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Abstract. We define that a ring extension S/R is weakly separable or weakly quasi-
separable by using R-derivations of S, and give the necessary and sufficient condition
that the extension R[X]/(X™ —aX — b) of a commutative ring R is weakly separable.
Since the notions of weakly separability and weakly quasi-separability coincide for
commutative ring extensions, we treat a quotient ring R[z;*] = R[X; %]/ f(X)R[X; ]
of a skew polynomial ring R[X;x*], and show that if R is a commutative domain,
then the extension R[z;*|/R is always weakly quasi-separable, where x* is either a ring
automorphism or a derivation of R. We also treat the weakly separability of R[z;*]/R
and give various types of examples of these extensions.

Key words: Separable extension, separable polynomial, quasi-separable extension,
derivation, discriminant, skew polynomial ring.

1. Introduction

Let S/R be a ring extension, M an S-bimodule and z, y arbitrary
elements in S. An additive map D : S — M is called an R-derivation if
D(zy) = D(z)y + 2D(y) and D(r) =0 for any r € R. D is called central if
D(z)y = yD(x), and D is called inner if D(x) = mx — xm for some fixed
element m € M. The R-derivations of S to M deeply relate to a separable
extension S/R.

In this paper, we generalize the notions of a separable extension and
a quasi-separable extension. Since a good example of a ring extension is a
quotient ring of a polynomial ring, we treat a polynomial ring and a skew
polynomial ring, and characterize weakly separable polynomials and weakly
quasi-separable polynomials.

In Section 2, we define the notions of a weakly separable extension and a
weakly quasi-separable extension, and give an example of a weakly separable
and a weakly quasi-separable extension which is not a separable extension.
In Section 3, we discuss the condition of the weakly separability for the ex-
tension R[X]/(X"™ —aX —b) of a commutative ring R. Since the notions of a
weakly separability and a weakly quasi-separability coincide for a commuta-
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tive ring extension, we treat a quotient ring R[x;*| = R[X;*|/f(X)R[X; %]
of a skew polynomial ring R[X; %] in Section 4, and show that if R is a com-
mutative domain, then the extension R|[x;x*]/R is weakly quasi-separable
for any polynomial f(X) in R[X;x*]. We also treat the weakly separability
of R[z;«|/R and give various types of examples of skew polynomials which
relate to these extensions.

Throughout the following all rings have an identity, all modules are
unitary and every subring contains the identity of a ring.

2. Definitions and an example

A ring extension S/R is called separable if the S-bimodule map
w:S®RrRS2rQ@yr—aye s

splits. If R is a commutative ring and S is an R-algebra, then it is well
known that S/R is separable if and only if for any S-bimodule M, every
R-derivation of S to M is inner (cf. [1, pp.75-76]). This result is also true
for a noncommutative ring extension (cf. [2, Satz 4.2]). In [11], Y. Nakai
introduced the notion of a quasi-separable commutative ring extension by
using the module of differentials, and in the noncommutative case, it was
characterized by H. Komatsu [8, Lemma 2.1] as follows:

S/ R is quasi-separable if and only if for any S-bimodule M, every central
R-derivation of S to M is zero.

Under these circumstances, we define several types of separability as
follows:

Definition 2.1 Let S/R be a ring extension.

(1) S/R is called separable if for any S-bimodule M, every R-derivation of
S to M is inner.

(2) S/R is called weakly separable if every R-derivation of S to S is inner.

(3) S/R is called quasi-separable if for any S-bimodule M, every central
R-derivation of S to M is zero.

(4) S/R is called weakly quasi-separable if every central R-derivation of S
to S is zero.

A separable extension is weakly separable and a quasi-separable exten-
sion is weakly quasi-separable. Moreover, in [8, Theorem 2.1], Komatsu
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proved that a separable extension is quasi-separable.
First, we give an example of a weakly separable and a weakly quasi-
separable extension which is not separable.

Example 2.2 Let A be a commutative ring with identity 1 and Ms(A)
the 2 x 2-matrix ring over A. Consider the following subsets of Ms(A):

r s r 0
Tg{[o t]|r,s,t€A} and R2{|:O T]M’GA}.

