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A NOTION OF INDUCTION-RESTRICTION DEPTH OF
MULTIMATRIX ALGEBRA INCLUSIONS APPLIED TO
SUBGROUPS

SEBASTIAN BURCIU, LARS KADISON, AND BURKHARD KULSHAMMER

ABSTRACT. We define a notion of depth for an inclusion of multima-
trix algebras B C A based on a comparison of powers of the induction-
restriction table M (and its transpose matrix). The depth of the semisim-
ple subalgebra B in the semisimple algebra A is the least positive integer
n > 2 for which Mt < gM™! for some ¢ € Z.. We prove that a
depth two subalgebra is a normal subalgebra, and conversely. As a
corollary, a depth n subalgebra is a normal subalgebra of its (n — 2)’nd
iterated endomorphism algebra in a tower above B C A. Odd and
even depth may be expressed in terms of graphical distance between
B-simples in the inclusion diagram of B C A. Applied to subgroups via
complex group algebras, the depth of a subgroup H in a finite group G
is bounded above by 2n if the core is an intersection of n conjugates of
H in G; with upper bound 2n — 1 if the core is trivial. We prove that
the subgroup depth of symmetric groups S, < Sp41 is 2n — 1. An ap-
pendix by S. Danz and B. Kiilshammer determines the subgroup depth
of alternating groups A, < An41 to be 2(n — [/n]) + 1.

1. INTRODUCTION

Depth two is an algebraic notion for noncommutative ring extensions
with a Galois theory associated to it, and closely related to noncommutative
normality as well as normality for subgroups and Hopf subalgebras [13] [14],
16, 12, [6]. A subgroup H in a finite group G is normal if and only if
the complex group algebra C[G] is depth two over C[H]| [12]. For M the
matrix of the induction-restriction table for a subalgebra pair of semisimple
algebras B C A, the depth two condition is given by a matrix inequality
MM'M < qM for some g € Z, an observation in [7] that we build on
in this paper. We show in Section 4 that if M is the inclusion matrix of
a semisimple algebra pair B C A, the depth two condition is equivalent
to “B is a normal subring in A.” As a consequence, the result in [12]
for subgroups extends to normality < depth two for Hopf subalgebras of
semisimple Hopf algebras as well as other semisimple quantum groupoid
subalgebras. In addition, higher depth subgroups or semisimple subalgebras
may be described as being normal further along in the Jones tower of iterated
endomorphism algebras (Corollary [4.8 below).
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In [I5] the notion of depth more than two for a Frobenius extension B C A
was shown to be simplified considerably via a generalization of depth two
from ring extensions to towers of three rings; then a tower of three rings
should be chosen in the Jones tower above B C A. In [7] this idea was
applied to a pair of semisimple complex algebras B C A with inclusion
matrix M: the subalgebra pair is depth n if n is least integer for which
M"™+1 s less than a multiple of M™~!, where powers of an r x s matrix M
are understood by M? = MM?!, M3 = MM'M, and so forth. As noted
in Section 2 below, depth n is equivalently the point of stabilization of the
zero entries of even or odd powers of M, which form a descending chain of
subsets.

In [7] the generalized depth two condition on a tower of semisimple alge-
bras C C B C A with inclusion matrices N and M, respectively, is given
by NMM!M < qNM where q is a positive integer: let N be the identity
matrix to recover the depth two condition on a subalgebra pair. Build a
tower of algebras above B C A, where A; = End Ap and one iterates the
endomorphism ring construction and embeds via left multiplication. Then
A — Aj has inclusion matrix M?, and subalgebra pair B C A is depth n
if n is the least integer for which the tower B C A, _3 C A, o satisfies the
generalized depth two condition. For this tower of three algebras the inclu-
sion matrices are N = M™ 2 M = M or M?, in the generalized depth two
condition, which plugged in and simplified, becomes the depth n condition,
M" < gM™ ! on the inclusion matrix M.

The paper is organized as follows. In Section 1 we define a matrix M of
non-negative integer coefficients with nonzero rows and columns to be depth
n > 1 if n is the least integer for which the n+ 1’st power of M is less than a
multiple of the n—1’st power of M, where M? denotes M M?, M3 = M M'M
and so on. For example, if M is the induction-restriction table of irreducible
characters of a finite group G and a subgroup H, then M is depth two if
and only if H is a normal subgroup of G [12]. If M is the inclusion matrix of
a subalgebra pair of multimatrix C-algebras B C A, the matrix M is depth
two if and only if B is a normal subring in A (in the sense of Rieffel [19]) as
shown below in Theorem We study depth three or more in Section 5, 6
and several appendices by Danz and the third coauthor. We prove that the
induction-restriction depth of permutation groups S, < Sp11is 2n — 1. In
Section 3, we make use of a well-known interpretation of the inclusion matrix
M as the incidence matrix of a bicolored weighted multigraph of semisimple
algebras B C A, showing that odd depth is one plus the diameter of the
row corresponding to the simples of B; even depth is two plus the maximum
graphical distance along edges of the graph from an equivalence class of
simples of B, under one simple of A, to the simple of B furthest away. In
Section 6, we show that a subgroup H of G has depth bounded above by
2n if the largest normal subgroup of G contained in H (i.e. the core) is the
intersection of n conjugates of H (and bounded above by 2n — 1 if the core
is trivial).
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Throughout this paper we work over C, which may be replaced by any
algebraically closed field of characteristic zero with the same results. In this
case semisimple algebras split into direct products of matrix algebras which
we call multimatrix algebras. In this paper then, semisimple algebra should
be understood as split semisimple or multimatrix algebra.

2. DEPTH OF AN IRREDUNDANT MATRIX

In this section, we make an introductory study of irredundant matrices,
which naturally arise as the induction-restriction table of irreducible C-
characters of a subgroup within a finite group. This type of matrix also
occurs more generally as the induction-restriction table of simple modules,
equivalently incidence matrices of inclusion diagrams, belonging to a subal-
gebra pair of semisimple algebras as explained in the next section.

Let M = (m;;) be an r x s matrix of non-negative integer entries m;; €
Z >0, where each column and row vector is nonzero; such a matrix is called
irredundant matrix in this paper. The matrix M is positive if each of its
entries is a positive integer. Its (right) square will be the order r symmetric
matrix S := M? := M M?". Note that the (i, j)-entry s;; of S is the euclidean
inner product of rows ¢ and j in M. In particular, the diagonal s; > 0 since
each row in M is nonzero.

Continuing, the cube of M is just M? = MM!M = SM, M* = S2, etc.
The odd powers M2+ = S"M are all of size r x s, and the even powers
M?" = 8" are symmetric matrices of order r.

Let N = (nj;) be another r x s irredundant matrix. The matrices N
and M are equivalent up to permutation if there are permutation matrices
P e S, and Q € S such that M = PN(@. We use the ordering M > N
it mj; > ng; for each @ = 1,...,r and j = 1,...,s. If T > 0 denotes a
square irredundant matrix of order r, then TM > TN if M > N; similarly
MT > NT for an s x s-matrix 1" > 0. Note that if 1" is positive, i.e. T > 0,
then also T'M > 0 since columns in M include positive entries.

The definition below comes from considerations of what higher depth is
for Frobenius extensions when restricted to semisimple algebra pairs with
inclusion matrix M as outlined in the introduction. (Although not needed
in this paper, the interested reader should see [13| [15] for the definition of
higher depth Frobenius extensions and see [7] for why semisimple C -algebra
pairs are split separable Frobenius extensions.)

Definition 2.1. An r x s matriz M is of depth n > 2 if n is the least integer
for which the following inequality (called a depth n matriz inequality) holds
for some q € 7Z 4,

(1) Mn-‘rl < an—l.
The definition depends only on the equivalence class of M up to permu-

tation. In the case n = 2, M is depth two if SM < ¢M for some positive
integer ¢. Multiplying from the right by M?, one obtains S? < ¢S (fix the



4 SEBASTIAN BURCIU, LARS KADISON, AND BURKHARD KULSHAMMER

notation & = MM?"); thus, M also satisfies a depth three condition. It-
erating, we see M satisfies depth n > 2 conditions, and similarly, a depth
n matrix satisfies depth n 4+ k£ matrix inequality for any positive integer k.
However, the depth n matrix inequality for M does not imply a depth n — 1
matrix inequality for M. We note at several points in this paper that M
necessarily has finite depth. Again, the depth of M is the least positive
integer k > 2 for which M satisfies a depth k inequality.

Given an integer irredundant r x s matrix M = (my;), let the zero en-
tries be collected in Z(M) = {(i,j)|m;; = 0}; its complement A(M) =
{(i,j)|m;; # 0} will be useful in the next section. Note that the zero entries
of the even or odd powers of an irredundant matrix M form a descending
chain of subsets of the rectangular array r x s where r = {1,...,r}:

Z(M"™ YD Z(M™ Y D Z(M"3) D ..

The proof is simply the following. Let n > 2 and denote the entries of
M™1 by (p;;) and the entries of M™~! by (g;;). Suppose that 0 = p;; =
> k1 SikQkj- Then ¢;; = 0 since the diagonal entries of M 2 are positive, so
si; > 0.

From the finite order of the matrix M it is clear that the descending chain
of subsets Z(M"T2k+1) (k = ..., —1,0,1,...) must stabilize at some point
(i.e. satisfy dcc). The next proposition notes that the point at which these
subsets are equal is the depth of the matrix.

Proposition 2.2. An irredundant matriz M satisfies a depth n inequality
if and only if
Z(M" Y = Zz(M™ ).

