

Exercise A9.4. Suppose f: M™ — N" is a smooth map
and Y € X(N) is f-related to X € X(M) while Y’ is f-
related to X’. Then [Y, Y’] is f-related to [X, X"].

2024 November 4: End of Lecture 7

A10. Vector bundles

When we defined the tangent bundle TM of a manifold
M™, we mentioned that it is a specific example of a smooth
vector bundle over M, with fibers the tangent spaces T, M.
In general, a bundle over a base space [DE: Basisraum] M
consists of a fotal space [DE: Totalraum] E with a projec-
tion 7: E — M. When there is no confusion, we often
refer to E as the bundle. The fiber [DE: Faser] over p € M
is simply the preimage E, := aYp). If S c M, we write
Es := n~(S) for the restriction [DE: Einschrinkung] of E
to S, that is, the bundle n|g, : Eg — S. If 7: E — M and
n’': E' — M are two bundles, then ¢: E — E’ is fiber-
preserving if 1’ o ¢ = x, that is, if ¢(E,) C E), for each
p-

Of course, we only call 7: E — M abundle if the fibers are
all isomorphic (in an appropriate sense, to some F); and if
E is locally trivial, locally looking like a product with F'.
We now give a precise definition for the case of interest
here.

Definition A10.1. A (smooth, real) vector bundle [DE:
(glattes, reelles) Vektorbiindel] of rank [DE: Rang] k is a
map 7: E™* — M"™ of manifolds such that

e each fiber 77!(p) is a (real) vector space of dimen-
sion k,

e cach point in M has a trivializing neighborhood U,
meaning there is a fiber-preserving diffeomorphism
a Y(U) =: Ey — U x R* that is a vector space iso-
morphism on each fiber.

Exercise A10.2. If M™ c N" is a submanifold and 7: E —
N is a vector bundle of rank k£ over N, then the restriction
E )\ is a vector bundle of rank k over M.

Example A10.3. There is a nontrivial vector bundle of
rank 1 over S'; its total space is an open Mébius band.

Remark A10.4. The tangent bundle 7'M is a rank-m bun-
dle over M. Any coordinate chart (U, ¢) is a trivializing
neighborhood where the fiber-preserving diffeomorphism
is

(7, Dg): Xp = (p, Dpp(X))).

The restriction D,¢: T,M — R™ to each fiber is indeed
linear.

Now suppose n: E — M is any vector bundle. We can
cover M by open sets U that are (small enough to be)
both coordinate charts for the manifold M and trivializing
neighborhoods for the bundle E. That is, we have diffeo-
morphisms ¢: U — ¢(U) € R™ and y: Ey — U x Rk,
the latter being fiber-preserving and linear on each fiber.
Composing these gives a diffeomorphism

(¢.id) oy Ey — o(U) x R ¢ R™™,
which is a coordinate chart for the (m + k)-manifold E.

Definition A10.5. A section [DE: Schnitt] of a vector bun-
dle 7: E — M is a smooth map o: M — E such that
m oo = idy, meaning o(p) € E, for each p € M. The
space of all (smooth) sections is denoted ['(E).

Vector fields, for example, are simply sections of the tan-
gent bundle: X(M) = I'(TM). As in that example, I'(E)
is always a module over C*(M), using pointwise addition
and scalar multiplication: if 0,7 € I'(E) and f € C*M,
then o + f1 is defined pointwise by

(oc+ fr), =0, + f(p)T, € Ep,.

Sometimes we talk about local sections o € I'(Ey) that
are not defined globally on all of M but only on a subset
U c M. A trivialization of E over U is equivalent to a
frame [DE: Rahmen], that is, a set of k sections o; € ['(Ey)
such that at each p € U, the o(p) form a basis for E,,.

Operations on vector spaces yield corresponding opera-
tions (acting fiberwise) on vector bundles. For instance,
if E 5 M and F — M are two vector bundles over M
(having rank k and /, respectively) then their direct sum (or
Whitney sum [DE: Whitney-Summe]) E®F — M is a vector
bundle of rank k+/, where we have (E®F), = E,®F), fiber-
wise. Any neighborhood which trivializes both E and F
will trivialize their sum.

All. Dual spaces and one-forms

We next turn to various constructions on a single vector
space V. Even though much of what we say could extend
to arbitrary spaces, we assume V is a real vector space of
finite dimension k; later it will be a tangent space to a man-
ifold.
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The dual space [DE: Dualraum] V* := L(V,R) is defined
to be the space of all linear functionals V — R (also called
covectors [DE: Kovektoren]). The dual space V* is also k-
dimensional.

As we have mentioned before, a linear map L: V — W
induces a dual linear map L*: W* — V* in the opposite
direction, defined naturally by (L*o)(v) = o(Lv). This
construction is functorial in the sense that id* = id and
(Lo L’)" = (I)* o L*. One can check that L is surjective if
and only if L* is injective, and vice versa.

While there is no natural isomorphism V — V*, any basis
{e1,..., e} for V determines a dual basis [DE: duale Basis]
{w',...,w*} for V* by setting

i . fo. i
“’(e.i):5j={1 i:j'

The covector ' is the functional that gives the i compo-
nent of a vector in the basis {¢;}, that is, v = Y w'(V)e;,
which we could also write as v = «'(v). Similarly,
o =Y o(e)w'.

There is a natural isomorphism V — V**, where v € V
induces the linear functional o — o(v) on V*. Given a
linear map L: V — W, we have L™ = L.

Applying duality to each fiber E,, of a vector bundle gives
the dual bundle [DE: duales Biindel] E* with (E¥), =
(Ep)*. Itis trivialized over any trivializing neighborhood
for E, as one sees by choosing a frame and taking the dual
frame.

Applying duality to T,M gives the cotangent space [DE:
Kotangentialraum] T,M to M at p. These fit together
to form the cotangent bundle [DE: Kotangentialbiindel]
T*M = (T M)*, which (just like the tangent bundle) is triv-
ialized over any coordinate neighborhood.

A (smooth) section w of the cotangent bundle is called a
covector field [DE: Kovektorfeld] or more often a (differen-
tial) one-form. We write Q!(M) = T'(T*M) for the space
of all sections. A one-form w € Q'(M) acts on a vector
field X € X(M) to give a smooth function w(X) € C*(M)
via (wX)(p) = wp(X,) € R. In a coordinate chart (U, ¢) we
have the basis vector fields d;; taking the dual basis point-
wise we get the basis one-forms dx' satisfying dx'(d;) = 6.
Any one-form o € Ql(U) can be written as o = 3 odx’,
where the components o; = 0(9;) € C®U are smooth
functions.

An important way to construct one-forms is as the differen-
tials of functions. If f € C*M then D, f: T,M — TR,
under the identification 7,R = R, can be thought of as a
covector df, at p. If X € X(M) is a vector field, then
df(X) = Xf, meaning df,(X,) = X,f for each p € M.
While X, f depends on the germ of f at p, it only depends
on the value of d f at the point p: the covector df,, encodes
exactly all the directional derivatives of f at p.

Note that the notation dx’ we used above for the coordinate
basis one-forms in a coordinate chart (U, ¢) is consistent:
these are indeed the differentials of the coordinate compo-
nent functions x’' := 7' o ¢: U — R. In coordinates, we
have df = Y.(0;f)dx!, where we recall that 9;f is the i"
partial derivative of the coordinate expression f o ¢~! of f.

An interesting example is the one-form we call dd on S'.
We cover S! ¢ R? with coordinate charts of the form

(cos 0,sin0) — 0 € (6, Oy + 27).

On each such chart, we write d@ for the coordinate basis
one-form (which would also be called dx!); then we note
that on the overlaps, these forms d6 agree (independent of
the omitted point 6).

Unlike for most manifolds, the tangent bundle TS' is
(globally) trivial; thus T*S! is also trivial. Any one-form
is written as fd6 for some smooth function f. The form d6
can be thought of as dual to the vector field (- sin 8, cos 6)
on S', which is d; in any of the charts above.

The notation d# is slightly confusing, since this one-form
is not globally the differential of any smooth function 6
on S!. Thus on S!, this is a one-form which is “closed”
but not “exact”’, meaning that df looks like a differential
locally but not globally. This shows, in a sense we may
explore later, that the space S' has nontrivial “first coho-
mology”, that is, that it has a one-dimensional loop.

2024 November 5: End of Lecture 8

One forms are in some sense similar to vector fields, but
we will see later how they (as well as differential forms of
higher degree) are often more convenient. This is mainly
because, while a map f: M — N does not in general act
on vector fields, it can be used to pull one-forms on N back
to M. To see this, note that

Je=Dpf: TpM = TypN
at each p € M induces a dual map
1= D) Ty, N > ToM.

Given w € Q'(N), we define f*w € QM) by (f*w), =
f*(a)f(,,)) (S T;M

A special case is the restriction w|y of a form w € Q!N
to a submanifold M™ c N", which is simply the pullback
under the inclusion map. For any X, € T,M C T,N at any
p € M C N we of course simply have w|y(X,) = w(X,).

A12. Bilinear forms and Riemannian metrics

A bilinear map b: VXV — Ris called a bilinear form [DE:
Bilinearform] on V. If {ey, ..., e} is a basis for V, then b
is given by b;; = b(ei,e)): if v = Y vie;and w = Y wie;
then b(v,w) = 3; jbijv'w’. The bilinear form b is called
symmetric [DE: symmetrisch] if b(w,v) = b(v,w) (i.e., if
b;j = bj;) and antisymmetric [DE: antisymmetrisch] or al-
ternating [DE: alternierend] if b(w,v) = —b(v,w) (i.e., if
bij = —bj;). Any bilinear form b can be uniquely decom-
posed b = b* + b into a symmetric part b* and an anti-
symmetric part b, defined by 2b*(v, w) = b(v, w)£b(w, v).
Given a linear map L: V — W, we can pull back any bi-
linear form b on W to a bilinear form L*b on V, defined by
(L*b)(v,V') = b(Lv, LV").

We will consider antisymmetric differential forms later.
For now we restrict attention to symmetric bilinear forms
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on V. These are in one-to-one correspondance with
quadratic forms ¢g: V — R. If we set g(v) := b(v,v), this
depends only on the symmetric part of b, and we can re-
cover a symmetric b from ¢ via the formula

2b(v,w) := g(v + w) — q(v) — g(w).

(Note that much of our discussion would fail for vector
spaces over fields of characteristic 2, where 2 = 0.)

A symmetric bilinear form b (or the associated quadratic
form ¢q) is called positive semidefinite [DE: positiv
semidefinit] if g(v) = b(v,v) > 0 forall v € V. It is called
positive definite [DE: positiv definit] if g(v) = b(v,v) > 0
for all v # 0. A positive definite form on V is also called an
inner product [DE: inneres Produkt] (or scalar product [DE:
Skalarprodukt]) on V. An inner product is what we need
to define the geometric notions of length [DE: Ldnge] (or
norm [DE: Norm]) ||[v|| := vb(v,v) and angle [DE: Winkel]

b(v,w)
VIl

/(v,w) := arccos

between vectors in V. The pullback L*b of a positive defi-
nite form is always positive semidefinite; it is positive def-
inite if and only if L is injective.

Of course the standard example of an inner product is the
Euclidean inner product b(v,w) = (v,w) = ¥ viw' on R™,
given (with respect to the standard basis) by the identity
matrix b;; = 0;;.

If V has dimension k, then the quadratic forms on V form
a vector space Q(V) of dimension (kgl). The positive defi-
nite forms form an open convex cone in this vector space,
whose closure consists of all positive semidefinite forms.
(A convex cone is a set closed under taking positive linear
combinations.)

Again, we can apply this construction to the fibers of any
vector bundle E. If E has rank k, then Q(F) has rank (kzl).
In case of the tangent bundle 7'M to a manifold M™, we get
a vector bundle Q(T M) of rank <’"2+ 1). A positive definite
section g € T'(Q(TM)) is called a Riemannian metric [DE:
Riemann’sche Metrik] on M. It consists of an inner product
(X,,Y,) := gp(X,,Y,) on each tangent space T, M, which
lets us measure length and angles between tangent vectors
atany p € M.

In a coordinate chart (U, ¢), the metric g is given by com-
ponents g;; := g(8;,0;) € C*(U) so that

g(z aiai, Zﬁ’@,) = Z gijai,Bj.
ij

The matrix (g;;) is of course symmetric and positive defi-
nite at each p € U.

The standard Riemannian metric g on the manifold R™
comes from putting the standard Euclidean inner product
on each T,R™ = R™. That is, in the standard chart (R™, id)
we have g;; = §;;.

If f: M™ — N" is a smooth map, then we can pull back
sections of Q(TN) to sections of Q(T M) in the natural
way:

(f*g)(Xp’ Yp) = g(f*Xp’ f*Yp)

If g is a Riemannian metric, then of course f*g will be
positive semidefinite at each p € M, but it will be a Rie-
mannian metric if and only if f is an immersion (meaning
that D, f is injective for every p € M, and in particular
m < n). Again, an important special case of this pull-back
metric is when f is the inclusion map of a submanifold;
then we speak of restricting the Riemannian metric g on N
to g|y on the submanifold M C N.

In particular, the standard metric on R” restricts to give a
Riemannian metric on any submanifold M™ c R". Last
semester, we studied the case m = 2, n = 3, and called this
metric g(v, w) = (v, w) the first fundamental form.

A13. Partitions of unity

The sections of any vector bundle £ — M form a vec-
tor space. In particular, there is always the zero section
o0, = 0 € E,. An interesting question is whether there is
a nowhere vanishing section. A trivial bundle M x R" of
course has many nonvanishing sections, for instance any
nonzero constant section. Sometimes it turns out that the
tangent bundle 7M is trivial — this happens for instance
for S' or more generally for the m-torus 7. Other times,
there is no nonvanishing section of 7M. For instance the
Hopf index theorem shows this is the case for any closed
orientable surface M? other than the torus 72. Over S!
there is also a nontrivial line bundle, whose total space is
topologically a Mobius band. It is not hard to check that
this bundle has no nonvanishing section.

From this point of view, it might be surprising that the
bundle Q(7 M) has nonvanishing sections for any mani-
fold M™, indeed sections which are positive definite ev-
erywhere. In other words, any manifold M can be given
a Riemannian metric. This follows from the fact that any
manifold can be embedded in R" for sufficiently large n,
or can be proven more directly by taking convex combi-
nations of standard metrics in different coordinate charts.
Either of these approaches requires the technical tool of a
partition of unity, a collection of locally supported func-
tions whose sum is everywhere one. This gives a general
method for smoothly interpolating between different local
definitions. We do not want to get into questions of sum-
ming infinite sequences; thus we impose a local finiteness
condition.

Definition A13.1. A collection {S,} of subsets of a topo-
logical space X is called locally finite [DE: lokal endlich] if
each p € X has a neighborhood that intersects only finitely
many of the §,.

Definition A13.2. The support [DE: Trdger] supp f of a
function f: X — R”" is the closure of the set where f #
0. (Similarly we can talk about the support of a section
o: M — E of a vector bundle.)

Lemma A13.3. If f,: M — R are smooth functions such
that {supp f,} is locally finite, then Y, f, defines a smooth
function M — R.

Proof. The local finiteness means that each p € M has a
neighborhood U which meets only a finite number of the

16



J.M. Sullivan, TU Berlin

A: Manifolds

Diff Geom II, WS 2024/25

supp fo. On U, the sum }; f, is thus a sum of a fixed finite
collection of smooth functions, hence smooth. m]

Note that saying the collection of supports supp f; is lo-
cally finite is stronger than saying each p € M is contained
in finitely many supp f,, which in turn is stronger than say-
ing only finitely many f, are nonzero at each p € M. This
would suffice to evaluate Y, f,(p) as a finite sum at each p.
The stronger conditions ensure that the sum is a smooth
function.

Definition A13.4. A (smooth) partition of unity [DE: Zer-
legung der Eins] on a manifold M is a collection of smooth
functions ¢, : M — R such that

° Y, >0,
e {supp i, } is locally finite,
o Y=L

A trivial example is the single constant function 1. The
interest in partitions of unity comes from examples where
the support of each i, is “small” in some prescribed sense.

Definition A13.5. Given an open cover {U,}, a partition of
unity {3} is subordinate [DE: untergeordnet] to the cover
{U,} if for each S there exists @ = @(B) such that the sup-
port supp iz is contained in Uy g).

Note that if we want, we can then define a new partition
of unity {¢/,,} also subordinate to {U,} and now indexed by
the same index set. Simply set i, to be the sum of those
Y for which @ = a(B). (Note that this might not be the
sum of all y3 supported in U,,. It is also possible that some
¥, vanishes.)

To give the flavor of results about partitions of unity, we
start with the easy case of a compact manifold.

Proposition A13.6. Given any open cover {U,} of a com-
pact manifold M™, there exists a partition of unity subor-
dinate to this cover.

2024 November 11: End of Lecture 9

Proof. For each p € M, we have p € U, for some
a = a(p), and we can choose a smooth nonnegative func-
tion f, supported in U, with f, > 0 on some neighbor-
hood V), > p. Since M is compact, a finite subcollection
{Voi,.... V) covers M. Then f := Y, f, is a positive
smooth function on M, so we can define a finite collec-
tion of smooth functions y; := f,/f. These form a (finite)
partition of unity, subordinate to the given cover. O

All manifolds have a related property called paracompact-
ness, which will be enough to extend this result.

Definition A13.7. An open cover {Vg} is a refinement [DE:
Verfeinerung] of another open cover {U,} if each Vj is
contained in some U,. A space X is paracompact [DE:
parakompakt] if every open cover has a locally finite re-
finement.

(Note that this weakens the definition of “compact” in two
ways, replacing “finite” by “locally finite” and replacing
“subcover” by “refinement”. If we made just one of these
changes (asking for a locally finite subcover or for a fi-
nite refinement) we would still just be describing compact
spaces. Only by making both changes do we get a new
notion.)

Example A13.8. The cover {(-n,n) : n € N*} of R is not
locally finite, but any cover of R by bounded open sets is
a refinement, so for instance {(k — 1,k + 1) : k € Z} is a
locally finite refinement.

A standard result in point set topology says that any sec-
ond countable, locally compact Hausdorff space is para-
compact. It is also true that any metric space is paracom-
pact. Some authors replace “second countable” by “para-
compact” in the definition of manifold, which makes no
difference except for allowing uncountably many compo-
nents. (The long line, for instance, is not paracompact.)

It is known that a topological space X admits a continuous
partition of unity subordinate to any given open cover if
and only if X is paracompact and Hausdorff. (The “only
if” direction is relatively easy: for instance if {¢/g} is sub-
ordinate to {U,}, then the sets Vj := {x : yg(x) > 0} form
a locally finite refinement.) We will, however, explicitly
prove what we need for manifolds.

Lemma A13.9. Every manifold M has a countable base
consisting of coordinate neighborhoods with compact clo-
sure.

Proof. Start with any countable base {B;} and let 8 be the
subcollection of those B; that are contained in some co-
ordinate neighborhood and have compact closure. Now
suppose we are given an open subset W € M and a point
p € W. Choose a coordinate chart (U, ¢) around p such
that

UcWw, o(p) =0, B>(0) € (V)

and set V := ¢~ !(B{(0)). Then V has compact closure
V c U. Since {B;} is a base, for some i we have

peEBCcVcUcCW.

But then this B; is also contained with compact closure
in the coordinate neighborhood U; thus B; € 8. Since p
and W were arbitrary, this shows 8 is a base. O

Lemma A13.10. Every manifold M has a “compact ex-
haustion”, indeed a nested family of subsets

2+WicW,cWoCcW,C---
with Wy open and W, compact, whose union is M.

Proof. Choose a countable base {B;} as in the last lemma.
We will choose 1 = i; < iy < --- and set Wy := ¥, Bi.
These automatically have compact closure and are nested.
We just need to choose each i; large enough that W, >
Wi—1. But this is possible, since Wy_; is compact and thus
covered by some finite collection of the B;s. Finally, since

i, > k we have that W; > By so UW, > By = M. O
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Corollary A13.11. Given a manifold M, we can find
countable families of subsets K; C O; C M, for i € N¥,
with K; compact, O; open, \JK; = M, and {O;} locally
finite.

Proof. Using the nested W; from the lemma, simply set
K; := W;\ Wi_; and O; := Wi \ W,_» (where we take
Wy = @ = W_)). The local finiteness follows from the fact
that any p is contained in some W;.; \ w -1, which meets
only four of the O;. O

Corollary A13.12. Any manifold M is paracompact.

Proof. Suppose {U,} is an open cover. Choose O; and K;
as in the last corollary. For each i, the compact set K; is
covered by the sets O; N U,, and thus by a finite subcol-

lection, which we name 0{ for j =1,...,k;. The union of
these finite collections, over all i, is a locally finite refine-
ment. o

We are now set up to adapt the construction of partitions
of unity from the compact case to the general case.

Theorem A13.13. Given any cover {U,} of a manifold
M, there exists a partition of unity {;} subordinate to this
cover.

Proof. Find K; C O; as above. Fixing i, for each p € K; we
have p € U, N O; for some @ = a(p). Choose a smooth
nonnegative f, with support in U, N O; such that f, > 0
on some neighborhood V, > p. Finitely many of these
neighborhoods cover the compact set K;. Now letting i
vary, we have a countable family of bump functions fil ,
whose supports form a locally finite family. Thus dividing
by their well-defined, positive, smooth sum gives a parti-
tion of unity. O

Note that if K € M is compact, then for any partition of
unity {¢;} for M, only finitely many ¢, have support meet-
ing K. (Each p € K has a neighborhood meeting only
finitely many supp ¥;; by compactness finitely many such
neighborhoods cover K.)

Al4. Applications of partitions of unity

Now we turn to some applications of these ideas. Note that
if {,} is a partition of unity subordinate to a cover {U,}
and we have functions f, € C*(U,), then ¥, f, defines
a smooth function on M supported in U,. Then } ¢, fo
makes sense as a locally finite sum of smooth functions.
The same works for sections of any vector bundle £ — M:
local sections o, € I'(Ey, ) can be combined to get a global
section Y, ¥,0, € I'(E).

