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Abstract

Let R be a commutative ring and R(X) = R(Xi,...,X,) the free
algebra of n generators over R. It is shown that if G is a monic Grébner
basis for the ideal I = (G) in R(X), then, as that done over a field in
the literature, many global structure properties of the R-algebra A =
R(X)/(G) may be determined via a constructive PBW theory (PBW
basis plus different types of PBW isomorphism) over R.
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1 Introduction

In the structure theory and the representation theory of associative algebras
over a ground field K, it is well known that numerous popularly studied al-
gebras have defining relations which form a Grébner basis G in the sense of
([4], [13], [26]), and such algebras can be studied in a computational way
via their Grobner defining relations (e.g., [1], [8], [11], [13], [18], [19], [29],
[30]); also we know that algebras defined by the relations of the same type
as provided by G over a commutative ring R are equally important, for in-
stance, those R-algebras considered in [31], [3], [7], and [22]. In this paper
we show that the principle and methods of using Grébner bases in the struc-
ture theory of algebras over a field, which were developed in [23] and [19],
may be generalized to study algebras defined by monic Grobner bases over
rings. More precisely, let R(X) = R(X;,...,X,) be the free R-algebra of n
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generators over a commutative ring R. In Section 2, with a little modifica-
tion we briefly review from the literature ([4], [13], [26]) several well-known
fundamental results on monic Grébner bases in R(X), and in consideration
of the fact that Grobner bases over a field are algorithmically constructible
(checkable or computable), we indicate how Grébner bases over a field and
monic Grébner bases over a ring are related to each other (for more details
on the results presented in this section, the reader is referred to the original
version of this paper at http://arxiv.org/abs/0906.4396). In Section 3, after
strengthening and generalizing ([13], Proposition 2.14) and ([18], CH.III, The-
orem 1.5), we demonstrate, by presenting some examples, how PBW R-bases
and monic Grobner bases of certain type can determine each other. In the
final Section 4, we show that the working strategy via different types of PBW
isomorphism developed in [23] and [19] can be generalized to study quotient
algebras of R(X), so that many global structural properties of R-algebras de-
fined by monic Grobner bases may be determined in terms of their N-leading
homogeneous algebras and Bg-leading homogeneous algebras.

Unless otherwise stated, rings considered in this paper are associative rings
with multiplicative identity 1, ideals are meant two-sided ideals, and modules
are unitary left modules. For a subset U of a ring S, we write (U) for the
ideal generated by U. Moreover, we use N, respectively Z, to denote the set
of nonnegative integers, respectively the set of integers.

2 Grobner Bases over K vs Monic Grobner
Bases over R

Let R be an arbitrary commutative ring, R(X) = R(Xy,..., X,,) the free R-
algebra of n generators, and By the standard R-basis of R(X) consisting of
monomials (words in alphabet X = {X3, ..., X, }, including empty word which
is identified with the multiplicative identity element 1 of R(X)). Considering
an R-algebra A = R(X)/(S) with the set of defining relations S consisting
of monic elements of the form g, = W, — f,, where W, € Bg, and with re-
spect to a semigroup partial ordering < on Bg, each f, is a linear combination
of monomials < W, then, it is well-known that Bergman’s diamond lemma
[4] tackles the resolvability of ambiguities (or overlaps) of pairs (g,, g»,) With
9oi»9s; € S, and consequently answers when the set of normal monomials
(mod S) forms an R-basis for the algebra A. It is equally well-known that
if R = K is a field, then, because of the feasibility of a division algorithm in
K(X) = K(Xy,...,X,), the celebrated Buchberger’s termination theorem and
Buchberger Algorithm in the commutative Grébner basis theory over K ([5],
[6]) had been successfully generalized to develop an algorithmic noncommuta-
tive Grobner basis theory for K (X) ([26], [13]), in which Bergman’s diamond
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lemma is equivalent to the noncommutative version of Buchberger’s termina-
tion theorem. More precisely, let K(X) = K(Xj, ..., X,,) be the free associative
K-algebra of n generators over a field K, and let B be the standard K-basis of
K(X) consisting of monomials (words in alphabet X = {X1,..., X,,}). Given
a monomial ordering < on B (i.e. a well-ordering < on B satisfying: u < v im-
plies wus < wvs, and w = ww implies u < w and v < w, for all w,u,v, s € B),
and f,g € K(X) — {0}, if there are monomials u,v € B such that

(1) LM(f)u =vLM(g), and
(2) LM(f) /v and LM(g) [ u,

then the element

1 1
O(fau; Uag): LC(f)(fu)_ LC(Q)(vg)

is referred to as an overlap element of f and g where, with respect to <, LM( )
denotes the function taking the leading monomial on elements of K(X), and
LC( ) denotes the function taking the leading coefficient on elements of K (X)
respectively. For a subset S C K(X), write LM(S) = {LM(f) | f € S} for the
set of leading monomials of S with respect to <. A subset G C K(X) is said to
be a Grobner basis for the ideal I = (G) generated by G if (LM([)) = (LM(G)),
or equivalently, if 0 # f € I, then there is some g € G such that LM (g)|LM(f).
With notations and terminology as above, the termination theorem then states
that

e if G is an LM-reduced subset of K(X) (i.e., LM(g;) f LM(g;) for g;,9; € G
with ¢ # j), then G is a Grébner basis for the ideal I = (G) if and only if for
each pair g;,¢; € G, including g; = g;, every overlap element o(g;, u; v, g;)
of g; and g¢; has the property o(g;, u; v, gj)g = 0, that is, by the division by
G, every o(g;,u; v,g;) has the zero remainder;

and it follows that there is a noncommutative analogue of Buchberger Algo-
rithm for constructing a (possibly infinite) Grobner basis starting with a given
finite subset in K(X).