Proof. If M is depth n, then there is a positive integer ¢ such that M"+1 <
tM"~!. Suppose the entry ¢i; = 0 in the matrix M"™ !, By the matrix in-
equality, the corresponding entry in M"*! is zero, so Z(M"~') C Z(M"T1).
Together with the opposite inclusion noted above, conclude that Z(M"~1) =
Z( Mn-i—l)‘

Conversely, if Z(M" ') = Z(M"*'), we may choose ¢ to be the maximum
of the integer entries in M+, in which case M™! < tMm—1t O

The nonzero entries in M recorded in the subset A(M) occur in the next
section. The subset A(M) is of course the complement of Z (M) and the like
powers form an ascending chain,

A(Mn—l) C A(Mn—l—l) C A(Mn+3) C-..

which must end at some point (satisfying an acc condition). The following
is an obvious corollary:

Corollary 2.3. An irredundant matriz M satisfies a depth n inequality if
and only if A(M™1) = A(M™F1).

Another obvious corollary:

Corollary 2.4. If M™ ' > 0, then M has depth n or less.
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As noted above, an irredundant matrix has finite depth. In fact,
Corollary 2.5. An irredundant r x s matriz M has depth < 2r — 1.
Proof. The characteristic polynomial of & = M M?! gives an equation of the

form
ST+ar S a1 S+a =0
with a1,...,a, € C, by the Cayley-Hamilton theorem. Thus
AMP) = A(ST) € A(STY) = AP,
so that M has depth 2r — 1 or less. O

Example 2.6. We compute the depth of the matrix M below, which is the
inclusion matrix, equivalently induction-restriction table, of the subgroup

Dg <S4, the symmetries of the square in the group of all permutations of
four letters. The powers M, M? =S, M3, M* and M® are given by

10100 20010
00001 01001
oo0o010],10010O0T1/{,
01100 100 20
00011 0110 2
21300 5 00 40 5 4 9 00
0001 2 0210 3 000 45
oo0021),{012¢031],]000 54
12 3 00 4 0 0 5 0 459 00
000 3 3 03306 00099

Comparing even powers of M the number of zero entries decreases with
increasing powers as do the first two odd powers of M, but M3 and M°
have the same number (13) of zero entries, so M has depth 4 (indeed S?M <
5SM).

2.1. Endomorphism ring theorems for depth. We continue our study
of irredundant matrices from the point of view of depth. However, our
motivation in this subsection comes from inclusion matrices of semisimple
pairs of algebras, which are defined in detail below in Section Bl and quickly
as follows. Suppose B C A is an inclusion of multimatrix algebras. In order
to obtain the inclusion matrix M of B C A, we first label the simple A-
modules by Vi, ..., Vs, then the simples of B by Wy, ..., W,, and we obtain
the k’th column of M by restricting the k’th simple A-module V), to a B-
module and expressing it in terms of direct sum of B-simples

(2) Vi | B ®_1myW;

The matrix M is the r x s-matrix with non-negative integer entries m;;,
where no column is zero; nor any row by Frobenius reciprocity, which gives
the following isomorphisms for induced modules,

(3) AW, = @jzlmijv}
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The depth of the inclusion B C A of multimatrix algebras is defined to
be the depth of its inclusion matrix M. In the next section we return to
provide more detail for this definition.

If M is the inclusion matrix of a subalgebra pair of semisimple algebras
B C A, then its transpose irredundant matrix M? is the inclusion matrix
of A — End Ap (via a — A\, where \,(x) = ax for every a,z € A) by an
argument that goes as follows. It is clear that the natural module Ap is
finitely generated projective; it is indeed also a generator since the ground
field has characteristic zero. Thus B and E := End Ap are Morita equivalent
algebras with context bimodules pAp and A* := gpHom (Ap, Bp)g; the E-
simples are then A®p W; (i =1,...,r). Restricting the E-simples down to
A and using Eq. @3]), the columns of the inclusion matrix of A < E are the
rows of M. We conclude that the inclusion matrix of A — E is M®.

Thus, it is interesting to compare the depths of M and M! in the next
purely matrix-theoretic theorem.

Theorem 2.7. If an irredundant matriz M has depth n, then M* has depth
<n+1. If n is even, then M is moreover of depth n.

Proof. If M™t < gM™ ! for some ¢ € Z |, we multiply from the left by M?*
to obtain (M?")"*2? < q(M*)", which shows that M® has depth < n + 1.

If n is even then the transpose of the inequality M™ Tt < gM"~! is the
inequality (M%)"+1 < g(Mb)n—1. O

In the next corollary the depth of a subalgebra pair of semisimple algebras
B C A is as noted the depth of its inclusion matrix. Let £ denote End Ap
and embed A in F via the mapping A\ defined above.

Corollary 2.8. The subalgebra pair of semisimple algebras B C A is of
depth 2n if and only if its endomorphism algebra extension A — E is of
depth 2n. If B C A is of depth 2n — 1, then A — E is of depth < 2n.

This corollary is consistent with several general ‘endomorphism ring the-
orems’ in [I5] [16] and is an improvement in the semisimple case.

Example 2.9. The matrix M below, obtained from the inclusion matrix of
Sy < S3 ([7]), has depth three while its transpose has depth four:

1 01
= (01 , MM = 21 ,MM=|(0 11
01 1 1 2 L1 9

This is easier to see graphically; we return to this example in the next
section.

It is also easy to see from the precise definition in the next section that
if C C B and B C A are successive subalgebra pairs of semisimple algebras
with inclusion matrices M and N, respectively, then the inclusion matrix
of the composite subalgebra pair C' C A is of course M N. As a simple
consequence we may note an improved version of the embedding theorem
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[15] 8.6]. We prove that any depth n subalgebra pair may be embedded in
a depth two extension, depth two being an improvement from the point of
view of Galois theory (see [13] 12} 15, [16] and papers in their bibliographies).
We set up the theorem by introducing the Jones tower above the subalgebra
pair and its endomorphism ring, B C A <— FE; := E = End Ap. The Jones
tower is just obtained via iteration of the right endomorphism ring construct:

le., E5s = End E 4, and iterate with respect to A : B4 <— FE5 to form FEj3, then
continuing like this. Note that E; is Morita equivalent to B, Fo is Morita
equivalent to A (the details are brought together in [7], 2.2]), so all E,,,’s are
themselves semisimple algebras. Then if B C A has inclusion matrix M,
A — B has inclusion matrix M!, and F; < F5 has again inclusion matrix
M, and so on in alternating fashion.

Theorem 2.10. A depth n subalgebra pair of semisimple algebras B C A is
embedded in the depth two subalgebra pair of semisimple algebras B — FE,_5.

Proof. If the inclusion matrix of B C A is M, then M1 < ¢M™~! for some
q € Z 4. Since n > 2, we have 3n —3 > n+ 1 and M also satisfies a depth
3n — 3 matrix inequality. Then there is 7 € Z | such that M3"3 < rM"™~1,
In other words, by checking odd and even case, this is the same as

Mn—l(Mn—l)tMn—l S T’Mn_l,

which of course is the depth two condition for the matrix M~ = MM'M ...
(n — 1 times M and M" alternately). But M"~! is the inclusion matrix of
the composite subalgebra pair B «— FE,,_o. O

2.2. Depth of tensor product of matrices. Given two irredundant ma-
trices, an r x s matrix M = (m;;) and a p x ¢ matrix N = (n;;), we form the
tensor product M ® N corresponding to the tensor product of linear map-
pings between vector spaces. In terms of block matrix representation, M ® N
is the rp x sq matrix (m;; V), or equivalently up to permutation (Mn;;). Our
interest in determining the depth of M ® N knowing the depths of M and
of N comes from the following situation in group theory. Given a subgroup
Hy < Gp with inclusion matrix M and another subgroup He < (o with
inclusion matrix /N, the inclusion matrix of H; x Hy < G7 x (G is none
other than M ® N.

Proposition 2.11. Suppose irredundant matrix M has depth n and irre-
dundant matriz N has depth m. Then M @ N has depth at most max{n,m}.

Proof. Suppose n > m. Then we show that (M ® N)"*! < ¢(M ® N)*~! for
some ¢ € Z 4. Note that (M ®@N)! = M'@ N*, then (M@ N)™ = M™@ N™
in the meaning of power of non-square matrices given above. But we are
given that M+ < ¢ M~ for some q; € Z 1, and since N satisfies a depth
m matrix inequality = N satisfies a depth n matrix inequality, there is
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g2 € Z 4 such that also NV ntl < g N =1 Tt follows from the definition of
tensor product that (M @ N)"t! < ¢(M @ N)"~! with ¢ = q1¢2. O

3. ON MULTIMATRIX ALGEBRA INCLUSIONS

Suppose B C A is an inclusion of multimatrix algebras. Label the simple
A-modules by Vi,...,V; and the simples of B by W1,..., W,. Restrict the
k’th simple A-module V}, to a B-module and express in terms of direct sum
of simples

(5) Vi | B ®_1myW;

We let M be the r x s-matrix, or table, with entries m;;: M = (m;;). By a
well-known generalization of Frobenius reciprocity, the rows give induction
of the B-simples:

(6) Wi 4= Wit = @3 my;V

since W]A =W, ®p A, Vi, | = Hom (Ap, V) and Hom (W;, W;) = {0} if
i # j; ie., if [W]-A, Vi] denotes the number of constituents in WJA isomorphic
to Vi, Frobenius reciprocity is given by

(7) (WA, Vi) = mar, = (Wi, Vi, | 5]

The matrix M is known as the inclusion matriz of B in A [9]. As seen
above it corresponds to the induction-restriction table (as it is known in
group theory) for simples or their irreducible characters. It may also be
viewed as a matrix representation of a linear mapping in K-theory, between
the groups Z" = Ky(B) — Ko(A) = Z°.

For group algebras A and B corresponding to a finite group G with sub-
group H, we will in practice obtain M as follows. Both character tables of G
and H will be assumed known. Restrict each of the s irreducible characters
of G to H, then express the restricted character of G as a non-negative in-
teger coefficient linear combination of the r irreducibles of H by using inner
products of characters.

3.1. The relation and the equivalence relation. We say that W; ~ W;
if and only if there is a simple A-module V' such that W; and W; are both
constituents of V' |p. The relation ~ is reflexive and symmetric but not
transitive in general.

