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Chapter 1

Manifolds and Vector Fields

1.1 Manifolds and Maps

The title of this course is “Introduction to Differential Manifolds,” which suggests that these differential
manifolds (or sometimes differentiable manifolds), whatever they are, will probably be important. So what
is a differential manifold? The name should suggest the answer: they are spaces in which we know what
differentiation is supposed to mean. I actually prefer the term smooth manifold, so that is what I will use
going forward, though this will often just get shortened to manifold.

In practice, the idea is to leverage the fact that we already (hopefully!) know how to do calculus in R"
(this is exactly what MATH 261 is all about), and to translate those techniques to more general spaces. The
key insight here is that differentiation is a local operation: to compute a derivative at a point (whether it’s a
gradient, curl, divergence, directional derivative, whatever), you really only need to know what’s going on in
a tiny open neighborhood of that point.

So to get a space on which we can compute derivatives, it’s enough to have a space which is “locally
Euclidean” or “locally like R™,” and this is what manifolds are. Roughly speaking, this means that around
any point in a manifold you can find a small open set which looks just like an open set in some R", and then
we can do calculus on the manifold by translating in a neighborhood of a point to the corresponding set in
R, where we know what to do.

This is all to say that the point of defining manifolds in the way we are about to (which is extremely
non-obvious and unintuitive!) is that these are precisely the spaces in which a suitable generalization of
multivariable calculus makes sense.

So what does “locally like R actually mean? Here’s a standard definition:

Definition 1.1.1. A smooth manifold of dimension n is a Hausdorff, second-countable topological space M
together with a family of injective maps ¢, : U, — M from open sets U, € R” so that:

(1) Ug #a(Uq) = M (that is, the images of the maps ¢, cover all of M);
(ii) For any a, 8 so that ¢o(Us) N ¢p(Ug) = W # 0, the sets ¢3! (W) and ¢;1(W) are open sets in R”

and the maps ¢51 o¢yand ¢, o ¢ (when restricted to these open sets) are smooth.

(iii) The family {(Ug, ¢ )} is maximal with respect to (i) and (ii).



The pairs (Ug, ¢ o) are called coordinate charts and the (maximal) collection {(Uy, ¢o)} is called an atlas.

See Figure 1.1 for a visualization of (ii), showing the map ¢51 0 ¢ from ¢;l (W) CR"to ¢[;' (W) Cc R™.
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Figure 1.1: Transition maps.

Remark 1.1.2. In (ii) above, “smooth” means “infinitely differentiable” or, in shorthand, C*. What I'm
calling smooth manifolds are sometimes also called C® manifolds. More generally we can talk about C?
manifolds for any integer @ > 0, where we just modify (ii) to require the maps ¢[;l 0¢eand ¢yl o ¢p to be

C2." In the special case a = 0, this is just a requirement that these maps be continuous, and C° manifolds
are often called topological manifolds.

Example 1.1.3. The maximal family containing (R", id) makes R” into a smooth manifold.

Of course, most interesting manifolds are not R, but the idea of (i) from Definition 1.1.1 is that you can
cover any manifold by a bunch of little open sets (namely, the ¢, (U, )) that are essentially identical to open
sets in R” (namely, the U,),? so you can essentially do any local calculation in R”. It’s also very important
that the n is always the same here: if m # n, we’re not allowed to have some points with neighborhoods that
look like R and some other points whose neighborhoods look like R”.

If the idea is to use the coordinate charts to transport calculations from the manifold to R", then a thing
you should be very worried about is that, if a point lies in two different charts, then there are two different
ways to do this and they might not be compatible. This is the point of (ii): whether you do your calculations
in U, or Ug, the two are related by a smooth map, so you can easily translate between the two calculations
using the change-of-variables formula. Indeed, the usual English-language gloss of (ii) is that “transition
functions are smooth.”

Recall that a continuous map is C? if it has a continuous derivatives.
2In topological terms, Uy, and ¢, (U, ) are homeomorphic.



Finally, (iii) is a technical condition that in practice is not important. The point of it is simply to ensure
uniqueness: if you had a collection of coordinate charts satisfying (i) and (ii), and I took your collection and
added some new charts while still satisfying (ii), it would be kind of silly to say that you and I were talking
about different manifolds. Taking maximal families gives uniqueness since your collection of charts and my
collection of charts live in the same maximal family.

However, it is certainly possible to have distinct maximal collections on the same space (if there is one
that is in some sense standard, then any others are sometimes called “exotic smooth structures”). At least
two Fields Medals have been awarded primarily for finding examples of exotic smooth structures: to John
Milnor in 1962 (for finding exotic 7-spheres [24]; it turns out there are exactly 28 distinct smooth structures
on S7 [20]) and to Simon Donaldson in 1986 (for finding exotic R*s [10, 12, 16]; it turns out there are
uncountably many distinct smooth structures on R* [29]). It remains an open problem called the smooth
4-dimensional Poincaré conjecture whether there are non-standard differentiable structures on S*.

Remark 1.1.4. We often mimic the R" notation and indicate the dimension of a manifold M with a
superscript; i.e., M™ means that M is an n-dimensional manifold, not that we are taking the Cartesian product
MXMX---xXM.

Example 1.1.5. S” the unit sphere in R"*! is a manifold. Specifically, I claim that the maximal family
containing {(R", #n), (R", ¢s)} makes S" into an n-dimensional manifold, where ¢ and ¢g are inverse
stereographic projection from the north and south poles, respectively.

Specifically, with X = (x1,...,x,) € R", define

1
%) = ————— (2x1, ..., 2%, 1 + *2)
oN ) = e (260 2o L+ I
and .
X) = ———=— (2x1,...,2x,, 1 — *2).
05 = e (20 20 1 - I

Then ¢ is the map that sends X € R" to the point on the sphere which lies on the line segment connecting
(X1,...,%n,0) € R**! to the north pole (0,...,0,1) € S" c R™*!; see Figure 1.2.

N

)

Figure 1.2: Inverse stereographic projection.

To prove the claim, we need to show that (i) and (ii) from Definition 1.1.1 are satisfied ((iii) is automatically
satisfied, since we’re taking the maximal family containing {(R", ¢ ), (R", ¢s)}).



IfweletN = (0,...,0,1)bethenorthpoleand S = (0,...,0,—1) the south pole, then ¢y (R"*) = S"\{N}
and ¢s(R™) = S"\{S} and the union is all of ", so (i) is satisfied.

For (ii), observe that
W =¢n(R") Ngs(R") = S"\{N, S},
SO
¢n' (W) = R"\{0},
which is certainly open, and likewise for ¢3! (W) = R"\{0}. So we need to verify that ¢! o g5 and ¢3' o py
are smooth as functions on R"\{0}.
The inverse of ¢ is stereographic projection

1
¢n (F) = ——— (122 Vn)
N 1_yn+1 :

(check this!) so we see that

1
(6§ © ds)(F) = =¥
N 1112
is reflection through the unit sphere in R", which is smooth away from the origin. And similarly for ¢§1 oPN.

As already mentioned, the point of manifolds is that they are spaces in which we can do calculus, so we
should be able to say what it means for a map between manifolds to be differentiable. Hopefully it’s already
starting to become clear what the strategy is: we can talk about differentiability at a point, and then both the
point in the domain and the point it maps to in the range lie in coordinate charts that are like open sets in
Euclidean spaces. So then locally our map just looks like a map between Euclidean spaces, where we already
know what it means for a map to be differentiable.

Definition 1.1.6. Let M and N" be manifolds. A continuous map f: M — N is differentiable at p € M if,
given a coordinate chart ¢ : V € R"™ — N containing f(p), there exists a coordinate chart ¢: U C R™ — M
containing p so that f(¢(U)) € (V) and

v lofog:UCR™ »R"

is differentiable at ¢~'(p) (see Figure 1.3). The map f is differentiable on an open set in M if it is
differentiable at every point in that set.

Example 1.1.7. Consider the antipodal map @ : S" — S™ given by @(y) = —y. Then, so long as y is not the
south pole, a(y) = =y € ¢n(R") so we can take = ¢ and V = R". Moreover, y € ¢s(R") so we can
¢ = ¢s and U = R", since a(¢s(R")) = S"\{N} = ¢n (R"). Then a straightforward calculation shows that

(py 0 @0 ¢s)(X) = -%,

which is definitely differentiable everywhere (as a map R" — R").

Of course, if ¥y = S, we can swap the roles of ¢ and ¢g in the above, and we conclude that @ is
differentiable everywhere on S”.

While we’ve given the definition of a manifold and of a differentiable map in this section, we generally
try to use them directly as little as possible. They are hard to handle and fairly unintuitive, so we will quickly
be looking for alternative ways of characterizing manifolds and differentiable maps.



R R™

Figure 1.3: Locally converting a map between manifolds to a map between open sets in Euclidean spaces,
where we know what differentiability means.

1.2 Tangent Vectors

Notice that there’s nothing in Definition 1.1.1 that says that a manifold has to live inside some bigger
Euclidean space. This is in contrast to a typical undergraduate differential geometry course (like MATH 474
here at CSU), which is typically focused on surfaces in R>.

Of course, many manifolds (like spheres) do naturally live in some Euclidean space, and it turns out that
the Whitney embedding theorem [30, 31] guarantees that all manifolds can be embedded in some Euclidean
space, but this embedding is not necessarily going to be pleasant to work with. If you’ve encountered them
before, it is often much easier to work with projective spaces and Grassmannians without embedding them
anywhere in particular.

Since our manifolds don’t necessarily live inside a Euclidean space, we have to be a bit careful about
what a tangent vector at a point is supposed to be. In particular, a tangent vector at a point lives in a different
universe than the point itself: the point is a point in the manifold, but the tangent vector does not live on the
manifold. This is clear even on a sphere in Euclidean space: the tangent vector to a point on the sphere does
not live on the sphere! However, in Euclidean space we can kind of cheat and think of both the point and the
tangent vector as both living inside the ambient Euclidean space. In general, we can’t get away with this.

Now even in Euclidean space you have to be a little careful with this mixing of point and tangent vector:
the tangent vector can’t be any arbitrary vector in the ambient Euclidean space: it has to lie in the rangent
space at the point, which we usually visualize as some plane which is tangent to the sphere at the point. But
if we’re not in Euclidean space, things are even worse: if there’s supposed to be some subspace which is
“tangent at a point,” where does it even live? Surely not in the manifold itself, but we’re not thinking of the
manifold as sitting inside some bigger space, so there’s no “outside” where it can be.

This is a surprisingly nontrivial issue, requiring us to construct some abstract vector space which doesn’t
really live anywhere in particular. The construction is fairly non-obvious, and feels like a sneaky trick
the first few times you encounter it. This is one of those situations where it seems like you’re turning a
concept inside-out; at least for me, the first time I encountered the following way of thinking, it made me
feel uncomfortable in a similar way to when I first encountered the natural embedding of a vector space into
its double dual. I will say that at some point my brain switched from “this is weird and awkward” to “this is



obviously the right way to do it” and I think most differential geometers have had similar experiences, so this
is something you can eventually develop intuition for.

Given that preamble, what’s the idea? We’re going to work by analogy with a way of thinking about
vectors in R” that’s slightly different from what you may be used to. In words, we’ll identify a vector v € R"
with the operator on differentiable functions which gives the directional derivative (in the direction of v) of
a function.

That’s a little vague, so let’s try to characterize a tangent vector v to a point p € R" in this way (here I'm
using the notation p rather than p, because I'm just thinking of p as a point in a manifold, not as an element
of a vector space). Given v, I claim we can find some smooth curve a: (—€,€) — R” with @(0) = p and
a’(0) = V; see Figure 1.4. In coordinates, if

a(t) = (x1(2),...,xn(2)) fort e (-¢,e€),
where the coordinate functions x; : (—€, €) — R are themselves smooth, then

@ (0) = (x}(0),....x,(0)) = 7.

Figure 1.4: A curve through p with velocity v at p.

(In this specific case, we could take a(f) = p + ¥, but it turns out not to matter which curve satisfying
a(0) = p and o’ (0) = v we take.)

Now, say f : U — R is differentiable, where U C R" is some neighborhood of p. Then the directional
derivative of f at p in the direction of V is

n 8f
=Za_)6i

=0 =]

d(foa)
dt

dxi
p dt

n , 8
o)

i=1
by the Chain Rule.

On the right hand side above, we’ve written the directional derivative as an operator L = }.7_; x}(0) %

acting on f. Moreover, this operator depends uniquely on ¥ and is a linear derivation, meaning that:

(1) L(f +Ag) = L(f) + AL(g) for all f and g differentiable in a neighborhood of p and all 1 € R;



(i) L(fg) = f(p)L(g) + g(p)L(f) (i.e., the Product Rule).

If it’s not clear to you, it’s worth looking at the above and convincing yourself that the operator L didn’t
really depend on the choice of @: it really only depends on p and v (you may need to go back to the
justification from MATH 517 that the directional derivative is well-defined).

The upshot is that, given a point p and a tangent vector v at p, we get a directional derivative operator
L. And, conversely, if we know how to compute a directional derivative, we (at least implicitly) know the
direction, so this is really a bijective correspondence.

The benefit of thinking in this way is that we can talk about differential operators like L on any manifold;
after all, manifolds locally look like R" by definition. So, with that long preamble in mind, here’s the
definition of a tangent vector:

Definition 1.2.1. Let M" be a manifold. A smooth function a: (—€,€) — M is a (smooth) curve in M.
Suppose a(0) = p € M and let D,, be the set of function on M that are differentiable in a neighborhood of
p. The tangent vector to a curve « at t = 0 is a function o’ (0) : D, — R given by

O f = 2D (roay(0).

dt o

A tangent vector at p is the tangent vector at t = 0 of some curve a: (—€, €) — M with @(0) = p.

The set of all tangent vectors at p is the tangent space to M at p, denoted T, M.

This is a nice coordinate-free way of defining things, but it’s not very useful for computations. We usually
do want to work in coordinates for computations (and certainly for any computations that we want to do on
the computer), so let’s see what all this means in local coordinates.

Say that (U, ¢) is a coordinate chart containing p € M so that ¢(6) = p, that a: (—€, €) — M is smooth
with @(0) = p, and that f is a differentiable function in a neighborhood of p. Then

(¢~ o @) (1) = (x1(1), ..., xa(1))

for some smooth functions xi, ..., x,: (—€,€) — R. Then
yng o A d N v N e O
o Of = =5—| = dl(fo¢(x1(r),...,xn(z)»tzo—;xi(m ) ;xi(m )"

where I’m using a very common abuse of notation in the second expression to think of f as being a function
on the coordinate chart U, and hence a function of coordinates xi, . . ., x, (of course, it’s really f o ¢ which
is a function of x1, ..., x,, as we see in the middle expression).

This all means that we can write the tangent vector ’(0) € T, M in local coordinates as
n
0
"(0) = y|l— .
“O ;Xl( )(Bxi)()

Since the x7(0) are just scalars, what we’re doing here is writing @’ (0) in terms of the local coordinate basis

{(‘%1)6 e, (%)6} for T, M associated to the chart (U, ¢).



Remark 1.2.2. Inpractice, we will almost always drop the subscript6 and just write the basis as { 6%1, ey % }

and generic tangent vectors as ). | a; %.
i

Exercise 1.2.3. Suppose a point p € M lies in two different coordinate charts. How are the two different
local coordinate bases related?

It’s extremely important to keep in mind that, if p and ¢ are distinct points on M, then the tangent spaces
TpM and T, M are completely different vector spaces that in principle have nothing to do with each other
(they’re both vector spaces of the same dimension, and hence abstractly isomorphic, but that’s essentially all
we can know without more detailed information about the geometry of M).

Nonetheless, we often want to talk about all tangent spaces at once, so we smush them together:
Definition 1.2.4. The tangent bundle of a manifold M, denoted 7'M, is the (disjoint) union of tangent spaces
™ := | | T,M.

peM
Likewise, if (T, M)" is the dual of T, M, then the cotangent bundle is the union of cotangent spaces

T*M := |_| (T,M)*.
peM

Notice that there are natural projections 7 : TM — M and 7 : T*M — M which just record the base
point; in other words, 7 sends a tangent vector at a point to the point (formally, TM and T*M are vector
bundles, and this projection is part of their definition).

Theorem 1.2.5. If M is an n-dimensional manifold, then TM and T*M are 2n-dimensional manifolds.

Exercise 1.2.6. Prove Theorem 1.2.5.

T*M is, in some sense, the most basic example of a symplectic manifold. In physics and dynamical
systems language, if M is the configuration space’ of a (classical) system, then T*M is phase space or
position-momentum space: this is the natural setting of Hamiltonian mechanics.

Example 1.2.7. TR" = R" x R" = R,
Example 1.2.8. TS I'~ g1 xR, the infinite cylinder.

Example 1.2.9. TS? is a non-trivial bundle over S?, meaning that it is not homeomorphic to §? x R2. In
particular, one can show that US?, which is the unit tangent bundle (the subset of the tangent bundle consisting
only of unit tangent vectors) is homeomorphic to SO(3) = RP?, the real projective space, which is a circle
bundle over S? different from the trivial circle bundle S? x S'. (For those that have taken graduate topology,
m1(8? x S') = Z, whereas 71 (RP?) = Z/2Z.)

3Meaning it records the positions of particles; for example if we’re doing dynamics of n points on the circle, the configuration space
is the n-torus S' x - - - x S' = (§H".
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1.3 The Differential

In multivariable calculus, any differentiable map f:R™ — R” has a corresponding differential df.* While
in a multivariable calculus setting we often think of df as a map R” — R” as well (meaning it would have
the same domain and codomain as f), or even more concretely as an n X m matrix, this is misleading.

In fact, if you were reading the first sentence of the previous paragraph very carefully, you may have
noticed that it was not quite correct. Really, I should have said that any differentiable map has a corresponding
differential at a point p. There is no single “differential” for a non-linear map: we get different differentials
in the neighborhood of each point in the domain.

So more accurately, if p is in the domain of f, then we have a differential df}, at p. Now, what is the
domain of df},? Recall, df}, is supposed to be the best linear approximation of f at p, so we’re supposed to
think of the inputs to df), as being slight perturbations of p. In other words, the domain of df), is really the
tangent space 7, R™ (which is in a very precise sense the space of infinitesimal perturbations of p).

Now, T,R™ is isomorphic to R™, but not just in some abstract sense: the tangent bundle TR™ is trivial,
meaning that TR = R™ x R™, and a concrete trivialization is given by parallel translating a tangent vector
from being based at p to being based at the origin. This is the sense in which we can think of the domain of
each df), as being the “same” R™.

But if M is some more general m-dimensional manifold, then, while any tangent space T, M is still
abstractly isomorphic to R™, the tangent bundle is likely not to be trivial, so we can’t make any general
identifications of different tangent spaces with the same R". So if we want to generalize the notion of
differential to manifolds, we need to be careful, even when thinking about functions on R, to maintain the
distinction between R (thought of an m-dimensional manifold) and 7, R™.

And what about the codomain of df,? Again, we should think more conceptually about what the
differential really does. Like all derivatives, the differential tells us something about how the change in an
input to a function changes the output of the function. So the inputs to the differential will be tangent vectors
at some point in the domain of f (recording an infinitesimal change to the input, or equivalently an initial
position [the point] and velocity [the tangent vector] of some path), and the outputs will be tangent vectors
at the corresponding point in the range (recording the infinitesimal change in the output). Notice that 7,R"
is again isomorphic with R" by parallel translation.

In other words, given a differentiable map f: R™ — R and a point p in the domain of f, the differential
of f at p is a map df, : T,R™ — T¢(,)R", where domain and range are usually identified with R” and R"
in a standard way. This, then, is the way of thinking about differentials which generalizes.

Definition 1.3.1. Suppose M and N" are smooth manifolds and f: M — N is smooth. For each p € M,
define the differential of f at p, denoted dfy,:T,M — Ty, N, as follows: For any v € T,M, choose a
smooth curve @ : (—€,€) — M such that @(0) = p and @’ (0) = v. Let 8 = f o @, which is a smooth curve in
N. Then

df,(v) := B'(0).
Lemma 1.3.2. This is a well-defined linear map.

Exercise 1.3.3. Prove Lemma 1.3.2.

In the special case that f: M — R is a smooth function, the differential of f applied to a tangent vector
v is the same thing as computing the derivative of f in the direction of v:

4“You may have encountered this under the name Jacobian rather than differential; in the case n = 1, this is [more or less] the gradient
of the function.
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Lemma 1.3.4. Suppose M is a manifold, p € M, v € T,M, and that f: M — R is differentiable in a
neighborhood of p. Then

vf =dfpv.

Proof. This is just a matter of unwinding definitions. Leta: (—€, €) — M be a smooth curve so that @ (0) = p
and @’ (0) = v. Then by definition the left hand side is

v (p) = (@' (0) /) (p) = (f o) (0).
But this is exactly the definition of dfpv. O

Let’s see what this means in local coordinates, which is how we’ll actually compute in practice. Suppose
p € M and (V,y) is a local coordinate chart on N containing f(p). By Definition 1.1.6, there exists some
compatible chart (U, ¢) on M containing p so that f(¢(U)) C (V). Then the curve @ on M (or, really, its
restriction to ¢(U)) gives a corresponding curve

@1 (1), X (1)) = 671 0 a(r)

in U € R™, and similarly the curve 8 on N has a corresponding curve

10 ya(0) =97 0 B(2).

See Figure 1.5.

"/L «lt) 3 /(/ )

.. x> /ﬁw, 7 Yd)
g .

v R"
R™ W
W), ., alol)
@ loutt) =) ., wmlt) Plo )
)

Figure 1.5: The differential in local coordinates

Of course,
yloBt) =y o foa(t) =y o fod(xi(D),....xm(1),

so we can think of the y; as functions of the x;, and the curve in V can be written as

11 (@), xm(0)s s ya (X1 (1), X (1)),
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Working in local coordinates means doing the computation at the level of the map ¢~ o fo ¢: U C
R™ — V C R", which has a corresponding differential

dW™" 0 £ 08)(x0)xm ) Tx1 )1t )R = T3, 0)..ooym (0) R

By definition, evaluating this differential on the tangent vector (x](0),...,x;,(0)) € T(x,(0),...,xm(0)R™
gives

d Ay | dxj N dy dx
J n J
— t),..., t)),..., t),..., t = — — sy —_—
gi|_ 1O @) (O, 5 (0) ]Z oo, |, ; g ar ),
S ayl S 3)’n
= — x"(0),..., x":(0)
jz; 6xj X J ; axj X J
[o i) ,
v aw | [$1O
0.,, ‘ 6.,, ’ :
_ ail . a;m x,,(0)
[ 8y ’
=[5, ~o.

where [%] _is the n X m matrix of partials (i.e., the Jacobian).
irj

So when we work in local coordinates, this is just standard multivariable calculus, as you would hope.

Just to reiterate, the differential (at a point) of a map between manifolds is going to input a tangent vector
at a point in the domain and output a tangent vector at a point in the range. As a special case, suppose we
have a smooth function on a manifold M; that is, a smooth map f: M — R. Then, at a point p € M, the
differential df,, : T,M — Trp)R. Now, the tangent bundle to R is trivial, so we can identify T¢(,)R with R
in a canonical way, and therefore think about df}, as a linear map 7, M — R.

In other words, by way of this identification of T, R with R, we can think of df}, as a linear functional
on the vector space T, M. Or, in fancier language, df), is an element of the dual space (T, M )* We’ll come
back to this later when we start talking about differential forms, but this gives a hint of why we might care
about cotangent spaces and the cotangent bundle.

Just as in multivariable calculus, when we have a smooth map f: M — N, we can talk about critical
points and critical values, and doing so is often quite important.

Definition 1.3.5. Let f: M — N be smooth. A point p € M is a critical point of f if df, :TpyM — Ty, N
is not surjective; then f(p) is a critical value of f. A point ¢ € N which is not a critical value is a regular
value of f.

Example 1.3.6 (Cliché Example). Consider the function f on the torus depicted in Figure 1.6. In words, f
is the height function on this upright torus that just records the z-coordinate. I've shown the critical values in
red, as well as a couple of regular values in green. Also, back on the torus I’ve shown the inverse images of
the critical and regular values, as well as some tangent vectors to regular points and their images under the
differential (in blue and purple), to hopefully convince you the differential really is surjective at these points.

Notice that there are basically three different types of critical points: a minimum, a maximum, and two
saddle points. The differential can’t possibly be surjective at a (local) minimum: there’s no direction you
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N

Figure 1.6: The height function on a torus.

could go which will cause the function to decrease, so the image of the differential has to miss an entire half
of its codomain (and therefore, by linearity, everything except the origin). It’s somewhat less geometrically
clear that the saddle points are critical points, though in this case it’s fairly easy to see once you realize the
tangent plane to one of the saddle points is horizontal.

A couple of other things to notice about this picture:

(i) The inverse images of the two critical points coming from the saddle points contain plenty of regular
points: indeed, the differential is surjective at any of the points in the inverse image except the saddle
point.

(i) The level sets of regular values are smooth (collections of) curves, either a single circle or two disjoint
circles; in other words, they are smooth (possibly disconnected) 1-dimensional manifolds. The level
sets of the critical points are either a single point (the minimum and maximum) or a wedge of two
circles (like an co symbol). In both cases, the result is not a smooth 1-manifold: a point is a O-manifold
and the wedge of two circles is not locally like a copy of R near the point where the two circles meet
(which of course is exactly the saddle point).

Remark 1.3.7. I call this a cliché example because it is the first picture everybody draws when they talk
about Morse theory, which says that the topology of a manifold is in some sense encoded in the critical points
of any sufficiently generic function on the manifold. Such functions are called Morse functions, and the
function in this example is a Morse function. In particular, Morse theory tells you that if you are traversing
the manifold “up” according to a Morse function, the topology only changes when you pass a critical point.
In this example, the topology changes from the empty set to a disk when we pass the minimum, then from

1
adisk to a (which is homotopic to a circle) when we pass the first saddle point, then to a punctured
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torus (which is homotopic to a wedge of circles) when we pass the second saddle point, and then finally the
puncture is filled in when we pass the maximum. Something analogous happens in general.

Example 1.3.8. Consider the function f(x,y,z) = z> on the sphere (see Figure 1.7). Again, I’ve shown
critical values in red and orange and a regular value in green, and the corresponding level sets on the domain,
as well as some tangent vectors to regular points and their images under the differential.

Figure 1.7: A smooth function on the sphere which does not have isolated critical points.

Some new features:

(i) The critical points aren’t all isolated: the entire equator consists of critical points (which are all global
minima).

(i) The inverse images of critical values aren’t necessarily connected: the north and south poles both map
to 1.

Notice again that the level sets of regular values are (collections of) smooth curves. In this case one
critical level set is also a smooth curve, and the other is not a curve at all.
(This is not a Morse function because not all critical points are isolated, but it is a Morse—Bott function,

which is almost as good.)

After looking at these examples, hopefully the following theorem suggests itself:
Theorem 1.3.9 (Level Set Theorem). If m > n, f: M™ — N" is smooth, and q € N is a regular value of f,

then f~'(q) is a smooth submanifold of M of dimension m — n.
This theorem is basically an application of the Inverse Function Theorem, but before we work on proving

it, let’s look at some more examples.

Example 1.3.10. Define f:R" — Rby f(x1,...,x,) =x7 + -+ +x%. Then

4 3
df(_xl _____ Xn) = [6_){1 . % = [2x1 N zxn]

only fails to be full rank at the origin, so 0 is the only critical value, and for all » > 0 the level set f~!(r) is a
smooth manifold of dimension n — 1. But f~!(r) is nothing but the sphere of radius /7, so we’ve just given
an alternative (and somehow conceptually prior) proof that spheres are manifolds.

15



Example 1.3.11 (Relevant to frame theory). Let Matyyn (C) be the space of d X N complex matrices. This is
trivially a 2dN-dimensional manifold, since Matgyn (C) = CN | which is just a copy of R?4V if you ignore
the complex structure. Now, let H (d) be the space of d X d Hermitian matrices (i.e., d X d complex matrices
A sothat A* = A, where A* is the conjugate transpose of A) and define the map @ : Mat xn (C) — H(d) by

D(A) = AA".
(In frame theory, we would think of A € Matyxn(C) as a frame and AA* as the corresponding frame
operator.)
I claim that the identity matrix I;xq € H(d) is a regular value of ® (Exercise: Prove this); assuming
this, the theorem tells us that @' (1;x4) is a smooth manifold of dimension

2dN — d*> = d(2N - d).

(Notice that A € ®~! (I14xaq) means that the rows of A are Hermitian orthonormal. Since each row is a
vector in CN, this means that we can think of ®~!(I;.4) as the space of all [ordered] d-tuples of Hermitian
orthonormal vectors in CV. This space is an example of a Stiefel manifold, and usually denoted Sty (CN) or
V4(CN). In frame theory, ®~! (I;x4) is precisely the space of Parseval frames.)

Example 1.3.12. Let N = d in the previous example. Then ®~!(/;54) is a smooth manifold of dimension
d? that consists of those d X d complex matrices A so that AA* = I;.4. But this is precisely the unitary
group U(d)! So we’ve proved that U(d) is a d*>-dimensional manifold for any d.

Remark 1.3.13. You can play the same game over R to show that real Stiefel manifolds and the orthogonal
group O(d) are manifolds.

1.4 Immersions and Embeddings

Let’s work up to proving Theorem 1.3.9, including defining some more terminology.
Definition 1.4.1. Suppose f: M — N is smooth. Then f is an immersion if df), is injective for all p € M
(note that this implies dim(M) < dim(N)).

If f is also a homeomorphism onto its image (continuous bijection with continuous inverse), then f is
an embedding. The image of an embedding is a submanifold.

If f is bijective and f~! is smooth, then f is a diffeomorphism. f is called a local diffeomorphism at
p € M if there exist neighborhoods U of p and V of f(p) so that f: U — V is a diffeomorphism.

Finally, we say that f is a submersion if df), is surjective for all p € M.

Example 1.4.2. Define a: R — R? by a(7) = (¢, %) (see Figure 1.8).
a1(0) _
5(0)

velocity is zero when ¢ = 0, even though the map overall is continuous and injective.

This is not an immersion because dagy = [ [8] has rank 0. Intuitively, the problem is that the

Example 1.4.3. Define 8:R — R? by 8(1) = (> —4t, 1> —4), which is a deformation of the previous example
(see Figure 1.9).

Now the differential is given by
dps = 312 -4
t - 2[ )
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-1 1

Figure 1.8: The image of the map a from Example 1.4.2. The fact that it has a cusp suggests that it will fail
to be an immersion, despite being injective and smooth.

2L

Figure 1.9: The image of the map g from Example 1.4.3. This map is an immersion, but not an embedding.
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which is never the zero matrix since the second entry being O implies ¢ = 0, and hence that the first entry is
—4. Hence, dB; is always rank 1, and hence always injective, so £ is an immersion.

However, S is not an embedding because it is not injective: B(-2) = (0,0) = B(2), so there is a double
point at the origin.

Example 1.4.4. Suppose (U, ¢) is a local coordinate chart on a manifold M containing a point p € M.
Then ¢:U c R" — M is a local diffeomorphism at ¢~!(p) € U. This just follows from the definition
of a coordinate chart (Definition 1.1.1): ¢ maps U bijectively onto ¢(U), which is an open neighborhood
of p, and both ¢ and ¢~' are smooth. (To be really pedantic, (U,id) gives a global coordinate chart for
the n-manifold U, and then, following Definition 1.1.6, ¢: U — ¢(U) is smooth because ¢! o ¢ o id = id
is smooth everywhere on U. Similarly, ¢~!: ¢(U) — U is smooth because ido¢™! o ¢ = id is smooth
everywhere on U.)

If f:M — N is alocal diffeomorphism at p € M, then df,:T,M — Ty ()N is a linear isomorphism
(i.e., invertible linear map). Perhaps somewhat surprisingly, the converse is also true. This is the appropriate
generalization of the Inverse Function Theorem to the manifold setting, and the proof essentially involves
applying the Inverse Function Theorem in local coordinates:

Proposition 1.4.5. Suppose f: M — N is smooth. If p € M and df, : TyM — Ty (p)N is an isomorphism,
then f is a local diffeomorphism at p.

Proof. We are going to apply the Inverse Function Theorem (Theorem 1.4.7 below) to ™' o fo ¢p: p(U) —
W (V), where (U, ¢) and (V, ) are the coordinate charts guaranteed to exist by the definition of smoothness
(Definition 1.1.6).

Notice that, by the Chain Rule,
AW~ 0 f 0 @) g1 (p) = dU () 0 dfp © A1y

But then we already know that d¢ and dy~! are isomorphisms (since coordinate charts are local diffeo-
morphisms [Example 1.4.4]), so df,, being an isomorphism implies that dy="o foe) ¢-1(p) is also an
isomorphism.

But then the Inverse Function Theorem implies ¢y ~! o f o ¢ is a local diffeomorphism at ¢~!(p). Since
 and ¢~ ! are local diffeomorphisms (again, Example 1.4.4) and compositions of local diffeomorphisms are
local diffeomorphisms, it follows that

vo(W lofop)og Tt =(oy Hofo(pop ) =f
is also a local diffeomorphism. O

Here’s a statement of the Inverse Function Theorem in the language of differentials and local diffeo-
morphisms. It is equivalent to the usual statement you would see in a multivariable calculus or analysis
course.

Exercise 1.4.6. Convince yourself of the previous sentence.

Theorem 1.4.7 (Inverse Function Theorem). If F:U C R" — R" is given by (x1,...,x5) = (V1,..->Yn),

then dF, = [g—;’;

] being nonsingular at p € U implies that F is a local diffeomorphism at p.
rlij
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We’re now ready to prove the Level Set Theorem (Theorem 1.3.9):

Proof of Theorem 1.3.9. Recall that, in the statement, we’re assuming that f: M — N is smooth and that
g € N is aregular value of f, and the goal is to show that f~!(g) is a smooth submanifold of M of dimension
m—n.

Suppose (U, ¢) is a coordinate chart centered at p € f~'(¢)> and (V, ) is a chart at g. See Figure 1.10.
Then define the map
g:=¢ylofogp:U—R"
By assumption,
dgg=d(W™" o f o ¢)5 = (dy™")s(p) 0 df o di

is surjective since df}, is and the other two terms are isomorphisms.

M N
Q) v
- ?6
k')
£

i
Q!

Figure 1.10: A sketch of the key neighborhoods and maps in the proof of Theorem 1.3.9.

Hence, after a linear change of coordinates dga can be written as the nxm block matrix [Ian Onx (m-n) ] .
Define

G(x]’ LRCIRY 7xm) = (g(xl’ ce. ’xn)7xn+]7 .. ,Xm),
which has differential dG6 = Iuxm in these coordinates. By the Inverse Function Theorem, G is a local
diffeomorphism at 0 and by construction g o G~! is the standard projection onto the first n coordinates.

Soin these coordinates £~ (¢)N@(U) = ¢(0, ...,0,Xps1, ..., Xm),SOXpsl, - . ., Xm give local coordinates
near p for f~'(g). We can do the same at any other point of f~!(g), so this gives a system of coordinate
charts on f~!(g), and the transition maps on overlapping charts are smooth because they are just restrictions
(or projections, if you prefer) of the corresponding transition maps for the charts on M. O

SMeaning that p = ¢(6).
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1.5 Vector Fields

Now that we have defined tangent vectors and seen how to push them around with differentials, the next
natural object to try to define is a vector field. In physical problems, a vector field might be the velocity
field of a fluid flow, or an electrical or magnetic field. In both applied and pure problems, we are very
often interested in vector fields that arise as the gradients of functions, whether they be Morse functions on
an abstract manifold or the energy of conformations in some conformation space. In symplectic geometry
we are very interested in Hamiltonian vector fields associated to functions, which are a sort of symplectic
gradient. Whereas the gradient is perpendicular to level sets of the function, Hamiltonian vector fields are
parallel to level sets, so the function is constant on orbits, which is desirable when the function is an energy
function.

So what is a vector field? Intuitively, it’s just what you would expect: a choice of tangent vector at
each point in the manifold. As with everything in this class, we’re mostly interested in smooth vector fields,
meaning that the tangent vector should in some sense vary smoothly as you move around the manifold.

The preceding sentence hopefully makes sense on an intuitive level, but you should stop and think about
how you might try to make it into a rigorous definition. Unless you’ve already seen the forthcoming definition
before, it’s probably not so easy.

The problem is that, as alluded to previously, different tangent spaces are not directly comparable. How
do you compare v € T, M with v, € T),, M and, ideally, put them into some difference quotient?

Since we know how to compare tangent spaces in Euclidean space (by parallel translating), one strategy
is to work in local coordinates and require the tangent vectors to form a smooth vector field in each local
coordinate chart. But this rather unwieldy, and in any case we want to state definitions without reference to
local coordinates if at all possible. Hence the following definition, which encapsulates exactly the idea above
in a very concise (though admittedly kind of abstract and hard to visualize) way:

Definition 1.5.1. A vector field X on a smooth manifold M is a smooth section of the tangent bundle 7M.

This requires some unpacking, especially since there’s at least one term in this definition which has not
been defined yet.

First, recall (Theorem 1.2.5) that TM is a smooth manifold, so it makes sense to talk about smoothness
of amap X: M — TM. So the first part of Definition 1.5.1 is that a vector field is such a smooth map.

This makes sense: such a map takes as input a point in the manifold and outputs a tangent vector. But it
would be nonsensical to output a tangent vector at ¢ if the input is p: the word “section” is how we rule this
out.

More precisely, recall that we have a natural projection map 7:TM — M which maps v € T, M to the

base point p. In general, if E L Bis a vector bundle, then a section of the bundle is a map o: B — E so
that m o o = idp, the identity map on B (in algebraic terms, o is a right inverse of the projection 7).

So when we say that X is a smooth section of the tangent bundle, we mean that X: M — TM is a smooth
map satisfying 7 o X = idy,. In other words, that X assigns each point in M a tangent vector at that point in
a smoothly-varying way. Which is exactly what a (smooth) vector field should be!

Notation. We use the notation X (M) to denote the C*°(M)-module of vector spaces on M.
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Remark 1.5.2. (i) If ¢: U C R" — M is alocal coordinate chart at p € M, then

n

X(p)= Y alp) o,

i=1

where each a; : U — R is smooth and {Bix,} _is the local coordinate basis of T}, M associated to (U, ¢).

Notice that this is exactly the local coordinate definition of a smooth vector field informally formulated
above.

(ii) Since each individual tangent vector is really a directional derivative at a point, a vector field can
be interpreted as a differential operator on M: it will input a smooth function and output some new
smooth function which records the directional derivative at each point in the direction specified by the
tangent vector at that point. In other words, we can also interpret a vector field X on a manifold M as
amap C®(M) — C*(M) given by f +— X f. In local coordinates, the function X f is given by

n

af
Xf)(p) =) ailp) =
; 8Xi

’

p

which is indeed a smooth function.

Example 1.5.3. Consider the unitary group U(d) and let I = I;x4 be the identity matrix. I claim that a
choice of tangent vector at the identity actually determines a vector field on all of U(d).

To see this, recall that an element of 7; U(d) is a tangent vector, which is to say, the velocity of a smooth
curve a: (—€, €) — U(d) with @(0) = I. If we think of U(d) as living inside Matyyq(C) = C4* = R2*,
then we can think of any tangent vector @’(0) as a d X d complex matrix. What restrictions does being
tangent to U(d) place on this matrix?

Notice that, for all ¢, @(z) € U(d), which by definition means that a(#)a(¢)* = I. Since this is the
defining equation of U(d), differentiating at # = 0 should give precisely the condition for being in 7; U(d):

d d
= —| ==
dt

0 =
=0 At

(a(a(n)’) =’ (0)a(0)" +a(0)a’(0)" = ' (0) + ' (0)°
t=0

since @(0) = I = @(0)* (note that we’re also using (a(7)*)’ = @’ (¢)*, which is obvious if you choose a basis
and write a () as a matrix, but kind of annoying to prove in a coordinate-free way).

So we see that &’ (0)* = —a’(0). In other words, elements of 7; U(d) are precisely the skew-Hermitian
matrices.

Next, how do we get from a tangent vector at [ to a vector field on all of U(d)? Well, we know how to
push vector fields around by differentials of maps, so if we had a map U(d) — U(d) sending / to a specified
element U € U(d), then its differential would send A € T; U(d) to something in Ty U(d). Of course, there’s
an obvious map sending 7 to U: the map which left-multiplies elements of U(d) by U.

In symbols, for U € U(d), define the map Ly : U(d) — U(d) to be left-multiplication by U, namely
Ly(A) := UA. Then certainly
(dLy)r:T;U(d) — Ty U(d)

and so, for any A € Ty U(d), we get a vector field X € X(U(d)) on U(d) defined by
XA(U) = (dLU)IA.

We can make this more explicit by finding a formula for (dLy);:
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Lemma 1.5.4. IfU € U(d) and A € T; U(d), then
(dLy)1A = UA.
Exercise 1.5.5. Prove Lemma 1.5.4. The key observation here is that matrix multiplication is linear.

Since (dLy);: Ty U(d) — Ty U(d) is full rank, it’s surjective, so Ty U(d) consists of matrices of the
form UA where A is skew-Hermitian.

And now it’s clear that, for any A € T; U(d), we get the vector field X, defined by
XA(U) =UA € Ty U(d).

This is what’s called a left-invariant vector field on U(d), since it is invariant under the action of U(d) on
itself by left-multiplication:
(dLy)vXa(V) = Xa(UV).

Exercise 1.5.6. Check this.

In fact, one can show that all left-invariant vector fields are of this form, so there is an identification
between the collection of left-invariant vector fields on U(d) and 77 U(d).

Remark 1.5.7. (i) There was nothing special about U(d) in Example 1.5.3: we could have used any
group G which was a manifold (such groups are called Lie groups; more on them later!) and gotten the
same correspondence between the tangent space at the identity and left-invariant vector fields. This
is important because these are the two standard ways differential geometers think about Lie algebras,
and this construction shows that they are equivalent.

(i) More generally, the fact that 7y U(d) consists of matrices of the form UA where A is skew-Hermitian
means that every vector field X € X(U(d)) can be written as

X(U) = UAy,

where the skew-Hermitian matrix Ay depends on U. So then a vector field on U(d) induces a mapping
U(d) — Ty U(d) given by U +— Ay.

1.5.1 The matrix exponential

This is not directly related to vector fields, but another reason to be interested in 7; U(d) (or, more generally,
the tangent space at the identity of any Lie group) is that it provides local coordinates on almost all of U(d)
by way of the matrix exponential.

First of all, if A € T; U(d) (i.e., A is skew-Hermitian), then I claim that exp(A) € U(d), where exp is the
matrix exponential defined by the power series

_ Lo, 1.3
exp(A)_I+A+5A +§A +....
In other words, the claim is that exp: 7; U(d) — U(d).
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To see thatexp(A) € U(d), we need to show thatexp(A) exp(A)* = I, orequivalently exp(A)* = exp(A)~'.
Now

1 1 :
exp(A)*z(I+A+—A2+—A3+...)

T
Creat e (a2) e L (a3
— I+ +2—!( )+§( )+

=I+A*+%(A*)2+%(A*)3+...
=I+(—A)+%(—A)2+%(—A)3+...
= exp(-A),
and by expanding the product of power series one can show that
exp(A) exp(A)* = exp(A) exp(—=A) = exp(A—A) = 1.

(It is absolutely essential in the argument for exp(A) exp(—A) = exp(A — A) that A and —A commute. When
A and B are matrices with AB # BA, it is not necessarily true that exp(A) exp(B) = exp(A + B); see the
Baker—Campbell-Hausdorff formula in general [18, Chapter 5].)

Claim. exp:T; U(d) — U(d) is surjective.

Proof. If U € U(d), then the eigenvalues of U are all unit complex numbers %, ... et% g0 U has the
spectral decomposition
U=VvVev",

where
® = diag (eig‘,...,eigd)
=diag(1+i9| +%(i91)2+...,...,1+i9d+%(i@d)2+...
= exp(diag(ify,...,i0y)).

(Note that the set of all such ® forms a torus; this turns out to be a maximal torus inside U(d)).
But then H = V diag(ify, . ..,i04)V* is skew-Hermitian, and hence in 77 U(d), and I claim that

U =exp(H).

This follows from the more general fact about exponentiating matrix conjugates stated below in Lemma 1.5.8.

Just to verify, let’s check this on a random example. Here’s a random element of U(3) (generated in
Mathematica with RandomVariate[CircularUnitaryMatrixDistribution[3]]):

—0.392089 + 0.77069;  —0.175305 — 0.0691595; 0.460085 — 0.0714797i
U = [-0.359804 + 0.151554i  0.618136 +0.524479i  —0.295949 — 0.32065i
0.103894 +0.298465; —0.226492 + 0.505981i —0.312325 + 0.703749i
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Computing the spectral decomposition yields

—0.452698 + 0.477605i 0.724632 + 0. —0.203482 + 0.021487i
V =10.0746037 + 0.313061; 0.0936111 +0.271501{ 0.902192 + 0.
0.680724 +0.i 0.346776 +0.521707i —0.249272 + 0.286437i
and
o2-58364i 0 0
® = 0 el.68825i 0 .
0 0 eO.496512i
Therefore,
2.0261i —0.135698 + 0.322419i -0.228031 — 0.343709:
H =]0.135698 + 0.322419i 0.810972i —0.498786 + 0.313484i | ,
0.228031 —0.343709; 0.498786 + 0.313484i 1.93134
and a calculation shows that exp(H) = U, as desired. O

Lemma 1.5.8. Suppose A, B € Maty4(C). Then
exp(ABA™!) = Aexp(B)A™L.

Proof. By definition,

1 1
exp(ABA™") = I+ ABA™' + 5(ABA—I)2 +---=1+ABA™ ' + EABzA—1 ...
1
=A I+B+5B2+... A7V = Aexp(B)A™!.
O

To recap, we have a surjective map exp: Ty U(d) — U(d). Moreover, the non-injectivity of exp is due
to the periodicity of the complex exponential: ¢'¢ = ¢!(?+27) S0 exp maps the neighborhood of the origin
in 77 U(d) consisting of skew-Hermitian matrices with spectral norm < 7 bijectively onto the neighborhood
of I in U(d) consisting of unitary matrices whose eigenvalues all have argument strictly between —z and
m; in other words, this only excludes those unitary matrices with i as an eigenvalue, which is some positive
codimension subset of U(d). So then exp provides a local coordinate chart in the complement of this subset.

1.6 The Lie Bracket on Vector Fields

As we've defined it, X(M) is a C*(M)-module:® we can certainly add two vector fields or multiply a vector
field by a smooth function and get a new vector field.

