STABILIZING AUTOMORPHISMS OF QUANTUM AFFINE SPACE

ETHAN JENSEN! AND ANNE V. SHEPLER?

ABSTRACT. We examine the graded automorphism groups of quantum affine spaces and classify
these groups for spaces of dimension 7 or less. Using permutation actions on partitions, we inves-
tigate cases when the group decomposes as a product of graded automorphism groups of smaller
dimensional spaces, and we describe the groups arising from the Kronecker tensor product of inde-
pendent quantum parameter matrices.

1. INTRODUCTION

Determining the automorphism groups of algebras remains a challenging task, with difficulties
even in the case of commutative polynomial rings over fields. Consider, for example, Nagata’s
1972 wildness conjecture on the automorphism group of C[x1, 22, 3] proved in 2004 by Shestakov
and Umirbaev [17], see also Kraft [11]. Recent attention has turned to automorphism groups of
noncommutative algebras viewed as coordinate rings. We investigate the graded automorphism
group of quantum affine spaces. These are finitely generated algebras with each pair of generators
commuting up to a nonzero scalar.

The graded automorphisms of a quantum affine space Sq(V') give critical information on the un-
graded automorphisms. Here V 2 K" is the vector space spanned by generators over a field K and
q is a matrix of quantum scalars recording the noncommutative multiplication. Often the group of
all automorphisms Aut(.Sq(V')) coincides with the group of graded automorphisms Autg,(Sq(V)),
see Ceken, Palmieri, Wang, and Zhang [5, Section 3] and Yakimov [18, Corollary 3.7]. More gen-
erally, Aut(.Sq(V)) is the semidirect product of the unipotent automorphisms Autyui(Sq(V')) with
Autg, (S4(V)) unless q contains a row of all 1’s, see [5, Lemma 3.2]. The groups Autg,(Sq(V')) have
been classified in low dimensions, see see Alev and Dumas [3] and Levandovskyy and Shepler [12].
Explicit classifications in higher dimensions have been lacking. See also Alev and Chamarie [1] and
Artamonov and Wisbauer [2].

We write the quantum affine space as Sq(V') = Kq[v1,...,v,] generated by v1,...,v, with rela-
tions vjv; = qi5 v;v; for g5 in K* with ¢;5q5 = 1 = ¢;; with matrix of quantum scalars q = {g;;}, also
known as the skew polynomial ring. We use the terms quantum affine space and skew polynomial
algebra interchangeably; they both refer to the algebra S;(V'). Various results give the graded
automorphism group in special cases, for example, Autg,(S;(V)) = Aut(Sq(V)) = (K*)™ when the
gij are generic, see [1] and [18]. See [1] and [5] for the cases at the other extreme when the quantum
scalars g;; agree and/or are all £1. Bazlov and Berenstein [4] described Autg,(S4(V')) as a product
of subgroups of GL(V') with nontrivial overlap.
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Jin [9] recently gave an elegant theorem describing Autg (S;(V)) as a semidirect product of
general linear groups with a quotient of permutation groups. We give a short and direct proof of a
slightly different description using the Splitting Lemma. This characterization aids in a classifica-
tion of these groups up to dimV < 7. We give the semidirect product structure explicitly in terms
of a maximal subgroup whose orbits refine a particular partition of [n]? = {(i,j) : 1 < 4,5 < n}.
Graded automorphisms must permute blocks of {1,...,n} of the same size, where each block in-
dexes identical rows of q. We leverage the preservation of block size to obtain an efficient algorithm
(computationally inexpensive) used in the classification.

We use the semidirect product structure to decompose Autg (Sq(V')) as a direct product of
quantum affine spaces of potentially lower dimension (i.e., fewer generators) in Theorem 4.2 (see
also Proposition 2.16). This decomposition implies that the set of groups Autg, (Sq(V")) for all g and
V is closed under direct products, see Corollary 4.5. In addition, we give the graded automorphisms
of Sqeq(V ® V') formed from the Kronecker product of two quantum parameter matrices q and ¢’
sufficiently independent in Theorem 5.4.

One asks which groups may arise as the graded automorphism group of a quantum affine space.
This is determined jointly by the base field K and the diagonal action of subgroups of the sym-
metric group &, on [n]?. With small assumptions on the cardinality and characteristic of K, we
identify several infinite families of groups that appear, namely, all groups of the form (K*)" x G
for G the symmetric group &,, the dihedral group Ds,, or a cyclic group. Every graded auto-
morphism group is either monomial or determined by monomial groups acting in lower dimension,
see Proposition 6.4, so such families are helpful for classification results. We also explain why the
stabilizing permutation group of a graded automorphism group must appear infinitely often in any
classification, see Remark 5.5 and Corollary 5.6.

Outline. In Section 2, we consider the structure of the group of graded automorphisms of skew
polynomial rings. We identify in Section 3 certain countably infinite families that appear as such
groups. In Section 4, we decompose Autg(Sq(V)) as a direct product of graded automorphism
groups of subalgebras of S;(V') generated by fewer variables, and in Section 5, we consider skew
polynomial rings arising from the Kronecker product (tensor product) of quantum parameter ma-
trices. Lastly, we classify in Section 6 the groups Autg, (54(V)) for dimV < 7.

Conventions and notation. We fix a field K throughout of arbitrary characteristic. By a parti-
tion, we mean set partition unless otherwise indicated, and we write [n] for {1,...,n}. For V 2 K"
with fixed basis {v1,...,v,} and B c [n], we write Vg = Spang{v; : i € B}.

2. QUANTUM AFFINE SPACE AND GRADED AUTOMORPHISMS

We give here different descriptions for the graded automorphism group of quantum affine space.

Quantum affine space. An n xn matrix q = {g;;} with entries in K is a system of quantum
parameters or a quantum parameter matrixz when

Gii = qijqji=1 for1<i,j<n.

We fix a n x n quantum parameter matrix q and a finite dimensional vector space V over K with
basis v1,...,v,. The skew polynomial algebra Sq(V') (also called the quantum polynomial ring
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or quantum affine space) associated to q is the K-algebra generated by wvi,...,v, with relations
VUi = q50;V5:
Sq(V) =K(vi,...,vn) [ (vjvi — qijoivj: 1<i,5<n).

We view Sq(V') as a graded algebra with degv; = 1 for all 4, see [8], and write Autg (Sq(V')) for the
ring of graded automorphisms of Sq(V), i.e., automorphisms that preserve degree. Every graded
automorphism defines a linear transformation on V' by restriction, and we view Autg(S4(V)) as a
subgroup of GL(n,K). Conversely, Lemma 2.1 below describes which elements of GL(n,K) extend
to graded automorphisms on S;(V') with respect to the basis vq,...,v,, see also [4] and [9]. We
write h = (hi;) in GL(n, K) for hv; = ¥; hijv;.

Lemma 2.1. [12, Lemma 3.2] A matriz h € GL(n,K) lies in Autg(Sq(V')) if and only if

hi¢hjm =0 or  qij =qum forall 1<i,5,m,f<n.

Monomial automorphisms. Let G, denote the group of monomial matrices in GL(n,K), i.e.,
invertible matrices with exactly n nonzero entries. Then G,, admits a decomposition (K*)" x &,
for (K*)™ identified with the diagonal matrices in GL(n,K) and the symmetric group &,, identified
with the permutation matrices acting on V' by permutation of basis elements v;. The group &,
acts on the set of nxn quantum parameter matrices by o : q — q" where qgj = 4o (i) o(j)- A monomial
matrix h = do for d in GL(n,K) diagonal and ¢ in &,, lies in Autg (S4(V)) exactly when q is
invariant under this action of ¢, in which case we call h a monomial automorphism.

Remark 2.2. Note that Autg(S;(V')) contains only monomial automorphisms if and only if q has
no identical rows, see [10, Lemma 3.5¢]. This implies that if ¢;; # 1 for all 7 # j, then Autg (Sq(V))
is a monomial group of matrices, see [16, Lemma 3.4], [5, Lemma 3.2], and [5, Prop 3.9].

Remark 2.3. We will use the semi-direct product structure arising from the Splitting Lemma:
If 7:G—> G and  : G' - G are group homomorphisms with 7 = Id, then the exact sequence

1> Kerm > G G — 1 of groups splits and
G 2 KermxG'
under the map g ~ (gur(g~"),m(g)) with multiplication (g,0)(h,7) = (g¢(c) hi(o)™t, oT).

Structure of Graded Automorphism Group. Jin [9] elegantly presented the graded auto-
morphism group Autg(S;(V)) as a semidirect product. We give a short proof of an equivalent
structure using the Splitting Lemma for groups (see Remark 2.3). We use this approach to de-
compose the group of graded automorphisms in terms of potentially smaller graded automorphism
groups, see Proposition 2.16, Theorem 4.2, and Theorem 5.4. Our formulation allows us to directly
leverage the fact that the acting permutation group permutes blocks of the same size, making it
easy to express as a subgroup of a product of symmetric groups read off immediately from the
matrix q. Using this fact, we recharacterize the graded automorphism group in terms of maximal
subgroups of a permutation group with an orbit condition.

