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Abstract

Let k be a field of characteristic zero, f(X,Y),g(X,Y) € k[X,Y], ¢(X,Y) ¢ (X,Y)
and d := g(X, Y)% + f(X, Y)%. We establish a connection between the d-simplicity
of the local ring k[X,Y](x,y) and the transcendency of the solution in ¢k[[t]] of the
algebraic differential equation g(t, y(t)).%y(t) = f(t, y(t)) We use this connection to
obtain some interesting results in the theory of the formal power series and to construct
new examples of differentially simple rings.

Introduction

Let k£ be a field of characteristic zero, k[z1,---,z,] a domain that is a finitely
generated k-algebra, © its module of k-derivations and M a maximal ideal of k[x1, -, x,].
A. Seidenberg has shown in [6] that the domain k[z1,--- ,zy] is regular if only if it is ©-
simple; later on, R. Hart has shown in [3] that, when k[z1,- -, z,] is ©-simple, there need
not exist d € © such that k[x1,-- -, x,] be d-simple. For the local ring R := k[x1, -+, zy]r,

the situation is better: Hart has shown that if R is regular, then there always exists a
k-derivation d of R such that R be d-simple. Since Seidenberg had already proved the
converse, one has that the existence of a k-derivation d of R that makes R d-simple is a
characterization of the property of regularity for the local ring R.

In view of this geometric interpretation of the d-simplicity of a ring of the type R :=
Elx1,--- ,zn]M, it is natural to investigate the conditions under which a derivation d of R
will make R d-simple. In this paper, we will do that in the particular case of R to be the
localization of a polynomial ring in finitely many indeterminates. In this introduction, in
order to avoid technicalities, we shall present our results in the special case of a polynomial
ring in two variables.

Let f(X,Y),9(X,Y) be two polynomials in k[X,Y], g(X,Y’) not in the maximal ideal
(X,Y). On the local ring k[ X, Y] x y), consider the derivation d := g(X, Y)a%—i—f(X, Y)a%
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In section 1 of the paper, we show that k[X,Y]xy) is d-simple if and only if the unique
solution y(t) € tk[[t] of the algebraic differential equation (x): g(t, y(t)).%y(t) = f(t,y(?))
is transcendental over k(t). Using this connection between d-simplicity of the local ring
k[X,Y](x,y) and the transcendency of the solution y(t) € tk[[t]] of the equation (x), we
get some applications in the theory of formal power series: if neither f(X,Y) nor g(X,Y)
belong to (X,Y'), we obtain in Theorem 1.5 that the solution y(t) € tk[[t]] of the equation

() g(t.y()-Zyt) = f(ty(t)

is transcendental over k(t) if and only if the solution z(t) € tk[[t]] of the equation

(ex)  f(2(t),t).52(t) = g(z(t),1)

is transcendental over k(¢). This is interesting: on one hand it may be difficult (or even
impossible) to decide whether the solution of one of the equations is, or is not, transcedental
over k(t), using the classical methods; on the other hand, the same classical methods may
easily give the solution for the other equation. In section 2 of the paper, we give three such
examples.

In section 3, also using the connection established in section 1, we construct several fami-
lies of differentially simple rings. For example, in Proposition 3.3, we show that k[X, Y] x v
is d-simple if we take d = 3% + (YY" + 1)8% with n > 1. In Proposition 3.4 we show that
kY1, Yol (v, v, I8 d-simple if we take d = 59~ + 37 (14+Y1)(1+Y3) -+ (1+Yio1) g5

In section 4, we study the ring k[X, Y] endowed with the derivation d := 8% +(a(X)Y +
b(X))% with a(X),b(X) € k[X]. With the help of results on power series obtained in
section 2, we complement and deepen the theorem of Shamsuddin in [7] which asserts that
k[X,Y] is d-simple if only if there does not exist any polynomial h(X) € k[X] such that
R(X)=a(X)h(X)+ b(X).

Let R be a ring and d a derivation of R. An ideal I of R is a d-ideal if d(I) C I. The
ring R is d-simple if (0) and R are the only d-ideals of R. The ring R is differentially simple
if for every ideal I # (0), R, there exists a derivation d of R such that d(I) Z I.

1 Differential simplicity and algebraic independence

The objective of this section is to establish a connection between the local differential
simplicity in a ring of polynomials and the algebraic independence of power series that are
solutions of a certain associated system of algebraic differential equations:

Theorem 1.1. Let k be a field of characteristic zero and r a positive integer.Let (o, 3) :=

(a,B1, -+ ,0r) €K™ and t, X, Y := {Yy,---,Y,} be some indeterminates over k. Let

g(X)X)7f1(XaX)7 7f'r’(X7X) € k[Xu}/la T 7§/7”]7 g(sz) ¢ (X - a,Yi _ﬂla'”}/’l’ _ﬁT)
Over the local ring k[ X, Y1, - ,n](X—a,yl_gl,...y,,_ﬁr), consider the derivation
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0 4 0
d:=g(X,Y)55 + Zfi(X’X)aT/;
i=1

and over k[[t]], consider the system of differential equations

T

() {at am@). s n0)- g (0) = filt+ (e o)

=1

Then,

(a) The system of equations (x.a) has a unique solution yy(t,3),--- ,y,(t, B) € k[[t]] such
that yl(ovﬁ) =By, 7y7“(07/6) = br,

(b) The height of the biggest d—ideal of k[X,Y1, -+, Y| (x—a,yi-p1,-v,—8,) S equal to

r— tTdegk(t) (k(yl(tyé)y T 7y7“(t7é)))7

(c) Thering k[X, Y1, -, Yo (x—a,yi—B1,-Y,—8,) 18 d- simple if and only if y1 (¢, B), - - -, yr(t, B)
are algebraically independent over k(t).