OTf you haven’t seen modules before, they’re basically like vector fields where the ring of scalars isn’t necessarily a field. In the case
of X(M ), the smooth functions C* (M) serve as the scalars, but C* (M) is only a ring, not a field: only nowhere-vanishing functions
have well-defined inverses.
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In fact, there is even more algebraic structure on X(M): it is something called a Lie algebra, which means
it is a (real) vector space which admits a binary operation (called a Lie bracket) satisfying certain axioms.’

In order to define the Lie bracket of vector fields, it is instructive to think about how we could possibly
define a binary operation on vector fields. For example, we could try to generalize binary operations on
vector fields we already know in certain special cases. For example:

* Since TR = R X R, we can interpret a vector field on R as a real-valued function by just recording
the second entry: X(p) = (p,v), and the corresponding function is p + v. Since functions form an
algebra by pointwise multiplication, this defines a binary operation on vector fields on R.

* More generally, every smooth 1-manifold has a trivial tangent bundle, so we can treat any vector field
on any 1-manifold as a smooth, real-valued function and get an algebra structure on vector fields.?

* Since TR? = R? x R? and since we can define an equivalence R> <> C by (x,y) < x + iy, we
can interpret a vector field on R? (or, more generally, any surface with trivial tangent bundle) as a
complex-valued function. Again, functions form an algebra by pointwise multiplication, so this defines
a binary operation on vector fields on R?.°

e Since TR? = R3 x R3, we can interpret a vector field on R3 as a vector-valued function on R3. Then
the (pointwise) cross product x gives a binary operation on vector fields on R>.

s Since TR* = R*xR* and since we can define an equivalence R* <> H between R* and the quaternions
by (t,x,y,z) < t +ix + jy + kz, we can interpret vector fields on R* as quaternion-valued functions.
Again, functions form an algebra by pointwise multiplication, so this defines a binary operation on
vector fields on R*.

This is in some sense a generalization of the cross product on R?: if we represent (x, y, z), (u, v, w) € R3
by purely imaginary quaternions p = ix + jy + kz and g = iu + jv + kw, then the quaternion product

pg=-r-q+tpxgq,

where p - ¢ is the dot product of the two vectors in R, and p X g is the cross product (interpreted as a
purerly imaginary quaternion).'?

So the natural question is: can we generalize these examples to higher-dimensional Euclidean spaces,
and more generally to arbitrary manifolds?

Unfortunately, the answer is basically “no.” As you might have heard, there are no normed division rings
over R besides R, C, and H, and there aren’t even normed division algebras (where we allow multiplication
to be non-associative) aside from these examples and the octonions O, which are 8-dimensional.

Moreover, even if there were more normed division algebras, the operations above depended very strongly
on the triviality of the tangent bundle, which is not going to work in more general manifolds.

7Pronunciation note: The Norwegian surname “Lie” is typically pronounced the same as the common English or Korean surname
“Lee,” rather than like the English word “lie.”

8This correpondence between sections of trivial line bundles and functions gives you some reason to believe that the appropriate
notion of “function” in algebraic geometry is often a section of a line bundle.

Interpreting vector fields on the plane as complex-valued functions turns out to be quite useful in 2-dimensional fluid mechanics;
look up stream function and complex potential for more.

10100k up Clifford algebras for a vast generalization of this kind of product operation that splits into a scalar part (the —p - ¢) and a
vector part (the p X g).
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So here’s a different approach: recall that we can interpret vector fields on M as operators on C*(M).
That is, for f € C*(M), Xf € C*(M) as well; this is basically the function recording the directional
derivative of f in the direction of X at each point on the manifold.

An obvious thing to guess is that, if X,Y € ¥(M), then the composition X o Y = XY is also a vector
field. After all, (XY) f = X(Y f) will be a smooth function, so XY is also an operator on C*(M).

Let’s work in local coordinates at a point p € M to see what this operator looks like when applied to a
function f which is differentiable at p.

We know that, in terms of the local coordinate basis {aixl, R 8%}’ we can write

N 9 N 0
X(p)= ) ai(p)z— and Y(p)= ) bi(p)5—.
4 i=1 4

i=1

where the a; and b; are smooth functions defined in some neighborhood of p. So then

aof o8 af o (0bidf  Bf
Zb ) Z j()xj (b Bxl) Zaj ((9xj(9x,~+blaxj6x,~ '

i,j=1 i,j=1

XY)f=X(Y[)=

This should give you pause because it is no longer a first-order differential operator. Let’s make this more
obvious by rewriting as

(XY)f = i a; b 0 +Zn: a; Zb o f (1.1)
= / £ 9xj Ox; : J Ox;0x; ’ '

]:] i=1

so the stuff inside the brackets (which is XY) is a differential operator on C* (M), but it’s not a vector field;

for example, it cannot be written in terms of the local coordinate basis {6ixl’ cees % }
Example 1.6.1. If X = and Y = y are the standard coordinate vector fields on R?, then (1.1) reduces to
62 f
(XY)f =
as you would expect from computing
af O f
X(Yf)= .

0= 53] = sy

So XY = . But there’s no sensible way to interpret this second-order operator as a vector field.

Example 1.6.2. If X = raa—r andY = ra% are the (scaled) radial and rotational fields, then

2‘9f
oroe’

(XY)f = X(Y[) = ri(—f) o

SO

o L, 8
Xy =r2 .
"90 7" oron

Again, a second-order operator appears.
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The problem with (1.1) is the second term, which is a second-order operator. Now notice that if we had
done this in the reverse order we would have gotten

(YX)f = zn: b " dai 0 +Z b ia.G_Z f (1.2)
/ P (?xj (?xl- / 0 tﬁxjax,- ' ’

n
i=1 j=1

This doesn’t just have the same type of problem as before, it has literally the same problem: because mixed
partials commute, the second terms in (1.1) and (1.2) agree. So, by subtracting, we can cancel them and get

n ob:  da;\ 8
xy-vx)f=|> ((ajg—bj%)a—xi) f, (1.3)

ij=1 J

which is written in terms of the {()ixl’ e, %} basis. So this really is a vector field.
Definition 1.6.3. If X,Y € X(M), the Lie bracket of X and Y is a vector field [X, Y] defined by
[X,Y]f :=X(Y[f)-Y(X[).

The key feature of this operation is that it satisfies the axioms of a Lie bracket ((i)—(iii) in Proposition 1.6.4),
and hence makes X (M) into a Lie algebra.

Proposition 1.6.4. If X,Y,Z € X(M) and a,b € R, f,g € C*(M), then
(i) [X,Y] = -[Y, X] (anti-commutativity)
(ii) [aX +bY,Z] = a[X,Z] + b[Y, Z] (linearity)
(iii) [[X.,Y],Z] + [[Y.Z],X] + [[Z, X].Y] = O (Jacobi identity)
(iv) [fX.gY] = felX.Y] + f(Xg)Y —g(Y[)X.
Proof. Homework. O
Example 1.6.5. Continuing with Example 1.6.2, we already computed XY, so we can also compute

82
000r’

0 ( 0 2
YX=r— (VE) =r

and hence
X, Y| =r—.
[X,Y] ey

Example 1.6.6. Consider M = S? and the vector fields X = a% and Y = a% where (6, z) are cylindrical

coordinates on S2; see Figure 1.11.
In other words, we have the local coordinate chart ¢: (0, 27) x (=1, 1) — S given by

¢(0,2) = (\/1 — 72 cos 6, \/1 —z2siné, 7),
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Figure 1.11: The vector fields X = a% andY = a% on S2.

and X and Y are the corresponding coordinate fields.

Notice that
*f  0*f 0

X, Y|f = - =
(X-Y1'= 365 ~ 3200

since mixed partials commute.

More generally, whenever X = Bixi andY = Bixj are coordinate fields in a neighborhood of a point in a
manifold, [X,Y] = 0.

In Cartesian coordinates

0 0 0 0
X=V1-z2|-sinf— +cos@—|=VI -2 [-y—+x—]|,
ox ay

ox ay

and
zcos@ 0 zsin@ 0 . a  xz 0 yz 0 N 0
Vi—20x 1-g20y 98z 1-z220x 1-z28y 09z
So then some much more unpleasant calculations using (1.3) shows you that [X,Y] = O in these
coordinates as well.

Y =

Now we look at some examples of Lie algebras not coming from vector fields.

Example 1.6.7. R> forms a Lie algebra with the bracket operation given by the cross product: for u,v € R3,
define [u, v] := u X v. Then it is straightforward to check that this bracket satisfies (i)—(iii) above. Written in
terms of cross products, (iii) says

O=(uxv)Xw+(WxXw)Xu+(wWxu)Xv=(uxv)Xw-—uXxVxXw)+vx(uxw),

or equivalently,
(uxv)Xxw=uxX(vxXw)—vX((uxw).

In particular, this records the failure of associativity of the cross product.
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More generally, the Jacobi identity records the failure of associativity of the Lie bracket:
[[X’ Y]’ Z] = [X, [Ys Z]] - [Y, [Xs Z]]

Example 1.6.8. Recall Example 1.5.3, in which we showed that left-invariant vector fields on U(d) are of
the form X(U) = UAy, for Ax € T; U(d), which is the collection of skew-Hermitian d X d matrices. In
particular, X (1) = Ax.

As we will see in more detail later (Proposition 3.4.2), it will turn out that the Lie bracket on left-invariant
vector fields on a matrix group like U(d) just corresponds to the matrix commutator operation in the tangent
space to the identity.

In this case, that means that, if X,Y € X(U(d)) are left-invariant, then [X, Y] is also left-invariant and,
for each U € U(d),
[X,Y](U) = U(AxAy — AyAx),

where the products inside parentheses are just matrix products between the skew-Hermitian matrices Ax and
Ay; that is, the term in parentheses is just the usual matrix commutator.

Exercise 1.6.9. Check that the commutator of two skew-Hermitian matrices is skew-Hermitian.

This all tells you that the correspondence between left-invariant vector fields and elements of 77 U(d)
turns the Lie bracket of left-invariant vector fields into the matrix commutator in 77 U(d). These are two
different realizations of the same Lie algebra, usually called u(d).

Example 1.6.10. If we play the same game with SO(d), it turns out that the tangent space to the identity
consists of d X d skew-symmetric matrices, and the Lie algebra on left-invariant vector fields on SO(d)
corresponds to the matrix commutator on skew-symmetric matrices; we’ll write the collection of skew-
symmetric d X d matrices as s0(d).

Consider the case d = 3. Then we can write elements of s0(3) as

0 -z vy
A=1|z 0 —xf.
-y x 0

(The reason for the funny ordering and sign choices will shortly become apparent.)

Now, s0(3) is a 3-dimensional vector space, and we have a vector space isomorphism F:R3 — s0(3)
given by

0 -z vy
F:(x,y,)—> ]z 0 —x|. (1.4)
-y x 0
Let Ay, Ay € s0(3) with
0 -z i
A, =\ % 0 —Xi
-vi xi 0
Then
0 X2yl —X1Y2 X221 — X122
[A1, A2] = AjAy — AoAy = |x1y2 — X2 0 Y221 —y122| .
X122 — X221 Y122 — Y221 0
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If you stare at this, you might recognize the entries as being the coordinates of the cross product of the
corresponding vectors:

X1 X2 Y122 — Y221
Vi X [y2f = [ X221 — X122
21 22 X1y2 — X2)1

In other words, F(v; Xvy) = [F(vy), F(v2)], so F is a Lie algebra homomorphism. Since it’s also a bijective
linear map, it’s a Lie algebra isomorphism, so we’ve just proved that (R3, x) = so(3) as Lie algebras.

Thus, the Lie bracket on vector fields on manifolds is some sort of vast generalization of the cross product
on R3. In this interpretation, R? = so(3) is the collection of infinitesimal rotations of 3-space, where v € R
corresponds to an infinitesimal rotation around the axis spanned by v, and the correspondence between cross
products and commutators reflects the fact that, for very small € > 0 and unit vectors « and v, the composition
of an e-rotation around u with an e-rotation around v is, to first order, a rotation around u + v + %u X V; see
the Baker—Campbell-Hausdorff formula [18, Chapter 5].

Exercise 1.6.11. Convince yourself that, for v € R? a unit vector and F as defined in (1.4), exp(F(6v)) gives
the one-parameter subgroup of rotations by angle 8 around the axis spanned by v. (A full proof is kind of
annoying to write down, but at least convince yourself this is true when v is a coordinate vector.)

1.7 Integral Curves and Lie Derivatives

To motivate the definition of the Lie bracket, I claimed that there was additional algebraic structure on X(M)
in the form of a binary operation, and then (hopefully!) convinced you that there was really only one sensible
way to define such an operation.

But it’s probably not at all obvious why one should have guessed that there was a binary operation on
vector fields in the first place, and, though I don’t actually know the history, my guess is that this was not the
original motivation for the Lie bracket.

In some sense the more basic notion is that of the Lie derivative, which is a sort of directional derivative
of vector fields which, as we will see, actually generalizes to arbitrary tensor fields.

The idea is that, given two vector fields X and Y on a manifold M, we might like to define a “directional
derivative of Y in the direction of X operator, which we will denote LxY, where the L is for “Lie derivative.”
It will turn out that LxY = [X, Y], which might be surprising, but if you look back to the local coordinate
expression (1.3) for [X, Y], you’ll notice it involved differentiating the coefficients of ¥ with respect to X
(and also X with respect to Y, but we’ll shortly see why there’s this symmetry).

It’s worth thinking for yourself about how you might go about defining such a derivative operator, so I
would encourage you to do so before reading on.

Here’s a way of making this “directional derivative for vector fields” operation more precise: say we have
our vector fields X and Y and we want to compute LxY at a point p € M. Presumably the idea is to measure
how much Y is changing as we vary p in the direction of X.

In other words, we want to integrate X to get a curve @ : (—€,€) — M so that «(0) = p and
@’ (1) = X(a(t)) for all t € (—¢, €), then look at something like

LY (@) - V(@(0)
t—0 t ’

See Figure 1.12.
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Figure 1.12: An attempt to differentiate Y in the direction of X.

In other words, we look at the rate of change of Y as we flow in the direction of X. Unfortunately, as
written the above difference quotient doesn’t make sense, but first let’s talk about flows and integrating vector
fields.

Definition 1.7.1. Let X € X(M). A curve @: (a,b) — M is called an integral curve (or trajectory) for X if
a’(t) = X(a(r)) forall t € (a, b).

Proposition 1.7.2. Let X € X(M) and let p € M. Then there exists a neighborhood U of p, a 6 > 0, and a
smooth map ®@: (=6,8) X U — M so that, for each q € U, the map t — ®(t, q) is the unique smooth curve
satisfying the ODE %—‘f = X (®(t, q)) with initial condition ®(0, q) = q. See Figure 1.13.

Figure 1.13: The local flow generates an integral curve through each point.

Proof. Since M is locally diffeomorphic to R" (via the coordinate charts), this follows from the fundamental
theorem on existence and uniqueness of solutions to ODEs in R". O

We often use the notation @, (g) := ®(¢, g) and call @, the local flow of X.

Example 1.7.3. Let M = S? and consider the vector field X (x, y, z) = Zxa% + zya—ay + (z2 -1) (9% (of course,
this is written in extrinsic R3 coordinates rather than intrinsic coordinates). See Figure 1.14.
In fact, you can check that this is just (d¢n)Y, where Y is the vector field on R? given by Y (u,v) =

9 [s)
—Mﬁ - Vm.
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Figure 1.14: The vector field X (x, y,z) = zx 2 + zy% + (2% = 1) £ on the sphere.

Visually, the local flow pushes the mass of the sphere down towards the south pole. We can integrate the
flow explicitly in Mathematica to get

1
1+2e% + (1-e%)z

@i (x,y,2) = (Zezx,zely,l—e2’+ (1+e2’) z).

See Figure 1.15.

Figure 1.15: The local flow of X.

This is an example of a complete vector field since the local flow exists for all time at all points. If we had
removed the Antarctic Circle from the sphere, this vector field would be incomplete (since the flow ceases to
exist once you go over the edge).

With local flows in our toolkit we would then like to define the Lie derivative as something like

Y(®:(p) =Y (p)

(LxY)(p) = lim ==L

32



But if you think about it, the numerator in the difference quotient makes no sense! After all, Y (®,(p)) €
To,(p)M and Y(p) € T, M live in completely different vector spaces. There’s no sense in which we can
subtract these two vectors.

So we need some way to get the tangent vectors determined by Y at different points to be in the same
tangent space.

Thus far, the only machines we have for moving tangent vectors between different tangent spaces are
differentials of smooth maps. The only smooth map we have at our disposal is ®;, so somehow that must
come into play. One possibility is
im Y(D,(p)) - (dCD,)pY(p)

i
t—0 t

since both Y (®;(p)) and (d®;),Y (p) live in Ty, () M. The problem with this is that, as ¢ changes, Te, () M
is also changing, so we’re taking limits of vectors in different tangent spaces. Now, all these tangent vectors
still live in T M, so this is in fact doable, but it would be better if all the vectors in the limit actually lived in
the tangent space, ideally T, M.

We are finally ready to define the Lie derivative:

Definition 1.7.4. Suppose M is a manifold, X,Y € X(M), and p € M. Then the Lie derivative of Y with

respect to X at p is

(LxYﬂp);:y%(dé_JQAMYSDAP»—)Kp{

where ®; is the local flow for X.

This is a lot of obnoxious notation, but let’s try to unpack it. First of all, notice that ®_,(®,(p)) = p,
since we're just flowing forward in time by ¢ and then backwards for the same time. So

(dP-1)o, (p): T, ()M — TpM.

Hence, plugging in Y (®;(p)) gives (dP_;)o, (p)Y (P:(p)) € T, M, and the difference quotient and the limit
make sense as happening entirely in 7, M. A (somewhat messy) picture is shown in Figure 1.16.

Figure 1.16: The pieces in the definition of LxY.

In looking at Figure 1.16, recall that the point was that we wanted to see how Y varied as we moved in
the direction of X. So at a point p € M, we follow the local flow of X for a small time ¢. Y determines a
tangent vector at the resulting point @, (p). Now we push this vector Y (®, (p)) to T, M by the negative local
flow of X and compare to Y (p).
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You can imagine that if Y had a constant magnitude and made a constant angle with X, then pushing Y
forward by the negative local flow (which is exactly (d®_;)e, ()Y (®;(p))) would just give you the same
vector you started with, namely Y (p). But this makes sense: if ¥ has a constant magnitude and makes a
constant angle with X, then it’s not changing at all with respect to X, and this derivative should really be 0.

The slightly amazing fact is that the Lie derivative and the Lie bracket are the same:

Proposition 1.7.5. Let X,Y € X(M) and choose p € M. Then
[X.Y](p) = (LxY)(p).
Notice, in particular, that this shows that the Lie derivative is antisymmetric:
LyX =Y, X]=-[X,Y] =-LxY

by the antisymmetry of the Lie bracket, which you might not have guessed from the definition of the Lie
derivative.

Proof of Proposition 1.7.5. Both expressions are tangent vectors at p, so formally they’re differential opera-
tors evaluated on functions that are differentiable in a neighborhood of p. So we’ll choose a test function f
which is differentiable in a neighborhood of p, and the goal is to show that

lim (ddlz)q%(p)Y(:Dz (p) -Y(p)

(N p) = (XY =YX)f)(p).

Let’s focus on the first term in the numerator, ((d®_,)o,(»)Y)f) (p):

(@@, (»Y)f) (P) = (dfp) ((AP-1)a, ()Y (P)) = (d(foP@—1)a, ()Y (P (P))) = (Y (fo@—))(P;(P)),

where we used Lemma 1.3.4 for the first and last equalities'? and the chain rule for the middle equality.

Therefore,
(Y(fo®_))(DP:(p)) - (Yf)(p)‘
t

(£LxY)(p) = lim
t—0
If we could turn this into something like

tim XD (@) = X )(p) _ d(Yf) o Pr)
1m =

t—0 t dt +=0

= (X)) (p), (1.5)

we’d be in business.

In fact, if we could write f(®_;(q)) = f(q) + tg(t, q) for some function g, then we could get a term

"You should take this paragraph figuratively and not literally: we don’t have any notion of magnitude or angle for tangent vectors,
because we don’t yet have inner products on the tangent spaces. That will come when we start talking about Riemannian metrics!
12Note: I added this lemma after the initial draft, so it was not there when you previously read that section.
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like (1.5) to appear because then we’d have

oy Ao @ ))(@i(p) = ¥ AP) _ . Y +18(1,)) (P (p)) = V) (p)

i li
t—0 t t—0 t
_ lim Y )(P:(p)) + (Y (1g(2,))(P:(p)) = Y )(p)
t—0 t
_ lim Y )(P:(p)) +1(¥Y(g(2,))(P:(p) = ¥ )(p)
t—0 t
- iy DD =UDD) 6 0

= (XY ) (p) +Y(g(0,p)).

This will then equal ((XY — Y X) f)(p) if we can find such a g so that the expression Y (g(0, p)) is equal to
Y (XM (p).
But this is easy: rearranging f(®_,(q)) = f(q) + tg(t, q) yields

f(@_(q) - f(q)
; ,

g(t.q) =

at least for ¢ # 0. We can extend the definition to ¢ = 0 by taking the limit:

f(@_i(q) - f(q)
t

8(0,g) := lim = (Xf)(q).

which is exactly what we need, since then Y (g(0, p)) = (Y(Xf))(p). O

1.8 Extended Example on S°

Let S° be the unit sphere in R* = C? =~ H, where
H={a+bi+cj+dk:ab,c,d eR}
is the division ring of quaternions. We have the defining conditions
i2=j2=k*=-1, ijk =-1,

which for example imply that
—ij =ijk* = (ijk)k=-k =>ij =k

and
—ji = ji(ijk) = ji’jk = —j*k = k = ji = —k,

so H is noncommutative. H also has a conjugation operation defined by
a+bi+cj+dk=a-bi—cj-dk
and an inner product given by,

(p,q) = Re(pq).
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Whenp =a+bi+cj+dkand g =t+xi+yj+ zk, we see that
(p,q) = Re(pq) =Re((a + bi +cj +dk)(t —xi — yj — zk)) = ar + bx + cy + dz,
so this agrees with the usual dot product on R*. Moreover, the induced norm
IpII* = (p, p) = Re(pp) = Re((a + bi + cj + dk)(a - bi — cjsk)) = a* + b* + ¢* + d*

is the standard one.

Thought of as the unit quaternions {g € H : ||g|| = 1}, it becomes clear that 3 is a group: if
p=a+bi+cj+dk,qg=1t+xi+yj+ zk € H are both unit quaternions, meaning that

C+b+F+d = pp=lplP =1=lgl’ =g =7 +x" +y* + 2,
then their product is also a unit quaternion:
lpall = (pq)(Pq) = pgqp = plp = pp = 1.

To give some other terminology, S is the symplectic group Sp(1); that is, the quaternionic analog of the
unitary group for H'. (We will eventually see that this group is also isomorphic to SU(2) and Spin(3)).

Geometrically, it is clear that, for any p € S, the tangent space 17,8 3 can be thought of as the quaternions
which are orthogonal to p. So for example the tangent space to the identity 1 € §3 is

T18% = {xi+yj+zk : x,y,z € R*},

the purely imaginary quaternions. Using the same idea as in Example 1.5.3, we can push any tangent vector
at the identity around to get a left-invariant vector field on all of S3. In particular, we get three mutually
perpendicular vector fields X, Y, Z € X(S3) given by

X(p) =pi, Y(p)=pj, Z(p)=pk

for all p € S3. (Strictly speaking, X (p) = (dL,)1i, where L, is left-multiplication by p, and i is intepreted
as an element of 77 S° [and similarly for Y and Z], but L p being linear implies that (dL,)1i = pi.)

To check that, say, X (p) is really a tangent vector at p, notice that
(p,X(p)) ={p,pi)={a+bi+cj+dk,—b+ai+dj—ck)=—-ab+ab—cd+cd=0,

s0 X(p)Lp and hence X(p) € T,S°. Similar calculations show that Y (p), Z(p) € T,S°.

Moreover X, Y, and Z are mutually perpendicular everywhere: for example
(X(p),Y(p))={pi,pj)={-b+ai+dj—ck,—c—di+aj+bk)=bc—ad+ad—-bc=0.

(A better argument: multiplication by a unit quaternion is an isometry of H = R*, so orthogonality of
X (1) =iand Y(1) = j carries over to T,,S3.)
Now, the corresponding local flows are

& (p) = p(cost +isint), ¥,(p) = p(cost+ jsint), ¢ (p)= p(cost+ ksint),
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as we can see by differentiating; for example,

d
z=0§t(p) =

7 p(cost +isint) = —psin(0) + picos(0) = pi = X(p).

t=0

Now we compute some Lie brackets. For example,

lim (df-z)gt(p)Y(tfz(P)) -Y(p)

[X.Y](p) = (LxY)(p)

d
= ., (dé-1)(Y (& (p)))
d .
=7l (dé-1)(&(p)))
= % L (dé_)(p(cost +isint)j)
- 4 (dé_;)(p(jcost + ksint)).
dt,—

The differential (d€_) ¢, (p): Te, (p)S® — TpS°, but we can interpret both of these as subspaces of the
ambient space R?, so the differential can be represented by a 4 x 4 matrix, namely

cost  sint 0 0
—sint cost 0 0
(dé-r)e(p) = 0 0 cost —sint|’
0 0 sint  cost
)
cost  sint 0 0 —ccost—dsint —ccos2t —dsin2t
. . _|=sint cost 0 0 csint —dcost | | csin2t —dcos2t
(dé1)(p(jcost +ksin1)) = 0 0 cost —sint|| acost—bsint | | acos2t—bsin2t
0 0 sint  cost asint + bcost asin2t + b cos 2t
Putting this all together, then
-2d
d . . 2c
[X.Y](p) = —|  (d€-r)(p(jeost+ksint)) = | , | =2pk=2Z(p).
=0
2a

In other words, [X, Y] = 2Z and, by similar arguments, [Y,Z] = 2X and [Z, X] = 2Y.

In our language from Example 1.5.3, X, Y, and Z are left-invariant vector fields on the Lie group S 3 and
so you should expect that the Lie bracket on left-invariant vector fields on S* corresponds to a Lie algebra
structure on 775>, which is a 3-dimensional vector space. We’ll call this 3-dimensional Lie algebra sp(1)
since $3 = Sp(1).

Thinking of S® and sp(1) as living in the space of 1 x 1 quaternionic matrices (that is, inside H), we
might expect that the matrix commutator on sp(1) = {xi + yj + zk} should correspond to the above Lie
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bracket. Indeed, the commutator of the 1 X 1 matrices i and j is
ij—ji=k—-(-k) =2k,

which agrees with the above calculation that [X,Y] = 2Z.
Since the only Lie algebra structure we’ve seen on a 3-dimensional vector space is that of (R3, x), or
equivalently (so(3), [-,-]), you might guess that sp(1) is just another iteration of the same Lie algebra.
Indeed, if e}, €2, e is the standard basis for R? and we define F:R?> — sp(1) by

1 1 1
F(ei) = > X F(ey) = Y F(e3) = 32

then we see that, e.g.,

1 1 11
F =F =—Z=—|X,Y]|=|=X,ZY| =|F ,F R
(e1x €2) = Fles) = 57 = £ [X.Y] [2 . ] [F(en), F(e2)]
and more generally it’s easy to check that F(uxv) = [F(u), F(v)] for any u, v € R3, so F is an isomorphism

of Lie algebras.

This also implies that so(3) and sp(1) are isomorphic Lie algebras, even though the Lie groups SO(3)
and S3 are not even homotopy equivalent (for example, 7;(SO(3)) == Z/2Z and 7;(S?) = {1}), which is
going to imply that they cannot be isomorphic as Lie groups.'?

3That said, SO(3) = RP3 has S as its universal cover; indeed, this is really what the isomorphism of Lie algebras implies.
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Chapter 2

Differential Forms

2.1 Integration, Forms, and an Informal Definition

Now that we’ve defined vector fields and explored some special features (like the Lie bracket), the next objects
to turn our attention to are differential forms. Differential forms turn out to be the right tool with which to
define integration on manifolds, and they also turn out to encode the cohomology ring of a manifold, which
means they have both a natural binary operation (corresponding to the cup product in cohomology) and a
natural derivative operation (corresponding to the coboundary map).

To try to build up some intuition for differential forms, think back to vector calculus and computing
integrals of the form

/Afdxl...dxn, @2.1)

where A € R” is an open set (or maybe the closure of an open set), and f : A — R is a (sufficiently nice)
function.! If you stare at (2.1), and in particular at the expression f dx; . . . dx, being integrated, what exactly
is this thing?

To get a handle on what it is, it’s helpful to see how it transforms. If B C R" isopenand g: B — Aisa
diffeomorphism,” then

/fdxl...dxn=/(fog)|deth|dy1...dyn,
A B

where I'm using yj,...,y, to indicate the coordinates on B and Jg is the Jacobian matrix of g. So now
whatever kind of object f dx) ... dx, is, it’s the same type of object as (f o g) |detJg| dy; . ..dy,, and this
describes how it transforms under diffeomorphisms.

Now, examining (f o g) |detJg|dy; ...dy,, it's clear that this is a more complicated object than just
a function. In particular, the presence of the determinant tells you that this is some sort of alternating,
multilinear object. Recall the definitions:

Definition 2.1.1. Let V|, ..., Vi, W be R-modules. A map
fVix - XV >W

1For our purposes we’ll just be dealing with the Riemann integral, but one can also generalize the Lebesgue integral to manifolds.
2In calculus terms, this is a change of variables; e.g., a transition from Cartesian to spherical coordinates.
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is multilinear if it is linear in each factor. That is, for any j € {1,...,k}, ifv; € V; foreachi = 1,...,k,
uj € V;,and c € R, then

fOL .o uj+cevy, oo vi) = fvi, ooy, vi) e f (VoY V).

Definition 2.1.2. Let V and W be R-modules. A multilinear map f: V¥ — W is alternating if, for any i # j,
v; = v; implies that f(vy,...,vk) =0.

Thinking of the determinant map as a function det: V* — R where (vy,...,v,) € V" are interpreted
as the columns of a matrix whose determinant is then computed, det is multilinear and alternating. Indeed,
these two properties uniquely characterize the determinant up to scale:

Theorem 2.1.3. Suppose V is an n-dimensional vector space. Up to scaling by a constant factor, det is the
unique alternating, multilinear map V" — R.

The point of all of this is that the things we actually integrate in multivariable calculus are alternating,
multilinear gadgets. Informally, this is how we should think about differential forms on manifolds:

Definition 2.1.4 (Informal Definition). A smooth differential k-form on a manifold M is a smooth, alternating,
C*(M)-multilinear map
w: X(M)* = Cc= (M)

(recall that X(M) is a C*°(M)-module). The vector space of k-forms is denoted QX (M).

In other words, at each point p € M, a k-form w will input k tangent vectors at p and output a real number
in an alternating, multilinear way. You might guess that this means that w is really a (smooth) section of
some vector bundle over M, and indeed we will shortly define it in this way.

But before that, let’s look at some examples of things that should be differential forms according to
whatever formal definition we eventually give.

Example 2.1.5. Let £k = 0. What is a O-form? Just from looking at Definition 2.1.4, it’s supposed to be
something which inputs 0 vector fields on M and outputs a smooth function on M. But then that means it
has no input and a smooth function as output, so is really just that smooth function. So C*(M) = Q°(M).

Example 2.1.6. If k > dim(M), then the alternating condition implies that QX (M) = {0}.

Example 2.1.7. Suppose f € C*(M); thatis, f: M — R is smooth. Recall that, for each p € M, the
differential df}, : TyM — Ty (p)R. But T¢(,)R can be canonically identified with R, so we can interpret df),
as a linear map T, M — R.

In plainer language, df inputs a vector field on M and outputs a number at each point—that is, a function
on M. So in fact, since the alternating condition is vacuous with only one input, df € Q' (M).

(Foreshadowing: f € Q°(M) and df € Q'(M), so you might ask whether in general there’s some
operation d which turns elements of QX (M) into elements of Q%*1(M).)

Example 2.1.8. Suppose a € Q' (M). Then at each point @ inputs a tangent vector and outputs a number in
a linear way. In other words, foreachp € M, a, € (Tp M )*, the dual space of T), M, also called the cotangent
space at p.

Just as a vector field is a (smooth) choice of tangent vector at each point, this says that a 1-form is a
(smooth) choice of a cotangent vector at each point. More formally, a vector field is a section of the tangent
bundle TM and so, as we’ll see, a 1-form is a section of the cotangent bundle 7M.
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Example 2.1.9. Suppose M = R" endowed with its usual dot product. This induces an inner product on
each tangent space 7, R", which we will (confusingly, but in keeping with the usual practice in Riemannian
geometry) denote by g. Specifically, we define g, to be an inner product on 7,R" given by g, (u,v) = u -v
for any u,v € T,R".

Now, let X € X(R"). Then X coresponds to a unique @ € Q! (R") defined as follows: for Y € ¥(R") and
p € R", a(Y) € C*(R") is given by

(@) (p) = gp(X(P),Y(p))

(again, this is just the dot product of the vector X (p) with the vector Y(p)). Then « is certainly a map
X(R") = C*(R"), and it’s smooth because X and g, are. It’s trivially alternating, and it’s linear since g,
is. So @ € Q'(R").

In fact, any 8 € Q!(R") can be written in this way: at each p € R”, 8 determines a linear functional
By € (TP]R”)*. But then the Riesz Representation Theorem tells us that there exists u, € T,R" so that
Bp(v) = gp(up,v) forall v € T,R". In turn, we can define a vector field U € X(R") by U(p) := u,, and
the smoothness of g will turn out to imply the smoothness of U.

This all tells us that g determines an isomorphism b: X(R") — Q! (R”") given by
X*(¥) = g(X. ).

In fact, there’s nothing special about R" in the above. The same holds on any manifold M when g is a choice
of Riemannian metric on M.> Since it will turn out that we can always put a Riemannian metric on any
manifold, this will tell us that, for any M,

QM) = X(M)

either as vector spaces or as C* (M)-modules. You should view this isomorphism as the differential geometry
analog of the isomorphism between a Hilbert space and its dual.

Example 2.1.10. We’ll define w € Q?(R?) as follows. Since we have global coordinates on R?, we can write
any v € T,R? as

0
v=a—+b—
ox ay
where {a%’ %} is just the standard basis written in the style of our local coordinate bases,* and so any vector
field

0 0
X(p) = — +b(p)—
(p) = a(p)7—+b(p) P
where now a, b € C*(M).

If X,Y € X(R?) are given in coordinates by X = aa—ax + ba—ay andY = Ca_ax + da—ay, define

0 0 0 0 a b
w(X,Y)=w aa+ba—y,ca+da—y) :=ad - bc = e d

Since I've written this as a determinant, it is obviously alternating and multilinear, though that can also be
checked directly.

3More precise definition to come, but basically a smooth choice of inner product on each tangent space.
4Formally, % and % really depend on the base point p, but since they’re all parallel, I'm omitting this dependence.
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So this w is really a 2-form on R?, which we’re going to write as w = dx Ady. The way to read this notation
is as follows: dx pairs with % to produce 1, and dy pairs with % to produce 1; in other words, {dx, dy} is

the dual basis to {%, % } Moreover, the wedge symbol forces this to be alternating and multilinear, so that,

for example
0 0 0 0
dxNdy|—,—]|=1 but dendy|—,—|=-1
* y(ax (9y) o y(@y Bx)
Notice that dx A dy simply returns the signed area of the quadrilateral spanned by whatever pair of vectors
is fed into it.

Example 2.1.11. There was nothing special about dimension 2 in the above example. Theorem 2.1.3 implies
that determinants are essentially the only way to get n-forms on n-dimensional manifolds, which recall are
supposed to be alternating, multilinear maps w: X(M)" — C*(M): ateach p € M, such an w is some scalar
multiple of “the determinant” (whatever that precisely means in this general setting). This scalar is allowed
to vary as we move around, so it turns out that

w = fdVoly,,

where dVoly, is the name we give to the n-form which is just the determinant (again, whatever that really
means, and with the caveat that dVol, does not always exist) on each T, M, and f is some smooth function.

While this is obviously far from a rigorous proof, this hopefully gives you some intuition to the fact that
Q' (M) = C*(M).5

Just as with the previous example, geometrically dVoly, is returning the signed n-dimensional volume of
the parallelpiped spanned by any n vectors fed into it. This explains the notation and the terminology: we
call this form a volume form

Example 2.1.12. Let det be the determinant on R", which I think of as an alternating, multilinear map
det: (R")" — R. In fact, I’ll use the same notation to indicate the induced map X(R")" — C*(R") by
applying the determinant at each point. As in the previous example, I can think of det € Q" (R").

But now we’re going to combine det with a vector field to define an (n — 1)-form 7. Specifically, suppose
X € X(R™). We'll define i pointwise, so let p € R". Since n is going to be an (n — 1)-form, it is supposed
to input n — 1 tangent vectors at p and output a number. To do so, we’ll just tack on X (p) and plug into det;
that is, for vy,...,v,_1 € TpR", define

NpWi, ..., va—1) == det(X(p),vi, ..., Va-1).

This is alternating and multilinear, and the smoothness of X will imply it is smooth, so n € Q*~1(M).
Moreover, every (n — 1)-form can be written in this way, so this implies that X(R") is isomorphic to
Qn-1 (Rn)_

Again, as in Example 2.1.9, this turns out to work on general manifolds when we have an analog of det,

which is our volume form from Example 2.1.11. In general, then, this will imply that, for an orientable
n-manifold M, Q' (M) = Q"' (M).

3Strictly speaking, this argument only works when M is orientable, as we will see.
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2.2 Differential Forms and Vector Calculus

Suppose we restrict to the case of a (Riemannian) 3-manifold; that is, a 3-dimensional manifold M endowed
with a Riemannian metric g (again, a Riemannian metric is a [smooth] choice of inner product g, on each
tangent space; if this makes you uncomfortable, just assume M = R> and we just have the standard dot
product on each tangent space). This section is a bit weird and definitely very informal: I'm using a bunch
of stuff that I haven’t actually defined yet. But the point is to try to say that concepts like differential forms
and exterior derivatives that we will eventually define carefully are just generalizations of things you already
understand very well.

From Examples 2.1.5-2.1.12, we know that
QU(M) = C*(M) = Q*(M), QM) = X(M) = Q*(M), and  QF(M) = {0} for k > 3.

So anything we can say about differential forms on M must be expressible just in terms of vector fields and
functions. We know from vector calculus that there are various differentiation operators on functions and
vector fields, namely div, grad, and curl, so what do these mean at the level of forms.

Or, turning it around, are there operations on forms which fill in the squares in the following diagram and
makes them commute?

QO (M) Ql (M) Q*(M) Q3 (M)

N

C¥(M) —— X(M) —2> X(M) —— C™(M)

First, we (hopefully) recall from vector calculus that the gradient of a function is a vector field, which
can be computed in local coordinates as

Exercise 2.2.1. If it’s not clear, make the effort to connect this to the gradient you’re familiar with.

Then the corresponding 1-form (V £)? is defined at p € M by

3

af o 0 9
(Vf);(y):gp(Vf,Y)zgp( a){a Z i(P)E) fo,(P)b (p)gp( 5)
=1 t i,j=1 7

where ¥ = 7 b, 6 in local coordinates and I’ve written fy, as a shorthand for af

If we were able to arrange it so that the local coordinate basis {a—, ai’ ai} were orthonormal with
X1 X2 X3

respect to g, then this would simplify as
3
(VAR (Y) = Z Fu()bi(p) = Z bi(p) 5L () = ((Z - ) f) () = (YN)(p) = df, (¥)

i=1

by Lemma 1.3.4. In other words, (Vf)? = df.

43



Recall (Example 2.1.8) that at each point a 1-form corresponds to a cotangent vector, so the local

coordinate basis { aixl, 0%2, 6%3} induces a dual basis which we call {dx, dx,, dx3} for (T,,M )* defined by

0
dx,- (a—x]) = 6,']'.

af af af
= —dx| + ——dxy + —dxs.

aX1 a 3)62 2 an, 3
In other words, in the presence of a Riemannian metric,’ computing the differential of a function on a
3-manifold (in fact, this works equally well on an n-manifold) corresponds to taking the gradient of the

function.

In these terms,

af

) Turning to curl, recall that, if X € X(M) is written in local coordinates as X = a 6%1 + azaixz +as 8%3,
then
das Baz) 0 N (Bal (9513) 0 N (ﬁaz aal) 0

VxX=[—-—|— —.
% (6XZ 6)63 (9x1 6)63

aX3 0x1

6x2

6x1 6)62
As discussed in Example 2.1.12, this corresponds to an element of w>~! (M) = Q?(M) given by

(%—@)dxz/\dx3+(?—%)fb€3/\dxl+(%_%)dxl/\dx2-

0)62 3)63 X3 6x1 X1 (3)62

For reasons to be explained later, I'm going to call this 2-form *(V x X)P.

So now what is the operation on X b = g,dx; + ardx; + azdxs which would have produced x(V x X )b?
The idea is to compute the differential (which is a 1-form) of each coeflicient function, and combine it with
the corresponding dx; in a particular way:

d(Xb) = d(ald)q + ardxy + a3dx3)
= (day) A dxy + (day) A dx; + (daz) A dxs

('Jal 6a1 (9(11 aaz 6(12 6a2
=|——d —d —dx3| ANd —dx + —d. —dx3| ANdx
(dx1 X1+ s Xy + dxs X3) X1+ (dx1 1+ s Xy + dxs X3 2
(903 6a3 6(13
—d —d —dx3| Ad
+ (dx1 X1 + d)CQ Xy + dX3 X3 X3

0+ 2% e ndey + 2% s ndry + 2Py n s+ 0+ 2 s A s
de d.X3 dx1 d)C3

0 0
+ 25 ey A dxs + 2y A dxz +0
dxl dXQ
das dap da; Odas dar, da
=|l—-—|doAds+|——-—|daAdg+|——-—|daArd
(0)62 8)63 ) 2 3 (6)(3 a)ﬁ ) 3 ! ( 6)61 6)62 ) a 2
where the rule is that dx; A dx; = —dx; A dx;, which is just the alternating condition on forms. So, if you

buy the above manipulations on some level, there is a fairly straightforward generalization of the differential
which corresponds exactly to the curl in this setting.

Swhich turns out to be necessary to define the gradient anyway
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Finally, if X € X(M) is written in local coordinates as X = a; Bixl + azaixz +as 6%3, then the divergence

is
_% dar, das

h 6)6[ 6)(2 GX3 ’

which is a function. But the isomorphism C*(M) = Q3(M) described in Example 2.1.11 says that this
function corresponds to some 3-form

V-X

day Odar dasz day dax daz
L2 2 dVoly = [— + =2+ — | dx; Adxy A d
8x1 8)62 aX3 ) oM (6x1 0)C2 8X3 a 2 3

because for an appropriate choice of coordinates I can write dVoly; = dx; A dxa A dxs.

Can we get to this 3-form by applying our generalized differential to the 2-form xX” = a;dx, A dx3 +
ardxs A dxy + azdxy A dx,? Yes!

d(*Xb) = d(alde A dx3 + aydxs A dxy + azdxy A dxp)
= (day) A dxy A dxsy + (day) A dxy A dxy + (daz) A dxy A dxy

0 0 0 0 0 0
=% ey + 2 ey + D | Adies A does + [ Z2 a0 + 22 s + T2 a3 | A dos A dixy
dx 1 dx 2 dx 3 dx 1 dx 2 dx 3
0 0 0
+ ﬁd)cl + ﬁdxz + ﬁd)@ Adx) A dxo
dx1 dXQ dX3
da Oay das
= —dig AdxayANdxz3 +0+0+0+ —dxa Adxg Adx; +0+0+ —dxz Adxy A dxp
dX] dxz dX3
day day das
= —dx; ANdxy Ndxz + ——dx1 Adxy Adxz + —=dx A dxy A dx;
dx; dx, dx3

day Odar daz
=|—+—+—|dx;Adxy ANd
(dX1 dXQ d)C3 ) a 2 3

The upshot is that we’ve now filled in the diagram:

QM) — Q' (M) —5 Q2(M) —L Q3(M)

H ETI, ET*" ET. dVols

C¥(M) —— X(M) —2 X(M) —— C™(M)

Of course, I haven’t really given a rigorous definition of d (which is called the exterior derivative), nor
of A (the wedge product), but, as we will see, there is a natural, coordinate-free way of defining these things
for arbitrary differential forms on arbitrary manifolds which specializes to the calculuations above in local
coordinates (and hence corresponds to gradient and divergence on manifolds of arbitrary dimension).

Hopefully the fact that div, grad, and curl are all essentially the same operator in this framework helps
convince you that differential forms are useful and important. In fact, it gets even better: in this language, the
Fundamental Theorem of Calculus, Green’s Theorem, and the Divergence Theorem all turn out to be special
cases of the same theorem: Stokes’ Theorem for differential forms.

More than just generalizing essentially all of vector calculus, differential forms also encode topological
information (in the form of cohomology). To see this, look again at the diagram above:
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(1) We know from vector calculus that V X (Vf) = 0 forany f € C*°(M) and V - (V x X) = 0 for any
X € X(M). Since the diagram commutes, this implies that d o d = 0 regardless of whether you start
in Q%(M) or Q' (M) (and in fact this is still true if you start in Q*(M) or Q3 (M) since Q*(M) = {0}).
In other words,

QM) L o'(M) —L Q2(M) —L Q@3 (M)

is a (co)chain complex. More generally, if we add indices to the exterior derivatives to indicate where
they start and end,

QM) —2y olmy —Ly D2y gnt () s Qnm

is always a cochain complex on any n-manifold (i.e., dx o dx—; = O for all k). The usual thing you
do when you have a (co)chain complex is to take the (co)homology, and that’s also useful in this case.
Doing so yields the de Rham cohomology groups

kerd
k o k
Hp (M) = T .

In fact, as usual with cohomology, the cohomology groups fit together into a graded ring, and the
product operation corresponds to the wedge product A. And de Rham cohomology will turn out to be
isomorphic to singular (or simplicial) cohomology with real coefficients.

(i) In our 3-manifold example, we saw that Q*(M) = C®(M) = Q3(M) and Q! (M) = X(M) = Q*(M).
In general, if M is an n-dimensional manifold, then it will turn out that QX (M) = Q"~*(M) for all
k =0,...,n. Even better, this isomorphism descends to the de Rham cohomology groups and we will
have that
HA (M) = HiZH (M)

for all k, which is the appropriate version of Poincaré duality for de Rham cohomology.

2.3 Tensor Algebras and Tensor Fields

In order to give a more rigorous definition of differential forms (and in particular to get them to form a graded
algebra), as well as more general tensor fields, we need to do some (multilinear) algebra and talk about tensor
algebras and exterior algebras.

