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Introduction

These notes are from the class on Lie Groups, taught by Prof. Mark Haiman at UC-Berkeley in the
Fall of 2008. The class meets three times a week — Mondays, Wednesdays, and Fridays — from
10am to 11am. MH’s website for the course is at http://math.berkeley.edu/~mhaiman/math261A-
fall08 /. The course continued in the spring as Nicolai Reshetikhin’s 261B: Quantum Groups. Notes
from that course are available at http://math.berkeley.edu/~reshetik/math261B.html.


http://math.berkeley.edu/~mhaiman/math261A-fall08/
http://math.berkeley.edu/~mhaiman/math261A-fall08/
http://math.berkeley.edu/~reshetik/math261B.html

I typed these notes mostly for my own benefit, although I do hope that they will be of use to other
readers. I apologize in advance for any errors or omissions. Places where I did not understand what
was written or think that I in fact have an error will be marked **like this**. Please e-mail me
(theojf@math.berkeley.edu) with corrections. For the foreseeable future, these notes are available
at http://math.berkeley.edu/~theojf/LieGroups.pdf.

For other Lie Groups notes, you might also check out Anton Geraschenko’s notes from 2006 at
http://math.berkeley.edu/~anton/written/LieGroups/LieGroups.pdf — those are rather compre-
hensive, based on the one-semester version of this class taught then. For a very different introduction
to Lie theory, see John Baez’s “Lie Theory Through Examples” seminar taught Fall 2008 (same time
as this course), with notes online available at http://math.ucr.edu/home/baez/qg-fall2008/. Even
more recently, Peter Woit has posted an overview and application of much of this material, explain-
ing “BRST Symmetry” — the primary tool for renormalizing quantum gauge theories — in a re-
markably understandable way, at http://www.math.columbia.edu/~woit /wordpress/?cat=12.

These notes are typeset using TEXShop Pro on a MacBook running OS 10.5; the TEX backend is
pdfIATEX. Most of the diagrams and images are drawn with Xy-pic, some live but many added
after-the-fact. Some diagrams I didn’t get to until Winter Break, at which time I was learning
PGF/TikZ, so some diagrams are in that generally superior language. The raw TEX sources are
available at http://math.berkeley.edu/~theojf/LieGroups.tar.gz. These notes were last updated
January 23, 2009.

0.1 Conventions and numbering

Each lecture begins a new “section”, and if a lecture breaks naturally into multiple topics, I try to
reflect that with subsections. At the end, I've included the problem sets given out as appendices,
complete with my responses — be warned that these are even more likely than my notes to have
errors, so take them with a healthy dose of salt.

Equations, theorems, lemmas, etc., are numbered by their lecture. Theorems, lemmas, and propo-
sitions are counted the same, but corollaries are assumed to follow from the most recent theo-
rem/lemma/proposition.

Definitions are not marked qua definitions, but italics always mean that the word is being defined
by that sentence. All definitions are indexed in the index.

We use blackboard bold letters in the standard way, e.g. for the Real numbers. Indeed, we have
yet to use any particularly nonstandard notational conventions. Occasionally I will use different
conventions than MH does: I prefer < for “subgroup”, and C for “subset”; 1 for the unit in a group
rather than e; K for a generic field rather than k.


mailto:theojf@math.berkeley.edu
http://math.berkeley.edu/~theojf/LieGroups.pdf
http://math.berkeley.edu/~anton/written/LieGroups/LieGroups.pdf
http://math.ucr.edu/home/baez/qg-fall2008/
http://www.math.columbia.edu/~woit/wordpress/?cat=12
http://math.berkeley.edu/~theojf/LieGroups.tar.gz

Lecture 1 August 27, 2008

The room is very crowded. We will try to move next time.

1.1 About the course

This is the first semester of a two-semester sequences, although this course is self-contained on
Lie Groups and Lie Algebras. We will try to include some material on Algebraic Groups, looking
forward towards Reshetikhin’s class on Quantum Groups.

There are two textbooks: Lie Groups Beyond an Introduction by Knapp, and Linear Algebraic
Groups by Borel.

Each is missing something. The former is lacking an introduction, which we will talk about — closed
subgroups of matrix groups — and also standard background. In particular, the identification of
lie groups and lie algebras is stated but not proved.

There will be no exams, grading is based on homework, but we have no grader right now. The
usual procedure is to make up a running list of problems, which will be available on the website for
the course. By the end of term there should be hundreds of them, and you should do a respectable
fraction of them. This is not so definite. You can turn them in for grading, and some fraction will
be graded.

1.2 Let’s Begin

A group is a set with a multiplication satisfying axioms. A group captures the idea of symmetry,
and we are generally interested in the action of groups on sets. In geometry, we're interested in
actions on spaces, which have some geometry, and you can often see a lot more of what’s going on
if the symmetries themselves have a structure as a geometric space. E.g. a topological space can
be acted on by a topological group continuously. E.g. differentiable manifolds. The theory of Lie
Groups is the theory of groups that are differentiable manifolds.

Let’s do this in all settings, by working in diagrams.

G? = G x G & @G multiplication
G 5 G inverse

G? = {pt} 5 G identity

We recall the notion of a cartesian product, and we should consider {pt} to be the cartesian product
of zero spaces: there’s 1 way to make a map from a space to no spaces. Cartesian products are
naturally associative, etc.



The axioms:
1G><H
GxGxGE———GxG

iMX1G l#
o

GxG G

commutes. Other group laws are similar. E.g.

G=Gxpt} " Laxat-¢
is the identity map.

We will not digress into a discussion of categories, but use category theory as a language. Not
every category has products, but given two objects S and T, we call the diagram

T

N

S

the product of S and T if the maps X — S x T are in canonical bijection to pairs of maps X — S
and X — T such that the diagram commutes:

T

\

X——8%xT

/

S

Officially differential geometry is a prereq for the course, although we won’t need much. But let’s
assume that categories like “Topological Spaces” and “Riemannian Manifolds” exist.

A group object in a category with finite products (including the empty product, i.e. the terminal
object, which in all our geometric categories is {pt}) is an object G with maps as above, satisfying
the group axioms written diagrammatically.

Example: A topological group is a group in Top, i.e. an abstract group whose underlying set has a
topology, and such that the group operation and the inverse map are continuous. In principle
we must also require that e is continuous, but this is not a problem.

In Lie Groups, there’s a fundamental issue: do we want analytic manifolds or smooth manifolds? It
turns out it doesn’t matter: every C'*° lie group has an analytic structure. It’s easier to work in the
analytic category, although the book takes the other tact (and uses “analytic” to mean something
else)



Example: A real C* lie group is a group object in C°°-Man, i.e. an abstract group whose underly-
ing set is a smooth manifold, and the maps are smooth maps. We say that amap ¢ : X — Y
is smooth if for any f : Y — R smooth, the map fo ¢ : X — R is smooth.

Example: A real (analytic) lie group is a group object in Man/R. We will take analytic manifolds
to be the basic notion.

Question from the audience: Requiring manifolds to be analytic messes up partitions of unity?
Answer: Yes, but this doesn’t mess us up too much. Partitions of unity allow us to reduce global
questions to local questions. But we won’t need them, because we will only ask local questions
anyway.

Example: A complex lie group is a group object in Man/C. Manifolds over C are hard, because
C™ is very rigid. A differentiable function on C is already analytic, so we need to say all sorts
of things like “maps from between open set in the manifold to open sets in C"”. There is a
notion of “almost complex manifold”, but any such group is actually an analytic lie group.

Example: A (linear) algebraic group is a group in the category of (affine) algebraic varieties over
k = k. We will always take our ground field to be k = C. We will talk more carefully about
this later. For our purposes, “algebraic variety” means “reduced algebraic variety over an
algebraically closed field”. Question from the audience: But not irreducible? Answer:
No, we never demand connectedness. And we really mean the underlying set of closed points:
for our purposes, an algebraic variety really is a solution set of a polynomial. So we have
X C k™, the solution set to some ideal I(X) C k[x1,...,x,]. Then the coordinate ring on X
is k[z1,...,2,]/1(X) and a map X — Y is a map k[z1,...,2,|/1(X) «— kly1,...,ym]/I(Y).
So we can reverse all our arrows, and work in the category of finitely-generated algebras over
k. In any case, this gives the notion of “Hopf algebra”.

Algebraic varieties can have singular points, but it’s a basic theorem that not every point is singular.
But if it’s a group, then it acts transitively on itself, so an algebraic group cannot have singular
points. Thus, we’ve listed a hierarchy of notions.

Incidentally, what does it mean for G to act on X? A group action is a map G x X > X such that
some diagrams commute.

GxGxX
px1x
lg><p
GxX Gx X

X
0
o
X
Example: GL,(C). But to be an algebraic group, the maps must all by polynomials. And the

inverse is not obviously a polynomial. Well, X ! = adj X/ det(X). This acts algebraically on
C™. Tt also acts on projective space P(C") = P"~1(C).



Lecture 2 August 29, 2008

Effective next week, we will be in 145 McCone, says the online schedule of classes.

Today we look at a number of examples, but begin with some theory. The most straightforward
way to get examples are as closed subgroups of matrix groups, either over C or R. Some subgroups
are formed using polynomials — if over C, these give algebraic groups — but other subgroups are
not algebraic.

2.1 Closed Linear Groups
A closed linear group is a subgroup of GL,, (over C or R). We demand it be closed as a topological
subspace. But it’s not even obvious that a closed subgroup is Lie, i.e. that it’s a submanifold.

The critical notion is the matriz exponential: we have a map from M,, — GL, by A — e?. There
are a number of equivalent definitions, but here’s one:

A def x~ A"
n>0
We can also define it as
et etA‘ (2.2)
t=1
where the above solves the differential equation
d
e = A (2.3)
Another definition: ANn
et 9 Jim (1 + 7) (2.4)
n—oo n

The exponential satisfies similar relations as in commutative land. E.g. if AB — BA = 0, then
edeB = eATB. Note: we've introduced the bracket [A, B] ' 4B - BA.

When A and B don’t commute, we can add counterterms:

e =14+1tA+ %tQAZ +O(t%) (2.5)

P =1+tB+ étQB2 +0(t%) (2.6)
et =1+ tA+tB+ %t?A2 + %7&232 +t2AB + O(t%) (2.7)
eAHB) =1 1 tA+ 1B + %t2A2 + %tZBQ * t2% +0(t) (2.8)
tAetB — (HA+B)+3t°[AB] | o(t?) (2.9)
— (l(A+B) ,5t°[A,B] + O(t3) (2.10)



So what’s happening? The group law in GL,, sees the addition law of matrices:

A+B= % - ethetB (2.11)
Moreover, the group commutator:
At —tA —tB _ S[AB] H(A+B) ,~t(A+B) /S [AB] ) (2.12)
= "Bl L O@#?) (2.13)
So the corollary:
[A, B] = % ;z; etAetBetde—tB (2.14)
t=0

We can take logs, too. But this is, of course, hairy: even in C, we need branch cuts, etc. But we

can restrict to a small ball around 1. Question from the audience: What you’re saying is that

exp is onto? Answer: Well, it is onto, but that’s because every matrix can be written in canonical
form. But we take a particular log near 1:

1—-A)"

log A%y~ L= A"

n>0 n

(2.15)

which converges for |1 — eigenvalues| < 1, and it’s an inverse of exp in the neighborhood. So
locally this is an analytic isomorphism between a neighborhood of 0 € M,, and a neighborhood of
1eGL,.

Furthermore, it’s a corollary of the formula that the product of exponentials is almost the expo-
nential of the sum that if we break M, = V @ W, then we can map (v, w) — exp(v) exp(w), which
is not the same as exp(v + w), but it’s close. This also defines an analytic homeomorphism of
neighborhoods of 0 and 1 as above. You can jazz this up more, even taking a whole coordinate
system, and get lots of different analytic isomorphisms.

So, suppose we have a closed subgroup of GL,. We want to take its log, and see what kind of
subgroup of M,, we get. But that’s not exactly what we want, e.g. we might have taking a discrete
subgroup. Because even if H < GL, is the trivial subgroup, then the matrices that exponentiate
to 1 are all things with eigenvalues 27i. So we really just want to study the parts of the subgroup
near the origin.

Question from the audience: Did you say exp is onto? Even over R? Answer: No, it’s onto
over C, but not R, and not in general Lie groups. But it doesn’t matter.

What are the closed subgroups of (R,+)? Well, there’s R, 0, and ZX. Question from the
audience: What about Q7 Answer: Not closed. And we want to think of Z and 0 as basically
the same.

So, given a closed H < G Ly, define the Lie Algebra of H to be the set Lie(H) = {X € M,, : e®¥ C
H}. Question from the audience: It’s enough to take a small neighborhood? Answer: Of
course, but it will be a subgroup of R, and there aren’t many of those.

10



Question from the audience: Why does it have the same dimension as H? Answer: [ haven’t
said it does yet. It’s not even obvious that it’s a submanifold of M,,. We will show that in a nbhd
of 0, the exponential map takes Lie-H exactly onto H. Then it must be a submanifold, because of
course anything that looks like a line in some coordinate must be a submanifold. But we havne’t
even shown that it’s a subspace.

Proposition 2.1: (a) Lie(H) is a R-subspace. (b) Lie(H) is closed under [,] (i.e. it’s a Lie
subalgebra of M,,).

Example: U; < GLi(C). Then Lie(U;) = iR. This is not a complex algebraic subgroup, because
we needed to use complex conjugation to define Uy = {z: 2z = 1}.

Proof of Example:

Ok, so if X,Y € Lie(H), then e!Xe? € H, and if ¢ is small, this is close to eX+Y). So what
we do is look at (eX/"eY/”)n € H. But as n — oo, this is (1 + XY O(l/nQ))n — eXtY,
So do this decorated by ts, and we see that X + Y € H. This proves (a).

For (b), we take
n2 2 n?
(e!X/metY/nemtX/ne=t¥/m)" (1 + %[X, Y]+ O(l/n3)> = P XY]
n—00 n

Therefore [X,Y] € Lie(H). O

Example: |
Important Counterexample] Take the torus T' = Uy xU; € GLy(C). Le. T = {{ o y } dx) =yl = 1}.

So this is some rectangle, and the Lie(T) = {{ “w iy } cx,y € ]R}. Ok, so let’s pick a A, and

look at the Lie algebra { u

VR te R}. Exponentiating this, if A = r/s € Q, gives a nice
closed subgroup of 7', namely when z" = y*. But if A € Q, then the exponential of this Lie algebra
is dense in T'. This is a subgroup, but not a closed subgroup of T'. The point is: being a Lie
subalgebra is not enough to guarantee naively that the exponential is a Lie subgroup. What we
actually have is a continuous group homomorphism (R, +) — 7', which is locally on the domain a

smooth embedding.

So what you should mean by a subgroup in the category of manifolds is another group with a
continuous smooth embedding. So with a more sensible definition of “Lie subgroup”, we do have
that Lie subalgebras correspond to Lie subgroups. So the conclusion is that a Lie subgroup need
not have a closed image.

Question from the audience: How systematic can we be talking about non-closed things?
Answer: It’s worse than I made it out to be. Take T as a group, with the discrete topology.
Then the identity map discrete — smooth is a smooth map of manifolds. Question from the
audience: But that’s not second-countable. Answer: Sure, so one solution is to require that

11



manifolds be second-countable, which is designed to eliminate this pathology. But in a category,
the right way to say “subgroup” is as a map, and so in this class, T" with the discrete topology is
a perfectly good disconnected Lie subgroup. And this is no problem for the theorem: Lie algebras
only know about connected Lie groups.

Lecture 3 September 3, 2008

We continue the discussion of closed subgroups of GL,,, and maps thereof.
Recall from last time:

Lemma 3.1: The exponential map is a homeomorphism in a neighborhood of the identity, and
moreover breaking up the Lie Algebra into direct sum this still works. Saying this again: if
M, =V @ W as a Real vector space, then there exists a(n open) nbhd U of 0 € M,, and a
nbhd U’ of 1 in GL,, s.t. (v,w) — exp(v)exp(w) is a homeo U — U’.

This is because exp(v) = 1+wv+small, so to first approximation the above is the identity map.

Let’s take a closed subgroup H < GL,, which can be real, even if GL is complex. Then define
Lie(H) def {z :expRx C H}.

Question from the audience: We had the discussion of the torus and the dense real line.
Shouldn’t that mean we change the definitions of closed subgroups? Answer: Well, it’s a fact
that not every closed Lie subalgebra gives a closed Lie subgroup. But we will have a statement like
“Fvery Lie algebra homomorphism lifts to a Lie group homomorphism”, although there will still
be conditions (simply connected, etc.) Question from the audience: So how do you define the
Lie algebra of that subgroup? Answer: Well, taking the topology of R as embedded irrationally
in the torus gives the wrong topology: it’s not a manifold with the induced topology. The point
is the notion of submanifold should not be the most naive definition: it’s not a subspace with the
induced topology.

In any case, we want to prove something about closed subgroups, which will rule out this picture
(of R — T? irrationally.)

Proposition 3.2: There exists a nbhd U 30 € M,, and U’ 31 € GL,, s.t. exp: U = U’, and s.t.

Lie(H)NU = HNU'. **We write f : A = B for the statement “f : A — B is an
99 k3k

iso”.
Proof of Proposition 3.2:
Fix a complement W C M,, s.t. M, = Lie(H) & W.

Oh, we're missing a page of notes. First:

Lemma: Given any linear subspace W C M, is 0 is a limit pt of {w € W : exp(w) € H},
then W N Lie(H) # 0.

12



Proof of Lemma:

Fix a Euclidian norm on W. Say wi,ws, - — 0. Then w;/|w;| are on the unit sphere,
which is compact, so passing to a subsequence, we can assume that w;/|w;| — x where
x is a unit vector. Well, the norms |w;| are tending to 0, so w;/|w;| is a large multiple
of w;. Let’s approximate this: let n, = [1/|w;|], and then n;w; ~ w;/|w;|. So njw; — x.
And expw; € H, so exp(n;w;) € H, and H is a closed subgroup, so expx € H.

We could have taken any unit ball. By the same argument, we could have taken any
ball of radius r to conclude that exp(rx) is in H, hence x € Lie(H). O

In any case, returning to the proof of the proposition, we can find W 2V 30 s.t. {v € V :
exp(v) € H} = 0. Then we map (z,w) — exp(z)exp(w). Then exp(z) € H, and by choosing
a suitably small nbhd, we can assure that expw ¢ H unless w = 0.

And (z,w) — exp(z)exp(w) is almost the map (z,w) — exp(zr + w). There’s a change of
coordinates that fixes this, completing the proof. [J

This is telling us that the Lie algebra is locally a picture of the group. We haven’t defined a manifold
or a submanifold, but this proposition tells us that we definitely have a submanifold. I.e.:

Corollary 3.2.1: H is a submanifold of GL,, of dimension = dim Lie(H).
Corollary 3.2.2: exp(Lie(H)) generates the identity component Hy of H.

Example: Orthogonal matrices can have determinant +1, so at least two connected components.
Exercise: the orthogonal matrices of determinant +1 are connected.

In general, any closed subgroup will have a distinguished subgroup, the identity component, and
the other components are its cosets. The identity component is normal, because to get to any
other component, we just pick an element, and multiply on the left or right by it. So the picture
of subgroups H of GL, is that each has an identity component Hy and a discrete group that’s
H/Hy, so H is some extension of a connected thing by a discrete thing. And we said that exp Lie H
generates Hy.

By the way, any open subgroup is also closed. Its cosets are also open, and it’s the complement of
the union of its cosets. This is true in any topological group.

Let v: R — GL,, be a smooth curve, i.e. the matrix entries in (¢) are smooth functions, and let’s
assuming that v(0) = 1 € GL,. **I’m going to use 1 to mean the identity of any group.
On the board MH writes e, or [, for the identity in GL,.** Then ~/(0) is the tangent vector
to the curve at the origin. Well, the tangent space is T'GL,, = ToM, = M,. And we define the

tangent space Ty H ot {7(0) s.t. v: R — H,~v(0) =1} C M,,.
Corollary 3.2.3: Lie(H) =T\ H.
We will use this as a definition of the Lie algebra of an abstract Lie group.

Some examples: The classical Lie groups come in a few flavors. For us, there are two flavors, but

13



if you are more serious about harmonic analysis, you might think there are more flavors. There
are hugely many Lie groups, and we will talk about the semisimple Lie groups. The flavors we
care about are the compact ones and the complex ones. These are classified by the same data:
any complex semisimple Lie group contains a real compact one. There are also real non-compact
groups, e.g. SL,(R). These are interesting, e.g. the book by Lang on SLs. The point is that there
really is a third flavor: the other ones.

Example: GL,(C), GL,(R). The former isn’t quite semisimple, but the special linear group

SL,(C) dof {A € GL,(C) s.t. det A = 1} is. It has a compact cousin. The unitary group

U, & {A € GL,(C) s.t. AA* = 1}. Recall that A* is the conjugate transpose of A. These
need not have determinant 1, by multiplying by €. And we have the special unitary group
SU, % {4 € U, st. det A = 1}. Indeed, Lie GL,(C) = M,(C). And Lie(U,) = {X €
M, s.t. X = —X*}, ie. the skew-Hermetian matrices. It’s not entirely obvious that this
is closed under Lie bracket. Imposing the S condition: the eigenvalues of exp are exp of
the eigenvalues, so Lie SL,(C) = {X € M,(C) s.t. tr X = 0}, and Lie(SU,,) are the skew-
Hermetian matrices of trace 0.

Lecture 4 September 5, 2008

Last time, we talked about two important flavors of Lie groups: (semi-simple) compact Lie groups
and (semi-simple) complex Lie groups. In the compact case, almost all are semi-simple: a compact
Lie group with no center is semi-simple. The complex ones are more complicated. We will talk
about the classical constructions, and see that there are a few families and some sporadic ones.

4.1 Classical compact Lie groups

Of the classical family, the first is naturally a family of compact subgroups of GL,(R), the second
of GL,(C), and the third of GL,(H). Of course, we can consider C = R? and H = C?, although
the latter is hairy, because it’s a different space from the right or the left.

Recall the quaternions H = {x +iy+ jw+ kz} where the multiplication is i2 = j% = k% = ijk = —1.
This is a non-commutative division ring. We can define the complex conjugate in the obvious

way: 1 = —i, etc. This is an anti-automorphism: af = Ba. We have a Euclidean norm given by
I€II* = ¢¢.
So, let’s say that x € R®,C", H" is a column vector. We can sum the square norms of the vector

entries: |z|?> = #T2. More generally, for any matrix X, define its Hermetian conjugate to be

X* = XT. Then (XY)* = Y*X*. We have a subgroup of matrices s.t. X*X = 1, since (XY)*XY =
Y*X*XY =Y*Y =1 in the subgroup.

We define the special orthogonal group: SO(n) def {X € M,,(R) : X*X =1 and det X = 1}. The

restriction on the determinant isn’t much: if X*X = 1, then det X = +1, so we are picking out
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just the connected component, without changing the Lie algebra. SU(n) o {X e M,,(C): X*X =

1 and det X = 1}. Here the determinant condition gets rid of the central elements. Well, the

center is discrete. Sp(n) e {X € M,(H) : X*X = 1}. There’s no determinant condition, for

two reasons: there’s no good determinant over H, and the center is already finite and the group is
connected.

The condition that X*X = 1 says that all columns = have ||z]|> = 1, and that the columns are
linearly independent. So in particular the columns lie on the unit ball. Since these are solutions of
a continuous function, the groups are closed subsets of the (compact) unit ball, so all these groups
are compact.

In any case, this list is almost all the compact subgroups. Well, there’s quotients of the groups
by their centers, there’s extensions by the circle, and things like the spin group (double cover of
SO(n)). Oh, and there’s finitely many others.

We need to fix our definition, since last time we didn’t consider H. Well, M, (H) ~ H"™ on the
left, which commutes with the H action from the right. **I’d say y, ()H"5.** Let’s pick a copy
of C inside H: C = R® iR C H. Then we can think of H = {w + jz : w,z € C} with the
conditions that j2 =1 and jz = zj. So H = C? as a (right) C-vector space, with the basis {1, j}.
So H" = C?" = C" @ jC™ as right C-v-space.

Now, let’s say A = W + jZ € M, (H) where W, Z € M,,(C). A acts on H" =2 C?" by block 2n x 2n

matrix: _
w —-Z

def . o 0 —1cn
J = len = { 1Cn 0 }

So in particular

In any case, if X € My, (C) D M, (H), then X € M, (H) if and only if JX = X J.

Remark: This embedding of H as C-matrices is the same as the way we can think of C as R-
matrices.

4.2 Classical complex semisimple Lie/algebraic groups

We can define these over any field, but it’s best to work over an algebraically closed field.

SL(n,C) ¥ (X € GL,(C) s.t. det X =1} (4.1)
SO(n,C) ¥ {X € SL,(C) s.t. XTX =1} (4.2)
Sp(n,C) (X € GLa(C) st. XTIX = J} (4.3)

We have no conjugations, because we want these to be algebraic groups.
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The last is probably new, and not obviously a group. But take any bilinear form (z,y) = 27 Ay

for some matrix A. Then if g € GL,(C), then 9(z,y) def (g7 'z, g7 1y) = 2T (g71)T Ag~'y, so the

stabilizer of (,) is all g such that g¢” Ag = A. And SO(n,C) is the stabilizer of the nondegenerate
symmetric form (only one over C up to conjugation), and Sp(n) fixes a nondegenerate antisymmetric
form, which only exists on even dimensional vector spaces.

We compute Lie algebras:

GLn (H) . open Mn (H)( R-linear subspace Mgn(C)
SO
Lie(GL,(H)) = M,,(H) = {X € M5,(C) s.t. JX = XJ} (4.4)
Moreover, det eX = e X, so
Lie(SL(n,C)) = {X s.t. tr X = 0} ¥ s((n, C) (4.5)
Well, (e¥)T = ™) so
Lie(SO(n,C)) = {X st. X + XT = 0} “so(n,C) (4.6)

**This line filled in later from Hwajong Yoo:** Moreover, Sp(n,C) = {A : AT = JA71J~1},
and e/~ X7 = Je X7 thus XTJ = —JX iff XT = —JXJViff (X)T = X' = /X7 =
Je=XJ7 1 = J(eX)~1J~1. Thus:

Lie(Sp(n,C)) = {X s.t. XTJ = —-JX} (4.7)

How about the real ones? We look at the fixed-points of the above under complex conjugation.

Lie(SO(n,R)) = {X € M,(R) s.t. X7 + X =0} (4.8)
Lie(U(n)) = {X € M,(C) s.t. X* + X =0} (4.9)
Lie(SU(n)) = {X € Lie(U(n)) s.t. tr X =0} (4.10)

Notice that dim Lie U(n) = n?, dim Lie SU(n) = n? — 1.

Lecture 5 September 8, 2008

Recall from last time: We write X for the complex conjugate of a matrix X, and X7 for the

transpose; then X* % XT. We let J € Mo, (C) be the block matrix
0,-1
J: ’1*‘*0* - GMQ(Mn(C)) :M2n(C)
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Compact

Complex

Then we have the following “classical” closed linear groups:

Group  Group Algebra Algebra
Name Description Name Description
SO(n,R) {X € M,(R) s.t. X*X =1,det X =1} so(n,R) {X € M,(R)s.t. X*+ X =0}
SU(n) {X € M,(C) s.t. X*X =1,det X =1} su(n) {X € M,(C) s.t. X*+ X =0,tr X =0}
Sp(n) {X € M,(H) s.t. X*X =1} sp(n) {X € M,(H) s.t. X*+ X =0}
GL,(H) {X € GLyy(C)s.t. JX = XJ} gl (H) {X € My,(C) st. JX = XJ}

W, —Z W, —Z

] ] e

SL(n,C) {X € M,(C) s.t. det X =1} sl(n,C) {X € M,(C) s.t. tr X =0}
SO(n,C) {X € M,(C)s.t. XTX =1,det X =1} so0(n,C) {X € M,(C)s.t. X+ X =0}
Sp(n,C) {X € M,(C) s.t. XTJX = J} sp(n,C) {X € M,(C)s.t. XTJ+JX =0}

**1 couldn’t quite keep up with the table live. This is constructed later from my jotted
notes; some is still missing.**

Proposition 5.1: Via M, (H) — Mb,(C), we have
Sp(n) = GL,(H)NU(2n)
= GL,(H) N Sp(n,C)
= U(2n) N Sp(n,C)
And, of course, the corresponding statements for Lie algebras.
Proof of Proposition 5.1:

Nothing deep. You check the above exact descriptions all imply each other. Uses that
M, (H) — M3, (C) is a x-embedding. The end is an exercise: Sp(n) is a compact real form of
Sp(n,C), in that the latter is the direct sum of the former and 7 times the former. OJ

By varying the above statement, you get similar observations.

5.1 Homomorphisms

The inclusions above are, of course, group homomorphisms, and give homomorphisms of the corre-
sponding Lie algebras. More generally, homomorphisms of groups give homomorphisms of algebras,
and conversely in the connected case the Lie algebra homomorphism determined the group homo-
morphism.

Recall: if H < GL, is closed, then Lie(H) = {X € M, s.t. ®% C H} = T1(H) = {7/(0) s.t. 7 :
R — H smooth ,7(0) = 1}. Then H ~ H by 9h = ghg~!, fixing 1. So H ~ TYH. If y(t) =
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1+ tY + O(t?), where Y = +/(0) € T1H, then gy(t)g~! = 1 +tgYg~! = O(t?), so the action is
g-Y € Ad(g)y = gvg".

Calculating further, let’s act with a curve, and calculate Ad(y(¢))Y. We know (t) = 1+tX +O(t?),
so (y(1)"! =1—tX + O(t?), so

d

S Aa0m)Y = 17(0),Y] (5.1)

t=0

Let ¢ : H — G be a smooth homomorphism of closed linear groups. Then ¢(1) =1, s0d¢ : T'H —
T1G by X — (¢(1+tX))'(0). The diagram of actions commutes:

H ~ TWH
l¢ ld¢
G ~ TG
This is to say
dp(Ad(h)Y) = Ad(¢(h)) do(Y) (5.2)

by an easy calculation. Thus d¢ [X,Y] = [d¢ X,d¢ Y], so d¢ is a Lie algebra homomorphism.

No, we also get along with the exponential map.

exp

Lie(H) ——

ld@ﬁ J{(ﬁ
Lie(G) —2>
So if H is connected, then d¢ determined ¢. Then d¢ is an isomorphism if and only if ¢ is a
local isomorphism. It’s not necessarily an isomorphism, and indeed not every algebra homo lifts
to a group homo (it does in the simply-connected case), e.g. R versus U(1). Nevertheless, algebra
homomorphisms are a good way to detect group homomorphisms.
ia b+ ic

Example: Let’s compare Lie(SU(2) = {X s.t. X = - X" tr X =0} = {{ baic  —ia

[o ab—l

with Lie(SO(3)) = —a 0 ¢ | st.a,b,ceR}. So each is three-dimensional, and in
-b —c 0

fact has a basis {X,Y, Z} where the bracket of any two is + the third. It turns out there is

a map SU(2) — SO(3), but constructing it is hard.

Lecture 6 September 10, 2008

We’ve finally posted a handful of problems on the website for you to enjoy or not enjoy, in order
to get yourself a feeling for some examples. Today we start with general theory. In particular,
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we need to talk about manifolds, which come in multiple flavors: real or complex, analytic or
C*° (which isn’t a difference over C, but there is something called an “almost complex manifold”,
which is like a C'*° but not necessarily analytic complex manifold). You could take any of these
for a definition, and the book makes particular choices. But it turns out that any C°° Lie group
is analytic, and any almost complex Lie group is complex. So sometimes you make one choice
or another for ease: we will talk about real C'*° manifolds today, but the reader can make the
appropriate substitution.

6.1 Manifolds

The idea is a topological space, with enough structure that you can tell what functions are smooth.
So you put on coordinate charts which know such things.

So, take a (Hausdorff) topological space X. A chart is an open U C X and a homeomorphism

¢:U —V C R" Well, R" has coordinates x;, and &; def x; o ¢ are local coordinates on the
open

chart.

Now we need a notion of when two charts are compatible, so that they give the same notions of
smoothness. Charts (U, ¢) and (U’, ¢') are compatible is on U N U’ the &, are smooth functions of
the & and conversely.

U unu’ U
l(ﬁ y & lqs’
¢?lo¢?71
% VoW wrev’ 14
¢ odp™!: W — W is smooth with smooth inverse (6.1)

An atlas A on X is a covering by pairwise compatible charts.
We don’t want the atlas to be part of the definition.

Lemma 6.1: If U and U’ are compatible with all charts of A, then they are compatible with each
other.

Corollary 6.1.1: Every atlas has a unique maximal extension.
So we define a manifold to be a Hausdorff topological space with a maximal atlas.

Again, we can vary the words “real” and “smooth” to “complex” or “analytic” to get other no-
tions.

Question from the audience: Do you need Zorn’s lemma to construct a maximal atlas? An-
swer: No. We don’t need to make choices when deciding which charts go in, because once we have
an atlas, its maximal atlas is unique.
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We don’t want to think about maximal atlases, because they’re ugly, and instead we tend to just
give an atlas, and then maximize it if needed. But the above definition still isn’t great, because it
predates the notion of a “sheaf”.

A function f: U — R (where U is open in X) is smooth if it is smooth on local coordinates in all
charts. So we let S(U) = {smooth fns on U}. Then we have the sheaf azxioms:

1. if V.CU and f € S(U), then fly € S(V), and
2. if U =JoUqs and f:U — R such that f|y, € S(U,) for each a, then f € S(U).
Technically, these are only the axioms for a “sheaf of functions”.

Now a better way to define a manifold is as a Hausdorff space X with a sheaf of functions S, s.t.
there exists a covering of X by open sets U such that (U, S|y) is isomorphic as a space with a sheaf
of functions to (V,S®"|y/) for some V' C R" open.

This definition will work better for, e.g., algebraic groups. But still we will work in local coordinates
a lot, so that local statements become statements about R".

What’s screwy about non-Hausdorff spaces? You’d think that, since it’s locally R", that’s enough,
but Hausdorffness is a global property. For example, the real line with a double point should not
count as a manifold. It has a bug: a smooth function defined on both points must be equal. And
we can’t integrate vector fields to smooth curves near the double point, because it doesn’t know
which point to go through.

If X and Y are smooth manifolds, then a smooth map f : X — Y is a continuous map such that for
allU CY and g € S(U), then go f € S(f~1(U)). It’s more or less obvious that smooth maps can
be composed. Moreover we have a product: X x Y is a manifold with charts U x V. Dimensions
add when manifolds are multiplied. This definition gives the categorical product, by just checking
the corresponding statement about R”: if a map to R®*™ has its first n and last m coordinates all
smooth, then all coordinates are smooth.

So we have a category Man, and a Lie group is a group object in Man. Let’s be more precise: a real
Lie group or complex Lie group is a group object in the analytic category of real or complex mani-
folds. Of course, we have embeddings of categories: Man/C < Man®?¥4¢ /R < Man®~ /R.

How do we define a Lie algebra? What’s the tangent vector to a curve? Well, let v : U — R" be
smooth with 0 € U C R™ and (0) = € R™. Then ~(t) = (£1(t), ..., & (t), and we can define the
tangent vector to be 7/(0) = (£1(0),...,£,(0)). But we want to be less coordinatefull. Well, the
chain rule gives us, for all f smooth:

(Fo/© =% o2

-£(0) (6.2)

T

and these define the derivatives of v, by taking f to be coordinate functions.

So, on a manifold M with p € M and 1,7 : R — M s.t. 71(0) = 72(0) = p, then we say that v,
and 7y are tangent at p if (f oy1)(0) = (f 0 72)’(0) for all smooth f on a nbhd of p. (Le. for all
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f € limys, S(U) def Sp.) Each equivalence classes is called a tangent vector.

Another way to do it is to consider the tangent vector to be the linear functional D., : f — (fov)’(0),
which is a linear map S, — R. But this satisfies a Liebniz rule:

D+(fg) = Dy f g(p) + f(p) Dvg (6.3)

Thus it is a point derivation at p.

Proposition 6.2: Every point derivation D at p comes from some smooth curve, i.e. it is D, for
some 7 going through p.

Proof of Proposition 6.2:

This is not an abstract statement, but something local, so it’s about R™. So we just need to
check that this is true about derivations on R™ at 0.

We claim that any smooth function f in a nbhd of 0 € R"™ can be written as f(x) = f(0) +
S x;gi(x). Le. every smooth function that vanishes at the origin is in the ideal generated by
the z;. You can prove this e.g. by induction. Then of course g;(0) are the partials of f, so we
get a curve which gives us the derivation D, take v(t) = (D(z1),...,D(zy))t, and the chain
rule checks out. [J

Lecture 7 September 12, 2008

Last time we defined three variants of “manifold”: smooth, analytic, holomorphic. So that we can
save time, we write “s/a/h” for “smooth, analytic, or holomorphic, respectively”. Last time we
defined a s/a/h map f : M — N. Moreover, we said that a Lie group over R/C is a group in
a/h — Man. We defined T, M in general.

We would like some examples of Lie groups. So far we have examples of closed subgroups of GL,,.
We will discuss these more, but first we want the correct notion of “subobject”, which will end up
meaning “locally immersed submanifold”.

So, let M be a manifold, and N a topological subspace with the induced topology. Locally M
looks like R™, and we want a condition on IV that it looks like R™ < R™ locally. So, suppose that
Vp € N, there’s a chart U 5 p in M with coordinates {&}/", : U — R™ such that UNN = {q €
Ust. &nt1(q) = -+ = &n(q) = 0}. Then it’s clear that U N N is a chart on N with coordinates

&1,... &
Proposition 7.1: e N is a manifold with an atlas given by {U N N}.

e The sheaf of smooth function Sy is the sheaf of functions that are locally (on V) re-
strictions of smooth functions on M.

e N — M iss/a/h.
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e Anys/a/h f:Z — M with f(Z) C N defines as/a/h f: Z — N.
The last two conditions are a universal property characterizing N.
Proof of Proposition 7.1:
Completely obvious in local coordinates. [

Question from the audience: What happens if you have an embedding I wouldn’t think of as
smooth. E.g. a cusp. Answer: We will talk about more examples. But you cannot find a chart
around this cusp as above.

We say that N — M is an immersed submanifold if it satisfies the conditions of 7.1. We say that
amap Z — M is an immersion if it factors as Z = N — M with N < M an immersion.

Proposition 7.2: If N — M is an immersed submanifold, then NN is locally closed.

Proposition 7.3: Any closed linear group H < GL,, is an immersed analytic submanifold, and if
Lie(H) is a C-subspace of M, (C), then H is a holomorphic submanifold.

Proof of Proposition 7.3:
Look at the following diagram:

(7.1)

This defines a chart of the identity in H, and this chart can be moved anywhere else we need
it. O

Remark: This picture identifies Lie(H) = T1 H.
But we would like more subobjects.

Example: f : R — R2? by ¢ ~ (¢2,#3). This is smooth, injective, and a homeo onto its image
(topologically it’s an immersion), but it’s not an immersed submanifold. This is not entirely
obvious. Question from the audience: Why is that smooth? Answer: Because t? and 3
are smooth maps. What’s wrong with it is its derivative is bad: it comes to a halt. While it’s
halted, it can dance around and come out in a different way. What’s bad is that g = y? — 23
isn’t part of a coordinate system, because dg/0z and dg/dy both vanish at 0. To get an
immersed smooth in R, you should take an equation that is. (We haven’t showed that there
is no good function that defined this curve.)

Example: Here’s another map that’s not an immersion: R — R by t — 3; its inverse is ¢t — /%,
which is not smooth.



Example: R \ {pt} — R? as a curve that would cross itself if it weren’t missing the point. This
is not an immersion, but it is a local immersion. It is not homeomorphic to its image.

Question from the audience: Is our notion of “immersion” what I've seen “embedding” used
as? Answer: Yes. There’s no consensus on the meaning of these words. In this talk, we’ll use
“immersion” as previously defined, and “local immersion” as what we want.

Example: R — T2 with irrational slope. This is a local immersion and also a group homomor-
phism. We want to accept this as a legitimate Lie subgroup.

We now return to our mini-course in differential geometry. Let f : M — N be s/a/h mapping
p — q. We want to define the differential of f at p to be a map (df), : T,M — T;N. There are
several definitions, which are easily seen equivalent in local coordinates:

1. If [y] € T, M is represented by the curve v, then (df),(X) def [f o]

2. If X € T,M is a point-derivation on Sysp, then (df),(X) : Snyq — R (or C) is defined by
Y= X[po fl.
3. In coordinates, p e U C R™andqge W C R", then locally f is given by fi,..., f, smooth

open open
functions of x1,...,x,. The tangent spaces to R™ are in canonical bijection with R", and a

linear map R™ — R"™ should be presented as a matrix:

def Ofi
af;

Jacobian(f,z) = J(f,x) (7.2)

The best way to say the differential is to pull the tangent bundle of N back to M along f, and
then think of df as a smooth map of tangent bundles.

We have the chain rule: it M 5 N % K, then d(g o f)p = (dg) ¢(p) © (df )p-
Theorem 7.4: Inverse Mapping Theorem

Clasically: Given s/a/h f1,...,f, : U — R where p € U C R”, then f: U — R" maps
open
some nbhd V' > p bijectively to W C R"™ with s/a/h inverse iff det J(f, x) # 0.

open

Coordinate-free version: Let f: M — N is s/a/h. f restricts to an iso p € U — W for
some nbhd U iff (df), is a linear isomorphism.

Proof of Theorem 7.4:

Analytic case is easy, by formally inverting the power series. Smooth case is harder: use
Taylor’s theorem with remainder. [

What you do with it is be clever. We won’t get that far today.

Lemma 7.5: Ty, ;) (M x N) = T,M ©&T;N, and conversely, i.e. if T,M = V1 @ V5, then there exists
a nbhd U > p with U = Uy x Us such that T,U; = V; and T,Us = V5.
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Proof of Lemma 7.5:

This is obvious in coordinates. The pt-derivations 0., = a?c are a basis for the tangent space.

0

7

Lemma 7.6: Suppose M x N is a s/a/h section of the projection. Then s is a closed immersion.

™ S

N

Lecture 8 September 12, 2008

**] was a few minutes late.**
Lemma 8.1: Given T,M = V; @ V3, there is an open nbhd Uy x Us of p s.t. V; = T,U;.

Lemma 8.2: If s: N — M x N is a s/a/h section, then s is a (closed) immersion.

M x N

%}

N

Proof of Lemma 8.2:

Wolog, M CR™ (y1,...,ym), N CR" (21,...,2,). Then s(x1,...,2n) = (f1,-- -, frns T15 -+, Tn),
where f;(x1,...,2,) is s/a/h. Now change coordinates: & = vy; — fi(z), ;. Then the image
of s is defined by & = 0. O

Proposition 8.3: f: N — M is an immersion on a nbhd of p € N iff (df), is injective.
Proof of Proposition 8.3:

The forward direction is obvious. For the reverse, let ¢ = f(p); then (df), : T,N — T, M.
Let T,M = V; @ V, where (df), : T,N = V5. Wolog (replacing with smaller nbhds),

Nt Mm=U xU, (8.1)
g
S
Us

Then s = f o g~ ! is a section, so f = s 0 g is an immersion. [J

We will need a bit more about manifolds, because we want to understand how the Lie algebra gives
rise to a Lie group. This requires:
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8.1 Vector Fields

We have a manifold M, and a vector field X, € T,M: a vector at p for each p € M. So at each p,
we have a derivation

Xp(f9) = f(p) Xp(9) + Xp(f) 9(p) (8.2)
def

We define (X f)(p) = X,(f). Then X(fg) = f X(g9) + X(f)g. So X is a derivation. But it might
be discontinuous. We define a vector field to be s/a/h if X : Spr — Sps. In local coordinates, the
components of X;, must depend smoothly on p.

Lemma 8.4: The commutator [X,Y] ©f XY — Y X of derivations is a derivation.

Proof of Lemma 8.4:
An easy calculation:

XY (fg) = XY(f)g+X(f)Y(9) +Y(f) X(9) + fXY(g) (83)
Switch X and Y, and subtract:

(X, Y](fg9) =X, YI(f) g+ f[X,Y](g) O (8.4)

We now write down the definition of a Lie algebra. A Lie algebra is a vector space £ with a bilinear
map [,]: L x L — L (i.e. a linear map [,]: L ® L — L), satisfying

1. Antisymmetry: [X,Y]+[Y,X]=0
2. Jacobi: [X,[Y,Z]]+[Y,[Z,X]]+ [Z,[X,Y]]=0

It’s a basic fact that every Lie algebra has a faithful representation where [X,Y] = XY —Y X. But
it’s a deep theorem requiring the structure theory of Lie algebras that every finite-dimensional Lie
algebra has a finite-dimensional faithful representation.

Proposition 8.5: [X,Y] = XY — Y X makes End(V) into a Lie algebra for any v-space V.

There are other ways, using antisymmetry, to rewrite Jacobi. E.g.:

(X, [V, 2] = [[X, Y], 2] + [V, [X,, Z]] (8.5)
Le.ad X : Y — [X,Y] is a derivation on L.

(X, Y], 2] = [X,[Y, 2] - [V, [X, Z]] (8.6)

Le.ad[X,Y] = (ad X)(adY)—(ad Y)(ad X). Le. ad : £ — End(L) is a Lie algebra homomorphism.
Thus, if £ has no center (no X such that ad X = 0), then ad provides a faithful representation of
L, finite-dimensional if L is.
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8.2 Integral Curves

Returning to vector fields, let’s integrate. We have a geometric integration of vector fields, as
vector-valued functions. Viewing them as derivations and taking their commutators gets away
from geometric intuition, so we’d like to present how the commutator of vector fields behaves
geometrically.

Let 0; be the vector field f — %f on ]ItQ E.g. if vy : I — M where 0 € I C R is an interval, and
7(0) = p, then [y] = dyo(0t) is the tangent vector of v at 0 — p.

Proposition 8.6: Given a s/a/h vector field X, on M and a point p € M, there’s some open
interval I C R and 0 € I such that there’s a unique s/a/h curve vy : I — M satisfying:

Y(0) =p (8.7)
(dV)e(0) = Xy VE € 1 (8.8)

Question from the audience: Did you mean to give some conditions on I, e.g. maximality?
Answer: Well, I can always take a maximal I. It need not be all of R, e.g. if M is simply an
interval in R and X, = 0.

Proof of Proposition 8.6:

In local coordinates, v : R — R™, and we can use existence and uniqueness theorems for
solutions to differential equations; then you need that a s/a/h differential equation has a
s/a/h solution.

But there’s a subtlety. What if there are two charts, and solutions on each chart, that diverge
right where the charts stop overlapping? Well, since M is Hausdorff, if we have two maps
I — M, then their locus where they agree is closed, so if they don’t agree on all of I, then
we can go to the maximal point where they agree and look locally there. [

We define the integral curve [y (t) of X at p to be the maximal curve satisfying (8.7-8.8)
Remark: The integral depends smoothly on p.

Question from the audience: We gave an example where I cannot be all of R. Suppose M is
compact. Then can we solve differential equations for all time, or are there other obstructions?
Answer: I think that on compact manifolds solutions to differential equations extend to R.

Let’s take a point p and two vector fields X and Y. Then we run X and Y alternately, ending at
q, and we see that p and q are close by.

!
x 8\( %
p.. t » LY %)
q \~\—5 fx



In quotes, we have

[X,Y], = lim 1-F

st—0 st
More precisely, for any f, we can show f(q) — f(p) = st[X,Y],f + O(s, t)3.
**From Hwajong Yoo:**
Let a(t) = [y, then f(a(t)) = X f(a(t)). Tterating this we get (£)" f(a(t)) = X"f(a(t)) and
by Taylor series expansion, f(a(t)) = 34 (%)nf(a(O))t” = S LX"f(p)t" = eXf(p). So,
F@) = (V) (0s) = (e f) (2) = (Ve Xe™Y[) (p1) = (e e XeY ) (p) and

we already know that e'Xe*V e ' Xe™5Y =1 4 st[X, Y]+ higher terms. Hence, we get f(q) — f(p) =
st{X, Y], f + O(s, t)3.

Lecture 9 September 17, 2008

9.1 Vector fields and group actions

**It seems that today I copy the board, and use ¢ for the identity of a group.**

We continue our story of vector fields on Lie groups. This will be responsible for the fact that the
Lie algebra really knows a lot about the Lie group.

Let G ~ M be a Lie group acting on a manifold. L.e. we have a s/a/h map p: G x M — M. Let
X € T.G. We attach this to a vector field LX € Vect(M). There are various equivalent ways to
do this:

1. Let X = [y] for some path  in G. Then we define (LX),, = [J] where 5(t) = p(y(t)~1, m).
Remark: we’re making + go the wrong way. This vector field acts on functions:

(LX)ns = 2 () m) 91)
t=0
Here we really do want the inverse, because if G ~ M, then G ~ C(M,R) contravariantly.
The problem here is actually much more basic: the problem is that we should have defined
the directional derivative backwards. But try explaining that to Math 53 kids. It’s a lost
cause, just like writing functions on the right is a lost cause.

2. Extend X to a vector field X one e U C G however you want, and lift this to XonlUxM
by having it point only in the U direction: X(um) = (X,,0). Trivial check in coordinates
that this construction is s/a/h. Then LX acts on functions:

(LX)f < —X(fop) 9.2)
{e}xM=M
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3. Pointwise:
(LX)m = _(dp)e,m(Xu 0) (9.3)

Always the same minus sign.
Proposition 9.1: The previous are equivalent.
Proposition 9.2: Given a G-equivariant map f : M — N, then (df )n (LM X) = (LY X) ().

Ignore the equivariance for a moment. If we have a map of manifolds, then df is a pointwise thing,
taking tangent vectors to tangent vectors. But it does not take vector fields to vector fields, unless
f is an isomorphism.

On the other hand, if Y is any vector field on M, then g € G acts on M isomorphically. So

dg(Y)gm def (dg)m(Y,,) makes perfect sense. A more natural description: G ~ Sy by f — fog™1,

an algebra isomorphism (sheafily, it sense f over open U to a s/a/h function on gU). So if we think
of Y : Syy — Sir as a derivation, then gY ¢! is a derivation. This is a very natural way to say

that G acts on vector fields. We define 9y % gY gt Then clearly 9Y = dg(Y).

Ok, so let’s apply the proposition to g : M — M by some group element g € G. But this isn’t an
equivariant map: g may not commute with the rest of the group. We can fix this. Let IM be M
with an adjusted action. If p : G ~ M was our old action, then

Ip(h,m) = h - m = p(ghg™",m) (9-4)

Then M 2 9M sending m — gm is G-equivariant:

g
me————=gm

Ih Igh
hm ——— ghm = ghg~'gm
Corollary 9.2.1: 9LX = dg(LX) = L'MX = L(Ad(g)X) where if X = [], then Ad(g)X =
lgv(t)g7'], ie. Ad(g) = d(g — g7 )e-
Ad is the only natural action G ~ T.G.

Our convention is that actions are always left. When we say “right action”, we mean the action
from the right by in the inverse of a group element.

Proposition 9.3: For the right action of G on itself, L : T.G — Vect(G) is an isomorphism of
T.G on left-invariant vector fields. Also, (LX), = X.

If you use the other hands, then you get (LX) = —X.
Proof of Proposition 9.3:

The point is that the left- and right-actions commute. Let A\j : G — G be h +— gh. This is
equivariant for the right-action. So d\,(LX) =" (LX) = LX, so LX is left-invariant. Also
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(LX)e = X becuase p(g,e) = g~1. But if our field is invariant, knowing is at a point tells us
everything:
(LX)g = (dAg)e(LXe) = (dAg)e(X) O

Well, Vect(M) is a Lie algebra, and if G ~ M, and hence on the function space, then the invariant

derivations are a Lie subalgebra. So, we define the Lie algebra of a group G to be Lie(G) def T.G,

with the bracket induces by the commutator of left-invariant vector fields.

Now, maybe you should worry: are there two Lie algebras, e.g. the one where we switch hands?
WEell, yes, but it’s just the opposite Lie algebra: the right-bracket is minus the left-bracket. This
will be an exercise.

We had better check some things.

Lemma 9.4: Given s/a/h G ~ M, and X € Lie(G) represented by X = [v], and Y € Vect(M),

then
d

el (t) _
Gl OV =1LX YIS (9.5)

We should think of Vect(M) as a manifold; this tells us the action of Lie(G) ~ Vect(M).

Proof of Lemma 9.4:

jtt:o Y f(p) = itzov(t)Yy(t)l f(p) (9.6)
= 4| 0y raon 07)
-4 A F63(0)p) +(0) = Y6 (9.8)
=LXY N +Y 3| fOOp) (9.9)
= LX(Y f)(p) + Y (=LX [)(p) (9.10)
= [LX,Y]f(p) O (9.11)

Corollary 9.4.1: Same setup: G ~ M. If X|Y € Lie(G), where X = [], then

d

M (LM-X)Y) = -

t:OL(Ad (y()Y) f = [LX,LY]f (9.12)

Consider M = G« G. Then what we're saying is that

—LMX) Y = [X, V] ¥ (ad X)Y (9.13)
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Then for any G ~ M, then
L([X,Y]) =[LX,LY] (9.14)

This is the right way to think of the Lie bracket on the tangent space. It’s the universal bracket
that becomes the commutator for any infinitesimal left action.

Lecture 10 September 19, 2008

We begin by reminding where we are from last time.

To any Lie group, we can induce a Lie bracket on its tangent space at the identity: we extend each
tangent vector uniquely to a left-invariant vector field, and take the Lie bracket of vector fields.
But more importantly, this is a universal construction: the infinitesimal action on the right on a
manifold commutes with any left action.

In Lie(G), using the fact that G acts on its tangent-space at the identity via the adjoint action, we
can directly define the bracket:

[X,Y] = —LAX(Y) (10.1)
= % t:U Ad(y(t)Y (10.2)

where X = [v].

We have already defined the Lie bracket for closed linear groups. We should verify that our new
notion matches the old one.

Lemma 10.1: The abstract Lie bracket on Lie(GL,) = gl,, = T.GL,, = M, is the matrix bracket
(X,)Y]=XY -YX.
Proof of Lemma 10.1:

We simply compute the formula. If X € gl,, then %’t—o e!X = X. The adjoint action is
Adg(g) h = ghg™". ]
(X,Y]= —| e*ve ™ =XY-YX (10.3)
dt |4=o

Question from the audience: Do you mean the adjoint action on G or on Lie(G)? An-
swer: Well, G ~ G by g-h = ghg™!, but this fixes e and is linear in h, so GL, ég M, = gl,
by Y — gYg~'. O

Now, if H < GL,, is a closed linear group, then Lie(H) — Lie(G).

Corollary 10.1.1: The same holds for closed subgroups H C GL,,.

We should clarify something about integral curves. Let X on M 3 p be a vector field, and then
define (fp X) (t) to be a curve y(t) : I — M where I C R is an interval, satisfying v(0) = p and
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dv(0) = X, (t)- Then everything works out: the manifold is Hausdorff, and we have existence and
uniqueness theorems.

What if we are in the complex case? Well, we could just treat complex manifolds as twice-
dimensional real manifolds. But holomorphic differential equations have uniqueness and existence
theorems, so we can talk about complex integral curves. We should defined < fp X ) to be a function
U— M where0 e U C C.

open

10.1 The exponential map

We saw that the Lie algebra knows about e.g. homomorphisms of its group, via the exponential
map. We should generalize this.

We now state a special case of the general statement that Lie subalgebras should give us Lie
subgroups.

Lemma 10.2: For X € Lie(G) there is a unique Lie group homo vx : R — G (or C — G in the
complex case) — C and R have obvious Lie group structures — such that (dyx)o(0:) = X.