Remark 1.2. Let k be a field of characteristic zero, r a positive integer, X, Y7, -+, Y, some
indeterminates over k and d a derivation of k[X, Yy, -+ ,Y,]. Let g(X,Y1,---,Y,) :=d(X)
and fi(X,Y1,---,Y,) :=d(Y;) fori=1,--- ,r. Let (o, 1, ,8;) € k"™, R the local ring
KX, Y1, -, Yil(x—a,yi—p1,v,—3,) and m its maximal ideal. Let the natural extension of d
to the ring R be also denoted by d.

i) If Ris d—simple, then it is clear that d(X —«a) ¢ m or d(Y;—03;) ¢ m for some i; without
loss of generality, we may suppose that d(X — «) ¢ m, i.e., that g(X,Y7,---.,Y,) ¢
(X —a, Y1 — 01, -+ Y, — (). This is the hypothesis we make in Theorem 1.1.

ii) The results (b) and (c) of Theorem 1.1 can be reformulated in the following way:
(b’) The height of the biggest d—ideal of k[X,Y7,---,Y;] contained in
(X —a, Y1 = B, , Yo — B;) is equal to r — trdegy (k(yl(t,@, e ,yT(t,ﬁ))).

(c’) The biggest d—ideal of k[X,Y1,---,Y,] contained in (X —a, Yy — f1,--+, Y, — 5;) is
equal to (0) if and only if y1 (¢, 8),- - -, yr(t, B) are algebraically independent over k(t).

Theorem 1.1 will be obtained as a consequence of several auxiliary results.



Proposition 1.3. Let k, r, (o, 3), g(X,Y), fi(X,Y), -, f-(X,Y) and d be as in Theorem

. = 1
1.1; let D := g(X,X)d'

Let etal?ﬁ CRXC Y1, Y (x—avi— 8 ,ve—80) — K[t]] be the map defined by

63?5(5) = Zizo ngg) (a,@ti~

Let pap be the kernel of etofé. Then,
(a) effﬁ is a homomorphism of k-algebras such that
ez%(X) =a+t, etofé(Y;;) € B + tk[[t]] for everyi=1,---,r,
(b) % o ey?é = effg oD,
(c) a5 18 the biggest D—ideal of KX, Y1, Yol (x—a,yi—B1,- Yo Br)

(d) height of pap =1 — trdegymk (el (Y1), - el 5(V7)),

(e) kK[X,Y1, - Y| (x—a,yi—pi,v,—p,) 18 D—simple if and only if eleﬂ is injective, if and

only if e’;f)g(Yl), e ,effg(YT) are algebraically independent over k(t).

Proof. (a) It is clear that eleﬁ leaves every element of k fixed.

Let §,m € k[X, Y1, -+, Vo] (x—a,yi—p1,--Y,—8,)- For every n > 0, we have

D"(&n) = X1 CLD' (€)D" (), where Cf, = sy,

hence % = Zn %DZ(&)Dn—z(T/) _ Zn D(£) ani(n)

=0 ! =0 il (n—i)

Then, ef(En) = Yymg T (00 D" = T o(Sig 2 (0 )18 B (a0 ) =

(S0 28 (00 1) (im0 22 (0, B)E) = elDy(€) elDy ().

Finally it is clear that etaDﬁ(X) = a + t and that etof)é(lﬁ) € B; + tk[[t]] for every i =

)

1,7

(b) Let £ € k[X, Y1, , Y] (x—a,yi—51,-v,—p,)- We have



(c) By part (b) it is clear that o, g is a D—ideal of R := k[X, Y1, -+ , V2] (x—a,yi—B1,--Vi—3,)-

Now, let J C m := (X —a,Y] — 1, Y, — B;)R be a D—ideal of R. Then eta?ﬂ(.]) -
eiﬁ;(m) C tk[[t]] by part (a); thus the ideal < eg{%(,]) > of k[[t]] generated by eé{%(,]) is
contained in tk[[t]]. On the other hand, since J is a D—ideal, we have by part (b),

%(etaf)g(l])) = effé(D(J)) - effé(J) , hence %(< (eg?é(J)) >) C< (effé(J)) >.

Thus < (effg(J )) > is a proper %—ideal of k[[t]]. Since Kk[[t]] is clearly %—simple, this
implies that < (efg(J)) >= (0) and therefore that J C ker(efé) = Pa,5- Thus pa g is the
biggest D—ideal of R.

(d) We have

height of p, g = height of (pa g N E[X, Y1, ,Y}])
k[X7Y17'” )1/7‘]
@a,ﬁmk[nyla"‘ JY’I"]
=r+1—dimkla+t,e V1), e (V)]
=r+1—trdegg k(t, eg]?g(Yl), N ,eiﬁ;(l@)).

=r+1-—dim

(e) Since pq g is its biggest D—ideal, then k[X, Y1, -, Y;|(x—a,y;—p1,-v,—5,) is D—simple
if and only if o g = (0). By part (d), this happens if and only if etof?ﬁ(Yl), e ,etal?g(Y}) are
algebraically independent over k(t). But pq g is also the kernel of effg. Thus pa,5 = (0)

happens also if and only if eff?é is injective. O

Proposition 1.4. Let the notations be the same as in Theorem 1.1 and Proposition 1.35.
Then, the system of differential equations (x.cc) has a unique solution yi(t, ), -- ,yr(t, 3) €
E[[t]] such that y1(0,3) = B1,---,y-(0,8) = Br. This solution is given by yi(t,5) =

D, (V). un(t, 5) = ety (V).



