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Abstract

This paper constitutes a first attempt to do analysis with skew polynomials. Precisely, our
main objective is to develop a theory of residues for skew rational functions (which are, by
definition, the quotients of two skew polynomials). We prove in particular a skew analogue
of the residue formula and a skew analogue of the classical formula of change of variables for
residues.

We then use our theory to define and study a linearized version of Goppa codes. We show
that these codes meet the Singleton bound (for the sum-rank metric) and are the duals of the
linearized Reed—Solomon codes defined recently by Martinez-Penas. We also design efficient
encoding and decoding algorithms for them.
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In 1933, Ore introduced in [24] a noncommutative variant of the ring of polynomials and
established its first properties. Since then, Ore’s polynomials have become important mathematical
objects and have found applications in many domains of mathematics: abstract algebra, semi-linear
algebra, linear differential equations (over any field), Drinfel’d modules, coding theory, etc. Ore’s
polynomials have been studied by several authors: first by Ore himself [24], Jacobson [11, 12] and
more recently by Tkehata [9, 10], who proved the Ore’s polynomial rings are Azumaya algebras
in certains cases, by Lam and Leroy [14, 16, 17] who defined and studied evaluation of Ore’s
polynomials, and by many others. Lectures including detailed discussions on Ore’s polynomials
also appear in the literature; for instance, one can cite Cohn’s book [5] or Jacobson’s book [13].

In the classical commutative case, polynomials are quite interesting because they exhibit at the
same time algebraic and analytic aspects: typically, the Euclidean structure of polynomials rings
has an algebraic flavour, while derivations and Taylor-like expansion formulas are highly inspired by
analysis. However, as far as we know, analysis with Ore’s polynomials has not been systematically



studied yet. This article aims at laying the first stone of this study. More precisely, our main
motivation is to develop a theory of residues for Ore’s polynomials and derive applications.

Actually, the setting of this paper does not encompass the whole generality of Ore’s polynomials
over arbitrary rings. Precisely, we consider a field K equipped with an automorphism of finite
order # and restrict ourselves to the ring of skew polynomials K[X; 6] in which the multiplication
is governed by the rule Xa = 0(a)X for a € K. We first define Taylor-like expansions in this
framework and show that any skew polynomial f € K[X;#] admits infinite Taylor expansions
around any point z € K fixed by 8. When z # 0, this expansion takes the form:

FX) =3 an- (X"=2)" (1)

where r denotes the order of § and the coefficients a,, lie in the quotient ring K[X;0]/(X"—z).
Moreover, assuming further that r is coprime with the characteristic of K, we equip K[X;60] with
a canonical derivation and interpret the coefficients a,, appearing in Eq. (1) as the values at z of
the successive divided derivatives of f(X). All the previous results extend without difficulty to
skew rational functions, that are elements of the fraction field of K [X;6]; in this generality, Taylor
expansions take the form:

FX) =3 an (X"=2)"  (vel) (2)

These results lead naturally to the notion of residue: by definition, the residue of f(X) at z is the
coefficient a_; in the expansion (2). Considering scalar extensions, we extend this definition to
any point z in a separable closure of K, including co. In the classical commutative setting, the
theory of residues is very powerful because we have at our disposal many formulas, allowing for a
complete toolbox for manipulating them easily and efficiently. In this article, we shall prove that
residues of skew rational functions also exhibit interesting formulas, that are:

e a residue formula, relating all the residues (at all points) of a given skew rational function,

e a formula of change of variables, expliciting how residues behave under an endomomorphism
of Frac(K[X;0)]).

We then move to applications to coding theory. The story starts in 1978 when Delsarte noticed
that linearized polynomials over finite fields can be used to define good codes with respect to the
rank metric. These codes were rediscovered by Gabidulin in 1985 and Roth in 1991 and are called
nowadays Gabidulin codes. More recently, Boucher and Ulmer [2] realized, in a slighty different
context, that linearized polynomials can be advantageously replaced by skew polynomials. In 2016,
Liu [19] proposed in his thesis to define codes using evaluation of skew polynomials, extending
then Gabidulin codes to a more general setting. In 2018, Martinez-Penas [20] extended Liu’s
construction to arbitrary Ore’s algebras and came up with the notion of linearized Reed—Solomon
codes. He also introduced the sum-rank distance, which is the relevant metric for studying these
codes. In the present paper, we show that, considering residues in place of evaluations, we end up
with new interesting codes, that we call linearized Goppa codes. We prove that these codes exhibit
an optimal minimal distance (they meet the Singleton bound) and we design efficient encoding and
decoding algorithms for them. Moreover, a consequence of the skew residue formula is that our
linearized Goppa codes appear naturally as the duals of Martinez-Penas’ linearized Reed—Solomon
codes.

This article is structured as follows. In §1, we recall several useful algebraic properties of rings
of skew polynomials. Special attention is paid to the study of endomorphisms of K[X;60] and
of its fraction fields. The heart of the article is contained in §2. After a premilinary study of
derivations of K[X;0] and of its fraction fields, we establish Taylor-like expansion formulas and
develop the theory of residues we have outlined rapidly above. Finally, applications to coding
theory are addressed in §3. We emphasize that §3 actually uses only a small part of the contents
of §2. Therefore, we advise the reader, who is mostly interesting by coding theory, to skip the
technicalities of §2 in the first reading and just go back to it for following the few references
encoutered while reading §3.



1 Algebra with skew polynomials

Throughout this article, we consider a field K equipped with an automorphism 6 : K — K of finite
order r. We let F' be the subfield of K cousisting of elements a € K with 6(a) = a. The extension
K/F has degree r and it is Galois with cyclic Galois group generated by 6.

We denote by K[X;6] the Ore algebra of skew polynomials over K. By definition elements of
K|[X; 6] are usual polynomials with coefficients in K, subject to the multiplication driven by the
following rule:

Vae K, X-a=0(a)X. (3)

Similarly, we define the ring K[X*1;6]: its elements consists of Laurent polynomials over K in the
variable X and the multiplication on it is given by (3) and its counterpart:

Vae K, X t-a=0"1a)X" (4)

In what follows, we will write A = K[X*!;6]. Letting Y = X7, it is easily checked that the centre
of Ais F[Y*!]; we denote it by Z. We also set C = K[V *!]; it is a maximal commutative subring
of A. We shall also use the notations AT, C* and Z* for K[X;0], K[Y] and F[Y] respectively.

In this section, we review the most important algebraic properties of AT and A. A large part of
the material presented here is somehow classical and already appears in [24, 9, 10, 14, 16, 17, 5, 13].
However, our presentation might be different on certain points and we spend some time in §1.2 to
classify and study the endomorphisms of AT, A and some of their quotients as they will play an
important role in this article. Besides, the theory of evaluation of skew polynomials we will present
in §1.3.2 is developed a bit further than it is in the above references.

1.1 Preliminaries

The ring A1 was first introduced by Ore in his seminal paper [24]. In this article, Ore proved
many important algebraic properties of AT that we recall below.

Euclidean division and consequences. As usual polynomials, skew polynomials are endowed
with a Euclidean division, which is very useful for elucidating the algebraic structure of the rings
AT and A. The Euclidean division relies on the notion of degree whose definition is straightforward.

Definition 1.1.1. The degree of a nonzero skew polynomial f = 3", a; X" € AT is the largest
integer ¢ for which a; # 0.
By definition, the degree of 0 € AT is —oo.

Theorem 1.1.2. Let A, B € AT with B # 0.

(i) There exists Qright, Rright € AT, uniquely determined, such that A = Qyight - B + Ryight and
deg Ryigny < deg B.

(i1) There exists Qete, Riets € A1, uniquely determined, such that A = B - Quett + Riet and
deg Riest < deg B.

We underline that, in general, Qright # Qiete and Ryignt # Riers. For example, in C[X, conj]
(where conj is the complex conjugacy), the Euclidean divisions of aX by X — ¢ (for some a, ¢ € C)
read:

aX =a-(X—c)+ac=(X—c)-a+ac.

Actually, without the assumption that € has finite order, right Euclidean division always exists
but left Euclidean division may fail to exist.
The mere existence of Euclidean divisions has the following classical consequence.

Corollary 1.1.3. The ring A" is left and right principal.

A further consequence is the existence of left and right ged and lem on AY. They are defined in
term of ideals:

Af+Ag=A-rceep(f,g) ;3 AfnAg=A-LLem(f,g)
fA+gA=rccp(f,9)- A ;3 fANgA=RLCM(f,g) A



for f,g € AT. A noncommutative version of Euclidean algorithm is also available and allows for
an explicit and efficient computation of left and right ged and lem.

Fraction field. For many applications, it is often convenient to be able to manipulate quotient
of polynomials, namely rational functions, as well-defined mathematical objects. In the skew case,
defining the field of rational functions is more subtle but can be done: using Ore condition [23]
(see also [15, §10]), one proves that there exists a unique field Frac(.A) containing A and satisfying
the following universal property: for any noncommutative ring 2l and any ring homomorphism
¢ : A — A such that ¢(z) is invertible for all z € A, = # 0, there exists a unique morphism
¥ : Frac(A) — 2 making the following diagram commutative:

A 4 2A (5)
|
Frac(A)

Under our assumption that 6 has finite order the construction of Frac(.A) can be simplified. Indeed,
we have the following theorem.

Theorem 1.1.4. The ring Frac(Z) @z A ~ Frac(Z) @ z+ AT containing A and it salisfies the
above universal property, i.e.:

Frac(A) = Frac(2) ®z A = Frac(Z2) @ z+ AT.
For the proof, we will need the following lemma.
Lemma 1.1.5. Any skew polynomial f € A has a left multiple and a right multiple in Z.

Proof. If f =0, the lemma is obvious. Otherwise, the quotient A/ fA is a finite dimension vector
space over F. Hence, there exists a nontrivial relation of linear dependence of the form:

ao+a1Y +aY?+ - 4+a,Y" € fA (a; € F).

In other words, there exists g € A such that fg = N with N = a9+ -+ + a,Y". In particular
fg € 2, showing that f has a right multiple in Z. Multiplying the relation fg = N by g on the
left, we get gfg = Ng = gN. Simplifying now by g on the left, we are left with gf = N, showing
that f has a left mutiple in Z as well. O

Proof of Theorem 1.1.4. Clearly Frac(Z) ®z A contains A. Let us prove now that it is a field.
Reducing to the same denominator, we remark that any element of Frac(Z) ®z A can be written
as D' ® f with D € Z and f € A. We assume that f # 0. By Lemma 1.1.5, there exists
f € Asuch that fg € Z. Letting N = fg, one checks that N~! ® gD is a multiplicative inverse of
D '®f.

Consider now a noncommutative ring 2 together with a ring homomorphism ¢ : A — 2 such
that ¢(x) is invertible for all z € A, 2 # 0. If ¢ : Frac(Z) ® z A — 2 is an extension of ¢, it must
satisfy:

YD @ f) =@(D)"t - o(f). (6)
This proves that, if such an extension exists, it is unique. On the other hand, using that Z is central
in A, one checks that the formula (6) determines a well-defined ring homomorphism Frac(A4) — 2
making the diagram (5) commutative. O

The notion of degree extends with difficulty to skew rational functions: if f = & € Frac(A)

with g € AT and D € Z¥, we define deg f = degg — deg D. This definition is not ambiguous

because an equality of the form & = &7 implies gD’ = ¢'D (since D and D’ are central) and then

deg g + deg D' = deg ¢’ + deg D, that is deg g — deg D = deg ¢’ — deg D’.
1.2 Endomorphisms of skew polynomial rings

The aim of this subsection is to classify and derive interesting structural properties of the endo-
morphisms of various rings of skew polynomials.



Classification. Given an integer n € Z and a Laurent polynomial C' € C writtenas C = 3, a; X",
we define §(C') = °,6(a;)X". The obtained morphism 6 extends to Frac(C). For n > 0 and
C € Frac(C), we set:

N.(C)=C-6(C)---6"1(C)

and, when C' # 0, we extend the definition of N,, to negative n by:
Na(C) = 07H(C™h) - 072(C7Y) - 0™(C7Y)

We observe that No(C) = 1 and Ny (C) = C for all C € C. Moreover, when n = r, the mapping
N, is the norm from Frac(C) to Frac(Z). In particular N,.(C) € Frac(Z) for all C € Frac(C).

Theorem 1.2.1. Let v: AT — AT (resp. v: A — A, resp. v : Frac(A) — Frac(A)) be a mor-
phism of K -algebras. Then there exists a uniquely determined element C € CT (resp. invertible!
element C' € C, resp. nonzero element C € Frac(C)) such that

V(ZaiXi) Zaz (CX) Zal i . (7)

Conversely any element of C' as above gives rise to a well-defined endomorphism of AT (resp. A,
resp. Frac(A)).

Remark 1.2.2. An endomorphism of Frac(A) is entirely determined by Eq. (7). Indeed, by
definition, the datum of v : Frac(A) — Frac(A) is equivalent to the the datum of a morphism
4+ A — Frac(A) with the property that (f) # 0 whenever f # 0. Moreover, in the above
equivalence, 4 appears as the restriction of v to A. This shows, in particular, that « is determined
by its restriction to A.

Proof of Theorem 1.2.1. Unicity is obvious since C' can be recovered thanks to the formula C' =
(X)X L

We first consider the case of an endomorphism of AT. Write v(X) = >, ¢; X" with ¢; € K.
Applying ~ to the relation (3), we obtain:

Zciei(a) S X = ch )- X

for all a € K. Identifying the coefficients, we end up with ¢;0%(a) = ¢;0(a). Since this equality must
hold for all a, we find that ¢; must vanish as soon as i Z 1 (mod r). Therefore, v(X) = CX for
some element C' € C*. An easy induction on i then shows that v(X?) = N;(C)X? for all i, implying
eventually (7). Conversely, it is easy to check that Eq. (7) defines a morphism of K-algebras.

For endomorphisms of A, the proof is exactly the same, except that we have to justify further
that C'is invertible. This comes from the fact that X v(X ~!) has to be an inverse of C.

We now come to the case of endomorphisms of Frac(A). Writing v(X) = fD~! with f € AT
and D € Z* and repeating the proof above, we find that fX~! € C. Thus v(X) = CX with
C € Frac(C). As before, C' cannot vanish because it admits X v(X ') as an inverse. From the fact
that + is an endomorphism of K-algebras, we deduce that 7|4 is given by Eq. (7). Conversely, we
need to justify that the morphism v defined by Eq. (7) extends to Frac(A). After Remark 1.2.2,
it is enough to check that v(f) # 0 when f # 0, which can be seen by comparing degrees. O

For C' € Frac(C), C # 0, we let ¢ : Frac(A) — Frac(A) denote the endomorphism of The-
orem 1.2.1 (X + CX). When C lies in C* (resp. when C is invertible in C), v¢ stabilized AT
(resp. A); when this occurs, we will continue to write y¢ for the endomorphism induced on A™
(resp. on A). We observe that y¢o takes Y to:

N;(C) - Y = Nppac(c) /Frac(2)(C) - Y € Frac(Z2)

and, therefore, maps Frac(Z) to itself. In other words, any endomorphism of K-algebra of Frac(.A)
stabilizes the centre. This property holds similarly for endomorphism of A* and endomorphisms

of A.

IWe notice that the invertible elements of C are exactly those of the form aY ™ with a € K, a # 0 and n € Z.




Proposition 1.2.3. For C € Frac(C), the following assertions are equivalent:
(i) vo is a morphism of C-algebras,

(ZZ) NFrac(C)/Frac(Z) (C) =1,
(iii) there exists U € Frac(C), U # 0 such that vo(f) = UL fU for all f € Frac(A).

Proof. Tf ¢ is an endomorphism of C-algebras, it must act trivially on Z, implying then (ii). By

Hilbert’s Theorem 90, if C' € Frac(C) has norm 1, it can be written as @ for some U € Frac(C),

U # 0; (iii) follows. Finally it is routine to check that (iii) implies (i). O
For endomorphisms of A" and A, Proposition 1.2.3 can be made more precise.
Proposition 1.2.4. For C € C, the following assertions are equivalent:
(i) vc is a morphism of C-algebras,
(i1) Neyz(C) = 1,
(ii’) C € K and Ng/p(C) =1,
(iii) there exists u € K, u # 0 such that vo(f) = u=! fu for all f € Frac(A).

Proof. The proof is the same as that of Proposition 1.2.3, except that we need to justify in addition
that any element C' € C of norm 1 needs to be a constant. This follows by comparing degrees. [

Corollary 1.2.5. Any endomorphism of C-algebras of AT (resp. A, resp. Frac(A)) is an isomor-
phism.

Proof. The case of AT (resp. A) follows directly from Proposition 1.2.4. For Frac(.A), we check that
if y¢ is an endomorphism of C-algebra then yo-1 is also (it is a consequence of Proposition 1.2.3)
and yo 0 Yo-1 = Yo-1 0 Yo = id. O

Morphisms between quotients. Let N € Z% be a nonconstant polynomial with a nonzero
constant term. The principal ideals generated by N in A" and A respectively are two-sided, so
that the quotients AT /NAT and A/N A inherit a structure of K-algebra. By our assumptions on
N, they are moreover isomorphic. We consider in addition a commutative algebra Z’ over Z. We
let 6 act on Z* ®z C by id ® 6 and we extend the definition of v¢ to all elements C € 2’ @z C.
Precisely, for C' as above, we define y¢ : AT — Z+ ®2z A by

70 > 0 X)) = (CX) = > aN(C)X"

Theorem 1.2.6. Let N1, No € Z1 be two nonconstant polynomials with nonzero constant terms.
Let v : A/NiA — Z' @z A/N2 A be a morphism of K-algebras. Then v = vo mod Na for some
element C € Z' @z C with the property that No divides vy (N1). Such an element C is uniquely
determined modulo Ns.

Moreover, the following assertions are equivalent:

(i) ~v is a morphism of C-algebras,
(ZZ) NZ/®ZC/Z’(C) =1 (mod NQ)
(iii) there exists U € Z' @z C/NoC, U invertible such that v(f) = U~ fU for all f € A/N1A.

Proof. The proof is entirely similar to that of Theorem 1.2.1 and Proposition 1.2.3. Note that, for
the point (iii), Hilbert’s Theorem 90 applies because the extension Z' ® z C/NaC of Z' /N2 Z' is a
cyclic Galois covering. O



As an example, let us have a look at the case where Z/ = Z and N; and Ny have Y-degree 1.
Write Ny =Y — z; and Ny =Y — 29 with z; # 0 and 25 # 0. By Theorem 1.2.6, any morphism
~v:A/N1A — A/NoA has the form X — ¢X for an element ¢ € K with the property that:

21 = Ng/p(c) - 2. ()

Obviously, Eq. (8) implies that ¢ does not vanish. Hence, any morphism ~ as above is automatically
an isomorphism. Moreover, Eq. (8) again shows that z—; must be a norm in the extension K/F.
Conversely, if 2 is the norm of an element ¢ € K, the morphism ¢ induces an isomorphism
between A/N- 1A to A/Na2A. We have then proved the following proposition.

