ALGEBRAIC
COMBINATORICS

Harvey I. Blau

On residually thin and nilpotent table algebras, fusion rings, and association schemes
Volume 5, issue 1 (2022), p. 21-36.

https://doi.org/10.5802/alco.194

© The journal and the authors, 2022.

(cOIS2 This article is licensed under the
CREATIVE COMMONS ATTRIBUTION 4.0 INTERNATIONAL LICENSE.
http://creativecommons.org/licenses/by/4.0/

Access to articles published by the journal Algebraic Combinatorics on
the website http://alco.centre-mersenne.org/ implies agreement with the
Terms of Use (http://alco.centre-mersenne.org/legal /).

Algebraic Combinatorics is published by The Combinatorics Consortium 4
and is a member of the Centre Mersenne for Open Scientific Publishing >

www.tccpublishing.org www.centre-mersenne.org

MERSENNE


https://doi.org/10.5802/alco.194
http://creativecommons.org/licenses/by/4.0/
http://alco.centre-mersenne.org/
http://alco.centre-mersenne.org/legal/
https://www.tccpublishing.org/
www.tccpublishing.org
www.centre-mersenne.org
http://www.centre-mersenne.org/

Algebraic Combinatorics
Volume 5, issue 1 (2022), p.21-36
https://doi.org/10.5802/alco.194

On residually thin and nilpotent table
algebras, fusion rings, and association

schemes

Harvey 1. Blau

ABSTRACT Residually thin and nilpotent table algebras, which are abstractions of fusion rings
and adjacency algebras of association schemes, are defined and investigated. A formula for
the degrees of basis elements in residually thin table algebras is established, which yields an
integrality result of Gelaki and Nikshych as an immediate corollary; and it is shown that this
formula holds only for such algebras. These theorems for table algebras specialize to new results
for association schemes. Bi-anchored thin-central (BTC) chains of closed subsets are used to
define nilpotence, in the manner of Hanaki for association schemes. Lower BTC-chains are
defined as an abstraction of the lower central series of a finite group. A partial characterization
is proved; and a family of examples illustrates that unlike the case for finite groups, there is
not necessarily a unique lower BTC-chain for a nilpotent table algebra or association scheme.

1. INTRODUCTION

We explore two related aspects of some important algebraic and combinatorial struc-
tures: namely, the properties called residual thinness and nilpotence. The former con-
cept has been studied in the framework of association schemes by Zieschang [13, 14]
and Hanaki and Shimabukuro [11], among others; and for hypergroups (as an alge-
braic generalization of schemes) by French and Zieschang [7]. It has been analyzed
(evidently independently) in the setting of fusion categories and fusion rings by Gelaki
and Nikshych [8]. They use the term “nilpotent” for what the other authors above
call “residually thin”. This usage has the desirable consequence that a finite group is
nilpotent in the classical sense if and only if its representation category (resp. charac-
ter ring) is nilpotent as a fusion category (resp. fusion ring) [8, Remark 4.7]. However,
the group algebra of any finite group, as a fusion ring, is nilpotent according to their
definition. This seems to leave room for an alternative definition of nilpotent. The one
presented in this paper (see Definition 1.3 below) is a direct generalization of the one
given for association schemes by Hanaki [9].

Our context here is the family of table algebras, finite dimensional algebras over
the complex numbers with a distinguished basis that satisfies certain axioms (see Def-
inition 1.1 below). The adjacency (or Bose-Mesner) algebras of association schemes,
group algebras, and Hecke (double coset) algebras constructed from group algebras are
examples, and fusion rings comprise a subfamily. Hypergroups, in the sense of [7], are
generalizations of table algebras. Our main results include a formula for the degrees
of the basis elements of a residually thin table algebra, and a proof that this formula
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holds only for such algebras (see Theorem 1.7 below). Gelaki and Nikshych'’s integral-
ity theorem [8, Corollary 5.3] for fusion categories is an immediate consequence. These
are evidently new results for association schemes as well. We also define the notion of
thin central chains for a table algebra, in particular upper, lower, and bi-anchored such
chains, and use it to exposit our alternate definition of nilpotent table algebra. This
definition coincides with the usual one in the case of a finite group; and when applied
to commutative table algebras, it is equivalent to both the author’s [2] and Gelaki
and Nikshych’s [8] definitions. Theorems 1.14 and 1.20 below relate residual depth to
nilpotence class (see Definitions 1.15, 1.21), and thus extend Gelaki and Nikshych’s
result for the commutative case [8, Theorem 4.16]. Lower bi-anchored thin-central
chains exist for any nilpotent table algebra by Definition 1.11. Theorem 1.23 gives a
partial characterization of them. But unlike the case of the lower central series of a fi-
nite group, they are not necessarily unique. Example 5.5 shows this, and thereby gives
a negative answer to a question of Hanaki [9, Question 2.11] regarding uniqueness of
lower central series in an association scheme.

We recall a few well known definitions and facts needed in order to state the main
results. These are developed in a number of sources, in particular [1, 6, 3].

DEFINITION 1.1. A table algebra (TA) (A, B) is a finite dimensional algebra A over
the complex numbers C, and a distinguished basis B that contains 14, such that the
following properties hold:

(la) The structure constants for B are all nonnegative real numbers; that is, for
allb,c € B,

be =Y Aicad, for some Ayea € Rxo.
deB
(1b) There is an algebra anti-automorphism (denoted by * ) of A such that (a*)* = a
foralla € A; and B* = B.
(1c) For allb,c € B, A\pe1 =0 if and only if ¢ # b*.

It follows as a consequence of the definition that App«1 = Ap<p1 > 0 for all b € B.
Frobenius-Perron eigenvalue theory yields that for each table algebra there exists a
unique algebra homomorphism ¢ : A — C, called the degree map, such that 6(b) =
0(b*) > 0 for all b € B. The table algebra (A, B) is called standard if for all b € B,
0(b) = App+1. Any table algebra can be rescaled (replace each b € B by (b, for suitable
By > 0) to one that is standard.

Let (A, B) be a standard table algebra (STA). For any subsets S, T of B, the set
product ST = Usegter Suppp(st), S* = {s*|s € S}, and ST := Y _¢s. Note that
set product is associative. If T = {t}, a singleton set, then S{t} (resp. {t}S, S{t}S)
is denoted St (resp. 5, StS). The order of a subset S is o(S) = 6(S™T).

A nonempty subset C' C B is called closed if C*C C C. In this case, (CC,C) is
again a table algebra, and the set of left cosets Cb for b € B partition B, as do the
right cosets bC, and the C-C' double cosets CbC. A quotient element, for any b € B,
is b//C = o(C)~Y(CbC)T. Let B//C = {b//C|b € B}, and A//C = C(B//C).
Then (A//C,B//C) is a STA, called the quotient algebra, or double coset algebra of
(A, B) by the closed subset C. Its degree map is § | 4/,¢, and its anti-automorphism is
* lay/c- Furthermore, o(B//C) = o(B)/o(C). The closed subsets D with C C D C B
are in bijection with the closed subsets of B//C via D <+ D//C (see Proposition 2.5
below). The closed subset C' is called normal (resp. strongly normal) in B if bC = Cb
(resp. bCb* = C) for all b € B. Strongly normal closed subsets are normal, but the
converse is not always true.

