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Any (co)ring R is an endofunctor with (co)multiplication on the category of abelian
groups. These notions were generalised to monads and comonads on arbitrary categories.
Starting around 1970 with papers by Beck, Barr and others a rich theory of the inter-
play between such endofunctors was elaborated based on distributive laws between them
and Applegate’s lifting theorem of functors between categories to related (co)module
categories. Curiously enough some of these results were not noticed by researchers in
module theory and thus notions like entwining structures and smash products between
algebras and coalgebras were introduced (in the nineties) without being aware that these
are special cases of the more general theory.

The purpose of this survey is to explain several of these notions and recent results
from general category theory in the language of elementary module theory focussing on
functors between module categories given by tensoring with a bimodule. This provides a
simple and systematic approach to smash products, wreath products, corings and rings
over corings (C-rings). We also highlight the relevance of the Yang-Baxter equation for
the structures on the threefold tensor product of algebras or coalgebras (see 3.6).
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1. Introduction

The study of the interplay between algebras A and coalgebras C' over a commutative
ring R led to the definition of entwining structures by Brzeziiski and Majid in [7]
(1998), that is, R-linear maps ¢ : C @ g A — A ®@p C satisfying certain conditions
(making C®@p A an A-coring). These can be seen as natural transformation ¢ ®p — :
CRrA®r— — A®rC ®pr — between the endofunctors C ® g — and A®pg — of the
category Mp of R-modules. If both A and C' are R-algebras (or coalgebras), similar
maps (with different conditions) are employed to define a smash product or smash
coproduct on A ®p C (e.g. Caenepeel, Ion, Militaru and Zhu [10,11]).

The corresponding relations between endofunctors (monads and comonads) of
different categories were observed in Power and Watanabe [24,25] (1997), Turi and
Plotkin [27] (1997), and elsewhere in the context of operational semantics.

These constructions are special cases of distributive laws between endofunctors
on any categories considered in Beck [2], Barr [1], and elsewhere as early as 1969.
They can be interpreted as conditions allowing to lift functors between categories
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A and B to related module categories. More precisely, for monads (F,u,n) and
(G, 1/,n') on the categories A and B, respectively, and a functor T : A — B we say
that T : Ap — Bg is a lifting of T provided the diagram

Ap LBG

Upl ) lyc

A——B

is commutative, where the Ur and Ug denote the forgetful functors.

Now Applegate’s theorem says that the liftings T : Ap — Bg of T are in bi-
jective correspondence with the natural transformations A : GI' — TF inducing
commutative diagrams

w'T n'T
GGT Gr T—1>Gr
N N
T
GTF > TFF —> TF, TF.

A similar result holds if F' and G are comonads and the module categories are
replaced by comodule categories. These theorems turned out to be fundamental for
the related theory.

In the case A = B and F' = GG we have endofunctors and it is natural to ask if
the lifting T of a (co)monad 7 is again a (co)monad or, more generally, which other
maps may induce a (co)monad structure on 7.

The purpose of this note is to outline the basic role of this theorem and de-
rived consequences for functors between module categories given by tensoring with
a bimodule. The answers to the questions posed above lead to the notions of smash
products, wreath products, and corings. We sketch the essentials of the proofs with-
out relying on results from abstract category theory.

The composition of liftable functors is again liftable. However, the question if
the lifting of the composition of liftable monads is again a monad employs the
Yang-Baxter equations in a general setting.

2. Lifting of functors

Throughout all rings will be associative and with unit unless otherwise stated, and
R will be a ring, not necessarily commutative.

In case R is commutative we will tacitly assume that for (R, R)-bimodules M,
rm = mr for all r € R, m € M. Moreover, for any R-modules M, N there is a
canonical R-isomorphism (twist map)

tw: MRr N —>NRQRM, mn—nxm.

By Iy, I, Iy or just by I we denote the identity morphism of an object M in
some category M, a functor T, or the identity functor of M, respectively. Following
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the usage in category theory we also write T instead of I and delete the ® between
linear maps in case it is convenient (to save space).

Most of the theory to be developed holds for non-commutative rings and functors
given by tensoring with a bimodule over them. This reflects the fact that it is largely
true more generally for functors on arbitrary categories. However, to find examples
satisfying the conditions required, commutativity of R can be of great help.

2.1. R-rings. A ring A is said to be an R-ring provided there is a ring morphism
t: R — A. Equivalently, this means that A is an (R, R)-bimodule with (R, R)-
bilinear multiplication and unit,

ma:ARrA— A, 1a:R— A,

inducing commutative diagrams for associativity and unitality.

In categorical terminology these conditions describe a monad on the category
of left (or right) R-modules gpM, that is, an (R, R)-bimodule A is an R-ring if and
only if A®g —: gM — gM is a monad (e.g. [3, 3.4]).

If R is commutative then R-rings are just R-algebras since - by our convention
for bimodules - the image of the morphism ¢ : R — A lies in the centre of A.

