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1 Big picture

Algebraic groups have two structures. An abstract homomorphism between algebraic groups is a map
that preserves one of the structures, but not necessarily the other. We want to prove that abstract
homomorphisms are more rigid than they initially appear, by proving that they “kind of” preserve the
other structure.

1.1 What is an algebraic group?

For the purposes of these notes, an algebraic group is a set which is both an algebraic variety (over a
base field k), and a group. The algebraic variety structure is a “geometric” thing. A variety is a set
of solutions to some polynomial equations. Polynomial equations are geometric in the sense that the
set of solutions is something we can graph.

In this project, we are more focused on the “group” aspect of algebraic groups. The group side
is something we can study from an abstract algebra and group theory perspective. We can analyze
subgroups, conjugation, group homomorphisms, kernels, etc.

Group homomorphisms are an effective tool for extracting information about groups. The analogous
tool for algebraic varieties is a regular map, which is roughly speaking something that behaves like a
polynomial function. Usually, people studying algebraic groups study morphisms of algebraic groups,
which are group homomorphisms that are also regular maps. However, you can also just look at
“abstract” homomorphisms between algebraic groups, which is to say, just group homomorphisms
that ignore the geometric structure.

1.2 What is rigidity?

To illustrate the idea of rigidity, we go on an aside about continuity and differentiability. In general,
a continuous function f : R — R is not infinitely differentiable, and may even fail to be differentiable
a single time. (By “differentiable,” we mean “differentiable everywhere.”) A continuous function may
have corners (y = |z|) or cusps (y = 2?/3). On the other hand, every differentiable function is
continuous. In the world of continuous functions, at one extreme are the “very differentiable” and
“very continuous” polynomial functions. At the other end, there are continuous functions which are
not differentiable anywhere, such as the Weierstrass functionﬂ In the diagram below, we depict a
“rigidity spectrum” for continuous functions, with rigidity increasing to the right.

Continuous functions

Differentiable Differentiable Infinitely
Not differentiable exactly once exactly twice differentiable
Weierstrass function, x|z 22|z Polynomials
||, 2%/3 e®,sinx, cos

The main issue with the graphic above is that actually, differentiable functions are extremely rare
among all continuous functions. A better visualization would have 99% of the spectrum devoted to

'https://en.wikipedia.org/wiki/Weierstrass_function
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functions like the Weierstrass function which are continuous but differentiable at no points or just a
finite set of points.

In parallel to the discussion above, morphisms of algebraic groups are much more rigid than abstract
homomorphisms. So we do not, in general, expect an abstract homomorphism to be regular. However,
sometimes we can prove that an abstract homomorphism is “almost” regular, in a particular sense.
These are called “rigidity theorems.”

We want to prove rigidity theorems of the following form: for a particular fixed algebraic group
G(k), any abstract homomorphism p : G(k) — GL,,(K) must be “almost regular” (K is some field
extension of k). In this context, “almost regular” means a factorization of p, a way of writing p as a
composition of two maps, where one of those is regular. The usual goal is to factor p into the form
p = o o F' where o is regular.

Here A is some algebra. To emphasize the rigidity of o, the diagram above uses squiggly arrows for
abstract group homomorphisms, and a straight arrow for the more rigid regular group homomorphism.
Philosophically speaking, we think of o as the “regular part” of p.

1.3 What is a pinning?

Algebraic groups have a lot of structure. We can “pin” them to understand and see the structure better.
The word “pinning” here comes from the metaphor of pinning the wings of a butterfly specimen, as
you might see in a museum. A pinning of an algebraic group G(k) is a collection of functions

X Vi(k) = G(k)

where « ranges over the set of “roots” ® of G, and V, (k) is just a vector space over k (often the
dimension of V,, (k) is just one, so in that case V, (k) is essentially just k& with the group operation of
addition). These pinning maps X, should satisfy a variety of properties.

(P1) They are usually group homomorphisms, meaning that
Xo(v) - Xo(w) = Xo(v+w)

for all v,w € V,(k). More generally, this equation might fail and there will need to be an
additional factor on one side to account for this defect.

Xo(v) - Xo(w) = Xo(v+w) - (correction term)

(P2) The group G(k) is generated by the images X, (v), where « ranges over ® and v ranges over
Va(k).

(P3) G(k) contains a subgroup T'(k) called a “maximal k-split torus” and for any ¢ € T'(k), conjugating
Xo(v) by t corresponds to scalar multiplication of the input vector v by a scalar called «(t).

tXo(v) -t = X <a(t) : v)
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(P4) There is a “Weyl group” W and for any root a € ®, there is a corresponding Weyl group element
w, € G(k). Also, for any root g € ®, conjugating Xz(v) by w, corresponds to changing the root
B by some kind of reflection process to get a new root o,(f), and doing some invertible linear
transformation ¢ to v.

wa - Xp(v) 05" = Xoy (#(0))

Ideally, ¢ is not very complicated, something like ¢(v) = —v, but sometimes it might be some-
thing like: thinking of v as a vector with a 3 or 4 components, ¢(v) permutes these components
and adds some negative signs to some of them.

(P5) Given two roots a and 8 with a + 3 # 0, the commutator
Xo(v), Xﬂ(wﬂ - HX7<N(U, v))
?

is some product of other pinning map outputs X, and the inputs of those are determined by
some function N (a polynomial function of u and v). This product is determined by the root
system ®. Often N(u,v) is something like

N(u,v) = tuw
or
N(u,v) = crugvy + g + -+ + LUy,
where u = (uy,...,u,) and v = (vy,...,v,) and the ¢; are coefficients coming from the definition

of the group G.

Next up are some exercises to get a better hands-on understanding of some aspects of the pinning
definition. For all of the exercises below, fix a field k.

Exercise 1. Let G be a group of matrices, and let X : £ — G be a group homomorphism from (k, +)
to G. That is,
X(u+v)=X(u) - X(v)

where + on the left means addition in £, and - on the right means matrix multplication. Show that
X(0) is the identity matrix. (Combined with property (P1), what does this say about pinning maps?)

Exercise 2. Show that any matrix of the form

1 «a
1

_ 0 o

with a,b,c € k can be written as a product of matrices of the form

1 w 1 v 1
1 1 1 w



Be careful: It’s not just as simple as the product

1 a 1 b 1

This exercise is illustrating how SL3(k) is generated by the images of its pinning maps, a la property
(P2). We will study this pinning in detail in section [2] The set of all matrices of this form also has a
name: the group of unipotent matrices.

Exercise 3. Let t1,19,t3 € k* be nonzero elements of k. Let ¢t = diag(t1, t2,t3) be an arbitrary 3 x 3
diagonal matrix with entries in £*. Let

1 u
X = Xons (u) - 1
1
Verify by direct calculation that
1 tity '
t- Xt = X, (tity 'u) = 1
1
(This is just one example of (P3) for SL3(k).)
Exercise 4. Let X and Y be the matrices below.
1 u 1
X =Xy, (u) = 1 Y = X, (v) = 1 v
1 1
Verify that the commutator [X, Y] has the form
1 N(u,v)
KXoy (N(w,0)) = 1

and determine a formula for N(u,v), thinking of N as a function N : k x k — k. (This is an example
of (P5) for SL3(k).)



2 Special linear groups

Fix a field k. Whenever convenient, we can assume that the characteristic of k is zero. This assumption
is mostly not necessary, but it simplifies some things. The group of units of k is denoted k* (in other
words, £ is the set of nonzero elements in k).

Definition 5. Fix a field k£ and a positive integer n. M, (k) is the set of n x n matrices with entries
in k. For z € M,,(k), the determinant of x is an element of k. For 2 x 2 matrices, the usual formula

applies.
a b
det (c d) =ad — bc

For 3 x 3 matrices, we can use the 2 x 2 formula and a cofactor expansion to calculate the determinant.

a b c
det |d e f| =a-det ¢ f —b-det d f + ¢ - det d e
g hoi h 1 qg 1 g h

This process generalizes to larger n x n matrices. To calculate the determinant, we expand along
the top row. We should not actually have to do this by hand at any point. The point being made
here is just that the determinant of an n x n matrix is defined over any field k, because calculating a
determinant only involves addition and multiplication operations in the field k.

Definition 6. Fix a positive integer n. The special linear group with coefficients in k is the group
of n X n matrices with determinant 1.

SL,(k) ={X € M,,(k) : det X =1}

SL,, (k) is an algebraic group under matrix multiplication. The condition det(X) = 1 may not initially
appear to be a polynomial equation, but if you expand out the determinant, it is just a big polynomial
in terms of the coefficients of the matrix X.

2.1 Torus subgroup and character group

Definition 7. The diagonal subgroup or torus subgroup in SL, (k) is the subgroup of diagonal
matrices. We will call it T'(k).

T(l{?): . :tiEkX,dett:t1t2~~~tn:1
tn

Notice that the equation tit, - --t,, = 1 means that none of the entries ¢; can be zero for an element of
T(k). For an element of T'(k), the inverse is the matrix whose diagonal entries are the term-by-term
inverses.

-1
t !



Definition 8. Let T'(k) be the diagonal subgroup of SL, (k) as above. For i = 1,...,n, define a map
a; : T(k) — k™ by

Since the determinant of an element of T'(k) is one, none of the individual diagonal entries ¢; can be
zero, so t; € k*. More importantly, a; is a group homomorphism, meaning «;(ts) = a;(t);(s) for any
s,t € T(k).

Definition 9. The character group of T'(k) is the set of group homomorphisms from T'(k) to k*.
It is called X (T'(k)) or just X (7).

X(T) =Hom(T'(k),k*) = {a: T(k) = k* | o is a group homomorphism }
Group homomorphisms 7T'(k) — k* are called characters (of 7). The sum of two characters o and

[ is defined to be

a+B:Tk) =k (a+p)(t) = alt)s(t)
where the multiplication on the right side is just multiplication in k. The set of characters X (T') is an
abelian group under this character sum operation (you checked this on the application last fall). In
particular, the identity of X (7') is the constant function

OX(T) : T(k) — k~ t—1

We call this function the zero character, and usually just denote it by 0. (You can check that
a+ Ox(r) = o for any o € X(T).)

Definition 10. Let T'(k) and «; be as above. For 1 <4,j < n and i # j, define o;; = o, — ;. In other
words, «; is a group homomorphism T'(k) — k* (that is, «y; is a character of T'), and it is described
by

t

() = (i — ay)(t) = i)y (t) ™ = = tit; "
tn

Remark 11. In T'(k), we have the equation det(t) = 1. Since the determinant of a diagonal matrix
is the product of the diagonal entries, we get the equation

1=det(t) =ty t, = ar(t) - an(t)

That is,
ai(t) - an(t) = 1= 0x)(t)

where Ox () € X(T') is the zero character. In other words, the sum
ar+ - +a, € X(T)
is the zero character. Translating this into an equation in X (7"), we get the following.
ap+ -+ a, =0x1) =0

We emphasize: this is not an equation in k, it is an equation in the abelian group X(7).
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Definition 12. For n > 1, define Z" =Z & --- @ Z (n copies of Z).

Lemma 13. Let Z1 be the set of integer multiples of the vector 1 = (1,...,1).
Z1={m(1,...,1) = (m,...,m) :m € Z}

Then X (T) = Z"/Z1 (isomorphism of abelian groups).

Proof. Let e; € Z™ be the n-tuple (0,...,0,1,0,...,0) which is all zeros except for a one in the ith
position. Then consider the map

¢:7"— X(T) qb(zn:miei):imiai
i=1 i=1

where the m; are integers. Then ¢ is a group homomorphism, ker ¢ = ZT, and ¢ is onto, so by the
first isomorphism theorem, Z"/ker ¢ = 2" /71 = X(T). O

The following elements correspond under the above isomorphism.

e+
€ —€j & j = — Q;
(1,-1,0,0,...,0) «— a1a = o — g
(0,1,—1,0,...,0) +— an3 = s — a3
(0,0,1,—1,...,0) «— gy = a3 — ay

This is somewhat misleading — more literally, on the left side of this correspondence I mean that the
coset g = ;+Z1 corresponds to the character «;, and so on. This becomes apparent when we consider
the corresponding elements

I=1,....)— a4+,

because oy + -+ + a,, = 0 in X(T), but 1 is not the zero element in Z". However, 1 does represent
the zero coset in the quotient Z"/Z1; that is, 1 + Z1 = Z1 = 0 in Z"/7Z1.

2.2 Pinning the special linear group

Let k be a field of characteristic zero, and consider the special linear group SL,, (k).

Definition 14. Fix i, j with 1 < ¢,5 < mn and ¢ # j. For x € k, let E;;(x) be the matrix with z in
the ij entry and 0 elsewhere. Let e;;(x) = I 4+ E;;(x) be the matrix with x in the ij entry, 1’s on the
diagonal, and 0 elsewhere. For example, in SLy(k) we have

sn=(07) = 1)

The determinant of e;;(z) is one, so e;;(z) € SL, (k). Now, consider e;; as a group homomorphism
from k (viewed as an abelian group under addition) to SL,, (k).

eij - k — SL, (k) x> e;i(x)

9



This being a group homomorphism means that
eij(w +y) = eij(z) - ei(y)

Since e;; is a homomorphism, it must take the identity to the identity.
e;j(0) =1=1¢€ SL,(k)

Also notice that ker (e;;) = {0}, so e;; is injective.

