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ABSTRACT

In this survey, we give a brief account of the history of pseudo-linear maps since their introduction by N.
Jacobson in 1937. The (o, d)-pseudo-linear transformations are introduced via the modules over a skew
polynomial ring. Many classical properties of linear maps are shown to have analogues in the setting
of (o,d)-pseudo-linear transformations. The relations between these maps and the evaluation of skew
polynomials are emphasized. It is shown, in particular, how they are useful when evaluation inside a
conjugacy class is considered. The evaluation of Ore polynomials with more than one variable is shown to
be related to a sequence of pseudo-linear maps. We also briefly present a recent application that allows to
easily answer an open question. Many examples are presented all along the text.
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1 Introduction

Linear maps are connected with many branches of pure and applied mathematics. They
are important tools in Physics, mechanics,... They are related to matrix theory, classical
geometry, algebraic geometry, computer science,... Classically, the study of a linear map
T defined on a k vector space V is connected with the polynomial ring k[z]. Indeed,
T induces a k[z]-module structure on V via z.v = T'(v) and conversely a k[z]-module

*Corresponding author
1. Université d’Artois, Faculté Jean Perrin, Rue Jean Souvraz 62 307 Lens, France.

andre.leroy@Quniv-artois.fr

26


https://gja.intrasci.net/
https://gja.intrasci.net/
https://doi.org/10.65908/gja.2026.8125.1012

A. Leroy 27

structure on V gives rise to a linear map via the action of V. This fruitful relation is
reinforced by the use of matrices representing 7. Many notions appear like eigenvalues,
characteristic polynomials, companion matrices, invariant subspaces, decompositions of

V..

While working with modules equipped with various other structures, we can consider
linear maps that respect these additional structures. In this survey, we will look at a ring
extension sometimes called Ore extensions over a base ring A and denoted A[t; 0, d]. Let
us first say a few words about these rings.

Prompted in particular by various considerations related essentially to the algebraic point
of view of differential equations, Dystein Ore introduced in [31] the so-called skew poly-
nomial rings. They encompass both actions of automorphisms and of derivations. Ore
considered these polynomials with coefficients in a division ring K and denoted them as
Klt;0,0] (see below for a complete definition and some examples). The noncommutative
aspects of this construction were quickly used to construct examples and counter-examples
in ring theory. More recently, the factorization properties of skew polynomial rings have
been used in coding theory (cf. [2],[3],[4]) . Later many papers appeared considering both
the ring theoretical structure and the more arithmetical properties of these polynomials.
The interested reader can consult books such as Jacobson [12],[14], PM Cohn [6] or T.Y.
Lam [17], J. Dauns [8]. The base ring was no longer assumed to be a division ring, more
variables were considered. Specific ideals, modules were introduced and used to obtain
results on the skew polynomial rings. Writing the names of Authors who have been us-
ing these polynomials is similar to writing a who’s who chapter in noncommutative ring
theory.

The topic of this survey is the Pseudo-linear maps. These objects were introduced by
N. Jacobson in [11] and are the analogues of linear maps but in the noncommutative
setting of Ore extensions. In other words just as linear maps are attached to modules
over polynomial rings, the Pseudo-linear transformations are attached to modules over
skew polynomial rings. The most famous pseudo-linear maps are perhaps the semi-linear
ones (the derivation is the zero map). Indeed, in projective geometry, if the base ring is a
field (hence commutative) the collineations correspond to semi-linear maps of the vector
space. The semi-linear and pseudo-linear transformations were studied, in particular, by
N. Jacobson in [13] [14], by PM Cohn [6], who used these to construct embedded division
algebras K C L such that the right dimension of L as K vector space is finite, but the left
dimension of this extension is infinite [7].

Another place where pseudo-linear maps are useful is when considering evaluation of poly-
nomials. In full generality, if we consider evaluations of a polynomial when the base ring A
is not assumed to be commutative, the variable ¢ shouldn’t be assumed to commute with
the constant. So that even with only one variable, say t, we should regard monomials of
the form at, tb, atbt?c, ... , with a,b,c € A. These have been considered (cf. for examples
PM Cohn [7], Fuchs [9]) but we will essentially consider skew polynomial rings as intro-
duced formally by Qystein Ore. In a noncommutative setting evaluation of a polynomial
is a delicate matter. Many classical properties have to be reconsidered and amended.
Obviously, we have to consider right and left evaluations even if the variable commutes
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with the scalar. On the other hand, while using variables that do not commute with the
scalars, the evaluation should take into account the commutation rules. While studying
for instance algebraic theory of differential equations, we need to introduce other con-
cepts to handle the derivations. In this context, the indeterminate should act as a given
derivation. Similarly, if we consider an endomorphism of some free module, in this case
the action of the variable should reflect the endomorphism. Pushed by these kind of mo-
tivation Qysteyen Ore introduced skew polynomials over division rings in 1933 (cf. [31]).
The skew polynomial rings denoted by R = K|[t;0,d] takes into account K is a division
ring, o an automorphism and § a o-derivation. They are the right objects that allow to
see an automorphism or a derivation as the action of a ring and gives rise to R-modules.
Since these Ore extensions are left and right Euclidean (remember o was supposed to be
an automorphism and K a division ring) factorizations are ”available” (in fact, there is a
“unique factorization” which happens more generally in the frame of 2-firs) and this con-
nects with invariant submodules and decompositions of the ambient free module. In this
more rigid setting the roots and their connections with factorizations have been studied
in particular by Lam-Leroy (cf. [22], [23],[24],...), we will recall some of their features in
this survey.

The modules over skew polynomial rings are given by pseudo-linear maps just as linear
maps are attached to modules over usual polynomial rings. Pseudo-linear maps were intro-
duced by Jacobson in 1937 [11]. A particular case of these maps, called semi-linear maps
naturally appear in projective geometry. This is natural since they preserve collineation;
more explanations will be given after the precise definition of PLT. The relation between
PLTs and evaluation of Ore polynomial is very strong. Classically the use of these maps
gives rise to a product formula even when the base ring is not a division ring. An at-
tempt to construct some noncommutative algebraic geometry was developed in [30]. This
paper develops a systematic and unified framework for studying linear equations over a
division ring equipped with a pseudo-linear transformation. The aim is to construct a
workable analogue of classical affine algebraic geometry-Zariski topology, morphisms, di-
mension theory, and Nullstellensatz-within a noncommutative environment where usual
commutative tools fail. The theory simultaneously encompasses difference algebra (via
ring morphisms) and differential algebra (via derivations), by encoding both in the notion
of a pseudo-linear operator.