Then T is a ring extension of Ry with identity I = [(1) ‘” .Let DTy, — T,
be an Ry-derivation and {F;;} (1 < ¢, j < 2) the matrix units. Since an
element = € T is represented by {E11, E12, E22}, D is determined by the
image of F;;. So we have

D(Ey) = [8 3] D(Bra) = [8 g] and D(Eyy) = [8 —Oa]

for some a,b € A. Therefore, for any z = [6 i] € Ty, every Ro-derivation D
of T5 is given by the following form:

0 ra+ sb—ta
D(:U):[O 0 ]

And by

D([T s} ) _ [0 Ta—l-sb—ta] _ [b —a] [T 5] B [T 5] [b —a]

0 t 0 0 0 0]1]0 ¢t 0 ¢t/{0 O]
D is inner. Thus T5/ R is a weakly separable extension. If D is central, then
for any x = [6 ﬂ and y = [’5 }” in Ty, we see u(ra+sb—ta) = (ra+sb—ta)w
for all r;s,t,u,w € A, which shows a = b = 0. Therefore, the central Ro-
derivation of T is zero and so Ty/Rs is a weakly quasi-separable extension.

Next we show that T»/Rs is not a separable extension. Define a map
@ : Ty — R as follows:

r s r 0
(p.T2956—|:0 t:|r—>|:0 7ﬁ:|€]%2.
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Then ¢ is a ring epimorphism with ¢([52]) = [§9]. If T»/R; is separable,
then by [13, Proposition 1], there exists a central idempotent e € T3 such
that p(z)e = ex for all x € Ty and ¢(e) = 1. Since a central idempotent of
T5 is of the form

e= [g g] , where £ is an idempotent of A,

then by ¢(x)e = ex, we have e = 0. This contradicts ¢(e) = 1 and thus
T5/Rs is not a separable extension.

3. Weakly separable polynomials

For a commutative ring extension S/R, the notions of the weakly sep-
arablity and the weakly quasi-separablity coincide by Definition 2.1. It is
equivalent to that every R-derivation of S to S is zero.

Let R be a commutative ring, R[X| a polynomial ring and f(X) a monic
polynomial in R[X]. We set R[z] = R[X]/(f(X)), where z = X + (f(X)).
According to the extension R[x]/R is weakly separable (resp. weakly quasi-
separable), f(X) is said to be weakly separable (resp. weakly quasi-separable)
in R[X].

Let f(X) = X" —aX — b be in R[X] and f/(X) = nX"" ! —a. Itis
well known that f(X) is separable in R[X] if and only if f'(z) = nz"~! —a
is invertible in R[z|, and it is equivalent to the discriminant of f(X) is
invertible in R. In this section, we show that the “invertibility” of a separable
case substitutes the “nonzero-divisor” of a weakly separable case.

For f(X) = X"—aX—band f/(X) = nX" ! —aq, the resultant Res(f, f')
is the determinant of the following (2n — 1) x (2n — 1) matrix

1 0 0 - 0 —a ~b 0 -+ 0
0 1 0 -+ 0 0 —a b - 0
Do — | © 0 1 0 —a -b
no0 0 0 —a 0 0 0
0 0 0 0 —a 0 0
0 0 0 n 0 0 —a
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and the discriminant of X™ —aX —bis (—1)*(*=1)/2Res(f, f'). Asis easily
seen, the determinant det(DRes) of DRes is —(n—1)""1a" +(=1)""1pnpn—1L,
Under these preparations, we prove the following

Theorem 3.1 Let f(X)=X"—aX —b be in R[X]. Then f(X) is weakly
separable in R[X] if and only if the discriminant

O R O D
of f(X) is a nonzero-divisor in R.
Proof. Let D : Rlx] — R[z] be an R-derivation and we set
D(z)=an 12" ' +an 02" 2+ +az+ay (o €R). (1)
Then by

D(a") = na" Mop_12" " 4+ ap2z" T+ iz + )
= n(an_lx” 2" 2 by o™ 2V 4 g™+ aox”_l)
=n{ay_1(ax +b) - 2" * + ap_o(az +b) - 2" *

+ -+ ai(az +b) + apz" '}

n(ac,—12""" +bay_12" 7% + -+ aoq T + bay + agz" ")

D(ax +b)

—1 —2 —i
a(an_l:):” DY) L S VRSY) /L N Ry R A ao),

we have

{(n —Dacy_1 +naglz" ' + {(n — 1)ac,_o + nba, 1 }az" 2

+ -+ {(n—1)aag + nbas}x + nba; — aag = 0.

