Bilinear factorization of algebras

Gabriella Bohm José Goémez-Torrecillas

Abstract

We study the (so-called bilinear) factorization problem answered by a
weak wreath product (of monads and, more specifically, of algebras over
a commutative ring) in the works by Street and by Caenepeel and De Groot.
A bilinear factorization of a monad R turns out to be given by monad mor-
phisms A — R < B inducing a split epimorphism of B-A bimodules
B® A — R. We prove a biequivalence between the bicategory of weak dis-
tributive laws and an appropriately defined bicategory of bilinear factoriza-
tion structures. As an illustration of the theory, we collect some examples
of algebras over commutative rings which admit a bilinear factorization; i.e.
which arise as weak wreath products.

Introduction

A distributive law (in a bicategory) consists of two monads A and B together with
a2-cell A® B — B ® A which is compatible with the monad structures, see [2].

A distributive law A ® B — B ® A is known to be equivalent to a monad
structure on the composite B ® A such that the multiplication commutes with the
actions by B on the left and by A on the right. The monad B ® A is known as a
wreath product, a twisted product, or a smash product of A and B.

Given a monad R, one may ask under what conditions it is isomorphic to a
wreath product of A and B. This question is known as a (strict) factorization prob-
lem and the answer is this. A monad R is isomorphic to a wreath product of
A and B if and only if there are monad morphisms A — R <— B such that com-
posing B® A — R® R with the multiplication R ® R — R yields an isomorphism
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B ® A = R. In the particular bicategory of spans this and related questions were
studied in [14]. In the monoidal category (i.e. one object bicategory) of modules
over a commutative ring; and also in its opposite, such questions were investi-
gated in [7], see also [10] and [19].

In the papers [8] and [17], the notion of distributive law was generalized by
weakening the compatibility conditions with the units of the monads. A so de-
fined weak distributive law A ® B — B ® A also induces an associative multiplica-
tion on B ® A but it fails to be unital. However, there is a canonical idempotent
on B ® A. Whenever it splits, the corresponding retract is a monad, known as the
weak wreath product or weak smash product of A and B, see and [8].

The aim of this paper is to study the factorization problem answered by a
weak wreath product. In the particular bicategory of spans, this problem has
already been studied in [4]. In the paper [9] addressing questions of similar moti-
vation, a more general notion of weak crossed product monad was considered. Such
weak crossed products are not induced by weak distributive laws but by more
general 1-cells in an extended bicategory of monads introduced in [3]]. The fac-
torization problem corresponding to weak crossed products is fully described in
[9].

We use the term strict factorization in the same sense as in [14]. Motivated by
it, when we want to stress the difference from the weak generalizations, we refer
to Beck’s distributive laws as strict distributive laws and to their induced wreath
products as strict wreath products.

We start Section [I| by recalling from the notion of weak distributive law
and the corresponding construction of weak wreath product. We show that a
monad R is isomorphic to a weak wreath product of some monads A and B if
and only if there are monad morphisms (with trivial 1-cell parts) A — R < B
such that composing B® A — R ® R with the multiplication R ® R — R yields a
split epimorphism of B-A bimodules B ® A — R. What is more, in Theorem[1.12]
for any bicategory in which idempotent 2-cells split, we prove a biequivalence of
the bicategory of weak distributive laws and an appropriately defined bicategory
of bilinear factorization structures. This extends [4, Theorem 3.12].

Section2is devoted to collecting examples of algebras over commutative rings
which admit a bilinear factorization.

The algebra homomorphisms A — R < B in a bilinear factorization structure
are not injective in general. In Paragraph 2.1 we show, however, that if R admits
any bilinear factorization then it admits also a bilinear factorization with injective
algebra homomorphisms A — R « B. In general the latter factorization is still
non-strict and we characterize those cases when it happens to be strict.

In Paragraph 2.2l we consider an algebra A and an element e of it such that
ea = eae for alla € A (so that eA is an algebra with unit ¢). Assuming that there is
a strict distributive law eA ® B — B ® eA, we extend it to a weak distributive law
A ®B — B® A. The corresponding weak wreath product is isomorphic to the
strict wreath product of eA and B; hence it admits a strict factorization in terms
of them.

The Ore extension of an algebra B over a commutative ring k is the wreath
product of B with the algebra k[X] of polynomials of a formal variable X, see
[7, Example 2.11 (1)]. In Paragraph 2.3} generalizing Ore extensions, we construct
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a weak wreath product of B with k[X], that we regard as a weak Ore extension
of B (although it turns out to be isomorphic in a nontrivial way to a strict Ore
extension of an appropriate subalgebra B).

For any commutative ring k, there is a bicategory Bim of k-algebras, their bi-
modules and bimodule maps. In Paragraph 2.4l we consider strict distributive
laws in Bim. Taking a 0-cell (i.e. k-algebra) R which admits a separable Frobenius
structure, we show that any distributive law over R induces a weak distribu-
tive law over k. The corresponding weak wreath product is isomorphic to the
R-module tensor product. We also present a morphism between these (weak)
distributive laws over the respective objects R and k. The examples in Paragraph
and Paragraph 2.61belong to this class of examples.

In Paragraph 2.5 we start with a finite collection of strict distributive laws
A; ® B — B; ® A; and construct a weak distributive law (®;4;) ® (®;B;) —
(®iBi) ® (®;A;). The corresponding weak wreath product is isomorphic to the
direct sum of the wreath product algebras B; ® A;.

In Paragraph[.6lwe take a weak bialgebra H and an H-module algebra A. We
show that their smash product is a weak wreath product.

In Paragraph 2.7 we present explicitly a bilinear factorization of the three di-
mensional noncommutative algebra of 2 x 2 upper triangle matrices with entries
in a field k whose characteristic is different from 2, in terms of two copies of the
commutative algebra k @ k. This example does not belong to any of the previously
discussed classes.
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pitality experienced during her visit in June 2010 when the work on this paper
begun. Partial financial support from the Hungarian Scientific Research Fund
OTKA, grant no. K68195, and from the Ministerio de Ciencia e Innovacién and
FEDER, grant MTM2010-20940-C02-01 is gratefully acknowledged.