Recently, the PLT appeared also in connection with multivariable extensions. In this set-
ting they are also connected with evaluations and hence connected with algebraic geometry
in a noncommutative frame. Some noncommutative arithmetic could also be considered
as connected with PLTs via the evaluation.

Let us sum up what was just said: The study of PLTs is motivated, amongst others, by
the following: they appear naturally in projective geometry, they describe the modules
over Ore extensions, they are essential tools for the evaluation (and hence to zeroes) of
skew polynomials with coefficients in a ring.

Let us now briefly describe the content of this survey.

We will first consider the case of vector spaces over division rings. Many of the classical
concepts have analogues in this context. In particular, we will see eigenvalues, roots of
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polynomials, companion matrices, Wedderburn matrices, Algebraic PLTs,...

Skew polynomials with coefficients in a general ring and the pseudo-linear transformations
will be considered and the fruitful connection is described and used to get important facts
relating roots of a polynomial in conjugacy classes.

Two kinds of skew polynomial rings with more than one variables are studied. The at-
tached twisted linear maps are used to connect their kernels and the evaluations of the
polynomials.

We show the strength of the PLT approach by solving a question raised by Werner [36] in
a far more general context than the original question.

We end this survey with some questions and remarks paving the way for future work.

2 One variable

a) The classical case.

Let k be a field and V a k-vector space. There is a one-to-one correspondence between k-
linear maps 7' : V' — V and k[x] module structure on V. This correspondence gives insight
into the subject. Many concepts show up in this setting like characteristic polynomial,
eigenvectors, diagonalisation, decomposition in invariant subspaces... Analogues of these
exist in the setting of linear maps over free modules.

A semi-linear map between vector spaces over a field K is additive and "twists” scalar
multiplication by a field homomorphism (or automorphism) 7 :

Tv+w)=TwW)+T(w), T(I)=71NT(v)

Given a vector space V, the set of all invertible semi-linear transformations V' — V (over
all field automorphisms) is the group I'L(V').

Given a vector space V over K,I' L(V') decomposes as the semidirect product

I'L(V) = GL(V) x Aut(K),

The projective geometry of a vector space V, denoted PG(V), is the lattice of all subspaces
of V. Although the typical semi-linear map is not a linear map, it does follow that every
semi-linear map f : V — W induces an order-preserving map f : PG(V) — PG(W).
That is, every semi-linear map induces a projectivity. The converse of this observation
(except for the projective line) is the fundamental theorem of projective geometry. Thus
semi-linear maps are useful because they define the automorphism group of the projective
geometry of a vector space.

b) Skew polynomial rings.
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Let A be a ring, o an endomorphism of A, and ¢ a o-derivation of A (i.e. ¢ is additive
and satisfies §(ab) = o(a)d(b) + 6(a)d)
The skew polynomial ring (a.k.a. Ore extension) and denoted by R = Alt; 0, 0] is a ring

whose elements are of the form Z?:o a;t" with a; € A. The addition is defined as for usual
polynomials and multiplication is defined by distributivity and the rule:

ta = o(a)t + d(a).

Let us mention a few classical examples.

Example 2.1. A will be a ring, ¢ is an endomorphism of A, and § a o-derivation of A.

1. If A = C, o is the complex conjugation § = 0 we obtain R = C[t; ¢]. note that >+ 1
is a central polynomial and the quotient ring R/(t? + 1) R = H.

2. If k is a field k[z] is the classical polynomial ring, ¢ = Id. and § = % is the
usual derivation on k[z], we obtain the Weyl algebra Ay = k[z][t; Id., £]. We have
te = xt + 1. If char(k) = 0, this ring is simple and if char(k) = p > 0 the center of
Ay is k[zP, tP].

3. Let IF, be a finite ring where ¢ = p" with n € N and p a prime integer. If 0 is the
Frobenius map on F, we consider Fy[t;#]. This kind of ring is used frequently in
coding theory, for instance.

4. The analogue of inner derivation is the inner (¢)-derivation induced by an element
a € A. This map is denoted by dq, and defined by d40(2) = az — o(x)a, for
x € A. Notice that such a derivation can “be erased” in the sense that A[t;0,d,,,] =
A[t — a; 0], as one checks easily. Let us also mention that in the case there exists
an element c¢ in the center of A which is such that o(c) — ¢ is invertible, then the
derivation § is always inner induced by (¢ — o(c))~14(c).

One now introduce the evaluation of a skew polynomial.

Let A be a ring, 0 € End(A), and ¢ a o-derivation of A. For g(t) € R = A[t;0,d] and
a € A, we define g(a), the evaluation of g at a, to be the only b € A, such that there exists
q(t) € R with
g9(t) = q(t)(t —a) + . (1)
Example 2.2 ([20]). 1. If g(¢t) =t then g(b) = b.
2. If g(t) = t2, then g(b) = o (b)b + 6(b).

3. If g(t) = t3, implies that g(b) = o?(b)a(b)b + (0§ + 67)(b)b + o2 (b)5(b) + 6%(b).

Let us briefly give some classical properties of the ring K|[t; o, d] when the base ring K is
a division ring.

Proposition 2.3. Let K be a division ring and o, 6 be an endomorphism (not necessarily
an automorphism) and a o-derivation of K. We denote R = K|t;0,6]. Then the followings
hold
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1. The ring R is a left principal domain.
2. The ring R is a right Noetherian domain if and only if o is an automorphism.
3. The ring R is not simple if and only if the derivation is quasi-algebraic, which means

that there exists an equation Y ai(6)" — 849.0n = 0.

Some of these considerations have been studied for the ring A[t; o, 0] where A is a ring.
One of the features of these extensions is to try to use rings of quotients of the base ring
when they are available. This is in particular the case of a (semi-) prime ring where the
use of the Martindale quotient ring is useful. The following theorem illustrates this remark

(ct. [19)).

Proposition 2.4. Let R be a prime ring and T its symmetric Martindale quotient ring.
For any non-zero two-sided ideal I of R[t;o,d] there exists a unique monic invariant
polynomial f(t) € T[t;0,d] having the following properties

(1) deg fr(t) = min{deg f(t) | f(t) € I\{0}} = n and every polynomial g(t) € I of degree
n can be written in the form afr(t) for some a € R.

(2) I C T[t;o,0]fr(t).

Using this we obtain a characterization of the simplicity of the polynomial ring when the
base ring is a simple ring.

Corollary 2.5. Suppose that R is a simple ring. The following conditions are equivalent:
(1) R[t;0,6] is a simple ring.

(2) 6 is not a quasi-algebraic o-derivation of R.

Similar results can be found in [32].

c) Pseudo-linear maps.

We introduce the main definition of this survey.

