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PRIME IDEALS IN DIFFERENTIAL OPERATOR RINGS. CATENARITY

K. A. BROWN, K. R. GOODEARL AND T. H. LENAGAN

ABSTRACT. Let R be a commutative algebra over the commutative ring k ,
and let A = {J,,...,6,} be a finite set of commuting k-linear derivations
from R to R. Let T =R[f,,...,0,;6,,...,d,] be the corresponding ring of
differential operators. We define and study an isomorphism of left R-modules
between T and its associated graded ring R[x,...,x,], a polynomial ring over
R . This isomorphism is used to study the prime ideals of T , with emphasis
on the question of catenarity. We prove that T is catenary when R is a
commutative noetherian universally catenary k-algebra and one of the following
cases occurs: (A) k is a field of characteristic zero and A acts locally finitely;
(B) k is a field of positive characteristic; (C) k is the ring of integers, R is
affine over k, and A acts locally finitely.

INTRODUCTION

Let the ring R be an algebra over the commutative ring k, and let A =
{d,,...,6,} beafinite set of commuting k-linear derivations from R to itself.
Let

T=R[6,,...,0,9,,...,0,]

be the corresponding ring of formal differential operators. (Thus the elements
of T may be written uniquely as left R-linear combinations of the ordered
monomials in 6,,...,6, . Multiplication in T is defined by extending the
multiplication from R according to the rules [6,,r] = J,(r), for r € R and
i=1,...,n,and [0i,0j]=0,for i,j=1,...,n.)

Our purpose here is to study the prime ideal structure of rings of this type,
and, in particular, to investigate catenarity. (Recall that a ring U is catenary
if for any two prime ideals P C Q in U, all saturated chains of prime ideals
between P and Q have the same length. The ring U is universally catenary
provided that all finite polynomial extensions U[x,, ...,x,] are catenary. All
of the so-called excellent commutative noetherian rings are universally catenary
[13, (34.A)]; in particular, commutative algebras affine over a field or over Z
are universally catenary [13, Corollary 3, (14.H) and Theorem 33, (16.D)].) An
example constructed by Bell and Sigurdsson [2] shows that T need not be cate-
nary even when n =1 and R is an affine Q-algebra. However, in this example
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R contains an element r such that the smallest A-invariant Q-subspace of R
containing r has infinite dimension, and if such elements are forbidden, then
positive results can be obtained. Indeed, Bell and Sigurdsson prove that if &
is a field of characteristic zero, R is a commutative noetherian k-algebra, ¢
acts locally finitely on R, and the polynomial ring R[x] is catenary, then T is
catenary [2].

We prove that T is (universally) catenary in each of the following cases:

(A) k is a field of characteristic zero, R is a universally catenary commuta-
tive noetherian k-algebra, and A acts locally finitely on R (Corollary 3.4);

(B) k is a field of positive characteristic, and R is a universally catenary
commutative noetherian k-algebra (Corollary 4.7);

(C) k =17, thering R is an affine commutative k-algebra, and A acts locally
finitely on R (Theorem 5.2).

In the affine case of case (B), and in case (C), we also prove that in each prime
factor ring 7/P, all maximal ideals have the same height (Theorems 4.8 and
5.2). Finally, we show that, at least in characteristic zero, the obstructions to
catenarity in T reside in the set of A-prime ideals of R, in the following sense:
if R is a commutative noetherian Q-algebra and P C Q are prime ideals of
T with PN R = QN R, then all saturated chains of prime ideals between P
and Q have the same length (Corollary 6.2). In particular, if R is a field of
characteristic zero then T is universally catenary (Theorem 6.1).

We proceed by defining an isomorphism @ of left R-modules between T
and its associated graded ring S = R[x,,...,Xx,], a polynomial ring over R.
This technique is particularly useful when R is commutative. For in this case
S is commutative, and we show that there is a collection V of k-linear en-
domorphisms of S, containing A, such that ® defines a lattice isomorphism
between the lattice of ideals of T and the lattice of V-invariants ideals of S
(Proposition 1.3).

To exploit this correspondence to study the prime ideals of 7', one needs to
study the ideals ®(P) where P is a prime ideal of T ; these are the V-prime
ideals of S (Theorem 1.7). The nature of the V-prime ideals depends on the
characteristic. Thus, if T/P has characteristic zero, then ®(P) is a prime ideal
of S (Theorem 2.3); but if T/P has positive characteristic, then ®(P) need
not be prime (Examples 4.2 and 4.3).

The method of proof of the catenarity results thus also depends on the char-
acteristic. In case (A), we prove that there are “many” V-invariant prime ideals
of S (Lemma 3.2), so that S is catenary with respect to this set of prime ideals,
whence the result follows. In case (B) we work instead with prime ideals of S
minimal over V-prime ideals, showing that there are “many” of these prime
ideals (Proposition 4.5); again, enough so that S is catenary with respect to
this set of prime ideals. In the special case of case (B) where R is an affine
k-algebra, T is an affine Pl-algebra (Theorem 4.1), and the catenarity of such
rings was proved by Schelter [15]. It is not hard to splice these cases together
to handle case (C).
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The catenarity of T in case (A) when R is affine over k£ admits an alter-
native proof. First, one reduces to the case where K is algebraically closed
(see [18]). In this case 7 is a homomorphic image of an enveloping algebra
U(g) of a solvable Lie algebra g of finite dimension over k. The catenarity
of U(g) was proved by Gabber [6; 11, Corollary 9.8], and the catenarity of T
follows. We believe, however, that the proof presented here is of independent
interest, being much more elementary than the proof just outlined and being an
interesting application of the map ®.

The definition and basic general properties of @ are given in §1. The proof
that ®(P) is prime when 7 /P has characteristic zero is developed in §2. The
applications to catenarity in cases (A), (B), and (C) are given in §§3, 4, and 5
respectively. In §6 we conclude with the partial catenarity results for pairs of
prime ideals of 7" with the same contraction to R.

This research was partially supported by a grant from the U.S. National Sci-
ence Foundation, and was carried out while the authors visited the University
of Washington in the summer of 1987. They thank these institutions for their
support and hospitality.

1. A CORRESPONDENCE BETWEEN DIFFERENTIAL OPERATOR IDEALS
AND POLYNOMIAL IDEALS

Let R be an algebra over a commutative ring k and let A = {,,...,d,}
be a finite set of commuting k-linear derivations on R. The elements of the
formal differential operator ring

T=R[6,,...,0 ;6 ,...,6]1=R[O;A]
1 n 1 n

may be written uniquely as left R-linear combinations of the monomials in
the 6’s. There is then an obvious left R-module isomorphism from 7 to the
ordinary polynomial ring

S =Rlx,,...,x,] = R[X].

We intend to exploit this isomorphism in order to answer questions about the
ideal structure of 7. The first problem is to identify the subsets of S that
correspond to ideals of 7.

In order to simplify the presentation of the calculations we will employ the
following notation throughout this section.

Notation N1(a).
R is an algebra over a commutative ring k.

d,,...,0, are commuting k-linear derivations on R.
A={6,,...,0,}.

T=R[6,, ... 60,50, ... ,6n] = R[6;A].

X,,...,x, are independent commuting indeterminates.

S=RIx,, ...,x,] = R[X].
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We extend each 6, to derivations on 7 and S by setting Ji(Bj) = 0 and
5.(xj) =0 for all i,j. (Then d,(t) = [0,,1] for all ¢t € T.) The following

1
multi-index notations are used: for I = (i(1),...,i(n)) in (Z*)" we set

6! = gIVgI%) L gitm . T D) T i) st

n 1 n n
In this notation, T is a free left R-module with basis {01 } and S is a free
left R-module with basis {x’ }. Hence, there is a left R-module isomorphism
® =@, ,: T — S such that <I>(0’) =x' forall I. (We omit the subscripts
R,A aslong as T is the only differential operator ring under discussion.)