Proposition 1.2.7. Let z1 and zo be two nonzero elements of F. There exists a morphism
A/ (Y =21)A = A/(Y —22) A if and only if - is a norm in the extension K/F. Moreover, when
this occurs, any such morphism is an isomorphism.

The section operators. For j € Z, we define the section operator oj : A — C by the formula:
aj ( Z az'Xi) = Z ajiirY
i

For 0 < j < r and f € A, we notice that o;(f) is the j-th coordinate of f in the canonical basis
(1,X,X%...,X"71) of A over C. When j > 0, we observe that o; takes A" to CT and then
induces a mapping A" — CT that, in a slight abuse of notations, we will continue to call ;.

Lemma 1.2.8. For f € A, C € C and j € Z, the following identities hold:
(i) f=35005(f)X7,
(ii) 0j(fC) = 0;(f)-0?(C) and o;(fX) = o;-1(f),
(iii) o;(Cf) = C-0;(f) and 0;(Xf) =0(c;-1(f)),
(iv) oj—r(f) =Y 0;(f).
Proof. 1t is an easy checking. |

Lemma 1.2.8 ensures in particular that o is C-linear and the o;’s are Z-linear for all j € Z.
Consequently, for any integer j, the operator o; induces a Frac(C)-linear mapping Frac(A) —
Frac(C). Similarly, for any N € Z and any integer j, it also induces a (Z/N Z)-linear mapping
A/NA — C/NC. Tensoring by a commutative Z-algebra Z’, we find that o; induces also a
(2'/NZ')-linear mapping 2’ ®z A/NA — Z' ®z C/NC. In a slight abuse of notations, we will
continue to denote by o; all the extensions of o; defined above.

It worths remarking that the section operators satisfy special commutation relations with the
morphisms v¢ introduced above, namely:

Lemma 1.2.9. For C € Frac(C) (resp. C € Z2' ®zC) and j € Z, we have the relation o; o yo =
N;(C) - (yc o gy).

Proof. Let f € AT and write f =Y/, L oi(f)X. Applying y¢ to this relation, we obtain:

(f)= Z_:Vcoai(f) N, (X) X°

Applying now o, we end up with o, o vo(f) = vc 0 0;(f) - N;(X). This proves the lemma. O

From Lemma 1.2.9, it is possible to construct some quantities that are invariant under all vy, that
is, after what we have achieved before, under all morphisms of K-algebras. Precisely, for a tuple
of integers (j1,...,jm) € Z™, we define:

it = O (07 005,) - (07F2 0 0j) - (075 Fm=t 005 ) ¢ Frac(A) — Frac(C).

»Jm



Proposition 1.2.10. Let v : AT — A" (resp. v: A — A, resp. v : Frac(A) — Frac(A), resp.
v: A/N1A = 2" @z A/NoA with Z', N1, No as in Theorem 1.2.6). Let (j1,...,Jm) € Z™.

(i) If v is a morphism of K -algebras, then «y commutes with oj, ;. as soon as j1+---+jm = 0.

m

(11) If v is a morphism of C-algebras, then v commutes with o, j
(mod 7).

as soon as j1+---+jm =0

m

Proof. By Theorem 1.2.1 or 1.2.6, it is enough to prove the Proposition when v = ~¢ for some C.
By Lemma 1.2.9, combined with the relation Nj,;(C) = N;(C) - 67(N;/(C)) (for j,j' € Z), we
find:

The first assertion follows while the second is a direct consequence of the caracterisation of mor-
phisms of C-algebras given by Proposition 1.2.4 or Theorem 1.2.6. O

1.3 Evaluation of skew polynomials

Defining nice evaluation maps for skew polynomials is not a straightforward task because the most
natural map one thinks at, namely:

K[X;0) = K, >,a;X'— > ac

(for a given element ¢ € K) is not a ring homomorphism: it does not preserve multiplication.
This subsection aims at getting around this issue and define a good notion of evaluation for skew
polynomials.

1.3.1 Evaluation at semi-linear morphisms

One option for defining good evaluation maps consists in evaluating skew polynomial at other types
of arguments. Precisely, instead of scalars, we are going to consider semi-linear endomorphisms of
K. Let us recall briefly that a semi-linear endomorphism ¢ of a K-vector space V is an additive
mapping ¢ : V — V satisfying the following axiom:

VAe K, Ve eV, ¢(zx)=0N)ep(x). 9)
We observe in particular that semi-linear endomorphisms are F-linear.

Definition 1.3.1. Given P =", a,X" € A" and a semi-linear morphism ¢ : V — V (where V is
a K-vector space), we define P(p) = Y, a;¢".

Note that P(y) is a F-linear endomorphism to V. In other words, Definition 1.3.1 leads to a
function:

£, AT = Endp(V)

where Endp (V) denotes the ring of F-linear endomorphisms of V. The latter is naturally a K-
algebra since V is, by definition, a vector space over K. Besides, we observe that when ¢ is
invertible, the mapping €, extends to A. Regarding our objective to define nice evaluation maps,
the relevance of the above construction is summarized in the next lemma.

Lemma 1.3.2. The mapping €, is a morphism of K-algebras.

Proof. Yor c € K, let m¢:V — V, x+— cx. It is enough to check that ¢ o m. = mg() o ¢, which
is a direct reformulation of the axiom (9).

Besides, semi-linear endomorphisms of K are easy to classify, as shown by the next proposition.
Proposition 1.3.3. (i) For allc € K, ¢ is a semi-linear endomorphism of K.

(i1) All the semi-linear endomorphisms of K are of this form.



Proof. The first assertion is an easy checking. For the second assertion, consider a semi-linear
morphism ¢ : K — K. Define ¢ = ¢(1). Axiom (9) applied with = = 1 shows that ¢(\) = c¢- 0(\)
for all A € K. Therefore ¢ = c#. O

Clearly cf is bijective if and only if ¢ does not vanish. For ¢ € K, ¢ # 0, we set €. = e¢g.
Coming back to the definition, the morphism ¢, is then explicitely given as follows:

ec: A — Endp(K)
SiaiXt o= Y ai(ch)

Artin’s theorem on linear independance of characters ensures that the kernel of €. is the princi-
pal ideal generated by N =Y — Ng/p(c). Comparing dimensions, we find that e, induces an
isomorphism A/NA ~ End g (K).

It is interesting to examine how e. changes when ¢ varies. It follows from the definition that
€. = €1 07, where 7, is the morphism defined in §1.2. Slightly more generally, if ¢; and ¢ are two
nonzero elements of K, one has e., = €c, 0V, /e, If moreover Ng p(c1) = Ng/p(cz), Hilbert’s

(10)

Theorem 90 asserts that E—; = @ for some u € K, u # 0 and an easy calculation shows that:

e (f)(@) = u™" e, (f)(zu)

for all f € A and z € K. In other words, e, (f) and e.,(f) are conjugated in Endp(K) by the
multiplication by wu.

Zeros of skew polynomials. In the classical commutative setting, it is a quite standard fact
that the number of roots of a polynomial cannot exceed its degree. In the skew case, bounds of
this type also exist.

Proposition 1.3.4. Forc€ K, c#0 and f € AT, f # 0, we have dimp kere.(f) < deg f.
Equality holds if and only if f divides Y — Nk p(c) in A.

Proof. Set V. = kere.(f) and let I be the left ideal of Endp(K) consisting of linear functions
vanishing on ker V. The inverse image of I by . is an ideal of A™. Since the latter is a principal
ring, there exists P € A" such that ¢, 1(I) = K[X;0] - P. Moreover:
r-deg P = dimp (K[X;0]/K[X;0]P) = dimp (K[X;0]/e; " (1))
= dimpg (EndF(K)/I) =r.-dimpV
the third equality coming from the surjectivity of . while the other equalities are easily checked

by hand. We deduce that deg P = dimp V. Besides, it is obvious that f lies in e, *(I). Therefore,
f has be to a multiple of P, implying that:

deg f > deg P = dimp V = dimp kere.(f). (11)

This first part of the proposition is proved.

Noticing that e.(f) = e.(RGCD(f, N)), we see that the inequality (11) can be an equality only
if deg f = degRaGeD(f, N), that is f divides N. Conversely, let us assume that f divides N. We
can then write ff’ = N for some f’ € AT. Applying (11) for f and f’, we find:

r = dimpkere.(ff) < dimpkere.(f) + dimpkere.(f') < degf+degf’ = r.

All the above inequalities then have to be equalities, showing in particular that dimg kere.(f) =
deg f. O

There is also an analogue of Lagrange’s interpolation theory for skew polynomials.

Proposition 1.3.5. Let ¢ € K, ¢ # 0. Let V be a F-linear subspace of K. Then there exists a
unique monic skew polynomial P € AT such that kere.(P) =V and deg P = dimp V.
Moreover, €. induces an isomorphism of K -vector spaces:

AT JATP = Homp(V,K), [ e(f)v.



Proof. This is immediate after the proof of Proposition 1.3.4. O

Remark 1.3.6. If V is the line generated by a € K, it is easy to check that the skew polynomial
P of Proposition 1.3.5is P = X — #ﬁ"). From this observation, we deduce more generally that, if
(a1,...,aq) is a F-basis of V, the skew polynomial P of Proposition 1.3.5 is given explicitely by:

P:LLCM(X—C'G(‘”),X—C'e(”),...,X—M).

ay ag am

Propositions 1.3.4 and 1.3.5 admit a straightforward extension to the case of multiple evaluation
points.

Proposition 1.3.7. Let cy,. .., ¢y be nonzero elements of K such that the Ny r(c;)’s are pairwise
distinct.

(i) For all f € AT, [ #0, we have:

> dimpkere,,(f) < degf (12)

i=1
and equality holds if and only if f divides [T~ (Y — N, p(c;)).

(i1) Given F-linear subspaces Vi, ...,V of K, there exists a unique monic skew polynomial P €
A™T such that deg P = dimp Vi + - - + dimp V,,, and e.,(P) vanishes on V; for all i. For this
particular P, we have an isomorphism:

AT JATP s Homp(Vi, K) x Homp(Va, K) x - - - x Homp(Vi, K)
f = (561(f)|V15562(f)\V23 SRR Ecm(f)\Vm)'

Proof. The assumption of the ¢;’s ensures that the morphism ¢ : AT — Endp(K)™ taking f to
the tuple (ec, (f),..., &, (f)) is surjective. Indeed, a skew polynomial f lying in kere must be a
multiple of Y — Ng/p(c;) for all i. Since these polynomials are pairwise coprime, we deduce that
kere is the principal ideal generated by []\", (Y — Ng/r (cz-)). Surjectivity follows by comparing
dimensions.

With this input, the proof of the proposition is now absolutely similar to that of Proposi-
tions 1.3.4 and 1.3.5. O

1.3.2 Evaluation by Euclidean division

Another option for evaluating skew polynomials is to use Euclidean divisions. Indeed, if P is a
usual polynomial, it is well known that P(a) is equal to the reminder of the division of P by the
degree 1 polynomial X —a (where X is the variable). Translating this property to the skew context,
we introduce the following definition.

Definition 1.3.8. For f € AT and ¢ € K, we define the evaluation of f at ¢, denoted by ev.(f),
as the remainder of the right Euclidean division of f by X —c.

The two types of evaluation we have defined are actually closely related. Indeed, a simple compu-
tation shows that:

eve(f) = ec(f)(1).

It turns out that the value ev.(f) has another interesting interpretation in terms of the section
operator og introduced in §1.2. In the next proposition, we denote by C|y—. the value takes by a
polynomial C' € C* = F[Y] at the point z € F.

Proposition 1.3.9. For c € K and f € AT, we have:

evc(f) = cz_l : UO(f Qc)\Y:z
where z = N p(c) and Q. € AT is defined by the identity (X—c) - Q. =Y —z.

10



Proof. A direct computation shows that:
Qe=)» 07" (c)-- 07 ()X ",
i=1
By linearity, it is enough to establish the proposition when f = X™. From the formula above, we
find: .
XnQC _ Z en—l(c) o 9n—i+1(C>Xn+r—i.
i=1

Only the term corresponding to i = n (mod r) contributes to oo(X"Q.). Precisely, if n = gr +m
is the Euclidean division of n by r, we obtain:

o0(X"Qc) = 0" (c) - 0" () X = f(c) - - 0™ (o) XD,
Evaluating at Y = z, we find:
00(X"Qe)jy=-=2-0(c) - 0" o) = ze7 - eve(XT)
and the proposition is proved. O

Proposition 1.3.10. We assume that K is a finite field. For z € F and f € AT, we have:

> evef) = oo(f)y== (13)

c s.t.
Ng/r(c)=2

Proof. By C-linearity, it is enough to prove the proposition when f = X™ with 0 < n < r. It
follows directly from the definition that oo(X™) =1if n =0 and 0¢(X™) =0if 0 < n < r. On the
other hand, when f = X™, the right hand side of (13) is equal to:

s = Z c-0(c)---0""(c)

ceX,

where X, denotes the subset of K consisting of elements of norm z. When n =0, s = Card X,.

Since the norm map Nk, r : K* — F* is a surjective group homomorphism, we end up with

Card K—1
Card F—1"

and u - 0(u)--- 0"~ (u) # 1. The multiplication by u induces a bijection X, = X,. Hence:

s = so s = 1in K. When 0 < n < r, we choose an element u € K with Ng/p(u) = 1

s = Z uc-O(uc) 0" Huc) =u-0(u)--- 0" (u) - s

ceX,
and then s = 0. |

In some special cases, Propositions 1.3.9 and 1.3.10 have a common generalization, providing
a nice formula for the sum of ev.(f)’s for ¢ varying in the set of zeros of another skew polynomial.
Precisely, we have the following result.

Proposition 1.3.11. Let F' be a finite field of cardinality q and K be a finite extension extension
of F'. We endow K with the automorphism 6 = Frob, : x +— 9.
Let € F, z# 0 and P € A" be a divisor of Y—z. For f € A", we have:

> evef) = a5 00(fQ)y=- (14)
evf(%t)‘:O
where Q € A is defined by the relation PQ = N and qo is the constant coefficient of Q.

An important ingredient of the proof is the next lemma.

11



Lemma 1.3.12. We keep the notations and assumptions of Proposition 1.8.11. Let ¢y € K be
such that Ng,p(co) = z. Then, for all u € ime.,(Q), u # 0, we have:

[ ‘)
PR D DI

v
'UEECO (Q)il(u)

Proof. Write Q = qo + 1 X + - + g2 X% and define the (usual) polynomial:
S(x) = —u+ qox + quat + - + quz” € Kla].

Coming back to the definitions, we find that the elements of &.,(Q)~!(u) are all roots of S.
Moreover, the cardinality of e.,(Q)~*(u) is equal to that of kere,, (Q) which is itself equal to ¢?
by Proposition 1.3.4. Since S has degree ¢%, we deduce that the elements of £.,(Q) ! (u) exhaust
all the roots of S. The lemma now follows from the standard relations between coefficients and
roots of a univariate classical polynomial. O

Proof of Proposition 1.3.11. After Proposition 1.3.10, we may assume safely that deg @ > 0. Let
s be the sum in the left hand side of (14). Since P is the divisor of N, any element ¢ such that

eve(P) = 0 must satisfy ev.(N) = 0 as well. All such ¢ then have norm z. By Hilbert’s Theorem

90, they can all be written under the form ¢ = ¢q - @ for exactly (¢q—1) values of u. On the other

hand ev.(f) = e.(f)(1) = u~t - e, (f)(u) and similarly ev.(P) = u~! - e.,(P)(u). Therefore:

_ 1 Eeo(f)(w) _ Eeo (f)(w)
m Ly mOW__ e el
u€kerec, (P)
u#0

u€kerec, (P)
u#0

the second equality coming from the fact that ¢ = 0 in K. Now observe that the relation PQQ = N
implies that kere,,(P) C ime.,(Q). By Proposition 1.3.4 equality actually holds. Consequently:

)

u€imec, (Q)
u#0

S = —

Combining this relation with Lemma 1.3.12; we end up with:

oy Y @lQU g el
veK vEK
v&keracO(Q) v#£0

Applying finally Proposition 1.3.10 with the skew polynomial fQ, we get s = ¢! - 00(fQ)(2) as
wanted. 0

Remark 1.3.13. The assumption on # in Proposition 1.3.11 cannot be relaxed. As a counter-
example, consider the case where K is the finite field with 5% elements and 6 = Frobg, e O(x) =
2% for all 2 € K. Pick a € K such that a® 4+ 2a. 4+ 4 = 0. We consider the polynomial N =Y — 1
and the divisor:

P=X>+(a®+4a+3)X + (a® +2).

The quotient is @ = X — «. The following table shows the elements ¢ € K for which ev.(P) =0
and the corresponding values of ev.(X) and ev.(X?).

c eve(X) eve(X?)
o> +4a+3 | o®2+4a+3 4o’ +a+1
402 +4a+4 | 40 +4a + 4 3a+1

a? +2 a? +2 o +4a+3
a®?+2a+1 | a2 +2a+1 |4a’+a+4
da+4 4da+4 402 + 2
4o’ +a+4 | 40’ +a+4 |22 +a+4
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Summing up the entries of the right column of the table, we find that when f = X (resp. f = X?),
the left hand side of (14) is equal to o + 3 (resp. to 0). On the other hand, the right hand side
of (14) is equal to:

when f = X: —a_l'UO(X2+(O‘2+3)X)\Y:1 =0

when f = X?2: —a‘l-UO(X3+(4a2+a+2)X) —a =402 +3

ly=1 —

In both cases, the values do not agree.

1.3.3 The Azumaya property

Previously, we have seen that some quotients of A are isomorphic to Endp(K) or, equivalently, to
some matrix algebras. This phenomenon is the reflection of a more general fact, stating that A is
a Azumaya algebra.

Let us recall briefly that an algebra is said Azumaya if it becomes isomorphic to a matrix algebra
after a suitable étale extension of its center. The fact that A is Azumaya was first observed by
Tkehata in [9, 10] and then reproved by Caruso and Le Borgne in [3]. Below, we give another proof,
giving in addition an explicit trivialization of A.

Theorem 1.3.14. We have an isomorphism of C-algebras:
a: C®zA 5 Ende(A)
Cof — (x— Caf).
In particular, A is Azumaya over Z.

Proof. Tt is routine to check that « preserves the structure of C-algebra. Moreover, the domain
and the codomain of a are both finite free C-modules of rank 72. It is then enough to check that
« is surjective.

We endow A with its canonical C-basis (1, X, X?,..., X"~1). This choice defines an isomor-
phism between End¢(A) and the matrix algebra M, (C). Under this identification the pure tensor
C® felC®z Z is mapped to the matrix M whose (i, j) entry is:

mij=C-0i(X7f) = C -0 (oi—;(f)).