Note that the algorithmic feasibility of the above criterion lies in the fact
that

(a) for each pair (g;,g;) there are only finitely many associated overlap ele-
ments, and

(b) there is no trouble with taking the inverse of a nonzero coefficient when
the division algorithm is performed, for, K is a field.
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But if the field K is replaced by a commutative ring R (or even if R is an
arithmetic ring as considered by [12]), and if G C R(X) = R(Xy,...,X,)
is taken such that LC(g) is not invertible for some ¢’s, then a pair (g;, g;)
of elements in G may have infinitely many overlap elements, thereby there
seems no an “algorithmically realizable” termination theorem (as we mentioned
above) for G . Nevertheless, we observe, in the case where R is a subring
of the field K with the same identity element, that the usual division by
monic elements (i.e. elements with leading coefficient 1) can be implemented
in R(X) exactly as in K (X), and this fact implies immediately that if a subset
G C R(X) consisting of monic elements forms a Grébner basis for the ideal
(G) in K(X) with respect to some monomial ordering < on B, then, with
respect to the same type of monomial ordering < on the standard R-basis Br
of R(X), G is a Grobner basis for the ideal (G) in R(X). More generally, for
our purpose of generalizing the principle and methods in using Grobner bases
over a field K [19] to using Grobner bases over a ring in a computational way,
we summarize below several fundamental results concerning monic Grobner
bases over a commutative ring, which are comprehensively stemming from [4],
[26], and [13], and furthermore indicate how Grébner bases over a field and
monic Grobner bases over a ring are related to each other

Let R be an arbitrary commutative ring, R(X) = R(X},..., X,,) the free
R-algebra of n generators, and Bg the standard R-basis of R(X) consisting
of monomials (words in alphabet X = {Xj, ..., X;,}). Unless otherwise stated,
monomials in B are denoted by lower case letters u, v, w, s,t,---. First note
that all monomial orderings used for free algebras over a field can be well
defined on the standard R-basis Bg of R(X). In particular, by an N-graded
monomial ordering on Bg, denoted <,,, we mean a monomial ordering on Bg
which is defined subject to a well-ordering < on Bg, that is, for u,v € Bg,
u =g v if either degu < degv or degu = degv but u < v, where deg( ) denotes
the degree function on elements of R(X) with respect to a fixed weight N-
gradation of R(X) (i.e. each X; is assigned a positive degree n;, 1 <i < n).
For instance, the usual N-graded (reverse) lexicographic ordering is a popularly
used N-graded monomial ordering.

Let < be a monomial ordering on Br. We say that a subset G C R(X) is
monic if the leading coefficient LC(g) =1 for all g € G. For u,v,w, s € Bg, if
u = wvs then we say that v divides u, denoted v|u. The division of monomials
naturally extends to a division algorithm by a monic subset G in R(X), and
this leads to the following definition.

Definition 2.1 Let < be a fixed monomial ordering on Br, and I an ideal of
R(X). A monic Grébner basis of I is a subset G C I satisfying:
(1) G is monic; and

(2) f el and f # 0 implies LM(g)|LM(f) for some g € G.
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By the division algorithm, it is clear that a monic Grobner basis of [ is
first of all a generating set of the ideal I, i.e., I = (G), and moreover, a monic
Grobner basis of I can be characterized as follows.

Proposition 2.2 Let < be a fired monomial ordering on Br, and I an ideal
of R(X). For a monic subset G C I, the following statements are equivalent:
(i) G is a monic Grébner basis of I;

(ii) Each nonzero f € I has a Grébner representation:

f = Zi,j )\ijuijgjvij, where )\ij € R, Uiz, Vij € BR, gj € G,
satisfying LM (u;;g;v;;) = LM(f) whenever \;; # 0,

or equivalently, Tg = 0, where ?g denotes the remainder of f on division by
g;‘
(iii) (LM(G)) = (LM(I)).

O

Let < be a monomial ordering on the standard R-basis Br of R(X), and let
G be a monic subset of R(X). We call an element f € R(X) a normal element
(mod G) if f = >, pjv; with p; € R, v; € Bg, and f has the property that
LM(g) [ v; for every g € G and every u; # 0. The set of normal monomials
in Br (mod @) is denoted by N(G), i.e.,

N(G) ={u € Br | LM(g) fu, g € G}.

Thus, an element f € R(X) is normal (mod G) if and only if f € 3 . v(g) Ru.
Proposition 2.3 Let G be a monic Grébner basis of the ideal I = (G) in
R(X) with respect to some monomial ordering < on Br. Then each nonzero
f € R(X) has a finite presentation

f= Z)\ijsijgiwij +rr, Aij € R, sij,wi; € Br, gi €6,
i,
where LM(s;;g;w;;) = LM(f) whenever \j; # 0, and either ry =0 or 1y is a
unique normal element (mod G). Hence, f € I if and only if ry = 0, solving
the “membership problem” for I.

O

The foregoing results enable us to obtain further characterization of a monic
Grobner basis G, which, in turn, gives rise to the fundamental decomposition
theorem of the R-module R(X) by the ideal I = (G), and thereby yields a free
R-basis for the R-algebra R(X)/I.
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Theorem 2.4 Let I = (G) be an ideal of R(X) generated by a monic subset
G. With notation as above, the following statements are equivalent.

(i) G is a monic Grébner basis of 1.
(ii) The R-module R{X) has the decomposition

R(X)=1® » Ru= (LM Z Ru.

ueN(G) ueN(G

(iit) The canonical image N(G) of N(G) in R(X)/(LM(I)) and R(X)/I forms
a free R-basis for R(X)/(LM(I)) and R(X)/I respectively.

O

Before stating the termination theorem, which is a version of Bergman’s
diamond lemma but is modified in the algorithmic Grobner basis language in
the sense of ([26], [13]) for verifying an LM-reduced monic Grébner basis in
R(X) (see the definition below), we need a little more preparation.

Given a monomial ordering < on Bg, we say that a subset G C R(X) is
LM-reduced if

LM(g;) f LM(g;) for all g;, g; € G with g; # g;.

If a subset G C R(X) is both LM-reduced and monic, then we call G an
LM-reduced monic subset. Thus we have the notion of an LM-reduced monic
Grobner basis.

Let I be an ideal of R(X). If G is a monic Grobner basis of I and gy, go € G
such that g; # g2 but LM(g;)|LM(gs), then clearly g, can be removed from G
and the remained subset G —{g¢>} is again a monic Grobner basis for I. Hence,
in order to have a better criterion for monic Grobner basis we need only to
consider the subset which is both LM-reduced and monic.

Let < be a monomial ordering on Bgi. For two monic elements f, g €
R(X) — {0}, including f = g, if there are monomials u, v € By such that

(1) LM(f)u = vLM(g), and

(2) LM(f) /v and LM(g) [ u.
then the element

o(f,u; v,9)=f-u—v-g
is called an overlap element of f and g.

