arXiv:1012.1754v1l [math.RA] 8 Dec 2010

IDEAL DEPTH OF QF EXTENSIONS
LARS KADISON

ABSTRACT. A minimum depth dI(S — R) is assigned to a ring homomorphism
S — R and a bimodule gIr. The recent notion of depth of a subring d(S, R)
in a paper by Boltje-Danz-Kiilshammer is recovered when I = R and S — R
is the inclusion mapping. Ideal depth gives lower bounds for d(S, R) in case
of group algebra pair or semisimple complex algebra extensions. If R|S is a
QF extension of finite depth, minimum left and right even depth are shown
to coincide. If R O S is moreover a Frobenius extension with Rg a generator,
its subring depth is shown to coincide with its tower depth. In the process
formulas for the ring, module, Frobenius and Temperley-Lieb structures are
provided for the tensor product tower above a Frobenius extension. A depth
3 QF extension is embedded in a depth 2 QF extension; in turn certain depth
n extensions embed in depth 3 extensions if they are Frobenius extensions or
other special ring extensions with ring structures on their relative Hochschild
bar resolution groups.

1. INTRODUCTION AND PRELIMINARIES

Algebras, coalgebras and Hopf algebras are some of the interesting objects with
structure in representation categories of commutative rings. In the representation
category of a noncommutative ring, these objects become ring extensions, corings
and Hopf algebroids. Some basic algebras of interest are the cohomological di-
mension 0 and oo cases of separable algebra and Frobenius algebra; which become
separable extensions and Frobenius extensions in noncommutative representation
theory. Also, QF rings, semisimple rings, and Azumaya algebras generalize to ring
extensions; however depth is not such a notion, originating as a tool of induced
representation theory. Depth is essentially constant on (especially projective) alge-
bras over a commutative ring, but gives different and interesting outcomes for ring
extensions.

The depth of many subgroups are recently computed, both as induced complex
representations [6] and as induced representations over general commutative rings of
group algebras [I]. For example, the depth of the permutation groups S,, C Sy, 41 is
2n—1 over any ground ring and depends only on a combinatorial depth of subgroups
defined in terms of bisets in [I]. The authors of [I] show that combinatorial depth
d.(H,G) of a subgroup H in a finite group G satisfies d.(H,G) < 2n for n > 1
(respectively, d.(H,G) < 2n — 1 for n > 1) < for any x1,...,2, € G, there is
Y1s---,Yn—1 € G such that H N, xinjl =H ﬁ?;ll yiHyfl (respectively, the
latter condition and additionally zihazy* = yihyy*, all h € H NP, x;Hax; ). All
notions of depth < 2 are the same and occur precisely if H is a normal subgroup.
However, depth of subalgebras over base rings (of varying characteristic denoted
by a subscript) for R = k[G] and S = k[H] and combinatorial depth diverge in a
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string of inequalities given in [I] as follows:
(1) do(H,G) < d,(H,GQ) < dz(H,G) <d.(H,G) <2[G: Ng(H)].

Also di,(H,G) < d.(H, Q) showing that all extensions of finite dimensional group
algebras have finite depth.

The authors begin in [I] with a new notion of subring depth d(S, R), given below
in @). They show in an appendix how it is based on and equal to a previous notion
where S and R are semisimple complex algebras given below in (B]). Such a pair R D
S is a special case of (split separable) Frobenius extensions; in Theorem [£.3] below
we show that subring depth is equal to tower depth of Frobenius extensions [15]
satisfying a generator module condition. The authors of [1] define a left and right
even depth and show these are the same on group algebra extensions; Theorem [3.4]
below shows this equality holds for all QF extensions.

In this paper an obvious change is made to the definition of subring depth; we
define an I-depth d’(S — R) of a ring homomorphism S — R with R-bimodule I,
which we use in place of R in the n-fold tensor products over S in the definition (@)
of d(S, R) (as well as a converse, automatic in the presence of units). When [ is an
ideal of a semisimple complex algebra R with semisimple subalgebra S the I-depth
d'(S — R) gives a lower bound, d/(S — R) < d(S, R) discussed in Section 2 in
terms of the part of the bipartite graph of the inclusion which is directly below the
ideal 1.

There are tantalizing similarities and intriguing relations between relative ho-
mological algebra and the subring depth definition and theory. For example, the
depth two condition on a subring S C R leads in [I4] to an isomorphism of dif-
ferential graded algebras between the relative Hochschild R-valued cochains with
cup product and the Amitsur complex of a coring with grouplike element (on the
endomorphism ring End 5 Rg over the centralizer subring R®). Also the paper [16]
contains some relations between depth 2 and notions of relative homological algebra
carried over to corings in [4]. The tower of iterated endomorphism rings above a ring
extension becomes in the case of Frobenius extensions a tower of rings on the bar
resolution groups C,(R,S) (n = 0,1,2,...) with Frobenius and Temperley-Lieb
structures explicitly calculated from their more usual iterative definition in Sec-
tion[£1l At the same time Frobenius extensions of depth more than 2 are known to
have depth 2 further out in the tower: we extend this observation in [I5] with new
proofs to include other ring extensions satisfying the hypotheses of Proposition 3]

1.1. H-equivalent modules. Let R be a ring. Two left R-modules, gk N and p M,

are said to be h-equivalent, denoted by rM L rN if two conditions are met. First,
for some positive integer r, IV is isomorphic to a direct summand in the direct sum
of r copies of M, denoted by

(2) rRN@®x2rM" & N|M" &

3f; € Hom (rM, gN), g; € Hom (gN, gM),i=1,...,r : Y fiog; =idy
=1

Second, symmetrically there is s € Z 4 such that M | N®. It is easy to extend this
definition of h-equivalence (sometimes referred to as similarity) to h-equivalence of
two objects in an abelian category, and to show that it is an equivalence relation.
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If two modules are h-equivalent, gV L rM, then they have Morita equivalent
endomorphism rings, £y := End gV and &y := End g M. This is quite easy to
see since a Morita context of bimodules are given by H (M, N) := Hom (rM, rN),
which is an En-En-bimodule via composition, and the bimodule ¢,, H(N, M)¢,;
these are progenerator modules, by applying to [2)) or its reverse, M | N*, any of
the four Hom-functors such as Hom (r—, g M) from the category of left R-modules
into the category of left Ej;-modules showing that ¢,, H(N, M) is finite projective;
similarly, generator. Then the explicit conditions on mappings for h-equivalence
show that H(M,N) ®¢,, H(N, M) — Ey and the reverse mapping given by com-
position are both bimodule isomorphisms as required. Since £y, and £y are Morita
equivalent rings, their centers are isomorphic:

End RM£M ~ End RN£N-

The theory of h-equivalent modules applies to bimodules 7 Mg L 7Ng by letting
R = T ®z S°P which sets up an equivalence of abelian categories between T-S-
bimodules and left R-modules. Two additive functors F, G : C <— D are h-equivalent
if there are natural split epis F(X)” — G(X) and G(X)™ — F(X) for all X in C.
We leave the proof of the lemma below as an elementary exercise.