Its transitive closure is denoted by ~. Thus we say that W; ~ W if and
only if there is m > 1 and a sequence W;,, W;,,--- ,W; W, = of simple
B-modules such that W; = W;; ~ Wi, ~ W, ~ oo~ W, ~ W, = W;.

Notation: We denote the above equivalence relation by dg. (This equiv-
alence relation is considered before in [19] Rieffel]; this section and the next
may be viewed as a continuation of results in this article.)
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3.2. On the equivalence relation. Let B be a multimatrix subalgebra of
A. For an irreducible character a € Irr(B) let f, be the central idempotent
corresponding to a. Similarly if x € Irr(A) then e, is the corresponding
central idempotent in A. Consider the commutative algebra Z(A) N B as
a subalgebra of Z(A) and Z(B). Then there are partitions of characters
Irr(A) = | |}_, A; and Trr(B) = | |'_, B; such that a basis of primitive idem-
potents for Z(A) N B is given by

(8) mi:ZeX:Zfa.

XEA; aEB;

Proposition 3.1. Suppose that B C A is an inclusion of multimatriz al-
gebras with A free as left B-module. With the above notations it follows
that

Q (3 x() 1= T2 5™ a(t)a.

XG.Ai aeB;

(10) (> aa) 5= > x(Dx-

a€EB; XEA;
Proof. For each partition set A; let x; = >, c 4. x(1)x. The regular charac-
ter pa of A is given by pa = Z';le Xi- Since A is free as left B-module it fol-

lows that pa lg: fﬁgg pp where pp is the regular character of B. Similarly

for each partition set B; let a; = ZaeBl- a(1l)a. Therefore pp = 22:1 ;.
From Eq. (8) it follows that if ¢ # j then y;(m;) = 0. This implies that
Xi(fa) = 0 for all j # i and a € B;. Since x;(fo) = a(1)mp(x; 14, a) one
gets Eq. ([@). Since pp Tj%: p4, Eq. (IQ) follows using Frobenius reciprocity
and Eq. ([@). O

3.3.  Define a relation on Irr(A) by x ~ p if x lg and lg have a common
constituent. This is not transitive but we can take the transitive closure.
Thus x ~ p if and only if there are irreducible A-characters pyg, - - , jt, such
that xi( = g ~ p1 ~ -+~ u, = . This is an equivalence relation denoted
by uj.

3.4. Let a be an irreducible B-character. Then all the irreducible con-
stituents of v Tg are in the same equivalence class of ug (they are ~ related).
Let o ~ (3 be two irreducible characters of B. This means that there is an
irreducible y of Irr(A) such that «, ( are irreducible constituents of x lg.
By Frobenius reciprocity x is common constituent for « Tg and 3 T’é. Thus
all the irreducible constituents of « Tg and (8 Tg are u’é-equivalent. This
implies by transitivity that if o =~ ( then all the irreducible constituents of
« Tg and those of 3 Tg are equivalent.
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3.5. A similar argument to the one just given shows that characters equiv-
alent by u‘é are under restriction of characters equivalent by dg.

Proposition 3.2. Suppose that B C A is an inclusion of multimatriz alge-
bras with A free as left B-module. Then the equivalence classes of ug are
the sets A;. The equivalence classes of d‘é are the sets B;.

Proof. The previous two subsections imply that an equivalence class of d‘é
induced to A has all the constituents inside an equivalence class of ug. Con-
versely, any equivalence class on ug restricted to B has all the constituents
inside an equivalence class of dg. Since the regular character of A is a sum
of copies of the regular character of B, it follows that the above restriction
covers entirely the equivalence class. This implies that for any equivalence
class C of d% the idempotent Y acc fa is central in A. This finishes the

proof. O

Corollary 3.3. Suppose that B C A is an inclusion of multimatriz algebras
with A free as left B-module. Then the number of equivalence classes of
up s the same as the number of equivalence classes of dip and it equals

dim (Z(A) N B).

3.6. Distance between modules (characters). We say that the distance
d(W;, W;) between two modules is m if m is the smallest number such
that there are m — 1 intermediate simple B-modules with W; = W;, ~
WZ’ ~ e Y Wim = Wj. Thus d(WZ, W]) = 1 if and only if Wz ~ Wj.
We put d(W;, W;) = —oo if W; and W; are not equivalent under ~ and
d(W;, W;) =0 for all 1 <1i <r. Note that the distance defined here is half
of the graphical distance between the black points corresponding to W; and
W; in the Bratteli diagram.

Recall the inclusion matrix M = (m;;) for the inclusion of multimatrix
algebras B C A and define its symmetric ‘square’ S = MM" = (s;;). The
entries of S and its powers, or indeed the powers S™M of M in the sense of
the previous section, will be denoted by (S™M k),-j where k£ =0, 1.

Remark 3.4. Let 1 <7 <7 and 1 <u <s. Then m;, > 0 if and only if
W; is a constituent of V,, | .

Proposition 3.5. Suppose i # j. One has (S™);; > 0 if and only if 0 <
d(W;, W;) < m. This is equivalent to the existence of a path of length 2m
between W; and W;.

Proof. Observe first that s;; > 0 if and only if W; ~ W, or equivalently
d(W;, W;) = 1. Indeed s;; = Y o miymj,. Thus s;; > 0 if and only if
there is u such that m;, > 0 and mj, > 0. That means that W; and W; are
constituents of V,, | p and therefore W; ~ Wj.

For m > 1note that (S™)ij = >, . | SilSialy =" * Sl _1j- Thus (8™);; >
0 if and only if there are 1 < y,--- ,{;,—1 < r such that W; ~ Vj; ~ -+ ~
‘/2 ~ Wj, ie. d(WZ, W]) <m. O

m—1
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Remark 3.6. For M € M,s(R>¢) let A(M) be the set of ordered pairs
(7,u) with m;, > 0. Recall that given two matrices M, N € M,4(R >o) then
there is ¢ € Z 4 such that M < ¢N if and only if A(M) C A(N).

Remark 3.7. We recall a few things from Section 2. Note that S; > 0
and therefore (S”); > 0 for all p > 0. This implies that if (§™);; > 0
then also (S™*P);; > 0 since (S™*P);; = > (8™)u(SP);; and for | = j
both terms are positive. In terms of distance in the Bratteli diagram this is
equivalent to the fact that if there is a path between W; and W; of length
2m then there is also a path of length 2(m + p) between the same points.
For example, one can travel p-times back and forth along the last edge of
the path of length 2m. Using the notations from the previous remark this
implies that A(S™) C A(S™*!) for all m > 0.

Definition 3.8. The depth of a multimatriz algebra inclusion B C A is
defined to be the depth of its inclusion matrix M (in terms of Section 2,
which also notes the definition is independent of the ordering in the basis
of simples). A subgroup H of a finite group G is said to be depth n if the
corresponding group algebras over C have multimatriz algebra inclusion (via
Maschke and Wedderburn theory) of depth n.

The background for this definition is given in [7, 13} 14} 12} 15 [16] and
their bibliographies; the definition coincides with the definition of depth
introduced briefly in [7, Burciu-Kadison]. For example, given group algebras
with inclusion matrix M, where B = C[H|, A = C|[G], subgroup H of
finite group G, we easily see that the (7, j)-entry in the depth two condition
M? < gM is the same as the condition for depth two in [IZ, Section 3] as
follows. Suppose the bases of irreducible characters are given by Irr(G) =
{x1,---,xs} and Irr(H) = {¢1,...,9¢,.}. Then my; = (¥; | (xj)m) and by
Frobenius reciprocity m;; = (¢ |x;). The entries of S are then s;; =
<1/)Z-G | ¢]-G>, since this entry is the inner product of the rows ¢ and j of M.
Then we apply reciprocity and orthogonal expansion:

(SM)y; = > (@ [ (W | (X)) a)

P
= > @) m v (W | O m)
p
(11) = (W) | OG)m) = () m)% 1 x;)

Theorem 3.9. The inclusion matriz of B C A satisfies a depth 2m + 1
inequality (m > 1) if and only if the distance between any two simple B-
modules is at most m.

Proof. By definition, (cf. [7, Theorem 2.5]) the inclusion matrix M of B C A
satisfies a depth 2m + 1 inequality iff S™T! < ¢S™ for some ¢ > 0 and
S=MM".

Suppose that B C A is of depth 2m + 1. By Corollary 23] A(S™) =
A(5m+p) for all p > 0. If (Sm—i-p)ij > 0, then (Sm)w > 0, so d(Wl, Wj) m
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by Prop. It follows that d(W;, W;) < m for all pairs of simples W;, W;
over B (the distance is —oo if two simples are not in the same connected
component of inclusion diagram).

Conversely, suppose that the distance between any two simple B-modules
is at most m. We have to show that S™t! < qS8™ for some ¢ > 0 which
by Remark is equivalent to A(S™*t1) C A(S™). If SZLH > 0 then
in the Bratteli diagram there is a path of length 2m between W; and Wj.
Therefore the distance between these two points is positive (not —oco) and by

the assumption it should be less or equal to m. Thus S}}” > 0 by Proposition
O

If we define diameter of a row of simples in an inclusion diagram to be the
greatest graphical distance between simples (an even number), the theorem
says that the minimum odd depth inequality satisfied by the inclusion matrix
of B C A is one plus the diameter of the simples of B in its inclusion diagram.

Corollary 3.10. The inclusion B C A is of depth < 3 if and only if ~ is
an equivalence relation.

Proof. Suppose that B C A is of depth < 3. By the above theorem the
distance between any two modules is less or equal to 1. Thus this distance
is either —oo or 1. If Wj ~ W; and W; ~ W}, then 0 < d(W;, W},) < 2. The
assumption implies d(W;, Wy) = 1, i.e. W; ~ Wy. This proves that ~ is
transitive.