1 Weak wreath products and bilinear factorizations

The aim of this section is to prove an equivalence between weak wreath prod-
uct monads on one hand, and monads admitting a bilinear factorization on the
other. As a first step to that, under the assumption that an appropriate idempo-
tent 2-cell splits, in Theorems [1.6land [I.8 we show that a monad (in an arbitrary
bicategory) admits a bilinear factorization if and only if it is isomorphic to a weak
wreath product monad. Certainly, if we stopped at this point then it would not
be necessary to work in a bicategory: a monoidal hom category singled out by
one object would suffice. But we aim at more. As the main result of the section,
for a bicategory K in which idempotent 2-cells split, in Theorem we prove
the biequivalence of the bicategory of bilinear factorizations of monads, and the
bicategory of weak distributive laws in K. Remarkably, in this way the same bi-
category of weak distributive laws occurs that was introduced (in a dual form) in
[5] on different grounds.

Concerning examples, as long as we are interested only in objects (i.e. weak
wreath product monads), the bicategorical formulation plays no role. It becomes
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important if we are interested also in morphisms between weak wreath product
monads, possibly over different base objects. An example of this kind is pre-
sented in Example 2.4

Throughout this section we work in a bicategory K, whose coherence isomor-
phisms will be omitted in our notation. The horizontal composition is denoted
by ® and the vertical composition is denoted by juxtaposition. Our motivating
example is the one-object bicategory (i.e. monoidal category) of modules over a
commutative ring (where ® is the module tensor product).

1.1. Weak distributive laws. Let (A, u4,14) and (B, g, g) be (associative and
unital) monads in K on the same object, with multiplications y 4, yp and units
114, 1p. Following [8 Theorem 3.2] and Definition 2.1],a2-cel¥ : A® B —
B ® A is said to be a weak distributive law of A over B if the following diagrams
commute. (Throughout, in the labels of diagrams we omit indices A and B of 7
and p since they can be uniquely determined from the domains and codomains
of the respective arrows.)

AcAeB 2 Ao AeBeB X AwB BoA A o AwB
A®T¢ T@Bl ”®B®A$ LB@T
ARB®A b4 B®R AR B b4 ARB® A B B® A
¥oA| BoY) ¥oA| |noa

BOARAG=BRA BRBRA ~BRA BRA®A--BRA
@)

Lemma 1.2. [[I7, Proposition 2.2] The third diagram in (1)) is equivalent to the following
two diagrams.

©B A®
B—" A®B A ! A®B )
B®;1®;1¢ 17®17®A¢
B® A®B ¥ ARBRXRA ¥
B®T$ T@Ai

Proof. The following diagram shows that commutativity of the third diagram in
(1) implies commutativity of the first diagram in (2),

Ban BoA®y Be¥

B B® A BRARXRB—=BXB®A
77®B$ A®Bey W@B@A
ARXRB—=AXB®A HRA
w LW@A
B®A B
BoA-LYBeAwA Sl B® A

\—//

where the region on the right commutes by the third diagram in (I). Commuta-
tivity of the second diagram in (2) is verified symmetrically. Conversely, if both
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diagrams in (2) commute then so does

NRBRA

B® A ARB®A (3)
WA
BRAXRB®RA YA

BRY®A
B2 A%y \\\\§L§1\§
URARA

BRIBRIARA—BRARA

®
pen By

B®A u

B®B®yl

B A®B BRB®A

B¥ URA

1.3. Weak wreath product. Let ¢y : A ® B — B ® A be a weak distributive law.
Definey : B AR B® A = B® Aas

BoARB®A—Y24 BB AA B A.

It follows from the first two diagrams in (I) that y is an associative multiplication.
From now on, we consider B ® A as an associative monad with the multiplication
i —possibly without a unit. (In fact, B® A can be seen to possess a preunit 7 ® 174
in the sense discussed in [§].)

Proposition 1.4. (See [17, Proposition 2.3].)  For any weak distributive law
Y:A®B = B®A,defineY : B A— B® Aby

B A
B®A—g@@»B®A®B®AJ;B®A. (4)

Then ¥ is an idempotent endomorphism of monads (without unit), and of B-A bimodules.
Moreover, Y¥ = VY.

Proof. Note that ¥ stands in the diagonal of the diagram (B). Hence it has the
equivalent forms

Y = Boua)(¥®A)(na®B® A) (5)
= (up®@A)(BeY)(B® A®713). (6)

Since the expression (B) is evidently a right A-module map and (@) is a left
B-module map, this proves the bilinearity of ¥, i.e.

(B2 A)BoY)=Y(up®A) and  (BRus)(Y®@A) =F(Bua). (7)

By commutativity of

A9B— ~B®A
NRAB NRBOA

A2 A2B2E Ao Bw A
u®B Yo A

M BRA®A

By

A® B BRA

b4
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and (B), we obtain ¥Y¥ = Y. This implies

T =T @pua)(BOY 0 A) B (g2 pa)(BoT 0 A)BOY S A) =i, (©)
hence also ¥~ = ¥. Moreover, by commutativity of

ARNQBRA @B

AQB®A Ao AeB AN oBo A A 0 Be A

J{‘I’@A@A J{‘I"@A
p@BRA @ B®A®A®A—>B®A®A
J{B@y@A J{B@y
B®

AR®B®A BRIA®A B® A

and (B5), we obtain (B® 1u4)(Y @ A)(A®Y) = (BRua)(¥ @ A). This implies
that

HBRARY)=(upRA)(BRBRus)BRYRA)(BRARY) = pu.
Combining it with the symmetrical counterpart, we conclude that
H¥@Y) =p ©)
From (@) and (8) we get that ¥ is multiplicative with respect to . m

1.5. Splitting idempotents. Assume that the idempotent 2-cell ¥ associated in
Proposition [[.4 to a weak distributive law ¥ splits. That is, there is a (unique
up-to isomorphism) 1-cell B&y A and 2-cells T: B® A - By Aand ! : B Qv
A — B® A such that 1t = B®y A and 11 = ¥. Since ¥ is a morphism of B-A
bimodules, there is a unique B-A bimodule structure on B ®y A such that both 7
and ¢ are morphisms of B-A bimodules (i.e. B ®y A is a B-A bimodule retract of
B® A).