In particular, if C' and C” lie in C, « takes C' @ C’ to the diagonal matrix whose successive entries
are C'-§7(C"), j varying from 0 to r—1. Since C/Z is a cyclic Galois covering of degree r, we know
that the mapping:

CezC—C, CeC —=C- (Gj(cl))ogj«

is an isomorphism. Therefore the image of a contains all the diagonal matrices. Moreover a simple
computation shows that 1 ® X is mapped to the following matrix:

Y

1

The latter matrix, together with the subspace of diagonal matrices, generate M, (C). Hence « is
surjective and the theorem is proved. |

The Azumaya property has several interesting consequences. First, it leads to the definition of
three important maps:

e the reduced trace Trq : A — Z,
e the reduced norm Nygq : A — Z, and

e the adjoint adj: A — A
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which corresponds respectively to the usual trace, the determinant and the adjoint? at the level of
matrices. The usual matrix relation M -adj(M) = adj(M) - M = det M immediately translates to:

fradj(f) = adj(f)- f = Nua(f)

for all f € A. This shows that Nyq(f) is a left and a right multiple of f, reproving in particular
Lemma 1.1.5. Similarly, the classical matrix formula Tr(M N) = Tr(N M) translates to the relation
Tra(fg) = Tra(gf), which holds true for f, g € A.

Coming back to the definition, one checks that the reduced trace admits the following simple

expression:
Trd(z GJZXZ) = Z TI‘K/F(G,”') YZ

In short, Trq = Tre/z 0 0p. In a similar fashion, one can show also that T;q = Tr4/¢. A similar
formula exists for the reduced norm, namely Nyq = N4/c. However, there is no simple explicit
expression for the reduced form, beyond the case of degree 1 skew polynomials for which we have:

Nea(X —¢)=(-1)"- (Y — NK/F(C)).
Finally, for a general f, we always have deg N,q(f) = r - deg f.

A second interesting corollary of the Azumaya property is the following statement: given an
irreducible polynomial N € ZT with nonzero constant term, the quotient A/N A is a simple central
algebra over the field Z/N Z. By classical theorems of structure, one deduces that A/NA ~ M (E)
where s is an integer and F is a skew field with center Z/N Z. Comparing dimension, we get the
relation:

r?=s*-[F:Z/NZ|.
The integer s can be characterized by the factorisation of N in A: if P is an irreducible factor of
N in AT, then s = iii ]1\37. In this case, every irreducible factor of N has degree @.

In the particular case where N has Y-degree 1, say N = Y —z, the above characterization
indicates that A/N A is isomorphic to M,.(F) if and only if NV has a factor P of degree 1. When this
occurs, the central polynomials N and N,4(P) have a non trivial ged (since they both admit P as
a right divisor) and, therefore, have to coincide up to multiplication by a scalar. If P = ¢g 4 ¢1 X,
we derive that 2 = Ng/p(c) with ¢ = —£2. The abstract isomomorphism A/NA ~ M, (F) is
then concretely realized by evaluation morphism e, (after a choice of a F-basis of K). Another
consequence of the above discussion is that A/NA is isomorphic to M, (F) if and only if z is a
norm in the extension K/F (compare with Proposition 1.2.7).

Proposition 1.3.15. Force€ K, c#0 and f € A, we have:

and det (Ec(f)) = Nrd(f)\Y:NK/p(c)-
Proof. Set N =Y — Ng/p(c). We know that the evaluation map e, induces an isomorphism of
K-algebras ¢ : A/NA ~ Endp(K). Besides, it follows from Noether—Skolem theorem that any

isomorphism between simple central algebras automatically commutes with the reduced trace and
the reduced norm. The proposition follows by applying this result to ¢. O

1.4 Duality

One can define a duality on skew polynomials by the following explicit formula:
( Z aiXi) = Z X_iai = Z G_i(ai)X_i = Z Gl(a,Z)Xl

The mapping f — f* is an involutive morphism of rings A°? — A where A°P stands for the
opposite ring® of .A. We notice that the construction f — f* commutes with the section operator
oo and, hence, with the reduced trace. More generally, for j € Z and f € A, we have the relation

ai(f*) =6/ (a-;(f)").

2We recall that the adjoint of a matrix is, by definition, the transpose of this comatrix.
3Given a ring (2, +, x), its oppositve ring is (2, +, @) where the multiplication @ is defined by @y = y x z for
z,y €2

14



Duality on general rings. In order to study further Ore’s duality, it will be convenient to
introduce a general framework for duality on rings. It is materialized by the following definition.

Definition 1.4.1. Let 2 be a ring. A *-structure on a ring 2l is a ring homomorphism 2P +— 2,
x — x* such that ** = z for all x € 2.
A ring equipped with a x-structure is called a x-algebra.

Let 2 be a %x-algebra with centre 3. One immediately checks that z € 3 if and only if z* € 3.
In other words, the mapping =z — z* induces an involutive ring automorphism of 3, that is a
*-structure on 3. When 2z € 3, we shall often write z for z*.

The case of matrix algebras is particularly interesting for us for two reasons: first, Theo-
rem 1.3.14 shows that it is closely related to skew polynomial rings and, second, general theorems
of structure allow for a complete classification on x-structures on matrix algebras over a commu-
tative field.

We fix a commutative ring 3 and set 2 = M,,(3) for some fixed positive integer n. On 2, we
can define several x-structures:

(i) (symmetric case) M* ="*M,
(i) (symplectic case) M* = —*M,

(iii) (sesquilinear case) M* = *M where z + Z is an involutive ring automorphism of 3.

Theorem 1.4.2. Let 3 be a commutative field and n be a positive integer. Let M — M™* be a -
structure on A = M, (3). If the x-structure induced on 3 (which is the centre of ) is the identity,
then there exist P € GLy,(3) such that *P = £P and

VMed, M*=P.-*M.-P!
Otherwise, there exists P € GL,(3) such that 'P = P and
VM e, M*=P.-‘M.P~!

Proof. Consider the ring homomorphism ¢ : M, (3) — M,(3) taking M to *M*. By Skolem—
Noether Theorem, we know that ¢ is inner: there exists an invertible matrix P € GL,(Z) such
that (M) = PMP™!, i.e.

M*=P.*M- P! (15)

for all M € M,,(3). Writing down the condition M** = M, we find that *- P~! must be a central
element, 7.e. must lie in 3. In other words, there exists a scalar z € 3 such that *P = zP. The
latter equality implies moreover the norm equation zz = 1.

If the %-structure acts on 3 as the identity, the norm equation reduces to 22 = 1, so that z = +1
as claimed. Otherwise, by Hilbert’s Theorem 90, the norm equation implies the existence of an
element u € 3 with the property that z = %/u. Replacing P by uP, we then get ‘P = P without
altering the validity of Eq. (15). O

Remark 1.4.3. Theorem 1.4.2 can be rephrased as follows: any *-structure on M, (3) is the
adjoint for a symmetric, symplectic or sesquilinear form on 3™.

Duality and evaluation maps. We go back to the setting of skew polynomials. Under the
isomorphism of Theorem 1.3.14, the Ore’s x-structure on A we defined above translates to the
*-structure on M,.(C). Since C is not a field, we cannot directly apply Theorem 1.4.2. However,
a direct computation shows that the -structure we get on M,.(C) is simply M + *M where M is
the matrix deduced from M by applying the transformation Z(X) — Z(X 1) on each coefficient.

Beyond this observation, it is also interesting to analyze how Ore’s x-structure on 4 behaves
under the isomorphisms e.’s. Let ¢ be a nonzero element of K. Set z = Ng/p(c) and N =Y — z,
so that we have an identification:

ec: A/NA =5 Endp(K).
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Similarly, observing that N = Y~! —z = —2Y '+ (Y — 27!) and N p(c7!) = 27!, we have a
second identification -
g1t A/NA — Endp(K).

The *-structure on .4 then induces a x-structure on Endp(K) via

et frf et

Endr(K) A/NA A/NA Endp(K) .

Since this x-structure acts as the identity on F', Theorem 1.4.2 shows that it must be the adjoint
for a symmetric or symplectic F-bilinear form on K. In our setting, it is possible to make this
explicit.

Proposition 1.4.4. The -structure on Endg (F) defined above is the adjoint for the symmetric
F-bilinear form on K:

(@, 9) e = Trggyp(ey) (2,9 € K).
Proof. We have to show that:
<Ec(f)(‘r)’y>K = <x’50*1(f*)(y)>1( (16)

for all f € A and z,y € K. By linearity it is enough to check this formula when f = aX™ with
a € K and n € Z. A simple computation shows that the left hand side is equal to Trg/p(c) with
c=a-c-0(c) --0"1(c)-6"(x) - y. On the other hand, we have (aX™)* = 6~"(a)X ", so that:

g1 ((@X™)*) =07 (a)(c ') =0""(a) - 60 (c)---0"(c)- 07"
Consequently the right hand side of (16) is equal to:
Tre/p (07" (a) - 07 (c)---07"(c) -2 -07"(y)) = Trreyp(07"(c)) = Tryp(c)

and Eq. (16) is proved. O

2 Analysis with skew polynomials

The section constitutes a first attempt to do analysis with skew polynomials. After studying
derivations (in §2.1) and Taylor expansions (in §2.2) of skew polynomials, we develop in §2.3 a
theory of residues for skew rational functions, extending along the way several classical formulas
(as the residue formula, or the substitution formula) to the noncommutative setting.

2.1 Derivations

Given a (possibly noncommutative) ring 2 and a -algebra 9B, we recall that a derivation 0 : 2 —
B is an additive mapping satisfying the Leibitz rule:
O(zy) = O(x)y +20(y) (z,y €A).

One checks that the subset € C 2 consisting of elements x with d(z) = 0 is actually a subring de
2A. It is called the ring of constants. A derivation 9 : 21 — B with ring of constants € is €-linear.

As we classified endomorphisms of K-algebras in §1.2, it is possible to classify K-linear deriva-
tions over Ore rings. For C' € Frac(C), and n € Z, we define:

Tr,(C)=C+0(C)+---+0"1C) ifn>0
=—0"4C)-072(C)—---—0"(C) ifn<0

We observe that Tr, is the trace from Frac(C) to Frac(Z). In particular, it takes its values in
Frac(Z).
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Proposition 2.1.1. Let 9 : AT — AT (resp. 9 : A — A, resp. 9 : Frac(A) — Frac(A)) be a
K-linear derivation, i.e. a derivation whose ring of constants contains K. Then, there exists a
uniquely determined C € CT (resp. C € C, resp. C € Frac(C)) such that:

a( > aiXi) =Y aTn(0)X". (17)

Conversely, any such C gives rise to a unique deriation of AT (resp. A, resp. Frac(A)).

Proof. Unicity is clear since C' = 9(X)X 1.

Let 0 be a K-linear derivation as in the proposition. Applying 9 to the equality Xa = 0(a)X
(a € K), we get 9(X)-a = 0(a)-0(X). Writing d(X) = >, ¢; X", we deduce ¢;0'(a) = ¢;0(a) for all
index i, showing that ¢; has to vanish when i # 1 (mod 7). Thus 9(X) = CX for some C € C*
(resp. C' € C). A direct computation then shows that:

I(X?) =X0(X)+9(X)X =XCX +CX?=(C+0(0))X* =Try(C)X?

and, more generally, an easy induction leads to 9(X?) = Tr;(C)X* for all i > 0. In the cases of A
and Frac(A), we can also compute 9(X?) when i is negative. For this, we write:

0=01)=0X"'X)=0 X HXx +X'0X

from what we deduce that 9(X 1) = —X 10 = —071(C) X! = Tr_1(C)X 1. As before, an easy
induction on 4 then gives 9(X?) = Tr;(C) X for all negative i. We deduce that Eq. (17) holds.

For the converse, we first check that Eq. (17) defines a derivation on A. In the case of Frac(A),
we need to justify in addition that 0 (given by Eq. (17)) extends uniquely to Frac(A). This is a
consequence of the following formula:

a(i)za(f)D+fa(D) (feA De2)

D D?
which holds true because D is central. O
Let ¢ : Frac(A) — Frac(A) denote the derivation of Proposition 2.1.1. We have:
0o(Y) = Trp(C) - Y = Trprac(c)/Frac(z)(C) - Y € Frac(2).

We deduce that Jd¢ stablizes Frac(C) and Frac(Z) and acts on there rings as the derivation
Trhrac(c)/Frac(2)(C) - Y - 4o
Proposition 2.1.2. For C € Frac(C), the following assertions are equivalent:

(i) Oc is C-linear,

(1) Trerac(c)/Frac(2)(C) =0,
(i11) there exists U € Frac(C) such that Oc(f) = fU = Uf for all f € Frac(A).

Proof. The equivalence between (i) and (ii) is clear by what we have seen before. If (ii) holds,
then the additive version of Hilbert’s Theorem 90 ensures that C' can be written as 6(U) — U with
U € Frac(C). Then 9¢(X?) = Tr;(0(U) — U)X* = /(U)X —UX* = X'U — UX" for all integer
i. By K-linearity, we deduce that dc(f) = fU — U f for all f € A, implying (iii). Finally, if (iii)
holds, d¢ clearly vanishes on C, implying (i). O

Extensions of the canonical derivation %. An important case of interest occurs when
Trrrac(e)/Frac(2)(C) = Y1, as Oc then induces the standard derivation % on Frac(C). When p
does not divide r, a distinguished element C' satisfying the above condition is C = 1Y 1.

Definition 2.1.3. When p does not divide r, we set y,can = Or-1y-1. Explicitely:
Oy can ( Z aiXi) =rL. Z ’L'aiXi_T.
i i
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Another interesting feature of the derivation Jy,can is that its p-th power vanishes (as we can
check easily by hand). This property will be very pleasant for us in §2.2 when we will define Taylor
expansions of skew polynomials. Unfortunately, it seems that there is no simple analogue of Oy can
when p divides r, as shown by the following proposition.

Proposition 2.1.4. Let C € Frac(C) with Trprac(c)/Frac(z)(C) = Y~! and 8% = 0. Then p does
not divide r.

Proof. Our assumptions ensure that d¢c induces the derivation % on Frac(C). Fori € {1,2,...,p},
we define C; = 95(X) X ~'. A direct computation shows that:
dc;
cCi=0C ; Ci = ! Cl C. 18
1 ; 1=t (18)

In particular, we deduce that C; € Frac(C) for all . Assume by contradiction that C' has a pole
of order v > 2 at 0. By induction, this would imply that C; has a pole of order vi at 0 for
i € {1,...,p}, contradicting the fact that C), vanishes. Consequently, C' has at most a simple
pole at 0. Write C' = aY ! + O(1) with @ € K. The recurrence relation (18) shows that, for
i€{l,...,p}, we have C; = a;Y ~* + O(Y ~**1) where the coefficients a;’s satisfy:

G =a ; a1 =—ta;+a;a=a; (a—1)

Hence a, = a-(a—1)---(a — (p—1)) = a? — a. In order to guarantee that a, vanishes, we then
need a € F, C F. Taking the trace, we obtain Trpyac(c)/Frac(z)(C) = ra Y~1+0(1). Thus ra =1
in F' and p cannot divide 7. O

Remark 2.1.5. With the notation of the proof above, (), is the function by which the p-curvature
of the linear differential equation vy’ = C'y acts. With this reinterpretation, one can use Jacobson
identity (see Lemma 1.4.2 of [27]) to get a closed formula for C), which reads:

ar—tc
A

+CP.

Derivations over quotients of Ore rings. Following §1.2, we propose to classify K-linear
derivations A/N; A — A/N>A. However, we need to pay attention in this case that such derivations
are only defined when A/N>A is an algebra over A/Nj.A, that is when Ny divides Na.

As in §1.2, we consider in addition a commutative Z-algebra Z’. We extend readily the defini-
tion of d¢ to an element C € Z' ® z Frac(A).

Proposition 2.1.6. Let Ni,No € Z% be two nonconstant polynomials with nonzero constant
terms. We assume that Ny divides No. Let Z' be a commutative Z-algebra.

Let 0 : AINJA — Z' @z A/Na A be K-linear derivation. Then 0 = Oz mod Na for some
element C € Z' @z C with the property that No divides Oc(Ny). Such an element C is uniquely
determined modulo No.

Moreover, the following assertions are equivalent:

(i) O is a C-linear
(Zl) TrZ’@gC/Z’(C) =0 (mod NQ)
(i11) there exists U € Z' @z C/NaoC such that O(f) = fU —Uf for all f € A/N1A.

Proof. Tt is entirely similar to the proofs of Propositions 2.1.1 and 2.1.2. O

2.2 Taylor expansions

The aim of this subsection is to show that skew polynomials admit Taylor expansion around any
closed point of F' and to study its properties. Especially, when 7 is coprime to p, we will prove that
the Taylor expansion is canonical are given by a Taylor-like series involving the successive divided
powers of the derivation Ocap.
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2.2.1 The commutative case: reminders

By definition, we recall that the Taylor expansion of a Laurent polynomial f € C around a point
c € K, ¢ # 0 is the series:

S fl (e (19)
n=0

where T is a formal variable playing the role of Y+¢ and the notation f™ stands for the n-th
divided derivative of f defined by:

The n-th divided derivative satisfies the following Leibniz-type relation:

n

(fo)lrh =Y fimlgl=ml (r,gech)

m=0

for what we deduce that the mapping C — K][[T]] taking a Laurent polynomial to its Taylor
expansion is a homomorphism of K-algebras. Moreover, it induces an isomorphism:

o

$olim C/(Y—o)™C =~ K[[T]].

m>0

More generally, let N € C be an irreducible separable polynomial. Let also ¢ € C/NC be
the image of X; by construction, it is a root of N. The Taylor expansion around c defines a
homomorphism of K-algebras C — (C/NC)[[T]], inducing itself an isomorphism:

<

lim C/N™C ~ (C/NC)[T]).

m>0

The image of N under this isomorphism is a series of valuation 1. As a consequence, twisting by
an automorphism of (C/NC)[[T]], there exists an isomorphism of K-algebras:

7 ¢ lim C/N™C =~ (C/NC)[[T]]

m>0

mapping N to T and inducing the identity map C/NC — C/NC after reduction modulo N on
the left and modulo 7" on the right. Moreover TJ% is uniquely determined by these properties. In
addition, we observe that when N =Y —c is a polynomial of degree 1, the isomorphisms T)C/_C and
¢ agree.

It turns out that the existence of the unicity of 7§ continues to hold under the sole assumption
that N is separable; this can be proved by noticing that IV factors as a product of distinct irreducible
factors Ny - - - Ny, and, then, by gluing the corresponding T]%i using the Chinese Reminder Theorem.
In this general setting, the inverse of T]% can be easily described: it maps T' to N and X € C/NC to
the unique root of N in fm o C/N™C which is congruent to X modulo N. The existence and the
unicity of this root follows from Hensel’s Lemma thanks to our assumption that N is separable: it

can be obtained as the limit of the Newton iterative sequence:

N(X;)
N’(Xl) '

X():X, Xi+1:Xi7

Of course, the above discussion is still valid when C is replaced by Z (and K is replaced by
F' accordingly). For any separable polynomial F' € Z, we then have constructed a well defined
isomorphism:
Ty lm Z/N"Z ~ (Z/NZ)([T]]

m>0
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We note that N remains separable in C, implying that 7§ is also defined. The unicity property
ensures moreover that the following diagram is commutative:

lim ¢/N™C — >~ (¢/NO)([T] (20)

m>0

lm Z/N™2 —— (2/NZ)[[T]

m>0

where the vertical arrows are the canonical inclusions.

