http://dx.doi.org/10.4153/S0008414X23000044 %
© The Author(s), 2023. Published by Cambridge University Press on behalf of

The Canadian Mathematical Society. This is an Open Access article, distributed under the terms of the
Creative Commons Attribution licence (https://creativecommons.org/licenses/by/4.0/), which permits
unrestricted re-use, distribution, and reproduction in any medium, provided the original work is

properly cited.

On the classification and description
of quantum lens spaces as graph algebras

Canad. J. Math. Vol. 76 (1), 2024 pp. 246-282 JYZ

Thomas Gotfredsen® and Sophie Emma Zegers

Abstract. We investigate quantum lens spaces, C(L3"*'(r;m)), introduced by Brzezifiski and
Szymanski as graph C* -algebras. We give a new description of C(L}"*!(r;m)) as graph C* -algebras
amending an error in the original paper by Brzezinski and Szymanski. Furthermore, for n < 3, we
give a number-theoretic invariant, when all but one weight are coprime to the order of the acting
group r. This builds upon the work of Eilers, Restorff, Ruiz, and Serensen.

1 Introduction

In the study of noncommutative geometry, many classical spaces have been given a
quantum analogue. Due to Gelfand duality, there exists an equivalence between the
categories of commutative C*-algebras and locally compact Hausdorff spaces. Hence,
when studying quantum analogues of classical spaces, one often thinks of them as
algebras of continuous functions on a nonexisting virtual space.

A well-studied example is the quantum sphere by Vaksman and Soibelman [28],
from which we define quantum lens spaces as fixed point algebras under the action
of finite cyclic groups. In noncommutative geometry, quantum lens spaces are objects
of increasing interest (see, e.g., [2, 7, 10]), where noncommutative line bundles with
quantum lens spaces as total spaces are investigated.

In [20], Hong and Szymanski gave a description of quantum lens spaces as graph
C* -algebras. This description was extended in [8] by Brzezinski and Szymanski to also
include weights that are not necessarily coprime with the order of the acting finite
cyclic group. Unfortunately, the general description is incorrect, which was recently
pointed out by Efren Ruiz.

In the present paper, we first describe a new graph which is a modified version of
the one given by Brzezinski and Szymanski and prove that quantum lens spaces are
indeed graph C*-algebras. Then we deal with classification of quantum lens spaces
of dimension at most 7, with certain conditions on their weights. We remark that the
work on classification has already been presented in an earlier preprint, unpublished,
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available on arXiv [18] by the present authors. After the submission of the preprint
to arXiv, it was pointed out by Efren Ruiz that the graph C*-algebraic description
of quantum lens spaces is incorrect in some cases. This affects to some extent the
classification results presented in the first preprint. The present paper serves as an
extension of the previous one, containing both the modified graph C*-algebraic
description and the adjusted classification results.

For the determination of isomorphism of quantum lens spaces, it is not sufficient
only considering their K-groups and the order [13, Remark 710]. In [13], Eilers,
Restorff, Ruiz, and Serensen came with an important classification result of finite
graph C*-algebras using the reduced filtered K-theory. As opposed to the classification
of Cuntz-Krieger algebras given by Restorff in [25], which the result in [13] is based
on, quantum lens spaces fall within the scope of this classification. As an application
of the classification result, Eilers, Restorff, Ruiz, and Serensen investigated seven-
dimensional quantum lens spaces for which all the weights are coprime with the
order of the acting cyclic group Z,. They managed to reduce the classification result
to elementary matrix algebras using SLp-equivalence and to prove that the lowest
dimension for which we get different quantum lens spaces is dimension 7. Here, they
showed that there exist two different quantum lens spaces when r is a multiple of 3,
and precisely one when this is not the case.

Further investigation of quantum lens spaces, as defined in [20], was conducted
in [21] by Jensen, Klausen, and Rasmussen using SLp-equivalence. For a fixed r, they
showed how large the dimension of the quantum lens space C(L2"*!(r; mo, ..., m,))
must be to obtain nonisomorphic quantum lens spaces. The work is based on com-
puter experiments by Eilers, who came up with a suggestion for a number s such that
for n < s, the quantum lens spaces are all isomorphic.

In this paper, we will extend the result by Eilers, Restorff, Ruiz, and Serensen to
quantum lens spaces of dimension less than or equal to 7 for which ged(m;,r) #1
for one and only one i. The work builds on computer experiments, which were made
in collaboration with Seren Eilers. We use a program written by Eilers in Maple
2019," which has been optimized slightly by the present authors. Concretely, the
program computes the adjacency matrices and isomorphism classes given the order
r and the set {gcd(m;,r):i=0,...,3}. We then came up with a suggestion for an
invariant, depending on which weight that is not coprime with r, by considering
various combinations of the values of r and the weights. In this way, experiments have
played a crucial role in determining the statement of the presented theorems.

The structure of the paper is as follows: In Section 2, we present the classification
result by Eilers, Restorff, Ruiz, and Serensen in the case of type I graph C*-algebras.
Section 3 contains a counterexample proving that the description of quantum lens
spaces as graph C*-algebras by Brzezinski and Szymanski is incorrect. Moreover, it
contains a new proof that quantum lens spaces are indeed graph C*-algebras. We
emphasize that the content in this section has already been presented in the same
format in [23, Chapter 2]. In Section 4, we describe the classification result by Eilers,
Restorff, Ruiz, and Serensen in the setting of quantum lens spaces and present the

1Maplesoft, a division of Waterloo Maple Inc., Waterloo, Ontario.
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classification for quantum lens spaces for which all the weights are coprime to the
order of the acting group.

The procedure to classify quantum lens spaces follows by first constructing the
adjacency matrices, which are presented in Section 6. Afterward, we calculate an
invariant using SLyp-equivalence, which involves some long calculations. Therefore,
the proofs are postponed to Section 7, and the main theorems (Theorems 5.1 and 5.3)
are stated in Section 5.

2 Preliminaries

We recall first some concepts of graph C*-algebras, which are needed in this paper.
A directed graph E = (E°, E', 1, s) consists of a countable set E® of vertices, a countable
set E! of edges, and two maps r, s : E! — E° called the range map and the source map,
respectively. For an edge e € E! from v to w, we have s(e) =v and r(e) = w. For a
directed graph E, we let Ag = [A(v, )], wego, where A(v, w) is the number of edges
with source v and range w. Ag is called the adjacency matrix for E. Moreover, we let
BE = AE -1

A graph is called finite if it has finitely many edges and vertices. For a directed
graph E, we recall that a vertex is regular if s™'(v) = {e € E!| s(e) = v} is finite and
nonempty, and it is called singular if this is not the case. In the case where we have too
many edges between two vertices to make a good drawing, we only draw one edge and

indicate the number of edges as follows: e ) . if the number of edges is m.

A path « in a graph is a finite sequence « = eje,-e, of edges satisfying r(e;) =
s(ejr1) fori=1,...,n -1 Apath aiscalledacycleif s(a) = r(a) and aloop if  is a
cycle of length 1. It is called a return path if a is a cycle and r(e;) # r(«) for i < n.

Let v,w € E°, if there is a path from v to w in the graph, then we write v > w.
A subset H € E? is called hereditary if v € Hand w € E° is such that v > w, then w € H.

The graph C*-algebra of a directed graph is defined as follows (see, e.g., [5, 16]).

Definition 2.1 Let E=(E° E',r,s) be a directed graph. The graph C*-algebra
C*(E) is the universal C*-algebra generated by families of orthogonal projections
{py|v € E°} and partial isometries {s.| e € E'} with mutually orthogonal ranges (i.e.,
s,s5 = 0,e # f) subject to the relations:

(CK1) s)se = Pr(e)-
(CK2) s.s; < Ds(e)-
(CK3) py= Y sesi,if{eeE!s(e)=v} is finite and nonempty.

s(e)=v

For at path o = ejez:-€,, we let 5o = s, S¢, S, -

We can by universality define a circle action, called the gauge action, y : U(1) —
Aut(C*(E)) for which y,(p,) = p, and y.(s.) =zs, for all veE% e€E', and
ze U(1).

If the graph has finitely many vertices, we say that a nonempty subset S ¢ E° is
strongly connected if for any pair of vertices v, w € S, there exists a path from v to w.
It is called a strongly connected component if it is a maximal strongly connected subset.

We let Tz be the set of all strongly connected components and all singletons of singular
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vertices which are not the base of a cycle. Moreover, a strongly connected component
is called a cyclic component if one of its vertices has exactly one return path.

Let Prime, (C*(E)) be the set of all proper ideals of C*(E) which are prime and
gauge-invariant. For at finite graph E, it follows by [13, Lemma 3.16] that there exists a
homeomorphism vg : [z — Prime,, (C*(E)) such that y; > y if and only if vg(y1) 2
ve(y2) for y1, 9, € Ig.

The structure of Prime,(C*(E)), and hence of Ty, will become crucial in the
application of SLp-equivalence.

2.1 Classification of graph C*-algebras over finite graphs

In this section, we briefly describe the classification result of finite graphs by Eilers,
Restorff, Ruiz, and Serensen in [13]. We restrict to the case of type I/postliminal
C*-algebras. By [13, Lemma 4.20] and [11], a graph C*-algebra C*(E) is of type I if
and only if no vertices support two distinct return paths.

In [13, Theorem 6.1], finite graphs are classified up to stable isomorphism by their
ordered reduced filtered K-theory, in which the main idea is to consider the K-theory
of specific ideals, the corresponding quotients, and the maps between them. We will
not describe this further. Instead, we consider type I graph C*-algebras for which
the classification result is reduced to a question of SLp-equivalence as presented in
[13, 14]. SLp-equivalence boils down to elementary matrix algebras, which makes it a
very useful tool in applications.

We describe the definition of SLp-equivalence; for this, we let n = (n;)
m = (m;)N, e NN be multi-indices and |n| = n; + --- + ny. We denote by 1 the multi-
index with 1 on every entry.

Definition 2.2 Let P ={1,2,3,...,N} with N € N be a partially ordered set with

order denoted <. Let m,n € NV be multi-indices such that |m| > 0 and |n| > 0. Then
My (m x n,7Z) is the set of block matrices

N
i=1>

B{1,1} -+ B{L N}
B = : :
B{N,1} - B{N,N}
for which
(2.1) B{i,j} #+0=>ix<},

where B{i, j} € M(m; x n;,Z). If m; =n; =0, then B{i, j} is the empty matrix.
Moreover, we denote B{i,i} by B{i}. Note that condition (2.1) implies that the
matrices in 9p (m x n,Z) are upper triangular block matrices.

Let Mp(n,Z) denote My (n x n,Z). We define SLp(n,Z) to be the matrices in
M (n,Z) such that all the nonempty diagonal blocks have determinant 1.

Definition2.3 Let A, B € Mp(m x n,Z),and we say that A and Bare SLp-equivalent
if there exist U € SLp(m,Z) and V € SLp(n,Z) such that UAV = B.

The block structure of Bg for a finite graph E is given by the conditions in [13,
Definition 4.15]. Here, a partial ordered set P is defined such that there is an order-
reversing isomorphism from P to 'z and hence encodes the ideal structure.
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Let E be a finite graph which has no vertices supporting two distinct return paths.
From [13, Definition 4.15] and the following remark, it follows that Bg can be assumed
to haveal x 1block structure, i.e., Bg € 95, (1, Z) (see [13, Definition 4.15]). SLy (1, Z)
is in this case given as the set of upper triangular matrices, A = (a;;), with 1 on the
diagonal and which satisfies a;; # 0 = i < j.