Theorem 1.6. (See Theorem 2.4].) Let ¥ : A® B — B ® A be a weak distributive
law in a bicategory KC, such that the associated idempotent 2-cell ¥ splits. Then there is a
retract monad (B @v A, wy) of (B ® A, u) which is unital. Moreover, the 2-cells

B:=m(B®mna):B— By A, a:=7nt(Np®A): A— By A

are homomorphisms of unital monads such that yy(f ® «) : B& A — B Qv A is equal
to 7t; and the left B- and right A-actions on B @y A can be written as pry (B ® (B @y A))
and py ((B @y A) ® ), respectively.

Proof. Equip B ®y A with the multiplication
wy = ((Boy A)© By A) 2> B AQBRA—~BRA—">BRyA).
By @), my = py(t ® ) and by @), (¢t ® t) = tpy. Since ¢ is a (split) monomor-

phism and 77 is a (split) epimorphism, any of these equalities implies associativity
of py. Itis also unital with ny := 71(yp @ 174) since

wy(Boy A) @ m)((B@y A) @15 1w 2 mpu(B e A® s @14) & ¥ = 7,



Bilinear factorization of algebras 227

and symmetrically on the other side. Unitality of § is evident. We have (fup =

Y(B®na)up and by @) and @), tpy(B® B) = u(B® 14 ® B®14). Hence mul-
tiplicativity of B follows by commutativity of

BR1n®B BRAXRB®
B® B 1 BRA®B "BoAQB®A

@” @ J{B@‘I’ lB@T@A
7 B®R®BRA®
" BB A B Bw A TBoBRA®A
l;@A @ UDA lﬂ®ﬂ

Bon B® A = BRA.

B

That « is an algebra homomorphism follows by symmetry. Finally,

my(Be (Bey A)Bem) L uBogpobo )2

(@ A)(BRY) = (up® A)(B ® u71)

so that uy (B ® (B®y A)) = nt(up ® A)(B ® 1) as stated, and symmetrically for
the right A-action. Therefore,

V‘Y(:B®0‘):7T(,”B®A)(B®T)(B®UB®A)@7(T:7-[' -
The situation in the above theorem motivates the following notion.

1.7. Bilinear factorization structures. In an arbitrary bicategory K, consider uni-
tal monads (A, pa, 74), (B, ug,n) and (R, pgr,yr) on the same object k. Let
a: A — R < B: fbe 2-cells which are compatible with the monad structures in
the sense of the diagrams

ASAS RoREP BB k—k——k
ul lu lu nl ln ln
A m R P B A—lx>R<ﬂ—B,‘

i.e. a and B be morphisms of (unital) monads. (They are monad morphisms
with trivial 1-cell parts in the sense of [15].) Regarding R as a left B-module via
Ur(B® R) : B® R — R and a right A-module via yg(R® &) : R® A — R,

m=(Bo ALt R R—L-R) (10)

is a homomorphism of B-A bimodules. If 7t has a B-A bimodule section ¢, then

we call the datum (o« : A — R <~ B : B,1 : R — B® A) a bilinear factorization
structure on R or, shortly, a bilinear factorization of R.

By Theorem [.6 any weak distributive law ¥ : A® B — B ® A for which the
idempotent 2-cell ¥ splits, determines a bilinear factorization structure (a« : A —
B®y A< B:B,1: By A— B® A). We turn to proving the converse.
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Theorem 1.8. For a bilinear factorization structure (x : A — R < B : B,1: R —
B ® A) in an arbitrary bicategory IC,
®
¥=(AeB L RoRL-R—~BwA)

is a weak distributive law of A over B such that the corresponding idempotent 2-cell ¥
splits. Moreover, R is isomorphic to the corresponding unital monad B @y A.

Proof. The assumption that ¢ is a morphism of B-A bimodules means the equali-
ties

Wr(R®a) = (BRus)(t® A) and MR(B® R) = (up ® A)(B®1). (11)

Compatibility of ¥ with the multiplication of A (i.e. the first diagram in (1))
follows by commutativity of

B
AQA®B me A®B
ARa® B a®p
R
A®R®R “ERER RoR®RIZSR®R
Ao
A®R
A1 R&u 2
(%)
KQPBRIA lzx@R@R zx®Rl
R
RoR® AR o ROR—M RoR—" =R
HRA ly@l/
RoA—"9 _R®R ,
IQA (1331)
BRA®A = B® A.

The top region commutes by the multiplicativity of « and the region labelled by
(*) commutes since ¢ is a section of 7t (occurring at the bottom of this region).
It follows by symmetrical considerations that ¥ renders commutative also the
second diagram in (). As for the third one concerns, in the diagram

nRBRA a@pDA IRA

Bo AP A 0B AP Ro R0 A A R A BoA® A

ﬁ®le R®R®txl lR@« am lB@y
R®R R

R®R nere ReReR™EIRoR-Y-R—-“-BwA

\/—///

the region on the left commutes by the unitality of a. Commutativity of this
diagram yields the equality

(BRua)(Y® A)(na @ B® A) =1, (12)
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Symmetrically,
(up® A)Y(BRY¥)(B® A® yp) = imt

which proves that ¥ renders commutative the third diagram in (1), so that ¥ is a
weak distributive law.

By (B), the expression on the left hand side of (I2) is ¥ which clearly splits. The
corresponding 1-cell B @y A is defined (uniquely up-to isomorphism) via some
splitting of itas m¢ : B& A - By Aand 1y : B&y A — B® A. By unique-
ness up-to isomorphism of the splitting of an idempotent 2-cell, (12) implies that
B ®y A and R are isomorphic 1-cells in K via the mutually inverse isomorphisms
myl: R — B®y Aand iy : By A — R.