Before diving in, let me just give you my perspective on tensors. Basically, the point is that tensors are
the right tool for turning multilinear algebra into linear algebra. More precisely, suppose we have three vector
spaces U, V,and W, and amap F : U x V — W which is multilinear (or, really, bilinear in this case). Again,
this just means that F is linear in each factor:

F(auy + buy,v) = aF(uy,v) + bF(us,v) and F(u,cvy +dvy) = cF(u,vy) + dF(u,vs).

Example 2.3.1. Any choice of inner product on R" defines a bilinear map R" X R" — R by (u, v) — (u, v).
Here U =V =R" and W = R.

Example 2.3.2. Let U = R”, V = (R")"~! and define a map R” x (R")"~! = (R")" — R by
(uy (V1 ..., vp—1)) > det [u vioo... vn_l] .

This is also bilinear.
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Example 2.3.3. Let U = V = W = R3 and define the map R? x R®> — R by (u,v) + u x v, which is again
bilinear.

Returning to the general setting, we have vector space U, V, and W and a multilinear map F : UXV — W.
Now suppose wy € W and we want to solve a problem of the form F (u,v) = wq. Since F is multilinear, you
might hope that this is somehow just a linear algebra problem, which would be solvable, at least in principle.
But, at least as stated, this is very much not a linear problem. . .

Example 2.3.4. Continuing with Example 2.3.3, where F:R?> x R3? — R3 is given by F(u,v) = u x v,
suppose we want to solve F (i, v) = (xo, y0, 20). Since R* x R? = R, we can think of F as a map R® — R3
given by

(ur,uz,u3,vi,v2,v3) > u X v = (Upvs — uzvo, u3vi — U1v3, U1vy — UpVvy).

So our problem is to solve
(u2v3 — uzva, uzvy — u1vs, uyva — uavi) = (xo, yo, 20)

for (uy,un, us, vy, va,v3), which is obviously a quadratic system of equations, not a linear system.

To reiterate, for me’ the point of tensor products is to turn multilinear maps and problems into linear
maps and problems.

Definition 2.3.5. Given vector spaces U and V, define the tensor product U ® V to be the vector space whose
elements are linear combinations of terms of the form u ® v foru € U and v € V so that

A (U +u)®v=u®v+u, v

1) u® (vi+v2) =u®vi+u®v,

(iii)) a(u®@v) = (au) @ v =u® (av)
forany u,uy,ur € U,v,vi,vo € Vanda € R.

Example 2.3.6. If U = R and V = R", then we can represent # ® v by the m X n matrix
uv' =\ : [v] S vn] = [uivj]l.’j .

Here’s the key theorem (or, if you start form a different perspective, the below theorem is the definition):

Theorem 2.3.7 (Universal Property of the Tensor Product). If ¢:U XV — U ® V is the map given by
(u,v) » u®vand F:U XV — W is bilinear, then there exists a unique linear map F:U ® V. — W making
the following diagram commute:

UxVLZrW
¢l et

.7 F
UV

Moreover, this uniquely characterizes U ® V: any vector space satisfying this property must be isomorphic
oURYV.

71 want to emphasize here that this is just my perspective: I'm not claiming that everybody would agree with this characterization.
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Example 2.3.8. Continuing Examples 2.3.3 and 2.3.4, recall that F : R?xR? — R? is givenby F(u,v) = uxv,
and Theorem 2.3.7 tells us there must be a linear map F:R3 ® R3 — R? so that

(Fo¢)(u,v) = F(u,v) = u xv.
Representing u ® v by uv’ as in Example 2.3.6, we see that u ® v corresponds to the 3 x 3 matrix

upvy upva2 u1vs
uzvi uzvoy  uUzvi|.
usviy uzvpy uszvs

In general, R3®@R? = Matz«3(R) = R, so we can flatten this matrix to get a representation by a 9-dimensional
vector, namely
P
uivz
upvs
Uuzvy
urva| .
uzvs3
usvi
uzva
| U3V3

So then F:R® — R3 is supposed to be linear, and hence must be represented by a 3 X 9 matrix A so that

'ulv{
uyva
upvs
uzvq Uzv3 — u3zva

A Uurva| = [Uzvy —u1vs|.
uzvs3 uyvy — uzvy

usvy
usvz
.M3v3.

Written out in this excruciating detail, it’s now pretty obvious what A has to be:

00 0 0 O1O0 -1 0
A=10 0 -1 0 O O 1 O O0f.
Oo1 0 -1 00 0 0 O
Proposition 2.3.9. Ifui, ..., uy is a basis for U and vy, . .., v, is a basis for V, then {e; ® f;}i ; is a basis

forUQ®V. In particular, dimU ® V = mn.

Clearly, we’ve paid a price for turning bilinear maps into linear maps: whereas dim(U X V) = m + n, we
have dim(U ® V) = mn, which is usually a lot bigger. So we turn multilinear algebra into linear algebra at
the cost of having to work in much higher dimensions.

Notation. We will use V®* to denote the k-fold tensor product of a vector space V with itself; that is

Ve - @V=Ve(Ve(-a(VeV)))
S——
k
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Definition 2.3.10. The tensor space of type (r, s) associated with a vector space V is the vector space
VEi=VE ® (V).
Elements of V! are called (r, s)-tensors.

Example 2.3.11. An inner product (-, -) on V is a symmetric (0, 2)-tensor on V. Why? Well, (-, -) defines a
bilinear map V X V' — R, and hence by Theorem 2.3.7 a (unique) linear map V ® V — R. In other words,
an inner product determines an element of (V Q V)* = V* @ V* = V02.

Exercise 2.3.12. Prove that (V@ V)" = V* @ V*

Example 2.3.13. A linear transformation F: V — V (or, if you like, a square matrix) can be interpreted as a
(1, 1)-tensor. Why? F induces a bilinear map V* X V — R as follows: for (p,v) € V* XV,

(p,v) = p(F(v)).

Again, Theorem 2.3.7 implies that this bilinear map correponds to a linear map V* ® V — R; that is, an
element of the dual space (V* @ V)" =V @V* = Vll.

Definition 2.3.14. The direct sum 7 (V) := EB V?, where V) is the ground field of V, is called the tensor
r,s>0

algebra of V.

Remark 2.3.15. Terminology varies. Often tensor algebra only refers to the algebra of (-, 0)-tensors, namely

v =ve.

r>0 r>0
In general, 7 (V) is noncommutative, associative, and (bi-)graded.
Definition 2.3.16. The tensor bundle of type (r, s) over a manifold M is
T (M) = | | (T,M);,
peM
which has a projection map 7: 7,* (M) — M sending a tensor based at a point to the point.

Exercise 2.3.17. If M is an n-dimensional manifold, show that 7.* (M) is a smooth manifold of dimen-
sion n + n"*s,

A tensor field of type (r,s) on M is a smooth section of the tensor bundle 7,° (M); i.e., a smooth map
T:M — 7,5(M) so that 7(p) € (T,M)’.

Example 2.3.18. A vector field on M is (by definition) a (1, 0)-tensor field on M.
Example 2.3.19. A 1-form on M is (again, by definition) a (0, 1)-tensor field.

Example 2.3.20. A Riemannian metric (which we’ve informally defined to be a smooth choice of inner
product on each tangent space) is a (symmetric) (0, 2)-tensor field on M. More precisely:

Definition 2.3.21. A Riemannian metric on a manifold M is a smooth (0, 2)-tensor field g on M so that,
for each p € M, g, = g(p) satisfies the axioms of an inner product on T}, (M); that is, in addition to being
bilinear (which is guaranteed by the fact it is a (0, 2)-tensor), it must be symmetric (g, (#,v) = g, (v,u)) and
positive-definite (g, (v, v) > 0 with equality if and only if v = 0).
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Note: when I write something like g, (4, v) I'm technically thinking of g, as the associated bilinear map
TyM X Tp,M — R, but in coordinates we also often use notation like g = }; ; g;jdx; ® dx;, which more
closely matches up with the idea of g being a (0, 2)-tensor field.

Example 2.3.22. Consider the Riemmannian metric g = ﬁ (dx ® dx + dy ® dy) (also commonly written as

ds® = y1—2(de +dy*))on H = {(x,y) € R? : y > 0}.% This is the Poincaré half-plane model of the hyperbolic

plane. In general, we can compute the length of a curve y(¢) = (y(2),y2(t)) by integrating the length of
v’ (t) along the curve. Since y’(t) € T, (;)H, its length is

T [r0y0 Iyl
Voo (0.7 () =\ [F= s = ST

where - is the standard dot product on the plane and || || is the Euclidean norm (I can just use y,(¢) in the
denominator, rather than |y, ()|, because the second coordinate is always positive in H).

It will turn out that the geodesics in this metric are the vertical lines and semicircles centered at points
on the x-axis; see Figure 2.1. Let’s compute distances between points on these geodesics.

Figure 2.1: Some geodesics in the Poincaré upper half-plane model of the hyperbolic plane.

For the vertical lines, we can parametrize the line through (x¢, 0) by y(#) = (xo,?). So then y’(¢) = (0, 1)
and the distance between (xg, yo) and (xq, y) is

i Yrq i
/ \/gym(v’(t),y’(t)) di = / —dr=1Iny; —Inyo =In (—) :
Yo ! Yo

Yo

Notice, in particular, that the x-axis is infinitely far away from any point in H.

On the other hand, the semicircle of radius r centered at (xp,0) can be parametrized by y(t) = (xo +
rcost,rsint). Now y’(t) = r(—sint, cost), so the distance between y(6y) and y(6;) is

0, 0 0
/ \/gy(t) (y'(t),y' (1)) dt = / r dt = / csctdt = arctanh(cos 6y) — arctanh(cos 61).
6o 6, st 6o

8In undergraduate differential geometry courses like MATH 474, the Riemannian metric is more often called the First Fundamental
Form.
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2.4 Exterior Algebras and Differential Forms

We just saw that 1-forms are (0, 1)-tensor fields, but in general it’s not quite natural to think of k-forms as
tensor fields because we need to incorporate the alternating condition. We could do this by considering the
subset of alternating tensor fields, but it turns out to be more natural to take a quotient of the tensor algebra
to get something called the exterior algebra.

Specifically, just as the tensor product is a way of turning multilinear maps into linear maps, the exterior
product will turn out to be the way to turn alternating multilinear maps into linear maps. Even though we
haven’t actually defined the exterior product yet, it might seem silly to introduce another new product; after
all, alternating multilinear maps are multilinear so the tensor product already turns them into linear maps.

That being the case, the exterior product does this in much lower dimension, so it’s still worthwhile. At
the most extreme level, you can see this because the natural space in which the tensor product lives (as a
binary operation) is the tensor algebra 7 (V) (or, if you like, only the (r, 0) part V(()) ® Vl0 ® V20 ®...), whichis
always infinite-dimensional. Whereas the exterior product will be a binary operation on the exterior algebra,
which will turn out to be finite-dimensional if V is. And, if you weren’t already aware, finite-dimensional
vector spaces are much, much nicer than infinite-dimensional vector spaces: it’s always worthwhile to make
the effort to work in finite dimensions if at all possible.

Definition 2.4.1. Let C(V) = ., V,? be the algebra of (-, 0) tensors on a vector space V and let 7 (V) be
the two-sided ideal generated by elements of the form v ® v for v € V. Then the exterior algebra of V is the
quotient

AV) =C(V)/I(V).
This is a graded algebra with product denoted by A, which is just the product induced by ®: the residue class
of Vi®vy®---®viisdenoted vi Ava A+ A V.

The grading is given by the degree of the wedge product, since

AW) =P Nw),

k>0
where \*(V) = V) /Ii,and I; = T (V) N V).
Proposition 2.4.2. Ifa € N(V) and b € N (V), then b Aa = (=1)*¢a A b.
Exercise 2.4.3. Prove Proposition 2.4.2.
Corollary 2.4.4. vs(1) A+ AVvgk) = sgn(o)vy A - -+ A vy for any permutation o of {1, ..., k}.

In particular, this says that we can always rearrange any wedge product to have the terms in any order we
like. For example, if the terms are indexed (e.g., if they come from some ordered basis), we can always make
the indices appear in increasing order at the cost of a sign.

Proposition 2.4.5. If {e;,...,e,} is a basis for V, then
{ei Ao Aey 1< <ip<---<iy<n}
is a basis for N€(V). In particular,

(}) fO0<k<n
0 else.

dim Nf(V) = {
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Hence,

dim A(V) = Z dim N%(V) = Z (”) = n,
k>0 k=0 k

Exercise 2.4.6. Prove Proposition 2.4.5.

This is exactly the finite-dimensionality described above. Even if we’re just interested in alternating,
bilinear maps V x V — W, dim A\?(V) = (’2‘) is less than half of dim V®2 = n?, so working with the exterior
power rather than the tensor power means we’re doing linear algebra in half the dimensions, which is almost
always worthwhile computationally.

As you would expect, the exterior products satisfy a universal property analogous to the one satisfied by
tensor products:

Theorem 2.4.7 (Universal Property of the Exterior Product). If ¢:V* — AK(V) is the map given by
(Visee s Vi) P VIA - Avgand F: V& — W is an alternating multilinear map, then there exists a unique
linear map F: N€(V) — W making the following diagram commute:

Vx--xV —Esw

—_— /7(
k il
¢l F
NW)

Again, this uniquely characterizes N<(V) up to isomorphism.

Example 2.4.8. Suppose V = R", and suppose F':R" — R is alternating and multilinear. We know that
this factors through a linear map A*(R") — R; since dim A'R" = (Z) = 1, we know that A\"R" = R, and so
(once we’ve chosen a basis for N'R”, which witnesses the isomorphism N'R" = R), F has to be of the form
x — ax for some scalar a. We can already see that this is going to imply that F is unique up to the choice of
the scalar a.

Let’s work out what ¢: (R")" — A'R"™ is. Let ey,...,e, be the standard basis for R", so that each
Vi = Z;‘l,:l ajj;ej;. Then repeatedly applying Corollary 2.4.4 and the alternating property of the wedge
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product yields

n n

¢(V1,...,Vn) S ¢ Zaljlejl,..., Z anj,€j,
J1=1 Jn=
n n
= Zaljlejl A A Z Anj, €,
J1=1 Jn=1
n n
:Z...Zalj]...anjnejl/\.../\ejn
Ji1=1 Jn=1
n
= Z n Aig(i)| o) N Neg(n)
oeS, i=1
n
= Z sgn(o) nai"(i) e1N--Ney,
oeS, i=1
n
= Z sgn(a') nam(i) erN---Ney
oeS, i=1
=det[v1 vn]el/\---/\en,

where we just recognized the Leibniz formula for the determinant in the last equality.

Since {e] A --- A e,} is our preferred basis for A\R”, inducing the isomorphism R — A'R”" given by
1> ey A--- A ey, we see that

F(vl,...,v,,)z(foqb)(vl,...,v,,)=f(¢(v1,...,vn))=f(det[v1 vn]el/\u~/\e,,)=adet[v1 vn]

for some a € R, which (re)proves Theorem 2.1.3, which says that the determinant is, up to scale, the unique
alternating multilinear map (R")" — R.

If we let W = R (or whatever the base field is) in Theorem 2.4.7, then we see that alternating multilinear
functionals on V¥ correspond precisely to linear functionals on /\kV; that is, to elements of the dual space
( /\kV)*. But of course this is essentially how we “defined” differential k-forms in Definition 2.1.4: at each
point a k-form should exactly be an alternating multilinear functional on the product of k copies of the
tangent space at that point.

Definition 2.4.9. The exterior k-bundle on a manifold M is

Ny = || Ne((T,M)7)

PEM

and the exterior algebra bundle over M is

AWM) = | | A((T,M)7).

peM

Both of these are smooth manifolds.
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A differential k-form on M is a smooth section of \¥(M); that is, a smooth map w: M — AX(M) so that

w(p) € N*((T,M)"). The space of k-forms on M is denoted Q¥ (M), and we let Q*(M) := @Qk(M),

k=0
which is the algebra of differential forms on M.

If you’ve been reading very closely, you might have noticed that I played fast and loose with parentheses
and stars above. The discussion in the paragraph before Definition 2.4.9 suggests that, if w is a k-form
(that is, an alternating, multilinear map X(M)* — C*(M) according to our informal definition), then at
a point p € M we should expect that w(p) € (A¥ (T,M))". But I've just defined w(p) as an element of
N ((T,M)")! So what's going on?

First of all, A* ((T,M)") is (at least to me) conceptually nicer than (A* (T, M))": it’s an exterior power
itself, rather than being the dual of an exterior power, and so it obviously fits into an exterior algebra, namely
A ((T,M)"). So that’s the reason for wanting to define exterior bundles in terms of A\* ((7),M)") rather than
(N (T, M))".

Of course, the reason I can do this is because they’re isomorphic:

*

Lemma 2.4.10. Suppose V is a finite-dimensional vector space. Then
NV = (NV),
and therefore

AV = (A(V)".

The strategy here is to find a nondegenerate pairing between AX(V*) and AX(V). Recall that a nonde-
generate pairing of vector space V and W is a bilinear map

(,):VXW >R

with the property that, for any nonzero w € W, there exists v € V so that (v,w) # 0 (and similarly when
you swap the roles of v and w). Notice, in particular, that a pairing corresponds uniquely to a linear map
V ® W — R; that is, an element of (V ® W)*.

If there is a nondegenerate pairing of V and W, then it induces injective maps ¢: V — W*andy: W — V*

given by
p(M)(w) = (v, w) = (W) ().

Example 2.4.11. An inner product (-, -) on V is a nondegenerate pairing of V with itself: after all, if v # 0,
then (v,v) # 0 by the positivity of the inner product. Hence, the inner product induces an injective map
V — V* which turns out to be an isomorphism if V is finite-dimensional (or more generally if we take V*
to be the continuous dual space rather than the algebraic dual space); this isomorphism is the content of the
Riesz representation theorem.

In finite dimensions, we know that V = V* and W = W*, so the composition V 'i> W*=WwW i) V* gives
an injective (and therefore also surjective) map V — V*, which implies that ¢ and ¢ had to be bijective,
and therefore isomorphisms. In particular, this implies that V = W* (and therefore also W = V* and indeed
V =W).

So the strategy for proving Lemma 2.4.10 is to find a nondegenerate pairing of \¥(V*) and AF(V), which
will imply the result.’

9 At a more basic level, it’s not hard to see that these vector spaces have the same dimension, and hence must be abstractly isomorphic,
but it’s helpful to make this isomorphism more concrete with the pairing.
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Proof of Lemma 2.4.10. To find the pairing (-, -): A¥(V*) x AK(V) — R, suppose first that @ € A¥(V*) and
b € N(V) are decomposable, meaning that @ = a; A -+ Aay foray,...,ax € Vi and b = by A --- A by
for by, ..., b € V. Then define

(a,b) := det ([a,-(bj)]i’j) . (2.2)
Since arbitrary elements of A¥(V*) and A¥ (V) are linear combinations of decomposable elements, we define
(-,-): NE(V*) x A¥(V) — R by extending the above linearly.
It is straightforward (but somewhat tedious) to check that (-,-) is nondegenerate, and thus induces the
desired isomorphism Af(V*) = (/\k(V))*. Doing this for each k shows that the exterior algebra

*

dimV dimV dimV
AV =P N = P (Nv) = (EB N =AW
k=0 k=0 k=0

O

Notice that this argument—and especially (2.2)—really validates the idea that all alternating multilinear
maps are, in some sense, determinants.

2.4.1 Differential Forms in Local Coordinates

Definition 2.4.9 is not the easiest thing to compute with, so let’s try to understand what differential forms
look like in local coordinates. Suppose M is an n-manifold, w € Qk(M ) is a k-form, and p € M. Let
(U, ¢) be a local coordinate chart in a neighborhood of p, and define the functions x;: $(U) — R by
xi(¢(ay,...,a,)) = a;. In other words, the function x; reports the ith local coordinate of a point in this
coordinate chart.

Now, each function x; has a differential dx; which (as in Example 2.1.7) is a 1-form on ¢(U) C M.
In particular, at p the differential (dx;)p:TpM — Ty pR = Ris a linear functional on T, M; that is, an
element of the dual space (T, M)".

If { Bix]’ e % } is the local coordinate basis for 7), M associated to our chart, Iclaim that {(dx1)p, .. ., (dx,)p}
gives the corresponding dual basis for (7,,M)": by Lemma 1.3.4,

(dxi)p ( 9 ) = i()Ci) = 0jj.

Ej 6xj

In what follows I'm going to drop the subscript p and just say {dx1, ..., dx,} is a basis for (T,M)" =
Al ((TPM)*). More generally, as in Proposition 2.4.5, {dx;, A -+ Adx; : 1 <iy <+ <ix < n} gives a
basis for A¥ ((T,M)"), and hence at the point p our k-form w can be written as

W, = Z ardxy,

]
where I = (ij, ..., i) is any k-tuple of distinct, sorted indices and dx; is shorthand for dx;, A -+ A dx;, .

Example 2.4.12. On R? we have global coordinates, so every w € Q! (R?) is of the form w = f dx + g dy for
smooth functions f, g € C®(R?). Soif w = fdx + gdy and n = hdx + m dy are two 1-forms, we will have

wAn=(fdx+gdy)A(hdx+mdy) = (fm—gh)dx Ady.
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In particular,

0 0 0 0
(AU, V)=(wAn) (uim= +us—,vio— +vo—| = (fm — gh)(u1va — upvy).
0x ady  Ox ay

Example 2.4.13. On R, if w,n € Q' (R?) withw = fdx + gdy + hdz and 5 = a dx + b dy + c dz, then
wAn=(gc—hb)dy Ndz+ (ha — fc)dz Adx + (fb — ga)dx A dy.

Compare with the cross product

W xnf = f;—x+g(,;9—y+h(%)><(ai+b—+cﬁZ =(gc—hb)aa—x+(ha—fc)aa—y+(fb—ga)(%.
Also, if u = pdy Adz+ qdz A dx + rdx A dy, then
wAu=(fde+gdy+hdx) N(pdyAdz+qdzAdx+rdxndy)=(fp+gq+hr)dc ANdy Adz.
Compare with the dot product

0 0 0 0 0 0
#. g | r - _ - - — =
w" - (k) f6x+g6y+h6z)x(p6x+q6y+r6z fp+gq+hr.

Locally, any manifold looks like R", so these computations work just as well in local coordinates on 2-
and 3-manifolds.

2.5 The Exterior Derivative

We’ve already seen some calculations of the exterior derivative in local coordinates in Section 2.2, but to
give a coordinate-free definition of the exterior derivative we need to talk about derivations.

Definition 2.5.1. If V is a vector space, an endomorphism D : A (V) — A (V) of the exterior algebra is
e aderivation if D(u Av) = (Du) Av+u A (Dv)

« an anti-derivation if D(u Av) = (Du) Av + (=1) u A (Dv) foru € NF(V) (notice that this implies that
DA Avm) = X0 (D)W A AVis i A(DV) AVisi A+ Avy forany vy, ..., v, € V = AL(V))

o of degree k if D : N(V) — N*K(V) for all i.
(This definition extends to any (graded) algebra by substituting the product in the algebra for A in the above.)

Example 2.5.2. We saw on page 8§ that tangent vectors can be viewed as (ungraded) derivations on the
algebra D, of functions which are smooth in a neighborhood of a point p € M. More generally, a vector field
X € X(M) isaderivation on the algebra C* (M) because it satisfies the Leibnizrule X (fg) = (X f)g+f(Xg).

There’s no degree in either of these cases because D), and C* (M) are ungraded.

Definition 2.5.3. The exterior derivative d: Q" (M) — Q*(M) is the unique anti-derivation of degree +1 so
that
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(i) Forall f € C®(M) = Q%(M), df is the differential of f.
(ii) dod =0.
Proposition 2.5.4. There is such a creature and it is unique.

The idea is that we kind of know what such an thing should look like in local coordinates around a point
p € M: any k-form w € Q¥(M) can be written in local coordinates as

wp = Zf] dxl.
1

So then define
(dw), = Z(df,) A dx;. 2.3)
1

Example 2.5.5. Consider w € Q' (R3) given by w = zdy + xy dz. Then
0 0 0
«y) ., 9y dy + xy)

Ox dy 0z
=dzAdy+ydcANdz+xdy ANdz =ydx ANdz+ (x — 1)dy A dz.

z| Adz

dw = (dz) Ady + (d(xy)) Adz =dz/\dy+(

I claim that (2.3) is the only way to get an anti-derivation of degree +1 that satisfies (i) and (ii) in local
coordinates. Why? If d satisfies (i) and (ii), then dx; = d(x;) is the result of applying d to the O-form x; (by
(1)), so d(dx;) = (d o d)(x;) = 0 (by (ii)). But then the anti-derivation property implies that

k
d(dxy) = d(dxi, A+ Adxi) = > (=1)7 7 vy, A= Adyy Ad(dxi;) Adg, A Adxi, =0
J=1
since each d(dx;;) = 0. But then, again applying the anti-derivation condition together with linearity,

(dw), =d (Z fi dxl) = > [(dfy) Ny + fr d(dep)] = ) (dfi) A dxy.
1 1

1

Exercise 2.5.6. Go back to Section 2.2 and verify the various exterior derivative calculations we did there.

Proof of Proposition 2.5.4. Define d in local coordinates as in (2.3). Independence of the choice of coordi-
nates will follow from uniqueness, so it remains to show:

(a) This is an anti-derivation.
(b) It satisfies the cocycle condition (ii).

(c) Uniqueness.

(a) and (b) are both computations. Here’s the computation for (b): If w = }; f7 dx; in a neighborhood

of p € M, then
dw:del/\dxlzz S I | Ay
T T\ O l
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in that same neighborhood, so

n n

_ - (9f _ o _
d(dw)—Z(Zd(a—xi)/\dxi)/\de—Z 1 Z;de, Adxi|Adxp =0
= Jj=

T \i=1 T \i
since 524 = 521 but dx; A dxi = —dxi A dx;.
Turning to (c), suppose there exists a degree +1 anti-derivation D : Q*(M) — Q*(M) satisfying (i) and
(ii). In particular, D f = df forall f € C*(M) = Q°(M). Then

k
D(dxp) = D(dx;, A--- Adx;) = Z(—l)j_ldxil A Adxi AD(dxi;) Adxi, A+ Adxg, =0
j=1

since D (dx;;) @ D(Dx;;) @ 0 by hypothesis.

Therefore, if w = }; fidx; in a neighborhood of p, by linearity and the anti-derivation condition we have
Dw = Z(Df[ Adxy; + fiD(dxp)) = Z D f1 A dxy (2 Z dff Ndx; = dw
1 fi 1

in that neighborhood. Since this is true for all p € M, it must be the case that Dw = dw. O

Notice that d being degree +1 and satisfying the cocycle condition (ii) says exactly that we have a diagram

d d dp- . dp- N
QM) = Q'(m) = ... 2 ol (M) = (M)
which is a cochain complex.

Definition 2.5.7. A differential form w € Q¥ (M) is closed if dw = 0 and it is exact if w = dn for some
n € QK1 (M). Notice that, by the cocycle condition (ii), all exact forms are closed.

Exercise 2.5.8. Show that w € Q!(R*> — {0}) given by w = % is closed but not exact. (Using
the correspondence between 1-forms and vector fields, this is equivalent to the fact that the vector field

(szyyz, x2+y2) is curl-free but not a gradient field.)

2.6 Pullbacks

Suppose we have manifolds M and N and a smooth map f: M — N. Since we have a change of variables
formula for integrals, and differential forms are supposed to be the objects that we can integrate on manifolds,
we should expect that f gives a way of turning differential forms on one of M or N into forms on the other.
If you think about how the change of variables formula works, you can figure out which direction this is
supposed to go, but let’s build up to this a bit more slowly.

First of all, recall thatif v € T, M, then df,v € Ty, N; thatis, dfy, : T,M — Ty, N. More precisely,
since v = a’(0) for some smooth curve & with &(0) = p, we defined df,,v = (f o a)’(0). In words, f gives
a way of pushing tangent vectors forward using df,'” and we could have guessed this in advance because v

101y fact, many books and papers use the notation f, rather than d f since this is the standard notation for a pushforward operator.
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is defined in terms of a map into M, which can then be composed with f to get a map into N. In categorical
terms, tangent vectors and vector fields are transformed covariantly, meaning that tangent vectors or vector
fields get sent in the same direction (from M to N) as the original map f: M — N.

Now let’s think about how we could move differential forms around using f. At a point, a k-form
w € QF(M) corresponds to w, € N ((T,M)") = (A (T,M))", or equivalently an alternating multilinear
functional (T, M )k — R. In other words, unlike a tangent vector which is defined by a map into M,
a differential form corresponds to a map out of (T, M )k. That means there’s really no way to compose
wp € N((T,M)") with f to get something on N.

However, if we start instead with n € Q¥(N), then, as above, at a point g € N, ng corresponds to a map
(T,N)* - R, so we should be able to precompose with a map (T, M)* — (T,N)* to get a k-form on M.
More precisely:

Definition 2.6.1. If f: M — N is smooth and n € Q¥(N), then the pullback of n by f is the form
f*n € QK(M) defined by

FMpis . svi) =0y (dfpvis ... dfpvi)

forany vi,...,vik €T, M.
Notice, first of all, that this definition makes sense because df, : TyM — Ty ()N, soeachdf,v; € Ty )N,
and hence can be fed into 177(,).

In the paragraph before Definition 2.6.1 I said we could precompose 5 with a map (T, M)* — (T,N)",
but then didn’t write down such a map. What's going on here? The differential df}, : T, M — Tf(,)N induces

amap (df,)* : (T,M)" = (Ty(,)N)" by just applying df, separately in each factor. So then another way
of stating Definition 2.6.1 is that

(f'Mp = nr(p) © (dfp)*.
Example 2.6.2. Suppose g € Q°(N) = C®(N). then
(f"8)p = 8r(p) = 8(f(P)) = (g° /)(p),

recalling that, for a form w, the notation w, really just means w(p).

In other words, f*g =go f.

Example 2.6.3. Let f:S! — R? be the inclusion of the unit circle into the plane; i.e., f(6) = (cos @, sin ).
Let w = dx € Q!'(R?), which at each point p € R? is computed by dx (a% + ba%) = a; or, said another
way, by taking the dot product of the input tangent vector with the first standard basis vector.

What is f*w = f*dx? At any point 8y € S', we have the local coordinate basis {%} for Tg,S', so we
can completely specify f*dx by determining the value of

(f*dv)g, (a%)

for any a € R. By Definition 2.6.1,
. 9 0
(f dx)ﬁ() a% = (dx)f(g()) dff}() a% .
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So first we’ll need to compute dfy, (a%). We can write a% = a’(0), where a(t) = 0y + at, so Defini-
tion 1.3.1 tells us that

d

U fogg) = rowro = 5

7 (cos(8y + at), sin(6y + at))

t=0

flaw) =4

d
0o +at) = —
_Of(0+a) 7

t=0 1=

= (—asin(fy + at),acos(fg + at))|,—¢o = (—asin(6p), a cos(y)) = —a sin(@o)% +a cos(@o);—y

after switching between tuple notation and local coordinate basis notation.

Therefore,
; 0 0 . 0 0 .
(f*dx)e, a% = (dx) £ (a9) | df 00 a% = (dx)f(gy) |—a sm(&o)a +a cos(@o)a = —asin(6y).

In other words,
(f*dx)go = —sin 90(619)90

or, by slight abuse of notation,
f*dx = —sinf d6.

Recalling that 6 € st maps to the point (cos 6, sin 8), we can see that sin 6 is the y-coordinate, so this could
also be written as
ffdx = —yde.

Geometrically, this makes sense: at the point (x,y) = (cos 8, sin ) this form is dual to the tangent vector
—y%, which at each point is just the orthogonal projection of the first standard basis vector % onto the

tangent space to the circle, and of course 6% is the tangent vector to (x, y) € R? dual to dx. See Figure 2.2.

Figure 2.2: The vector field % (dual to dx) on R? is shown in orange, and the vector field —ya% (dual to
—y d6 = f*dx) on the circle is shown in green.

One nice thing about pullbacks is that they commute with the exterior derivative:

Proposition 2.6.4. For f: M — N smooth and w € QF(N),
d(f*w) = ffdw.
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Before proving this, let’s see it in an example:
Example 2.6.5. Continuing Example 2.5.5, recall that w = z dy + xy dz and we computed

do=ydx ANdz+ (x - 1)dy A dz.

Now, consider the map f:R?> — R3 given by f(u,v) = (u?,u,uv). For p = (ug,vo) € R* and
w = a% + b% € TPR2 fori = 1,2, we can write w = ;(0) where a;(t) = p + tw = (up, vo) +t(a, b), so

d

dfp(w) = (f oa;)'(0) = 7 ((uo + ta)?, ug + ta, (ug + ta)(vo + tb))
=0

0 0 0
= (2aug, a, avy + bugy) = 2aug— + a— + (avg + bug) —,
Ox oy 0z

where I’'m going back and forth between tuple notation (in R? with the standard basis) and local coordinate
basis notation (on 7'y p)R3 with the local coordinate basis [which of course is the same as the standard basis]).

Therefore,

. 0 0 0
(ffw)p(W) = wepy(dfp(w)) = (uovo dy + u(3) dz) (Zau()a + aa + (avy + b”(’)a_z
= augvo(l + ué) + bué.

Since this is what the linear functional (f*w)y,,v,) does to the tangent vector w = a% + ba%, we see that
(f* @) (ug,ve) = tovo(l + u%)du + ug dv or, now thinking globally,

frw=uv(l +u®)du +u*dv.
Hence,

d(f*w) = (d (uv(l +u2))) Adu + (a’ (u4)) Adv

= (aa—u (uv(l + uz)) du + % (MV(l + uz)) dv) Adu + (% (u4) du + 9 (u4) dv) Adv

=u(l+u®)dv Adu +4u’du A dv
= (3u’ — u)du A dv.

On the other hand,
f dw)p (a, 5) = (dw)f(p) (dfp (%) ’dfp (5))

0 0
_ 2 _ 4
= (uodx Adz+ (ug—1)dy A dz) (2140 o + ay

0 0

+ Voa—z, I/l()a—Z

= 3u3 - ugp.

Notice that (3u(3) —ug)du A dv would produce the same output for this (or any other) input, 50 (f*dw) (uy,vy) =
(3u3 — ug)du A dv. In other words (now thinking globally)

frdw = Bu’ —u)du A dv = d(f*w),
as predicted by Proposition 2.6.4.
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Proof of Proposition 2.6.4. Letp € M. Ifw = g € Q°(N) = C*®(N),then f*g = gof,sod(f*g) = d(gof).
On the other hand, for any v € T, M,

(f*dg)pv = dgf(p)(dfpv) =d(go f)p(v) = d(f*g)p(v)7

where we used Definition 2.6.1 for the first equality, the Chain Rule for the second, and Example 2.6.2 for
the third. This completes the proof in the £ = 0 case.

Now, suppose k > 0 and that x, ..., x;, are local coordinates in a neighborhood of f(p) € N, meaning
that w € QK (N) has the form w () = X7 grdx; at f(p), so that

(da))f(p) = ngl Adxg.
1

But then
(F'dw)p = Y (f'dgDA(f dxr) = D d(grof)Nf diy A Af*dxiy = ) d(grof)Ad(xiyo f)A--Ad(xi,0f),
1 1 1

where we’ve repeatedly used both the k = 0 case and the fact that f*(a A B) = (f*@) A (f*B) (which follows
from HW #2, Problem 1).

On the other hand,
(ff0)p = D (gro Nf'dxr =) (gro )f ey A= Afrdxy, = ) (g0 )d(xiy o f) A~ Ad(xi, o f),
1 1 1

SO

(df'w)p = > d(gro f) Ad(xi,0 f) A Ad(xi 0 f) = (f'dw),,
1

and we conclude that the proposition is also true for £ > 0. O

2.7 Lie Derivatives and Cartan’s Magic Formula

Recall Definition 1.7.4, the definition of the Lie derivative for vector fields:

s (dq)—t)CD,(p)Y((Dt(P)) -Y(p)
Lx¥ = lim t ’

where @, is the local flow for X € X(M). We saw in Proposition 1.7.5 that the Lie derivative is equal to the
Lie bracket [X,Y].

The key idea in this derivative was to compare ¥ at ®,(p) to Y at p, and to do so we needed to move
Y(®;(p)) from Tg, (,) M to T, M, which we did with the differential of the negative flow d®_;.

We can use the same idea to get a Lie derivative for differential forms, though we have to be careful about
how we move a form w € Q*(M) at a point ®,(p) to p: whereas vector fields push forward, differential
forms pull back (as we’ve just seen in Section 2.6). So rather than pushing forward with d®_,, we will pull
back by @;:

Definition 2.7.1. Let X € ¥(M) and w € QX(M). Then the Lie derivative of w with respect to X is defined
(at a point p € M) by
@} (o, (p)) = wp _d

(v, = iy = =

(@7), (@a,(p))-

62



Even more generally, we can combine pushforwards and pullbacks to get Lie derivatives of arbitrary
tensor fields:

Definition 2.7.2. Let X € X(M), a € 7.°(M), and § € 7.’ (M). Then the Lie derivative of the (r, s)-tensor
field a ® B is defined (at a point p € M) by

d
(an ®ﬁ)p = E

[ @®-0a, (a0,00) © (@), (B,)]

Extending linearly gives the Lie derivative with respect to X for arbitrary elements of 7,5 (M).

Lemma 2.7.3. For f € C®(M) = Q%(M) and X € X(M),
Lxf=X(f).
Proof. By Definition 2.7.1 (first equality), Example 2.6.2 (second), and Definition 1.2.1 (third),

d

Lxf=—

iy 4
dt q)’(f)_dt

fo®: =X(f).

t=0

t=0

O

Example 2.7.4. If M is a manifold and g is a Riemannian metric on M, a vector field X € X(M) is called a
Killing field'" if Lxg = 0. Intuitively, this means that the flow generated by X is an isometry: it preserves
distances. If you read about general relativity, you will often see references to Killing fields, which encode
the symmetries of spacetime.

Let’s compute Lxg for some vector fields X on S?, where g is the standard Riemannian metric induced
by the inner product on R3. If we work in cylindrical coordinates, we have the local coordinate chart
¢:(0,2m) — S given by

$(0,z2) = (\/1 —z%os&,\/l —zzsine,z).

So then our local coordinate basis {6%, a%} at a point p = ¢(6p, zo) looks like

0 d ' —
— = — ¢(90+[,Zo) = (— 1—Z2 sin 6, 1—ZZC0590,Z0)
a0|, dt|, 0 0
and
0 Zp cos 0 Zpsin @
e T ¢(60, 20 +1) = | -2 2 2 2 1.
<lp ti=o Ji-25 J1-7

See Figure 2.3 (which is the same as Figure 1.11).

""Named after Wilhelm Killing.
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Figure 2.3: The vector fields X = % andY = a% on §%.

In turn, this implies that the Riemannian metric g is given by

0 g 0 0
— b= d—
gpla—+ 7z

+ Zocosfy  zpsinbp
,C— -
06 dz 00

Ji-22 J1-22

zocosbly  zosinby

Iz J1-25

): a(— 1—z§sin90, 1—z300s60,20)+b - 1

1

. c(— 1 - zZsin 6, l—zgcosé)o,z())+d -

bd

1
=(1—z%)ac+ 5
1 -z

or, more symbolically,

dz ® dz.

810 = (1-2) do@do + -

Notice that this only depends on z and not on 6, so we would expect that flowing by a% should preserve this
inner product; that is, % should be a Killing field.

Indeed, the local flow of a% is given at a point p = ¢(8o, z9) by

®,(p) = p(Og +1,2) = (,/1 —z5cos(0g + 1), /1 — 23 sin(6o + t).zO) ,
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Now, writing % = a’(0) where a(s) = ¢(0p + s, 20), we see that

0
(dq)t)p %

d
p) = (d®;)pa’(0) = s (@ 0 )(s)

= (D: (¢ (60 + 5, 20))

a s=0

4 1 — z2 cos(6 + 1 — z%sin(6

= 5 o+ s +1), z58in(fo + s +1), 20
ds s=0

= (—‘/1 - z(z) sin(fg + 1), /1 — z% cos(6g + t),O)

0
o, (p)

i.e., the local flow of % preserves %, as you might expect.

On the other hand, 6% = B’(0) where B(s) = ¢(09, 20 + 5), SO

0 , d
(ddy)) 72l 1= (dD)pB'(0) = —|  (Drop)(s)
z §2 ds s=0
d
= s (@, (¢(60, 20 + 5))
S1s=0
d .
= — (\/1 —(z0 + $)2cos(Gg + 1), V1 — (zo + 5)2sin(fp + 1), 70 + s)
ds s=0
_| 2o cos(fy + 1) 20 sin(@g + 1) 1
J1-22 J1-22
_9
[)z @, (p) ’
so flowing by % also preserves 0%
o i) 2
Therefore, for any a %|p +b azlp € T,S5°, we have
0 0 0 0
(dP))pla | +b — )za— +b — .
081, 0z, 0o, (p)  OZla,(p)
Since p and @, (p) have the same z-coordinate,
0 0 0 0 2 1
8o, (p) |@ 2= — ,C — +d — )z(l—zo)ac+—bd
( Olo,py  OZloypy  Oloyp) 2l (p) I-2

=g (a +b0‘ ca +da
=gpla — —| e — —
99|, dz{, 00|, 0z

J
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Hence, for any u,v € T,5?
(Q:gd)t(p))(”, v) = gfbt(p)((dq)t)puv (dq)t)pv) = gp(u’ V)

is independent of ¢, and we see that

d .
(Lg8)pluv) = — . (@ 8w, (p)) (u,v) = 0.

t=

Therefore, 6—‘99 is a Killing field on the sphere, which makes sense: the local flow is just rotation around the
z-axis, which certainly preserves distances.

On the other hand,

Y (p) = ¢(6p,z0 +1) = (Vl — (20 +1)?>cos B, V1 — (zo + )% sin by, zo + l)

is the local flow of a%' So then

p) , d
(let)p % ) = (d"Pt)pa (0) = a - (¥; 0 a)(s)
= (W (¢(60 + s, 20))
Ss=0
_ % (V= Ceo + 07 cos(o + ), VT = (zo + 1) sin(l + ), 0 + 1)
s=0
= (—\/1 — (zo0 +1)%sin @y, V1 — (z9 + 1) cos 90,0)
_9
90 Y: (p)
and
(d¥) 9 (d¥;)pB'(0) d (¥ )(s)
—_ = = — o
t)p (9Zp )ph ds|,_, 1o B)(s
d
= (P: (¢(60, 20 + 5))
Sls=0
= A (VT ws v P eosto T— (v s Psind,z0 45+
ds s=0

_ (_ (zo + 1) cos Oy B (zo + 1) sin b

Vi—Go+0? NT=(z0+1)2
_ 9
- 2

Y. (p)

so flowing by a% also preserves the coordinate vector fields, but the coordinate vector fields do not have

constant length on S2.
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We see that

+ba‘ C(’)'_'_d(?‘) g (a(9
a2 ¢ 3 o2 | T 8% |4 55
» dz|, 96|, dz|, 06

=(1-(z0+ t)z)ac +

+b2

Y. (p) aZ

G
Y

+di

v 07

¥, (P))

. 0
(ql;g.{,t (P)) (a a0
a0 Y (p)

—bd,
1 —(z0 +1)?

and hence
0 0 d 0 0 d 1
: — , = = — p — , = = — 1- 1)? ———bd
Ll (89 p 09 p) dt r=0( 84 (p) ( 69L o0 p) dt | [( (20 +#)Jac + 1= (z0 +1)? ]
270
= —-2z0ac + ————bd;
(1-2z)?
that is,
z
£%g——2Zd9®d9+de®dZ,

which is no longer positive-definite (and hence not a Riemannian metric), but is still a symmetric (0, 2)-tensor
field on S which captures how g changes as we flow in the a% direction.

One of the most important formulas in differential geometry is:

Theorem 2.7.5 (Cartan’s Magic Formula). If w € QX(M) and X € X(M), then

Lxw = xdw + dixw.

Here tx is the contraction operator (or interior product) defined as follows: for w € Q%(M) and
X € X(M), txw is the (k — 1)-form defined by

(xw)p(Vis. s vik-1) = wp(X(P),vis ooy Vi-1)

for any vi,...,vk—1 € T, M. This is sometimes also denoted by X.w. This is an antiderivation of degree
-1.

The reason Cartan’s magic formula is so important is that it is one of the most useful tools out there for
computing exterior derivatives.

Example 2.7.6. Remember Section 1.8, where we computed Lie brackets on S3. As a reminder, we had
mutually perpendicular vector fields X,Y, Z € ¥(S3) defined by

X(p)=pi,  Y(p)=pj.  Z(p)=rpk
for all p € S3 thought of as unit quaternions, and showed that
[X,Y] =2Z, [Y,Z] = 2X, [Z,X] =2Y.

Let @, 8,y be the dual 1-forms; that is, a(X) = 1, a(Y) = 0 = a(Z) and similarly for 8 and y. Then, using
Cartan’s magic formula,

da(Y,Z) = (yda)(Z) = (Lya)(Z) - d(ya)(Z) = (Lya)(Z) - d(a(Y))(Z) = (Lya)(Z)
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since a(Y) = 0.

The Lie derivative turns out to be a derivation, so it obeys a Leibniz rule:
k
Ly(wM,....Y)) = (Lyw)(Y,....Y) + Zw(Yl, o LyYi, oY)
j=1

In particular,
0="Ly(0) = Ly(a(2)) = (Lya)(D)+a(LyZ) = (Lya)(Z)+a([Y,Z]) = (Lya)(Z)+a(2X) = (Lya)(Z)+2,
so we conclude that

da(Y,Z) = (Lya)(Z) = -2.

By analogous calculations, we can show that da(X,Y) = 0 = da(Z, X), so we conclude that
da =-2BANvy,

and similarly one can show that dB = 2y A @ and dy = —2a A .

This implies, in particular, that @ A da = —2a A 8 A y is never zero, so « is an example of what is called
a contact form on 3.

Notice, in particular, that we never had to work in local coordinates in Example 2.7.6, which is one of the
great virtues of Cartan’s magic formula: it is one of the few tools that allows one to compute without using
coordinates.

Hopefully this gives you some reason to believe that Cartan’s magic formula is useful, so let’s try to prove
it:

Proof of Theorem 2.7.5. Ifu € Q°(M) = C®(M), then Lxu = X (1) by Lemma 2.7.3 and
txdu + dixu = du(X) +0 =du(X) = X(u) = Lxu,

so the formula holds for O-forms.

