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Gelfand—Kirillov dimension of differential difference algebras

Yang Zhang and Xiangui Zhao

ABSTRACT

Differential difference algebras, introduced by Mansfield and Szanto, arose naturally from
differential difference equations. In this paper, we investigate the Gelfand—Kirillov dimension
of differential difference algebras. We give a lower bound of the Gelfand—Kirillov dimension of a
differential difference algebra and a sufficient condition under which the lower bound is reached;
we also find an upper bound of this Gelfand—Kirillov dimension under some specific conditions
and construct an example to show that this upper bound cannot be sharpened any further.

1. Introduction

Differential difference algebras (Definition 2.1) arose naturally from differential difference
equations [2, 10]. The class of differential difference algebras contains several well-known
classes of noncommutative algebras, for example, commutative polynomial algebras, quantum
planes, and skew polynomial algebras of derivation (or automorphism) type. Roughly speaking,
a differential difference algebra is a noncommutative polynomial ring (over an algebra) with
two sets D and S of indeterminates, where D originally stands for differential operators and S
originally stands for shift operators (the difference operators can be derived from S). Operators
in D (S, respectively) commute with each other, but not with those in S (D, respectively).
The exact definition is given in § 2.

Let k be a field and A be a unital associative k-algebra. The Gelfand—Kirillov dimension of

A is defined as
GKdim(A) = sup lim log,, dim (V™)
A4 n—oo
where the supremum is taken over all finite-dimensional subspaces V of A. The Gelfand—
Kirillov dimension is a very useful and powerful tool for investigating noncommutative algebras.
Basic properties of Gelfand—Kirillov dimension can be found in [7].

There have been a number of results concerning Gelfand—Kirillov dimensions of algebras
with derivations and/or automorphisms, for example, the Gelfand—Kirillov dimension of Ore
extensions of derivation type [9], of Ore extensions of automorphism type [3], of Poincaré—
Birkhoff-Witt (PBW) extensions [11], and of skew polynomial extensions [13].

Assume that R is a unital associative k-algebra. Let o be an automorphism of R, § be a
o-derivation of R and A = R[x;0,0] be an Ore extension over R. It was shown in [3] that

GKdim(A) > GKdim(R) + 1; (1)

the inequality becomes an equality provided that the following condition holds:
(%) each finite-dimensional subspace U of R is contained in a finite-dimensional subspace V/
such that o(V) C V and 6(V) C VP for some p > 1.
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In this paper we investigate the Gelfand—Kirillov dimension of differential difference algebras.
We show that inequality (1) of the Gelfand—Kirillov dimension of an Ore extension can be
extended to differential difference algebras, that is, we get a lower bound of the Gelfand-
Kirillov dimensions of differential difference algebras. However, owing to the noncommutativity
of indeterminates of differential difference algebras, even under conditions similar to (x), the
equality does not hold for differential difference algebras in general. We find an upper bound
for the Gelfand-Kirillov dimension of a differential difference algebra satisfying (an analogue
of) condition (x), and give a sufficient condition under which the lower bound is reached. We
also construct an example to show that the upper bound we obtain cannot be sharpened any
further.

This paper is organized as follows. Definition and examples of differential difference
algebras are given in §2. The Gelfand—Kirillov dimension of differential difference algebras
is investigated in § 3.

2. Preliminaries

Throughout this paper, we assume that k is a field and all algebras are unital associative k-
algebras. Denote the set of k-algebra automorphisms of algebra A by Aut(A). If o € Aut(A),
then a mapping § on A is called a o-derivation provided that, for any a,b € A and ¢ € k,
0(ca+b) = cd(a) + §(b) and §(ab) = o(a)d(b) + d(a)b. In particular, if o = id, then § is called
a derivation on A.

First we recall the definition of differential difference algebras, which was introduced by
Mansfield and Szanto [10] with some discussions of Grébner bases.

DEFINITION 2.1 (cf. [10]). An algebra A is called a differential difference algebra of type
(m,n), m,n > 1, over a subalgebra R C A if there exist elements S1,...,Sm,,D1,...,D, in A
such that:

(i) the set {S2... 8% DM . DB : a8, € N,1 <i<m, 1<j<n} forms a basis for A
as a free left R-module;

(ii) Dir =rD; 4 6;(r) for any 1 < i < n and r € R, where J; is a derivation on R;

(iii) S;r = 04(r)S; for any 1 <4 < m and r € R, where o; is a k-algebra automorphism on the
subalgebra R[Dx,...,D,] C A such that o;|g € Aut(R) and o;(D;) = > ;- aiDi, aiji € R;
(iV) SlS] = SJ‘SZ‘, 1< i,j < my DZ'/D]‘/ = Dj/DZ'/, 1< Z'/7j/ < n;

(V) DiSj = SjO'j(Di), 1 § ) < ?’l,l g] < m;

(vi) forany 1 <4,j<nand 1 <7¢,j' ' <m, d;06; =§;00;, oyooyy =0 00.

