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Abstract

Let k[X] be the algebra of polynomials in n variables over a field k of character-
istic zero, and let f € k[X]\ k. We present a construction of a derivation d of k[X]
whose ring of constants is equal to the integral closure of k[f] in k[X]. A similar
construction for fields of rational functions is also given.

1 Introduction

Let k be a field of characteristic zero and let k[X]| := k[xy, ..., z,] be the polynomial
ring in n variables over k. If d : k[X] — k[X] is a derivation of k[X], then we denote by
k[X]¢ the ring of constants of d, that is, k[X]? = {w € k[X]; d(w) = 0}.

Rings of constants appear in various classical problems. For example the Cancellation
Problem asks if the ring of constants of a locally nilpotent derivation on a polynomial
ring having a slice is a polynomial ring, Hilbert’s fourteenth problem asks if the ring of
constants of a derivation on a polynomial ring over a field £ is a finitely generated k-algebra
and the Jacobian Problem asks if the ring of constants associated to a Jacobian derivation
of the form % is a polynomial ring generated by Fi,..., F,,_1, when detJF € k* (for
more details we refer to [4]).

It is well known that every k-algebra B of the form k[X]¢, where d is a derivation
of k[X], is integrally closed in k[X] and By N k[X] = B (where B, denotes the quotient
field of B). In [9] (or [10]) the third author proved that every k-subalgebra B of k[X]
which is integrally closed in k[X] with By N k[X] = B can be realized as the ring of
constants of some derivation of k[X]. However his proof of this fact is not effective. For
a given subalgebra B of k[X] satisfying the above conditions it is not easy to construct a
derivation d of k[X] such that k[X]? = B. We know only that such a derivation exists.

In this paper we discuss an effective counterpart of this result for k-subalgebras B
generated over k by a one element. More precisely, for a given polynomial f € k[X]\ &k
we present (in Section 3) a construction of an explicit derivation d of k[X] whose ring of



constants is equal to the integral closure of the ring k[f] in k[X]. A similar construction
we present also for a given rational function ¢ € k(X) \ k.

Note that there exists an algorithm, given by J. Brennan and W. Vasconcelos in [2] (see
also [15]), to compute the integral closure of finitely generated k-domains. This algorithm
is based on the theory of Grobner basis and Rees algebras. In our case we know, by Zaks’
theorem (see [16] or [4], Theorem 1.2.26), that the integral closure of k[f] in k[X] is of
the form k[g] for some g € k[X]\ k, so in our case the general algorithm of Brennan and
Vasconcelos has a simpler form.

It is well known that if d is a derivation of k[X], then the ring k[X]? coincides with the
k-algebra of all polynomial first integrals of the following system of ordinary differential

equations:
d.flfz' .
o = filx1(t),...,x,(t)), i=1,...,n,

where f; = d(z1),..., fn = d(x,). The field of constants k(X)? coincides with the field of
all rational first integrals of this system. Hence, for a given polynomial f € k[X]\ k we
are ready to construct a system of ordinary differential equations such that its k-algebra
of all polynomial first integrals is equal to the integral closure of k[f] in k[X]. A similar
construction we have for a given rational function ¢ € k(X) \ k.

Note also that our considerations are quite obvious forn < 2. If n = 1 and f € k[z1]\k,
then the integral closure of k[f] in k[z] is equal to k[x1]. So, in this case, only the zero
derivation of k[z,] satisfies the mentioned conditions. If n = 2 and f € k[z1, 2] \ k, then
the jacobian derivation d = g—é% — 66—;18%2 satisfies our conditions. In this case the ring
d

k[xy, x9]* is equal to the integral closure of k[f] in k[zy, xs] (see [7]).

2 Preliminaries

Throughout this paper all rings and algebras are commutative, k£ denotes a field of
characteristic zero, k[X| := k[x1, ..., x,] is the polynomial ring in n variables over k, and
kE(X) := k(zy,...,x,) is the field of quotients of k[X]. If A is a domain, then we denote
by Aq the field of quotients of A.

In this section we present some preparatory facts which will be important in the next
section. Moreover, we present here examples of derivations with trivial fields of constants.

Let us start from the following lemma which is a special case of a more general fact
(see, for example, [1] p.296 or [4] Proposition D.1.7). We present a proof because, in our
case, this proof is easy.

Lemma 2.1. If h € k[X], then k[h]o N k[X] = k[h].

Proof. Assume that u = u(X) € k[h]o N k[X]. Then u = %, where p(t), q(t) are
relatively prime polynomials belonging to k[t], the ring of polynomials in the one varia-
ble ¢t over k. There exist polynomials «(t), 5(t) € k[t] such that 1 = «a(t)p(t) + B(t)q(t).
Hence, in the ring k[ X| we have: 1 = a(h)p(h) + 5(h)q(h) = a(h)u(X)q(h) + B(h)q(h) =
(a(h)u(X) 4+ B(h)) q(h) and this implies that the polynomial ¢(h) is invertible in k[X].



So, q(h) € k, that is, u = 2% € k[h]. Therefore, k[h|o N k[X] C k[h]. The opposite
inclusion is obvious. [

N

Let us recall the following well known theorem (see [16] or [4] Theorem 1.2.26).