Theorem A14.1. Any manifold M™ admits a Riemannian
metric.

Proof. Let gy denote the standard (flat) Riemannian metric
on R™. Let {(Uy,, ¢,)} be an atlas for M. In each chart
the pullback g, := ¢ (go) is a Riemannian metric on U,.

Now let {¢,} be a partition of unity subordinate to {U,}.
We can consider each ¢, g, as a global section of Q(T M),
supported of course in U,. Then ) ¥,g, is a Riemannian
metric on M, since locally near any point it is a convex
combination of finitely many Riemannian metrics g,. O

2024 November 12: End of Lecture 10

An alternative proof of the existence of Riemannian met-
rics simply uses the fact that any manifold M™ can be em-
bedded in R” for large enough #.

It is not too hard to show that n = 2m + 1 actually suf-
fices — a generic orthogonal projection from higher dimen-
sions to dimension 2m + 1 will still give an embedding —
but we omit such discussions. Harder is the Whitney trick
used to get down to n = 2m. Most manifolds actually em-
bed in R?"~! — the only exceptions (besides S') are closed
nonorientable manifolds of dimension m = 2%, like closed
nonorientable surfaces.

We will restrict to compact manifolds and not attempt to
get an optimal n. Rather than using a partition of unity
directly, we will repeat the easy proof of the compact case,
using some of the functions involved in the construction
directly.

The following theorem is also true in the noncompact case;
the proof uses decompositions like the K; and O; in Corol-
lary A13.11 above, but requires knowing that each com-

pact piece can be embedded in the same dimension, say in
R2m+1 .

Theorem A14.2. Any compact manifold M™ can be em-
bedded in some Euclidean space R".

Proof. For each point p € M, find a nonnegative function
fp: M — R with f = 1 in some neighborhood V,, 3 p and
with support in a coordinate chart (U, ¢,). By compact-
ness, a finite number of the V), suffice to cover M. Call
these points py,..., pr and simply use the indices 1,...k
for the associated objects. Define a map g: M — R¥*K a5
follows:

g(p) = (ipei(p),..., filPe(p), fi(p)s ..., filp)).

On V; we have f; = 1, so the i “block” in g equals ¢;, with
injective differential. Thus g is an immersion on each V;,
thus on all of M. By compactness, it only remains to show
that g is injective. If g(p) = g(g) then in particular we have
fi(p) = fi(g) for all i. Choose i such that p € V; C U,.
Since fi(p) = 1, we have fi(¢) = 1, which implies g € U;.
But then we also have

¢i(p) = fip)ei(p) = fl@)ei(q) = ¢i(q).
Since ¢; is injective on Uj, it follows that p = ¢. |
A1l5. Riemannian manifolds as metric spaces

We fix a Riemmanian manifold (M, g), that is, a smooth
manifold M™ with a fixed Riemannian metric g. Where
convenient, we write (X,,,Y,,) = g,(X,,Y,) for the inner
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product and ||X, || :== /(X,,X,) for the length of a tangent
vector.

Definition A15.1. Suppose y: [a,b] — M is a piecewise
smooth curve. The length [DE: Léinge] of y (with respect
to the Riemmanian metric g) is

b
len(y) := f Iy ()l dt.

Note that by the chain rule, this length is invariant under
reparametrization. The arclength function along vy is

s(t) := len(7|[a,t]):f Iy’ 0l dt.

and — assuming 7y is a piecewise immersion — we can
reparametrize y by arclength so that |[y’(s)|| = 1.

Note that if the standard Riemannian metric on R” is re-
stricted to a submanifold M™, then the length of a curve y
in M as defined above is the same as its length in R” as
considered last semester.

Definition A15.2. The distance [DE: Abstand] between
two points p, g € M is the infimal length

d(p, q) := inflen(y)
Y
taken over all piecewise smooth curves y in M from p to g.

Note that we could easily apply our definition of length
to more general curves, say to all rectifiable or Lipschitz
curves. Since any curve can be smoothed, in the infimum
defining d it is not important whether we allow all recti-
fiable curves or restrict to smooth curves. We have cho-
sen an option in the middle. Note that (no matter which
smoothness class is chosen) the infimum is not always re-
alized, as one sees for instance if M = R? \ {0}.

The theorem below will show that (M, d) is a metric space
compatible with the given topology on M. Of course when
M is not connected, points p and ¢ in different components
are not connected by any path, so d(p,q) = +oo by the
above definition. It is easiest to use a definition of metric
spaces that allows infinite distance. If this is not desired,
the following discussion should be restricted to connected
manifolds. Note that a connected component of a man-
ifold is automatically path-connected; any pair of points
can actually be joined by a smooth path, whose length is
necessarily finite.

A few properties of d are immediate. The constant path
shows that d(p,p) = 0. The inverse path shows that
d(p,q) = d(q, p). Concatenating paths gives the triangle
inequality d(p,r) < d(p,q) + d(g,r). (This is one reason
we chose to allow piecewise smooth paths.) That is, we
see easily that d is a pseudometric, and to see it is a metric
we just need to show that d(p, g) = 0 holds only for p = g.

Lemma A15.3. Consider R™ with the standard Rieman-
nian metric. Then d(p, q) = ||lp — 4.

Proof. Since both sides are clearly translation invariant, it
suffices to consider g = 0. It is easy to compute the length

of the straight path from p to 0 as ||p||. We must show no
other path has less length (and may assume p # 0). So
suppose y(0) = p and y(1) = 0. We may assume y(¢) # 0
for t < 1, since otherwise we replace y by yl0, which is
not longer. Thus for ¢+ < 1 we can write y(f) = r(£)B(¢)
where [|8(1)|| = 1 and r(r) > 0. We have r(0) = ||p|| and
r(t) - Oast — 1. Since (5,8) = 1, we get (5,8") = 0.
The product rule y" = ' + r’ then gives

2 21212 1 212 2
Y117 = [P FIBIE + 1811 = 1T

Thus

1 1
[ wnar= [ iae
0 0

as desired. m]

1
fo y dt} = 1(0) = (1) = [Ipll

Two norms on a vector space induce the same topology if
and only if they are equivalent in the sense that they differ
by at most a constant factor. For finite dimensional vector
spaces, all norms are equivalent. We sketch a proof of the
case we need.

Lemma A15.4. Any two inner products on R™ induce
equivalent norms.

Proof. Let ||v|| denote the standard Euclidean norm, and
let ), g;jv'w/ denote an arbitrary inner product on R™. On
the compact unit sphere S"~! = {v : |v|| = 1} the other
norm 4/, g;;'v/ achieves its minimum ¢ > 0 and its max-
imum C. Then by homogeneity, we have

el < Y givivi < Clbvl

for all v, as desired. We note that these optimal constants
depend continuously on the coefficients of g. O

Corollary A15.5. Suppose g is a Riemannian metric on
an open set U Cc R™ and K C U is compact. Then there
exist constants 0 < ¢ < C < co such that

clvll = Ve, v) < Clivll

forallp € Kandallv e T,U = T,R™ = R™. In particular,
for any curve y in K from p to g we have

cllp —gll < clenyy <lengy < Clengy,

where leny is the length relative to the standard Euclidean
metric and leng is the length relative to g.

Proof. For each p € K the lemma gives us ¢, < Cp. As-
suming we choose the optimal constants at each point, they
depend continuously on g, thus continuously on p. By
the compactness of K, we can set ¢ := ming c, > 0 and
C := maxg C, < oco. Integrating the bounds for tangent
vectors gives the final statement for any curve 7. O

This corollary gives the key uniformity needed for the fol-
lowing theorem.
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Theorem A15.6. Let (M, g) be a Riemannian manifold.
With the distance function d above, it is a metric space
(M, d). The metric topology agrees with the given manifold
topology on M.

Proof. We have noted that d is symmetric and satisfies the
triangle inequality. We must prove d(p,q) =0 — p=g¢q
and show that the topologies agree.

Let D denote the closed unit ball in R”. Given p # g in M,
we can find coordinates (U, ¢) around p such that ¢(p) = 0,
o(U) > D and ¢q ¢ ¢~'(D). On D use the last corollary to
get ¢, C comparing the pullback metric g := (¢~!)"g with
the standard Euclidean metric. Any path from p to ¢ must
first leave @' D. Its g-length is at least the g-length of this
initial piece, which is the g-length of its image «. Since
a connects 0 to dD, it has Euclidean length at least 1, so
g-length at least c. Since this is true for any path from p
to g, we find d(p, q) > ¢ > 0.

Rephrasing what we have just proved in the contrapositive,
we see that d(p, g) < c implies that ¢(q) € D. Rescaling,
this means that any Euclidean ball in a coordinate chart
contains a small metric ball. Thus open sets in the mani-
fold topology are open in the metric topology.

To get the converse, consider again coordinates around p
with D € ¢(U), and find C as in the corollary, comparing
the pullback metric g to the Euclidean metric in D. For
any € < C, if ¢(g) is in the Euclidean &/C-ball around 0 =
@(p), then ¢(p) and ¢(g) can be joined by a straight line
of Euclidean length less than £/C < 1, and hence g-length
less than &. Thus p and g can be joined by the preimage
path, of g-length less than &. That is, the metric e-ball
around p contains the Euclidean £/C-ball in the coordinate
chart. m]

2024 November 18: End of Lecture 11
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B. DIFFERENTIAL FORMS

We have already seen one-forms (covector fields) on a
manifold. In general, a k-form is a field of alternating k-
linear forms on the tangent spaces of a manifold. Forms
are the natural objects for integration: a k-form can be in-
tegrated over an oriented k-submanifold. We start with ten-
sor products and the exterior algebra of multivectors.

B1. Tensor products

For simplicity, we work only with finite-dimensional real
vector spaces. (Infinite dimensional vector spaces are most
useful when equipped with a topology and — just as with
the dual space — purely algebraic constructions like ten-
sor products are of limited usefulness. They are usually
replaced by versions that depend on the topology.)

Recall that, if V, W and X are vector spaces, then a map
b: VX W — X is called bilinear [DE: bilinear] if

b(v +Vv,w) = bv,w) + b ,w),
b(v,w+w) =b,w)+bv,w),

b(av,w) = ab(v,w) = b(v, aw).

The function b is defined on the set V x W. This Cartesian
product of two vector spaces can be given the structure of
a vector space V @ W, the direct sum. But a bilinear map
b: VX W — X is completely different from a linear map
VeW - X.

The tensor product space V® W is a vector space designed
exactly so that a bilinear map b: VX W — X becomes a
linear map V@ W — X. More precisely, it can be charac-
terized abstractly by the following “universal property”.

Definition B1.1. The tensor product [DE: Tensorprodukt]
of vector spaces V and W is a vector space V ® W with
a natural bilinear map VX W — V ® W, written (v, w) —
v®w, with the property that any bilinear map b: VXW — X
factors uniquely through V ® W. That means there exists
a unique linear map L: V® W — X such that b(v,w) =
Liv®w).

This does not yet show that the tensor product exists, but
uniqueness is clear: if X and Y were both tensor products,
then each defining bilinear map would factor through the
other — we get inverse linear maps between X and Y, show-
ing they are isomorphic.

Note that the elements of the form v ® w must span V® W,
since otherwise L would not be unique. If {e;} is a basis
for V and {f;} a basis for W then bilinearity gives

(Z v’ei) ® (Z w’fj> = Z vw’le; ® f.
i j ij
Clearly then {e; ® f;} spans V ® W —indeed one can check
that it is a basis. This is a valid construction for the space
V ® W — as the span of the e¢; ® f; — but it does depend on
the chosen bases. If dimV = m and dim W = n then we
note dimV ® W = mn.

A much more abstract construction of V ® W goes through
a huge infinite-dimensional space. Given any set S, the
free vector space |DE: freier Vektorraum] on § is the set of
all formal finite linear combinations )] a;s; with @; € R and
s; € S. (This can equally well be thought of as the set of
all real-valued functions on the set S which vanish outside
some finite subset.) For instance, if S has k elements this
gives a k-dimensional vector space with S as basis.

Given vector spaces V and W, let F be the free vector space
over the set V x W. (This is infinite dimensional — unless
both V and W are trivial — and consists of formal sums
> a;(vi,w;). It ignores all the structure we have on the set
V x W.) Now let R C F be the linear subspace spanned by
all elements of the form:

V+v,w) - (,w) =0, w),
v, w+w)—(,w)—(,w),

(av,w) —a(v,w), v, aw) — a(v,w).

These correspond of course to the bilinearity conditions
we started with. The quotient vector space F/R will be the
tensor product V ® W. We have started with all possible
v ® w as generators and thrown in just enough relations to
ensure that the map (v, w) — v ® w is bilinear.

Of course v® V" and v ® v are in general distinct elements
of V® V. On the other hand there is a natural linear iso-
morphism VW — W® V such that v@w — w®v. (This
is easiest to verify using the universal property — simply
factor the bilinear map (v, w) — w ® v through V. ® W to
give the desired isomorphism.)

Similarly, the tensor product is associative: there is a natu-
ral linear isomorphism V@ (W® X) — (V® W) ® X. Note
that any trilinear map from V x W X X factors through this
triple tensor product Ve W ® X.

Of special interest are the tensor powers [DE: Tensorpoten-
zen] of a single vector space V. We write V := V®---@V.
If {e;} is a basis for V, then {e;, ®- - -®e;,} is a basis for V&,
In particular if V has dimension m, then V® has dimen-
sion m*. There is a natural k-linear map V¥ — V® and any
k-linear map V¥ — W factors uniquely through V&,

One can check that the dual of a tensor product is the tensor
product of duals: (V ® W)* = V* ® W*. In particular,
we have (V¥)® = (V®)*. The latter is of course the set
of linear functionals V® — R, which as we have seen is
exactly the set of k-linear maps V¥ — R.

Definition B1.2. A graded algebra [DE: graduierte Alge-
bra] is a vector space A decomposed as A = @Zo:o Ay to-
gether with an associative bilinear multiplication operation
A X A — A that respects the grading in the sense that the
product w - n of elements w € Ay and 7 € A, is an element
of Ay.¢. Often we consider graded algebras that are either
commutative or anticommutative. Here anticommutative
[DE: antikommutativ] has a special meaning: for w € Ay
and 7 € A; as above, we have w -7 = (=¥ - w.

Example B1.3. The tensor algebra [DE: Tensoralgebra] of
a vector space V is

00

R, V= @ vek,

k=0

21



J.M. Sullivan, TU Berlin

B: Differential Forms

Diff Geom II, WS 2024/25

Here of course V®! = V and V®° = R. Note that the tensor
product is graded, but is neither commutative nor anticom-
mutative.

B2. Exterior algebra

We now want to focus on antisymmetric tensors, to de-
velop the so-called exterior algebra [DE: dufiere Algebra]
or Grassmann algebra [DE: Grafimann-Algebra] of the
vector space V, which we again assume to be of finite di-
mension m.

Just as we constructed V® V = V2 as a quotient of a huge
vector space, adding relators corresponding to the rules for
bilinearity, we construct the exterior power VAV = A,V
as a further quotient. In particular, letting S € V®V denote
span of the elements v@ v forallv e V, weset VAV :=
(V®V)/S. We write v Aw for the image of v@w under the
quotient map. Thus v A v = 0 for any v. From

V+w)Alv+w)=0

it then follows that v Aw = —w A v. If {e; : 1 <i<m}isa
basis for V, then

feinej:1<i<j<m}

is a basis for VA V.

Higher exterior powers of V can be constructed in the same
way, but formally, it is easiest to construct the whole exte-
rior algebra [DE: dufere Algebra] A.V = @5 A,V at once,
as a quotient of the tensor algebra (X), V, this time by the
two-sided ideal [DE: zweiseitiges Ideal] generated by the
same set {v@viCc VeV C ®* V. This means the span
not just of the v ® v but also of their products (on the left
and right) by arbitrary other tensors. Elements of A,V
are called multivectors [DE: Multivektoren] and elements
of A,V are more specifically k-vectors [DE: k-Vektoren].

Again we use A to denote the product on the resulting (still
graded) quotient algebra. This product is called the wedge
product [DE: Keilprodukt, Dachprodukt oder Wedgepro-
dukt] or more formally the exterior product [DE: dufieres
Produkt]. We again get v Aw = —w A v forv,w € V.
More generally, for any vi,...,v € V and any permuta-
tion o € X of {1,. .., k}, this implies

Vol Ao  AVgr = (SENO) VI A -+ A Vg

Now consider the wedge product of a k-vector @ with an
{-vector B. To get the anticommutative law

aAB=(=D"BAa,

we use bilinearity to reduce to the case where @ and g are

simple multivectors
a=VIA- AV, B=wiA--Awp

The permutation o~ needed to interchange a and S is then

the k" power of a (k + £)-cycle, with sign (=1)¥*+&+D =

(_ l)k[.

2024 November 19: End of Lecture 12

If {e; : 1 <i < m}is abasis for V, then

{6,‘1.‘.,‘,‘ I=€il/\"’/\€ik11§i1 < < <mj

is a basis for A V. It will later be important to note that if
V carries an inner product, we can define an inner product
on AV as well: if {e;} is an orthonormal basis for V, we
declare {e;, .., } to be an orthonormal basis for A;V.

We note that dim A,V = (’;:) we have A¢gV = R but also
A,V = R, spanned by ej..,,. For k > m there are no an-
tisymmetric tensors: AxV = 0. The exterior algebra has
dimA.V = Y7L, (';:) = 2™ The determinant [DE: Deter-
minante] has a natural definition in terms of the exterior
algebra: if we have m vectors v; € V given in terms of the
basis {e;} as v; = }; vj.e,- then

VIA- AV, = det(v;)elz...m.

(The components of the wedge product of k vectors v; are
given by the various k X k minor determinants of the matrix
().

The exterior powers of V with the natural k-linear maps
Vk — A4V are also characterized by the following univer-
sal property. Given any alternating k-linear map V¥ — X to
any vector space X, it factors uniquely through A;V. That
is, alternating k-linear maps from V* correspond to linear
maps from A;V. (One can also phrase the universality for
all k together in terms of homomorphisms of anticommu-
tative graded algebras.)

So far we have developed everything abstractly and alge-
braically. But there is a natural geometric picture of how
k-vectors in AV correspond to k-planes (k-dimensional
linear subspaces) in V. More precisely, we should talk
about simple [DE: einfache] k-vectors here: those that can
be written in the form v; A --- A v. We will see that, for
instance, ej + 34 € A,R* is not simple.

A nonzero vector v € V lies in a unique oriented 1-plane
(line) in V; two vectors represent the same oriented line if
and only if they are positive multiples of each other. Now
suppose we have vectors vy, ..., v, € V. They are linearly
independent if and only if 0 # vi A -+ A v, € AV, Two
linearly independent k-tuples (vi,...,vx) and (wy,...,wy)
represent the same oriented k-plane if and only if the
wedge products v A --- A v, and wy A - - - A wy, are positive
multiples of each other, that is, if they lie in the same ray
in A;V. (Indeed, the multiple here is the ratio of k-areas
of the parallelepipeds spanned by the two k-tuples, given
as the determinant of the change-of-basis matrix for the k-
plane. When this determinant is negative, the two bases
are oppositely oriented; compare Definition B5.1 below.)

We let G(V) denote the set of oriented k-planes in V,
called the (oriented) Grassmannian [DE: (orientierte)
Grafimann-Mannigfaltigkeit]. Then the set of simple k-
vectors in A,V can be viewed as the cone over G (V). (If
we pick a norm on A;V, say induced by an inner product
on V, then we can identify G(V) with the set of “unit”
simple k-vectors, say those arising from an orthonormal
basis for some k-plane.)
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(Often, especially in algebraic geometry, one prefers to
work with the unoriented Grassmannian G (V)/{x1}. It
is most naturally viewed as lying in the projective space

P(ALV) = (A~ (0)) / (RN {O)).

In algebraic geometry one typically also replaces R by C
throughout.)

If we give V an inner product and an orientation, then any
oriented k-plane has a unique orthogonal compatibly ori-
ented (m—k)-plane. This induces an isomorphism between
GV and G, V. It extends to a linear, norm-preserving
isomorphism

*: AV > AV

called the Hodge star operator. (Recall that both these
spaces have the same dimension (’Z).) If v is a simple k-
vector, then v is a simple (m — k)-vector representing the
orthogonal complement. In particular, if {e;} is an oriented

orthonormal basis for V, then
*(eg Ao ANep)=e1 A Aep

and similarly each other vector in our standard basis for
AV maps to a basis vector for A,,_;V, possibly with a
minus sign.

Classical vector calculus in three dimensions uses the
Hodge star implicitly: instead of talking about bivec-
tors and trivectors, we introduce the cross product [DE:
Kreuzprodukt] and triple product [DE: Spatprodukt]:

VX W= *(v/\w)eR3,
[u,v,w] ;== (u,vXw) =*k(uAvAw)eR.

But even physicists noticed that such vectors and scalars
transform differently (say under reflection) than ordinary
vectors and scalars, and thus refer to them as pseudo-
vectors and pseudoscalars.

For dim V = m, we can use these terms as follows:

e scalars [DE: Skalare] are elements of R = AgV,

e vectors |DE: Vektoren] are elements of V = AV,

e pseudovectors [DE: Pseudovektoren] are elements of
*V =A,,-1V =V, and

e pseudoscalars [DE: Pseudoskalare] are elements of
*R=A,V=R.

(The two isomorphisms at the end depend on a choice of
orientation for V.)