Proof. Let i € {1,--- ,r}. By Proposition 1.3(a), we have egl?g(Y;)(O) = (. Now,

0

pn (eff?é(Y;)) =D 3 ° D(Y;) by Proposition 1.3(b)

_ tD (fl(valu 7Y;")
B g(X7Y17"' 7}/;’)
fl(t +a7etD (Y1)7 U 763{)&(}(/‘))
g(t+&,6 ﬁ(Y) o 7efll?g(}/7‘))

) by the definition of D

by Proposition 1.3(a).

Thus etD 5(Y1), - ,egl?ﬁ(iﬁn)) is a solution of the system (x.a) with the desired property.

Now, we check the unicity. For i = 1,---,r let y;(t) := B + > i1 bijt! € k[[t]] and
suppose that y1(t),- - ,y-(t) is a solution of the system (x.«). Write g(X,Y7,---,Y,) as a
polynomial in the indeterminates Y1 — 31, -+, Y, — (3., with coefficients in k[X — a/:

(1) g(Xa Yla"' 7}/;“) = Z g(l1,~--,lT)(X_a)'(Y1 _/Bl)ll "'(K'_ﬁr)lr

(1, )
We then have

(2) g(t—i—a,yi(t),- e 7yr(t)) = Z (g, 0 Zbljtj (Z ijtj)lT

(L, 5lr) g2l Jj=1

Note that the constant term in (2) is equal to the constant term of g(.... 0)(t); by (1) this
constant term is equal to g(«, 51, -+, B;), which is different from zero since, by hypothesis,
9(X,Y1,---,Y,)) does not belong to the ideal (X —a, Y71 — B1,---, Y, — 5y).

Write also f;(X,Y1,---,Y,) as a polynomial in the variables Y7 — 31,---,Y, — (3, with
coefficients in k[X — af:

(3) filX, Y1, V) = Z f@ (e i) (X = ).(Y1 = B (Y, = Byl

ll7 7

We then have

(4) fi(t"i'aayi(t)v"' 7yr Z fz S, )l )(Z bljtj)ll "'(Zbrjtj)lT
(Ta,me 0l

j=21 j=21

Note that the constant term in (4) is equal to the constant term of f; (... 0)(t) which, by
(3), is equal to fi(c, By, -, ;). Looking at the constant terms in the following equality

(5) g(t+aay1(t)>"'ayr( )) () fz(t+a yl() '-,yT(t)),



we obtain g(a, 81, -, Gr).bi1 = fi(a,B1,-++, By). Since g(a, f1,- -+ ,3:) is not zero, then
bi1 is uniquely determined by ¢(X, Y1, --,Y,) and f;(X,Y7,---,Y}).

Now suppose that for every ¢ = 1,--- ;7 and every j < n, b;; is uniquely determined
by g(X, Y1, ,Y,), fi(X, Y1, Ye), o, fr (X, Y7, - -+ ) Y;). We want to show that bj,41)
is also uniquely determined for every i. First note that our supposition implies that for
every j < n, the coefficient a; of t/ in (2) and the coefficient ¢; of #/ in (4) are also uniquely
determined by ¢(X,Y1,---.Y,), fi(X, Y1, - Y.), -+ fr(X,Y7,---,Y,). Now, looking at
the terms in ¢" in the equality (5) we have

(TL + 1)a0bi(n+1) +narbip + -+ anbin = cp.

Since ag, a1, ,an,bi1, -, bin, ¢y are all uniquely determined by g(X, Yy, -+ ,Y;),
XY Y, fr(X Y2, YY) and sinee ag = g(a, 81,005 Br) # 0, then by, 11y is
indeed also uniquely determined by g(X, Y1,---,Y;), f1(X, Y1, -, Y.), -, (X, Y1,--- | Y}).
O

Proof of Theorem 1.1:

(a) This is given by Proposition 1.4.

(b) Let pq,p be the biggest D—ideal of R := k[X,Y1, -+, Y| (x—a,yvi—8:,-v,—3,); since
g9(X,Y) is a unit in R, then p, g is also the biggest d-ideal of R. By Proposition 1.3(d),
height of pap = r — trdegk(t)k(eg%(Yl),'-- ,eé{%()@)). By Proposition 1.4, the set

{etD (Y1), -, aﬂ( )} is equal to the set {y1(t, 3),--- ,y.(t,8)}.
(c) This is consequence of part (b), or of Proposition 1.3(e) and Proposition 1.4. [

As a consequence of Theorem 1.1, we shall obtain an important result on the algebraic
independence of some sets of power series. For convenience, we first state the result in a
very particular case.

Theorem 1.5. Let k be a field of characteristic zero, (o, ) € k? and t,X,Y some inde-
terminates over k. Let f(X,Y),9(X,Y) € k[X,Y], f(a, B) # 0 and g(a, B) # 0. Over the
local ring k[X,Y](x_a,y—p), consider the derivation d := g(X,Y)a% + f(X, Y)a%. Over
Ek([t]], consider the differential equations

(*.r) g(t+a,y®).y' ) = f(t+a,y(t))
and
(% % .3) fz(),t+B).2'(t) = g(z(t).t + B)

Let y(t) € K[[t]] be the unique solution of (x.ct) such that y(0) = § and z(t) € k[[t]]
be the unique solution of (x x .3) such that x(0) = «. Then, the following statements are
equivalent:

(1) y(t) is transcendental over k(t).