The graded automorphism group is a semidirect product of two types of automorphisms: The
first preserves the subspaces of V spanned by basis elements corresponding to identical rows in q
and the second permutes these subspaces. We fix a n x n quantum parameter matrix q defining
Sq(V) and make heavy use of a partition from [10, Definition 3.1]:
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Definition 2.4. Let By be the partition of [n] = {1,...,n} with ¢ ~ j if the i-th and j-th rows of
q are identical, i.e., gim = qjm for all m, in which case we say ¢ and j lie in the same block of q.

We decompose V' as a direct sum V' = @pgep, Vs where each Vg = Span{v; : i € B}. We identify
GL(Vp) with the subgroup of GL(V') that acts via GL(Vp) on Vi and fixes basis elements v; with
i not in B. Kirkman, Kuzmanovich, and Zhang [10, Lemma 3.2] show that the groups GL(Vp) are
subgroups of Autg,(54(V")) for all blocks B € By. For B,C c [n], we consider the minor matrix of
size |B| x |C)|

(2.5) U = (8ij)icB, jeC -
Note that this minor has all entries identical whenever B and C' are blocks of q and that q,, is a
quantum parameter matrix for any B c [n]. For r = |By|, we identify the symmetric group &, with
the group of permutations of the blocks of q so that &, acts on By.

For o in &, preserving block size, i.e., with |o(B)| = |B| for all blocks B of q, let oq be the nxn
matrix whose minor matrices are given by (compare with [4])

(00) po = ypyoey forall B,CeBg.
As q is a quantum parameter matrix, so is oq. We consider the subgroup of permutations that fix
q:
Definition 2.6. The stabilizing permutation group of Autg.(S,(V')) is the group of permutations
Stab(q) = {0 € &, : o preserves block size and oq = q}
={0€6,: quc =4, for all blocks B,C of q}.

We view Stab(q) as the stabilizing automorphisms of quantum affine space under an injection
recorded with the next lemma.

Lemma 2.7. There exists an injective group homomorphism v : Stab(q) — Autg (Sq(V)) with
image [1ges, Hom (VB, Vo (B))-

Proof. For o in Stab(q), let ¢(o) be the unique invertible linear map on V' which permutes the basis
elements v; of V', sends Vp to V,(p) for each block B of q, and preserves the order vy <wg <+ <wj
within each block, using |B| = |0(B)], so that (o) lies in [1pep, Hom (Vp, Vy(py). Lemma 2.1
implies that (o) lies in Autg(Sq(V')) since if t(0)(v¢) = v; and (o) (vm) = vj, then guy, = ¢ as
Isc = Qoisyoc) for £, m in respective blocks B,C of q. Finally, to see that ¢ is a homomorphism,
consider ¢’ in Stab(q). The composition ¢(c)i(c’) also permutes basis vectors of V' and preserves
the order in each block, so by uniqueness, it agrees with ¢(oo”). [l

Proposition 2.8. There exists a surjective group homomorphism m : Autg,(Sq(V)) - Stab(q) with
Kerm = [1pes, GL(VB) and 7w = Id for v the map of Lemma 2.7.

Proof. For h = (hi;) € Autg,(Sq(V')), define a function 7(h) : By - By which permutes blocks by
mw(h)(B) ={i: hyj # 0 for some j € B}.

We argue 7(h) has the advertised codomain. First note that w(h)(B) is a subset of a block for

each block B. Indeed, for ¢ and ¢ in w(h)(B), hij # 0 # hyy, for some j,m € B. To see that i

and / lie in the same block, fix an index s and find ¢ with hy # 0. By Lemma 2.1, ¢;5 = ¢j¢ as

hijhst # 0, gjt = gme as j and m lie in the same block, and g¢m: = qus as hynhse # 0. A similar
argument shows that w(h)(B) is an entire block. Indeed, if 7(h)(B) c C for C a block and £ € C,
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take m with hg,, # 0 and ¢ € 7(h)(B) so that h;; # 0 for some j € B. Then for all ¢, and hg # 0,
Qjt = Qis = Qus = Qme (using hijhg # 0 # hephg) and hence rows j and m of q are identical. Thus
me B and £ en(h)(B).

Note that 7(h) takes each block of q to a block of the same size. Otherwise, some block would
be sent to a smaller block, and, after reindexing, h would be a block matrix with all entries 0
above and below a non-square block (minor submatrix) forcing deth = 0. Next notice that for
ieB' =m(h)(B)and £ € C' = w(h)(C), there exist j € B and m € C with h;jhey, # 0. Then gi¢ = gjm
by Lemma 2.1, 80 qz0 = q,,.0-

To see that 7 : Autg(S,(V)) — Stab(q), h ~ m(h), is a group homomorphism, fix g,h in
Autg, (Sq(V)) and i € w(gh)(B). Then (gh);; # 0 for some j € B and so gy # 0 # hy; for some
¢. Then £ € w(h)(B) and so i € w(g)(w(h)(B)). Thus, 7(gh)(B) = 7(g)n(h)(B). A quick check
confirms that 7« = Id and that 7 has the kernel claimed. ]

Semidirect product structure. We obtain a semidirect product by letting Stab(q) act on
[1ges, GL(VE) by conjugation via the map of Lemma 2.7: For g,h in [Iges, GL(VE) and o, 7
in Stab(q),

(9:0)(h,7) = (gu(a)he(o)Y, or)  in (Bl‘lg GL(VB))xStab(q).

The composition in the first coordinate indeed lies in [T GL(Vp): For a fixed block B of q,

W)™ h (o)
VB Vcr’l(B) - Va’l(B) > Vi 2, VB.

We obtain a short proof of an alternate formulation of the main result of Jin [9] using the Splitting
Lemma. We use this approach to establish Proposition 2.16 and Theorem 4.2 and the classification
in Section 6.

Corollary 2.9. For a skew polynomial algebra Sq(V'),
Auty, (S4(V)) = ( I1 GL(VB)) x Stab(q) .

BeB,
Proof. Remark 2.3 with the maps ¢ : Stab(q) - Autg(S3(V) and 7 : Autg, (Sq(V)) — Stab(q) of
Lemma 2.7 and Proposition 2.8 give the isomorphism ¢ ~ (g am(gh), 7r(g)). O

Orbit Condition. We now characterize the graded automorphism group of a skew polynomial
algebra in terms of subgroups of the symmetric group maximal with respect to an orbit condition.
The maximality condition explains why so few permutation groups appear as factors of the semidi-
rect product in Corollary 2.9. It also allows one to rule out groups in a classification of graded
automorphism groups, see Section 6.

Recall that By is the partition of [n] given by grouping identical rows of q and we fix r = |B4| as
the number of distinct rows with &, acting on By by permutations. We use the diagonal action of
&, on [r]? = [r] x [r] and show that the stabilizing permutation group Stab(q) is maximal among
all subgroups G of &, with the same orbits, i.e., with [r]?/G = [r]?/ Stab(q).

Lemma 2.10. For any partition P of [r]?, the set of subgroups {G c &, : [r]?/G refines P} forms
a lattice under subgroup inclusion.
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Proof. The orbits of the trivial group on [r]? are the sets {(i, j)} giving a refinement of any partition
of [r]?, so the set of subgroups is nonempty. If G and H are subgroups with [r]?/G and [r]*/H
refining P, then [r]?/(G, H) and [r]?/(G n H) also refine P. O

We now give a description of the graded automorphism groups useful for the classification in
Section 6. We write any partition A of n as (A" ... AJ*) with A1,...,\s the distinct parts and
m; the multiplicity of A;, i.e., number of parts equal to A\;. Recall the minor matrices defined by
blocks of q, see Eq. (2.5).

Theorem 2.11. For a quantum parameter matriz q with blocks B1,...,B,, let P be the partition
of [r]? given by (i,5) ~ (¢£,m) if U5, 5, = U, 5y - Then

Auty, (Sq(V)) = (IjGL()\i,K)mi) x G

for some integer partition X = (A" ... AJ**) of dim V" with ¥.;m; = r and G the mazimal subgroup
of &, such that the orbit space [r]?|G refines P. Here, G = Stab(q), and G acts by a subgroup of
[15.1 &, where each &,,, permutes the m; copies of GL(\;,K).

Proof. We use Lemma 2.10 and Corollary 2.9. For o € &, the partition given by the orbits [r]?/{c)
refines P exactly when q,. =4, ,, for all blocks B,C of By. Thus,

G = Stab(q) = {0 € &, : 0 preserves block size and oq =q} = {0 €&, :[r]*/(o) refines P}
is maximal among the groups with orbits refining P, giving the first statement.