An element z € B is called thin (or linear, or grouplike) if xza* = 1. This is
equivalent to d(x) = 1; and if x is thin, then b € B and bx € B for all b € B.
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So 6(xzb) = 6(bx) = §(b) for all b € B. Now Oy(B) = {z € Blza* =1} = {z €
B|§(xz) = 1} is a group, called the thin radical of B; and B is called thin if B = Oy(B).
Obviously, Oy(B) is the unique maximal closed subset D of B such that D is thin. For
C' a closed subset of B, the quotient B//C' is thin if and only if C' is strongly normal
in B. Since the intersection of strongly normal closed subsets is again strongly normal,
there is a unique minimal closed subset of B, denoted O?(B), such that B//O?(B) is
thin. Now O?(B) is called the thin residue of B, and it equals the closed subset of B
generated by Supp 5 (bb*) for all b € B. (See [13, Theorem 2.3.1] or [14, Theorem 3.2.1],
where the algebraic proof for association schemes holds verbatim for table algebras.)

Throughout, Z(A) will denote the center of the algebra A, and Z(B) will mean
BnNnZ(A).

DEFINITION 1.2. A chain C of length n is a collection {C;}_, of closed subsets of B
such that either Co c C1 C ---Cc Cp_1 Cc C,, or C, Cc Cpp_1 C ---C C1 C Cy. It
is called a bi-anchored chain (B-chain) if Cy = {1} and C,, = B (or C, = {1} and
Co = B). It is a thin chain (T-chain) if C;11//C; is thin for all0 < i< n—1 (or
Ci—1//C; is thin for all 1 < i < n). It is called a thin-central chain (‘TC-chain) if
Civ1//C; is thin and Ciy1//C; C Z(B//C;) for all0 < i <n—1 (or C;i—1//C; is
thin and C;_1//C; C Z(B//C;) for all 1 <i < n).

DEFINITION 1.3. A STA (A, B) is residually thin if there exists a bi-anchored thin
chain (BT-chain). It is nilpotent if there exists a bi-anchored thin-central chain (BTC-
chain).

REMARK 1.4. 1t is immediate from the definition that for any finite group G, the
group algebra (CG, G) is nilpotent as a STA if and only if G is nilpotent in the usual
group-theoretic sense.

PROPOSITION 1.5. Let (A, B) be a residually thin STA, with BT-chain B = Cy D
Cy DD Choq1 DC, ={1}. Then o(C;) is an integer, and o(C;11)|o(C;) for all
0<i<n—1.

Proof. Since each C;//Cj41 is a group, o(C;//C;+1) = o(C;)/0o(C;+1) is an integer
for 0 < j S n — 1. Since O(Cz) = O(CH_l)O(CZ‘//CH_l) = Hj;i O(Cj//0j+1), the result
follows. O

DEFINITION 1.6. Let (A, B) be a STA with a B-chain C: B=Cy D> Cy D ---Cp_1 D
Cn ={1}. For any 1 <i < n and any b € B\C;, define the positive integer m(C,i,b)
fori<n by

n—1

m(C.i,b) = [ card(Cy//Cyir - b/ /Can - Cy/ [Cyin),

j=i
where Cj//Cj.H . b//Cj.H . Cj//0j+1 is the Cj//Cj_H - Oj//Cj.H double coset Of
b//Cjy1 in B//Cjt1; and m(C,n,b) = card(C,bC,,) = card{b} = 1.

We now can state our first main results.

THEOREM 1.7. Let (A, B) be a STA with a B-chain C: B=Cy > C; D --- D Cp_1 D
Cpn = {1}. Then C is a thin chain if and only if for all i with 1 < i < n and all
be C’i_l\C’,;,

6(b) = o(C;)/m(C,i,b).

THEOREM 1.8. Let (A, B) be a STA with a BT-chainC: B=Cy > C; D -+ D Cp_1 D
C,, ={1}. Let b € C; for i <n. Then the following hold:
(i) o(Ci11)/(b) is an integer divisor of o(Ciy1)%. In particular, o(O”(B))/5(b)
is an integer divisor of o(OV(B))? for all b € B.
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(ii) If each C; is normal in B (for example, if C is a BTC-chain), then
0(Ci41)/0(b) is an integer divisor of o(Cit1); hence, §(b) is its complemen-
tary integer divisor.

Theorem 1.7 is proved in Section 3 below, and Theorem 1.8 in Section 4.

REMARK 1.9. A fusion ring (A, B) is a table algebra with integer structure constants,
and where Ay = 1 for all b € B. If ¢(b) is the degree of such b, then ¢(b)? is the
degree of the corresponding basis element in the rescaled standard basis. So Gelaki
and Nikshych’s result [8, Corollary 5.3] that o(O”(B))/¢(b)? is an integer follows
immediately.

DEFINITION 1.10. Let (A, B) be a STA. A TC-chain {Q;}!_, is called terminal if
B=QoDQ1D D Qq-12D Qq, and there is no closed subset Qq11 C Qg such that
{Qi}, is a TC-chain.

DEFINITION 1.11. Let (A, B) be a STA.

(i) The residual thin chain R is the chain Ry = B, Ry = OY(B), R; =
O?(R;_1) for 1 < i. Thus, R has length v, where r is the least nonnegative
integer with R,.11 = R,.

(ii) The radical thin chain J is the chain Jy = {1}, J1 = Oy(B),J;//Ji-1 =
Oy(B//Ji—1) for 1 <i. Thus, J has length j, the least nonnegative integer
with Jj+1 = Jj.

(iii) The upper thin-central chain Z is the chain Zy = {1}, Z1 = Oy(B) N
Z(B),Z;]]Zi—1 = Oy(B//Z;—1) N Z(B//Z;—1) for 1 < i. Then Z has length
u, the least nonnegative integer with Z,11 = Z,.

(iv) A lower thin-central chain of length ¢ is a terminal TC-chain Q : Qo D Q1 D
o+ D Qq such that o(Qq) is minimal, and > !, 0(Q;) is minimal over all
such chains. In particular, a lower BTC-chain of length q is a BTC-chain
B=Qo D> Q1D D Qq={1} such that 3.7, 0(Q;) is minimal.

DEFINITION 1.12. Let (A, B) be a STA. Define O%*(B), the thin abelian residue, to be
the unique closed subset of B with B 2 O%(B) 2 OY(B) and O%(B)//0?(B) is the
commutator subgroup of the group B//OV(B), that is, [B//O?(B), B//O?(B)].

REMARK 1.13.

(i) Proposition 2.5(ii) below shows that O%(B) is well-defined. From its definition
and elementary group theory, it is the unique smallest closed subset of B such
that the quotient is an abelian group.

(ii) If (A, B) is the group algebra of a finite group G, then {G;}7_,, where Gy =
G,G1 = [G,G],G; = [G,Gi_q] for all 1 < i < ¢, where Gg41 = Gy, is the
unique lower TC-chain for (4, B).

(iii) Lower TC-chains for an arbitrary STA (A, B) always exist, by the definition.
If (A, B) is nilpotent, then every lower BTC-chain of minimal length begins
B = Qo D Q1 = O%(B), but is not necessarily unique. See Example 5.5 and
Theorem 1.23 below. The example yields a negative answer to a question of
Hanaki [9, Question 2.11] for association schemes.