Definition 2.6. Let A be a ring, o an endomorphism of A, and 6 a o-derivation of A (i.e.
0 is additive and satisfies 6(ab) = o(a)d(b) +0(a)b). Let also V stand for a left A-module.

An additive map T : V. — V such that, fora € A and v € V,

T(aw) = o(a)T(v) + §(a)v.
is called a (0,0 ) pseudo-linear transformation (or a ( 0,8 )-PLT, for short).
The pseudo-linear maps were introduced by Jacobson in 1937 [11].

Example 2.7. 1. Any linear map is an (Id.,0) PLT.

2. The map 0 considered as an additive map from 4 A to 4A is itself a (¢, 0)-PLT.
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3. If 0 is an endomorphism of A and ¢ is a o-derivation of the ring A and a € A, the
map T, : A — A defined by

To(z) = o(z)a + 0(x)

is easily seen to be a (o, d)-pseudo-linear map. This example is the most important
one since this PLT will enable us to make the connection with the evaluation of skew
polynomials.

4. We can generalize the example (3), as follows: Let V' = A" the row left A-module,
and a € A define T, (v) = o(v)a+d(v).

5. Any o semi-linear map is of course a (o,0) PLT.

Proposition 2.8. Let A be a ring o a ring endomorphism of A, and § a o-derivation of
A. For an additive group (V,+) the following conditions are equivalent:

(i) V is a left R = A[t; 0, 6]-module;
(i) V is a left A-module and there exists a (0,0 ) pseudo-linear map T : V. — V;
(iii) There exists a ring homomorphism A : R — End(V, +).

Proof. (i) = (2) The pseudo-linear map is simply given by the action of ¢t on V.
(ii) = (iii) The map is simply the one sending a polynomial 3" a;t* on 3" a;T".
(iii) = (i) This is clear. O

We thus have the following immediate Corollary.

Corollary 2.9. For any f,g € R = A[t;0,0] and any pseudo-linear transformation T we

have: (fg)(T) = f(T)g(T).

These results are the cornerstones that will enable the generalization of the product for-
mula for Ore polynomial rings defined over rings.

Example 2.10. (1) If 0 = id. and 6 = 0, a pseudo-linear map is an endomorphism of left
A-modules. If § = 0, a pseudo-linear map is usually called a (o) semi-linear transformation.

(2) If T is a PLT defined on 4V, V becomes an (R, Endgr(V'))-bimodule. It is often
interesting to have a concrete description of the ring Endr(V'). For instance, let a € A
and consider the left R-module V. = R/R(t — a). The action of ¢ on V is given by
t.(b+R(t—a))=0c(b)t+0b)+ R(t—a) =oc(b)a+ d§(b) + R(t — a). This translates into
the following action on A: t.b = o(b)a + (b), for b € A. If we identify R/R(t — a) with A
itself, this action corresponds to

To:aA—a A:Ty(x) =0(z)a+ 0(x).

In particular, we get back that § = Ty is a PLT.
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(3) Extending o and 0 to M,(A). For n,l € N we may also extend component-wise
o and § to the additive group V := M, «;(A). Let us denote these maps by S and D
respectively. Then S is a o semi-linear map and D is a (0,0)-PLT of the left M, (A)-
module V. This generalizes the fact, mentioned in example (2) above, that ¢ itself is a
pseudo-linear transformation on A.

(4) Let o4Vp be an ( A, B )-bimodule and suppose that o and § are an endomorphism and
a o-derivation on A, respectively. If S is a o semi-linear map and 7" is a ( 0,6 ) PLT on
AV, then for any b € B, the map T} defined by Ty(v) = S(v)b+T(v), forv e V, isa (0,0
) pseudo-linear map on V.

(5) Using both Examples (3) and (4) above, we obtain a (o, §) pseudo-linear transformation
on the set of rectangular matrices V' := M, «;(A) (considered as an ( M,(A), M;(A) )-
bimodule) by choosing a square matrix b € M;(A) and putting Tj(v) = S(v)b + D(v)
where S and D are defined component-wise as in Example (3) and v € V.

In the following Remarks, we attract the attention of the readers on some differences that
exist between the world of linear maps and the world of PLTs.

Remark 2.11. (1) Powers of a PLT don’t give a PLT. For instance, if T is a (0,6) PLT
defined on AV, we have the following formula: fora € A andv €V

n

T"(av) = fi(a)T"(v),

i=0
where f' is the sum of the words in o and 6 with i letters o and n — i letters 9.

(2) If V is a free A-module, we can attach a matriz to any PLT. Although this matriz
completely determines T a little care is needed. For instance the derivation § is a PLT on
AA and its matriz in the basis {14} is just O although § # 0.

Proposition 2.12. Consider R = A[t;0,0]. and let a € A

1. Ifa € A, the (0,0) PLT corresponding to the left R module R/R(t—a) is the map T,
defined on A A by T,(x) = o(x)a+ 6(x). Moreover Endr(R/R(t — a)) is isomorphic
to the set of Cq := {c € A | Tu(c) = ac} and, for any f(t) € R, f(T,) is a right
Cy-linear map.

2. If ¥ denotes the set of o-semi-linear maps defined on a left A-module AV and T is
a (0,98)-pseudo-linear map defined on V', then the set of all (0,0) PLT maps defined
on 'V is given by T + X.

The next examples provide some applications and extensions of the above Proposition
2.10.

Example 2.13. 1. As we mentioned, the derivation 6 is a (0,6) PLT defined on A.
On the other hand, a o semi-linear map ¢ from A to A satisfies p(x) = o(x)p(1)
and is thus determined by a := ¢(1). So if we denote ¢, the o semi-linear map such
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that (1) = a, the set {@q + 6 | a € A} gives all the (0,6)-PLT of 4 A i.e. the PLT
Yo on AA are maps defined by Yq(x) = o(z)a + 6(x). So that 1, = Ty, where Ty, is
the map defined in Proposition 2.12.

2. We can generalize the example (1) above. Suppose vy is an element of the left A-
module V' is such that, for any a € A, avg = 0 implies a = 0. Suppose also that
the left A-module of V generated by A is direct summand of V i.e. there exists a
submodule W of V' such that Avg ® W = V. Define a (0,9)-PLT Ty by To(vg) =0
and Tolw = 0. Remark that if 6 # 0 then Ty is not the zero map since we have
To(avg) = d(a)vg. Thanks to the above Proposition 2.12 (2), we conclude that all
the PLTs are given by Ty + X, where X is the set of all o-semi-linear maps defined
onV.