Of course, these are in a sense the easy cases. For these k,
any k-vector is simple. We can identify both G|V and
G,-1V as the unit sphere in V = A}V = A,_V. For
2 < k < m - 2 on the other hand, not all k-vectors are
simple, and G,V has lower dimension than the unit sphere
in A;V. Indeed, it can be shown that the set of simple k-
vectors (the cone over G;V) is given as the solutions to a
certain set of quadratic equations called the Grassmann—
Pliicker relations. For instance Y, a'/e;; € A;R* is a simple
2-vector if and only if

13 24

a?d —aBd® + d4d® = 0.

This shows that G,R* is a smooth 4-submanifold in the
unit sphere $° ¢ ApR* = RS,

If we choose an inner product on V, then the set of ori-
ented orthonormal bases for V can be identified with the
special orthogonal group SO(m). Thinking about how ori-
ented orthonormal bases for a k-plane and its orthogonal
complement fit together, we see that we can identify the
Grassmannian as a quotient space

GV = SO(m)/(SO(k) x SO(m — k).

In particular, the Grassmannian is a smooth manifold of
dimension (’;’) - (I;) - (m;k) = k(m — k).

B3. Differential forms

Many textbooks omit discussion of multivectors and con-
sider only the dual spaces. (This is presumably because the
abstract definition of tensor powers and then exterior pow-
ers as quotient spaces seems difficult.) Recall that vector
subspaces and quotient spaces are dual operations, in the
sense that if ¥ C X is a subspace, then the dual (X/Y)*
of the quotient can be naturally identified with a subspace
of X*, namely with the annihilator [DE: Annullator] Y°
of Y, consisting of those linear functionals on X that vanish
onY:

X/Y) =Y’ CcX".
Using this, we find that
ARV = (AV)T (VB
can be identified with the subspace of those k-linear maps

V¥ — R that are alternating [DE: alternierend].

While it is easy to construct the wedge product on multi-
vectors as the image of the tensor product under the quo-
tient map, the dual wedge product on A*V requires con-
structing a map to the alternating subspace. For w,n €
A'V = V* we set

WA =wWwON—N®w.

More generally, for w € A*V and € A’V we use an
alternating sum over all permutations o € Zy.:

(Q)AT])(V],...,V]H_[) =

1

o Z(Sgn ) WVets s Vo) MVo(k1)s - -+ » Volktt))-
16! £

The faqtor 1/(k!€!) is chosen so that if {¢;} is a basis for V
and {w'} is the dual basis for A'V = V* then
{a)i""ik = wi, Ao A a)ik}

is the basis of AFV dual to the basis {ej,...;,} Tor A, V.

Putting these spaces together, we get an anticommutative
graded algebra

AV = g‘?/\kv.
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Again the dimension of each summand is (','(’) so the whole
algebra has dimension 2.

If L: V — W is a linear map, then for each k we get an
induced map L*: AW — AKV defined naturally by

L'w(vi,...,vi) = w(Lvy,...,Lv).

Of course, we have introduced these ideas in order to apply
them to the tangent spaces 7, M to a manifold M™. We get

dual bundles AyTM and A*T M of rank (’l':)

Definition B3.1. A (differential) k-form [DE: Differen-
tialform vom Grad k oder k-Form] on a manifold M™
is a (smooth) section of the bundle AKTM. We write
QM = T(AKTM) for the space of all k-forms, which
is a module over C*M = Q°M. Similarly we write
QM =T(N"TM) = @ QKM for the exterior algebra [DE:
duflere Algebra]l on M.

If w € QXM is a k-form, then at each point p € M the
value w, € AKT,M is an alternating k-linear form on 7,M
or equivalently a linear functional on A;T,M. That is, for
any k vectors X, ..., X; € T,M we can evaluate

a)p(Xl,...,Xk) =a)p(X1 A AXp) eR

In particular, w, naturally takes values on (weighted) k-
planes in 7, M; as we have mentioned and will explore in
detail later, k-forms are the natural objects to integrate over
k-dimensional submanifolds in M.

If f: M™ — N"is a smooth map and w € QN is a k-form,
then we can pull back w to get a k-form f*w on M defined
by

(ffw)pXi,.... X)) = wrp((Dp X1, ..., (DpHXk).

(Of course this vanishes if £ > m.) As a special case, if
f: M — N is the embedding of a submanifold, then f*w =
wly 1s the restriction [DE: Einschrinkung] of w to the sub-
manifold M, in the sense that we consider only the values
of wp(Xy,...,Xx)forpe MCNand X; e T,M CT,N.
Exercise B3.2. Pullback commutes with wedge product in
the sense that

flonn = wAfn
for f: M — N and w,n € Q*N.

2024 November 25: End of Lecture 13

In a coordinate chart (U, ¢) we have discussed the coordi-
nate bases {0;} and {dx'} for T,M and T;M, respectively,
the pushforward under ¢! and pullback under ¢ of the
standard bases on R™ and its dual. Similarly,

{dx“/\---/\dxik 1<y <~-~<ik$m}

forms the standard coordinate basis for each A* T,M; any
w € QF(M) (or more properly its restriction to U) can be
expressed uniquely as

wly = E Wiy dX A - A dXE
)<<y

for some smooth functions w;,..;, € C*U. To simplify
notation, we often write this as w|y = Y; w;dx’ in terms
of the multi-index [DE: Multiindex) I = (iy, ..., i).

B4. Exterior derivative

Zero-forms are of course just scalar fields, that is, smooth
functions. We have also already considered one-forms,
which are simply covector fields. In particular, given
f € QM = C*(M), its differential df € Q'M = I'(T*M)
is a one-form with df(X) = Xf € C*(M) for any vector
field X. We now want to generalize this to define for any
k-form w its exterior derivative [DE: duflere Ableitung], a
(k + 1)-form dw.

Definition B4.1. An antiderivation [DE: Antiderivation]
on the graded algebra (Q*M, A)is alinear map D: Q*M —
Q"M satisfying the following version of the Leibniz prod-
uct rule for w € Q*M and n € Q*M:

D(w A1) = (Dw) A+ (-1 w A (D).

To remember the sign here, it can help to think of D as
behaving like a one-form when it “moves past” w.

Proposition B4.2. Any antiderivation on Q*M is a local
operator in the sense that if w = 1 on an open set U then
Dw = DnonU.

Proof. By linearity it suffices to consider the case when
n = 0 and w is a k-form for some k. Thus we know w van-
ishes on U and must show Dw also vanishes on U. Given
any p € U, we can find a function f € C*M supported
in U with f(p) = 1. Then fw = 0 on M and it follows that

0=D(fw) = (Df)Aw+ f A (Dw).

At p this gives 0 = Df A 0 + 1(Dw), = (Dw),, as desired.
O

Theorem B4.3. For any manifold M™, the differential map
d: Q°M — Q'M has a unique R-linear extension to an
antiderivation d: Q*M — Q*M satisfying d*> =dod = 0.
This antiderivation has degree 1 in the sense that it sends
QM 1o OFYM; it is called the exterior derivative [DE:
duBere Ableitung].

Proof. First consider a k-form that can be expressed as
gdf' A--- Adf* € Q*M for some functions g, f' € C*M.
The two conditions on d together automatically imply that

d(gdf' A---AdffY=dg AdfP A Adff e QM ML

In a coordinate chart (U, ¢) of course every k-form w can
be expressed as a sum of terms of this form. The propo-
sition above shows we can work locally in such a chart.
Thus we know the exterior derivative (if it exists) must be
given in coordinates by

d(z wrdx") = Z dw; Adx! = Z Z diwrdx’ A dx'
i 7 '

1 i
= ZZ@iwldxiAdxi‘ Ao Adx®.
T i

(Note that terms here where i = i; will vanish; for the other
terms, reordering the factors in this last wedge product —
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to put i in increasing order with the i;s and thus obtain a
standard basis element — will introduce signs.)

Now a straightforward calculation shows that the operator
d defined by this formula really is an antiderivation locally:

d((adx") A (bdx”))
=d(ab) A dx' Adx’ = ((da)b + a(db)) A dx' A dx’
= (da A dx") A (bdx") + (=DXadx") A (db A dx)),

where I = (i, ..., i) is a k-index. Clearly this antideriva-
tion has degree 1 as claimed. The fact that 4> = 0 lo-
cally follows directly from the symmetry of mixed partial
derivatives.

Now since d is determined uniquely, if we have overlap-
ping charts (U, ¢) and (V, ), then on U N 'V we must get
the same result evaluating d in either chart. Finally, since
the exterior algebra operations + and A are defined point-
wise, to check that d is an antiderivation and d> = 0 it
suffices that we know these hold locally. O

Proposition B4.4. The pullback of forms under a map
f: M™ — N" commutes with the exterior derivative. That
is, for w € Q*N we have d(f*w) = f*(dw).

Proof. 1t suffices to work locally around a point p € M.
Let (V,¢) be coordinates around f(p). By linearity we can
assume w = ady A --- A dy* in these coordinates. For
k=0 we have w = a € C*V. For any X, € T,M we have

(f*da)(Xp) = (da)(fiXp) = (f.Xp)a
=X,(f"a) = df a)(X)).

Note that if (f,..., f*) = ¢ o f is the coordinate expres-
sion of f (on some neighborhood of p) then the formula
above gives f*(dy’) = df'. Since pullback commutes with
wedge products, for k > 0 we then have

fro=(fradf' - ndft
and so

d(ffw) =d(ffa)y Ndf' A--- Adfi
= f'day Ndf' A+ Adf*
= f'(dandy' A--- AdYY) = f(dw). O

Definition B4.5. The contraction [DE: Kontraktion] of a
form with a vector field (also known as interior multipli-
cation [DE: innere Ableitung]) has a seemingly trivial def-
inition: if w € QM and X € X(M) then yw € QX! is
given by
wa(Xz, . ,Xk) = a)(X, Xz, . ,Xk).

First note that this is a purely pointwise operation, so we
could define it on AV for a single vector space — even
proving the next proposition at that level — but we won’t
bother. (It is the adjoint of the operator on A,V given by
left multiplication by X.)

Next note that for a 1-form, tx(w) = w(X) € Q°M. For a
0-form f € Q°M = C°M we set tx f = 0.

Proposition B4.6. For any X, the operation tx is an an-
tiderivation on Q*M of degree —1 whose square is zero.

Proof. Ttis clear that tx o ty = 0 since
ixtxw(...) =wlX,X,...)=0.
The antiderivation property is
ix(wWAN) = (xw) An+ (—l)kw A (txm)
for w € QKM we leave the proof as an exercise. O

We will later discuss Cartan’s “magic formula”, relating
this contraction to exterior and Lie derivatives.

2024 November 26:
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B5. Orientations and volume forms

Definition B5.1. An orientation [DE: Orientierung] on an
m-dimensional vector space V is a choice of one of the two
connected components of A"V \ {0} = R \ {0}, thatis a
choice of a nonzero m-form in w € A™V (up to positive
real multiples). If V is oriented by w, then an ordered basis
{e1,..., ey} for Vis said to be positively oriented [DE: pos-
itiv orientiert] if w(eq,...,e,) > 0. Often an orientation
on V is defined through such a basis (to avoid the machin-
ery of the exterior algebra).

Definition B5.2. A volume form [DE: Volumenform] on a
manifold M™ is a nowhere vanishing m-form w € Q" M.
We say M is orientable [DE: orientierbar] if it admits a
volume form. An orientation [DE: Orientierung] of M is a
choice of volume form, up to pointwise multiplication by
positive smooth functions 4 > 0 € C*M. This is the same
as a continuous choice of orientations of the tangent spaces
T,M.

The name “volume form” comes from the fact that we can
integrate a volume form to measure volumes in M, as de-
scribed later.

A connected orientable manifold has exactly two orien-
tations. The Mobius strip, the real projective plane RP?
and the Klein bottle are examples of nonorientable 2-
manifolds.

The standard orientation on R™ is given by dx' A--- Adx™,
so that {ey, ..., e,} is an oriented basis for each T,R".

An equivalent definition of orientation (analogous to that
of smooth structures) is through a coherently oriented at-
las for M. Here two charts (U,¢) and (V,y) are co-
herently oriented if the transition function ¢ o ! is an
orientation-preserving diffeomorphism of R™. (Here of
course orientation-preserving means that the Jacobian de-
terminant is everywhere positive.)

Suppose now M™ is an oriented Riemannian manifold. At
any p € M there is a unique Q, € A™T,M such that
Qp(ey,...,e,) = +1 for any oriented orthonormal basis
{e1,...,en} for T,M. These fit together to give the Rie-
mannian volume form [DE: Riemann’sche Volumenform]

Qe Q"M.
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Note that the Hodge star we defined for multivectors
*: A TpM — Ay TpM can equally well be defined for
forms *: A*T,M — A™*T,M. On an oriented Rie-
mannian manifold, we thus get a Hodge star operator
*: QFM — Q" KM. This is the setting where Hodge star
arises most frequently. In particular, we can write the Rie-
mannian volume form as Q = x1.

Given an oriented coordinate chart (U, ¢) then at any p €
U we have the coordinate basis {0;} for T,,M but can also
choose an oriented orthonormal basis {e;}. Then of course
for some matrix A = (a¥) we have §; = Y afe,. Since
{ex, er) = Oxe, WeE get

8 = 00.0)) = (Y alew. ) aler) = ) afd.

k

As a matrix equation, we can write (g;;) = ATA, which
implies det(g;;) = (det A)?. Since both bases are positively
oriented, we know detA > 0, so detA = ++/detg. (Note
that while abbreviating det(g;;) as detg is common, it un-
fortunately hides the fact that this is an expression in par-
ticular coordinates.)

Now we compute

Q,@1,...,0,) = (detA) Qy(en,. .., e,) = det A = y/detg.

Equivalently, we have the coordinate expression
Q= +Jdetg dx' A--- Adx".

On an oriented Riemannian manifold (M™, g), any m-form
w is a multiple w = fQ = % f of the volume form Q, with
feC M.

B6. Integration

We will base our integration theory on the Riemann inte-
gral. Recall that given an arbitrary real-valued function f
on a box B = [a;,b1] X -+ X [a,,, b,,] € R™ we define
upper and lower Riemann sums over arbitrary partitions
into small boxes — the function f is Riemann integrable
[DE: Riemann-integrierbar] if these have the same limiting
value, which we call

ffdxl e dx™,
B

Recall also that A ¢ R™ has (Lebesgue) measure zero if
for each € > 0 there is a covering of A by countably many
boxes of total volume less than €. The image of a set of
measure zero under a diffeomorphism (or indeed under any
locally Lipschitz map) again has measure zero. Thus we
can also speak of subsets of measure zero in a manifold M.

Given a function f: D — R with D c R”, we define its
extension by zero f: R" — R by setting f = f on D
and f = 0 elsewhere. Lebesgue proved the following: A
bounded function f: D — R defined on a bounded domain
D c R™ is Riemann integrable if and only if f is contin-
uous almost everywhere [DE: fast iiberall stetig], meaning
that its set of discontinuities has measure zero.

For instance, the characteristic function yp is Riemann in-
tegrable if D is bounded and its topological boundary 0D
has measure zero. Then we call D a domain of integration.

Because any continuous function f on a compact set is
bounded, we find: If U ¢ R" is open and f: U — R is
continuous with compact support in U, then f is Riemann
integrable.

We write QXM < Q*M for the subspace of k-forms with
compact support. (If M is compact, then of course QX =
k)

Definition B6.1. If w € Q7'U is an m-form with compact
support in U c R™ then of course we can write uniquely
w=fdx" A--- Adx". We define

fwszdx'A--.Adxmzszdx'-.-dxm.
U U U

Note that we use the standard basis element for A”R"™ here.
Otherwise we might pick up a minus sign, for instance
[fdx* ndx' = - [ fdx?dx' = - [ fdx"dx>.

Lemma B6.2. If ¢: U — V is a diffeomorphism of con-
nected open sets in R™ and w an m-form with compact

support in 'V, then
f o=+ f w,
U v

where the sign depends on whether ¢ is orientation-
preserving or not.

Proof. Use x' for the standard coordinates on U and y/ for
those on V. Then w = fdy' A --- A dy" for some func-
tion f. Writing ¢' = y' o ¢, the Jacobian matrix of ¢ is
J 1= (8¢’ /0x7). We have d¢’ = ¢*dy’ and so

de' A+ Adg" =detJdx' A--- Adx™.

Thus

st*w:f(fosO)dsv'A---/\dso’”
U U
:f(foga)detdel/\~--/\dxm.
U

On the other hand, the standard change-of-variabes for-
mula for integrals on R™ says

fw:ffdyl...dym=f(fo<p)|detj|dx1.”dxm.

Since U is connected, det J has a constant sign, depending
on whether ¢ is orientation-preserving or not. O

Now suppose M™ is an oriented manifold, and w € Q"M
is a compactly supported m-form. Then we will define

fM weR.
First consider a single oriented chart (U, ¢) and assume w €

Q'U. Then we define

fU “ Lw((p_l)*w'
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We claim this is independent of ¢: if (U, ) is another ori-
ented chart, then using the diffeomorphism ¢ o ¢! in the
lemma we find that

o= (o™ (¢ w= W) w.
o(U) w(U) w(U)

In general, we choose a partition of unity {f;,} subordinate
to an oriented atlas {(U,,¢,)}. For any w € Q"M, note
that w = ), f,w is a finite sum, in the sense that for all but
finitely many @ we have f,w = 0: Because the partition of
unity is locally finite, each p € supp w has a neighborhood
N, meeting only finitely many supp f,; because supp w is
compact, it is covered by finitely many of the N,. Note
also that each summand f,w has compact support in the
respective U,. We define

We just need to check this is independent of the choice of
atlas and partition of unity.

So suppose {gg} is a partition of unity subordinate to an-
other oriented atlas {(Vj,¥5)}. Then we have

;quaw=za:£[nfa;gﬁw
@;Lﬂgﬁw:;;[y fop.

QﬁV/j

(Because these are finite sums, they can be rearranged at
will and exchanged with the integrals.) By symmetry, we
see that the last expression also equals 34 fv,, gpw, as de-
sired.

Note: If —M denotes the same manifold M with the oppo-
site orientation, then we have f_ Q=" f @

2024 December 2: End of Lecture 15

Note: for m = 0, an oriented 0-manifold is a countable
collection of points with signs +1: we write M = }, p; —
2. g;j. (Here we cannot use charts to test orientation.) A
zero-form is a function f: M — R and if it has compact
support it vanishes outside a finite set of p; and g;. We

define the integral to be fo =>:f(p) - ij(qj).

We have developed this theory for smooth forms, partly
just because we have no notation for possibly discontinu-
ous sections of AT M. Note, however, that as long as w
is bounded, vanishes outside some compact set and is con-
tinuous almost everywhere, we can repeat the calculations
above with no changes to define fM w.

On an oriented Riemannian manifold M (or any manifold
with a specified volume form ), we define the volume
integral of a function f € C”M with compact support as

fodvol:fongM*f.

Note that if we keep the Riemannian metric but switch
orientation, the volume form on —M is —Q, so the vol-
ume integral is independent of orientation: f_ yfdvol =

[, £ dvol.

For a domain D c M (compact with boundary of measure
zero) we define its volume to be

volDzzfldvolzfQ:zf/\{DQZO.
D D M

The volume of the manifold is vol(M) := fM 1dvol =

fM Q. This works directly if M is compact; for a non-
compact manifold we can take a limit over an appropriate
compact exhaustion and reach either a finite value or +co.

B7. Oriented manifolds with boundary

Suppose M™ is a manifold with boundary; its boundary
OM is an (m — 1)-manifold. At p € M C M we see
that T7,0M C T,M is a hyperplane, cutting 7, M into two
parts, consisting of the inward- and outward-pointing vec-
tors at p. (These are tangent vectors at p to curves starting
and ending at p, respectively.)

An orientation on M induces an orientation on dM as fol-
lows. Suppose (v,vy,...,V,—1) 1S an oriented basis for
T,M, where v is outward-pointing and v; € T,0M. Then
(V1,...,Vm-1) is by definition an oriented basis for 7,0M.
(There are four obvious possible conventions here — either
an inward- or an outward-pointing vector could be put ei-
ther before or after the basis for 7,0M. We have picked
the convention that works best for Stokes’ Theorem.)

Equivalently, suppose the orientation of M is given by a
volume form €, and we pick a vector field X € X(M)
which is outward-pointing along M. Then the contraction
1x(Q) restricted to M is a volume form on the boundary
which defines its orientation.

B8. Stokes’ Theorem

Suppose M™ is an oriented manifold with boundary and w
is an (m — 1)-form with compact support on M. Stokes’
Theorem then says fM dw = fBM w. We see d* = 0 is dual
to the condition that d(0M) = @:

Ozfdznzf dnzf n=0.
M oM AOM

Stokes’ Theorem is quite fundamental, and can be used
for instance to define dw for nonsmooth forms, or M for
generalized surfaces M.

Remark B8.1. Of course in f(’)M w, the integrand is really
the restriction or pullback wlsy = i*w of w to M. This is
now a top-dimensional form on the (m — 1)-manifold oM.

When the boundary of M is empty (M = @, so that M is
an ordinary manifold, without boundary) of course Stokes’
Theorem reduces to fM dw = 0.

It turns out that on a connected orientable closed manifold
M™, an m-form 7 can be written as dw for some w if and
only if f ,, 17 vanishes; we will return to such questions after
proving the theorem.

27



J.M. Sullivan, TU Berlin

B: Differential Forms

Diff Geom II, WS 2024/25

Stokes himself would probably not recognize this gener-
alized version of his theorem. The modern formulation in
terms of differential forms is due mainly to Elie Cartan.
The classical cases are those in low dimensions. For M an
interval (m = 1), we just have the fundamental theorem
of calculus; for a domain in R2, we have Green’s theorem;
for a domain in R3, we have Gauss’s divergence theorem:;
and for a surface with boundary in R? we have the theorem
attributed to Stokes.

These special cases are of course normally formulated not
with differential forms and the exterior derivative, but with
gradients of functions, and divergence and curl of vector
fields. More precisely, on any Riemannian manifold, we
use the inner product to identify 7, M and T,M and thus
vector fields with one-forms. The gradient V f of a function
f € C*M is the vector field corresponding in this way to
df. In particular, for any vector field X, we have

gV, X) =(Vf.X) = df(X) = X[.

