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Abstract

Working over an arbitrary field I of characteristic not 2, we consider linear algebraic
groups over F. We view these as functors, represented by finitely generated F-Hopf
algebras, from the category of commutative, associative, F-algebras Alggp, to the
category of groups. Classical examples of these groups, such as the special linear
group SL,, are split, however there are also linear algebraic groups arising from central
simple F-algebras which are non-split. For example, associated to a non-split central
simple F-algebra A of degree n is a non-split special linear group SL(A). It is well
known that central simple algebras are twisted forms of matrix algebras. This means
that over the separable closure of IF, denoted Fyp, we have A ®p Fye, = M, (Fy,) and
that there is a twisted Gal(Fsep/F)-action on M, (Fsp,) whose fixed points are A. We
show that a similar method of twisted Galois descent can be used to obtain all non-
split semisimple linear algebraic groups associated to central simple algebras as fixed
points within their split counterparts. In particular, these techniques can be used
to construct the spin and half-spin groups Spin(A, ) and HSpin(A, 7) associated
to a central simple F-algebra of degree 4n with orthogonal involution. Furthermore,
we develop a theory of twisted Galois descent for Hopf algebras and show how the
fixed points obtained this way are the representing Hopf algebras of our non-split
groups. Returning to the view of group schemes as functors, we discuss how the group
schemes we consider are sheaves on the étale site of Algr whose stalks are Chevalley
groups over local, strictly Henselian F-algebras. This allows us to use the generators
and relations presentation of Chevalley groups to explicitly describe group scheme
morphisms. After showing how the Kronecker tensor product of matrices induces
maps between simply connected groups, we give an explicit description of these maps
in terms of Chevalley generators. This allows us to compute the kernel of these new
maps composed with standard isogenies and thereby construct new tensor product
maps between non-simply connected split groups. These new maps are Gal(Fy,/F)-
morphisms and so we apply our techniques of twisted Galois descent to also obtain
new tensor product morphisms between non-split groups schemes. Finally, we use
one of our new split tensor product maps to compute the degree three cohomological
invariants of HSpin,,, for all n.
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Preface

The motivation for this thesis comes from the theory of cohomological invariants of
linear algebraic groups. As defined by Garibaldi, Merkurjev, and Serre in [GMS03],
a cohomological invariant of a linear algebraic group G is a natural transformation
A: H'(—,G) — F from the first Galois cohomology of G to a group valued functor
F. For example, the invariants of groups of multiplicative type where F: E +—
E* ® Q/Z for a field extension E/F, were studied recently by Wertheim in [Wer21].
A general approach to studying cohomological invariants is to choose a convenient F
and describe the resulting group of invariants, Inv(G, F). Some common choices are
F = H%*Y(—,Q/Z(d)), which are defined in [GMS03] and recalled in section [5.1.1]
The group Inv(G, H*(—, Q/Z(d))) = Inv*™(G) is called the group of degree d + 1
muariants.

Degree 3 invariants have received the majority of recent attention. The group of
degree 3 invariants is known for many, but not all, simple linear algebraic groups.
If G is simply connected then Inv?(G) is a cyclic group, generated by the Rost
invariant, and the order of the Rost invariant is given in [GMS03, pg.130]. The
Rost invariant has been studied in further detail for classical groups by Merkurjev,
Parimala, and Tignol in [MPTO03|, and their results were extended to exceptional
groups by Garibaldi and Quéguiner-Mathieu in [GQMOS]. For split adjoint groups
and non-split adjoint groups of inner type, i.e., those associated to a non-split central
simple algebra, the groups of degree three invariants were computed in [Mer16]. One
technique used in these computations is breaking the group of degree three invariants
into a subgroup, Inv?(G)ge € Inv?(G), called the decomposable invariants, and into
a quotient Inv®(G)ipq = Inv?(G)/ Inv?(G)gee, called the indecomposable invariants.
The indecomposable invariants of some groups which are neither simply connected
nor adjoint, in particular SL, / u,, and HSpin,,,, were computed by Bermudez and
Ruozzi in [BR14]. Furthermore, Bermudez and Ruozzi also computed the full group
of invariants for HSpin,q. Another subgroup of invariants, IDVS(G)SdeC C Inv¥(G),
called semi-decomposable, were defined by Merkurjev, Neshitov, and Zainoulline in
[MNZ15] and studied further by Baek for quotients of semisimple but not simple
groups in [Bael7]. Furthermore, degree 3 invariants of another class of non-simple
groups, algebraic tori, have been studied by Blinstein and Merkurjev in [BM13].

The group Inv?(HSpin,,) for any n > 2 was computed in [Rue20] by assem-

vii
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bling computations from [Merl6] and [BR14] with a generalization of a technique of
Garibaldi’s found in [Gar09]. This result is outlined in section [f] Garibaldi’s tech-
nique consists of three steps. First, use Chevalley generators to give a description
of the Kronecker tensor product map Sp, X Spg — SOj4, then show that this lifts
to a map Sp, X Spy — Spin,g, and finally, track the images of central elements to
compute the kernel and show that there is an induced inclusion PSp, x PSpgy —
HSpin,q. This was generalized in [Rue20] to construct various group scheme ho-
momorphisms between split groups induced from the tensor product. In particular,
maps PSp,, x PSp,,, — HSpin,,,, where n or m are even were used to compute
the degree three invariants of half-spin.

If (A,7) is a non-split central simple F-algebra of degree 4n with orthogonal
involution of trivial discriminant, then there is a non-split half-spin group denoted
HSpin(A, 7). Neither the usual degree three invariants nor the indecomposable in-
variants of this group are known. Hopefully, once the indecomposable invariants are
known, then a non-split analogue of the inclusion above, i.e., a map PSp(A;, ;) X
PSp(As, 1) — HSpin(A; Qp Az, Y1 ® 19) where 1); are symplectic involutions on
their respective central simple algebra A;, could be used to complete the calculation.
Hence one may ask the following natural question, “Do analogues of the tensor prod-
uct maps between split groups exist between their non-split counterparts?” Indeed,
this question was asked of me by Dr. Erhard Neher. The answer to this question is
yes, and this is shown in chapter

In order to construct these maps, which we call twisted tensor products, we extend
the known technique of twisted Galois descent for central simple algebras to the setting

of linear algebraic groups. Our first main result is the following, where we denote
I' = Gal(Fsep /F).

Theorem A. Let (A, T) be a central simple F-algebra of degree n with an orthogonal
involution of trivial discriminant. Let o: I' — PSO,,(Feep) be a cocycle representing
the class [(A,7)] € H'(F,PSO,,). For each o € T' choose elements a, € Spin,, (Fyp)
such that a, — o, under the standard projection. For each R € Algg, let al be the
image of a, under the map Spin,(Fs,) — Spin, (R ®r Fep) and define a twisted
I-action on Spin, (R ®p Fsp) by

0-0r=do(z)(a)"

Furthermore, if n is divisible by 4 we can also choose elements a, € HSpin,,(Fy)
such that a, — a, — a, and likewise define a twisted action on HSpin, (R Qp Fyp)
via conjugation by al. Then the fived points of these twisted actions are

Spin(A, 7)(R) = Spin, (R ®p Fep)' @
HSpln(A, T)(R) = HSplnn(R ®F Fsep)ra
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In fact, similar results hold for all simple linear algebraic groups. For example,
with the correct setup, SL(A)(R) = SL, (R ®g Fy,)"™ for a central simple algebra
A of degree n, however these results are already known. Our second main result is
actually required to prove the HSpin portion of theorem [A] While we can prove the
twisting result for Spin by working within the groups Spin,, (R ®p Fsp), the lack of a
good description of the groups HSpin,, (R ®p Fy,) required us to pivot our attention
to the representing Hopf algebra. We develop a theory of twisted Hopf algebras which
is compatible with our twisted groups.

Theorem B. Let G be a linear algebraic group with representing Hopf algebra H.
Let G(A) be a twisted form of G with representing Hopf algebra H(A). In particular,
assume that there is a cocycle a: I' — Inn(G(Feep)) of inner automorphisms such
that, letting of be the image of a, in Inn(G(R ®f Fyp)), the fixed points of the
twisted action o -o x = ol (o(x)) on G(R ®p Fyp) are

G(A)(R) = G(R ®p Fyp)".

Then there is a cocycle : T' — Authep(H ®r Feep) induced by o which defines a
twisted action on H Qp Fyep given by

00 =2A(0(x))
such that H(A) = (H ®p Feep)'e.

With these new twisting techniques in hand, we are able to produce our final
main result which is the existence of various twisted tensor product maps.

Theorem C. (i) Let (A1,11) and (As,1)2) be central simple algebras of degree 2n
and 2m respectively with symplectic involutions. Then there are the following group
scheme homomorphisms.

Sp(A1,91) x Sp(A2,%2) — Spin(4; ®F Az, 11 @ 92)
PSp(Ai,1¢1) x PSp(Asg, 12) — HSpin(A; @ Az, 91 ® ¥2) when n or m even
Sp(Al,T/Jl) X PSp(AQ,l/JQ) — HSpm(Al XEF AQ,I/Jl & 1,[)2) when n and m odd
PSp(A1,¢1) x PSp(Az,12) — PSO(A; ®F Az,11 ®12)
([a], [0]) = [a ® b]

All these maps are lying above the fourth map, by which we mean for each of the
above maps @, there is a commutative diagram

2
J

G1(A1, Y1) x Go(Ay, 1) — Gs (A1 @F Az, Y1 ® 1))

| |

PSp(Ay, 1) x PSp(A,1hs) —— PSO(A; ®F Az, 91 @ 1)
([al, [0]) [a ® b]
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where the vertical maps are the natural surjections.
(ii) Let (A1, 1) and (Aa, 72) be central simple algebras of degrees 2n and 2m respec-
tively with orthogonal involutions. Then there are group scheme homomorphisms

Spin(Aj, ) x Spin(Az, 72) — Spin(4; ®F A2, 71 @ T2)
PSO(A1, 1) x PSO(Az, 72) — HSpin(A; ®p Az, 71 ® 72) when n or m even
SO(A1,71) x PSO(A2,72) — HSpin(A; ®p A2, 71 ® 72) when n and m odd.

(iii) Let (A1, 1) and (As, 7o) be central simple algebras of degrees 2n and 2m + 1 re-
spectively with orthogonal involutions. Then there are group scheme homomorphisms

Spin(A1, 1) x Spin(Asg, 72) — Spin(A; ®F A2, 71 ® 72)
HSpin(A;,71) x PSO(A2, 72) — HSpin(A; ®p A2, 71 ® T2) when n even.

(iv) Let (A1, 1) and (Aa, 72) be central simple algebras of degrees 2n+ 1 and 2m + 1
respectively with orthogonal involutions. Then there is a group scheme homomorphism

Spil’l(Al, Tl) X Spin(Ag, Tg) — Spll’l(Al Rr AQ, 71 & 7'2).
The homomorphisms in cases (ii), (iii), and (iv) all lie above the map

PSO(A;, 1) x PSO(As, 75) — PSO(A; @ As, 71 @ )
(lal, [b]) = [a ® b]

We also explain how these maps fit into commutative diagrams with easier to
construct examples, such as SO(A;, 1) X SO(As, 72) — SO(A; ®F Ay, 71 ® 7o) which
simply comes from restricting the map A; X Ay — A; ®p As.

This thesis is organized as follows. Chapter [I|recalls the definitions of, and useful
known results about, the objects we will be working with. This begins with a brief
overview of central simple algebras including those with involution. Clifford algebras
and Clifford bimodules are covered next, both in the split case when associated to a
quadratic form and in the non-split case when associated to a central simple algebra.
Next, we introduce our most important objects, linear algebraic groups. We give the
general framework and emphasize defining the many examples which occur frequently
throughout the thesis. The classification of linear algebraic groups follows. Via the
Lie algebra and root system of a group, we sort our examples into the classical types A,
B, C, and D. We also sort our groups into split versus non-split, and stratify them
as simply connected, adjoint, or neither. We then proceed to introduce Chevalley
groups via their generators and relations and we show how they sit as subgroups in
our split linear algebraic groups. The final section of preliminaries is devoted to Galois
cohomology. We recall the definitions of the cohomology sets and then detail how the
first cohomology of various linear algebraic groups classifies families of central simple
algebras. We finish by recounting the known story of twisting for central simple
algebras and some linear algebraic groups.
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Chapter [2] contains the proofs of theorem [A] and theorem [B] In order to twist
Spin, which lives inside a Clifford algebra and is defined in terms of a Clifford bi-
module, we prove some twisting results about Clifford objects to translate between
their split and non-split versions. The twisting of Spin is then accomplished in the-
orem [2.1.3] As stated above, we then need to develop a theory of twisting for Hopf
algebras in order to proceed towards twisting HSpin. Section begins with a brief
overview of Hopf algebras. Then we take the cocycle @ € Inn(G(Feep)) and construct
the required 2 from it in theorem [2.2.6] The results of theorem [B] are then found in
theorem [2.2.7, We can then apply these results, along with a bit more twisting of
Clifford algebras, to obtain the HSpin portion of theorem [A]in [2.3.4]

Chapter (3] is a setup chapter. We wish to use Garibaldi’s technique of working
with Chevalley generators in order to define full group scheme homomorphisms. How-
ever, there exist R € Algy where the Chevalley subfunctor, Eg, is a proper subgroup,
ie., Eg(R) € G(R). We see that this is not a barrier by showing that our linear
algebraic groups are sheaves on the étale site of Algy. Injectivity and surjectivity of
group homomorphisms can then be checked on the stalks of this site, and we show in
theorem and proposition that the stalks of our linear algebraic groups are
completely described by Chevalley generators. Therefore, Chevalley calculations can
be used to understand existing maps and to define new maps.

Chapter [4] then proceeds with applying Garibaldi’s technique. We recall the
Kronecker tensor product map, and in section [£.2] we explicitly describe both the
usual and the lifted maps in the split case in terms of Chevalley generators. In
section we use Chevalley computations to define our various induced maps in
the split case. The results of theorem [C] then appear in section [4.4] where twisting
techniques are applied to the maps previously constructed in chapter [4]

Finally, in Chapter 5] the work of this thesis is connected to its motivating subject,
cohomological invariants. The chapter begins with an overview of cohomological
invariants, in particular of degree 2 and degree 3 invariants including many examples.
This setup is then used in section to recount the results of [Rue20] as described
above.



Chapter 1

Preliminaries

In this chapter we introduce the objects which will be used throughout this thesis.
We do so by following the exposition of other sources, highlighting the properties of
these objects which are most relevant to us. We work over an arbitrary field F of
characteristic not 2.

1.1 Central Simple Algebras

Central simple algebras and their involutions will underlie many of our later construc-
tions. For example, important linear algebraic groups arise as the automorphisms of
an algebra with involution. Additionally, initial notions of twisted forms can be ex-
plained in the context of central simple algebras. Our exposition in this section follows
[KMRT), §1].

Definition 1.1.1. A unital, associative, finite dimensional algebra A over a field F
is a central simple algebra if

o The center of A is equal to F -1 (A is central)
o The only two-sided ideals in A are {0} and A (A is simple).

We may also refer to such A as central simple F-algebras. Matrix algebras M, (F)
are examples of central simple algebras over F, they are simple and the central ele-
ments are exactly scaled copies of the identity matrix. Division algebras (not necessar-
ily commutative algebras where every non-zero element has a multiplicative inverse)
are also simple, and since their center is a field, they are central simple algebras over
their center.

From a central simple F-algebra A there are two immediate constructions that
produce new central simple algebras. First, we can define the opposite algebra to have
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the same elements, addition, and scaling as A but with multiplication reversed. That
is, define

A® ={a’? | a € A}
a®® + b = (a +b)°P
c(a®?) = (ca)?®

aPb = (ba)™

for a,b € A and ¢ € F. Second, if E/F is a field extension of F, then we can extend
the scalars of A to form Ag := A ®p E which is a central simple algebra over E. Here
we can make precise the notion of twisted forms of a central simple algebra.

Definition 1.1.2. Let A and B be two central simple F-algebras. We call A a twisted

form of B (and symmetrically, B a twisted form of A) if there exists a field extension
E/F such that Ag = Bg.

Wedderburn’s theorem describes the structure of central simple algebras, and in
particular describes how any central simple F-algebra becomes isomorphic to a matrix
algebra over a suitable field extension of F.

Theorem 1.1.3 (Wedderburn’s Theorem, [KMRT), 1.1]). Let A be a unital, associa-
tive, finite dimensional F-algebra. Then the following are equivalent:

1. A is a central simple F-algebra.

2. The map A @p A°® — Endp(A) sending a ® b to the map x — azb is an
isomorphism.

3. There is a field extension E/F and a natural number n such that Ag = M, (E).

4. There exists a finite dimensional central division algebra D over F and a natural
number m such that A = M,,(D).

Additionally, if A is a central simple algebra then all simple left A-modules (resp.
right A-modules) are isomorphic. The division algebra in point (4) is also unique up
to isomorphism and we may take D = End4(L) for any simple left A-module L.

If a central simple algebra A is isomorphic to some M, (F) then A is called split.
Similarly, any field extension E/F which satisfies point (3) above is called a splitting
field. Tf E is a splitting field for A where Ag = M,,(E), then since M,,(F) @ E = M,,(E)
we see that A is a twisted form of M, (F). In this way, we see that central simple
[F-algebras are exactly the twisted forms of the matrix algebra M,,(F).

Many splitting fields exist for any given central simple algebra, and every algebra
has many splitting field which are Galois extensions of F.
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Proposition 1.1.4 ([GS17, Cor. 2.2.12]). Let A be a finite dimensional F-algebra.
Then A is a central simple F-algebra if and only if there exists a finite Galois extension
E/F and a natural number n such that Ag = M, (E).

Since Galois extensions are separable, every finite Galois extension can be em-
bedded into a separable closure of IF, denoted Fg,. Therefore, for any central simple
F-algebra A we have that Ap_ = M, (Fsp) for some natural number n. Furthermore,
since dimp(A) = dimg,_, (Ar,.,) we have that the dimension of A is n*. We call n the
degree of the central simple algebra A, denoted deg(A).

Two other useful tools which come from exploiting the similarities between ar-
bitrary central simple algebras and matrix algebras are the reduced norm map and
the reduced trace map. Let A be a central simple F-algebra. The reduced norm
is a multiplicative map Nrd: A — F which is an analogue of the determinant map
det: M, (F) — F, and the reduced trace is a linear map Trd: A — F which is an
analogue of the trace map tr: M, (F) — F. From [KMRT| pg. 5],

Definition 1.1.5. Let A be a central simple F-algebra. Since Ap,,, = M, (Feep) where
n = deg(A), we can consider the composition

A — A ®p Faop = M, (Foep) <5 Fop
sending a — det(a ® 1). This will produce elements in F, and we then define

Nrd: A - F
a > det(a®1).

Definition 1.1.6. Let A be a central simple F-algebra of degree n. Consider the
composition
A= A®@p Fup = M, (Feep) 5 Feep

sending a — tr(a ® 1). This will produce elements in F, and we then define

Trd: A - F
artr(a®1).

We note that for matrix algebras M, (F), the reduced norm coincides with the
determinant and the reduced trace coincides with the usual trace.

1.1.1 The Brauer Group

Points (2) and (4) of Wedderburn’s Theorem, and the fact that the associated division
algebra is unique up to isomorphism, allow us to define the Brauer group of a field.
First, we define Brauer equivalence of central simple algebras.
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Definition 1.1.7. Let A and B be two central simple F-algebras. By Wedderburn’s
theorem there exist central division algebras Dy and Dy over F, as well as natural
numbers ny and ny such that

A= ]\4711 (Dl) and B = Mn2 (Dg)

We call A and B Brauer equivalent if Dy = Dy as F-algebras. This defines an
equivalence relation on the set of isomorphism classes of central simple F-algebras.

A convenient fact about Brauer equivalence is that it respects the tensor product
of central simple algebras. If A; ~ Ay and B; ~ B5 are two pairs of Brauer equivalent
central simple F-algebras, then A; ® B; is Brauer equivalent to A; ® By as well.
Therefore we can define a binary operation on the set of central simple F-algebras
modulo Brauer equivalence by using the tensor product.

Definition 1.1.8. Let IF be a field. Let Br(F), called the Brauer group of F, be the set
of Brauer equivalence classes of central simple F-algebras. FEquipped with the binary
operation coming from the tensor product it forms a commutative group (and so is

often written additively, [A] + [B] = [A ® B]) where 0 = [F] and —[A] = [A°P].

We note that [F] = [M,(F)] for any natural number n, and therefore the fact
that the inverse of the class of an algebra is the class of its opposite algebra comes
from Wedderburn’s theorem point (2). If E/F is a field extension and A is a central
simple [F-algebra, then A ®r E will be a central simple E-algebra. This extension
of scalars respects the Brauer group structure in that if [A] = [B] € Br(F) then
[A®rE] = [B®rE|] € Br(E) and the map Br(F) — Br(E) is a group homomorphism.
Therefore, we can define the Brauer group functor.

Definition 1.1.9. The Brauer group functor is defined as
Br: Fieldsp — Ab
E — Br(E).

It is a covariant functor from the category of field extensions over F to the category
of abelian groups.

1.1.2 Algebras with Involution
In this subsection we follow [KMRT, §2].

Definition 1.1.10. If A is a ring, then an involution on A is a map o: A — A such
that for all a,b € A,
ola+b) =0c(a)+o(b)
o(a) = a

o(ab) = o(b)o(a).
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We will restrict our focus to involutions on central simple F-algebras, noting
that since involutions are defined for rings in general they are not required to be
F-linear. Simple examples include taking the transpose of a matrix, which provides
an example of an involution on matrix algebras, or if E/F is a degree two Galois
extension then the non-trivial automorphism in Gal(E/F) is an involution of E as an
F-algebra. We denote an algebra A equipped with an involution o: A — A by the pair
(A,0). If (A1, 01) and (Ag, 09) are two algebras with involution then a homomorphism
between them is a usual algebra homomorphism ¢: A; — Ay such that we also have
Yoo =090¢.

Any involution on a central simple F-algebra maps central elements to central el-
ements, and so restricts to an automorphism of F. We use the two possible behaviours
of this automorphism to categorize involutions.

Definition 1.1.11. Let (A, o) be a central simple F-algebra with involution. We call
o an involution of the first kind if o|p = idp. We call 0 an involution of the second
kind if o|p # idp (and therefore is an order 2 automorphism of F).

For this thesis we will focus on involutions of the first kind. These involutions
can be further categorized as being either orthogonal or symplectic. To describe this
classification we recall some properties about the relationship between bilinear forms
and involutions on matrix algebras from [KMRT) Ch. 1].

Let V be a finite dimensional F-vector space and let b: V x V — FF be a non-
singular bilinear form. Further assume that b is either symmetric (b(z,y) = b(y, )
for all z,y € V) or skew-symmetric (b(x,y) = —b(y,z) for all z,y € V). Since b is
non-singular the map

b: V= V*
x — b(x,—)
is an isomorphism. We then define an involution on Endg(V) as
Op: EndF(V) — EndF(V)
[ b o fTob

where f7 € Endr(V*) is the transpose. The involution oy is an involution of the first
kind and is called the adjoint involution of b due to the property that

b(x, f(y)) = blow(f)(x),y)

for all z,y € V. In the case when V' = F" (or after choosing a basis of V') this appears
as follows. For a non-singular bilinear form b: F” x F” — F there exists a invertible
matrix B € M,,(F) such that b(x,y) = 27 By for all z,y € F" (considered as column
vectors). Then the adjoint involution on M, (FF) takes the form

op: My (F) — M, (F)
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Aw— B'ATB.

Here we can observe that a second bilinear form which takes the form by(x,y) =
2T (cB)y for some ¢ € F would produce the same adjoint involution. Accounting for
this possibility of scaling produces the following theorem.

Theorem 1.1.12. Let V' be a finite dimensional F-vector space and letb: V xV — F
be a symmetric or skew-symmetric bilinear form. Let [b] = {cb | c € F*}. Then the
map

[b] = Oy

which associates an equivalence class of bilinear forms on V' to an involution of the
first kind on Endg(V'), is a bijection.

Therefore, given an involution of the first kind on a matrix algebra, the involution
is associated to a bilinear form, and whether that bilinear form is symmetric or skew-
symmetric is how we classify the involution. The notion of skew-symmetry makes
sense since our fields do not have characteristic 2, however analogous notions can be
defined in the characteristic 2 case as in [KMRT] 2.5]. Since central simple algebras
are twisted forms of matrix algebras, an algebra with involution becomes a matrix
algebra with involution after a suitable extension of scalars, and therefore we can
apply the same characterization in that setting.

Definition 1.1.13. Let (A,0) be a central simple F-algebra with involution of the
first kind. Let E/F be a splitting field of A. Therefore (Ag,o ® idg) = (M, (E), o’)
for some natural number n and an involution of the first kind o' on M, (E). There
is a bilinear form on E"™ associated to o'. If that bilinear form is symmetric we call
o an orthogonal involution on A. If the bilinear form is skew-symmetric we call o a
symplectic involution on A.

We note here that in order to have a symplectic involution, M,,(E) must contain
skew-symmetric matrices, and therefore n = deg(A) must be even. However, this is
not the only restriction on which algebras can possess involutions of the first kind. A
description of when an algebra has such an involution was given by Albert.

Theorem 1.1.14 ([KMRT, 3.1(1)]). Let A be a central simple F-algebra. There exists
an involution of the first kind on A if and only if A ®p A is split.

The condition that A ®r A is split can be rephrased in terms of the Brauer
group of F. Since split algebras are isomorphic to a matrix algebra, they belong to
the 0 class in Br(F). Therefore A has an involution of the first kind if and only if
2[A] = 0 € Br(F).

As a brief word on notation, in the future we will prefer to reserve ¢ for elements
of Galois groups and as such we will use (A, 7) for a central simple algebra with
orthogonal involution and (A, ¢) for one with a symplectic involution when the nature
of the involution is known.
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1.1.3 Clifford Algebras

Whenever we have a central simple algebra with orthogonal involution, or in the split
case a quadratic space, there are associated algebras called Clifford algebras. We will
use these algebras in the future to define linear algebraic groups, and Clifford algebras
will also appear when we discuss the cohomological invariants of linear algebraic
groups. In this section, we start in the split case by defining the Clifford algebra
related to a quadratic form, then define the Clifford algebra of a central simple algebra
with orthogonal involution and detail the connection between the two constructions.
We also introduce the Clifford bimodule which will be needed briefly in the future as
well. This is all done following [KMRT].

Definition 1.1.15. Let (V, q) be a nonsingular quadratic space over F. The associated
Clifford Algebra is
CV.q) =T(V)/1
where T(V) is the tensor algebra of V' over F, and I is the ideal generated by all
elements of the form v ® v — q(v) - 1 for v € V. The operations on C(V,q) are
those induced from T(V'), and we will write multiplication, which is given by the
tensor product, simply as juxrtaposition. The Clifford algebra comes with a canonical
involution given by

7: C(V,q) —» C(V,q)

V1V2 . . . Uy 2 Uy . . VU7

and extended linearly. Furthermore, the tensor algebra T'(V') has a natural Z-grading,
and since the relations vv = q(v) - 1 maintain even degrees, there is a Zo-grading of
the Clifford algebra

C(V.q) = Co(V,q) ® C1(V, q)

where Co(V,q) is called the even Clifford algebra and C1(V,q) is called the odd part
of the Clifford algebra.

Despite the use of 7 for the involution on C(V,q), this involution may or may
not be orthogonal. The naming of C;(V,q) does reflect its properties, as it is not
itself an algebra since it is not unital due to 1 being degree 0, and hence belonging to
Co(V,q). The even portion is an algebra, and oftentimes is a central simple F-algebra.
To categorize when this occurs we need the discriminant of ¢.

Definition 1.1.16. Let (V,q) be a nonsingular quadratic space over F with dim(V') =
n. Then there exists a unique symmetric matriz B € M, (F) such that q(v) = v™ Bv,
and the discriminant of ¢ is defined to be

n(n

disc(q) = [(~1)"F det(B)] € F*/(F")’?

If disc(q) = 1-(F*)? then we say q has trivial discriminant, otherwise it has non-trivial
discriminant.
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The possibilities for Cy(V, ¢) can now be listed.

Theorem 1.1.17. [KMRT, 8.2] Let (V,q) be a nonsingular quadratic space over F
and consider Cy(V, q). Then

o Ifdim(V) =2n+ 1 then Co(V,q) is a central simple F-algebra of degree 2™.

o Ifdim(V) = 2n and disc(q) = [0] € F*/(F*)? is non-trivial, then Z(Co(V, q)) =
F[V/4] and Co(V,q) is a central simple F[\/§]-algebra of degree 2.

o Ifdim(V) = 2n and disc(q) is trivial, then Z(Co(V,q)) = F x F and there is a
decomposition
Co(V,q) = C7(V,q) x C (V. q)

where each of C*(V,q) is a central simple F-algebra of degree 2" 1.

The odd portion of the Clifford algebra is not without use, it is part of the
construction of the Clifford bimodule.

Definition 1.1.18. Let (V, q) be a nonsingular quadratic space over F with dim(V') =
n. The Clifford bimodule is

B(V,q) =V @ C1(V, q).

There are two module structures, given as follows.

o It is a left M,,(IF)-module via B(v ® ¢) = (Bv) ® ¢ for B € M,(F), v € V, and
ce Ci(V,q).

o It is a Cy(V,q)-bimodule with actions given via a * (v ® ¢) = v ® (ac) and
(v®@c)-a=v® (ca) forae Co(V,q),veV, and c € C1(V,q).

Important for later discussion of the Clifford algebras of central simple algebras
is how the above Clifford bimodule contains a copy of M, (F), where dim(V') = n.
Since ¢ is nonsingular so is the associated symmetric bilinear form
by: VxV = TF

(z,y) = qlz+y) —q(z) —q(y)
and therefore there is an isomorphism given by

V@rV =S End(V)

v w = (= by(w,x)v).

~

Once a basis of V' is chosen, yielding an isomorphism End(V') = M,,(F), we can extend

the above isomorphism to construct

0, VopV = End(V) = M,(F).
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For the purpose of this thesis, we will call ¢, the standard isomorphism between
V ®@pV and M,,(F), keeping in mind that it does not only depend on ¢. Since C1(V, q)
is a quotient of @, ,qq V*® by identities of even degree, it contains a copy of V.
Therefore we have a vector space map

b: M,,(F) — B(V,q)

-1
given by b: M, (F) VRV 5V C1(V,q). By [KMRT, 9.1] this is an injective
left M,,(F)-module homomorphism.

Now that we have the versions of our objects coming from quadratic forms, we
move on to define them in the context of central simple algebras. The insight is that
in Cy(V, q), the factors come in pairs V ®@r V' = M, (F) which is a central simple
algebra. This suggests that the analogue of the even Clifford algebra should be a
quotient of the tensor algebra of the central simple algebra. A family of vector space
isomorphisms we will use comes from the sandwich maps. Since we are dealing with
vector spaces, we use V(A) to denote the vector space underlying a central simple
algebra A, i.e., V is the forgetful functor from central simple F-algebras to F-vector
spaces.

Definition 1.1.19. Let A be a central simple F-algebra and let n be a natural number.
The sandwich map s the map

Sand,,: V(A)®" — Homg(V(A)®" 1 V(A))

defined by Sand,, (a1 ®...®a,)(b1®...®b,_1) := arbyasbs ... ap_1b,—1a,. By [KMRT],
9.3] this is an isomorphism of F-vector spaces.

Let (A, 7) be a central simple F-algebra with orthogonal involution. The map
Sands: V(A) @r V(A) — Endr(V(A)) is used to define the following map. For any
u € V(A) ® V(A), there is a linear map Sandz(u) o 7 € Endp(V(A)), and therefore a
map

¢: V(A) @ V(A) = V(A) @ V(A)
u +— Sand, ' (Sandy(u) o 7)

Definition 1.1.20. [KMRT, 8.7, pg. 94] Let (A, 1) be a central simple F-algebra with
orthogonal involution and ¢ be as above. The Clifford algebra of (A, 1) is

C(A,7) =T(V(A)/1
where T" denotes the tensor algebra and

I =(x—1Trd(z) 1|z € V(A),7(z) =1)
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+ (u — 2Sandy(u)(1) | u € V(A) @r V(A), d(u) = u).

There is a canonical involution on C(A,T) given by extending 7. We abuse notation
and also denote it by T, that is

T(a1 ®...Qa,) =7(a,) ®...®71(a).