A left A-module is a left R-module M with an R-linear map

omMm:AQr M — M, a®mw— am,

satisfying the associativity and unitality conditions. A-module morphisms are R-
linear maps f : M — N with fo oy = on o (Ia Qg f) and the set of those is
denoted by Hom4 (M, N). The category of left A-modules is denoted by sM. Tt is
an abelian category with A as a projective generator.

The (free) functor for the R-ring A,

/1®R-—:RNM—%AN& AIF%(AﬁgRﬂfﬂnAcglM)
is left adjoint to the forgetful functor Uy : sAM — rM by the bijection, for N € 4M,
Homy(A®pr M,N) — Homp(M,N), f+ fo(ta® In).

Right A-modules are defined symmetrically. In this case the R-ring A is consid-
ered as functor — ®p A : Mp — Mg, that is, the functor symbol is written on the
right hand side of the argument.

2.2. Lifting functors to module categories. Let A be an R-ring, B an S-ring
and T an (S, R)-bimodule. Then a functor T : AM — gM is called a lifting of the
functor T ®p — : gM — M if the diagram

M —T oM

AUl lBU
TOr—

RM ———— M

is commutative, where 4U and gU denote the forgetful functors.
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It is clear that the functor T must act on objects M € 4M like T ® g —, that is,
T(M) =T ®g M, and this should have a left B-module structure.

This can be achieved by an (S, R)-bilinear map ¢ : B®s T — T ®p A which
assigns to any A-module p: A ®r M — M a B-action

BosTor M 25T op Ao M —2 T g M. (2.1)

To make T'®pr M a left B-module some conditions on ¢ are required.
Associativity of the B-action implies, for M = A, commutativity of the inner
rectangle in the diagram

B®
B®sB®sT ‘ BosT®rA

RBRT®t A =
BRTRARLA

B@sBwsTOrA——>B@sTOrA®rAs>B®sT or A

mpRT \L@@A

mpRTRA T®rARRA

\LT@mA

BRT®ta PRA T®ma
T®RrA

BT ——>BR:sTQRQrA— T RQrAQR A

T®rA
The other inner diagrams are commutative by functoriality of composition and
hence the outer diagram yields the commutative diagram
B® ®A
BesBesT —>B@sTO®r A>T orA®p A
mp ®Ti iT@mA

B®sT 4

T ®r A.
For the relation between ¢ and the units of A and B, consider the diagram

7— % BeogT Tor A

T®LAJ/ B®T®LAJ/ T®A®LAi \

T®RALMAB@%‘T@RAWTQ?RA@RAMT@RAa

in which the inner rectangles are commutative by naturality. The unitality condition
for the B-module structure on T'®pr A implies that the composition of the maps in
the bottom line yields the identity and hence we obtain the commutative diagram

7290 BogT
©
TRua \L

T ®r A.
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Conversely, given T'®pr A as B-module with structure map §: B®sT Qr A —
T ®pr A, the map

BRT Rt

o B@sT BosT@pA—">TopA

has the properties observed under the lifting condition. In the commutative diagram

7—2%T  BegT

’
T®LA\L B®T®ml \

T®RALmAB®ST®RATT®RA)

the bottom line yields the identity by unitality and hence It ® 14 = ¢' o (15 ® IT).
By the canonical isomorphism M ~ A ® 4 M and associativity of the tensor-
product we may assume T(M) = T®@r M =T ®r A®4 M, that is, T is represented
by T ®r A®4 — where T ®g A is a (B, A)-bimodule.
Summarising we have proved:

2.3. Applegate’s theorem for rings. The liftings T : ;)M — gM of the functor
T®r—: RM — M are in bijective correspondence with those (S, R)-bilinear maps
p:BRsgT — T ®gr A which induce commutativity of the diagrams

B®sB®sT WLLE) BogT T2 BesT  (22)
" T ST
BosTor AL TonAog A2 4 T op A, T ®p A.

Given such a @, for any M € aM, the lifting is given by

T(M) =T®r M ~ (T®RA)®AM
where T ®@pr A is a (B, A)-bimodule (by 2.1) and ¢ is a left B-module morphism (by
commutativity of the rectangle).

Next we observe that the composition of two liftable functors is again liftable.

2.4. Composition of liftings to modules. Consider an R-ring A, an S-ring B,
and a Q-ring H. Let T be an (S, R)-bimodule and U a (Q, S)-bimodule and assume
that

(i) T&®rp—: gM — sM lifts to T : sAM — gM by o : BsT — T ®p A,
(1)) U®g —: sM— gM lifts toU : pM — gM by ¢ : H®o U — U ®g B.
Then U @s T @p — lifts to U @ T : AM — ygM by the (Q, R)-bilinear map
HooUasT Y5 Ues BosT 22U s T 9n A,
and for any M € 4M,
UesT(M)=U®sT®rA) ®a M
where U ®s T ®@p A is an (H, A)-bimodule.
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Proof. The rectangle in (2.2) is now the outer diagram of

mpgURT PRT
_—

Hf@@f{@@[]@sjj E[@Q(]@S]ﬁ U®s BsT

U@mp®T
H®¢®Tl / iU@cp
YRBRT

HeogU®s BRsT——U®s BRs BRsT URsT®p A

TU@mA
URQpRA

A
H®QU®ST®RA¢LM>U®SB®ST®RAHU®ST®RA®RA7

H®U®¢l lU®B®@

where the pentagons are commutative by the properties of ¢ and v, respectively,
and the square is commutative by naturality.
The unitality conditions on ¢ and ¢ yield the commutative triangle in the dia-

grams
ver —2"Y _peUueT
URT@H<~—or—U®HT,
showing commutativity of the triangle in (3.1). a

3. Lifting of endofunctors to module categories

We now consider the results of the preceding section for the case R = .S and A = B.