(ii) R is d—simple.
(iii) x(t) is transcendental over k(t).

Proof. By Theorem 1.1 ¢), R is d—simple if and only if y(¢) is transcendental over k(t)
and also if and only if x(¢) is transcendental over k(t). O

As a generalization of Theorem 1.5 we have:

Theorem 1.6. Let k be a field of characteristic zero and r,s positive integers. Let o =
(a1, ,Qpys) €K™ and t,Y = {Y1,--+ ,Y,is} some indeterminates over k. Let fi(Y),- - -
fres(Y) € k[Y] such that fi(a) # 0 for all i € {1,---,r}. Qwver the local ring R :=

EY](vi—a1, Yiss—ayis) consider the derivation

D := Zji{ fi(Y) a?/i-

For each i € {1,---,r} consider, over k[[t]], the system of differential equations in
(r+s—1) unknowns

( ) {fi(yl(t)v"' 7yi—1(t)7t+aiayi+1(t)>"' 7y7“+8(t>)'%(yl(t))
o = filya (@), w1 (), t+ iy Yig1 () -+ Ysir (B) e, s\ i}

and let yin(t), -+ Yiei—1) (1), Yigi+1) (1) s Yi(r4s) (E) € K[[t]] be the solution of (x;.c;) such
that y;;1(0) = oy for every I € {1,---,r + s} \ {i}. Then the following statements are
equivalent:

(1) There exists i € {1,--- ,r} such that the elements y; (t) ,with | € {1,--- ,r+ s} \ {i},
are algebraically independent over k(t).

(ii) The ring R is d-simple.

(iii) For every i € {1,---,r}, the elements y; (t) ,with | € {1,--- ,r + s} \ {i}, are alge-
braically independent over k(t).

2 Transcendental Power Series

In Theorem 1.5, we have obtained that the solution in S+tk[[t]] of the equations (*.c) is tran-
scendental over k(t) if and only if the solution in « + tk[[t]] of the equation
(#*.03) is transcendental over k(¢). This is interesting: in one hand it may be difficult (or even



impossible) to decide whether the solution of one of the equations is, or is not, transcen-
dental over k(t), using the classical methods; on the other hand, the same classical methods
may easily give the solution for the other equation. We shall give two such examples. We
shall also give an example to illustrate the more complex context of theorem 1.6.

Proposition 2.1. Let k be a field of characteristic zero, t an indeterminate over k, n a
positive integer and g € Q \ {0}. Then:

(a) The solution in tk[[t]] of the equation
(x % .0) (¢t" + 1)2'(t) =1
is transcendental over k(t).

(b) The solution in tk[[t]] of the equation
(+.0) y(t)=qy"(t) +1
is transcendental over k(t).

Proof. (a) We have

1 2,2 3,3
s S U A A
hence +1 242n+1 343n+1
1 t" ten "
qt" + 1 n+l 2n+41 3n+1

By Dirichlet’s Theorem on arithmetic progressions, the set S :={1,n+1,2n+1,---}
of the denominators of the series x(t) contains infinitely many prime integers. Then, by a
theorem of Eisenstein [4, 32., page 44], z(t) is transcendental over k(t).

(b) Is a consequence of (a) and Theorem 1.5. O

Proposition 2.2. Let k be a field of characteristic zero and t, X,Y some indeterminates
over k. Let f(X,Y) := a(X)Y + b(X) with a(X),b(X) € k[X], deg a(X) >deg b(X),
b(X) #0. Then,

(a) For every a € k, all the solutions in k[[t]] of the equation
(x.c) y'(t) = alt + a)y(t) + bt + o)

are transcendental over k(t).



(b) For every a, B € k such that f(a, 8) # 0, the solution x(t) € a+tk[[t]] of the equation
(xx.03) (a(z(t)).(t+ B8) + b(z(t)).2'(t) =1
is transcendental over k(t).

We shall prove part (a) of Proposition 2.2 and obtain part (b) as a consequence of (a)
and Theorem 1.5. But before that, we need an auxiliary result that has its own interest.

Proposition 2.3. Let ]l O k O Z be domains of characteristic zero, where k is a field. Let
t be an indeterminate over 1, a(t),b(t) € k[t], a(t) # 0.Owver [[t]], consider the differential
equation

(*) y'(t) = a(t)y(t) + b(t).
Then:

(a) With the possible exception of one of them, all the solutions of (x) in l[[t]] are tran-
scendental over k|t].

(b) If there exists a solution of (x) in l[[t]] that is not transcendental over k[t], then it
belongs to klt].

This proposition will be obtained as an immediate consequence of the next proposition
in witch we take A := k[t], R :=[[t]] and d := %.

We recall that if R is a ring that contains the rational numbers and if d is a derivation
of R, then Nil(d) is defined to be {¢ € R;3s € N such that d°(¢) = 0}. Following [2] we
define the function degq on Nil(d) by degq(§) = maz{s € N;d*(§) = 0}. Using Leibnitz’s
formula, it is easy to check that, if R is a domain, then one has degq(¢n) = degq(§)dega(n).

Proposition 2.4. Let R D A D k DO Z be domains of characteristic zero. Let d be a
k-derivation of R such that d(A) C A and A C Nil(d).
Let a,b € A, a+# 0, and over R consider the differential equation

(*.b) dly) =ay+b

(a) e Ifyyo € R is a solution of (x.b), then
{solutions of (x.b) in R} = {yo+ 2;2 € R, z solution of d(y) = ay}.
e If 29 € R is a non-zero solution of d(y) = ay, then
{solutions of d(y) =ay in R} = {czo; c € ¢f(R), d(c) =0, czp € R}.

