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PSEUDO-LINEAR ALGEBRA OVER A DIVISION RING

CEDRIC MILLIET

ABSTRACT. On considére un analogue de la topologie de Zariski sur un corps gauche K muni d’une
transformation pseudo-linéaire T, et I'on y définit une géométrie algébrique élémentaire : ensembles
T-affines, T-morphismes, et une notion de comorphisme qui témoigne d’une dualité entre la catégorie
des ensembles T-affines et celle des K[t; o, §]-modules. En s’appuyant sur des résultats de P. Cohn,
on montre, lorsque o et § commutent, que K a une extension K sur laquelle chaque fonction de K [T
est surjective. Sur K, la projection d’un constructible est constructible, et un théoréme des zéros
est valide. Dans un prochain article, on applique ces résultats aux corps gauches NIP.

Given a division ring D and a one dimensional pseudo-linear transformation T, the purpose of
the paper is the study of the subsets of D™ defined by a system of linear equations, each of the form

71($1)++’7n($n)+620a (01)
with ¢ being an element of D and for all i € {1,...,n} the map 7; being a linear operator
vi(x) = aj0x +a;1T(x) + -+ a; T (x) (0.2)

with left coefficients {a;;: 7€ {1,...,n}, j€{l,...,m}} in D. We write D[T] for the set of
maps , DIT,n| for the set of maps and C%%(a) for the generalised centraliser defined in
[30, p. 314]. This setting, taken from [25] and [30], has the following advantage: when T = o, we
recover the usual linear difference operators while the general centraliser is Fix(o), and when T = §,
we recover the usual linear differential operators while the centraliser is Const(J).

The ring D[T] is isomorphic to the Ore extension DI[t; o, §] when the right dimension [D : C?%(a)]
is infinite, and D[T,n] has a structure of DIt; o, §]-module. We thus begin in Section 1 by ele-
mentary considerations about the dimension of a module over a left Ore domain. In Section 2,
we recall some basic properties of D|[T] and D[T,n]| which mainly come from [7, 25, 30} [32] 37].
In Section 3, we differ from the setting of [3I]: instead of considering varieties defined by skew
Ore polynomials with an appropriate notion of evaluation as in [31} (2.7) p. 46], we call T-affine a
set V(5) defined by a system S of equations like , and a T-morphism a map between T-affine
sets whose coordinate maps are in D[T,n]; so in a sense, our objects of study are very restricted,
and closer to linear algebra than to algebraic geometry. Still, they encompass the so called “metro
equations” ax —xb = ¢ and their (o, §)-generalisations defined in [31} (6.5) p. 63]. There is however a
pregnant analogy with classical algebraic geometry (we have been much influenced by reading parts
of [11, 24} 38| [44] [45]), and we point at a contravariant functor between the category of T-affine sets
and the category of finitely generated D[t; o, §]-modules. In Section 4, we call D linearly surjective
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(a notion analogous to the one of algebraically closed fields) if every nonzero v € D[T] is surjective.
Using results of P. Cohn on the existence of division ring extensions having sufficiently many roots
of certain polynomials, we show that if either o or § are inner, or if 0 and § commute, then D has
a linearly surjective extension. In such an extension, using Baur-Monk’s quantifier elimination up
to prime positive formulas for theories of modules, we show that Chevalley’s projection Theorem
for constructible sets holds, as well as a Nullstellensatz. Section 5 is devoted to defining and
calculating the Zariski dimension of a T-affine set V when [D : C?°(a)] is infinite and o surjective.
By a diagonalisation argument due to Wedderburn, we show that the dimension of V' is the unique
natural number d such that V is T-isomorphic to D% x U, where U is T-affine of finite right C” ’5(a)—
dimension. In Section 6, we study the T-affine sets that do not have proper T-affine subsets of
the same Zariski dimension; we call such sets radical, and we end with a criterion inspired of [27]
Lemma 2.8] and [22, Lemme 5.3] for certain T-affine sets to be radical.

The paper is originally motivated by questions coming from model theory, aiming at under-
standing the complexity of the first-order theory Th(D) of a division ring D in the ring language.
Among these questions, (1) if Th(D) has countably many pure types, is D commutative (from
[48, Problem 12.6])7 (2) Does Th(D) satisfy Vaught’s conjecture? (3) If Th(D) does not have the
independence property (see [43, Definition 4.1]), is the dimension [D : Z(D)] finite? The restricted
setting presented in the paper, considering left modules (instead of bimodules) and almost forget-
ting about the role of the ring multiplication but reducing it to scalar left multiplication seems to
be all that is needed to get a positive answer to (3) in characteristic p, presented in a further paper.
But this setting is probably not enough to get an answer to (1), (2) or (3) in characteristic zero.

1. LINEAR ALGEBRA IN A MODULE OVER A LEFT ORE DOMAIN

Throughout this section, R is a left Ore domain (for any a, b in R\ {0}, the left ideal Ra N Rb is
nonzero), and M an R-module (all modules considered in the paper are left modules). This section
recalls that M has a dimension that shares several properties of the vector-space dimension. As we
could not find a reference, we hint at proofs that would fit in an undergraduate algebra course.

Say that a tuple v = (v1,...,v,) € M™ is dependent if there is a nonzero tuple (ry,...,r,) € R"
such that rqvy +-- -+ 7r,v, = 0. Say that v is a basis if independent and maximal. Any independent
family extends to a (possibly empty) basis. For all S C M, we write (S) for the submodule generated
by S. If b is a basis, for every v € M \ b, there is a nonzero r € R such that rv € (b).

Definition 1.1 (algebraicity). We say that v is algebraic over S if there is a nonzero r € R such
that rv € (S). For A C M, we say that A is algebraic over S if every v € A is algebraic over S.

For any S C M, we write cl(S) for the set of algebraic elements over S. Algebraicity is transitive:

Lemma 1.2. If A is algebraic over B and B is algebraic over C, then A is algebraic over C.

Proof. Let a be in A. By assumption, there are r,71,...,r, in R\ {0} and a tuple b in B™ such that
one has ra € (b) and r;b; € (C) for all i € {1,...,n}. In particular, there is an expression of the
form sa € (C') + Zigsibi’ with s € R\ {0}, and one may choose the set I C {1,...,n} of minimal
cardinality. We claim that I is empty. Otherwise I contains some j. By Ore’s condition, there are
(u,v) in R\ {0} such that us; = vr; hence us;b; € (C), and one has (us)a € (C) + Zie[\{j}usibi

O

with us nonzero as u and s are nonzero, a contradiction with the minimality of I.

Theorem 1.3 (after Steinitz). All bases of M have the same cardinality.
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Proof. We treat the case where M has a finite basis b = (by,...,by,). Let (¢1,...,Cm,...) be another
basis. By maximality of b, one can write r¢; = Z r;b; for some nonzero r € R. As ¢; is independent,
r1 say is nonzero, so b; is algebraic over (c1,be,...,b,). As M is algebraic over b, by Lemma
M is algebraic over (c1,bo,...,b,). In a similar way, M is algebraic over (ci,c2,bs,...,by), and
iterating, one can add every ¢;. If m > n, one concludes that c,, is algebraic over its predecessors,
a contradiction, so m < n, and all bases of M are finite. By symmetry, one has n = m. O

Definition 1.4 (dimension). We call R-dimension of M the cardinal of any basis of M.