3.1. Lifting endofunctors to modules. Let A be an R-ring and T an (R, R)-
bimodule. Then a functor T : sM — oM is a lifting of T ® g — : kM — rM if the

diagram
AM aM
AUl lAU
M T®r— M

is commutative where 4U denotes the forgetful functor. In this case Applegate’s
theorem says that the liftings T : 4M — 4M of the functor T ®p — : gM — gpM
are in bijective correspondence with the (R, R)-bilinear maps ¢ : AQrT — T®r A
inducing commutativity of the diagrams

maQT AT

ARrARRT ARrT T—=ArT (3.1)
A®<pl ) is@ m iw
ApRTOR A5 Top Aop ATZMA T ap A, T @p A.

Such a lifting is given by T ®r A ® 4 — where T ®g A is an (4, A)-bimodule.



May 27, 2010 18:1 WSPC/ lift-tensor 7

Now both T ®p — and T are endofunctors and in this section we will answer the
following questions:

(1) If T is an R-ring - when is T a monad, that is, T ®p A is an A-ring?
(2) Under which (other) conditions can T' be made a monad?

(3) If T and U are (R, R)-bimodules such that T'®r — and U @ g — can be lifted
to aM, can U @ T ®p — also be lifted to 4M?

(4) f T and U are R-rings such that T ®r A and U @ A are A-rings, when is
U®prT an A-ring?

We will often write ® or - instead of ® g for short (in diagrams).

3.2. Tensor product of R-rings. Given two R-rings (A,ma,ta) and (T, mp, 1),
the tensor product T ®p A is again an (R, R)-bimodule. An (R, R)-bilinear map

0 AQrT - TR A
allows for the definition of a product m, on T'®r A,
TRARA

Rp®
T®A

TOp®A
TOARTRQA——TRTRAR®A
W %
TRT®A )
that is, my, = (mr @ ma) o (It ® ¢ ® I4). If my, is associative and
LT®LA=(IT®LA)OLT=(LT®IA)OLA

is the unit for this multiplication, then the R-ring (T @r A, My, ta ® tr) is called a
smash product of T and A. For this certain properties of ¢ are required.
3.3. Ring entwinings. For R-rings T and A, and a given (R, R)-bilinear map
p: AQrT — T ®pg A, the following are equivalent:

(a) T®y,A:=(TQrA my, 17 @ta) is an A-ring;

(b) ¢ induces commutativity of the diagrams (3.1) and the diagrams

A®m AR
AQT®T omr AT A2Z AT (3.2)
@@Tl T lw L% J/SD
m A
TRAST —%TeT® ALHE T A, T® A

(c) ¢ induces commutativity of the diagrams (3.1) and
mrR@Is  TRITRA—-TRQAandir I4:A—-TRA
are (A, A)-bilinear morphisms.

If these conditions ares satisfied, we call (T, A, ¢) a ring (or algebra) entwining.
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Proof. Notice that by one of the normality conditions the map A — T ®, A, a —
17 ® a, is a ring morphism. Thus T ®, A is a ring if and only if it is an A-ring (or
R-ring).

(a)=(b) (e.g. [10]) If (T ®g A,m1 ® L4, tT @ L4) is a unital associative R-ring,
we obtain the normality conditions

lr®a=(1r®a) ,(lr ®14) =¢(a® 1), (3.3)

t®1A:(t®1A)'<p(1T®1A):<P(1A®t)- (34)
Applying these, the associativity conditions

(Ir ®@a) o (E@1a) o(s®1a)) = ((Ir ® a) -, (t ©14)) o (s @ 1a), (3.5)

(Ar ®a) (11 ®b)) w(t®1a) = (Ir ®a) w((1r ® ) -, (t ® 14)), (3.6)
can be written as

pla®ts) = (mr @ La)(Ir @ p)(pla®@t) ® s), (3.7)

plab®@t) = (Ir @®ma)(p ® I4)(a® p(b,t)). (3.8)

The conditions (3.3) and (3.5) yield the commutative diagrams in (3.1); similarly,
(3.4) and (3.6) lead to the commutative diagrams in (3.2).

On the other hand, multiplying (3.5) by 17 ® d from the right shows that ¢ ® d
associates with the two other elements in (3.5). Continuing with similar arguments
one can show that the normality conditions together with (3.5) and (3.6) imply
associativity of m. The latter also follows (in view of (d)) from the large diagram
in the proof of 3.4.