(b) With the possible exception of one of them, all the solutions of (x.b) in R are tran-
scendental over A.
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(c) Suppose that A is a U.F.D and that ker(d) N (A \ {0}) = {units of A}. If there exists

a solution of (x.b) in R that is not transcendental over A, then it belongs to A.

Remark 2.5. Part (b) of Proposition 2.4 was proved in the particular case of A C ker (d)
by Nousiainen and Sweedler in [5, Lemma 3.5]

Proof of Proposition 2.4. (a) These are routine verifications.

(b) First we prove the following:
Claim 1. Let the natural extension of d to the quotient field ¢f(R) of R be also denoted
by d. If z € qf(R) is a non-zero solution of the differential equation

(*.0) d(y) = ay,

then z is transcendental over A.
Let z be any non-zero solution of (*.0) in ¢f(R) and suppose that z is algebraic over A.
Let

anZ"+ - +a1z+ag=0

be an algebraic relation, with au,, -+, a1, a9 € A, n minimal. Applying d to this relation,
we obtain
(6) (d(en) +noma)z™ + -+ (d(ar) + ara)z + d(ag) = 0.

We assert that d(a,) + naya is not equal to zero. Indeed, if it were equal to zero, then we
would have d(a,,) = —naay,, hence degy(d(ay,)) = degq(a) + degq(ay,) > degq(ay,) which is
absurd since degq(d(ay,)) = degq(ay,) — 1. Thus the left side of (6) has a non-zero term in
z"™. Then, by the minimality of n, d(cg) must be different from zero. Applying d to the
relation (6), we shall obtain a new algebraic relation with a non-zero term in 2" and with
d*(ap) # 0 as a constant. Going on with this process, we see that d*(ag) # 0 for every

s > 0 which is absurd since ap € A C Nil(d). This terminates the proof of our claim.

Now, if there exists a solution yg of (*.b) in R that is algebraic over A, then all the other
solutions of (*.b) in R will be transcendental over A since they will be of the type yo + =z
with z a non-zero solution of (*.0) in R.

(c) Let y € R be a solution of (*.b) that is not transcendental over A. Let
P(X):=X"4 B, 1 X" 14+ o

be the irreducible polynomial of y over the quotient field ¢f(A) of A. Applying d to the
equality y" 4 Bn_19" ' 4 - - + Bp = 0, we obtain

nay” + [nb+ (n —1)fn-1a + d(Bp-1)]y" ' +--- =0,
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Clearly, the polynomial
g(X) =naX"+ nb+ (n—1)Bn_1a +d(Bp_1)| X" +---

has degree n, has its coefficients in ¢f(A) and admits z as a root; thus g(X) is a multiple of

P(X). Looking at the terms in X", we see that ¢g(X) = mnaP(X). Then,
nb+ (n —1)Bh—1a + d(fBn—1) = nafp_1, hence
(7) d(Bn-1) = affp—1 — nb.

Let w :=ny + Bp—1. We have

d(w) = nd(y) + d(Bn-1)
=n(ay +b) +al,—1 —nb by (x.b) and (7)
= a(ny + Bn-1)

Thus w belongs to ¢f(R) and is a solution of (*.0) which is algebraic over A since y is
algebraic over A and since (,—1 € qf(A). Then , by the previous claim, we have w = 0 and
hence y = —% €qf(A) .

Now since A is a U.F.D we can write y = ¥ with 7,6 € A, § # 0, mdec(y,) = 1. We
have ay + b = CWTW and d(y) = M7 hence G’Y}-b(s _ d(v)&é—;d(é)

since y is a solution
of (*.b). From this we get d[d(y) — ay — bd] = ~vd(0). Since mdc(y,d) = 1, this implies that
0 divides d(6) in A, say d(d) = ud with u,d,d(d) € A. Looking at the d-degree, we see that
necessarily d(0) = 0, i.e., that 6 € Ker(d) N (A\ {0}) C {units of A}. Thus y = } € A.

Proof of Proposition 2.2 (a): For reasons of degree, it is clear that the equation (*.«)
does not have any solution in k[t]. Then, by Proposition 2.3(b), all the solutions of (*.c)
in k[[t]] are transcendental over k(t).

(b) This is a consequence of (a) and of Theorem 1.5. O

We shall apply Theorem 1.6 on a set of polynomials that is related to the example
constructed by Hart in [3]

Proposition 2.6. Let k be a field of characteristic zero and t,Y1,--- ,Y, some indetermi-
nates over k. Let f1(Y) :=1 and fori=2,--- ,r, let fi(Y) :=1(14+Y1)(1+Y2)--- (1+Y;_1).
For each i € {1,---,r}, consider over k[[t]] the system of differential equations in (r — 1)
unknowns

( ) {fl(yl(t)a 7yi—l(t)’t7yi+l(t)a”' )yr(t))%(yl(t))
= filyr (@), sy (8), 6y () - e () hegre o0\ i)
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and let ya (t), - Yii—1) (1), Yii+1) (), -+, yir(t) be the solution of (x;.0) in tk[[t]. Then, for
everyi € {1,--- ,r}, the elements y; (t) withl € {1,--- ,r}\{i} are algebraically independent
over k(t).

