Preliminaries on Fields

Zoé Chatzidakis* (CNRS - Université Paris 7)

Contents

1 Review on fields 1
2 Preliminaries in algebraic geometry: definitions and main facts 10
3 Preliminaries on finite and pseudo-finite fields 14
4 PAC fields 18
5 Results of Cherlin, Van den Dries and Macintyre on PAC fields 20
6 Difference fields 25
7 Abelian varieties 27
8 Graded rings, twisted Laurent polynomial rings 30

1 Review on fields

We review briefly well-know results in field theory. The notions and results specific to positive
characteristic (p-bases, p-independence, etc... ) can be found in Bourbaki [2]. The other
unreferenced results come from Chapter 11T of Lang’s book [38]. We assume a good knowledge
of Galois theory.

1.1. Notation. Let A be a field. Then A% denotes the (field-theoretic algebraic) closure of
A, and A® the separable closure of A (i.e., the elements of A%9 which are separably algebraic
over A). We denote by G(A) the absolute Galois group of A, i.e., G(A) = Gal(A®/A). We often
identify G(A) with Aut(A9/A).

If A and B are subfields of some larger field €2, we denote by A[B] or B[A] the subring of
Q) generated by A and B, and by AB the quotient field of A[B].
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If the characteristic of A is p > 0, then the map = — 2P defines a monomorphism A — A;
the image of A under this homomorphism is denoted by AP. We also define AY? = {a € A% |
a? € A} and AYP” = {a € A" | a?" € A for some n € N}.

A field K is perfect if it is of characteristic 0, or if it is of characteristic p > 0, and K? = K.
The perfect hull of K is K7~ .

In what follows we will work within models of a complete theory T of fields, and if A is a
subfield of a model F of T, then acl(A) will denote the (model-theoretic) algebraic closure of
Ain F and dcl(A) the (model-theoretic) definable closure of A in F'.

1.2. Linear disjointness. We refer to Chapter III of Lang [38] for the proofs and details.
Unless otherwise stated, we work inside some large algebraically closed field 2, and K, L, M,
E are subfields of €.

Assume that K C L, M. We say that L is linearly disjoint from M over K if every finite
set of elements of L that is linearly independent over K remains linearly independent over M
in the field composite LM.

Even though the definition is asymmetric, the property is symmetric: L is linearly disjoint
from M over K if and only if M is linearly disjoint from L over K. Thus we will also say: L
and M are linearly disjoint over K.

The following are equivalent:
(1) L and M are linearly disjoint over K.
(2) The canonical map L ® x M — L[M] is an isomorphism.
(3) If B C L is a basis of the K-vector space L, then B is a basis of the M-vector space L[M].

1.3. Let K C L, M, and assume that L is algebraic over K. Then L and M are linearly disjoint
over K if and only if [K(a) : K] = [M(a) : M] for every finite tuple a from L. Assume that L
is a finite Galois extension of K, linearly disjoint from M over K. Then [L : K] = [ML : M]
implies that Gal(LM /M) is canonically isomorphic to Gal(L/K) via the restriction map.

This has the following consequences:

(1) If L is a Galois extension of K, then L and M are linearly disjoint over K if and only if
LN M = K, if and only if the restriction map : Gal(LM /M) — Gal(L/K) is an isomorphism
(of profinite groups).

(2) If L and M are linearly disjoint over K and are Galois extensions of K, then Gal(LM/K)
is canonically isomorphic to Gal(L/K) x Gal(M/K).

(3) Note that (1) can fail when L is not Galois: consider e.g., a # b € Q% such that
a® = b = 2; then Q(a) N Q(b) = Q, and [Q(a,d) : Q(a)] = 2 < [Q(b) : Q], which shows that
Q(a) and Q(b) are not linearly disjoint over Q.

1.4. Let K C L, M, and assume that F is a subfield of L containing K. Then L and M are
linearly disjoint over K if and only if £ and M are linearly disjoint over K and L and EM are
linearly disjoint over E.



1.5. Let K C L, and let uq,...,u, be a tuple of elements of ) which are algebraically inde-
pendent over L. Then K(uy,...,u,) and L are linearly disjoint over K.

1.6. Let {L; | i € I} be a family of extensions of K contained in 2. We say that {L; | i € I}
is linearly disjoint over K, if for every ¢ € I, the field L; and the field composite of {L; | j €
I, j # i} are linearly disjoint over K. Note that, by 1.4, if < is a linear ordering on I, this
is equivalent to: for every i, the field L; and the field composite of {L; | j < i} are linearly
disjoint over K.

1.7. Algebraic independence or freeness. Let K C L, M be fields. We say that L and
M are free over K, or that L and M are algebraically independent over K, if every finite set
of elements of L which is algebraically independent over K remains algebraically independent
over M. Again, this notion is symmetric.

If L and M are linearly disjoint over K, then L and M are algebraically independent over
K. The converse is not true: if L is algebraic over K, then L is algebraically independent over
K from any extension of K.

1.8. Separable extensions. Let K C L be fields of characteristic p > 0. We say that L is a
separable extension of K if the fields L and K/? are linearly disjoint over K. If L is algebraic
over K, this is equivalent to L C K*, and in that case we have KL = L.

Remark. One extends the definition to the characteristic 0 case as follows: if char(K) = 0,
then any field extension of K is separable over K.

1.9. The following conditions are equivalent:
(1) L is a separable extension of K.
(2) L and K'/P* are linearly disjoint over K.

(3) Whenever u is a finite tuple from L, then K (u) has a transcendence basis {t1,...,t,}
over K, such that K (u) is separably algebraic over K(ty,...,t,). Such a transcendence
basis is called a separating transcendence basis.

(4) LP and K are linearly disjoint over KP.

1.10. Let K C L C M. If M is separable over L and L is separable over K then M is separable
over K.

If M is separable over K, then L is separable over K, but M is not necessarily separable
over L (e.g: K C K(t) C K(t'/7)).

If M has a separating transcendence basis over K, then M is separable over K. The converse
holds if M is a finitely generated field extension of K, but does not always hold in the general
case. If the characteristic is p > 0, then K(t? " | n € N) is a separable extension of K (since
any finitely generated subextension is separable over K), but it does not have a separating

transcendence basis over K.



1.11. Assume that L is a separable extension of K and that M is an extension of K algebraically
independent from L over K. Then LM is a separable extension of M.

Assume that L and M are separable extensions of K, which are algebraically independent
over K. Then LM is a separable extension of L and of M (and also of K).

1.12. Regular extensions. Let K C L. We say that L is a reqular extension of K if the fields
L and K9 are linearly disjoint over K. In that case, the restriction map : G(L) — G(K) is
onto.

The following conditions are equivalent:

1) L is a regular extension of K.
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(2) L is a separable extension of K, and L and K* are linearly disjoint over K.
(3) L is a separable extension of K, and LN K* = K.

(4) L is a separable extension of K, and the restriction map : G(L) — G(K) is onto.
1.13. Properties of regular extensions. Let K C L, M.

(1) If L is a regular extension of K and M is a regular extension of L, then M is a regular
extension of K.

(2) If M is regular over K and L C M, then L is regular over K.

(3) Assume that L and M are linearly disjoint over K. Then L is regular over K if and only
if LM is regular over M.

(4) If L and M are algebraically independent over K and L is a regular extension of K, then
L and M are linearly disjoint over K. Thus LM is a regular extension of M.

(5) If L and M are regular extensions of K, and algebraically independent over K, then LM
is a regular extension of L, M and K.

1.14. A particular case: algebraic closure of a set within a model.
Let A C K, and consider the algebraic closure acl(A) of A in the model K. Then acl(A) is
a field and K is a regular extension of acl(A).

Proof. Any element of K which is separably algebraic over acl(A) is clearly in acl(A), which
implies K Nacl(A)® = acl(A). By 1.12(2) it suffices to show that K is a separable extension
of acl(A). If char(K) = 0 then K is a separable extension of any subfield, and we are done.
Otherwise, the A-functions of K are definable in K (see 1.17 for the definition). Thus acl(A) is
closed under the A-functions of K, which implies that K is a separable extension of acl(A) by
1.18(7).

The same argument gives: if A C K, then K is a separable extension of dcl(A) (the definable
closure of A within K).



1.15. Definition. We say that the field F' is bounded if F' has finitely many separably algebraic
extensions of degree n for all n > 1.

Lemma. Assume that F' is bounded, and let F* be an elementary extension of F' (in a language
containing the language of fields). Then the restriction map : G(F*) — G(F') is an isomorphism.
Proof. Equivalently, we need to show that the separable closure of F™* is F*F*. Fix n > 1,

and let Ly, ..., Ly be the separable extensions of F' of degree n. Since F' < F*, the extensions
L;F* have degree n over F* and are distinct. On the other hand, the phrase: “F' has exactly
N separable extensions of degree n” is expressible by a first-order sentence of the language of
fields, and is therefore satisfied by F*. Hence LiF™*, ..., LyF* are precisely the extensions of
F* of degree n. Thus, for every n € N, any separable extension of F™* of degree n over F* is
contained in F*F*. This proves our assertion.

1.16. p-bases, p-independence. Let F' be a field of characteristic p > 0. Then F? is a
subfield of F', isomorphic to F' via the map x — 2zP. Thus F is naturally an FP-vector space.
We say that B C F'is p-independent in F if the set M of all monomials in B of the form
bzl(l) b with by, ..., b, € Band 0 < i(1),...,i(n) <p—1, is independent in the FP-vector
space F'. If furthermore M is a basis of the F' p—vector space F', then we call B a p-basis of F'.
Note that B is a p-basis of F' if and only if B is a maximal p-independent subset of F' (and
then F' = F?[B]).

Any p-independent subset of F' extends to a p-basis of F', and any two p-bases of F' have
the same cardinality. The size of a p-basis of F' is called the degree of imperfection of F'. The
following are easy consequences of the definition:

(1) Let B C F. Then B is p-independent in F' if and only if for every b € B, b ¢ FP[B\ {b}].