Lemma 1.1. Suppose two R-modules are h-equivalent, M X N and two additive

functors from R-modules to an abelian category are h-equivalent, F L G. Then
F(M) % G(N).

For example, the following substitution in equations involving the 9 -equivalence
relation follows from the lemma:

(3) RPr 2 rQr 1Us % 1Vs = rP®rUs X rQ®r Vs

Example 1.2. If R is a semisimple artinian ring with simples {Py, ..., P;} (repre-
sentatives from each isomorphism class), all finitely generated modules M and Ng
have a unique factorization into simple components. Denote the simple constituents
of Mg by Simples (M) = {P; | [P;, M] # 0} where [P;, M] is the number of factors in
M isomorphic to P;. Then M | N? for some positive ¢ if Simples (M) C Simples (N);
and M 2 N iff Simples (M) = Simples (N).

Suppose R has central primitive idempotents ey, . . ., e; such that each [P;, e;R] =
n;, so that R decomposes into the product of matrix rings over each of the division
rings D; := End (P)r: R = M,,(D1) X --+ X My, (D¢). If M and N are h-
equivalent f.g. R-modules, then the endomorphism rings Fj; and En are explicitly
Morita equivalent as they are both products of matrix rings over the same subset
of division rings D1, ..., D;.

Example 1.3. Via some more category theory, we may see that positive integers
n and m are h-equivalent if n| m" and m | n® for some positive integers r, s; whence
there are primes p1,...,pr such that n and m lie in the same h-equivalence class
{p1* - -pi¥|r1,...,rx > 1}. This explains the notation for eq. (2.

1.2. Depth two. A subring pair S C R is said to have left depth 2 (or be a left

depth two extension [I3]) if R ®g R 2 R as natural S-R-bimodules. Right depth
2 is defined similarly in terms of h-equivalence of natural R-S-bimodules. In [13] it
was noted that the left condition implies the right and conversely if R is a Frobenius
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extension of S. Also in [13] a Galois theory of Hopf algebroids was defined on the
endomorphism ring H := End sRgs as total ring and the centralizer C := R as
base ring. The antipode is the restriction of the natural anti-isomorphism stemming
from following the arrows,

End Rs — R®g R — (End gR)°P.

The Galois properties may then be summarized by the invariants under the
obvious action of H, R¥ = § if Ry is faithfully flat, and End Rg =2 R#H a smash
product product ring structure on R ®¢ H: the details are in [I3]. There is also
a duality structure by going a step further along in the tower above S C R —
End Rs < End R ®5 Rp, where the dual Hopf algebroid H' := (R ®s R)® plays a
role [13].

Conversely, Galois extensions have depth 2, which is most easily seen from the
Galois map of an H-comodule algebra A with invariant subalgebra B and finite

dimensional Hopf algebra H over a base field k, which is given by A ®p A =
A®p H, d ®a v dag) @ aqy, whence A ®p A = AYmH a5 A-B-bimodules.
The Hopf subalgebras within a finite dimensional Hopf algebra which have depth
2 are precisely the normal Hopf subalgebras; if normal, it has depth 2 by applying
the Hopf-Galois observation just made. The converse follows from an argument
discovered by [2, Boltje-Kiilshammer] which divides the normality notion into right
and left just like depth 2, where left normal is invariance under the left adjoint
action. Note their argument given in the context of any augmented algebra A
(such as a quasi-Hopf algebra) next. Let € : A — k be the algebra homomorphism
into a base ring k. Let AT denote kere, and for a subalgebra B C A, let BT denote
kere N B. For example, it may be shown that if a (quasi-)Hopf algebra H has left
normal (quasi-)Hopf subalgebra, then HK™ C K+ H.

Proposition 1.4. Suppose B C A is a subalgebra of an augmented algebra. If
B C A has right depth 2, then ABT C BT A.

Proof. To A®p A| A? as A-B-bimodules, apply the additive functor k. ® 4 —, which
results in A/B*A|k? as right B-modules. The annihilator of k¢ restricted to B is
of course BT, which then also annihilates A/BT A, so ABT C BT A. O

The opposite inclusion is of course satisfied by a left depth 2 extension of aug-
mented algebras.

Also subalgebra pairs of semisimple complex algebras have depth 2 exactly when
they are normal in a classical sense of Rieffel. We note the theorem in [6] below
and give a new proof in one direction along the lines of the previous proposition.

Theorem 1.5. [0, Theorem 4.6] Suppose B C A is a subalgebra pair of semisimple
complex algebras. Then B C A has depth 2 if and only if for every mazimal ideal
I in A, one has A(IN B) = (I N B)A.

Proof. (<) See [0, Section 4]. (=) Given maximal ideal I in A, there is an ideal
J with identity element 1; such that A = I & J, and algebra homomorphism
€: A— A/T 2 J. Denote I = AT, IN B = B, and note that the A-module
Ja = J. Given the right depth 2 condition 4A ®p Ap | A, tensor from the left by
J obtaining J @5 Ap | J1.

Note the B-module homomorphism A/BTA — J ®p A given by a + Bt A —
1; ®p a (well-defined since 1; - BT = 0) which we claim is monic. For suppose
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that 1; ® a = 0 for a in the projective module gA, so a =), fi(a)e; in some free
module B™. Then

0= 1J®a=Z£(fi(a))®ei:>€(fi(a)) =0= fila) e BY,Vi=1,...,n

3

hence a =Y, fi(a)e; € Bt A so a+ BT A = 0 which proves the claim.