SLy-equivalence simplifies in this case since the block structure consists of 1 x 1
matrices. Hence, working with SLp-equivalence becomes a linear problem. Note that
SLy(1,Z) is a group under matrix multiplication.

Let E, be the graph which is obtained from E by adding a loop to all sinks in E. For
two finite graphs E and F, we say that (Bg, Br) is in standard form if the adjacency
matrices for E and F have the same size and block structure; moreover, they must also
have the same temperatures, i.e., the same types of gauge simple subquotients (see [13,
Definition 4.22] for a precise definition). The partial ordered set PP is defined such that
there is an order-reversing isomorphism from P to I'z and I'r.

Type I graph C*-algebras are classified by the following result.

Theorem 2.1 ([13, Theorem 7.1] and [14, Proposition 14.8]) Let E and F be finite
graphs which have no vertices supporting two distinct return paths. If (Bg, Bg) is in
standard form, then C*(E) and C* (F) are isomorphic if and only if there exist matrices
U,V € SLp(1,Z) such that UBE,V = Bg,.

3 Quantum Lens spaces as graph C~*-algebras

The quantum (2# + 1)-sphere by Vaksman and Soibelman, denoted C (S;"“), is the
universal C*-algebra generated by zy, 21, . . . , z, with the following relations:

zjzi = qzizj, fori<j, zizj =qzjz;, fori#j,

n
* * 2 * .
Zizi=ziz; + (1-q°) ) zjzj, fori=0,...,n,
j=i+l

n

* —
szzj =1,
=0

where g € (0,1) (see [28]). It was shown in [19] that C(S;”“) = C*(Lyns1) where

the graph L,,,; has vertices v;,i=0,...,n, with edges e;;,0<i<j<n, and
s(e,-j) = vi,r(e,-j) = Vj.
Let m = (mg, my,...,m,) be a sequence of positive integers. The C*-algebra

C(83"*") admits, by universality, an action of Z, for any r € N, given by
Prm tZp > emizi)

where 0 is a generator of Z,. The quantum lens space C(L2"*!(r;m)) is defined as the
fixed point algebra of C(S2"*') under this action.

The action pj, on C(8;"*!) translates under the isomorphism with C*(L2y+1), to
the following action:

m;
Seij =0 lseij’ pVi '_)pvi’
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We also denote this action by py,. It then follows by [9, Theorem 4.6] that

(1) C(LI™(r5m)) = C(Lape )= (Z P<v,-,o>) C*(Lans1 e Zy) (Z P<v,-,o>) :
i=0 i=0

The graph Lj,. % Z,, called the skew product graph labeled by c:e;; —
m; (mod r), has vertices (v;,k),i=0,...,n,k=0,...,r -1, and edges (e;j, k), i,
j=0,...,n,i<j,k=0,...,r -1 The source and range maps are given as follows:

s((eijsk)) = (vi.k—m; (modr)), r((eij,k)) = (vj, k).

In [8, Theorem 2.2], it is stated that C(Lé"“(r; m)) is isomorphic to the graph

C*-algebra C* (L% ). To define the graph L, |, we need the notion of an admissible
path.

Definition 3.1[8] A path from (v;,s) to (v, t) in Ly X Z, is called admissible if it
does not pass through any (v, k) for which £=1i,...,jand k=0,...,gcd(my, 1) — 1.

Remark 3.1 Comparing with the notion of 0-simple paths from [13, Definition 7.4],
it is clear that the 0-simple paths are exactly the admissible paths when all weights are
coprime to the order of the acting group.

Definition 3.2 [8] The graph L), has vertices v2,i=0,...,n,b=

2n+1 i
st — st
0,...,gcd(m;,r) —1and edges ef; ., a =1,..., n}; where

nfjt = the number of admissible paths from (v;,s) to (v;, t).
The source and range maps are given by

s(ef.]t»;a =i, r(ef.]t-;a = v}.
The following example, which was pointed out by Efren Ruiz, shows that it is not
in general true that C(L2"*'(r; m)) is isomorphic to the graph C*-algebra C* (L),
as stated in (8, Theorem 2.2].

Example 3.2 Counterexample of [8, Theorem 2.2] Let n=1,r =4, and m = (2,1),
then the skew product graph consists of two levels, both of which consist of four
vertices, and the first level consists of two cycles as follows:

L3y x.Zy4
(v0,0) © (vo,1) o (v0,2) "o (v0,3) "o
,0) & (1) (n,2) (v,3) >

\—/
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We have
C(L3(45(2.1))) 2 (P(v.0) + L(52,0))C (L3 Xc Za) (P(v9,0) + P(0,0))
=span{sys, | r(u) = r(v),s(u),s(v) € {(v0,0), (v1,0)}}
= (P0,0) + L(1,0))C (G)(P(v9,0) + P(11,0))>
where G is the subgraph of L3 x. Z, for which

G ={(vo,1), (v, /)| i=0,2,7=0,1,2,3}, G'=s(E®) nr '(E®).

The range and source maps are the ones from L3 x. Z4 restricted to G. The graph G is
defined as above since we have no paths from (vg,0) or (v;,0) to (vo,1) and (vg, 3).
Hence, we can remove the vertices (vo, i), i = 1,3, and their outgoing edges. Note that
G is the smallest hereditary subset of (L3 x, Z4)°, which contains (vo,0) and (vy,0).

Since G is a Cuntz-Krieger algebra, it follows by [3, Corollary 4.10] that the corner
is indeed a Cuntz-Krieger algebra, hence a graph C*-algebra.

The projection p(y,,0) + P (1,0 is full in C*(G). Indeed, let I be the ideal generated
bY P(ve,0) + P(w,0)- By the Cuntz-Krieger relations, we have

P(vo,2) = 52500,2)5(6003)’ 5(300,2)52200,2) < P(v0,0)-

Hence,

52300»2) = Szeou,Z)S(eOO:Z)SZeOO,Z) = SZeoo,2)5(200,2)5&00,2)1)\’0,0 el
Then p(,,,2) € I. Similarly, we can show that p(,, 1) € I using that p(,, oy € I and so on.
We obtain that p,, € I for all w € G hence, I = C*(G) and p(,,,0) + P(v,,0) is a full
projection. By [6, Corollary 2.6], (P(vy,0) + P(11,0))C*(G)(P(vs,0) + P(w,0)) i stably
isomorphic to C*(G).

We apply the collapse move defined in [26] a number of times until we obtain a
finite graph with no sinks and sources such that every vertex is the base of at least one
loop. The graphs below indicate how to obtain such a graph, and the vertex indicated
with = is the one we collapse in each step. The graph we obtain in the last step is

denoted by E.

G /_\
] D
\—/

\_/

O O
\/ ~_

O—0
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By [26, Lemma 5.1], we obtain C*(G) ® X ~ C*(E) ® X and hence
3 . ~ *
(3.2) C(Ly(4(2,1)))eX=C'(E)® K.

It is a consequence of the claim [8, Theorem 2.2] made by Brzezinski and Szymanski
that C (LZ (45(2,1))) is isomorphic to the graph C*-algebra of the following graph:

o O O

O

By considering the strongly connected components, we have |Prime, C*(E)| = 2 and
|PrimeyC*(L§;(2’1))| =3. Since X is central and simple, it follows that the ideal

structure of the tensor product with X is completely determined by C*(E) or
C(L3(4;(2,1))) (see, e.g., [12, Theorem 4.3.1]). Then C(LZ(4;(2,1))) cannot be

isomorphic to C*(Li;(z’l)) since it contradicts (3.2).
We will in Theorem 3.4 prove that the quantum lens spaces are indeed graph C*-
algebras of a modified graph from which it follows that C (LZ (4;(2,1))) = C*(E).

Remark 3.3 The proof of [8, Theorem 2.2] follows by constructing an explicit
isomorphism. The problem with the isomorphism is that p,» is mapped to p(y,,4) for
i=0,1,...,n,b=0,1,...,gcd(m;, r) — 1. However, p,, ;) for b # 0 is not contained
in the corner in (3.1) by orthogonality of the projections.

3.1 A modified graph

We now define a graph for which the main idea behind the construction is similar to

the one for L;anl. The main difference is that we restrict the set of vertices further.

Definition 3.3 Let n >1 be an integer, let r € N, and let m = (my,...,m,) be a
sequence of positive integers. Let Hy,, be the smallest hereditary subset of (Lz,+1 X,
Z,)° containing {(v;,0)|i =0,...,n}. Foreachi=0,...,n, let
Si={ke{0,...,gcd(m;,r) —1}| (vi, k) € Hpm }.

Note that Sy = {0}. The graph L, is defined as follows:

(Ton) = {vkli=0,....,nkeS;),

(L)' = {effal0<i<j<nseSyteS,a=1,...,n5),
where nfjt is the number of admissible paths from (v;,s) to (vj, t). The range and
source maps are given by

st _ .S st _ .t
s(eija) =vi> r(€ija) =V
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Level0 o v)

Levell o v} o vl ° vls“_l
0 1 Sal-1
Leveln e v, oV, ® Vln"‘

Figure I: Tllustration of (f;;ﬁl) 0

The graph L, .+, then consists of " |S;| vertices, which we divide into n + 1levels.
The levels are denoted by level 0 to level n, where level i consists of the vertices vl’.‘, ke
Si. There only exist edges from a lower indexed level to a higher one, and each vertex
is the base of precisely one loop. The graph is illustrated in Figure 1 without indicating
any edges.

The difference between the definition of L}, and fg;ﬁl is that we restrict the
vertices to the ones in the smallest hereditary subset of (Lj,+1 % Z,)°. In this way,
we avoid the problem in Example 3.2 since we remove the vertices that are not in the
hereditary subset, i.e., the vertices (vo,1) and (vo, 3).

The purpose of this section is to prove the following theorem.

Theorem 3.4 As C*-algebras, we have
"

CLF™ (rm)) = C* (Tr).

Remark 3.5 1f gcd(my, r) =1, then one can always find a path from (vy,0) to any

given vertex in the skew-product graph, and hence Iﬁfjﬁ) is the same as L;:;ﬁ). It

follows, in this particular case, that our description of quantum lens spaces as graph
C* -algebras agrees with the one given in [8]. Consequently, all of the examples given
in that paper as well as the work done in [13, 20] are still valid under the description
given in Theorem 3.4

To show that C (sz"“(r; m)) is isomorphic to C*(f;;nmﬂ), we need a couple of
lemmas. With [8, Theorem 2.2] in mind, we will show the following.

Lemma 3.6 There exists a x-isomorphism

(3.3) y: C*(Zz;n:l) - > Pk | C (Lansr xc Zy) > Pik)
(vi>k) (vi>k)
i=0,...,n, keS; i=0,...,n, keS;
such that
l//(pv:‘) = P(vi,k)’ i= 0,...,n, ke Sj.
For an admissible path o = (eji,, k+m;)(eiy,ip> k1) (€inins>km)(€injst) from
(vi, k) to (vj, t) withi,j=0,...,n,keS;and t € Sj, we let
¥(sq) = S(eiip s k+mi)S(eipiy k1) S (eipyip iy okm) S (ei i)

We denote from now on the corner in (3.3) by C, .
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Proof Let a and f3 be two admissible paths between vertices in the set {(v,, k) i=
0,...,n,keS;}. Thensysg = 0if a # 8 since the partial isometries in C* (L2n+1) have
mutually orthogonal range projections. We then have to show that y(s; )y (sg) = 0 if
a # f. It follows that y(s; )y(sg) equals s if B = af’ and s}, if & = fa’; otherwise, it
equals zero (see, e.g., [24, Corollary 1.14]). Since « and 3 are admissible paths and a8’
and Ba’ are not, the two first cases cannot happen. Hence, y/(s;, )y(sg) equals zero if
a*p.