We write dimp M for the R-dimension of M, or dim M when there is no ambiguity about R. It
satisfies the properties one would expect from a dimension:

Proposition 1.5. Let be a subset S C M, and let N, L be two more R-modules.

(1) One has dim M & N = dim M + dim N.
(2) If N C M holds, one has dim M = dim M /N + dim N.
(3) The set cl(S) is an R-module and one has dim cl(S) = dim(5S).
(4) If M JNisa morphism of R-modules, one has dim M = dim ker f + dim im f.
(5) If L 9 ML N are morphisms, one has dimker f o g = dim(ker f Nim g) + dim ker g.

We leave the proof of Proposition as an exercise. Urya First tells in [I7] that Proposition
follows from the exactness of Ore localisation and the corresponding linear algebra facts, citing
[29, Exercise 18, end of §10]. We did not explore this path further.

2. TWISTS OVER A DIVISION RING

Our initial setting comes from [25] [30, B7] and has the advantage of providing a uniform frame-
work to deal with both difference and differential linear equations. The notion of pseudo-linear
transformation comes from [25]; we also refer to [7] for an introduction to pseudo-linear algebra.
The statements presented in this section are well-known and appear in the literature somewhat
maybe in a disguised form, as a referee says. We collect them here as a try to make the paper
self-contained and hint at proofs when we could not find precise references.

Given D a division ring, o a nonzero ring morphism and 0 a o-derivation (that is, satisfying
§(x+y) = 6(x) + d(y) and §(xy) = o(x)d(y) + §(x)y for all (z,y) in D?), we write D[t; o, §] for the
Ore domain of left polynomials ag 4+ a1t + - - - + a,t" with usual addition, and skew multiplication
induced by the rule ¢ - a = o(a)t + 6(a). Let T = o -a + J be the pseudo-linear transformation
induced by a € D (which we sometimes write T,).

2.1. 1-twists. Let be the ring

n

D[T] = { Y aT:aeD" ne N} ,
i=0

the elements of which we call twists, or 1-twists. Any nonzero twist « has an expression of the form

apid + a1 T + - - - + a, T™ with a,, # 0. We call the minimal such n the degree of 7, written deg(y),

and define deg(0) = —oo. From [37, Theorem 6] and [7, Theorem 1] (see also [32, Corollary 1.3])

follows that D[T] is right Euclidean, and when o is onto also left Euclidean:

Fact 2.1 (Euclidean division). For all nonzero p € D[T] and all v € D[T],

(1) there is (q,r) € D[T] x D[T] such that v = qp +r and deg(r) < deg(p).
(2) if o is onto, there is (q,7) € D[T]| x D|[T] such that v = pqg+ r and deg(r) < deg(p).
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Corollary 2.2 (factorisation with a root). For any v € D[T] of degree n 4+ 1 with a nonzero root
b € DX, there is q € D[T] of degree n such that v = q(T — T(b)b~tid).

Following [30, p. 314], we write C?°(a) for the generalised centraliser {x € D: Tq(x) = a - z}.
This is a division ring, and any twist is a right C?9 (a)-linear map. The following fact can probably
be derived from [30, Theorem 4.2], or be shown by induction over n.

Fact 2.3 (roots of a twist). The kernel of a nonzero twist of degree n has right C%°(a)-dimension
at most n. Conversely, a vector subspace of D of dim. n is the kernel of a twist of degree at most n.

Corollary 2.4. The rings D[t;0,6] and D[T] are isomorphic if and only if [D : C?%(a)], = +oo.

Definition 2.5 (T-division ring, strictness). We call T-division ring any division ring D equipped
with a pseudo-linear map T. We say that D is strict if the right dimension [D : C?%(a)], is infinite.

Corollary 2.6. If D is strict, then D|[T] is a left Noetherian domain.

2.2. n-twists and twisted Zariski topology. We write D[T,n| for the set of maps of the form
y(z1) + -+ + yn(xn) + ¢ where v1,...,79, are in D[T] and ¢ in D. We call such maps n-twists.
Definition 2.7. Let the twisted Zariski topology on D™ be the topology whose basic closed sets are
of the form {(z1,...,2,) € D": y(x1,...,2,) = 0 for all v € S} where S is a subset of D[T,n].

DIT, n] is a Noetherian D[T]-module by [6, Proposition 7 p. 26], and the twisted Zariski topology
is Noetherian. From Fact follows that a basic closed subset of D is a right C°°(a)-affine space
of finite dimension, and that a basic closed subset of D™ meets a right D-line either trivially or in
a right C79(a)-affine space of finite dimension.

Fact 2.8. If C%(a) is infinite, the irreducible closed subsets of D™ are the basic closed sets.

Proof. Follows from Neumann’s [36, Lemma 4.1]. O

3. ELEMENTARY T-ALGEBRAIC GEOMETRY

Throughout this section, we consider a T-division ring D and introduce basic notions directly
inspired from classical algebraic geometry over a field.
Definition 3.1. We call T-affine set the zero set of a family S of n-twists, which we write

V(S) ={(z1,...,zn) € D": y(21,...,2,) =0 for all y € S}.
Definition 3.2. Given A C D™, we call module of A and write I(A) the set defined by
I(A) ={y e D[T,n]: y(z1,...,zn) =0 for all (z1,...,2,) € A}.

Any T-affine set V(S) is right C%°(a)-affine; any module I(A) is a submodule of D[T,n]. Since

DIT,n| is a Noetherian module, a T-affine set is the zero set of a finite family of twists.

Remark 3.3. Given a polynomial g € D[t; 0, 0], the map D[t; 0,0] — D[T] suggests to define V(g) =
V(g(T)) ={z € D: g(T)(x) = 0}. In [31, (2.7) p. 46], another definition of V(g) is introduced,
defined (with our notation T, = 0 -a+d) by V(g9) = {a € D: g(T,)(1) = 0}. These definitions are
not the same. If g(t) = Z b;it" and in the particular case (o,8) = (id, 0), the former gives the linear

subset {x eD: Z bjra' = O}, whereas the later gives the more usual {a eD: Z bia' = O}.

We push on the analogy with classical algebraic geometry and define the corresponding notions
of morphisms: T-morphisms for T-affine sets, and usual morphisms of D[T]-modules for modules.
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Definition 3.4. We call T-morphism a map between T-affine sets whose coordinate maps are
twists. We call T-isomorphism a bijective T-morphism whose inverse is also a T-morphism.

In classical algebraic geometry, there is a functor between the category of affine algebraic sets
over a field k and the category of finitely generated k-algebras, which witnesses a duality between
these two categories (see e.g. [20, p. 19]). In our case, there is a functor I between the category of
T-affine sets, and the category of finitely generated D[T]-modules.