Lemma 1.1. (i) ®(rt) =r®(¢) forall re R and teT.

(i1) <D(101 ) = (D(t)x’ forall t € T and each multi-index 1.

(iii) D([6,,1]) = P6,(t) = 0,®(¢) forall i=1,...,n and teT.
Proof. (i) and (ii) are clear from the definition of ®.

(iii) Since @ is k-linear we need only check the result for ¢ = r@" where
r € R and I is some multi-index. Then

D([6,,1]) = DS, (t) = D(8,(6") = 6,(nNx" = 6,(rx") =6,0(2). ©

Part (iii) of Lemma 1.1 shows that bracketing by 6, on T corresponds to
the action of 4, on S. We next give a formal definition of the operator on §
that corresponds to the bracket [r,—] on T (for r € R) and then list some
properties. Except in computations with examples, an explicit description of
this operator is not needed, and so we concentrate on its formal properties.

Notation N1(b). For r € R, define a k-linear map d,: S — S by the rule

d (s) = o([r,® ' (5)]).

Therefore, ®([r,t]) = d,®(¢) forall r € R and ¢ € T. We give the following
lemma to illustrate some properties of d,, although the formal definition of d,
will suffice for our calculations.
Lemma 1.2. (i) d,(r') =[r,r'] forall r,r €R.

(ii) d,(x;) = —0,(r) forall reR and i=1, ... ,n.

(iii) d.(r's) =[r,rIs+r'd(s) forall r,r €R and s€S.
Proof. (i) d (') =d &) =®(r,r']) =[r,r].

(ii) d,(x;) =d,®(6,) =®([r,0,]) = P(-5,(r)) = —d,(r).

(iii) Write s = ®(¢), for some t€ T. Then r's = d(r't) and

dr(r's) = d,d)(r/t) = ®([r,r'1]) = ®(r, Fle+rr, 1)

=[r,r100) + FO(r, 1)) = [r,Fls+rd(s). O

Notation N1(c).
V=Au{d, |reR}.
Thus V is a set of k-linear endomorphisms of S.
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Proposition 1.3. The map ®: T — S induces a lattice isomorphism between the
lattice of ideals of T and the lattice of V-invariant left ideals of S .

Proof. Let A be anideal of T. Then ®(A) is a left R-submodule of S. Also,
if a € A then by Lemma 1.1(ii), x,®(a) = ®(a)x; = P(ab,) € P(4). Hence,
®(A) is a left ideal of S. Next, if a € 4 then §,®(a) = O([0,,a]) € P(4) by
Lemma 1.1(iii), and, if r € R then d ®(a) = ®([r,a]) € P(4). Thus P(4) is
a V-invariant left ideal of S.

Conversely, let B be a V-invariant left ideal of S. It is immediate that
<I>"(B) is closed under addition, left multiplication by elements of R, and
right multiplication by each 6,. If r € R and b € B, then

o '(byr=r®” ' (b)—[r,® ' (b)) =@ ' (rb) - D 'd (b)) e ®”'(B).
In addition, by Lemma 1.1,
0,0 (b) =[6,,® ' (b)] + @' (b)8, = 6,® ' (b) + @ '(bx,)
="' (5,(b) + bx,) € ®'(B)
for i=1,...,n. Therefore <D"(B) isanidealof 7. O

When considering specific examples, the following lemma lessens the work
involved in checking whether a left ideal of S is invariant under V.

Lemma 1.4. Let B be a left ideal of S, and let G generate R as a k-algebra.
If dg(B) C B forall g€ G, then d(B)C B forall reR.

Proof. Observe that <I>_'(B) is a left R-submodule of 7. Since B is closed
under d o for all g € G, it follows that <I>_I(B) is closed under bracketing

with elements of G, whence Q_'(B) is closed under right multiplication by
elements of G. Since G generates R as a k-algebra, <I>'1(B) must be a right

R-submodule of 7. Thus @' (B) is closed under bracketing with elements of
R, and therefore B is closed under d, forall re R. O

For the rest of the section, we concentrate on the case where R is a commu-
tative ring. In this case S is a commutative ring and so Proposition 1.3 gives a
lattice isomorphism between the ideals of T and the V-invariant ideals of S.
We abbreviate the latter to V-ideals.

Given any set D of maps from a ring A4 to itself, the D-invariant ideals of
A are called D-ideals. A D-prime ideal of A is any proper D-ideal P such
that whenever I,J are D-ideals of A satisfying IJ C P then either / C P or
J C P. (It is enough to check this for D-ideals I,/ that contain P.) Finally,
A is called a D-prime ring if 0 is a D-prime ideal of 4.

We use this terminology in several different cases, with either D = V or
D=A.

The main aim of the rest of the section is to show that when R is commu-
tative the map ® induces a bijection between the prime ideals of 7 and the
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V-prime ideals of S. In the following section we are able to show, after de-
veloping some further machinery, that in case R is a commutative noetherian
Q-algebra the V-prime ideals of S are in fact prime ideals.

If ' is any monomial in 7 and I = (i(1), ...,i(n)) then the total degree
of 6" is the nonnegative integer [I| = i(1) 4+ ---+ i(n). The total degree of an
element ¢ = Za,&’ in T, denoted deg(¢), is the maximal total degree of the
monomials with nonzero coefficients a,. The same definition applies for the
total degree of elements of S. In both cases, we observe the convention that
deg(0) = —oo. Note that ® preserves total degree.

Lemma 1.5. Let R be commutative and r € R.
(i) deg([r,t]) < deg(t), for all nonzero te T .
(ii) deg(d,(s)) < deg(s), for all nonzero s € S.

Proof. (i) It is enough to check that deg([r,aG']) < |I], for any nonzero a € R
and any multi-index 7. If I = 0 the result holds since R is commutative. If
I # 0 choose an index j with i(j) # 0, and let J be the multi-index that is
the same as I except in the jth position, where the entry is reduced by one.
Then
1 J J J
[r,a0'] = a[r,Hjﬁ 1= a9j[r,9 ]+a[r,01]t9 .

The result now follows by induction on total degree since |J| < |I| and [r, 0] =
—d,(r)eR.

(ii) follows from (i) and the definition of 4, , since the map ® preserves
total degree. O

Proposition 1.6. Let R be commutative, let A be an ideal of T, and set B =
®d(A). Set

C,={ceT|[c,R1IC A}, C,={ceS|d(c)€B, forallreR}.

(i) C,/A is a subalgebra of T/A and C,/B is a subalgebra of S/B .
(i) ®(C))=C,.
(iii) D(ct) — Pc)®P(t)e B, forall ce C, and teT.
(iv) @ induces a k-algebra isomorphism from C,/A onto C,/B.

Proof. (i) Clearly, C,/A is the centralizer in 7/4 of (R+ A)/4, and sois a
subalgebra of T/A. That C,/B is a subalgebra of S/B will be clear once (ii)
and (iii) are proved.

(i) If ce T and r € R then d,®(c) = ®([r,c]); hence, d,P(c) € B if and
only if [r,c]€ A. Thatis, ®(c) € C, if and only if c€ C,.

(iii) Let ce C, and 1 € T, and write ¢ = Zc,@’ and ¢ = ZIJOJ , where
¢,,t, € R and all but finitely many c,, ¢, are zero. Working modulo 4 we see
that ct, =¢,c forall J (because ¢ € C|) and so

ct = th,()l = thcﬁj = Zt,c,f)I”.
7 7 17
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Hence, working modulo B = ®(4),

O(ct) =@ (Z t,c,6'" ) =Y tex" = @)@
1,J 1,J

(iv) is clear from (ii) and (iii). O

Theorem 1.7. Let R be a commutative k-algebra, let A be an ideal of T, and
set B =®(A). Set

C,={ceT|[c,R1C A4}, C,={ceS|d(c)€B, forallr e R}.
Then the following conditions are equivalent:
(i) A4 isaprimeideal of T .
(i) C,/A4 is a A-prime ring.
(iii) C,/B is a A-prime ring.
(iv) B isa V-prime ideal of S .