The following theorem is proved by French and Zieschang [7, Theorem 6.1] in

their more general context of hypergroups. We include a short proof in Section 4, for
completeness.
THEOREM 1.14. Let (A, B) be a STA. If C = {C;}!, is a T-chain, B=Cy D> C1 D
<+ D Cp, then C; D R; for all 0 < i < n. Hence, (A, B) is residually thin if and only
if the residual T-chain R is bi-anchored. Furthermore, if (A, B) is residually thin,
and if C is any BT-chain of length n, then n > r (r = the length of R).
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DEFINITION 1.15. The residual depth of a residually thin STA (A, B) is the minimum
length of all BT-chains in B; by Theorem 1.14, it equals 7, the length of R.

REMARK 1.16. The radical T-chain J in a residually thin STA of depth r may be
bi-anchored of arbitrarily large length j > r, or it may not be bi-anchored at all. See
Example 4.2 below.

DEFINITION 1.17.[5, Definition 1.4] Let p be a prime. A STA (A, B) is called p-
standard if o(B) = pV for some integer N > 0, and for all b € B, §(b) = p™ for
some integer n, > 0. An association scheme is called a p-scheme if its adjacency
algebra is p-standard.

PROPOSITION 1.18. Let (A, B) be a STA with o(B) = p" for some prime p and integer
N > 0. Then (A, B) is p-standard if and only if it is residually thin.

REMARK 1.19. Not every p-standard table algebra is nilpotent. The example from [5,
Remark 1.4], which is taken from [10, No.10851], is 2-standard of order 32, but has
no nontrivial thin central basis elements.

We have the following analog of Theorem 1.14 for thin-central chains and nilpotent
STAs. It is a straightforward generalization of [9, Theorem 2.5].

THEOREM 1.20. Let (A, B) be a STA. If C = {Ci}y, {1} =CoCc C1 C --- C Cy is
a TC-chain, then C; C Z; for all 0 < i < n. Hence, (A, B) is nilpotent if and only if
the upper TC-chain Z is bi-anchored. Furthermore, if (A, B) is nilpotent, and if C is
any BTC-chain of length n, then n = u (u = the length of Z).

DEFINITION 1.21. The nilpotence class of a nilpotent STA (A, B) is the minimum
length of all the BTC-chains in B. By Theorem 1.20, it equals u, the length of Z.

It follows from Theorem 1.14 that for any nilpotent STA, the nilpotence class is at
least the residual depth. If A is commutative, then every T-chain is a TC-chain, hence
by Theorem 1.20 the residual depth is at least the nilpotence class. So the following
result of Gelaki and Nikshych is immediate.

COROLLARY 1.22. [8, Theorem 4.16] Let (A, B) be a commutative STA. Then (A, B)
is residually thin iff R is bi-anchored iff Z is bi-anchored iff (A, B) is nilpotent; and
in this case, the residual depth and nilpotence class of (A, B) are equal.

THEOREM 1.23. If (A, B) is a nilpotent STA, then every lower BTC-chain of length
u begins B D O%(B).

Preliminary results (mostly known) and some further definitions are collected in
Section 2. Theorem 1.7 and a related more general result are proved in Section 3.
Section 4 contains proofs of Theorem 1.14, Theorem 1.8, Proposition 1.18, and other
structural results for residually thin STAs. In particular, we show that if D is any
closed subset of a residually thin table basis B, then o(D) is an integer such that
o(D) | o(B). Example 4.2 is also presented. Section 5 establishes Theorem 1.20 and
Theorem 1.23, and studies further aspects of TC-chains and nilpotent STAs. In par-
ticular, Corollary 5.4 shows that a STA (A, B) is nilpotent if and only if B//OY(B) is
nilpotent as a group, and Z;, 2 O?(B) for some integer k. Example 5.5 demonstrates
that lower BT C-chains in a nilpotent STA are not always unique.

2. PRELIMINARIES

The results in the section for which proofs are omitted are known; proofs for them
are given in [1], [6], or [3]. Throughout, (A, B) is a table algebra (TA).
There is a positive definite Hermitian form ( , ) on A such that for all b,¢,d € B,
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(b,¢) = Bre1; and (be, d) = (b, dc*) = (¢, b*d).

DEFINITION 2.1. Let (A, B), (U, V') be TAs. A table algebra (TA-)homomorphism  :
(A,B) — (U,V) is an algebra homomorphism ¢ : A — U, (Y(1a) = 1y), such that
for each b € B, there is some v € V and oy, € Rsg with (b) = apv. Define Vy, =
{veV|y¥(b) =ay for someb e B and a, € Rso}. Then Vi is a closed subset of V.
Now 1 is called a TA-isomorphism if ¢ is one-to-one and Vi, = V. This is equivalent
to 1 : A — U being an algebra isomorphism. If there exists such a TA-isomorphism,
we write (A, B) = (U, V).

DEFINITION 2.2. The kernel of a TA-homomorphism 1 is defined as keryp == {b €
B|y(b) = aply for some ap € Rso}.

Then ) preserves the respective anti-automorphisms, ker v is a normal closed sub-
set of B, and the following “Fundamental Homomorphism Theorem” holds:

PROPOSITION 2.3. Let ¢ : (A,B) — (U, V) be a TA-epimorphism of STAs. Let
C =kert. Let e = ec := o(C)"LC™, a central idempotent of A. Then « : (A, B) —
(A//C,B//C), where w(b) = be for all b € B, is a TA-epimorphism, as be =
(5(b)/5(b//C))b//C. Furthermore, there is a TA-isomorphism v : (A//C,B//C) —
(U, V) such that (o = ). Finally, since both (A//C, B//C) and (U,V) are standard,
then for all b € B, 1(b//C) = v, where 1(b) = ayv for some ay, € Ry.

Proposition 2.3 has the following consequence:

LEMMA 2.4. Let (A, B) be a STA with closed subsets C, D where D is normal in B.
Then DC = CD is a closed subset, D N C is a normal closed subset of C, and

Cc//(DNnC)=CD//D,
via a TA-isomorphism that yields the correspondence ¢//DNC < ¢/ /D, forallc € C.

The first two parts of the next proposition are contained in [6, Proposition 2.13],
and part (iii) is proved for hypergroups in [7, Lemma 4.6]. Parts (iii), (iv), and (v)
are proved below.

PROPOSITION 2.5. Let (A, B) be a STA and C a closed subset of B. Then the following
hold:

(i) The correspondence D w— D//C' is a bijection between the set of closed subsets
of B that contain C and the set of closed subsets of B//C.

(ii) Suppose that D is a closed subset of B with C C D C B. Then for allb € B,
(b//C)//(D/]C) =b//D. Hence, (B//C)//(D//C) = B//D.

(iii) Suppose that C C D C B. Then D is strongly normal in B if and only if
D//C is strongly normal in B//C.

(iv) Suppose that C C D C B and D is normal in B. Then D//C is normal in
B//C.

(v) Suppose that C C D C B and C is normal in B. Then D is a normal subset
of B if and only if D//C is a normal subset of B//C.

Proof. (iii) D is strongly normal in B iff B//D is thin iff (B//C)//(D//C) is thin
(by (ii)) iff D//C is strongly normal in B//C.

(iv) Since D is assumed normal in B, (CbC)D = D(CbC) for all b € B. It follows
that b//C -D//C =D//C-b//C, hence D//C is a normal subset of B//C.