Therefore we have the following linear equations for a,, 1, -+, a1, ag:
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(n—1)aay—1 +nag =0

nbay,—1 + (n — 1)aa,—2 =0

nbas + (n — 1)aay =0
nbay — aag = 0.

It is easy to see that D is an R-derivation if and only if there exist {c;}7=;

which satisfy the equation (2). Since the coefficient matrix of the linear

equation (2) with indeterminate ay,_1, a,—2, -+, g is
[(n—1)a 0 0 0o -~ 0 0 n |
nb (n—1)a 0 0o --- 0 0 0
0 nb m=1)a 0 --- 0 0 0
M = = [mag),
0 0 0 0 nb (n—1)a 0
| 0 0 0 0 0 nb —a]
we see

det(M) = det(DRes) = —(n — 1) ta™ + (=1)" " tn"bp" L.

Then by [9, I. 30 Corollary], the equation (2) has a nontrivial solution if and
only if det(M) is a zero divisor. Thus the discriminant of X" —aX —bis a
nonzero-divisor if and only if R[z]/R is a weakly separable extension.  [J

Corollary 3.2 f(X) = X" —aX — b in R[X] is weakly separable if and
only if f'(z) = na""! — a is a nonzero-divisor in Rlx] = R[X]/(f(X)).

Proof. For g(z) = Z?:_ol a;x' in R[z], we set f'(z)g(x) = 0. Then we
have the same linear equation (2) for «; in the proof of Theorem 3.1. Since
f/(z) is a nonzero-divisor if and only if the equation (2) has the trivial
solution, this condition is equivalent to that det(M) is a nonzero-divisor.
Therefore f'(z) is a nonzero-divisor if and only if the discriminant of f(X)
is a nonzero-divisor. O

By Theorem 3.1, X? —aX — b is weakly separable in R[X] if and only if
a? + 4b is a nonzero-divisor in R and so there are a lot of weakly separable
polynomials in R[X] which is not separable. For the quadratic polynomials
in Z[X] are classified as follows:
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Example 3.3 Let R = Z be the ring of integers and n, m € Z. Then

(i) X2 —2nX —m is not separable in Z[X]. It is weakly separable if and
only if m # —n?2.

(ii) X2—(2n+1)X —m is always weakly separable in Z[X]. It is separable
if and only if n? +n +m = 0.

4. Weakly separability of skew polynomials

Let % : R — R be a ring automorphism or a derivation and R[X; ] the
skew polynomial ring. If % is an automorphism p of R, then rX = Xp(r),
and if * is a derivation D of R, then rX = Xr + D(r) for any r € R.

By R[X;*](0), we denote the set of all monic polynomials f(X) in
R[X; %] such that R[X;«]|f(X) = f(X)R[X;«], and we set

Rlz;*] = R[X; x|/ f(X)R[X; ]|, where x = X + f(X)R[X; %]

As same as the commutative case, f(X) € R[X;*]() is called weakly sepa-
rable (resp. weakly quasi-separable) in R[X; | if the corresponding extension
R[z; %]/ R is weakly separable (resp. weakly quasi-separable).

Although the several conditions that f(X) is contained in R[X; ]
were given in [3], [4], [5], [6], [7], [10] and [12], but for the sake of convenience
to the reader, we show some essential part of these calculations.

4.1. Automorphism type
Let p: R — R be a non-trivial ring automorphism. Then we have the
following

Theorem 4.1.1 If R is a commutative domain, then every polynomial in
R[X; pl(oy is weakly quasi-separable.

Proof.  For any f(X) € RIX: pl), we set Rlz: p] = RIX: pl/f(X)RIX: o]
Let 0 be an R-derivation of R[x;p] defined by d(x) = Z?:_ol z'b; € Rlx;pl,
where n is the degree of f(X). If § is central, then by é(x)r = ré(x) =
o(rx) = d(xzp(r)) = 6(x)p(r), we see 6(x)(p(r) —r) =0 for any r € R. Since
R is a domain and p is non-trivial, we have 6 = 0. Thus f(X) is weakly
quasi-separable. O

The above theorem is true if (p — 1)R = {p(r) —r | r € R} contains
a nonzero-divisor. If R has a zero divisor, then there are many non-weakly
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quasi-separable polynomials over R as follows.