Composing both equal paths in

R®R

BOR®R®ALEN poRoRo R RO R

B®V®Al lR@y@R ly
R 2

BoRwA— L1 RoReR— R

B®1®Al @@ lz

BRB®RA®A on B® A,

by B® &« ® B ® A on the right, we obtain
WR(T@ ) = (pp @ pa) (B Y ® A), (13)

hence multiplicativity of 7t (and ). Since 1y is multiplicative by (@), so is 7ry.
Finally,

Tyiry = iy 7y (1B © 174) = (g @14) o HR (1R @ 1IR) = 1R- m

We close this section by proving that the constructions in Theorem and
Theorem [L.8 can be regarded as the object maps of a biequivalence between ap-
propriately defined bicategories.

The bicategory of mixed weak distributive laws was studied in [5]. Taking the
dual notion, we obtain the following.

1.9. The bicategory of weak distributive laws. The 0-cells of the bicategory
WdI(K) are weak distributive laws ¥ : A ® B — B ® A in the bicategory K.
The 1-cells between them consist of monad morphisms (in the sense of [15])
ARV > V®Aand { : B ®V — V ® B with a common 1-cell V such
that the following diagram commutes.

A® ®B
A’®B’®V—€>A’®V®B§—>V®A®B:V®A®B (14)
T’@Vl lv(@‘?

/ / /
B'® A ®V—>B,®CB VVRAF V®B®A—>V®?V®B®A

The 2-cells are those 2-cells w : V — V' in K which are monad transformations (in
the sense of [15])) (V,&) — (V/, &) and (V,{) — (V’,{’). Horizontal and vertical
compositions are induced by those in K.
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1.10. The bicategory of bilinear factorization structures. The 0-cells of the bi-
category Bf(K) are the bilinear factorization structures (« : A — R < B : B, 1 :
R — B® A) in the bicategory K. The 1-cells between them are triples of monad
morphisms (in the sense of [I5]) { : A’ ®V - V®A,{: B ®V — V® B and
0: R ®V — V®R with a common 1-cell V such that the following diagrams
commute.

I 'QV
A’®V“—®V>R’®V B’®Vﬁ—>R’®V (15)
|k
V®AT®D¢>V®R V®BT®,B>V®R

The 2-cells are those 2-cells w : V — V' in K which are monad transformations
(in the sense of [15]) (V,&) — (V/, &), (V,{) — (V/, ') and (V,0) — (V',0').
Horizontal and vertical compositions are induced by those in K.

1.11. A pseudofunctor F : Bf(K) — WdI(K). The pseudofunctor F takes a bilin-
ear factorization structure (« : A — R <~ B:,1: R — B® A) to the correspond-
ing weak distributive law ¥ := iur(a ® B) : A® B — B® A in Theorem[L.8 It
takes a 1-cell (&, C, 0) to (&, ). On the 2-cells F acts as the identity map.

The only non-trivial point to see is that (¢, {) is indeed a 1-cell in WdI(K) by
commutativity of the following diagram.

A'®C (®B

AAQB @V— A"V ®B V®A®B
@B RV (1)) ' QVRB (116) Voap
/ / /
ROR @V =R @VaR R VoR®R
weVv Veu
R®eV ‘ V@R
oV %7 V®i

/ / e / e —— —_—
B®A ®VB’®§B RVRA Y V®B®AV®?V®B®A

The middle region commutes since ¢ is a monad morphism. The bottom region
commutes by commutativity of

'@a’'@V '@V
BoAdey Y rearov YR ey
B’®:§l (1) lR’®Q
B'eVen
BV A Rr@V®R 0
@@AJ/ @) lg@R
V®B®AWV®R®R V®]/l V®R

which, in light of (I0), means (V ® 71)({ ® A)(B'®¢) = o(r' @ V).
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Theorem 1.12. If idempotent 2-cells in a bicategory IC split, then the pseudofunctor
F : Bf(K) — WdI(K) in Paragraph[L.11lis a biequivalence.

Proof. First of all, F is surjective on the objects. In order to see that, take a weak
distributive law ¥ : A® B — B ® A and evaluate F on the associated bilinear
factorization structure (¢« : A - By A < B : B, : B¢ A — B® A) in
Theorem [L.6] The resulting weak distributive law occurs in the top-right path of

RARB®
A9BE B A9BR A—"" - (Boy A)® (BRy A)
lﬂw
b4 BRY®A (2] By A
ll
B®A
Bo AL " IpoBo A A ren B A.

k/—///

Thus by commutativity of this diagram, it is equal to Y.

Next we show that F induces an equivalence of the hom categories. The in-
duced functor of the hom categories is also surjective on the objects. In order to
see that, takea 1-cell ({: A/®@V - V®A,(: B ®V — V& B) in Wdl(K) from
the image under F of a bilinear factorization structure (x : A — R <~ B : B,1 :
R — B® A) to the image of (¢' : A” - R « B': /,/ : R' — B'® A’); that is,
from the weak distributive law ¥ := g (a ® p) to ¥ := /ug/ (o’ @ B’). We show
that together with

/ B/® ®A
0= (Rav % peaev Spevea  >VeBo A ZV@R)

they constitute a 1-cell in Bf(K). Unitality of ¢ follows by commutativity of

\%
4 = V@R
(@
\%4
4 e VoB® A
Vonony
(@) Ve¥ Ve
_oopl / Y. - .
VoA @BV - A'@VeB s VO A@B;zVeBeA
n'ev YoV @@ Ve @
/ _ . n/ / N 57/ _ .
RV =B ARV =BoVeAsVeB®A > VOR——VOR

The triangular region commutes by the unitality of the monad morphisms ¢ and {
and the bottom left square commutes by ¥ (74 @ n7g) = up(a/ @ B)
(nar @ npr) = 'ur(rr @ mrr) = 'nre. Multiplicativity of ¢ is checked on page
2331 The regions marked by (m) on page commute since ¢ and { are monad
morphisms. This proves that ¢ is a monad morphism.
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The first diagram in (I5) commutes by commutativity of

A'QV ¢ VoA Veu V@R
A'@Vern VeAsy () Vi
A/®7’]/®V
/ / / Y . .
RV A" ®B ®VA,®CA ®V®B§®BV®A®BV®‘I’V®B®A
(%) YoV @@ Ve

/ > n/ / _ . n/ .
RaV i sB oA ®VB,®€B ®V®Ag®AV®B®A von

V®R.

The triangular region at the top left commutes by the unitality of {. The regions
marked by (*) commute by

B D .