Now consider a 1-form w which is the differential of a O-form: w = du. If Y € X(M), then, by
Definition 2.7.1,

(Lx)p(Y) = (Ledu)p (V) = L

d
dt (I):((d”CD,(p))(Y) = (Lxd”)p(y) = E d”d)t(p)((dq)t)p(Y))

t=0

t=0

using the definition of pullback (Definition 2.6.1). In turn, the chain rule tells us that the right hand side is
equal to

d
- () Y)= —
G| dwe@), = 4

by Lemma 1.3.4. Since Y is independent of ¢, the (1-dimensional) chain rule tell us that this is equal to

d(uo @)
Y( dt

Y(uo®)(p)
t=0

) (p) =Y (X(u)(p).

t=0

So we have shown that (Lxw),(Y) = Y(X(u))(p).
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On the other hand, txdw = txd(du) = 0 and
d(ixw)(Y) = d(ixdu)(Y) = d(du(X))(Y) = d(X(U))(Y) =Y(X(U)) = (Lxw)p(Y)

by repeatedly using Lemma 1.3.4. Hence, the formula holds for differentials.

Finally, then, if w € Qk(M ) and we write w = ; aydx; in local coordinates, then

Lxw =) [(Lxap)dx; +a; Lx(dxp)]. 24)

1

The k& = 0 argument above implies that
anl = (Lxd + de)CU. (25)

On the other hand, again using the fact that the Lie derivative is a derivation, we have

k k
£X(dxi1 /\--~/\dxl~k) = deil /\--~/\£de,~}. /\~~~/\dxl~k = deil /\"'/\(Lxd+de)dxij /\~~~/\dxl~k
Jj=1 j=1

= (ixd + de)(dxil VANKIERIVAN dxik)

since each dx,-j is a differential.
Combining this with (2.4) and (2.5) implies that

an) = Z [((Lxd + de)a[)de + a](Lxd + de)(dxl)] = (Lxd + dlx) Z ardxy = (Lxd + de)a),
1 1

as desired. |

2.8 De Rham Cohomology

Recall that we have the cochain complex

QM) — %y Qi(my —Dy D2y gnei gy ety on(a)

where the subscript k indicates that dy, is the restriction of d to QK (M).
Definition 2.8.1. The kth de Rham cohomology group of M is

ker dy,
im dk_] '

HY (M) =

Example 2.8.2. We saw in Exercise 2.5.8 that the 1-form w = X9=29% ¢ QI(R2 — {0}) is closed (in the

x2+y?
kernel of d), but not exact (in the image of d), so it represents a non-trivial element of HellR(R2 —{0}).

De Rham cohomology is a homotopy invariant of manifolds, meaning that homotopy equivalent manifolds
have identical de Rham cohomology groups.
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If w € QX(M) and n € QY (M) are closed (i.e., dw = 0 and diy = 0), meaning that they represent de
Rham cohomology classes in H (’;R(M ) and HgR(M ), respectively, then
dlwan) =dorn+ (-D*ordnp=0Ag+ (-0 A0=0,

so d(w A7) is also closed, and hence represents a class in H (’i‘gf(M ). This means that
Hip (M) := P Hl (M)
k

forms a (graded) ring, the de Rham cohomology ring, with the operation induced by A.

Theorem 2.8.3 (de Rham theorem). There exists a vector space isomorphism
Hjp(M) — H(M;R)" = H*(M;R),
where Hy(M;R) and H*(M;R) are the singular (or simplicial) homology and cohomology groups.

In fact, even more is true: the de Rham cohomology ring is isomorphic to the singular cohomology ring
with real coefficients.

In Example 2.8.2, H'(R> — {0};R) = H'(S';R) = R, so the I-form w = % € Q'(R?*-{0})isa
generator of HJ, (R? — {0}).
We won’t give all the details of the proof of de Rham’s theorem, but the basic idea is that a closed form

defines a linear functional on homology classes by integration. More precisely, the mapping /: H (’;R(M ) —

H; (M;R)* is defined as follows: if [w] € Hé‘R(M ) is represented by the closed form w € Q¥(M), then
I([w]) € H(M;R)* is given by

1([w)([C) :=wa

for any [C] € Hy(M;R) which is represented by the cycle C ¢ M. It’s (hopefully!) clear that I([w])
is a linear functional (provided the integral here is anything sensible), but probably less obvious that I is
well-defined and an isomorphism. Of course, to even make sense of the definition of 7, we need to talk about
integration.

2.9 Integration on Manifolds

As suggested in Section 2.1, the point of defining differential forms as alternating, multilinear gadgets is
because they transform in the right way.

2.9.1 Digression on Differentials, Pullbacks, and Dual Maps

First, a quick refresher on dual maps or algebraic adjoints:

Given vector spaces U and V and a linear map h: U — V, there is an associated dual map h*:V* — U*
defined as follows: if @ € V*, then h*(«) is supposed to be an element of U*; that is, a linear functional on
U, meaning that we can specify it by specifying what it does to an arbitrary element u € U:

h (@) (u) := a(h(u)).
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In other words, h*a@ = @ o h. It’s easy to check that A™* is linear since 4 is.

Moreover, when U and V are finite-dimensional with chosen bases uy, ..., u,, for U and vy, ..., v, for
V, then the matrix for 4" with respect to the dual bases uT, ..., uy, for U and v’l“, ..., vy, for V* is equal
to the transpose (or conjugate transpose, for complex vector spaces) of the matrix for 4 with respect to the
given bases for U and V. This explains the “algebraic adjoint” terminology, since the transpose (or conjugate
transpose) is the usual adjoint, at least when the chosen bases are orthonormal. (And I claim it is occasionally
useful to think about transpose in these terms, even though in applications we often think about the transpose
asjustamapV — U.)

Now, consider a smooth map g: M — N and let p € M. Then the differential dg, : TyM — Ty, )N
must have an associated dual map (dg,)": (Tg(,)N)* — (T, M)*.

First of all, notice that (Ty(,)N)" = Al ((Tg(»)N)") and (T,M)" = A ((T,M)"), so the pullback (at p)
g; A ((Tg(p)N)*) - N ((TPM)*)

has the same domain and range as (dg,)".
Moreover, by definition of the dual map, for a linear functional @ € (T4(,)N)* and a tangent vector
veT,M,
(dgp)" (@) (v) = a(dgp(v)).
But this is exactly how we defined the pullback, where we now think of @ = wyg(,), the value of the 1-form
watg(p).

In other words, g* as defined in Section 2.6 is the same as the dual map (dg)* associated to the differential
dg.

2.9.2 How Differential Forms Transform

The goal is to see that transformations of differential forms under changes of coordinates are just like
transformations of integrands under changes of coordinates.

As in Section 2.1, let g: B — A be a diffeomorphism of open subsets of R” and let f: A — R be a
smooth function. Define
w = fdx; A+ Ndx, € Q"(A),

which pulls back to
g'w=(fog)g"(dxr) A--- Ng*(dxn) = (f og)(dg) (dxy) A--- A(dg) (dxp),
where here (dg)* means the dual of the differential dg. By Homework 2, Problem 1(c), the above is equal to
(f o g)(det(dg))dyy A -+ Adyn,

where we recall that yq, . . ., y, were just the names of the coordinates on B. Since determinants are invariant
under taking transposes, det(dg)* = detdg = detJg, so this parallels the usual vector calculus change of
variables formula, at least when f is smooth.

In other words, differential forms transform in the right way to serve as integrands.
Example 2.9.1. Let M = (0, +c0) X (—x,7), N = R?, and the map g: M — N given by

g(r,0) := (rcos@,rsind).
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In other words, this is the change of variables map between polar coordinates (r, #) and Cartesian coordinates
(x, y) on the plane.
Now, consider the standard area form w = dx A dy on N and we want to work out g*w from the definition.

By definition of the differential (Definition 1.3.1), we have that, for p = (89, r9) € M,

ro(cos(8g + t),sin(fg + 1))
=0

d
g0 +1,19) = 7

0 d
a8r (%) =t

. . 0 0
= ro(—sin @y, cos ) = ro | —sinfy— + cos Gp—
ox ay
where I move back and forth between tuple representations and local coordinate basis representations.
Similarly,

0 d .
dg, (5) = (ro +1)(cos By, sin Hp)

t=0

(0 +1) d
> T = -
zzog 0,70 di

0 0
= (cos Oy, sin 0y) = cos Bg— + sinfp—.
0x ay

Therefore,

. 0 g 0 2\ _ 0 0 0 0
(g"w)p (a% + ba,c% + dE) = Wge(p) (dgp (aag + bﬁr) ,dgp (660 +d[)r))

0 0
=dx Ady|(bcos8y— argsinfy)— + (bsinby + arg cos 0y) —,
ox ay

0 0
(dcosBy — crosinfy)— + (d sin 8y + crocos 6y) —
ox ay

= (bcos Oy — arg sin6y)(d sin 6y + cro cos b))
— (bsin by + arg cos 0y)(d cos Oy — crq sin )

=r(bc — ad).
On the other hand,
0 0 0 0
A —_ —_ —_ — = —
dr A dO a69+b6r’c6‘6’+d6r bc — ad,

so we can conclude that g*w = r dr A d6.

Since the composition of the constant function 1 (on N) with g is just the constant function 1 (on M), the

above discussion implies that
g w = g"(dx A dy) = (detJg)dr A dO,

where det Jg is the Jacobian determinant

9g1  9gi :

=L == cosf —rsinf .

Sro 891 =1" =rcos’f +rsin®6 =r.
98 08 sinf rcosd

or 00

So the above discussion of how differential forms transform matches up to the standard vector calculus fact
that the Cartesian area element dx dy transforms to the polar area element r dr d6.
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2.9.3 Definition of the Integral

First, we define integration of forms on open sets in R": if A c R" is open, then any w € Q"(A) can be
written as
w=fdxg A ANdxy,,

where f is a smooth function on A. Define

/w:/fdx1-~-dxn,
A A

where the integral on the right is just the usual Riemann integral of the (smooth) function f over A.

By the previous discussion, if g: B — A is an orientation-preserving diffeomorphism, then detJg > 0,
so

Jo= [ ranan = [(Foolgeselin-an = [ (fogidess - -ds,

=/<fog><detfg>dy1A---Adyn:/g*w.
B B

In other words, our definition is actually coordinate-independent, as you would hope.

/wz—/g*w.
A B

Since we have no standard coordinates on an arbitrary manifold, these transformations are essential to
defining integrals on manifolds.

If g is orientation-reversing, then we get

Suppose next that we have an n-dimensional manifold M and the support of w € Q" (M) is contained in
a single coordinate chart (U, ¢) so that ¢: U — ¢(U) is orientation-preserving. Then ¢*w € Q" (U), which

we know how to integrate, so define
/ w= / o w.
M U

Proposition 2.9.2. The above is well-defined.

Proof. We need to check that, if the support of w is also contained in some other coordinate chart (V, ) so that
W :V — (V) is orientation-preserving, then we get the same answer whether we compute f y @ = fU d'w

or fM w= /V vrw.

We can move between U and V by way of the map ¢! o ¢: U — V, which is orientation-preserving, so

/w*w=/<w‘lo¢)*w*w=/¢*(w‘1)*w*w=/¢*(wow‘l>w=/¢*w,
\% U U U U

where I’'m using the previously unstated fact that, for maps f: A — Bandg: B — C, (go f)* = f*g*, which
follows from the chain rule. |
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So we’ve now succeeded in defining the integral of a form contained entirely in a single local coordinate
chart. But what about arbitrary forms?

First of all, to avoid worrying about convergence issues, let’s restrict to compactly supported forms:
that is, those forms whose support (the set of points on which they are non-vanishing) is contained in some
compact subset of M. Of course, if M is itself compact, this is no restriction at all.

So now suppose we have a compactly supported form w € Q*(M). To define fM w, we will use a
partition of unity argument.

Definition 2.9.3. Let T be a topological space and let {W,},c7 be an open cover of T, where 7 us some
indexing set. A partition of unity subordinate to {W,},c is a collection {p 4} <7 0of continuous functions
pa:T — [0, 1] so that supp(pg) C W, (e, po(x) =0 forall x ¢ W,) and, for all x € T,

* there exists a neighborhood of x on which all but finitely many of the p,, are identically zero and

* Y oer Pa(x) =1 (note that the previous condition ensures this sum is finite and hence converges).

These always exist in reasonable topological spaces:

Theorem 2.9.4. Every open cover on a paracompact Hausdorff space has a subordinate partition of unity.

Since manifolds are second countable and Hausdorff, they are paracompact, so this implies (after modi-
fying the proof to make the p, smooth):

Corollary 2.9.5. Every manifold has a partition of unity subordinate to its coordinate atlas so that the
functions are smooth.

Now, finally, we can define integration of compactly-supported forms on manifolds:

Definition 2.9.6. Let M be an n-dimensional manifold and let w € Q"(M) be compactly supported. Let
{p} be a partition of unity subordinate to the (maximal) atlas {(Ug, ¢)} on M and define

[ e

Remark 2.9.7. (i) p,w is only non-vanishing inside the support of p,, which is contained in some
coordinate neighborhood ¢, (U, ), so the integrals inside the sum are well-defined.

(ii) The local finiteness of the partition of unity guarantees only finitely many terms are nonzero on the
compact support of w, so the sum converges.

(iii) If w is already contained in some coordinate chart (¢, U), then this definition agrees with the previous
one: since ), po(p) = 1 foreach p € M, we have that }’ , p,w = w, so using the previous definition

/Mw=fU¢*w=/U¢*<;paw>=;/U¢*(paw>=§/Mpaw

by linearity of pullback and of integration on R".
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(iv) If {0y} were a different subordinate partition of unity, then the previous observation implies that, or

each «a,
[ o3 [ o
M 5 JIM

‘/Mo-ﬁa):;./llr/lpao-ﬁw’
;/Mp(,w:;;/Mo—ﬁpaw:;;/Mpmw:@/MW

which means we get the same value for /M w no matter which partition of unity we use.

and similarly for each 8

SO

(v) Integration is a linear operator: for a € R and w,n € Q" (M), fM(w +an) = /M w+a fM n.

(vi) If w € Q"(M) and g: N — M is an orientation-preserving diffeomorphism, then

/wz/g*w.
M N

Example 2.9.8. Lety: [a,b] — M be a smooth curve with y(a) = p and y(b) = g. Assume f € C*(M)
and w = df € Q'(M). Then I claim that

/ Y=g - f(p).
[a,b]

This is just a computation:

/[a,b] re -/[‘a,b] y ( f) ~/['a,b] (y f) [a,b] (f 7) [a’b](f 7) (t) !
— (Fon®) - (fon (@ = F(@) - £(p)

where the second equality follows from Proposition 2.6.4, the third from Example 2.6.2, and the fifth from
the fundamental theorem of calculus.

Example 2.9.9. Suppose y:S! — M is smooth and w € Q!(M). Then we define the line integral of w

around y to be
j{w ::/ v'w.
¥ N

Now suppose M = R", so that w = a; dx| + - - - + a,, dx,. Letting {%} be the local coordinate basis for the
tangent space 7;S' at a point 7 € S' and writing y () = (y1(7), ..., ¥,.(f)), we can compute

0 0 0 0
(y*dx;); (b%) = (dxi)y () (d% (b%)) =b(dx;)y ) (d% (%)) = b(dx;)y ) (%(7)0))

using Lemma 1.3.4. But then

0
0x,’

d 9
%(7)(0 = yi(t)a—xl +oo 4y, (1)
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so we see that 5
(v dxi); (b%) = by; (1)
or, in other words, (y*dx;); = v;(8)d6. Therefore,

(V') = (Y'a) (Y dar) + -+ (Y an) (Y dxn) = [a1 (y(0)y1 (1) + - + an(y () y, ()] d6.

Notice that the coefficient is just A(y(t)) - y’(t), where the vector field A = (ay,...,a,) is dual to w. Of
course, this is the sort of expression you usually see in the Multivariable Calculus definition of a line integral.

Putting Examples 2.9.8 and 2.9.9 together, notice that if w = df € Q'(M), then ggy w = 0 for all closed
curves y in M.

Proposition 2.9.10. The converse is true. That is, any w € Q' (M) with the property that fy w = 0forall
closed curves y in M is exact.

Exercise 2.9.11. Prove this.

2.10 Integration on Submanifolds

So far, we’ve only defined integrating an n-form over an n-dimensional manifold. However, notice that any
open subset of an n-dimensional manifold is also an n-manifold, so we can actually integrate over arbitrary
open subsets.

Indeed, given an n-manifold M and any w € Q" (M), we get a (signed) measure m on open subsets of M

defined by
m(A) :=/a).
A

When w is a volume form (meaning it is nowhere-vanishing), then m(A) will have the same sign for all open
A, and if the sign is positive then m will satisfy the axioms of a measure on the o-algebra of Borel sets on
M that is, it is a Borel measure. Moreover, if M is compact then fM w is finite, so m can be normalized to
give a probability measure. Indeed, starting with a volume form is by far the most common way of defining
probability measures on (orientable) manifolds.

However, this is not so useful for the integrals mentioned in Section 2.8 that show up in de Rham
cohomology. After all, if N is a k-dimensional submanifold of the n-dimensional manifold M with k < n
and w € Q"(M), then fN w=0."2

Rather, for de Rham cohomology purposes, we need a way of defining fN 1 wheren € Q%(M). Intuitively,
we want to “restrict” 7 to N here, but trying to write this intuition out directly leads to something quite
complicated. But this is a place where all our effort in defining things in such a relatively abstract way pays
off by giving us a simple and natural (though seemingly slightly indirect) way of defining our integral:

Definition 2.10.1. Suppose N is a k-dimensional submanifold of the manifold M and leti: N < M be the
inclusion map. If n € QK (M), define
/ n:= / i'n.
N N

12 A5 written, this doesn’t quite make sense given our definitions, but one way to formalize it would be to realize N as the intersection
of a decreasing nested sequence of open sets and then taking the limit of the integral of w over those open sets. The measures of these
sets will go to zero.
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The point here is that i*5 € Q*(N), and Definition 2.9.6 applies.
Example 2.10.2. Let M = R and let S be a surface which is the graph of a function; i.e.,
S ={(u,v,g(u,v)) :u,v e R},

for some smooth function g : R? — R (this is not really a restrictive assumption: the implicit function theorem
implies that locally every surface looks like this, possibly after permuting coordinates). We can parametrize
S by the map 4 :R*> — R3 given by h(u,v) = (u, v, g(u,v)).

Suppose w € Q*(R?) is compactly supported. We can write

w=fidyNdz+ frdzANdx+ f3dx Ady.

/wz/ ho,
s R2

h'dx =d(xoh) =du
h'dy =d(yoh)=dv

Then

SO W€ can Compute

0 0
Wdz =d(zoh) = d(g(u,v)) = Lau+ Eay,
ou v
and hence
h*(dx Ady) = h*dx A h*dy = du A dv
. . . 9g dg dg
W (dy Ndz) = h'dy A h'dz =dv A | —=du + —=dv| = —=—=du Adv
ou av ou
0 0 0
R (dz A dx) = hdz A hdx = | Z2au+ ZEav)| A du = 28 au A dv.
ou av av
Therefore,
) dg . 0g
w= hw= ——=fi—-—=fr+ fz]|duAdv. (2.6)
S R2 R2 u ov
Now, I claim this is a standard formula from vector calculus. To see this, let F = (f1, f>, f3) be the vector

field corresponding to w (in the notation from Section 2.2, w = xF b) and let7 = (—%, —%, 1). Notice that,

at p = (u,v,g(u,v)) € S, the tangent space T}, S is spanned by

dt tzoh(t,O) - % . (1,0,8(,0)) = (1,0’ %)
and

drl h(0,1) = %mo (0,1,8(0,1)) = (0, 1, g_i)‘
" i f dg 08 g dg g
A e A R e
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and

- og\ [ 0g Og dg\ o0g 0g _
n (0,1, )—( v,l O,l,av = av+av—0,

the vector 7 is normal to S at all points of S.

Therefore, if it = ﬁ and dA = ||i1||du A dv (usually called the area form or area element for S), then

our formula (2.6) can be re-written as
/w:/ (ﬁ-ﬁ)dA,
S R2

which is the standard formula from vector calculus for computing the surface integral of a vector field.

Example 2.10.3. Recall the form w = X2=9% ¢ Q1(R2-{0}) defined in Exercise 2.5.8 and also considered

x2+y?

in Example 2.8.2. Let f:S! — R? — {0} defined by f(8) = (cos 6, sin #) be the standard parametrization of

the unit circle. Then
/ w= | fw.
Sl Sl

We saw in Example 2.6.3 that f*dx = —sin6 df and a similar computation shows that f*dy = cos 6 df.

Since
cos(8y) dy — sin(0y) dx

cos2 @y + sin? Gy

Wr(gy) = = cos(8p) dy — sin(0y) dx,

we see that
(ffw)g, = (cos? Oy + sin® 6y) dO = do,

/wz f*w:/d9=27r.
st st st

SO

2.11 Stokes’ Theorem

At this point we have all the ingredients in place to prove (a version of) de Rham’s theorem: for a k-
dimensional homology class [C] € Hx(M;R) represented by a submanifold C, and a de Rham cohomology
class [w)] represented by a closed form w € QK (M), we at least know what

1([]([C]) :=/Cw

means.

However, to see that this is well-defined, we need to know that, if [w{] = [w>], then fc w] = fc w>, and
similarly that if [C}] = [C2], then /Cl w= [C2 w.

For the first, suppose w1, wy € Qk(M ) represent the same de Rham cohomology class (i.e., the same
element of H(’j‘ (M) = 54y then w| — wy = dp for some n € Q¥~1(M). So we need to show that

R imd
0=/dn:/(w1—w2):/w1—/w2.
c fo fo c

Since C is a cycle, dC = 0, so this will follow from:
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Theorem 2.11.1 (Stokes’ Theorem for Differential Forms). If M is a compact, oriented n-manifold with
boundary and w € Q"1 (M), then
/ dw = / w.
M oM

As for the second equality we need to show that the pairing 7 is well, defined, suppose [Ci] = [C2]. This
means'? that E = C, — C; for some (k + 1)-chain E. But then for any closed w € QK (M),

/w—/w:/ a)z/du)z/OzO
(&) C C-C E E
by Theorem 2.11.1.

In other words, Stokes’ Theorem is the key to showing that the pairing / is well-defined. Of course, to
really properly prove Theorem 2.8.3 we would also need to argue that every homology clas can be represented
by a submanifold (or at least a finite union of submanifolds), which we’re not going to bother with.

To give a complete proof of Theorem 2.11.1, we would need to deveop the theory of manifolds with
boundary. However, since we won’t really be using that theory for anything else, I don’t think it’s worth the
effort. Instead, I’ll just give the part of the proof that doesn’t interact with the boundary. See Guillemin and
Pollack [17] for details on manifolds with boundary and a complete proof of Stokes’ Theorem.

First part of proof of Theorem 2.11.1. Notice, first of all, that by linearity of the integral we can assume w has
compact support contained in the image of some local coordinate charte (¢, U), so that fM dw = fU ¢ dw =

fU d¢*w. If we assume ¢(U) N OM = 0, then /BM w = 0, so the goal is to show that /U d¢*w = 0.
We know that ¢*w € Q*~1(U) c Q" 1(R"), so we can write

P'w = Z(—l)i‘lﬁdxl Ao ANdEi A Adxy,

i=1

for some compactly supported functions f;, where dX; means that dx; is omitted and the signs are chosen so

that
. _ Zn afi
d¢(,t)—( %)dxl/\-~~/\dxn.

i=1 L

Since the f; are compactly supported, we can extend their domain of definition to all of R" be defining
them to be zero outside U. Therefore,

. O O fi o Of; N / afi
d — Lt d N Lty e Adxy, = L dxy - dxy,.
/U P w ‘/U(Z ax,-) X1 A A dx /Rn (Z le-) X1 A A Z O, X1

i=1 i=1 i=1 /K

By Fubini’s Theorem, we can interpret each term as an interated integral and do the integration in any

order we like: 5 -5
/ idxl...dxn:/ (/ idxi)dxl...dxvi...dxn.
R Oxi Rn-1 —00 axi

I31f you haven’t seen homology before, you might just need to trust me on this.
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Now we’re thinking of the integrand f_ D:O g—){i dx; as a function of (xy,...,X;,...,x,). Which function? Well,

to any specific point (ay, ..., d;, . . . a,) itassigns the number f_ozo g’ (t)dt where g(t) = fi(ay,...,t,...,an).
But since f; is compactly supported, we know there exists 7" big enough that g(¢) = O forall r > T.

Then the Fundamental Theorem of Calculus implies that

) T
([ gUMr=/;g%ﬂm=gav—geT>=0—o=u

/dw=/¢*dw=/d¢*w=0
M U U

as desired. |

so we have

To give the rest of the proof of Theorem 2.11.1, one needs to deal with the case ¢(U) N OM # 0. Again,
see Guillemin and Pollack [17] if you’re interested.

Example 2.11.2. Suppose S is a smooth surface in R*® with connected boundary dS = T, which is
parametrized by y: ' — R3. Let w € Q! (R?). Then Theorem 2.11.1 tells us that

/ do = / w. @7
S T

Let’s translate this into vector calculus language. Let Fe X(R?) be the vector field corresponding to w.

Thatis, if w = f dxv +gdy + hdz, then F = f 2 e+ h g

/wz/ y*wz/ F-y'(t)dt
r st s
which we often write as fr F.dr.

To translate the left-hand side of (2.7), recall that we saw in Section 2.2 that the vector field corresponding
to dw is V X F. Then, following Example 2.10.2 we have

/SdOJ:/RZ((Vxﬁ)~u)dA,

which is what we mean in vector calculus by the notation ffs (Vx F ) - dS, where dS is the area element on S.

Following Example 2.9.9,

In other words, translating the Stokes’ theorem result (2.7) into vector calculus language recovers the
vector calculus Stokes’ Theorem (or Curl Theorem)

//S(Vxﬁ)-dszﬁﬁ-dr.

Exercise 2.11.3. Do the same sort of translation for the Divergence Theorem.
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Chapter 3

Lie Groups and Homogeneous Spaces

3.1 Some Motivation from de Rham Cohomology

Recall that we have the de Rham cohomology group H (/i‘R(M ), which tells us a lot about the topology of the
manifold, but can in general be quite challenging to compute. After all, the QX (M) are C*(M)-modules,
and hence infinite-dimensional as real vector spaces. If M is, e.g., compact then H C’fR(M ) will be a finite-
dimensional real vector space, but it appears as the quotient of two infinite-dimensional vector spaces, so it

can be somewhat challenging to compute.

However, when the manifold has lots of symmetry, computing the de Rham cohomology groups can
actually become a finite-dimensional problem. In this case, a reasonable interpretation of “lots of symmetry”
is “admits a transitive action of a Lie group,” resulting in a class of manifolds called homogeneous spaces.
We haven’t defined Lie groups yet (though we will shortly), but the idea is that it’s a group which is also a
manifold in a sensible way. At a more conceptual level, it’s a just a continuous family of symmetries of the
manifold, where here “continuous” means they form a continuum.

The following statement says more precisely how de Rham cohomology becomes finite-dimensional in
this setting, though don’t worry too much about terms in the statement that we haven’t defined yet.

Theorem 3.1.1. Let M be a homogeneous space where the transitive action is by a compact, connected Lie
group. Then:

» Each closed k-form on M is in the same de Rham cohomology class as a G-invariant closed k-form.

* If a G-invariant closed k-form is exact, then it is also the exterior derivative of some G-invariant

(k = 1)-form.
Corollary 3.1.2. The cohomology of G-invariant forms on M is isomorphic to its de Rham cohomology.
Since, as we will see, G-invariant forms are determined by their behavior at a single point, this means

that the space of G-invariant forms will be finite-dimensional (it can’t be bigger than A (T, M)*), and hence
computing de Rham cohomology becomes a finite-dimensional linear algebra problem.

Of course, the simplest possible example of a homogeneous space is a manifold that is itself a group,
which acts by itself by (e.g. left) multiplication.

81



Example 3.1.3. S3 is a group: it’s just the unit quaternions, and hence it has agroup operation given by
multiplication of quaternions. Moreover, the vector fields X,Y,Z € %(S3) from Section 1.8 given by

X(p)=pi, Y(p)=pj, Z(p)=rpk

are invariant under left-multiplication, and hence the dual 1-forms @, 8,y € Q! (S?) from Example 2.7.6 are
also invariant under left-multiplication. Moreover, it is easy to show that all left-invariant 1-forms must be
of the form aa + b + cy for constants a, b, ¢ € R, so the space of left-invariant 1-forms is 3-dimensional.

Likewise, @ A B, B A7y, v A a form a basis for the space of left-invariant 2-forms on S3. which is therefore
also 3-dimensional.

We saw in Example 2.7.6 that
dae=-2B8Ay, dB=-2yAa, dy=-2aAp,

so there are no closed left-invariant 1-forms, and Corollary 3.1.2 implies HéR(S 3) = {0}.
On the other hand,

diBAy)=dBAy—-BAdy=(2yAa)Ay—-BA(2aAB)=0-0=0
and likewise for the other left-invariant 2-forms, so the left-invariant 2-forms are all closed. . . but they’re
also all exact: for example, BAy =d (—%01). So this tells us that HgR(S3) = {0}.
Therefore, the cohomology of left-invariant forms on §3 is simply

Hi (5 = R
Hgr(S%) = {0}
Hg (8%) = {0}
H:(S) =R,

which agrees with the usual (simplicial/singular/de Rham/sheaf/whatever) cohomology of S>.

The point here is that de Rham cohomology simplies in the presence of symmetry.

Of course, this is a general principle: typically we expect lots of computations to simplify in the presence
of symmetry. Lie groups provide the proper notion of (continuous) symmetries of manifolds, so if we want
to understand symmetries and use them to simplify problems, we should probably care at least a little bit
about Lie groups.

3.2 Lie Groups

The basic idea of a Lie group is that it is a group which is also a manifold, and that the group structure
and the manifold structure are compatible. In this setting, compatibility is going to mean that, appropriately
interpreted, the group operations are smooth maps.

Before actually stating the definition, the examples to have in mind are matrix groups: GL, (R), GL,,(C),
1 a c
GL, (H),SL,(R), SL, (C), O(n),SO(n), U(n), SU(n), Sp(n), the Heisenberg group4 [0 1 b|:a,b,c e Ry,
0 0 1
etc.
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For example, GL,,(C) is an open subset of Mat,,», (C) = " = R¥ soitis certainly a 2n°-dimensional
manifold, and the entries of the product of two matrices can be written as (quadratic) polynomials in the

entries of the terms, so this is smooth. Moreover, by the adjugate formula A~ = ﬁ adj(A), the entries of

A~! are rational functions of the entries of A with non-vanishing denominators, so taking the inverse of a
matrix is also a smooth map.

Moreover, as we saw in Example 1.3.12, the unitary group U(n) is the level set over a regular value of a
smooth map defined on Mat,,«,, (C), so this is also a manifold, and the same argument shows that the group
operation and taking inverses are smooth.

Definition 3.2.1. A Lie group G is a group which is also a differentiable manifold so that the map GXG — G
given by (g, h) — gh~! is smooth.

The map that shows up in this definition is a slightly funny one; it’s maybe more common to require that
the maps

* GXG — G givenby (g, h) — gh and
* G — Ggivenby g+ g!
are smooth.

Exercise 3.2.2. Show that the above two maps being smooth is equivalent to the single map (g, k) — gh™!
being smooth.

Example 3.2.3. Consider the collection of affine maps ¢, : R — R of the real line, given by ¢, 1, (1) = at+b.

The composition of two affine maps is affine:
(0c.d © Pap)(t) = ealat +b) = c(at + b) +d = act + be + d. (3.1)
Also, if a # 0 then ¢,  is invertible, with inverse go;lb = @1/a,~b/a- For example,

b b b
=t+-—-—=t.

1
(©17a,-bja © Ca,p)(t) = ©1ja,-bjalat + b) = —(at + b) — —
a a a a

Notice that, in (3.1), if the two maps being composed are invertible (i.e., a # 0 and ¢ # 0) then their
composition is also invertible (ac # 0). Therefore, the collection of invertible affine maps forms a group
AfF(R). To see that it is a Lie group, we just need to check that

-1
(¢a,b’ ¢c,d) = dap o ¢c,d = Pa,p © ¢1/c,—d/c = ¢a/c,—ad/c+b
is smooth, which it is since a/c and —ad/c + b are smooth functions of a, b, ¢, d.

Thinking projectively, we can identify R with the affine subspace { [t

-

we can represent Aff (R) as the subgroup of GL; (R) given by { [8

‘te R} c R? and, since

at+b
1

bl

b
1
is a Lie group from this perspective since it is a closed subgroup of the Lie group GL;(R).

] Ta# 0}. We can also see that Aff(R)
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Definition 3.2.4. Define left and right translation by g € G to be the maps L,:G — Gand R;: G — G
defined by Ly (h) = gh and Rg(h) = hg.

Notice that smoothness of L, and R, follows from smoothness of (g, ) — gh™!.

3.3 Lie Algebras

One of the beautiful things about Lie groups is that the algebraic structure of the group and the geometric
structure of the underlying manifold are closely related, so we can often learn things about the geometry by
studying the algebra, or vice versa.

For example, the left multiplication map L, : G — G is a diffeomorphism: we already know it’s smooth,
and its inverse is clearly Lg-1, which is also smooth. Moreover, of e € G is the identity element, then
Lgy(e) = g, so the family of L, diffeomorphisms will map the identity element of G to any other element
of G that we like (equivalently, the action of G on itself by left multiplication is transitive). So even though
from the algebraic perspective G has a distinguished point e, from the geometric perspective all points look
like all other points (since they all look like the identity).

Importantly, (dLg)e :T,G — T,G is a linear isomorphism, so we can explicitly identify every tangent
space with the tangent space to the identity. Note, first of all, that this implies the tangent bundle is trivial:
TG = G xT,G = G xR", where n is the dimension of the group. Moreover, it tells us that it might be
important to understand the tangent space to the identity.

Indeed, as we will shortly see, the tangent space to the identity has extra algebraic structure, and simply-
connected Lie groups are completely determined by this algebraic structure.

The specific algebraic structure is that of a Lie algebra, which we’ve encountered before in Section 1.6
when talking about Lie brackets of vector fields, but now we give the formal definition:

Definition 3.3.1. A real vector space g is a Lie algebra if it has a bilinear operator [-,-]: g X g — g (the
bracket) such that, for all x, y, z € g,

* [x,x] = 0 (alternativity)
e [[x,y].z] + [[y,z].x] + [[z,x]. ¥] = O (Jacobi identity).
Example 3.3.2. As we saw in Example 1.6.7, R? forms a Lie algebra with the bracket operation [v, w] = vxw.

Example 3.3.3. As we saw in Example 1.6.10, the space so(3) of skew-symmetric 3 x 3 matrices is a Lie
algebra with bracket [A, B] = AB — BA.

Example 3.3.4. More generally Mat,,«, (R) (usually called gl,, (R) in this context) is a Lie algebra with the
bracket given by the matrix commutator: [A, B] = AB — BA. Notice that, by the previous example, so(3) is
a sub-Lie algebra of gl (R).

Example 3.3.5. As you showed in HW 1 #4, for any manifold M, X (M) is a Lie algebra, where the bracket
is the Lie bracket.

By the last example, we know that for any Lie group G the collection of all vector fields X(G) is a Lie
algebra. However, this is not the Lie algebra we’re after when we say the Lie algebra of G: first, because Lie
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groups aren’t special in this regard (X (M) is a Lie algebra for any manifold), and second because X (M) is a
(non-trivial) C*°(M)-module, and hence infinite-dimensional as a real vector space.

Building on Examples 1.5.3, 1.6.8, and 1.6.10, we can get a finite-dimensional sub-Lie algebra of X(G)
by focusing on the left-invariant vector fields:

Definition 3.3.6. A vector field X on G (by assumption not necessarily smooth) is left-invariant if, for all
g € G, dL¢X = X. More precisely, this means that for each & € G,

(dLg),, (X(h)) = X(gh).
Theorem 3.3.7. Suppose G is a Lie group and g is the set of left-invariant vector fields on G. Then

(i) g is a real vector space and the evaluation map ev,:g — T.G given by ev.(X) = X(e) is a vector
space isomorphism. In particular, this implies that dimg = dim7,G = dim G.

(ii) Elements of g are smooth vector fields.
(iii) For X,Y € g, [X,Y] € g, where [-, -] is the usual Lie bracket of vector fields on manifolds.

(iv) (@, [, -]) is a Lie algebra.

Proof. (i) The map ev, is certainly linear. It’s surjective since, if v € T, G, we can define a vector field X on
G by X(g) := (dLg), v. Then X is left-invariant (and hence in g) since

(dLg), (X(h)) = (dLg), ((dLp).v) = (d (Lg o L)), (v) = (dLgn), (v) = X(gh).

But then ev, (X) = v, so ev, is surjective.
On the other hand, ev, is also injective: if ev,(X) = ev.(Y) for X,Y € g, then for all g € G we have

X(g) = (dLg), (X(e)) = (dLg), (eve(X)) = (dLg), (eve(Y)) = (dLg), (Y(e)) = Y (g)

by left-invariance of X and Y, so we conclude that ev, (X) = ev.(Y) implies X =Y.
(i1) is straightforward but annoying, so we skip it.

(iii) is a consequence of 3.3.8 stated below, and then (iv) is immediate given that the Lie bracket of vector
fields is alternating and satisfies the Jacobi identity (which you proved in HW 1 #4). O

Lemma 3.3.8. Suppose f: M — N is smooth and Xp, Yy € X(M), Xn,Yn € X(N) so that df, Xy (p) =
Xn(f(p)) and dfpYy (p) = Yn(f(p)) forall p € M. Then

dfp([Xm, Ym1(p)) = [Xn, YN](f(P)).
In the proof of Theorem 3.3.7 (iii), we apply this lemma with M = N = G and f = L.

Proof of Lemma 3.3.8. Using the notation Z, = Z(q) to indicate the tangent vector determined by the vector
field Z at a point g, it suffices to show that (df, [Xa, Ym1p) (W) = [Xn,YN]f(p) (@) for any ¢ € C¥(N).
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This is a computation:

(dfp[Xm. Y1 p) W) = [Xar. Yarlp (@ 0 f) = (Xn0) p (Y1) p (¥ © ) = (Yar) p (Xng) p (W © £))
= (Xn0) p ((dfp (Y1) p) W) = (Ypr) p ((df p (Xna) p) (¥))
= (Xn)p (YN £(py W) = (Ypa) p ((XN) () (W)
= (X)) p(YNW) o f) = (Yar) p(Xn (¥) © f)
= (dfpXm) (YN (¥)) — (dfpYa) (Xn (¥))
= (XN YN W) = (YN) £(p) (XN (¥))
= [ XN, YNl pp) ().

O

Theorem 3.3.7 tells us that any Lie group G has an associated finite-dimensional Lie algebra g of left-
invariant vector fields; this is usually called the Lie algebra of G, typically denoted with a lowercase fraktur
version of the name of the group, but sometimes also Lie(G).

Notice, in particular, that we can also identify g with 7,G using the evaluation map, so we could also
interpret the Lie bracket as being an operation on this tangent space.

Example 3.3.9. Recall the group Aff(R) of invertible affine transformations of R from Example 3.2.3, where

we showed that we can represent Aff(R) as the subgroup { g l; ra# 0} c GL,(R).

In this representation, aff(R) = 7; Aff(R) has vector space basis A :=

1 0 0 1
0 0],3.— [0 O],byabuse

of notation we can either think of A and B as these specific matrices, or as the left-invariant vector fields on
AfF(R) that they determine.

Exercise 3.3.10. There is an obvious global coordinate chart ¢: P — Aff(R), where P = {(u,v) € R? : u #

u o 0

0} is the plane minus the y-axis, given by ¢(u, v) = v] and associated local coordinate basis ~ for

0 1| du oy
each tangent space. The left-invariant vector fields A, B can be written in this basis as

—ua and B —ua
" Ou u vl oy’

0 1

(3.2)

u v

0 1

Continuing the example, we will shortly see (Proposition 3.4.2) that the Lie bracket in the Lie algebra of
any matrix group (where we interpret the Lie algebra as the tangent space to the identity, which is just some
space of matrices) can be computed as the matrix commutator. Therefore,

0 1

1 010 1 1 0 0 1 0 0
[A.B] = AB - BA = [0 o] [o o}‘ [0 0 [o 0] = [0 0]_[0 O] =5
Anti-commutativity implies [A, A] = 0and [B, B] = 0, so [A, B] = B completely determines the Lie algebra
structure on aff(R). In fact, this turns out to be the only non-abelian 2-dimensional Lie algebra.'

IThat is, the only other 2-dimensional Lie algebra has basis X, Y and trivial bracket [ X, Y] = 0; for example, this is the Lie algebra

o0 }CU(Z).

of the torus U(1)?2, which can be represented by the group of diagonal unitary 2 x 2 matrices {[ 0 oit
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This Lie algebra is solvable, since the derived series terminates:

aff(R) ) := [aff(R), aff(R)] = (B) and aff(R)? := [aff(R)", aff(R) "] = [(B), (B)] = {0}.

It is not nilpotent since the lower central series continues forever:

aff(R)(1) = [aff(R), aff(R)] = (B), aff(R)(2) := [aff(R), aff(R)())] = [aff(R).(B)] = (B), etc.

If @ and B are the dual left-invariant 1-forms on Aff(R), then using Theorem 2.7.5 (Cartan’s Magic Formula),

da(A, B) = (tada)(B) = (Laa)(B) — (d(ta@))(B) = La(a(B)) — a(LaB) — (d(1))(B)
=LA(0)—a([A,B]) -0=—-a(B) =0

and

dB(A, B) = (tadB)(B) = (LaB)(B) — (d(taB))(B) = La(B(B)) — B(LaB) — (d(0))(B)
=La(1) - B([A,B]) -0 =-B(B) = 1,

soda =0and dB = —a A B.

Just by looking at the coordinate expressions (3.2) for A and B, we could pretty easily have written down
the formulas

1
a =—du and B
u

u v
0 1

from which we could have directly computed

da/zd(ldu)=0
u

1 1 1 1
dﬁzd(—dv)=——2du/\dv=—(—du)/\(—dv)=—a/\,8.
u u u u

From this perspective, it’s clear that @ = d(log |u|).>

3.4 Matrix Groups

Definition 3.4.1. A matrix group is a closed subgroup of GL,, (R) for some n.

You might worry that this excludes groups consisting of complex or quaternionic matrices, but all such
groups can be represented as subgroups of some real general linear group. Specifically, define the map
p1:C — Matr,o(R) by

p1(x + yi) = B —xy] :

2Because the base-10 logarithm is pretty useless and I’'m not a computer scientist, I use log to denote the natural logarithm (a.k.a.
In).
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This is the right definition to turn multiplication of complex numbers into linear transformations of R. After
all, if z = x + iy, then for w = u + iv we have

w = (x + yi)(u+vi) = xu—yv+i(xv + yu)

NINE

In turn, we can get a map p,, : Mat, x,, (C) — Maty, x2, (R) by just applying p to each entry, resulting in

and
Xu — yv
XV + yu

p1(2) [t}t] =

a real matrix built out of 2 x 2 blocks of the form | _xy . For example

X111~y X122 —y12 X13 —Yi13
. . . Y1 X1 Y1z X12 Y13 Xi13
X1t ynr X2+ Yyl X3+ yisl
. . A [*2r —Yy2r X220 —y22 X23  —Y23
P3| [X¥21 + y211 X22 +y22r X23 + Y23l | = .
. . . Y21 X21 Y22 X222 Y23 X23
X31 +y31r  X32 + Y30l X33 + Y33l

X31  —Y31 X322 —Y32 X33 —Y33
Y31 X31 Y32 X3 Y33 X33

It’s not hard to show that p,, preserves invertibility, so p,(GL, (C)) c GL;,(R), showing that GL,,(C)
and all of its closed subgroups are matrix groups.

Similarly, we can define ¢ : H — Mat;;(C) by

. [z w

vi(z+wj)=| = }

or, written out more completely,

[ a + bi
»—c+di

c+di

Yi(a+bi+cj+dk) = a—bi

And then we can extend to a map ¥, : Mat,,«, (H) — Maty, x2,(C) as you'd expect. For example,

Y

ayp+bpi+cnj+dunk ap+bpi+cinj+dpnk
ax +byii +co1j +dork  anx + bai+cnj +dnk

ai +ib11 Cl1 +id11 a12+ib12 C12+id12
—cn +idy an —ibyy —cip+idiy ap —ibp
ar; +iby1 ¢y +iday  axp +iby ¢ tidxn
—c1 +idyy  ax) —iby —cp +idy ax —ibxp

Again, ¢, (GL, (H)) c GL,,(C), and of course by composing v, with py, we can represent any
quaternionic matrix group as a subgroup of GL4, (R).

The nice thing about matrix groups is that the bracket operations on their Lie algebras are particularly

simple.

Proposition 3.4.2. Let G < GL,,(R) be a matrix group, so that T;G C Ty GL,,(R) = Mat,x,,(R). Then the
bracket operation on g, interpreted as an operation on Ty G, is just the matrix commutator: for X,Y € T;G =
g, the bracket [X,Y] = XY — Y X where XY just means the product of matrices.
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Proof. We prove this for G = GL,(R) and then it follows for subgroups.

We’re going to prove this by writing out the matrix multiplication in terms of coordinates; i.e., if
A, B € Mat,,»,,(R), then

(AB);; = Z AiicBy;.
k=1
But now, if we’re thinking of our matrices as tangent vectors at the identity, then theyre really differential
operators, so we need a way of interpreting these coordinates in that language.
To that end, by analogy with what we did in Section 2.4.1, define x;; : Mat,x,(R) — R by x;;(A) = A;;,

the (i, j) entry of A. Then if V € Ty GL,(R) = Mat,x, (R), we can write V = @’ (0) where a(t) = I + 1V,
which stays in GL,,(R) for small enough ¢. Therefore, using Definition 1.2.1

, d d ,
V(xij) = (xij o @)’(0) = o xij(a(n) = —|  a)i; = a'(0);; =Vi;. (3.3)
=0 dt,—
So this gives a way of translating back and forth between elements of Ty GL,,(R) as differential operators and
as arrays of numbers.

Next, recall the evaluation map evy: gl,,(R) — 77 GL,(R) given by ev;(X) = X([), the tangent vector
at I determined by the left-invariant vector field X. In what follows, to avoid a surplus of parentheses, we
will sometimes write X (/) as X;.