Example 4.1.2 Let Z be the ring of integers and A = Z/6Z =
{0,1,---,5}. Let A[Y] be a polynomial ring with indeterminate Y and
R = A[Y]/(Y®) = Aly], where y = Y + (Y%). Using an A-ring automor-
phism p : R > r = r(y) — r(by) € R, we have the skew polynomial ring
R[X; p]. For any r = Z?:o ;3" € R, we see

1 ) r = p(T‘) < r = Zfzo(ozgiy% + 3a2i+1y2i+1).
i) p(r) +7r=2(ap + aoy? + agy?).
iii) p(r) —r = 4(a1y + azy® + asy®).

Take a = Yo (a2iy® + 3a2:11¥**!) € R and set f(X) = X% — a.
Then f(X) € R[X;p|o), and so we have the quotient ring R[z;p] =
RIX; pl/ F(X)RIX: .

Let ¢ : Rlx;p| — R[z;p] be an R-linear map such that d(xz) = ¢ and
§(1) = 0. It is easy to see that § is an R-derivation if and only if §(22) =
d(z)xr + zd(x) = 0 and ré(x) = §(z)p(r) for any r € R. This conditions are
equivalent to the following:

(
(i) p(r
(iii) p(r

ple) +c=clp(r) —r) = 0. (%)

If we take a nonzero element ¢ = 32?:0 ¢y’ € R, then by (ii) and (iii),
c satisfies the condition (*) and thus ¢ is an R-derivation. Moreover, by
p(c) = ¢ and (iii), we have é(xs)(zr) — (xr)d(zs) = zc(p(s) — s)r = 0 for
any r,s € R. Therefore ¢ is a nonzero central derivation, which shows that
X? — a is not weakly quasi-separable. And X? — a is not weakly separable,
because 0 is inner if and only if there exists r € R such that a(p(r) —r) = c.
This is impossible by (iii) and ¢ # 0.

Now, by Theorem 4.1.1, our problem is to obtain some conditions for
the weakly separability of f(X) € R[X; p]() over a commutative domain R.
First, we classify the polynomials in R[.X; p] o).

Lemma 4.1.3 (cf. [3]) Let R be a commutative domain and k # 1 the
order of p and n =tk +{, where 0 < { < k. For f(X)=X"—X""1q, 1 —
-+ — Xay — ag in R[X; pl), we have the following:

(i) If n <k, then f(X)=X".
(ii) If n =k, then f(X)= X" — ap with p(ap) = ag.
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(iii) If n =tk + £, then f(X) = X" — X" *a, p — X" ?kaq, o — -+ —
X" ay, g with p(an—jk) = an—j, (1 <5 <0).

Proof. Using X f(X) = f(X)X, rf(X) = f(X)p"(r) and R is commuta-

tive, we have

p(anfi) = Qn—j and anfi(pn - pn—i)(r) =0
for any r € R (1 £ i< n).

Since p/*+tf = pf (0 < j < t) and R is a domain, the results are easily seen.
O

For the polynomials in Lemma 4.1.3, we only have the following

Theorem 4.1.4 Let R be a commutative domain and k # 1 the order of p,
R[z; p] = R[X; p]/ f(X)R[X; p] for f(X) € R[X;pl) and & an R-derivation
of R[; p].

(i) Assume thatn < k and f(X) = X". Then §(z) = xb for some b € R.
In this case, f(X) is weakly separable if and only if R = (p — 1)R.

(i) Assume that n =k and f(X)= X" —ag (ap #0). Then §(z) = xby
such that Tr(by) = 0, where Tr = p"~ 1 + .-+ + p+ 1. In this case,
f(X) is weakly separable if and only if Ry = {by € R| Tr(by) =0} =
(p—1R.

Proof. We set 6(x) = Z?:_()l 2'b; € Rlx;p]. Since ré(z) = §(z)p(r), we
note that (p*(r) — p(r))b; =0 (0 < i <n—1) for any r € R.
(i) Let n < k and f(X) = X™. Then d(x) = xb; for some b; € R and

5 = 3 atS(@)am = (0 4 p 1) ()
1=0
=2"Tr(by) = 0. (%)

If ¢ is inner, then §(x) = xg(z) — g(z)x for some g(z) € R[z; p], which means
0(z) = xby = x(c— p(c)) for some ¢ € R. Since by is arbitrary, X" is weakly
separable if and only if R = (p — 1)R.