REMARK 2.2. In the above definition, both subalgebras R[D;,...,D,] and R[S,...,Snm]
of A are iterated Ore extensions over R. But, in general A is not an iterated Ore extension
over R.

The class of differential difference algebras contains several other known classes of algebras,
for example, commutative polynomial algebras, quantum planes, and skew polynomial
algebras of derivation (or automorphism) type.

EXAMPLE 2.3. Let 0 # ¢ € k and I; be the two-sided ideal of the free associative algebra
k(x,y) generated by the element yx — qxy. Then the quotient algebra

kglz,y] = k(z,y)/1,

is called a quantum plane [6, Chapter IV]. It is easy to see that k,[x, y] is a differential difference
algebra of type (1,1) over k.

The following example distinguishes differential difference algebras from algebras of solvable
type [5], PBW extensions [1], and G-algebras [8].
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EXAMPLE 2.4. Let A be the k-algebra generated by {Dj, D3, S1} with defining relations
R = {D2D1 = D1D2,D1S1 = Sng,Dgsl = SlDl}. Then it is easy to see that A is a
differential difference algebra of type (1,2) over k. However, by the defining relations, A is not
an algebra of solvable type [5], PBW extensions [1], or G-algebras [8].

Let D = {D1,...,Dp} and § = {S1,...,Sn}. If A is a differential difference algebra over
R defined as Definition 2.1, we denote A = R[S, D;0,d]. For @ = (aq,...,ay,) € N™ and
r € R, we simply write 0®(r) = of* ...00m(r), D* = D{* ... D& and |a| = a1 + ... + auy.
In particular, DY = 1, the identity of R. Similarly, we use notation §%(r), S (8 € N"), and
so on. Then every element in A can be written uniquely in the form: Za, P T sS*DP | where
T, € R and only finitely many r, g are nonzero.

The following example is taken from [10] with some modifications. This example shows

where the differential difference algebras come from.

ExAMPLE 2.5. Let M,n,p € N and p > 1. Consider the following system, which arises from
the calculation of symmetries of discrete systems (cf. [4]),

UntM+1 = W(N, Upy Up 15 - -+ UntM);
DjF(n,Un,Un+1,...,un+M):0, 1<]<p7
where F' is the unknown function and w is a given function in the field Q(n, up, ..., Upynr) of
rational functions over the rational numbers Q in indeterminates n, uy, Up41, - - . , Un4 s, Such
that Ow/Ou, # 0, and D; : T — T is a linear operator of the form
aa0+...+aM
- B
;= Z Carfp 05 © ouse ... guim

a=(ag,...,ap)ENM | BeN n+M

where T = Q(n,up4¢ : t € Z), cap € Q(n,upte : t € Z) are multiplication operators and
only finitely many ¢, g are nonzero, and s is the shift operator defined by s(n) = n+ 1 and
5(Un) = Unt1-

A natural approach to deal with this system is to consider those operators D; and
s as elements of the noncommutative algebra A over R generated by operator variables
{S,D,,...,Dpinr}, where S denotes the shift operator s and D,,y; denotes the differential
operator 0/0u,y+ for 0 < t < M, subject to the following commutation rules:

0
Dypt0S =S0Dpiio1+ —0S0Dpin, 1<t<M;
aUnth

dw

Oy,

Dypyt0Dpiyr = Dypyyr 0o Dyyy, 0<t, t/ < M;
Sor=s(r)oS, reR,;

D,oS=

080 Dyinsi

— reR 0<t< M,

Dypyior=roDpys+
8Un+t

Then A = Q(n,unyt : t € Z)[S,D;0,0] is a differential difference algebra of type (1, M + 1)
over Q(n,up4t : t € Z), where §; = 0/0u; for n < ¢ < n+ M and o|g =s,0(D,) =
s 1(0w/Oun)Dyyary 0(Dptt) = Dpyr—1 + 5 H(0w/Oup4)Dpypr for 1 <t < M.