3. Let p(t) € Alt;o,d] be a monic polynomial of degree n. The module R/Rp(t),
considered as an A-module, is free of rank n. The R-module structure on A™ defined
by R/Rp(t) corresponds to the (0,0)-PLT denoted Tc, induced by the companion
matriz Cp of the polynomial p(t). To be more explicit, for the row vector v € A™ we
have

T, (v) = o (v)Cp + 6(v)

Remark 2.14. It is a natural question to try to define maps that resemble linear maps
between two different left A- modules. This is possible with the help of a secondary linear
map. Let T :aV —4 V be a (0,0)-PLT, defined on' V and let f:4 V —4 V be any linear
map. We compute (T o f)(av) = o(a)(T o f)(v) + d(«) f(v). Inspired by this we arrive at
the following definition.

Definition 2.15. Let 4Vi,4 Vo be two left A-modules and assume that f is A-linear. A
(0,0, f) PLT between oVy and AVa is an additive map T € Hom(Vy,Va) is such that
T(av1) = 0(@)T(v1) + 8(a) f(v1), for a € A.

Despite the problems that are mentioned in the above Remarks 2.11, there are still many
“standard” behaviors that have analogues. Some of these are present in the following
results.

Let us first fix some notations: For a free left A-module V' with basis 8 = {ey, ..., e,} and
¢ € End(V, +) we write ¢ (e;) = >_; pije; and denote by g € M;,(A) the matrix defined
by ¢ = (¢ij). For a (0,0)-PLT T': V — V is given writing T} for the matrix of 7" in the
basis 8 and v for the coordinates of a vector v € V in the same basis, we get the following;:
T(v) = o(v)Ts+6(v).

More generally, we have the following;:

Lemma 2.16. Let T be a pseudo-linear transformation defined on a free left A-module V
with basis B = {e1,...,en} and f(t) € R = A[t;0,06]. Considering f(t) as an element of
M, (A)[t; 0,0], we have

f(T)g=f(Ts),

where the evaluation of matrices is the skew one.
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The next Proposition gives some details relating maps and their associated matrices.

Proposition 2.17. Fori = 1,2, letT; be a (0,0) - PLT defined on a free A-module V; with
basis B; and dimension n;. Suppose ¢ € Hom g (V1,Va) is an A-module homomorphism. Let
also B € My, xny(A),C1 € My, xn, (A) and Cy € My, xn,(A) denote matrices representing
o, Th and Ty respectively in the appropriate bases f1 and PBa. Let Vi and rVa be the
left R-module structures induced by T1 and T», respectively. The following conditions are
equivalent:

(i) ¢ € Homp (V1, V2);

(i) ¢Th = Thp;

(iii) C1B = 0(B)Cy + 6(B);

(iv) B € ker (Tc, — Ly ) where Te, (resp. Le, ) stands for the pseudo-linear transforma-

tion (resp. the left multiplication) induced by Cy (resp. C1 ) on My, xn,(A) considered as
a left M, (A)-module.

The following corollary is an easy particular case of the above Proposition 2.17.

Corollary 2.18. Let V be a free left A-module of finite rank, T : V — V be a (0,0)
PLT, and C7, Cy be matrices representing T in the different bases. Then there exists an
invertible matriz P such that

C1 = o(P)CoP ' 4+ 6(P)P L.

Let p(t) = Y7, a;t" be a monic polynomial of degree n and consider the left R = A[t; 7, J]
module V := R/Rp. It is a free left A-module with basis 3 := {1,%,...,t""1}, where t =
t'+ Rpfori=1,...,n—1. In the basis 3, the matrix corresponding to left multiplication
by t is the usual companion matrix of p denoted by C(p) and defined by

0 1 0 0
0 0 1 0
C(p) = :
0 0 0 1
—ap —ar —a2 - —Gp-1

Corollary 2.19. Let p1,p2 € R = A[t;0,0] be two monic polynomials of degree n > 1
with companion matrices C1,Cy € My(A). R/Rp1 = R/Rps if and only if there exists
an invertible matriz B such that C1B = o(B)Cs + 6(B). In other words the (0,0)-PLT
determined by C1 and Cy are similar.

Corollary 2.20. Let p(t) € R = Alt;0,0] be a monic polynomial of degree n and denote
by C = C(p) its companion matriz. We have:

(a) The eigenring Endg(R/Rp) is isomorphic to

Cg° .= {B € My(A) | CB = o(B)C+ §(B})
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(b) A™ has an ( R, Cg’é )-module structure.

(c) For f(t) € R, f(1Tp) is a right Cg’g—morphism. In particular, ker f (T},) is a right
Cg° -submodule of A™.

(d) PLTs, evaluations and roots

As mentioned several times, the PLT are strongly connected with evaluations of polyno-
mials.

For a € A, the pseudo-linear transformation on A associated to the left R = Alt; 0, d]-
module V = R/R(t — a) is T,,. The equality f(t) -1y = f(a) + R(t — a) leads to

(1) (1) = f(a)
The fact that, for f(¢),g(t) € R we have fg(13,) = f(1)9(1,) gives
(f9)(a) = f(Ta)(g(a)).
In particular, for x € U(A), we have
(fz)(a) = fa®)z.

The set C?%(a) := {b € A | ab = o(b)a + §(b)} is a ring isomorphic to End gV. We also
have
Ker f (T,) ={zx € A| (f(t)z)(a) = 0}.

Since our ring is not commutative we cannot use determinant to define characteristic
polynomial of a matrix and have nice theorems relating factorization of this polynomial
and invariant subspaces. In the case when the base ring A is a finite dimensional central
simple the use of reduced norms gives some analogue of the Cayley-Hamilton theorem (cf.
[11]). Here we just mention that with some restrictions we do have similar facts.

Proposition 2.21. Let p(t) € R = Alt;0,0] C My(A)[t;0,0] be a monic polynomial of
degree n > 1. Then the following assertions are equivalent:

(i) t € Idl(Rp) (i.e. pt € Rp);

(ii) for any f € R, f € Rp if and only if f(C(p)) =0;

(iii) p(C(p)) = 0.

The following theorem is a strong generalization of a theorem due to Gordon-Motzkin(Cf.
[10]).

Theorem 2.22. Let f(t) € R = Klt;0,0] be a polynomial of degree n. Then:

1) f(t) has roots in at most n(o,d)-conjugacy classes, say

{A(a1),...,A(a)}, r<mn

2) Y iy dimeq,) ker (f (Ta,)) < n, where C (a;) := Co9 (a;) for 1 <i<r.
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(e) Algebraic PLTs, Eigenvalues and diagonalisation

Many classical known facts for linear maps have analogues for PLT. We collect some results
from [11] and [17].