2.2.2 A Taylor-like isomorphism for skew polynomials

We now aim at completing the diagram (20) by adding a top row at the level of Ore rings. For
now on, we fix a separable polynomial N € Z. To simplify notations, we set:

M:%MWA;@:%QWC;%:%MWZ

Here is our first theorem.

Theorem 2.2.1. (i) There exists an isomorphism of K-algebras v : Ay — (A/NA)[[T]]
mapping N to T and inducing the identity of A/NA after quotienting out by N of the left
and T and the right.

(ii) Any isomomorphism Tn satisfying the conditions of (i) sits in the following commutative
diagram:

Ay —— (A/NA)[[T]] (21)

ex — T (/N1

Remark 2.2.2. If N is an irreducible polynomial in Z, the polynomials aX™ N (with a € F and
n € Z) are also irreducible in Z and they all generate the same ideal. If 7y satisfies the conditions
of Theorem 2.2.1, then a suitable choice for 7,xn»ry i ¢ o T where ¢ is the automorphism of
(A/NA)[[T]] taking T to a X" T.

In what follows, we shall say that a Laurent polynomial N € Z is normalized if N € Z*, N is
monic and N has a nonzero constant coefficient. With this definition, any ideal of Z has a unique
normalized generator.

Proof of Theorem 2.2.1. The general strategy of the proof is inspired by the caracterization of
the inverse of 7y we gave earlier: we are going to construct the inverse of 7 by finding a root
of N is Ay. Without loss of generality, we may assume that N is normalized. Write N =
ap+a1Y + -+ agsY? with a; € F. For f € A, we define:

N(f)=ao+arf" +aaf” +--+aaf € A

We also set N/ = % = a1 +2aY + -+ dagY4 ! In addition, we choose and fix an element
a € K with Trgp(a) = 1.

As in Hensel’s Lemma, we proceed by successive approximations in order to find a root of N
is Ay. Precisely, we shall construct by induction a sequence (Zm)m>1 of polynomials in Z% with
Z1 =0, Zys1 = Zy, (mod N™) and N(X + aZ,,X) € N™ZT for all m > 1. In what follows, we
will often write C,,, for 1 + aZ,, € CT. We assume that Z,, has been constructed for some m > 1.
The second condition we need to fulfill implies that Z,,,1 must take the form Z,,+1 = Z,, +aN™Z
for some Z € ZT. The third condition then reads N(C,,41X) € N1 Z T,

Let us first prove that N(Cy,+1X) lies in Z%. For this, we observe that

(Con1 X)" = (1+ aZms1) - (1 4+ 0(a) Zmgr) -+ (L4 60" (a) Zigr) - X7
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The latter is obviously a polynomial in X" with coefficients in K. Since it is moreover stable by
the action of 0, its coefficients must lie in F' and we have proved that (Cp,11X)" € ZT. The fact
that N(Cp+1X) € ZT follows directly.

It remains now to ensure that N(C,,;1X) is divisible by N™T! for a suitable choice of Z. For
any positive integer n, we have the following sequence of congruences modulo N™+t1:

rn—1
(Crn1 X)™ = (Cn X)™ 4+ Y (Cou X)'aN™ ZX (Crpa X )1

1=0
rn—1

= (CoX)™+ > X'aN"ZX"™ since C, =1 (mod N)
i=0
rn—1 )

= (CuX)™+ > 0(a)X""N™Z
1=0

=(CpX)™ 4+ X"™N™Z (mod N™*) since Trg p(a) = 1.

Therefore N(Cpi1X) = N(CppnX) + X"N'N™Z (mod N™*1). By the induction hypothesis,
N(CpX) = N™S with S € ZT. We are then reduced to prove that there exists a polynomial
Z € Z* such that S+ X"N'Z =0 (mod N), which follows from the fact that X"N’ is coprime
with N.

The sequence (Z,,)m>1 we have just constructed defines an element Z € Zy. We set C =
1+ aZ; it is an element of Cwn. Besides, by construction, C'X is a root of N, in the sense that
N(CX) = 0. This property together with the fact that C' is invertible in Cyn ensure that the map
t: A/ NA — Ay, X — CX is a well defined morphism of K-algebras (see also §1.2). Moreover,
since C' =1 (mod N), ¢ reduces to the identity modulo N. Mapping T to N, one extends ¢ to a
second morphism of K-algebras:

7 (A/NA)[T]] — An.

The latter induces the identity after reduction modulo 7" on the left and N on the right. Since the
source and the target are both separated are complete (for the T-adic and the N-adic topology
respectively), we conclude that 7 has to be an isomorphism. We finally define 7y = 77! and
observe that it satisfied all the requirements of the theorem.

It remains to prove (ii). By Theorem 1.2.6, given a positive integer m, any morphism of
K-algebras A/NA — A/N™A takes C/NC to C/N™C. Passing to the limit, we find that any
morphism of K-algebras A/NA — Anx must send C /NC to Cxn. Therefore, any isomorphism 7y
satisfying the conditions of (i) induces a morphism of K-algebras (C/NC)[[T]] — Cn which contin-
ues to map 7T to N and induces the identity modulo 7. By the unicity result in the commutative
case, we deduce that 7y coincides with 7§ on (C/NC)[[T7], hence (ii). O

About unicity. Unfortunately, unlike the commutative case, the isomorphism 7 is not uniquely
determined by the conditions of Theorem 2.2.1. We nevertheless have several results in this direc-
tion.

Proposition 2.2.3. Let 7x.1, T2 : Ay — (A/NA)[[T]] be two isomorphisms of K -algebras
satisyfing the conditions of Theorem 2.2.1. Then, there exists V € (C/NC)[[T]] with V =1
(mod T) such that Ty 1(f) =V rna(f)V for all f € Ay.

Proof. Set v = TJ\_,12 o Tn,1; it is an endomorphism of K-algebras of An. Besides, thanks to the
unicity result in the commutative case, 7,1 and 7,2 have to coincide on 14 ~. This means that ~ is

in fact a morphism of ¢ n-algebras. Applying Theorem 1.2.6 and passing to the limit, this implies
the existence of an invertible element U € Cy, U = 1 (mod N) such that v(f) = U~ fU for all
f € An. Applying 7n 2 to this equality, we find that the proposition holds with V' = 7n o(U). O

Corollary 2.2.4. Given f € A and N as before, the following quantities are preserved when
changing the isomorphism T :

(i) the T-adic valuation of Tn(f),
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(1’) more generally, for j € Z, the T-adic valuation of o;(Tn(f)),

(ii) the first nonzero coefficient of Tn(f),

(11’) more generally, for j € Z, the first nonzero coefficient of o;(tn(f)),
(i11) the 0-th section of TN (f), namely oo(Tn(f)),

(it1’) more generally, any quantity of the form o, . ;, (Tn(f)) with j1 + -+ jm =0 (mod 7).

.....

Proof. By Proposition 2.2.3, if 7y 1 and 7y 2 are two suitable isomorphisms, there exists an invert-
ible element V € (C/NC)[[T]], V =1 (mod T) such that:

™alf) =V Tna(f) - V. (22)
The items (i) and (ii) follows. Let j € Z. By Lemma 1.2.8, applying o; to (22), we get:
gjotna(f) =V ajomna(f) 67 (V)
which implies (i) and (ii”). Finally (iii) and (iii’) follow from Proposition 1.2.10. O

When p does not divide r, the situation is even better because one can select a canonical
representative for 7. Precisely, we have the following theorem.

Theorem 2.2.5. We assume that p does not divide r.

(i) The homomorphism of K -algebras:

1/r
TNcan t An = (A/NAT]], X (TJCV (Y)) X

satisfies the conditions of Theorem 2.2.1.

(ii) The morphism Tn can is the unique isomorphism 7 : Ay — (A/NA)[[T]] which satisfies the
conditions of Theorem 2.2.1 and the extra property Tn(X) € (Z/N2)[[T]]- X.

Remark 2.2.6. Note that 75 (Y) is an element of Z which is congruent to Y modulo T'. Therefore
C
TNT(Y) is congruent to 1 modulo 7" and raising it to the power < makes sense in (Z/N Z)[[T]] thanks

to the formula:

(1+zT)1/T:i %% (%1)...<%(n1)> LT

n=0

Cn

Observe that all the coefficients ¢,’s lie in Z[%] and so can be safely reduced modulo p if p does
not divide r.

Proof of Theorem 2.2.5. The first part of the theorem is easily checked. We now assume that we
are given two isomorphisms of K-algebras 7.1, 7x.2 : Ax — (A/N.A)[[T]] satisfying the conditions
of the theorem. For i € {1,2}, we write 7n ;(X) = Z; X with Z;, € (Z/NZ)[[T]]. By Proposition
2.2.3, we know that these exists V' € (C/NC)[[T]] such that V =1 (mod T') and

Verna(f) =1ne(f) -V

for all f € Ay. In particular, for f = X, we get VZ1 X = Zo XV, implying VZ; = 0(V)Z, in
(C/NC)[[T]]). Taking the trace from K to F, we end up with WZ; = WZy with W =V 4+ 6(V) +
<+ 0""YV). Observe that W = r (mod T); therefore, it is invertible in (Z/N Z)[[T]] and the
equality WZ; = W Zs readily implies Z; = Z», that is 7y,1 = 7w ,2. |

2.2.3 Taylor expansions of skew rational functions

Recall that we have defined in §1.1 the fraction field Frac(A) of A and we have proved that
Frac(A) = Frac(Z) ®z A (see Theorem 1.1.4).
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Taylor expansion at central separable polynomials. For a given separable polynomial
N € Z, the isomorphism 7y of Theorem 2.2.1 extends to an isomorphism Frac(Z) @z Ay —
(A/NA)(T) and we can consider the composite:

TSy : Frac(A) = Frac(2) @z A — Frac(2) @z Ay — (A/NA)(T)

where the first map is induced by the natural inclusion A — Ay. By definition TSy (f) is called
the Taylor expansion of f around N. We notice that it does depend on a choice of the isomorphism
Tn. However, one can form several quantities that are independant of any choice and then are
canonically attached to f € Frac(A) and N as before. Many of them are actually given by
Corollary 2.2.4; here are they:

(i) the order of vanishing of f at N, denoted by ordy(f); it is defined as the T-adic valuation
of TSN(f),

(") for j € Z, the j-th partial order of vanishing of f at N, denoted by ordy ;(f); it is defined
as the T-adic valuation of o;(TSn(f)),

(ii) the principal part of f at N, denoted by Py (f); it is the element of A/NA defined as the
coefficient of T~ (f) in the series TSy (f),

(ii’) for j € Z, the j-th partial principal part of f at N, denoted by Py ;(f); it is the element of
C/NC defined as the coefficient of T°"~.i(f) in the series o (TSy(f)),

(iii) the 0-th section of TSy (f), namely oo(TSn(f)),
(iii’) more generally, any quantity of the form o;, . ; (TSn(f)) with j1 + -+ + jm =0 (mod 7).
The previous invariants are related by many relations, e.g.:

e ordy(f) = min (ordz\/,o(f)7 . ,ordN,T_l(f)),

o ordy,j4r(f) = ordn,;(f),

o Py(f) =2, Pn;(f) X7 where the sum is extended to the indices j € {0,1,...,r—1} for
which ordy ;(f) = ordy(f),

L] PN,j+T(f) =X" PN,j(f)v

e ordy(fg) > ordy(f) + ordy(g) and equality holds as soon as A/NA is a division algebra®,

e Pn(fg) =Pn(f)-Pn(g) when ordy(fg) = ordn(f) + ordy(g).

We say that f has no pole at N when ordy (f) > 0. It has a simple pole at N when ordy (f) = —1.
Generally, we define the order of the pole of f at N as the opposite of ordy (f).

Taylor expansion at nonzero closed points. In a similar fashion, one can define the Taylor
expansion of a skew rational function at a nonzero closed point z of F. When 2z is rational, i.e.
z€ F, z+# 0, we simply set TS, =TSy _..
Otherwise, the construction is a bit more subtle. Let F*® be a fixed separable closure of F' and
let z € F®, z# 0. Let also N € Z7 be the minimal polynomial of N. We have recalled in §2.2.1
that the Taylor expansion around z defines an isomorphism:
¢ Cn =5 (C/NO)[[T]]
which is characterized by the fact that it sends Y to z + 7. In general, 7 does not agree with T](f,
but there exists a series S, € (C/NC)[[T]] such that ¢ = ¢, o 7§ where ¢, is the endomorphism
of (C/NC)[[T]] taking T to S, (and acting trivially on the coefficients). The latter extends to

4This is the case for instance if K = C, 0 is the complex conjugacy and N = X2 + z with z € Rx.
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an endomorphism of (A/NA)[[T]], that we continue to call ¢,. By construction, the following
diagram is commutative:

Ay —==F (A/NA)([T]] (23)

I

Cny ———— (C/NC)[[T]]

whenever 7y : Ay — (A/N.A)[[T]] is an isomorphism satisfying the conditions of Theorem 2.2.1.(i).
It worths noticing that the morphisms of the form ¢, o7y can be characterized without any reference
of TN -

Proposition 2.2.7. Given z € F*®, z # 0, we have the following equivalence. A mapping 7, :
An = (A/NA)[[T]] is of the form ¢, o Tn (where T satisfies the condition of Theorem 2.2.1) if
and only if T, is a morphism of K-algebras, 7.(X) =X (mod T) and 7.(Y) =2z +T.

Proof. If T, = ¢, o 7y, it follows from the conditions of Theorem 2.2.1 that 7, is morphism of
K-algebras which induces the identity modulo 7. Hence 7.(X) = X (mod T'). Moreover, by the

second part of Theorem 2.2.1, we know that 7 coincides with TJ% on C,. Therefore 7, has to agree

with ¢, o 7§ = 7€ on Cn, implying in particular that 7, (Y) =z + T.

Conversely, let us assume that 7, satisfies the condition of the proposition. We have to check
that 7y = (p;l o 7, satisfies the conditions of Theorem 2.2.1. The fact that 7 is a morphism of
K-algebras is obvious. The assumption 7,(X) = X (mod T') ensures that 7 acts as the identity
modulo 7'. Finally, the hypothesis 7,(Y) = z + T implies that 7, coincides with 7¢ on Cyn. Hence:

™W(N) =@ o (N) =g ord(N) =7 (N) =T
and we are done. |

Definition 2.2.8. We say that a morphism 7 : Ay — (A/NA)[[T]] is admissible if it satisfies the
conditions of Proposition 2.2.7.

Remark 2.2.9. By Theorem 1.2.6, a homomorphism of K-algebras 7. : Ay — (A/N.A)[[T]] is
entirely determined by the element C' = 7,(X) X! € (C/NC)[[T]]. Proposition 2.2.7 shows that
7 is admissible if and only if:

T
C=1 (modT) and Ne/neyry/z/nz)m)(C) =1+

Moreover any C' € (C/NC)[[T]] satisfying the above conditions gives rise to an admissible mor-
phism 7.

From now on, we fix a choice of an admissible morphism 7,. Accordingly, we define TS, as the
composite:

TS. : Frac(A) = Frac(Z) ®z A — Frac(2) @z Ay = (A/NA)(T)).

Like TSy, the morphism TS, depends upon some choices but some quantities attached to it are
canonical, as the order of vanishing at z, the principal part at z, etc. For f € Frac(A) and j € Z,
we use the transparent notations ord,(f), ord, ;(f), P.(f) and P, ;(f) to refer to them.

Proposition 2.2.10. Let z € F5, 2 # 0 and let N € Zt be its minimal polynomial. Then:
(i) ord(f) = ordn(f),
(i’) ord. ;(f) = ordw ;(f) for all j € Z,
(ii) P=(f) = Pn(f),

(ii’) P, (f) = Pn,j(f) for all j € Z.

Proof. Everything follows from the facts that ¢, preserves the valuation, the principal part and
commutes with o;. O
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Taylor expansion at 0. Until now, we have always paid attention to exclude the special point
z = 0. Indeed, when z = 0, the situation is a bit different because, roughly speaking, the ideal (V)
ramifies in the extension AT /CT. However, it is also possible (and even simpler) to define Taylor
expansions around 0. In order to do this, we first define:

A7 = lim AT/ Y AY and Ao = Af 5]

m>0

The elements of fl{{ can be viewed as power series in the variable X, that is infinite sums of the
form:
f:a0+a1X+~~~+anX"+~~~

where the coefficients a; lie in K. The multiplication on Ay is driven by Ore’s rule X - ¢ = 6(c)X
for ¢ € K. Similarly, the elements of A are Laurent series of the form:

f=a, X"+ apm X"+ dag+a X+ +a, X"+ -

where v is a (possibly negative) integer and the a;’s are elements of K. For this reason, we
will sometimes write K ((X;6)) instead of Ay. Noticing that Frac(Z) canonically embeds into
F(Y)) c K((X;0)), we deduce that Frac(Z) ®z+ A ~ K(X;0)). We are now ready the define
the Taylor expansion at 0, following the construction of TSy. We set:

TS : Frac(A) = Frac(2) ® z+ AT — Frac(2) ®z+ Af — K((X;0)).

Unlike TS, the morphism TSy is entirely canonical and does not depend upon any choice.

Taylor expansion and derivations. In the commutative case, the coefficients of the Taylor
expansion of a function f around one rational point z are given by the values at z of the successive
divided derivatives of f (see Eq. (19)). Below, we will establish similar results in the noncommu-
tative setting.

We consider an element z € F®, 2z # 0. Let N € ZT be the minimal polynomial of z.
Let 7. : Ay — (A/NA)[[T]] be any admissible morphism (see Definition 2.2.8). We define
C = 7,(X)X~! € (C/NC)[[T]]). It is congruent to 1 modulo T’ in particular, it is invertible in
(C/NC)[[T]]. The codomain of 7., namely (A/NA)[[T]], is canonically endowed with the deriva-
tion diT. A simple computation shows that it corresponds to the derivation d¢ on Ay where € is

defined by:
ac A
c=r {0 — ) € An.
o) <A
The p-th power of J¢ vanishes since it corresponds to d‘g:p through the isomorphism 7. Using 7.,
we can go further and define higher divided powers of J¢ by:

al 1 d0
6[@]:7210(5 dTn)orz (24)

for all nonnegative integer n. With this definition, it is formal to check that:

n.(f) =S () - T e (A/NANT]]. (25)

However, this result is not entirely satisfying because € is hard to compute (and the 8[6"] 's are even
harder) and depends heavily on z. Typically, Proposition 2.1.4 shows that € cannot be rational
unless r is coprime with p. Nevertheless, when p does not divide r and 7 is well chosen, we shall see
that the computation of € and 8@ can be carried out and yields eventually a simple interpretation
of the Taylor coefficients.