It’s given by vx(t) = ([, LX) (t).
Proof of Lemma 10.2:

There is an integral curve defined on some neighborhood of 0 € R (C, but we’ll use the real
picture). Let v : I — G be this integral curve. Well, LX is left-invariant; gy(¢) then is an
integral curve through g. So let g = 7(s) for s € I. So this moves the curve over. But both
~(t) and y(s)vy(t) are integral curves through s, so they must be the same on the overlap:
(s +1t) = v(s)y(t). (Also v(—s) = v(s)~! for s € I'N(—I).) So this integral curve is a piece
of a group homomorphism. Then we can extend the homomorphism to I + I; this extension
is well-defined because  is a partial homomorphism. Since R is archimedean, we can iterate
to extend this to all of R (or C, by doubling the open neighborhood again and again). And it
will continue to satisfy the group homomorphism rule, and conversely it must be an integral
curve through any point because it is at the identity. [J

Corollary 10.2.1: There is a bijection between 1-parameter subgroups of G (homos R — G) and
elements of the Lie algebra.

Then 10.2 gives us a map exp : Lie(G) — G by exp X &f vx(1). Then exptX = yx(t). It’s clear
that exptX is a s/a/h function of t. But we should show that it’s smooth as a function of X.

Proposition 10.3: Let X(® be a s/a/h family of vector fields on M. We should define this: The
“vertical” vector field on B x M given by X(b,m) = (0,(x®),,) is s/a/h. Question from the
audience: What is B? Answer: Our family is parameterized by b € B. So in particular if
you go back to look at how we defined LX: when B = Lie(G) and G ~ M then X(®) = Lb
is a smooth family.
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Refresh: Let X®) be a s/a/h family of vector fields parameterized by b € B a manifold, then
(f,X®)(t)is as/a/g map Bx M xR — M. (Or R~ C.)

The proof is shorter than the statement:
Proof of Proposition 10.3:
Note that

</<b,p> X) (t)= <b’ (/ X (b)> (t)> (10.4)

P
So Bx M xR — Bx M M by (b,p,t) — <f(b,p)X) (t) — (pr(b)) (t) is a composition of
s/a/h functions, hence is s/a/h. O

Theorem 10.4: There is a unique s/a/h map exp : Lie(G) — G such that for each X € Lie(G),
t — exp(tX) is the integral curve of LX through e, and is a Lie group homo (R or C) — G.

We are not saying that exp is a Lie group homo; Lie(G) is a Lie group under +, but G is not
commutative. It is a Lie group homo along any line.

Proposition 10.5: The differential at the origin (dexp)g is the identity map idpe -
Proof of Proposition 10.5:
d(exptX)o(0y) = X. O

Corollary 10.5.1: exp is an isomorphism of a neighborhood of 0 € Lie(G) onto a neighborhood
of e € G. Le. exp is a local homeomorphism. We call its (local) inverse “log”.

Proof of Corollary 10.5.1:
Its derivative is invertible. [J
Corollary 10.5.2: If G is connected, then exp(Lie(G)) generates G.
Proof of Corollary 10.5.2:
Any open nbhd generates the connected component. **Why again?** [

Theorem 10.6: Given ¢ : H — G a Lie group homo, then we have a commutative diagram:

H—2 @ (10.5)
expT expT
Lie(H) 2% Lie(G)

Corollary 10.6.1: If H is connected, then (d¢). determines ¢.

Proposition 10.7: exp : gl, — GL, is matrix exponential.
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Proof of Proposition 10.7:

tx

Suffice to show that exp defines an integral curve. But ¢ — €'* is a s/a/h group homomor-

phism, and % X =X. O

Corollary 10.7.1: Same statement for closed H C GL,,.
Proof of Corollary 10.7.1:
Use 10.6. O
It would be nice if any Lie algebra map induced a Lie group map, but this is of course not true:

Example: R — R/Z = U(1) induces the identity on Lie algebras. But the inverse of the map on
Lie algebras does not induce a map R/Z — R, because of a topological obstruction.

It turns out that that’s the whole issue. If you have a Lie algebra homomorphism and the corre-
sponding groups are simply connected, then there is a group homomorphism.

There is a weak form:

Fact: Given ¢ : Lie(H) — Lie(G), we can find 1 = expg oy o logy. By commutativity in 10.6, we
have ¥ (zy) = ¥(x) 1 (y) etc., provided it makes sense. IL.e. v is a partial group homomorphism.

The right theorem is an equivalence of categories between Lie algebras and simply connected Lie
groups.

Lecture 11 September 22, 2008

In the next few lectures we will build up to building the basic theorem relating Lie algebras a Lie
groups.

Theorem 11.1: Fundamental Theorem on Lie Groups and Algebras

(a) We saw that homomorphisms from Lie algebras do not always lift to Lie group homo-
morphisms, e.g. U(1) — R. But this failure is topological:

The functor G +— Lie(G) gives an equivalence of categories between

Simply Connected Lie Groups/R or C < Lie Algebras/R or C

(b) You have to do some choosing, because a Lie algebra does not determine its group. But:
“The” inverse functor h — Grp(h) is left-adjoint to G — Lie(G).

**The functor Grp lands in Simply-connected Groups, but the adjunction is
between Lie Groups and Lie Algebras.**
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The standard proof is not how we’re about to sketch, but we’ll say some words about how one
ought to prove such a theorem.

Idea of proof of Theorem 11.1:

Lie(G) G
U o U
U V
W log w
0 e

We have V xV £ G a partial multiplication; we should think of this as (V xV)Nu~ (V) — V.
So we should define a “partial groups law” B : open — U, where open C U x U, via

B(X,Y) =log(exp X expY') (11.1)
Then should show that the Lie algebra operation determines B.

The hard part, which we may not do: Given h, define B, and build H as the group freely
generated by U mod the relations XY = B(X,Y) if X,Y, B(X,Y) € U. The problem is that
if we do this with an abstract group, it’s not clear it’s a Lie group at all, or simply connected.
So we will need:

Claim: H is a Lie group, with U as an open submanifold. [

Corollary 11.1.1: Every Lie subalgebra h of Lie(G) is Lie(H) for a unique connected subgroup
H — G, up to equivalence.

This will also follow from some general remarks about covering spaces. We will need the correct
notion of “subgroup”, so that R < T2 irrationally is a subgroup.

Sketch of standard proof of 11.1: First prove the corollary. Then use:
Theorem 11.2: Ado’s Theorem
Every finite-dimensional lie algebra § is isomorphic to a subalgebra of gl,.
This is strong extra input, so it makes it less satisfactory to think about.
No matter what you do, we’ll need this operation B, so let’s begin by talking about that.

Question from the audience: So in Ado’s theorem, you mentioned “finite dimensional”. Should
that be in the theorem too? Answer: When we say “Lie group”, we mean in particular a finite
dimensional manifold. So, yes, we should have finite-dimensional Lie algebras, too.

Theorem 11.3:

(a) The formal power series B(tX,sY) = log(e!*e®Y) in T(X,Y)[[s, t]], where T'(X,Y) is
the non-commutative free “tensor” algebra generated by X and Y, and exp and log are
defined formally as always — B is given by the formula

1 1 1
B(tX,sY) = tX + sV + sto[X, Y] - stQE[X, (X, Y]] - thE[Y, [V, X]]+... (11.2)
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— has coefficients that are all Lie-bracket polynomials in X and Y.

(We will give a conceptual proof, although once you know the result, it’s not hard to
solve for the coefficients. Question from the audience: If what you've written down
are “Lie-bracket monomials”, what’s a “polynomial”? Answer: Linear combinations of
monomials.)

exp
(b) Given a Lie group G, there exists a neighborhood U’ 3 0 in Lie(G) such that U' CU =
log

V C G and B(X,Y) converges on U’ x U’ to log(exp X expY).

We have removed the ss and ts in the second part. This is because we didn’t want to discuss formal
power series in noncommuting variables. We don’t want to talk about the completion of the tensor
algebra.

Proof of 11.3 part (b):

We begin with a basis identity: exp(tX) is an integral curve to LX through e. So by left-
invariance, t — gexp(tX) is the [ curve to LX thorugh g. Thus, for f analytic on G,

d

o/ (gexptX) = (LX - f)(gexptX) (11.3)
We will begin abusing notation, writin X for LX. Thus, by iterating,

an n

7 flgexptX) = (X"f)(gexptX) (11.4)

If f is analytic, then for small ¢ the Taylor series converges:

FlgexptX) = Y (X" (0) ) = (X)) (115)

Doing it again,

— n s" _ m nsntm _ (tX sY
f(exptXexpsY) = <ZY ﬁf) (exptX) = <ZX Y n!m!f) (e) = (e e f)(e)
(11.6)
Now, f could be anything. For example, a coordinate function, or a coordinate of log. In
particular, (etXf) (e) = f(exptX), thought of as exptX € G. So we conclude

(6B(tX,sY)f) (6) _ (etXesz) (6) (117)

Thus (b) follows from (a). We could have done this via differential equations, which would
work in C* rather than analytic.

The cleanest way to do (a) requires extra machinery. So we postpone a bit. [
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11.1 Universal Enveloping Algebras

A representation of a Lie group is a homomorphism G — GL(n,R) (or C). Thus, a representation
of Lie algebras is a homomorphism Lie(G) — gl, = End(V), which is a Lie algebra given by
[X,Y] = XY —YX. We want an associative algebra U(g) such that the Lie algebra reps of g are
exactly the U(g) modules. This is the universal enveloping algebra:

U(g) =T(g)/ (xy —yx — [x,y] : Va,y € g) (11.8)

Lecture 12 September 24, 2008

In the last three minutes, we mentioned the concept of the Universal Enveloping Algebra of a Lie
algebra. We will use this to prove the Campbell-Hausdorff-Baker **perhaps?** formula. Also,
there were some objections to the convergence.

12.1 The Universal Enveloping Algebra

The basic concept of a tensor algebra over a vector space V is that you take a basis of V', and then
take the algebra of noncommuting polynomials in the basis:

T(V)=Even (12.1)
n>0

with multiplication given by ® : V& x V& — y®Kk+)  This is the free associative algebra
generated by V', i.e. any a linear map V' — A a (possibly noncommutative) K-algebra extends to a
unique algebra homomorphism T (V) — A. This is the best way of doing it, because it’s the most
universal. **So T'(-) is adjoint to Forget : alg — vect.**

Given a Lie algebra g, we define the universal enveloping algebra to be

U(g) =T(g)/{[z,y] - (xy — yx)) (12.2)

This satisfies a universal property: we can regard any associative algebra A as a Lie algebra with
[a,b] = ab—ba. Then any Lie algebra homo ¢ : g — A “extends” uniquely to an associative algebra
homomorphism U(g) — A. The word “extends” is a little funny, because a priori g might not
embed in U(g). It does, in fact, but this is not obvious. What we can say is that ¢/(g) comes with
a map g — U(g), and we want ¢ to factor through this map.

In categorical language, g — U(g) is a functor by the universal property or directly from the
construction. It’s left-adjoint to Forget : associative algebras — lie algebras.

One reason you should want such a thing — there are a number of reasons that you should want
such a thing, and I can name two or three off the top of my head. We wrote down some axioms that
may not completely characterize the brackets we want. But the fact that Lie algebras embed in
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their universal enveloping algebras says that Jacobi is enough to characterize a Lie bracket. Also,
U will help us prove the CHB formula. And we want to study representations.

We define a representation (or “g-module”) V of a Lie algbera g to be a Lie algebra homomorphism
g — End(V). But by the universal property, g — mod = U(g) — mod.

Example: If g is an abelian Lie algebra, i.e. [g, g] = 0, then U(g) = S(g) is the symmetric algebra.
One should expect the noncommutative case should be some deformation of this.

Example: If f is the free Lie algebra on generators x1,...,z4 — we had better make this precise,
because it’s more general then the tensor algebra, because we're taking a vector space with
a basis of all bracketed words — so we take non-associative words, and then mod out by the

anti-symmetry and Jacobi identities. Then any map {x1,...,24} — g extends to a unique
Lie alg homo f — g. There’s always a notion of “Free”. **Free is adjoint to Forget to
set.** Then by tracing universal properties, U(f) is the tensor algebra T'(z1,...,z4). So if

you believe that the free Lie algebra embeds in its universal enveloping algebra, then the free
Lie algebra can be constructed from the tensor algebra.

The tensor algebra is graded, but the relations in U(g) = T'(g)/(xy — yz = [z, y]) are not homoge-
neous. But U(g) does have a filtration, where the nth part of I is the image of the degree-at-most-n
part of T":

U(g)<o LK

Ug) < CK+g

Ug)<n & U(g)<r)"

In the second line, g is really the image of g in U(g). Then

U(g)<kU(g)<t CU()<k+l (12.3)

gri(g EBU )<k/U(g) (12.4)

is a graded associative algebra generated by the image of g. But it’s commutative: if z,y € g and
Z,§ € griU(g), then 2y — §z = [z, y] = 0 € gryU(g). Le. S(g) — grid(g).

Theorem 12.1: (Poincaré-Birkhoff-Witt)
S(g) — grid(g) is an isomorphism.

Corollary 12.1.1: g < U(g), i.e. every Lie algebra is isomorphic to a subalgebra of some End(V),
e.g. V.=U(g) as a left U(g)-module.

This justifies the Jacobi identity.
Question from the audience: Could you clarify how g — U(g)? Answer: Well, Kog — U(g)<1,

and the grading is simple enough at this level.
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We will reformulate the Poincaré-Birkhoff-Witt theorem. Take a basis of S(g). In particular, let’s
take an ordered basis x, of g. Then let’s think of each monomial in S(g) in order, as a product
Zay - - - Ta, Where a; < --- < ay,. This is a basis of the symmetric algebra. Well, the construction
S(g) — U(g) is an algebra homomorphism, so Zq, ... %a, — Zay - - - Ta, € U(G)<n/U(8)<n. They're
going to span, so we want to show that they’re independent. It’s enough to show that they’re
independent in U(g) <.

Remark: PBW (12.1) is equivalent to the statement that the monomials {x,, ...z4
are independent of U(g).

rop < LLoapt

n

Beginning of proof of 12.1:

Choose a basis of g that’s well-ordered. We want to show that the basis is independent in
U(g) = T(g)/I, so we want to show that no linear combination is in I. So let J be the
K-linear span of expressions in T'(g) of the form:

Tay - LTan (XaTy — Ty23 — [T, T4]) Tyl ... Ty (12.5)

such that a; <--- <, < 8 > 7. The leading term is xgzxgx,xy in the degree-lexicographic
order on T'(g). It’s clear that J C I, and that J is a right-ideal. Moreover, J contains
expressions that generate I as a two-sided ideal. So suffice to show that J is a left-ideal, since
then J = I and the things in I have a natural order.

Lecture 13 September 26, 2008

Last time, we introduced the
PBW Theorem: S(g) — grid(g).
Proof of PBW Theorem:

We’ve reduced last time the problem to showing that given an ordered basis (x,) of g, we

def

want to show that S = {zq, ...Za, : @1 < ...y} is independent in U(g).

n

So let U(g) = T'(g)/1, and define J C T'(g) to be the span of expressions
X =g, ... Za, (Xpxy — 2423 — (T8, Tx]) Ty - .. Ty, (13.1)

where a; < -+ < )k < > . We take the deg-lex orderer of monomials in 7". The leading
monomial in 13.1 is xgxgzyxy. Thus, S is independent in T'(g)/J. This is some sort of
noncommutative Groebner basis.

Well, I is generated by expressions of the form gz, — zy23 — (23, 2,] as a left-right ideal.
If 8 > ~, then the expression is in J. If 8 < =, then switch them and still in J, using
antisymmetry: [X,Y] = —[Y, X]. If § =+, then it’s 0.
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Side remark: [X, X]| = 0 from antisymmetry, if the characteristic is not 2. But the better
antisymmetry axiom is exactly that [X, X| = 0 VX. This and bilinearity imply that [ X, Y]+
Y, X] = 0.

Anyway, J is a right ideal contained in I, and the left-right ideal generated by J contains I.
So suffice to show that J is a left-ideal.

So, we multiply xsX. If £ > 0 and 0§ < a1, then zsX € J. If § > «y, then 25X =
Loy T§Tas *** + [T5, Ty |Tan - .- mod J. And both zsza, ... and [xs, Ta,]Ta, ... are in J by
induction on degree. Then since a1 < §, o, TsTa, - -+ € J by induction on §. We’re doing a
gross transfinite induction here, on degree and each index.

So suffice to show that if £ = 0, then we’re still in J. Le. if « > 3 > v, then we want to show
that zo (zgzy — zy2p — [23,24]) € J. Well, since a > 3, we see that zoz5—28—[Ta, 23] € J,
and same with § < ~. So, working modulo J, we have

To (2py — yg — [2p,24]) = (TpTa + [Ta, 2]) Ty — (2480 + [Xa, 24]) 25 — Tal2p, 24]
= 23 (TyTa + [Tas By]) + [Ta, TalTy — 2y (TpTa + [Ta, Tp])
— [®a, zy]xg — Tal2s, 4]
= Ty84%q + [T8, Ty]Ta + Tp[Ta, T4] + [Ta, Tl — 2y (Tp20 + [Ta, 4])
= [#as 24]2p = 2alrp, 2,
= (28, 2y]Ta + 2plTa, 2] + [Ta, TalTy — By[Ta, 28] — [0, 24 )2p — Tals, 25
—[@a, (28, 24]] + [, [Ta, 2] = (24, [2a, 2]]
= 0 by Jacobi. [J

13.1 U(g) is a bialgebra

An algebra over K is a **monoid object in Vectg** vector space U along with a linear map
w:U®U — U which is associative, i.e. it satisfies
K

UoUeU (13.2)

\/

A coalgebra is an algebra in Vect®®. l.e. it is a space V along with a map A : V — VV
such that the reverse diagram commutes. In elements, if Ax = Y ) ® z(3), then we want

Y ra) @A(ze) = X Ar)) ® 7(9)

**and identities**.
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A bialgebra is an algebra and a coalgebra, with some coherence. In particular, A is an algebra ho-
momorphism (or equivalently p is a coalgebra homomorphism). **So a bialgebra is a coalgebra
object in Algebras?**

Proposition 13.1: U(g) is a bialgebra with A : U(g) — U(g) @U(g) such that A(z) =z®@1+1®z
for z € g. We say that x is primitive if A(z) = z®1+1®x, and write prim U for the primitive
elements of a bialgebra U.

Proof of Proposition 13.1:
To construct A : g — U Q@ U, we need to show that
r—rR14+1QxelURU

is a Lie algebra homomorphism, because an algebra homomorphism from U is exactly a Lie
homomorphism from g. But

R1+102,yR1+1Qylusu =z®Ly1]+[1®z,1® Yy
=[x,y ®14+1® [z,y]
Moreover, A is coassociative on a basis: A%(z) =2®1®1+1201+1®1ez. O
Corollary to PBW: g = prim (U(g))
Proof of Corollary to PBW:

Filter U(g) ® U(g) in the obvious way. Since A is an algebra homomorphism, Al(g)<1
U(g) ®U(g)) <1, s0 AU(g)<n) € (U(g) ®U(8)) <, s0 A induces A on grid(g) = S(g).

N

If £ € U(g)<n, is primitive, then & € gr,, U(g) is primitive. In a polynomial ring S(g) ® S(g) =
K[ya, za], where {z,} are a basis, and yo, = 24, ® 1, 24 = 1@ x4. But f € S(g) is primitive iff
fly+2) = f(y) + f(2), i.e. fis homogeneous of degree 1. Thus, every primitive £ € U(g) is
some x + ¢, where x € g and ¢ € K. But z is primitive, so ¢ is primitive, and a constant can
only be primitive if it’s 0. O

**We never supplied a formal definition of filtered algebra, although we used the
notion. Wikipedia includes that

A filtered algebra over the field K is an algebra (A,-) over K which has an
increasing sequence {0} C Fy CF; C--- C F; C--- C A of subspaces of A such
that

A = UjenF;

and that is compatible with the multiplication in the following sense

VYm,n € N, EFo - F, C Foym.

(I’ve changed the notation slightly.) To each filtered algebra A, we construct an
associated graded algebra gr A, and we again quote Wikipedia with minimal notation
changes:
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As a vector space gr(A) = @,en Grn, where, Go = Fy , and Vn > 0, G, =
F,/F,—1. The multiplication is defined by (z + F,,)(y + Fin) =2y + Fram+1

We can extend this notion to get, e.g., a filtered module and the associated graded
module.

In all cases, we should make the definitions categorical. We have a category FilVect
of filtered vector spaces, whose objects are vector-spaces along with filtrations into
subspaces as above, and whose morphisms respect the filtration: if ¢ : V — W, then
»(Vn) € W,. The tensor-product also respects the filtration: (Vo W), = 1 -, Vi @ Wi.
Then filtered algebras and filtered modules are just algebra- and module-objects in
FilVect. Any filtered vector space has an associated graded vector space, and this is a
monoidal functor from FilVect — GrVect. **

Lecture 14 September 29, 2008

We're still moving towards the Baker-Campbell-Hausdorff formula. First, we will talk about the
geometric interpretation of the Universal Enveloping Algebra.

Suppose U C M a manifold, and consider {(u) € S(U) a s/a/h function. Then we have operators

open

SWU)— SU):
e f€S(U) acts as h — fh.
o X € Vect(U) acts as a derivation.

We can take the bracket of operators. Functions commute, vector fields we understand, and
(X, flg = X(fg9) — fX(g9) = X(f)g, so [X,f] = X(f) € SU) ~ SU). We define a non-
commutative algebra D(U) of differential operators to be generated by S(U) and Vect(U). Then
S(U) @ Vect(U) is a Lie subalgebra. Grothendieck gave a more abstract definition: an nth-order
differential operator is something whose commutator with a function is a n — 1th order operator.
Question from the audience: So [X, f] € S(U) if and only if X € Vect(U)? Answer: Yes. It
must be a derivation for that to hold.

Every nth-order differential operator is fX,, ... X,,. If Xi,..., Xy are a basis of T,,(M) for each
uwe U, then D(U) =Y o, <..<a, S(U)Xaq, ... Xq,. E.g. given coordinates x1, ..., x4 we have vector
fields 0,, ..., 0z,, which work like this. So expressions of the form > & fa0z. The general case is
the same: the change-of-basis matrix from (X7,..., Xg4) < (0z,,...0s,) is an invertible matrix of
functions.

So, let’s let U = M = G be a Lie group, and talk about the left-invariant differential operators
D(G)E. Well, the left-invariant functions are just the constants, because the group acts transitively.
If Xi,...,Xq are left-invariant — i.e. a basis of g = Lie(G) — then f50, is left-invariant only if
f is. So there’s a natural map U(G) — D(G)Y, but in fact it’s iso: the ordered monomials in U(g)
go to a basis, so in particular we have a cheep geometric proof of PBW when g = Lie(G).
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14.1 Baker-Campbell-Hausdorff formula

There’s some disagreement about the order of the names; most English-language books use “CBH”.
Theorem 14.1: (a) We have an identity in T'(X,Y)][s, t]]:

et X esY — B(tX,sY)

e

where B(tX,sY) = tX + sY + 2st[X, Y] — Lst?[X, [ X, Y]] — 5sH[Y, [V, X]]+... isa
series with coefficients in the free Lie algebra on two generators X and Y **which of
course is a quotient of the free tensor algebra T'(X,Y)**.

(b) If G is a Lie group, then there are neighborhoods 0 € U’ C U C Lie(G) = g and

open open
exp
0V’ C V C Gsuchthat U =2V and U’ 2 V' and B(X,Y) converges on U’ x U’
open open log

to log(exp X expY).
Proof of Theorem 14.1:
We don’t really need the s and ¢ in part (a) if we’re willing to work with formal power series
in non-commuting variables. But we would also like Taylor series in commuting variables.
Anyway, let f be the free Lie algebra on X and Y then T(X,Y) = U(f). We can extend

A UG — UF) @UGO to AU [[s,t] — UF) @ UF))[[s, 1] linearally, which is an (s,t)-
adically continuous algebra homomorphism.

Lemma 14.2: If U is any bialgebra, and 1 € U[[s, t]] with ¢(0,0) = 0, then v is primitive
term-by-term — i.e. AYp =9 @1 +1®1% — if and only if e¥ is “group-like” — i.e.
Ae¥ =e¥ @ e?.

We're using U[[s, t]] ® U[[s,t]] — (U ® U)|[s, t]] a bialgebra homomorphism.

Proof of Lemma 14.2:

eYeef =1®e) (V1)
— l®Y Y1

— @YYl O

Well, etXetY is grouplike: A(etXe?) = AetX AesY = (X @ etX)(e?Y @ ) = e XeY ©
e!XesY. Therefore B(tX,sY) is primitive term-by-term. That does part (a).
**Charley later asked: Why does log commute with A? Because A is an alge-

bra homomorphism — commutes with polynomials — and A is continuous —
commutes with infinite sums. So A commutes with all formal power series.**

For part (b), we have the multiplication p : G x G — G. Set up U',U, V',V **by finding
U,V and V' so that p: V' x V! — V**_ Let’s define 3(X,Y) = log(exp X expY'), which is
a/h as a function of X and Y **e U'**. (We don’t want smooth, because we will use Taylor
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series.) We have g = Lie(G) = left-invariant vector fields. Then U(g) = left-inv differential
operators on G.

Lemma 14.3: If D € U(g) satisfies Df (e) = 0 for all f € S(G),, then D = 0.
Proof of Lemma 14.3:
For g€ G, Df(g9) = A\j-1 = D(A\;-1f)(e) =0. O

So, given X,Y € g, f € S(G)e, then (X! f)(e) is a Taylor series of f(exptX expsY). We
saw this before: (X f)(exptX) = %f(exp tX). Let’s think of e f(e) as a formal power series
in coordinates of Z € g. Then e f(e) is the Taylor series of f(exp Z).

Ok, so let @ be the formal series which is the Taylor series of 5. Then eP(tX,sY) f(e) is also
the Taylor series of f(exptX expsY). This implies that e/Xe®Y f(e) and e?tX+Y) f(e) have
the same coefficients for every f, but those coefficients are left-inv differential operators, so
by the lemma these two series are identically equal. So the formal series of the logs are the
same:

B(tX,sY) = p(tX,sY)
But 3 is a/h, so its series converges on a neighborhood U” C U’. By shrinking U’ and V’,

open
we complete the proof. [

We remark that we didn’t really need U(g) = left-inv differential operators, just that two left-inv
differential operators are the same if they’re equal at the identity.

For the last five minutes, we’ll outline where we’re going.

Our goal: Given G and h < Lie(G) a Lie subalgebra, we want to show that h = Lie(H) for some Lie
subgroup H < GG. What’s a Lie subgroup? Well, it’s a subgroup, with its own manifold structure
(not necessarily inherited) so that the inclusion H — G is s/a/h. **Is a local immersion?** H
should be unique if it’s connected.

How will we prove this? The exp and log maps take h N U to an immersed submanifold of V. C G.

open
So we want to let H be the group generated by exp(hNU). But we’ll need to control this carefully.
Well, B(X,Y) converges to h NV if X, Y in a small enough neighborhood of 0 € . We’'ll need
more theorems that something that acts locally like a group really is part of a group.

Lecture 15 October 1, 2008

There are more problems on the website. As always, part of the homework is to figure out which
statements are false.
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15.1 Subgroups

A Lie subgroup H < G is a subgroup, which is also a Lie group (but not necessarily the induced
topology) such that the inclusion H — G is a local immersion. Then, yes, the structure of H as a
manifold is determined by G, but in a local way.

Theorem 15.1: Every Lie subalgebra of Lie(G) is Lie(H) for a unique connected Lie subgroup
H<G.

Of course, if H < G, then T.H < T.G, so we can think of Lie(H) < Lie(G).
The proof is in two parts: BCH and a bit of topological group theory.
Proof of Theorem 15.1:
Uniqueness: if H is any Lie subgroup of G, with h = Lie(H) and g = Lie(G), then
7 —
expT Texp
h——9

This shows that expg(h) C H, and if H is connected expy(h) = expi(h) generates H. So H
is unique as a group. But it’s manifold structure is also given:

0eUCy
expilog
ecVCG@G
And exp(U Nh) l:N:g U N b is an immersion, giving a chart around e € H, which pushes to any
other point to determine uniquely the topology and manifold structures.

Existence: We have
0eWCyg

eXPIlog
ecVC@
We choose smaller W' < V' such that

° (V/)Q g \%4
e B(X,Y) converges on W’ x W’ to log(exp X expY).

e WWh™l CViforhecV'.
g hgh™1

expT expT
Ad(h)

g——>9
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o If h = exp X, then Ad(exp X) = exp(ad X) in some nbhd of 0 € g, so we demand that
exp(ad X)Y converges on W’ x W' to (exp X)(expY)(exp X) L.
e B(X,Y), (expad X)Y e hbNW for X, Y e hn W".
o (V) L=V
Question from the audience: By expad, what do you mean? Answer: (expadX) def

S (ad X)"/n! as a linear operator. Oh, so it’s always true that Ad(exp X) = exp(ad X), so
we don’t need the fourth one.

Question from the audience: That fourth one doesn’t even make sense? Answer: No,
it should be more like €24XY — log ((exp X)(expY)(exp X)~!), where e’ is a formal power
series.

Ok, so define H < G to be the subgroup generated by U def exp(h N W'). U is certainly an
immersed submanifold of G. We want to show that U is a chart that we can move to any
point in H.

Well, H and U satisfy the hypotheses of:

Proposition 15.2: Let H be a group, e € U C H which is a manifold — this is totally
general, where the word “manifold” is replaced by almost any geometric category, where
objects have sheaves of functions sufficiently local — such that the maps p: U xU — H,
i:U — H,and Ad(h) : U — H (for h in a generating set of H) have the

U—U" ur—huh=
following properties:

(a) The preimage of U C H is open in the domain.

(b) The restriction of the map to this preimage is s/a/h.

Then H has a unique structure as a group manifold such that U is an open submanifold.
Proof of Proposition 15.2:

The conditions are carried to any composition of maps. So actually Ad(h) is ok for any
heH.

We begin by further shrinking U. Of course, e € U, so (e,e) € U x U, and so we find
e € V C U such that V? C U. Iterating, we can for any n find a V so that V"™ C U. For
us, it’s enough for n = 3, and it will also be convenient to assume that V = VL.

. . . xXT- . . —
We view each coset 2V as a manifold via V' = 2V, with inverse z7'-. So now we

may have an element in multiply cosets, and a priori it might have different manifold
structures around it. So let W C V and consider yW N a2V, which corresponds to

open
xlyW N V. If that’s empty, it’s certainly an open set. Otherwise, 2 'yw = v for
some z € Wand v € V, so y 'z = wv™' € V? so y 'a2V C U, and in particular
{y7lzy x V C Y U)N (U x U). So V — y~ 12V is continuous and in fact s/a/h. But
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0

x~lyW NV is the preimage of W, hence open in V. Thus, the topologies of £V and yV
agree on their overlap **indeed, the s/a/h structure**.

So, we put a topology on H by saying that S C H if SNzV C zV forall z € H.

open open
In particular, each xV receives the subspace topology with respect to this topology, and

it’s open. Furthermore, v — y~!zv is s/a/h, and this is the change of coordinates from
the chart yV to the chart V. So actually the same functions on the overlap are smooth
with respect to either chart. (We have generalized our notion of “chart”: V is just a
manifold, not an open subset of R™. But if we cover V by honest charts, then we can
cover V', etc.) So H is a “manifold” — well, we didn’t show it’s Hausdorff, but we’ll
get that for free, knowing that H is a group.

To check that the group structure of H is compatible with this manifold structure, we
need to show that the structure given by right cosets Vx gives the same as the left-cosets
did. Well, all the left cosets are compatible, and all the right cosets are. We need only
check that 2V and Vz are compatible. V NVa C 2V transports to V Nz~ Vx, which
by hypothesis is open in V. So 2V NVx C 2V, and all the maps are s/a/h. So the

open
left and right manifold structures agree.

Finally, we want to check the group structure. (zV)™! = V-lz7! = Vo~! and multi-
plication is given by p : 2V x Vy — zUy, and we want to show this is s/a/h. But left- or

right-multiplication is s/a/h with respect to the left- or right- structure, and VxV — U
is s/a/h.

The only thing left to show is that it’s Hausdorff. But {e} C V is closed, and we're a
topological group. The details are an exercise. []

Next time, we will review path-connected and simply-connected spaces, and explain the full theorem
relating Lie algebras and Lie groups.

Lecture 16 October 3, 2008

Last time, we saw a subgroup theorem: {h < Lie(G)} < {H < G} where H is connected. This
is part of a broader association between Lie algebras (finite-dimensional) and Lie groups (simply
connected).

16.1 Review of algebraic topology

Given a space X with points z,y € X, we define a path from x to y to be a continuous function
[0,1] — X such that 0 — z and 1 +— y. **For want of better notation, I’ll write a path as
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Pz~ y.** We can concatenate paths: if x 4 Yy g z, then we get the concatenation P - @Q by

[ P(2t), 0<t<1/2
P'Q(t)_{Q(Qt—l), 1/2<t<1

In general, x ~ y if there’s a path connecting = to y is an equivalence relation. The equivalence
classes are called path components of X. If X has only one path component, it is called path
connected. Path connectedness implies connectedness, but not vice versa.

(16.1)

Let A be a distinguished subspace of Y, and f,g: Y — X two functions that agree on A. Then
a homotopy f 79 relative to A is a continuous map h : Y x [0,1] — X so that h(0,y) = f(y),

h(1,y) = g(y), and h(t,a) = f(a) = g(a) for a € A. For example, a path is a homotopy of
constant maps **maps from {pt}**. We will only need homotopies of paths, relative to their
endpoints.

Homotopies also concatenate: f 9 is an equivalence relation. Paths are homotopic rel endpoints

to their reparameterizations, and concatenations of homotopies are homotopic. The fundamental
groupoid of X has as objects the points of X and arrows x — y the homotopy classes of paths x ~ y.
(A groupoid is a category all of whose morphisms have inverses.) Composition is concatenation,
and identity is the constant path.

A groupoid is lots of groups. If we pick a point x, the arrows from x — x form a group 7(X, z), and
if z and y are path connected, the group at x is isomorphic to the group at y **by whiskering**.
If X is path connected, then the groups 7(X,x) are isomorphic. Not canonically so: if we pick a
different path, then we get a different isomorphism, which is by conjugation by a loop.

We say that X is simply connected if (X, x) is trivial for each x.
Basic examples: S! is not simply connected, but higher-dimensional spheres S are, as is R".

A covering space of X is a space E and a “projection” E — X so that locally the covering looks
like a discrete space. l.e. there is a non-empty discrete space S and a covering of X by opens U so
that for each U we have

=2 SxU

T L(U)
N/

Path-lifting property: Given any path  ~ y and a lift e € 7—!(z), then there is a unique path
in F starting at e that projects to x ~ y.

Covering spaces have the

We won’t prove this, but the sketch is that you cover X to locally trivialize ', and lift in each open
set, and use compactness of [0, 1].

Homotopy-lifting propert: We can also lift homotopies ot Y = X provided Y is locally com-
pact.
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Thus, we get a functor E : m1(X) — Set which sends 2 + 75" () and {z ~ y} gives a function by
lifting to each basepoint. In particular, m (X, ) maps to permutations of 7@1(3:).

In particular, if E is simply-connected, then a loop in X is contractible (homotopic to the trivial
loop) if and only if it lifts to a loop in E. Noncanonically, we can identify the automorphism group
of E — X with the fundamental group at each point.

Question from the audience: Can you use the deck transformations to make this more canoni-
cal? Answer: Maybe, but that’s not actually what I want to talk about. It is an important part
of the story, but not of our story.

Assume that X is locally path connected — i.e. that each x € X has arbitrarily small path-connected
neighborhoods — and locally simply connected — that it has a covering by simply-connected open
sets — and also that X is path connected. These words are bad, but such is history.

Proposition 16.1: (a) X has a simply-connected covering space X.
(b) X has the universal property: given f: X — Y and a covering 7 : E — Y, and given a

choice of an element from 7~ !(z) and an element of 7~ 1(f(x)), then

f

x-t-E
[, b
X4f>Y

(¢) If X is a manifold, so is X. If f is s/a/h then so is f.
The space X, unique up to isomorphism, is called the universal cover of X.
In particular, a connected manifold satisfies all the conditions.
Proof of Proposition 16.1:

We sketch the proof. Fix a point 2y € X. Then for each y € X, the homotopy class of paths
xg ~ y is a point in X. Use locality to construct trivializations, and track consistency on
overlaps.

To check simply-connectedness, it suffices to check the universal property. [
We now turn to the applications of this to Lie groups.

Proposition 16.2: (a) Let G be a connected Lie group, and G its simply-connected cover. Pick
a point é € G a point over the identity e € G. Then G in its given manifold structure is
uniquely a Lie group with identity é such that G — G is a homomorphism. This induces
an isomorphism of Lie algebras Lie(G) 2 Lie(G) = g.

(b) G has a universal property. Given any Lie algebra homomorphism « : g — Lie(H), we
have a unique homomorphism ¢ : G — H inducing o.

48



Proof of Proposition 16.2:

(a) If X and Y are simply-connected, then so is X x Y. So by universal property G x G is
the universal cover of G x G. Then lifting the functions p: G x G - Gandi: G — G
to G automatically gives the group axioms.

(b) We have o : g — b = Lie(H). This has a graph f < g x h a Lie subalgebra. By the
subgroup theorem, this corresponds to a subgroup F' < G x H (we don’t need simply-
connected yet, but if we work in G x H, F' might not be the graph of a map). Then

F C GxH

I
G

Use universal property a few times: [ =2 G since it is connected and simply connected,
and F' is the graph of a homomorphism ¢ : G — H.

O

We have almost the full theorem. If g is the Lie algebra of a Lie group G, then we can take its
universal cover G. We need:

Theorem 16.3: Ado’s Theorem
Every finite-dimensional Lie algebra g over C is isomorphic to some Lie subgroup of gl,(C).
We will prove this later. It’s disappointing, and requires the structure theory of Lie algebras.

Corollary 16.3.1: Every finite-dimensional Lie algebra is g = Lie(@) for a simply-connected G.
Then there are functors

Lie(—)
{finite-dimensional Lie algebras} < {simply-connected Lie groups} (16.2)
Grp(-)

And Grp(—) is left-adjoint to Lie(—).
Lecture 17 October 6, 2008
**] was five minutes late.**

17.1 Two-dimensional Lie Algebras

There is an Abelian two-dimensional Lie algebra, with basis X, Y and [X,Y] = 0. This integrates
to three possible groups: R? R x (R/Z), and (R/Z)2.

49



The other possibility for a two-dimensional Lie algebra, up to a change-of-basis, is [X,Y] =Y

1Y
aly

-

ad X

-X

We can represent this as X = { (1) 8 } and Y = { 8 (1) } , which exponentiates to the group

B:{{g ?}staeR%beR} (17.1)

Then B =Ry x R ((b,a)(t/;a') = (b+ ab',aad’)). B is a simply connected subgroup of G La(R); it
might be the cover of some other group. Well, if G — G is a cover, then the kernel is m1(G,e) is a
discrete normal subgroup of G.

Lemma 17.1: A discrete normal subgroup A of a connected Lie group G is in the center: A <
Z(G). In particular, any discrete normal subgroup is abelian.

And B has no center, by explicit calculation.

In the complex case, there are some subtleties. The simply-connected abelian two-(complex-
)dimensional group is C? under +. But there are lots of ways to mod out. We can mod out
by a one-dimensional lattice:

C— C*— (17.2)

z
Z—e qZ

We pick a ¢ € C* with |g| # 1. Then E as a real Lie group is just (R/Z)?, but can have different
holomorphic structures. We have C?, and so we can get different things like C x E, C* x CX,

In the non-abelian case, we have the same multiplication law

BC:{{S ll)}s.t.aE(CX,bE(C}:(CXIX(C (17.3)

This is no longer simply connected. C ~ C by z - w = e*w, and the simply-connected cover of B
is
Be=CxC (w,z2)(w,2) def (w+e*w', 2 + 2) (17.4)

This is an extension: 3
0—%Z— Bc— Bc—0 (17.5)

with the generator of Z being 27i. Other quotients are B@/nZ.

50



17.2 A dictionary between algebras and groups

Lie Algebra g Lie Group G (with g = Lie(G))

Subgroup h < g Connected Lie subgroup H < G

Homomorphism h — g H — G provided H simply connected
Module/representation g — gl(V) Representation G — GL(V) (G simply connected)
Submodule W <V withg: W — W Invariant subspace G : W — W

Vel e Vst gu =0} Ve ={veV st Gu=uv}

ad : g ~ g via ad(x)y = [z, 9] Ad: G ~ G via Ad(z)y = zyz !

An ideal a, i.e. [g,a] < a, i.e. sub-g-module A is a normal Lie subgroup, provided G is connected
g/a is a Lie algebra G/A only if A is closed in G

Center Z(g) = g9

Derived subalgebra g [g g] an ideal

Zy(G) the identity component of center; this is closed

Should be commutator subgroup, but that’s not closed:
the closure also doesn’t work, although if G is compact,

then the commutator subgroup is closed.

Semi-direct product g = h @ a with If A and H are closed, then AN H is discrete, and
h ~ a and a an ideal G=HxA

Since g-modules are U(g)-modules, we will assume knowledge of algebra modules without much
comment. We say that a g-module V is simple if there is no submodule W with 0 £ W # V. We
say that g is simple if it is simple as a g module under the adjoint action, i.e. no ideals 0 # a # g.
The simply-connected cover G of the exponential of g may have a large center Z; we say that G /Z
is “simplest”. It will turn out that the simple Lie groups are all algebraic, and taking them over
finite fields gives most of the simply groups.

If a < gis an ideal and W < V is a submodule, then alW is a submodule. If a, b are ideals, then
[a, b] is, e.g. the derived algebra g’ = [g, g]. We can construct the derived series

g>g >g">... (17.6)

If g is finite-dimensional, this will eventually stabilize. g is solvable if some g,, = 0, where we define
gir1 = |8, 8i]. There’s also the lower central series given by gl = [g, g']:

g>[g0 =0 >[g0]>... (17.7)
Then g is nilpotent if g,, = 0 eventually.
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Lecture 18 October 8, 2008

Last time we had a long list of definitions. Today, we’d like to understand more of the structure
theory of Lie algebras. First:

If V,W are g-modules, there’s a natural way to make V ®g W and Homg(V, W) into g-modules.
If we have the Lie group Grp(g) in the background, we can do this via functorial nonsense, but we
can also do it directly algebraically.

Recall that U(g), which whose algebra modules are g-modules, is a bialgebra: we have A : U(g) —
U(g) @U(g) which on g acts by z — 2 ® 1+ 1®x. There’s also the antipode map S : U(g) — U(g)°P
sending x — —x if x € g **the convention seems to be to use an S for the antipode map
in any Hopf algebra; MH uses an “anti-italic” S, and I don’t have wrong-way-slanting
fonts, but I do have lots of different script fonts**. We write A°P for the algebra A with
the opposite multiplication; since [—z, —y| = —[y, z],  — —z is an anti-Lie homomorphism, hence
an anti-algebra homomorphism on U(g).

With these, we can construct g-representations on V' ®@ W and Hom(V,W). On the former, x(v ®

w) def Alz)(v®@w) = 2v ® w+ v @ zw. Moreover, if A ~ V,W, then A ® A°® ~ Hom(V, W) by

(r®y)p =x0¢poy. So we use the coproduct and antipode to build a map (1 ® S) o A : U(g) —
U(g) @ U(g)°P. This gives us an action U(g) ~ Hom(V,W) by z-¢p=z0¢d —dox.

If g = Lie(G), then the above maps are what we expect. If G ~ V,W and 7(t) = exptX,
then v(t)(v @ w) = v(t)v ® y(t)w, and taking %‘tiogives Xv®w+v® Xw. Differentiating
v(t) - & = ¢(t) py(—t) gives the other map.

Moreover, we have a meta-theorem: there are various functorial constructions, e.g. V@ W =
W ®V and Hom(U ® V,W) = Hom(U, Hom(V,W)), and W : V +— Hom(Hom(V, W), W). Then
these are all g-module homomorphisms with the above representations. To prove this requires
shrinking the infinite list of functors to a finite list that generates them **using various coherence
results**.

We can in particular construct g-invariant maps:

Hom(V, W)8 % {p: V->W:zogp=¢poxVrecg}=Homy(V,W) (18.1)

18.1 More structure theory

Recall that for g finite-dimensional we defined three series **should call these “sequences” **:

e the derived series g° def g and g"t! & lg", g"

e the upper central series gg def g and g,41 def g, gn]

Then we say that g is solvable if some g" = 0, nilpotent if some g, = 0, and semisimple if 0 is the
only solvable ideal. It’s equivalent to replace the word “solvable” in the definition of “semisimple”
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with the word “abelian”, since if ¢t # 0 is an ideal, then t™ are ideals, and the last non-zero t" is
abelian.

Each g*! is normal in the previous g’; then g‘/git! is abelian. But we don’t want to think of
these as ideals to much. Any K-subspace between g’ and g'*! are all ideals, because conjugating
any g’ > b > g't! by g’ lands in g*t! and in particular in h. So we can interpolate between g° and
gt by one-dimensional extensions. Le. if g is solvable, then there is a sequence a’ of subalgebras
so that a’/a’™! is one-dimensional. This feels like a solvable group. The (simply-connected) group
version in the simply connected case should be that we can find a sequence of closed subgroups,
each with codimension 1, so the quotients are all abelian.

There is a similar story for nilpotence, which is easier to analyze:
Proposition 18.1: If g is nilpotent then it is solvable.
Proof of Proposition 18.1:
g’ <g: O
Proposition 18.2: If g # 0 is nilpotent, then Z(g) # 0.
Proof of Proposition 18.2:
The last non-zero g; is central. [

Proposition 18.3: Any subalgebra or homomorphic image of a solvable (nilpotent) g is solvable
(nilpotent). Moreover, if a is an ideal in g and if a and g/a are solvable, then so is g: extensions
of solvable Lie algebras are solvable. The corresponding statement about nilpotence is not
quite true, but if a is nilpotent and g ~ a nilpotently, then g is nilpotent. In particular, if a
is central, this is true: a central extension of a nilpotent Lie algebra is nilpotent.

Proof of Proposition 18.3:

The derived and central series of subquotients are subquotients of the derived and central
series. For the second statement, we start taking the derived series of g, eventually landing
in a (since g/a — 0), which is solvable. The nilpotent claim is similar. O

Example: Let g = (X,Y : [X,Y] = Y) be the two-dimensional nonabelian Lie algebra. Then
g' = (V) and g* = 0, but [g, (V)] = (V) s0 g2 = g1.

There is also the lower central series **with even worse indexing**: 0 < Z(g) <32 < ... given
by 30 =0 and 3p41 ={z € g: [g,2] C 31}

Proposition 18.4: Some 3, = g if and only if g is nilpotent.
Theorem 18.5: Engel’s Theorem (wrong)

If g < gl(V) is nilpotent for V' # 0 finite-dimensional, then there exists a non-zero invariant
vector.

Corollary 18.5.1: Then there is a basis of g so that every matrix in g is upper-triangular.
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Proof of Engel’s Theorem (wrong):

We can assume that g is simple by induction on dimension: if not, then it has a minimal non-
zero submodule, and g acts nilpotently on the submodule, to a quotient of g kills a non-zero
vector in the submodule, hence g does. Moreover, we can assume that g # 0, otherwise the
theorem is trivial, and since g is nilpotent, Z(g) # 0.

By the way, we will end with a contradiction to a bunch of assumptions that we can make
without loss of generality. It is a weird proof.

Anyway, pick X € Z(g). We should make part of the induction that X is nilpotent in its
action on V (we will either justify this later or throw out the whole proof and fix it next
time). Since X is singular, ker X is non-zero, and a submodule since X is central. Hence
ker X =V, but we assumed without loss of generality that g acts faithfully. [

Question from the audience: Certainly just being central does not imply nilpotence. Answer:
No. Let’s throw out the whole proof, and look at corollaries. Question from the audience:
For example, g is the one-dimensional subalgebra of gl generated by the identity. This is certainly
nilpotent as a Lie algebra, and does not kill anything in V. Answer: Ah, so the proof is right and
the theorem is wrong.

Theorem 18.6: Engel’s Theorem (fixed)
If g < gl(V) acts by nilpotent matrices, then there is a vector v # 0 in V such that gv = 0.

Question from the audience: Then why is Z(g) # 0?7 Answer: Well, the proof is still
wrong.

Question from the audience: Were you going to show that a nilpotent Lie algebra has a nilpotent
representation? Answer: Yes, the adjoint action. Indeed,

Remark: If g is a nilpotent Lie algebra, say g, = 0, then for any sequence Xi,...,X, € g, we
have (ad X1)...(ad X,,) = 0. In particular, ad X is nilpotent for any X € g. Engel’s theorem
implies the converse. A Lie algebra in which every element acts nilpotently on a faithful
representation is necessarily nilpotent.

Corollary 18.6.1: If g acts nilpotently on V', then there is a basis of V' in which every X € g is
strictly upper triangular.

Proof of Corollary 18.6.1:

Pick a killed vector, and use that as one basis element; proceed by induction. [
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Lecture 19 October 10, 2008

19.1 Engel’s Theorem and Corollaries

We begin by fixing Engel’s Theorem.
Theorem 19.1: Engel’s Theorem (fixed)

If g is a finite-dimensional Lie algebra acting on V' by nilpotent endomorphisms, and V' # 0,
then there exists a non-zero vector v € V such that gv = 0.

This is even true for V infinite-dimensional. Remembering this gets the right induction.
Proof of Theorem 19.1:
Lemma: If g ~ V, W by nilpotents, then g ~ V ® W and g ~ Hom(V, W) by nilpotents.

It suffices to look at the image of g in gl(V)) = Hom(V, V). **MH writes gl(V') < Hom(V,V),
but isn’t it everything?** Then ad : g ~ g is by nilpotents.

Let’s pick v # 0 in V such that dim(h) is maximal, where h = {x € g: 2v = 0}. Then h < g
is a subalgebra, and we want to show that h = g, so we supposed the contrary h < g. By
induction on dimension, the theorem holds for h. Well, h ~ g/b by nilpotents, so we find
x € g\ h **so its image in g/h is non-zero** where [h,z] < h **so the image of ) -z
is zero**. Then h; = (x) + b is a subalgebra of g.

Let U ={u € V : bu = 0} # 0 **because it kills the v in the previous paragraph**.
Then U is an hi-submodule: hxu = [h, z]u + xhu = Ou + x0. Since z is nilpotent, z|y kills a
vector v # 0 in U. So hiv = 0, contradicting maximality of . [

Corollary 19.1.1: If g ~ V by nilpotents and V is finite dimension, then there’s a basis ov V' in
which g is strictly upper triangular.

Corollary 19.1.2: If ad X is nilpotent forall € g finite-dimensional, then g is a nilpotent Lie
algebra.

Proposition 19.2: Let V be a simple g-module (also called “irreducible” — no proper submodules
— and V #£0). If an ideal a < g acts nilpotently on V then a kille V.

Proof of Proposition 19.2:
a kills a vector, but a is an ideal, so space of vectors it kills is a non-zero g-submodule. [J

Now let V be finite dimensional with a g action. We find a Jordan-Holder series
O<Mi<My<:---<M,=V (19.1)

where each M; is a g-submodule, and M;;/M; is simple. Then
Corollary 19.2.1: An ideal a < g acts by nilpotents on V if and only if it kills all M; 4 /M.
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In particular, there is a unique largest such ideal. Be careful: this is not the set of all elements of
g that act nilpotently, just the largest ideal all of whose elements act nilpotently.

Proposition 19.3: Any nilpotent ideal a < g acts nilpotently on g.
Proof of Proposition 19.3:

[a,g] < a. Define ag = a and a;41 = [a, a;]. Eventually a,, =0. O
Corollary 19.3.1: g has a largest nilpoent ideal: the nilpotency ideal of ad.

We will say soon that g has a largest solvable ideal, using the fact that extensions of solvables are
solvable. But extensions of nilpotents are not necessarily nilpotent, so we should remember the
above corollary.

If g ~ V finite-dimensional, then we get a symmetric bilinear for by (in the book called “B”, but
we want to save that letter for the Baker-Campbell-Hausdorff formula) on g, by Gy (x,y) = try (zy).
(Symmetric is by cyclicity.)

We define the radical of By to be rad fy = {z s.t. fy(z,g) = 0}. **I would call this the
“kernel” . **

Proposition 19.4: If a < g acts nilpotently on V, then a < rad Gy .
Proof of Proposition 19.4:

Consider a Jordan-Holder series again. [

19.2  Solvability

Everything above works over any characteristic. We will sometimes need characteristic 0 and/or
algebraic closure for understanding solvability. But solvability is the natural condition when we
think of Lie algebras as coding for Lie groups.

Proposition 19.5: Every finite-dimensional g has a largest solvable ideal, called rad g.

This is maybe an unfortunate conflict of notation with the radical of a bilinear form, but they are
related.

Proof of Proposition 19.5:

If ideals a,b < g are solvable, then a 4+ b is solvable, since we have an exact sequence of
g-modules
0—a—a+b—(a+b)/a—0 (19.2)

which is also an extension of a solvable algebra by a solvable ideal. [J
Theorem 19.6: Lie’s Theorem
Let g be solvable and g ~ V # 0. Assume that the ground field K contains eigenvalues of

the actions of all x € g. Then V has a one-dimensional submodule.
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Proof of Theorem 19.6:

Without loss of generality g # 0; then g’ # g by solvability. Pick any g > b > g’ a codimension
1 subalgebra, and since h > g’ it is an ideal. Pick z € g\ b, so g = (z) + b.

As a subalgebra, § is also solvable, and by induction on dimension § ~ V has a one-
dimensional submodule (€): if h € b, then h - €= A(h) e for some linear X : h — K.

Let E = Klz]€ for x € g~ h as above. Then F = U(g)¢é, and each (1,z,...,2™)€ is an
h-submodule. Why? We induct on m:

L o k I =

hz™e= gx"he + Z z"[h, z]x'e (19.3)
=A(h)zme kti=m—1 €(1,...,zm~1)€ by induction

This also shows that E is a generalized eigenspace with eigenvalue A(h) for all h € b, and so

trg h = (dim E)A(h), by working in a basis where h is upper triangular. But 0 = tr.[h, x| so

A([h, z]) = 0, and so (19.3) shows by induction on m that E is an actual eigenspace.

Question from the audience: You need to make an assumption on characteristic to divide
by dim E?7 Answer: Yes, for this proof. Possibly not for the theorem, but we will need
assumptions on characteristic later, so we might as well include it here.

Now take (7) where ¥ € E' is an eigenspace of X, and we’re done. [J

Corollary 19.6.1: If g is solvable, g ~ V finite dimensional, and K has characteristic = 0 and all
eigenvalues are in K, then V has a basis in which g is upper diagonal.

This should be our model: if g is upper-triangular, then g’ is strictly upper triangular, and brack-
eting moves us further away from the diagonal, so upper-triangular Lie algebras are solvable in an
obvious way.

Corollary 19.6.2: If g is solvable, and K with characteristic 0 is algebraically closed, then every
simple finite-dimensional g-module is one-dimensional.

So solvable algebras have the simplest and most complicated modules: every module is an extension
of one-dimenional ones, but extensions are hard. The category of g-modules is very non-semi-simple.
If g is semi-simple, we’ll see that every module is a direct sum of simples. They are two sides of the
story: every Lie algebra is a combination of a solvable and a semi-simple, so we need to understand
both representation theories.