For each block B € B,, we identify GL(Vp) with GL(|B|,K) and define the partition A of n
corresponding to the block sizes: A = (A\™,..., A\I*), where the distinct parts A; give the distinct
sizes of blocks of q and m; is the number of blocks of size A;. Since each ¢ in G preserves block
size, G must be a subgroup of [];_; &,,, up to conjugation in &,. O

Remark 2.12. Two extreme cases of Theorem 2.11 arise. When g has no duplicate rows, all the
blocks have size 1 giving a generalization of [5, Proposition 3.9]:

Autg (Sq(V)) = (K*)" x Stab(q) .
In contrast, when the block sizes of q are all distinct recorded by a partition A, Stab(q) is trivial:
Autg (S4(V)) 2 JIGL(,K).
Ai

We now consider some examples.

Example 2.13. Say |[K| > 3 and letq:(égé) for A= (}1), B=(%%), and C = ( ,1“:)

for a € K with a ¢ {0,1,-1}. Then By = {{1,2},{3,4},{5,6}} and Theorem 2.11 implies that
Autg, (S4(V)) = D » Stab(q) where Stab(q) c &3 and
Mi 0 0 3
D:{(gl\gzMS) M; e GL(2,K)} = (GL(2,K))*.
A straightforward calculation shows that Stab(q) = ((123)) and thus

My 0 O 0 M3 0 My
Autgr(Sq(V))z{( 0 2 &3), (Agl Q0 ) ( 0 0 MS):MieGL(2,K)},
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Example 2.14. Let V 2 K® with Q c K and let

11
1111113
2112 2 24
2112224

) —1??11—13
=1 -133

11

2 2

11

—
—_
|
—_
w
N L N e e

)
[N
—
N
)
)
W~

Here, By = {{1,6},{2,3,8},{4,5},{7}} and Corollary 2.9 implies that
Autg: (54(V)) = (GL(Vi1,6y) x GL(Vi2,3.83) x GL(Vi45y) x GL(Vi7y)) x Stab(q).
A quick computation verifies that Stab(q) = ((1 3)), which swaps rows 1 and 6 with 4 and 5. Thus

* * * %
* % * * % *
* % * * % *
Autg (S5(V)) = GL(8,K) n * % N *
* * * %
* *
* % * * % *

Example 2.15. For K =F5, dimV =9, Az(éi%), B=<§§§), C:(ggg), and q:(%%%),
( 23 )

At (Sq(V)) = (K*)? « [((123))® = (

Constant off-diagonal minors. The last examples leads us to consider quantum parameter
matrices with constant matrix minors. Given a quantum parameter matrix q and a partition P
of [n] with blocks D and E, we call the submatrix q,, a diagonal P-minor when D = E and
an off-diagonal P-minor when D # E. Note that q is constant on the off-diagonal minors for the
block-circle decomposition partition, see [10, Proposition 4.3b].

In the next proposition, we consider the induced action of Stab(q) on the set of partitions
P of [n] refined by By: For o in Stab(q), set 0P to be the partition of [n] whose blocks are
o(B1)u--uo(By,) for By u---u By, a block of P, where the B; are blocks of B,.

Proposition 2.16. Suppose q is an n xn quantum parameter matriz constant on off-diagonal
P-minors for a partition P of [n] refined by By. If Stab(q) fizes P, then
Autg, (Sq(V)) = ] Autg (S, (VD)) » Stabp(q)
DeP

for Stabp(q) = {0 € §p: |D| = |o(D)| and q =q,, for all blocks D, E of P}.

o(D)o(E)
Proof. We first define a group homomorphism 1 : Stab(q) — Stabp(q). Fix o in Stab(q). As
oP =P, for any block D = By u---u By, of P with B; € B,

o(D)=0(B1)U--Uo(By)
is again a block of P with |0(D)| = |D| as o permutes the blocks of q of the same size. We may
thus identify o with an element of Syp|. Since q,, =4, 5, for all blocks B, C' of g, it follows

that q,, = do(p)o(r) for all blocks D, E of P and o lies in Stabp(q). We obtain the advertised
map ¢ and compose with the projection 7 from Proposition 2.8: Define

7 =om: Autg(Sq(V)) —— Stab(q) —— Stabp(q).
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Note that Ker 7’ c [Tpep GL(Vp) since 7/(h)(D) = {i: hij # 0 for j € D} by construction.
Using Lemma 2.1, as q is constant on off-diagonal P-minors, one may verify that

Ker (1') = Autg:(Sq(V) 0 [T GL(Vp) = [] Autge(Sq,, (Vb))
DeP DeP

We define an injective group homomorphism ¢ : Stabp(q) - Aute(Sq(V)). For each o «
Stabp(q), set /(o) to be the unique invertible linear map on V' which permutes the basis elements
of V, sends Vp to V(D) and preserves the order vy < v9 < --- < v, of basis elements within each
block of P, using the fact that [D| = |o(D)|. We verify that /(o) lies in Autg (Sq(V)) using the
argument in the proof of Lemma 2.7.

A straightforward check confirms that 7'+ is the identity, and the result follows from the Splitting
Lemma, see Remark 2.3. U

Remark 2.17. For any parameter matrix q, there are two partitions which satisfy the condi-
tion in Proposition 2.16 trivially, namely By itself and [n]. Using the partition P = By, we re-
cover the result in Corollary 2.9. At the other extreme, using P = [n] gives the trivial statement
Aty (Sq(V)) = Autg (Sq(V')) » &1. Thus, we seek a partition coarser than By and finer than [n]
satisfying the hypothesis of Proposition 2.16. In Example 2.15, one such example is the partition

P = {{1,2,3},{4,5,6},{7,8,9}} with Attty (Sq(V)) = Auty,(Sq(V))3 x ((123)) for ¢ = (é i) ‘:’)

Corollary 2.18. Say P is a partition of [n] refining By and each off-diagonal P-minor of q is
constant and shares no entries with any diagonal P-minor. Then

Autg, (54(V)) = ﬂ)Autgr(SqDD(VD)) x Stabp(q)

where Stabp(q) = {0 € Sp| : [0(D)| = |D| and q q,, forall D,EeP}.

a(D)o(E)

Proof. The claim follows from Proposition 2.16 after verifying that Stab(q) fixes P. Take o €
Stab(q) and D € P. Since D is a disjoint union of blocks of q and o preserves the sizes of those
blocks, |o(D)[ = [D[. Thus q,, = 4,5, s o stabilizes q. Since q,,,, shares no entries with
off-diagonal P-minors, it follows that o(D) is a subset of a single block of P. Then Y pp |0(D)| <
> pep | D], which implies o(D) is again a block of P for each block D of P. Thus oP =P. O

Remark 2.19. We write Autuni(Sq(V')) for the set of unipotent automorphisms of Sy(V'), i.e., ¢
in Aut(S4(V')) such that ¢(v;) is v; plus terms of graded degree > 1 for all 4, see Ceken, Palmieri,
Wang, Zhang [5]. If q has no rows of all 1’s, then by [5, Lemma 3.2]

Aut(Sq(V)) = Autyni(Sq(V)) % Aute (S4(V)),

and if there are no nontrivial algebraic relations among the parameters ¢;;, then Autyyi(Sq(V)) is
trivial and Aut(Sq(V')) = Aute (Sq(V')) by [5, Theorem 3.4]. See also Yakimov [18, Corollary 3.7].



STABILIZING AUTOMORPHISMS OF QUANTUM AFFINE SPACE 9

3. INFINITE FAMILIES OF GRADED AUTOMORPHISM GROUPS

In this section, we exhibit certain families of monomial graded automorphism groups. We will see
in Proposition 6.4 that nonmonomial graded automorphism groups are determined by monomial
groups acting in lower dimension, so these families are helpful for classification results. These
families have the form {K"xG,,} for G,, a subgroup of &,,, with each group arising as Autg (S;(K"))
for some n x n quantum parameter matrix .

Proposition 3.1. For n > 1 and char(K) # 2, there is a unique n x n quantum parameter matriz
q with Stab(q) = &,,. This yields the isomorphism

Autg, (Sq(K™")) = (K*)" x G,,.

In fact, &, is the only 2-transitive permutation group acting on [n] which is Stab(q) for some
quantum parameter matrix q.

Proof. By the 2-transitivity of &, Stab(q) = &, if and only if the rows of q are distinct and
¢ij = Qem for all @ # j and ¢ # m. Thus, Stab(q) = &,, exactly when ¢;; = -1 for all 7 # j since
qji = Qij = quil implies g;; = -1 for all ¢ # j when the rows are distinct, and the isomorphism follows
from Corollary 2.9. For the second claim, we use Theorem 2.11 after noting that [n]?/G = [n]?/&,,
for any 2-transitive group G. (]

Remark 3.2. For n > 3, Proposition 3.1 shows that no quantum parameter matrix ¢ exists with
Autg (Sq(V)) 2 Tes, GL(VE) » Alty, for V = K" and Stab(q) = Alty, the alternating group on n
elements, as Alt,, is 2-transitive on [n].