Note that the difference operator A, defined by A(u;) = u;41 — u; for i € Z, can be derived

from the shift operator: A = S —id. So the differential difference algebra in the above example
actually involves both differential and difference operators.
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3. Gelfand-Kirillov dimension of differential difference algebras

In this section, we consider the Gelfand—Kirillov dimension of differential difference algebras.
We first fix some notation. Let GKdim(A) denote the Gelfand—Kirillov dimension
of an algebra A, dim(V) denote the dimension of a k-vector space V, and card(T)
denote the cardinality of a set 7. Recall that, for r,s € N, the binomial coefficient
(=r(r—1)...(r—s+1)/s(s—1)...1iff0<s<rjand ([) =0if s <0ors>r.

“The Gelfand Kirillov dimension of an Ore extension has been discussed in [3].

PRrROPOSITION 3.1 ([3, Corollary 2.4], cf. [7, Proposition 3.5]). Let R be a k-algebra and
A = R[D;o,0] be an Ore extension. Suppose that, for each finite-dimensional subspace U
of R, there exists a finite-dimensional subspace V' of R such that U C V, o(V) C V and
d(V)) C VP for some p > 1. Then GKdim(A4) = GKdim(R) + 1.

We want to consider the Gelfand—Kirillov dimension of differential difference algebras
satisfying ‘similar’ conditions as in Proposition 3.1. Our goal is to find a lower bound and
an upper bound of the Gelfand—Kirillov dimension of such a differential difference algebra.

The following proposition gives a general lower bound of the Gelfand—Kirillov dimension of
a differential difference algebra.

PROPOSITION 3.2. Let R be a k-algebra and A = R[S, D;0,0] be a differential difference
algebra of type (m,n). Then GKdim(A4) > GKdim(R) + m + n.

Proof. Suppose that V is a finite-dimensional generating subspace of R and 1 € V. Then
n m
W=V+> kDi+ ) kS,
i=1 j=1
is a finite-dimensional generating subspace of A. For any r € N,

n m 3r
wer = (v +Y kDi+ > ksj) > Y V's*DPh.
=1 Jj=1 aeN™ BeN"
0<le, |BI<r
For any k-basis U of V" the set
{uS*D’ :u e U,0 < |al, || <r,a e N, 5 € N*}
is a k-basis of ZO§|a|,|ﬂ|§r V7S*DB. Hence, we have that
dim(W?3") > dim( > VTS“Dﬁ)
0<|el,|Bl<r
=dim(V")-card{a: 0 < aq + ...+ apm < 7})
ccard({B:0< fr+ ...+ B <))

— dim(V") - (r+21> ' (r+zl>’

where (H'Z_l) and (T'+Z_1) are polynomials in r of degree m and n respectively. Hence,

GKdim(A) > Tim log, dim(W") = Tim log, dim(W>")
T—00 r—00

- ) -1 -1
> lim log, (dim(V’) : (r—i—m ) : (7“+n ))
r—00 m n
= GKdim(R) +m + n. U
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In the special case R = k, the equality in the above proposition holds, i.e. we have
the following proposition, which indicates that the lower bound of GKdim(A) obtained in
Proposition 3.2 cannot be sharpened any further.

PROPOSITION 3.3. Let A = k[S, D;0,d] be a differential difference algebra of type (m,n)
over k. Then GKdim(A) = m + n.

Proof. Let V = k+37;" kD;+>_7" | kS;. Then V is a finite-dimensional generating subspace
of A. For any r € N,

(ke YEs) € X ks,
i=1 Jj=1 o0<]al,|81<r
where the last inclusion holds since
Dls*e Y kS"DY, aeN", BeN.
B’eN",|B’|=|B|

So, dim(V") < (Hz*l) . (H:‘;l). Hence, GKdim(A) < m + n and thus by Proposition 3.2
GKdim(A) = m +n. O

Now let us turn to upper bounds for GKdim(A). First we consider the case when R is finitely
generated.

LEMMA 3.4. Let R be a k-algebra with a finite-dimensional generating subspace V', and let
A = R[S, D;o0,6] be a differential difference algebra of type (m,n). Suppose that o;(V) CV
for 1 <4 < m. Then GKdim(A) < 2 GKdim(R) + m + n.

Furthermore, if, for all 1 < ¢ < m and 1 < j < n, 0;(D;) is contained in the vector space
over k generated by {Di,...,D,}, then GKdim(A) = GKdim(R) + m + n.

