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Introduction

The central objects of study in this thesis are affine difference algebraic groups. Similar
to the case of affine algebraic groups, these groups can all be realized as subgroups of
some general linear group defined by algebraic difference equations. However, the defining
equations here are not simply polynomials in the matrix entries but difference polynomials,
i.e., the defining equations involve a difference operator o which has to be interpreted as a
ring endomorphism. For example, if G is the difference algebraic subgroup of GL,, defined
by the algebraic difference equations Xo(X)T = o(X)TX = I,,, where o: C — C is the
complex conjugation map, then G(C) is the group of all complex unitary n x n-matrices.
A more classical example of a difference field, i.e., a field equipped with an endomorphism,
is C(x) with o(f(z)) = f(z + 1) or o(f(z)) = f(gx) for ¢ € C*. Difference algebra, i.e.,
the systematic study of solutions of difference equations from an algebraic point of view,
grew out of the study of difference equations over C(x) in much the same way as algebraic
geometry grew out of the study of polynomial equations over Q or C.

Alternatively, affine difference algebraic groups may be described as affine group schemes
with a certain additional structure (the difference structure). As schemes they are typ-
ically not of finite type, but they enjoy a certain finiteness property with respect to the
difference structure; they are “of finite o-type”. From an algebraic point of view, an affine
difference algebraic group G over a difference field k corresponds to a Hopf algebra k{G}
over k together with a ring endomorphism o: k{G} — k{G} that extends o: k — k.
The structure maps of the Hopf algebra are required to commute with o, and k{G} is
required to be finitely o-generated over k, i.e., there exists a finite set B C k{G} such that
B,0o(B),0%(B),... generates k{G} as a k-algebra.

Difference algebraic groups are the discrete analog of differential algebraic groups,
i.e., groups defined by algebraic differential equations. Differential algebraic groups have
always played an important role in differential algebra (see, e.g., [Cas72], [Sit75], [Cas75],
[CasT8], [Kol85], [Cas89] [Bui92], [Bui93|) and are an active area of research nowadays.
See e.g., [Pil97], [KPOO], [CS11], [MO11], [MO13], [Fre], [Min]. See also [Mall0] for a more
geometric approach to differential algebraic groups and [Bui98] for an arithmetic analog
of difference/differential algebraic groups.

Over the last decade, Galois theories where the Galois groups are differential algebraic
groups ([Pil9g], [Lan08|, [CS07], [HSO8]) have given a new impetus to the study of dif-
ferential algebraic groups. The Galois theories in [CS07] and [HS08] are also known as
parameterized Picard-Vessiot theories as they generalize the standard Picard-Vessiot the-
ory ([Kol4§|, [vdPS03|, [vdPS97]) of linear differential and difference equations to linear
differential and difference equations depending on (continuous) parameters.

In contrast to the situation in differential algebra, difference algebraic groups have long
played no role at all in difference algebra. The author can only speculate why. Maybe one
reason is that the traditional definition of a difference variety, which involves a so-called
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universal system of difference fields (see [Coh65, Chapter 4]), is not really suitable for
studying groups. (For each difference field in the universal system one obtains a group
structure but the difference variety itself does not carry a group structure.)

Around the turn of the century a considerable interest in the model theory of difference
fields emerged. (See e.g., [Mac97], [CH99], [CHP02].) Groups definable in ACFA, the
model companion of the theory of difference fields, played a crucial role in remarkable
applications of model theory to number theory, especially regarding the Manin-Mumford
conjecture. See [Hru0OI], [Bou02], [Cha0l], [Cha97], [Sca05], [Sca06], [SV99], [KP07].

In [KP02] it is shown that every group definable in ACFA is, in a certain sense, close to
being a definable (in the language of difference fields) subgroup of an algebraic group. Here
we will show that every affine difference algebraic group is isomorphic to a difference closed
subgroup of some general linear group. In [KP02] it is also shown that an affine difference
algebraic group whose underlying difference variety is an affine space is isomorphic to a
difference closed subgroup of a unipotent algebraic group. A Tannakian approach to affine
difference algebraic groups has been introduced in [OWDb]. (See also [Kam13].)

Recently, a Galois theory for linear differential equations depending on a discrete pa-
rameter has been developed in [DVHWI14]. In [OWal a similar Galois theory has been
developed for linear difference equations depending on a discrete parameter. The Galois
groups in these Galois theories are affine difference algebraic groups and they measure the
difference algebraic relations among the solutions. For example, the difference algebraic
relation xJyt2(z) — 2(a + 1) Jot1(z) + 2Jo () = 0 satisfied by the Bessel function J,(x),
which solves Bessel’s differential equation x26%(y) + z8(y) + (z — a?)y = 0, is witnessed
by the associated Galois group.

As illustrated in [DVHW]| and [OWa], these Galois theories make it possible to use
structure results about affine difference algebraic groups to analyze and classify the possi-
ble difference algebraic relations among the solutions of certain linear differential and dif-
ference equations. In this respect the understanding of the Zariski dense difference closed
subgroups of a given affine algebraic group is highly relevant. For example, some under-
standing of the Zariski dense difference closed subgroups of SLy, originating from [CHP02],
is a key ingredient in proving that any two linearly independent solution of the Airy equa-
tion are difference algebraically independent. More precisely ([DVHW, Corollary 6.10]), if
A(z) and B(z) are C-linearly independent solutions of Airy’s equation §2(y) —zy = 0, then
A(x),B(x), A'(z), A(x+1), Bz +1),A(x+ 1), A(x +2), ... are algebraically independent
over C(z).

While the parameterized Picard-Vessiot theory for continuous parameters could draw
on a well-established comprehensive theory of differential algebraic groups, the situation
for discrete parameters is adverse. But clearly, a well-developed theory of affine difference
algebraic groups is indispensable for the parameterized Picard-Vessiot theory with discrete
parameters to flourish. Obviously one could not get very far without having fundamental
results such as the analogs of the isomorphism theorems for groups at one’s disposal. Even
though the validity of the isomorphism theorems for affine difference algebraic may not
come as a surprise, the proof is far from being obvious. Indeed, even the existence of the
quotient of an affine difference algebraic group modulo a normal difference closed subgroup
is a highly non-trivial question. A positive answer requires proving that every k-o-Hopf
subalgebra of a finitely o-generated k-o-Hopf algebra is finitely o-generated.

While it will for sure be a long way to lift the theory of difference algebraic groups to
a level comparable to the contemporary theory of differential algebraic groups, it is the
hope of the author that this thesis may serve as a first major step in this direction.
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It is well recognized that a functorial-schematic approach to algebraic groups has its
benefits. (See [Wat79], [DG70], [Jan87|, [Mil12], [Gro70].) Here we adopt a similar ap-
proach for difference algebraic groups. For example, the general linear group GL, over
a difference field k, considered as a difference algebraic group, is the functor that assigns
GL,,(R) to every k-o-algebra R, that is, R is a k-algebra equipped with an endomorphism
o: R — R that extends o: k — k. In the model theoretic approach to difference equations
as well as in classical difference algebra ([Coh65], [Lev08]) one is primarily interested in
solutions in difference field extensions of k, i.e., R is required to be a field. An affine
difference algebraic group is a group object in the category of affine difference varieties.
The definition of an affine difference variety used in this thesis is more general than the
classical definition of a difference variety (as in [Coh65] and [Lev08]). Our definition is
equivalent to what is called a D-subscheme of affine space in [MS1I] for a suitable choice
of D. Also, our notion of affine difference algebraic group is equivalent to what is called
a linear M-group in [Kam13] for a suitable choice of M. The classical difference varieties
studied in [Coh65] and [Lev08|] correspond precisely to the affine difference varieties that
can be recovered from their points over difference fields. Thus, the relation between our
affine difference varieties and the classical difference varieties is similar to the relation
between affine schemes of finite type and affine varieties. The affine difference varieties
that can be recovered from their points over difference fields are those whose defining ideal
is perfect, therefore, we call them perfectly o-reduced. Affine difference algebraic groups
that are not perfectly o-reduced occur quite naturally and frequently as Galois groups of
linear differential or difference equations depending on a discrete parameter. There are
several examples (Example of difference algebraic groups GG with the property that
G(K) is the trivial group for every difference field extension K of k.

In difference algebraic geometry there is a “zoo” of elements playing a role analogous
to nilpotent elements in algebraic geometry. They roughly correspond to the following
assertions valid for elements in a difference field extension of k£ but not necessarily valid
for elements in a k-o-algebra:

e ¢ =0 implies a = 0.

e 0"(a) = 0 implies a = 0.
e ab = 0 implies ac(b) = 0.
e ac(a) =0 implies a = 0.

In this sense we obtain four difference closed subgroups of an affine difference algebraic
group that play a role analogous to the maximal reduced subgroup of an affine algebraic
group. The theory of affine algebraic groups runs more smoothly if one allows nilpotent
elements in the structure sheaf, and non-reduced algebraic groups play an important role in
the representation theory of affine algebraic groups in positive characteristic. The situation
for affine difference algebraic groups is similar. The category of affine difference algebraic
groups is much better behaved than the category of perfectly o-reduced affine difference
algebraic groups. This, for example, becomes apparent when dealing with extensions of the
base field or when dealing with quotients and the analogs of the isomorphism theorems for
groups. For example, the morphism of affine difference algebraic groups ¢: GL,, — GL,
determined by ¢((gi;)) = (0(gs5)) for (gi;) € GL,(R) and R a k-o-algebra has a non-
trivial kernel, even though ¢: GL,(K) — GL,(K) is injective for every difference field
extension of k. In particular, if k¥ is a model of ACFA, then ¢: GL,(k) — GL, (k) is
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bijective but ¢ is not an isomorphism of difference algebraic groups. Here we will show
that (with the appropriate conception of injective and surjective) a morphism of affine
difference algebraic groups is an isomorphism if and only if it is injective and surjective.

Let us now describe the contents of the thesis in more detail. In the first chapter
we recall the basic definitions of difference algebra and we present our formalism of dif-
ference algebraic geometry. We also compare our approach to other possible approaches
to difference algebraic geometry. Other than some facts about quotients or examples of
difference algebraic groups that were already used in the above described Galois theory
(IDVHW14],[DVHW],[OWal) all the results presented after Chapter [1| are new.

The second chapter is the technical heart of this thesis. After defining affine difference
algebraic groups and presenting some examples, we prove two important finiteness the-
orems and we introduce three numerical invariants for affine difference algebraic groups:
The o-dimension, the order and the limit degree. For clarity we state here the fundamental
finiteness theorems in the language of Hopf algebras: Let k{G} be a k-o-Hopf algebra that
is finitely o-generated over k and let I(H) C k{G} be a o-Hopf ideal, i.e., a Hopf ideal
such that o(I(H)) C I(H). Then I(H) is finitely o-generated, i.e., there exists a finite
set B C I(H) such that B,o(B),0%(B),... generates I(H) as an ideal. This result can
be seen as a strengthening (for k-o-Hopf algebras) of the Ritt-Raudenbush basis theorem
in difference algebra. The classical Ritt-Raudenbush basis theorem does not apply in our
setting as it only applies to perfect difference ideals. This finiteness result turns out to be
extremely useful and is used repeatedly in the subsequent developments. For example, it
is used in the proof of the dimension theorem which is also proved in the second chapter.
The second finiteness theorem asserts that every k-o-Hopf subalgebra of k{G} is finitely
o-generated.

The definition of the three numerical invariants is intimately connected with the proof
of the first finiteness theorem. The crucial connecting result is the existence of the growth
group. The growth group is an affine algebraic group that can naturally be associated to
any embedding of an affine difference algebraic group into an affine algebraic group (as a
difference closed subgroup). We also establish the existence of a Kolchin (or dimension)
polynomial for affine difference algebraic groups.

The definition of the limit degree for difference algebraic groups is analogous to the
definition of an important invariant of extensions of difference fields also called the limit
degree ([Lev08, Section 4.3]). So-called algebraic o-groups have been introduced and
studied in [KP07]. We show that the category of affine algebraic o-groups is equivalent
to the category of affine difference algebraic groups of difference dimension zero and limit
degree one.

In the last section of Chapter [2| we deal with the ring elements playing a role analogous
to nilpotent elements in algebraic geometry. In particular, we introduce four difference
closed subgroups playing a role analogous to the maximal reduced subgroup for algebraic
groups.

In the third chapter we study morphisms and representations of affine difference al-
gebraic groups. We prove an analog of a theorem of Chevalley: Every difference closed
subgroup of an affine difference algebraic group G is the stabilizer of a line in a suitable
representation of G. We also show that the category of representations of a torus (con-
sidered as a difference algebraic group) is semi-simple. This is in sharp contrast to what
happens in the theory of linear differential algebraic groups. The category of represen-
tations of a linear differential algebraic group is semi-simple only for linear differential
algebraic groups that are the constant points of a reductive algebraic group ([MO11]).
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In the second section of Chapter |2/ we establish the existence of quotients and show that
the o-dimension, the order and the limit degree behave on quotients in the expectable way.
Then we characterize injective and surjective morphisms and show that every morphism
of affine difference algebraic groups factors uniquely as the composition of a surjective
morphism followed by an injective morphism.

In Chapter [ we study the components of affine difference algebraic groups. There
are two different types of components: The connected components with respect to the
usual Zariski topology and the o-connected components, i.e., the connected components
with respect to a topology that also takes into account the action of the endomorphism o.
An affine difference algebraic group typically has infinitely many components. However,
we establish two further finiteness theorems: Firstly we show that a finitely o-generated
k-o-Hopf algebra has only finitely many minimal prime difference ideals. This proves a
special case of a reformulation of a question raised by E. Hrushovski. Secondly, we show
that an affine difference algebraic group only has finitely many o-connected components.
We also introduce the identity component and the o-identity component of an affine
difference algebraic group via a study of the associated quotient groups.

In Chapter [5| we study group theoretic properties of affine difference algebraic groups.
Sheaves ([DGT70, Chapter III]) are a useful tool for dealing with quotients of algebraic
groups. We adapt the sheaf theoretic approach to difference algebraic groups and then
use it to prove the analogs of the isomorphism theorems for groups. The chapter culminates
in an analog of the Jordan-Holder decomposition theorem. Chapter [5| concludes the study
of general properties of affine difference algebraic groups.

In Chapter [6] we study some special classes of affine difference algebraic groups. Our
main interest is in so-called o-étale difference algebraic groups. These are precisely those
affine difference algebraic group whose connected component is trivial. In general, the
quotient of an affine difference algebraic group by the the identity component is o-étale.
The category of étale algebraic groups is equivalent to the category of finite groups with
a continuous action of the absolute Galois group of the base field. We prove a difference
analog of this result: We show that the category of o-étale difference algebraic groups is
equivalent to a certain category of profinite groups equipped with an endomorphism o
and an action of the absolute Galois group that intertwines with . We also study certain
analogs of infinitesimal algebraic groups and prove a structure theorem for affine difference
algebraic groups G, with the property that k{G} is a finite dimensional k-vector space.
The final and main result of Chapter [6] is a decomposition theorem for o-étale difference
algebraic groups. This result is loosely analogous to Babbitt’s decomposition theorem for
algebraic extensions of difference fields (|[Lev08, Theorem 5.4.13, p. 336]). The proof of
Babbitt’s decomposition theorem for difference algebraic groups uses a difference analog
of Frobenius kernels and many results and concepts of the previous sections.

I am deeply thankful to Prof. Julia Hartmann for her constant support during my
years in Aachen. I also would like to thank Prof. Wilhelm Plesken and Prof. Sebastian
Walcher for friendly advise and for supporting my habilitation project.

This thesis greatly profited from stimulating mathematical discussions with several
people. I would like to mention my colleagues at “Lehrstuhl fiir Mathematik (Algebra)”
Stefan Ernst, Annette Maier, Daniel Rettstadt and my collaborators Lucia Di Vizio, Char-
lotte Hardouin, Florian Heiderich, Andreas Maurischat, Alexey Ovchinnikov and Ivan
Tomasi¢. Special thanks go to Annette Maier for her helpful comments on an earlier
version of this manuscript and to Ivan Tomasi¢ for explaining me the different notions of
étaleness in difference algebra.
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Conventions

All rings are assumed to be commutative and unital. The natural numbers contain zero,
i.e., N={0,1,2,...}. The expression ¢°(f) is understood to be f and ¢° is understood
to be the identity map. By “algebraic group” we mean an affine group scheme of finite
type over a field. In particular, in positive characteristic, an algebraic group need not be
reduced.

We always work over a fixed difference ring k, i.e., we consider difference equations
with coefficients in k. For most of the time we assume that k is a difference field. More
precisely, starting from Section we always assume that k is a difference field. The only
exception to this rule is the beginning of Subsection

If X is some object (or morphism) over k and o: k — k the endomorphism of k
defining the difference structure, then X denotes the object over k obtained from X by
base extension via o?: k — k for i € N.



Chapter 1

Difference algebra and difference
algebraic geometry

In the beginning of this chapter we recall some basic definitions and constructions from
difference algebra. Then we present the language of difference algebraic geometry that
will be used throughout the text. Our approach to difference algebraic geometry is novel
and generalizes the classical approach as in the standard textbooks [Lev08] and [Coh65].
In a rudimentary form it has already been used in the o-Galois theory of linear differential
and difference equations. See [DVHW14], [DVHW]| and [OWa].

It is well recognized that a functorial-schematic approach to algebraic groups has its
benefits. (See [Wat79], [DG70], [Jan87], [Mil12], [Gro70].) Our approach to difference
algebraic geometry is a natural adaptation of the approach of the above references from
algebra to difference algebra, i.e., from algebraic equations to difference algebraic equa-
tions. In the last section of this chapter we compare our approach to other possible
approaches to difference algebraic geometry.

1.1 Difference algebra

1.1.1 Basic definitions

Standard references for difference algebra are |[Lev0§| and [Coh65]. The reader new to
difference algebra may also find the lecture notes [Wib13] helpful.

Definition 1.1.1. A difference ring (or o-ring for short) is a rin_cﬂ R together with a ring
endomorphism o: R — R.

It is customary to use the same symbol o for diverse endomorphisms (and this should
not cause confusion). A morphism of o-rings R and S is a morphism ¢: R — S of rings
such that

R~
”l l
P
R——S
commutes. Note that in contrast to [Lev08] and [Coh65] we do not require 0: R — R to be
injective in the definition of a difference ring. This added generality allows for a greater

'Recall that by convention all our rings are commutative.

10



CHAPTER 1. DIFFERENCE ALGEBRA AND GEOMETRY 11

flexibility in certain constructions but is also required to deal with certain phenomena
that occur quite naturally. For example, the action of ¢ on the coordinate ring of the
o-Galois group a linear differential equation may not be injective ([DVHW14, Example
2.11]). Also, our study of o-infinitesimal o-algebraic groups in Section would not be
meaningful without the possibility to consider non-injective endomorphisms.

If R and S are o-rings such that R is a subring of S and the inclusion map is a
morphism of o-rings, we say that R is a o-subring of S. A subset I of a o-ring R is called
o-stable if o(F') C F.

A difference field (or o-field for short) is a difference ring whose underlying ring is a
field. If K and L are o-fields such that K is a o-subring of L, we also say that L is a
o-field extension of K, or that L|K is an extension of o-fields, or that K is a o-subfield
of L.

Let L|K be an extension of o-fields and F' C L a subset. The smallest o-subfield of L
that contains K and F' is denoted by

K(F).

As a field extension of K the o-field K(F) is generated by F,o(F),0?(F),.... We call
K(F) the o-field o-generated by F over K. If L = K(F') for a finite subset F' of L we say
that L is finitely o-generated as a o-field extension of K.

Let k be a difference ring. A morphism of difference rings ¥ — R is also called
a k-o-algebra. A morphism of k-o-algebras is a morphism of k-algebras that is also a
morphism of o-rings. The category of k-o-algebras is denoted by

k-o-Alg.

If R and S are k-o-algebras R®y, S is naturally a o-ring by o(r®s) = o(r)®o(s) forr € R
and s € S. Indeed, R ®; S is the coproduct of R and S in the category of k-o-algebras.

A k-o-subalgebra of a k-o-algebra R is a k-subalgebra of R that is also o-subring of R.
For a subset F' C R, the smallest k-o-subalgebra of R that contains F' is denoted by

k{F).

It is called the k-o-subalgebra of R o-generated by F (over k). As a k-algebra, k{F'} is
generated by all elements of the form o(f) with i € N and f € F. A k-o-algebra R is
called finitely o-generated (over k) if there exists a finite set F' C R such that R = k{F'}.

Basic examples of k-o-algebras are given by rings of difference polynomials. The ring
of o-polynomials over a o-ring k in the o-variables yi, ...,y is the polynomial ring

By =k{y, ... yny =k, 90 (y1)s - 0(yn), 02 (1), -, 02 (), - - ]

in the variables y1,...,Yn,0(y1),...,0(Yn),... over k. It is naturally a k-o-algebra with
o: k{y} — k{y} extended from o: k — k as suggested by the naming of the variables.
If R is a k-o-algebra, f € k{y} a o-polynomial and = = (x1,...,z,) € R", the element
f(z) € R™ is obtained by substituting o*(x;) for o*(y;). If f(x) = 0, we say that x is a
solution of f.

For example, the fact that the gamma function I' satisfies the functional equation
I'(z + 1) = 2I'(2) may be expressed by saying that I' is a solution of the o-polynomial
o(y1) —zy1. Here we may, for example, choose k = C(z) and R as the field of meromorphic
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functions in the variable z, both equipped with the difference operator ¢ determined by
o(f(2)) = flz+1).
An ideal a of a o-ring R is called a difference ideal (or o-ideal for short) if o(a) C a.

In this case R/a naturally inherits the structure of a o-ring such that the canonical map
R — R/a is a morphism of o-rings.

Definition 1.1.2. Let a be a o-ideal in a o-ring R. Then a is called
e reflexive if 0~ 1(a) = a, i.e., o(f) € a implies f € a.
e perfect if o1 (f) -0 (f) € a implies f € a for ay,...,a, >0
e og-prime if a is reflexive and a prime ideal.

One can show ([Wib13| Lemma 1.2.5]) that a is perfect if and only if fo(f) € a implies
fea
Let R be a o-ring and F' C R a subset. The smallest o-ideal of R containing F' is
denoted by
[F]

and called the o-ideal o-generated by F . As an ideal [F)| is generated by all elements of
R that are of the form ¢*(f) with i € N and f € F.

A o-ideal a of a o-ring R is called finitely o-generated if a = [F] for a finite subset
FCa.

Definition 1.1.3. Let R be a o-ring R. Then R is called
e og-reduced if o: R — R is injective.
e inversive if 0: R — R is an automorphism.

e perfectly o-reduced if the zero ideal of R is perfect, i.e., if fo(f) =0 implies f =0
for f € R.

e o o-domain if R is an integral domain and o-reduced.
If R is a o-ring, then there exists an inversive o-ring
R*

together with a morphism of o-rings R — R* which is universal among such maps, i.e., for
any inversive o-ring R’ and morphism of o-rings R — R’ there exists a unique morphism

R — R’ such that
\ 5

R/
commutes (see [Wib13, Prop. 1.1.18]). The o-ring R* is unique up to a unique isomorphism
and is called the inversive closure of R. If R is o-reduced the map R — R* is injective
and we can identify R with a o-subring of R* (cf. [Wibl3| Lemma 1.1.23] and [Lev08|
Prop. 2.1.7]). The inversive closure of a o-field is a o-field (|[Lev08, Prop. 2.1.7]).
For later use we record some simple and well-known facts on extending o.

R

R*
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Lemma 1.1.4. Let k be a o-field and [ a separable polynomial with coefficients in k.
Then the polynomial °f obtained from f by applying o to the coefficients is also separable.

Proof. If 1 lies in the ideal generated by f and its formal derivative, applying o to the
coefficients shows that 1 also lies in the ideal generated by ?f and its formal derivative. [J

Lemma 1.1.5. Let k be a o-field. Then there exists an extension of o: k — k to an
endomorphism o: k — k on the algebraic closure k of k. The separable algebraic closure
ks C k is stable under o. In particular, o: k — k can be extended to an endomorphism
o: ks — k.

Proof. The set of all pairs (K, o), where K is an intermediate field of k|k and o: K — k an
extension of o: k — k C k carries a natural partial order: (K,0) < (K',0’) if K C K" and
the restriction of ¢’ to K is 0. By Zorn’s lemma there exists a maximal element (K, o).
Suppose K C k. Then we may pick a € k~ K. We can extend 0: K — k to o: K(a) — k
by sending a to a root of the polynomial obtained from the minimal polynomial of a over
K by applying o to the coefficients. This contradicts the maximality of K. So K = k.

It remains to show that the separable algebraic closure is stable under o. Let a € ks
and let f denote the minimal polynomial of a over k. Because ?f(o(a)) = 0 and 7f is a

separable polynomial by Lemma we see that o(a) € ks. O]

Lemma 1.1.6. Let k be a o-field. Then there exists an inversive algebraically closed
o-field extension K of k. Indeed, we may take K as the inversive closure of the algebraic
closure of k.

Proof. Let k denote the algebraic closure of k. As seen in Lemma we can extend o
from k to k. By Proposition 2.1.9 (i) in [Lev08] the inversive closure K of k is algebraically
closed. ]

1.1.2 Difference separable difference algebras

The notion of a o-separable o-algebra will turn out to be crucial for defining the o-identity
component of a o-algebraic group in Section This notion does not appear in the
standard textbooks [Coh65] and [Lev08], but has turned out to be useful lately. See
[Hru04, Section 5.1.], [Wib10, Section 1.5], [DVHWI14] Section 4] and [Tom|. In this
subsection we collect basic properties of o-separable o-algebra that will be needed later.

Definition 1.1.7. Let k be a o-field. A k-o-algebra R is called o-separable (over k) if
R ®y, K is o-reduced for every o-field extension K|k.

Note that Definition [L.1.7] generalizes the notion of a separable algebra. (See Corol-
lary for a precise mathematical statement.)

Proposition 1.1.8. Let k be a o-field. The following conditions on a k-o-algebra R are
equivalent:

(i) R is o-separable over k.
(ii) R®y K is o-reduced, where K = k* denotes the inversive closure of k.

(iii) R ®y K is o-reduced for some inversive o-field extension K of k.
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(iv) If fi,...,fn € R are k-linearly independent, then also o(f1),...,0(fn) € R are
k-linearly independent.

(v) R®y S is o-reduced for every o-reduced k-o-algebra S.

Proof. Cf. Proposition 1.5.2 in [Wib10] and Theorem 2, Chapter V, §15, No. 4 in [Bou90].
The implications (i)=-(ii) and (ii)=-(iii) are trivial. Let us show that (iii) implies (iv).
Assume A\jo(f1) + -+ Ao(fn) = 0 with A\1,..., A, € k. Because K is inversive, there
exist p1,...,un € K with o(u;) = \; for i = 1,...,n. Then

o> fiom)=> o(f)@X\=0€ReK.

Because R ®j K is o-reduced and the f;’s are k-linearly independent, this implies that
pi=0fori=1,...,n. Thus \; =o(p;) =0fori=1,...,n.

Next we will show that (iv) implies (v). Assume that f € R ®; S with o(f) = 0. Let
(fi) be a k-basis of R. Then f =) fi®s; with s; € S and > o(f;) ® o(s;) = o(f) = 0.
Because the o(f;)’s are k-linearly independent we have o(s;) = 0 for all i. But as S is
o-reduced this implies that s; = 0 and therefore f = 0.

Finally the implication (v)=-(i) is trivial. O

Corollary 1.1.9. Let k be field of positive characteristic p and let q be a power of p. Let R
be a k-algebra and consider k and R as difference rings via the Frobenius endomorphism,
i.e., o(f) = f2 for f € R. Then R is o-separable over k if and only if R is a separable
k-algebra.

Proof. Assume that R is o-separable over k and let K be a field extension of k. We have
to show that R ®j K is reduced. But if we consider K as a o-field via o(f) = f9, then,
by assumption, o is injective on R ®; K. Thus R ®; K is reduced.

Conversely, assume that R is a separable k-algebra. By [Bou90, Theorem 2, Chapter V,
§15, No. 4, A.V.123] the elements f],..., fh are k-linearly independent if fi,..., f, € R

are k-linearly independent. Therefore o(f1),...,0(f,) are k-linearly independent and it
follows from Proposition that R is o-separable over k. ]

Corollary 1.1.10. If R and S are o-separable k-o-algebras, then also R ®y S is a
o-separable k-o-algebra.

Proof. Let K be a o-field extension of k. Then S ®; K is o-reduced because S is
o-separable. Therefore (R @ S) @ K = R ®j (S ® K) is o-reduced by Proposi-
tion [L1.8 O

Corollary 1.1.11. Let R be a k-o-algebra and K a o-field extension of k. Then R is
o-separable over k if and only if R ®y K is o-separable over K.

Proof. Let us first assume that R is o-separable over k. Let L be a o-field extension of

K. Then (R®y K)kL = R ®y, L is o-reduced. Thus R ®j K is o-separable over K.
Conversely, if R®j, K is o-separable over K, it follows that (R®; K)®x K* = R®y K*

is o-reduced. Thus R is o-separable over k by Proposition [1.1.8 ]

Corollary 1.1.12. Let K|k be an extension of o-fields. If k is inversive, then K is
o-separable over k.

Proof. By Proposition [1.1.§] it suffices to note that a o-field is o-reduced. O
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1.2 Difference algebraic geometry

In this section k is a difference ring.

In this section we present some basic notions from difference algebraic geometry, e.g.,
the notion of a difference variety. These definitions and results will then be used in the
following sections in the study of difference algebraic groups.

In this section k is a difference ring and we will consider difference equations over k.
We are mainly interested in the case that k is a difference field. However, for technical
reasons (see e.g. Deﬁnition it is beneficial to have the basic definitions also available
over rings.

1.2.1 Difference varieties

Essentially, a difference variety (over k) is the set of solutions of a system of algebraic
difference equations (over k). Of course, we need to specify more precisely where we are
looking for the solutions.

Let R be a k-o-algebra and F C k{y} = k{y1,...,yn} a set of o-polynomials over k.
Then we may consider the R-rational solutions of F', that is

Vr(F)={x € R"| f(x) =0 for all f e F}.

Note that R ~» Vg(F) is naturally a functor from k-o-Alg to Sets, the category of sets.
We denote this functor by V(F).

Definition 1.2.1. Let k be a o-ring. A difference variety (or o-variety for short) over
k is a functor from k-o-Alg to Sets, that is of the form V(F), for some n > 1 and
F C E{y1,...,yn}. A morphism of o-varieties is a morphism of functors.

The above definition (in case k is a o-field) does not agree with the traditional def-
inition of a difference variety as in [Coh65] and [Lev08], since traditionally one is only
interested in solutions in o-field extensions of k. The relation between Definition [.2.1]
and Definition 2.6.1 in [Lev08] is analogous to the relation between the definition of an
affine scheme of finite type over a ring and the notion of an affine variety. The relation
between our approach and other approaches to difference algebraic geometry is discussed
in more detail in Section [[.3

It may seem more accurate to add the word “affine” into Definition [[.2.1] However, to
avoid endless iterations of the word “affine” we have chosen not to do so.

By definition, a morphism ¢: X — Y of o-varieties consists of maps ¢pr: X(R) — Y (R)
for any k-o-algebra R, compatible with morphisms of k-o-algebras. For convenience, we
will sometimes drop the R in ¢gr. In particular, if z € X(R), we may write ¢(z) for
or(x) € Y(R).

Let F,G C k{y} and X = V(F),Y =V(G). If F C G then Y(R) C X(R) for every
k-o-algebra R and Y is a subfunctor of X. We say that Y is a o-closed o-subvariety of X
and write Y C X.

Let X =V(F), F C k{y} = k{y1,...,yn} be a o-variety. Then

I(X)=A{f € k{y}| f(x) =0 for all k-o-algebras R and all x € X(R)} (1.1)

is a o-ideal of k{y}. The k-o-algebra

R{X} = k{y}/I(X)



CHAPTER 1. DIFFERENCE ALGEBRA AND GEOMETRY 16

is called the coordinate ring of X. As we may choose R = k{y}/[F] in (L.1), we see that
I(X) = [F] € k{y}.
Let R be a k-o-algebra and let § = (91, ...,7n) € k{X}" denote the images of y1, ..., yn
in k{X}. The bijection
Hom(k{X},R) — X(R)

thats maps a morphism v¢: k{X} — R of k-o-algebras to ¢ (7) is functorial in R. Thus the
functor X is represented by k{X}. Conversely, since every finitely o-generated k-o-algebra
can be written in the form k{y}/[F], we see that a functor from k-o-Alg to Sets that
is representable by a finitely o-generated k-o-algebra is isomorphic (as a functor) to a
o-variety.

In the sequel we will allow ourselves the little abuse of notation to also call a functor
isomorphic to a o-variety a o-variety. In particular, we will often identify X with the
functor Hom(k{X}, —). Thus a functor X from k-o-Alg to Sets is a o-variety if and only
if it is representable by a finitely o-generated k-o-algebra k{X}. It is then clear from the
Yoneda lemma that:

Remark 1.2.2. The category of o-varieties over k is anti-equivalent to the category of
finitely o-generated k-o-algebras.

If p: X — Y is a morphism of o-varieties over k, the dual morphism of k-o-algebras
is denoted by
" K{Y} — k{X}.

As the tensor product is the coproduct in the category of k-o-algebras it follows that:

Remark 1.2.3. The category of o-varieties has products. Indeed, if X andY are o-varieties
over k, then k{X x Y} = k{X} ® kE{Y'}. Moreover, there is a terminal object, namely,
the functor represented by the k-o-algebra k.

In other words, the functor R ~~ (X x Y)(R) = X(R) x Y(R) is represented by
F{X} @, k{Y}.

Definition 1.2.4. A o-variety X is called

o-reduced if k{X} is o-reduced.

perfectly o-reduced if k{X} is perfectly o-reduced.

integral if k{X} is an integral domain

o-integral if k{X} is a o-domain.

For a k-o-algebra R let
Rt

denote the k-algebra obtained from R by forgetting o.
Similarly, by forgetting o, a o-variety X over k gives rise to a scheme

xt

over k (or more precisely over kf). That is, X# = Spec(k{X}) (or more precisely X* =
Spec(k{X}¥). Alternatively, X* = Hom(k{X}f, ).
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1.2.2 Difference subvarieties and morphisms of difference varieties

Let Y be a o-variety and f € k{Y}. Then, for any k-o-algebra R, we have a well-defined
map f: Y(R) — R given by evaluating a representative of f in k{y1,...,yn} at an element
of Y(R) C R". In a coordinate free manner f: Y(R) — R can be described as the map
that sends ¢ € Y(R) = Hom(k{Y'}, R) to ¥(f) € R.

Let X be a o-closed o-subvariety of Y. Then

I(X)={f € k{Y}| f(z) =0 for all k-o-algebras R and all z € X(R)} (1.2)

is a o-ideal of k{Y'}. We call I(X) C k{Y} the defining ideal of X (in k{Y}). This
notation is consistent with in the sense that I(X) as defined in is the defining
ideal of X in k{y} = k{y1,...,yn}. Moreover, I(X) C k{Y'} agrees with the image in
E{Y} = k{y}/I(Y) of the defining ideal of X in k{y}. So k{X} = k{Y }/I(X).
Conversely, let F' C k{Y'}. Then we can define a o-closed o-subvariety V(F) of Y by

V(F)(R) ={z € Y(R)| f(z) =0for all fe F}
for any k-o-algebra R.

Lemma 1.2.5. LetY be a o-variety. Then I andV are mutually inverse bijections between
the set of o-closed o-subvarieties of Y and the set of o-ideals of k{Y}.

Proof. Let a be a o-ideal of k{Y}. Clearly a C I(V(a)). Since we may choose R = k{Y }/a

in (1.2) it follows that a = I(V(a)).
Let X be o-closed o-subvariety of Y. Then X = V(a) for some o-ideal a of k{Y'}. So
V(I(X)) = V(I(V(a))) = V(a) = X. O

Note that if X is a o-closed o-subvariety of Y and R a k-o-algebra, then X (R) C Y (R)
corresponds to {¢ € Hom(k{Y}, R)| I(X) C ker(¢)} C Hom(k{Y'}, R).

If Y and Z are o-closed o-subvarieties of a o-variety X, then we can define a subfunctor
YnZz

of X by R ~ Y(R)N Z(R). Then Y N Z is a o-closed o-subvariety of X, indeed,
(Y NZ) C k{X} is the ideal generated by I(Y) and I(Z).

If ¢: X — Y is a morphism of o-varieties and Z C Y a o-closed o-subvariety, we can
define a subfunctor

¢~ 1(2)
of X by R~ ¢ (Z(R)). If Z = V(a) for a o-ideal a C k{Y'}, then
¢~ (Z2)(R) = {¢ € Hom(k{X}, R)| a C ker(¢¢")}
= {¢ € Hom(k{X}, R)| ¢"(a) C ker(¢)} = V(¢™(a))(R).

Therefore ¢~1(Z) = V(¢*(a)) is a o-closed o-subvariety of X.
If ¢: X — Y is a morphism of o-varieties, we can define a subfunctor

Im(¢)

of Y by Im(¢)(R) = ¢r(X(R)) for any k-o-algebra R. In general, Im(¢) will not be a
o-closed o-subvariety of Y. It is therefore sometimes helpful to use the following notion,
analogous to the scheme theoretic image ([Stal4l Tag 01R5]).
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Lemma 1.2.6. Let ¢: X — Y be a morphism of o-varieties. There exists a unique
o-closed o-subvariety

$(X)

of Y with the following property. The morphism ¢ factors through ¢(X) and if Z CY is
a o-closed o-subvariety such that ¢ factors through Z then ¢(X) C Z.

Proof. Let a denote the kernel of ¢*: k{Y'} — k{X} and set ¢(X) = V(a) C Y. As ¢*
factors through k{Y} — k{p(X)} = k{Y'}/a, we see that ¢ factors through ¢(X). If
¢ factors through Z, i.e., ¢* factors through k{Y} — k{Z} = k{Y'}/I(Z), then clearly
I(Z) Ca. So¢(X)C Z. O

Note that ¢(X) is the o-closure of Im(¢) in the sense that
I(p(X)) ={f € E{Y}| f(a) =0 for all k-c-algebras R and all a € Im(¢)(R)}.

If ¢: X — Y is a morphism of g-varieties and Z C X is a o-closed o-subvariety, then

we will write ¢(Z) for the o-closed o-subvariety ¢|z(Z) of Y where ¢|z: Z — X 2y,

A morphism ¢: X — Y of o-varieties is called a o-closed embedding if ¢ induces
an isomorphism between X and a o-closed o-subvariety of Y, ie., X — ¢(X) is an
isomorphism. We write

p: X > Y

to express that ¢ is a o-closed embedding. In analogy to a well known result in algebraic
geometry we have:

Lemma 1.2.7. A morphism ¢: X — Y of o-varieties is a o-closed embedding if and only
if o*: K{Y} — E{X} is surjective.

Proof. Let a denote the kernel of ¢*: k{Y'} — k{X}. The dual map to X — ¢(X) is
kE{Y'}/a — k{X}. It is an isomorphism if and only if ¢* is surjective. O

1.2.3 Base extension

In this subsection we explain how to extend the base o-ring of a o-variety. This is already
one of the first points where our more general definition of o-varieties pays off. For
o-varieties in the classical sense of [Lev08] and [Coh65] base extension is not at all well-
behaved. For example, the system of algebraic difference equations

Yy =2, 0(y) =—y

clearly has a solution in a o-field extension of QQ, where we consider Q as a o-field via
the identity map. However, if we consider the system over the o-field C, where again o is
the identity map on C, then the system has no solution in a o-field extension of C. See
Chapter 8, Section 6 in [Coh65] for more details on base extension for o-varieties in the
classical sense. Since we consider solutions in arbitrary k-c-algebras and not just in o-field
extensions of k£ these problems disappear.

Let k be a o-ring, k' a k-o-algebra and X a o-variety over k. We can define a functor

Xy
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from k’-o-Alg to Sets by Xp/(R') = X (R’) for any k’-c-algebra R'. Then X}, is a o-variety
over k'. Indeed,
k,{Xk/} = k{X} Rk K.

In terms of equations, this of course simply means that a system F' C k{y} = k{y1,...,yn}
of algebraic difference equations over k is considered as a system F C k'{y} of algebraic
difference equations over k'. So if k{X} = k{y}/[F] then K'{Xi} = K'{y}/[F].

1.2.4 Zariski closures

In this subsection we assume that k is a o-field.

We explain how we consider a variety (over k) as a o-variety over k. We also define
the important Zariski closures of a o-subvariety of a variety (cf. Sections A.4 and A.5 in
[DVHW14] or Section 4.3 in [Hru04]).

Let X be a variety over k, where, for our purposes, a variety over k is an affine scheme
of finite type over k. We can define a functor [o]pX from k-o-Alg to Sets by

[0]X(R) = X (R)

for any k-o-algebra R. Our next goal is to show that [o]xX is a o-variety over k. That
is, we need to construct k{[c]xX}. By doing so, we also introduce some notation that will
be useful later on.

Let A be a k-algebra. For every i > 0 let

A= Ak,

where the tensor product is formed by using o': k — k on the right hand side. We consider
oA as k-algebra via the right factor. We set

Ali] = A®TA®) - ® T A
We have inclusions A[i] < A[i + 1] of k-algebras and the limit, i.e, the union
[0]xA

of the A[i]’s is a k-o-algebra, where for (rg @ X) ®@- - @ (r; @ \;) € T A®p - @7 A = A[i]
the map o: [o|xA — [0]xA is given by

ac((ro®@X)@ - @(reXN)=1®1)@(rp®@c(X)) @@ (1, @c(N\)) € Ali + 1].
The inclusion A = A[0] — [0]xA is characterized by the following universal property.

Lemma 1.2.8. For every k-algebra A there exists a k-o-algebra [o]xA and a morphism
Vv A — [o]xA of k-algebras such that for every k-c-algebra R and every morphism
Y': A — R of k-algebras there exists a unique morphism ¢: [o|xA — R of k-o-algebras
making

v [o]kA

A g

R

commutative. O

A
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In other words,
Hom([o],A, R) ~ Hom(A, RY) (1.3)

and [o]y, is left adjoint to the forgetful functor (—)*.

Example 1.2.9. If A = k[y1,...,yn), then [0]tA = k{y1,...,yn}. More generally, if
A=kly1,...,yn]/(F), then [0 A = k{y1,...,yn}/[F].

Let k[X] denote the coordinate ring of the variety X = Hom(k[X],—). Then with
A = Ek[X] shows that [0];X is represented by [o|pk[X]. If M C k[X] generates k[X] as a
k-algebra, then M C [o]ik[X] generates [o]pk[X] as a k-o-algebra. Therefore [o]pX is a
o-variety over k. Indeed, k{[o]|xX'} = [o]xk[X]. In the sequel, if confusion is unlikely we
will often write X instead of [o];X. In particular, we will write k{X'} instead of k{[o], X'}
and by a o-closed o-subvariety of a variety X', we mean a o-closed o-subvariety of [o];X.

Of course [o] is a functor from the category of varieties over k to the category
of o-varieties over k: If ¢: X — ) is a morphism of varieties, then we can define

[0]k(): [0]xX — [o]kY by

D Rt
([ole(@))r: ([0]kX)(R) = X (RF) =5 V(RF) = ([0 Y)(R)
for any k-o-algebra R.

Next we will define the Zariski closures of a o-closed o-subvariety of a variety. We will
use notations for varieties similar to the ones introduced for k-algebras above: If X is a
variety over k and ¢ > 0, then ‘

o”’X
denotes the variety over k obtained from X' by base extension via o’: k — k. Similarly, if
¢: X — Y is a morphism of varieties over k, then “'¢: X — “') denotes the morphism
of varieties over k obtained from ¢ by base extension via o?: k — k. We also set
X[i] =X XX x - xTX.
Let Y be a o-closed o-subvariety of X. Then Y is defined by a o-ideal I(Y) C k{X} =
Ui>0k[X[i]]. For i > 0, the closed subvariety
Y]
of X[i] defined by I(Y) N k[X[i]] C k[X[d]] is called the i-th order Zariski closure of Y in
X. The 0-th order Zariski closure of Y in X is also the Zariski closure of Y in X. We say
that Y is Zariski dense in X if the Zariski closure of Y in X equals X'. Note that Y is
Zariski dense in X if and only if k[X] — k{Y} is injective.
For i > 1 we have morphisms of varieties
T - X[’L] — X[Z — 1], (.To,.. . ,SCZ') — ($Q,... ,CL‘Z',l)
and .
o X[i] = (X[i—1]) =X x - x X, (x0,...,2;5) — (T1,...,2)

that form a commutative diagram:

X[i]
ol - ia
(X[ —1]) —=2(X[i - 2])

There are induced morphisms m;: Y[i] — Y[i—1] of varieties over k, and since I(Y') C k{X'}
is a o-ideal, we also have induced morphisms o;: Y[i] — ?(Y[i — 1]) of varieties over k.