Lecture 20 October 13, 2008

We continue our discussion of solvable Lie algbras. Various things we will say require a characteristic-
0 hypothesis. We will have some counterexamples in the homework.

We will speak more about corollaries of Lie’s theorem, and then discuss the Killing form.
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20.1 Solvable algebras (char = 0)
Lie’s theorem has various corollaries. Last time we say that if g is solvable, then it acts upper-
triangularly.

Corollary to Lie’s Theorem: If g is solvable, then g’ acts nilpotently on any finite-dimensional
V.

Remark: We don’t need K = K for this corollary, even though we did need it for Lie’s theorem.
Because if we have g/K and K < L a field extension, then L. ®k g has many of the same
properties as g: e.g. it has the correctly extended series, and if g ~ V nilpotently, then
L ®kx g ~ L ®k V nilpotently (by Engel’s Theorem).

Corollary to Lie’s Theorem: Engel’s theorem says that on any finite-dimensional module has
a largest g has a largest ideal acting nilpotently. We can pin this down further in the solvable
case: if g is solvable, then its ad-nilpotent elements include all of g’, and hence form an ideal.

20.2 Killing Form

Recall, for any finite-dimensional g-module V' we get a symmetric bilinear form Sy (z, y) def try (xy).
This form is invariant, in the sense that

— (Bv([z,2],y) + Bv(z,[2,9])) =0 (20.1)

The minus-sign is because we're really acting on Hom, but it’s 0, so we can drop it. What’s going
on is that we have maps that are gl(V)-invariant:

End(V) ® End(V) > End(V) 2 K (20.2)

And also g — End(V) is g-invariant.

We define the Killing form to be 8 = [(g.q) the trace form on the adjoint representation g ~
g.
Remark: f W <V is a g-submodule, then Sy = Sw + By/w-

In particular, if a < g is an ideal, then ﬂ(g/a,ad)|axg = 0. S0 Blaxg = Balaxg, hence the Killing form
of a is flaxa-

We define the radical (or “kernel”) to be rad gy = {x : By (z, —) = 0}.
Proposition 20.1: rad 8y is an ideal
Proof of Proposition 20.1:

By gives a map g — g*, and if By is invariant, then this is a g-module homomorphism, and
the kernel is rad By, hence a submodule and thus an ideal. [
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Proposition 20.2: Corollary to Engel’s Theorem
If a < g is an ideal and a acts nilpotently on V', then a < rad gy .

Question from the audience: Why? Answer: Look at the Jordan form of the matrices: they
are in block upper triangular form. But if a acts nilpotently, then it is strictly-upper-triangular,
and the product of a strictly-upper-triangular and an upper-triangular is strictly upper-triangular,
hence traceless.

In particular, without using Lie’s theorem and the characteristic worries:

Corollary 20.2.1: If § is nondegenerate (i.e. rad 5 = 0), then g is semisimple. (Otherwise, an
abelian ideal is in the radical.)

Let’s dispense right now by the problem of algebraic closure. We saw that the extension L ®k g
has the same series. Moreover, rad 34 = 0 iff rad Byg1. = 0.

20.3 Jordan Form

Proposition 20.3: Let V be finite-dimensional over algebraically closed K. Then

(a) Every z € gl(V') has a unique Jordan decomposition z = s+n, where s is diagonalizable,
n is nilpotent, and they commute (or equivalently one must commute with x).

(b) s,n € zK[z] — polynomials in x with no constant term.
Proof of Proposition 20.3:

Existence in (a) is implied by Jordan form. It’s not so obviously unique. Looking at (b), let
x be a Jordan block:

A 1 ]
N
x:
1
i A
Then _
ay as ... ap
K[z] = “
as
. al

If A # 0, then zK[z] = K[z], and if A = 0, then s,n € zK[z]. We remark that restricting to a
Jordan block is a ring homomorphism.

Let A1,. .., A; be the eigenvalues of z, and find ¢ — P;(z) € K[z] such that for all j, P;(x)—d;;
has A; as a root of multiplicity >> 0. Then P;(Y") = §;;1 for Y a Jordan block with eigenvalue
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Aj, and
3" P(X) Qu(X) € 2Kz

**I’m not following, just copying the board. Please take with a grain of salt this
proof.**

For uniqueness, let x = s’ +n/. Then ' +n' = s+mn,andson’ —n =5 —s, but n’ —n is
nilpotent, and s’ — s is diagonalizable, but only 0 is nilpotent and diagonalizable.

Question from the audience: Why do s and s’ commute? Answer: Because s’ commutes
with z, and s is a polynomial in z. [J

We now move to an entirely unmotivated piece of linear algebra:

Lemma 20.4: Let V' be finite-dimensional over algebraically closed K of characteristic 0. Let
B C A C gl(V) be any subspaces, and define T' = {x € gl(V) : [z, A] C B}. Then if t € T
satisfies tr, (tu) = 0 Yu € T, then ¢ is nilpotent.

Proof of Lemma 20.4:

Let t = s+n. We want to show that s = 0. Fix a basis {e;} in which s is diagonal: se; = \;e;.
Then let {E;;} be the basis of matrix units for gl(V'). Then (ad s)E;; = (A — \j) Ej;.

Now let A = Q{\;} be the finite-dimensional Q-vector space in K. We consider an arbitrary
Q-linear functional f: A — Q, and we want to show it’s 0.

Well, f(Xi) — f(Xj) = f(Ai — Aj), and chose a polynomial P(z) € K[z] so that P(\; — \;) =
f(Ni) — f(Aj). (So P(0) =0 and P € K[z].)

Now we define u € gl(V') by ue;) = f(Ai)es, and then (adu)E;; = (f(Ni) — f(N\))Eij =
P(ads)E;;. So adu = P(ads).

But what have we done? adt = ad s+adn, and ad s,ad n commute, and ad s is diagonalizable
and adn is nilpotent. So this is the Jordan form, and we have ads = Q(adt) for some
polynomial ). Then adu = P o Q(adt), and since every power of ¢ takes A into B, we have
(adu)AC B,soueT.

But then tu is upper-triangular, and the diagonal parts multiply, so 0 = tr(tu) = > A\ f(\).
But we apply f to this: 0 = S2(f(\))? € Q, so f(\;) = 0 for each i. Thus f = 0. O

Theorem 20.5: (Cartan)

Let V' be finite-dimensional over characteristic 0 field K. Then g < gl(V) is solvable iff
Pv(e,¢') =0, ie. g’ Cradfy

The proof is next time, and we can extend by scalars.
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Lecture 21 October 15, 2008

We’d like to take up today two Cartan criteria, for solvability and nilpotency of Lie algebras. Apart
from having technical uses of these, they’re also basic tools.

21.1 Cartan’s Criteria

We recall the lemma from last time:

Lemma 21.1: Let V be finite-dimensional over K algebraically closed of characteristic zero. Given
subspaces B C A C gl(V) arbitrary subspaces, let T = {z € gl(V) s.t. [x,a] < B}, clearly
a Lie subalgebra. Then if ¢t € T and try (tu) = 0 for every u € T, then ¢ is nilpotent. I.e.
rad Oy |rx7 consists of nilpotents.

Theorem 21.2: (Cartan)
Let V be finite-dimensional over K of characteristic 0. Then g < gl(V) is solvable iff
v (g,0") =0 (Le. g’ <radfy).

Proof of Theorem 21.2:

We can extend scalars and assume that K is algebraically closed, thus we can use the lemma.

The forward direction follows by Lie’s theorem: we can find a basis of V in which g acts by
upper-triangular matrices, and hence g’ acts by strictly upper-triangular matrices.

For the reverse, we’ll show that g’ acts nilpotently, and hence is nilpotent by Engel’s theorem.
We use the lemma, taking V=V, A =g, and B=g¢g'. Then T = {t € gl(V) s.t. [t,g] < g'},
and in particular g < T, and so g’ < T.

Question from the audience: What’s V? Answer: V is the vector space we're starting
with. Question from the audience: Oh, yeah, that was a dumb question. Answer: No
it wasn’t. It confused me until I figured out what it was.

So if [x,y] =t € ¢, then try (tu) = try([x,yJu) = try(y[z,u]) by invariance, and y € g and
[z,u] € ¢ so try (y[z,u]) = 0. Hence ¢ is nilpotent. [

We have corollaries, all of which are only in characteristic 0:
Corollary 21.2.1: g is solvable iff g’ < rad g3.
Proof of Corollary 21.2.1:

Take V = g with the adjoint representation. g may not be a subalgebra of gl(V'), but take
g = g/Z(g) (mod out by the center), and g < gl(V'). Of course, g is a central extension of
g, and so g is solvable iff g is, and by theorem says that g is solvable iff 33(g, g) = 0. But 3
factors through 3j:

Z(g) . . B
5g:{gxg/ﬁ>)g><g—">ﬂ<} O
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Corollary 21.2.2: rad j is solvable, i.e. rad § < rad g (in characteristic 0 and g finite-dimensional)
Corollary 21.2.3: (Cartan)

g is semisimple iff rad 8 = 0.
Proof of Corollary 21.2.3:

The reverse direction is true in any characteristic. The forward direction follows from the
previous corollary. [J

Corollary 21.2.4: g is semisimple iff any extension by scalars is.
Note: g/radg is semisimple.
So solvable and semisimple algebras are the building blocks of everything. We will later see

Levi’s Theorem: Let v =radg. Then g = s & v where s is a semisimple subalgebra of g. This is
only in characteristic 0.

21.2 Three-dimensional Lie algebras.
We already classified the two-dimensional algebras. Some three-dimensional algebras are extensions
of smaller things. We have a few more:

e Heisenberg: Z is central and [X,Y] = Z. This is nilpotent.

e sly: Our (ordered) basis is E, H, F', and the relations are [H, F] = 2E, [H,F] = —2F, and
[E, F| = H. Let’s understand the Killing form of sls.

2
ad H = 0
. _2_
[0 —2 0]
adE={0 0 1
0 0 0]
[0 0 0]
adF=1] -1 0 0
0 2 0]

Then we can compute §, which is symmetric **and not really a matrix, but actually a
2-tensor, in case we care about the variance**:

Bst, = (21.1)

- O O
S o O
O O =
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This is non-singular, so sls is semisimple. In fact, it’s simple. This is different over charac-
teristic 2. Question from the audience: I can change the presentation to get rid of the 2s
**h = H/2, e = E/V2, f = F/v/2**. Maybe over characteristic 2 this doesn’t act on K2?
Answer: You still get 2s in 8. I don’t think you can win.

Proposition 21.3: In characteristic 0, if g is semisimple than every ideal a and quotient g/a is
semisimple.

By the way, the converse of this, that extensions of semisimples are semisimple, is true in any
characteristic.

Proof of Proposition 21.3:

We know that (3 is nondegenerate. Let a' be the orthogonal subspace to a with respet to f3.
Then at = ker{z — B(—,2) : g — Hom(a,g)}, so at is an ideal. Then anat = rad 8|, <
rad a, and hence it’s solvable and hence is 0. So a is semisimple, and also a is. In particular,
the projection at = g/a is an isomorphism of Lie algebras, so g/a is semisimple. (]

Notice that [a,at] < anat =0. We iterate, e.g. by taking a to be a minimimal and hence simple
ideal. Hence:

Corollary 21.3.1: Every semisimple g is a direct product g = g1 X - - - X g, of simple nonabelian
algebras.

In particular, sls must be simple.

21.3 Casimir operator

The representation theory of solvable and semisimple algebras are very different. If g is semisimple,
then every finite-dimensional module is a direct sum of irreducible ones. If g is solvable, then every
finite-dimensional module is an extension by one-dimensional modules.

In any case, to get a handle on the representation theory, we introduce the Casimir operator.
We begin with some linear algebra:

Proposition 21.4: Let (,) be a nondegenerate not-necessarily-symmetric bilinear form on finite-
dimensional V. Let (z;) and (y;) be dual bases, so (z;,y;) = 0;;. Then§ =Y z; @y, € VoV
depends only on the form (,). If z € gl(V') leaves (,) invariant, then 6 is also invariant.

**I should go through and fix the indices.**
Proof of Proposition 21.4:

Let {&} be the dual basis of V* dual to z;: &z; = ;5. Then (,) induces ¢ : V. — V* via
v (—,v), and ¥(y;) = x;. In particular, § = Y 2; @ y; = (idy @ v~ H (X z; ® £). So we
have only to show that S 2; ® £ does not depend on the basis, but A = Sz, ® € € V@ V* =
Hom(V, V), and indeed A = idy .
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. -1
Now, End(V) =V @ V* MV @V takes idy +— 6. If z leaves (,) invariant, it commutes
with 1, and hence with id ® 1!, so 6 is invariant. (J

Let 3 be a nondegenerate invariant (symmetric) form on finite-dimensional Lie algebra g. Pick
dual basis {z;} and {y;} in g. Then 0 e i Qu €g®g mulg U(g) and we define the Casimir
operator of B to be cg = > x;y; the image of 6 in U(g). But if 8 is g-invariant, then cg is central
in U(g).

If 8 = By **do we need to assume g ~ V faithfully so that § is nondegenerate? This
is necessary but not sufficient, e.g. if g is the strictly-upper-triangular things. So
we must have some sort of semisimplicity assumption on g?**, then cg acts on V, and
try(cg) = tr(>a;y;) = dimg, which is non-zero if characteristic is 0. So the casimir operator
distinguishes V' from the trivial representation.

**Here this is in indices: Let ;; be nondegenerate bilinear form on V finite-dimensional.
Then 0% the inverse form (defined by Gikﬁkj = 5; and 3,0 = §7) exists in Vo V. If
zﬁnz%ﬂij = Bmn, then zrzyeij =g,

We define c5 to be the image of 6” in U(g) when (3;; is an invariant form on g. Here

1,7 are indices on g, which is the vector space V in the previous paragraph. Let Fé-k
be the structure tensor [g,h]' = F;kgjhk. A representation p : g ~ V is a tensor p;;,
where pu,v are V-indices, such that piz,oj’; — pj!’ipz-éf = Ffjpki. We can extend p to U(g)
by extending the g index to a U(g) (multi-)index. Let (;; be the trace form of the

: v, ks B vk s _wka ok
represen’fatlon pzZp]fj', and c” its casimir. Then kac is central pk;:c P\ = PpaC Py,
and pEl’jck =dimg = ¢; for i a g-index. On the other hand, & =0, i.e. ¢ has no terms in
degree 0 in U(g), so c acts as 0 in the trivial representation 7, = 0.**

Lecture 22 October 17, 2008

Today we launch forward towards the “complete reducibility” theorem of modules over certain Lie
algebras. We will approach this from a sideways direction, speaking in the language of homological
algebra. It’s possible to avoid the words “homological algebra”, but the classical proofs in hindsight
are homological, with the useful words erased.

First we recall from last time: If g ~ V finite-dimensional, we get a trace form Sy (z,y) def try (xy),
and we suppose this is nondegenerate. Of course, By is invariant: By ([z,y], z) + By (y, [z, z]) = 0.
Forshadow: a semisimple algebra is the direct sum of simples. If g were simple, then V is either
the trivial module or rad Gy is an ideal that’s not everything, hence 0. So semisimple algebras
have plenty of nondegenerate forms. In any case, we define the Casimir operator cg, = Y x;1; €
U(g) where {z;} and {y;} are dual bases of g for By: [y (x;,y;) = 0;;. This has some nice
properties:

1. ¢g, only depends on By.
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2. cp, € Z(U(9))

3. ¢, €U(g)g, i.e. it acts as 0 in K.

4. trv(CBV) = Ztrv(a:iyi) = dimg.

22.1 Review of Ext:

Let U be an associative algebra, M, N (left-)modules. A free module F' is a possible-infinite direct
sum of copies of U ~ U. A free resolution of M is a complex Fy **MH writes F'*, but then
uses lower indices** of free module

~—>Fk%>Fk_1—>~--—>F1—>FO—>O

which is exact everywhere except at 0, where its homology if M. Il.e. the augmented complex
Fy — M — 0 is exact. You can always build such a thing: take generators of M and use those for
Fpy, take generators of the kernel Fy — M and use those for Fi, etc.

We recall that a complex is a sequence above so that d; o d;y1 = 0, and given a complex we can
build homology modules H; = kerd;/imd; 1.

We remark that we are using homology indexing, which is to say that our sequence goes to the left
and we use lower indices. We could call the Fj instead F'~%, and then we’d call H; H~* and say
“cohomology”.

Let’s apply the functor Homy (—, N), which is contravariant, to F'*:

Homy (F*, N) = Hom(Fy, N) & Hom(F, N) & .. (22.1)

We define Exti; (M, N) = H'(Homy (F,, N)). In particular, ExtY,(M, N) = Hom(M, N).

It’s clear that for each choice of a free-resolution of M, we get a functor Ext®(M, —). How about
in M? Let M — M’ be a U-morphism, and F, a free resolution of M’. Then by freeness we can
extend the morphism M — M’ to a chain morphism, unique up to chain homotopy:

Fy Fo M (22.2)
| |

| | l

A \
F| Fj M’

Since chain homotopies induce isomorphisms on Hom, this really is functorial, and in particular
if M = M’ and we take different free resolutions, then the above shows that Ext®(M, N) is well-
defined.

There are fancier versions of all this that say you can take projective resolutions of M or injective
resolutions of IV, but for those you should read a book on homological algebra: we won’t need
them.
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Let 0 = A — B — C' — 0 be short-exact. Then Homing preserves left-exactness but can kill
right-exactness. But the following long sequence is exact:

C Ext’(A, N) <— Ext%(B,N) <— Ext’(C, N) =<—0 (22.3)

C Ext!(A, N) <— Ext}(B, N) <— Ext!(C, N) J

coo <—Ext?(A, N) <— Ext?*(B, N) <— Ext*(C, N)

The existence of the connecting functors is special.

We are working towards a theorem of Weyl, called complete reducibility: If g is semisimple over
K of characteristic 0, then every finite-dimensional g-module is a direct sum of irreducible ones.
A module is irreducible if it has no proper submodule (compare to indecomposible, not the direct
sum of submodules, for which the statement is obvious). Weyl’s theorem is not true for solvable
modules.

Let’s understand this theorem in Ext language. If 0 - A — B — C — 0 is an extension with
A irreducible, then let’s use the long-exact sequence (22.3) with N = A. Then we can take
Hom(A, A) — Ext'(C,A), and map idy +— o, called the characteristic class of the extension.
If « = 0, then idg4 € im(Hom(B,A) — Hom(A, A)), and so the sequence splits and cosplits:
B=AgCC.

It turns out that Ext!(C, A) bijectively classifies (equivalence classes) of extensions. But in partic-
ular, if Ext'(M, N) = 0 for every finite-dimensional representations M and N, then every finite-
dimensional representation is complete reducible.

Lemma 22.1: If F is a free U(g)-module, then so is F ®g N for any N.

Already we're using something special about U(g), that it is a bialgebra. Otherwise, the tensor
product of modules is not a module.

Proof of Lemma 22.1:
F = @U(g), and tensor distributes over (even infinite) direct sums, so we reduce to F' = U(g).

How does U(g) ~ G = U(g) @ N? Let X € gand u®n € U(g) ® N. Then X(u®n) =
Xu®n+u® Xn, where Xu is the product in U(g), and Xn is the action g ~ N.

We put a filtration on G by G<,, = U(g)<n ®x N. This makes G into a filtered module:

U(g)<kG<i € Gpp (22.4)

Le. grG is a grid(g)-module, but gri/(g) = S(g), and S(g) acts through the first term, so
S(g) ® N is a free S(g)-module, by picking any basis of N.
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So, let {ng} be a basis of N and {X,} a basis of g. Then {Xzng is a basis of gr G = S(g) ® N,
hence also a basis of U(g) ® N. Thus, by using the PBW theorem a couple times implicitly,
we see that U(g) @ N is free. [

The philosophy here is that the homology of U(g) should be a slight perturbation of the homology
of S(g), which is easy to control.

Corollary 22.1.1: If M and N are finite-dimensional g-modules, then Ext*(M, N) = Ext‘(K, Hom(M, N)) =
Ext!(Hom(N, M), K).

**MH writes M*®N for Hom(M, N), but said “Hom”, using finite-dimensionality.**
Proof of Corollary 22.1.1:
It suffices to prove the first

Let Fy — M be a free resolution. Well, a U (g)-module homomorphism is exactly a g-invariant

linear map:
Homy,(g)(F, N)* = Homg (Fe, N)? (22.5)
= Homg (F, @ N*,K)? (22.6)
= Ext*(M ® N*,K) (22.7)

Using the finite-dimensionality of N and the lemma that F* ® N* is a free resolution of
M@ N*. O

Lemma 22.2: If M, N are f.d. U-modules and ¢ € Z(U) such that the characteristic polynomials
of con M and N are relatively prime, then Ext'(M, N) = 0 for all s.

Roughly, use functoriality: if ¢ is central, then it acts on Ext’ and must satisfy its characteristic
polynomials from both M and N, hence must satisfy 1, which is a linear combination of the
characteristic polynomials. I.e. 1 acts on Ext by 0, so Ext = 0.

Lecture 23 October 20, 2008

**I was a few minutes late, copying the first few results from the board, and filling in
the first few proofs (until the main theorem) from Dustin.**

Lemma 23.1: If M and N are f.d. U-modules and c € Z(U) s.t. the characteristic polynomials f
and g of ¢ ~ M, N are coprimes, then Ext*(M, N) =0 Vi.

Proof of Lemma 23.1:

From last time: f(c) kills M hence Ext!(M, N), and g(c) kills N and hence Ext!(M, N), and
1 =af + bg hence kills Ext*(M, N). O

Philosophy: think of Z(U) as a polynomial ring, and then we’re saying that M and N have disjoint
support.
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Theorem 23.2: Schur’s Lemma

Let N by a simple non-zero U-module and o : N — N a U-homomorphism; then o =0 or «
is an isomorphism.

Proof of Theorem 23.2:

im« is a submodule, hence either 0 or the whole thing. If im = 0, then we’re done. If
ima = N, then ker o # 0, so ker &« = N by simplicity, and « is an isom. [J

Corollary 23.2.1: Let M, N f.d. simple U-modules, ¢ € Z(U) kills M but not N, then Ext’(M, N) =
0 Vi.
Proof of Corollary 23.2.1:

By Schur, ¢ acts invertible on N, so all its eigenvalues over the algebraic closure are non-zero.
But eigenvalues of ¢ on M are 0, so the characteristic polynomials are relatively prime. [J

Theorem 23.3: Let K be characteristic 0 and g semisimple. Then Ext!(M, N) = 0 for every M,
N f.d. g-modules.

Proof of Theorem 23.3:

Reduce to the case M = K and N simple. If N—(K, trivial), then g = g1 x --- X g acts
non-trivially on V. So some g; acts non-trivially, hence 3x does not vanish on g; by Cartan’s
criterion. So radg, By = 0, giving a casimir ¢ € Z(U(g;)) C Z(U(g)), and try(c) = dimg; # 0
but ¢ kills K. So if N is non-trivial, we’re done by the corollary.

There are multiply ways to complete the proof, which requires calculating Ext! (K, K) (this is
the N = K case). In one way, we use the fact that Ext!(K,K) classifies extensions 0 — K —

8 3 on L, but then g
acts nilpotently and g is semisimple, so g kills L and the only extensions is the trivial one.

L — K — 0, and hence L is two-dimensional and g must act like

The other way to do this is to use an exact sequence 0 — I — U(g) — K — 0. We won’t do
this, because we will calculate the entire resolution of K over U(g). O

Corollary 23.3.1: (Weyl)

Every finite-dimensional representation of a semisimple g over characteristic 0 is completely
reducible.

Corollary 23.3.2: (Whitehead)

If g is semisimple over char zero, then Ext!(M, N) vanishes for all 7 if M and N are finite-
dimensional non-isomorphic simples.

So this tells us almost all the higher Exts, just not those of K with K, etc. So we explore how to
compute those:
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23.1 Computing Ext’(K, M)

We will compute a free-resultion of K. We will use Levy’s theorem: if g is f.d. over char zero, then
g/ rad is semisimple, and in fact g is a direct product of its nilpotent and semisimple parts.

Proposition 23.4: K has a free U(g)-resultion given by
Ulg) ® N\*s — Ug) @9 — Ug) =K —0 (23.1)
where all ® are over K and dj, : U(g) ® \*g — U(g) ® \*"'g is given by

di(xi A+ Nag) = Z(—l)i_lxi Q@ (z1 Ao i ANag)

— Z(—l)ii]&rll X ([1'1',33]‘] NI AN Ti... .fj A a:k) (23.2)
1<j
Some examples:
di(u® z) =ux (23.3)
d(rNy)=rRy-yer -1 [,y (23.4)
e xy —yr —[z,y] =0 (23.5)

Proof of Proposition 23.4:

What is there to check? We should show it’s well-defined on wedge monomials, which is
not hard. We also need to check that di_1 o dp = 0. When you check this, you get lots of
types of terms, all of which obviously cancel, either by being sufficiently separated to appear
twice with opposite signs (like in the free resolution of the symmetric polynomial ring), or by
syzygy, or by Jacobi.

We also have to show exactness. This part is for free, by a general principle: if we have a
complex of vector spaces with maps given by matrices (we pick a basis for each term, and
then the matrices depend on the structure coefficients of g with respect to the basis), then
think about generic ¢. To with:

General principle: Let F'*(t) be a complex of vector spaces, with matrices depending alge-
braically on ¢. Then the H* can only jump for special values. Thus exactness is an open
condition.

Let’s go back and put in the ¢: we rescale [z,y] to t[z,y]:
dip(zy A+ ANxg) = Z(fl)i_lxi Q@ (z1 Ao i Axg)
—tz DM@ (v, mj) Azy Ao By By A g) (23.6)

1<j
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This gives the same Lie algebra, just rescaling all the variables: (g, [z,y]: = t[z,y]) = g if
t # 0. But when t = 0, then the complex is just a complex of polynomial rings, and obviously
exact.

So it’s exact at ¢ = 0 and hence in an open neighborhood, and we can rescale g to get into
a neighborhood, at least when K is not finite (if it is, replace by its algebraic closure for
example). O

Corollary 23.4.1: Ext*(K, M) is the cohomology of
M % Homg (g, M) & Hom(A2(g, M) — ... (23.7)
Let g € Homg(A*1g, M), then we have

Fglxy A Nay) = Z(—l)i_lxig(xl Ao Zie- Nxg)
— Z(—l)iiﬁrlg([xi, x]‘] ANTIAN...T... fj A a:k) (23.8)

Some examples:
e g=h € M, then §'h(z) = zh.

e g=1/f:9g— M, then 6°f(x Ay) = zf(y) — yf(x) — f([z,y]), and the condition to be a
one-cocyle is that f be a Lie derivation.

Lecture 24 October 22, 2008

At this point we can see explicitly what a couple Ext groups look like. We have a general machinery
describing the category of modules over any associative algebra, but in some cases, we can say a
lot.

24.1  Exty (M, N)

We recall that Ext! classifies extensions. We can calculate is by

0 — M % Homg (g, M) & Homw (A2g, M) — ... (24.1)

Where (6%g)(z1A- - -Azg) = S (=1) a g(aiA. . 8- Aag) =i (=17 g ([, 2y A @ -
Let’s calculate Ext!(M, N) = Ext!(K, M* ® N) (finite-dimensional, so duals are ok). We recall
that x - ¢ = sy 0 — P oz, “= [z,¢]” **describing the action g ~ Hom(M, N), where
xz € g and ¢ € Hom(M,N) = M* @ N*¥*. A 1-cocycle is a map f : g — Homg (M, N) so that
0=20'f(xAy) = f([z,y]) — (xf(y) —yf(z)). **This mutliplication zf(y) is the action x- f(y),
not the composition z o f(y).**
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So, a 1-cocycle is a map f so that f([z,y]) = “[z, f(y)] — [y, f(z)]”. Let’s say we have an extension
0 - N —V — M — 0; this spilts as K-vector spaces: ¢ : M — V. How can we make g act on
M & N? By

T { o (@) } (24.2)

0 T,
Le. f(z) for f € Ext! are the only possible ways to put something in the upper right corner.

But what if we change the splitting? We had ¢ : M < V, and we can change it to o'(m) =
o(m) + h(m), where h(m) € N. le. any other splitting differs by an arbitrary K-linear map
h : M — N, and this changes f(z) by 2y o h — hoxy = §'(h). So the 1-cocycles classify the
splitting, and changing the 1-cocycle by a 1-coboundary changes the splitting but not the extension.
So Ext!(M, N) classifies extensions up to isomorphism. This completes the proof of the complete
reducibility.

Of course, the fact that Ext! classifies extensions is true very generally. We have traced out how
that happens in the case of Lie algebra modules.

24.2  Ext} (M, N)
A 2-cocycle is g(xz A y) € M satisfying a condition:

O0=xzg(ynz)—yglzAz)+zg(@ny) —g(z,ylAz)+g(z, 2] Ay) —g(ly, z] Ax)  (24.3)
=xzg(y A z)—g([z,y] A z) + cycle permutations (24.4)

A 2-coboundary is g(x A y) such that

g@Ay) =z f(y) —y fx) - f([z,y]) (24.5)

You can only understand these formulas in hindsight. You can’t look at a formula and say “oh,
that’s exactly the formula I need to do this!” Instead, you have some other problem, and these
formulas come up. For example. ..

Consider abelian extensions of Lie algebras 0 — m — g — g — 0 where m is an abelian ideal of g.
Well, g ~ m, but since m is abelian, this action factors through g = g/m. So let’s say we have g
and a g-module m, and we want to understand extensions given this data.

We might have a trivial extension in which o : g — § is a g-module splitting, and then § is just the
semidirect product of g with m. But in general we don’t have such a splitting, and so we pick just
a K-linear splitting, and let’s measure how far off it is:

As K-spaces, we have g = {o(x) + m}, and the bracket is

[0(z) +m,0(y) +n] = o([2,9]) + [0(x),n] = [o(y), m] + g(x,y) (24.6)
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where ¢ is the error term from being a semidirect extension, and the rest is well-behaved. The
extension is semidirect exactly when there’s a choice of splitting that makes g zero. Definitely g is
antisymmetric, since everything else is: g(x,y) = g(x A y).

When will a given antisymmetric error function g(x A y) give a valid possible error term? We need
to impose a Jacobi identity, so we use the RHS of (24.6) to define the LHS, and test the Jacobi
identity by bracketing with o(x) + [, and sum over cyclic permutations, hoping to get 0. A bunch
of terms die by the usual Jacobi, etc., and the term that survives is exactly the condition that g be
a 2-cocycle.

So the 2-cocycles classify extensions of g by m with their splittings, and if we change the splitting
by f: g — m, then g changes by 62f. So Exta( 9) (K, m) classifies abelian extensions 0 — m — g —

g — 0 up to isomorphism. The element 0 € Ext? is the semidirect extension § = g x m.

We can use this to understand extensions of semisimple Lie algebras, whence Ext? vanishes for
non-trivial simple modules.

Theorem 24.1: (Levi)

In characteristic 0, let g be finite dimensional and v = rad(g). Then there exists a semisimple
subalgebra s C g s.t. g = s X t. s is called the Levi subalgebra.

There is a finer version of this theorem that says that the Levi subalgebras are all conjugate.
Proof of Theorem 24.1:

Wolog t # 0, and we first reduce to the case when t is a minimal non-zero ideal: suppose
vt 2O m # 0. Well, t/m = rad(g/m), and by induction we get a Levi subalgebra **of g/m
whose lift to g is** 5 so that 5/m C g/m and 5Nt =m and 5/m = g/t **= (g/m)/(x/m)**.
Hence m = rad(s) **because its quotient is semisimple and do we know that the
intersection of a subalgebra with the radical of an algebra is the radical of the
subalgebra?** rinse and repeat, and we get s C § **the Levi subalgebra of §** s.t.
5§ = 5 ®m **as K-vector spaces** and s Nt = 0, hence 5 = g/t and we're done **since
then s is a Levi subalgbera of g**.

This takes care of the reduction step. So suppose now that v is minimal. Since t is solvable
**because it’s a radical**  we have t # t/, but by minimality v' = 0 so t is abelian. Well,
Z(g) C t, so either Z(g) = 0 or Z(g) = v. In the first case, g ~ t nontrivially, and v is
a simple non-trivial g/t module (because the action g ~ t factors through g/t because t is
abelian), and g/t is semisimple **since t is the radical**. By Whitehead’s theorem, in

characteristic 0, Extg/t(K, t)=0,800—t— g— g/t — 0 is semidirect.

On the other hand, what if Z(g) = t? Then 0 — v — g — g/t — 0 is again an extension
of g/t modules, so it splits **as g/t modules, using Ext!-type arguments, but any
9/Z(g) module is a g-module, but there’s something in this paragraph that I’'m
missing™**, giving s = g/v an ideal of g, and g is in fact a direct product.

This completes the proof, but we remark that in this second case s = g/t is semisimple, and
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s’ =5 = ¢, so s is unique. In the other case, s is not unique, but one can say (but we will
not) how flexible it is. O

Recall, we had a correspondence between Lie algebras and Lie groups: we have Lie(—) : f.d. Lie alg/R, C «—
f.d. Lie groups/R,C, and a map Grp(—) : alg — gp left-adjoint to Lie(—), which gives an equiva-

lence of categories onto simply-connected Lie groups. For the proof of this we appealed to Ado’s
theorem. But we don’t need to: it follows from Levi’s theorem.

Indeed, the only missing piece is that every g belongs to a G, and by Levi’s theorem g = h x a. If

a = Lie(A) and h = Lie(H), then since h ~ a, we have h — gl(a), and you can check that this lifts
to a smooth action H — Aut(A).

Well, if s is semisimple, then its center is 0, and so its adjoint representation is faithful, and
s — gl(s) and by the subgroup theorem, s = Lie(S) for S C GL(s). And the solvable algebras are
built from one-dimensionals, so also have groups.

Lecture 25 October 24, 2008

We finish a few remarks about the representations of Lie algebras, and then move to an intense
studying of the semisimple Lie algebras (and thereby complex and compact Lie groups). That’s
the second half of the course. The end of the first half is Ado’s theorem, which is mystifying but
I’ve demystified it, so I'd like to present it. Also, it was in the Lie algebra course I took some time
in the last century.

25.1 Ado’s Theorem

We will need a number of facts. One is about how derivations of a Lie algebra act; derivations are
like infinitesimal automorphisms. Anything invariantly attached a Lie algebra should be transfered
via derivations.

The beginning of our story will make sense over any field, but eventually we will move to charac-
teristic 0.

Proposition 25.1: Let a be a Lie algebra.
(a) Every derivation of a extends uniquely to a derivation of U(a).
(b) Dera — Derlf(a) is a Lie algebra homomorphism.

(c) If b ~ a by derivations, then h(U(a)) € U(a) - h(a) -U(a) the ideal of U(a) generated by
the image of the b action in a.

(d) If N <U(a) is an h-stable two-sided ideal, so is N".

Proof of Proposition 25.1:
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(a) Let d € Dera. For a = Kd @ a; then U(a) C U(a). The commutative [d, —] preserves
U(a) and is the required derivation. Uniqueness is immediate: once you’ve said how
something acts on the generators, you've defined it on the whole algebra.

(b) This is an automatic consequence of the uniqueness: the commutator of two derivations
is a derivation, so if it’s unique, it must be the correct derivation.

(C) Let Aq,..., Ay €aand H € . ThenH(AlAk) :ZAlH(Az)Ak; EZ/{(CI)[)(C()U(CI)

(d) Repeat (c), using Ns rather than **missed**

Proposition 25.2: Let h ~ a by derivations, and we form the semidirect product g = h x a. Then
the h-action by derivations and the left (or right) a action on U(a) make a g-action.

In other words, the commutators are what they should be.
Proof of Proposition 25.2:

We need only check the commutator of h with a. Let u € U(a), H € h, A € a. Then
(HoAu = H(Au) = H(A)u + AH(u) = [H, Alu + AH(u), so [H,A] € g acts as the
commutator of operators H and A on U(a). O

The other thing we need to know is that /(g) is noetherian. Of course, it’s not commutative, but
we mean left-noetherian.

Proposition 25.3: Let U be a filtered algebra (we have subspaces U<y, so that U<;xU<; C U<py.
If gr U is left-noetherian, then so is U. In particular, U(a) is left-noetherian **since grif(a)
is a polynomial ring on dim a generators.**

Proof of Proposition 25.3:

Let I < U be a left ideal. We define I<,, = I N U<y, and hence I = |JI<,. We define
grl =@ I<,/I<p—1, and this is a left ideal in grU. If I < J, then grI < grJ, using the fact
that U injects into grU.

So if we have an ascending chain I; < Iy < ..., then the grs eventually terminate by assump-
tion: gr I, = grl,, for n > ng. But if grI = gr J, then by induction on n, I<, = J<,, and so
I = J. Hence the original sequence terminates. [

Our goal is a theorem of Ado:

Goal: Ado’s Theorem: Let K be characteristic-zero. Then every finite-dimensional g has a
faithful linear representation g < gl(V') **on V f.d.**, and it can be chosen s.t. the largest
nilpotent ideal n < g acts nilpotently on V.

Every f.d. Lie algebra can be built by semidirect extensions: if it’s solvable, it’s built from one-
dimensional extensions, and the rest is semisimple, and we use Levi’s theorem. So we will similarly
build the representation step-by-step.
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Proposition 25.4: Zassenhaus’ Extension Lemma

Let g =h x a f.d. and V a f.d. a-module. Suppose that [h, a] < n = largest nilpotency ideal
of a ~ V. Then there exists a finite-dimensional g-module W and a surjective a-module map
W — V.

Moreover, this can be done so that the largest nilpotency ideal m < g of W contains n, and
if b acts nilpotently on a, then m 2 h as well.

Usually this is done by embedding V' < W, but that’s an equivalent corollary by considering dual
spaces. But the proofs are nicer in this form: the conventional proofs require taking the dual space
of the universal enveloping algebra.

Proof of Proposition 25.4:

Consider a Jordan-Holder series 0 = My C M; C --- C M, = V. Then n = N ker(M;/M;_1).
We define N = Nker(U(a) — End(M;/M;_1)). Of course, N D n D [h,a]. Then N is an
h-stable two-sided ideal by 25.1 (c), and then so is N™ by 25.1 (d).

Well, N* is finitely-generated as a U(a)-module (which is Noetherian), hence N¥/N*+1 is
finitely-generated U (a)/N-module, but U(a)/N is finite-dimensional, so N*~1/N* is finite
dimensional. This gives us W by induction.

Pick v € V. Well, **for large enough k** N* kills V, so we get a map a : U(a)/N® — V
by 1+ v, and this is an a-module homomorphism. So pick a basis {vi}le; then let
d a
W =uU(a)/N" > V.

i=1

U(a) is a g-module, N" is a-stable (qua left-ideal), and is h-stable; hence is g-stable. So
U(a)/N™ is a g-module.

Well, n acts nilpotently on W, and hence so does the ideal n of g generated by n (MH left this
out of the prepared lecture notes; Exercise). So if h ~ a nilpotently, then h ~ W nilpotently,
and h +n is an ideal of g. In fact, h +n is an ideal of g. Question from the audience: It’s
not generally true that an ideal of h plus an ideal of a is an ideal of h x a. But it is by the
assumption that [h,a] C n. Answer: Aha. That’s in fact why n is an ideal of g, too. And it
does say so in my notes.

So, refresh, n an ideal of g acts nilpotently on W, and h + n is an ideal of g, and we’d like to
show that it acts nilpotently on g. Well, n C h + n. So we finish with a

Lemma 25.5: If g = h+n where b is a subalgebra and n is an ideal, and if h and n both act
nilpotently on V', then g does.

Proof of Lemma 25.5:
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Wolog V' # 0. By Engel’s theorem, we can take v € V* £ 0. If H € h and X € n, then
XHv=[X,H|v+ H Xv =0,
-
€en =

so hv € V" So we've found an invariant vector for g ~ V, and iterating gives that
g ~ V nilpotently. O

O

We're almost ready for Ado’s theorem. We’ll need one more lemma, and will reserve the proof of
Ado for next time.

Lemma 25.6: If ¢ is solvable and d ~ t is a derivation, then d(t) C the largest nilpotent ideal
n(tr). In particular, if g = b x ¢, then [h,t] C [g,t] C n(t).

Proof of Lemma 25.6:

Let t = hd x v. Then t' is nilpotent, by Lie’s theorem — we are using characteristic-zero here
—and dis add in t': d(r) = [d,t] C¥. But v D t'. Of course, t' is a nilpotent ideal. [J

Lecture 26 October 27, 2008

We want to start off by finishing off the proof of Ado’s theorem. Then we move to the second half
of the course: the structure and classification of semisimple Lie algberas.

We had a number of results last time:
Lemma 26.1: (Zassenhaus)

Let g = b x a finite-dimensional, and V' a finite-dimensional a-module. Let n < a be the
largest nilpotency ideal of a ~ V. Suppose [h, a] C n. Then there exists a finite-dimensional
g-module W with an a-module surjection W — V such that the largest nilpotency ideal
m < g ~ W contains n, and also if h ~ a nilpotently, then h < m too.

The proof was by induction, using free powers of nilpotentcy ideals.

Lemma 26.2: (In characteristic zero,) let t be a solvable Lie algebra and n(t) its largest nilpotent
ideal. Then every derivation of v has image in n(tr). In particular, if g = s x v — indeed, if ¢
is any ideal in some larger g **why?** — then [g,t] < n(t).

Theorem 26.3: (Ado)

Let K be characteristic zero, and g a finite-dimensional Lie algebra. Then g has a faithful
representation g <— gl(V') and it can be chosen so that the largest nilpotent ideal n < g acts
nilpotently.

The meat of the proof is in the first lemma:
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Proof of Theorem 26.3:
We induct on dimg. The g = 0 case is trivial.

Case I: g = n is nilpotent. Then g # ¢, and so we choose a subspace a O g’ of codimen-
sional 1 in g. This is automatically an ideal, and we pick ¢ a, and h = (z). Any
one-dimensional subspace is a subalgebra, and g = b x a. By induction, a has a faithful
module V' and acts nilpotently.

The hypotheses of 26.1 are satisfied, and we get an a-module homomorphism W — V'
with g ~ W nilpotently. As yet, this might not be a faithful representation of g, but
certainly a acts faithfully on W because it does on V’. But x might kill W. So let’s pick

8 (t) } Then V = W & Wj has a faithful

nilpotent g representation. **Better notation is to use z rather than ¢ above?**

a nilpotent g/a = K-module W1, e.g. t — {

Case II: g is solvable but not nilpotent. Then g # n C g’. We pick a codimension 1
such that n C a, and = and h = Kz as before. Then g = h x a. Then n(a) DO n
**why?** and we have a ~ V' faithfully by induction, with n(a) ~ V' nilpotently.
Then [h, a] ~ nilpotently, so we use 26.1 and get g ~ W —~ V" and n ~ W nilpotently.
We form V = W @ W as before. n being contained in a acts as 0 on W; and so still
nilpotently on V, and g ~ V is faithful.

Case III: general. By Levi’s 24.1, there is a splitting g = s X v with s semisimple and t
solvable. By Case II, we have a faithful t-module representation V' with n(t) ~ V'
nilpotently. By 26.2 the conditions of 26.1 apply, so we have g ~ W = V', and since

n <t we have n < n(tr) so n ~ nilpotently. We want to get a faithful representation,
and we need to make sure it is on s. But s = g/t is semisimple, so has no center, so
ad : s ~v 5 is faithful. So we let Wi = s = g/t as g-modules, and g ~ V = W & W is
faithful with n acting as 0 on W and nilpotently on W.

0

So we see that Ado’s theorem is really a corollary of Levi’s theorem. We make one remark: the
proof technique is that we can assemble g out of smaller pieces, and we discuss one corollary of the
proof.

Let g be a Lie algbera over R or C, and g = h x a, which corresponds to G = H x A. Indeed,
whenever g — gl(V) = Lie GL(V), we get a map G — GL(V). So all representations of Lie algebras
are actually representations of Lie groups. So we can follow the above construction, and prove that
we get a representation of any simply-connected Lie group. Indeed, we can arrange for it to be
faithful: the representations on W are faithful by induction, and W; takes some care, but each time
we're either extending by a one-dimensional of a semisimple. Certainly R and C have faithful linear
representations. We will completely classify the structure of semisimple Lie groups, and show that
semisimple Lie groups have faithful linear representations.

Hence, we will conclude that every simply-connected Lie group has a faithful finite-dimensional
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representation. Question from the audience: What about SO(2,R) **or SL? not sure**?
Answer: Maybe we want to add the word “complex”.

Maybe we will discuss this in the next set of exercises. By the way, there is another set of exer-
cises on the website, in case you haven’t noticed. If you noticed too soon, notice again: they’ve
changed.

This concludes our general discussion of Lie groups, We will move to the semisimple group, and
it will turn out that the representations of complex, compact, etc. groups are all classified by the
same combinatorial data.

So that’s the plan, but much work needs to be done: inside each semisimple Lie algebra we need
to find a fair amount of structure. But we should be motived by some examples.

26.1 Semisimple Lie algebras

From now on, it will be a blanket assumption that all Lie algebras will be finite-dimensional over a
field of characteristic 0. Eventually we will restrict to R or C, but actually everything we do over
C will hold over any algebraically closed field.

A Lie algebra g is reductive if (g,ad) is completely reducible. Then g = @ a;, and these are ideals
and hence [a;,a;] C a;Na; = 0, so g = [[ a; as Lie algebras. And each a; is either simple non-abelian
or one-dimensional. So g is reductive iff it is a semisimple x an abelian. Then the abelian factor
is the center, and the semisimple bit is the derived subalgebra.

So if we can produce a reductive Lie algebra with no center, then it is obviously semisimple. This
will be useful, since up to now the only semisimple Lie algebra we have is s[(2), which is semisimple
(and hence simple, since we know all the one- and two-dimensional Lie algebras) by computing the
Killing form.

But we also have the classical Lie algebras. We can be a little loose: g/R is semisimple iff C ® g
is. The complex semisimple algebras are on the following list (plus finitely many exceptional
ones):

e 5l(n,C) ={X €gl(n) s.t. trX =0}
e 50(n,C) = {X €gl(n) st. X + X =0}

0 |1

e 5p(2n,C) = {X € gl(2n) s.t. JX + XTJ = 0} where J = { 0
—in

J? = —Is.

}; we remark that
We define **the Hermitian conjugate** X* = X7

Claim: Ant *-closed subalgbera of g = gl(n, C) is reductive.

Proof of Claim:
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Indeed, we define a pairing (, ) on gl(n,C) by (X,Y) = Rtr(XY™), which is a positive-definite
R-valued symmetric bilinear form. Indeed, (X, X) = 3 |X;;|?. It is invariant, in the sense
that ([Z,X],Y) = —(X,[Z*,Y]). **So [Z*, —] is adjoint to [—, Z].**

So if we have an ideal a < g C gl(n, C), the invariance says that a* C g* **the Lie algebra
of Hermitian conjugates** is an ideal. Of course, if g = g*, then the perp of any ideal is
another ideal. And by positive-definiteness, g = a @ a’. So keep breaking down the ideals
eventually into irreducibles. [J

And all the classical Lie algebras are more-or-less obviously closed under Hermitian conjugation.
The only one that takes checking is the last: JX +X7J = 0 implies X*J 4+ JXT* = 0, so conjugate
by J and get that JX* + X*TJ = 0.

So the classical algebras are all reductive, and almost all are semisimple. A few exceptions: s0(2,C)
is abelian. s0(4,C) = s0(2) x s0(2). But for n > 4 we have so(n,C) has zero center. So too do
sp(2n,C) and sl(n,C) for n > 1. So they’re all semisimple, and in fact except for the small n the
classical groups are all simple.

We will call sl(n) “A,—1”. The sos behave rather differently for n even or odd: the odd ones behave
more like the simplectic algberas. We will call B,, = s0(2n+1) and D,, = s0(2n). And sp(2n) = C,,.
We will have five exceptional simples: Eg, F7, Eg, Fy, and Go. These are all the simples over C,
and next time we will describe a few of these in detail.

Lecture 27 October 29, 2008

We begin our study of semisimple Lie algebras. From here, we will move to compact Lie groups,
complex Lie groups, algebraic groups, etc.

First, we take a close look at two of the classical groups, developing combinatorial data. Then we
will build a procedure from first principles to extract this combinatorial data.

27.1 sl, and spsy, over C

For each of the algebras, we would like to extract an abelian subalgebra: For sl,,, we use

<1

h & st > 2z =0 (27.1)

Zn
The dimension of sl,, is n? — 1 = 2(5)+n—1

For spa, def {x € glo, s.t. Jo + T J = 0}, it will be helpful to redefine .J. We can use any .J which
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defined a non-degenerate antisymmetric bilinear form, and we take:

- 17

J = (27.2)

-1

A B = BFE

where A is A reflected across the antidiagonal. The dimension is clearly 2n? + n.

Then we can take as our abelian subalgebra

21

Zn

h= (27.4)

—<1

In both cases, ad b is diagonalizable. In sl,,, we have [H, E;;] = (2; — 2;) E;j when i # j, and so the
roots are {0} U{z; — zj 11 # j}.

**I missed the board’s computation of the action ad : h ~ sps,. But the point is that the
natural basis in 27.3 diagonalizes the action.** The roots of spa,, are {0}U{£22;}U{£z;£z; :

i # 5}
The roots break g = sp or sl into eigenspaces:

g= b ¥ @ Ja (27'5)

« a root

where ) = go and in fact the root spaces g, are one-dimensional for o # 0. This decomposition is
really good: [ga, 98] C ga+ts-

Moreover, since each is one dimensional, by taking the essentially unique guys in g, and g_, and
conjugating them we get in b; let’s call the bracket [gq,8—a] = ho. Then go ® g_o ® (ha) is a
subalgebra, and in fact is isomorphic to sly, since a(h,) # 0, **and the bracket is [g1q, ha] =
tag, and [ga, §—a] = aha, maybe?**. For example **missed, finding the slys in sl,**.

We remark that throughout this discussion, the z;s are linear functionals on b, so the as are vectors
in the dual space to b.
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In sp, the slys are a little more complicated. **This one I didn’t miss, but keeping up with
the board with matrices and anti-diagonals is sufficiently hard, and I haven’t had any
coffee today.**

Let’s draw the rank-2 picture. The rank is the dimension of h. So this case is sl3: there’s oy = z1—29,
Qg = 29 — 23, and a1 + as = z1 — z3. Then we get a picture in the dual space to sly, and if we
choose an inner product in which the zs are orthonormal, then these three vectors generate a perfect
hexagon:

a3 = a1 + ag

[
aq (05]
[} [}
e 0
[} [}
—Q2 —Q]
[
o

The picture for spy we have ag + 21 = 221, as + a1 = 21 + 22, @1 = 21 — 22, and as = 2z9. We
have a diamond:

oz + 207
[ J
aq ag + o
[ ] [}
(&%)
° e () °
[ ] [}

There’s a lot of symmetries. In sly, the group is S3, and in spy, the group is the signed permutation
group.

Let’s generalize this. We pick an element of h on which none of the as are zero. This divides the roots
into some positive Toots. For example, we take as our choice anything with z; > 29 > -+ > z, > 0.
Then in sl,, the positive roots are z; — z; for ¢ < j, but the minimal ones are a1 = 21 — 23,
Qg =29—23, ..., Qp_1 = Zn—1 — 2. 1The minimal roots are a basis of h* the dual space to fh. These
minimal roots we call the simple roots, and then any positive root z; — z; = a; + i1+ + 1.
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We can make a partial order on the positive roots by looking at these sums:

HZZI_Zn:ng'i‘""i‘an—l
./ \.
./ \./ \.
./ \./ \./ \.
QSN NS N N2 T Ol
./\./\./\ /\.
a1 Q2 a3 QAp—1

Question from the audience: What does “simple” mean? Answer: The minimal ones. Ques-
tion from the audience: That depends on a choice? Answer: Yes, but there’s a symmetry.
They Weyl group will take any system of simple roots to another system. We pick an element of b
to separate the roots into positive and negative ones, and then the simple roots are positive roots
that are not the sum of two positive roots.

It will turn out by the general theory that we can always do this, and the simple roots will always
be a basis of h* that Z-generate all the roots and N-generate the positive ones.

In spo,, we can take the same decreasing h € b, and then the positive roots are z; — z;, 2z + 2j,
and 2z;. The minimal ones are are o; = z; — 241 for 1 < ¢ < n—1 and o, = 2z,. Then
22y =2(o; + -+ ap—1) tap,and zi+ 25 = + -+ aj1 + 2(a; + - Fap—1) + .

The picture **reconstructed from memory and minimal notes; I think I might have it
backwards**:
0 =2(c1 4+ an1) + an
J
./ \.
TN\
AN
AN
ANV
ANV AN
WAV
N AN AN AN
I AN VAN
ap a2 On—1 Op

Lecture 28 October 31, 2008

**I was ten minutes late, on account of my computer not being charged.**

**Copied from the board, presumably in the case when g = sl or sp, given that it’s
based on the root pictures we worked out last time:** Every x € g has zy in the ideal that
it generates. But xg generates g.

82



How much data do you need to do this style of combinatorial argument? It depends only on the

Cartan matriz A, given by A;; = a;(ha,). For sl,,, we have a; = z; — 2;41 and ha; = €; — €;11, and
zj€j = 0;, so the Cartan matrix for sl,, is

2 -1 0 0
-1 2 -1 :
0o -1 . . 0 (28.1)
.2 1
. 0 0o -1 2 |

For sp,,, we have a1 = 21 — 2z, and «,, = 22, and h,, | = €,—1 — €, and h,,, = €,. So the
matrix for sps, is almost the same, except has a —2 in the lower corner where there should be a
—1:

T2 -1 0 0,0 7
|
-1 2 -1 |
: L2 Z1, 0
0 0 -1 2 -1
L 0 0 —-21 2 |

We draw Dynkin diagrams: a node for each vertex; ¢ and j are not connected if A;; = 0; singly
2

connected if A;; is a block { 1

_21 }, and a double arrow towards the shorter root when the

block is { _22 _21 } It turns out that our diagrams will be

o A, =5l 1: 0—0— ... —e
o B, =500,41,forn >3 e—e—... —e—>e
o Uy =5pg, forn>2 e—e— ... —e—e
[ ]
_ ) /
e D, =509, forn>4 e—e— ... —aeo
\.
e (G5: e=>e. The triple arrow means the block in the Cartan matrix is { _23 _21 }
[ ]
o Ligrs: o—o—l— e —e

Seeing these is a good exercise.

We also introduce the Weyl group, which is the group of symmetries of the root system. For sl,,,
R~ {0} ={z —z; : i # j}, and S,, ~ R~ {0} by permuting these roots **perhaps we mean
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sl,41%*. This is generated by the reflections (7,7 + 1), which act by a; — —a;. We define the dual
vectors o) by (), a) = a(h,,); then the reflection (i, + 1) sends a — a — (o, a)ay.

For spay,, the Weyl group is generated by the symmetric group (switching positions as with sl,,)
and the sign change «a,, — —a,,, hence we get all sign changes. This is the “hyperoctahedral group”
B, =S, x (Z/2)". The Weyl group in sl acts transitively on the roots; in sp there are two classes
of roots, long and short, and it is transitive on each class. It’s also transitive on the choices of
positivity.

Where does the Weyl group live? There are Lie groups SL(n,C) and Sp(2n,C) associated to
these algebras. You might think that the Weyl group lives in these, but it doesn’t quite, e.g.
some permutations have determinant —1. What will actually happen is that associated to h we
will have a group T = (C*)"~1, “T” for “torus”. And we look at the normalizer N(T') in SL(n),
and the normalizer N(T')/T can’t see the signs of the permutations, and in particular is the Weyl

group.
We will soon return to general theory.