Frow now on, we assume that p does not divide r. By Theorem 2.2.5, we know that there is a
canonical choice for 7, called 7 ¢an. The corresponding element C'is:

)\ T\'/"
can — = =1 - .
= (57) = (145)
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Therefore:

dC 1 1 1
Con=7. 1 [CZL =22 ) =71 [ = = —.
o T ( canqr T rT+z rY

In particular, we observe that €.,, is rational and, even better, d¢_, . is equal to the canonical
derivative Ocan we introduced in Definition 2.1.3. Its divided powers (defined by Eq. (24)) also
have a simple expression:

a([:g]n(zazXz) = Z % % . (% — 1) (% — (n_l)) - a; Xi—rn-

Cni

where the coefficients ¢, ;’s all lie in Z[%] and, consequently, can be reduced modulo p without
trouble. With these inputs, Eq. (25) reads:

Tecan(f) = Y OGL()) T" € (A/NAT]] (26)

which can be considered as a satisfying skew analogue of the classical Taylor expansion formula.

2.3 A theory of residues

The results of the previous subsection lays the foundations of a theory of residues for skew poly-
nomials. The aim of the present subsection is to develop it: we will define a notion of residue at
a closed point of I for skew rational functions and then study how residues behave under duality,
change of variables, etc. Along the way, we will also prove an analogue in our setting of the classical
residue formula.

Throughout this subsection, we fix a separable closure F*® of F', together with an embedding
K < F*. For z € F® and C € Frac(C), we will write res,(C-dY") for the (classical) residue at z of
the differential form C-dY.

2.3.1 Definition and first properties

We recall that, for z € F® z # 0, we have defined in §2.2.3 a (non canonical) morphism of
K-algebras:
TS, : Frac(A) — (A/NA)(T))

where N € Z7 is the minimal polynomial of z. On the other hand, there is a natural embedding
Z /N Z < F* obtained by mapping Y to z. Extending scalars from F' to K, it extends to a second
embedding

L, :C/NC — K®p F*.

Before going further, let us observe that the codomain of ¢,, namely K ® g F®, is naturally isomor-
phic to a product of r copies of F® via the mapping:

B:K®pF° — (F°)", c®z— (cx,0(c)z,....00  (c)x).
We now arrive at the definition of residues of skew rational functions.
Definition 2.3.1. For z € F®, z # 0, and f € Frac(A), we define:

e the skew residue of f at z, denoted by sres, (f), as the coefficient of 7! in the series TS, (f);
it is an element of A/NA,

o for j € {0,...,r—1}, the j-th partial skew residue of f at z, denoted by sres, ;(f), as:

1zo0josres,(f) € (K ®p F®).
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Here are two important remarks concerning residues.

First, we insist on the fact that both sres,(f) and sres; ;(f) do depend on the choice of the
admissible morphism 7, (used in the definition of TS,) in general. However, Corollary 2.2.4 shows
that sres.(f) and sres, ;(f) are defined without ambiguity when f has (at most) a simple pole at
z. Besides, when p does not divide r, there is a distinguished choice for TS, (see Theorem 2.2.5),
leading to distinguished choices for sres, and sres. ;. In the sequel, we will denote them sres; can
and sres; j can-

Second, we observe that, the collection of all the partial skew residues sres. ;(f)’s captures as
much information as sres.(f), given that sres.(f) is determined by its sections o (sres.(f))’s with
0 < j < r thanks to the formula:

p—1
sres, (f) = Zoj osres(f).
§=0

Residues at special points. It will be convenient to define residues at 0 and co as well. For
residues at 0, we recall that we have defined a canonical Taylor expansion map around 0:

TSo : Frac(A) — K((X;0))

Definition 2.3.2. For f € Frac(A) and j € {0,1,...,r—1}, we define the j-th partial skew residue
of f at 0, denoted by sres ;(f), as the coefficient of X7~" in the series TSo(f).

Residues at infinity are defined in a similar fashion. Let X be a new variable and form the
skew algebra A = K[X*';0!]. Clearly A is isomorphic to A by letting X correspond to X 1.
We then get a map:

TS, : Frac(A) ~ Frac(A) — K(X;671)

where the second map is the morphism TS for A.

Definition 2.3.3. For f € Frac(A) and j € {0,1,...,7—1}, we define the j-th partial skew residue
of f at oo, denoted by sress ;(f), as the opposite of the coefficient of X"~/ in the series TS (f).

Unlike sres, ;(f), the partial skew residues sresp ;(f) and sress ;(f) do not depend on any
choice and so are canonically attached to f.

Commutative residues. The residues we just defined are actually closely related, in many
cases, to classical residues of usual rational functions. In order to state precise results in this
direction, we need extra notations. We observe that the map res, defines by restriction a F-linear
mapping ZdY — F®. Tensoring it by K over F', we obtain a K-linear map p, : CdY — K®p F*®.
Letting res : (C/NC)((T")) — C/NC be the map selecting the coefficient in 7~!, one checks the two
following formulas:
Dz (C’-dY) =y,oreso TS, (C)
Bop.(C-dY) = (res,(C-dY),res. (0(C)-dY),...res. (0" (C)-dY))

for all C' € Frac(C).
Proposition 2.3.4. For z € F* U {cc} and f € Frac(A), we have sres. o(f) = p-(co(f)-dY).

Proof. By definition, sres, o(f) = t.oogosres,(f). Applying Lemma 1.2.9 and passing to the limit,
we find that the isomorphism 7, commutes with o¢. Hence o o sres, is equal to the compositum:
Frac(A) 2% Frac(C) 25 (C/NC)((T) * ¢/NC.

Composing further by ¢, on the left, we get the proposition. O
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Proposition 2.3.4 implies in particular that sres; o(f) does not depend on any choice and thus
is canonically attached to f and z. According to Corollary 2.2.4, there are other invariants which
are canonically attached to sres.(f). A family of them consists of the oj, ;. (sres.(f))’s for
Jis-eydm € Z with j1 + -+ + j,, =0 (mod r). However, these invariants seem less interesting; for
example, they do not define additive functions on Frac(A).

Under some additional assumptions, all the partial skew residues are related to residues of usual
rational functions.

Proposition 2.3.5. Let z € F® U {oo}, let f € Frac(A) and let j € {0,1,...,r—1}.
If z € {0,00} orord; ;(f) > —1, then:

stes. j(f) = pz(a;(f)-dY).

Proof. When z € {0, 00}, the proposition can be easily checked by hand. Let us now assume that
ord, ;(f) > —1. By Lemma 1.2.9, we know that o; o7, = N;(C) - (1, 00;) with C =7,(X)X ' €
(C/NC)[[T]]. Moreover, from the fact that 7, induces the identity modulo N, we deduce that C' =1
(mod T). Consequently 7. commutes with ¢; modulo 7. The end of the proof is now similar to
that of Proposition 2.3.4. O

2.3.2 The residue formula

In the classical commutative setting, the theory of residues is very powerful because we have at
our disposal many formulas, allowing for a complete toolbox for manipulating them easily and
efficiently. We now strive to establish analogues of these formulas in our noncommutative setting.
We start by the “commutative” residue formula.

Theorem 2.3.6. For f € Frac(A), we have:

Z sres, o(f) = 0.

z€FsU{oo}

Proof. Since (3 is an isomorphism, it is enough to prove that Zzeru{oo} Bosres, o(f) = 0. Writing
C = oo(f) € C, Proposition 2.3.4 asserts that:

Bosres,o(f)=Lop. (C) = (resz (C-dY),resZ (O(C)-dY), ...,Tes, (HT_I(C)-CZY))

in (F®)". The theorem them follows from the classical residue formula applied to the 67(C)’s for j
varying between 0 and r—1. O

The reader might be a bit disappointed by the previous theorem as it only concerns 0-th
partial skew residues and it reduces immediately to the classical setting. Unfortunately, in general,
it seems difficult to obtain a vanishing result involving skew residues since the latter might be not
canonically defined. There is however an important special case for which such a formula exists
and can be proved.

Theorem 2.3.7. Let f € Frac(A). We assume that f has at most a simple pole at all points
z€ F® z2#0. Then:

Z sres, ;j(f) =0

zeFsU{oco}
forall j €{0,1,...,r—1}.
Proof. Let j € {0,...,7—1} and set C; = 0;(f). By Proposition 2.3.5, we know that:
Bosres, j(f) = Bop.(Cj) = (res.(Cj-dY),res; (0(C;-dY)),...,res. (0" (C;)-dY))

By the classical residue formula applied successively with C;,0(C;),...,0"1(C}), we deduce that
sres, ;(f) has to vanish. O
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The case of canonical residues also deserves some attention. As before, the main input is a
formula relating the partial skew residues sres. j can(f) to classical residues. We consider a new
variable y and form the commutative polynomial ring K [y] and its field of fractions K (y). We embed
Frac(C) into K (y) by taking Y into y”. We insist on the fact that y is not X or, equivalently, K (y)
is not Frac(A): our new variable y commutes with the scalars. Since K(y) is a genuine field of
rational functions, it carries a well-defined notion of residue. For f € K(y) and z € F*, we will
denote by res. (f-dy) the residue at f of the differentiel form f-dy. Similarly the map p. extends
to K(y) dy. Performing the change of variable y — Y = y", we obtain the relations:

res,r (C . dY) =r-res, (yT_l C- dy)
Par (C : dY) =7"ps (yT_l C- dy)

which hold true for any C' € C and any z € F*®.

Proposition 2.3.8. We assume that p does not divide r.
For f € Frac(A), j €{0,1,...,r—1} and z € F®, z # 0, we have:

Sresz,j,can(f) =T g—j P¢ (yj-l-r—l Jj(f) : dy)
where ( is any r-th root of z.

Proof. Set Cean = Ts,can(X) X 1. From Lemma 1.2.9, we know that:
0 © Tz can = Nj(Cean) * (Tz,can © 05). (27)

On the other hand, it follows from Theorem 2.2.5 that Cean € (Z/NZ)[[T]]. Since moreover
Cean = 1 (mod T), writing 7, can(Y) = 2 + T, we find Cean = (1 + %)UT. Plugging this in (27),
we obtain:

Jlr
04 O Tz,can = (1 + ;) : (Tz,can o Uj)' (28)

The main observation is that the twisting function (1 + %)]/ " which is a priori only defined on
a formal neighborhood of T'= 0 (or, equivalenty of Y = z) is closely related to a function of the
variable ¢y which is globally defined. Precisely, consider the local parameter ¢t = y — ¢ on a formal
neighborhood of ¢. The relation y” = Y translates to (( 4+ ¢)" = z +T. Dividing by z on both

sides and raising to the power Z, we obtain:

. i/
Iyl = <1+ E>j = <1+ Z)]
¢ z

showing that our multiplier (1 + %)j/r is the Taylor expansion of the function (77y7. Eq. (28)

then becomes o (72.can(f)) = Tz,can (( 7797 0 (f)). Taking the coefficient in 77!, we get:

sresz,j.can(f) = p=(C7y7 0 (f) - dY) =1 pe(CTHy7 " oy(f) - dy)
which is exactly the formula in the statement of the proposition. O

Unfortunately, Proposition 2.3.8 does not give an interesting vanishing result for canonical par-
tial skew residues. Indeed, if we apply the residue formula to the differential form y/*" =1 o, (f)-dy,
we end up with:

> ¢ srescr jean(f) = 0. (29)

CEF®
¢#0

Actually, this formula does not give any information because the sum on the left hand side can be

refactored as follows:
5 ( S o ~sres<r,j,can<f>)

z€F® (r==z
270
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and each internal sum vanishes simply because ZCT:z ¢’ = 0. In other words, the formula (29)
holds equally true when sres¢r j can(f) is replaced by any quantity depending only on (.
However, Proposition 2.3.8 remains interesting for itself and can even be used to derive relations
on partial skew residues of a skew rational function f. One way to achieve this goes as follows.
Let f € Frac(A) and j € {1,...,r—1}. We assume that we know a finite set II = {z1,...,2,}
containing the points z € F*®, z # 0 for which ord, ;(f) < 0. We assume further, for each index 1,
we are given an integer n; with the guarantee that ord. ;(f) > —n,. For each i, we choose a r-th

root ¢; of z;. Let P € F®[y] be a polynomial such that, for all ¢, P(¢;) = Cz-_j and the derivative
P’(y) has a zero of order at least (n; — 1) at ;. This choice of P ensures that:

pe. (P(y) v "L oi(f) - dy) = ¢ pe, (v o(f) - dy)

for all index ¢. Thanks to Proposition 2.3.8, we obtain:

Sreszi,j,can(f) = P¢ (P(y) ijrTil gj (f) : dy)

Now applying the residue formula with the function P(y) y/T"~1 o;(f), we end up with:

> stes. jean(f) = —po(P() v/ 05 (f) - dy) — poc (P(y) ¥/ 05(f) - dy).
zeF®
z#0

The right hand side of the last formula can be computed explicity on concrete examples (though
determining a suitable polynomial P(y) might be painful if the order of the poles are large). To
begin with, note that, when ord. ;(f) > 0, the first summand po(P(y) 47" ~' 0;(f) - dy) vanishes.

2.3.3 Residue and duality

We recall that we have defined in §1.4 a duality f — f* on Frac(A) and that this duality acts as
the change of variables Y — Y ~! on the subalgebra Frac(C). We aim at comparing the residues of
f and f* for f € Frac(A). By what we have recalled above, when C' lies in Frac(C), the formula
we look for is nothing but the change of variables formula, which reads:

res, (C*-dY) =res,—1 (C-d(Y ")) =res,1 (Y 2C-dY).

For a general f € Frac(A), the result is more complicated to state because the skew residues
themselves are not canonically defined.

Theorem 2.3.9. Let z € F®, z # 0 and let f € Frac(A).

(i) For any admissible choice of T, (see Definition 2.2.8), there is an admissible choice of T,-1
such that:

sres; (f*) = (sres, 1 (fY_Qf))*.

(ii) If p does not divide r, we have:
sTes; can(f*) = (SreSZ—l,Can(—Y_Qf))*.

Remark 2.3.10. By definition, the skew residue sres,(f*) is an element of the quotient ring
A/NA where N is the minimal polynomial of z. On the other hand, the minimal polynomial of
271 is N* up to multiplication by a scalar. Therefore sres,—1(—Y ~2f) is naturally an element of
A/N*A. Tts image under duality then lies in A/NA, just like sres.(f*). Hence, both formulas of
Theorem 2.3.9 make sense.

Before entering into the proof of Theorem 2.3.9, we isolate a lemma that we will use several
times. In what follows, if f is a series in the variable T'; we use the notation res(f) to denote its
coefficient in 71,
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Lemma 2.3.11. Let N € Z. Let S € (Z/NZ)[[T]] be a series with constant term 0. Let:

v (ANA(T) — (A/NA(T)
Zi aiTi — Zz aiSi.

For all f € (A/NA)(T)), we have the formula:

res (w(4) G5 ) = rest) (30)

Proof. When f € (A/NA)[[T]], both sides of Eq. (30) vanish and the conclusion of the lemma
holds. Moreover, since i) and res are both K-linear, it is enough to establish the lemma when
f =T with i < 0. Eq. (30) then reads res(Sig—;) = res(Ti) and is a direct consequence of the
classical formula of change of variables for residues. O

Proof of Theorem 2.3.9. Let N be the minimal polynomial of z and let 7, : Ay — (A/NA)[[T]]
be an admissible morphism. Notice that N* is the minimal polynomial of z—! up to multipli-
cation by an invertible element of Z. Besides, observe that the duality f + f* induces isomor-
phisms of rings (Ayx)°? = Ay. and (A/NA)°P 5 A/N*A. The latter extends to an isomorphism
(A/NA)[[T])°P = (A/N*A)[[T]] by letting T go to T. We can then consider the isomorphism

7 Ane = (ANATY, f e ()

Setting S = — 1fZT and letting ¥ be the corresponding morphism defined in Lemma 2.3.11, we
have:

¢OT(Y):¢(H%) = Ziszz*wT.

We deduce from this computation that 7,-1 = v o 7 is an admissible morphism for z~!. For this
particular choice of 7,-1, the first assertion of the theorem follows from Lemma 2.3.11 after noticing

that:

ds 22 9
ar = g )

For the second part of the theorem, we assume that the morphism 7, we started with is 7, can. By
Theorem 2.2.5, Z = 7,(X) X! lies in (£/N Z)[[T]]. Let us compute:

T-1(X) =dor(X) =¢(n(X7N)) = (X' Z27)") =¢((Z7)X) =4((Z27)) - X.

In particular we find that 7,-1(X) X~ € (Z/NZ)[[T]]. By Theorem 2.2.5 again, 7,-1 = T,~1 can
and we finally conclude by applying (i). O

The formula for partial skew residues. Theorem 2.3.9 concerns skew residues but, of course,
it has direct consequences on partial skew residues. In what follows, in a slight abuse of notations,
we will write 6 instead of 8 ® id for its action on K Qp F*.

Corollary 2.3.12. Let z € F®, z # 0 and let f € Frac(A).

(i) We have:
stes. o(f*) = sres,—1 o(=Y 2 f).

Moreover, for any admissible choice of 7., there is an admissible choice of T,-1 such that, for
all j € {1,...,r—1}, we have:

stes. ;(f*) =z - 67 (sres,—1 ,_; (=Y 2f)).
(11) If p does not divide r, for all j € {1,...,r—1}, we have:

sres; j.can(f*) =2 - ¢’ (srequ,T_jjcan(fY_Qf)).
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Proof of Corollary 2.53.12. Given an admissible choice of 7., we know by Theorem 2.3.9 that there
exists an admissible choice of 7,-1 for which

sres, (f*) = (sreszfl(—Y_Qf))*. (31)

For simplicity, let us write g = sres,—1(—Y?2f). Let j € {0,...,7—1}. applying ¢, o o; to (31), we
find that the sres, ;(f*) = t. 0 0;(¢g*), When j = 0, it is equal to

Ly (Uo(g)*) =1, (Uo(g)) =1, 10000SIes, 1 (—YQf)

the first equality following from the fact that the duality acts on C through the change of variables
Y ~ Y 1. This gives the first statement of (i). When j > 0, we write:

*

0;(g%) =0/ (0-5(9))" =0/ (Y " 0,—(9))" = 0" (0,—5(9))" - (Y1) =V -0 (0,—5(9))"-
Applying now ¢,, we get:
L200j(g) =z 1. (07 (0r (g))*) =z 1,1 (07 (0v—(9))) =207 (1-1 (0v—;(9)))-
Replacing g by its value, we find:
stes. ;(f*) =207 (1,-1 0 0p_j ostes, 1 (=Y 2 f)).

The first part of the corollary is then proved. The second part follows as in the proof of Theo-
rem 2.3.9. O

Corollary 2.3.12 admits an analogue with residues at 0 and oo.
Theorem 2.3.13. For f € Frac(A) and j € {1,...,r—1}, we have:
Sreseo,0(f*) = sresoyo(fY*Qf),
stess,j (f*) = 07 (sresor—j (=Y ' f))

and similarly:

sreso o(f*) = sresso 0 (*Y_2f)v
sresg ; (f*) = ¢/ (SYGSOO,r—j(—Y_lf))-

Proof. We consider the rings K((X;0)) and K (X;671). The duality induces a well-defined ring
isomorphism K ((X;0))°° — K ((X;071)) defined by:

(zi:aiXi)* = ;Xiai = gefi(ai)f(i.