(2) Let B C F be p-independent in F. Then B is a p-basis of F' if and only if FP[B] = F.

If E' is a subfield of F', we say that B is a p-basis of ' over E if the set M of all monomials
in B of the form bZ(1 5™ with bi,...,bp € Band 0 <i(1),...,i(n) < p—1,is a basis of the
EFP-vector space F'. Then F' = EFP[B]. Observe that a p-basis of F' over FE is also a p-basis
of F* over £ and over E*.

The size of a p-basis of F' over E (by convention, an element of NU{co}) is called the degree
of imperfection of F' over E. For properties of p-bases, see 1.19 below.

1.17. The M-functions. Let F be a ﬁeld of characteristic p > 0. For each n fix an enumeration
mi.(Z) of the monomials 1:1( Vo2l with 0 < i(1),...,i(n) < p—1. Define the (n + 1)-ary
functions A;,, : F" x F' — F' as follows.

If the n-tuple @ is not p-independent, or if the (n + 1)-tuple (a,b) is p-independent, then
Ain(a,b) = 0. Otherwise, the \; ,(a, b) satisfy

p"—1

b= Nin(@b)"m;,(a).
=0



Note that these functions depend on the field F', and that the above properties define them
uniquely. They are first-order definable in the field F'. We will refer to them as: the A-functions
defined on F”.

1.18. The following conditions are equivalent:
(1) L is a separable extension of K.
(2) L and K7™ are linearly disjoint over K.

(3) Whenever u is a finite tuple from L, then K(u) has a transcendence basis {t1,...,t;}
over K, such that K(u) is separably algebraic over K (t1,...,t,). Such a transcendence
basis is called a separating transcendence basis.

(4) LP and K are linearly disjoint over KP.

(5) Any p-basis of K remains p-independent in L.
(5’) Any p-basis of K is contained in a p-basis of L.
(6) Some p-basis of K remains p-independent in L.
)
)

(6’) Some p-basis of K is contained in a p-basis of L.

(7) K is closed under the A-functions of L.

Remark. One extends the definition to the characteristic 0 case as follows: if char(K) = 0,
then any field extension of K is separable over K.

Proof of (1) implies (7). This follows easily from the definition of the A-functions of L, but
we will give the proof. Here the A-functions are those of L. Assume that L is not a separable
extension of K. Choose a tuple (ai,...,a,) € K™ which is p-independent in K but not p-

independent in L, with n minimal such. Then aq,...,a,_; are p-independent in L, and a, €
LPlay, ... ,an—1), an ¢ KP[ay,...,ay—1]. Hence \;,—1(as,...,an-1;a,) € L'\ K for some . This
shows one direction. For the other assume that for some a4, ..., a, € K and some ¢ the element
Nim—1(@1,...,a,-1;a,) is not in K. Note that the \j(as,...,a,_1;a,) are (the unique) solutions

in L of the equation

(%) ZXfmj,n—l(al, ey Uno1) = Gy
J

From A; ,—1(aq, ..., an—1;a,) ¢ K, we obtain first that {a,, ..., a,—1} is p-independent in L, and
then that {a,...,a,} is p-independent in K if not, there would be elements b; in K satisfying
(%) in K, and we would have b; = X;,—1(a1,...,an_1;a,) € K for all j. Thus ay,...,a, is
p-independent in K but not in L.

1.19. Properties of p-bases. Let K be a field of characteristic p > 0 and L a separable
extension of K. The following facts are easy consequences of the definitions:
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(1) If B is a p-basis of L over K, then the elements of B are algebraically independent over
K.

(2) Assume that L is finitely generated over K. Then the degree of imperfection of L over K
equals the transcendence degree of L over K. Any p-basis of L over K is a (separating)
transcendence basis of L over K.

(3) A subset B of L is p-independent over K if and only if for every element b € B, b ¢
KLP[B\ {b}].

(4) A subset B of L which is p-independent over K is a p-basis of L over K if and only if
L= KIL[B]

(5) Assume that By is a p-basis of K and Bj is a p-basis of L over K. Then By U Bj is a
p-basis of L.

1.20. p-independent extensions. Assume that L and M are separable extensions of K and
char(K) =p > 0. We say that L and M are p-independent over K, if any subset of L which is
p-independent over K remains p-independent over M (in the field LM).

Choose a p-basis By of K, and extend it to p-bases B; of L and By of M. The following are
equivalent:

(1)L and M are p-independent over K.

(2)B; U By is a p-basis of LM.

(3)(By \ By) U (B2 \ By) is p-independent over K in the field LM.

Remark. Note that if L and M are linearly disjoint over K, then they are p-independent over
K: assume that B = By \ By is not p-independent over M in LM. Then some non-trivial M-

linear combination of elements of LP[B] is 0. By linear disjointness, some non-trivial K-linear
combination of these elements equals 0, which contradicts our assumption on B.

1.21. Derivations. Let R C S be commutative rings. Recall that an R-derivation on S is
an additive map 0 : S — S which vanishes on R and satisfies §(zy) = d(x)y + xd(y). Let
A C Q be a finite set, and assume that every k-derivation on k(A) vanishes on k(A). Then
k(A) is separably algebraic over k, see [37]77 Proposition X.7.2. We will use the following easy
consequence of this:

Lemma. Let A, B be finite subsets of €.
(1) A C k(AP) if and only if A is separably algebraic over k.

(2) Assume that A is separably algebraic over k(BP) and that B is separably algebraic over
k(A). Then (A, B) is separably algebraic over k.

Proof. (1) If a is separably algebraic over k then a € k(a”), and this gives the right-to-left
implication. Conversely, assume that A C k(AP) and let D be a k-derivation on k(A). Then D
vanishes on k(AP), and therefore vanishes on A. Hence A is separably algebraic over k.
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(2) Let D be a k-derivation on k(A, B). Then D vanishes on k(BP) and therefore vanishes on
A since A is separably algebraic over k(B?). This implies that D vanishes on B, and therefore
that (A, B) is separably algebraic over k.

1.22. Basic MA-terms. We work in a large field K, with p-basis B. We first suppose that
B = {by,...,be}. Welet I =1(B)={1,...,p°}, \i(B;—) = \ie(b1,...,be;—) and m;(B) =
Mie(b,...,be). If p € I", we define by induction on n the function A\,(B;—) and the p"-
monomial m,(B) as follows: if n = 0, then \,(B;z) = x, m,(B) = 1; if n > 1, write p = v 74,
where v € I"!, i € I, and define

Au(Bsx) = Xi(B; A (Bix)),  myu(B) = mi(B)

n—1

m,(B).
Then we have, for any a € K and n € N:
a= Z Au(B;a)? m,(B).
peln™

If peI™, we call A\, a A-term of level n. Note that all basic A-terms are terms of the language
Ly(by,...,b.). Welet I=¢ =], 1"

If B C K is infinite, then by abuse of notation, we will denote by (A,(B;x) | u € I"™) the
set of all terms A, (b1,...,be;x) where e € N, by,...,b. € B, and pp € I({b1,...,b.})". Note
that for a given element ¢ € K, the set {\,(B;c) | p € I"} is finite, and that ¢ € F,[\,(B;c¢) |

p e I [B].
Lemma. Let £ C L C K, assume that B is a p-basis of £ and of K. Let C be a p-basis of L
over k, and let k(C) = k(A (B;c) | c € C,pu € 1), the A-functions being those of K.

(1) If ¢ € LP"(B), then \,(B;c) € L for every p € I"™.

(2) Lk(C) is closed under the A-functions of K. If a € L and v € I", then A\, (B;a) €
LA (B;c)|ceCopeIm.

(3) If D is another p-basis of K and a € L, v € I", then \,(B;a) € Fy[\.(D;a), \,(B;d) |
de D,peI". If D C k, then \,(B;a) € k[A\,(D;a) | p € I"].

Proof. (1) As B C L, we have LP"(B) = L*"[B], and ¢ € LP"[By] for some finite subset By of
B, so that we may assume that B is finite. Then ¢ =3, ¢jm;(B) for some ¢; € LY. Thus
¢; = \j(B;c) € LP". Since A, = A\, 0\, for some v € "' and j € I, an induction on n gives
us that A\, (B;¢;) € L.

(2) By assumption, BUC is a p-basis of L; hence L = L*"[B, C] for every n > 0. By definition
of the A-functions, we also have that ¢ € (F,[\,(B;c) | p € I"])P"[B] for any ¢ € K. Hence
L= (L\B;c) | ce C,ue I")P"[B], and (1) gives that \,(B;a) € LI\,(B;c) | c € C,p € I,
Hence Lk(C) is closed under the A-functions of K.

(3) By assumption, K = K?"[D] = K?"[B|. If a € L, then a € (F,[\.(D;a) | p € I"])*"[D],
and if d € D then d € (F,[\.(B;d) | p € I"])P"[B]. Thus a € Fy[\,(D;a),\.(B;d) | p € I™,d e
DJP"[B], and (1) gives the first assertion. The second assertion follows from the fact that D C k&
and that k is closed under the A\-functions of K.



1.23. A-polynomial rings over k when k has finite degree of imperfection.

Let B be a p-basis of k of finite size e. Then the set I defined above has size p¢. We define
k(X)<, p to be the quotient of the polynomial ring k[X, | u € I="] by the ideal generated by
the polynomials

Xy — ZXﬁﬂimi(B>
iel
for € I="=1 and we let k(X)p = U, k(X)<np. If we consider only one p-basis B, then we
will omit B from the notation. We define k(X1,..., X,)<np and k(X, ..., X,,) g analogously.

Then B is a p-basis of (the field of fractions of) k(Xy,..., X, ). If B is a p-basis of an
extension K of k and ay,...,a, € K, then there is a unique k-morphism k(X;,..., X,)p — K
which sends X; to a;. Note also that k(Xy,...,X,)p is generated as a ring by the elements
M(B; Xp),i=1,...,n,p € 1(B)<“.