We won’t start with the Cartan matrix — it’s rather abstract — but with the observation that in
the examples, we saw that go ®g_o ® (ha) = sla. The fact that there are so many slys makes g into
an slo module in lots of ways, and the representation theory of sly is particularly easy. And this
representation theory entirely controls the underlying combinatorics. We will eventually classify
all the representations of all the classical algebras, and this also is based on the sly structure. The
philosophy is that sly governs everything.

28.1 sly(C) modules

We let C be any algebraically closed field of characteristic 0.

We've seen alread that sla(C) is (semi)simple, hence finite-dimensional modules are direct sums of
irreducibles. So we would like to find the irreducibles, and be able to look at any other module and
tell its decomposition.

Of course, sly has a tautological representation on C?, where E { 8 (1) }, F— { [1) 8 }, and

H— (1) _01 } A better picture:
vy e SH
E| |F
' Y

The advantage of these pictures is that as the representations get larger, they’re easier to draw
**except if you don’t know Xy well**.
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Let’s think about how SL(2) ~ C?, and understand the sly action as the infinitesimal version of
this action. Then the two-dimensional representation will be the rep on the linear functions on C2,
but we can also act on polynomials of any degree.

(exp(~1E)) { y } -

=l 3]0
-1
e I
o= ][ L]}

Similarly for H. Overall we see that
E =—y0,, F=—x0,, H=—x0,+ y0, (28.3)

Now, we can notice that for each of these operators, the total degree in z and y is zero (since
0, has degree —1 in x): they’re all homogeneous. Ie. they preserve the degree of a polyno-
mial, i.e. S"(C?) = {homogeneous polynomials of degree n in z and y} is a submodule of SL(2) ~
{functions}.

Let’s understand these submodules. We have v; def (’Z)m’y"ﬂ for i € {0,...,n}. The reason for
the binomial coefficients is ultimately because of the quantum groups, so take Kolya’s class next
i$" zn—l

semester, but we’ll leave it at the fact that J-75 = (C=E Then E : viy1 — (n —i)v; and kills vy;
F :v;_q + iv; and kills vy, and H : v; — (n — 2i)v;:

()" )z ly=vn-1e )H=2-n
1=F F=n
xn = Unp @ H=—n

If we didn’t have the binomial coefficients, then the coefficients on F and F' would be backwards.
We point out that S™(C?) is thus an irreducible representation of SL(2). Why? Because if you
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start at any linear combination of dots, then applying £ enough times leaves you just at the top
dot vg, and vy generates everything.

Lecture 29 November 3, 2008

We recall from last time our picture of V,,, a (n + 1)-dimensional irreducible representation of
s((2,C).

v o)t (29.1)

Ef \F:l

Let V' be any finite-dimensional irreducible s[(2, C) module. Suppose v € V is an H eigenvector
with Hv = Av. Then HEv = [H, EJv+ EHv = (A+2)Ev, and similarly F'v is an H-eigenvector. So
the space spanned by H-eigenvectors is a submodule, and since V is irreducible, H acts diagonally.
By finite-dimensionality, there’s a vector vg with Hvg = Agvg and Fvg = 0, and by PBW 12.1,
{FFE'H™} spans U(sly), so v; = Fiug/i! are a basis of V. There is a last non-zero v, = F"vg/n!
with Fv, = 0.

Checking commutators, we have Fv; = EFvy — ([E, F] + FE)vy = Avo, and by induction Evy, =
(A =k + 1)vg_1; thus we must have \g = n, and V' is our representation V,, above (29.1).

29.1 Generalizations

One of the things we wanted to do was to act diagonally. In the general case this is too much to ask,
but we can get generalized eigenspaces. In fact, this is remarkable: if a bunch of endomorphisms
commute, then they have generalized eigenspaces, but in fact it’s enough for the algebra to be
nilpotent. This is the missing theorem between Lie’s theorem and Engle’s theorem.
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Goal: If b is a nilpotent Lie algebra acting on finite-dimensional V', then we get joint generalized
eigenspaces V = @ V) where A : h — K is a linear functions and V) = {v € V s.t. VH €
bh,3In s.t. (H — X\(H))"v = 0}.

For an arbitrary Lie algebra, it’s not clear that you’d have any such vectors at all.

Lemma 29.1: Let V) g = {v s.t. 3n s.t. (H — X\)"v = 0}, where H € b nilpotent, A € K, and V' a
finite-dimensional h-submodule. Then V) y is an h-submodule.

Question from the audience: Any field? Answer: We won’t need any assumptions on K for
this lemma, but V) g might be 0 if K is not algebraically closed.

Proof of Lemma 29.1:

ad H is nilpotent, so let b, def ker(ad H)™, which is h when m >> 0. We will show
that b, Vam € Vi g by induction, the case gy being trivial. Well, let Y € b,,). Then
[H =\ Y] = [H,Y] € h—1), and so in their action on V, [(H — A\)", Y] = > 1 j—pn_1(H —
MNF[H,Y](H — \)!, and for v € Vy_p, we have that (H — \)"v = 0 for n > 0. We want to
study (H — \)"Yv = Y(H — \)" + [(H — \)", Y] v, which is just (H — \)*[H,Y](H — \)v
for n large, but the only surviving terms have either [ or k large. If [ is large, then this kills
v; by induction, [H,Y = (H — M) € Vi,m, and so when k is large, this term also dies. [J

Corollary 29.1.1: V) = Ngep Va(m),m 18 also an h-submodule.

Now assume that K is algebraically closed.

Proposition 29.2: V =@V,.

Proof of Proposition 29.2:

Let Hy,...,H € h, and W def i Vaa,),m,- Then we claim that W = O\ Vy(y), g where H
ranges over the span (Hy, ..., Hy) of the H;s. This is by Lie’s theorem, by writing everything
in a basis in which it’s upper-triangular.

Well, W is a submodule, so pick Hi.1 & (Hi, ..., Hy); we can decompose W into generalized
eigenspaces of Hy1, rinse and repeat. [

The generalized eigenspace V), is called a weight space.

Note: because H(v ®@ w) = Hv @ w4+ v ® Hw, we see that if v and w are generalized eigenvectors

with eigenvalues \ and p, then v ® w has generalized eigenvalue A + p. Le. The weight spaces of

VoW are (VeW)y=@qtrp=rVa ® Ws.

Corollary 29.2.1: If h < g and b is nilpotent, then the weight spaces of (g,ad) satisfy [ga, g5] <
Ya+8-

Proposition 29.3: Let h < g be a nilpotent subalgebra. Then the following are equivalent:

(a) h=N(H) < {X €gst. [X,h] Ch}

(b) b =go
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Such an b is a Cartan subalgebra of g.

Proof of Proposition 29.3:

Let N % (X € gst. (adh)iX C h}. Then N© = ¢ NO = N(p) € N@ C ...

By finite-dimensionality they eventually stabilize, but in fact they eventually stabilize on
go- So (b) implies (a), but each term is just determined by the previous, so if (a), then
N® = NG+ = g5 and (a) implies (b). O

Proposition 29.4: Every finite-dimensional g over infinite K has a Cartan subalgebra.
Proof of Proposition 29.4:

We want to consider those elements that are as diagonal as possible, and thus the weight
space decomposition is as fine as possible, and the 0-weight space is as small as possible. We
say that X € g is regular is go, x has minimal dimension. We claim that if X is regular, then
h = go,x is a Cartan subalgebra.

Why is it a subalgebra (not in MH’s notes)? “It’s easy to check,” because of the weight-space
adding. We want to show first that it’s nilpotent. Suppose not — this is subtle, because there’s

some algebraic geometry going on here. Let U def {H € b s.t. ad H|y is not nilpotent}. We
cannot have U = 0 if b is not nilpotent. But U = {H s.t. (ad H|)? # 0}. This is Zariski-

open: it’s the complement of the set of matrices for which the polynomial (in the coefficients)

(ad H|p)? vanishes. We define V def {H € b s.t. H acts invertibly on g/h}. This is also non-

zero, since we’ve modded out by eigenvalues being 0. This is also Zariski-open, again by
taking bases.

Question from the audience: Can you repeat what is the Zariski topology? Answer:
Zariski-closed sets are the zero-sets of (systems of) polynomials.

The point is that any two non-empty Zariski-open sets of a vector space **over infinite
K** have non-empty intersection: U NV # 0.

Next time we will explain this and finish the proof.

O

Lecture 30 November 5, 2008

Today we will pick up in the middle of the proof we left last time. First, a little algebraic geometry
about Zariski closed sets. We say that X C K" is Zariski closed if X = {Z s.t. p;(Z) = OVu} for
some polynomials pi,.... (Possibly infinitely many.) The complement of a Zariski closed set is
Zariski open, and these are the open sets of a topology.

A few remarks. If K is infinite, and U and V' are Zariski open and non-empty, then U NV # 0.
Because let © € U and v € V, and consider the line L passing through w and v. Then L NU and
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LNV are each finite sets, as they are the loci of polynomials, hence L contains infinitely many
pointsin U NV.

Moreover, let K = C. Then if U is Zariski open, then it is path-connected. Indeed, take two points
points and their connecting (complex) line L. Then LN U = C \ {finite} is path-connected.

30.1 Continuations of last time

We define a Cartan subalgebra hh < g to be a nilpotent subalgebra such that h = Ny(H). Equiva-
lently, b = go.p-

Proposition 30.1: Let K be infinite. Then a Cartan subalgebra exists.
Proof of Proposition 30.1:

Say X € g is regular if dim go x is minimal. Question from the audience: What is go x?
Answer: If g ~ V, we define V) x = {vs.t. (X — X)"v = 0 for some n}. This is that for

ad : g ~ g In any case, let b = go_x, which is a subalgebra by weight additivity. We claim

that b is nilpotent. Suppose it is not; then () # U def {H € bhs.t. ady H is not nilpotent} =

{H s.t. (ad H)4mY £ 0} is Zariski open. Moreover, h qua subalgebra is a submodule of

ad : h ~ g. We ket V def {H € b s.t. H acts invertibly on g/h}. This is also nonempty,

because X € V', and also Zariski-open (a matrix is invertible iff its determinant is non-zero,
and the determinant is a polynomial in the matrix entries). So, there exists Y € UNV. Then
ad Y preserves all g, x since Y € go x, and invertible on all with o # 0. Then goy C go,x = b,
but since Y € U, go,y # h. This contradicts minimality; hence b is nilpotent.

Since b is nilpotent, it has a weight-space decomposition. We consider the generalized
eigenspace go of its action on g. Then h C gop € gox = h. **MH said why each
of these, but I was a sentence behind. First is since f is nilpotent, so acts on
itself with generalized eigenvalue 0, and the second is since X is in f, and the last
is by definition.** [J

Question from the audience: Is the proposition actually false for finite fields? Answer: Prob-
ably. But the goal of all this is to classify semisimple Lie algebras over C.

So, we take a semi-simple Lie algebra, find a Cartan subalgebra; we’ll see that in fact the Cartan
acts diagonalizably. We will get some combinatorial data, but we’d like to know that this data
doesn’t depend on our choice of Cartan.

Proposition 30.2: When K = C, all Cartan subalgebras are conjugate by automorphism of g.

Question from the audience: When you say C, are you going to use analysis? Answer: Yes, I
really mean C. We need the analysis to get the automorphisms; we need to use the theory of Lie
groups. We will also need the path-connectedness of Zariski opens, so this doesn’t even work over
R.
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Proof of Proposition 30.2:

We consider ad : g — gl(g). In particular, adg C gl(g) is a Lie subalgebra, and there is a
corresponding connected Lie subgroup Int g of GL(g) generated by exp(adg). But since g
acts by derivations, exp(ad g) acts by automorphisms, hecne Int g C Aut(g).

Let h be a Cartan, and g = @ go Where go = gq,5, and in particular h = go. Since g is
finite-dimensional, we have a non-empty set R o {H € hst.a(H) # 0Va # 0} = {H €
b s.t. go.m = h}.

We want to consider the orbits of the action o : Intg x Ry — g. Let’s pick a Y € Ry and
look at the tangent space at (e,Y’). What is do(T{.y)Intg x Ry)? Since o(e,Y) =Y, we
identify Ty g = g. Well, if we vary the first component, by construction we have an action
by conjugation: X — [X,Y], and so the image is adY(g). But Y acts invertibly, hence
adY (g) 2 @Paxo8a, and varying the second coordinate (in all b directions), we see that
do(T(e,y)Int g x Rp) also contains go = h. Hence do(T(.y)Intg x Ry) = g = Tyg. Thus,
(Int g)(Rp) contains a neighborhood of Y, and hence is open.

Now, let’s understand how big is the generalized nullspace. We let Y € g range, and consider
go,y- The size of the generalized nullspace depends on the characteristic polynomial, and
the coefficients of the characteristic polynomial depend polynomially on the matrix entries
of adY. The condition that dimggy > r is that the last r coefficients of the characteristic
polynomial of adY are 0. So {Y s.t. dimgoy > r} is Zariski closed, and dim gg y is upper-
semicontinuous. Or possibly lower-semicontinuous (in the Zariski topology, but then also in
the normal topology, since Zariski closed sets are closed); this is in the category of things like
left versus right cosets that I can never remember.

In any case, dimggy is constant on (Int g)Ry, because it equals dimbp. Thus this is the
minimal value on the closure of (Int g)Ry. If we knew that (Int g)Ry, was Zariski open, we’d
be happy: then dim b is the minimal value and (Int g) Ry are all regular sets. In fact, we are
happy: since dim ggy is upper-semicontinuous in Zariski, its minimal locus Reg is Zariski-
open, hence dense, so it meets (Int g) Ry and so dim b is the minimal dimension. Ry C Reg.
Conversely, the union over all Cartans is the regular elements: |Jy cartan /25 = Reg. And the
unions of the “orbits” (Int g)Ry is all the regular elements.

But (Int g) Ry, as it is a connected group acting on a connected set (C" minus some hyper-
planes), and Reg is Zariski-open and hence connected. But the different images of (Int g) Ry
are disjoint, and their union is Reg, so one of them is all of them.

Reviewing, b is Cartan so contains regular elements, and any other regular is the image under
Int g of a regular in . This implies that every Cartan is in (Int g)h. O

In the last few minutes, we begin to consider the Jordan decomposition of elements of a semisimple
algebra.
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30.2 Jordan decomposition
Let X € End(V). Then X = X + X,, has a uniquely decomposition with X,, nilpotent and X
diagonal. This is over algebraically closed.

A semisimple Lie algebra has the property that its adjoint representation is faithful. We want to
say something stronger:

Lemma 30.3: Let K be algebraically closed. Then Der g contains X, and X, forall X € Derg.
Proof of Lemma 30.3:

If X € Derg, it induces a weight-space decomposition @, gy of generalized eigenspaces of
X, and the fact that it’s a derivation implies that the weights add: [g,, g,] € gu+r. But Y
which acts as A on gy commutes with X, is diagonal, and X — Y is nilpotent, because all its
eigenvalues are 0. So Y = X, but this is a derivation, as is the difference X,, = X — X,. [J

Corollary 30.3.1: If g is semisimple, then every X € g has a unique Jordan decomposition X =
Xs + X, such that [ X, X,,] =0, ad X is semisimple, and ad X, is nilpotent.

Proof of Corollary 30.3.1:

ad : g — Der g is injective because Z(g) = 0 by semisimplicity, and is surjective, because all
derivations are inner, because Der /ad g = Ext!(g,K) for any g (HW), which is 0 when g is
semisimple. [

**We are now being kicked out of the room.**

Lecture 31 November 7, 2008

**T missed the first 10 minutes.**
Theorem 31.1: Schur’s Lemma (stronger version for algebraically closed field)

Let K be algebraically closed, and V' an irreducible finite-dimensional module. Then End V' =
K.

Proof of Theorem 31.1:
Let ¢ € EndV and X\ an eigenvalue. Then ¢ — X is singular, hence 0. [J

Proposition 31.2: Let g be semisimple, K algebraically closed. In every finite-dimensional g
module o : g — gl(V), we have 0(X); = 0(X;) and o(X), = o(X,).

Here we define 0(X)s, as the semisimple and nilpotent parts of the matrix o(X) € gl(V). x5, we
defined last time in terms of the isomorphism ad : g = Derg (every derivation is inner, because
Ext!(g,K) = 0 from the HW).

The proposition will imply that any Cartan subalgebra acts diagonalizably on any irreducible.
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**That was copied from the board. The proof of the proposition is from Alex Fink. I
pick up live at the end of the proof of the proposition.**

Proof of Proposition 31.2:

We can reduce to the case when V' is irreducible. SInce g is semisimple, g = [] g; with each
g; simple, and if g ~ V irreducibly, then g; ~ V as 0 for all but one i; the last one is faithful.
So replace g by that g;, and we have o : g — gl(V') with g simple.

It’s enough to show that o(X)s is in o(g): then o(X)s = o(s), 0(X)n = 0(X)—0(X)s = o(n),
and s,n commute and sum to X; then they act semisimply and nilpotently respectively in
the adjoint action, ad : g ~ g is a submodule of g ~ gl(V').

Since g = g’ by semisimplicity, everything in g is a commutator, so g is a subalgebra of s[(V).
By Schur’s lemma 31.1, the centralizer of g in gl(V') consists of scalars. So the centralizer in
s[(V) is 0, because we're in characteristic 0.

We consider the normalizer n = {X € sl(V) s.t. [X,g] C g}. **MH uses “N”, but it’s a
Lie algbera. But, of course, “n” looks like a nilpotent algebra.** So n acts faithfully
on g (because the centralizer of g in sl is 0) by derivations (since its action is by a bracket).
But all derivations are inner, so n ~ g factors through g ~ g, but it’s faithful, so n = g.

So it suffices to show that o(X)s € n. Well, o(X), € sl(V) because it’s nilpotent, so
o0(X)s € sl(V) too. We find a generalized eigenspace decomposition of V' with respect to
o(X): V.= @V, Then o(X)s ~ V) by the scalar \. We also make the generalized
eigenspace decomposition g = @ g, with respect to ad : g ~ g. Since g C gl(V'), we have
0o = 9N Endg (V) = @ Homg (Vy, Vata). (Look at the action on the right and on the left,
and track eigenvalues.)

Moreover, ad (0(X)s) = ad o(X5), because both act by o on Homg (Vy, Vi1 ), hence on g,.
Hence o(X); fixes g, since o(X) does, and so is in n. [J

We now turn to a discussion of Cartan subalgebras, aiming for precision. In general, we know that
they exist and are all conjugate and are nilpotent, at least over C.

Another thing to remember about semisimple algebras — there’s a lot to remember, like there’s
no center, that the Killing form is nondegenerate, facts about the derived subalgebra — and here’s
another:

Lemma 31.3: If g is semisimple, ) C g any nilpotent subalgebra, and g = @ g, the root space
decomposition with respect to h. Then the Killing form [ pairs g, with g_, nondegenerately
Va. More precisely, 3(ga,93) = 0if a + 3 # 0 **3 is a bad choice™*.

Proof of Lemma 31.3:

Let € go and y € gg. For any H € b, (ad H — o(H))"x = 0 for some n. So

0=p((adH — a(h))" z,y) = Bz, (—ad H — a(H))" y) (31.1)
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but (—ad H — «(H))" is invertible unless § = —a. Nondegeneracy follows from nondegener-
acy of B on all of g. [J

Corollary 31.3.1: If g is semisimple and h C § is nilpotent, then the largest nilpotency ideal in
go of the action ad : gg ~ g is 0.

Proof of Corollary 31.3.1:

Blgoxgo 15 nondegenerate, it’s the trace form of ad, so any ad(g)-nilpotent ideal of gy must be
inrad=0. O

We bear in mind the examples of sl and sp, and the claim is that those are typical:

Proposition 31.4: Let K be algebraically closed of characteristic 0. If g is semisimple and b is
Cartan, then b is abelian and acts semisimply — i.e. h acts diagonalizably.

Proof of Proposition 31.4:

e By definition of Cartan, h is nilpotent, hence solvable, and by Lie’s theorem we can make
it upper triangular, so §’ the derived subalgebra acts nilpotently, indeed by strictly-
upper-triangulars, on any finite-dimensional module, in particular on g. But b = g, so
b’ =0 by 31.3.1.

e Any X € b that is nilpotent on g must be 0, since KX is an ideal.

e So ad X = (ad X); acts as a(X) in go. In particular, X centralizes h. So Xg € go = b,
but then X — X, = X, € h hence is 0, so X = X, acts semisimply. [J

Corollary 31.4.1: Any subalgebra maximal with respect to these properties is Cartan. Repeating:
if g is semisimple, then § is Cartan iff  is maximal diagonalizable abelian.

This gives us another way to see that Cartans exist: 0 is diagonalizable abelian.
Proof of Corollary 31.4.1:

We saw that it is abelian and diagonalizable. If h = gg, and h; D b is ableian, then h; C go = b
because it normalizes §j. Hence any Cartan is maximal.

For the other direction, given a maximal diagonalizable abelian §, we write g = @ go the
weight space decomposition of h ~ g. We want to show that h = go, which is the centralizers
of h. So if X € gp, then X, X, € go, and so Xg € h by maximality. So gg is spanned by b
and ad-nilpotent elements. In particular, go is nilpotent (by Engle’s theorem), and therefor
solvable, so gf, acts nilpotently on g, but it’s an ideal of gy that acts nilpotently, so g, = 0,
So go is abelian, and now any one-dimensional subspace is an ideal, and a subspace spanned
by a nilpotent acts nilpotently, so go doesn’t have any nilpotents, so gg = §. U

Question from the audience: When Cartan subalgebras were originally found, is this how it
was done? Answer: I have no idea. This was all done in the 30s and 40s, and cleaned up in the
50s, but I wasn’t born yet. This theory was built up gradually over time, and is too much to think
up in an afternoon. Certainly, everything that was done was motivated by the classical cases.
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It happens once again that we have five minutes in which to start a new topic. So we do it
again.

The basic idea will be to take a semisimple Lie algebra, pick a Cartan subalgebra. It doesn’t
matter which you pick, because over C they’re all conjugate, and so any combinatorial data you
read off doesn’t depend. We want to look at the combinatorial data coming from the root system,
axiomatize this a bit, and then show that this data must be one of a small list. Then we need to go
backwards, and build the Lie algebra from the data. The basic ingredient will be the representation
theory of sly

So, let g be semisimple, h a Cartan — from which we know that the root space is diagonal, not
just generalized eigenspaces —, and g = @, g, then go = b.

Let’s do a quick computation with the Killing form. Let X, € g, and Y_, € g_,, and H € .
Then

/B(Hv [Xau Y—a]) = 5([Xa7 H]Y—a) (31.2)
= —a(H)B(Xa, Y-0a) (31.3)
ie. [Xo,Yoa] = —B(Xa, You)Ha (31.4)

where H, € b is the unique element such that 5(H, H,) = o(H) VH.

In particular, since [ is nondegenerate, we can for each nonzero X,,, chose a Y_,, so that 5(X,,Y_,) =
—1. Thus, we have

[Xom Y—a] = H, (31'5)
[HOH Xa] = a(Ha)Xa (316)
(HoYou] = —a(Ha)Y o (31.7)

If a(H,) # 0, this is an sly. If it’s 0, then this is a Heisenberg algebra, but this can’t happen,
because h acts semisimply on g, but every representation of the Heisenberg algebra acts nilpotently.
And the basic idea will be to understand g as a representation of a bunch of slss, which will tell us
a lot about the structure of the roots.

Lecture 32 November 10, 2008

We pick up where we left off: If g is semisimple over C, h a Cartan, then g = @ gqo, g0 = b, and if
B is the Killing form, then §|g,x4_, is a perfect pairing. We take x € g, and y € g_q, and hy € b
such that a(H) = ((H,hy). Then we see that x,y, h, span a Lie subalgebra, which cannot be
Heisenberg since h, acts semisimply via ad g. Hence, up to rescaling, (z,y, h,) is an s((2). Let’s
call it s((2),.

We make a few observations. We have that

P 9sCha

BeCa~{0}
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is a subalgebra, on which sl(2), module. But the weights of any representation are well-behaved:
B € Za/2, and replacing a with a/2 if necessary (if any actual half-integer multiple occurs, then
a/2 occurs), we see that the above sum is over § € Za. Thus, the subalgebra contains only
representations Va,,, which all have something in weight zero, and so it contains only one irrep,
and hence is equal to s((2),.

We conclude that +a are the only non-zero roots in Ca, and that dimgy, = 1. s(2)y = go @
g_a @ Chy,.

A few more facts that we can immediately read off:

() kera = Z(g) =0 (32.1)
a#0
> Choa=g'Nbh=h (32.2)
a#0

So the as span h* (the dual space) and the h,s span b.

We remark that this picture all works in a reductive algebra, which is a direct sum of a semisimple
and an abelian. Then the Cartan has some extra stuff orthogonal to everything else. In the
reductive case, this is called being degenerate.

Proposition 32.1: Let R C h* be the set of non-zero roots o, and R C b the set of “coroots”

ha 4f V. Then these satisfy the following properties:

RS1 (a,3Y) € Z for all @« and 3 in R.
RS2 R=—R and RY = —RY, since (—a)" = —(a")
RS3 (a,a") =2

RS4 If 8 and « are not proportional, then {(y,a") s.t. v € (3 + Ca)} contains —m,2 —
m,...,m — 2, m for some integer m > 0.

Nondeg R and RY span b* and b respectively.
Reduced Can R = {£a}.

These follow from understanding g as a bunch of root spaces. This is given by the decomposition
of ad : s[(2), ~ g into irreducibles, whence we break g into a bunch of strings, which we can move
up and down by bracketing with z, and y_..

These are the axioms of a finite root system. **This confused me, because in general we’d
need a way to get between o and o/. What seems to be going on in “root system?” is
that b is a vector space with a nondegenerate pairing (,), and R = R" is a distinguished
subset of h, subject to the above conditions. This is the same as saying that we have
a vector space b, its dual space h*, and a chosen isomorphism V : h* — §, which sends
R — RY. This must be the definition, since often we talk about o € R and then actually
use oV € RY.**
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We will classify all finite root systems, and then show that any root system comes from an alge-
bra.

But not quite yet: we have a few more corollaries:

We have an explicit formula for the Killing form on the Cartan §|xy:

B(H,H') =Y a(H)a(H) (32.3)

a€ER

In particular, § will be invariant with respect to the Weyl group, which we have yet to define, and
positive-definite on bg LT RRV.

Moreover, [gq, 98] = ga+s if @, 8, + 3 € R. (It’s contained in it, but in fact is all of it.) This
follows from the string picture. This will imply that the s[(2),,s for a distinguished subset {c;} of
“simple roots” generate, and moreover that g is simple if and only if the root system is indecom-
posable.

32.1 Properties of root systems

As we said above, a root system is any set R C h* and RV C h satisfying axioms RS1-4, **and
possibly Nondeg and Reduced?** of 32.1. **Or not? RS4 doesn’t make sense in this
language.**

Then RS1 and the fact that RV spans bh implies that R C a “real” weight lattice C h*: P =
{As.t. (N, oY) € ZVaY € RY}. If R spans h*, we can define Q = ZR the root lattice. Then
@ C P C b* and both are off full rank, so P : @ is finite. We can thus define the coroot lattice
and coweight lattice P* = PV and Q* = @V, and the long and the short is that we can replace the
C-vector spaces fh and h* by real vector spaces hr def RQ" and b def RQ.

For each «, we define S, : A — A — (\,aV)a. This is a reflection fixing the hyperplane (—, ") =0
and sending o — —a. Then S, ~ by as above, and thus also br:

(A Sa (1)) = (Sa(A), 1) = (A, 1") — (A @), 1) = (A 1" = (o, 7))
So S i p¥ = Y — (o, uV)aV is another reflection; S, = S,v.

We let W be the group generated by the Sys. This is the Weyl group. And axiom RS4 implies
that W(R) = R. Question from the audience: Why is W finite? Answer: You can write it
down explicitly as a coxeter group, look at the rank-2 systems, and we will do this next time. For
now, we remark that W preserves the root-system, and by Nondeg and if R is finite, then W is
finite.
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Lecture 33 November 12, 2008

33.1 Root Systems

Today we work towards the classification of finite root systems. We recall from last time the axioms:
A root system is a vector space b, a subset R C h*, a subset RY C b, a bijection V : R — RY, and
we require R be finite, subject to

RS1 (o, 8Y) € Z

RS2 R=—-R and RY = —RY, with (—a)" = —(a")

RS3 (a,aY) =2

RS4 If a and (8 are not proportional, then (54 Ca) N R is a “string”:

—-m —-m + 2 m
o—O

Nondeg R spans h* and R spans b
Reduced CanNR = {£+a} for a € R.

Two root systems are isomorphic if there is a linear isomorphism of the underlying vector spaces,
inducing an isomorphism on dual spaces, that carries one root system to another.

We define the Weyl group W C GL(h) generated by the reflections S, : A — A — (X, a")a and
hence Sy : ¥ +— ¥ — {a, ")V, Then RS4 implies that W(R) = R, and hence W is finite.

We recall that if R comes from a semisimple Lie algebra, then the Killing form on b is given by

B(H,H") =Y qegpa(H)a(H'). This is positive-definite on hr ©"RR. We recall that by RS1 we

have spanning lattices ZR def @ C P Cbh*. Then hg is W-invariant.

In any case, there exists a positive-definite W-invariant inner-product (,) on hg, h: take any
positive-definite inner product, and average it over W. Then S, acts as an orthogonal matrix
w.r.t. this inner product. Hence, being a reflection, S,(A) = A — %a. So under h = h* given
by (,), we have oV < 2a/(a,«). It’s usual in the literature to not distinguish between h and
h*, and work in a Euclidean space, and define it all this way. But that can get confusing, and
especially in the move to infinite-dimensions we don’t have this whole set up. In any case, this
implies that proportional roots correspond to proportional co-roots, even discarding Reduced.
Moreover, (ma)Y = oV /m. Each of these has to pair with each other as an integer, and must
pair with themselves to 2: so in the non-reduced case, we can have a system of proportional roots
{+2a, +a} and the co-roots are {+(2a)", +a" = +2(2a)"}, so Reduced holds for co-roots if it

holds for roots.

Moreover, we see that w(a) = (wa)¥ for w € W, hence Syq = wSqw™! for any w € W. If V C h*
is spanned by a subset of R, then (R, RNV, V* RV NV*) (where the last one is in quotes) forms
another non-degenerate reduced root system.
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So any «, 8 not proportional span a rank-2 root system, and we turn to a classification of those.
In the process, we will discover a candidate for a new simple Lie algebra. By the way, Reduced
implies that there is only one rank-1 root system, corresponding to s((2).

So, we have W C GL(2,R), which is generated by reflections and finite, and there aren’t that
many finite subgroups of GL(2,R), just cyclic and dihedral groups. But only D is generated by
reflections: W 5 Da,, is dihedral for some m.

But W must preserve Q = ZR, which spans R?. Not many dihedral groups preserve a lattice.
If 1 is a rotation by @, then the eigenvalues are e and tr(rg) = 2cosf. But to preserve the
lattice, W C GL(2,7Z), so the trace must be an integer. So 2cosf € {1,0,—1,—-2}. (2cosf = 2
corresponds to the identity rotation.) Hence 6 € {m,27/3,7/2,7/3}, i.e. 8 = 2m/m for m €
{2,3,4,6}. These correspond to the rectangular lattice, the square lattice, and the hexagonal
lattice **twice**:

0= 0=2r/3 0=m/2 0=mr/3

Then W € {Dy, D¢, Ds, D12}

A simple observation about dihedral groups: If m is odd, then all reflections in Dy, are conjugate.
If m is even, then there are two classes, and each generates a D,,. So a generating set of reflections
meets every conjugacy class. But the conjugates of S, are Sg for other 3, so every reflection in
W = Dy, is S, for some a. Conversely, if S,, and S,, generate W, then W preserves the lattice
Q) = Zay + Zag spanned by a; and «g. Moreover, in Ds,,, we can pick two reflections with a
maximally obtuse angle, and these will generate W and the lattice. So we know what the root
system is as soon as we know what the lattice is **because two root systems with the same
Weyl group and lattice are related by an isomorphism, by Reduced and Nondeg and
the rest of the axioms**. Thus there are four possibilities:
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m Picture Name
° ° ° °
° L ° °
aq
2 —e @ > o o~ A1 x A =Dy
° ° ° °
° ° ° °
° ° ) ° °
° ° °
Oé;\ aq
3 —e ) >® o Ao
° ° °
° ° ) ° °
° ° l ° °
° ° ° ° °
2
\ o
4 —e ° > e o By = (Y
° ° ° ° °
° ° T ° °
° ° ° ° °
° o °
aq
6 —e ° >® o Go
° ° °
° ° ) ° °

notes

corresponding to the Lie algbera s((2) x s[(2) = so0(4)

corresponding to s[(3) acting on the traceless diagonals

50(5) = sp(4). (When we get higher up, the Bs and Cs will

separate, and we will have a new sequence of Ds.)

a new simple algebra of dimension 14 = number of roots
plus dimension of root space. Smallest rep, we will see, has
dimension 7. We will do this later, when we explain how
to construct a Lie algebra from any root system. There
are lots of ways to describe the Lie algebra. This seven-
dimensional representation will come from the Octonians: a
non-associative, non-commutative “field”. Then Gy is the
automorphism group of the pure-imaginary part of the Oc-
tonians. We will construct explicit matrices for this seven-
dimensional rep.
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These pictures are useful. It’s nice to have examples, and moreover we will often refer back to the
rank-2 case.

These are essentially first-properties of the root systems: we start with the axioms, and haven’t
made any other choices. What have we used? We said it must be dihedral, and dihedral groups
that preserve a lattice are rare. We never used the full strength of RS4, except to say that W
preserves the lattice. We could have used a weaker axiom:

RS4’ W(R) =R

and we used that W is finite. There are infinite subgroups of GL(2,Z) generated by reflections.
This is a nice correction, because on the face of it RS4 is not symmetric in roots and co-roots, but
this is. We don’t actually want to replace the axiom with this weaker one, because then we’d have
the wrong axioms for an infinite system. But for finite root systems we have

Proposition 33.1: The axioms are symmetric in R < R".
Proof of Proposition 33.1:

In the finite case, RS4’ implies RS4. Indeed, all the rank-2 systems that we constructed using
on RS4’ are in fact root systems satisfying RS4. And RS4 only talks about two-dimensional
subspaces of the root system, so the rank-2 examples are enough. [J

Corollary 33.1.1: Each root system has a dual.

Each of the rank-2 ones is self-dual, although not really: dualing switches long with short roots.
In fact, we have an example of “Langland’s Duality”: that B, = so(2n + 1) and C,, = sp(2n) are
dual.

Recall how we got here: we started with g a semisimple Lie algebra over C, chose a Cartan b,
and got a root system, but the outcome was invariant up to our choice, because all Cartans are
conjugate.

Pick a vector v € b such that a(v) # 0 for every aw € R. We can do this since R is finite and C is

infinite. Then we define the positive root system R e {a s.t. a(v) > 0}. Then R_ = —R,, and
R == RJr U R,.

You should keep a mental picture, in which we have the root system, an oblique hyperplane, and
R, the part of R on one side of the plane. Then we have a cone R>g - Ry. Some of the roots in
R, will be interior to the cone, and others not: we define A to be the set of positive roots that are
extreme rays of the cone, using Reduced to identify rays with positive roots. Then Ry C R>pA.
The as in A are simple roots, and we will show next time that the simple roots are a basis of

b.
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Lecture 34 November 14, 2008

We consider a finite root system R C by, and pick v € h such that a(v) # 0 for all @ € R. Then we
define Ry = {a s.t. a(v) > 0}, and recall that R = Ry UUR_ where R_ = —R,, and R, generates a
cone. We let A be the set of extremal rays in this cone; if @ € A, we call it a simple root. Consider

two simple roots a;,a; € A. Then 0 > (ai,a}/) = 2(, ) /(aj, 04), so (e, ) < 0.

Lemma 34.1: If vy,...,v, € R with a positive-definite inner product (,) satisfy (v;,v;) < 0
for all ¢ # j, and suppose that there exists vy € R™ such that (vg,v;) < 0 for all i. Then
{v1,...,v,} are independent.

Proof of Lemma 34.1:
Suppose civ1 + - - - + cpv, = 0 with not all ¢; zero. **missed, but elementary** [
Corollary 34.1.1: Since A generates the cone of R, hence spans by, we see that A is a basis of
h*.
Thus, it makes sense to talk about the coefficient of a vector with respect to a simple root.

Corollary 34.1.2: R, is exactly the set of roots all of whose coefficients are in A; every root is
either entirely positive or entirely negative.

Let’s consider Ry ~\ {a;} for oy € A. We apply the reflection s; = S,,, and see that s;(a) =
a— (o, )a; € Ry if a # ;. Hence Ry \ {«;} is fixed by s;.

We state the next lemma more generally than needed right now, but we will use it again.

Lemma 34.2: Let A = {ay,...,a,} be a set of vectors in R™ with inner product (, ), and assume
that «; are all on one side of a hyperplane: there exists v such that (a;,v) > 0 Vi. Let W
be the group generated by reflections S,,. Let R4 be a subset of R>oA \ {0} such that
si(R+ ~{a;}) € Ry for each i, and such that the set of heights {a, v} s.t. a« € Ry} is well-
ordered (this might follow from the other hypotheses, but we won’t need it to, and we want
it for the induction). Then Ry C W(A).

In the cases we're interested in, R4 will be finite, or the set heights will all be positive multiples of
a fixed thing.

Proof of Lemma 34.2:

Let f € Ry. We proceed by induction on its height. Then 3i such that (a;, 3) > 0, because
if (8, ;) <0 Vi, then (3, 3) = 0 since (3 is a positive combination of the «;s.

Well, s;(8) = B — (positive)ay, and so (v,s;(3)) < (vo,5). If B # «u, then s;(5) € R4 by
hypothesis, so by induction s;(3) € W(A), and hence 8 = s;(s;(3)) € W(A). If 8 = «, it’s
already in W(A). O

Corollary 34.2.1: For any choice of R, in a finite root system R, we have R = W(A), and the
Sa; for a; € A **generate W**.
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Corollary 34.2.2: R C ZA, and R4 C Z>pA.

So knowing just the simple roots determines the root system. We want to know that any choice is
the same.

Proposition 34.3: Any two positive systems Ry and R/, in R are W-conjugate.
We will again use the fact that the only root that can move out of a root system is «;.
Proof of Proposition 34.3:

Note: if A € R/, then Ry C R. But then R_ C R’ by negating, but these are the
complements, so Ry O R/,

So, suppose «; € A but o ¢ R’ . We consider the new system of positive roots s;( R/, ), which
is again a positive root system, and s;(R’) N Ry D s;(R!. N Ry), because a system of roots
that does not contain «; doesn’t lose anything under «;. But o; € R’ , so o € s;(R/.) N Ry,
and so |s;(R/,) N Ry| > |R[_ N Ry|. So iterate, and we can’t keep making the intersection
bigger (these are finite sets), so eventually we will find w € W such that w(R/, ) = Ry. O

We're almost ready to classify root systems, which is the fun part from a combinatorial point of
view. We first define the Cartan matrix:

Let A = {aq,...,a,}. We define the Cartan matriz A;; = (aj,«;'). (The columns are the roots,
the rows the co-roots. **there should be raised indices**) In terms of the inner product,
a;j = 2(, o)/ (0, a4). So define d; = (o, )/2, and D the diagonal matrix d;s on the diagonal.

Then (DA);; = d;Aij = (o, o), so DA is symmetric and positive definite.

Thus A is symmetrizable (there exists invertible diagonal D such that DA is symmetric), and
positive (all principle minors are positive). Indeed, A;; = 2, and A;; € —Z>¢ for i # j.

We will start the classification, and tell the answer and sketch how you do it. There are some
calculations to do, checking determinants, and we won’t waste your time calculating determinants
on the board.

We introduce the notion of a Dynkin diagram. Any two-by-two minor of A;; will look like { —2l ;k } 7

with kIl < 4 by positivity. So either {k,l} = {1,m} for m = 1,2,3, or k = 1 = 0 (if one is 0, the
other must be by symmetrizability). So we make a diagram with vertices labeled by (simple) roots.
No edge between ¢ and j if k =1 =0. A line if k =7 = 1. And an arrow with k edges from i to j

if the 4, j block is { -1

—2k 5 } for k = 2,3. (The arrow points towards the shorter root.)

If the graph is disconnected, then the Cartan is block diagonal. And it’s clear that any block-
diagonal matrix whose blocks satisfy the conditions (symmetrizability and positivity) will satisfy
the conditions. So it suffices to classify the indecomposible ones.

Rank 2 We have Ag, By/C5, and Gs.
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m

/i

By symmetrizability, if we have arrows ® = ® = ® _ then the third edge must have an arrow

of multiplicity m = kl. So k or [ is 1, and you can check that the three possibilities all have
determinant < 0. Moreover, a triple edge cannot attach to an edge, and two double edges cannot
attach, again by positivity.

Rank 3 We have A3, B3, and Cs.

Lecture 35 November 17, 2008

35.1 Classification of finite-type Cartan matrices

Today we continue with the classification of finite-type Cartan matrices. We recall that to each
finite root system, by chosing a system of positive roots inside it we get the Cartan matriz A
satisfying A;; = 2, A;; € —Z>0, which is symmetrizable with positive principle minors. We classify
these by looking at their Dynkin diagrams. We place a node for each positive root, and label the
edges based on the two-by-two principle minors.

We said that we need only consider the connected diagrams. At rank 1 there is only A;, and at
rank 2 there are As, By/Cs, and G3. At rank 3, we have only three possibilities: Az, Bs, and
Cs.

In particular, the triple arrow in G3 cannot be extended, and we need never consider it again.
There are other diagrams that are forbidden (and hence forbidden as any subdiagram, since any
principle minor of A is a valid Cartan; our notion of “subdiagram” is that it is an induced subgraph
by removing vertices (you're not allowed to remove just edges)). For example, a ring of single edges
has det A = 0, because e.g. giving weight 1 to each vertex we have a vector Z such that AZ = 0:

° 1
o — . 11— .
/ y / 1

' N (\ \)o

The rule for weights when looking for such kernel vectors is that an arrow leaving a vertex con-
tributes only one neighbor, but an arrow arriving contributes that many neighbors, and A is singular
if there is a weighting such that each vertex has twice as many neighbors as its own weight. Here
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are some more principle families of forbidden diagrams:

° °
AN /
e — o — - — oo
/ AN
° °
° °
N/

°
7\

° °

°
AN
o — o — —o=)o
/
°
°
AN
o—o—---—o<=o
/

oedk=e—0o— ... — o0&
o=)o—o—-~-—o<=o
oed=eo—0o— ... — 0=

Here are some more forbidden subgraphs:

e —e=He—0o—o det =0
1 2 3 2 1

o — 00 —0o—o det =0
2 4 3 2 1

det = —4

\ / det = -5
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o= e det = —8

e=>e not symmetrizable

o&=o

So we can never have more than one double edge, more than one trivalent vertex, both a trivalent
and a double edge, or any circuits. Hence any diagram with a double edge is a chain. The double
edge must come at the end, or can have only one edge on each side:

B, o—o—-~-—o=)o
C, o—o— ... —0eé&=o

Fy o —o=De —o

If there are no double edges, we can have the chain A,,: ® = ® = *°* = ® . If there is a branching,

one can check that the determinant of a branching where the arms have lengths k&, I, m (including the
middle vertex), then the determinant is kim(+ +++-2 —1). So this is only positive if + +++2 > 1.
So it’s forbidden to have three arms of length three or more, since 1 = % + % + %, and it’s forbidden
to have two arms of length four or more, since 1 = % + i + i.

2—1 3—2—1
1—2—3—2—1 2—4—3—2—1

These allow D,,, and the only other possibility is a branch with one arm of length 2, and one of length
3. But there is one more Egyptian-fraction way to add three fractions to get 1: 1 = %+ % + %.

3
2—4—6—5—4—3—2—1

Thus, the E family only has three entries: Eg, E7, and Fs.

FEs FEr Eg
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Now we will just observe that the infinite families are groups we already know: sl,11 ~~ A,
spop, ~ Cp, §02p41 ~> By, and sog, ~» D,. The two most closely related groups are B,, and C),.
Indeed, they have dual root systems, in the sense that their Cartan matrices are transpose of each
other, and this leads to the Langlands program.

It would be nice to see where Eg, E7, Eg, Fy, and G2 come from. This is somehow redundant,
because we could just present them, and we will go quickly.

2 -l
-k 2
metric, then dil = dak, so di/d2 = 1/k > 0. So A can be symmetrized with a positive D, and DA
is positive-definite. Thus, we can find vectors «a; so that d;A;j = (o, o, and d; = (o, ;) /2. Thus

. | d :
To get from a Cartan matrix to a root system, we observe that if { ! d { is sym-
2

Aij = 2(0, o)/ (v, ) ef (aj, ). So we can start constructing out root system. And we can let
W be generated by Sq,: this leaves (,) and the lattice Q = Z{a, ..., a,} invariant. Then we let
R=W -{ai,...,an}. Then all the axioms of a root system are trivially satisfied (the root-string
axiom follows just from having the root system fixed by W), except for the fact that it may be
non-reduced. Indeed, if we started with a Cartan matrix not of finite type, we could get infinite
root systems that are not reduced.

But the reduced-ness of the finite-type ones comes from the classification: For A,,, D,,, and E,, the
matrices are already symmetric, d; = 1, and the roots are all the same length. If there is a double
or triple arrow, there’s only one, meaning that there are only two lengths of roots, and d; € {2,1/2}
or d; € {3,1/3}, and so the systems are reduced.

By the way, the simplest non-reduced system comes from e = o = e.

Let’s compute an example, and figure out how big is F)y = ¢ — ¢ = e — e. We have four simple
roots. If we start at oy = (1000) and start reflecting, we get (1100), (1120), (1220), (1122), (1222),
(1242), (1342), (2343), and this is as high as we can get. These are all the vectors we can get
keeping positive coefficient with «;. Starting with as = (0100), we get the root system of type
C: (0120), (0122), (0011), (0110), (0111), (0121). And that should be all the positive roots: four
simples, and fourteen (?) more. The point is that, at least in principle, just from reading the
diagram we can compute the root system. Then there are 36 total roots, and so if Fy comes from
a simple Lie algebra, which it does, then dimf; = 36 + 4 = 40 (for the four-dimensional Cartan
subalgebra).

In fact, it turns out that for any linear diagram, W is the symmetry group of a regular polyhedron
in 4-space. e = e is the symmetry group of a square, and e — e is a triangle. **missed the end
of the geometry**

There is something more general, called Coxeter groups, which preserve a polyhedron but not
a lattice. These allow the pentagonal edge. There are the infinite families (polygons, simplex,
cube/octahedron), and some sporadic ones with pentagons only in dimensions 4 and less.

The FEs are also interesting. Let’s talk about FEg, where the seven vertices along the bottom
are e; — e;4q for i € {1,...,7}, and the e; are orthogonal in R®. Then the one sticking up is
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—%(el +eg+e3)+ %(64 + ---+ eg). Then the Weyl group is generated by these eight reflections,
and using a computer one can construct the whole root system.

Lecture 36 November 19, 2008

A new problem set is available. Many of the exercises are of the form “pick your favorite root
system and verify X”. These are part of a beautiful subject concerning the theory of Weyl groups:
invariant polynomials, exponents, etc. Most of this holds for Coxeter groups more generally.

36.1 From Cartan matrix to Lie algebra

Today we begin the process of reversing the map we made so far: from simple Lie algebra to root
system to Cartan matrix to the classification of root systems of finite type. We want to now see
that all these finite roots systems are the root systems of simple Lie algebras, and that a Lie algebra
is determined by its Cartan matrix.

Here’s the philosophy. We take e.g. the root system of G and pick a line giving a positive sys-
tem.

[ ([ ] ([ ]
2

Then there are two extremal hence simple roots, so the Cartan § should have dimension 2. And
then the elements of the Lie algebra are in the picture given by the root strings: for each line,
there’s an e;, an f;, and an h; = [e;, f;]. So what we should try to do is just take the algebra
generated by these strings and relations. It turns out that this won’t have enough relations, but
we’ll show that what we get has a unique maximal ideal, which we will mod out by to get a simple
Lie algebra.

Most of the construction will go through knowing that the Cartan has 2s on the diagonal, non-
positive off-diagonals, and if A;; = 0, then A;; = 0. These “generalized Cartan matrices” give
“Kac-Moody algberas”, which we won’t talk about — we will eventually use that these matrices
are of finite type — but Kolya will probably talk about them.
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So, define g = (e;, fi, h; 17 € {1,...,n}), with the relations that

[his €3] = (0, 07 )e;
[hi, f] = = (e, &) f;
[ei, f5] = dizhi
[hi, hj] =0

Le. we have n s[(2);s, with § = (h1,..., h,) acting by weights, and [e;, fil=0ifi#j.

This is a quotient of the free Lie algebra, of course. We can Q-grade (Q is the root lattice) the free
Lie algebra F'(e;, fi,h; i =1,...,n) by giving dege; = «;, deg f; = —a;, and deg h; = 0. Then the
relations are homogeneous, so g inherits the same grading. By construction, ad h acts diagonally
by the grading, because we included it in the relations.

We now define a triangular decomposition. Let ny be the subalgebra generated by the e;s, n_ by
the f;s, and h = (h1,...,h,). This is called the “triangular decomposition”, because ny are the
strict upper-triangular ones, n_ the lower-triangulars, and h the diagonal matrices.

Proposition 36.1: g=n_&hdny
Proof of Proposition 36.1:

It’s enough to show that g =n_ @ h @ n, because they have nothing in common (& follows
by grading). Well, (ad f;)n_ C n_, (ad fi)h C (f;) C n_, and (ad f;)ny C h+np. So ad f;
preserves n_ + b + ny, and also h does obviously (it acts diagonally), and by symmetry n
also preserves the sum. So n_ + h +ny is an ideal of g and in particular a subalgebra, but it
contains all the generators. [

It’s not obvious that everything we’ve done doesn’t just collapse. To show that e.g. the h;s remain
linearly independent, we need a representation. We define the Verma module M) or g for any fixed
linear functional A € h* (a “weight”), where b is the space with basis {@) = h;}.

Proposition 36.2: There exists an action of g on C(f1,..., fn) - vy **v) is just a symbol**
such that

fi (I fivn) = (fz’Hij ()
hi (T fion) = </\(hz') - Z<ajk?az\'/>> (T fixvr)

k

ei ([T fien) = X2 fir oo s Finsn - i oa

k:jp=1
Proof of Proposition 36.2:

We just have to check the commutators. The h relations are OK by degree considerations.
The other relations are [e;, fj]. By construction, if ¢ # j, then e; can’t see the f; tacked on a
the beginning. What about [e;, fi]? e;f; (iv)\) = hi fux + fiei fu, clear by construction. [J
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This justifies the relations. We have an explicit module on which g acts. Because \ is arbitrary,
it’s a corollary that the linear space spanned by the h;s does not collapse when we mod out: in this
representation, h; acts with eigenvalue independent of the other hjs.

Corollary 36.2.1: h = b, i.e. h — §, and also ¢; and f; do not map to 0 in §. Indeed, the f;s just
act freely. So n_ and n are free on {f;} and {e;}. But we won’t use this last fact.

We haven’t used much of anything about the Cartan matrix A. Let’s now assume that A is
nonsingular and indecomposable, meaning that the Dynkin diagram is connected. (Think of the
diagram as a directed graph: we have a directed edge for each non-zero entry in the matrix. We're
assuming that the graph is strongly connected: you can get from anywhere to anywhere else by
following arrows.)

Proposition 36.3: Every proper ideal of g is homogeneous and contained in n_ +n4, and doesn’t
contain any e; or f;.

Proof of Proposition 36.3:

The adjoint action of h gives the grading, and so any ideal is homogenous. The details are
an exercise: the sum of elements of different degrees, by bracketing with § gives different
weights, and you do this enough to get an invertible matrix, from which you can pick out the
homogeneous elements themselves.

Suppose that we have an ideal a containing H € h with H # 0. Then there exists ¢ such that
a;(H) # 0, since A is nonsingular. (If A is singular, then keradb is in the center of g, and
is a proper ideal. But then mod out by it and get an algebra that behaves as above.) Then
[H,e;] = (# 0)e;, so €, f; € a, i.e. a contains an (e;, f;, h;). And if we contain an e; or an f;,
then again we contain an sls. Thus the ideal is not proper by strong-connectedness. [

Corollary 36.3.1: g has a unique maximal proper ideal, i.e. a unique quotient g — g, and b +
(€i, fi) = 8.

Up to this point we used essentially nothing about A. 2s on the diagonal, nonsingular didn’t really
matter because we could have started by modding out by the center, and indecomposable. To
understand g, however, we need some serious information about A.

Proposition 36.4: Serre Relations
The relations
(ad ej)1_<a"’aﬂy>ei =0 (36.1)
(ad f;)! 750 f; = 0 (36.2)
hold in g.
Proof of Proposition 36.4:

By symmetry, it’s enough to do the f relations. Let S be the left-hand-side of (36.2). It’s
enough to check the bracket with e: we claim that [eg, S] =0 in g for any k. The cases when
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k & {i,j} are trivial. But ade; kills f;, and ad h;(f;) = mf;, where m = —(ai;, /). So the
picture is that we have an sl(2);, and f; € g is acting like a highest-weight vector. We get an
infinite string {f;, (ad f;) fi, (ad f;)?fi/2, ... }, which is an infinite s[(2);-submodule of §.

But we know that at the end of the day the string is finitely long, with length m. This is the
Serre relator: (ad e;)(adf;)™ ! f; = 0.

That [e;, S] = 0 follows similarly. We have not used the full symmetrizability of A, but we
do use that if one off-diagonal is 0, so is its transpose.

We haven’t quite completed the proof. We will pick it up next time. [J

Lecture 37 November 21, 2008

**I missed the first half of the class. We completed the proof of the Serre relations,
which involved various lemmas.**

Proposition 37.1: Serre relations.

The Serre relations force the property that the integrable **defined when I wasn’t here**
elements of g form a submodule.

Corollary 37.1.1: (g,ad) = I(g)

What this means is that the adjoint action of g on itself for each ¢ breaks into finite-dimensional
5[(2)-strings. This lets us almost get the finite-dimensionality, except we haven’t used that A is
finite-type. Everything we’ve done so far uses only that A;; = 2 for each ¢, and that A;; € Z< with
Aij; = 0iff Aj; = 0. So if we don’t assume that A is finite-type, then we get infinite-dimensional
Kac-Moody algebras that are integregrable with respect to themselves.

Corollary 37.1.2: The non-zero weights of g (a subset of Q = Z(«1, ..., ay)) satisfy the axioms of
a root system R with R, = {weights of n .}, except that the weight system is not necessary
finite and not necessarily reduced.

In particular, it will be invariant under the Weyl group generated by the reflections across the
a;s. Now we assume that A is finite-type. Then (o, o) = (o, (a%%)) for some positive-definite
1y

symmetric (,) on R" with a basis aq, ..., ay,.

Question from the audience: Remind me what finite-type means? Answer: It means on the
ABCDEFG list: symmetrizable and with positive principle minors.

Then the s; being the reflections in «; generate a finite group W.
We recall a technical lemma:

Lemma 37.2: If R, C R" has the properties that
(a) 0 & Ry
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(b) there exists a v such that (R4,v) > 0 and that this set is well-ordered
(¢) si(Ry ~A{ai}) C Ry

then Ry C W(A). (Where A is the set of «;s, which give the reflections s;, and R™ has an
inner product.)

Then the non-zero weights of g are finite and reduced, since Ry satisfied the conditions to the
lemma.

Corollary 37.2.1: If A is finite-type, then R is a finite reduced root system with Cartan matrix
A.