(v) Suppose that C' is a normal subset of B, and that D//C is normal in B//C.
Then for all b € B, b//C - D//C = D//C -b//C, hence (CbC)D = D(CbC). But
C C D,soCD =D = DC. Thus we have CbD = DbC. Since C' is normal in B,
CbD =bCD = bD, and DbC' = DCb = Db. The result follows. O

Algebraic Combinatorics, Vol. 5 #1 (2022) 26



Residually thin and nilpotent table algebras

LEMMA 2.6. Let (A, B) be a STA with closed subsets C1 2 Co and D such that Cy
1s strongly normal in C1, and for all c € C1, ¢cD C DcCs. Then DCy and DCs are
closed subsets such that DCy is strongly normal in DC1.

Proof. Tt follows from the hypothesis that C;D C DC;. Then C;D = (DC;)* D
(CiD)* = DCy. So DCy = C1D, hence DC; is a closed subset. The hypothesis
restricted to ¢ € Cy similarly yields DCy = Cs D, hence DCs is closed. Any b € DC4
is in Supp(de) for some d € D, ¢ € C;. Then set products

bDCob™ C deDCoc*d* = d(eD)Coc*d* C d(DcCs)Coc*d* = D(cCac*)d*.
Now C5 strongly normal in Cy and CyD = DC5 yield
D(cCsc*)d* = DCyd™ = D(C2d*) C D(DC3) = DCs. O

REMARK 2.7. Given closed subsets C7 2 C3 and D with C5 strongly normal in C1,
the final hypothesis of Lemma 2.6 will follow from either D normal in B, or both
Cy and Cy normal in B with (¢//Cs) - (DCs//C3) = (DCy//Cs) - (¢//C3) for all
¢ € Cy. This is because the latter assumption implies that ¢DCy = (C2cCs)(DCs) =
(DCQ)(CQCCQ) = DCCQ.

LEMMA 2.8. Let (A, B) be a STA with closed subset C and normal closed subset D.
If OY(C) C D, then C//(DNC) is thin.

Proof. Lemma 2.6 implies that DO (C) is strongly normal in DC. But O”(C) C D
by hypothesis, so D is strongly normal in DC'. Hence, DC//D is thin. By Lemma 2.4,
C//(DNC) is thin, 0

LEMMA 2.9. Let (A,B) be a STA, C a closed subset of B, and b € B. Then § is
constant over the double coset CbC' if and only if o(CbC) = card(CbC)§(V') for all
b e CuC.

Proof. Since o(CbC) = >,/ ccpe 6(b') and card(CbC) are independent of any partic-
ular b’ € CbC, the proof is immediate. O

LeMMA 2.10. Let (A, B) be a STA, C a thin closed subset of B, and b € B. Then
card(CbC) | o(C)2. If C is normal in B, then card(CbC) | o(C).

Proof. The group C'xC acts on the double coset CbC' as follows: for all ¢y, co, z,y, € C,
(e1beg) ™Y = 27 erbegy.

The double coset itself is the sole orbit under this action. Hence, if S := {(z,y) € C x
C | 27 by = b}, i.e. S is the stabilizer of b under the action, then card(CbC) = |C'xC :
S|. If C is normal in B, then CbC = bC, and C' acts on bC' by right multiplication. If
S™ denotes the stabilizer of b in C' under this action, then card(CbC) = |C : S™|. O

LEMMA 2.11. Let (A, B) be a STA, and C = {C;}?, a BT-chain with B = Cy D Cy D
<D Cp = {1}. Then for all 1 <i < n and all b € B\C;, m(C,i,b) | o(C;)%. If each
C; is normal in B (in particular, if C is a BTC-chain), then m(C,i,b) | o(C;).

Proof. This is immediate from the definitions if ¢ = n, so assume 1 < i < n and
b € B\C;. Lemma 2.10 implies that for each j with i < j <n — 1,

card(C;//Ciy1-b//Cjy1 - Cj//Ci1) 1 0(C;//Ciy1)? = 0(Cy)? /0o(Cjy1)?.
Hence,

n—1 n—1 0 N2
m(C.1.8) = [T easd(€y//Cyr -/ /Con- €y Cyn) | [T 52055 = ol
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If each C; is normal in B, then each C;//Cjy1 is a thin normal closed subset of
B//Cj1, by Proposition 2.5(iv). So Lemma 2.10 yields that for all i < j <n —1,

card(C;//Cjt1-b//Cj1 - Cj//Cjy1) = card(b//Cjy1 - Cj/[Cit1) [ 0(C;//Cjsa).
Therefore, m(C,,b) | H?;il(o(Cj)/o(CjH)) = o(Cy). O

3. DEGREES AND DOUBLE COSETS

Throughout this section, (A, B) is a STA with degree map ¢, and C = {C;}, is a
B-chain with B = Cy D C;--- D C,, = {1}. We prove a theorem that, for a given
B-chain, yields a criterion whereby the degree of a quotient element is found in terms
of the cardinality of double cosets in quotient bases determined by the chain. The
result is applied to prove Theorem 1.7.

DEFINITION 3.1. Fiz integer k with 0 < k < n. Define the chain
C//Cr = {Ci//Cr}izo-
REMARK 3.2. We have by Proposition 2.5(i) that
B//Cr=Cy//Cr D C1//Ck--- D Cr_1//Cr D Ck//Ch,

so that C//C}, is indeed a B-chain of length &k in B//C}.
LEMMA 3.3. Fiz integers i,k with 0 < @ < k < n, so that C; 2O Cy. Then for all
b e B\C;,

m(C,i,b) = m(C//Ck,i,b//Ck) - m(C, k,b).
Proof. It i = k, then m(C//Ck, k,b//C)) = 1 by definition, as C//C} has length k.

If & = n, then m(C,n,b) =1, C//Cy, = C, and b//C,, = b. So we may assume that
i < k < n. Proposition 2.5(ii) implies for all i < j < k — 1,

((C3//Cx)/ /(Ci1//Ck)) - (0] /Ck) [/ (C11/ [ Ck)) - ((C3//Cr)/ /[ (C11/ [ Ck))
=Cj//Cit1-0//Ci1 - Ci/[Cjpa,
so that by Definition 1.6, m(C//Ck,i,b//Ck) = [ ;< j<x—1 card(C;//Cj41 - b//Cjta -
C;//Cj4+1). Since by the same definition m(C, k, b) (resp. m(C,,b)) equals the anal-
ogous product over k < j <n—1 (resp. ¢ < j < n— 1), the result follows. O

THEOREM 3.4. Let C = {C;}I_ be a B-chain with B=Cy D C; D --- D C,, = {1}.
Then § is constant on each double coset C;//Cji1-b//Ciq1-C;//Cip1 for all 0 <
i<j<n—1andallbe B\C; if and only if, for all 0 < i< n—1,
5(b) .
a(b//C;) = o(C’i)m(C’Z’b)'
Proof. Fixi > 0. By Proposition 2.5(ii), ¢ is constant on C;//Cj+1-b//Cj41-C;//Cis1
foralli < j<n-—1andall b€ B\C; if and only if J is constant on

(W) (C5//Cn-1)//(Cjt1//Cn-1)) - ((b//Crn1)//(Cj11//Cr1))
-((C;//Cn=1)]/(Cj41//Cpn=1)) forall i < j <n—2andall be B\Cj,

and
(2) 0 is constant on C,,_1bC,_; for all b € B\C;.
Since B\C; is a union of C,,_1-C,,_1 double cosets, Lemma 2.9 implies that (2) is

equivalent to 6(b//Cp—1) = O(gff’jl)m(c,n —1,b) for all b € B\C;. Soifi =n—1, the
theorem is proved.