Conversely suppose ~ is transitive. Then this implies that the distance
between any two modules is less or equal to 1. It is 1 if the modules are
equivalent under ~ and —oc if they are not equivalent. The above theorem
implies that B C A is of depth < 3. U

Let V,, be a simple A-module with 1 < u < s. The irreducible constituents
of V,, | g are all inside of one equivalence class of . Denote the set of these
constituents by V,. The distance between a simple B-module W; and the
set V, is defined as usually, by the minimal distance between W; and any
element of the set V,,. Thus
(12) d(W;, Vy) = min d(W;, Wj).

Wj €V
Definition 3.11. We define m(V,,) to be the mazimal distance between any
stmple B-module W,; and the set V,,.

Note that remark[3.4lcan now be written as m;,, > 0 if and only if W; € V,,.

Proposition 3.12. Let m > 1. Then (8™M);, > 0 if and only if 0 <

Proof. Suppose that (S™M);,, > 0. Since (S™M )i, = > (8™)imy, there
is an 1 < < r such that (§™); > 0 and my, > 0. Proposition and
Remark B4l imply that d(W;, W;) < m and W; € V,,. Thus 0 < d(W;, V,) <
m.
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Conversely, if 0 < d(W;, V) < m then there is an 1 < [ < r such that
d(W;, Wi) < m and W; € V,. This implies that (§™); > 0 and my, > 0
which together give that (S™M);, > 0. O

Theorem 3.13. The inclusion matriz of B C A satisfies a depth 2m in-
equality (with m > 2) if and only if m(V,,) < m—1 for any simple A-module
V.

Proof. Recall that the inclusion matrix M satisfies a depth 2m inequality iff
S™M < qS™ M.

Suppose that the inclusion is depth 2m. Therefore S™M < ¢S™ 'M
for some ¢ > 0. By induction one can prove that S™*PM < ¢PH1Sm~1 M
(multiplying with S to the left). Suppose that m(V,) = m + p with p > 0
and some u. This implies that there is W; a simple B-module such that its
distance to V, is m+p. Proposition BI2implies that (S™*PM);, > 0. From
remark [3.6] one has A(S™PM) C ¢PtLA(S™ I M). Thus (8™ M), > 0
and Proposition BI2limplies that d(W;, V,) < m—1. This is a contradiction
and the proof in one direction is completed.

Conversely suppose that m(V,) < m—1 for any simple A-module V,,. We
have to show that S™M < ¢S™ 'M which by Remark is equivalent to
A(S™M) C A(S™M). Suppose (i, u) € A(S™M). Then (S™M )z, > 0
and Proposition implies that 0 < d(W;, V,) < m. The assumption
of the theorem implies that this distance should be less or equal to m —
1. Then Proposition implies that (8™ 'M);, > 0. Thus (i, u) €
A(S™IM). a

We note that in terms of graphical distance, the minimal even depth
matrix inequality satisfied by the inclusion diagram of B in A is two plus
the largest graphical distance of a B-simple from an equivalence class of
B-simples under one A-simple.

Example 3.14. The inclusion (or Bratteli) diagram starting with B =
C[S2] € A = C[Ss] at the bottom level, and proceeding to its semisimple
pair A — End A via A at the top level is shown below:

VANVAN
NN

Notice that the inclusion diagram of A < F is the reflection of the dia-
gram of B C A about the middle row, true in general by Morita theory [9].
Applying Theorem B9 we see from the bottom graph that the graphical
distance between simples is 2, so depth of subgroup Sy < S3 is three. Ap-
plying Theorem B.13], we see from the top graph that the maximal distance
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from a simple away from a set of two simples in V,, on the middle line has
graphical distance 2, so that the depth of A — FE is four.

By simply adding dots and the same pattern of edges to the right of the
diagram, we create diagrams (Dynkin diagrams of type A,,) for multimatrix
algebra inclusions of arbitrary odd or even depth. In terms of explicit inclu-
sion mappings, the following inclusion B := C" — A := C x My(C )" xC
has depth 2n —1: (\; € C, n > 2)

A0 A2 0 An—1 0
e (30 ) (% 0 (2 Yo

while its endomorphism algebra extension A — E = M3(C) x My(C )2 x
M3(C) has depth 2n: (M; € My(C))

A1 0 My 0 My O
()\17M17---7Mn—17)‘n)'_>(< 0 M1>7< 0 M2>7...7< 0 An >)

4. DEPTH TWO AND NORMALITY

Let S C R an inclusion of multimatrix algebras. We define the subring S
to be normal in R if the restriction of every maximal ideal I (in R) to S is R-
invariant, meaning that (INS)R = R(INS) as subsets of R. This definition
of normal subrings is first given in [19, Rieffel] and used to provide a ring-
theoretic setting for Clifford theory. It is also closely related historically to
the HK'T = KT H condition of normality of a Hopf subalgebra K in a Hopf
algebra H.

Notation: Let R the set of maximal two sided ideals of R. Similarly
define S. Any I € R determines up to isomorphism a unique simple R-
module denoted by V; and a minimal (primitive) central idempotent f; of
R. Similarly any J € S determines up to isomorphism a unique simple
S-module denoted by W; and a minimal central idempotent ¢ of S.
Proposition 4.1. W is a constituent of Vi g if and only if INS C J if
and only if q5fr # 0.

Proof. Wy is a constituent of V; |g if and only if q;(Rf;) # 0. Since f is
central this is equivalent with ¢ f; # 0. The first statement results taking
annihilators in S. U

Proposition 4.2. 1) For any idempotent e € S one has

e=¢( Z f1).

{IER| ef1#0}
2) For any idempotent f € R one has
F=rC Y an.
{J€5] fas#0}

The next proposition makes an improvement of [19, Prop. 2.10].
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Proposition 4.3. Assume that for any simple A-module V' the irreducible
constituents of V' form an entire equivalence class of ~. Then ~ is transitive
and B is normal in A.

Proof. Clearly ~ is transitive. We follow the reasoning from Rieffel’s proof of
Proposition 2.10. Fix Jy € S. Construct €Jy = ZIEXO fr where Xy ={I €
]%]qJOfI # 0}. Then gj,es, = qJ, by the first item of the above Proposition.
Suppose that gjej, # 0 for some other J & S. Then qrfr # 0 for at least
one I € Xg. Then Wy, ~ W by the above remark. The assumption on the
restriction of modules implies that ¢y fr # 0 for all I € Xy and ¢ f; = 0 for
all I ¢ Xy. The first item of the above Proposition shows that ¢; = ge,.
The second item of the same Proposition implies that

(13) e, = Z esds = Z q.

{J€S les,q.7#0} {J€ES les,q.#0}
Thus ¢, € S. Then the rest of the proof is the same as in Rieffel’s paper.
Indeed, if I € R such that IN S C Jo then 1 — ey, € I'NS. On the other
hand if J € S and I N S ¢ J then ¢;(1 —ey,) = qj. Thus 1 — ey, is the
identity element of I NS. Since it is central in R, Proposition 2.6 of [19,
Rieffel] implies that I NS is R-invariant. Thus S is normal in R. g

Lemma 4.4. SM < nM for some n > 0 if and only if for any simple
A-module V' the irreducible constituents of V' | g form an entire equivalence
class of ==.

Remark 4.5. With the previous notations the statement of the lemma can
be rephrased as SM < nM for some n > 0 if and only if V,, coincides with
an entire equivalence class of ~ for any simple A-module V,,.

Proof. Suppose that SM < nM for some n > 0. Clearly the nonzero-entry
subsets satisfy A(SM) C A(M). Suppose that W; ~ W; and W, € V,,.
Then Proposition and Remark B.4] imply that s;; > 0 and mj, > 0.
Thus (SM);,, > 0. This means (i,u) € A(SM) C A(M). Thus m;, > 0, i.e.
Wi € Vy.

Conversely, suppose that V), coincides with an entire equivalence class of
~. We need to show SM < nM for some n > 0 or A(SM) C A(M). Let
{(i,u), (u,i)} € A(SM). Thus there is 1 < [ < r such that S; > 0 and
my, > 0. This means W; ~ W, and W; € V,. Since V, coincides with an
entire equivalence class of ~ it follows that W; € V,,. Thus m;, > 0 and
(i, u) € A(M). O
Theorem 4.6. The inclusion B C A is of depth 2 if and only if B is normal
in A.

Proof. (=) By Proposition 2.2 of |7, Burciu-Kadison|, B C A is depth 2
if and only if SM < nM for some n. If B C A is normal then from
Proposition 2.8 in [19] it follows that ~ is an equivalence relation and for
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any simple A-module V then the irreducible constituents of V' |p form an
entire equivalence class. Lemma [£4] implies that the multimatrix algebra
inclusion is depth two.

(<) The converse follows from Lemma [L.4] and Proposition [4.3] O

This theorem provides a third proof of [0, main theorem, 5.1]. Recall that
a Hopf subalgebra K of a Hopf algebra H is normal if HK™ = KTH for
K™ the kernel of the counit e : K — C.

Corollary 4.7. A depth two Hopf subalgebra of a semisimple Hopf algebra
s normal.

Proof. A Hopf subalgebra of a semisimple Hopf algebra is known to be
semisimple. Since it is depth two, it is normal as defined by Rieffel. But
HT™NK = K™ for the kernel of the counit ¢ : H — C, a maximal ideal in H.
This ideal in K is then H-invariant, so K is a normal Hopf subalgebra. [

The following corollary puts the last theorem together with Theorem 2.10]
in a previous section. Recall that given a subalgebra B C A, the first
endomorphism ring Fy = End Ap, the second Ey = End (E1) 4, and so forth
(with A = Ey and B = E_1). We embed FE,, in E,; as before via left
multiplication in what we call the Jones tower above B C A.

Corollary 4.8. Let B be a semisimple subalgebra in a semisimple algebra
A. If B is depth n then B is normal in E,_5.

The converse may be shown as well by a theorem in [§] and its gener-
alization to higher depth. We have then seen depth two subalgebra to be
normal in the overalgebra, a depth three subalgebra to be normal in £ and
a higher depth subalgebra to be normal further along in the Jones tower.