(b)<(c) Right A-linearity of my ® I4 means just commutativity of the quad-
rangle in 3.2 and right A-linearity of 1y ® I4 is clear. In the diagram

ARTRT®A Aemr A ART®A (3.9)

¢®T®Al i¢®A
TRERA

TOAT9A X TeTe A /™8T e A A

T®T®mAl lT@mA

m A
TeToA T2 . TeA,

the bottom rectangle is commutative by functoriality of composition. If (c¢) holds,
then, by (3.2), the upper rectangle is commutative. Commutativity of the outer
diagram is just left A-linearity of mp ® I4. Given this, entering the diagram with
InRIT QI7 R : AQT RT — ART ®T ® A leads to commutativity of the
rectangle in (3.2).
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Now consider the diagram

AT ® A

%)

ARA——=>TRA®A

LT RARA
i’mA \LT@mA
T ®A

A T® A

The outer diagram is commutative if and only if 17 ® I4 is left A-linear and this is
the case if and only if the triangle in (3.2) is commutative. O

In 3.2 we have derived the product and unit on 7'®g A from the products and
units of A and T. From the diagram there it is obvious that, given m4 and ¢4,
product and unit on T'® A can also be described by the morphisms mr ® I4 and
tr @ I4 which have to be (A, A)-bilinear by 3.3. Thus a ring structure on T'®r A
can be defined by two (A, A)-bilinear maps T T® A > T® Aand A - T® A
without requiring a ring structure on 7.

3.4. Liftings as R-rings I. Let (A,ma,ta) be an R-ring and T an (R, R)-
bimodule such that T ®p — can be lifted to a functor T : AM — AM by the en-
twining ¢ : AQrT — T ®r A (see 3.1) and assume there are given (A, A)-bilinear
morphisms

vV TRTRA—-T®A ¢ A-TA.
Then the lifting T induces an A-ring structure on T @r A with multiplication m,,

T I v
TOASTOA—222 TR TRARA—— 2" T T o AL>TQ A,

and unit & if and only if the data induce commutativity of the diagrams

TOTQAS—>T®A TRTRQAL—->T®A (3.10)
T®§T / T®¢T Tso

T®A ’ T®A®T<£A®T,
TeToAT 2 ToAeT 2% TeToA (3.11)

T®T®¢l lu

TOTRTRA % TRT@A—Y—>Ta A

Proof. Left A-linearity of v is equivalent to commutativity of the diagram (compare
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(3.9))

TRA T A m
ARTOT® A T AT A T Teo A AL r e Te A

A®V\L

A
ART®A o9

TR®m

TRA®A

l”

T®A,

(3.12)

whereas right A-linearity of v corresponds to commutativity of the diagram

TeoTeoA A5 T A A

TRTR®m A i

\LT@mA

TOTR®A———>T® A.

(3.13)

To prove associativity of the product m, on T'® A, consider the diagram (where
® is replaced by - between modules and deleted between morphisms)

TpATA TTmaTA vT A
T-AT-AT-A——T-T-A-A-T-A T-T-AT-A——T-A-T-A
TATpA TTA@A\L @ TTpA TpA

TTpAA TTTmaA @
T-A-T-T-A~Aqm>AT~T~A-T-A-A ——T-T-T-A-AA——T-T-T-A-A T-T-A-A
TAVvA () TvA vA

TeAA TTmaA VA
T-AT-A-A TT-AAA——T T -AA—T-A-A
TATmM A TTAmAi TTma (3) Tma
TpA TTma v
T-AT-A TT-AA—T-T-A T-A.

Diagram (1) is commutative by (3.1), diagram (%*) is commutative by (3.12) (added
T from the left and A from the right), diagram (2) is commutative by assumption
(3.11) (applied to A), and commutativity of diagram (3) follows from (3.13). The
remaining inner diagrams are commutative by naturality of composition or asso-
ciativity of multiplication in A. Thus the outer diagram is commutative and this
shows associativity of the multiplication m,,.

The verification of the unitality conditions is left to the reader. ad

Given the morphisms v : T®T® A —->T®Aand £ : A - T ® A in 3.4, we may
form

TRT Rt

7 TRT oM 9T oA —2>T@A, o: R—>A—>T®A,

from which we can regain the initial maps as
VZ(IT(X)TnA)O(17(8)1‘,4)7 EZ(IT(X)mA)O(O’@IA).

Thus 7 and £ may be used to define a ring structure on T'®pg A.
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3.5. Liftings as R-rings II. Let (A,ma,ta) be an R-ring and T an (R, R)-
bimodule. Assume that T @r — can be lifted to a functor T : s\M — sM by the
entwining ¢ : AQrT — T ®pr A and that there are given (R, R)-bilinear morphisms

0:TRT—-T®A, c:R—->T®A.
Then T @ A has an R-ring structure with multiplication

TRma

T m 1
9e _rerema_pop A A 4 A T8 g

A
T AT A% 7.4 4

and unit o provided the data induce commutativity of the diagrams

v T v
TOTOT Lo ToAeT —5ToTeA 22 Te A A (3.14)
T®V\L \LT@mA
TeToA LA TeAw A T&ma T® A,
T T v
ASTOT 22T AT —5ToTo A 22 To A A (3.15)
A®V\L lT@mA
I m
AT A2 A To A0 A Tema T ® A,
A oed ToA® A (3.16)
A®al \LT@mA
A

AT A5 To A0 A2 L T 4,

TRo

T2 ToAT 5 ToToA T (3.17)
T®mi \LU(@A \LT@)M
T®A T@ma T@A@AmT@A

(3.14) is known as cocycle condition, (3.15) is the so called twisted condition,
and (3.16), (3.17) are the unitality conditions.