(ii) Similarly, for f(X) = X" —ag (ap # 0), d is also given by §(z) = zb;.
In this case, Tr(by) = 0 by (*x*). This shows (ii). O
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For the case (iii) of Lemma 4.1.3, by using of 7d(x) = é(x)p(r) (r € R),
we see that an R-derivation ¢ is of the form

t
d(z) = inkHbikH where by11 = 0 for n = tk,th + 1 (3)
i=0

which satisfies the condition §(z™) = =" Z;ZO 2% Tr(big41). Thus if all by
are contained in (p — 1)(R), then by

t

t
d(a) =D a™ bra =Y 2™ (plew) — cir)
i=0

i=0
t t
= g x®ei 1 — E z - 2oy,
i=0 i—=0

J is inner and thus f(X) is weakly separable. But it seems that the necessary
conditions of weakly separability of f(X) is very complicated, and we can
not give this conditions.

Remark 4.1.5 In [10, Lemma 2.3], Nagahara showed that X2 — b €
R[X; p)(o) is separable if and only if b is invertible and there exists z € R
such that z + p(z) = 1. In our case, if there exists such a z, then, X? —b €
R[X; pl(oy (b # 0) is weakly separable. Because, an R-derivation 6 of R[z; p]
is given by 6(z) = xb;. Then we see §(z%) = 0 = b(p(b1) + b1) and so
p(b1) = —by. This shows that 0 is an inner derivation by —zb;.

In Theorem 4.1.4, we give some conditions such that f(X) is weakly
separable. So we give examples of skew polynomials which are not weakly
separable.

Example 4.1.6 Let A be a commutative domain with characteristic not
2 and R = A[Y] a polynomial ring. Let p: R — R be an A-automorphism
defined by p(Y) = =Y. Then we have the skew polynomial ring R[X; p].
Assume that 2 is not invertible.

(1) Quadratic polynomials: If n = k = 2, Then by Lemma 4.1.3, a
quadratic polynomial f(X) € R[X;p](o) is of the form f(X) = X2 — b(Y?)
for some b(Y) € R and by Theorem 4.1.4(ii), an R-derivation ¢ of R[z;p] is
given by &(z) = Y by (Y?) for some b1 (Y) € R. In this case,
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Ri={reR|(p+1)(r) =0} ={Yq(Y?) | 2 (Y) € R}
and
(p— DR ={2Ygo(Y?) | 92(Y) € R},

we see that R; is not contained in (p — 1)R. Thus X2 — b(Y?) is not weakly
separable by Theorem 4.1.4 (ii). In fact, ¢ is inner if and only if for any
b1(Y), there exists g(Y) € R such that by (Y?) = 2g(Y?).

(2) Cubic polynomials: Let n = 3 and k = 2. Then by Lemma 4.1.3,
the cubic polynomial f(X) € R[X;p]() is of the form f(X) = X* — Xa(Y?)
for some a(Y) € R. Assume that a(Y?) # 0. Since an R-derivation § of
R[z; p] is given by §(z) = zb; for some by € R, and by

5(2%) = 2352 + p+ 1)(br) = 2a(Y2)(1 + p+ 1)(by)
= 6(2)a(Y?) = zbya(Y?),
we have (p + 1)(b1) = 0 and so by = Yby(Y?) for some by(Y) € R. In this
case, ¢ is inner if and only if there exist as, ag € R such that
§(z) = zby = (z%az + ag)z — z(xas + ap)
= z{a(Y?)(p(az) — az) + p(ao) — ao}.
Therefore § is inner if and only if, for any by(Y?2) € R, there exist hy(Y),
ha(Y) € R such that by(Y?) = 2{a(Y?)h1(Y?) + ha(Y?)}. Since 2 is not

invertible, f(X) is not weakly separable.
In each case, if 2 is invertible, then f(X) is weakly separable.

4.2. Derivation type

Let D : R — R be a non-trivial derivation and R[X; D] the skew poly-
nomial ring of derivation type. For a derivation type, we can easily prove
that the same result as to the Theorem 4.1.1 for the automorphism type:

Theorem 4.2.1 If R is a commutative domain, then every polynomial in
R[X; D] oy is weakly quasi-separable.