5. INCLUSIONS OF SEMISIMPLE HOPF ALGEBRAS

Let K C H be an inclusion of semisimple Hopf subalgebras. Let C'(H)
and C'(K) be the character rings of H and K respectively. These are commu-
tative rings if H and K are quasitriangular or cocommutative Hopf algebras
such as group algebras.

If M and N are two H-modules with characters y and u respectively, then
mg(M, N) := dimHomg (M, N). The same quantity is also denoted by
mpg(x, p). In this manner one obtains a nondegenerate symmetric bilinear
form mpg( , ) on the character ring C(H) of H. The following result is
Proposition 2 of [4]. It shows that the image of the induction map is a two
sided ideal in C'(H). A different proof that also works in the nonsemisimple
case is given below.

Lemma 5.1. Let K be a Hopf subalgebra of a semisimple Hopf algebra H.
Let M be an H-module and V' a K-module. Then

M®V 1§= (M |} oV) 1%
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and
Vit eM=(VeM i) 17
Proof. Define
¢: MR(HRKV) — HRg (MKV)
by m@h@gv — hey@r (S~ (ha))m®v). It can be checked that ¢ is a
well-defined morphism of H-modules. Moreover ¢ is bijective since h Qg
@MV = (h(ym®hg) @k v) is its inverse map. O

In terms of characters the first formula can be written as yInd(a) =
Ind(Res(x)a) or

(14) xal=(x1la)l.
In terms of characters the second formula can be written as Ind(a)x =
Ind(aRes(x)) or

(15) alx=(axl)T.

Let T : C(K) — C(K) be given by T(«) = Res(Ind(«)). Thus T'(a) =
a T]. Note that the matrix of the operator T" with respect to the basis of
C(K) given by the irreducible characters of K is the matrix S defined in
the previous section.

Lemma 5.2. With the above notations one has

(16) T(aT(B)) =T()T(B) =T(T()B)
forall a, € C(K).

Proof. One has

T(T(B) = (@B 1)) 1l=(@N ) D=8 Il=all BTl

We have applied relation [I3] for the fourth equality and the fact that Res is
an algebra map in the last equality. So the first equation in the lemma is
proved, and the other is obtained in a similar way. O

Proposition 5.3. With the above notations one has
1) T () =T (&)™ for allm > 1.
2) T () = T(a)T(e)""t for alln > 1.

Proof. The first part is a special case of the second one. We prove the
second by induction on n. The case n =1 is trivial. Suppose that T"(a) =
T(a)T(g)"! for some n. Then

T a) = T(T"(a)) = T(T(a)T(e)"™") = T(T(a))T(e)" "
= T(T()e)T(e)"™" = T()T(e)",
by induction and the preceding lemma. O

Lemma 5.4. Let o and ( be two irreducible characters of K. Then 0 <
d(a, B) < m if and only if mg (o, T™(3)) > 0.
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Proof. This follows from Proposition since as noted before the matrix of
the operator T with respect to the basis of C'(K) given by the irreducible
characters of K is the matrix S defined in the previous section. O

5.1. The operator U. Define U : C(H) — C(H) such that U(y) =
x VR Tt follows from Eq. (I5) for o = ey that U™(x) = x(e TH)™
for all m > 0. Recall the equivalence relation w4t on Irr(H) from Section [
One has y ~ p if and only if x lg and p lg have a common constituent.
Then u% is the equivalence relation obtained by taking the transitive closure
of ~.

Remark 5.5. Note that x ~ p if and only if m,(x, U(n)) > 0. Induc-
tively it can be shown that y u% w if and only if there is [ > 0 such that

m(x, U'(n)) > 0.

Proposition 5.6. A Hopf subalgebra K is normal in H if and only if eg
by itself forms an equivalence class of dg.

Proof. From the decomposition of Z(H) N K it follows that the integral
element A, is central in H [18]. O

Remark 5.7. Suppose H = CG and K = CH for finite groups H C
G. Then Z(CG)NCH C Z(CN) where N is the core of H in G. This
follows since a basis for Z(C Q) is given by dec g where C runs through
all conjugacy classes of G.

6. INCLUSION OF GROUP ALGEBRAS

Let H C G be an inclusion of finite groups and let N := coreg(H) be the
core of H in G, i.e., the largest normal subgroup in GG contained in H. We
will use the short notations uf] and d%’} for the equivalence relations u%g

and d%g defined in subsections and B.1] respectively.
Proposition 6.1. For all n > 1 one has that kerq(U™(¢)) = N.

Proof. Clearly kerg(U™(€)) C kerg(U(e)) since U(¢) has all the constituents
inside U"(¢). On the other hand kerg(x™) D kerg(x) for any character
x- Thus kerg(U"(¢)) = kerg(U(e)) for all n > 1. It remains to show
kerg(U(e)) = N. If n € N then one has that n(¢9®@y1) = g(g 'ng)@yl =
g®p1 since gng™t € N € H. Thus N C kerg(U(g)). On the other hand
192yl = g1 implies that zgH = gH and therefore € gHg~'. Thus if
z € kerg(U(e)) then z € NgeggHg ™ = N. O

Corollary 6.2. For alln > 1 one has that kery(T"(e)) = N.
Proof. Tt follows from the previous proposition since U"(¢) |$=T"(¢). O

Corollary 6.3. Let H C G be a group inclusion and N be the core of H in
G. Consider the equivalence relation dg on the irreducible characters of H
as above. Then the equivalence class of e is Irr(H/N).
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Proof. If a € Irr(H/N) then « is a constituent of ey 1. Therefore a 1% is
a constituent of ey 1= U™ (ey). But U™(ey) |% has all the constituents
inside the equivalence class of 7. Since « is a constituent of T'(«) it follows
that a ~ . Thus all the irreducible characters of Irr(H/N) are equivalent
to eg.

Conversely suppose that 5 ~ ¢. Then (3 is a constituent of T'(¢) and
therefore by Corollary its restriction to N contains (1) copies of the
trivial character of N. Thus € Irr(H/N). O

Let m be minimal such that 7" () has all the possible constituents of all
powers T"(g) with n > 0. Such m exists since there are only finitely many
characters that can appear and if they appear in a certain power of T then
they appear in any greater power of 7.

Remark 6.4. Since N <G it is well known that y ujc\;, w if and only if x and
1 have exactly the same irreducible constituents viewed as N-characters
by restriction. It also follows from [5] that Un(x) = xe 1§ where Uy :
C(G) — C(G) is given by Un(x) = x l]GVT]C\;,. For any irreducible character
a € Trr(N) the constituents of a 1§ form an entire equivalence class under
d%. Similarly, for any irreducible character x € Irr(G) the constituents of
X l% form an entire equivalence class under d%. Thus, by Clifford theory,
the equivalence classes of Irr(N) under d§; are just the G-orbits on Irr(N)
(under the conjugation action).

The following result from [5] will be used in the sequel:

Proposition 6.5. Let G be a group, x a character of G and N = ker(y).
Then 6}(\;7 has as irreducible constituents all the possible irreducible con-
stituents of all the powers of x.

Corollary 6.6. The equivalence relation ug 1s the same as the equivalence

relation ujc\;, coming from N < G. Thus the equivalence classes of Irr(G)

under u$; are in natural bijection with the G-orbits on Irr(N).

Proof. Write as above x ~ p if and only if x lg and p lg have a common
constituent. If x ~ p then clearly u% . This implies that if y ug 7
then x ujc\;, . Conversely by Remark we see that x u]GV w if and only
if mg(x,Un (1)) > 0. Remark 64 implies that Uy(n) = pey 1§. On the
other hand, using the previous proposition it follows that m(x, Un(n)) =
me(x, pe§) = (en 15, px*) > 0 if and only if mg(U™(e), xpu*) =
me(x, U™ (1)) > 0. O

Corollary 6.7. One has that the relation ~ on Irr(G) coming from the
inclusion H C G is an equivalence relation if and only if € T% and € Tg
have the same constituents.

Proof. ~ is an equivalence relation if and only if ¢ Tg and (e Tg)m have the
same constituents. But (g 1%)™ has the same constituents as ey 5. O
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Proposition 6.8. Let N C H C G with N <G. The depth of H/N inside
G/N is less than or equal to the depth of H in G. If H has depth three or
less in G then H/N has depth three or less in G/N.

Proof. Let T : C(H/N) — C(H/N) be the operator T defined as above but
for the inclusion H/N C G/N. Since Rep(G/N) C Rep(G) and Rep(H/N) C
Rep(H) it is easy to check that T is the restriction of T'to C(H/N). Indeed
both restriction and induction for the inclusion H/N C G/N come from the
restriction and induction for the inclusion H C G.

Then the proposition follows from Theorem and Theorem [B3.131 O

For example, with G =S4, H = Dg and

N ={(1),(12)(34), (13)(24), (14)(23)} = V4,

depth of H < G is four (computed in Section 2), while depth of H/N =
Sy < G/N = Ss is three (computed graphically in Section 3).

Again let G be a finite group, H a proper subgroup of G, and N :=
core(H) denote the core of H in G. We say x € Irr(G) and ¢ € Irr(H) are
linked if

(17) 0# 196 = Wlx lm)u

This defines a bipartite graph I" with vertices Irr(G) UIrr(H) (the inclusion
diagram of the corresponding group algebras are a weighted multigraph
variant of this). As usual, we denote by Irr(G|k) the set of all x € Irr(G)
such that (x |n, k) # 0, for k € Irr(N).

Proposition implies that the connected components of I' are in bijec-
tion with the orbits of G on Irr(V).

6.1. A theorem with examples. Recall that the core coreg(H) of a sub-
group H < G is the largest normal subgroup of GG contained in H. It is also
defined by coreq(H) = (e *H where *H denotes the subgroup xH z!
conjugate to H.