Proof. Let c€ C, and r € R. Then
[0:(c), 1 =116;,c],r]1 = —l[lc,r],8,] = [[r,0,],c]€[4,0]+[R,c]C 4.

Thus C, is invariant under A. Since ®(C,) = C, by Proposition 1.6(ii), and
since ® preserves the action of A by Lemma 1.1(iii), it follows that C, is
invariant under A. As 4 and B are invariant under A, the rings C,/4 and
C,/B inherit actions of A.

(ii) + (iil): By Proposition 1.6(iv), ® induces a ring isomorphism of C,/4
onto C,/B, and ® preserves the action of A. Thus C,/4 is a A-prime ring
if and only if C,/B is a A-prime ring.

(i)=(ii): Let E,F be A-ideals of C, that properly contain 4. Now
[E,R]C ACE andso RE = ER. Also, [0,,E] CE for i=1,...,n,
so that 6,E + E = EO, + E, and therefore TE = ET . Similarly, TF = FT .
Hence, TE and FT are ideals of T that properly contain 4. Since 4 is a
prime ideal, TEFT ¢ A,andso EF ¢ 4.

(1) = (i): Let E,F be ideals of T properly containing 4. Set H = ENC,
and K = FNnC,, and note that H and K are A-ideals of C,. Choose
an element t € E — 4 with deg(¢f) as small as possible. By Lemma 1.5(i),
deg([r,t]) < deg(¢) for all r € R; hence, [t,R] C A. Thus t € H and H
properly contains 4. Similarly, K properly contains A; hence, HK ¢ 4,
since 4 isa A-prime ideal of C,. Therefore EF ¢ 4.

(1) = (iv) is similar to (ii) = (i), using Lemma 1.5(ii) in place of Lemma
1.5(1).

(iv)= (iii): Let E be a A-ideal of C, containing B. Set H = <I>_'(E),
so that H is a A-ideal of C; containing 4. As in the proof of (i) = (ii), it
follows that HT = TH is an ideal of T. Thus, by Proposition 1.3, ®(HT) is
a V-ideal of S'. Now, since H C C, and B C E, Proposition 1.6(iii) implies
that ®(HT) = ES. Hence, ES isa V-ideal of S.
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Suppose that E,F are A-ideals of C, properly containing B. Then, by
the preceding paragraph, ES and FS are V-ideals of S, and they properly
contain B. Thus, since B is a V-prime ideal of S, we obtain ESFS ¢ B
and so EF ¢ B. Therefore C,/B is a A-prime ring. O

In the next section we will show that when R is a commutative noetherian
Q-algebra the V-prime ideals of S are prime; hence, for any prime ideal P of
T the image ®(P) is a prime ideal of S.

Corollary 1.8. Let R be a commutative ring equipped with commuting deriva-
tions o,,...,6,, se¢ T =R[0,,...,0,,0,,...,0,] and S = R[x,,...,x,],
and define A, V as in Notation N1. Then the map ® , induces a bijection be-
tween the set of prime ideals of T and the set of V-prime ideals of S ; moreover
D, A and its inverse both preserve inclusions.

Proof. Proposition 1.3 and Theorem 1.7. 0O

If R is commutative and A4 is a prime ideal of 7', then by Theroem 1.7
S/®D(A) isa V-prime ring—the product of any two nonzero V-ideals of S/®(A4)
is nonzero. Since it is not clear whether the annihilator of a V-ideal is itself a
V-ideal, it does not immediately follow that nonzero V-ideals in S/®(A4) have
zero annihilator. However, this is true, as we now show.

Proposition 1.9. Let R be commutative and let B be a V-prime ideal of S .
Then any nonzero V-ideal of S/B has zero annihilator in S/B .

Proof. Set A = <I>_'(B) , which by Theorem 1.7 is a prime ideal of 7. Let F be
a V-ideal of S properly containing B ; we must show that anng, s(F/B)=0

Now E = <I>_1(F ) is an ideal of T properly containing 4. Let d be the
minimal degree for elements of E— A, and let C be the set of those elements of
E having degree d. If c€ C and r € R, then [c,r] € E and deg([c,r]) <d
by Lemma 1.5(i), whence [c,r] € 4. Thus [C,R] C A. Moreover, [6,,-],
for i=1,...,n, cannot raise degree, from which we see that [0,,C]1 C CUA.
It follows that TC + A is an ideal of T . Since A is a prime ideal, the right
annihilator of C in T /A is thus zero.

If s€S and Fs C B, then ®(C)s C B. Since [C,R] C 4, Proposition
1.6(iii) shows that C®~'(s) C 4, whence ® '(s) € 4 and s € B. Therefore
annS/B(F/B) =0, as desired. O

Corollary 1.10. Let R be commutative noetherian. If Q is a prime ideal of T
and H is a prime ideal of S that is minimal over ®(Q), then ®(Q) is the
largest V-ideal of S that is contained in H .

Proof. By Theorem 1.7, ®(Q) is a V-prime ideal of S. Since H/®(Q) is a
minimal prime ideal in the commutative noetherian ring S/®(Q), its annihila-
tor must be nonzero. Thus, by Proposition 1.9, H/®(Q) contains no nonzero
V-ideals of S/®(Q). O
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2. V-PRIME IDEALS IN CHARACTERISTIC ZERO

Our aim in this section is to complete the characterization of the V-prime
ideals appearing in the ®-correspondence (Theorem 1.7 and Corollary 1.8), in
the case that the coeflicient ring R is a commutative noetherian Q-algebra. In
this case we show that the V-prime ideals in the polynomial ring S are precisely
the prime V-ideals of S.

Throughout the section we continue to fix Notation N1 as in the previous
section. The first tool we develop is an analog of Proposition 1.6.

Proposition 2.1. Let R be commutative, let A be an ideal of T, and set B =
®(A). Set

C,={ceT|é(c)eAd, fori=1,...,n},
C,={ceS|o(c)eB, fori=1,...,n}.

(i) C,/A is a subalgebra of T/A and C,/B is a subalgebra of S/B .
(i) ®(C))=C,.
(iii) D(tc) —P()P(c)€ B, forall te T and ceC,.
(iv) ® induces a k-algebra isomorphism from C,/A onto C,/B.

Proof. (i) and (ii) are clear, and (iv) will follow from (ii) and (iii).

(iii) Let t € T and ¢ € C| and write ¢ = Zt,G' and ¢ = ECJOJ , where
t;,¢; € R and all but finitely many ¢,,c, are zero. Working modulo 4, we
see that 6,c=c0, for i=1,...,n (because c € C|) and so 6'c = c6" for all

I, whence
te=Y 1,0c=3"t,c6' =3 t,c,6'".
1 1 1,J
Hence, working modulo B = ®(4),
D(re) =Y te,x = d(®(c). ©
1,J

In order to utilize Proposition 2.1 effectively, we need to be able to find
suitable elements ¢ € S such that J,(c) € B for all i. Unlike our use of
Proposition 1.6 (in the proof of Theorem 1.7), it is not enough to look for
elements in § — B of minimal total degree, since the J, do not usually lower
total degree. Instead, we introduce a finer notion of degree, with respect to which
leading coefficients can be defined, and we shall be able to use Proposition 2.1
by finding elements in S — B whose new degree is minimal and which have
leading coefficient 1; then applying the J; does lower the degree.