Proof. This is shown with similar methods as 3.3 and 3.4. g

We have seen in 2.4 that the composition of two liftable functors can again be
lifted. Another question is if the composition of two ring liftings is again an R-ring.
To ensure this we need an extra condition.

3.6. Yang-Baxter equation. Let A, T, U be (R, R)-bimodules with linear maps

ory :TQRU - UQRT, @ar: AQrT - T®RrA, ¢av:ARrU —U®®pA.
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The triple (¢ru, var, pav) is said to satisfy the Yang-Bazter equation if it yields
commutativity of the diagram

paT®U T®pau

AT QU ——————TRAQU ————TeURA

A®@TUi l@TU@A

pav®T U®par

AQURT —————UQAQT ———U®T® A

It is well-known that over a commutative ring R the twist map tw satisfies the
Yang-Baxter equations for any R-modules A, T, U.

3.7. Tensor product of three R-rings. Let (U my,.y), (T,mrp,tr) and
(A, ma,ta) be R-rings with ring entwinings

oy TQrU - U®RT, @ar : AQrT —-TRrA, pay:ARrU — U Rz A.

The following statements are equivalent:
(a) (orU,par,pav) satisfies the Yang-Bazter equation;
(0) U®qpypy T ® — lifts to a monad U @y, T 2 aAM — 4M by

(It ® par) o (pav @ I7) : AQRU @uppy T — U @y, T R A
(c) U®rT ®r A is an R-ring with product
(my @mr @ma)o Iy @ ery @ par ®Ia)o (Iy @ It @ pay @ IT @ 14)
and unit ty Qi @t 4.

Proof. The crucial part is the equivalence between (a) and (b). It was shown in 2.4
that the composition U @ g T ®p — lifts to U @ g T : AM — 4M, that is, (3.1) holds
for the R-ring A and the functor U @ g T ®p —.

To prove commutativity of the rectangle in (3.2), consider the diagram (where
® is replaced by - and obvious identity morphisms are deleted)

AU T UTZSA 00T T—%A.0.T-T—2 > A.U.T

YAU pAU (1) pAU pAU
U-ATUTU-A-U-T-T U-AT T——>U-AT
QAT (2) PAU / l‘PAT (3) PAT
U-T-A-U-T U-U-AT-T U-T-A-T T-A
AU par / \ mr
UT-UATESU.U.T-A-T T-T-A
\ \ .

u-rT-U-T-A U-U-T-T-A,
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in which (1) and (3) are commutative since @4y and w47 are algebra entwinings.
(2) is commutative because of the Yang-Baxter equation, and the other inner di-
agrams are commutative by naturality of the transformations involved. The outer
morphisms yield the rectangle in (3.2) for the entwining between U ®,,,, T and A.

(¢)=(a) Assume (d) holds. Then the diagram for (3.2) in the preceding proof
has to be commutative. Entering the diagram with the map

Ihn@uwRlrely®@iur : AQRTOrU - AQrU QrT rU @ T,

a short argument shows that the Yang-Baxter equation is satisfied.

The remaining assertions are shown by similar arguments. g

3.8. Examples. For commutative rings R and R-algebras A, T, the twist map
tw: A®rT — T ®r A is an algebra entwining. This gives the product usually
considered on T'®p A. Furthermore, for any R-algebra U, tw satisfies the evolving
Yang-Baxter equations thus inducing an algebra structure on U @ p T ® g A.

For a non-commutative ring R it is more difficult to find examples. For any
R-ring A and T = A, the map (e.g. Nuss [22])

p: AQRA— ARRrA, a®@b—abR®1la+14Q@ab—a®b, (3.18)

is a ring entwining satisfying the Yang-Baxter equations thus making A ®, A and
multiple tensor products A ®r A ®pg -+ - g A associative rings.
Other examples evolve in the theory of birings (see 5.4).

3.9. Remarks. The ring entwining in 3.3 corresponds to the twisted tensor product
considered by Cap e.a. [12] and is also known as smash product of algebras (e.g.
Caenepeel e.a. [10]). It is a special case of the distributive laws considered in Beck
[2] for functors on arbitrary categories.

The multiplication considered in 3.5 is similar to Brzeziniski’s construction in [5,
Proposition 2.1] which is formulated for functors on categories in [28, 4.8]. These are
special cases of the notion of a wreath defined as a monad in a particular 2-category
by Lack and Street [17]. In the category of sets this may be seen as a generalisation
of the wreath product of groups ([17, Example 3.2]). In [17, Example 3.3] it is also
outlined how Sweedler’s crossed product of Hopf algebras can be described in terms
of wreaths.