Theorem 6.9. Let H C G be an inclusion of finite groups, and suppose
that N := coreg(H) is the intersection of m conjugates of H. Then H has
depth < 2m in G. Moreover, if N C Z(G) then H has depth < 2m — 1 in
G.

Proof. Let o € Irr(H), and let z € G. Then Mackey decomposition shows
that Ind5 .~ I(ResHmHlx (T a)) is a summand of T'(e) = Res% (Ind% (a)).
Thus Res% (Ind$ -, ;.- 1(R‘eSHr‘|me 1(*a))) is a summand of

T?(a) = Res$ (Ind$G (T ().
Let y € GG. Then, by Mackey decomposition again,

H yrHz ly=1 yz
IndHﬂyHyflﬂnymfl (ReSHﬂyHy InyzHz 1y 1( Oé))
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is a summand of T?(«). Continuing in this fashion, we see that, for z; :=
1,20,..., 2 € G,
Ind*”

Haz=l
meflﬂ...ﬂmmHmfnl(Resxm Tm (mma))

lemflﬂ...ﬂmex;Ll

is a summand of 7" !(a). We can choose x1 = 1,29,...,2,, =: z in such a
way that 1 Hzy ' 0 ... N2y, He,b = N. Then 7™ (o) has a summand of
the form

Indﬁ(Resf\,Hf1 () = Ind¥ *ResB ().

Let 3 be an irreducible constituent of Resy (). Then Ind$(?3) = Ind§ () is
a summand of Ind% (7™ («)). But the irreducible constituents of Ind§(3)
form a complete equivalence class of Irr(G) under u%, by Corollary [6.6l
Thus a has graphical distance at most 2m — 1 to any y € Irr(G). So « has
graphical distance at most 2m — 2 to any set of irreducible constituents of
Res% (x), for any x € Irr(G), and the first part is proved.

Now suppose that N C Z(G). Then, in the notation above, Indi(?5) =
Indi(B) is a summand of 7™ '(a). But now the irreducible constituents of
Ind¥ (8) form a complete equivalence class of Trr(H) under d%. This shows
that any two irreducible characters of H have graphical distance at most
2m — 2, so that H has depth at most 2m — 1 in G. O

We illustrate the theorem with three examples.

Example 6.10. (1) Let G = Sy and H = Dsg, so that N = Vj is the
intersection of m = 2 conjugates of H. By the theorem, Dg has depth < 4
in Sy; indeed the depth is four by our earlier computations. In the appendix,
the depth of Dy, in S, is shown to be three for n > 5.

(2) Let G = Sp,41 and H = S,, for some n. Then N = 1, which is the
intersection of m = n conjugates of H:

{1} =S, N Sy(Lln—i-l) N---N Sy(Ln—ln-i-l).

By the theorem, S, has depth at most 2n — 1 in S,11. We will see later
that 2n — 1 is precisely the depth of S,, < Spy1.

(3) Let G = Ag and H = As, so that N = 1 again. A computation with
character tables shows that A5 has depth 5 in Ag. However, in this case, N
is mot the intersection of 3 conjugates of H, so the bound in the theorem is
not sharp here. The depth of the inclusion of alternating groups A,, C A, 11
will be computed in the appendix.

We obtain a corollary by recalling that G acts on the set of subgroups of
G by conjugation. Let Ng(H) be the normalizer of H in G, which is the sta-
bilizer subgroup of H under conjugation. The proof is a simple application
of the orbit counting theorem:

Corollary 6.11. The depth of a subgroup H of a finite group G is bounded
above by 2|G : Nq(H)].
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The following are examples of depth three or more subgroups from the
literature on group theory.

Example 6.12. Brodkey’s theorem (cf. Theorem 1.37 in [10] Isaacs]) states
that if a finite group G has an abelian Sylow p-subgroup H, then the largest
normal p-subgroup O,(G) = N of G is the intersection of two conjugates
of H. In other terms then, H is a depth four or less subgroup in G; depth
three or less if N = {1¢}.

Example 6.13. If GG is p-solvable, where p is odd and not a Mersenne prime,
then the largest normal p-subgroup N of GG is an intersection of two Sylow
p-subgroups. If p is even or a Mersenne prime, then N is an intersection
of three Sylow p-subgroups [3| Brewster-Hauck]. This in our terms implies
that the Sylow p-subgroup has depth < 4 or 6, respectively. If N = 1 then
these numbers can be improved to 3 and 5, respectively.

Example 6.14. The theorem above implies that a subgroup H of a finite
group G has at most depth three if H N xHz~' = 1 for some z € G. For
example, a Sylow p-subgroup of GL(n, q) has depth three, as well as certain
Borel and Weyl subgroups (for specific values of n and ¢ = p”, left as an
exercise to the interested reader) [1].

The results of this paper are suited for creating a program using GAP
to calculate the depth of subgroups of suitably small groups. We thank
Susanne Danz for implementing such a program at the University of Jena.

In this paper we have found subgroups of depth at each odd number (the
symmetric group series), at depth four (the dihedral group in S4 with some
additional examples) and a search with this program yields a subgroup of
depth 6 (the 108-element normalizer subgroup of the Sylow 3-subgroup of
the 432-element affine group AGL(3,2)). We found no subgroups of depth
an even number greater than 6.

Remark 6.15. Suppose K < H < (G is a tower of finite groups, where the
subgroup H < G is corefree and m conjugates of H have trivial intersection.
Then the depth of the subgroup K < G is bounded above by 2m — 1. This
follows from the same theorem since K satisfies the same core hypothesis.
For example, by the results of one of the examples above, any subgroup K
of S,, has depth less than or equal to 2n — 1 in Sy, 4.

6.2. Computations for the operator 7. Suppose that H is a subgroup
of a finite group G. We denote by CI(G) the set of conjugacy classes of G
and by CF(G) the ring of complex class functions on G. For a union X of
conjugacy classes of GG, we denote by v x the characteristic function of X
in CF(G). Then

Ye,x lH= YH,HNX-
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Similarly, if C' and D denote the conjugacy classes in G and H, respectively,
of an element in H then an easy computation shows that
G| |D|
D» 9= Zec
[H| |C]
This implies that the eigenvectors of the linear map
T:CF(H) — CF(H), x— x1%0u,

corresponding to nonzero eigenvalues are precisely the class functions vr,cnm
(C € CI(@), C N H # (). Moreover, the eigenvalue of T' corresponding to
an eigenvector yc,cng is clearly

@‘\CHH]
=l |C]
We denote by
@ |C' N H|

t: y{|H| e :C e Cl(G), CNH # 0}

the number of distinct nonzero eigenvalues of 7. Then the minimum poly-
nomial of T" has degree t or t + 1. Since § is the matrix of T" with respect
to the basis Irr(H) of CF(H), we get an equation

ST 4 a1 8"+t S+ a1 =0

where ay,...,a;11 € C. Thus A(S™*!) C A(S), so that H has depth
<2t+1in G.

We also note that all eigenvalues of T are nonzero if and only if T is
surjective. This is equivalent to the condition that two elements in H are
conjugate in G if and only if they are already conjugate in H. In this
case, the minimum polynomial of T" has degree t. So, arguing as above, we
conclude that H has depth < 2t — 1 in G. We summarize:

Theorem 6.16. (i) The nonzero eigenvalues of S are the numbers
@ |CNH|
H| |C|
(ii) The subgroup H of G has depth < 2t + 1 in G where t denotes the
number of distinct nonzero eigenvalues of S.
(iii) All eigenvalues of S are nonzero if and only if any two elements in

H which are conjugate in G are already conjugate in H. In this case, H has
depth <2t —1 in G.

(C € CUG), CNH #0).

Example 6.17. The inclusion matrix (or induction-restriction table) of the
alternating groups Ay < As may be checked from character tables to be the
matrix

110 0 0 2100
01 111 1 411
M= 00001 » &= 01 11
00001 01 11
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up to permutation, with its symmetric square matrix computed beside. The
conjugacy classes of As are C(y), C(12)(34) of 15 elements, C(123) of 20 elements
and two more classes of five-cycles. The intersection of the three designated
conjugacy classes of A5 with A4 have respectively 1, 3, 8 elements each. Thus
the nonzero eigenvalues of S are 5,1,2. Indeed, the minimum polynomial
of Sis X(X — 1)(X — 2)(X —5). By the theorem above, A4 has depth <7
in As. Computing the powers of M, one sees that the subgroup A4 < Aj
has depth five. The depth of the inclusion A,, C A, .1 for arbitrary n is
computed in the appendix.

Example 6.18. Consider the standard subgroup S3 < S4 of permutation
groups. It is well-known that the conjugacy classes of .S,, are given strictly
by the cycle decomposition and do not split into smaller conjugacy classes
for subgroups S, < S,. From the character tables we compute the inclusion
matrix M and its square S:

10010 2 0 1
M=|l01001],8=[021
00111 113

with minimum polynomial m(X) = X3 — 7X2 4 14X — 8 = (X — 4)(X —
2)(X —1). The nonzero eigenvalues of S are 1,2,4. By the theorem above,
the depth of S3 < Sy is at most five, which we see is the precise depth from
Section 2.

6.3. Depth of inclusions of symmetric groups. In this subsection we
will prove the following:

Theorem 6.19. For any n > 2 the standard inclusion S, C S,11 has depth
2n — 1.

In order to prove the theorem, we recall that the irreducible characters
of S, are in bijection with partitions of n. Moreover, partitions of n can be
visualized by their Young diagrams. For example, the trivial character of
Sy, corresponds to the trivial partition (n) of n, and the Young diagram of
(n) is a row of n boxes. Similarly, the sign character of S,, corresponds to
the partition (1) = (1,...,1), and the Young diagram of (1™) is a column
of n boxes.

By the branching rules, restricting an irreducible character of S,;1 to
S, means removing a box from the corresponding Young diagram, and in-
ducing an irreducible character of S,, to S,,+1 means adding a box to the
corresponding Young diagram.