F(A@ns) Qs 0 4) B (s © 4)
The second diagram in (I5) commutes by symmetrical considerations.

The functor induced by F between the hom categories acts on the morphisms
as the identity map, hence it is evidently faithful. It is also full since any 2-cell
w: (g0 — (&,7)inWdI(K) is a 2-cell (¢,Z,0) — (&,,0) in Bf(K) by com-

mutativity of

/ B'® RA
RoVLYpoaeovLbpoved—AveBeAL% VR

R'®@w B'@A @w B'owA WRB®RA w®R

/ / / / / / / / /
ROV 5B oAV 5B oV eA =V @BRAL =V &R,

The regions in the middle commute since w is a 2-cell in WdI(KC). n

Remark 1.13. For an arbitrary bicategory K — not necessarily with split idempo-
tents —, the pseudofunctor F in Paragraph [I.I1linduces a biequivalence between
Bf(XC) and the full subbicategory of WdI(X') whose 0-cells are those weak dis-
tributive laws ¥ for which the idempotent 2-cell ¥ splits. It induces in particular
a biequivalence between the bicategory of distributive laws in K (as a full subbi-
category of WdI(K)) and the bicategory of strict factorization structures (as a full
subbicategory of Bf (X)), cf. [14].
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1.14. Morphisms with trivial underlying 1-cells. For the algebraists, particu-
larly interesting are those 1-cells in Bf (K) and WdI(XC) whose 1-cell part is trivial
— these are algebra homomorphisms in the usual sense. Such 1-cells form a sub-
category of the respective horizontal category.

In Bf(KC), this means monad morphisms ¢ : R” — R which restrict to monad
morphisms ¢ : A — A and { : B — B, i.e. for which oa’ = a¢ and 0f’' = BC.

The corresponding 1-cells in WdI(K) are pairs of monad morphisms
E:A' - Aand(: B — Bsuchthat ¥({ @ &)Y = ¥(E ® Q).

2 Examples: Bilinear factorizations of algebras

The aim of this section is to apply the results in the previous section to the partic-
ular monoidal category —i.e. one-object bicategory — of modules over a commu-
tative ring. (Clearly, in this bicategory idempotent 2-cells split.) More precisely,
we collect here some examples of associative and unital algebras over a commu-
tative ring k which admit a bilinear factorization. Some of these algebras admit a
strict factorization as well but the most interesting ones are those which do not.

2.1. Bilinear factorization via subalgebras. The algebra homomorphisms
«: A — R < B : B, occurring in a bilinear factorization of an algebra R, are
not injective in general. In this paragraph we show however that, for any bilinear
factorization structure (¢ : A — R <— B : B,1 : R — B ® A), there is another
bilinear factorization of R with injective homomorphisms & : A — R +— B : B. We
give sufficient and necessary conditions for the latter factorization to be strict.
Consider a weak distributive law ¥ : A® B — B ® A, with corresponding
algebra homomorphisms « : A — B ®y A < B : B obtained by the corestrictions
of ¥(A®n): A— B A < B:Y¥(n®B), cf. Theorem[L.d Put A := Im(a) C
B®y A D Im(B) =: B. Then a factorizes through an epimorphism A — A and
a monomorphism & : A ~ B @y A of algebras. Similarly, B factorizes through
an epimorphism B — Band a monomorphism B :B— B®y A of algebras. By
Theorem[L6] : : B®y A — B® A is a B-A-bimodule section of yy(p ® ), so that

['=(BRyA—>BRA—=B®RA)

is a B-A-bimodule section of yy (B ® &). Therefore (& : A - BRy A + B: B,1:
B®y A — B® A) is a bilinear factorization of B ®y A via subalgebras.

By Theorem [L.8 there is a weak distributive law ¥ := fuy (& ® B) such that
B ®¢ A is isomorphic to B ®y A. The weak distributive law ¥ is a strict dis-
tributive law if and only if both unitality conditions ¥(A ® 7j) = 7 ® A and
¥ (77 @ B) = B® 7 hold. They amount to commutativity of the following dia-
grams.
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A
A A®B B® A
VIOBRA®Y
oA (A® B)®?
\L\F®2
. ®2 Q2
B® AW®B®A®77(A ® B) = (B® A)
®B
B— A®B———~>B®A (16)
J1®BRA®Y
B (A ® B)*?
hf@z
- . ®2 ®2
B®A17®B®A®;7(A®B) = (B A)

2.2. Extension of a distributive law. Let A be an (associative and unital) algebra
over a commutative ring k; and let e € A such that ea = eae for all a € A (so that
in particular ¢ = ¢). Then eA is a subalgebra of A though with a different unit
element e.

Assume that ® : eA ® B — B ® eA is a distributive law. It induces an alge-
bra structure on B ® eA with unit 1 ® e and multiplication (V' ® ea’)(b ® ea) =
b'®(ea’ @ b)ea = b'®(ea’ ® b)a. The maps

x:A— BReA, a—1®ea and B:B— B®eA, b—bRe
are clearly algebra homomorphisms inducing the B-A bimodule map
mT:B®A — BReA, b®a— b®ea.

Since 7t possesses a B-A bimodule section ¢ : b ® ea — b ® ea, the datum (a : A —
B®eA <+ B:B,1: B®eA — B® A) is a bilinear factorization structure. Hence
by Theorem [1.8 there is a weak distributive law

Y:A®B— B®A, a®b+— Olea®b)

such that the weak wreath product algebra B ®y A is isomorphic the the strict
wreath product B ®¢ ¢A.

By the above considerations, for any element e of A satisfying ea = eae for all
a € A, and for any algebra B, there is a weak distributive law

A®B—>B®A, aRb—b®ea

such that the corresponding weak wreath product is the tensor product algebra
B ® eA with the factorwise multiplication. If B is the trivial k-algebra k, this gives
a weak distributive law

AZARkKk kR A=A, area

and the corresponding weak wreath product algebra eA.
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2.3. Weak Ore extension. Recall (e.g. from [11]]) that a quasi-derivation on an
(associative and unital) algebra B over a commutative ring k, consists of a (unital)
algebra homomorphism ¢ : B — B and a k-module map ¢ : B — B such that

S(bb') = o (b)5(b') + 5(b)l/,  for b, b € B.