We will now show that the image of pyx and s satisfies the defining relations
in Definition 2.1 for fg;ﬁl. Then, by universality, ¥ is a *-homomorphism. Using
the defining relations for graph C*-algebras, it follows by an easy calculation that
V(s))V(sa) = Pr(a) and Y(sq)y(sy) < ps(a), and hence conditions (CK1) and (CK2)

are satisfied. For condition (CK3), we fixa v¥ in (L2n +1) . Let A be the collection of all
admissible paths from (v;, k) toa (vj, t) with j = 0,...,n,t € §;. Since each outgoing

edge of v toa v]'. corresponds to an admissible path from (v;, k) to (v;, t), we wish to
show that

(3.4) Pvik) = 2 SaSy

acA
By condition (CK3) on L1 % Z, and the identity s, = sep,(c) = Ps(e)Se> We have

n

Pik) = Z S(eiiy,mi+k)S (e,,l mi+k)

i=

(3.5) = Z S(esiymi+k) Pr( (e, m; +k))5(e1,1 mi+k)

i=

= Z S(eiiy mitk) P (viy,mi+k)S (e,,l mi+k)*

i=

For each iy € {i,...,n}, if e(jj, m,+k) is not in A, then we substitute

_ *
Piymivk) = Z S(eiiysmitmiy +k)S (i iy mitmy +k)
12=11

in (3.5). Let A be the set of all (e;;,, m; + k), i = i,...,n, for which (e;;,, m; + k) is
inside A. Moreover, let I; be the set of all i; for which (e;;,, m; + k) € A;. Note that A;
is finite since the paths have to be admissible. Then

Pk = Z( S ey i +) ( 2 SCeiyiy ity +6) P vty 48 SCe, mi+m,‘1+k))sze,»,-l,m,~+k))

iy =i iy=i;
il

+ Z Sasy-

acA;

Similarly, let A, contain all paths (e;;,, m; + k)(ej,i,, m; + m;, + k), which are con-
tained in A. Let I, be the set of all (i1, i, ) for which (e;;,, m; + k) (ej,i,, m; + m;, + k) €
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A,. Then

n n
Pvik) = Z Z S(eiiy,mi+k)S(ei iy mi+m; +k)
i1=i ir=i1
gl (i,iz2)¢lz

n
A s7 s7 s7
(iyigsmi+tmi +miy+k)° (e, ,mitmy +mi, +k) | °(eiyiymi+mi +k)> (s, mi+k)

i3=ij

+ Y Sash.

a€AUA,

Proceeding inductively, let A; contain the set of all paths

(3 6) (e,-il, m; + k)(eil,-z, m; + mi, + k)(ei2i3) m; + mi, + mi, + k)
’ ~~-(eisfl,'s,m,'+m,~l+m,-z +~--+m,-H+k),

which are contained in A. Let I contain all (i, is,. .., is) for which the path in (3.6)
is contained in A;. Note that A, consists of admissible paths of length s.

Continuing as above, we will at some point obtain that all the paths are admissible;
hence, the procedure terminates. This happens since we do not have any edges from a
higher level to a lower one in the finite graph L;,,+1 . Z,. Hence, there existsan m € N
such that (iy, i, ..., in, ) are all contained in I,,,. Then

Pvik) = Z S“S;'

a€AJUALU "UA,

Furthermore, since we in each step consider all the outgoing edges of a vertex, we
construct indeed all admissible paths by this procedure. Hence, A= A;UA,U--U
A,,, and we obtain (3.4).

For surjectivity, we observe that

Cr.m = span{sys, [ r(u) = r(v),s(u),s(v) € {(vi, k),i=0,....n, k€ Si}},

which follows by the fact that

Z P,k SHS: Z P,k
(vi>k) (visk)
i=0,...,n, keS; i=0,...,n, keS;
is nonzero if and only if s(¢),s(v) € {(vi,k),i=0,...,n,k € S;}.
Let g and v be paths such that s,;s}, € C,,,, and for which the ranges of 4 and v are in
{(vi,k),i=0,...,n,k €S;}. Then we see immediately that y = py---ps and v = vy---v;
for some admissible paths uj, v;, i.e., 4;, v; corresponds to edges in C *(f;’nm_ﬂ). Then

*

V(Spy o Syyeeon, ) = SuSy -

o .
Hence, s,s,, is in the image of y.
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Let now y and v be paths with range not in {(v;, k),i =0, ..., 1,k € S;} such that
5,5y € C; 1. By using that

* _ * *
S”Sv = S” Z SeSe SV
ee(Lans1xcZ,)'
(%r()

a number of times, as in the proof of condition (CK3), we obtain that

m
* *
SuSy = 2 SuaiSya
i=1

where a;,i =1,...,m, are paths from r(u) toavertexin {(v;, k),i=0,...,n,k € S;}.
Then, for i =1,...,m, pa; and va; represent a path in C*(fg;ﬁl) and s,s; is then in
the image of y.

Finally, to prove that y is injective, we apply the generalized Cuntz-Krieger
uniqueness theorem presented in [27, Theorem 1.2]. We have that y(p,«) is nonzero
forall i=0,...,n,k€S;. By [27, Theorem 1.2], we obtain that y is iﬂjective if the
spectrum of

‘/’(Sefﬁ;l) = S(enn»k“’mn)S(ennak+2mn)-..S(em,,kJr(mfl)mn)S(evmrk)

for each k € S, contains the entire unit circle. By the last part of the proof of Theorem
2.4 in [22], it follows that this is indeed the case. Hence, v is injective. [ ]

Lemma 3.7 Foreachv¥,i=0,...,n,keS,, there is a path from v{ to v¥ in Z;;nmﬂ.

Proof Let v¥,i=0,...,nkeS;, then (v;,k) e H,,, by definition. Hence, there
exists a path « from (v;,0) for at least one j=0,...,n to (v;, k). If the path is not
admissible, we divide it into admissible subpaths. Furthermore, there is always an
admissible path from (v,_;,0) to (v¢,0) forany £ = 0, ..., n as follows:

r

(6(471)(571) M) (6(571)(471) s 2Mmgy)- (6(471)(471) > ( 1) mea) (6(471)1: 0).

ged(my_1,1) -
Combining these paths, we obtain a path from (v, 0) to a (v;,0) with j=0,...,n,
call the path f. Then we obtain a path fa from (v, 0) to (v;, k) which consists of
admissible subpaths. Hence, there is indeed a path from vJ to v¥. [ ]

Lemma 3.8 'The projection Y1 p,o is full in C* (fgﬁl)

Proof LetI be the ideal generated by Y7 p,o. Note that we clearly have p o € I, for
i=0,...,n. Wewishto showthatforanyvé‘, i=0,...,n,keS;,wehave p« € I,since
thenT=C*(Lyo:,) and X" p,o is full.

Let & = fiforfrm with fj € (Ly))', for j=1,...,m, be a path from v{ to a v¥
withi € {0,...,n}, k € S; which we know exists by Lemma 3.7. By the Cuntz-Krieger
relations, we have

SASH S Pve> SESA = Pr(fi)-
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Figure 3: Tllustration of the graph G.

Then sps3 = g% pyo € I and we obtain sy € I, which implies that p, () € I. We can
apply the same argument as above to show p,(y, € I if we replace p,o with p, () and
Pr(f) With p,(z,y. By continuing this argument, we obtain that p « = p,(s,) € 1. =

Lemma 3.9 Let E = (E°, E',r,s) be a directed graph. For each v € E°, choose an
a, > 1. Define F (Figure 2) to be the graph such that for each v € E° we add a head
of a, — 1 vertices to v.

Define another graph G (Figure 3) as follows:

G'=E'u{w}, G'=F'u{e,|i=1...,a,-1,veE’a, >2}.
The range and source maps extend from E to G for the edges in E' and
s(eyi)=w, r(e,;)=v.

Then, as C*-algebras, C*(F) 2 C*(G).

Proof Consider first the graph F, and we apply the R*-move, presented in [15,

Definition 3.9], on the regular vertices v;, i =2,...,a,, one by one for each v € F.
We then obtain a graph F (Figure 4) defined as follows:

F =E'U{p|veE’i=2...,a,), F=E'U{&|veE’i=2...,a,},

where s(é¥) =7; and r(é}) = v.

By [15, Theorem 3.10], C*(F) = C*(F).

For the graph G, we perform an out-split [4] (see also [15, Definition 3.1]) of
the vertex w by partition s™!(w) into singleton sets. Then the out-split graph Go is
precisely the graph F. By [4, Theorem 3.2], C*(G) = C*(Go), and hence C*(G) &
C*(F). [

We are now ready to prove Theorem 3.4.
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|
\

\

1
/

Figure 5: The stabilization when E = f;k(z’l).

Proof of Theorem 3.4 By Lemma 3.6 and (3.1), we obtain

C(Ly (rm)) = (Zp(v,-,o)) C*(Lans1 xc Zy) (Z P(vi,o))
= iz

n n
(Brew)| B oo |zl 5 e |(Srew)
i=0 (vi,k) (vik) i=0
i=0,..., n, keS; i=0,..., n, keS;

= (gl’v?) C*(Lynn) (él’vg)-

Hence, it suffices to prove that

37) (zpv,,o) o @, (zpvg) = Cr (T2,
i=0 i=0

We will follow the procedure in the proof of [3, Theorem 4.8(1)] to construct a graph
for which the corner in (3.7) is isomorphic to its graph C*-algebra. For proofs of the
statement used in the construction, we refer to [3, Theorem 4.8(1)].

For simplicity, we let E := fgﬁl and P := Y., p,o. Let SE be the graph for which
an infinite head has been added to each vertex. SE is called the stabilization of E
(Figure 5).

There exists an isomorphism ¢ : C* (E) ® X — C*(SE) such that

Ko(¢)([pw ® en]) = [pw]
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for all w € E°, where {e;;} is a set of matrix units in X [1, Proposition 9.8]. Then
PC*(E)P = (P ® 611)(C*(E) ® :K)(P ® 611) = ¢(P ® eu)C*(SE)</>(P® 611).

Since P is full by Lemma 3.8, it follows by the proof of Proposition 4.7 in [3] that there
exists a finite hereditary subset T of (SE)°, which contains E°, such that ¢(P ® ey;) is
Murray-von Neumann equivalent to

PT = va

veT

We obtain T as follows: By an application of [3, Lemma 4.3], there exist integers a,, > 1
such that

[P] = Z ‘ZV[PV])

veE"

which follows since there is a path from v to any v¥ by Lemma 3.7. For a vertex v € E°,
we denote the first a, — 1 vertices in the infinite head added to v as follows:

vy -7 Va,-1

Let v; = v and denote by ej the edge from vy to v_; for k =2, ..., a,. By the Cuntz—
Krieger relations, it follows that

ka = Sekszk’ pvk—l = S:ksek’
for k=2,...,a,. Hence, [py, ]| = [pv,_,] for k =2,...,a, from which it follows that
[pv;]1=[pv]forj=2,...,a, and

ay

ay[pv] =[pv]+ Z[Pv,l
i=2
Let
T=Eu{v|veE’a, >2,k=2,...,a,},

then we obtain

[p(P@en)]=[P]= > a,[p,]= > ([Pv]+§:[1)vi]) = [Pr].

veE® veE® i=2

Then
¢(P ® eu)C*(SE)</>(P ® 611) = PTC*(SE)PT
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Level o
evel 0 b
Level 1 o ° ]
123 V3 VIs,|+1
Level 2 . ° °
Vis,|+2 Yis,|+2 VIS, |+]S;|+1

Figure 6: Renaming of the vertices in ZZ;%I.