Since BT annihilates J%, it annihilates J ® g Ap and therefore A/B* A via the
monomorphism. Thus ABT C BT A. The opposite inclusion follows from a similar
argument applied to the left depth 2 condition. (I

2. IDEAL DEPTH OF A RING HOMOMORPHISM

Let S and R be unital associative rings and S — R a ring homomorphism where
1g — 1g. Suppose rlg is a bimodule. With no further ado, we will restrict I to
bimodules gIr, rls or sls via the homomorphism S — R. Note that the kernel
of S — R is contained in the annihilator ideal in S of the left (or right) S-module
I denoted by ann g1.

We let C{(S — R) =S, and for n > 1,

Cl(S - R)=1®s---®s1 (ntimesI)

For n > 1, the CL(S — R) has a natural R-R-bimodule (briefly R-bimodule)
structure which restricts to S-R-, R-S- and S-bimodule structures occuring in the
next definition.

Definition 2.1. The ring homomorphism S — R has I-depth 2n+ 1 > 1 if as

S-bimodules CL(S — R) A CL. (S — R). The ring homomorphism S — R has

left (right) I-depth 2n > 2 if C1(S — R) A CI (S = R) as S-R-bimodules

(respectively, R-S-bimodules).

It is clear that if S — R has either I-depth 2n, it has I-depth 2n+1 by restricting
the h-equivalence condition to S-bimodules. If it has I-depth 2n+ 1, it has I-depth
2n + 2 by tensoring the h-equivalence by — ®g I or I g —. The minimum I[-depth
is denoted by d!(S — R).

Note that the minimum left and right minimum even I-depths may differ by 2
(in which case d/(S — R) is the least of the two). In the next section we provide
a general condition, which includes a Hopf subalgebra pair S C R of symmetric
Frobenius algebras with I an ideal in R, where the left and right minimum even
I-depths coincide.

We also remark that once S — R has I-depth 2n + 1 the C{_ (S — R)’s
stop growing as m — oo in terms of adding new indecomposables in a category
of modules with unique factorization, since CL(S — R) b Cl . (S — R) for all
m > 0 (see the example in the previous section). This corresponds well with the
classical notion of finite depth in subfactor theory.

Lemma 2.2. Let S — R have kernel K, S := S/K and S — R be the induced Ting
monomorphism. Then the left or right minimum depth d'(S — R) = d'(S — R)
unless d' (S < R) = 1, in which case equality holds if the quotient homomorphism
p:S — S has a section.

Proof. Note that if Mg | N, then ann Ng C ann Mp. Since K is in ann C (R, S)

for all n > 1 and CI(R,S) = CL(R,S) as S-modules, it follows that C.(R,S) i
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CI | (R,S) implies CI(R,S) A T (R,S) for the bimodules at issue. The con-
verse is easy by pullback along p.

S — R has I-depth 1 iff there are central elements w;,z; € S and mappings
fisgi € Hom (sIs,sSs) such that z = 7, 2;g;(x) for all € I and }_; fj(w;) =

lg. By composing with the quotient homomorphism S — S, we obtain fi, 0 €
Hom (gl5,55%) and z; € I° such that = Y, §;(v)z; and > fi(w;) = 1. The
converse may be proven with the extra hypothesis in the lemma, since all mappings
in Hom (515, §5%) have a lifting to Hom (s1g, $Ss) along p via a section o : S — S
satisfying p o 0 = idg. O

Example 2.3. Suppose S is a subring of R (where 1g¢ = 1g). Let S — R be
the inclusion monomorphism and I = R, the natural R-bimodule. The minimum
depth of the subring S C R as defined in [Il Boltje-Danz-Kiilshammer] is denoted
by d(S, R). We note that d(S,R) = d®(S — R). In fact, CE(S — R) = R ®s
- ®g R :=Cy(R,S) (n times R) for n > 0, and the depth 2n + 1 condition in [I]
is that

(4) Crni1(R,S) | Cn(R, )1

as S-bimodules (some ¢ € Z ). The left depth 2n condition in [I] is @) more
strongly as natural S-R-bimodules (and as R-S-bimodules for the right depth 2n
condition). But (using a pair of classical face and degeneracy maps of homological
algebra) we always have Cp,(R,S)|Cp+1(R,S) as R-S-, S-R- or S-bimodules, so
that the depth 2n as well as 2n + 1 conditions coincide in the case of subring with
the I-depth 2n and 2n + 1 conditions above where I = R. (Note though that
R-depth 1 is slightly stronger than subring depth 1 since R is not just centrally
projective over S (i.e., R|S? as S-bimodules) but also R is a split extension of S
as S-bimodules since S| R? implies S| R; the split extension condition is satisfied
by all group algebra extensions and subfactor examples of finite depth.)

Example 2.4. Let S C R be a subring pair of semisimple complex algebras.
Then the minimum depth d(S, R) may be computed from the inclusion matrix M,
alternatively an n by m induction-restriction table of n S-simples induced to non-
negative integer linear combination of m R-simples along rows, and by Frobenius
reciprocity, columns show restriction of R-simples in terms of S-simples). The
procedure to obtain d(S, R) given in the paper [6] is the following: let M =
(MM?Y)™ and M+ = MErIA (and MO = I,,), then the matrix M has depth
n > 1 if for some q € Z 1

(5) M[n-’rl] S qM[n—l]

The minimum depth of M is equal to d(S, R) by [I, appendix] (or Theorem (.3l
below combined with [5] [6]).

In terms of the bipartite graph of the inclusion S C R, d(S, R) is the lesser of
the minimum odd depth and the minimum even depth [6]. The matrix M is an
incidence matrix of this bipartite graph if all entries greater than 1 are changed
to 1, while zero entries are retained as 0: let the S-simples be represented by n
white dots in a bottow row of the graph, and R-simples by m black dots in a top
row, connected by edges joining black and white dots (or not) according to the 0-
1-matrix entries obtained from M. The minimum odd depth of the bipartite graph
is 1 plus the diameter in edges of the row of white dots (indeed an odd number),
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while the minimum even depth is 2 plus the largest of the diameters of the bottom
row where a subset of black dots under one white dot is identified together.