But A determines R and R determines g, and then g is a finite-dimensional simple Lie algebra with
root system associated to A.

Even more, g is definable over Q. **Did we use anything about characteristic?**

We finish with showing that g is the unique Lie algebra with the root system giving A. First,
any Lie algebra with a simple root system is simple: it has a highest element, which generates the
whole thing, and any linear combination of roots generates the highest root. So suppose that g;
is another simple Lie algebra with the same root system as g. Then all the relations we used to
define g hold in g1, because we can repeat the proof, finding sl(2)s, and by definition the weights
act appropriately, etc. Thus we have a homomorphism g — g;. But g; is simple, so the kernel
must be the unique maximal proper ideal of g. So the root system determines the algebra up to
isomorphism.

In the homework, you work out the root systems of the orthogonal groups. The degenerate root
systems of type D are the same as other root systems: so(6,C) = s[(4,C) and so(4,C) = s[(2,C) x
s((2,C).

Moreover, we have five Lie algebras that are not sl, so, or sp. By the way, there’s that homework
that’s up, and soon there will be a few more problems.

There’s more. Next time, we will begin determining the representation of these Lie algebras, which
also follows from the combinatorics.

Lecture 38 November 24, 2008

To fully understand the classical Lie algebras, we want to know their representation theory. It
suffices to understand the irreducible representations, as these algebras are semisimple.

Recall the classification of the irreps of s[(2). We have generators e, f, and h. We know that h acts
diagonally, and we think of f as moving us up and e down the string. If h acts on the top vector
vo by m, then we did a calculation that shows that ef™*! = 0. So everything below f™*luyq is a
submodule; modding out by it gives an irreducible.
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This will be the general method: we will construct a module, and then mod out by its maximal
proper submodule. For sl(2), we can know easily that there must be a maximal proper (possibly
zero) submodule of the module generated by any given vector of a given weight.

38.1 Irreducible modules over g

From last time, we have g decomposed as a vector space as g =n_@®hdn,. By the PBW theorem,
we can pick monomial bases in this order. As a vector space:

Ug) =Un-) @UH) @U(ny)

Fix A € h* a for-now-arbitrary linear functional. Let’s look at b = h @ n,. Then ny is an ideal of b,
and so b has a one-dimensional module C - vy, where the action is that for H € h, Hvy = A\(H) vy,
and nyvy = 0.

From this we define the Verma module M) = U(g) @) C - vx. As a vector space this is U(n_) ®c
C - vy, and M, is presented by the generator vy and relations Hvy = A\(H)wvy and nyvy = 0 (no
relations on how n_ acts).

M), has a weight grading. We let Q)+ def N{aj,...,an} CQ def Z{aq, ..., apn}, and then

M), = @ (M)\))\_g (38.1)
BEQ+

Every proper submodule N C My has N C @geq, {0} (Mr),_g (since (M), generates), and so
there is a unique maximal proper (possibly zero) submodule — the sum of all the proper submodules
— and an irreducible quotient My — L). Question from the audience: The quotient is graded?
So the submodule is graded? Answer: All submodules are graded by the action of b.

This Ly is irreducible, but possibly infinite-dimensional. We saw last time that every g-module has

a submodule of integrable elements. Well, Ly is irreducible, so either every element is integrable or

none are. We define P to be the linear functions that are integrable **integral?** P def {Aep*:

(\,QV) C Z}, and define the dominant integral weights to be Py = {\ € P : (\,a; > 0Vi}. The
distinction P v.s.  will matter for the classification of Lie groups. We have h O PV D @QV and
h* 2D P2 Q.

Proposition 38.1: If A € P, then L) is integrable.
Proof of Proposition 38.1:

Enought to check vy is integrable. We know that e;uy = 0, and hjvy = (\, ) )vy, where
(A\,a)) =m >0 is an integer. By the s[(2) picture, we know that e; f/""'v) = 0, and indeed

ejfimﬂv)\ = 0 for every j. So in M), ff”lv,\ generates a submodule, so is 0 in Ly. [

We write the additive group h* multiplicatively: X — z*. This is formal notation: z zt = 2 T+,
We do this so that we can write the group-algebra Z - h*, which are “polynomials” ), ciz™. We
can also consider “formal power series”, which form a completion of this module.
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We consider M as a g-module with diagonal h-action and finite-dimensional weight spaces, and
such that there exists a finite set S such that the weights of M are in S 4+ (—@Q4). Then we say
that M is in the category O **a full subcategory of g — Mod?**. The standard thing is to

work with the category O, which imposes another technical condition, but is awkward to work with

and totally unnecessary. We write ch(M) def DA a weight of M dim(M)y - 2. This is a finite linear

combination of power series in ™% times monomials z*. It’s a purely formal way to keep track of
things; ch(M) is some sort of fraction formal Laurant series.
l‘)‘
Example: ch(M)) =
Ha€R+ (]' - xia)
and the division as multiplication by the formal geometric series.

. We understand z=¢

as a product of z7% for a = > oy,

Then it’s clear that O is closed under submodules, quotients, extensions, tensor products.
Corollary 38.1.1: **We assume that \ € P, .**
(a) ch(Ly) is W-invariant. “I just said what the proof is, so I don’t need to write it down.”

(b) If p is a weight of Ly, then p € W (v) for some v € P N(A—Q4). (By the way, A\ € Py,
solet’ssay v < Nif \,v € P and A\ —v € Q4.)

We implicitly proved this already. P = W(Py), since if A € P\ Py, then (A, ) < 0
for some 7, so s;(A) = A + (positive integer)a;, and so we can move things higher. But
W is finite, so W () has a maximal-height element, which must be in P;. This shows
something more: if A € Py, then W(A) C A — Q4. This implies (ii).

(¢) Ly is finite-dimensional.

This follows from (b). The Weyl group is finite-dimensional. Ry Py and —R Q4 are
two cones pointing opposite direction, since the inner product is evaluation of a positive-
definite form. The intersection of the two cones is 0, since the inner product of anything
in Ry Py with anything in —R; Q4 if < 0. So we can find a hyperplane separating the
cones: there’s a linear functional 7 positive on P, and negative on Q+. Then A — Q4+
is below the n = n(\) plane. But —@Q4 is spanned by these —q;s, each of which has a
negative value under 7, so we can only subtract finitely many from A\ and keep n > 0.
So Py N (A — Q) is finite.

(d) Every finite-dimensional irreducible g-module is L) for a unique A\ € P;.

Because we pick a vector, move up by e;s until we can’t go up any more and get a top
weight, and by the s[(2) this top weight is in P,. By irreducibility, this top weight vector
generates, and we send vy to it to get a map M), — our module. But M) has a unique
maximal submodule, and since our module is irreducible, the map must be modding out
by that module.

This is good, but doesn’t give us particularly good descriptions of the details of the irreps.

We now define a special element p € Py, by (p,a)) = 1. Then p = 3 ; A;, where by definition
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<Ai,ajv> def dij **In Problem Set 5, we will call A; a fundamental weight.**. Notice that

Py =N{Ay,...,A}. Welet p=3 > ack, @ Then we know that s;(Ry \ {a;}) = Ry \{a;}, and
si(a;) = —a;. So si(p) = p — i, hence (p,af) =1, s0 p = p.

We will prove the following next time:

Theorem 38.2: We let € : W — {£1} be the sign function s; — —1, i.e. w +— det(w). Then the
d

character of X is defined as y* def ch(Ly). Tt is given by the following formula:
E(w) xw()""_p)_p

)\ def
X = _
Z Ha€R+ (1 -z a)

weW

(38.2)

A priori this could be an infinite sum, but in fact 2 [[oer, (1 —27%) = [[acr, (> —27%). So
both the numerator S ,cw €(w) 2P and denominator z* [Taer, (1 —x~%) are antisymmetric
with respect to W, so the whole expression is W-invariant. So this is an expansion of a rational
function but it’s also W-invariant, so it must be a polynomial.

Lecture 39 November 26, 2008

**] was out of town.**

Lecture 40 December 1, 2008

Today we will do some algebraic geometry, but first we study s((2, C). This is Lie(SL(2,C)), which

is an algebraic group, but it has a non-trivial center: Z(SL(2,C)) = {£1}. We can mod out by

this center and get PSL(2,C) def SL(2,C)/{£1} = GL(2,C)/{scalars} & PGL(2,C).

SL(2,C) is simply connected. The easiest way to see this is to take the upper-triangular ma-

trices B = {{ * : } € SL(2,C)}. Then SL(2,C) ~ C2, hence acts on the lines in C2, i.e.

0
SL(2,C) ~ PYC) = S%. A good parameterization of S? is the equivalence classes ((1,2)) and
(0,1). It’s clear that B fixes the point (1,0) € P!, and indeed is the stabilizer of this in P!, so
P2 = SL(2,C)/B.

(1) ’{ € SL(2,C)}, which is the stabilizer of the
vector (1,0) € C2\ {0}, on which SL(2,C) acts transitively. So SL(2,C)/U = C2~ {0} = R*\ {0}
as real manifolds. But U 2 C, so SL(2,C) is simply connected.

This isn’t what we want to do. Let’s use U = {{

Of course, PSL(2,C) is the adjoint group: we’ve modded out by everything we can. Hence SL(2,C)
and PSL(2,C) are the only connected groups with Lie algebra s((2,C).
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Let’s study how these groups interact with the representation theory. Remember that s((2,C)
is generated by {e, f,h}, and in any representation, e moves up the chain, f down, and h acts
diagonally with eigenvalues changing by 2 from m at the top to —m at the bottom:

Vo e 3 h=m
m:EC \} F=1
V1 e h=m—2

m—l:EZ( \F:Q

1)
W
Un—1e h=2—m
()
1=F F=m
’Un \. h=—m
Well, we have
SL(2,C)
ker=2miZ
exp
t
s1(2,C) th:{t _JH{B e_t}
exp
ker=miZh
PSL(2,C)

So PSL(2,C) acts on a representation V;,, only with m even, because —1 € SL(2,C) acts on V,, as
(=1)™. mis really A € P, and m is even only if m € Q.

This will be the general picture.

simple g/C Vi AE Py
simply connected G5 ~ V) Gs — GL(V))

**well, this seems to be less a table and more boardwork that vaguely lines up in
columns**

Consider the Cartan h C g. Then exp : h — T C G, where T' = h/lattice. If G acts faithfully on
Va**lost** Well, exp(2miay) is trivial on every Vi.
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On the other hand, for each o € R, we have sl(2), C g, spanned by X,, X_,, and h, = «". This
will break a representation V into root strings. It might happen that every string has m even, in
which case this action will factor through PSL(2).

So the only cases are that o /2 acts trivially, or else a" generates the kernel of the action of this
s(2).

**Boardwork is erratic, and I’'m a little lost.** The moral of the story is that the lattice in
“T' = b/lattice” contains 2miQ" and is contained in 27iPY. “Maybe I don’t quite know this yet.”
At least we can say that the lattice is contained in miQV.

The other way to see this, which is the right way: the biggest this lattice can be is when I mod out
by the center of the group, which leaves the adjoint action. So “lattice” is contained in the lattice
of things that act trivially in the adjoint action Vy = (g,ad). This has weights spanning Q. So we
know that any element of b that is integral on every root, i.e. anything in PV — 2mi times it will
exponentiate to something that acts trivially in the adjoint group.

We didn’t plan to say all this, but rather give a flavor. But the picture should basically be this: You
have some Lie group and Lie algebra. You look at the Cartan and its kernel under the exponential
map. In the simply-connected group, this kernel is 2@V, and in the adjoint group, the kernel is
2miPY. For any given V), the kernel will be between these two, and our claim is that T = exp(h)
contains the center of the simply-connected group.

This last part is a little hard, and uses some algebraic geometry. What we will do is construct an
algebraic group with the right Lie algebra, that acts faithfully on the V)s, and we will see that it
is simply-connected.

The model is SL(2)/PSL(2), but we will mention one more example. We will see that SL(n,C) is
simply-connected, and of course Z(PSL(n,C)) = nth roots of unity. So we can mod out by any
subgroup of this cyclic group of order n, but at the bottom we mod out be all of them and get
PSL(n,C) = SL(n,C)/Z. Since this is type-A, we can identify roots and co-roots: o; = €; — €;41.
We think of h* C C" as the space of vectors the sum of whose coordinates is 0; this is of course
(n — 1)-dimensional.

Let’s say this again. b is the diagonal traceless matrices: §h = {(z1,...,2,) € C" : Y 2; = 0}.
So h¥ = C"/C(1,...,1). af = € — €41, and the dual basis is \; = (1,...,1,0,...,0) with at
least one 0. So basically PV = Z"/(1,...,1), and Q" is the sublattice of P¥ spanned by the ;.
So PV/QV = Z/nZ, because /Q" makes all the coordinates equal, and P" mods out when this

number is n.

40.1 A little about algebraic geometry
We want to produce from g an algebraic group. In fact, we will use the representation theory,

and we will want to produce actually a bunch of groups, modding out by different lattices. So we
will work with a lattice between PY and QV, and work with the category of representation all of
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whose weights are in this lattice. This subcategory of the category of all representations will still
be monoidal abelian. We will need to build the algebraic functions from the group to the matrix
entries of the action out of the Vs.

We will only be concerned with affine varieties over C, meaning that we have the locus of a system
of polynomials in C™": X = {& € C" : p;(Z) = 0Vi}, for some chosen polynomials p; € Clx1,...,zy].
Consider I the ideal in C[Z] consisting of all functions that vanish on the variety. Then p; € I, but
in general I will not be generated by the p;s; rather, I is the radical of the ideal generated by the

JULE

We define O(X) def C[#]/I, thinking of it as “the algebra of polynomial functions on X”. Indeed,
we have a well-defined map from O(X) — C(X), and in fact O(X) is the ring of functions on
X C C"™ generated by the coordinate functions on X. Then O(X) is a finitely-generated C-algebra
(in fact it’s reduced, i.e. the only nilpotetns are 0, but we will ignore this issue, citing general
facts).

What would it mean for X to be a group with algebraic multiplication? The group law X x X — X
turns into a comultiplication A : O(X) — O(X) ® O(X). This is a general rule: a morphism of
algebraic varieties is just a homomorphism of the algebra of functions.

The game will be to see what kind of map A makes X into a group, and then to build this algebraic
structure.

Lecture 41 December 3, 2008

41.1 Review of Algebraic Geometry

Let X C C" be an affine variety: X = V(P) = {d s.t. p(@) = 0Vp € P} is the vanishing set of a
set P C C[xy,...,z,]. We can associate to X its ideal I = I(X) = {p € C[Z] s.t. p|x = 0}; this is
a radical ideal, and P C I implies V(I) C V(P). We define the polynomial functions on X to be
the ring O(X) = C[Z]/I(X).

A morphism of affine varieties is a function f : X — Y such that the coordinates on Y of f(z)
are polynomials in the coordinates of X; this gives a function by precomposition f# : Fun(Y) —
Fun(X), and is a morphism if f# : O(Y) — O(X) is a homomorphism of C-algebras.

Any point a € C" gives an evaluation map evy(p) = p(a) : C[Z] — C. Then a € X iff I C kerev,
iff evg : O(X) — C. Going the other way, O(X) determines X as the set of evaluation maps
O(X) — C. So morphisms of affine varieties are exactly morphisms of their algebras of functions,
going the other way. Algebraic Geometry is all about driving backwards: you go along the highway,
looking out the rear-window the whole time.

We remark that if X € C™ and Y C C! are affine varieties, then X x Y C C™*! is an affine
variety. What’s its coordinate ring? The projections X x Y — XY gives maps O(X),O0(Y) —
O(X xY); thus O(X) @c O(Y) — O(X x Y). But in fact this is an isomorphism, because
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everything is finitely generated by the coordinate functions and evaluation of functions at points
separates functions.

As in the very first lecture, we define an affine algebraic group to be a group in the category of
affine algebraic varieties. Let’s unpack the multiplication p: G x G — G, inverses ¢ : G — G, and
identity e : {pt} — G. We get

e A comultiplication A : O(G) — O(G) ®@c O(G), which must be coassociative.
e An antipode S : O(G) — O(G)
e An evaluation e = ev, : O(G) — C

We get the axioms of a commutative Hopf algebra. We saw before that the universal enveloping
algebra of a Lie algebra is a cocommutative but not commutative Hopf algebra; O(G) will be
commutative but not generally cocommutative. U(g) and O(G) are dual in a sense that we will try
to make precise.

First, a remark. We never required that O(G) be reduced. A non-reduced Hopf algebra is a group
scheme. But in fact it cannot happen that a finitely-generated commutative Hopf algebra over C
be non-reduced. Also, G is smooth.

We toss out results from algebraic geometry without justification. A reduced scheme has a
nonempty set of smooth points, and the group law acts transitively. A non-reduced scheme might
have no smooth points, but we cannot have a non-reduced group in characteristic 0. We say that a
variety X over C is smooth if X is a manifold; there is an algebraic definition which we skip.

Let’s explain why we cannot have a nonreduced group. Let m = ker ¢; the fact that e-e = e means
that

0(G) —2> 0(G) ® O(G) (41.1)
S
C —C®C
commutes. Hence
Am) Cm® O(G) + O(G) ® m. (41.2)

This makes m a Hopf ideal; (41.2) is exactly the condition needed to make O(G)/m a Hopf al-
gebra. Hence A(m") C Yji—pm* @ m!, and so A and § induce A and S on R = gr,, O(G) o
Pren mF/mFt1. R also has an evaluation by modding out by m, so R is a graded Hopf algebra. R

is generated by Rjp, and if x € R;, then each z is primitive:

Ar=z®1+1®cz (41.3)

Well, R = Cly1,...,yn]/J, where n = dim G and J is a Hopf ideal in the Hopf algebra C[y] where
the y;s are primitive. Well, C[y] ® C[y] = C[¢, 2], and A : f(§) — f(¥+ Z). What are the minimal-
degree homogeneous elements of J7 (We can assume that J; = 0 wolog, because we can take the
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y;s to be a basis of Ry.) It must be primitive **why?**  which means that f(7+ 2) = f(9) + f(2).
In characteristic 0, this forces f to be homogeneous of degree 1

Question from the audience: What about the antipode? Answer: Well, it doesn’t matter
for us: we’ve shown that a bialgebra must be smooth. But we can do a similar calculation: if
A(f) =3 f1 ® fo, then we must have Y f1 ® S(f2) = €(f). But if f is primitive, then we see that
f8(1) +15(f) =0, and so S(f) = —f is smooth.

In any case, the algebraic definition of a smooth whatsit is that G is smooth at e if gr,, O(G) is a
polynomial ring. We leave out why this agrees with the earlier definition.

Anyway, as an algebraic variety G has the Zariski topology, but as an analytic variety it sits in
C™, and in particular is a Lie group. We’d like to understand how to get the Lie algebra of our
algebraic group algebraically, and eventually how to go the other way. Everything we’ve done up
to now makes sense over any algebraically closed field, although we needed characteristic zero for
smoothness.

41.2 Algebraic Lie algebras

We can think of Lie(G) as the tangent space at the origin, but this doesn’t give us the algebra
structure. Better is to think of g = Lie(G) as the left-invariant vector fields, and then U(g) acts as
left-invariant differential operators on S(G) the smooth (analytic) functions on G. It’s not obvious
that this action takes polynomials to polynomials.

Let U be a left-invariant operator on S C Fun(G), with S a left-invariant algebra containing O(G).
For any function, we can make sense of the coproduct, by composing with the group product. The
special property of algebraic functions is that A(f) is a finite sum 3~ f1® fo. If f is a polynomial, we
use bad indices, and f; are characterized by f(zy) = f1(z)f2(y) for z,y € G. Well, if f € O(G)
and g € G, we define the action G ~ O(G) by gf = fog™!, ie.

(9f)(h) = g~ h) =" filg™") falh). (41.4)

We think of both sides as a function of h; thus gf = 3 f1(g™!) fo.
Now if U is left-invariant, i.e. U(gf) = gU(f), we get

UlghHh = filg™HU(f)(h) = U(f)(g~'h) (41.5)
Let’s take h = e. Then Y fi(g~ ) U(f2)(e) = U(f)(g~'), and so
U(f)=>_ [1U(f2)(e). (41.6)

Hence the functional A : f +— U(f)(e) in O(G)* determines U, and U(f) € O(G).

Now we let U be a left-invariant vector field, i.e. a derivation on O(G). Then A is a point derivation:

A(fg) = f(e) AMg) + A(f) g(e) for f,g € O(G).
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Let U,V be two derivations. Using (41.6), we see that UV f = > U(f1)V(f2)(e), and so A\yy : f +—
(UV f)(e) is actually 35U (f1)(e) V(f2)(e) = X Av(f1) Av(f2).
def

So we get a product O(G)* ® O(G)* — O(G)* by A, u — Au, defined by the pairing (Ap, f) =
(A ® p, Af). This is an associative prodoct, and € : O(G) — C determines a unit element in

O(G)*.

So we get an algebra homomorphism U(g) — O(G)*, which takes g < point derivations at e. So
g lives in O(G)*. But G does as well. If g € G, then ev, : O(G) — C is a linear map, and so the
group algebra C[G] is also a subalgebra of O(G)*. In fact, there’s a lot more, and O(G)* is a huge
algebra.

Lecture 42 December 5, 2008

**1 was 15 minutes late.** Announcement: HW is due not next Wednesday, but the Wednesday
after that (Dec. 17).

We recall is an affine algebraic group G over C is a finitely-generated Hopf algebra O(G). We recall
that then O(G)* is naturally an algebra containing C[G] and U(g). If G ~ V is a finite-dimensional
algebraic G-module, then the action gives a coaction V* — O(G) ® V*.

coact

v 0G) & V*
coact comult ® id
0@ @V —LE2 0@y e 0(G) e V*

There are left coactions and right coactions, and if G acts on the left on V, then O(G) coacts on
the left on V*, but G acts on the right on V*. In any case, we have an action O(G)* on V, and it
specializes to the actions G ~ V and U(g) ~ V.

So, we raise the following question: given a Lie algebra representation, does it integrate to an
algebraic action? We will construct O(G) from U(g), by finding each within the space of linear
operators on the other.

So, let g be a finite-dimensional Lie algebra over C. We have no hope of picking out G since g does
not determine G: we need more data. This data will come from the representation theory of G. So,
let M me a **full subcategory of the** category of finite-dimensional g-modules, containing 0
and 1 and closed under @, ®, and ()*.

Now, let A C U(g)* be the set of maps of the form U(g) — End V' L Ctlor Ve M, where the map
¢:EndV — Cisin (EndV)* € M. We think of A as the set of “” of V' as V ranges.
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Dualizing, we have a map (End V')* — U(g)*. Of course, U(g) is naturally a cocommutative (but not
usually commutative) Hopf algebra: if € g, then Az =1 ®@ z + 2z ® 1 (x is primitive), Sz = —=x,
and ex = 0. Anyway, then U(g)* is naturally a commutative algebra, with the multiplication -

defined by by (A - p, u) dof (A ® p, Au).

Why did we pick this Hopf algebra structure? Because it agrees with the action of g on tensor
products. Indeed, if f,g € U(g)* are matrix entries of V, W, then fg is a matrix entry of V@ W.
So A is closed under multiplication, and it turns out (it’s not completely obvious **just uses that
M is closed under ©7**) that A is also closed under addition. Scalar multiplication is obvious,
so A is a subalgebra of U(g)*. Also, S provides a map A — A since M is closed under dualizing.
which a priori is an opposite algebra homomorphism, but A is cocommutative. Also, € € A is the
unit element.

Anyway, we’d like to make A into a full Hopf algebra, where the coproduct should come from the
product. Well, if U®U — U, then dualizing gives U* — (U®U)*, but in general U*@U* — (URU)*
but is not all of it. If U is finite-dimensional, then we do get a coproduct. Well, in fact any given
element of A is a matrix coefficient for some finite-dimensional V', and so we can use the coproduct
construction with the finite-dimensional End V. Thus, A has a coproduct A dual to the product in
U(g). SInce A C U(g)*, we have a pairing, i.e. a map U(g) — A* which is an algebra homomorphism,
where A* has an algebra structure from A on A. In general, this map is not injective, e.g. if M is just
(direct sums of) the trivial representation. But U(g) — A* if M contains a faithful representation
of g.

Let’s make another assumption on M: that there exists a generator Vo € M such that every V € M
is a subquotient of some @, V0®m" for some integers m;. Then (End Vj)* generates A as an algebra.
Question from the audience: What’s a subquotient? Answer: A submodule of a quotient. In
the one example, everything will occur as a summand, but we don’t need this. **Is it clear that
M is closed under subquotients?** Anyway, then A is a finitely-generated commutative Hopf
algebra, and hence O(G) for some algebraic group G.

It’s not clear that G has the right Lie algebra, and in fact it won’t always. But G does act on
each V € M. Indeed, let v',...,v" be a basis of V and &1,...,&, the dual basis of V* **I have
raised some indices**. Then we have o : V — V ® O(G) given by o(v) = S v' ® );, where
Ai(U) = (&,Uv) for U € U(g). Then each )\; is a matrix coefficient: \; € A. Thus we have what
we want, and Uv = 3. v'\;(U), and so ¢ is a coaction of O(G) on V, hence an action of G and also
of U(Lie(G)) (remember that Lie(G) is not necessarily g).

Ok, so we have 0 : G ~ V and U(Lie(G)) ~ V. How does Lie(G) ~ V? By o contracted with
point derivations. But g ~ V also. Well, we had U(g) — A* = O(G)*, and = € g maps to a
point-derivation under this, since z is primitive in U(g). L.e. g — O(G)* factors:

g O(G)* (42.1)

.

Lie(G) — gl(V)
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In any case, if M contains a faithful g-module, then g — Lie(G) is injective (it never depends on
V', coming just from U(g) — A*. But it generally is not onto. For example, let’s take g = C and
M generated by V,, and Vg, where the generator x € g acts by o on V,, = C and by 8 on Vg = C,
and we’ve picked o, 3 € C with o € QB. Then M is in fact generated by V,, @ V3, so = acts by

( @ 5 ) Well, tensor-product in M in fact is commutative, and Lie(G) will contain all diagonal

matrices since a/3 ¢ Q. But g will embed one-dimensionally. The picture is the irrational line in
the torus; of course, this is a complexification of that.

Anyway, the relationship will be that G is the Zariski closure — the smallest subvariety containing
— of exp(g) € GL(V). So the problem will be how to identify when this is Zariski-closed.

Lecture 43 December 8, 2008

**T missed the first half. Bullets are cribbed from Alex Fink.**

e Reminder from last time. Let g finite-dimensional Lie algebra over C and M a category
of modules over it, and M has a generator V. We constructed a linear algebraic group
G C GL(Vy) so that O(GL(Vp)) = O(G). We have

g
.
al(V)

and g — Lie(G) if M contains a faithful module.

Lie(G) (43.1)

e g is algebraically integrable with respect to M iff g — Lie(G) is an isomorphism. You should
think of M as the category of f.d. reps of GG, and it actually is up to some closure of something.

e We have a pairing U(g) ® O(G) — C, with some geometry: if H < G is a Lie subgroup
with Lie(H) = g, and f € O(G) and U € U(G), then (U, f) = U(f|u)(e). This construction
depends only on a neighborhood of e, so depends only on f|exp,w for W a neighborhood of
0€g. If f € O(GL(Vp)), look at its image f € O(G); then through some magic, we conclude
that exp W is Zariski-dense in G.

e Theorem 43.1: If g = @ g; as vector-spaces, and if each g; is algebraically integrable, then
so is g.
Proof of Theorem 43.1:
Integrate each g; to G;. Then look at the map m : Gy x --- x G, — G, which just
multiplies in the given order. This is not a group map, just a map of algebraic varieties.

Then this factors through H, because G; — G factors through H, and H is closed (qua
group). Then the differential at the identity is just € g; — g. So it has image containing
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a neighborhood of 0, and so m has image containing a neighborhood of the identity in
G. Since this neighborhood is dense, m is a dominant morphism (i.e. a morphism of
algebraic varieties with Zariski-dense image).

Thus dimG < dimG; X --- X G, = dimg, so g = Lie(G). O

e The torus example. If g is abelian, then we want to integrate it to a torus. We take a lattice
X € g* of full rank (meaning X ®z C = g*); &1,...,&, a Z-basis. We take M = {@C): )\ €
X}, where g ~ Cy by g — A(g)x. Then Vy = @ C, is a faithful generator.

Thus we have G C GL(Vp) the Zariski-closure of expg, and exp(2) is the diagonal matrix
whose i, entry is e¢(3). So G is a torus T =2 (C*)", with O(T) = C[t}, ..., tE!], where t; of
a diagonal matrix is the (¢,)th entry.

What are the modules? If A = 3" a;; for a; € Z, then T'~ Cy by (t1,...,tn) — t7* ... 10"
In any case, then O(T') = C[X], and

Homajecp/c (T, C*) = Homyegp/c (T, C*) = Hompjgyar/c(T, C*) /scalars,

and T' = g/2miX".

We come to our main example. Let g be semisimple over C. We know its representation theory,
and we know how to classify the semisimple gs. We want to know all its Lie groups.

We make some choices: h = gg its Cartan, g = @, ga, and root and weight lattices () and P. We
pick a lattice X between these Q@ C X C P. Let M be the finite-dimensional reps of g such that the
highest weight is in X; then all weights will be in X since X 2 Q. So M ={@ V) s.t. A € PLNX}.
This is a perfectly good category with ® and duals.

All of this is a little abstract: to actually get your hands on the algebraic group from this description
is a little involved.

So, what happens to h? h acts diagonally, so it’s algebraically integrable, integrating to a complex
“torus” T' = (C*)™ with character lattice X. What about the n; and n_ parts? They’re nilpotent,
and we claim that this means they’re automatically algebraically integrable. Because if g ~ V
nilpotently, then g — strictly upper triangular matrices. And we can exponentiate a strict-upper-
triangular to get an upper-uni-triangular matrix, and exp(nilpotent) is a polynomial map. By the
same token, log(1 4+ X)) is polynomial for X nilpotent. So we have polynomials making the strict-
upper-triangular matrices isomorphic as an algebraic variety to the upper-uni-triangular matrices.
But g is a vector subspace of the strict upper triangulars, so exp : g — G makes G into an algebraic
variety.

So b, ny, and n_ are algebraically integrable, and g = n_ @ h ® n,, integrates to some G with
Lie(G) = g, and G C GL(V)) algebraically.

Question from the audience: What’s the generator of M? Answer: Ah, I didn’t show you
that M has a generator. But it does: the intersection of X with the dominant cone is a cone in
the lattice. And a cone in a lattice has a finite set of generators which generate it as a semigroup.
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And V) ®V,, = Va4, @ other bits. So pick some generators A;, and then @ V), generates. So if you
want G C GL(@V),).

So we get these different groups. We want to show that this is all of them. Well, we know that
there is a simply-connected one, and that any other is this mod something in the center. So we
need to see that if X = P we get a simply-connected group, and if X = @) then we’ve killed the
whole center. Then the center of the simply-connected one is P/Q, and so any subgroup of the
center is a lattice between P and Q.

So, another fact about algebraic geometry. We have g = Lie(G), and Uy = exp(ny), T = exp(h),
and U_ x T x Uy — G with Zariski-dense image.

Oh, by the way, G is connected. It’s an algebraic variety, and these are either irreducible or
reducible, which means that O(G) is either an integral domain or it isn’t. But in fact G is connected
i.e. irreducible, because it’s the Zariski closure of exp W for W a neighborhood of g.

Anyway, the image U_ x T' x Uy — G is Zariski dense, and contains a Zariski-open set. This is
another algebraic geometry fact: the image of an algebraic map contains a set Zariski-open in its
Zariski-closure.

Ok, so the complement of the image lives inside some closed subvariety of G, which will have
complex co-dimension at least 1, and hence real co-dimensional at least 2. Because locally we're at
the vanishing set of some polynomial in C”. So in any one-complex-dimensional slice transverse to
the locus, the locus is just some points. Anyway, so that means that if we have any path in G, we
can move it off this closed subvariety. This really is using that real codimension is at least 2.

Anyway, so let’s take a path in G from e to e. Then up to homotopy we can get it off the complement
of the image. So we have a map w1 (U_TU, ) — 71(G). On the other hand, U_TU,; < U_xT x Uy
by LU-factorization. So m(U-TU) = m (U~ x T x Uy) = m1(T'), since U is affine. And m(T) =
X* is the co-lattice to X, i.e. the points in g on which all of X takes integral values.

If «f = h; € X*, then we take s[(2); C g and exponentiate to SL(2,C) — G. So the circles
exp(Rh;) that generate m1(7") go to circles in SL(2,C) which is simply-connected. So the map
m1(T) — 71 (G) kills these circles, and G is simply-connected.

Lecture 44 December 8, 2008
We begin with course evaluations.

44.1 Finishing up
Remember where we were. We have g a Lie algebra, M a good category of representations of g,

and from this construct a group G. Not we let g be semi-simple over C, M the finite-dimensional
reps with weights in X, for X a lattice Q C X C P.
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We saw last time that if X = P, then G = G is simply-connected. Let’s remember how we got Gyc.
We split g = n_ @ h@n,, and ny exponentiates polynomially, h ~ T = (C*)", and U_-T-U; — G
homeomorphically and indeed is algebraically isomorphic to its image. But the image contains a
Zariski open subset, and indeed is Zariski open, although that takes more argument, and so any
path in G can be moved into U_ - T - Uy — G, where it’s contractable.

Now, let X = @, and then Vp = (g,ad) has weights in R U {0} C @, and generates M. This
takes a few more basic facts about what submodules appear in Vy ® V9 for n >> 0. Then the
construction gives G,q = Int(g) = exp(adg). Remember how Ad : Guq ~ g; Ad(g) ~ g by the
differential of Ad(g) ~ G at the identity. So the center of G acts trivially, but G,q ~ g is faithful,
80 Z(Gaq) = 1.

We had the above decomposition Gy, 2 U_Ty U, and similarly a decomposition Gpq 2 U_ToqU.
And then Ty (which of course isn’t simply-connected, but whatever) is h/27iQ", and Thq =
h/2miPY, and Ty, — Tnq with kernel PV/Q". Using the algebraic geometry, we know that any
Zariski-open in the irreducible Gy, intersects every other open, and Gy, — G,q is a finite cover.
Thus Z(Gs) = ker(Tye — Tag) = PV/QV.

So now we know the whole story. To each root system g, possibly disconnected, and each @ C
X C P, we get a group G with the correct Lie group. And then M is exactly the category of
G-modules, and so we know all the groups and their representation theory. We remark that the
index [P : Q] = det A is the determinant of the Cartan matrix.

Example: This is all fairly abstract. Let’s work an example. For example, G = SO(2n + 1,C)
and g = s0(2n + 1,C). It’s most convenient to take the symmetric form that’s preserved by
1

G to be anti-diagonal: { J . Then the diagonal matrices are a maximal torus, and
1

g={X = —X%}, where X% is the weird anti-transpose. So

21

Zn
h= 0 (44.1)

—2Zn,

Then R, = z; £ z; for i < j and 2z;. And you can verify that ) =€ — €41, O = 2i — Zit1,
and a){ = €p, o, = 22z,. This is Langlangs-dual to B,,, which is a very subtle relationship.

In any case, P¥ = Z", and Q" is the sublattice {(ay,...,a,) s.t. 3 a; is even}, and Q = Z"|

and P=Z"U ((3....,3) +Z").
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So, what is the torus? It’s

T = 0 (44.2)

I ]

with exp : h — T. The kernel is ker(h — T') = 2miZ™ = 2miPV. This is the largest is can be,
so Z(SO(2n + 1)) =1 and this is the adjoint representation.

But then there must be another group, since ) has index 2. The simply-connected cover
is a two-to-one cover of SO(2n + 1), called Spin(2n + 1,C). By the way, the same thing
happens in the even case, although the index is four: it turns out that SO(2n) already has
a two-element center. It’s smallest finite-dimensional representation is V( 1ob): The Weyl

2
group is W = S, x {£1}". So dim Via 1y =2" This is the Clifford module, which is a
PRRED)
lovely geometric construction. You can construct Clifford algebras from the bilinear form,
but actually Spin acts on the Clifford algebra, not just SO.

We’d now like to move to a slightly more general theory. We say that G a complex Lie group is
reductive if it is linear and its finite-dimensional representations are completely reducible. Why do
we say it’s linear? Well, you could take e.g. an elliptic curve, which is a complex Lie group which is
also compact. But a holomorphic function on a compact thing is constant, so an elliptic curve has
only trivial finite-dimensional representations. THere are more general examples, and the point is
that in these the fin-reps don’t see the group structure.

Anyway, so say G is reductive, and g = Lie(G), which is then necessarily reductive as a Lie algebra.
Then g = gss B 3 Where 3 is the center and gy is semisimple, and h = hgs + 3. Anyway, so we repeat
the representation-theory games. We have QV C b, and we pick a lattice h O X* D QV such that
X D Q,ie (X*, P)CZ. And we demand that X* be spanning: h = C ®z X*. Then we let M
be the finite-dimensional representations on which b acts diagonalizably (we have to impose this
as a requirement, since the center need not do it) with weights in X. Then we get G 2 T = exp(h)
with lattice X (7') = X. The whole story goes through, and we won’t justify all of it. The primary
ingredients we have; the only extra part is that if X is too small, then G will include a copy of
(C,+), which is not completely reductive, and if X contains too many vectors, then G will contain
a compact variety and have no fin-reps. The conditions we have make X just the right size. We
remark that a reductive abelian group is (C*)™.

Anyhoo, so the data we have includes X, X*, and we pick vectors and dual vectors o, ..., a, and

Y

ay,...,ay, and we get a matrix (o, ), and this will be a Cartan matrix of finite type. This is

called the root datum.

Example: Let X = Z" and X* = Z" with the obvious pairing, but take the sl root lattice
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a; =e; —ejy1 and aiv the same. Then we get sl, with an extra dimension: g = gl,, = sl, ®C.
Then the torus is T = (C*)*, and O(T) = C[tF,...,t5], and Tsy, — T, so O(Tsy,) is a
quotient of O(T), and it’s O(Tsz,) = C[tT, ..., t:]/{t1 .. . t, — 1).

Gah, we have no minutes left, but I have to say one more thing. There’s a beautiful theorem which
we don’t have time to do:

Theorem 44.1: The root data (X, a; € X, € X*) exactly classify:

reductive Lie groups over C
reductive algebraic groups over C
compact real Lie groups GY

(We could do all this story over R, but you won’t get a compact thing. On the other
hand, inside C you can combine the Weyl reflections with complex conjugation to get
an automorphism of each s[(2) whose fixed points are an so(3,R).)

reductive algebraic groups over any algebraically closed field in any characteristic
“algebraic groups over Z”

(We could do all this story over Z, constructing a Hopf algebra over Z, called a group
scheme, and tensoring with any field gives a real group. Tensoring with a finite group
gives a finite Chevellay group.)

Finite groups of Lie type, which come in the same way as G? — use automorphisms —
but over a finite group, and this is basically the source of the finite simple groups.

answers to Problem Set 1

Show that the orthogonal groups O, (R) and O,,(C) have two connected components, the
identity component being the special orthogonal group SO, and the other consisting of
orthogonal matrices of determinant —1.

**T will use “1” for the identity of any group. Let K =R or C. We consider
the K-valued dot-product o K" given by (z,y) = 2Ty = 3.7, zy;.

Certainly there are at least two connected components of O,: if XTX = 1,
then det X? = 1, so det X = +1; each of “det X = +1” and “det X = —1” is a
closed condition. So it suffices to show that SO, = {X € O, s.t. det X =1} is
connected. We remark first-of-all that SO; = {1} is trivially connected.

The Graham-Schmidt procedure, by which a basis is made into an orthonor-
mal basis, is continuous.! In particular, given an orthonormal basis of K", we

"When K = C, with the dot-product we have chosen, Graham-Schmidt can fail to turn a basis into an orthonormal
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can perturb the first coefficient slightly and then construct an orthonormal
basis containing the perturbed first coefficient that is “near” the original
basis (there’s a 6 depending on n and ¢ so that any perturbation of the first
basis vector by ¢ perturbs the rest by ¢).

If n > 2, then the unit vectors in K" are path connected.? Given two elements
X, Y € SO, let z1,...,x, and y1,...,y, be the columns of X and Y respectively;
then each is an orthonormal basis of K". We pick any path z(¢) from z(0) = xg
to z(1) = yo, and use the continuity of Graham-Schmidt to find a path Z(t) €
SO,, such that Z(0) = X and Z(1) has y; as its first column. But then the
columns {z(1)s,...,2(1),} are an orthonormal basis of (y;)*, with the same
orientation as {ys,...,y,}. By induction, we can find a path in SO,_;.**

Show that the center of O,, is {£I,}.

**Let Z € O, be central, and let  be a unit vector (z’z = 1 € K). Let
X 1y — —y +2(2Ty)r be the reflection through z. Then XZxr = ZXz = Zu,
but if Xy = y, then 2y = 2(z”y)z, so y is parallel to 2. Thus every vector
is an eigenvector of Z, and so Z is multiplication by a constant. The only
constants in O,, are £1.%*

Show that if n is odd, then SO, has trivial center and O,, = SO,, x (Z/2Z) as a Lie
group.
**If n is odd, then the reflection X used in the previous answer is in SO,

and so the central elements are only +1, but —1 ¢ SO,, when n is odd. As
SO, has index 2 in O,, it’s normal, and we have a split exact sequence

PN
1 S0, O, 7)27 —1 (PS1.1)

where t sends the generator to —1, which acts trivially on SO,,.**

Show that if n is even, then the center of SO,, has two elements, and O,, is a semidirect
product (Z/2Z) x SOy, where Z/27Z acts on SO,, by a non-trivial outer automorphism
of order 2.

** The split exact sequence

| > 80,0, — = 7/27 — 1 (PS1.2)

basis, because there are non-zero vectors of zero-length. But if a basis is close to being orthonormal, then Graham-
Schmidt will succeed.

*For example, if > (z:)* = 1 = > (y:)?, then z(t) = \/(m1)2(1 —t) + (yi)?t is a path of unit-length vectors. If
K = C, then we have to pick branches of the square root; but (z;)?(¢) is an affine function of ¢, so has at most one
root in ¢ € [0, 1], so there are at most n times when a choice of branches is involved, and of course any choice works.
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now sends the generator Z/2Z to

T — ) (PS1.3)
1

Then detT = —1, and of course O, = (Z/2Z) x SO,, where the action is by
conjugation by 7. We must show that this is an outer automorphism of 50,.
If there were some S € SO,, such that for every X, TXT ' = SXS~!, then in
particular S™!TXT~1'S = X, and so S~'T commutes with all of SO,,. But then
S7IT = +1¢€ SO, but T & SO,,.

So it suffices to show that +1 are the only matrices Z € O, that commute
with all X € SO,,. This is false when n = 2, in which case SOy = U(1) is the
circle group, and all elements are central. But then there are no nontrivial
inner automorphisms, and O, is a noncommutative semidirect product of two
commutative groups.

Let n > 2 is even, on the other hand, and let Z € O,, commute with SO,.
Given z, construct the reflection X as above; then Z commutes with 7TX:
ZTX =TXZ. But then T~'ZT commutes with X for any reflection X through
a line, in which case T7'Z7T must equal +1 since takes every z € K" as an
eigenvalue. Thus Z = +1, completing the proof. **

2. Problems 5-9 in Knapp Intro §6, which lead you through the construction of a smooth group
homomorphism ® : SU(2) — SO(3) which induces an isomorphism of Lie algebras and
identifies SO(3) with the quotient of SU(2) by its center {£1}.

**Having not yet received my copy of Knapp from Amazon, I will interpret this
exercise as “construct an isomorphism SU(2)/{£1} = SO(3).” I remember seeing
a solution in the Quantum Field Theory textbook by Peskin and Schroeder, so
how hard can it be?

We begin by investigating the real Lie algebras so0(3) = {4 € M3(R) s.t. A+ AT =0}
and su(2) = {a € M3(C) s.t. a+a* = 0,tra = 0}. We can find explicit R-bases for
s0(3) and su(2):

[0 0 0] [0 01] [0 10]
X={0 0 1|, Y=]0 00(,Z=|-10 0|} Cso(3) (PS1.4)
{o —1 oJ £10{0J0 {o oooJ

é H Csu(2)  (PSL5)

These satisfy [X,Y]| =27, [V, Z]| =X, [Z,X| =Y, and [z,y| = z, [z,2] =y, and [y, z] = x.
So the Lie algebras are isomorphic.
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We continue our explicit calculations, using the embedding of C — Ms(R) : i —

{ _01 (1) } to embed M;y(C) — M4 (R):

1 0 0
Y — 1 0 cost sint
0 —sint cost

cost 0 sint |
el? = 0 1 0
—sint 0 cost

cost sint 0 |
tX

e = | —sint cost 0
0 0 1
cost sint 0 0
oo { et 0 } _ | —sint cost 0 0
T 0 e | T 0 0 cost —sint
0 0 sint cost
cost 0 sint
oty — | €08 t sint | _ 0 cost 0
—sint cost —sint 0 cost
) | 0 —sint 0
[ cost 0 0
otr — [ cost isint | B 0 cost —sint
1sint  cost 0 sint cost
' - | —sint 0 0

1

0
sint
0
cost
sint
0
0
cost

(PS1.6)

(PSL.7)

(PS1.8)

(PS1.9)

(PS1.10)

(PS1.11)

Equations (PS1.6-PS1.8) give the canonical action of SO(3) on R3: e!¥ is the
rotation by ¢ radians around the e;-axis, etc. This action defines SO(3). Equations
(PS1.9-PS1.11) give the canonical action of SU(2) on R* = C2. Thus SU(2) also
acts on A\?(R*) =2 RS, We compute this action, picking a particularly nice basis:

fi=e1Nes—e3Ney
fo=eirNes+exNey
fas=e1Nes—eaNeg
gr=e1 Nex+e3Ney
g2 —e1Neg—eaNey
gz =e1 Neqs+eaNes

130



In this basis, we can evaluate explicitly the action of SU(2) ~ RS:

(1 0 0 0 0 07
0 cos(2t) —sin(2t) 0 0 0O
0 sin(2t) cos(2t) 0 0 O
tr _
€ lgs =1 0o 0 0 10 0 (PS1.18)
0 0 0 010
L O 0 0 0 0 1]
[ cos(2t) 0 sin(2t) 0 0 07
0 1 0 0 00
w| _ | —sin(2t) 0 cos(2t) 0 0 0
€ ne 0 0 0 10 0 (PS1.19)
0 0 0 010
L 0 0 0 0 0 1]
[ cos(2t) —sin(2t) 0 0 0 0]
sin(2t) cos(2t) 0 0 0 O
ol 0 0 100 0
€ ge = 0 0 010 0 (PS1.20)
0 0 0010
L 0 0 0 0 0 1/

This is all to say that the action SU(2) ~ R® fixes the subspace spanned by
{91, 92,93}, and acts as SO(3) on the subspace spanned by {fi, f2, f3}. In particular,

e acts as e 72X, e as e72Y, and e!* as e 24,

This, then, gives us the desired homomorphism. To wit: As ¢ varies, the circles
e!®, e, and e!* generate SU(2). We can construct a homomorphism out of SU(2)
by specifying where each generator goes, and the homomorphism exists if the
specification respects any relations between generators. But since SU(2) acts on
R3, the map e!* — e~ %X, etc., from SU(2) — SO(3) necessarily respects all requisite
relations: SO(3) is defined by its action on R3. This homomorphism is onto, since
e 2X et al. generate SO(3).

The homomorphism is not one-to-one. In particular, e™ = —1 € SU(2) maps to
e 2™ = 41 € SO(3). But {£1} C SU(2) is exactly the kernel: let a € SU(2) <
SO(4) < U(4) act trivially on R® = A2R*, and diagonalize a over C*: a(e;) = a;e; for
a € C. We have implicitly tensored everything with C. Since e; Aej = a(e; ANej) =
a;aje; N ej, we must have o;a; = 1 for i # j. But then a; = o = o for all j,k, and
a? = 1. Thus a acts on C? = R* by multiplication by a = +1. **

. Construct an isomorphism of GL(n,C) (as a Lie group and an algebraic group) with a closed
subgroup of SL(n +1,C).

X 0

0 det X-1 € SL(n+1,C), which is a polynomial in the

**We map X € GL(n) to {

131



coefficients of X and in det X!, and in particular is s/a/h. It’s plainly one-to-one
with closed image. **

. Show that the map C* x SL(n,C) — GL(n,C) given by (z,9) — zg is a surjective ho-
momorphism of Lie and algebraic groups, find its kernel, and describe the corresponding
homomorphism of Lie algebras.

** An inverse to the map is provided by X + (det X, (det X)~'X) € C* x SL(n,C).
The kernel of the first map is all pairs (z,g) so that detg =1 and zg =1. L.e. g € SL
is multiplication by a constant (by z7'), and 1 = det g = z~". Thus z is an nth root
of unity: the kernel is the cyclic group of order n.

As the kernel is discrete, the Lie algebras are isomorphic. Indeed, this follows
simply by dimension count, as the map is onto and the domain and range have

the same dimension 1+ (n? — 1) = n2. **

. Find the Lie algebra of the group U C GL(n,C) of upper-triangular matrices with 1 on
the diagonal. Show that for this group, the exponential map is a diffeomorphism of the Lie
algebra onto the group.

** We recall that if V C M, is the space of upper-triangular matrices with 0
on the diagonal and z € V, then 2™ = 0. Thus log : U — V that sends 1 + 2 —
EZ;%(—l)kilxk/k: and exp : V — U sending = — ZZ;(% 2% /k! are polynomials, and it’s
easy to see that they are inverses of each other. Thus V = Lie(U), and V and U
are not just diffeomorphic, but related by inverse polynomials. **

. A real form of a complex Lie algebra g is a real Lie subalgebra gr such that that g = gr ®igg,
or equivalently, such that the canonical map ggr ®g C — g given by scalar multiplication is an
isomorphism. A real form of a (connected) complex closed linear group G is a (connected)
closed real subgroup Ggr such that Lie(GRr) is a real form of Lie(G).

(a) Show that U(n) is a compact real form of GL(n,C) and SU(n) is a compact real form
of SL(n,C).

**We have Lie algebras u = {X € M,(C) s.t. X + X* = 0}, gl = M,(C), su =
{X € M,(C) s.t. X + X*=0,tr X = 0}, and sl = {X € M,(C) s.t. trX = 0}. By
for any Z € M,, we can write Z = X +iY uniquely with X+ X* =Y +Y* =0, by
X=(Z-7%/2iandY = (Z+2*)/2i. Iftr Z =0, thentr Z* =0,sotr X =0 =trY.
This expresses gl = u @ iu and sl = su & isu.

That U (SU) is a subgroup of GL (SL) is obvious. We prove that U(n), and
hence any closed subgroup (e.g. SU(n)), is compact:

If we know operator norms, the compactness of U(n) is trivial — for com-
pleteness, we verify the steps. Define || X| = sup,ccn oy [|X0[|/[|v]|, where by
|v|| we mean the Euclidean norm of v € C" = R?". It’s enough to allow v in the
sup to range over the unit sphere; for any X € M, (C), v — || Xv]||/||v| is contin-
uous, and so hits its maximum, and || X| < co. If X € U(n), then || Xv| = ||v]
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by diagonalizing X (any matrix X can be written in upper-triangular form,
but then X! is upper triangular and X* is lower-triangular, so if X € U(n),
then it is diagonalizable, and its eigenvalues must be on the unit-circle in
C). Moreover, for any matrix X € M,(C) and (complex) scalar «, we have
|laX|| = |of || X, and if || X|| = 0, then || Xv| =0 for all v, so Xv =0 so X = 0.
In any case, take any topological disk in M, (C) = R%"* that contains 0 in its
interior. As | - | is continuous on M, and non-zero on the boundary of this
disk, it must take its minimum; hence, by multiplying by a large enough
(positive real) scalar, we can assume this disk contains all matrices of norm
1, and in particular it must contain U(n). Thus U(n) is a closed subset of a
compact space, and hence compact. **

(b) Show that SO(n) is a compact real form of SO(n, C).

**We have Lie algebras so0(K) = {X € M,(K) s.t. X + X7 =0} for K = R or
C. We have M,(C) = M,(R) @ iM,(R) component-by-component, and X —
XT preserves this decomposition. That SO(n,R) is compact follows from its
embedding as a closed subgroup of the compact SU(n). **

(¢) Show that Sp(n) is a compact real form of Sp(n,C).
**Qur Lie algebras are sp(K) = {X € M,(K) s.t. XJ + JXT = 0} where J =
{ _01 (1) } in block form (1 here is the identity matrix in M,. We can again
use the decomposition component-by-component of M, (C) = M,(R) ®iM,(R);
the linear relation X.J 4+ JXT = 0 is preserved by complex conjugation, so

is preserved by the decomposition. Compactness follows from the closed
embedding of Sp(n,R) into SU(m) for high enough m. **

7. Show that a closed linear group H is compact if and only if every X € Lie(H) has the property
that X is diagonalizable (over C) and has real eigenvalues.

**0Of course, Z — GLi by n +— 2"x is a closed subgroup which is not compact. The
exercise must be asking about only the connected component of the identity.

In one direction, this is straightforward. If X € Lie(H) has an eigenvalue )\ that
is not pure-imaginary, then in some basis the first column of X is A,0,...,0, and
the first column of /X is ¢*,0,...,0. But if A is not pure imaginary, then e®¥ is
a closed subgroup of GL, and hence of H, which is not compact. So H cannot
be compact. Similarly, if X is not diagonalizble, then we can find a basis of X in

which the first two columns are

o O >
S > =

(PS1.21)

*
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Exponentiating gives

{ e teth x -‘
0 e x
eX=1 0 0 « (PS1.22)

*

This similarly is a closed subgroup, since te'* scales either linearly or exponentially
(depending on whether )\ has real part or is pure-imaginary), and so if te'* ~ se*?,
then ¢t ~ s. Thus, if any X € Lie(H) is not diagonalizable with pure-imaginary
eigenvalues, then H contains a copy of R as a closed subgroup, but any closed
subset of a compact space is compact, and R is not compact.

On the other hand, the converse direction seems nigh intractable.**

Theo’s answers to Problem Set 2

1.

(a) Show that the composition of two immersions is an immersion.

**We consider the category of s/a/h manifolds with s/a/h maps as a subcat-
egory of Top (with continuous maps). An immersion N C M in Man is (i) a
morphism in Man (i.e. it is s/a/h), (ii) an immersion in Top (i.e. a continuous
map N C M that is a monomorphism such that N has the induced topology),
and (iii) such that if Z — M in Man has a pullback Z — N C M in Top, then
this pullback is in Man.

If N C M C L are two immersions, then N — L is of course s/a/h, and an
immersion in Top. We chase a diagram:

Z A A A

cont’s cont’s cont’s / s/a/h /
ls/a/h:> Cont’s/ls/a/hé s/a/h// s/a/h = /a/h// s/a/h
L c c

L
N M C L N'C M C N C M L N CMCL

The first implication is just composition; the latter two are using the univer-
sal property of the immersions M C L and N C M.

We remark that in both Top and Man, the functor of points Hom({pt}, —) is
not faithful, and that this is the crux of the matter. The notion of “immer-
sion” makes sense for any subcategory C C D, where D itself has a notion of
immersion. To wit: N = M is an immersion in C if N — M is an immersion

D
in D such that any map 7 e M that factors through N in D factors in C. The

above diagram chase, with “s/a/h” and “cont’s” replaced by “arrow in C”
and “arrow in D”, shows that immersions compose in any category. (More-
over, if C’s immersions are relative to D’s, and D’s are relative to £’s, then a
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similar chase makes it clear that C C £ can inherit its immersions directly.)
If we take “injection” to be the notion of immersion in Set, then in partic-
ular immersions in Top (subspaces with induced topology) are exactly what
they should be for the subcategory Top C Set. Since injections are exactly
monomorphisms, immersions solve the problem of the failure of faithfulness
by the functor of points. **

(b) Show that an immersed submanifold N C M is always a closed submanifold of an open
submanifold, but not necessarily an open submanifold of a closed submanifold.