If C'is another p-basis of k, then there is a natural k[X, ..., X,|-isomorphism

k(Xl, ce 7Xn>B - k<X1, ce 7Xn>C~
This follows from the previous observation, and the fact that by Lemma 1.12(3), we have
E(X1, .., Xp)eme CE(Xy, .., Xn)<m,B

and
k(Xl, o e 7Xn>§m,B g l{f<X1, e 7Xn>§m,C

for every m € N.

1.24. Lemma. Let K be a separable extension of k, with p-basis B over k, and let C' C k be
p-independent. Consider the fields k; = k(c'/? | ¢ € C) and ky = k(c'/?" | ¢ € C,n € N). Then
B is a p-basis of k1K over k; and of ko K over k.

Proof. Clearly k1K = ki KP[B] and koK = ko KP[B], so we only need to show that B is p-
independent over k; in k1K and over ks in koK. Since K is a separable extension of k, the
fields k7"~ and K are linearly disjoint over k. Hence K is linearly disjoint from &, and from k,
over k. This implies that k£ K? and K are linearly disjoint over kK”: hence linearly independent
elements of the kKP-vector space K stay linearly independent in the ki KP-vector space ki K.
This shows that B stays p-independent over ky in k1 K. The proof for ko K is similar.

1.25. Separably closed fields.

For each e € N U {oo}, the theory expressing that K is a separably closed field of degree of
imperfection e, is a complete theory (Ershov [E]), which we denote by SCF., and is stable (Wood
[W]). If K is separably closed and {by, ..., b.} is a p-basis of K, then SCF., = Th(K,by,...,b.)
is model complete in the language L(by, ..., be).

Consider the language £y = LU {X\;,, | n € N, 1 < < p"}, and let T) be the L£-theory
obtained by adjoining to the theory of fields axioms expressing the defining properties of the
functions \;,, defined above. Let SCF, y = SCF.UT). Then SCF. ) is complete and eliminates
quantifiers but does not eliminate imaginaries (Delon [D]).
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1.26. Separably closed fields of finite degree of imperfection.

Fix a separably closed field K. When the degree of imperfection of K is finite, one may fix a
p-basis {by, ..., b.} of K, and only consider the unary functions \;(x) := X ¢(b1, ..., be; ). Then
Th(K) eliminates quantifiers and imaginaries in the language £ (b1, ..., b.) = LU{b1,...,be, \; :
1 <i<p°} (Delon [15]).

2 Preliminaries in algebraic geometry: definitions and
main facts

2.1. Algebraic sets, (affine) varieties and regular extensions. Details can be found in
Chapter IIT of [38]. Let K be a field, €2 a large algebraically closed field containing K.

Let n be an integer. The set Q" is called the affine space of dimension n (over 2); it is also
sometimes denoted by A", or by A™(€2). A subset V of Q" is called an algebraic set, or a Zariski
closed set, it V.= {a € Q" | fi(a) = ... = fn(a) = 0} for some polynomials f;(X) € Q[X],
X = (Xy,...,X,). We denote by V(K) the set VN K",

If the polynomials fi(X),..., fi(X) € K[X], then we say that V is definable over K, or
that V' is a K-closed set. The set V' is K -irreducible if it is not the proper union of two proper
K-closed sets. The set V is called irreducible (or absolutely irreducible, or a variety) if it is
Q-irreducible.

If V is defined over K, then V is irreducible if and only if it is K*-irreducible. Every
algebraic set V' decomposes into a finite union of irreducible closed sets, say Vi,...,V,,, and
this decomposition is unique up to a permutation, if one assumes that V; C V; implies that
1 = j. The sets V; are called the irreducible components of V.

To an algebraic set V we associate the ideal I(V) = {f(X) € Q[X] | f(a) =0 for all a € V'}.

We say that V' is defined over K if and only if I(V) is generated by I(V) N K[X]. For
every algebraic set V', there is a unique smallest field over which V' is defined, called the field
of definition of V.

2.2. Note: if V is defined over K, then it is definable over K. The converse is not true in
general, but we have: if V is definable over K then V is defined over K'/P*. Thus the notions
of defined and definable agree when the characteristic is 0.

Assume that V' is definable over K. Then V is K-irreducible if and only if 7(V) N K[X] is a
prime ideal.

Assume that V is K-irreducible. Then the irreducible components of V are defined over K9,
and are permuted transitively by Aut(K9/K). Moreover, V is irreducible and defined over K
if and only if the field of quotients of K[V]| =4¢ K[X]/I(V) N K[X] is a regular extension of
K.

2.3. The topology on K™ whose closed sets are the algebraic sets, is called the Zariski topology.
If S C K", there is a smallest algebraic set containing S: it is called the Zariski closure of S
and denoted by S.
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The topology induced on K™ by the Zariski topology on Q" coincides with the Zariski
topology on K™.

2.4. For S C Q" we define
I(S)={feQX;,....X,] | fla) =0 for all a € S}.

Then S is precisely the set of zeros of I(.S). Observe that because Q[X7,...,, X,] is noetherian,
every descending chain of closed sets is finite.

2.5. For an algebraic set V', we define the affine coordinate ring of V to be
QV] i=qet K[X1,..., X,]/1(V).

If V' is a variety, then Q[V] is an integral domain and its quotient field, Q(V), is called the
function field of V.

If V is F-closed, we define F[V] = F[Xy,...,X,]/(I(V)N F[Xy,...,X,]). If V is F-
irreducible, F'(V') is the quotient field of F[V]. Then

V is a variety if and only if F is relatively separably closed in F(V').

V is a variety defined over F' if and only if F'(V) is a regular extension of F.

If V and W are varieties, then so is their cartesian product V x W, and Q[V x W] =
QV]I QR QW]. If V and W are F-closed and F-irreducible, then V' x W may be F-reducible.
This happens if F[V]N F* and F[W]N F*® are not linearly disjoint over F.

2.6. For a variety V, we define dim(V') to be the transcendence degree of K (V) over K (or
equivalently of F(V') over F if V is defined over F'). A point a € V is called generic over
F' if the transcendence degree of F'(a) over I equals dim(V'). Note that if a is generic, then
F(a) ~p F(V). If K has infinite transcendence degree, then it contains generic points of any
variety (over its field of definition).

For an algebraic set V', we define dim(V') to be the supremum of the dimensions of the

irreducible components of V. For § C K", we define dim(S) = dim(S).

2.7. Let a € Q"; we define I(a/K) to be the ideal consisting of all polynomials f € K[Xy,..., X,]
such that f(a) = 0; then I(a/K) is a prime ideal. If V' C Q" is the associated algebraic set, it is
then K-irreducible and K(a) ~x K(V); we call V the (algebraic) locus of a over K. Thus V is
a variety if and only if K is relatively separably closed inside K (a). Observe that by definition
a is a generic point of V over K.

2.8. Let a, V' be as above. The model-theoretic interpretation, in the sense of the theory ACF,
is:

The Morley rank and U-rank of tp(a/K') both equal dim(V'). The type tp(a/K) is stationary
if and only if V' is a variety. If V' is not a variety, then the multiplicity of ¢p(a/K) equals the
number of irreducible components of V. In terms of field extensions: tp(a/K) is stationary
if and only if K is relatively separably closed in K(a); the multiplicity of tp(a/K) equals
[K*N K(a) : K].
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We define the canonical base of tp(a/K’), denoted by Cb(a/K), to be the perfect hull of
the field of definition of V; it is definably closed in the sense of ACF, and is contained in the
perfect hull of K. It is the smallest definably closed subset of K over which a has same rank
and multiplicity as over K. Note that we do not require tp(a/K) to be stationary, for more
details on canonical bases of non-stationary types see [3]. By abuse of notation we will write
b= Cb(a/K) whenever b is a tuple such that del(b) = Cb(a/K).

Observe that, if tp(a/K) is not stationary, then Cb(a/K%9) is contained in the definable
closure of K (a) N K*, and tp(a/K(a) N K*®) F tp(a/K™).

2.9. Let V C Q" W C Q™ be varieties. A morphism from V to W is amap f = (f1,..., fm)
defined on V and taking its values in W, where each f; € Q[V]. It induces a dual map
[ QW] — Q[V], g — go f, which is an inclusion of Q-algebras if f(V') is Zariski dense in
W. A morphism is continuous (for the Zariski topology).

If f is bijective and f~! is also a morphism, then f is called an isomorphism. There are
bijective morphisms which are not isomorphisms, for instance in characteristic p > 0, the
morphism z — xP. If f is an isomorphism then f* is an isomorphism, and conversely.

A rational map from V to Wisamap f = (fi,..., fm) defined on some open subset of V' and
taking its values in W, and where each f; € K (V). It induces a dual map f*: Q(W) — Q(V),
g+ go f, which is an inclusion of K-algebras if f(V) is Zariski dense in W. A rational map
is continuous.

We say that f is birational if there is a rational map g : W — V such that f o g is
the identity. If f is birational then f* is an isomorphism, and conversely. Two varieties are
birationally equivalent if there is a birational map between them.

2.10. A constructible set in 2" is a boolean combination of Zariski closed sets; it can be written
as a finite union of sets of the form V NU, where V is a variety, and U a basic open set, i.e. of
the form {a € Q" | g(a) # 0} for some polynomial g over €.

By quantifier-elimination of the theory ACF, every definable subset of 2" is constructible.

2.11. Abstract varieties. So far we have talked only of affine algebraic sets and varieties.
There is a more general notion of variety, whose definition encompasses both affine varieties
and projective varieties. Below, we will list the definitions pertaining to abstract varieties and
some of their properties.

(1) An abstract variety (V,U;, Vi, ;)icr, I afinite set of indices, is given by a set V' = J,.; U,
affine varieties V;, i € I, and bijections ¢; : U; — V; such that for i # j, fi; = gpﬂp{l V=V
is a rational map, defined on the open subset ¢;(U; NU;) of V;.

(2) The topology on V' is then defined in the following manner: a subset W of V' is open if
and only if ¢;(W N U;) is open (for the Zariski topology) in V; for all ¢ € I. Our assumption
on the sets ¢;(U; N U;) implies that each U; is open in V. This topology is called the Zariski
topology.

