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PRIME IDEALS IN SKEW LAURENT POLYNOMIAL RINGS

by K. W. MACKENZIE
(Received 2nd August 1991)

Let R be a commutative ring and {6,,...,0,} a set of commuting automorphisms of R. Let T=
R[6%Y,...,0%%0,,...,0,] be the skew Laurent polynomial ring in n indeterminates over R and let
S=R[x{!,...,x*'] be the Laurent polynomial ring in n central indeterminates over R. There is an
isomorphism ¢ of right R-modules between T and S given by ¢(8;)=x;. We will show that the map ¢ induces
a bijection between the prime ideals of T and the I'-prime ideals of S, where I' is a certain set of
endomorphisms of the Z-module S. We can study the structure of the lattice of I'-prime ideals of the ring S by
using commutative algebra, and this allows us to deduce results about the prime ideal structure of the ring T
As an example, if R is a Cohen-Macaulay C-algebra and the action of the o; on R is locally finite-dimensional,
we will show that the ring T is catenary.

1991 Mathematics subject classification: 16D30, 16P40, 16534, 16S36.

Introduction

In this paper we will investigate the prime ideal structure of a skew Laurent
polynomial extension

T=R[01,01_l,02,02_1,...,0",0,,_1;0'1,02,...,0'"],

where R is a ring and the o; are commuting automorphisms of R. We obtain fairly
detailed results if R is a commutative ring and the o; satisfy appropriate conditions; for
instance, if R is an affine C-algebra and the action of the ¢; on R is locally
finite-dimensional then we will show that T is a catenary ring.

Much of the work here is based on [3], where the case of an extension involving
derivations is treated. Related results are also contained in [2].

Acknowledgments. The research for this paper was carried out at the University of
Edinburgh with the financial support of the Science and Engineering Research Council.
I would like to thank my Ph.D. supervisor, Dr. T. H. Lenagan, for his help and advice
during the course of my studies.

1. Ideals in skew Laurent polynomial rings

1.1. The following notation will be used throughout.

299

https://doi.org/10.1017/5001309150001840X Published online by Cambridge University Press


https://doi.org/10.1017/S001309150001840X

300 K. W. MACKENZIE

Notation. k is a commutative ring and R an associative k-algebra. ¥ denotes a finite
sequence (o4,...,0,) of (not necessarily distinct) k-automorphisms of R, and G=
{0y,...,0,)<Aut; R is the subgroup of Aut, R generated by the o;. We will always
suppose that the o; commute, so that G is abelian. Let

T=R[91,01_1,02,92_1,...,9,,,9,,—1;0’1,0'2,...,0',,]

be the ring of skew Laurent polynomials over R (see [8, §§1.2, 1.4, 1.6] for general
properties of such rings). We will view T as a ring of Laurent polynomials in the §; with
coefficients from R written on the right; thus an element te T can be written uniquely in
the form

Y é'r,

IeZn

where r,eR and r;=0 for all but finitely many IeZ", and 6'=0...0} for I=
(iy,...,i, € Z" (note the reversal of the order of the i;).

The additive structure of T is the same as that of the usual Laurent polynomial ring.
Elements of R are multiplied together in the normal way, and the §; commute with each
other, but we have

rf;=00;(r) for reR. (*»

Since 6; is a unit in T the above equation can be written in the form ¢;(r)=6; 'rf;; thus
the automorphism o; becomes an inner automorphism in 7. If we use the symbol “o'”
to denote oly...a% then (using the fact that that the ¢; commute) we see that r8' =6'a'(r)
for all reR, IeZ".

Let

S=R[x1,x1—1,-'-:xmxn_l]

be the Laurent polynomial ring in n central indeterminates x,,...,x,; we will write
elements of S using a similar multi-index notation to that above.

We will occasionally need to consider the skew polynomial rings S* =R[x,,...,x,]
and T*=R[6,,...,0,;0,,...,6,]. The ring T* has a similar structure to that of T; the
elements 6; are no longer units of T, but it can be seen with the aid of (+) that each 6;
is a normal element of T* (ie, 6;T*=T"6; for all j). We will view T* as being a
subring of T in the natural way; we may then regard T as being the localisation of T*
at the Ore set generated by {6,,...,0,}; similarly we will regard S* as a subring of §
and S as a localisation of S*.

Note that if R is a Noetherian ring then so is each of the rings T, T*, S and S™: see
[8, 1.2.9(iv)].

1.2. We wish to study the relationship between the ideals of T and those of S. We
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will define a map ¢ from T to S and we will show that under this map the prime ideals
of T are in one-to-one correspondence with the I'-prime ideals of S, where I'2G is a
certain subset of End,S. Firstly we require some standard definitions and some
notation.

Definition. Let A be a ring and I' a subset of End; A. If ye T then we will denote the
action of y on 4 by ar»a’ (ac A). If X< A then X?={x":xe X}. We say that Kc A isa
right T'-ideal of A if K is a right ideal of A and K is I'-stable (i.e., K*<K for all yeI).
We denote the lattice of right I'-ideals of A by #{(A). If I = A4 then we say that [ is a
I'-ideal of A, and write I = A, if "< for all yeI. A proper ideal Q of 4 is a I'-prime
ideal of A if Q =- A and the following holds:

ILJ=SrA and IJc@Q = I<Q or JeQ.