Definition 15. Instead of e;;, we will use the notation X, for the same thing. That is, X, (u) =
e;j(u) for u € k.

Remark 16. It is useful to remember that X, (u)™' = X, (—u). This is a consequence of the fact
that X, is a group homomorphism.

Definition 17. The root system of SL, (k) is the set of characters a;; for ¢ # j. We denote it by
®(SL,,(k),T(k)) or ®(SL,,T) or just P.

Elements of ® are called roots. It is important not to forget that elements of ® are characters, i.e.
functions from T'(k) to k*. Specifically, c; is the function

Qyj T(]{Z) — Kk Oéij(t) = Oéi<t)04j(t>71 = tﬂ;l

where t = diag(t1,...,t,).
2.2.1 Conjugation by torus
T'(k) acts on SL, (k) by conjugation. That is, there is a group action
T(k) x SL,,(k) — SL,(k) txx=tot !
Exercise 18. Verify that this is a group action, by showing that
e For any t € T(k) and = € SL,(k), the conjugation ¢ * x = tzt~' is in SL, (k).
e If [ is the identity matrix and x € SL,,(k), then [ xz = [z[~' = .
e For any two elements s,t € T'(k), we have (ts) « x =t * (s * ).

Lemma 19. Let 1 <i,5 <n andi # j. Lett € T(k) be a diagonal matriz, and let u € k. Then
tk Xoy,(u) =t Xoyw -t = Xay, (aij (t)u)
In other words, for a € ®(SL,(k),T(k)), we have
e Xo(u) =t Xo(u) 71 = X, (a(t)u)

10



Exercise 20. In the group SLy(k), confirm by direct matrix calculation that for any ¢ = diag(t, t2)
and u € k, that we have

t- Xau (u) ’ Lﬁl = Xal? (0612(t)u) - Xaw (tltglu)

C)CDE) )

Then convince yourself that nothing really changes when you do the “same” calculation in SL,(k),
replacing ¢t with diag(t1,ta, ..., t,).

That is,

2.2.2 Conjugation by Weyl group

Definition 21. Let v € ®(SL,,(k),T(k)) be a root, so a = «;; for some ¢ # j. Let u € k, and assume
u # 0. Then define
wa(u) = Xo(u) - X_a(—u™") - Xa(u)

Here, —c means the negative of « in the abelian group X (7). Concretely, if o = a;; = o — @, then
—a = aj; = a; — ;. The elements w, (u) are called Weyl group elements. (There is a larger “Weyl
group” including the w, (u), but we omit the details for now.)

Example 22. In the group SL3(k), with a = a2 = a1 — an, where X, (u) = ej2(u), that we get

1
wa(l) = wa12(1) =1-1
1

Exercise 23. Work out w,,,(u) in more generality (still in SL3(k)), by doing concrete matrix multi-
plication with ejs(u) matrices.

Definition 24. A monomial matrix is a matrix with exactly one nonzero entry in each row and each
column. A permutation matrix is a monomial matrix where all nonzero entries are 1. A signed
permutation matrix is a monomial matrix where all nonzero entries are 1 or —1.

Remark 25. In general, for a € ®(SL,(k),T(k)), the Weyl group elements w,(u) are monomial
matrices, and w, (1) is a signed permutation matrix.

Exercise 26. Show that for a € ®(SL,,(k), T(k)) and u € k™, we(u)™t = wa(—u).

Definition 27. Consider the space R", and denote the dot product of two vectors v,w € R™ by (v, w).
Given v € R", the hyperplane perpendicular to v is the set of all vectors perpendicular to v.

P,={weR": (v,w) =0}

The reflection across P, is the (linear) map

o, : R" - R" oy(w) =w —



Geometrically, this is actually a mirror reflection across P,. Now consider ® = ®(SL,(k), T(k)).
Identify ® with a subset of R™ by identifying «; with the standard basis vector e; = (0,...,0,1,0,...,0)
with the 1 in the 7th position. Then «a;; = a; — «; is identified with

a;; + (0,...,0,1,0,...,0,-1,0,...,0)

with the 1 in the ith position and —1 in the jth position. Under this identification, the dot product
operation on R" becomes
1 i=y
(i, a5) = 0y = {

0 1#
and then

(vij, ae) = (i — o, g — p)
= (i, o) — (i, ) — (g, o) + (@, )
= Oit, — Oi¢ — Oji + 0j¢
€ {-2,-1,0,1,2}

Now, for a € ®, consider a as an element of R™ under the identification above. Then we have a
hyperplane P, of vectors perpendicular to o, and we can again use the reflection o, across P,.

2(a,w)a
(o, q)

Lemma 28. Let « € & = ®(SL,(k),T(k)), and let o, be the reflection above. If B € ®, then
0o(B) € ®. In other words, o, can be thought of as a map ® — ®.

2(av, )

(o, @)

0o : R" — R" oo(w) =w —

On:P— @ oa(B) =0 —

«

Example 29. When n = 3, we have
¢ = CI)(SLn, T) = {0412, Ql21, (13, (31, (23, 0632}
We identify ® with a subset of R3, the set of vectors
P = {(1,-1,0),(-1,1,0),(1,0,—1),(-1,0,1),(0,1,—-1),(0,—1,1)}

These vectors are all perpendicular to the vector (1,1,1). In other words, d sits inside a 2D plane, so
we can visualize ® in two dimensions. When we do, it looks like six vectors pointing at the six vertices
of a regular hexagon.

Try to convince yourself that if you take any two of those vectors v and w, take P, to be the line
perpendicular to v, and reflect w across P,, then that reflection o, (w) is another one of the six vectors
in P.

Proposition 30. Let «, § € ®(SL,,(k), T(k)) be roots. Then
wa(1) - Xp(u) - wa(1)™ = X, 5) (Fu)

12



2.2.3 Commutator formula
Definition 31. Let GG be any group, and let x,y € G. The commutator of x and y is

[z, y) = zyz ™'y

Exercise 32. Show that x and y commute (i.e. xy = yz) if and only if [x,y] = 1 (here 1 is the identity
element of the group G).

Exercise 33. Let u,v € k. In the group SL,(k), compute the commutator

| Koo (), Xy (0)]
Proposition 34. Let & = ®(SL,(k),T(k)), and let a, f € ® so that o # +5. Let u,v € k. Then

I a+pgd
[Xa(u)’Xﬁ(Uﬂ B {XQH;(:I:UU) a+ped

That is, Xo(u) and Xg(v) commute if and only if a+ 5 & ® (or if uv =0).

Remark 35. The signs in the previous proposition can be described more precisely as follows. Let
cqp be the sign, so

I a+pB&P

Xotp(capuwv) a+ped

Xalu) X5(v)] = {

If o, € ® and o+ 5 € @, write @ = a;; and 8 = ayy. For oo+ 3 to be a valid root, the set {3, j, k, £}
must contain exactly three distinct elements, meaning an index must match to allow cancellation. Out
of the four possible index alignments, : = k and j = £ yield sums that are not roots. The remaining
two valid cases determine the sign:

Case | Suma+8 |cap
j:/{ Oéij—Fijk:Oéik 1
1=/ a¢j+ak¢:akj -1

You can check cases of this by hand by calculating a few commutators. For example,

[X,m (), Xoy, @)] = X, (—w)

falls into the 7 = ¢ case.

2.3 “Nonlinearity of matrix groups”

In this section, we discuss a key construction from the 2009 paper “Nonlinearity of matrix groups”
by Martin Kassabov and Mark Sapir, which utilizes a pinning of SL, (k) to prove a theorem about
rigidity. Technically, they study the elementary linear group but we discuss how this is the same as
the special linear group under some assumptions. In particular we focus on the ideas of Theorem 3 as
they apply to rigidity statements for abstract homomorphisms of algebraic groups.
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Definition 36. A unital ring is a set R with two operations + and X, and these operations satisfy:

1. (R,+) is an abelian group with identity element 0. That is, + is associative, commutative, and
every element a has a unique additive inverse —a.

a+(b+c)=(a+b)+c

at+b=b+a
a+0=a
a+(—a)=0

2. (R, x) is not a group, but is associative and has an identity element 1. Note that we do not
assume X is commutative.
a(bc) = (ab)e  al=1la=a

3. Addition and multiplication play well together via the distributive property.
a(b+c) = ab+ ac (a+ b)c = ac+ bc

Let R be a unital ring, and let K be a field of characteristic zero. Let n be a positive integer.

Definition 37. The general linear group of R is GL,(R), the group of n x n invertible matrices
with entries in R. Equivalently, GL,(R) is the set of n x n matrices whose determinant is a unit
(multiplicatively invertible) element of R. SL,(R) is the subgroup of GL,,(R) of matrices of determinant
one.

Definition 38. For 1 <i,j <nandi# j, and r € R, let x;;(r) be the matrix with 1’s on the diagonal
and 7 in the (7, j) off-diagonal entry. Note that det z;;(r) = 1, so x;;(r) € SL,(R).

In other places in this document, x4(r) is called X, (r). We have previously observed that
Xa,; ¢+ B — SL,(R) is a group homomorphism, which means in this context that for any r1,7, € R,
we have

ij(r1 + 1) = @ii(r1) - @i (r2)

Definition 39. Let G be a group, and let S C G be a subset. The subgroup generated by S is
the subset of G consisting of all elements that can be written as a product of elements in S and their
inverses. Equivalently, it is the smallest subgroup of GG containing S.

Definition 40. Let S be the following subset of GL,(R).

S=A{x;;(r):1<i,j<nandi#jand r € R}
We define EL,(R) to be the subgroup of GL,,(R) generated by S.
Lemma 41. EL,(R) C SL,(R)

Proof. Since every z;;(r) has determinant one, any product of them (or their inverses) will also have
determinant one. O

Lemma 42. If R is a field, then EL, (R) = SL,(R).

Proof. If R is a field, then Gaussian elimination works. What does Gaussian elimination do? It uses
elementary row operations to rewrite a square matrix as the identity matrix. But each time you do
an elementary row operation, that’s like multiplying by some z;;(r) or a permutation matrix. O]

14



The subgroups A and U

Let n and k be positive integers, and assume k£ > 3. For all of the following calculations, we can
assume k = 3 without loss of generality. Let

7 ELg(R) — GL,(K)

be a group homomorphism. R is any unital associative commutative ring, and K is a field of charac-
teristic zero. The paper refers to m as a “linear representation,” but this is just another way of saying
group homomorphism into some general linear group. In particular, 7 is what I call an “abstract
homomorphism,” because we do not assume it is algebraic at all, even though EL,(R) and GL,(K)
can be thought of as algebraic groups.

Definition 43. This notation is not in the paper, but I think it helps clarify things. Let
A={x13(r):r € R}
That is, A is the subset of EL;(R) of matrices of the form

1 0 r
10
1

In other words, A is the image of the map =13 : R — ELi(R).
A= Q?lg(R)

Since z13 is a group homomorphism and R is a group (under addition), the image must be a subgroup.
That is, A is a subgroup of EL,(R). The group operation is matrix multiplication.

10 T1 10 ra 10 L+ T2
1 0 1 0 1 0
1 1 - 1

Even though matrix multiplication is usually not commutative, in this context the matrix multiplica-
tion within A is commutative, because addition in R is commutative.

10 1+ 7o 10 To + 11
1 0 1 0
1 - 1

In fact, if we just view (R, +) as an abelian group, we can think of 13 as a group isomorphism between
(R,+) and (A, x).

10

1

_ o 3

13 : R— A $13(7’) =

The inverse map is just sending that matrix to x13(r).
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Definition 44. Let A be as above, and recall that we have a group homomorphism 7 : EL;(R) —
GL,(K). Let

U=mn(A)={r(a) :a€ A} = {n(z13(r)) : 7 € R}
So we have A sitting inside ELg(R), and U sitting inside GL, (K). The diagram below depicts the
situation. The upward arrows are just the inclusion maps, and the diagram commutes, meaning
following a path of arrows along one side of the square is the same as going the other way.

ELy(R) —= GL,(K)

J J

A" g

Also note that 7|4(A) = U, or in other words, 7|4 is a surjective map from A to U.

Remark 45. R is a ring, so (R, +) is an abelian group. Then 13 : R — A is a group isomorphism, so
A is an abelian group. Then 7 : A — U is a surjective group homomorphism, so U is also an abelian
group.

Definition 46. Let V be the “Zariski closure” of U inside GL,,(K). This is not something we need to
understand in a very thorough way. Basically, V' is still a subset of GL, (K), and it should be “just a
little bit bigger” than U. As an analogy, if U was an open interval on the real line, then V' would just
be the closed version of that interval, just adding in the endpoints. Or as a second analogy, if U was
an open disk in the plane, not including its boundary, then V' would be the closed disk, just U plus
the boundary.

We defined V', but we will mostly ignore it and focus on U.