This definition gives us an analogue to the even Clifford algebra of a quadratic
form. If (V,q) is a nonsingular quadratic space with dim(V') = n and a chosen basis,
the associated symmetric bilinear form b, has a representing matrix , € M, (F)
which defines an orthogonal involution

7,0 M, (F) — M, (F)
B~ QB"Q "
We then have the following proposition.

Proposition 1.1.21. [KMRT, 8.11] Let (V,q) be a nonsingular quadratic space with
dim(V') = n, and let (M,,(IF), 7,) be the associated central simple F-algebra with orthog-
onal involution as above. The standard isomorphism ¢,: V ®@p V — M, (F) induces
an isomorphism of algebras

Co(V,q) = C(Mn(F), 7).

Furthermore, this is also an isomorphism of algebras with involution when each algebra
is given its canonical involution.

There is an analogous structure theorem for our generalized Clifford algebras as
theorem [1.1.17] was in the split case. It too relies on a notion of discriminant.

Definition 1.1.22. Let (A, 7) be a central simple F-algebra of degree 2n with orthog-
onal involution. The discriminant of 7 is

disc(7) = [(—1)" Nrd(a — 7(a))] € F*/(F*)?

for any a € A such that a — 7(a) € A*. The discriminant does not depend on this
choice.

Theorem 1.1.23. |[KMRT, 8.10] Let (A, T) be a central simple F-algebra with or-
thogonal involution and consider C(A,T). Then

o Ifdeg(A) =2n+1 then A is split by [KMRT, 2.8] and so C(A, 1) = Co(V, q) for
some quadratic space (V,q) over F. Thus C(A,T) is a central simple F-algebra
of degree 2™.
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o Ifdeg(A) =2n and disc(t) = [0] € F*/(F*)? is non-trivial, then Z(C(A, 7)) =
F[v/4] and C(A,T) is a central simple F[v/]-algebra of degree 2.

o Ifdeg(A) = 2n and disc(r) is trivial, then Z(C(A,7)) = F x F and there is a
decomposition
C(A,T)=CT (A7) x O (A, 1)
where each of C(A,T) is a central simple F-algebra of degree 2" *.

The Clifford bimodule of a central simple algebra is a bit trickier to define since
we do not have an odd portion to use, nor a quadratic space. This is navigated

around by using the sandwich maps to define an action of the symmetric group Ss,
on V(A)®™.

Proposition 1.1.24. [KMRT, 9.4] Let (A, T) be a central simple F-algebra with or-
thogonal involution, and let n be a natural number. There is a canonical representation
P Son — GL(V(A)®™). It is defined on transpositions by

pn((i,i —+ 1)) = idV(A) R...x idV(A) RT X idV(A) X...x idV(A)
1 k—1 k k+1 n

if i =2k —1 is odd, and by

pn((i,i4+ 1)) (u) = Sandgl (Sandn(u) o (idV(A) cddy)y @ T ®idya)y ®@ ... ® idy(A)))
1 k—1 k k+1 n—1

if i = 2k is even. Since these transpositions generate Sa,, the representation p, is

then extended homomorphically.

As a bit of motivation, the above representation is generalizing the following
behaviour in the split case. When A = M,,,(FF) is split, we have the standard isomor-
phism V(A) & V@V for some V. Therefore, A®™ = VV¥2" and S,, acts by permuting
the factors. In the case A is split, the involution 7 corresponds to the transposition
of the factors in V ®r V' and p,, recovers the action

Pr(T) (V1 @ V2 @ ... @ Vap) = Vr-1(1) @ Up—1(2) @ ... @ Vr—1(2p)

for m € Sy,. It is clear that p,((i,7 + 1) when i is odd simply performs 7 to one of
the factors V(A), and the complicated definition of p,((i,7 4+ 1) when 7 is even can
be thought of as “performing 7 between two factors V(A) ®r V(A)”. This can be
compared to the definition of ¢ above, where p2((2,3)) = ¢.

The Clifford bimodule will be defined as a quotient of @;>; V(A)®’, but with a
modified bimodule structure. To define this modified structure we use the following
map

v: Ty (V(4)) = TL(V(A))
M@ ... Ra,+— p((1,2,....20) N1 ®...Qay)

which is assembled from the various p,,.
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Definition 1.1.25. Let T} (V(A)) = @;>1 V(A)®'. It is a T(V(A))-bimodule with the
following module structures. For ¢ € T(V(A)) and v € T (V(A)) we have

o The right action v -c = v ® ¢ is the natural right module structure coming from
multiplication within T(V(A)).

o The left action is defined to be c xv =~"(c®@~(v)).

Definition 1.1.26. Let (A, 7) be a central simple F-algebra with orthogonal involu-
tion. Then the Clifford bimodule of (A, 7) is

T.(V(A)
T+ Ty (V(A)) + T.(V(A)) -1

B(A, 1) =

where I = (x — 3 Trd(z) -1 | € V(A),7(z) = ). By [KMRT, 9.7] this carries the
structure of a C'(A, 7)-bimodule with actions being induced from the T'(V(A))-bimodule
structure of T, (V(A)). They are similarly denoted by * for left action and - for right

action. There is also a natural left A-module structure coming from multiplication
within T(V(A)).

Here as well the Clifford bimodule contains a copy of the central simple algebra.
Since there is an inclusion V(A) < T, (V(A)), there is an induced map

b: A— B(A,T)

which we also denote with b. Theorem 9.7 of [KMRT] also contains a few more
important facts.

Theorem 1.1.27. [KMRT, 9.7] Let (A, T) be a central simple F-algebra with orthog-
onal involution.

o If(A,7)= (M,(F),7,) is split, where (V, q) is some quadratic space, the standard
isomorphism A =V @p V induces an isomorphism of Clifford bimodules

B(A,7) =V er Ci(V,q) = B(V,q).

o The map b: A — B(A, 1) is an injective left A-module homomorphism.

The introduction of the Clifford bimodule will be needed for the definition of
the non-split spin and half-spin groups, which, alongside many other linear algebraic
groups, we define in the next chapter.
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1.2 Linear Algebraic Groups

By a linear algebraic group over F (or simply algebraic group) we will mean an affine
algebraic group scheme over F. That is, an affine scheme whose ring of rational
functions is a finitely generated F-Hopf algebra whose Hopf structure defines the
identity, inverse, and multiplication operations on the scheme. To describe this, we
first recall the definition of a Hopf algebra.

Definition 1.2.1. [KMRT, §20] A Hopf algebra over F is a unital, commutative,
associative F-algebra H together with algebra morphisms

c: H— H®rH
1 H— H
u: H—TF

called the comultiplication, coinverse (often also called the antipode), and counit
respectively. We require that these maps make the following diagrams commute.

H—° s HepH Hop H “9Y Fop H

: b

HeorH -2 OeorHorH  H—9 g

Hop H i®id Heop H

H—* ,F 1 .@g

where m: H g H — H 1is the algebra multiplication of H. The first diagram asserts
that H is coassociative, and therefore we use the notation ¢": H — H®"™ for any of
the equal compositions of comultiplication. When performing calculations within Hopf
algebras we will use Sweedler notation and write

c”(m) = Zl’(l) R...x Z(n)-

A homomorphism of Hopf algebras is an F-algebra morphism ¢: Hy — Hs such
that

wop=(pRyp)oa
190 = Yo

U2 © Y = Uj.
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We will frequently choose to discuss algebraic groups using the language of func-
tors of points. In this language, if G is an algebraic group with representing Hopf
algebra H, then we consider G as a functor

G: Algy — Grp
R +— Homp(H, R)

from unital, commutative, and associative [F-algebras to groups where the group
structure on G(R) = Homp(H, R) is defined from the Hopf structure of H. For
f,g € Homp(H, R), their product is given by

fgi=mo(f@g)oc

where we abuse notation and use m for the multiplication map R ®r R — R as well.
The inverse of f is given by

fh=Ffoi
and the unit element in Homgp(H, R) is u: H — F — R where we once again abuse
notation by reusing u.

From this point of view, a group scheme homomorphism from G to H is simply a
natural transformation ¢: G — H between the functors. Such a natural transforma-
tion corresponds to a map between representing Hopf algebras ¢*: Hg — Hg, and we
call  injective if ¢* is surjective, and we call p surjective if ¢* is injective. By [KMRT,
22.A], the injectivity condition is equivalent to requiring that o(R): G(R) — H(R)
is injective for all R € Algy. Just as for homomorphisms of abstract groups, group
scheme homomorphisms have kernels and images.

Definition 1.2.2. Let ¢: G — H be a map of linear algebraic groups. The kernel
of ¢ is the group scheme

ker(p): Algy — Grp
R s ker((R)) = {z € G(R) | o(R)(x) = 1},

Thus, the group of R-points of the kernel is the kernel of the morphism over R.

Definition 1.2.3. Let ¢: G — H be a map of linear algebraic groups with associated
Hopf algebra map ¢*: Hg — Hg. The (scheme theoretic) image of ¢ is the linear
algebraic group represented by the Hopf algebra Hy/ker(p*) = Img(¢*). That is,

Img(p): Algy — Grp
R — Homp(Img(¢*), R).

Images of group scheme homomorphisms are not as well behaved as kernels in
the following sense. It is not necessarily the case that the group of R-points of Img(¢)
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is the image of p(R), i.e., it may occur that Img(p(R)) € (Img(y))(R). In general,
the image group scheme produces larger sets. To emphasize this difference, we will
refer to such images as scheme theoretic images.

If E/F is a field extension there is an inclusion of categories Algy — Algy which
considers an [E-algebra as an F-algebra through the F-algebra structure of E itself.
If G is an algebraic group over F we can then obtain an algebraic group over E by
composing with this inclusion.

Definition 1.2.4. Let G be an algebraic group overF and let E/FF be a field extension.
The pullback of G to the category Algy is denoted with Gg and is called the restriction
of G to E. It is defined on R € Algg by Gg(R) = G(R).

Similarly to central simple algebras, restricting to field extensions allows us to
define the notion of twisted forms of algebraic groups.

Definition 1.2.5. Let G and H be algebraic groups over F. We say that G is a
twisted form of H (and symmetrically H is a twisted form of G ) if there exists a field
extension B/F such that Gg = Hg as algebraic groups over E.

1.2.1 Initial Examples of Algebraic Groups

When defining algebraic groups we will often forego explicitly describing the underly-
ing Hopf algebra, instead describing how they behave as a functor on input algebras.
We now define some basic examples, all of which are group schemes over F.

Definition 1.2.6. The additive group, G,, is defined on R € Algy by G,(R) = R
considered as an additive group.

Definition 1.2.7. The multiplicative group, G,,, is defined on R € Algp by

G (R) = R*. It sends an algebra to its group of units.

Definition 1.2.8. The n' roots of unity, u,,, is defined on R € Algy by p,(R) =
{reR|2"=1}.

Since p,(R) is a subgroup of G,,(R) for all R € Algy we have that u, is a
subgroup scheme of G,,, denoted pu,, < G,,.

Definition 1.2.9. Let A be a central simple F-algebra. The general linear group,
GL(A), is defined on R € Algg by

GL(A)(R) = (A ®5 R)*

We note that G,,, = GL(F).
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When our central simple algebra is split, so M,,(F) after choosing an isomorphism,
the general linear group over M,, () is essentially the classical realization of the general
linear group. Precisely, if R € Algy then

GL(M,(F))(R) = {B € M,(R) | det(B) £ 0 € R}.

For this case, when the central simple algebra is split, we will use the shorter notation
GL, := GL(M,,(F)).

To obtain the group scheme analogue of the special linear group, we first define
an extension of the reduced norm map for a central simple algebra A to a group
scheme homomorphism GL(A) — G,,.

Definition 1.2.10. Let A be a central simple F-algebra. Let R € Algy and consider
the composition

GL(A) (R) = (A ®F R)X — (AIFsep ®Fsep R]Fsep)>< = GLdeg(A) (R]Fsep) Cﬁ RI>F<sep'
When an element x € (A ®p R)* is considered as a matriz in GLaeg(a)(RF,.,) it will
still have entries in R, and therefore its determinant will also be in R* = G,,(R). In
this way we have a group homomorphism GL(A)(R) — G,,(R) for each R € Algy,
and thus we define a group scheme homomorphism

Nrd: GL(A) — G,

called the reduced norm character.

Definition 1.2.11. Let A be a central simple F-algebra. The special linear group,
SL(A), is defined on R € Algg by

SL(A)(R) = {z € (A®p R)* | Nrd(z) = 1}.

The special linear group scheme is the kernel of the reduced norm character and
therefore SL(A) < GL(A). Just as with the general linear group, we will use the
shortened notation SL,, := SL(M,,(F)). As one would expect, for R € Algy we have
that

SL,(R) ={B € M, (R) | det(B) = 1}

recovering the classical special linear group.
Next we present some examples of linear algebraic groups which arise from central
simple algebras with involution.

Definition 1.2.12. Let (A, 7) be a central simple F-algebra with orthogonal involu-
tion. The orthogonal group, O(A, 1), is defined on R € Algy by

OAT)R)={re(Axr R)" |z (T ®idg)(x) = 1}.
We have that O(A,7) < GL(A).
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Definition 1.2.13. Let (A, 7) be a central simple F-algebra with orthogonal involu-
tion. Consider the restriction of the reduced norm character to O(A, 7). The kernel
of this restriction is the special orthogonal group, SO(A, ), which is defined on
R € Algy by

SO(A,7)(R) = {z € O(A,7)(R) | Nrd(z) = 1}.

Clearly SO(A,7) < O(A, 7).

Definition 1.2.14. Let (A, 1)) be a central simple F-algebra with symplectic involu-
tion. The symplectic group, Sp(A4, 1), is defined on R € Algy by

Sp(A,Y)(R) ={z € (A®r R)* | z- (¢ ®idg)(z) = 1}.
We have that Sp(A,¢) < GL(A).

In the case when A = M,,(F) is split we fix preferred orthogonal and symplectic
involutions. First we define matrices

1

0, = € M,,(F), W, = [—Q {2 € My, (F)

1 | n
r 1

_ 1

Son41 = ) 2 S M2n+1 (]F)
|1

and then define involutions
70 Mgn(F) — Mgn(F) woi Mgn(F) — Mgn (]F)
B+ Q9,BTQs, B+ —U,, BT,

§o: Mapy1(F) = Moy (F)
B+ =50 1 BT E0041.
The involutions 79 and &, are orthogonal and 1y is symplectic. We then define the
following notation
Oy, == O(Mzn(F)7 7'0) Ogpp1 = O(M2n+1(lﬁ‘),§0)
S0y, = SO<M2n(F)7 7'0) SO2,41 = So2n+1(M2n+1(F), fo)
SPs,, = Sp(Man(F), ¢o).

The final collection of groups we will introduce here are automorphism groups of
central simple algebras. As such, we recall the Skolem-Noether theorem.
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Theorem 1.2.15 (Skolem-Noether, [KMRT, 1.4]). Let A be a central simple F-
algebra and let B C A be a simple subalgebra. If p: B — A is an F-algebra ho-
momorphism then there exists a € A* such that ¢(b) = aba™" for allb € B. That is,
there exists an inner automorphism of A which restricts to . In particular, taking
B = A implies that all automorphisms of A are inner.

Thus if A is a central simple F-algebra then any automorphism of A is of the
form x — aza~! for some a € A*, however not every invertible element of A produces
a distinct automorphism. The kernel of the map

Inn: A* — Autp(A)
a+ (v ava™t)

is F* and therefore we have that Autg(A) = A*/F*. We now extend the automor-
phism group of A to obtain a group scheme.

Definition 1.2.16. Let A be a central simple F-algebra. The projective linear group,
PGL(A), is defined on R € Algy by

PGL(A)(R) = Autz(A &x R).

If R has the property that all automorphisms of A ®g R are inner, such as when R is
a field, then PGL(A)(R) = (A®r R)*/R*.

As noted in [KMRT, §23], due to the fact that for field extensions E/F we have
that PGL(A)(E) = GL(A)(E)/G,,(E), there is an exact sequence of group schemes

1 —-G,, » GL(A) - PGL(A) — 1.

Therefore the projective general linear group is the scheme theoretic factor group
PGL(A) = GL(A)/G,,. Keeping notation consistent, when A = M, (F) is split we
denote this group by PGL,,.

Definition 1.2.17. Let (A, 7) be a central simple F-algebra with orthogonal involu-
tion. The projective general orthogonal group, PGO(A, 1), is defined on R € Algg

by
PGO(A,7)(R) = Autr(A®r R, 7 ® 1).

The projective general orthogonal group fits into an exact sequence of group schemes
1—py, = O(AT7)—>PGO(A,1)—1

and therefore we have that PGO(A, 7) = O(A, 1)/ py.
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There is a natural map PGO(A,7) — PGL(C(A, 7)) given by extending the
automorphism of (A, 7) homomorphically to its Clifford algebra. Since the center
Z = Z(C(A, 7)) is either a degree 2 field extension of F or is F x F, in either case
PGL(Z) = Z/2Z, where we view Z/27Z as a constant group scheme. Hence there is
a composite map

v: PGO(A,7) - PGL(C(A,7)) - PGL(Z) =2 Z/2Z

where the last map is the restriction of the automorphism to the center. We use this
map to define our next group scheme.

Definition 1.2.18. Let (A, 7) be a central simple F-algebra with orthogonal involu-
tion. The projective (special) orthogonal group, PSO(A, 1), is defined on R € Algy

by
PSO(A, 7)(R) = {¢ € Autg(A®F R, 7 ®idg) | v(¢) = 0}.

That is, PSO(A, 1) = ker(y). Thus, the elements of PSO(A, ) are those automor-
phisms whose induced automorphism on the Clifford algebra fixes the center. The
projective orthogonal group also fits into an exact sequence of group schemes

1 — py, — SO(A,7) » PSO(A,7) = 1

and therefore we have that PSO(A, 1) = SO(A, 1)/ .

Definition 1.2.19. Let (A1) be a central simple F-algebra with symplectic involu-
tion. The projective symplectic group, PSp(A, 1), is defined on R € Algg by

PSp(A,¢)(R) = Autr(A ®F R, ¢ ® idg).
Similarly as above, there is an exact sequence of group schemes
1 — py — Sp(A,¢) — PSp(4,¢) — 1

and therefore PSp(A, ) = Sp(A4, 1)/ p,.

As above we use brief notation to refer to these groups over a split central simple
F-algebra with our preferred involutions. Precisely, we set

PGOQn = PGO(Mgn(]F), 7'0), PG02n+1 = PGO(Mgn_H(IF), go),
PSO,, := PSO(M,,(F), ), PSOy,41 := PSO(My,11(F), &),

PSp2n = PSp(MQn(IF), wo)
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1.2.2 The Spin and Half-spin Groups

There are two other linear algebraic groups which we will discuss throughout this
thesis, called the Spin and Half-spin groups and denoted by Spin and HSpin re-
spectively. These groups are related to a central simple algebra with orthogonal
involution (A, 7), and lie over PSO(A, 7). We define them following [KMRT) pg.
349-351]. First, we address the cases lying over PSOy.

Recall that PSO,; = PSO(My(F), 79) where the orthogonal involution is given
by the matrix {25, when d = 2n, and by Z5,.1 when d = 2n + 1. We consider €2y,
and Zs,.1 as the matrices of quadratic forms on V' = F¢. In particular €, comes
from the quadratic form

Gon(T) = 1T + ToTop_ 1+ ... + TpTpg1.
and =y, 1 comes from the quadratic form
Qon+1(T) = T1Zay + ToTop_1 + ... + TpTpio + inﬂ-
Let g be the appropriate quadratic form and consider the Clifford algebra C'(V, q).
Definition 1.2.20. The split spin group, Spin,, is defined on R € Algy by
Spin,(R) = {c€ Cy(V,q) @r R | ¢(V @ R)c ' =V ®p R, c7(c) =1}
where ¢(V @p R)c™! is calculated inside C(V,q) ®r R.

By definition, Spin, is a subgroup of GL(Cy(V, ¢)). The condition that ¢(V ®p
R)c™' =V ®r R, together with the definition of the Clifford algebra, means that we
get an isometry

X(R)c): (VerR,qel)— (VRrR,q®1)

v coe .

Since this is an isometry with respect to ¢® 1, it will be given by a matrix in SOy4(R),
and so we get a group scheme homomorphism

X: Spin; — SOy

called the vector representation of Spin. This map is surjective and has kernel {¢-1 |
t € py(R)} = py(R) over R and so there is an exact sequence

1 — p, — Spin, 5 SO; — 1.

The half-spin group occurs when d = 2n and n is even. Consider the standard
basis of V' given by ¢; = (0,...,0,1,0,...,0) and let 7 = 2n + 1 — i. The center of
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Spin,,, (R) will contain another subgroup isomorphic to p,, in particular a subgroup
of the form

H(R) = {f[1<1 F(t—eses) | £ € po(R)} 2 pal(R).

Because the discriminant of ¢ is trivial, the Clifford algebra decomposes as Cy(V, q) =
Ct(V,q) x C~(V,q), and so there is a composition

Spin,, = GL(Cy(V, q)) - GL(C™(V,q))

where the second map is induced by the projection Cy(V,q) — C*(V, q). The group
H(R) is the kernel of this composition, and the half-spin group is the quotient of
Spin,,, by this subgroup.

Definition 1.2.21. Let n be even. The split half-spin group, HSpin,,,, is defined to
be the scheme theoretic image of the composition

Spin,, — GL(Cy(V,q)) - GL(C*(V,q)).

That is, if H* is the Hopf algebra of GL(C*(V,q)) and Hgpin,, is the Hopf algebra
of Spin,,,, then the composition above corresponds to a map

H+ — HSpinQn .

Letting the kernel of that map be I, then HSpin,, is the group represented by H* /1.
The half-spin group fits into an exact sequence

1 — py — Spin,, — HSpin,, — 1.

Now we define the spin and half-spin groups lying over PSO(A, 7). Here as well
the spin group will be a subgroup of the Clifford algebra, but the defining condition
references the Clifford bimodule, and in particular the injection b: A — B(A, 7).

Definition 1.2.22. Let (A, 7) be a central simple F-algebra with orthogonal involu-
tion. The spin group, Spin(A, 1), is defined on R € Algy by

Spin(A, 7)(R) = {c € (C(A, 7)®rR)*|cx(b(A)@rR)-¢c ! = b(A)@rR, c(T®1)(c) = 1}
where ¢ x (b(A) @r R) - ¢! is calculated inside B(A,T) @ R.

In this case as well, Spin(A, 7) is a subgroup of GL(C(A, 7)). There is also a
group scheme homomorphism

X: Spin(A,7) = SO(A, 7).

We abuse notation and reuse y since, as we will explain once we have Galois coho-
mology, for R € Algr the map y(R) can be defined as the restriction of the vector



1. PRELIMINARIES 22

representation x (R Qg Fsep): Spin, (R Qp Fyep) — SO, (R @5 Fsep). The kernel of this
new Y is also g, and hence there is an exact sequence

1 — p, — Spin(A,7) 5 SO(A,7) — 1.

Since Spin(A, 7) lies over SO(A, 1), it also lies over PSO(A, 7) as promised, and
the image of x(R)(c) in PSO(A, 7)(R) is the automorphism above. In the case that
(A, 7) = (My(F), 79) is split, using the same quadratic space (V, q) as was appropriate
before, the standard isomorphisms

C(Mqy(F), 1) = Co(V,q) and B(My(F), 1) =V @ C1(V,q)

induce an isomorphism

Spin(My(F), 79) = Spin,, .

The half-spin group of a central simple algebra with orthogonal involution (A, 7)
can be defined when deg(A) = 2n with n even, and the discriminant of 7 is trivial.

In this case, the Clifford algebra decomposes as C(A,7) = CT(A,7) x C~(A, 1) and
so we can consider a similar composition as in the previous case.

Definition 1.2.23. Let (A, ) be a central simple F-algebra with orthogonal involution
such that deg(A) = 2n with n even, and disc(7) is trivial. The half-spin group,
HSpin(A, 1), is defined as the scheme theoretic image of the composition

Spin(A,7) — GL(C(A, 7)) - GL(C*(A4,7)).

The kernel of this composition is isomorphic to py and so HSpin(A, 1) fits into an
exact sequence
1 — p, — Spin(A,7) — HSpin(A4, 1) — 1.

In the case that (A, 7) is split, the isomorphisms Spin(M,, (F), 79) = Spin,,, and
C(A, 1) = Cy(V,q) for appropriate quadratic space (V, q), induce an isomorphism

HSpin(M,,(F), 79) = HSpin,,, .

While defining these groups, Spin,; and HSpin,, were called split. We see what
this means in the next section.

Remark 1.2.24. The notation used in [KMRT] for some groups is slightly different
than the notation we choose to use here, as contrasted in the following table.

This thesis | [KMRT]
PSp PGSp
SO (Oh
PSO PGO™*

HSpin Spin™
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1.2.3 Semisimple Groups and Split Groups

In this subsection, following [KMRT! §25], we define the notions of semisimple al-
gebraic group, of algebraic torus, and using properties of their maximal tori we also
define split semisimple groups.

First, we recall that an algebraic group G is called solvable if the set of points
G(F,)z) is solvable in the usual group-theoretic sense, where [Fyy, is an algebraic closure
of F. We then define semisimple algebraic groups.

Definition 1.2.25. Let G be an algebraic group over F. We say that G is semisimple
if

C G#L
e G s connected

o Gy,, does not contain a nontrivial, solvable, connected, normal subgroup.

From the previous subsection, the groups SL(A), PGL(A), SO(A, 1),
PSO(A,7), Sp(A,v), PSp(A, ), Spin(A, 7), and HSpin(A, 7) are semisimple, as
shown in the classification in [KMRT! §26].

At the core of the upcoming classification of semisimple linear algebraic groups
is an understanding of their maximal tori.

Definition 1.2.26. An algebraic group T over F is an algebraic torus (or simply a
torus) if it is a twisted form of the group

(Gp)" =Gy, X ... X Gy, (n times).

Precisely, T is a torus if Tg,, = (Gmﬁsep)” as algebraic groups over Fgo,. Further-
more, a torus is called split if T = (G,,)" as algebraic groups over F.

We note that this definition implies that all tori over Fy, are split, and therefore
if T is a torus over F, then Tr,, is split. For a semisimple algebraic group G, we call
a torus T C G a mazimal torus if it is maximal among subtori of G with respect to
inclusion. We have two observations about maximal tori.

o If E/F is a field extension and T C G is a maximal torus, then Ty C Gy is also
a maximal torus.

o If T; and Ty are two maximal tori in G, then T1r,, and Ty, are conjugate
in Gr,, by an element of G(F,).

Mirroring the terminology for tori we define split semisimple groups.

Definition 1.2.27. Let G be a semisimple algebraic group. We call G split if it
contains a maximal torus which is a split torus.



1. PRELIMINARIES 24

From the previous subsection, the groups SL,,, PGL,, SO(M,(F), 1),
PSO(M,,(F), 1), Sp(M,,(F),v), PSp(M,(F), ¢), Spin,, and HSpin,,, are split. Equiv-
alently, if the central simple F-algebra is split, the corresponding group is also split.

Since any torus splits over Fy, and field extensions respect the maximality of
tori, we have that any algebraic group over F, is split and therefore if G is an
algebraic group over I, then Gy, is split. Because of this fact, we first classify
split semisimple algebraic groups, and then include arbitrary semisimple groups into
our classification based on the properties of Gg,,,. This classification arises from the
action of a maximal torus on the Lie algebra of G, which we introduce in the next
subsection.

1.2.4 The Lie Algebra of an Algebraic Group

Though there are various ways to define the Lie algebra associated to a group scheme,
the easiest uses the representing Hopf algebra of the group. Here we follow the
presentation in [KMRT, §21.A].

Let G be an algebraic group over I and let H be the representing Hopf algebra.
Let ¢c: H — H®p H be the comultiplication of H and let w: H — F be the counit. We
call an F-linear map D: H — H a derivation if it also satisfies D(ab) = aD(b)+ D(a)b
for all a,b € H. We call a derivation left-invariant if co D = (idg ® D) o ¢. The set
of such left-invariant derivations is an F-vector space and is the Lie algebra of G.

Definition 1.2.28. Let G be an algebraic group over F with representing Hopf algebra
H. The Lie algebra of G is defined by

Lie(G) = {D € Endg(H) | D is a left-invariant derivation}.
For Dy, Dy € Lie(G) the Lie bracket is given by [Dy, Ds] = Dy 0 Dy — Dy o Dy.

Corollary 1.2.29 ([KMRT, 21.2]). If G is an algebraic group over F, then Lie(G)
is a finite dimensional F-vector space.

While the above definition lends itself well to easily describing the Lie bracket,
it does not lend itself to easily calculating the Lie algebra of algebraic groups. For
that, we recall an equivalent definition of the Lie algebra. Denote by F[e| the algebra
of dual numbers over F. The element ¢ satisfies 2 = 0, i.e., F[e] = Flx]/(2?). In the
category Algy there is a unique map

m:Fle] - F
a + be — a.
Let G be an algebraic group over F. Since G is a functor, we obtain a group homo-

morphism G(7): G(F[e]) — G(F). The kernel of this homomorphism is given the
structure of an F-vector space in the following way.
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o For x,y € ker(G(m)), z + y := zy using the product in G(F[e]).

« For a € F we have a map m,: F[e] — F[e] which sends z + az. Then for
x € ker(G(n)) we define a - z := G(m,)(z).

~

This vector space is then also given a Lie bracket using a second F-algebra, Fleq, &5
Flz,y]/(2?, y?) (so €2 = 0 and €2 = 0) and two algebra morphisms

i1: Fle] — Fleq, 9] iy: Fle] — Fley, eq]

a+be — a+ bey a+ be — a + bes.
Since G(F[e)) = Homp(H,F[¢]) and the identity element of G(F) = Homp(H,F) is
the counit, elements in ker(G(7)) are of the form x = u + fe where f: H — F is a
derivation (considering F as an H-module via the counit). Now let z,y € ker(G(m))

and let a = G(i1)(x) and b = G(i)(y). The element aba 'b~! € G(F[ey, &5]) will be
of the form u + ze1e9 where z: H — F is a derivation. We then set

[z, y] == u+ ze € ker(G(m)).
By [KMRT) 21.1] and discussion on [KMRT) pg. 335] this recovers Lie(G).

Proposition 1.2.30. Let G be an algebraic group over F. The map

Lie(G) — ker(G(m))
D u+ (uo D)e.

is an isomorphism of Lie algebras.

For our purposes we will require concrete descriptions of the Lie algebras asso-
ciated to the groups introduced in the previous subsection. We give those now from
[KMRT, 21.5] and [KMRT) §23].

o Lie(G,) =TF.
o Lie(G,,) =F.

0 char(F) fn

o Lie(p,) = {IF char(F)|n.

The above three Lie algebras all have trivial Lie bracket. Now, let A be a central
simple F-algebra and let 7 and ¢ be orthogonal and symplectic involutions respec-
tively on A as appropriate. For all following examples the Lie bracket is given by

la,b] = ab — ba.
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Lie(GL(A)) = A Lie(O(A, 7)) ={a € A| 7(a) = —a}
Lie(SL(A)) ={a € A| Trd(a) =0}  Lie(Spin(A, 7)) = Lie(O(A4, 7))
Lie(PGL(A)) = A/F Lie(HSpin(A, 7)) = Lie(O(A, 7))
Lie(Sp(4,¢)) ={a € A | ¥(a) = —a} Lie(SO(A, 7)) = Lie(O(A, 7))
Lie(PSp(A,)) = Lie(Sp(A,v)) Lie(PSO(A, 7)) = Lie(O(A4, 1))
)

When char(FF) does not divide deg(A), we have Lie(PGL(A)) = Lie(SL(A)). This is
due to the fact that for 1 € A we have Trd(1) = deg(A), and so when this is non-zero
in F each equivalence class in A/F will have a unique representative with Trd(a) = 0.

Since the Lie algebra of an algebraic group is a finite dimensional vector space
we may use it to consider representations of the group. One such representation is
the adjoint representation. This is defined using the alternate description of Lie(G),
in particular the fact that for R € Algy,

Lie(G) ®r R = ker(G(R[]) — G(R)).

Elements of this kernel are of the form = = u' 4+ fe where «’ is the composition
w:H S5 F— R, and f: H— R is a derivation with respect to R as an H-module
via u’. For any function ¢ € G(R) the map gfg~': H — R defined by “using the
multiplication in G(R)”, i.e.,

gfg~ i=mo (idg@m)o(¢® f®@g™") o (idy ®c)oc
is also a suitable derivation.