On R? we further use the Hodge star to identify vectors
with pseudovectors and thus one-forms with two-forms,
and to identify scalars with pseudoscalars and thus zero-
forms with three-forms. Then div, grad and curl are all
just the exterior derivative. Explicitly, we identify both the
one-form pdx + gdy + rdz and the two-form pdy A dz +
qdz Adx +rdx A dy with the vector field pd, + gd, + rd,,
and the three-form f dx A dy A dz with the function f. Then
d: Q° — Q! is the gradient as above, d: Q' — Q? is the
curl, and d: Q* — Q? is the divergence.

Our version of Stokes’ theorem is (as mentioned above)
certainly not the most general. For instance, we could eas-
ily allow “manifolds with corners”, like compact domains
with piecewise smooth boundaries. (It should be clear that
the divergence theorem in R is valid for a cube as well as
a sphere.)

Theorem B8.2 (Stokes). Suppose M™ is an oriented man-
ifold with boundary and w is an (m — 1)-form on M with
compact support. Then

fdwsz
M oM

Proof. Both sides are linear and integrals are defined via
partitions of unity. In particular, since

do= Y d(fow)=(d) f)w+ ) fadw =) fodo,

we see that it suffices to consider the case when w is
compactly supported inside one oriented coordinate chart
(U, ¢). We may also assume that ¢(U) = R" or ¢(U) =
H™, depending on whether U is disjoint from M or not.
Since the statement of the theorem is invariant under pull-
back by a diffeomorphism, we have shown it suffices to
consider the cases (a) M = R" and (b) M = H™.

After scaling, we can assume that w is compactly sup-
ported within the cube (a) Q = (-1,0)" or (b) Q :=
(=1,0] x (=1,0Y""!, In either case, we write

A dx™

w:Z(—l)j_lw-idxl Ao Adxd A---

J=1

with supp w’/ C Q, so that

dw = Z—dx A -

meaning that

6w1 g

Now for each j we have by Fubini’s theorem that

f_ﬁx/ dx'-
J —
f f f aﬁdxf dx' - dxi - dx".

By the fundamental theorem of calculus, the inner inte-
gral in parentheses equals w/(...,0,...) —w/(...,-1,...).
Since w has compact support in Q, this vanishes for j > 1.
In case (a) it vanishes even for j = 1, completing the proof
that [ dw = 0.

In case (b) we have obtained

0
fdwzf“---fwl(O,xz,
Hm -1 -1

Now consider the restriction of w to dH™, the pullback
under the inclusion map i. Since i*dx' = 0 we immediately
get

- AdX",

XM dx? - d

Fw=wdP® A Adx"
Comparing this to the formula for fM dw shows we are
done. O

B9. De Rham cohomology

Definition B9.1. We say a k-form w on M™ is closed [DE:
geschlossen] if dw = 0; we say w is exact [DE: exakt] if
there is a (k— 1)-form 7 such that dn = w. For clarity, write
dy = dlge: QF — Q1. We write B(M) for the space of
exact forms and Z*(M) for the space of closed forms. That
is, ZF = kerd, and B* = Imd,_;.

Since by definition 4> = 0, in particular d o dy_; = 0,
it is clear that exact forms are closed. (Algebraically, we
have B¥ ¢ Z*¥ c Q) An interesting question is to what
extent the converse fails to be true. The answer is measured
by the de Rham cohomology [DE: De-Rham-Kohomologie]
HK(M) := ZF/B*, the quotient vector space (over R). A
typical element is the equivalence class [w] = {w + dn} of
a closed k-form w.

2024 December 3:

End of Lecture 16

If we consider all degrees k together, we set

Z:=72"®---®Z" =kerd, B:=B’®---®B" =Imd.
Defining

H:=7Z/B=H®---0H"
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we find this cohomology ring [DE: Kohomologiering] is not
just a vector space but indeed an algebra under the wedge
product. To check the details, start by noting that if «’ is
closed, then

(W+dD AW =wA" +dn A o).

An important theorem in the topology of manifolds says
that this cohomology agrees with other standard defini-
tions, in particular that it is dual to singular homology.
(This is defined via cycles of simplices modulo boundaries,
and can be thought of as counting loops or handles in di-
mension k.) The key here is Stokes’ Theorem: a closed
form integrates to zero over any boundary, so closed forms
can be integrated over homology classes. Furthermore an
exact form integrates to zero over any cycle, so this integral
only depends on the cohomology class.

Theorem B9.2. If M™ is an orientable closed manifold
with n components, then H*(M) = R".

Proof. Note that B = 0 so H° = Z°, which is the space
of functions with vanishing differential. But these are just
the locally constant functions, so it is clear this space is
n-dimensional. m]

For orientable closed manifolds M™, Poincaré duality (re-
lated to the Hodge star operation) gives a connection be-
tween co/homology in complementary dimensions. As
an example, if such a manifold has n components, then
H™(M) = R". We prove the dimension is at least this big.

Theorem B9.3. If M™ is a orientable closed manifold with
n components, then H"(M) has dimension at least n.

Proof. Denote the components by M;. By Stokes, inte-
gration w fM,“” over each component gives a map
Q" =Z™ — R vanishing on B™, and thus a map H" — R;
together these give a map to R”. Choosing a Riemannian
metric on M;, its volume form has positive integral; these

n forms show that our map H” — R” is surjective. O

B10. Lie derivatives

Earlier we defined the Lie derivative of a vector field Y
with respect to a vector field X. This is a derivative along
the integral curves of X, where we use (pushforwards un-
der) the flow ¢, of X to move vectors of Y between different
points along these curves.

The Lie derivative of a differential k-form w is defined in
the same way, except that the pushforward under ¢_; is
replaced by a pullback under ¢,. That is, we define:

d 5 d * k
(wa)p = d_t‘[:o% Wop) = tzo(gotw)p e A'T,M.
Note that this is again a k-form. In the particular case of
k = 0 where w = f € C”M we can ignore the pullback —

Ly f is simply the derivative of f along the integral curve,
thatis, Ly f = Xf = & _, f(@«(p)-

Proposition B10.1. The Lie derivative Lx on forms satis-
fies the following properties:

(1) it is a derivation on Q*M, that is, an R-linear map
satisfying

Ly(w A1) = (Lxw) An+w A (Lxn);
(2) it commutes with the exterior derivative, that is,
Lx(dw) = d(Lxw);

(3) it satisfies the “product” formula — for a k-form w ap-
plied to k vector fields Y; € X(M) we have

Lx(u)(Y],...,Yk))

k
= (Lxw)(Yi,..., V) + Zw(Yl,...,LxY,- LY.
i=1

Proof. (1) follows directly from the fact that pullback
commutes with wedge product and from the product
rule for d/dt:

dt

(Lx(w A M), (¢j(wAm),

1=0
d * *
= il (@i @)y A (@im)y)
d . d .
= (E'rzo(‘pt “))p) AT +wp A (d_t z=0(% 77)[?)

= (Lyw)p, A1y + wp A (Lxn)).

(2) follows from the fact that d commutes with pullback
and with d/dt:

d d
Lydw= 2| gdo= 2| dg
xaw dtli=o priw dtli=o s
d .
Id(at:() <pla)) =dLXa).

(3) follows (as for the product rule for d/dt) from a clever
splitting of one difference quotient into two or more.
We will write out the proof only for k = 1, considering
w(Y). We find

Ly(w(Y)), = }gl(} %(‘Utp,p(yso,p) - ‘”p(Yp))
= }21(} %(“’w,p(ywp) = wp(p- Y%p))
+1im 4w, (1Y) =~ wp(Y,))

Here the second limit clearly gives

d
o], oten) = i

For the first limit, we can rewrite the first term as
(¢ Wy, ‘,,)(cp,,* Y, ,,), so that both terms are applied to the
same vector. The limit becomes

lim @ (Wg,p) — wp

t—0

(-1 Y¢rp)’

where the form clearly limits to (Lxw), and the vector
t0Y,. O
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Since the Lie derivatives of functions and vector fields are
known, we can rewrite the product formula as a formula
for Lyw as follows:

(Lxw)(Y1, ..., i)

k
= X(@(M,....Y0) = > 0V, X Vil Vo).
i=1

Now we are ready to prove Cartan’s magic formula [DE:
Cartan-Formel]:

Proposition B10.2. For any vector field X we have

Ly = duix + 1xd.

Proof. We know that Ly is a derivation commuting with d.
Since d*> = 0, it is easy to check the right-hand side also
commutes with d. Furthermore it is a derivation: for w €
QFM we get
dix(w An) +ixd(w A1)
= d((txw) A ) + (=1)d(w A ixm)
+ ix((dw) A ) + (= Dix(w A dip)
= (dixw) A+ (=1 (xw) A (dn)
+ (=1 dw) A (exm) + (=10 A (dixn)
+ (txdw) A + (=D (dw) A (ix1)
+ (=1 exw) A (dn) + (=1)*w A (txdn)
= (dixw) A+ (ixdw) A+ w A (dixn) + w A (txdn).
Thus if the formula holds for w and 7, it also holds for
w An and for dw. By linearity and locality, this means it is
enough to check it for O-forms:
(dix +ixd)f =wxdf = (df)X) = Xf = Lxf. |
Proposition B10.3. Suppose X and Y are vector fields on

M™ and w is a 1-form. Then

dw(X,Y) = Xw(Y) — Yw(X) — w([X, Y]).

Proof. We use Cartan’s magic formula and the product rule
for Lyw:
dw(X,Y) = (ixdw)(Y)
= (Lxw)(Y) — (dixw)(Y)
= X(w(Y)) = o([X, Y1) = d(w(X))(Y)
= X(w(@)) - w([X, Y]) = Y(w(X)). o

Note that by linearity and locality it suffices to con-
sider w = fdg. So an alternate proof simply computes
each term for this case, getting for instance Xw(Y) =
X(fdg(Y) = X(fYg) = (Xf)(Yg) + fXYg.

Theorem B10.4. Suppose w € QX(M™) is a k-form and
Xo,...,Xr € X(M) are k + 1 vector fields. Then

(dw)Xo, - - ., Xp)
= Z (=1 Xi(wXos . Xss - - ., X0))

O<i<k

+ DX X5 Xoy s X X X,

0<i<j<k

Note that the case k = 0 is simply df(X) = Xf, and the
case k = 1 is the last proposition. The general proof by
induction on k is left as an exercise; the hint is to use Car-
tan’s magic formula as in the proof of the proposition to
write

(dw)Xo, - .., Xr)

= (Lx,w)(X1, ..., Xp) = (dix,w)( X1, ..., Xp).

2024 December 9: End of Lecture 17
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C. RIEMANNIAN GEOMETRY

To take derivatives of a vector field along a curve requires
comparing tangent spaces at different points. The Lie
derivative uses diffeomorphisms to do this, which is not
entirely satisfactory since we need not just a curve but a
whole vector field.

Another approach is through connections or covariant
derivatives. In particular, there is a natural connection on
any Riemannian manifold, which is the starting point for
studying its geometry.

C1. Submanifolds in Euclidean space

Consider Euclidean space R” with the standard inner prod-
uct on every T,R", and suppose M™ C R" is a submanifold
(with the induced or pullback Riemannian metric). A map
X:M — TR", p » X, € T,R" is called an R"-valued
vector field along M. Of course T),R" = R”, so we can
identify X with a function X: M — R".

But T,R" also has an orthogonal decomposition (with re-
spect to the standard Euclidean inner product) into spaces
tangent and normal to M:

T,R" = T,M & N,M.

We let 7l and 7+ denote the orthogonal projections onto
these subspaces, so that X, = 71l X, + 7-X,.

Now if y: [a,b] — M is a curve (embedded) in M, then
we have the function X o v: [a,b] —» R" and can take its
derivative. We can view this derivative as an R"-valued
function on the 1-submanifold y ¢ M C R” instead of on
la, b] (technically we compose with y~!). Again such a
map to R” can be identified with an R"-valued vector field
along y (viewing its value at each point p as lying in T,R").
We call this vector field the derivative dX/dt of X along 7.
Both the original field X and its derivative dX/dt can be
decomposed (via 7!l and 7+) into parts tangent and normal
to M. These decompositions are not in any definite rela-
tion to each other. Consider for instance vector fields along
a surface in R? as we studied last semester. The deriva-
tives of the unit normal vector field are tangent vectors; the
derivatives of tangent vector fields will usually have both
tangent and normal components.

Definition C1.1. Suppose X is a smooth vector field on
M™ c R" and y is a curve in M. Then the vector field

DX ”(dX )
— = —
dt dt

along vy, which is tangent to M, is called the covariant
derivative [DE: kovariante Ableitung] of X along .

Note that we only need X to be defined along y. Note also
that we could apply this definition to any R"-valued field
X, but there is little reason to do so — our goal is to focus
on the intrinsic geometry of M. Indeed, we will see that
this covariant derivative can be defined in a way depending
only on the Riemannian metric on M and independent of
the particular embedding M c R".

Example C1.2. Consider the round sphere S* ¢ R? and
let y(¢) := (cost,sint,0) be the equator parametrized by
arclength. Consider the vector field X along y given by the
tangent vector

Xy :=¥'(t) = (=sint,cost,0).
Since dX/dt = y”(t) = —y(t) is normal to S?, we find
DX/dt = 0.

In general, a parametrized curve y on M is called a
geodesic [DE: Geoddite] if its velocity vector field X = §
satisfies DX/dt = 0. On the sphere, the geodesics are ex-
actly the great circles parametrized at constant speed.

Now we want to work out coordinate expressions for the
covariant derivative. So let (U, ¢) be a coordinate chart
for M™ < R" and write V := @(U) c R™. Write {u' :
i = 1,...,m} for the coordinates on R”. Because M is
embedded in R”, we can also write the inverse map

e l=y=w".. W) VsUCMCR"

explicitly in coordinates. (Here we use {x* : @« = 1,...,n}
for the coordinates on R” and have y* = x% o y.) The
standard coordinate frame for TU is of course given by

LA

ou' n Oui oxe’

where the 9/0x“ are the standard basis vectors in R”.

A curve y in M will be given in coordinates as

y(0) =y @), u"(®)
for some real-valued functions u/(z).

A vector field Y (tangent to M) along y can be expressed
in the coordinate basis as

Yy = Y() = Z b ()6

for some real-valued functions b'(¢). Its derivative and co-
variant derivative along y are then

dy db’ .do;
= = = 9.+ b=
i L4 dr i+ dt’
DY db’ .DO;
a s 2a

To compute the covariant derivatives D9;/dt of the coordi-

nate basis vectors, we recall that a time derivative along y

is the same as a directional derivative in the direction of
. du’

the speed y = 3. ¢;-0;. Thus we get

Do, _y(d < W D dul &y ( 9
Doi _ (4 _ aw 2\
7 =" (@ i ) za:zj: i g™ (3)

Again, the §/0x® are the standard basis vectors in R".
Their tangent parts can of course be expressed in the coor-
dinate basis: for some smooth functions ¢t € C*(U), we

have
0
I — k
ﬂ(a )— Ek €Ok
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We now define the so-called Christoffel symbols [DE
Christoffel-Symbole]

62 !7[/0(

ko._
Ty = ol o
(04

noting the symmetry l"f.‘j = F’J‘.i. We have l"fj e C*(U) for
1<i,jk<m.

Using these, the expression above for the covariant deriva-
tive of d; becomes

Do; duw/
-t _ ~=—a,.
dt Z iiqr

‘We can consider in particular the covariant derivative along
a u’/-coordinate curve, where u/ = t and each other ' is
constant. We write this as

Bu/ Z Fk 6k

That is, the Christoffel symbol l"f.‘ ; is the dy component of
the covariant derivative of ¢; in direction d;.

We can now return to the general case of the covariant
derivative of Y = 3 b'0; along v; our formula becomes

- S

Note here that we don’t see the coordinates in R” at all; the
vector field Y and curve y on M are expressed in the stan-
dard instrinsic ways in the coordinate chart (U, ¢). The
embedding of M C R” enters only in the computation of
the Christoffel symbols l"f.‘j, and our goal will be to show
these really only depend on the Riemannian metric in-
duced on M by the embedding.

Now suppose Y = Y b*d; is a vector field defined on all
of M (rather than just along ) — its components b* are
now functions on U. We note that the covariant derivative
DY/dt at a point p = y(fy) doesn’t depend on the whole
curve vy but only on its velocity vector X, := ¥(t) there.
In particular, if we set a’ := du’//dt then X, = Y, a’d;, and
in the formula above for DY/dt, the time derivative db*/dt
(which is really the derivative of b o ) is the directional
derivative X,(b).

To emphasize this viewpoint, we introduce new notation
and write this covariant derivative of Y at p in the direction
X, as VXp Y. If X and Y are vector fields on M, we write
VxY for the vector field whose value at p is Vy Y. The
formulas above mean that if X = Y a/d; and Y = 3, b*o,
in some coordinate chart, then

Vx¥ = > (/@55 + Y Thplal)o
jk i

We have thus defined a connection [DE: Zusammenhang],

meaning an operation
Vi X(M) x X(M) — X(M), V:(X,Y) > VxY

that is bilinear (over R) and, as is easily verified, satisfies
the following two properties:

e itis C*-linear in X:
VixY = fVxY;
e it satisfies a product rule in Y:
Vx(fY) = (X))Y + fVxY.

Our connection satisfies two additional properties, which
— as we will later see — turn out to uniquely characterize it:

e it is symmetric in the following sense:

VxY -VyX =1[X,Y] = LxY

e it is compatible with the Riemannian metric:
XYYy =(VxY, Y'Y + (Y, VxY’).

To check the symmetry, we can use the product rules to
reduce to the case of X = §; and ¥ = d;, where — since
[0:,0;] = 0 —it is equivalent to the fact that I“fj = F];i. The
metric property (which can be written as Vyg = 0, as we
will explain later) is left as a (somewhat tedious) exercise.

C2. Connections on general vector bundles

Let us now move to a very general situation. Suppose E is
a vector bundle over a manifold M. A connection V on E
allows us to take covariant derivatives of sections of E.
These are directional derivatives in the direction of some
vector field X € X(M) and are again sections of the same
bundle E. That is, given a section o € I'(E), its covariant
derivative (with respect to V) in direction X is the section
Vxo € I'(E). The formal definition is as follows:

Definition C2.1. Given a vector bundle £ — M, a
connection |[DE: Zusammenhang] on E is a bilinear map
V: X(M)XT'(E) — I'(E), written (X, o) — Vxo, which is
C>(M)-linear in X and satisfies a product rule for o=

Vy(fo) = (Xf)o + fVxo-

We call Vxo the covariant derivative [DE: kovariante
Ableitung] of o.

foO' = fVXO',

Note that the tensoriality (C* M-linearity) implies that the
dependence on X is pointwise: (Vxo), depends only on X,
and can be written as Vy o~ This covariant derivative of
course depends on more than just o, but as for the other
derivatives we have studied, the product rule means that
the definition is local: if o and 7 have the same germ at p
(that is, agree in some open neighborhood U) then Vx o =
VXFT'

To verify this, we again use the trick of picking a bump
function f supported within U with f = 1 on some smaller
neighborhood of p, so that fo = fr. We calculate

Vx,(fo) =

with the same for 7. Indeed, it suffices that o~ and 7 agree
locally along some curve y with ¥(0) = X,,; this can per-
haps most easily be seen in coordinates, using the notation
we introduce below.

F(PVx,0 + (X, )o, = 1Vx,0+ 00, = Vx 0,
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There are many other ways to rephrase the definition of
a connection, for instance in terms of sections of various
induced bundles. For any fixed o, we can consider Vo as
a map taking a vector field X to the section Vyo. But the
pointwise dependence on X means that this acts pointwise
as a linear map 7,M — E, for each p € M, an element of
L(T,M, E,). That is, Vo can be viewed as a section of the
bundle L(TM, E) = EQT*M; such a section is often called
a vector-valued (or more precisely, E-valued) one-form. In
this picture, the connection V is a map o — Vo from I'(E)
to I'(E ® T*M). We will return to this idea later, but for
now we will stick to our more down-to-earth approach.

We have already seen one example of a connection: the
one on TM induced by an embedding M — R”", which
satisfied not only the properties in this definition but also
two further properties. As in that case, any connection can
be expressed in coordinates via Christoffel symbols.

Suppose U is a coordinate neighborhood for M and a triv-
ializing neighborhood for E, with {9, : 1 < i < dim M} the
coordinate frame for TM and {e, : 1 < a < rk E} a frame
for E. Then a connection V is expressed in coordinates by
the Christoffel symbols [DE: Christoffel-Symbole] Ff’a de-
fined by Vy.e, = 3, l"ibaeb, so that in general for X = 3 v/6,
and o = ) 0%, we have

Vxo = Z vi(aiO'b + Z l"f-’ao-“)eb.
i,b a

Any collection of smooth functions I“f.’a describes a connec-
tion locally in this coordinate neighborhood.

The tangent space to the total space of E at each point
o, € E, C E has a natural vertical subspace [DE: ver-
tikaler Unterraum] of dimension k: the tangent space to
the fiber E, or equivalently the kernel of the differential
D7 of the projection 7: £ — M. Another way to view
a connection is as a choice of a complementary horizontal
subspace [DE: horizontaler Unterraum] of dimension m.
Given a section o: M — E, its differential is of course a
map D,o: T,M — T, E; we say that D,0(X),) lies in
the horizontal subspace if Vy,o = 0.

C3. The Levi-Civita Connection

Specializing to the case of connections on the tangent bun-
dle E = TM, we can compare VyxY with VyX. It is too
much to hope that these are the same for any vector fields
X and Y — the behavior when we replace X by fX is dif-
ferent. But this kind of effect is captured also in the Lie
bracket of the vector fields. We define the forsion [DE: Tor-
sion] of the connection as Ty(X,Y) := VyY-VyX - [X, Y].
This expression is C* M-linear in each of its arguments, as
can easily be verified using our formulas for Vx(fY) and

[X, fY].