We now fix the following Dixmier ordering on our multi-indices in (Z*)".
Given any multi-indices / and J, we set I < J in the Dixmier ordering if
and only if either |I| < |J| orelse |I| = |J| and I is lexicographically less
than J (thatis, I # J and if m is the smallest index for which i(m) # j(m),
then i(m) < j(m)). Observe that (Z*)" equipped with the Dixmier ordering is
well-ordered (in fact, it is order-isomorphic to Z*). Hence, with respect to this
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ordering on the multi-indices, we may define degrees and leading coefficients for
polynomials in S and operators in 7 in the usual fashion.

Lemma 2.2. Let R, be a noetherian ring, A, a set of derivations acting on R,
and P, a A,-prime ideal of R,,.

() There is exactly one prime ideal in R, minimal over F,.
(ii) If char(R,/P,) =0, then P, is a prime ideal.

Proof. Apply [5, Lemma 2 and Corollary] to the A,-prime ring R,/F,. (The
lemma in fact holds if R is only assumed to be right noetherian. For a proof
in the case where A, consists of a single derivation, see [9, Lemma 2.1 and
Theorem 2.2] or [7, Proposition 1.5].) O

Theorem 2.3. Let R be commutative noetherian. If P is a prime ideal of T
such that char(T/P) =0, then ®(P) is a prime ideal of S .

Proof. Note that PNR isa A-prime ideal of R. There is a natural commutative
diagram as follows:

T/(PART -2~  S/(PNR)S

(R/(PAR)[O;A] —22782, (R/(P A R))[X]

where ®* is the map induced by @, ,- It is enough to show that the ideal
®*(P/(PNR)T) is a prime ideal of S/(P N R)S, and hence it is enough to
show that the map @, J(POR) A carries the image of P/(P N R)T to a prime
ideal of (R/(P N R))[X]. Thus, without loss of generality, PN R =0.

Now R is a A-prime ring of characteristic zero and so R is a domain
(Lemma 2.2). Let K be the quotient field of R, and extend the action of
A to K via the quotient rule. The set R — {0} isan Ore setin 7 and in S,
and we may denote the corresponding localizations by K7 and KS. By [3,
Satz 2.10], KP is a prime ideal of KT and KPNT = P; in particular, it
follows that T/P is torsionfree as a left R-module, and hence S/®, ,(P) is
torsionfree as a left R-module. Consequently, K@, ,(P)NS = Oy ,(P), and
so it suffices to show that K®, ,(P) is a prime ideal of KS.

If we identify KT with K[6;A] and KS with K[X], we find that K® ,(P)
= @y A(KP), and so it is enough to show that the latter is a prime ideal of
K[X]. Thus we may, without loss of generality, assume that R is a field.

Since R is now in particular a commutative noetherian Q-algebra, [16,
Corollary 2.6] shows that every prime ideal of T is completely prime. Thus
T/P is a domain.

Set B = ®(P). In view of Lemma 2.2, it is enough to show that B is a
A-prime ideal of S. Hence, let E,F be any two A-ideals of S not contained
in B; we need to show that EF ¢ B.
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Let I be the minimal degree (with respect to the Dixmier ordering) for
elements of F — B, and choose f € F — B with degree I. Since R is a field,
we may multiply f by the inverse of its leading coefficient; hence, there is no
loss of generality in assuming that the leading coefficient of f is 1. Now for
i=1,...,n we observe that J,(f) has degree less than 7. As F is a A-ideal,
0,(f) € F, and so J,(f) € B by the minimality of I.

If c=d)_'(f), then c€ T—P and §,(c)€ P for i=1,...,n. Choose an

element ¢ in <I>_1(E) — P. Since T/P is a domain, tc ¢ P. Consequently,
by Proposition 2.1(iii), ®(t)f ¢ B, and therefore EF ¢ B, as desired. O

Corollary 2.4. Assume that R is a commutative noetherian Q-algebra.

(a) The V-prime ideals of S are precisely the prime V-ideals.

(b) If I is a V-ideal of S and P is a prime ideal minimal over I, then P
is a V-ideal.

Proof. (a) Obviously any prime V-ideal of S is a V-prime ideal. Conversely,
if B isa V-prime ideal of S then <I>—1(B) is a prime ideal of T by Theorem
1.7, and therefore B is a prime ideal of S by Theorem 2.3.

(b) Let Q be the largest V-ideal contained in P; then I C Q C P. If
E,F are V-ideals such that EF C Q then EF C P, and so either E C P
or F C P. Thus either E or F is a V-ideal contained in P, whence either
E C Q or F C Q. This shows that Q is a V-prime ideal, and hence Q is a
prime ideal, by (a). But P is minimal over I, and so Q = P. Therefore P is
a V-ideal. O

Combining Corollary 2.4 with Corollary 1.8 yields the best case of the ®-
correspondence, as follows.

Theorem 2.5. Let R be a commutative noetherian Q-algebra equipped with com-
muting derivations 06,, ...,6,, set T = R[0,,...,0,;0,, ... ,0,] and S =
R[x,,...,x,], and define A, V as in Notation N1. Then the map <I>R,A in-
duces a bijection between the set of prime ideals of T and the set of prime

V-ideals of S ; moreover ® , and its inverse both preserve inclusions. O

3. CATENARITY IN CHARACTERISTIC ZERO

The aim in this section is to investigate catenarity for a differential operator
ring T as in Notation N1. Assuming k is a field of characteristic zero, R is
a universally catenary commutative noetherian k-algebra, and A acts locally
finitely on R, we shall prove that 7 is universally catenary. The necessity of
the locally finite hypothesis is shown by an example of Bell and Sigurdsson [2,
Example 2.10]. We consider catenarity results in positive and mixed character-
istics in later sections.

Our approach in the present case is to use the ®-correspondence of §§1 and
2 to transfer the problem to the polynomial ring S. Given prime ideals P C Q
in T, we know that ®(P) C ®(Q) are prime V-ideals of S (Theorem 2.3),
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and we shall show that any saturated chain of prime V-ideals between ®(P)
and ®(Q) is in fact a saturated chain of prime ideals. Once this is done the
catenarity of T follows from that of S. This approach owes something to
arguments of Lorenz [12].

In this section we fix the following notation.

Notation N2.

k is a field.
R is a commutative k-algebra.

In addition, Notation N1 will be in effect throughout the section, and we will
compute degrees in T and S relative to the Dixmier ordering introduced in
§2.

The set A of derivations is said to act locally finitely on R provided each
element of R is contained in a finite-dimensional k-subspace which is invariant
under A.

Lemma 3.1. Suppose that A acts locally finitely on R, and let A,B be V-ideals
of S with AL B.

(1) If k is algebraically closed, there exists a € A — B such that ka+ B is
invariant under A and d (a) € B forall re R.

(ii) For any a€ A as in (i), the set B+ Sa isa V-ideal of S.
Proof. (i) After replacing B by BN A, we may assume that B is properly
contained in A. Let I be the minimal degree (with respect to the Dixmier
ordering) for elements of 4 — B, and choose ¢ € 4 — B with degree I and
leading coefficient y. Define

A° = {0} U {leading coefficients of elements of 4 of degree I},
B° = {0} U {leading coefficients of elements of B of degree I}.

It is clear that B° C 4° and that these are A-ideals of R. Then y € 4° by
definition of A°, and y ¢ B° since if there existed b € B with degree I and
leading coefficient y, then ¢ — b would be an element of 4 — B with degree
less than 7.