Definition 3.5. Given a T-affine subset V of D", we let I'(V') be the D[T]-module defined by
I'(V) = D[T,n]/I(V).
Given a T-morphism f: U — V, we let I'(f) be the morphism I'(f): I'(V) — I'(U) defined by
L(f):y +1(V) = yo f+1(U).

Given two T-affine sets U and V', we write Hom (U, V') for the set of T-morphisms from U to V,
and Hom(I'(V'),T'(U), 1) for the set of morphisms of D[T]-modules from I'(V') to I'(U) fixing 1.

Lemma 3.6. The map I' : Hom(U, V) — Hom(I'(V),T'(U), 1) is bijective.
Proof. T is injective, and we show that it is surjective as in [20, Proposition 1.33]. If ¢ : I'(V) — I'(U)

is a given morphism of D[T]-modules that fixes 1, where U C D™ and V' C D™ there is a morphism
of D[T]-modules ¢ such that ¢(1) = 1 and such that the following diagram commutes.

DIT,m] —% D[T,n]

vy —% 1)

We define a T-morphism f: D™ — D™ putting f = ((5(301), e é(xm)) Since ¢ is a morphism
of D[T]-modules and since ¢(1) = 1, for any m-twist v = v (x1) + - - - + Y (2m) + 7, one has

(7) = d(n(@1) + -+ 4 Ym(@m) +7) = 11(d(x1)) + - - + Y (B(@m)) + 7 =70 f,

and according to the above diagram, one has ¢pomy(y) = ma(yo f). This shows that v € I(V') implies
vo f€I(U), so that f maps U to V. This also shows that ¢ = I'(f), so I is surjective. O

Corollary 3.7. A T-morphism f is a T-isomorphism if and only if U'(f) is an isomorphism.

Proof. As in [45], Corollary 11.4.5]. O

4. LINEARLY SURJECTIVE T-DIVISION RINGS

Over an algebraically closed field k, Hilbert’s Nullstellensatz makes the duality between affine
algebraic sets and reduced finitely generated k-algebras an equivalence of categories, where irre-
ducible algebraic sets correspond to integral finitely generated k-algebras. In our case, the analogue
of irreducible set is the one of radical set, and analogue of algebraically closed fields seems to be:

Definition 4.1 (linearly surjective). We call a T-division ring D linearly surjective if every nonzero
v € D[T] is surjective, or equivalently if D, as a D[T]-module, is divisible.
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Deﬁnitionextends definition [2, p. 215] given for differential fields; the wording linearly-closed
exists for difference fields (see e.g. [42, Lemma 9.1 p. 17] or [39, Definition 4.3 p. 15]). Note that
a linearly surjective division ring must be strict. We begin the Section by showing that most T-
division rings have a linearly surjective extension and we show that in such extensions, Chevalley’s
projection theorem holds, as well as a Nullstellensatz.

4.1. Linearly surjective extensions. Following [13] p. 58],

Definition 4.2 (T-extension). Given a T-division ring (D, 0,4, T,), a T-extension of D is a T’-
division ring (D’,0’,4’) extending (D, ,0) and considered with T/ = ¢’ - a + ¢'.

Theorem 4.3. Any T-division ring has a linearly surjective T-extension provided that either &
and o commute, or o or § be inner.

Proof. Recall that an inner automorphism is one of the form x — b~'ab, and an inner o-derivation
of the form = — o(x)c — cx. We write o3, and . respectively for the inner automorphism induced
by b and the inner o-derivation induced by c¢. We split the proof of Theorem [£.3] into several cases,
beginning with the most elementary one.

Case 1. § = 0 and 0 = id, so that T, = id - a, and a is transcendental over Z(D). As a
referee says, the theory of division rings with centre Z(D) extending D has V3 axioms, hence has
an existentially closed model D. So a is transcendental over Z(D) = Z(D). By [8, Theorem 2], for
all (b,c) € D?, the equation za — bz = ¢ has a solution in D. To finish the first case, it is enough
to show that, in D, any v € D[T] factorises in products of 1-twists of degree 1.

Claim 1. Let D be a division ring. Assume that every polynomial ™ 4+ x™ try 4 -+ 4+ xr, + rogq

with (r1,...,7ny1) € D" has a root in D. Denote by e;(x1,...,x,) = Z xj, -+ xj, the
I<ii<<gisn

ith elementary (non) symmetric polynomial. For any (ai,...,a,) € D", the polynomial system

Yo(a) ={e1(x1,...,xn) = a1,...,en(x1,...,2n) = an} has a solution (x1,...,x,) in D.

Proof of Claim[]. We proceed by induction on n, the case n = 1 being trivial. Assume that the
conclusion holds for any system %, of n such polynomial equations, and consider the system %,,11(a).
Putting = = (z1,...,2y), one has the following equivalences:

ai — Tpt1 = e1(x)

a1 =T1+ +Tp+ Tyt ag = Tpi1€1(x) + ea(T)

a9 = Tpi1%n + -+ Toxy as = Tp+1€2(Z) + e3(x)
=

Ant1 = Tpp1Tp - 11 an = Tpt1n-1(T) + en(T)

Ap41 = CCn—&-len(CE)

a1 — Tp+1 = 61(3_3)
az — Tpy1(a1 — Tng1) = e2()

a3z — Tnt1(az — Tpy1(a1 — rpy1)) = e3(Z)

an — Tpt1(@n-1 — Tnp1(- - Tny1(a1 — Tpy1) -+ ) = en(T)

an41 = xn+1[an — Tpy1(an-1 — Tpy1 (- Toug1(ar — Tpgr) -
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The last line is a one variable nontrivial polynomial equation, which reads

2 1
Un41 — Tng1Gn + Ty 1Gp1 4+ (—2py1) a1 + (—2pg1)" " =0,

and has a solution b,+; € D by assumption. Replacing z,1 by b,41 in the n first equations of the
last system gives a subsystem X,,(¢) for some precise tuple ¢ € D". By induction hypothesis, ¥, (c)
has a solution (by,...,b,) € D™, so that (b1,...,b,+1) is a solution of ¥,,11(a), as desired. O

We continue the proof of Case 1 of Theorem claiming that for any v € D|[T] of the form
za™ + aqza™ ' + asxa™ % + - - - + a,x, there is b € D" such that the following factorisation holds:

v(x) = (xa+ byx) - - - (xa + bix).
For every = = (x1,...,2,) € D", one has
(a4 zpx) - (za+ 212) = za" + ey (T)xa™ + ea(Z)wa™ 2 + - -+ en(T)2 (4.1)

By [10, Theorem 8.5.1], the polynomial z™ + "~ 'r; + --- + xr, 4+ r,41 has a root in D for every
(r1,...,mny1) € D1 By Claim the system {e1(Z) = a1,...,en(Z) = a,} has a solution b € D™,
By (4.1), one has v(z) = (za + byz) - - - (za + biz), as desired.