By Theorem [6.9] above, the inclusion S,, C S,,11 has depth < 2n—1. Tt is
easy to give an alternative proof of this, based on the combinatorics of Young
diagrams. These ideas are explained in more detail in the appendix where
they are also used to determine the depth of the inclusion of alternating
groups A, C A, y1.

It only remains to show that the inclusion matrix of S, C S, 11 does not
satisfy a depth 2n — 2 inequality. For this we may argue as follows:
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The sign character of 5,11, denoted by V,,, restricts to the sign character
o of S,. Thus, in the notation of Section 3, the set V), consists of o alone.
It is easy to see that d(e,0) =n — 1:

_ n—2
n—1 1

 — T I N
IT———1 Ar—01 ﬁm

n

R n—1 — n

It follows that m(V,,) = n — 1. Thus Theorem BI3] shows that the inclusion
matrix of S, in S, cannot satisfy a depth 2n — 2 inequality.

This result also applies to the semisimple Hecke algebras: H (g, n) is depth
2n —11in H(g,n + 1), since they share the same representation theory with
the permutation groups S,, < S,+1 (see [9]).

Appendix: Depth of subgroups — some examples

Susanne D(mﬂ and Burkhard Kilshammer

Mathematisches Institut, Friedrich-Schiller-Universitdt,
07737 Jena, Germany

APPENDIX A. INCLUSIONS OF SYMMETRIC AND ALTERNATING GROUPS

Throughout this section, let n > 1, let &,, denote the symmetric group
of degree n, and let 2, denote the alternating group of degree n. Moreover,
let P,, be the set of all partitions of n. By Theorem [6.19, we know that for
n > 2 the ring extension CS,, C C&,,41 is of depth 2n — 1. We now aim
to determine the depth of the ring extension C,, C C2, ;. Moreover, we
will give a combinatorial proof of Theorem Before stating the results,
we fix some further notation.

Remark A.1l. (a) For A € P,, we denote the conjugate partition by \.
That is, the Young diagram of )\ is obtained by transposing the Young
diagram of A. For A € P,, let x* be the corresponding ordinary irre-
ducible &,,-character. If A\ = X then x* |g, = Xi + x?, for irreducible
2,,-characters Xi # x*. We choose our labelling in accordance with [I1],
Sec. 2.5. With this convention, for o/ = a € P,41 and X' = X\ € P, such
that (x* |e,,x") # 0, we have (x¢ la,,x3) # 0 = (X% la,.x>) and

(XY Lo, x2) #0=(x* la,,x}) (see [II], Thm. 2.5.13, and [2]). If A # X
then x* Lo, = XX s, is irreducible. We may then suppose that A > X,

LCurrent address: Mathematical Institute, University of Oxford, St. Giles’ 24-29, OX1
3LB, Oxford, UK, danz@maths.ox.ac.uk
Supported by DFG Grant No. DA 1115-1/1
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and set Xé = x> 12, Here “>”" denotes the usual lexicographic ordering
on partitions.

(b) We consider the bipartite graphs I'(&,,) and T'(2,,). Here I'(&,,) has
vertices V := P, U P,41 and edges

E = {(Oéy >\) € Pny1 X Py | <Xa l6n7X)\> 7& 0}'
The graph I'(2,,) has vertices V := V(n) UV (n + 1) and edges E where
0

V(n) == {[A0] | A€ Pn, A> NPU{A 4L N -] [A=X € P},
V(n+1):={[,0] | & € Ppy1, > 't U{[o, +], [0, =] | a = o' € Pnya},
= {(lva],\y)) € V(n+1) x V(n) | (¢ Lo, xy) # 0}

(c) Let A\, u € Py, with corresponding Young diagrams [\] and [u], respec-
tively. We set

d(As ) = [N Tl ] NI = 200 = [[A} O [d])

With this notation, we have:

Proposition A.2. Letn > 2, and let \, i € P,,. Then d(X\, ) is the length
of a shortest path from X to p in T'(S,). In particular, the ring extension
C6,, ¢ C6,,+1 has depth 2n — 1.

Proof. Let \, p € Py, and set 2m := d(\, u). We argue with induction on
m, in order to show that in I'(&,,) there is a path of length 2m from A to
. For m = 0 this is trivially true, so we may now suppose that m > 1. We
construct a partition A! of n such that d(\, A\) =2, d(A!, u) = 2m — 2, and
such that there is a path of length 2 from A to A'. Since A\ # p, we have
[A] € [u] € [A]. Thus there is some ¢ € N such that (i,\;) € [A] \ [¢] and
(14 1,X) ¢ [\. That is, (¢,\;) is a removable node of [\]. Analogously,
there are some 7, s € N such that (r,s) € [u] \ [\]. We may suppose further
that (t,s) € [A], for 1 <t <r —1, and (r,u) € [A], for 1 <u < s—1. So
(r,s) is an addable node of [\]. We define o € P, 41 with Young diagram
[a] := [N U{(r,s)}. Assume that (7, ;) is not a removable node of [a].
This can happen only if (r,s) = (i +1,)\;) or (r,s) = (i, A\; +1). But,
since (r,s) € [p], this implies also (i, A;) € [u], a contradiction. Therefore,
A] := [a] \ {(i,\;)} is the Young diagram of a partition A\! € P, with
d(A, >‘1) =2, d(Alvﬂ) =2m — 2, and (x* lGnyX)\> #0# (x* leX)\l>' So
there is a path of length 2 from A to A! in I'(&,,). By induction, there is a
path of length 2m — 2 from A to p in I'(&,,). So we obtain a path

NI TN
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of length 2m from A to p in I'(&,,). Conversely, let
ﬁl ﬁ2 A T

A= 0 ! 12 url 0= p
be a shortest path in I'(&,,). That is, 2r < d(A, ). We argue with induction
on r to show d(\, u) = 2r. If r = 0 then A = p, and d(\, u) = 0 = 2r. Next
suppose that » = 1. Then A # pu, and [u] is obtained by first adding a node
(i,4) to [\], and then removing a node (r, s) # (i,7) from [A\|U{(4, )} = [3'].
That is d(\,u) = 2. Now we may suppose that r > 2. By induction,

d ™Y = 2(r — 1) and d(p"~', ) = 2. So d(\,pu) < 2r, and thus
2r = d(\, p). This proves the first part of the statement.

Since, for any A\, u € Py, we have (1,1) € [A\]|N[y], it follows that d(\, p) <
2(n—1). Moreover, for A := (n) and p := (1™), we have d(\, u) = 2(n—1), so
that, by what we have just shown and Theorem B9] the extension CS&,, C
CG,41 has depth 2(n — 1) + 1. On the other hand, x(» = y+D | .
Therefore, for n > 2, Theorem B.I3] implies that the inclusion matrix of
C6,, € C&,,4+1 cannot satisfy a depth 2(n — 1) inequality. If n = 2 then
C6,, € CB,41 cannot have depth 2(n — 1) = 2, since Sy 4 S3. This
completes the proof of the proposition. O

Lemma A.3. Let A\, € P,,. Suppose that ' = pu#X=XN. Then d(\,u) >
4.

Proof. Let ' = p # XA = X. Then there are some i,j5 € {1,...,n} such
that (i, \;) ¢ [p] and (4, ;) ¢ [A]. Since both A and g are symmetric, also
(Aiyi) € [N\ [p] and (pj,7) € [p] \ [A]. In particular, i # A; or j # p;, and
also i # j. Hence d(\, ) > 3, and so d(\, p) > 4, since d(\, p) is even. [

Example A.4. Consider, for instance, the symmetric partitions A = (4, 3,2, 1)
and g = (5,2,13) of 10. Then we have d(\, ) =2(10 —4—2—1—1) = 4.

Proposition A.5. Let n > 3. Then the ring extension C, C CU,+1 has
depth 2(n — [/n]) + 1.

Proof. In consequence of Theorem [3.9 and Theorem B.I3] it suffices to show
the following:
(1) For any v,w € V(n), there is a path of length at most 2(n — [\/n])
from v to w in I'(2,), and
(2) there is some v € V(n) such that in I'(2,) there is no path of length
less than 2(n — [y/n]) from v to [(n),0].
For this, let v,w € V(n). Suppose first that A = X\ € P, and that
v = [\, 4] and w := [\, —]. Let further « € P, ; with Young diagram
[] := NU{(1,\i +1)}. Then o > o', and (x§ o, x2) =1 = (x§ Lo, x2),
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by [2]. Hence in I'(2,,) there is a path of length 2 < 2(n—[/n]) from v to w.

Therefore, from now on, we may suppose that v = [\, z] and w = [u,y],
for some A > X and p > p/ with A\ # p, and appropriate x,y € {0,+, —}.
We set 2m := d(\, p), and show that there is a path from v to w in I'(2,)
of length 2m. Note that, since A > X and p > ¢/, we must have \; > [/n]
and also pu1 > [v/n]. So 2m < 2(n — [v/n]), and we then get (1).

First of all, by Proposition [A.2] there is a path

am

al\a2 ‘ \
)\:)\0 )\1 )\2 )\m—l )‘m::u’

of length 2m in I'(&,,). Here A\°,... .\ € P,,, and o!,...,a™ € P,1. We
now construct a path

[a!, 2] e [&™) z]
[)‘gﬂ?]\j\1 Jm—1 \ ™ 2]
= [, 20) A ] A" 2] = [, 9]

in I'(2,,) as follows. For i =1,...,m, we set \ := max{\’, (\)'} and & :=
max{a’, (&)} where the maxima are taken with respect to the lexicographic
ordering on partitions. We then determine the “signs” xg, ..., ZTm, 21,...,2Zm
inductively. Of course, xo = x. So we may suppose that ¢ > 1 and that we
have already determined zq,...,x;—1 and z1,...,2;_1. In order to fix z; and
x;, we distinguish four cases.