We now consider the dihedral group Da, of order 2n.

Proposition 3.3. For char(K) # 2 and n > 4, there exists a quantum parameter matrixz q such that
Autg, (Sq(K™)) = (K*)™ x Day,.

1 1-11

Proof. For n =4, let q = (_11 L ) Since all the rows of q are distinct, by Corollary 2.9,

1 -11 1
Autgr(Sq(K4)) = (KX)4 X {0’ € 64 PQij = qg(i)o(j) for 1< Z,j < 4} .
A short calculation shows that the group on the right is generated by (1234) and (13) and thus
Autg (Sg(K*)) = (K*)* % ((1234),(13)) = (K*)* = Dg.

For n > 4, let q be the n x n quantum parameter matrix in which every entry is 1 except for the
superdiagonal and subdiagonal entries, and the top-right and bottom-left entries, which are —1:
1-1 1. 1-1

11 1 1-1
11 1--1 1

As the rows of q are distinct, Autg (Sq(K"™)) = (K*)™ x Stab(q) by Corollary 2.9, where Stab(q) is
{0 €6n: Gij = 4o(i)o(j) for 1 < i,5 <n}. In the following calculations, we take indices mod n. The
group Dsy, is generated by (12 ---n) and 7:= (1n)(2 n—-1)..., the product of 2-cycles defined by
7(i) =1 -4 mod n. These lie in Stab(q) as q is constant on super diagonals and is symmetric.
Conversely, suppose o lies in Stab(q). Then —1 = g;(;41) = Gy(i)o(i+1) S0 our choice of q implies
that o(i+1)-0(i) =+l mod n for 1 <i<n. But 6(i+1) —0(i) =1 implies 0(¢ +2) —o(i+1) =1
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as well, otherwise o(i +2) = o(i+1) -1 = o(i) + 1 =1 = o(i) which is impossible. Likewise
o(i+1)—o0(i) = -1 implies o(i +2) —o(7) = -1 as well. Then as o(i) is the telescoping sum
o(1)+(c(2)-c(1))+...+(c(i) —o(i-1)), either (i) =o(1)+ (i —1) mod n for all 1 <i<n or
else 0(i) =0(1) —(i—-1) mod n for all 1 <7< n. In the first case, o is a power of (12---n), and in
the second, a power of (12---n) multiplied by 7. In either case, o lies in Da,. O

Lastly, we turn to cyclic groups.

Proposition 3.4. For n > 1, let G be a cyclic subgroup of &,,. For [K| sufficiently large, with
char(K) # 2 whenever |G| is even, there is a quantum parameter matriz q with Autg (Sq(K")) =

(K*)" » G.

Proof. Suppose ¢ in &,, generates G. First note that o q = q if and only if (ro77)(7q) = 7q for
all 7 in &,, with 7q another quantum parameter matrix. Thus, without loss of generality, we may
assume o has a disjoint cycle decomposition

o=(12-mp)(mi+1--mg) - (mp_1+1--n)

for some m;. For 1 <14,j <n, set ¢; to be the length of the cycle containing ¢ and write ¢ ~ j for ¢ and
j in same orbit, i.e., in same cycle so (i) =i+1 mod ¢;. For 1<i<j<n with i~ j, select g;; #0
satisfying the rules ¢;; = 1if i = j, g;; = -1 if j —i = ¢;/2, and, for all £ <m with i ~ £ ~m, ¢;j = qom
exactly when j —i=m - /¢ mod cl After these have been chosen, for i ¢ j, select ¢;; # 0 satisfying
the rule that, for all £ <m, ¢;; = qo, exactly when ¢ ~ £, j ~m, and j —i =m - ¢ mod ged(c;,¢;).
Set gj; = qi_j1 and assume further that the ¢;; are chosen so that g;; # ¢y for all 4 < j with i 4 j
and all £ <m to guarantee that Stab(q) is not too large. Observe that q = (q;;) is then a quantum
parameter matrix.

We now argue that Autgy(Sq(K™)) = (K*)" x G. All rows of q are distinct, since 1 only appears
as an entry of q on the diagonal. Thus Autg(S;(K")) = (K*)™ x Stab(q) by Corollary 2.9. We
argue that G = Stab(q). For fixed i < j, i ~ 0(i) and j ~ o(j). Furthermore, o(i)—¢ =1 mod ¢; and
o(j)-j=1mod ¢j andso o(j)—-o(i) = j—i mod ged(c;,¢j). Thus, ¢ = Qo (i)o (j) and (o) c Stab(q).
Conversely, suppose 7 € Stab(q). Then q,(;),(;) = ¢i; and 7(j) - T(Z) Jj—1 mod ged(es,¢j) so

7(j)-j = 7(i) —i mod ged(cs,cj) for all ¢, 5.

By the Chinese Remainder Theorem for non co-prime moduli, see [14], there exists a positive integer
N (unique modulo lem(cy, -+, ¢,) = |G]) with 7(i) =i = N mod ¢; for all i. Hence 7 = oV € G. Thus,
Stab(q) = G' and so Autg(S4(K™)) = (K*)" % G. O

Example 3.5. For G the cyclic group generated by (123456)(78), |K| > 15, and char(K) # 2, the
last proof gives Autg (Sq(K?)) = (K*)? x G for a,b,c,d, e, f and their inverses distinct in K and

1 a b -1b1al
al 1 a b -10b1
blal 1 a b -1
-1bta 1 a b

q= b -1b1tal 1 a

a b -1blal 1
cldleld?l et gt
dl el dl el dte!

elelelelelel

QL O A0 &0
0O U0 QO

|
—_
[ Rt

—
|
—

[ e S L IR I I I T

i
-
~
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4. DIRECT PrRODUCT DECOMPOSITION

We now decompose the graded automorphism group Autg.(S;(V)) of a quantum affine space
into graded automorphism groups of lower dimensional spaces using results in Section 2, and we
verify that the set of graded automorphism groups is closed under direct products. We again fix
V 2 K" and an n x n quantum parameter matrix q. Various partitions of the set [n] indexing the
rows of q describe automorphisms. For example, the partition By on [n] identifies the “elementary
automorphisms” of [10], and the block-circle decomposition of [n] in [10] identifies the important
class of mystic reflection subgroups of Autg(Sq(V')). We construct here a partition P of [n] giving
a decomposition of Autg(S;(V')) into a direct product of groups Autg,(Sq,,(V')) ranging over the
blocks D of P.

The group Autg, (Sq(V)) is completely determined by the blocks of g and the stablizing permuta-
tion group Stab(q). However, computing Stab(q) concretely may be computationally prohibitive.
Indeed, Stab(q) can be found with an algorithm of time complexity O(n!), and we seek an alterna-
tive description for Autg, (Sq(V')) that bypasses that calculation. The partition P introduced here
only requires an algorithm of time complexity O(n?), see Remark 4.3.

Observe that every element o € Stab(q) moves a row of q to another row which is a permutation
of the first. Moreover, if these two rows differ at a column, then o can not fix that column. This
motivates the next definition.

Definition 4.1. Define an equivalence relation R on [n] by taking the symmetric closure of the
relation with i ~ £ whenever there is a chain 7 = 49,41, ...,%, = £ for some p > 0 with, for all 1 < s <p,

(1) the row of q indexed by i1 is a permutation of the row indexed by ig, or
(2) qi, yi. # Giyi, for some 0 <t <s.

Theorem 4.2. Let q be a quantum parameter matriz. The graded automorphism group breaks into
a direct product over blocks of the partition P of [n] given by the equivalence classes of R:

Autg (Sq(V)) = ] Autg (SqDD (VD)).
DeP
Proof. We verify that the partition P satisfies the hypothesis of Proposition 2.16 and that the
group G ={o € Syp| : [0(D)| = D and q,,,,, ) = 4pp for all blocks D, E of P} given there is trivial.

First notice that P is refined by B, since if two rows of q are equal, then their indices are
equivalent under R and lie in the same block of P. Next we observe that q is constant on the
off-diagonal P-minors. To see this, take D, F € P with D #+ F and let ¢,£/ € D and j,m € E. Then
Gim = Qem since otherwise a chain ¢ = ig,41,...,£ or £ = g, 01,...,7 as in Definition 4.1 could be
extended to a chain also satisfying the condition of Definition 4.1 by appending m to the end,
which would force ¢ and m in the same equivalence class of R and D = E. Similarly, ¢, = ¢;;, and
thus g;j = gim = gem- So q is constant on the off-diagonal P-minor q,, of q.