Theorem 2.2 (Zaks). If R is a Dedekind subring of k| X] containing k, then there ezists
a polynomial f € k[X] such that R = k[f].

Consider now the following family M of k-subalgebras of k[X]:
M ={klh]; h € k[X] N k}.

If klhi] € k[ho], for some hy, hy € k[X]| \ k, then deghy < degh; and hence, in the
family M there exist maximal elements. As a consequence of Theorem 2.2 we obtain the
following lemma (see [11] Lemma 3.1 or [10] Proposition 5.2.1, for details).

Lemma 2.3. If h € k[X] \ k, then k[h| is a mazimal element in the family M if and
only if the algebra k[h] is integrally closed in k[X]. In particular, if f € k[X] \ k, then
the integral closure of k[f] in k[X] is of the form klg|, for some g € k[X] \ k.

Note also the following obvious lemma.

Lemma 2.4. Let A be a k-subalgebra of k[X]. If A is integrally closed in k[X], then the
field Ay is algebraically closed in k(X).

If d is a derivation of a ring R, then we denote by R? the kernel of d, that is, R? =
{r € R; d(r) = 0}. Note that R? is a subring of R. If R is a field, then R? is a subfield
of R. The next lemma is a modification of Lemma 4 in [14].

Lemma 2.5. Let M C K C L be fields (of characteristic zero) such that the extension
K C L is algebraic. Assume that d : K — K is an M-derivation such that K¢ = M
and let d : L — L be the derivation which is the unique extension of d to L. If M is
algebraically closed in L, then L% = M.

Proof. Let u € L, d(u) = 0. Since u is algebraic over K, there exists a minimal
m > 1 such that ™ + @y 1u™ ' + -+ + ajuy = 0, for some aq, ..., am_1 € K. Applying
d and using that d(u) = 0 we get that d(a,_1)u™ ' + --- + d(a;)u + d(ag) = 0. {From
the minimality of m it follows that d(a;) = 0 for all 4, that is, ag,...,am_1 € K¢ = M.
Hence, u is algebraic over M. But M is algebraically closed in L, so u € M. Therefore,
L{=M. O

Let & be a derivation of k[X]. We denote by ¢ the unique extension of § to k(X). The
field k(X)° is called the field of constants of §. If k(X)? = k, then we say that the field of

constants of § is trivial. A collection of examples of derivations of k[X] with trivial field
of constants can be found, for instance, in [10]. Now we recall some of these examples.



Let 41, ...,d5 be derivations of k[X] := k[xy,...,z,] (where n > 2) defined as follows:
0 = O+ (x129 +1)09 + (wews + 1)03 + -+ - + (212, + 1)0,,
by = (v1m2- Tp1) (al + iﬁg + ;1233 +- ﬁ@z) 5
53 = 81 + 33282 + $2$383 + -+ Xam3 - -xnan,
0y = x50+ 250+ +2,0,-1+270,, for n>3, s>2
55 = :clzcgﬁl + 513'2.%'382 + -+ :Cn,lxnan,l + Q?nl'lan,
where 0; = 5, for i = 1,...,n. It is known that every derivation d;, for j € {1,...,5},
has a trivial field of constants. If j = 1, then it is a consequence of Shamsuddin’s result
[12] (see [10] Example 13.4.3). For j = 2 see S. Suzuki [14]. For j = 3 see H. Derksen
[3]. The derivation d4 is called a Jouanolou derivation. A proof that k(X )% =k is due to
H. Zotadek [17] (in [5] is a proof in the case when n is prime). For j = 5 see [6] (or [10]).
Let d be a derivation of k[xy, z5] defined by
66 = aa:181 + (CLLEQ + Q?l)ag,

where 0 # a € k. This derivation has also a trivial field of constants (see [8] or [10]).

3 Constructions

Let f € kE[X] Nk and ¢ € k(X)) ~\ k[X]. In this section we present a construction of a
derivation d of k[X] whose ring of constants k[X]? is equal to the integral closure of k[f]
in k[X]. Moreover, we present also a construction of a derivation dqy of k[X] whose field of
constants k(X )% is equal to the algebraic closure of k(y) in k(X ). We already know (see
Introduction) that such constructions are clear for n < 2. Hence, we assume that n > 3.

Since f & k, there exists an ¢ € {1,...,n} such that 88_32- # 0. Let us assume (for

simplicity) that i = n, that is, % £ 0.

Consider now a derivation ¢ of the polynomial ring k[r1, ..., 2, 1] with a trivial field
of constants, that is, k(x1,...,7,_1)° = k. We presented a list of examples of such deriva-
tions in the previous section. Denote by A the derivation of k[X| = k[xy, ..., x,_1][x,]
given by

Axy) =6(x1), ..., A(zpq) =0(xp—1) and A(z,) =0,
and let d : k[X]| — k[X] be the derivation defined by
(1) d=—A(f)zZ + 2LA.

It is clear that k[f] C k[X]%.