Proof.  For any f(X)e€ R[X; D], we set R[z; D]=R[X; D]/ f(X)R[X; D].
Let & be an R-derivation of R[z; D] defined by &(z) = S0~ 2b; € R[z; D,
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where n is the degree of f(X). If 0 is central, then for any r, s € R, there
holds

O(zr)(zs) = 0(z)r(xzs) = 6(x)(axr + D(r))s = 6(x)(xs)r + 6(x)D(r)s
= (xs)d(xzr) 4+ 6(x)D(r)s.

Thus we have 0(x)D(r)s = 0. Since R is a domain and D is non-trivial, we
see 6(x) = 0. Therefore f(X) is weakly quasi-separable. O

As same as the automorphism type, if D(R) = {D(r) | » € R} contains
a nonzero-divisor, then the above theorem is true. If R has a zero divisor,
then there are many non-weakly quasi-separable polynomials as follows.

Example 4.2.2 Let A=7/47 = {0,1,2,3} and R = A[Y]/(Y*) = A[y],
where y = Y + (Y*4). Define an A-derivation D of R by D(y) = 2 and
consider R[X;D]. Then 2D(r) = D?*(r) = 0 for any r = Z?:o ayt € R.
Thus for a = 22?:0 a;y’ € R and f(X) = X% — a, we have the quotient
ring Rz; D] = R[X; D]/ f(X)R[X; D].

For fixed b; = 2 Z?:o bi;y7 € R (i =0,1), we define an R-linear map ¢ of
R[z; D] by §(x) = xb; +by and §(1) = 0. By 2b; = D(b;) = 0 and D(r)b; =0
(r € R), ¢ is an R-derivation. Moreover, using D(b;) = D(r)b; = 0 again,
we see (xr)d(zs) = §(xs)(zr) for any r, s € R. Thus there exists a nonzero
central derivation, which shows that X? — a is not weakly quasi-separable.

Note that X? — a is not weakly separable. Because, if ¢ is inner, then
there exists xr + s € R[x; D] such that é(x) = (zr + s)x — x(ar + s) =
xby 4 bp. This condition is equivalent to by = D(r) and by = D(s). Take
by = 22?:0 bi;y® such that by; # 0. Then by D(r) = 2(a1 + azy?), by is
not contained in D(R). Therefore there exists a non-inner R-derivation d.

Now by Theorem 4.2.1, our problem is the weakly separability of f(X).
Let f(X) = >, X'a; be in R[X;D]g). Then by rX™ =" X" (")
Di(r), we have 0 = rf(X) — f(X)r = X" 'nD(r) +--- and so n = 0 by
our assumption. Therefore we may assume that the characteristic of R is p.
In this case, we can only prove the following weakly separability:

Theorem 4.2.3 Let R be a commutative domain of characteristic p, and
J(X) a polynomial in R[X; D] of degree p. Then f(X) is of the form
XP — Xay —ag with D(a;) =0 (i =0,1) and DP(r) = D(r)ay for allT € R.
Moreover, an R-derivation 6 of R[x; D] = R[X;D]/f(X)R[X; D] is given
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by 6(z) = b such that 6(zP) = DP~Y(b) = bay. Therefore f(X) is weakly
separable if and only if {b € R | DP~1(b) = ba;} = D(R).

Proof. Let f(X) = X? — XP7la, y —--- — Xa; — ag be in R[X; D](0)-
Then by X f(X) = f(X)X, we see D(a;) =0 for any 0 < i < p— 1. Since

P
rf(X)=rXP— ZrXp*iap_i

JZP:OX”j<?)Dj(T)iPZ Xxpis J( )DJ( )ap—i

= {XPr 4 DP(r)} — (X" 4 XP2(p — D)D(r) + -~ Yap
— {Xp_Qr + Xp—3(p —2)D(r)) + - tap—o — -+,

then, by rf(X) = f(X)r, we have a,—; = 0 and inductively a,_2 = -+ =
az = 0. Thus f(X) = X? — Xa1 — ap and DP(r) = D(r)a;.