Definition 1.2.31. Let G be an algebraic group over F. The adjoint representation,
ad: G — GL(End(Lie(G))), is defined over R € Algy by

ad(R): G(R) — End(Lie(G) ®r R)*
g (U + fersu' +gfgte).
In concrete examples this action often reduces to simple conjugation. Let A
be a central simple F-algebra and consider GL(A). Over R € Algy we have that

GL(A)(R) = (A®r R)* and Lie(G) ®p R = A ®p R. Then for g € (A ® R)* and
r € (A ®r R) the adjoint action is given by g -z = grg™'.

1.2.5 Root Systems

With both maximal tori and the adjoint representation in hand, we proceed to clas-
sifying algebraic groups via the adjoint action of their maximal torus as in [KMRT,
§25|, beginning with split groups. Let G be a split, semisimple algebraic group over F
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and let T C G be a maximal torus. We consider the adjoint representation restricted
to the chosen maximal torus of G to obtain a representation

adp: T — GL(End(Lie(G))).

Since G is split, T is also split and split tori are examples of diagonalizable groups
schemes. To see the relevance of this, we briefly recall the definition of diagonal-
izable group schemes from [KMRT) pg. 332], and an important property of their
representations from [KMRT) pg. 343].

Definition 1.2.32. Let G be an algebraic group scheme over F and let H be its
representing Hopf algebra. G is called diagonalizable if there exists a classical abelian
group S such that H =2 F(S) is the group algebra of S over TF.

We also note that if D is a diagonalizable group with Hopf algebra H = F(S),
then when we consider the group of characters, D* = Hom(D,G,,), we have that
D* = S. Furthermore, if we consider a representation p: D — GL(End(V')) where
V' is a finite dimensional F-vector space, then p induces a decomposition

V=>aV,

XES

This decomposition is a simultaneous diagonalization of the image of p(F), that is
Vi={z eV [(p(F)(a)) v=(x(F)(a))v VaeD(F)}.

A character x € S is called a weight if V,, # 0. The multiplicity of a weight x is
dﬂﬂF(V%)

Returning to our split semisimple group G, since T is a split torus, there exists
a natural number n such that T = (G,,)", which has representing Hopf algebra
Flty, t1t, ... te, tol] = F(Z"). Hence T is diagonalizable. Therefore the adjoint
representation restricted to T yields a decomposition

Lie(G) = D V,.
acZm

If a is a non-zero weight of this representation, that is a # 0 and V,, # 0, then

dim(V,) = 1. Furthermore, the set of non-zero weights of this representation form a
root system in Z"™ ®z R, which we define now following [KMRT §24].

Definition 1.2.33. Let V' be a real Fuclidean vector space. A set ® C V is called a
root system if

e 0¢ ® and Spang(P) =V,

e Foralla € ®, caw € ® if and only if c = £1,
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e Foralla,fed, 288 ¢z,

(a,)

o Foralla,pB e ®, r.(5) €9,

where (—, —) 1is the inner product on V and ro(8) := f — 2%& is the reflection of
B across the hyperplane perpendicular to a. We call ® irreducible if it can not be

written as the direct sum of two roots systems ®1 B ®y C Vi & V5.

As suggested by the name, if ® is a root system we call its elements roots. Due
to the last point of the definition, each reflection r, stabilizes the root system and so
® is also stabilized by every element of the Weyl group.

Definition 1.2.34. Let ® C V be a root system. The Weyl group of ¢ is
W = (rq|aec®) CEnd(V).
It is the group generated by the reflections r, and is a finite group.

The classification of root systems is done by assigning a graph, called the Dynkin
diagram, to each root system. The Dynkin diagram is defined from information
contained in subsets of ® called simple systems.

Definition 1.2.35. Let ® C V be a root system. A subset A C @ is called a simple
system if for all o € O there exist integers ng, either all non-negative or all non-
positive, such that

o= Z n0.

YA

Simple systems exist for any root system, and any two simple systems in ® are con-
jugate via the Weyl group. Furthermore, any simple system forms a basis of V.

The size of any simple system is called the rank of the root system, denoted

rank(®).

Definition 1.2.36. Let ® be a root system with simple system /A. The Dynkin
diagram, Dyn(®), is a graph defined as follows. The set of vertices is the simple
system A. Then for a # [ € A, the vertices are joined by <;7<aa>’fﬁ>;> edges. These
edges are

o Undirected if (o, a) = (83, B),
e Directed towards a if {(a, ) < (B, ),
o Directed towards B if (o, ) > (B, 5),

that is, all directed edges are directed towards short roots.
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The Dynkin diagram of a root system is unique up to isomorphism. Conveniently,
every Dynkin diagram can be categorized into one of finitely many families which we
use to categorize root systems into types, either type A,, B,, C,, D,, Egs, FEr, Es,
Fy, or Go. We refer to [KMRT, §24.A] for details and diagrams.

In this way, every split semisimple algebraic group G over F gives rise to a root
system, and thus a Dynkin diagram of some type. If G is a semisimple algebraic
group which is not split, then it becomes split over a separable closure of F and Gg
yields a Dynkin diagram.

sep

Definition 1.2.37. Let G be a semisimple algebraic group over F. Since Gr,,, is
a split group it contains a split maximal torus which yields a root system ® of some
type. We call ® the root system of G and write ®(G) = ®. Similarly the type of G
is the type of ®(Q).

Since non-split groups are classified by the type they take over Fyp, this clas-
sification fails to distinguish some algebraic groups. However, it does not only fail
to distinguish between split and non-split groups, there are also non-isomorphic split
groups which have the same type. To distinguish between these groups we take a
closer look at the characters of their maximal tori.

1.2.6 Simply Connected and Adjoint Groups

In the construction of a root system from a split semisimple algebraic group G over F,
the roots that arise are characters of the maximal torus T. We set A, = Span,(®(G))
and call it the root lattice of G. Clearly we have A, C T*. The differences between
split algebraic groups of the same type manifests in how far T* is from A,. To make
this precise, and to describe the farthest T* can differ from A,, we introduce co-roots.

Definition 1.2.38. Let ® C V be a root system. For each o € @, we define & € V* by
&(x) = 2829 for all x € V. These & are called co-roots, and & = {& | a € ®} C V*

(o)
is a root system as well, called the dual root system.

Root systems of most types are self dual, that is & = i), however a root system of
type B, is dual to one of type C), and vice-versa. Since co-roots are linear functionals
on V', they allow us to pick out a second distinguished lattice in V.

Definition 1.2.39. Let ® C V be a root system and & c V* its dual root system.
We define the root lattice of ® as

A, = Spany(®)
and we define the weight lattice of ® as
Ap={zeV|dz)eZ VYaed}

As a consequence of the definition of roots systems, we always have that A, C A,,.
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We note that since A, and A, are lattices of the same rank, that is the R-span
of both is V', we have that A, /A, is a finite group.

Let G be a split, semisimple algebraic group over F. Let T C G be a maximal
torus and ®(G) C T* ®zR the resulting root system. Let A,, A, C T* ®zR be the
root and weight lattices respectively. In the next series of statements we make precise
the relation between T*, A,, and A, which we alluded to earlier.

Proposition 1.2.40 ([KMRT) 25.2]). In the above setup, we have that A, C T* C
A, where we identify T* with the elements xy ® 1 € T* ®@zR for x € T*.

Theorem 1.2.41 ([KMRT) 25.3]). Let Gy and Go be split, semisimple algebraic
groups over F with mazimal tori Ty, Ty and root systems ®(Gy), (Gs) respectively.
Then G1 = Gy if and only if there exists an isomorphism of R-vector spaces

f3 TT ®ZR — T; ®ZR
such that f(®(Gq)) = ®(Gz) and f(T]) = T3.

Because A, /A, is finite, there are only finitely many options for subgroups of
A, which contain A,, and therefore for any given type there are only finitely many
isomorphism classes of split, semisimple algebraic groups of that type. Groups with
the largest or smallest possible T™ are given the names in the title of this subsection.

Definition 1.2.42. Let G be a split, semisimple algebraic group overF. Let T C G be
a maximal torus and let A, A, C T* ®zR be the root and weight lattice respectively.
The group G is called simply connected if T = A, and it is called adjoint if
T* = A,.. If G is any semisimple group, it is called simply connected if Gr,,, is, and
likewise for adjoint.

Furthermore, for each of the finitely many options for subgroups between A, and
A, there is a corresponding group.

Theorem 1.2.43 ([KMRT, 25.5]). Let & C V be a root system with root and weight
lattice A, A, respectively. For all additive subgroups L <V such that A, C L C A,
there exists a split, semisimple algebraic group G over F such that (®(G),T*) =
(®,L). That is, there exists an isomorphism of R-vector spaces f : T* @;R — V

such that f(®(G)) = ® and f(T*) = L.

Just as the character lattice of a group’s maximal torus sits between the root
and weight lattice, so too does the group itself sit between the simply connected and
adjoint groups of its type. It does so in the following way.

Theorem 1.2.44 ([KMRT, 26.7]). Let G be a semisimple algebraic group over F.
Then there exists a simply connected group Gg. and an adjoint group G.q of the same
type, each unique up to isomorphism, and there exist central isogenies

G > G — Gy

That is, the kernel of each map is a central subgroup and each map is surjective.
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We end this chapter by summarizing the attributes, which type they are and
where they lay on the simply connected vs adjoint scale, of each semisimple group

introduced previously. The groups we introduced previously are of classical type,
either A,,, B,,, C,,, or D,,.

Simply Connected Neither Adjoint
A, SL(A) SL(A)/ w,, PGL(A) | deg(A)=n+1
B, Spin(A, 7) None PSO(A, 1)  deg(A) =2n+1
Ch Sp(A4, ) None PSp(A,¢) ! deg(A) =2n
D, Spin(A, 7) SO(A,7),HSpin(A,7) PSO(A,7) 1 deg(A)=2n

where m divides n + 1, and n must be even to have HSpin occur. These groups fit
together in the following diagrams, arranged by type.

An Bn Cn Dy Dy,
n even n odd
SL(A) Spin(A, 1) Sp(A, ) Spin(A, 7) Spin(4’, 1)
|
H Y l
SL(A)/ p,, SO(A,T) HSpin(A, 1) SO(A’,T)
|
v \ / l
PGL(A) PSO(A, 1) PSp(A, ¥) PSO(A, PSO(A’,7)

where the degree of A in types A,, B,, C,, and D,, is n+ 1, 2n + 1, 2n, and 2n
with n even respectively, and the degree of A’ is 2n with n odd. The involutions 7
are orthogonal on their respective algebras, and the involution ¢ is symplectic. The
topmost groups are simply connected and the bottommost are the adjoint groups. In
type A,, we assume that m divides n, and the dashed arrows are to indicate that there
may be multiple groups SL(A)/ u,,, partially ordered by SL(A)/ u,,,, — SL(A)/ p,,,
if mq|meo.
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1.3 Chevalley Groups

Chevalley groups, as in [Ste68], arise from representations Lie(G) — End(V') of the
Lie algebra of a split semisimple linear algebraic group G over C. The Cheval-
ley group, as a subgroup of GL(V), is generated by formal exponentials of images
of a Chevalley basis in Lie(G). However, these representations can be somewhat
sidestepped. Once one representation is used to calculate constants which describe
the commutators in the Chevalley group, these constants, alongside the root system
of G, can be used to define the Chevalley groups, as well as other Chevalley groups
of the same type, via generators and relations. In fact, since the constants which
arise are all integers, this construction can be extended to produce a group for every
R € Algy, and so defines a Chevalley group functor. We utilize this latter approach,
and will provide the constants that define the Chevalley group functors we are inter-
ested in. We introduce these Chevalley group functors because they form subfunctors
of our linear algebraic groups which agree on stalks with respect to the étale topology
on Algp. Therefore, we can consider a linear algebraic group as the sheafification of
its Chevalley subfunctor. This allows us to use the generators and relations presen-
tation of the Chevalley functors to compute properties of the linear algebraic groups,
and of group scheme homomorphisms between them.

1.3.1 Generators and Relations

To describe Chevalley groups abstractly, we first need some constants arising from
Lie algebras over C. We describe them following [Ste68]. Let G be a split simple
linear algebraic group over C. Recall from section that a choice of split maximal

torus T C G induces a decomposition of the Lie algebra Lie(G) = @ V,,. The root
aeZ™

system ® of G will be indecomposable since G is simple, and is comprised of those
a # 0 for which V,, # 0 and so we may write

Lie(G) = b & ( P va)

acd

where h = 1} is a Cartan subalgebra of Lie(G). Since the non-zero weight spaces are
one dimensional we can find a convenient C-basis of Lie(G) which is related to the
root system. It is called a Chevalley basis.

Theorem 1.3.1 ([Ste68, Theorem 1]). Let G and Lie(G) be as above. Consider a
system of simple roots {ay,...,aq;} C ®. There exists elements H, € b and X, €'V,
for a € ® such that

e« H, € Spanz{Hala s 7Hal}7

° [HOéi7HOéj] = 07
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o [Ha, Xao| = (o, i) X,

o [Xa, Xoo] = Ha,

o [Xo, Xl =x(r+1)Xosp if a+B €D,
e [Xo Xs]=0if0£a+BeD.

where r € 7 is the mazimal integer such that 3,06 — o, — 2a, ..., 3 —ra are all in

.

The constants we are looking for come from relations in the universal enveloping
algebra of Lie(G), denoted by U. Since Lie(G) injects into U we abuse notation and
use X, to also refer to the image of the basis element in ¢/. We are interested in the
following result about commutators, which we denote by (a,b) = aba='b~!.

Lemma 1.3.2 ([Ste68, Lemma 15]). Fiz an order on ® and let o, f € ® with a+ [ #
0. Consider elements exp(tXy) == Y50 WX e y[[t,u]] and exp(uXs) € U[[t,u]]

n=0 n!
defined similarly. In this ring of formal power series we have that

(exp(tXa), exp(uXs)) = [] exp(cijt'v! Xiasjp)-

1,7>0

where the product on the right is over ia+ j3 € ® with respect to the fived order. The
constants c;; are integers which only depend on o, B, and the fized order.

Since this result holds over the universal enveloping algebra and with formal
variables, it will also hold in any associative algebra in which Lie(G) is represented,
and therefore the constants can be calculated using any convenient representation.
In practice, we will be concerned with Lie algebras which sit naturally inside matrix
algebras and so we can calculate the ¢;; directly. With these constants in hand,
we generalize [Ste68, Chapter 6], which defines an abstract group dependent on the
choice of a field, to define group valued functors that we call the universal Chevalley
groups.

Definition 1.3.3. Let G and ® be as above with some fized order on ®, and let F
be a field. For any R € Algg, consider formal elements x,(t) for a € ® and t € R,
as well as elements wo(t) = xo()T_o(—t " Hxa(t) and ho(t) = wa(t)wa(—1) for
t € R*. The R-points of the universal Chevalley group of type ® over F, denoted
E¢(R), are defined to be the group generated by the elements x,(t) subject to the
following relations if rank(P) > 2.

o To(t)xa(ta) = xo(th +to) for all a € © and ty,ty € R,

o ha(tl)ha(tg) = ha(tltg) fOT all o € ® and ti,t9 € RX,
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o Ifa,p€® and a+ B #0, then for all t,u € R,
(za(t), 25(w) = [T @iarjs(cit's’)
1,5 >0
for c;; as in lemma with respect to the fized order.

If instead we have that rank(®) = 1 then the last relation does not apply and so we
replace it with

o Wo(t)xo(Wwa(—t) = x_o(—t?u) for alla € ®,t € R*, and u € R.

This defines a functor E¢: Algy — Grp, where an F-algebra homomorphism ¢: R —
S is sent to

Es(p): Eo(R) — Eg(5)
Ia(t) = xa(@@))

The set of points Eg(IF) recovers the group defined in [Ste68]. We choose to
denote these groups with the letter E to match naming conventions in the literature.
As we will discuss later, many of these new functors are subfunctors of the linear
algebraic groups defined in section [I.2] Their images are called the elementary sub-
group of the linear algebraic group. The utility of these Chevalley groups comes from
the generators and relations based presentation lending itself to concrete calculations,
referred to as elementary calculations. Toward that end, we now recall some useful
identities which follow from the relations enforced by the definition.

Theorem 1.3.4. Let Eg be a universal Chevalley group over F. For any R € Algg
the following relations hold in Eg(R):

e wa(Dha(D)wa(~1) = hy (1)
o wa(Dap(w)w(~1) = 2,5 (c(a, B)u)

2(B,a)

o ho(t)zs(w)ha(t™h) = xp(t @l u).

fora,f€®, ue R, t € R* and where c(a, 5) = £1.

Proof: These relations follow from relations (R5), (R3), and (R6) in [Ste7l]
pg.975] which are stated for Steinberg groups over any commutative ring. Steinberg
groups are subject to the same first and third relations as in definition [I.3.3] but are
not subject to the relation enforcing multiplicativity of the h,(t). The cited relations
are

_2(B)

(R5) wa(s)ha(t)wa(s)™ = hru(s) (c(a, B)s @ t) hea(8) (c(a, 5)3‘2<ff>>)_1
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(R3) wals)zs(w)wa(s) ™ = ar,o) (cla Bs~ )

(R6) ha(t)zs(w)ha(t)! = x5 (ﬁfff u)

After noting that w,(s) ™' = w,(—s), setting s = 1, and enforcing the multiplicativity
of the h,(t) which holds in our Chevalley groups, these relations become the relations
we desire. ]

The universal Chevalley group is similar in spirit to the simply connected group
of its type, it is the largest in the sense that any other Chevalley group of the same
type is a central quotient of the universal Chevalley group. Because of this, we now
recall a general description of the maximal torus and center of Eg.

Lemma 1.3.5 ([Ste68, Lemma 28]). Let Eg be a universal Chevalley group over F.
Choose a simple system A = {ay,...,} C ® and set h;(t) = hq,(t) for oz € A and
te R*. Let H(R) = (ho(t) | « € ®,t € R*). Then,

o H(R) is an abelian group generated by the h;(t)’s,

e Each h € H(R) can be expressed uniquely as h = [\, hi(t;) for some t; € R*,

2(B,a4)

« Z(Eg(R)) = A{Ili=y hi(ts) | TTiey 87" =1 for all B € A}.

Proof: We note here that while our source, [Ste68, §3], is only written for the
case when R = k is a field, none of the proofs utilize the field structure. Therefore,
the same statements and proofs hold over any commutative ring R. The only minor
exception is that [Ste68, Lemma 28| states that Z(Eq(k)) is finite. This, in general,
does not hold over commutative rings and Z(E¢(R)) may be infinite. i

In order to proceed in connecting these Chevalley groups to our previous linear
algebraic groups, we now specify the structure constants ¢;; for each type of classical
irreducible root system by detailing the commutator relations in Eg. Each root
system will be given in R™ with e; being the i*" standard basis vector. The constants
for types B,,, C,, and D,, were summarized in [Rue20] and so we take their description
from there, however these constants are well known. See [HO89], for instance.

Proposition 1.3.6. Let ® = {*(e; —¢;) | 1 <i < j < n} which is a root system of
type An_1. Denote the universal Chevalley group of this type by Egy,, . It is defined
by the following commutator relations. Let o, € P,

o If0Fa+ ¢ D then (z4(t), x5(u)) = 1.
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o Otherwise let « = £(e; —e;),0 = t(ep, —€) with i < j and k < l. Assume
1 < k, then we are in one of the following cases,

J=k :(Ia(Ei—Ej)(t)7xa(—ej-i-ez)(u)) = CCa(ez'—ez)(atu)
i 7é ku] =1 :<xa(ei—ej)(t)a xa(—ek—l—e]-)(u)) = xa(ei—ek)(atu)

, , To(—e,te)(—atu) j <l
Z:ka l:xaei—e- tyxa—ei e)\U)) = ! .

where a = x1. If k < 1 then the appropriate commutator is the inverse of one
above.

Proposition 1.3.7. Let & = {+e; t e;,xe; | 1 < 4,5,k < n,i < j} which is a root
system of type B,,. Denote the universal Chevalley group of this type by Espin, . It
is defined by the following commutator relations. Let o, f € @,

o« If0OF#a+ ¢ D then (z4(t),x5(u)) = 1.

Otherwise, for integers i < j, k < I, and ay,as,a3,a4 = £1, we are in one of the
following cases if i < k.

o a=aie; + ase;, B = asey + ase; when

J= k :<xa1€¢+a2€j (t)v x*a26j+a4ez(u>> = xa1€¢+a4€z(_a2tu)

i 7& k,g=1 :(xa1€i+a2€j (t)’ Lagey—aze; (U)) = :Balei-i-a:sek(_a?)tu)

. . Tage: taze, (Qott) j<l
i=k,j#I :(xa1ei+azej (1), T —are;ase (U)) = e .
Tasertase; (—aatu) 1< 3.

o a=ae; + aze;, B = ase, when

=k :(xalei-i-azej (t); T—aye;(u) = x_a1€i+a2€j(_tu2)I02€j (aztu)

Jj=k :<I¢11€i+a2€j (t)7'r*a2€j (u)) = Laie;—aze; (tu2)$alei(_a2tu)
o o= a6, 3 = asey, then
(xthei (t)v Lagey, (u)) = xa1€i+a23k<_2a2tu>‘

If k < i then the appropriate commutator is the inverse of one above.

Proposition 1.3.8. Let ® = {£e; +e;,+2e; | 1 < 14,5,k < n,i < j} which is a root
system of type C,. Denote the universal Chevalley group of this type by Esp, . It is
defined by the following commutator relations. Let o, 5 € D,
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o If0#a+ ¢ D then (z4(t), zs(u)) = 1.

Otherwise, for integers i < j, k < I, and ay,as,as,a, = £1, we are in one of the
following cases if i < k.

o a = aje; + asej, B = asey, + ase; when

j = k? a3 = —az :(xa1€¢+a2€j (t)a L—aze;j+ase (u)) = xa1€¢+a3€z(a20tu)

i 7é k,jg=1a4= —ay :(xa15i+a25j (t)v Lager—aze; (U)) = Taye;+agey (aQCtu)

) ' Tage; ajctu) g <l
1= k:7 as = —ai, Jj 7£ l :(l’a1ei+a26j (t)7 T—_aie;+ase (u)) = a2€]+a4el( ) .
Tase;+aze; (G'ICtU) | < 7

where ¢ = min{ajay, azay}. Furthermore, when i =k,j =1,

(xaleﬂrazej (t)> Taje;—asze; <u>> = L2qq¢; (_2a2tu)

(xalei"!‘aer (t)? T—aie;+aze; (U,)) = T2aze; (_2a1tu)
o a=ae; + axe;, f = 2ase, when

=k :(xaleri—azej (1), T —201e,(u)) = L—aye;+age; (agtu) - xZaer(_a1a2t2u>

J =k (Tarei+aze; (£), T-2az¢; (W) = Tayei—ase, (ar1tu)  Toaye, (—arazt?u).

If k < i then the appropriate commutator is the inverse of one above.

Proposition 1.3.9. Let ® = {£e, £e; | 1 <1 < j < n} which is a root system of
type D,,. Denote the universal Chevalley group of this type by Espin, . It is defined
by the following commutator relations. Let o, 3 € P,

o« If0#a+ ¢ D then (z4(t),x5(u)) = 1.

o Otherwise let o = aye; + ase;, B = agey, + ase; for integers ¢ < j, k <1, and for
ai, as,as,ay, = +£1, we are in one of the following cases if 1 < k.

J=k :($alei+azej (1), x*02€j+a461(u’)> = $a13i+(l4el(_a‘2tu)

i 7é k>j =1 :(xawﬁ-azej (t)a xaBek_a2€j (U)) = xa1€i+a38k(_a3tu)

. . Tasej+aqe (a2tu)
i=k,j 7é [ :(xa1€i+a2€j (t)’x—a1ei+a4€z(u)) = S .
Tasertase; (—aatu) 1< 3.

g <l

If k < i then the appropriate commutator is the inverse of one above.
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Proof: The proofs of all four of the above propositions are similar. As noted after
lemma , the ¢;; may be computed in any convenient representation of Lie(G), so
we may choose the natural representations. An appropriate choice of Chevellay basis
will cause the images of exp(tX,) under the natural representation to agree with the
images of z,(t) under the maps described below in section [1.3.2] The ¢;; can then be
extracted from matrix computations. |

As the notation suggests, we will call Egy,,, Egpin,, and Egp, the special linear,
spin, and symplectic Chevalley groups respectively. With these concrete choices of
root systems we can calculate the center of each of the above universal Chevalley
groups over R € Algy using lemma [1.3.5

Proposition 1.3.10. For each root system ® of types A,, By, C,,, or D, choose the
standard simple system as in [KMRT, 24.A]. Then, for R € Algy we have

n—1

ZM%m@MZ{Hhﬂ@HGMAm}gMAm

=1

Z(Espin,, ., (R)) = {ha(t) | t € pa(R)} = po(R)

Z(Bsp,, (1) = { TT hat) |1 € po(R) { = i)

i odd
Type D,, depends on the parity of n. We have

2 (Bspin,, (1)) = & | T haltita) | s (1) l62) | 11,82 € pin(R) = (1 ) ()

i odd

when n is even, and

2 (Bspiny, (R)) = 1 | TLRE) | B (00hat70) | £ € pra(R) | = ()

i odd

when n 1s odd.

Because of the isomorphisms included in the previous proposition we can speak
of the center of Eg as a subfunctor, and then we have that

I

Z(Esy,)
Z(Espin2n+1)

M,
Mo

Il
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Z(Espgn) = IJ’Q

Mo X ey T 1S even
Z(E in =
(Bspin,) {u4 n is odd

As promised, the remaining Chevalley groups we will work with are central quotients
of the universal Chevalley groups. We name these now.

Definition 1.3.11. Let m be an integer diving n. We define a functor of type A, 1,

ESL,,,/umi AlgF — Grp
R ESLn (R)/I

where I is the image of the composition p,,(R) — w,(R) = Z(Esy,(R)). When
m = n we denote the functor by EpgL,, -

Definition 1.3.12. We define a functor of type B,

Since we have removed the entire center, and to match behaviour among linear alge-
braic groups, we also use the notation Epso,, ., = Eso,, -

Definition 1.3.13. We define a functor of type C,,

Epsp, : Algr — Grp
R ESP% (R)/Z(ESP2n<R))

Definition 1.3.14. We define a functor of type D,

Eso,, : Algr — Grp

R Espin,, (R)/I n 2:3 even
Espin,, (R)/J n is odd

where when n is even, I is the image of the composition

Ho(R) = (py X po)(R) = Z(Espin,, (R))
a— (a,a)

and when n is odd, J is the image of the composition

po(R) = py(R) = Z(Espin,, (1)).
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Definition 1.3.15. Let n be an even integer. We define a functor of type D,,

Enspin,, : Algy — Grp
R — Espin, (R)/1

where I is the image of the composition

po(R) = (pa X p)(R) = Z(Espin,, (R))
a— (a,l).

Definition 1.3.16. We define a functor of type D,,

Epso,, : Algy — Grp
R~ Espin,, (1)/Z(Espin,, (R)).

We call EpgL,, Eso,; Enspin,, , Epso,, and Epgp, the special orthogonal, half-
spin, projective orthogonal, and projective symplectic Chevalley groups respectively.
Stating that a Chevalley group is of some type A,, B,,C,, or D,, communicates that
the commutator relations will match those of the universal Chevalley group of the
same type. By their construction, the above groups are also generated by symbols
x4 (t) where the appropriate version of the relations in definition together with
the relations imposed by the central quotient form a complete set of relations for the
group. The smallest group of each type, Epgy,, Epso,, and Epsp, are called the
adjoint Chevalley groups.

1.3.2 Connection to Linear Algebraic Groups

Our notation and naming conventions for Chevalley groups thus far have been ob-
viously evocative of the linear algebraic groups of section [1.2l We now explain the
connection between these two families by giving explicit morphisms which demon-
strate that the Chevalley groups are subfunctors of the corresponding linear algebraic
group. When considering the group SO, we will use the notation i = d + 1 — i when
discussing indices, and when considering the group Sp,, we will use i = 2n + 1 — .
This is the index of the " last row or column, as appropriate.

Proposition 1.3.17. There is an injective natural transformation Egy,, < SL,,. For
R € Algy it is given on R-points as follows. Let 1 <i < j <n andlett € R, then

Iei,e]. (t) — [n + th]
x—ei—i-ej (t) — [n + tEﬂ

This map restricts to the maximal torus as

he,—e;(u) = diag(1,. .. YUy ,u;l, 1),
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the diagonal matriz with u,u=" € R* in the i’ and ™ positions respectively and ones
elsewhere.

Proposition 1.3.18. There is an injective natural transformation
Espin,,,, < Spiny, ;. For R € Algy it is given on R-points as follows. Let 1 <
1,0,k <n withi <j andt € R, then

Tei—e, () > 1 + teses Toerte; (1) = 1+ 56
Tepe; () F> 14 teze; Toee;(t) = 1+ e5e;

Te, (1) — 1+ tegen 1
T_e (1) = 1+ te ez

where 77 = 2n + 2 — y and {e;} is the standard basis of V = F*+1,

Corollary 1.3.19. There is an injective natural transformation Eso,,,, < SO2n41
which makes the following diagram commute.

ESpin2n+1 R Spann—i—l

i I

ESOQn+1 SOQTL-‘rl

For R € Algy it is given on R-points as follows. Let 1 < 4,7,k < n with i < j and
lett € R, then

Te—e; () = Iongr + t(Ej;
Teiye; (1) = Iongr +H(E;;

7) $,ei+ej (t> = I2n+1 + t(EJ

Ej; i — Eij)
E;3) T_g—e;(t) = Iony1 + (B, — E5)

T, () V> Topyy + 2tEp i1 — °Eyp — tE, Y
T o (t) > Topi1 +tEn ) — 2 Er, — 20Eg i1

This map restricts to the mazximal torus as

Pae; tbe; (u) — diag(1, ..., u", wl, . ut e 1)
i i
hae, (u) — diag(1,. .. ,u]j“, uT )
z

forue R* and a,b = +1.
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Proposition 1.3.20. There is an injective natural transformation Esp, < Sp,,.
For R € Algy it is given on R-points as follows. Let 1 < 4,75,k < n with i < j and
lett € R, then

Le;—e; (t) = Ion + t(Eij - Ejf) L—e;+e; (t) > Loy + t(Eji - Efj)
Toe,, (t) — [gn —+ tEkfc T _2¢, (t) — Ign + tEl}k

This map restricts to the maximal torus as

Pae; be; (u) — diag(1, ..., u", ul, w1
i i
hage, (u) — diag(1, ... ,uk“, cou 1)
k

foruw e R* and a,b = +1.

Proposition 1.3.21. There is an injective natural transformation Egpin, < Spin,,.
For R € Algy it is given on R-points as follows. Let 1 < 4,5,k < n withi < j and
t € R, then

Tey—e, () > 1 + teses Toerte; (1) = 1+ e5¢;
Teire; (1) > 1ieie; Toee;(t) = 1+ €567
where J = 2n + 1 —y and {e;} is the standard basis of V = F*".

Corollary 1.3.22. There is an injective natural transformation Ego,, — SOs,
which makes the following diagram commute.

ESpinQn D SpinQn

i [

Eso2n > SOQn

For R € Algg it is given on R-points as follows. Let 1 <i < j <mn andlett € R,
then

l’eifej (t) — [2n + t(Eij — Egg) $,€i+€j (t) — [2n + Zf(Eji — E;;)

This map restricts to the maximal torus as

Rae;tbe; (w) — diag(1, ..., u® u’,. .. u” " u”?, ... 1)
4 :

(2

foru e R* and a,b = +1.
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Proof: All of the above propositions and corollaries can be verified by computing
that the images satisfy the defining relations given for each group. For SL,,, Spin,,,
Spin,,, ,,, and Sp,, these are just the relations of propositions [1.3.6} [1.3.9, [1.3.7],
and For SO, the relations of Spin, can be checked, as well as the fact that
expressions in the kernel of Egpin, — Eso, map to 1in SOy. It is also easy to calculate
that the maps Egspin, — Eso, agree with the vector representation x: Spin; —
SO, in the given diagrams. We mention the maps into SO, explicitly because the
structure constants given in the definitions of our Chevalley groups were initially
computed within SL,,, SOy, and Sp,,, as these are the Chevalley groups which arise
from the natural representation of their Lie algebras. Therefore, their results follow
immediately. i

The other quotient Chevalley groups also have injections into the corresponding linear
algebraic group, induced by the maps above.