Now suppose I is an ideal in R. Let the primitive central idempotents of R
be given by eq,..., e, and those of S by fi1,..., fn. Then [ is itself a semisimple
complex algebra with unit e = e; + --- + e, (assumed with no loss of generality).
Now suppose f;e; = 0 for ¢ > s and all j < r, while fie; # 0 for i < s and some
j<r. LetJ=fiS® - & fs5, a semisimple subalgebra of S: this ideal satisfies
J@ann (sI) = S. Then it is not hard to see that I-depth of S C R is computed as
the depth of the subring pair of semisimple algebras J < I via s — es:

(6) d'(S,R) = d(J, 1),
the minimum depth of the s x r submatrix M; in the upper lefthand corner of M.

This follows from the lemma where S/K = J and the realization that I ®;---®; I
is induction and restriction n times of I-simples as explained in the appendix of [I].

Example 2.5. As a sub-example of the previous example, let R = C Sy, the
complex group algebra of the permutation group on four letters, and S = CS5. The
inclusion diagram pictured below with the degrees of the irreducible representations,
is determined from the character tables of S3 and Sy or the branching rule (for the
Young diagrams labelled by the partitions of n and representing the irreducibles of

Sn)-

1 3 2 3 1

o o o O o

1 2 1
This graph has minimum odd depth 5 and minimum even depth 6, whence d(S, R) =
5. Alternatively, the inclusion matrix M is given by

110 0 0
M=1011 10
0 0011

whose bracketed powers defined above satisfy a depth 5 inequality ().

Now let I be the ideal in R associated with the two-dimensional representation,
the white dot labelled 2. Then d(.J, I) is the depth of the matrix (1), so d(S, R) = 1.
If I is the ideal of R associated with the first three white dots in the diagram above,
then J is the ideal in S associated to the first two black dots, and d(J,I) is the
minimum depth of the (upper-left hand corner) matrix

, (110
M‘(011)

which has minimum depth 3. If I is the ideal associated to the three white dots la-
belled 3,2, and 3, we similarly compute d’(S, R) = 4. Finally, if I is ideal associated
to the first four white dots in the diagram above, the d’(S, R) = 5.

Proposition 2.6. Suppose S C R is a subring pair of semisimple complex algebras
and I C R is an ideal. Then d' (S, R) < d(S, R).

Proof. This follows from the observation above that d! (S, R) = d(J, I) where J C S
and I C R are both subring pairs of semisimple algebras. But d(J, I) is the depth
of a subgraph of the inclusion graph of S C R. By the description of depth of a
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bipartite graph as the minimum of the odd and even depths in terms of diameter
of the row of black dots, it is clear that d(J,I) < d(S,R) . O

3. EVEN DEPTH OF QF EXTENSIONS

A proper ring extension is taken to be a monomorphism S < R; stretching
this terminology slightly, a ring homomorphism S — R is referred to as a ring
extension, denoted by R|S. A ring extension R| S is a left QF extension if the in-
duced module gR is finitely generated projective and the natural bimodules satisfy
rRs | gHom (s R, 5)s? for some positive integer q. A right QF extension is oppo-
sitely defined. A QF extension R|S is both a left and right QF extension and may
be characterized by both Rs and gR being finite projective, and two h-equivalences
of bimodules given by rRg L rHom (sR, sS)s and sRg 9 sHom (Rgs, Ss)r
[19, 20]. For example, a Frobenius extension S — R is a QF extension since it is
left and right finite projective and satisfies the stronger conditions that R is iso-
morphic to its right S-dual R* and its left S-dual *R as natural S-R-bimodules,
respectively R-S-bimodules.

3.1. 5-Frobenius extensions vs. QF extensions. In Hopf algebras and quan-
tum algebras, examples of Frobenius extensions often occur with a twist foreseen
by Nakayama and Tzuzuku, their so-called beta-Frobenius extension. Let 5 be an
automorphism of the ring S and S C R a subring pair. We next denote the pull-
back module of a module gM along 5 : S — S by gM. A proper ring extension
R| S is a B-Frobenius extension if Rg is finite projective and there is a bimodule
isomorphism sRg = gHom (Rgs, Ss). One shows that R |S is a Frobenius extension
if and only if 8 is an inner automorphism. A subring pair of Frobenius algebras
S C R is f-Frobenius extension so long as Rg is finite projective and the Nakayama
automorphism 7 of R stabilizes S, in which case 8 = ng onp' [22]. For instance
a finite dimensional Hopf algebra R = H and S = K a Hopf subalgebra of H are
a pair of Frobenius algebras satisfying the conditions just given: the formula for g
reduces to the following given in terms of the modular functions of H and K and
the antipode S [I1 7.8]:

(7) Blz) =3 mu(za))mk(S(ze))zs)
(z)

When a S-Frobenius extension is a QF extension is addressed in the next propo-
sition.

Proposition 3.1. A 3-Frobenius extension R|S is a left QF extension if and only
if there are u;,v; € R (i =1,...,n) such that su; = u;5(s) and v;s = (s)v; for all
i,s €5, and

(8) B1(s) = Zuisvi.
i=1

Proof. Suppose R|S is -Frobenius extension. Then the bimodule isomorphism
given above applied to 1 has value E : R — S, a cyclic generator of gHom (Rg, Ss)r
satisfying F(s17s2) = B(s1)E(r)se for all 81,80 € S,r € R. If 1,...,2,, € R and
®1,...,6m € Hom (Rg, Sg) are projective bases of Rg, and E(y;—) = ¢; the equa-
tions 7", w; E(y;r) = r and 371, 871 (E(rx;))y; = 7 hold for all r € R. (Call
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(E,xj,y;) a B-Frobenius coordinate system of R|S. Note that also gR is finite
projective.)

Given the elements u;,v; € R satisfying the equations above, let F; = E(u;—)
which defines n mappings in (the untwisted) Hom (s Rg, sSs). Also define n map-
pings ¢; € Hom (r(*R)s, rRs) by vi(g) = >77°, 2jg(viy;) where it is not hard to
show using the S-Frobenius coordinate equations that Zj z; ®sviy; € (R®s R)E
for each i (a Casimir element). It follows that Y., ¥;(E;) = 1 and that R|*R"
as natural R-S-bimodules, whence R is a left QF extension of S.