By [3, Theorem 3.15] , PrC*(SE)Pr = C*(F), where F = (T, s (T), s, sse)- The
graph F consists then of the graph E where for each v € E° there is added a head
consisting of a, — 1 vertices (see Figure 2). We obtain by Lemma 3.9 that C*(F) is
isomorphic to C*(G). Hence, it remains to show that C*(G) ~ C*(E) = C* (f;nmﬂ)

For this, we apply [14, Theorem 14.6] on the graphs E and G. First, note that E =
E = G, x, is the zero vector of size |E°| and x; is a vector of size |Eo|, which indicates
the number of edges from W to each vertex in E°. Note that the first entry is 0 since
there are no edges from w to vJ.

The components of E consist of singleton sets. They are all cyclic since every vertex
is the base of precisely one loop. Recall that the graph E = LG L1 consists of n + 11evels
for which we in level k have |S| vertices. We denote the vertices in E° as indicated in
Figure 6.

A partial order on theset P = {1,2,..., N} with N := ¥7_|S;| is defined as follows:
For i, j € P,weleti < jifthereisa path fromv; tov;. Lety; := {v;} € I'g, then the map
i+ y; is clearly an order-reversing isomorphism from P to I's. Furthermore, if i < j,
then i < j, which is required. Then Bg = By = Bg are contained in 95°(1,Z) (see
Definition in [13, p. 321]) and

I ¢ - qp

lies inside SLp(1,Z) for any c;€Z since there is a path from vy to every

other vertex by Lemma 3.7. Moreover, we have BzV,, . e = Ba and x; =
T
(0 ky - k|50\) with k; = a,, — 1. Then
1
ko +1
T 2
Vies, oo kigy 1+ X5) = : 1+xg
k\E0| +1

Hence, ka’._.,kmo‘ (1+x5) - (1+ x5) = 0, which is clearly in the image ofBIE. Then, by
letting U = P = I in [14, Theorem 14.6], we obtain C*(G) = C*(E).
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2! )21 Y1 Y1

! v N l \

Y2 Y2 V3 YK+ Y2 V2

1 Nl v v b\ !

Y3 YK+2 Y3 Ya v VK+2 V3

) ! N v v 1N

Y4 YK+3 YK+3 Ya Ys o VK+3
gcd(mg,r)=K ged(my,r)=K gcd(my,r)=K ged(ms,r)=K

Figure 7: Component graphs of seven-dimensional quantum lens spaces.

To summarize, we have shown

C*(Lyus1) = C*(G) = C*(F) = PrC"(SE) Py
= (/)(P@ eu)C (SE)¢(P® 611)
= PC*(Lyy) P = C(LF" (1 m)),
which proves the theorem. [ ]

4 A classification result of quantum lens spaces

We will in this section investigate quantum lens spaces C(L}(r,m)) for which
ged(my, ) = K for a single £ € {0,1,2,3} and the remaining weights are coprime to r.
In the process of finding an invariant for seven-dimensional quantum lens spaces, we
will also be able to calculate one for quantum lens spaces of dimension 5. We will in
the following therefore have our focus on seven-dimensional quantum lens spaces.

Under the above assumptions on the weights, the skew product graph L; x. Z,
consists of four levels, labeled by levels 0,1,2, and 3, with edges going from level i to
jif i < j. At the level on which gcd(mg, r) =K, we have K cycles based on each of
the vertices (vg, k), k=0,1,.. — L The graph L * consists of four levels as before
with four vertices when gcd(mo, r) = K and K + 3 vertices when gcd(m;,r) = K,i #
0, which are all the base of a loop. There is one vertex in each level except for level
i where ged(m;,r) = K #1,i # 0; here, we have K vertices. When i = 0, we have one
vertex in each level. There is at least one edge going from a lower level to a higher one,
but there are no edges between vertices at the same level. We will denote the vertices
by vi,i=1,...,K+ 3 as indicated in Figure 6.

The partial order on Tgrm is given as follows: Let y; := {v;}, then y; < y; if there is
a path from v; to v;. The set [ can be illustrated by its component graphs, which
are depicted in Figure 7. In these graphs, an arrow from p; to y; indicates that y; > y;.

For ged(my, 1) = K, we let P = {1,2,3,4} and the partial ordering is linear. When
ged(m;,r) =K,i#0,welet? = {1,2,...,K + 3} and let £ be such that gcd(m_;, 1) =
K. We define a partial order, <, on P by:

e l—1>--2>1,
eix>f-1fori=4¥,...,. K+0-1,
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e K+lx>ifori=¥4,...,K+/{-1,
e K+3>-->K+/.

The partial order satisfies that if i < j, then i < j, which is the required assumption [13,
Assumption 4.3]. It can easily be seen that there exists an order-reversing isomorphism
YBorm * P = [frm mapping i to y;.

7

Letgcd(m;, r) = K for one i. It follows immediately that [Prime, (C* (7)) =K +
3when i # 0 and |Prime, (C* (L7™))| = 4if i = 0. By this result, we obtain nonisomor-
phic quantum lens spaces for different values of K when i # 0. Moreover, by Remark
6.9, it follows that K must also be the same in order to obtain isomorphic quantum
lens spaces when i = 0 even though this is not immediately clear by considering the
ideal structure.

Fix a K>1, and by considering the ideal structure, we obtain four different
isomorphism classes of quantum lens spaces, one for each i =0,1,2,3 for which
ged(m;,r) = K. We will in this section determine when two quantum lens spaces
inside each of these four classes are isomorphic. Similarly, we have three different
classes of quantum lens spaces of dimension 5 to investigate.

To determine whether two quantum lens spaces in the same class are isomorphic,
we will make use of [13, Theorem 7.1]. For the quantum lens spaces we are investigating,
the block structure consists of 1 x 1-matrices and (Bz;;g, Bf;m) is in standard form for
two quantum lens spaces in the same class when we order the vertices in the adjacency
matrix as described above. Since f;;nmﬂ contains no sinks, Theorem 2.1 boils down to
the following result.

Corollary 4.1 Let m = (mg, my, my,m3) and n=(ng,m,ny,n3) be in N*. If
ged(m;, ) = ged(n;, r), foreach i = 0,1,2,3, then C*(L,™) and C* (L, are isomor-
phic if and only if there exist matrices U, V € SLp(1,7Z) such that UByrmV = Byrn,

7 7

We remark that the natural generalization of Corollary 4.1 to quantum lens spaces
of other dimensions is true if one defines the partial order in the obvious way. In
particular, for dimension 5, we have a similar result by letting P = {1,2,...,K +2}
and defining the order in a similar way as the one for dimension 7.

Eilers, Restorff, Ruiz, and Serensen used Corollary 4.1, with P = {1, 2,3, 4} ordered
linearly to completely classify the simplest case.

Theorem 4.2 [13, Theorem 7.8] Let r € N, r > 2, and let m = (mq, my, my, ms) and
n = (ng, ny, ny,n3) be in N* such that gcd(m;,r) = gcd(n;,r) =1 for all i. Then

o (Ig“m)) z C* (Iy’ﬂ)) if and only if

(r-1)(r-2)
3

(ny'n - mglml)r =0 (modr).

From the above, they concluded the following corollary.

Corollary 4.3 [13, Corollary 79]  If 3 does not divide r, then

c* (Igf,m)) ~ O (I;f’(l,l,hl)))
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for all m € N* with gcd(m;, 1) = 1.
If 3 divides r and m = (mqg, my, my, m3) € N* with gcd(m;, r) = 1, then

(i) C*( (rm)) C* ((L(r (1111))) if and only if m; = m, (mod 3),
(ii) C*( (Tm)) C*( b 11)))1fandonlyzfm1$m2 (mod 3).

For dimension less than 7, Eilers, Restorff, Ruiz, and Serensen observed that the
adjacency matrices are independent of the weights; hence, all quantum lens spaces are
isomorphic. We will see that this is not always the case when one of the weights is not
coprime with r.

5 Classification of C (Lyy(r;m)),n <3

In this section, we fix the value of the order of the acting group, , even though, as we
will show later in Remark 6.9, r is in fact an invariant in most of the cases considered.
Also, note that for the remainder of this paper, we will use the notation Z7 to denote
the subgroup of multiplicative units of the ring Zy, and we will use ¢ to denote Euler’s
totient function, that is, ¢ (k) = |Zj .

Quantum lens spaces of d1mens10n 3, with one and only one weight coprime with
1, will be the same for any choice of weights. See Remark 6.4. For dimension 5. we
obtain the following theorem.

Theorem 5.1 LetreN, r>2, andlet m = (mg, my, my) and n = (ng, ny, ny) bein N°
such that gcd(my, ) = ged(ng, r) = K forone 0 < £ < 2, and ged(m;, r) = ged(n;, 1) =
1 whenever i + £. Then:

) c*( ‘””)) c*( i ))ifee{o,l} and
(ii) C*( 4 *)) ( [y ’)) if and only if m; = n; (mod K) if £ = 2.

The proof of Theorem 5.1 follows by a similar, but much easier, approach as the
corresponding results in the seven-dimensional case, which is presented in Theorem
5.3. Therefore, we will not present the proof in the present paper.

Corollary 5.2 Let gcd(m,,r) = K and gcd(m;,r) =1for i = 0,1, then
(r5(mo,m1,mz)) (r;(1,k1,K))
G Jz e (L),

where my = k; (mod K) with ky € Z), and there are exactly ¢(K) isomorphism classes
of quantum lens spaces.

We will now state our main theorem for quantum lens spaces of dimension 7, which
is an extension of Theorem 4.2.

Theorem 5.3 Letr e N, r > 2, and let m = (my, my, my, m3) and n = (ng, 1y, na, 13)
be in N* such that gcd(my,r) = gcd(ng, r) = K for one 0 < £ <3, and ged(m;,r) =

ged(n;, r) =1 whenever i # £. Then C* (Zi“m)) is isomorphic to C* ( 54 ’)) if and
only if:
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0) (m3'my —n3'nm) W =0 (mod r)if¢ = 0and3 + K. If3 | K, then they are
always isomorphic.
O (ny'n - my'm) rr)@=2) - (mod r) and my = n, (mod K) if€=1
2 1 2 M 3 2 2 >
2) (nl_lnz - ml_lmz) W =0 (mod r) and m; = n; (mod K) if € = 2,
3) (n3'n - my'my) w =0 (modr)andmj=n; (mod K),j=1,2if{ =3.

The proof is postponed to Section 7. From Theorem 5.3, we may derive the
following results. They are in particular interesting for computational purposes, and
it gives a precise determination of how many different spaces we obtain of each type.
It also shows that the first case is somewhat degenerate.

Corollary 5.4 Let re N, m = (mg, my, my, m3) € N*, and gcd(m;,r) = K for pre-
cisely one i and gcd(mj,r) =1 when j # i. Furthermore, let ki, k, € N be such that
0< k], k2 < K and ng(kl,K) = ng(kz,K) =1

If 3| K or 3 +r, then C(Ly(r;m)) is isomorphic to a quantum lens space with
precisely one of the following sets of weights:

(K,l,l,l), (LK)kZ)]-): (l)ka)l): (l)kl>k2>K)-

If 3+ K, then C(Ly(r;m)) is isomorphic to a quantum lens space with one of the
following set of weights:

(K,1,1,1), (L,K,ky,1), (LK, K, 1), (Lky, kz,K)
if m; = my (mod 3) and
(K, Lr-11), (LK ky(r-1),1), (1 k(r-1),K1), (Lkgks(r-1),K)
if m; # my (mod 3).