Theorem 3 - multiplication in U

The big idea of Theorem 3 is to make U into a ring by adding a second operation. In order to make
an abelian group into a unital ring, we need to:

e Define a second operation
e Verify that the second operation is associative and has a unity element

e Verify that the distributive property holds

In general, there is not a particularly “natural” way to make an abelian group into a ring. Even if you
find a way, it may not be the only way. Technically, Theorem 3 is about making V' into a ring, but
you can mostly ignore this and pretend that it’s happening to U.

Definition 47. Next we describe the Weyl group elements of SL3(R) used in the proof of Theorem 3.

Set
—1 1

wip = |1 Wa3 = 1
1 -1

The paper does not call these “Weyl group elements,” but they are elements of the Weyl group of
SLs(R).
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Lemma 48. For anyr € R,
w19 * .1’13(7") . wle = 3323(7’) wWa3 - .1'13<7") . 'w2731 = xlg(r)

Remark 49. I will not discuss the proof; you can just do some matrix calculations to verify it yourself.
However, I want to make a note here on how these fit into the theory of root systems and our general
Weyl group reflection formula. In the notation of this document, the first equation is

walz(_l) ’ Xals(r) ’ wmz(_l)il = Xazs(r>

Hopefully you remember that in the general version of the formula, the right hand side subscript on
X is described in terms of a reflection. That general version is

wa(u) - Xp(r) - wa(u) ™" = X 5)(£7)
The reason a3 shows up on the right side of the formula above is that agg = 04,,(a13).

Remark 50. We have talked about the general commutator formula in SL,,. In the context of Theorem
3, the only version of this that we need is

[$12(T1),$23(7’2)] = 3513(7”17”2)

Also note that in general, group homomorphisms can “go inside” commutators, as follows. If 7: G —
H is a group homomorphism and =,y € G, then

([,y]) = m(zyz~ly™") = w(2)n(y)m(2) " n(y) T = [w(2), 7(y)]
The version of this to remember is

m([z.y]) = [r(2), 7(y)]

Definition of multiplication in U. Finally, we are ready to define the multiplication operation in
U, which is the big accomplishment of Theorem 3. Our goal is to define a second operation U x U — U
(and then extend this to V') to make U into a ring, and furthermore to do this in a way which makes
the map

p=moxz: R— GL,(K)

into a ring homomorphism. That is, we want to have
ry+7re | = plry) + p(r
p(rigre) = o) 4 ol

P (7“1 é 7“2) = p(r1) >[§ p(r2)

On the left side, the operations + and x are in the ring R. On the right side, 4+ actually means matrix
R R U

multiplication and x means some other weird operation, which we haven’t defined yet. The way to
U

define it is

UxU— GLn(K) Up X Uy = 7T(U}23) s U7 W(wgg)_l,ﬂ(wlg) * U - W(wlg)_l]

17



All of the dots here are matrix multiplication inside GL, (K). Note that in Kassabov and Sapir, they
define it without some of these 7’s. Their version looks like

-1 —1
Up X Uy = |:U)23 * UL * Wag , W12 * Ug * Wy

I think that the 7 is meant to be implied, because without it this just doesn’t make sense because
because matrices from different groups are being multiplied together.

We want this weird multiplication to be a map into U, not just a map into GL,(K), so let’s
confirm that. Let uj,uy € U. Then we can always write them in the form w; = p(ry) = 7(z13(r1)) and
us = p(ry) = m(x13(re)) for some r1,79 € R.

plr) X plr2) = |m(wss) - plr) - w(wss) ", w(wis) - plra) - mwlwiz) |
rewT"ite p(r1) as w(x13(r1))

1

= |m(waz) - w(w13(r1)) - T(waez) ™, m(wia) - T(213(r2)) - W(wlz)_l]

use the fact that 7 is a group homomorphism to “factor it out”

= |7 (was - 213(r1) - wag' ), (w2 - w13(r2) -wl_gl)]

mox;e 7 outside the commutator using the fact that it is a group homomorphism
= W([w% ca13(r1) - wag s wia - T13(r2) -wfgl]>

now use Weyl group conjugation formulas

= W<[$12(71)7$23(7“2)D

now use commutator formula

=7 (xlg(rlrg))

= p(rir2)

Ok, what was the point of all of this calculating? We defined a map x : U x U — GL,(K) by this
weird conjugation formula, and what we just showed is that for any r,7, € R, we have

p(rire) = p(ri) x p(ra)

Since p is a surjective map from R to U, every element of U can be written in the form p(r) for some
r € R. Thus, for any uy,us € U we can write them as

up = p(r1) uy = p(r2)

and then
uy X uy = p(r1) X p(ra) = p(rirs)
In particular, the product u; X uy is in U. So the map we defined as a map U x U — GL,(K) is
actually a map U x U — U.
At this point, there is a bit of technical work to show that the two operations we have defined
actually satisfy the axioms for a ring. This involves some details beyond the scope of our project, but
it’s not actually super interesting.
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Summary. In “Nonlinearity of matrix groups,” particularly in Definition 2 and Theorem 3, Kassabov
and Sapir showed how using some of the formulas involved in a pinning of a matrix group can be
useful to prove something about rigidity. In particular, they used pinning formulas related to the
group SL,,, and used the formulas to assist in defining a weird kind of multiplication operation on the

set of matrices of the form
1 T

1

It’s a few steps more from there to proving something about rigidity, but that’s beyond our current
scope.
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3 Forms

In this section, we build up the necessary background on bilinear forms, hermitian forms, and quadratic
forms needed to describe orthogonal and unitary groups. Our objective is just to study them enough
to understand what the Witt index of a form is. An excellent alternate reference on bilinear and
quadratic forms is the following notes by Keith Conrad https://kconrad.math.uconn.edu/blurbs/
linmultialg/bilinearform.pdf.

3.1 Bilinear forms

Before discussing bilinear forms in general, we look at the classical example of a bilinear form: the dot
product on R™.

Example 51. Let n > 1, and consider the vector space V' = R" (as a vector space of dimension n
over R, with elements thought of as column vectors). The usual dot product operation is a map

b:VxV >R
blz,y)=z-y
:b((l’l,...,xn),(yly-"’yn)>

= (z1,--,2n) - (Y1, Yn)
=Ty + -+ TpYn

= Z Tili
i=1
The map b has the following properties: for any z,y,z € V', and any s,t € R,

b(x,y + 2) = b(z,y) + bz, 2)
b(z+vy,2) =0b(x, z) + by, 2)
b(sz,ty) = (st)b(z,y)

These properties are summarized by saying that b is a bilinear map, or by saying that b is linear in
each entry. Another way to think about b is the following. Given z,y € R", view them as column
vectors, and then

1

b(z,y) =" y
1

T

where ' means the transpose (so turning x from a column vector into a row vector).

A bilinear form (on a vector space over a field k) is a generalization of these properties of the dot
product.

Definition 52. Fix a field k. A vector space over k is an abelian group V' (where we write the
operation as +) together with a map
kxV =V
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with the properties that for any a,b € k and u,v € V we have

Ov =20
lv=w
a(bv) = (ab)v
a(v+ w) = av + aw

(a+bv=av+bv

Example 53. Fix a positive integer n. Then V' = k™ is a vector space over k, where vector addition
is component-wise,

(U1, 09, 0) + (10,1, ) = (U1 + W, U3+ U, Uy + 11
and scalar multiplication is also component-wise.

a(vy,...,v,) = (avy, ..., avy,)

Definition 54. The dimension of a vector space V over k is the size of any basis (a linearly inde-
pendent spanning set). We will only encounter finite dimensional vector spaces. It is a theorem that
the size of any two bases are the same, so the dimension is well-defined.

The dimension of k™ is n. Essentially, any two vector spaces of the same dimension are “the same,”
meaning that they are isomorphic as vector spaces, so every finite dimensional vector space over k is
isomorphic to k™ for some n.

Definition 55. Let k be a field, and let V' be a vector space of (finite) dimension n over k (so essentially
you can think of V' as k™). A bilinear form on V' is a map

b:VxV —k
such that for any u,v,w € V and A\, u € k, we have

b(u,v+w) = b(u,v) + blu,w)
b(u+v,w) = blu,w) + b(v, w)
b(Av, pw) = Apb(v, w)
Definition 56. A bilinear form is symmetric if b(v, w) = b(w,v) for all v,w € V.

Example 57. The dot product on R" is a symmetric bilinear form.

Definition 58. Let b : V x V' — k be a bilinear form, and fix an ordered basis 8 = {ey,...,e,} of
V. The matrix of b with respect to the basis [ is the matrix B = Matg(b) whose ijth entry is

b(e;, ;).
B = Matg(b) = <b<ei’ 6]‘))

Definition 59. The Kronecker delta function is defined by

1 ifi=y
0ij = e
0 ifi#y
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Example 60. Let b : R” x R™ — R be the usual dot product, and let e; € R™ be the usual basis vector

with 1 in the ith entry and zeros elsewhere. Then = {ej,...,e,} is called the standard basis of
R™. Note that
b(ei, 6]‘) = 5ij

and the matrix of b with respect to [ is
B = Matg(b) = (blei,e;)) = (3)
which is just the identity matrix.

Definition 61. Let B € M,,(k) be an n x n matrix. Let V' be a vector space over k of dimension n,

and fix an ordered basis f = {e1,...,e,} of V. For any v € V| we can write it uniquely in terms of
this basis. .
V= Z V;€;
i=1
Let [v]g be the column vector (vy,...,v,) € k". In particular, [e;]s is the vector with zeros except for

a 1 in the ith entry. The bilinear form associated to B (with respect to the basis () is the
bilinear form bg g : V x V — k defined by
bs.5 (v, w) = [v]5 Bluwls
Notice that if v = e; and w = e; then bg p(e;, €;) is the ijth entry of the matrix B.
bs,p(ei,¢;) = [eil Blejls = By

Lemma 62. Let k be a field, let V' be a vector space of dimension n over k, and fix an ordered basis
B of V. Then there is a one-to-one correspondence between bilinear forms and elements of M, (k).

{bilinear forms} < M,, (k)
b+ Matlg(b)
b/g,B ~ B

Exercise 63. Show that the matrix of a symmetric bilinear form is a symmetric matrix (satisfies
BT = B).

Definition 64. A matrix B € M, (k) is nondegenerate if it has nonzero determinant (aka is an
element of GL,(k)). A bilinear form b is nondegenerate if the associated matrix is nondegenerate.
(It is not immediately obvious from the definition, but it is true, that the associated matrix being
nondegenerate does not depend on the choice of basis in which the matrix is written down.)

Definition 65. Let b, b’ be bilinear forms on a k-vector space V with respective associated matrices
B and B’ (with respect to a fixed basis). Then b,V are equivalent if there exists an invertible matrix
P such that

B'=P'BP

Exercise 66. Prove that equivalence of bilinear forms is an equivalence relation.
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Definition 67. Let b be a bilinear form on V' and fix a basis of V. A bilinear form is diagonal if its
associated matrix B is diagonal. A bilinear form is diagonalizable if it is equivalent to a diagonal
bilinear form.

Theorem 68. As long as the characteristic is not 2, every nondegenerate symmetric bilinear form is
diagonalizable. That is, there always exists a basis in which the matriz of b is a diagonal matrix.

Proof. See https://kconrad.math.uconn.edu/blurbs/linmultialg/bilinearform.pdf. m

3.2 Hermitian and skew-hermitian forms

Example 69. Let n be a positive integer. We view C" as a vector space over C, thinking of elements
as column vectors (21, ..., z,) with z; € C. The complex dot product is the following operation.

h:C'xC"—=C

h(w, z) = h((wl,...,wn), (21,...,zn)> =wz1 + - FwzZ, = Zwﬁi
i=1

Exercise 70. Verify that the complex dot product A has the following properties. For any u, v, w € C"
and A\, pu € C,

In other words, h is almost a symmetric bilinear form, except for two differences. First, when you pull
a scalar out of the second entry, you have to take the complex conjugate. Second, h is not symmetric,
but “conjugate-symmetric.”

Definition 71. Let V be a vector space over C. A hermitian form or sesquilinear form on V is
a map

h:VxV—=C
such that for any u,v,w € V and X\, u € C,
h(u,v +w) = h(u,v) + h(u, w)
h(u +v,w) = h(u,w) 4+ h(v,w)
h(Au,v) = Ah(u,v)
h(u, pv) = h(u, v)
h(u,v) = h(v,u)

The second-to-last equation is often phrased by saying that “h is conjugate-linear in the second entry.”
The last equation can be thought of as saying that A is “conjugate-symmetric.”
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Example 72. Complex dot product is a hermitian form on C”.

Definition 73. A skew-hermitian form or anti-hermitian form is nearly the same as a hermitian
form, except that h(u,v) = h(v,u) is replaced by the condition h(u,v) = —h(v,u).

In order to generalize hermitian forms to arbitrary fields, we need to discuss quadratic field extensions.
Definition 74. A field extension L/k is a pair of fields L and k where k is a subfield of L.

Example 75. The following are examples of field extensions.

C/R R/Q Q(V2)/Q Q3)/Q

Definition 76. Let L/k be a field extension. We can view L as a vector space over k. The degree of
the field extension is the dimension of L as a k-vector space.