Case 1. X™1 2 (X=1Y and & # (&')'. In this case we set z; := 0 and

+, if A= (M) and y € {0, +},

z; =14 —, if XM= (\) and y = —,
0, if X # (X)),

Case 2. N1 £ (X=1Y and & = (&'). If X # (')’ then we set z := +
and x; := 0, otherwise

+, ify e {0,+},
ZiZ:.Z'iZZ{_ lfz_{_ }
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Case 3. X' = (A1) and &' # (&')'. We then set z; := 0 and

+, if A= (M) and y € {0, +},
x; =R —, if = (/N\’)’ and y = —,
0, if N # (XY,

Case 4. X' = (X=1) and & = (&'). Then, in particular, A\’ # (A), by
Lemma [A.3l Thus we may set z; := x;_1 and xz; := 0.

Note that this construction ensures that z,, = y. Moreover, by [2], for
i=1,...,m, we get a path of length 2 from [\, z;_1] to [\, z;] in T'(2,,),
hence a path of length 2m from [\, z] to [u,y]. Note further that these con-
siderations also show the following: in the case where y = p/ there are both
a path of length 2m from [\, x] to [u, +] and a path of length 2m from [\, z]

to [ﬂ? _]'

In order to prove (2), let conversely A, u € V(n) such that 2 < d(\, u) =
2m, let z,y € {0,+, —} be appropriate signs, and let

[51721] e [5T7ZT’]
[)‘733]\ 1 r—1 \ (A", 2]
= [\, o] Al A ] = [1,y]

be a shortest path from [\, 2] to [u,y] in T'(2,). Then r < m, by what we
have shown above. We also observe that the partitions A\°, A, ..., A" must be
pairwise different. To see this, assume that A\* = M, for some 0 < i < j < 7.
Then we may suppose that x; = 4+ and x; = —. As we have seen above, there
is a path of length 2 from [\, ;] to [M, z;] so that j =i+ 1, since the given
path is as short as possible. If j < 7 then A2 #£ X! = X\i*! by the minimal-
ity of r. But, since there is a path of length 2 from [N 2, 1] = [\, 2441]
to [A\F2 x;,5], there is also a path of length 2 from [\, z;] to [\+2, z;,5], as
we have proved above. But this contradicts the minimality of r. If i +1 =1r
then i > 0 and X'~! # X' = X1 This implies that there is a path of
length 2 from [N~! ;1] to [A"F! 2;,1], which is again a contradiction to
the minimality of r.

We now set A\? := \? = \. Since <le Lo, X)) #0 # (le l%,xm> there
is some ' € {8, (8')'} such that <Xﬁ l@n,x ) # 0 Having fixed 3', we
can find A' € {A!, (A\')'} such that also <Xﬁ le,, X" "y 0. Let now i > 2.
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We may argue inductively, and suppose that we have a path

\\\\ N

A= /\0 A )\z’—2 5\1’—1

in F(G ), for appropriate (7 € {[3] (B}, M e {M, (M)}, and all j =
L..i—1. We then choose 3' € {ﬂl (3)} and X € {A, (A\")'} such that

<Xﬁ Lo, XM 1) #£ 0 £ (Xﬁ ls,,x"). In this way we obtain in I'(&,) a
path of length 2r from \ to yu, or from \ to 4.

Now let X := (n), and let u € P, be such that
{1, Vnl} < {L..., [Vn]} S (W0 W],
U] {1, [Vl x {1,.... [Vnl},

and such that g > /. Then 2 < d(\, p) = 2(n— [y/n]), and 2(n — [/n]) <
d(\ 1) <2(n—[v/n]) + 2. Assume that in T'(2,) there is a path of length
2r < 2(n — [y/n]) from [(n),0] to [u,y], for some admissible y € {0,+,—}.
Then, by the above considerations, in I'(S,,) there is a path of length 2r
from (n) to p, or from (n) to p'. But, since 2r < min{d((n),n),d((n), ")},
this is impossible, by Proposition Therefore, we have now also shown
(2), and the assertion of the proposition follows. O

Remark A.6. Note that the ring extensions C&; C CS5 and C2iy C C3
are clearly of depth 2, since &1 < &5 and Ay < 2As.

APPENDIX B. INCLUSIONS OF DIHEDRAL GROUPS IN SYMMETRIC GROUPS

Lemma B.1. Let n > 4, let G := &, and let H := (a) where a is an
n-cycle in G. Then the ring extension CH C CG has depth 3.

Proof. We may suppose that a = (1,2,...,n). Since H is not normal in G,
CH c CG is not of depth 2. We set g := (2,n —2)(n —1,n) and a := a9 =
(I,m—2,3,4,...,n—3,2,n,n — 1). In the case where n = 4, this means
g = (3,4) and thus a = (1, 2,4, 3). It suffices to show that (a) N (a) = 1. For
n = 4 this is obviously true. Let now n > 4. Assume, for a contradiction,
that (a) N (a) # 1. Then there are some 1 # [ € N, some k € N, and some
i€{l,...,1—1} such that n = kl and a¥ = aF # 1. If k € {2,...,n — 4}
then 1 + ki = a*(1) =a*(1) =1+ k. Thusi =1, and if k < n — 4 then we
have the contradiction 2 + k = @¥(n — 2) = a*(n —2) =n — 2+ k (mod n).
If k =n —4then 2 = af(n —2) = a*(n —2) =n —2+k (mod n), hence
k = 4 and n = 8. But then a*(n) = 4 # 3 = a*(n), a contradiction. If
kE=1then1+i=a'(l)=a(l) =n—2, thusi =n —3. But a"3(2) =
n—1%# n = a(2), a contradiction. Finally, let ¥k € {n — 1,n — 2,n — 3}.
Since n =kl > 2k > 2(n—3) =2n — 6, we get n < 6. Thus n =6, k = 3,
[ =2,7=1, and we have a contradiction. O
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Proposition B.2. Let n > 5, and let H := Dy, be the dihedral subgroup
of &,, of order 2n, with generators a := (1,2,...,n) and b := (1,n)(2,n —
DHB,n—2)--- (5], [”74'2]) Then the ring extension CH C CS,, has depth
3.

Proof. Since H is not normal in &, the extension CH C CG&,, is not of
depth 2. Again we set g := (2,n—2)(n—1,n), a:=a% = (1,n—2,3,...,n—
3,2,n,n—1), and b:=b9 = (1,n—1)(n—2,n)(2,3)(4,n—3) - (| 2], [=2]).
Also here it suffices to show that HNHY = 1. For n = 6 this is obviously true.
Thus, for the remainder of the proof, let n > 7. Assume, for a contradiction,
that there is some 1 # x € HNHY. Note that H = {a‘, a’b|i =0,...,n—1}
and H9 = {a*, a’b|i=0,...,n — 1}. We distinguish between four cases.

Case 1. ©* = a* = @, for some i,j € {1,...,n — 1}. Then the proof of
Lemma [B.1] leads to a contradiction.

Case 2.z = a' = a’b, for some i,j € {0,...,n —1}. That is a® =
@’ba’b = a’a~7 = 1, hence n is even, and i = n/2. In particular,
5<1+ g = di(1) = & (b(1)) = & (n — 1)
which implies j = 14n/2. So 4+ n/2 = a'(4) = & (b(4)) = @’ (n — 3). Bu,
on the other hand, a’(8 —=3) =6, /(10 —3) =3, and @/ (n —3) = (n —4)/2
for n > 10. In any case this is not equal to 4 + n/2, a contradiction.

Case 3. x* = a'b=a’, for some i,j € {0,...,n — 1}. But then 29 = o/ =
@'b which is impossible, by the considerations in case 2 above.

Case 4. = = a'b = @b, for some i,j € {0,...,n — 1}. Therefore,
1+i=a'(1) = a'(b(n)) = @ (b(n)) = @ (n—2). Suppose that 1 < j <n—5
sothat 1+i=a’(n—2)=a/(2) =2+j. Thatisi=j+1€{2,...,n—4}.
However, if i = j +1 = 2 then @/ (b(1)) =1 # 2 = a’(b(1)), if i=j+1=3
then @ (b(1)) =n —2 # 3 = a’(b(1)), and if 3 <i = j+1 < n — 4 then
a(b(1) = j # j+1=1i=a‘(b(1)). Moreover, if j = 0 then we have
14+i=n—2 thusi=n—3. Buta’(b(1)) =n—1#n—3=a"3(b(1)).
Consequently, we must have j € {n —4,n —3,n —2,n — 1}.

)
2

Suppose j = n — 1 so that a'b = a~'b. Then 1 + i = a'(1) = a'(b(n)
a—l(b(n)) = (:1_1(71 —2)=1,thus i = 0 and b = a~'b. But b(n — 1)
n—1=a"1(b(n—1)), a contradiction.

RSl

Next suppose that j = n — 2 where a'b = a2b, and 1+ i = a’(b(n))
a=2(b(n)) =n—1. Hencei =n—2 which gives the contradiction a=2(b(2))
a2(n—1)=n-3#1=a"2(3)=a2(b(2)).
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If j = n — 3 then a'b = a3b, and so ¢ = n — 1. But this time we get the
contradiction 1 =a=3(4) = a3(b(n —3)) =a"(b(n —3)) =a"1(4) = 3.

Lastly, assume that j = n — 4 so that a'b = a~*b, and i = 1. But, for
n # 8, this implies n —6 = a~*(2) = a~*(b(3)) = a(b(3)) = a(n—2) = n—1,
and for n = 8 we get 6 = a~*(2) = a~*(b(3)) = a(b(3)) = a(6) = 7. Hence

we have again a contradiction.

To summarize, neither of the four cases above can occur, and the assertion
of the proposition follows. O

Remark B.3. (a) By Example 2.6, we know that the ring extension CDg C
CG4 has depth 4.

(b) The inclusion matrix of the groups Dip < G5 is

M =

co o~
—= =0 O
— = O
= =N O
— = O
= =0 O
oSO O

which has depth 5. Hence the same applies to the ring extension CDqg C
C6Gs.
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