Conversely, assume the left QF condition ¢R*g|R™, equivalent to rRg|*R"™
by applying the right S-dual functor and noting (*R)* = R as well *(R*) & R.
Also assume the slightly rewritten S-Frobenius condition g-1Rp = s(R*)Rr, which
then implies 3-1Rr | R". So there are n mappings g; € Hom (3-1Rg, sRg) and n
mappings f; € Hom (sRg, 3-1 Rg) such that )" | fiog; = idg. Equivalently, with
u; == f(1g) and v; := g(1Rr), Y .- u;v; = 1R, and the equations in the proposition
are satisfied. O

The following corollary weakens one of the equivalent conditions in [7]. It im-
plies that a finite dimensional Hopf algebra that is QF over a Hopf subalgebra is
necessarily Frobenius over it; nontrivial examples of QF extensions occur for weak
Hopf algebras over their separable base algebra [10].

Corollary 3.2. Let H be a finite dimensional Hopf algebra and K a Hopf subal-
gebra. In the notation of (1) the following are equivalent:

(1) The automorphism, 8 = idk.

(2) The algebra extension H | K is a QF extension.

(3) The modular functions myg(x) = mg(x) for all x € K.

Proof. (1 = 2) A Frobenius extension is a QF extension. (2 = 3) Applying the
counit € to (), one obtains eoff = ¢, since (3, usv;) = 1. Applied to () uniqueness
of inverse in convolution algebra Hom (K, k) shows that mpy = mg on K. (3 =1)
This follows from (). O

It is well-known that for a Frobenius extension R | S, coinduction of a module Mg
(to the right R-module Hom (Rg, Mg)) is naturally isomorphic to induction of Mg
(to the right R-module M ®g R). Similarly, a QF extension has h-equivalent coin-
duction and induction functors, which is seen from the naturality of the mappings
in the next proof.

Proposition 3.3. Suppose 4 Mg is a bimodule and R|S is a QF extension. Then
there is an h-equivalence of bimodules,
h
9) AM ®s Rg ~ sHom (Rg, Mg)g.
Proof. Since Rg is f.g. projective, it follows that there is an A-R-bimodule isomor-
phism
(10) M ®g Hom (Rg, Ss) = Hom (Rs,Ms),
given by m ®g ¢ — me@(—) with inverse constructed from projective bases for Rg.

But the right S-dual of R is h-equivalent to sRg, so (@) holds by Lemma [Tl O

The next theorem notes that minimum even depth of a QF extension is the
same in its right and left versions given in Definition 2.1l (where I = R, Cp, (R, S) =
R®s: - ®g R, n times R)
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Theorem 3.4. If R|S is QF extension, then R|S has left depth 2n if and only if
R| S has right depth 2n.

Proof. The left depth 2n condition on S — R recallis Cyq(R, S) & Cn(R, S) as S-
R-bimodules. To this apply the additive functor Hom (— g, Rr) (into the category
of R-S-bimodules), noting that Hom (Cy, (R, S)r, Rr) = Hom (Cp,_1(R, S)s, Rs)

via f — f(— ®g -+ — ®glpg) for each integer n > 1. It follows (from Lemma [LT])
that there is an R-S-bimodule h-equivalence,
(11) Hom (C,,(R, S)s, Rs) ~ Hom (C,_1(R, S)s, Rs)

(Then in the depth two case, the left depth two condition is equivalent to End Rg 9
R as natural R-S-bimodules.)

Given bimodule g Mg, we have M ®g Rg 9 rHom (Rg, M) g by the previous
lemma: apply this to Cy41(R,S) = C,(R,S) ®s R using the hom-tensor adjoint
relation: there are h-equivalences and isomorphisms of R-bimodules,

(12) Conr(R.S) ~ Rs,Cu(R.S)s)

Rg,Hom (Rs,Cp—1(R,S)s)s)

R®s Rs,Cn_1(R,S)s)

Cp(R,S)s, Cnpt1(R,S)s)

foreach p=1,2,...,nand n =1,2,.... Compare (1)) and (I2)) with p = n to get

RCni1(R,S)s X rCy(R,S)s which is the right depth 2n condition.
The converse is proven similarly from the symmetric conditions of the QF hy-
pothesis. ([

Hom

>

Hom

Hom

~ o~ o~ o~

=R

Hom

The next proposition is an easy corollary of the proofs of Theorem [3.4] and of
Proposition B.3] therefore omitted. An R-bimodule I is said to be QF relative to
a subring S C R below if Ig and gl are f.g. projectives, glr 9 sHom (Is, Ss)r
and grlg 9 rHom (g1, 55)s. We also suppose below an R-bimodule I is a ring
with multiplication that is associative in all respects with the bimodule structure,
such as (z1 - )z = x1(r - x2) for all x1,22 € I,r € R. For example, an ideal
I in a semisimple complex algebra R with semisimple subalgebra S satisfies this
hypothesis.

Corollary 3.5. Suppose I is a multiplicative R-bimodule with unit e and is QF
relative to a subring S C R. Then S C R has left I-depth 2n if and only if S C R
has right I-depth 2n.

4. FROBENIUS EXTENSIONS

As noted above a Frobenius extension R | S is characterized by any of the follow-
ing four conditions [T1]. First, that Rg is finite projective and s Rg = Hom (Rg, Ss).
Secondly, that g R is finite projective and pRs = Hom (s R, 5.5). Thirdly, that coin-
duction and induction of right (or left) S-modules is naturally equivalent. Fourth,
there is a Frobenius coordinate system (E : R — S;21,...,Zm;Y1,- -, Ym), Which

satisfies
m

(13) E € Hom (sRs, sSs), Z E(rz))y; =1 = inE(yir) (Vr € R).
i=1 i=1
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Lemma 4.1. The natural module Rgs is a generator iff sR is a generator iff there
are elements {a;}7_, and {c;}7_; such that 2?21 E(ajc;) = 1g.

Proof. The bimodule isomorphism gRg =, sHom (Rg, Ss)r is realized by r —
E(r—) (with inverse ¢ — > " ¢(x;)y;). If Rg is a generator, then there are
elements {c;}7_; of R and mappings {¢;}7_; of R* such that 337, ¢;(c;) = ls.
Let ECLj = (bj. Then E?:l E(CLjCj) = 15.