Example 77. The degree of the field extension C/R is 2, because the dimension is 2. A basis is {1,i}.

Definition 78. Let k be a field. Let d € k be a nonzero element, such that there is no element a € k
so that a® = d (that is, d is does not already have a “square root” in k). Then we can define a new

field by
k(%&) :{a+b\/3:a,bek:}

Addition in k (ﬂ) is described by

(al + bl\/C_Z) + (CLQ + bg\/g) = (a1 + CLQ) + (bl + bg)\/;l
and multiplication is
(a1 + 51\/@(&2 + bQ\/E) = (ayag + bibad) + (a1b2 + CL251)\/a

One way to think about k (\/3) is that we are taking k£ and adding in solutions to the quadratic

equation 72 — d = 0. The way to make this precise is to quotient the polynomial ring k[z] by the
principal ideal generated by 2% — d.

k (V) = klal/ (22 - d)

Example 79. C=R (\/—1)

Example 80. For any integer d that is not the square of another integer, we can construct the field
Q (\/c_l) and get a field which is strictly bigger than Q. If d > 0, then we can think of Q (\/E) as a

subfield of R, but if d < 0 then we can just think of Q (\/3) as a subfield of C.

Exercise 81. Show that Q(v/2) = Q(V/18).

Lemma 82. For any field k and any d € k such that d # a® for any a € k, the field extension
k (\/El) /k has degree 2.
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Proof. The set {1, \/E} is a basis, because every element of k (\/E) can be uniquely written in the
form a + bv/d where a,b € k. O

Definition 83. A quadratic field extension is a field extension of the form & (\/3) /k for some
field k, where d is some element of £k that is not already a square in k.

Lemma 84. If char(k) # 2, then every field extension L/k of degree 2 is a quadratic extension.

Since we will generally assume that char £ = 0 or at least char k # 2, for us “quadratic extension” and
“extension of degree 2”7 are effectively synonymous.

Definition 85. For a matrix X with entries in L, the conjugate matrix, denoted X, is the matrix
formed by applying conjugation to each individual entry of X. The transpose matrix is denoted X* or

XT. The conjugate transpose matrix X7 = X" is denoted X* for short. (Other common notations
include X' and X*.)

Definition 86. Let L be a field. An involution on L is a field automorphism o : L — L such that
0? = 1dy, (that is, o(o(z)) = x for every € L). Being a field automorphism is the same as being a
ring isomorphism from L to itself. In other words, ¢ is a bijection and

olx+y)=o(x)+oly) o(ry)=o(r)o(y)

for all z,y € L. Usually when we have an involution on a field, we don’t write it as o(x), instead we
just write T (because the traditional example is complex conjugation on C).

Exercise 87. Let L/k be a quadratic field extension, so L = k;(\/a) for some non-square d € k. Verify
that N
L—>L a+b/d—sa+b/d=a—-b/d abek

is an involution on L, and that T = x for any x € k.
The next definition generalizes hermitian forms to vector spaces over fields other than C.

Definition 88. Let L be a field with an involution o, which we write as o(z) = Z. Let V' be a vector
space over L. A o-hermitian form or just hermitian form on V is a map

h:VxV —1L
such that for any u,v,w € V and A\, u € L,
h(u,v +w) = h(u,v) + h(u, w)
h(u+v,w) = h(u,w) + h(v,w)
h(Au,v) = Ah(u,v)
h(u, po) = Th(u, v)
h(u,v) = h(v, u)

Essentially, a hermitian form is a symmetric bilinear form except for two changes: bringing out
scalars from the second entry requires conjugation, and instead of being symmetric it is “conjugate-
symmetric.”
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Definition 89. As in the complex case, a skew-o-hermitian form is the same as a o-hermitian
form, except that instead of h(u,v) = h(v,u) we have h(u,v) = —h(v,u).

Definition 90. Let h be a hermitian or skew-hermitian form on an n-dimensional L-vector space V.
Fix a basis 8 = {v1,...,v,} of V. The matrix of h with respect to the basis  is a matrix
H = Matg(h) whose (i, j) entry is h(v;,v;).

H = (h(UZ', ’Uj))

Conversely, given any hermitian matrix H there is an associated hermitian form A defined on basis
elements by

h(Ui, ’Uj) = Hz

For a hermitian form, the equation h(u,v) = h(v,u) is equivalent to the condition H = FT, ie. His

a hermitian matrix. For a skew-hermitian form, h(u,v) = —h(v,u) is equivalent to H = —HT, ie. H
is a skew-hermitian matrix. We will denote the conjugate transpose of a matrix by H*.

Lemma 91. There is a one-to-one correspondence between o-hermitian forms and o-hermitian ma-
trices. (This is also true if you add the modifier “skew” to both.)

Definition 92. A bilinear or hermitian form is nondegenerate if its associated matrix is invertible.

3.3 Quadratic forms

Definition 93. Let V be an n-dimensional k-vector space. A quadratic form on V is a map
q:V — k described by a quadratic polynomial. That is, ¢ is of the form

q(z1,...,x,) = Z Qi T;T;

]
with a;; € k (where (z1,...,z,) are the coordinates in some chosen basis).

Example 94. Let £ = R and V = R3. Then the following are quadratic forms on V.
qlx,y, 2) =2 +y* + 22 @(z,y,2) =32° —y* + 2y @(z,y,2) = xy + 32
Remark 95. A quadratic form always satisfies
(W) = Nq(v)
for all A € k and v € V. Slightly more subtly, given any quadratic form v, the map

by: VXV =k by(u,v) = %(q(u +v) —q(u) — q(v))

is a bilinear form on V.
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Example 96. Let ¢ <z) = 2% + y? on R?. Then the associated bilinear form b, is

b Ty T :1 q T+ o _q Ty By T
T\ \w1 /) 7"\ 2 Y1 + Yo (7 Y2
1
— 5 (@22 + (1 +30)? = (034 9) — (03 +13))
1
=3 (2931552 + 2ylyz)
= T1%T2 + 1Yo

which is the usual dot product operation on R?. If we use the standard basis {e1, €2} on R? the matrix
of this bilinear form is the identity matrix.
10
50 1)

Example 97. Let ¢ <§) = 2% — »? on R% The associated bilinear form is
b T To 1 Ty + @2\ T\ To
\\w ) "\ 1 Y1+ Y2 1 Y1 1 Y2
(24220 = (1 +92)* = (@3 = 9) — (a3 — 1))

= 5 <2€E1I2 - 2yly2>

= T1T2 — Y1Y2

— N = N

If we use the standard basis {e;, e2} on R?, the matrix of this bilinear form is

B . b(@l, 61) b(@l, 62) i 1 0
~ \b(eg,e1) bleg,er))  \O —1
Lemma 98. When char k # 2, there is a one-to-one correspondence between symmetric bilinear forms

and quadratic forms. Given a quadratic form q, the associated bilinear form is described by

bo(av) = 5 (alu-+ ) — gw) — a(v))

Given a symmetric bilinear form b, the associated quadratic form is

0 (v) = b(v,v)

Remark 99. If you want to associate a matrix to a quadratic form, just turn it into the equivalent
bilinear form first and use that matrix.

Theorem 100. When chark # 2, any quadratic form on a k-vector space V' of dimension n is

equivalent to a quadratic form that looks like
q(xl, . ,l’n) = all’% 4 .- +an$i

for some aq,...,a, € k.
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Definition 101. A quadratic space is a pair (V,q) where V' is a vector space and ¢ is a quadratic
form on V.

Example 102. Let ¢(zy,...,2,) = 2% + --- + 22. Then (R", q) is a quadratic space. (This is the
quadratic form associated to the traditional dot product on R™.)

Definition 103. Let (V,q) be a quadratic space. A quadratic subspace or just subspace of (V, q)
is just a vector subspace with the restriction of ¢ to that subspace.

3.4 Isotropy and Witt index

Definition 104. Let b be a symmetric bilinear form or hermitian form or skew-hermitian form on a
vector space V. A vector v € V is isotropic (with respect to b) if v # 0 and b(v,v) = 0. The form b
is isotropic if there exists at least one isotropic vector. (Note that if v is isotropic, then any nonzero
scalar multiple of v is also isotropic, so if there is any isotropic vector then there are many.) The
form b is anisotropic if there are no isotropic vectors. The form b is totally isotropic if all nonzero
vectors are isotropic.

Let ¢ be a quadratic form on a vector space V. A vector v € V' is isotropic (with respect to q) if
v # 0 and ¢(v) = 0. As with bilinear and hermitian forms, the form ¢ is called isotropic if there exists
at least one isotropic vector, anisotropic if there are no isotropic vectors, and totally isotropic if
all nonzero vectors are isotropic.

Example 105. The traditional dot product on R" is an anisotropic, nondegenerate, symmetric bilinear
form.

Example 106. The traditional complex dot product on C" is an anisotropic, nondegenerate, hermitian
form.

Example 107. Return to the quadratic form ¢(z,y) = 2* — y? on R?, with associated bilinear form
b((x1,11), (22, y2)) = 122 — y1y2. This ¢ is isotropic, because (1,1) is an isotropic vector. However, it
is not totally isotropic because ¢(v) isn’t always zero.

Example 108. Let h be the skew-hermitian form represented by the matrix

Then h is isotropic, but not totally isotropic.

Lemma 109. Let b be a symmetric bilinear form on a k-vector space V' where chark # 2. Then b is
totally isotropic if and only if b(v,w) =0 for all v,w € V.

Proof. Clearly if b(v,w) = 0 for all v,w then b is totally isotropic, so we just need to prove the other
direction. Suppose b is totally isotropic, that is, b(v,v) =0 for all v € V. Let v,w € V, and then

0="b(v+w,v+w)=0bv,v) + bv,w) + b(w,v) + b(w, w) = b(v, w) + b(w,v) = 2b(v, w)

using the fact that b is symmetric. Then since we are not in characteristic 2, the equation above
implies that b(v,w) = 0. O
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Definition 110. Let b be a nondegenerate symmetric bilinear form, nondegenerate hermitian form,
or nondegenerate skew-hermitian form on a vector space V. The Witt index or isotropy index of b
is the maximum dimension of a totally isotropic subspace. Traditionally we use ¢ for the Witt index.

Remark 111. The Witt index of an anisotropic form is zero.

Example 112. Return to the quadratic form ¢(z,y) = 2? — y? on R?, with associated bilinear form
b((x1,11), (T2,y2)) = T122 — Y1y2. As previously noted, ¢ is isotropic, because (1,1) is an isotropic
vector, but it is not totally isotropic. So the maximum dimension of a totally isotropic subspace is 1.

Lemma 113. The Witt index of a form on a vector space V is at most half the dimension of V.

Definition 114. A vector space with a form is split or metabolic if the Witt index is exactly half
the dimension.

Example 115. Let k be an arbitrary field, of characteristic # 2. The quadratric space (k% z* — y?)
is split, because it has dimension 2 and Witt index 1. This particular quadratic space is called the
hyperbolic plane (over k).

Exercise 116. Let h be the skew-hermitian form represented by the matrix
0 —1
H—

Show that h has Witt index 2, i.e. h is split.

Theorem 117. Assuming chark # 2, every split quadratic space is a direct sum of copies of the
hyperbolic plane.

Exercise 118. Let h be the hermitian form represented by the matrix
1

q
H=|¢l,
C

where [, is the ¢ X ¢ identity matrix and € = &1 and C' is an invertible diagonal matrix. Show that
the Witt index of h is ¢q. Similarly, if b is the symmetric bilinear form represented by

then show the Witt index of b is g.

Theorem 119 (Witt decomposition). Let (V,q) be a quadratic space over a field k. Then V' can be
written (essentially uniquely) in the form

VEV,eV,oV,

where V; is totally isotropic (q|v, = 0), V, is anisotropic, and V}, is split. We can also emphasize the
forms more by writing this as

(Vv Q) = (‘/t? 0) S (Vm Qa) D (Vh7 Qh)

Also, given this decomposition, the Witt index is %dim Vi, the number of hyperbolic planes comprising
Vi.
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4 Pinnings

One goal of this document is to describe similar pinning structures on special orthogonal groups
and special unitary groups, as we have done for special linear groups above. This section includes
background material required to build up to that.

4.1 Algebraic groups

Definition 120. An algebraic variety is the set of solutions to a polynomial equation (or list of
polynomial equations). More precisely, we need to fix a field k and talk about an algebraic variety
over k, which is the set of solutions in k to a polynomial equation.

Example 121. A circle is an algebraic variety because it is the set of points (z,y) which are solutions
to 22 + y? = 1. More precisely, the usual circle is a variety over the field R. If we take a bigger field,
such as C, we might get more solutions like (i,1/2), or if we take a smaller field like Q we will get
fewer solutions (just the points on the circle with rational coordinates).

Example 122. For any polynomial function f(z), the curve y = f(z) is an algebraic variety.

Definition 123. Let Vi, V5 be algebraic varieties. A regular map or morphism of algebraic
varieties is, very roughly, a map V; — V5 which can be described (locally) in terms of polynomials.
(You can approximate regular by thinking of “smooth” or “infinitely differentiable” or “essentially a
polynomial function.”)