Associated to any quasi-derivation, there is an Ore extension B[X,c,d] of B. As
a k-module it is the tensor product of B with the algebra k[X] of polynomials
in a formal variable X, equipped with the B-k[X] bilinear associative and unital
multiplication determined by

1X)(bel)=0cb)@X+60b)®1, for b € B.

Clearly, the Ore extension is a wreath product of B and k[X] with respect to a
distributive law defined iteratively, see [7, Example 2.11 (1)]. The following char-
acterization can be found e.g. in [11} Section 1.2]. An algebra T is an Ore extension
of B if and only if the following hold.

e T has a subalgebra isomorphic to B;

e there is an element X of T such that the powers of X are linearly indepen-
dent over B and they span T as a left B-module;

e XB C BX + B.

In what follows, we generalize the notion of a quasi-derivation on B and the
corresponding construction of Ore extension of B. The resulting algebra B[X, , /]
will be a weak wreath product of B with k[X]. However, we also show thatitis a
proper Ore extension of the image of B in B[X, 7, ¢].

Let B be an (associative and unital) algebra over a commutative ring k, and let
p and g be elements of B such that

pP»’=p, =0, pg=4q, qpr=0, and pbp =Dbp, forallbc B.

Then by a (p, q)-quasi-derivation we mean a couple of k-linear maps o, : B — B
such that the following identities hold for all b, b’ € B:

o (b)o(b'), o(1) =o(p) =p, o(q) =0,
o (D)s(b') +4(b)b'p, (1) =4(p) =4, 5(q) = 0.

(bb')
(b')

SO

So that a (1, 0)-quasi-derivation coincides with the classical notion of quasi-deri-
vation recalled above. For example, if B is the algebra of 2 x 2 upper triangle
matrices of entries in k, we may take

(10 (01 a b\ [ a
P=\oo0o) 9\ oo) “VLoc/) ™\ o
a b
0 ¢
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In terms of a (p,q)-quasi-derivation (¢, ) on an algebra B, define a k-module
map ¥ : k[X] ® B — B ® k[X] iteratively as

Y1®b) =g X+bpx1,
Y(X®b):=0(b)g® X>+ (0(b) +5(b)g) @ X+ (b)p @1,
¥(X" 1 ®b) =¥ (X"@0(b)X + ¥ (X" ®4(b)),

forn > 0 and b € B. By induction in n and m, one easily checks the following
properties for all b, b’ € Band n,m > 0.

o ¥(X"®bp) =¥(X"®b)and ¥(X" ® bg) = 0;

o V¥ (X"®1)=¥(1®b)X",

o (B u)(¥Y@k[X])(k[X] @ ¥)(X"® X" @b) =¥(X"" @b),
e (URKIX])BRY)(Y®B)(X"®b®V') =Y(X"®0bV).

That is, ¥ is a weak distributive law and we may regard the corresponding weak
wreath product B @y k[X] as a weak Ore extension of B.

Note however, that ¥ renders commutative both diagrams in (I6). Hence
B ®y k[X] is a strict wreath product of the subalgebras B = {b(¢ @ X + p®1) | b €

—

B} and k[X], the latter having the set of powers {¥ (X ®1)" = ¥(X"®1) | n > 0}
as a k-basis. In fact, by the characterization of Ore extensions recalled above, the
weak Ore extension B ®y k[X] is isomorphic to an Ore extension of B.

2.4. Distributive laws over separable Frobenius algebras. An (associative and
unital) algebra R over a commutative ring k is said to possess a Frobenius structure
if it is a finitely generated and projective k-module and there is an isomorphism
of (say) left R-modules from R to R := Hom(R, k). A more categorical charac-
terization is this. Any k-algebra R can be regarded as an R-k bimodule; that is, a
1-cell k — R in the bicategory Bim of k-algebras, bimodules and bimodule maps.
It possesses a right adjoint, the k-R bimodule (i.e. 1-cell R — k) R. Whenever R
is a finitely generated and projective k-module, the 1-cell R : k — R possesses
also a left adjoint R : R — k (with right R-action ¢ +~ r = ¢(r—)). A Frobenius
structure is then an isomorphism between the right adjoint R : R — k and the left
adjoint R : R — k. In technical terms, a Frobenius structure is given by an element
(VNS R (called a Frobenius functional) and an element ¥, ¢; ® fi € R® R (called a
Frobenius basis) such that }; ¢(re;) f; = r = Y ;e;p(fir), for all ¥ € R. Note that
a Frobenius algebra R possesses a canonical (Frobenius) coalgebra structure with
R-bilinear comultiplication r +— Y ;re; ® f; = Y ;e; ® fir and counit ¢. For more
on Frobenius algebras we refer e.g. to [1] and [16].

A separable structure on a k-algebra R is an R-bilinear section of the multipli-
cation map R ® R — R. Categorically, this means a section of the counit of the
adjunction R 4 R: R — k.

Finally, a separable Frobenius structure on R is a Frobenius structure
(,Y; e; ® fi) such that the multiplication R ® R — R is split by the R-bilinear co-
multiplication 7 — ) ;re; ® f; = ) ;e; ® fir. In other words, a Frobenius structure
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(p,Y;e; ® f;) such that Y ;e;f; = 1r. Categorically, the counit of the adjunction
R - R : R — kis split by the unit of the adjunction R = R 4R : k — R.

For a separable Frobenius algebra R, a right R-module M and a left R-module
N, the canonical epimorphism

T M&N — M®gN, mQen— mrn
is split by

1:M®r N — M®N, mQgn Y m.e; ® fin,
i

naturally in M and N. Thus the image of  is isomorphic to M ®r N.

Let R be a k-algebra. A monad A on R in Bim is given by a k-algebra homo-
morphism 7 : R — A. (Then 7j induces an R-bimodule structure on A; 7j serves as
the R-bilinear unit morphism; and the R-bilinear multiplication ji : A @r A — A
is the projection of the multiplication y : A ®x A — A of the k-algebra A.) A dis-
tributive law in Bim over R is an R-bimodule map ® : A ®gr B —+ B ®r A which
is compatible with the units and the multiplications of both R-rings A and B.