The set of I'-prime ideals of 4 will be denoted by Spec' (4). If I="A then we write
I"=n~{I":yeT}: it is clear that if " is a group of automorphisms of A4 then I' is the
largest I'-ideal contained in I, and that in this case if P e Spec A then P' e Spec” A.

1.3. A special case that will arise later occurs when A is Noetherian and T is a
subgroup of Aut 4; then I acts naturally on Spec A (for if PeSpec A and yeT then it is
easy to see that P”e Spec A) and there is a well-known result giving a precise description
of Spec' A.

Theorem. Suppose that A is a Noetherian ring and H is a group of automorphisms of
A. Let QeSpec? A and let Q be the (finite) set of primes minimal over Q. Then Q forms a
complete orbit for the action of H on Spec A, and

Q=P" forall PeQ
=P n---AP™ forsome h;eH.

Thus every H-prime ideal is semiprime.

Proof. See [9, Lemma 5], for example. O

Note that it is possible to have Q=PH with P not minimal over Q: for instance if
A=Q[x] and H is the subgroup of Aut A generated by x> x+1 then 0eSpec” 4 and
0=0"=(x)".

14. We can now return to the skew Laurent polynomial ring T. The result below is
very simple but it will turn out to be extremely useful.

Lemma. Every two-sided ideal of T is G-stable (where G is the subgroup of Aut, T
generated by {0,,...,0,}); in other words, J= T=J e L(T).
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Proof. Let J be a two-sided ideal of T. We have a;(J)=0; 'J6; and since 6, is a unit
in T, 6; 'J6;=1J for all j; it follows that J is G-stable. O

1.5. The rings T and S are free right R-modules with bases of the same cardinality
and are thus isomorphic as right R-modules; we will use this isomorphism to relate the
ideal structure of T to that of S.

Definition. Let R, T and S be as in 1.1. Define ¢: T—S by

¢ 0'r)=) x'r,.
¢ is clearly an isomorphism of right R-modules and
dO'tr)=x"Pp()r=¢(t)x'r forall IeZ" reR,teT
Moreover, if we extend the o; to T and S in the obvious manner (i.e.,, so that they act
trivially on the indeterminates) then ¢o;=0;¢ for all j. Note that ¢ restricts to a map

T*—S*: we will denote this map by ¢ also.

Proposition 1.6. ¢ induces an isomorphism between L(T) and L4(S); this restricts to
an isomorphism between L(T™) and L(S*).

Proof. Let K e %4(T); then $(K)< Sg. Also,
o' $(K)=¢o'(K)s$(K) VIeZ’
in other words, ¢(K) is G-stable. Thus

O(K) Y x'r =Y x'$(K)ry
=¢(2 0'Kr))
=90~ (K)0'r))
<o} Ko'ry)
S¢(K),

so P(K)<Ss. Thus ¢(K)e Z4(S).
Similarly, if Le %4(S) then o'¢ " (L)=¢ '¢’(Ly= ¢~ (L) and hence

ML) T8 =Y 0'a'e ™ Dy,
<Y 09~ L,
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=¢'1(2x’Lr,)
s~ (L),
s0 ¢~ 'Le Z4(T).
Thus ¢ induces a bijection between £;(T) and Z¢(S), and this map is clearly an
isomorphism of lattices.

The same argument shows that the restriction of ¢ to T* induces an isomorphism
Lo(T)>L6(S?). O

1.7. We wish to find out what happens to two-sided ideals of T under ¢. It turns
out that we need some more endomorphisms to do this.

Definition. If reR define y,: S-S by

1(8)=¢(rd™'(s) (seS).
1, 18 the map of S induced by left multiplication by r in T.

Lemma 1.8. IfreR then

i) 2 x'a)=Yx'd'()a,

(i) x.(a)=ra VaeR

(i) x,(sa)=yx,(s)a VseS,aeR

(1iv) x" x () =xg-14(x"s) VseS,IeZ"

v x(xH=x'é(r) ViezZ"

Proof. These facts are easy consequences of the definition of the y,. O
Note that by (iii), y,€ Endg(Sg). If we define y: R—Endg(Sz) by x(r)=y, then it can be

shown that y is an injective homomorphism of rings.

19. We can now show that the ideals of T correspond to those right ideals of S
which are stable both under G and under each y,.

Definition.
I'=G u y(R)<End,S.

Proposition 1.10. ¢ induces an isomorphism between the lattice of two-sided ideals of T
and the lattice of T-stable right ideals of S.

Proof. Firstly, recall from Lemma 1.4 that all two-sided ideals of T are G-stable;
thus if A=2T, Lemma 1.6 shows that ¢(A)e Z;(S), so we need only show that ¢(A) is
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x,-stable for each r in R; this follows because y,¢(A4)=@(rd ~'¢(A4))=d(rd)<¢(A) for
all reR.