The product on T'®p A chosen in 3.4 is called wreath product in El Kaoutit [15,
Proposition 1.11] (for strict monoidal categories) and a universal property of it is
formulated in [15, Proposition 1.14].

The general form of the Yang-Baxter equation 3.6 and its application in 3.7 is
considered in Bourn [4]. In particular it is used there to insure an algebra structure
on multiple products of a monad, generalising the cases considered in Nuss [22] (see
3.8) and Menini and Stefan [19]. Yang-Baxter operators in context with algebras,
coalgebras and entwinings are also studied by Brzezinski, Dascalescu and Nichita
in [21], [13], [8].
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Given an R-ring (H,m,e) and a ring entwining 7 : H g H — H ®p H, it
is shown in [20, 6.9] that (H,m o 7,e) is again an R-ring with ring entwining 7,
provided 7 satisfies the Yang-Baxter equation (holds in general categories).

4. Lifting of endofunctors to comodule categories

First we recall the dual notion of an R-ring.

4.1. R-corings. Given a ring R, an (R, R)-bimodule C is said to be an R-coring
provided there are (R, R)-bilinear maps, comultiplication and counit,

Ac:C—-C®rC, ec:C— R,

subject to coassociativity and counitality conditions.

In categorical terminology these conditions describe a comonad on the category
of left (or right) R-modules gpM, that is, an (R, R)-bimodule C is an R-coring if
and only if C ®g — : RM — rM is a comonad (e.g. [3, 4.2]).

4.2. C'-comodules. A left C-comodule is a left R-module M with an R-linear map
oMM — C®rM,
satisfying the coassociativity and counitality conditions
(A®In) oo™ = (Ic® ™) oo™, (ec ® In) oo™ = Inr.

A C-comodule morphism f : M — N between left C-comodules M and N,
is an R-linear map with (Ic ® f) o p™ = pN o f. The set of all these mor-
phisms is denoted by HomC(M ,N); it is an abelian group and hence the cate-
gory of left C-comodules with these morphisms, denoted by “M, is additive. The
C-endomorphisms End® (M) := Hom® (M, M) form a subring of Endg(M).

The (free) functor for the R-coring C,

O@R_:RMHCMa M'_)(O®RM7AC®IM)7

is right adjoint to the forgetful functor “U : “M — M by the bijection, for
N e “M,
Hom®(N,C @z M) — Homgp(U“(N), M), g~ (ec @ Im)og.
Right C-comodules are defined symmetrically and given an R-coring C' and an
S-coring D, an (S, R)-bimodules M is called a (D, C')-bicomodule if it has a left D-

comodule Mo : M — D®g M and a right C-comodule structure o™ : M — M ®rC
with a commutative diagram

M M®rC
MQ\L ng@)C
D™
D®r M D®erMegC.
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4.3. Cotensor product. For a right C-comodule ¢V : N — N @5 C and a left
C-comodule Mp : M — C ®r M, the cotensor product N @° M is defined as the
equaliser in My, (e.g. [9, Sections 21]),

oNeM
N@CMHN@@RM:M;N@RO@RM.
N®@" o

The cotensor product need not be associative. Nevertheless, one has the comodule
isomorphism
My M — C &% M, ec® Iy :C®% M — M.

Moreover, since M ~ C®% M is an R-direct summand of C®pg M, for any T € Mg,
we get an isomorphism

T®r(CR° M)~ (TorC)®° M.
For any f: N — N’ in M® and ¢ : M — M’ in M, the cotensor product of
morphisms f ®“ g is defined (similar to the module case).

Replacing rings by corings and proceding in a similar way as in 2.3 one obtains

4.4. Applegate’s theorem for corings. For rings R, S, let (C,A¢,ec) be an
R-coring, (D,Ap,ep) an S-coring, and T an (S, R)-bimodule.

The liftings T:°M — PM of the functor T ®gr — : RM — ¢M are in bijective
correspondence with those (S, R)-bilinear maps w : T ®p C — D ®g T which induce
commutativity of the diagrams

A w
TorC 2T orCorC 2% DosT o C TonC %%
wl lD@w wl /
ep®T
A
D®sT p&T D®sD®sT, D®sT .

For any M € ©M, the lifting is given by
T(M)=T@r M ~T & (C2° M)~ (T 9z C)&° M
where T @r C is a (D, C)-bicomodule with left D-comodule structure

TorC—25TerCorC 2% DosTonC.

4.5. Composition of liftings to comodules. For rings R, S, Q, consider an
R-coring C, an S-coring D, and a Q-coring E. Let T be an (S, R)-bimodule, U a
(Q, S)-bimodule, and assume that

(i) T®r—: rRM — sM lifts to T : M - PM by w: T® C — D®g T,

(ii) U®s —: gM — oM lifts to U : PM — EM by o' : U @5 D — E ®q U.
Then U @s T @pr — lifts to U/®S\T : M — PM by the (Q, R)-bilinear map

U®5T®RC&>U®SD®STL®T>E®QU®3T.
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For any M € “M, the lifting is given by
Uos T(M)=U s T®r M~ (U®sT & C)®° M
where U ®s T ®@r C is an (E,C)-bicomodule with left E-comodule structure

UesTORC LU 05 TorCORCE U 05 DRsTORC 2 2E ®0 U ®5 T @R C.