Moreover this duality is compatible with Taylor expansions, in the sense that it sits in the following
commutative diagram:
f=fr

Frac(A) Frac(A)

Tsol lTSoo

K(X:0) 2T K (X070
We now consider f € Frac(A). We write TSo(f) = >, a; X" with a; € K and deduce TSo(f*) =
>, 07%(a;)X". Thus, for all index j, we have sress ; = —67(a,_;). On the other hand, a simple
computation gives sresg ;j(—=Y "1 f) = —a; and sreso j(—Y "2f) = —a,4j. The two first formulas
follow easily. The two other formulas are proved similarly. O
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2.3.4 Change of variables

We now analyse the effect of an endomorphism ~ of Frac(A) on the residues. According to Theo-
rem 1.2.1, v(X) = CX for some C € Frac(C) and we have:

’Y(ZaiXi) = ZaiNi(C’)Xi

where, by definition, N;(C) = C - 0(C)---0"~1(C). Define Z = v(Y). We have:
Z = NT(C) Y = NFrac(C)/Frac(Z)(C) Y € Frac(Z)
and v acts on Frac(C) through the change of variables Y — Z.

Definition 2.3.14. Let v as above and let z € F*®
We say that z is v-regular if Z has no zero and no pole at Y = z.
When z is vy-regular, we define 7,z as the value taken by Z at the point Y = z.

For f € Frac(C) and z € F®, we have the formula

res,, . (f-dY) = res. (y(f)-dZ) = res. (7(f) %-dY) .

The aim of this subsection is to extend this relation to any f € Frac(A), replacing classical
commutative residues by skew residues.

Comparing skew residues at 7,z and z is not straightforward because they do not live in the
same space: the former lies in .A4/N;.A where N; is the minimal polynomial of v,z while the latter
sits in A/Na A where N3 is the minimal polynomial of z. We then first need to relate A/Ny.A and
A/No A. For this, we remark that, as v acts through the change of variables Y — Z on Z, it maps
N; to a multiple of No. Therefore it induces a morphism of K-algebras A/N; A — A/N>A.

Theorem 2.3.15. Let v : Frac(A) — Frac(A) be an endomorphism of K-algebras. Let z € F®,
z # 0 be a y-regular point.

(i) For any admissible choice of T, . (see Definition 2.2.8) there exists an admissible choice of
T, such that:

7y osres,, . (f) = sres, (*y(f) dzll(}f)) (32)

for all f € Frac(A).

(ii) A skew rational function f € Frac(A) has a single pole at v,z if and only if v(f) has a single
pole at f. When its occurs, Eq. (32) holds for any admissible choices of 7, . and 7.

Proof. We begin by some preliminaries. As before, we define C = v(X) X! and Z = (V) =
Ne/z(C)-Y. We put 21 = v,z and 23 = 2. For i € {1,2}, we define N; as the minimal polynomial
of z;. The quotient ring Z/N;Z is an algebraic separable extension of F'; we will denote it by E;
in the rest of the proof. By construction, E; admits a natural embedding into F® (obtained by
mapping Y to z;). The fact that v acts on Z by right composition by Z shows that v¢ induces
a field inclusion Fy — FE5, which is compatible with the embeddings in F*. In what follows, we
shall always view F7 and FEs as subfields of F® with Fy C FEs.

For i € {1,2}, we recall that the Taylor expansion around z; provides us with a canonical
isomorphism 77 : Zy, <5 E;[[T]]. The latter extends by K-linearity to an isomorphism 7€ : C, =
K ®r E[[T]]. We recall that 77 (Y) = 7¢(Y) = z; + T. We set S = 7 (Z) — 2, and consider the
mapping:

?: BT — ET]]
Zi aiTi — Zz aiSi.
We extend it by K-linearity to a map ¢ : K ®p F1[[T]] = K @ F»[[T]]. We have:

(pCOTlC(Y) :gac(zl +T):21+S:TQC(Z) :T2CO")/(Y).
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We deduce from this equality that the diagram

it
Cny ——= K @r E1[[T]]

I

Crny ——=— K @r B[]
is commutative, i.e. ¢ o7¢ = 7§ 0. Let us now consider an admissible choice of 7., and call
it 7; for simplicity. It is a prolongation of 7{. Besides, by Theorem 1.2.6, there exists C; €
(C/N:C)[[T]] = K @ E1[[T]] such that 71 (X) = C1X. The properties of 7y ensure in addition that
Cy1 =1 (mod T) and that:

T1 (Y) T
N = — 14+ =
Kermir/em) (C1) = =7 +
(see also Remark 2.2.9). Applying ¢ to this relation, we find:
S  15(2)
Nigr g/ sy (¢°(C1) = 1+ - = == ()

Let C € C/NoC ~ K @F FE5 be the reduction of C' modulo Ny. We shall often view C as a constant
series in (A/N2.A)[[T]]. Since the norm of C' in the extension C/Z is by definition Z Y !, we find:

_ = 21
Nkwr |7/ Bal(r) (O) = Nkwera/62 (C) = - (34
and:
_ 5 (Z)
Nicormy((r)/ms(m) (7 (C)) = 75 (Y1) = 2= (35)
2

Combining Eqgs. (33), (34) and (35), we obtain:

C - ¢(Ch) T
NK®FE2[[T]]/E2[[T]] (77_2(0) =1+ Z

Set Cy = % and let 7 : Ay, — (A/N2A)[[T]] be the morphism mapping X to CoX. The

above computations show that 7 is well defined and coincide with 7§ on ¢ N,- On the other hand,
one checks immediately that Co = 1 (mod N3), proving then that 75 induces the identity modulo
Ns. As a consequence, 7o is an isomorphism and it is an admissible choice for 7,. Moreover, it sits
in the following commutative diagram:

T1

A, (A/NLA)[[T]]

A, ——— (A/N2A)[[T]]

~

where ¢ is the extension of ¢ defined by ¢( >, a;T") = 3, v(a;)S*. The first assertion now
follows from Lemma 2.3.11 together with the fact that % =15 (j—f,).

The equivalence in assertion (ii) follows from what we have done before after noticing that S has
T-valuation 1 by the regularity assumption on z. The fact that Eq. (32) holds for any admissible
choices of 7,,. and 7, in this case is a direct consequence of the fact that skew residues do not
depend on the choice of the Taylor isomorphisms when poles are simple. O

Canonical residues. We recall that, when p does not divide r, there is a distinguished choice for
7, leading to a notion of canonical skew residues, denoted by sres, can. In what follows, we examine
how canonical residues behave under change of variables. After Theorem 2.3.15, one could hope
that Eq. (32) always holds with canonical residues, as the latter are canonical. Unfortunately, it
is not that simple in general. However, there is an important case where our first naive hope is
correct.
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Theorem 2.3.16. We assume that p does not divide r.
Let «y : Frac(A) — Frac(A) be an endomorphism of K -algebras. Let z € F®, z # 0 be a vy-regular
point. If v(X) X! € Frac(Z), we have:

dy

7 0 sT€Sy, 2 can(f) = STES: can (V(f) dV(Y))

for all f € Frac(A).

Proof. After Theorem 2.3.15, it is enough to check that the admissible choice 7, can leads to
the admissible choice 7T, can. By Theorem 2.2.5, this reduces further to check that Cy lies in
(Z/N2Z)[[T]] as soon as C1 is in (£/N1 Z)[[T]] (with the notations of the proof of Theorem 2.3.15).
This is obvious from the definition of Cs. O

We now consider the general case. Proposition 2.2.3 tells us that different choices of 7, are
conjugated. As a consequence, sres, . (f) and sres; can (7( f)%) should be eventually related
up to some conjugacy. In the present situation, it turns out that the conjugating function can
be explicited. From now on, we assume that p does not divide r. As before, we consider an
endomorphism of K-algebras v : Frac(A) — Frac(A) and we define C' = y(X) X ! € Frac(C). We
introduce the extension Z’ of Frac(Z) obtained by adding a r-th root of Ngyac(c)/Frac(z)(C) and
form the tensor products ¢’ = 2’ ®z C and A’ = Z/ ® z C. We emphasize that C’ is not a field in
general but a product of fields. However, the extension C’/Z’ is always a cyclic Galois covering of
degree r whose Galois group is generated by the automorphism id ® 6. Similarly, A’ could be not
isomorphic to an algebra of skew rational functions. Nevertheless, we have the following lemma.

Lemma 2.3.17. Given a v-regular point z € F* and its minimal polynomial N € ZT, any
admissible isomorphism 7, : Ay — (A/NA)[[T]] extends uniquely to an isomorphism:
V2 @z Ay 5 (A /NA)(T))

V4
inducing the identity after reduction modulo N on the left and modulo T on the right.

Proof. Let us first prove an analogous statement for that 72 : Zy — (£/N Z)[[T]]. For simplicity,
set Zo = Nprac(c) /Frac(2)(C) € Z and let Zo be the reduction of Zy modulo N. By the regularity
assumption, Zg # 0. Hence 77 (Zp) has a unique r-th root in (Z’/N 2’)[[T]] whose constant term is
the image of \/Zy in Z’/N Z’. This basically proves the existence and the unicity of a prolongation
Tzzl of 7Z.

Now, a prolongation of 7, is gi/ven by T,

z

A = TZZ/ ® T, which proves the existence. For unicity,
we remark that, by unicity of 72 , any isomorphism 7.

;4/ satisfying the conditions of the lemma

has to coincide with TZZ, on Z' ®z Zy. Since T;‘, is a ring homomorphism, we deduce that it must
necessarily agree with 72° ® 7, on its domain of definition. Unicity follows. O

Lemma 2.3.17 shows that the function sres, can : Frac(A) — A/NA admits a canonical extension
to C'. We will continue to call it sres, can in the sequel. We now consider the element:

B C
(/NFrac(C)/Frac(Z) (C)

By construction, it has norm 1 in the extension C’/Z’. Hilbert’s Theorem 90 then guarantees the
existence of an invertible element U € C’ (uniquely determined up to multiplication by an element
of Z’) such that:

c’ e C.

,  ({d®0)(U)
C —_— T.

Remark 2.3.18. Raising Eq. (36) to the r-th power, we get:

(36)

(id® 0)(U")
U’l“

id® 0)(V)

r—1 .
=(C) = ( % with v =]] ¢'(c)"" "
=0

Therefore U” € V Z’. This observation gives an alternative option for finding U: we look for an
element Z' € Z’ for which V' Z' is the r-th power in C’ and we extract its r-th root.
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Theorem 2.3.19. With the above notations, we have:

dv(Y
05165y, 2 can(f) = U™ - 5765, can <U V() U %) U

for all y-regular point z € F®, z # 0 and all [ € Frac(A).

Remarks 2.3.20. (1) When C € Frac(Z), the norm of C is equal to 1, so that we have ¢’ =
Frac(C) and C’ = 1. In this case, one can take U = 1 and the statement of Theorem 2.3.19
reduces to that of Theorem 2.3.16.

(2) When f € Frac(C), v(f) also lies in Frac(C) and thus commutes with f. Hence, the product

U ~(f) U™ reduces to y(f). Similarly the skew residue sres. can(7(f) %) is an element of
C/N>C and thus also commutes with U. Finally, Theorem 2.3.19 reads in this case:

d
v o sresv*z,can(f) = Sres; can <’Y(f) %)

which is the usual formula for commutative residues.
Proof of Theorem 2.3.19. We keep the notations of the proof of Theorem 2.3.16 and assume in
addition that the isomorphism 7., . we started with is 7., ; can, .. C1 € (Z/N1.Z)[[T]]. Actually,
we know more precisely that:
T 1/r
) = <1 + —) .
Z1

By the proof of Theorem 2.3.15, Eq. (32) holds when 7, is defined by 7,(X) = C2 X with:

c S\M7
p— . 1 — .
=70 (+)

Here we recall that C is the image of C' in C/N2C and S = m3(Z) — 22 where Z was defined by
Z = NFrac(c) /Frac(z)(C) - Y. On the other hand, the isomorphism 7, cay is defined by:

Z2

T 1/r
Tz,can(X) = (1 + —) X.
Let C" and U be the image of C” and U in C’/N2C’ respectively. We consider the ring homomor-
phism 7 : 2’ ®z Ay — (A /NA)[[T]] defined by:

r(f)=U""- A (Ug Ufl) LU (37)

z,can

for g € Ay. A simple computation shows that 7(X) = QX with:

Q=1 w () (1+1)"

i zean \ {0 @ 0(0) P
oA /Nrac(c)/Frac(2) (C) \ | 1+ T r
z,can C 2 .

Raising this equality to the r-th power, we get:

—~ N rac rac C
o - (C/)T.Tzc( Frac(C) /Frac(Z) )) , (HZ)

C’l“

Gy AC (§ Ci) - (1+£).

Noticing that 7(Y) = 2o + T and 7¢(Z) = 2, + S, we obtain:

o () (02)
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Now, observe that the identity (C')" = C" L gives (C')" = C" 2 after reduction modulo No.
Putting this input in Eq. (38), we finally find:

Besides, a direct computation shows that both series (2 and C5 have a constant coefficient equal
to 1. Therefore, the equality Q" = C% we have just proved implies Q = C5. In other words
7(X) = 7.(X). Since moreover 7 and 7. agree on {/Npyac(c)/Frac(z)(C), they coincide everywhere.
Coming back to the defintion of 7 (see Eq. (37)), we obtain:

sres, (g) =U~! -sresz,can(Ug Ufl) U=U"". STeS; can (Ug Ufl) -U

for all g € Frac(A). Specializing this equality to g = v(f) dzg), we get the theorem. O

3 Application to coding theory

In this section, we aim at defining a linearized version of geometric Goppa codes (over the projective
line), making use of the theory of residues we have developed earlier. The codes we are going to
construct will appear as a generalization of Wang’s linearized Goppa codes [29] in the same way that
linearized Reed—Solomon codes, introduced recently by Martinez-Pefias [20], are an extension of
Gabidulin codes. We will also prove that our linearized Goppa codes are dual of Martinez-Penas’
linearized Reed—Solomon codes, as classical Goppa codes are duals of classical Reed—Solomon
codes. This section also contains efficient decoding algorithms, with subquadratic complexity, for
linearized Reed—Solomon codes and linearized Goppa codes.

3.1 From Gabidulin codes to linearized Reed—Solomon codes

In this subsection, we briefly review the very first construction of Gabidulin codes, due indepen-
dently to Delsarte [7], Gabidulin [8] and Roth [26]. This initial construction is based on the notion
of linearized polynomials over a finite field. Let us start by fixing a finite field K. We denote by p
the characteristic of K and by ¢ its cardinality. We then have ¢ = p” for some positive integer r.
By definition, a linearized polynomial over K is a polynomial of the form:

L(z) = ap + a12? + asa? + -+ ana?”

where n is an integer and the coefficients ag, a1, ..., a, are in K. The largest integer d for which
aq # 0 is called the height of L. The adjective “linearized” comes from the fact that the associated
function Fy — Fy, v +— L(u) is Fp-linear. Let K |[x]iin be the set of linearized polynomials over K
and K[x]iin,<a be its subset consisting of polynomials of height less than d. Obviously K[z, and
K [x]lin,<d are vector spaces over K. Moreover, one checks that K[z]yi, is stable under composition
and that (K[2]in, +,0) is a ring (which is noncommutative, except when r = 1).

Definition 3.1.1. Let ¢ = (c1,...,¢,) € K" be a F,-linearly independent family of elements of
K. Let also k be a positive integer with & < n. The Gabidulin code associated to these parameters
is:

Gab (k) = {(f(cl),...,f(cn)) with f € K[z]hn,d} c K"

In the framework of Gabidulin codes, the Hamming distance is not the most relevant one.
Instead, it is more interesting to use the rank distance defined as follows.

Definition 3.1.2. The rank weight of a tuple ¢ = (c1,...,c,) € K™ is:

wyk(c) = dimp, (c1,..., cn>FP

where the notation (cq, ..., Cn>1b‘p denotes the F,-span of the ¢;’s.
The rank distance over K™ is the distance dyx defined by dyk(c, ) = wik(c — ).
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The parameters of the code Gab(k,c) are given by Theorem 3.1.3 below. We underline in
particular that Gab(k,c) meets the Singleton bound; we say that it is Maxzimal Rank Distance
(MRD).

Theorem 3.1.3. Given a Fy-linearly independent family c = (c1,...,¢n) € K™ and k € {1,...,n}:
e the length of Gab(k,c) is n,
e the dimension of Gab(k,c) is k,

o the minimal rank distance of Gab(k,c) isd=n —k+ 1.

Reformulation with skew polynomials. The presentation of Gabidulin codes we have fol-
lowed above is the one that was proposed initially by Delsarte, Roth and Gabidulin. However,
nowadays, following Boucher and Ulmer [2], we prefer using skew polynomials in place of lin-
earized polynomials. Indeed, this new point of view positions Gabidulin codes in a more general
framework for which powerful tools have been designed for many years and are available in the
literature. Eventually, this has been the key for establishing new properties of Gabidulin codes
and designing interesting generalizations.

The starting point is the observation that the ring (K[z]iin, +,0) is canonically isomorphic to
K[X; 0] where 0 : K — K, 2 — zP is the Frobenius endomorphism. Precisely, the correspondance
is given explicitely by:

K[X;0) — (K[z]in,+,0)

SuaXt o= S aP .
Under this identification, the degree of a skew polynomial corresponds to the height of the cor-
responding linearized polynomial. Moreover, if F' € K[X; 6] corresponds to f € K|[z]j,, we have
f(c) =e1(F)(c) for any ¢ € K, where we recall from §1.3.1 (see more precisely Eq. (10)) that &y is
the ring homomorphism:

e1: K[X;0] — Endp, (K)

YiaiXt = 3 a0

Therefore, letting K[X; 0], be the subspace of K[X; 6] consisting of skew polynomials of degree
less than k, Gabidulin codes can be alternatively defined as follows:

Gab(k,c) = {(sl(f)(cl), . e1(f)(en)) with f € K[X;9]<k}

with ¢ = (¢1,...,¢,) € K™ and k < n. Interestingly, we notice that this new definition makes sense
for any field K equipped with an endomorphism 6 of finite order®. In this more general setting,
the prime subfield F, needs to be replaced by F' = K =1 (defined as the subfield of K consisting
of elements fixed by 0); in particular, the rank weight now needs to be defined by:

wrk((cla' e ,Cn)) = dlmF <Clv" '7Cn>F

and the definition of the rank distance should be updated accordingly. Apart from this, everything
works similarly and we have the next theorem, which is the straight generalization of Theorem 3.1.3.

Theorem 3.1.4. Let K be a field equipped with an automorphism 0 of finite order. Set F = K?=1.
Given a F-linearly independent family ¢ = (c1,...,¢n) € K™ and k € {1,...,n}:

e the length of Gab(k,c) is n,
e the dimension of Gab(k,c) is k,

o the minimal rank distance of Gab(k,c) isd=n —k+ 1.