Conversely, let K be a I'-stable right ideal of S. Then ¢ 'K is a G-stable right ideal
of T We have 8'¢ 'K=¢ " '(x'K)=¢ '(Kx')c ¢~ 'K; also, if reR then r¢ Y(K)=
¢ " Ho(rd YK =¢ (1K) =S¢~ (K). It follows that Tp Y(K)=¢~ }(K) and hence
¢"HK)=T O

Note. The same proof shows that ¢ induces an isomorphism between the lattice of
G-stable two-sided ideals of T* and the lattice of I'-stable right ideals of S*.

2. Prime ideals in skéw Laurent polynomial rings

2.1. From now on we will assume that R is a commutative ring, so that § is also
commutative. Proposition 1.10 now reads as follows:

Proposition. If R is a commutative ring then the map ¢ induces an isomorphism
between the lattice of two-sided ideals of T and the lattice of I'-stable ideals of S.

This result will allow us to investigate the ideals of T by using commutative algebra.

2.2. Our objective in this section is to show that the prime ideals of T correspond to
the I'-prime ideals of S. In rings of polynomials, results can often be proved by
induction on the degree of an element. In the rings of Laurent polynomials considered
here it is convenient to use a different measure of the size of a polynomial.

Definition. If t=) 6'r;e T then the support of t is supp(t)={I€Z":r;#0}, and the
width of t is width(t)=|supp (t)| (note that width(t) < oo for all te T). The constant term
of t is r,. We make similar definitions in S.

Thus if t=0"7+8+60'°eR[6,0 ;0] then the width of ¢ is 3 (not 26) and the constant
term of ¢ is 8.

2.3. In the following results, the symbol “[x,y]” denotes xy—yx; if X and Y are
subsets of some ring then [X, Y]={[x,y]:xe X,ye Y}.

Lemma. If reR and teT then width([r,t]) <width(t). If the constant term of t is
nonzero then width ([r, t]) <width (¢).

Proof. If t=) 60'a;eT and reR then a simple calculation shows that [r,f]=) 6'b,,
where b, =o(r)a;—a,r (note that by=0), and the result follows easily. O

Lemma 2.4. Let A be an ideal of T and suppose that ce T is such that [R,c]< A. If
te T then ¢(tc)— (1) d(c) € $(A).

Proof. Putt=) 6'r;. Then
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$(tc) — (D) p(c) = p(X 8'r1c) — $(. 6'r1) $(c)
= 0'[rr,c]+. 8'cr) =Y x'r19(c)
=X 0'lrn D)+ Y x'd(r,— Y x'r1(c)
=¢(3. 0'[ry,c]), since R is commutative
ed(A), since [R,c]SA. O

Lemma 2.5. Let A be an ideal of T. If C is a G-stable subset of T such that [R,C]< A
then TC+ A=CT+ A is a two-sided ideal of T.

Proof. Ift=) 6'r,e T and ce C then te=Y 0'rc=Y 0'[r;,,c]+Y.0'cr,=3 0'[r,c]+
Y. 67 !(c)8'r,€ A+ CT, since [R,c]<A and 67 '(c)eC for all IeZ". Thus TCcA+CT. A
similar argument shows that CT = TC+ A, and the result follows. |

Lemma 2.6. Let A be an ideal of T and let C be a G-stable subset of T with
[R,Cl< A. If we put C=A+TC then C is an ideal of T, and if K is any right ideal of T
we have $(KC)+ ¢p(A) = p(K)$(C) + $(A).

Proof. By Lemma 25, C is an ideal of T Lemma 2.4 shows that ¢(tc)—
d()d(c)e p(A) for every te T and ceC; it follows that ¢(KC)+ ¢(A)=d(K)d(C)+ p(A)
for any right ideal K of T. Now

$(KC)=p(K(A+TC))
CH(KA+KTC)
c@$(A+KC)
=¢(A)+¢(KC)
=¢(A)+ ¢(K)¢(C)

S p(4)+d(K)¢(C).
Also,

$(K)$(C) = p(K)($(TC) + $(A))
SP(K)H(TC)+ ¢(4)
SH(K)(HT)$(C) + ¢(4)) + ¢(A), by Lemma 2.4
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= ¢(K)$(T)$(C) + $(A)
S H(K)¢(C) +¢(A)
= ¢(KC)+ ¢(A), by Lemma 2.4
c ¢(KC)+ ¢(A).
Thus ¢(KC)+ d(A) = d(K)$(C) + ¢(A), as claimed. 0

Theorem 2.7. Suppose that A is an ideal of T If A<F=IT then there exists FF ST
with A< F' £ F such that $(KF')+ ¢(A)=d(K)P(F')+ ¢(A) for any right ideal K of T.

Proof. Let w=Min {width(f): feF\4} and let C={ceF:width(c)=w and ¢,#0}.
Note that C # &, since having found f e F\A with width(f)=w, we have ¢'f e F\A for
all IeZ", and 8'f will have a nonzero constant term for an appropriate value of I; in
this case we in fact have ' f e C\A. Now C is clearly a G-stable subset of T, and if reR
and ceC then 2.3 shows that width ([r,c]) <width(c)=w; since [r,c] € F, the choice of w
means that [r,c]<=A, so that [R,C]=A. Lemma 2.6 now shows that F':=A4+TC
behaves as required. O

Theorem 2.8. ¢ induces a bijection between Spec T and Spec’ S.