(3) If all the varieties V; and rational maps f;; are defined over the field F', we say that V
is defined over F'. Note that the abstract variety is actually uniquely determined by the data

(V;a fij)i,je[-
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(4) Observe that all varieties V; have the same dimension, since each map f;; is birational
(with inverse f;;) and therefore F'(V;) >~ F(V}).

A point a € V is a generic point of V if ¢;(a) is a generic point of V; for all i € I (or,
equivalently, for some i € I, since one has: if b = ¢;(a) is generic, then so is f;;(b)).

For a € V, one can define F'(a) to be the field F(p;(a)) for some ¢ € I such that a € U,.
Note that this definition is independent of the choice of i (up to an F-automorphism).

(5) A subvariety of V' is an irreducible closed subset W of V. Equivalently, W is a subvariety
of V if p;(W NU;) is a subvariety of V; for each i. A point b € W is a generic of W if ¢;(b) is a
generic of ¢;(W N U;) for each i.

(6) Let S C V be a set. We denote by S the closure of S for the topology on V. Then

= Uier o7 ' (@i(S N TY).

(7) Let (V,U;, Vi, ¢i)ier and (W, S;, W;,1;)e; be two abstract varieties. A rational map
f:V — W is a map with domain an open subset of V', and such that for ¢ € [ and j € J the
maps 0;; = @bj@gpi_l : V; — W; are rational maps. Note that 6 is continuous for the topology.

(8) If (V,U;, Vi, i)ier and (W, S;, W;, 1;) e are abstract varieties, then their product is also
an abstract variety, given by (V x W, U; x S;,V; x Wj, i X ;)icr jes.

2.12. Example: projective varieties. Consider the projective space of dimension n, P". It
is the set of lines in affine (n + 1)-space, and can be described as follows: let S = K™\ {0},

and define an equivalence relation on S by: (zo,...,2n) ~ (Yo, .-, Yn) if ATo = Yo, ..., ATp = Yn
for some A € K. Then P* = S/ ~. The representative of the equivalence class of (zo,...,x,)
is often denoted by (zg: -« : ).

One defines (projective) algebraic sets as in the affine case, except that one has to be careful
to only consider zero-sets of sets of homogeneous polynomials. We will now show that P™ has
a natural structure of abstract variety, and that the closed sets are precisely finite unions of
algebraic sets. For ¢ = 0,...,m, consider the hyperplane H; of P" defined by the equation
x; =0, and let U; = P" \ H;. There is a natural bijection ¢, : U; — K™ = V; given by

. . o Li—1 Lit1 Tn
(CRERETED ) WEtY (it e

Then the maps gojgoi_l : Vi — V; are rational maps. Hence (P",U;, Vi, ¥;)o<i<n is an abstract
variety. One also verifies that algebraic sets are closed, and conversely that an irreducible closed
set is an algebraic set (look at the polynomials vanishing at a generic point of the closed set).

2.13. Algebraic groups. Recall that a connected algebraic group is a group G, with a
structure of abstract variety on (G, and such that multiplication: G x G — G and inverse:
G — @G are rational maps which are everywhere defined (on G x G and G). If the underlying
variety is affine, we say that GG is an affine algebraic group.

One can extend this definition to non-connected algebraic groups by defining an “abstract
algebraic set”: it is a union of sets U;, each of them in bijection with some algebraic affine set
Vi via a map ¢;, with the maps ¢;p; ! defined on an open subset of V;, and given locally by
rational maps.
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Then, an algebraic group G is an abstract algebraic set, such that multiplication and inverse
are everywhere defined and given locally by rational functions. In particular, closed subgroups
of algebraic groups are algebraic groups. See [44] for a precise definition, and [24] for a detailed
definition in the affine case and for related results. We conclude this section with two easy
results on algebraic groups.

2.14. Let G be an algebraic group defined over F', let S be a subset of G such that:
(i) S contains all the generics of S over F.
(i) If a,b € S are generic and independent over F then ab € S and ™! € S.

Then S is a subgroup of G.

Proof. By assumption and since the map a +— a~! is continuous, S~! is a dense subset of the

closed set (S)~! which contains all the generics of S. This implies that (S)~! = S-1D S, from
which one deduces that S = S~1.

Let a € S be generic; then the set S(a) = {b € S | ab € S} is closed and contains all
the generic elements of S which are independent from a over F; thus S(a) = S, and aS = S;
similarly, the set {a € S | aS = S} is closed, contains all the generic elements of S and therefore
equals S; thus SS = S = S~!, which proves the result.

2.15. Let GG be an algebraic group defined over F', let a € GG and b be a generic of G, independent
from a over F. Then ab is also a generic of G, and is independent from a over F.

Proof. This is a simple argument using transcendence degrees. Let n = dim(G). Then F(a,b) =
F(a,ab) has transcendence degree n over F'(a). Hence

n = tr.deg(F(a,ab)/F(a)) < tr.deg(F(ab)/F) < n,

which shows that ab is a generic of GG, independent from a over F.

3 Preliminaries on finite and pseudo-finite fields

3.1. Definitions. (1) A field F' is pseudo-algebraically closed (abbreviated by PAC) if every
affine variety defined over F' has an F-rational point.

(2) A field F is pseudo-finite if it is PAC, perfect, and has precisely one algebraic extension
of degree n for every n € N.

3.2. Let m,n,d be positive integers; there exists an integer e such that, for any field F', if
fi,--+, fm, [ are polynomials in n variables over F' of total degree < d then:

(1) if fel=(fi,...,fm), then f=>"" g;f; for polynomials g; of total degree < e.

(2) if I is not prime, then there are some polynomials g and h of total degree < e such that
ghelbutghd¢l.

The proof can be found e.g. in [17]; from this it follows that “fi,..., f,, generate a prime
ideal in F[X3,...,X,]” is a first-order property of the coefficients of fi, ..., f,,. Moreover, since
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ACF eliminates quantifiers, there is a quantifier-free formula which defines in all fields F' (the
coefficients of) the polynomials fi, ..., f,, in n variables and of total degree < d whose zero-set
is a variety (i.e., such that fi,..., f,, generate a prime ideal in F*9[X,, ..., X,]). Thus one can
talk about varieties in a first-order way.

Observe also that the statement “F has one extension of degree n” can be formulated by
translating in a first-order way: there are cy,...,c, such that f(X) = X"+ X" 1 +--- +¢,
is irreducible, and for all dy, ..., d, such that g(X) = X" +d; X" '+ .- +d, is irreducible, the
field obtained by adjoining to F' a root of f(X) contains a root of g(X).

From these we deduce that being pseudo-finite is a first-order property in the language L,
and we denote by Psf the theory of all pseudo-finite fields. It is immediate that every finite field
is perfect and has one extension of degree n for each n € N (the unique extension of F, of degree
n is Fyn); it also follows from the Lang-Weil theorem that every non-principal ultraproduct of
finite fields is PAC. J. Ax [1] showed that pseudo-finite fields are precisely the infinite models
of the theory T} of all finite fields. The fact that every infinite model of the theory of finite
fields is a model of Psf follows easily from the Lang-Weil estimates on the number of points in
finite fields of varieties; the reverse direction is given by 3.7.

We list below the main properties of the theory Psf; the proofs can be found in [1], [7] and
[22]. Let F', F; and F; be pseudo-finite fields.

3.3. Let E be a subfield of F} and F5. Then
F1 =F F2 <~ (FlﬂEalg) ~p (FQﬂEalg).

3.4. Taking for E the prime field, one obtains invariants for the elementary theories of pseudo-
finite fields:

F=F <=  Abs(F) ~ Abs(F3),
where Abs(F}) is the subfield of F} of elements algebraic over the prime field.
3.5. Assume that F; C Fy; then, taking £ = F}:

FL<F, < FYNFK=F.

3.6. Another application of 3.3 is the following: let E be a subfield of F', and a,b € F’; then
tp(a/E) = tp(b/E) if and only if there is an E-isomorphism f between (E(a)™ N F) and
(E(b)™ N F) which sends a to b.
From this one then deduces: let ¢(x) be a formula (x a tuple of variables); there is a formula
¥ (x), boolean combination of sentences of the form (3¢ f(z,t) = 0), where f(x,t) € Z[x,t], t a
single variable, such that
Psf - ¢(z) < (x).

3.7. Let E be a perfect field, and assume that E has at most one algebraic extension of each
degree. Then there is a field F' isomorphic to an ultraproduct of finite fields, such that

FNEY =E.
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Moreover if E is of characteristic 0, F' can be chosen isomorphic to an ultraproduct of prime
fields IF,,.

This shows that Psf is precisely the theory of all infinite models of T%, and that the pseudo-
finite fields of characteristic 0 are exactly the infinite models of Th(F, | p a prime ).

3.8. As an illustration of techniques of proofs, we will show that the algebraic-geometric and
model-theoretic notions of algebraic closure coincide:

Let E be a subfield of the pseudo-finite field F', relatively algebraically closed inside F', and
let @ € F, a ¢ E; then tp(a/FE) is not algebraic. Proof. Choose a field F’ isomorphic to F

over F, and linearly disjoint from F over E; because I’ and F” are linearly disjoint over E, the
ring F @ pu, '™ is an integral domain; choose (topological) generators o of Aut(F9/F)
and o’ of Aut(F'™/F') such that o and ¢’ have the same restriction to E*9; define 7 on the
quotient field M of F9 &) ., F'* by setting 7(b@c) = o(b) @0’ (c) for b € F9 ¢ € F'™ and
extending in the obvious manner. Lift 7 to an automorphism 7, of M9, and let M; C M9
be the subfield of M%9 fixed by 71; then Aut(M™ /M) is by definition generated by 71, and
F and F’ are relatively algebraically closed in M, since 7, extends o and ¢’. By 3.7, there is
a pseudo-finite field L containing M; and such that M; is relatively algebraically closed in L.
By 3.5, L is an elementary extension of both " and F’, and therefore contains a realisation of
tp(a/E) not in F. Hence tp(a/FE) is not algebraic.