From the definition it is clear that there are only finitely many overlap
elements for each pair (f, g) of monic elements in R(X). So, for a finite subset
of monic elements G C R(X), actually as in the classical case ([26], [13]), the
termination theorem below enables us to check, by using the division algorithm,
whether G is a Grobner basis of I or not.



Algebras defined by monic Grébner bases over rings 1433

Theorem 2.5 (Termination theorem ) Let < be a fized monomial ordering on
Br. If G is an LM-reduced monic subset of R(X), then G is an LM-reduced
monic Grobner basis for the ideal I = (G) if and only if for each pair g;,g; € G,
including g; = g;, every overlap element o(g;,u; v, g;) of gi, g; has the property
o(gi, u; v,gj)g = 0, that is, by division by G, every o(g;,u; v, g;) is reduced to
zero.

O

Remark (i) Obviously, if G C R(X) is an LM-reduced subset with the prop-
erty that each g € G has the leading coefficient LC(g) which is invertible in
R, then Theorem 2.5 is also valid for G.

(ii) It is obvious as well that Theorem 2.5 does not necessarily induce an
analogue of Buchberger Algorithm as in the classical case.

(iii) Tt is not difficult to see that all results we presented so far are valid for
getting monic Grobner bases in a commutative polynomial ring R[z1, ..., z,]
over an arbitrary commutative ring R where overlap elements are replaced by
S-polynomials.

By virtue of Theorem 2.5, the following two propositions are obtained.

Proposition 2.6 Let K(X) = K(Xj,...,X,) be the free algebra of n gener-
ators over a field K, and let R(X) = R(Xy,...,X,,) be the free algebra of n
generators over an arbitrary commutative ring R. With notation as before,
fixing the same monomial ordering < on both K(X) and R(X), the following
statements hold.

(1) If a monic subset G C K(X) is a Grobner basis for the ideal (G) in K(X),
then, taking a counterpart of G in R{(X) (if it exists), again denoted by G, G
is a monic Grobner basis for the ideal (G) in R(X).

(ii) If a monic subset G C R(X) is a Grébner basis for the ideal (G) in R(X),
then, taking a counterpart of G in K(X) (if it exists), again denoted by G, G
is a Grobner basis for the ideal (G) in K(X).

O

Proposition 2.7 Let R be a commutative ring and R’ a subring of R with the
same identity element 1. Considering the free R-algebra R(X) = R(X1, ..., X,,)
and the free R'-algebra R'(X) = R'(Xy, ..., X,), the following two statements
are equivalent for a subset G C R'(X) :

(1) G is an LM-reduced monic Grébner basis for the ideal I = (G) in R'(X) with
respect to some monomial ordering < on the standard R'-basis Br of R'(X);
(ii) G is an LM-reduced monic Grébner basis for the ideal J = (G) in R(X)
with respect to the monomial ordering < on the standard R-basis By of R(X),
where < is the same monomial ordering used in (i).
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O

Let K be a field. From the literature we know that numerous well-known
K-algebras, such as Weyl algebras over K, enveloping algebras of K-Lie alge-
bras, exterior K-algebras, Clifford K-algebras, down-up K-algebras, quantum
binomial K-algebras, most popularly studied quantum groups over K, etc.,
all have defining relations that form an LM-reduced monic Grobner basis in
free K-algebras (cf. [18], [16], [10]). Hence, by Proposition 2.6, if the field
K is replaced by a commutative ring R, then all of these R-algebras (if they
exist) have defining relations that form an LM-reduced monic Grébner basis
in a free R-algebra. We end this section by giving another example illustrating
Theorem 2.5 and Proposition 2.6 (more examples are given in the next section
in connection with PBW R-bases).

Example 1. Let R be a commutative ring. Consider in R(X) = R(X}, ..., X,,)
the subset G = Q2 U R consisting of

QC{gi=X"|1<i<n} with p> 2 a fixed integer,
that is, A\j; may be zero.

In the case that R = K is a field, it was verified in ([20], Example 4) that, under
the N-graded lexicographic ordering <, such that X; <, X9 <4 -+ <4 Xy,
G forms an LM-reduced monic Grobner basis for the ideal I = (G) in K(X).
Hence, by Proposition 2.6, G is an LM-reduced monic Grobner basis for the
ideal I = (G) in R(X). Furthermore, the division by LM(G) yields

N(G) = {xp X X

aiGNandOSQSSp—lifoeQ}.

It follows from Theorem 2.4 that both the algebras R(X)/I and R(X)/(LM(I))
have the free R-basis

N©) = {XTX X

n

aiGNandOSQSSp—lifoeQ},

where each X; is the canonical image of X; in R(X)/I and R{X)/(LM(I))
respectively.

Let us point out here that this example covers two families of special R-
algebras, that is, in the case where Q0 = (), the R-algebra R(X)/I is similar to
the coordinate ring of a quantum affine n-space over a field (such a quantum
coordinate ring over a field is defined with all the Aj; # 0); and in the case
where Q = {g; = X? | 1 < i < n}, the algebra R(X)/I is similar to the
quantum grassmannian (or quantum exterior) algebra over a field in the sense
of [24] (such a quantum grassmannian algebra over a field is defined with all
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3 PBW R-bases vs Specific Monic Grobner
Bases

Let R be a commutative ring and A = R[aq, ..., a,] a finitely generated R-
algebra with generators ay, ..., a,. If the set B = {a{'a3?---al" | a; € N}
forms a free R-basis of A, that is, A is, as an R-module, free with the basis
B, then, in honor of the classical PBW (Poincaré-Birkhoff-Witt) theorem for
enveloping algebras of Lie algebras over a ground field K, the set B is usually
referred to as a PBW R-basis of A. Presenting A as a quotient algebra of the
free R-algebra R(X) = R(Xi,...,X,), i.e., A = R(X)/I with I an ideal of
R(X), the aim of this section is to show, under a mild condition, that A has a
PBW R-basis is equivalent to that I has a specific monic Grobner basis. This
result enables us to obtain PBW R-bases by means of monic Grobner bases on
one hand; and on the other hand, since it is well known that in practice there
are different ways to find a PBW basis of a given algebra provided it exists
(e.g., [28], [31], [27], [3]), this result also enables us to obtain monic Grobner
bases via already known PBW R-bases.