Proof First, note that in the case where gcd(myg,r) = K and 3 4 r, the invariant
coincides with the analogous invariant in [13, Corollary 7.9], and we may make the
same conclusion.

We now address the proof in the case where ged(ms, r) = K since the remaining
follow by a similar approach. If 3 does not divide , we notice that we by Theorem 5.3
only need to consider the condition m; = n; (mod K). It is clear that if gcd(m;, r) = 1,
then also ged(m;, K) = 1. Thus, it suffices to show thatif [ k]x € Z}, then [k]k contains
an element, k', such that ged(k’, r) =1, since then each isomorphism class may be
determined by a pair of units in Zg. Indeed, let [k]x € Z} be arbitrary. We set p to
be the product of 1 and all prime factors of r which are factors of neither k nor K.
Now, set k' :== Kp + k = k (mod K) and assume that gcd(k’, r) # 1. Then there exists
a common prime factor g of r and k’. Since g divides k' but only divides exactly one
of Kp and k by construction, we have a contradiction, and ged(k’, r) =1 as desired.

If 3 divides r, then we also need to consider the first part of the invariant. We observe
the congruence

r(r-1)(r-2)
3

If m; = ¢; (mod K) fori =1,2with 0 < ¢; < Kand ged(¢;, K) = 1, then 3 must divide
05'0) — m3'm to get isomorphic quantum lens spaces. Also, notice that it follows by a

o

mod r).
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3 3lrand 3 K 3|r and 3|K
ged(my,7) = 1 2 1
ged(mi,r) =K $(K) 26(K) $(K)
ged(ma,r) =K ¢(K) 2¢(K) $(K)
ged(ms,r) =K ¢(K)? 2¢(K)* $(K)?

Table 1: The number of isomorphism classes.

computation that 1, = m, (mod 3) ifand onlyif ¢; = £, (mod 3). Hence, C(Ly(r;m))
is isomorphic to C(Ly(7; (1, 41,42, K))) where m; = m, (mod 3) if and only if ¢, =
£, (mod 3).

Let 41 # £, (mod 3), and we claim that there exist kj, k, with 0 < k; < K and
ged(k;, K) =1for i =1,2 such that

= ky(r—1) (mod K), ¢ =k (modK), ki=k,(mod3).
Let k; := ¢;. Assume first that kj € [1]3, then ¢, € [2];. Let k, = 1, then
ky(r—1) = -k, (mod 3) =2 (mod 3) = ¢, (mod 3),

and clearly k; = k; (mod 3).If k; € [2]3, then £, € [1]3, and since 3|r, we can by the first
part of the proof (by letting K = 3) find k; € [2]; such that ged(k,,r) =1 and hence
gcd(ky, K) = 1. Then

ky(r-1) = -k, (mod 3) =1 (mod 3) = k; (mod 3),

and we have proved the claim. Hence, C(Ly(r;(1,41,¢2,K))) is isomorphic to
C(Lg(r; (1, k1, ka(r —1), K))) for ky, ky such that 0 < k; < K, ged(k;, K) =1and k; =
k, (mod 3).

We will end the proof by showing that there is no overlap between the classes, i.e.,
we have to show that

ky = k1 (mod 3) < ky(r—1) # k; (mod 3)

when 0 < k; < K and ged(k;, K) =1 for i=1,2. Assume that k, = k; (mod 3), then
ky(r-1) = —k; (mod 3),but k; # —k; (mod 3) since 3 + k;. The converse follows from
a similar line of reasoning. ]

From Corollary 5.4, it follows immediately that we can count the number of
isomorphism classes as given in Table 1.

6 Adjacency matrices

Foreachi=0,...,n,let (Lyy41 % Z,) (i) be the subgraph of Ly,,+; %, Z, with vertex
set {v;} x Z, and edges {e;; } x Z,.
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Definition 6.1 [13, Definition 74] ~ We call an admissible path (e;, j,, h1)--(ei,,j,» he)
in Ly, %c Z, k-step if there exist integers 0 < f; < t, < -+ < tj; such that #; = i; and
tk+1 = jo, and for each 2 < «a < k, we have

{r((ei,jor h))1< s <} 0 ((Lansr %c Zr) ()’ # @,

and
k+1

{r((ei i b)) s s <t} < Lle((LGu xe Zr) (t:)°.

Intuitively, an admissible path is k-step if it touches vertices from precisely k — 1
different levels not including the level the path starts at and ends in. Below, we give
formulae for the number of 1-step, 2-step, and 3-step admissible paths in each relevant
case. For paths that only touch levels for which the corresponding weights are coprime
to the order of the acting group, we refer to [13, Lemma 7.6], which describes this case
to completion.

Lemma 6.11-step admissible paths Letr € N, r > 2, and let m = (mg, my, my, m3) €
N* be such that for a single { € {0,1,2,3}, gcd(my,r) = K and gcd(m;,r) =1for i # L.
Lett€{0,...,K -1}, then:

(1) Fori </, there are ¢ I-step admissible paths from (v;,0) to (ve, t).

(2) Fori >, there are ¢ I-step admissible paths from (v, t) to (v;,0).

Proof This follows since at the ¢th level we have K loops each going through only
one of the (vy,i),i=0,1,...,K-1. ]

Notation 6.2 Consider a quantum lens space with set of weights m =
(mg, my, my, msz). We will in the following, if gcd(m,, r) =1,let m;! denote the fixed
representative of the equivalence class [m;];" in Z) for which 0 < m‘1 <r-1,andif
K|r for some K € Z, we denote by a; a fixed representative of [m; ] in Z} for which
0< a; < K-1

Lemma 6.3 2-step admissible paths Letr € N, r > 2, and let m = (mq, my, my, m3) €

N* be such thatfora single £ € {0,1,2,3}, ged(my, r) = K and ged(m;, r) =1fori + L.

Lett €{0,.. -1}

(1) Ifi < k < £—1, there are (ZKK) +(ag -t =1+ q;K) % 2-step admissiblepathsfrom
(vi,0) to (ve, t) passing through the kth level if t + 0 and r(HK 2) ift=

(2) If i > k > £ -1, there are ( ) ~(ax -t =1+ q;K) ¢ 2-step adm1551blepathsfrom
(ve, t) to (vi,0) passing through the kth level if t # 0 and r(r K) ift=

(3) Ifi < £ < j, there are (' K) paths from (v;,0) to (v},0) passmg through the (th
level,

where ay. is defined in Notation 6.2 and q; € Z is such that ayt — 1+ q,K is an integer
between 0 and K — 1.

Proof (1) First, note that there is only one path from (v;,0) to (vg,smy) for s =
1,2,...,r —1not coming back to (v;,0) and not going through any vertices at the kth
level. We have an edge from (v, smy) into the cycle containing (v, t) if and only
if mg(s+1) =t (mod K). Equivalently, s = ayt — 1 (mod K). Let g; € Z be such that
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s¢i=agt —1+ q;K is an integer between 0 and K — 1. Hence, (v, ssmy) is the first
vertex in level k which has a path ending in the cycle containing (v, t). The number
of paths from (vg, smy ) fors =1,2,...,r —1to (vy, t) is then

LK_h), ifs=h=0,...,s; (mod K),

r—(s—h)

e -lLifs=h=s+1...,K-1(modK).

The number of 2-step admissible paths then becomes

$ o5 ren gl (r—(;{—h)_l)

h=0 s=1, h=s;+1 s=1,
s=h (mod K) s=h (mod K)
K-1 r—1 1’
= 2. S YD Y
h=0 s=1, h=s;+1 s=1,
s=h (mod K) s=h (mod K)
r=K
S iK
=St +(K—1)——(K 1-s50)—
7K K
r(r-K) r
S RIZ R (gt -1+ qK)—.
2K (ak q: )K

If t = 0, then g = L; hence, the number of 2-step admissible paths becomes

r(r-K) r r*—rK+2Kr-2r r(r+K-2)

+(K-1)— =
2K K 2K 2K

(2) Let £ > 0. First, we have precisely one path from (v, t) to (vi, mih) whose first
vertex in the kth level is (v, mih) ifand only if myh = t (mod K) forh =1,2,...,7r -
1. The number of paths from (vi, mih) to (v;,0) is r — h. Hence, the total number of
admissible 2-step paths is

r—1

r—K
K
Z (r—h):Z(r—(akt+th+jK)):
h=1, j=0 2
h=ayt (mod K)

rr+K) (akt+th)%

-K
:r(rZK ) ——(akt+th)——

r(r-K)
2K

;
—(axt -1+ th)E’

where q; € Z is such that 0 < axt + q;K < K. If t =0, then the number of 2-step
admissible paths becomes

x® , r(r-K)
- jK) =
:l(r K) = =%

-

(3) Note that for each t e {l,...,K -1} and for each he{l,..., ¢ —1}, there is
precisely one edge from (v;,0) to (vg, t + mgh), and the number of admissible paths
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Case Lemma Page

ged(mg,7) =K 6.6 27
ged(my,r) =K 638 29
gcd(my,r) =K 6.7 29
ged(ms,r)=K 6.5 26

Table 2: Reference table for adjacency matrices of seven-dimensional spaces.

from (vg, t + mgh) to (v;,0) is % — h. Thus, the number of admissible 2-step paths is

K1l r(r-K)
Z K 2K -

Remark 6.4 For quantum lens spaces of dimension 3 (that is, n = 1), we see imme-
diately by Lemma 6.3 that the adjacency matrices for a fixed r and K will all be the
same. For quantum lens spaces of dimension 5, the adjacency matrices are given by the
following, which are obtained by adding the number of 1-step and 2-step admissible
paths as found in Lemmas 6.1 and 6.3 and [13, Lemma 7.6]:

gcd(mg,r) =K ged(my,r) =K gcd(my,r) =K
1oz T r(r+K) 1
r(r—K K K * K 2K rozg vt ZK-1
1 % %4—7(21{) 0 & 01 r/K - r/K
0 1 r g ; K 20 ,
0 0 1 : " x 00
000..0 1
K K . .
where z = r(;} ) 7, = r(;K ) Layt+qrfor t =1,...,K -1, and a; is defined in

Notation 6.2 .

We will now calculate the adjacency matrices for seven-dimensional quantum lens
spaces. Since the following pages are rather heavy on similarly looking matrices and
formulae, we provide in Table 2 an overview of where the adjacency matrix of each of
our four cases may be found in the following pages, both in terms of page numbering
and lemma numbering.

Lemma 6.5 LetreN,r>2, andlet m = (mg, my, my, ms) be such that gcd(ms, r) =
K and gcd(my,r) =1,i # 3. Then we may for each 0 < { <r—1landeach 0 <t <K -1
find kg, s¢ € Z such that

r(r+l)

l r 3 xo ------ xK*l
0 1 r yo ------ ykfl
. _100 1 r/K---ee r/K
AL;(r;m) “loo o ’
H : Ik
00 0
00 0
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where
r(r+ K
o 1K)
2K
and
- -1 1- k) K-”—th
xo——mzmu Zﬁr( 2) Z——L(modr)
o KK
{=mya;h—-1 (mod K)
For t > 1, we have
r(r—K)
+a t— + 7
2K 2 1
and
-2)(r-1) 2 r(1-
N T2 I P L
=1 K
K-1r— fh K-1 r-2 r
+ ZZ — - > l+—(axt+at—1) (modr),
h=0 ¢=1 K h=s;+1 £=1 K
¢=mjya;h-1 (mod K) {=mya;h-1 (mod K)

where a; is defined in Notation 6.2.