CHAPTER 1. DIFFERENCE ALGEBRA AND GEOMETRY 21

1.3 Other approaches to difference algebraic geometry

There are different approaches to algebraic geometry, e.g., Weil style algebraic geometry,
the elementary approach as in the first chapter of Hartshorne’s book [Har77], or modern
algebraic geometry via schemes and Grothendieck’s philosophy.

Similarly, the are different approaches to difference algebraic geometry. The standard
textbooks [Coh65] and [Lev08] are written in the style of Weil. Surely each approach has its
pros and cons. However, the choice of the approach is more than a mere matter of taste.
One approach may facilitate concepts and results that have no counterpart in another
approach. So, at least in the opinion of the author, the optimal choice of the approach
heavily depends on the mathematical challenge at hand. For example, Hrushovski’s proof
of the twisted Lang-Weil estimates ([Hru04]) is based on an intrinsic scheme theoretic
approach to difference algebraic geometry, rather than on the standard Weil style approach.

The purpose of this section is to briefly sketch approaches to difference algebraic ge-
ometry that are different from the one we have presented in the previous section. We also
compare these approaches to our approach and motivate our choice.

1.3.1 The standard approach

We start by explaining the approach to difference algebraic geometry employed in the
classical literature on difference algebra (as in [Coh65] and [Lev08]).

Let k be a o-field and let K = k(z1,x2,...) be the field of rational functions in a
denumerable set of indeterminates x1, xo, ... over k. The universal system U = U(k) of
o-overfields of k is the family of o-field extensions of k£ that can be defined on the algebraic
closure of K.

For a set F' C k{yi,...,yn} of o-polynomials let M(F') denote the set of solutions
of F' in the members of U, i.e., M(F) is the set of n-tuples a = (ai,...,a,) such that
a,...,ap, € K, where K belongs to U and f(a) = 0 for all f € F. A difference variety
in the sense of [Coh65] and [Lev08] is such a set of solutions. To avoid confusion with
the terminology introduced in Section let us agree to call a set of the form M(F') a
classical o-variety. Because of Proposition 2.6.2 in [Lev0§| it would not make a substantial
difference to allow arbitrary o-field extensions of k in the definition of a classical o-variety.

If b is an element of a difference field such that bo(b) = 0, then b = 0. From this it
follows easily that for a classical o-variety M the set

FM) ={fek{yr,--- yn}l fla) =0V ae M}

is a perfect o-ideal of k{y} = k{y1,...,yn}

A basic result is that F(M(a)) = a for any perfect o-ideal a of k{y}. It then follows
that a — M(a) defines a bijection between the perfect o-ideals of k{y} and the classical
o-varieties ([Lev08, Theorem 2.6.4]). The inverse map is given by M — F(M).

Remarkably, the standard textbooks do not define the concept of a morphism of dif-
ference varieties. However, if one defines a morphism of classical o-varieties to be a map
given in coordinates by o-polynomials, then one can show that the category of classical
o-varieties is anti-equivalent to the category of perfectly o-reduced finitely o-generated
k-o-algebras ([Wib13, Theorem 2.1.21]). It follows that the category of classical o-varieties
is equivalent to the category of perfectly o-reduced o-varieties (as defined in Section .
Precisely in this sense our approach encompasses the standard approach.
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1.3.2 Intrinsic difference schemes

A Grothendieck style approach to difference algebraic geometry was initiated by E. Hru-
shovski in his remarkable paper on the Frobenius automorphisms ([Hru04]). To a difference
ring R one associates its difference spectrum Spec? (R). As a set, the difference spectrum
is the set of all o-prime o-ideals of R. It is naturally a topological space, say, by restrict-
ing the Zariski topology from Spec(R). The closed subsets of Spec?(R) are in bijection
with the perfect o-ideals of R. As in the case of plain rings, there is a naturally defined
structure sheaf Ox of difference rings on X = Spec?(R) such that for a o-prime o-ideal p
of R the stalk of Ox at p equals Ry. A difference scheme may then be defined as a topo-
logical space, equipped with a sheaf of difference rings such that any point has an open
neighborhood isomorphic to the difference spectrum of a difference ring. A morphism of
difference schemes is a morphism of locally ringed spaces compatible with the difference
ring structure.

Despite the obvious analogy to the definition of a scheme, there are some pitfalls
here. For example, the difference spectrum of a difference ring may well be empty. This
happens, for example, for R = C x C with o(a,b) = (b,a). To avoid such pathologies
a certain condition called well-mizedness has to be imposed on all difference rings. A
difference ring R is called well-mixed if fg = 0 implies fo(g) = 0 for all f,g € R.

However, even if R is a o-domain, the canonical map from R into the global sections of
Spec? (R) need not be an isomorphism. For example, for R = Clz| with o(f(z)) = f(z+1)
the difference spectrum consists of a single point, namely the zero ideal. So the global
sections of Spec” (R) are C(z) and the inclusion map Clz] — C(z) induces an isomorphism
of affine difference schemes Spec?(C(x)) — Spec?(C|z]). The inverse of this isomorphism
is not induced by a morphism C(x) — C|xz] of difference rings. In particular, the category
of affine difference schemes is not naturally equivalent to some category of difference rings.

1.3.3 Fields with operators

A fairly general formalism for dealing with solutions of differential and difference equations
from an algebraic-geometric point of view has been developed in [MS10] and [MS11]. See
also [Kaml13]. It is based on the modern scheme theoretic language and as opposed to
the approach from Subsection keeps track of the ambient ring. Our approach from
Section is essentially equivalent to this approach apart from the facts that

e we are restricted to a certain class of operators, namely difference operators, i.e.,
(one) endomorphism,

e we are restricted to the affine setting,

e we are using a functorial formalism (the functor of points), because this is more ap-
propriate for dealing with groups. As for group schemes, the underlying topological
space is not a group, only the functor of points yields groups.

1.3.4 Model theory

Finally, it should not remain unmentioned that model theory naturally provides a setup for
doing difference algebraic geometry. The model theory of difference fields has been studied
extensively in the last years (e.g., [CH99], [CHP02]) and has found several interesting
applications (e.g., [HruO1], [CHOS], [MS14]).
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A difference field k is called o-closed (or a model of ACFA) if any system of algebraic
difference equations that has a solution in a o-field extension of k£ already has a solution
in k. Any difference field may be embedded into a o-closed o-field but there appears to
be no reasonable notion of a “difference closure”.

As one may regard sets definable in the theory of algebraically closed fields as the model
theoretic conception of a variety, we may regard sets definable in ACFA (the theory of
difference closed fields) as the model theoretic conception of a difference variety. However,
as ACFA does not (fully) eliminate quantifiers, the analogy is somewhat limited. A group
definable in ACFA may then be regarded as the model theoretic conception of a difference
algebraic group.

An advantage of this approach is that one immediately has at one’s disposal several
notions from model theory. For example, a model theorist may argue that quotients of
groups definable in ACFA exist simply by pointing out that ACFA has elimination of
imaginaries. We will prove the existence of quotients in our setting based on some fairly
sophisticated difference algebra. It is not always the case that results can be transferred
between the different approaches easily. For example, is the quotient of quantifier free
definable groups again quantifier free definable? Can one use elimination of imaginaries
for ACFA to show that a difference Hopf subalgebra (see Definition of a finitely
o-generated difference Hopf algebra is itself finitely o-generated?

The usual model-theoretic habit of fixing a “large” model of ACFA in advance may
lead to some differences to the standard and our approach. For example, in our approach,
setting

G(R)={geR*| ¢’ =1, o(g) =g}

for any k-o-algebra R defines a difference algebraic subgroup of the multiplicative group
Gy (over Q). If one has to replace G with G(K), where K is a model of ACFA contain-
ing Q, the group obtained is either the trivial group or the group with three elements,
depending on whether or not 0: K — K acts trivially on the third roots of unity. Thus
the model-theoretic approach introduces a non-trivial dependence on the choice of K.
However, all in all, the differences between the standard approach and the model-
theoretic approach appear to be more of a technical nature. The main advantage of our
approach is that we are not restricted to difference fields. We allow solutions in arbitrary
difference algebras and not just in difference field extensions. Or from a more algebraic
perspective: We can deal with arbitrary difference ideals geometrically, while the standard
and the model-theoretic approach is essentially restricted to perfect difference ideals.

1.3.5 Owur approach

To motivate our approach, let us look at a simple example. Whatever the choice of setup
is, it seems clear that the following two systems of algebraic difference equations

Yy =1 (1.4)
and
=100 =y (1.5)

define two objects worthy of the name difference algebraic subgroup of the multiplicative
group Gp,. But are these groups the same? The answer is not obvious. For example,
a model theorist might instantly place himself in a large difference field and argue that
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a? = 1 implies that @ = 1 or a = —1 and therefore o(a) = a. So clearly, the groups are
the same.

On the other hand, one may well argue that the system has solutions that are
more interesting than just 1 and —1. For example, if we consider the ring of all sequences
(an)nen in C with componentwise addition and multiplication and difference operator
defined by o((an)nen) = (@n+1)nen, then any sequence whose entries are plus and minus
one is a solution to y?> = 1. However, only the two constant sequences (1,1,...) and
(—1,—1,...) also solve the system . So the groups are clearly different.

The above example shows that it is of utmost importance to specify where one is looking
for the solutions. The approaches in Subsections [1.3.1] and [1.3.4] only allow solutions in
difference fields. The approach in Subsection[I.3.2]allows solutions in well-mixed difference
rings. Our approach and the approach in Subsection [1.3.3] allow solutions in arbitrary
difference rings.

The generalization from classical o-varieties (Subsection [1.3.1]) to our o-varieties (Sec-
tion is in some sense similar to the generalization from a reduced scheme of finite type
to an arbitrary affine scheme of finite type.

The advantages of working with schemes rather than with varieties in the theory of
algebraic groups are manifold. (Cf. the preface of [Mill5].) The situation for difference
algebraic groups is similar. In fact, in difference algebra there are several types of elements
in a difference ring that play a role analogous to the role of nilpotent ring elements in
algebraic geometry. (Cf. page |§| of the introduction.) Many results presented in this
thesis, e.g., the isomorphism theorems in Section would not be possible in the standard
approach to difference algebraic geometry. Some of our constructions would not make sense
if we were restricted to solutions in difference fields. Indeed, Chapter [6] would become
meaningless without the possibility to consider solutions in general difference rings.




Chapter 2

Basic properties of difference
algebraic groups

Starting from Section we assume that the base o-ring k is a O'—ﬁ@ld.m

This chapter is the heart of this thesis. We define difference algebraic groups, study
their Zariski closures, prove two fundamental finiteness theorems and introduce basic
numerical invariants for difference algebraic groups.

2.1 Difference algebraic groups: Definition and examples

In this section we define o-algebraic groups and present some examples. We also show
that every o-algebraic group is isomorphic to a o-closed subgroup of some general linear
group.

Since the category of o-varieties has products and a terminal object (Remark
the following definition makes sense.

Definition 2.1.1. Let k be a o-ring. A o-algebraic group over k is a group object in the
category of o-varieties over k.

In the sequel we usually drop the “over k7, i.e., a o-algebraic group is understood to be
a o-algebraic group over k where k is some fixed o-ring or o-field. Alternatively, we could
define a o-algebraic group as a functor from k-o-Alg to Groups, the category of groups,
that is representable by a finitely o-generated k-o-algebra.

A morphism of o-algebraic groups is of course a morphism of o-varieties that re-
spects the group structure. A o-closed embedding of o-algebraic groups is a morphism of
o-algebraic groups that is a o-closed embedding of o-varieties. We write

¢:G— H
to express that ¢ is a o-closed embedding of o-algebraic groups.

Definition 2.1.2. Let k be a o-ring. A k-o-Hopf algebra is a Hopf algebra A over k with
the structure of a k-o-algebra such that the Hopf-algebra structure maps A: A — ARy A,
S:A— A ande: A— k are morphisms of k-o-algebras.

IThe only exception to this rule is the beginning of Subsection

25
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A k-o-Hopf subalgebra of a k-o-Hopf algebra is a k-o-subalgebra that is Hopf subalge-
bra. For a Hopf algebra A we denote the kernel of the counit e: A — k by m4. Similarly,
if G is a g-algebraic group, we will write

mag
fOl“ mk{G} .

Proposition 2.1.3. The category of o-algebraic groups over k is anti-equivalent to the
category of k-o-Hopf algebras that are finitely o-generated over k.

Proof. This follows from Remark in an analogous fashion to Theorem 1.4 in [Wat79].
O

Before presenting some examples of o-algebraic groups, we explain how some well-
known constructions from the theory of (abstract) groups carry over to o-algebraic groups.
Let G be a o-algebraic group. A o-closed subgroup H of G is a o-closed o-subvariety
H of G such that H(R) is a subgroup of G(R) for any k-o-algebra R. Then H itself is a
o-algebraic group. We write
H<LSG

to express that H is a o-closed subgroup of G. If Hy and Hs are o-closed subgroups of G,
then Hy N Hy is also a o-closed subgroup of G.

Let A be a k-o-Hopf algebra. A Hopf ideal of A is called a o-Hopf ideal if it is a o-ideal.
In analogy to Section 2.1 in [Wat79], we obtain the following lemma from Lemma m

Lemma 2.1.4. Let G be a o-algebraic G. There is a one-to-one correspondence between
the o-closed subgroups of G and the o-Hopf ideals in k{G}. O

The o-Hopf ideal mg C k{G} corresponds to the trivial subgroup 1 < G. A o-closed

subgroup N of a o-algebraic group G is called normal if N(R) is a normal subgroup of
G(R) for any k-o-algebra R. We write

NG

to express that IV is a normal o-closed subgroup of G.

If G and H are o-algebraic groups. The product G x H is naturally a o-algebraic
group: For any k-o-algebra R, the group (G x H)(R) = G(R) x H(R) is the product of
the groups G(R) and H(R).

If G is a o-algebraic group over a o-ring k and k — £’ is a morphism of o-rings, then
G} is naturally a o-algebraic group over k'. If H is a o-closed subgroup of G, then Hj, is
naturally a o-closed subgroup of Gy .

Recall that a subgroup H of an (abstract) group G is called a characteristic subgroup
if o(H) = H for every automorphism ¢ of G. Since a characteristic subgroup is stable
under every inner automorphism, a characteristic subgroup is a normal subgroup.

The naive generalization to o-algebraic groups is not adequate: As illustrated in Ex-
ample[5.3.14] there exists a non-normal o-closed subgroup H of a g-algebraic group G with
the property that every automorphism of G induces an automorphism of H. To remedy
this shortcoming we make the following definition (cf. [DGT70, Section 3.9, Chapter II, §1,
p. 166] or [Mil12l Def. 3.7, Chapter VII, p. 90]).
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Definition 2.1.5. A o-closed subgroup H of a o-algebraic group G is called a characteris-
tic subgroup of G if for every k-c-algebra R every automorphism of the o-algebraic group
Gr induces an automorphism of Hg.

By conjugation, an element g € G(R) induces an automorphism of Gg. Therefore a
characteristic subgroup is normal.

From now on we assume that k is a o-field}

Example 2.1.6. Let V be a finite dimensional k-vector space. For every k-o-algebra R
let GL(V)(R) denote the group of R-linear automorphisms of V ®; R. Then GL(V) is
naturally a functor from k-o-Alg to Groups. Indeed, GL(V) is a o-algebraic group: By
choosing a basis vy,...,v, of V, we can identify GL(V)(R) with GL,(R) and GL(V) is
represented by
k{GLn} = k{l‘ij, #(:v)}
More generally:

Example 2.1.7. Every algebraic group over k can be interpreted as a o-algebraic group
over k. Here, as throughout the text, by an algebraic group over k we mean an affine
group scheme of finite type over k. Indeed, let G be an algebraic group over k and as in
Section let R* denote the k-algebra obtained from the k-o-algebra R by forgetting o.
Then

R~ G(R%)

is a functor from k-o-Alg to Groups, i.e., [0]|xG is a o-algebraic group.

We will often write G instead of [¢]xG. In particular, by a o-closed subgroup of G we
mean a o-closed subgroup of [0]xG and we write k{G} for k{[c|,G} = [o]rk[G].

Example 2.1.8. Let 0 < a1 < --- < ayp and 1 < fF1,..., B, be integers. We can define a
o-closed subgroup G of the multiplicative group G,, by

G(R) = {g € R*| 0 (9)" --- 0" (9)* =1} < G(R)

for any k-o-algebra R. Similarly, we can define an endomorphism ¢: G,, — G,, of the
multiplicative group (considered as a o-algebraic group) by

or: Gn(R) — Gu(R), g 0 (9)" - o (g)"
for any k-o-algebra R.
Example 2.1.9. Every homogeneous linear difference equation
o™ (y) + An—10"H(Yy) + + Aoy =0
over k defines a o-closed subgroup G of the additive group G, i.e.,
G(R) = {g € R| 0"(9) + An-10"""(9) + - + dog = 0} < Gy (R)

for any k-o-algebra R. We can define an endomorphism ¢: G, — G, of the additive group
(considered as a o-algebraic group) by

¢r: Ga(R) = Ga(R), g = 0™(9) + A—10""1(g) + - + hog

for any k-o-algebra R.

2The only exception to this rule is the beginning of Subsection m
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Example 2.1.10. The equations of the unitary group define a o-closed subgroup of the
general linear group:

G(R) = {9 € GLy(R)| go(9)" = 0(9)"g = In} < GLy(R)
for any k-o-algebra R.
Example 2.1.11. We can define a o-closed subgroup G of SL,, by
G(R) = {g € SLn(R)| 0™(g) = g} < SLn(R)
for any k-o-algebra R.

Examples [2.1.10] and [2.1.11] can be generalized as follows:

Example 2.1.12. Let k be a o-field, m > 1 an integer, G an algebraic group over k and
¢: G — °"'G a morphism of algebraic groups over k. There is a morphism ¢™: G — 7" G
of o-algebraic groups over k, which, in terms of equations is given by applying ¢™ to
the coordinates. In terms of k-c-algebras this morphism can be described as 7" (k{G}) =

E{G} @r k — k{G}, f® A+ o™ (f)A. We can define a o-closed subgroup G of G by
G(R)={g€G(R)| a™(g9) = d(9)} < G(R)

for any k-o-algebra R. Note that Example [2.1.10/ (G = GL,, m = 1, ¢(g) = (¢~ 1)) and
Example 2.1.11| (G = SL,, ¢(g) = g) are special cases of this construction.

Example 2.1.13. For a k-o-algebra R let G(R) = R x R*. A straight forward computa-
tion shows that setting

(n1,h1) - (n2, he) = (n1 + hio(hy) " na, hihs)

for (n1,h1), (n2, ha) € G(R) defines a group structure on G(R). Thus G is naturally a
o-algebraic group. See Examples [2.1.18| and [3.3.16| for alternative descriptions of this
group.

Example 2.1.14. Let k be a field of positive characteristic p and let ¢ be a power of p.
Consider k as a o-field via the Frobenius, i.e., 0(\) = \? for A € k. An algebraic group G
over k can be considered as a o-algebraic group over k: We turn k[G] into a k-o-algebra
by setting o(f) = f4¢ for f € k[G]. Then clearly k[G] is a k-o-Hopf algebra.

A o-algebraic group as in Example [2.1.14] will be called a Frobenius algebraic group.

Example 2.1.15. Let k be a o-field, G a finite group and o: G — G a group endomor-
phism. Let A be the k-vector space with basis (e4)gec. We consider it as a k-algebra

(Z )‘geg)(z Igeq) = Z Aglg€q-

We can define a Hopf algebra structure on A by

Aleg) = Z €g1 & €gy,

(91,92)

where the sum ranges over all pairs (g1,92) € G? such that giga = g, S(eg) = eg-1 and
e(eg) = 0 for g # 1 and e(e1) = 1. The algebraic group corresponding to A is usually
called the constant group scheme for G. (See [Wat79, Section 2.3].) Extend o: k — k to
o: A— Abyo(eq) =), en, where the sum is taken over all h € G such that o(h) = g.
This defines a k-o-Hopf algebra structure on A and therefore we obtain an associated

o-algebraic group G = Hom(A, —).
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In Section we will see that any o-algebraic group G such that k{G} is an étale
k-algebra is up to a suitable action of the absolute Galois group of k of the form described

in Example [2.1.15| (Corollary [6.2.17)).

Our next goal is to show that any g-algebraic group is isomorphic to a o-closed sub-
group of some general linear group. For this we need a lemma on Hopf algebras that will
also be useful later.

Lemma 2.1.16. Let A be a k-Hopf algebra, B a k-o-Hopf algebra and A — B a mor-
phism of k-Hopf algebras. Then the morphism [o]xA — B of k-o-algebras induced by
Lemma is a morphism of k-Hopf algebras.

Proof. The comultiplication of [o]xA is [0]k(A): [0]xA — [0]k(A Rk A) = [0]rA Rk [0]xA
where A: A — A ®p A is the comultiplication of A. All the subdiagrams with empty
interior of

[/U]kA — [ol(A @y A)
(L
NIV

commute. We have to show that the outer diagram commutes. But this follows from the
uniqueness statement in Lemma A similar argument applies for the counit. ]

Similar to algebraic groups, o-algebraic groups can be linearized:

Theorem 2.1.17. Let G be a o-algebraic group over k. Then there exists a finite di-
mensional k-vector space V and a o-closed embedding G — GL(V). In particular, G is
isomorphic to a o-closed subgroup of GL,, for some n > 1.

Proof. Assume that fi,..., f,, € kE{G} generate k{G} as a k-c-algebra. By [Wat79,
Section 3.3, p. 24] there exists a Hopf subalgebra A of k{G} that contains fi,..., fn, and
is finitely generated as a k-algebra. By [Wat79, Section 3.4, p. 25] there exists an integer
n > 1 and a surjective morphism k[GL,| — A of Hopf algebras. By Lemma the
morphism k[GL,| — A — k{G} of k-algebras extends to a morphism k{GL,} — k{G} of
k-o-algebras. Indeed, this is a morphism of k-o-Hopf algebras (Lemma and since
f1,. .., fm lie in the image, it is surjective. Now the claim follows from Lemma O

Example 2.1.18. Let us a find a linearization of the o-algebraic group G from Exam-
ple 2.1.13] Let H be the o-closed subgroup of GLy given by

H(R) = {(g b> € GLa(R)| o(a) = c}

C

for any k-o-algebra R. It is straight forward to check that the assignment
h o(h)n
i (5 7o)

defines an isomorphism G ~ H.
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2.2 Zariski closures of difference algebraic groups and the
growth group

From now on we assume that the base o-ring k is a o-field. The only exception to this
rule is the beginning of Subsection [6.3.4)

In this section we show that the eventual growth of the Zariski closures of a o-closed
subgroup G of an algebraic group G is governed by an algebraic group, called the growth
group of G (with respect to the o-closed embedding G < G). We also introduce the
o-dimension and the order of a og-algebraic group G.

Let k be a o-field and G an algebraic group over k. Then, for ever ¢ > 0, oG and
Gli] =G x9G x -+ x G (see Section are naturally algebraic groups over k. For
every i@ > 1 the maps m;: G[i] — G[i — 1] and o;: G[i] — °(G[i — 1]) are morphisms of
algebraic groups over k.

Let G be a o-closed subgroup of G. For every i > 0 we have an inclusion k[G[i]] C k{G}
of Hopf algebras. Since I(G) C k{G} is a Hopf ideal, I(G)Nk[G]i]] is a Hopf ideal of k[G[i]].
So the i-th order Zariski closure G[i] of G in G is a closed subgroup of G[i]. The maps
mi: G[i] — G[i — 1] and 0;: G[i] — °(G[i — 1]) are morphisms of algebraic groups over k
and form a commutative diagram:

el Gli — 1] (2.1)

U’LJ{ lgi—l
o,

Ti—1

(Gli = 1)) —=“(Gli - 2))

For i > 1 we set
gi = kel”(ﬂ'i) S G[’L]

We also set Gy = G[0]. Because of (2.1)) we have induced morphisms o;: G; — ?(G;—1) of
algebraic groups over k.

Proposition 2.2.1. For every i > 1 the map o;: G; — %(Gi—1) is a closed embedding and
there exists an integer m > 1 such that o;: G; — 9(G;—1) is an isomorphism for every
1> m.

Proof. Let us start by describing o; in algebraic terms. Assume that a = (a,...,ay)
generates k[G] as a k-algebra and let @ denote the image of a in k{G}. So

k[G] = kla] C k[a,o0(a),...] = k{G}

and k[G[i]] = k[a,...,0%@)]. The morphism o;: G[i] — °(G[i — 1]) corresponds to the
map

U(k[ﬁ, ... ,a"‘l(a)]) — k[a, ... ,a"(a)], fR@A—a(f)A
and the morphism o;: G; — ?(G;—1) corresponds to the map
U(k[av R O-i_l(a)] ®k[ﬁ,...,ai*2(ﬁ)] k) - ]{?[5, cee 7Ji(a)] ®k[ﬁ,...,ai*1(ﬁ)] k
(fRAN@p—a(f) @A)

where the tensor products are formed in virtue of the counit e: k{G} — k. Since
k[a,...,o'(a)] ®Okfa,....oi1 (@) k is generated as a k-algebra by the image of o'(a), the above
map is clearly surjective. Thus o;: G; — 9(G;—1) is a closed embedding.
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To prove the second claim of the proposition, let us first assume that & is inversive.
The map

Yi: k[@, ..., 0" (@) @, pi-2@) k — k@, ..., 0" (@)] @, . si-1@) k
feoAr—oa(f)®@a())

is a morphism of rings but it is not a morphism of k-algebras. However, since k is inversive,
it is surjective. We thus have a descending chain of closed subschemes

Go—GL—Gy---.

Since Gy is of finite type over k, this sequence must stabilize. That is, there exists an
integer m > 1 such that ; is bijective for every ¢ > m. Since k is inversive,

klGi] — (klGi]), frf®1

is bijective. It follows that for ¢ > m, the morphism “(k[G;_1]) — k[G;] dual to o; is an

isomorphism, since it can be obtained as the composition 7(k[G;_1]) — k[G;—1] ¥, k(G| of
two bijective maps. This proves the proposition for k£ inversive.

The general case can be reduced to the inversive case: Let k* denote the inversive
closure of k (|Lev08), Definition 2.1.6]). So, in particular, k* is an inversive o-field extension
of k. The formation of Zariski closures and of the G; is compatible with base extension. It
therefore follows from the inversive case, that there exists an integer m > 1 such that for
every ¢ > m the morphism o;: G; — ?(G;—1) becomes an isomorphism after base extension
from k to k*. But then already o; must be an isomorphism for 7 > m. O

Proposition [2.2.1] allows us to associate to the inclusion G < G an algebraic group,
that measures the (eventual) growth of the Zariski closures G[i] of G in G.

Definition 2.2.2. Let G be an algebraic group and G < G a o-closed subgroup. For
i > 1 let G; denote the kernel of the projection m;: G[i] — G[i — 1] between the Zariski
closures of G in G. Let m > 0 denote the smallest integer such that o;: G; — °(Gi—1) is
an isomorphism for every i > m. Then G, is called the growth group of G with respect
to the o-closed embedding G — G.

Example 2.2.3. Let 0 < a3 < --- < a, and 1 < f4,..., 0, be integers and G < G, the
o-closed subgroup of the multiplicative group G, given by

G(R) ={g € R*| 0™ (9)" --- 0% (9)"" = 1}

for every k-o-algebra R. Then the growth group of G with respect to the given embedding
G — Gy, is pg,, where g, (T) = {g € T*| g°» = 1} for any k-algebra T

Example 2.2.4. Let G be a o-closed subgroup of the additive group defined by a linear
difference equation. (Cf. Example [2.1.9]) Then the growth group with respect to the
given embedding G — G, is trivial.

Example 2.2.5. Let G be an algebraic group. The growth group with respect to the
tautological embedding G = [0];xG — G is G itself.

The following example shows that the growth group does indeed depend on the em-
bedding G <— G and therefore is not an invariant of G.
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Example 2.2.6. Let G = G,, (considered as a o-algebraic group). For n > 1 the o-closed
embedding
G —Gh, g (9,0(9)")

identifies G with the o-closed subgroup G' < G2, given by

G(R) = {(91.92) € Gn(R)?| o(91)" = g2}

for any k-o-algebra R. The growth group of G with respect to the embedding G — G2,
is pn X Gpy.

Even though the growth group itself does depend on the chosen embedding G — G, it
carries some information which only depends on GG. We will now show that the dimension
of the growth group does not depend on the embedding G — G. In Section we will
see that also the size of the growth group is independent of the chosen embedding.

The following theorem can be seen as a group theoretic analog of the classical theorem
on the existence of the so-called dimension polynomial of an extension of o-fields ([Lev08|,
Theorem 4.2.1]). See also [Hru04, Lemma 4.21].

Theorem 2.2.7. Let G be an algebraic group and G < G a o-closed subgroup. For i > 0
let d; = dim(GYJi]) denote the dimension of the i-th order Zariski closure of G in G. Then
there exist integers d,e > 0 such that

di =d(i+1)+e fori>0.

The integer d only depends on G and not on the choice of G and the o-closed embedding
G — G. If d = 0, the integer e only depends on G and not on the choice of G and the
o-closed embedding G — §G.

Proof. Let G; denote the kernel of G[i] - G[i — 1]. Then dim(G[i]) = dim(G[i — 1]) +
dim(G;). Let m > 0 denote the smallest integer such that o;: G; — 9(G;—1) is an isomor-
phism for every ¢ > m. It follows that for ¢ > 0

dim(G[i]) = dim(G;) + - - - + dim(Gy) =
= (i —m+1)dim(G,) + dim(Gp_1) + - - - + dim(Gp) =
= (i+ 1) dim(Gp,) + dim(G—1) + - - - + dim(Go) — m dim(G,,) =
=d(i+1)+e.

It follows from Proposition that e > 0.

Let us now show that d = dim(G,,) is independent of the chosen embedding G — G.
So let G < G’ be another o-closed embedding. Let G[i]" denote the i-th order Zariski
closure of G in G' and let d;,d’, e’ have the analogous meaning. We have to show that
d=4d.

Let a be a finite tuple from k{G} which generates k[G[0]] C k{G} as a k-algebra.
Similarly, let a’ be a finite tuple from k{G} which generates k[G[0]'] C k{G} as a k-
algebra. Then k[G[i]] = k[a,...,0%(a)] and there exists an integer n > 0 such that all
coordinates of a’ lie in k[G[n]]. Then

KGE)) = kld,...,0%(d)] C Kla,...,o" i (a)] = K[G[n + .

Therefore d; < d,,; and for i > 0 we have d'(i+1) + ¢’ < d(n+:+ 1) +e. Letting ¢ tend
to infinity we find d’ < d. By symmetry, d’ = d.
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Let us now assume that d = 0. We have to show that e does not depend on the choice
of the embedding G — G. To do this we will show that

e = max { dim(R)| R is a finitely generated k-subalgebra of k{G}}. (2.2)

For i > 0 the finitely generated k-subalgebra k[G[i]] of k{G} has dimension e. Con-
versely, if R is a finitely generated k-subalgebra of k{G}, then R is contained in some
k[G[i]] and therefore dim(R) < e. This proves ({2.2)). O

Definition 2.2.8. Let G be a o-algebraic group. The integer d > 0 defined in Theorem
above is called the o-dimension of G and denoted by

o-dim(G).

If o-dim(G) = 0, the integer e > 0 defined in Theoremw is called the order of G
and denoted by
ord(G).

If G has positive o-dimension the order of G is defined to be infinity.

Example 2.2.9. Let n € N and let G be the o-closed subgroup of G2 given by

G(R) = {(91792) S R2| o"(g1) = 92}

for any k-o-algebra R. For ¢ > 0 let G[i] denote the i-th order Zariski closure of G in G,.
As K{G} = k[y1,..., 0" 1 (y1),y2,0(y2), . . .| we see that dim(G[i]) = (i + 1) +n for i > 0.
In particular, G has o-dimension one.

Example 2.2.10. Let G be an algebraic group. Then o-dim([0];G) = dim(G). Indeed, if
we tautologically consider G = [0];G as a o-closed subgroup of G, then G[i] =G X - - X 7G
and so dim(G[i]) = dim(G)(i+ 1) for every ¢ > 0. This also shows that either ord(G) = oo
(if dim(G) > 0) or ord(G) = 0 (if dim(G) = 0).

The following example motivates the naming “order”.

Example 2.2.11. Let f = 0™(y) + Ay—10""1(y) + - -+ Aoy be a linear difference equation
and G the o-closed subgroup of G, defined by f. Then ord(G) = n, i.e., the order of G
equals the order of f.

Example 2.2.12. The o-algebraic group from Example has o-dimension zero and
order ay,.

Example 2.2.13. Let G be the o-algebraic group from Example 2.1.12] Then k{G} =
k[G x --- x 7"7'G] and therefore o- dim(G) = 0 and ord(G) = m dim(G).

Example 2.2.14. The o-algebraic group from Example has o-dimension zero and
order equal to the dimension of G.

Example 2.2.15. The o-algebraic group from Example [2.1.15| has o-dimension zero and
order zero.

A certain numerical invariant analogous to the order and called the total dimension
has been introduced in [Hru04] in a different setting. We have chosen to stick to the
more traditional naming from [Lev08] and [Coh65]. From the proof of Theorem we
immediately obtain:
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Corollary 2.2.16. Let G be a o-algebraic group. Then the dimension of the growth group
of G with respect to some o-closed embedding G — G of G into some algebraic group G
equals the o-dimension of G. In particular, the dimension of the growth group does not
depend on the choice of the o-closed embedding G — G. O

Recall (Definition that a o-algebraic group G is called integral if k{G} is an
integral domain and o-integral if k{G} is a o-domain. The field of fractions of a o-domain
is naturally a o-field.

The o-transcendence degree of a o-field extension K|k is the largest integer n > 1
such that the o-polynomial ring k{yi,...,yn} may be embedded into K. (If no such
integer exists the o-transcendence degree is infinite.) See Section 4.1 in [Lev08|] for more
details on the o-transcendence degree. The following proposition shows that our notions
of dimension and order generalize the classical notions. (See page 394 in [Lev08].)

Proposition 2.2.17. If G is a o-integral o-algebraic group, then the o-dimension of G
equals the o-transcendence degree of the field of fractions of k{G} over k.

If G is an integral o-algebraic group, then the order of G equals the transcendence
degree of the field of fractions of k{G} over k.

Proof. Let us first assume that G is o-integral and let us fix a o-closed embedding G — G.
Assume that a = (aq,...,a,) generates k[G[0]] C k{G} as a k-algebra. Let K denote the
field of fractions of k{G}. Since G is o-integral K is naturally a o-field extension of k
and a generates K as a o-field extension of k. Since trdeg(k(a, ..., o' (a))|k) = dim(G[i]),
we see that d(t + 1) + e (with d and e as in Theorem is really just the difference
dimension polynomial (Definition 4.2.2 in [Lev08]) of the o-field extension K|k associated
with a. It follows from Theorem 4.2.1 (iii) in [Lev08| that o- dim(G) = d = o- trdeg(K|k).

Now assume that G is integral. Let K denote the field of fractions of k{G}. If
o-dim(G) > 0, then it is clear from Theorem that the transcendence degree of K
over k is infinite. So ord(G) = trdeg(K |k) in this case.

If o- dim(G) = 0, the claim follows from equation above. O

Example 2.2.18. Let G be the o-algebraic group from Example Then the coor-
dinate ring of G is k{G} = k{y} ®x k{x,271}. So G is o-integral and the field of fractions
of k{G} is the field of fractions of a o-polynomial ring in two o-variables. Therefore the
field of fractions of k{G} has o-transcendence degree two over k. (Cf. [Lev08, Prop. 4.1.6,

p. 248].) Thus o-dim(G) = 2 by Proposition [2.2.17]
The o-dimension and the order is invariant under extension of the base o-field.

Lemma 2.2.19. Let G be a o-algebraic group and k' a o-field extension of k. Then
o-dim(Gy) = o-dim(G) and ord(Gy ) = ord(G).

Proof. Let G be an algebraic group such that G is a o-closed subgroup of G. Then Gy
is a o-closed subgroup of Gy and for ¢ > 0 the i-th order Zariski closure Gy [i] of Gy in
Gy is obtained from the i-th order Zariski closure G[i] of G in G by base extension, i.e,
Gy [i] = G[i]gr. Now the claim of the lemma follows from the fact that the usual dimension
is invariant under base extension. O

For later use we record:
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Lemma 2.2.20. Let G and H be o-algebraic groups. Then G X H is a o-algebraic group
with
o-dim(G x H) = o-dim(G) 4 o-dim(H)

and
ord(G x H) = ord(G) + ord(H).

Proof. Let G and 'H be algebraic groups containing G and H as o-closed subgroups re-
spectively. Then G x H is a o-closed subgroup of G x H and the claim reduces to the
similar formula for algebraic groups. O

2.3 Finiteness theorems

There is no direct difference analog of Hilbert’s basis theorem: There exist infinite strictly
ascending chains of difference ideals in the o-polynomial ring k{y1,...,yn}. (See [Coh65,
Example 3, p. 73].) The Ritt-Raudenbush basis theorem in difference algebra ([RR39]
or [Lev08l Theorem 2.5.11]) only asserts that every ascending chain of perfect difference
ideals in k{y1,...,yn} is finite. However, in our group theoretic setup the situation is
better behaved. Indeed, in this section we will prove two important finiteness theorems.
Let A be a finitely o-generated k-o-Hopf algebra. The first finiteness theorem (Theo-
rem asserts that every o-Hopf ideal of A is finitely generated as a o-ideal. The
second finiteness theorem (Theorem asserts that every k-o-Hopf subalgebra of A is
finitely o-generated over k. In Chapter We will prove a third finiteness theorem (Theorem
: The set of minimal prime o-ideals of A is finite.

Theorem 2.3.1. Let H be a o-algebraic group and G < H a o-closed subgroup. Then the
defining ideal I(G) C k{H} of G is finitely generated as a o-ideal.

Proof. We may embed H as a o-closed subgroup in some algebraic group G. For example,
we may choose G = GL,, by Theorem If the defining ideal of G in k{G} is finitely
o-generated, then also the defining ideal of G in k{H } = k{G}/1(H ) is finitely o-generated.
We can therefore assume that H = G.

As in Section [2.2|1et G; denote the kernel of the projection m;: G[i] - G[i — 1] between
the Zariski closures of G in G. By Proposition there exists an integer m > 1 such
that o;: G; — ?(G;—1) is an isomorphism for every ¢ > m. To prove the theorem we will
show that I(G[m]) = I(G) N k[G[m]] o-generates I(G) C k{G} = U;>0k[G[i]]. To do this it
is sufficient to show that

I(Gli]) = (I(G[i — 1)), o(I(Gi - 1]))) < k[G]7]] (2.3)
for ¢ > m. The ideal to the right-hand side of defines an algebraic group
Hi = (Gli = 1] x 7G) N (G x (Gli—1])) <Gl =G x G x - x7G.

Clearly G[i] < M; and the projection m;: H; — G[i — 1] is surjectivd’] The kernel of
mi: Hi — G[i — 1] is 1 x 9(G;—1). Since i > m we have 1 x %(G;_1) = G;. Thus the

3 A morphism G — H of algebraic groups, i.e., affine group schemes of finite type over k is surjective if
the dual map k[H] — k[G] is injective. See [Mil12] Chapter VII, Section 7] for more details.
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downwards arrows in the commutative diagram

GJi]© H;
Gli — 1]
have the same kernel. This implies that G[i] = H; and identity ([2.3) is proved. O

We have actually proved a slightly stronger statement which we record for later use.

Corollary 2.3.2. Let G be an algebraic group and G < G a o-closed subgroup. For
i > 0 let G[i] denote the i-th order Zariski closure of G in G. Then there ezists an
integer m > 0 such that 1(G[i]) = (I(G[i — 1],0(l(G[i — 1])) for i > m, i.e., Gli] =
(G[i —1] x 7G) N (G x (G[i — 1])). O

Corollary 2.3.3. Every descending chain of o-closed subgroups of a o-algebraic group is
finite.

Proof. A descending chain Hy > Hs > --- of o-closed subgroups of a g-algebraic group
G corresponds to an ascending chain I(H;) C I(Hz) C --- of o-Hopf ideals in k{G}. By
Theorem the union |JI(H;) (which corresponds to the intersection () H;) is finitely
generated as a o-ideal. Thus there exists an integer n > 1 such that (JI(H;) = I(Hp).
Then H, = Hpy1 = ---. O

To prove the second finiteness theorem we need a simple lemma on k-o-Hopf algebras.

Lemma 2.3.4. Let A be a k-o-Hopf algebra. Then every finite subset of A is contained
i a finitely o-generated k-o-Hopf subalgebra.

Proof. By [Wat79, Section 3.3] a finite subset of A is contained in a Hopf subalgebra B that
is finitely generated as a k-algebra. Then k{B} C A is finitely o-generated over k and since
the comultiplication and the antipode are o-morphisms, k{B} is a Hopf subalgebra. [

Theorem 2.3.5. Let A be a k-o-Hopf algebra that is finitely o-generated over k and
B C A a k-o-Hopf subalgebra. Then B is finitely o-generated over k.

Proof. For a Hopf subalgebra C of A let mg C C denote the kernel of the counit e: C' — k.
The ideal (mp) C A is a o-Hopf ideal. By Theorem it is finitely o-generated. So
there exists a finite set F' C mp such that [F] = (mp). By Lemma there exists a
finitely o-generated k-o-Hopf subalgebra C' of B containing F. Then (mg) = (mp). By
Corollary 3.10 in [Tak72] the mapping C' +— (m¢) from Hopf subalgebras to Hopf ideals is
injective. Thus B = C is finitely o-generated over k. O

As an application of Corollary we will prove a dimension theorem, which will
then be used in Section [5.3] in the proof of an analog of the Jordan-Hdélder theorem.
A dimension theorem for differential algebraic groups has been proved in [Sit74]. It is
interesting to note that the dimension theorem fails for difference varieties. See [Coh65),
Chapter 8, Section 8]. However, it holds for o-algebraic groups:
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Theorem 2.3.6. Let Hy and Hs be o-closed subgroups of a o-algebraic group G. Then
o-dim(H; N Hy) + 0-dim(G) > o-dim(H;) + o-dim(Hz) (2.4)

and
ord(H; N Hz) + ord(G) > ord(H;) + ord(Ha2). (2.5)

Proof. Let G be an algebraic group containing GG as a o-closed subgroup. We consider the
Zariski closures inside G. By Corollary there exists an integer m > 0 such that

L(Hy 0 Ha)i]) = (I((Hy 1 )i — 1), o(L((Hy 0 Hy)li — 1))
for i > m. Since I(Hy; N Hy) = I(H;) + I(H3) there exists n > m such that
I((Hy N Hg)[m]) C ]I(Hﬂn]) +]I(H2[n]) = ]I(Hl[n] N HQ[TL])

But then
I((Hy N Ha)[m + i]) C I(Hy[n + i) N Ha[n + i) (2.6)
for every i > 0 and so

omitl

Hi[n +i] N Hyn + i) < (Hy N Ha)[m + 1] x Gx--x7"g.

Therefore
dim(Hi[n + 4] N Ha[n + 1)) < dim((H1 N H2)[m +i]) + (n — m) dim(G)
and so

dim((H1NHz)[m +i]) > dim(Hy[n + i N Ha[n +1i]) — (n — m) dim(G)
> dim(Hi[n + 1]) + dim(Hz[n + i]) — dim(G[n + i]) — (n — m) dim(G).

Now using Theorem @ and comparing the coefficients of ¢ yields identity .