Since A acts locally finitely on R, there exists a finite-dimensional A-invar-
iant k-subspace ¥ C R such that y € V. After replacing ¥ by V' N A°, we
may assume that ¥ C 4°. Since k is algebraically closed and A acts as a finite
set of commuting k-linear transformations on (¥ + B°)/B°, there must exist
a € V — B° such that the coset a+ B° is a A-eigenvector. Hence, a € A° — B®

and there exist 4,,...,4, € k such that §,(a) —Aa€B® for i=1,...,n.
Choose a € A with degree I and leading coefficient . Then a ¢ B
because o ¢ B°. For i =1,...,n observe that

d,(a)—Aa=(6,(a)— /lia)xl + [terms of lower degree].
Since 6,(a) — 4,a € B°, there exists b, € B such that

b, = (d,(a) - lia)xl + [terms of lower degree].
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Then d,(a) — A,a — b, is an element of A with degree less than I, whence
d;(a)—4,a—b; € B, and hence 6,(a)—A,a € B. As B is A-invariant, it follows
that the set ka + B is invariant under A.

For r € R, Lemma 1.5(ii) shows that d,(a) has lower total degree than
a, whence d, (a) has Dixmier degree less than /. Since 4 is V-invariant,
d,(a) € 4, and then d (a) € B by minimality of 7.

(ii) Set ¢ = ®~'(a). Since ka+ B is invariant under A, so is kc+®~'(B),
and since d,(a) € B for all r € R, we obtain [c,R] C & '(B). Thus
ke+ @ (B) is also invariant under [, R].

It follows that ¢T + &~ '(B) is an ideal of T. As [c,R] C ® ' (B), we
conclude from Proposition 1.6(iii) that ®(cT + ® " (B)) = aS + B. Therefore
aS + B is a V-ideal of S, by Proposition 1.3. 0O

Given prime V-ideals P C Q in S, the V-height of Q/P, denoted

V-ht(Q/P), is defined to be the supremum of the lengths of all chains of prime
V-ideals between P and Q.

Lemma 3.2. Let char(k) =0, let R be noetherian, and let A act locally finitely
on R. If P C Q are prime V-ideals of S such that V-ht(Q/P) = 1, then

ht(Q/P)=1.
Proof. Let k* denote the algebraic closure of k, and set R*=R ® k* and
s* = S®, k*. View R and S as subalgebras of R and s* ; then in particular
S* isan integral extension of S. Now identify S* with R"‘[xl ,.--»X,] and
let V* denote the set AU {d |re R#} of k*-linear operators on S*. For r € R
the operator d, on S* is the natural k*-linear extension of the operator d, on
S, and so we may identify V with a subset of V*; then V* is the k*-linear
span of V. Observe that PS" = Pk* and QS# = Qk* are V*-ideals of S*.
By integrality, there exist prime ideals P* C Q# in S* with PPnSs =P
and QNS = Q. Let P' be the largest V*-ideal of S* contained in P*,
and note that PS* C P'. Then P'NnS = P and QS* NS = @, whence
QS# ¢ P'. By Lemma 3.1(i), there exists an element a € QS# — P' such that
k*a + P' is invariant under A and d.(a) e P' forall r € R*. Then there are

Alsenish, € k* such that d,(a)-4ia € Plfori=1,... ,n. In particular,
d,(a) —AiaeP# for i=1,...,n and d (a) e P* forall re R*.

Choose a finite extension field k* of k inside k* such that Aisenish, € k*
and a € Qk".

Set R* = Rk and S* = Sk* etc., as in the first paragraph of the proof. If
P*=P*nS* andQ" = 0*NS*, then P* C Q" are prime ideals of S* with
P*NS =P and Q" NS = Q. By integrality, P* is minimal over PS* = Pk*
and Q" is minimal over QS* = Qk"; observe also that PS* and QS* are
V*-ideals of S*. Since k* is a finite field extension of k, the ring R* is
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noetherian. Hence, we may apply Corollary 2.4 and conclude that P* and Q"
are V'-ideals of S”.

If there is a prime V*-ideal J of S” lying strictly between P* and Q" , then
JNS is aprime V-ideal of S lying strictly between P and Q, contradicting
the assumption that V-ht(Q/P) = 1. Hence, V*-ht(Q"/P*) =1.

Now a € Qk™ C Q*. On the other hand, since P* is a V*-ideal of S* we
see that P*S” isa V*-ideal of S* contained in P*, whence P*S* ¢ P'. Thus
a ¢ P*. We also have

d,(a)-raeP'ns =P

for i =1,...,n, and likewise d (a) € P* for all r € R*. Thus, by Lemma
3.1(ii), the set P* + S*a is a V’-ideal of S”.

Let I be a prime ideal of S* contained in Q* and minimal over P* +S*a.
Then, by using Corollary 2.4 again, I isa V'-ideal. Since V*-ht(Q"/P*) =1,
this forces 7 = Q*, so that Q" is a prime minimal over P* + S*a. Therefore
ht(Q*/P") = 1, by the Principal Ideal Theorem.

Consequently, ht(Q/P) = 1, by integrality. O

We shall say that a ring R, equipped with a set A, of derivations is A-
catenary if for any two Ay -prime ideals P C Q in R, all saturated chains of
A,-prime ideals between P and Q have the same length.

Theorem 3.3. Let k be a field of characteristic zero, R a commutative noetherian
k-algebra, and A= {d,, ...,0,} a finite set of commuting k-linear derivations
acting locally finitely on R. If the polynomial ring S = R[x,, ...,x,] is ei-
ther catenary or A-catenary, then the differential operator ring T = R[O;A] is
catenary.

Proof. It is enough, by Theorem 2.5, to show that for any two prime V-ideals
P C Q in §, all saturated chains of prime V-ideals between P and Q have
the same length. However, Lemma 3.2 shows that any saturated chain of prime
V-ideals between P and Q is in fact a saturated chain of prime ideals, and
hence also a saturated chain of A-prime ideals. (Recall from Lemma 2.2(ii)
that all A-prime ideals of S are prime.) The result follows since S is either
catenary or A-catenary. O

Bell and Sigurdsson [2, Example 2.10] have shown that if k is a field of
characteristic zero and ¢ is the derivation 2yz9d/dx + (x + y2)8 /0y acting
on the polynomial ring R = k[x,y,z], then T = R[f#;d] is not catenary.
Hence, some restriction such as local finiteness is necessary in Theorem 3.3.
The restriction that S be catenary or A-catenary is also necessary, since if
the derivations in A are all zero then 7 = §. Bell and Sigurdsson have also
obtained the above theorem in the case of a single locally finite derivation (see
[2, Corollary 2.3, Lemma 2.7, Theorem 2.8]).

Corollary 3.4. Let k be a field of characteristic zero. If R is a universally
catenary commutative noetherian k-algebra, and A is a finite set of commuting
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k-linear derivations acting locally finitely on R, then the differential operator
ring T = R[©;A] is universally catenary.

Proof. Observe that any polynomial ring T[x,_,, ... »%,] is isomorphic to
R[6,, ... ,Hq;él Y s ,éq] where d,,,, ... ,6q all equal the zero derivation on
R. Since R is assumed to be universally catenary, the polynomial ring
R[x, ... ,xq] is catenary, and so Theorem 3.3 shows that T[x,_,,... ,xq]
is catenary. O

In the setting of Corollary 3.4, suppose that R is affine over k, and let d(A)
denote the Gelfand-Kirillov dimension of any k-algebra A4 [11]. It can be
deduced from Theorem 2.5 and Lemma 3.2 that the generalization of Tauvel’s
height formula discussed in [12] is valid in 7. Namely, if P,Q are prime
ideals of T with P C Q then

ht(Q/P) = d(T/P) - d(T/Q).

Of course, this also follows from Gabber’s work [6], because when R is affine
and A acts locally finitely, 7 is a homomorphic image of the enveloping algebra
of a finite-dimensional solvable Lie algebra.

A similar result is valid in the positive characteristic context of Theorem 4.1,
inasmuch as T is in this case an affine Pl-algebra, and so Schelter’s formula
[14, Theorem 4.4.27] applies.