We now specialise to the case R =S and C = D.

4.6. Lifting endofunctors to comodules. Let C be an R-coring and T an (R, R)-
bimodule. Then a functor T : “M — M is a lifting of T ®p — if and only if the
diagram

M ‘M
CUl \LCU
M T®r— M

is commutative where “U denotes the forgetful functor. In this case Applegate’s
theorem says that the liftings T of the functor T® r— are in bijective correspondence
with the (R, R)-bilinear maps w : T ®g C — C ®p T which induce commutativity
of the diagrams

A w
TorC 2T orCorC 2% CoprTorC TorC 2% 1 (4.1)
W\L \LC@Q} wl /
ec®T
A T
CorT c® CorCagrT, CorT :

For any M € “M the lifting is given by
T(M)=T®r M ~ (T @ C) ®° M,

where T ®@p C is a (C, C)-bicomodule with left C-comodule structure

TorC 22T @rCorC 2% CasTogC.

Assume in 4.6, T is also an R-coring. Then the question arises under which
conditions the lifting is again an R-coring.

4.7. Tensor product of R-corings. Given R-corings (T, Ar,er) and (C, A¢,ec),
the tensor product T'®pg C is again an (R, R)-module and an (R, R)-bilinear map

w:TRrC - CQRrT,
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induces a coproduct A, on T ®g C,

TeT®C
WW\
TeC ToToCeC2STecoTeC
M/w@/c@;
TRC®C

If A, is coassociative and
er®ec=ccoler®Ic)=¢eco(Iroec)

is a counit for A, the R-coring (T'®r C, Ay, e1 ®¢e¢) is called the smash coproduct
of T and C. For this w has to satisfy certain conditions.

4.8. Coring entwinings. For R-corings T, C, and an (R, R)-bilinear morphism
w:T®rC — C®grT, the following are equivalent:

(a) T®, C:=(T®grC,A,,eT ®e¢c) is an R-coring;

(b) w induces commutativity of (4.1) and the diagrams

A w
Tec L reorec % 10ceT Toc22<c (4.2)

w wRIr w
IcQ®eT
Ic®AT

ceT CRT®T, CT ;

(c) w induces commutativity of (4.1) and
AT®10T®C—>T®T®C, €T®ICIT®C—>C,

are (C, C)-bicolinear morphisms.

If these conditions hold, the monad T ® g — can be lifted to a comonad T :
M — “M, and for M € M,
T(M)=T@r M ~ (T ®r C) ®° M,
where T'®,,C' is an R-coring, and (T, C,w) is called a coring (or coalgebra) entwining.

Similar to the product on the tensor product for R-rings, we observe that the
coproduct defined in 4.7 does not need an explicit coring structure on 7" but can be
expressed by the morphisms A7r®C and e ® I which are left and right C-colinear.

4.9. Liftings as R-corings I. Let (C,Ac,ec) be an R-coring and T an (R, R)-
bimodule such that T ®p — can be lifted to afunctorf : M — M by the entwining
w:TrC — CRrT (see 4.1) and assume there are given (C,C)-bicolinear
morphisms

T TRC—-TT®C, x:Te(C-—-C.



May 27, 2010 18:1 WSPC/ lift-tensor

Then the lifting T induces an R-coring structure on T ®@p C' with comultiplication

T A wRC
TRC—T>TeToC —21%2  reTeCeC—2% rTeCceTeC

and counit ec o x if and only if the data induce commutativity of the diagrams

TeC—>TeTeC TeC—=TeT®C (4.3)
\ iT@;X W\L lT@w
T®C, CRT<~—TRCRT,
xQT
T@C—>TOTOC —>ToTaTeC (4.4)

T\L iT@T@w
TOTRC—5TeCeT —>TeTeCeT.
Proof. The proof is dual to that of 3.4. a

Given right C-comodule morphisms 7: T®C - T®T@C and x : TRC — C,
one may form

FTRC—>TaT®C —22C 1o, 3:TeCXs0—pR,

from which we can regain the initial maps
T=T®Ic)o(Ir®Ac), x={X®Ic)o(Ir®Ac).
Thus 7 and ¥ may be used to define an R-coring structure on T'®p C.

4.10. Liftings as R-corings II. Let (C, Ac,ec) be an R-coring and T an (R, R)-
bimodule such that T @z — can be lifted to a functor T:°M — °M by the entwining
w:TerC — CRrT (see 4.1) and assume there are given (C,C)-bicolinear
morphisms

T:TRC—->TQT, X:T®C— R.