It remains to prove (2.5). Obviously this is true if ord(G) = oco. So we can as-
sume ord(G) < oo, i.e., o-dim(G) = 0. Note that implies that the intersection of
I(Hy[n + i] N Ha[n + 4]) with k[G[m + i]] equals I((Hy N H2)[m +i]). This means that the
morphism of algebraic groups

¢ Hl[n—l—z] ﬂHQ[TL—{—Z] — (Hl ﬂHg)[m—l—z]

induced from the projection G X G X - - - X U”“g —GxGx---X C”"“g is surjective. Since
o-dim(H;) = 0, the kernel of the projections Hi[n + i] — Hj[m + ] is finite for ¢ > 0.
Therefore also ¢ has finite kernel and it follows that for ¢ > 0

ord(H1 N HQ) = dim((H1 N Hg)[m + Z]) = dim(Hl[n + Z] N Hg[n + Z])

> dim(Hy[n + 1)) + dim(Hz[n + i]) — dim(G[n + i])
= ord(H1) + ord(Hz2) — ord(G).
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2.4 The limit degree

In this section we introduce an important numerical invariant for o-algebraic groups (of
o-dimension zero) called the limit degree. We also show that the category of algebraic
o-groups introduced and studied in [KPOT] is equivalent to the category of o-algebraic
groups of o-dimension zero and limit degree one.

By the size |G| of an algebraic group G we mean the dimension of k[G] as a k-vector
space. So the size is either a non-negative integer or co. In the sequel we will employ

the usual rules for calculating with the symbol co. If G $g2$g3 are surjective
morphisms of algebraic groups, then

| ker(¢2 0 ¢1)] = | ker(¢a)| - [ ker(¢)]- (2.7)

Proposition 2.4.1. Let G be a o-algebraic group and G — G a o-closed embedding. Then
the size of the growth group of G with respect to the embedding G — G does not depend
on the choice of G and the o-closed embedding.

Proof. For i > 0 let G[i] denote the i-th order Zariski closure of G in G and G; the kernel
of the projection m;: G[i] — G[i — 1]. By Proposition the integer d = |G;| does not
depend on i for i > 0. Let a = (aq,...,a,) generate k[G[0]] C k{G} as a k-algebra. Then
a generates k{G} as a k-o-algebra.

Let G’ be another algebraic group and G — G’ a o-closed embedding. Let G[i]" denote
the i-th order Zariski closure of G in G’ and let d’ and &’ be as above. We have to show
that d = d'.

Since a, as well as o/, o-generate k{G}, there exists an integer m > 1 such that

a € kla,...,0™(a)] and a € k[d/,...,0™(a’)]. Then, for i > 0, we have k[d/,...,0"(a’)] C
kla,...,0™"(a)] and kla,...,0%(a)] C k[d’,...,o™ (a’)]. So for j > m:
kla,...,0'(a)] C k[d,...,a™ ()] C k[d,...,07 T (a")] C K[a,...,a™ T (a)].

These inclusions of Hopf algebras correspond to surjective morphisms of algebraic groups
Glm+j+i] - G[j +i) - Gm+1i) - Gli].

We have |ker(G[m + j +1i] — G[i])| > |ker(G[j +i]' - G[m +i])| by (2.7). But by (2.7)
and Proposition we also have

|ker(G[m 4 j +1i] — G[i])] =d™" and |ker(G[j +i] = Gm +i])| =d’™™

for i > 0. Consequently, ™7 > d7=™. Letting j tend to infinity, we find d > d’. By
symmetry, d = d’. O

Definition 2.4.2. Let G be a o-algebraic group. Choose an algebraic group G and a
o-closed embedding G — G. The size of the growth group of G with respect to the o-closed
embedding G — G is called the limit degree of G and is denoted by

1d(G).

By Proposition the limit degree of G does not depend on the choice of G and the
o-closed embedding G — G.
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The expression “limit degree” is motivated by the fact that

1d(G) = lim deg(m;),

1—00

where deg(m;) denotes the degree of the projection 7;: G[i] - G[i — 1]. The naming is
also motivated by Proposition [2.4.7]

Remark 2.4.3. By Corollary the limit degree of a o-algebraic group is finite if and
only if it has o-dimension zero.

Example 2.4.4. Let 0 < a1 < ---<a,and 1 < fq,..., 05, be integers and G < G, the
o-closed subgroup of the multiplicative group G,, given by

G(R) ={g € R*| 0% (9)" --- 0" (9)" =1}
for every k-o-algebra R. Then 1d(G) = (,, by Example

Example 2.4.5. By Example the limit degree of a o-closed subgroup of G, defined
by a linear difference equation is one.

Example 2.4.6. Let G be an algebraic group. Then 1d([c]xG) = |G| by Example

Let K|k be an extension of o-fields. Assume that there exists a finite set B C K such
that B,o(B),... generates K as a field extension of k, then the limit degree 1d(K|k) is
the limit lim; . d;, where d; is the degree of the field extension

k(B,...,0'(B)|k(B,...,o""(B)).

The limit exists and does not depend on the choice of B ([Lev08, Section 4.3]). The
following proposition shows that our definition of the limit degree generalizes the classical
definition ([Lev08, p. 394]) of the limit degree (for irreducible difference varieties in the
sense of [Coh65] and [Lev08]).

Proposition 2.4.7. Let G be a o-algebraic group. If G is o-integral, then the limit degree
of G equals the limit degree of the field of fractions of k{G} over k.

Proof. Let G be an algebraic group containing G as a o-closed subgroup. For i > 0 let G[i]
denote the i-th order Zariski closure of G in G and let B C k[G]0]] be a finite set which
generates k[G[0]] C k{G} as a k-algebra. Let K denote the field of fractions of k{G}.
Then B,o(B),... generates K as a field extension of k and k(B,o(B),...,0!(B)) is the
field of fractions of k[G]i]]. Therefore the degree of the field extension

k(B,...,c'(B))|k(B,...,c""(B))
equals the degree of the projection G[i] — G[i — 1]. O

Our next aim is to characterize the algebraic o-groups introduced in [KP07| within
the category of o-algebraic groups.

Proposition 2.4.8. Let G be a o-algebraic group. Then 1d(G) =1 if and only if k{G} is
finitely generated as a k-algebra.
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Proof. Fix a o-closed embedding G — G and let G[i] denote the i-th order Zariski closure
of Gin G. So k{G} = U;>ok[G[i]]. If 1d(G) = 1 there exists an integer m > 0 such that
mi: G[i] - G[i — 1] has trivial kernel for ¢ > m, so m; is an isomorphism and therefore
k[G[i]] = k[G]i — 1]]. Consequently, k{G} = k[G[m]] is finitely generated as a k-algebra.

Conversely, if k{G} is a finitely generated k-algebra, we can consider the algebraic
group G associated with the Hopf algebra k{G}F. So k[G] = k{G}*. Let R be a k-o-algebra.
Since G(R) = Hom(k{G}, R) is a subgroup of

Hom(k{G}*, R?) = G(R) = ([0]xG)(R) = Hom(k{G}, R)

the morphism k{G} — k{G} of k-o-algebras induced by Lemma is a morphism of
k-o-Hopf algebras. With respect to the corresponding o-closed embedding G — G we
have k{G} = k[G[0]] = k[G[1]] = ... and therefore the associated growth group is trivial.
Thus 1d(G) = 1. O

Example 2.4.9. It is clear from Proposition [2.4.8] that the o-algebraic groups in Exam-
ples [2.1.12] [2.1.14] and [2.1.15| have limit degree one.

Let us now recall the definition of algebraic o-groups from [KP07]. We start by in-
troducing algebraic o-varieties. Let k be a o-field and X a variety over k, where, for our
purposes, a variety over k is an affine scheme of finite type over k. As in Section [T.2.4] let
%X denote the variety over k obtained from X by base extension via ¢: k — k. Similarly, if
¢: X — Y is a morphism of varieties over k, then %¢: °X — °) is the morphism obtained
from ¢ by base extension via o: k — k.

An algebraic o-variety over k is a variety X over k together with a morphismo: X — °X
of varieties over k. A morphism between algebraic o-varieties is a morphism ¢: X — ) of
varieties such that

x sy

¢>J/ l%
YTy
commutes. An algebraic o-group is a group object in the category of algebraic o-varieties.

Equivalently, an algebraic o-group is an algebraic group G over k together with a morphism
0: G — °G of algebraic groups.

Theorem 2.4.10. The category of algebraic o-groups is equivalent to the category of
o-algebraic groups of o-dimension zero and limit degree one.

Proof. Let R be a k-algebra. To define a k-o-algebra structure on R is equivalent to
defining a morphism of k-algebras 7: °R — R: Given o: R — R, we can define

G:R— R, r®@ X o(r)\
Conversely, given : °R — R, we can define 0: R e, Rk =°R 2R Moreover, if R
and S are k-o-algebras and ¢: R — S is a morphism of k-algebras, then 1 is a morphism
of k-o-algebras if and only if
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commutes.

Dualizing the definition, an algebraic o-group G corresponds to a finitely generated
Hopf algebra k[G] together with a morphism of Hopf algebras & = (o)*: %(k[G]) — k[G].
By the remark from the beginning of the proof, the statement that & is a morphism of Hopf
algebras corresponds to the statement that k[G] is a k-o-Hopf algebra. Thus the category of
algebraic o-groups is anti-equivalent to the category of k-o-Hopf algebras that are finitely
generated over k. Now the claim follows from Proposition and Proposition 2.4.8] [

2.5 Subgroups defined by ideal closures

If G is an algebraic group over a perfect field, then G,.q, the associated reduced scheme,
is a closed subgroup of G. In difference algebra, there are several closure operations one
can define on difference ideals that are in some way similar to taking the radical of an
ideal. Therefore we obtain several o-closed subgroups of a g-algebraic group that are in
some way analogous to Geq. Let us now recall these closure operations on o-ideals. (Cf.
Definition and [Lev08, Section 2.3].)

Definition 2.5.1. Let R be a o-ring and a C R a o-ideal. Then a is called
o reflexive if o7 1(a) = a, i.e., o(f) € a implies f € a.
e mixed if fg € a implies fo(g) € a.
e perfect if o (f)--- 0 (f) € a implies f € a for ay,...,a, >0

A o-ring whose zero ideal is reflexive / mixed / perfect is called o-reduced / well-
mixed / perfectly o-reduced. Note that a o-ring that is an integral domain is well-mixed.
If it is additionally o-reduced, i.e., a o-domain, it is perfectly o-reduced.

Let a be a o-ideal of a o-ring R. Since the intersection of reflexive / radical mixed /
perfect o-ideals is a reflexive / radical mixed / perfect o-ideal there exists a smallest
reflexive / radical mixed / perfect o-ideal of R containing a. It is called the reflexive
closure a*/ the radical mixed closure {a}ywm / the perfect closure {a} of a.

It is easy to see that

a*={feR|IneN: o"(f) €a}l.

The radical mixed closure and the perfect closure of a do not have such a simple elemen-
twise description. Cf. [Lev08, Section 2.3, p. 121ff] and [Levl Lemma 3.1].

Let X be a o-variety. We say that X is reduced / o-reduced / reduced well-mixed /
perfectly o-reduced if k{X} has this property. There exists a unique largest o-closed
o-subvariety

Xred / X -red / me / Xper

of X that is reduced / o-reduced / reduced well-mixed / perfectly o-reduced. Its defining
ideal is the radical / reflexive closure / radical mixed closure / perfect closure of the zero
ideal of k{X}.

A perfect o-ideal is radical, mixed and reflexive. Therefore we have the following
diagram of inclusions of o-closed o-subvarieties of X.
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X
/ \
Xred Xo-red
Xwm
\
Xper

The importance of perfectly o-reduced o-varieties stems from the fact that they corre-
spond to the classical difference varieties as studied in [Coh65] and [Lev08], where one is
only looking for solutions in o-field extensions of k. (See Subsection[1.3.1}) Mixed o-ideals
play a crucial role in the theory of difference schemes as developed by E. Hrushovski in
[Hru04]. (Ct. . Note that for an arbitrary non-empty o-variety Xper and Xy, might
be empty. Take for example k{X} = k x k with o((a,b)) = (0(b),o(a)). This pathology
does not occur for o-algebraic groups because mg C k{G} is a o-prime ideal.

Example 2.5.2. Let k be a o-field, G a finite group and 0: G — G a group endomorphism.
Let G be the o-algebraic group from Example 2.1.15] Then G is o-reduced if and only
if o is an automorphism. Moreover, G is reduced well-mixed if and only if it is perfectly
o-reduced if and only if o: G — G is the identity map.

Remark 2.5.3. For a o-algebraic group G the following statements are equivalent:
(i) G(K) =1 for every o-field extension K of k.
(ii) Gper = 1.

(iii) The ideal m¢ is the only o-prime ideal of k{G}.

Proof. If g € G(K) = Hom(k{G}, K), then the kernel of g is a o-prime ideal of k{G}.
Conversely, if p is a o-prime ideal of k{G}, then the field of fractions K of k{G}/p is
naturally a o-field and the canonical map g: k{G} — K belongs to G(K). Therefore (i)
and (iii) are equivalent. The equivalence with (ii) follows from the fact that a perfect
difference ideal is the intersection of o-prime ideals ([Coh65l, Chapter 3, p. 88]). O

If ¥: R — S is a morphism of o-rings, it is easy to check that ¢ ~!(a) is a radical /
reflexive / radical mixed / perfect o-ideal if a has the corresponding property. This shows
that 1) maps the radical / reflexive closure / radical mixed closure / perfect closure of the
zero ideal of R into the radical / reflexive closure / radical mixed closure / perfect closure
of the zero ideal of S. Therefore a morphism of o-varieties X — Y induces a morphism

Xred = Yred / Xo-red = Yo-red / Xwm — Yom / Xper - Yper-
For later use we record a lemma on perfectly o-reduced o-varieties.

Lemma 2.5.4. Let ¢: X — Y be a morphism of o-varieties and let Z C'Y be a o-closed
o-subvariety. Assume that X is perfectly o-reduced. If ¢x(X(K)) C Z(K) for every
o-field extension K of k, then ¢(X) C Z, i.e., ¢ factors through Z — Y.
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Proof. We have to show that I[(Z) C k{Y'} lies in the kernel of ¢*: k{Y'} — k{X}. So let
f € I(Z). We have to show that ¢*(f) = 0. Since the zero ideal of k{X } is perfect, it is the
intersection of o-prime ideals ([Coh65, Chapter 3, p. 88]). Therefore, it suffices to show
that ¢*(f) lies in every o-prime ideal of k{X}. Let p C k{X} be a o-prime ideal, then the
field of fractions K of k{X }/p naturally is a o-field and the canonical map x: k{X} — K
is a morphism of k-o-algebras. By assumption, ¢x(x) € Z(K), i.e., [(Z) lies in the kernel
of z o ¢*. So ¢*(f) € p. O

Lemma 2.5.5. Let R and S be k-o-algebras.
(i) If k is perfect and R and S are reduced, then R ®j, S is reduced.
(ii) If k is inversive and R and S are o-reduced, then R ®y, S is o-reduced.

(iii) If k is algebraically closed and R and S are well-mized and reduced, then R ®j S is
well-mixed and reduced.

(iv) If k is inversive and algebraically closed and R and S are perfectly o-reduced, then
R ® S is perfectly o-reduced.

Proof. Of course (i) is well-known. See e.g., [Bou90, Theorem 3, Chapter V, §15.5,
A.V.125]. Note that (i) is a special case of (ii) as we may take o as the Frobenius endo-
morphism. For (ii), note that R and S are o-separable over k by Proposition and
therefore R ®j S is o-separable (in particular o-reduced) by Corollary

For (iii), note that the zero ideal of a reduced well-mixed o-ring is the intersection of
prime o-ideals ([Hru04, Lemma 2.10]). If p is a prime o-ideal of R and q a prime o-ideal
of S, then p® S+ R® q is a prime o-ideal of R ®; S since

(RerS)/(p2S+R®q)=R/p®r S/q

and the latter is an integral domain, as the tensor product of integral domains over an
algebraically closed field is again an integral domain ([Bou90, Corollary 3, Chapter V,
§17.5, A.V.143]). We see that the zero ideal of R®j, S is the intersection of prime o-ideals
of the form p ® S + R ® q. This shows that R ®; S is well-mixed and reduced.

To prove (iv) we can proceed as in (iii) by noting that a o-ideal is perfect if and only
if it is the intersection of o-prime ideals and that the tensor product of o-domains over an
inversive algebraically closed o-field is again a o-domain by (ii). O

There are counterexamples which show that the conditions on k£ in Lemma [2.5.5|cannot
be relaxed. For example, take £k = R with o the identity map, R = C with the identity
map and S = C with o complex conjugation. Then R and S are perfectly o-reduced
(hence well-mixed) but R ®j, S is not well-mixed (hence not perfectly o-reduced).

If X and Y are o-varieties, the canonical map (X X Y)per — Xper X Yper need not be
an isomorphism as Xper X Yper need not be perfectly o-reduced.

Corollary 2.5.6. Let X and Y be o-varieties.
(i) If k is perfect, then (X X Y )red =~ Xred X Yied-
(ii) If k is inversive, then (X XY )y red =~ Xo-red X Yo-red-

(iii) If k is algebraically closed, then (X X Y )wm =~ Xwm X Yym-
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(iv) If k is inversive and algebraically closed, then (X X Y )per ~ Xper X Yper-

Proof. Exemplarily, let us proof (iv). In terms of k-o-algebras, we have to show that the
canonical map

R{X}/{0} @x k{Y}/{0} — (R{X} @ k{Y})/{0}
is an isomorphism. As the left hand side is perfectly o-reduced by Lemma [2.5.5] we see
that {0} = {0} @ k{Y'} + k{X} ® {0}. O

Corollary 2.5.7. Let G be a o-algebraic group.
(i) If k is perfect, then Greq is a o-closed subgroup of G.
(ii) If k is inversive, then Gy_req 18 a o-closed subgroup of G.
(iii) If k is algebraically closed, then Gy is a o-closed subgroup of G.
(iv) If k is inversive and algebraically closed, then Gper is a o-closed subgroup of G.

Proof. Again, let us restrict to (iv). The other cases are similar. The multiplication
morphism G x G — G induces a morphism (G X G)per — Gper. But by Corollary
the o-closed o-subvariety (G X G)per of G X G can be identified with Gper X Gper C
G x G. Therefore, the multiplication maps Gper X Gper into Gper. As the inversion
G — G, g g1 also passes to Gper, we see that Gpe is a subgroup of G. O

Example 2.5.8. For all the o-algebraic groups G in Example Glper is the trivial
group.

Example 2.5.9. Let G be a finite group and o: G — G an endomorphism. Let G be
the o-algebraic group associated to this data as in Example 2.1.15] For g € G we have
o"(eg) = 0 if and only if g ¢ 0™(G) and s0 I(Gy-red) = (eg] g & Nneno™(G)) C k{G}. Thus
Go._red corresponds to the subgroup H = N,eno™(G) of G.

The following example shows that G,._,eq need to be a subgroup if k is not inversive.

Example 2.5.10. Let k£ be a o-field of characteristic zero which is not inversive. So there
exists A € k with A ¢ o(k). Let G be the o-closed subgroup of G, given by

G(R) = {g € R| 0°(g) + Ao(g) = 0}

for any k-o-algebra R. We will first show that G has no proper, non-trivial o-closed
subgroup other than the one defined by the equation o(g) = 0. Suppose that H is a
proper, non-trivial o-closed subgroup of G. By Corollary A.3 in [DVHW] every o-closed
subgroup of G, is of the form V(f), where f € k{y} is the unique monic linear homogeneous
difference polynomial of minimal order in I(H) C k{G,} = k{y}. As H is non-trivial and
properly contained in G, f must have order one, i.e., f = o(y) + py for some p € k. But
then o2(h) + o(u)o(h) = 0 and therefore (A — o(u))o(h) = 0 for all h € H(R) for any
k-o-algebra R. Because A ¢ o(k) this shows that o(h) = 0 for all h € H(R). Therefore
f=oy).

Suppose Gy-1eq is a subroup of G. By the above, then either Gy.req = G, Gyored = 1
or Gy_req = H, where H is defined by the equation o(y) = 0.

Because ¢”(y) does not lie in [0%(y) + Ay] for n € N, the cases Gy.req = 1 and
Gy-red = H can be excluded. To arrive at a contradiction, it therefore suffices to find a
non-zero element in the reflexive closure of the zero ideal of k{G?}.
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Assume that A\?> € o(k). (For example, we can choose k = C(\/z,vz +1,...) with
action of o determined by o(z) = z + 1 and A = /z.) We have k{G} = k[y,o(y)] and if

we choose 7 € k such that o(n) = A2, then o(y)? — ny? lies in the reflexive closure of the
zero ideal of k{G}.

The following example shows that the o-closed subgroups constructed in Corollary
are in general not normal.

Example 2.5.11. Let N be the o-closed subgroup of G, given by N(R) = {g € R| o(g) = 0}
for any k-o-algebra R. The g-algebraic group H = G, acts on N by group automorphisms

H(R) x N(R) = N(R), (h,n) — hn.

So we can form the semidirect product G = N x H which is the o-variety N x H with
group multiplication given by

(n1,h1) - (n2, h2) = (n1 + hang, hiha).

Then k{G} = k{N} @ k{H} = k[z] ®% k{y,y ™'} with o(x) = 0. The reflexive closure of
the zero ideal of k{G} is the ideal of k{G} generated by z. Therefore G,.reqa = H < G.
For h € H(R) and n € N(R) we have

(n,1)(0,h)(n, 1)~ = (n — hn, h)

which shows that G,.eq 18 not normal in G.

In Lemma (4.1.22] we will show that o-dim(Gieq), 0-dim(Gy-red), o-dim(Gwm) and
o-dim(Gper) are all equal to o-dim(G). The following example shows that the order of
Gy req might be strictly smaller than the order of G.

Example 2.5.12. Let G be the o-closed subgroup of G, given by
G(R) ={g € R| o"(g9) = 0}

for any k-o-algebra R. Then G has order n and G,.,eq is the trivial group, which has
order 0.



Chapter 3

Morphisms of difference algebraic
groups

In this chapter we study representations and morphisms of difference algebraic groups.
In particular, we establish the existence of the quotient G/N of a o-algebraic group G
modulo a normal o-closed subgroup N of G and we characterize injective and surjective
morphism of difference algebraic groups.

3.1 Representations of difference algebraic groups

In this section we present an application of the first finiteness theorem (Theorem .
We prove the difference analog of a theorem of Chevalley for algebraic groups. Namely, we
show that every o-closed subgroup of a g-algebraic group can be realized as the stabilizer
of a line. We also show that the category of representations of G}, as a difference algebraic
group is semi-simple.

Categories of representations of o-algebraic groups have been studied in [OWD]. There
the authors introduce o-tannakian categories, which provide a purely categorical charac-
terization of those categories, that are the category of representations of a o-algebraic

group.

Definition 3.1.1. Let G be a o-algebraic group. A representation of G is a pair (V,¢)
comprising a finite dimensional k-vector space V' and a morphism ¢: G — GL(V) of
o-algebraic groups. The representation is called faithful if ¢ is a o-closed embedding.

We will often omit ¢ from the notation. A morphism (V,¢) — (V',¢') of representa-

tions of G is a k-linear map f: V — V' that is G-equivariant, i.e.,

R
Veor RIEvie, R

¢(g)i lw(g)
Ve RLE vie, R

commutes for every g € G(R) and any k-o-algebra R.

Lemma 3.1.2. Let G be a o-algebraic group. The category of representations of G is
equivalent to the category of finite dimensional comodules over k{G}.

46



CHAPTER 3. MORPHISMS OF DIFFERENCE ALGEBRAIC GROUPS 47

Proof. This is similar to Section 3.2 in [Wat79]. O

Lemma 3.1.3. Let V be a representation of the o-algebraic group G and W <V a linear
subspace. Then the stabilizer Gy of W, defined by

Gw(R) = {9 € G(R)| g(W @ R) C W ®; R}
for any k-o-algebra R, is a o-closed subgroup of G.

Proof. Let vy,...,v, be a basis of V such that vy, ...,v,, is a basis of W. Moreover, let
p: V — V @ k{G} denote the comodule structure corresponding to the given representa-
tion and write p(v;) = D1 v ® a;j € V @ k{G} for j =1,...,n. So for a k-o-algebra
R and g € G(R) = Hom(k{G}, R) we have g(v; ® 1) = > | v; ® g(ai;) € V ®; R. This
shows the g € Gw (R) if and only if g(a;;) =0for j=1,...,mand i =m+1,...,n. Thus

Gw =V(laij| 1 <j<m, m+1<i<n)]).
d

We know from Theorem [2.1.17] that every o-algebraic group admits a faithful repre-
sentation. The following theorem provides a strengthening of this result:

Theorem 3.1.4. Let G a o-algebraic group and H < G a o-closed subgroup. Then
there exists a faithful representation V. of G and a line L <V (i.e., a one dimensional
k-subspace) such that H is the stabilizer of L, i.e.,

H(R)={g € G(R)| g(L @k R) C L ®, R}
for any k-o-algebra R.

Proof. We will first construct a representation V of G such that H is the stabilizer of a
subspace W of V. By Theorem there exists a finite set F' C I(H) C k{G} such that
I(H) = [F]. By Section 3.3 in [Wat79] there exists a finite dimensional subcomodule V' of
k{G} such that F C V. Let W =V NI(H) < V. If v1,...,v, is a basis of V such that
Ul,...,Unp is a basis of W and A(vj) = 31" v; ® aj € V @, k{G} for j =1,...,n, then

I(Gw) = [aij| 1<j<m, m+1<i<n]

by the proof of Lemma Since I(H) and V are k{H }-comodules also W =I(H)NV
is a k{H }-comodule. So W is stable under H, i.e., H < Gy, or [(Gw) C I(H). We have

n n
’Uj = ZE(’UZ')GU = Z e(vi)aij,
=1 i=m+1

since e(I(H)) = 0. This shows that every f € F' C W lies in
[aij| 1 <7 <m, m+1§i§n]:H(Gw).

Therefore [(H) = [F] C I(Gw) and consequently H = Gy .

The m-th exterior power A™V is naturally a representation of G and L = AW < AV
is one dimensional. Moreover G, = Gy. (See Section A.2 in [Wat79].) In case A™V is
not faithful, we can replace it by AV @ V', where V' is a faithful representation of G. [
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An algebraic group G over a field of characteristic zero is reductive if and only if it is
linearly reductive, i.e., every representation of G is a direct sum of irreducible representa-
tions. In differential algebra, the only linearly reductive linear differential algebraic groups
are those which are the constant points of a reductive algebraic group ([MO11, Theorem
3.14]). In particular, the linear differential algebraic group G,, is not linearly reductive.
Indeed, the representation

. g9 0(g)
Gm GL2: g— <0 g >

is not semi-simple. For difference algebraic groups the situation is fundamentally different.
We show here that tori are linearly reductive difference algebraic goups and leave the
characterization of the linearly reductive difference algebraic groups for the future.

Theorem 3.1.5. Ewvery representation of the difference algebraic group G = G}}, is a
direct sum of one-dimensional representations.

Proof. Let us denote by X the set of all elements of k{G} = k{yi, yl_l, ce oy Yns Yy 1} which
are products of elements of the form ¢®(y;)® where « € N, 3 € Z and 1 < i < n. Then
X is a k-basis of k{G} and every element x € X is group-like, i.e., A(y) = x ® x and
e(x) = 1 where A: k{G} — k{G} ®i k{G} is the comultiplication and e: k{G} — k the
counit.

Let V be a representation of G, p: V — V ®; k{G} the corresponding comodule and
v € V. Then we can write

p(v) = Zax®x, ay €V.
x€X

Applying the comodule identities (idy ®A) o p = (p @ idyigy) o p and (idy ®e) o p = idy
(see [Wat79, Section 3.2]) to v, we find that

Y ay@x@x=)» play) @y, and (3.1)
xXE€X XEX
v= Z Qy. (3.2)
x€X

Identity (3.1 implies that p(ay) = ay ® x. So g(ay, ® 1) = a, ® g(x) for g € G(R) =
Hom(k{G}, R) and R a k-o-algebra. Thus ka, is a subrepresentation of V' and it follows
from (3.2) that V' is spanned by all the one-dimensional subrepresentations arising in this
way. ]

3.2 Quotients

The first goal in this section is to establish the existence of the quotient G/N, where N
is a normal o-closed subgroup of a o-algebraic group G. We do not address the (highly
non-trivial) question of the existence of the quotient G/H where H is an arbitrary o-closed
subgroup. As for (affine) algebraic groups, the quotient G/H will in general not be affine
(but rather quasi-projective). For algebraic groups, the analog of Theorem is a
crucial ingredient for constructing the quotient as a quasi-projective variety. Therefore
Theorem already gives some indication that “G/H is a quasi-projective o-variety”.
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But to even make sense of this statement, one would need to introduce a substantially
heavier foundation of difference algebraic geometry than we have done in Section [I.2]
where we only deal with the affine setting.

We also show how to compute o-dim(G/N), ord(G/N) and 1d(G/N) from the corre-
sponding values for G and N.

Let G be a o-algebraic group. Recall that a o-closed subgroup N < G is called normal
if N(R) is a normal subgroup of G(R) for any k-o-algebra R. We write N < G to express
that N is a normal o-closed subgroup of G.

If ¢: G — H is a morphism of o-algebraic groups, we define the kernel of ¢

ker(9)

to be the subfunctor of G given by R ~~ ker(¢r)). Then ker(¢) is a normal o-closed
subgroup of G. Indeed ker(¢) = ¢~ 1(1), where 1 < H is the trivial o-closed subgroup of
H defined by the kernel my of the counit k{H} — k. Explicitly we have

[(ker(¢)) = (¢*(mm)) C K{G}.

Definition 3.2.1. Let G be a o-algebraic group and N < G a normal o-closed subgroup.
A morphism of o-algebraic groups m: G — G /N such that N C ker(m) is called a quotient
of G mod N if it universal among such maps, i.e., for every morphism of o-algebraic
groups ¢: G — H with N C ker(¢) there exists a unique morphism of o-algebraic groups
¢': G/N — H such that

commautes.

Of course, if a quotient of G mod N exists, it is unique up to a unique isomorphism.
We will therefore usually speak of the quotient of G mod N.

For affine group schemes over a field (not necessarily of finite type), the fundamental
theorem on quotients can be formulated in a purely Hopf algebraic manner ([Tak72]).
Recall that a Hopf ideal a in a Hopf algebra A over k is called normal if, using Sweedler
notation,

Zf(l)s(f(3)) ® fo) € A®ka

for any f € a, where S is the antipode of A. Normal Hopf ideals in A correspond to
normal closed subgroup schemes ([Tak72, Lemma 5.1]). Similarly, if G is a o-algebraic
group, then normal o-Hopf ideals in k{G} correspond to normal o-closed subgroups of
G (Cf. Lemma ) Recall that for a Hopf algebra A over k the kernel of the counit
g: A — k is denoted by my4.

Theorem 3.2.2 (M. Takeuchi). Let A be a Hopf algebra over k and a C A a Hopf ideal.
Then A(a) ={f € A| A(f) — f®1 € A® a} is a Hopf subalgebra of A with (m(q)) = a.
Indeed A(a) is the unique Hopf subalgebra with this property and the largest Hopf subalgebra
with the property that (m4(q)) C a.

Proof. By [Tak72l, Lemma 4.4] A(a) is a Hopf subalgebra. By [Tak72, Lemma 4.7] it is
the largest Hopf subalgebra with (m4()) C a. Finally, by [Tak72, Theorem 4.3] it is the
unique Hopf subalgebra with (m4(q)) = a. O
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The existence of the quotient of G mod N can be reduced to Theorem A
similar approach was taken in [DVHWI14l Section A.9]. While the result in [DVHW14]
is formulated in a slightly more general setup (there the k-o-Hopf algebras need not be
finitely o-generated over k) the result we prove here is stronger. Indeed, with the aid
of the second finiteness theorem (Theorem we show that G/N is o-algebraic, i.e.,
k{G/N} is finitely o-generated over k. This question remained open in [DVHW14].

Theorem 3.2.3. Let G be a o-algebraic group and N I G a o-closed subgroup. Then the
quotient of G mod N exists. Moreover, a morphism of o-algebraic groups m: G — G/N s
the quotient of G mod N if and only if ker(m) = N and 7*: k{G/N} — k{G} is injective.

Proof. By Theorem
F{GHI(N)) = {f € H{G} A(f) — f®@1 € H{G} @ I(N)}

is a Hopf subalgebra of k{G}. Clearly it is also a k-o-Hopf subalgebra. From Theo-
rem we know that k{G}(I(N)) is finitely o-generated over k. So we can define
G/N as the o-algebraic group represented by k{G}(I(N)), i.e., kK{G/N} = k{G}{I(N)).
Let m: G — G/N be the morphism of o-algebraic groups corresponding to the inclusion
kE{G/N} C k{G} of k-o-Hopf algebras.

Let ¢: G — H be a morphism of o-algebraic groups such that N C ker(¢). Asker(¢) =
V(¢*(mg)), the Hopf algebraic meaning of N C ker(¢) is ¢*(mg) C I(N). To show that
7 has the required universal property, it suffices to show that ¢*(k{H}) C k{G/N}. We
know from Theorem that k{G/N} is the largest Hopf subalgebra of k{G} such that
Mi(q/N} C ]I(N) As My« (L{H}) = d)*(mH) C ]I(N) we find gf)*(k}{H}) - k{G/N}

Clearly 7* is injective. Moreover, ker(m) = V(7*(mg/y)) = V(I(N)) = N by Theo-
rem I5.2.2

If 7: G — G/N is a morphism of o-algebraic groups such that N = ker(w) and
7 k{G/N} — k{G} is injective, then 7*(k{G/N}) is a Hopf subalgebra of k{G} such
that (m «(x(a/ny)) = LI(V). Therefore 7*(k{G/N}) = k{G}(I(N)) by Theorem O

Corollary 3.2.4. Let ¢: G — H be a morphism of o-algebraic groups. Then the induced
morphism G/ ker(¢) — H is a o-closed embedding.

Proof. The Hopf subalgebra ¢*(k{H }) C k{G} satisfies (my 1)) = (¢"(mp)) = I(ker(¢)).

Therefore ¢p*(k{H}) = k{G}(I(ker(¢))) = k{G/ker(¢)} by Theorem Consequently
E{H} — k{G/ker(¢)} is surjective and G/ ker(¢) — H is a o-closed embedding by Lemma

27 O
Example 3.2.5. Let G be the o-closed subgroup of G,, given by
G(R) ={g € R*| 0(9)* =1} < G(R)
and let N be the normal o-closed subgroup of G given by
N(R)={g € R"| o(g) =1}

for any k-o-algebra R. We would like to determine the quotient G/N. Let H be the
o-algebraic group given by H(R) = {g € R*| g> = 1} and let ¢: G — H be the morphism
given by

¢r: G(R) — H(R), g — o(g).
Then ¢ has kernel N and the dual map ¢*: k{H} — k{G} is injective. Thus it follows
from Theorem that ¢ is the quotient of G mod N, i.e., G/N = H.
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Example 3.2.6. Let N be the o-closed subgroup of the additive group G = G, defined
by a linear difference equation ¢"(y) + Ap_16" "1 (y) + - -- + Aoy = 0. The morphism

¢: Gy — Gg, g—0"(g9) + )\n_lgn_l(g) + -+ Xog

has kernel N and the dual map ¢*: k{y} — k{y}, y— o"(y) + )\nflo'n_l(y) + - 4 Aoy
is injective. Therefore, ¢ is the quotient of G mod N, i.e., G/N = G,.

As one may expect, the formation of quotients is compatibel with base extension:

Lemma 3.2.7. Let N I G be o-algebraic groups and K a o-field extension of k. Then
(G/N)k = Gk [Nk.

Proof. 1t is clear from Theorem that the kernel of the morphism Gx — (G/N)k
obtained from G — G/N by base extension is Nx. So by Theorem again, it suffices
to note that the dual map k{G/N} ®; K — k{G} ®j K is injective. O

Let ¢: R — S be a morphism of k-c-algebras. We say that v is faithfully flat if the
underlying morphism ¢*: R — S* of k-algebras is faithfully flat. In this case, we also say
that S is a faithfully flat R-o-algebra.

Let R be a k-o-algebra and m: G — G/N a quotient. As for algebraic groups, the
map Tr: G(R) — (G/N)(R) need not be surjective in general. (See Example[3.3.8]) This,
at least initially, makes it difficult to transfer constructions familiar from the theory of
abstract groups that refer to group elements to o-algebraic groups. The following lemma
is a very useful substitute for the missing surjectivity of mr. See Chapter [5] in particular
Theorem [5.1.12 on how this lemma is used.

Lemma 3.2.8. Let G be a o-algebraic group and N < G a o-closed subgroup. Let R be
a k-o-algebra and g € (G/N)(R). Then there exists a faithfully flat morphism R — S
of k-o-algebras and g € G(S) such that G(S) — (G/N)(S) maps g to the image of G in
(G/N)(S).

Proof. We may use g € (G/N)(R) = Hom(k{G/N},R) to form S = k{G} Qic/n}
R. Since k{G} is faithfully flat over k{G/N} (See [Wat79, Chapter 14].), it follows
that R — S, r— 1 ®@r is faithfully flat ([Wat79, Section 13.3, p. 105]). Let us set
g: k{G} — S, f— f®1. Then the maps k{G/N} L R — S and k{G/N} — k{G} L S
are equal. So g € G(S) has the required property. dJ

Now that we have established the existence of the quotient G/N we can start to study
its properties. To see how the numerical invariants o-dimension, order and limit degree
behave with respect to quotients, we first need to understand how quotients intertwine
with Zariski closures.

Lemma 3.2.9. Let G be an algebraic group and let N < G < G be o-closed subgroups. For
i > 0 let G[i] and NJi] denote the i-th order Zariski closure of G and N in G respectively.
Then N is normal in G if and only if N[i] is normal in G[i] for every i > 0.

Proof. As k{G} = U;>0k[G]i]] is the union of the Hopf subalgebras k[G]i]], we see that
I(N) is a normal Hopf ideal of k{G?} if and only if I(N) N k[G[i]] is a normal Hopf ideal of
k[G[i]] for every i > 0. O
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Proposition 3.2.10. Let G be an algebraic group and N IG < G. Fori > 0 let G[i] and
N{i] denote the i-th order Zariski closure of G and N in G respectively. Then there ezists
an integer m > 0 such that G/N is a o-closed subgroup of G[m]/N[m| and for i > 0 the
i-th order Zariski closure of G/N in G|m]/N[m] is the quotient of G[i+m] mod N[i+m],
ie.,

(G/N)[i] = G[m +i]/N[m +1].
Proof. By Theorems and we have
HG/NY ={f e H{G} A(f) — fo1 e {G} @ I(N)}
= |J{f e kGl A(f) - f @ 1 € K[GlH]] o LN[i])}

>0

= |J kIGLil/NT].

i>0
Moreover,
k[G[i]/N[i]] C k[G]i + 1)/N[i 4+ 1]] and o(k[G[i]/N[i]]) C k[G[i + 1]/N[i + 1]].

By Corollary[2.3.2] there exists an integer m > 0 such that I(N[j+1]) = (I(N[j]), o (I(N[4]))),
i.e., N[j+1] = (N[j] x 7G) N (G x °NIj])) for j > m. We claim that

k [k[Glm]/N[m]],...,o' (k[G[m]/N[m]]))] = k[G[m +i]/N[m +i]] fori>0. (3.3)
The inclusion “C” is obvious. To prove the inclusion “>” it suffices to show that
¥;: k[G]/N5]] @k CKIG]/N[5]) — KIG[ + 1/N[j +1]], /L@ (A® f2) = fido(f2)

is surjective for j > m. With 741 and 041 as in the morphisms

Glj + 1] = Glj] — GIjl/N{j] and G[j + 1] 7 *(Glj]) — “(GLj]/NI)
combine to a morphism

Glj +1] = (G]/Nj]) x AGL]/Nj])
of algebraic groups with kernel (N[j] x ©’G) N (G x °(N[j])) = N[j + 1]. Therefore
G[j +1/N[j +1] — (G[j]/N[j]) x (G[5]/N[j])

is a closed embedding and so the dual map is surjective, but the dual map is precisely
;. We have thus proved (3.3). It follows from that k{G[m]/N[m|} — k{G/N} is
surjective, i.e., G/N is a o-closed subgroup of G[m|/N[m]. As the ring to the left hand
side of is the coordinate ring of the i-th order Zariski closure of G/N in G[m]/N[m],

we obtain the required equality of the Zariski closures. O

The following example shows that in general one cannot take m = 0 in Proposition

B.2.10

Example 3.2.11. Let G = G = G, and N < G the o-closed subgroup given by N(R) =
{9 € R| o(g) = 0} for any k-o-algebra R. Then N[0] = G[0] = G, and G[0]/N][0] is the
trivial group. Therefore G/N cannot be a o-closed subgroup of G[0]/N]0].
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Corollary 3.2.12. Let G be a o-algebraic group and N <G a normal o-closed subgroup.
Then
o-dim(G) = o-dim(N) + o-dim(G/N) (3.4)

and
ord(G) = ord(N) + ord(G/N). (3.5)

Proof. We may assume that G is a o-closed subgroup of some algebraic group G (Theo-
rem 2.1.17). For i > 0 let G[i] and N[i] denote the i-th order Zariski closure of G and
N in G respectively. By Theorem there exist eg,eny > 0 such that dim(G[i]) =
o-dim(G)(i + 1) + e¢ and dim(N[i]) = o-dim(N)(i + 1) + ex for i > 0. Let m > 0
be as in Proposition and for ¢ > 0 let (G/N)[i] denote the i-th order Zariski
closure of G/N in G[m|/N[m]. By Theorem there exist eq,y > 0 such that
dim((G/N)[i]) = o-dim(G/N)(i + 1) + eq/n. For i >0

o-dim(G/N)(i + 1) + eq/n = dim((G/N)[i]) = dim(G[m + i]/N[m + i]) =
= dim(G[m +i]) — dim(N[m +1]) =
=o-dim(G)(m+i+1)+eg —o-dim(N)(m+i+1) —eny =
= (o-dim(G) — o-dim(N))(i + 1) 4+ (o- dim(G) — o-dim(N))m + e — en.

This proves (8.4). As ord(G) < oo if and only if o-dim(G) = 0, it follows from
that is valid if o-dim(G) > 0. We can therefore assume that o-dim(G) = 0, and
consequently o-dim(N) = o-dim(G/N) = 0 as well. But then ord(G/N) = eg/ny =
eqg —en = ord(G) — ord(N). O

Next we will show how to compute 1d(G/N) from 1d(N) and 1d(G). For clarity of the
exposition, we single out a simple lemma on algebraic groups.

Lemma 3.2.13. Let N1 <G and N2 <Gs be algebraic groups and ¢: Go — G a surjective
morphism of algebraic groups with kernel G. Assume that the restriction of ¢ to Na

has kernel N and maps Ny surjectively onto Ni. Then the kernel of the induced map
Go/Ny — G1/Ny is isomorphic to G/N .

Proof. Since ¢ is surjective we may identify G; with G2/G. Note that the (Noether)
isomorphism theorems also hold for algebraic groups. (See e.g., [Mill2| Chapter IX]). We
have N7 = NQ/N = Ng/g N Ny = Ngg/g and so Gl/Nl = (GQ/Q)/(NQQ/Q) = GQ/NQQ.
This shows that the kernel of Go/Ny — G1/N1 = G2/N2G equals NoG /Ny = G/NoNG =
G/N. O

Corollary 3.2.14. Let G be a o-algebraic group and N <G a normal o-closed subgroup.
Then
1d(G) =1d(G/N) - 1d(N).

Proof. By Remark and Corollary [3.2.12] the claim is valid if o-dim(G) > 0. So we
may assume that o-dim(G) = 0 and therefore 1d(G), 1d(G/N) and 1d(N) are all finite.
Let m > 0 be as in Proposition [3.2.10} For ¢ > 1 we have commutative diagrams

Ux

(G/N)[i] (G/N)[i = 1]

: -

Glm + 4] /N[m + i) —2 Glm + i — 1)/N[m +i — 1]
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where ¢; is induced from the projection G[m + i] - G[m + ¢ — 1]. For i > 0 we have
1d(G/N) = | ker(m;)| = | ker(¢;)|. Let Gpei and Nypi; be the kernel of

Gm+i »Gm+i—1] and N[m+i - N[im-+i—1]
respectively. It follows from Lemma [3.2.13| that ker(¢;) = Gpti/Nm+ti- Therefore

(G/N) = |Gmvi/Nmtil = |Gmvil /| Nomri| = 1d(G) /1A(N).

3.3 Injective and surjective morphisms

In this section we characterize the analogs of injective and surjective morphisms in the
category of groups. Analogous results for algebraic groups are in [Mill2] Chapter VII].