Proof. Suppose that BeSpec'™ S and put A=¢ !B, which is a two-sided ideal of T
by Proposition 2.1. Let E and F be ideals of T with ACEnF and EFcA. If F£ A,
construct FF=' T with A<F' <F as in Theorem 2.7. Now ¢(E) and ¢(F’') are both
I'-ideals of S, and ¢(E)P(F' )= H(EF')+ ¢(A)=B since EF ' cEFcA. Since B is a I'-
prime ideal of § and ¢(F')£ B, we have ¢(E)=B=¢(A4) and so EcA. Thus 4 is a
prime ideal of T.

Now suppose that A is a prime ideal of T and put B=¢(A)=2-S. Suppose that U
and V are I'-ideals of § with BcU NV and UV<B. Put E=¢~!(U) and F=¢~(V),
and note that E and F are two-sided ideals of T. If V¢ B then A <F and Theorem 2.7
again provides us with an ideal F’ of T such that A<F'SF and ¢(EF')+¢(A)=
P(E)P(F')+ ¢(A). Now ¢(EF)=P(E)P(F)+d(A)S @p(E)P(F)+ B=UV +B=B=¢(A4).

Therefore EF'= A and since "¢ A4 we have EC A and hence U=¢(E)c¢(A)=B. 1t
follows that B is a I'-prime ideal of S. |
2.9. We require one more result in this section.

Lemma. If BeSpec'S and B<V =S then Anng(V/B)=0.

Proof. Put A=¢ 'B and F=¢ 'V; then AeSpecT and A<F=T. Construct an
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ideal F' as in 2.7; since F’' is a two-sided ideal of T and A is a prime ideal of T,
Anny ,(F'/A)=0. Now

seSandsVeB = s¢(F)=B
= sSH(F')=¢(4)
= ¢ (sS)F'< A by Theorem 2.7
= ¢ (sS)cA
= S€EB. O

Corollary 2.10. Suppose that R is a Noetherian ring. If QeSpec' S and HeSpecS is
minimal over Q then Q is the largest I'-ideal of S which is contained in H.

Proof. H/Q is a minimal prime in the commutative Noetherian ring S/Q and so has
nonzero annihilator. It follows from Lemma 2.9 that H/Q contains no nonzero I'-ideals

of S§/Q. |

3. Eigenvectors and normal elements

3.1. Throughout this section we will assume that R is a commutative algebra over a
field k. We will show that (with suitable restrictions on the action of G on R), every
factor B/A with A<B=T contains a G-eigenvector, and that this eigenvector is a
normal element of the ring T/A. This will allow us to use the Principal Ideal Theorem
to get a grip on the heights of prime ideals of T, and to show that T is sometimes
catenary. The condition required on G is as follows.

Definition 3.2. Let A be a k-algebra, where k is a field, and let H be a subgroup of
Aut, A. The action of H on A is said to be locally finite-dimensional if every element of A
is contained in a finite-dimensional H-stable k-subspace of A.

Examples 3.3. (i) It is easy to see that any finite group of automorphisms of a ring
A has a locally finite-dimensional action: if H={h,,...,h,} and ae A then a is contained
in the H-stable subspace ka®'+ka"*+ - +ka"™, which clearly has dimension at most r
over k.

(ii) Let ¢ be an automorphism of a commutative polynomial algebra A=k[x]. If o
satisfies

aeA = dego(a)<dega,

then if a is an element of degree m we have
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{o"(a):neZ}ckDkxDkx*D - D kx™,

a finite dimensional o-stable subspace of A. It follows that any group of automorphisms
of k[x] which is generated by degree-preserving automorphisms has a locally finite-
dimensional action. A similar statement is true for polynomial algebras in several
variables, where we consider automorphisms which preserve total degree.

34. The following well-known result allows us to construct G-eigenvectors in R
when the action of G on R is locally finite-dimensional.

Lemma. If V is a finite-dimensional vector space over an algebraically closed field k
and H is a finitely generated abelian subgroup of End, V then V contains a (nonzero)
H-eigenvector. In other words, there exists ve V\O such that tve kv for all te H.

Proof. The result can be deduced from [4, Proposition 15.4], for example. g

3.5. We wish to show that if the action of G on T is locally finite-dimensional then
T is “polynormal”, in an appropriate sense.

Definition. An element x of a ring A4 is normal if xA= Ax. We will say that a ring A
is polynormal (respectively, polycentral) if, whenever I <J are two-sided ideals of A, there
exists xeJ\I such that x+1 is a normal (respectively, central) element of the ring A/I
(note that xA+1 is then a two-sided ideal of 4). We say that a ring is normally
separated (respectively, centrally separated) if the condition above holds for all pairs of
prime ideals I <J.

3.6. We must carry out some explicit calculations in T and T*, and we need a fine
measure of degree in order to do this.

Definition. Let n>1 and let I €Z". The norm of I is ||I||=li,|+ - +]i,| The Dixmier
ordering on Z" is defined as follows:
If I, Je Z" then I<J if either

@ [ <[l
or (i) ||[I]|=||J|| and I precedes J in the lexicographic ordering on Z" (i.e., if I#J and
i, <ji, where k is the least integer with i, #j,).