Definition 124. An algebraic group is a set which has both a group structure and the structure
of an algebraic variety (over a base field k), and the group operations are regular maps. That is, the
multiplication map

m:GxG—G m(z,y) = xy

and the inversion map

1:G—>G i(z) =a!
are regular maps.
Example 125. The special linear group is an algebraic group.
SL,(k) ={X € M,,(k) : det(X) =1}

Example 126. Let b be a nondegenerate symmetric bilinear form with Witt index ¢ and matrix B
(in a fixed basis). The special orthogonal group of b is

SOnq(k,b) = {X € SL,(k) : X"BX = B}
This is a subgroup of SL,(k), and is itself an algebraic group.

Example 127. Let h be a nondegenerate hermitian or skew-hermitian form with Witt index ¢, and
with matrix H (in a fixed basis). The special unitary group of h is

SU,4(L,h) = {X € SL,(L) : X*HX = H}

where X* = X' . The special unitary group is a subgroup of SL, (L), and is itself an algebraic group.
Note that for technical reasons, to view SU,, ,(L, h) as an algebraic variety, the base field needs to be
k, not L.
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Definition 128. Let G(k), G'(k) be algebraic groups. A morphism of algebraic groups is a group
homomorphism G(k) — G’(k) which is also a regular map. An abstract homomorphism is a group
homomorphism G(k) — G’(k) (but not necessarily regular).

4.2 Lie algebras
For this whole section, let k be a field and assume char k # 2.

Definition 129. An algebra over k or k-algebra is a k-vector space A equipped with an additional
multiplication map A x A — A, where scalar multiplication is compatible with multiplication. First,
since A is a vector space, it has an addition operation which makes it an abelian group.

AxA— A (a,b) —a+b

A has a zero element and additive inverses for every element, and addition is commutative.
a+0=0+a=a a+(—a)=(-a)+a=0 a+b=b+a
for every a,b € A. Also, A has a scalar multiplication map.
kxA— A
This scalar multiplication map distributes over addition, meaning
AMa+b) =X a+ b and A+ p)a=Xa+ b
for all A\, u € k and a,b € A. A also has a multiplication map, which distributes over addition.
AxA— A (a,b) — ab
Distributing over addition means that
a(b+c) =ab+ ac (a+b)c=ac+be

for every a,b,c € A. Note that we do NOT assume that multiplication is associative, that is, we do
not assume that (ab)c = a(bc). If you have this property, then A is called an associative algebra,
and in this case A is a ring under its addition and multiplication operations. But in general, A may
not be associative.

Note that we do NOT assume that A has a unity, or that multiplication is commutative. A also
has the property that multiplication is compatible with scalars, in the sense that

(Aa) (ub) = (\)ab
for every A\, u € k and a,b € A.

Definition 130. A Lie algebra over k is an algebra L over k with two additional properties. First,
traditionally in a Lie algebra the operation is denoted with brackets, like so.

[~ —]:LxL—L
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so the multiplication of two elements x,y is written [z, y] instead of zy. The two additional equations
that make L into a Lie algebra are
[z,2] =0  VxelL

and
[x> [y> Z]] + [y> [Z’ :L’]] + [Za [.1', y“ =0

This second one is called the Jacobi identity.

Exercise 131. Show that in any Lie algebra, [x,y] = —[y, z] by applying the fact that [z+y,2+y] =0
and using the distributive property.

Exercise 132. Show that if L is an algebra (not necessarily a Lie algebra) in which [z,y] = —[y, 2]
and the characteristic of k is not 2, then [z, z] = 0.

Example 133. R? with the cross product operation is a Lie algebra. Verifying the Jacobi identity is
tedious, I do not recommend.

Example 134. Fix n > 1 and let M,,(k) be the set of n x n matrices with entries in k. Then M,, (k)
is a Lie algebra under the operation
[A,B] = AB — BA

This is the most important example of a Lie algebra. All of the Lie algebras studied in this document
are some form of a subalgebra of this Lie algebra.

4.3 Lie algebras associated to classical groups

Every algebraic group has an associated Lie algebra. This is somewhat complicated to describe, so
rather than talk about the general definition, I will just describe the specific Lie algebra associated
with each of the groups we are dealing with. All of these are matrix Lie algebras that are subalgebras
of M,,(k), meaning they have the same bracket operation but are just a particular subset.

Definition 135. The Lie algebra associated to the special linear group SL, (k) is
sl (k) ={X € M, (k) : tr(X) = 0}
The bracket operation is the same as on M, (k). That is,
(X, Y]=XY -YX
where XY refers to matrix multiplication.

Exercise 136. Show that if tr(X) = tr(Y) = 0, then tr[X, Y] = 0. In other words, sl, (k) is actually
closed under the bracket operation.

Definition 137. Let b be a nondegenerate symmetric bilinear form with Witt index ¢ and matrix B,
and let SO,, ,(k, B) be the associated special orthogonal group. The special orthogonal Lie algebra
associated to B is

50,4(k, B) = {X € M, (k) : X" B+ BX =0 and tr(X) =0}

again with the usual matrix bracket on M, (k).
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Definition 138. Let h be a nondegenerate hermitian or skew-hermitian form with Witt index ¢ and
matrix H, and let SU, ,(L, H) be the associated special unitary group. The special unitary Lie
algebra associated to H is

St (L, H) ={X € M,(L) : X*H + HX =0 and tr(X) = 0}

with the usual matrix bracket on M,,(L). Note that su,, ,(L, H) is a k-vector space, but not an L-vector
space.

4.4 Roots and root spaces

For some computations in this section, we need to assume that k is a sufficiently large field. There are
occasionally issues when k is a field with only 2 or 3 elements.

Definition 139. Let G(k) be an algebraic group that is one of SLy,(k), SO, ,(k, B), or SU,, (L, H),
and let g(k) be the associated Lie algebra (either sl,(k),so, ,(k, B), or su, (L, H)). Let S(k) be
the torus subgroup of G(k) (the full subgroup of SL,,(k), or the subgroup we previously specified for
SO, 4(k,b) or SU,, 4(L,h)). Then S(k) acts on g(k) by conjugation. That is, the map

S(k) x g(k) — g(k) (5,2) > sxs™

1

is a well-defined group action. (In the expression szs™', we are just doing matrix multiplication.)

Exercise 140. Verify this is well-defined in the case of SL,, (k). That is, show that if s € SL,, (k) is a
diagonal matrix, and X € sl,,(k) is a matrix with trace zero, then sXs~! has trace zero.

Definition 141. Let a € X*(S) be a character (not necessarily a root). That is, « is a group
homomorphism S(k) — k*. Define

go = {X €g(k) : sXs ' =a(s)X, Vs € S(k)}

The expression a(s)x can be confusing. What it means is we are plugging in s into «, since « is a
function with domain S(k), so a(s) is just a scalar, an element of £*. Then thinking of = € g(k) as a
matrix, we multiply each individual entry of the matrix z by the scalar a(s).

Conceptually, g, is kind of like the set of “simultaneous eigenvectors” for all of S(k), if we think
of each s € S(k) as a linear map from g(k) to itself (which is possible using the group action). If this
is confusing, just focus on the definition above.

Exercise 142. Show that g, is a vector subspace of g(k).

Example 143. For most characters, the set g, is just the zero subspace. To illustrate, we consider
the character «; for the group SLy(k) with its full diagonal subgroup S(k). Recall that

we{(t ) o)

and o is the map



In this case, the Lie algebra g(k) is the set of 2 x 2 matrices with entries in k and trace zero, so

concretely
a(k) = {(Z‘ _ba) ca,b,c € k:}

T11  T12
Tr =
To1 —Tn

= sz for every s € S(k). This means that

s 11 T12
1
21 —T11
51711 5112
51T21 —S1%11

51711 5112
51T21 —S1%11

We will try to determine g,,. Let

If z € g(k) belongs to gq,, then szs!

-1
S1 11 T12 S1 .
-1 -1 =
51 To1 —T11 51
-1
51711 51T12 S1
-1 -1
S§1 To1 —S; T11 51
2
x11 51712
-2
S1 T21 —T11

Remember that for x to be in g,, this has to be true for every s. So it has to be true for every s; € £*.
Comparing the (1, 1) entries, this implies that

T11 = S1711

If this is true for every si, then it must be that x1; = 0. (This is precisely where we need to assume
that & is not too small of a set. If k£ has only 2 or 3 elements, this deduction is not valid.) Similarly,
comparing the (1,2) entries we get

S%Im = 51212

which again is only possibly true for every s; if 15 = 0. And a similar argument shows that xo; = 0
as well. So the only possible matrix x belonging to g,, is the zero matrix.

Example 144. In contrast with the previous example, g, is not always zero. Take the character 2a,
in the same scenario as above.

2a; 1 S(k) — K~ 20 <Sl _1> =57

S1

Then we repeat the calculation. Suppose = € sly(k) belongs to gaa,. Then reusing the left-hand side
of the calculation above, we conclude that

2 2 2
-1 _ T11 $1T12\ o [S1T11 8112
st — _2 — Sl.il? —_— 2 2
§1 T21 —7T1n 5121 —S7T11
Again by comparing the (1,1) entries, we can conclude that z1; must be zero, since z1; = 3%3311 can

only be true for every s; € £* if x1; = 0. And we can do a similar argument to conclude that x9; = 0.
However, the (1,2) entry does not work out quite the same way, because it gives

2 2
811’12 = 811'12
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which is just always true, regardless of s; € k* and x5 € k. As a result, we conclude that

{0 3) et

which is a subspace of sly(k) of dimension 1.
Definition 145. A root of g with respect to S is a character « so that the subspace g, is nonzero.

Exercise 146. Show that —2q; is also a root for sly(k) with root space

{0

Definition 147. Let X be an n X n nilpotent matrix, i.e. some power of X is the zero matrix. The
matrix exponential of X is

= X! X2 X3
eX:eXp(X):E 7:1n+X+?+?+...
i=0 ) )

If X were not nilpotent, we would need to worry about convergence, but since X is nilpotent only
finitely many terms are nonzero. For all of the matrices we’ll deal with in these notes, the series
terminates after just two or three nonzero terms.

Example 148. Let X be an element of the root space go,, for sly(k), so

(0 0)

1
exp(X)=L+X = (0 QlL)

for some u € k. Then X? =0, so

Definition 149. Let G(k) be a special linear, special orthogonal, or special unitary group, with Lie
algebra g(k) and torus S(k). Let a be a root, with nonzero root space g,. The root subgroup
associated to « is

Ua = exp(ga) = {exp(m) NS goz}
Example 150. The root subgroup associated to 2ay for SLay(k) is

1 u
(1 1) uei)
Determining pinning maps.

Let G(k) be a special linear, special orthogonal, or special unitary group with Lie algebra g(k) and
torus S(k). Let a be a root, with nonzero root space g,. The associated pinning map X, is the
exponential map from g, to G(k).
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Example 151. Let G = SLy(k) and a = 2. The pinning map Xy, is just the exponential map
exp : 920, — Uoq,
(followed by inclusion into SLay(k)).

Remark 152. In general, we don’t really want to do the whole calculation we did in Example for
a bunch of potential roots, so it is usually faster to go about things as follows. Let X be an arbitrary
element of the Lie algebra g(k), and let s be an arbitrary element of the torus subgroup S(k). Then
compute sX s~ !, and look at the various coefficients that appear. Are any of these equal to a(s) for
some character a? Those are usually the roots.

4.5 Root systems

As a first approximation, a root system is a “very symmetrical” finite set of vectors in R".

Definition 153. Fix a positive integer n, and let £ = R". Let (—, —) denote the usual dot product
on E. Let o, 5 € E. We say a and 3 are orthogonal if («, 5) = 0. Also define

2(a, B)
(8, 6)

Note that (—, —) is linear in the first component, but not in the second. Also note that (o, ) =
0 < (o, ) =0 (assuming 3 # 0).

(o, B) =

Definition 154. Let E be as above, and let o € E. The hyperplane orthogonal to « is the set of
all vectors orthogonal to «, and is called P,.

FPo={f€E:(a,p) =0}

Definition 155. For a € F, let 0, : E — FE be the reflection across P,. In terms of a formula,

oo E— FE 0o(f) =0 — (o, B) «
This is a reflection in a geometric sense, and also in the sense that o2 = Idg.
Definition 156. Let £ = R". A root system in FE is a finite set ® C F such that
(R1) 0 ¢ @ and the span of ¢ is £
(R2) For o € &, the only multiples of « that are in ® are +« and +2a.
(R3) For a € @, 0,(P) = .
(R4) For o, p € @, (o, B) € Z.

Technically speaking, (R2) is redundant because one can prove that (R2) is a consequence of (R1),
(R3), and (R4). However, we just include it in the definition. The root system ® is called reduced if
(R2) can be replaced by the stronger statement
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(R2’) For a € ®, the only multiples of « that are in ® are ta.
An element of a root system is called a root.

Remark 157. There is a complete classification of root systems via something called “Dynkin dia-
grams.” The details of the proof of this classification are not important for us, and really we only need
to care about type A, B, C, and BC root systems. There are also type D, E, F, G root systems.