Another bimodule isomorphism rRg = rHom (s R, sS5)s is realized by r —
E(—r) := rE. Then writing the last equation as 3, ¢;E(a;) = 1s exhibits pA as
a generator. ([

A Frobenius (or QF) extension R|S enjoys an endomorphism ring theorem
[19, 18], which states that R|E := End Rg is a Frobenius (respectively, QF) ex-
tension, where the default ring homomorphism R — £ is understood to be the left
multiplication mapping A : r — A, where of course A.(z) = rz. It is worth noting
that A is a left split R-monomorphism (by evaluation at 1r) so r€ is a generator.

The tower of a Frobenius (resp. QF) extension is obtained by iteration of the
endomorphism ring and A, obtaining a tower of Frobenius (resp. QF) extensions
where occasionally we need the notation S :=&_1, R =&y and £ = &

(14) S—aR—=&E =& =& — -

so & = End &g, etc. By transitivity ([22], resp. [19, Miiller]), all sub-extensions
Em = Emin in the tower are also Frobenius (resp. QF) extensions.

The rings &, are h-equivalent to Cp,1+1(R,S) = R®g - ®g R as R-bimodules in
case R|S is a QF extension. This follows from noting the

End Rs = R ®s Hom (Rs, Ss) » R®s R

also holding as natural £-R-bimodules, obtained by substitution of R* X R. This
observation is then iterated followed by cancellations of the type R ®r M = M.

4.1. Tower above Frobenius extension. Specialize now to R|S a Frobenius
extension with Frobenius coordinate system E and {x;},{y;}7,;. Then the h-
equivalences above are replaced by isomorphisms, and &, = C,+1(R,S) for each
n > —1 as ring isomorphisms with respect to a certain induced “FE-multiplication.”
The E-multiplication on R®g R is induced from the endomorphism ring End Rg =
R®sRgivenby f+— Y. f(x;) ®sy; with inverse r®@r’ — A\, oFEo\,,. The outcome
is E-multiplication on Cy(R,.S) given by

(15) (r1 ®s1r2)(r3 ®g r4) =11 E(r2r3) @5 74

with unity element 1; = Z;’ll z; s y;- Note that the R-bimodule structure on &
induced by A : R < & corresponds to the natural R-bimodule R ®g R.
The E-multiplication is defined inductively on

(16) 571 = n—1 ®£n,2 51171

using the Frobenius homomorphism F,_1 : £&,-1 — &,_2 obtained by iterating
the following construction: a simple and natural Frobenius coordinate system on
&1 2 R®gs R is given by Eq(r ®sr') = rr’ and {x; ®s 1p}™,, {1r ®s vi}™, [21]
as one checks.
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The iterative E-multiplication on C, (R, S) clearly exists as an associative al-
gebra, but it seems worthwhile (and not available in the literature) to compute it
explicitly. The multiplication on Ca,(R,S) is given by (® = ®g,n > 1)

(17) (1@ ®rop)(t1 @+ Rlapn) =
"M@ QT E(ry 1 E( - E(ron—1E(ront1)t2) - Jtn—1)tn) @ lng1 @ - @ lop.
The identity on Cs, (R, S) is in terms of the dual bases,

m

(18) lop—1= Z Tip @ QTi, Yi, @+ D Yiy -

The multiplication on Cs,41(R,S) is given by
(19) (M ® - @rops1)(t1 @ Dtopy1) =
t

@ Ty E(rneE(- - E(ran E(ranyiti)te) - Jtn)tny1 @ -+ @ tanga
with identity

(20) lyn= Y 2,® @, lg®y, ® Dy,

Let the rings Cy, (R, S) := R,, and distinguish them from the isomorphic rings &,_1
(n=0,1,...).
The inclusions R,, — R,4+1 are given by Tln] ¥ T[n)ln, which works out in the
odd and even cases to:
Ra, 1 = Roy,

(21) T1®"'®T2n*1'_>ZTl®"'®Tn$i®yi®7qn+l®"'®'r2nfl

K3

Rop — Rapga,

(22) M@ Qropg 1@ QT QLR ATyt @ @7y,

Here the fact that >, z; ® y; € (R ®s R)¥ is used.

The bimodule structure on R,, over a subalgebra R,, (with m < n via composi-
tion of left multiplication mappings A) is just given in terms of the multiplication
in R,, as follows:

[(Tl®"'®Tm)(a1®"'®am)]®a’m+l®"'®an
with a similar formula for the right module structure.

The formulas for the successive Frobenius homomorphisms E,, : Ry+1 — R
are given in even degrees by

(24) Eop(ri® - Qropt1) =1 Q- Q1 E(rpnt1) Qg2 ® -+ @ Tapg1.
for n > 0. The formulas in the odd case is

(25) Eopti(mM®@:-  Q@ropg2) =71 @+ @ 7Tp @ Tpg1Tnt2 @ Tpg3 @ -+ @ Tapg2

for n > 0.
The dual bases of E,, denoted by x} and y}' are given by all-in-one formulas
(27) Y = lp1®u
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for n > 0 (where 19 = 1g). Note that >, ' ®r, y;* = Lpt1.

With another choice of Frobenius coordinate system (F,z;,w;) for R|S there
is in fact an invertible element d in the centralizer subring R® of R such that
F=E(d-)and ), 2;®sy; = )_; 2 ®s d~1w; [11} 21]; whence an isomorphism of
the E-multiplication onto the F-multiplication, both on R®g R, given by r1 ® 1o +—>
r1 ®@d~'ry. If the tower with E-multiplication is denoted by R and the tower with

F-multiplication by RZ, there is a sequence of ring isomorphisms
RE, = RY
(28) MO @y =T Q@ ®@d 'y @ @d 1oy
R2En+1 = Rgnﬂa
(29) MO Tongl T Qg1 ®d pya @ - Qd trons1
which commute with the inclusions REF — Rfﬁ

Theorem 4.2. The multiplication, module and Frobenius structures for the tower
R, =R®s---®s R (n times R) above a Frobenius extension R|S are given by the

formulas (I3) to (29).