Then ® induces on B ®g A the structure of a monad in Bim over R — that is, an
algebra structure (b’ ®g a’)(b ®g a) = b'®(a’ @ b)a and an algebra homomor-
phism 7 ®r 7 : R — B ®gr A. Moreover,

K:=fQRA:A—+BRQrA+ B:BRrij=:p

are monad morphisms — that is, algebra homomorphisms which are compatible
with the homomorphisms 77. Composing B ®ra : B&r A — B ®r A ® B ®r
A with the multiplication induced by ® on B ®r A, we re-obtain the canonical
epimorphism 77 : B ®x A — B®pg A.

Whenever R is a separable Frobenius algebra, 7 possesses a B-A bimodule
section ¢ above. Thatistosay, (¢ : A - BQrA < B:B,1: BQRA - B®;A)isa
bilinear factorization structure. Hence by Theorem[L.§there is a weak distributive
law of the k-algebra A over B. Explicitly, it comes out as

ARrB—L>A@rB-—2-BorA—~Bx; A (17)

with corresponding idempotent

By A—">BRrA—>B®A.

Hence the resulting weak wreath product is isomorphic to the algebra B ®r A
with the multiplication induced by ®.

There is a 1-cell in the bicategory Wdl(Bim) from the distributive law & (on the
object R) to the weak distributive law (I7) (on the object k) as follows. It is given
by the k-R bimodule R and the k-R bimodule maps

A®iR — R®rA, a®rr— 1®gafj(r) and
B®rR — R®RrB, b@r+— 1Rg bij(r).
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The induced functor R ®g (—) from the category of left R-modules to the category
of k-modules lifts to an isomorphism, from the category of left modules over the
wreath product R-ring corresponding to ®, to the category of left modules over
the weak wreath product k-algebra corresponding to the weak distributive law

.

2.5. The direct sum of weak distributive laws. Assume that we have a finite
collection ®; : A; ® B; — B; ® A; of distributive laws between algebras over a
commutative ring k. Consider the direct sum algebras A := @©;A; (with multipli-
cation aia;- = 0;ja;a; and unit Y, 14,) and B := @;B;. It is straightforward to see
that

A®B= EDZ"]'(AZ' ® B]) — @i,j(Bj ® Al') =B®A, a; & b] — 51',]'@1'(&1' ® bl)
(18)
is a weak distributive law.

We claim that it is of the type in Paragraph2.4l Let R be the algebra &;k with
minimal orthogonal idempotents p;. Clearly, R is a separable Frobenius algebra
via the Frobenius functional ¢ : R — k, p; — 1 and the separable Frobenius basis
Y.ipi ® pi € R® R. Thus we conclude that A ®g B is isomorphic to ¢;(A; ® B;)
and B ®p A is isomorphic to &;(B; ® A;). An R-distributive law is given by

@, N
A®g B @A ®B;) —+&;(B;® A;) = By A.

Applying to it the construction in Paragraph [2.4] we re-obtain the weak distribu-

tive law (18).

2.6. Smash product with a weak bialgebra. Weak bialgebras are generalizations
of bialgebras, see and [6]. A weak bialgebra over a commutative ring k is a
k-module H carrying both an (associative and unital) k-algebra structure (y,7)
and a (coassociative and counital) k-coalgebra structure (6, ¢). The comultiplica-
tion is required to be multiplicative — equivalently, the multiplication is required
to be comultiplicative. However, multiplicativity of the counit, unitality of the
comultiplication and unitality of the counit are replaced by the weaker axioms

e(aby)e(bac) = e(abc) = e(aby)e(bic), foralla,b,c € H,
M eA®1)= (1) =Q1®1))0(1) 1),

where the usual Sweedler-Heynemann index convention is used for the compo-
nents of the comultiplication, with implicit summation understood. In particular,
we write 6(1) = 13 ® 1 = 1y ® 1y — possibly with primed indices if several
copies occur.

The category of (say) right modules of a weak bialgebra over k is monoidal
though not with the same monoidal structure as the category of k-modules. In-
deed, if M and N are right H-modules, then there is a diagonal action (m @ n) «—
h :=m < h; ® n ~ hy on the k-module tensor product M ® N but it fails to be
unital. A unital H-module is obtained by taking the k-module retract

MXN:={m+—1,®n+1,|me M,n € N}.
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This defines a monoidal product X with monoidal unit
{T(h) :=¢e(h11)12 | h € H},

with H-action T(h) — KW' = TI(T(h)K') = e(hly)e(1yh'11)1, = e(hh'11)1, =
M1(hh"). With respect to this monoidal structure, the forgetful functor from the cat-
egory of right H-modules to the category of k-modules is both monoidal and op-
monoidal (hence preserves algebras and coalgebras) but it is not strict monoidal.

A right module algebra of a weak bialgebra H is a monoid in the category of
right H-modules. That is, a k-algebra A equipped with an (associative and unital)
right H-action such that

(a—h)@ —h)=ad —h and 1+ h=1+TI(h),

foralla,a’ € Aand h € H. For any right H-module algebra A, there is a weak
distributive law

Y:A®H > H®A, a®@h— h ®a+ hy.
It is multiplicative in A by the H-linearity of the multiplication in A:
(Hep)(YoA)(AeY)(@ @ach) = (@ ~h)@—h)

= hh® (11/11) — hy
= Y(u®H)(d®@axh).

Multiplicativity in H follows by multiplicativity of the comultiplication in H:
(@A) HY)(YQH) (a@h®h') =hhi @a — hoh =
(') @a+— (hh ), =Y(A@u)(axhah).
In order to check the weak unitality condition, note that for alla € A,
11®a/—12:11®(1a)1—12:11®(1/—12)(a/—13)=
1, ® (1 4 1211/)(11 — 12/) =11 ® (1 i 12)&.
Also, forallh € H,
5(’111) Rl =m11®hl, ®13 =hily @hylyly ® 1, =
(hl)l & (hl)zll R1 =h ®hyl; ®1,,
hence hly ® 1, = hie(hy11) ® 1,. With these identities at hand,

(Hou)(YRA)(M@H®RA)(h®a) = (1 —h)a=h®(1—T(h))a
= ]’118(11211) & (1 — 12)ﬂ =hl1®a+—1,
(pRA)HRY)(HR A®n)(h®a).