Definition 2.23. Let T be (0,0 ) PLTT :(4 V —4 V.

o We say that T is algebraic if there exist n € N*, ag, a1, ...,a, € A, a, # 0 such that
a4+ -+ a1T +apl = 0. If a, = 1 we say the T is integral. In this survey
paper we will concentrate on the case when V' is a left K-vector space, where K is a
division ring. We denote by fr the minimal monic polynomial that is annihilating T

e An element a € A is a left eigenvalue of T if there exists a monzero v € V' such
that T (v) = awv. Very often we will consider a finite dimensional vector space. The
spectrum of T', denoted I' consists of left and right eigenvalues.

Example 2.24. 1. Any linear map that is defined on a finite dimensional vector space
is of course algebraic. In more general setting this is untrue.

2. Any o-derivation that is algebraic is an example of algebraic PLT (on AV =4 A).
The (quasi) algebraicity of § is strongly connected with the simplicity of R = A[t; 0, 0]
(cf. [27]).

Let us first mention some basic properties of eigenvalues and eigenvectors.

Proposition 2.25. Let T :V — V be an (0,6 ) PLT and a € A,v € V be an eigenvalue
and its corresponding eigenvector : T'(v) = av. Then :

- For any g(t) € R = Alt; 0,6] we have g(T')(v) = g(a)v.
- For € A\{0} and for any ¢(t) € R = A[t;0,4], we have g(T)(Bv) = g(Tn)(B)v.

- If dimgV = n and e = (e1,...,en) s a basis of V, writing v = > «a;e; and v =
(a1,...,ap) we have o(v)M(T) + 6(v) = aw.

For the remainder of this section, we will assume, for simplicity, that A = K is a division
ring. With the help of Martindale quotient ring, we certainly could develop most of the
following in the frame of a prime ring. But to avoid some technicalities and keep the
essence of the topic clear, it seems preferable to concentrate on the case of a division ring.
We remark that 7 is algebraic exactly when the ring morphism R = A[t; 0, 4] RN End(V,+)
given by ¢(f(t)) = f(T) has a nonzero kernel. In particular, fr is invariant and satisfies
JrR = Rfr.

The following results can be found in[17]. We just mention some of the main results.

Proposition 2.26. Let K be a division ring and o, be an endomorphism of K and a
o-derivation ¢ defined on K. Suppose that T is an algebraic (0,0)-PLT defined on gV
and let fr(t) € R = K]|t;0,0] be its minimal polynomial. The following are equivalent:

(i) « € K is an eigenvalue for T.
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(ii) t — o divides on the right the polynomial fr(t) in R = K|t;0,d].
(#ii) t — o divides on the left the polynomial fr(t) in R = K|t;0,9].

This Proposition implies that the set I' C K of eigenvalues of T' is algebraic when T is
algebraic. Moreover, if we denote fr its minimal polynomial, we have that fr divides fr
(on the right and on the left). We decompose the set of eigenvalues of 7" into conjugacy
classes and write I' = U]_;I';, where r < degfr. The annihilating polynomials of these
conjugacy classes give factors of Fr.

Remark 2.27. Clearly, § = Tj is a (0,0) map such that M.(T) = 0, where the base
e = {1}. So that M.(T) is algebraic doesn’t imply that T is algebraic. Nevertheless, we
have the following Proposition.

Proposition 2.28. Let T' be a (0,0)-PLT defined on a finite dimensional left K-vector
space V with basis B. T is algebraic if and only if the conjugacy class determined by the
matriz Ty is algebraic.

It might be worth to point out explicitly the following particular case.

Corollary 2.29. Let a be an element of a division ring K. The (0,6 )-PLT T, is algebraic
if and only there exists a polynomial f(t) € R = K]|t;0,0] such that f(a*) =0, i.e. the
conjugacy class determined by the element a is algebraic.

Let us now mention the following result, connecting algebraicity of a PLT and structural
properties of the ring K[t; o, 6]. This can be found in [17].

Proposition 2.30. Let K be a division ring and o, 6 be an endomorphism (not necessarily
an automorphism) and a o-derivation of K. We denote R = K|t;0,d]. Then the followings
hold

1. R is left primitive,
2. R is right primitive,

3. there exists V5V a (0,6 )-PLT that is not algebraic and dimgV < oo.

Definition 2.31. A PLT T :x V —xk V is diagonalizable if there exists a basis B of V
such that matriz representing T in this basis is diagonal.

The following Theorem (cf. [17]) shows that many classical Theorems have analogues in
our situation.

Theorem 2.32. . Let T be an algebraic ( 0,6 ) PLT on a left K-vector space V' such
that dimV = n. Let fr be its minimal monic polynomial and I' = U;leA”’é (v:) the set of
etgenvalues of T'. Then the following assertions are equivalent :

(i) T is diagonalizable,

(i) there exists e a basis of V' such that M.(T) is diagonal (in other words A(T') contains
a diagonal matriz),
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(iii) there exists e a basis of V' and {61,...,6n} C K such that T,y = T, ® --- ® T,
where @ T5, : K" — K" : (a1,...,an) — (T, (o), ..., T5, (o)),

(iv) Vr =V, where Vi is the vector space generated by the eigenvectors of T,

(v) fr = fr, where fr is the minimal polynomial of T',

(vi) deg fr = deg fr,

(vii) fr = [1i—, fr,, where fr, is the minimal polynomial of T'; = A% (v;);

(viii) >0, [K . 000 (%)]right = deg fr where C% (v;) = {x € K* | v =} U{0} is a
subdivision ring of K.

Theorem 2.33. Let p be a prime number and F, be the finite field with ¢ = p™ elements.
Denote by 0 the Frobenius automorphism. Then:

a) There are p distinct 0-conjugacy classes in [Fy.

b) C%(0) = F, and, for 0 # a € Fy, we have C%(a) = F,,.

c) InFy[t; 0], the least left common multiple of all the elements of the form t —a fora € F,
is the polynomial G(t) := t®=I"F1 —t. In other words, G(t) € F,[t; 0] is of minimal degree
such that G(a) =0 for all a € Fy.

d) The polynomial G(t) obtained in ¢ ) above is invariant, i.e. RG(t) = G(t)R.

The next proposition gives some behavior of a PLT corresponding to some special polyno-
mials. The first kind of polynomials appears naturally when considering ring morphisms
between Ore extensions over a common base ring.

Definition 2.34. Let 0,0’ be two endomorphisms of a ring A and 6,8 be o and o’
derivations respectively.

1. A polynomial p(t) € Alt,0,0] is an (o',8") CV polynomial, if for any a € A we have
p(t)a = o'(a)p(t) + &' (a).

2. A (¢',0) is called a semi-invariant polynomial.

3. If p(t) € R is such that we p(t)R C Rp(t), we say that p(t) is right invariant.

The following Theorem is classical.