It can be shown that Z” (with the Dixmier ordering) is order-isomorphic to N; thus if
t=) 0'r;e T, we can compare the 6' by using the Dixmier ordering. This allows us to
speak of the degree and the leading coefficient (with respect to the Dixmier ordering) of
an element of T. Furthermore, if X is any subset of T then the subset of Z" consisting of
the degrees of elements of X has minimal elements. If the Dixmier ordering is restricted
to N"<=Z" then similar comments apply to the ring T*.
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3.7. For the first part of the next theorem we temporarily relax the requirement that
the ring R be commutative.

Theorem. Suppose that k is an algebraically closed field and that the action of G on R
is locally finite-dimensional.

(i) If A,BeZ;(T*) with B<A then there exists aec A\B such that a+B is a
G-eigenvector in T*/B and aT* +Be L4(T™).

(i) If R is commutative and A, B=;T* with B< A then the element a above can be
chosen to be normal modulo B; thus T* (and hence T) is a polynormal ring.

Proof. Let I be the minimal degree (with respect to the Dixmier ordering) of
elements of A\B, say

c=0y+--- €A\B,
where “...” denotes terms of degree lower than I. Put
A®={leading coefficients of elements of 4 of degree I} L {0}

and

B° ={leading coefficients of elements of B of degree 1} L {0}.

It is easily seen that A° and B° are G-stable right ideals of R with B°=A° and
y€ A®°\B®. Since the action of G on R is locally finite-dimensional, there exists a G-stable
finite-dimensional k-subspace, ¥, say, of R which contains y; replacing V by V n A° we
may assume that V< A°.

Since G is a finitely generated abelian subgroup of End, ¥, (V + B°)/B° contains a
nonzero G-eigenvector a+ B°, with ae ¥, by Lemma 3.4; thus there exist A;€k with

oj(0)—A;0eB® Vi (1)

Note that A;%0; otherwise we would have o;ceB° and then aeB°. Since ae A° there
exists some a€ A\B with a=60'a+---. We have

oi(@)—Aa=0"(g;(0)— )+~ P))
Now by (1), 6(a)—A;xe B and hence there exists b;e B with
b;=0"(o (@) —A;0)+ "~ (3)

Now ¢;(a)—4;a—b; lies in A: combining (2) and (3) we see that this element has degree
less than I and hence must lie in B, so that
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oj(a)—AaeB Vj,
which is to say that a+ B is a G-eigenvector in T*/B.
Clearly aT™* + B is a right ideal of T, and 6{aT*+B)=0;(a)T* + B=AaT*+B=
aT* +B,so aT* +Be Z4(T™).
(ii) Now suppose that R is commutative and that B< A=I;T*; we claim that the
element a provided by (i) is normal modulo B. Firstly,
af;=06(a)=0;4a (modulo B) Vj. 4)
Also, if re R, then A contains
ra—ac'(r)=r(@'a+--)—(@'a+--)o'(r)

=(010.1(r)a+ .. ')—(9’0(0’(r)+ .. _)’

which has degree less than I (note that o'(r)a —ac’(r) =0 since we have assumed that R
is commutative), so that

ra—ad’(r'eB VreR. (5
Together, (4) and (5) show that a is normal modulo B, as claimed. O

Theorem 3.8. If k is an algebraically closed field and the action of G on R is locally
finite-dimensional, then given A,B=T with B<A there exists ac A\B such that a is
normal modulo B; moreover, a can be chosen to centralise R modulo B.

Proof. Let B*=BnT* and A*=AnT?*, so that B*<A*=,T*. Construct
at=0'a+--- €A*\B* (where a€R) as in the proof of Theorem 3.7, so that a*
satisfies

«*0;—0,4a*eB* Vj (1)
(where A;ek) and
rat—a*d!(eB* VreR 2

Let a=0"'a*eA\B;, if reR, (2) shows that ra—ar=r-0"'a*—0"'a*r=
0 (¢ '(r)a* —a*r)e6~'B* =B. Thus [R,a] = B. Also,

a9j=0_1a+0j

=076;4;a* (modulo B*), by (1)
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=1;0,0""a*
=4;0;a.
Thus ae A\B is normal modulo B. O

Definition 3.9. The ring T=R[0,,0;%,0,,0;,...,6,,0, ';0,,0,,...,0,], will be said
to be R-normally separated if, given prime ideals P, QeSpec T with P<(, there exists
ae Q\P such that

(i) a is normal (and hence a non-zero-divisor) modulo P.

(i) [R,a]l<=P.

Lemma 3.10. T is R-normally separated in either of the following cases:
(1) k is an algebraically closed field and the action of G on R is locally
finite-dimensional.
(i) k=Z and G is torsion (equivalently, finite).

Proof. (i) is immediate from Theorem 3.8.