Case 2. 0 =0 and o = id, so that T, = id - a. By Case 1, we may assume that a is algebraic
over Z(D). We first claim that (D,id) has an extension (Dg,0:) with centre Z(D2) = Z(D)
where ¢ is transcendental over Z(D3). Consider the division ring Dy = D(z) where z is a central
indeterminate, and the ring morphism 7: g(z) ~ g(2?). Then no power of 7 is inner since 7 is
not even surjective, and the division subring fixed by 7 is D. Consider the (left) Ore domain
D7 [t; 7] with multiplication rule r -t = ¢7(r). Its division ring of (left) fractions, let’s call it Dy, has
centre Z (D) by [11, Theorem 7.3.6]. It follows that ¢ is transcendental over Z(D3y) = Z(D), and t
commutes with D, so that (Ds, 0¢) extends (D, id). Now, putting b = ta, for each y in (Ds, o), one
has

Tu(y) =0o(y) -a= t~Lxb. (4.2)

If a = 0, there is nothing to show and if a # 0, then b is transcendental over Z(D3) (it follows
indeed from Brauer’s Lemma, see e.g. [10, Corollary 3.3.9], that the algebraic elements over Z(Ds3)
form a division subring of Ds). By Case 1, (D2,id,0,id - b) has a linearly surjective extension
(Ds3,id, 0,id - b). In particular, from , (D3, 04,0, T,) is linearly surjective.

Case 3. Both o and ¢ are inner. Then 0 = o, and 6 =0 -¢— c¢-id for some b € D* and ¢ € D.
One thus has

To(z) = o(x)a+ o(z)c — cx = b~ tab(a + ¢) — cx. (4.3)
By Case 2 the division ring (D, id,0,id - b(a 4 ¢)), has a linearly surjective extension (D1, 0y, 0, 0y -
b(a + ¢)). It follows that the extension (D1, o, o4p-c—c-id, Ty) of (D, 0,0, T,) is linearly surjective.

Case 4. Only o is inner. Then o = o3, for some b € D*. In the Ore domain DIt;0, 0], the
multiplication rule o(r)t = tr+4(r) shows that §; = op,-t—t-id extends §. By [10, Proposition 2.1.2],
d; extends uniquely to the division ring of fractions of D[t; o, d], and we are back to Case 3.

Case 5. Only d is inner. Then § = 0 -c— c-id for some ¢ € D. In the (left) Ore domain D[¢; o],
the multiplication rule 7 -t = to(r) shows that the conjugation o; extends o, and we extend J to
DJt;o] by ¢’ = o1 - ¢ — ¢+ id. By [10, Proposition 2.1.2], ¢’ extends uniquely to the division ring of
(left) fractions of DIt; o], and we are back to Case 3.

Case 6. The maps o and 6 commute. In D[t;o] with rule r -t = to(r), the conjugation oy
extends o. Since o and 0 commute, by [47, Theorem 2.3], the map ¢ extends to a oy-derivation of
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Dit; o] by putting §(¢) = 0 (see also [9, Exercise 2 p. 57]), and 0 extends uniquely to a o;-derivation
of the division ring of (left) fractions of DIt; o], so we are back to Case 4. O

4.2. Constructible sets and Chevalley’s projection Theorem.

Definition 4.4 (constructible set). Given a T-division ring D, we call a subset of D" constructible
if it is a finite boolean combination of closed sets for the twisted Zariski topology.

Theorem 4.5 (after Chevalley). Let D be linearly surjective and f a T-morphism.

(1) The image by f of a closed set is closed.
(2) The image by f of a constructible set is constructible,

Proof. The classical version of Chevalley’s Theorem is an immediate consequence of Tarski’s quan-
tifier elimination in algebraically closed fields, and we proceed similarly by quantifier elimination.

Claim 2. Given a left Euclidean domain R (in the sense of Fact[2.1.1) and matrices A, B in
Mpn(R), there is C in My, n(R) such that for all divisible R-module M and y in M™, one has

Cy=0 < dJzx e M" (Ax = By).

Proof of Claim[3 Arguing as in [I5, Proposition 6.1], one can find invertible square matrices P
and @ (where ) has coefficients in {0,1}), and an upper triangular matrix

T
T —
with T} upper triangular having nonzero diagonal coefficients, such that A = P-T - Q. The formula

3z € M™ (AZ = Bj) is equivalent to 37 € M"(Tz = C¥) where C = P~1Q. Writing C = (C1, Cs)
by blocks compatible with T' = (77, 0), the formula 3z € M"(Tz = Cy) reads

dz e M™ (Tl.f = Clgj) A Coy = 0.

As M is divisible, the formula 3z € M" (Tyx = C1y) is satisfied by any tuple y in M, so 3z €
M"™ (Az = By) is equivalent to Cay = 0. O

Fact 4.6 (Baur-Monk [4]). Given a ring R and an R-module M, any formula ¢(y) (possibly with
parameters, with |y| = n) in the language Lr = (+,—,0,{r-: v € R}) of R-modules is equivalent
in M to a finite boolean combination of formulas {¢;(y): i € I}, each formula ¢;(y) being of the
form Hi‘(AZ{Z‘ = By + Eli) with A;, B; in Mm’n(R) and a; € M™.

A more recent reference for Baur-Monk Theorem is [34, Corollary 2.6.5]. From Claim [2[ and
Fact [4.6] follows immediately:

Claim 3. Given a left Euclidean domain R and a divisible R-module M, any subset of M™ defined
by a formula in the language Ly is definable by a quantifier-free formula in Lg.

We go back to the proof of Theorem [4.5| For point (1), it suffices to show that the image of
a basic closed I closed. Since translations are bicontinuous, we may also assume that 0 € F' and
f(0) = 0. Then F is given by a linear system A’z = 0, and f(Z) = y by the system A"z = y for
some matrices A’, A” with coefficients in the ring D[T]. Putting A = (A", A”) and B = (0, id), one
has y € f(F) if and only if 3z € D"(Ax = By), and one concludes by Lemma 1 and Claim
applied to M = D. For point (2), we note that a constructible set is defined by a quantifier-free
formula in the language Lp 7| and conversely, a quantifier-free formula defines a constructible set.
Since a T-morphism is definable (with parameters) in the language Lp(1], the image f(C) of a
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constructible set C' is definable, hence constructible by Claim From (2), one can also derive
(1) by a topological argument: f(F') is constructible, and since the topology is Noetherian, f(F')

contains a dense open set U of its Zariski closure f(F') by [45, Proposition 1.4.6]. f(F) is a group,

so for any a € f(F), the set a — U is open in f(F), so (a —U) NU is nonempty, from which follows

ac€U+Uand f(F)=U+U. Since U C f(F'), one has f(F) = f(F). O

4.3. Weak Nullstellensatz.

Theorem 4.7 (weak Nullstellensatz). Over a linearly surjective T-division ring, if I is a module
avoiding 1, then V(I) is nonempty.

Proof. Again, the classical weak Nullstellensatz has a short proof derived from quantifier elimination
(see e.g. [18]), and we follow this line.

Claim 4. Let R be a right Euclidean domain, M a divisible R-module, and ¥ a linear system
{AZ = b} withb € M™ and A € Myn(R). If ¥ has a solution in an R-module extending M, then
Y has a solution in M.