Proof. First define Temperley-Lieb generators iteratively by e, = 1,1 ®r, _,

1p—1 € Rpyq for n=1,2,..., which results in the explicit formulas,
(30) e = Y @ @ @iy Ui Tinyy O Yinsy QUi @ DYy
By nylin 41
€mt1 = Z Ty @ Qx, QIR I Q@ y;, @ B Yiy
U1 yeenylin

These satisfy braid-like relations [13] p. 106]; namely,

(31) €€ = €5€4, |Z - j| Z 2, €i4+1€i€i+1 = €j4+1, €i€i41€; = ei1i+1-

(The generators above fail to be idempotents to the extent that E(1) differs from
1.) The proof that the formulas above are the correct outcomes of the inductive

definitions may be given in terms of Temperley-Lieb generators, braid-like relations
and important relations

(32) enxen = e En_1(x), Yo € R,
(33) Yyen = En(yen)enu Vy € Rn-i—lu En(en) =1,
(34) re, = e,x, Vo € R, 1

[13, p. 106] (for background see [§]) as well as the symmetric left-right relations.
These relations and the Frobenius equations (I3]) may be checked to hold in terms
of the equations above in a series of exercises left to the reader.

The formulas for the Frobenius bases follow from the iteratively apparent =} =
xrieies - ey and Y = e, - - eze1y; and uniqueness of bases w.r.t. same Frobenius
homomorphism. In fact e, -ese;r = 1,1 ® r for any r € R,n = 1,2,... (and
symmetrically) as well as 1, =), zje1 - €p—1€n€n_1 - - €1Y;.

Since the inductive definitions of the ring and modules structures on the R;,’s also
satisfy the relations listed above, and agree on and below Rg, the proof is finished
with an induction argument based on expressing tensors as words in Temperley-Lieb
generators and elements of R.
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We note that
(35) a1®"'®azn+1 - (Ql@"'@dn)(lnfl ®0,n+1)
=(a1® - ®@an-1)ln—2®@an)(en---€1an41)

=---=ai(e1az)(e2e1a3) -+ (en—1---€1an)(en - €1an11)
The formulas for multiplication (I9), (I7) and 23) follow from induction and ap-
plying the relations (Bl through (34]). O

For the next proposition the main point above is that given a Frobenius extension
there is a ring structure on the Cy (R, S)’s satisfying the hypotheses below (for we
compare with ([23])). This is true as well if R is a commutative ring with S a subring,
since the ordinary tensor algebra on R ®g R may be extended to any number of
tensor products.

Proposition 4.3. Let R|S be a ring extension. Suppose that there is a ring
structure on each R, := Cn(R,S) for each n > 0, a ring homomorphism R,_1 —
R, for each n > 1, and that the composite R — R,, induces the natural bimodule
giwen byr- (1 Q- rp) " =rr1 @ra® - @r,r’. Then R|S has depth 2n + 1 if
and only if R, | S has depth 3.

Proof. If R|S has depth 2n + 1, then R, 9 R, +1 as S-bimodules. By induction

of modules, also R, b Ry, as S-bimodules. But Ry, = R, ®s R,,. Then R, |S
has depth three.

Conversely, if R,, | S has depth 3, then R, h R,, as S-bimodules. But R,, 11 | Ray,
via the split S-bimodule epi 11 ® -+ @ rop ¥ 71Ty, @ Tpy1 ® - @ roy,. Then
R,+1 | RY for some q € Z 4. It follows that R|S has depth 2n + 1. O

We may in turn embed a depth three extension into a ring extension having
depth two. The proof requires the QF condition. Retain the notation for the
endomorphism ring introduced earlier in this section.

Theorem 4.4. Suppose R|S is a QF extension. If R|S has depth 3, then £S5
has depth 2. Conversely, if £|S has depth 2, and Rg is a generator, then R|S has
depth 3.

Proof. Since R is a QF extension of S, we have £ LR ®s R as £-R-bimodules.
Then £EQRg & 9 R®sR®s R®g R as £-S-bimodules. Given the depth 3 condition,
R®sR " R as S-bimodules, it follows by two substitutions that £ ®g & 9 R®sR
as £-S-bimodules. Consequently, £ ®g & 2 & as €-S-bimodules. Hence, £ | S has
right depth 2, and since it is a QF extension by the endomorphism ring theorem
and transitivity, £ | S also has left depth 2.

Conversely, we are given Rg a progenerator, so that £ and S are Morita equiva-
lent rings, where sHom (Rg, Ss)e and ¢ Rg are the context bimodules. If £ S has
depth two, then E@g& 2 € as £-S-bimodules. Then R®s R®s R®s R &~ R®gR
as &-S-bimodules. Since Hom (Rg, Ss) ®¢ R = S as S-bimodules, a cancella-
tion of the bimodules ¢Rg follows, so R ®s R ®g R " R as S-bimodules. Since
R®sR|R®s R®g R, it follows that R®g R| R? for some g € Z ;. Then R| S has
depth 3. ([l
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5. TOWER DEPTH VS. DEPTH OF SUBRINGS

In this section we review tower depth from [15] and find a general case when it is
the same as subring depth defined in (@) and in [I]. We first require a generalization
of left and right depth 2 to a tower of three rings. We say that a tower R | S |T where

R|S and S|T are ring extensions, has generalized right depth 2 if R®g R L R as
natural R-T-bimodules (where mappings T — S — R are composed to induce the
module Rr). (Note that if T =S, this is the definition of the ring extension R|S
having right depth 2. )

Throughout the section below we suppose R|S a Frobenius extension and &; —
Ei+1 its tower above it, as defined in ([I4) and the ensuing discussion in Section [4]
Following [15] (with a small change in vocabulary), we say that R | S has right tower
depth n > 2 if the sub-tower of composite ring extensions S — &,_3 < &,_2 has
generalized right depth 2; i.e., as natural &, _s-S-bimodules,

(36) gn_2 ®87173 gn_2 @ * = 5’272

for some positive integer ¢, since the reverse condition is always satisfied. Since
E_1 =S and & = R, this recovers the right depth two condition on a subring S of
R. To this definition we add that a Frobenius extension R|S has depth 1 if it is a
centrally projective ring extension; i.e., g Rg | S? for some ¢ € Z . Left tower depth
n is just defined using (B6]) but as natural S-&,_s-bimodules. By [15, Theorem 2.7]
the left and right tower depth n conditions are equivalent on Frobenius extensions.

From the definition of tower depth and a comparison of (I8) and (ZI) with
I = R, the following lemma is obtained:

Lemma 5.1. Suppose S C R is a subring such that R is a Frobenius extension of
S. If R| S has tower depth n, then S C R has depth 2n — 2 for each n =1,2,....