Proof We will now calculate the number of 3-step admissible paths from (v, 0)
to (v, t) for t =0,1,2,3. First, notice that there are exactly ¢ paths from (v,0)
to (v1,€m;) not coming back to (vo,0), and exactly one edge from (v;,¢m;) to
(va, (£ +1)m;); hence, we wish to find the number of paths from (v,, (£ +1)m;) to
(v3, t), denoted P,. Then the total number of 3-step admissible paths will be ¥,_; ¢P,.

We can express (vy,(£+1)m;) as (vy,smy), where 0<s<r satisfies m,s =
(¢ +1)m; (mod r). As in the proof of Lemma 6.3(1), we let s; denote a representative
of the class [a,t — 1]k which lies between 0 and K -1, and let k; be an integer such
that 0 < my'm; (¢ +1) + rky < r. By reasoning as in Lemma 6.3 (1), we have

r—(my'my(£+1) +rky - h)
K

P, =

ifs=h=0,...,s; (mod K), ie., £ = mparh — 1 (mod K) and

r—(my'my(€+1) +rke — h) ~

P, =
‘ K

ifs=h=s;+1,...,K—-1(mod K). The number of 3-step admissible paths becomes

Z CPp=> >0
=1 =0 =1 K h:s,ﬂ =1 K
{=mjya,h—1 (mod K) ¢=mj,a,h—1 (mod K)

322 r— (myt m1(€+1)+kgr—h) K122 (r—(m2 mi(£+1) + kor — h) 1)

ii — (my'my(£+1) + ker — ) Ki:l "Z:ZZ
h=0 =1 K hs, 41 £=1
a;h—1 (mod K) {=myah—1 (mod K)

L=m,
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K-1r-2 ml(g + l)l K-1r— T(l _ ké) n—1r-2 ¢h K-1 r-2
S mim(Dl SR, IR ‘
h=0 ¢=1 h=0 =1 h=0 (=1 h=s,+1 =1
{=m,a,h—1 (mod K) ¢=mya,h—1 (mod K) ¢=mya h—1 (mod K) ¢=mya,h—1 (mod K)
2 mytm(L+1)] 22 r(1- Kol Kl =2
S Rk, SR S
= K Z h=0 (=1 K h=s,+1£=1
¢=mya h—1 (mod K) ¢=myah—1 (mod K)

- X2 t
= h=s,+1 0=1
l= mzalh (mod K) ¢=m,a,h-1 (mod K)

= —my'm r(r 2)(1‘*1) z‘:zr(l ke) KZ:1§ ‘h Kol rea

Adding up the 1-step, 2-step, and 3-step admissible paths, we arrive at the above
adjacency matrix; here, we also make use of [13, Lemma 7.6(i) and (ii)]. [ |

Lemma 6.6 Letr €N, r>2, andlet m = (mq, my, my, ms) be such that gcd(my, 1) =
K and ged(m;,r) = 1,i # 0. Then we may for each 0 < 1 < r —1 find ky, € Z such that

1 % Yo %o
A ) = ()
000 1
where
r(r-K r
="k
and

r(r 2)(r-1) T(l—kg
Xo = —my'm 3K ZE

K-1r—
Z Z ah + th (r— my my(0+1) - rkg) (mod r),
im0

l=a :(mod K)

where ay is defined in Notation 6.2.

Proof Notice that we only need to calculate the number of 3-step admissible paths
from (v, t) to (v3,0), where ¢ = 0, but for the sake of completeness, we will count the
remaining paths as well.

Foreach0 <t <K-1land1</<r-1,thereisa path from (v, t) to (v;, m;¢) for
which the latter is the first vertex in the first level, which is reached by the path, if and
only if m;¢ =t (mod K). Consequently, the total number of paths from (v, t) to a
general (vi, m;£) not passing through (v;,0) is the same as the number of 1< [ < ¢
for which m;/ = t (mod K). Let g, be the integer such that 0 < a; + q,K < K, then
c; = a1t + q,K is the least value, /, for which there is an edge from the cycle starting at
(vo, t) to (v1, my£). The number of paths from (vy, t) to (v1, m;£) not passing through
(v1,0) is then given as follows:

I - (a1h + Kqp)
K
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if ém; = h (mod K) for 0 < h < ¢; and

I - (aih +Kqp) 1
K

if émy=h (mod K) for ¢; < h < K. There is precisely one edge from (v, ¢m;)
to (va, m(€£+1)). We can express (v, 1(m;+1)) as (vy,smy), ie, m(£+1) =
smy (mod r). Let ky be such that 0 < m5'm; (¢ +1) + rky < K. Then the number of
paths from (v, ¢m,;) to (v3,0) is r — (m3'm; (£ +1) + rky). The total number of 3-
step admissible paths becomes

A2 - (ah+K _
Z ( lK qh)( mzlml(f-*—l)—i’kz)
h=0 £=1
l=a, (mod K)
K-1r=2
+ ) (WH—K%) )(r—m;1m1(€+1)—rkg)
h=c; (=1 K
{=a;h (mod K)
_mtm, r(r—2)(r—1) Zgr(l—kp
K - K K-1r-2
—Zzu(r—mglml(€+l)—rk4)+z (r—my'm(0+1) —rk).
h=0 £=1 K h=c; £=1
l=a, mod K) {=a;h (mod K)

For t = 0, we have ¢; = K; hence, the number of 3-step admissible paths is
g r(r=2)(r r(1- k K“zah+K _
—my'm 7( ) ZE ( 0) ZZ YT 4n ( —m21m1(€+1)—rk4).
3K h=0 £=1
{=a;h  (mod K)
|
Lemma 6.7 LetreN,r>2, andlet m = (mq, my, my, m3) be such that gcd(my, 1) =
K and ged(m;,r) = 1,i # 2. Then

r(r K)

1r 7(;;") r(f ") +ap +a; (K- l)K x
A . B r(r+K)
o1 - z K 2K
AL7(r - 00 Ie ? ?
00 x
00 0 0 0 '
where
K\ (r— K -K)(K-1 -1
x = -my'm, w +my! r(r )( ) + r(r=1) (mod )
oK2 4K 2

and ay is defined in Notation 6.2.

Proof We will now calculate the number of 3-step admissible paths from (vg,0) to
(vo, 3). First, we have m;'myf — 1+ tm;' + rs, paths from (vo,0) to each (vy, fm, —
my +t)fort=0,...,K -1, wheres,issuch that 0 < m'myl — 1+ tm;" + rs; < r. The
vertex (vy, {m, — my + t) is connected to (v,, ém; + t) by a single edge, and there are
% — £ paths from (v,, £m; + t) to (v3,0). The total number of 3-step admissible paths
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becomes
K-1%° ,
(mflmzf ~1+tm" + rsE) (— - €)
=0 ¢=1 K
T K-1'%, r
= Z C(mi mpl =1) + tml_l(— —E) (mod r)
=1 =0 (=1 K
__, 1, 1Qr-K)(r-K) r(r—K) _1r(r )
= —m] my e Z tm (mod r)
- r(2r— K)(r - K) . r(r - K) ! r(r- K)(K— 1) (mod 1),
6K? 2K 4K
]

We state the final case without proof, as the proof is similar to that of Lemma 6.7.

Lemma 6.8 LetreN,r>2, andlet m = (mg, my, my, ms) be such that gcd(my, 1) =

Kandged(m;,r) =1,i # 1. Then

r(r+K)

L% % & —2 x
(=m) , i
0 f g
r -K r r
Ay 0 X Sormtk
L(rm) 0 Ix : :
: £ G -kaK-Deg
000..0 1 r
0000 - 0 1
where
r(2r-K)(r-K 4r(r-K)(K-1 r(r—1
MR AL Va3 JRL L TSI I L P

6K> g
and a, is defined in Notation 6.2.

Remark 6.9

4K

It follows directly from the adjacency matrices and Lemma 6.1 that

r is an invariant for n >1 whenever two quantum lens spaces share the same ideal
structure and at most one of the weights is not coprime to the order of the acting group.
To see this, note that it follows from a simple computation that SLp-equivalence

—2
preserves the elements directly above the main diagonal. Let now C(L qn

and C(fzn+1
weight, say m; and n;, i € {0, ...

(rm))

(r';n)) be two isomorphic quantum lens spaces for which only a single
,n} is coprime to the order of the acting group. If

i > 0, the ideal structure guarantees that gcd(m;, r) = gcd(n;, r"), and by the structure
of the adjacency matrices, we obtain directly that r = #'. If i = 0, then we obtain from

the adjacency matrix that s d(:no,,)

— r
ged(no.r)

and r = r’. From which it follows that

ged(mog, ) = ged(ng, r'). Hence, r and the greatest common divisor are invariant
whenever n > 1.If n = 1and i = 1, we obtain that r is an invariant by the same argument
asforn >1landi # 0.If n = land i = 0, then something else happens. Let gcd(my, 1) =

K in this case

Az;;("’oﬂ"l)

= 1 %
0 1

)
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We can then obtain the same C*-algebra for different values of the order of the acting
group and the greatest common divisor. For example, we have that A?,(z,l) = Azz,(l,l)
3 3

—(2(11) —(4,(2.1))
)= )-

and hence C* (L, C*(L,

7 The invariant

We are now ready to prove Theorem 5.3.

Proof of Theorem 5.3 (0). Assume that the quantum lens spaces coming from the

weights m = (mg, my, my, m3) and n = (ny, ny, ny, n3) are isomorphic. We denote by

X0, Yo, a1 and xg, 5, a; the elements coming from Lemma 6.6 corresponding to the

system of weights m and n, respectively. See Notation 6.2 for the definition of a;.
Consider the following expression:

r(r- 1) r—2) K 0
Kxo = —-my'my—"— "2 Z Z(a1h+th)(m2 my(€+1)) (modr).
l=a 71 =(mocl K)
Let by, be such that 1< a;h + b, K < K. Then
K-1r-2 K-1 %
arh + Kqy (mz_lml(€+ 1)) = 3 (arh + Kqu) my'm; Y (arh + by K+ kK +1)  (mod r),

h=0 £=1 h=0 k=0

l=a, (mod K)

remarking that the corresponding terms for £ = 0 and ¢ = r — 1 vanish modulo r. We

have
K-1
(a1h + Kqp) m, Y Z (a1h + b, K+ kK +1)
h=0 k=0
K1 _ r r(r—K)
= h+K ! — (ath+byK+1) +
= (a1 qn) m, ml(K (a1 h ) K )
K-1 - K
= > (aith+Kqy) mz_lml (é (a1h +1) + r(rZK )) (mod r)
h=0
K-1

= alhmglml(é(a1h+l)+ rir- )+Zq Wty ml(r(r;K))(mod r)

:almzlmlr(Kz_ b (1+ (r_zK))+a12mz_lm w Zq nmy, ml(r(r;K))(mod r).

Notice that if the parity of K and r is the same, r — K is even and hence the leftmost and
rightmost terms will vanish modulo r when we subtract the corresponding terms of
Kxg. (For the first term, note that then either K —1 or (almglml - a{n;lnl) is even).
Additionally, it follows from a computation that

K+1)(2K +1 K+1)(2K +1
i, LK DERLD (K DEK 4D

(mod r).

So, if the parity of r and K is the same, we have

1

K(x('] —Xp) = (m?ml -n, nl) w + (a;ngl - almgl) w (mod r).