Let o € Stab(q). Define 7 € G,, to be the unique permutation preserving the order of indices
within each block with 7(B) = o(B) for all blocks B of q. If the row indexed by i is a permutation
of the row indexed by j, say by 7', then d-(;)r(m) = Qim = Qjr/(m) = 9r(j)rr'(m), and so the rows
indexed by 7(i) and 7(j) are equal up to a permutation as well. Similarly, if q;m # qjm, then
Ar(i)r(m) * Gr(j)r(m)- Thus, whenever a chain i = ig,%1,...,%im = j exists as in Definition 4.1,
7(1) = 7(i0),7(i1),...7(im) = Jj is also a chain satisfying the definition. Thus o(D) € P for all
DeP.
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To see that G is trivial, take o € G and a block D of P. Then q, ) =4, for all blocks E of
‘P, which implies that each row indexed by an element of D is a permutation of a row indexed by

an element of o(D). Thus the elements of D are equivalent to those of o(D) under the relation
R, and D = o(D) by the definition of P. O

Remark 4.3. Let P denote the partition giving the equivalence classes of R (Definition 4.1). From
the proof of Theorem 4.2, we see that P satisfies three key properties:

(1) P is refined by By;

(2) indices of rows of q that are permutations of each other lie in the same block of P;

(3) for any two blocks D, E of P with D # E, the P-minor q,,, is constant.

Observe that P is the finest partition with these properties. Indeed, we construct P with the
following two step process. First, we construct the partition of [n] whose blocks index rows of q
which are permutations of each other. We do this by constructing the corresponding multiset of
entries for each row, hashing these multisets, and then grouping indices by hash value. This has
O(n?) time complexity for multiset construction and O(n) time complexity for the grouping.

For the second step, we successively merge blocks D, EY whenever ¢,,, is not a constant matrix.
The algorithm terminates with a partition P such that the P-minor q,, is constant for all distinct
blocks D, E of P. This step has O(n?) time complexity since the number of comparisons is bounded
by the number of entries of q. This results in an algorithm generating P with O(n?) time complexity
overall.

Example 4.4. Suppose a,b,c,d, f and their inverses are distinct in K and

1 -1 a b ¢ ¢ f f

-1 1 b a ¢ ¢ f f
albl 1 -1 ¢ ¢ d f

_ bla?l -1 1 ¢ ¢ f d
q clelelel 1 -1ttt
clelelel-11cte?
flrrat e ¢ 1 -1
fFreiftdt ¢ e -1 1

Note that any o € Stab(q) can only only permute blocks whose rows are permutations of each
other, so it must fix the sets {1,2}, {3,4}, {5,6}, and {7,8}. We turn to the off-diagonal minors.
If o interchanges 1 and 2, then the block (‘g 2) is preserved which implies that ¢ interchanges
3 and 4. But then the block (jf 5) is preserved so o must interchange 7 and 8. So Stab(q) c

((12)(34)(78),(56)). The corresponding partition P of Theorem 4.2 has blocks D = {1,2,3,4,7,8}
and E = {5,6}, and Autg(Sq(V)) = Aute(Sq,, (VD)) x Autg:(Sq, . (VE)).

Theorem 4.2 implies that the set of graded automorphism groups is closed under direct products.

Corollary 4.5. Let Vi and Vs be vector spaces with dim Vi = n; and dim Vs = ny. Let q1 and g2
be n1 x ny and ng x ng quantum parameter matrices, respectively. For |K| sufficiently large, there
exists a quantum parameter matriz q of size (n1 +ng) x (n1 + ng) such that

Autg, (Sq(Vi @ V2)) = Autg,(Sq, (V1)) x Autg (Sq, (V2))

Proof. We take a basis for V = V] @ V5 by appending a basis for V2 onto a basis for V; after

embedding V; in V. Select a not in {0,-1,1} nor an entry of both ¢; and q,. We set q = (qu, q‘i)
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where A is the n x ny constant matrix with all entries @ and A’ is the ns xnq constant matrix with
all entries a™!. Then q is a quantum parameter matrix corresponding to V; @ V5.

Write Py, Pe, and P for the partitions of [n1], [n2], and [n1 + na] corresponding to q1,q2, and q,
respectively, arising from the decomposition given by Theorem 4.2.

Fix indices 4,j,m € [n1 + na]. Since A and A’ are constant matrices, rows i and j of q are
permutations of each other if and only if they correspond to permuted rows both in q; or both in
q2. Therefore, P =Py U Ps.

Since q,,, = (4:) ,,, for D € P;,

[ Aute(Sq,, (Vi@ V2)p)) = [] Aute(Sq,)_ (VD)) x [] Aute(Sw,) (Vb))
DeP DePy pb DePo bb
and thus Autg, (Sq(Vi @ V2)) 2 Auter(Sq, (V1)) x Auter(Sy,(V2)) by Theorem 4.2. O

Remark 4.6. The requirement that |K| be sufficiently large in the last proposition is only to
guarantee some a € K* is not an entry of both q; and gy with a # a™'. Section 6 offers a more
detailed discussion on how the cardinality of K determines which graded automorphism groups

appear for some quantum parameter matrix q with entries in K.

5. KRONECKER PRODUCTS OF QUANTUM PARAMETERS

We investigate here the graded automorphism group arising from the Kronecker product of
quantum parameter matrices. This gives a useful tool for constructing quantum affine spaces with
desirable automorphism groups.

We fix two quantum parameter matrices ¢ € Mat(n,K) and q’ € Mat(n/,K) for integers n,n’ > 1
and index each entry of q® q’ in Mat(nn',K) by a pair of indices (i,i") and (j,5"), setting
(5.1) (q® q/)(i,i’),(j,j’) = Qij qg’j’ .

Note that q ® q' is again a quantum parameter matrix and defines the skew polynomial algebra
Sqeq (V ® V') with relations

(vj ® W) (Vi ® We) = @i G (Vi ® W) (Vj @ wy,) for 1<i,j<nand 1<l m<n

for basis v1,...,v, of V and basis w1, ...,w, of V', using the basis v; ® wy of V ® V'. Generically,
a pair of quantum parameter matrices q and q" are independent in the sense that they share no
entries nor even products of pairs of entries except 1, i.e.,

{ab: a,b entries of q} N {cd:c,d entries of q'} = {1}.

We formalize this notion in the next definition.

Definition 5.2. We say that q and q" are multiplicatively independent when q® q and q’ ® q' have
1 as their only common entry.

We use the indexing convention of Eq. (5.1) to describe blocks of q® q':

Lemma 5.3. The partition Bygq refines the product partition {BxB': B € By, B’ € By} of [n]x[n'].
If q and q' are multiplicatively independent, then these partitions of [n] x [n'] are equal.
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Proof. Suppose i and ¢ are in the same block of q and ' and ¢’ are in the same block of q’. Then
qim q;/m/ = Qim qé’m’ and thus (q ® q,)(i,i’)(m,m’) = (CI ® q/)(ﬁ,é’)(m,m’) for all (m7m/) € [n] X [n/] S0
that (4,i") and (¢,¢") are in the same block of q ® q’. Refinement in the opposite direction uses
multiplicative independence: For all (m,m'), if ¢im @, = Qom Qprppyrs then Gim Qe = Qi @i, and
hence Gim Gme = 1= Qs Qrrir SO Qim = Qo and @0 = Q- O

We now describe the graded automorphism group arising from the tensor product of two quantum
parameter matrices with multiplicatively independent entries.

Theorem 5.4. For q and q' multiplicatively independent, Stab(q ® q") = Stab(q) x Stab(q") and

Attty (Sqeq (VO V') = ( I GL(VB®Vé,)) % (Stab(q) x Stab(q')).
BeBq, B'eB

Proof. By Lemma 5.3, Byeq = {Bx B’ : B € By, B' € By}. The subspace of V ® V' corresponding to
the block Bx B" is (V®V')gxp' = Vg ® Vg with our indexing convention. Corollary 2.9 then gives

Auty (Sqee (VO V) = ( [] GL(Vp® Vi) x Stab(qeq’) .
BeBq, B'eB

Recall Stab(q® q') = {7 € &,, : T preserves block sizes for q® g’ and 7(q®q') = q®q'} for r = ||
and 7’ = [By|. Here preserving block sizes means |7(B, B')| = |B||B’| for all blocks B of q and B’ of
q’, in which case 7(q ® q')(B’B,)(C,C,) is (q®q’ .5y oy We identify &, x &,/ with a subgroup
of &,,, and, for o € &, and ¢’ € &, preserving blocks sizes of q and q’, respectively, we define the

quantum parameter matrix
(0,0')(a®q") = oqg@o'y’.

We argue that Stab(q) x Stab(q") = Stab(q ® q") under this identification.

If (0,0") € Stab(q) x Stab(q"), then (¢,0")(q®q") = oq®0c’'q’ = q®q’ so that (o,0") € Stab(q®q’).

For the opposite inclusion, let 7 € Stab(q® q’). Define 71,75 to be the projection functions onto
the first and second coordinates, respectively. We claim that for any fixed B’ in By, the function
0 : By > By defined by B~ m; 7(B, B") is independent of choice of B'.