Throughout this section, we let R(X) = R(Xj, ..., X,,) be the free algebra
of n generators over a commutative ring R, and Bg the standard R-basis of
R(X). All notations and notions concerning monic Grébner bases in R(X') are
maintained as before.

Let I be an ideal of R(X) such that the R-algebra A = R(X)/I has the

PBW R-basis B = {7?1732 X, o€ N}, where each X is the canonical
n(n—1)

image of X; in A. Then I contains necessarily a subset G consisting of ==

elements of the form:

9ji = XJXZ o Z)\awaa where 1 <i<j<n, \y €ER, wy = XlalXém o X??n

In light of Theorem 1.4 and the observation made above, below we give the

main result of this section which, indeed, strengthens and generalizes ([13],
Proposition 2.14) and ([18], CH.III, Theorem 1.5).

Theorem 3.1 Let I be an ideal of R(X), A = R(X)/I. Suppose that I
contains a monic subset of @ elements G = {g;; | 1 < i < j < n} such
that, with respect to some monomial ordering < on the standard R-basis Br
of R(X), LM(gj;) = X;X; for 1 <i < j <n. The following two statements
are equivalent.

(i) The R-algebra A has the PBW R-basis B = {X, X, ---X,," | aj € N}
where each X; is the canonical image of X; in A.

(ii) Any monic subset G of I containing G is a monic Grébner basis for I with
respect to <.
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Proof (i) = (ii) Let G be a monic subset of I containing G, and let
N(G) = {u € Br | LM(g) fu, g € G}

be the set of normal monomials in Br (mod G). If f € I and f # 0, then,
after implementing the division of f by G (with respect to the given monomial
ordering <) we have

f = Z” AijUijGivij + 1y, where \j; € R, wi;,vi; € Br, g; € G,
satisfying LM (w;;g,v;;) = LM(f) whenever \;; # 0,
and 7y = > Apyw, with A, € R and w, € N(G).

Note that g;; € G C G and LM(g;;) = X;X; by the assumption. It follows that
N(G) C{X"X3?--- X% | a; € N}. Thus, since B is a free R-basis of A, r; =
>y = f— Z” w;jg;vi; € I implies A\, = 0 for all p. Consequently r; = 0.
This shows that every nonzero element of I has a Grobner representation by
the elements of G. Hence G is a monic Grobner basis for I by Proposition 1.2.
(i) = (i) By (ii), the subset G itself is a monic Grobner basis of I with
respect to <. Let N(G) be the set of normal monomials in Bg (mod G).
Noticing that LM(g;;) = XX, for every g;; € G, it follows that N(G) =
{XT"X5?% - X | aj € N}, and thereby the algebra A has the desired PBW
R-basis B by Theorem 1.4. O

We illustrate Theorem 3.1 by several examples. The first four examples
given below serve to obtain monic Grobner bases by means of already known
PBW R-bases which are obtained in the literature without using the theory
of Grobner basis.

Example 1. (This is a special case of Example 3 given later.) Let g = R[V/]
be the R-Lie algebra defined by the free R-module V = @], Rz; and the
bracket product [z;,z;] = >, )\?il'g, 1 <i<j<n, /\fi € R. By the
classical PBW theorem, the universal enveloping algebra U(g) of g has the
PBW R-basis B = {z{"25*--- 29" | o; € N}. If, with respect to the natural
N-gradation of R(X) = R(X1, ..., X,,), we use an N-graded monomial ordering
<gr on the standard R-basis Br of R(X) such that X; <, Xo < -+ <40 Xy,
(i.e., degX; =1, 1 <7 < n), then the set of defining relations

g= {gji = Xin - Xin - ZAfin
=1

1§i<j§n}

of U(g) satisfies LM(g;;) = X;X; for 1 <1i < j < n. Hence, by Theorem 3.1,
G is a monic Grobner basis for the ideal I = (G) in R(X).

Example 2. Let U/ (Ay) be the (+)-part of the Drinfeld-Jimbo quantum
group of type Ay over a commutative ring R, where ¢ € R is invertible and



Algebras defined by monic Grébner bases over rings 1437

¢® # 1. This example shows that the defining relations (Jimbo relations) of
Uf (An) over R form a monic Grébner basis in a free R-algebra. By Proposition
2.6, we reach this property over a field K.

In [28] and [31], without using the Groébner basis technique, it was proved
that over a field K the algebra U, (Ay) has a PBW K-basis. Now, by using
Theorem 3.1 we will easily see that the Jimbo relations form a Grobner basis
for the defining ideal of U (Ax).

Recall that the Jimbo relations (as described in [31]) are given by

TmnLij — q72xijxmna ((Zaj)u (m7 n)) € Ol U 037
TmnTij — LijTmn, ((Zaj)u (m7 n)) € 02 U 067
xmnxij - xijxmn + (CIQ - q72)xinxmja ((Zaj)a (m7 n)) € 047

xmnxij - q2xijxmn + qTin, ((Zaj)a (m7 n)) € Cl U CS:

where with Ay = {(,7) e NxN|1<i<j<N+1},

Cy ={((4,7),(myn))ji=m<j<n}t, Co={((i,7),(mn))ji<m<n<j},
C13 - {((Zvj)v (m7n))|2 <m< .7 = n}v Cy= {((Zvj)v (m7n))|2 <m< .7 < n}v
C15 = {((Zvj)v (m7n))|2 < .7 =m< n}v C16 = {((Zvj)v (m7n))|2 < .7 <m< n}

By [31], for ¢ # 1, U} (Ax) has the PBW basis consisting of elements
Tivji Tigjy ** Tiyjg, With (ir, j1) < (i, J2) < -+ < (in, i), k >0,

where (i, j¢) € Ay and < is the lexicographic ordering on Ay. If we use the N-
graded monomial ordering <, (on the standard K-basis B of the corresponding
free algebra) subject to

-rij '<gr Tmn = (Zuj) < (man)u

then it is clear that for each pair ((¢,7), (m,n)) € C; with (i,7) < (m,n),
the leading monomial of the corresponding relation is of the form z,,,z;; as
required by Theorem 3.1.