3 6

https://doi.org/10.4153/50008414X23000044 Published online by Cambridge University Press


https://doi.org/10.4153/S0008414X23000044

On the classification and description of quantum lens spaces as graph algebras 275

We now consider the case where r is even and K is odd. We first let
K-1
_ r—K
Jo = thmzlml( )
h=0 K

so that we may rewrite the last term as /oK and note that J, is an integer since K
divides r — K. Consider next the first term. Since K — 1 is even, we have

(ulmz m—a nzlnl) T(Kz_ ) (1+ (r—zK)) (almz my — ul’ ;1n1) Q (r ZK) (mod r),

which we conclude has the form KJ; 7 for an integer, using a similar argument as
before J;. It follows that K(x — xo) is equivalent to

) r(r—l)(r—2) ( 71) r(K+1)(2K +1) +K]1

1) (my'my—n3'n +(ajny' — aym;
modulo r where ] = Jo — J§ + J1. Note that from the analysis above, we can conclude
that K] =0 (mod r) if the parity of r and K is the same.

By an application of SLp-equivalence (Corollary 4.1), we have that there exist
integers vy, v, u such that

r r(r+1)
EVI +V2)o tXotU

(mod r).

I _
.x0:

Hence,

r(r-K) . ur(r+1)K
2 2

If r and K have the same parity, then the right-hand side is congruent to zero modulo
rand KJ % is congruent to zero modulo .

Assume now that r and K have opposite parity (in particular, K is odd and r is
even). We then obtain
)r(r—l)(r 2) ( 1 HK+1)(2K +1) m’

) T My

where M = v, (r = K) + u(r + 1)K — KJ. If 3 + r, then it is easy to see (remarking that
the left-hand side is then an integer multiple of r) that M is even, recalling that in this
case, either 3| (K +1) or 3| (2K +1).If 3| , then the expression may be rewritten as

K(xq—x0) =v2 (mod r).

(m2 my—ny'n

NI =Ml
3 2
for some integer N, and consequently
N
M=2—
3
from which it follows that M is even, and hence

(72)

)r(r 1)(r—2) . (a’ ,l)r(K+1)(2K+l)

(my'my —n3'n nyt = aym; < =0 (mod r).
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Consider the term
r(K+1)(2K +1)

. .
It follows from an easy computation that if 3 + K, then this is congruent to zero
modulo r, and consequently the invariant coincides with the analogous invariant for
the other three cases, and we may make the same conclusion as in [13, Corollary 7.9]. If

3divides both rand K, then a; = m; (mod 3), m;' = m, (mod 3), and so on, whereas
neither of (K +1), (2K +1), (r - 1), or (r — 2) is divisible by 3. So we in this case have

r(K+1)(2K +1)
6

r -1 -1
(a1n2 —aym, )

! =0 (modr)

_ 1 ) /-1 _ —1)
mp; —n, m 1M aym,

(m; r(r-1)(r-2) v (a
3

if and only if

2(my'my—ny'm) (r=1)(r-2) + (ajny' —aym3") (K+1)(2K+1) =0 (mod 3).

To see the “if” part of the statement, one should notice that the left-hand side of the
second equation is always even and a multiple of 3 under the given assumptions and
hence a multiple of 6. Now, since (r —1)(r —=2) =2 (mod 3) and (K +1)(2K +1) =1
(mod 3) and 2 is self-inverse modulo 3, the above is congruent to

(my'my—ny'ny) + (ajny' —aymy') =0 (mod 3),
which is
my" (my—a)) +ny' (aj-n) =0 (mod 3).

Furthermore, since a; = n; (mod 3) and a; = m; (mod 3), this is true independent
of the choice of weights, and hence this case is trivial.

For the reverse implication, assume now that (7.2) holds. By appealing to (7.1), there
is an integer s such that

r roo.r
K(x! —x))=sr+KJ- < x—xg=s— +J—.
(0 O) ]2 0 0 K ]2

We will make use of [13, Proposition 2.14]. Hence, we need to show that we can

transform
Yo Xo
r r(r2+1)
0 r
0 0

Yo X
r r(r2+1)
0 r
0 0

by adding columns (rows) of either matrix to subsequent (prior) columns (rows) of
the same matrix an integral number of times. This is done by the following operations:
First, we add the second row to the first row J times to obtain

r(r+1) roor?
=xo+]=+]—.
2 0I5

—
oo © ©

oo © =i~

into

oo © ©
co © A

Xo+ ]

https://doi.org/10.4153/50008414X23000044 Published online by Cambridge University Press


https://doi.org/10.4153/S0008414X23000044

On the classification and description of quantum lens spaces as graph algebras 277

We can then transform this into x; by adding the second column to the fourth s — JK 7
times (recall that J is even if r and K are both odd by the first part of the proof).

(3). Assume that the quantum lens spaces coming from the weights
m = (mgy, my, my,ms3) and n = (ng,ny,ny,n3) are isomorphic. We denote by
X0+ v s XK=15 V0> + « +» YK—1> 01> A2, A0 X{ .. os Xge_p> Vi -+ 5 Vie_p» G1> 45 the elements
x; and y; coming from Lemma 6.6 corresponding to m and n, respectively. See
Notation 6.2 for the definition of a;. Then, by Corollary 4.1, we obtain the following

equations:

, r , r(r+1) r
(7.3) Yizyi+ u23E + V3 e, X E X URY V3 e 5 + MISE (mod r),
forj=0,1,...,K -1, where tg,,, V¢m € Z are the entries of the matrices U and V from

the SLp-equivalence.
Note that since yo = y5, K divides u,3. Then, by (7.3),

r r r
ay—=a,— + U232 (mod r),

K K
and hence there exists a k € Z such that
r r
(aj - QZ)E =un kr.

Then “*2 ¢ Z and a}, = a,, which implies that m, = n, (mod K).
We now consider the sum of all the x}s. We have

) -1 K—lr—2€h
Xo + X1+ Xg_ = —my my w"'

]
~ |

3 h=0 ¢=1
a 1

l=mjyart (mod K)
r(r=2)(r-1) Xlr=2
= —mglmli( ) ) + Zﬁh
3 h=0 £=1
{=mya1h-1 (mod K)

)(a +a) (modr).

The last term is always congruent to 0 modulo r; indeed, if K is odd, we are done, and
if K is even, then a; + a, is even.

Since each s; corresponds uniquely to a number between 0 and K —1, we may
reiterate the penultimate sum accordingly:

K-1 K-1 r-2 K-1K-1r-2 K-1r-2

IDNDINE DY (=2 2 ht

t=1 h=s,+1 £=1 t=1 h=t £=1 h=1 £=1
¢=myarh-1 (mod K) {=mzah-1 (mod K) £=mya1h-1 (mod K)
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Hence,
Xo + Xy + -+ Xg-1 = —M,

o r(r=2)(r-1)
m——— (mod ).

Using (7.3) and the fact that (a, — 1)@ =0 (mod r), we have

(x(', +x{ + e +x§<_1) - (.Xo + X1+ + Xk 1) = ulz(yo + )1+ +}/K—1)

r r(r+1
+Ku13E + (V34 + V35 + o +V3,K+3) ( ) ( od 7‘)
r(r+K -K K1 r(r+1
= up u+(K )( )+a272t +(V34+V35+ +V3,K+3)( )( OdT)
2K K =3
r(r+1 r(r+1
= U (2 )+(V34+V35+"'+‘V3,K+3) ( )( odr)

r(r+1
= (V34 + V35 + e+ V3,K+3) ( )

(modr) =0 (modr).
The last congruence follows by [13, Proof of Theorem 7.8]. Hence,

-2
(m3'my —ny'ny) w =0 (mod r).

It remains to be shown that m; = n; (mod K), ie,ay=aj.Forh=s;+1,...,K-11et
Pn € Z be such that 0 < mpah — 1+ Kpj, < K. First, we need to expand the following

sum:
K-1 r=2 £ - K
Z Z Z (m2a1h71+Kph +Kk): Z (L(m2a1h71)+rph+@)
hesial =1 syl k=0 hese1 \K 2K

¢=mjarh-1 (mod K)

K(K-1 t(1-axt
;Lmzal ( )+ﬂ2( aZ)
K 2 2

r(r K)

)+é(q2t—K)+(K ast) (mod r).

We will now find an expression for (xj —x;) — (xo — x;) and then consider the
expressions for t = 1 and t = K — 1. From the above, we have

K-1 r=2 K-1 r=2 ,
(xg—x1) = (x0 —x¢) = >3 e- >3 4+ —(ar-a))t (modr)
hesi+1 621 hZsi+1 621 K

£=mzafh-1 (mod K) ¢=mza1h—1 (mod K)

_r (K(K-1) axt(axt—
:E( -

5 5 U)mz(u{fa])Jr%(al—a{)t (mod r).

On the other hand, by (7.3), we have

r(r+1)

(x{) - x:) = (%0 = x¢) =un2(yo = yt) + (v3a = v3104) ——=— (mod r)

,
= —ulzazt? (mod r),
which follows since v34 = —“2. Indeed, we have y; = yo and

r(r—K)+a,tr_ L PVsiea b Yt Ups e = Ty +r(r_K)+atr+u ’,
2K 2K—)/z— 3,t+4 T Yt B T Va4 2K 2ty B

hence, rv3 114 + U2z = (a3 — az2)tg = 0and v3 144 = — 2.
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Combining the two expressions for (x{ — x;) — (xo — x;), we get

r K(K—l) ﬂzt(azt—l)
(2

)mz(a{ —a)+ é(al —ap)t+ ulzazt% =0 (modr).

2 2

Note that
K(K-1) ) (K—l)
my(ay—ay) =r| ——|m 0 modr,

7 (K2 )t aty = (5 - -
since if K is even, then 2 divides a; — a;, and if K is odd, then 2 divides K — 1. Thus,
we have

t(axt—-1

(7.4) (;Lh(tlé)m2+t)(a1—a{)+u12a2tlr<EO (mod r).

By taking the sum of the expressions in (7.4) where we choose t =1and t = K — 1, we
arrive at
r
Ea%mz(al -a;)=0 (modr).
Then ﬁa%mz(al —aj) = rk for some k € Z; hence, K divides a3m,(a; — aj). Since a,
and m; are both relatively prime to K, we conclude that a; = a;.

For the other direction, we will again make use of [13, Proposition 2.14] a number
of times. Assume that m; = n; (mod K), i =1,2, and (m3'm; — ny'n;) w
(modr) =0 (mod r), then the entries, y;, in the second row of the adjacency
matrices are identical, and it suffices to show for each ¢ that

r(r-1(r-2)

3K ZE (ky —k¢) (mod r)

x; = x; = (my'my - ny'ny)
is an integer multiple of %. For the second term, this is obvious. Additionally, it is
obvious that this is also true for the first term, whenever r is not a multiple of 3. If 3|r,
then one finds that 3|m5'm; — n3'n;, and the claim follows.

The adjacency matrices of each set of weights will then be identical after adding the
third row to the first, and the first column to the tth column in each an appropriate
number of times.

(2). Proceeding as in part (3), assume that the quantum lens spaces coming from
the weights m = (my, my, my, m3) and n = (ng, ny, ny, n3) are isomorphic. We denote
x,a; and x’, af the elements coming from the adjacency matrix as written in Lemma
6.8 corresponding to m and n, respectively. See Notation 6.2 for the definition of a;.
In a similar manner, it follows from Corollary 4.1 and a computation that

a;r _ arr
L =" (modr)
K K
It follows that m; = n; (mod K). Moreover, we obtain from the adjacency matrices

that
r(2r-K)(r-K)

1y r(r=K)(K-1)
e -m )— (mod r),

+ (1’!1 4K

X —x_(n2 ny—my ml)
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and using [13, Theorem 7.1], we obtain kg, k; € Z such that

, r(r+ K
x'—x= (ZK )k0+—k1 (mod r).

Consequently,

r(2r— K)(r - K) (n 71) r(r—K)(K-1) _ r(r+K)
6K> Lo 4K T 2K

(n;lnl my ml) k0+%k1 (mod r).