4. CATENARITY IN CHARACTERISTIC p

We continue to study catenarity in a differential operator ring 7T = R[6;A]
over a commutative noetherian ring R. Notation N1 will be assumed through-
out the section. A number of problems arise in the case of positive characteristic
that are not present in the characteristic zero case, but we can still proceed along
a route roughly parallel to that taken in the previous section. The case in which
R is affine over a field of characteristic p is quite easy, since then T is an
affine PI-algebra and catenarity follows immediately. Hence, we begin with this
case since it does not require the more general manipulations used later.

Theorem 4.1. Let k be a field of characteristic p > 0 and suppose that R is
an affine commutative algebra over k. Let A= {J,,...,0,} be a finite set of
commuting k-linear derivations on R and set T = R[©®;A]. Then T is an
affine Pl-algebra and hence is universally catenary.

Proof. Suppose that R =kl[a,, ... ,a,]. Set
C={reR|j(r)=0fori=1,...,n};

then C[O] is a commutative subalgebra of 7. Now 5i(aj.’ )=0 forall i,j,

and hence k[a’l’ yeens af,’ 1€ C. Consequently, T is generated as a right C[©]-
module by the finite set

(1) s(2) (m)
aVa)? ™ s(1), ... ,s(m)=0,...,p—1}.
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Hence, since T embeds in End(TC[e]) via left multiplication, 7 is a homo-
morphic image of a C[6]-subalgebra of a matrix algebra M q(C [8]). Therefore
T is an affine Pl-algebra over k, as are all finite polynomial extensions of T,
and the results follows [15, Theorem 4; 14, Theorem 4.4.27]. O

We now present two examples illustrating the misbehavior of the ®-corres-
pondence in characteristic p .

Example 4.2. Let k be a field of characteristic 2 and ¢ an indeterminate, set
R = k[f]/(¢*), and let z denote the image of ¢ in R. Since d(¢*)/dt=2t=0,
the derivation d/dt on k[t] induces a k-linear derivation § on R such that
6(z) = 1. SetT = R[0;6]. We show that P = T6* is a maximal ideal of T
and that ®(P) is not a J-prime ideal in S = R[x]. Thus, even when R is an
affine algebra, ®(P) need not be a prime ideal.

The element 6 is central in T because 6> = 0; hence, P is anideal of T .
If I is an ideal of T properly containing P, choose an element a + b6 € I
where a,b € R, not both zero. In case b # 0, observe that I contains the
element [a+ b6 ,z] =b. Now I contains a nonzero element of R, say a+ fz
with o, B € k, not both zero. If B # 0, observe that I contains the element
[6,a+ Bz] = B. Thus I contains a nonzero element of k, andso I = T .
Hence, P is a maximal ideal of T .

Now ®(P) = Sx*. Since d(x) =0 the ideal Sx is a d-ideal of S such that
(Sx)2 C ®(P), while Sx ¢ ®(P). Therefore ®(P) is not a J-prime ideal of
S (nor even a J-semiprime ideal). O

In this example, d, = —d/dx , which makes it clear why Sx is nota V-ideal
of S (that of course being necessary since ®(P) must be a V-prime ideal).

In general, if a set A; of derivations acts on a noetherian ring R, then the
(prime) radical of any Aj-prime ideal of R, is a prime ideal (Lemma 2.2(i)).
One might hope that the same would be true of V-prime ideals in S (and
indeed this holds in the previous example). The next example shows that this
is not true in general.

Example 4.3. Let [/ be a field of characteristic 2 and ¢,u independent inde-
terminates. Set k = l(tz) and R = l(t)[u]/(uz), and let z denote the im-
age of u in R. Then R is a four-dimensional k-algebra, and the derivation
t0/0t + td/0u on [(t)[u] induces a k-linear derivation J on R such that
0(t)=4d(z)=t. Set T = R[0;5]. We show that P = T(t92 + 0) is a maximal
ideal of T and that the radical of ®(P) is not a prime ideal in S = R[x].
Since 6%+ = 0, the element 6% +0 iscentralin T, and so P is an ideal of
T. If I is an ideal of T properly containing P, choose an element a+ b6 € I
where a,b € R, not both zero. In case b # 0, observe that I contains the
element [a+b6,z] = bt. Now I contains a nonzero element of R, say a+fz
with a, B € [(t), not both zero. If a # 0 then a + fz is invertible in R and



PRIME IDEALS IN DIFFERENTIAL OPERATOR RINGS 765

I=T.If a=0 then $#0 and z €. In this case, t =[0,z] € I and again
I=T. Thus P is a maximal ideal of T .

Now ®(P) = S(x* +x). If J =S(x*+x)+Sz, then J/®(P)is nilpotent
and S/J is isomorphic to l(t)[x]/(x2 + x). Thus J is the radical of ®(P),
and J is not a prime ideal of S. O

Theorem 4.4. Let R be a commutative noetherian ring, let A be a finite set of
commuting derivations on R, and set T = R[®;A]. Let P be a prime ideal of
T such that char(T/P) = p > 0. Then any nonzero ideal of T /P contains a
central non-zero-divisor.

Proof. After replacing T by T/(PNR)T, we may assume that PN R = 0.
Then R is a A-prime ring of characteristic p. By Lemma 2.2(i), there is a
unique minimal prime ideal in R, say N ; then N is the prime radical of R
and so is nilpotent. Now R — N is a right and left Ore set in T disjoint from
P. As T is noetherian it follows that R — N C & (P) [3, Proof of Satz 2.10].

Let A be an ideal of T that properly contains P. Let I be the minimal
degree (with respect to the Dixmier ordering) for elements of 4— P, and choose
a € A— P with degree I and leading coefficient a. Define

A° = {0} U {leading coefficients of elements of 4 of degree I},
P° = {0} U {leading coefficients of elements of P of degree I}.

It is clear that P° C A° and that these are A-ideals of R. Then a € 4° by
definition of 4°, and o ¢ P° since if there existed b € P with degree I and
leading coefficient a, then a — b would be an element of 4 — P with degree
less than 1.

Suppose that P° ¢ N, say there exists f € P°— N . Then there exists b € P
with degree I and leading coefficient §. Now Ba — ab is an element of A
with degree less than I, whence fa —ab € P and so Ba € P. However, as
B €R-N and a € T — P, this contradicts the fact that R — N C Z(P).
Thus P° C N, and hence P s nilpotent. Since R is A-prime, it follows that
P°=0.

On the other hand, A° is a nonzero A-ideal of R, whence A4° is not nilpo-
tent, and as R is noetherian, 4° cannot even be nil. Choose a nonnilpotent
element y € A°. Then »” # 0, and there exists u € A with degree I and
leading coefficient y” ; moreover, u ¢ P because P° =0.

For i=1,...,n, observe that 6,(y") =0 and so [6,,u] is an element of 4
with degree less than 7, whence [6,,u] € P. For r € R, Lemma 1.5(i) shows
that [r,u] has lower total degree than u, whence [r,u] has Dixmier degree
less than I, and so [r,u] € P. Therefore u + P is a nonzero central element
of T/P. Finally, since T/P is a prime ring, ¥+ P must be a non-zero-divisor
T/P. O

Theorem 4.4 is parallel to [1, Proposition 6.2] but does not follow from
it, since our coefficient ring R need not be A-hypercentral. However, with
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an appropriately weaker version of A-hypercentrality, Theorem 4.4 could be
proved using an induction argument similar to the proof of [1, Proposition
6.2].

We shall use Theorem 4.4 as an analog of Lemma 3.1 in proving catenarity
in characteristic p . For the remainder of the section, we assume Notation N1.
The next step is an analog of Lemma 3.2, but since in characteristic p the
V-prime ideals of S are not always prime, we must work with prime ideals
minimal over V-prime ideals.