Proposition 1.3.23. There are injective natural transformations of group functors

Esv. /u, = SLn/ iy,

Enspin,, = HSpin,, when n is even
Epso, — PSOy
Epsp,, — PSp,,

induced by the maps of propositions[1.3.17 to [1.3.24.

Proof: In type A,, the composition Egy,, — SL,, —» SL,, / w,,, will have the same
kernel as the map Esy, — Esr, /., and therefore induces the desired map. The
remaining cases follow similarly from the following compositions respectively

Espin,, — Spin,,, — HSpin,,
Esod — SOd —» PSOd
ESp2n - Sp2n - PSpZn

We now see how the Chevalley functors we have defined sit as subfunctors of
our linear algebraic groups. A natural next question is whether they are actually
the same functor. This would be desirable as then we could use the computational
power of the generators and relations presentation of the Chevalley functor to speak
about linear algebraic groups. Unfortunately, there are cases where the Chevalley
functor is a proper subfunctor. As noted by Borel in [BCST69, A.§3.3(5)], if G is
a linear algebraic group over F with corresponding Chevalley subfunctor Eg, then
for field extensions E/F we have Eg(E) = [G(E), G(E)], the Chevalley group is the
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commutator subgroup of G(E). In some cases G(E) is its own commutator subgroup,
but not always. For example, the special orthogonal group scheme over Q has that

Eso0,(Q) = [S04(Q),S04(Q)] € SO4(Q),

and so the Chevalley group is distinct from the linear algebraic group. Luckily we are
not without hope, as we will show in the next section, a linear algebraic group can
be equivalently viewed as a representable functor G: Affy — Sets from the category
of affine schemes over Spec(IF) to the category of sets, represented by Spec(H) if
it was previously represented by the Hopf algbera H. In this setting, G is a sheaf
with respect to the étale site on Affy, and the stalks of this sheaf can be completely
described with Chevalley generators. This will allow us to use Chevalley groups to
investigate properties of homomorphisms between our linear algebraic groups.
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1.4 Galois Cohomology

In order to further make use of the fact that any algebraic group is a twisted form of a
split group, we seek both a way to classify a group’s twisted forms and a way to recover
our original group over [ from its restriction to Fsp. Galois cohomology provides
both of these tools. In this section we introduce the general Galois cohomology of
Galois modules before discussing how particular cohomology sets classify the central
simple algebras appearing in section[I.1] With that classification, we then also discuss
how non-split central simple algebras and their corresponding non-split semisimple
algebraic groups can be recovered from their restriction to s, by Galois descent.

1.4.1 Cohomology Sets

Since Galois groups are examples of profinite groups, we begin by defining the Galois
cohomology sets for a profinite group G and a group A with suitable G-action following
[Ser02, §2], with some terminology borrowed from [KMRT].

Definition 1.4.1. Let G be a profinite group and let A be a group considered with
the discrete topology. We call A a G-group if there is a group action G ~ A such
that

e g-(ab) = (g-a)(g-b) forallg € G anda,b € A (G acts by group automorphisms),
» Stabg(a) C G is open for all a € A (G acts continuously on A).

In the case that A is abelian we call it a G-module. Furthermore, If H < G is a
subgroup, we denote by AY the subgroup of A which is fized pointwise by H.

Since G acts by automorphisms we employ notation which suggests this. We
write g(a) for g - a.

Definition 1.4.2. Let G be a profinite group and let A be a G-module. Denote the set
of continuous maps from G" — A by C"(G,A). These form a chain complex under
the coboundary map d: C"(G, A) — C"Y(G, A) which for f € C"(G, A) is given by

n

df (g1, gnr1) =1 (f (g2, -, gns1)) + D_(=1)'f (g1, - GiGiv1s - - Gns)

=1

+ (_1)n+1f(glv s 79”)

The resulting cohomology sets are denoted H™(G, A) and are referred to as the coho-
mology sets of G with coefficients in A.
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In fact, since G-modules are abelian, the cohomology sets H"(G, A) inherit their
own abelian group structure by defining [a] + [3] = [a + ] on cohomology classes.
Due to this we may also refer to them as cohomology groups.

We mention an important extension here, in the above definition of df, the use of
additive notation is granted by the assumption that A is abelian. If A is not abelian
we do not necessarily have that d*> = 0 and therefore the cohomology sets may not
be defined. However, if A is a G-group we may still define H°(G, A), and with some
modification we may also define H'(G, A). We note that if A is any G-group then

HY(G, A) = A®,

and the modification to the definition of H'(G, A) is as follows, where we write A
multiplicatively since it need not be abelian. Furthermore, for a continuous map
a: G — A we denote the image of g € G under a by «ay.

Definition 1.4.3. Let G be a profinite group and let A be a G-group. We call a
continuous map «: G — A a 1-cocycle if

Ogp = Oy g<ah)

for all g,h € G. Two such 1-cocycles o and [ are cohomologous if there exists a € A
such that

Qg = aﬂg g(a)_l

for all g € G. Being cohomologous is an equivalence relation and H' (G, A) is then
the set of 1-cocycles modulo this relation.

If A is not a G-module there is no group structure on H'(G, A) and we refer to
it as a cohomology set only. If A is a G-module, this definition is equivalent to the
one above.

The cohomology sets we have defined enjoy functoriality in both arguments, they
are contravariant in the first argument and covariant in the second. Explicitly, let
¢: G1 — G5 be a homomorphism of profinite groups and let A be both a Gi-group
and Gy-group with actions compatible with . That is, g(a) = ¢(g)(a) for all g € G4
and a € A. Then there is an induced map

0" H(Ga, A) — H™(G1, A)

o] = Jaro ]

when n is as appropriate for A. In the other argument, let G be a profinite group
and let ¢: Ay — Ay be a homomorphism of G-groups. That is, g(¢(a)) = ¢(g(a)) for
all g € G and a € A;. Then there is an induced map

¢ H'(G, A1) - H"(G, A,)
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[a] = [¢oa]

when n is appropriate for both A; and As.

Here we mention a tool which uses elements of lower cohomology sets to construct
elements of higher cohomology sets. The cup product will define maps H* (G, A) x
H'(G,B) — H™" (G, A®z B). Since both higher cohomology and tensor products of
Z-modules appear in the construction, we will assume that A and B are G-modules
for the profinite group G. The tensor product A ®z B is then given a G-module
structure via g(a ® b) := g(a) ® g(b) for all g € G, a € A, and b € B.

Definition 1.4.4. Let G be a profinite group with G-modules A and B. Consider
elements [a] € H(G, A) and |f] € H’(G, B) represented by cocycles o and 3 respec-
tively. Their cup product is defined to be the element represented by the cocycle

GH—j — A X7 B
(91, e 7gi+j) = 04(917 e 791‘) & g192 - - -gi(ﬁ(gi—‘rla e 7gi+j))
and is denoted [o| U [3] € H (G, A ®z B).

The resulting map U: H(G, A) x H/(G, B) — H™ (G, A ®z B) is a homomor-
phism of cohomology groups.

Lastly, we wish to take the machinery above and adapt it to support algebraic
groups. The required adaptation is a minor one. While our cohomology functors
only accept a profinite group acting on a classical group, an algebraic group G over

[F easily produces such pairs. If E/F is a field extension then there is a natural action
Gal(Esep/E) ~ G(Egep). We begin by defining this action.

Definition 1.4.5. Let G be an algebraic group over F with representing Hopf algebra
H. For a field extension E/F we have that G(Esp) = Homp(H,Eyp). For o €
Gal(Egep/E) and p € G(Esep) we define o(p) € G(Esep) to be the composition

o(p): H- Esep = Egep-

This action is by automorphisms of G(Es,) and we have that the set of fixed
points is isomorphic to G(E). If G is one of our previously defined split groups then
an element of G(E,,) can be thought of as a matrix [c;;] € M,,(Egp) for some n, and
then the action is given by o([c;;]) = [0(ci;)]. With respect to this action we define
the Galois cohomology sets.

Definition 1.4.6. Let G be an algebraic group over F. For a field extension E/F
and non-negative integer n we define the Galois cohomology sets to be

H(E,G) = H"(Gal(Esep/E), G(Esep))

with respect to the action Gal(Egep/E) ~ G(Egep) discussed above. If G is abelian
then H"(E, G) is a group. If G is not abelian we only consider n =0, 1.
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These cohomology sets also enjoy functoriality in both arguments, but now it
is covariant in both arguments. If K/E is a field extension, both of which are field
extensions of F, then there is a map Gal(Ksp/K) — Gal(Egp/E) given by restriction
t0 Egep, as well as a map G(Egp) = G(Kgep). Together these induce the map

H™(E,G) = H"(K, G).

when n is as appropriate for G. In the second argument, if ¢p: G; — Gy is a
homomorphism of algebraic groups over F, then the map on Eg,-points, ¢(Esep),
induces the map

Hn(]E, Gl) — Hn(]E, Gg)

when n is as appropriate for Gy and Ga.

1.4.2 Twisting by 1-Cocycles

In this subsection we will explain how central simple algebras can be constructed
using, and classified by, elements of suitable first cohomology sets. We exploit the fact
that central simple algebras become isomorphic to M,,(Fy,) over Fgp, and view the
original algebra as a subset in M,,(Fy,). The algebra is then the fixed points of some
Gal(Fsep/F)-action, and the difference between this action and the standard action
on M, (Fg,) can be measured by a 1-cocycle. Conversely, we use a given 1-cocycle
to modify the standard action of Gal(Fsep/F) on M, (Fsp), which we call twisting
the action, and then use Galois descent to produce a central simple algebra over
F. While we follow [GS17, §2.3], we note that the techniques discussed there apply
beyond central simple algebras. Throughout this section we use I' = Gal(Fgp/IF) as
the absolute Galois group of F.

First we cover the case of a central simple algebra without involution. Let A be
a central simple F-algebra of degree n. Since A is a twisted form of M,,(F) we have
an isomorphism

©: A®r Fsep = M, (Feep)-

Two Galois actions are at play here. The first is the action I' v A ®@p Feep, given by
g(a®c) = a®o(c), and the second is the action I' ~ M, (Feep) given by o([c;;]) =
[0(cij)] for a € A, ¢,¢;j € Feep, and o € I'. To compare these actions we consider
them both as actions on M,,(Fy,) through the diagram

Mn (]Fsep) L> A ®]F IE‘sep

l l

Mn (Fsep) <T A ®IF IErsep
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i.e., for any M € M, (Fyp) and o € I' we have
caM=c(M)and oo M = pocoye (M)

and each action is by automorphisms of M, (Fsp). Since we are now considering
automorphisms of M, (Fy,) we recall that Autg, (M, (Fsp)) = PGL,(Fsep). Here we
make a clarification, if B € M,,(Fy,) then the class [B] € PGL,(Fgp) corresponds
to the inner automorphism

IHH(B)I Mn<Fsep> — MTL(FseP)
M+~ BMB™'.

If o € I then o([B]) = [0(B)] where o acts on the entries of B, and this action
appears as conjugation on the automorphism, that is

o(Inn(B)) = Inn(o(B)) = o olnn(B) oo™

Now, to measure the difference between the two actions we consider the automorphism
(pooop™)oo™l. This automorphism depends on our choice of o, and so we have
produced a map o: I' = PGL,,(Fy,). In fact, this map is a 1-cocycle and repeating
the process with any other central simple F-algebra which is isomorphic to A produces
a cohomologous 1-cocycle. Conversely, given a l-cocycle a: I' = PGL,(Feep) we
define a new action I' ~ M,,(Feep) given by

0o B = ay(0(B)).

for all 0 € I and B € M,,(Fsep). This is called the action twisted by o and the set of
fixed points, denoted M,,(Fgp,)", will be a central simple F-algebra. Cohomologous
1-cocycles will produce algebras which are isomorphic over [F, and in fact the isomor-
phism will be given by an inner automorphism of M, (Fs,) which maps one set of
fixed points onto the other. This provides an inverse to the process above and hence
there is a bijection

Isomorphism classes of central
simple algebras of degree n over

} & HY(F,PGL,).

The process of twisting the standard action I' ~ M,,(Fep) by a 1-cocycle and then
taking fixed points to obtain a central simple [F-algebra is called Galois descent.

A similar story classifies algebras with involution. Because of the fact that any
two orthogonal involutions on M,, (Fg.,) are isomorphic we have that any central simple
F-algebra with orthogonal involution is a twisted form of (M, (F), 7). Likewise, any
central simple F-algebra with a symplectic involution is a twisted form of (Ms, (IF), ).
Here we recall our preferred involutions 75 and vy from section |[1.2.1, Through the
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same processes as above, adapted so that the isomorphisms and actions respect the
involutions, we obtain classifying bijections as in [KMRT), 29.B]

Isomorphism classes of central
simple algebras of degree n over F 3 +» H'(F,PGO,,).
with orthogonal involution

Isomorphism classes of central
simple algebras of degree n over
with orthogonal involution
of trivial discriminant

+ H'(F,PSO0,).

Isomorphism classes of central
simple algebras of degree 2n over F » <+ H*(F,PSp,,).
with symplectic involution

Through these bijections we will identify isomorphism classes of algebras with coho-
mology classes and frequently write things such as [A] € H'(F,PGL,), [(4,7)] €
H'(F,PSO,) or [(A,¢)] € H'(F,PSp,,,).

The identifications we have just described are on the level of isomorphism classes
and cohomology classes. However, in the future we will use this machinery to con-
struct maps on the level of algebras. To allow for this, we now fix a standard
identification with a subset of M, (Fy,,) for each central simple algebra A of de-
gree n. This is equivalent to fixing a standard cocycle, denoted a4, which represents
[A] € H'(F,PGL,,), and then considering A = M,,(Fs,) 4. Similarly, for algebras
with involution we fix a standard cocycle representing the algebra’s isomorphism class
in either H'(F, PSp,,,) or H'(F,PSQy) as appropriate, and then identify the algebra
with the fixed points of the chosen cocycle. For split algebras, with our preferred
involution when applicable, we choose the trivial cocycle.

1.4.3 Twisting for Linear Algebraic Groups

Now that we have identified non-split central simple F-algebras as subsets of split Fe,-
algebras, we would also like to have a similar method of Galois descent that can be
used to construct non-split semisimple algebraic groups from their split counterparts.
In order to use twisting, we need a standard I" action to twist. For any linear algebraic
group G over F and for any R € Algy we define an action I' ~ G(R®pFy,) as follows.
Let H be the representing Hopf algebra of G. Then an element 2 € G(R ®p Fyep) is
a map
x: H = R Qp Fyep.

For o € T', we define o(x) to be the composite map

o(z): H— R ®p Feep % n OF Fsep-
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This recovers the standard I' action we are familiar with on groups where it was
defined, for example this action corresponds to ¢ acting on matrices entry-wise for of
elements PGL,, (Fp).

Since our non-split algebraic groups correspond to non-split central simple alge-
bras, it is not surprising that the same 1-cocycle used to construct the algebra will
be fruitful in constructing the group. We begin with the projective linear group.
Let A be a central simple F-algebra of degree n, and consider its standard co-
cycle ay: I' - PGL, (Fsp). Just as the standard action I' ~ M, (Fsp) can be
twisted by a4 to produce an action whose fixed points are A, we twist the action
I' ~ PGL,(Fsp) to get an action whose fixed points are Autp(A4) = PGL(A)(F).
This new twisting is done via conjugation by a4.

7 oan = ang 000 po0 oas
for o € I" and ¢ € PGL,(Fysp). Now we notice the following,

PGL(A) (R ®F Fsep) = AutR@]FIFsep (A ®F R ®]F Fsep)
= AUtR®FFSCp (Mn (]F) QF R QF IFsep) = PGLn<R Qr ]Fsep)

since A ®p Feep = M, (Feep) = M, (F) @5 Fyep. Here as well there is an action of I'
twisted by a4,
O a,p=(0a,0®idg)opo(as,o® idR)_1

for ¢ € PGL,(R ®p Fsp), and the fixed points of this action are Autr(A @ R) =
PGL(A)(R).

To obtain SL(A) note that the canonical surjection SL, (Fsep) = PGL,, (Fsep)
has a central quotient, and so any choices of a4, € SL,, (Fsp) which sit above ay, €
PGL,,(Fy,) will produce the same twisted action

00, B= ClA’UO'<B)Cl;LlU

and so we consider this the action of I' on SL,,(Fs,) twisted by a4. Just as above,
this extends to a twisted action on SL, (R ®p Fsp) for all R € Algy and the fixed
points of this action are SL(A)(R).

Similarly, we can consider the case of a central simple F-algebra (A, 7) of degree
n with orthogonal involution of trivial discriminant. Let o = (4, be the chosen
1-cocycle for (A, ), therefore

A =M, (Fep)'® = {B € M,(Fsp) | ap(0(B)) = B, Yo € T}

with 7 = 7|4 and Nrd = det |4. In an analogous way to the case above, the fixed
points of the twisted action of I' on PSO,,(R ®r Fyp) will be PSO(A, 7)(R). That
is, letting o/, be the image of o, in PSO,,(R ®r Fyp),

PSO(A,7)(R) = {p € PSO,(R®s Fyp) | 0, 000 poc  oal ! =}
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Now choose a, € SO, (Fy,) lying above each o,. First, we can also express A using
these elements as

A={BeM,(Fyp) | ay0(B)a,' = B, Vo €'}

since the automorphism a, is the inner automorphism given by a,. In order to twist
SO, let a., € SO, (R ®p Fyp) be the images of a,. We will then have

A®r R={B €M, (R®fFyp) | a,o(B)a;* =nVo €T}
and so when we twist the I-action on SO,,(R ®p Fsp) the fixed points will be
SO(A,7)(R) = {B € SO, (R ®p Fyp) | a,o(B)a; ' = B, Vo € T'}.

An analogous story occurs for algebras (A, 1) of degree 2n with symplectic invo-
lution and their corresponding cocycles to produce groups PSp(A, ) and Sp(A, ).
Similar twisting techniques work for our two remaining groups, Spin and HSpin,
which we show in the next chapter.



Chapter 2

Twisting Spin, Half-spin, and Hopf
Algebras

The techniques of the previous section are also applicable to the spin and half-spin
groups. In fact, the idea of using Galois cohomology to classify and construct twisted
forms of linear algebraic groups is discussed in general in [Mill7, §3k]. In this chapter
we describe in detail how Spin,, can be twisted to produce Spin(A, ) where (A, 1)
is a central simple F-algebra of degree n with orthogonal involution of trivial discrim-
inant. The argument relies on similar twisting results relating the Clifford algebras
of quadratic forms to those of central simple algebras. Then, on our way to twisting
half-spin, we describe the analogous theory of twisting for the Hopf algebras which
represent our linear algebraic groups. We find this necessary since HSpin is a scheme
theoretic image, and therefore is most easily defined by its Hopf algebra. With our
twisted Hopf algebras in hand, we end by detailing how twisting HSpin,,, behaves
as expected and produces HSpin(A, 7).

2.1 Twisting Spin

Let (A,7) be a central simple F-algebra of degree n with orthogonal involution of
trivial discriminant. This algebra has a chosen cocycle a = a(a7): I' = PSO, (Fuep).
For each ¢ € T', we choose elements a, € Spin, (Fsp) lying above elements a, €
SO,,(Fyep) which in turn each lie above a, € PSO,(Fy,). There is a standard I'-
action on the Clifford algebra C'(M,,(Fsep), 70) given by

0(Bi®...Q By) =0(B1)®...®0(By)

extended linearly, where B; € M,,(Fgp). This is the action of I' on the second fac-
tor of C(M,(F), 7)) ®@F Feep = C(M,,(Fsep), 70) and is therefore well-defined. Since
Spin, (Feep) C C(M,,(Fsep), 70), we can use the a, to twist this action.

53
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Proposition 2.1.1. Let (A,7), a, € SO, (Fysp) and a, € Spin, (Fyp) be as above.
Define a twisted T'-action on C'(M,(Fsep), 70) by 0 - ¢ = ayo(c)a,t. Then

C(A, 1) = C(M,,(Fyep), 0)" .

Proof: Since we are working within the split case, we let V = F{, with the
appropriate quadratic form ¢ which gives rise to 75 on M,,(Feep) as in section [1.2.2]
The standard isomorphism defined by ¢ is

V ®r,., V — M, (Fsep)
e X €; — Ez}

if n is even, and when n = 2k 4+ 1 is odd we have

E- £ k+1
e X €; —> K j ?é +
2Ei k1 J=k+1

where 5 = n 4+ 1 — j and e; are the standard basis vectors. The usual I'-action on
M,,(Feep) corresponds to I' acting on the entries of vectors in V' and V ®F,, V. In both
cases, we have the following behaviour. Let B, B’ € M,,(Fy,,), then B’ = SF v @uw;
under the isomorphism, and we can express the matrix product as

k

k
=1

i=1
k k
i=1 i=1

Note that for the a, € SO, (Fys,) we have a,79(a,) = I, and so
k k k
(y0 (Z v; ® wi> a;l = > as0(v;) ® mo(a; Vo (w;) = > a0 @ agw;.
i=1 i=1 i=1
Hence we can express A C M,,(Fyp) in a third way,
k k k
A= {Z v; ® w; € My, (Faep) | Y a50(v;) @ apo(w;) =Y v @ w;, Vo € F} .
i=1 i=1 i=1

Now we recall some details of the vector representation x: Spin,,(Fysep,) — SOy, (Feep)-
By definition, if ¢ € Spin,,(Fs,) and Zle v; ® w; € M, (Fyep) we have that

k k k
b1 (c * b (Z v; ® wi> . c_1> =p ! (Z U, QcRQuw; @ c_1> = Zvi ® x(c)w;.
i=1

=1 i=1
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Therefore, for B =% v, @ w; € M, (Fsep), we have in C(M,,(Fyep), 70) where multi-
plication is given by ®, that

¢cBcl=c@B®c!

CRU W ®c

I
M= 2

1

.
I

cRQU; ®c ®c®wi®c_1

I
M=

N
Il
i

|
,Mw

@
I
—_

x(e)v; ® x(c)w;

Hence if B € A C M,,(Fyp), then for all 0 € T’

a,0 ZX aa Uz ®X(aa) ( Z)

I
T
M?T
I

@
Il
—

;0 (v;) ® ayo(w;)

V; Q@ W;

I

s
Il
i

This property extends to the Clifford algebra, so if x € C'(A, 7) then we can write
rT=co+Y Bai®...Q By
where ¢y € F, each B;; € A, and k may vary. Then for each o € T,
a,0(z)a,’ =o(co) + > (a,0(Bin)a, ") ®...® (ayo(Biy)a, ")
=c+Y Bi®...Q By
= .

Therefore C(A,7) C C(M,(Fsep), 70)">. Now, C(M,,(Fsep), 7o) is an Fyep-vector space
and the twisted I'-action is semi-linear, therefore we may invoke a modified version
of Speiser’s Lemma, [GS17, 2.3.8], to get that

O(Mn(Fsep)a TO)FQ ®IF IErsep = C(Mn(Fsep)a 7—0)‘

Also, properties of the Clifford algebra give that C'(A, 7) @pFeep = C(M,,(Fyep), 70). In
particular, this means that dimp(C'(4, 7)) = dimp(C(M,,(Fsep), To)"), and therefore

C(A,7) = C(My(Fyp), 7o) @
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as desired. |

Corollary 2.1.2. Let (A, 1) and a, € Spin, (Fsp) be as above. Let R € Algy and let
a, € Spin, (R®pFyp) be the images of the a,. Then, the a, define a twisted I'-action
on C(M,,(Fsep), 70) ®r R, and

C(A, T) ®]F R= (C(Mn(Fsep)a 7-0) ®]F R)Fa

Proof:  Letting a, € SO, (Fy,) be as above and a), € SO,,(R®rFsep) their images,
we have that

((Mnanep)u TO) ®]F R)Fa = (Mnanep)y TO)F& ®F R = (A, T) ®IF R
where the twisted action is given by conjugation with a/. Then since we also have
C(MTZ(FSQp)? TO) ®IF R= C(Mn(Fsep) ®]F R7 To ® 1)7

and the elements a/ will lie above each a , the same arguments as in the above propo-
sition give the desired conclusion. i

Now we are ready to address the twisting of Spin,,.

Theorem 2.1.3. Let (A, 1) be a central simple F-algebra of degree m with orthog-
onal involution of trivial discriminant, and let o be its chosen cocycle. Let a, €
Spin, (Fsp) be any elements above each a, € PSO,,(Fyep) and set al, € Spin, (R Qp
Feep) to be their images. These define a twisted I'-action on Spin, (R ®p Feep) by
0oc=a,o(c)ast. Then we have that

Spin(A, 7)(R) = Spin,,(R ®F Fsep) o

Proof:  Since Spin,,(R ®p Fyep) C C(M,(F), 70) @5 R ®F Fsep = C(M,,(Feep), 70) ®
Fyep and the twisted '-action is the same on each, the fixed points of Spin,,(R®pFep)
will simply be those points which are also fixed in the Clifford algebra. By corollary
[2.1.2] this means that

Spin,, (R ®F Fsep)F“ = Spin,, (R ®r Fep) N C(A, 7) @F R.

We now argue that any ¢ in the above intersection also belongs to Spin(A, 7)(R )
Since the involution 7 on C(M,,(Fsep), 70) restricts to the involution 7 on C(A, 1), w
have ¢(T®1)(c) = 1. Then we only need to check that cx(b(A)®@rR)-c~' = b(A) ®]FR
Let v = X8 v, @ w; € b(A) @ R with v;, w; € (Fsep ®r R)™. Then for each o € T,

k
r=> a,o(v;) ® a,o(w;)

=1
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k
=>a,o(v;) @a, @o(w;) ®a,’
iz1

and so we have

1 1 -1

cCxT-C -

I
a

q ~

ole)a b vz alo(cYa

o(v;) ® ao(c)asta, @ o(w;) @ as tao(c ™ )a?

o (o (e o

Il
o~

@
Il
—

I
o~

s
I
—

o(v;) @ alo(e) ® o(w;) @ o(c Hat

o(v;) ® alo(c) ® o(w;) @ o(cH)al?

(e

I
o~

-
Il
MR

|
Mw

qQ ~

alo(v;) @aolc@w; ®c )

~.
[y

!
ao (Z VR W ® c_1> at

i=1
=dao(cxx-c Hal.

Therefore cx z - ¢! € b(A) @ R as desired, and hence
Spin,, (R ®r Fyp)'™ C Spin(4, 7)(R).

Conversely, any element ¢ € Spin(A, 7)(R) is in C(A, 7)®p R and so will be fixed, and
because the involutions are compatible it will also have ¢(7)(c) = 1. We must check
that it stabilizes b(M,,(Fsep) ®r R). This follows from the fact that A @p R @p Fgep, =
M, (Feep) ®r R, which means that A @ R contains an Fg,-basis of M,,(Fsp) @r R.
Therefore, if B € M,,(Fyep) ®r R, we can write it as B = Zle d;z; with d; € Fep, and

x; € A XF R, then
k

k
c * (Z dixi> ot = Zdi(c * 2 ¢ 1)
i=1

i=1
which will be in b(M,,(Fsp) ®r R) since ¢ € Spin(A, 7)(R) means that each cxz; - ¢
will be in A ®p R. Therefore

Spinn(R QF IFsep)ra = Spin(Av T)(R)

as desired. |

This only leaves the non-split half-spin groups to be obtained via twisting. Since
the half-spin groups are defined as scheme theoretic images, we do not have a concrete
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description of the functor of points. However, such scheme theoretic images are easily
described by defining their Hopf algebra, and we therefore turn our attention to the
representing Hopf algebras of twisted groups in the next section.

2.2 Twisting Hopf Algebras

In this section we develop an analogous theory of twisting and descent within Hopf al-
gebras which mirrors the techniques of section|1.4.3] To begin, we recall the definition
of Hopt algebras from section and two lemmas we will need from [Wat79].

Lemma 2.2.1. [Wat79, §1.5] Let H be an F-Hopf algebra. Then the following dia-
grams commute.

HopH 2 ForH HeopH 4 Hop H

(R B I

g9 g g_—* ,Fr 1t .qg

It also follows from the same discussion in [Wat79] that the coinverse satisfies
the following identities.

Lemma 2.2.2. Let H be an F-Hopf algebra. Then,
e 2 =id
e ("0i=(I®...®i)oSoc"
where S: H®" — H®™ is the swap S(x1 RT3 ® ... QTp) =T, Q... Q Xy @ 7.

Now, since we are looking to mirror the process of twisting and descent among
groups, we will consider the following situation. Let G be a split semisimple linear
algebraic group over F which is represented by a Hopf algebra H. Let G(A) be
another group over F which is a twisted form of G. Here, the “A” is merely notational
and meant to evoke the relationship between our examples in section [I.4.3] such as
SL,, and SL(A) for a central simple algebra A, or SO, and SO(A, ) for a central
simple algebra (A, 7) with orthogonal involution. Recall that for R € Algy there is
a standard I'-action on R ®r Fsp given by acting on the second factor and the fixed
points of this action are (R ®p Fep,)" = R. Composition by this action gives our
standard action on G(R ®p Fp), which for p € G(R ®p Fyep) = Homp(H, R ®p Feep)
is given by

o(p): H S R@pFup S R Qp Fep.

The fixed points of this action are G(R®QpFs,)" = G(R). Elaborating the assumption
that G(A) is a twisted form of G, we assume there is a cocycle

a: ' = Inn(G(Feep))
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of inner automorphisms of G(Fsp) with the following property. For R € Algy,
let o/ € Inn(G(R ®p Fyp)) be the image of a, induced by the canonical inclusion
G(Fyep) = G(R ®p Fyp), then define a twisted I'-action on G(R ®p Fyp) via

0 ox =0 (c(x)).
Denoting the fixed points of this action by G(R ®y F Sep)ra we have that
G(A)(F) = G(R ®p Fyep) ™.

This is the story for all the group twisting done in section [1.4.3] and this is the story
we will translate to Hopf algebras.

2.2.1 Galois Actions on Hy,

For brevity, we let Hyp, = H ®p Fgp. This is an Fgp-Hopf algebra with structure
induced from H, and so we use the same notation c¢,i, and u. As a starting point,
we set the standard I'-action on Hg., to be given by acting on the second factor so
that (Hep)' = H. Importantly, this ['-action commutes with c¢,i, and u, so it is an
action by Fyp-Hopf automorphisms. We also define a I'-action on Autg,, (Hgep) via
o(p) =copoo t. Thus, for o € T, p € Autp,, (Hgep), and o € Hgep, we have

a(p(z)) = a(p)(o(2)).

We will make use of the following identification

HOII]F(H, R ®IF Fsep) :> HOIIl]Fsep (Hsepa R ®]F Fsep)
p— DPsep
qlu g

where the map pgep is defined by psep (2 @ b) = bp(x), extended linearly. Since G(R ®r
Fsep) = Homp(H, R ®p Fgep) there is a I' action on the above sets. A small thing to
keep in mind about this action is the following lemma.

Lemma 2.2.3. Let p € Homp(H, R ®p Fs,) and o € I'. Under the identification

above, we have that

(0(P))sep = T 0 pep o0

Proof: This can be easily verified by looking at pure tensors. We have

(0(P))sep (€ ® b) = b(o(p))(x) = bo(p(x))

and we have

(00 psep 00 )@ ®D) = (00 psep)(x @0 (b)) = o (0 (D)p(w)) = bo(p(x)).
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Next, we build a cocycle of automorphisms of Hge, from the cocycle a of inner
automorphisms of G(Fp). However, we will need a lemma.

Lemma 2.2.4. Let h € Z(G(Fsep)). Then, if x € Hge, we have that
Zhsep T(1)T(2) = Zl“ sop(2(2)) € Heep-

Proof: Using the fact that Z(G(Fsep)) = Z(G)(Fsep), let A’ be the image of h
under the map
2(G)(Fsep) = Z(G)(Hsep) € Z(G(Hiep))-

This means that for any F-algebra morphism ¢: H — Hge, we will have
o(W®p)oc=mo(p®h)oc
In particular, applying this with ¢ being the injection H — Hy.,, we get for y € H

that
DNy ye @ 1) = _(ya) @ DA (ye)-
Since h/(y) = h(y) - 1 this can be rewritten as

Do hya) (e @ 1) =D (ya) @ Dh(ye)-
Finally, let z = y ® b € Hg, with y € H and b € Fy.,. Then
z) =2 1) ®xe =) (Y1) ®1)® (yo ®1)b
and so we can compute
2 hsep(w(1)) () = Z hsep (y1) ® 1) (y(2) @ 1)

= Zh y(z )b
=> (o) ® Dh(ye)d
= vy ®1 sep(y<2> ®1)b

=Dt hsep(T(2))

This extends linearly to produce the desired statement. i

Now we define the functions which will use in our cocycle.
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Definition 2.2.5. Consider the cocycle a: I' — G(Fyep) and choose elements a, €
G(Fyep) representing o, that is

a,(p) = aspa;’

We define functions
Q, = (G sep ® id ®a, Sep) oc?: Hgep — Heep.