Theorem 2.35. The ring R = K|t;0,0], where K is a division ring, is not simple if and
only if there exists a semi-invariant polynomial of nonzero degree.

There are strong connections between the set of CV polynomials, semi-invariant polyno-
mials, and invariant polynomials. We refer the interested reader to the papers [23], [24],
and [27].

Proposition 2.36. Let T:V —V be a (0,0 )-PLT and let ¢ : R' = K [t';0',0'] - R =
K|t;0,0] be the K-ring homomorphism defined by a ( ¢',6' ) c.v. polynomial p(t) € R.
The R'-module structure induced on V wvia @ by T corresponds to the R'-module structure



40 Pseudo-linear maps, an overview

given by the (o',0" ) PLT p(T). In particular if g (t') € R' we have, for A € M, (K), that
the following (¢’,0')-PLT on K™ coincide:
9(p) (Ta) = g (Tp(a))

and for A € M, (K),P € GL,(K)

9(p) (A7) = g (p(A4)")

where g(p) € R,Ta and Ty ay stand for a (0,0 ) and ( ¢',0" ) PLT respectively, AP =
o(PYAP™ ' + §(P)P~! and p(A)F = o' (P)p(A)P~! + &' (P)P~ 1.

Proof. A detailed proof can be found in Lemma 3.3 of [17]. To give a flavor of the topic,
we prove here the first formula. The (0,9)-PLT T : V' — Vgives a left R-module structure
on V via t.v = T(v). Since ¢ : " — R is a ring homomorphism of rings, V inherits a
left R’ module structure and we have, for v € V, t'.v = ¢(t').v = p(t).v = p(T)(v). This
shows that the R’ module structure of V is given by p(T). If A € M,(K) and T4 is a
(0,0)-PLTdefined on V' = K", we have just seen that p(T4) is the (0/,d") associated to
the corresponding action of # on K™. Using Lemma 2.16, we then have

9(p)(Ta) = g(p)(t.) = g(p(t.)) = g(t".) = g(Tp(a)),

as desired. O

3 Multivariables extensions

a) Iterated Ore extensions, evaluation, PMT.

In what follows, we consider an iterated Ore extension. We start with a ring A, o1 €
End(A) and 0; is a oj-derivation on A. We then construct the ring Ry = A = Sy and
Ry = S1 = Alty;01,01]. We then assume that o9 € End(R;) and s is a og-derivation on
R1 such that UQ(A) g A and 52(14) g A and put SQ = A[tg; g9, 52] Q R2 = R1 [tQ; 02,52] =
Alty;01,01] [t2; 09, 02]. We continue constructing an iterated Ore extension (For any 1 <
i <n, we assume that 0;(4) C A and 0;(4;) C A):

Sg = A[t3; 0'3,(53] - Rg = RQ [tg; a3, (53] =A [tl; g1, (51] [tQ; g9, (52] [tg; g3, (53], and ﬁnally

Sy = Altyp; on, 0y a subset of
R = Rn = Rn—l [tn; Un75n] =A [tl; 01, 61] [tQ; g2, 62] te [tn; On, 571] .
We also define, for 1 <i < j <n,p;; = 0;(t;) € Rj—1 and ¢;; = J; (t;) € Rj—1. For any

1 < i <n, we assume that 0;(A) C A and §;(4;) C A.

The following definition formalizes the idea that to evaluate an iterated skew polynomial,
you first evaluate the last variables t,, and then continue evaluating the previous ones.
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Definition 3.1. For f(t1,...,t,) € R = Alt1;01,01] [t2;02,02] - - [tn; On, On], we define
the evaluation of f (ti,ta,...,ty) at a point (ai,...,a,) € A", denoted by f (a1,...,an),
as the representative in A of f (t1,ta,...,t,) modulo

I, (ala s 7an) =R (tl - al) +-+ Ry (tn—l - an—l) + R(tn - an) ;
where, for each 1 <i < n,R; stands for R; = A[t1;01,01] - [ti; 04, 04

Remark 3.2. When evaluating a polynomial, we must first write it such that in each of
its monomials the variables appear in the precise order t1,tg,...,t, (from left to right).
In other words, before evaluating a polynomial, we must write the polynomial as a sum
of monomials of the form t}1¢2..-#ln. So if we evaluate t1ty € Alt1,to] at ( a,b ) one
obtains (t1t2) (a,b) = ba. This might look very strange, but regarding evaluation in terms
of ”operators” via the right multiplication by b followed by the right multiplication by a
this evaluation looks perfectly fine and the apparent awkwardness disappears.

Let us now mention concrete examples.

Example 3.3. (1) Let 4;(k) = k[X] [Y;id., /%] and (a,b) € k*. Then-YX = XY +1 =
XY -b)+bX+1=XY —b)+bX —a)+ba+ 1, and hence (Y X)(a,b) = ba + 1.

Y X2 = X2V 42X = XY -b)+bX%+2X = X2(Y —b)+bX (X —a)+baX +2(X —a)+2a,
and hence (Y X?) (a,b) = ba® + 2a.

-Y2X = XY?2 42V = XY(Y —b) +bX(Y —b) + bXb+ 2(Y — b) + 2b, and therefore
(Y2X) (a,b) = b%a + 2b.

(2) Consider the double Ore extension R = F [t1;6] [t2; 0], where ¢ = p™, 6(a) = a?, and

0 (t1) = t1. A polynomial p(t1,t2) € R can be written as p (t1,t2) = > 7 oDi (t1) L=
. —1
D a; jt]th. For every s > 1, one can check Ny(a) = 6*"1(a)...0(a)a = = , this leads
to ) )
(pz_l)pj pi-1

p(t1,t2) (a,0) = ai ;67 (Ni(b)) Nj(a) = aizb »1 av-t.
i,j ,J

We now try to define analogues of PLT in the multivariable settings. We certainly would
like to connect the pseudo multivariable setting to evaluation of polynomials in R =
Rlz;0][t1,01,01] ... [thon, 6n] and to left R-modules. This last objective quickly leads us
to the following definition.

Definition 3.4. Let A be a ring, R = Alt1;01,01] - - [tn; on, 0n] be an iterated Ore exten-
sion, AV a left A-module, and (T1,...,T),) be a sequence of maps in End(V,+). such that
for each 1 < i < n,T; is a (0;,0;)-PLT of V. The sequence (11,...,T,) is called good
if (AV,Th ) gives a r,V structure on V, and Ty is a ( 02,02 )- PLT on g,V so that (
r, V. Ty ) defines an g,V structure on V, and inductively, for any 1 <i < mn,Ti11 is a (
0i,0; )-PLT on g,V -structure which leads to an R;11 modules stucture on V.