Definition C3.1. The connection V is said to be symmet-
ric [DE: symmetrisch] or torsion-free [DE: torsionsfrei| if

Tv(X,Y) =0forall X and Y, thatis, if VxY-VyX = [X, Y].

This is of course one of the properties we observed for the
connection induced from an embedding M c R”. In terms
of a coordinate basis (where [0;,0;] = 0), we find that V is
torsion-free if and only if V5,0, = V. 8;, or equivalently, in
terms of Christoffel symbols, l"f.‘j = F’J‘.i.

On a Riemannian manifold (M, g) we can also ask whether
a connection V on TM is compatible with the metric. A
metric connection [DE: metrischer Zusammenhang] is one
satisfying

X(Y,Z) =(VxY,Z) + (Y, VxZ).

One interpretation of this equation is as saying that the
metric tensor g is “parallel” with respect to V in the sense
that its covariant derivatives vanish. More precisely, just
as we saw for the Lie derivative, a connection on one bun-
dle naturally induces connections on the dual bundle and
its tensor powers in such way that the natural product rules
hold. In particular, we could define the covariant derivative
of g as a section Vxg € ['(Q(T M)) via

X(8(Y,2)) = (Vxe)(Y, Z) + g(VxY, Z) + g(Y, Vx2).

Then we see that V is a metric connection if and only if for
all X we have Vxg = 0.

We will now show that any Riemannian manifold has a
unique torsion-free metric connection V; this is called the
Levi-Civita connection [DE: Levi-Civita-Zusammenhang].
Note that we have already constructed such a connection
on any manifold M c R” isometrically embedded in Eu-
clidean space; the uniqueness of the Levi-Civita connec-
tion now shows that our construction is actually indepen-
dent of the embedding. We give a proof due to Koszul,
using the fact that a vector field VxY on a Riemannian
manifold is specified by its inner products with arbitrary
vector fields Z.

Theorem C3.2. Any Riemannian manifold (M, g) has
a unique Levi-Civita connection, characterized by the
Koszul formula

28(VxY,Z2) = X(3(Y, 2)) + Y((X, 2)) - Z(g(X. Y))
+8(1X. Y1, Z) - 5(IX. Z]. Y) - g([Y. Z], X).

Proof. Because the metric is fixed, we write g(-,-) as (-, -).
The uniqueness amounts to checking that any Levi-Civita
connection does satisfy the Koszul formula. We use the
metric property to expand each of the first three terms; the
first (for instance) becomes (VxY,Z) + (VxZ,Y). We use
the symmetry to expand each of the last three terms; the
first (for instance) becomes (VxY,Z) — (VyX, Z). Adding
everything we find that most terms cancel out; we are left
with 2(VxY, Z).

It remains to show that the formula does define a Levi-
Civita connection. First, we claim that the right-hand side
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is tensorial (meaning C* M-linear) in Z:

XY fZ) + Y{X, fZ) — fZ({X.Y)

+([X, Y], fZ) = (X, fZ1,Y) = {[Y. fZ], X)
= (XfAY.Z) + [X(Y.Z) + (YfUX. Z) + fY(X,Z)

- fZX.Y) + (X, Y], Z)

- HIX.Z1,Y) - (XfUZY)

- Y21, X) — (YfKZ X)
= f(X(X.Z) + Y(X.Z) - Z(X.Y)

+(IX. Y1.Z) - ([X.Z1.Y) —{[¥.Z]. X))

This means that for any fixed X and Y, there is some one-
form w such that the right hand side is w(Z). But using
the metric g, this one-form equivalent to a vector field W
defined by 2g(W, Z) = w(Z).

This construction V: (X, Y) — W is clearly bilinear in X
and Y. The facts that it is tensorial in X and satisfies the
product rule in Y are verified by calculuations similar to
the one above, now replacing X by fX or Y by fY. Thus
the Koszul formula defines a connection V. What remains
to show is that it is symmetric and compatible with g.

To check the symmetry, note that the right-hand side of
the Koszul formula is symmetric in X and Y except for the
term {[X, Y], Z). Thus

AVxY.Z) - AVyX.Z) =X, Y], Z) - ([Y. X],Z)
=2([X,Y],Z).
Since this holds for all Z, we conclude the connection is
torsion-free: VyY — VyX = [X, Y].

To check the metric property, note that the right-hand side
is antisymmetric in ¥ and Z except for the term X(¥, Z).
Thus

VXY, Z) + Y, VxZ) = 2X(Y, Z)
as desired. O

Now we want to consider what the Levi-Civita connection
looks like in coordinates. We know the Christoffel symbols
for a torsion-free connection will be symmetric: Ff.‘j = F’;i.
In terms of the components g;; := g(d;,d;) of the metric
tensor, we can express the metric property of V as follows:

Orgij = 0kg(0;,0))
= g(Vakal" 6]) + g(ai’ Vakaj)

= Z(riigz'j + Fijgfi)~
7

We can express this more simply in terms of another form
of Christoffel symbols. If we define

Lijp = Z Tigwe = 8(V4,0;,04),
7

then we get dxgij = I'ij + I'xj;. Using the symmetry I';j =
Ijir, we can solve this system to give

2lij = 0igjk + 08k — Okgij-

Writing (g**) for the matrix inverse of (g;;), we have

ke
I} = Z ¢y = Z %(61‘81'6’ +0,8ic — afgij)-
7 7

2024 December 16: End of Lecture 19

C4. Parallel transport, holonomy, geodesics and the
exponential map

Suppose V is a connection on some vector bundle £ — M.
If y: I — M is a smooth curve from p to g and o is a sec-
tion of E, then we can write the covariant derivative [DE:
kovariante Ableitung] of o along vy as %o- = V,o. (Here of
course we are conflating o as a function on M with ooy as
a function of ¢ € I, a section of the pullback bundle y*E.)
We say that o is parallel [DE: parallel] along y (with re-
spect to V) if this covariant derivative vanishes:

D
EO'ZV)',O':O.

Given o, € E,, by standard ODE theorems, there is a
unique extension to a parallel section o along y. This
lets us define the parallel transport [DE: Paralleltransport]
map

Py, E, - E,, P,(op) =0y
It is an easy exercise to show that this parallel transport P,
(along y, with respect to V) is an invertible linear map.

Note that this map is independent of the parametriza-
tion of y. We can define P, even if y is only piecewise
smooth by composing the parallel transport maps along
each smooth piece.

If  is a loop based at p, then P,: E, — E, is an auto-
morphism of E,, that is, P, € GL(E}). This is called the
holonomy [DE: Holonomie] of V along vy.

The inverse loop has the inverse holonomy; the holonomy
along a concatenation of loops is the composition of their
holonomies. Thus

Hol,(V) := {P, : yis aloop based at p} < GL(E})

is a subgroup of GL(E),), called the holonomy group [DE:
Holonomiegruppe] of V at p.

The fact that small (contractible) loops can have nontrivial
holonomy reflects the fact that V can have nonzero curva-
ture, as defined below.

Note that the parallel transport maps P, completely char-
acterize the connection V: one could start with them in-
stead of the connection (as we did when first considering
the case of submanifolds in R"). Their meaning is some-
what more intuitive. But, compared to the definition of
an abstract connection, it is harder to axiomatize just what
properties the parallel transport maps need to have.

Now consider a Riemannian manifold (M, g) and a con-
nection Von TM.
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Exercise C4.1. The connection V is compatible with the
metric g if and only if for any curve y and any parallel vec-
tor fields Y, Z along vy, the inner product (Y, Z) is constant
along v.

For a metric connection it follows that parallel fields have
constant length and make constant angles with each other.
For instance, if we parallel transport an orthonormal frame,
it remains orthonormal. Parallel transport is an orthogo-
nal map, so Hol,(V) < O(T,M). (Note that Hol,(V) <
SO(T, M) exactly when the component of M containing p
is orientable.)

If V and V are two metric connections on (M, g) their paral-
lel transport maps along any vy differ only by a rotation. In
some sense the (torsion-free) Levi-Civita connection on M
is the one for which parallel fields rotate the least.

Let us now fix V to be the Levi-Civita connection on a
Riemannian manifold (M, g).

Definition C4.2. A curve y: I — M is called a
(parametrized) geodesic [DE: Geodiite] if its velocity ¥ is
parallel along v, that is, if

D

d_ty Viy =0.

Note that a geodesic vy is then necessarily parametrized
at constant speed. A reparametrization at varying speed
would satisfy V7 = a(#)y. Another application of the the-
orem on existence and uniqueness of solutions to ODEs
shows that any tangent vector X, € T,M determines a
unique geodesic with initial velocity X,:

Theorem C4.3. Given X, € T,M there is some € > 0 and
a unique geodesic

Y =y:i(-g6) > M
with y(0) = X, (implying y(0) = p).

Note that y**»(¢) = y*»(A¢) for any 1 € R; these geodesics
are the same curve parametrized at different constant
speeds.

If (U, ) is a coordinate chart around p and x'(f) denote
the components of ¢(y(#)) then we can write the geodesic
equation explicitly in terms of the Christoffel symbols:

X +ZF (AR =

Since the solution to the geodesic equation depends
smoothly on the initial condition X,, we can define
the (smooth) exponential map [DE: Exponentialabbildung)
exp,: U — M on some neighborhood U c T,M of the
origin by exp,(X,) := ¥y Xr(1). (We simply need to choose
U small enough that the geodesics exist for time 1. We use
compactness of the unit sphere in 7),M here.)

Even the dependence on p is smooth, so these maps fit to-
gether to give a map exp: W — M for some neighborhood
W c T M of the zero-section in the tangent bundle.

Definition C4.4. A Riemannian manifold M is called
(geodesically) complete [DE: (geoddtisch) vollstindig] if
every geodesic can be extended indefinitely, that is to
y:R—-> M.

The famous Hopf-Rinow theorem (which we will not
prove) says that M is geodesically complete if and only
if it is complete as a metric space (that is, every Cauchy
sequence converges). In particular, any compact manifold
is complete. Of course, if M is complete, the exponential
maps exp,: T,M — M and exp: TM — M are defined
globally.

An easy calculation shows that Dy exp, = id7,y (where
we identify the tangent space at 0 to the vector space T,M
with T,M). In particular, since this derivative is nonsin-
gular, by the inverse function, the exponential map is a
diffeomorphism from some neighborhood U 3 0 to its
image V C M. Its inverse exp;lz V — U then gives
a nice coordinate chart around p, as soon as we identify
T,M with R™ by picking an orthonormal basis {e;}. These
are called (Riemannian, geodesic) normal coordinates [DE:
Normalkoordinaten] at p.

Let {9;} denote (as usual) the coordinate frame. Then at
p we have 9; = ¢;, so the coordinate representation of the
Riemannian metric is g;; = d;; at p. Any geodesic through
p is represented in normal coordinates by a line through the
origin. In particular, the coordinate lines through the origin
are geodesics, meaning V,,9; = 0 along the i coordinate
line through p, in particular at p. But also diagonal lines
correspond to geodesics, SO

Vai_,.aj(a,‘ + 0]) =0

at p. Using the bilinearity and symmetry of V this implies
V50; = 0 at p. In other words, in normal coordinates,
the Christoffel symbols Ffj = 0 all vanish at p. It follows
immediately that the first derivatives of g;; all vanish at p,
that is, g;; = ¢0;; to first order near p.

In normal coordinates around p, each geodesic through p
corresponds to a straight line through the origin. The im-
age B.(p) := {expp X, : |IX,ll < r} of a ball in T,M
is called a geodesic ball [DE: geoddtischer Ball] around
p € M; similarly S,(p) := {exp, X, : IIX,ll = r}isa
geodesic sphere [DE: geodditische Sphdire].

For small r, the exponential map is a diffeomorphism, so
the geodesic sphere S ,(p) is topologically a sphere and is
the boundary of the geodesic ball B,(p), which is a topo-
logical ball. (For larger r, the exponential map may still
exist but no longer be a diffeomorphism; these spheres and
balls will start to overlap and intersect themselves.)

Similarly, it is not hard to check that geodesics through
p meet each of these spheres orthogonally and that (for
r < r’ small enough) any curve from S, to S, has length at
least " — r. This implies that sufficiently short subacrs of
any geodesic are length minimizing — the shortest curves
connecting their endpoints. Thus the geodesic ball B,(p) is
always the metric ball in (M, d), the set of points at distance
less than » from p.

Similar considerations show that the map (7, exp): X, —
(p,expX,) is a local diffeomorphism TM — M X M.
For any p € M, we can deduce the existence of € > 0
and a neighborhood N such that any two points in N are
joined by a unique geodesic of length less than . With
more work, one can find a strongly geodesically convex
neighborhood [DE: streng geodiitisch konvexe Umgebung]
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U > p, where any two points in U are joined by a unique
minimizing geodesic in U.

2024 December 17: End of Lecture 20

C5. Riemannian curvature

Gauss showed in his Theorema Egregium that the Gauss
curvature of a surface, initially defined as the product of
principal curvatures, is actually an intrinsic notion, de-
pending not on the embedding in R* but only on the first
fundamental form, that is, the Riemannian metric g.

Riemann’s idea was to describe the curvature of a higher-
dimensional Riemannian manifold (M, g) at p € M in
terms of the Gauss curvatures of various two-dimensional
submanifolds (surfaces) through p.

Let U c T),M be an open subset such thatexp,: U — V C
M is a diffeomorphism. For any two-plane Il C T,M, we
see that N := exp,(U N1I) is a two-dimensional submani-
fold of M with T,N = IlI. Since N is a union of geodesics
through p, it is in some sense the flattest possible surface
with T,N = II. Riemann defined the sectional curvature
[DE: Schnittkriimmung] K(IT) as the Gauss curvature at p
of this surface N. Below we will give a different, but equiv-
alent, definition.

To understand Gauss curvature in terms of the holonomy of
the Levi-Civita connection, let us recall the Gauss—Bonnet
theorem. If D ¢ M is a disk with piecewise smooth bound-
ary in a surface M, then the integral of the Gauss curvature
Kis

f K dA = 2n — TC(OD).
D

Here, if y = 0D is the boundary curve, then TC(y) denotes
the total geodesic curvature of v, including the arclength
integral f Kq ds along the smooth pieces and the sum of
the turning angles 7; at the corners.

But suppose we compare the unit tangent vector y’ to a
vector X that is parallel transported along y. The geodesic
curvature K, is the rate at which 7’ turns relative to X. Go-
ing once around v, the tangent vector y’ returns to its intial
value, but X does not; the holonomy of parallel translation
is a rotation by angle 27 — TC(0D). (The additive constant
27 is chosen to make the holonomy additive when combin-
ing adjacent regions, or equivalently to make the holonomy
of a small region be small.) That is, the Gauss—Bonnet
theorem says that the holonomy around a loop equals the
integral of Gauss curvature over the enclosed region.

Thus the Gauss—Bonnet theorem can be used to find K(p)
by measuring the holonomy of small loops around p and
dividing by the enclosed area. One can say the holonomy
around an infinitesimal loop at p is an infinitesimal rotation
at speed K.

The modern definition of Riemannian curvature starts from
the idea that given a two-plane II C T,M, the holonomy
around an infinitesimal loop in IT will give an infinites-
imal rotation of T,M. The two-plane II is specified by
a two-vector, and the infinitesimal rotation is given by a

(skew-symmetric) operator on 7, M saying in which direc-
tion each vector moves.

So suppose we have vector fields X and Y near p € M. We
consider parallel transport for time s along X followed by
time ¢ along Y, and compare this with going the other way
around. Of course if [X, Y] # O this isn’t even a closed
loop, but let’s assume for the moment that [X, Y] = 0. For
small s and 7, the holonomy around this loop will be ap-
proximately st times what we call the curvature R(X, Y).
(More precisely, the curvature will be an infinitesimal ro-
tation, given by a skew-symmetric matrix A and the holon-
omy will be a rotation, given approximately by the orthog-
onal matrix exp(stA).)

In general, of course we need to correct by [X,Y]. Re-
call that this Lie bracket is the commutator of directional
derivatives:

0=X¥Yf)-YXf)-[XY]f.
This inspires the following definition.

Definition C5.1. On a Riemannian manifold, the Rieman-
nian curvature operator [DE: Riemann’scher Kriimmung-
soperator] is given by

R(X, Y)Z = V)((VyZ) - Vy(VXZ) - V[X’Y]Z.
(Note that some authors define R with the opposite sign.)

Lemma C5.2. On any Riemannian manifold the curva-
ture operator R(X, Y)Z is tensorial — its value at p depends
only on X, Y, and Z,. In particular, R(X,,Y),) is a linear
operator on T,M.

The proof proceeds by checking that
R(fX,Y)Z = R(X, fY)Z = RIX,Y)(fZ) = fR(X,Y)Z,

which follows from the product rules we have for the Lie
bracket and covariant derivative. The details are left as an
exercise.

As an aside, we note that the same formula can be used
to define the curvature of any connection V on any vector
bundle E — M, and the same lemma holds. We get a
curvature operator RV(X,, Y,): E, — E, defined by

RV(X, Y)O' = Vx(Vy(T) - Vy(VXO') — V[X’Y]O'.

For example, the formula 0 = X(Yf) — Y(Xf) - [X, Y]If
says that on the trivial line bundle M x R (whose sections
are just functions f), the trivial connection (where the co-
variant derivative is just the ordinary directional derivative,
Vxf := Xf) has curvature zero.

We will, however, consider only the Riemannian curva-
ture coming from the Levi-Civita connection. On an inner
product space like T, M, a linear operator is equivalent to
bilinear form. Hence we also get the Riemannian curva-
ture tensor [DE: Riemann’scher Kriimmungstensor]

R(X,Y,Z, W) := (R(X, Y)Z, W).

(Note that some authors switch Z and W here, introduc-
ing a minus sign. We will usually stick to the notation

(RX,Y)Z,W).)
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In coordinates (U, ), with respect to the coordinate frame
{0}, the curvature operator and curvature tensor have com-

ponents given by
. J
: Z R (9

*Rije = Z 8imRi'ke-

m

R(0y, 0,)0;
<R(ak9 a[)ah a})

Note that the order and position of the indices is somewhat
a matter of convention.

Exercise C5.3. We can express these components in terms
of the Christoffel symbols and their derivatives:

Rl = O, = 0T} + Z(F}’}FL,{ - F?’zlfi}f)-

2025 January 6: End of Lecture 21

C6. Symmetries of the Riemannian curvature

As a tensor of rank four, the Riemannian curvature is a
fairly complicated object. To understand it better, it is im-
portant to consider its symmetries.

Theorem C6.1. The Riemannian curvature satisfies the
following symmetries:

(1) R(X,Y) = -R(Y, X),

(2) {RX,V)Z, W) = ~(R(X, Y)W, Z),
(3) RX,Y)Z + R(Y,Z)X + R(Z, X)Y = 0,
(4) (RX,Y)Z,W) = (R(Z, W)X, Y).

The antisymmetry (1) is immediate from the defintion of
the operator R(X, Y), and means we can think of this oper-
ator as depending on the two-vector X A Y.

The further antisymmetry (2) is equivalent to saying that
R(X,Y) is an infinitesimal rotation, as we expect it should
be.

Property (3) is often called the first (or algebraic) Bianchi
identity, but is originally due to Ricci. It is probably best
thought of as a variant of the Jacobi identity, noting the
similarity to LxLyZ + LyLz;X + LyLxY = 0.

All four symmetries involve different permutations of the
vector fields X, Y, Z, W, and are related to each other.
Thus, a more sophisticated approach would study them in
terms of representations of the symmetric group S4. For
instance, it is easy to see that, given (4), properties (1) and
(2) are equivalent.

Instead, we start by observing that (4) is an algebraic con-
sequence of the first three. For this, write (3) as

(RX,Y)Z, W) +(R(Y,Z)X, W) + (RZ, X)Y, W) = 0.
Then cyclically permute XYZW to get
(R, )W, X) + (R(Z. W)Y, X) + (R(W, Y)Z, X) = 0.

Add these two and subtract the remaining two cyclic per-
mutations. Using the antisymmetries (1) and (2), the result
follows.

Proof. 1t remains to show properties (2) and (3). By ten-
soriality, it suffices to prove (3) for the commuting basis
vector fields X = 0;, Y = 0, Z = 0. We will abbreviate
V= V(?,-- First note that R(ai,aj)ﬁk = Vi(Vjak)—Vj(V,-(?k).
Thus the sum of three terms can be written as

V,-(Vjﬂk - Vkaj) + Vj(Vkai - V,-ak) + Vk(Viﬁj - Vjﬁ,)

Because the Levi-Civita connection is torsion-free, each of
the expressions in parentheses is a Lie bracket like [0, 0],
but these all vanish.

For (2) it also suffices to consider X = 0;, ¥ = d;. Since
the symmetric part of a bilinear form in determined by its
associated quadratic form, to show the antisymmetry (2) it
suffices to prove

0 = (R(8;,0)Z. Z) = (VV,;Z) - V (V:Z), Z).

That is, it suffices to prove that (V;(V;Z), Z) is symmetric
in i and j. To do so, consider second derivatives of the
function (Z, Z), using the metric compatibility of V:

= 2<Z, VJ(VLZ)> + 2<VJZ, V,Z)

The last term is clearly symmetric, and the left-hand side
is symmetric since [8;, 8;] = 0, so we are done. ]

The antisymmetry properties (1) and (2) mean that the cur-
vature tensor really can and should be thought of as a bi-
linear form on the space A>T, M of two-vectors:

SXAY,ZAW):= —~(R(X,Y)Z, W)

(extended by bilinearity to nonsimple two-vectors). Prop-
erty (4) is then simply the symmetry of S:

SXAY,ZAW)=SZAW,XAY);

this symmetry of course holds for arbitrary two-vectors,
not just simple ones. In these terms, the Bianchi identity
(3) gets no simpler:

SXAY,ZAW)+S(YAZXAW)+S(ZAX,Y AW) = 0.