That is, for x € Hye, we have

Qp () =Y Aosep(T(1))T(2) Oy pep (T(3))

where we allow ourselves to write scalar multiplication by elements of Fe, on the left
and right as a convenience to help keep track of factors arising from comultiplication.

Theorem 2.2.6. Consider the functions Q, defined above. We have that

o FEach Q, does not depend on the choice of a, € G(Fyp), that is Q, is well-
defined.

o Fach Q, is an Fsp-Hopf algebra automorphism.

e The map

A: T — Autg,,, (Huep)
o o(Q,-1)

is a cocycle.

Proof: We begin with the first claim. Let a,,b, € G(Fsp) be two elements
whose inner automorphism is both a,. This means that there is a central element
h € Z(G(Fgp)) such that a, = b,h. Then we compute that for x € Hgep,

D o sep(T(1))2(2) g e (
=D (bosephsep) (1)) T (2) (b sephsep) ™ (7 (3))
= bosen((1)) hsep (2(2)) T (3) haep (T(4) ) iy sep (25))
= Z bosep (T (1)) Pisep (X )hse;( (3))1‘(4)[);’;@(1‘(5)) by lemma 2.2.4
=D bosen(€(1)) (Psepioep) (7(2)) 2 (3) D5 gepp (2(4))
=D Dosep (1)) u((2)) 7 (3) by e (T(4)
(

)
)
)
)
)
= bosep (T(1)) T ()5 0o ((3)
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which verifies the first claim.

To see the second point, we begin by noting that @, is an Fg.,-algebra morphism
because it is a composition of algebra morphisms. It is an Fgep- algebra automorphism
because it has an inverse map given by Q' = (a_l,, ®id ®agsp) 0 ¢*, which we verify
now.

(@, 0@,)(z) = @," (3 aa,sep(l"(l))x(z)a;éep(fm)))

= Z Qg sep l’ _l(x(Q))a;;ep(xw))
= Z Uy sep CLU sep (IL' ) )(2) Ao, Sep(x(Q)(3)>a';,;ep(x(3))
- Z aa sep a’o’ ;ep(x )l‘(g aG Sep(x(4)) USQp(x(5))

=Y (Ao sepa sep) (T(1))Z(2) (Ao sepy sep) (Z(3))
= Z x(l x(g)u($
=D rayu(r)

= X.

)
)

The computation for @, o @' = id is symmetric. Therefore, to verify that @, is
an [Fep,-Hopf algebra automorphism, the only thing we have left to show is that it
respects ¢, ¢, and u. Since we are discussing the Hopf operations on Hgp,, they are
Fyep-linear. We begin with c,

(@, ® @,) 0 0)(x) = (@ ® Q) (3 z) ® 2(2))

T(1))T(2) Ay pep (T(3) ) Aorsep (T(40)) T(5) Uy ep (T 6))

= osep (1)) T(2) (O gepUosep) (T(3)) T (4) Oy ep (T (5))

= Z Qo ,sep\ L (1) C(‘I(Q))ac:,;ep(‘r(‘g))

=cC (Z Qg sep (x(1)>x(2) a’;;ep (ZE(g)))
= (co@,)(x).

Therefore @, respects c. Next, we consider 1,

(@ 00)(2) = ((Agsep ® id ®a 5op) 0 ¢ 07) ()
= ((agsep ®1id ®a;;ep) o(i®i®i)oSo 02)(x)

using part two of lemma

= (trsep ®id ®a; L) (D i) @i(r) @i(zq)))
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=D (tosep © 1) (2(3))i(z(2)) (a5 Lep © 1) (2(1))
= a,! top(Z(3))i(2(2) )agsep

= Zaabep z))i(z2)a,

=i (3 o sep((1) 7 )a;iep(l'(:z)))

= (10@,)(x).

Therefore @, respects . Finally, we consider u.

(U ¢} @ =1Uu (Z (% sep Z(1) x(?)a;iep(x(?’)))

=D o sep(T(1))U(2(2) )05 0 (T(3)
(aff Sepuaa ;ep) (CL’)

= (aO' sep&g sep) (1’)

= u(z)

Therefore @, respects u as well, and so it is an Fg,-Hopf algebra automorphism as
claimed.
Our last task is to verify that 2 is a cocycle. To do this, we first show that the
@, satisfy the relationship
U(@T)@U = @O'T

for all o,7 € I'. We compute

(0(@7)@0)(56)
(Z aUSQP x(l) 2)aasep( 3 )))
0 © @ o (Z G sep )a;iep ($(3))>

(0o@;) (Z 0 (aesep( )))0*1@@))0’1(a;iep@?(:a))))
=0 (Z 0 (Ag0ep (1) )rsep (07 (22 1)) 0 (2(9)2)) 87 e (07 (@ 2)3)0 ™ (05 e (203)))
= Aosep(2(1)) (00 Arsep © 07 1) (2(2)(1))T(2)(2) (0 © rgepy © 0 ) (T(2)(3)) U sep (T(3))
Y

= tosep (1)) (0(ar) )sep(T(2) (1)) T2 (2) (0 (a7
using lemma then

= o sep(T(1)) (0(0r) )sep (%2))2(3) (0(07) )sep (T(0) ) O e (T(5))
= (a50(ar))sep(T (1)) T2y (0 (a7 )ag ) sep((3))

Since the a, form a cocycle, the elements a,o(a,) and a,, will differ by a central
element. Therefore, utilizing lemma in the same way as we did above, we obtain

= Z Qo1 sep (x(l) )ZE(2) a;:,sep) <x(3))
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=Q, ().

This verifies the identity. Expressing the identity in an equivalent way, we have that
A7 (@,1) = (1)

for all o,7 € I'. Using this, we have that

A,0(2Ar) = 0(Ap-1)o(7(Qr1))
0(Qy-17(Qr-1))
(T(Qon1))
= (07)(Qr)1)
=9,

Il
Q

and hence 2l is a cocycle, finalizing this long proof. |

Now that we have a cocycle in hand, we can twist the I'-action on Hg,. We do
this in the usual way, defining

00t =AU (0(x)) =0(Qu-1(x))
and denoting the fixed points by
(Heep)'™ = H(A)

Since this action is by Fg,-Hopf algebra automorphisms, the fixed points are an
F-Hopf algebra. In addition, this action is semilinear since if b € Fgep,

0o (bx) = 0(Q,-1(bx)) = 0(b)o(Q,-1(x)) = o(b)(0 -4 x).

Therefore, by Speiser’s lemma the fixed points satisfy H(A) @ Feep = Hgep. Just as
before, this gives an identification
HOHI]F(H(A), R ®F ]Fsep) :> Hom]ysep (Hsepa R ®IF Fsep)
q— Gsep

Q|H —q.

Using this identification simultaneously with the one above, we view Homy(H (A), R)
as a subgroup of G(R ®p Fyp) via
Homp(H(A), R) — Homp(H (A), R ®F Fyep)
= HOIII]FSEP (Hscp7 R F Fsop)
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= HOHl]F(H, R QF ]Fsep)
=G(R ®F Fyep),

and by construction G(A)(R) = G(R ®p Fep)' is a subgroup of G(R ®f Fyp,) as
well. The fruit of our labour is that these two subgroups are equal, and so H(A) is
the Hopf algebra representing G(A).

Theorem 2.2.7. Let G be a split semisimple linear algebraic group with representing
Hopf algebra H. Let G(A) be a twisted form of G given by a cocycle a of inner
automorphisms of G(Fsep). Let H(A) be the fized points of the twisted I'-action on
Hgep, defined from « as above. Then for all R € Algy,

Homs(H(A), R) = G(A)(R)
as subgroups of G(R ®p Feep). In particular, H(A) is the Hopf algebra representing
G(A).

Proof:  To begin, we note that under the above identifications ps, € G(R ®r Feep)
belongs to Homg(H(A), R) if and only if peep|m(a) takes values in R. Hence we need
to show that such maps are fixed under the I action on G(R ®p Fsp), and that fixed
maps have this property. Both inclusions are aided by the fact that

@cr 0'71 psep
Hsep ? Hsep ? Hsep R QF I[’?sep > R Qr ]Fsep

W

commutes, which we check now.

(00 Pap 007" 0 @)(2) = (00 Paep © 0") (Y Gorsep (1)) 22085 e ((3)))
= (P)sep (Zaasep 20T e (T3))
=D osep (1)) T (P)sep (£(2) ) g sep (4(3))
= (a5 sep0 (P)sep(aﬁr sep) (@)
= (a,o(p)(ay) ™ )sep(2)
= 0y ((P))sep ()
(0 -0 P)sep(@)-

where a!, is the image of a, in G(R ®p Fs,) and for € Hg, we have a,(x) =
ay(7) -1 € R ®p Fyp. Hence the diagram commutes.
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To address the first inclusion, assume pg, € Homp(H(A), R). Since H(A) Qp
Feep = Hgep, there is an Fgep-basis of Hgep, contained in H(A). So, for x € Hg, we
may write © = Y b;x; with b; € Fy, and x; € H(A). Then

= (0opepoo to (Z bw)
= (0 0pwp) (X0 a, ()
= (o

(0 o))
%)
=0 (Za ! b;)Dsep (i )
= Zbiff psep ll?i
= Z biDsep (i), since each peep(xi) € R
= Psep()

(0 a p)sep(fp)

0 pa) (S0

(bi)o~
(b:)
= (70 puep) (207 (01)
)

therefore pyp is a fixed point, meaning pp € G(R ®p Feep)'> = G(A)(R).
Conversely, let pse, € G(A)(R) be a fixed point. Then for any € H(A) we have

(00 Psep © oo lo Q,)(z)
= (00 Paep) (07" -0 )
(00 Psep) (@)

= 0(Psep(z))

for each o € T'. Hence peep(7) € (R ®p Fyep)' = R, and therefore pyep| m(a) only takes
values in R. Thus pgp, € Homp(H (A), R).
Having shown both inclusions, we conclude that

Psep() =

Homp(H(A),R) = G(A)(R)

as desired. ]
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2.3 Twisting Half-spin

We can now apply the results of the previous section to twist our last group which
remains untwisted. We will be working with a central simple F-algebra (A, 7) of
degree 2n with orthogonal involution of trivial discriminant. Recall from theorem
that in this case the Clifford algebra decomposes as

C(A,T)=CT(A, 1) x C (A, 1)

where each of C*(A,7) is a central simple F-algebra of degree 2"~!. The central
simple algebra (A, 7) has a corresponding cocycle o in PSOy,(Fy,), and we can
choose elements a, € Spin,, (Fs,) lying above each «,. For R € Algy we denote by
a the image of a, in Spin,, (R ®p Fsp). We have seen in corollary that these
a/ can twist the split Clifford algebra to yield

C(A,7) @ R = (C(Map(Feep), 70) @5 R)' .

By restricting to invertible elements, this construction immediately gives a twisting
result for GL(C(A, 7)).

Lemma 2.3.1. Let (A,7) and a, be as above. For R € Algy there is a twisted
I'-action on GL(C(May,(F), 70))(R @ Feep) given by

0qr=ao(x)(a)

o

the fized points of which are
GL(C(A, 7))(R) = (GL(C(M24(F), 7)) (R @5 Fuep)) "

When dealing with half-spin we are concerned with C*(A, 7). Since 7 has trivial
discriminant, so does 79 and so there is also a decomposition

C(MQn (]Fsep)a 7-0) - C+ (MZn(Fsep)y TO) X C_ (MZn(Fsep); 7_0)-
Under this decomposition we may write the elements a, as
a, = (a,,a,)

where a, € HSpin,, (Fsp) and each a, lies above a,. Similarly denoting the image of
a, in HSpin,, (R®r R) by a,, we see that the twisted action on C'(Ma, (Fsep), 70) @r R
restricts to give a twisting result for C (A, 7).

Lemma 2.3.2. Let (A,7) and &/ be as above. For R € Algg there is a twisted
I'-action on C*(May,(Fsep), 70) @r R given by
ooc=aalc)(a)) ",

(o

the fized points of which are
C+(A, 7') Kp R= (C+(M2n(Fsep), 7'0) XRE R)Fa.



2. TWISTING SPIN, HALF-SPIN, AND HOPF ALGEBRAS 68

Proof: For each ¢ € C(My,(Fsep), 7o) ®r R we can write ¢ = (¢1,¢2) due to the
decomposition of the Clifford algebra. The twisted action on the full Clifford algebra

then appears as
0 ac=(a0(c)(a;) " (a;) o(e2)(2a;) ™)
and so when descending to fixed points we obtain
C(A, T) ®]F R = (C+<M2n(Fsep)7 TO) ®IF R>F& X (07<M2n(Fsep)7 TO) ®IF R)F&~

Now, since each C*(Ma,(Fsep), 7o) is a central simple Fy,-algebra of degree 2"!, the
fixed points of their respective twisted actions will be central simple F-algebras of
degree 2”71, Hence this decomposition at the R level arises from the decomposition

of theorem [1.1.17, and so
CH(A,7) @ R = (CT(Map(Feep), 7o) @ R)"™

as desired. ]

Corollary 2.3.3. Let (A,7) and a be as above. For R € Algg there is a twisted
I'-action on GL(C*(Ms,(F), 70))(R @5 Feep) given by

the fized points of which are
GL(C™(A,7))(R) = (GL(C* (Mz4(F), 7)) (R @ Fuep))" .
These were the last pieces needed to twist half-spin.

Theorem 2.3.4. Let (A, T) be a central simple F-algebra with orthogonal involution
of trivial discriminant and of degree 2n where n is even. Let o be its chosen cocycle,
and let a, € HSpin, (Fep) be any elements above each o, € PSO,(Fyp) and set
a), € HSpin,(R ®r Fep) to be their images. These define a twisted I'-action on
HSpin,,(R ®p Fep) by 0 -0 ¢ = alo(c)al . Then we have that

HSpin(A, 7)(R) = HSpin,, (R ®F Fy,) .

Proof: Recall that the projection C(A,7) — CT(A,7) induces a group scheme
morphism

GL(C(A, 7)) » GL(C™ (A, 7))
and that HSpin(A, 7) is the scheme theoretic image of the composition

Spin(A,7) — GL(C(A, 7)) = GL(C*(A,1)).
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Using traditional notation, we denote the representing Hopf algebra of a group G
by F|G| and also write F|G|sep = Fsep|G]. The statement that HSpin(A, 7) is the
scheme theoretic image is equivalent to saying that F[HSpin(A, 7)] is the image of
the induced map

FI[GL(C*(A,7))] — F[Spin(A4,7)].

Now we involve the results of theorem 2.2.7 and the lemmas above to situate these
Hopf algebras inside their split counterparts. In the split case the map Spin,, —
GL(C* (Mg, (F), 7)) corresponds to

FIGL(C" (Ms,(F), 79))] — F[Spiny,,].

Choose elements a, € Spin,, (Fy,) lying above each a, € GL(CT (Mg, (F), 79)) (Fsep)-
Viewing these elements as maps, the a, are pullbacks of a, along the above Hopf
morphism. This means that the Fge,-map

@ Fsep[GL(O+(M2n(F)7 TO))] - Fsep[SPin%]a

respects the twisted actions and therefore restricts to fixed points. Hence we have
the following diagram.

Fuep|GL(C* (Man(F), 70))] —— Fuep[Spiny,]

I |

FIGL(C*(A,7))] —— F[Spin(A4, 7)]

Furthermore, Fg.,[HSpin,,| is the image of ¢. Thus, our goal is to show that the
fixed points of the image of ¢ are equal to the image along the bottom. This will
show that Fy.,[HSpin,, "> = F[HSpin(A, 7)] which via theorem will yield the
desired result.

Commutativity of the diagram gives that F[HSpin(4,7)] C F.,[HSpin,,]"=.
For the converse, first note that since ¢ respects the twisted action, and

04 0=0 € Fys,[Spin,,]

for all ¢ € T', this means the twisted action stabilizes ker(¢). Therefore, Speiser’s
lemma applies to tell us that ker(¢)'> @ Fep = ker(¢). Furthermore, ker(p)r is an
F-subspace of FIGL(C* (A, 7))], so there is an F-vector space decomposition

FIGL(CT(A,7))] = W @ ker(¢)"

for some other subspace W C F[GL(C™* (A, 7))]. Tensoring with Fy.,, we obtain an
Fyep-vector space decomposition

Foop GL(C* (Moo (F), 7))] = (W 5 Fuep) @ ker(o).
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where for elements w ® ¢ € W ®p Fyp,, the twisted action is given by o -, (w ® ¢) =
w ® o(c), i.e., by acting on the second factor.

Now, consider z € Fy,[HSpin,,|'>. Equivalently, = € F[Spin(4,7)] and z €
Img(y). We need to find a fixed point in the preimage of x. The preimage of z is a
coset

o~ (2) = w + ker(yp)

for some unique w € W ®g Fyep. Then, o -, (x) = x means that
w + ker(p) = (0 o w) + ker(p)

for all 0 € I". Since the coset representative in W ®p Fgep, is unique and o -, w €
W ®p Fyep, this means w = o -, w for all o € T'. Therefore w is a fixed point in ¢! (z)

and hence
Fop[HSpin,,|"* C F[HSpin(4, 7)]

which finishes the proof. |



Chapter 3

Linear Algebraic Groups as
Sheaves

The linear algebraic groups introduced in chapter (1] are so far just functors. In this
chapter we will outline how these functors form sheaves on the category Algy with
respect to the étale topology. This viewpoint allows us to discuss a notion of stalks,
which we will find to be the R-points of the group for local strictly Henselian rings
R € Alggp. For a group scheme homomorphism, viewed as a morphism of sheaves,
it is injective if and only if the induced map on each of these stalks is injective, and
surjectivity on the stalks implies the homomorphism is surjective. Being able to focus
only on the group’s points over local strict Henselian rings has the advantage that
we are able to completely describe the group’s behaviour there in the language of
Chevalley groups. In the second part of this chapter we introduce Chevalley group
functors, which are subfunctors of our linear algebraic groups, but the two notions
agree over local strictly Henselian rings. Thus, we can use the computational power
of the Chevalley group’s generators and relations presentation in order to define and
analyze group scheme homomorphisms between linear algebraic groups.

3.1 Sites and Sheaves

Here we recount the general setup of sheaves on sites following The Stacks Project
[Stacks]. What The Stacks Project calls sites are also known as categories with a
Grothendieck topology. We use the former terminology in order to match our source.
We must note, however, that some of the definitions we use here do not match with
The Stacks Project exactly due to set theoretic concerns. The Stacks Project requires
that the underlying category of any site forms a set, and that the coverings form a
set as well, and they do this to ensure that many constructions they wish to consider
exist. Since our use of sites and sheaves is limited in scope, we relax these definitions
in order to allow a site to be a large category, with a class of coverings. All new
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constructions we consider will be local in some sense, i.e., only using a set’s worth of
information, so our relaxation is a safe one. If one wishes to formally address these
issues, Grothendieck universes can be used. We begin with our relaxed definitions.

Definition 3.1.1. [Stacks, Tag 03NH] A site is a category C together with a collection
Cov(C) consisting of families of morphisms {@;: U; — U }icr where I is a set, U, U; €
Ob(C), and ¢; € Hom(U;,U). Such a family is called a covering of U. We require
that

o If o: V= U is an isomorphism, then {¢: V — U} € Cov(C).

o If{p;: Ui — U}icr € Cov(C) and for alli € I we are given coverings
{1 Uy — Uitjer,, then the family of compositions

{wi 0 ij: Ui = Ui jyel], ., 1o
s also a covering.
o If{v:U; = Utier € Cov(C) and V — U is a morphism in C, then

(i) for alli € I, the fiber product U; xy V ezists in C, and
(ii) {U; xg V- — V}ier € Cov(C).

This definition is meant to extend the notion of open coverings from topology to
categories. In fact, considering the open sets of a topological space and the subset
inclusion maps between them as a category, we produce an example of a site by
letting the coverings be exactly the usual open covers. The first point then says that
a set should be open in itself, the second point says that open covers can be refined,
and the third point says that an open cover of U can be restricted to a subset V'
via intersection. Just as a sheaf on a topological space is defined on open sets and
respects open coverings, we define a sheaf on a site to be a functor which respects the
coverings of the site.

Definition 3.1.2. [Stacks, Tag 03NK] Let C be a site. A presheaf of sets on C is
any contravariant functor F: C — Sets. A presheaf is considered a sheaf if for all
coverings {¢;: Ui — Ulier € Cov(C), the diagram

h1

FU) ——= Tlies F(Us) L [ijer F (Ui xu Uj)

where 7(a) = (alv, )ier, P1((ai)ier) = (ilv,xyu; )ijer, and ha((as)ier) = (a;lv,x v, )ijer

is an equalizer diagram in Sets.


https://stacks.math.columbia.edu/tag/03NH
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The restriction notation is also borrowed from sheaves on topological spaces,
it means the following. For a € F(U) and ¢;: U; — U, we set aly, = F(pi)(a).
Next, there are canonical projections ¢;, ¢;: U; xy U; — U, and using them we set
alv,xyu, = Fl¢i)(a) for a € F(U;), and aly,x,u, = F(¢;)(a) for a € F(U;). The
property of being an equalizer diagram encodes all the usual properties we expect
from a sheaf. In particular, 7 is injective, hy o m = hy o w, and any element of
[Tic; F(U;) on which hy and hy agree is in the image of 7. As with most things
mathematical, we also consider maps between sheaves.

Definition 3.1.3. [Stacks, |Tag 00WM] Let F and G be two sheaves on a site C. A
map of sheaves is a natural transformation p: F — G. In addition, we say that

o @ is injective is p(U): F(U) — G(U) is injective for each U € Ob(C).

o is surjective if for all U € Ob(C) and each s € G(U), there is {U; = U}ies €
Cov(C) such that for all i, s|y, is in the image of ©(U;): F(U;) — G(U;).

There are two final small notions of the general setup which will be important
for our applications. Since our linear algebraic groups are Hom-functors, that is each
group G comes with a Hopf algebra H, and then for R € Algy we have G(R) =
Homp(H, R), they are examples of representable functors.

Definition 3.1.4. Let F: C — Sets be a covariant (resp. contravariant) functor.
It is called a representable functor if there exists F' € Ob(C) such that F(A) =
Home(F, A) (resp. F(A) = Home(A, F')). Then F is said to be represented by F'.

In a combination of terminology, we also refer to contravariant representable
functors as representable presheaves. While representable presheaves are well behaved,
they are not so well behaved as to be sheaves with respect to any site. Therefore, we
introduce some terminology to distinguish those sites where this does happen. First,
since the sheaf condition must hold for all coverings, we define a notion of coverings
where representable presheaves satisfy the sheaf condition.

Definition 3.1.5. [Stackd, Tag 00WP] A family of morphisms {U; — U}ier in a
category C is called an effective epimorphism if

o For any other morphism V- — U in C, the fiber products U; xy V' exist,

e For any X € Ob(C) the sequence

Home (U, X) —— Ilie; Home(U;, X) [L; jer Home (Ui x¢ Uy, X)

—

is an equalizer diagram. That is, the representable presheaf Home(—, X) satis-
fies the sheaf condition for this family.


https://stacks.math.columbia.edu/tag/00WM
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Furthermore, family is called a universal effective epimorphism if for any morphism
V = U in C, the family {U; Xy V — V}ier is an effective epimorphism.

As noted in [Stacks, Tag 00WO] below the above definition, a category C together
with all universal effective epimorphisms as coverings forms a site.

Definition 3.1.6. Let C be a category. The canonical site on C is the site where
Cov(C) is the class of all universal effective epimorphisms in C.

By construction, all representable presheaves on this site will be sheaves. Con-
versely, if a site has the property that all representable presheaves are sheaves, then
all its coverings must be universal effective epimorphisms. Hence we use the following
terminology.

Definition 3.1.7. We call a site C subcanonical if every covering in Cov(C) is a
universal effective epimorphism. Equivalently, C is subcanonical if every representable
presheaf on C is a sheaf.

This definition is closely related to the definition of the canonical topology on
a category, [Stacks, Tag 00ZA]. It is the finest topology for which all representable
presheaves are sheaves. Any coarser topology also has this property and is called
subcanonical. However, topologies on a category are a related but distinct notion to
sites, so we include the above definitions.

3.2 The Etale Site

In this section we focus our attention on a particular site, namely the étale site on
the category of affine schemes over Spec(F), which we denote by Affr. We focus on
this category in particular since it is equivalent to Algy via the Spec functor. Since
the Spec functor is contravariant and our linear algebraic groups are covariant on
Algp, we can view the groups as contravariant functors from Affy. Let G be a linear
algebraic group scheme represented by a Hopf algebra H. It is a covariant functor

G: Algy — Grp
R — Homag, (H, R).

We denote by G the equivalent functor on Affy, which is given by

G: Affy —Sets
Spec(R) — Homag, (Spec(R), Spec(H))

12
HOIIlAlg]F(H, R)


https://stacks.math.columbia.edu/tag/00WO
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where we compose with the forgetful functor Grp — Sets. In particular, our group
schemes are representable presheaves on Algp. To begin, we recall the namesake
notion of an étale morphism.

Definition 3.2.1. A homomorphism of rings R — S is called étale if it is smooth and
the module of differentials Qg/p = 0. A homomorphism of affine schemes Spec(S) —
Spec(R) is called étale if the associated ring map S — R is étale.

We will not need to deal with the internal workings of this definition. Instead,
we will be able to work with the properties of étale morphisms. Now we can define
the étale site.

Definition 3.2.2. The étale site is the category Affr equipped with coverings
Covgtale(Affr) whose elements are all the finite families

such that each @; is an étale morphism of affine schemes, and U ¢;(U;) = U.

By the same argument as in [Stacks, Tag 021C]|, this does indeed form a site. As
promised, this site is subcanonical.

Lemma 3.2.3. The étale site Affr is subcanonical.

Proof: We combine two lemmas, [Stacks, Tag 03PH| which says that any étale
covering is an fpqc covering (standing for faithfully flat and quasi-compact), and
[Stacks, Tag 023Q] which says that fpqc coverings are universal effective epimor-
phisms. Therefore all étale covers are universal effective epimorphisms, and so the
étale site is subcanonical. |

This result means that since our algebraic groups are representable presheaves
on Affy, they are sheaves with respect to the étale site. This gives the following small
lemma.

Lemma 3.2.4. Let {Spec(U;) — Spec(R) | 1 <i < m} be an étale covering in Affy.
Then there is an equalizer diagram in Algg

R —— T4, U , 521 Ui @r Uj
Proof:  Since the étale site is subcanonical, the presheaf Homag, (—, Spec(F[z]))

is a sheaf. It therefore gives an equalizer diagram for the given cover, which when
translated into algebras is the desired diagram. |


https://stacks.math.columbia.edu/tag/021C
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Ultimately, we want to determine properties of group scheme homomorphisms
by looking at their sheaf properties. In particular, we have the following two lemmas
which compare group scheme morphism injectivity and surjectivity to the respective
property for sheaf morphisms.

Lemma 3.2.5. Let p : G — H be a homomorphism of linear algebraic group schemes.
Then ¢ is injective as a group scheme homomorphism if and only if it is injective as
a homomorphism of sheaves on the étale site.

Proof: The morphism ¢ is injective as a group scheme homomorphism if and
only if for all R € Algy we have p(R): G(R) — H(R) is injective. It is injec-
tive as an étale sheaf homomorphism if and only if for all Spec(R) € Affr we have
®(R): G(Spec(R)) — H(Spec(R)) is injective. These two notions are equivalent by
definition. i

Lemma 3.2.6. Let ¢: Gy — Go be a homomorphism of linear algebraic group
schemes. If ¢ is surjective as a map of étale sheaves, then it is surjective as a group
scheme homomorphism.

Proof: Let H; be the representing Hopf algebra of G;. We aim to show that the
map ¢*: Hy — Hj is injective. Choose Spec(H,) € Affy and idy, € Go(Spec(H,)) =
HOHlAlg]F(HQ, H,). Since ¢ is surjective as an étale sheaf morphism, there exists an
étale cover {¢;: Spec(U;) — Spec(Hsy) | 1 < i < m} such that for each i, idgy, |y, €
Hom g, (H1,U;) is in the image of ¢(U;). Translated into algebras, this means that
there is a commutative diagram

H, — H?;l Ui

idm,
Hy —— Hj

where o = (id g, [spec(t))1<i<m and 8 = (¢} )1<i<m. In fact, § is also injective since it
appears in the equalizer diagram

B _
Hy — [ U; 12 Ui ®m, U

of the étale cover. Therefore since 3 oidy, is injective, ¢* must also be injective as
desired. i

While injectivity of the two different notions is equivalent, we note that surjec-
tivity as an étale sheaf morphism is strictly a stronger notion. See example [3.4.10]
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3.3 Points and Stalks

Just like with sheaves on regular spaces, we can define a notion of stalks on which the
behaviour of morphisms is reflected. Then, rather than having to check injectivity
and surjectivity in full, it suffices to only check the induced maps on stalks. The
stalks we define will be on geometric points of Affr. We model our definition off of
[Stacks, Tag 03PO].

Definition 3.3.1. Let X € Affy.
o A geometric point of Affy over X is a morphism
p: Spec(K) — X
where K € Algy is an algebraically closed field. We say p lies over Img(p) € X.

o An étale neighbourhood of p is a diagram

p

/\(p

Spec(K) —— U X

where ¢ is étale. We denote the neighbourhood by (U, u).

o A morphism of étale neighbourhoods of p, (Uy,uy) — (U, uy), is a map ¢: Uy —
Uy making the following diagram commute

Since étale neighbourhoods of p have morphisms between them, they form a
category. Our notion of the stalk of a functor at a geometric point p will come from
taking a filtered colimit with respect to these étale neighbourhoods. We define stalks
after verifying we can with the following lemma.

Lemma 3.3.2. Let p be a geometric point of Affy over X. The category of étale
neighbourhoods of p is small, that is its objects form a set, and it is cofiltered.

Proof: To see that the category is small, note that if U — X is an étale map
of affine schemes, then it corresponds to an étale map of rings R — S. Since such
a ring map is smooth, it is finitely presented, and therefore there are, in a rough
estimate, at most (|R|*)™ such maps. The category is cofiltered by an analogous
argument as in [Stacks, Tag 03PQ)]. The referenced statement speaks about arbitrary
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étale neighbourhoods over an arbitrary scheme, i.e., not necessarily affine, however
the proof only uses fiber products and the category Affr is closed under fiber prod-
ucts. Therefore the proof applies here as well. |

Definition 3.3.3. [Stacks, Tag 040R] Let p be a geometric point over X € Affp,
and let F be a presheaf on Affr. The stalk of F at p is

Fp, = c(oUl,lur)n F(U)

where the colimit is indexed over all étale neighbourhoods of p.

As noted in [Stacks| following this definition, since the étale neighbourhoods are
cofiltered, their images under a presheaf will be filtered. Therefore, elements of F,
are pairs (s € F(U), (U,u)) where two such pairs are equal if their restrictions agree
on some common étale neighbourhood further down the filter.

Any morphism of presheaves ¢: F — G induces a map on stalks. If p is a
geometric point then we get a map

op: Fp — Gy
(s, (U, u)) = (p(U)(s), (U, u)).

The following proposition says that the geometric points of Affy form a con-
servative family. That is, we can determine the injectivity or surjectivity of a sheaf
morphism by looking at the behaviour at all such stalks.

Theorem 3.3.4. Let ¢: F — G be a morphism of sheaves on Affg. Then ¢ is
injective (resp. surjective) if and only if ¢,: F, — G, is injective (resp. surjective)
for all geometric points p of Affp.

Proof: We follow the argument of [Stacks, Tag 03PU]|. First, assume that ¢ is
injective. Let p be a geometric point and let (s1, (Ur,u1)), (S2, (Us,us)) € Fp. If
we have that ¢,(s1, (Ur,u1)) = ©p(S2, (Uz,uz)) then there exists a common étale
neighbourhood (V,v) — (Uy,u1), (Us, ug) such that

e(V)(s1lv) = o(V)(s2]v).