Proposition 4.5. Assume that k is a field of characteristic p > 0 and that R
is a commutative noetherian k-algebra. Let P C Q be prime ideals of T such
that ht(Q/P) =1, and let A C B be prime ideals of S such that A is minimal
over ®(P) and B is minimal over ®(Q). Then ht(B/A)=1.

Proof. By Theorem 4.4 there exists an element ¢ € Q which is a central non-
zero-divisor modulo P. Set u = ®(c) and note that u € ®(Q) — ®(P). Now
[c,R] € P and hence it follows from Proposition 1.6(iii) that » is a non-
zero-divisor modulo ®(P), and that ®(P + ¢T) = ®(P) + uS. Since u is
a non-zero-divisor modulo ®(P), we see that u ¢ A4, and so B # A. Since
P+cT isanidealof T and ®(P+cT) = ®(P)+uS, it follows that ®(P)+ uS
is a V-ideal of S, contained in ®(Q) and properly containing ®(P).

We claim that B is minimal over 4 + uS. If not, there is a prime ideal /
containing A4 + uS and strictly contained in B. Let E be the largest V-ideal
contained in I ; then E isa V-prime ideal. Since ®(P)+uS C A+uS C I, we
have ®(P) + uS C E, and so E properly contains ®(P). By Corollary 1.10,
®(Q) is the largest V-ideal contained in B, and so from E C I C B we obtain
EC®Q). If E=®d(Q) then ®(Q) C I, contradicting the minimality of B.
Thus ®(Q) properly contains E .

Now by Corollary 1.8, o (E) is a prime ideal of T lying strictly between
P and Q, but that contradicts the assumption that ht(Q/P) = 1. Hence, B is
minimal over 4 + uS, as claimed. Therefore, by the Principal Ideal Theorem,
ht(B/4)=1. O

Theorem 4.6. Let k be a field of characteristic p > 0, let R be a commutative
noetherian k-algebra, and let A={d,,...,d,} be a finite set of commuting k-
linear derivations on R. If the polynomial ring S = R[x,, ... ,x,] is catenary,
then the differential operator ring T = R[©;A] is catenary.

Proof. Given prime ideals P C Q in T, we need to show that all saturated
chains of prime ideals between P and Q have the same length. To prove this,
we may replace P by any minimal prime ideal contained in P, and so, without
loss of generality, we may assume that P is minimal. After factoring out PNR,
we may also assume that PNR=0. Now R is a A-prime ring, andso T isa
prime ring. Hence, as P is a minimal prime, P =0.

Since R is a noetherian A-prime ring, R has a unique minimal prime ideal,
say N, by Lemma 2.2(i). Then NS is the unique minimal prime ideal of S.
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Choose a prime ideal @, in S minimal over ®(Q). Since S is assumed to
be catenary, all saturated chains of prime ideals between Q, and NS have the
same length, namely ht(Q,). We shall prove that if

Q=P>P>--->P,=P=0

is any saturated chain of prime ideals between Q and P, then d = ht(Q,).

Construct a chain of prime ideals in S as follows: Start with Q, and, once
Q; has been chosen, let Q, , be a prime ideal contained in Q; and minimal
over ®(P,_ ). By Proposition 4.5,

i+1
0 >0,>->0Q,=NS

is a saturated chain of prime ideals in S, and therefore d = ht(Q,), as de-
sired. O

Corollary 4.7. Let k be a field of characteristic p > 0. If R is a universally
catenary commutative noetherian k-algebra, and A is a finite set of commuting
k-linear derivations on R, then the differential operator ring T = R[©;A] is
universally catenary. 0O

In many cases where catenarity can be proved, such as for commutative affine
domains, one can also prove that all maximal ideals have the same height. We
shall prove this for prime factor rings of the differential operator ring T in the
affine case of our current hypotheses.

Theorem 4.8. Let k be a field of characteristic p > 0 and suppose that R is
an affine commutative algebra over k. Let A= {d,,...,6,} be a finite set of
commuting k-linear derivations on R and set T = R[©®;A]. If P is any prime
ideal of T, then all maximal ideals of T /P have the same height. In particular,
if R isa A-prime ring, then all maximal ideals of T have height K.dim(R)+n.

Proof. We show that all saturated chains of prime ideals from P to any maxi-
mal ideal have the same length. As in the proof of Theorem 4.6, we may assume
that R is a A-prime ring and P = 0. It remains to show that if M is any
maximal ideal of T and

M=F>P > -->P,=0
is any saturated chain of prime ideals between M and 0, then d = K.dim(R)+
n.

Since R is a noetherian A-prime ring, R has a unique minimal prime ideal,
say N, by Lemma 2.2(i). Then NS is the unique minimal prime ideal of S.
Construct a chain of prime ideals in S as follows: Let 0, be a prime ideal
minimal over ®(F,), and, once Q, has been chosen, let Q,,, be a prime ideal
contained in Q; and minimal over ®(P, +1) - By Proposition 4.5,

Q>0,>->0Q,=NS

is a saturated chain of prime ideals in .S. Since S is catenary [13, Corollary 3,
(14.H)], d = ht(Q,/NS).
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By Theorem 4.1, T/M is an affine Pl-algebra. As T/M is also simple, it
must be finite-dimensional over k, and since ® is a k-linear isomorphism the
same is true for S/®(M). Thus S/Q, is finite-dimensional, whence @, is a
maximal ideal of S. Now all maximal ideals of S/NS have the same height,
namely K.dim(R) + n [13, Corollary 3, (14.H)]. Therefore

d =ht(Qy/NS) =K.dim(R) +n. O

Theorem 4.8 does not hold in characteristic zero, as the following example
(the enveloping algebra of the 3-dimensional Heisenberg algebra) shows. Note
that the derivation J in this example is locally finite.

Example 4.9. Let k be a field of characteristic zero and u,v independent
indeterminates, let R = k[u,v] and 6 = v9/0u, and set T = R[#;J]. We
show that M, = (v —1)T and M, = uT +vT + 6T are maximal ideals of T
such that ht(A,) =1 while ht(M,) =3.

Since d(v — 1) =0, we see that M, is an ideal of 7" and that

T/M, = k[u)[6;d/du] = 4, (k).

Hence, T/M, is a simple ring and M, is a maximal ideal of 7'. On the other
hand, uT +vT is anideal of T and T/(uT +vT) = k[6], whence M, is a
maximal ideal of T .

If P, is a nonzero prime ideal contained in M|, then P, N R is a nonzero
prime ideal of R (because J # 0 and char(k) =0). Since PNRC M, NR=
(v—1)R and (v — 1)R has height 1, it follows that P, "R = (v — 1)R and
P =M,. Thus ht(M|)=1.

Since M, > uT +vT >vT >0 isa chain of prime ideals of 7, we have
ht(M,) > 3. On the other hand, K.dim(R) = 2 and so K.dim(7) < 3.
Therefore ht(M,) = 3.

Alternatively, since J acts locally finitely on R, the heights of M| and M,
can be obtained from Lemma 3.2 and the observation that ®(M,) = (v - 1)S
while ®(M,) =uS+vS+Sx. O

5. AFFINE Z-ALGEBRAS

In this section we combine the results of §§3 and 4 to obtain a catenarity result
for differential operator rings over affine Z-algebras. Throughout the section,
we assume that R is a commutative ring finitely generated as an algebra over
Z , and we assume Notation N1.

In the present context, we say that A acts locally finitely provided each el-
ement of R is contained in a A-invariant additive subgroup of R of finite
torsionfree rank. (Recall that the torsionfree rank of an abelian group G is the
dimension of the Q-vector space Q®, G.)