Proof. Since V is a generating subspace, there exists p > 1 such that
ai; €VP, §5(V)CVP, 1<il<n, 1<j<m,
where the a;;; are the coefficients that appear in Definition 2.1. Then
S(VH vt g, (VHCV, 1<i<n, 1<j<m, t>1
So, eventually replacing V' by VP if necessary, we may assume that
teV, 6(V)CVv? o;(V)CV, 1<i<n, 1<j<m.

Let X =>" | kD;, Y = Z;”:l kS; and W =V + X +Y. Then W is a generating subspace
of A.

In order to finish the proof of the first statement of the this lemma, we have to prove the
following three lemmas first.

LeEmMMA 3.5. For any integer s > 1,
(i) XY CVYX, XVCVX+V2 YV =VY;
(i) X5V C Y5, Vitixs—,
(i) XY € 39, i VS+2YX9 i
(iv) if oy(D )EXfor alll1<i<mand1<j<n,then XY =Y X.
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Proof. (i) It follows easily by definition. (ii) (By induction on s.) If s = 1, then we have
XV C VX + V2 by the commutation rules of differential difference algebras. Suppose that
X"V Y VIFIX" for 1 <r < s. Then

Xs-‘er g X5<VX + V2) g Z Vi+1Xs—i+1 4 Z Vi-‘rle—iV
=0 =0

c zs: yitl xs—itl 4 ZS: Vit Sz_‘j Vit xs—i—i
_ Z V’LJrlXS i+1 + i Z VerjJrQXs i—j

=0 j=0
s s s+1
_ Zvi+1X57i+l + Z Z Vl“rlXSfl‘Fl (l — +] + 1)
=0 =0 l=i+1
s s+1
— Z Vi-‘rle—i-‘rl + Z Vl+1Xs—l+1
=0 =1
s+1
_ Z Vi+1X87i+1.
=0

Thus, part (ii) holds for all s > 1
(iii) (By induction on s.) If s = 1, then we have V1Y X! D XY by (i), and thus part (iii)
holds. Suppose that X"Y C Y/~ ! V”J”YXT i for all 1 <7 < s. Then,

XY CX(VYX)C Y VFIX'YX  (by part (i)
=0

s—i—1
C Vz-‘rl Z Ve H—]YXS i— ]+1+Vs+1YX

s—1
_ Zvi+1Xs—iYX+vs+1YX
>
0 7=0

=
s—1s

=0
s

sHetly Yol L sty X (1= i+ )

1
Z ystitly ys—i—itl | ystly x
3=0
—1
%4
o
%4
0

)
z—és

C S+l+1YXS—l+1 + Vs+1YX
=0 =
s—1 s
_ Z Vs+l+1YXs—l+l + VS+1YX C Z VS+H_IYXS_Z+1.
=0 =0
Hence, part (iii) holds.
(iv) This is straightforward. O

LEMMA 3.6. Forall r > 1, W™ C 370 (3777 LvErtyixi,
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Proof. (By induction on r.) If 7 = 1, then the right-hand side of the inclusion is VZ+V2X +
V2Y O W. Suppose the statement is true for r > 1. Then, by induction hypothesis,

s rT—1
W SN VP YiXI(V + X +Y)  (induction hypothesis)
i=0 j=0
=SS vryixiv 3N v yixit 3N v yixdy
=0 j=0 i=0 j=0 i=0 j=0
<> ZVQT y? Z Vi1 Xi=l (by Lemma 3.5(ii))
=0 j=0
+y Z v2tyixitt
=0 j=0
+) Z vy Z VIiHy X7=!  (by Lemma 3.5(iii))
i=0 j=0 1=0
r r—i J
= S yEtelyixr (pi=j - 1)
i=0 j=0 p=0
r r—i+l
+>° V2'YiX7  (shift index 5)
i=0 j=1
r+lr—i+l j
+3° 3 ST vEHEoryiXP (shift i and p = j — 1)
i=1 j=0 p=1
r r—ir—i r r—i+1
g Z ZVQT +r— p+lszp +Z Z V2r Ysz
i=0 j=0 p=0 =0 j=1
r+1r—i+lr—i+1
+ V2r2+2r—pinp
=1 j=0 p=1
r o r—i r r—i+1 r+1r—i+1 )
C sz2r2+r7p+linp + Z Z V2r2inj + Z Z V2rz+2r7pinp
i=0 p=0 i=0 j=1 i=1 p=1
r+1r—i+1
c Z V2(r+1)2Yin_
i=0 j=0
Therefore, W™ C 3703777 Lv2'YiXi for any r > 1. O

LEMMA 3.7. Let f: N — R be an increasing and positive valued function, and p > 1. Then

lim log, f(pn?) < 2 lim log, f(n).
n—o0 n—00

Proof. Let d = lim,,_, log,, f(n). By [7, Lemma 2.1],
=inf{p € R: f(n) < n” for almost all n € N}.