Example 3. With R(X) = R(Xj, ..., X,,), where R is an arbitrary commuta-
tive ring, recall from [3] that a g-algebra A = R(X)/(G) over R is defined by
the set G of quadric relations
gji = XJXZ — q]ZXZXj — {XjaXi}, 1 <1< j <n, where qji € R — {0},
and {X;, X;} =Y ol XX, + > an Xy + cji, off an,cji € R,
satisfying if ozé‘?f #£0, theni<k</{<j,andk—i=j—/.

Define two R-submodules of the free R-module R(X):

& = R—Span{gﬁ-

1§i<j§n},

& = R-Spaﬂ{Xz‘gju 95iXis X;Gjis 95iX;

1§i<j§n}.
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If, for 1 <i < j < k < n, every Jacobi sum

—Ni{ X, Xa } X + N X{ Xo, Xi H+
+)\kj)\ki{Xja Xi} Xy, — Xk{Xja X}

is contained in £ +&,, then A is called a g-enveloping algebra. Clearly, envelop-
ing algebras of R-Lie algebras are special g-enveloping algebras with ¢ = 1. In
3], a ¢-PBW theorem for g-enveloping algebras over a commutative ring was
obtained along the line similar to the classical argument on enveloping algebras
of Lie algebras as given in [14], that is, if A is a g-enveloping R-algebra then
A has the PBW R-basis B = {X| X, - X, | a; € N}.

Now, if we use the N-graded monomial ordering X; <, Xy <4 -+ <40 X,
on Br with respect to the natural N-gradation of R(X) (i.e., degX; = 1,
1 <i < n), then G satisfies LM(g;;) = X, X, for all 1 <i¢ < j <n. Hence, by
Theorem 3.1, the set G of the defining relations of a g-enveloping R-algebra
is a monic Grobner basis for the ideal I = (G) in R(X). In particular, all
quantum algebras over R = C][h]] which are g-enveloping algebras appeared
in [3] are defined by monic Grobner bases.

Remark It is necessary to point out that if R = K is a field, then the fact that
the set of defining relations G of a g-enveloping K-algebra A forms a Grobner
basis of the ideal I = (G) was proved in ([18], CH.III) directly by using the
termination theorem through the division algorithm. Here our last example
provides the general result for all g-enveloping algebras over an arbitrary com-
mutative ring.

Example 4. This example generalizes the previous three examples but uses
an ad hoc monomial ordering. As an application we show that, over a commu-
tative ring R, the PBW generators of the quantum algebra U (Ay) derived
in [27] provides another set of Grobner defining relations for U, (Ay).

With R(X) = R(Xy,...,X,), consider the R-algebra A = R(X)/(G) de-

n(n—1)

fined by the subset G consisting of =—— elements

where q]‘i,)\a,A]‘ieR, ap €N 1<ty Sig KooK gg < g

It is well-known that numerous iterated skew polynomial algebras over R are
defined subject to such relations, and consequently they have the PBW R-
basis B = {X| Xy ---X," | a; € N}. Under the assumption that A has
the PBW R-basis as described we aim to show that G is a monic Grobner
basis of (G). In view of Theorem 3.1, it is sufficient to introduce a monomial
ordering on Bg so that LM(gj;) = X;X; forall 1 <i < j <mn. To this end, let
R[t] = RJ[t,...,t,] be the commutative polynomial R-algebra of n variables.
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Consider the canonical algebra epimorphism m: R(X) — R[t] with 7(X;) = .
If we fix the lexicographic ordering X <jep Xo <jex -+ <iex Xy on Bg of R(X)
(note that <, is not a monomial ordering on Bg) and fix an arbitrarily chosen
monomial ordering < on the standard R-basis Bp = {¢{'¢5%---t%" | o; € N}
of R[t], respectively, then, as in [9], a monomial ordering <., on By, which
is called the lexicographic extension of the given monomial ordering < on Bg,
may be obtained as follows: for u,v € B,

m(u) < m(v),
U < v if or

m(u) = m(v) and u <jep v in Bg.

In particular, with respect to the monomial ordering <.; obtained by using

the lexicographic ordering ¢, <jes th-1 <iex *** <iex t1 On Br, we see that
LM(gj;) = X;X; for all 1 <i < j <n, as required by Theorem 3.1.
In [27] it was proved that US(Ay) has m = w generators i, ..., Tp,

satisfying the relations:
T =gy — i, 1<i<j<m,

where v;; = (wt(x;), wt(x;)), and r;; is a linear combination of monomials of
the form o771 275" - - 2771", and that U (Ay) is an iterated skew polynomial
algebra generated by 1, ..., x,, subject to the above relations. Thus U;r (An)
has the PBW basis {2]'25?---20" | o; € N}, and consequently G = {g;; =
zjx; — g xr; + 1y | 1 <i<j<m} forms a monic Grébner defining set of
U (Ay) with respect to the monomial ordering <.; as described before.

Remark If, in the defining relations given in the last example, the condition
1<ty <19 <---<ig<jgisreplaced by 1 <73 <ip <--- <1y <17 —1, then a
similar result holds.

The next three examples provide monic Grobner bases which are not nec-
essarily the type as described in previous Examples 3 — 4, but they all give
rise to PBW R-bases.

Example 5. Let R be a commutative ring, and let I be the ideal of the free
R-algebra R(X) = R(X, X5) generated by the single element

g21 = XoXi — ¢ XXy —aXy — f(X1>:

where ¢, € R, and f(X) is a polynomial in the variable X;. Assigning to
X the degree 1, then in either of the following two cases:

(a) degf(X;) <2, and X; is assigned the degree 1;

(b) degf(X1) =n > 3, and X5 is assigned the degree n,
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G = {g21} forms an LM-reduced monic Grobner basis for I. For, in both cases
we may use the N-graded lexicographic ordering X; <. X, with respect to
the natural N-gradation of K (X), respectively the weight N-gradation of R(X)
with weight {1,n}, such that LM(gs1) = X3X7, and then we see that the only
overlap element of G is 0(ge1,1; 1,921) = 0. Thus, by Theorem 3.1 in both

cases the algebra A = R(X)/I has the PBW R-basis B = {Y?Yﬁ | a, 5 € N}.