**For the converse direction, we consider the spiral R — R? given in polar
coordinates by (r(t),0(t)) = (1 + €',t). This is certainly an immersion. Any
closure of the image must contain the circle {r = 1} C R%, but any open set
that intersects this circle in the closure must also intersect the spiral. A
closed submanifold of R? containing this spiral must contain a chart near
(r,0) = (1,0), which intersects the spiral infinitely often and so cannot be one-
dimensional. Thus any closed submanifold containing the spiral is at least
two-dimensional, and the spiral is not open in a two-dimensional manifold.

For the forward direction, we let f : N — M be an immersed submanifold, p €
N, and p € T C N a compact neighborhood: i.e. a compact set so that p is in

the interior 7. Since T is compact, f(T) is compact and in particular closed in
M. Since N has the induced topology, f(T') = UNf(N) for some open U C M,

open

and f(T) =UnN f(T) is closed in U. Repeating this for each point p € N to get
T, > p and U, > f(p), we take as our open submanifold | J,cyU, C M (every
open

open subset of a manifold is an open submanifold). Then f(N) C YU, and

has no intersection with the open subset J,cn (Up \ (1)) € UU. On the
open

other hand, Upen Up 2 f(N)uU Upen (Up ~ f(Tp)) = Upen (f(N)U (Up ~ f(Tp))) 2

(e}

Upen (£(70) U Uy ~ £(11))) = Upen Ups 50 F(N) is closed in Upen Up- **

2. Prove that if f : N — M is a smooth [analytic, holomorphic| map, then (df), is surjective
if and only if there are open neighborhoods U of p and V of f(p), and an isomorphism
YV x W — U, such that f o) is the projection on V.

In particular, deduce that the fibers of f meet a neighborhood of p in immersed closed
submanifolds of that neighborhood.

3. Prove the implicit function theorem: a map (of sets) f : M — N between manifolds is smooth
[analytic, holomorphic] if and only if its graph is an immersed closed submanifold of M x N.

**Let f: M — N bes/a/h. Then (id, f) : M — M x N is s/a/h and one-to-one. The
projection map 7wy : M x N — M is s/a/h, and so if g: Z — M x N hits the image
(id, f)(M) is continuous, then my; 09 : Z — M is continuous, so the (id, f)(M) has
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the induced topology, and if ¢ is s/a/h, then so is my; 0 g. But (id, f) omp 09 = g,
so (id, f) is an immersion.

Conversely, if (id, f) : M — M x N is an immersion, then in particular it is s/a/h,
and 7y : M x N — N is s/a/h, so f =nyo (id, f) is s/a/h.**

. Prove that the curve y?> = 2% in R? is not an immersed submanifold. [This is a stronger

statement than the observation we made in class that the smooth bijection t +— (2,¢3) of R
onto this curve is not an immersion.]

**For want of a contradiction, let R — R? mapping s — (z(s), y(s)) be an immersion
onto {z% = y?}. In particular, z(s) and y(s) are both smooth, and we will regularly
use polynomial approximation. By translating s, we can assume that 0 — (0,0);
so z(s) = 2/(0)s + 2”(0)s%/2 + 2™(0)s3/6 + O(s*) and y(s) = y'(0)s + y"(0)s?/2 + O(s?).
The functions z(s) and y(s) satisfy (z(s))® = (y(s))%. But (z(s))3 = (2/(0))3s® + O(s?)
whereas (y(s))? = (v/(0))%s? + O(23), so y'(0) = 0. But then (y(s))? = (y"(0))*s*/4 +
O(s®), so 2/(0) = 0. But then (z(s))? = (2”(0))%s%/8, so y”(0) = 0. In particular, we
see that z(s) = 2”(0)s%/2 + O(s%) and y(s) = y"(0)s*/6 + O(s*), where (2”(0)/2)® =
(¥"(0)/6)°.

So x(s) = O(s?) and y(s) = O(s®). If (2(s),y(s)) is an immersion, then the smooth
functions of s € R must be exactly the restrictions of smooth functions of (z,y) €
R2. But the function s — s : R — R cannot be such a restriction. If it were, we’d
have S(x,y) : R? — R smooth with S(x(s),y(s)) = s, so in particular S(z,y) = S(0,0)+
S:(0,0) z + S,(0,0) y + O(z, y)?, where S, = 95/9z. Composing with z(s) = O(s?) and
y(s) = O(s3) gives s = S(0,0)+5,(0,0) O(s?)+S5,(0,0) O(s*)+O(s*), which is impossible.

k3

. Let M be a complex holomorphic manifold, p a point of M, X a holomorphic vector field.
Show that X has a complex integral curve = defined on an open neighborhood U of 0 in
C, and unique on U if U is connected, which satisfies the usual defining equation but in a
complex instead of a real variable t.

Show that the restriction of v to U NR is a real integral curve of X, when M is regarded as
a real analytic manifold. [This exercise is meant to clarify a point left vague in the lecture.]

**By working in a holomorphic chart on a neighborhood of p € M, we can assume
that X is a holomorphic vector field on a neighborhood of ( € C”. We let X (W) be
the vector )Z'(w) € C™ = TzC™, so each X' : C™ — C is holomorphic, and restrict
our neighborhood to be connected and simply connected in C™. We are looking
for a holomorphic map W(z) : C D U — C™ so that dWi(z)/dz = X‘(W(z)) and

' open
Wi0) = 0

Writing everything in power series, we have a neighborhood of 0 € C™ so that

o
. 1 o A
X'(wW) = E 58}‘17.__7an2|011}]1 Cowdn (PS2.1)
n=0 """

136



where we adopt the physicists’ convention of summing over repeated indices, and
of writing 9}, , for the operator 9"/(0w’! ...0w’). Thinking of the terms O'Wig
as unknown constants to solve for, we are looking for a (actually m different)

power series

) Sl | )
Wi(z)=>" ﬁﬁlW”ozl (PS2.2)
=1

defined in a (connected and simply-connected, indeed necessarily circular) neigh-
borhood of the origin, such that

[e.e]

S ottt =3 o [T (S pownd) e

n=0 =1
Since the sum inside the product starts in degree 1, we see immediately that this
defines each 9"W/|y inductively: by equating degrees in z, we have OW'ilg = X0,
PWiy = X7]08;X’|y, etc. Thus the curve W (z) is unique if it exists, and we can
compute it term-by-term in power series. We have only to show constants 9"W?|,
defined by the equation in formal power series (PS2.3) make the sum in (PS2.2)
converge in a neighborhood of the origin.

~

But the functions X’ are analytic as real functions of the real variables C™ =
R?™, so there is a neighborhood of 0 € R and a function V : R — C™ so that
dVi(z)/dz = X(V(z)). The Taylor coefficients d"V7|, of V/ satisfy exactly the
equations defining "W7|; in (PS2.3), and if V(z) is analytic, then the m sums

= lej|0:):l/l! all converge absolutely in a neighborhood of 0 € R. Thus the sums
(PS2.2) converge absolutely in a circle around 0 € C, provided real-analytic vector
fields admit real-analytic integral curves. That the restriction of W to the real
line is a real curve is immediate: V(z) = W(z + 0i) by construction.

We now proceed to show that an analytic vector field has an analytic integral.
Using the notation as above, let X : R”* — R be an analytic vector field. Then the
power series 5 0" X|ow"/n! converges to X' in a sphere around the origin, and we
will suppress vector indices, writing 0" for the nth derivative operator. (Thus,
from here on out everything is (symmetric) tensor-valued, and multiplications
include the natural contractions.) By the usual remarks about Taylor series and
a few applications of the AM-GM inequality, this convergence is faster in a small
enough sphere than a geometric series: there is a real number a > 0 so that
|0"X|o|| < nla". Rescaling X(w) ~ Y(w) = 1X(w/a), we see that [|0"Y|o| < n!/a,
and if W(z) is a solution to W’'(z) = X(W(2)), then U(z) = 1W(2) is a solution
to U'(z) = Y(U(z)). It clearly suffices to show that if Y (w) has the property
that [|0"Y ||| < n!/a for some a, then the initial value problem U’(z) = Y (U(z)),
U(0) = 0 has an analytic solution. Our proposed solution, of course, defines U(z)
inductively in power series:

8”+1U‘ =Y oUlly= Y 6|”|Y‘ H 8'/6‘U‘ (PS2.4)
TEPn

137



The second equality is by Faa di Bruno’s formula: P,, is the set of partitions of
the set {1,...,n}, 7 is a partition thought of as a set of blocks 3, and we use |o]|
for the size of a set 0. We wish to show that > 7%, 0"U|, 2" /n! converges in a small
enough interval faster than a geometric series; i.e. that there is a number ¢ > 0
so that for every k:

|*Uo|| < k!t (PS2.5)

Indeed, we show by induction that
HakU|0H <1-3----(2k-3)a"* (PS2.6)

which is obviously less than k!(2/a)*. Indeed, assuming (PS2.6) for k£ < n, and
recalling (PS2.4) and that ||0"Y ||| < n!/a, then we have

! 1
oo, < 27; @gu.g....(mm—s»a'ﬁ' =-1:3-...(2n-1)a™" (PS27)

where to evaluate the right-hand-side we used that 0"[1 — /1 — 2] ‘t—() =1-3-(2n—-3)

and 0"[1/(1 — u)]|,_, = n!, and expanded %[1 —v1-2t]=1/(1 - (1 —+/1—2t)) using
Faa di Bruno’s formula. This completes the induction step and hence the proof.
*ok

d
(az+b)/(cz+d). Determine explicitly the vector fields f(z)d. corresponding to the infinites-
imal action of the basis elements

e[y o] mefo A] e [50]

of 5[(2,C), and check that you have constructed a Lie algebra homomorphism by computing
the commutators of these vector fields.

. Let SL(2,C) act on the Riemann sphere P*(C) by fractional linear transformations { CCL b } z=

**We recall that the vector field, thought of as a differential, corresponding to
X € Lie(G) is given by

d|  flexp(—tX)z) — f(2) _ flexp(=€X)z) — f(2) (PS2.8)

- ﬁt:() t €

X[f1(2)

where we use the convention that ¢2 = 0 (i.e. we replace every function by its
Taylor polynomial with remainder: g(z+e¢) = g(z)+eg’(2)+0(e), and all our equations
actually have remainders that are o(¢)). Thus we compute actions by the above

138



generators:

1z + —
exp(—eFE) z = { L 16 z = gt_ 16 =z—¢ (PS2.9)
z
1 12+0 1 9
exp(—€eF) z {—e 1 e Tl R Z 4 €z (PS2.10)
e <, 10
exp(—eH)z = { 60 (?E z = % =e ¥y =22 (PS2.11)
z+ e

E[f](z) = f'(z) i.e. E— -0, (PS2.12)
F[f](z) = —=2%f'(z) i.e. Fs 2%0, (PS2.13)
H[f](z) = 2zf(z) i.e. H— —220, (PS2.14)

The structure of s((2) is given by
[E,F] = H, [E,H]=—2E, [F,H]=2F (PS2.15)

On the other hand, the bracket of first-order differential operators is [f(z)0,, g(2)0,] =
(f(2)d'(2) —g(2)f'(2)) .. (When z is vector-valued, 0, is really a co-vector, f and g
are vectors, and f’ and ¢’ are matrices, and I have suppressed the contractions.)
Sure enough:

[—0.,2°0.] = —220., (PS2.16)
[—0., —220,] = 28., (PS2.17)
220, —220.] = (2%(=2) — (—22)(22)) 0. = 22°0. (PS2.18)

kK

7. (a) Describe the map gl(n,R) = Lie(GL(n,R)) = M, (R) — Vect(R") given by the infinites-
imal action of GL,(R).

**We use the notation in the previous exercise, where ¢ = 0, and adopt
Einstein’s index convention. We let 9; = 9/9z¢, and if f(z') is a scalar func-
tion, then f/ = 0;f is a covector. Taylor’s formula (defining the derivative
covariantly) reads:

(2846 = F(2") + 8" fl(2) + 0(6) (PS2.19)

Any matrix Xij € gl(n) gives rise to a vector field via the canonical action of
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GL(n):
_ flexp(=eX)2) - f(2)

X.[f] = X[f1(z) = : (P52.20)
_ M =eX)2) - f(2) (PS2.21)
(G eXz'JE) )~ () (PS2.22)
_f@) - eszifJ"(ze) +o(eX) — f(2) (PS2.23)
_ Xl (PS2.21)

kk

Show that so(n,R) is equal to the subalgebra of gl(n,R) consisting of elements whose
infinitesimal action is a vector field tangential to the unit sphere in R™.

**Since the vector field X, = —X{ziﬁj is linear in z, it is tangent to the unit
sphere if and only if it is tangent to every sphere.

We let g;; be the standard metric on R", with inverse ¢ (so g;;¢'* = 5¥).
Then the sphere of radius p is given by the p?-level set of r(z) = g;;2'27. A
vector field A, = A7(z) 9, is tangent to the spheres if and only if A[r] = 0. But
ri(2) = 2g;12*, so a vector field A annihilates r(z) exactly when A7(z) 2g;,2* = 0.

Thus, X € M(n) gives rise to a vector field —Xijziaj, which annihilates r(z)
only when Xi]zigjkzk = 0 for every z € R". In particular, for any vectors a’
and b’, we have

0= X/gji(a’ +b)(a" + ) (PS2.25)
= X} gjra'a® + X7 g + X7 gjpa’tt + XJgjpb'a” (PS2.26)
= 040X/ gjra't” + X/ gjra’v* (PS2.27)
= (X{gj + Xigin) a'bt (PS2.28)

In terms of the basis, this is exactly the statement that X + XT = 0. Con-
versely, if X/g;; + X;gik =0, then

0= <Xijgjk + X;gik) 22k = Xijgjkzizk + X;gjkzkzi = 2Xijgjkzizk (PS2.29)

We remark that so can be defined with respect to any metric, in which case
we define the transpose by (XT)j cef

(2
to saying that Xijgjk + ngik = 0, and the argument goes through exactly as
above. Moreover, the statement that so is the subalgebra of gl tangent to
the unit sphere is true over any field of characteristic # 2; indeed, over any
commutative ring in which 2 is not a zero divisor. **

g™ X" gni. That X € so is equivalent
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8.

ANk 7o\
) (5)

(a) Let X be an analytic vector field on M all of whose integral curves are unbounded (i.e.,

they are defined on all of R). Show that there exists an analytic action of R = (R, +)
on M such that X is the infinitesimal action of the generator 0; of Lie(R).

**Our action takes (t,p) € R x M to [ X(t), where [ X is the integral curve
of X through p. Since the integral curves are unbounded, this action is well-
defined, and by definition takes the infinitesimal generator 0; to the derivative
in the direction X. We showed in problem 5 that if X is an analytic vector
field then each integral curve fp X(t ) is analytic in t € R for t in a neighborhood
of 0. In particular, since [ X(s+1? ff x(s) X (t), then J, X (t) is analytic in ¢

everywhere.

We wish to show analyticity in p. By working in a local chart, we assume that
M = R™ and p'is in a neighborhood of 0. We let X : R™ — R™ be analytic, and
the integral fﬁX(t) is given by a vector of function 7 : R'*™ — R™, satisfying

gt i(t,p) = X'(7(t, 7)) (PS2.30)
7(0,p) = p’ (PS2.31)

Then in particular we have the derivatives of (PS2.31):

l
7(0,0) = &5 and (i) 7'(0,0) = 0 for [ > 2. (PS2.32)

9
opJ op

We suppress the indices on X,~,p and expand (PS2.30) as in problem 5 via
the Faa di Bruno formula, taking /th derivatives in p. We find:

5 Z( ) ( )aoﬂwx‘wl;[ﬂ (gt)m (aap) =

(0,0) TEPL_1 a

(PS2.33)

(0,0)
Here Py_; is the set of partitions m of {1,...,k—1}, § ranges over the blocks of

m, N={0,1,...}, @= (ao,---,a8,-..,q) € N!*7l is required to satisfy ag + - - +
ajr =1, and (é) is the multinomial coefficient I!/(ao!...a|!). This defines each

for i < k
(0,0)

derivative (%)k (%)l’y inductively in terms of <8t>z (%)j’y

(0,0)
and j <, the k = 0 case being given by (PS2.32).
If X is analytic, then there is some overall constant ¢ such that H (a%)n X‘OH <

n!c" (choose your favorite norm). We let B : R? — R be the following analytic
function of two variables:

1

(1—\/1—2pc—|—p202+t>
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B solves the initial value problem %B(t,p) =1/(1-¢B), B(0,p) = p. We let b; ;
be the (i,j)th derivative of B at 0:

AN RY
ni= () (5) 2
It follows immediately by induction (and the triangle inequality) that
O\ o
) (&)
as the bs are positive and satisfy

b,y = Z Z( ) a0+|7r| (ap + |m])! H bw‘ ag (PS2.35)

TEPL_1 a BeT

0,0

< bk,l (P82.34)

(0,0)

Thus, we have bounded the derivatives of v by terms of a series with positive
radius of convergence. Hence + is analytic in a neighborhood of 0. **

More generally, prove the corresponding result for a family of n commuting vector fields
X; and action of R".

** Analyticity follows by the same argument as in part (a), where now ~ :
R — R™ satisfies

V(&) = X;(5(t,9)) (PS2.36)
'(0,7) =p' (PS2.37)

0
ot

It suffices to show that a system of n commuting vector fields, all of whose
integral curves never blow up, integrates to an action of R". The general-
nonsense argument is that since R” is a simply-connected Lie group, Lie
homomorphisms out of R" are determined by Lie algebra homomorphisms
of Lie(R"), and these are given by a choice of n commuting Lie algebra el-
ements; hence, since the X;s commute, the map 9; — X, is a Lie algebra
homormorphism Lie(R") — Vect(M) = Lie(Diff(M)), where 9; = 9/9t" and t' are
the canonical coordinates of R", and we can lift this algebra map to a map
of groups R" — Diff(M).

Without using such general nonsense (indeed, the theory developed in this
class does not particularly cover infinite-dimensional Lie groups like Diff())),
we can still define the action of R” on M. Let X and Y be two commuting vec-
tor fields, z(t,p) the solution to the initial value problem i(¢,p) = X (z(t,p)),
z(0,p) = p, and y(¢,p) the solution to y(t,p) = Y(y(t,p)), y(0,p) = p, where
Z(t,p) = 8t z(t,p). Since X and Y commute, we have an exact infinitesimal
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identity x(ds,y(dt,p)) = y(dt,z(ds,p)). This can be integrated to a finite iden-
tity x(s,y(t,p)) = y(t,z(s,p)). Hence we can choose whatever order we want;
we define z;(t,p) to solve the initial value problem z;(0,p) = p, Z;(t,p) =
Xi(zi(t,p)), and then define the action v : R x M — M by (t',... ,t",p)
x1(t!, 2o (t, ...z, (t",p)...)). By the commutivity, v(5+t,p) = (5, ( p)), and
this is a group action of R" ~ M. **

Show that the matrix } belongs to the identity component of GL(2,R) for all

— 0
0 —b
positive real numbers a, b.

** We connect { L { } via the path [0,1] — GL(2,R) given by

—b
cos(2mt)  sin(27t)

—sin(27t) cos(27t)
t— { e(2t—1) Ina 0

0 Q(Qt—l)lnb } ) 1/2§t§1

}, 0<t<1/2

kk

Prove that if a # b, the above matrix is not in the image exp(gl(2,R)) of the exponential
map.

—a

**The eigenvalues of { 0 —b

} are, of course, —a and —b. If expX =

{ —Oa —Ob for X € gl(2,R), then its (complex) eigenvalues must exponentiate

to —a and —b, i.e. its eigenvalues must be Ina + 7i 4+ 2mim and Inb + wi + 27in
for integers m and n. But the eigenvalues of a real 2 x 2 matrix are either
both real or are complex-conjugate; lna + 7i + 2w¢m is certainly not real, and
Ina + wi + 2mim and Inb + 7i 4+ 27win are only complex-conjugate if Ina = Inb,
which cannot happen if a # b € R.

We remark that the failure of the exponential map to be onto is not limited

to real closed linear groups: { _01 _11 } & exp(sl(2,C)).**

answers to Problem Set 3

Let S be a commutative k-algebra. Show that a linear operator X : .S — S'is a derivation
if and only if it kills 1 and its commutator with the operator of multiplication by every
function is the operator of multiplication by another function.

**We recall that X : S — S is a derivation if X(fg) = X(f) g+ f X(g) for each
f,g € S. Then [X, fl(9) = X(fg) — fX(g9), and so if X is a derivation, then
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(X, f] = X(f). Conversely, if [X, f] € S for every f € S, then [X, f] = [X, f]1 =
X(f1) — fX(1). So if X kills 1, then [X, f] = X(f), and X(f)g = [X, f](g) =
X(fg)— f X(g9), hence X is a derivation. **

Grothendieck’s inductive definition of differential operators on S goes as follows: the
differential operators of order zero are the operators of multiplication by functions; the
space D<, of operators of order at most n is then defined inductively for n > 0 by
D<,, = {X : [X, f] € D<p—; for all f € S}. Show that the differential operators of all
orders form a filtered algebra D, and that when S is the algebra of smooth [analytic,
holomorphic| functions on an open set in R” [or C"], D is a free left S-module with basis
consisting of all monomials in the coordinate derivations 9/9x".

**Since we define D as its union of subalgebras, it suffices to show that
multiplication respects the grading. Let X € D<,, and Y € D, be differential
operators of degree at most n and m respectively. Recall that the commutator
in an associative algebra is a (bi)derivation. Then [XVY, f] = X[Y, f]+ [X, f]Y €
D<p,D<py—1+ D<p—1D<yy € D<pim—1 by induction on n +m (when n+m = 0,
the result is trivial). Thus XY € D<,.,. Hence D is a filtered algebra.
We observe that, since the Jacobi identity assures that bracketing is a Lie
(bi)derivation, [[X, Y], f] = [[X, f]. Y] + [X, V. f]] € [Den: Dem1] + [Dan-1, Dem)] C
D<yym—2 by induction, hence [X,Y] € D<pip—1.

For the second part, we let S be the algebra of s/a/h functions on an open
domain. It’s clear that any polynomial of degree at most k in the 9/0x's
with coefficients in S is a differential operator of degree at most k under
Grothendieck’s definition. Let X be any such polynomial in the 9/0z's. Then

X = ;ﬁ [ [[X 2] 2], ] e (1) T (PS3.1)

We have used the Einstein repeated-index summation convention. The n =0
bracket of X with zero z’s we let be just X. If X is of degree k in the 0/0z's,
then (PS3.1) terminates after n = k.

Conversely, if X € D« is an arbitrary Grothendieck differential operator,
then the right-hand-side of (PS3.1) terminates after n = k and agrees with X
when evaluated on any polynomial. It must therefore agree on any algebraic
function: the generalized chain rule reduces to the generalized product rule
for left-composition with polynomials. But I see no reason that it should
necessarily agree with X on all, even transcendental, functions without as-
suming some topological condition on the differential operators. Of course,
it is a (presumably hard; I don’t know how to do it) theorem of Peetr’s that
any local operator on C* is a differential operator. In our case, it suffices to
know that any differential operator is continuous in an appropriate topology
on S (e.g. the point-wise topology), since the polynomials are dense.
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Indeed, I believe the claim in the problem would be false were S replaced
by its field of fractions. In this case, we can understand S as a (transfinite)
field extension of the polynomials. Any derivation, say, of a field extends (at
most) uniquely to any algebraic extension of that field: if f is a root of a
polynomial p = Y ppa* € T[z] (for T a subalgebra of S), and X is a derivation
of T[f] (the subalgebra of S generated by T and f), then

x(f) = 2X@) 0 (PS3.2)

S kppfEt
(By choosing generators of the vanishing ideal of f in 7T'[x] of minimal degree,
we can assure that the denominator of (PS3.2) does not vanish identically,
but it might vanish at points.) Hence extensions of derivations to alge-
braic extensions are uniquely determined. But on transcendental extensions
derivations can behave arbitrarily.

In any case, there are holes in the previous paragraph, because I don’t
know enough algebra to be sure in the non-PID case (and we’re in the non-
Noetherian case) that (PS3.2) is in fact consistent when X is not a sum of
multiples of 9/0z's. And I don’t know enough product rules to write down
similar formulas for the extensions of higher-order differential operators. But
I expect there’s something missing.

Naturally, Wikipedia quotes Grothendieck’s definition as equivalent to the
freshman-calculus definition.

koK

2. Calculate all terms of degree < 4 in the Baker-Campbell-Hausdorff formula.

**We wish to calculate 5(X,Y) = log(exp X expY), where X and Y are noncom-
muting variables and exp and log are the usual formal power series. To degree
< 4, we have

1
6

1

1
eprepr:(l—i-X—i-iXQ-i- G

1 )( 1 1 )
3, L oy4 15,2 3, L4
X+24X + ... 1+Y—|—2Y—|- Y+24Y + ...

(PS3.3)
1 1
=1+ X +Y + o (X7 42XV +V?) + o (X7 +3X°Y +3XY? +V?)

1
+ 52 (X1 +4X%Y +6X2Y2 +4XYP 4+ Y4) + .. (PS3.4)

We let (X,Y) =21+ Zy+ Z3+ Zy + ... where each Z; is homogeneous in X and
Y of degree i. (Since ((0,0) = 0, there is no constant term.) Then, grouping by
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degree,

1

expBX.Y) =14 21+ (32 + %) + (2 + 1 (22 + 2:2)) + 7

6
+ (i(zl)4 + é ((21)2 22 + 212221 + Zo(21)°) + % (2125 + (Z2)* + Z321) + 24)
(PS3.5)
and we compare term by term.
Z=X+Y (PS3.6)
Zy = % (X +2XY +Y?) - % (X2+ XY +YX +Y?) (PS3.7)
_ % (XY —VX) (PS3.8)
- %[X, Y] (PS3.9)
Zy = é (X?4+3X%Y +3XY? +Y?) - %(X +Y)?
_ % ((X+Y)%(XY—YX) 4 é(XY_YX)(XJrY)) (PS3.10)

(2X2Y +2XY? - XYX -YX?-YXY — Y2X)

| =

1
- (XY - XYX +YXY - V?X + XV X + XY? - VX? -YXY)  (PS3.11)
1

=5 (XY + XY? - 2XYX - 2Y XY + Y X? + VX)) (PS3.12)
_ % (X[X,Y] + [X,Y]Y + [V, X]X + Y[V, X]) (PS3.13)
= (X [X. Y] + [V, [¥ X]) (PS3.14)

247, = (X' +4XY +6X2Y2 +4XY? 1Y) — (2)"

—4((21)*Za+ 212221 + Zo(21)?) — 12 (2175 + (22) + Z371) (PS3.15)
= X4 4 4X3Y 4 6X2Y2 +4XY3 4+ Y1 - (2))4
— M Z1)*Zy — AZ1 2y 7y — 4Z5(21)? — 122123 — 12(Zo)* — 12737 (PS3.16)

= X 1 4X3Y +6X2Y2 +4XY3 4+ Y — (Z))!
— 6(21)*Zo + 221[Z1, Zo) + 2[Za, Z1) 71 — 6Z9(Z1)?
— 127,75 — 12(Z5)* — 12232, (PS3.17)
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= X' 4 4X3Y 46XV 44XV 4+ Y — (X2 +2XY + Y2 - 27y)2

—6(X?+2XY + Y% 2257y — 6Z5(X* 4+ 2XY +Y? —27,)

+ 22121, Zo) + 2[Zo, Z1|Zy — 122123 — 12(Zs)* — 12237, (PS3.18)
= X' 4 4X3Y 4 6X2Y? +4XY3 4+ Y — (X2 +2XY +Y?)?

+275(X? 4+ 2XY +Y?) 4+ 2(X? 4+ 2XY +Y?)Zy — 4(Z5)*

—6(X?+2XY + Y32y +12(Z)? — 6Z9(X% + 2XY 4+ Y?) + 12(Z,)?

+271[Z1, Zo) + 2[Za, Z1) 71 — 122173 — 12(Zo)* — 12237, (PS3.19)
= X1 4X3Y 4+ 6X2Y2 +4XY3 4+ YV — (X2 +2XY +YV?)?

— (X2 4 2XY + YD) Zy — 4Z5(X2 +2XY +Y?)

+ 22121, Zo) + 2| Za, Z1|Z1 — 122123 + 8(Z2)? — 12237, (PS3.20)
=2[X? XY] +2[XY, V2| + [ X2, Y?] +4X[X,Y]Y

—2(X242XY + YH[X,Y] - 2[X,Y](X2 +2XY +Y?)

+ Z1[Z4, [ X, Y + [[X, Y], Z1)Z1 + 2[X, Y]?

- 21X, [X)Y]] - 21V [V, X]| - [X, [X, Y]]Z, - [V, [Y, X]| 2, (PS3.21)
=2X%X, Y]+ 2X[X,Y]X +2[X,Y]Y? + 2V [X, Y]V + [X?, Y?] + 4X[X,Y]Y

—2(X? 4 2XY + Y?)[X,Y] - 2[X, Y)(X% 4+ 2XY +Y?)

+221[Y, [X, Y]] + 2[X, [Y, X]]Z1 + 2[X,Y? (PS3.22)
=2X[X,Y)Z1 + 22, (X, Y]Y + XY[X, Y]+ X[X,Y]Y + Y[X,V]X + [X,Y]Y X

—4XY[X,Y] - 2Y?[X,Y] - 2[X,Y]X? - 4[X,Y]|XY

+ 2211V, [X, Y]] + 2[X, [V, X]] Z1 + 2[X,Y]? (PS3.23)
=2[X, [X,Y]]X + 3X[[X,Y],Y] + 2[X, [X,Y]]Y + 2Y[[X,Y],Y] - [X,Y],Y]X

+ 221V, [X, Y]] + 2[X, [V, X]| Z4 (PS3.24)

= —X[Y,[X, Y]] + [V, [X, Y]] X (PS3.25)

= [\, [X, Y]], X] (PS3.26)

Zy =~ 5 X, IV, [X,V]] (PS3.27)

kk

3. Let F'(d) be the free Lie algebra on generators X1, ..., Xy. It has a natural N? grading in which
F (d)(kl,...,k ,) is spanned by bracket monomials containing k; occurences of each generator X;.
Use the PBW theorem to prove the generating function identity

1 1

l_k[(l_tllfl'“tsd)dimF(d)(kl ..... ) - L—(ty+ - +tg)

4. Words in the symbols X1,..., X, form a monoid under concatentation, with identity the
empty word. Define a primitive word to be a non-empty word that is not a power of a shorter
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word. A primitive necklace is an equivalence class of primitive words under rotation. Use the
generating function identity in Problem 3 to prove that the dimension of F'(d)g, .k, is equal
to the number of primitive necklaces in which each symbol X; appears k; times.

. A Lyndon word is a primitive word that is the lexicographically least representative of its
primitive necklace.

(a) Prove that w is a Lyndon word if and only if w is lexicographically less than v for every
factorization w = uv such that v and v are non-empty.

**Throughout, we use the notation that a < b if ¢ and b are words and «a
is lexicographically less than b. We let |a| be the multigrading of a: if our
alphabet has d letters in it, then |a| is the vector of length d, whose kth entry
is the number of times the kth letter appears in the word a. Multigradings
have an obvious partial order, and in general we will say that “a is longer
than b” if |a| > |b|]. We never use sub- or super-scripts to denote powers,
always writing aa for the concatenation of a¢ with itself.

We remark, and will use repeatedly, the fact that if a < b and a is not a prefix
of b, then ac < b for any word c. Moreover, if a < bc and b is not a prefix of a,
then a < b. We remark also that a < ac for any suffix c¢; if b < ¢, then ab < ac
for any a.

We let w = uv be Lyndon but v < w, looking for a contradiction, and we
choose v to be the shortest such suffix of w. Then v # u since w is not a
power, and v # w as u is nonempty. Of course, vu > w as w is Lyndon, i.e.
uv < vu. By the previous remark, v must be a prefix of w. Hence either v is
a prefix of u or u is a prefix of v. In the first case, w = vu/v, and in the second
case w = uuv’. We treat the second case first. We have w = uuv’ > uv’, hence
v <wuv' = v < w. But we insisted that v be the shortest suffix of w less than w,
whence v’ cannot be less than w as it is strictly shorter. Thus, we must be in
the first case: w = vu'v. If vu’ < v/v then vvu’ < vu'v = w, and if v'v < vu’ then
v'vv < vu'v as vu’ and v'v have the same length so neither is a prefix of the
other. The only option is that u = vu’ = v/v, and we remark that a word is
only fixed under a cyclic permutation if it is a power, say u = tt...t, in which
case v’ and v are both necessarily powers of ¢, hence w is not primitive.

Conversely, if any proper suffix v of w (i.e. any word v so that w = uv for
some u) is greater than w, then by concatenating the corresponding prefix
vu we get an even larger word, so w is Lyndon.

We observe that if ¢ and b are Lyndons with a < b, then ab is Lyndon. To
wit: If a = a'a?, then being Lyndon we have a < a?, and since « is longer, it
is not a prefix. Hence ab < a”? < a?b. If a is not a prefix of b, then b > ab. If

b=al, then ¥ > b, and so b = ab/ > ab. If b = b'b?, then b> > b > ab. Therefore
any suffix of ab is larger than ab, and so ab is Lyndon. **
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(b)

Prove that if w = wv is a Lyndon word of length > 1 and v is the longest proper
right factor of w which is itself a Lyndon word, then u is also a Lyndon word. This
factorization of w is called its right standard factorization.

**We write wgi for the longest proper Lyndon suffix of w, and w; for the
corresponding prefix; thus w = wywg is the right standard factorization of w
if w is Lyndon. If w is not Lyndon, by (a), wg is the longest proper suffix of
w that is less than any shorter suffix. We remark that any word has a unique
factorization into nonincreasing Lyndons: if w is not Lyndon, then either w;y,
is Lyndon and at least wg, or (wr)grwg is not Lyndon, so (wr)r > wgr, and we
continue factoring off longest Lyndon suffixes from the right. By inspection,
if w is not Lyndon, then w > wg. Of course, by (a), if w is Lyndon, w < wg.

We wish to show that if w is Lyndon, then so is wy. Assume not; then
(wp)r < wp < wg. Thus (wg)gwg is Lyndon, a suffix of w, and longer than wg,
a contradiction.**

To each Lyndon word w in symbols X1, ..., X4 associate the bracket polynomial p,, = X;
if w = X; has length 1, or, inductively, p,, = [pu, Py], Wwhere w = uw is the right standard
factorization, if w has length > 1. Prove that the elements p,, form a basis of F(d).

**We drop the p, notation, writing “a” for both the word a and, if a is
Lyndon, for the image of a in the free Lie algebra on d generators. By
considering the action when all the generators commute, we see that the
bracket of Lyndon words preserves the multigrading (where we construct a
multigrading of Lie-bracket monomials in the obvious way). By problem 4
above, it suffices to show that the Lyndon words with a given multigrading
span the vector space generated by the Lie monomials at that grading. By
induction on grading and by the antisymmetry of the bracket, it suffices to
show that if ¢ and b are Lyndon and a < b then [q, )] is a sum of Lyndon words
(necessarily of multigrading |a| + |b]). In this notation, the definition of the
map from Lyndon words to bracket monomials is given by w = [wr, wg].

We show something slightly stronger to make the (strong transfinite) induc-
tion go through: that if a < b, then [, b] is a sum of Lyndon words lexicograph-
ically less than b. Of course, ab < b as ab is Lyndon, and if (ab);, = a, then [a,b] =
ab is Lyndon. Hence we need only consider the case that (ab); # a. Assume
that ag < b. By the Jacobi identity, [a,b] = [[ar,ar],b] = [[ar,b],ar] + [aL, [ar, b]]-
By induction on grading, [ar,b] and [ag, b] are sums of Lyndon words less than
b. Let ¢! and ¢? be the largest Lyndon words that appear in the sums [ar, b]
and [ag,b], respectively. Then max(c!,ar) and max(ay,c?) are both less than
b, so by induction each of [[a;,b],ar| and [ay, [ag,b]] is a sum of Lyndon words
less than these maximums, and in particular less than b.

It suffices to show that if (ab);, # a, then ar < b. Since b is a Lyndon suffix of
ab, we necessarily have that (ab)g is longer than b: a = (ab)a? and (ab)g = a®b.
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If ap is at least as long as a? then ar < a? < a?b < b as ap and (ab)p = a’b

are Lyndon. If ay is shorter than a?, then a? is not Lyndon, ap is its longest

Lyndon suffix, and ar < a?, whence ap < a’b < b. This completes the proof.
*k

2

6. Prove that if ¢ is a power of a prime, then the dimension of the subspace of total degree
ki+---+ky =mnin F(q) is equal to the number of monic irreducible polynomials of degree
n over the field with ¢ elements.

7. This problem outlines an alternative proof of the PBW theorem.

**] didn’t attempt this problem. I will mention that the solution above to prob-
lem 5 considers only whether the Lyndon monomials span their graded compo-
nent, and so the proof could be be reproduced verbatim for part (b) below.**

(a) Let L(d) denote the Lie subalgebra of T'(X1, ..., X) generated by X, ..., X;. Without
using the PBW theorem—in particular, without using F'(d) = L(d)—show that the value

given for dim F'(d)y, .. k,) by the generating function in Problem 3 is a lower bound for
dim L(d)(kl,...,kd)'

(b) Show directly that the Lyndon monomials in Problem 5(b) span F'(d).
(c¢) Deduce from (a) and (b) that F'(d) = L(d) and that the PBW theorem holds for F'(d).

(d) Show that the PBW theorem for a Lie algebra g implies the PBW theorem for g/a,
where a is a Lie ideal, and so deduce PBW for all nitely generate Lie algebras from (c).

(e) Show that the PBW theorem for arbitrarty Lie algebras reduces to the finitely generated
case.

8. Let B(X,Y) be the Baker-Campbell-Hausdorff series, i.e., eB(XY) = eXeY in noncommuting
variables X, Y. Let F(X,Y) be its linear term in Y, that is, B(X,sY) = X + sF(X,Y) +
O(s?).

(a) Show that F'(X,Y) is characterized by the identity

2.

k>0

XFF(X,Y)X!

**We let B(X,sY) = X + sF(X,Y) + O(s?) and exponentiate, using eZ(5Y) =
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e e
eXesY =X (1 +sY + 0(52)) (PS3.29)
eB(X.8Y) _ [ X+sF(X,Y)+0(s?) (PS3.30)
>0 1
-y — (X +sF(X, Y)™ + O0(s?) (PS3.31)
n=0 """

00 1 n—1
=> <X” + Y XEsP(X,Y)X R 4 0(32)> +0(s?)  (PS3.32)
n=0"" k=0

Comparing terms linear in s in (PS3.29) and (PS3.32) we recover exactly
(PS3.28). **

(b) Let A, p denote the operators of left and right multiplication by X, and let f be the

series in two commuting variables such that F'(X,Y) = f(\, p)(Y). Show that

**We observe that F(X,Y) is of homogeneous degree 1 in Y, hence it makes
sense to define f as above. In this notation, part (a) asserts that

> Lf(/\ p) =e (PS3.33)
K0 (k+14+1)1" 7

where we interpret everything in terms of formal power series.

Let g(\, p) be the polynomial multiplying f(),p) in the right-hand-side of
(PS3.33). We can find a closed-form expression for g:
)\kpl
gNp) =Y ——— (PS3.34)
K30 (k+1+1)!
)\k+1pl _ )\kpl—i-l

A p)(A—p) = PS3.35
g\ p) (A = p) k%() CENEy ( )
)\kpl )\kpl
=2 kD! 2 (k+) (PS3.36)
E>1, k>0,
>0 >1
)\kpl )\kpl
= G = Gal (PS3.37)
E>1, k=0,
1=0 >1
k l
= i' -2 (PS3.38)
E>1 7 1>1
=(e*—1)— (e = 1) (PS3.39)



Thus g(\, p) = (¢* —¢”)/(A — p), and

f\p) = = (PS3.40)

kK

Deduce that
ad X

F(X,Y)={— —ax

(Y).

**We remark that (A —p)Y = (ad X)Y for any Y, since X is left-multiplication
by X and p is right-multiplication by X (these operations commute). The
result follows from the definition that F(X,Y) = f(\,p)(Y) and (PS3.33),
remembering as always that every expression should be understood as a
formal power series.**

9. Let G be a Lie group, g = Lie(G),0€ U’ CU Cgand e € V' CV C G open neighborhoods
such that exp is an isomorphism of U onto V, exp(U’') = V', and V'V’ C V. Define 3 :
U' x U — U by B(X,Y) =log(exp(X) exp(Y)), where log : V' — U is the inverse of exp.

(a)

Show that 3(X, (s +t)Y) = B(B8(X,tY), sY) whenever all arguments are in U’.

**When all arguments are in U’, we can exponentiate and compare in V.
Then the right-hand-side is exp(X)exp((s+1)Y), whereas the left-hand-side is
exp(B(X,tY))expY = exp(X) exp(tY) exp(sY), clearly equal.**

Show that the series (ad X)/(1 — e~ 24X) regarded as a formal power series in the
coordinates of X with coefficients in the space of linear endomorphisms of g, converges
for all X in a neighborhood of 0 in g.

**We saw above that as formal power series,

adX . d
1 —e-adX N dt t=0

B(X,tY) (PS3.41)

But B(X,tY) converges to 3(X,tY) for small ¢ and X in a neighborhood of
0, so the right-hand-side of (PS3.41) converges to %‘t—o B(X,tY) for X in a
neighborhood of 0. -

Oh, but a later problem, building on this one, would like to conclude with
an alternate proof that B(X,Y) — (X,Y) in a neighborhood. So we should
show the above convergence directly.
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We abbreviate £ = ad X. Then

x —x
T o= = S &0 (PS3.42)
w1 n!
1
= (PS3.43)
1—23 L i
nZO(n+2)'
When z is very small, then ), > % is close to 1, and so the geometric series

in (PS3.43) converges. If g is finite-dimensional, then ad X is small in matrix
norm provided that X is in a neighborhood of the origin. If g is infinite-
dimensional, we should demand that whatever topology it has, ad : g — gl(g)
be linear. **

Show that on some neighborhood of 0 in g, 3(X,tY") is the solution of the initial value
problem

B(X,0) =X (PS3.44)

CHX, 1Y) = F(B(X, 1)), (PS3.45)

where FI(X,Y) = ((adX)/(l - e’adX)> (V).

**The proposed solution 3(X,Y) = log(exp X expY') converges on a neighbor-
hood, and so on this neighborhood §(X,tY) converges when |t| < 1. It clearly
satisfies (PS3.44) when X is in this neighborhood. We differentiate, using
part (a):

%5(){ 1Y) = lim BLX, (E 4 S)YS) — A, ) (PS3.46)
= Lasx,1v), 5Y) (PS3.48)
ds s=0
So it suffices to show that
d ad X
7P sY) T T —aax () (PS3.49)

kk

Show that the Baker-Campbell-Hausdorff series B(X,Y") also satises the identity in part
(a), as an identity of formal power series, and deduce that it is the formal power series
solution to the IVP in part (c), when F'(X,Y) is regarded as a formal series.
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**We treat everything as formal power series in noncommuting variables.

The BCH series B(X,Y) is defined by B(X,Y) = log (eXeY). Then

B(X,(t+s)Y) =log (eXe(t+S)Y) = log (eXetYeSY> =
=log (ePXM)esY) = B(B(X,tY),sY) (PS3.50)

Of course, B(X,Y) satisfies (PS3.44). To check (PS3.45), we differentiate:

%B(X, ty) = lim BX, (¢4 5)? - BX. 1Y) (PS3.51)
 im B(B(X,1Y), sY)S— B(B(X,tY),0) (P$3.5)
= F(B(X,tY),Y) (PS3.53)

We use problem 8, which shows that as formal power series %B(X, sY)
F(X,Y). **

s=0

(e) Deduce from the above an alternative proof that B(X,Y") is given as the sum of a series
of Lie bracket polynomials in X and Y, and that it converges to 5(X,Y’) when evaluated
on a suitable neighborhood of 0 in g.

**Since 5(X,Y) and B(X,Y) solve the same initial value problem, in particular
they must have all the same derivatives at the origin. I will skip the argument
that (§ is analytic; it is if exp and the Lie group multiplication are. In an
earlier problem set, I claimed to prove that many things were analytic, but
in fact only proved that their power-series expansions have infinite radius of
convergence. Analyticity in those cases follows by repeating my argument
in a neighborhood of the origin (using such facts as that for any analytic
function, there is a neighborhood of the origin and a positive real number «
so that the nth derivative of the function is less in absolute value than nla™).
But here I don’t know how to show analyticity particularly well.

In any case, since B(X,tY) solve the IVP in equations (PS3.44-PS3.45), we
can compute each term. Indeed,

n n—1
i) B(X, 1Y) = (i) F(B(X,tY),Y) (PS3.54)
dt =0 dt 10
= (derivatives of F)(B(X,tY),Y) - (derivatives of B(X, tY))‘t_O
(PS3.55)

By induction, the derivatives of B, which are of degree at most n — 1, are
bracket polynomials of X and tY. The derivatives of F' act on the derivatives
of B by brackets. **
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(f)

Use part (c) to calculate explicitly the terms of B(X,Y’) of degree 2 in Y.

**For example, we compute the terms of degree 2 in Y in B(X,Y). We let
z = ad B(X,tY). Then, since ad : g — gl(g) is linear, we have 2 def % 0? =

ad FI(X,Y) is the adjoint action of a bracket polynomial.

((Z)ZB(X,tY) ziF(B(X,tY)aY)

-0 t=0
d
-4 = Y
dt 1—e% t=0

to) (1 — efz)_l (Y)
- —2)kz(—2)! -
= (1) <Z'—€_Z2—Z > <k4)—lj—1))'> (1—e2) " (v)

k>0 (
_ —2\ 1L (—Z) z (_Z>k+1z(_z)l —z\~1
= (=) (12 R ke D) >(1 )W)
—2)Fz(—2)! s
= (=) <z+,§>:1( (lz+(1)!)>(1—e ) )

This is a bracket polynomial in X and Y, as both z and Z act as the adjoint
action of bracket polynomials of X and Y on everything to their right. **

Show that the Lie algebra so(3, C) is isomorphic to sl(2, C).

Construct a Lie group homomorphism SL(2,C) — SO(3,C) which realizes the isomor-
phism of Lie algebras in part (a), and calculate its kernel.

**We do the second part first, the first part then following by general nonsense.

SL(2) acts on its defining representation 2 = C?, and hence on the tensor square
C* = 2® 2. If {e1,es} are an ordered basis of C*, then {eji,e12,e21,6€00} are an

a b

ordered basis of 2 ® 2, where ¢;; = ¢; ® ¢;. Given z = { . } € SL(2) (so in

d

particular ad — bc = 1), we have the action of x on C* given by the matrix

[CLQ ab ba b2-|

ac ad bc bd
T — ca b da db (PS3.56)
2 cd de d?

Since ad — bc = detz = 1, we see that x acts trivially on ejo — e21, and as

a b { a? V2ab b2 -|
{ . d} — { \/C§2ac aii/;czc \/32de (PS3.57)
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11.

on the subspace given by the ordered basis {e11, (€21 + €12)/v/2, e22}. Hence 2® 2 =
1®3, where 1 is the trivial representation of SL(2) and 3 is the three-dimensional
representation given by (PS3.57). But the matrix in (PS3.57) preserves the dot
product given in matrix form by

I

[ 1 -1 J (PS3.58)

as can be seen by explicit calculation, using the fact that ad — bc = 1 and hence
a’d®—2abcd+b*c? = 1. Thus, at least over C where all (nondegenerate) dot products
are the same, we see that SL(2) is acting on C? by matrices in SO(3), and this gives
the map. Of course, the kernel is exactly those matrices in SL(2) with b=c=0
and a? = d? = ad = 1; these are exactly +1 € SL(2).

Since the kernel is discrete, corresponding (differential) Lie algebra homomor-
phism s[(2) — s0(3) is an injection, and by dimension count necessarily an isomor-
phism.

We remark that we could have started with a different(ly presented) four-dimensional

representation. There is a nontrivial automorphism of SL(2) given by sending
each matrix to its transpose inverse. By composing with this automorphism,
SL(2) acts on C? in the “dual representation” 2, where now we write the indices
raised: the basis of 2 is {e!,¢?}, and the basis of 2 ® 2 is {¢/} where ¢! = ¢; ® ¢’.
Then the action SL(2) ~ 2 ® 2 is the adjoint action on g[(2). Of course, 2 = 2 via
el = ey, €2 = —e1, and the splitting 2 ® 2 = 1 @ 3 splits gl(2) into the span of the
identity el + €3 and the adjoint representation of SL(2) on sl(2), now spanned by
{2, el (el + €2)/v/2}. Which is all to say that 3 is the adjoint representation of
SL(2). **

(a) Show that the Lie algebra so(4, C) is isomorphic to s((2,C) x sl(2,C).

)
(b) Construct a Lie group homomorphism SL(2,C) x SL(2,C) — SO(4,C) which realizes
the isomorphism of Lie algebras in part (a), and calculate its kernel.

**We continue the explicit calculations at the level of groups. SO(4) is generated
by the rotations that fix a plane. We let z;;(t), where t is a complex parameter,

1t =t t

be the matrix that rotates the ¢;, ¢;-plane by { (sjior?t czlsrif } and fixes the perpen-
dicular plane, where {ej,...,es4} is our basis of the defining representation. For
example:

cost —sint —I

int t

ma(t) = | 700 (PS3.59)
1
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12.

Then z;(t) = z;j(t)"! = z;;(—t), so we can assume i < j, and z;; and x}; commute if

We will actually want a different generating set. We let ay(t) = x12(t)z34(Et),
bi(t) = x13(t)xes(Ft), and ci(t) = x14(t)x23(+t). These six functions also generate
SO(4) as t ranges. It’s immediate that a,(¢) and a_(s) commute, and similarly
for b and c. But, in fact, one can easily calculate that a(t) and b_(s) commute,
and indeed the functions {a;,b;,c;} and {a_,b_,c_} each generate a subgroup of
SO(4), and the two subgroups commute. We call the subgroups G and G_. Then
the product G.G_ = SO(4), since z12(t) = a4 (t/2)a—_(t/2), etc. Since G4 and G_
commute, any element of their intersection must commute with all of G and all
of G_, hence with a generating set of SO(4), and thus is central. But the center
of SO(4) is £1, and indeed —1 € G NG_. Hence SO(4) = G, x G_/H, where H is
the two-element subgroup whose nontrivial element is (—1,—1) € G4 x G_.

Consider the vectors f_ = e; —iey and gy = e3 + ieq. One easily has a(t) : f- —
cos(t)f_ +isin(t)f- = e’ f_, and similarly a, (t): g, — e *g,. Moreover, b, (t): f_ s
cos(t) f— + sin(t)g+ and so on. G4 acts on the vector space spanned by {f_,g:}:

cos(t) —sin(t)
sin(t)  cos(t)

cos(t)  —isin(t)
» e+(t) = { —isin(t)  cos(t)
(PS3.60)
I.e. G4 is acting as SL(2) on the span (f_,g.): we have a map G, — SL(2). G4
also acts as SL(2) on the perpendicular space (fi,g_), where f. = e; + iey and
g— = e3 —ieq. The matrices above are the same except for the obvious complex
conjugation. G_ acts by similar matrices on (f_,¢g_) and on (fi,g+).

; by (1) =

The maps G+ — SL(2) given in (PS3.60) are clearly onto, since the matrices listed
generate SL(2). But they are also necessarily one-to-one: indeed, let x € G act as
the identity on f_ and ¢g;. Then the action of z on f; and ¢g_ is given by writing
x as a product of as, bs, and cs, (each of a different value of ¢t) and switching
the is the —is in the cs, thus, if z fixes f_ and g, then it fixes f; and ¢g_. But
{f+,9+} are a basis, so = 1 and G+ — SL(2) are isomorphisms. This gives
SO(4) =2 SL(2) x SL(2)/H. **

Show that every closed subgroup H of a Lie group G is a Lie subgroup, so that the inclusion
H — G is a closed immersion.

**By the first proposition on the 12th of September, to show that H — G is
an immersion it suffices to find for each point p € H a chart U > p with local
coordinates &; in G so that HNU = {q € U s.t. {,4+1(q) = -+ = &n(q) = 0}, where
G is of dimension m. By multiplying by ¢!, it suffices to do this at the origin
ee HCQG.

But any Lie group G has a neighborhood U around the origin and a diffeomor-
phism ¢ : U = V where V is a neighborhood of 0 in Lie(G). We restrict to a compact
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13.

14.

15.

neighborhood so that everything is uniform. Well, ¢(UNH) is almost a sub-partial-
group of the additive partial-group Lie(G): ¢(¢~(a)¢~ (b)) = a + b+ O(a,b)?, and
by uniform continuity this big-O bound in uniform. Thus, we can shrink the
size of V so that relative to a + b we can ignore the O(a,b)? error. But the only
subgroups of R are of the form R" x discrete. The R” part we’re happy with —
indeed, by definition unpacking, this is just Lie(H) — and the rest we can avoid
by restricting our neighborhood. **

Let G be a Lie group and H a closed subgroup. Show that G/H has a unique manifold
structure such that the action of G on it is smooth [analytic, holomorphic].

**The action of G on itself if smooth, and so the cosets of H are also im-
mersed manifolds. Let U,¢ be a chart at the identity in G so that HNU =
{g €U s.t. &up1(q) = -+ = &n(q) = 0}. Cosets gH of H cannot intersect each other,
and so the various gH N Us have no choice but to foliate U. We restrict U so
that the gHs never get a chance to “fold back” on themselves: i.e. so that for
each coset gH with nonempty intersection with U, it has a unique point for any

given (small) values of the coordinates ¢i,...,z,. (We can do this by restricting
U to a small compact neighborhood.) Let p(gH) be the point in ¢ NU so that
&(p) = -+ = &(p) = 0, and define (;(gH) = &nti(p(gH)) for 1 < i < m —n. This

defines a chart on the cosets, for which the G action is smooth.**

Show that the intersection of two Lie subgroups Hi;, Hs of a Lie group G can be given a
canonical structure of Lie subgroup so that its Lie algebra is Lie(H;) N Lie(H2) C Lie(G).

**The first theorem on the first of October says that any Lie subalgebra of Lie(G) is
the algebra of a unique connected subgroup of G. In particular, Lie(H;)NLie(H3) is
a subalgebra of Lie(G), so is the Lie algebra of a unique connected subgroup J, but
it is also a subalgebra of each H;, and so J is in fact a connected subgroup of HiNH>.
Let K be the set of cosets of J in H; N Hy, which we give the discrete topology;
then H; N Hy can be given a manifold topology as J x K. It’s easy to construct
smooth maps out of discrete sets, and in particular the map HiNHy = J x K — H;

is s/a/h.**

Find the dimension of the closed linear group SO(p, ¢,R) C SL(p+q, R) consisting of elements
which preserve a non-degenerate symmetric bilinear form on RP*? of signature (p,q). When
is this group connected?