Proof of Claim[j If ¥ has a solution in an extension of M, by [29, Theorem 3.20] and [29}, Corollary
3.17’], ¥ has a solution in a divisible module N extending M. By Claim [2} there is a matrix C such
that Cb = 0 holds in N, hence also in M. By Claim [2 again, ¥ has a solution in M. O

We are now ready to prove Theorem I has finitely many generators 7y, ...,7,. We consider
the system ¥ = {v(z) = 0,...,7%(Z) = 0} and the D[T]-module D. Since I does not contain 1,
there is an embedding D — D[T, n]/I of D|T]-modules. But ¥ has a solution in D[T,n]/I, namely
(x1+1,...,2, + I). Since D divisible, ¥ also has a solution in D by Claim O

Corollary 4.8. Over a linearly surjective T-division ring D, for any maximal module I avoiding 1,
there is a € D™ such that

I=(z1—ai,...,xn —ay).

Proof. We write Jz = (x1 —ay,...,x, —ay) and first claim that J; is a maximal module avoiding 1.
Assume Jg is contained in a proper module J. One can write any v € J \ J; under the form

y=m(r1—a1)+ - +yn(xn —an) + b,

for some 1-twists v1,...,7, and b € D. Since v ¢ Jg, one has b # 0, and v € J yields 1 € J. This
shows the claim. By maximality of Jg, from the inclusion Jz C I(a) follows the equality Jz = I(a).
Now, if I is a maximal module avoiding 1, it contains a point @ by Theorem [£.7] One thus has
I CI(a), and equality holds by maximality of I. O

4.4. Strong Nullstellensatz, closed modules and radical sets. Following Definition[l.1] when
D is strict, we define the closure cl(I) of a module I to be the set of algebraic elements over I:

(1) = {7 € D[T,n]: 3p € D[T]\ {0}, py € I}
Theorem 4.9 (Nullstellensatz). If D is linearly surjective, for any module J avoiding 1, one has

I(V(J)) C cl(J).

Proof. Let 71,...,7 be a generating family for J, let v € IV(J), and let us consider the D[T]-
module I = (y1,...,%,y +1). If z € V(I), then z € V(J), so y(z) = 0. But one also has
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v(z) +1 =0, a contradiction, so V(I) is empty. By Theorem the module I contains 1 so there
exist p1,...,pr, p in D[T] such that

l=py+1)+pm+-+pw

The twist p is nonzero since J avoids 1. Applying this equality to a point of V(.J) (which is nonempty
by Theorem [4.7)), we get p(1) = 1 hence py € J, whence 7 € cl(J). O

Note that D being strict implies I + D C cl(I) for every module I. We say that I is a closed
module if cl(I) = I + D. It follows from Proposition that cl(7) is a closed D[T]-module.

Definition 4.10 (radical set). We say that a T-affine set U is radical if its module I(U) is closed.

Note that U is radical if and only if the D[T]-torsion of I'(U) is D.

Lemma 4.11. IfU, V are T-isomorphic T-affine sets, then U is radical if and only if V is radical.

Proof. If f: U — V is a T-isomorphism, its comorphism I'(f): T'(V) — I'(U) is bijective hence
maps the torsion of I'(V') onto the torsion of I'(U), and I'(f) fixes 1. O

Corollary 4.12. Over a linearly surjective T-division ring, for any closed J avoiding 1, one has
I(V(J)) =J.

Proof. By Theorem one has J C IV(J) € J + D. By Theorem the set V(J) is nonempty,
so IV(J) does not contain 1, hence IV(J) C J. O

Corollary 4.13. Owver a linearly surjective D, the functor I' induces an equivalence of categories

I': {radical T-affine sets} — {torsion-free finitely generated D[T]-modules}.

Proof. Given a nonempty radical U, let us show that I'(U) is isomorphic to M @& D where M is
a torsion-free finitely generated D[T]-module. Considering U up to a translation, which preserves
the notion of radicality by Lemma we may assume that U contains 0. It follows that I(U) C
(x1,...,2,) and one has I'(U) = (z1,...,z,)/I(U) ® D, and M = (x1,...,x,)/I(U) is torsion-free.
Conversely, given a torsion-free finitely generated D[T]-module M, let us show that M @ D is
isomorphic to some I'(U) for a T-affine set. Since M is finitely generated, it is isomorphic to some
(x1,...,2y)/N where N is a submodule of the free D[T]-module (z1,...,%,). Since M is torsion-
free, one has cI(N) = N. If we set U = V(N) C D", one has that U is radical, and hence N = IV(N)
by Corollary so M @ D is isomorphic to (z1,...,z,)/I(U) ® D = D[T,n]/I({U) =T'(U). One
concludes with Lemma [3.6 O

4.5. Examples. Examples of linearly surjective difference fields include (kj, 0},) where k, is a field
of characteristic p with no finite algebraic extension divisible by p (such as [JF ,» or Fglg ) and oy, the
Frobenius map. By f.os Theorem, given nonprincipal ultrafilters & on N and V on the set of prime
numbers, the field [],,_,;, (kp, ag) of characteristic p, and the field [, ,, (kp, 0}) of characteristic 0
are also linearly surjective. By [5, Corollary 2.10], the field W(k,) of Witt vectors over k, with the
Witt Frobenius is linearly surjective, and so is the field k,((t)) of formal Laurent series over k, with
the ring morphism oy: Zriti — er t. It is also noticed in [3, Lemma 4.6] that a contractive
and o-henselian valued difference field is linearly surjective. From these examples, one can build
noncommutative examples using:

Lemma 4.14. If (D,0) is a linearly surjective difference division ring, and 7: D — D a nonzero
ring morphism that commutes with o, then
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(1) the division ring of fractions of D[t; T] with oy: Zriti — Za(ri)ti is linearly surjective,
(2) the division ring of Laurent series D((t,T)) with oy: Zriti — Za(ri)ti is lin. surjective.

We leave the proof of Lemma as an exercise. Possible references for twisted Laurent series
are [10, Section 2.3 p. 66] and [26], Section 1.10 p 37]. We note that the division ring of fractions
of DIt;o] is a proper subring of D((t,0)) since series th @) where f: N — N has a positive
acceleration, are not rational (see also the rationality criterion in [10, Proposition 2.3.3]). When D
is countable, the fraction field of D[t; o] is countable, whereas D((t,0)) is uncountable.

5. THE ZARISKI DIMENSION

This section introduces an analogue of the classical Zariski dimension of an algebraic variety. We
still call this dimension Zariski as it coincides with the usual Zariski dimension for an algebraic
group defined by p-polynomials, and shares many other geometric features, as well as (Krull-like
and topological-like) definitions in terms of length of certain chains. Throughout the section, D is
a strict T-division ring, and we also assume that o is surjective.

Definition 5.1 (Zariski dimension). For a T-affine set V', we define the Zariski dimension of V to
be the dimension of the D[T]-module I'(V).