Example 6. Let R be a commutative ring, and let R(X) = R(X;, X, X3)
be the free R-algebra generated by X = {X;, X5, X3}. This example provides
a family of algebras similar to the enveloping algebra U(sl(2, R)) of the R-
Lie algebra sl(2, R), that is, we consider the algebra A = K(X)/(G) with G
consisting of

g31 = X3X; — AX1 X3 +7X;3,
g2 = X1 Xo — A X0 X + 77X,
932 = X3Xo — wXo X5 + f(X1),

where \,v,w € R, and f(X;) is a polynomial in the variable Xj. Tt is clear
that A=U(sl(2,R)) incase \=w =1,7y=2and f(X;) = —X;.

Suppose f(X;) has degree n > 1. Then we can always equip R(X) with
a weight N-gradation by assigning to X;, Xy and X3 the positive degree n;,
ng, ng respectively (for instance, (1,1,1) if degf(Xy) = n < 2; (1,n,n) if
degf(X1) =n > 2), such that LM(G) = {X3X;, X1X,, X3X5} with respect
to the N-graded monomial ordering Xy <, X; <, X3 on Bg. In the case
that R = K is a field, it was verified in ([20], Example 7) that G is a Grébner
basis for the ideal (G) in K(X) with respect to the same <,. Hence, by
Proposition 2.6, G is a Grobner basis for the ideal (G) in R(X). It follows
from Theorem 3.1 that the algebra A = R(X)/(G) has the PBW R-basis
B={X,"X, X5 |a; € N}L.

Let us point out that in the case that f(X;) has degree < 2, i.e., f(X7) is
of the form

f(X)) = aX{ +bX; +c with a,b,c € R,

if degX; = degXs = degX3 = 1 is used, the algebra A provides R-versions of
some popularly studied algebras over a field K, for instance,

(a) let ¢ € R be invertible, and put A=¢*, w =% v=—(1+¢%),a=0=c,
and b = —(, then A is just the R-version of the Woronowicz’s deformation of
U(sl(2, K)) introduced in the noncommutative differential calculus;

(b) if Aywb # 0 and ¢ = 0, then A is just the R-version of Le Bruyn’s conformal
sl(2, K') enveloping algebra [15] which provides a special family of Witten’s
deformation of U(sl(2, K')) in quantum group theory.

Example 7. Let G be the subset of the free R-algebra R(X) = K (X, Xo, X3)
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consisting of

go1 = Xo X1 — X5 X,
g31 = X3 X1 — AX1 X3 — pXoX3 — v Xo, A,y € R,
g32 = X3X9 — X9 X3.

Then, under the N-graded lexicographic ordering X; <, Xy <, X3 with
respect to the natural N-gradation of R(X), LM(g;;) = X,;X;, 1 <i<j <3,
and the only nontrivial overlap element of G is S3o1 = 0(g32, X1; X3,921) =
— X5 X3X7 + X3X1X5. One checks easily that %g = 0. By Theorem 3.1, G is
an LM-reduced monic Grébner basis for the ideal (G). Hence, by Theorem 3.1
the algebra A = R(X)/(G) has the PBW R-basis B = {X; Xy X3 | a; €
N}.

4 PBW Isomorphisms and Applications

In this section we show that the working principle via different types of PBW
isomorphism developed in [23] and [19] over a field K can be generalized to
study algebras defined by monic Grobner bases over a commutative ring R.
All notions and notations used in previous sections are maintained.

Let R be an arbitrary commutative ring, R(X) = R(Xy, ..., X,,) the free R-
algebra of n generators, and Bp the standard free R-basis of R(X). Consider
a weight N-gradation of R(X) subject to deg(X;) =mn; > 0, 1 < i < n, that
is, R(X) = @penR(X), with R(X), = R-span{w € B | deg(w) = p}. For
an element f € R(X), say f = Fo + Fy +---+ F, with F; € R(X),; and
F, # 0, let LHy(F) denote the N-leading homogeneous element of f, i.e.,
LHy(f) = F,. Then every ideal I of R(X) is associated to an N-graded ideal
(LHy(])) generated by the set of N-leading homogeneous elements LHy(/) =
{LHy(f) | f € I}. Adopting the notion and notation as in [19], we call the N-
graded algebra Ay = R(X)/(LHy(I)) the N-leading homogeneous algebra of
the algebra A = R(X)/I. On the other hand, noticing that R(X) is also a Bg-
graded algebra by the multiplicative monoid Bg, i.e., R{(X) = @uep, R{(X)w
with R(X), = Ruw, if < is a monomial ordering on By and if f =>"""  \w; €
R(X) with w; < wy < -+ < w,, then the term \,w, is called the Bg-leading
homogeneous element of f and is denoted by LHp,(f). Thus each ideal I
of R(X) is associated to a Br-graded ideal (LHpg, (I)) generated by the set
of Bg-leading homogeneous elements LHy, (I) = {LHp,(f) | f € I}, and
similarly, the Bz-graded algebra AFE = R(X)/(LHg, (I)) is referred to as the
Br-leading homogeneous algebra of the algebra A = R(X)/I. Furthermore,
consider the N-grading filtration FNR(X) of R(X) defined by
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and the Bg-grading filtration FPRR{X) of R(X) defined by
FPRR(X) = @y R(X)y, w,u € Bg.

If I is an ideal of R(X), then the algebra A = R(X)/I has the N-filtration
FNA induced by FNR(X), i.e.,

Ng _ (N
FNA = (FYR(X)+I)/I, peN,
respectively the Bp-filtration FP2A induced by FBrR(X), i.e.,
FBrA = (FBRR(X) 4+ 1)/I, w € Bg.

Note that if each X; has degree 1, 1 < i < n, then the filtration FNA is
just the commonly used natural N-filtration. Let GN(A) = @,enG"(A), with
G"(A), = F'A/F}\ | A be the associated N-graded algebra of A determined by
FNA, respectively G (A) = @®ypep,GP(A), with GPr(A), = FErA/FEEA
the associated Bg-graded algebra of A determined by FB®A, where F f{,fA =
Uu<w PR A. We have the following analogue of ([19], Theorem 1.1). Since the
proof of this result is similar to that given in loc. cit., we omit it here.