**Of course, the complexification SO(p,q,C) = C®g SO(p, ¢, R) cannot see the sign
of the non-degenerate form: SO(p,q,C) = SO(p + ¢,C). But dimg SO(p,q,R) =
dim¢ SO(p, ¢, C) = dim¢ SO(p + ¢,C) = dimp SO(p + ¢,R) = ("37) = (p+ q)(p+ ¢ — 1)/2

We can compute this directly, of course. Let ¢"" be a symmetric bilinear form
of signature (p,q). Then X; € SO(p,q,R) if an only if Xz-mgin;-’ = ¢g™". Since g is

symmetric, this condition consists of (p+g+1) equations, each of which cuts one

dimension: thus dim SO(p,¢,R) = (p+ q)% — (p+g+1) = (P$9). Working infinitesimally,
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we differentiate Ximgin]” = ¢"" to get the requirement on the Lie algebra that
Xi"g"+g™ X} = 0. Working with matrices, this corresponds to the condition that
X + X7 = 0, where now the transpose switches the sign of the off-diagonal p x ¢
blocks. Same number of equations, same size of algebra.

We remark that SO(p,q) = SO(q,p), since if a matrix preserves a form, then it
preserves the negation of the form.

In any case, we know from a previous assignment that SO(p,0) is connected. The
columns of any matrix X € SO(p,q) comprise a basis of RP*? the first p vectors of
which have length +1 and the last ¢ have length —1 (with the added condition that
different basis vectors are pairwise orthogonal), and a path of matrices consists of
a path of such bases. Thus SO(p, 1) is not connected: the reflection in the first and
last coordinates has determinant 41, but there is no path among the “time-like”
vectors of length —1 between the “forward-pointing” and “backwards-pointing”
sections of the cone.

In fact, it’s easy enough to see that SO(p,q) is never connected when pg > 0. Let
A, B
X = { g } be a matrix in SO(p,q), where A is pxp, D is q x q, etc. We take the

dot-prodﬁct of signature (p,q) to be -y =z1y1+- -+ 2pYp — Tpr1Up+1 — * — TptqUp+qs
if we think of ¥ = ¥, ® ¥_, where #; is of length p and Z_ is of length ¢, then
-y =1=oy- yy—T_-7_, where now the dot-product is the usual Euclidean one.
Then we can state the condition that X € SO(p,q) in terms of the dot product.
For eachi=1,...,pand j=1,...,q, let A;, B;, C;, and D; be the i or jth column
OfA,...,D. X e SO(p,q) if and Ol’lly ifAZAl—OZCl =1= D,LDZ—BZBZ for each i,
Ai'Aj—Ci‘Cj :O:Bi-Bj—Di-Dj fOI‘i?éj, and Ai‘Bj—CZ"Dj for any pair (Z,])

We claim that det A is not zero. Indeed, If det A = 0, then the columns of A span a
space of dimension at most p—1 in R?, and there is a rotation in SO(p) — SO(p,q)
bringing this space into the span of the first p — 1 standard basis vectors. Thus,
up to a rotation, A has a column A, of all 0s. But then the pth column of this
rotated X cannot have length 1 (indeed, it cannot have positive length), and so

X ¢ S0(p, q)-

Thus along any path in SO(p, q) the upper-left p x p minor does not change sign.
Hence there is no path from the identity matrix to the reflection in the first and
last coordinates.

We remark that SO(p,q) by the rotations SO(p) x SO(q) — SO(p,q) along with
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boosts of the form

[ cosht

In fact, it suffices to take just one (one-parameter family of) boosts, as the rest
are conjugate by rotations. By inspecting the Lie algebra so(p, q), we see that the
commutator of infinitesimal boosts is an infinitesimal rotation, and so the boosts
generate a dense subgroup of SO(p,q). **

16. Show that the kernel of a Lie group homomorphism G — H is a closed subgroup of G whose
Lie algebra is equal to the kernel of the induced map Lie(G) — Lie(H).

**The kernel of a homomorphism is always a subgroup, and being the inverse
image of the closed set {¢} C H, the kernel is necessarily closed in G.

We let ¢ : G — H be a Lie group homomorphism, whence d¢ : Lie(G) — Lie(H)
is the map of tangent spaces. If z(t) is a path in ker¢ with z(0) = ¢ € G, then
#(z(t)) = e € G for each t. Hence d¢ - 2/(0) = %‘t—o o(x(t)) = %‘t_oe = 0, and so
2'(0) € kerd¢. Thus Lie(ker ¢) C kerd¢p. Conversely, let z(t) with z(0) = ¢ be any
path in G such that d¢ - 2/(0) = 0. Then by working in a local chart of ¢ we see
that x(t) = £(t) 4+ o(t) where ¢(£(t)) = e € H and £(0) = e € G. Thus z is tangent to
a path in ker ¢, and ker d¢ C Lie(ker ¢). **

17. Show that if H is a normal Lie subgroup of G, then Lie(H) is a Lie ideal in Lie(G).

**Of course, we have already shown that Lie(H) is naturally a subalgebra of
Lie(G). If H is normal in G, then ghg~! € H for g € G and h € H. The conjugation
map G x H — H : (g,h) — ghg~! is a continuous (s/a/h) group homomorphism
and in particular fixes the identity e (indeed, it’s the identity on {e} x H and
sends G x {e} — {e}). Differentiating in h provides an action of G on Lie(H), and
differentiating this action in G provides a Lie action Lie(G) ~ Lie(H). But this
action is just the adjoint action, and Lie(H) is an ideal of Lie(G). **

Theo’s answers to Problem Set 4

1. Classify the 3-dimensional Lie algebras g over an algebraically closed field K of characteristic
zero by showing that if g is not a direct product of smaller Lie algebras, then either
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e g=~sl(2,K),

e g is isomorphic to the nilpotent Heisenberg Lie algebra h with basis X, Y, Z such that Z
is central and [X,Y] = Z, or

e g is isomorphic to a solvable algebra s which is the semidirect product of the abelian
algebra K? by an invertible derivation. In particular s has basis X,Y,Z such that
[Y,Z] =0, and ad X acts on KY 4+ KZ by an invertible matrix, which, up to change of

basis in KY 4+ KZ and rescaling X, can be taken to be either { (1] 1 } or { 3 (1) } for

some nonzero \ € K.

**We assume first that g is generated by two elements X and Y. Then Z = [X,Y] ¢
KX 4+ KY, and {X,Y, Z} is a basis of g. We remark that

X 40V, eX +dy]=det [ ¢ %)X,y (PS4.1)
c d

Hence the operation nxy ad Z =“bracket with Z, then project along Z to the
X,Y-plane” depends only on the plane and a choice of volume form. Since K is
algebraically closed, we can find a basis with determinant 1 relative to X,Y such
that 7xy ad Z is diagonalized, unless it has a repeated eigenvalue.

We treat first the diagonalizable case, whence we can assume that [Z, X] = aX+aZ
and [Z,Y] =0bY + 8Z. We use the Jacobi identity:

0= [[Z,X),Y] +[[X,Y], 2] + ¥, 2], X] (PS4.2)
= [aX + aZ, Y] + |2, Z] + [bY + BZ, X] (PS4.3)
=aZ + a(bY + BZ) —bZ + B(aX + aZ) ( )
=afX +baY + (a —b+2ap)Z ( )

We have a few possibilities:

o If a =0=0, then a =b. If a =b =0 then Z is central and g is Heisenberg.
Otherwise, a = b # 0, and [Z,X] = aX, [Z,Y] = aY. If we change X to %X,
then Z becomes 17, and [17,1X] = X = 1X and [1Z)Y] = 2Y =Y. Hence
we may assume that [Z, X] =X and [Z,Y] =Y, and g = s((2,K).

e If « #0 then b =0 and a+ 208 =0. If 8 # 0 then a = 0 and —b+ 2a83 = 0.
Hence we cannot have «, 3 both non-zero unless we are in characteristic 2.
Assume without loss of generality that « # 0 and = 0. Then a4+ 0 =0
and so a = b = 0. Hence our algebra is generated by [X,Y] = Z, [Z,Y] = 0,
and [Z,X] = aZ. Since [-1X Y] =-1Z and [-1Z, -1X]= %47 =—(-12), we
rescale X to —éX and achieve the algebra presented by

[X,Y]=2Z2, [\,Z] =0, and [X,Z] = Z (PS4.6)
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2.

Then we can change basis Y — Y — 7, and present the algebra by
(X,Y]=0, [Y,Z]=0, and [X,Z]=Z (PS4.7)

But now Y is central, and g is a direct product of an abelian one-dimensional
algebra with the nonabelian two-dimensional Lie algebra.

This takes care of the diagonalizable case.

In the non-diagonal case, we can still find one eigenvector of 7xy ad Z, and hence
[Z,X] =aX +bY +aZ and [Z,Y] = aY + 3Z, with b # 0. Then the Jacobi identity
gives

—afX + (aax = bB)Y +2aZ =0 (PS4.8)
Hence a =0 =b5. But b+# 0, so 3 =0, and our algebra is

Y,Z] =0, [X,Y]=Z, and [X,Z] = —bY + aZ (PS4.9)

Thus we have an abelian Lie algebra spanned by Y, Z, on which ad X acts by the
matrix ( (1] :2 ) Since b # 0, this matrix is invertible, and so the eigenvalues are

not 0. We can divide X by one eigenvalue and assure that ad X ~ span{Y, Z} has 1
as an eigenvalue. Since K is algebraically closed, we can find a basis of span{Y, 7}
that either diagonalizes ad X or, if ad X has a repeated eigenvalue (necessarily 1,
1

since we have 1 as one of the eigenvalues), then perhaps ad X = ( 0 1

) in some

basis.

Our last remark is on the initial assumption that g could be generated by only two
elements. Otherwise, for any X,Y € g, [X,Y] € span{X,Y}. Let [X,Y] = aX + bY
and [X,Z] = ¢X 4+ dZ. Then somethingX + multiple(yY + 272) = [X,yY + 2Z] =
something X + byY +dzZ, so b = d, i.e. b depends only on X. By the same token, a
depends only on Y, and there is some (necessarily linear) function f : g — K such
that [X,Y] = —-f(Y)X + f(X)Y for all X,Y € g. As a linear functional from three-
dimensional space to K, f must have a(n at least) two-dimensional kernel, which
is thus an abelian subalgebra. Let X be a vector not in this subalgebra. Then
ad X acts by the scalar f(X). If f(X) = 0 then the algebra is abelian. Otherwise
we rescale X so that f(X) = 1. This gives one last algebra of the third type. **

Following problems 28-35 in Knapp, Chapter I, classify the 3-dimensional Lie algebras over
K when char(K) = 0 but K is not necessarily algebraically closed.

(a) Show that the Heisenberg Lie algebra h in Problem 1 has the property that Z acts nilpo-
tently in every finite-dimensional module, and as zero in every simple finite-dimensional
module.

**Let h ~ V be a finite-dimensional h-module, and write X,Y, Z for their
images in h — gl(V). Let p(z) = 3 prz* be the minimal polynomial of the action
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of X on V, i.e. the lowest-degree polynomial such that 0 = p(X). It must exist
since V is finite-dimensional. Then 0 = [p(X),Y] = Zp/(X) since Z = [X,Y]
is central. Since p was minimal, p'(X) # 0, hence Z cannot be invertible.
(If K has non-zero characteristic, then p/(z) might be the identically-zero
polynomial, and the argument fails here.) Thus Z has 0 as an eigenvalue.
Since Z is central, any Z-eigenspace is a submodule of V. Thus V is simple
only if Z acts as 0. More generally, ZV is a submodule of codimension at
least 1 in V on which h acts; by induction on dimension, Z9™%4V = ( on ZV,
so Z49mV — (0 on V and Z is nilpotent. **

(b) Construct a simple infinite-dimensional h-module in which Z acts as a non-zero scalar.
[Hint: take X and Y to be the operators d/dt and ¢ on K]t].]

**If p(t) is a polynomial in K]t], then by the product rule [%, tlp(t) = %(tp(t)) -
t%p(t) =p(t) + t%p(t) — t%p(t) = p(t), so [%,t] =1 is central. Hence h — gl(K[t])
with X — %, Y — t, and Z — 1. It’s clear that this is a simple module: if
p(t) is of degree n and K has characteristic 0, then p(™(t) = X"t is a non-zero
constant polynomial, and any submodule containing p(t) contains K C K[¢].

But Y"1 = {"™, so any submodule containing K contains all of K[¢].

If K is not of characteristic 0, then K[{] is not simple; if n is a multiple of
the characteristic of K, then the ideal generated by the ¢ is a submodule
of h ~ K[t]. But in this case K[t|/(t") is a finite-dimensional module of ) on
which Z acts by multiplication by 1. **

3. Construct a simple 2-dimensional module for the Heisenberg algebra b over any field K of
characteristic 2. In particular, if K = K, this gives a counterexample to Lie’s theorem in
non-zero characteristic.

**K[t]/t?, from above. Explicitly, we have a basis a,b, and X annihilates a and
sends b to a, Y annihilates b and sends a to b, and then [X,Y] = XY -YX :a —
(XY -YX)a=Xb—Y0=aand b— (XY -YX)b=0—Ya= —b=b; hence [X,Y] acts
as the identity, using the fact that we’re in characteristic 2, and is thus central.**

4. Let g be a finite-dimensional Lie algebra over K.

(a) Show that the intersection n of the kernels of all finite-dimensional simple g-modules can
be characterized as the largest ideal of g which acts nilpotently in every finite-dimensional
g-module. It is called the nilradical of g.

**If a is an ideal of g and V is a g-module, then aV is a sub-g-module; if a
acts nilpotently, then aVl is a strict sub-module, and so if V' is simple, then
a must act as 0 on V. Hence, any ideal which acts nilpotently on every
finite-dimensional module in particular acts as 0 on every finite-dimensional
simple, and so is contained in n.

Conversely, let V be a finite-dimensional g-module and W a simple submod-
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ule. Then n annihilates W and so nV is of lower dimension than V. By
induction on dimension, n@™"n} = 0, and so n®™VV = 0 and n acts nilpo-
tently on every g-module. **

Show that the nilradical of g is contained in g’ Nrad(g).

**q/g’ is an abelian Lie algebra on which g acts as 0; splitting g/g’ as a direct
sum of one-dimensionals, we can realize g as an intersection of kernels of
finite-dimensional simples, and so g’ D n.

Then again, we’ve shown that every algebra has a faithful representation,
and n acts nilpotently on this representation, thus n is nilpotent, and hence
solvable by a proposition from the 8th of October. Therefore n C rad g, since
by definition rad g is the largest solvable ideal of g. **

Let h C g be a subalgebra and V' a g-module. Given a linear functional A\ : h — K,
define the associated weight space to be Vy = {v € V : Hv = A\(H)v for all H € h}.
Assuming char(K) = 0, adapt the proof of Lie’s theorem to show that if h is an ideal
and V is finite-dimensional, then V), is a g-submodule of V.

**We know that h ~ V) diagonally. Let X € g, v € V), and H € ). Then

HXv=XHv+ [H,X|v (PS4.10)
= XA(H)v + \([H, X])v (PS4.11)

Thus F = XV, 4V, is a generalized eigenspace of H with eigenvalue \ (if Xv €
Vi, then HX, = A\(H)X, already, and \([H, X]|) =0). Thus trg H = dim(E) \(H).
By cyclicity of the trace, trg[H, X] = 0, but [H,X] € b, so A\([H,X]) =0 if K
is of characteristic 0. Thus HXv = A(H)Xv, and X : V), — V). So V), is a
g-eigenspace. **

Show that if char(K) = 0 then the nilradical of g is equal to g’ Nrad(g). [Hint: assume
without loss of generality that K = K and obtain from Lie’s theorem that any finite-
dimensional simple g-module V' has a non-zero weight space for some weight A on g’ N
rad(g). Then use (c) to deduce that A = 0 if V' is simple.]

**Let g Nradg = h. We have n C h. It suffices to show that h acts nilpotently
on every finite-dimensional g-module, or equivalently as 0 on every simple
g-module.

Let V be a finite-dimensional g-module, hence it is a finite-dimensional b-
module by restricting the action. But § is a submodule of the solvable rad g,
and so by Lie’s theorem V has a one-dimensional h-submodule. On this
submodule, h must act as scalars: if H € h, then H acts on the submodule
by M H) for some ) : h — K. Thus for this A the weight-space V) is non-zero,
since it contains this submodule.
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Thence (c) allows that V) is a non-zero submodule of V. If V is simple, then
Va =V, and h acts diagonally on V. But we saw in the proof of (c) that
MNH) = ﬁtrw H, and b is a subalgebra of g/, and cyclicicty assures that
tr[X,Y] = 0. Hence \(H) =0 for all H € . But then h acts as 0 on V), and so

annihilates and simple. Thus h C n. **

5. Let g be a finite-dimensional Lie algebra over K, char(K) = 0. Prove that the largest nilpotent
ideal of g is equal to the set of elements of t = rad g which act nilpotently in the adjoint action
on g, or equivalently on t. In particular, it is equal to the largest nilpotent ideal of t.

**Let n be the largest nilpotent ideal of g. Any nilpotent ideal of g acts nilpotently
on g, hence n is the largest ideal which acts nilpotently in the adjoint action. Let
(3 be the Killing form; then n C rad § C rad g. (The first inequality is a corollary of
Engel’s theorem. The second is a corollary of Cartan’s criterion.)

It suffices to show that the largest nilpotent ideal of t = rad g is an ideal of g. This
follows from Levi’s theorem and general nonsense: g = s x t, and so g acts on t by
infinitesimal automorphisms. But the largest nilpotent ideal of t is characteristic
in t, so fixed by any automorphism. **

6. Prove that the Lie algebra sl(2,KK) of 2 x 2 matrices with trace zero is simple, over a field K
of any characteristic # 2. In characteristic 2, show that it is nilpotent.

**A basis of g = s((2,K) is

0 1 00 1 0
B (00)r (0 )L 0) s

The brackets are [E, F| = H, [H, E] = 2E, and [H, F| = —2F. When K is characteristic-
2, then H is central, [g,g] = KH, and [g,KH] = 0, so g is nilpotent; indeed, g is a
Heisenberg algebra.

When charK # 2, let a be an ideal of g and X =eF + fF+hH € a for e, f,h € K.
Then [E,[E,X]] = [E, fH — 2hE] = —2fF and [F,[F, X]|| = [F,—eH + 2hF] = —2eF'. So
FEcaunless f=0and FF€aunless e=0. If e= f =0, then H € a unless h = 0. So
if X # 0, then a contains at least one of F, F, H, but any one of these generates
the rest by brackets. Hence a = g is simple. **

7. In this exercise, well deduce from the standard functorial properties of Ext groups and their
associated long exact sequences that Extl(N , M) bijectively classifies extensions 0 — M —
V' — N — 0 up to isomorphism, for modules over any associative ring with unity.

(a) Let F be a free module with a surjective homomorphism onto N, so we have an exact
sequence 0 — K — F — N — 0. Use the long exact sequence to produce an isomorphism
of Ext}(N, M) with the cokernel of Hom(F, M) — Hom(K, M).

**The long exact sequence in Ext(—, M) coming from the short-exact 0 —
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K — F — N — 0 begins

0 — Ext’(N, M) — Ext®(F, M) — Ext’(K, M) — Ext'(N, M) — Ext'(F, M) — ...
(PS4.13)
But Ext’ = Hom by construction, and Ext!(F,M) = 0 since F is free, so
in particular Hom(F, M) — Hom(K, M) — Ext!'(N,M) — 0 is exact, and so
Ext!(N, M) = coker{Hom(F, M) — Hom(K, M)}. **

Given ¢ € Hom(K, M), construct V as the quotient of F' @& M by the graph of —¢ (note
that this graph is a submodule of K ® M C FF & M).

**If ¢ € Hom(K, M), then (a,—¢) : K — F & M traces out a submodule ¢ of
F ® M, where a is the map from K — F in the exact sequence in (a). Let
V=(FeM)/®,and b: F&M — V the cokernel of (a, —¢). Then bo(0,id) : M — V
is injective; if m — 0, then b: (0,m) — 0, so m = ¢(0) = 0. On the other hand,
we construct the cokernel V/M of this injection by taking pairs f&m € FO M,
modding out by k® —¢(k) =0 for k € K, and then modding out by the second
coordinate. We could do the modding out in the other order, in which case
we see that V/M = F/K = N canonically. In more categorical language, V/M
is the cokernel of

K # F (PS4.14)

Ry
in which we can perform the M quotient first if we choose, yielding F'//K =~ N.
Thus 0 - M — V — N — 0 is exact. **

Use the functoriality of Ext and the long exact sequences to show that the characteristic
class in Ext!(V, M) of the extension constructed in (b) is the element represented by the
chosen ¢, and conversely, that if ¢ represents the characteristic class of a given extension,
then the extension constructed in (b) is isomorphic to the given one.

**We recall that any extension 0 — M — V — N — 0 picks out an element
of Ext!(N, M), by writing out the long-exact sequence and tracing the image
of id € Hom(M, M) in Ext'(N,M). Let V depend on ¢ as in part (b). By
construction, the following squares commute, with exact rows:

0 K F N 0 (PS4.15)
P
0 M Vv N 0

We now pass this to the long-exact sequences in Ext:

— Hom(F, M) — Hom(K, M) — Ext!(N, M)
T [
(N, M)

—— Hom(V, M) — Hom(M, M) — Ext'

. (PS4.16)

—_—
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But chasing id € Hom(M, M) in the right square gives

¢ ——— equivalence class of ¢ (PS4.17)

I

id —— characteristic class of V'

Hence the characteristic class of the extension constructed in (b) is the image
of ¢ in Ext!(N, M).

Conversely, let 0 = M — V — N — 0 be any extension. Since F' is free, we
can find a map F' — V so that the right square commutes:

0 K F N 0 (PS4.18)
|

|
y
0 M |4 N 0

But K is the kernel of the map F — N, and so maps into the kernel of V — N
under the map F' — V. Thus the map FF — V restricts to a map ¢: K — M,
i.e. each square in the following diagram commutes:

0 K F N 0 (PS4.19)
o]
0 M v N 0
Thus the following sequence is exact:
0O—-— K—-FeM-—-NV —-N—=0 (PS4.20)

Labeling the maps a : K — F and c: V — N, then the map K — F & M is
(a,—¢); the map N @V — N is (id, —c). Then the kernel of N &V — N is the
graph of ¢ : V — N in V @& N, and hence is isomorphic to V (any graph is
isomorphic to its domain). Thus 0 - K — F® M — V — 0 is exact, and V is
one of the extensions constructed in part (b).

It suffices to show that the extensions constructed in part (b) are classified
by their characteristic class. Using part (a), we want to show that if ¢ €
Hom(F, M) and ¢ € Hom(K, M), then the extensions constructed from ¢ and
¢+1 are isomorphic. But in (PS4.18) we could have changed the map F — V
by any map F' — M; this changes ¢ by the same amount. This completes the
proof. **

8. Calculate Ext’(K,K) for all i for the trivial representation K of s[(2, K), where char(K) = 0.
Conclude that the theorem that Ext'(M,N) = 0 for ¢ = 1,2 and all finite-dimensional
representations M, N of a semi-simple Lie algebra g does not extend to i > 2.
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**Let U =U(sl(2)). We recall that
= U NsI(2) - U A%sl(2) = U®sl(2) = U (PS4.21)
is a free resolution of the trivial module s[(2) ~ K. We take Homy (—, K) and cancel

the U® with the Hom;;; hence, we want to calculate the homology of the complex

K — Homg (s((2), K) — Homg(A%s!(2), K) — Homg (A>s((2), K) — Homg(A*sl(2),K) — ...

(PS4.22)

But s((2) is three-dimensional over K, so A’sl(2) = 0 for i > 4. Thus, the only

non-zero homologies can live in dimensions 0,...,3, and we are interested in the
sequence (where A* = Hom(A,K) is the normal dual space)
5t % 62 2 * 63 3 *

0—K =S sl(2)" 5 (A%1(2) 5 (A%s1(2)" — 0 (PS4.23)

At dimension 0, Ext’(K,K) = Homy (K, K) = K, and at dimension 1 we have already
computed, through other means, that Extl(]K, K) = 0. For these to be true, j! must
be the 0 map, and 4> must be an injection. But dim (A2s[(2))" = dims((2)* = 3, so &2
is onto, hence §° must be the zero map and Ext*(K,K) = 0. Lastly, dim (A2s((2))" =
1, so Ext?(K,K) = K/0 = K.

We can compute these directly. Since z-a =0 for any z € s((2) and a € K (where -
is the action s((2) ~ K), we have an explicit description of the boundary maps:

5k(g)(x1 VANRERIVAN l’k) = Z(—l)”jg([xi, .CCj] A AR R J?j ERVAN a:k) (PS4.24)

Sure enough, ¢! = 0. 2 is dual to the bracket [,] : A%s[(2) — sl(2), which is an
isomorphism since sl[(2) is simple. §° is dual to the map

eNhAf —le,h)ANf+le,fl]Nh—[h,fl]Ne (PS4.25)

=2eNf+hAh+2fANe (PS4.26)

=0 (PS4.27)

as predicted in the previous paragraph. **

. Let g be a finite-dimensional Lie algebra. Show that Ext!(K,K) can be canonically identified
with the dual space of g/g’, and therefore also with the set of 1-dimensional g-modules, up
to isomorphism.

** Again we use the fact that (in characteristic 0) for any g,
= Ug) @ N’a — Ulg) @ N°g — U(g) @ g — U(g) (PS4.28)

is a free-resolution of g ~ K, and hence Ext!(K,K) is the homology of
K— g — (A%) — (A’a) — ... (PS4.29)
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10.

where we write A* for Homg(A,K). Since g ~ K trivially, the boundary maps
5k (/\k_lg>* — (/\kg>* are dual to the maps

dip 1 N ANxg +— Z(—1>i+j[$i,xj] /\1‘1/\-~~1A'Z'~--fj---/\x]C (PS4.30)
1<J

In any case, we want to compute Ext!(K,K) = ker ¢2, since 6! : K — g* is the zero
map. But ds is just the (negative of the) bracket z1 A 79 — —[z1,72] : A%g — g. Le.
(62f)(zAy) = — f([z,y]) for z,y € g. So f € ker §2 = Ext!' (K, K) if and only if f|y =0, i.e.
if and only if f factors through g — g/g’. Thus Ext!(K,K) = Homg(g/¢,K) = (g/g)"
is the space of (kernels of) one-dimensional modules of g/g’, since any such module
is given by a map g/g’ — gl(K) = K. Of course, any one-dimensional module of g
is an abelian module, so Ext!(K,K) classifies one-dimensional modules of g up to
isomorphism. **

Let g be a finite-dimensional Lie algebra. Show that Extl(K, g) can be canonically identified
with the quotient Der(g)/Inn(g), where Der(g) is the space of derivations of g, and Inn(g)
is the subspace of inner derivations, that is, those of the form d(z) = [y, x| for some y € g.
Show that this also classifies Lie algebra extensions g containing g as an ideal of codimension
1.

**[Ext’(K, g) is computed by

g LN Hom(g, g) L Hom(A%g,g) — ... (PS4.31)

where (6'7)(z) =z - h and (6°f)(z Ay) =z f(y) —y - f(z) — f([z,9]), for 2,y € g and
h € g, f € Hom(g,g). The action - is the bracket [,], so

(6*h)(z) = [z, h], and (PS4.32)
(62 )z, y) = [z, f()] + [f(2), 9] — f (2, 9)). (PS4.33)

We have Ext!(K,g) = kerd?/imd'. But ker? = Der(g) is the space of derivations
of g, i.e. mapst f : g — g such that the right-hand side of (PS4.33) is 0. Then
6! : g — Derg by h+— —ad h; by definition, im¢' = Inn(g).

We now show explicitly how Der(g)/Inn(g) classifies Lie algebra extensions g of
g containing g as a one-codimensional ideal. Let 0 — g — g — K — 0 be one
such extension, and let z € g~ g. Then since g is an ideal of g, adz acts on g
as a derivation; since g is co-dimension 1, this derivation and the structure of g
completely determines the structure of g. Let y be any other representative of
the image of z in K; then z — y € g and so the derivation adx — ady is in Inng;
hence to each extension 0 — g — § — K — 0 such that g is an ideal in g we can
associate an element of Der(g)/Inn(g).

Conversely, let ¢ € Der(g)/Inn(g), and ¢ € Der(g) a representative derivation. Then
we can construct an extension 0 — g — § — K — 0 by letting § = g ® K& as
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11.

12.

vector spaces for & a formal symbol, and [#,y] = £(y) when y € g. Then g is
a subalgebra and moreover an ideal, since f(y) cgifyeg Let 5 be another
representative in Der(g) of &. Then & — ¢ € Inn(g), and let’s say y € Inn(g) so that
é—é = ady. Let g = g ® KZ be the extension built from é Consider the map
g — g that fixes g and sends = — % + y. This is a bijection of K-vector spaces
and trivially an isomorphism on the subalgebra g. But in fact if z € g, then
7.2]5 = €(2) = €(2) + (ad)(z) = €(2) + [y.2] = [ + y, 2]y 50 the map § — § is a
homomorphism of Lie algebras.

Thus g = g, and Der(g)/Inn(g) classifies Lie algebra extensions 0 - g — g —> K — 0
such that g is an ideal of g. **

Let g be a finite-dimensional Lie algebra. Show that there is a canonical isomorphism
Ext!(g,K) = Ext?(K,K) @ S? ((g/g')*) where S? denotes the second symmetric power. The
first term classifies those g-module extentions 0 — K — g — g — 0 that are (one-dimensional,
central) Lie algebra extensions.

Addendum: This problem turned out to be harder than I thought, and I'm not even sure
that its true.

Lets assume the ground field has char(K) # 2, so we can distinguish between symmetric and
antisymmetric forms.

The weaker result that there is a canonical injection Ext?(K,K) @ S?((g/g')*) — Ext!(g, K)
can be proven by representing a 1-cocyle as a bilinear form on g and considering the cases
where the form is antisymmetric or symmetric.

For the stronger result, note that the identity ([z,z],z) = 0 holds for the symmetriza-
tion of the form representing a l-cocycle. Then ([z,y],2) + (y,[z,2]]) = ([z,y + 2],y +
2)?([z,y],y)?([x, 2], z) = 0, so the symmetrized form is invariant. Among the invariant sym-
metric forms are those whose radical contains g’. These represent 1-cocycles. But some
further argument is needed to show that no other invariant form can arise by symmetrizing
a l-cocyle.

Let g be a finite-dimensional Lie algebra over K, char(K) = 0. The Malcev-Harish-Chandra
theorem says that all Levi subalgebras s C g are conjugate under the action of the group
exp ad n, where n is the largest nilpotent ideal of g (note that n acts nilpotently on g, so the
power series expression for exp ad X reduces to a finite sum when X € n).

(a) Show that the reduction we used to prove Levi’s theorem by induction in the case where
the radical v = rad g is not a minimal ideal also works for the Malcev-Harish-Chandra
theorem. More precisely, show that if t is nilpotent, the reduction can be done using
any nonzero ideal m properly contained in t. If t is not nilpotent, use Problem 4 to show
that [g,t] = ¢, then make the reduction by taking m to contain [g, t].

(b) In general, given a semidirect product g = b x m, where m is an abelian ideal, show that
Extzl/,(b) (K, m) classifies subalgebras complementary to m, up to conjugacy by the action
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of expadm. Then use the vanishing of Ext!(M, N) for finite-dimensional modules over
a semi-simple Lie algebra to complete the proof of the Malcev-Harish-Chandra theorem.

answers to Problem Set 5

Show that SL(2,R) is topologically the product of a circle and two copies of R, hence it
is not simply connected.

**The subgroup SO(2,R) C SL(2,R) of matrices of the form ( cost)  sind )

—sin€ cos6
acts freely on SL(2,R) by right-multiplication, say. Then the orbit of any

matrix is a circle, since SO(2,R) = S!. In particular, the orbit of ( (;L Z >
acosf —bsinf asinf + bcosb

are all matrices of the form ( ccosh — dsind csind -+ dcosd

) for a,b,c,d fixed

and 0 € S'. For any given c,d € R, there are exactly two 6 € S' such that

ccos—dsinf = 0, namely the § with tanf = ¢/d. Then csinf+dcosf = ++v/c¢? + d?,

and there is exactly one 6 € S' with ccosf — dsinf = 0 and csiné + dcosf >

0. Thus each SO(2,R)-orbit in SL(2,R) intersects the subgroup U of upper-

triangular matrices with positive diagonal entries exactly once, and at least

topologically SL(2,R)/SO(2,R) =2 U. But U = R?, since we we can parameterize
t

itasUz{(% elit):t,bER}. *k

Let S be the simply connected cover of SL(2,R). Show that its finite-dimensional com-
plex representations, i.e., real Lie group homomorphisms S — GL(n,C), are determined
by corresponding complex representations of the Lie algebra Lie(S)C = sl(2,C), and
hence factor through SL(2,R). Thus S is a simply connected real Lie group with no
faithful finite-dimensional representation.

**By the usual Lie group magic, any map S — GL(n,C) is determined by a
map of the associated real lie algebras s((2,R) — gl(n,C). Although gl(n,C) is
(2n?)-dimensional as a real Lie algebra, we can think of any map sl(2,R) —
gl(n,C) as a 3 x n? complex-valued matrix, and so it determines a C-linear
map s((2,C) — gl(n,C) which agrees with the map s((2,R) — gl(n,C) on the
real subalgebra sl(2,R) C s[(2,C). But the structure constants of sl[(2,R) and
5[(2,C) are the same; each has a a basis e = ( 8 (1] ), /= ( (1) 8 ), and
h = ( (1) _01 ), where [e, f] = h, [f,h] = 2f, and [h,e] = 2e. Thus the map
5[(2,C) — gl(n,C) is a complex Lie algebra homomorphism if and only if the
map s[(2,R) — gl(n,C) is a real Lie algebra homomorphism.
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Thus any real Lie group homomorphism S — GL(n,C) determines a com-
plex Lie algebra homormorphism s((2,C) — gl(2,C). Since SL(2,C) is simply-
connected, the map s[(2,C) — gl(2,C) integrates to a map SL(2,C) — GL(2,C).
Restricting to the real subgroup SL(2,R) C SL(2,C), we get a representation
of SL(2,R) with the same infinitesimal representation s((2,R) — gl(n,C) that
our original function S — GL(n,C) had. So the original map factors through
S ;» SL(2,C), and must not have been faithful. **

Let U be the group of 3 x 3 upper-unitriangular complex matrices. Let I' C U be the
cyclic subgroup of matrices
[ 1 0 m ]

01 0,
[ 0 0 1 J
where m € Z. Show that G = U/T" is a (non-simply-connected) complex Lie group that

has no faithful finite-dimensional representation.

**We remark first that I" is central and hence normal:

1 m 1 a b 1 a b 1 m 1 a b+m
1 1 ¢ = 1 ¢ 1 = 1 c
1 1 1 1 1
Thus
1 a [b
U/T = 1 ¢ s.t. a,ce C, [b] € C/Z (PS5.2)
1

Now let ¢ : U/T' — GL(n,C) be a Lie group homomorphism, and d¢ : u —
gl(n,C) its infinitesimal Lie algebra homomorphism. We remark that u is the
complexified Heisenberg algebra: a (C-)basis of u are the derivatives %, %,

and %, whence % is central and [%, %] = %.
In U,
1 b 9
1 = exp <b—> (PS5.3)
ob
1
and so
1 b 5
o) 1 = exp <b dgﬁ(—)) (PS5.4)
1 ob

But d¢B is nilpotent in gl(n,C), so (the matrix entries of) exp(bdpB) is a
polynomial f(b) in b. If b = m € Z, then the left-hand side of (PS5.4) is the
identity, since ¢ : U — GL(n,C) factors through U/T, and so f(b) takes the
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same value infinitely often, hence f(b) must be constantly the identity in
GL(n,C). Hence d¢ cannot have full rank, and ¢ is not faithful. **

(b) Adapt the solution to Set 4, Problem 2(b) to construct a faithful, irreducible infinite-
dimensional linear representation V of G.

** A faithful representation of u in which % is not nilpotent is u ~ C[z], where

% — id, % — 44, and % — xx. This exponentiates to an action U ~ Clz] in
which
1 b
1 el x (PS5.5)
1
This does not factor through U/T' — e™ # 1 for m € Z — but a slight mod-
ification does. To wit, we let u ~ C[z] by % — 27rz'%, and % — xx. The
% = [%, %] = 2mix, and we integrate to an action U ~ C*°(C) in which
1 b
1 - 2Ty (PS5.6)
1

In particular, the kernel of this action includes T, since ™ =1 if m € Z.

But
1 a

1 — shift by a (PS5.7)

and

1 ¢ | e?riery (PS5.8)
1

are never trivial unless a and ¢ are each 0, and most generally

1 1 1 b 1 a

a b
1 ¢ | = 1 ¢ 1 1 : f(x) o i 2mib p g )
1

—_
—_
—_

(PS5.9)
also doesn’t fix all functions unless a = ¢ = 0 and b € Z. So the kernel of
U ~ Clz] is exactly I', and we have a faithful representation of U/I'. **

3. Following the outline below, prove that if h C gl(n,C) is a real Lie subalgebra with the
property that every X € b is diagonalizable and has purely imaginary eigenvalues, then the
corresponding connected Lie subgroup H C GL(n,C) has compact closure (this completes
the solution to Set 1, Problem 7).
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(a)

Show that ad X is diagonalizable with imaginary eigenvalues for every X € §.

**Let {e;} be a basis in which X is diagonal: Xe; = Xje; (no sum) for X;
pure imaginary. Then we get a basis {¢/} of gl,,(C), and ad X : ] — [X,¢e]] =
(X; — Xj)eg is diagonal with pure-imaginary eigenvalues. **

Show that the Killing form of b is negative semidefinite and its radical is the center of
h. Deduce that § is reductive and the Killing form of its semi-simple part is negative
definite. Hence the Lie subgroup corresponding to the semi-simple part is compact.

**Let $ be the killing form on b, i.e. 3(X,Y) = try(ad X adY). Then ad X is
diagonalizable with pure-imaginary eigenvalues, so (ad X)? is diagonalizable
with non-positive eigenvalues, so ((z,x) is a sum of non-positive numbers and
hence non-positive. If ad X # 0, then (X, X) < 0, and so rad f can consist
only of X € b such that ad X = 0 (of course, rad f contains all such X), and
soradf ={X € hs.t. ad X =0} = Z(h) is the center of h. Write 3 = Z(h) and
g = b/3, Z for the subgroup corresponding to ; (necessarily in the center of
H), and G = H/Z. Then Lie(G) = g.

In any case, the adjoint action h ~ h factors through g, which is the point,
and so ) is a g-module, and indeed an extension of the form

0—3—h—>g—0 (PS5.10)

where g ~ 3 trivially. But the adjoint action h ~ g also factors through g,
and the trace form of this action is exactly the killing form of h. So g is
semisimple, and Ext!(3,g) = 0. Thus (PS5.10) is the trivial extension, and b
is reductive.

In any case, as a topological space H is a quotient of Gx Z. And ad : g — gl(g),
but in fact, letting 3; be the Killing form on g, we see that ad : g — so(g, ).
In particular, Ad : G — SO(g,3), and since [ is negative-definite, SO(g, ) is
compact.

Let Gr be the simply-connected cover of G; it depends only on g. When
we complexify, we get gc = g ®r C, with simply-connected cover G¢, and the
following diagram commutes (the top square is made of Lie algebras, the
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bottom are Lie groups):

g ——* . sop(g,B) (PS5.11)

gc ——— soc(ge)

PPN NN
@
el
T

()
=

o

(
)
4
!
) § exp
!
;
V

PN NNV
n
@)
=
‘9

[}
a

The maps out of GCR exist because they are simply-connected, and the map
Gr — G is an embedding because G¢ is simply connected and g < gc. In any
case, gc is semisimple over C, and we know the classification of groups with a
given semisimple Lie algebra. In particular, the image of G¢ in SOc(gc) is a
finite quotient of GC, and so, since the bottom square commutes, the image
of Gg in SOr(g,3) is also a finite quotient of Gr. But this image is compact,
so Gg is compact, and so any other quotient of it, and in particular the G
from the previous paragraph, is also compact. **

Show that the Lie subgroup corresponding to the center of § is a dense subgroup of a
compact torus. Deduce that the closure of H is compact.

**3 is an abelian Lie algebra, all of whose elements are diagonalizable with
pure-imaginary eigenvalues. But if a collection of diagonalizable matrices
commute, then there is a basis that simultaneously diagonalizes all of them;
in this bases, 3 is an algebra of diagonal matrices all of whose entries are
pure-imaginary numbers, and 3 C (iR)" C gl(n,C). (Recall that 3 C h C gl(n,C)
to begin with.) Then

e’iti

Z =exp(3) C st ty,...,tp € Ry =T" CGL(n,C) (PS5.12)

eitn

which is compact. Of course, Z might not be dense in 7", but the closure of
Z is a closed subgroup of 7", and these are all tori.

Recall that h =3 x g, and G is compact. Then H = ZG C GL(n,C), and Z has
compact closure, so H does. **
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(d) Show that H is compact — that is, closed — if and only if it further holds that the
center of h is spanned by matrices whose eigenvalues are rational multiples of 7.

**H is compact if and only if Z is: Z is a closed subgroup of H, because being
central is a closed condition. But Z C T is compact if and only if it is closed.

Consider the map e : 3 — 1™, the restriction of e : (it1, ..., it,) — (e2™1 . . e27in) .
(iR)™ — T™. The kernel ker e is necessarily a discrete subgroup of 3. Then kere
is full-rank as a lattice if and only if Z = 3/kere is a compact torus. But
kere = iZ" N3, so if kere is full-rank, then j; is spanned by matrices all of
whose eigenvalues are integer multiples of i. Conversely, let 3 be spanned
by matrices all of whose eigenvalues are rational multiples of i; then up to
multiplication by an integer, 3 is spanned by matrices all of whose eigenvalues
are integer multiples of i, and kere is full-rank. **

4. Let V,, = S"(C?) be the (n + 1)-dimensional irreducible representation of s[(2, C).

(a) Show that for m < mn, V;,, @ Vi, Z V0 & Vg2 @ -+ ® Vipm, and deduce that the
decomposition into irreducibles is unique.

**1 would like to remark first that I’'m not sure why the uniqueness of the de-
composition into irreducibles follows from the identity V,,®V,, = @L; Vintn—24
when m < n. Indeed, let C be a semisimple K-linear category, and A =@V, =
@ W; be two decompositions of an object into simples. Then each V; must
map into @ W;, and Hom(V;,W;) = 0 unless V; = W,. So the list of simples
in the decompositions are the same up to multiplicity. So we need only
think about repeated sums of the same simple; can we have (&n)V = (&m)V
for a simple V and n # m? No. Indeed, & pulls out of Hom, and so
Hom(V, (&n)V) = (@&n)Hom(V,V), which is an n-dimensional K-vector space.
Since dimg is well-defined in K-linear categories, we must have n = m if
(®n)V = (&m)V. Thus decomposition into simples in a semisimple category
is unique. And we have shown that s[(2, C)-representations form a semisimple
category: every irreducible is simple.

Let x,y be a basis for C2, on which sl(2,C) = (e, f, h) acts as

e:{w'_)o},x:{x'_)y},andh:{w'_)x } (PS5.13)
yr—x y—0 Yy -y

We recall that if g € g and V,W are two g-modules, then g acts on V ® W by
g®1+1®g. A basis for the symmetric tensor product S*(C?) = V,, are the
homogeneous polynomials {z"7y/,0 < j <n}. Then e: 2"yl s janITlyi—1 =
:Ua%x”*jyj, f acts as ya%, and h: 2" Tyl s (n — 25)a" Iyl

Let V,, be the same as V, with the letters (z,y,n,j) replaced by (a,b,m,i).
Then V,, ® V,, is spanned by the monomials a'b™ 27y" 7 for 0 < i < m and
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0<j<n. Thene= a% —i—xa%, f= b% +ya%, and h acts diagonally, multiplying
a'bmizdy" I by m +n — 2(i + 7).

We remark that e takes any polynomial p homogeneous in “az-degree” deg, p+
deg,p =i+ to a polynomial homogeneous in az-degree i+ j+1, and multiplies

the sum of the coefficients thereof by (m + n) — (i + j). The picture of the
action of e is this (f has the opposite picture):

> (PS5.14)
0 1 2 em—1m
m _m—1 m-—2 2 1
i 0 *o—0—>0 > .- >0 —0

\an \L:Ln_l\Lz:n_Q 2 ‘Ln 1 ‘Ln

1 *o—>0—>0 > .. >0 —0
\Ln;ll \L;ln_—l\L?n_—2 ) \Ln—ll \Ln—l

2 *—>0 >0 —>--->0—>0

y IS
Jn=s s s |03 fn-s

4 e —>0 — 0 — >0 —>0
¢n—4 ¢n—4 ¢n—4 &n—4 &n—4

12 4242

i? &2
2 1
n—1 e—~e—e0e—>...5>0—>0
\Ll \Ll \Ll \Ll i’l
m m—1Ym—2 2 1
n o —0 —>0 —>: - —>0—>0

In the above picture, the (i, j)th dot corresponds to the monomial a’b™ z7y" /.
The action of ¢ on a monomial is the sum over arrows leaving that monomial
of the target of the arrow; of course, an arrow labeled by £ is really k arrows.
The “az-degree” deg, + deg, of a monomial is its inverse-diagonal; i.e. we’re
grading the module in the diagonal direction.

Let p be a polynomial in kere; then it is the sum of polynomials each ho-
mogeneous in i + j, and each of these must be in the kernel. So let p be a
polynomial all of whose monomials have the same value of deg, + deg,; then
p is a weighting on an inverse diagonal. It’s easy enough to see that if
i1+ j < n—m, then p cannot be in the kernel of e¢. To wit, let k¥ < n and
p = Ziﬂzkpiaibm*ixjy”*j. Let i; be the smallest ¢ such that p; % 0. Then
e(p) = (n — k + i1)p;, a’bmigh—itlyn—k+ii—l L " where all other terms have a
larger degree in a. On the other hand, for each n < k < n+m, there is exactly
one polynomial (up to a scalar) of ax-degree i + j = k in ker p. In particular:

n+m—~k n+m—k
> ("

)akn+lbn+mk1xn1yl c ker e (PS515)
=0
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r!

using the fact that (r —s)(}) = (s +1)(,},) = T for any integers r, s.

To save time, write d = n +m — k. Then:

n+m—=k o
keres Y (~1) (n " k) at Tyl (PS5.16)
=0
d d
_ andgned 3oyl (l>albdl:cdlyl (PS5.17)
=0
_ am—dxn—d (ay _ bl‘)d (PS518)

We remark that (ay—bzx) is in the kernel of both e and f, which are derivations,
so e[p - (ay — bx)|] = e[p] - (ay — bx), and similarly for f. In any case, for each
d€o,...,m, we get a vector in kere on which h acts as —(m + n — 2d). Sure
enough, too, it takes n + m — 2d iterations of f to annihilate this vector, and
it’s clear that the vector generates a submodule of dimension m +n —2d. But
(m+1)(n+1) =371 _om+n—2d+1, and the sum of these submodules generates
Vi ®V,, hence is the whole module, so the submodules are completely linearly
independent, and we have exhibited the identity

Vin @ Voo = @ Vingn—2d (PS5.19)
d=0

*ok
Show that in any decomposition of Vl®" into irreducibles, the multiplicity of V,, is equal

to 1, the multiplicity of V;,_gy, is equal to () — (,”;) for k=1,...,|n/2], and all other
irreducibles V,,, have multiplicity zero.

**We proceed by induction, using the fact that V,, @ V;, = V,,,1 ® V;;,_1, and
that @ distributes over @. Then, understanding (") = (",) =0 for n > 0, and
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writing mV for the direct sum of m copies of V, we have

= @

-1 —1\]
" . ) - (Z B 1)_ Vi1 e ® Vi (PS5.20)

(
n—1)\] (Vi—2k @ Vii—2k—2) (PS5.21)
(")-G)
2 | T _
= 9:90 (n ; 1) _ (Z: 1) Vi—or @ kejo (n ; 1) B (Z: i) Vo—o(kt1)
( (Z: 1) Vn—ok ® L}éj (Z : i) _ (Z : ;) Vi—ok

n—1 n—1 =]/ N
B KL”;D B (L";J - 1)] Va2t @ D Kk) - (k_ 1)A Vo

(PS5.24)

since (})+(,",) = ( 1) and we telescope the sum. When 7 is odd, VT_IJ =%/,

and n—2 L”—HJ = 2” = —1, and V_; is the zero-dimensional representation.
n— n—1 n—1 n—1 n—1

: 1 g 1 [214, and I(LanlJ) (=510 = 5D~ (300) =
(”; ) — (2:2) = ( ) (”2 ) (”% ) — (2:2) = (g) — (%Til) In either case, the

2 2

right-hand side of (PS5.24) is equal to VL/O% [(Z) - (kfl)] Viy—op. **

When n is even, |}

5. Let A be a symmetric Cartan matrix, i.e., A is symmetric with diagonal entries 2 and off-
diagonal entries 0 or —1. Let I' be a subgroup of the automorphism group of the Dynkin
diagram D of A, such that every edge of D has its endpoints in distinct I" orbits. Define the
folding D' of D to be the diagram with a node for every I" orbit I of nodes in D, with edge
weight k from I to J if each node of I is adjacent in D to k nodes of J. Denote by A’ the
Cartan matrix with diagram D’.

(a) Show that A’ is symmetrizable and that every symmetrizable generalized Cartan matrix
(not assumed to be of finite type) can be obtained by folding from a symmetric one.

**A matrix q;; is symmetrizable if and only if it satisfies two conditions:
(i) that a;; = 0 exactly when a;; = 0 for any pair i,j, and (ii) that for any
Sequence i1, ..., 0, iy - Qip_y i, Gigiy = GiyipQigip_; - - - Gigi;» For a folding A’ of
a symmetric Cartan A, condition (i) is immediate: if there is at least one
edge from I to J, then there is at least one from J to I. As for condition (ii),
Al ;A counts the number of paths in D from a particular node in I to any
node in J to any node in K, and thus is 1/|I| times the number of paths from
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a node in I to a node in K, and so (—1)*[I;|A7 ;... A} ; counts the number
of paths from some node in I; to a node in I, etc. returning to I;. But any
such path is reversible, and so (—1)k|11]A’1171k ... A7, , counts the same thing.

Let D’ be a symmetrizable Dynkin diagram, which we assume to be con-
nected (disconnected diagrams can be unfolded separately). We count di-
rected paths: an edge labeled by k has k£ paths going along the arrow and 1
path going against the arrow. Then for any sequence of vertices Iy, Io, ..., I,
the number of paths going Ii, I,...,I;,I; must equal the number of paths
I, Ii,..., I, I;. Thus, let I,J be two vertices of D' connected by an edge of
weight k£ > 2, so that there are k£ edges from I to J. Then for any other se-
quence of edges starting at I and ending at J, there must be k times as many
paths going along the sequence as going against. Thus we build a partial
unfolding D of D’ by expanding J to k-many nodes, each connected singly to
I, and for any other way to get from [ to J, expanding any directed edges
so that at the end there are k branches. In D, we consider two edges equiv-
alent if they fold to the same edge in D’; by construction, two equivalent
edges have the same weight, and there are fewer equivalence classes in D
with weight at least two than there are in D’. Thus, we can partially unfold
D again — by counting paths, it’s clear that D is still symmetrizable — by
unfolding along every edge in an equivalence class. Rinse, repeat, and we’re
done by induction on the number of equivalence classes of edges of weight at
least two. **

Show that every folding of a finite type symmetric Cartan matrix is of finite type.

**The Dynkin diagram of a finite-type symmetric Cartan matrix consists
of the disjoint union of diagrams of types A, D, and E. No automorphism
can identify non-isomorphic components, and if an autormophism identifies
two nodes in different components, then it identifies the whole components.
But since there were originally no paths from one component to another,
a folding of a disconnected Dynkin diagram depends only on the induces
automorphisms of each component in the preimage of a connected component
of the folded diagram. Thus, to understand foldings of finite-type symmetric
Cartans, it suffices to understand the foldings of the connected ones, and for
this it suffices to enumerate the non-trivial automorphisms:

e The only nontrivial automorphism of A, is the reflection sending the jth
node to the (n+1— j)th node. But this automorphism pairs two vertices
connected by an edge when n is even. When n = 2k +1 is odd, the folding
along this automorphism is By ;.

e The automorphism group of D, is the symmetric group S3, which has
two subgroups: the group of order 2 and the group of order 3. But the
latter acts transitively on the three legs of D,, so folding along the group
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of order 3 or along the full S5 yield the same orbits, and hence the same
diagram G>. Folding along the group of order 2 yields the diagram Cj.

e For n > 5, the only nontrivial automorphism of D, permutes the two

short legs, and the folding is C,,_;

e The group of order 2 acts on Fjg; the folding of this diagram is an Fj.

e I and Fs have no nontrivial automorphisms.

kk

(c¢) Verify that every non-symmetric finite type Cartan matrix is obtained by folding from
a unique symmetric finite type Cartan matrix.

**We use the above list in the backwards direction: B, is the folding of As,.1,
C,, the folding of D, 1, G5 from D, and F; from Ej5.**

6. An indecomposable symmetrizable Cartan matrix A is said to be of affine type if det(A) =0
and all the proper principal minors of A are positive.

(a)

Classify the affine Cartan matrices.

**A Dynkin diagram is affine if its determinant is 0 but every proper subdi-
agram is the disjoint union of finite-type Dynkin diagrams. Thus every com-
ponent but one is of finite-type, and one connected component is affine, so
we need only classify the connected affine diagrams. So we have a connected
diagram such that the removal of any vertex yields of finite-type diagram.
Then the following are forbidden as proper subdiagrams, but allowed as the
entire diagram:

i.

ii.

iii.

iv.

vi.

vii.

viii.

.—i—.
.

oo, Higher-degree edges are strictly forbidden.
—eo—oi=0—0, 0—0—0—0—0

=00, 600

.7.7.717.7.7. .7.717.7.7.7. *—Oo0—0—0—0
Any loop of all single edges. Any other loop is strictly forbidden.

The strings e<=e— .- —e=—0, o<=0— .. —e<=e, o0 ..—0e—=e. A diagram
with two edges, one of degree at least two and the other of degree greater
than two, is strictly forbidden.

[ J [ ]
Strings o—i—- C—e=>e, .717. ..—e<e, and .7lf. . .fii.
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Any other connected diagram is either of finite type or contains one of these,
so the above is the entire list. **

(b) Show that every non-symmetric affine Cartan matrix is a folding, as in the previous
problem, of a symmetric one.

**We unfold any non-symmetric Cartan matrix to a symmetric one. Let A’
be the folding of A such that det A’ = 0. Then there is a vector ¢ =3 ¢;I; such

that A’¢=0. But let b = > b, where b; = ¢; if o; € I;. Then Ab = 0.

So the unfolding of an affine matrix has determinant 0. It need not be affine,
though, but by inspection every non-symmetric matrix on the above list has
a symmetric unfolding on the list. **

(c) Let b be a vector space, a; € h* and « € b vectors such that A is the matrix (a;, o).
Assume that this realization is non-degenerate in the sense that the vectors «; are linearly
independent. Define the affine Weyl group W to be generated by the reflections s,,, as
usual. Show that W is isomorphic to the semidirect product Wy x Q where Q and W)
are the root lattice and Weyl group of a unique finite root system, and that every such
Wy X Q occurs as an affine Weyl group.

(d) Show that the affine and finite root systems related as in (c¢) have the property that the
affine Dynkin diagram is obtained by adding a node to the finite one, in a unique way if
the finite Cartan matrix is symmetric.

7. Work out the root systems of the orthogonal Lie algebras so(m, C) explicitly, thereby verifying
that they correspond to the Dynkin diagrams B, if m = 2n 4+ 1, or D,, if m = 2n. Deduce
the isomorphisms so(4,C) = 5[(2,C) x sl(2,C), so(5,C) = sp(4,C), and s0(6,C) = s((4,C).