We saw in the proof of Theorem 3.3.7 that ev; is a vector space isomorphism, so all that remains to do
is to show that it is a Lie algebra homomorphism; that is, for any left-invariant vector fields X, Y on GL, (R)
(i.e., elements of gl (R)), we need to show that

evi([X.Y]) = evi(X)evi(Y) —evi(Y) evy(X) = X(D)Y (1) =Y () X(I),
where on the right hand side we’re just multiplying matrices.
Notice, first of all, that for any g, h € GL,,(R),

n

(xij 0 Lg) (h) = xij (Lg(h)) = x;;(gh) = (gh);j = Zgikhkj = ink(g)xkj(h);
=l P

in other words,
n

xijjoLg= Zx,-k (8)xkj. 34
k=1

We’re going to look now at the function Y (x;;), which we can specify by saying how it evaluates at each
g € GL,(R). By left-invariance of Y together with (3.3) and (3.4),

n n

(Y (xi)) (8) = Yg(xij) = ((dLg)1Y1) (xij) = Yi(xij 0 Lg) = ink(g)yl(xkj) = ink(g)y(l)kj-
= =1

This (and the corresponding statement for X) gives us the necessary tool to determine the (i, j) component
of ev;([X,Y]):

(evi([X,Y])i; = [X,Y]1(xij) = Xp (Y (xi5)) = Yi(X(xi5))

inky(l)kj) -1 (Z Xik X (D

k=1 k=1

=X;

= Z (X7 (xirY (Dj) = Yr (xa X (D))

n
k=1
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by linearity of the operators X; and Y;. Of course, Y (I)x; and X (/) are constant, so the Leibniz rule gives
us

n n

Z (X7 (i)Y (Dij = Yi(xi) X (Dij) = Z (XY (Drj =Y (DX (Dj) = (X(DY(I) =Y (D X)),
=1 =1

where, as a reminder, I'm freely switching between the notations X (/) and X; for the tangent vector at /
determined by the vector field X. So this shows that the left and right sides of the equation in the statement
of the theorem agree componentwise. O

This now justifies the computational simplifications we did in looking at the Lie algebras of U(d)
(Example 1.6.8), SO(d) (Example 1.6.10), and Aff(R) (Example 3.3.9).

Proposition 3.4.3. s0(3) = su(2) = sp(1).

Proof. In each case this is the Lie algebra of a matrix group, so Proposition 3.4.2 guarantees it is isomorphic
to the tangent space at the identity with the bracket given by the matrix commutator. This is the interpretation
we will use to prove the proposition.

For example, T; SO(3) consists of the 3 x 3 skew-symmetric matrices, which we saw in Example 1.6.10
is isomorphic to (R3, x).

We’ve seen in Example 1.5.3 that 77 U(d) consists of the skew-Hermitian d X d matrices; I claim without
proof that the determinant-1 condition translates to a trace-0 condition, so Ty SU(d) is the space of traceless
skew-Hermitian matrices.

Finally, thinking of Sp(1) = $3 as the 1 X 1 quaternionic matrices which preserve the symplectic inner
product (i.e., the quaternionic analog of O(d) or U(d)), the same sort of argument that gave the tangent
spaces at the identity of O(d) and U(d) will imply that 77 Sp(1) consists of quaternionic skew-Hermitian
1 X 1 matrices; in other words, the single entry must be a purely imaginary quaternion ai + bj + ck.

We can fairly easily write down bases for s0(3), su(2), and sp(1):

0 0 O 0 0 1] |0 -1 0
s0(3) =spanq {0 O -—-1f{,{0 O Of,|1 O O

01 0 -1 0 0] |10 0 O

1y1i o Ljo 1| L]0 &
SR G A B S R P

ijok
1) = =, =
sp(1) Span{z’z’z}

If we use {A[ 4, A2 4, A3 4} to denote the basis for g € {s0(3), su(2), sp(1)}, then it is easy to check that

[Al,g, A2,g] = A3,gs [A2,g, A3,g] = Al,ga [A3,g, Al,g] = A2,g-

For example,

00 0][0o o0 1 o 0o 1]fo o o] [o -1 0
[A1.s0(3), Azsom] =0 0 =1[{0 0 0/=|0 0 0[[0 0 -1|=[1 0 0|=As.04
01 ofl-1t o of |-t ooflo 1 of [0 0o o



and k . . k . . .
Pl J  J_J

A LA =o_——-=L4l-2-4 .

[Assp: Arspn] = 55— 55 =5+ 7 =5 = A2s()

Therefore, for {g, g’} C {s0(3), su(2), sp(1)}, linearly extending the identifications A; 4 +— A; o defines

a Lie algebra isomorphism. O

Proposition 3.4.3 is an example of what is sometimes called an accidental isomorphism, which in this
case boil down to the fact that there just aren’t that many 3-dimensional Lie algebras. In general su(n + 1),
s0(2n + 1), and sp(n) belong to three different infinite families of Lie algebras: they are A,, B,, and Cp,,
respectively. In this language, Proposition 3.4.3 says that A; = By = Cj.

3.5 Adjoint and Coadjoint Representations

For each g € G, let Cy: G — G denote conjugation by g, namely C,(h) = ghg~!. Notice, in particular,
that C4(e) = geg™! = e forall g € G, so these maps are all diffeomophisms fixing the identity, and hence
(dCg), :T.G = T.G forall g € G.

When G is a matrix group it’s easy to get a formula for (dCy) .- since Cg = Lg o Ry-1, we know that

dCq = d(Lg o Ry1) = dLg 0 dR,-1, so it suffices to find nice formulas for dLg and dR,-1. For example, if
v € T;,G and v = a’(0) for some smooth curve a(t) with @(0) = h, then

L) = L] ga(t) = ga’(0) = gv,
0

Lo d
(dLg)hV = (Lgoa) (0) = I dt),_

t=

where the operation here is matrix multiplication, which makes sense when we intepret 7,G C Tj, GL,(R) =
Mat, ., (R).

The analogous statement is true for dR,-1, so we see that, on matrix groups, (ng)e v = gvg~!; that is,
this is just the conjugation action of the group on its tangent space at the identity.

Of course, we can identify 7, G with the Lie algebra g, so we can also think of (dC,), as amap g — g,
but in this guise we usually call the map Ad, rather than (ng)e; that is, we have Adg: g — g, called the
adjoint action of g € G on g. Said yet another way, the following is well-defined:

Definition 3.5.1. Let G be a Lie group with Lie algebra g. Let Aut(g) be the group of invertible linear
transformations of (the vector space) g (sometimes instead called GL(g)). The map Ad: G — Aut(g) defined
by g = Ad, is called the adjoint representation of G.

Notice that Ad is a Lie group homomorphism: since
Con(k) = (gh)k(gh)™" = ghkh™'g™" = C4(Cp(k)) = (Cq 0 Cp)(k),
we see that Cgp, = Cg 0 Cp, 50O
Adgp = (dCqp), = (d(Cg 0 Cp)), = (ng)Ch(e) (dCp), = (dCq), (dCy) = Adg Ad), .

One of the key virtues of the adjoint representation is that it defines a homomorphism from any Lie group to
a matrix group. Moreover, ker Ad = Z(G), the center of G, so the first isomorphism theorem implies that
Ad(G) = G/Z(G); in particular, this shows that any centerless Lie group can be realized as a matrix group.
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Example 3.5.2. Recall again Aff(R) from Example 3.2.3 and its Lie algebra aff(R), which we saw in

Example 3.3.9 has basis
1 0 0 1
SR

and the Lie bracket satisfies [A, B] = B

Now, suppose [g ‘1/] € Aff(R). Then we can specify the adjoint action of [g ‘1}] on aff(R) by

determining what it does to A and B:

S 1 i | R
ST it 1 | R

In other words, the matrix for Ad "

with respect to the (ordered) basis {A, B} is [_lv 2], with
0 1

eigenvalues 1 and u and corresponding eigenvectors [u ; 1] =(u-1)A+vBand [(1)] = B.

In various circumstances, some of which we may encounter later, it is more convenient to dualize,
meaning we want to look at the induced action on g*.

Giveng € G, themap Adg : g — ghas, in the spirit of Section 2.9.1, an associated dual map (Ad,)" : ¢* —
g* defined by

(Adg)™ (£)(X) = é(Adg(X))

for any ¢ € g* and any X € g, but this does not define a homomorphism G — Aut(g*): for any g, 7 € G and
£eg’,

(Adgn)™ (£)(X) = £ (Adgn(X)) = & (Adg (Ads(X))) = (Adg)” (£) (Adn(X)) = (Adp)* ((Adg)” (£)) (X)

forany X € g. In other words, (Adg,)” = (Ady)* o (Adg)”, which is not generally equal to (Adg)” o (Ady)*.

To fix this and get an honest Lie group homomorphism, we need to twist by the involution g +— g~!
(in fancy categorical language, I believe this is the canonical isomorphism of G with G° and the dual map
really defines a homomorphism G°? — Aut(g*)):

Definition 3.5.3. Let G be a Lie group, g its Lie algebra, and g € G. The coadjoint action of g on g* is the
map Ad, : ¢* — g" defined on any £ € g by

Ad; (6) (X) = £ (Adg1 (X))

for all X € g. (In other words, Ad,, = (Adgfu) , where the position of the parentheses is quite important.)

In turn, this defines the coadjoint representation Ad": G — Aut(g") given by g — Ad,.
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One virtue of the coadjoint action is that each orbit (called a coadjoint orbit) has a natural symplectic
structure.

Example 3.5.4 (Example 3.5.2 continued). The matrix of the coadjoint action

*

Ad? =|Ad o | aff(R)" — aff(R)”
u v u v
0 1 0 1
1 o]" [1 : R L
with respect to the dual basis {«@, 8} from Example 3.3.9 is [z i =lo i | since 0 1] = [6 1“],
equivalently, e !
* * _ v 1
Adu v(a)—a/ and Adu V(ﬁ)—ua+uﬁ.
0 1 0 1
The eigenvalues of Ad*u L] are 1 and % with corresponding eigenvectors [(1)] =« and [l X M] =va+(1-
o
u)p.

Example 3.5.5. Let’s understand the adjoint representation of SO(3). Recall from Example 1.6.10 that
s0(3) consists of skew-symmetric 3 X 3 matrices and is isomorphic as a Lie algebra to (R3, X) via the map

0 -z vy
¢:(x,y,2)—> |z 0 —x|.
-y x 0

Under this identification of so0(3) with R?, the adjoint representation should give an action of SO(3) on
R3. Perhaps surprisingly (and, then again, perhaps not), this action turns out to be the usual action of SO(3)
by matrix-vector multiplication. More precisely, for A € SO(3) and v € R,

Ada(¢(v)) = ¢(Av).

Rather than give a full proof, let’s see that it works for a simple subgroup of SO(3). Specifically, let
cost —sint 0
A(t) = |sint  cost 0| and consider the subgroup H = {A(¢) : ¢t € R}, which acts by rotation around the

0 0 1
X
z-axis. Then, for v = |y|, we have
b4
cost —sint 0||0 -z y||cost sint O
Ada)(o(v)) = A()p(v)A()™" = [sint  cost O||z O —x||-sinz cost 0
0 0 I/{-y x O 0 0 1
0 -z xsint +ycost xcost—ysint
= Z 0 —xcost+ysint| = ¢| |xsinz +ycost| | = d(A(F)v).
—xsint —ycost Xxcost—ysint 0 z

So we see that, at least when restricted to H, the adjoint representation of SO(3) agrees with the usual
rotation representation.
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3.6 Lie Algebra Homomorphisms

We’ve just seen that a Lie group always acts on its Lie algebra by the adjoint action. Now we start to develop
another connection between Lie groups and Lie algebras, one already hinted at:

Theorem 3.6.1. Let G and H be Lie groups with Lie algebras g and Y, respectively, and with G simply-
connected. Let Y. g — Y be a Lie algebra homomorphism. Then there exists a unique Lie group homomor-
phism ¢: G — H so that d¢ = .

One way to interpret this is that Lie group homomorphisms are (essentially) uniquely determined by their
behavior in arbitrarily small neighborhoods of the identity (since they’re determined by their linearizations
at the identity). A more or less immediate corollary of the theorem is that simply-connected Lie groups are
uniquely determined by their Lie algebras:

Corollary 3.6.2. If G and H are simply-connected and have isomorphic Lie algebras, then G = H.

A first step in the proof of Theorem 3.6.1 is to show that Lie group homomorphisms induce Lie algebra
homomorphisms:

Proposition 3.6.3. Let G and H be Lie groups, and let ¢ : G — H be a Lie group homomorphism. Then
d¢:g — b is a Lie algebra homomorphism.

Before proving this, it’s probably a good idea to pause for a moment and decipher notation. By definition,
g is the collection of left-invariant vector fields on G, so if X is a left-invariant vector field on G, then d¢(X)
is the vector field on H given by (d¢), X(g) at each point ¢(g) in the image of ¢, and then extended to a
left-invariant vector field on all of H.

Exercise 3.6.4. Prove that the map d¢: g — b described in the previous paragraph is well-defined; that is,
if ¢(g1) = ¢(g2). then (dg)g, X (g1) = (dd)g, X(82).

Proof of Proposition 3.6.3. First, we want to show that d¢(X) is left-invariant on the image of ¢, and hence
extends to an element of }. To that end, if X € g, then for each g1, g> € G,

dL (g dbg, X (82) = d (Ly(g)) © ¢),, X(82) =d (¢ 0 Lg) ,, X(g2)
= ()L, (5,) (dLgy) g, X(82) = (d)g, ¢, X(8182),  (3.5)

where we used the Chain Rule in the first and third equalities and the left-invariance of X in the last equality.
The second equality follows because ¢ is a Lie group homomorphism in the second; more explicitly, for any
81,82 €0,

(Lg(gr) © @) (82) = Ly(g)) (#(82)) = p(81)9(g2) = #(182) = ¢(Lg, (82)) = (¢ 0 Lg,) (£2),

so we see that Lg(4,) © ¢ = ¢ o L, and the second equality in (3.5) follows.

Thus, we have shown that d¢ really maps g to h. To see that it is an Lie algebra homomorphism, recall
from Lemma 3.3.8 that, for X,Y e gand g € G,

dog ([X,Y](8)) = [dog X, dgY](4(2)),

or, more poetically, d¢[X,Y] = [d¢X, d¢Y], which is what it means for d¢ to be a Lie algebra homomor-
phism. O
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Example 3.6.5. Consider the inclusion i: SO(n) — SO(n + 1) given by

[y !

5

where the matrix on the right is an (n + 1) X (n + 1) block matrix, where 0 denotes the n X 1 zero matrix.

From Example 1.6.10 we know that we can interpret elements of so(n) as n X n skew-symmetric matrices.
If X is such a matrix so that X = a’(0) with @(0) = I4x4, then

i(a() = & 50

di(X) = (di),,. (X) = (foa)(0) = & 4
t=0

dt

)

a(t) Of |a’(0) 0] _
PP I LS § B I LR

which is indeed a skew-symmetric (n + 1) X (n + 1) matrix, and so can be interpreted as an element of
so(n + 1). Moreover, for X,Y € so(n),

[X,Y] 0]
o" o~

Y 0
0" 0

X 0

di([X, Y1) = o 0] = [di(X), di(Y)],

X of|y o
07 o||0o” o0

so this really is a Lie algebra homomorphism.

Example 3.6.6. Consider the coordinate chart f: Aff(R) — GL,(R) givenby f(¢a.p) := [g ]17] implicitly
defined in Example 3.2.3. Using the coordinates from Exercise 3.3.10, we have left-invariant vector fields

on Aff(R) given by u% and u%. Therefore, for any smooth function z: Aff(R) — R,

a 9 0 ( 0 9 ( 0 \_ 0h , 0% , 0h 9
[”au’”av] (h) = “ou (ué)vh) ~ oy (”auh) T T Gy " avau Mﬁv(h)'

That is, [u%,u%] = u%. On the other hand, df (”a%) and df (ua% correspond to the matrices

1 0 0
A—[O O]andB—[O 0

terms of f we have

0 0 0 a 0
so df : aff(R) — gl,(R) is a Lie algebra homomorphism.

] from Example 3.3.9, and we saw there that [A, B] = B. Writing things out in

Proposition 3.6.3 shows that Lie group homomorphisms induce Lie algebra homomorphisms, and so the
expression d¢ = ¢ in Theorem 3.6.1 makes sense. In order to prove the rest of Theorem 3.6.1, we’ll need to
make an extended detour into the theory of distributions (which are also useful for other things).

3.7 Distributions and the Frobenius Theorem

Think back to Section 1.2 when we defined tangent spaces and the tangent bundle. The upshot of that
construction (Definition 1.2.1) was that we assigned a vector space to each point on the manifold, and that
the elements of each tangent space were all possible velocities of smooth curves passing through the point.

Now, in a variety of situations, we may be particularly intgerested in only certain types of curves passing
through each point.
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Example 3.7.1. Consider a homogeneous, first-order differential equation of the form F(x, z, z") = 0, where
z = z(x) is a function of x. Solutions correspond to curves x — (x, z(x), z’(x)), which we can think of as
living in R? = R? x R with coordinates (x, z, p). But such curves cannot have arbitrary velocities (or tangent
vectors): specifically, dz = 7’ dx, so the tangents to the curve must always lie in the kernel of the 1-form

a=dz - pdx.

This 1-form is an example of a contact form, first introduced in the late 19th century by Sophus Lie [23].
He called this a contact element or a line element because dz — p dx = 0 can be interpreted as the differential
form of the equation of a line of slope p passing through the point (x,z) € R%.
; _ i a @
Exercise 3.7.2. Show that ker @ = span {m +P5: %}.

Therefore, ker @ determines a 2-dimensional subspace of each tangent space, visualized in Figure 3.1.

Figure 3.1: A visualization of the plane field ker @ = span {% + pa%, %}.

Solutions to differential equations of the form F(x, z,z’) = 0 produce curves in (x, z, p)-space which
are everywhere tangent to the plane determined by ker «; these are often called Legendrian curves. This
formalism is the basis of an area of mathematics called contact geometry or contact topology, which has
recently been very useful in the study of 3-manifolds, but which historically was developed because of its
relevance to thermodynamics and geometric optics; see Geiges’s historical survey [14] for an introduction to
this area.

The plane field described above and illustrated in Figure 3.1 is an example of a distribution:

Definition 3.7.3. A d-dimensional distribution on a manifold M is a smooth choice of d-dimensional
subspace D(p) c T, M for each p € M. Equivalently, D is a sub-bundle of the tangent bundle 7M. This
means that at each point p € M, there exists a neighborhood U of p and vector fields X1, ..., Xy so that

D(p) =span{X;(q),...,Xq(q)} forany q € U.

A vector field X € X(M) lies in D if X (p) € D(p) for all p € M; by slight abuse of notation, we denote
this as X € D. The distribution is involutive if [X,Y] € D forall X,Y € D.

Example 3.7.4. Let D = span {%, ey %} forsome 1 <i; <--- <ir <n. Then D is a k-dimensional
ll lk

distribution on R". Moreover, for any 1 <r, < k,
[ 0 0 ] 92 92

E, Wl; - 8x,'r(9xis B (9x,-sz9xir =0

96



since mixed partials commute, so D is involutive.

Example 3.7.5. Let & = span {% +pi. %} = ker(dz — p dx) be the 2-dimensional distribution on R3
from Example 3.7.1. Then for any f € C°(R?),

0 ] aof af _ df
ox paza (/)= ( az)(ap) ap(ax pa—z)

a’f of of of &f

- 0xdp +pt9z8p B opdx 0z papaz

_af
9z’
SO ‘9 +p= & 6{:7 = _a% ¢ £, 50 & is not involutive. ¢ is called the standard constact structure on R3.

Example 3.7.6. Recall the left-invariant vector fields X,Y, Z on S3 from Section 1.8. Let ¢ = span{Y, Z} =
ker a, where « is the 1-form dual to X. £ is a 2-dimensional distribution on S3. We saw in Section 1.8 that
[Y,Z] =2X ¢ £, so £ is also not involutive. ¢ is called the standard tight contact structure on S>.

Definition 3.7.7. The image of a smooth embedding i: N — M is an integral manifold of a distribution D
on M if (di), (T,N) = D(i(p)) forall p € N. In other words, N has the same dimension as D and i(N) is
everywhere tangent to D.

Example 3.7.8. Consider D = span {—y% + x%, —za% + xa%} onR3 - {6} Notice, first of all, that D is

involutive since

0 0 0 0 0 0 0 0 0 0 0 0
R +x$,—za +xa—z} = (—ya +x$) (—z5 +xa—z) - (—za +x¢9_z) (—ya +x5)
92 92 0 92 , 0% 9? 0 92 82 , 0%
0x2 _“ayax _yé?_z _xyaxaz i 0yo0z —yzﬁ +Z$ +xZ6x8y +xy0z6x - 0z0y

0 0
=—y—+z—=—X —zi+x£ +2 —yi-kxi €D.
0z 0y X y

=yz

Also, since the cross product

0 . 0 y 0 N 0 0 N 0 0
-y —+x— —Z—+x—|=x[x—
yﬁx oy “ox 0z 6x y@y ﬁz
is parallel to the radial field xa% + y% + Za%’ we see that D is everywhere tangent to the concentric spheres
centered at the origin, which are integral manifolds for D.

The algebraic condition of involutivity is closely related to the geometric condition of having an integral
manifold:

Proposition 3.7.9. If D is a smooth distribution on M so that at each p € M there is an integral manifold
of D passing through p, then D is involutive.
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Proof. Tf X,Y € D, then at each ¢ = i(p) € i(N), we have that X (q) = (di),X(p) and Y(q) = (di),Y (p)
for some X,Y € X(N). Since [X,Y](p) € T, N, we see that
[X.Y](q) = [(di), X (p). (di)pY (p)](i(p)) = (di)p[X.Y] € (di),(T,N) = D(q)

using Lemma 3.3.8. So D is involutive. O

The much more amazing fact is that the converse is true, so we can determine existence integral manifolds
by checking involutivity. This is the content of:

Theorem 3.7.10 (Frobenius Theorem). Let D be a k-dimensional involutive distribution on a manifold M.
Then for each p € M there is an integral manifold of D passing through p.

The idea behind the theorem is the following: suppose D is (locally) spanned by the vector fields
Vi,...,Vr. Remember that the V; are really first-order differential operators on M, so the set {V;,..., Vi}
determines a first-order homogeneous system of PDEs

Viu=0,...,Veu=0.

If u: M — R is a solution to this system of PDEs, then the level sets of u are tangent to span{Vy, ..., Vi}.
Frobenius’ original question was: when are there solutions u1, . . ., u,—x so that the gradients Vuy, ..., Vu,_x
are linearly independent? (There certainly can’t be more than n — k solutions, since the gradients will be
normal to the level sets and the orthogonal complement of span{Vy, ..., Vi} is (n — k)-dimensional.)

When there exist such uy, ..., u,_g, then the level sets of the product map (uy,...,un—x): M — Rk
will necessarily be integral manifolds of D.

Proof of Theorem 3.7.10. 1 want to show that, for all p € M, there exists a coordinate chart (U, ¢) so that:
() 0eUcR"
(i) ¢(0) =p

(iii) For @ = (ay,...,a,) € U, theset {g € M : ¢~ (q)ks1 = ars1,...,0"'(q)n = an} is an integral
manifold of D.

Since this is a local argument, we may as well assume M c R" is an open set, p = 6, and, after rotation,
D(p) = 1)(6) = span {aix.’ e, %} is the k-plane spanned by the first £ coordinate directions.

Let 7:R" — R* be projection onto the first k coordinates, so that (dn)j| » :D(0) > T;RF = RFis an

isomorphism, and hence dr| 4, is injective on some neighborhood U of 0.

Therefore, in U there exist unique Vi, ..., Vi € D so that (dn),V; = % @ for all ¢ € U and for all
(g
ie{l,...,k}.
Since D is involutive, [V;,V;] € D forall 1 <i,j < k. On the other hand,
dn[V;,V;] = [dnV;, dnV;] o 9 0]
/s i» Vil = v, anvil=|7—> 7| =Y
v ' J Ox; Ox;

so [V;, V;] = 0 since dr is an isomorphism.
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But then we can find local coordinates yy, ..., y, so that V; = aiy- on U and the sets

{y €U :yr+1 = k1, .., yn = an}
are integral manifolds of D. O
Example 3.7.11. Let M = R2 — {0}, let X(u,v) = 2+ ua%, and let © = span{X}. D is certainly
involutive since [ X, X] = 0 by anticommutativity of the Lie bracket, so there must be (local) integral manifolds

through each point in M. Of course, this example is easy: the integral manifolds are just concentric circles,
as we see in Figure 3.2.

Figure 3.2: The vector field X (u,v) = —v% + u% together with some integral curves, which are concentric
circles.

In fact, anticommutativity of the Lie bracket implies that a/l one-dimensional distributions are involutive,
and hence integrable. Said another way: given any line field on a manifold and any point in the manifold,
there is a curve passing through the point whose velocity vectors are everywhere tangent to the line field.

Example 3.7.12. Consider the standard contact structure & = span {% + pa%, %} = ker(dz — p dx) on R3

defined in Example 3.7.1. We saw in Example 3.7.5 that £ is not involutive, so there are no surfaces in R>
which are tangent to £ in a neighborhood of any point. In other words, £ is a totally non-integrable plane
field, which is typically how contact structures on 3-manifolds are defined.

The Frobenius theorem we’ve proved is a local result (after all, there’s no guarantee that the integral
manifold we get has diameter > €), but it turns out that the local pieces glue together nicely:

Theorem 3.7.13 (Global Frobenius Theorem). Let D be an involutive distribution on M. Then M is foliated
by a (disconnected) integral manifold for D. The components of this foliation are called the maximal integral
manifolds for D.

Example 3.7.14. The foliation of R? — {6} corresponding to the distribution 9 = span {—y% + x%} from
Example 3.7.11 is precisely the disjoint union of concentric circles shown in Figure 3.3.

Example 3.7.15. The foliation of R? corresponding to the involutive distribution O = span {%, %} is the

collection of planes parallel to the xy-plane, as shown in Figure 3.4.
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Figure 3.3: A foliation of the punctured plane by concentric circles.

Figure 3.4: A foliation of R? by parallel planes.

3.8 Distributions and Differential Ideals

3.8.1 Linear Subspaces and Annihilators

So far, we’ve connected a geometric property of distributions (having integral manifolds) to an algebraic
property in terms of vector fields tangent to the distribution (involutivity). Roughly speaking, we should
expect algebraic properties of tangent vectors to carry over to algebraic properties of differential forms, so
that’s what we pursue next.

First, let’s just focus on D(p) c T, M for a particular point p € M. This is just a subspace of a vector
space. Of course, one way to describe a subspace is to describe the elements, for example by describing it
as the span of a collection of vectors. Thinking dually, we could also describe the subspace in terms of the
linear functionals which vanish on it.>

Example 3.8.1. Think about the challenge of describing a 2-dimensional subspace S ¢ R3. One way to
do so is to give a basis for S; i.e., S = span{ii, v} for some particular ii, v € R®. This is very convenient if
we want to do computations involving vectors which we already know are in S; for example, if w € S, then
W = aii + bV, and then for any linear transformation 7 we know that T(w) = aT (ii) + bT(V), so we only
really need to know 7'(iZ) and T'(V) to describe what T does to anything in S.

On the other hand, this description is not so convenient if we don’t already know w is in S. At the most

3Thought of another way, we can always think of a subspace as the kernel of some linear map. This is analogous to how in algebra
we can think of normal subgroups as kernels of group homomorphisms.
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basic level, we might be trying to determine whether some vector w € R? is in S. We then have to determine
whether the linear equation aii + bV = w has a solution. Admittedly, this is not a particularly challenging
problem, but it might still be moderately annoying.

For this kind of problem, it is much nicer to describe S in terms of linear functionals. For example, if we
happen to know a vector 7 which is perpendicular to S (for example, 7 = ii X ¥, if we happen to have a basis
{ii,v}), then we could define the linear functional @: R?> — R by (W) = i - w, and we see that § = kera.
Then it’s easy to determine whether any given w is in S: just compute a(w) and see if it’s zero. Of course,
describing planes in R? in terms of their (unit) normals is a very common and useful approach.

In Example 3.8.1, I used the fact that I had a preferred inner product on R3, but this isn’t really necessary.
Definition 3.8.2. Let S be a subspace of a vector space V. The annihilator of S, denoted S°, is defined by
$V:={peV :¢(v)=0forallv e S}.

The annihilator is a subset of the dual space V*, and in fact it is easy to show it is a subspace:

Proposition 3.8.3. If S is a subspace of a vector space V, then the annihilator S° is a subspace of V*.

Moreover, as you might guess from the R* example, S and S° have complementary dimensions (here I'm
assuming dim V is finite):
dim $ + dim §° = dim V..
In fact, if V has an inner product which we use to define an explicit isomorphism with V*, then S ¢ V* will
map to the orthogonal complement of S under this isomorphism.

Annihilators also interact well with dual maps:
Proposition 3.8.4. Suppose V and W are finite-dimensional vector spaces and T:V — W is linear. Let
T*:W* — V* be the corresponding dual map. Then
(i) kerT* = (imT)°
(ii) dim(kerT*) = dim(ker7) + dim W — dim V
(iii) imT* = (kerT)°
(iv) dim(im7*) = dim(im T)
For a proof, see [3, §3.F].

Notice, in particular, that the choice of a basis vy, ..., v, for a subspace S C V induces a linear map
B:R¥ — V defined by
B(e;) = vi,
where ey, ...,ey is the standard basis for R¥ (or really any basis). Of course, S = im(B), so Proposi-
tion 3.8.4(i) implies that
s0 = (im B)O = ker B*,
where B*: V* — (Rk)* is the dual map B*(o)(v) = o (B(v)). So this gives a (semi-)explicit description of
the linear functionals which vanish on S.

In the context of distributions on manifolds, D(p) is a subspace of T,M, and the space of linear
functionals (T,M)" = Al (T,M)" is just the 1-forms on M at p. So, more generally, we can talk about the
differential forms on M which vanish on 9. In fact, we’ve already seen this in Example 3.7.1, where we
described the standard contact structure on R? as the kernel of a 1-form, namely ker(dz — p dx).
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3.8.2 Differential Ideals

Now we formalize our approach to describing distributions as kernels of differential forms.

Definition 3.8.5. Suppose D is a d-dimensional distribution on an n-dimensional manifold M and define
I (D) c Q*(M) to be the ring of differential forms which annihilate D:

I(D) :=U{wer(M):w(Xl,...,Xk)=0f0ra11X1,...,Xk€Z)}.
k

If wy,wy € I(D), then wy + wy € 7 (D) and w| A wy € I (D), so this really is a ring.
In fact, if w € 7(D) N Q*¥(M) and 5 € QY (M), then

wAn(X,. .., Xeee) = Z sgn()w( X (1), - - Xo ()N (Xor (ks 1)5 - - - » X (k) = 0,
oeS(k,t)

so w A n € I (D), which means that 7 (D) is actually an ideal, usually called either the annihilator ideal of
D or just the annihilator of D.

We’ve seen before in the proof of Theorem 3.7.10 that any point p € M is contained in a coordinate
chart (U, ¢) with local coordinates x, ..., x, so that D(p) = span {Bixl’ R %}. If &,...,&, are the
dual 1-forms (i.e., & = dx;), then £g41, . . ., &, are independent and generate 7 (D), which proves:

Lemma 3.8.6. For any d-dimensional distribution D, the annihilator ideal I (D) is locally generated by
n — d independent 1-forms £q41, . . ., én.

On the other hand:

Lemma 3.8.7. If I c Q*(M) is an ideal locally generated by n — d independent 1-forms, then there is a
d-dimensional distribution D on M so that I = 1 (D).

Proof. Letwgyyi, .- .. ,w, be the independent 1-forms generating 7 in a neighborhood of p € M. Then define
D(p) c TpM to be the d-dimensional subspace annihilated by the linear functionals (wa+1), - - - (Wn) p-
Then D =, ep D(p) is the desired distribution. O

Now we can give an alternative version of the Frobenius theorem in terms of annihilator ideals:

Theorem 3.8.8 (Frobenius Theorem, version 2). A distribution D on M is involutive (and hence integrable)
if and only if I (D) is closed under taking exterior derivatives: d(I (D)) C I (D).

Definition 3.8.9. Anideal 7 c Q*(M) is called a differential ideal if d(I) C I.

So a restatement of Theorem 3.8.8 is that a distribution is involutive if and only if its annihilator ideal is
a differential ideal.

Proof of Theorem 3.8.8. Locally choose &1, ..., &, that span (T,M)" = Al ((T,M)") so that €441, . . ., &n
generate 7 (D) in a neighborhood of p € M. Let X, ..., X, be the dual vector fields so that &;(X;) = ¢;;.
Then X, ..., Xy span D and D is involutive if and only if [X;, X;] € D forall 1 <i,j < d.
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But now we get to use Cartan’s Magic Formula (Theorem 2.7.5), which says that Lxw = (xdw + dixw.
Then for any 1-form w and any X,Y € X(M), this implies that

dw(X,Y) = (ixdw)(Y) = (Lxw)(Y) - (dixw)(Y)
= Lx(w(Y)) —w(Lx(Y)) - (dw(X))(Y)
= X(w(Y)) - w([X,Y]) - Y(w(X)),

since w(X) and w(Y) are functions.

We record this as a lemma:

Lemma 3.8.10. Suppose w € Q' (M) and X,Y € X(M). Then
dw(X,Y) = X(w(Y)) - Y(0(X)) - w([X,Y]).
This implies that, if | <i,j <dandd+ 1<k <n,

dé(Xi, Xj) = Xi(€x(X))) — X (€x(Xi)) = ([ X0, X;]) = Xi(0) = X;(0) = & ([Xi, Xj]) = =& ([ X3, X1).

This is zero for all such i, j, k if and only if D is involutive. So 7 (D) is a differential ideal if and only if D
is involutive. O

Example 3.8.11. Recall yet again Section 1.8 and our left-invariant vector fields X, Y, Z and dual left-invariant
1-forms @, 8,y on S. Let ¢ = span{Y, Z} = ker a. Recall from Example 3.7.6 that [Y, Z] = 2X ¢ £, so { is
not involutive, which by the original Frobenius Theorem (Theorem 3.7.10) implies that { is not integrable.
We can also see this using Theorem 3.8.8: certainly @ € 7 (), but as we saw in Example 2.7.6,

da=-2B8Ay
which is not in 7 () since =28 A y(Y,Z) = =2 # 0, so 1 ({) is not a differential ideal.

We (finally) have all the tools in place to start using this distribution machinery to prove Theorem 3.6.1,
which said that Lie algebra homomorphisms induce Lie group homomorphisms.

Here’s an intermediate result:

Theorem 3.8.12. Let G be a connected Lie group and let fi, f,: G — H be Lie group homomorphisms so
that the Lie algebra homomorphisms dfi, df>: g — Y are identical. Then f = f,.

Let’s start trying to prove this and see where we run into trouble. Since df; = df, as maps g — b, the
dual maps f}" = f; as maps h* — g, where we identify g* and h* with the left-invariant 1-forms on G and
H, respectively.*

Suppose wy, . .., wy is a basis for the left-invariant forms on H. Then we know that f;'w; = f; w; for all
i =1,...,n, and the question is whether this is enough to show that f; = f5.

Think of this as a special case of a more general problem:

4Notice that a Lie group homomorphism f really does pull back left-invariant forms to left-invariant forms: for «w left-invariant on
Hand g € G,

L;f*w =(folg)ws= (Ly(g) °of)ws= f*L}(g)w = ffw,
where the second equality follows by the same argument as in the proof of Proposition 3.6.3.

103



Problem 3.8.13. Suppose we have manifolds M and N of dimensions m and n, respectively, and we have
a basis wy, ..., w, for the 1-forms on N, as well as a preferred collection a1, ..., a, of 1-forms on M. Is
there a (preferably unique) map f: M — N so that

frwi=a;
foralli=1,...,n?
Example 3.8.14. Let M = R, let N = R, be the positive reals, let w = %dy € Q'(N), and let @ = dx €

Ql (M). If there is some f: M — N sothat f*w = «, then it must be the case that, for each r € R,

0 0 0 0
1 = dx, (a_x) =y (a_x) = (f*w)r (6_)6) =Wr(r) (dfré_x) = Wg(r) ((f 07),(0)) s

where y(0) = r and y’(0) = 6%; for example, y(t) = r +t. In this case, (f o y)(t) = f(r +1), so
(foy)(0)= f’(r)a%, and hence we see that

0 1 o 1
L=wse) (fo)(0) = wysr) (f’(r)a) “F0® (f’(r)a) =m0

This can be solved, for example with f.(r) = ce” for any positive constant ¢ > 0. If we specify that
f(0) = 1, then that fixes ¢ = 1 and we have the unique solution f(r) = e”.

To make this more geometric, for each ¢ > 0 consider the graph of f,, shown in Figure 3.5:
I.:={(r, fe(r):reR}={(r,ce") : r eR}.

Notice that the tangent line to a point (r, ce”) € I'; is spanned by the vector (1,ce”) = % + ce’%. If we

!

Figure 3.5: The graph of the function f.(r) = ce”, shown with its family of tangent lines.

write (r,ce”) as (x,y), then this vector is just % + y%, which defines a non-vanishing vector field (and
hence a line field or 1-dimensional distribution) on all of the upper half-plane R x R.o. And for each c the
graph I',. is an integral manifold of this distribution. See Figure 3.6.

Finally, we see that the annihilator ideal of this distribution is generated by the 1-form dual to % + y%,

namely pu = dx — L dy. But now this is a form we could have constructed on M X N = R x R, without
knowing anything at all about f: if 7| and m, are the obvious projections onto the first and second factors,
then y = mja — Mjw.

104



Figure 3.6: The integral manifolds of the line field % + y% on the upper half-plane.

For arbitrary M and N with «; and w; given as above, define u; € Q'(M x N) by
Hi = T — Tw;

and let 7 be the ideal generated by the ;.

This gives a strategy for solving Problem 3.8.13: suppose there were a map satisfying our condition
ffw; = a; foralli,and let I": M — M X N be the graph of f: I'(x) = (x, f(x)) for all x € M. Then I claim
that I is an integral manifold of 7 (really, of the distribution D so that I = 7 (D)).

To see this, it suffices to show that ™" u; = 0 for all i. Since 7y o' =idps and mp o I" = f,
[Mui =T (e — myw;) =T (1] ffwi — myw;) = (1o 1) ffw; = (mo)'w; = ffw; — ffw; = 0.

So this says that if f exists, its graph is an integral manifold of the ideal 7, which of course means that 7
must be a differential ideal (by Theorem 3.8.8). In other words, 7 being a differential ideal is a necessary
condition for such an f to exist.

3.9 Lie Group Homorphisms are Determined by their Differentials

Let’s recap and see where we are. We’re working our way towards a proof of Theorem 3.6.1, which
(essentially) says that Lie group homomorphisms are uniquely determined their differentials and that every
Lie algebra homomorphism is the differential of some Lie group homomorphism.

To do that, we want to prove the intermediate result Theorem 3.8.12, in which we’re trying to show that if
fl* e bh* — g* have fl*a)i = f; w; for some basis wy, ..., w, for left-invariant 1-forms on H, then f| = f>.

In turn, we saw this as a special case of Problem 3.8.13, in which we have manifolds M and N, a basis
w1, .. .,w, for the I-forms on N (which doesn’t always exist, but does on any Lie group) and some preferred
a1, ...a, € Q' (M), and we would like to find a map f: M — N so that f*w; = a; foralli = 1,...,n.
We’ve seen that the ideal 7 on M X N generated by the 1-forms y = nja; — myw; € Q'(M x N) must be a
differential ideal if such an f exists. In fact, this is also a sufficient condition for the existence of such an f,
which is essentially unique:
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Theorem 3.9.1. If the ideal I defined above is a differential ideal then, given p € M and q € N, there exists
a neighborhood U of p and a smooth map f: M — N so that f(p) = q and f*w; = «@; foralli =1,...,n.
Moreover, f is unique relative to the choice of U.

Proof. Since I is a differential ideal, Theorem 3.8.8 guarantees that there exists a maximal connected integral
manifold S of 7 through the point (p,gq) € M X N. Now, the idea is to see that S is transverse to the M
directions. If so, we can basically just define f to be 5 o nl’l . Figure 3.7 shows the possibilities we’re trying
to rule out.

Good Beol Raudy B
Mx Mxn/ Mxn/

v ,L----.,/ﬂ /v ,f vl
|

(]
n n M

E
MFP MF M F

Figure 3.7: Three possibilities for the integral submanifold S of the ideal 7.

In particular, I claim that dr|g is injective. To see this, let (r,s) € S and letv € T, () S. If dm((v) =0,
then

(1) pi(v) =0foralli =1,...,nsince I consists of all the forms which vanish on the tangent space to S.
(i) mje;(v) = a;(dmv) = ;(0) = 0.
But then these two facts together imply that
mwi(v) = i (v) — (1) = 0-0=0

foralli = 1,...,n. Since the w; form a basis of 1-forms on N, this means that dmy(v) = 0.

In turn, this implies that v = 0 since T(, ;)M X N =T, M & TyN. Since (r,s) € S was arbitrary, we see
that dm|g is injective, so the Inverse Function Theorem (Theorem 1.4.7) implies that 71|g:S — M is a
local diffeomorphism since dim S = (m + n) —n = m = dim M. Therefore, there exists a neighborhood V of
(p,q) in S and a neighborhood U of p in M so that 71|y, : V — U is a diffeomorphism.

We’re finally ready to define f:U — N by f = mp 0o (7 |V)_1. Of course now we need to check that
ffwi=qa;foralli=1,...,n Tosee this, picki € {1,...,n} and u € T,M. Then

froww) = (m20 (mily) ™) @i = ((mly) ™) meiw)
= mo (d (mily) ™" ) = i (@ (i)™ ) = s (d (i)™ )

by the definition of y; = nj@; — mjw;. The second term above is zero since d (7 |V)’l u € TS and
I = I(S) is generated by the u;. Hence, we can continue the above computation to see

froit) =miai (d ()™ u) = i (dmd (mily) ™ u) = @i (d (m00 (mily) ™)) = @)

since 7y o (7 |V)7] is just the identity map. O
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Exercise 3.9.2. Prove that the f defined in the above proof is unique.

Now let’s apply this result to proving Theorem 3.8.12, which I restate for convenience:

Theorem (Theorem 3.8.12). Let G be a connected Lie group and let fi, f: G — H be Lie group homo-
morphisms so that the Lie algebra homomorphisms dfi, df>: ¢ — b are identical. Then f; = f>.

Proof. Since df| = df; as maps g — D, their dual maps ;" = f;" as maps h* — g*, where we identify g* and
h* with the left-invariant 1-forms on G and H, respectively.

Suppose wy, . .., wy is a basis for the left-invariant 1-forms on H. Then we know that f'w; = f; w; for
alli = 1,...,n. By uniqueness in Theorem 3.9.1, it will follow that f; = f> if we can show that the ideal J
on G x H generated by the

Mi = ﬂTfl*wi - ﬂ;wi

is a differential ideal. It suffices to show that the du; € 7, since a general element of 7 will be a linear
combination of terms of the form 81 A -+ A B¢ A i A Bes1 A -+ - A B, the exterior derivative of which will
be a linear combination of wedge products which always include either y; or du;.

So let’s compute. First, notice that wy,...,w, is a basis for the left-invariant forms on H, so
{wi Awj:i<j } is a basis for the left-invariant 2-forms on H. Since dwj is left-invariant for any
k € {1,...,n}, there exist constants cfj so that

dwy = Zcfjwi Awj.
i<j
But then
dug = d (7] f{ wk — mwk)
= 7| f{ dwi — mydwy

s k. R k. .
= fi Zcija)l Aw;j NZZcijwl Aw;j

i<j i<j

= Z i (r} fiwi AT fiw) — mhwi A Thw))

i<j
k * .
= > e (r) frwi = mwi) AT fiw) + mwi A (7] fw; - mhw;))
i<j
k
= Zcif (i A fiw) + mywi A )
i<j

by adding and subtracting a term of the form mjw; A 7} f*w; in going from the fourth to the fifth line. But
then each u; An} fiwj+m5w; A € I, 50 we conclude that duy € 7, and hence I is a differential ideal. O

With all of this done, we have now proved uniqueness in Theorem 3.6.1, which I restate:

Theorem (Theorem 3.6.1). Let G and H be Lie groups with Lie algebras g and b, respectively, and with
G simply-connected. Let y: g — b be a Lie algebra homomorphism. Then there exists a unique Lie group
homomorphism ¢: G — H so that d¢ = .

I also restate Corollary 3.6.2, which follows immediately:
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Corollary (Corollary 3.6.2). If G and H are simply-connected and have isomorphic Lie algebras, then
G=H.

Since we have proved uniqueness in Theorem 3.6.1, it remains to show existence, which we do by defining
¢:G — H as in the proof of Theorem 3.9.1 by ¢ = 75 o (7 |S)7l with § € G X H with 7 = 7(S). The key
point is that the definition of the y; = 7njy*w; — mjw; which generate I depends only on ¢ : g — ) and not
on the ¢ that needs to be constructed. Proving that ¢ is really a homomorphism depends on some covering

space theory that I don’t really want to get into, but suffice it to say that this is true.

Notice that the simply-connected hypothesis in Corollary 3.6.2 is essential, since O(n) and SO(n)
have identical Lie algebras even though they’re not isomorphic as Lie groups (nor even homeomorphic).
Admittedly, this feels like a cheat since it’s really only using connectedness, and of course O(n) and SO(n) do
have the same connected component of the identity, which is all that the Lie algebra could plausibly detect.

But we’ve already seen a less trivial example in Proposition 3.4.3, which showed that s0(3) = su(2), yet
SO(3) and SU(2) are not isomorphic as groups (nor even homeomorphic as topological spaces). It is fairly
easy to see that these groups are not isomorphic since they have different centers:

Z(SO(3)) = {I}, but Z(SUQ2)) = {I,-I} = Z/2Z.

In fact, as topological spaces SO(3) = RP? and SU(2) = $°, so these spaces have different fundamental
groups: mi (R]P’3) = 7Z/27 and 7, (S3) = {1}. Hence, they cannot be homeomorphic either. Looked at this

way, S3 is the universal cover of RP?, meaning that SU(2) is homeomorphic to the universal cover of SO(3),
and hence also to Spin(3).’

3.10 The Exponential Map

In classifying Lie groups (especially compact Lie groups), it turns out to be particularly helpful to understand
the abelian subgroups, and especially the maximal abelian subgroups (so-called maximal tori). The simplest
abelian subgroups are called one-parameter subgroups:

Definition 3.10.1. A homomorphism ¢: R — G with closed image (or sometimes the image of such a
homomorphism) is called a one-parameter subgroup of G.

Example 3.10.2. The map ¢:R — U(1) x U(1) defined by ¢(¢) = (e”, ei‘ﬁ’) is not a one-parameter

subgroup because its image is dense, and hence not closed.

Example 3.10.3. Define ¢:R — SO(3) by

cost —sint O
¢(t) = |sint cost O].
0 0 1

Then ¢ is a one-parameter subgroup of SO(3), which corresponds to rotations around the z-axis. Of
course, ¢ is periodic and in fact descends to an injective homomorphism SO(2) — SO(3) (where SO(2) is
diffeomorphic to the circle).