To verify the claim, we fix B’,C" in By and B in By, and show m7(B, B') = mi7(B,C"). Write
7(B,B') = (D,D") and 7(B,C") = (F, F") for some blocks D, D', F, F'. Take any (M, M') in B,x B,
and set (L, L") =771(M,M"). Then

! 14 ! !
(9®q )(B,B’)(L,L’) =(9®q )(D,D')(M,M') and  (q®q )(B,C’)(L,L’) =(q®q )(F,F')(M,M') :

Since each minor matrix considered has all identical entries, we take a sample entry from each.
Say b,bv',c,d,d, f,f' £, ,m,m' lie in B,B",C',D,D',F,F',L,L',M, M’, respectively. The first
equality in the display gives qu Gy = Qdm @y, Which forces gy = gam by the multiplicative inde-
pendence of q and q’. A similar argument using the second equality confirms that gy = g, and
hence g = ¢fm- As we may take m to be arbitrary, D = F'. Thus o = mi7(-,B’) : By - By does
not depend on choice of B' in By.

Likewise, we may define a function o’ : By — By defined by B’ - my7(B, B') for a fixed block
B of By and show that ¢’ does not depend on choice of B.

Then 7 : Bygq — Byeq may be written as 7 = (0,0"). As 7 is bijective, both ¢ and ¢’ must
be bijective. For example, if o0(B1) = 0(Bz2), then for any block C’, 7(B1,C") = (6(B1),0'(C")) =
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(0(B2),d'(C")) = 7(B2,C") and By = By as 7 is one-to-one. Hence o and ¢’ are permutations of
the blocks of q and ¢’, respectively.

We next argue that o lies in Stab(q) and o' lies in Stab(q’). First observe that both ¢ and o’
preserve block size. Indeed, for all blocks B in By and B’ in By, |B||B'| = |7(B, B")| = |o(B)||lo’(B’)|
as 7 € Stab(q®q’). Thus if either o or ¢’ preserve block size, then so does the other. And if neither
o nor o’ preserve block size, then there are blocks B and B’ sent by o and o', respectively, to larger
blocks, implying that |B||B’| = |7(B, B’)| = |o(B)|lc’(B")| > |B||B’|. Since T € Stab(q® q'), for any
blocks B, L of q and B’, L’ of ¢,

4 A !
(@®9) 5onywen = @) sonrwrn = (@D 5y 0m) (riwr.0ry)

which implies that q,, = q_ ., ,,, and ¢, , = q;(B,)U(L,) since q and q’ are multiplicatively inde-
pendent and ¢ and o’ preserve block sizes. Thus 7 = (o,0”) lies in Stab(q) x Stab(q") and hence
Stab(q ® q') c Stab(q) x Stab(q’). O

Remark 5.5. For |K| sufficiently large and any n x n quantum parameter matrix ¢, Theorem 5.4
implies that there is an m x m quantum parameter matrix q’ for all positive multiples m of n with
stabilizing permutation group Stab(q’) = Stab(q). Indeed, we may find q” of appropriate size with
q and q” multiplicatively independent and Stab(q") trivial by Proposition 3.4.

The last theorem gives infinite families of graded automorphism groups that all share the same
stabilizing permutation group.

Corollary 5.6. For positive integers n,m, and ni,...,n,., and a permutation group G, there exists
a quantum parameter matriz q € Mat(n,K) with Stab(q) = G, giving

Autg (S3(K™) = [JGL(1:,K) % G.

if and only if there exists a quantum parameter matriz q' € Mat(mn,K) with Stab(q") = G, giving
Autg, (Sq(K™)) = HGL(m-ni,K) yes

Proof. Suppose q is an n x n quantum parameter matrix with G = Stab(q) giving the semidirect
product indicated by Theorem 2.11. Let q’ = q® 1,, for 1,, the m x m matrix whose every entry is
1. Since 1,, and q are multiplicatively independent, and Stab(1,,) is trivial, Theorem 5.4 implies
that Stab(q) = Stab(q’). By Lemma 5.3, since By,, has only one block, By is in bijection with B,
and each block of By has m times as many elements as the corresponding block of B;. Thus,

Aty (Sy (K™)) = []GL(m-n;,K) G

Conversely, fix a quantum parameter matrix q' € Mat(mn, K) with the above graded automor-
phism group. Then every block of By has size a multiple of m. As all entries in q; .. are equal for
all blocks B, C' € By, there is a n x n quantum parameter matrix q with g’ = q® 1,, and a similar
argument verifies that Autg, (S;(K")) is as claimed. O

Example 5.7. Observe Autg (Sq(V)) 2 (K*)? x &3 and Autg, (Sy(V)) 2 (GL(3,K))3 x &3 for

(4i) wa deae(jl])
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6. CLASSIFICATION OF GRADED AUTOMORPHISM GROUPS OF LOW DIMENSION

We classify graded automorphism groups of quantum affine spaces up to dimV < 7. Since two
skew polynomial rings are isomorphic as algebras if and only if their quantum parameters differ
by a permutation applied to indices, see Gaddis [6, Theorem 7.4], we classify these groups up to a
permutation of the basis elements of V. Determining the classification reduces to computing the
possibilities for the stabilizing permutation group Stab(q) of an n x n quantum parameter matrix
q up to conjugation in &,,. Not every subgroup of the symmetric group can appear as a stabilizing
permutation group. For example, of the 96 conjugacy classes of subgroups of &7, only 53 appear.
This may be explained by the following corollary of Theorem 2.11.

Corollary 6.1. Consider a skew polynomial algebra Sq(V') with r the number of distinct rows of
q. The group of graded automorphism is Autg(Sq(V)) 2 (ITj-; GL(n;,K)) x G for a group G c &,
with the property that H ¢ G whenever [r]?/H = [r]?/G for all H c &,. Here, G = Stab(q).

We used the software GAP [7] to give conjugacy classes of subgroups of &,, and a depth-first
search algorithm in Python [15] to compute the graded automorphism groups of all possible q
matrices, using Corollary 6.1 to rule out groups when helpful. The core linear algebra operations
were performed with NumPy [13].

Maximality condition is not sufficient. Not every group G with the maximality property of
Corollary 6.1 is the stabilizing permutation group of some Autg (S7(V')), as we see in the next
example.

Example 6.2. Suppose G = ((12)(34),(13)(24)) c &, for r > 4. Then G satisfies the maximality
condition of Corollary 6.1. We argue G # Stab(q) for every quantum parameter matrix q. Fix q
with blocks By, ..., B, and G = Stab(q). Define a new 4 x 4 matrix q" with ¢;; the entry in 5,5,

for i,j <4. Note that q, for i,j <4 and m >4 as G is transitive on {1,2,3,4} but fixes
m. This implies that ¢’ is a quantum parameter matrix with distinct rows and Stab(q’) = G. Thus

= qBij

, 1(1zbz
qa={¢.9" for some a,b,ce {1,-1}.
cbal

Note ¢ # b else (12) would lie in G. If (b,c) = (1,-1), then a # 1, else (23) would lie in G, and
a # -1, else rows 1 and 3 would be identical. Similarly impossible is the case (b,¢) = (-1,1). Hence
there is no quantum parameter matrix q with G = Stab(q) and Autg(S5(V)) = [T;-; GL(n;, K) xG.

Tracking minimal field size. Whether or not a group may arise as Autg, (S5;(K")) for some
quantum parameter matrix q depends on the cardinality of the field K, see Proposition 3.4 for
example: The field must be large enough for q to contain enough distinct entries. For example,
if K = Fy, then the only quantum parameter matrix is the trivial matrix q = 1,, with Sq(V) 2
Klvi, -, v,] and Autg(Sq(K")) 2 GL(n,K). A sharp lower bound on |K] is calculated for each
group. For n > 7, if G indeed does appear as Stab(q) for some g, the number of orbits of G on [n]?
is an upper bound on the minimum cardinality of K* required, but we are unaware of any formulas
for these bounds.
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Example 6.3. Let n =4 and H = (K*)* % ((123)). We argue that 4 is the minimal cardinality of
K to guarantee H arises as the graded automorphism group of some skew polynomial algebra. We
may rule out |K| =2, and there are four possibilities for q when |K| = 3, namely

1111 11 1 -1 1-1-11 1-1-1-1

1111 11 1-1 -11 -11 and -1 1 -1-1

1111 > 111 -1} -1-1 11> -1-1 1 -1

1111 “1-1-1 1 T 1 11 -1-1-11
which give rise to respective graded automorphism groups

GL(4,K), GL(3,K)xK*, (K)%x ((12),(123)), and (K)*x &,.

Of these, none are isomorphic to H, so the minimal cardinality of K is at least 4. A simple

a a1 a
alalall

1 a ala
computation verifies that Autg(Sq(V)) = H for K ={0,1,a,a™ '} 2F4 and q = (al L “) .
Nonmonomial groups classified using monomial groups of lower dimension. By Theo-
rem 2.11, we may assign to each quantum parameter matrix q a partition A of n = dimV with
Autg, (S5(V)) = (IT; GL(A;, K)™) x G for G = Stab(q), the stabilizing permutation group, and
A= (A" AT). Here, Aq, ..., \s are the distinct parts of A with m; the multiplicity of A; so that
the length of A is r =37 m;.