Algebraic Combinatorics, Vol. 5 #1 (2022) 28



Residually thin and nilpotent table algebras

Suppose that ¢ < n — 1. By induction on n, (1) is equivalent to

6(b//Crn-1)
0(Ci//Cp-1)

for all b € B\C;. So if (1) and (2) both hold, we have

5(b//C;) =6((b//Cn=1)//(Ci//Cr=)) = m
J(b)

- m(Cyn —1,b) -m(C//Cr1,i,b/ /Crr).
oCr )0 C)JolCr )™ ) - T{C// s/ /)
Hence by Lemma 3.3, 6(b//C;) = o(C) m(C,1i,b).
Conversely, suppose that for all 0 < ¢ < n and all b € B\C;, 6(b//C;) =
O‘E(Cbg)m(c, 1,b). If i = n — 1, we have already shown that § is constant on C,,_1bC,,_1.
Suppose that i < n — 1. Then by Lemma 3.3,

5 ((b//Cn-1)//(Ci/ [Crn-1)) = m(C//Cr-1,1,b//Cp_1)

m(c//cn—lv i, b//Cn—l)

o(b//Cy) = b)) (C,m—1,b)-m(C//Cp-1,i,b//Cp—_1)
_ 0(Cn-1) ,
= (Cz) 6(b//Crp1)m(C//Cp-1,i,b//Cpn_1).
So
| _0//Cu) Z.
6((b//Cn=1)//(Ci//Crn-1)) = o(Ci/TCn 1) (C//Cp-1,i,b//Cr1)

for all 0 < i < n—2 and b € B\C;, whence C//C,,_1 satisfies the same hypothesis
as C. Then by induction on n, ¢ is constant on all double cosets

((C3//Cn-1)]/(Cj1//Cn-1)) - (/) Cr=1)//(Cj41//Cn-1))
((Cj//Cn=1)//(Cj41//Cn=1)) = C}/[Cj41-b/[Cjs1 - Cj/[Cja,

for all i < j <mn—2and b € B\C;. This establishes the converse. O

Proof of Theorem 1.7. Observe that C,_; is thin iff §(b) =1 for all b € C,,_1\C,, iff
0(b) = o(Cy)/m(C,n,b).

If C is thin, then C;//Cjy1 is a thin closed subset for all 0 < j < n —1, by
definition. So ¢ is constant on each double coset C;//Cjy1-b//Cjt1 - C;//Cjq1 for

all 0 < ¢ < j<n-—1andall b € B\C;. Hence, 6(b//C;) = O‘S((le) (C,i,b) for all
0<i<n-—1andbe B\C;, by Theorem 3.4. But C;_;//C; thin and b € C;_1\C;
imply that §(b//C;) = 1. Hence, 6(b) = o(C;)/m(C,i,b) for 0 < i < n— 1.

Conversely, suppose that 6(b) = o(C;)/m(C,i,b) for all 0 < ¢ < n and all b €
C;—1\C;. In particular if i = n, then C,,_ is thin, as noted above. So ¢ is constant
on C,,_1bC,,_1 for all b € B.

If i <nand b € C;_1\C;, then C,,_; thin, Lemma 2.9 and Lemma 3.3 imply that
5(b) o(Ci)m(C,n — 1,b) _ o(Ci//Cn-1)

o(Cn-1) m(C,i,0)0(Cn1)  m(C//Cp1,i,b//Cpn1)’

So the same hypothesis holds for the chain C//C,,—1 in B//C)_1 as for C. Induction

onn implies that C//Cn_l is thin. Since Cj//C]’_H = ( ]//Cn 1)//( ]+1//Cn 1)
for all 0 < j < n — 2 by Proposition 2.5(ii), C is thin. O

6(b//Cn1) =

m(C,n—1,b)=
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4. RESIDUALLY THIN STAS

In this section, we prove Theorem 1.14, Theorem 1.8, Proposition 1.18, and in The-
orem 4.1 properties of residually thin STAs. Parts of the latter result are proved for
hypergroups in [7], as noted below; but we include proofs here, as they fit easily into
our context. Example 4.2 below illustrates how much residual depth and radical length
can differ. Throughout, (A, B) denotes a STA.

Proof of Theorem 1.14. Let C = {C;}_, be a T-chain in B, B = Cy D C1 D

- D Ch1 D C,. Then B//C; is thin, by Definition 1.2. Since R; = OY(B) is
the unique minimal closed subset of B such that B//R; is thin, C; 2 R;. Sup-
pose that C; 2 R; for some ¢ > 1. Since by definition C;//C;y1 is thin, Cjiq
is (strongly) normal in C;. Hence, R;C;11 = C;+1R; is a closed subset of C;. So
by Proposition 2.5(1), R;C;y1//Cit1 is a subgroup of C;//C;y1. By Lemma 2.4,
R;//(RiNCiy1) & R;Ciy1//Cit1. Thus, R;//(R; N C;y1) is thin. Then by the def-
inition of R, R;y1 C R; N Ci11 C Ciy1. It follows by induction that C; 2 R; for
0<i<n Soif C,, = {1}, then R, = {1} and n > r. The theorem follows. O

Proof of Theorem 1.8. Let b € C;. We may assume that b # 1. So for some j with
i <j<n,be Cj\Cjt1. Theorem 1.7 then implies that o(Cj4+1)/6(b) = m(C,j+1,b),
which is an integer. Lemma 2.11 yields further that o(Cji1)/6(b) | o(Cji1)%. As
J+1<i+1,0(Cjt1) | o(Cit1) by Proposition 1.5. Hence, o(Ciy1)/0(b) is an integer
and 0o(C;41)/8(b) | o(Cis1)?. If each C; is normal in B, then Lemma 2.11 implies that
0(Cj+1)/6(b) | 0(Cj+1), s0 0(Cit1)/6(b) | 0(Ciy1).

By Theorem 1.14, the residual thin chain R is also bi-anchored. Since b € B =
Ry, and Ry = O?(B), our proof shows that o(O?(B))/d(b) is an integer divisor of
0(0?(B))2. O

Proof of Proposition 1.18. Suppose that (A, B) is p-standard. By [5, Proposition 3.2],
there is a chain {1} C C; € Cy C --- C Cn = B with C;41//C; a cyclic group of order
p for 0 < i < N. So by Definition 1.3, (A, B) is residually thin. Suppose that (A, B)
is residually thin. Let {R;}]_, be the residual thin chain, so that B = Ry O R; D

- D R, = {1}, by Theorem 1.14. By Proposition 1.5, o(R;) is an integer divisor
of o(B) = p". Thus, o(R;) = p™ for some nonnegative integer N; < N. For each
be B, p™ /5(b) = o(R1)/5(b) is an integer divisor of o(R1)? = p?Nt by Theorem 1.8.
It follows that §(b) is a power of p, and (A, B) is p-standard. O

Part (i) and most of (ii) of the next result are proved for hypergroups by French
and Zieschang in [7, Theorem 6.3]. Since the proofs in our context are shorter, they
are included below. Part (iii) seems new.

THEOREM 4.1. Let (A, B) be a residually thin STA of depth n, with a BT-chain
{Ci}1y, B=CyDC1D---DC,={1}. Let D be any closed subset of B.