Proof. By Theorem 1.6, it suffices to show that the series yi2(t),y13(t), - ,y1.(t) are
algebraically independent over k(t). The system of equations (x;.0) is particularly easy
to handle, and it is routine to check that its solution in tk[[¢]] is given by

Y12 (t) = €t -1
y13(t) — eyIQ(t) — 1

yi,r(t) =enre-nl) 1

Now it is well known that y12(t),y13(t),- - ,y1,(t) are algebraically independent over
k(t).(For example, see [1, Corollary 1, p.253].) O

Remark 2.7. (a) In the previous proposition, instead of working with the system of equa-
tions (x1.0), we could have worked with the system (x,.0). It would have been routine to
check that the solution of this system in tk[[t]] is given by:

Yr(r—1) (t) = log(l + t)
Yr(r—2) (t) = log(l + Yr(r—1) (t))

un(®) = log(1+ya(t))

Then, we would have used the fact that y,,—1)(t),- - ,yr1(t) are algebraically indepen-
dent over k(t).( See [3, Lemma, p.292].)

(b) Fori # 1,7, it is not clear at all what is the form of the solution y; (t), - -, yii—1)(t),
Yiti+1) (1), -+ 5 ¥ir(t) of (%.0) in tk[[t]], and it is even less clear how one could see directly
that the elements y;(t), with | € {1,--- ,r} \ {i}, are algebraically independent over k(t).

3 Differentially Simple Rings

In this section, we apply the results of section 1 to obtain interesting families of differential
simple rings.

Theorem 3.1. Let k C k' be fields of characteristic zero and Yq,---,Y, some indeter-
minates over k'. Let M be a mazimal ideal of k[Y1,---,Y;] and M' a maximal ideal of
K'[Y1,---,Y;] that lies over M. Let d be a k-derivation of k[Y1,---,Y,] and d' the exten-
sion of d to a k'-derivation of K'[Y1,---,Y;]; let d and d’' also denote the extensions to
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kY1, -+, Y. m and K'[Y1, -+, Y. ]a respectively. Then, the following statements are equiv-
alent:

(i) The local ring k[Y1,--- , Y, |ar is d-simple.
(i) The local ring K'[Y1,--- , Y|y is d'-simple.

Proof. Let k be the algebraic closure of k and k' the algebraic closure of k’. Since the
extension k'[Yy,---,Y,] C K/[Y1,---,Y,] is integral, there exists a maximal ideal M’ of
K'[Y1,-,Y,;] lying over M’. Let M := M’ Nk[Y1,---,Y,]. The local ring k'[Y1,- -+, Y,]
is d-simple if and only if k'[Y1,---,Y,]57 is d’-simple. Indeed, if I is a non-zero d’-ideal
contained in M’, then ITk'[Y1,---,Y;] is a non-zero d'-ideal in M’; conversely, if J is a non-
zero d'-ideal contained in M’, then J N k'[Y1,---,Y,] is a non-zero d’-ideal contained in
M'. Similarly, k[Y1,---, Y]y is d-simple if and only if k[Y1,---,Y;]37 is d-simple. Thus,
without loss of generality, we may suppose that k and k' are algebraically closed.

(ii) = (i) The local ring K'[Y7,---,Y,]ar is d'-simple if an only if for every & € M/,
there exists s > 1 such that d’*(£) ¢ M’; when this occurs then evidently, for every n € M,
there exists s such that d*(n) ¢ M’ Nk[Y1,---,Y,] = M, hence k[Y1,---,Y;] is d-simple.

(i) = (ii) Let p1, -, B € k such that M = (Y1 — B1,--- , Y, — Br)k[Y1, -+, Y;]. Then,
necessarily, the ideal M’ that lies above M is M’ = (Y1 — 1, , Y, — B,)K'[Y1,- -+, Y;]. For
every i = 1,---,r, let fi(Y1,---,Y;) :=d(Y;). Since k[Y1,---,Y,]as is d-simple,there exists
i€ {l,---,r}, say i = 1, such that d(Y7) = d(Y1 — 1) ¢ M. Let y12(t),- - ,y1.(t) € K[[t]]
be the solution of the system of differential equations

(+1.01) {f1(t+ Br,ya(t), - 7yr(t))'%(yi(t)) = fi(t+ Br,y2(t), - ur(t)) Yo

such that y12(0) = B2, ,y1,(0) = B,. By Theorem 1.1(c), k[Y1,- -, Y,]as is d-simple if and
only if y12(t), - ,y1,(t) are algebraically independent over k(t). Also by Theorem 1.1(c),
K'(Y1,--, Y|y is d-simple if and only if y12(t),- - ,y1,-(t) are algebraically independent
over k'(t). Then, we can conclude by the following easy to prove lemma.

|

Lemma 3.2. Let k C k' be fields of characteristic zero, t an indeterminate over k' and
y1(t), - ,yr(t) € k[[t]]. Then yi(t), - ,yr(t) are algebraically independent over k(t) if and
only if they are algebraically independent over k'(t).

Most published examples of derivations D that make the local ring k[X, Y](X,y)
D-simple are of the type D = & + f(X,Y):2 with f(X,Y) € k[X,Y], degy f(X,Y) = 1,
or variations of that type; in particular, there does not seem to be any example with
degy f(X,Y) an arbitrary positive integer. Our next proposition gives such an example.
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Proposition 3.3. Let k be a field of characteristic zero, n a positive integer and ¢ € Q\{0}.
On the local ring k[X,Y]xy) consider the derivation D := % + (gY™ + 1)% Then,
KX, Y]x,y) is D-simple.