By assumption, ¢(V) is injective and so s1|y = sa|y, and therefore

(1, (Ur,u1)) = (s1lv, (V,v)) = (s2]v, (V,v)) = (52, (U, u2))

SO (pp, 1s injective.
Now assume that ¢, is injective for all geometric points. Let X € Affr and
consider si,s, € F(X) such that ¢(X)(s1) = ¢(X)(s2). For each point z € X,
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choose a geometric point p which lies over z. For instance if X = Spec(R), we may
choose K = (R,/tR;)ae and take p: Spec(K) — X to be the map coming from
R — K. In the stalk at p we will have

wp(s1, (X, p)) = (p(X)(51), (X, p)) = (p(X)(s52), (X, p)) = @p(s2, (X, D).

Since ¢, is injective, (s1, (X,p)) = (s2,(X,p)) and so there exists some étale neigh-
bourhood (U, u,) of p on which s;|y, = s2|y,. Because we have done this at all
points, and = € Img(U, — X), we get an étale cover {U, — X },cx which we may
refine to a finite cover

{U; = X |1<i<m}

since étale morphisms are open and X is quasi-compact. Since F is a sheaf we have
an equalizer diagram

F(X) —= I, F(U) 1= F(U xx Uy)

ij=1
where « is injective. From our construction of the étale cover we have
a(s1) = (s1lu,)iZy = (s2]v,)izs = a(s2)

and so s; = sy, meaning ¢(X) is injective. Hence ¢ is injective as desired.

To begin the second half, assume that ¢ is surjective. Let p be a geometric point
and let (s, (U,u)) € G,. Since g is surjective, there exists an étale cover {U; — U |
1 <i < m} such that each s|y, is in the image of p(U;): F(U;) — G(U;). Since the
U; cover U, at least one of them must be an étale neighbourhood of p, call it (U;, u;),
and let y be a preimage of s|y,. Then we have

Po(y: Uy ) = (0(U) (W), (Uj,15)) = (slv;: (Uj, 1)) = (s, (U w)).

Hence ¢, is surjective.

Finally, assume that ¢, is surjective for all geometric points. Let X € Affr and
let (s, (U,u)) € G(X). For each x € X choose a geometric point p lying over x. Since
¢, is surjective, there exists (y,, (U,,u,)) € F, such that

(e(Up) (), (Up, up)) = (s, (U, u))

and therefore there exists a common étale neighbourhood V}, such that o(V,)(yp|v,) =
s|y,. Once again this produces an étale cover {V, = X },cx and we may take a finite
subcover {V; — X | 1 < ¢ < m}. By construction, this cover satisfies the property
that each sy, is in the image of ¢(V;): F(V;) — G(V;). Hence ¢ is surjective. i

Now that we know we can focus on stalks, we find the stalks of our linear algebraic
groups in the next section.
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3.4 Stalks of Linear Algebraic Groups

The aim of viewing linear algebraic groups as sheaves is to give us a convenient
method for determining properties of group homomorphisms. As seen in the previous
section we may focus on stalks, but to do so we need to be able to calculate the
stalks of linear algebraic groups. Luckily, since the representing Hopf algebras of our
groups are finitely presented, our group sheaves will commute with filtered colimits
by [Stacks, Tag 00QO]. This causes their stalks to be their points on local strictly
Henselian rings. We recall the definition of these rings and some useful facts about
them.

Definition 3.4.1. A ring R is called a local strictly Henselian ring if
e R is local,
o The residue field R/9M is a separably closed field,

o If f(z) € R[z] is a polynomial whose image in R/IM|x] factors, then that fac-
torization lifts to one in R[z].

Starting with a local ring we can construct a local strictly Henselian ring.

Lemma 3.4.2. [Stacks, Tag 04GP] Let R be a local ring with mazimal ideal I and
residue field r. Then there exists a local ring R*" with residue field kyep, a separable
closure of k, which fits into the following commutative diagram

R —— R

I

K —— Ksep

where
o RM is a local strictly Henselian ring,
o The map R — R*" is local,

o R*" is a filtered colimit of étale R-algebras. In particular it is the filtered colimit
over triples (S,q,a) where R — S is étale, q lies over M, and a: k(q) — Ksep
is a field embedding. A morphism of such triples (S,q,a) — (5',q',d’) is an
R-algebra map S — S’ such that q' lies over q, and « factors through o' .

Definition 3.4.3. Let R be a local ring. The ring R*" constructed above is called the
strict Henselization of R.

Starting with any ring we can also construct the strict Henslization at a prime

ideal.
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Lemma 3.4.4. [Stacks, Tag 04GW] Let R be a ring. Let p C R be a prime ideal
with residue field k(p) = R, /pR, which has a separable closure k(P)sep. The category
of triples (S, q,a) where R — S is étale, q lies over p, and a: k(q) — K(P)sep 95 @
field embedding, is a filtered category. Furthermore

R,)*" = colim S = colim S,
()™ = (ol & = gling o

We will also use the following small result.
Lemma 3.4.5. Let R be a local strictly Henselian ring. Then R*" = R.

Proof: Let R have residue field . Since k is separably closed, the residue field of
R*" will also be . Therefore the diagram

R" —— K

T T 3

R=——R

satisfies the conditions of [Stacks, Tag O8HT], which guarantees there is a unique
isomorphism R = R*". Therefore we make the identification R = R*". |

Our attention is drawn to the colimit construction of the strict Henselization of R
at p. If R € Algy, it turns out that the filtered category defining (R,)*" is equivalent
to the cofiltered category of étale neighbourhoods of a geometric point lying over p.

Proposition 3.4.6. Let R € Algg, let p C R be a prime ideal, and let p: Spec(K) —
Spec(R) be a geometric point lying over p. Then the filtered category of triples (S, q, «)
as above is equivalent via the Spec functor to the cofiltered category of étale neigh-
bourhoods of p.

Proof: Since p is a geometric point lying over p its associated ring map factors
through s(p). Furthermore, since K is algebraically closed we may identify #(p)sep
with the separable closure of x(p) in K, and so we have

P R— K(p) = k(P)sep = K

Now, given a triple (S, q, @), since R — S is an étale ring map, Spec(S) — Spec(R)
will be étale. Then we obtain an étale neighbourhood of p by considering the map
S — k(q) = K(p)sep — K which gives a morphism s: Spec(K) — Spec(S). This
makes (Spec(S), s) an étale neighbourhood of p. A morphism of triples (S,q,a) —
(5',q, ') will produce the morphism of neighbourhoods

(Spec(S’), s") — (Spec(S), s)


https://stacks.math.columbia.edu/tag/04GW
https://stacks.math.columbia.edu/tag/08HT
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where the morphisms s and s’ are compatible because « and o' are.

Conversely, given an étale neighbourhood (Spec(U),u) of p, the associated ring
map R — U is étale by definition. The point q = Img(u) will lie over p since u is
compatible with p. Since R — U is étale, we obtain from [Stacks, Tag 00U4] that the
extension k(p) C k(q) is a finite separable extension, and therefore we have

k(p) € K(q) CK(P)sep € K.

Choose a:: k(q) — K(P)sep to be this inclusion, and then we have a triple (U, q,a). A
morphism of neighbourhoods (Spec(U),u) — (Spec(U’), ') will give a map U’ — U
and will cause q to lie over ¢’. This in turn will cause inclusions

k(q) € k() C K(p)sep C K

meaning that « factors through o/. Hence it induces a morphism of triples
U'.q',a') = (U,q, ).
In summary, the categories are equivalent via Spec as desired. |

We can now prove our main result of this section.

Theorem 3.4.7. Let G be a linear algebraic group. Let R € Algy and let p be a
geometric point of Spec(R) lying over p. Then the stalk of G at p is

G, = G((R,)™)

Furthermore, if R' € Algg is any local strictly Henselian ring, then there exists a
geometric point p' such that

G, = G(R))

Proof: Let H be the Hopf algebra representing G. As mentioned above, by
[Stacks, Tag 00QO] the functor Homag, (H, —) commutes with colimits since H is
finitely presented. Therefore, using lemma and proposition we have that
G, = colim G(Spec(U)) = colim G(S) = colim Hom H S
» = gColim  G(Spec(U)) = colim G(S) = colim Homayg, (H, 5)
= Homag, (H, colim 5) = Hom ag, (H, (Rp)™) = G((Ry)™)
For the second claim, let R’ have residue field , and then consider the geometric
point p’: Spec(kayg) — Spec(R') coming from the ring maps R’ — k — Kajg. Since R’
is already local strictly Henselian, and p’ lies above 9t C R’ we will have that

Gy = G((Ry)™") = G(R))

as desired. ]


https://stacks.math.columbia.edu/tag/00U4
https://stacks.math.columbia.edu/tag/00QO
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Conveniently for us, these stalks are completely described by Chevalley genera-
tors in almost all cases. The only exception is for the non-simply connected groups
of type A,_1, such as SL,, / u,,, and PGL,,, when char(F) divides n.

Proposition 3.4.8. Let G and Eg be any of the linear algebraic group/Chevalley
group pairs discussed in Ssection excluding the groups SL,, / w,, and PGL,, when
char(F) divides n. Let R € Algy be a local strictly Henselian ring. Then G(R) =
Es(R).

Proof: To begin, we note the following property. If G’ — G is a central isogeny
between our linear algebraic groups, and Eg(R) = G(R), then Eq/(R) = G'(R)
also. This occurs because the map Eg/(R) — Eg(R) is surjective and the kernel
of G'(R) — G(R) is contained in Eg/(R). Therefore, if a € G(R) = Eg(R), there
exists b € Eq/(R) such that b — a, and since these differ by an element of the kernel,
a € Eg(R) as desired. Hence, it is sufficient to prove the claim for adjoint groups.
As a starting point, the result already holds for simply connected groups by a result
of Abe, [Abe69 Proposition 1.6].

We proceed by type, beginning with type A,_; where we assume that char(F)
does not divide n. The group SL,, is simply connected and so Egy, (R) = SL,(R).
Since the ring R is local, we have a version of Skolem-Noether over R. That is, all
automorphisms of M,,(R) will be inner by [CD67, Theorem 1.2] and therefore the map
GL,(R) — PGL,(R) is surjective. We show that the map SL,(R) — PGL,(R) is
also surjective. Let B € GL,(R) with det(B) = b € R*. Because R is a local strictly
Henselian ring, R/ is separably closed and so the polynomial z" — b~' € R[z]
will factor in R/9[x]. This factorization will lift back to R[z], which means that R
contains an n' root of b='. Therefore (Vb=1)B is in SL,(R) and it has the same
image in PGL,(R) as B. Hence, the map SL,(R) - PGL,(R) is surjective. So,
since Egr,, (R) = SL,(R), the surjectivity of the previous map means Epgr, (R) =
PGL,(R). Thus, Egy, /., (R) = SL, / p,,(R) holds for the intermediate groups as
well.

In type C, we know that Egp, (R) = Sp,,(R) since Sp,, is simply connected,
so we show that Sp,,(R) — PSp,,(R) is surjective. Let ¢ € PSp,,(R) which,
by Skolem-Noether, is the inner automorphism of some B € GLy,(R). Since the
automorphism preserves the symplectic involution on (M, (R), %), we have that for

T € M, (R)
Bio(T)B™ = ¢o(BTB™)

which is equivalent to requiring that Biyy(B) = ¢l for some ¢ € R*. consider the
polynomial 2? — ¢ € R[x]. Since R/ is separably closed and of characteristic not
2 (R is an F-algebra and so F < R/9N) this polynomial will factor in R/9M[x], and
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this factorization will lift to a factorization
(x —b)(z +b) = 2° — c € R[z].

Hence R contains square roots for all its units. In particular there is vc=! € R, and
so Ve 1B € Sp,, (R) which also maps to ¢. This means Sp,,(R) — PSp,,(R) is
surjective and hence Epgp, (R) = PSp,, (R) as desired.

For types B and D, we show that the claim holds for SOy, first when d is even
and then when d is odd. Identifying Ego,,(R) with its image under the map of
proposition this means that the matrices

hei+ei+1(\/ﬂ)hei*6i+l(\/a) 1<n
henfl‘i‘en(\/a)h_enfl“!‘en(\/a) Z =n

are in Ego,, ., (R) for all w € R*. From here, we adapt the proof of [Dic98, Theorem
2], which deals with SO, over a finite field. Let A € SOy, (R), and consider the first
row

Ti(u):diag(l,...,u,...,u__l,...,l):{

A:

ai;y ... QAip bln bu]

Since det(A) € R* and R is local, we cannot have that all ay;, by; are in 9, and so at
least one of them is invertible. If a;; € R* we may consider Aw,,_, (1), which will
have —ay; in the top-left position, and if b;; € R* we may consider Awe, 4,(1) which
will have —by; in the top left position. Because of this, we may assume without loss
of generality that a;; € R*. Now, let

B = (li[z $elek<a1k)xel+ek(blk)> Ti(an)

which has the same first row as A since the entries of A satisfy >.7_; ajxbix = 0 by
virtue of being in SOy, (R). Then, keeping in mind that the last column of A~! is

[b11, -+, b1n, Q1p, - - -, a11]T, computation shows that
10 .. .0
AB™' =
« 0
cir ... cn din ... diz 11

where c11 + >}, c1xdir = 0. Then let

B' = H xfelfek(_Clk>x*61+€k(_d1k)
k=2
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which has the same last row as AB~!, and then further computation will yield

10 0
~1pny-1 _ |0
ABY(B) ™ = n
: 0
0 0 1

where A’ € SO, »(R). Repeating, we eventually reach a matrix of the form
diag(1,...,1,a,a”",1,...,1) = T(a) € Eso,, (R).

Hence A € Ego,, (R) and so Ego,, (R) = SOs,(R).
The SOy, 41 case proceeds similarly. We again identify Ego,, ., (R) with its image
under the map of proposition [1.3.19. In this case we have that for u € R*

T;(u) = diag(1, ... YUy 1 cut 1) = he,(Vu) € Eso,,,, (R).

‘7n+1’. -

Let A € SOy,41(R) and consider its first row

A:

ai;p ... Qip b Clp - .- 011]

The entries of A will satisfy 2 (37_; a1xcix) + % = 0. Again, since R is local at least
one of these entries must be a unit. If b is a unit, then >}, a1xc1x is a unit and so
some ay; or cyj is also a unit. Considering Awe, _;(1) if ay; is a unit or Awe, 4, (1) if
c1; is a unit, we may assume without loss of generality that a;; is a unit. Let

B = (ﬁ x616k<a1k)$61+ek(clk>> Te, (g) Ti(an),

k=2

which will have the same first row as A. Then we compute that

1 0 ... 0
ABT = | |

* 0

din ... din f gin ... g12 11

where 2dy; + 23275 dikgir + f; = 0. Using this relation, if we let

B, = <ﬁ x—e1—€k(_dlk)x—el-i—t?k(_glk)) T ey <_£) )
k=2
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then we can compute that

1 0 0
1/ pn-1_ |0
AB™\(B) ™' = n
: 0
0 0 1

where A" € SOy, _1(R). Repeating, we eventually arrive at the identity matrix, which
is in Ego,,,,(R), and therefore A € Ego,,.,(R). Hence Ego,, ., (R) = SOg,41(R).

Now, in type B we have that SOg,; = PSOs,,1 and so we are done. In type
D we must show that SOy, (R) — PSOy,(R) is surjective. Just as in the symplectic
case, if ¢ € PSOq,+1(R) there exists B € GL,(R) which maps to it, and because
the automorphism respects the orthogonal involution on (Ma,(R), ) we have that
B1y(B) = ¢l for some ¢ € R*. After rescaling, we may assume B7y(B) = [ and so
B € O5,(R). To show that B actually belongs to SOs,(R), we must consider the
Clifford algebra C'(Ms, (R), 7). Recall that C(Ma, (R), 70) = Co(F*", ¢2,,) @F R where
q is the quadratic form

Qon(T) = T1T9y + ToTop_1 + ... + TpTp_1.

Let {e1,...,e9,} be the standard basis of F?", and for 7 € 1,...,2n we denote ¢ =
2n + 1 — 4. In terms of this basis, C'(Ms,(R), 79) consists of elements

E Ti€i1€ig - - - emi

where 1; € R, adjacency indicates the tensor product (i.e., ejes = €1 ® e3), and where
multiplication is defined by the relations

€i€j = —€5€; if 4 7é j,j
€;€; = 0

eie; = 1 — eze;

The automorphism of C'(M,,(R), 1) induced by ¢ acts as follows,

Z Ti€iy Cig « - - Cigy, = Z 7“1'90(62'161'2) s (10(61'21%—16%'21%)
= Zri(B€i1)<Bei2) ce (B@i%i)

because of the description of matrix multiplication in section [2.1}
Consider the central element w = [[}_;(1 — 2exez). Computations using the
above relations show that w? = 1 and so

1 1
5(1 + w) and 5(1 - w)
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are idempotents. The discriminant of 7y is trivial and so Z(C'(Ma,(R), 7)) = R x R
with an isomorphism coming from the above idempotents

;(1+w) s (1,0)

;(1—@ — (0,1).

Since ¢ € PSO,,(R), the induced automorphism fixes the center of the Clifford
algebra. In fact, since SOy, (R) maps into PSOy,(R), the automorphism induced
from the inner automorphism of any element in SO,,(R) will also fix the center.
Hence, to show that B € SOy, (R), we need only to show that the automorphisms
coming from elements of O, (R)\ SO,,(R) negate w. Consider the matrix

0 1

T = € 02n<R)

1 0

It has det(7T") = —1 and so any element of Oy, (R)\ SOs,(R) can be written as T'T" for
some 1" € SOy, (R). Since the automorphism coming from 7" will fix w, all elements
of O9,(R)\ SOy, (R) will effect w the same way T' does. Therefore we compute

n

ﬁ(l — 2epex) = (1 —2(Tey)(Tey)) H(l — 2(Tei)(Tex))

k=1 k=2
= (1 — 2e7e1) H(l — 2eper)
k=2
n
B (1 — 2(1 — eleT)) H(l — 26k6E>
k=2

n

= (—1 + 2e;e7) H(l — 2eper)
k=2

= —Ww.

Hence B € SO3,(R) and so the map SOy,(R) — PSOy,(R) is surjective. That
means Epgo,, (R) = PSOy,(R), finishing the proof. |

The exclusion in type A, is necessary, as illustrated by the following example.

Example 3.4.9. Consider SL3 over the field 5. Since SLj3 is simply connected,
Esr, (F3(t)sep) = SL3(F3(t)sep). However, PGL3(F5(t)sp) contains the inner auto-
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morphism coming from

1| € GLy(F3(t)sep)-
1

This matrix has determinant ¢, but there is no cubed root of ¢ in Fs(t)s, since the
polynomial x® — ¢ € F3(¢)[z] is not separable. Therefore, this matrix cannot be scaled
to a matrix with determinant 1, and so the map SL3(F5(t)sep) — PGL3(F3()sep) is
not surjective. Thus, Epgr, (F3(f)sep) € PGL3(F5(t)sep) despite F3(t)sep being a local
strictly Henselian ring by virtue of already being a separably closed field.

Proposition |3.4.8| will allow us to use the language of Chevalley groups and their
generators and relations in order to check injectivity and often surjectivity, or com-
pute kernels and images of group scheme homomorphisms, since these properties are
determined by their behaviour on stalks where the linear algebraic group and the
Chevalley group coincide. We say we may often check surjectivity since sheaf surjec-
tivity is a strictly stronger notion than group scheme surjectivity, which we can now
demonstrate in the following example.

Example 3.4.10. Consider the multiplicative group G,, over the field F3. The map

v: Gy, — Gy,
a— a’

is surjective as a group scheme homomorphism since its associated Hopf algebra map

©*: Faft, t71] — Fst, t 7]
t—t?
T t3

is injective. However, ¢: G, — Gy is not surjective as a sheaf homomorphism. If it
were, then since the separable closure of the field of rational functions in one variable,
F3(t)sep € Algp,, is a local strictly Henselian ring, the map

@(F?)(t)sep): (F?’(t)sep)x — (F?’(t)sep)x
a— a

would be surjective. However, as shown in the previous example, ¢ cannot be in the
image of this map.



Chapter 4

Twisted Tensor Maps

Chapter |4 will be devoted to generalizing the Kronecker tensor product to the setting
of our linear algebraic groups discussed in section [1.2] The techniques of this chapter,
those of translating the classical Kronecker product into the language of Chevalley
generators and using that description to define a map of group schemes, were in-
spired by S. Garibaldi who used these techniques in |[Gar09, §7] to construct a map
PGL, x PSpgy — HSpin,;. We proceed by first recalling the Kronecker product
and mentioning some of its convenient properties which allows it to restrict to matrix
subgroups.

4.1 The Kronecker Product for Matrix Subgroups

Let n and m be positive integers and let R € Algp. The Kronecker tensor product is
the map

M, (R) x M, (R) — M,m(R)
(A,B)— A® B

where A ® B is the tensor product of A and B as endomorphisms of R™ and R™
respectively. Purely in terms of matrices, if A = [a]},_, then the image of (A, B) is
the block matrix A ® B = [a;; B]},_,. This product enjoys the following properties.

« (AA,BB')— AA' @ BB' = (A® B)(A'® B),
o det(A® B) = det(A)™det(B)".

Hence the Kronecker product restricts to a map SL,(R) x SL,,(R) — SL,,(R),
which in turn extends to a homomorphism on the level of group schemes,

Kgy,: SL,, x SL,, = SL,,, .

89
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When there are involutions involved the Kronecker product may not directly
restrict as we desire. Let oy be an involution of the first kind on M,,(F) and let o3 be
one on M,,(F). There is an induced involution o7 ® 1 on M,,(F) ®r R = M, (R), and
similarly an involution o2 ® 1 on M,,,(R). Now consider A € M,,(R) and B € M,,(R)
such that

A (or@1)(A) =1, B-(02®1)(B)=1,.

Then since M,,(F) ®r M,,,(F) = M,,,,(F), we have that o7 ® oy is an involution on
M, (F) and

(A®B) (01 ®0:01)(A®B) = (A- (61 ®1)(A))@(B-(02®1)(B)) = I, & I, = L.

Therefore, since the tensor of two orthogonal involutions remains orthogonal and the
tensor of two symplectic involutions becomes orthogonal, there are restrictions of the
Kronecker product,

SO(M,(F), 71)(R) x SO(M,,(F), 5)(R) = SO(M,n(F), 71 @ 7)(R)
Sp(M,(F), ¢1)(R) x Sp(My(F), 1) (R) = SO(Mpn (F), 101 @ ¢2)(R)

where 7; are orthogonal involutions and ; are symplectic involutions. However, some
of these maps do not line up with our choices of SO,, and Sp,, as in section [I.2.1]
For instance, recall that the chosen involution governing Sp,,, is

Yon: Moy (F) — Moy (IF)
B+ —U,, BTU,,

where

1 o,

Q, = € My, (F).

1

Thus, we can compute that

an ® z/)2m: M4nm(]F> — M4nm(F)
B (Ug, @ Wap) BT (Uy, @ Uy,,)

and

\1}271 X \I}2m = T :ﬁm+_972 - 7é Q4nm-
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This can be corrected since the groups SO(My,m, Yo, Vs, ) and SOy, are conjugate
in GLy4,, by an element of GLy,,,, (F). Using the matrix

*****

we have PQu,mPT = Uy, ® Uy, and so there are maps

Spa, (1) X Spyy, (1) — SOunm(R)
(A,B) — (P)"Y(A® B)P'

where P’ is the image of P under GLyy,(F) — GLyp, (R). These maps collect into
a homomorphism of group schemes

Kspi Sp2n X szm — SO4nm

Regarding special orthogonal groups, the restriction to SQs, x SO, needs no
further tweaking, and so there is a homomorphism of group schemes

Kee: SOg, x SOg;, — SOy, -

We do require corrections for the restrictions involving SOs,, 1. Recall again from
section |1.2.1] that the involution governing this group is

§o: M2n+1(IF) — M2n+1(]F)
B =50 1B S04

where

Zontl = 2

1

To correct for €y, @ Egpnp1 # Qop2m+1) We use the matrix

A

P = a

12m+1

Tom41
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where A = diag(1,...,1,1/2,1,...,1) € My,,11(FF). This gives us that
PQopmin Pt = (2, ® Eopp1) ™!, and so we get a group scheme homomorphism

Keo: SOQn X SO?m—i—l — SOZn(2m+1) .

Lastly, we wish to also restrict the Kronecker product to SOy, 11 X SOy, +1 by cor-
recting for the fact that Zan11 ® Sopt1 # Zent1)2m+1). However, since det(Za,41 ®
Zom+1) = 4" and det(Z2n+1)2m+1)) = 2 there does not exist a suitable matrix P
with coefficients in Z. What we need is a square root of two, and so we are unable
to define our restriction over an arbitrary field F. Nevertheless, in the case where [F
does contain a solution to 2 — 2, which we will denote simply by /2, we can use the

matrix

A
A
P = B
Tom+1
L .12m+1_
where A is as above, and B = diag(l/,...,12,1/v2,1,...,1) € May,.1(F). This
choice of P gives that PE(_211+1)(2m+1)PT = (Zons1 ® Zamye1) ! and so we obtain a

group scheme homomorphism
Kéoi SO2,41 X SO2p,11 = SO@2n41)2m+1) -

In summary, after some tweaking we have obtained group scheme homomorphisms
between our matrix subgroups. These are

Ks1,: SL,, x SL,, — SL,,,,,

Ksp: Spa, X SPay, — SOunm

K..: SO,, xSO,,,, — SO4m

Keo: SO, X SOgp 41 — SOgp2m+1)

K,,: 803,11 X 80311 = SO @2n+1)2m+1) -

The subscripts on the final three maps refer to the degree of the split special orthog-
onal groups in the domain, whether they are even (e) or odd (o) respectively. The
prime adorning K’ is to remind us that this map is only defined when v/2 € F. The
map K,. can be obtained by swapping the inputs of K,,, and so we omit it from our
discussion.
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4.2 Tensor Products for Split Simply Connected
Groups

Our next task is to describe how these maps lift to the simply connected setting.
For Kgy, there is no lifting needed, as the special linear group is simply connected,
however for all other maps the special orthogonal groups can be replaced by spin
groups of the same degree. The existence of such liftings is guaranteed by [BT72,
Proposition 2.24(i)]. We denote these new maps by Lsp, Lee, Leo, and L,,. They fit
into the following commutative diagrams.

Spiny,,,, Spin,, x Spin,, L, Sping, 4,
| l l
K,
SP,, X SPyy, — = SOuum SOy, xS0y, —%— SO0y,4,

where K and L in the right diagram are as appropriate based on the parity of d;
and dy. Since we wish to work computationally with these liftings, in this section we
will describe how they behave on Chevalley generators. The first step is to describe
the maps Kgp, Kee, Ko, and K, in terms of Chevalley generators, and then we will
show that the same descriptions apply to the liftings. This was done for the maps
Ksp, Kee, and for slight variants of the maps K., and K,, in [Rue20]. We take from
there the results which apply here, and otherwise replicate the same procedure for
our variants.

Proposition 4.2.1. Consider the map Ksp, and let R € Algg. The map Kgp(R)
restricts to Chevalley subgroups Esp, (R) x Egp, (R) — Eso,,,.(R) and the restric-
tion is described on generators in the following table, where for an integer y we set
[yl = 2m)y.

A, B) Ksp(R)(4, B)

Te;—e; (1), 1) Hk L Tepimyrrn—elj—1+k (£)
T—eite; (), 1) Hk 1 Z—efimaysntera (B
)

‘Zei+€j(t7 ) k=1 6[1 1+ktep— ]+m+k(t)ze —1]+m+ktep 1]+k(*t)
x*ﬂifej(t)u]) kel T—efim 1)tk —eli—1)+mik (DT —ei 1) pmir—e[j— ]+k( t)
e, (1), 1) Ll e apsnteqimnpsmen ()

I, @e;—e; (u) Hk omP[k i=eprt+s (WP —epe) 4 miteqe +ma (W)

(

(

(

(

(

(

(x—2¢, (t),I) Hk 1“C eli—1]+k —€[i l]+m+k(t)
( n
(

(

(

(

(

Lz—cite; (W) ke 0”3 etir+itepir s (WTeqw) pmri= el rmers (7%
k=9

Laeive; (@) | icq @emiemsmss (C0%ep—eppmss (—0)

I 1

1T—ei—e; (u)) Hk Q etk e tmts (TWT ey teqpypmpi (T

I 2e; (u)) - o%[k1+f€[k]+m+z( u)
n—1

Ix—2¢;(u)) Hk:o T—epypiteqepmi (T

Since this also describes the behaviour on stalks, that is Kgp(R) when R is a lo-
cal strictly Henselian ring, it determines the group scheme homomorphism Kgp in
general.
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Proposition 4.2.2. Consider the map K., and let R € Algg. The map K..(R)
restricts to Chevalley subgroups Eso,, (R) X Ego,,, (R) = Eso,,,, (R) and the restric-
tion is described on generators in the following table, where for an integer y we set
[yl = 2m)y andy=2m+1—y.

(A, B) Kee(R)(A B)

(Ieifej(t)vl) Hk 1 Tefi—114k—e (t)

(:E*eﬁej(t)’[) Hk 1 *e i—1]+kte[i— +k(t)

(wes+e; (1), 1) Hk 1%efictrte; 4% t)

(T—e;—e; (1), 1) k:1x*e[ 14k (t)

(I, 2, —c, (u)) P20 Tepai —ek1+1( e Tey s—epy (7Y
(I zeste; () | TT,Z ;5’3 efw)iteqry s (WT— ©lk]+ j+E[k]+f(7u)
(I, Teste; (u) Hk:o ©lk]4+i—¢ k1+3( u)z eklﬂ_e[km(*")
(Lo, —e; () | [TiS Tepuppitepy, 5 (WT—epysstep 5 (W)

This completely describes the behaviour on stalks, and therefore determines the group
scheme homomorphism K...

Both of the above tables are taken from [Rue20), Appendix 3] which describes the
images of Kgp(Fsep) and Ke.(Fsep). These tables can be verified computationally by
expressing the Chevalley generators as matrices as in section and simplifying
the results matrix products. This verification is tedious yet straightforward, so we
omit the calculations.

Proposition 4.2.3. Consider the map K., and let R € Algy. The map K.(R)
restricts to Chevalley subgroups Eso,,(R) X Eso,,,,(R) = Eso0,, .1, (11) and the
restriction is described on generators in the following table, where for an integer y we
set [yl = 2m+ 1)y andy=2m+2 —y.

(A, B) Keo(R)(A, B)

2m+T

(Tej—e; (), 1)
(T—ejte; (8), 1)
(zei-&-ej (t), I)

(xfeifej (), 1)

k=1 Tepimnrr—ej—14n (t)
2m+1

k=1 T—epiongrter—nsk (8
2m—+1
k=1 ZTei— 1]+R+E[ 1]+k(t)
2m—+1

k=1 F—epi-

Tep 1ypmprtey—1tmir (D)

ey 155 8 ) Telimabmar—eg—aemar (77/2)

1, Te;—ej (w))
I, T—e;te; (u))
{1, Te;+e; (u))
I, T—e;—e; (u))

(I, e, (u))

(I’z_ei (w))

n—1

[Ti=o @epsi—eprs (Wze, ) sepy 3 (-W)
n—1

ITizo & ]+i+6[k]+j(“)zfe[k]+1 [,H;(_“)

HkO

k 0133 €[k]+i <|*e[k]+ (u)x e[k]+1+6[k]+f(_u)
n—
k= o( k)i ek +(m41) (WTefr) (mi1)— €

()
n—1 2
[Tizo (@—cppiteprimen ( WT eyt (mt1)+epp 4
, W2
T—epuppitep 3 (U )

k144~ €[] 47 (u)ze[kHJ e[1~~/]+?(_u)

,( 2u)

e[k]+’t_e[k]+

This completely describes the behaviour on stalks, and therefore determines the group
scheme homomorphism K.,.
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Proposition 4.2.4. Assume that /2 € F. Consider the map K!,, and let R €
Algy. The map Ko.(R) restricts to Chevalley subgroups Eso,, ., (R) x Eso,,.., (R) —
ES0 11y @men) (R) and the restriction is described on generators in the following table,

where for an integer y we set [y = 2m + 1)y andy =2m + 2 — y.