Proof. From (B6]) we obtain R, | R!_, as R-S-bimodules; the rest of the proof is
sorting out notation and indices. (|

From [I5] Lemma 8.3], it follows that if R|S has tower depth n, it has tower
depth n + 1. Define dp(R,S) to be the minimum tower depth if R|S has tower
depth n for some integer n, dp(R,S) = oo if the condition (36) is not satisfied for
any n > 2 nor is it depth 1. Notice that if S C R is a subring with R a Frobenius
extension of S, then dp(R,S) = d(S, R) if one of d(S,R) < 2 or dr(R,S) < 2.
This is extended to dp(R,S) = d(S, R) if one of d(S, R),dp(R,S) < 3 in the next
lemma.

Notice that tower depth n makes sense for a QF extension R|S: by elementary

considerations, it has right tower depth 3 if S — R — & satisfies £ ®r £ 1€ as
&-S-bimodules. It has been noted elsewhere that a QF extension has right tower
depth 3 if and only if it has left tower depth 3 by an argument essentially identical
to that in [I5, Th. 2.8] but replacing Frobenius isomorphisms with quasi-Frobenius
h-equivalences.

Lemma 5.2. A QF extension R|S such that Rg is a generator has tower depth 3
if and only if S has depth 3 as a subring in R.

Proof. Since Rg is a generator, R|S is a proper extension by a short argument.
Assume S C R.
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(=) By the QF property, £ 2R ®g R as £-S-bimodules. By the tower depth
3 condition, £ ®gr &£ 1 & as £-S-bimodules. Then R ®s R®s R n R ®s R as
E-S-bimodules. Since Rg is a progenerator, we cancel bimodules ¢Rg as in the
proof of Theorem [£4] to obtain R ®g R n R as S-bimodules. Hence S C R has
depth 3.

(<) Given gRg 9 sR ®s Rg, by tensoring with ¢ R ®5 — we get R ®s R n

R®sR®g R as £-S-bimodules. By the QF property, EQr& 2 & as £-S-bimodules
follows, whence R|S has tower depth 3. O

The theorem below proves that subring depth and tower depth coincide on Frobe-
nius generator extensions. At a certain point in the proof, we use the following
fundamental fact about the tower R, above a Frobenius extension R|S: since
the compositions of the Frobenius extensions remain Frobenius, the iterative con-
structions of E-multiplication on tensor-squares isomorphic to endomorphism rings
applies, but gives isomorphic ring structures to those on the R,,. For example, the
composite extension S — R, is Frobenius with End (R,)s = R, ®s R, = Ran,
isomorphic in its F o Fj o-- -0 E,_j-multiplication or its E-multiplication given in

@@ [12).

Theorem 5.3. Let S C R be a subring such that R is a Frobenius extension of S
and Rg is a generator. Then R|S has tower depth m for m =1,2,... if and only
if the subring S C R has depth m. Consequently, dp(R,S) = d(S, R).

Proof. The cases m = 1, 2,3 have been dealt with above. We divide the rest of the
proof into odd m and even m. The proof for odd m = 2n + 1: (=) If R|S has
tower depth 2n + 1, then Ra, ®r,, , Ron | RS, as Ra,-S-bimodules. Continuing
with Ro, = Rop—1 ®Rr,, , Ran—1, iterating and performing standard cancellations,
we obtain

(37) Rony1| RS,

as End (R,)s-S-bimodules. But the module (R,)s is a generator for all n by
Lemma[T], the endomorphism ring theorem for Frobenius generator extensions and
transitivity of generator property for modules (if Mr and Rg are generators, then
restricted module Mg is clearly a generator). It follows that (R,,)s is a progenerator
and cancellable as an End (R, )s-S-bimodule (applying the Morita theorem as in
the proof of Theorem [£4)). Then g(R,+1)s|s(Rn)s after cancellation of R, from
B7), which is the depth 2n + 1 condition in ({@]).

(<) Suppose R, 11 ®* = R, as S-bimodules. Apply to this the additive functor
R, ®g— from category of S-bimodules into the category of End (R,,)s-S-bimodules.
We obtain (B7) which is equivalent to the tower depth 2n + 1 condition of R|S.

The proof in the even case, m = 2n does not need the generator condition (since
even non-generator Frobenius extensions have endomorphism ring extensions that
are generators):

(=) Given the tower depth 2n condition Rg,—1 Qg,, , Ron—1 = Ra, is iso-
morphic as Ra,—1-S-bimodules to a direct summand in R4, , for some positive
integer ¢q. Introduce a cancellable extra term in Ry, = R, ®gr R,4+1 and in
Roy—1 = R, ®g R,,. Now note that Ra,,—1 = End (R, ) which is Morita equivalent
to R. After cancellation of the End (R,,)g-R-bimodule R,, we obtain R, 1| R, as
R-S-bimodules as required by ().
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(«=) Given r(Ry41)s | R(Rn)s, we apply ppq (Rn)RR"®R_ obtaining Ra,, | Ran—1
as Ry, _1-S-bimodules, which is equivalent to the tower depth 2n condition. O

A depth 2 extension R| S often has easier equivalent conditions, e.g., a normality
condition, to fulfill than the S-R-bimodule condition R®g R | R? [2]. Therefore the
next corollary (or one like it stated more generally for Frobenius extensions) is in-
teresting in pursuing questions of whether a special type of ring extension has finite
depth (and placing finite depth ring extensions in the context of a Galois-normal
extension). The corollary follows from [I5] 8.6], Proposition [4.3] and Theorem 4l

Corollary 5.4. Let K C H be a Hopf subalgebra pair of finite dimensional uni-
modular Hopf algebras. Then K has finite depth in H if and only if there is a tower
algebra H,, such that K C H,, has depth 2.

In practice, the depth is n or less if m > n— 1 where H,,, denotes H Qg - - Qg H
(m times H); cf. [6, Theorem 3.14]. In particular, when H = k[G] and K = k[J]
are group algebras of a subgroup pair G > J, K C H,, has depth 2 for some
m > 2[G : Ng(J)] [].

5.1. Acknowledgements. The author thanks Sebastian Burciu, Mio Iovanov, Chris-
tian and Paula Lomp for interesting conversations.
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