Proof. As seen in Proposition2.1, the solution in tk[[t]] of the equation (gt"™ + 1).2/(t) = 1
is transcendental over k(t). Then, by Theorem1.1(c), the ring k[X, Y] x y) is D-simple O

We can recover the main result of [3] witch asserts that there exists a derivation d that
makes k[Y1,- -, Y;](y;,...,) d-simple:

Proposition 3.4. Let k be a field of characteristc zero and Y = {Y1,---,Y,} some in-
determinates over k. Let fi(Y) := 1 and for i = 2,---,r, let fiy(Y) := 1(1 + Y1)(1 +
Y2)---(1 +Yi1). On the local ring R := k[Y1, -+ ,Y;](v;,.. v;), consider the derivation
d:=>7, fi(X)aiYi. Then, R is d-simple.

Proof. Consider the system of differential equations

(10 LA 30, e 0)pn® = At 20, () H

ie.,

() = A+ O+ m0) - (1 + ua®)s.

As it was seen in the proof of Proposition 2.6, the solution of this system in tk[[¢]] is
given by y12(t) = et — 1, y13(t) = ev2®) — 1 ...y, = eYir-1(t) _ 1.

Since these power series are algebraically independent over k(t), then the ring R is
d-simple by Theorem 1.1(c).

O

Finally using a theorem of Ax on the transcendency of certain formal power series, we
obtain examples of derivations d that makes the ring k[X,Y1, - ,Y,](x v, ,...v,) d-simple:

Proposition 3.5. Let k be a field of characteristic zero. Let yi(t) = M) .. Ly yr(t) =

It) >
hf(g) € thlt] ) be Q-linearly independent. Let d be the k-derivation of k[ X, Y1, -+, Yr](x v - v;)
defined by d(X) == 12(X), d(Y;) := (hy(X)U(X)—hi(X)' (X)) Yit (hi(X)U(X)—hi(X) (X))
Then:

(a) ev® — 1, ... ev®) 1 are algebraically independent over k(t).

(b) K[X,Y1, -+ Y] (xvi,y,) is d — simple.
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Proof. (a) Note that for every i, y;(t) € k[[t]] N k(t). Then, applying [1, Corollary 1, p.253]
we obtain that e¥1() —1,... e¥ () — 1 are algebraically independent over k(t).

(b) Follows from Theorem 1.1 since, for every i = 1,--- ,r, z;(t) := e¥i() — 1, satisfies
the differential equation

O

4 The Ring k[X,Y] with the derivation d defined by d(X) = 1,
d(Y) =a(X)Y +b(X) with a(X),b(X) € k[X].

In this section, we consider the domain k[X, Y] (and not a localization of it), endowed with
the derivation d defined by d(X) =1, d(Y) = a(X)Y + b(X) with a(X),b(X) € k[X]. By
a Theorem of Shamsuddin [7], it is known that k[X, Y] is d-simple if and only if there does
not exist any polynomial hA(X) € k[X] such that h'(X) = a(X)h(X) + b(X). Using some
of our results on power series obtained in section 2, we shall complement and deepen that
result of Shamsuddin.

Theorem 4.1. Let k be a field of characteristic zero and X,Y two indeterminates over k.
Let a(X),b(X) € k[X] and d := 5% + (a(X)Y +b(X)) 5.

a) The following statements are equivalent:

(1) k[X,Y] is d-simple.
(ii) There does not exist any polynomial h(X) € k[X] such that W' (X) = a(X)h(X)+
b(X).
(iii) There exists an irreducible polynomial f(X) € k[X] such that, for every mazimal
ideal < f(X),— > of k[X,Y] that contains f(X), the ring k[X,Y ] ¢x)—> s
d-simple.

b) If k[X,Y] is not d-simple, then:

e There exists a unique polynomial h(X) € k[X] such that h'(X) = a(X)h(X) +
b(X).

e The ring k[X,Y] has a unique non-zero prime d-ideal ©. It is equal to
(Y — h(X)). In particular % ~ k[ X].

o Given any irreducible polynomial f(X) € k[X] there exists a unique mazimal
ideal < f(X),— > of k[X,Y] that contains f(X) such that k[X,Y ] ¢x) > is
not d-simple. It is equal to (f(X),Y - h(X)).
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Proof (a) Let k be the algebraic closure of k. We first make three observations:

1) k[X,Y] is d-simple if and only if k[X, Y] is d-simple. This is routine to check.

2) If the equation h'(X) = a(X)h(X) + b(X) does not have a solution in k[X], then
clearly it does not have a solution in k[X] either. Conversely, if it has a solution in k[X],
then by Proposition 2.3(b) (with [ = k), this solution belongs to k[X].

3) If f(X) is an irreducible polynomial of k[X] and if a € k is a root of f(X), then it
is routine to check that k[X,Y].fx)_> is d-simple for every maximal ideal < f(X), — >
of k[X,Y] that contains f(X) if and only if k[X,Y]<x—a > is d- simple for every maximal
ideal < X — a, — > of k[X, Y] that contains X — a.

Thus, in order to prove the equivalence of (i)-(iii) in part (a) of the Theorem , we may
suppose that k is algebraically closed.

If a(X) = 0, then clearly, the equation h'(X) = b(X) has a solution [ b(X) in k[X] and
k[X,Y] is not d-simple since (Y — [b(X)) is a non-zero proper d-ideal of k[X,Y]. Thus,
in this case , both statements (i) and (ii) are false. That statement (iii) is also false is a
clear consequence of the, soon to be proved, part (b) of the theorem.

So, for part (a) of the theorem, we may suppose that a(X) # 0.

(i) = (ii) Suppose that there exists a polynomial h(X) € k[X] such that h'(X) =
a(X)h(X) + b(X). Then, d(Y — h(X)) = a(X)(Y — h(X)) and therefore, (Y — h(X)) is a
non-zero proper d-ideal of k[X,Y’], which is a contradiction with the hypothesis.