Example 158. We describe the A,,_; root system. Let £ = R", and let a; = (0,...,1,...,0) be the
vector with 1 in the ith position and 0 elsewhere. Let a;; = a; — a;. Then set

O ={a;:1<i,j<n,i#j}

Then & is a reduced root system, called the type A, _; root system. Note that ® does not actually
span all of E — the span of ® is actually the subspace orthogonal to the vector (1,1,1,...,1). So
technically speaking, ® is a root system not in E, but rather in this (n — 1)-dimensional subspace of
E.

Definition 159. The rank of ® is the dimension of the space spanned by .

Example 160. The rank of A,,_; is n — 1. In general, for any root system the subscript denotes the
rank, so for example D, is the type D root system of rank 4.

Example 161. We describe the B,,, C,,, and BC, root systems. Let F = R" and o; = (0,...,1,...,0)
as before. Then

B,={fa;: 1 <i<n}U{fa,xa;:1<i<j<n}
Ch,={%x20;: 1 <i<n}U{fa;ta;:1<i<j<n}

Note that the second part is identical, the only difference is the 2 in the first set of roots. Both B,
and C,, are reduced root systems (in £). The BC, root system is simply the union of the two.

BC,, is not reduced. In fact, the root systems BC, are the only non-reduced root systems (we omit the
proof). The shortest roots +«; in BC, are called multipliable because their double is also a root.

Definition 162. A root system is reducible if it can be written as a disjoint union of two subsets
which are orthogonal to each other. A root system is irreducible if it is not reducible.

Remark 163. All of the example root systems above (A, B,, C,,BC,) are irreducible.

Remark 164. Despite the unfortunate similarity of terminology, there is no relationship between a
root system being “reduced /non-reduced” and “reducible/irreducible.” For example, it is possible to
have a root system which is non-reduced and irreducible (BC, is the key example).

Lemma 165. Any root system ® can be written uniquely as a disjoint union of irreducible root systems.
These are called the trreducible components of ®.

Because of the lemma, it is sufficient to study irreducible root systems.
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Definition 166. Let ® be a root system of rank n in £ = R". For any o« € ®, we can consider the
reflection o, as an invertible linear map £ — E. By (R3), if we restrict o, to ®, the output is .
So we can think of o, as a map & — ®. The Weyl group of ¢, denoted W (®), is the subgroup of
invertible linear maps £ — FE generated by all of the o,. Since all the generators take ® to itself,
every element of W (®) sends @ to itself.

Remark 167. In general, there are elements of W (®) which are not o, for any «.

Despite the fact that W (®) is generated by elements of order 2, not every element of W (®) has to
have order 2. However, since ® is a finite set and W (®) is a subgroup of the permutation group of ®,
W (®) is a finite group. Usually, W(®) is not the full permutation group of ®, since o,(3) must have
the same length as 5. So W (®) must permute the set of roots of the same length. For example, in
B, this means that W (®) can only send roots of the form +a; to other roots of this form, never to a
root such as oy + as.

Also, if ® is reducible, then W (®) must only send roots in one irreducible component within that
irreducible component. However, within that restriction, W (®) “acts transitively,” meaning that for
any two roots «, 3 of the same length in the same irreducible component, there exists a w € W(®P)
such that w(a) = B. Since most of the time we will deal with irreducible root systems, the main
restriction here is that «, § have the same length.

4.6 Pinnings

Definition 168. Let k be a field, and let G = G(k) be an algebraic group, with a maximal k-split
torus subgroup S = S(k‘)ﬂ Let & = ®(G, S) be the root system of G with respect to S. A pinning
of G (with respect to S) is a set of maps

Xo : Vo(k) — G(k)
for each o € ®, such that:
1. Each V, (k) is a vector space over k.
2. X, is a pseudo-homomorphism, meaning that for each u,v € V,(k),

Xo(u) - Xo(v) = Xo(u+0) - (some correction factor)

More precisely, the correction factor is 1 unless 2a € ®. The full formula is

Xo(u) - Xo(v) = Xo(u+v) - H Xia (gp@(u,v))

3. (Torus conjugation formula) For every s € S(k),

5-Xo(u)-s7t =X, (a(s)u)

2You don’t need to know exactly what a maximal k-split torus is, just imagine S as some generalization of the
diagonal subgroup of SL,, (k).
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4. (Commutator formula) For every a, 8 € ® with o # ¢f for any scalar ¢, there are polynomial
maps

NG Valk) x Va(k) = Viasa(k)
such that for any u € V, (k) and v € Vz(k), we have

Xa(w) X50)] = T Xiwesn (V5 (w,0)
i,j>1
io+jBed
When we need to worry about the order of the product on the right, we order it first by ¢ 4 j in
increasing order, then secondarily by ¢ in increasing order.

Definition 169. A Weyl group representative is an element w € G which normalizes the torus

S. That is,
w-S-wl=49

or equivalently
w-s-wtes Vse S

The true Weyl group is the quotient of the normalizer subgroup of S by the centralizer subgroup of

S, but it is often easier to work with elements of the group G, so rather than work in that quotient

we work with representative lifts from that quotient, i.e. elements of the normalizer subgroup of S.
A pinning compatible with the Weyl group is a pinning with an additional property:

5. (Weyl group conjugation formula) For every a € ®, there is a Weyl group element w, € G(k)
which belongs to the subgroup generated by X, (V,(k)) and X_,(V_,(k)) and such that for every
g€ P and v e Vi(k),

wa Xp(0) w5 = Xouio) (as(v) )
where @qg : Vg — V5, (p) is some invertible linear function.

Remark 170. By general theory that we are not going into, under appropriate assumptions about
the group G, G always contains a maximal k-split torus S, and there is always a root system ®(G, 5),
and a pinning of G that is compatible with the Weyl group always exists.
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5 Special orthogonal groups

In this section we discuss the special orthogonal group associated to a bilinear form.

Definition 171. Let b be a nondegenerate symmetric bilinear form on a k-vector space V' of dimension
n, with matrix B (with respect to a fixed basis of V). The orthogonal group of B (or of b) is the
group of n x n invertible matrices X with entries in k satisfying X7 BX = B.

O,(k,b) = {X € GL,(k) : X"BX = B}

The special orthogonal group of B is the subgroup of O,,(k,b) of matrices with determinant equal
to one.

SO, (k,b) = {X € SL,(k) : X"BX = B}

In the future, we will also want to specify the Witt index of b in the notation, so let ¢ be the Witt
index of b (or B equivalently). Then we denote these groups by

Ong(k,b)  and SO, (k,b)
When it is clear from context, we can also just write this as SO(k,b) or even just SO(k).

Exercise 172. Verify that O,(k,b) is a group under matrix multiplication and that SO, (k,b) is a
subgroup.

Exercise 173. Show that if b and b’ are equivalent bilinear forms, then the associated orthogonal
groups O,,,(k,b) and O, ,(k,b') are isomorphic. Hint: if B’ = PTBP, then

X'"BX =B < X" (P"BP)X =P'BP < ((P")"'X"P")B(PXP')=B
and it is relevant that (P7)~' = (P~1)T.

Exercise 174. Verify that the isomorphism you found in the previous exercise also gives an isomor-
phism between SO,, 4(k,b) and SO,, ,(k, V).

Remark 175. The main takeaway from the exercise is: changing a bilinear form to an equivalent
bilinear form doesn’t change the group (up to isomorphism), so if we just want to study the group,
then we are free to use whichever equivalent bilinear form we like. Because of Theorem [68 we can
always choose a basis so that our nondegenerate symmetric bilinear form is diagonal, which makes
it have an associated diagonal matrix. Then because of Exercise [173] changing our basis in this way
doesn’t affect the group. So any orthogonal or special orthogonal group can be described using an
invertible diagonal matrix (every diagonal matrix is symmetric, so now symmetric becomes redundant).
However, it is not always best to assume that B is completely diagonalized.

5.1 Split, quasi-split, and otherwise

Let k£ be an arbitrary field of characteristic # 2. If it helps, you can usually pretend that £k = R or
k = Q without running into any problems.

Let V' be a vector space over k of dimension n, and let b be a nondegenerate symmetric isotropic
bilinear form on V. Fix a basis of V| and let B be the matrix of b in that basis. Then B is a
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symmetric, invertible matrix. We could use Theorem [68| to assume that B is a diagonal matrix, but
we don’t actually want to do this.

Let @ be the quadratic form associated to b, and let ¢ be the Witt index of ). Since b is isotropic,
q > 1. Note that ¢ < 7. By the Witt decomposition theorem, we can write V' as

V=V, 1LV, LV,

where V; = rad(V) is the totally isotropic radical, V, is anisotropic, and V}, is a direct sum of ¢
hyperbolic planes (so dim V}, = 2¢). Since b is nondegenerate, V; = {0}, so

V=V,L1V,
We can write out V}, as an orthogonal direct sum of 2-dimensional hyperbolic planes, so that
V=V, LV,=V,1LH LHy 1 ---1H,
where each H; has dimension 2. The value of ¢ determines the following: [

e If ¢ is as big as possible, which is to say, ¢ = § (equivalently n = 2¢) or ¢ = ”T_l (equivalently
n = 2q+ 1) then the special orthogonal group SO(k, b) is called “k-split” which for our purposes
means it’s already understood.

e If ¢ is almost as big as possible, which is to say, ¢ = § — 1 (equivalently 2¢ + 2 = n so notably n
must be even) then SO(k, b) is quasi-split.

e In the remaining case, n > 2q + 2 and SO(k, b) is neither split nor quasi-split.

We will always work in the case ¢ > 1, since otherwise the group is what is called anisotropic. Using
the Witt decomposition, we can choose a basis of V' so that in that basis the bilinear form has the
matrix

where [, is the ¢ X ¢ identity matrix and C is an (n — 2q) x (n — 2q) invertible diagonal matrix. When
working on examples, the following list of minimal cases can be helpful:

e Split cases: (n,q) = (4,2),(5,2),(6,3),(7,3)
e Quasi-split cases: (n,q) = (4,1),(6,2),(8,3)
e Non-quasi-split cases: (n,q) = (5,1),(6,1),(7,2)

In the minimal quasi-split case (n,q) = (4, 1), the root system is B;. The B; and A; root systems are
isomorphic. By has just 2 elements.
b = {:l:Oél}

3See section 34.6 (page 222) of Humphreys’ book on linear algebraic groups, or page 256 of Borel.
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In the next smallest quasi-split example (n, q) = (6,2), the root system is By. Incidentally, By and Cs
are isomorphic. By has 8 elements.

o = {:I:ozl, :|:Oé2, :]:Oél + OéQ}

The next smallest quasi-split example is (n,q) = (8,3), where the root system is B, which has 18
elements. (Note that Bs is not isomorphic to Cs.)

o = {:tOél, :i:OZQ, :|:CY3, :tOél + 9, :l:Oél + Qasg, :l:OéQ + 043}

5.2 Lie algebra

Definition 176. Let B be the (n x n) matrix of a nondegenerate symmetric bilinear form with Witt
index ¢ > 1, and let SO,, 4(k,b) be the associated special orthogonal group. The special orthogonal
Lie algebra associated to B is

50,4(k,b) = {X € M, (k): X" B+ BX =0}

Exercise 177. Recall that we can write B in the form

where C'is a (n — 2¢) x (n — 2q) invertible matrix. Using this form, show that if X € so,, ,(k,b), then

X has the block form
X1 X2 Xis

X=X Xy Xos
Xz X3o Xag

where the blocks have the same size as the corresponding blocks of B, and these blocks satisfy the
matrix equations

XL+ Xy =0
X+ Xp0=0
X5HC + Xo3 =0
XL+ X,=0
XL+ X1,=0

XLO+X13=0
X3 +CX3 =0
XE+CX3=0
X5LC+0X33=0
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Alternately, we can remove the redundant equations and do some manipulation to rewrite this as

X21 = —X,er
X12 == _XlTZ
X22 - —XlTl
Xo3 = —X3,C
X3 = —X5,C

X33 = —C7'X5C
so X has the form
Xll X12 —Xg;C’
X=|Xn X —X?)TlC
Xz Xao X33

where X1, X31, X32 are arbitrary and X, X9, X33 are subject to the previous constraint equations.

5.3 Torus and characters

Let ¢ > 1 and n > 2¢, and let B be the matrix of a nondegenerate symmetric bilinear form on £™ with
Witt index ¢. The assumption n > 2¢ ensures that C' is not an empty block.

C'is an (n—2q) X (n—2q) diagonal matrix with entries c1, ..., ¢,—2; € k. Then consider the associated
special orthogonal group SO(k,b).

SO,,.4(k,b) = SO, (k,b) = {X € SL,(k) : X"BX = B}
Exercise 178. Suppose s € SO, 4(k, b) is a diagonal matrix. Show that s has the form

S1

+1

for some sq,...,s, € k*. (Each £1 in the middle block has an independent sign.)
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Definition 179. The diagonal torus or torus subgroup of SO, ,(k,b) is the following subgroup of
diagonal matrices.

S(k) = DS1,...,84 € kX

\ Ve

In other words, S(k) is a subgroup of SO,, ,(k,b), but it does not consist of all diagonal matrices in
SO(k,b). Rather, it only consists of those for which the bottom right diagonal block is the identity
matrix.