(i) The distinct members of {D N C;}}_, form a BT-chain for D, hence D is
residually thin of depth at most n. In particular, o(D) is an integer.

(ii) Suppose either that D is normal in B, or that each C; is normal in B and
(C//Ci+1) . (DCiJrl//CiJrl) = (Dci+1//ci+1) . (C//CiJr]) f07" all c € C;. Then
the distinct members of {DC;//D}"_, form a BT-chain for B//D, hence
B//D is residually thin of depth at most n.

(iii) o(D) | o(B).

Proof. Let b € DNC;. Then b(DNCi41)b* C Citq, since Cyy is strongly normal in Cy;
and b(DNC;41)b* C D, since b € D and D is closed. Thus, b(DNC;41)b* € DNCiqq.
So D N C;4q is strongly normal in D N C;. Hence, (DN C;)//(D N Ciy1) is thin. So
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D is residually thin of depth at most n, and o(D) is an integer by Proposition 1.5.
Thus, (i) follows.

Assume the hypotheses of (ii). Then each DC; is closed, and the hypotheses of
Lemma 2.6 hold for each pair C;, C;11, by Remark 2.7. By Lemma 2.6, each DC1 is
strongly normal in DC;. So DC;//DC;+1 = (DC;//D)//(DC;i+1//D) is thin. There-
fore, the distinct members of {DC;//D}! , form a BT-chain for B//D, and (ii) is
proved.

Now (1 is residually thin of depth n — 1, and is strongly normal in B; and D N Cy
is a closed subset of Cy. So o(D N C1) | o(Cy) by induction on n. Since DC;//Ch is
a subgroup of the group B//Cy, we have o(DC1//C4) | o(B//C1) = o(B)/o(C1). By
Lemma 2.4, D//(DNCy) = DC,//Cy. Thus,

o(D)/o(DNCy) = o(D//(DNCY)) = o(DC1//Ch) | o(B)/o(Ch).

Hence,
o(B)o(DNCY) o(B)
o(D = o(B),
( ) | O(Cl) O(Cl)/O(D N Cl) | ( )
where the last division holds because o(C1) | o(B) by Proposition 1.5, and o(DNCY) |
0(Ch). Therefore, (iii) holds. O

EXAMPLE 4.2. Let G be a finite group, H a proper subgroup of G, Y any other finite
group, and C' = H x Y. Define the group homomorphism ¢ : C — H by ¥ (hy) = h
for all h € H, y € Y. Consider the partial wreath product C oy, G = C U (G\H) as a
basis for a vector space over C [2, Definition 4.1, Definition 4.2], [4, Definition 1.13,
Definition 2.4]. That is, H is replaced inside G by C. Multiplication in C(C o, G)
is defined as follows: for all h € H,y € Y,g € G\H, (hy) - ¢ = hg (the product in
G), and g - (hy) = gh. If g1,90 € G\H with g1go = h € H, then in C(C oy G),
gi19s = ﬁhl/"r ﬁY"‘h. The other products are as in G or C. Rescale each
g € G\H as b:=o0(Y)g. Define B as the rescaled C oy, G and A := CB. Then (A, B)
is a STA. For all ¢ € C, ¢* = ¢! and cc* = 1. For all ¢ € G\H and b = o(Y)g,
b* = o(Y)g™! and bb* = o(Y)Y*. Hence, Oy(B) = C, and O?(B) = Y. Then the
residual thin chain R is

B> O0OY(B)=Y > {1},
and (A, B) is residually thin of depth 2.

Suppose that H = Ng(H); that is, H is its own normalizer in the group G. Then
for all b = 0o(Y)g € B\C, the set product

bCOY* = {o(Y)g1 | g1 € gHg "\H}U ((9Hg™ ' NH) xY) £ H x Y,

since g ¢ Ng(H). So if D is any closed subset of B with C' C D C B, then C is not
strongly normal in D, hence D//C is not thin. It follows that the radical thin chain
J is {1} C C, of length 1 and not bi-anchored.

Let n > 1 be an arbitrary integer, and suppose that G is a group with a chain
of subgroups H = H; < Hy < -+ < H, = G, such that Ng(H;) = H;y; for
1 € i < n— 1. (This is the case, for example, if G = Dan, the dihedral group
of order 2", u is a noncentral involution in G, (v) is the cyclic subgroup of order
271 and H; = (v¥" YU (@*" Yu for 1 < i < n.) Let Cy = {1},C; = C, and
Ci=CU{o(Y)g|ge H\H} for 2<i<n. Then foreach 1 <i<n—-1,C;isa
closed subset that is strongly normal in C;11, but bC;b* € C; for any b € B\Ciy1. It
follows that C;y1//C; = Og(B//C;). Hence, {C;}I, is the radical thin chain J of
B, and it is bi-anchored with length n.

REMARK 4.3. Regard the groups G, C above as association schemes in the usual way.

(For g € G, the relation g7, on underlying set G is given by (z,y) € g iff zy~t =g
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for all z,y € G; and similarly for C.) The adjacency algebras are isomorphic as
table algebras to the group algebras CG and CC, and the partial wreath product
constructed above is realized as the adjacency algebra of the wedge product of the
schemes [12, Section 3]. So Example 4.2 applies to association schemes.

5. NILPOTENT STAS

We turn now to thin-central chains and nilpotent STAs. Theorems 1.20, 5.2, one
direction of Theorem 5.3, and their proofs given below, are generalized directly from
Hanaki’s results in [9]. Again, (A4, B) is always a STA.

Proof of Theorem 1.20. Let {C;}7,, {1} C C1 C --- C Cp—1 C Cy, be a TC-chain.
Note first that Cy is normal in B; and then by Proposition 2.5(v) all C; are normal
in B. Now Cl = Cl//Co is thin, and Ol g Z(B) So Cl g 019(8) N Z(B) = Zl.
Suppose that C; C Z; for some ¢ > 1. Now Cj is strongly normal in C;;1, and Z;
is normal in B. Hence, Remark 2.7 and Lemma 2.6 imply that Z; = Z;C; is strongly
normal in Z;C;41. Thus, Z;C;y1//Z; is thin. Since C;y1//C; € Z(B//C;), for any
c€ Ciypand b € B, ¢//C;-b//C; =b//C; - ¢//C;. Hence, ¢bC; = beC;, which, as
C; C Z;, implies that ¢bZ; = beZ;. Since ¢//Z; is thin, ¢//Z; -b//Z; = y//Z; for any
y € cbZ;, and similarly for b//Z; - ¢//Z;. Therefore, ¢//Z; - b//Z; = b//Z; - ¢/ | Z;,
whence C//ZZ € Z(B//ZZ) Then ZZC1+1//ZZ Q Oﬂ(B//ZZ) N Z(B//Zl) = Zﬁ,l//Zi,
and so Cjy1 € Z;41. The theorem follows. O

LEMMA 5.1. Let (A, B) be a STA, and let C = {C;}]_,, Co D C1 D -+ D Cy be a
TC-chain of length q such that Cy is a normal closed subset of B. Let Q) be a closed
subset of B such that B 2 Q 2 OY%(B) and Q//OY(B) is normal in B//O(B).
Define Q; = QN C; for 0 < i < q. Then the distinct members of {Q;}i_, form a
TC-chain in B of length at most q.