Theorem 3.3.1. Let ¢: G — H be a morphism of o-algebraic groups. Then the following
statements are equivalent:

(i
(ii

) The kernel of ¢ is trivial.
)

(iii) The morphism ¢: G — H is a o-closed embedding.
)
)

The map ¢r: G(R) — H(R) is injective for every k-o-algebra R.

(iv) The dual map ¢*: k{H} — k{G} is surjective.

(v) The morphism ¢: G — H is a monomorphism in the category of o-algebraic groups,
i.e., for every pair ¢1,¢o: H — G of morphisms of o-algebraic groups with ¢ =

Pp2 we have g1 = ¢3.

Proof. Clearly (i)<(ii), (iii)=(ii) and (ii)=(v). Moreover, (iii) and (iv) are equivalent by
Lemma So it suffices to show that (v) implies (iv). Define H' = G xg G by

(G xg G)(R) ={(g1,92) € G(R) x G(R)| #(g1) = #(g2)}

for any k-o-algebra R. This is a o-closed subgroup of G x G. Indeed, G x g G is represented
by k{G} ®@iimy k{G}. Let ¢1 and ¢2 denote the projections onto the first and second
coordinate respectively. We have ¢¢1 = ¢¢o and so by (iv) we must have ¢1 = ¢3. This
implies that the maps f +— f® 1 and f +— 1® f from k{G} — k{G} @y k{G} are
equal. As ¢*(k{H}) is a Hopf subalgebra of k{G} we know that k{G} is faithfully flat
over ¢*(k{H}) ([Wat79, Chapter 14]). Therefore f ® 1 = 1® f in k{G} @ my K{G} =
k{G} @4+ (kimy) F{G} if and only if f € ¢*(k{H}) by [Wat79, Section 13.1, p. 104].
Summarily, we find that ¢*: k{H} — k{G} is surjective. O

Definition 3.3.2. A morphism of o-algebraic groups satisfying the equivalent properties
of Theorem|[3.5.1) is called injective.

Example 3.3.3. The morphism ¢: G,, — G, given by ¢r(g) = o(g) for any k-o-algebra
R and g € R* is not injective. Even though ¢p is injective for every o-field extension R
of k.
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Example 3.3.4. The morphism ¢: G,, — G2, given by

Or: Gum(R) — G, (R), g~ (90(9),0(9))
is injective.

To address the analog of surjective morphisms of abstract groups, recall that in Lemma
we defined ¢(X) for a morphism ¢: X — Y of o-varieties.

Lemma 3.3.5. Let ¢: G — H be a morphism of o-algebraic groups and G1 a o-closed
subgroup of G. Then ¢(G1) is a o-closed subgroup of H.

Proof. We may assume that G; = G. It follows from the proof of Lemma that
#(G) = V(a), where a is the kernel of ¢*: k{H} — k{G}. Since ¢* is a morphism of
k-o-Hopf algebras, a is a o-Hopf ideal. So ¢(G) is a o-closed subgroup of H. O

Theorem 3.3.6. Let ¢: G — H be a morphism of o-algebraic groups. The following
statements are equivalent:

(i) ¢(G) = H.

(ii) The morphism ¢ is a quotient, i.e., there exists a normal o-closed subgroup N of G
such ¢ is the quotient of G mod N.

(iii) The dual map ¢*: k{H} — k{G} is injective.

(iv) For every k-o-algebra R and every h € H(R), there exists a faithfully flat R-o-algebra
S and g € G(S) such that the image of h in H(S) equals ¢(g).

Proof. We know from Lemma that ¢(G) is the o-closed o-subvariety of H defined
by ker(¢*). Therefore (i) and (iii) are equivalent. It is clear from Theorem that (iii)
and (ii) are equivalent. Moreover (ii) implies (iv) by Lemma(3.2.8] It thus suffices to show
that (iv) implies (iii). Take R = k{H} and h = idy;yy € H(R) = Hom(k{H},k{H}).
By (iv) there exists a faithfully flat morphism v¢: k{H} — S of k-c-algebras and an
element g € G(S) = Hom(k{G},S) such that the image of h in H(S) = Hom(k{H}, S)
equals ¢(g) = go*. This means that ¢ = g¢*. As any faithfully flat morphism of rings is
injective, 9 is injective. Therefore ¢* is injective as well. O

Definition 3.3.7. A morphism of o-algebraic groups satisfying the equivalent properties
of Theorem[3.3.6] is called surjective.

We write ¢: G — H to express that ¢ is surjective.

Example 3.3.8. The morphism ¢: G,, — G, given by ¢r(g) = o(g) for any k-o-algebra
R and g € R* is surjective since the dual map ¢*: k{y,y~ '} — k{y,y~ '}, y — o(y) is
injective. Note that ¢r need not be surjective.

Example 3.3.9. The endomorphism of G, defined by a linear difference equation is
surjective because the dual map is injective. See Example [3.2.6

Corollary 3.3.10. A morphism of o-algebraic groups that is injective and surjective is
an isomorphism.

Proof. By Theorems |3.3.1 and [3.3.6] an injective and surjective morphism of o-algebraic
groups induces a surjective and injective morphism on the o-coordinate rings. ]
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Corollary 3.3.11. Every morphism of o-algebraic groups factors uniquely as a surjective
morphism followed by an injective morphism.

Proof. Let ¢: G — H be a morphism of o-algebraic groups. The uniqueness means that
if G » H — H and G - Hy — H are two factorizations of ¢, then there exists an
isomorphism H; — Hs of g-algebraic groups making

G*»Hl(—>H

»

G—>>H2C—>H

commutative. By Theorem the k-o-Hopf subalgebra ¢*(k{H}) of k{G} is finitely
o-generated over k. So we can define H; as the o-algebraic group represented by ¢*(k{H}).
The claim of the corollary follows immediately by dualizing. O

Note that H; has two interpretations, either as ¢(G) or as G/ker(¢). See Theo-
rem B.2.71

Example 3.3.12. Let ¢: G, — G2 be the morphism given by

or: Ga(R) — GZ(R), g+ (0(9),0°(9))

for any k-o-algebra R. Let us determine the factorisation of ¢ according to Corol-
lary [3.3.11 Let H be the o-closed subgroup of G2 given by

H(R) ={(g1,92) € R*| 0(g1) = g2}

for any k-o-algebra R. Then H is isomorphic to G, (via (g1, g92) — ¢1) and ¢ maps into
H. The dual map of ¢: G, — H ~ G, is given by k{y} — k{y}, y — o(y), which is
injective. So ¢: G, — H is surjective and ¢: G, — H < G2 is the required factorisation

of ¢.

As we will see in the sequel, point (iv) of Theorem is very helpful to reduce
certain questions to computations with group elements. Let X be a o-variety. If R — S
is an injective morphism of k-o-algebras (e.g., S is a faithfully flat R-o-algebra), then

X(R) =Hom(k{X}, R) —» Hom(k{X},S) = X(5)

is injective. To simplify the notation, we will, in the sequel, often identify X (R) with its
image in X (.9).

Lemma 3.3.13. Let Y be a o-closed o-subvariety of a o-variety X and R — S an injective
morphism of k-o-algebras (e.g., R — S is faithfully flat). Then

Y(R) = X(R)NY(S),

where, using the above described identification, the intersection is understood to take place
in X(S).
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Proof. The inclusion “C” is obvious. To prove “D” it suffices to note that for a morphism
E{X} — S with factorizations k{X} — k{Y} — S and k{X} — R — S, one has an
arrow k{Y'} — R such that

k{Y'}

RN

E{X} S

N

R
commutes. O]

Lemma 3.3.14. Let ¢: G — H be a morphism of o-algebraic groups and G1 < G a
o-closed subgroup. Let R be a k-o-algebra. Then ¢(G1)(R) equals the set of all h € H(R)
such that there exists a faithfully flat R-o-algebra S and g1 € G1(S) with ¢(g1) = h.

Proof. The induced morphism G — ¢(G1) is surjective. So it follows from Theoremm
(iv) that for h € ¢(G1)(R) there exists a faithfully flat R-o-algebra S and g; € G1(5) with
¢(g1) = h.

Conversely, if h = ¢(g1), then h € ¢(G1(S)) C ¢(G1)(S) and we can deduce from
¢(G1)(S) N H(R) = ¢(G1)(R) (Lemma [3.3.13) that h € ¢(G1)(R). 0

Lemma 3.3.15. Let ¢: G — H be a surjective morphism of o-algebraic groups. If N is
a normal o-closed subgroup of G, then ¢(N) is a normal o-closed subgroup of H.

Proof. Let R be a k-o-algebra, h € ¢(N)(R) and hy € H(R). We have to show that
hihhi' € ¢(N)(R). By Theorem there exists a faithfully flat R-o-algebra S and
g € N(S) with ¢(g) = h. Similarly, there exists a faithfully flat R-o-algebra S; and
g1 € G(S1) with ¢(g1) = hy. Then S’ = S ®p S is a faithfully flat R-o-algebra ([Wat79,
Section 13.3, p. 106]) and we can consider G(S) and G(S7) as subgroups of G(S’). Since
N(S') S G(S") we see that g1gg; b € N(S'). Therefore

#9199 ) = hikhi!' € $(N(5)) C $(N)(S).
As ¢(N)(S')NH(R) = ¢(N)(R) by Lemmal3.3.13] this shows that hihhy' € ¢(N)(R). O

We finish this chapter with a short digression on semidirect products. Let H and N
be o-algebraic groups such that H acts on N via group automorphisms, i.e., we are given
a morphism of functors H x N — N such that H(R) x N(R) — N(R), (h,n) — h(n) is a
group action of H(R) on N(R) with the property that every h € H(R) is acting on N(R)
as a group automorphism for any k-o-algebra R.

Then we can form the semidirect product

N x H

of N and H. It is the o-algebraic group with underlying o-variety N x H but with group
multiplication given by

(nl, hl) . (ng,hg) = (nlhl(ng),hlhz).
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Example 3.3.16. The o-algebraic group H = G, acts on the o-algebraic group G, via
group automorphisms by

Gm x Gq — Gq, (h,n) — ho(h)n.

The associated semidirect product G = N x H is the o-algebraic group from Exam-

ple|2.1.13
See Example [2.5.11] for another example. A sequence of morphisms of g-algebraic

groups 1 - N 5 G LN H — 1 is called ezact if « is injective, § is surjective and

a(N) = ker(3).

Lemma 3.3.17. Let1 - N 5 G A, H — 1 be an exact sequence of o-algebraic groups.
If there exists a o-closed subgroup H' of G such that 3 induces an isomorphism H' — H,
then G is isomorphic to the semidirect product of N and H.

Proof. We identify N with a o-closed subgroup of G. Because N = ker(3) we see that
N is normal in G. Therefore H' acts on N via conjugation. It suffices to show that the
multiplication map

¢r: N(R) x H(R) — G(R), (n,h)— nh

is an isomorphism for any k-c-algebra R. A straight forward (and well-known) computa-
tion shows that ¢p is a morphism of groups. Since (3 is an isomorphism on H’ it is clear
that N(R) N H'(R) = 1. Therefore ¢p is injective. For g € G(R) let h € H'(R) be the
unique element such that B(h) = B(g). Then n = gh~! € ker(3)(R) = N(R) and g = nh.
Thus ¢g is surjective. O



Chapter 4

Components

For a difference algebraic group G there are at least three possible analogs of the identity
component of an algebraic group. There is the identity component G° with respect to
the usual (Zariski) topology, there is the o-identity component G?°, i.e., the identity
component with respect to a topology that also takes into account the action of o and
there is the strong identity component GG*°, which is the smallest o-closed subgroup of G
of the same o-dimension as G. In this chapter we introduce G° and G?° via a study of
the associated quotient groups mo(G) = G/G° and n§(G) = G/G?°.

4.1 Connected components

In [Hru04, Section 4.6] E. Hrushovski raised the question whether or not it is possible to
strengthen the classical Ritt-Raudenbusch basis theorem ([Lev08, Theorem 2.5.11]). For
clarity, let us state the question as a conjecture:

Conjecture 1. Let k be a o-field and R a finitely o-generated k-o-algebra. Then every
ascending chain of radical, mized o-ideals in R is finite.

Recall that a o-ideal a is called mixed, if ab € a implies ac(b) € a. E. Hrushovski
proved Conjecture [I| under certain additional assumptions on R. (See [Hru04, Lemma
4.35].) In [Lev] A. Levin showed that the conjecture fails if the assumption that the
o-ideals are radical is dropped.

A prime o-ideal p of a o-ring R is called minimal if for every prime o-ideal q of R
with g C p we have g = p. Using [Hru04, Lemma 4.34] one can show that Conjecture [1] is
equivalent to the following:

Conjecture 2. Let k be a o-field and R a finitely o-generated k-c-algebra. Then the set
of minimal prime o-ideals of R is finite.

One of the main results of this section is a special case of the above conjecture:

Theorem 4.1.1. Conjecture [§ holds under the additional assumption that R can be
equipped with the structure of a k-o-Hopf algebra.

The proof of Theorem is given at the end of this section (after Theorem [4.1.24]).
More generally, in this section we study the components of a g-algebraic group. The matter
is complicated by the fact that, contrary to the case of algebraic groups or differential

99
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algebraic groups, a g-algebraic group may have infinitely many components. However, as
indicated in Theorem [£.1.1] a o-algebraic group has only finitely many “o-components”.

To be able to speak meaningfully of topological notions, such as connected components,
we first need to clarify what is the topological space associated to a o-algebraic group.
By the underlying topological space of a o-algebraic group G we mean the underlying
topological space of the scheme G?. In other words, the underlying topological space of G
is Spec(k{G}). The reader might wonder if not some difference analog of Spec(—) would
provide a more adequate notion. For example (cf. [Hru04] and Subsection, one could
consider the space of all o-prime o-ideals of k{G} instead of the space of all prime ideals
of k{G}. (Recall that a prime o-ideal p is called o-prime if o~!(p) = p.) However, there
often are not “enough” o-prime o-ideals. In general, a o-ring need not contain a o-prime
o-ideal. This pathology does not occur for g-algebraic groups, since m¢, the kernel of the
counit £: k{G} — k, is a o-prime o-ideal. But it may happen that m¢ is the only o-prime
o-ideal of k{G}, even if G is quite far from being the trivial group:

Example 4.1.2. For all the g-algebraic groups in the following list, the o-ideal m¢ is the
only o-prime o-ideal of k{G}. (Equivalently, G(K) = 1 for every o-field extension K of

k. Cf. Remark [2.5.3))
* G(R) ={g € GLn(R)| 0(gij) = i} < GLn(R)
e G(R) = {g € R| 0"(g) = 0} < Ga(R) for some n > 1.
G(R) = {g € R| g" =1, o(g) = 1} < Gp(R) for some n > 1.

e G(R)={g9€ R| ¢®=1, o(9) = g} < G,(R), where k contains two non-trivial third
roots of unity which are permuted by o: k — k.

e G(R) ={g € R*| ¢*» =1} < G,,(R) where k has characteristic p > 0.
e G(R)={ge€ RX| ¢ =1, 0%*(g9) = ¢®} < G,,(R) where k has characteristic p > 0.

e Let G be a finite group and o: G — G a group endomorphism with only one fixed
point (for example, o(g) = 1 for g € G). Let G be the corresponding o-algebraic
group constructed in Example [2.1.15)

As usual, by an #rreducible component of a topological space we mean a maximal
irreducible subset. By a connected component of a topological space we mean a maximal
connected subset. An irreducible (or connected) component is automatically closed. Every
topological space is the disjoint union of its connected components.

By a connected (or irreducible) component of a o-algebraic group G we mean a con-
nected (or irreducible) component of the underlying topological space of G. If R is a ring
and a C R, let us denote by V(a) the closed subset of Spec(R) defined by a.

Lemma 4.1.3. Let G be a o-algebraic group. The connected components and the irre-
ducible components of G coincide. Moreover, if p is a prime ideal of k{G}, then the
connected component of G containing p equals V(a), where a is the ideal of k{G} gener-
ated by all idempotent elements of k{G} contained in p.

Proof. Let us fix a o-closed embedding G — G of G into some algebraic group G and for
i > 0 let G[i] denote the i-th order Zariski-closure of G in G. Let C' C Spec(k{G}) denote
a connected component of G. Then C' = V(a) for a unique ideal a of k{G} generated by
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idempotent elements. (See [Stald, Tag 00EB].) For every i > 0, the closure of the image
of C under the projection Gf — G[i] is connected and equal to V(a N k[G[i]]) € G[i]. So
V(ank[G[i]]) C G]i] is contained in a connected component of G[i]. Assume that G[i| has
n; connected components. Then

KIGl) = e k[GU]] @ - - © ein, k]G]

for some primitive idempotent elements e; 1, ..., e, € k[G[i]] and V(a N E[G[i]]) C V(b;)
where b; = (€j1,...€ij,—1,€iji+1,---,€in;) C k[G[i]] for aunique j; € {1,...,n;}. We have
bit1Nk[G[i]] = b; fori > 0 and b := U;>0b; is an ideal of k{G}. From V(ank[G[i]]) C V(b;)
it follows that b; is contained in the radical of a N k[G[i]]. Since the e;;’s are idempotent
this shows that b; C a. So b C a.

Since k{G}/b may be interpreted as the directed union of the algebras k[G[i]]/b; ~
ei j,k[G[i]] which have a prime nilradical, it is clear that V(b) is irreducible (and a fortiori
connected). As C' = V(a) C V(b) it follows from the maximality of C' that V(a) = V(b).
By the uniqueness of a we have a = b.

We have thus shown that every connected component of G is irreducible. So the
connected and the irreducible components of G coincide.

The claimed form of the connected component of a prime ideal of k{G} follows from
the above arguments. O

Since the connected components and the irreducible components of a o-algebraic group
coincide, we will speak simply of the components of a o-algebraic group in the sequel. The
components of a o-algebraic group G are in bijection with the minimal prime ideals of
k{G}. The following simple example shows that a o-algebraic group can have infinitely
many components and that the components need not be open.

Example 4.1.4. Let G < G, be the g-algebraic group given by
G(R) = {g € R*| g* = 1} < Gu(R)
for any k-o-algebra R. We have

G} =k{y}/ > =1 =kly.o(),.. ]/(* = Loy —1,...).

Let us assume that the characteristic of & is not equal to 2. Then the prime ideals of k{G}
are in bijection with the set of all sequences (a;);cn such that a; € {1,—1}. Every prime
ideal of k{G} is its own component. In particular, G has infinitely many components.
The open subsets of Spec(k{G}) are all infinite, thus the components are not open.

Allowing ourselves a little abuse of notation we denote the canonical map
Spec(k{G}) — Spec(k{G}), p— o~ ()
also by o.

Definition 4.1.5. A component C' of a o-algebraic group is called a o-component if
o(C)cC.

Example 4.1.6. The o-algebraic group from Example[d.1.4has two o-components, namely
the prime ideals corresponding to the sequences (1,1,...) and (—1,—1,...).
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Lemma 4.1.7. Let G be a o-algebraic group and C C Spec(k{G}) a component of G.
Let p C k{G} be the minimal prime ideal and a C k{G} the ideal generated by idempotent
elements such that C =V (p) = V(a). Then the following conditions are equivalent:

(i
(i

The component C' is a o-component.
The ideal a is a o-ideal.

(iii) The ideal p is a o-ideal.

(v
(vi

Proof. The equivalence of (i) and (iii) is straightforward. As p is the radical of a we see
that (ii) implies (iii). Clearly (iii) implies (iv). If q is a o-ideal in C, then its reflexive
closure ¢ = {f € k{G}| 3 n > 0:0"(f) € q} is a o-prime o-ideal in C (cf. [Lev08 p.
107] and Section [2.5] below). So (iv) implies (v).

Let us next show that (v) implies (vi). If q is a o-prime o-ideal in C, then by Lemma
we have C' = V(d') where o/ C k{G} is the ideal generated by all idempotent
elements contained in q. By [Stal4, Tag 00EB] we must have o/ = a. Now let e € a
be an idempotent. We have to show that o(e) € a. But e € q (as g € C = V(a)) and
consequently o(e) € q is also idempotent. So o(e) € a’ = a.

Finally, the implication (vi)=-(ii) follows from the simple fact that an ideal generated
by a o-stable set is a o-ideal. O

)
)
)
(iv) There exists a prime o-ideal in C.
) There ezists a o-prime o-ideal in C.
)

The set of all idempotent elements contained in a is stable under o.

Corollary 4.1.8. Let k{G} be a k-o-Hopf algebra that is finitely o-generated over k.
Then a minimal prime o-ideal of k{G} is a minimal prime ideal of k{G}.

Proof. Let q C k{G} be a minimal prime o-ideal and let C' C Spec(k{G}) be the compo-
nent that contains q. Then C' = V(p) for a minimal prime ideal p of k{G}. Since q € C' it
follows from Lemma that p is a o-ideal. Therefore q = p by the minimality of q. [

We will next introduce o-étale g-algebraic groups. The role of these groups in the
theory of o-algebraic groups is in a certain sense analogous to the role of étale algebraic
groups in the theory of algebraic groups. We will study o-étale o-algebraic groups in more
detail in Chapter [6] For now we will only use them to define the group of components and
the identity component of a g-algebraic group.

Definition 4.1.9. A finitely o-generated k-o-algebra R is called o-étale (over k) if R is
integral over k and a separable k-algebra.

Thus a finitely o-generated k-c-algebra R is o-étale if and only if for every r € R
there exists a separable polynomial f over k with f(r) = 0. Similar notions of étaleness
in difference algebra occur in [Tom14] and [Tom| in a slightly different setting.

Definition 4.1.10. A o-algebraic group G is called o-étale if k{G} is o-étale over k.
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Some examples of o-étale g-algebraic groups are given at the beginning of Section [6.1
Recall ([Bou90, Chapter V, §6]) that a k-algebra A is called étale if A ®y, k is a finite
direct product of copies of k, where k denotes the algebraic closure of k. For a k-algebra
A we let
mo(A)

denote the union of all étale k-subalgebras of A. That is, mo(A) consists of all elements
of A that annul a separable polynomial over k. Then my(A) is a k-subalgebra of A. (Cf.
Section 6.7 in [Wat79].) Clearly, a o-algebraic group G is o-étale if and only mo(k{G}) =
k{G}. Moreover:

Lemma 4.1.11. Let A and B be k-algebras. Then mo(A ®y B) = mo(A) @ mo(B).

Proof. We may assume that A and B are finitely generated as k-algebras. In this case the
statement is proved in [Wat79, Section 6.7, p. 50]. O

Theorem 4.1.12. Let G be a o-algebraic group. There exists a o-étale o-algebraic group
m0(G) and a morphism G — mo(G) of o-algebraic groups satisfying the following universal
property: If G — H is a morphism of o-algebraic groups with H o-étale, then there exists
a unique morphism mo(G) — H such that

G

m0(G)

H
commutes.

Proof. The k-subalgebra my(k{G}) of k{G} is a Hopf subalgebra. (Cf. Section 6.7 in
[Wat79].) Let a € mo(k{G}) and let f be a separable polynomial over k with f(a) = 0.
Let ?f denote the polynomial obtained from f by applying o to the coefficients. Then °f
is separable by Lemma and ?f(o(a)) = 0. This shows that mo(k{G}) is a k-o-Hopf
subalgebra of k{G}. Note that mo(k{G}) is finitely o-generated over k by Theorem [2.3.5]
Let 7o(G) denote the o-étale o-algebraic group corresponding to mo(k{G}) and G — my(G)
the morphism corresponding to the inclusion mo(k{G}) C k{G}.

If G — H is a morphism of g-algebraic groups with H o-étale, then the image of the
dual map k{H} — k{G} consists of elements that annul a separable polynomial. Thus the
image lies in 7o(k{G}) and k{H} — k{G} factors uniquely through mo(k{G}) — k{G}.

O

Of course mp(G) is unique up to unique isomorphisms. It is clear from the above proof
that G — 7o(Q) is surjective.

Definition 4.1.13. Let G be a o-algebraic group. The o-étale o-algebraic group mo(G)
defined by the universal property from Theorem [[.1.19 is called the group of components
of G. The kernel G° of G — mo(G) is called the identity component of G.

So G/G° = m(G).

Lemma 4.1.14. Let G be a o-algebraic group. There is a one-to-one correspondence be-

tween the components of G and the components of mo(G). Under this bijection o-components
correspond to o-components. Moreover, every component of my(G) consists of a single

point.
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Proof. Every prime ideal of k{m(G)} is maximal and hence also minimal. This shows
that the components of mo(G) are points. We identify k{mo(G)} with its image in k{G}.
We claim that p — p N k{mo(G)} is a bijection between the minimal prime ideals of k{G}
and the (minimal) prime ideals of k{mo(G)}. Every (minimal) prime ideal of k{mo(G)} is
of the form p N k{mo(G)} for some minimal prime ideal of k{G} ([Bou72, Proposition 16,
Chapter II, §2.6]). On the other hand, if p is a minimal prime ideal of k{G?}, then p = \/a
for some ideal a of k{G} generated by idempotent elements. Since all idempotent elements
of k{G} lie in k{mo(G)}, we see that (aNk{my(G)}) = a. Therefore \/(p N k{mo(G)}) = p.

If p is a o-ideal, then p N k{mo(G)} is a o-ideal. Conversely, if p’ C k{mo(G)} is a
o-ideal, then /(p’) C k{G} is a o-ideal. The claim follows using Lemma O

Proposition 4.1.15. The following four conditions on a o-algebraic group G are equiva-
lent:

(i) G° =G.
(i) m(G) = 1.
(iii) The topological space of G is connected.
(iv) The nilradical of k{G} is a prime ideal.

Proof. Clearly, (i)« (ii). We have (ii)<>(iii) by Lemmal[d.1.14] Since the connected compo-
nents are irreducible (Lemma [4.1.3)), it follows from (iii) that k&{G} has a unique minimal
prime ideal, which must then equal the nilradical. Thus (iii)=(iv). On the other hand,
(iv) means that the topological space of G is irreducible. So (iv)=-(iii). O

Definition 4.1.16. A o-algebraic group satisfying the equivalent conditions of Proposition
is called connected.

Example 4.1.17. Let G be the o-closed subgroup of G, defined the linear difference
equation 0" (y) + A—10" "1 (y) + -+ Aoy = 0. Then k{G} = k[y,o(y),...,0" (y)] is an
integral domain. Therefore G is connected.

Example 4.1.18. Let G be the unitary o-algebraic group, i.e.,
G(R) = {g € GLn(R)‘ ga(g)T - U(g)Tg = In} < GLn(R)

for any k-o-algebra R. The defining equations may be written as o(g) = (¢~)T. So the
coordinate ring k{G} = k[, #(z)] is an integral domain. Therefore G is connected.

Note that the identity component G° of a og-algebraic group G is, strictly speaking,
not a component. It carries more structure than a mere component, in particular it has
the structure of a o-variety. However, as illustrated in the proof of the following lemma,
the topological space of G° can be identified with the component of G that contains the
identity mg.

Lemma 4.1.19. Let G be a o-algebraic group. Then G° is connected.

Proof. Every ideal of k{my(G)} is generated by idempotent elements. It follows that
M) = Mg Nk{m(G)} is generated by all idempotent elements contained in mg. There-
fore, I(G°) = (my,(q)) is the ideal of k{G} generated by all idempotent elements of k{G}
contained in m¢. It follows from Lemma [£.1.3] that V(I(G?)) C Spec(k{G}) is connected.
As V(I(G?)) and Spec(k{G°}) = Spec(k{G}/I(G®)) are homeomorphic, this implies that
G is connected. I
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Lemma 4.1.20. Let G be a o-closed subgroup of an algebraic group G and for i > 0 let
Gli] and G°[i] denote the i-th order Zariski closure of G and G° in G respectively. Then

In particular, G is connected if and only if all its Zariski closures are connected.

Proof. Both groups are defined by the ideal of k[G[i]] C k{G} that is generated by all
idempotent elements of k[G[i]] contained in the kernel of the counit k[G[i]] — k. O

Corollary 4.1.21. Let G be a o-algebraic group. Then o-dim(G°) = o-dim(G) and
ord(G°) = ord(G).

Proof. Let G be a o-algebraic group containing G as a o-closed subgroup. Then for ¢ > 0
we have dim(G[i]) = dim(G[i]°) = dim(G°[i]) by Lemma [4.1.20, Thus the claim follows
from Theorem O

The limit degree of G and G° are in general distinct. Indeed 1d(G) = 1d(7mp(G)) - 1d(G?)
by Corollary

As announced in Section we can now show that the Gred, Go-red, Gwm and Gper
all have the same o-dimension as G.

Lemma 4.1.22. Let G be a o-algebraic group. Assume that k has the relevant proper-
ties as stated in Corollary (so that we are dealing with o-closed subgroups). Then
o-dim(Gred), 0-dim(Gy-red), 0-dim(Gym) and o-dim(Gper) are all equal to o-dim(G).

Proof. As the dimension of a finitely generated k-algebra remains invariant if we factor
by the nilradical, it follows easily that o- dim(Gyeq) = 0- dim(G).

Since (G)o-red < Go-reds (G%)wm < Gwm and (G°)per < Gper We may assume that
G is connected by Lemma But then the nilradical of k{G} is a prime o-ideal
(Proposition and therefore Gy, = Greq and thus o- dim(Gym) = o-dim(G) also
in this case.

To prove o- dim(Gper) = 0-dim(G) we may assume that G is reduced. Then the zero
ideal of k{G} is prime and therefore its reflexive closure U;>107%(0) is a o-prime ideal.
This shows that Gper = G- red-

It thus suffices to show that o- dim(Gy.req) = 0-dim(G). Let G be an algebraic group
containing G as a o-closed subgroup and for i > 0 let G[i] and G,.eq[i] denote the i-th
order Zariski closure of G and G,_,eq in G respectively. By Corollary we have

H(Ga—red[i]) = (H(Ga—red[i - 1])70(H(G0—red{i - 1]))) - k[G[ZH C k{G}

for i > 0. But I[(Gy.reqd) = {f € K{G}| I n>1:0"(f) = 0}. This shows that there exist
fi,-- oy fm in K{G} such that I(Gy_redlt]) = (f1,--., fm) C k[G[i]] for i > 0. Therefore
dim(G[i]) — dim(Gy-reqi]) < m for ¢ > 0 and consequently o-dim(G) = - dim(Gy-req)-

O

We will next show that a o-algebraic group has only finitely many o-components.

Lemma 4.1.23. Let R be a finitely o-generated k-o-algebra. If R is o-étale, then R has
only finitely many prime o-ideals.
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Proof. Since R is o-étale, every prime ideal of R is maximal and hence also minimal. If p is
a prime o-ideal of R, then p C o~ 1(p) and therefore p = c~!(p). So every prime o-ideal of
R is o-prime. It follows from the Ritt-Raudenbush basis theorem (cf. Theorems 2.5.11 and
2.5.7 in [Lev08]) that a finitely o-generated k-o-algebra has only finitely many minimal
o-prime ideals. Since every prime o-ideal of R is a minimal o-prime ideal of R, this implies
that R has only finitely many prime o-ideals. O

Theorem 4.1.24. A o-algebraic group has only finitely many o-components.

Proof. Let G be a g-algebraic group. By Lemma the o-components of G are in
bijection with the o-components of my(G) and by Lemma [4.1.23| the o-algebraic group
7o(G) has only finitely many o-components. O

Proof of Theorem [{.1.1, By assumption R = k{G} for a o-algebraic group G. By Corol-
lary the set of minimal prime o-ideals of k{G} equals the set of minimal prime ideals
of k{G} which are o-ideals. The latter set is finite by Theorem [4.1.24 O

Remark 4.1.25. If G is a o-algebraic group such that k{G} is well-mized, then G has only
finitely many components and they are all o-components. If G is a o-algebraic group such
that Gym is a o-closed subgroup of G (e.g., k is algebraically closed, see Corollary ,
then the o-components of G are in bijection with the components of Gym-

Proof. By [Hru04, Lemma 2.10] a radical mixed o-ideal is the intersection of prime
o-ideals. If k{G} is well-mixed, the nilradical of k{G} is mixed and therefore it is the
intersection of the minimal prime o-ideals. Since there are only finitely many minimal
prime o-ideals in k{G} (Theorem we see that there are only finitely many minimal
prime ideals in k{G} and all of them are o-ideals.

Assume that G is a o-algebraic group such that Gy, is a o-closed subgroup of G. The
set of minimal prime ideals of k{G} which are o-ideals equals the set of minimal prime
o-ideals of k{G} (Corollary and the latter it the set of all prime ideals of k{G}
which are minimal above {0}ym. O

Our next goal is to show that G° is a characteristic subgroup of G (in the sense of
Definition [2.1.5]). To this end we record a simple lemma which we will also use in the proof
of Theorem [4.2.40)

Lemma 4.1.26. Let G be a o-algebraic group and N <G a normal o-closed subgroup. If
for every k-o-algebra R, every automorphism of the R-o-Hopf algebra k{G} &) R maps
E{G/N} @k R into k{G/N} ®i R, then N is a characteristic subgroup of G.

Proof. Let ¢ be an automorphism of Gg. We have to show that ¢ induces an automorphism
of Ng, i.e., for every R-o-algebra R’ the map ¢ maps Nr(R') = N(R') bijectively onto
N(R’). The dual map ¢* is an automorphism of the R-o-Hopf algebra k{G} ®) R and
because k{G/N} ®; R is mapped into k{G/N} ®; R by the inverse of ¢*, it follows that
¢* induces an automorphism of k{G/N} ®; R. This yields a commutative diagram

G(R) — (G/N)(R)
o
G(R) — (G/N)(R')

where the vertical arrows are isomorphisms. The claim now follows from the fact that the
kernel of G(R') — (G/N)(R') is N(R') (Theorem [3.2.3)). O
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Theorem 4.1.27. Let G be a o-algebraic group. Then G° is a characteristic subgroup
of G.

Proof. By Lemma [4.1.26] it suffices to show that for every k-o-algebra R, every automor-
phism ¢ of the R-o-Hopf algebra k{G} @) R maps mo(k{G}) ® R into mo(k{G}) ®; R.
Using Lemma [4.1.11} we have

P(mo(R{G}) ® 1) C ¥(mo(k{G} @ R)) C mo(k{G} @k R) =
= Wo(k{G}) Rk 7T0(R) C ﬂo(k{G}) Rk R.

Thus ¢ (mo(k{G}) @k R) C mo(k{G}) ®k R as required. O

4.2 Difference connected components

In this section we study the connected components of a o-algebraic group, however, not
with respect to the usual Zariski topology as in Section but with respect to a topology
that also takes into account the action of o. In particular, we will introduce the o-identity
component of a g-algebraic group. The main tool for this is a generalization (of a slight
variation) of the core of an extension of o-fields (see [Lev08, Def. 4.3.17]).

4.2.1 The difference topology

We start with some general “o-topological” definitions and observations.

Definition 4.2.1. A o-topological space is a topological space X together with a contin-
wous map o: X — X. A morphism between o-topological spaces X and Y is a continuous
map ¢: X — Y such that

X*¢>Y
X—¢>Y

commutes.

A subset V' of a o-topological space X is called o-closed if it is closed and o-stable,
i.e., (V) € V. Clearly, a finite union of o-closed sets is o-closed, and an arbitrary
intersection of o-closed sets is o-closed. Since the empty set and X are o-closed, we see
that the o-closed sets are the closed sets of a topology on X. This topology is called the
o-topology on X.

A o-topological space is o-connected if it is connected with respect to the o-topology.
The connected components with respect to the o-topology are called the o-connected com-
ponents.

For the time being, we are mainly interested in the following example of a o-topological
space: Let R be a o-ring, then Spec(R) is naturally a o-topological space. The topology
on Spec(R) is the usual Zariski topology and

o: Spec(R) — Spec(R), p — o (p)

is the continuous map induced by o: R — R.
If a is a o-ideal of R and p a prime ideal of R with p € V(a), i.e., a C p. Then
a C o '(a) C o7 (p). Therefore V(a) is o-closed.



CHAPTER 4. COMPONENTS 68

Conversely, if V' C Spec(R) is o-closed, then V' = V(a) for a unique radical ideal a of
R. Indeed, a = [,y p. Since V is o-stable, o~ 1(p) € V for any p € V. Therefore,

oM @)=()e'®>o>(p=0

peVv peV

So a is a o-ideal. In summary, we find that a — V(a) induces a bijection between the set
of radical o-ideals of R and the set of o-closed subsets of Spec(R).

Our next goal is to express the property that Spec(R) is o-connected via difference
algebraic conditions on R. In the algebraic setting, the connected components of the
spectrum of a ring are closely related to idempotent elements. For example, Spec(R) is
connected if and only if R contains no non-trivial idempotent element ([Mill2l Lemma
1.1, Chapter XIII, p. 204] ). We will prove a difference analog of the latter result. Before,
let us recall some terminology related to idempotent elements.

Let R be a ring. An element e € R is called idempotent if > = e. The trivial
idempotents are 0 and 1. Idempotents e1,...,e, € R are called orthogonal if eje; = 0
for ¢ # j. An idempotent element is called primitive if it cannot be written as a sum of
two non-trivial orthogonal idempotent elements. A finite set {ej,...,e,} of orthogonal
idempotent elements is called complete if e; +--- + e, = 1.

An element f of a o-ring R is called constant if o(f) = f. The subring of all constant
elements is denoted by

Re.

Proposition 4.2.2. Let R be a o-ring. If e € R is a non-trivial constant idempotent
element, then
Spec(R) = V(e) W V(1 —e)

is a decomposition of Spec(R) into disjoint non-empty o-closed subsets. Conversely, if
Spec(R) = X WY is a decomposition of Spec(R) into disjoint non-empty o-closed subsets,
then there exists a non-trivial constant idempotent element e € R such that X = V(e) and

Y=V(1-e).

Proof. Set € =1 —e. Then also ¢’ is constant and idempotent. Because e is constant, the
ideal generated by e is a o-ideal and therefore V(e) is o-closed. Similarly, V(¢’) is o-closed.
Since ee’ = 0, every p € Spec(R) is contained in V(e) or V(e’). Since e + ¢’ =1, no p can
be contained in V(e) and V(e). Thus Spec(R) is the disjoint union of the o-closed sets
V(e) and V(€'). Suppose V(e) = (). Then 1 must lie in the ideal generated by e. So 1 = re
for some r € R. Therefore e = re? = re. Combining the last two equations yields e = 1; a
contradiction. Suppose V(e) = Spec(R). Then e must lie in the nilradical of R. Because
e is idempotent this implies e = 0; again a contradiction.

Now assume that Spec(R) = X WY is a decomposition of Spec(R) into disjoint non-
empty o-closed subsets. It is known that any decomposition of Spec(R) into two disjoint
non-empty closed subsets arises from a pair e, e’ of non-trivial idempotent elements with
e/ =0and e+ e =1 ([Mill2, Prop. 1.2, Chapter XIII, p. 204]). So X = V(e) and
Y = V(¢). It remains to show that e is constant.

Let p € X = V(e). Since X is o-stable, 07 1(p) € X, i.e., e € 0~ !(p). Thus o(e) € p
and V(e) C V(o(e)). Similarly, one shows V(e’) C V(o(€')). Because o(e)o(e’) = 0 and
o(e) + o(e’) = 1 we have Spec(R) = V(o(e)) W V(o(€’)). This implies V(e) = V(o (e))
and V(') = V(o (€')). Consequently 1/(e) = \/(c(e)). Because e is idempotent, it follows
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that e = ao(e) for some a € R. Because (1 — o(e))o(e) = 0 this implies (1 — o(e))e = 0.
Interchanging the roles of e and o(e) in the last argument we find (1 —e)o(e) = 0. Taking
the difference of the last two equations yields o(e) = e. O

From Proposition [£.2.2] we immediately obtain:

Corollary 4.2.3. Let R be a o-ring. Then Spec(R) is o-connected if and only if R
contains no non-trivial constant idempotent element. O

Proposition 4.2.4. Let R be a o-ring and let e1,...,e, € R be constant orthogonal
idempotent elements with e; + -+ -+ e, = 1 such that no e; can be written as a sum of two
non-trivial constant orthogonal idempotent elements. Then the o-connected components of
Spec(R) are V(1 —e1),...,V(1 —e,). Moreover, ;R is naturally a o-ring and Spec(e; R)
is isomorphic to V(1 — e;) as a o-topological space.

Proof. Note that e; R is a o-ideal of R, rather than a o-subring of R. However, e; R is also
o-ring with identity element e;. As e;R and R/(1 — e;) are isomorphic as o-rings, we see
that Spec(e; R) and V(1 — e;) are isomorphic as o-topological spaces.

Assume e € ¢;R is a constant idempotent element. Then e; = e;e+¢;(1—e) expresses e;
as a sum of orthogonal constant idempotent elements. By assumption e;e = ¢; or e;e = 0.
But e;e = ¢, 50 e = ¢; or e = 0. It follows from Corollary [4.2.3that V(1 — e;) ~ Spec(e; R)
is o-connected.

Because the e;’s are orthogonal, the V(1—e;)’s are disjoint and because e;+- - -+e, = 1,
their union equals Spec(R). In summary we see that the V(1 — e;)’s are the o-connected
components of Spec(R). O

To show that Spec([o]xT) is o-connected for any k-algebra T', we need the following
result.

Proposition 4.2.5. Let T be a k-algebra. Then ([o]T)7 = k°.

Proof. Let (v;)icr be a k-basis of T C [o];T that contains 1. For n > 0 and i =
(i0y ... in) € I"! define v; = vi,0(vyy) -+ 0™(v;,). By construction of T[n] (cf. Sub-
section [1.2.4)), V, := (vj)jen+1 is a k-basis of T'[n]. Because (v;)ies contains 1, we have
V. C Vn+1 and U(Vn) C Vn+1~

Let a be a constant element of [o];T. Suppose a does not lie in k. Let n > 0 be
minimal such that a € T'[n]. Then we can write a = ) oy, Ayv with A, € k, where for
some v € V,, \ V,,_1, the coefficient A, is non-zero. As a is constant

a= Y o(\)o(v) (4.1)

UEVn

If v eV, N\ V,_1, then o(v) € V41 \ V,,. Therefore equation (4.1]) shows that a ¢ T'[n], a
contradiction.
O

The following corollary shows that o-connectedness is a concept that really belongs to
the o-world. The connectedness of Spec(T') and the o-connectedness of Spec([o]iT) are
completely unrelated.

Corollary 4.2.6. Let T be a k-algebra. Then Spec([o];T) is o-connected.

Proof. By Corollary it suffices to show that [o];T has no non-trivial constant idem-
potent element. But by Proposition every constant idempotent of [T belongs to
k and must therefore be trivial. O]
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4.2.2 Strongly o-étale k-o-algebras and 7 (R)

In the previous subsection we have seen that constant idempotent elements are closely
related to o-connected components. So if R is a k-o-algebra, the k-o-subalgebra of R
o-generated by all constant idempotent elements contains some information about the
o-connected components of Spec(R). However, this k-o-subalgebra is in some sense “too
small”: It does not take into account the periodic idempotent elements, i.e., the constant
idempotent elements with respect to o (d € N, d > 1). Moreover, some constant idempo-
tent elements may only become visible after an extension of the base o-field k. Indeed, if G
is a o-algebraic group and K a o-field extension of k, then G may have more o-connected
components than G. (See Example [1.2.48).

The main goal of this subsection is to define a k-o-subalgebra 7§ (R) of R that contains
all the periodic idempotent elements and is well-behaved with respect to extensions of the
base o-field. In fact, we will define 7§ (R) as the union of all strongly o-étale (Defini-
tion k-o-subalgebras of R. In the next subsection we will then use the properties of
7§ (R) proved in this subsection to define the o-identity component G?° of a o-algebraic
group G. Indeed, eventually we will arrive at 7§ (k{G}) = k{G/G"°}.

Recall ([Bou90, Chapter V, §6]) that an algebra R over a field k is called étale if
R ®y k is isomorphic to a finite direct product of copies of the algebraic closure k of k. (In
particular, R is finite dimensional as a k-vector space.) The following definition introduces
a difference analog of étale algebras.

Definition 4.2.7. A k-o-algebra is called strongly o-étale if it is o-separable over k and
étale as a k-algebra.

Clearly a strongly o-étale k-o-algebra is o-étale. Note that by Proposition [I.1.8] over
an inversive o-field k, a k-o-algebra whose underlying k-algebra is étale is strongly o-étale
if and only if it is inversive.

Similar to the use of étale algebras (and étale algebraic groups) in the study of the
connected components of algebraic groups, we will use strongly o-étale k-o-algebras in
the study of the o-connected components of o-algebraic groups. To achieve this we need
several lemmas on strongly o-étale k-o-algebras.