5In general, Spin(n) is the universal cover of SO(n).
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Notice that

0 -1 0
#’'(0)=1 0 0| €so(3);
0O 0 O

in fact, this is one of the basis elements we found in the proof of Proposition 3.4.3. Indeed, ¢(z) = y3(t)
from HW 3, Problem 2.

In that notation, we also have

1 0 0 cost 0 sint
v1(t) =10 cost —sint| and y(t)=| O 1 0|,
0 sint cost —sint 0 cost

and these also define one-parameter subgroups. More generally, if a, b, ¢ € R, then

y(1) :=yi(at)y2(bt)ys(ct)

defines a one-parameter subgroup with

0 - b
¥’ (0) = ay{(0)y2(0)y3(0) + by1(0)¥5(0)¥3(0) + cy1(0)y2(0)y5(0) = | ¢ 0 ~-aj,
-b a 0

so we see that every element of so(3) determines a one-parameter subgroup.

This is a general phenomenon: if G is a Lie group and X € g, then the map /l% +— AX defines a
homomorphism from the Lie algebra of R into g. Since R is simply-connected, Theorem 3.6.1 guarantees

there exists a unique one-parameter subgroup ¢x: R — G so that dgx (/l%) = 1X.

Definition 3.10.4. Define the exponential map exp:g — G by exp(X) = ¢x(1).

Example 3.10.5. Let G = U(1), the unit complex numbers. We can identify u(1) with the tangent space at
the identity 77 U(1), which is visually just a copy of the imaginary axis, as we see in Figure 3.8.

Figure 3.8: The tangent space at 1 to the unit circle.

We can make the identification u(1) = /R. Let X = ia € u(1) and define the map ¢x:R — U(1)
by ¢x(r) = "X = €/, Since #%(0) = ia = X, this is the one-parameter subgroup guaranteed by
Theorem 3.6.1, and so by definition

exp(X) = ¢x(1) = X = €',
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This helps explain the source of the name: the exponential map on U(1) is just the usual exponential map
from complex analysis.

More generally, suppose A € Mat,,x, (R) = gl,,(R) and define y(¢) = e’“, where the matrix exponential
is defined by the Taylor series

1 1
M ._ RV R Ve
e .—I+M++2!M +3!M +...

(which turns out to converge everywhere, just like the usual Taylor series for the single variable exponential).
Then

’ d tA tA
v'(0) = E;:oe = Ae'"| = A,

so y(t) = ¢x(¢) and hence exp(A) = y(1) = e4. In other words, the exponential map on matrix groups is
always just the matrix exponential.

Example 3.10.6. Let

—

0
A=|1 € s0(3).
0

S O O

0
0
By uniqueness, we know that

cost —sint 0

e = exp(tA) = |sint  cost 0],
0 0 1

our one-parameter subgroup from Example 3.10.3. But we can also prove this directly by computing powers
of A:

0 -1 0 -1 0 0 0 1 O] 1 00
A=[1 0 o0f, A*=|0 -1 0|, A’=|-1 0 0|, A*=[0 1 Of.
0 0 O 0O 0 0 0 0 0f 0 0 0
After this, the powers repeat, so we see that
! 1—’—2!+§ —t+§—g—5! 0] [cost —sint 0
etA=I+tA+5(tA)2+-~-= t_t_i"'% 1_12_2!4.% 0| = [sint cost 0
' 0 0 0) 0 0 0
using the Taylor series for sine and cosine.
Example 3.10.7. More generally, consider
0 -z vy
X=|z 0 —x|eso(3),
-y x 0

where x> + y? + z> = 1. Thatis, v = (x,y,z) € R? is a unit vector and X = F(v) in the notation of
Example 1.6.10.
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The characteristic polynomial of X is

A z -y
PA) =detAl —X)=det|-z A x|=X+20*+y*+22) =2 +4,
y —=x A

so the Cayley—Hamilton theorem implies 0 = P(X) = X3 + X, so X> = —X, and hence
1 2, 1 3
exp(tX) =T +tX + E(IX) + y(tX) +...

12 = i
2 2
=I+tX+=X"-=X-—X"+...

2! 3! 4!

3 2 4
=I+(t—t—+...)X+(t——t—+...)X2

3! 21 41

=1+ (sint)X + (1 — cost)X>.

Therefore, for u = (a, b, ¢) € R3, we have that

0 -z yl|la -bz+cy
Xu=|z 0 —=x||b|=|az—cx|=vXu
-y x O0f]c —ay + bx
and
x2 -1 Xy Xz a a(x? = 1) + bxy + cxz
XPu=| xy -1 vz b| = laxy+b(y* = 1) +cyz| = (u-v)v —u.
Xz vz 2 -1||c axz +byz +c(?-1)
Therefore,

exp(tX)u = (I + (sinf)X + (1 —cost)X*)u = u + (sint)v x u + (1 = cost) ((u - v)v — u)
= (cost)u + (sint)v X u + (1 —cost)(u - v)v,

which is just the Rodrigues formula for rotation of u by an angle ¢ around the axis determined by v.

So this tells us that the one-parameter subgroups of SO(3) correspond to rotations around axes, where, if
X = F(v), then v is the axis of rotation. Notice that the map ¢ — exp(¢X) is 2w-periodic so, while in principle
this 1-parameter subgroup is just a homomorphism R — SO(3), in fact it descends to a homomorphism
S! — SO(3). If we interpret the circle group S' as SO(2), then this is just a natural embedding of SO(2)
into SO(3) by choosing an axis to rotate around.

Example 3.10.8. Recall from the proof of Proposition 3.4.3 that su(2) consists of traceless, skew-Hermitian
ix y+iz

Cy+iz  —ix forx,y,z e R. If

2 X 2 matrices, so I can represent an arbitrary element of su(2) as X =

I assume x” + y2 + z> = 1, then the characteristic polynomial is

—ix —-y-—iz

) =2+ 4+ + 2 =22+1,
—iz A-ix

P(A) = det(Al — X) = det [;

111



so Cayley—Hamilton implies 0 = P(X) = X2 + I, so X> = —I. Therefore,

1 ) S
exp(tX) =I+IX+E(IX) +---=I+tX—ZI—§X+...
cost +ixsint (y+iz)sint

(y —iz)sint cost—ixsint|’

) /3
=(1—§+...)1+(t—§+...)X=(cost)1+(sint)X=

As in the previous example, this map is 2r-periodic, so the one-parameter subgroup descends to a
homomorphism S' — SU(2). In this setting, it’s more natural to identify the circle with U(1).

Some straightforward properties of the exponential:

Proposition 3.10.9. Let X € g. Then
(i) exp((t; + 1) X) = exp(t1X) exp(£2X) forall t;,t € R
(ii) exp(—tX) = (exp(tX))~! forallt € R

(iii) exp:g — G is smooth and (d exp)o:Tog — T.G is the identity map under the identification of Tyg
and T,G with g. Hence, the inverse function theorem implies that exp defines a diffeomorphism from
a neighborhood of the origin in g to a neighborhood of the identity in G.

In general, the exponential map is how we translate between Lie algebra homomorphisms and Lie group
homomorphisms:

Theorem 3.10.10. Let ¢: H — G be a Lie group homomorphism. Then the following diagram commutes:

H-2s6
eXPT Texp
b —,7 9
Proof. Let X € ). Then y(t) := ¢(exp(¢X)) is certainly a smooth curve in G with
, d
Y(0) =1 ($oexp)(rX) = dg(X).
=0

Moreover, it’s a one-parameter subgroup since G is a homomorphism, so by uniqueness

y(1) = exp(td¢(X))
for all ¢, including ¢ = 1, which gives ¢(exp(X)) = y(1) = exp(d¢(X)), as desired. O
ix y+iz

-y+iz —ix
the proof of Proposition 3.4.3, the map ¢ : su(2) — so(3) defined by

d

Example 3.10.11. As in Example 3.10.8, let X = € su(2). As we essentially showed in

ix y+iz

. . 2z 0 —2x
-y +iz —ix

) 0 -2z 2
-2y 2 0
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is a Lie algebra homomorphism (in fact, isomorphism). Since SU(2) is simply-connected, Theorem 3.6.1
implies that there exists a Lie group homomorphism ¢: SU(2) — SO(3) so that ¥ = d¢.

By Theorem 3.10.10, we know that
¢(exp(X)) = exp(d¢(X)) = exp(¥(X)).

Since the image of ¢ is contained in SO(3), ¢(exp(X)) acts on vectors v € R3. By combining with
Example 3.10.7, we can see that ¢ (exp(X)) acts by rotating around the axis v = (x, y, z) at double speed.

In particular, if we assume ||[v|| = 1, then exp (5 X) # exp (-5 X) as elements of SU(2), but

e (5%)) = ¢ (exe (-3))

as elements of SO(3) since the first rotates around axis v by x radians, and the second by —x radians, which
of course is the same rotation.

This reflects the fact that the map ¢: SU(2) — SO(3) is a double-covering.

3.11 Homogeneous Manifolds

Given a group G and a normal subgroup N, it’s a standard fact from algebra that the quotient (i.e., collection
of cosets) G/N is also a group. The key point is that, for g1, g> € G, the coset (g1 N)(g2N) := g1g2N is
well-defined: for ny,ny € N, we can write ny = gang, "' forn := g;'nig2 € N, so

(g1m1)(g2m2) = (8182185 ") (g2m2) = (182) (nm2) € g1g2N.

The same holds true for Lie groups: if G is a Lie group and N is a normal Lie subgroup, then G/N is a
Lie group. For example, SL,, (R) is a closed normal subgroup of GL, (R), and

GL,(R)/SL,(R) = R* = GL;(R),

the multiplicative group of nonzero real numbers

Okay, but what if we take a Lie subgroup H of a Lie group G which is not normal? Does the coset space
G /H have any special structure? Not surprisingly, given how I’ve set it up, the answer is yes:

Theorem 3.11.1. Let H be a closed subgroup of a Lie group G (i.e., a Lie subgroup) and let G | H be the set
of left cosets {gH : g € G}. If 1: G — G/H is the obvious map, then G |H has a unique manifold structure
so that

(i) = is smooth and

(ii) there exist local sections of G [H: for gH € G[H, there exists a neighborhood U of gH and a smooth
map 0:U — G sothatmoo =id|y.

The proof of this theorem is kind of a pain, so we skip it. Manifolds of the form G/H are called
homogeneous manifolds (or sometimes homogeneous spaces).
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cosfd —sinf O
Example 3.11.2. Let G = SO(3) and let H = { |sinf cos#® 0| :6 € R;. Then the theorem says that
9 0 1
G /H is a manifold.

Which one? Well, think about the usual action of SO(3) on R? (or equivalently, by Example 3.5.5, the
adjoint representation of SO(3)). If we pick v = (0,0, 1) € R?, then the orbit G-v = {g-v : g € SO(3)} (i.e.,
the adjoint orbit of the corresponding element of so(3)) will consist of all vectors with the same norm as v;
in other words, it is the standard sphere of radius 1. Moreover, the action of H on v is trivial: H - v = {v}.
So it is not insane to guess that the elements of G/H are in one-to-one correspondence with the points on
the sphere.

Indeed, this is true: define the map ¢: SO(3)/H — S? by
gH — g-v.
I claim this is a diffeomorphism, so there are a bunch of things to check:
¢ is well-defined: For h € H, ¢(ghH) = (gh) -v=g-(h-v)=g-v=¢(gH)since h-v =v.

¢ is surjective: It’s geometrically clear that the action of SO(3) on S is transitive, but let’s actually see

+1 0 O
this explicitly. Suppose u € S%. If u = (0,0,+1)andg=|{0 1 0|, theng-v = u. Otherwise,
0 0 =l

u = (x,y,z) where x> + y> > 0. If 0 is the angle between u and v, then cos® = u -v = z and
x2+y2=1-72=1-cos?@ = sin? 0. Define nn := v = 0200 nq et N be the corresponding

luxvll = ([x2132

0 0 =
Vx2+y?
_ 0 0 .
N = 24y?
. S
Va2 Ay

0
Then I claim that e=?Nv = u. To see this, we can use Example 3.10.7 to compute

element of s0(3):

e "Ny = cos(—0)v + sin(—=0)n x v + (1 — cos(—0)) (v - n)n
. —x X
sin 8
= (cos0) |0 - —— -y +0=|y|=u
1 VX2 + 32 |cos 6 — 2 z

sincenxv=(uxv)xv=_(u-v)v—(v-v)u=(cosf)v—uand+x2+y2 =siné.

¢ is injective: Suppose ¢(g1H) = ¢(gH). Then

d(g; ' q1H) = (g5'g1)v=g"(g1v) =g d(g1H) =g - d(g2H) = g5 (g2v) = (g, ' g2) v =

SO gz"gl € H (since H consists of all elements of SO(3) fixing v), and hence g, H = gzgz"ng =gH.
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¢ is smooth: If 7: SO(3) — SO(3)/H is the projection, then I claim that ¢ is smooth if and only if ¢ o 7 is
smooth.
SO(3)

ﬂl \\\\¢°7T
\\){ ,
SOB)/H —= S

If ¢ is smooth then ¢ o 7 is clearly smooth since 7 is. On the other hand, if ¢ o & is smooth, then on a
neighborhood U of gH € SO(3)/H with local section o : U — SO(3) we have that

(pom)oo=¢o(noo)=4¢ocidly =¢lu

is smooth. Since such local sections exist at all points (by Theorem 3.11.1), ¢ is smooth. But now it’s
clear that (¢ o 7)(g) = g - v is smooth since the rotation action on S> is smooth, and therefore ¢ is
smooth.

¢ has smooth inverse: We know ¢ is bijective, so it has an inverse, and the only challenge is to show that
the inverse is smooth. By the inverse function theorem, it suffices to show that d¢ is nonsingular
everywhere, or equivalently that ker d(¢ o ), C ToH C Ty SO(3). Now, for g € SO(3),

(pom)(g) =¢(n(g) =d(gH)=g-v=g-(I-v)=g-(¢(H)) =g ((ponm)(]))
=g- ((¢o7r) (g‘lg)) =g- ((¢°ﬂ°Lg—1) (g)),

0 -z vy
so it suffices to show this at the identity: kerd(¢ o n); c TyH. Sonow let U = | 2 0 —x|e
-y x 0
T; SO(3), corresponding to the vector u = (x,y,z) € S>. We know that U = o’(0) where a(r) = 'Y,
o)
, d
d(@omi(U) =((pom) o) (0)= —| ¢(n(a))
=0
d d
tUu tU tU
= — = — H = — V.
. ¢(m(e™)) = — » ¢(e”H) = — tzoe v

Again, we can use Example 3.10.7 to compute

ysint +xz(1 — cost)
-v=(cost)v + (sint)u X v+ (1 —cost)(v-u)u = |—xsint+ yz(1 —cost)|,
zcost +z2(1 = cost)

etU

$0
d ysint +xz(1 — cost) y
d(¢om)(U) = I —xsint + yz(1 —cost)| = [—x] .
Hli=o | zcost + z2(1 — cos?)

0 -z
So U € kerd(¢ o )y if and only if x = y = 0, meaning that U = |z 0
0

0

0

0{, which is indeed in the
0 0

tangent space to H.

Thus, we can conclude that d¢ is nonsingular everywhere and hence the inverse is smooth.
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Essentially the same argument gives a much more general result, which we need one definition in order
to state:

Definition 3.11.3. If M is a manifold and G is a Lie group which acts smoothly on M, the isotropy subgroup
of G at a point p € M is the group

Gp={¢g€G:g-p=p}

(Incidentally, this induces the isotropy representation G, — Aut(T,M) given by g — (d¢,) P’T I
P

where ¢¢(q) :==g-qforallg e M.)

Theorem 3.11.4. Suppose a Lie group G acts transitively on a manifold M and that, for some p € M,
H = G, is the isotropy subgroup for p. Then M is diffeomorphic to G |H.

Indeed, most books define homogeneous manifolds to be manifolds admitting a smooth, transitive action
of a Lie group, which explains the name: since the group action is transitive, every point is in some sense
the same as every other point. Theorem 3.11.4 tells us that our definition of homogeneous manifold and the
standard definition are equivalent.

Example 3.11.5. The same reasoning as in Example 3.11.2 shows that §” = SO(n + 1)/SO(n).
Example 3.11.6. Consider U(n + 1) acting on the unit sphere $>**! ¢ C"*!. The isotropy subgroup of the
north pole is the subgroup
U 0
(19 9.0 cvan),
s0 §2*1 = U(n + 1)/U(n).
Consider the special case when n = 0. Then this says S' = U(1)/U(0), which is obviously true since

U(0) = {1} and U(1) is just the unit complex numbers; i.e., the unit circle.

Example 3.11.7. Similarly, $?"*! = SU(n + 1)/SU(n). In the special case n = 1, we get
$3 = SU(2)/SU(1) = SU(2)/{1} = SU(2),

which gives a simple proof of a fact we’ve alluded to many times.

3.12 Stiefel and Grassmann Manifolds

Stiefel manifolds and Grassmann manifolds (or Grassmannians) are very important classes of homogeneous
manifolds which show up all over the place in both pure and applied mathematics. In turn, the simplest
example of a Grassmannian is a projective space:

Example 3.12.1. Complex projective space CP" is the collection of all 1-dimensional subspaces of C"*!;
equivalently,
CP" = {(x0, ..., xn) € C"™* = {0}} /~,

where (xg, ...,x,) ~ A(xg,...,x,) forall 1 € C*.

If we restrict to unit vectors, we can also see

CP" = {(x0,...,%n) € S c C"*} /~,
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where now (xo, ...,x,) ~ A(xp,...,x,) forall A € U(1).
We typically represent the equivalence class of a point (xo, .. .,x,) by homogeneous coordinates [xg :
<X
As we saw in Example 3.11.7, SU(n + 1) acts transitively on $?"*!. Moreover, this action preserves
equivalence classes since

A(A(x0, ..., xn)) = AA(X0, . .., xpn) ~ A(X0Q,s . .., Xn)

by complex-linearity of A, so SU(n + 1) acts transitively on CP". The isotropy subgroup of [1 : 0 : --- :
0] € CP" is just

so CP" = SU(n + 1)/U(n) is a homogeneous space.
Moreover, since SU(n + 1) = U(n)/U(1) we have that

1

W g] ‘A€ U(n)} = U(n),

CP" = SU(n + 1)/U(n) = (U(n + 1)/U(1)) /U(n) = U(n + 1)/(U(1) x U(n))
= (U(n+1)/U(n)) /U(1) = $*™!/U(1)

by Example 3.11.6. Therefore, we have a fibration

U(l) c 3 S2n+l

l

Cp"

Another interpretation: the intersection of each complex line with §2"*! is a circle of the form Av where
Ais a unit complex number and v € $?**!. So then the equivalence classes of such circles exactly correspond
to complex lines in C"*!,

Notice that the fiber is a sphere: U(1) = S'.

In the special case n = 1, the resulting fibration is

U(l) — §3

l

CPp! = §2

usually called the Hopf fibration; here’s a nice Hopf fibration video by Niles Johnson.

Based on this, the fibrations for n > 1 are sometimes called generalized Hopf fibrations. We can play
similar games with HP" and OP' to get other sphere fibrations.

While the above is an example of a Grassmannian, let’s define Stiefel manifolds before defining Grass-
mannians:

Definition 3.12.2. The Stiefel manifold St(k,R"™) of (orthonormal) k-frames in R” is the collection

St(k,R") :={(vi,...,vk) :v; € R"and (v;,v;) = 6;; forall 1 <i,j <k}.
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In other words, elements of St(k,R™) are k-tuples of pairwise orthonormal vectors in R” (with respect
to, say, the standard inner product). Of course this implies that vy, ..., vi are linearly independent, so k < n.

Remark 3.12.3. The notations Vi (R"), V(k, n), and V,, i are often used instead of my St(k, R").
Example 3.12.4. If k = 1, then St(1,R") = S§™=1 the unit sphere in R".

Example 3.12.5. If k£ = n, then we can think of (vi,...,v,) € St(n,R") as giving the columns of an
orthogonal matrix, so St(n, R"*) = O(n) (as manifolds).

Remark 3.12.6. Suppose (v, ..., vi) € St(k,R"™). Let V be the n X k matrix whose ith column is v;. Then
the condition (v;, v;) = d;; can also be written as

viy =1,

the d X d identity matrix. In the language of frame theory, this means that the columns of V7 (or the rows
of V) form a Parseval frame. In other words, Stiefel manifolds are precisely the spaces of (finite) Parseval
frames of given dimensions.

O(n) acts transitively on St(k, R™), which we can see because any orthogonal matrix with (vi,...,vg)
as its first k columns sends the first k£ standard basis vectors (eq, ..., ex) (which is a particular point in the
Stiefel manifold) to (v1, ..., vg). Therefore, St(k,R") = O(n)/H where H C O(n) is an isotropy subgroup.
Consider the point (e, ..., ex) € St(k,R™). Then the isotropy subgroup of this point is

|

so St(k,R™) = O(n)/O(n — k). Notice that this agrees with "' = O(n)/O(n — 1) when k = 1 and with
O(n) = O(n)/0(0) = O(n)/{I} when k = n.

In particular, this implies that

Ik 0
0 A

]:AeO(n—k)}zO(n—k),

nn+1) m-k)(n-k+1) k k(k-1)
5 T 2 =nk ==

Definition 3.12.7. The Grassmannian (or Grassmann manifold) Gr(k,R"™) of k-planes in R" is the collection
of k-dimensional linear subspaces of R”".

dim(St(k,R")) = dim(O(n)) — dim(O(n — k)) =

Remark 3.12.8. The notations G (R"), Gr(k,n), and Gy, are sometimes used for the Grassmannian.

Example 3.12.9. When k£ = 1, we’re talking about 1-dimensional subspaces of R”; in this case, the
Grassmannian Gr(1,R") is usually called the real projective space RP"~".

As in the case of the Stiefel manifold, O(n) acts transitively on Gr(k, R"), and the isotropy subgroup of
the k-plane span{ey, ..., er}is

{[g 2] :Ae€eO(k),BeO(n- k)} =~ O(k) x O(n — k),

so Gr(k,R™) = O(n)/(0O(k) X O(n —k)).
In particular, this shows that

nn+1) k(k+1) (n—k)(n—k+1)
2 2 2

dim(Gr(k, R")) = dim(O(1))~dim(O(k))~dim(O(n—k)) = = k(n—k).
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Taking quotients in stages reveals that
Gr(k,R™) = O(n)/(O(k) x O(n —k)) = (O(n)/O(n — k))/O(k) = St(k,R™)/O(k).

Here’s a more geometric interpretation of this: given P € Gr(k,R"), one could find an orthonormal
basis vy,...,vi for P = span{vy,...,vi}; then (vi,...,vg) € St(k,R™) and the map (vy,...,vr) —
span{vy,...,vi} defines a map St(k,R") — Gr(k,R"). Two elements of the Stiefelm manifold get sent
to the same element of the Grassmannian if they are two different orthonormal bases for the same k-plane,
which means they must be related by an orthogonal transformation of the k-plane. Identifying (vy,...,vk)
with the (tall, skinny) matrix whose columns are the v;, this corresponds to right-multiplying by an element
of O(k), so indeed elements of Gr(k,R") correspond to (right) O(k)-orbits of points in St(k,R").

This perspective naturally leads to the so-called Stiefel bundles (or, in fancy language, the frame bundle
associated to the tautological bundle of the Grassmannian):

O(k) —— St(k,R™)

!

Gr(k,R™)

In general, if V is a vector space, we can define the Grassmannian Gr(k,V) to be the space of k-
dimensional linear subspaces of V. Also, when V is an inner product space (e.g., R"” or C"*), we can define
the Stiefel manifold St(k, V) of k-tuples of pairwise orthonormal vectors in V.

When V = C", it is straightforward to show that St(k,C") = U(n)/U(n — k) and Gr(k,C") =
U(n)/(U(k) x U(n — k)). We get a corresponding complex Stiefel bundle:

U(k) —> St(k,C")

!

Gr(k,C")

When k = 1 this is just the generalized Hopf fibration from Example 3.12.1, so these Stiefel bundles are
in some sense generalized generalized Hopf fibrations.

Remark 3.12.10. Returning to the real case (though something analogous is true in C"), there is a diffeomor-
phism Gr(k,R") — Gr(n — k,R™) which maps a k-dimensional subspace P € Gr(k,R") to its orthogonal
complement P+ € Gr(n — k,R"). Combined with Example 3.12.9, this shows that

Gr(n—1,R") = Gr(1,R") = RP*"".
So the first Grassmannian which is not a projective space is Gr(2, R*), which has dimension 2(4 — 2) = 4.
I will also briefly mention that Grassmannians are special cases of more general homogeneous manifolds
called flag manifolds (or flag varieties). In short, for 1 < dy < dy < -+ < dy-1 < dy = n, aflag of signature

(d1, . ..,dy) is a nested collection of subspaces of R" (or C")

VicVo,cC---Cc Vi Vi =R
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The collection of all flags of signature (di, ..., dy) is the flag manifold F€(dy, ..., dy). Notice that a flag
of signature (d, n) is just a single d-dimensional subspace V C R”; that is, a point in the Grassmannian
Gr(d,R"™). Therefore, F{(d, n) = Gr(d,R"), so the flag manifolds really are generalizations of Grassmanni-
ans.

At the other end of the spectrum, flags of signature (1,2,...,n — 1,n) are called complete flags, and
F£(1,2,...,n) is called the complete flag manifold (or complete flag variety).°

Exercise 3.12.11. Show that
Ft(dy,...,dx) = O(n)/(O(n) X -+ x O(ny)),

where n| = dy and n; = d; —d;_; fori =2, ..., k. (In other words, the n; are the jumps in dimension as we
go up the flag.)

Remark 3.12.12. For this and other reasons, it is sometimes more convenient to think in terms of the »n;
rather than the d; and to talk about flags of type (ny,na,...,nx) and flag manifolds F€(ni,n,,...,ng). In
this notation, the complete flag manifold is F£(1,1,..., 1) and the Grassmannian Gr(d, R") is F{(d,n — d).

The coadjoint orbits of the unitary group U(n) turn out to give all of the complex flag manifolds consisting
of flags in C". For more on this, see, e.g., Audin’s book [2, §II.1.d].

©By contrast, flags which are not complete are sometimes—especially in the algebraic geometry literature—called incomplete flags
and the associated manifolds incomplete flag manifolds (or incomplete flag varieties).

120



Chapter 4

Riemannian Manifolds

4.1 Riemannian Metrics

Thus far, almost all of what we’ve talked about is, strictly speaking, in the realm of differential topology rather
than differential geometry. The exceptions include Section 2.2, Example 2.3.22, and some of the distribution
theory (including contact geometry) from Section 3.7 and Section 3.8. The point is that, to have geometry
we need some notion of size, whether that’s in the form of length, area, volume, or something else.

A weak form of this is provided by volume forms, and a somewhat stronger form by symplectic forms,
which encode a notion of area (and hence volume), but not of length. In this section we introduce Riemannian
metrics, which induce a notion of length (and hence also of area, volume, etc.). We’ve already given a
definition in Definition 2.3.21, which we repeat:

Definition (Definition 2.3.21). A Riemannian metric on a manifold M is a smooth (0, 2)-tensor field g
on M so that, for each p € M, g, = g(p) satisfies the axioms of an inner product on 7, (M); that is,
in addition to being bilinear (which is guaranteed by the fact it is a (0, 2)-tensor), it must be symmetric
(gp(u,v) = gp(v,u)) and positive-definite (g, (v, v) > 0 with equality if and only if v = 0).

Definition 4.1.1. A pair (M, g) where M is a manifold and g is a Riemannian metric is called a Riemannian
manifold.

Let (U, ¢) be some local coordinate chart on M and let 6%1’ ey % be the induced local coordinate
basis on the tangent spaces of points in the image of ¢. Then we can represent g by the symmetric matrix
[gij]l.’j where

d d
g&ii(p)=¢gp (—(p), g(p)).
J

6x,-
In the above I've written g;; as a function on ¢(U) C M, but it is also common to think of g;; as a function
onU C R"™: g;j(x1,...,%,) = gij(#(x1,...,x,)). Of course, the fact that g is a smooth tensor field implies

that, in this interpretation, g;; is a smooth function on U A

Before giving examples, let’s define the appropriate notion of isomorphism of Riemannian metrics.

IFor those who have taken an undergraduate differential geometry course like MATH 474, the matrix [gi j]i J is the same thing as
the matrix usually called the first fundamental form in that course.
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Definition 4.1.2. Let (M, gps) and (N, gn) be Riemannian manifolds. If f: M — N is a diffeomorphism
so that

(&m)p(u,v) = (8N (py (dfpu, dfpv)

forall p € M and all u,v € T, M, then f is an isometry.

A smooth map f: M — N is a local isometry at p € M if there exists a neighborhood U of p so that
f:U — f(U)is an isometry. M and N are locally isometric if for every p € M there exists a neighborhood
U of p and a local isometry f: U — f(U).

Example 4.1.3. The simplest possible example is M = R", where we identify each tangent space T, M
with R” so that % gets identified with e¢; = (0,...,0,1,0,...,0), the ith standard basis vector. Then

g (%, %) = ¢;; (i.e., just the standard dot product on each tangent space) is a Riemannian metric on R",
i J
called the Euclidean metric.

Example 4.1.4. Suppose f: M — N" is an immersion (so m < n). If N is a Riemannian manifold with
Riemannian metric gy, then f induces a Riemannian metric on M by

(gM)p(“’v> = (gN)f(p) (dfpu’dfpv)

forall p € M and all u,v € T, M. Since f is an immersion, df), is injective for all p € M, which ensures
that g is positive definite. The metric on M is sometimes called the metric induced by f and it turns f into
an isometry (and therefore an isometric immersion).

Example 4.1.5. Let h: M™ — N be smooth and suppose g € N is a regular value of & (which necessarily
implies that m > n). We know from Theorem 1.3.9 that 4~!(¢) € M is a smooth submanifold. Hence, if
M is Riemannian, then by the previous example we get a metric on 4~!(g) induced by the inclusion map
ith Y (q) — M.

For example, if #: R" — Ris given by h(xy,...,x,) :=x7 + - +x% then, as we saw in Example 1.3.10,
1 is a regular value and of course 2~!(1) is the unit sphere in R”. The metric on the sphere induced by the
Euclidean metric is the standard round metric on S"~'.

Example 4.1.6. Suppose G is a Lie group with Lie algebra g. Choose any inner product (-, ), on 7.G = g.
Then we can define a (left-invariant) metric on G by, for each h € G and u, v € T},G,

gn(u,v) == ((dLj-1), u, (dLp-1)p, V)e.
Of course, we could just as well have produced a right-invariant metric instead by pushing forward by dR),-1.

Example 4.1.7. Recall the affine group Aff(R) from Example 3.2.3, where Aff(R) consisted of invertible
affine transformations ¢, () = at + b, where a # 0.

For this example, I'm going to change notation and think of affine transformations ¢, ,(f) = yt + x,
which is invertible if y # 0. Let Aff*(R) be the subgroup of orientation-preserving affine transformations,
meaning that y > 0. Then we can identify ¢, , with the point (x,y) € H, where H = {(x,y) € R?:y > 0}
is the upper half-plane. Under this identification, the identity element e € Aff* (R) corresponds to the point
(0,1) € H. Of course, T, Aff*(R) = T(o,l)Rz = R2, so we can define an inner product on 7, Aff*(R) by
simply taking the standard dot product on R?; i.e.

0 0

0o 0 a 0
_9_(3:1’ _s_e=07 _9_e=1,
<6x 8x> <6x 6y> <6y 8y>
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or, in g;; notation, gi1(e) = g2(e) = 1 and g12(e) = g21(e) = 0.
So what is the corresponding left-invariant Riemannian metric on Aff*(R)? Translating the results of
Exercise 3.3.10 to the present notation tells us that

0 0 0 0
dL e =Y5i- d dL eT— =y—,
(dLy..,) ox Y ox an (dLg..,) ady yay
or equivalently
0 10 o 10
dL ,- —=—-= d dL ,- — =
(L1 )0y Oox yox an (L1, )y dy ydy

Therefore, by the previous example, the left-invariant metric on Aff*(R) is given by

LR T AN
81X, y) = yoxy ox e_y2
10 190
812(X,y)=<——,——> =0
yox ydyl,
x.y) <16 10> 1
Xy)=\—-——77—7—) = —.
822X,y v dy yaye yz

This is the same as the hyperbolic metric on H discussed in Example 2.3.22!

Exercise 4.1.8. Write (x, y) = x + iy = z for each (x, y) € H. Show that, if a,b,c,d € R withad — bc =1,

then
az+b

cz+d

Vg
is an isometry with respect to the metric just defined on H.

I promised above that Riemannian metrics give a notion of length on manifolds. Of course, given a
Riemannian metric, I get a notion of lengths of tangent vectors by just taking the norm associated to the inner
product: for v € T, M, its norm/length is just /g, (v, v).

But a Riemannian metric also gives a notion of lengths of curves by integrating the norm of the tangent

vector to the curve:

Definition 4.1.9. Let (M, g) be a Riemannian manifold and let «: [a,b] — M be a smooth curve in M.
Define the length of @ in M to be

[ et ar

Given a notion of length, we also get a notion of volume. First, if we choose some orthonormal basis
et,...,ey for T, M and consider the coordinate vectors X;(p) := %( p), then there exist a;; so that

Xi(p) = Zaij€j~

ij

The volume vol(X; (p), . . ., Xn(p)) of the parallelpiped spanned by the X; in T, M isequal to vol(ey, ..., e,) =
1 times the determinant of the change-of-basis matrix A := [a; j]i I

vol(X1(p), ..., Xu(p)) = (detA)1 = det A. 4.1

123



To relate this to the metric, observe that
n n n
gij(p) = gp(Xi(p), X;(p)) = gp (Z aikex, Zajfef) = Zaikajfgp(ek, er) = Z aixajk,
k=1 £=1 k.l k=1

which is just the (7, j) entry of AAT. Since
detA = Vdet AAT = \[det [gi;], . 4.2)

we can combine (4.1) and (4.2) to see that

vol(X1(p), ..., Xn(p)) = Vdetg;;(p),
where +/det g;; is the standard shorthand for ., /det [g,- j]i I

Notice that, if p lies in another local coordinate chart (V, ) with coordinate basis Y;(p) = Biyi( p), then
in those coordinates the Riemannian metric looks like [hij]i ; with h;j(p) := gp(Yi(p),Y;(p)) and

vdetgij(p) = vol(Xi(p), ..., Xn(p)) = (detJ) vol(Y1(p), . ... Yu(p)) = (detJ)ydeth;(p),  (4.3)

where J = | 25| s the Jacobian of the change of coordinates map ¢~ 0o ¢: U — V.
dy; ij

Definition 4.1.10. Let (U, ¢) be a local coordinate chart on a Riemannian manifold (M, g) and assume that
R c ¢(U) is an open subset with compact closure. Then the volume of R is

volg(R) := / vdetg;;dxy ... dxp.
¢~ 1(R)
This is well-defined: if R C (V) for some other local coordinate chart (V, ¢), then

/ " ydeth;jdyy...dy, = / ydetg;j dxi ...dx, = volg(R)
v (R ¢

“H(R)

by (4.3) and the change of variables formula.

More generally, we can define the volume of a region not contained in a single coordinate chart using a
partition of unity, as in Definition 2.9.6. Indeed, the point is really that a Riemannian metric determines a
volume form:

Definition 4.1.11. Let (M, g) be an orientable Riemannian manifold and define the Riemannian volume
form dVol, € Q" (M), which in any oriented local coordinate chart has the form

dVol, = +/detg;; dxi A--- A dxp.

If volg (M) = fM dVol, is finite (e.g., if M is compact), then the Riemannian volume form determines a
(signed) measure, called the Riemannian volume measure, on the Borel sets in M:

volg (B) :=/dV01g.
B
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(If you don’t want a signed measure, just take the absolute value of the right hand side.)

So, for example, if (M, g) is a compact Riemannian manifold, then we automatically get a probability
measure on M by normalizing the above measure:
volg (B)

Pg(B) = W .

4.2 Affine Connections

We would like to define geodesics on Riemannian manifolds. These are the analogs of straight lines, in
the sense both that they are defined as “straightest” paths on Riemannian manifolds and that shortest paths
between points are always geodesics. To do so, we will need to define an intrinsic notion of the derivative
of a vector field along a curve; then the geodesics will be the curves whose tangent vectors differentiate to
zero (just like the tangent vector to a straight line parametrized at constant speed is constant, and hence its
derivative is zero; or, if you like, the acceleration along a straight line is zero).

This notion of differentiation will be called the covariant derivative. If our manifold is a smooth surface
in R? (with the Riemannian metric induced by the Euclidean structure on R?), then there’s a simple geometric
description of the covariant derivative, which I will now try to explain.

Let S be a smooth surface in R? and let @: I — S be a smooth curve in S, where I is some interval.
Suppose V is a vector field along . Concretely, we can write V: 1 — R3 so that V(¢) € Ty(nS: thatis, at
each ¢, the vector V(7) is tangent to the curve a.

In general, there is no reason that V’(¢) should be tangent to S.

Example 4.2.1. Consider the case where S is the unit sphere, «(¢) = («/LE cost, Lz sint

latitude at 45° North, and

1

s %> is the circle of

1 2
V() := sin®t — — cos ¢, —+—\/_
V2 4

1
sin2¢t, — cost] .
V2 )

See Figure 4.1.

Figure 4.1: The unit sphere with curve a(¢) colored in dark blue and the vector field V(¢) in orange.

Then

sint
cos 2t, ———

V() = (2+\/§)costsint,—2+\/§ NG
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’ - 1 _ 1)y i = (0. L L)
Hence V' (x/2) = (0, 1+ 7’ \5) is not in the tangent space to a(x/2) = (0, 5 \5) since

V' (r/2) a(r]2) = % +0.

The fact that V’(¢) is not generally tangent to S means that V’(¢) is not a notion of derivative that can be
defined intrinsically to the surface. However, in this case, the simplest possible fix turns out to give something
that is intrinsically defined. Specifically, we know that a(¢) € S, and so we have the tangent space T (;)S to
S at a(t). Of course, a(¢) € R? as well, and R? has its own tangent space at a(¢), namely Ta(,)R3. But then
V'(t) € Ta(,)R3 and Ty (1)S C Ta(,)R3, so we can orthogonally project V’(¢) to T4 (;)S, as in Figure 4.2.

Figure 4.2: The projection of V' () onto T, (;)S yields the covariant derivative %.

The projection of V’(¢) onto Ty (S is called the covariant derivative of V along « and denoted %.
While this still seems extrinsic to the surface, it turns out you can define % purely interms of @, V, S, and the
Riemannian metric g on S. While in this example the Riemannian metric is induced by the Euclidean metric
on R3, you can use the same formula to define % for any Riemannian metric g on a surface, regardless of
whether or not g is induced from a Euclidean metric.

In turn, we say that a vector field V along « is parallel if % = 0; then a geodesic is just a curve @ so
that @’ (¢) is parallel along «.

If you want to see more details on the above, see any standard textbook on curves and surfaces, for
example do Carmo’s book [8] or O’Neill’s [26]. Here, I'm going to develop the general theory on arbitrary
Riemannian manifolds, which uses a gadget called a connection. These can be defined on any manifold (not
just Riemannian manifolds), but, as we’ll see, a Riemannian metric produces a special connection.

Definition 4.2.2. An affine connection V on a manifold M is a mapping
V:X(M) X X(M) — X(M)
sending (V, W) — Vy W satisfying the following:
(1) Linearity in the first factor: Vgv+ v, W = fiVy W + oLV, W
(i1) Additivity in the second factor: Vy (W) + W) = Vy W) + Vy W,
(iii) The Leibniz rule in the second factor: Vy (fW) = V(f)W + fVyW.
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Example 4.2.3. In R”, suppose W = 3}, wi %k and define
VyW = Z V(w )i
vW = . ) e

Lemma 4.2.4. Affine connections are local in the sense that the value of VyW at p depends only on V(p)
and the values of W in a neighborhood of p.

Proof. Let g be a smooth function with support in some small neighborhood of p, with g = 1 on some even
smaller neighborhood. Then at p we have V(g) = 0, and hence at p

Vy(gW) =V(g)W + gVyW = Vy W

by (iii). Since the support of the cutoff function g can be arbitrarily small, we see that Vi, W depends only on
the values of W in a small neighborhood of p.

From (i), we know V ey W = fVy W, so it follows immediately that VyyW at p also depends only on the
values of V in a neighborhood of p.

In fact, we can show more. Let (U, ¢) be a coordinate chart in a neighborhood of p and let X; =

aixl’ oL Xy = % be the coordinate vector fields. If V = }; v; X;, then

VyW = V]VX1W+ ---+vnVXnW

by (i). If we evaluate the right hand side at p, the only dependence on V come from the v;(p), so it only
depends on V(p) (and not on the behavior of V in a neighborhood of p). O

0 - 90 ; ;
X X, = 3, in some coordinate neighborhood on M,

define the smooth functions I ij on that coordinate neighborhood by

If V is an affine connection on M and X; =

Vx.X; = Y TEXi.
k

The Ff are called the Christoffel symbols of the connection V, and we can write a formula for VyyW in terms
of them: if V = 3}; v;X; and W = 3} ; w; X; are vector fields defined on a coordinate neighborhood, then

Z w;X;
J

= Z (V,’X[(Wj)Xj + VinVXin)
iJ

-3

L]

= Z (ViX,'(Wk) + V,'erlkj) Xk

VvW = Z V[VXi
i

viXi(wj)Xj + Viw; Z Flk]Xk
k

= (Via—m +VinFl-j) Xk.

127



Exercise 4.2.5. Show that, within a coordinate neighborhood, if we pick n* smooth functions Ff,. arbitrarily
and define A

VyW = Z (vl +viw; F Xk,

then V will satisfy the axioms of an affine connection in that coordinate neighborhood.

Remark 4.2.6. Despite the suggestive notation, the F;‘j are not the components of a tensor field on M: they
do not transform like tensor components under general coordinate transformations.

We can refine Lemma 4.2.4 a bit: we don’t actually need to know W on an entire neighborhood of p, but
only along a curve within that neighborhood:

Lemma 4.2.7. The value of VyW at p depends only on the value of V at p and the value of W along any
(short) curve through p which is tangent there to V(p).

Proof. We've just seen that, in local coordinates,

0
VyW = (Viﬂ + Vinrk') X = (V(Wk) + VinFk~) Xk 4.4
c')x,- Y . Y

since V.= X, v; 66 The only term which is not entirely determined by V(p) and W(p) is V(wy) =
(a o wy)’(0) for some curve @ with @(0) = p and @’ (0) = V(p). Of course, (@ o wi)(¢) only depends on
the values of W along a. O

An affine connection then gives us a way of defining covariant derivatives:

Proposition 4.2.8. Let V be an affine connection on a smooth manifold M. Then we can uniquely associate
to any vector field W along a curve «: 1 — M another vector ﬁeld aIOng a such that

. D(W]+W2) DW, DW.
(i) dr -t Tar

DgW

dg DW
tW+g dt

(iii) If W is defined on all of M, then
DW

Definition 4.2.9. The vector field % guaranteed by Proposition 4.2.8 is called the covariant derivative of
W along a.

Proof of Proposition 4.2.8. If we work in local coordinates, we have a(t) = (a(t), ..., an(t)), so
da da;
dt £ dr

so the formula (4.4) for VyyW shows that we must define

DwW dwyr  da; k
= _Z( il )Xk 4.5)

in order to satisfy conditions (i), (ii), and (iii). Hence, the covariant derivative, if it exists, must be unique.
But to get existence we just define the covariant derivative in coordinates as in (4.5). O
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The thing to remember about affine connections is that they give a way of defining parallel transport; that
is, some way of moving a tangent vector “parallel to itself” along a curve. In general, there’s no canonical
way to do this, so you have to define what you mean by “parallel,” and that’s really what a connection does.

Example 4.2.10. Consider the unit sphere > ¢ R? and take the tangent vector % at the north pole. Say we
want to transport this vector parallel to itself around the spherical triangle that traverses a great circle south
from (0, 0, 1) to (1, 0, 0), then the equator east from (1,0, 0) to (0, 1, 0), and finally another great circle north
from (0, 1,0) to (0,0, 1). If course, we could move % parallel to itself in R3, which just gives % at every

point along the curve; see Figure 4.3. But 6_6}7 is not in the tangent space at (0, 1,0) € S?: it’s perpendicular
to the sphere at that point!

Figure 4.3: Parallel translating a vector around a curve in the ambient space.

To get something which stays tangent to the sphere, we simply take the vector field which is always
pointing east. Along the first segment, traveling south from the north pole to (1,0, 0), this is the same thing
we had before. You can imagine a traveler walking south along this path, and then the vector field is just
what they get when they stick out their left hand.

At (1,0, 0), the traveler turns left, and now east is straight ahead as they start walking toward (0, 1, 0), so
now the vector field is what they get by pointing straight ahead. From the perspective of the traveler, this is
the same direction as along the first leg of their journey (namely, east!).

When they arrive at (0, 1, 0), the traveler now turns left again to face north. Now east is to their right, and
they can trace out the vector field by just sticking out their right hand as they walk north. Notice that, once
the traveler gets back to the north pole, the vector we get by parallel translating the initial vector around the
curve is perpendicular to the initial vector! So even though all along the way the vector field was constant
(from the perspective of the traveler or, more mathematically, with respect to the intrinsic geometry of the
sphere), it realizes some nontrivial transformation of the initial vector.”> See Figure 4.4.

The idea of parallel translation is the same in general: the idea is that, as you traverse a curve, you’re not
changing the direction of the vector.

Definition 4.2.11. Let M be a smooth manifold with affine connection V. A vector field V along a curve
a:1 — M is parallel (along @) if 27 = 0forall s € I.

Example 4.2.12. With respect to the standard connection V on R” from Example 4.2.3, a vector field
V=23 vi% is parallel (along any curve) if and only if the v; are constants. The V shown in Figure 4.3 is

an example if you just think of the curve as a curve in R and ignore the sphere.

2This phenomenon is called holonomy, and arises whenever there is curvature.
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Figure 4.4: Parallel translating a vector around a curve intrinsically.

It turns out that, given any initial vector at a point and any curve through the point, we can always find a
parallel field along the curve which agrees with the given vector at the point.

Proposition 4.2.13. Let M be a smooth manifold with an affine connection V, let a:1 — M be a smooth
curve in M, and let Vo € Ty1,)M be some tangent vector to M at a(to). Then there is a unique parallel
vector field V: 1 — TM along a so that V(t) € Ty \M forall t € I and V(tp) = Vo.