Hence, for any € > 0, f(n) < n®*¢ for almost all n. So

2)d+€ d+e, 2d+2¢ 2d+3e

f(pn?) < (pn =p“n <n for almost all n.

Therefore, lim,, o, log,, f(pn?) < 2d = 2lim,,_,, log,, f(n). O
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Now let us return to the proof of Lemma 3.4. Let f(r) = dim(V™") for » € N. Then

. T . r T . L= r2y i i
GKdim(A) = Tll)rgo log, dim(W") < lim log, dim <ZZV2 Y X]>

™00
i=0 j=0

o 252 — 1 J
= Tlirgo log,. (dlm Vv z_:z_% im(Y"*) dim(X- ))

- < i+m—1\[(j+n—1
— Tim 1 22 !
i Ogr(f““)i_oj_o( m-1 )( el ))

T 2 _— s Z+m71
< T tog, f(2r%) + i tog, 3 )

‘ m—1
=0
e &K (j+n-1
lim [
+ Jim gZ( o1 )
< 2GKdim(R) + m+n

where the last inequality holds because of Lemma 3.7 and the fact that if p(¢) is a polynomial
in ¢ of degree s, then > !, p() is a polynomial in r of degree s + 1.
For the second statement of Lemma 3.4, we need the following result.

LEMMA 3.8. Under the assumptions of the second statement of Lemma 3.4, we have that
Wr ey o >is LVETIEIY X for all ¢ > 1.

Proof. Similarly to Lemma 3.6, this lemma can be proved by induction on r. It is easy to
check that the inclusion is true for r = 1. Suppose W’ C 37/ 37" LVEISIYiXT for 1> 1.
Then, by the induction hypothesis and Lemma 3.5(ii) and (iv), we have that

r o r—i

W’r‘+1 C Z Z(VQT?iininV + V2r7i7jinj+l + VzrflijZXjY)
i=0 j*()
- ZZ yr-isiyt (Z vt xi=- l) (by Lemma 3.5(ii))
=0 j=0 =0
+ Z Z V2r7i7jinj+1 + Z Z V2r7iiji+1Xj
i=0 j=0 i=0 j=0
r r—i J
— Z Z V2r—i—t+1int (t — j _ l)
i=0 j=0 t=0
r r4+l—i
+ Z Z V2r—imitly i xi  (shift index j )
i=0 j=1
r+1 r—z
+ 3N yoinitlyixd (shift index i )
i=1 j=0
r+1r+1—1
C Z Z V2Ar+ D) —i—jyri X
i=0 j=0
That proves our lemma. O
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By the above lemma, W™ C >°7_ Z;;(’) VETEIYiXT Y E;;é V2YiXJ. Hence, by
a similar argument as we used in the proof of the first statement of Lemma 3.4, we have that
GKdim(A) < GKdim(R)+m+n. Thus, by Proposition 3.2, GKdim(A4) = GKdim(R) +m+n.

O

Now we are in a position to state our main theorem.

THEOREM 3.9. Let R be a k-algebra and A = R[S, D; 0, ] be a differential difference algebra
of type (m,n). Suppose that for any finite-dimensional subspace U of R there exist a finite-
dimensional subspace V' of R and an integer p > 1 such that

UcCV, oi(V)CV, §(V)CVP, 1<i<m, 1<j<n.

Then
GKdim(R) + m +n < GKdim(A) < 2 GKdim(R) +m + n.

Furthermore, if, for all 1 <i<m and 1 < j < n, oi(Dj) is contained in the vector space over
k generated by {D1,...,D,}, then

GKdim(A) = GKdim(R) +m + n.

Proof. Let W be a finite-dimensional subspace of A with a k-basis w1,...,wq, ¢ € N. Note
that each w;, 1 < i < ¢, is a polynomial in Dq,...,D,,S1,...,S, with coefficients in R.
Let U be the subspace of R spanned by all of the coefficients (in R) of ws,...,w, and all
a;;; (defined in Definition 2.1), 1 < 4, < n,1 < j < m. Then U is finite-dimensional and
hence there exist a finite-dimensional subspace V' of R and an integer p > 1 such that U C
V, 0,(V)CV, §;(V) CVPfor1<i<m, 1< j<n. Let B be the subalgebra of R generated
by V. Then 0;(B) C B, 0;(D;) € B[D; 6| and 6;(B) C B for 1 <i<m, 1< j,1<n. That is,
A’ = B[S,D;0,0] is a differential difference algebra satisfying the conditions of Lemma 3.4.
Note that W C A’. So, by Lemma 3.4, we have

ILm log, dim(W") < GKdim(4") < 2GKdim(B) + m +n < 2 GKdim(R) +m + n.