3.9. We now give a sharper description of definable sets.

Let ¢(x,y) be a formula, z = (z1,...,Zn), ¥y = (Y1,---,Yn), let a € F™ and let S = p(a, F") =
{be F"| F = ¢(a,b)}; there is a positive integer e, an algebraic set V' defined over F', and a
projection map (on the first n coordinates) 7 from V (F)) onto S, with fibers 71 (y) of size < e
fory € S.

3.10. Using the Lang-Weil estimates on the number of rational points of varieties in finite
fields, the above description of definable sets, and some counting arguments, one then obtains
similar estimates for definable subsets of finite fields:

Theorem. Let ¢(x,y) be a formula in £, with x = (x1,...,2,), ¥y = (y1,...,Yys). There is a
positive constant C, and a finite set D of pairs (d, ) with d € {0,1,...,n} and p a positive
rational number, or (d, ;1) = (0,0), such that for each finite field F, and tuple a € F7",

(%) |card(p(a,F2)) — pg?| < Cq= /2

for some (d, p) € D.
Furthermore, for each (d, ;) € D there is a formula ¢(q)(z), which defines in each finite
field IF, the set of tuples a such that (*) holds.

Let a be an m-tuple from the pseudo-finite field F. Then there is a unique pair (d, u) € D such
that F' |= ¢, (a); one verifies that d = dim(p(a, F™)). The number p can be used to define
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a measure mg on the definable subsets of S = ¢(a, F™): for T' a definable subset of S with
associated pair (e, v), define:
0 if e < d,
ms(T) = {

v/p ife=d.

Since the definition of mg originates from counting points in finite sets, mg is clearly a
finitely additive probability measure, defined on the definable subsets of S, taking only rational
values, and invariant under definable bijection.

From these considerations, one obtains easily the following results:

3.11. (Finiteness of the Si-rank) Let S C F™ be definable, with dim(S) = d; let ¢(x,y) be
a formula, and (a;);e; a sequence such that dim(S N ¢(a;, F™)) = d for all 4, and dim(S N
w(a;, F*) Np(aj, F™)) < d for all i # j; then [ is finite.

Proof. By 3.10 there is a positive rational number r < 1 such that for any a € F™, mg(¢(a, F™)) >
0 implies mg(¢(a, F™)) > r; from the additivity of mg, we obtain that I has less than (1/r)
elements.

3.12. We will denote the second coordinate of the pair associated to a definable set S by u(S);
then one has:

(a) For a variety V defined over F', u(V(F)) =1 (This is the Lang-Weil Theorem).
(b) For disjoint definable subsets S and T" of F™,

w(S) + w(T) if dim(S) = dim(T),
p(SUT) = ¢ u(S) if dim(S) > dim(T),
w(T) if dim(S) < dim(T).

(c) If f: S — T is definable, and dim(f~'(a)) = d for each a € T, then dim(S) = dim(T)+d.
If moreover p(f~(a)) = m for every a € T, then pu(S) = mu(T).

3.13. (not the strict order-property) Let ¢(z,y) be a formula; then every sequence of tuples
a; € F such that the sets ¢(a;, F™) form a strictly increasing chain, is of bounded length.

We should mention that pseudo-finite fields are unstable: indeed Duret showed they have
the independence property [18].

3.14. Adjoin to the language new constant symbols ¢;,, for 0 < ¢ < n € N to obtain the
language L., and consider the extension Psf, obtained by adding to Psf axioms expressing that
the polynomials X" +c¢,_; , X =l -+ ¢y, are irreducible for each n. Every pseudo-finite field
then expands (non-uniquely) to a model of Psf.; also, Psf. is model-complete, since whenever
(F1,c) C (Fy,c) are models of Psf. then F} is relatively algebraically closed in F5.

F admits elimination of imaginaries in the language £.. Thus every group G interpretable
in F'is F-definably isomorphic to a group defined in F.
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3.15. Let G be a group definable in F; then there is a connected algebraic group H defined over
F, definable subgroups of finite index G of G and Hy of H(F'), and a surjective isomorphism
f Gy — Hy, defined over F' and with finite central kernel.

3.16. If V is a variety defined over F, then the set V(F) is Zariski dense in V, that is, its
Zariski closure equals V' (actually, this holds in arbitrary PAC-fields).

Indeed, for 0 # g(x) € F[V], the algebraic set V' = {(a,b) | a € V, bg(a) = 1} is clearly
a variety, so it has an F-rational point. This shows that V(F") intersects every open set of (2"
defined over F. If W is a proper closed subset of V' defined over F9, then the union of the
conjugates of W over F is defined over F', which shows that V(F) is dense in V (F'*9). Because
V(F9) is dense in V, we deduce that V(F) is dense in V.

4 PAC fields

4.1. Pseudo-algebraically closed fields. A field F' is pseudo-algebraically closed (PAC) if
every (absolutely irreducible) variety V' defined over F' has an F-rational point, i.e., a point
with all its coordinates in F.

4.2. Properties of PAC fields. Let E and F' be fields, with F' PAC.
(1) (10.7 in [22]) An algebraic extension of a PAC field is also PAC.

(2) Let E be aregular field extension of F'. Then F has an elementary extension F™* containing
E. If the degree of imperfection of F' is infinite and B is a p-independent subset of F
containing a p-basis of F', then F™* can be chosen so that B is a p-basis of F'*. This is an
immediate consequence of the definition of PAC and of 2.2.

(3) ((4.5) in [10]) If E C F, then acl(E) is obtained by closing F under the A-functions of F
and taking the relative (field-theoretic) algebraic closure in F'.

4.3. Definitions.

(1) Recall that a profinite group G is projective if every diagram

G

(%) l
B — A

where the maps are continuous epimorphisms, can be completed by a continuous homo-
morphism (not necessarily onto!) G — B making the diagram commutative. If G is
projective, H is a profinite group and f : H — G is a continuous epimorphism, then H
has a closed subgroup G; such that f restricts to a homeomorphism from G; onto G, see
Remark 20.11 in [22].
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(2) A field F is w-free if it has a countable elementary substructure Fyy with G(Fy) ~ F,,, the
free profinite group on countably many generators.

(3) A field F is Frobenius, if it is PAC and its absolute Galois group G(F) has the so-called
embedding property (or Iwasawa property), i.e.: every diagram

G(F)

(%) |
B — A

where the maps are continuous epimorphisms and B is isomorphic to a finite (continuous)
quotient of G(F’), can be completed by a continuous epimorphism G(F) — B making the
diagram commutative. The class of Frobenius fields is elementary, see §5. Since E,
satisfies the above property, w-free PAC fields are Frobenius.

4.4. If F' is PAC, then G(F) is projective (10.17 in [22]), and any algebraic extension of F' is
PAC (10.7 in [22]).

4.5. Properties of w-free PAC fields and Frobenius fields. Let E, F', I’ and L be fields,
with F' and F’ Frobenius fields.

(1) Assume that " and F’ have the same degree of imperfection, and are separable extensions
of L. Then F' =, F'if and only if F N L* ~; F' N L.

(2) Assume that F' and F”’ have the same degree of imperfection, and that F” is a separable
extension of F.. Then F' < F' <— F'NF*=F.

(3) (18.2in [22]) Let L = acl(L) C F, and assume that F is sufficiently saturated. Let E be a
regular extension of L, with [E : EP] < [F' : FP], and assume that every finite (continuous)
quotient of G(F) is also a finite quotient of G(F'). Then there is an L-isomorphic copy
E’ of E in F, such that F'is a regular extension of £’

Proof. For (1), see 5.12, and (2) is a direct consequence of (1). For (3), assume that F' is
|E|*-saturated. We now use the terminology of section 5, see in particule 5.11: our assumption
on the finite quotients means that Im(G(E)) C Im(G(F)). The inclusions L C F and L C F
gives us embeddings SG(L) C SG(FE) and SG(L) C SG(F'). By the embedding property and
the |E|*-saturation of SG(F), there is an SG(L)-embedding ¢ : SG(E) — SG(F). Dualising,
this gives us a group epimorphism ® : G(F) — G(E), which commutes with the restriction
maps onto G(L). We now get the result by the embedding lemma (18.2 of [22]).

4.6. Consequences. Let F' be a Frobenius field, sufficiently saturated. 4.5(1) allows us to
describe the types in a simple manner: If a, b are tuples in F', and £ C F, then tp(a/E) =

tp(b/E) if and only if there is an isomorphism ¢ between acl(Ea) and acl(Eb), which sends a
to b and is the identity on F. One direction is clear. For the other, extend ¢ to an isomorphism

of F with some field F’. Then F” is also Frobenius. Since F' is a regular extension of acl(Ea),
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F' is a regular extension of acl(E£b). Then 4.5(1) gives us that F' =,q(my) F, i.e., b realises the
same type over E in F' and in F’. Since ¢ is the identity on E, sends a to b and F' to F’, this
implies that tp(a/E) = tp(b/E).

4.7. Lemma . Let F' be a Frobenius field, and assume that F' is sufficiently saturated and
that L = acl(L) C F. Let E be a regular extension of L, and assume that every finite quotient
of G(E) appears as a finite quotient of G(F). Then there is an L-isomorphic copy E’ of E in
F such that FNE"” = FE'.

Proof. 1f the characteristic is 0, or if the characteristic is p > 0 and [E : EP] < [F : FP?], then
this is 4.5(3). Hence, we may assume that the characteristic is p > 0 and that the degree of
imperfection of F' is finite and smaller than the degree of imperfection of E. Let C be a p-basis
of E over L, and consider the extension M = E(c'/?" | ¢ € C,n € N). We claim that this is
a regular extension of L. Indeed, without loss of generality, we may assume that E is finitely
generated over L; then C' is a separating transcendence basis of E over L, and for every n € N,
the extension E(c!/?" | ¢ € C) is separably algebraic over L(c'/?" | ¢ € C'). This shows that M
is a separable extension of L. As F is regular over L and M is purely inseparable over E, this
implies that M N L* = L, and therefore that M is a regular extension of L. By construction,
[M : MP| = [L: L] < [F: FP|, so that 4.5(3) applies and give the result.