We write dim V' for this dimension and hope there cannot be any confusion with the dimension
of V as a right C79 (a) affine space, which is most of the time simply infinite. Note that if V" C D™
holds, one has the equality dim V' = n—dimpr) I(V). It follows that D™ has dimension n, and that
the empty set, a single point, or C’U"S(a) all have dimension zero. From Proposition also follow:

Lemma 5.2. For any two T-isomorphic T-affine U and V', one has dimU = dim V.

Lemma 5.3. For any two nonempty T-affine U and V', one has dim (U x V) = dim U + dim V.

5.1. Main result. Theorem bellow classifies T-affine sets up to isomorphism, and has a sur-
prisingly simple proof via a diagonalisation argument using the following fact:

Fact 5.4 (see Cohn [12, Theorem 1.4.7 p. 80]). Let R be a both left and right principal domain
and A an m X n matriz with coefficients in R. Then the row and column rank of A are the
same; denoting the common value by r, we can find P € GLp(R) and QQ € GLy(R) such that
PAQ~! = diag(ey,...,e,0,...,0), with e;]le;r1 and e, # 0.

As an editor tells, Fact also appears in [2, Theorem 5.3.3 p. 226] for Euclidean domains and
is attributed in this case in [2, p. 229] to Wedderburn [49, Theorem 10.1 p. 139] and Jacobson [25].

Theorem 5.5. Let V be nonempty T-affine. There is a T-isomorphism V ~ D x U, where U is
a right C79(a)-vector space of finite dimension, and d = dim V.

Proof. Translating V', we may assume that V' contains zero. Let (v1,...,7mn) be generators of I(V').
We write v; = vi1(21) + - - - + Vin(25) with each ~;; in D[T], and consider the m x n matrix

Y11 .- Tin
A — . .
Tm1l -+ Tmn

By Fact one has A = PBQ for invertible square matrices P, Q with coefficients in D[T] and
B = diag(0,...,0,84+1,.-.,0n) where B4i1,...,0, are nonzero elements of D[T] and d is the
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number of zero entries on the diagonal of B (hence independent of any T-extension of D). One has
the equivalence (x1,...,2,) € V <= BQ(x1,...,2,) = 0. The map (x1,...,2,) = Q(z1,...,Ty)
induces a T-isomorphism V =~ {y € D": By = 0}, from which follows V =~ D% x V(B441) X --- X
V(B,), as desired. Next we show d = dimV. Putting U = D% x V(Bg41) X --- x V(B,), and
choosing 8411, .., By having minimal degrees, one can show using the right Euclidean division that
I(U) = (Ba+1(xd+1)s - - -, Bn(zn)). One thus has d = dim U, and by Lemma alsod =dimV. O

In the case of an infinite perfect field k of characteristic p equipped with the Frobenius T(z) = P,
one recovers from Theorem the classical counterpart that a connected algebraic subgroup of k™
defined by p-polynomials is T-isomorphic to k¢ (see e.g. [46, Corollary 3.3.15]). Note that D need
not be linearly surjective in Theorem [5.5)

Corollary 5.6. Given a fized set S of twists with coefficients in D, if V(S) is nonempty, then
dim V(S) does not depend on the T-extension of D in which V(S) is considered.

5.2. Calculation rules. We now assume that D is linearly surjective. As a Corollary of the
Nullstellensatz, the dimension of V(S) does not depend on the set S chosen:

Lemma 5.7. Let V(S) C D" be nonempty T-affine. One has dim V(S) = n — dimpy;(5).
Proof. By Theorem one has S CIV(S) C cl(S). Conclude with Proposition O

Theorem 5.8 (cut by a T-hypersurface). Let V(S) C D™ be T-affine and v an n-twist.

(1) If v is algebraic over S and V(S,~y) nonempty, one has dim V(S,7) = dim V(5).
(2) If v is not algebraic over S and V(S,7) is nonempty, one has dim V(S,v) = dim V(S) — 1.

Proof. Point (1) follows from Proposition and Lemma For point (2), if v is not algebraic
over S, then one has the equality dimp[r(S,7) = dimpr)(S) + 1. O

Corollary 5.9. If U C V are nonempty T-affine and V' is radical, one has dimU < dim V.

Proof. Since U C V is a proper inclusion, I(V') C I(U) is also proper. For any v € I(U) \ I(V), since
I(V) is closed and U nonempty, one has v ¢ cl(I(V)) hence dim U < dim V by Theorem [5.82. O

We end the subsection by characterizing the dimension in terms of length of certain chains.

Theorem 5.10. The Zariski dimension of a nonempty T-affine V(S) C D™ is equal to

(1) the mazimal length d of a chain S C Iy C I1 C -+ C Iy of proper closed submodules
of D|T,n] avoiding 1 and containing S,

(2) the mazximal length d of a chain Vo C Vi € --- C Vi C V(S) of nonempty proper radical
T-affine subsets of V(S),

(3) the minimal number d of n-twists v1,...,vq needed for V(S,v1,...,74) to be nonempty and
have dimension 0.

Proof. Towards point (1), we first build a length m = dim V(S) chain of closed modules avoiding 1.
Let (71,...,9—m) be a basis for (S). Since V(S) is nonempty, (S) does not contain 1, and one can
build a chain of modules avoiding 1 of the form (1, ...,7;) choosing inductively v; ¢ cl(v1,...,7i-1)
for i >n —m.

Claim 5. Let I be a closed module containing 1, let K C I be a submodule avoiding 1, and J a
mazximal module avoiding 1 such that K C J C I. Then J is closed.
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Proof of Claim[j Let a € cl(J). Since D is divisible, there is a nonzero v € D[T] of minimal
degree such that there is d € D with v(a + d) € J. We claim that v has degree 0, so a« € J + D,
as desired. Assume deg(vy) > 1 for a contradiction, then a +d € I\ J, so (o +d,J) contains 1 by
maximality of J, and there is € € D[T] such that e(a+d) € J+1. Dividing € by v by Lemma[2.1]1,
one has ¢ = ¢y +r with deg(r) < deg(y), hence r(a+d) € J+1. Since 1 ¢ J, one has r # 0. Since
r(d’) =1 for some d’ € D, one has r(a+d — d') € J, which contradicts the minimality of ~. O

We continue the proof of Theorem 1. For each i € {0,...,m}, setting I_1 = (Y1, ., Yn—m),
there is a maximal submodule I; of cl(~1, ..., ¥n—m+i) that avoids 1 and contains I;_;. By Claim
the chain Iy C - -+ C I, has the desired properties. Conversely, given a maximal chain as in (1), we
show inductively that dimp(t) I4—; = n—i. For i = 0, the module I, is maximal so has dimension n.
If dimD[T] I;_; = n—i, one has dimD[T] Ii ;1 <n—i—1since Iy_; is closed, and equality holds by
maximality of the chain. This shows dim V(Iy) = d, but cl(S) = Iy + D by maximality of the chain,
hence dim V' = d. For (2), by Corollary there is a one-to-one order reversing correspondence
between closed modules avoiding 1 and nonempty radical T-affine sets, so (2) is equivalent to (1).
For point (3), if V(S) has dimension d, by Theorem one needs at least d twists v1,...,7q to
have dim V(S,~1,...,74) = 0. One can find such twists by completing a basis of (.59). O

5.3. T-Morphisms and dimension. D still denotes a linearly surjective T-division ring.
Theorem 5.11. Let U be an irreducible T-affine set and f: U — D™ a T-morphism. One has
dimim f 4+ dimker f = dim U.