We immediately remark that a good sequence (71,...,7,) of PLT defined on a left A-
module structure 4V gives rise to a left R-module structure on V' via t;.v = T;(v), for
1< <n.
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Example 3.5. One of the most important examples of sequences of PLT comes from
the evaluation maps. Let a = (ay,...,a,) € A" and consider the following iterated Ore
extension

R = A [tl; 01, 51] [tz; g2, 52] e [tn; On, (Sn] .

For 1 < i < n, we define the map T; : R,_1 — R;—1 by T;(x) = oi(x)a; + d;(x) for all
x € R;_1. This sequence of PLTs defined on A corresponds to a left R-module structure
on A.

We collect in the next Theorem the results showing that our good sequences are exactly
what was required.

Theorem 3.6. Let A be a ring and R = Alty;01,01] [t2; 02,02 - - [tn; on, O] an iterated
Ore extension on A. For a = (a1,...,a,) € A", we let T; = T,, be the PLT on A defined
in the above example and f = f (t1,...,t,) € R. Then the following statements hold.

(1) For any x € A, we have (fz)(a1,...,an) = f Tay,--.,Ta,) (x).
(2) We have f(ar,...,an) = f (Tay,--.,Ta,) (1).
(8) For any x € U(A), we have

[Ty, Ta,) (2) = (fx) (a1,...,an) = f(a],...,a")x,

where for each i € {1,...,n},a¥ = o;(x)a;z~t + &;(z)z L.

The above Theorem 3.6 shows the connection between evaluation and pseudo multi-linear
maps. It is natural to wonder about the existence of a product formula. This the objec-
tive of the next result but to state it we need to introduce another way of defining the
evaluation.

We evaluate f (t1,...,t,) € R = Alt1;01,01] [te; 02,02] - - - [tn; o, dp] at the point
(a1,a2,...,a,) € A" by considering the element of A representing f in the quotient R/I,
where I = R(t—a1) + R(t —az) + -+ + R(t — ay). It arrives frequently that I = R
and this new evaluation is then not a good one. We say that a point (ay,...,a,) € A"
is good if we have I, = > ;" | Ri(t; — a;) = I. The next proposition will compare the
two evaluations by comparing I,, = Ry (t1 —a1) + -+ + Rp—1 (tp—1 — an—1) + R (t, — an)
and I. It will show that a point (a1,...,a,) € A™ is good if and only if the sequence
(Tyy, ..., Ta,) is a good sequence.

Theorem 3.7. Let A be a ring and R = A[t1;01,01] [te; 02,02] - - - [tn; opn, On)]. We consider
(a1,az,...,a,) € A™ and put

I=R(t—a1)+R(t—as)+ -+ R(t—an),

and
I, =Ry (tl - al) +- + Ry (tn—l - an—l) + R(tn - an) )

where, for each 1 < i < n,R; = Alt1;01,01] - [ti;04,0;].  With these notations, the
following statements are equivalent:



A. Leroy 43

(1) I, = I (and hence the 2 evaluations coincide);

(2) R(t; — a;) C In;

(3) I # R;

(4) For 1 <i < j<mn, we have tj (t; — a;) € Ip;

(5) For 1 <i < j<n, we have o (t; — a;) aj + 0 (t; — a;) € Ip;

(6) For 1 <i< j<n, we have (tjt;) (a1,...,an) = 0j(a;) aj + 65 (a;);
(7) For all f,g € R, we have

(fg) (a1, a2,...,an) = (f (Tay; Tags - -+ Tan) © 9 (Tay, Tags - - -5 Tay)) (1);

(8) The sequence ( Ty, Tuy, ... Ta, ) of PLT on A is good;

(9) The map v : R = Alt1;01,01] [te; 02,02] -+ [tn;on,0n] —> End(A4,+) defined by
O (f (... tn) = f(Tay,- -, Ta,) is a ring homomorphism.

Notice that the point (7) above shows that we cannot expect the product formula for all
points.

Let us now give some examples related to good points.

Example 3.8. 1. In the Weyl algebra R = A (K) = Klt1][te; d, %] for the point
(0,0) since we then have tot; — t1to = 1 and hence Rt; + Rte = R. This is not the
case with our evaluation since, for instance, tat1 = tit2 + 1, so that tot; + I2(0,0) =
1+ I5(0,0) and hence the evaluation of tat; at (0,0) is just 1.

2) In fact, it is quite often the case that I = R, even if we are using Ore polynomials
with zero derivations. Consider for instance the Ore extension R = K|[t1;01][t2; 02]
where K is a field and o5 is an endomorphism of K|[t1;01] such that oo(t1) = t1. It
is easy to check that for any (ai,as) € K2 we have (ty — o1(a2))(t1 — a1) + (—t1 +
O'Q(Cbl))(tg — ag) = Ul(ag)al — 02(0,1)&2. So that if o1 (ag)al — Ug(al)ag # 0, then the
left ideal I(a1,a2) = R. This shows that very often the evaluation modulo I turns
out to be trivial. Once again, this is not the case with our evaluation, since we have
that ta(t1 — ay) is represented by o1(a2)a; — o2(a1)as modulo Is(ay,as).

b) Another kind of skew multivariables polynomials.

The following definition was introduced by Matinez-Penas and Kschischang (cf. [29]). An
earlier version of this construction was given by Helena Weixler-Kreindler [36].

Definition 3.9. Consider a ring A,n free variables ti,...,tn,0 : A — M,(A) a ring
homomorphism, and a sequence of n additive maps d1,...,0,. We denote by M the free
monoid generated by the variables {ti,...,t,} and by B = Alt; g, 0] the set of polynomials
of the form )y cmm, where oy, € A and m € M. On this set, we define the natural
addition and we introduce a multiplication based on the concatenation in M and on the
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following commutation rules:

Vi<i<nVa€cA, ta :Z a)ijt; + 6i(a).

Example 3.10. (1) In the case n = 1 the above definition gives back the classical Ore
extension.

(2) Let B = A[t;o,d] be a Multivariable Ore polynomial ring. Of course, if A is a
central simple algebra the classical Skolem-Noether Theorem guarantees that there exists
an invertible matrix U € M,,(A) such that o(a) = Ut(a)U~ = U (al,) U~ for all a € A,
where ¢ : A — M, (A) is defined by ¢(a) = al,, . In this case we have that B = A[t; 0, 4] =
AU, U14].