(ii) = (iii) Since the equation h'(X) = a(X)h(X)+b(X) does not have any solution in
k[X], then by Proposition 2.3, all the solutions of this equation in k[[X]] are transcendental
over k(X). By Theorem 1.1(c), this implies that k[X, Y] x y_g) is d-simple for every 3 € k.

(iii) = (i) By hypothesis, there exists ag € k such that k[X,Y]x_qa,y—p) is d-simple
for every 3 € k. Then, by Theorem 1.1 (c), we already have:
Fact 1. All the solutions in k[[X]] of the equation
(*.cx0) Y (X) = a(X + a0)y(X) + b(X + o)

are transcendental over k(X).

Now suppose that k[X,Y] is not d-simple. Then there exists ay,1 € k such that
E[X,Y](x-a1,y—p,) is not d-simple. By Theorem 1.1 (c), this implies that the element
hi(X) € 1 + Xk[[X]] satisfying

(8) h1(X) = a(X + a1)h (X) + (X + a1)

is algebraic over k(X); even more, by Proposition 2.3, h1(X) € k[X].
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Let ho(X) := h1(X — a1 + o). We have ho(X) € k[X] and

ho(X) = (h1(X — a1 + ag))
(X + Oé())hl(X — o1+ ao) +b(X + ao)
(X + Oéo)h()(X) + b(X + Oé())

a
a

Thus ho(X) € k[X] is a solution of (x.ap); this contradicts Fact 1. Thus k[X, Y] is d-simple.
(b) Suppose that k[X, Y] is not d-simple. Once again, using the fact that k[X, Y] is an
integral extension of k[X, Y] and using Proposition 2.3, it easy to see that, without loss of
generality, we may suppose that k is algebraically closed.
As seen before, there exists a1 € k and hi(X) € k[X] satisfying (8). Let h(X) :=
hi(X — a1). We have h(X) € k[X] and

h,(X) hl(X — 041>),
X).hi(X — 1) +5(X) by (8)

X)h(X) +b(X).

—~

Then d(Y — h(X)) = a(X)(Y — k(X)) € (Y — h(X)) and p := (Y — h(X)) is a non-zero
prime d-ideal of k[X,Y].
Claim 2. Given an arbitrary « € k, then:

1) p is the biggest d-ideal contained in (X — o, Y — h(«)).
2) k[X,Y](x—a,y—v)) is d-simple for every v € k, v # h(a).

Indeed, with 8 := h(a), we have p = (Y — h(X)) C (X —a,Y — ). Since p is a prime
d-ideal of height one and since (X — «a, Y — [3) is not a d-ideal then g is the biggest d-ideal
contained in (X —a,Y — (3)).

Since k[X,Y](x—a,y—pg)) is not d-simple then by Theorem 1.1 (c), the solution in 3 +
Xk[[X]] of the equation

(x.a) ¥ (X) =a(X + a)y(X) +b(X + )

is algebraic over k(X), and by Proposition 2.3 (a), all the other solutions in k[[X]] are
transcendental over k(X). Thus, by Theorem 1.1 (c), k[X,Y]x_q,y—)) is d-simple for
every v # 3, v € k. This terminates the proof of our claim .

Now, let ¢’ be any non-zero prime d-ideal of k[X,Y]. Let ag, 2 € k such that o' C
(X — a2, Y — f2). Clearly (X — a2,Y — () is not a d-ideal, hence @' is the biggest d-
ideal contained in (X — a2,Y — 32). Since @' # (0), the ring k[X,Y](x_q,y—g,)) is not
d-simple. Thus, by Claim 2 .2), we necessarily have 2 = h(ag), and by Claim 2.1),
© C (X —ag,Y — (B2). Since both p and ¢’ are the biggest d-ideal of k[X,Y] contained in
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(X — ag,Y — [33), we obtain that p = @’ and therefore that e is the unique non-zero prime
d-ideal of k[X,Y].

The prime ideal p has been defined as p := (Y — h(X)) where h(X) was an element
of k[X] such that h/(X) = a(X)h(X) 4+ b(X). The uniqueness of such an element h(X) is
given by Proposition 2.3.

Finally, given an arbitrary irreducible polynomial of k[X],i.e., given an arbitrary poly-
nomial of the type X — a with a € k, then by Claim 2, (X — «,Y — h(«a)) is the unique
maximal ideal M of k[X,Y] that contains X — a such that k[X, Y], is not d-simple; since
(X —a,Y —h(a)) = (X —a,Y — h(X)), we are through. O

Using Theorem4.1 and Theorem1.1, we can prove the following:

Proposition 4.2. Let k be a field of characteristic zero. Let t be an indeterminate over k,
a(t),b(t) € k[t], a(t) # 0. Then, the following statements are equivalent:

(i) The equation
y'(t) = a(t)y(t) + b(t)

does not have any solutions in k[t].
(ii) For every o € k, all the solutions in k[[t]] of the equation
y'(t) = a(t + a)y(t) +b(t + a)
are transcendental over k|t].

Proof (ii) = (i) Clear

(i) = (ii) By Theorem4.1 (a), k[X, Y] is d-simple and, if k& denotes the algebraic closure
of k, k[X,Y] is d-simple. Then k[X, Y](x—a,y—p) is d-simple for every a, 3 € k and, by
Theorem 1.1 (c), for every a € k, all the solutions in k[[t]] of ¥/(t) = a(t + a)y(t) + b(t + )
are transcendental over k(t), hence in particular over k[t]. O
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