Proof. Being the continuous image of an irreducible set, im f is irreducible hence T-affine by The-
orem [£.5]1. Considering the comorphism I'(f): I'(D™) — I'(U), one has

kerI'(f) =I(im f) and imT(f) = (f1,..., fm, LU)) /I(U).
Putting J = (f1,..., fm,1(U)), by Corollary [5.7, the Zariski dimension of V(J) is n — dimp ) J.
Since V(J) equals ker f, one has

dimpp) ker['(f) = m —dimim f and  dimp;7)im[(f) = dimU — dim ker f,
and the conclusion follows from the Rank-Nullity Proposition applied to I'(f). O

Theorem 5.12 (after Ax-Grothendieck). Let f: D™ — D™ be a T-morphism whose fibers have
Zariski dimension zero. Then f is surjective.

Proof. im f has Zariski dimension n by Theorem and f is surjective by Corollary O

6. RADICAL SETS

We defined the notion of a radical set over a strict T-division ring D in Section [£.4 This last
section gives this notion a closer look, and provides a criterion for certain T-affine sets to be radical.
This criterion plays a central role in a forthcoming paper.

Lemma 6.1. Let U C V be nonempty T-affine sets. Then U and V' have the same Zariski dimension
if and only if the C7%(a) dimension of V/U is finite.

Proof. Let us assume that U and V have the same dimension. It suffices to show that for any
v € I(U), the quotient V/V N V() has finite right C?(a)-dimension. As I(U) and I(V') have the
same dimension, v is algebraic over I(V'). Let p € D[T] be nonzero of degree n such that py € I(V).
Let go,...,Jn in V, and let us show that their images in V/V N V(y) are right C”°(a)-dependent.
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As v(g1),--.,7(gn) are roots of p, by Fact there is a nontrivial C??(a)-linear combination with
Y(go) Ao+ -+v(gn)An = 0,80 goAo+ - -+ gnApn, belongs to VNV(y). This shows that V/VNV(y) has
C?9(a)-dimension at most n, as desired. Conversely, assume that V/U has finite C?(a)-dimension,
and let v € I(U). Then V/V N V() has a finite basis (g1,...,9,) + VN V(y). By Fact there
is p € D[T] of degree at most n which vanishes on every ~(g;), so in particular p is nonzero and
py € I(V). This shows that I(U) is algebraic over I(V), so U and V have the same dimension. [

6.1. Radical components.

Definition 6.2. Given a T-affine set V' and a point a € V, the radical component of a in V is the
intersection of all T-affine subsets of V' that contain a and have the same Zariski dimension as V.

We write V%(a) for the radical component of a in V.

Lemma 6.3. For any T-affine set V and a € V, the sets V and V°(a) have the same Zariski
dimension d, and V°(a) is a radical set. If o is surjective, V°(a) is T-isomorphic to D?.

Proof. The first assertion follows from Lemma and the fact that the topology is Noetherian.
To show that V°(a) is radical, let v be algebraic over 1(V%(a)). Then also v = v — v(a) is
algebraic over I(V%(a)). By the argument used in the proof of Lemma the C?(a)-dimension of
V9(a)/VO(a) N V(y') is finite. By Lemma V%(a) N V(v') has the same Zariski dimension as V/,
so V9(a) € V(v'). This shows that 4’ belongs to I[(V°(a)), and that I(V%(a)) is closed. The last
assertion follows from Theorem [5.5 and Lemma [£.11] O

6.2. An example of a radical group. Given a strict T-division ring D where T is induced by a,
a natural number n > 1 and a tuple b = (by,...,by,), we consider the T-affine set

Gy ={(z1,...,2n) € D": b1(Txy — ax1) = b;(Tx; — ax;) for all 1 <i < n},
and we look for conditions for G to be radical. We shall need the following Lemma.

Lemma 6.4. Given any tuple (rq,...,r,) € D™, the right dimension of (r1,...,r,) over C%°(a)
does not vary when computed in a T-extension of D.

Proof. By Fact right C%°(a)-dependence of a tuple (r1,...,7,) is expressible by a quantifier-free
formula stating that the r; are all roots of a certain 1-twist of degree less than n with coefficients
in D, so right C”";(a)—dependence of (r1,...,m,) does not depend on the T-extension of D. O

Lemma bellow is inspired by [27, Lemma 2.8] and its linearised version [22, Lemma 5.3]. It
plays a crucial role in [27] and [22] in the particular case when (D, T) is an algebraically closed field
(k,o0p) of characteristic p equipped with the Frobenius o,. In that particular case, if (bfl, by 1)
are F)-linearly independent, [22, Lemma 5.3] states that, G} is connected as an algebraic group,
whereas Lemma @ only states that G has no subgroup of finite index defined by p-polynomials.
But one recovers the conclusion of [22, Lemma 5.3] knowing that Gy is oj,-isomorphic to (k,+) by
Theorem and (k,+) is connected, so that Gj is connected as well.

Lemma 6.5. Assume that a is central, and o and § commute. Given b = (by,...,by) in D*, the
set Gy, is radical if and only if (bl_l, e bil) are left C%(a)-linearly independent.

r'n
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Proof. We first assume that Gj is radical and put v = T — aid. If there are (r1,...,7,) in C%(a)
such that rlbl_l + - +rpb, 1 =0, one has for every (z1,...,2,) € Gy,

’7(7‘1331 +---+ Tnxn) = Zri’)/(fz Zrzb bZ’V xz = (Z Tz ) bl’y 551) 0.
=1

It follows that ryz1 + - - + rpxy, is algebraic over I(G ) so belongs to I(Gj) by assumption. This
implies that ry21 + - - - + rpx, vanishes on C?%(a) x --- x C%%(a), hence (r1,...,r,) is zero.