In case (ii), R is an arbitrary commutative ring. Since G is torsion, there exist k;€Z\0
with o%=1. This means that G'j’eZ(T), the centre of T, and so T is a finite normalising
extension of the commutative ring R[8",...,6], and so T is a polynomial identity ring
and hence centrally separated (see [8, 13.1.13 and 13.6.4]). This clearly implies that T is
R-normally separated. |

3.11. We translate the property of R-normal separation to S.

Lemma. Suppose that T is R-normally separated. If 1, J €Spec™ S and 1 <J then there
exists ce J\I such that

(i) cS+I1=¢S

(ii) c is regular modulo 1.

Proof. Let P=¢ 'l and Q=¢ 'J. Then P and Q are prime ideals of T with P<Q
and hence there exists aeQ\P with a normal modulo P and [R,a]<P; note that
Ta+P=T. By Lemma 2.4, ¢(ta)— ¢d(t)¢(a) el for all te T. Thus ¢(Ta+ P)=¢(T)P(a)+1

=S¢(a)+1 is a I'-stable ideal of S and ¢(r) - Pp(a)e I=>P(ta)e I=>tac p=>tep=¢(t)€l, so
that c=¢(a) is regular modulo I, as required. O

4. Catenarity

4.1. In this section we will show that in certain circumstances the ring T is catenary.
We will do this by showing that the lattice of I'-prime ideals of S is catenary. In order
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for the notion of “height” to make sense we assume from now on that R is a
(commutative) Noetherian ring. Recall from 1.1 that this means that both T and S are
also Noetherian rings.

We will have to deal with several different varieties of catenarity simultaneously, and
it will be convenient to describe these in an abstract framework. -

Definition. Let A be a partially ordered set. If A=k are elements of A then a
descending chain of length t between A and x is a sequence (4,,...,4,) of elements of A
with A=1,>1,_,> - > 1,=k; this chain is saturated if for each i there does not exist
peA with 4;>p> 1, ,. If Ae A then the height of A, ht A, is the supremum of the lengths
of chains descending from /: it is possible for an element to be of infinite height.

Now supose that A is a partially ordered set in which every element is of finite height.
It is clear that A satisfies the descending chain condition and that for every element 1 of
A there exists a minimal element x4 of A (i.e., an element of height zero) such that 1= u.
We denote the set of minimal elements of A by Min A. The partially ordered set A is
catenary if, whenever 1=k are elements of A, all saturated chains between A and x are
of the same length (depending on the choice of A4 and «). If X is a subset of A then we
say that A is uniformly catenary over X if, whenever A€ A, all descending chains from 2
to some element y of X are of the same length, irrespective of the choice of the element x
Jrom X. A is uniformly catenary if it is uniformly catenary over Min A. It is easily seen
that A is uniformly catenary if and only if, whenever Aec A and geMin A with A=y, the
length of any saturated chain between A and u is equal to the height of A.

We will apply the foregoing terminology to partially ordered sets consisting of ideals
in rings. For instance, a ring A will be said to be (uniformly) catenary if the partially
ordered set Spec A is (uniformly) catenary, and if PeSpec A then the height of P in A,
ht, P, is the height of P when considered as an element of the partially ordered set
Spec A. Similarly, if T is some set of endomorphisms of 4, then A is I'-catenary if the
partially ordered set Spec’ A is catenary, and if Qe Spec” A then the I'-height of Q,
I'-ht Q, is the height of the element Q of the partially ordered set Spec' A4, and so on.

The classical Krull dimension of a ring A is

CL.Kdim A =sup {ht P: Pe Spec A}.

The adjective “classical” here is used to distinguish this dimension from the Krull
dimension in the sense of Gabriel and Rentschler.

Lemma 4.2. Let A be a partially ordered set in which every element has finite height.
Then A is catenary if and only if A is uniformly catenary over {u} for every ueMin A. In
particular, if A is uniformly catenary then A is catenary.

Proof. It is clear that if A is catenary then it is uniformly catenary over {u} for each

ueMin A. Conversely, suppose that A is uniformly catenary over {u} for each peMin A.
Choose elements A=k and fix yeMin A with k=pu. Let A=4,>A,_;> " >A,=k and
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A=p,>p,_,> " >pe=k be saturated chains between A and k. Using the descending
chain condition for elements of A, construct a saturated chain k=x,>--->x,=p We
now have two saturated chains A=A>A4,_ ;> ">ly=kK,>"->Kko=u and A=p>
Pi—1>"">po=K,> " >Ko=p, and since A is uniformly catenary over {u} we have
s+r=t+r, and so s=t. Thus A is catenary. O

Lemma 4.3. Let A be a partially ordered set in which every element has finite height.
Then the following are equivalent:

(i) A is uniformly catenary.

(ii) If A=k are elements of A with ht \/k=1 then ht A=htx+ 1, where ht A/x denotes
the height of (the image of) the element A in the partially ordered set
Alk={peA:p2x}.

Proof. The proof is similar to that of Lemma 4.2. O

44. We now give some examples of types of commutative rings which are
(uniformly) catenary.

Examples. (i) If 4 is a caternary domain than it is clear that A is uniformly
catenary.

(ii) Suppose that A is a commutative Cohen-Macaulay ring: then A is catenary by [6,
Corollary VI1.3.15]. If QeSpecA then A, is a local Cohen-Macaulay ring, so that
CLKdim A, =ClLKdim(Ay/B)=ht, Q for all minimal prime ideals B of 4, (see [6, p.
188]). Thus if Q=0,>0,_,>->Q,=P is a saturated chain of prime ideals with P
minimal, we have ht,Q=CLKdim(A4y/Py)=t (since A is catenary). Thus A is uniformly
catenary.