Lemma 4.2.8. Let R be a k-o-algebra and K a o-field extension of k. Then R is a
strongly o-étale k-o-algebra if and only if R @y K is a strongly o-étale K-o-algebra.

Proof. By [Wat79, Cor. 6.2, p. 47] or [Bou90, Cor. 2, Chapter V, §6, No. 5, A.V.32]
the k-algebra R is étale if and only if the K-algebra R ®; K is étale. Similarly, by
Corollary the k-o-algebra R is o-separable if and only if the K-o-algebra R ®; K
is o-separable. ]

Let R be a o-ring. Following [Lev08] an element f € R is called periodic if o"(f) = f
for some n > 1.

Lemma 4.2.9. Let R be a strongly o-étale k-o-algebra. Then o induces a bijection on
the set of primitive idempotent elements of R. Moreover, every idempotent element of R
1s periodic.

Proof. Let °R = R®.k be the k-o-algebra obtained from R by base extension viao: k — k.
Because R is o-separable over k it follows from Proposition that

V:°R=R®@rk— R, fRQXN— o(f)A
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is injective. As R is a finite dimensional k-vector space, this implies that 1 is an iso-
morphism of k-algebras. Let ej,...,e, denote the primitive idempotent elements of
R. Then there are precisely n primitive idempotent elements in °R. These must be
e1®1,...,e, ®1 € °R = R ®; k and they are mapped bijectively onto the e;’s under

1. This shows that e — o(e) defines a bijection on {ey,...,e,}. In particular, each e; is
periodic. Since an arbitrary idempotent element of R is a sum of certain e;’s, it follows
that any idempotent element of R is periodic. O

Lemma 4.2.10. A k-o-algebra o-generated by finitely many periodic idempotent elements
18 strongly o-étale.

Proof. Let R be k-o-algebra o-generated by finitely many periodic idempotent elements.
Because the o-generates are periodic, R is in fact generated as a k-algebra by finitely many
idempotent elements. For a non-trivial idempotent element e € R we have kle] ~ k x k,
which is an étale k-algebra. Thus a k-algebra generated by finitely many idempotent
elements can be written as a quotient of a finite tensor product of étale k-algebras. Since
quotients and tensor products of étale k-algebras are étale ([Bou90, Chapter V, §6]) it
follows that R is étale. Moreover, R is generated as a k-vector space by periodic idempotent
elements.
To show that R is o-separable over k it suffices to show that

V:°R=RQpk— R, 7@\ +— \o(r)

is injective (Proposition . Let e1,...,e, be the primitive idempotent elements in
R. These are a k-basis of R and therefore e1 ® 1,...,e, ® 1 € R ®y k is a k-basis of
°R. Moreover, the primitive idempotent elements in °R are e; ® 1,...,e, ® 1. Thus every
idempotent element in “R is of the form e ® 1 for some idempotent element e € R. Every
ideal in °R is generated by an idempotent element. Therefore the kernel of ¢ is generated
by an element of the form e ® 1, where e € R is idempotent. So o(e) = 0.

There exists a k-basis dy,...,d, of R consisting of periodic idempotent elements. We
can find an integer m > 1 such that o™(d;) = d; for i = 1,...,n. We may write e =
Ady + -+ A\pdy, for Aq, ..., A, € k. Then

0= 0™(e) = 0™ (M)dy + -+ ™ (\a)dn.

Therefore 0 (A\1) = -+ = ¢™(\,) = 0 and consequently also e = 0. This shows that 1) is
injective. O

In the sequel it will often be convenient to assume to the base o-field k is algebraically
closed or separably algebraically closed. This will be achieved by passing to the (separable)
algebraic closure. Recall (Lemma that o: k — k can always be extended to an
endomorphism on the (separable) algebraic closure.

The following proposition provides a sort of converse to the last lemma.

Proposition 4.2.11. The R be a k-o-algebra that is finite dimensional as a k-vector
space. Let ks denote the separable algebraic closure of k, equipped with an extension of
o. Then R is strongly o-étale if and only if R @y, ks is generated as a ks-vector space by
periodic idempotent elements.
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Proof. By Lemma, we may assume k = k.

Let us first assume that R is strongly o-étale. Since k = kg and R is an étale k-algebra,
R is generated as a k-vector space by idempotent elements (cf. [Wat79, Theorem 6.2]).
By Lemma every idempotent element of R is periodic.

Conversely, if R is generated by periodic idempotent elements, then it follows from

Lemma [4.2.10| that R is strongly o-étale. O

Lemma 4.2.12. A k-o-subalgebra of a strongly o-étale k-o-algebra is strongly o-étale.
The tensor product of two strongly o-étale k-o-algebras is strongly o-étale. The quotient
of a strongly o-étale k-o-algebra by a o-ideal is a strongly o-étale k-o-algebra.

Proof. The first statement follows from the fact that a k-subalgebra of an étale k-algebra
is étale ([Bou90, Prop. 3, Chapter V, §6, No. 4, A.V.30]) and the obvious fact that a
k-o-subalgebra of a o-separable k-o-algebra is o-separable.

The second statement follows from the fact that the tensor product of two étale
k-algebras is étale ([Bou90, Cor. 1, Chapter V, §6, No. 5, A.V.32]) and the fact that
the tensor product of two o-separable k-o-algebras is o-separable (Corollary .

Finally we prove the third statement. Let R be a strongly o-étale k-o-algebra and
a a o-ideal of R. Let ks denote the separable algebraic closure of k, equipped with an
extension of o. Then

(R/a) ®j ks = (R ®y, ks)/(a @y ks).

It follows from Proposition[4.2.11], that the right-hand side is generated as a ks-vector space
by periodic idempotent elements. Applying the proposition again yields the conclusion.
O

The core of an extension of o-fields is an important concept in difference algebra
([Lev08, Def. 4.3.17]). Let us recall the definition:

Definition 4.2.13. Let K|k be an extension of o-fields. The core
core(K|k)

of K|k is the union of all intermediate o-fields of K|k, whose underlying field is a finite
separable field extension of k.

The core core(K|k) is a o-subfield of K. It plays a fairly prominent role in classical
difference algebra, for example in the study of compatibility of o-field extensions ([Lev08),
Theorem 5.4.22, p. 342]) or in questions related to extending specializations ([Coh65,
Theorem XI, Chapter 7, p. 227]).

We need to generalize the definition of the core to arbitrary k-o-algebras. One may
argue that when passing from fields to algebras, étale k-algebras are the suitable general-
ization of finite separable field extensions. This motivates the following definition:

Definition 4.2.14. Let R be a k-0-algebra. The core
core(R|k)

of R is the union of all k-o-subalgebras of R, whose underlying k-algebra is étale.
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It is not hard to see that core(R|k) is a k-o-subalgebra of R. (Cf. the remark after
Definition ) Because an étale k-subalgebra of a field extension K of k is the same
as a finite separable intermediate field of K|k, we see that Definition generalizes
Definition However, it turns out that core(R|k) is not the “correct” object for
our purpose. Indeed, the following example shows that core(R|k) may not be a Hopf
subalgebra of R if R is a k-o-Hopfalgebra.

Example 4.2.15. Let G be the o-algebraic subgroup of G2, given by

o) ={ (%) ecam | & =1 oo =1, G =1}
for any k-o-algebra R. We will show that core(k{G}|k) is not a k-o-Hopf subalgebra of
E{G}.

Let us assume that the characteristic of k£ is not equal to 2, so that G is o-étale.
With Hi(R) = {g € Gn(R)| ¢> =1, o(g) = 1} and Ha(R) = {g € Gn(R)| ¢* = 1} we
have G = H; x Hy. Moreover k{H1} = ke; @ keg for orthogonal idempotent elements
e1,ez € k{H;} with o(e1) =1 and o(e2) = 0. We have

k{G} = k{Hl} Rk k{HQ} =(e1® k’{Hz}) @ (e2® k{HQ})

For any element a € ea®k{H2} we have o(a) = 0 and so k{a} = k[a] is an étale k-algebra.
This shows that es ® k{Ha} is contained in core(k{G}|k). In particular, core(k{G}|k) has
infinite dimension as a k-vector space.

Suppose core(k{G}|k) is a k-o-Hopf subalgebra of k{G}. Then core(k{G}|k) is finitely
o-generated over k£ by Theorem and it follows that core(k{G}|k) is a finite dimen-
sional k-vector space; a contradiction. So core(k{G}|k) is not a k-o-Hopf subalgebra of

k{G}.

Definition 4.2.16. Let R be a k-o-algebra. We define
6 (R) = mg (R[k)

as the union of all strongly o-étale k-o-subalgebras of R.

If R; and Rs are strongly o-étale k-o-subalgebras of a k-o-algebra R, then also Ry Rs is
a strongly o-étale k-o-algebra by Lemma since R1 Ry may be written as a quotient
of Ry ®j, Ry. This shows that 7§ (R) is a k-o-subalgebra of R. Clearly n§(R) is o-separable
over k. However, 7§ (R) need not be strongly o-étale in general. Indeed, 7§ (R) is strongly
o-¢tale if and only if 7§ (R) is finitely o-generated over k. This is also equivalent to
7§ (R) being finite dimensional as a k-vector space. It is unclear to the author if 7§ (R)
is strongly o-étale for an arbitrary finitely o-generated k-o-algebra R. We will see later
(Corollary that 7§ (R) is a strongly o-étale k-o-subalgebra of R if R is a finitely
o-generated k-o-Hopf algebra.

Example 4.2.17. For the o-algebraic group G from Example[4.2.15|we have 7§ (k{G}) = k.
(So G is o-connected in the sense of Definition [£.2.36]) While it seems possible to prove
this with a direct computation, we will give a more systematic proof which uses properties
of ©§ proved below. With the notation of Example we clearly have n§ (k{H1}) = k.
Note that Hs is the algebraic group of order two, considered as a g-algebraic group. So it
follows from Proposition that 7§ (k{H2}) = k. Finally, using Lemma we find

5 (K{G}) = mg (k{H1} @x k{Ha}) = 75 (k{H1}) @y 75 (k{Ha}) = k-
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Remark 4.2.18. Let K|k be a o-field extension. If k is inversive, then
75 (K|k) = core(K |k).

Proof. This is clear because a o-field extension of an inversive o-field is automatically

o-separable (Corollary [1.1.12]). O

The results presented below will make it clear that 7§ (R|k), rather than core(R|k), is
a useful generalization of the core of a o-field extension.

Lemma 4.2.19. Let R be a k-o-algebra. If k is separably algebraically closed, then w§(R)
1s the k-subvector space of R generated by all periodic idempotent elements of R.

Proof. 1t is clear from Proposition that 7§ (R) is contained in the k-subvector space
of R generated by all periodic idempotent elements of R.

On the other hand, k{e} C n§(R) for every periodic idempotent element e € R by
Lemma O

We will need a simple algebraic (rather than difference algebraic) lemma on idempotent
elements.

Lemma 4.2.20. Let k be an algebraically closed field, K a field extension of k and R a
k-algebra. Then every idempotent element e of R ®y K is of the form e = f ® 1 for some
idempotent element f € R.

Proof. A field extension of an algebraically closed field is geometrically connected (in the
sense of Definition [Stal4l Tag 037T]). The claim thus follows from [Stal4l, Tag 037TW]. O

Our next important goal is to show that the formation of 7§ is compatible with ex-
tension of the base o-field. To prove this for the extension ks|k, where ks denotes the
separable algebraic closure of k we will use Galois descent. In this connection we need to
introduce an action of o on the absolute Galois group of k£ that will also be relevant in
Section where we consider certain actions of the absolute Galois group that intertwine
with o.

To define the action of ¢ on the Galois group we need a simple lemma on field exten-
sions. Because of lack of a suitable reference we include the proof.

Lemma 4.2.21. Let K be a o-field, L a Galois extension of k and o1,09: L — L two
extensions of o: K — K. Then there exists a unique element T in the Galois group of
L|K such that o9 = o17.

Proof. The uniqueness of 7 follows from the injectivity of o1. Let M denote the set of all
pairs (M, 7) where M is an intermediate field of L|K and 7: M — L a morphism of field
extensions of K satisfying o2(a) = 01(7(a)) for all @ € M. By Zorn’s Lemma there exists
a maximal element (M, 7) in M. Suppose that M is properly contained in L. Choose
a € L~ M and let f denote the minimal polynomial of a over M. Let "f denote the
polynomial obtained from f by applying 7 to the coefficients. As L is Galois over K, we
see that 7f cannot have a root outside L. Thus "f has all its roots in L. Since 72f = 917f
we see that o1 maps the roots of 7f onto the roots of “2f. As o3(a) € L is a root of 72f
this shows that there exists a root b € L of 7f such that o1(b) = o2(a). So we can extend
7 to 7: M(a) — L by setting 7(a) = b; a contradiction. O
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Let k be a o-field and let ks denote the separable algebraic closure of k. Let ¢ denote
the Galois group of ks|k. By Lemma there exists an extension of o: k — k to an
endomorphism of ks;. Let us fix such an extension. For 7 € ¢4 the maps ¢ and 70 are
extensions of o: k — k to ks. By Lemma there exists a unique 77 € ¢ such that

7o =o1°.

Then
0.9 —-Y T—71°

is a morphism of groups.

If k and therefore also kg is inversive, this action of o on the Galois group agrees with
the action employed in [Lev08, Section 8.1], where the formula 79 = o~ !7¢ is used as the
definition. Note, however, that this formula does not make sense in our context because
o need not be invertible.

The formation of 7§ (R) is compatible with extension of the base o-field:

Lemma 4.2.22. Let R be a k-0-algebra and K a o-field extension k. Then
75 (R, K|K) = g (R|k) @ K.

Proof. The inclusion “D” is clear from Lemma We will prove the equality in several
steps.

Step 1: Assume K = kg is the separable algebraic closure of k equipped with an
extension of o: k — k. Let 4 denote the Galois group of ks|k. As explained above there
is an action of o on ¢ denoted by 7 — 77. There also is a natural action of 4 on R ®y ks
via the right factor: 7(r@ ) =r®7(\) fort € ¥, r € Rand X\ € k. For f € R®, ks and
T € 4 we have 7(o(f)) = o(77(f)).

We will show that 7§ (R ® ks|ks) C R ®j, ks is stable under the ¢-action. We know
from Lemma that 7§ (R ® ks|ks) is generated as a ks-vector space by the periodic
idempotent elements of R ®y ks. It therefore suffices to show that 7(e) is periodic and
idempotent for every periodic idempotent element e € R ®j ks and every 7 € 4. As 7
defines an automorphism of R ®j ks, clearly also 7(e) is idempotent. Assume oc™(e) = e.
For ¢ € N we have _

7(e) = (0™(e)) = " (77" (e)). (4.2)
Since every orbit of 4 on k; is finite, also every orbit of ¥ on R ®y, ks is finite. Therefore
{r(e), 7" (e), 777" (e), ...} is a finite set. It follows that there exist i < j such that 77" (¢) =
77" (€). Then
m(e) = o™ (77 () = ™ (7 () = 7 (0" (e) = 77 (o).
Thus, replacing ¢ with j — ¢ in equation , we obtain 7(e) = 6"U~9(r(e)). Therefore
7(e) is periodic as required.

So 7§ (R ®y, ks|ks) C R ®y, ks is stable under the ¢-action and it follows from Galois
descent ([Bou90, Prop. 6, Chapter V, §10, No. 4, A.V.62] or [Spr09, Prop. 11.1.4,
p. 186]) that 7§ (R ® ks|ks) = S ® ks, where S is the k-o-subalgebra of R given by
S = RN 7§ (R @ ks|ks). It now suffices to show that k{s} is strongly o-étale for every
s € S. But a finitely o-generated ks-o-subalgebra of 7§ (R @ ks|ks) is strongly o-étale,
so ks{s} = k{s} @ ks is strongly o-étale and it follows from Lemma that k{s} is
strongly o-étale.
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Step 2: Assume that k = k, is separably algebraically closed and that K = k is the
algebraic closure of k. If the characteristic of k is zero, ks = k and there is nothing
to prove. So we may assume that the characteristic of k is p > 0. Then k is purely
inseparable over k. By Lemma [4.2.19] it suffices to show that every periodic idempotent
element ¢ = > r; ® \; € R ®;, k belongs to R. As k is purely inseparable over k, there
exists an integer n > 1 such that /\fn €k foralli. Soe=el" = ern ® )\fn lies in R.

Step 3: Assume that K = k is the algebraic closure of k. Then the separable algebraic
closure k of k is naturally a o-subfield of k (Lemma[1.1.5) and it follows from steps 2 and
1 that

T (R @y, k|k) =

70 (R ® ks) Rk, E!E) = mg (R @y ks|ks) Rk, k= 70 (R|k) @ ks Qp, k=
7§ (R|k) @ k.

Step 4: Assume that k and K are algebraically closed. We know from Proposi-
tion that 7§ (R ®) K|K) is generated as a K-vector space by periodic idempo-
tent elements. By Lemma every idempotent element e of R ®; K is of the form
e = f ® 1 for some idempotent element f € R. If e is periodic, then also f is pe-
riodic. Therefore 7§ (R ®; K|K) is generated as a K-vector space by n{(R|k) and so
1§ (R K|K) = n§(R|k) ® K.

Step 5: Finally we treat the general case, i.e., K is an arbitrary o-field extension of k.
Let K denote the algebraic closure of K and choose an extension of o: k — k to K. Then
the algebraic closure k of k is naturally a o-subfield of K. As R®; K = (R®y k) ®f K it
follows from steps 4 and 3 that

0 (R @k K|K) = 7§ (R @y k|k) @7 K = n§ (R|k) @1 k @7 K = 7§ (R|k) @ K @k K.
Moreover,

70 (R|k) or Ko K C 0 (R @y K|K) @K K C 7r8(R®kK®KF’F) =
=7§(R@x K|K) = 75 (R|k) @ K @ K.

Therefore (7§(R) @) K) @x K = 7§ (R ®; K) ®x K and consequently 7§ (R|k) @, K =
7§ (R ®r K|K) as desired. O

Lemma 4.2.23. Let R and S be k-o-algebras. Then
g (R ®y S) = 7nd(R) @ 7§ (S).

Proof. The inclusion “D” follows from the fact that the tensor product of two strongly
o-étale k-o-algebras is strongly o-étale (Lemma .

To prove the inclusion “C” we may assume that k is algebraically closed and inversive
(Lemmas [4.2.22| and [1.1.6). We know from Lemma that 7§ (R ®y S) is generated
as a k-vector space by periodic idempotent elements. So let ¢ € R ®; S be a periodic
idempotent element. It suffices to show that e € 7§ (R) ®j, 7§ (S).

We have e € mp(R ®f S) = mo(R) @k mo(S) by Lemma So there exist étale
k-subalgebras R, and S; of R and S respectively such that e € R} ®; S;.

If V; is a k-subspace of R such that e € V; ®; S, then e € N;(V; ® S) = (N;V;) @k S.
Thus there exists a smallest k-subspace V of R such that e € V ®;, S. Let v1,...,v, be
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a k-basis of V' and write e = Y v; ® s; € V ®;, S. The idempotent element e is periodic,
say 0™(e) = e. So e =Y 0™(v;) ® 0™(s;). By construction of V, the k-subspace of
R generated by o™ (v1),...,0™(v,) contains V. Since V has dimension n, this shows
that the ¢ (v;) are a k-basis of V. As k is inversive, we see that ¢™(V) = V. Let
W=V+o(V)+---+0™ (V). Then W is a k-subspace of R and (W) = W. Indeed,
for dimension reasons, ¢ induces a bijection on W.

As V is contained in Ry, every element v of V satisfies a separable polynomial over k.
Thus also o(v) satisfies a separable polynomial over k£ (Lemma . It follows that all
the elements of W satisfy separable polynomials over k. Therefore k{W} = k[W] C R is
an étale k-algebra. Because k is inversive and ¢ induces a bijection of W, we see that o
is a bijection on k{W} = k[W]. Thus k{W} is a strongly o-étale k-o-algebra. Therefore
eck{W}®, S Cnf(R)®S.

A similar argument shows that e € R ®;, 7§ (S) and it follows (using [Bou72, Prop. 7,
Chapter I, §2.6, p. 18]) that

e € (m§(R) ®, S)N(R® m5(S)) = n5 (R) @ 75 (S).
O

Lemma 4.2.24. Let R be a strongly o-étale k-o-algebra and let dy,...,d, € R denote
the primitive idempotent elements of R. Let A1 W ---W A, = {1,...,m} be the partition

of {1,...,m} corresponding to the cycle decomposition of the permutation T of the d;’s
induced by o (cf. Lemma . Fori=1,...,nlete; = ZjeAi d;.
Then eq,...,e, are constant orthogonal idempotent elements with e + -+ + e, = 1

such that no e; can be written as a sum of two non-trivial constant orthogonal idempotent
elements.

Proof. The e;’s are constant because the A;’s are the orbits of 7. Since the d;’s are
orthogonal and the A;’s are disjoint, also the e;’s are orthogonal. We have e; +---+ e, =
di+---+dy, = 1. Any constant idempotent elements of R is a sum of some ¢;’s, so no e;
can be written as a sum of two non-trivial constant orthogonal idempotent elements. [

Theorem 4.2.25. Let R be a k-o-algebra such that w§(R) is strongly o-étale. Let
€1,...,en € T§(R) be as in Lemma |4.2.24 Then the o-connected components of Spec(R)
are V(1—eq),...,V(1—ey). Moreover V(1—e;) is isomorphic to Spec(e; R) as a o-topological
space.

Proof. By Lemma [4.2.10| all the constant idempotent elements of R belong to 7§ (R). So
by Lemma the constant idempotent elements eq,...,e, satisfy the condition of

Proposition [£.2.4] O

4.2.3 The group of difference connected components and the difference
identity component

In this subsection we use the results proved about 7{ in the previous subsection to define
the group of o-connected components and the o-identity component of a o-algebraic group.

Let ¢»: R — S be a morphism of k-o-algebras. Because 1(R’) is a strongly o-étale
k-o-subalgebra of S for every strongly o-étale k-o-subalgebra R’ of R (Lemma ,
we see that ¢ maps 7§ (R) into n§(S). Thus 7§ defines a functor from the category of
k-o-algebras to the category of strongly o-étale k-o-algebras. Since 7{j is compatible with
the tensor product (Lemma we have:
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Theorem 4.2.26. Let R be a k-o-Hopf algebra. Then n§(R) is a k-o-Hopf subalgebra
of R. O

Let G be a o-algebraic group. By Theorem [3.3.6] we can use Theorem [4.2.26] to define

a quotient group 7§ (G) of G. In fact, we will next characterize 7§ (G) by a universal
property.

Definition 4.2.27. A o-algebraic group G is called strongly o-étale if k{G} is a strongly
o-étale k-o-algebra.

Example 4.2.28. Let 0 < a < n and m > 1 be integers and let G be the o-closed
subgroup of G,, given by

GR)={geR"|g"=1, c™(9) = 9"}

for any k-o-algebra R. Then k{G} = k[z,0(z),...,0™ !(z)] where x denotes the image
of the coordinate function on G,,. Let us assume that the characteristic of k is zero or
does not divide n. Then the polynomial y™ — 1 is separable over k£ and it follows that
k{G} is an étale k-algebra.

We claim that G is strongly o-étale if and only if « and n are relatively prime. Indeed,
if there are a,b € N with 1 < a < n and aa = bn, then

ole™ Yz —1) =22 —1=2"—-1=0

and so o is not injective on k{G} and therefore G is not strongly o-étale. On the other
hand, if 1 = aae + bn for a,b € Z, then

O_(Jm—l(x)a) _ Um(x)a — oo — xaaxbn — .

So after base extension to the inversive closure of k, it follows that o: k{G} — k{G} is
surjective. Because k{G} is a finite dimensional vector space it follows that o is injective.
Therefore k{G} is o-separable (Proposition [1.1.8) and consequently G is strongly o-étale.

Example 4.2.29. Let G be a finite group with an endomorphism ¢: G — G and let G be
the o-algebraic group associated to these data as in Example We claim that G is
strongly o-étale if and only if o: G — G is an automorphism. Clearly k{G} is étale, so the
question is about the o-separability of k{G}.

If 0: G — G is not an automorphism there exist a g € G that does not lie in the image.
Therefore o(eq) = 0. So k{G} is not o-reduced and therefore not o-separable. If o: G — G
is an automorphism, then o: k{G} — k{G} becomes bijective after base extension to the
inversive closure of k. Therefore k{G} is o-separable (Proposition [I.1.§).

Example 4.2.30. Assume that k has positive characteristic. Let G be the Frobenius
algebraic group associated to the algebraic group G as in Example [2.1.14] Then it follows
from Corollary that G is strongly o-étale if and only if G is étale.

Proposition 4.2.31. Let G be a o-algebraic group. Among the morphisms from G to
strongly o-étale o-algebraic groups there exists a universal one.

In more detail: There exists a strongly o-étale o-algebraic group 7§ (G), together with
a morphism of o-algebraic groups G — w§(G) such that for every morphism G — H of
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o-algebraic groups with H strongly o-étale, there exists a unique morphism n§(G) — H
making

G

™5 (@)

N

H

commutative.

Proof. By Theorem [4.2.26]the k-o-subalgebra 7§ (k{G}) is a k-o-Hopf subalgebra of k{G}.
It follows from Theorem [2.3.5] that 7§ (k{G}) is finitely o-generated. So let F' be a finite
o-generating set of 7§ (k{G}) over k. Since 7§ (k{G?}) is the directed union of the strongly
o-étale k-o-subalgebras of k{G}, F' is contained in some strongly o-étale k-o-subalgebra R
of k{G}. So 7§ (k{G}) = k{F'} C R C n§(k{G}). Thus 7§ (k{G}) = R is strongly o-étale.
Let 7§ (G) denote the strongly o-étale o-algebraic group represented by 7§ (k{G}). The
inclusion 7§ (k{G}) C k{G} corresponds to a morphism G — 7§ (G) of o-algebraic groups.

Let ¢: G — H be a morphism of g-algebraic groups with H strongly o-étale. By
Lemmal[4.2.12)the image of ¢*: k{H} — k{G} is strongly o-étale and is therefore contained
in 7§ (k{G}). In other words, ¢* factors uniquely through the inclusion 7§ (k{G}) C k{G}.
Turning the arrows around we obtain the required universal property. ]

As a corollary to the first part of the proof we obtain:
Corollary 4.2.32. Let G be a o-algebraic group. Then 7§ (k{G}) is strongly o-étale. [J

Definition 4.2.33. Let G be a o-algebraic group. The o-algebraic group n§(G) from
Proposition is called the group of o-connected components of G. The kernel

GO'O
of G — 7§ (QG) is called the o-identity component of G.

So k{r§(G)} = n§(k{G}) and «§(G) is strongly o-étale. Moreover G/G?° = 7§ (G).

Recall that the topological space of a o-algebraic group G is Spec(k{G}). As in
Subsection this is naturally a o-topological space. By a o-connected component of G
we mean a o-connected component of Spec(k{G}).

Theorem 4.2.34. Let G be a o-algebraic group. Then G has only finitely many o-connected
components. Moreover, the topological space of G?° is isomorphic (as a o-topological space)
to the o-connected component of the topological space of G that contains mg.

Proof. As 7§ (k{G?}) is strongly o-étale (Corollary [4.2.32)) the first statement follows imme-
diately from Theorem [£.2.25] Let di,...,dm € 7§ (k{G}) and ey, ..., e, € 7§ (k{G}) be as
in Lemmal4.2.24] The counit e: n§ (k{G}) — k maps precisely one d; to 1 € k and all other
di’s to 0. We may assume that e(d;) = 1. By Lemma [4.2.9| we have o(dy) € {d1,...,dpn}.
As e(o(dy1)) = o(e(d1)) = o(1) = 1, this shows that o(d;) = di. So e; = di. The ker-
nel of ¢ on 7§ (k{G}) is the ideal generated by 1 —e;. So by the definition of G7° we
have I(G??) = (1 —e1) C k{G}. Therefore k{G’°} = k{G}/(1 — e1) and consequently
Spec(k{G?°}) is isomorphic to V(1 — e1) C Spec(k{G}). We know from Theorem
that V(1 — e1) is a o-connected component and clearly mg € V(1 — e7). O

Lemma 4.2.35. For a o-algebraic group G, the following statements are equivalent:
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(i) The topological space of G is o-connected.
(i) G =G °.
(iii) 7§(G) = 1.

Proof. The equivalence of (ii) and (iii) is tautological. The implication (ii)=(i) follows
from the fact that the topological space of G?° is o-connected by Theorem Finally,
let us show that (i) implies (iii). Let dy,...,dn € nJ(k{G}) and ey,..., e, € 7] (k{G})
be as in Lemma Then

6 (K{G}) = erng (R{G}) x - - X enmg (K{G})

and as in the proof of Theorem we have ey = d;. So e1n§ (k{G}) = din§(k{G}) is
a finite separable field extension of k (because 7§ (k{G}) is an étale k-algebra). But the
counit ¢ identifies e;n§(k{G}) = 7§ (k{G})/(1 — e1) with k. So e;n§(k{G}) = e1k ~ k.
We know from Theorem that G has n o-connected components. By assumption
n=1. So n§(k{G}) = k. O

Definition 4.2.36. A o-algebraic group satisfying the equivalent conditions of Lemmal/.2.55
1s called o-connected.

As an immediate corollary to Theorem we obtain:
Corollary 4.2.37. Let G be a o-algebraic group. Then G°° is o-connected. O
The formation of 7§ (G) and G?° is compatible with base extension:
Proposition 4.2.38. Let G be a o-algebraic group and K a o-field extension of k. Then
76 (Gr) =73 (G)x  and  (G7°)k = (GK)7’.
Proof. This is clear from Lemma [4.2.22 O

A connected algebraic group is absolutely connected ([Mil12, Prop. 3.8, Chapter XIII,
p. 210]). A similar results holds in our setting:

Corollary 4.2.39. Let G be a o-connected o-algebraic group. Then G is absolutely
o-connected, i.e., Gi is o-connected for every o-field extension K|k. Ol

Theorem 4.2.40. Let G be a o-algebraic group. Then G°° is a characteristic subgroup
of G.

Proof. By Lemma it suffices to show that for every k-o-algebra R, every automor-
phism ¢ of the R-o-Hopf algebra k{G} ®; R maps 7§ (k{G}) @i R into n§(k{G}) @i R.
Since 1 is an automorphism of the k-o-algebra k{G} ®j, R, we have (7§ (k{G} ® R)) C
7§ (k{G} ® R). Using Lemma we obtain
Y(mg (R{G}) @ 1) C o(n5 (H{G} @ R)) C 7g (K{G} @k R) =
— 7§ (K{GY) @i 74 (R) © 73 (H{G}) &1 R.

Thus (7§ (k{G}) ®r R) C 7§ (k{G}) ® R as required. O

The following proposition is useful for determining the o-identity component.
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Proposition 4.2.41. Let G be a o-algebraic group. If N is a normal o-connected o-closed
subgroup of G such that G/N 1is strongly o-étale, then N = G°°.

Proof. As G/N is strongly o-étale we obtain from Proposition 4.2.31f a commutative dia-
gram

G 77?8 (G)

So G?° < N and the kernel of N — nf(G) is G?°. But by Proposition [4.2.31| again,
N — 7§ (G) factors through 7§ (N) = 1. So the kernel of N — 7§ (G) is N. So N = G?°.
[

Alternatively, Proposition [4.2.41] can be restated as: For any c-algebraic group G,
there exists a unique exact sequence

1-G°—-G—-1n5(G)—1
with G?° o-connected and 7§ (G) strongly o-étale.

Proposition 4.2.42. If1 - N — G — H — 1 is an exact sequence of o-algebraic groups
such that N and H are o-connected, then G is o-connected.

Proof. By Proposition the morphism N — G — 7§ (G) factors through the mor-
phism N — 7nf(N)=1. So N is contained in G??, i.e., in the kernel of G — 7{(G).
We therefore have an induced surjective morphism G/N — 7n§(G). But G/N ~ H is
o-connected, so G/N — 7§ (G) factors through 7§ (G/N) = 1. Thus 7§ (G) = 1. O

An algebraic group, when considered as a o-algebraic group is o-connected:

Proposition 4.2.43. Let G be an algebraic group. Then [c]xG is a o-connected o-algebraic
group.

Proof. This is clear from Corollary O

The three basic numerical invariants for o-algebraic groups do not change when passing
to the o-identity component.

Proposition 4.2.44. Let G be a o-algebraic group. Then o-dim(G?°) = o-dim(G),
ord(G?°) = ord(G) and 1d(G?°) = 1d(G).

Proof. By Corollaries [3.2.12] and [3.2.14] it suffices to note that o-dim(n{(G)) = 0,
ord(7§(G)) = 0 and 1d(7§(G)) = 1. O

For later use we record a simple lemma:

Lemma 4.2.45. Let G — H be a surjective morphism of o-algebraic groups. If G is
o-connected then H is o-connected.

Proof. The dual morphism k{H} — k{G} is injective. So if n§(k{G}) = k, then also
g (k{H}) = k. O
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Example 4.2.46. Let n > 2 be an integer and let G be the o-algebraic group given by
GR)={9€ R*[g" =1, o(g) =1} < Gn(R)

for any k-o-algebra R. We claim that G is o-connected. Let x € k{G} denote the image
of the coordinate function on G,,. Then k{G} = k{z} = k[z] with o(z) =1 and 2" = 1.
Clearly, o(z — 1) = 0. Since mg = (z — 1) is a maximal ideal of k{G}, the kernel of ¢ on
k{G} is mg. Therefore 0~!(p) = mg for every prime ideal p of k{G}. Now Spec(k{G}) is a
discrete topological space. Suppose X; and X, are non-empty disjoint o-stable subsets of
Spec(k{G?}). A point z1 from X; is mapped onto mg under o, similarly for a point x3 from
X5. So mg lies in the intersection of X7 and X5; a contradiction. Thus G is o-connected.
Note that G is an example of a o-infinitesimal o-algebraic group (see Definition [6.3.1)). In
Theorem [6.3.20] we will show that any o-infinitesimal o-algebraic group is o-connected.

Example 4.2.47. Let n > 2 be an integer and let G be the g-algebraic group given by
G(R)={g€ R*| ¢g" =1, o(g9) = g} < Gm(R)

for any k-o-algebra R. We claim that G is not o-connected. Indeed, for simplicity let
us assume that the characteristic of k is zero or does not divide n. Then it follows from
Example [4.2.28| that k{G} is strongly o-étale. So G = 7§ (G) and G?° = 1.

The number of o-connected components of the o-algebraic group in Example
cannot be easily read off. Indeed, the following example shows that the number of
o-connected components does not only depend on the underlying field of the base dif-
ference field, but it explicitly depends on the endomorphism o: k — k.

Example 4.2.48. Let k = Q (considered as a constant o-field). Let G be the o-closed
subgroup of G,, given by

GR)={geR"| ¢’ =1, a(g) =g}

for any k-o-algebra R. Then Spec(k{G}) consists of two elements and o is the identity
map on Spec(k{G}). Thus G has two o-connected components.

Now assume k is a o-field of characteristic zero that contains the two non-trivial third
roots of unity a; and az. Then Spec(k{G}) consists of three elements. The endomorphism
o either permutes or fixes a; and ao. If o-fixes a1 and as, then o is the identity map on
Spec(k{G}) and G has three o-connected components. If o permutes a; and az, then G
has two o-connected components. In particular, in this case the number of o-connected
components of G is strictly smaller than the vector space dimension of 7§ (k{G}) = k{G}.

The following example shows how we can use Proposition [4.2.42] to show that a
o-algebraic group is o-connected.

Example 4.2.49. Let G be the o-closed subgroup of G, given by
G(R) ={g € R*| g* =1, 0(9)* = 1} < Gu(R)

for any k-o-algebra R. We will show that G is o-connected. Let H be the o-algebraic
group given by H(R) = {g € R*| ¢> = 1} and let ¢: G — H be the morphism given by

¢r: G(R) — H(R), g+ o(g)-
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Then the dual map ¢*: k{H} — k{G} is injective and so ¢ is surjective. The kernel N of ¢
is given by N(R) = {g € R*| g* = 1, o(g) = 1} for any k-o-algebra R. We have an exact
sequence 1 - N — G — H — 1. Note that H = [0]|;H where H is the algebraic group
given by H(T) = {g € T*| g*> = 1} for any k-algebra T. So it follows from Proposition
that H is o-connected. Because N is o-connected by Example Proposition
[4.2.42] shows that G is o-connected.

The following example shows how Proposition [4.2.41] can be used to determine the
o-identity component.

Example 4.2.50. Let G be the g-algebraic group given by
G(R)={g € R*| 9" =1, g*0(9)" = 1} < Gn(R)

for any k-o-algebra R. Let us assume that the characteristic of k is not equal to two. We
will show that G is not o-connected. Indeed, G has two o-connected components and G7°
is given by G°°(R) = {g € R*| ¢* = 1}.

Let H be the o-algebraic group given by H(R) = {g € R*| ¢* = 1, 0(g) = g} < Gn(R)
for any k-o-algebra R. It follows from ¢g* = 1 and g?0(g)? = 1 that o(g?) = ¢g2. Therefore
we can define a morphism of o-algebraic groups

¢:G—>H,g|—>g2.

The dual morphism ¢*: k{H} — k{G} is injective, so ¢ is surjective. The kernel N of
¢ is given by N(R) = {g € RX| g*> = 1}. Tt follows from Proposition that N is
o-connected. Moreover, by Example the g-algebraic group H is strongly o-étale.
Therefore it follows from Proposition[d.2.41]that G7° = N and n§ (G) = H. As n§(k{G}) =
k{H} = k x k, with the two non-trivial idempotent elements being constant, it follows
from Theorem that G has two o-connected components.

Example 4.2.51. Let G be a finite group with an endomorphism ¢: G — G and let G be
the o-algebraic group associated to these data as in Example We will show that G
is o-connected if and only if some power of o: G — G is the trivial endomorphism (g +— 1)
of G.

Let us start by determining the topological space of G?°. Note that Spec(k{G}) is
naturally in bijection with G: An element g € G corresponds to the prime ideal generated
by 1 —e,. We have a commutative diagram

Spec(k{G}) —=G

| |

Spec(k{G}) —=G

Let N={g€G|3n>1: o"(g) =1}. Then N is a normal subgroup of G that is stable
under o. Because any element of N will eventually map to 1 under iterations of o, we see
that N cannot be written as a disjoint union of o-stable sets. As also the complement of N
is stable under o, we see that N corresponds to the o-connected component of Spec(k{G?})
that contains mg under the bijection G ~ Spec(k{G}). In particular, G is o-connected if
and only if G =N, i.e., some power of ¢ is the trivial endomorphism of G.

The cosets gN of N in GG need not correspond to o-connected components of G because
they may not be stable under o. Note that the induced map o: G/N — G/N is an auto-
morphism (because it is injective). The o-connected components of G are in one-to-one
correspondence with the orbits of o on G/N.
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Example 4.2.52. Let G be a Frobenius algebraic group as in Example We claim
that the o-connected components of G coincide with the connected components of G.
Indeed, as o: k{G} — k{G}, f +— f? we have 07 1(p) = {f € k{G}| f9 € p} = p for any
prime ideal p of k{G}. Thus o is the identity map on Spec(k{G}). So the o-topology on
Spec(k{G}) agrees with the usual (Zariski) topology.

Let R be a o-ring. The reflexive closure of the nilradical Vo' agrees with the radical
of the reflexive closure /(0)* and both are equal to

{feR|Im>1, n>0: o"(f)™ =0}

This implies that for a o-algebraic group G we have (Gyed)o-red = (Go-red)red- For sim-
plicity we will write
Ga’— red,red

for this. Note that G4 redred is a o-closed subgroup of G if k is perfect and inversive
(Corollary [2.5.7)).

Our next goal is to show that 7§ (G- redrea) and 7§ (G) are isomorphic. This will be
needed to prove a structure theorem for finite o-algebraic groups later (Theorem [6.3.9)).
To prove 7§ (G- redred) = TG (G) we need several preparatory results.

Lemma 4.2.53. Let k be a perfect and inversive o-field, R a k-o-algebra and K a o-field
extension of k. Then

\@*@@kK:\/ﬁ*cR@kK.

Proof. The inclusion “C” is obvious. To prove “D” it suffices to note that (R/v0") @5 K
is reduced and o-reduced by Lemma ie., VO© ®y K is reflexive and radical. ]

Similarly to Lemma [4.2.53]| one shows that:

Lemma 4.2.54. Let k be an inversive o-field, R a k-o-algebra and K a o-field extension
of k. Then (0)* @ K = (0)" C R®, K O

As seen in Example the vector space dimension of n§(k{G}) may be strictly
larger than the number of o-connected components of G, even if k is algebraically closed.
To obtain an equality in this respect we also have to take into account the higher powers
of o. Note that if (R, o) is a difference ring, then (R, %) is also a difference ring for any
integer d > 1.

Let G be a o-algebraic group. Then for every integer d > 1, (k{G}, %) is a difference
Hopf algebra over the difference field (k,o?).

Lemma 4.2.55. Let G be a o-algebraic group and d > 1 an integer. Then

g (k{G}) = 7§ (k{G}).

Proof. The inclusion 7§ (k{G}) = n§ "(k{G}) follows from the fact that a o-separable
k-o-algebra is a o%separable k-c%-algebra. To prove the equality we may assume that k is
algebraically closed (Lemma . Then the claim follows from Lemma because
an idempotent element is periodic with respect to o if and only if it is periodic with respect
to o O
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Proposition 4.2.56. Let G be a o-algebraic group. Then the dimension of n§(k{G}) as
a k-vector space is greater than or equal to the number of o-connected components of G.

Indeed,
dimg (7§ (E{G})) = max |{o%-connected components of G}, (4.3)

where d ranges over all positive integers and K over all o-field extensions of k. Moreover,
if k is separably algebraically closed, then

dimyg (7§ (E{G})) = max [{o?-connected components of G}|. (4.4)

Proof. By Theorem the number of o-connected components of G is less than or
equal to the number of primitive idempotent elements of 7§ (k{G}), and this number is
clearly less than or equal to dimg (7§ (k{G}). Because dimy (7§ (k{G})) is invariant under
extension of the base o-field, this, together with Lemmal[4.2.55| proves the “<” in Equations
and (4.4)).

To obtain equality we may assume that k is separably closed. Then dimy (7§ (k{G})
equals the number of primitive idempotent elements of 7 (k{G}). In the notation of

Lemma [4.2.24] it suffices to find a d such that o%(d;) = d; for i = 1,...,m (Theo-
rem [4.2.25)). It thus suffices to choose d such that 7% is the identity. O
Proposition 4.2.57. Let G be a o-algebraic group and assume that k is perfect and

inversive. Then there is a natural bijection between the o-connected components of G and
the o-connected components of Gs_red,red-

Proof. Let Z1,...,Z, denote the o-connected components of G. Let a = [(Gy-red red) =
VO« C E{G} denote the defining ideal of Gy-redred- We identify the topological space
of Gy redrea With V(a) C Spec(k{G}). We will show that Z; — Z; N V(a) defines a
bijection between the o-connected components of G and the o-connected components of
V(a). Fori =1,...,n let a; C k{G} denote the radical o-ideal such that V(a;) = Z;. As
Spec(k{G}) = Z1U---UZ, we see that v/O = a;N- - -Na,. Therefore a = VO = ajn---Nak.

We have Z; N V(a) = V(a; + a). Since a C a} we see that a; + a C af # k{G}. Hence
Zi N V(Cl) 7& @

To prove the proposition it suffices to show that Z; N V(a) is o-connected for every i.
Suppose there exist non-empty o-closed sets X, Xo such that Z; N V(a) = X7 W Xo. Let
bi,bs C k{G} denote the radical o-ideals such that X; = V(b;) and X2 = V(b3). Then
\/m = by N bo.

For every f € a there exist integers o > 0 and 3 > 1 such that o®(f)? = 0. Because k
is perfect and inversive a is a Hopf ideal (Corollary and it follows from Theorem
that a is finitely o-generated. Thus there exists o > 0 such that 0®(a) C v/0. For j = 1,2
set

Yi={z¢€Zi| 0%(2) € X;} = {p € V()| b; Co~%(p)} = V(ai) N V(a(bj)).