Definition 180. For i = 1,...,n, let a; : S(k) — k* be the map which picks off the ith diagonal
entry of a diagonal matrix s € S(k). (The notation in Borel [Bor91| section 23.9 uses y; instead of a,
but means exactly the same thing.) You can verify that «; is a group homomorphism.

Definition 181. The character group of S(k) is the set of group homomorphisms from S(k) to
k>, and is denoted X*(S) or Hom(S(k),k*). X*(S) is an abelian group, and we call the operation
“character addition.” For example, oy and ay are characters and a4 4« is another character described
by the formula

(a1 + az)(s) = au(s)as(s)

or in more concrete matrix terms,

S1

(a1 + az) = 5152

Exercise 182. Assume n > 2¢. Show that the root system of SO, ,(k,b) is
o = @(son,q(k,b),sw)) = {ta;:1<i<qtU{aita;:1<i,j<qisj}

This is the type B, root system. (Note that if n = 2¢, the root system is type D,.) Elements of ® are
also elements of the character group X*(.S), but we call them roots.

Exercise 183. Show that if ¢ > 2, then ® as above contains 2¢? roots.
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5.4 Quasi-split groups
5.4.1 The minimal example (n =4,q =1)

Exercise 184. Let B be the matrix of the bilinear form in the minimal quasi-split case n = 4,q¢ = 1.

1

C1
Ca

Assume that the fixed basis of V' = k™ is {ey,...,e4} where e = and so on. Show that

o O O

The associated bilinear form bo for the matrix C' is

T Y1
b , = C1T1Y1 + G
C ([@] [Z/J) 1T1Y1 222Y2

The associated bilinear form bp for the matrix B is

Ty Y1
T
bp 2 , Y2 = ToY1 + T1Y2 + C173Y3 + CoT4Ys
xs3 Y3
Ty Ya

The associated quadratic form for the bilinear form b is

T
X2

The associated quadratic form for the bilinear form bg is

2 2
qB = 2x179 + 175 + 27y

e An arbitrary element of so4;(k,b) has the form
T 0 —C1T32 —CaT42
X — 0 —z11 —ar3 —cxn
T3 T3z 0 T34
C
Ty Taz  — T3 0

where x11, 31, 41, T32, T42, T34 are arbitrary elements of k.
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Exercise 185. Generalize the previous descriptions of the bilinear and quadratic forms of B and C'
to the general case where B has the form

where C' = diag(cy, ..., ch—9,) and ¢ > 1 and n > 2q.

Example 186. In this example we work out the roots, root spaces, and root subgroups for SOy 1 (k, b).
Let X be an arbitrary element of so4;(k,b) as above. Let s € S(k) be an arbitrary element of the
torus subgroup.

S1
sfl
5 —
1
1
We simplify the conjugation sX st
—1
S1 L1 0 —C1T32 —Caly2 S1
1 -1
1 S1 0 —T11 —C1x31 —CaT41 S1
sXs =
1 T3l T3 0 T34 1
1 T41 T42 —i—;$34 0 1
-1
$1211 0 —51C1T32 —51C2T42 S1
—1 —1 —1
_ 0 —8] T11 —8, C1T31 —S8, Cal4y S1
31 T32 0 T34 1
C
T4 Ty2 — 3 0 1
T 0 —3S81C1732 —8102742
—1 —1
_ 0 —Ty —$] T3 —S] Caly
= —1
S1 T31 S1732 0 T34
—1 c
S| T4 S1Taz T34 0

If this is going to be equal to a(s)X for some «, with X being nonzero, this is only going to be possible
if a(s) = s, or a(s) = s;'. That is, the roots are a; and —ay, and

( )
0 —C1T32 —CaT42
g 0 T3g, Tyo € K
= - X32,T42
[e%] :,U32 0 b
L 42 0 )
( O )
0 —cixs1 —coman
oy = D x31,T41 € K
g [e%} T3 0 31,
L \T41 0 ),
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Thus it makes sense to define maps as below:

0 —C1T32 —C2T42
0
Xaq : l{;2 — 50471(]5, b) Xal (1‘327 Qj42) = g 0
T42 0
0
0 —czx —CoX
X_al : kQ — 50471(ka b) X_al($31,$41) = 6 31 2-041
x31
T41 0

Definition 187. We develop some notation to make referring to these rows in particular blocks easier.
Given a row vector v = (vq,...,0y) € K™, let E; j<j</4m(v) denote the matrix with the vector v in
the entries Ey, ..., Ej 4m. Similarly, Fo<i<pim j(v7) is the matrix with the column vector v* in the
entries Eyj, ..., Foim ;. Using this notation,

Ko (v1,02) = Xy (v) = Bzcicaz(v") = Ergcagi(v0)
Xy (v1,02) = X0, (v) = Bacican(v7) — Bz<<a(vC)
We return to the previous example of n = 4,¢ = 1. There are two things going on with SO4; that did

not happen in SLy(k). First, gi,, is two-dimensional, not one-dimensional. Second, elements of g,,
and g,, do not square to zero.

2

0 —C1T32 —C2T42 O — (01I§2 + ZL’QJI?Q) O _QC (1332, I42)
0 B 0 B 0
32 0 o 0 - 0
T42 0 0 0

Interestingly, the thing that shows up is actually the output of the quadratic form (¢ associated to
C' applied to the vector (z32,242). Setting this aside for now, we see that

(

1 2 2
1 —5 (01$32 + CQ£E42) —C1X32 —C2T42
1
Ua1 - eXp(ga1> - 1 P T32,Ta2 € k
T32

L T42 1
( 1

1 —§QC ($32>3342) —C1T32 —Coly2

1
T32 1
L T 42 1
( 1
1 ( 2 2
—5 (€13 + ZE2$41) 1 —C1X31 —CaXy1
Ufoa = eXp(gfal) — 2 a1 1 1 X31,Tq41 € k
L Tq1 1
( 1
1
_ )| —3Qc (w3, 2m) 1 —cixsr —cora
31 1

L T41 1
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Thus the pinning maps for SO4;(k, b) should be

1 2 2
1 -3 <C1$32+C2$42> —C1X32 —CoT4o

1
Loy - k‘2 — SO471(1€, b) Loy (.%’32, .%’42) = T3 1
T42 1
1
1 2 2
—s (175 + cox 1 —cix31 —ox
P RS0 e = | 2O L mass e
T41 1
5.4.2 Another example (n =6,q = 2)
In this case, the matrix of our bilinear form is
1
1
1
B= 1
C1
Ca

and the root system is type Bs.
o = {:l:Oél, :l:OéQ, :l:Oél + 062}

Exercise 188. Using the calculations from Exercise write down the general form of an element
of the special orthogonal Lie algebra sog2(k,b).

Exercise 189. Mimic the calculation of Example to determine the root spaces for the Lie algebra
s062(k,b). That is, take s € S(k) an arbitrary element of the diagonal torus subgroup, and X €
5062(k,b) an arbitrary element of the Lie algebra, and calculate sXs~!. Then compare the result of
that calculation with a(s)X to determine which characters « have nonzero root space g,. Confirm
that the roots are

O ={tay, fay, tag £ as}

(the By root system). Write out general forms for elements of the root spaces, and use these to
determine what the maps X, and x, look like.

Remark 190. In the previous exercise, you should find that the dimensions of the root spaces are

Root « ‘ Dimension of g,
:|:O[Z‘ + % 1
+ay n—2q=2
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5.4.3 The general quasi-split case (n = 2q + 2)

Note that this includes the cases (n,q) = (4,1) and (n,q) = (6,2) that we studied above. Let ¢ > 1
and let n = 2¢ + 2, and let b be a symmetric nondegenerate bilinear form on k™ with Witt index ¢,
and choose a basis of £ so that the matrix of b has the form

where I, is the (¢ x ¢) identity matrix, and ¢, co € k.

Exercise 191. Generalize exercise to the case n = 2¢ + 2. That is, reuse the calculation from
Exercise to write down the general form of an element of the special orthogonal Lie algebra
502(]-1—2,(](]{;’ b)

Exercise 192. Generalize exercise to the case n = 2¢ + 2. That is, take s € S(k) an arbitrary
element of the diagonal torus subgroup, and X € s09,.2,(k,b) an arbitrary element of the Lie algebra,

calculate sXs™!, and compare the result of that calculation with a(s)X to determine which characters
a have nonzero root space go. Confirm that the set of roots is the B, root system as described below.

o= c1><802q+27q(k:, b),S(k)) —{to1<i<q@U{taita;:1<i,j<qij}
Write out general forms for elements of the root spaces, and use these to determine what the maps
X, and z, look like.
Remark 193. In the previous exercise, you should find that the dimensions of the root spaces are

Roota ‘ Dimension of g,
I|:Oé2‘ + % 1
+a, n—2q=2

5.5 General non-split case (n > 2q + 2)

Let b be a symmetric nondegenerate bilinear form on k" with Witt index ¢, and choose a basis of k"
so that the matrix of b is

where I, is the (¢ X ¢) identity matrix and C' = diag(cy, ca, . . ., ch_gq) is an (n—2q) x (n—2q) invertible
diagonal matrix with entries in £*. There is not much to say about generalizing Exercise to the
general non-split case, since there isn’t much more to do than just copy down the general result of the
calculations from Exercise I771

We can generalize Exercise to the general non-split case, by starting with s € S(k) and
X € 50,,(k,b) and computing sXs~! to determine the roots and root spaces for SO, ,(k,b). The
dimensions of the root spaces are

Root « ‘ Dimension of g,
:l:O[Z' + Q; 1
+aq; n — 2q
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6 Special unitary groups

In this section, we examine special unitary groups in more detail. For the duration of this section, fix
a quadratic field extension L/k = k(v/d)/k and let o(z) = 7 be the standard involution

a+bVd=a—bJ/d

(for a,b € k). Also fix n, and fix a hermitian or skew-hermitian form h on V' = L". Fix a basis of V,
and let H be the matrix of h in a fixed basis. Let ¢ be the Witt index of h. Via a hermitian analog
of the Witt decomposition theorem, it is possible to choose a basis of V' so that the matrix H has the

form
1,

q
H=|¢€l,
C
where ¢ = £1 is 1 if h is hermitian and —1 if h is skew-hermitian, and C' = diag(cy, ..., ¢,—2) is an
invertible diagonal matrix corresponding to the anisotropic part of h. Note that when A is hermitian,
the entries of C' must lie in k, while if h is skew-hermitian the entries of C' must be “purely imaginary,”
i.e. of the form av/d for some a € k. This can be described in both cases by saying that

C=cC
Remark 194. It is possible to assume € = 1 or ¢ = —1 without any loss of generality. However, we
will write things out for both cases as much as possible.
Definition 195. The special unitary group associated to h is
SUp4(L,h) ={X €SL,(L) : X*"HX = H}

Conceptually, we can think of SU,, ,(L, h) as linear transformations V' — V' which preserve h. But we

will never make serious use of this point of view; rather we will focus on the concrete matrix equation
X*HX =H.

Remark 196. If n = 2¢, then SU, , is quasi-split, but if n > 2¢ then SU,, , is not quasi-split (and
hence also not split). The case n = 2¢ was previously studied in |[RR22|, although in that paper we
had H in a different form than our general form in these notes. In particular, in that paper we put H
in the block diagonal form below.

6.1 Quasi-split case (n = 2q)

Let L/k be a quadratic extension and o(x) = T be the conjugation operation on L. Let ¢ > 1 and let
n = 2q and let V' be an n-dimensional L-vector space, fix a basis of V', and let h be the nondegenerate
hermitian or skew-hermitian form on V with matrix

_ [q
H = <€Iq )
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Note that A has Witt index ¢, half the dimension of V. Since the Witt index can never be more than
half the dimension, this equivalent to saying that the Witt index is maximal. The associated special
unitary group to h (and H) is

SUpq(L,h) = SUsqq(L,h) ={X € SLoy(L) : X*"HX = H}
Exercise 197. Show that if ¢ € SUy, (L, h) is a diagonal matrix, then ¢ has the form

t1

t= ——1 tl,...,tQELX

Definition 198. The set T'(k) of all diagonal matrices in SUy, (L, k) is a maximal torus, but we are
more interested in the maximal split torus S(k) described below.