Proof. In local coordinates, the parallel condition % = 0 is a system of n first order linear ODEs for the
coefficients of V. Then the standard existence and uniqueness theorems apply and we get a unique solution
with given initial condition. O

Definition 4.2.14. The vector field V() guaranteed by Proposition 4.2.13 is called the parallel transport of
Vo = V(tp) along the curve a(t).

From here, we could define geodesics, curvatures, etc. for arbitrary connections. Rather than develop
this theory in full generality, we will specialize to the case of the Riemannian connection or Levi-Civita
connection, which is uniquely determined by a Riemannian metric. So we turn to the task of defining this
special connection.

4.3 The Levi-Civita Connection

We need to define two notions, compatibility and symmetry, before we can give the main theorem of this
section, which is the existence of the Levi-Civita connection.

Definition 4.3.1. Let (M, g) be a Riemannian manifold with affine connection V. The connection is called
compatible with g if, for any smooth curve @ and any pair of parallel vector fields V and W along «, the
function t = g (1) (V(t), W(t)) is constant along .

Example 4.3.2. The Euclidean connection on R" from Example 4.2.3 is compatible with the Euclidean
metric since parallel vector fields are constant.

Exercise 4.3.3. Show that the restriction of the Eucliden connection to a submanifold M™ c R" is compatible
with the metric on M induced by the Euclidean metric on R”.
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Exercise 4.3.4. Show that an affine connection V is compatible with a Riemannian metric g on M if and
only if, for any vector fields V and W along a smooth curve a@: I — M, we have

d DV
—1 8ay(V(),W(1)) = 8ary) (WW) + 8alty) (V,

DW)
dt t=ty '

dt
In other words, for compatible connections we can use the usual product rule to differentiate the inner product.

Corollary 4.3.5. Let (M, g) be a Riemannian manifold. An affine connection V on M is compatible with g
if and only if
U(g(V,W)) =g(VyV, W) +g(V,VyW) (4.6)

at all points of M and for allU,V,W € X(M).

Proof. Suppose V is compatible with g. Let p € M and let a: (—€, €) — M be a smooth curve with @(0) = p
and @’ (0) = U(p). Then

U(g(V,W))(p) = Zl ga(t)(V,W)

DV DW
= —, W V,—
oG ) oo ()
where the second line follows from Exercise 4.3.4 and the third from Proposition 4.2.8(iii). Since p was

chosen arbitrarily, (4.6) follows.

On the other hand, if V satisfies (4.6) and V, W are parallel along a: I — M, then Exercise 4.3.4 implies
that

d DV DW
d_ga(z)(v(t), W(1)) = ga(r) (W’W) T 8a) (V’ 7) =0

DV _ DW _
since r 0 and - =0. |

Definition 4.3.6. A connection V on M is called symmetric or torsion-free if
VyW - VyV = [V, W]
forallV,W e X(M).

Example 4.3.7. Consider the Euclidean connection on R" again (as deﬁned in Example 4.2.3). We use the
standard coordinates on R”, and assume V = }; v; — ax and W =3 w; ax . Then

ow; 0
Vv W= Zvl ox; Bx]
ov; 0
VwV =
W ijéxj 6x,

so we can match indices and conclude that

ow; ov;
VyW - VywV = Z(V, / w'—])
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On the other hand, we saw way back in (1.3) that this is the local coordinate expression for [V, W], so we see
that the Euclidean connection is symmetric.

Example 4.3.8. If we work in a local coordinate chart on a manifold M and write X; = 6ix,-’ then V being
symmetric implies
Vx, Xj = Vx; Xi = [Xi, X;] = 0;

that is,
VXin = VXin'

In fact, it’s not hard to show that V is symmetric if and only if the above equation holds; this explains the
terminology symmetric.

Since the Christoffel symbols are defined by
Vx X; = > ThXi,
k
the connection V is symmetric if and only if
rk =rk
ij Ji

for all i, j, k. In turn, we know from Exercise 4.2.5 that any choice of the Christoffel symbols F{‘]. determines

. . . . 2 +1 .
a connection, SO we can construct all symmetrlc connections by ChOOSng I’l(ngl) = % functions Flkj SO

k _ k .o
that Fl.j = Fﬁ foralli,j, k.
We are now ready to state and prove the main result:

Theorem 4.3.9 (Fundamental Theorem of Riemannian Geometry; Levi-Civita [22]). Let (M, g) be a Rie-
mannian manifold. There exists a unique affine connection V so that

(i) V is symmetric and
(ii) V is compatible with g.
This connection is usually called the Levi-Civita connection or the Riemannian connection.

Proof. First we prove uniqueness. So suppose there were some such connection V. Then, for any U,V, W €
X (M), Corollary 4.3.5 implies

U(g(V,W)) =g(VyV,W) +g(V,VyW) 4.7)
V(g(W,U)) = g(VyW,U) +g(W,VyU) (4.8)
W(g(U,V)) =g(VwU,V) +g(U,VwV). 4.9)

Since the connection is symmetric, we know that
VyV -VyU = [U,V]
and similarly for other terms, so subtracting (4.9) from the sum of (4.7) and (4.8) yields

U(g(V.W)) +V(g(W.U)) -W(g(U,V)) = g([U, W], V) +g([V.W].U) + g(VuV + VyU, W)
=g([U.WL.V) +g([V.WLU) +g([U,V],W) + 28(VyU,W).
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In other words,

1
g(VvU.W) =S [U((V.W)) +V(g(W.U)) - W(g(U.V)) - ¢([U.W]. V) —¢([V.W].U) - g([U. V. W)],
(4.10)
which shows that V is uniquely determined by g. Hence, if it exists, V must be unique.’

To prove existence, we can simply define V by Equation (4.10); it is straightforward to check that V
defined in this way is a symmetric, compatible connection. O

Example 4.3.10. Let’s work out the Levi-Civita connection for the Riemannian metric on Aff*(R) that we
defined in Example 4.1.7. Recall that we can identify Aff*(R) with the upper half-plane H = {(x,y) € R? :
y > 0} and that the metric g can be represented by the matrix

8(x.y) ©

1
gn(x,y) gnkx,y) _[F 0

gi2(x,y) gn(x,y)| |0 ﬁ

Let X = % and Y = %. Since these are coordinate fields, we know [X,Y] = 0, and we always have

[X,X] =0and [Y,Y] = 0 for any vector fields. So half of the terms in (4.10) vanish.
The matrix for g is telling us that
1

1
5> g(x,y)(XaY)zo, g(x,y)(Y’Y)z_

gy (X, X) = ,
(x,y) y yz

and hence that, using (4.10)

1
8e) (VxX, X) = 3 [X(8(x,) (X, X)) + X (8,3 (X, X)) = X (8.3 (X, X))]
1
= EX(g(x,y) (X, X))
190 (1
20x (y_z)
=0

and

8 (VXX 1) = 2 [X(800) (X, 1)+ X () (VX)) = ¥ (839 (X, X))

1 1

__lo (1
29y \y?

1

¥

3 An alternative argument works in coordinates and gives explicit equations for the Fg‘/. in terms of the components g;; for the metric.
This is directly analogous to the standard formulas for the Christoffel symbols on surfaces.
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Therefore, for any a and b,

b
8(xy)(VxX,aX +bY) = ; 4.11)
On the other hand, VxX = ¢X + dY for some ¢ and d, and we know that
bd
8.y (cX +dY,aX +bY) = =+ 4.12)
y y

Equating (4.11) and (4.12), we see that Vx X = iy.

If we play the same game with VyY and with VxY = Vy X (using the symmetry of V and the fact that
[X,Y] = 0), we conclude that

1 1 1
VxX=-Y, VxY=VyX=--X, VyY=--Y. (4.13)
y y y

Now, let’s think about parallel transporting a vector along the curve a(z) = (¢, 1). Notice that @’ (1) = X
for all ¢, so by Proposition 4.2.8(iii), we have that the covariant derivative along « is given by

DwW
7 = VQI(I)W = VXW

for any tangent vector W. So if we think of a vector field W(t) = a(t)X + b(t)Y € To()H = T(;,1)H, then
the parallel transport equation becomes

0= 2 = V@)X +b(OY) = @ (X +a())VxX + B (0F + b)) VxY

=d (DX +a(t)Y + b ()Y = b(1)X = (a'(t) = b())X + (b (1) + a(t))Y

since y = 1 along the whole curve and hence % = 1. Of course, the coefficients have to be 0, so we get the
homogeneous system of ODEs

a'(t)-b(t)=0
b'(t)+a(t)=0
Solutions are of the form
a(t) = Cicost + Cysint
b(t) = —Cysint + C cost.

Figure 4.5 shows the parallel transports of X € T(o,1)H and Y € T(,1)H along this curve.

Recall that a parallel vector field is always pointing in the same direction from the perspective of someone
inside the manifold, so the way to interpret this is that a person traversing the curve a(¢) is constantly turning
to the left to stay on a.

On the other hand, if 8(¢) = (0,t), then 8’(¢) =Y for all ¢, and the parallel transport equation is

0= 2 @)X +b()Y) = ' (DX +a(t)Vy X + B ()Y + b(1)VyY

dt
— ()X - ()X+b(t)Y () ((z) (’))) (b() b(t))
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Figure 4.5: The parallel transports of X € T(o,1)H (left) and Y € T, 1)H (right) along the curve a (1) = (¢, 1).

since y = t along the curve, and hence i = % So the system of ODE:s is
t
a’(r) - ? =0
b(t
b'(1) - b0 =0.

t

Solutions are of the form

a(t) =Cqt
b(t) = Cot.

Figure 4.6 shows the parallel transports of X € T(o,1)H and Y € T(,1)H along this curve.

Figure 4.6: The parallel transports of X € To,1)H (left) and Y € T (g 1)H (right) along the curve (1) = (0, 1).

Notice that the parallel transport of a tangent vector to S stays tangent to (3; this is an indication that (up
to reparametrization) (8 is a geodesic.

4.4 Geodesics

Geodesics are generalizations of straight lines to Riemannian manifolds.* Typically we think of straight lines
in the plane or in space as shortest paths, but this is actually the wrong notion to generalize. Not because
shortest paths won’t be geodesics, but because not all geodesics are shortest paths.

Example 4.4.1. The geodesics on the round sphere will turn out to be arcs of great circles. Of course, the
shortest path between two points will be an arc of a great circle, but we can get another geodesic between

4As mentioned briefly at the end of Section 4.2, we can define geodesics for any affine connection, so geodesics are really
generalizations of straight lines to manifolds-with-connections, but we’re only going to develop the theory here for the Levi-Civita
connection.
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any two non-antipodal points by going the long way around: instead of traveling from Ecuador to Kenya by
flying east along the equator over South America and the Atlantic Ocean, head west over the Pacific Ocean,
Indonesia, and the Indian Ocean. The latter route is still a geodesic, but certainly not the shortest path.

Instead, the right notion to generalize is that straight lines are (no surprise) straightest paths. We can
see this in terms of formulas by taking a constant-speed parametrization of a straight line, something like
a(t) = p +tv, for p,v € R". Then @’ (t) = v is constant, and hence a”’ () = 0. The equation &’ (z) = 0 is
going to generalize to the so-called geodesic equation.

Definition 4.4.2. Let (M, g) be a Riemannian manifold and let V be the Levi-Civita connection on M. A
curve y: I — M is a geodesic if

D

—y'(1)=0 4.14

AL (4.14)
for all € I. The equation (4.14) is the geodesic equation.

Remark 4.4.3. A geodesic is automatically traversed at constant speed:

d D
Egy(t)()’l(t)a'yl(t)) =28y(1) (EV'(I),V'(O) =0

by Exercise 4.3.4.

Let’s work out what the geodesic equation (4.14) looks like in local coordinates. So work in a local

coordinate chart on M. Suppose y(t) = (x1(),...,x,(t)) is a curve and W (1) = }; wj(t)% is a vector
J
field along y. We saw in (4.4) that
DW ’ k _r 9
o= Zk (wk(t) +Fijxi(t)wj(t)) B
i,
So if

’ _ ’ i
W(r) =7v'(r) = ;x,(n o

then we have D 3
E'y,(t) = Z (x;(’(t) + Ftijl,(t))(;(t)) 6_)(31(
i)k
Then v is a geodesic if and only if the above is zero, which means all the coefficients must be zero:

X! (1) +Zr{<jx;.(r)x;(z) =0 fork=1,...,n, (4.15)
i,j

which is a system of n second-order ODEs on a coordinate neighborhood of M.

Example 4.4.4. Let’s figure out the geodesic equation on Aff*(R) = H = {(x,y) € R? : y > 0}. We saw
in Example 4.1.7 that the metric is given by g1 = ylz = g2, g12 = 0, and we worked out the Levi-Civita

connection in Example 4.3.10. Specifically, (4.13) implies that
1
Iﬂ111:0 Fllzzrzllz_‘ F212:0
Yy

1 1
2 =- 2 =12 =0 2 =--.
11 y 12 21 22 y
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Therefore, (4.15) becomes
17 2 ’ ’
x"(t) = =x"(t)y'(r) =0 (4.16)
y

1
y'(1) + ;((x’(t))2 - (y' (1) =0.
2
On vertical rays, x(f) = constant, so the first equation is satisfied and the second reduces to y”’ = (yy) s

which has solution y(#) = ¢1e“. So the vertical rays parametrized as y(¢) = (xg, c1e?") are geodesics. We
can eliminate the constants by deciding that we want y(0) = (a, 1), which implies ¢; = 1, and that we want

¥'(0) = (0, 1):

(0,1) =¥"(0) = (0,c2)

so ¢3 = 1. That s, y(¢) = (a, ') is a geodesic in H for any a € R.

As for the other geodesics, note that % = %, which we can differentiate as follows:

x/

dZy d (y/) B x/yu _y/x// 1

dx?  dx o2 ¥

dr
since % = %j—; = “4- If we assume our curve y(t) = (x(#), y(¢)) is a geodesic, we can substitute in
dar
Y = %xlyl and y// - l((y/)Z _ (xl)Z) from (416)

[}

dzy_ 1 x' "2 "2 2/ "2
i (;((y) —(X))—;X(y))

= oy (0 -0

_ 1 (1 N (y')z)

y (x")?
2
1 d
=—— (1 + (_y) ) .
y dx
(Note that we’re implicitly assuming x” # 0 here, which is why we dealt with the x() = constant case

separately.)

In other words,

&y (dy\* d [ dy
_l = yv— 4+ | = =—|y—=
dx? dx dx 7 dx

on a geodesic. Integrating twice gives the solution

x2+y2=ax+b,

which is the semi-circle of radius /b + “Tz centered at the point (a/2,0).

In other words, we’ve proved that the geodesics in H are the vertical rays and the semi-circles centered at
points on the x-axis, as claimed in Example 2.3.22.
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Figure 4.7: Some geodesics in H.

If we want to convert (4.15) to a system of 2n first-order ODEs, we need to pass to the tangent bundle

TM. Recall that
™ = | | T,M.
peEM

Suppose p € M lies in a coordinate chart (U, ¢). If v € T, M, then v = 3; yi% for some yi,...,y,; then
(X15--+sXn, Y1, ---,Yn) give local coordinates on T(¢#(U)) = U x R"; continuing down this path gives the
proof of Exercise 1.2.6.

In any case, the curve 7 — y(¢) in M determines a curve t — (y(z),y’(¢)) in TM and, if v is a geodesic,
then in a local coordinate neighborhood 7' (¢(U)) this curve satisfies the first-order system

X (1) = yi(0) @.17)
Ve == Thyi(y; (1)
i,J

forallk =1,...,n.

By the usual existence and uniqueness theorems for solutions to ODEs, it will follow that, for any p € M
and any v € T,M (or, alternatively, any (p,v) € TM), there will be a geodesic y: (-€,€) — M with
v(0) = p and y’(0) = v and that any other solution will agree with vy on the overlap of their domains. We
can package this up into a single vector field on TM which we will call the geodesic field.

Theorem 4.4.5. Let (M, g) be a Riemannian manifold. Then there is a unique smooth vector field G on TM
whose integral curves are of the formt +— (y(t),y’(t)), where 7y is a geodesic on M.

Recall from Definition 1.7.1 that an integral curve of a vector field is one whose velocity agrees with the
vector field at every point along the curve.

Proof. Suppose such a G exists. Then the trajectories of G must be given by 7 — (y(t), y’(t)), which must
solve the system (4.17) in local coordinates. By uniqueness of the trajectories of such a system, G must be
unique.

On the other hand, to prove that such a G exists, we can simply define it in coordinates by the system (4.17).
m|

Definition 4.4.6. The vector field G € X(TM) defined in Theorem 4.4.5 is called the geodesic field on TM
and its local flow is called the geodesic flow on TM.
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Example 4.4.7. Let M = S' with its usual metric, namely gg (%, a%) = 1. It’s straightforward to check

using (4.10) that
0

V%% =
So then the system (4.17) on TS!' = S! x R with coordinates (6, y) reduces to

0'(1) = y(1)

y' (1) = 0.

0.

Solutions are of the form (y(z),y’(z)) = (c1 + cat, ¢2), so when we require y(0) = 6y and y’(0) = yO% €
To,S', we get y(t) = 6y + yot. These curves are trajectories of the field

G(0,y) = (5,0

on the cylinder, as shown in Figure 4.8. This makes sense: geodesics go around the circle at constant speed,
and this speed is determined by the initial velocity, which corresponds to height on the cylinder in this picture.

Figure 4.8: The geodesic field on TS' = S! x R. The zero section {(6,0)} = S! is shown in dark blue.

Example 4.4.8. Let M = S? with the Riemannian metric induced by the Euclidean metric on R3. We’ll
work locally in spherical coordinates (¢, ) +— (cos 8 sin ¢, sin 6 sin ¢, cos ¢).

Exercise 4.4.9. Show that in these coordinates,

I, =0 r,=0=0 I, = —singcos ¢
2 2 2 2
I,=0 I'l, =I5, =cotg I3, =0.

Therefore, in the coordinates (¢, 6, y, z) on TS2, (4.17) becomes

¢’ =y

0 =z

y" = (sin ¢)(cos ¢)z>
7/ = =2(cot¢)yz.
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If we want the geodesic through (¢, 69) € S? with initial velocity v € T(4,.4,)5%, then this gives a well-
defined initial value problem.

It’s not so clear to me how to solve this problem analytically, but we could certainly solve it numerically
for any desired ¢, 6, v, and then the velocities of these geodesics would give the geodesic field G on T'S?
(which is a nontrivial bundle: TS% # $% x R?).

The existence of the geodesic flow follows from Proposition 1.7.2. More precisely, if U € M is an open
set and € > 0, we’ll use the notation

TU: :={(p,v) €TU : |v| < €}.
Then applying Proposition 1.7.2 to the geodesic field G on TM at the point (p,0) € TM yields:

Proposition 4.4.10. Let M be a Riemannian manifold and let p € M. There is an open set U containing
p, real numbers §,€ > 0, and a smooth map ¢: (=6,6) X TUe — TU so that t v« ¢(t,q,v) is the unique
trajectory of the geodesic field G with ¢(0, q,v) = (q,v) for all (q,v) € TU,.

Composing the local flow ¢ with the projection 7: TM — M yields the map y = 7 o ¢ which satisfies:

Proposition 4.4.11. Let M be a Riemannian manifold and let p € M. There is an open set U containing
p, real numbers 8,€ > 0, and a smooth map y: (=6,8) X TUe — M so that t — y(t,q,v) is the unique
geodesic in M passing through q at time 0 with instantaneous velocity v for any (q,v) € TU..

Notice that we can always make ¢ bigger by making e smaller (or vice versa), so we can get ¢ of uniform
size if we want:

Corollary 4.4.12. Let M be a Riemannian manifold and let p € M. There is an open set U containing p, a
real number € > 0, and a smooth map y: (=2,2) X TU, — M so that t — y(t,q, V) is the unique geodesic
in M passing through q at time 0 with instantaneous velocity v for any (q,v) € TUe.

In particular, this means that, so long as v is short enough, y(1, ¢, v) is well-defined. We should interpret
v(1,g,v) as follows: we travel along the geodesic through ¢ in the direction of the unit vector ‘% for a
distance of ||v||. This idea of going out in the manifold in the direction indicated by v for a distance ||v|| is
so useful that we give it a special name:

Definition 4.4.13. The map exp:TU, — M defined by
exp(q,v) =v(l,q.v)
is called the (Riemannian) exponential map.

Most of the time, we will just be interested in the restriction of exp to the tangent space at a point. That
is, if B¢(0) € T, M is the open ball of radius € centered at the origin in 7, M, then we will define

exp,:Be(0) - M

by exp, (v) = exp(q, ).
In the case that M is geodesically complete, meaning that every geodesic can be extended forever in both
directions, then we can extent this map to the entire tangent space:

expy : TyM — M.
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Theorem 4.4.14. Given q € M, there is some € > 0 so that exp,: B¢ (0) — M is a diffeomorphism of
B (0) c T,M onto an open neighborhood of q in M.

Proof. We can compute the differential of exp at the origin:

d
dt|,—
d

= 1’ ’t
dt,:oﬂ q,1)

d

= - t,q,
T z=07( q,v)

d(exp,)o(v)

exp, (1v)

=V,

by definition of y(¢, g, v).

In other words, d(exp,)o is the identity map on 7, M, so the inverse function theorem (Theorem 1.4.7)
implies that exp,, is a local diffeomorphism. O

4.5 Geodesics on Lie Groups

In Section 4.4 we defined geodesics as the curves y: I — M with Dd—’t/ = 0, which means that geodesics are
parametrized at constant speed and are straight (in the sense that they don’t turn). Compare to the fact that
straight lines @: I — R" traversed at constant speed satisfy a’(¢) = 0.

It seems intuitively obvious that the shortest path between two points should be as straight as possible,
and hence should be a geodesic. Of course, we have to be careful because there is generally not a unique
geodesic between two points (think about points on the sphere) and there may be no geodesic at all (think
about the points (2,0) and (=2,0) in the annulus {(x,y) € R? : 1 < x> + y> < 4}). But if two points are
close enough, there will be a unique minimizing geodesic between them.

But, from Theorem 4.4.14, we know that for any p € M there exists € > 0 so thatexp,, : Be (0) > Misa
diffeomorphism. The image exp,, (B (0)) is called a normal ball or geodesic ball of radius € around p, and
denoted B¢ (p).

Theorem 4.5.1. Within any normal ball B¢ (p), the geodesic rays from p are the unique shortest paths from
p to their endpoints.

The proof of this theorem is fairly technical and not very enlightening, so we skip it. For details, see do
Carmo [9, §3.3].

Instead, let’s go a bit deeper on geodesics on Lie groups.
4.5.1 Bi-Invariant Metrics
First of all, recall from Example 4.1.6 that we can define a left-invariant Riemannian metric on any Lie group
G by choosing an inner product (-, -) on T,G = @, and then pulling it back to each tangent space: for h € G

and u,v € T;,G,
gn(u,v) := ((dLp-1)pu, (dLp-1)pv)e, (4.18)
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and similarly we could have gotten a right-invariant metric using Rj-1 rather than Lj-1.

Formally, we define a left-invariant Riemannian metric on G by requiring that

ghy (U, v) = gnyny ((dLpy)ny 1, (dLpy) 1, v)
for each hy,hy € G and each u,v € Tj,,G. Note that (dLp,)n, : Th,G — TLhz(hl)G = Th,n, G, so the
right-hand side makes sense.

In other words, a metric is left-invariant if all left translations are isometries of G.

Exercise 4.5.2. Show that the metric g defined by (4.18) is left-invariant in the above sense.

Similarly, we say that a metric on G is right-invariant if all right translations are isometries.

In general, there are lots of left-invariant metrics on a Lie group, and also lots of right-invariant metrics.
And it’s not so clear which one to pick, or even whether to pick a left-invariant one or a right-invariant one.

However, in certain special cases we get Riemannian metrics on Lie groups which are both left-invariant
and right-invariant. We call such metrics bi-invariant and they are, in some sense, the best possible
Riemannian metrics to put on Lie groups: they are highly symmetric, and we don’t have to choose whether we
prefer left- or right-invariance. Moreover, under appropriate hypotheses, bi-invariant metrics are essentially
unique; see Theorem 4.5.9.

Note that left/right/bi-invariant metrics on G are completely determined by the inner product
(e = 8e (1)

onT,G = g; after all, any metric on G determines such an inner product, and such an inner product uniquely
determines a left-invariant metric using (4.18) (or a right-invariant metric using the analogous formula
replacing L;-1 with R;,-1; if the two agree, then what either gives is a bi-invariant metric).

Proposition 4.5.3. Suppose the Lie group G admits a bi-invariant metric. Then the induced inner product
on g satisfies
([X,Y],Z)e =Y, [Z, X])e

forall X,Y,Z € g.

Proof. Since X,Y, Z € g, they are (or can be identified with) left-invariant vector fields on G. Let @, be the
local flow associated to X. Because the metric is bi-invariant we know that

Y.Z)e =8e(Y.Z) = ge ((dR<1>,(e))q>;‘(e)(chp;l(e))eYe, (de),(e))cp;‘(e) (deb;I(e))eZe)
= 8e ((dew(e))q);l(e)qul(e)’ (dR<1>/(e))c1>;l(e)Z<1>;l(e))
= <(dR<Dt(€))!1>;](e)Y<I>;I(e)’ (thl),(e))zp;l(e)Z@;l(e)>e

by left-invariance of ¥ and Z.

Differentiating the above expression with respect to ¢, evaluating at = 0, and recalling that the Lie
bracket is the same as the Lie derivative eventually yields

0=A([Y,X],Z). + (Y, [Z,X]),

which is equivalent to the stated equation. O
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If we set X = Z in Proposition 4.5.3, then we see that
([X,Y],X). =0.
In other words:

Corollary 4.5.4. In a bi-invariant metric, the bracket of two left-invariant vector fields X andY is orthogonal
to both X and Y .

In fact, the converse of Proposition 4.5.3 is also true, so we get the following characterization of bi-
invariant metrics on Lie groups:

Theorem 4.5.5. A Riemannian metric on a Lie group G is bi-invariant if and only if the induced inner
product on g satisfies
([X.Y].Z)e = (Y, [Z,X])e

forall X,Y,Z € g.

Example 4.5.6. The goal here is to show that Aff*(R) does not admit a bi-invariant metric. Recall from
Exercise 3.3.10 that we have left-invariant vector fields A, B € aff"(R) with [A, B] = B. If Aff* (R) admits
a bi-invariant metric, then Proposition 4.5.3 (or Theorem 4.5.5) implies that the induced inner product on
afft(R) = R? satisfies

0= <[B’ B]»A>e = <B9 [B9 A]>e = <B» _B>e = _<B» B>e #0

since B is not the zero vector and the inner product must be positive-definite. So there is no such bi-invariant
metric.

It is a bit unfortunate that not all Lie groups admit bi-invariant metrics, but it turns out that all compact
Lie groups do. In service of proving this, let’s first record the following observation:

Lemma 4.5.7. A Lie group G admits a bi-invariant Riemannian metric if and only if there is an inner product
on T,G which is invariant under conjugation.

Proof. (=) For the forward direction, suppose G has a bi-invariant metric g. Let (-, -). be the induced inner
product on 7,G, and observe that, for any 4 € G and any X, Y € g,

<(dch)eXes (dch)eYe>e = <d(Lh°Rh*1)eXe’ d(LhORh*I)eYe>e = <(dLh)h*1 (dRh*' )eXev (dLh)h*I (dRh*1 )eYe>e
= gp-1 ((dRp-1)e Xe, (dRh-l)eYe) = ge(Xe,Ye) = (Xe, Ye)e

by left- and right-invariance of g. So (, -). is conjugation-invariant.

(<) On the other hand, suppose (-, ). is conjugation-invariant. Define the left-invariant metric g by
(4.18). I claim that g is also right-invariant, and hence bi-invariant. To see this, let i1, h, € G. Notice that,
for any k € G,

(L)1 © Rup) (k) = by byt khy = Ci (Ly1 (K)) = (Cpr 0 Ly 1) (K),

and hence L, p,)-1 © Ry, = Chz—l o th—l.
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Therefore, for any vector fields u,v € Ty, G,
ghyhy ((dRpy)ny s (ARpy)nyv) = (AL, py)-1 )iy (AR Ry )y s (AL (g, pyy 1)1y 1y (AR iy Yy Ve

= ((d(L(pyny)-1 © Riy)nytts (d(Ljp, py)-1 © Ry Ve
= <(d(ch2’1 °© thl)hlu, (d(Chz’l °© Lhﬁ)h.")e
= (Ao )e (AL 1)y 4, (AC ) e (L Ve

by the chain rule. But now conjugation-invariance of (-, -), implies this is equal to

((dLy-1)n, (dLy-1)n, V)e = gy (1, V)
by definition of g. Stringing these equalities together gives
8hyhy ((dRpy)ny s (ARpy)nyv) = gy (1, v),

which is the definition of right-invariance. So we see that the left-invariant metric g is also right-invariant,
and hence it is bi-invariant. O

We’re now ready to show that all compact Lie groups admit a bi-invariant metric. The strategy is to pick
any arbitrary inner produce on 7,G and then average it over all conjugations. If the group is non-compact,

then this could easily fail: the averaging procedure might fail to converge. But when G is compact, this isn’t
a problem:

Theorem 4.5.8. Every compact Lie group G admits a bi-invariant Riemannian metric.

Proof. Start with a right-invariant metric on G, and let dVol € Q"(G) be the associated right-invariant
volume form guaranteed by Definition 4.1.11. That is, dVol(h) € A" (T,G)* forall h € G.

Now, let (-, ). be an arbitrary inner product on 7.G. Then we define a new inner product (-, ), by
averaging over conjugations:

vy, o= /h (dCh)t, (dC3).). AVOI(h)

Here’s where we using compactness, which guarantees that this integral converges. Right-invariance of the
volume form now implies that

((dChy)eut, (dCh)ev)e = /G ((dChy)e(dChy)ett; (dChy)e (dChy )ev)e dVOI(h2)
= /G (d(Chy © Chy)ett, d(Cpy © Chy)e)e dVol (h2)
= /G (d(Chyny)elt, d(Cpyny)evYe dVol (h2)
= /G (d(Cnyn,)etts d(Cpyny)ev)e Ry, dVOl(h2)
=/G(d(Chzh,)eu,d(Chzhl)ev)edVol(hzhl)
= /G (d(Ch)et, d(Cp)ev)e dVol(h)

= (u,v),
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using the change of variables formula for the map Ry, : G — G, the right-invariance of dVol, and then
making the substitution h = hyh;.

Therefore, (-,-), is conjugation-invariant, and hence corresponds to a bi-invariant metric on G by
Lemma 4.5.7. o

When G is simple, the bi-invariant metric we get is essentially unique:

Theorem 4.5.9 (see, e.g., [1, Proposition 2.48]). Let G be a compact, simple Lie group. Then the bi-invariant
metric on G is unique up to re-scaling.

4.5.2 Geodesics in the Bi-Invariant Metric

Recall that we defined an exponential map exp: g = 7,G — G for Lie groups in Section 3.10. We also
defined a Riemannian exponential map exp,:7,G — G in Definition 4.4.13. Of course, the Riemannian
exponential depends on a choice of Riemannian metric, whereas the Lie group exponential map only depends
on the Lie group structure. However, when we have a bi-invariant metric, the two exponential maps will
agree, which is the main point of this section.

Example 4.5.10. Recall our left-invariant metric on Aff*(R) = H from Example 4.1.7. We saw in Exam-
ple 4.4.4 that the geodesics for this metric are vertical lines and semi-circles centered at points on the x-axis.
Therefore, the geodesics through the identity (0, 1) are as depicted in Figure 4.9.

Figure 4.9: The geodesics through the identity in Aff*(R) = H.

On the other hand, suppose v = a% + bc.,—ay € T(0,1)H is a tangent vector at the identity. Under the

identification of Aff*(R) with the matrix group {[g )lc] c(x,y) eR%y > 0} from Example 3.2.3, v is
identified with the 2 X 2 matrix
[b a
A, =

0 0 GTIGLZ(R).

In this setting, the exponential map is just the matrix exponential, so

+t2
2!

b a

+t00

1
exp(rv) = I+tAv+5(zAv)2+- o= [1 0

otb a(et®-1)
. b
0 | ~

0 1

b* ab| £ [b® ab?
0 0f3[0 0

. . th _
In other words, the one-parameter subgroup associated to v € T(q,1)H is the curve t (w, e'? ), as

depicted in Figure 4.10.
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Figure 4.10: The one-parameter subgroups in H.

Clearly, the one-parameter subgroups are not geodesics with respect to the metric. The issue is, as we’ve
already seen in Example 4.5.6, that Aff* (R) does not have a bi-invariant metric.

Theorem 4.5.11. In a bi-invariant metric on a Lie group, the one-parameter subgroups coincide with the
geodesics through the identity.

Proof. Recall from (4.10) the formula

1
g(VvU.W) =S [U(V.W)) +V(g(W,U)) - W(g(U.V)) - ¢([U.W]. V) —g([V.W].U) - g([U. V. W)],
Assume V, W € aff*(R) are left-invariant, and let U = V in the above equation. Since the metric is bi-
invariant, g(V, W) and g(V, V) are constant, so the first three terms all vanish. The last term also vanishes

since [V, V] = 0, so we're left with

g(VVV9W) = [_g([V’W]’V) _g([V’W]’V)] = _g([V’WLV) = g([W’V]’V) =0

| =

by Corollary 4.5.4.

Since W could have been any left-invariant vector field, this implies that V'V = 0 for all left-invariant
vector fields V, where V is the Levi-Civita connection. But then if y(z) = exp(¢V,) is the one-parameter
subgoup associated with V, € T,G, we have that

, d
Y (t) = EeXP(IVe) = (dLexp(tVe))eVe = Vexp(tVe)a

so V is precisely the velocity field of the curve y, and hence

’

, D
0=VyV = Vy’(t)'y (t) = i

implies that y is a geodesic. O
Since the Lie group exponential is defined in terms of one-parameter subgroups and the Riemannian

exponential is defined in terms of geodesics, Theorem 4.5.11 implies that the Lie group exponential and the
Riemannian exponential are the same on a Lie group with a bi-invariant metric.
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In particular, this means that on matrix groups with a bi-invariant metric we can often solve the following
problem: given hy, h, € G, what is the minimizing geodesic from %; to h,. To do so, note that it suffices
to find a geodesic y(¢) from the identity element e to hl‘lhzz since left-multiplication is an isometry,
a(t) = hyy(t) will be a geodesic from & to hj.

So we’ve reduced to finding the geodesic from the identity to any group element 4. By Theorem 4.5.11,
this geodesic will be a one-parameter subgroup passing through £, so our goal is to find, say, a unit vector
v € T.G so that exp(tgv) = h. Then the curve y: [0,t9] — G given by y(z) = exp(tv) will be such a
geodesic, and it will have length £,.

But inverting the matrix exponential is exactly what the matrix logarithm does. In general, since the log
is multivalued, log(%) will be a collection of elements of 7, G, but if we choose u with smallest norm and let
V= ﬁ then it will follow that d(e, h) = ||u|| and y(¢) = exp(¢v) is a minimizing geodesic from e to A.

Example 4.5.12. Consider G = SO(3). If A € SO(3), then A is unitarily diagonalizable:
A=UDU",

where U € U(3) and D = diag(1,e'?, ¢%?) is the diagonal matrix with eigenvalues of A on the diagonal.
Then
log(A) = Ulog(D)U* = U diag(0, i6, —i6)U*.

So then the distance from / to A is

[l log(A)]| = V260

and the unit-speed geodesic from / to A is
y(£) = Udiag(1, ¢"/V?, e~ 11V2)

with A = y(V26).
Of course, the same sort of thing works on SO(n) for any n.

4.6 Geodesics on Grassmannians

The goal in this section is to describe geodesics on Grassmannians. This is knowledge that I have used many
times in my research career; since Grassmannians pop up everywhere from string theory to random polygons
to hyperspectral imaging to video analysis to algebraic geometry, you may find this information important at
some point, too. The information in this section is mostly drawn from Edelman, Arias, and Smith’s amazing
paper [11].

Recall from Section 3.12 that the Grassmannian Gr(k,R") is the collection of k-dimensional linear
subspaces of R”, and that it can be realized as a quotient of O(n) by

Gr(k,R™") = O(n)/(O(k) x O(n — k)).

In other words, we can interpret points in the Grassmannian as equivalence classes [Q] of all orthogonal
matrices whose first k columns span the same subspace as those of O € O(n). Concretely,

(0] := {Q [lék Uf_k] :Up € O(K), Uy € O(n — k)} .
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The tangent space T O(n) splits into horizontal and vertical components: the vertical space is the subspace
tangent to [Q] (i.e., moving in those directions does not change the point on the Grassmannian), and the
horizontal space is the orthogonal complement of the vertical space.

From the above description of [Q], it should be pretty clear that the vertical space is

{Q [g g] : Ais k X k skew-symmetric and C is (n — k) X (n — k) skew—symmetric} .

Hence, the horizontal space, which we can identify with 7o) Gr(k, R™), consists of matrices of the form

_pT
ol 2.

where B is an arbitrary (n— k) X k matrix. Note that this immediately recovers the fact that dim(Gr(k,R")) =
k(n—k).

We get the standard Riemannian metric on Gr(k, R™) by restricting the metric on O(n) to the horizontal
space (it is also traditional to multiply by 1/2 because of the repeated B’s in the expression for A above). So
what is the metric on the orthogonal group?

We get a left-invariant metric on O(n) by pushing around any inner product we like on 77 O(n) C
Ty GL,(R) = Mat,,x, (R), where the standard inner product is the Frobenius inner product

(My, Ma)g; = tr(M[ M>).
When we restrict this to 77 O(n), which consists of the skew-symmetric n X n matrices, we see that
(X, Y], 2k =tr([X, Y] Z) =te((XY =Y X)'2) =e(YTXTZ - XTYTZ) =0 (YT XTZ - YT ZXT)
=tr(-YTXZ+YT2X) =u(YT[Z,X]) = (¥, [Z, X])E:

using cyclic invariance of the trace and the fact that X = —X. Therefore, Theorem 4.5.5 implies that the
left-invariant metric go(,) on O(#n) induced by (-, -)g; is bi-invariant.

What is this metric? First, recall that, for Q € O(n), Tp O(n) = {QX : X is skew-symmetric} since
T; O(n) consists of skew-symmetric matrices and (dLg);X = QX. Then, for X, QY € Tp O(n),

20" (OX, 0Y) = ((dLy-1)00X, dLy-1)QV )i = (Q7'0X, Q' QY )i = (X, V)i = tr(X"Y).

Note that this is really just the Frobenius inner product of QX with QY:
(X, QY = ((QX)T(QY)) = (X" QT QY) = tr(X"Y).

Therefore, with the factor of 1/2 mentioned previously, the induced metric on Gr(k,R") is given by, for

0 -BT )
Ai:Q[Bi 0’] € Tio] Gr(k,R"),

T
0 -B!

0 Bf
B> 0

1
8[Q](A1,A2)=§tr B, 0

1
D =5 tr(B] B, + B1B}) = tr(B] B,)

From Theorem 4.5.11 we know that geodesics on O(n) take the form y(7) = Qe'X where Q € O(n), X
is skew-symmetric, and we have y(0) = Q and y’(0) = QX € Tp O(n).
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_pT
IfQ € O(n)and A = Q [g g € Tjp) Gr(k,R"™), then
_pT
v =geli

o -BT _BT
is a horizontal curve: the velocity vector y’(1) = Qet[f‘ 0] [g 0 ] is in the horizontal space at

T
y(t) = Qetlg o J This means that [y(¢)] is a geodesic in the Grassmannian, and conversely it can be
shown that every geodesic in Gr(k,R") has a horizontal lift of this form.

In general, when we’re working with the Grassmannian, we’d rather avoid working with n X n matrices
(especially when & is much smaller than n). Since we also know that Gr(k,R"™) = St(k,R")/O(k), we
can also represent points in the Grassmannian by equivalence classes of n X k matrices Y with orthonormal
columns:

[Y] ={YUy : Up € O(k)}.
In practice, we can just think of Y as the first k columns of the orthogonal matrix Q from before. The above
expression makes it clear that the vertical space of the projection St(k, R") — Gr(k,R"™) = St(k,R")/O(k)
consists of n X k matrices of the form
YA,

where A is k X k skew-symmetric; that is, it corresponds to infinitesimal rotations of the basis for the subspace
given by the columns of Y. Therefore, the horizontal space, which we can identify with Tjy| Gr(k,R"),
consists of all n X k matrices H whose columns are perpendicular to the column space of Y; that is,

YTH =0.

Here’s another way to see this: if ¥ consists of the first k columns of an orthogonal matrix Q = [Y Z],
then the first £ columns of

0 [g _gT] =y Zz| [g _gT] =[zB -YBT]
are H = ZB, and, since the columns of Y are perpendicular to the columns of Z,
Y'TH=Y"zB=0.
In terms of n X k matrices, the Riemannian metric on the Grassmannian is still just the Frobenius inner

_pT
product: if A; = Q [1(2) gi

} and H; = ZB; is the n X k matrix consisting of the first k columns of A;, then
tr(H! Hy) = tr(BT Z"ZB,) = tr(BY B) = (0| (A1, A2).
If we’re working with n X k matrices, we would then write

gy (Hi, Ha) = tr(H{ Hs).

We can write geodesics in n X k matrix format as well by just chopping off the last n — k columns; now

our geodesics look like
o -BT

ym=QﬂB Uhk
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where I, x consists of the first k columns of the n X n identity matrix. Of course, it would be preferable to
. L . . . -BT
write this in terms of the n X k matrices Y and H instead of the n X n matrices Q and [ B 0 ]

o -BT

Theorem 4.6.1. Let y(t) = Qet[B 0 ]In,k be the geodesic with y(0) =Y and y’(0) = H. Then

s
Y =[rv Ul [Z?S((;Z)) V7,

where UXVT is the singular value decomposition of H.

Proof. Let

- 2| T
B=U U] [ 0] v
be the singular value decomposition of B. Then

0 - o][vl o0 T T
[V 0 o}z o ollo UT:[ 0 —VZUI]:[O —B]_

T
A | R | e 0 B 0
Therefore,

] [[v 0 OHE 702 gvoT UOT o -x o [yT ¢
t[g 713]_ L] IR U%-_V 0 0 t[g 0 g] r
e e “=lo v vl oY
N 0o ul

v oo o0 cos(1£) —sin(z) O] [v' 0

:[0 U Ul [SnUE) cos(rz) 0|0 U; (@.19)
1 2 0 0 1110 U,

and hence (with some intermediate computations omitted),

A e cos(t2)| . r
y(1) = Qe L=V zu] sinrxy | V-
Butnow H = ZB = (ZU, )ZVT is the singular value decomposition of H, so the result follows. m]

If H € Tjy Gr(k,R") then, at least for small ¢, Theorem 4.5.1 implies that the distance from y(0) = Y to
y(t) is

d(y(0),y(1) =tl|Hlg =t

where the o are the singular values of H; that is, the diagonal elements of X.
If we write 6; = to; and let ® = (64, ..., 0), then (4.19) becomes

cos® —sin® 0] [vl 0
sin® cos® O[O0 U
0

ez[g -th]z[v 0 0 r|
0 0 I Ug

0 Ui U,
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_BT

0
which is the CS decomposition [15, 27] (see also Nick Higham’s blog post) of et[B 0 ] € O(n).

In the CS decomposition of a matrix, the 6; are the principal angles between the subspace spanned by
the first k& columns of the matrix and the coordinate subspace spanned by the first k standard basis vectors
(i.e., the first k columns of the identity matrix). Moreover, the cos 8; are the singular values of the k X k
Grammian IZ’ kY , where Y is the n X k matrix consisting of the first k columns.

More generally, if Y; and Y, are n X k matrices with orthonormal columns, the cosines of the principal
angles 61, . . ., 6 between the subspaces they span are the singular values of the Grammian Y IT Y.

In other words,

Theorem 4.6.2. Suppose Y| and Y, are n X k matrices with orthonormal columns representing points
[Y1], [Y2] € Gr(k,R™). Then

d([11], [Y2]) =

where the cos 0; are the singular values onlTYz.
In fact, the singular value decomposition of Y’ lT Y actually tells you what this geodesic is. Say
Y[V, = U(cos®)V"

is the singular value decomposition. I can think of U and V as change of basis matrices on col(Y;) and
col(Y>), respectively; that is, [Y;] = [Y1U] and [Y»] = [Y2V] and the columns of Y U and Y,V give new
orthonormal bases for the these respective subspaces (i.e., points on the Grassmannian). If I let ; be the ith
column of Y1 U and let v; be the jth column of Y,V then

cos® = UYLV = (MU)T (2V) = [(us, v,-)]l.’j .

This tells us that the bases uy,...,u, for [Y;] and vy, ..., vy for [Y>] are in some sense optimally aligned:
in particular, they realize the principal angles between the subspaces, since the angle between u; and v; is 6;.
This is sketched in Figure 4.11.

6 I

Figure 4.11: The aligned bases of two planes which realize the principal angles 01, ..., 6 between the
planes.

<

And now, the geodesic from [Y;] to [Y;] is simple:
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Theorem 4.6.3. Let u;(t) be the rotation of each u; to the corresponding v; at constant speed so that the
angle between u; = u;(0) and u;(t) is t0;. This ensures that each v; = u;(1). If y(t) is the subspace spanned
by uy(t),...,ux(t), which can be represented by the n X k orthonormal matrix [u1 () ... uk(t)], theny
is a minimizing geodesic in Gr(k,R") between y(0) = [Y1] and y(1) = [Y>].

For example, Gr(1,R") = RP"~! consists of lines through the origin, and this tells us that the geodesic
between two lines is just the steady-speed rotation of one to the other.

Example 4.6.4. In general, I can get random points in Gr(k, R") by applying Gram—Schmidt to X k matrices
with standard Gaussian entries.
With & = 26 and n = 57 I generated Y| and Y, in this way; they’re visualized in the first row of

Figure 4.12 by having the value in each entry specify a color. The second row of Figure 4.12 shows the
aligned representatives YU and Y,V. Using Theorem 4.6.2, d([Y1], [Y2]) = 4.692.

Figure 4.12: Two points in Gr(k,R") represented by matrices visualized in the first row, with the aligned
representatives visualized in the second row.

In turn, Figure 4.13 shows a few equally-spaced points along the minimizing geodesic given by Theo-
rem 4.6.3 connecting these two points in the Grassmannian.

Figure 4.13: Seven equally-spaced points along the minimizing geodesic from [Y;] to [¥»] in Gr(26,R>7).