The weak wreath product corresponding to ¥ is known as a weak smash product,
see [13].

In the rest of this paragraph we show that the weak distributive law ¥ above
is of the kind discussed in Paragraph[2.4] Let us introduce a further map M : H —
H, h — 11¢(h1y). It is easy to see that for any i, ' € H,



Bilinear factorization of algebras 241

e (h) =¢e(h) = er(h);

ol (I’l =1, ®MN (]’1)12 and §ﬁ(h) = 11ﬁ(l’l) ® 1p;

M(M(h)R') =N(hk") = O(TI(k)R') and T(M(R)K") = TI(kR") = TI(T1(R)R');
M(h) 11 (") = N(R)TI(R);

MR () = 1(N(R) N (R')) = 11e(N() 11 (1) 12) = T1(R)1 1 (R')1(M(h)2 T
(h')2) = N(h) N (1) and symmetrically, T(AF(h')) = TT1(h)TT(K).

Note that T(H) possesses a separable Frobenius structure (cf. [18]) with Frobe-
nius functional given by the restriction of € and Frobenius basis M(1,) ® T1(1;) =
1, ® T1(11) (where the equality follows by 1; @ T1(12) = 11 ® e(1p11/)1y = 11 ®
8(12)13 =11 ® 1y):

Loe(TT1(11)T1(h)) = e(11TT(h))12 = e(T1(h)1)TT(h)2 =
(h) =TINT(R) = e([1(h)12)1(11).

Hence also the opposite algebra R := T1(H )" has a separable Frobenius structure
with the same Frobenius functional ¢ and Frobenius basis M(11) ® 1,. Moreover,

)
)

M AmAHY)) = nOENEY)) = NEE) 1(h) =
M (k' (k) =Nk N (k) =m0k NT(h).
That is, the restriction of ' yields an algebra homomorphism R — H. There is an
algebra homomorphism R — A, r — 1 < r as well. They induce R-actions on A
and H. By MM = M we conclude that, forallh € H,1 ~Ti(h) =1+~ h =1~
M(h) and thus
a = M(h) = (al) < M(h) = (@ = 1) (1 = N(h)12) =
a(l —=n(h)) = a(l —T1(h)).
Consequently,
Ya(1l—TH)@h) =YY@+ nH)oh) =h @a+— N )h, =
(M(KYh)y @ a — (MK )h)y = ¥(a @ T1(K)h).
This means that ¥ projects to an R-distributive law
ARrH — H®R A, a@rh+— hy ®gra +— hy.

It is evidently a morphism of right R-modules. It is also a morphism of left R-
modules as

@ ((1—=TH))a) = hy=h @a+— TI(h )Yy = MK Yy @ a — hy,
where the last equality follows by M(1;) ® 1o = M(11) ® 1o = 13 ® 15, and
1, ® M(11) being a separability element for R:

@M )hy = 1ih @N(1)12hy = MT(11)hy @ T1(H')12hy
= ﬂ(ﬁ(ll)ﬁ(h/))hl ® 1ohy = ﬂﬁ(l’l/) ﬂﬁ(ll)]’ll ® 1ohy =
(k' Yhy @ hs.
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Multiplicativity in both arguments is obvious. Unitality follows by
Li®ra+— 1y =11 ®ra~TI(12) =1; ®r (1 = T(12))a = 11N (1) ®ra = 1®ra
and

hi ®r 1+ hy :]’11®R1/—ﬁ(h2) :hlﬂ(h2)®R1:h®R1.

Applying the construction in Paragraph 2.4l to this R-distributive law, it yields a
weak distributivelaw A H - H® A,

a®@h— hNT(1) ®@ (1 —T(13))(a — hy) =h1 M (11) ®a — haT1(1).
Since M(17) ® 1o =11 ® 1 = 1; ® (1), this is equal to ¥.

2.7. 2x2 = 3. In this paragraph we present a bilinear factorization of the algebra
T of 2 x 2 upper triangle matrices over a field k of characteristic different from 2,
in terms of two copies of the group algebra kZ, of the order 2 cyclic group. So the
attitudinizing title refers to the vector space dimensions: we obtain a 3 dimen-
sional non-commutative algebra as a weak wreath product of two 2 dimensional
commutative algebras. Note that starting from 2 dimensional algebras A and B,
none of the constructions in the previous examples of the section would result in
a 3 dimensional weak wreath product algebra. Hence the current example does
not belong to any of the previously discussed classes.
A k-linear basis of T is given by

(30 (R ) ()

These basis elements satisfy ab = a+b — 1 and ba = —(a + b+ 1). Denote the
second order generator of the cyclic group Z, by ¢ and consider the following
algebra homomorphisms.

w:kZy =T, g a and B:kZ, — T, g—b.
In terms of « and B, we put

ni= (KZy o kZy L To Tt T),

with values
nlel)=1 n(l®g)=a n(gel)=0b n(g®g) =ba=-—(a+b+1).

It is straightforward to check that 7t has a section ¢ : T — kZy ® kZ, with values

1

(1) =56-181-10g-gal-gay),
1

ia) =Z(—1®1+3-1®g—g®1—g®g),
1

(b) = z(-1@1-1og+3-gul-gwyg),
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which is a homomorphism of kZ,-bimodules, with respect to the action induced
by B on the first factor and the action induced by a on the second factor. This
shows that T has a bilinear factorization in terms of the algebra homomorphisms
« and B.

By Theorem [L8| there is a corresponding weak distributive law

Y= (kZo0kzo " ToT LT k2, 9kZ, ),

with values

‘If(1®1)=}L(3-1®1—1®g—g®1—g®g),
‘P(l@g)=%(—1®1—1®g+3-g®1—g®g),
‘I’(g®1):i(—1®1+3-1®g—g®1—g®g),
‘P(g@g):%(—5-1®1+3-1®g+3-g®1—g®g),

such that kZ, @y kZ, = T.
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