**We take the inverse-diagonal form to be the one preserved by so(m,C), and write
X1 for the reflection of a matrix X across the inverse-diagonal, and so(m,C) =
{X € gl(m,C) s.t. X = —XT}. Then a basis of so(m,C) are the matrices X;; =
Ef — Egﬂ:; for i+ 35 <m, ¢,57 > 1, where EZ is the matrix that is all Os except for
a 1 in the (i,7)th spot. The diagonal matrices form the Cartan subalgebra bh; a
basis is H; = X;; = Ejj — Epq1—im+1—i for 1 < i < |2]. Then, using the fact that
(Bl El] = (6% — 6))EL, we see that

[H;, Xpq) = (68 — 6 EL — (om+i=t — gmi-kypm+l-k

m+1—1
o C LA LY o A (i o R s i V O (PS5.25)
= (oF = ol + ot — gtk Xy (PS5.26)

and the Xj; diagonalize the action ad : h ~ so(m,C). We remark that since k+1 <m
and 2i < m, at most one of the Js in (PS5.26) is non-zero. Let oy = 65 —d 4+~ -
5;”“_]“, so that [H;, Xy = o (H;) Xk Then as k, [l range over k # [, k+1 < m, we get
all m(m—1)/2—|[m/2] = [m(m — 2)/2] roots. We have oy = —oyy, and a;, + o = ajy
if all three of these are defined.
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Let’s write z' € h*, 1 < i < |m/2| for the dual basis to H;, so that z;(H;) = §;;.
Then the ai; come in a few types (since ay = —aq;, we assume that k& < [).
If k <1 < |m/2], then ay = 2z —z. If £k < |m/2] and m+1—1 < [m/2] (i.e.
[ > [m/2]), then oy = z; + zm+1-;. There is one more possibility, when m is odd:
[ =[m/2] = |m/2] + 15 in this case, oy = z.

For our notion of positive root, we dot each root «y; against a vector H = > z;H; € }
such that z; > 23 > .-+ > z|;;,2) > 0. Then the positive roots are exactly those

with £ < [. When m is odd, the positive cone is generated by the simple roots

def . . .
a; F ajjpforj=1,...,|m/2]: i.e. aj = zj—zj11 when j < |m/2] and /2] = Z|m/2)-
Then the coroots are a]V = H;—Hj+1 and oy, /2] = 2H |1, 2], and we get a root system
of type BLm/2J:
so(2n+1)= e . ——>0 (PS5.27)
(03] a9 Ap—1 Op

When m is even, the simple roots still include the roots «; ef Qi+l = Zj — Zj+1
for j =1,...,|m/2] — 1. But now a,,/5,,/24+1 is no longer a root, and on the other
hand «,, /2 def Qn/2—-1,m/241 = Zm/2-1+1 Zm/2 is a simple root. The simple co-roots are
of = Hj — Hj;; for j <m/2 and a;/n/Q = Hy, /91 + Hp, /2, and we get a root system of
type Dy, ot

On

[ ]
s50(2n) = e——e . i o (PS5.28)

ap Q2 Op—20n—1
In any case, we have
[ ]
s0(4) =Dy = e=A;A; =5l(2) xsl(2) (PS5.29)
50(5) = By = o> = Uy = sp(4) (PS5.30)
[ ]

50(6) = D3 = ‘o= Az =sl(4) (PS5.31)

kK

. Show that the Weyl group of type B, or C, (they are the same because these two root
systems are dual to each other) is the group S,, x (Z/2Z)" of signed permutations, and that
the Weyl group of type D,, is its subgroup of index two consisting of signed permutations
with an even number of sign changes, i.e., the semidirect factor (Z/27Z)" is replaced by the
kernel of S"-invariant summation homomorphism (Z/22)" — Z /27

**The Weyl group of a root system is generated by the reflections s, : A —
A—(\,a")a for a a root. Then s, = s_,, and so we need only consider the positive
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roots. The reflections act on the root system, but they also just act (linearly) on
h*, and we will calculate the action on the basic vectors z;.

As calculated in the previous problem, the positive roots of B,, are z — z; and
zi+zj for 1 <i < j<nand z for 1 <i<n, with co-roots (z; + z;)¥ = H; + H; and
2/ = 2H;. Then we have an easy calculation:

2k Z?.] 7é k
Szitz; Rk = j:Zj, 1=k (PS532)
Zl:Zi, .] =k
. Rk ] 75 k
Sz 2k = { I (PS5.33)

In particular, the Weyl group of B, permutes the basic vectors z; up to sign. It
includes all permutations up to sign — s.,+.; acts projectively as the transposition
(i,7) — and includes all sign changes, hence must be S,, x ({£1})*".

The positive roots of D,, on the other hand, are just {z; £2;:1<1i < j <n}, with
(zi £2;)¥ = H; £ Hj. So the Weyl group is a subgroup of S,, x ({£1})*". Rewriting
(PS5.32), we have

ZL > 2k, k 75 ’L',j

Szitz; = Zq = :Iizj (PS534)

zj — 2z
Thus the Weyl group includes all permutations of the basic vectors, and, by com-
posing Szitz; O Szi—zj9 all the sign-switches in two coordinates. Hence the Weyl
group is Sy, x ker [{:l:l}xn A {j:l}}, where I1: {+1}*" — {£+1} is the product homo-
morphism. **

. Let (b, R, RY) be a finite root system, A = {aq,...,a,} the set of simple roots with respect
to a choice of positive roots Ry, s; = s, the corresponding generators of the Weyl group W.
Given w € W, let [(w) denote the minimum length of an expression for w as a product of the
generators s;.

(a) fw=s4 ...
and hence s;,

and w(a;) € R, show that for some k we have a;, = s;,_, ... i, (qj),
.8, = Sij, - - - 5i,8j. Deduce that l(ws;) = l(w) — 1 if w(ay) € R_.

T

SikJrl ..

**The set R, ~{«;} is fixed by all the reflections s; for i # j. Thus s;, ...s; (o;) €
R, unless s;_, ...s,a; = «; for some k, so that s; can move qa; into R_.
Then Siksik+1 ce 80 = 8,0, = —Qg, = _Sik+1 cee 8505 = Sik+1 . Sir(—Oéj) =
Sijir - - - SipSja.  On the other hand, these reflections are rigid with respect
to the right dot product, so s;,_,, ...s; must take the hyperplane perpendic-
ular to o; to the hyperplane perpendicular to «;,. But on these hyperplanes
s; and s;, respectively act trivially, so on these hyperplanes s; s;, ., ...s;, acts
as s;,, ---5;,5;. But then these reflections agree on every vector, since we
can break any vector into components parallel to and perpendicular to «;.
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Thus ws; = 8 ... i, SiySigyy -+ SipSj = Siy - Siyg_y Sif, Sig, Sigyq - - - Si
So l(wsj) < l(w) — 1. Conversely, l(w) = l(ws;s;) < l(ws;) + 1, and so we have
equality. **

Using the fact that the conclusion of (a) also holds for v = ws;, deduce that l[(ws;) =
l(w)+1if w(ej) & R-.

**If wa; € Ry, then wsja; = —wa; € R_, and so by (a) l(w) = l(wsjs;) =
l(wsj) — 1. **

Conclude that I[(w) = |w(Ry+) U R_| for all w € W. Characterize [(w) in more explicit
terms in the case of the Weyl groups of type A and B/C.

**I assume the formula should read “l(w) = |w(Ry)NR_|”. Let r = [(w) and
w = 8; ...S, be a minimal-length factorization of w into simple reflections,
and let w; = ws;.. Then [(w1) =7 — 1, and so wa;, € R_, and wia;, € R—. By
induction, [(w;) = |wi1(R+)NR_|. Since s;, (R+ ~{wi,}) = R4 ~{wi, }, we see that

w(Ry) N R_| = [w(R ~ {as,}) N R_| + [w({as,}) 0 R_|
— Junsi, (Rs ~ {as, )N R_| +1
= w1 (R ~{ay, })NR_|+1
=l(wy) + 1= 1l(w)

The roots of type A, are {e; —e; : 1 < i # j < n+ 1}, where the simple
roots are when j = ¢+ 1. The positive roots are when 7 < j, and the Weyl
group is 5,11 permuting the basis vectors ej,...,e,+1. So we can canonically
identify w € W(A,) with a permutation of the numbers 1,...,n+ 1, and [(w)
is the number of pairs of a larger number appearing earlier in the list than
a smaller number.

The roots of type B,, by problem 7, are of the form +e; +¢; for 1 <i#j<n
and fe; for 1 < ¢ < n. The positive roots are e; —e; when i < j, ¢; + ¢j,
and e¢;. By problem 8, W(B,) consists of all signed permutations of the e;;
i.e. lists like (2,—4,—3,—5,1) € W(B5). Then contributing to /(w) are (i) each

minus sign, (ii) each pair i < j that appear as (...,7,...,4,...), (iii) each pair
i < j that appear as (...,—j,...,4,...), (iv) each pair i < j that appear as
(...,—Jy...,—4,...), and (v) each pair ¢ < j that appear as (..., —i,...,—7j,...).

For example, [(2,—4,-3,-5,1) =3+ 1+3+1+2=10. **

Assuming that b is over R, show that the dominant cone X = {\ € b : (\,a)) >
0 for all i} is a fundamental domain for W, i.e., every vector in h has a unique element
of X in its W orbit.

.. Let 7 be the string 4y,...,4.. A substring 7= ji,...,J:
is any string formed from 7’ by deleting letters, including the empty string;

**Let w = Siqp o Sipe
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write j’C 7 if 7' is a substring of ©. Then

wh =Y (=D af )y a) L) ey, o, day, (PS5.39)

Jt—2
Jjev

where t is the length of 7, and the summand corresponding to the empty
string is just A itself. There are 2" summands. When w # e, the summands
can be sorted by whether j contains the initial i; (necessarily as j;), and then
paired, one from each pile:

wA = Z(—l)tO\, a}i)(ozjt,a]vFJ ... (aj2,ajvl>ozj1
JCr
gy
+ Z(_l)t<)‘7 O‘;{)(aju O‘}/t_1> cee <aj27 O‘]1>ajl (PS54O)
JC7r
1ET
= Z(_l)t<)‘v O‘}/t><ajt7a;<g,1> s <O‘j2)a;'/1>aj1
Jev
gy
+ DTN ol oy, o) - ey, 0 ) ag,, o) ag, (PS5.41)
7C7
i@y
= Z(_l)t<)‘v O‘;‘/t><ajt7a;<5_1> s <O‘j2705;'/1> (ajl - <04j17041\'/1>04i1) (PS5.42)
JCr
g7

Thus, bracketing with a“,

<w/\>a;/1> = Z(_l)tO‘aa}/tMajwa;{g_J s <O‘j27o‘;‘/1> <<O‘j17az\‘/1> - <O‘j1’a;/1><0‘i1705;/1>)

icr
i1y
(PS5.43)
= S 0l (g als ) - Gy el (e, 0¥ (1~ 2) (PS5.44)
JCr
g7y

since (o;,a)) = 2 for any i. If A € X, then (), o] 7)) >0, and if j, # jny1 for
any n, then («j,,,,; ) < 0. Thus each summand i 1s (—1)! times ¢ non-negative
numbers times —1, so each summand is negative. Or, at least, any summand
without a repeated index is negative: if j, # j,.1 for each j, € 7, then the jth
summand is negative. The problem occurs only in those summands for which
Jn = jn+1 for some n, and then only when this happens an odd number of
times. But let 7be a substring of 7~.i; for which j, = j,+1. Then define 7™ and
7"*1) to be the substrings of 7 formed by removing the nth or (n+1)th letters,
respectively; of course, they are the same string and both are substrings of
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7. Letting t be the length of 7, these three strings contribute to the sum as
follows, using the fact that j, = j,41:

(_1)t<)‘7 O‘;{g><ajt’ a;{g,1> s <ajn+27 a;/n+1><ajn+1 ) O‘;’/n><ajn7 a}/n,1> s <aj27 a;'/1><aj1 ) a;{)(—l)
-1

) <)‘ Qy ><ajt’ O‘;{g,1> s <ajn+27 O‘}/n+1><ajn+1va}/n,1> s <aj2’ O‘;'/1><O‘j1’az\'/1>(_1)
+ (*1)15_1 A O‘]t><ajwa;<g,1> s <O‘jn+23 }/n><ajnv }/n 1) s <aj2’ O‘;‘/1><O‘j1’ v)(*l)
= (_1)t</\7 O‘jt><ajt7 Ck;-/t_1> R <ajn+27 jn+1>(2 —-1- 1)<ajn7 O‘;‘/n_1> . <a]27 )(04]1,04\/>(—1)
=0 (PS5.45)

So any string with a repeated index cancels exactly with a shorter string.

A problem occurs when j, = i1, as in this case the various terms don’t cancel
exactly. Let m be the lowest number m > 1 so that i, = i;. The only
problematic summands are when 7'C 7\ i1 has j; = i;;. Then the sum includes
strings of the form

(71)15()\7 a;/,> s <)\,a}/2><ozj2,a;/1><ozj1,a;/1>
+ (D7 A ag) - (e ey, ag))

- Z (—1)t<)\,a;/t>...<)\,oz;/2><aj2,oz;fl><ain,ag/l> (PS5.46)
1<n<m
= (=1 N aj) . (N g, ( —1+ > (o, ) (PS5.47)
1<n<m

Then, since («;, 04}/> is always an integer, non-positive unless i = j, the term in
parentheses in (PS5.47) is non-positive unless (a;,,a; ) = 0 for every 1 <n <
m, and the rest of the terms in the whole sum are good (if 7 contains another
term equal to i; — say my is the smallest number greater than m = m; so that
ims = im,, then we repeat the trick with a sum over m < n < my). But then
we can commute the reflections s;, past s;, until s;, is next to s;,, and they
can cancel each other. So our expression for w was not of minimal length.

Lastly, we need only treat the case when (w), ;) = 0. But then s; w\ = wA,
and s;,w is strictly shorter than w, assuming we wrote w as a minimal-length
product of s;s. So we can proceed by induction, and conclude that w\ ¢ X if

WA £\

In any case, we see that if A € X and w # e, then wA ¢ X. Conversely, we
define the height of A\ to be the sum of the coefficients ¢; when we expand
A in terms of the basis A = Y ¢a;. If A ¢ X, then for some i, (\,a)) < 0;
then s;\ = A\—(\, oy)a; has an increased height, since no coefficient ¢; changes
except for ¢; — ¢;+|(\,a))|. Since W is finite (or, anyway, a closed subgroup of
SO(dim b), hence compact), the maximum height of the orbit of ) is achieved,
but it can only be achieved in X.
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10.

11.

12.

This proves that X is a fundamental domain of W ~ f. **

(e) Deduce that |IW| is equal to the number of connected regions into which b is separated
by the removal of all the root hyperplanes (A, a"), a¥ € RY.

**The set h.o = h\root hyperplanes = {\ € ) s.t. (\, o)) # 0Vi} is fixed under
the W action. Then each orbit in W ~ by, intersection X exactly once,
still, and so X N b,y is a fundamental domain. By symmetrizability, each
hyperplane is honestly perpendicular to the corresponding root, and since the
«; are simple for a system of positive roots, X Nho = {A € h s.t. (A, /) > 0Vi},
which is connected.

One can trace through the proof of (d) and conclude that wA = \ only if
siwA = wA and so (w,a}’) =0, for w = s;, ... s; a minimal factorization. But
then <)\,a;/1> =0, and so A & hzo. So w1 X NweX = () unless w; = wa, and on
the other hand by = Jyew wX. So |[W] is the number of connected regions
in f)#o. *x

**Incidentally, I’m not sure what parts (d) and (e) have to do with parts (a-c).**

Let hi,...,h, be linear forms in variables x1,...,z, with integer coefficients. Let IF, denote
the finite field with ¢ = p°® elements. Prove that except in a finite number of “bad” charac-
teristics p, the number of vectors v € Fy such that hi(v) = 0 for all i is given for all ¢ by a
polynomial x(¢q) in ¢ with integer coefficients, and that (—1)"x(—1) is equal to the number
of connected regions into which R" is separated by the removal of all the hyperplanes h; = 0.

Pick your favorite finite root system and verify that in the case where the h; are the root
hyperplanes, the polynomial x(q) factors as (¢ —e1) ... (¢ — e,) for some positive integers e;
called the exponents of the root system. In particular, verify that the sum of the exponents
is the number of positive roots, and that (by Problem 9(e)) the order of the Weyl group is

[T:(1 + )
The height of a positive root « is the sum of the coeflicients ¢; in its expansion a = >, c;ay

on the basis of simple roots.

Pick your favorite root system and verify that for each k > 1, the number of roots of height
k is equal to the number of the exponents e; in Problem 10 for which e; > k.

Pick your favorite root system and verify that if A denotes the height of the highest root
plus one, then the number of roots is equal to A times the rank. This number h is called
the Coxeter number. Verify that, moreover, the multiset of exponents (see Problem 10) is
invariant with respect to the symmetry e; — h — e;.

**My favorite root systems are F; and Fs. In Fjy, the highest root is 2—-3>4-2,
so h = 12 and there are 12 x 4 = 48 non-zero roots. In FEg the highest root is

172*%*2—1, h =12, and there are 72 non-zero roots.
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13.

By the previous problem, the number of exponents equal to k£ is the number of
roots of height £ minus the number of roots of height k£ + 1. In F),, for example,
using problem 16 below, we can count the number of roots at a given height, and
hence the number of exponents:

# roots at height k | # exponents = k
4 1

© 00 O Ui W N |

—
o

[S—y
—

O = = NN WWWWw

O OO+, OF,OOO

—
[\

Sure enough, the multiset is appropriately symmetric. **

A Cozxeter element in the Weyl group W is the product of all the simple reflections, once each,
in any order. Prove that a Coxeter element is unique up to conjugacy. Pick your favorite
root system and verify that the order of a Coxeter element is equal to the Coxeter number
(see Problem 12).

**It suffices to be able to switch the places of two adjacent reflections in a Coxeter
element. Let a1, as be two nodes in the Dynkin diagram, and ...s;sy... a Coxeter
element. If oy connect to as, then ...s1s90--- = ...89s1.... If a1 is connected to
a9 and nothing else, then conjugating by s; gives si(...s182...)s1 = ...S251....
Similarly, we can conjugate by s; if as connects to only «;. Thus a; and as each
connect to another vertex, and a; and as cannot both be trivalent. So without
loss of generality we can assume that oy connects only to a; and a3: our diagram
is - -—aj—ag—a3—- .., where possibly the edges are double- or triple-arrows.
Conjugation includes cyclic permutations, so we can assume that our Coxeter
element is ...s3...5152.... Then every other reflection commutes with s;, and
conjugating by so gives s3(...83...8182...)82 = ...8283...81 " = ...8283582...5251 ....
So we can push an s; past an s if and only if we can push an sy past an ss.

We repeat the story. If as is at the end of its chain, then we can push s, past
s3 at the cost of conjugation. Otherwise it links to an a4, and we continue. The
only obstruction is if we eventually run into a trivalent vertex. But there can be
at most one trivalent vertex in any connected component of a Dynkin diagram,
so we can move either in the a; direction or the asy direction until we get to the
end of a leg. An induction argument on the distance of a vertex to the end of its
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leg would be the right way to write this up formally. **

14. The fundamental weights \; are defined to be the basis of the weight lattice P dual to the
basis of simple coroots in QV, i.e., (\;, ajV> = 0;j-

(a)

Prove that the stabilizer in W of A; is the Weyl group of the root system whose Dynkin
diagram is obtained by deleting node ¢ of the original Dynkin diagram.

**Since s,A = XA — (\,a")aV, a reflection s, fixes a weight \ if and only if
(\,a¥) =0, i.e. if and only if A\ and « are orthogonal. Let H be a Dynkin dia-
gram, «; a simple root, )\; its fundamental weight, and H; = H \ «; the diagram
formed by deleting the node «; from H. Then the reflections corresponding
to roots in H; fix )\;; these reflections generate the subgroup W(H;) C W(H),
and so W(H;) fixes \;.

However, I'm not sure why W (H;) is the entire stabilizing subgroup. **

Show that each of the root systems Fg, F7, and Eg has the property that its highest root
is a fundamental weight. Deduce that the order of the Weyl group W (E}) in each case
is equal to the number of roots times the order of the Weyl group W (Ej_1), or W(Ds)
for k = 6. Use this to calculate the orders of these Weyl groups.

**Computing a fundamental weight is easy given computers: we work in the
simple-root basis, and then the fundamental weights are the columns of the
inverse matrix A~!, where A is the Cartan. For

Qp

E,=o

coo—0p4—0p_3—0n_2—Qn_1,
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these are:

2 -1 0 0 0 0\ " 1112 2 1

1 2 -1 0 0 0 1% 3% 4 2%

0 -1 2 -1 0 -1 | | 2 4 6 4

0 0 -1 2 -1 0 | 14 2% 4 3%

o 0 0 -1 2 0 2 13 2 13

0 0 -1 0 0 2 1 2 3 2

2 -1 0 0 0 0 0\ 112 20 3
-1 2 -1 0 0 0 0 2 4 5 6

0 -1 2 -1 0 0 0 2 5 74 9

0 0 -1 2 -1 0 -1| =|3 6 9 12

0 0 0 -1 2 —1 0 2 4 6 8

0 0 0 0 -1 2 0 1 2 3 4

0 0 0 -1 0 0 2 12 3 41 6

2 1.0 0 0 0 0 0\ ' /2 3 4 5
-1 2 -1 0 0 0 0 0 3 6 8 10
0 -1 2 -1 0 0 0 0 4 8 12 15
0 0 -1 2 -1 0 0 0 |5 10 15 20
0 0 0 -1 2 -1 0 -1 | ~ |6 12 18 24
0 0 0 0 -1 2 —1 0 4 8 12 16
0 0 0 0 0 -1 2 0 2 4 6 8
0 0 0 0 -1 0 0 2 3 6 9 12

A column of all integers corresponds to a fundamental weight in that is also

in (). In each case, the matrix contains a root:

EG : )\6 = 12121 — 565352545153555254S5¢6 (041)

i

— = —
coleolho DY oIt

—_

= W O 00O =N

12
18
24
30
20
10
15

N = N WN =

NN Wk W~

E7: XNg=1—2—3—4—3—2 = 565554535251 012121

Ey: M\ = 2345I42

!

= 515283548558565554535281 | 0—1—2—3—4—3—2
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N = D

w
DO

(PS5.50)

(PS5.51)

(PS5.52)

(PS5.53)




(We use the previous line to continue the simplification to a simple root.)

As is well known, the size of any group equals the size of an orbit of an action
of the group times the size of the stabilizing subgroup of any element in the
orbit, and the Weyl group of FE, acts transitively on the non-zero roots.
The diagram Eg \ ag is an As; Eg has 72 non-zero roots, and so |W(Eg) =
[W(A5)| x 72 = 5! x 72 = 8640. E7 has 126 non-zero roots and Egs \ ag = Dg, so
|W(E7)| = |Ds| x 126 = 241 920. By my calculations, only Eg has a root that is a
fundamental weight at a node the removal of which leaves the diagram in the
E series. With 240 roots for Eg, we have |W(Eg)| = |W(E7)| x 240 = 58060 800.

*o%

15. Let eq, ..., eg be the usual orthonormal basis of coordinate vectors in Euclidean space R®. The
root system of type Fg can be realized in R® with simple roots oy = e; — €41 fori=1,...,7
and

B < 1 1 11111 1)
w={"y 2 v2rraa
Show that the root lattice @Q is equal to the weight lattice P, and that in this realization, Q
consists of all vectors 8 € Z® such that 3°; 3; is even and all vectors 3 € (%, %, %, %, %, %, %, %) +
Z8 such that 3, 3; is odd. Show that the root system consists of all vectors of squared length
2 in @, namely, the vectors e; £ e; for ¢ < j, and all vectors with coordinates i% and an

odd number of coordinates with each sign.

**Let p be a vector in the weight lattice P. Then (p, a}/> = Ap, where A is the
Cartan matrix

2 -1
-1 2 -1
-1 2 -1 -1
-1 2 -1
A= 1 9 1 (PS5.54)
-1 2 -1
-1 2
-1 2
in terms of the «;-basis — then Ap is a vector of all integers, by definition. But

det A =1, so p is a vector of all integers. Indeed, the computer calculates:

4 7 10 8 6 4 2 5
7T 14 20 16 12 8 4 10
10 20 30 24 18 12 6 15
1 8§ 16 24 20 15 10 5 12
AT = 6 12 18 15 12 8 4 9 (PS5.55)
4 8 12 10 8 6 3 6
2 4 6 5 4 3 2 3
5 10 15 12 9 6 3 8
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In any case, then p € Q.

‘We now work in the representation o; = e;—e;41 for 1 < ¢ < 7and ag = (—%, —%, —%, %, %, %, %, %)

Let X be the sublattice of P = ) generated by {«; : 1 <i < 7}U{2as}. Then X C Z8,
and if x = (x1,29,...,28) € X, then Y z; is even. Conversely, if = € 78 with S
even, then zx is in the lattice generated by the «;, i <7, and 2ag, since

-1

1 1 1 1 1 1 1 1

1 0 0 0 0 0 0 -1 E RN S S O N O
-1 1 0 0 0 0 0 -1 2 2 1 1 1 1 1 1
1 1 1 1 1 1 1 1

0o -1 1 0 0 0 0 -1 2l 21 20 11 11 1l 1l 1l
0 0 -1 1 0 0 0 1 2 2 2 2 1 1 1 1
- 1 1 1 1 1 1 1 1

o 0 0 0 -1 1 0 1 1 1 1 1 1 1 0 0
1 1 1 1 1 1 1 1

5 0 0 o 0 o 4 A O A
¢ 0 0 0 0 0 -1 1 2 3 2 2 3 3 2 2

(PS5.56)

In particular, each row on the right is composed entirely either of integers or of
half-more-than integers. So if } z; is even, then multiplying » by the matrix on
the right yields integer coefficients in the {aq,..., a7, 2ag}-basis.

In any case, X is clearly index-2 in Q = P, and Q@ = X U (ag + X). But the
sum of the coefficients of ag = <—%,—%,—%,%,%,%,%,%) is odd, so ag+ X C {f €
<%, %, %, %, %, %, %, %) +78: Y 3; is odd}, and conversely if 3 € (%, %, %, %, %, %, %, %) +78
and " 3; is odd, then 3 — ag is a vector of integers whose sum is even.

As for understanding the full root system, we observe that all the simple roots
have square-length 2, and as always the Weyl group acts on the root system
transitively. If 1 < i < j < 8, then ¢; —¢; = s;541...5j—20j-1, and ¢; — ¢; =
SiSi4+1-+-855j-25j-10—-1. Moreover,

€7 + 63 = 58535254515553525458003 (PS5.57)

and e;+ej = 5;Sj41...575i5i+1 - .. S¢(er+eg). For the negatives, replace o3 in (PS5.57)
by s3as. Thus, any vector in X from the previous paragraph with length-squared
equal to 2 is a root.

To construct the roots in X +ag, we use the fact that for j <7, s; switches ¢; with
ej+1 and leaves the rest of the ¢; fixed. Indeed, s1,...,s7 generate the symmetric
group Ss on 8 letters {e1,...,es}. So we can achieve any vector in {+1}® with
exactly three —%s be acting on ag by the appropriate element of Ss. Similarly,

any element with exactly five —%s is in the Sg-orbit of —ag = sgsag. On the other

hand, <—%, %, %, %, %, %, %, %) = a1 + 3ag + bag + day + 3as + 2a6 + a7 + 3ag = sg(e2 + e3),

and by acting by Ss we get all length-1/2 vectors in X + ag with exactly one —%.

The vectors with seven —%s are just the corresponding negative roots.
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16.

We have exhibited that all vectors in () with square-length 2 are roots. There
are, of course, 4 x (g) + (?) + (g) + (g) + (?) = 240 of these, and so ¢g is 240 + 8 = 248-
dimensional. **

Show that the root system of type Fjy has 24 long roots and 24 short roots, and that the roots
of each length form a root system of type D4. Show that the highest root and the highest
short root are the fundamental weights at the end nodes of the diagram. Then use Problem
14(a) to calculate the order of the Weyl group W (Fy). Show that W (Fy) acts on the set of
short (resp. long roots) as the semidirect product S3 x W(Dy), where the symmetric group
S3 on three letters acts on W (D,) as the automorphism group of its Dynkin diagram.

**We list all the positive roots:
1 1 1 1 1 1 1 2 1

1 1 2 2 2 3 3 1 1 1 1

o—eo<—e0—o

° 1 1 1 1 1 1
0‘ 1 1 1 1 1 1 2 2 2
{L 1 1 1 1 1 1 2 2 2 3 3
0‘ 1 1 1 1 1 1 1 1 2

Taking the extremal roots among the positive short or long roots gives systems
of type D,4, best expressed in a big diagram:

0 0
1 1
1 2
/° /°
0 0 0 1
0 0 1 0
1 0 0 0
0 1\ 0 0\
1 0
1 1
1 2
0 2
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The highest root and highest short root are (2,3,4,2) and (1,2, 3,2), respectively; it
is immediate to check that these are the fundamental weights at the end nodes.
Then problem 14(a) provides that the stabilizer in W (F,) of each of these is
W(Bs) = W(C3), which has size 6 x 8 = 48 by problem 8 above. Since W(F}) acts
transitively on the roots of a given length, we have |IWW(Fy)| = 24 x 48 = 1152.

Since Fj contains D, as the system of short (long) roots, and since s, = wWSqw !

for any w € W(F,) and W (F},) preserves the length of a root, W(D,) is a normal
subgroup of W(F;). Labeling the roots of Fy as ai—a=a3—a4, we see that s,,
and s,, act on the D, of short roots as two of the reflections (hence generate)
in the symmetric group S3. Indeed, it’s true in general that (s,,s.,)° = id, and
by comparing sizes of groups — |W(Dy)| = 192 by problem 8 — we see that
W(F4) = 53 X W(D4) ok

17. Pick your favorite root system and verify that the generating function W(t) = > ,ew W) ig
equal to [[; (1 +¢+ .- +t%), where e; are the exponents as in Problem 10.

18. Let S be the subring of W-invariant elements in the ring of polynomial functions on §. Pick
your favorite root system and verify that S is a polynomial ring generated by homogeneous
generators of degrees e; + 1, where e; are the exponents as in Problem 10.

Theo’s answers to Problem Set 6

1. Show that the simple complex Lie algebra g with root system G has a 7-dimensional matrix
representation with the generators shown below.

0000000 0000000
0010000 0000000
0000000 0100000

es=[00000 00 Ai=]0000000
0000010 0000000
0000000 0000T1GO00
1000000 O] 1000000 0]

(PS6.1)
(010000 0] (000000 0]
0000000 1000000
0002000 0000000

=10 000100 fa=]10 0100 0 0
0000000 0002000
00000O0O1 0000000
1000000 O] (000001 0]

**Letting EZ] be the basic matrix with all Os but a 1 at the (¢, j)th spot, we recall
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that [Ef,E,li] commute unless i = [ or j = k. In particular, [EZJ,E;] = E' — Eg,

and so e; and f; generate an sl(2) with hy = E3 — E3 + E2 — ES, and ey, fo] =

Bl — E? + 2F3 — 2E} + 2E} — 2E2 + E§ — E7, so we have

h1

Recall moreover that [ a;E, Ef] = (a; — ak)EJ’?; then h; commutes only with diag-

onal matrices and those of the form

whereas hy commutes only with diagonal matrices

So barring unforeseen diagonal matrices, h = (hj, hg) is a Cartan. Anyway, we can

0

¥ O O *x O O

O ¥ O O O OO

O O ¥ O O OO

* O O O O O

O ¥ O O O OO

[an)

oo oo oo

* O O O O O ¥

oS o oo oo

ha

O OO O O x O

OO O oo oo

OO OO ¥ OO

OO OO OO *

O OO *x O O ¥

O OO OO ¥

dive ahead and compute the rest of the algebra: [e1, fo] = 0 = [e2, fi],

e1,e2] =

O O O O o oo

OO O oo oo

-1

O O O O oo

O O O o N O

0

OO O oo oo

o O O

o O O

Of course, [h;,e;| = 2¢; and [h;, fi]

SO o OO oo

—in, and [h1,€2] =
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Lf1, fo] =

[N eNeBeol S =

o O O

o O O

OO O oo oo

0

o O O OO

OO O O oo

—1

S OO O o oo

and those of the form

OO O OO oo

—ez, [, fo] = fo, [he,e1] =
—3e1, and [he, fi] = 3f1, and by Jacobi h; acts diagonally on the basis given by



bracket monomials —

if [h,a] = aa and [h,b] = ab, then [h,[a,b]] = (a + [)[a, b]. (PS6.2)
Then [[e1,es], fi] = [[e1, fi], €2] + [e1, [e2, fi]] = [, e2] or [e1, o], and [[e1, e2], [f1, fo]] =
[[le1, e2], f1], fo] + [f1, [[e1, e2], f2]] = [[h1,e2], f2] + [f1, [e1, he]] is also already in the span
of known things. But [ej,[e1,e2]] = 0, since it it strictly upper triangular but
[h1, 1, [e1, e2]]] = 0, and
[0 004 0 0 0] [0 0 0 00 0 0]
0000 -2 0 O 0 0 0O 0 0 0 O
0000 O —-120 0 0 0 00 0O
[62, [61, 62“ = 00 0 O 0 0 1 [fg, [fl, fg]] = 1 0 0 0 00O
0000 O 0 O 0O -1 0 00 0O
0000 O 0 0 0O 0 -2 00 00
(0000 0 0 0 (000 0 400 0]

Again bracketing [es, [e1, €3]] with f; or [fa,[f1, f2]] with e; does not give new basis
elements, by Jacobi. By now I really should stop. It’s obvious we’ll never get
more diagonals, so we have a Lie algebra with a rank-two Cartan which is not
one of A1 x A1, As, and By, and so must be G5, provided the algebra is semisimple.
In fact, this algebra is simple: in an ideal, find some h-diagonal entries, which
we can describe explicitly in terms of the monomial basis and are confined to
(off-)diagonals, bracket with the opposite off-diagonals until we get a diagonal
matrix, and bracket with the es and fs to get the generators. On the other hand,
we might as well complete the calculation. Mixing es with fs doesn’t make for

new basis vectors. [e1, [e2, [e1,e2]]] = [[e1, e2], [e1, e2]] + [[e1, [e1, e2]], e2] = 0. Lastly,
[0 0 00 =6 0 0] 00 0 00
0000 O 00O 00 0 0O
0000 0 04 00 0 0O
ez, [easfer,eal]] = | 0 0 0 0 0 0 0 oo lfosLfs ol = | 0 0 0 0 0
0000 O 00O 40 0 00
0000 O 0O 00 0 0O
(0000 0 00 (00 600
[0 0 000 6 0] [0 0 0 0 0
0 00 0 O0O0 4 00 00O
000 O0O0O0OGO 00000
[e1, [e2, [e2, [er, e2]]]l = | 0 0 0 0 0 0 O Ll e s follll= 0 0 0 0 0
0 00O0O0O0GO 00000
0 000O0O0G O 4 0 0 00
(000000 0] 106000
and [es, [e2, [e2, [e1, e2]]]] = [f2, [f2, [f2, [f1, f2]]]] = 0, and the algebra is 14-dimensional.
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2.

In any case, in the h basis, a; = (2,-1) and as = (—3,2) are two roots of the
proposed Lie algebra. The monomials in all es are positive roots, those in all fs
the negatives, and by the addition formula (PS6.2), these are simple roots. The
roots correspond to the monomial basis, of course.

hs
o = e, [e2, [e1, €2]]]
o = [e1, [e2, [e2, [e1, e2]]]]

o = [eg, [e1, e2]]

a9 = €9
X le1, €3]

=~ e

a1 = €1

Anyway, all this is interesting, but beside the point. The point is to evaluate the
Cartan, which we did long ago, as soon as we wrote down h; and e;:

(i, af ) = ai(hy) = ( _23 _21 ) (PS6.3)

We conclude by redrawing the positive roots with the correct angles. These come
from writing h; = (0,1,—1) and hy = (1,—1,2) as vectors in R3, thought of as the
diagonal 7 x 7 matrices, antisymmetric across the anti-diagonal. Then (hy,h1) = 2,
(ha, he) = 6, and (hi,he) = —3. Thus up to a rescaling we can take a; = (1,0) and
as = (—3/2,V/3/2):

kK

(a) Show that there is a unique Lie group G over C with Lie algebra of type Ga.

**The Cartan matrix has determinant 1. We used the fact already in the
previous problem set that if a root system has a Cartan of determinant 1,
then the root and weight lattices match, and hence there is only one complex
connected Lie group integrating the given root system. The justification is
as follows. Let {a;} be the simple roots, forming a basis of h = h*, which we
identify via a; — alv. If = by and v =Y c;c; are two vectors in h and A is
the Cartan, then by definition the pairing is given by matrix multiplication:
(B,7V) = bT A¢. Thus ¢ is in the weight lattice exactly if AC is a vector of all
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integers. But if det A has determinant 1, then A~! is a matrix of all integers
(in general, the entries of A~! are polynomials in the entries of A, which are
integers, divided by det A), and so ¢ = A~!A¢ is a vector of all integers. Hence
if det A = 1, then the only weights are integer combinations of the simple
roots, i.e. are in the root lattice. And if the root and weight lattices agree,
then there is only one connected group with the given Lie algebra. **

Find explicit equations of G realized as the algebraic subgroup of GL(7,C) whose Lie
algebra is the image of the matrix representation in Problem 1.

**We remark that the LDU decomposition of a matrix is unique if it exists,
and if the LDU decomposition of a matrix exists, then it is given by the
Doolittle algorithm, which writes the entries of the LDU decomposition of
a matrix X as rational functions in the entries of X. Indeed, given a matrix
X, let Agi::::”g: (X) be the determinant of the minor with rows {i,...,i,} and
columns {ji,...,5-}, and A;(X) = A%;(X) the ith leading principal minor.
By convention, Afif: is antisymmetric in its indices: in particular, if any
lower index or any upper index is repeated, then A = 0. We will also adopt
the convention that Ay = 1 is the determinant of the 0 x 0 matrix. Then

X = U_DU,, with

A AVFITENX) - Ai(X) ~ Ayl (X)
7J - 1,2,....5—1,5 J _ 5 7 J _ 1,2,...;i—1,
(U—)z (X) - A](X) ) Dz (X) 51 Ai—l(X)’ and (U-‘r)z (X) AZ(X)
(PS6.4)

So, say we’re interested in G = G2 with g = Lie(G2) a subalgebra of M7(C) =
gl(7,C) as in problem 1. Then g» = n_®h@n, as always, with n_ the span of the
bracket-monomials in f1, fo, h = span{h;, ha}, and n; the span of the bracket
monomials in e;. Then ny are six-dimensional linear spaces subspaces of M7,
and so each is the zero set of some collection of 43 linear functionals P, on M-.
Let L(X) be the sixth-degree polynomial M; — M7 : X + Y1 (1—X)*/k. Then
X € exp(ng) = Ny if and only if L(X) € ny, i.e. if and only if Py o L(X) = 0.

The vector space h consists of diagonal matrices X with Xf = —Xg:f for
i=1,...,4 (in particular, Xj = 0), and such that X{ = X3 + X3. So exp(h) =T
consists of diagonal matrices X with X§X88:z.1 =1,:=1,2,3, and Xi‘ =1, such
that X{* = X2X3. If X € G, then detX = 1, since g consists of traceless
matrices. If X € G has an LDU decomposition, then L(X) € N_, D(X) € T,
and U(X) € N.. In particular, (A;)? = A3, and

1= A7(X), Al = AG, AQ = A5, and Ag = A4 (PS65)

Conversely, the elements of G with LDU decomposition are a dense subset
of G, but the solution to (PS6.5) is closed in G, and so all of X € G satisfies
(PS6.5). We need only state the conditions that Uy(X) € Ni. Of course,
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U+ (X) is not a polynomial in X. But we take the equations ProLoU4(X) =0,
put everything over a common denominator in lowest terms (remember that
K[z1,...,z,] is a UFD for any n), and take the numerators as our defining
polynomials.

Of course, this description is not very explicit. Indeed, up to possibly making
the degree of L(X) higher, the previous discussion applies essentially always.
For an explicit description of G2, we remember hearing somewhere that Go ~
K7 as automorphisms of the octonions. These are the non-associative eight-
dimensional unital algebra, defined by the multiplication table

X 1 ) T3 Ty T5 Te X7

T -1 T3 —XI2 xIs5 —T4 —T7 T

xo | —x3 —1 T Tg xr7  —X4 —X5

I3 €T —I1 -1 Ty —T¢g Is5 —XT4 (PS66)
Ty | —x5 —x,g —T7 —1 1 D) T3

Is5 T4 —X7 Te —I1 -1 —XI3 o

Te | X7 T4 —T5 —Ty T3 -1 —-x

T7 | —Tg s T4 —T3 —To T -1

Separating real and imaginary parts, the octonions are defined by the negative-
definite symmetric form —;; along with the antisymmetric (2,1)-tensor ,ufj :
K’ ® K" — K7 given by the non-diagonal entries in (PS6.6). We can then
define the automorphism group of the octonians to be those matrices that
preserve J;; and ,ufj To preserve ¢;;, a matrix X must satisfy 28 quadratic
equations in the coefficients (one for each symmetric pair {i,;j}). To preserve
,ufj, X must satisfy naively another 7 x 21 equations, these all cubic. However,
contracting ,ufj with J;; gives a totally antisymmetric form gy, : (KXT)®3 - K,
and it is really this form which must be preserved; this can be written with
only (g) = 35 cubic equations. So the automorphism group is cut out of GL(7)
by 28 + 35 = 63 equations. But GL(7) is only 49-dimensional, so some of
these equations are redundant. Anyway, we write them down without any
difficulty:

> XX 0mn =0y and Y | X" XF X funnp = fijk (PS6.7)

m,n m,n,p

If § and p are the diagonal and off-diagonal parts of (PS6.6), then the differ-
ential automorphisms X € Lie(Aut(octonions)) satisfy X + X7 =0 and

sz,umjk + X]m,uimk + X,T,uijm = 0. (P86.8)

If i = j, then (PS6.8) vanishes by antisymmetry. If j;;, = £1, then (PS6.8)
says X; + X+ X[ =0, but X' =0 since X + X = 0. Thus there are (H-7=
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28 non-trivial equations in (PS6.5), but only one quarter of these are not
redundant, recalling that X} + X ]Z =0:

0=X{+ X2+ X3 (PS6.9
=X+ X3+ X3 (
= X!+ X2+ X9 (
=X+ X8+ X7 (
=X+ X+ X2 (PS6.13
=X+ X5+ X2 (
= X3+ X3+ X8 (

So really the Lie algebra is sliced out by 284+ 7 = 35 equations (28 for ¢;;), and
hence is the 14-dimensional go.

But the generators of g, given in (PS6.1) do not preserve this presentation
of the octonions. Indeed, they do not preserve a symmetric nondegenerate
pairing like (a,b) — R(ab) on the octonions. If v;; is symmetric and preserved
by e; and f;, then

* 0 0 0 0 =x =
0 0 00 —a 00
0 0 0a O 0O
y=10 0 a 0 0 0 O (PS6.16)
0 —a 00 O 0O
* 0 0 0 0 =x x
* 0 0 0 0 =x =x

But if v;; is also preserved by e, then in particular a = 0.
So something is going screwy here. **

3. Show that the simply connected complex Lie group with Lie algebra so(2n,C) is a double
cover Spin(2n, C) of SO(2n,C), whose center Z has order four. Show that if n is odd, then
Z is cyclic, and there are three connected Lie groups with this Lie algebra: Spin(2n,C),
SO(2n,C) and SO(2n,C)/{£I}. If n is even, then Z = (Z/27)?, and there are two more Lie
groups with the same Lie algebra.

**We have earlier (Problem Set 5, exercise 7) worked out the root system of
50(2n,C). It’s given by the Dynkin diagram

an
[ ]
s0(2n) = e——e i J (PS6.17)
ap Q2 Op—20p—1
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and an explicit description of the roots is that o; = 2; — z;4; for j < n and
ap = zZp—1 + 2. The simple co-roots are oziv =h; — hiz1 for i <n and o) = hy_1 + hy,
where {h;} are a basis of ) and (z;, h;) = ¢;;. Probably there ought to be some raised
indices here. Then the root lattice ) consists of those vectors in Z" = Z{z;} C b*
such that the sum of the coefficients is even. Let 8 = (%, cel %), then the weight
lattice is P = Z" Ll (8 + Z™). The index [P : Q] = 4 is the size of the center of the
simply-connected Lie group; indeed, this center is P/@Q by general theory. We
know from Problem Set 1, exercise 1(d), that the center of SO(2n) has size 2, so
SO(2n) corresponds to a lattice of index-2 between P and (). But the defining
representation SO(2n) ~ C?" splits into generalized weight spaces with weights
+2;, so SO(2n) corresponds to the lattice Z" = Z{z;} between ) and P.

Let X be a lattice @Q C X C P, and z € X \ Q. If n is odd, then for any = € P,
x € Z' exactly when the sum of the coefficients of x is an integer; if x € Z" \ Q,
then QU (z + Q) = Z", and so X = Z". On the other hand, if x € P \ Z", then the
sum of the coefficients of x is either half more or half less than an even integer,
and in either case 2x € Z" (). So the only lattice between Q and P is Z". Another
way to say this is that P/Q = {0,1/2,1,3/2}, and by general nonsense this cyclic
group is the center of the simply-connected group.

If n is even, then 25 € @, and so P/Q contains two different elements (the equiv-
alence classes of § and of (1,0,...)) that are order-two. Thus P/(Q is the other
group of order four, and the lattices between () and P are Z" = QU ((1, 0,...) +Q),

QU(B+Q), and QU ((%, %, e %)—i—Q). Thus when n is even there are five connected
complex Lie groups with Lie algebra so(2n,C). **

. If G is an affine algebraic group, and g its Lie algebra, show that the canonical algebra
homormorphism U(g) — O(G)* identies U(g) with the set of linear functionals on O(G)
whose kernel contains a power of the maximal ideal m = ker(eve).

. Show that there is a unique Lie group over C with Lie algebra of type Fg. Find the dimension
of its smallest matrix representation.

**We have shown already that there is a unique Lie group over C with Lie algebra
Es, as the root- and weight-lattices of Fg agree, by problem 15 on Problem Set 5.
I believe that its smallest nontrivial representation is the adjoint action Eg  eg;
certainly this tensor-generates all representations, since the adjoint representa-
tion tensor-generates the representations of the adjoint group. But I think that
to prove this the smallest representation requires material from the one day this
semester that I missed (Thanksgiving Eve). **

. Construct a finite dimensional Lie algebra over C which is not the Lie algebra of any algebraic
group over C. [Hint: the adjoint representation of an algebraic group on its Lie algebra is
algebraic.]

**Semisimple algebras and nilpotent algebras are always algebraically integrable,
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the former by hard results, the latter almost trivially (Ado says any algebra is a
subalgebra of gl(n), but on a nilpotent algebra exp : gl — GL is polynomial). We
should look for a solvable but not nilpotent algebra. Luckily, there are a few of
these even at dimension 3, c.f. Problem Set 4.

Let g be the three-dimensional algebra with basis X,Y,Z such that [X,Y] = Y,
[X,Z]=Z, and [Y, Z] = 0, for some \ € Q. The center of g is trivial, so g — gl(3) as

0 00 0 00 000
X=|10X0|,Y=|-X2Xx00)|,Z=|000 (PS6.18)
0 0 1 0 00 1 00
and so
[ 0 0 0
g= b Xa 0 | s.t.a,b,ceC (PS6.19)
{ c 0 a J
and the algebraic closure of expg is
1 0 0
expg = r eM 0 | sit.rs,teC (PS6.20)
{ s 0 e J

(expg does not contain the matrices when s (resp. r) is non-zero but t (resp. At)
is a non-zero integer-multiple of 27i, but the algebraic closure does contain these
matrices.) This is definitely a Lie subgroup of GL(3), but it is not algebraic if
A ¢ Q. In particular, it is not analytically closed as a subset of GL(3,C).

I have not shown that g does not have an algebraic integral — the irrational line in
the torus is not an algebraic group, but its Lie algebra also integrates to the one-
dimensional Lie group(s). But let G be algebraic and connected with Lie(G) = g.
Then G — GL(g) = GL(3,C) via the adjoint action, and the image is connected,
hence generated by the exponential of the image of g, and so by construction the
image is exp g above. (We use the fact that for linear groups Ad(exp z) = exp(ad z).)
However, for a linear algebraic group G, the adjoint action G — GL(Lie(g)) is
algebraic: if G C GL(n,C) C SL(n + 1,C), so Lie(g) C sl(n + 1), then G acts on
Lie(G) by matrix multiplication: Ad(X)-Y = XY X~!. But the map X — X! is
polynomial on SL, as is matrix-multiplication, and so Ad : G — GL(Lie(G)) is a
restriction of an algebraic map SL(n + 1) — GL(Lie(G)) to the subvariety G, and
hence has algebraic image. **
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abelian Lie algebra, 37
adjoint action, 29
Ado’s Theorem, 34, 49, 74, 76
affine algebraic group, 118, 120
affine type, 181
affine variety, 117
affine Weyl group, 182
algebra, 39

associated graded, 40

differential operators, 41

filtered, 40

Hopf, 118

reductive, 95

tensor, 36

universal enveloping, 36
algebraically integrable, 122
antipode, 52, 118
associated graded algebra, 40
associated graded module, 41
associated graded vector space, 41
atlas, 19
augmented complex, 65

Baker-Campbell-Hausdorff formula, 42
bialgebra, 40

boosts, 160

bracket, 9

bracket polynomial, 149

Cartan matrix, 83, 102, 103

indecomposable, 102
Cartan subalgebra, 88, 89
Cartan’s Criteria, 61
Cartan’s Theorem, 61
Casimir operator, 64
central series

lower, 53

upper, 52
chain rule, 23

character, 114
characteristic class, 66
chart, 19
charts

compatible, 19
Chevellay group, 127
classical groups, 17
classical Lie algebras, 16, 78
Clifford module, 126
closed

Zariski, 88
closed linear groups, 17
coaction, 120
coalgebra, 39
coassociative, 118
cohomology, 65
compact real form, 17
compatible charts, 19
complete reducibility, 66
complex, 65

augmented, 65
complex conjugate, 14
complex Lie group, 20
comultiplication, 118
concatenate, 47
conjugate

complex, 14

Hermitian, 14
connected

locally path, 48

locally simply, 48

path, 47

simply, 47
contractible, 48
coordinates, 19

local, 19
coroot lattice, 96
coroots, 95
covering space, 47
coweight lattice, 96
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Coxeter element, 189
Coxeter groups, 106
Coxeter number, 188

degenerate, 95
derivation, 25, 143

point, 21
derived algebra, 51
derived series, 51, 52
differential, 23
differential operators, 41
dominant integral weights, 112
dominant morphism, 123
dual root system, 100
Dynkin diagram, 83, 102, 103

Engel’s Theorem, 54, 55
Euclidean norm, 14
evaluation, 118
evaluation map, 117
exponents, 188

family of vector fields, 31
filtered algebra, 40
filtered module, 41, 66
filtered vector space, 41
filtration, 37
finite root system, 95
finite-type, 110
folding, 179
free, 65
free Lie algebra, 37
free resolution, 65
full rank, 123
function

smooth, 20
fundamental groupoid, 47
fundamental theorem, 33
fundamental weight, 114, 190

g-module, 37

generator, 121

graded Hopf algebra, 118
group, 6

affine algebraic, 118
classical, 17
closed linear, 9, 17
complex, 8, 20
hyperoctahedral, 84
Lie, 20
linear algebraic, 8
real, 20
real C*°, 8
real analytic, 8
special linear, 14
special orthogonal, 14
special unitary, 14
topological, 7
unitary, 14

group action, 8

group object, 7

group scheme, 118, 127

groupoid, 47
fundamental, 47

Hausdorff, 26

height, 187, 188

Hermetian conjugate, 14

homology, 65

homology indexing, 65

homotopy, 47

Hopf algebra, 8, 118
graded, 118

Hopf ideal, 118

hyperoctahedral group, 84

ideal, 51

Hopf, 118
immersed submanifold, 22
immersion, 22, 134
indecomposable, 109
integrable, 112
integral curve, 26, 30
irreducible, 66

Jordan decomposition, 91
Jordan-Holder series, 55

205



Kac-Moody algbera, 107
Killing form, 58

Langland’s Duality, 100
left action, 28
Levi, 72
Levi subalgebra, 72
Levi’s Theorem, 62
Lie algebra, 25, 29
classical, 78
Lie algebra homomorphism, 18
Lie group, 20
complex, 20
real, 20
Lie subalgebra, 11
Lie subgroup, 44
Lie’s Theorem, 56
local coordinates, 19
local isomorphism, 18
locally path connected, 48
locally simply connected, 48
lower central series, 51, 53
Lyndon word, 148

Malcev-Harish-Chandra theorem, 170

manifold, 19, 20
map

smooth, 20
matrix

Cartan, 83
matrix entries, 120
matrix exponential, 9
minimal roots, 81
module

associated graded, 41

Clifford, 126

filtered, 41, 66
morphism, 117

necklace

primitive, 148
nilpotent, 51, 52
nilradical, 163
norm

Fuclidean, 14

octonions, 200
open
Zariski, 88

path, 46
path components, 47
path connected, 47
locally, 48
Poincaré-Birkhoft-Witt, 37
point derivation, 21, 119
polynomial functions, 117
positive matrix, 102
positive root system, 100
positive roots, 81
primitive, 40, 118, 121
primitive necklace, 148
primitive word, 147
product, 7, 20

quaternions, 14

radical, 56, 58

rank, 81

real form, 132

real Lie group, 20
reductive, 78, 126
reductive algebra, 95
regular, 88, 89
representation, 36, 37, 64
right action, 28

right standard factorization, 149

root, 80
minimal, 81
positive, 81
simple, 81, 96, 100

root datum, 126

root lattice, 96

root spaces, 80

root system, 95-97
dual, 100
isomorphism, 97
positive, 100
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rotations, 159

s/a/h, 21
Schur’s Lemma, 68, 91
semi-direct product, 51
semisimple, 52
series

derived, 52

lower central, 53

upper central, 52
Serre Relations, 109
sheaf axioms, 20
sheaf of functions, 20
simple, 51
simple root, 101
simple roots, 81, 82, 96, 100
simply connected, 47

locally, 48
smooth, 118
smooth map, 8, 20
smooth vector field, 25
solvable, 51, 52
special linear group, 14, 15
special orthogonal group, 14, 15
special unitary group, 14
string, 97
strongly connected, 109
subalgbra

Cartan, 88
subalgebra

Cartan, 89

Levi, 72
submanifold

immersed, 22
substring, 185
symmetrizable, 102
symplectic group, 15

tangent, 20

tangent space, 13

tangent vector, 13, 21

tensor algebra, 36

triangular decomposition, 108

trivial extension, 71

unitary group, 14

universal cover, 48

universal enveloping algebra, 36
upper central series, 52

variety
affine, 117
vector field, 25
family, 31
smooth, 25
vector space
associated graded, 41
filtered, 41
Verma module, 108, 112

weight
fundamental, 114, 190
weight grading, 112
weight lattice, 96
weight space, 87
Weyl, 68
Weyl group, 83, 96, 97
affine, 182
Whitehead, 68
word
Lyndon, 148
primitive, 147

Zariski closed, 88
Zariski closure, 122
Zariski open, 88

Zassenhaus’ Extension Lemma, 75
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