5 Results of Cherlin, Van den Dries and Macintyre on
PAC fields

In this section we give a proof of a result of Cherlin, Van Den Dries and Macintyre, which was
announced in [11], but was never published in spite of the existence of two manuscripts [12]
and [13]. The proof we give does not differ much from theirs, but of course, all mistakes are of
my doing. I give references to the parts of their proof which have been published.

We first recall the definition of the inverse system of an absolute Galois group. This concept
was introduced in [12], see also [11] and [13].

5.1. The inverse system of a profinite group. Recall that a profinite group is a compact
Hausdorff, totally disconnected topological group. Equivalently, it is the inverse limit of an
inverse system of finite groups with the discrete topology. We refer to [49] or to [22] for the
basic properties of profinite groups. We will use an w-sorted language, with sorts indexed by the
positive integers, and we refer to the book by Kreisel and Krivine [36] for properties of many-
sorted logics. They behave very much like ordinary first-order logic, except that all variables
and constants have a prescribed sort. Eg, if x is of sort n, then the quantifier Vo ranges over
all elements of sort n. Traditionally, the universes of distinct sorts are disjoint, however one
can easily bypass this restriction by introducing functions which identify elements of distinct
sorts. This is what we will do implicitly in our case. In particular, in the terminology of [36],
the relations introduced below should be infinite collections of relations. We leave the reader
to make the appropriate adjustments to the terminology of [36].
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Let G be a profinite group. Consider the set SG = [-JG/N, where N ranges over the set
N (G) of all open normal sugroups of G; if N C M are in N(G), denote by 7y s the natural
epimorphism G/N — G/M. We denote the elements of G/N by gN, g € G. Consider the
w-sorted language Lo = {<,C, P} where < and C' are binary relations, P is a ternary relation,
and the sorts are indexed by the positive integers.

We define an Lg-structure on SG as follows:

— gN is of sort n if and only if [G : N] < n. Note that we do not assume that the sorts are
disjoint.

— gN < hM if and only if N C M.

— C(gN,hM) if and only if N C M and gM = hM.

— P(g1 N1, g2 N2, g3N3) if and only if Ny = Ny = N3 and g19oN1 = g3V5.

Note that the Lg-structure SG encodes precisely the inverse system {G/N,wyn | N, M €
N(G),N C M}, and therefore determines G uniquely, since G = lim. G/N. We call the L
structure SG the complete system associated to G. The class of Lg-structures of the form
SG for some profinite group G is axiomatised by the following scheme of axioms Ti:

(1) <istransitive and reflexive, with a unique largest element which is of sort 1. The elements
of sort n are exactly the elements having at most n elements in their ~-equivalence class,
where ~ is the equivalence relation defined by: © ~y <= 2z <yand y < x. We will
denote by [z]. the ~-equivalence class of x.

(2) S/ ~ is a modular lattice (with respect to the partial ordering <). For the axiom stating
the existence of the infimum, note that [G : N N M] < [G : N][G : M].

(3) Plz,y,2) = (x~yAy~2), Clz,y) »z<y.
(4) P defines on each ~-equivalence class the graph of a group multiplication.

(5) If x < y, then the intersection of C' with the product [z]. X [y]. is the graph of a group
epimorphism 7, from [z]. to [y]~. These epimorphisms from a compatible system:
Tag = U, Ty gy = Ty if 0 <y < 2.

(6) If N is a normal subgroup of [x]., then there is a unique y such that C(z,y) and {zz7" |

z~xANC(z,y)} = N.

If S |= T, one then defines a profinite group G(S) as the inverse limit of the system of
finite groups and epimorphisms {[a]., mas | @, F € S, o < }. Unravelling the definitions and
using the isomorphism G ~ lim. {G/N,ny, M | N C M € N(G)}, one checks easily that if G
is a profinite group then G(SG) is naturally isomorphic to G.

If S |= T, then G(S) can be identified with the closed subgroup of [],cq,. [a]. consisting
of those sequences (g, ) satisfying 7, 5(ga) = gp for a < g € S. (Here HaeS/~ [a]~ is equipped
with the product topology. Also, to simplify notation we write g, instead of g .)

We will define an embedding i of S into SG(S), and show that i is onto. Let v € S. Since
the maps 7, 3 are epimorphisms and compatible, there is an element (g,), € G(S) such that
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gy = 7. For g € S, let N3 = G(S) N Mg, where My is the kernel of the natural projection
[I.[a]~ — [f]~. Then Nz is an open normal subgroup of G(S), and we define i(y) = (ga)V,.
This clearly defines an embedding of S into SG(S). It remains to show that i is onto: let N
be an open normal subgroup of G(S). Because G(S) is a closed subgroup of ][,/ [a]~, and
by the definition of the product topology, there are aq,...,a,, € S such that N contains the
intersection of the NN,,. Because of axiom (2), there is a € S such that N, C N, and by axiom
(6), there is a unique # € S/ ~ such that N/N, is the kernel of the map m,5. Thus N = Ng,
and this shows that ¢ is onto.

A continuous epimorphism of profinite groups 7 : G — H induces a dual Lg-embedding
Sw: SH — SG: if hN € SH, define St(hN) = 7~ !(hN). Conversely, we will show below
that if 51,5 F Tg, an Lg-embedding i : Sy — S; defines a unique continuous epimorphism
G(i) : G(S1) — G(S;). First observe that i induces a group isomorphism from [y]. onto
[i(y)]~ for every y € Sy, because y and i(y) have the same sort and ¢ respects P. If z € S;
let us denote by m, the canonical epimorphism G(S;) — [z].. Then for each y € Ss, the
map f, =i 'my) : G(S1) — [i(y)]~ — [y]~ is a group epimorphism, and is continuous since
Ker(f,) = Ker(my)). Furthermore, if y < z € S5, then f, = 7)) fy because i respects C.
The universal property of the inverse limit implies then that there is a unique continuous group
morphism G(i) : G(S1) — G(S2) which agrees with the system {f, | y € S2}. By definition, for
every y € Sy, m,G(1)(G(51)) = f,(G(51)) = [y]~, which implies that G(7)(G((S1)) is dense in
G(S,), and therefore that G(i) is onto since the continuous image of a compact set is compact.

Hence the functors G and S define a duality between the category of profinite groups with
continuous epimorphisms and the category of models of Tz with Lg-embeddings.

5.2. The inverse system of the absolute Galois group of a field. Let K be a field,
G(K) its absolute Galois group Gal(K*/K). Then SG(K) = |-JGal(L/K), where L ranges over
all finite Galois extensions of K. The group epimorphisms encoded by the binary relation C
correspond to the restriction maps Gal(M/K) — Gal(L/K) whenever M is a Galois extension
of K containing L. The largest element of SG(K) is Gal(K/K) = (1). If K is a regular
extension of some subfield F, then SG(F) identifies naturally with a substructure of SG(K)
(as the restriction map G(K) — G(E) is onto).

The following result is due to Cherlin, van den Dries and Macintyre. It is stated in [11],
and proved in the preprints [12] and [13].

5.3. Theorem. Let K and L be fields, and E a common subfield of K, L, such that K and L
are regular extensions of F.

(2) If K is k-saturated, so is SG(K).

5.4. Since their result is unpublished, we will give a sketch of the proof. The approach we take
is slightly different from theirs. As in [CDM2], we first introduce a new w-sorted structure,
Sep(K), which encodes the direct system of finite Galois extensions of K together with the
possible inclusions. 5.3 will then be an immediate corollary of 5.7 and 5.5.
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Let Ls, be the language {<,I, A, M}, with sorts indexed by the positive integers. The
elements of Sep(K) are the pairs (a, L), where L is a finite Galois extension of K containing a.
We interpret the language symbols in the natural way:

— The elements of sort n are the pairs (a, L) where L is a finite Galois extension of K of
degree < n which contains a. Thus the pairs (a, K) are the only elements of sort 1.

— (a, L) < (b, M) if and only if L C M. We consider the (definable) equivalence relation
(a,L) ~ (byM) <= L = M. Thus we may identify the equivalence class of (a, L) with L.

— I((a, L), (b, M)) if and only if L C M and a = b.

— If L is a finite Galois extension of K, then AN L3 and M N L? are the graphs of addition
and multiplication on L respectively.

5.5. Proposition. Let K be a field. Consider the w2-sorted structure (Sep(K), SG(K),-) in
the language Ly, U Lo U {-}, where - denotes the action of Gal(L/K) on L, for every finite
Galois extension L of K. Then (Sep(K), SG(K),-) is interpretable in Sep(K).

5.6. Theorem (Keisler [Ke]). Let K; and K, be fields, which are elementary equivalent in
some language £’ containing the language of fields, let P be a unary predicate not in £’. Let
F} and F;, be algebraically closed fields containing K; and K5, with F; infinite dimensional as
a K;-vector space, and consider the £ U {P}-structures (F;, K;) defined above.

(].) If Kl = K2 then (FlyKl) Eacl(@) (FQ,KQ).

(2) If K is k-saturated and the transcendence degree of Fy over K is > &, then (F, K;) is
k-saturated.

5.7. Theorem.. Let K and L be fields, and E a subfield of K, L, such that K and L are
regular extensions of E.

(1) If K =g L then Sep(K) =sepr) Sep(L).
(2) If K is k-saturated, so is Sep(K).

5.8. Interpretation of finite Galois extensions in K. Let L be a finite Galois extension of
K, and assume that L = K(«). Let p(X) = X" +a; X" +-- - +a, be the minimal polynomial
of a over K, and identify L with K @ aK @ ---® o" K. Then L is isomorphic to K" as a
K-vector space. Consider the structure L* = (K", +,®), where ® is a bilinear map, image of
multiplication under the identification of L with K ® aK @ --- ® " 'K. E.g., a ® — is the
linear transformation with matrix

00 0 —a,

10 0 —Qp—1
Ma = .

0 0 - 1 —aq
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and similarly o ® — has matrix M!. Note that the only parameters needed to define L* are
the elements a4, ..., a,, and that this interpretation is uniform in n.