Theorem 4.1 With notation as above, there are graded R-algebra isomor-
phisms:
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Ay = R(X)/{LHN(I)) = G'(A),  Aff = R(X)/(LHg, (1)) = G®*(A).
]

Since we are using an arbitrary commutative ring R (instead of a field) as
the coefficient ring, the next lemma provides the key bridge that enables us to
generalize the working principle of [23] and [19] to study quotient algebras of
R(X) defined by monic Grébner bases.

Lemma 4.2 Let R(X) be equipped with the fixed weight N-gradation as before,
and I an ideal of R(X). Put J = (LHy(I)). The following two statements
hold.

(i) If h is a nonzero homogeneous element of R(X), then h € J if and only if
h € LHy(I). Hence LHy(J) = LHy(!).

(i) Let <4 be an N-graded monomial ordering on Br with respect to the
fized weight N-gradation of R(X). Then LHg,(J) = LHp,(I) and LM(J) =
LM(I).

(ili) Let <4 be an N-graded monomial ordering on Br with respect to the fived
weight N-gradation of R(X). If G is a monic Grébner basis of I, then

(LHg, (J)) = (LHg, (1)) = (LM(G)) = (LM(1)) = (LM(J)).
Proof (i) Let h be a nonzero homogeneous element in R(X). If h € J, then

h = Z ;7 LHN(f;)T;;, where H;;, T;; are homogeneous elements and f; € I.

If we write f; = LHy(f;)+f], where deg(f;) < deg(fi), then f =3_,  H;; fiTi; €
I and
f =" HyLHu(f))T. Z =h+ Y Hyf/Ty.
ij i,J

It follows immediately that h = LHN(f) € LH([/). This shows that LHy(J) C
LHy(7) and hence the equality holds.

(ii) Note that <, is an N-graded monomial ordering on Bg, every element of
Br is an N-homogeneous element, and thus for f € R(X) we have

() LH;z,(f) = LHp,(LHy(f)) and LM(f) = LM(LHxy(f))
It follows from (i) and the above formula (%) that

LH;, (J) = LHg, (LHy(J)) = LHg, (LHy(I)) = LHBR(I)
LM(J) = LM(LHg,(/)) = LM(LHg, (1)) = LM(/).
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(iii) Let f € R(X) be a monic element with respect to the fixed monomial
ordering <., say f = w + > Nw; with w, w; € Bg, \; € R and LM(f) = w.
Then it is clear that

(xx) LM(f) = w = LHp,(f).

So, if G is a monic Grobner basis of I with respect to <., then the above
formula (xx) implies LM(G) = LHg,(G) € LHp,(I). Hence, by (ii) and
Proposition 2.2 we obtain the desired equalities:

(LHg,(J)) = (LHg, (1)) = (LM(G)) = (LM(I)) = (LM(J)).

O

Next, we show that an analogue of ([23], Theorem 2.3.2 (i) < (iii)) holds
true for monic Grobner bases in R(X).

Theorem 4.3 Let I be an ideal of R(X). With notation as above, if <, is an
N-graded monomial ordering on Br with respect to a fized weight N-gradation
of R(X), the following two statements are equivalent for a subset G C I :

(i) G is a monic Grébner basis of I

(ii) LHN(G) = {LHn(g) | g € G} is a monic Grébner basis for the N-graded
ideal (LHy(I)).

Proof Since we are using the N-graded monomial ordering <, on Bg, by
Lemma 4.2 or its proof, a subset G of R(X) is monic if and only if LHy(G) is
monic, and we have

(LM(1)) = (LM(G)) if and only if (LM({LHy(1)))) = (LM(LHy(G)).

It follows from Proposition 2.2 that G is a monic Grobner basis for the ideal I if
and only if LHy(G) is a monic Grobner basis for the N-graded ideal (LHy(1)),
proving the equivalence of (i) and (ii). O

Remark We also point out that an analogue of ([23], Theorem 2.3.2 (i) < (ii))
works well for monic Grébner bases when the homogenization of I in R(X)[¢]
is considered.

Combining the previous 4.1 — 4.3, we get immediately the result presenting
the associated N-graded algebra, respectively the associated Bg-graded algebra
via a monic Grobner basis.

Theorem 4.4 Let R(X) be equipped with a fixed weight N-gradation as before,
and I an ideal of R(X). If G is a monic Grébner basis of I with respect to
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an N-graded monomial ordering <4 on Bg, then we have the graded algebra
1somorphisms

Ay = R(X)/(LHy(I)) = R(X)/(LHy(G))
ATE = R(X)/(LHg,(I)) = R(X)

As in [19], we call the graded algebra isomorphisms presented in the last
theorem respectively the N-PBW isomorphism (for the first one) and the Bg-
PBW isomorphism (for the last two), determined by the given monic Grébner
basis G.

Focusing on the first isomorphism of Theorem 4.4, typical examples can be
given by using the Grobner defining relations of Weyl algebras and enveloping
algebras of Lie algebras, or more generally, the Grobner defining relations
of g-enveloping algebras determined in Example 3 of the last section, over a
commutative ring. We specify several other examples below. In all examples
given below, R is an arbitrary commutative ring.

Example 1. Let X = {X;};e;s and C = R(X)/(G) the Clifford algebra over
R, where G consists of

gkg:Xsz+XZXk_Qk€7 k7€EJa k>€7 quER.

Note that if all the ¢; = 0, grr = 0, we get the defining relations of an R-
exterior algebra. It is well known that if R = K is a field, then, under the
N-graded lexicographic ordering <, such that degX; =1, ¢ € J, and

Xo <gr Xi, L ke ld <k,

G forms a Grébner basis for the ideal (G) in K(X) (e.g., see CH.IT of [18]).
It follows from Proposition 2.6 that G is a Grébner basis for the ideal (G) in
R(X). By Theorem 4.4, with respect to the natural N-filtration F"'C of C, the
associated N-graded algebra GY(C) & R(X)/(LHy(G)) of C is nothing but an
exterior algebra E over R.