(iii) Suppose that A4 is an affine algebra over a field k, and that G<Aut, A is a group
of k-automorphisms of A. Let Q eSpec® 4 and let X be the set of prime ideals minimal
over Q, so that Q= P¢ for every Pe X. We claim that A is uniformly catenary over X. If
BeSpec A and Pe X then [6, Corollary I1.3.5] shows that any saturated chain between
B and P is of length Cl.Kdim A/P—CLKdim A/B; this is clearly independent of the
choice of the chain, so that A4 is catenary. Now if P’ is another element of X then
P'=P? for some ge G and so A/P=A/P’ via a+ P—a? + P?. It follows that any saturated
chain of prime ideals from B to P’ is of length ClL.Kdim A/P’'—ClL.Kdim A/B=
CLKdim A/P—Cl1Kdim A/B: this quantity is therefore independent of the choice of
Pe X and so A is uniformly catenary over X.

4.5. In order to use the results above we need some information about I'-primes and
G-primes of S.

Lemma. (i) If <R then SI =S and S/SI=(R/D)[x{!,...,x:"'].
(i) If J=4S then J A R=4R.
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(i) If ISR then SI=;5.
(iv) If QeSpec®S then Q N ReSpec®R.
(v) If PeSpec®R then SQ e Spec® S.

Proof. (i}{iv) can be proved by standard methods.

(v) Suppose that Q eSpec® R: then SQ=;S and S/SQ=(R/Q)[x%!,...,xt']. Thus it
suffices to prove that if R is a G-prime ring then so is S. So suppose that R is G-prime
and that A and B are G-ideals of S with AB=0. Let A’ be the set of elements of R
which occur as leading coefficients of elements of A (with respect to the Dixmier
ordering on Z") and similarly let B’ consist of leading coefficients of elements of B.
Clearly A’ and B’ are G-stable ideals of R and A'B’'=0. Since R is a G-prime ring we
have A'=0 or B'=0, and this clearly implies that A=0 or B=0. O

Corollary 4.6. (i) If Qe Spec" S then Q n ReSpec®R.
(i) If PeSpec®R then SPeSpec' S; in fact, SP is a T-stable G-prime ideal of S.

Proof. Firstly, note that if I is any ideal of R then ,(SI)=y,(S)I = SI for every reR.
Thus if I is a G-ideal of R then SI is in fact a I'-ideal of S (cf. 4.5(iii)).

(i) Suppose that QeSpec’ S and that A and B are G-ideals of R with ABSQ nR.
We have SA.SB<=Q, and since we have just observed that SA and SB are I'-ideals of §
we have AQ N R or BEQ n R. Thus @ n R is G-prime.

(i) If PeSpec® R then 4.5(iv) shows that SPeSpec®S; however, we know that SP is
I'-stable, and it is clear that I'-stable G-primes are I'-prime. O

Corollary 4.7. Min Spec’ S coincides with Min Spec€ S.

Proof. Suppose that Q is a minimal I'-prime of S; (i) and (ii) of 4.6 show that
QN ReSpec’R and that S(QNR) is a I'-stable G-prime of S. Since S(QNR) is a
I'-prime contained in the minimal I'-prime Q we must have Q=S(Q N R); thus Q is a I'-
stable G-prime of R.

A similar argument using 4.5(iv) and 4.6(ii) shows that if P is any minimal G-prime of
S then P=S(P N R) is also a I'-stable G-prime.

Now suppose again that Q is a minimal I'-prime of S, so that @ is also G-prime. If Q
contains some G-prime P then S(PnNR) is I'-prime by 4.5(iv) and 4.6(ii), and the
minimiality of Q forces @=P=_S(P n R). Thus every minimal I'-prime of § is not only
G-prime, but is in fact minimal in the set of G-primes of S.

Using (i) and (ii) of 4.6, a similar argument shows that every minimal G-prime of § is
a minimal I"-prime of S, and the results follows. |

4.8. To be able to use Corollary 4.7 and the results in 4.1 and 4.2, we must show
that all elements of the sets Spec® S and Spec' S are of finite height.
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Lemma. Every G-prime ideal of S has finite G-height.

Proof. It follows from Theorem 1.3 that there is an epimorphism of lattices
SpecS—»Spec®S given by P—PC Since every prime ideal in the commutative
Noetherian ring S is of finite height (see e.g. [1, Corollary 11.12]), it follows that every
G-prime ideal of S is of finite G-height. O

Lemma 4.9. Every prime ideal of T has finite height and hence every I'-prime ideal of S
has finite I"-height.

Proof. We will actually prove the following more general statement:

Let A be a Noetherian ring in which every
prime ideal has finite height. If ce Aut A and
B=A[0,0"%] then B is also a Noetherian ring
in which every prime ideal has finite height.