We show the converse by induction on n. If n =1, then G}, equals D, so Gy, is radical. Let us
assume that the Lemma is proved for n — 1 and that G, . 3, is not radical over D. Then Gy, . s,
is not radical over any T-extension (E,T’) of (D, T). We chose (E,T’) linearly surjective by Theo-
rem and we look at T'-varieties over E. By induction hypothesis and Lemma (since T still
defines a pseudo-linear transformation in the opposite division ring), we may assume that Gy, 4, ,
is radical over K. One has dim Gy, 3, = 1 by Theorem and, since the kernel of the first pro-
jection 71 : Gy, p, — E has dimension 0, one also has dim Gy, s, < 1 by Theorem @ Writing
G217...7bn for the radical component of 0 in Gy, ... p,, one has dim (Ggl,...,bn) =1 by Lemma SO

one of the n main projections of 021,...,bn’ say on the first coordinate, is onto,
m: Gy, — E. (6.1)

Consider the projection on the first n — 1 coordinates 7: G4, .5, — Gb,,...p,_,- Since kerm has

dimension 0, the image w (Gglpu,bn is o’-affine and has dimension 1 by Theorem [5.11} Since
Gb,.....b,_, is radical, by Corollary the following restriction is onto

. Ggl,...,bn - Gb1,...,bn_1- (62)

By assumption, there is a linear 7' € cl (I(Gyp,.. »,)) \I(Gs,,...»,) with coefficients in D. Replacing
inductively T’(x;) by ax; + b; 'b1y(x1) for all i € {2,...,n} in the equation 7/(Z) = 0, the system

{(z) =0, byy(x1) = -+ = byy(xn)} is equivalent to one of the form
{a(@1) +rozg + -+ ran =0, biy(z1) =+ = bpy(zn)},
with 7o,...,7, in D. Since Gy, .., , is radical, we may assume r, = 1. Composing by v, we get

ya(z1) + y(raxa) + -+ + Y(rp—1Tn-1) + by ory(21) = 0,

which holds for all (z1,...,2,-1) € Gp,,..p,_, by (6.2). Taking z2 = 1 and else z; = 0 yields
ro € C79(a) N D = C%%(a), and symmetrically 7o, ...,7,_1 € C%%(a), hence

~ya(zy) + 7”2b2_1b1’y(x1) + -+ rpaaby, 1b1'y(x1) + b, Yoy (1) = 0,
which holds for all z; € E by (6.1)). It follows that a(z1) = 7121 for some r; € C?%(a), which yields
riby oyt bt b =0,
so (by',...,b; 1) are left C?°(a)-dependent, and the induction is proved. O

7. APPENDIX. ON w-STAGE EUCLIDEAN DOMAINS

We show here that a matrix with coefficients in an w-stage Euclidean ring is equivalent to a
diagonal one. This generalises the corresponding Theorem [49, 10.1 p. 139] for Euclidean rings in a
different direction than the PID case [12, 1.4.7 p. 80]. We also provide a trigonalisation result when
coefficients belong to an w-stage left Euclidean ring. Let us recall the definitions adapted from the
commutative case [14] p. 135], which appear e.g. in [33, Section 7 p. 27]:
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Let R be an integral domain, and (a,b) in R2. A right k-stage division chain starting from (a,b)
is a sequence of equations a = bgy +r1, b=r1qo + 19, 711 =723+ 73, ... Th_9 = Thk_1qk + Tk-

Definition 7.1 (w-stage right Euclidean). Let N: R — Z be a function with N(0) = 0 and
N(a) > 0 for all @ # 0. The ring R is w-stage right Euclidean if for every pair (a,b) with b # 0, there
is a right k-stage division chain for some k € N such that last remainder 7 satisfies N(rg) < N(b).

An w-stage left Euclidean domain is defined similarly, and we say that a domain is w-stage
FEuclidean if it is both w-stage right and left Euclidean with respect to the same function V.

Theorem 7.2. Let R be an w-stage Fuclidean ring and A € M,(R). There exist a diagonal
B € M, (R) and invertible P,Q € GL,(R) such that A = PBQ.

Proof. We slightly modify the diagonalisation algorithm of [21, Theorem 7.10] given for commuta-
tive Euclidean rings. For any i # j, let Fj; be the matrix obtained from the identity matrix by
interchanging row ¢ and row j, H;;(r) the one obtained from the identity by adding r times row j
to row 4 and f_[ij (r) by adding column j times r to column i. Since each of these matrix have
coeflicients in a commutative subring and have determinant —1 or 1, they are invertible. The effect
of premultiplying a matrix

(a) by Fjj is to interchange row i and row j,
(b) by H;;(r) is to add r times row j to row i,

and the effect of postmultiplying a matrix

(c) by Fj; is to interchange column ¢ and column j,
(d) by H;j(r) is to add column j times 7 to column i,

Our aim is to reduce the starting matrix A to an equivalent matrix of the form

If A = (a4;) is nonzero, by a suitable exchange of lines and columns, we may assume aj; # 0. We
describe a finite sequence of elementary row and column operations which, when performed on A,
either yields a matrix of the form (£) or else leads to a matrix B = (b;;) satisfying

N(bll) < N(all) (€)

In the latter case we go back to the beginning and apply the sequence of operations again. The
sequence of operations is as follows.

Case 1. There is a second nonzero entry a;i in the first column. Consider a left k-stage division
chain aj1 = qra1 +r1, a1 = @ri +12,..., Tk—2 = qxTE—1 + 1 with N(r;) < N(a11) starting from
(aj1,a11). Adding —¢; times row 1 to row j and interchanging rows 1 and j replaces in the first
column the pair (a11,a;1) by (r1,a11). Then adding —go times row 1 to row j and interchanging
rows 1 and j replaces (r1,a11) by (r2,71). Continuing this way k times, we end with a first column
in which the initial pair (a11, a;j1) has been replaced by (r,75—1). So this achieves (€).

Case 2. There is a second nonzero entry ai; in the first row. We proceed similarly considering a
right k-stage division chain starting from (a1;,a11), and also achieve (€).

Case 3. (£) is achieved. O

With a similar argument, we get this generalisation of [I5, Proposition 6.2]:
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Theorem 7.3. Let R be an w-stage left Fuclidean ring and A € My (R), there exist invertible
P,Q € GL,(R) with Q having {0,1} coefficients, and an upper triangular B € M, (R) of the form

B_ By | Bi2
0 0
where Bi1 is upper triangular with nonzero diagonal coefficients , such that A = PBQ.

Proof. Starting with a nonzero A, our aim is to reduce A to an equivalent matrix of the form

11|72 - Tin

0

c , (3)

0
where 17 is nonzero. Repeating Case 1 of the previous proof eventually leads to a matrix of the
form ($) where 713 is nonzero since the last but one remainder 7_; of a division chain is nonzero. [

Given an w-stage left Euclidean domain R, Theorem[7.3|has the following immediate consequences
on the first order theory of divisible R-modules. We consider the language Lp of left R-modules
and write DMp for the Lr-theory of divisible R-modules axiomatised by the axioms Vy3z(rz = y)
for all nonzero r € R, and the axioms of left R-modules. An equation is a formula of the form
rixy+ -+ rpx, = 0. A formula is prime positive (p.p. for short) if of the form 3zp(z,y) for some
finite conjunction ¢ of equations. With a proof similar to the one of [40, Theorem 2.Z.1], one has
a quantifier elimination result for p.p.-formulas:

Corollary 7.4. For all p.p.-formula 3zp(Z,y), there are finitely many equations @;(y) such that
DM =5 (\ ¢:(5) © 330(7,5)) -
Corollary 7.5. For a boolean combination ¢ of p.p.-sentences, one has DMpg = ¢ or DMp = —¢.

Corollary 7.6. Let M be a divisible R-module and X a finite set of equations. If 32 has a solution
in a left R-module extending M, then ¥ has a solution in M.
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