(A, B) Kio(A, B)

2m+1
(@e;—e; (1), 1) Hk 1+1m5[ ke ()
(x—eﬁ-ej(t):l) Hk 1 Toep_nprteg 1]+k(t)

I 2m—+1

(@eite; (1), 1) k=1 Teri—14rte 1]+k(t) e 1) tmt1teg—1+m1 ()

2m+1
(T—e;j—e; (1), 1) k=1 Teri-14r—ep_ H;(t)) T—ef;— 1]+m+1_e[j71]+7n+1(7t/2)
(e, (1), 1) (T e ety Bze U ]*+6[ £ (20

e; )
x€[171]+k+6[ 1]+k( )) +(m+1)(\/§t)

m
( Hk:1x—ﬁ[i—u+k+€[n1+k (2t)z— Cli—1]+%  Clnltk ®)

Tepiman—ey 5 (D) Eeliss(men (V2)

n—1
[li—oemimerms (“)xe[k]g—e[km(*u))

(T—e; (), 1)

I, Te;—ej ()
' xe[n]+ —efny4; (1)
(—U))

k= 03j el ++ek]+J( u)z 75[
;)

(1,2 —e;pe; (u) AN O
T—emiritem)+

xe[n]+ tefn)+ (2)

k]+i +e —(u)z_, [k]+5Te (—u))

(k)47 (k] +7

(I T—e;—ej (u))
T _
CInl+i~ €n]+j

2u

(
(IT¢
(I, @e;+e; (1)) (TTZowerurs. T m(“)x"‘[kwre[k]ﬁ(*u))
(IT¢
(

n—1
ITizomeqm et ema1) (W Teqrymyy—epy 7 (720

2
ek 4i—ep 7 (4 ) Tepuy (V2u)

n—1
( k=0T =€k)+iTe[k]+(m+1) (2“)3’*6[k1+<m+1>“[km(_“)

(7u2)) : x—e[nH_,; (71,/\/5)

(1, Te; (u))

(I,"E,ei (u))

'x_e[k]+i+e[k]+§

This completely describes the behaviour on stalks, and therefore determines the group
scheme homomorphism K.

Both of the above propositions can be verified using the same method as the two
propositions preceding them. Now we argue that the lifted maps behave the same
way on the Chevalley generators of their respective groups.

Theorem 4.2.5. Let R € Algy. The images of Lsp(R) restricted to Egp, (R) X
Esp,, (R) on Chevalley generators are described by the same expressions as in propo-
sition where the x,(t) in the images are now interpreted as generators in
Sping,,,,. The same is true for the restrictions of Lee, Leo, and L. to Chevalley
subgroups, they are described by the expressions in propositions|4.2.4, 4.2.5, and|4.2.4)
respectively.

Proof:  Let L be any of the lifted maps we are considering. Let z,(t) be a Chevalley
generator in the domain of L, and let 2(t) € Egpin,(R) be the element which is equal
to the appropriate expression from the tables in propositions to[d.2.4 It can be
checked that in each case these expressions are additive in their arguments, and so
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z(t)z(u) = z(t +u) as well. Now we recall from definitions [1.3.12| and [1.3.14| that the
kernel of the surjection

ESpind (R) - ESOd (R)

is a central subgroup isomorphic to p,(R). Therefore, for each t € R, let h(t) be in the
kernel such that L(x,(t)) = z(¢t)h(t). Then, since R is an F-algebra and char(FF) # 2,
we have % € R. Therefore, for all t € R,

L(za(t)) = L(za('/2)) L(za(/2))
= z(t/2)h(*2)z("/2)h(/2)
= 2(t/2)2(*/2)h(t/2)*
= z(t)

as desired. Hence the tables in propositions to also describe the maps Lgp,
Lee, Leo, and L], on Chevalley subgroups. |

Now that we have a concrete description of the lifted maps, in particular a
description of them on stalks, we can use this description to compute their restrictions
to maximal tori.

Lemma 4.2.6. Let R € Algy be a local strictly Henselian ring. The map Lgp(R)
behaves as follows on generators of the mazximal torus of Spy, (R) X Sps,,(R). For
an integer y we set [y] = (2m)y.

A, B) Lsp(R)(A, B)

(
(hei_€i+1 (t)7 I) szl he[i—1]+k_e[i]+k (t)
(thn (t)v I) HZ”:1 he[n—l]+k+6[nfl]+m+k (t)
(

(

[7 hej*€j+1 (U)) Hzié he([k 47 T C[k]4+5+1 (u>h€[k]+m+j*e[k]+m+y‘+1 (u_l)
[7 thm (u)) H e[k +m T €[k]+2m (u)

Lemma 4.2.7. Let R € Algy be a local strictly Henselian ring. The map Le.(R)
behaves as follows on generators of the mazimal torus of Spin,,(R) x Spin,,,(R).
For an integer y we set [y] = (2m)y andy =2m + 1 —y.

B) Lee(R)(A, B)

(4,

(h 67,+1( )7 1) Himl he[z 1)+k~C[i]+k (t)
(hen 1+en (t)7 1) Hk 1 e[n 2 +kFep, 1_@@)
(1, (u) )
(1,

n—1
eJ ejri\U ) Hk;:() he[k]+j_e[k]+1+1 <u he[k +(j+1)_e[k]+3(u)

1 h’em 1tem (u)) Hz;ﬂl he[k]+m71_e[k]+m (u)he[ k]4+m—

k] +(m—1)
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Lemma 4.2.8. Let R € Algy be a local strictly Henselian ring. The map Le,(R)
behaves as follows on generators of the maximal torus of Spin,, (R) x Spin,,, . ;(R).
For an integer y we set [y] = 2m + 1)y andy =2m +2 —y.

(4, B) Leo(R)(A, B)

€z*€z+1( ) 1 irgirl he[i 1]+k €L +k (t)
t

(n 1)
(heyorren (), 1) | TIZT hre
(1, ()

(1,

€n—2]+kTe€p, 1]+z(t>

n—1
e] €541 U ) Hk‘ Ohe[k +j_e +J+1(

u)he
em (1)) i E—— )

Lemma 4.2.9. Assume v/2 € F and let R € Algg be a local strictly Henselian
ring. The map L’ (R) behaves as follows on generators of the mazimal torus of
Spin,,  (R) x Spin,,, (R). For an integer y we set [y] = 2m + 1)y and § =
2m+2 —y.

e[km(u)

K+ (+1)

(4, B) Loo(R)(A, B)
(Pe;— ez+1(t) 1) H2m+1 €li— ]+k_h[i]+k(t)
(e, (1), 1) T2 Py, (1)

n—1
(1, e;—e; 1, () <Hk:0 he“"”j_h““”j“(u)he[k1+m‘em+§(u)>
Y €5 —€j

hepuyis-ein ]+j+1(u)
(1, he,, (u)) Nty (W) TTRZ0 g (W) Ty o (u™)
Proof: The images given in the above four lemmas can all be computed from

the images given in propositions {.2.1] to [£.2.4) using the relations in Spin,;. As an
example, and to highlight some of the important relations in Spin, we show the
calculation of Lj,(he,(t),1). To compress notation, let e; = ep_1)4x, €2 = €
and es = epy)4x. In this notation we have

n—l]—&—E’

L, (e, (1) (erl s ( $62+€3<2t)x61+62(t2)) -xe[n71]+(m+l)(\/§t)
L:;o@fen(_t_l)v 1) = ( foeﬁres(_275_1)1?62763(_t_lnferez(_t_2)>
k=1

—¢1
'xfe[n—1]+<m+1> < \/§ >

We now compute the image of (w,, (t),1). Since the factors corresponding to different
k, as well as the e,_1)4(m+1) factors, will all commute past one another, we may deal
with one value of k at a time. However, we first address the ef,_1)4(m+1) factors. In
the image of (we, (t), 1) they will occur as

—¢1
L m+1)<\/_t)$— [n—1]+(m+1) ( \/§> Lef,— 1+(m+1)(\/_t>
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=Wey,_ 1]+(m+1)(\/_t)
Hence in the image of (he, (t),1) = (we, (t), 1)(we, (—1),1) we will have

we[n—1]+(m+1) (ﬂt)we[n—l]+(m+l) (_\/5)

=Wery, 114 (m+1) (t)we[n71]+(m+l) (_1)w5[n71]+(m+1) (\/i)we[nfl]Jr(erl) (_\/ﬁ)
=het e ()

where the second line uses the observation that w,(c)™ = w,(—c) and [Rue20,
Lemma 1(1)] which states that wy(tu) = wq(t)we(—1)ws(u). Now we consider the
middle factors for some value of k. We use square brackets to indicate where we will
apply a commutator relation from proposition [1.3.7, In the image of (w, (), 1) we
will have

Tey—eg (D)Teses (2)Terten () Ty teg (26 )Tmey—eq (—t7 1) [7ey—en (—t7)Ter —eq (£) | Tentes (2)Ter ey (87)
:xelfes(t)w€2+63(Qt)x€1+€2(t )T 61+63( 2t )x*62*63(_t71)$*62*63(t71)$61*53(t)$*61*62(_t72)

Tegtes (28)Te ten (t )
=Te;—e3 (t)Teates (2t) [$61+62(t )T—eytes(—2t )]xelfes(t)x e1—ez (=7 " )Tegtes (28)Te; teq (T7)
=Zey—e3 (D) Teates (20)Tegtes (—20)T—cy4es(—2 1)x61+€2(t )Tey—e5 (1) T—ey e )Teytes (28)Teq4eq (E7)
=Zei—e3(D)T—ei+es(—2t7 )[me1+ez(t )Te, 53(t)]m er—ez(—t 2)x62+e3(2t)x81+62(t)
=Tey —e ()T—e1teq (—2t 7 )Ty —e5 (DT tea () [Ty —ea (—t72)Teg peg (26) | ey 4ea ()
_xel—es(t)$7€1+€3(721&_1)161—63@)[xe1+€2(tz)x7€1+63(72t_1)]x€2+€3(2t)x—61—62(7t_2)m61+62(t2)
=Tey—e5(H)T e tes (—2t71)m81753 (O)Tentes (—20)T—c; +es (_2t71) [m61+62 (t2)x62+63 (Qt)] T—e1—e2 (_t72)$61+62 (t2)
=Zey—e3(D)T—er+es (727&71)161—63 (O)Teotes(—21) [x—el-!—ee, (721&71)162-&-63 (Qt)] Teqteo (t2)x—€1 —e2 (7t72)x61+62 (t2)
_x51—€3(t)x—€1+e3(727&71)161—63(25)162-%63(72t)mez+ea(2t)z—61+63(72t71)x€1+62(tz)z—m—ez(7t72)x€1+62(t2)
—melfes(t)xfeﬂr%(_Qt_l)x€1*€3(t)mfel+83(_2t_1)$61+62(t2)zfe1762(_t_Q)welJreQ(tQ)
=Te;—e3 ()T—eq4es(— 2t71)m51 53(t)$fe1+63(_Ztil)w61+62(t2)
=Zey—e3 ()T—eitez(—t 1)x e1+€3(_t71)x€1 es(t)z— 61+e3(_til)x—el-‘res(_til)wel-i—ez(tQ)
=Tei—e3 (t)T—eqtes(—t7 Hw— ertes(—t7 Y e1tes(—t7 )we1+ez(t2)
éz61*63(75)1'7614&3( i 1)“’61 es()T—eqtes (1 1)w81+62(t)
=Tey—e3 (D)T—eqez(—t 1)1'61 es()T—eytes (=17 1)x61*63(t)x—61+e3(_til)w€1+€2(t2)

1
=Wey —e3 (DW—ei4e3(—17 )Wey+es (t )
é“)81 —eg (H)wey —eg (H)Wey +eq (tz)
=Wey—e3 (t)2w61 +eo (t2)

g’7'61—63 (—=Dweq+es (t2)

where the marked equalities are using [Rue2(, Lemma 1]. Those marked i are using
part (2) which says w,(t) = w_o(—t"!) in Spin, and the equality marked 7 is using
part (3) which says we(t)* = ho(—1). Now in the image of (he, (t),1) we will have

hel—es(_l)w61+e2 (t2)h61—63(_1)w61+62(1)
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ihel es(— 1)w61+62<t2)w61+62( Dhe,—es(—1)
=hey—es (=1 her-ves () e e (— 1)
=hey—es (—1)he;—es (1) hey1e, ()

61+62(

t?)
Lhey (£)hes (8)
:he[n—1]+k( )he[n_l]+g<t)

using theorem at equality 7, and [Rue20, Lemma 1(6)] at equality . Hence,
when we assemble all pieces we obtain that

L (o ( (H ey (D) [nwm) e o (1)

2m+1

= | RN 0]
k=1

as stated in the table. |
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4.3 Tensor Products for Other Split Groups

With the explicit descriptions of the tensor product maps achieved in the previous
section we are now ready to construct similar maps between non-simply connected
groups. The technique is the same in all cases. If L: G; — Gy is one of our lifted
maps, we will consider a composition

@: G1£>G2—>'>H

with a central quotient onto a non-simply connected group. Then using the descrip-
tion of L on maximal tori given in lemmas to we can compute the kernel
of ¢ and therefore find a map ¢ which fits into the following commutative diagram.

G —— G,

i |

G / ker(y) ~’  H

We consider such ¢ to be a tensor product map between non-simply connected groups.
As the following lemma shows, the kernel of ¢ will be a central subgroup of G; and
we will choose H so that G / ker(y) is a product of our non-simply connected linear
algebraic groups, justifying the terminology.

Lemma 4.3.1. Let L: Gy — Gy be any of the maps Lsp, Lec, Leo, or L. For any

central quotient Go — H, the kernel of the composition G L Gy — H is a central
subgroup of Gy.

Proof: Since any such L is a lifting of some tensor product between matrix
subgroups K, there is a commutative diagram

Gl#GQ

Lo L

/ K /
Gl GQ G2,ad

where Gy 4 is the adjoint group in the family of Gy. Over any R € Algg, K(R) is of
the form (A, B) — P~'(A® B)P, and so its kernel consists only of pairs of the form
(diag(c, ..., c),diag(c™t, ..., c71) for certain ¢ € R*, all of which are central elements
in G} (R). Thus, the ker(K) is a central subgroup of G/ scheme theoretically. Then,
the preimage of Z(G)) is Z(G1), and G, — Goq is a central quotient, so the kernel
of composition

K
G1 —» Gll — G,Q - GQ,ada
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which is also the kernel of G, N G2 = Ggpq, is a central subgroup of G;. Since the
surjection from the simply connected group to the adjoint group in a family factors
through any intermediate group, we have that the composition

G1 £> G2 - H — G2,ad

is the same map as above, in particular with the same kernel. The kernel of the map
into H is a subgroup of the full map’s kernel, and so is a central subgroup of G; as
desired. |

Since we know where the kernels which arise will be, we take a moment now to
describe the images of central elements under the lifted maps using the isomorphisms

of proposition [1.3.10]
Lemma 4.3.2. The map Lgp, restricts as follows to Z(Spy, X SPa,,)-
LSP: Z(Sp2n X Sp2m) —_— Z(Spin4nm)
I12 12

Moy X g = Ky X [y

(tu,1) n even or m even

(t,u) {(u,t) n odd and m odd

Lemma 4.3.3. The restriction of Le. to Z(Spin,, x Spin,,,) depends on the parity
of n and m. First, when n and m are even we have

Le.: Z(Spin,, x Spin,,,) —— Z(Spiny,,,)
(12 112
(Fg X pg) X (Hg X pg) —— g X py
((t1,t2), (u1,us)) —— (t1tausug, 1)
When n is odd and m is even,
Le.: Z(Spin,, X Spin,,,) —— Z(Spiny,,,,)
12 [12
Py X (Mg X py) ———— My X iy
(t, (u1, ug)) —————— (tuqug, 1)
When n is even and m is odd,
Lee: Z(Spin,, x Spin,,,) —— Z(Spiny,,,,,)
12 [12
(Ko X Hg) X Py ——— Py X g

((tlv t?)a U) _ (t1t2u2, 1)
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Finally, when n and m are both odd,

Le.: Z(Spin,, x Spin,,,) —— Z(Spiny,,,)

12 112
By X py By X o
(t,u) (u?,1%)

Lemma 4.3.4. The restriction of L., to Z(Spin,, x Spin,,,. ) depends on the parity
of n. First, when n is even,

L.,: Z(Spin,, x Spin,,, ;) — Z(Spinzn(2m+1))

I 12
(B X Hg) X Py —————— iy X iy
((t,t2),u) (t1, 1)

and when n is odd,

Leo: Z(Spln2n X Spin2m+1) - Z(Spin2”(2m+1))

12 12

Hy X Ho My
(t, ) t m even
i +—1 m odd

Proof: These three lemmas are essentially corollaries to lemmas to [4.2.9
respectively. Using those descriptions of the maps restricted to tori and the descrip-

tions of the groups’ centers from proposition [1.3.10] the stated images can be directly
computed. |

Lemma 4.3.5. Assume /2 € F. The map L, restricts to Z(Spiny,.; X Spin,,,. )
as follows.

L,,: Z(Spiny, ; x Spiny,, ;) —— Z<Spin(2n+1)(2m+1))

I 12
Hey X [y Heo
(t,u) tu

Proof:  Let R € Algy. The center of Spin,, ,,(R) x Spin,,, ,,(R) is

{(hn(t), han () | £, 0 € po(R)} = (1o X p12)(R).
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Using the information in [4.2.9 the image of a central element is

Lgo(hn(t)v hm(u)) - (:HO he[k]+m (u k]+m ) (H h [n— 1]+7 t )

'he[n 1+m( €ln— 1+m+1 €[n— 1+m+2<tu)
2m+1
H h [n— 1+J
Jj=m+3
However, by [Rue20, Lemma 1 (6)], for all 1 < g § n(2m + 1) + m we
have hie,(t)hie;(t) = hicte,(t?) for all t € R*. When t € p,(R) this gives that

he,(t)he,; () = 1, and so
e, (t) = he, (£) " = he,(t7') = he,(t).

Therefore all h,, in the product above can be replaced with h, and after collecting

like terms we get

[n]4+m

Loo(hn(t), hm () = h tu)

e[nHm(

as claimed. |

With these computations complete we can now fulfil our promise and compose
these maps with central quotients to define new tensor product maps. We will first
focus on maps into HSpin.

Proposition 4.3.6. There exists a map Nsp when n or m is even, and a map Ng,
when n and m are odd, which make the following diagrams commute.

L L
Sp2n X Sme L Spin4nm San X Sp?m L Spin4nm

| | Lo

N,
Psp2n X Psp2m (& Hsp1n4nm Sp2n X PSme & Hspin4nm
Proof: By lemma the kernel of the composition
L
Sp2n X Sp2m _Sf Spin4nm - Hspln4nm .

is Z(Spy, X Sp,y,,) when n or m is even, and is 1 x Z(Sp,,,) when n and m are odd.
Taking the quotient of Sp,, X Sp,,, by these kernels produces the desired maps. 1
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Proposition 4.3.7. There exists a map N.. when n or m is even, and a map N.,
when n and m are odd, which make the following diagrams commute.

. . LEE . . . LEE L]
Spin,,, X Spin,,, —— Spiny,,, Spin,,, X Spin,,, —— Spiny,,,,

| | | o

PSO,, x PSO,,, <Y HSpin,,,  SOs, x PSO,, — HSpin,, .
Proof: By lemma the kernel of the composition
Spin,,, X Spin,,, L Spin,,,,, - HSpin,,,, .

is Z(Spin,, x Spin,,,) when n or m is even, and is p, X Z(Spin,,,) when n and m are
odd. Taking the quotient of Spin,, x Spin,,, by these kernels produces the desired
maps. |

Proposition 4.3.8. Assume n is even. Then there exists a map N, which makes
the following diagram commute.

. . Leo .
Spin,, X Spiny,,,,; ——— Spm2n(2m+1)

| l

HSpin,, x PSOs,11 % HSpin,, o,1)
Proof: By lemma the kernel of the composition
SpinQn X Spin2m+1 Iig Spin2n(2m+1) - Hspin4nm :

is (py x1) x py. Taking the quotient of Spin,, x Spin,,,,; by this kernel produces
the desired map. |

We now list similar results from maps into PSO. We note that these maps are
not new. Because of this, and because the proofs are analogous to the ones above,
we omit them for the following propositions.

Proposition 4.3.9. There exists a map Kgpaa which makes the following diagram
commute.

L
Sp2n X Sp2m L Spin4nm

l l

Sp,ad

PSp,, x PSp,,, 2524 PSO,,m
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Proposition 4.3.10. Let L be any of Lee, Leo, or L.,. Then there exists a map K,q
(denoted Keead; Keond, 07 K, respectively) which makes the following diagram
commaudte.

Spin,, x Sping, L, Sping, 4,

i i

Kaq

IDSOd1 X ].:)S()d2 — PSOd1d2

We end this section by noting that, by construction, the tensor maps into HSpin
and the tensor maps between adjoint groups fit together into larger commutative
diagrams where the maps N are under the lifted maps L, and the maps K,q are
under the maps N. For example, the following two diagrams.

L
Sp2n X Sp2m L Spin4nm SpinQn X Spian A} Spin4nm
HSpin,,,,, HSpin,,,,,

NSP l Nee l
K

PSp,, x PSp,,, =2 PSOuum  PSOs, x PSOs,, <% PSOm

Of course, there are similar diagrams containing the other maps into HSpin con-
structed above.
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4.4 Tensor Products for Non-split Groups

In the previous section we used the Chevalley description of split groups to construct
various tensor product maps between linear algebraic groups. We now show that these
maps are compatible with the twisting construction of section[I.4.2] This occurs since
the absolute Galois group acts on Chevalley generators by acting on their arguments.
Therefore we can produce tensor product maps between non-split linear algebraic
groups.

For this section we recall our notation I' = Gal(Fy,/F) for the absolute Galois
group of IF. Recall that for R € Algy there is an action of I' on R ®p Fyp, by acting on
the second factor. This action extends to a I'-action on our linear algebraic groups.
Let G be a semisimple linear algebraic group with representing Hopf algebra H. Then
a point of G(R ®p Feep) is a map x: H — R ®p Fep. For o € T, the action is defined
by setting o(x) to be the map

1®o

O'(.CC): Hi R®IFFsep — R®FFsep

For SO and Sp this action appears as ¢ acting entrywise on matrices. For PSO
and PSp, the action is also entrywise on any matrix representing the equivalence
class. For Spin and HSpin, which are defined within a Clifford algebra, ¢ acts on
the coefficients of the elements. For example in Spin,

o(1+tvv;) =o(1) +o(t)vv; =1+ o(t)vv,

for t € R ®p Fgep. With this setup, any group scheme homomorphism will also be a
['-morphisms over R ®p Fep.

Lemma 4.4.1. Let ¢: Gy — Gg be any homomorphism of group schemes, and let
R € Algg. Then the map (R ®p Fsep) is a I'-morphism. That is, for o € I' we have

SD(R QrF IE‘sep) o (1 ®O') = (1 ®0’) O@(R@F Fsep)-

Proof: For brevity, we set ¢/ = 1 ® 0 and R' = R ®p Fysp. Let Hy and H,
be the representing Hopf algebras of G; and Gy respectively. Considering a point
x € Gi(R') as a map from H;, we have the following diagram

H —— R —=— R

“’ﬁ 4}?)@)

Hy o (p(R)(2))=p(R') (0" (x))

From which it is clear that

o 0 @(R) = p(R) o o'
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as desired. |

The property of being a I'morphism will allow these maps to descent to maps on
R points after twisting the I'-action as in section [1.4.2 However, we first need to
understand how the various maps K,q effect Galois cohomology and cocycles. That
is, we wish to understand the induced maps

K&paa: H'(F,PSp,, x PSp,,,) = H'(F,PSO4,)
K*_ .4 H'(F,PSO,, x PSOy,) — H'(F,PSOy,4,)

We first address the Kg, .4 case. First, we have that
Hl (IF’ Psp2n X Psp2m) = Hl (IF’ PSp2n) X Hl (Fa PSpZm)

and we recall from section that H'(F, PSp,,) classifies isomorphism classes of
central simple algebras with symplectic involution. It does so by associating the class
of a cocycle a: I' = PSp,,, (Fsep) with the fixed points of the algebra (Ma, (Fsep), ¢0)
under the I'-action twisted by a.

Proposition 4.4.2. The group scheme homomorphism Ksp aq “nduces a map between
first cohomology sets which behaves as

Kgp,ad : Hl (F7 PSp2n) X Hl (Fa PSp2m> — Hl (Fa PSO4nm)
([A1, ¥1], [Ag,12]) = [A1 ®@F Az, 1 @ 1]

where (A1,11) and (A, o) are central simple F-algebras with symplectic involutions
of degrees 2n and 2m respectively.

Proof:  Let (Aj,11) and (A, 1) be as in the proposition, and let

ar;: I' = PSp,,, (Feep)
ay: I' = PSpsy,, (Fsep)

be the standard cocycles representing the algebras’ classes in H'(F,PSp,,) and
H'(F,PSp,,,) respectively. The isomorphism classes [A;,v1] and [As, 1] are then
mapped by Kg,, .4 to the class represented by the cocycle

KSp,ad ) (O[l, Oég)i I'— PSO4nm(]Fsep)
o — Fﬁl(alp & ()4270)?.
where P is the image in PSOyym(Fsep) of the conjugating matrix P used in the

definition of Kg,. Now we consider the fixed points of (M, 7o) after twisting the
[-action by this new cocycle. First, we undo the conjugation by P which has the
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effect of exchanging the standard involution 1y for 1] ® ¥, where 1] are our standard
choice of symplectic involutions on Ms, (F) and M, (IF) respectively.

(M‘mm(Fsep)? TO)FKSp’adO(aL%) = <M4nm<Fsep>7 1/}/1 ® ¢;)Fa1®a2

Now we use the decomposition My, (Fsep) = Moy (Foep) ®F,., Mom (Fsep) and see that
in this description, the twisted action is

k k k
0 argar 9, Ci®D; = (a1,,0(Ci)ar}) @ (aneo(Di)agy) =D (00, Ci) @ (0 -0y D).
i=1 =1

=1

Then since (Ma, (Feep), ;) 1 22 (A1, 901) and (Mo, (Feep), 1h) 02 = (Ag, 1) it is clear
that there is an injection

(A1 ®F Az,%1 @ P2) = (Manm(Feep), U1 ® wé)FM@aQ.

Since the dimension over FF is the same on each side, this map is also surjective
and hence an isomorphism. Therefore the cocycle Kgpaq © (a1, a2) represents the
isomorphism class [A; @ As, ¥ @ ¥y] € HY(F, PSOyy,,,), which means

Kgp,ad([Ah wl]? [A27 %]) = [Al X A27 ¢1 ® 1/12]

as desired. |

The proof of the following proposition, which deals with the cases K* 4, is the
same as the one above, just with all the symplectic content replaced with orthogonal
content. Because of this, we omit the proof.

Proposition 4.4.3. Let K be one of the group scheme homomorphisms Kee adq, Keoad,

or K, .q- Then K induces a map between first cohomology sets which behaves as

K*: HI(F,PSOdl) X HI(F,PSOdg) — Hl(F,PSOdldQ)
([A1, 7], [A2, 2]) — [A1 ®F As, 71 @ T

where (A1, 71) and (Ag, T2) are central simple F-algebras with orthogonal involutions
of degrees dy and dy respectively.

Now that we know which algebras correspond to the images of cocycles, we are
ready to construct our non-split tensor product maps. We note that the maps labelled
by K or K.q in what follows are well known, and can be defined directly from the
natural map

A1XA2—>A1®FA2
(a,b) » a®b
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Theorem 4.4.4. Let (A1,v1) and (Ag,19) be central simple algebras of degree 2n and
2m respectively with symplectic involutions. There are group scheme homomorphisms

Lsp: Sp(A1, ¢1) x Sp(A2, ¢2) — Spin(4; ®r Az, 1)1 ® i)
Ksp: Sp(A1, Y1) x Sp(Az,¢2) — SO(A; @ Az, 11 ® 1)

Nsp: PSp(Ay, 1) x PSp(As, ¢) — HSpin(A; ®p As, Y1 ® 1) when n or m even
ép: Sp(A1, 1) X PSp(As, 12) — HSpin(A; @ Az, ¥ ® 1) when n and m odd

all lying above a map
Kspad: PSp(Ai,11) x PSp(As, 12) = PSO(A; ®@F Az, 1 ® 1)
which for R € Algp behaves on R-points as

Kspaa(R): PSp(A1,¢1)(R) x PSp(As, ¢2)(R) — PSO(A; ®r Az, 11 ® 102)(R)
(lal, [b]) = la @ b]
Proof: Let ay and s be the standard cocycles representing (A;, ;) and (As, 19)
respectively, and let 8 be the standard cocycle representing (A; @ As, ¥ ®1)5). First,

we consider the Kronecker tensor product map on the level of split [Fe,-algebras with
the standard choices of involutions,

K: (MZn(Fsep)a ¢1) X (M2m(Fsep)a %) — M4nm<Fsep)7 TO)
(B1, By) = P7Y(B, ® By)P

where P is the matrix used to define Kgp. Since this map K is a I'-morphism, it will
restrict to fixed points

K/: (Ala %) X (A2, wQ) — (M4nm(Fsep)7 TO)FKSp,adO(alxaz) .

Now, it is unlikely that Kgp .q © (a1, @2) and § are equal, but in any case, since both
cocycles represent the isomorphism class [A; ®p As, 101 ® 1], they will be cohomolo-
gous. This means that their respective fixed point sets differ by an automorphism of
(Mapim (Fsep)s 70), say by [B] € PSOuypm(Fsep). Hence, we will have a map

[Blo K': (A1, 1) X (A2, 12) = (A1 ®@F As, Y1 @ 1s).

By the universal property of tensor products we will also be given a map ¢ fitting
into the following diagram

(A1, 91) x (A2, 1) £, (A1 ®F Az, 101 ® o)

m—#

(A @ Az, 1 @ 1y)
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and since [B] o K’ # 0, then ¢ must be an automorphism of (A; ®r As, ;1 ® 1).
Because this is an automorphism of a central simple algebra, it is an inner auto-

morphism, and so it can be extended to an automorphism of (M, (Fsep), 70), say
[C] € PSOypm(Fsep). Thus, we will have

[CT'B] o K': (A1,¢1) X (As,12) = (A; ®F Ag, Y1 ® )
(a,b) — a®b.