Every monomial graded automorphism group has the form (K*)™ x G corresponding to the
partition X = (1,...,1). For nonmonomial graded automorphism groups corresponding to a fixed
A, the stabilizing permutation groups G all arise from monomial graded automorphism groups in
lower dimension r = £(\), as explained with the next proposition.

Proposition 6.4. Suppose K| is sufficiently large and let A = (A[" ... \J*) be a partition of n of
length r. Let G be a subgroup of &,.. The following are equivalent:

o There is a n x n quantum parameter matriz q with block sizes corresponding to A with
Stab(q) = G.

e There is an r x r quantum parameter matriz q' with Stab(q") = G a subgroup of [1;.; Gm,
in &, (up to conjugation) with Autg,(Sy(V')) monomial.

Proof. We use Theorem 2.11. Take q as described and label its blocks By, ..., B, so that each q,, 5

has all entries the same. Let q’ be the r x 7 quantum parameter matrix whose ij-th entry is the
entry in q, B, In other words, q’ is the matrix obtained by removing duplicate rows and columns

of q and reindexing. Let P be the partition of [r] with two indices 7, in the same block exactly
when |B;| = |Bj|. We write P = {E1, Es,...Es} and replace entries in q’ so that entries that were
equal remain equal and entries that were distinct remain distinct in each off-diagonal minor quZ_ E

and so that each of these minors has distinct entries from the rest of q'. Then o € &, lies in Stab(q")
exactly when o(7) and 7 are in the same block of P and qj; = q;(i)a(j) for all 4,7. This happens

= 9,5,)0(8;) for all 4,j. Therefore Stab(q") = Stab(q) = G.

Finally, since q’ has distinct rows, the graded automorphism group corresponding to q’ is monomial.

Now assume ¢’ as described in the statement is given. Then g’ must have distinct rows as
Autg, (Sq(V')) is monomial. We construct q from q" by repeating A; times the i-th row of ¢’ to
create a matrix of size n x r and then adding the columns necessary to obtain a n x n quantum
parameter matrix q as claimed with Stab(q) = Stab(q’). O

exactly when |B;| = |o(B;)| and 5,8,
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Example 6.5. Say q is an 8 x 8 quantum parameter matrix corresponding to the partition A =
(1,1,2,2,2) = (12 23) so £(A\) = 5. We find in the dim V = 5 table the rows with Stabgq’ a subgroup
of &9 x 63 identified with a subgroup of &5 up to conjugation in &5, as there must be two blocks
of the smallest size and three of the next smallest size. Thus, up to reindexing, Stab(q) = G and

Autg (S4(K®)) = ((K*)®x GL(2,K)?) » G

for G c G4 x &3 one of 8 groups, namely, 1, 1 x ((123)), 1 xS3, Ga x 1, Sax((12)), G2 x((123)),
((12) x (12)), and &9 x &3 for 1 the identity group. All of these 8 groups arise for some q.

Listing the monomial groups, counting the nonmonomial groups. For dimV <5, we give
each graded automorphism group Autg (Sq(V')) explicitly. For dimV =6 and dimV =7, we give
the monomial graded automorphism groups (K*)™ xG by listing the stabilizing permutation groups
G = Stab(q) that arise explicitly. We count the nonmonomial graded automorphism groups in the
classification using Proposition 6.4, which explains how to write them out explicitly using earlier
tables in order to complete the classification. We omit explicit tables for these nonmonomial groups
for brevity.

The explicit classification. Below, we classify the matrix groups that arise as graded automor-
phism groups for skew polynomial algebras with dimV < 7. We give the classification up to a
permutation of the basis elements, i.e., up to a permutation of indices of the quantum parameter
matrices. In the tables, (K*)™ x GL(4,K) indicates a group of block diagonal matrices, which
sometimes appears in a semidirect product with a permutation group acting by permuting the
blocks. There are exactly

3 groups for dimV = 2,

6 groups for dimV = 3,

15 groups for dimV =4,

25 groups for dimV =5,

65 groups for dim V' =6, and

105 groups for dimV =7

that arise as Autg,(S4(V)) for some quantum parameter matrix q. For dimV = 3, this recovers
[12, Theorem 11.1]. Aside from a handful of permutation groups of small order, the classification
for dimV equal to 4, 5, 6, and 7 was determined by exhaustive computation, taking only a brief
amount of time with current computer capabilities.

In each table below, we list the groups in the classification for a fixed dimension of V' and
indicate a sample q giving that group as Autg(S(V)) along with the stabilizing permutation
group G = Stab(q) as in Theorem 2.11. We also indicate the minimum cardinality of K required.
For each matrix q listed, we assume a,b,c,d, e, f are pairwise distinct scalars in K*/{+1}.

We also indicate in each table the orbits of G on [n]? for n = dimV using the fact that G
permutes blocks of q of the same size: For each possible block size, we reindex so the blocks of that
size are Bi,..., B, and give an m x m matrix indicating the orbits of G on [m] x [m]; the entries
range from 1 to the number of orbits with ij-th and k¢-th entries equal whenever (i,7) and (k, /)
lie in the same orbit.
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TABLE 1. Graded Automorphism Groups for dimV =2

Autg, (Sq(V)) q Stabg Orbits Min [K]

(K*)? (o9) (o I3

(K)*«((12)) (417) ((12) [3

GL(2,K) (11) (e [1] 2

TABLE 2. Graded Automorphism Groups for dimV =3

Autg: (Sq(V)) q Stabq  Orbits  Min |K|

S S O I

[3:8]
@) (A58 ) [H3] s
[313]

@y a2y (55%) azy [1E] 4
®)=es  (337) & 303 s
K* x GL(2,K) (Zlilili) © [1,[1] 3
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For dim V' =4, the classification comprises 15 graded automorphism groups.

TABLE 3. Graded Automorphism Groups for dimV =4

Autg: (Sq(V)) q Stab q Orbits Min |K]
1 a b ¢
= ¢ 12 3 4
(Kx)4 (bl dll ‘1i f) (e) [g 160 171 182] 5
c—l 6—1 f—l 1 13 14 15 16
i _11 —11 lg c 123 4
()" = ((12) (2ath) e [HH] s
el gl 88910
1 a a”lb 12347
()" % ((123)) (“a1 S Z) ((123)) 5314 4
bl p !t pt 1 5556-
x4 S (2133
(K*)* % ((123),(12)) 1 1w ((123),(12)) 2213 3
bl el L4445
i a5 e [2135]
(K*)" = ((12)(34)) Lyl 11 ((12)(34)) 5678 3
bl a7l sl 1 -6587-
‘yd R 3133
(K*)* = {(12),(34)) (afl ol 1 71) ((12),(34)) 1i%e 5
alal -1 1 44654
oy S 1134)
(K*)"«((1234)) 10! 1 @ ((1234)) 3412 5
a 1 a7 ! 1 2341-
“nd 1 1 -11 rl 2327
S RT(CEETINCE )N S B IR (CEETONCE) VI E 7 1
1511 1 L2321
s 1 -1-1-1 F122 27
(K*)* % G4 (:}_1131:}) Sy 53132 3
“1-1-1 1 12221
1 a bb
(K*)? x GL(2,K) R {e) (33100 4
bty i
11 711 aa
@yxeremy-az (A45) o2 pne s
ata 11
1 1 aa
(GLE2, K (b i) (e By 4
alali11
1 1 -1-1
(GLEK)*» (12) (L277) ) [33] 3
“1-11 1
1 aaa
X a !
K GL(3 ) () e SISEE
a”t111
GL(4,K) (HH) (e) [1] 2
) 1111
1111

For dim V' = 5, we list monomial graded automorphism groups in the first table and nonmonomial
groups in the second table. There are total of 25 graded automorphism groups.
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=5

TABLE 4. Monomial Graded Automorphism Groups for dim V'