(3) Let A be a ring, «, 8 € End(A), and v be an ( «, 8 )-derivation (i.e. v € End(A4,+)
and, for any a,b € A we have y(ab) = a(a)y(b) + v(a)B(b)). We can check that the map

ot (0550

is a homomorphism of rings. If z € A we can define an ( «, 5 )-derivation vy via y(a) =
zf(a) —a(a)z. Such an («, §)-derivation is called inner. The map o above gives rise to the
extension A [(tl, tg) e } Let us give an easy example of an «, 3-derivation where both «
and S are not inner. Consider

Let k be a field and choose ¢, r € k*with ¢ # r (and hence ¢ —r # 0 ). Put A = k[z] and
define automorphisms «, 5 : A — A by

a(f)(@) = flex), B(f)(x) = f(rz).
Define ¢ : A — A by the divided-difference operator
flgz) — f(rz)
of)(z) = ——"—"—.
(i) = H =2
One can check that § is indeed an («, §) non inner derivation.
Let us notice that in the case of an upper triangular ¢ of the form

o(a) = ( ala) a) )

a

d: A — Ais an a-derivation and we can consider both R = A[t; «,0] and B = Alt; ]
where t = (2) Let us remark that the map ¢ : B — R defined by ¢ (t1) =, ¢ (t2) =1
and ¢(a) = a for all a € A is a ring homomorphism between B and R.

4) Let us briefly mention that we can extend the procedure developed in (3) above and
consider a general map ¢ : A — UT,(A), where UT,(A) stands for upper triangular
matrices. There will be rings maps from Ore extensions with n variables to rings construct
with less than n variables coming form the same matrix of maps.

5) Another point of view on the above construction is obtained by remarking that it is
corresponds to a filtered ring freely and finitely generated (n generators) in degree 1.
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Definition 3.11. Let V be a left A-module and S1,...,S, € End(V,+) be such that, for
a€ Aandv eV, we define

Si(av) = Zaij(a)sj(v) +di(a)v. VI <i<n.
j=1

A sequence of maps satisfying these equations will be called a (0,0 )-pseudo-multilinear
transformation ((a,d) — PMT, for short ) on V.

Example 3.12. Let a = (aq,... ,an)t be a column in A™ then the PMT on A defined as
follows Sy = (Say, - - -, Sa,)" with

Sa;(0) = 0ij(b)aj + 6:(b)
j=1

We can check that we indeed get a PMT defined over A. As we will see, this PMT is
closely related to the evaluation at a.

Proposition 3.13. Let S be a PMT defined on a left B-module V. Then
(1) The following map

@ : B — End(V,+) such that o(f(t)) = f(5),

is a Ting homomorphism.

(2) There is a 1-1 correspondence between the set of PMT’s defined on V' and the set of
B-module structures on V.

Definition 3.14. We define the evaluation of f(t) € B = Alt;0,0] at (a1,...,a,) € A",
via the representative of f(t) + 1 € B/I by an element of A, where I is the left ideal
I=B(t1 —a1)+ B(ta—az)+ -+ B(tn — an).

2. If x € U(A) we denote a® the (0,9 )-conjugate of a (a column in A™ ) by = defined by
a® =o(x)ax™t + §(z)z ™t
3. For a,b € A" we define a ~ b if there exists a nonzero divisor x € A such that

bx = o(x)a+ 0(x). We put
Ala) ={be A" [a~b}.

This definition was introduced by Martinez-Pefas in [29] and used in the context of coding
theory.
Proposition 3.15. For f(t) € B = A[t,0,6] and a € A™ we have f(a) = f (Ta) (1) .

Proposition 3.16. Suppose that f,g € B,a € A", and x € A.

(1)
(f9)(a) = f (Sa) (9(a))
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In particular, if g(t) = x € A, then we have (fz)(a) = f (Sa) (2).
(2) Assume that 0 # g(a) € U(A), then we get:

(f9)(@) = f (@) g(a).

In particular, if g(t) = x € A, then we have (f o z)(a) = f (Sa) (2).
(3) Assume that 0 # g(a) € U(A), then we get:

(f9)(@) =  (a”) g(a).

c) An Application, Werner’s question.

In the submitted work [1] the authors solved and generalized a question raised by Werner
[36]. Let A be a finite ring and consider the set

K(A) =:{f(x) € Alz] | f(a) =0,Va € A}.

This set is easily seen to be a left ideal of A[z]. The question:
“Is K(A) a 2-sided ideal?”

In a recent work this conjecture was solved in a more general setting.
Theorem 3.17. Let A be a good ring (every element is a sum of units) and let o € End(R)
and 6 a o-deriation. Then the set {f(t) € R = A[t;0,0] | f(A) = 0} is a two sided ideal
of R. In particular, this is true if A is finite.
A more general assumption gives the result.
Definition 3.18. An element o € A is (0,0) right invariant if
Vaec A, dbe A: T,(a) = b
Remark 3.19. (1) a € A is (id.,0)-right invariant iff «R C Ra.
(2) Any unit of A is (0,6 )-right invariant.

Lemma 3.20. Let a € A be (0,0)-right invariant then for any f(t) € Alt; 0,0] there exists
b € A such that:

f(Ta)(a) = f(b)a
Theorem 3.21. Let A be a ring such that every element of A is a sum of (o,0)-right

invariant elements. Then the set K(A,o,9) is a two-sided ideal.

Proof. f(t),g(t) € Alt;o,0] with f(t) € K(A,0,0) and for a € A,
(f@)g(t))(a) = f(Ta)(g(a)).

There exist (o, d)-right invariant elements uy, ..., us such that g(r) = u; + - - -+ us. Using
Lemma 3.20, we get f(Ty)(u;) = f(b;)u; = 0, for some b; € A. This gives f(Ty)(u1 +---+
us) = > f(Ta)(u;) = 0. O
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With an appropriate notion of (g, d)-right invariant elements and using the pseudo multi
linear maps introduced above, this result can be extended to multi-variables polynomials
B = Alt;0,4d].

Open questions

There are many open questions. Let us end this survey by mentioning some of them.

1) About Werner’s question, it turns out that the actual difficult question would rather
be to have an example of a killing ideal that is not two-sided.

2) What could be a good generalization of Cayley Hamilton theorem for PLT.

3) To what extent can we develop algebraic geometry for skew polynomials? The case
of Ore polynomials with a single variable and with coefficients over a division ring is
meaningful and has been treated in Lam-Leroy’s papers. The case of multi variables over
a division was considered in [29]. For some results in this direction the reader can also
refer to [30].

4) Is it possible to develop a Galois theory for PLT? There exists a Galois theory for
extensions of division rings, developed by Cartan [5]. The differential Galois theory is well
developed [15], [33].
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