An element of Gal(L/K) is then a linear transformation of K™ respecting ®. Alternatively,
an element ¢ of Gal(L/K) is uniquely determined by o(a), i.e., by an element of L* satisfying
p(X) =0.

5.9. For later use, we will show an analog of the Keisler Shelah theorem.

Proposition. Let K; and K, be fields, which are regular extensions of a subfield £. We
then have inclusions SG(F) C SG(K;) and SG(E) C SG(K,). Assume that SG(K1) =sq(r)
SG(K5). Then there is an ultrafilter ¢4 on some index set I such that

SG(Kl)u :SG(E) SG(KQ)M

5.10. Theorem (Cherlin, Van den Dries, Macintyre). Let K and K, be PAC fields, separable
over a common subfield E. The following conditions are equivalent:

(1) Kl =E KQ.

(2) (i) K; and K, have the same degree of imperfection.
(ii) There is ¢ € G(E) such that p(K; N E*) = Ky N E®, and

(iii) Let ® : G(Ky N E®) — G(K; N E?) be the isomorphism of profinite groups induced
by ¢, and let S® : SG(K; N E*) — SG(KsN E*) be the dual map. Then the partial
map S® : SG(K;) — SG(K>) (with domain SG(K;NE?)) is an elementary Lg-map.

5.11. Application to Frobenius fields. Recall that a Frobenius field is a PAC field K,
whose absolute Galois group G(K) has the so-called embedding property (also called Iwasawa
property in [CDM]), namely:

Definition. A profinite group G has the embedding property iff every diagram

G

(+) l
B — A

where the maps are continuous epimorphisms and B is isomorphic to a finite (continuous)
quotient of (G, can be completed by a continuous epimorphism G — B making the diagram
commutative.

Note that the definition of the embedding property only talks about finite quotients of G,
i.e., about ~-equivalence classes of SG. Hence there is a Lg-theory which we will denote by
T7p, whose models are precisely the complete systems associated to groups with the embedding
property. If G is a profinite group, we denote by Im(G) the set of (isomorphism classes of) finite
continuous quotients of GG. Iwasawa has shown that the free profinite group on R, generator,
F’w, is characterised by the embedding property, by the fact that I m(Fw) contains all finite
groups, and by ]Sﬁ’w\ = R,. This result translates as the No-categoricity of the theory of SF,,
and was extended by Cherlin, Van den Dries and Macintyre as follows:
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Theorem (Cherlin, Van den Dries, Macintyre). Let G be a profinite group with the embedding
property. Then Th(SG) is Ng-categorical, and is axiomatised by adding to T7p the sentences
describing Im(Q).

Remark. The proof of this result shows more: given G and H with the embedding property,
with Im(G) = Im(H) and |SG| = |SH| = Yy, and ~-equivalence classes [a]. in SG and [§].
in SH, and a partial isomorphism f : [a]. — [3]~, the isomorphism f lifts to an isomorphism
SG — SH (or see [22] 23.21). This implies also, using compactness, that any partial Lg-
isomorphism f : SG — SH, where dom(f) | Tg, is an elementary Ls-map. (Recall that the
subsets of SG which are models of Ty correspond by duality to the continuous quotients of G.
Our hypothesis implies that Im(f) will also be a model of T¢.)

5.12. Theorem (Cherlin, Van den Dries, Macintyre). Let K; and K5 be Frobenius fields of
the same degree of imperfection, and separable over a subfield E. Assume that Im(G(K;)) =
Im(G(Ks)). The following conditions are equivalent:

(1) K1 =F KQ.

(2) There is an E-isomorphism ¢ : E* N K; — E* N Ks.

6 Difference fields

6.1. Setting and notation. We will always work inside a large algebraically closed field
), which will contain all fields considered. The language L, is obtained by adjoining to the
language £ = {+, —, -, 0, 1} of rings a unary function symbol for o. A difference field is a field K
with a distinguished automorphism o, and is naturally an L,-structure. I should mention that
our definition of difference fields slightly differs from the usual definition which only requires o
to be a field embedding, i.e., not necessarily onto. Our difference fields are called inversive by
Cohn. All the basic algebraic results on difference fields can be found in the first few chapters
of Cohn’s book [14]. The main model-theoretic results can be found in [8] and [9].

In characteristic p > 0, the map Frob : x — 2P defines a monomorphism on K, called the
Frobenius automorphism, and the image K? of K by this map is a subfield of K.

6.2. The theory ACFA

Recall that the model companion ACFA of the theory of difference fields in the language
L, is axiomatised by the scheme of axioms expressing the following properties of (K, o):

— K is an algebraically closed field and ¢ is an automorphism of K.

— If U and V' are varieties defined over K, such that V' C U x ¢(U) and the projections
V — U and V — o(U) are generically onto, then there is a tuple a such that (a,o(a)) € V
(here o(U) denotes the variety image by o of the variety U).

6.3. Difference polynomial rings
Let k£ C K be difference fields, with K a sufficiently saturated model of ACFA. We define the
difference polynomial ring k[ X1, ..., X,], by taking the ring k[ X7, ..., X,], to be the ordinary
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polynomial ring k[o7(X;) | i = 1,...,n,j € N|, and extending o to k[X1,..., X,], in the way
suggested by the name of the generating elements. Note that ¢ is not onto. The order of a
difference polynomial f is the largest m such that some indeterminate o™ (X;) appears in f.

Ideals I of k[Xy,...,X,], satisfying (1) C I are called o-ideals. A perfect o-ideal of
k[X1,..., X, is a o-ideal I satisfying moreover that ac(a™) € I implies a € I for all m € N.
Thus a perfect o-ideal is radical. A prime o-ideal is a o-ideal which is prime and perfect.
Quotients of k[X, ..., X,|, by prime o-ideals are domains, on which ¢ defines an embedding.
Thus they embed uniquely in a smallest difference field. If @ is an n-tuple of K, we define
I(a/k) = {f(X) € k[X], | f(@) = 0}, where X = (X;,...,X,). Then I,(a/k) is a prime
o-ideal of k[ X1, ..., X,],.

While k[ X7, ..., X,], has infinite ascending chains of o-ideals, it satisfies the ascending chain
condition on perfect o-ideals and on prime o-ideals. A o-equation (over k) is an equation of the
form f(z1,...,2,) = 0 where f(X1,...,X,) € k[X1,..., X,],. The set of solutions (in K™) of a
set of o-equations is called a o-closed set; it can be defined by a finite set of g-equations. Thus
the topology on K™ whose basic closed sets are the o-closed sets is Noetherian. A o-closed
set is called irreducible if it is not the union of two proper o-closed subsets. Every o-closed
set of K™ is the union of finitely many irreducible o-closed sets, which are called its irreducible
components. If the irreducible o-closed set V' is defined by o-equations over k, then V' is defined
over k, and the set of difference polynomials over k£ vanishing on V' is a prime o-ideal of
k[X1,...,Xn]s, denoted by I(V). If a € K™ and I(V) = I,(a/k), then a is called a generic of
V over k.

6.4. Transformal transcendence bases. Let £ C K be as above, and let a be a tuple
of elements of K. We denote by k(a), the difference field generated by a over k, i.e., the
difference subfield k(c®(a) | i € Z) of K. If the transcendence degree tr.deg(k(a),/k) of k(a),
over k is finite then we say that a is transformally algebraic over k. In that case, there is a
non-negative integer m such that k(a), C k(a, ...,0™(a))9. Observe that since o and ="' are
automorphisms of k(a),, we then have k(a), C k(d’(a),...,c? ™™ (a)) for every j € Z.

An element b € K is transformally transcendental over k, if the elements o'(b), i € Z,
are algebraically independent over k. Observe that a tuple a is either transformally algebraic
over k, or contains an element which is transformally transcendental over k. We call a set
B C K transformally independent over k if the elements o7(b), b € B, j € Z, are algebraically
independent over k. Equivalently, if the elements o’(b), b € B, j € N, are algebraically
independent over k. If L is a difference subfield of K containing k, and B C L is transformally
independent over & and maximal such, then B is called a transformal transcendence basis of
L over k. Observe that L is then transformally algebraic over k(B),. Any two transformal
transcendence bases of L over k have the same cardinality, and this cardinality is called the
transformal transcendence degree of L over k, and denoted by A(L/k). If a is a finite tuple, we
also define A(a/k) = A(k(a),/k); observe that A(a/k) < tr.deg(k(a)/k) (the transcendence
degree of k(a) over k).
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7 Abelian varieties

7.1. Definitions. Recall that a variety V' is complete if for any variety W the projection map
m:V x W — W is closed, that is the image of a (Zariski) closed set by 7 is closed.

Using the definition, one shows easily that a closed subvariety of a complete variety is
complete, and that the image of a complete variety by a morphism is also complete. Examples
of complete varieties are the projective spaces P, n > 1.

An abelian variety is a connected algebraic group which is complete. The completeness and
connectedness imply that the group law is commutative. By the above, a connected algebraic
subgroup B of an abelian variety A is an abelian variety, and so is the quotient group A/B.
Below we list some important results on abelian varieties. The references are to S. Lang’s book
on abelian varieties [38], chapter II.

From now on, A will denote an abelian variety defined over the field k. The group law of A
is 4+, and its identity element is 0.

7.2. Let f:V — A be a rational map from a variety V' into the abelain variety A. Then f is
defined at every simple point of V.

Recall that in an algebraic group all points are simple. Hence if V' is an algebraic group, f
is everywhere defined.

7.3. Let f:V xW — A be a rational map of a product of varieties into an abelian variety A.
Then there are two rational maps f; : V' — A and fo : W — A such that if (a,b) is a generic
point of V' x W then f(a,b) = fi(a) + fa(b).

f1 and f5 are uniquely determined by this property, up to addition by an element of A. If f
(and V, W, A) is defined over k and V' (k) contains a simple point, then f; and f; can be chosen
defined over k.