For every prime ideal p € V(a;) = Z; we have a; C 0~ %(a;) C 0~ %(p). As 0%(a) C
V0 C p we see that also a C o~%(p). Hence by Nby = /a; +a C 0~ %(p). Sop € Y1 or
p € Y5. This shows that Z; = Y1 UY5. As Y] and Ys are o-closed and Y7 NY; = (), this
contradicts the o-connectedness of Z;. ]
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Theorem 4.2.58. Let G be a o-algebraic group and assume that k is perfect and inversive.
Then

ﬂg(Ga— red7red) = Wg(G)

Proof. We will show that the morphism 7§ (G- red,red) — 7§ (G) induced by the inclusion
Go-redred — G is an isomorphism. Let a = I(Go-redred) = V0§ C k{G} denote the
defining ideal of Gy redred- In terms of the coordinate rings we have to show that the
morphism k{G} — k{G}/a induces an isomorphism v : 7§ (k{G}) — 7§ (k{G}/a). The
k-o-algebra 7§ (k{G}) is reduced and o-reduced. Because for every f € a there exist
integers n > 0 and m > 1 such that ¢”(f)™ = 0, it follows that a N 7§ (k{G}) =0, i.e., ¢
is injective.

Let k denote the algebraic closure of k equipped with an extension of o: k — k. It
follows from Lemmathat (G%)o-red,red = (Go-red,red)z- Together with Lemma
this shows that to prove the surjectivity of 1, we may assume that k is algebraically closed.
Indeed, it suffices to show that 7 (k{G}) and 7§ (k{G}/a) have the same dimension as k-
vector spaces. But by Proposition the dimension of 7§ (k{G}) equals the maximal
number of the o%connected components of G, where d ranges over the positive integers.
The reflexive closures of the radical of the zero ideal of k{G} with respect to ¢ and o?
are equal. So it follows from Proposition that G and Gy redrea have the same
number of o%connected components. In summary, this shows that dimy(7§(k{G})) =
dimg (7§ (k{G}/a)). O



Chapter 5

Group theory

In this chapter we study group theoretic properties of o-algebraic groups. The main
result is an analog of the Jordan-Holder theorem for o-algebraic groups. It shows that, at
least under rather mild assumptions, a o-algebraic group can be decomposed into certain
simpler pieces, namely almost-simple o-algebraic groups. This decomposition also satisfies
a uniqueness property. The proof of the uniqueness part of the Jordan-Holder theorem
for o-algebraic groups follows along the lines of the standard proof of the usual Jordan-
Holder theorem for finite groups. We therefore need to transfer statements well-known for
finite groups, such as the Butterfly lemma, to difference algebraic groups. This requires
some flexibility when working with quotients. In particular, we need the analogs of the
(Noether) isomorphism theorems for groups.

The task of proving the analogs of the isomorphism theorems is complicated by the fact
that for a normal o-closed subgroup N of a o-algebraic group G, the quotient G/N is, at
least initially, not easy accessible. As for algebraic groups, the functor R ~~ G(R)/N(R)
need not be representable, in particular, it is distinct from G/N.

If we could identify G with G(k), and (G/N)(k) with G(k)/N(k), where k is some
“sufficiently large” difference field, we could apply the isomorphism theorems directly. This
approach is not possible for us for several reasons. Firstly, we want to avoid restrictions
on the base field. Secondly, the identification of G with G(k) is only feasible for perfectly
o-reduced o-algebraic groups. Thirdly, identifying G with G(k) does introduce some
blemishes. For example, the morphism of o-algebraic groups ¢: GL,, — GL,, g — o(g)
is such that ¢: GLy (k) — GL, (k) has trivial kernel, but ¢ is not a o-closed embedding.
Indeed, the kernel of ¢ is non-trivial.

For algebraic groups, the theory of sheaves (see [DGT0, Chapter III]) provides an
elegant and powerful tool to deal with quotients. In the first section of this chapter
we adapt the theory of sheaves to difference algebra. The main result (Theorem [5.1.8)
provides a canonical way to associate a sheaf to any functor from k-o-Alg to Sets. The
relevance of Theorem for quotients stems from the fact that the sheaf associated to
the functor R ~» G(R)/N(R) equals G/N. In the second section we then show how this
result can be used to deduce the isomorphism theorems for difference algebraic groups from
the isomorphism theorems for (abstract) groups. In the third section we prove the Jordan-
Holder theorem. While it may be possible to prove the isomorphism theorems for difference
algebraic groups without explicitly introducing sheaves, we expect that Theorem
will also be useful in other situations, for example, when considering actions of difference
algebraic groups on difference varieties, where the existence of a quotient in the category
of difference varieties is problematic.

87
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5.1 Sheaves

Our proof of Theorem follows the proof of Theorem 1.8, Chapter III, §1 [DGT70]
rather closely.

Let k be a o-field. If (R;);e; is a finite family of k-o-algebras, then the product [[,.; R;
is naturally a k-c-algebra by o((ri)icr) = (0(ri))icr. The projections [[,c; Ri — R; are
morphisms of k-o-algebras. Recall that a morphism ¢: R — S of k-o-algebras is called
faithfully flat if the corresponding morphism #: Rf — S* of k-algebras is faithfully flat.

Definition 5.1.1. Let R be a k-o-algebra. A finite family (R;);c; of R-o-algebras is called
R-covering if the canonical map R — [[,c; R; is faithfully flat.

Note that if (R;)ier and (Sj); e are two R-covering families, then (R; ®r Sj) (i j)erx. 8
an R-covering family. If R — S is a morphism of k-o-algebras and (R;);cs is an R-covering
family, then (R; ®pg S);er is an S-covering family.

B
Recall that a sequence of sets Ai>3:1>>0 is called exact if « is the equalizer of
B2
f1 and (g, i.e., fiav = o and for b € B with (1(b) = [(2(b) there exists a unique a € A
with a(a) = 0.

Definition 5.1.2. Let F be a functor from k-o-Alg to Sets. Then F is called a sheaf, if
for every k-o-algebra R and every R-covering family (R;)icr the sequence

F(R) —=1I; F(R) %Hm F(R; ®r R;) (5.1)

1S exact.

The maps in the above sequence are the obvious ones: The i-th component of « is
induced from R — R;. The (i, j)-component of 3; (respectively (33) is the projection onto
F(R;) (respectively F'(R;)) followed by the map induced from R; — R; ®pr Rj, f+— f®1
(respectively R; — R; g Rj, f—1® f).

A morphism of sheaves is a morphism of functors.

Lemma 5.1.3. A functor F' from k-o-Alg to Sets is a sheaf if and only if
(i) for every finite family of k-o-algebras (R;)icr, the map F([[;c; Ri) — [ F(Rs)
1s bijective;
(i) for every faithfully flat morphism of k-o-algebras R — S the sequence
F(R)— F(S) =2 F(S®RrS)
1S exact.

Proof. Let us first assume that F' is a sheaf. If we take R as the zero ring and the
R-covering family as the empty family, then the exactness of signifies that F(R)
consists of one element.

Let (R;)icr be a finite family of k-o-algebras. If we set R = [[; R; and consider R;
as a R-o-algebra via the projection R — R;, then the canonical map R — [[; R; is the
identity and R; ®g R; = 0 for ¢ # j, whereas R; ® g R; = R; for ¢ = j. Thus the exactness
of in this case yields condition (i) since 3; and (3 are reduced to the identity map.
Clearly a sheaf satisfies condition (ii).

Conversely, assume that F' satisfies (i) and (ii). Let (R;);er be an R-covering family.
Taking S = [] R; and applying (i) to (ii) yields the exactness of (5.1). O
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Corollary 5.1.4. Every representable functor from k-o-Alg to Sets is a sheaf. In partic-
ular, every o-variety and every o-algebraic group is a sheaf.

Proof. Let A be a k-o-algebra and F' = Hom(A, —). Clearly,
Hom(A, [[;R;) ~ [[, Hom(A, R;),

for every finite family (R;);c; of k-o-algebras. So F satisfies condition (i) of Lemma [5.1.3
To verify (ii), let R — S be a faithfully flat morphism of k-o-algebras. Then

R—-S=5®RrS
is exact. (See e.g. [Wat79, Section 13.1, p. 104].) Therefore
Hom(A, R) — Hom(A, S) = Hom(A, S ®g S)
is exact. O

Thus the category of g-varieties is a full subcategory of the category of sheaves.

Definition 5.1.5. A subfunctor D of a functor F: k-o-Alg — Sets is called fat if for
every k-o-algebra R and every a € F(R) there exists an R-covering family (R;);er such
that the image of a in F(R;) belongs to D(R;) for every i € I.

Some of the constructions with o-varieties explained in Section [I.2] carry over to ar-
bitrary functors from k-o-Alg to Sets without difficulty: If ¢: E — F is a morphism of
functors and D C F a subfunctor, then Im(¢) and ¢~!(D) may be defined as in Section
similarly for the intersection of subfunctors.

Note that if ¢: E — F' is a morphism of functors and D C F is fat, then ¢~1(D) C E
is fat. As in [DGT0L p. 285] one verifies: If D is a fat subfunctor of F' and D; is a fat
subfunctor of D, then D, is a fat subfunctor of F'. If D; and Dy are fat subfunctors of F,
then D N Dy is a fat subfunctor of E.

Let R be a k-o-algebra. To simplify the notation we will write

Sp?(R)

for the functor Hom(R, —): k-0-Alg — Sets. If ¢»: R — S is a morphism of k-o-algebras,
there is an induced morphism of functors Sp?(¢): Sp?(S) — Sp?(R). Recall (See e.g.
[EHO00, Lemma VI-1 (a)].) that for any functor F': k-o-Alg — Sets and any k-o-algebra R
there is a canonical bijection

F(R) ~ Hom(Sp? (R), F)

Indeed, F' and Hom(Sp?(—), F') are isomorphic as functors. An element a € F(R) gives
rise to a morphism Sp?(R) — F as follows: For a k-o-algebra S and ¢ € Hom(R, S) let
Sp?(R)(S) — F(S) be defined by sending 1 to F'(¢)(a). Conversely, from a morphism
Sp? (R) — F we obtain an element in F'(R) by considering the image of the identity under
Sp?(R)(R) — F(R).

Lemma 5.1.6. Let R be a k-o-algebra. Then a subfunctor D of Sp°(R) is fat if and only
if there exists an R-covering family (R;)ier such that Im(Sp? (R;) — Sp?(R)) C D for all
el



CHAPTER 5. GROUP THEORY 90

Proof. If D C Sp?(R) is fat, we can apply Definition to the element
a =1idgr € Hom(R, R) = Sp? (R)(R)

to find an R-covering family (R;);er such that the maps R — R; liein D(R;) C Sp? (R)(R;)
for every i € I. Let ¢: R; — S be a morphism of k-o-algebras. Since

Sp? (R)(¢): Sp?(R)(Ri) — Sp? (R)(S)

maps D(R;) into D(S) we see that the composition R — R; — S liesin D(S) C Sp?(R)(S).
Therefore the image of Sp?(R;)(S) — Sp? (R)(S) lies in D(S). This shows that

Im(Sp?(R;) — Sp?(R)) C D.

Conversely, if (R;);er verifies the condition of the lemma and a: R — S is a morphism of
k-o-algebras, then (R;®pS)ier is an S-covering family. By assumption, R — R; — R;®rS
lies in D(R; ®rS) C Sp? (R)(R; ®rS). But R - R; — R;®r S equals R — S — R, ®gS.
Therefore Sp?(R)(S) — Sp?(R)(R; ®r S) maps a into D(R; ®r S). O

Proposition 5.1.7. For a functor F': k-o-Alg — Sets the following properties are equiv-
alent:

(i) The functor F is a sheaf.

(ii) If D is a fat subfunctor of a functor E: k-o-Alg — Sets and ¢: D — F a morphism,
then there exists a unique extension of ¢ to E.

(iii) If R is a k-o-algebra, D a fat subfunctor of Sp?(R) and ¢: D — F a morphism,
then there exists a unique extension of ¢ to Sp?(R).

Proof. Let us start with (i)=-(ii). Let R be a k-c-algebra and « € E(R). We have
to construct ¢(a) € F(R). Since D is fat, there exists an R-covering family (R;)icr
such that the image a; of a in E(R;) belongs to D(R;). Since a € E(R) we see that
(ai)ier € [, D(R;) C I, E(R;) lies in the equalizer of the top row of

[1; D(R;) —= 11, ; D(R: ®r R;)

| |

[T F(Ri) —=11;; F(Ri ®r R;).

Therefore (¢(ai))icr € []; F'(R;) lies in the equalizer of the bottom row. Since F' is a
sheaf there exists a unique b € F(R) mapping to (¢(a;))icr. Set ¢(a) = b. We have to
show that this definition does not depend on the choice of the R-covering family (R;)ie;s.
So let (Sj)jes be another R-covering family such that the image of a € E(R) lies in
D(S;) C E(S;) for every j € J. Then the R-covering family (R; ®g Sj); j)erx.s also has
the property that the image of a in E(R; ®g S;) lies in D(R; ®pg S;) for (i,7) € I x J.
Performing the above construction of ¢(a) with the R-covering family (R; ®r S;) (i j)erxs



CHAPTER 5. GROUP THEORY 91

and considering the commutativity of

Hi R;

|

|

Hj Sj

we see that ¢(a) is well-defined. To show that the definition of ¢ is functorial in R we
can consider a morphism R — S of k-o-algebras and the S-covering family (R; ®pr S)ier-
The fact that ¢: E — F is the unique extension of ¢: D — F' is immediate from the
construction of ¢.

The implication (ii)=-(iii) is obvious. Thus it only remains to show that (iii)=-(i). Let
(R;)icr be an R-covering family. Let D be the subfunctor of Sp?(R) equal to the union
Uier Im(Sp? (R;) — Sp?(R)), i.e., a morphism of k-o-algebras R — S lies in D(S) if and
only if it factors through R — R; for some i € I. Then D is a fat subfunctor of Sp?(R)
by Lemma We claim that the sequence

B
Hom(D, F) — [[, Hom(Sp? (R;), F') — [1; ; Hom(Sp?(R; ®r R;), F) (5.2)

B2

is exact. The injectivity of « is clear from the definition of D. Let f = (fi)icr €
[, Hom(Sp? (R;), F') be such that £(f) = B2(f). Then for every pair (i,j) € I x I

Sp? (Ri) Xspe(r) SP7 (R;) (5.3)

iN

R KRR R
commutes. Let us define a morphism h: D — F' as follows: If S is a k-o-algebra and
a € D(S) C Sp?(R)(S) = Hom(R, S) then a factors as a: R — R; L, S for some i € I and
we can define h(a) = f;(b) € F(S). If follows from the commutativity of that h(a)
does not depend on the choice of i and b. Clearly, a(h) = f. Therefore is exact.
By assumption, every morphism D — F uniquely extends to Sp?(R) — F, i.e

Hom(Sp?(R), F) — Hom(D, F') is bijective. Thus, applying the canonical bijections
Hom(Sp?(S), F) ~ F(S) to (5.2)), yields the exactness of (5.1). So F' is a sheaf. O

Sp7( p?(R;))

Theorem 5.1.8. Let F' be a functor from k-o-Alg to Sets. Then there exists a sheafﬁ
and a morphism v: F — F that is universal among morphisms from F to sheaves, i.e., for
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every morphism ¢ from F to a sheaf E there exists a unique morphism <1~5: F—>E making

commutative.

Proof. For any k-o-algebra R we set (LF)(R) = lim Hom(D, F), where the limit is taken
over all fat subfunctors D of Sp?(R). An element of (LF)(R) is thus an equivalence class
(D, ), where D is a fat subfunctor of Sp?(R) and a: D — F' a morphism of functors. We
have (D, a) = (D', /) if and only if there exists a fat subfunctor D" of Sp?(R) contained
in D and D’ such that the restrictions of o and o/ to D" are equal.

Let ¢p: R — S be a morphism of k-o-algebras. For every fat subfunctor D of Sp? (R) the
map Sp?(v): Sp?(¥)~ (D) — D induces a map Hom(D, F) — Hom(Sp? ()~ 1(D), F).
By passing to the limit we obtain a map L(¢): (LF)(R) — (LF)(S). Thus LF is a
functor from k-o-Alg to Sets. We have a morphism of functors tp: F — LF determined
by sending, for each k-o-algebra R, an element of F'(R) ~ Hom(Sp?(R), F') to its canonical
image in lim Hom(D, F).

Now set [ = L(LF) and ¢ = tcr o tp. With the notation of the theorem, we will
next show the existence and uniqueness of ¢. Since ¢ = tpp o ¢f, it suffices to show that
for every morphism ¢ from F' to a sheaf E, there exists a unique morphism ¢': LF — E
making

F = LF (5.4)

commutative.

Let us first prove the uniqueness of ¢'. Let R be a k-c-algebra and let u: Sp?(R) — LF
correspond to (D,a) € (LF)(R) under the bijection (LF)(R) ~ Hom(Sp?(R),LF). It
follows from the definitions that

D Sp?(R) (5.5)
“iﬂ = ley

commutes. Let n: Sp°(R) — FE correspond to ¢'((D,«)) € E(R) under the bijection
E(R) ~ Hom(Sp?(R),E). Then n = ¢'un. Combining this with and (5.4), we see
that the restriction of  to D equals ¢ By Proposition[5.1.7} this shows that 7 is uniquely
determined by (D, «) and ¢. Therefore ¢/((D, «)) is uniquely determined by ¢.

Let us now establish the existence of ¢’. Let R be a k-o-algebra and (D, «) € (LF)(R).

By Proposition[5.1.7}, the composition D = F 2 Ehasa unique extension n: Sp?(R) — E.
Note that 1 only depends on the equivalence class (D, a). Now define ¢'((D,«)) € E(R)

as the image of n under the canonical bijection Hom(Sp?(R), F) ~ E(R). This defines a

morphism ¢': LF — E such that ¢ = ¢'ip.

It remains to show that F is a sheaf. But let us first show that

ver s (LF)(R) — (L(LF))(R)
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is injective for every k-o-algebra R. So we have to show that if i, n: Sp?(R) — LF are two
morphisms having the same restriction to a fat subfunctor D C Sp?(R), then p = 7. Let
f,n € (LF)(R) correspond to p and n under the bijection (LF)(R) ~ Hom(Sp?(R), LF).
Replacing D by a smaller fat subfunctor of Sp?(R) if necessary, we can assume that
fi=(D,p) and ) = (D,n’). Asin (5.5)), we have tpp’ = p|p and tpn’ = n|p. By Lemma
there exists an R-covering family (R;);cr such that Im(Sp?(R;) — Sp?(R)) C D
forall i € I. Fori € I let w: Sp°(Ri) — D * F and n;: Sp”(Ri) — D % F be the
induced morphisms. Then tpu; = tpn;. Considering the image of idg, € Sp?(R;)(R;) in
(LF)(R;) under tpp; = tpmn;, shows that there exists a fat subfunctor D; of Sp?(R;) such
that pi|p, = ni|p,- By Lemma there exists for every i € I an R;-covering family
(Sij)jes; such that Im(Sp?(S;;) — Sp?(R;)) C D; for all j € J;. The family (Sij)icr je;
is R-covering and therefore the union D’ of all Im(Sp?(S;;) — R) is a fat subfunctor of
Sp?(R) by Lemma |5.1.6

Sp?(5ij) — Dy Sp?(R;) —= D——Sp’(R)

!

F—Y>_[F

Since p; and 7; agree on D; we see that p' and 7’ agree on D’. Therefore i = 7 and
consequently p = n as claimed.

To show that F is a sheaf, it thus suffices to show that LF is a sheaf whenever
tp: F(R) — (LF)(R) is injective for every k-o-algebra R. Let us identify F' with a
subfunctor of LF via tp and let (D,«) € (LF)(R). Since D is fat in Sp?(R), by Lemma
there exists an R-covering family (R;);er such that Im(Sp?(R;) — Sp?(R)) C D.
Let ¢;: Sp?(R;) — Sp?(R) denote the canonical map. The commutativity of

¢i 1 (D)—— Sp” (Ry)

L
y

F

shows that (LF)(R) — (LF)(R;) maps (D, «) into F(R;) C (LF)(R;). Thus F is fat in
LF.

To show that LF' is a sheaf, it suffices to show (Proposition that for every
k-o-algebra R, every morphism p: D — LF from a fat subfunctor D C Sp?(R) to LF
has a unique extension y': Sp?(R) — LF. The uniqueness of y/ follows from the assumed
injectivity of tp: F(R) — (LF)(R). So it remains to prove the existence of u'. Since
F C LF is fat, u='(F) C D is fat. Since D is fat in Sp?(R) it follows that u~!(F) is fat
in Sp?(R). Let u': Sp?(R) — LF correspond to the image of ju: p~'(F) — F in (LF)(R)
under the bijection (LF)(R) ~ Hom(Sp’(R), LF). Then y' is an extension of p: pu~(F) —
F C LF. Tt remains to show that y’ also extends p: D — LF. So we have to show that
p(a) = p/(a) for any k-o-algebra S and a € D(S). Let a: Sp?(S) — D correspond to a
under the bijection D(S) ~ Hom(Sp?(S), D). Since pa and p'a have the same restriction
to a~Y(u 1 (F)) C Sp7(S), it follows from the injectivity of top: (LF)(S) — (L(LF))(S)
that pa = p'a. As p(a) and @/ (a) € (LF)(S) corresponds to Sp?(S) % D £ LF and
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Sp?(S) & p ¥ orF respectively under the bijection (LF)(S) ~ Hom(Sp?(S),LF) we
find that p(a) = p/(a) as desired. O

The sheaf

F
from Theorem 8| is called the sheaf associated with F', or the sheaﬁﬁcation of F. If

¢: F'— FEis a morphlsm of functors from k-o-Alg to Sets, then F ?, E — E induces a
morphism d) F — E. So sheafification is a functor. Indeed, as

Hom(ﬁ, E) ~Hom(F, E),
we see that sheafification is left adjoint to the inclusion of functors into sheaves.
Corollary 5.1.9. Let D be a fat subfunctor of a sheaf F': k-0-Alg — Sets, then D=F.
Proof. This is clear from Proposition ]

Lemma 5.1.10. Let ¢: F' — E be a morphism of functors from k-o-Alg to Sets such
that ¢r: F(R) — E(R) is injective for any k-o-algebra R. Then O F( ) — E(R)
injective for any k-o-algebra R.

Proof. It suffices to show that (LF)(R) — (LE)(R) is injective for any k-o-algebra R. So
let a1: D1 — F and ay: Dy — F be morphism with Dy, Dy fat subfunctors of Sp?(R)
such that a1¢ and as¢ have the same image in (LE)(R) = limHom(D, E). Then there
exists a fat subfunctor D of Sp?(R) with D C Dj; N Dy such that the restriction of aj¢
and as¢ to D are equal. It follows from the injectivity of ¢ that oy and g have the same
restriction to D. ]

For simplicity, let us call a functor G : k-o-Alg — Groups a group functor. Equivalently,
a group functor is a group object in the category of functors from k-o-Alg to Sets. If G
is a group functor, then the associated sheaf G is naturally a group functor such that
the associated morphism of functors ¢: G — Gisa morphism of group functors, i.e., is
compatible with the group structure. Indeed, if G is a group functor, then Hom(D, G)
has naturally the structure of a group for any functor D: k-o-Alg — Sets. If R is a
k-o-algebra and Dy C Dy are fat subfunctors of Sp?(R) then Hom(D2, G) — Hom(D1, G)
is a morphism of groups and we have an induced group structure on the limit (LG)(R) =
lim Hom(D, G). This group structure is functorial in R and tg: G — LG is a morphism
of group functors. Applying this construction twice, yields the required group structure
on G = L(LG). Alternatively, the group structure on G, can be obtained by applymg ()

to the multiplication G x G — G and using the canonical isomorphism GxG~GxG.
If G is a group functor and N a normal subgroup functor, i.e., N(R) is a normal
subgroup of G(R) for any k-o-algebra R, we can define a group functor

G/ N

by R ~» G(R)/N(R). The crux with this functor is that it may not be a sheaf (or o-variety)
if G and N are sheaves (or o-varieties). We therefore need to sheafify G/ N. Sheafification
is compatible with quotients in the following sense:
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Lemma 5.1.11. Let G be a group functor and N a normal subgroup functor. Then N is
a normal subgroup functor of G and

—_—~—

Proof. By Lemma the map N (R) — -G (R) is injective for any k-o-algebra R. Since

N is normal in G, Hom(D N) is normal in Hom(D, G) for every fat subfunctor D of

Sp?(R). It follows that (LN)(R) is normal in (£G)(R) and therefore N is normal in G.
The morphism N — G — G//N factors through the sheaf F that maps every k-o-algebra

to a set with one element Hence N — G — G //N factors through E. So N maps into

the kernel of G — G//N and we obtain a morphism p: GJ/N — G//N Since N lies in the
kernel of G — G — G /N we obtain a morphism 7: G /N — G//N.
All the subdiagrams of

G/N
iic//zv
G/JN
M ﬁé’\a
v
G//JVMG//N

consisting only of solid arrows commute. By the universal property of iz i there exists

a morphism «: CNJ//JV — CE/?]/\T such that ai@//ﬁ = p. By the universal property of ig/n

there exists a morphism 3: G//N — G//N such that Bigyn =i
«a and 3 are inverse to each other. We have

ayN"- We will show that

ﬁ??éig = ﬁiG//NT"G = ié//ﬁnﬂg = ié//ﬁﬂ'éiG-

Therefore B = i N7 Since, for any k-o-algebra R and element from (G//N)(R) lifts
to an element of G(R), this implies that Su = ZG,//N. From/ez\zg//N =pand Bu = ’LG//N we
deduce that Baié//ﬁ = ié//ﬁ. Thus B« is the identity on é//ﬁ
We have ai@//ﬁn = un =igyn. Together with ié//ﬁn = Big N, this implies afig/n =
icyn- Therefore af3 is the identity on G /N.
]

Theorem 5.1.12. Let G be a o-algebraic group and N < G a o-closed subgroup. Then
G/IN is a fat subfunctor of G/N. In particular,

G/JN = G/N.

Proof. By Theoremthe kernel of G — G/N equals N, i.e, for every k-o-algebra R the
kernel of G(R) — (G/N)(R) is N(R). Thus the canonical map G(R)/N(R) — (G/N)(R)
is injective. Therefore we can identity G /N with a subfunctor of G/N. It follows from
Lemma [3.2.8 that G/N is fat in G/N. O
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5.2 The isomorphism theorems

In this section we prove the isomorphism theorems for o-algebraic groups.
The following theorem is the analog of the first isomorphism theorem for groups.

Theorem 5.2.1. Let ¢: G — H be a morphism of o-algebraic groups. Then ¢(G) is a
o-closed subgroup of H and the induced morphism G/ ker(¢) — ¢(G) is an isomorphism.

Proof. We already observed in Lemma that ¢(G) is a o-closed subgroup. Since
ker(¢) is the kernel of G — ¢(G), the induced morphism G/ ker(¢) — ¢(G) is a o-closed
embedding by Corollary and so we can identify G/ ker(¢) with a o-closed o-subvariety
of ¢(G). Since ¢ factors through G/ker(¢) it follows from the definition of ¢(G) that

G/ ker(6) = 6(G). 0
Corollary 5.2.2. Let ¢: G — H be a morphism of o-algebraic groups. Then

¢(G) = Im(¢).
Proof. The isomorphism G/ ker(¢) ~ ¢(G) identifies G J/ ker(¢) with Im(¢). Therefore the
claim follows from Theorem [5.1.12] O

Let N and H be o-closed subgroups of a g-algebraic group G such that H normalizes
N, ie., H(R) normalizes N(R) for any k-o-algebra R. Then we can form the semidirect
product N x H: This is a o-algebraic group with underlying o-variety N x H and mul-
tiplication given by ((n1, h1), (n2, ha)) — (nlhlnghfl,hlhg) for any k-o-algebra R and
ni,n2 € N(R), h1,hy € H(R). Cf. the end of Section The map

m: N xH — G, (n,h) — nh

for any k-o-algebra R and n € N(R), h € H(R) is a morphism of o-algebraic groups. We
define
HN := NH := m(N = H).

By construction HN is a o-closed subgroup of G (Lemma|3.3.5)). In fact, HN is the small-
est o-closed subgroup of G which contains NV and H. It follows from Corollary that
HN is the sheaf associated to the functor R ~» N(R)H(R). Moreover, by Lemma [3.3.14

we have
(NH)(R) = {g € G(R)| 3 faithfully flat R-o-algebra S such that g € N(S)H(S)}

for any k-o-algebra R. It follows from Lemma [3.3.15/that N = m(N) is normal in HN.
The following theorem is the analog of the second isomorphism theorem for groups.

Theorem 5.2.3. Let H and N be o-closed subgroups of a o-algebraic group G such that
H normalizes N. Then the canonical morphism

H/(HNN)— HN/N
s an tsomorphism.
Proof. For every k-o-algebra R we have an isomorphism
H(R)/(H(R) N N(R)) — H(R)N(R)/N(R)

which is functorial in R. Passing to the associates sheaves and using Lemma [5.1.11] we
find the required isomorphism. O
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The following theorem is the analog of the third isomorphism theorem for groups.

Theorem 5.2.4. Let G be a o-algebraic group, N < G a normal o-closed subgroup and
m: G — G/N the quotient. The map H — w(H) = H/N defines a bijection between the
o-closed subgroups H of G containing N and the o-closed subgroups H' of G/N. The
inverse map is H' +— 7~ (H'). A o-closed subgroup H of G containing N is normal in G
if and only if H/N is normal in G/N, in which case the canonical morphism

G/H — (G/N)/(H/N)
is an isomorphism.

Proof. By Theorem and Theorem we have m(H) = H/N. Let us show that
7 1(n(H)) = H for every o-closed subgroup H of G containing N. Let R be a k-o-algebra
and g € 7 Y7w(H))(R), ie., m(g) € n(H)(R). By Lemma there exists a faith-
fully flat R-o-algebra S and h € H(S) with w(h) = 7(g) € (G/N)(S). As ker(w) = N
by Theorem this implies that gh~* € N(S) < H(S). Therefore g € H(S) and
g€ H(S)NG(R) = H(R) by Lemma Thus 7—!(7x(H)) C H. The reverse inclu-
sion is obvious.

Let us next show that (7~ 1(H’)) = H' for a o-closed subgroup H' of G/N. As w
maps 71 (H') into H’, it is clear form the definition of 7(7~1(H’)) (Lemma that
m(r~Y(H")) Cc H'.

Let R be a k-o-algebra and h' € H'(R). There exists a faithfully flat R-o-algebra S
and g € G(9) such that 7(g) = h'. So g € 7~ L{(H')(S) and W = 7(g) € m(x~1(H')(S)) C
(7Y (H"))(S). Thus ' € n(7~(H"))(S)NH'(R) = n(x~1(H"))(R). Hence (7~ 1(H')) =
H'

If H is normal in G, then 7(H) is normal in G/N by Lemma [3.3.15] Clearly 7! (H)
is normal if H’ is normal.

For every k-o-algebra R be have an isomorphism

G(R)/H(R) — (G(R)/N(R))/(H(R)/N(R)).

Passing to the associated sheaves and using Lemma [5.1.11| we obtain the required isomor-
phism. O

5.3 Jordan-Holder theorem

In this section we apply the results from the previous sections to prove a Jordan-Holder
type theorem for g-algebraic groups. A Jordan-Holder type theorem for algebraic groups
can be found in [Ros56], while a Jordan-Holder type theorem for differential algebraic
groups has been proved in [CS11]. As we will show, the Schreier refinement theorem
also holds for o-algebraic groups (Theorem . So any two decomposition series of a
o-algebraic group have equivalent refinements. However, a o-algebraic group rarely has
a decomposition series. It is therefore useful to consider more general subnormal series.
The basic idea is to consider o-algebraic groups up to quotients by zero o-dimensional
normal subgroups. Formally this is realized by replacing in the uniqueness statement of
the classical Jordan-Hélder theorem the notion of isomorphism by the notion of isogeny.

Our first aim is to prove the analog of the Schreier refinement theorem. We follow
along the lines of the well-known proof via the Butterfly lemma. (Cf. [Lan02, Section 1.3]
and [Mil12 Chapter IX, Section 6].) We will need two analogs of elementary statements
about groups.
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Lemma 5.3.1. Let N, G and H be o-closed subgroups of a o-algebraic group G’ such that
N <G and N normalizes H. Then GNNH = N(GN H).

Proof. As N <GNNH and GNH < GNNH it is clear that N(GNH) C GNNH.
Conversely, let R be a k-o-algebra and g € (G N NH)(R). There exists a faithfully
flat R-o-algebra S and n € N(S), h € H(S) such that ¢ = nh in G'(S). But then
h = n~lg € G(S) and therefore g = nh € N(S)(G(S)N H(S)) C (N(G N H))(S). Tt
follows from Lemma that g € (N(GN H))(R). O

Lemma 5.3.2. Let Hi < Hy be o-closed subgroups of a o-algebraic group G. Assume that
Hs normalizes N < G. Then NHy < N Hs.

Proof. Clearly N x Hj is a normal o-closed subgroup of N x Hs. Therefore NH; =
m(N x Hp) is a normal o-closed subgroup of NHy = m(N x H) by Lemma 3.3.15f O

The following lemma is the analog of the Butterfly (or Zassenhaus) lemma.

Lemma 5.3.3. Let N1 <A Hq and No < Hy be o-closed subgroups of a o-algebraic group G.
Then Nl(Hl N NQ) < Nl(Hl N HQ), NQ(Nl N Hz) < NQ(Hl N HQ) and

Nl(Hl ﬂHQ) - NQ(H]_ N HQ)
Nl(Hl ﬁNg) Nz(Nl ﬂHQ).

Proof. Since Hy N Ny is normal in Hy N Hs it follows from Lemma that Ny(Hp N Na)
is normal in Ny (H; N Hy). Similarly, No(Ny N He) < No(Hy N Hy). As Hy N Hy normalizes
Ni(H; N Na) it follows from Theorem that

HiN Hy N (HlﬂHQ)Nl(HlﬂNQ)
(HlmHz)ﬂNl(HlﬂNg) Nl(HlﬂNg)

Lemma with N = Hi NNy, G = Hi N Hy and H = N; shows that
(H1 ﬂHQ) N Nl(Hl N NQ) = (Hl N Ng)(Hl NHyN Nl) = (Hl N Nz)(Nl N HQ).

Because Hy N Ny C Hy N Hy we find (Hy N H2)Ny(Hy N No) = Ni(H; N Hg). Therefore
(5.6) becomes

(5.6)

Hy N H, o Ni(H N Hy)
(Hl N Ng)(Nl ﬂHQ) B Nl(Hl N Nz)‘

By symmetry
Hy N H, _ Na(H1 N Hy)

(H1 N Ng)(Nl ﬂHQ) o NQ(N]_ ﬂHQ)‘

O]

Definition 5.3.4. Let G be a o-algebraic group. A subnormal series of G is a sequence

G=Gy2G12---2G, =1 (5.7)
of o-closed subgroups of G such that G;11 is normal in G; for i =0,...,n —1. Another
subnormal series

of G is called a refinement of if {Go,...,Gn} C {H1,...,Hy}. We say that

and (@ are equivalent if n = m and there exists a permutation © such that the quotient
groups Gi/Giv1 and Hry/Hyi)41 are isomorphic for i = 0,...,n — 1. A subnormal
series is called a decomposition series if no quotient group has a proper non-trivial normal
o-closed subgroup.
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The following theorem is the analog of the Schreier refinement theorem.

Theorem 5.3.5. Any two subnormal series of a o-algebraic group have equivalent refine-
ments.

Proof. Let
G=GyD>oG1D---DG,=1

and
G=Hy>oH;D>---DH, =1

be subnormal series of a o-algebraic group G. Set G; ; = G;11(H;NG;) fori =0,...,n—1
and j =0,...,m. Then

GZG():GO,QDGQJDGO,QD---DGO,mZGlzGLoDGLlD---DGn_l’m=1

is a subnormal series for G. Similarly, setting H;; = H;11(G; N Hj) for j =0,...,m —1
and 7 =0,...,n, defines a subnormal series for G. By Lemma [5.3.3

Gij/Gij+1 =~ Hji/Hjit.
O

Corollary 5.3.6. Any two decomposition series of a o-algebraic group are equivalent.

Proof. By Theorem there exist equivalent refinements. But a refinement of a decom-
position series is necessarily trivial. O

The above corollary is not that useful as it may seem at first sight, because a o-algebraic
group need not posses a decomposition series. Let us illustrate this with an example.

Example 5.3.7. Let k£ be a o-field of characteristic zero. The o-algebraic group G = G,
does not have a decomposition series. Indeed, by [DVHW, Corollary A.3], every proper
o-closed subgroup G of G, is of the form G(R) = {g € R| f(g) = 0} for some non-zero
homogeneous linear difference equation f = o"™(y) + An_10™ H(y) + -+ + Xoy. If h is
another non-trivial linear homogeneous difference equation, then the product h * f in the
sense of linear difference operators (see [Lev08| Section 3.1]) defines a o-closed subgroup
H of G, with G G H G G,. For example, for h = o(y) we have

H(R) = {g € R| 0" (g) + 0(Ma-1)0"(y) + -+ + o(Xo)o(g) = 0}.

To remedy this shortcoming we need to relax the condition that the quotient groups
of a decomposition series are simple.

Definition 5.3.8. A o-algebraic group G with o-dim(G) > 0 is called almost-simple if
every normal proper o-closed subgroup of G has o-dimension zero.

In the differential world, the almost-simple differential algebraic groups are fairly well
understood. See [CS11], [Min], [Ere]. We hope to elucidate the structure of almost-
simple o-algebraic groups in the future. Considerable understanding of the Zariski dense
o-algebraic subgroups of almost-simple algebraic groups has already been obtained in
[CHPO2, Proposition 7.10]. See also [DVHW| Section A4].

Example 5.3.9. The o-algebraic group G = G, is almost-simple. (Cf. Example [5.3.7)).
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Lemma 5.3.10. Let G be a o-algebraic group with o-dim(G) > 0. Among the o-closed
subgroups H of G with o-dim(H) = o-dim(G) there exists a unique smallest one.

Proof. Let Hy and Ha be o-closed subgroups of G with o-dim(H;) = o-dim(Hz) =
o-dim(G). By Theorem we have o-dim(H; N Hz) = o-dim(G). Thus the claim
follows from Corollary ]

Definition 5.3.11. Let G be a o-algebraic group with o-dim(G) > 0. The smallest
o-closed subgroup of G with o-dimension equal to the o-dimension of G is called the
strong identity component of G. It is denoted by

G*.

A o-algebraic group of positive o-dimension is called strongly connected if it is equal to
its strong identity component.

Thus a o-algebraic group G is strongly connected if and only if it has no proper o-closed
subgroup with o-dimension equal to the o-dimension of G. It is clear from Lemma
that a strongly connected o-algebraic group is connected. The strong identity component
of a o-algebraic group is strongly connected.

Example 5.3.12. If G is a smooth connected algebraic group with dim(G) > 0, then
G = [0]xG is strongly connected. Indeed, as G is smooth and connected k[G[i]] is an
integral domain for every ¢ > 0. So if H is a proper o-closed subgroup of G, then
dim(H[i]) < dim(G[i]) for i > 0. But dim(G[i]) = dim(G)(i + 1) and so it follows from
Theorem that o-dim(H) < o-dim(G).

The following example shows that a o-integral o-algebraic group need not be strongly
connected.

Example 5.3.13. Let G be the o-closed subgroup of G2 given by
G(R) = {(91,92) € R?| o(91) = g1} < GZ(R)

for any k-o-algebra R. As k{G} = k[y1|/{y2} with o(y1) = y1 we see that G is o-integral.
We have o-dim(G) = 1 (for example by Proposition [2.2.17). The o-closed subgroup H of
G given by H(R) = {(0,g) € R?} is isomorphic to G, and therefore also has o-dimension
one. It is clear from Example that G%° = H.

It is clear that G®° is a characteristic subgroup of G in the weak sense that every
automorphism 7 of G induces an automorphism of G*°. However, the following example
illustrates the somewhat disturbing fact that G*° need not be normal in G. In particular,
G*° need not be a characteristic subgroup of G (in the sense of Definition [2.1.5).

Example 5.3.14. Let G = N x H be the o-algebraic group from Example Then
o-dim(G) = 1. The o-closed subgroup H = G, of G has o-dimension one. Since H is
strongly connected (Example we see that H = G%°. We already noted in Example
2.5.11] that H is not normal in G.

Lemma 5.3.15. Assume that k is perfect and inversive. Then a strongly connected
o-algebraic group is o-integral.
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Proof. Let G be a strongly connected o-algebraic group. Then G is connected and because
o-dim(G) = o- dim(Gyeq) by Lemma [4.1.22) we must have G = Gieq. So G is reduced and

hence integral by Proposition Similarly, G = G4.yeq by Lemma Thus G is
o-integral. O

The following example shows that Lemma fails over an arbitrary base o-field.
There exists a strongly connected o-algebraic group which is not o-reduced.

Example 5.3.16. Let k& be a non-inversive o-field of characteristic zero. So there exists
A € k with A ¢ o(k). Let G be the o-closed subgroup of G2 given by

G(R) = {(g1,92) € R*| 0(g1) = Ao(g2) }

for any k-o-algebra R. Then k{G} = k[y1,y2,0(y2),...] with o(y1) = Ao(y2). Fori > 0 let
G[i] denote the i-th order Zariski closure of G' in G2. Then k[G[i]] = k[y1,v2, - - -, (y2)]
and therefore dim(G[i]) =1 (i + 1) + 1, in particular o- dim(G) = 1.

We claim that G is strongly connected. Suppose that H < G is a proper o-closed
subgroup with o-dim(H) = o-dim(G). Let a; and ag denote the image of y; and yy in
k{H} respectively. By [DVHW, Corollary A.3] the o-ideal I(H) C k{G2} is o-generated
by homogenous linear o-polynomials. Thus there exists a non-trivial k-linear relation
between a1, az,o(az),.... If that relation would properly involve o?(ag) for i > 1, then
o-dim(H) = 0. Thus there exists a non-trivial k-linear relation between a; and az. We
have a; # 0 and ay # 0 because otherwise o-dim(H) = 0. So there exists p € k with
a1 — pag = 0. Consequently

0= o(a) - o(w)o(az) = Ao(az) — o(w)o(az) = (A — o(u))o(az).

Since A ¢ o(k) this implies o(a2) = 0. But then o-dim(H) = 0; a contradiction.

Now assume that A\? € o(k). (For example, we can choose k = C(y/z, vz + 1,...) with
action of ¢ determined by o(x) =  + 1 and A\ = /z.) If p € k with o(u) = A? then
o(y? — pys) = 0. Thus G is not o-reduced.

We have seen in Example [5.3.14] that the strong identity component need not be
normal. Our next goal is to reconcile this difficulty:

Proposition 5.3.17. Assume that k is algebraically closed and inversive. Let G be
a strongly connected o-algebraic group and H a normal o-closed subgroup of G with
o-dim(H) > 0. Then H*® is normal in G. (In particular, H*® is normal in H.)

For the proof of Proposition [5.3.17 we need several preparatory results.

Lemma 5.3.18. Assume that k is algebraically closed and inversive. Let K be a o-field
extension of k. Then there exists a o-field extension L of K such that only the elements
of k are fized by all o-field automorphisms of Lk, i.e., LAu(LIR) — [

Proof. Let us start with proving the following claim: There exists a o-field extension L of
K such that for all a € K \ k there exists a o-field automorphism 7 of L|k with 7(a) # a
and such that every o-field automorphism of K|k extends to a o-field automorphism of
L|k.

Since k is algebraically closed K ®; K is an integral domain. Since k is inversive
K ® K is o-reduced (Lemma (ii)). Therefore the quotient field L of K ®; K is
naturally a o-field. Consider L as a o-field extension of K via the embedding a — a ® 1.



CHAPTER 5. GROUP THEORY 102

The o-field automorphism 7 of L|k determined by 7(a ® b) = b ® a moves every element
of K \ k. Moreover, every o-field automorphism 7’ of K|k extends to L|k, for example by
(a®b) =7'(a) ®D.

Now let us prove the lemma. By the above claim, there exists a o-field extension L;|K
such that every element of K \ k can be moved by a o-field automorphism of L;|K and
every o-field automorphism of K|k extends to a o-field automorphism of L;|k. Now apply
the claim again to Li |k to find a o-field extension Lg|Lq such that every element of Ly \ k
can be moved by a o-field automorphism of Ly|k and every o-field automorphism of L |k
extends to a o-field automorphism of Lo|k. Continuing like this we obtain a chain of o-field
extensions k C K C Ly C Ls C .... The union L = UL; has the required property. ]

We need to know if the strong identity component is compatible with base extension.