Proof. Each quotient Q;//Qiy1 = (@ NC;)//(Q N Citq) is thin, by Theorem 4.1(i).
Since B//OY(B) is a group, our hypothesis that Q//O”(B) is normal in B//O”(B)
implies that it is strongly normal. Hence, @ is strongly normal in B by Proposi-
tion 2.5(iii). Each C;//C;41 is normal in B//C; 41, since C;//Ciy1 C Z(B//Ciy1) by
the definition of a TC-chain. Since Cj; is normal in B, it follows from Proposition 2.5(v)
that each Cj; is normal in B.

If x € Q; and b € B, then a//Q; 1 thin implies that z//Q;+1-b//Qit1-2*//Qit1
is a basis element in B//Q;y1. Since @ is strongly normal in B and z* € Q,
Supp(bz*b*) C @, hence Supp(xbr*b*) C Q. Also, z € C;, and C;//Ciz1 C
Z(B//CH_l) 1mply that JE//CH_l . b//CH-l . I*//Ci+1 = b//oz+1 Therefore,
Supp(z//Ciy1 - b//Ciy1 - *//Ciz1 - b*//Ciy1) contains 1//Ciy1. Since Citq is
normal in B, this says that Supp(zbz*b*C;y1) N Ciy1 # &, hence (via the Hermitian
form), Supp(xbz*d*) N Ci11 # . Since Q41 = Q N Cyq1, Supp(xbx*b™) N Qi1 #
@. So 1//Qit1 € Supp(x//Qit1 - b//Qix1 - 7//Qis1 - b"//Qit1), and thus
z//Qit1 - b//Qiv1 = b//Qiy1 - ¥//Qiy1. Therefore, Qi//Qiv1 C Z(B//Qit1)
for all i. Thus, the distinct terms of {Q; }7_, form a TC-chain of length at most ¢g. O

Proof of Theorem 1.23. Let C = {C;}¥, be a BT'C-chain of length u, the nilpotence
class of (A, B), such that > ;" o(C;) is minimal. Then C is immediately a lower
BTC-chain. Write C as B = Cy D Cy D --- D C, = {1}. Let Q@ = O%(B). By
Lemma 5.1, the distinct terms of {Q N C;}i-, form a TC-chain of length at most
u. Now B//Cy C Z(B//C1) and is thin, so B//Cy is an abelian group. Therefore,
C1 DO Q. Hence, QNCy = Q = QN Cy. So this TC-chain starts with @ and has length
at most u — 1. Since B//Q is an abelian group, we have that the distinct terms of
{B}u{QnNC;}, form a BTC-chain of length at most u. But Theorem 1.20 implies
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that the length is at least u; so we have that all terms are distinct and form a terminal
BTC-chain of length u,

(3) BoQ=QNCi>2QNC;D--->2QNCy_1 DQNC, ={1}.

Now o(B) + > i, 0(Q@NC;) < 3%, o(C;). But minimality of the latter implies that
the sums are equal. Since Q N C; C Cy, and hence o(Q N C;) < o(C;) for 1 < i < n,
it follows that Q@ N C; = C;. Thus, C; = Q@ N Cy = @, and every lower BTC-chain of
length u begins B D O%(B). O

THEOREM 5.2. Let (A, B) be a nilpotent STA of class u, and let B = C,, D Cy—1 D
-+ D C1 D Cy={1} be a BTC-chain of length u. Let V be any closed subset of B.
Then the distinct members of {V N C;}i_, form a BTC-chain for V; hence (CV,V)
is nilpotent of class at most u.

Proof. Each C; is normal in B, hence each V N C; is normal in V. By Theorem 4.1(i),
(V N Cl+1)//(V n Cz) is thin for 0 < ) <u— 1. Since (V N Cz+1)Cz//Cz - C,»+1//C’i,
which is central in B//C;, then (V N C;41)C;//C; is central in VC;//C;.

By Lemma 2.4, V//(V N C;) = VC;//C;, where the isomorphic correspondence
between table bases is v//(V N C;) < v//C; for all v € V. Under this bijection,
(V n CZ+1)//(V N Cl) <~ (V n Ci+l>ci//ci~ It follows that (V n CZ+1)//(V N Cl) is
central in V//(V N C;). Therefore, the distinct members of {V N C;}1, comprise a
BTC-chain for V; and (CV,V) is nilpotent of class at most w. O

Recall that the upper TC-chain Z = {Z;} is defined for any STA (A, B) in Defini-
tion 1.11; and is bi-anchored if and only if (A, B) is nilpotent, by Theorem 1.20.

THEOREM 5.3. Let (A, B) be a STA, and D a closed subset of B. Then (A, B) is
nilpotent if and only if (A//D, B//D) is nilpotent and Z; O D for some k > 0.

Proof. Suppose that (A, B) is nilpotent, say of class u, so that Z,, = B 2 D. Since all
the Z,; are normal in B, Theorem 4.1(i) implies that the distinct terms of {DZ;//D}_,
form a BT-chain

B//D = DZ,//D 2 DZ,_1//D2---2DZ//D 2 DZ//D=D//D
for B//D. Then for all y € Z; and b € B,
Y//Zi-1-b//Zin =b]|Zi1-y/[Zi1 = ybZi1 = byZi1
= beszl = byDZZ,1 = DZiflbeZifl = DZiflbyDZifl.

Now Z;_1 normal in B and y//Z;—1 central in B//Z;_y imply that DZ,_ 1y =
Zi_lyD = yDZi_l. So

DZiflbeZifl == y(DZlflbDZlfl) = (DZZ,lyDZZ,l)(DZz,lbDZz,l)
Similarly, DZiflbyDZifl = (DZZ,lbDZZ,l)(DZZ,lyDZZ,l) Therefore,
(4) (DZi_lyDZi_l)(DZi_lbDZi_l) = (DZz_lszz_l)(DZ7_1yDZ7_1)

Since y//DZ;_ is thin, both y//DZ;_1 -b//DZ; 1 and b//DZ;_y -y//DZ;_1 are
single basis elements in B//DZ;_;. So it follows from (4) that

y//DZz—l . b//DZi_l = b//DZi_l . yDZi—l-
Then by Proposition 2.5(ii),

(y//D)//(DZi1//D) - (b//D)//[(DZi-1//D)
= (b//D)//(DZi1//D) - (y//D)/[/(DZi-1//D).
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Since every element of DZ;//D has the form y//D for some y € Z;, this shows that

(Dz;//D)//(DZ;_1]/D) C Z((B//D)//(DZ;—1//D)). Therefore, the distinct terms

of {DZ;//D}} , form a BTC-chain for B//D, so that (A//D, B//D) is nilpotent.
Conversely, suppose that (A//D,B//D) is nilpotent and Z; 2 D for some k >

0. Then (A//Zx, B//Zy) = ((A//D)//(Zk//D),(B//D)//(Zx//D)) is nilpotent, by

Proposition 2.5(ii) and the first part of this proof. Hence, there is a TC-chain

Zk//Zk = YE)//Zk C Y1//Z]C c.--C Ym//Zk = B//Zk.
SoY;//Yic1 = (Yi//Zk)//(Yi—1//Zk) is thin and contained in

Z((B//2k)]|(Yi1//Zk)) = Z(B//Yi-1),
for each 1 < i < m. Thus,
{1y =%ycZyc---CcZycVLCc---CYp1CY,=B
is a BTC-chain for B, and (A, B) is nilpotent. O

COROLLARY 5.4. A STA (A, B) is nilpotent if and only if B//OY(B) is a nilpotent
group and Z, O OV(B) for some integer k > 0.