Now let ¢ = * € k(X) \ k[X], where u,v € k[X] and v # 0. Assume that gm—i # 0,
and let A be the extension of the above derivation A to k(X ). Then the elements v2A(¢)
and Uz(i—i belong to k[X]. Put

(2) dy = —U2Z((,D>% + UQ%%A.

Then dy is a derivation of k[X] and it is clear that k() C k(X)%.
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Theorem 3.1. If d is the derwation defined by (1), then the ring k[X]? is equal to the
integral closure of k[f] in k[X], and the field k(X)? is equal to the algebraic closure of
E(f) in k(X).

Proof. Denote by A the integral closure of k[f] in k[X| and put M := Ay. Then (see
Lemma 2.4) M is the algebraic closure of k(f) in k(X). Note that k(X)¢Nk[X] = k[X]%
Let D := w™'d, where w = % (recall that w # 0). Then it is obvious that D is an
M-derivation of k(X).

Since ;TJ; # 0, the polynomials z1,...,z, 1, f are algebraically independent over k,
and this implies that the field extension M(zq,...,2,-1) € k(X) is algebraic. Observe
that D(z;) = d(x;) for all i = 1,...,n — 1. Hence, the restriction of D to the polynomial
ring Mxy,...,z, 1] is an M-derivation with a trivial field of constants. But the field M
is, by Lemma 2.4, algebraically closed in k(X). So, Lemma 2.5 implies that k(X)? = M.
Hence, k(X)? = M, because D = w~'d, and hence k(X)¢ equals to the algebraic closure
of k(f) in k(X). Moreover, we have: k[X]|¢ = k(X)!NEk[X] = M Nk[X]. But M = A4,
and A is (by Lemma 2.3) of the form k[g] for some g € k[X] \ k. Therefore, by Lemma
2.1, M Nk[X] = A, that is, k[X]¢ = A. O

Repeating the arguments from the above proof and using small modifications we obtain
the following theorem.

Theorem 3.2. If dy is the derivation defined by (2), then the field k(X)% is equal to the
algebraic closure of k() in k(X).

Proof. Denote by M the algebraic closure of k(¢) in k(X). Let D := w~'d,, where

w = gz—i (recall that w # 0). Then it is obvious that D is an M-derivation of k(X).

Since 887@ # 0, the elements z1,...,x, 1, are algebraically independent over k, and

this implies that the field extension M (z1, ... ,Tn—1) C k(X) is algebraic. Observe that
D(z;) = v?6(z;) for all i = 1,...,n — 1. Hence, the restriction of D to the polynomial
ring M[xq,...,2, 1] is an M-derivation with trivial field of constants. But the field
M is algebraically closed in k(X). So, Lemma 2.5 implies that k(X)? = M. Hence,

k(X)) = k(X)) ' = ((X)P = M. O

Using the above constructions and the derivations 41, ..., dg, defined in the previous
section, we obtain the following examples.

Example 3.3. Let dy, ds, ds be derivations of k[x,y, z| defined as follows:

di = 20, +z(xzy+1)9, — (zy* + z + y)0.,
dy = 20, +yz0, — (2* +y)0.,
ds = 220, + z(x +y)9y — (2% + xy + y*)0..

Then k[z,y, 2)% = k[z? + 3% + 22] and k(z,y, 2)% = k(z? + 12> + 22), fori=1,2,3. O



Example 3.4. Let dy, ds, ds be derivations of k[x,y, z| defined as follows:

dy = xyd, + zy(ry +1)9, — 2(2*y + x + y)0,,
dy = 20, + xyod, — z(x +1)0,,
ds = ayd, +y(z +y)9y — (z + 2y)0..

Then k[x,y, 2)% = klxyz] and k(x,y,z)d7 = k(zyz), fori=1,2,3. O
Example 3.5. Let dy,...,ds be derivations of klx,y, z,u] defined as follows:
di = ud,+u(zy+1)9, + u(yz +1)0, — (a2 + y2> + x + y + 2)0,
dy = wzyudy, + yud, + zud, — (z*y + xz + y*)0y,
ds = u0, + yudy, + yzud, — (yz* + y* + )0y,
dy = y*ud, + 2*ud, + *ud, — (2?2 + xy* + y2*)d,,
ds = wxyud, + yzud, + rzud, — (2%y + y?z + 2°2)0,.

Then klz,y, z,u]% = k[z? + 12 + 22 + u?] and k(z,y, z,u)% = k(z2 + 42 + 22 + u?), for
i=1....5 0O

Example 3.6. Let dy,...,ds be derivations of k|x,y, z,u] defined as follows:
di = xyz0, + xyz(zy + 1)0, + zyz(yz + 1)0, + u(z’yz — xvy*z — vy + 22 + y2)0y,
dy = xydy +yz0, + 120, —u(r —y — 2)0,,
ds = 20y + 2y0y + vyz0, — u(ry — x — 1)0,,
dy = wyz0; +yz0, + 220, +u(yz — x + 2)0,,
ds = xy*20, + 2y2*0, + 2%yz0, — u(xdy — x2° — y*2)0,.

Then k(z,y, z,u)% :k(%), fori=1,...,5. 0
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