If X, Y is an orthonormal basis for a two-plane I1 C T,M,
then KII) :=SX A Y, X AY) =R(X, Y, Y, X) is called the
sectional curvature [DE: Schnittkriimmung] of T1. It turns
out that this agrees with Riemann’s original notion: it is
the Gauss curvature of the “flattest” surface N ¢ M with
T,N =11, the image of IT under the exponential map exp,,,
the union of the geodesics through p tangent to I1. (We
will prove this later as Theorem C14.3.)

The inner product g on 7,M induces an inner product on
A>T, M as follows:

(XAY.ZAWY = (X, Z) (Y, W) — (X, W) (Y, Z).

This is also a symmetric bilinear form satisfying symmetry
property (3). Of course the squared length of a simple two-
vector X A Y, given by

AXAYLXAY) =X XYY - (X, Y),
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is the squared area of the parallelogram spanned by X
and Y. In terms of an arbitrary basis X, Y for a two-plane
I c T,M we have

SXAY,XAY)

KD =nvxary

Since any symmetric bilinear form is determined by the as-
sociated quadratic form, it is perhaps not surprising that the
sectional curvatures of all two-planes determine R com-
pletely — but note that here we are considering only simple
two-vectors. The following lemma (applied to the differ-
ence of two possible tensors with the same sectional cur-
vatures) takes care of this problem.

Lemma C6.2. Suppose S is a symmetric bilinear form on
A,V satisfying the Bianchi identity

SXAY,ZAW)+S(YAZXAW)+S(ZAX,Y AW) = 0.

IfFSXANY,XAY)=0forall XandY, then S = 0.

Proof. First compute

0=S(X+YV)AZX+Y)AZ)
=SXAZYANZ)+S(YAZXAZ)
=2S(XAZY AZ).

Now using this we get

0=SXAZ+W),YAZ+W)
=SXAZYAW)+SXAWYAZ).

Then we use this to show

SYAZXAW)=SXAWYAZ) =-SXXAZYAW)
=SZAX,YAW).

That is, S is invariant under a cyclic permutation of XYZ.
But we have assumed the sum of all three cyclic permuta-
tions is zero, so we find § = 0. O

Note that actually there is a formula with 16 terms giving

6SXAY,ZAW)
=S(X+2DAT +W),X+2)A Y +W))
- S(X+2)ANY,(X+Z)ANY)+---.

As noted above, this lemma suffices to prove the following
theorem.

Theorem C6.3. The sectional curvatures K(IT) of two-
planes 11 C T,M completely determine the Riemannian
curvature (operator or tensor) at p € M.

2025 January 7: End of Lecture 22

C7. Flat metrics

We next wish to examine the case of Riemannian mani-
folds with curvature zero.

We start with some results about commuting vector fields
that we could have proved earlier.

Theorem C7.1. Suppose f: M — M is a diffeomorphism
and X € X(M) is a vector field with local flow 6, and inte-
gral curves y,. Then the following are equivalent:

e X is f-invariant: X = f.X,

o f maps flow lines to flow lines: f oy, =y,
e f commutes with the local flow: f o6, =6, o f.

We leave the proof as an exercise. (Compare Boothby
IV.5.7.) Applying the theorem to the case where f is the
flow of another vector field Y, we get the following. (Com-
pare Boothby IV.7.12.)

Corollary C7.2. If y; and 6, are the local flows of vector
fields X and Y, respectively, then X and Y commute in the
sense that [X,Y] = 0 if and only if the flows commute,
meaning that for any p € M we have xs(6,(p)) = 0;(xs(p))
whenever |s| and |t| are sufficiently small.

If we have a whole frame of commuting vector fields, then
their flows all commute, and we will show that they are the
coordinate vector fields in an appropriate coordinate chart.
This is a version of the standard compatibility conditions
for the existence of solutions to a first-order PDE. (The
basic example is the condition g, = h, for the equation
fx = & f; = h. This condition is obviously necessary, but
is also sufficient: we can find f by iterated integration.)

Corollary C7.3. Suppose {X;} is a frame of commuting
vector fields, meaning [X;, X;] = 0. Then around any p €
M there is a coordinate chart (U, @) such that X; = 0; are
the coordinate vector fields.

Sketch of proof. We first consider the flow line y, of X;
through p, defining ¢(y,(1)) = (¢,0,...,0). Then from
each point along this line, we consider the flow line of X,
to define the second coordinate. Because [X;,X>] = O,
the x!-coordinate lines not through p are also flow lines of
X;. We continue by induction, flowing along X3, ..., X,
in that order to define ¢ on a whole neighborhood of p.
Equivalently, if ¢ denotes the flow of X;, then in the end
we have

¢t t) = O (G20 (D) ).

From this formula, it is clear that the last coordinate vector
field is d,, = X,,. But the commutativity means that the
flows on the right-hand side can be permuted arbitrarily,
so we have 9; = X; for all i, as desired. m]

As an aside, we briefly remark on a generalization of this
result. A k-plane distribution A on M is a smooth choice
of a k-dimensional subspace A, C T,(M) in each tangent
space. Itis called involutive if whenever X and Y are vector
fields tangent to A (meaning X,,Y, € A, for all p), their
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Lie bracket [X, Y] is also tangent to A. It is called com-
pletely integrable if through each p € M there is locally a
k-dimensional submanifold N such that T,N = A, for all
g€ N.

As an example, consider the two-plane distribution on R3
spanned by X; = 0 and X, = 0> +x'8;5. It is nowhere invo-
lutive and thus forms what is known as a contact structure
on R3. For instance at the origin, X; = 0; but [X;, X»] = 0s.

A completely integrable distribution is certainly involutive,
since the Lie bracket of vector fields tangent to N is again
tangent to N. The Frobenius Theorem (compare Boothby
IV.8.3) says that the converse holds as well: A is involu-
tive if and only if it is completely integrable. The proof
proceeds first by showing that given any involutive A we
can locally find kK commuting vector fields spanning A, at
each point. We then use their flows, as in the proof of
Corollary C7.3, to find a coordinate chart for the submani-
fold N.

Now we turn to the result we want about flat manifolds.

Theorem C7.4. A Riemannian manifold M™ is locally iso-
metric to R™ if and only if it is flat [DE: flach] in the sense
that its Riemannian curvature vanishes.

We will merely outline the proof, using Corollary C7.3
along with one further lemma, which can again be inter-
preted as giving the compatibility condition for a PDE to
have a solution.

So far we have considered vector fields (or more generally
sections of a vector bundle with a connection) which are
parallel along a given curve y. We say a section is parallel
[DE: parallel] if is it parallel along all curves, that is, if its
covariant derivative in every direction vanishes. For many
connections, the the zero section is the only parallel sec-
tion in this sense. The lemma interprets the vanishing of
curvature as a compatibility condition for the existence of
a frame of parallel sections.

Lemma C7.5. Given a connection V on a vector bundle
E — M we have R = 0 if and only if locally around any
point p € M there is a frame {o,} of parallel sections,
meaning sections satisfying Vxo, = 0 for every vector
field X.

Sketch of proof. One direction is easy, since a parallel sec-
tion o, has vanishing holonomy around any loop, implying
RY(X,Y)o, = 0.

For the converse, we work in a coordinate chart around
p € M, and start with an arbitrary basis {0} for E,,.
We parallel transport each basis vector first along the flow
line of 0; through p, then from there along the flow lines
of 0. The vanishing of curvature RY(8,,8,) shows that
the resulting sections over this two-dimensional surface
patch S are parallel also along 9, hence along any curve
in S. We continue by induction, parallel transporting along
03, ...,0, in that order. O

Applying this lemma to a manifold with vanishing Rie-
mannian curvature, we can pick an orthonormal frame for
T, M and extend it to an parallel frame {E;} on some neigh-
borhood of p. By the properties of Riemannian parallel

transport, this frame is orthonormal at every point. Be-
cause the Levi-Civita connection is symmetric, these vec-
tor fields then commute:

[EHE]] = VEiEj_VEjEi =0-0=0.

In the coordinate chart (U, ¢) we get by applying Corol-
lary C7.3 to our orthonormal frame {E;} we have g;; = J;;.
That means that ¢ is a local isometry from U to R, finish-
ing the outline of the proof of the theorem.

C8. The differential Bianchi identity and constant
curvature metrics

Recall that the connection on the tangent bundle induces
connections on the various associated bundles like tensor
bundles, through Leibniz-style product rules. Thus we can
talk about the covariant derivative of the curvature opera-
tor, meaning

(VxR)(Y, )W := Vx(R(Y, Z)W)
— R(VxY,Z)W — R(Y,VxZ)W — R(Y, Z)VxW.

As for the covariant derivative of any tensor field, this is
tensorial, meaning it is C*-linear in each of its four argu-
ments. The following symmetry property of these covari-
ant derivatives is called the (differential or second) Bianchi
identity [DE: Bianchi-Identitdit].

Proposition C8.1. The covariant derivative of the Rie-
mannian curvature satisfies

0 = (VxR)(Y,Z)W + (VyR)(Z, X)W + (VZR)(X, Y)W.

Proof. By tensoriality we can assume that X, Y,Z, W are
basis vector fields from a coordinate frame {9;} and thus
that they commute with each other. Then because the terms
with Lie brackets can be omitted, we get

(VxR)(Y, Z)W = VxVyV, W — ViV, Vy W
— R(VyxY,Z)W — R(Y,VxZ)W
- VyVZVXW + V2VyVXW

Using the commutativity of the vector fields again, this
time in the form VxZ = V;X, we can replace —R(Y, VxZ)
by +R(VzX,Y).

Next we write the corresponding expansions with X, Y,Z
cyclically permuted. When we add the three right-hand
sides, we find that everything cancels to give zero. )

We will use this Bianchi identity to prove a theorem of
Schur saying that isotropic manifolds actually have con-
stant curvature.

Definition C8.2. A Riemannian manifold M is called
isotropic [DE: isotrop] at p € M if K(IT) is a constant K(p)
independent of the two-plane IT C T,M. If K(II) = K is
constant for all two-planes in all tangent spaces T,M, we
say M has constant curvature [DE: konstante Kriimmung].
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Note that if we set
RiX,NZ =Y, Z)X - (X,2)Y,

then this is an operator with the same symmetries as the
Riemannian curvature operator. Indeed it would be the cur-
vature operator for a metric of constant curvature K = 1,
since it is just a reformulation of the inner product on
A>T\, M we used above:

—“(RIX,V)ZW) = (X AY,ZAW).

We see that M being isotropic at p simply means that the
Riemann curvature operator is R = K(p)R; there.

Lemma C8.3. We have VxR, = 0.

We leave the proof as an exercise using the metric compat-
ibility of the Levi-Civita connection.

Theorem C8.4. Suppose M™ is a connected Riemannian
manifold of dimension m > 3 which is isotropic at every
point p € M. Then M has constant curvature.

Note that this is of course false for m = 2: any surface is
trivially isotropic but need not have constant Gauss curva-
ture.

Proof. We have R(X,Y)Z = KR (X, Y)Z for some smooth
function K: M — R. Taking derivatives and using the
lemma we find

(VxR)(Y, D)W = (XK)R\(Y,Z)W
= (XK)(Z. W)Y = (Y, W) Z).

Adding this to its cyclic permutations (in X, Y, Z), the left-
hand side vanishes by the Bianchi identity. So rearranging
the right-hand side, we get

0 = ((ZK) (Y. W) = (YK) (Z, W)X
+ ((XK) (Z,W) - (ZK) (X, W))Y
+ (YK) (X, W) = (XK) (Y, W))Z

For any X € T,M, since m > 3, we can choose Y,Z
such that X, Y, Z are orthogonal, in particular linearly in-
dependent. Then each of the three coefficients vanishes:
0= (XK){Z,W) - (ZK) (X, W), etc. Taking W = Z gives
XK = 0. Thus an arbitrary directional derivative of the cur-
vature function K vanishes, proving that it is locally con-
stant, and thus constant on the connected manifold M. O

2025 January 13: End of Lecture 23

The following theorem can be proved most easily by using
calculations in normal coordinates; we skip the proof.

Theorem C8.5. Any two m-manifolds of the same constant
curvature K are locally isometric.

Of course if we rescale a Riemannian metric g by a con-
stant factor 4, it is easy to see that the Riemannian curva-
ture scales by 172, Up to scaling, any manifold of nonzero
constant curvature has curvature K = +1.

The standard example of a manifold of constant curvature
K = 1is the unit sphere S” ¢ R"*!. Indeed, the sphere has
enough symmetries to show immediately that the sectional
curvature is constant. The exponential image of any two-
plane is a unit two-sphere with K = 1. Similarly, the stan-
dard example of a manifold of constant curvature K = —1
is hyperbolic space H", which we will define below.

Using the theory of covering spaces, one obtains in the end
the following classification theorem.

Theorem C8.6. Any complete, connected manifold of con-
stant curvature is, up to rescaling, isometric to the quotient
of S™ or R™ or H™ by some discrete, fixed-point free group
of isometries.

C9. Hyperbolic space

One approach to define the hyperbolic space H”, the com-
plete, simply connected space of constant curvature K =
—1 is as a “unit sphere” in Lorentz space R™!, but this re-
quires developing the theory of pseudo-Riemannian man-
ifolds (with indefinite scalar product). Instead, we will
model H" as open subset of R” with a metric conformally
equivalent to the flat one.

Suppose ¢: U — R is a smooth function on an open set
U c R™. Consider the Riemannian metric on U given by
8ij = e2¢6; ;. Abbreviating the derivatives of ¢ as ¢ :=
Jrep we can compute the Christoffel symbols as

T = —@idj — @0 + @ilij.
This vanishes if i, j, k are distinct; otherwise it simplifies to
T = ~¢i, T=¢ Fi:j = r;’i =%

Now for the Riemannian curvature, we first note that
Rijie = Y, gmR™, = e R, ,. Using the formula

Rl = O~ 0T} + Z(F%ri’lk - r;;lcrfnf)

mentioned earlier for the Riemannian curvature, we see
immediat.ely. that Ri’k{ (Qr equivglently Rij{cé’). Van.ish.es if
the four indices are distinct. With three distinct indices,
we have

R =0T, =0+ Z(F?}an T j).
m

but the sum reduces to F{jl"j L = ©itpr SO we get
R\, = @i + @i Rijij = € (=i + ©igr).
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With just two distinct indices, we obtain
iij ij" mi - mj

R, =or) o)+ Y (tyr, - rir, |

= —@ii— )i+ F’ 1"’ + 1"’1"’

ijoii ijij
~ 0+ 0 - " T
ij i jj i~ mj
m#i,j

=—pi-g- Gt -G+ D
m#i, j

=Z¢%1_90,‘2_90§_90ii_¢jj~
m

It follows, for instance, that the sectional curvature of the
plane II;; spanned by the orthogonal vectors ; and 0 is

= —e™R.
iij

R:::
K(Hij) T
8ii8jj

= _62¢(Z <P31 - </’i2 - ‘P? — i — ‘/’jj)-
m

Now we consider the special case we are interested in,
where U = {x' > 0} is a halfspace, and 8ij = 6ij/(x1)2,
corresponding to ¢(x) = log(x'). Then ¢; = 1/x' and
@11 = —1/(x")?, while the other derivatives vanish. Thus
K(I1;;) = €*¢1; = —1 and also K(I;)) = —e*¢? = —1. Of
course, it is not sufficient to just compute the sectional cur-
vatures of these coordinate planes. But in fact our formulas
for all the Rl.’M show that in this case R = —R; or equiva-
lently Rijee = —(8ij8ke — gigje) = —(6i0ke — Sudjo)/(x")".
We define the m-dimensional hyperbolic space to be this
Riemannian manifold (U, g). One can compute that the
geodesics are the rays and semicircles perpendicular to the
bounding plane {x' = 0}. Each of these has infinite length
in both directions, so the space is complete. The isometries
of H" correspond to those Mobius transformations of R
that preserve U.

Another equivalent conformal model for H” uses ¢ =
log(1 — |x|*) — log?2 on the unit ball U = {|x| < 1}. This
should be compared to the coordinate chart for S under
stereographic projection, where on U = R” we get the
metric specified by ¢ = log(1 + |x|?) — log 2.

C10. Pinched curvature

We outlined the theorem that a complete, simply connected
manifold M™ with constant sectional curvature K > 0 is
isometric to a round sphere of radius 1/ VK. If we drop
the assumption of completeness, then examples become
too varied to describe easily. But if we instead drop the
assumption that M is simply connected, the theory of cov-
ering spaces and fundamental groups shows that M is a
quotient of S™ by some discrete group I of isometries (act-
ing without fixed points).

One example is real projective space

RP™ = (R™! \ {0})/R* = S"/{+1)},

the quotient of the sphere by the antipodal map.

Using linear algebra, it is not hard to show that this is the
only example if m is even: We view I as a subgroup of the
orthogonal group O, . Each orthogonal matrix A € I" has
eigenvalues which are either +1 or come in complex pairs.
Since the action is fixed-point free, only the identity / € I’
can have +1 as an eigenvalue. Since n + 1 is odd, any A
has at least one real eigenvalue +1. Then A2 € T has +1 as
an eigenvalue, so A> = I. This implies that all eigenvalues
of A are +1. Since a nonidentity element cannot have any
eigenvalue +1, the only two allowed cases are all +1 or all
—1, thatis A = 1.

On the other hand, for odd m = 2n + 1 > 1 there are
infinitely many examples, many best understood by con-
sidering S?™*! ¢ C"!. Any unit complex number z = e
acts by multiplication on each component of (zo, . ..,z,) €
C"*!, giving a rotation of S*"*!. In particular, choosing
z = e”™/k gives an action of the finite cyclic group Z; of or-
der k. The quotient S*"*!/Z, is a specific example of a lens
space [DE: Linsenraum]; the quotient metric has constant
sectional curvature K = 1.

What if we consider manifolds with positive scalar curva-
ture “pinched” between two constants? Complex projec-
tive space

CP" = (Cn+l N {O})/C* — SZrH—l/Sl’

which is simply connected, provides a canonical example.
Here, the action of the unit circle S! is the same diagonal
action on C"*! considered above. But the quotient map is
no longer a local isometry, because we are collapsing one
dimension. Instead it is a Riemannian submersion [DE:
Riemann’sche Submersion], and formulas due to O’Neil
allow a straightforward computation of the curvatures of
the quotient space: the sectional curvatures of CP" with
this natural metric (also called the Fubini—Study metric)
satisfy 1 < K < 4. Also other so-called rank-one symmet-
ric spaces have metrics with the same bound.

This led to a conjecture that the sphere is the only
complete, simply connected manifold admitting a strictly
“quarter pinched” metric, with sectional curvatures vary-
ing by a factor less than 4. In 1960, Berger and Klingen-
berg independently proved that if M has 1 < K < 4 then
M is homeomorphic to S™. Of course the existence of ex-
otic spheres (Milnor, 1956) leads us to ask whether M is
diffeomorphic to (the standard) S™. In 2009, Brendle and
Schoen used Ricci flow to prove this “differentiable sphere
theorem”, even under the weaker assumption of pointwise
pinched curvature:

Theorem C10.1. If a complete, simply connected mani-
fold M satisfies at each p € M the bound 0 < K(II) <
4K(IT’) for any two 2-planes ILII' C T,M, then M ad-
mits a metric of constant sectional curvature, and is thus
diffeomorphic to S™.

2025 January 14: End of Lecture 24
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C11. Ricci curvature

We recall from linear algebra that the frace [DE: Spur] of
a linear operator A: V — V on an m-dimensional vector
space V (that is, an endomorphism [DE: Endomorphismus]
of V) is defined as trA := Y; AL, where (A/) is the matrix
representation of A in an arbitrary basis. Equivalently, the
trace is the sum of the eigenvalues (with multiplicities).

Note that a more invariant definition uses the identification
End(V) = L(V,V) = V® V*, where v ® w is identified
with the (rank-one) endomorphism w +— w(w)v. Then we
define tr(v®w) := w(v) and extend linearly to all of V® V™.

Now suppose that V has an inner product (-,-). Asso-
ciated to the linear operator A is then the bilinear form
(v, w) — (Av,w). Choosing any orthonormal basis {e;}, we
have tr(A) = ) ; (Ae;, e;). If we average this formula over
all orthonormal bases (that is, over the group O(V) = O,,)
we note that each unit vector e € V occurs equally often.
Thus we can express the trace as (m times) an average over
the sphere of unit vectors:

tr(A) = m <a\;§1 (Ae, e).

(Technically, this average is an integral with respect to the
rotation-invariant probability measure on the sphere.)

Suppose we want to use the trace to simplify the Rieman-
nian curvature. The curvature operator Z — R(X,Y)Z
we have discussed before is skew-symmetric (with respect
to g), so it of course has trace zero. But consider instead
the operator Z — R(Z,X)Y. We define the Ricci tensor
[DE: Ricci-Tensor] of M as the bilinear form

Ric(X,Y) := tr(Z — R(Z,X)Y)

on each T,M. For any orthonormal basis {e;} of T,M, we
have according to the formulas above for trace,

m

Ric(X,Y) = Z (R(e;, X)Y, e;) = Z S(X AeiY Ae)
1 1

This formula makes it clear that Ric is a symmetric bilinear
form on T, M. In coordinates it has the components Ric;; =
2k Rikk i

To understand its geometric meaning, we focus on the as-
sociated quadratic form. Suppose X € T, M is a unit vec-
tor and choose an orthonormal basis {ej,es,...,¢e, = X}
including X. Then

Ric(X, X) = tr(Z — R(Z, X)X)

m—1

= i (R(e;, em)em, ey = Z K(Him),
i=1 i=1

where I1;, denotes the 2-plane in T, M spanned by the ba-
sis vectors e¢; and e,,.