( 81

S(k) = T s € kX

\ s J
Fori=1,2,...,qlet a; : S(k) — k> be the map which picks off the ith diagonal entry.
Lemma 199. X*(S) is isomorphic to Z & - -- & Z = 77 with basis {aq, az, ..., 04}
Exercise 200. The root system of SUy, ,(L, h) (with respect to S) has type C,.
Q) = {20} U{ta; £ o 17 # j} 1<4,j<q
How big is the set ®,7
Example 201. Consider the minimal example (n,q) = (4,2). The root system is type Cs.
O = {+201, 1209, +; + 0}
Define
1 e=-—1 k e=—1
pe:{\/a e=1 ke:kps:{k:\/c_l €=
The pinning maps for long roots are
Toa; o k — SU,4(L, h) Toq, (V) =1
T_9a, : k — SU, 4(L, h) T_94,(v) =1
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1 1
x2al(v) = 1 L—2a; (U> = Pev 1
1 1
1 1
1 U 1
T2a, (U> = b L—20 (U) =
1 1
1 PV 1
The pinning maps for medium roots are
To—a; + L = SUpq(L, ) Tas—a; (V) = 14 Eij(v) — Egijgri(V)
Tajta; - L — SUyq(L, h) Ta,4a; (V) = 14 By gy(v) — €Ejr g44(0)
x_(ai+0¢j) . L — S[Jn’q(L7 h) x_(ai_i_aj)('l)) = 1 + Eq+j’,i’ (U) — 5Eq+i’,j’ (6)
where i = min(i, j) and 7' = max(i, j). Explicitly, these look like
1 v 1
1 v 1
Tai—az (U) = 1 Lag—a (U) - 1 —v
-7 1 1
1 v 1
1 —ev 1
Fayra(t) = ! o) = |
1 v 1

Exercise 202. Let a = 2a; and = —a1 + as.

(a) Verify that o +  and a + 28 are in @y, but that these are the only positive integer linear
combinations of the form ia + 58 which are in ®;. In other words, on the right hand hand side
of the commutator formula, we get something like

H Lia+jp (Ngﬁ(% U)) = Ta+p <?> " Ta+28 (7>

ij>1
ia+jBed,

(b) Calculate the left hand side of the commutator formula in this case:
|:£L’2a1 (u)7 T—aj+taz (U):| =7

(c) Using your answer for part (b), work out what the inputs to 45 and 42 should be in the
formula in part (a). In other words, determine the two expressions below.
Nipvmertez(y ) =7

Nf;l’faﬁom (u,v) =7
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6.2 Non-quasi-split case (n > 2q)

Let L/k = k(v/d)/k be a quadratic extension with conjugation operation o(z) = %, and let V be an
n-dimensional L-vector space. Fix a basis of V, and let i a nondegenerate isotropic (meaning ¢ > 1)
hermitian or skew-hermitian form on V' with Witt index ¢, with associated (skew-)hermitian matrix
H. Then the associated special unitary group is

SU,4(L,h) = {X € SL,(L) : X*HX = H}

Note that we are no longer assuming that A has maximal Witt index. Instead, we just know that
l<g¢g<3.

Example 203. The smallest non-quasi-split case is (n,q) = (5,2). In this case, V' is a 5-dimensional
L-vector space, and h is the hermitian or skew-hermitian form on V' with matrix

H = 6[2 =1lel
C1 el

Note that ¢; € k£ in the hermitian case and ¢; € k(\/a) in the skew-hermitian case, and ¢; # 0 in either
case. A general diagonal matrix in SU; (L, h) has the form

ty

Let T'(k) be the subgroup of such matrices. The maximal k-split torus we need is the subgroup
S(k) C T(k) where the diagonal entries lie in k.

S1

For i = 1,2 let «; : S(k) — k* be the map which picks off the ith diagonal entry. The character
group of S is the group of group homomorphisms S(k) — k*, and it is isomorphic to Z & Z with basis
{a1, aa}. The root system of SUs2(L, h) (with respect to S) is the following set of 12 characters.

O, = {+ay, Tag, £2a1, F200, (a1 — @2), (g + o)}

This is the root system of type BCy. This root system is called “non-reduced” because it contains
roots which are proportional but not negatives of each other, e.g. a; and 2a;. Depending on where
you look, this does not meet the definition of a root system. However, we do consider it a root system
here, and the traditional definition is a “reduced” root system. Note that BC, is actually the only
non-reduced root system, so expanding the definition in this way adds only one case.
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We return to the general non-quasi-split case (n > 2¢). Choose a basis of V' in which the matrix H is

[q
H=|¢l,
C

with C' diagonal. When H has this form, the full diagonal subgroup of SU,, ,(L, h) is

T1 = diag(sl, R 7Sq) S GLq(L),
o D = diag(dy, . .., dn o), Np(d;) =1,
T(k) = T1 q n—2q
D H sis_,-_l . H dj = ]_
i=1 j=1

where T} is an arbitrary ¢ x ¢ invertible diagonal matrix with entries in L, each d; € L* satisfies
Npz/k(d;) =1, and determinant of the overall matrix is 1. But the maximal k-split torus subgroup that
we need is

S1

In—2q S

\ Vs

A major additional complication in the case n > 2q is that the root system ®;, = ®(SU,, ,(L, k), S) is no
longer “reduced,” because it contains some scalar multiples of its elements other than 4+1. Thankfully,
it only includes scalar multiples of +1, £2, :i:%. The root system is called BC,, which is

P ={£a;, 220, : 1 < i < g} U{xo; £ : 1 <14,5 <q,i#j}
The Lie algebra of SU,, ,(L, h) is
sty (L, h) = {X €sl,(L): X*H + HX = 0}

We will work out what a general element of su,, ,(L, h) looks like. Let X € su, ,(L, h), and write it in
block form

X1 X2 Xz
X=X Xo Xo3
X1 Xz Xss

with the block sizes corresponding to those in H. That is, Xy, X9, Xo1, Xoo are all ¢ x ¢, X3 and
Xs3 have ¢ rows and (n — 2¢) columns, while X3; and X35 have ¢ columns and (n — 2¢) rows, and X33
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is (n —2q) x (n —2q). Then X*H + HX becomes

X1 X5 X5 I, I, X X Xis
X*H+HX = | Xy, X5 X5 el, + | e, Xo1 Xoo Xos
Xy X33 X3 C C X31 X3 X33

eXs X X530 Xor X Xo3

=1eX5 X7y XHpC |+ | eXun eXip eXis

8X§3 XTB XékgC CX31 CX32 CX33

so for X to belong to su, , we get the following nine equations, with some redundancies.

eXy + X0 =0
Xi+X0=0
X5C+ Xo3=0
eXy+eX11 =0
Xy +eXi2=0
X3pC+eXi3=0
Xy +CX3 =0
X3+ CX35=0
X330 +CX33=0

Removing redundancies and rearranging, combined with the facts that C' is invertible, diagonal, C' =
eC, we get the following conditions for X € su, ,.

Xog = — X7}
Xgl = —€X;1

X13 = —XékQU = —€X§20
X23 = —X;lC' = —€X§16
X33 = C X350

So an arbitrary element of su, , looks like

X11 X12 —€X§2C
X31 X32 X33

with X5 and X5 hermitian or skew-hermitian depending on e, X33 = C"nggC, and Xi1, X31, X39
arbitrary. In particular, the diagonal entries of X5 and X5, are either in k& or “purely imaginary”
depending on e.

Let X € su,,(L,h) be a generic element of the Lie algebra and let s € S(k) be a generic torus
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element. We want to work out the root spaces in su, , by comparing sXs™! and a(s)X.

S1 S1
1
Sq ) S,
S1 S1
sXs! = (24)
1
Sy Sq
1
1
X1 X2 Xig
= Xan Xoo Xo3
X311 X3z X33
where each Xj; is a block matrix as described below.
X ceeos1sT
11 184 Tig
1
Xll = (5i3j inj) =
-1
8¢81 Lqr - Lqq
2
S1T1,g+1 0 S18¢T1,2¢
Xi2 = (8i8jTigtj) = : :
2
S$¢51%qq+1 " SqTq2q
S1T1,2g+1 *°°  S1Tin
Xz = (8iTigq1j) = :
Sqlg2g+1 *°° SqTgn
-2 -1
S1 Tg+1,1 (slsq) Tg+1,q
o fu—1_-1 B ) )
Xo1 = (SZ- 8 l‘q+i,j) = :
1 2
(8¢51) "wagq1 - Sq T2g,q
1
Tgt1,g+1 Tt 81 SqTg+1,2q
_ (-1 _ . )
Xog = (87 8% 1iq15) =
-1
Sq S1%2¢,q+1 ¢ L2q,2q
-1 -1
S1 Tg+1,2¢+1 °° S1 Tg+im
_ -1 _ . .
Xog = (87 ' @gtigqrj) =
1 1
Sq x2(172q+1 o Sq x2q7n
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-1 —1
81 T2q+11 "t Sg T2+l

— (o1 —
Xar = (57 Taqrig) = . L
1 1

S1 T s 54 Tng
S1T2g+1,g+1 " Sq¥2¢+1,2¢
X3 = (5j%2q1iq+s) = : ’ :
Slxn,q—l-l T qun,Qq
T2g+1,2g+1 *°°  T2g+1,n
X33 = (Tagti2qrs) = : ’ :
Tn,2q+1 e Tnn

By inspecting the above matrices, we can see that the roots are
O ={to;, F20;: 1 <i < q}U{Fa; £, :1<14,5 <gq,i#j}

which is the non-reduced root system of type BC,. The root spaces are described in the tables below.
In the table, we assume 7 # j, and that all dimensions are over k.

Root Blocks | Dimension of root space
+a; X13, X32 2(n —2q)
—Q X31, X23 2(n — 2q)
+20 Xi2 1
—20@‘ X21 1
o + oy X2 2
— (i + o) Xo1 2
:l:(Oéi — Oéj) Xn, X22 2

There are three root lengths: short, medium, and long. The root spaces for long roots are easiest to
describe: they lie along the diagonal of the X5 and Xs; blocks, each root space occupying a single
matrix entry. Since the X5 and Xs; blocks each satisfy X = —eX*, these diagonal entries satisfy
r = —ex. If ¢ = —1, this means the diagonal entries in question lie in k, while if ¢ = 1 they lie in
kv/d, the “purely imaginary” elements of the quadratic extension k(\/a) /k. To denote this, let

B 1 e=—1 b . — k e=—1
Pe = \/E c—1 e = RPe = k\/c_l c—1

Then we can describe the root spaces as

020; = {Biing() 17 € b} = {Eiiq(pov) 1 v € k}
920, = {Eiyqi(2) 1 @ € ke} = {Eiiqi(pev) 1 v € k}

Consequently, the root space maps and root subgroup maps are simple to describe.

Xog, 1k — su,, Xoo, (V) = Ej gyi(pev)
X o0; k= Slp X 20,(v) = Egtii(pev)
T, + b — SU,4 Toa, (V) = 14+ E; 4+i(pev)
T_9q, 1 k= SUy,, T 90, (V) = 1+ Egpii(pev)
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Next, we describe the root spaces and root subgroup maps for medium length roots, those of the form
+a; £ o with ¢ # j. Their root spaces live in the X1, X2, X1, and Xy, blocks. Since X5 and Xy, are
hermitian or skew-hermitian, the root spaces for +(o; + ;) occur in transpose-pairs of entries. Since
Xao = — X7, the root spaces for a; — a; occur in pairs of entries, one from X;; and the accompanying
entry of Xgo determined by that entry.

Root ‘ Block ‘Speciﬁc entries

a; —a; | Xo, Xoo | Tij, Tgpjgti
o; + a; X1 Tisq+j» Tjg+i
—Q — O Xo1 La+i,j> Latj,i

For each of these roots, the specific listed entries of an arbitrary element X = (z;;) € su,, can
be anything, besides their pairwise dependency. So each root space has dimension 1 over L, hence
dimension 2 over k.

Xaj—a; 0 L= s1y 4 Xai—a; (v) = Eij(v) — Egyjq+i(V)
XOli+CYj L — 5un7q XO&H-Otj ('U) = Ei’,q-i—j'(U) - Ej/7q+i/<86)
X,ai,aj L — SUp g X,ai,aj ('U) = Equj/,i/(v) — Equ'i’,j/(g@)

where 7' = min(4, j) and j° = max(i, j). The conventions on X.(q,+q,;) are chosen so that

X_oi—a; (v) = Xaita; (U)T

Finally, we describe the root spaces and root subgroup maps for short roots, those of the form +«;. For
+a;, the root space lives in the Xi3 and X35 blocks, while for —a; it lives in the X3 and X3; blocks.
The root space takes up a whole row or column of each block. Since X3 = —cX,C, the entries of a
row in X;3 are determined by the entries of a corresponding column in X35. There are n — 2q of these
entries, which can be any element of L, so the root space associated to £a; has dimension 2(n — 2q)
over k.

0 0 Xi3
Oo; = 0 0 0
0 X3 O
where
0 v O 0 e 0
Xgp = | : : : Xi3=—eX5pC = | —ec1T1 -+ —ECn_2qUn_24
0 Vp9g O o .- 0
with the column vector (vy,...,v,_2,) occuring as the ith column of X3, and the ¢th row of X3, and
the elements vy, ..., v,_9, can be anything from L. Similarly,
0 0 0
J—a;, = 0 0 Xy
X3 0 0
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where

0 v 0 0 . 0
X3 = | : : Xog = —X50 = | —c1T1 -+ —Cp_2qUn—2g
0 Un_2q 0 0 e 0
with (vy, ..., v,_9,) being the ith column of Xj3; and corresponding to the ith row of Xss.
Root | Block | Specific entries Range

Q; X3 T2q+j,q+i 1<j<n—-2q
X3 i 2q+j 1<7<n—-2q
—Q; X31 T2q+j,i 1 Sj S n — 2(]
X3 Tqti2q+j 1<7<n—-2q
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