5 Actually, the assumption that 6 has finite order is not necessary for defining and studying Gabidulin codes.
However, this hypothesis allows for a simplified exposition of the theory that fits better in the spirit of this article.
Moreover, it will be definitely needed in §3.2 when we will introduce linearized Goppa codes. For these reasons, we
prefer assuming that 6 has finite order from now on.
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Proof. The assertion on the length is obvious. The two other assertions follow from Proposi-
tion 1.3.4. O

It worths noticing that the definition of Gabidulin codes can be made shorter and more intrinsic.
Indeed, we see on the definition, that the codewords of Gab(k, ¢) are given by the evaluation of the
same linear function, namely e1(f), at the points ¢, ..., ¢,. This datum is obviously equivalent to
that of the restriction of e1(f) to the F-span of the ¢;’s. Hence, instead of viewing a codeword as
a tuple in K™, we could alternatively consider it as a linear mapping defined on V' = (c1,...,¢n) g
Moreover the rank weight has also a natural interpretation: it simply corresponds to the rank of
the corresponding linear mapping. These observations motivate the following definition.

Definition 3.1.5. Given a F-linear subspace V of K and a positive integer k < dimp V', we set:
Gab(k, V) = {al(f)w with f € K[X;9]<k} C Homp(V, K).

Moreover, we endow Homp(V, K) with the rank weight wyy defined by wi (@) = rank(y).

Under this second reformulation, the code Gab(k,g) corresponds to Gab(k, (C1y. . sCn)p ), as
discussed earlier. We complete the picture by defining further the notions of length of dimension
for codes sitting in Homp(V, K): if V' is a F-linear subspace of K and C is a K-linear subspace of
Homp(V, K), we set:

length(C) = dimg (Homp(V, K)) = dimp V,
dim(C) = dimg C.

Theorem 3.1.4 then asserts that the Gabidulin code Gab(k, V') has length n = dimp V', dimension
k and minimal rank distance d =n — k + 1 (assuming k < n).

Linearized Reed—Solomon codes. We now present Martinez-Penas’ extension of Gabidulin
codes developed in [20]. Before proceeding, we underline that the framework considered by
Martinez-Penas is much more general than that of this article: Martinez-Penas does not assume
that 6 has finite order, he works with general Ore polynomials and even does not assume that
K is a field but just a skew field. However, in what follows, we restrict ourselves to the general
assumptions of this article, since these assumptions will be needed later on. For this reason, our
exposition slightly differs from that of [20].

The latest presents Gabidulin codes we have encoutered (see Definition 3.1.5) shows that they
are obtained by evaluating skew polynomials at the special semi-linear endomorphism 6. However,
we have seen in Proposition 1.3.3 that K carries more semi-linear endomorphisms, which are the
(c0)’s for ¢ varying in K. It is tempting to use them to define more general Gabidulin codes. Tt is
actually the purpose of linearized Reed—Solomon codes.

Definition 3.1.6. Let & and m be positive integers. Let ¢ = (c1,...,¢n) be a tuple of nonzero
elements of K and let V. = (V4,...,V;,) be a tuple of F-linear subspaces of K. We define:

LRS (k,c,V) = {(scl(f)wl, ey e (Fv,) with f € K[X;0]<k}
C Homp(V1,K) X -+ x Homp (V,,,, K).

The relevant notion of distance in this context is the so-called sum-rank distance, which is a
mixture between the rank distance and the classical Hamming distance. It is defined as follows.

Definition 3.1.7. Let Vi,..., V), be F-vector spaces. The sum-rank weight of a tuple ¢ =
(P15 oy pm) € Homp(V1, K) X -+ - X Homp(V,,, K) is:

We_rk (g) = rank(yp1) + rank(ps2) + - - - 4+ rank(¢pm, ).
The sum-rank distance dg,x on Homp(Vy, K) X -+ x Homp(V;,, K) is defined by dg.k (f, f’) =

Ws-rk (@ — ')
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Furthermore, codes C sitting inside Homp(Vi, K) X -+ X Homp(V,,, K) are naturally endowed
with a notion of length and a notion of dimension:

length(C') = dimg (HomF(Vl, K) x -+ x Homp(V,y, K)) =dimp Vi + -+ +dimp V,,,
dim(C) = dimg C.
In the sequel, we will use the shorter notation dimV to denote the sum dimp V; + - - - + dimp V.

Theorem 3.1.8. Let k and m be positive integers. Let ¢ = (c1,...,¢m) be a tuple of nonzero
elements of K and let V.= (V1,...,Vy,) be a tuple of F-linear subspaces of K. We set n = dimV.
and assume k < n. We assume further that the N p(c;)’s are pairwise distinct. Then:

e the length of LRS(k,c,V) is n,
e the dimension of LRS(k,c,V) is k,
e the minimal sum-rank distance of LRS(k,c,V) isd=n—k+1.

Proof. The assertion on the length is obvious. The two other assertions follow from Proposi-
tion 1.3.7. O

3.2 Linearized Goppa codes

As before, we consider a field K equipped with an automorphism 6 : K — K of finite order. We
denote by 7 the order of . We set F' = K%=1. Asin §1, we put Y = X" and define At = K[X; 0],
Ct=K[Y], Zt = F[Y] and A = K[X*%;0], C = K[Y*!], Z = F[Y*!]. We recall that Z* (resp.
Z) is the centre of A" (resp. A). We shall also work with the field of fractions of A, denoted by
Frac(A). We recall that Frac(A) = Frac(Z) ® z A by Theorem 1.1.4.

3.2.1 Definition

We fix a positive integer m. Let ¢ = (c¢1,...,¢,) be a tuple of nonzero elements of K and let
V. = (Vi,...,Vin) be a tuple of F-linear subspaces of K. For each i, we set z; = Ng,p(c;).
From now on, we assume that the z;’s are pairwise distinct. We define N; = Y—z; € ZT and
N = N{N5---N,,. We also set:

n = codimpVj + -+ + codimpV,, = mr —dimV.

Lemma 3.2.1. With the previous notations, there exists a unique monic skew polynomial D € A
of degree n such that ime., (D) =V; for all i € {1,...,m}. Moreover D divides N.

Proof. Tt is similar to that of Proposition 1.3.4, except that we have to consider right ideals instead
of left ideals. We consider the morphism of K-algebras:

e: A — Endp(K)™
f = (Eci(f)a"'ag(,’m(f))‘
The fact that the z;’s are pairwise distinct implies that ¢ is surjective (see the proof of Proposi-
tion 1.3.4). Let I be the right ideal of Endr(K)™ consisting of elements ¢ = (¢1,...,¢mn) for
which im ¢; C V; for all . The inverse image of I by ¢ is a right ideal of A and thus is of the form
DA for some monic skew polynomial D € A". Moreover:
r-deg D = dimp (A/DA) = dimp (A/e~'(I))
= dimp (Endp(K)"/I) =1 -n.
Thus D has degree n. From D € e 1(I), we immediately deduce that ime., (D) C V; for all index
i. If one of these inclusions were strict, we would deduce that:

Zdimpkeraci(D) >mr — ZdimVi =n=degD

i=1 i=1

contradicting Proposition 1.3.4. We conclude that ime., (D) = V; for all 7. Finally, the fact that
D divides N follows from the observation that N lies in e~1(I). O
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In what follows, the letter D will always refer to the skew polynomial of Lemma 3.2.1. The
linearized Goppa codes we are going to construct will be defined by taking skew residues of rational
functions in A D™ C Frac(A) at the z;’s (see Definition 2.3.1). We recall that the skew residue of
f at z; is an element of A/N; A which is denoted by sres,, (f). Since the evaluation map ., factors
through the quotient A/N;.A, it makes sense to consider e, (sres, (f)) which is, by definition, a
F-linear endomorphism of K.

Lemma 3.2.2. Let f € AD™'. For all index i € {1,...,m}, f has at most a simple pole at z;
and €., (sreszi (f)) vanishes on V;.

Remark 3.2.3. The fact that f has at most a simple pole at z; ensures that the skew residue
sres,, (f) is defined without ambiguity and is simply equal to the image of N;f in the quotient ring
A/N;A.

Proof of Lemma 8.2.2. Let us write f = gD~ with g € A. On the other hand, by Lemma 3.2.1,
we know that we can write N = D'D for some D’ € AT. Thus D! = D’'N~!andso f = gD’'N~1L.
The fact that f has a at most a simple pole at z; follows from the latter equality since N itself
has a simple pole at z;. Furthermore, if ]\Afl denotes the inverse of N/N; = Ny -+-N;_1N;41-+- Ny,
in Z/N;Z ¢ A/N;A, we find that sres,, (f) is the image of gN;D’ in A/N;A. Applying .., we
obtain:

€e; (sreszi (f)) = &¢ (gNi) O & (DI)

It is then enough to justify that e.,(D’) vanishes on V;. For this, we simply observe that the
equality D’D = N implies e, (D’) oe.,(D) = 0 and then kere,,(D’) D ime., (D) =V;. O

Lemma 3.2.2 shows that the mapping:
Yev: AD™' — Homp(K/Vi,K) x - Homp(K/V,,, K)
[ (eei(sress, (f)), ..., ec,(stes., (f)))-

is well-defined. It is K-linear as the functions sres, and e., are for all i. Moreover, the notion of
sum-rank distance makes sense on the codomain of 7. y; according to Definition 3.1.7, if we are
given F-linear functions ¢; : K/V; — K, the sum-rank weight of the tuple ¢ = (p1,...,¢m) is
defined by: N
Wk (15 -+, om)) = rank(p1) + - - - + rank(py,).

Similarly, there is no problem for extending the notions of length and dimension for codes sitting
in Homp(K/V1,K) x ---Homp(K/V,,, K). If C is such a code, its length is n by definition and
its dimension is dimy C. We are now ready to define our version of linearized Goppa and describe
its parameters.

Definition 3.2.4. Keeping the above notations, we set:
LG(k,c, V) = VQ,K(-A[n—k,n) Yﬁm*lDfl)

= {(561 (sres., (f)), .., €c, (sesz, (f))) with f € Ap_gn) Y_m_lD_l}

C Homp(K/V1,K) x -+ x Homp(K/V,,, K)
where A, _ ) is the set of skew polynomials of the form Z?:_nlfk a; X
Remark 3.2.5. In [29], Wang already proposed a definition for linearized Goppa codes in the
framework of Gabidulin codes, that is with linearized polynomials over finite fields. Her construc-
tion does not make use of residues but follows the very first definition of Goppa codes. After
rewriting it with the notations of this paper, it reads:

n
LGwang(c, L) = { (a1,...,an) € K" s.t. Z(X—ci)_1 a; =0 (mod L) }

i=1
where k is an intermediate extension between F' and K, ¢ = (¢1,...,¢,) is a tuple of elements of
K of norm 1 (satisfying some additional conditions) and L is a skew polynomial which is coprime
with each X —c¢;. Wang’s linearized Goppa codes are not directly related to ours. However, up
to some normalization factors, both constructions should appear as special cases of the notion of
“linearized geometric alternant Goppa codes”, which still needs to be defined.
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3.2.2 Comparison with linearized Goppa codes and consequences

As before, we set N; =Y —z; and N = [["| N; € Z*. As in the proof of Lemma 3.2.2, we consider

the skew polynomial D’ defined by D’D = N and, for each index i, the polynomial N; defined
as the multiplicative inverse of N/N; in Z/N;Z C A/N;A. Noticing that Z/N;Z is canonically
isomorphic to F', we easily find that:

Ni = H (21 - Zj)71 eF.
J#i
We now consider the morphism:
7= Ec, (Xn—ky—m—lD—l) = (Xn—ky—m—lD/Ni)

=z H (zi — 2;) " ee, (X"RDY).
JFi

From the relation D'D = N, we deduce that ., (D’) vanishes on V;. Therefore 7; vanishes on V;
as well and it then induces a F-linear mapping 7; : K/V; — W; where W; = im 7;.

Lemma 3.2.6. For all i € {1,...,m}, the morphism 7; is an isomorphism.

Proof. We have to show that ker 7; = V;. Since X" ¥ is invertible in .A/N;.A, it is enough to prove
that kere.,(D’) = V;. The inclusion V; C kere., (D’) has been already noticed. On the other hand,
we have the following dimension inequality:

Zdimp kere., (D') < deg D' =deg N —deg D =mr —n = Zdimp V.
i=1 i=1
Putting these inputs together, we obtain the lemma. O
We now define:
U : Homp(W1,K) X -+ x Homp(W,,, K) — Homp(K/V1,K) x -+ x Homp(K/V,,, K)
((Pla---v(Pm) = ((PloTl,---,(Pmon)

Given that the 7;’s are all isomorphisms, we deduce that U itself is an isomorphism, its inverse
being given by the explicit formula W =1(¢)y, ..., 1¥,) = (Y1 0 71_1, cevythm o T, 1) Moreover, since
composing by an isomorphism obviously preserves the rank, ¥ preserves the sum-rank weight and
the sum-rank distance: for all p € Homp (W1, K) x --- x Homp(W,,, K), we have wg.x (\II(E)) =

Werk (9)-

Proposition 3.2.7. With the above notations and letting W = (W1q,...,W,,), the mapping ¥
induces an isomorphism of codes LRS(k, ¢, W) ~ LG(k,c, V).

Proof. This follows from the relation (already observed in the proof of Lemma 3.2.2):
e (sreszi (f)) = E¢; (g) OE&¢ (XnikY?milDil) = E¢; (g) o7
when f = gX"Fy—m-1pD-1, O

Theorem 3.2.8. Let k and m be positive integers. Let ¢ = (c1,...,¢m) be a tuple of nonzero
elements of K and let V. = (V1,..., Vi) be a tuple of F-linear subspaces of K. We set n =
mr —dimV and assume k < n. We assume further that the NK/F(CZ') 's are pairwise distinct.
Then:

e the length of LG(k,c,V) is n,
e the dimension of LG(k,c,V) is k,
e the minimal sum-rank distance of LG(k,c,V) isd=n —k+ 1.

Proof. 1t is a direct consequence of Proposition 3.2.7 and Theorem 3.1.8. O
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3.2.3 A theorem of duality

We aim at proving that linearized Reed—Solomon codes are duals of linearized Goppa codes and
vice versa. In order to do so, we first need to define a pairing between the spaces in which these
codes live. For this, we begin by equipping K with its canonical pairing:

(T, 9) ¢ = Trgyr(zy)  (v,y € K).

If V is a F-linear subspace of K, we denote by V= its orthogonal; we recall that it consists of
all vectors € K for which (z,y), = 0forall y € V. If ¢ : K — K is a F-linear mapping,
we denote by ¢* its adjoint; we recall that it is defined by the identity (©*(z), ) = (z,0(¥)) &
for z,y € K. It is well-known that ker o* = (im ¢)* and, similarly, im ¢* = (ker ¢)*. It follows
from these equalities that ¢ vanishes on some F-linear subspace V of K if and only if ¢* takes
its values in V*. In other words, the adjoint construction ¢ +— ¢* induces a F-linear bijection
Homp(K/V, K) = Hom(K, V™).

Lemma 3.2.9. Let V be a F-linear subspace of K. The bilinear mapping:

Homp(K/V,K) x Homp(V:t, K) — F
(py) = Tr(e™y)

s a perfect pairing.

Proof. Since Homp(K/V, K) and Homp(V+, K) have the same dimension over F, it is enough to
check the following property: if 1 € Homg(V+, K) verifies Tr(p*¢) for all ¢ € Homp(K/V, K),
then 1 = 0. Since the adjoint realizes a bijection between Homp(K/V, K) and Hom(K, V=), it is
enough to prove that ¢ = 0 assuming that Tr(yv) = 0 for all ¢ € Hompg(K,V=). Considering
F-basis of V+ and K, we are reduced to check that a matrix M € F™*? (with d = dim V%)
necessarily vanishes if it satisfies Tr(NM) = 0 for all N € F?<". This follows from the observation
that Tr(NM) is the (4,7) entry of M when N is the matrix with all entries set to 0, except the
one in position (j,4) which is set to 1. O

It follows from Lemma 3.2.9 that the spaces

Homp(K/Vi, K) x Homp(K/Va, K) X -+ x Homp (K/Vi,, K)
and Hompg (Vi K) x Homp(VsH, K) x -+ x Homp(V,1, K)

are dual to each other, a pairing between them being given by <£, y> = >, Tr(prep;) with
@ =(¢1,...,0m) and Y = (Y1,...,9n). If C is a subspace of one these spaces, we denote by ct
its orthogonal in the dual space.

Theorem 3.2.10. Let k and m be positive integers. Let ¢ = (c1,...,¢m) be a tuple of nonzero
elements of K and let V.= (V1,...,Vy,) be a tuple of F-linear subspaces of K. We set n = dimV.
and assume k < n. We assume further that the N, p(c;)’s are pairwise distinct. Then:

LRS(k, (c1, -y cm)s Vi, Vin)) T = LG (n—Fk, (7, ..., en), (Vis, .. Vi),

Proof. To simplify notations, we write ¢ = (c1,...,¢m), V.= (Vi,..., Vi), ¢t = (¢1 %, ..., ¢;0)

» “m

and V' = (Vit, ..., V1), We also define z; = Ng/p(ci). Since the dimensions of LRS(k, ¢, V) and
LG(n—kz,g_l,Kl) sum up to the dimension of the ambiant space, that is n, it is enough to prove
that (p,9) = 0 for all p € LRS(k,¢,V) and all ¥ € LG(n—k,¢ 1, V). Set vy = Ye-1 y+ and
similarly define:

p: A — Homp(WV,K) X - x Homp(V,,, K)

g = (ea(9), - e (9))-

We have to prove that (v(f),p(g)) vanishes whenever f € Ap_j )Y " 'D™" and g € Ajg )
where D is the skew polynomial associated to ¢~ and V* by Lemma 3.2.1. We consider f and g

43



as above and compute:

(f)sp(g)) =) Te(v(f)* o plg))

-

s
Il
—

Tr(scfl(sresz;l(f))* o, (9))- (39)

i

I
.MS

1=1

By Proposition 1.4.4, the adjoint of €_-1(sres,-1(f)) is e, (sres,—1(f)*), which is itself equal to
ge,(sres,, (=Y 2f*)) by Theorem 2.3.9 (applied with —Y?2f). Plugging this input in (39), we
obtain:

(v(f):p(9)) = = Z T (ec, (stes., (Y 2 f*)) o ec, (9))

- Z Tr (e, (sres., (Y 72 f*) - g))

_ Z Tt (e, (sres., (Y 72 f*9)))

the last equality being true because f has at most a simple pole at z; and ¢g has no pole at z;. By
Proposition 1.3.15, the above expression reduces to:

(v(f), plg)) = — Z Tra(sres., (Y 72 f*g)).