Lemma 5.3.19. Assume that k is algebraically closed and inversive. Let G be a o-algebraic
group with o-dim(G) > 0 and K a o-field extension of k. Then

(GK)SO — (GSO)K.
Proof. As the o-dimension is invariant under base extension (Lemma [2.2.19)),
o-dim((G*°) k) = o-dim(G*°) = o-dim(G) = o-dim(Gg).

Therefore (Gi)* < (G*) k.

Let us now show that (Gx)®® descends to k, i.e., there exists a o-closed subgroup H
of G with (Gk)®*® = Hkg. By Lemma there exists a o-field extension L of K such
that LAER) = & where Aut(L|k) is the group of all o-field automorphisms of L|k. The
group Aut(L|k) acts on L{G} = k{G} ®;, L by k-o-algebra automorphisms via the right
factor. Let H' be a o-closed subgroup of Gp. Since the Hopf algebra structure maps
commute with the Aut(L|k)-action, 7(I(H")) is a o-Hopf ideal of k{G} ®; L for every
7 € Aut(L|k). Moreover, the o-dimension of the o-closed subgroup of G defined by
7(I(H")) is equal to the o-dimension of H' (cf. Lemma [2.2.19). Since I((G)*°) is the
unique maximal o-Hopf ideal of k{G} ®; L such that o-dim((GL)*°) = o-dim(GL), we
see that 7(I((GL)%?)) = I((GL)*°) for every T € Aut(L|k). Let

a={fel((GL)*)| 7(f) = fV 7 eAut(L]k)} = I((GL)*) N K{G}.

Since the action of Aut(L|k) commutes with the Hopf algebra structure maps, a is o-Hopf
ideal of k{G} and therefore corresponds to a o-closed subgroup H of k{G}. We have
a®y L =1((GL)*°). (See [Bou90, Corollary to Proposition 6, Chapter V, §10.4, A.V.63].)
So Hp, = (Gp)*°. As o-dim(H) = o-dim((Gp)*°) = o-dim(Gr) = o-dim(G) we see that
G*° < H, therefore (G*°);, < H;, = (G1)*°. Hence also

(G*)k)L = (G*)L < (GL)* < (GK)™)L-
Thus (GSO)K S (GK)SO. ]

The following example shows that the formation of the strongly connected component
is in general not compatible with base extension.

Example 5.3.20. Let G be the strongly connected o-algebraic group from Example
5.3.16 Let K = k* be the inversive closure of k (see (|[Lev08, Definition 2.1.6])) and
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let u € K with o(u) = A\. Then Gk is not strongly connected since it has the o-closed
subgroup H of o-dim(H) = 1 = o-dim(G) given by

H(R) = {(g1,92) € R?| g1 = g2}
for any k-o-algebra R. So (G )*° is properly contained in (G*°)x = G-
Now we are prepared to prove Proposition [5.3.17]

Proof of Proposition|5.3.17 We have to show that the morphism of o-varieties
¢: G x H*® — G, (g,h) — ghg™"

maps into H*°. We know from Lemma that H*° and G are o-integral. A fortiori
H*° and G are perfectly o-reduced. Because of Lemma[2.5.5| (iv) also the product G x H*°
is perfectly o-reduced. So by Lemma [2.5.4] it suffices to show that ¢x ((G x H**)(K)) C
H?*°(K) for every o-field extension K of k. Let g € G(K). Then ¢ induces an auto-
morphism of Gx by conjugation. Since H is normal in G we have an induced automor-
phism on Hg. This automorphism maps (Hg)® into (Hg)%°. But (Hg)*® = (H*°)k
by Lemma This shows that conjugation by g maps H*°(K) into H*°(K). Thus
oK (G x H*°)(K)) C H*°(K) as required. O

Definition 5.3.21. Let G and H be strongly connected o-algebraic groups of positive
o-dimension. A morphism ¢: G — H s called an isogeny if o-dim(ker(¢)) = 0 and ¢
1s surjective. Two strongly connected o-algebraic groups Hy, Ho of positive o-dimension

are called isogenous if there exists a strongly connected o-algebraic group G and isogenies
G — Hy, G —» H,.

By Theorem [5.2.1]and Corollary [3.2.12) a surjective morphism ¢: G — H is an isogeny,
if and only if o-dim(G) = o-dim(H). In particular, isogenous o-algebraic groups have
the same o-dimension.

Lemma 5.3.22. The composition of two isogenies is an isogeny.

Proof. Clearly the composition of surjective morphisms is surjective. If G; — G9 and
G2 — Gs3 are isogenies, then o-dim(G1) = o-dim(G2) and o-dim(G2) = o-dim(Gs3).
Therefore o-dim(G1) = o- dim(G3). O

Lemma 5.3.23. Isogeny is an equivalence relation on the set of strongly connected dif-
ference algebraic groups of positive o-dimension.

Proof. Reflexivity and symmetry are obvious. Let us prove the transitivity. So let
¢1: G — Hy, ¢po: G — Hsy and ¢h: G' — Hy, ¢ G' — Hj be isogenies. The morphism
pax¢h: GxG' — Hyx Hy is surjective with kernel ker(¢2) xker(¢,), which has o-dimension
zero by Lemma The diagonal D < Hyx Hs given by D(R) = {(ha, h2)| ha € H2(R)}
for any k-o-algebra R is a o-closed subgroup of Hy X Ho isomorphic to Hs. Therefore
G" = ((¢p2 x ¢5)~H(D))** is a o-closed subgroup of G x G’ with o- dim(G") = o- dim(Hs).
Let m: G” — G and 7': G” — G’ denote the projections onto the first and second factor
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respectively. We have the following diagram

G
G G’
y % ® #5
H, H, H;

We claim that 7 and 7’ are isogenies. We have ker(m) < 1 x ker(¢),). Therefore
o-dim(ker(7)) = 0 and consequently

o-dim(7(G")) = o- dim(G") = o- dim(Hz) = o- dim(G).

Since G is strongly connected, this shows that 7(G”) = G, so 7 is surjective. Hence
7 is an isogeny. Similarly, it follows that 7’ is an isogeny. The isogenies ¢17m and @4’
(Lemma [5.3.22)) now show that H; and Hj are isogenous. O

Theorem 5.3.24. Assume that k is algebraically closed and inversive. Let G be a strongly
connected o-algebraic group with o-dim(G) > 0. Then there exists a subnormal series

G=GyDOGD---DGp=1 (5.9)

such that o-dim(G;) > 0, G; is strongly connected, o-dim(G;/G;y1) > 0 and G;/Giy1 is
almost-simple for i =0,...,n— 1. If

G=HyDoH D---DHp,=1 (5.10)

is another such subnormal series, then m = n and there exists a permutation © such that
Gi/Git1 and Hyy/Hyi)41 are isogenous fori=0,...,n — 1.

Proof. Let us first prove the existence statement. Among all normal proper o-closed
subgroups of G choose one, say H, with maximal o-dimension. If o-dim(H) = 0, G
is almost-simple and we are done. So let us assume that o-dim(H) > 0. Since G
is strongly connected, o-dim(H) < o-dim(G). By construction G/H is almost-simple
(Theorem . Let Gy = H?®°. Then (G; is normal in G by Proposition and
o-dim(G/G1) > 0. Let us show that G/G; is almost-simple. Let N be a proper normal
o-closed subgroup of G containing G;. By choice of H, o-dim(N) < o-dim(H), but
since o-dim(H ) = o-dim(G1) < o-dim (V) we have o-dim(N) = o-dim(G;). So G/Gy is
almost-simple (Theorem[5.2.4). As o-dim(G1) < o-dim(G) the claim follows by induction
on o-dim(G).

Now let us prove the uniqueness statement. It follows from Theorem that
and have equivalent refinements. Let

2 Gp=1
(5.11)
be such a refinement of . Fori=0,...,n—1, as Gj is strongly connected and G;/G;+1
is almost-simple, o-dim(G;/Gi ) = o-dim(G;/Giy1) > 0 and o-dim(G; /G j+1) = 0
for j = 1,...,n; — 1, also o-dim(G;,/Git1) = 0. The kernel of G;/Giy1 — Gi/Giq
has o-dimension zero, so G;/G;+1 and G;/G; 1 are isogenous. In summary, we find that

G=Go2G012G022 - 2GCom 2G12G112 - 2G1n, 2G22 -
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among the quotient groups of the subnormal series (5.11]), there are precisely n of positive

o-dimension, (namely G;/G;1, ¢ = 0,...,n —1). A similar statement applies to the
equivalent refinement of (5.10)). Therefore n = m and there is a permutation 7 such that
Gi/Giy1 and Hy ) /Hy ;)41 are isogenous for i = 0,...,n — 1. O

Remark 5.3.25. [t is clear from the proof that the uniqueness statement in Theorem
18 also valid without any restriction on the base o-field k.



Chapter 6

Etale difference algebraic groups

In this chapter we study o-étale o-algebraic groups in full detail. As explained in Sec-
tion every o-algebraic group G fits into an exact sequence 1 — G° — G — mo(G) — 1
with G° connected and my(G) o-étale. In this sense the study of arbitrary o-algebraic
groups reduces to the study of connected o-algebraic groups and the study of o-étale
o-algebraic groups.

Over a o-field of characteristic zero the o-étale o-algebraic groups are precisely the
o-algebraic groups of order zero (Corollary . In this sense o-étale o-algebraic groups
are the “smallest possible” o-algebraic groups. However, a o-algebraic group may have
infinitely many components and so o-étale g-algebraic groups are in a certain sense “infi-
nite”, e.g., the coordinate ring of a o-étale g-algebraic group may be infinite dimensional
as a k-vector space. In particular, a g-étale g-algebraic group is a much richer structure
than just a finite group.

The category of étale algebraic groups is equivalent to the category of finite groups
with a continuous action of the absolute Galois group ([Wat79l Section 6.4]). One of the
main results of this chapter is a difference analog of this result (Theorem . We show
that o-étale o-algebraic groups are equivalent to certain profinite groups equipped with a
o-continuous action of the absolute Galois group.

An étale algebraic group, when interpreted as a o-algebraic group is o-étale. A o-étale
o-algebraic group of this form will be called benign. The second main result of this chapter
is a decomposition theorem for o-étale o-algebraic groups (Theorem [6.4.10). Roughly
speaking, we show that, up to some finite interference, any o-étale o-algebraic group
can be decomposed into benign o-algebraic groups. This result is analogous to Babbitt’s
decomposition theorem ([Lev08, Theorem 5.4.13, p. 336]), an important structure theorem
for algebraic extensions of o-fields.

We also study o-infinitesimal o-algebraic groups and prove two structure theorems
(Theorems [6.3.9 and [6.3.14) for finite o-algebraic groups.

6.1 Basic properties of o-étale difference algebraic groups

Recall (Definition that a o-algebraic group G is called o-étale if k{G} is a union
of étale k-algebras, i.e., every element of k{G} satisfies a separable polynomial over k.
Clearly a o-étale g-algebraic group has o-dimension zero and order zero. However, the
limit degree may be strictly larger than one.

Clearly a o-algebraic group G is o-étale if and only if G = my(G). Thus a o-algebraic

106
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group is o-étale if and only if its identity component is trivial. Let us see some examples
of o-étale o-algebraic groups.

Example 6.1.1. Let n > 2 be an integer. If the characteristic of k& does not divide n, the
o-algebraic group G given by

GR)={gc R"| g" =1} < Gn(R)

for any k-o-algebra R is o-étale. To verify that k{G} = k{y}/[y" — 1] is o-étale it suffices
to observe that k[y]/(y™ — 1) is an étale k-algebra because of our assumption on the
characteristic.

Example 6.1.2. Let G be an étale algebraic group. Then G = [0]xG is a o-étale
o-algebraic group with 1d(G) = |G|. _ _

As k[G] is an étale k-algebra. Also 7 (k[G]) and k[G[i]] = k[G] @ --- @ 7'(k[G]) are
étale k-algebras for every i € N. Therefore k{G} = Uk[G]i]] is o-étale. The statement that
1d(G) = |G| is a special case of Example

Note that Example [6.1.1]is a special case of Example[6.1.2] with G the algebraic group
of n-th roots of unity, i.e., G(T) = {g € T*| g" = 1} for any k-algebra T

Definition 6.1.3. A o-algebraic group is benign if it is isomorphic to a o-algebraic group
of the form [o|xG for an étale algebraic group G.

Not every o-étale o-algebraic is benign. For example, a strongly o-étale o-algebraic
group is o-étale but not benign.

Example 6.1.4. Let G be a finite group and o: G — G a group endomorphism. Then
the o-algebraic group G constructed from this data as in Example is a o-étale
o-algebraic group. This is clear because k{G} is a finite direct product of copies of k and
therefore étale.

One of our main goals in this chapter is to show that in a certain sense Examples[6.1.2
and are the “only” examples of o-étale g-algebraic groups. Indeed, Babbitt’s de-
composition theorem for o-étale o-algebraic groups (Theorem shows that any o-
étale o-algebraic group can be decomposed into a strongly o-étale o-algebraic group, a
o-infinitesimal o-étale o-algebraic group and benign o-algebraic groups.

Lemma 6.1.5. Quotients and o-closed subgroups of o-étale o-algebraic groups are o-étale.

Proof. Let G be a o-étale o-algebraic group. Since quotients of G' correspond to k-o-Hopf
subalgebras of k{G} (Theorem it is clear that quotients of G are o-étale.

If H is a o-closed subgroup k{H} = k{G}/I(H). Since quotients of étale k-algebras
are étale k-algebras it follows that H is o-étale. O

Lemma 6.1.6. Let G be an algebraic group and G < G a o-closed subgroup. For i > 0
let G[i] denote the i-th order Zariski closure of G in G. Then the following statements are
equivalent:

(i) G is o-étale.

(ii) G[O] is an étale algebraic group.
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(iii) G[i] is an étale algebraic group for every i > 0.

Proof. Because k{G} is the union of the k[G[i]]’s (i) and (iii) are equivalent. If k[G[0]] is
an étale k-algebra, all the k[G[i]]’s are étale k-algebras by Lemma [1.1.4] O

A o-closed subgroup of an étale algebraic group is o-étale (Lemma. Conversely, if
G is an étale algebraic group, we can embed G as o-closed subgroup into an étale algebraic
group. For example, we may first embed G into some algebraic group G (Theorem
and then consider the Zariski closure of G in G. Thus a g-algebraic group is o-étale if and
only if it is isomorphic to a Zariski-dense o-closed subgroup of an étale algebraic group.

Proposition 6.1.7. A o-algebraic group is o-étale if and only if it is reduced and has
order zero.

Proof. Clearly a o-étale o-algebraic group is reduced and has order zero. Conversely, let
G be a reduced o-algebraic group of order zero. Embed G as a o-closed subgroup in some
algebraic group G and let G[i] denote the i-th order Zariski closure of G in G. Then each
GJi] is a reduced finite algebraic group and therefore étale ([Wat79, Ex. 8, p. 53]). It
follows from Lemma [6.1.6] that G is o-étale. O

Corollary 6.1.8. Assume that the base o-field k has characteristic zero. Then a o-algebraic
group is o-¢étale if and only if it has order zero.

Proof. A o-algebraic group over a o-field of characteristic zero is reduced ([Wat79, Theo-
rem 11.4, p. 86]). Thus the claim follows from Proposition O

6.2 Profinite o-groups

Profinite o-groups provide a combinatorial description of o-étale o-algebraic groups. The
category of étale algebraic groups is equivalent to the category of finite groups with a
continuous action of the absolute Galois group of the base field ([Wat79, Section 6.4]).
The purpose of this section is to establish an analogous result for o-étale g-algebraic
groups.

Definition 6.2.1. A profinite o-group is a profinite group G together with a continuous
endomorphism o: G — G.

A morphism of profinite o-groups is a continuous morphism of groups that commutes
with the action of o.

Example 6.2.2. A finite group with an endomorphism can be regarded as a profinite
o-group in virtue of the discrete topology.

Example 6.2.3. Let L|K be an extension of o-fields such that the underlying field exten-
sion is Galois. Then the Galois group G of L|K is naturally a profinite o-group: Clearly G
is a profinite group. To define o: G — G, note that for every g € G the maps o and go are
extensions of o0: K — K to L. Thus, by Lemma there exists a unique ¢g° € G such

that
L
L
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commutes. Theno: G — G, g — ¢ is a group endomorphism. To see that ¢ is continuous,
note that for an open subgroup H of G and M = L# we have

o lH) ={9€c|g’(a)=aVac M}y={geca|g(o(a))=0c(a)Vac M}
Thus o~ !(H) is the Galois group of L|K (o (M)).

By a o-projective system we mean a family (G;);en of finite groups together with
morphisms of groups m;,0;: G; — G;—1 for ¢ > 1 such that ker(m;) Nker(c;) = 1 and

T

G; L G;_1 (6.1)

Uil/ lgi—l
Ti—1

Gi—1 —> G2
commutes for ¢ > 2. The projective limit

G =1lmG; = {(g0,91,---)| 9 € Gi, mi(g:) = gi—1}
ieEN

is a profinite o-group with

0:G—G, (90,91,--.) — (01(g91),02(92),--.).

Example 6.2.4. A finite group H gives rise to a particularly simple o-projective system
by setting G; = H'*1,

mi: G — Gi—1, (ho,...,h;) — (ho,...,hi—1) and 0;: G; — Gj—1, (ho,...,hi) — (h1,...,h;).
Then G = HY with o((ho, k1, ha...)) = (h1, ha,...).
Lemma 6.2.5. The following conditions on a profinite o-group G are equivalent.

(i) G is the projective limit of a o-projective system.

(ii) There exists a normal open subgroup N of G such that (;5q o' (N) = 1.

Proof. Assume that G = lim G; is the limit of a o-projective system. Let N be the kernel
of the projection G — Gg. Then N is normal and open in G. We will show by induction on
j > 1 that every element of H = [);5,0 *(N) has its first j entries equal to 1. The case
j=1lisclear asHCN. Solet g = (1,...,1,9;,9j+1,--.) € H. Then m;(g;) = 1 and since
o(g)=(1,...,1,04(g;),...) €H, it follows from the induction hypothesis that o;(g;) = 1.
As ker(mj) Nker(o;) =1 we find g; = 1. This shows that H= 1. So (i) implies (ii).

Now assume that N is a normal open subgroup of G such that (,~,0 *(N) = 1. For
i>0setN;=NNo Y(N)N...No ¥N) and G; = G/N;. Then the G;’s are finite groups and
we have morphisms 7;: G; — G;_1 deduced from the inclusion N; C N;_1 and morphisms
0i: G — G;_1 induced by o: G — G. By construction, these maps form a o-projective
system.

In general, if G is a profinite group and (N;) a directed family of normal open subgroups
of G with M;N; = 1, then the canonical map G — @Z G/N; is an isomorphism of topological
groups ([FJO8, Lemma 1.2.4, p. 7]).

Thus, as a topological group, G is canonically isomorphic to the limit of the above
o-projective system. By construction, the isomorphism is also compatible with o. ]
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Definition 6.2.6. A profinite o-group is called of finite o-type if it satisfies the equivalent
conditions of Lemma[6.2.5.

Definition is motivated by the following fact (cf. [Lev08| Section 8.1]):

Lemma 6.2.7. Let L|K be an extension of o-fields such that the underlying field extension
is Galois. Let G denote the Galois group of LIK, considered as a profinite o-group as in
Example[6.2.3. Then G is of finite o-type if and only if L is a finitely o-generated o-field

extension of K.

Proof. Let N be a normal open subgroup of G with (),5o0 *(N) = 1. Then M = LV is a
finite Galois extension of K. We claim that L = K (M). It suffices to show that the Galois
group of L|K (M) is trivial. But the Galois group of L|K (M) consists of all g € G which
fix every element of K (o(M)) for i > 0. Since the Galois group of L|K (¢*(M)) is o~¢(N)
(cf. Example it follows that the Galois group of L|K (M) equals ;o0 “(N) = 1.
Conversely, if L|K is finitely o-generated, then L = K (M) for a finite Galois extension
M of K. Let N be the kernel of the restriction map from G to the Galois group of M|K.
Then N is normal and open in G. Since (0,5, 0 *(N) is the Galois group of L over K (M) = L,
we find (500 *(N) = 1. O

In the proof of the main theorem of this section we will use the following fact about
field extensions.

Lemma 6.2.8. Let kq|k be an extension of o-fields such that ks is the separable algebraic
closure of k. Let k' be a separable algebraic field extension of k and o’ : k' — kg a morphism
of rings such that

kli)ks

]

E—2 >k
commutes. Then there ewists a unique k-embedding a: k' — ks such that o' = oa.

Proof. The uniqueness of « is clear from the injectivity of . Let 3: k¥ — kg be some
k-embedding. Using Zorn’s Lemma, we may extend o/3~': B(k’) — ks to an extension
o1: ks = ks of 0: k — k. By Lemma there exists an automorphism 7 of kg|k such
that o1 = o7 on k5. Now a = 73: k' — ks has the required property. O

Before proceeding to the main theorem of this section, let us recall the algebraic facts
that lead to the statement that the category of étale algebraic groups is equivalent to
the category of finite groups with a continuous action of the absolute Galois group. (See
Sections 6.3 and 6.4 in [Wat79] or Section 2 in Chapter XII in [Mil12].)

Let k be a field, ks the separable algebraic closure of k and ¢4 the Galois group of kg
over k. If ¢ is acting on a group, we always assume that every 7 € ¢ is acting as a group
automorphism. An action of ¢ on a finite set X is called continuous if 4 x X — X is a
continuous map, where X is considered as a discrete topological space. This is the case if
and only if the action factors through a finite quotient of ¢.

Let R be a k-algebra. For the sake of brevity, let us write

F(R)
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for the set of all k-algebra morphisms from R to ks;. There is a natural action of ¢4 on
F(R) via the action on ky: For 7 € 4 and g € F(R) we have 7(g): R % ky D k,. If
R is an étale k-algebra, F'(R) is a finite set and the action of ¢ on F(R) is continuous.
A morphism of finite sets with ¥-action is simply a map of sets that commutes with the
¢-action.

Theorem 6.2.9. The functor R ~ F(R) defines an anti-equivalence between the category
of étale k-algebras and the category of finite sets with a continuous 4-action. In this
connection an injective map of sets corresponds to a surjective morphism of k-algebras.
Moreover, the product of sets corresponds to the tensor product of k-algebras.

Proof. The statement about the equivalence is Theorem 6.3 in [Wat79], while the state-
ment about products is obvious. So let us prove the statement about injective maps. Let
1: R — S be a morphism of étale k-algebras such that F'(S) — F(R) is injective. Suppose
1 is not surjective. Than 1 (R) is an étale algebra properly contained in S.

In general, for an étale algebra R, the number of k-algebra morphisms from R to ks
equals the dimension of R as a k-vector space (cf. [Bou90, Prop. 4, Chapter V, §6, No.
5, A.V.32 ]). Because ¥(R) is properly contained in S, it follows that there must exist
two distinct morphisms gi, g2 from S to ks with the same restriction to ¥(R). But then
g1 and g2 have the same image under F(S) — F(R); a contradiction. O

Lemma 6.2.10. Let R be a k-algebra that is integral and separable over k. If f1 and fo
are two distinct elements of R, then there exists a morphism g: R — ks of k-algebras such

that g(f1) # g(f2)-

Proof. Because R is reduced there exists a prime ideal p of R such that fi — fo & p.
Then R/p is a separable algebraic field extension of k and therefore embeds into ks. The
precomposition with the canonical map R — R/p yields a morphism ¢ with the required
property. [

Let R be a k-Hopf algebra that is integral and separable over k, i.e., R is the di-
rected union of its étale Hopf subalgebras. There is a natural bijection between F(R)
and Spec(R ®y ks): Every g € F(R) extends ks-linearly to a map R ®j ks — ks whose
kernel is a prime ideal p of R ®j ks. Conversely, for a prime ideal p of R ®j ks we have
R ®y ks/p = ks. So we can define an element g € F(R) by sending f € R to the image
of f®1 in ks. Now we use the bijection F'(R) ~ Spec(R ®y ks) to define a topology on
F(R).

As a corollary to Theorem [6.2.9] we obtain:

Corollary 6.2.11. Let R and S be k-Hopf algebras that are integral and separable over k.
Then there is a natural bijection between the morphisms of k-Hopf algebras from R to S
and the continuous group morphisms from F(S) to F(R) that commute with the ¢ -action.

Proof. Let G be the affine group scheme over k represented by S. So k[G] = S and G(ks) =
F(S). Similarly, let H be the affine group scheme represented by R. Let v: k[H] — k[G] be
a morphism of k-Hopf algebras. Then the induced map 1: G(ks) — H(ks) is a morphism
of groups. We have a commutative diagram

G(ks) H(ks)

Ni lN

Spec(k[G] @k ks) — Spec(k[H] ®x ks)
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where the lower horizontal arrow is continuous, because it is induced by the morphism of
rings k[H] ®x ks — k[G] ®k ks. Therefore 9 is continuous. Clearly 1) commutes with the
¢-action.

Let 11,%9: k[H] — k[G] be morphisms of k-Hopf algebras with 11 # 1. Then there
exists f € k[H] such that ¢1(f) # v¥2(f). By Lemmi there exists a morphism
g: KG) — ky with g(é1(£) # g(a(f)). So vi(g) # Ya(g). This shows that ¥ — 1 is
injective.

To prove the surjectivity, let ¢: G(ks) — H(ks) be a continuous morphism of groups
that commutes with the @-action. Let I denote the directed set of all étale k-Hopf sub-
algebras of k[G]. For i € I let G; denote the corresponding étale algebraic group. So k[G]
is the directed union of the k[G;]’s and G(ks) = limG;(ks), where the projective limit is
taken in the category of groups equipped with a ¢-action.

If R; is a directed system of rings, then the projective limit of the Spec(R;)’s in
the category of topological spaces agrees with the spectrum of the direct limit of the
R;’s. (See [Stald, Tag 01YY].) As Spec(k[Gi] ® ks) is a discrete topological space, it
follows that G(ks) = limG;(ks) also as topological spaces, where each G;(ks) is given
the discrete topology. Similarly to G, we write k[H] as a directed union of its étale
Hopf subalgebras k[H;]. Because ¢ is continuous and ¢-equivariant, also the composition
©;: G(ks) — H(ks) — H;(ks) is continuous and ¥-equivariant. So the kernel of ¢; is an
open subgroup of G(ks). By the definition of the (profinite) topology on G(ks) = lim G; (k)
there exists an ¢ € I such that ker(yp;) contains the kernel of G(ks) — G;(ks). Thus there
is an induced ¥-equivariant morphism of finite groups G;(ks) — H;(ks), which, by Theo-
rem[6.2.9} corresponds to a morphism of k-Hopf algebras k[H;] — k[G;] C k[G]. These mor-
phisms are compatible and therefore yield a morphism of k-Hopf algebras ¢ : k[H] — k[G].
Clearly ¥ = ¢. O

Let k be a o-field and let ks denote the separable algebraic closure of k. By Lemmall.1.5
we can extend o: k — k to an endomorphism of ks. Let us fix such an extension and let ¢
denote the Galois group of ks|k. As explained in Example the group ¢ is naturally
a profinite o-group.

Let G be a finite group equipped with a continuous ¥-action. Then we can define a
new action (7,g) — 7.g of ¢ on G by precomposition with 0: ¢ — ¥, i.e., 7.9 = o(7)(g).
Because 0: 4 — ¢ is continuous this new action is also continuous. We denote the finite
group G equipped with this new action by

%G.

Lemma 6.2.12. If G corresponds to the étale algebraic group G. Then °G corresponds to
the étale algebraic group °G.

Proof. Let G be an étale algebraic group. Applying o yields a bijection G(ks) — (°G)(ks):
More formally, let
¥ G(ks) = Hom(k[G], ks) — Hom(?(k[G]), ks) = (°G)(ks)

be the map that associates to g € Hom(k[G], ks) the morphism (g) € Hom(?(k[G]), ks)
defined by ¥ (g)(f @A) = o(g(f))A for f € k[G] and A € k. As o is injective on k; it is clear
that 1 is injective. Because 1 is a map of finite sets, it follows that ¢ is an isomorphism
of groups. We have

(e (T)()(f @A) = a(a(T)(g(F)))A = T(a(g(/I)A = (P (9)(f @A)
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Thus ¢¥(o(7)(g)) = 7(¢(g)). In other words, 1 is an isomorphism between ?(G(ks)) and
(°G) (Ks). O

Let (G;);en be a o-projective system and let each G; be equipped with a continuous
%-action such that

mi(7(9)) = 7(mi(g))
and

0i((9)) = o(7)(0i(9))
for T € 4, g € G, and i > 1. Then the projective limit G = @Gi is naturally equipped
with a ¥-action by 7(g0,91,-..) = (7(90),7(g1), - ..) and we have

o(7(g)) = a(7)(c(9))
for 7 € 4 and g € G.

Definition 6.2.13. An action of 4 on a profinite o-group G is called o-continuous if G is
the projective limit of a o-projective system such that the 4-action on G is induced from
an action of 4 on the o-projective system as above.

A morphism of profinite o-groups with a o-continuous ¥-action is a morphism of
profinite o-groups that commutes with the ¢-action. Now we are prepared to prove the
main theorem of this section.

Theorem 6.2.14. The category of o-€étale o-algebraic groups is equivalent to the category
of profinite o-groups of finite o-type with a o-continuous 4-action.

Proof. The equivalence is given by the functor G ~» G¥(ks). So let us explain how
G = GH(ks) = Hom(k{G}, k}) is a profinite o-group of finite o-type with a o-continuous
@-action. Clearly G is a group. Note that G is in bijection with Spec(k{G} ® ks): Every
g € G extends ks-linearly to a map ¢: k{G} ®; ks — ks, whose kernel is a prime ideal p
in k{G} ®4 ks. Conversely, a prime ideal p of k{G} ®y, ks satisfies (k{G} ®p ks)/p = ks
and therefore gives rise to a morphism g: k{G} — ks by sending f € k{G} to the image
of f®1in ks. On Spec(k{G} ®} ks) we have a continuous map o given by p — o~ 1(p).
By transport of structure, we can use the bijection

G ~ Spec(k{G} @ ks)

to define a topology and a continuous map ¢ on G. We will next give a more explicit
description of o: G — G. We claim that for g € G there exists a ¢g° € G such that

Gy Lk, (6.2)
al gia
kG~ k,

commutes. The uniqueness of g7 follows from the injectivity of o: ks — ks. To prove the
existence of g7, let p denote the kernel of g and set

o' kK{G}/o 7 (p) 5 k{G}/p = ks.
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By Lemma there exists a k-embedding a: k{G}/oc~t(p) — ks such that ¢/ = ca.
Thus ¢%: k{G} — k{G}/o7 (p) = ks has the required property.
Since diagram ((6.2) extends to

K{G} @k ks~ ks

k{G} ®p ks —2> k,

we find that o(g) = ¢7. Using this description it is easy to see that o: G — G is a morphism
of groups. Indeed, for g1, g2 € G, the commutativity of

HGY —2 G} @y k{G) 290792 (6.3)

| la

K{G} —2= k{G} &), k{G} — 22k,

shows that o(g192) = o(g91)0(g2).

To see that G is profinite and of finite o-type we may choose a o-closed embedding of G
into some algebraic group G. For i > 0 let G[i] denote the i-th order Zariski closure of G in
G. By Lemmal6.1.6|the algebraic groups G[i] are étale. So G; = G/[i](ks) = Hom(k[G[i]], ks)
is a finite group. Since k{G} = U;>0k[G]i]], it is clear that G = lim G; as groups, where the
projective limit is formed by virtue of the group morphisms 7;: G; — G;_1 deduced from
the projections G[i] — G[i — 1]. The commutative diagram

~

G — lim G;

- lg

Spec(k{G} @ ks) —== lim Spec(k[Gi]] @4 ks)

shows that G = @Gi as topological groups, where each G; is given the discrete topology.
Thus G is profinite.

Let ¢ > 1. As above, for diagram , one shows that for every g € G; there exists a
unique g € G;—; such that

commutes. Define o;: G; — G;—1, g — ¢?. A diagram similar to (6.3, shows that o; is a
morphism of groups. It follows from the commutativity of

kGl — 2] k(G — 1] 2L g,
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that

commutes for ¢ > 2. To show that ker(m;) Nker(o;) = 1, note that g € G; is the identity
if and only if g vanishes on the ideal myqy) C k[G[i]]. If g € ker(m;) N ker(o;), then
g vanishes on mygp—1)) and on o(Mggpi—1y). Since mMygr—1)) and o(mygp—1)) generate
my(qp)), this shows that g = 1. In summary, we find that the G;’s form a o-projective
system. Since the limit of the o;’s agrees with the original o on G, we have thus shown
that G is a profinite o-group of finite o-type.

We next describe the Z-action. For 7 € 4 and g € G let 7(g) denote the composition
7(g9): kK{G} 9, kg T k,. In this fashion every 7 € ¢ defines a group automorphism of G
and we have defined an action of & on G. It is easy to see that this action is o-continuous:
We have a continuous action of ¢ on each G; by 7(g): k[G[i]] & ks = ks for 7 € & and
g € G;. Clearly m;(7(g)) = 7(mi(g)) and it follows from the commutative diagram

kGl — 1] 2% g, g,

that 0;(7(g)) = o(7)(0i(g)) for 7 € 4,4 > 1 and g € G;. Obviously the ¥-action on the
G;’s induces the -action on G. This concludes the description of the functor G' ~ G*(k;)
on objects.

Let us next describe this functor on morphisms. If ¢: G — H is a morphism of
o-étale o-algebraic groups, we have an induced morphism ¢*: G¥(ky) — H*(ks) of groups.
Moreover, there is a commutative diagram

G (ks) s H (k)

gl lg

Spec(k{G} @y ks) ——= Spec(k{H} ®y ks)

where « is induced from the morphism k{H} ®j ks — k{G} ®y, ks of o-rings. Because « is
continuous and commutes with the action of o, we see that ¢? is a morphism of profinite
o-groups. Clearly ¢? also commutes with the ¥-action.

We have to show that

HOI’H(G, H) — Hom(Gﬁ(ks)y Hﬁ(ks))v Cb = ¢ﬁ

is a bijection. The set Hom(G, H) is in bijection with the morphisms of k-o-Hopf algebras
from k{H} — k{G}. By Corollary the set of k-Hopf algebra morphisms from k{H }
to k{G} is in bijection with the set of continuous group morphisms from G*(k) to H*(ks)
that commute with the &-action. It therefore suffices to show that if p: G¥(ks) — H* (k) is
a morphism of profinite o-groups that commutes with the ¢-action, then the corresponding
morphism of k-Hopf algebras is a morphism of o-rings. So let ¢: k{H} — k{G} be a
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morphism of k-Hopf algebras such that the induced morphism G*(ks) — H?*(ks) commutes
with o. This means that for every g: k{G} — ks the outer rectangle in the following
diagram

k{H} —~ k{G} 2 ky

Ul l

K(H) k{G} 2k,

commutes. Because also the right square commutes it follows that goy = gyo for any
morphism g: k{G} — k. By Lemma |6.2.10| this implies that oy = 0.

It remains to show that any profinite o-group G of finite o-type with a o-continuous
@-action comes from a o-étale o-algebraic group. Let (G;);en be a o-projective system
for G with a ¢-action as described before Definition [6.2.13] By Theorem each G;
corresponds to an étale algebraic group G; and the morphisms m;: G; — G;_1 correspond
to morphisms of k-Hopf algebras k[G;_1] — k[G;]. Let k{G} denote the k-Hopf algebra that
is the direct limit of this system. By assumption we have o;(7(g)) = o(7)(0i(g)) for 7 € ¢,
g € G; and ¢ > 1. So the maps o;: G; — G;_1 are in fact morphisms o;: G; — °G;—1 in the
category of finite groups with a continuous ¥-action. By Lemma they correspond
to morphisms of k-Hopf algebras @;: %(k[G;—1]) — k[G;]. The commutative diagram

s
G —Gj—1

Ti—1
%G1 —> G2

yields a commutative diagram

k[Gi] <— k[Gi—1]

Y(k[Gi—1]) =— “(k[Gi-2])

Thus the limit of the 7;’s yields a morphism of k-Hopf algebras 7: ?(k{G}) — k{G}. As
in the proof of Theorem this map corresponds to a map o: k{G} — k{G} that
turns k{G} into a k-o-Hopf algebra.

We need to show that k{G} is finitely o-generated over k. Indeed, we will show
that k{G} is o-generated by the image of k[Gy]. To do this it suffices to show that the
morphism of k-algebras k[G;_1] ®x %(k[Gi—1]) — k[G;] is surjective. But it corresponds to
the morphism G; — G;—1 X %G;—1, g — (mi(g9),0i(g9)). By the definition a o-projective
system ker(m;) Nker(o;) = 1. So the latter map is injective. By Theorem this implies
that k[G;—1] ®p %(k[Gi—1]) — k[G;] is surjective.

So k{G} is a finitely o-generated k-o-Hopf algebra and we can define G as the o-algebraic
group represented by k{G}. Because the k[G;|’s are étale k-algebras, it is clear that G is
o-étale.

Finally, a morphism k{G} — ks of k-algebras, is a consistent family of morphisms of
k-algebras k[G;] — ks. So G*(ks) = limG; = G. O

As an immediate corollary to Theorem we obtain:
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Corollary 6.2.15. Let k be a separably algebraically closed o-field. Then the category
of o-étale o-algebraic groups is equivalent to the category of profinite o-groups of finite
o-type. O

Definition 6.2.16. A o-algebraic group G is called finite if k{G} is a finite dimensional
k-vector space.

We will study finite o-algebraic groups in more detail in Subsection [6.3.2] Clearly a
o-algebraic group G is finite and o-étale if and only if k{G} is an étale k-algebra.

Let G be a finite o-group, i.e., a finite group equipped with a group endomorphism
0: G — G. A continuous action of ¢4 on G is called a continuous o-action if

a(7(9)) = a(7)(0(9))

for all 7 € 4 and g € G. A morphism of finite o-groups with a continuous o-action of ¢
is a morphism of groups that commutes with ¢ and the action of ¥4.

Corollary 6.2.17. The category of finite o-étale o-algebraic groups is equivalent to the
category of finite o-groups with a continuous o-action of 4.

Proof. A o-étale o-algebraic group G is finite if and only if G#(ks) is a finite group. A
finite o-group equipped with the discrete topology is a profinite o-group of finite o-type.
According to Theorem [6.2.14] it suffices to show that a o-continuous action of ¢ on a finite
o-group is equivalent to a continuous o-action.

Given a continuous g-action we can form the o-projective system G; = G with m; the
identity map and o; = o to see that the action is o-continuous. Conversely a o-continuous
action is a continuous g-action because G is finite. O

Corollary 6.2.18. The category of strongly o-étale o-algebraic groups is equivalent to the
category of finite o-groups with a continuous o-action of 4 where o is an automorphism.

Proof. Following Corollary it suffices to show that a finite o-étale o-algebraic group
G is strongly o-étale, i.e., k{G} is o-separable, if and only if o: GF(ks) — GF(k,) is an
isomorphism.

If k{G} is o-separable, then o: k{G} @i ks — k{G} ® ks is injective. Therefore
the induced map on spectra Spec(k{G} ®i ks) — Spec(k{G} ®y, ks) is surjective (cf.
[Bou72, Prop. 16, Chapter II, §2.6, p.74]). Since these are finite sets we see that
o: G¥(ks) — G*(ks) is bijective. Conversely, let G be a finite o-group with a continu-
ous o-action of ¢4 such that o: G — G is bijective. Then o: G — °G is an isomorphism of
groups with a continuous ¢-action. So, using Lemma [6.2.12] we see that the corresponding
map of k-algebras ?(k{G}) — k{G} is an isomorphism. Thus k{G} is o-separable over k

(Proposition |1.1.8). O

Example 6.2.19. Let £k = Q, considered as a constant o-field and let ¢ denote the
Galois group of ks = Q over k. As extension of o to ks we choose the identity map. So
the action of o on ¥ is trivial and therefore a continuous o-action is a continuous action
that commutes with o.

Let G be the group with three elements and let o: G — G, g — ¢° be the non-trivial
endomorphism of G. We define a continuous o-action of & on G as follows: The field
Q(ei%) = Q(#) is a quadratic field extension of Q. Let the non-trivial element of
its Galois group act on G as the non-trivial endomorphism of G and let & act on G via
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i
3

its restriction to Q(eiL). Clearly, the action of ¢ is continuous and commutes with o.
Therefore G is a finite o-group with a continuous o-action. The corresponding o-algebraic
group is given by

G(R)={g€ R*| ¢’ =1, 0(g9) = ¢’} < G(R)
for any k-o-algebra R.
The following example shows that a o-continuous action need not be continuous.

Example 6.2.20. Let Fs denote the field with three elements and let k = F3(\), i.e., k
is the quotient field of the o-polynomial ring k{\}. Let G be the o-closed subgroup of G,
given by

G(R) = {g € R ¢° = A\g = 0} < Gy(R)

for any k-o-algebra R. Because the polynomial 32 — \y is separable, G is a o-étale
o-algebraic group. Let ks denote the separable algebraic closure of k£ and choose a root
VX € kg of A. We can define a morphism of k-o-algebras g: k{G} = k{y}/[y® — \y] — ks
by sending y to vX. The image of g is F3(v/A) and this is an infinite field extension of
k = Fs()\). As in the proof of Theorem let G = G*(k;) be the profinite o-group
of finite o-type with a o-continuous action of the Galois group ¥ of ks over k. Because
g(k{G}) is an infinite field extension of k, the orbit of g under the action of ¢ is infinite.
Thus the stabilizer of g is not an open subgroup of ¢ and the action of ¢ on G is not
continuous.

6.3 Infinitesimal and finite difference algebraic groups

Infinitesimal algebraic groups play an important role in the theory of algebraic groups
in positive characteristic. A possible analogy for difference algebraic groups in positive
characteristic is to consider difference algebraic groups where the maximal ideal m¢g cor-
responding to the identity element is nilpotent. However, there also is another analogy
which applies in any characteristic. Namely, we can think of the endomorphism o as
being analogous to the Frobenius endomorphism. So mg is o-nilpotent in the sense that
o"(mg) = 0 for some n € N. Also a combination of the two ideas just outlined is possible.

Definition 6.3.1. A o-algebraic group G is called
e infinitesimal if G(R) = 1 for every reduced k-o-algebra R.
e o-infinitesimal if G(R) = 1 for every o-reduced k-o-algebra R.
e semiinfinitesimal if G(R) = 1 for every reduced and o-reduced k-o-algebra R.

Clearly an infinitesimal o-algebraic group is semiinfinitesmial. Also a o-infinitesimal
o-algebraic group is semiinfinitesimal. Semiinfinitesmial o-algebraic groups are important
for us because they naturally appear in the structure theorem of finite o-algebraic groups
(Theorem . While o-infinitesimal o-algebraic groups naturally occur in Babbitt’s
decomposition for o-étale o-algebraic groups (Theorem .



CHAPTER 6. ETALE DIFFERENCE ALGEBRAIC GROUPS 119

6.3.1 Semiinfinitesimal difference algebraic groups
Lemma 6.3.2. The following four conditions on a o-algebraic group G are equivalent.
(i) G is semiinfinitesmial.
(ii
(iii
(iv) For every element f € mg there exist integers n > 0, m > 1 such that o™ (f)™ = 0.

Ga—red,red =1.

)
)
) The radical of the reflexive closure of the zero ideal of k{G} equals m¢.
)

Proof. The equivalence of (ii), (iii) and (iv) follows immediately from the definitions. Let
us show that (i) implies (iii). Let a denote the reflexive closure of the radical of the zero
ideal of k{G}. Then R = k{G}/a is reduced and o-reduced. As G(R) = 1, the canonical
map k{G} — R factors through the counit : k{G} — k. This means that a = m¢.
Finally, we show that (iv) implies (i). Let R be a reduced and o-reduced k-o-algebra.
Let g € G(R) = Hom(k{G}, R) and let f € mq. By (iv) there exist integers n >0, m > 1
such that ¢"(f)™ = 0. So ¢"(g(f))™ = 0. Because R is reduced and o-reduced this
implies ¢g(f) = 0. Thus g(mg) = 0 and g factors through the counit, i.e., g = 1. O

Lemma 6.3.3. A semiinfinitesimal o-algebraic group is o-connected and has o-dimension
Z€ro.