Thus GKdim(A4) < 2GKdim(R) + m + n since W is arbitrary. Therefore, by Lemma 3.2,
GKdim(R) + m +n < GKdim(A) < 2GKdim(R) + m + n. That completes our proof of the
first statement.

The second statement follows similarly by using the second part of Lemma 3.4. O

Immediately from Theorem 3.9, we have the following corollaries.
COROLLARY 3.10. The quantum plane k,[z, y] has Gelfand-Kirillov dimension two.

Recall that an algebra A is called locally finite-dimensional if every finitely generated
subalgebra of A is finite-dimensional.

COROLLARY 3.11. Let R be a k-algebra and A = R[S, D;o0,0] be a differential difference
algebra of type (m,n) satisfying the conditions of the first statement of Theorem 3.9.

(i) If R is locally finite-dimensional, then GKdim(A) = m + n.

(i) If GKdim(R) < oo, then GKdim(A) < oo.

Proof. (i) It follows from the fact that GKdim(R) = 0 if and only if R is locally finite-

dimensional.
(ii) This is clear. O
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Note that if we set R = k in Theorem 3.9, then the conditions of the theorem are satisfied.
Thus, Theorem 3.9 implies Proposition 3.3.

The following example shows that the upper bound of GKdim(A) stated in Theorem 3.9 is
the ‘best’ one under the given conditions.

EXAMPLE 3.12. Let A be the k-algebra generated by {z, 271, D, S} with defining relations

R={z2z"'=1,2"'2=1,Dz=2D,Sz = 285,
Dz'=2"'D S:' =278, DS = 28D}.

Let R = k[z, z71] be the algebra of Laurent polynomials over k, and let o be the automorphism
of the algebra R[D] C A defined by

a(io ciDi>

Then A = R[S, D;0,0] is a differential difference algebra of type (1,1) and

l
Zci(zD)i, 120, c;e Rfor 0 <1< L.
i=0

GKdim(A) = 2GKdim(R) + 1+ 1 =4.

Proof. 1t is easy to see that A can be thought of as an iterated Ore extension over R:
A = R[S;id,0][D; ¢’,0] where ¢’ is the automorphism over R[S] defined by

1 !
o’ (Z ciSi) = ci(28), 1>0, ;€ Rfor 0<i<I.
i—0

=0 %

Hence {S°D7 : i,j € N} forms an R-basis of A. Thus A is a differential difference algebra.
Note that the restriction of ¢ on R is the identity automorphism of R. It is clear that A
satisfies all conditions of Theorem 3.9. So, by Theorem 3.9, GKdim(A4) < 2 GKdim(R) + 2.
Since GKdim(R) = 1 (see, for example, [12, Corollary 8.2.15]), GKdim(A) < 4.
Note that DS = So(D) = SzD = zSD. Then one can prove that DS = 27.5D7 by induction
on j, and then that D7S? = 2¥S?DJ by induction on i. Now we claim that

B:={S'DI:0<i+j<r0<I<ij}CW", r>1,
where W = k+kz+kz"'+kD+kS is a generating subspace of A. Suppose r > 1,0 < i+j <7,
0 <! <ijand write l = ¢qj +p with 0 < ¢ < 4,0 < p < j. If ¢ =4, then p = 0,] = ij and
218'DI = 248 DI = DIS* € WT. If ¢ < i, then

SimamlpPSpITPSe = P gim1mlgpPDITPgY
= 2PSTIDIST = T Gim15IDI = 1§ DI
Since (i —q—1)+p+1+(j—p)+qg=i+j<r, 28 DI =S~ 1pDPSDI—PS7 ¢ W". Thus,

our claim holds.
It is clear that B is k-linearly independent. Then by our claim,

I T 1 1
dim(W") > card(B) = Z Z(zy +1)= Zr4 + 57“3 + Zrz +2r+1.
=0 j=0

Thus, GKdim(A) > lim,_, log, dim(W") > 4. Therefore, GKdim(A) = 4. O
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