Example 2. Let A = R(X;, X2)/(G) be a down-up R-algebra in the sense of
[2], where G consists of

g1 = X12X2 —aX;Xo Xy — 5X2X12 - 7X17

g2 = X1X22 —aXo X1 Xy — ﬁXQQXl — X5, a,B € R.
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It is well known that if R = K is a field, then, under the N-graded lexi-
cographic ordering <, such that degX; = degX,; = 1 and X, <, X, G
forms a Grébner basis for the ideal (G) in K(X) (e.g., see CH.II of [18]). It
follows from Proposition 2.6 that G is a Grobner basis for the ideal (G) in
R(X). By Theorem 4.4, with respect to the natural N-filtration FN A of A, the
associated N-graded algebra GN(A4) = R(X1, X»)/(LHy(G)) of A is a down-
up algebra over R with the set of defining relations LHy(G) = {LHn(g1) =
X%XQ — OéXlXQXl — 5X2X12, LHN(QQ) = X1X22 — OéXQXlXQ — ﬁX§X1}7 in
particular, one sees that if « = 2 and 3 = —1, then GY(A) is nothing but the
universal enveloping algebra of the (—)-part (or (+)-part) of the Kac-Moody

R-Lie algebra associated to the Cartan matrix ( _21 _21 )

Example 3. Let A = R(X;, X5)/(ga1) be the R-algebra as given in (Section
2, Example 5). Then by Theorem 4.4, with respect to both the natural N-
filtration and the weight N-filtration induced by the weight N-grading filtration
of R(X1,X5), GN(A) & R(X1, X») /(XX — q¢X1X5) as N-graded algebras,
which, in the case that ¢ is invertible, is the coordinate ring of the quantum
plane over R.

Example 4. Let A = R(X;, X, X3)/(G) be the R-algebra as given in (Section
2, Example 6). In the case that f(X;) has degree < 2, i.e., f(X;) is of the
form

f(X1) = aX} +bX; + c with a,b,c € R,

then by Theorem 4.4, with respect to the natural N-filtration FA, A has the
associated N-graded algebra GN(A) = R(X;, X,, X3)/(LHy(G)) with

LHN(Q) = {X3X1 — /\X1X3, X1X2 — )\XQXl, X3X2 — WX2X3 + CLX%},

while in the case that f(X;) has degree n > 3, if the weight (1,n,n) is used,
then by Theorem 4.4, with respect to the weight N-filtration F A induced by
the weight N-grading filtration of R(X;, X3), A has the associated N-graded
algebra GN(A) = R(X;, X, X3)/(LHy(G)) with

LHy(G) = {X3X; — A X1 X5, X1 Xy — A XXy, X3Xo — wXo X35}

By referring to the well-known filtered-graded comparison principle for al-
gebras with an N-filtration ([25], [17], [21], [19]), we now summarize, without
proof, several applications of Theorem 4.3 and Theorem 4.4. Let R be an
arbitrary commutative ring. For convenience, in what follows we let the free
R-algebra R(X) = R(X}, ..., X,,) be equipped with a fixed weight N-gradation,
I = (G) an ideal of R(X) generated by a monic Grébner basis G with respect
to an N-graded monomial ordering <, on the standard R-basis Bg of R(X),
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and A = R(X)/I. Then the following diagram may indicate how all results to
be given will work:

A= R(X)/(G)

lifting lifitng

5s N S ﬂ
PR (A) A o TN )

NTBRPBW T lifting

Br __ R<X> = Br( AN
ALH - (LM(Q)> Bp_PBW G (ALH>

Theorem 4.5 Under the respective canonical algebra epimorphism, the set
N(G) of normal monomials in Br (mod G ), projects to a free R-basis for the al-
gebras A = R(X)/I, Ay = R(X)/(LHy(I)) , and APE = R(X)/(LM(I)) re-
spectively, and thereby to a free R-basis for GN(A), GPR(A), and GPr(AYL(A)),
respectively.

_ AN
- ALH

O

Theorem 4.6 Bearing ALE = R(X)/(LM(G)) in mind, the following state-
ments hold.

(i) If APE is a (semi-)prime ring, then ANy is a (semi-)prime ring (hence
GMN(A) is a (semi-)prime ring), and A is a (semi-)prime ring.

(i) If Aff} is Br-graded left Noetherian, that is, every Br-graded left ideal of
G(A) is finitely generated, then AYy is left Noetherian (hence GN(A) is left
Noetherian), and A is left Noetherian.

(iii) If Aff‘l is Br-graded left Artinian, that is, Aff‘l satisfies the descending
chain condition for Br-graded left ideals, then AYy is left Artinian (hence
GN(A) is left Artinian), and A is left Artinian.

(iv) [fAfﬁ is a Br-graded simple R-algebra, that is, Afﬁ does not have nontriv-
ial Br-graded ideal, then ALy is a simple R-algebra (hence GN(A) is a simple
R-algebra), and A is a simple R-algebra.

(v) If the Krull dimension (K.dim in the sense of Gabriel and Rentschler, e.g.
see [25] for the definition) of Afﬁ is well defined, then the Krull dimension of
AN (hence of GN(A)) and A is well defined and K.dimA < K.dim GY(A) =
K.dimAY, < K.dimADE.

(vi) If ATE is semisimple (simple) Artinian, then AYy is semisimple (simple)
Artinian (hence GY(A) is semisimple (simple) Artinian), and A is semisimple
(simple) Artinian.
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(vii) Let gl.dim abbreviate the phrase “global homological dimension”. We have
gl.dimA < gl.dimGN(A) = gl.dimAYy < gl.dimAPE.

(viil) If APE is left hereditary, then AYy is left hereditary (hence GN(A) is left
hereditary), and A is left hereditary.

(ix) Let gl.wdim abbreviate the phrase “global week homological dimension”.
We have gl.wdimA < gl.wdimGN(A) = gl.wdimAYy < gl.wdimAfﬁ.

(x) If Afﬁ is a Von Neuman reqular ring, then AYy is Von Neuman regular
ring (hence GN(A) is a Von Neuman regular ring), and A is a Von Neuman
reqular ring.

O

Theorem 4.7 Bearing AYy = R(X)/(LHn(G)) in mind, if the role of APE
is replaced by Aly, then the analogues of Theorem 4.6 (i) — (x) hold true.
Moreover, we have:

(i) If AY, is a domain, then A is a domain.

(ii) If ALYy is a Noetherian domain and maximal order in its quotient ring (see
e.g. [25] for the definition), then A is a Noetherian domain and mazimal order
m its quotient ring.

(iii) If ANy is an Auslander reqular ring (see e.g. [17], [21] for the definition),
then A is an Auslander reqular ring.

O
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