Noticing that Tyq o sres,, = Trg/p 0 g osres,, = Trg/p osres;, o (see Definition 2.3.1), we end up
with:

(1), p(9)) = ~Tresesr (Z sreszi,ow-?f*g)) . (10)

i=1
Let us now write f = foY =™ 'D~! with fo € A},_, ) and consider D’ € A" such that D'D = N
with N =[], (Y — z;'). We have deg D’ = mr — deg D = mr —n and D~' = D'N~'. Hence:

(D/)* . mel .ka . fa( g

—2 px
Y™ frg = N

and a simple computation shows that the numerator only has terms in X for i in the range
(=7, (m—1)r). We deduce that sresy o(Y "2f*g) = sresoc,0(Y "2f*g) = 0 (see Definition 2.3.2 for
the definition of skew residues at 0 and oo). By the residue formula (see Theorem 2.3.6), it follows
that:

Z sres,, o(Y "2f*g) = 0.

i=1
Plugging this in Eq. (40), we finally obtain (v(f), p(g)) = 0 as wanted. O

Remark 3.2.11. In [21, Theorem 4], Martinez-Penas and Kschischang proved that the duals of
certain linearized Reed—Solomon codes remains linearized Reed—Solomon. Our theorem, combined
with Proposition 3.2.7 extends this result to all linearized Reed—Solomon codes considered in this
article.

3.3 Encoding and decoding algorithms

The aim of this subsection is to design fast algorithms for encoding and decoding linearized Reed—
Solomon codes and linearized Goppa codes. Throughout this subsection, we will estimate the
efficiency of our algorithms by evaluating their algebraic complexity, that is the number of opera-
tions in F' they perform. In what follows, we will often use the soft-O notation O() We recall that,
by definition, O(u,,) refers to any sequence who absolute value is bounded by C-|u,, |- log" (14 |u,)
for some constants C' and k. Throughout this subsection, we make the following assumption.
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Hypothesis 3.3.1. All algebraic operations (addition, subtraction, multiplication, division) in K
and all applications of 6 cost O(r) operations in F'.

By the results of [6], Hypothesis 3.3.1 is fulfilled when K is a finite field. Exhibiting an explicit
normal basis, one shows that it is also fulfilled when K/F' is cyclotomic or a Kummer extension.

We also consider also a feasible exponent w for matrix multiplication, that is a real number w for
which there exists an algorithm that performs multiplications of square n x n matrices over F' within
O(n*) operations in F'. Tt is well known that Strassen’s algorithm leads to w = log, 7 ~ 2.807 (this
is better than 3, which is the exponent given by the naive multiplication algorithm). Nowadays,
the best known value is due to Le Gall [18] and is about 2.373.

3.3.1 Algorithms for skew polynomials

The algorithms we are going to describe will mostly rely on the algorithms for manipulating
skew polynomials designed in [4]. Below, we briefly review the results of loc. cit. we will need
and complete some of them. The first important tool for us is an algorithm for computing the
evaluation morphisms .. Remember that the codomain of e. is Endp(K). In practice, we shall
represent this space as the matrix algebra F"*" after the choice of a F-basis of K.

Theorem 3.3.2. We assume Hypothesis 3.3.1. There exists an algorithm MatrixEvaluation
which takes as input a scalar c € K, ¢ # 0 and a skew polynomial f € AT of degree at most r and
outputs e.(f) for a cost of O(r*) operations in F.

Proof. See the proof of Corollary 2.2 of [4]. O

For the applications we have in mind, we shall need a refinement of Theorem 3.3.2 allowing for
multiple evaluation points.

Theorem 3.3.3. We assume Hypothesis 3.3.1. There exists an algorithm MatrixMultiEvaluation
which takes as input a tuple c = (c1,...,cm) of nonzero elements of K, together with a skew poly-
nomial f € AT of degree at most d and outputs e.(f) for a cost of O(dr + mr¥) operations in F.

Proof. Of course, the rough idea is to call repeatedly MatrizEvaluation. However, in order to reach
the announced complexity, we need some preparation. Set z; = Ng/p(c;) and N; =Y — 2 € Zt.
We first aim at computing the reduction of f modulo the N;’s. For this, we recall from Lemma 1.2.8
that f decomposes as a sum:

f=oof)+or(HX +- - +ora(fHX (41)
where o; : A — C denotes the j-th section operator. Reducing Eq. (41) modulo N;, we get:
f = O-O(f)\Y:zi + 01 (f)\Y:ziX + -+ O—rfl(f)|Y:ziXT71 (mOd NZ)
Computing the reduction of f modulo the N;’s then reduces to evaluating the commutative poly-

nomials o;(f) at z;. By the algorithms of [22, §10.1], for a fixed index j, all the oo(f)|y=z,’s (for
i varying in i € {1,...,m}) can be computed within O(m + degy oo(f)) operations in K. This

complexity corresponds to O(mr + d) operations in F, noticing that r - degy oi(f) < degf < d.
Letting now j vary between 0 and r—1, we find that we can compute the reduction of f modulo
all the Ny’s for a cost of O(mr? + dr) operations in F.

For each i € {1,...,m}, we now call the algorithm MatrixEvaluation with input ¢; and the
reduction of f modulo N; we just computed. By Theorem 3.3.2, each call costs O(r‘*’) operations
in F'. The total cost of this step is then O(mr). All in all, we find that the total cost of our

algorithm is within O(dr + mr®). O
Remark 3.3.4. The complexity of MatrixEvaluation and MatrixMultiEvaluation can be re-
duced to O(r?) and O(dr + mr?) respectively when K is equipped with a normal basis.

The main result of [4] is a fast algorithm for multiplying skew polynomials. In order to state
the associated complexity result, we introduce the bivariate function SM defined by:

SM(d,r) = d@tD/2r  for d < r(5=w)/2
= q¥—2p2 for rG—w)/2 < d<p
=drv—1 for d > r.
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Theorem 3.3.5. We assume Hypothesis 3.5.1. There exists an algorithm SkewMultiplication
which takes as input two skew polynomials f,g € AT of degree at most d and outputs the product
fg for a cost of O(SM(d, 1)) operations in F.

Adapting standard techniques coming from the classical commutative case, one derives efficient
algorithms for performing many operations on skew polynomials, such as Euclidean divisions, ged
and lem computations, etc. In order to state the complexity results, we introduce yet another
function, namely SM=', which is defined as follows:

SM=Y(d,r) = d“tD/2r for d < rB-w)/2
=dr4/G=w)  for d > r(5-w)/2,

The first result we will use frequently is the following.

Theorem 3.3.6. We assume Hypothesis 3.3.1. There exists an algorithm SkewLLCM which takes
as input_a family (fi,..., fn) of skew polynomials of degree 1 and outputs LLCM(f1, ..., fn) for a
cost of O(SM(n,)) operations in F.

Proof. See the discussion in §3 of [4]. O

Another tool we will need is multi-evaluation and Lagrange interpolation of skew polynomials.
Let ¢ = (c1,...,¢,) be a tuple of nonzero elements of K such that the Ng, p(c;)’s are pairwise
distinct. Let also V. = (V4,...,V,,) be a tuple of F-linear subspaces of K. We recall from
Proposition 1.3.7 that there exists a skew polynomial P of degree dimV for which the K-linear

mapping:
ccv: ATJATP = Homp(Vi, K) x Homp(Va, K) X - -+ x Homp(Vp,, K)
f = (Ecl(f)|V1’502(f)\V2’ R ECm(f)|Vm)'

is an isomorphism. The purpose of multi-evaluation (resp. Lagrange interpolation) is to compute
efficiently e.,v (resp. its inverse).

Theorem 3.3.7. We assume Hypothesis 3.5.1.

(i) There exists an algorithm SkewMultiEvaluation which takes as input two tuples ¢ and V as
above and a skew polynomial f € AT of degree at most d and outputs e. v (f) for a cost of
O(SM="(max(d, dim V), r)) operations in F.

(ii) There exists an algorithm SkewInterpolation which takes as input two tuples ¢ and V as
above and an element ¢ € Homp (Vi, K) x Homp(Va, K) x -+ x Homp(Vy,, K) and outputs

E;lz(g) for a cost ofO(Sle(dimK, r)) operations in F.

Proof. For each index i € {1,...,m}, we set d; = dimp V; and we choose a basis u; 1, ..., u;q, of

V;. Given two nonzero elements c,u € K and f € AT, we have seen in §1.3 that u=tev.(f)(u) is

ch(u)
u

equal to the remainder in the Euclidean division of f by X — . This observation shows that

ecv(f)=(p1,...,0m) if and only if:

f = U, 5 <pz(uw) (HlOd Li,j) with Li,j =X — % (42)
ij
for (i,7) varying in Z = {(4,7) s.t. 1 <i<mand 1< j<d;}. If I is a subset of Z, let L; denote
the LLoM of the L, ;’s for (7,7) varying in I. Clearly deg L; < CardI. Besides, the injectivity of
ec,v implies P = Lz, and so deg L7 = dimV = CardZ. We deduce that deg L; = Card [ for all
I C 7 and that RGED(Ly, Ly) =1 as soon as I and J are disjoint.

By Theorem 3.3.6, one can compute Lz within O(SMZl(CardI, r)) = SM=Y(dimV, r) oper-
ations in F. Now, following [4, §3], given a skew polynomial f € AT of degree d, one can use
the techniques of [22, §10.1] to compute the reduction of f modulo all the L, ;’s for an addi-
tional cost of SM=!(max(d,dimV),r) operations in F. After this computation, one can derive
the value of e, v (f) using Eq. (42) for a additional cost of dimV divisions in K, corresponding
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to O(r -dim V) operations in F. Summing up all the contributions, we end up with an algorithm
SkewMultiEvaluation that computes . v (f) for a total cost of O(SMZl(max(d, dimV), r)) op-
erations in F'.

Conversely, we consider the equations (42) as a system of congruences with unknown f. As
discussed in [4, §3], one can again adapt the methods of [22, §10.1] to solve it for a cost of
O(Sle(dim V,r)) operations in F. This gives the algorithm SkewInterpolation. O

3.3.2 Linearized Reed—Solomon codes

As before, we fix two positive integers m and k together with a tuple ¢ = (¢1,...,¢n) of nonzero
elements of K and a tuple V. = (V4,...,V;,) of F-linear subspaces of K. We let n = dimV =
dimp V) + -+ + dimp V,, and assume that £k < n. Under these hypothesis, we recall that the
linearized Reed—Solomon code associated to these parameters, denoted by LRS(k,c, V) is the
image of the K-linear mapping:

Pk.c,V : A[O,k) — HOInF(Vl,K) X oo X HOmF(Vm,K)
o= (ea(f)s--reen(f))

(see Definition 3.1.6). By Theorem 3.1.8, we know that the minimal sum-rank distance of this
code is d =n — k + 1. The encoding and decoding problems can be formulated as follows:

e The encoding problem: given f € Ajg x), compute p . v (f)

e The decoding problem: given ¢ € Homp(V1, K) x - -+ x Homp(Viy,, K), find, if it exists, the
unique f € App i) such that ds-rk(f, pkygyz(f)) < %.

These questions were actually already addressed in the literature. In a slightly different setting,
Boucher designed in [1] an algorithm that solves the decoding problem. It has cubic complexity,
meaning that it runs in O(n®) operations in K, which is roughly equivalent to O(n®r) operations
in F. Another important contribution is due to Martinez-Penas himself, who designed in [21] a
decoding algorithm for linearized Reed—Solomon codes running in quadratic complexity, that is
for a cost of O(n?r) operations in F. In the case of Gabidulin codes, Puchinger and Wachter-
Zeh obtained in [25] the first algorithm with subquadratic complexity; it runs in O(n(<*1/2y)
operations in F. The algorithms we are going to design below will improve on these bounds.

Encoding algorithms. A first solution to encode a message is to rely on the algorithm Skew-
MultiEvaluationof Theorem 3.3.7. This provides directly an encoding algorithm with complexity:

O(SM='(n,r)) C O(n - r*/=)). (43)

Another option is to use the algorithm MatrixMultiEvaluation of Theorem 3.3.3. This leads to
a cost of O(mr®) operations in F. Comparing with Eq. (43), we find that this second approach

runs faster than the first one when the ratio 7> (which represents the average dimension of the

Vi’s) exceeds P55, In particular, if we are choosing V; = K for all i, we have n = mr and our
second algorithm is always at least as good as the first one.

Decoding algorithms. Linearized Reed—Solomon codes can be decoded by a noncommutative
extension of Berlekamp—Welch algorithm. This fact was actually already observed in the works of
Wachter-Zeh and al. [28] in the special case of usual Gabidulin codes. After what we have recalled
in §3.3.1, the extension to linearized Reed—Solomon codes is not difficult.

We suppose that we are given parameters k, m, ¢ and V as above. We set n = dimV.
The minimal distance of the code LRS(k,c,V) is d = n — k + 1 by Theorem 3.1.8. We set
w = |%L] = [25%]; it is the maximal number of errors one can correct without ambiguity. We
also consider ¢ € Homp(V1, K) X -+ x Homp(V,,, K) and assume that:

Y= 7/@,97K(f) +e
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with f € Ajo ) and wek(e) < w. Our objective is to recover f and e for the datum of . For this,
as in §3.3.1, we consider the isomorphism

ccv: ATJATP = Homp(Vi, K) x Homp(Va, K) X - -+ x Homp(Vp,, K)
f — (Ecl(f)|V13562(f)\V2’ AR Ecm(f)|vm)
given by Proposition 1.3.7. Moreover, after Theorem 3.3.7, we have at our disposal fast algorithms

for computing .y and its inverse. The proof of this theorem provides in addition an explicit
formula for the skew polynomial P, that is:

i 0(us, 5
P =LLcM (X - w) (44)
s, j 1<i<m
1<j<d;
where d; = dimp V; and the family (u;1,...,u;q;) is a F-basis of V;.

Our algorithm proceeds in several steps.

Step 0: Annihilator. We compute the skew polynomial P defined by Eq. (44). We observe that
this step is independent of ¢; it can the be precomputed once for all when the code is designed.

Step 1: Interpolation. We compute (the representant in A¥ of mimimal degree of) ey (¢) and
call it g. o

Step 2: Partial RGCD. We compute a relation of the form Ug + VP = R for skew polynomials
U,V and R with degU < w and deg R < w + k. This relation can be computed by applying the
extended Euclidean algorithm with the input (g, P) and stopping it the first time the remainder
R has degree less than w + k.

Step 3: Left Euclidean division. We compute and output the quotient in the left Euclidean division
of R by U.

Theorem 3.3.8. The algorithm described above is correct and, under Hypothesis 3.3.1, it performs
at most O(SM="(n,r)) operations in F.

Proof. Let us first prove correctness. It is enough to establish that R=Uf. Weset h=R - U f
and assume by contradiction that h # 0. Set ¢ = e,y (h). We write ¢ = (¢¥1,...,¢,,) and
similarly e = (e1,...,emn). Both ¢; and e; are then F-linear mapping V; — K. We observe that,
by definition of g, the mapping e.,(¢g — f) coincides with e; on V;. Therefore, it follows from the
equality h=U - (9 — f) + VP that ¢; = e.,(U) oe; for all i € {1,...,m}. Consequently:

Z rank(1);) < Z rank(e;) = wek(e) < w. (45)

i=1 i=1

On the other hand, by construction, we know that deg R < w + k and deg(Uf) < w + k. Hence
degh < w + k as well. From Proposition 1.3.7, we deduce that:

> dimpkery; = > dimpkere, (h) < degh < w + k. (46)

i=1 i=1
Putting together the inequalities (45) and (46), we get:

m m
2w+ k > Zrank(z/}i) + dimpg ker¢; = Zdimp Vi =n.
i=1 i=1
This is a contradiction since w < "T_k by definition.

We now move to the complexity statement. By Theorem 3.3.6, step 0 requires at most
O(Sle(n, 7)) operations in F. By Theorem 3.3.7, step 1 can be done for a cost of O(SMZl(n, 7))
operations in F' as well. By Proposition 3.2 of [4], step 2 can be completed again with the same
complexity. Finally, this is again the same for step 3 by the results of [4, §3]. Summing up all
these contributions, we obtain the announced complexity. O
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3.3.3 Linearized Goppa codes

We now move to linearized Goppa codes. As in §3.2, we consider a tuple ¢ = (¢1, . .., ¢, ) of nonzero
elements of K, together with a tuple V.= (V4,...,V,,) of F-linear subspaces of K. We set:

n = codimpVy + -+ 4+ codimpV,,, = mr —dim V.

and pick an integer k in the range [0,n]. For each index i, we also define z; = Ng,p(c;) and we
assume that the z;’s are pairwise distinct. We let D be the skew polynomial given by Lemma 3.2.1.
By definition, the linearized Goppa code associated to these data is the image of the following

mapping:
Yhew i Ap—gn)Y "D — Homp(K/Vi,K) x ---Homp(K/V;,, K)
fo= (561 (sresz, (f)), -+, €c, (sTESS,, (f)))

(see Definition 3.2.4). As for linearized Reed—Solomon codes, the encoding and decoding problems
are formulated as follows:

e The encoding problem: given f € Ap,_p,)Y "™ 1D~ compute vy v (f)

e The decoding problem: given ¢ € Homp(K/V1, K) x ---x Homp(K/V,,, K), find, if it exists,
the unique f € A[n_km)Y_m_lD_l such that ds_rk(g, 'ykygyz(f)) < %.

In what follows, we will reduce the case of linearized Goppa codes to that of linearized Reed-
Solomon codes using Proposition 3.2.7. In order to do so, the main point is to justify that the
isomorphism W that appears in this proposition is efficiently computable. Concretely, we have the
following lemma.

Lemma 3.3.9. The mappings T; and Ti_l defined in §3.2.2 can all be computed (for all i) for a
total cost of O(SMZl(dim V,r)+ mr‘*’) operations in .

Proof. We set z; = Ng/p(c;). We recall that:

=27t H (zi — 2j) "t e, (X"TFD)
it

where D' is defined by the identity D'D = []\",(Y — z;). Using a divide-and-conquer algorithm,
computing all the prefactors (for ¢ varying between 1 and m) can be acheived for a cost of O(m)
operations in F. Besides, we know by Lemma 3.2.6 that the kernel of e.,(D’) is V;. Since moreover
deg D' = mr —n =dimV, we find that:

D' =rrem | x — G0 Ouis)
1<i<m

i 1<j<d;
where, for each 4, the family (u;1,...,u;q4,) is a F-basis of V;. By Theorem 3.3.6, D’ can
be computed for a cost of O(Sle(dimK, r)) operations in F. Calling finally the algorithm
MatrixMultiEvaluation (see Theorem 3.3.3) with the skew polynomial X" ¥D’ (which has de-
gree at most mr) and doing standard linear algebra, we get the lemma. O

Putting all the inputs together, we end up with an encoding algorithm and a decoding algorithm
that both cost at most:

O(SM='(dim V., 7) + SM='(n, 7)) C O(SM='(mr, 1))

operations in F. Moreover, we underline that the term Sle(dim V,r) in the complexity corre-
sponds to the computation of the 7;’s and their inverses, which is actually a precomputation that
needs to be done only once when the code is designed. After that, each encoding and each decoding
costs only O(SMZl(n, r)) operations in F.
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