Multiplying both sides by 2K yields

r(2r— K)(r - K) (!

y H(r=K)(K-1) _
A o it YD

! =0 (modr).

(n; ny — mglml)

Now, it is easy to check that the second term is always congruent to zero (mod r), so
we conclude that
r(2r- K)(r-K)

3K =0 (modr).

-1 -1
(T’lz ny—m, ml)
Conversely, assuming that

(7.5) (”;17’11 m; L ) W ter,

we may argue, as in the previous part, by showing that x — x’ is an integer multiple of
% It follows by a computation that

, v (2t+ (mi' = n)(r-K)(K-1)
X-x _K( . )

Since (m;* - n;')(r — K)(K —1) is necessarily divisible by 4 (to see this, one can
consider the different parities of K and r), it suffices to show that ¢ is even, which
one can conclude by considering (7.5).

It remains to be shown that (n3'n; — m3'm,) w =0 (mod r) ifand only

if (ny'ng — my'my) w =0 (mod r). It is routine to show that if 3 does not

divide r, then 3 divides elther 2r — K or r — K, and the claim follows immediately. If

(n3'ny — m3'my) W =0 (mod r) and 3|r, then 3| (n;'n; — m3'm;) and one

1ml) is always

direction follows. The converse follows, remarking that 3| (n; Yy —m;
true if (n3'n; — my'm;) W =0 (mod r).

The proof of (1) is identical to that of (2), remarking that the adjacency matrix
corresponding to the system of weights m = (mg, my, my, m3) with ged(my,r) = K
and gcd(m;, r) = 1if i # 2 is the antitranspose of the adjacency matrix corresponding
to the system m' = (my, my, my, m3). By [17, Definition 1.7], the adjacency matrices
are related by the identity

T
AL7(r sm) ]AZZ(T;@)

J>

where ] is the involutory matrix whose entries are 1 on the second diagonal and 0
elsewhere. u

https://doi.org/10.4153/50008414X23000044 Published online by Cambridge University Press


https://doi.org/10.4153/S0008414X23000044

On the classification and description of quantum lens spaces as graph algebras 281

Remark 71 In this paper, we have only dealt with the case where a single weight is
coprime to the order of the acting group, r. There is, however, no clear reason why
a similar result should be unobtainable in a more general setting. In particular, if
we consider a list of weights (mg, mj, m,, m3), then the methods for computing the
adjacency matrices of the corresponding graph could very likely be identical or similar,
albeit more tedious, to the ones used above if at least one of m; or m, is coprime to r.
If both weights are coprime, it is likely that an entirely different approach to counting
is necessary since all methods employed so far have required one of them to be a unit
of Z,.

Acknowledgment We would like to thank Seren Eilers for helpful discussions as well
as providing a program which has been crucial to the investigation. We would also like
to thank Efren Ruiz for pointing out the problem in the description of quantum lens
spaces as graph C*-algebras and for his important guidance and help in constructing
a new description. The authors also gratefully acknowledge helpful comments and
suggestions from Wojciech Szymanski and James Gabe. We would also like to thank
the anonymous referee for comments and suggestions for improvements.

References

[1] G. Abrams and M. Tomforde, Isomorphism and Morita equivalence of graph algebras. Trans.
Amer. Math. Soc. 363(2011), 3733-3767.  https:/doi.org/10.1090/50002-9947-2011-05264-5
[2] E Arici, S. Brain, and G. Landi, The Gysin sequence for quantum lens spaces. J. Noncommut.
Geom. 9(2015), no. 4, 1077-1111.  https://doi.org/10.4171/INCG/216
[3] S.E. Arklint and E. Ruiz, Corners of Cuntz—-Krieger algebras. Trans. Amer. Math. Soc.
367(2015), 7595-7612.  https:/doi.org/10.1090/S0002-9947-2015-06283-7
[4] T.Bates and D. Pask, Flow equivalence of graph algebras. Ergodic Theory Dynam. Systems
24(2004), 367-382.  https:/doi.org/10.1017/S0143385703000348
[5] T.Bates, D. Pask, I. Raeburn, and W. Szymanski, The C*-algebras of row-finite graphs. New York
J. Math. 6(2000), 307-324.
[6] L. G. Brown, Stable isomorphism of hereditary subalgebras of C*-algebras. Pacific ]. Math.
71(1977), 335-348.  https://doi.org/10.2140/pjm.1977.71.335
[7] T. Brzezinski and S. A. Fairfax, Quantum teardrops. Commun. Math. Phys. 316(2012), no. 1,
151-170.  https://doi.org/10.1007/500220-012-1580-2
[8] T. Brzezinski and W. Szymanski, The C*-algebras of quantum lens and weighted projective
spaces. J. Noncommut. Geom. 12(2018), no. 1,195-215.  https://doi.org/10.4171/INCG/274
[9] T. Crisp, Corners of graph algebras. ]. Operator Theory 60(2008), 253-271.
https://doi.org/10.1090/50002-9947-2015-06283-7
[10] E D’Andrea and G. Landi, Quantum weighted projective and lens spaces. Comm. Math. Phys.
340(2015), no. 1, 325-353.  https://doi.org/10.1007/s00220-015-2450-5
[11] K. Deicke, J. H. Hong, and W. Szymanski, Stable rank of graph algebras. Type I graph algebras
and their limits. Indiana Univ. Math. J. 52(2003), 963-979.
[12] Y. A. Drozd and V. V. Kirichenko, Finite dimensional algebras, Springer, Berlin-Heidelberg,
1994. https:/doi.org/10.1007/978-3-642-76244-4
S. Eilers, G. Restorff, E. Ruiz, and A. P. Serensen, Geometric classification of graph C*-algebras
over finite graphs. Canad. J. Math. 70 (2018), no. 2, 294-353.
https://doi.org/10.4153/CJM-2017-016-7
[14] S. Eilers, G. Restorf, E. Ruiz, and A. P. Serensen, The complete classification of unital graph
C*-algebras: geometric and strong. Duke Math. J. 170(2021), no. 11, 2421-2517.
https://doi.org/10.1215/00127094-2021-0060
S. Eilers and E. Ruiz, Refined moves for structure-preserving isomorphism of graph C*-algebras.
Preprint, 2019.  arXiv:1908.03714
[16] N.]J. Fowler, M. Laca, and I. Raeburn, The C*-algebras of infinite graphs. Proc. Amer. Math. Soc.
128(2000), no. 8, 2319-2327.  https://doi.org/10.1090/S0002-9939-99-05378-2

[13

[15

https://doi.org/10.4153/50008414X23000044 Published online by Cambridge University Press


https://doi.org/10.1090/S0002-9947-2011-05264-5
https://doi.org/10.4171/JNCG/216
https://doi.org/10.1090/S0002-9947-2015-06283-7
https://doi.org/10.1017/S0143385703000348
https://doi.org/10.2140/pjm.1977.71.335
https://doi.org/10.1007/s00220-012-1580-2
https://doi.org/10.4171/JNCG/274
https://doi.org/10.1090/s0002-9947-2015-06283-7
https://doi.org/10.1007/s00220-015-2450-5
https://doi.org/10.1007/978-3-642-76244-4
https://doi.org/10.4153/CJM-2017-016-7
https://doi.org/10.1215/00127094-2021-0060
https://arxiv.org/abs/1908.03714
https://doi.org/10.1090/S0002-9939-99-05378-2
https://doi.org/10.4153/S0008414X23000044

282 T. Gotfredsen and S. E. Zegers

[17] V. Golyshev and J. Steinstra, Fuchsian equations of type DN. Commun. Number Theory Phys.
1(2007), 323-346.  https:/doi.org/10.4310/CNTP.2007.v1.n2.a3

[18] T. Gotfredsen and S. E. Mikkelsen, On the classification of quantum lens spaces of dimension at
most 7. Preprint, 2021.  arXiv:2104.06137

[19] J. H. Hong and W. Szymanski, Quantum spheres and projective spaces as graph algebras. Comm.
Math. Phys. 232(2002), 157-188.  https://doi.org/10.1007/s00220-002-0732-1

[20] J. H. Hong and W. Szymanski, Quantum lens spaces and graph algebras. Pacific J. Math.
211(2003), 249-263.  https://doi.org/10.2140/pjm.2003.211.249

[21] P.L.Jensen, E R. Klausen, and P. M. R. Rasmussen, Combinatorial classification of quantum
lens spaces. Pacific J. Math. 297(2018), no. 2, 339-365.  https://doi.org/10.2140/pjm.2018.297.339

[22] A.Kumjian, D. Pask, and I. Raeburn, Cuntz-Krieger algebras of directed graphs. Pacific J. Math.
184(1998), 161-174.  https:/doi.org/10.2140/pjm.1998.184.161

[23] S. E. Mikkelsen, Structure and symmetries in C*-algebras. Ph.D. thesis, University of Southerns
Denmark, Faculty of Science, 2021.  https://doi.org/10.21996/mOxy-fp74. See also
https://sophiemath.dk/research.

[24] 1. Raeburn, Graph algebras, CBMS Regional Conference Series in Mathematics, 103, American
Mathematical Society, Providence, RI, 2005, Published for the Conference Board of the
Mathematical Sciences, Washington, DC.  https:/doi.org/10.1090/cbms/103

[25] G. Restorft, Classification of Cuntz-Krieger algebras up to stable isomorphism. J. Reine Angew.
Math. 598(2006), 185-210.  https://doi.org/10.1515/CRELLE.2006.074

[26] A.P. W. Serensen, Geometric classification of simple graph algebras. Ergodic Theory Dynam.
Systems 33(2013), 1199-1220.  https://doi.org/10.1017/50143385712000260

[27] W. Szymanski, General Cuntz-Krieger uniqueness theorem. Internat. J. Math. 13(2002),
549-555.  https:/doi.org/10.1142/S0129167X0200137X

[28] L. L. Vaksman and Y. S. Soibelman, Algebra of functions on quantum SU(n + 1) group and odd
dimensional quantum spheres. Algebra i Analiz 2(1990), 101-120.

Roskilde Business College, Bakkesvinget 67, 4000 Roskilde, Denmark
e-mail: tgo@rhs.dk gotfredsen_thomas@hotmail.com

Faculty of Mathematics and Physics, Charles University, Sokolovskd 49/83, 186 75 Praha 8, Czech Republic
e-mail: zegers@karlin.mff.cuni.cz sophieemmazegers@gmail.com

https://doi.org/10.4153/50008414X23000044 Published online by Cambridge University Press


https://doi.org/10.4310/CNTP.2007.v1.n2.a3
https://arxiv.org/abs/2104.06137
https://doi.org/10.1007/s00220-002-0732-1
https://doi.org/10.2140/pjm.2003.211.249
https://doi.org/10.2140/pjm.2018.297.339
https://doi.org/10.2140/pjm.1998.184.161
https://doi.org/10.21996/m0xy-fp74
https://sophiemath.dk/research
https://doi.org/10.1090/cbms/103
https://doi.org/10.1515/CRELLE.2006.074
https://doi.org/10.1017/S0143385712000260
https://doi.org/10.1142/S0129167X0200137X
mailto:tgo@rhs.dk
mailto:gotfredsen_thomas@hotmail.com
mailto:zegers@karlin.mff.cuni.cz
mailto:sophieemmazegers@gmail.com
https://doi.org/10.4153/S0008414X23000044

	1 Introduction
	2 Preliminaries
	2.1 Classification of graph C*-algebras over finite graphs

	3 Quantum Lens spaces as graph C*-algebras
	3.1 A modified graph

	4 A classification result of quantum lens spaces
	5 Classification of C(L2n+1(r;m)), n3
	6 Adjacency matrices
	7 The invariant