Averaging over all orthonormal bases with e,, = X (that
is, over the orthogonal group O,,_; acting on the subspace
normal to X), we see that the Ricci curvature [DE: Ricci-
Kriimmung] at p in direction X,

Ric(X, X) = (m — 1) ave K1),
I1E)¢

is (m — 1 times) the average sectional curvature of all 2-
planes in 7, M that contain X.

For m = 3 (but not for m > 3) the Ricci curvature at p
determines all the sectional curvatures at p. (To under-
stand this, note that a 2-plane in 7,M can be represented
by its normal vector, using the Hodge star isomorphism
AoT,M = T,M. Thus we can view the sectional curva-
tures as a quadratic form S on T),M; we can pick an or-
thonormal basis which diagonalizes S as diag(a, b, c¢) ; the
Ricci curvature R(X, X) is the average of S over the great
circle orthogonal to X and is thus diagonalized in the same
basis.)

We say that M has constant Ricci curvature [DE: konstante
Ricci-Kriimmung] A at p if Ric(X, X) = A independent of
the unit vector X € T,M, or equivalently if Ric = Ag
(meaning Ric(X,Y) = Ag(X,Y) for all X, Y, or in compo-
nents Ric;; = Ag;;).

A theorem of Schur (related to the one we proved about
sectional curvature) says that if M™ is a connected mani-
fold of dimension m > 3 that has constant Ricci curvature
at each point p € M, then A is independent of p; that is,
M has globally constant Ricci curvature Ric = Ag. Such a
manifold is called an Einstein manifold [DE: Einsteinman-
nigfaltigkeit] because of the similarity of this equation to
Einstein’s field equation in general relativity.

Many celebrated theorems in Riemannian geometry deal
with manifolds of bounded Ricci curvature. We mention a
few of these.

Theorem C11.1 Myers’ Theorem, 1941). If M™ is a com-
plete, connected manifold with Ricci curvature Ric > ”"—Zl
then M is compact and diam(M) < nr. Equality holds only
for a round sphere of radius r.

We will prove this theorem later. It is sometimes called
the Bonnet—-Myers theorem, since the first result in this di-
rection is due to Bonnet in 1855: a closed convex surface
in R? with Gauss curvature K > 1/r2 has diameter at most
nr.

As a corollary, we conclude that any compact manifold
of positive Ricci curvature has finite fundamental group
(since the diameter bound applies to the universal covering
as well).

Now let M¥ denote the m-dimensional (simply connected)
model space of constant sectional curvature K, that is, an
appropriately scaled version of the sphere, Euclidean space
or hyperbolic space. Then My has constant Ricci curvature
Ric = (m — 1)K. We let V{(r) denote the volume of a
geodesic ball of radius 7 in MYy.

Theorem C11.2 (Bishop—Gromov Inequality, 1963). If
M"™ is complete with Ricci curvature Ric > (m — 1)K, then
forany p e M,

vol(B-(p))
Vi (@)

is a non-increasing function of r € (0, 0). In particular,

since this ratio limits to 1 as r — 0, it is always less than 1:
balls in M are no larger than balls in the model space M.
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A geodesic line in M means a geodesic y: R — M such
that every subarc is length minimizing: d(y(a), y(b)) = |b—
al. (For example, in Euclidean or hyperbolic space, every
geodesic is a geodesic line. By contrast, on the paraboloid
z= x> +y*in R3, the intesection with the plane y = 0 is an
embedded geodesic y: R — M but not a geodesic line.)

Theorem C11.3 (Cheeger—Gromoll Splitting Theorem,
1971). If M is complete with Ric > 0 and M contains a
geodesic line, then M is isometric to a product N X R.

Note that all these theorems involve lower bounds on the
Ricci curvature. Unlike in dimension 2, where the sphere
(by Gauss—Bonnet) has no metric of negative curvature, it
turns out that in higher dimensions, upper bounds on the
Ricci curvature place no constraints on the topology of M:

Theorem C11.4 (Lohkamp, 1994). Any manifold M™ of
dimension m > 3 admits a metric of negative Ricci curva-
ture Ric < 0.

The Ricci flow dg;;/0t = =2 Ric;; is a nonlinear heat flow
of Riemannian manifolds which tries to smooth out the
Ricci curvature. Negatively curved parts of the manifold
expand, while positively curved parts shrink. For an Ein-
stein manifold, the flow is just a homothety.

For a surface parametrized conformally with g;; = €*6;;,
one can show that Ric;; = —Azp9;; so the Ricci flow be-
comes 9;¢ = Agp. If ¢ were just a real-valued function on
a surface with fixed metric, this would be the linear heat
flow on the surface, using the intrinsic Laplace-Beltrami
operator A,. But here the nonlinearity comes from the fact
the metric g, and thus the Laplace-Beltrami operator Ay,
is varying in time depending on ¢.

Richard Hamilton had the idea of proving Thurston’s ge-
ometrization conjecture using Ricci flow. Recall that one
version of the classical uniformization theorem for sur-
faces says that any surface admits a metric of constant cur-
vature and thus is a quotient of the sphere, euclidean space
or hyperbolic space. Thurston’s geometrization conjecture
is an analog for 3-manifolds, saying that once a 3-manifold
has been decomposed in a standard topological way (the
so-called JSJ-decomposition along tori within each prime
summand) each piece will admit one of the following eight
standard homogeneous metrics:

3B, B2, S? xR, H? xR, SILR, Nil, Solv.

Although the latter cases initially seem mysterious, it was
easy to show that they correspond to Seifert fibered spaces,
which are relatively easy to classify, as well as (in the case
of Solv) to mapping tori of Anosov maps. The most in-
teresting, still open questions concern the classification of
hyperbolic 3-manifolds, which form the largest class.

It is not hard to show that a geometric manifold with finite
fundamental group has to be of spherical type, that is, a
finite quotient of S*. In particular, Thurston’s geometriza-
tion conjecture implies the much older Poincaré conjec-
ture, that any simply connected 3-manifold is a 3-sphere.

Hamilton proved short-time existence of the Ricci flow
starting with any compact M™, but noted that the flow can

develop singularities. He proved that starting with a man-
ifold M? with Ric > 0, the renormalized flow (keeping
volume constant) converges to a spherical metric of con-
stant sectional curvature. (The non-renormalized flow will
shrink such an M to a point in finite time.)

Famously, Grigory Perel’'man (2003) figured out a way
to do surgery in M? and continue the flow after a singu-
larity. Using this he completed Hamilton’s program to
prove Thurston’s geometrization conjecture. Perel’man’s
preprints were a bit sketchy, but had all the right ideas, and
various teams had completed full expositions of the proof
by 2006. Perel’man was offered a Fields Medal and a Clay
Millennium Prize of a million dollars, but refused both.

2025 Janyary 20:

End of Lecture 25

C12. Variation of energy

Suppose y: [a,b] — M is a smooth curve from y(a) = p to
v(b) = q in a Riemannian manifold M. We want to under-
stand when a geodesic from p to ¢ is length-minimizing, at
least locally among nearby curves from p to g. Technically
it turns out to be easier to replace the length functional with
Dirichlet energy.

Definition C12.1. The (Dirichlet) energy of the curve v is

._1 72 _1 ’o
E(y).—zflyl ds—zf(y,ﬂd&

Note that by the Cauchy—Schwarz inequality,

(len(y))* = ( f |y'|ds)2
< (flzds)(flﬂzds) =2(b-a)E(y).

Equality holds exactly when |y’| is constant.

Thus y minimizes energy (among curves from p to g) if
and only if ¥ minimizes length and has constant speed. Al-
though we are initially interested in length, we consider
instead how energy changes as we vary the curve v, since
the formulas are simpler and the minimizers are uniquely
parametrized.

Definition C12.2. A variation [DE: Variation] of y is a
smooth map ¢: [a, b] X (—¢&, &) — M such that, thinking of
¢ as a one-parameter family of curves y,(s) := ¢(s, 1), we
have yy = .

For the derivatives of ¢ we write ¢, := D¢(d,) and ¢, :=
Dy(0;). In particular, ¢,(s,?) = y;(s) is the velocity vector
along the curve vy,, and ¢,(s, t) can be called the variation
field along y;. Along the intial curve y (that is, for t = 0)
we have

@5(5,0) =¥ (s), @i(s5,0) =: V(s) = Vi),

defining the variation field [DE: Variationsfeld] V along y.

The following lemma, essentially equivalent to the fact
that coordinate vector fields commute, could be expressed
more precisely in terms of the pullback of the Levi-Civita
connection on M via ¢ to the rectangle [a, b] X (—¢, €).
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Lemma C12.3. We have V, ¢, = V,,¢;.

Proof. Since [0y, 0;] = 0 on [a, b] X (—¢, ), we have
0 = DSD([aY’at]) = [D‘P(av)a D¢(61)]
= [()DS’ ‘Pt] = V%QOI - V(p,‘ps,

where at the end we use the fact that the connection is
torsion-free. O

Theorem C12.4 (First Variation of Energy). Given any
variation of a curve y with variation field V, the first vari-
ation of energy is

, b
a—f(V,Vy/y)ds.
a

d ,
SEQ) = 4| B0 =)
tli=0
Proof. For any t, we have

d 1 0

ZEv)y=- | =

5 E0) 2fat(tps,sos>ds
= f(V%gas,goS)ds = f(vtp,v‘:pt’QDQdS

0

= &(‘Pt#’» — s V%-‘Ps‘>d5

b b
:<¢t’¢‘Y> _f<¢tsvtpx§0s>ds~

Att = 0 we have ¢, = V and ¢, = ¥/, giving the desired
formula. o

Note that if the initial curve y is parametrized at unit speed,
then this same formula gives dy len(y), because then the
initial z-derivative of |y’| is the same as that of |y’[?>/2.
Compare the formula we had last semester (in section
1.A4) for the first variation of length.

As a corollary, we see that vy is a critical point of E under
variations fixing the endpoints (that is, with V,, = 0 = V)
if and only if V.9 = 0, that is, if and only if y is a
geodesic.

What about the second derivative of energy along this vari-
ation? Using the formula from the last proof, we have
dd—;E(y,) = f %(V%got,cps)ds. The integrand here is

0
E(V%S"t’ @) = <V«p.;‘101’ Vw‘%) + <V«pzvsa.\-‘Pt’ ®s)

2
= |V<Ps¢’t| + <R(‘Pza ©s)Prs 90s>
+ <V¢.;V¢,‘Pt’ ®s)

2
= Ve = (R )05 1)

0
+ a<vtp,</’ra 90s> - <V¢,90z’ V«psﬁps}'

Thus at t = 0, where ¢, = V and ¢, = y’, we get
2

d
SvEW) = o5 E(r)

t=0

b b
=(Vveny') _f<VV¢tsVy’7’>ds

b
+f
a

’ 2 ’ ’
V V[ = (R(V.Y')y. V) ds.

This formula simplifies when v is a geodesic (V,,y" = 0)
and V vanishes at the endpoints.

Theorem C12.5. The second variation of energy for a
geodesic y with fixed endpoints is

b
2 / /
62V,VE(7)=f|Vy/V| —(R(V,Y')y', V) ds.

Corollary C12.6. If M has nonpositive sectional curva-
ture K < 0, then for any nonzero V we have 6%,,VE(7) > 0.
Thus any geodesic (no matter how long) is strictly locally
minimizing (among nearby curves with the same fixed end-
points).

Consider for instance a helical geodesic wrapping several
times around a cylinder. It is clearly not the path of least
length between its endpoints, but it is locally minimizing:
no variation can reduce its length.

Corollary C12.7. Integrating by parts, we can rewrite the
second variation formula as

b
SyE®) = - f <R(V, Y)Y + 9,9,V V> ds.

Definition C12.8. If y is a geodesic in M, then a variation
vector field V along vy is called a Jacobi field [DE: Jacob-
ifeld] if

RV,yY +V,V,V =0.

Note that this is a linear second order ODE for V along 7.
Thus there is a unique Jacobi field with any given initial
values V), and (V,/V), at p. The linear space of Jacobi
fields along vy has dimension 2m.

Proposition C12.9. Suppose ¢ is a variation of y through
geodesics, meaning that 7y, is a geodesic for each t. (We
don’t require fixed endpoints.) Then the variation field V =
¢; along vy is a Jacobi field.

Proof. We have

0 = V‘/’f(VW.v<pS) = Vtﬂv(vtngos) + R(‘pt’ QDS)QOX
= Vo, (Ve 00) + R(r, 05)ps.

Att=0this gives0 =V, V. V+R(V,y)y. O

Note that for any constants ¢, d € R, the field V = (cs+d)y’
is a (tangential) Jacobi field along a geodesic y, corre-
sponding to varying the constant-speed parametrization
of y. (Such a field vanishes at no more than one points
s = —d/c.) Most interesting is the complementary family
of normal Jacobi fields, which has dimension 2m — 2.

Definition C12.10. If vy is a geodesic then a pair of points
p # g on vy are called conjugate points [DE: konjugierte
Punkte] if there is a nontrivial Jacobi field along y vanish-
ing at p and q.

Note that the Jacobi field vanishing at both p and g is nec-
essarily a normal Jacobi field. It can be integrated to give
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a one-parameter family of geodesics starting at p (in dif-
ferent directions), all of the same length and ending almost
at . (One could say they end at some point g + O(#2).) It is
not hard then to show that no piece of the initial geodesic
v that strictly includes the arc pq can be locally minimiz-
ing. (Roughly speaking, we could replace the subarc pq
by a different nearby geodesic, giving a curve of the same
length with a corner at p; by rounding this corner we can
reduce length to first order in ¢.)

2025 January 21: End of Lecture 26

If M has constant sectional curvature K and vy is a unit
speed geodesic, then for a normal field V along y we have
R(V,y")y’ = KV so the equation for a normal Jacobi field
becomes V,,V,,V = —KV. For any unit vector W € T,M
normal to y’(0) we extend it to a parallel field along 7.
Then there is an explicit formula for the Jacobi field with
initial conditions V(0) = 0, V,,V(0) = W in terms of K:

sin(s \/E)W(s) / VK if K >0,
sW(s) if K=0,
sinh(s V=K)W(s) / V=K if K <0.

J(s) =

On a round sphere of radius r (with K = 1/r?) antipodal
points +p are conjugate points, and there is indeed a one-
parameter family of different geodesics connecting them,
obtained by rotating around the axis +p. The Jacobi field
is the velocity field of this rotation.

Let y be a unit-speed geodesic in M starting at p = y(0).
We know there is an m-dimensional family of normal Ja-
cobi fields V along y vanishing at p; they are parametrized
by V,,V € T,M. The normal Jacobi fields vanishing
at p have a nice interpretation in terms of the expo-
nential map exp,: T,M — M, since geodesics through
p are just the images of lines through the origin. Let
X,Y € T,M be orthogonal unit vectors. Then X(¢) =
Xcost+ Ysint is a great circle in the unit sphere in 7, M
and y,(s) = expp(sX(t)) gives a one-parameter family of
unit-speed geodesics. The initial variation along y = 7y
is V(s) = Dsxexp,(sY). It is of course a Jacobi field
along y, namely the one vanishing at s = 0 and with
VyV(0) = Dyexp,(Y) = Y there.

Now to say that ¢ = y(s) = exp,(sX) is conjugate to
p = y(0) means that one of these Jacobi fields vanishes
at g. That is exactly equivalent to saying that Dx exp,, is
not injective. Conjugate points are places where the expo-
nential map fails to be an immersion.

We are now ready to sketch a proof of Myers’ Theorem,
which we mentioned before.

Theorem C12.11. Assume M™ is a complete, connected
manifold with Ricci curvature Ric > m — 1. Then M is

compact with diameter diam M < .

Proof. Fix points p,q € M. By the Hopf—-Rinow theorem,
the completeness of M implies there exists a minimizing
unit-speed geodesic y: [0,L] — M from p to g, where
L =d(p,q). We must show L < .

Choose an orthonormal basis Ey, ..., E, = y'(0) for T,M
and each extend each E; to a parallel field along y. Since y

is a geodesic, we have E,,(s) = y’(s) for all s. Now define
variation vector fields Vi(s) = sin7* E; along y, noting
that these vanish at p and g. We compute

2
b s Vil &
V, Vi = I cos T E;, V,V, V= 7 sin T E;,

so that the second variation of energy in direction Vj is

L
6‘2/k»VkE(y) = _f sin® — <R(Ek, m)Em’Ek> ds

f —sm —ds

bis
= f (L2 K(Hkm)) sin> — ds
where I1;,, is the two-plane spanned by E; and E,,. Since y
is minimizing, this second variation must be nonnegative.
Summing over k = 1,...,m — 1, we get

fL( (m — 1)r?
0 L?

Thus the integrand must be nonnegative somewhere,
meaning (m — 1)n%/L? > Ric(E,,, E,,) > m — 1 there. That
is, 72 > L? as desired.

— Ric(E,, Em)) sin? % ds > 0.

A complete manifold M of finite diameter d is automati-
cally compact, since M is the image of the compact ball
B,4(0) under the exponential map exp,,, forany pe M. O

2025 January 27: End of Lecture 27

C13. Scalar curvature

The Ricci curvature, being a symmetric bilinear form on
T,M, is a much simpler object than the Riemmian curva-
ture, but sometimes it is useful to consider a further sim-
plification.

Definition C13.1. The scalar curvature [DE: Skalarkriim-
mung] § € C*(M) of a Riemannian manifold (M, g) is the
trace of the Ricci curvature with respect to g:

S =tryRic = Z Ric = Z " Ricj,
i ij

where Ricf = > gjk Ricy. If {E;} is locally an orthonor-
mal frame, then S = };Ric(E}, E;); we conclude that
S (p) is m times the average Ricci curvature Ric(E, E) over
all unit vectors E € T,M. In turn, this means S(p) is
m(m — 1) times the average sectional curvature of all two-
planes in T, M.

The Yamabe problem asks, given a compact Riemannian
manifold (M™, go) of dimension m > 3, whether there is
a conformally equivalent metric g = e?go with constant
scalar curvature. Through work of Trudinger, Aubin and
Schoen, this is known to be true. The idea is that metrics
of constant scalar curvature are the critical points for the
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total scalar curvature f S dvol under volume-preserving
conformal changes of metric. (Only Einstein metrics of
constant Ricci curvature are critical points under arbitrary
volume-preserving changes.)

It is known that any manifold of dimension m > 3 admits
a metric of constant negative scalar curvature. (This con-
trasts to the case of surfaces, where this fails for the sphere
and the torus.) There are still interesting open questions
about which manifolds admit metrics of constant positive
scalar curvature.

To further indicate the geometric meaning of Ricci and
scalar curvature, we list a few facts about computations
in geodesic normal coordinates around a point p € M.

The metric is
1
8i/(X) = 6+ 3 ) Rigj ' + O(xP).
3 k.l

The volume factor is

1
Jdetgii(x) =1 - < D Ricge x5’ + O(P).
kL

So along a geodesic y(¢) = expp(tV) with |V| = 1 we have

Jdetgi(v0) = 1- wﬁ + 0.

If a,, denotes the volume of the unit ball in R™, then the
volume of a geodesic ball of radius r is given by

S(p)

vol(B,(p)) = amrm(l T em+ )

r+ 0(r3)).
Similarly, for the (m — 1)-dimensional area of the sphere,
area(S (p)) = mamr’"*l(l

S , 3
—mr +O(r ))

In particular for a surface M 2 wehavea, = rand S = 2K,
so the circumference of a geodesic circle of radius 7 is

2 = SK(pI + 00,

giving another intrinsic interpretation of the Gauss curva-
ture K(p).

C14. Moving frames

So far, we have always used the coordinate frame {0;} as
the basis for each 7),M. But in fact we could choose any
frame {E;} over some open U C M and use it to express the
components not only of tangent vectors but also of differ-
ential forms and other tensors. One difference here is that
the fields E; do not necessarily commute with each other;
in general [Ej, E;] # 0.

Of course, pointwise there is a dual basis {6} for T,M.

Letting p vary, these give a dual frame {6'} of one-forms
6 € Q'(U). The defining property of dual bases is of
course §(E;) = 6’]

A connection V on TM can be expressed via Christoffel
symbols with respect to the frame {E;}:

VEEj= Y ThE,  Th=0"V5E).
k

We now define the connection one-forms
k. _ k ot
o= > T,

¢

Then by linearity, for any X we have VxE; = >, 0’;(X)Ek.
This is often abbreviated as an equation for vector-valued
one-forms: VE; = }; 9’;.Ek. The connection V is deter-

OA(E) =T} = (V. E)).

mined by the matrix of connection forms 9’;.

Now we want to see how to express the symmetry of V;
since the vector fields E; do not commute, this is no longer
equivalent to symmetry I'j; = I}, of the Christoffel sym-
bols.

First consider the exterior derivative d6¥. By the general
formula for the exterior derivative of a one-form, we have

d6(Ei, E)) = E#NE;) — E;0(E) — 0*(IE;, E))).

But here 6X(E J) = 5% is constant, so its directional deriva-
tive vanishes. We are left with only the last term:

d6"(Ei, E;) = —6"[E;, E;).
Now compute
6 (Vi,Ei - Vi E)) = 05(E;)) — 04(E))
= ; 6'(E)Oi(E;) - ; 0 (E O (E))

= (Z¢6° A OA)ELE).

Recalling the definition of the torsion Ty of the connection,
we find that

O (Tv(Ei, E)) = d6"(Ei, Ej) — (2 6° A 6F)(Ei, E;).
Thus the condition of vanishing torsion is exactly that

dok = 3, 6" A 65 for all k.