7.4. Let f : G — A be a rational map of a connected algebraic group G into an abelian
variety A. Then the map fy : G — A defined by fo(a) = f(a) — f(e) is an algebraic group
homomorphism (e is the identity element of G).

7.5. Let f: G x H— A be an algebraic group homomorphism defined over k, where GG, H are
connected algebraic groups. Then there are algebraic group homomorphisms f; : G — A and

fo: H— A, both defined over k, and such that f(a,b) = fi(a) + fo(b) for (a,b) € G x H.

7.6. Chow’s Theorem. Let B be an abelian subvariety of A, defined over K D k. Assume
that the relative algebraic closure of k£ in K is purely inseparable over k. Then B is defined
over k.

Note that this in particular implies:
7.7. All abelian subvarieties of A are defined over the separable closure k° of k.

7.8. If B is an abelian variety defined over k, then the group Hom(A, B) of algebraic homo-
morphisms from A to B is countable, and all its elements are defined over k*.
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7.9. Let B be an abelian variety. Then Hom(A, B) is a a free Z-module of finite rank.

7.10. Poincaré’s complete reducibility theorem. Let B be an abelian subvariety of A.
Then there is an abelian subvariety C' of A such that A = B+ C and B N C' is finite. If B is
defined over k then we can take C' also defined over k.

7.11. Let B be an abelian variety, and f : A — B be a homomorphism. Then the graph of f
is an abelian subvariety C' of A x B satisfying: for every a € A there is a unique b € B such
that (a,b) € C.

The converse is also true: if C'is an abelian subvariety of A x B having the property that for
every a € A there is a unique b € B with (a,b) € C, then C is the graph of a homomorphism
from A to B.

From this one deduces:

7.12. Let A, B, C be abelian varieties. Assume that f : A — B and g : A — C are
homomorphisms and satisfy ker(f) C ker(g), and that f is onto. Then there is a unique
homomorphism h : B — C such that ¢ = hf. Proof. Let D C A x B x C be the graph of
(f x g), and let E C B x C be its projection. Then E is an abelian variety, which projects
onto B since f is surjective. Let b € B, ¢ € C such that (b,¢) € E. By definition of E, there
is a € A such that f(a) = b and g(a) = c. If ' € A is such that f(a’) = b, then f(a —da’) =0,
which implies that g(a — a’) = 0 and g(a’) = ¢. This shows that given b € B, there is a unique
¢ € C such that (b,¢) € E, and therefore that E is the graph of a homomorphism h : B — C.
Clearly g = hf, and h is unique.

7.13. Definition. Let B be an abelian variety. We say that a homomorphism f: A — B is
an isogeny if f is onto and its kernel is finite. We say that A and B are isogenous if there is an
isogeny f: A — B.

Clearly the relation of isogeny is reflexive and transitive. It is also symmetric:
7.14. Let f : A — B be an isogeny, and let n be the size of its kernel. There is a unique isogeny
g : B — Asuch that fg = [n]p and gf = [n]a (multiplication by n in the abelian groups B and
A respectively). Proof. By definition f is onto, and its kernel is contained in A[n] = ker([n])
(the elements of A of order n). Now apply 7.12 to get g : B — A such that [n]4 = gf. Since
gf is an isogeny and f is onto, g is an isogeny. We then have (fg)f = f(gf) = f[n]a = [n]sf,
which implies that fg = [n]p.
7.15. Torsion subgroup. Let Tor(A) be the subgroup of torsion elements of A. Then
Tor(A) is divisible, and is dense in A. Thie implies in particular that if f,g : A — B are
homormorphisms of abelian varieties which agree on Tor(A), then they are equal. If ¢ is a
prime number different from char(k), the same is true for T'ory(A), the subgroup of elements
of A of order a power of /.

Let g be a prime power, and A[q] the subgroup of A of elements of order q. There are
numbers s < r not depending on ¢ such that

Alg] ~ (Z/qZ)" if q is prime to char(k),
= (Z/qZ)®  if char(k) divides q.
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7.16. Definition. An abelian variety is simple if it has no infinite proper abelian subvariety.
Assume that A and B are simple varieties.

(1) If A and B are isogenous, then every non-zero element of Hom(A, B) (the group of
homomorphisms from A to B) is an isogeny.

(2) If A and B are not isogenous, then Hom(A, B) = (0).

(3) Let End(A) be the ring of endomorphisms of A; it contains a copy of Z, namely {[n] |
n € Z}. The ring E(A) = End(A) Q, Q is a division ring.

Proof. Let f: A — B be a homorphism. The simplicity of A and B implies that ker(f) is
either finite or all of A. In the first case, f(A) is an infinite abelian subvariety of B, which
must therefore equal B, which shows that f is then an isogeny. If ker(f) = A then f = 0. This
proves (1) and (2).

For (3), let f € E(A) be non-zero, and choose N € N* such that [N]f € End(A). By 7.14,
there is g € End(A) such that g[N]f € Z, which shows that f is invertible in F(A) since all
non-zero integers are invertible in E(A).

7.17. By Poincaré’s reducibility theorem 7.10, there are simple subvarieties A;,..., Ay of A
such that for any i, the intersection of A; with the sum of the others is finite. From this one
deduces that the abelian varieties A; x - -- x A; and A are isogenous. Moreover, by the above,
the varieties A, ..., Ay are uniquely determined up to an isogeny and a permutation of indices.

Observe also that if B is a simple variety and Hom(A, B) # (0), then B is isogenous to a
subvariety of A.

Assume that A, ..., A, are pairwise non-isogenous, and that each A;, j > m, is isogenous
to A; for some i < m. For i < m let n; be the number of varieties among { Ay, ..., Ay} which are
isogenous to A;. By 7.5, every endomorphism of A decomposes into a product of homorphisms
A; — Aj for 1 <4,5 <k, and therefore

End(A) ~ ﬁ M, (End(A;)).

i=1

7.18. Let B be an abelian subvariety of A. There are homomorphisms f; : A — A; where
the A;’s are isogenous to simple subvarieties of A, i« = 1,...,m, such that B = (), ker(f;).
Proof. LetC = A/B, and choose simple subvarieties Ay,..., Ay of A and an isogeny f : C' —
Ay X -+ x Ap. Let m: A—- Candm : Ay x--- x A, — A;, i = 1,...,k be the natural
projections. Then ker(f) = (), ker(m;f). Let n = |ker(f)|, and let f; = [n]m fm : A — A,
Since B is connected, B = (), ker(f;).

From this one deduces easily:

Let A, B be abelian varieties, and assume that Hom(A, B) = (0). Let C' be an abelian sub-
variety of A x B. Then C = (] x C5 where C] and Cy are abelian subvarieties of A and B
respectively.
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8 Graded rings, twisted Laurent polynomial rings

8.1. Definitions. A (Z-)graded ring is a ring R whose underlying additive group is written as
R=8D,,c;, Bm, with R;R; C R for i,j € Z.

The decomposition € R,, is called the grading of R. The elements of R,, are called homo-
geneous of degree m, and R,, is the homogeneous component of degree m.

8.2. Example. Let R be a ring, ¢ an indeterminate. Then R[t| has a natural grading: Klt] =
P,,cn Rt™. Observe that the homogeneous components of negative degree are 0. In fact, since
the component of degree 0 contains R, R]t] is a graded R-algebra.

8.3. Let R be aring, and 7 € Aut(R). We define the twisted Laurent polynomial ring Rf[r, 77!]
to be the ring whose underlying additive group is €p,, ., R7™, with multiplication defined by
at'br! = at'(b)T"* for i, j € Z, and extended using distributivity to R'[r,77!].

RY[r,77!] has a natural Z-grading, with R7™ the homogeneous component of degree m for
m € Z. We also consider the subring R'[7] of R'[r,77!]. If f = > ja;7" € R'[r] satisfies
a, # 0, we will call n the degree of f.

8.4. Proposition. Assume that R is a division ring (every element has an inverse). Then
R![7] is a left-euclidian domain and every ideal of R'[r, 77!] is principal. If m € N*, then every
left ideal of R![r,77!] is generated by m elements.
Proof. Let f =3 "gaiT', g =37 b7/, with a,,b, # 0. First of all, fg # 0: the coefficient of
7" is a,,7™(b,) which is non-zero since a,, and b, are non-zero and 7 is an automorphism.
This shows that R'[7] is a domain.

We will now show that there is a unique pair (u,v), with v of degree < n, such that
f = ug + v. Note that the unicity will follow from the existence: an element of degree < n is
in @, Rr’, a multiple of g is in @, R7%, and R![r] is a domain. We show the existence of
(u,v) by induction on m: if m < n, then u = 0, v = f. Suppose m > n, and that it is proved
for all polynomials of degree < m — 1.

Consider ' = f — a, 7™ " (b, })7™ "g. Then f’ is of degree < m, and the coefficient of 7™

n

in f"is equal to a,, — (@, 7™ (b 1) 7™ "(b,)) = 0. By induction hypothesis, f' = u/g + v, with

v of degree < n, and therefore f = ug + v with u = v’ + a,, 7" "(b;}) 7"

Let I be a left ideal of R'[r,77!]. Then I is generated by the left ideal Iy = I N R'[r] of
R'[7], and it therefore suffices that I is principal. Let g € Iy be of least possible degree, and
let f € Ih. Then f =wug+ v with v € I of degree smaller than the degree of g. By choice of g,

we have v = 0, which shows that [j is the ideal generated by g.

Let I be a left ideal of R![r,771|™. If m = 1, then I is principal. Assume m > 1 and
that the result is proved for m — 1. Let I; be the projection on the first coordinate of I, and
I, = IN((0) x R[r,7~!]™1). Then I is principal, generated by f; say, and I, is a left ideal
of (0) x R'[r, 7Y™ ! Let fo,..., fm € R'[7,7!] be such that (fi,..., fm) € I.

Let (g1,...,9m) € I. Then g, = hyf; for some h; € R'r,77']. Thus (g1,...,9m) —
hi(fi,- -, fm) € Iz, which shows that [ is generated by Iy and (fi, ..., fi,). Using the induction
hypothesis, this shows that I is generated by m elements.
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