(*)

The lemma will then follow because we can regard T as an iterated skew Laurent
extension T=R[0f';5,]---[0%!;0,], and every prime of R is of finite height, as in the
proof of Lemma 4.8. So let 4 and B be as in (*). Suppose that Q € Spec B is of infinite
height; then there exist arbitrarily long chains of primes descending from Q. Choose
neN and fix a (possibly non-saturated) chain Po<P,; < -~ <P,,=Q of prime ideals in
B. It follows from [8, 10.6.4, 10.6.6] that we have a chain of o¢-prime ideals
PynR<P,nR<-<P,,nR=Qn R This chain is of length n, and since n was
arbitrary, Q n R is of infinite G-height. The argument of Lemma 4.8 shows that this is
impossible, so (*) is true. O

4.10. The condition of R-normal separation allows us to pass between the lattices
Spec S and Spec' S without losing too much information about height.

Lemma. Let T be R-normally separated. If 1<JeSpec'S with T-ht(J/)=1 and
P<= QeSpecS are minimal over I and J respectively then ht(Q/P)=1.

Proof. By Lemma 3.11 there exists ceJ\I such that c¢ is regular modulo I and
c¢S+1=:8. Note that c¢ P since P consists of zero-divisors modulo I; thus by the
Principal Ideal Theorem ([7, Theorem 13.5] or [8, 4.1.11]) it will suffice to show that Q
is minimal over ¢S+ P. Choose BeSpecS with B=Q and B minimal over ¢S+ P, and
let E be the largest I'-ideal contained in B: note that ¢S+ P<B so that ¢<S+I<E. By
Corollary 2.10, J is the largest I'-ideal contained in Q and it follows that EcJ. Now
suppose that K, L=1.S and that KL< E. Since ESBeSpecS either K or L must be
contained in B; as E was defined to be the largest I'-ideal contained in B we must have
KcE or LcE. Thus E is a I'-prime ideal. Since I<E<J and I'-ht(J/I)=1 we must
have E=J, so that J=B< Q. Since Q is minimal over J we must have Q=B. Thus Q is
minimal over ¢S+ P, as required. O
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4.11. We now have enough information to enable us to prove that the ring T is
catenary in certain circumstances. We require one more definition.

Definition. If /<=2S then .#(I)={PeSpecS:1<P and P/IeMinSpecS/I}, the set of
prime ideals minimal over I.

Theorem 4.12. If T is R-normally separated and S is uniformly catenary over M (Q)
for every Q e Min Spec” S=Min Spec® S then S is [-catenary and hence T is catenary.

Proof. By Lemma 4.2, it suffices to show that S is uniformly I'-catenary over {I} for
each minimal I'-prime I. Choose a I'-prime J of § and a minimal [-prime I contained
in J. Fix a prime ideal Q minimal over J. Suppose that

J=J>J > >Jy=1 (*)

is a saturated chain of I'-prime ideals of S. Using the descending chain condition for
prime ideals in S, construct a chain of prime ideals

0=0,20,_,2"20,=P, (x%)

say, with Q; minimal over J; for each i. Theorem 4.10 shows that all of the inclusions
above are proper and that the chain (*#) is saturated, and since S is uniformly catenary
over .#(I) we have t=ht(Q/P), which is independent of the choice of the chain (). It
follows that S is I'-catenary, and Theorem 2.8 now shows that T is catenary. O

Remark. A similar proof shows that if S is uniformly catenary then T is also
uniformly catenary.

4.13. Recall that a Noetherian ring A is said to be universally catenary if every
finitely-generated A-algebra is catenary (see [7, §§15.3, 32]).

Corollary. Let R be a commutative Noetherian algebra over an algebraically closed
field k and let a,,...,0, be commuting k-automorphisms of R. If the action of each g; on R
is locally finite-dimensional then the skew Laurent polynomial ring

R[6,,6;%,6,,05%,...,0,,0, ';06,,0,,...,0,]

is a catenary ring in any of the following circumstances:
(i) R is a universally catenary domain.
(ii) R is a Cohen-Macaulay ring.
(iii) R is affine over k.
Proof. It is clear that if R is either universally catenary or affine over k then the
same is true of S. If R is Cohen-Macaulay then [7, Theorem 17.7] shows that § is also

Cohen-Macaulay. The theorem now follows from Theorem 4.12, Lemma 3.10(i) and the
examples in 4.4. O
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Note. (a) In cases (i) and (ii), Example 4.4 and the remark after Theorem 4.12 show
that T is actually uniformly catenary.

(b) We can use (ii) of Theorem 3.10 to prove that T is catenary if G is finite and R is
a Z-algebra which satisfies one of (i), (ii) or (iii) above. However, we have not really
gained anything by this as in this case T is an affine PI-ring (as pointed out in 3.10),

and a well-known theorem of Schelter states that all affine Pl-algebras are catenary: see
[8, 13.10.12, 13.10.13].

Remark 4.14. A. D. Bell and G. Sigurdsson have shown that if R is the commutative
polynomial ring k[s,t,w] and ¢ is the k-automorphism of R given by

o(s)=t, o(t)=s+wt?, o(w)=w,

then R[6,0!;0] is not catenary (see [2, Example 3.10] for details). Thus the hypothesis
of local finite-dimensionality cannot be omitted from Theorem 4.13.
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