Now suppose we have a Riemannian metric given by g;; =
g(E;, E;). The condition for V to be a metric connection is
then

dgii(Ey) = Exgij
= g(Vg,Ei, E)) + g(E;, Vi, E))
= g(X 0“(ENELE)) + g(3 9§(Ek)Ez, E)
= (506 (E) + il (Ep)).
€

If we use g to “lower the indices” to give a new matrix
of connection one-forms 6;; := Y gx;6%, then the metric
compatibility condition can be expressed simply as dg;; =
6; it 6 i+

2025 January 28: End of Lecture 28
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Now we turn to the Riemannian curvature operator. Its

components are given by R(Ey, E¢)E; =: ZRl.jkgEj. We

define a matrix of two-forms Q{ , called the curvature two-
forms, by

. 4 o . .
Qf = 3RO NG =1 RO NG
k1

k<l

Then ; Q/(Ei, ENE; = YR/ E; = R(Ey, EQ)E;, or ex-
tending by bilinearity,

Z Q/(X, Y)E; = R(X, Y)E,.
J

This simply means that Qlj (X, Y) is the matrix for the cur-
vature operator R(X, Y) with respect to the basis {E;} for
T,M.
Note that we can also lower the indices here, giving
Qij = ng]Qf = ZRijkfek AN 95.
k<t

For these two-forms we have the antisymmetry Q; =
-Qjj.

Theorem C14.1. The curvature two-forms can be com-
puted as

o/ =dol - > e nel.

This is often abbreviated as an equation of matrix-valued
two-forms:

Q=do0+6n0.

Note that since this is a matrix wedge product, the wedge
product of 6 with itself is not necessarily zero.

Proof. The proof is simply a calculation starting with the
definition of the curvature operator:

Z Q/(X, V)E;
j
= R(X,Y)E; = Vx(VyE;) = Vy(VxE;) = Vixy E;
= Vx(zj 9{(Y)Ej) - Vy(zj aj(X)Ej)
- %;0/(X, Y)E;
= > (X)) - Y(6/(x)) - 61X, Y1)E;
J
- D (B -6l xdm)E
j.k
d6l(X, ) = Su(05(N8[(X) — 65 (X)01(Y))E;

= ZJ(
= Zj:(

Now we consider a special case, where on a Riemannian
manifold the frame {E;} we start with is orthonormal at
every point p € M. We change notation: we call this frame

d6)(X, Y) = (65 A O))(X.Y))E;. o

{e;} and the dual coframe of one-forms {«w'}. The condition
that {e;} is orthonormal can be written as g;; = ¢;;. In terms
of the coframe {w'} we get g = ¥, ' ® w'; up to a sign, the
Riemannian volume form is w' A w? A -+ A ™.

Note that starting with any frame (for instance a coordi-
nate frame) over U C M we can apply the Gram—Schmidt
process to produce an orthonormal frame {e;} over U.

A connection V is given, as before, by a matrix of one-
forms ' such that w*(V,.e;) = wf(e;). The equations
characterizing the Levi—Civita connection simplify in an
orthonormal frame:

do' = ij A w;,

J

w’j+w{=().

In particular we see that the metric compatibility simply
says that the matrix of one-forms is skew-symmetric. Note
that with respect to an orthonormal frame, raising and lowf
ering indices makes no change, so we often write w;; = w]
interchangeably.

The curvature two-forms are given as before by
J— g k J
Q) = dw; —Zwi A Wy

Proposition C14.2. For a suface M* with an orthonormal
frame {e;}, we have da)% = Q% = —Kw! A W? where K is
the Gauss curvature.

Proof. We have

2 ko ! 2
Q =Q12=ZR121<£0) Aw =Rppw Aw,
k<t

and K = K(I1}3) = (R(e1, e2)ez, e1) = —Ria12.

J i — 1 0=
By the skew-symmetry w; + w';, = 0 we see that w; =0 =
w%. Thus Zizl w’f A wi = 0, meaning that the formula for
the curvature two-form simplifies to Q% = dw%. O

Theorem C14.3. Let M be a Riemannian manifold, and
IT ¢ T,M a two-plane in the tangent space at p € M.
For sufficiently small € > 0, consider the two-dimensional
submanifold N = exp,,(I1 N B(0)) through p with T,N =
IT ¢ T,M. Then the sectional curvature K(I1) equals the
Gauss curvature K of N at p.

Proof. Use geodesic normal coordinates around p so that
{0;} is an orthonormal basis for T,M, with {0, 8.} span-
ning I1. In these coordinates, the submanifold N is given
by x> = --- = ¥ = 0, so the tangent space to N is spanned
by d; and 0,. Now apply Gram—Schmidt to {9;} to give an
orthonormal frame {e;}. At p we have e¢; = 9;, and along N
we have the frame {e;, e,} for TN. For i = 1,2 we know
that ¢; is a linear combination e; = a}al + al.262.

The Levi—Civita connection on M is given by connection
one-forms such that Vye; = Zw{ (X)e;. Recall that in
geodesic normal coordinates we have Vy d; = 0 at p. Thus
fori=1,2,

Z w(Xp)ej = Vx,ei = (X,a)d1 + (X,a})d:
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is a linear combination of e¢; and e;. In particular, this
means that a){ (X)) vanishes wheni = 1,2 and j > 3.

Now consider the pullbacks (or restrictions) of the one-
forms under the inclusion map ¢: N — M. Write &' :=

*', noting that @ = 0 for i > 2, and &)[’ = L*w{. Since
pullback commutes with A and d, we have the equations

=al, 0 =) @ A,

where the sum can be taken over j € {1,2}. That is, the &)’j
are the connection one-forms for the orthonormal coframe
@', so by the proposition for surfaces,

da? = —-Ko' A &

On the other hand, on M, we have

dw% = Zwlf A wi + ZRIZkgwk IND
k<t

Pulling this equation back to N and evaluating at p gives

dd)? =Ry @1 ANy = -KAD) @01 A @>. O

2025 February 3: End of Lecture 29

C15. Lie Groups

Definition C15.1. A Lie group is a smooth manifold G
which is also a group, such that the group operations g +—
¢ ' and (g, h) — gh are smooth maps.

(It is equivalent to just require the one map (g, h) + gh™!
to be a smooth map G X G — G.)

Note that a 0-dimensional Lie group is a countable group
with the discrete topology.

If G and H are Lie groups then the product G x H is also
a Lie group: on the product manifold G X H we use the
direct product group structure (g, h)(g’, h’) = (gg’, hl').

For g € G, the left- and right-translations by g are the dif-
feomorphisms ,: h — gh and r,: h — hg from G to
itself. These are transitive actions of G on itself.

Because manifolds are locally connected, the connected
components of G are the same as its path-components. The
components are diffeomorphic to each other (for instance
by appropriate left-translations). The component G con-
taining the identity element e € G is a normal subgroup.
(To check this, recall the image of a connected space un-
der a continuous map is connected. Thus {gh : g,h € Gy}
is connected and thus equal to Gy; similarly for any g € G,
the conjugate subgroup gGog~" is connected and contains e
so equals Gy.) The quotient G/Gy is then a discrete group,
a 0-dimensional Lie group.

Examples of Lie groups include (R,+) and thus also
(R", +). The group (R*, X) is disconnected, isomorphic to
(R*, x) x {+1}. Note that the logarithm gives an isomor-
phism (R*,xX) — (R, +). The nonzero complex numbers
form a Lie group (C*, x) and the unit complex numbers

form a subgroup (S!, x), which is isomorphic to (R/Z, +),
the quotient of R by the discrete subgroup Z. (Here the
isomorphism is # +— exp(2xit).) For any n the n-torus
T" = §' x ... x S' = R"/Z" is an example of a compact
connected n-dimensional Lie group.

All the examples in the last paragraph are abelian groups,
which as we will see are particularly trivial examples of
Lie groups. More intersting examples arise as matrix
groups. The general linear group GL(R"), the open subset
of R™" where the determinant does not vanish, is a group
under matrix multiplication. It has many interesting sub-
groups, for instance the orthogonal group O(n) Cc GL(R")
consisting of matrices A with ATA = I.

Another example is the group Aff(R") of all (invertible)
affine transformations of R”. Since any affine map is a
combination of a translation and a linear map, we can write
Aff(R") = R" = GL(R") as a semidirect product. As a
manifold it is the cartesian product, but the group law is
twisted by the natural action of GL(R") on R”. That is,
if (v, A) represents the affine motion x — v + Ax, then the
product of two such elements is (v, A)(w, B) = (v+Aw, AB)
(rather than (v+w, AB) which would be the direct product).
Similarly, the group of euclidean isometries of R" is the
semidirect product Euc(R") = R" < O(n).

Definition C15.2. A vector field X on a Lie group G is
called left-invariant if for every g € G it is {g-related to
itself: (£g).X = X. We let g denote the set of all left-
invariant vector fields.

Proposition C15.3. The set g of left-invariant vector fields
is a vector space. The map X — X, is an isomorphism
g — T,G to the tangent space at the identity. Thus dimg =
dim7T,G = dimG. The Lie bracket of two left-invariant
vector fields is left-invariant, so g is a Lie algebra; we call
it the Lie algebra of G.

We leave the proof as a straightforward exercise, simply
noting that the inverse isomorphism 7,G — g is given by
extending any X, € T,G to the vector field X, := D¢, (X,)
and checking that this is left-invariant.

Now suppose X € g is a left-invariant vector field. How
can we understand the flow and integral curves of X? By
definition, the integral curve through e € G is written

t =y (1) =: exp(tX,).

(This exponential function exp: 7,G — G is not the Rie-
mannian exponential function: it is defined via the group
structure, independent of any Riemannian metric.) By left-
invariance, the integral curve through any g € G is then
1 y,(t) = gexp(tX,). In particular, if g = exp(sX,), we
see that

exp((s + HX,) = exp(sX,) exp(tX,).

We conclude that the integral curve exists for all time.
What about the time-f flow 6, of X? We have

0:(g) = v,() = gexp(tX,),

meaning that 6; = rexpx,) is right-translation by exp(zX.,).
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Of course, the exponential map only sees the identity com-
ponent Gy of G. But even if G = Gy is connected, the ex-
ponential map is not always surjective. (If G is compact it
is surjective.) As an example we can take G = GL(R")* =
GL(R")g or G = SL(R"). The matrix A = diag(-2,-1/2)
is not the square of any real matrix, so it can’t be in the
image of the exponential map.

Now let us consider the case of the matrix group G =
GL(R"™). Here we can identify the Lie algebra gl, = gl(R")
with the tangent space T,.G = T,R™" = R™", which is just
the space of all n X n matrices. The exponential map here
is the matrix exponential, defined by the power series

Xz x3 Xk
X)=I+X,+ =< +==+...= =,
exp(Xe) 2 T3 k!

To check this we simply note that (as in the case of the real
exponential function) this power series solves the ODE

d
d_t(eXP(er)) = CXP(er)Xe = Xexp X, -

(This is where the name “exponential map” comes from,;
the Riemannian version is named by analogy, just since it
is also a map from a tangent space to the manifold.)

Now we want to understand the Lie bracket of left-
invariant vector fields. Recall that we identify X € gl,
with X, € T,GL(R") = R™" = End(R"). We recall that
the commutator [A, B] = AB — BA gives a Lie bracket on
the space of endomorphisms of any vector space. Here we
claim that the Lie bracket of left-invariant vector fields is
this commutator: [X, Y], = [X,, Y.]. We will do the com-
putation in two ways just for practice.

Note first that since G = GL(R") is an open subspace of
R™"_its tangent space at any point can be identified with
this space of n X n matrices: TyG = TAR™" = R™>". We
also have a global coordinate system on G where x;; gives
the i j‘h entry of the matrix: x;;(A) = A;;. Since this is
(the restriction to G of) a linear function R™" — R its
derivative at any point is the same linear function: if X, is
a tangent vector at A € G, we have X, (x;;) = dx;j(Xs) =
(Xa)ij-

Similarly, each left translation €4 : B +— AB is (the restric-
tion of) a linear map on R™", so its derivative is the same
map: D,ls: T.G — TG is X — AX. Thus the left-
invariant vector field with value X, at the identity matrix
eis given by Xy = AX, forA € G.

Now if X and Y are left-invariant vector fields, then [X, Y]
is also left-invariant and thus determined by its value at e.
Using the definition of Lie bracket in terms of the opera-
tion of vector fields on smooth functions, we can find the
entries of the matrix [X, Y], by differentiating the functions
Xij:

[X, Y]exij = X (Yxij) — Yo (Xx;)).

But the function Yx;; is the linear function A +— (AY,);;
so once more its derivative is the same function. Thus
X.(Yx;j)) = (X.Y,);j. Of course the same holds swapping
X and Y so we find

([X’ Y]e)l‘j = (XY, - YeXe)ij = [X, Ye]ij~

Since this holds for all i, j we have as desired [X, Y], =
[X.,Y,.]. Here of course the bracket on the left is the Lie
bracket of vector fields, while on the right we have the
commutator of matrices.

Alternatively, recall that the Lie bracket equals the Lie de-
riative: [X,Y] = LxY. Using our formula for the flow 6,
of X, namely 6,(A) = A exp(tX,), we have

d
(LX Y)e = (g—f)*(exp(txe)ye)

d
0.) Y = =
:o( Yo,(0) dt’,:o

t

(exp(tXe) Y, exp(—tXe)>

dt
d
dt t=0
d
1] o (eXP(X0) Yo exp(0)

d
0y, —
+ exp(0) 7

(exp(-rX0)

1=

=X Y. - Y X, = [X., Y]

2025 February 4: End of Lecture 30

Definition C15.4. A Lie group homomorphism¢: G - H
is a smooth map that is a group homomorphism, meaning
in particular that ¢(gg’) = @(g)¢(g’). A Lie algebra ho-
momorphism ¢: g — b is a linear map that preserves Lie
bracket: ¢[X, Y] = [¢X, ¢Y].

Proposition C15.5. Any Lie group homomorphism
¢: G — H has constant rank and induces a Lie algebra
homomorphism ¢, : g — b.

Proof. The fact that ¢: G — H is a group homomorphism
means that p(gg’) = ¢(g)p(g’), which can be written as
o ly =Ly o . Taking differentials at e € G gives

Dg(p o Defg = Degga(g) o Degﬁ.

Since the derivatives of left translations are isomorphisms,
it is clear that ¢ has constant rank.

Now if we identify the Lie algebras with the tangent spaces
at e, it is clear that the induced map ¢.: g — b should be
D.,p: T.G — T.H. Thatis, if X a left-invariant vector field
on G, we define Y = ¢.(X) to be the left-invariant vector
field on H with Y, = D,¢(X,). Then Y is ¢-related to X, as

follows from the equation above:

Dop(Xy) = Do 0 Doty(Xe) = Delygg) © Dop(Xe)
= Dely(e)(Ye) = Yo)-

To check ¢, is a Lie algebra homomorphism, suppose
X,Y € g are left-invariant fields on G. Since ¢.X and
.Y are gp-related to X and Y, respectively, we know that
[ X, p.Y] is ¢-related to [X,Y]. Since it is also left-
invariant, it follows that ¢.[X, Y] = [¢.X, ¢. Y], O

Note that this construction is functorial in the sense that
the identity map on G induces the identity on g and if we
have ¢: G — H and y: H — K, then (Y o ), = ¥, o
¢.. In particular, an isomorphism of Lie groups induces an
isomorphism of Lie algebras.

Now suppose a homomorphism ¢: H < G is injective.
Since ¢ has constant rank, the rank theorem implies that
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t.: h — g is also injective. Thus ¢ is an injective immer-
sion. We would like to call «(H) a Lie subgroup of G, but
it isn’t always an embedded submanifold. When we first
defined submanifolds, we gave the example of a line of
irrational slope which is dense in the torus T? = R?/Z>.
When dealing with Lie groups, we call examples like this
immersed submanifolds. The manifold topology on «(H),
defined via the map ¢, is finer than the subspace topology
in inherits from G.

Theorem C15.6. If «(H) is closed as a subset of G, then it
is an embedded submanifold.

We will not take the time to prove this theorem. Note
that it is not true in general that an injective immersion
with closed image is an embedding: we had an example of
an injective immersion of (0, 1) into R? whose image is a
compact figure-8 curve. But for Lie groups it means that
subgroups which are embedded submanifolds are usually
just called closed subgroups.

On a Lie group G we can also dually consider left-invariant
one-forms; as for vector fields, any cotangent vector at
e € G can be extended uniquely to give a left-invariant
one-form. We claim that the Lie bracket of left-invariant
vector fields corresponds to the exterior derivative of left-
invariant one-forms. Suppose X and Y are left-invariant
vector fields and 6 is a left-invariant one-form. Since 6(X)
is a constant function we see Y8(X) = 0 and it follows that

do(x,Y) = —0[X, Y.

Suppose we choose a basis for 7,.G and extend it to a frame
{E\,..., E,} of left-invariant vector fields. The Lie algebra
structure can be expressed in terms of the so-called struc-
ture constants cé‘j defined by

[Ei Ejl = ) cfiEx.

The antisymmetry and Jacobi identity become the relations

m m £ m £ _
Z(cijcmk + CC + ckicmj) =0.
m

k ko _
cij+cji—0,

From the frame {E;} we get a dual frame 6',...,8" of
left-invariant one-forms. Their exterior derivatives satisfy
do'(E;, Ep) = —c}k or equivalently

dof == I A= =1 ol n b

Jj<k Jk

More abstractly we can combine all the €'s to define a left-
invariant g-valued one-form w. For X, € T,G we sim-
ply have wy(X,) = (£g-1)«X,. If G is a matrix group this
is often written w = g~' dg, thinking of g = (g ;) as the
embedding G — GL(R") c R™". For left-invariant vec-
tor fields X, ¥, we have w([X, Y]) = [w(X), w(Y)], so that
dow(X,Y) + [w(X),w(Y)] = 0.

Left-translation on G can be thought of as defining a con-
nection on the tangent bundle 7G, where a left-invariant
vector field is parallel along an arbitrary curve. This con-
nection has trivial holonomy since parallel transport is in-
dependent of path; that is, its curvature vanishes, so we say
it is a flat connection.

The Lie bracket is then the torsion 7' of this connection:
if X and Y are tangent vectors, extended to left-invariant
vector fields, then since the covariant derivatives vanish
we simply have T(X, Y) = —-[X, Y].

Now suppose we put an inner product on 7,G, for instance
by declaring that a chosen basis {E;} is orthonormal. This
can be extended uniquely to give a left-invariant Rieman-
nian metric (-, -) on G. The flat connection described above
is then metric compatible, but since its torsion does not
vanish it isn’t the Levi-Civita connection. To understand
the Levi-Civita connection, we can use the Koszul formula

2(VxY,Z) = XV, Z) + Y(X,Z) - Z(X, Y)
+([X,Y],Z) - ([X.Z],Y) - ([Y. Z], X),

where for left-invariant vector fields the first three terms
vanish.

Given a left-invariant metric, let {E;} be a left-invariant
orthonormal frame and let ¢;;; be the structure constants.
(Note that with respect to this orthonormal frame, we can
freely raise and lower indices.) Then the Koszul formula
shows how the Christoffel symbols are given as linear com-
binations 2I'ijx = cijx — Cjki — Cuij» since by definition
Fijk = <VE’.E]‘, Ek> and Cijk = <[E,',Ej],Ek>.

It follow that the components of the Riemann curvature
tensor are then quadratic combinations of these structure
constants. (The terms involving derivatives of the Christof-
fel symbols vanish, since these I';  are constants.)

The nicest metrics are those which are bi-invariant, mean-
ing left- and right-invariant. We can ask when a left-
invariant metric (-, -) is bi-invariant. One way to write this
condition is that {([X, Y],Z) = (X, [Y, Z]) for left-invariant
X,Y,Z. If t: G — G denotes the map g > g~! then a left-
invariant metric is bi-invariant if and only if ¢ is an isome-
try. It is known that a Lie group admits a bi-invariant met-
ric if and only if it is the product of a compact group and an
abelian group R™ for some m > 0. For a bi-invariant met-
ric, the Riemannian exponential map coincides with the
Lie group exponential map.

On a compact Lie group, the Haar measure is a bi-
invariant probability measure. It can be obtained by in-
tegrating a properly normalized left-invariant n-form (vol-
ume form). The Haar measure lets us easily construct a
bi-invariant Riemannian metric: we can start with any left-
invariant metric and average its pullbacks under all right-
translations. This bi-invariant metric on a compact Lie
group has nonnegative sectional curvature: if {X, Y} is an
orthonormal basis for a two-plane I c T,G then one can
show that 4K(IT) = ([X, Y], [X, Y]).

In a group, conjugation by g € G is the automorphism
Ve h ghg™!. This gives an action y: G — Aut(G) of
G on itself by automorphisms. (Of course this is trivial if
G is abelian.)

Now suppose G is a Lie group. The derivative Ad, :=
Dy, of Yrg at e € G is an invertible linear transformation
of T,G preserving Lie bracket, that is, an automorphism of
the Lie algebra g. For a matrix Lie group this is given by
Ady: X gXg™!

Letting g vary, we get the adjoint representation of G, a
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map
Ad: G — Aut(g).

If we take the derivative of this map at e € G we get
the adjoint representation of the Lie algebra g, which is
just another way to view the Lie bracket: writing ady =
(D.Ad)(X) we have adx(Y) = [X, Y]. That is, we have a
homomorphism of Lie algebras ad: g — End(g).

The Killing form on g is the bilinear form
K(X,Y) :=tr(ady o ady),

named after Wilhelm Killing (who completed his doctor-
ate in Berlin in 1872 under the direction of Weierstraf3 and
Kummer). Recall that the trace of matrices has the ba-
sic property tr(AB) = tr(BA), which implies that conju-
gate matrices have the same trace. For this Killing form,
This means that the Killing form is symmetric, K(X, Y) =
K(Y, X), and is invariant under Ad,:

K(Ad,X,Ad,Y) = K(X,Y).
Differentiating this last equation gives also

K(adzX,Y) = K(X,adzY).

If G is compact, one can show that the Killing form is neg-
ative definite. Then —K gives a bi-invariant Riemannian
metric on the Lie group G.

2025 February 10: End of Lecture 31
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