We mention this since it will allow us to control the map between adjoint groups.
Now let R € Algy. Since Kgp ad(R ®r Fsep) is a I-morphism, it will restrict to a map
between fixed points

PSp(A17 wl)(R) X PSp(AQa ¢2)(R) - PSO4nm(R Qr Fsep)rKSp‘ado(al’az)

This map as well can be corrected by using the element 1 ® [C~!B] in the image of
PSO4um(Fsep) = PSO 4 (R ®F Feep). Composing with conjugation by this element
in PSO (R @ Fyep) will give the desired map

Kspad(R): PSp(Ar,¢1)(R) x PSp(Asz,12)(R) — PSO(A; ®r Az, 11 ® 12)(R)
(la], [b]) = [a @ 0]
Then if ¢: R — S is an algebra homomorphism, we will have
1p ® [C_IB] —1lsg® [C_IB]

under the map PSOy (R ®r Fsep) — PSOum (S @F Feep), and so there will be a
diagram

ICSp,ad(R

PSp(A1,¢1)(R) x PSp(Az, 2)(R) 4>)PSO<A1 ®r Az, Y1 ® 12)(R)

| |

PSp(Ay, 11)(S) x PSp(As, 12)(8) =2 PSO (A, @p Ay, 1 ® 1)(S)

Hence these maps combine into the desired group scheme homomorphism Kgp aq.
Now we describe how to construct any of the maps lying over the map we just
constructed. First, consider the split version NV,

G1XG2$H

| |

PSp,, X PSp,,. 0PSO,

Over R @ Fy, the map N(R ®p Fyp) is a I-morphism, and any choice of elements
lying over the cocycles oy and ay will be mapped by N to elements lying over the
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cocycle Kgp a4 0 (04, a2), and so all maps in this diagram will restrict to fixed points.
After that, to correct the image we may conjugate in H(R ®p Fyp) by any element
lying over 1 ® [C~!B], they will all produce the same inner automorphism since the
kernel of H(R ®p Faep) = PSO4pm (R ®p Feep) is central. Say we choose €. This will
then produce a map which lies over Kgpa(R). Finally, for the ring homomorphism
¢: R — S, the element H(¢)(€) will lie over PSO 4, () (1®[C~!B]) and so all these
maps assemble together to produce the desired group scheme homomorphism which
lies over Kgp ad- |

Theorem 4.4.5. Let (A1, 1) and (Aa, 7o) be central simple algebras of degrees 2n and
2m respectively with orthogonal involutions. There are group scheme homomorphisms

Lee: Spin(Aj, 71) X Spin(As, 75) — Spin(4; Qp Az, 71 @ T3)
Kee: SO(A1,71) x SO(As, 72) = SO(A; ®F Ay, 71 ® T2)
Nee: PSO(AL, 1) x PSO(As, 75) — HSpin(A; ®p Ay, 71 ® 7o) when n or m even
N : SO(A;, 1) x PSO(As, 75) — HSpin(A; ®r Az, 71 ® 7o) when n and m odd

all lying above a map
Keeaa: PSO(A1,71) x PSO(A2, 72) — PSO(A; ®F A2, 71 ® T2)
which for R € Algp behaves on R-points as
Keead: PSO(A1,7)(R) x PSO(Ay, 72)(R) - PSO(A; ®F Az, 71 @ 72)(R)
([a], []) = [a © b]

Theorem 4.4.6. Let (Ay, ) and (Aa, T2) be central simple algebras of degrees 2n
and 2m + 1 respectively with orthogonal involutions. There are group scheme homo-
morphisms

Leo: Spin(Ay, 1) x Spin(Ay, 1) — Spin(A4; ®p Ay, 71 ® T2)
Keo: SO(A1,71) X SO(Az,72) = SO(A; ®p Ag, 71 ® 7o)
No: HSpin(A;, 71) x PSO(Ay, 75) — HSpin(A; ®r A, 71 ® 7o) when n even

all lying above a map
,Ceo,ad: PSO(Al, 7'1) X PSO(AZ,TQ) — PSO(Al Xp Ag, 71 &® ’7’2)
which for R € Algp behaves on R-points as

’Ceo,ad: PSO(Al, Tl)(R) X PSO(AQ, TQ)(R) — PSO(Al XRE AQ, 1 & TQ)(R)
(la], [b]) = [a @ 0]
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Proof: The proof of the above two theorems is analogous to the proof of theorem
[4.4.4] By first considering the tensor product on the level of central simple algebras,
appropriate elements can be found which will correct the images of the maps after
they are restricted to fixed points. Then by conjugating the groups of R®p[Fs,-points
either by these elements, or elements lying over them, we will produce the desired
group scheme homomorphisms as maps between fixed points in split groups. |

The following last theorem is isolated from the above two since we wish to em-
phasize that it requires no special assumptions about the field F. Recall that the map
L' is only defined when v/2 € F. Despite using L’ in the following construction, we
will demonstrate how we may drop the assumption on F.

Theorem 4.4.7. Let (A1, 71) and (As, 72) be central simple algebras of degrees 2n+ 1
and 2m + 1 respectively with orthogonal involutions. There are group scheme homo-
morphisms
Loo: Spin(A;, 1) x Spin(Ay, 72) — Spin(A4; ®r Ay, 71 ® 72)
ICOOI SO(Al, 7'1) X SO(AQ, 7—2) — SO(Al RF AQ,Tl ® 7—2)
both lying above a map
ICoo,ad: PSO(A1,7'1) X PSO(AQ, 7'2) — PSO(Al Kp AQ, 71 & 7'2)
which for R € Algp behaves on R-points as
ICoo,ad: PSO(Al, 7'1)(R) X PSO(AQ, TQ)(R) — PSO(Al Xp AQ, 71 & TQ)(R)
([a], [b]) = [a @ 0]
Proof: We again begin by considering the tensor product map on the level of
Feep-algebras. Since we work on this level and Fg, will contain V2 regardless of
whether F does, we may still conjugate by the P used to define K. Since this is not

a hindrance, the rest of the proof can proceed analogously to the situations above
and produce the desired maps. |

We end this section by noting that for every commutative diagram composed
of split tensor product maps and central isogenies, there is an analogous diagram
comprised of these new maps. For example, there is a diagram

Lg
SP(A1,91) X Sp(Az,¥2) —— Spin(A; ®F A2, ¥1 ® ¥2)

|

HSpin(A1 ®r A2, 91 ® ¥2)

NSp i

Ksp,ad
PSp(A1,91) x PSp(As,12) — > PSO(A1 ®F Az, 1 ® ).



Chapter 5

Application to Cohomological
Invariants

In sectionwe defined Galois cohomology sets and saw how sets like H'(F, PGL,,)
could classify algebraic objects, in this case classifying the isomorphism classes of
central simple algebras over F of degree n. If G is any linear algebraic group, the
set H'(F,G) classifies the isomorphism classes of G-torsors over F. A G-torsor,
also known as a principal homogeneous space for G, over F is an F-scheme which
is equipped with a simply transitive action of G. Mirroring ideas in topology, one
method of understanding such torsors is to assign invariants to these spaces, which we
could view as a function from H'(F, G) to wherever the invariant lives. Further, we
would like the invariant to respect scalar extensions by being functorial with respect
to the field, and so we consider natural transformations from the functor H'(—, G).

5.1 Cohomological Invariants

In this section, we recount this general setup following [GMS03].

Definition 5.1.1. Let G be an algebraic group and recall that there is a Galois
cohomology functor H'(—, G): Fieldsyp — Sets. Let F: Fieldsp — Ab be another
covariant functor to the category of abelian groups. A cohomological invariant of G
with coefficients in F is a natural transformation

A: H' (-, G) — F.

The set of all such invariants is denoted Inv(G, F). It inherits the structure of an
abelian group from the category Ab.

Since the Galois cohomology functor is also functorial in the second argument, we
know that any algebraic group morphism G; — Gs induces a natural transformation

113
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H'(—,Gy) — H'(—,Gy). This allows us to pullback invariants of G to an invariant
of G, as stated formally in the lemma below.

Lemma 5.1.2. Let F: Fieldsg — Ab be a functor. Then Inv(—, F) is a contravari-
ant functor from the category of linear algebraic groups to Ab.

The abelian group structure on Inv(G, F) as well as on F itself, allow us to also
define normalized invariants. These are invariants which map the trivial element to
ZEro.

Definition 5.1.3. Let A € Inv(G, F). Then A is called normalized if
A(F)([1])) =0 € F(F).
The subgroup of all normalized invariants is denoted Inv(G, F)pnorm -

If E/F is a field extension, since the induced map H'(F,G) — H'(E, G) sends
[1]r — [1]g, and F(F) — F(E) is a group homomorphism, any normalized invariant
A will also have A(E)([1]g) = 0 € F(E). Normalized invariants hold the majority of
the information in Inv(G, F), as every invariant only differs by a constant invariant
from a normalized one.

Definition 5.1.4. Let A € Inv(G,F). Then A is called constant if there exists
c € F(F) such that, for all field extensions E/F

A(E)(z) = cg

for all x € HY(E, G), where cg is the image of ¢ under F(F) — F(E). The subgroup
of constant invariants is denoted Inv(G, F)const, and its identity is called the trivial
invariant.

A constant invariant is determined uniquely by an element of F(IF), and so
Inv(G, F)eonst = F(F) as groups. If A € Inv(G, F) is any invariant, let ¢ = A(F)([1])
and let A, be the associated constant invariant. Then A—A, is a normalized invariant
and trivially A = A, + (A — A,). Therefore the group of invariants decomposes into
a direct sum of these two subgroups,

Inv(G, F) = Inv(G, F)eonst ® Inv(G, F)norm-

Since the structure of the constant invariants is already known, attention is usually
restricted to considering the group of normalized invariants. In order to say more, we
now focus on some particular choices of functors F.
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5.1.1 The Functor H'(— Q/Z(d))
A common choice for the functor F used to define cohomological invariants is
H™(— Q/Z(d)): Fieldsy — Ab.

To define this functor we begin by defining the functor Q/Z(d): Fieldsy — Ab,
taking our definition from both [KMRT!, §31.B] and [GMS03].

Definition 5.1.5. Let n and d be positive integers. First, we define a functor

pu®?: Fieldsy — Ab
E — p,(E)*

where the groups w,,(E) are tensored as Z-modules. Letting n vary over all integers,
these functors form a directed set when considered with the canonical maps p2¢ — p24
coming from the inclusions p,(E) — w,,(E) when n divides m. We then define

Q/Z(d): Fieldsp — Ab
. ®d
E — c%)ggn w ()

When d = 1, the colimit in the definition of Q/Z(1) has the effect of a union,
and we have that

Q/Z(1)(E) = {z € E | 2™ =1 for some m € N}

that is, Q/Z(1) returns all the roots of unity of the field. There is also a decomposition
of Q/Z(d) into p-components for primes p. We have that

Q/Z(d)(E){p} = colim p,;x(E)

where appending —{p} denotes the subgroup of elements of order p™ for some m € N.
These subgroups form subfunctors.

Definition 5.1.6. Let d be a positive integer and let p be prime. We define a functor
Q/Z(d){p}: Fieldsp — Ab
E + colim por (E)
which is a subfunctor of Q/Z(d).

Then, since all elements of Q/Z(d)(E) have finite order, we obtain

Q/Z(d)(E) = B Q/Z(d)(E){p}.

p prime
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and so we can view the functor as having a similar decomposition

Q/Z(d) = @, prime Q/Z(d){p}. One issue, however, is that when I has positive char-
acteristic, say char(IF) = p, the group Q/Z(d){p}(E) will not have ‘enough’ elements
since p,m(Esep) = {1}. To fix this, we build our own p-component using Milnor’s
K-groups.

Definition 5.1.7. Let d be a positive integer. Then the d'™ Milnor K-group is a
functor

Kg4: Fieldsp — Ab
E — (EX)%/I
where [ = (a1 ®ay ® ... ®aq | a; + a; =1 for some i # j).

In particular for our later use, K;(E) = E*. Using these above two functors, we
can finally define what we mean by H4™(—, Q/Z(d)).

Definition 5.1.8. Let F be a field with char(F) = p. We define a functor
H™(—,Q/Z(d)): Fieldsy — Ab
which for E/F a field extension gives
B {Hd*l(GaMEsep/E), Q/Z(d)(Exep)) p=0
HH(Gal(Esep/E), Q/Z(d) (Esep)) & H*(Gal(Baep/E), Ka(Esep)) {p} p >0
where Gal(Egep/E) acts naturally on Q/Z(d)(Esep) and Ki(Egep)-

There is a convenient isomorphisms between H?(—,Q/Z(1)) and the Brauer
group.

Proposition 5.1.9. [KMRT|, §29] There is an isomorphism of functors
H(~,Q/Z(1)) = Br.

Proof:  Let E/F be a field extension. By [GS17, 4.4.5], for each positive integer m
which is prime to char(EE), there is an isomorphism H?(E, u,,) = {z € Br(E) | 2™ =
1}. Therefore, for a prime p # char(E) we have

H*(E,Q/Z(1)){p} = H*(E,Q/Z(1){p})
= H(E, colim pe,,n)
= colim H(E, fi,m)

= COlei&n{x € Br(E) | ") = 1}
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= Br(E){p}
When p = char(F) we use [GS17, 4.4.3] which states that there is an isomorphism
H*(E,G,,) = Br(E). Then since K(Eyp) = EZ, it is immediate that

H*(Gal(Bsep/E), Kg(Esep)){p} = H*(E, Gyn){p} = Br(E){p}.

To put it all together we use [GS17, 2.8.5] which gives us that Br(E) is a torsion
group. Hence, when char(F) = 0 we will have that

H*(E,Q/Z(1)) = H*(E, D Q/Z(1){p})

p prime

= D H(E,.Q/Z(1){p}

p prime

= D BrE){p}

~ Bi(E)
and when char(F) = p > 0 we have
H*(E,Q/Z(1)) = H*(E, B Q/Z(1){q}) & H*(Gal(Ewp/E), Ka(Esep)){p}

q prime

=~ P H*(E Q/Z(1)){q} @ Br(E){p}

q prime

~ (P Br(E){q} ® {1} ® Br(E){p}

gq prime
q7#p

= Br(E).

Finally, since the proofs of 4.4.7 and 4.4.9 from [GS17] use the cohomological long
exact sequence to construct the isomorphisms, these constructions will be functorial
in E and so this all fits together into the desired isomorphism of functors. i

Now that we have the functor of coefficients we wish to use, we give the invariants
coming from this functor their own name.

Definition 5.1.10. Let G be an algebraic group. The group of normalized degree d
cohomological invariants of G s

Inv(G) = Inv(G, HY(—, Q/Z(d — 1)))norm-

These invariants act functorially, with Inv? being a contravariant functor. That
is, given a group scheme map ¢: G — H, there is a natural map

" Inv'(H) - Inv(G)
which sends an invariant A € Inv?(H) to the pullback
P1(A): HY(=,G) 5 H' (= H) S H(—,Q/Z(d - 1).
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5.1.2 Degree 2 Cohomological Invariants

We now turn our attention to the degree d invariants of split groups. The main case
of interest for us will be degree 3 cohomological invariants, but we begin by recalling
the description of degree 2 invariants since they are extremely useful in understanding
degree 3 invariants.

Proposition 5.1.11. [KMRT|, 31.21] Let G be a semisimple algebraic group and
consider the surjection m: Gg. — G from the simply connected group of the same
type. Letting Z = ker(r) there is an isomorphism

Z* =2 Inv?(G)
where Z* = Hom(Z, G,,) is the character group of Z.

This proposition makes it easy to describe the degree 2 invariants of our favourite
groups since, knowing that these invariants take values in the Brauer group and that
Z* will be finite, we can write down all the invariants. We give some examples of this
now.

Example 5.1.12. Let G be any simply connected group. Then Z and Z* are trivial
so Inv?(G) has one element, namely the trivial invariant

A: H'(—,G) — Br
where for all E/F a field extension, A(E)(z) = 0 € Br(E) for all zx € H'(E, G).
Example 5.1.13. Consider the group PGL,. The kernel of SL,, - PGL,, is u,,,

and so Inv?*(PGL,) & u* = Z/nZ. This cyclic group of invariants is generated by
the invariant A given over a field extension E/F by

A(E): H'(E,PGL,) — Br(E)
[A] = [A]

where A is a central simple E-algebra of degree n. The remaining invariants are

(mA)(E): H'(E,PGL,) — Br(E)
[A] = [A®™]

for 0 < m < n—1. These do in fact form a cyclic group since the order of [A] € Br(E)
divides the degree of A, and so nA is the trivial invariant.
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Example 5.1.14. Consider the group PSp,,. The kernel of Sp,, — PSp,, is p,,
and so Inv?(PSp,,,) = uj = Z/27Z. Hence this group of invariants only contains one
non-trivial invariant A which is given over a field extension E/F by

A(E): H'(E, PSp,,) — Br(E)
[(A,9)] — [4]

where (A, 1) is a central simple algebra of degree 2n with symplectic involution.

Example 5.1.15. Consider the group SOs,,1 = PSO,,, 1. The kernel of

Spin,,,; — PSOs,,; is p,, and so Inv*(PSOy,) = p} = Z/2Z. Hence this group
of invariants also only contains one non-trivial invariant A which is given over a field
extension E/F by

A(E): H'(E, PSO,,) — Br(E)
(A, 7)] = [Co(A, )] = [Co(Mans1 (E), 70)]

where (A, 7) is a central simple algebra of degree 2n + 1 with orthogonal involution,
and Cy(A, 7) is its even Clifford algebra. The class of Cy(Ma,11(E), 79) is subtracted
so that the invariant is normalized since [(Ma,+1(E), 79)] is the trivial class on the
left. In this case we also have the invariant [(A, 7)] — [A], but this coincides with the
trivial invariant since by [KMRT, 2.8] any central simple algebra of odd degree with
involution of the first kind is split.

Example 5.1.16. Consider the group SOy,. The kernel of Spin,,, — SOg, is p,,
and so Inv*(SOy,) = pi = Z/27Z. The non-trivial invariant A is given over a field
extension E/F as follows. Under the induced map H'(E,SO,) — H'(E,PSO,,),
any element Y € H'(E,SO,,) maps to the isomorphism class of a central simple
algebra of degree 2n with orthogonal involution, say Y + [(A(Y),7)]. Then we have

A(E): H'(E,SO,,) — Br(E)
Y = [A(Y)]

Example 5.1.17. Let n be even and consider the group HSpin,,. The kernel of
Spin,, — HSpin,, is w,, and so Inv*(HSpin,,) = u} = Z/27. The non-trivial
invariant A is given over a field extension E/F similarly as above. Any element
Y € H'(E,HSpin,,) maps via H'(E, HSpin,,) — H'(E,PSOy,) to an isomorphism
class of a central simple algebra of degree 2n with orthogonal involution, say Y —
[(A(Y),7)]. Then we have

A(E): H'(E, HSpin,,) — Br(E)
Y= [A(Y)]
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For the next examples, we recall a fact about the class of Clifford algebras in the
Brauer group.

Theorem 5.1.18. Let (A, 7) be a central simple F-algebra of degree 2n with or-
thogonal involution of trivial discriminant. Then, the Clifford algebra decomposes as
C(A,7)=C*(A,7) x C~(A,7) and in the Brauer group Br(F) we have

[CT(A, )]+ [C7 (A, 7)] = [4]
2[CE(A, )] =0
if n is even. Then when n is odd we have
[CHA, 7))+ [C (A, 1) =0
2[C*(A, 1)] = [A].

Proof:  These statements all follow from [KMRT) 9.12], with the first and third
equalities being directly stated there. As mentioned in the proof of 9.12, when n
is even the canonical involution on C(A,7) is type 1, therefore the involutions on
C*(A,7) are type 1, and so they have order two in the Brauer group, yielding the
second equality. The fourth equality is proved at the bottom of [KMRT], pg. 113]. 1

Example 5.1.19. Consider the group PSQO,, where n is even. The kernel of
Spin,, —» PSOy, is p, X p,, and so Inv*(PSOy,) = Z/2Z @ 7Z/2Z. An element
(a,b) € Z/2Z.67Z/27Z corresponds to the invariant A: H'(—,PSQO,,) — Br(—) which
is given over a field extension E/F by

(A, D) = a([CF(A,7)] = [CT(MA(E), 70)]) + b([C™(A, )] - [C~(Mu(E), 70)]).

Example 5.1.20. Consider the group PSO,, where n is odd. The kernel of
Spin,, — PSO,, is u,, and so Inv*(PSO,,) = Z/4Z. An element a € Z/4Z
corresponds to the invariant which is given over a field extension E/F by
A(E): H(E,PSO,,) — Br(E)
[(A,7)] = a([CT(A, 7)] = [CT(My(E), 70)])-

5.1.3 Degree 3 Cohomological Invariants

We now move on to describe the group of degree 3 normalized invariants, Inv*(G).
Our thorough understanding of degree two invariants is used to define two groups
related to Inv®(G). The first uses the Galois cohomology cup product

U: HY(F,Q/Z) x H*(F,Q/Z) — H*(F,Q/Z(2)).
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Since there are inclusions p,, — Q/Z, there are also inclusions
F* /()" = HY(F, p,,) — H'(F,Q/Z).
We often use these inclusion to talk about cup products involving (¢) € F* /(F*)™.

Definition 5.1.21. An invariant A € Inv®(G) is called decomposable if there exist
¢ € H'(F,Q/Z) and A; € Inv*(G) such that for all field extensions E/F we have

A(E) = Xk:c U A(E)

where we abuse notation and also write ¢; € H'(E,Q/Z) for the images of the previous
¢;. The group of all decomposable invariants is denoted Inv3(G)deC.

The decomposable invariants are functorial in that any group scheme map G —
H induced a map Inv?(H)ge — Inv®(G)qec which is the restriction of the usual
map Inv?(H) — Inv®(G) given by pullbacks. We now give some examples of the
decomposable invariants for our semisimple groups.

Example 5.1.22. Let G be a simply connected group. Since Invz(G) =0, we also
have that Inv®(G)gec = 0.

The following examples involving adjoint groups are taken from [Mer16], and the
case of HSpin is taken from [BR14]. All the following examples follow the pattern
that Inv?(G)gee = Inv?(G) @7 FX.

Example 5.1.23. Consider the group PGL,. Then Inv}(PGL,)q.c = F*/(F*)",
and for an element (c) € F*/(F*)™ the invariant is given by

(C) : Hl(_a PGLn) - H3(_7 Q/Z(Z))
[A] = (c) UTA]
Note that by our definition the invariant [A] — (c¢) Um[A] is also decomposable, but

we have that (¢) Um[A] = (¢™) U [4], and so such an invariant corresponds to the
element (¢™) € F*/(F*)™.

Example 5.1.24. Consider the group PSp,,. Then Inv’(PSp,,)aec = F*/(F*)?,
and for an element (c) the invariant is given by

(c): H' (=, PSpy,) = H*(—,Q/Z(2))
(A, )] = (e) U [A]
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Example 5.1.25. Consider the group SOg, 11 = PSOs,,.;. Then
Inv? (PS04 1)aec = F*/(F*)?, and for an element (c) the invariant is given by

(C) : H1<_7 PSO2n) — HS(_a Q/Z(Q))
(A, 7)] = (0 U ([C(A,7)] = [C(Ma(=), 70)])
Example 5.1.26. Consider the group SOs,. Then Inv?(SOy,)gec = F*/(F*)?, and
for an element (c) the invariant is given by

(c): H'(=,80,) — H*(—, Q/Z(2))
Y = () UTA(Y)]

where [A(Y)] is the image of Y under H'(—,S0Os,) — H'(—,PSOy,).

Example 5.1.27. Consider HSpin,,. Then Inv*(HSpin,, ) g = F*/(F*)?, and for
an element (c) the invariant is given by

(c): H'(—, HSpin,,) — H*(—,Q/Z(2))
Y= (0 UAY)]

where [A(Y)] is the image of Y under H'(—, HSpin,,,) — H'(—, PSOy,).

Example 5.1.28. Consider the group PSO,,, when n is even. Then
Inv® (PSOs,,)dec = F*/(F*)2 @ F* /(F*)?, and for an element ((c;), (¢3)) the invariant
((c1), (c2)): HY(—,PSOy,) — H3*(—,Q/Z(2)) is given by

(A, 7)] = (e)U([CT (A, 7)]=[CT (Man(=), 70)]) +(c2)U([C (A, 7)]=[C7 (Man (=), 70)])

Example 5.1.29. Consider the group PSO,, when n is odd. Then
Inv® (PSOy,,)dee = F*/(F*)*, and for an element (c) the invariant is given by

(c): H'(—,PSOy,) — H*(—,Q/Z(2))
[(A,7)] = () U([CT(A,7)] = [CT(Ma(—), 70)]).

In order to understand the rest of the degree three invariants, we define the
second related group.

Definition 5.1.30. Let G be a semisimple groups. The group of indecomposable
invariants is the quotient
Inv?(G)

v (G = —y )
nv (G ina v? (G e
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Despite the name, elements of this group are not invariants in the sense of natural
transformations, but are of course equivalence classes of invariants. This construction
as well is functorial. Given a group scheme homomorphism G — H, there will be a
commutative diagram with exact rows

0 —— Inv?(H)gee —— Inv*(H) —— Inv*(H)jpg —— 0

J l J

0 —— Iv(Giee —— v (G) —— v} (Ging —— 0

We now recall some known cases of the indecomposable invariants.

Example 5.1.31. Let G be a simply connected group. Then Inv®(G )i = Inv?*(G).
We mention that in this case, the group Inv®(G) is a finite cyclic group generated by
the Rost Invariant of G. See [GMS03, §9].

Example 5.1.32. The following groups of indecomposable invariants were computed
in [Mer16], with the HSpin case coming from [BR14].

Inv’(PGL,,)ing = 0
7)27. n=0 d4
v (PSpy, g = { /27 =0 mod Y
0 n#0 (mod 4)

IHV3 (P802n+1)ind =0

0 n =2, or nisodd and n # 1
Inv?(HSping,, )ina £ {Z/2Z n=2 (mod4),n # 2
Z/AZ n=0 (mod4)
7.2 = d4
Iy} (PSOy, )y = 4 2122 =0 (mod 4)
0 n#0 (mod 4)

In the cases above where Inv?(G)ijnq = 0, we obtain a complete description of the
degree three normalized invariants since every such invariant is decomposable. For
PSp,, when n =0 (mod 4), it was shown in [Merl6] that the exact sequence

1— Invg(G)deC — Inv3(G) — Inv3(G)ind —1

splits, and therefore we also have a description of the normalized invariants as
Inv®(PSp,,,) & F*/(F*)2@®Z/27Z. In [BR14] it was shown that the sequence involving
HSpin, splits, and so we have Inv’(HSpin,s) = F* /(F*)?@Z/47Z. Later, in section
Bl we recall a result of [Rue20] which shows that there is a similar splitting and
description of Inv®(HSpin,,,) for all n.
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5.2 Application to Half-spin

In this brief section, we retell the main result of [Rue20], which uses the existence of
our new split tensor product maps to compute the normalized degree three invariants
of HSpin,,, for all n. As just outlined in m, the constructions Inv®(—), Inv*(—) gec,
and Inv®(—)iq are covariant functors. Therefore, the split tensor product map

Ngp: PSp,,, x PSp,,, — HSpin,,,,,

of proposition [4.3.6 which exists when n or m is even, induces maps between groups
of degree three invariants. The known groups which play a roll here are the following

Inv’(PSpy,)dec = F*/(F*)?
Inv* (PSp,, )ing = {Z/2Z n=0 (mod 4)
0 n#0 (mod 4)
Inv®(PSp,,,) = Inv*(PSp,, )ace ® Inv? (PSP, )ind
Inv?(HSpiny,, )gec = F* /(F*)?
0 n =2, or nisodd and n # 1
Inv?(HSpiny, )ina £ {Z/2Z n=2 (mod 4),n # 2
Z/A7Z n=0 (mod 4)

In addition, we have that Inv?(PSp,,, x PSp,,,) = Inv*(PSp,,) ® Inv*(PSp,,,) and
likewise for the decomposable and indecomposable invariants. We first describe the
induced map on decomposable invariants.

Lemma 5.2.1. [Rue20, Lemma 14] Let n or m be even and consider the map Ngp.
The induced map on decomposable degree three invariants

Ngp: Inv?(HSpiny,,,)dec — Inv?(PSPy, )aec ® Inv’ (PSP, )dec
is the diagonal map
F*/(F*)* — F*/(F*)* @ F*/(F)*
(¢) = ((¢), (¢))

In particular, N§, is injective.

Proof: The crux of the argument comes from the existence of the commutative
diagram
HSpin,,,,,
=
Ksp,ad

PSan X PSme —— PSOy,,
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which induced a commutative diagram on first cohomology sets

Hl (_7 Hspin4nm)

—

Hl(_v PSan X PSp2m) —_— Hl(_v PSO4ﬂm>
By proposition 4.4.2] the images of cohomology classes in the above diagram will be

Y

]

([(A1, 1)), [(Ag, ¥)]) —— [(A1 ®@F Ag, 11 @ 19)].

Now let (¢) € Inv*(HSpiny,,,) and consider its pullback Ng,(c). Applying it to a
pair in H'(—, PSp,, x PSp,,,) we get

ng(c)([(Al,l/Jl)]a[(A2,@/)2>D (e)(Y)
= (c) U [A; ®@F As]
= () U ([Ax] + [A2])
= (¢) U[A1] + (c) U [A2]
= ((c), () ([(A1, ¥1)], [(A2, ¥9)])
Therefore the map Ng,, is as claimed. i

This was the last ingredient needed for the following theorem. Beyond the exis-
tence of Ngp, the proof is entirely group theoretic.

Theorem 5.2.2. [Rue2(, Theorem 15] For an integer n > 2, the exact sequence
0 — Inv®(HSpiny, )gec — Inv®(HSpin,,,) — Inv?(HSpiny, )mq — 0
is split. Therefore we can describe the degree three normalized invariants as

F>* /(F*)? n is odd, or n =2
Inv?(HSpiny,) 2 (F*/(F*)?®Z/2Z n=2 (mod4),n+#2.
F*/(F*)?®Z/AZ n=0 (mod 4)

Proof: In the case when n is odd or n = 2 the result is immediate since
Inv*(HSpiny, )ing = 0. For the remaining cases we use the commutative diagram
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coming from Ngp,

Inv®(HSpiny, )gee —— Inv?*(HSpin,,) — Inv?(HSpin,, )i

| l |

Iv?(G)gee ————— v} (G) —— Inv}(G)ing

where G = PSp,,,, x PSp,,,, and we choose m; and my as are convenient.
For the n = 2 (mod 4) and n # 2 case, there is an odd integer m such that
n = 2m, and we can use the map

Ngp: PSp, x PSp,,, — HSpin,,, .
This gives the following version of the above commutative diagram

F* /(F*)? Inv*(HSpin,,) — Z/27

[ | |

]FX/(FX)Z @FX/(FX>2 SN FX/(]FX)Q o) FX/(FX)Q 0

Here we argue that A? = 0 for all A € Inv3(HSpin4n), and thus any preimage of
1 € Z/2Z produces a desired splitting. To see this, consider any such A and note that
the image of 2A € Z /27 will be 0, therefore by exactness of the top row we have that
2A is a decomposable invariant. Also, since every element in F* /(F*)? @ F* /(F*)?
has order dividing 2, we have

2A& 2A —— 0
[~
Y 0+ 0

where the image down the dotted arrow is the image along an injection. Therefore
2A = 0 as desired.

In the last case, when n = 0 (mod 4) there is an even integer m such that
n = 2m. We again use the map

Ngp: PSp, x PSp,,, =+ HSpin,,,

but now we may have Inv*(PSp,,,)ina = 0 or Inv*(PSp,,, )ima = Z/27 depending on
m. Our commutative diagram becomes

Fx /(F)? Inv*(HSpin,,) —— Z/4Z

[ J |

F*/(F*)? @ F* /(F*)? «—— Inv®(PSp, x PSp,,,) — 0 or Z/27Z.
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The technique is the same, we show that 4A = 0 for any A € Inv’(HSpin,,),
meaning that any preimage of 1 € Z/4Z produces a splitting. Let A be such an
invariant. Since 4A maps to 0 in Z/4Z, it is a decomposable invariant. Now, using
the exactness of the bottom row, for any A’ € Inv?(PSp, x PSp,,,), in both cases
2A’ will be decomposable and so 4A" = 0. Therefore 4A also goes to 0 down the
middle map. So we have a similar diagram of images

4A AN — 0
Y — 30, 0

where the dotted arrow is the image along an injection, and so 4A = 0. All together,
this completes the proof. |

Remark 5.2.3. The above theorem uses a split tensor product map to compute
the normalized degree three invariants of the split group HSpin,,,. The catalogue
of results in section also only deal with split groups, however analogues of
many of these computation have been completed for non-split groups, for example in
[Mer16]. However, a necessary ingredient for the above theorem was the computation
of Inv® (HSpin,,, )iq from [BR14], which was only done in the split case. The ambition
is that, if the computation of Inv®(HSpin(A, 7))mq is completed, then the existence
of a twisted tensor product map

NSpZ PSp(Al, 77[)1> X PSp(AQ, 77/12) — HSpin(Al QF A27 ¢1 ® ?/)2)

or perhaps another twisted map, will be sufficient to complete the computation of

Inv®(HSpin(A4, 7)).
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Discriminant

of a Quadratic Form, [§]

of an Orthogonal Involution,
Dynkin Diagram,

Functor of Points,

Galois Cohomology
1-Cocycle, [46]
Cup Product, [47]

Sets,
Geometric Point, [77]

Half-spin Group,

Henselian,
Hopf Algebra, [13]

Involution,

Kronecker Product

of Matrices,
of Other Split Groups, [103

of Split Simply Connected Groups,

Lie Algebra,

Examples, [25]

Linear Algebraic Group, [T3]

Adjoint, [30]
Diagonalizable,
Examples, [15] [16],
Semisimple,

Simple Connected, [30]

Split, [24]

Milnor K-Group, [116]

Opposite Algebra,

Reduced Norm

Character,
of a Central Simple Algebra,

Reduced Trace,
Representable Functor, [73]
Root System, [26]

Sandwich Map, [9]

Scheme Theoretic Image, [14]
Sheaf,

Site,
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Subcanonical, [74]
Spin Group,

Stalks,
of Linear Algebraic Groups,

Twisted Form
of a Central Simple Algebra,
of an Algebraic Group, [I5]
Twisting
Central Simple Algebras,
Clifford Algebras,
Half-spin, [67]
Hopf Algebras, [59]

Kronecker Products,
Linear Algebraic Groups,

Spin,
Weyl Group,
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