EXAMPLE 5.5. Fix an odd prime p. Let G be a p-group of nilpotence class u > 3,
hence with lower central series

G:G():)Gl:[G7G]DGQZ[G,G1]3~'~DGU,QDGu,1 DGUZ{l}.

Assume furthermore that G, _s is abelian, and |G, —1| = p. (This holds, for example,
if G is the multiplicative group of upper unitriangular (u + 1) x (u +1) (u > 3)
matrices over the field IF,.) Let H = Gy_2; Y = (y), a group of order p; C = H x Y,
and ¢ : C — H be the group homomorphism hy® — h for all h € H, y* € Y. As in
Example 4.2, let B be the standard rescaling of the partial wreath product C oy G,
and A = CB. Then
B={b;=pglgeG\H}UC,
where by(hy®) = bgh, (hy®)b, = hbg for all ¢ € G\H, h € H, y° € Y; and if
91,92 € G\Ha then
phYt if g1go = h € H,
bg,bg, = .
{pbglg2 if 192 ¢ H.
In particular, y*b, = byy® = by, and byby—1 = pY™*, for all g € G\H. Thus, b; = bg-1.
Now B//Y = G via the correspondence by//Y < g for all g € G\H and hy®//Y < h
for all h € H, y* € Y. We so identify the two groups.
Define
Qi={by | g G\H}UC, 0<i<u-—2.
Then Q; is a closed subset, Q; 2 Y, and Q;//Y =G;. Sofor 1 <i<u—2,

Qi—1//Qi = (Qi-1//Y)//(Qi/]Y) = Gi—1//G
(5) is thin and is central in G//G; = (B//Y)//(Q:/]Y) = B//Q;.

Because {G;} is the lower central series for G, each Q;, for 1 < ¢ < u—2, is the unique
minimal closed subset in Q;_; among all closed subsets that contain Y such that (5)
holds. But any closed subset of B that is not contained in C' contains b, for some
g € G\H, and so contains Supp(b,b;) = Y. Therefore, for 1 <i <u—2, Q; is in fact
the unique minimal closed subset in @;_;1 so that (5) is true. Hence, Z;:OQ o(Q;) is
uniquely minimal for all TC-chains of length u — 2 that proceed down from B.

Let G,—1 = (z), of order p by our choice of G. Fix any integer j with 1 < j < p,
and let D; == (z9y). Then G,_;1 central in G and Y central in B imply that each
D; C Z(B). Since C is an abelian group (as H = G,_» is abelian, again by choice
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of G), Qu—2//Dj; = C//Dj is thin and abelian. Furthermore, for all = hy" € Qu—2
and by € B\Qu—_2, we have in the nilpotent group G that hg = ghz' for some integer
t. Soin B, by = pg, y"by = byy” = by, and C' abelian yield

by = hy"bg = hby = bghzt = bghyrzt = bngt = bgztx.
Now z! = 27% for some integer s, and by27* = by(27y)*. Hence,
xbyD;j = byx(27y)*D;j = byaD;.

Therefore, z//D; - by//D; = by//D; - x//D;, thus Qu—2//D; C Z(B//D;). Since
D; C Z(B) and o(D;) = p, it follows that for each 1 < j < p,

BDO>Q1DQ2D D Qu-2>D; D{l}

is a lower BTC-chain for B. Each @; is the unique minimal closed subset of ();_; that
exists in a BTC-chain, for all ¢ < u — 2; but each D; is minimal such in ,—2. Thus
there are p — 1 stringently minimal such chains, not a unique one. As in Example 4.2,
the algebraic construction here is realized as the adjacency algebra of the wedge
product of association schemes. Hence this example too applies to association schemes.
So the answer to [9, Question 2.11] is negative.

Our final result displays the role played in general by the subsets Supp(b*b) for
b € B in finding TC-chains in B from the top down, with each term minimal in the
previous one.

THEOREM 5.6. Let U be a closed subset in a STA (A,B). Let V.= O“(U). Let S be
the closed subset of U such that S 2V and S//V = (Supp(b*//V -b//V)N(U//V) |
b € B). Assume that U//V is normal in B//V . Then the following hold:

(i) There is a unique closed subset C' of U that is minimal (with respect to inclu-
sion) such that C 2 S, C//V is normal in B//V, and U//C C Z(B//C).

(ii) If D is any closed subset of U that is minimal with respect to inclusion such
that V.C D, D//V is normal in B//V, and U//D C Z(B//D), then D C C.

Proof. f Y is any closed subset with V. C Y C U, then U//V an abelian group
implies that Y//V is a normal abelian subgroup of U//V. Hence by V normal in U
and Proposition 2.5(v), ¥ is normal in U; and U//Y is an abelian group, in particular
is thin.

Suppose that C is a closed subset of U such that V' C C, C//V is normal in B//V,
and U//C C Z(B//C). Then U//C thin implies that for any © € U and b € B,
x//C-b//C-x*]/C =b//C. Hence,

(@//V)//(CLIV) -/ V)] /(C]IV) - (@ [V)(C]/V) = (b/ V)] (C] V),
which, since C'//V is thin and normal in B//V, implies that
x/J)V b))V -x*)/V =b//V -cyp//V, some ¢,y € C.

Suppose that D is another closed subset of U with V' C D, D//V normal in B//V,
and U//D C Z(B//D). Since V.C CND CU,U//CND is also thin. An argument
similar to the one above yields that for all z € U and b € B,

x//V b))V -x*)/V =b//V -dyp/]V, some dyp € D.

Therefore, b//V - ¢z p//V =b//V -dyp//V, so that b))V - (czp//V) - (dup//V) ' =
b//V. Then the thin element (c;//V) - (dzp//V) ™! is in Supp(b*//V -b//V), by the
Hermitian form for the STA B//V. Thus, (cyp//V) - (dsp//V)™' € S//V.
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Suppose that C' D S. Then d,,//V € (C//V) - (cap//V) = C//V. Therefore,
dyp € CND. Now V C CN D, and both closed subsets are normal in U. Hence,

a//V b/ JV -t [V =b//V dup/]V
= Vabz*V = Vbd, )V
= (C'N D)zba*(C'N D) = (C N D)bdy4(C N D)
= (z//CND)-(b//CND)-(z"//CND)=(b//CND)-(dsp//CND)
—b//CN D,

since d, ;, € C'ND implies that d,,//CND =1//CND. It follows that U//(CND) C
Z(B//(C N D)). Now C//V and D//V are normal in B//V. So if x € C N D and
b € B, then

xf [V b |V =b//V -c//V =b]/V-d]]V,
for some ¢ € C, d € D (both of which depend on z and b). Hence, b//V - ¢//V -
(d//V)~t =b//V, so that

c//V - (d//V)~" € Supp(b*//V -b//V) N (U//V) C S]]V S C/]V.

Therefore, d//V € C//V,so d € C N D. We now have that (CND)//V)-(b//V) C
(b//V) - ((CND)//V). Replacing b by b* and then applying the anti-automorphism
yields the opposite containment, hence (C'N D)//V is normal in B//V.

We have shown that C'N D satisfies the same hypotheses as D, provided that
C D S. Both claims of the theorem follow immediately. O
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