Proposition 5.1. Assume that A acts locally finitely on R. Let P C Q be prime
ideals of T such that ht(Q/P) =1, andlet A C B be prime ideals of S such that
A is minimal over ®(P) and B is minimal over ®(Q). Then ht(B/A) =1.
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Proof. We consider three possible cases.

Case (i). Suppose that char(7/Q) =0. Then QNZ-1=0 and BNZ-1=0.
By localizing with respect to Z-1-{0} in R,S, T, we may replace these rings
by Q®, R, Q@®,S, Q®, T respectively. Now R is a commutative noetherian
algebra over @ and A acts locally finitely in the sense of §3. The result now
follows from Corollary 2.4 and Lemma 3.2.

Case (ii). Suppose that char(T/P) = p > 0. Then pT C P and pS C 4.
Replace R,S,T by R/pR, S/pS, T/pT respectively. Now R is a commu-
tative noetherian algebra over Z/pZ, and the result follows from Proposition
4.5.

Case (iii). Suppose that char(7/P) = 0 while char(7/Q) = p > 0. Now the
element p-1 in T is an element of O which is a central non-zero-divisor
modulo P, and we may use the proof of Proposition 4.5, with the element ¢
replaced by p-1. O

Theorem 5.2. Let R be a commutative affine Z-algebra, let A = {6, ...,6,}
be a finite set of commuting derivations acting locally finitely on R, and set
T = R[®;A]. Then T is universally catenary, and if P is any prime ideal of
T, all maximal ideals of T|/P have the same height. In particular, if R is a
A-prime ring then all maximal ideals of T have height K.dim(R) + n.

Proof. As in the proof of Corollary 3.4, a polynomial extension of T is iso-
morphic to a differential operator ring over a polynomial extension of R, and
so it is enough to prove catenarity in place of universal catenarity.

For the first two conclusions, it suffices to show that given a prime ideal P in
T, all saturated chains of prime ideals from P to any maximal ideal have the
same length. As in the proof of Theorem 4.6, it is enough to consider the case
where R is A-prime and P = 0. Thus the entire theorem will be proved if we
assume that R is A-prime and show that for any maximal ideal M of T, all
saturated chains of prime ideals between 0 and M have length K.dim(R)+n.

We proceed as in the proof of Theroem 4.8, using Proposition 5.1 in place
of Proposition 4.5. We need to know that S is catenary, that Q, is a maximal
ideal of S, and that all maximal ideals in S/NS have height K.dim(R) + n.
The first and third statements follow from [13, Theorem 33, (16.D)] and [10,
Exercise 3, p. 114]. For the second, M NZ-1 # 0, since M is a primitive ideal
[8, Theorem 2, p. 271]. Thus T/M is a simple Pl-algebra, affine over Z/pZ
for some p >0, and so T/M is finite. Hence, S/®(M) and S/Q, are finite,
and therefore Q, is a maximal ideal of S. O

6. PARTIAL CATENARITY IN CHARACTERISTIC ZERO

In this final section we return to a differential operator ring T over a com-
mutative noetherian Q-algebra R and study catenarity for pairs of prime ideals
in T which have the same contraction in R.
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Theorem 6.1. Let K be a division ring of characteristic zero, let A
{6,,...,9,} be a finite set of commuting derivations on K, and set T
R[6;A].

(1) If P is a prime ideal of T, there is a right and left Ore set € C & (P)
such that TZ™" is isomorphic to a polynomial ring over a division ring.

(i) T is universally catenary.
Proof. (i) Certainly PN K = 0. Choose a subset 6’ C {6,,...,0,} maximal
with respect to the property that P N K[©'] = 0. After renumbering, we may
assume that @' = {6,,....6,} for some ¢. Then PNKI[6,,...,0,]=0 and
PNK[G,, ... ,0,,0j] #0 for j=t+1,...,n. Observe that since

T=KI[0,...,0,50,, ... .60, 10,6, > 0,1,

the set € = K[6,,...,60,] — {0} is a right and left Ore set in 7. Moreover,
% is disjoint from P, and as T is noetherian it follows that & C #(P) [3,
Proof of Satz 2.10]. We identify T#~' with the differential operator ring

D[6 2 0,50,,15...,0,],

where D is the quotient division ring of K[6,,...,6,] and J
been extended to D via [3, Lemma 4.1].

For je{t+1,...,n} wehave PND[6]# 0 and so pz~! nD[6;]#0.
Hence, D[6 Il ;0 /] is not a simple ring. Therefore J , must be an inner derivation
on D [3, Satz 4.7], and so there exists d ;€ D such that the element z i = 7} j—d j
commutes with D. Note that D[Oj] = D[zj].

For i,je{t+1,...,n} we have

[z;,2,]=16,~d,,0,—d]1=~6(d,)+6,d) +d;,d,] €D,

1

and so either [z,,2,]=0 or D[§,,6,] = D[z,,z;] = 4,(D). However, 4,(D)

1 1

+10

1415 -+ »0, have

is a simple ring, whereas D[6,, 0j] 1s not simple since PZ7'n Dlo,, Oj] #0.
Hence, [z;,z;] = 0. Therefore z ,z_ are commuting indeterminates
over D, and

t+1° n

T# ™' = D[
is a polynomial ring over D.
[On the side, we note that it follows that P%~' has a central set of gen-
erators in T% ™', whence PZ ™' is localizable [17, Corollary 1, p. 45], and
consequently P is localizable. Alternatively, [1, Theorem 7.7] implies that P
is localizable.]
(ii) As in the proof of Corollary 3.4, it is enough to prove that T is catenary.
Let Q C P be prime ideals of T . By (i), there is an Ore set % C Z(P) such
that T% ™' is isomorphic to a polynomial ring D[x .,X,] over a division
ring D. Now

,0,1=D[z,_,,...,z,]

[FARERE

+12°°

—1 ~
T? =D® Clx,,...,X,],
where C is the center of D. Since D is a central simple C-algebra, extension
and contraction provide inverse bijections between the ideals of C[x,,,, ... ,X,]
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and the ideals of T% ' [4, Theorem 2, p. 363], and hence extension and
contraction provide inverse bijections between the prime ideals of these two
rings. Since C[x,,,,...,X,] is catenary, it follows that TZ ' is catenary. By
[3, Satz 2.10], contraction and extension provide inverse bijections between the
prime ideals of 7% ™' and those prime ideals of T disjoint from % . Therefore

all saturated chains of prime ideals between Q and P have the same length. O

Corollary 6.2. Let R be a commutative noetherian Q-algebra, let A be a finite
set of commuting derivations on R, and set T = R[®;A). If P D Q are prime
ideals of T such that PN R = QN R, then all saturated chains of prime ideals
between P and Q have the same length.

Proof. The ideal QN R is a A-prime ideal of R, and so by Lemma 2.2(ii) it
is a prime ideal. Thus, by factoring out Q N R, we may assume that R is a
domain and that PNR=QNR=0. Now the set & = R — {0} is a right and
left Ore set in T, and we may identify T% ! with X [©;A], where K is the
quotient field of R and the derivations in A have been extended to K via the
quotient rule. Since TZ ! is catenary by Theorem 6.1, the result follows on
applying [3, Satz 2.10]. O

Corollary 6.2 shows that catenarity in T can only fail between pairs of prime
ideals with distinct contractions in R, and so it is bound up with properties of
A-prime ideals of R. This is easily seen in the Bell-Sigurdsson example, where
the prime ideals in the two saturated chains of differing lengths are all induced
primes. In light of this, we conclude with the following question. Suppose
that R is a commutative noetherian Q-algebra equipped with a finite set A of
commuting derivations, and 7 = R[6;A]. If the corresponding polynomial
ring S = R[X] is both catenary and A-catenary, must 7 be catenary? (The
answer is positive in the case of a single derivation, by [2, Corollary 2.3].)
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