Here is a video showing the full geodesic:

Video Visit the URL below to view a video:
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OE*:30

https://player.vimeo.com/video/1078821889 . L
[=]: E

Using Theorem 4.6.2 it is straightforward to compute distances between points in the Grassmannian.
Figure 4.14 shows the histogram of distances between 10,000 pairs of random points in Gr(26, R>’), which
fits quite well to the Gaussian distribution with mean 4.844 and standard deviation 0.0788. Note that the
maximum possible distance is V26 7 ~ 8.0095.

4.6 4.7 4.8 4.9 5.0 5.1

Figure 4.14: Histogram of distances between 10,000 pairs of random points on Gr(26, R>’), together with
the graph of the probability density function of the Gaussian distribution with mean 4.844 and standard
deviation 0.0788.

4.7 The Curvature Tensor

Given the name, you might expect that some of the key ideas in Riemannian geometry are due to Bernhard
Riemann. Indeed, he explained a way of thinking about what eventually came to be called Riemannian
manifolds and curvature in his Habilitationsschrift from 1854 [28].

His idea for how to define curvature in a manifold was something like the following. Let p € M and
consider oo C T, M, a 2-dimensional subspace. Each line through the origin in o exponentiates out to give a
geodesic in M, and by taking all such geodesics we get a surface S in M containing p and tangent to o at p.
The Riemannian metric on M induces a Riemannian metric on S.

Gauss had showed in 1827 [13] that the Gauss curvature of a surface depends only on its First Fundamental
Form (a.k.a., Riemannian metric); Riemann called this the curvature at p, denoted K (p, o). These days we
call this curvature the sectional curvature at p with respect to o.

That said, Riemann did not give any way to compute this curvature and it took quite a long time to get a
rigorous, modern definition. Unfortunately, Riemann’s intuition, which hopefully makes sense, is not really
evident in the modern definition, which seems very abstract.

That said, I'm going to give you the modern definitions and try to connect it back to the geometric
intuition as much as I can.
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Definition 4.7.1. The (Riemann) curvature tensor R on a Riemannian manifold M is a map R: X(M) X
X(M)x X(M) — X(M) given by

R(X,Y)Z =VxVyZ - VyVxZ - Vxy|Z, 4.20)
where V is the Levi-Civita connection associated with the Riemannian metric.
Remark 4.7.2. Some books, including do Carmo [9], define the curvature tensor to be
VyVxZ - VxVyZ +Vx y|Z;
notice that this is —R(X,Y)Z as we’ve defined it.

Remark 4.7.3. We can see immediately that R(Y, X)Z = —R(X,Y)Z, so R is skew-symmetric in the first
two factors.

Remark 4.7.4. Given X,Y € X(M), itis often convenient to think of R(X,Y): X(M) — X(M), sometimes
called the curvature transformation. Note that

R(X,Y) = [Vx,Vy] = Vix,y]-
If we tried to define a similar curvature transformation for the Lie derivative we would have
[Lx,Ly]l - Lix,y; =0
since

LxLyZ — LyLxZ — L[X,Y]Z = [X5 [Y’ Z]] - [Ya [X’ Z]] - [[X’ Y]sZ]
= _[[Y’Z]’X] - [[Z’X]’Y] - [[X’Y]’Z] =0

by the Jacobi identity Proposition 1.6.4(iii).

Remark 4.7.5. In local coordinates, [ 9 9 ] =0, so

0 0 0 4]
(3)61' (9xj) dxy 9/0x; V d/dx; 3/8x; vV 8/dx; xr

so the curvature tensor is measuring the extent to which iterated covariant differentiation is non-commutative.

Example 4.7.6. In R" with the Euclidean metric, R = 0. To see this, write Z = (z1, ..., z,) and recall from
Example 4.2.3 that covariant differentiation works componentwise:

d
VyZ = zk: X(@) g (4.21)

Hence,
0
VxVyZ = XY —
xVy zk] (Y (25
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and similarly for Vy VxZ, so we get
R(X,Y)Z = VxVyZ — VyVxZ - Vix.y1Z
0
= D X (@) =Y (X (@) = [X. Y] (@) 5~
X Yk
=0,

so Euclidean space is reassuringly as un-curved as it is possible to be, and suggests that this notion of
curvature is some sort of measure of how much the metric on M deviates from being Euclidean.

Example 4.7.7. Recall our vector fields X,Y,Z on S 3 defined in Section 1.8 as
X(x)=xi, Y(x)=xj, Z(x)=xk
at each x € S35 We showed in Section 1.8 that

[X,Y]=2Z, [Y.Z]=2X, [Z X]=2Y. 4.22)

S3 inherits its standard metric from the Euclidean metric on R*, and the corresponding Levi-Civita
connection V on §3 is just the restriction to S> (via orthogonal projection) of the Euclidean connection on
R*, which I'll denote as VE'. In other words, for U,V € X(S%), (VyV)(p) is the orthogonal projection of

4
(Ve V)(p) to T 83 = x*.

If I write out X in Euclidean coordinates, I get

0 0

X(x)=xi=(x1+xp0 +x3] +x4k)i = =xp +x1i + X4 —x3k = —xp— + X — + X4 — —X3—,
0x1 dx2 0x3 x4

and similarly

Y(x) 0 . 0 N 0
X) = —X3— —X4— +X|— +Xp—
3 ox; 4(9x2 ! 0x3 2 0xy4

0 0 0 0
Z(x) = —x4— +x3— —Xp— + X1 —.
(x) 4 6X1 3 6XZ 2 3X3 o (9X4

So then, again using (4.21), we have that
4 4 a a (9 6
V%Y:V% —X3 _X4_+XI6__X3 +X26—x4

6_)61 a)Q
0 0 0 0
= —X(x3)— — X(x4) — + X(x1) — + X(x2) —
(x3) o (M)axz + (Xl)ax3 + X(x2) Ixa
=—x4— +x i—)c i+x i
- 4 6x1 3 8)62 2 8)63 ! 6)64
:Z,

5I’m switching from p to x as the name of the point in S> because I’m going to think of points in S* as points in R* and write them
as x = (xy, x2, X3, x4), where the x; are coordinate functions. This will make it more natural to write things like % (x;) = 1 rather
v

than calling the coordinate functions p; and trying to remember that % (pi) =1.
T

155



which is already tangent to S3, so orthogonal projection just gives Z again, and we conclude that VxY = Z.

By similar reasoning, we can compute

VxX =0 VxY =2Z VxZ =-Y
VyX = -Z VyY =0 VyZ =X (4.23)
ViX =Y V.Y =-X VzZ=0

Therefore, we can use (4.22) and (4.23) to see that

R(X,Y)X = VxVyX = VyVxX = Vix y| X
=-VxZ -Vy0-VyzX

=Y -2Y
=-_Y,
that
R(X,Y)Y = VxVyY — VyVxY - Vix y|¥
=Vx0-VyZ-V,,Y (4.24)
=X+2X
=X,
and that

R(X,Y)Z =VxVyZ - VyVxZ - Vixy|Z
=VxX +VyY -V Z
=0+0-0
=0.

Therefore, for each x € S the transformation R(X,Y): T,.S3 = T,.S3 can be interpreted as the composition
of orthogonal projection to the 2-plane spanned by X and Y and a clockwise rotation of this plane by 90°.

Exercise 4.7.8. Work out similar interpretations of R(X, Z) and R(Y, Z) on S°.

Despite having called it the curvature tensor, 1 have not yet showed that R is a tensor field. To be a
proper tensor field, the value of R(X,Y)Z at a point would need to depend only on the values of X,Y, Z at
the point; given all the derivatives involved, you might expect that it would depend on the values of X,Y,Z
in a neighborhood of the point.

Proposition 4.7.9. The curvature tensor R(X,Y)Z on a Riemannian manifold M is multilinear in X,Y,Z
over the algebra C® (M) of smooth functions on M.

Of course, (4.20) shows that R(X,Y)Z is multilinear over R.

Exercise 4.7.10. Show that multilinearity over C* (M) implies that the value of R(X,Y)Z at p € M depends
only on the values of X,Y, Z at p, and not on their values in any neighborhood of p.

156



Proof of Proposition 4.7.9. Suppose f € C*(M). Then, repeatedly using the parts of Definition 4.2.2,

R(fX,Y)Z = foVyZ - VnyxZ - V[fx,y]Z
= fVXxVyZ = Vy(fVXZ) = Viixy)-v(n)xZ
= fVxVYZ -Y()VXZ - fVyVXxZ - fVxy1Z +Y(f)VxZ
= f(VxVyZ - VyVxZ - Vx y|Z)
= fR(X,Y)Z.

Hence, R(X,Y)Z is multilinear in X over C*(M). Since R(X,Y)Z = —R(Y, X)Z, this shows that it is also
multilinear in Y over C*(M).

Finally,

R(X,Y)(fZ) =VxVy fZ -VyVxfZ -Vixy|fZ
=Vx(Y(NZ+ fVyZ) - Vy(X(N)Z + fVXZ) - [X.YI(NZ - fVx1Z
=XY(NZ+Y(H)VxZ +X(f)VyZ + fVxVyZ
~Y(X(f)Z-X()VyZ-Y(f)VxZ - fVyVxZ

- XY(UNZ+YX(NZ-fVixnZ
= f(VxVyZ - VyVxZ - V|xy|Z)
= fR(X.Y)Z,

showing the linearity of R(X,Y)Z in Z over C*°(M) and completing the proof. O
Proposition 4.7.11 (Bianchi Identity). For M a Riemannian manifold and X,Y,Z € X(M),
R(X,Y)Z+R(Y,Z)X + R(Z, X)Y = 0.
Proof. Since V is symmetric, we know that V4B — VA = [A, B]. Therefore,
VyZ=1[Y,Z] +VzY

and
Vixy1Z = [[X,Y],Z] + Vz[X,Y].

Therefore,

R(X.Y)Z =VxVyZ - VyVxZ -Vxy|Z

= Vx([Y, Z] + V2Y) - VyVXZ - [[X, Y],Z] - Vz[X,Y], (425)

and similarly
R(Y,Z)X =Vy(|Z,X] +VxZ)-VzVyX - [|Y, Z], X] — Vx[Y, Z] (4.26)
R(Z,X)Y =Vz([X,Y]+VyX)-VxVzY -[[Z,X],Y] - Vy[Z,X]. 4.27)

If we add (4.25), (4.26), and (4.27), all the connection terms cancel out and we’re left with
R(X,Y)Z+R(Y,Z)X + R(Z,X)Y = —([[X.Y]. Z] + [[Y,Z], X] + [[Z,X].Y]) = O

by the Jacobi identity Proposition 1.6.4(iii). O
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We’ve defined R as amap X(M) X X (M) X X(M) — X(M); thatis, R(X,Y)Z € X(M). We can interpret
this as a (1, 3)-tensor field as follows: at each p € M we get amap (T,M)* xT,M X T,M xT,M — R
given by

(1,X,Y,Z2) =1(R(X,Y)Z).
(Note that this being well-defined depends essentially on Exercise 4.7.10.)

Of course, we’ve defined everything in the presence of a Riemannian metric g, and we can always convert
vectors into linear functionals with inner products: T < g(:,T) for any T € X(M), and so we can convert
R into a (0, 4)-tensor field—that is, a C*°(M)-multilinear map X(M) x X(M) X X(M) x X(M) — R by
mapping

(X,Y,Z2,T) » g(R(X,Y)Z,T).

Proposition 4.7.12 (Symmetries of the Curvature Tensor). For X,Y,Z,T € X(M),

(i) (Bianchi Identity) g(R(X,Y)Z,T) + g(R(Y,Z)X,T) + g(R(Z, X)Y.T) = 0.
(i) (Skew-Symmetry) g(R(X,Y)Z,T) = —g(R(Y,X)Z,T)
(iii) (Skew-Symmetry) g(R(X,Y)Z,T) = —g(R(X,Y)T, Z)
(iv) (Interchange Symmetry) g(R(X,Y)Z,T) = g(R(Z,T)X.Y)

Proof. (i) follows immediately from Proposition 4.7.11.

(ii) follows from the fact that R(X,Y) = —R(Y, X), which we saw was a direct consequence of the
definition.

For (iii), observe that
(XY -YX-[X,Y])(g(Z,7)) =0

since XY — YX = [X,Y]. Now, if we repeatedly use Corollary 4.3.5 we see that

XY(g(Z,T)) = X(g(VyZ,T) +g(Z,VyT)) = g(VxVyZ,T) + g(VyZ,VxT) + g(VxZ,VyT) + g(Z,VxVyT)
YX(g(Z,T)) =Y (g(VxZ,T) + g(Z,VxT)) = g(VyVxZ,T) + g(VxZ,VyT) + g(VyZ,VxT) + g(Z,VyVxT)
[X,Y](g(Z,T)) =g(Vixy|Z,T) +g(Z,VxyT).
Subtracting the second and third lines from the first yields
= g(VXxVyZ - VyVxZ - V|xy|Z,T) + g(Z,VxVyT = VyVxT = V|x y|T)
=g(R(X,V)Z,T) + g(R(X,Y)T,2),
which implies (iii).
For (iv), note that the Bianchi identity implies that
g(R(X,Y)Z,T) +g(R(Y,Z)X,T) + g(R(Z,X)Y,T) =0
g(RY,Z2)T,X) +g(R(Z,T)Y,X) +g(R(T,Y)Z,X) =0
gR(Z,T)X,Y)+g(R(T,X)Z,Y) +g(R(X,Z2)T,Y) =0
g(R(T,X)Y,Z) + g(R(X,Y)T,Z) + g(R(Y,T)X,Z) = 0.
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Adding the first two lines and subtracting the third and fourth and using (ii) and (iii) to cancel four pairs of
terms and simplify the remaining terms yields

2¢(R(X,Y)Z,T) - 2¢(R(Z,T)X.Y) = 0,
which implies the result. O

In local coordinates, if we write X; = %, then there exist smooth functions Rfj SO that

R(Xj, X)X, = ZRfijs.
N

The functions Rfj . are usually called the components of R in the given local coordinates. If we have vector
fields U, V, W with local coordinate expressions

U= ulX;, V= v, w=Ywix
J k i
(note that now I am being more careful about whether indices are superscripted or subscripted), then

RWUVIW = > RS vFwX,.
i,j,k,s

(In Einstein notation, this gets written as R(U,V)W = Rfjkuf vEwiX,, where summation always happens
over repeated indices, and repeated indices should appear in up/down pairs.)

Exercise 4.7.13. Show that
ors

ors
ik jk y
R = e = o+ 2T = RIS

When we lower an index and think of R as a (0, 4)-tensor, then we get components
Rijks := §(R(Xk, Xs) Xi, Xj) = <Z Rf';iSXm,Xj> = Z R s 8mj-
m m

Then Proposition 4.7.12 implies the following symmetries for the R; js:
Corollary 4.7.14. (i) Rijis + Riksj + Risjx =0
(ii) Rijks = —Rjiks
(iii) Rijrs = —Rijsk
(iv) Rijks = Rgsij-

In particular, recall that we proved the interchange symmetry (iv) from the other three, and the first three

turn out to be a complete list of symmetries of the curvature tensor, so R is completely specified in local

2(n—-1)2 . .
coordinates by the choice of ~ (’1’2 D] independent functions R;js.
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4.8 Sectional Curvature

We are now in a position to define sectional curvature, which will agree with Riemann’s original notion of
curvature. To do so, we introduce one piece of notation: for V an inner product space and u,v € V, let
|lu A v|| be the area of the parallelogram spanned by u and v; that is,

lu AVIZ = Nl VI = G, v)?. (4.28)

Remark 4.8.1. The reason for the notation is that |lu A v|| agrees with the norm on A?(V) induced by the
inner product defined in HW 2 Problem 4.

Remark 4.8.2. When (M, g) is a Riemannian manifold and V = T, M, the corresponding inner product is
&p» so that

e AVIZ = Nl PV = 8p (s v)* = g (s w)8p (v, V) = g (u, V).

Definition 4.8.3. Let (M, g) be a Riemannian manifold, let p € M and let o € T, M be a 2-dimensional
subspace, and let {u, v} be any basis for o-. Then the number

 gp(RGuv)v.w)
K@) ="

is the sectional curvature of o at p.

Since the right hand side involves a choice of basis for o, it is not at all clear yet that K (o) is well-defined.

Proposition 4.8.4. With the same setup as Definition 4.8.3, K (o) does not depend on the choice of u,v € o.

Proof. Since we haven’t shown independence from the choice of u# and v yet, write

_ 8 (R(u,v)v,u)

K(u,v
) =

Then K (u, v) has the following symmetries:
(1) K(u,v) = K(v,u) by skew-symmetry of R (Proposition 4.7.12(ii) and (iii)) and inspection of (4.28).
(i1)) K(u,v) = K(Au,v) for any A € R by multilinearity of R and homogeneity of |lu A v||.
(iii)) K(u,v) = K(u + Av,v) by the multilinearity and skew-symmetry of R and A.

The transformations (u,v) +— (v,u), (u,v) — (Au,v), and (u,v) — (u + Av,v) correspond to the 2 X 2
matrices [(1) (1)], [E)l (1)] and [(1) /ll], respectively. These matrices generate GL,(R), so we’ve just shown

that K is invariant under the G L,(R) action on o. Of course, GL,(R) transforms any basis into any other
basis, so this shows that K is basis-independent. m]

Example 4.8.5. Continuing Example 4.7.7,1let X,Y,Z € %(53) be our familiar vector fields with X (x) = xi,
Y(x) = xj, Z(x) = xk. Atapointx € S, let o C Ty S> be the plane spanned by X and Y. The parallelogram
spanned by X and Y is a unit square, so || X A Y||> = 1 and hence

_ s (RXVY.X)

K =gx(X,X) =1
()= T = 86X

160



by (4.24) and the fact that X is a unit vector.

More generally, let o c T,.S* be any 2-dimensional subspace and let U = aX + bY + c¢Z and V =
rX + sY + tZ be an orthonormal basis for o. Then we can use (4.24) and analogous expressions from
Example 4.7.7 and Exercise 4.7.8 to conclude that

g(R(U,V)V,U) = a’s® + a*t* + b2r? + b2 + *r* + ¢s* = 2abrs — 2acrt — 2best.
Since U and V are perpendicular, 0 = g(U, V) = ar + bs + ct, so we conclude that
abrs + acrt = ar(bs + ct) = ar(-ar) = —a*r?
abrs + best = bs(ar + ct) = bs(=bs) = —b*s?
acrt + best = ct(ar + bs) = ct(—ct) = 212,
% 2,2 _p22_ 202

2abrs + 2acrt + 2bcst = —a ct

and therefore
gRWUVIWV,U)=a*(r*+s*+2) + V> + s>+ ) + (PP + 2 +12) =1

since 1 = ||U||?> = a? + b*> + ¢ and 1 = ||V||? = r? + s + 2. Moreover, the parallelogram spanned by U and
V is again a unit square, so ||U A V||> = 1 and we conclude that

K(o) =g(R(U,V)V,U) = 1.
Since o and x were arbitrary, we see that S3 has constant sectional curvature.

Example 4.8.6. Let’s work out the sectional curvature for Aff* (R) = H, building on Example 4.3.10. In
this case, T(y,y)H is already 2-dimensional, so the only 2-dimensional subspace is T(,y)H. Therefore,
in this case (and, more generally, on any surface), we can interpret the sectional curvature as a function
K(x,y) = K(T(x,y)H) on H, which will be the same thing as Gauss curvature. Of course, X = % and

Y= % serve as a basis for T y)H at each point. Moreover,

11 1
IX AYIP = gy (X, X)) (V. V) = 8(xy) (X,Y) = 5 — -0 = —,
¥y y
" (R(X,Y)Y,X)
g s b 4
K(x,y) = 22— 227 — y4e(R(X, Y)Y, X). 4.29
(x,y) X AT y'g(R(X,Y)Y, X) (4.29)
By definition,

R(X,Y)Y = VxVyY = VyVxY - Vix y}¥

1 1
= —Vx—Y+Vy—X—VOY
y y

1 1 1 1
=—X(—)Y——VXY+Y(—)X+—VyX—O

y y y y
1 1 1
:0+—2X —2X——2X
y y y
1
=-—=X.
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by repeatedly using (4.13) and recalling that [X, Y] = 0. Combining this with (4.29) we see that
1
K(x3) = y's(RX. VY. X) = *g(X.X) = =" 5 = -]

by Example 4.1.7. That is, Af*(R) = H has constant sectional/Gauss curvature —1. Indeed, this is also
called the Poincaré upper half-plane model of the hyperbolic plane, as stated in Example 2.3.22 but now
much more fully justified.

4.8.1 Sectional Curvature of Bi-Invariant Metrics

The last two examples have computed sectional curvatures of left-invariant metrics on Lie groups. In the
case of S° (where the metric was actually bi-invariant), we got constant positive sectional curvatures; in
the case of Aff*(R) = H, we got constant negative sectional curvature. In general Lie groups won’t have
constant sectional curvature, but it turns out that bi-invariant metrics will always have non-negative sectional
curvature. So the phenomenon of negative sectional curvature that we saw with Aff* (R) was only possible
because this was not a bi-invariant metric (as we saw in Example 4.5.6).

Indeed, sectional curvatures for bi-invariant metrics take a particularly simple form:
Theorem 4.8.7. Let G be a Lie group with a bi-invariant metric. Let X and Y be orthonormal left-invariant

vector fields on G. Then the sectional curvature K (o) of G with respect to the plane o spanned by X and Y
is given by

K(o) = X VIR

In other words, the sectional curvature of a Lie group with a bi-invariant metric satisfies K (o) > 0, with
equality if and only if o is spanned by vectors X and Y that commute in the sense that [X,Y] = 0.

Note that the restriction that X and Y be orthonormal and left-invariant is not restrictive: if o C T},G,
then we can just take some orthonormal basis for o and then push it around all of G by the differential of
left-translation to get a pair of left-invariant vector fields; the left-invariance of the metric will ensure the
vector fields are orthonormal everywhere.

Proof. As we saw in the proof of Theorem 4.5.11, VvV = 0 for any left-invariant vector field V. So if X and
Y are left-invariant we have

0= VX+y(X + Y) =VxX+VxY +VyX +VyY =VxY + VyX.
On the other hand, since V is symmetric we know that
VxY - VyX = [X,Y].

Adding the two previous equations yields

VyY = %[X, Y] (4.30)

for any left-invariant vector fields X, Y on a Lie group with a bi-invariant metric.
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Now, if X, Y, Z are left-invariant vector fields on G, then we can repeatedly apply (4.30) to see that

1 1 1
R(X,Y)Z =VxVyZ -VyVxZ - V|xy|Z = Z[X’ [Y,z]] - Z[Y’ [X,Z]] - 5[[X, Y], Z].
After rearranging a bit, this implies
4R(X.Y)Z = [X,[Y. Z]] + [V, [Z, X]] + 2[Z, [X. Y]] (4.31)

On the other hand, the Jacobi identity (Proposition 1.6.4(iii)) implies
0=-[X,[Y,Z]] - [Y,[Z,X]] - [Z,[X, Y]] (4.32)
Adding (4.31) and (4.32) and dividing by 4 yields
1

R(X,Y)Z = Z[Z’ [X,Y]]

for any left-invariant vector fields X, Y, Z.
Therefore, the full curvature tensor takes the form
1 1
§(R(X.Y)Z.T) = 78(IZ. [X.Y]|.T) = 28([X.Y].[T.Z])

for any left-invariant vector fields X,Y, Z, T by Proposition 4.5.3.

Finally, then, if X and Y are orthonormal left-invariant vector fields spanning o, then || X A Y||?> = 1 and
hence

K(0) = g(ROC VY. X) = 22 (XYL X YD) = IV,
as claimed. |
Example 4.8.8. On S3, we know that
[X,Y] =27, [Y.Z]=2X, [Z X]=2Y,

so Theorem 4.8.7 implies that, e.g., the sectional curvature of the plane spanned by X and Y is
1 21 2
K = - ||[X,Y]IIF = =12Z|]* = 1,
() = XY = 2122
agreeing with our calculuation in Example 4.8.5.

One way of interpreting Theorem 4.8.7 is that it says that sectional curvature of bi-invariant metrics on
Lie groups is entirely calculable in the Lie algebra and hence is essentially algebraic. Since SO(3) and SU(2)
have the same Lie algebra as S* (Proposition 3.4.3), they must also have constant sectional curvature +1
everywhere.

Example 4.8.9. Let’s work out the sectional curvature of the bi-invariant metric on SO(4). If we take
the left-invariant metric induced by % times the Frobenius inner product on 77 SO(4), then this will be
bi-invariant.® Indeed, for X,Y, Z € so(4),

1 1 T 1 1

§<[X’ Y], Z)p = Etr([X, Y1'Z2) = ) tr([X,Y]Z2) = —Etr(XYZ -YXZ7)

1 1 1 1
=~y u(YZX - YXZ) = —s u(Y[Z.X]) = 5 w(Y'[Z, X)) = V. [Z. X])re

Tt is traditional to scale by the factor of % for reasons that will shortly become apparent.
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(]| H H E F X Y
H | 0 0 F —E Y X
H, 0 0 -F E Y -X
E |-F F 0 2(H, — H») 0 0
F | E -E -2(H -H) 0 0 0
X | -y -v 0 0 0 2(H, + H)
Y X X 0 0 —2(H1 + Hz) 0

Table 4.1: Lie brackets of the given basis of s0(4).

using the cyclic-invariance of trace and the fact that [X,Y] and Y are skew-symmetric. Therefore, Theo-
rem 4.5.5 implies that the induced left-invariant metric is bi-invariant.

I claim that the following gives a basis for so(4):

0 1 0 0] 0 0 1 0 0 0 0 1]
100 0 0 0 0 1 0 0 1 0
H=14 00 0 E=1_1 0 0 o0 X=1o -1 0 0
0 0 0 o 1.0 0 -1 0 0 0
0 0 0 0 0 0 1] 0 0 1 0]
00 0 0 0 0 -1 0 0 0 0 -1
B=10 0 0 1 F=1o 1 0 o Y=1_1 00 o
0 0 -1 0 -1 0 0 o0 0 10 0
Now,
0o 0o 1 0Jo 0 o 1] [o 0o 0 11J0 0 1 0
o 0o o0 1/lo o -1 0l o o =1 ollo o 01
E.FI=EF-FE=1_ 4 o ollo 1 0o o/ lo 1 0 oll-1 0 0 o
0 -1 0 0/[-1 0 0 o |[-1 0 0 oo -100
0 10 0] 0o -1 0 0
100 0] |1 0o 0 o
=lo 00 1|7 |o 0o o 1|=2H-H)
0o 01 ol 0o o =10

and similarly we can compute all the other brackets, yielding the multiplication table given in Table 4.1.
Notice that

1
|H\ ) = —(Hl,H1>Fr =1

and similarly for the other basis elements, so we see that H;, H>, - ‘f \FF % \fY gives an orthonormal

basis for so(4).”
Hence, Theorem 4.8.7 tells us that the plane o, g spanned by H; and E has sectional curvature

K(omE) = H[Hl,

el -5

TThis is why we scaled by %: we want H and H; to be unit vectors.
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Kc)|H H E F X Y
H 0 1/4 1/4 1/4 1/4
H 0 14 1/4 1/4 1/4
E 1/4 1/4 12 0 0
F 1/4 1/4 1)2 0 o0
X 1/4 14 0 0 1/2

Y 1/4 14 0 0 1)2

Table 4.2: Sectional curvatures in SO(4).

and in general we get the sectional curvatures given in Table 4.2. Note that the diagonal entries would make
no sense: the same vector twice spans a line, not a plane.

4.9 Ricci and Scalar Curvatures

Sectional curvature is an extremely powerful tool for describing the geometry of a manifold, and there is a
huge amount of work out there about the impact it has on dynamics, the constraints it places on topology,
and many other interactions it has with other concepts of interest. Just to give one example, the sphere
theorem says that any complete, simply-connected n-manifold with sectional curvatures in the interval [1,4)
is homeomorphic to the sphere S”. This was conjectured by Hopf in 1932 [19] and proved independently
in 1961 by Berger [5] and Klingenberg [21]. In 2007, Brendle and Schoen [6] took this further and proved
the differentiable sphere theorem, which says that any Riemannian manifold with these sectional curvature
bounds is diffeomorphic to S™ with its standard smooth structure. These bounds are optimal: the complex
projective space CP" with the Fubini—Study metric has sectional curvatures in the closed interval [1,4], and
is not homeomorphic to a sphere unless n = 1.

That said, while it’s conceptually somewhat simpler than the full Riemann curvature tensor, sectional
curvature is still rather complicated. One way to simplify it is to take averages in the following sense: suppose
p € M and X € T, M. Then we could take the average of all sectional curvatures of 2-planes o~ containing
X. Of course, this really only depends on the line spanned by X, so this assigns a number to tangent lines at
points. Indeed, this is the basic idea of Ricci curvature.

Example 4.9.1. Let M be a Riemannian 3-manifold, let p € M, and let Z;, Z», X € T, M be an orthonormal
basis. The idea of Ricci curvature at X is to take the average of sectional curvatures of all 2-planes containing
X. One way to do this is to compute

1 1
—K(X,Z)) + =K(X, Z,),
3 (X,Zy) 5 (X,7Z,)

where I'm writing K (X, Z;) for the sectional curvature of the plane spanned by X and Z;.

Of course, this really only computes the average over 2 specific planes, and seemingly depends on the
choice of orthonormal basis Z;, Z, for X* c T, M. Another, apparently more principled, way of computing

this average is
1 2

— K(X, (cos0)Z; + (sin)Z,)d6.
2r 0
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However, by multilinearity of the curvature tensor R and the Riemannian metric g, the above integral is equal
to

2
%‘/ g(R(X, (cos0)Z; + (sinB)Z,)((cos 6)Z; + (sinh)Zy), X)dO
0

1 2n
=5 [0052 0g(R(X,Z1)Z1,X) +sinfcos0g(R(X,Z1)Z>, X)
T Jo
+sin@cos0g(R(X, Z>)Z1, X) + sin? 0g(R(X, Z») Z», X)] do

1 2 2
=5 [K(X,Zl)/ mcos?0do + (g(R(X,Z1)Z», X) + g(R(X, Zz)Zl,X))/ msin 6 cos 6 d6
4 0 0

2n
+K(X,Z>) / sin29d9]
0
= 1K(X Z) + 1K(XZ)
_2 ’ 1 2 £ 2)s

so we get the same thing either way we compute.

Exercise 4.9.2. Generalize Example 4.9.1 as follows. Let M be a Riemannian n-manifold, p € M, and
Zy,...,Z,_1, X an orthonormal basis for 7, M. Again, we want to take the average of sectional curvatures
over all 2-planes containing X, and there are two ways to do this. Show that both computations yield the
same answer.

In other words, it’s enough just to average over any orthonormal basis and this will give the same answer
as averaging over every 2-plane containing X. In fact, for reasons that will become apparent when we discuss
this a little more abstractly, most people don’t actually take averages, they just sum over orthonormal bases:

Definition 4.9.3. Let M be an n-dimensional Riemannian manifold, p € M and X € T, M a unit vector.
Complete X to an orthonormal basis Z1, . . ., Z,_1, X for T, M. The Ricci curvature of M at p in the direction
of X is

n—1

Ric, (X) = Z K(X,Z).
i=1

By Exercise 4.9.2, ﬁ Ric, (X) is the average (in either sense) of the sectional curvatures of all 2-
planes containing X. Of course, there’s no reason to stop averaging there. What if we take the average of
Ricci curvatures over all directions? Again, we’re going to sum rather than averaging, but this gives scalar
curvature:

Definition 4.9.4. Let M be a Riemannian manifold, p € M, and Z,, ..., Z, an orthonormal basis for 7, M.
The scalar curvature of M at p is

n

Scal(p) := Z Ric,(Z;) = Z K(Zi, Z;).

i=1 i.j

Exercise 4.9.5. Prove that % Scal(p) is the average over all unit vectors X in 7, M of the Ricci curvatures
Ric, (X).
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Exercise 4.9.6. Prove that ﬁ is the average over all 2-dimensional subspaces o= C T, M of the sectional

curvatures K (o). The key issue here is to figure out what it means to average over 2-dimensional subspaces.

Example 4.9.7. If M is n-dimensional and has constant sectional curvature K, then it also has constant Ricci
curvature Ric, (X) = (n — 1)K and constant scalar curvature Scal(p) = n(n — 1)K. For example, $3 has
Ricci curvature equal to 2 and scalar curvature equal to 6 everywhere.

Example 4.9.8. Recall from Example 4.8.9 our orthonormal basis {H|, Hy, \/%E s \/%F R %X s \/LEY} for the
left-invariant vector fields on SO(4). If U is any of these basis vectors, then we can compute Ricy (U)
(at any & € SO(4)) by summing the appropriate row of Table 4.2. But all row sums are equal to 1, so
we see that, despite not having constant sectional curvature, SO(4) has constant Ricci curvature equal to 1
everywhere—and hence, since SO(4) is 6-dimensional, constant scalar curvature equal to 6 everywhere.

Now we make things a bit more abstract. By definition, if X € T, M is a unit vector, then we can complete
to an orthonormal basis Zi, ..., Z,_1, Z, = X in any way we like and we have

n—1
Ric, (X) = Z K(X,Z).
i=1

Writing K (X, Z;) = g(R(X, Z;)Zi, X) (since || X A Z;||> = 1 for all i), we can also write this as

n-1

Ric, (X) = Zg(R(X, Z)Z:i, X).

i=1
In fact, since skew-symmetry of R implies that R(X, Z,) = R(X, X) = 0, we can sum from 1 to » instead:
n n
Ric, (X) = > g(R(X,Z)Z;, X) = )" g(R(Z, X)X, Z,). (4.33)
i=1 i=1
In other words, Ric,, (X) is the trace of the linear map 7, M — T),M given by
U R(U,X)X.

In particular, since trace is the sum of the diagonal entries in any matrix representation of a linear trans-
formation, this shows that the formula (4.33) for Ric, (X) is valid for any orthonormal basis Zi, ..., Z, for
TpM: Z, is not required to equal X.

Now, if we forget about the requirement that X be a unit vector, the expression
n
> g(R(Zi, X)X, Z:)
i=1
is a quadratic form, which we can polarize to get a symmetric bilinear form

Ric,(X,Y) = zn]g(R(Z,‘,X)Y, Z:),

i=1

which we’ve written here in terms of an orthonormal basis. Again, this is a trace so we can write more
abstractly.
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Definition 4.9.9. Let M be a Riemannian manifold. The Ricci tensor is a symmetric (0, 2)-tensor field on
M which is defined at each p € M as the map Ric, :T,M xT,M — R given by

Ric, (X,Y) := tr(U = R(U, X)Y).

Let’s recall how to compute the trace of a linear transformation of T, M. Say Xi,..., X, is a basis for
T,M, and as usual write g;; := g,(X;, X;). If A:T,M — T, M is linear, with matrix [a’j] i with respect to
our chosen basis, then that means

A(X)) = ) diX;,

L

= Za;gp(xi,xk) = Za;gik'

1 1

so we have

gp(A(X)), Xx) = gp (Z a§~Xi,Xk

1

Therefore, if the inverse matrix of [gi j]i ; is [gkf ] s then we have
w(A) = > al = > digieg™ = > gp(AXe), Xp)g'.
i i,k,l k.,

In particular, then, if X; = % in some local coordinate chart around p, then this implies that

Ric;;(p) = Ricp (X, X;) =tr (U — R(U, X;)X;) = ng(R(Xk,Xi)XjaX[)g[k = Z Rjckig’™™ = Z Rfki-
ol Kt X

This is symmetric, so we can also write Ric;;(p) = Xx Rl’.‘kj or, in abstract index notation (with the Einstein
summation convention),
s pk ke .
RlCij = Rikj =g Rkifj,

that is, the Ricci tensor is the contraction of the Riemann curvature tensor in the first and third indices.

Exercise 4.9.10. Show that the scalar curvature is the trace (or contraction) of the Ricci tensor.

4.10 Gradients and Optimization

In practical problems, we are very often interested in minimizing (or maximizing) some function f: M — R.

Example 4.10.1. If n > d and I take M = (S9~1)", then I can interpret (x1,...,x,) € M as a collection of

unit vectors in R? and hence, so long as the vectors xy, . . ., x, form a spanning set for R4, a unit-norm frame
in R?. We will also package the x; into a d X n matrix X = [x1 .. xn]. Define the function FP: M — R
by

FP(X) := | XX*|12,

where the norm is the Frobenius norm. This function is usually called the frame potential, and it is a
straightforward exercise to show that the global minima of FP are the so-called unit-norm tight frames. A
celebrated theorem of Benedetto and Fickus [4] says that all local minima of this function are global, so there
is no danger of getting trapped in a local minimum when trying to optimize this function.
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Of course, the most naive way of minimizing a function is to do gradient descent: that is, to flow in the
direction of the negative gradient. But that raises the question: what is the gradient on a manifold, and does
gradient descent still make sense?

I have already implicitly addressed the first question in Section 2.2, but let’s make that discussion clearer
and more explicit. The first thing to do is to recall a useful characterization of the gradient of a function
f:R" — R: for a tangent vector v,

0
Vip)-v= %(1)); (4.34)
that is, the dot product of the gradient of f with any tangent vector v gives the directional derivative of f in
the direction of v.

We now have all the machinery in place to interpret everything in Equation (4.34) on manifolds. For the
left hand side, we should think of V f(p) and v as elements of T, M, and then a Riemannian metric g tells
us the inner product on T\, M, so the left-hand side becomes g, (V f(p),v). In fact, I'm going to use grad f
rather than V f for the gradient on manifolds, since we’re already using V for the Levi-Civita connection, so
the left-hand side is really going to be g, (grad f(p), v).

For the right-hand side of Equation (4.34), recall that way back in Section 1.2 we defined tangent vectors
as directional derivative operators, so the right way of saying % isv(f).

In other words, we can get a generalization of Equation (4.34) to arbitrary Riemannian manifolds by
writing

gp(grad f(p),v) = v(f). (4.35)
In fact, if we recall Lemma 1.3.4, we know that v(f) = df,(v) is just the differential of f evaluated on
v € T, M. So we can also write

gp(grad f(p),v) = df,(v) (4.36)

for any v € T, M. This will be, in fact, the definition of the gradient we give below in Definition 4.10.2, but
let’s put this in a slightly more general framework first (building on the informal discussion in Section 2.2).

Say that f: M — R is a smooth function. Then the differential df € Q'(M) is a 1-form. Moreover, if M
is not just a manifold but a Riemannian manifold, then I can use the Riemannian metric to identify 1-forms
with vector fields.

More precisely, for any 1-form w € Q' (M), define w# € X(M) by
gp (@ (p).v) = wp(v)

forany v € T, M. For each p € M we know there is such a vector W (p) € T, M by the Riesz Representation
Theorem, and the fact that w! is smooth follows from the smoothness of g and w.
More abstractly, we could write
g(a)ﬁ, ) = w.

In local coordinates, we have that w = Y; w;dx’ and any v = 3, v} Bix,-’ SO
. 9 .
— . L 12 —_ 1l
wp(v) = ( E,- widx )( Ei v _(')xl-) = E,- wiv,

On the other hand, w# = 3, ui% and

g (p)v) = gp (Z ui%, Z vi%) = Z u'v/ gi;.

i,J
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Equating coefficients gives

or

Putting this together, then, we have that for w = ; w;dx’, the dual vector field is
of = Z wig[ji. 4.37)
6] Bx Jj
When we let w = df, the resulting vector field is the gradient:

Definition 4.10.2. If (M, g) is a Riemannian manifold and f: M — R is smooth, then the gradient of f is
the vector field grad f = (df)* € X(M).

If we just unwind the definitions and recall Lemma 1.3.4, we see that, for any X € X(M),

g(grad f, X) = df (X) = X f,

as in (4.35) and (4.36).
In coordinates, we know that

of
df:Za—xidx,
1

so (4.37) tells us that
af .. 0
df = —g—
mis= 5 s

ij
Example 4.10.3. Suppose M = R" with the standard Euclidean metric. Then g/ = 6/, so we see that

af .. 0 af 8
df=) ——i— =Y L _—_
gra f ZZj‘laxi 6xj 7 6)6,' ax,-

is the usual gradient you learned in multivariable calculus.

Example 4.10.4. Let M = Aff*(R) = H with the Riemannian metric from Example 4.1.7; that is, gj; =
é =gnand g» =0. Then g'! = y2 = g?? and g!? = 0, so we have

of & of 0
(2= 27
grad f =y (6x6x+6y8y)

looks like the Euclidean gradient scaled by y?.

Example 4.10.5. Let M = S! with its standard Riemannian metric g (6—‘99, %) = 1;thatis g = [gn] = [1]

so ¢! = 1 and we have
0 0 0
g (gradf, %) df(%) = %f-
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If I think of S' ¢ R?, then I can interpret -2 € TyS' C T(cos g,5in 0)R> as a tangent vector to R?, namely as

o _ 0 _ 0
06 ax oy

So in Cartesian coordinates,

o a\__af of 9
O f= (ax 5)—% —(f)( xay),

where grad f is the gradient of f in R? and - is the usual Euclidean dot product. But now

0\ o0
vVf)- (8x (’Ty)%

is just the orthogonal projection of V f onto the tangent space to S'.

In other words, at least in this case, we can compute grad f by computing the extrinsic Euclidean gradient
and then projecting onto the tangent space to the submanifold we’re interested in.

In fact, this is true more generally:

Proposition 4.10.6. Let (M, g) be a Riemannian manifold, N C M a smooth submanifold with its induced
Riemannian metric g, and f: M — R a smooth function. Let f: N — R be the restriction of f to N; that is,

f= f . If we let gradf be the gradient off in M, and grad f the gradient of f in N, then at each point
p € N the gradient grad f is the orthogonal projection of grad f to the tangent space T,N C T, M.

Proof. Lett: N — M be the inclusion map. Then f = 7 o, and hence
¢ (d?) —d (L*?) —d (?o L) = df
by Proposition 2.6.4. Therefore, for any v € T, N,
gp(grad £,v) = dfy(v) = (¢* (dF)) () = dF , (depv) = B, (erad . ).
Of course, di,, : T, N — T, M is just the inclusion map so
gp(grad f,v) =g, (grad f,v).

The only vector which satisfies this equation for all v € T,,N is the orthogonal projection of grad f onto
T,N. |

In particular, when N c R" is a smooth submanifold, then the Riemannian gradient grad f at a point p
is simply the orthogonal projection of the usual Euclidean gradient V f onto 7, N. In many cases (spheres,
Stiefel manifolds, etc.) we are interested in smooth submanifolds of Euclidean space and so we can compute
gradients in this fairly straightforward way.

Note that the Riemannian gradient has the same interpretation as the direction of steepest ascent:
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Proposition 4.10.7. Let (M, g) be a Riemannian manifold, f : M — R smooth, and p € M a regular point of
f. Among all unit vectors v € T, M, the directional derivative v(f) is greatest when v points in the direction
of grad f and || grad f|| is equal to the value of the directional derivative in that direction.

Proof. If v € T, M is any unit vector, the Cauchy—Schwarz inequality says that

v(f) = gp(grad f,v) < || grad f][[Iv]]
with equality if and only if grad f and v point in the same direction.

When grad f and v point in the same direction,

v(f) = Il grad fllIv]| = || grad f]]

since ||v|| = 1. =

Also, just as in Euclidean space, the gradient of a function is perpendicular to level sets of the function.

Proposition 4.10.8. Let (M, g) be a Riemannian manifold, f: M — R smooth, and p € M a regular point
of f. Then grad f is perpendicular to the level set of f through p.

Exercise 4.10.9. Prove Proposition 4.10.8.

For f: M — R smooth, we’ve now seen that grad f € X(M). Then the gradient flow of f is simply the
local flow of the vector field grad f. We can also pose this as an ODE:

Definition 4.10.10. Let (M, g) be a Riemannian manifold, f: M — R smooth, and py € M. Then the
negative gradient flow of f starting at pg is the map I': M x [0,T) — M defined by

d
I'(po,0) = po, EF(POJ) = —grad f(I'(po, 1)),
where T € (0, +o0] is some time after which the flow may cease to exist.

By the usual existence and uniqueness theorems of ODEs, this is well-defined and has a unique solution
for all ¢ sufficiently small.

Bringing this back to Example 4.10.1, Dustin Mixon, Tom Needham, Soledad Villar and I [25] proved
that for almost every Fy € M, the negative gradient flow of FP starting at Fy exists for all time and limits, as
t — +o0o, to a unit-norm tight frame; that is, a global minimizer of FP. This is true in spite of the fact that
the frame potential FP is not convex: indeed, it has lots of non-minimizing critical points.

Numerically, how can we actually do gradient descent? Well, at each point p we want to move in the
direction of the vector — grad f(p). But we know how to do this (at least in principle): use the Riemannian
exponential map! So an algorithm for Riemannian gradient descent looks something like this:

Algorithm 1 Gradient descent
procedure GRADIENTDESCENT(f, po, ¥) > Descend on f starting at po with step size y > 0
repeat
Pn+1 < exp, (—y grad f(pn))
ne—n+1l
until Converged
return p,
end procedure
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Of course, computing the Riemannian exponential map generally involves solving the geodesic equation,
which is a second-order ODE, so as stated Algorithm 2 is not usually very practical. The typical strategy for
doing gradient descent in practice is to find some approximation to the exponential map which is well-adapted
to the manifold of interest.

For example, if M C R" is a smooth submanifold, then for small y > 0, exp, (yv) will be very close to
the point in M which is closest to p + yv € R". Hence, if there is a good way of projecting a point in R”
back to M, we can replace exp,, (- grad f(pn)) in Algorithm 2 with the result of applying this projection
to pn =y grad f(pn).

Example 4.10.11. Consider SO(n) Cc Mat,x,(R). Then for a function f: SO(n) — R with a smooth
extension to (a neighborhood of SO(n) in) Mat,«, (R), we can approximate the gradient descent of f as in
Algorithm 2 .

Algorithm 2 Approximate gradient descent on SO(n)

procedure GRADIENTDESCENTSON( f, Ao, ¥) > Descend on f starting at Ag with step size y > 0
repeat
X «— Pro’SON(Ag, Vf(Ar)) > V f is the Euclidean gradient
(Ag+1, Pr+1) < PoLARDECOMP(X})
ke—k+1
until Converged
return Ay
end procedure

This depends on two functions, PrRorSON and PoLArRDEcomp, defined as follows.
* For A € SO(n) and X € Mat,x, (R), PrRosSON(A, X) is the orthogonal projection of X to

T4 SO(n) = {AA : A € Mat,«, (R) is skew-symmetric}.

* For X € Mat,x,(R), PoLarDecomp(X) returns the pair (U, P), where X = UP is the polar decom-
position of X. Note that U is the closest matrix in SO(n) to X.%

8For more on the geometry and topology of matrix decompositions, see [7].
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