Min [K|

Orbits

Stab q

AUtgr(Sq ()

cwow
WIAAQ

<+ o
Yo Saa

moom
Rek s et

-
A Loa

O
O~

o <t 0 [ap) [ap) [ap) [ap) [ap) 0 [ap) <t o 2]
— —
o~ — com
WO N s Bkt SO r 1T 1T voT voT T T 1
GO PPN R e TSNS FEETO NMMMID MO0 MmO DFNAA NOMA— NN
T g Ymao = 00T mmmoos OO0 AAAHT MO0 M0NMIn0 FNA=H0  MHON—N ACCHA
;e - NN O oo 6 M NNHEN ANHNT MOS0 ANHEE N0 MA—HNM AN
og PATHOS Nawmo o e A OHE®ID NHONY OeEEY e EEE N0 e NN
A0S~ AN gmao TTECH aine L dime —NOO0 SOONY SO ANATY 090N 00N SaaaN
o4 TMAOR —_ - AN L I Il I I I Il J
oS oo~ S
—_ [E—1
[EE— [SE—1
—
~
—
— <
— — = N
-_ —~~ ~~ _
— oy o [a] [ON] <t —
— — [ap) 0 ~ —~ [N
— iy - <t — — < = 1)
Ny o) <t ae) « ~ = 3 el —
™ [ap) — -~ - ™ <
™ ~ ™ = ~ = ) o ~ N ™ 5
— — [\l <3 ~ - - - - — ~ — O]
ot = — N ™~ b~ ™ o) - — 0
~ = ~ — — [a\] a a [a\] - —
-~ ~ — — —~ ~ <t
~ -~ ~ ~— i ~ [a\} ~ ™
-~ ~ ~ -~ — N
Nt =
=
— —
-~ —
-
WO e e 200 A TTVTVHS- ITVVTV~ 00UTVV A LO0TVV~ 000 U+ TISS~ ISTS aai,A o o~ aaa_l_.l,a_bbal e
o — — —
- - - — - - - - —
Lo WHT Vo U I T el e e S8R S8 a1 Tl T B e
ey - T = = = Q S 8 IS0 | o8I - o e -
[ [ - - . e [ R S T
S3 — | ] g~ 1 S =1 1 [SESEE] | I8~ 1 — I — — | — — — -
< vos o ! ] Hw H 11T g | s T s semi = 1 g8 o e STeTe TTETT
- - - - - - -
T T e s T e s T e e T T e T P AL e - TeTem TeTTT
30 O SIS s = SR SIS IESY 3o 3 g g ! I8 81 _|_ O
- — - -y —_ _ e - e s es I s o 11,A111,A 11_A1,f|_A1,A
A I I~ ORI I TR A R S et A I S A N L A I e = =T —
3o 0 3 QO3 3 S SIYSINS) [SEESIESY SIS 3 g =yl 1! IR 1l 1 D8 —m— S—
SIS S o
~—— S—— SN—
S— ~————
—
~
—~
— <
— — = N
Py -_ —~~ —~~ -
— = = ) o« N ) N = ~
~
— — — <t <t -~ i i < —~ 0 0
~ —~ < ™ ~ - o =
™ - ag) N2 — -~ -~ e <t 0
o] ~ ~ 7 — o ] et N ) -~
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= N2 — N < 52 o < ~ 0
= = — = — « I I « = . < X
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:w) 0 X x ~ g x ~— K
X P 0 —
M X Z 2 9w " X X " -~ — ~ ~
= 4 M X % —~ 0 0 —~ X X ~
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TABLE 5. Nonmonomial Graded Automorphism Groups for dimV =5

Autg: (Sq(V)) q Stabq  Orbits  Min [K|

9‘
-
o

| = o

==

(K*)® x GL(2,K)

|
—
o
|
—
~ =
H o= S0 0

((K*)* x GL(2,K)) = ((12))

< I
= L —
D‘;W‘

—
8 o
oo
L e ee
Loe e

((K*)? x GL(2,K)) % ((123))

-
|

-
Il

==

((K*)® x GL(2,K)) » &3

8
L
8
L
S
| =
LoL

)
|
i
)
o |
i
)
|

g\
-
-

| = = Q

|
-~ =

K* x (GL(2,K))?

A0 TR RHEOrr PO TS

— e —
(SRS S o [}
(R
SN P
oo R
R
[T
o o
R
h

HHEO00 CRRERY RRroo o THEO ST Lo
—
~
—
[\]
w
N—
st
L
[T
TN
oW
—
—
—
[
[

a*1l1l -1-1
(K* x (GL(2,K))?) x &2 el 11 -1-1 G [1],[4%] 3
bl o1-11 1
bt o1-11 1
1 a bbb
(K*)? x GL(3,K) ('Zl 51111) (&) [42),[2] 3
b lceli11
b leli11
11 711 aaa
((I)? % GL(3,K)) = {(12)) (;_1 ;_1;;;) (12) 13101 3
atali111
1 1 aaa
}1 llaaa
GL(2,K) x GL(3,K) ( Z-liii) (@) D)8
atali111
1 aaaa
at1111
K* x GL(4,K) a11111) (e} x(e) [1],[1] 3
al1111
at1111
11111
GL(5,K) (H%H) (e) [1] 2
11111

Dimension six. We now assume dim V' = 6. There are total of 65 graded automorphism groups.
There are 11 partitions of 6, with the partition (1,1,1,1,1,1) corresponding to monomial au-
tomorphisms. The next table provides the number of groups corresponding to the fixed block
decomposition given by each partition. We give the monomial groups explicitly below.
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TABLE 6. Graded Automorphism Groups for dim V' = 6 organized by partition

A% (a%2) | (122%) | (2°) | (1°3) | (123) | (3%) | (1%4) | (24) | (15) | (6)
count | 36 9 4 4 4 1 2 2 1 1 1

For |[K| = 3 there are 21 monomial automorphism groups; they have stabilizing permutation groups

(e), ((12)), ((12)(34)(56)), ((12)(34)), ((12)(34),(56)), ((12),(34)), ((15)(34),(56)(24)),
((13)(24),(12)(34)(56)), ((12),(23)), ((1234)(56),(24)), ((1234),(24)), ((123),(34)),
((15)(24),(12345)), ((12),(23),(45)), ((1234),(45)), ((123456),(13)), ((12),(234)(56)),
((123456),(163452)), ((123456),(1346),(25)), ((1234),(13),(56)), ((12345),(56)).

For |K| > 4 and char K = 2, there are 12 monomial automorphism groups: 4 groups arise from the
IK| = 3 case and have stabilizing permutation groups

{e), ((12)(34)), ((12)(34)(56)), ((123)(456),(12)(45)),

and 8 additional groups have stabilizing permutation groups

((123)), ((123)(456)), ((1234)(56)), ((1234)),
((12345)), ((123456)), ((123),(456)), ((12)(34)(56),(135)).

For K| > 5 and char K # 2, there are 36 monomial automorphism groups: 21+8 = 29 with stabilizing
permutation groups as in the cases |K| =3 and |K| =4 and 7 with stabilizing permutation groups

((123)(456),(34)(25)(16)), ((123)(45)), ((12),(34),(56)), ((12),(3456)),
((123),(456),(45)), ((123456),(14)), ((23),(123)(456),(56)).

Dimension seven. We now assume dimV = 7. There are a total of 105 graded automorphism
groups. These arise from the 15 partitions of 7, with the partition (1,1,1,1,1,1,1) corresponding
to monomial automorphism groups. The next two tables provides a count of the number of graded
automorphism groups corresponding to the fixed block decomposition given by each partition.

TABLE 7. Graded Automorphism Groups for dim V' =7 organized by partition

AL (A7) [ (1%2) | (1322) | (123) | (1%3) | (1223) | 223 | (13?)
count | 53 14 8 4 9 2 2 2

A (134) [ (124) | (34) | (125) | (25) | (16) | (7)
count | 4 1 1 2 1 1 1
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For |K| = 3, there are 31 monomial automorphism groups; they have stabilizing permutation groups

{e), ((12)), ((12)(34)), ((12)(34)(56)), ((12),(34)), ((13)(24),(12)(34)(56)), ((12),(23)),
((12)(34),(56)), ((12)(45),(23)(56)), ((13),(1234)), ((12),(34),(56)), ((13),(1234)(56)),
((12)(34),(14)(52)), ((12),(23),(45)(67)), ((12),(23),(45)), ((16)(35),(12)(34)(56)),
((1234567),(17)(26)(35)), ((13),(1234),(56)), ((12)(35),(12345),(67)), ((123),(34)),
((12),(34)(56)(57)), ((12),(12345)), ((12),(13),(45),(46)), ((1234),(14),(56)),
((12)(34),(1546)(23),(14)), ((13),(1234),(56),(67)), ((12)(34)(56),(23),(45)),
((3456)(17),(12)(345)), ((123)(45)(67),(124)(35)), ((12345),(56)), ((123456),(67)).

For [K| = 4, there are 16 monomial automorphism groups: 4 from the |K| = 3 case, namely, those
with stabilizing permutation groups

{e), {((12)(34)), {(12)(34)(56)), ((123)(456),(12)(45)),

and 12 additional groups with stabilizing permutation groups

((123)), ((123)(456)), ((1234)), ((1234)(56)), ((12345)), ((123)(45)(67)), ((123456)),
((1234567)), ((123),(456)), ((1234)(567)), ((135),(123456)), ((1234567),(235)(476)).

For [K]| > 5, there are 53 monomial automorphism groups: 31+ 12 = 43 with stabilizing permutation
groups as in the cases |[K| =3 and |K| = 4 above and 10 additional groups with types

((16)(25)(34),(123456)), ((135)(24)), ((12),(3456)), ((12345)(67)),
((12),(345),(67)), ((12),(23),(456)), ((123)(456),(14)),
((13),(1234),(567)), ((1234),(56),(67)), ((123),(456),(67)).
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