Now, for the above f(X), let 0 be an R-derivation of R[z; D] defined
by d(z) = Zf;ol 2'b; € R[z;D]. Then by ré(x) = §(x)r and ra’ =

Z;:o xtI (;)DJ (r), we easily see §(z) = bg. Moreover by 2P = xa; + ag, we

have
p—1 p—1
d(zP) = Za:p_i_lcs(x)a:i = Z:Up_i_lboxi
i=0 i=0

S )

= pa? "Ly +xp—2D(b0){ G) + G) T (PI 1)}
el () (1) ()
(s e

= Dp_l(bo) = (5(1‘(11 + ao) = bpaq,
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because

Therefore §(x) = by such that DP~1(bg) = bpa;. And ¢ is inner if and only
if there exists g € R[x; D] such that §(z) = by = gx — zg and rg = gr for all
r € R. Then by the similar calculation to rd(z) = d(x)r, we see g = ¢y and
thus §(z) = by = D(cp), completing the proof. O

Note that for the p-polynomial f(X) = X?" — X?" 'q, —--- — XPay —
Xay — ag in R[X; D], it was proved in [6, Lemma 1] that f(X) is a
separable if and only if there exists ¢ € R such that

DY)+ acDP T o)+ asDP T (e) +are = 1. (6)

Now we give various types of weakly separable or not weakly separable
polynomials of derivation type.

Example 4.2.4 Let R be a commutative ring of characteristic 2, D :
R — R a nonzero derivation such that D? = 0 and for f(X) € R[X; D],
§ an R-derivation of R[x; D] = R[X; D]/ f(X)R[X; D]. In this example, we
assume that D(R) contains a nonzero-divisor and thus every polynomial in
R[X; D]y is weakly quasi-separable by Theorem 4.2.1.

(1) Let f(X) = X? — Xa; —ap be in R[X; D](y. Since D(R) contains a
nonzero-divisor, then f(X) = X? —aq with D(ag) = 0. We set §(x) = xb; +
bo € R[z; D). Then by r§(x) = §(z)r (r € R) and 6(2?) = 6(z)z+25(x) = 0,
 is an R-derivation if and only if d(x) = by such that D(by) = 0. And 0
is inner if and only if there exists g € R[z; D] such that é(x) = gz — zg
and rg = gr for any r € R. This is equivalent to that there exists ¢y € R
such that by = D(cp). If f(X) is weakly separable, then every R-derivation
is inner and so Ker D = Im D. Since 1 € Ker D, f(X) is separable by (6).
Thus f(X) is weakly separable if and only if f(X) is separable.

(2) By rf(X) = f(X)r, the characteristic of R is 2 and D(R) contains
a nonzero-divisor, a cubic polynomial in R[X; D] does not exist. Let
f(X) =X*—X3a3 — X?az — Xa1 — ap be in R[X; D](p). We can not apply
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Theorem 4.2.3, but by easy calculations, f(X) = X% — X2ay — ag such that
D(a;) = 0 (i = 0,2) and § is given by §(z) = 2%by + by € R[z; D]. Since
§(zt) = 0 = §(z%az + ap), § is an R-derivation if and only if D(by)ay =
D(bg)az = 0. So we divide the following cases:

Case (i). f(X) = X* — aq.

Case (ii). f(X) = X* — X2%ay — ag (az # 0) such that ay is a nonzero-
divisor.

Case (iii). f(X) = X* — X%ay — ag (a2 # 0) such that ap is a zero
divisor.

In these cases, as same as (1), J is inner if and only if there exist ¢; € R
such that b; = D(¢;) (1 =0,2).

In Case (i), since by and by are arbitrary, f(X) = X* — aq is weakly
separable if and only if D(R) = R. This is impossible by D? = 0. Thus
f(X) is not weakly separable. In Case (ii), since ag is a nonzero-divisor,
we have D(bs) = D(by) = 0 and so f(X) = X* — X2%ay — ag is weakly
separable if and only if Im D = Ker D. In this case, if as is not invertible,
then f(X) is not separable by (6). This shows that there exists a weakly
separable p-polynomial which is not separable. For a commutative domain A
of characteristic 2, the polynomial ring R = A[Y] and the usual A-derivation
D satisfies these conditions. In Case (iii), since ay is a zero divisor, f(X)
is not separable by (6) and if {b € R | D(b)az = 0} C Im D, then f(X) is
weakly separable. But this condition is not so clear.

These examples in this section show us that to determine the types of
weakly separable or weakly quasi-separable polynomials in the skew poly-
nomial ring R[X; %] is not so easy. And we can not find a skew polynomial
f(X) € R[X;x] such that f(X) is weakly separable but not weakly quasi-
separable. Does there exist such a polynomial?
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