Proof. Let GG be a semiinfinitesimal o-algebraic group. To show that G is o-connected it
suffices to show that k{G} contains no non-trivial constant idempotent element (Corol-
lary [4.2.3). Suppose e € k{G} is a non-trivial constant idempotent. Then also €’ :=1—e
is a non-trivial constant idempotent. Because e¢/ = 0, the counit e: k{G} — k must
satisfy e(e) = 0 or g(¢’) = 0. Without loss of generality we may assume that £(e) = 0.
So e € mg, but then ¢™(e)™ = 0 for some n > 0 and m > 1 since G is semiinfinitesimal
(Lemma [6.3.2). This contradicts the assumption that e is a constant idempotent.

To show that G has o-dimension zero, we may assume that k is perfect and inver-
sive (Lemma [2.2.19). Then o-dim(G) = 0-dim(Gy- redrea) by Lemma Because
Go-redred = 1 by Lemma [6.3.2] we see that o- dim(G) = 0. d

The following example shows that a semiinfinitesimal o-algebraic group need not be
connected.

Example 6.3.4. Let G be the g-algebraic group given by
G(R)={g€ R*| ¢* =1, o(9) = 1} <Gu(R)

for any k-o-algebra R. Clearly G is o-infinitesimal. If the characteristic of k is not equal
to 2, then k{G} =k x k. So G is not connected.

The following example shows that a semiinfinitesimal o-algebraic group may have
positive order.

Example 6.3.5. For n > 1 let G be the o-algebraic group given by
G(R) ={g € R| 0"(9) = 0} < Ga(R)

for any k-o-algebra R. Then G is o-infinitesimal and has order n.
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The following example shows that a semiinfinitesimal o-algebraic group may have limit
degree greater than one.

Example 6.3.6. Let GG be the o-algebraic group given by
G(R) ={g € R*| ¢* = 1} < G(R)

for any k-o-algebra R. Assume that the characteristic of k is equal to 2. Then ¢g? — 1 =
(g —1)? for any g € R. Thus G is infinitesimal. According to Example we have
1d(G) = 2.

6.3.2 Finite difference algebraic groups

Recall that a o-algebraic group G is called finite if k{G} is a finite dimensional k-vector
space. In this subsection we prove a structure theorem for finite o-algebraic groups. We
show that over an inversive and perfect o-field a finite o-algebraic group is a semidirect
product of a semiinfinitesimal o-algebraic group and a strongly o-étale o-algebraic group.
We also prove a similar result for finite o-étale g-algebraic groups. Over an inversive base
o-field every finite o-étale o-algebraic group is as a semidirect product of a o-infinitesimal
o-algebraic group and and a strongly o-étale o-algebraic group.

Clearly quotients and o-closed subgroups of finite o-algebraic groups are finite. A
finite connected algebraic group is infinitesimal. The following result can be seen as a
difference analog of this fact.

Lemma 6.3.7. A finite o-connected o-algebraic group is semiinfinitesimal.

Proof. Let G be a finite o-connected o-algebraic group. Then Spec(k{G}) is a finite
discrete topological space. Set

Z ={p € Spec(k{G})| IneN: o7 "(p) =mg}.

Then Z and the complement of Z are o-closed subsets of Spec(k{G}). Because Spec(k{G?})
is o-connected and mg € Z we must have Z = Spec(k{G}). It follows that there exists an
n € N such that 07" (p) = mg for every prime ideal p of k{G}. Since the nilradical is the
intersection of all prime ideals, it follows that o~"(v/0) = mg. So V0" = mg. This shows
that G is semiinfinitesimal (Lemma [6.3.2)). O

Corollary 6.3.8. A finite o-algebraic group is o-connected if and only if it is semiin-
finitesimal.

Proof. Clear from Lemma and Lemma [6.3.3 O

Theorem 6.3.9. Let G be a finite o-algebraic group. If k is perfect and inversive, then
G is the semidirect product of a semiinfinitesimal o-algebraic group and a strongly o-étale
o-algebraic group. More precisely,

G~ G°° x 1(G)

with G7° semiinfinitesimal and w8 (G) strongly o-étale.
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Proof. We know from Lemma that G?° is semiinfinitesimal and clearly 7§ (G) is
strongly o-étale. Considering the exact sequence

1-G°—-G—-1n5(G)—1

we see from Lemma that it suffices to find a o-closed subgroup H of G such
that G — 7§ (G) induces an isomorphism H — 7§(G). Because k is perfect and in-
versive Gg.redred, 18 @ subgroup of G (Corollary . The k-o-algebra k{Go-red red}
is reduced and o-reduced. Because k is perfect and k{Gy-redreda} is reduced and of fi-
nite degree over k, we know from [Bou90, Theorem 4, Chapter V, §6, No. 7, A.V.34]
that k{Gs-redred} is an étale k-algebra. Similarly, because k{Gy.redred} is o-reduced
and k is inversive, it follows from Proposition that k{Gs-redred} is o-separable. So
k{Gs-redred} s strongly o-étale and 7§ (Go-redred) = Go-redred- By Theorem the
inclusion Gy redred — G induces an isomorphism G- redred = TG (Go-redred) — 74 (G).
Thus G — 7§ (G) restricts to an isomorphism G- redred =~ 7§ (G). O

Example 6.3.10. Assume that k has positive characteristic and let G be a Frobenius
algebraic group as in Example 2.1.14] with corresponding algebraic group G. Assume that
G is finite and that k is perfect (and therefore inversive). Then the semidirect product
decomposition G ~ G?° x 7§ (G) of Theorem corresponds to the semidirect product
decomposition G ~ G x my(G). (See [Wat79, Theorem 6.8, p. 52].)

The example in [Wat79, Exercise 10, Chapter 6, p. 53] shows that Theorem is
not valid without restrictions on the base o-field k.

Our next goal is to prove a statement similar to Theorem for finite o-étale
o-algebraic groups. For this we need the following lemma:

Lemma 6.3.11. A reduced finite o-connected o-algebraic group is o-infinitesimal.

Proof. Let G be a reduced finite o-connected o-étale g-algebraic group. As in the proof of
Lemma we see that there exists n > 1 such that o~ "(p) = mg for every prime ideal
p of k{G}. Because G is reduced, this implies 0~"(0) = m¢g. So G is o-infinitesimal. [

The following example shows that Lemma|6.3.11]does not hold without the assumption
that G is reduced.

Example 6.3.12. Let k be a o-field of characteristic 2 and let G be the o-algebraic group
given by
G(R)={g€ R*| ¢* =1, o(9) = g} < Gn(R)

for any k-o-algebra R. Then k{G} = k[y]/(y* — 1) = k[y]/ ((y — 1)?). So G is finite and
connected (in particular, G is o-connected). The image of y — 1 lies in m¢ and is fixed by
0. So G is not o-infinitesimal.

Corollary 6.3.13. A finite reduced o-algebraic group is o-connected if and only if it is
o-infinitesimal.

Proof. Clear from Lemma [6.3.11] and Lemma [6.3.3 O
Theorem 6.3.14. Let G be a finite o-€étale o-algebraic group. If k inversive, then G is the
semidirect product of a o-infinitesimal o-algebraic group and a strongly o-étale o-algebraic

group. More precisely,
G~ G x 7 (G)

with G° o-infinitesimal and ©§(G) strongly o-étale.
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Proof. As G°° is o-étale it is reduced. Therefore G is o-infinitesimal by Lemma
Because k is inversive, G,_1eq is a subgroup of G (Corollary . As in the proof of
Theoremit suffices to show that G — 7§ (G) induces an isomorphism G- req >~ 7§ (G).

Because k is inversive it follows from Lemma that (Go-red)k = (GK)o-red for
every o-field extension K of k. Replacing k£ with a perfect and inversive o-field extension
of k (cf. Lemma we may therefore assume that £ is perfect.

Because k is inversive and k{G,._eq} o-reduced, it follows from Proposition that
k{Gs.reqa} is o-separable. Because G, joq is o-étale (Lemma we see that Gy ed
is strongly o-étale. Moreover Gy red = Go-redred- 90 Gored = TG (Go-red) =~ 7§ (G) by

Theorem [4£.2.58 O

Let us illustrate Theorem [6.3.14] in the case that G comes from a finite group.

Example 6.3.15. Let G be a finite group and o: G — G an endomorphism. Let G be
the o-algebraic group associated to this data as in Example 2.1.15] We have seen in
Example that G4._req corresponds to the the subgroup H = N,eno™(G) of G. And in
Example we have seen that G?° corresponds to the subgroup

N={geG IneN: o"(g) =1}

of G. So the semidirect product composition of Theorem [6.3.14| corresponds to the semidi-
rect product composition G = N x H of G.

6.3.3 Difference infinitesimal difference algebraic groups

Proposition 6.3.16. The following conditions on a o-algebraic group G are equivalent:
(i) G is o-infinitesimal.

(ii)) Gyorea = 1.

(iii) The reflexive closure of the zero ideal of k{G} equals mq.

(iv) For every f € mq there exists an integer n > 1 such that o™ (f) = 0.

(v

Proof. The equivalence of (ii), (iii) and (iv) is tautological. Let us show that (i) implies
(iii). Let a denote the reflexive closure of the zero ideal of k{G}. Since R = k{G}/a is
o-reduced, it follows from (i) that the canonical map k{G} — k{G}/a factors through the
counit k{G} — k whose kernel is mg. Thus a = mg.

Let us next show that (iv) implies (i). Let f € k{G} with o”(f) = 0. If R is o-reduced
and g € G(R), i.e., g: kK{G} — R is a morphism of k-o-algebras, then g(f) = 0 since
a"(g(f)) = g(e™(f)) = 0. By (iv), g(mg) = 0 so that the morphism g: k{G} — R factors
through the counit k{G} — k{G}/mg =k, ie,g=1.

Finally we show that (iv) implies (v). By Theorem there exist fi,..., fm € mg
such that mg = [f1,..., fm]. For every i = 1,...,m there exists an integer n; > 1 such
that o™ (f;) = 0. For the maximum n of the n;’s we have ¢”(mg) = 0. O

)
)
)
)

There exists an integer n > 1 such that o™ (mg) = 0.

Example 6.3.17. Let G be a finite group and o: G — G an endomorphism. As in Ex-
ample let G be the g-algebraic group associated to this data. Then it follows from
Corollary and Example that G is o-infinitesimal if and only if some power of
0: G — G is the trivial endomorphism.
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Example 6.3.18. Assume that k has positive characteristic. Let G be an algebraic group
and let G be the associated Frobenius algebraic group as in Example 2.1.14] Then it
follows from Proposition that G is o-infinitesimal if and only if G is an infinitesimal
algebraic group.

Lemma 6.3.19. Let G be a o-algebraic group and K a o-field extension of k. Then G is
o-infinitesimal if and only if Gk is o-infinitesimal.

Proof. This is clear from Proposition [6.3.16|since mg,, = mg ®; K and 0™ (m¢g) = 0 if and
only if o™ (mg ® K) = 0. O

Theorem 6.3.20. Let G be a o-infinitesimal o-algebraic group. Then o-dim(G) = 0,
1d(G) =1 and G is o-connected.

Proof. We already know from Lemma[6.3.3|that G is o-connected and that o- dim(G) = 0.
So we only have to show that 1d(G) = 1. Assume that fi,..., f,, o-generate k{G} over
k. For i =1,...,n let \; € k denote the image of f; under the counit k{G} — k. Then
mg = [fi — A1,..., fn — An]. Since G is o-infinitesimal, there exists an integer m > 1
such that o™ (f; — \;) = 0fori=1,...,n. So o?(f;) € k for j > m. It follows that the
ol (fi), (1 <i<mn, 0<j<m)generate k{G} as a k-algebra. Thus G has limit degree
one (Proposition [2.4.8). O

In particular, a o-infinitesimal o-algebraic group has only finitely many components.
We have already seen in Example that a o-infinitesimal o-algebraic group need not
be connected.

For later use we record:

Lemma 6.3.21. Let ¢: G — H be a morphism of o-algebraic groups and H' < H. If H’
and ker(¢) are o-infinitesimal, then ¢~ (H') is o-infinitesimal.

Proof. Let R be a o-reduced k-o-algebra. Then

¢~ (H')(R) = {g € G(R)| ¢(g) € H'(R) =1} = ker(¢)(R) = 1.

6.3.4 Difference Frobenius kernels

Difference Frobenius kernels are certain o-infinitesimal o-algebraic groups which are nat-
urally associated to any o-algebraic group. Frobenius kernels play an important role in
the representation theory of algebraic groups in positive characteristic. (See e.g., [Jan87,
Section 9, Part I].) In this subsection we introduce a o-analog of Frobenius kernels by re-
placing the Frobenius endomorphism with an arbitrary endomorphism . We are mainly
interested in o-Frobenius kernels as a tool for the proof of Babbitt’s decomposition for
o-étale o-algebraic groups (Theorem .

Starting from Section we have made it a general assumption that the base o-ring k
is a o-field. However, in the beginning of this subsection until Definition [6.3.23] we allow
k to be an arbitrary a-ringﬂ

'This generality is needed for the proof of Proposition [6.3.32
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Let R be a k-o-algebra. For r € N the map ¢": k — k, A — ¢"()) is a morphism of
difference rings. We denote by
O'TR

the k-o-algebra obtained from R by restriction of scalars via ¢”: k — k. That is, ;R
equals R as a difference ring, but the k-algebra structure map is k — R, A — o"()\).
Note that ¢": R — R, a — 0" (a) is a morphism of k-o-algebras.

For the sake of brevity, let us a call a functor from k-o-Alg to Sets a k-o-functor.
Similarly to Subsection let us denote the k-o-functor obtained from a k-o-functor
X by extension of scalars via ¢": k — k by

X,

That is, for a k-o-algebra R we have ' X (R) = X (,R). If X is a o-variety (over k), then
7"X is a o-variety (over k) and k{° X} = 7 (k{G}) = k{G} @4 k (cf. Subsection [1.2.3).
We define a morphism of k-o-functors

Fy: X X

by (Fy)r == X(07): X(R) — X(,oR) = “X(R) for any k-o-algebra R. This makes
sense because 0" : R — ,+R is a morphism of k-o-algebras. Moreover, if 1: R — R’ is a
morphism of k-o-algebras, then

R L O.'I'R
¢J/ lw
R o R
is a commutative diagram of k-o-algebras. Therefore

(F)T()R r

X(R) " X(R)
X(w)l l“TX(z/J)
X(R) ()

commutes, so that Iy is indeed natural in R, as required. We write
Fx

for F)l(
If ¢: X — Y is a morphism of k-o-functors, then

X(R) —2% -y (R)
X(a’“)l J/Y(UT)
P(,r R)

X(UTR) e Y(O-TR)
commutes for any k-o-algebra R. Therefore we have a commutative diagram
¢
X—Y

| |5
O'T¢

X —>°Y
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of k-o-functors.
If X is a o-variety, the dual morphism (F%)*: 7 (k{X}) — k{X} is the image of
id € X(k{X}) = Hom(k{X},k{X}) in

7 X (k{X}) = Hom(k{X}, o (k{X})) = Hom(7 (k{X}), k{X})
under (F%)iix). Thus (F%)* is given by
(F5)*: 7 (R{X}) = k{X}, foA=a (f)N (6.4)

Note that if G is a o-algebraic group. Then F/: G — 9'G is a morphism of g-algebraic
groups.

From now on we again assume that the base o-ring k is a o-field.

Example 6.3.22. Let G be a o-algebraic group. By Theorem [2.1.17| we may embed
G as a o-closed subgroup into some GL,. Then also ?'G is naturally embedded into
GL,: The equations defining “'G as a o-closed subgroup of GL,, are obtained from the
equations defining G as a o-closed subgroup of GL,, by applying ¢” to the coefficients of
the equations. The endomorphism ¢ of GL,, (considered as o-algebraic group) given by

¢r: GL,(R) — GL,(R), g— 0"(g)

where 0" (g) is the matrix obtained from g by applying o to the coefficients, restricts to a
morphism ¢: G — °'G. The dual map of ¢ on k{GL,} = k{z;;, #(x)} is given by
¢": K{wij, gyt — Mo qmm b @u o o (@),

It follows that the dual map of ¢: G — ° G agrees with the dual map of F(, given in 1)
In other words, ¢ agrees with F(,. (The advantage of the abstract description is that it
shows that ¢ does not depend on the chosen embedding of G into GLj,.)

We would like to understand when the o-Frobenius map Fg: G — 7 G is surjective.
The following definition contains the answer.

Definition 6.3.23. A o-algebraic group G is called absolutely o-reduced if G is o-reduced
for every o-field extension K|k.

Thus G is absolutely o-reduced if and only if k{G} is a o-separable k-o-algebra.
The following example shows that a o-reduced o-algebraic group need not be absolutely
o-reduced.

Example 6.3.24. Let k be a o-field such that there exists a A € k that is transcendental
over o(k). (In particular, k is not inversive. For example, we may choose k = Q(y) and
A =1y.) Let G be the o-closed subgroup of the additive group given by

G(R) = {g € R| 0°(g) + Aa(g) = 0} < Gu(R)

for any k-o-algebra R. Then k{G} = k[y,o(y)]. To show that o is injective on k{G}, it
suffices to show that o(y) and o%(y) = —Ao(y) are algebraically independent over o (k).
But this is guaranteed by the assumption on A\. Thus G is o-reduced. However, G is not
absolutely o-reduced. Over the inversive closure £* of k£ we can find pu € k* such that
o(p) = X and then o(y) + py lies in the kernel of o on k*{Gy~} = k*[y, o(y)].
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In Corollary[6.4.2) we will show that an algebraic group, when considered as a o-algebraic
group is absolutely o-reduced.
Lemma 6.3.25. Let G be a o-algebraic group. The following statements are equivalent:
(i) Fg: G — °G is surjective.
(ii) FL: G — 9'G is surjective for every r € N.
(iii) G is absolutely o-reduced.

Proof. By Proposition the k-o-algebra k{G} is o-separable over k if and only if
(Fq)*: 9(k{G}) — k{G} is injective. Thus (i) and (iii) are equivalent. To see that (i)
implies (ii), note that if k{G} is o-separable over k, then k{G?} is also o"-separable over k
by Proposition O

Definition 6.3.26. Let G be a o-algebraic group and r € N. The kernel G,y of the
morphism Ff,: G — o'G is called the r-th o-Frobenius kernel of G.

Since Fg+5 = I}, o F(, we have
1=G CGq CGp T .
Moreover, from equation we see that
I(G() = (0" (ma)) € (G}

and

H{G/Gry} = klo"(K{G})] C K{G}.
Example 6.3.27. The r-th o-Frobenius kernel of GL,, is given by
(GLn)(T) (R) = {g € GLn(R)| UT(Q) = In}
for any k-o-algebra R. Here I,, denotes the n by n identity matrix.

Example 6.3.28. The r-th o-Frobenius kernel of G, is given by
(Ga)(y(R) ={g € B[ 0"(g9) = 0} < Ga(R)
for any k-o-algebra R.

Example 6.3.29. Let G be the o-closed subgroup of GL,, given by
G(R) = {g € GLn(R)| o(9) = g}

for any k-o-algebra R. Then it is clear from Example [6.3.22] that all the o-Frobenius
kernels of GG are trivial.

Example 6.3.30. Let G be a finite group and ¢: G — G an endomorphism. If G is
the o-algebraic group determined by this data as in Example then (o"(mg)) =
(eq] 0"(g9) # 1) C k{G}. Thus the r-th o-Frobenius kernel of G corresponds to the kernel
of 0": G — G. In particular, if 0: G — G is an automorphism, all the o-Frobenius kernels
of G are trivial.
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Example 6.3.31. Let G be a Frobenius algebraic group as in Example [2.1.14] (with
q = p) and let G be the corresponding algebraic group. Then the o-Frobenius kernels of G
correspond to the Frobenius kernels of G (in the sense that their defining ideals are equal).

Proposition 6.3.32. Let G be a o-algebraic group. The o-Frobenius kernels are charac-
teristic subgroups of G.

Proof. Let R be a k-o-algebra and ¢ an automorphism of Gr. According to Definition[2.1.5
we have to show that ¢ induces an automorphism of (G(,))r. But (G))r = (GR))-
Therefore it suffices to show that every automorphism ¢ of a g-algebraic group G over
a o-ring R induces an automorphism of G(,). But this is clear from the commutative
diagram

Fg
e

¢l J{f’%
F’I‘

G—7¢

As a Corollary to Lemma [6.3.25] we obtain:

Corollary 6.3.33. Let G be an absolutely o-reduced o-algebraic group and let r € N.
Then G /Gy ~ el

Proof. This follows immediately from Lemma [6.3.25 (and Theorem [5.2.1)). O

Lemma 6.3.34. Let G be a o-algebraic group. Then G,y is a o-infinitesimal o-algebraic
group for every r € N. Conversely, if H is a o-infinitesimal o-closed subgroup of G, then
H is contained in some Gy.

Proof. Since k{G )} = k{G}/(c"(m¢)) it is clear that the augmentation ideal m¢ ,, of
G, satisfies 0" (mg,,,) = 0. So G, is o-infinitesimal (Proposition |6.3.16).

If H < G is o-infinitesimal. Then o"(mg) C I(H) for some r € N. So I(G(,y) =
(0"(mg)) C I(H) and consequently H < G ;). O

Corollary 6.3.35. Let G be a o-algebraic group. Then G is o-infinitesimal if and only if
G= G(T) fOT r > 0.

Proof. If G is o-infinitesimal, there exists an integer n > 1 such that ¢”(mg) = 0. Then
I(G(y) = (6" (mg)) = 0 and therefore G = G,y for r > n.
The converse statement follows from Lemma [6.3.34] O

For later use we record:

Lemma 6.3.36. Let N < H < G be o-algebraic groups. If H/N is absolutely o-reduced,
then
(F&) (7 H)/(FG) (" N) = 7 (H/N)

for every r € N,
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Proof. Using Lemma we obtain a morphism

r

(F&) ™ (TH) =% 7H - /"N = ' (H/N)
with kernel (FZ,)~!(?’N). By Corollary this yields an injective morphism
¢: (FG) (T H)/(FG) " (TN) < 7 (H/N).

Since H/N is absolutely o-reduced, Fy, is surjective (Lemma [6.3.25). Because

H/N (F&) X
. )/

“(H/N

7H)/(FE) T (7N)

commutes, this implies that ¢ is surjective. So ¢ is injective and surjective and therefore

an isomorphism (Corollary [3.3.10]). O

6.4 Babbitt’s decomposition for o-étale difference algebraic
groups

Babbitt’s decomposition theorem is a very useful structure theorem for finitely o-generated
extensions of o-fields such that the underlying field extension is Galois. (See [Lev08,
Theorem 5.4.13, p. 336] and [Bab62]).

In this section we prove an analogous decomposition theorem (Theorem for
o-étale o-algebraic groups. The seemingly surprising fact that o-algebraic groups have
structural properties similar to o-field extensions is to some extent explained by the
o-Galois theory of linear differential equations. (See [DVHW14].)

However, even if it was known that every o-étale o-algebraic group is the o-Galois
group of some o-Picard-Vessiot extension (see [DVHW14]) it appears to be impossible to
derive Babbitt’s decomposition theorem for o-algebraic groups from Babbitt’s decomposi-
tion theorem for o-field extensions. Our theorem is in some sense more general because we
allow an arbitrary o-field as the base o-field. In a certain sense Babbitt’s decomposition
theorem for o-field extensions only corresponds to the case of an algebraically closed base
o-field. Also, the o-Galois theory of linear differential equations has so far only been devel-
oped in characteristic zero. Our Babbitt’s decomposition theorem for o-algebraic groups
and its proof is also more general in another respect: In Babbitt’s decomposition theorem
for o-fields it is assumed that the smaller o-field is inversive and this property is used in a
crucial way in several steps of the original proof. Via the o-Galois theory the assumption
that the smaller o-field is inversive would imply that the corresponding o-algebraic group
is absolutely o-reduced (see [DVHW14, Prop. 4.3]). But we do not need to make this
assumption for Babbitt’s decomposition theorem for o-algebraic groups. In fact, in the
course of proving Babbitt’s decomposition theorem for o-algebraic groups, the author was
able to find a new proof of Babbitt’s decomposition theorem for o-field extensions that
does not require the assumption that the smaller o-field is inversive. This improved version
of Babbitt’s decomposition theorem for o-field extensions will be published elsewhere.

For the proof of Babbitt’s decomposition theorem for o-algebraic groups we require
some preparatory results and definitions.
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Lemma 6.4.1. Let T be a k-algebra. Then [o]iT is o-separable over k.

Proof. For a o-field extension K of k we have ([0]xT) @k K = [0]x(T ®; K). There-
fore it suffices to show that [0]xT is o-reduced. And for this it suffices to show that
o: T[] — T[i + 1] is injective for every ¢ > 0. But o: T[i] — °(T[i]) — T[i + 1] is the
composition of two injective maps. O

From Lemma we immediately obtain:

Corollary 6.4.2. Let G be an algebraic group. Then [o]|xG is an absolutely o-reduced
o-algebraic group.

Lemma 6.4.3. Let G be a benign o-algebraic group and K a o-field extension of k. Then
G 1is a benign o-algebraic group (over K ).

Proof. 1If G is an étale algebraic group such that G = [0];G, then Gk is an étale algebraic
group (over K) and therefore Gi = [0]x Gk is benign. O

The following proposition is an important step in the proof of Babbitt’s decomposition
for o-étale o-algebraic groups. Roughly speaking, it shows that in a subnormal series we
can get rid of the top o-infinitesimal quotient.

Proposition 6.4.4. Let G be a o-algebraic group with a subnormal series
GODG1DG2D---DGr41 D1

such that G/Gy is o-infinitesimal, G;/Gi+1 is benign for i = 1,...n and Gpy1 s
o-infinitesimal. Then there exists a subnormal series

GDH DHyD>---DH,D1
such that G/Hy and H;/H;11 (i=1,...,n—1) are benign and H,, is o-infinitesimal.

Proof. Since G//G is o-infinitesimal, there exists an r € N such that (G/G1)) = G/G1
(Corollary [6.3.35)). It is then clear from the commutative diagram

G G/Gy
Fél \LFCT:/G1
'q—=""(G/Gr)

that (F@)_l((’TGl) = (. Define
H; = (FL) X' Giy1) for i=0,...,n.

(So Hy = G.) Because benign o-algebraic groups are absolutely o-reduced (Corollary
it follows from Lemma that H;/H;y1 ~ °(G;_1/G;) is benign for i = 0,...,n
(Lemma . Finally, because ' Gy, 11 is o-infinitesimal (Lemma the o-algebraic
group H,, = (FL)}(°'Gpy1) is o-infinitesimal by Lemma O
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Let G be a o-étale g-algebraic group. Let G be an étale algebraic group and ¢: G — G
a morphism of o-algebraic groups. Then ¢(G) < G is o-étale (Lemmal6.1.5)). Let ¢(G)[0]
and ¢(G)[1] denote the Zariski closure of ¢(G) in G of order 0 and 1 respectively. Then
¢(G)[0] and ¢(G)[1] are étale algebraic groups (Lemmal6.1.6). Let m1: ¢(G)[1] - ¢(G)[0]
be the natural projection (as in Section . We abbreviate

|61 := [ker(m1)].
By Proposition we have |¢[1 < 1d(¢(G)). If ker(¢) is o-infinitesimal (e.g, if ¢ is

injective), then
1d(G)

1d(¢(G)) = 1d(G/ ker(¢)) = 1d(ker(¢))

by Corollary [3.2.14] and Theorem [6.3.20} So
lp[1 <1d(G).

= 1d(G)

Definition 6.4.5. Let G be a o-étale o-algebraic group. A morphism ¢: G — G of
o-algebraic groups from G to an étale algebraic group G is called a standard embedding

of G (into G) if
o & is injective,
o ¢(Q) is Zariski dense in G and
* 1d(G) = [¢-

Lemma 6.4.6. Let G be a o-€tale o-algebraic group. Then there exists a standard em-
bedding of G.

Proof. By Theorem there exists an algebraic group H and an injective morphism
G — 'H of og-algebraic groups. By Lemma the Zariski closures G[i]y of G in 'H
are étale algebraic groups. As in Section let ‘H; denote the kernel of the projec-
tion m;: Glily — G[i — 1]y. By Proposition there exists an m > 0 such that
o;: Hi — °(H;—1) is an isomorphism for every i > m. So |Hy,+1| = 1d(G).

Set G = G[m]y. By Lemma the inclusion of k-Hopf algebras k[G] C k{G}
induces a surjective morphism of k-o-Hopf algebras k{G} — k{G}. Let ¢: G — G denote
the corresponding injective morphism of o-algebraic groups and for ¢ > 0 let G[i]g denote
the i-th order Zariski closure of G in G. Then Glilg = G[m + i]y for every ¢ > 0. Let
G; denote the kernel of the projection 7;: G[ilg — G[i — 1]g. Then G; = H,y; for ¢ > 1.
Therefore |1 = |G1| = |Hm+1| = 1d(G). So ¢ is a standard embedding. O

Lemma 6.4.7. Let G be a o-étale o-algebraic group and G an étale algebraic group. If
¢: G — G is an injective morphism of o-algebraic groups such that 1d(G) = |G|, then ¢ is
an isomorphism. In particular, G is benign.

Proof. We identify G with ¢(G). For ¢ € N let G[i] denote the i-th order Zariski closure
of G in G and let G; < GJi] denote the kernel of the projection m;: G[i] — G[i — 1]
(Go = G[0]). By Proposition the sequence (|G;|)ien is non-increasing and stabilizes
with value 1d(G) = |G|. But as Gy is an algebraic subgroup of G, we must have |G;| = |G|
for ¢ € N.
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Since |G[i]| = |G[i — 1]| - |G;| for ¢ > 1 and Gy = G we have
Gl = 1Gil - - Go| = G|

But G[i] < G x %G x -+ x G = G[i]. Therefore G[i] = G[i] and it follows that G = [0];,G
is benign.
O

Definition 6.4.8. Let G be a o-étale o-algebraic group and G an étale algebraic group. A
morphism ¢: G — G of o-algebraic groups is called a substandard embedding of G (into

g)if
e ker(¢) is o-infinitesimal,
o ¢(Q) is Zariski dense in G and
o 1d(G) = [9]1-

A substandard embedding G — G of G is called minimal if |G| < |H| for any substandard
embedding G — H of G.

Note that, despite the name, a substandard embedding need not be a o-closed embed-
ding. Since a standard embedding is a substandard embedding it is clear from Lemma/[6.4.6]
that for any o-étale o-algebraic group there exists a minimal substandard embedding.

Lemma 6.4.9. Let G be a o-étale o-algebraic group and let ¢: G — G be a minimal
substandard embedding. Then for every r € N the dimension of k[o"(k[G])] C k{G} as a
k-vector space equals |G|.

Proof. First of all, note that k[G] can be identified with a k-Hopf subalgebra of k{G}
because ¢(G) is Zarsiki dense in G. By Corollary the o-algebraic group [0]xG is
absolutely o-reduced. It therefore follows from Corollary [6.3.33] that

016G/ ([01kG) vy = 7 ([01kG) = [0l (

r

g).

The image of k[°'G] under the comorphism of

r

6: G 2 (014G — 014G/ ([01kG) () = [01e(7'G)

equals k[o"(k[G])]. Let G’ < °'G denote the Zariski closure of ¢(G) in °'G. Then
k[G'] = k[o"(k]G])] and ¢ induces a morphism ¢': G — [0],G of o-algebraic groups (cf.
Lemma .

We will show that ¢’ is a substandard embedding. By construction ¢'(G) is Zariski
dense in G. Because ker(¢) and ([0]G)(,) are o-infinitesimal (Lemma , it follows

from Lemma [6.3.21| that ker(¢') = ker(¢) = ¢! ([0]1G) () is o-infinitesimal.

Let ¢(G)[1] < G x °G denote the first order Zariski closure of ¢(G) in G and let G;
denote the kernel of m1: ¢(G)[1] — G. Then |Gi| = 1d(G) because ¢ is a substandard
embedding. Similarly, let ¢/(G)[1] < G’ x %(G') < ?'G x""'G denote the first order Zariski
closure of ¢/(G) in G’ and let G| denote the kernel of 71: ¢/(G)[1] — G’. The surjective
morphism of k-algebras

7 (k[(G)[L]]) = k[k[G). o (K[G])] @k k — K[o" (K[G)), 0" T (RG], f @ X 0" (f)A
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corresponds to a closed embedding ¢'(G)[1] < 7 (#(G)[1]) of algebraic groups, which maps
Gi into 7'Gy. Therefore |G}| < 7'G1| = |G1| = 1d(G). On the other hand, |G| > 1d(¢'(G))
by Proposition and
1d(G)
1d(¢'(@)) = 1d(G/ k V)= ——— =1d(G

because ker(¢’) is o-infinitesimal and therefore ld(ker(¢’)) = 1 by Theorem It
follows that |G]| > 1d(G) and thus |G]| = 1d(G).

So ¢’ is a substandard embedding. Because ¢ is a minimal substandard embedding it
follows that |G'| > |G|. But ¢’ < “'G and so G’ = 9'G. Therefore k0" (k[G])] = k[G'] =
7"(k[G]) has dimension |G| over k. O

Finally, we are prepared for the proof of Babbitt’s decomposition theorem for o-algebraic
groups.

Theorem 6.4.10 (Babbitt’s decomposition for o-étale o-algebraic groups). Let G be a
o-étale o-algebraic group. Then there exists a subnormal series

GODG1DGyD---DG, D1
such that Gy = G°°, G;/Giy1 is benign fori=1,....,n— 1 and Gy, is o-infinitesimal.

Proof. We will prove the theorem by induction on 1d(G). If 1d(G) = 1, then G is finite
(Proposition and G7° is o-infinitesimal by Lemma Thus the theorem holds
with n = 1.

So we may assume that 1d(G) > 1. Replacing G with G?°, we may also assume that

G is o-connected (Corollary |4.2.37)).

Step 1: Assume that there exists no normal o-closed subgroup N of G such that
1 <1d(N) < 1d(G). We will show that there exists a normal o-infinitesimal o-closed sub-
group G2 of G such that G/G5 is benign. (Thus the theorem is satisfied with n = 2 and
G =G.)

Let ¢: G — G be a minimal substandard embedding. We will show that

1d(G) = 9| (6.5)

Note that (6.5]) implies the above claim: The o-algebraic group G := ker(¢) is o-infinitesimal
because ¢ is a substandard embedding and Lemma[6.4.7)applied to the induced embedding
G/G9 — G shows that G/Gs is benign because

14(G)
1d(Go)

1d(G/Gy) = =1d(G) = |g|

by Theorem [6.3.20]

So let us prove (6.5). Let ¢(G)[1] < G x °G denote the first order Zariski closure of
#(G) in G. As in Section we have morphisms of algebraic groups

Gx%G—4, (90,91)— g0 and G xG—°9G, (g0,91)— g1

which induce morphisms 71 : ¢(G)[1] - G(= ¢(G)[0]) and o1: ¢(G)[1] — °G. Set G; =
ker(m1) and G’ = ker(oy). Then G'Gy < ¢(G)[1] and we define H = ¢(G)[1]/G'G1. We will
next show that

|G] = [H]-1d(G). (6.6)
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Because G'Gy ~ G’ x Gy, it follows from |H| = [N 4ot

|GG
M- 1G] = '@b@,[”' — B(O)(1)/G. (6.7)

As ¢ is a substandard embedding |G| = 1d(G). Since k[¢(G)[1]/G'] = k[o(k[G])] C k{G},
it follows from Lemmal6.4.9 that [¢(G)[1]/G’| = |G|. Thus follows from (6.7).
We have k[¢p(G)[1]/G1] = k[G] and k[¢(G)[1]/G'] = k[o(k[G])]. Therefore
k[H] = k[G] N k[o(k[G])] C k{G}.

Since k[H] is a Hopf subalgebra of k{G} we have an induced morphism k{H} — k{G}
of k-o-Hopf algebras (Lemma which corresponds to a morphism ¢': G — H of
o-algebraic groups. Let N <G denote the kernel of ¢/. By our assumption on G, we have
Id(N) =1 or Id(N) =1d(G). So we have to distinguish these two cases.

Case 1: Let us first suppose that 1d(N) = 1. Then ld(G/N) = 1d(G). We will show
that ¢’ is a substandard embedding. Because k[H] C k{G}, we see that ¢'(G) is Zariski
dense in H. Let ¢/(G)[1] < H x “H denote the first order Zariski closure of ¢/(G) in H
and let H; denote the kernel of 71 : ¢/(G)[1] = H. Using Proposition we see that

6" (G)[1]] = [H] - [Ha| > [H] - 1d(¢(G)) = [H] - 1d(G/N) = [H| - 1d(G). (6.8)
We will show that ¢/(G)[1] = ¢(G)[1]/G'. Because
k[¢'(G)[1]] = k[k[H], o (k[H])] C k[o(K[G])] = k[o(G)[1]/G],
it suffices to show that |¢/(G)[1]| = |6(G)[1]/G'|. But using Lemma we find that
6" (G)[1]] < |o(G)[1]/G'| = dimy (k[o(K[G])]) = |G] = [H| - 1d(G). (6.9)

The combination of equations and shows that |¢'(G)[1]| = |H|-1d(G) and that
|H1| =1d(¢'(G)). It also follows that k[k[H], o (k[H])] = k[o(k[G])] and therefore

K{G/N} = E{k[H]} = k{o(k[F])}-

We will next show that N = ker(¢') is o-infinitesimal. As k{k[G]} = k{o6(G)} C k{G}, it
follows that

k{o(k[G])} = Klo(k{o(G)})] = k{o(G)/o(G) )} € K{G}-
So k{G/N} = k{¢(G)/¢(G)(1)} and it follows that N is the kernel of

G L 6(G) = ¢(G)/9(G) ).
Thus N is o-infinitesimal by Lemmas [6.3.34] and [6.3.21] Therefore

1] = 1d(#(G)) = 1d(G/N) = llj((f\?) e

by Theorem [6.3.20} In summary, we have shown that ¢’ is a substandard embedding. But
|H| < |H| -1d(G) = |G| because 1d(G) > 1. This contradicts the assumption that ¢ is a
minimal substandard embedding. Thus the case Id(N) = 1 cannot occur.
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Case 2: So we must have 1d(N) = 1d(G). Then 1d(G/N) = 1 and therefore G/N is fi-
nite (Proposition[2.4.8). Because G is o-connected, also G/N is o-connected (Lemma[d.2.45).
So G/N is a finite, o-connected, o-étale difference algebraic group and must therefore be
o-infinitesimal by Lemma[6.3.11] So by Proposition there exists an r € N such that
o"(mg/n) = 0. Since k{G/N} = k{k[H]} we have myy C mg/y, in particular o”(my) = 0.

On the other hand, my C k[H] C k[G] and by Lemma the dimension of k[o" (k[G])]
as a k-vector space equals |G|. So no non-zero element of k[G] can map to zero under o”.

Thus my = 0. This means that H = 1. Thus |G| = 1d(G) by and (6.5)) is proved.

Step 2: Assume that there exists a normal o-closed subgroup N of G such that
1 <1d(N) < 1d(G). Because N7° is a characteristic subgroup of N (Theorem [1.2.40)), it
follows that N7 also is a normal o-closed subgroup of G. We have 1d(N) = 1d(N7°) by
Proposition 4.2.44] Replacing N by N°° we may thus assume that N is o-connected.

Because 1d(G/N) = 1d(G)/1d(N) < 1d(G) we can apply the induction hypothesis to
G/N. As G is o-connected, also G/N is o-connected (Lemma [4.2.45)). So we obtain a
subnormal series

G/N > G{/N>---D>Gy/N

for G/N where G D G; D -+ D G, D N is a subnormal series for G such that G, /N
is o-infinitesimal and (G;/N)/(Gi4+1/N) = G;/G;11 is benign for ¢ = 0,...,n — 1, where

Go := G (cf. Theorem [5.2.4)).
As 1d(N) < 1d(G), we can also apply the induction hypothesis to N. Since N is

o-connected, we obtain a subnormal series
NDON; DD Np,

with N, o-infinitesimal and N;/N; 41 benign for i = 0,...,m —1 (Np := N). By Propo-
sition the subnormal series

G, DODONDN;D---D Ny
can be replaced by a subnormal series
G,DH1D---DHp,

with G,,/H; and H;/H;11 benign for i = 1,...,m — 1 and H,, o-infinitesimal. Then

G>Giyo>---0G,DH1D---DHp
is a subnormal series for G of the required form. O
Example 6.4.11. Let G be the o-algebraic group given by

G(R)={ge R g" =1, o(9)* =1}

for any k-o-algebra R. We assume that the characteristic of k£ is not equal to 2, so
that G is o-étale. Let us find a Babbitt decomposition for G. We already noted in
Example that G is o-connected. Let GGo be the o-closed subgroup of G given by
G2(R) = {g € R*| g* =1, o(g) = 1} for any k-o-algebra R. Then G is o-infinitesimal and
the quotient G /G5 is benign. Indeed, G/G2 = [0];G, where G is the algebraic group given
by G(T) = {g € T*| g*> = 1} for any k-algebra T.. (Cf. Example ) So a Babbitt
decomposition for G is given by

G:GJO:GlDGQDl.
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Example 6.4.12. Let G be the g-algebraic group given

GR) = {(91,92.93) € (R*)| gt =95 =95 =1, o(g1) = g3, o(g3) = g3} < G(R)?

for any k-o-algebra R. We assume that the characteristic of k is not equal to 2, so that
G is o-étale. Let us find a Babbitt decomposition for G. Let G and G5 be the o-closed
subgroups of G given by

Gi(R) = {(g1.92,1) € (R*)*| gl =95 =1, 0(g1) =65, } < G(R)
and
Ga(R) = {(g1.1,1) € (B*)’| gi = 1, o(g1) = 1} < G(R)
for any k-o-algebra R. We will show that

GDODGI DGy D1

is a Babbitt decomposition for G.
Let H be the benign o-algebraic group given by H(R) = {g € R*| g* = 1} for any
k-o-algebra R. The morphism ¢: G; — H given by

¢r: G1(R) — H(R), (91,92,1) — g2

has kernel Gy. Moreover ¢ is surjective because the dual map ¢*: k{H} — k{G:} is
injective. So G1/G2 ~ H is benign. Clearly G5 is o-infinitesimal. So it remains to show
that G; = G?°. We know that G2 is o-connected because Gj is o-infinitesimal (Theo-
rem . We also know that G1/G2 is o-connected because it is benign (Proposition
4.2.43)). Therefore it follows from Propositionthat (51 is o-connected. To show that
G1 = G7° it now suffices to show that G/G is strongly o-étale (Proposition . But
G/G1 is isomorphic to the o-algebraic group G’ given by

G'(R)={geR| g =1, a(g) =g}

which is strongly o-étale (Example |4.2.28)).
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Im(¢) set theoretic image of the morphism ¢, page 17
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k-o-Alg category of k-o-algebras, page 11

LF  (LF)(R) =limHom(D, F'), page 92
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my  augmentation ideal of the Hopf algebra A, page 26
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k algebraic closure of the field k, page 13
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mo(G) group of components of G, page 63

e projection on the Zariski closures, page 20
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7§ (G) group of o-connected components of G, page 79
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~ assignment rule of a functor, page 27
o endomorphism, page 10
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Sp?(R) Hom(R, —), page 89
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page 75

V(F) difference variety defined by F', page 15

Vgr(F) R-rational solutions of F', page 15

€ counit, page 25

V(a) closed subset of the spectrum defined by a, page 60
F sheaf associated with F', page 94

X variety (i.e. affine scheme of finite type over a field), page 19
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o' A twist of the k-algebra A by o': k — k, page 19
orR  k-o-algebra obtained from R by restriction of scalars via ¢": k — k, page 124
All] A®p7AQk - Qp "iA, page 19
fat subfunctor, page 89
F a functor from k-o-Alg to Sets, page 88
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Fx o-Frobenius map, page 124
Fy o-Frobenius map, page 124
G,H o-algebraic groups, page 25
G x H direct product of the o-algebraic groups G and H, page 26
qg° 09’ = go, page 108
G°°  o-identity component of G, page 79
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G*°  strong identity component of GG, page 100
G(;) r-th o-Frobenius kernel, page 126
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K(F) o-field extension of K o-generated by F', page 11
k{F} k-o-subalgebra o-generated by F, page 11
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N <G N is a normal o-closed subgroup of G, page 26
R k-o-algebra, page 11

R difference ring, page 10
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V,W vector spaces or representations, page 46
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X — Y o-closed embedding of o-varieties, page 18

Xt scheme obtained from X by forgetting o, page 16

Xper largest o-closed o-subvariety of X that is perfectly o-reduced, page 41
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Xwm largest o-closed o-subvariety of X that is reduced well-mixed, page 41
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Y N Z intersection of o-varieties, page 17
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