Then the lifting T induces an R-coring structure on T ®@p C' with comultiplication

A

A TQRC A w
r.c28r o0 % pop. o B 0.0y 0.7 C

and counit X if and only if the data induce commutativity of the diagrams

TRAC

TRC
T®C TRCRC-2>TRT®C (4.5)
T®A0i T®T

ToCeC 2% TeTeC 2% TeCeT 25 TeTeT,
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TRA w®C
T&C goc TeCeC-250ceTeC (4.6)
T®Aci \LC@T
TeCol 25 TeTel 24 TeCeT -25CoTaT,
TRA w®C
Tl ——%TeCeC25%CeTeC (4.7)
T®Acl icm
X®C
TeC®C e C,
ToA T®A
Tec 22 r9cwC 92c TeC (4.8)
T®Eci \LT@C \LT@EC
T®X w XT
T~ TeTeC 2% TeCeT =T
Proof. The assertions are dual to those in 3.5. a

Recall from 4.5 that the composition of liftable functors is again liftable. Similar
to the case of rings (compare 3.7), to lift the composition of two corings, that is, to
get a coring structure on the tensor product of three R-corings, we need again the
Yang-Baxter equation 3.6.

4.11. Tensor product of three corings. Let (C,Ac,ec), (T,Ar,er), and
(U, Ay, ev) be three R-corings with coring entwinings

chtT®RC*>C®RT, chiU®RCHC®RU, WUT:U@)RTHT@RU.
The following statements are equivalent:

(a) (wre,wue,wur) satisfies the Yang-Baxter equation;
(b)) URrT ®g C is an R-coring with coproduct

Ty @Ir@wue®@Ir®@Ic) o (Iy @uwur @ wre ® Io) o (Ay @ Ar ® Ag)

and counit ey @ e R £c;
(c) (wuc®Ig)o(Iy Qwre) : URRTRrC — CRrURRT is a coring entwining.

4.12. Remarks. For coalgebras C,T, the coring entwining in 4.8 is known as
smash coproduct (e.g. Caenepeel e.a. [10]) and is just the dual of Beck’s distributive
laws. Tt can also be found in [9, 2.14]. The constructions listed in 4.9 and 4.10
dualise the wreath product defined in Lack and Street [17]. This is called cowreath
in El Kaoutit [14,15] and, for example, the situation considered in 4.9 corresponds
to [14, Proposition 2.2] (for strict monoidal categories). A universal property of
the cowreath product is given in [15, Proposition 1.7]. The use of the Yang-Baxter
equation 3.6 for the tensor product of three R-corings is an obvious dualisation of the
ring case. Given an R-coring (H, d,¢) and a coring entwining 7 : HQrH — HQgrH,
it follows from [20, 6.9] that (H,T o d,¢) is also a coring with coring entwining 7,
provided 7 satisfies the Yang-Baxter equation (holds in general categories).
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5. Mixed liftings

Given an R-ring (A, m4,t4) and an R-coring (C,A¢,e¢), we may consider T = C
in the diagram in 3.1, and T = A in the diagram 4.6. This yields the diagrams

AM—C>AM C’M—A>CM

AUl . lAU cUl lcU

MR oM, M —29RT ML

In both cases the lifting properties are related to an (R, R)-bilinear map
P : ARrC — C®gA.
The lifting in the left hand case requires commutativity of the diagrams (see 3.1)

ma®C LtA®C

ARrA®rC A®rC C——A®rC (5.1)
N
ARRCoOR A5 CorAor AT Cag A C ®r A,
whereas the lifting to “M needs commutativity of (see 4.1)
ARRCA A0, c0rC 2% CorAorC  A9pC22% 4 (5.2)
dll \LC®1/J ¢l looA
C®rA Sosd C®rC®rA,  C®rA

The functor C'is just C® g A® 4 — where C® g A is considered as (A4, A)-bimodule
(see 3.1). The conditions to make it an A-coring by the coproduct A

CorA2CL ConCoRA -5 (CopA) o4 (CopA)

turns out to be commutativity of the diagrams in (5.2). For example, left A-linearity
of A means commutativity of the diagram

ARrC®p §é£§e4®3(7®R(j@M4:@%¥%;(7®R14®RC7

¢®Ai \LC@iﬁ

C®RA®RA AcAna C®R0®RA®RA
C®mA\L lC@C@mA
C®rA Aood Ce®rCQorA,

in which the upper part is commutative if the rectangle in 5.2 is so, and the lower
part is commutative by naturality.

On the other hand, to define a product and a unit for the lifting E, That is, to
make it a monad, the diagrams in (5.1) are to be commutative: for the product we
need that

maQRIlc: AR ARrC — AR C
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is left C-colinear and (dual to the argument above) this is equivalent to commuta-
tivity of the rectangle in (5.1).

By 4.6, the functor Ais equal to A®r C®° — with A®zC a (C,C)-bicomodule.
Then A ®g C has a structure of the following type introduced in Brzezinski [6,
Section 6] and also addressed as semialgebras in Positselski [23]:

5.1. C-rings. Let C be an R-coring. A (C, C)-bicomodule (H, Hp, o) is called a
C-ring if (H ®° H) ®° H = H ®° (H ®° H), and there are (C,C)-bicomodule
morphisms

pr:H®YH - H, ny:C— H,

inducing commutativity of the diagrams

®°H Q°H H®C
HeCHH > He’H Co°H "> HeH~—"HgCC (53)

HeCH il H, H — H — H.

Summarising these observations we obtain:
5.2. Mized entwinings. Let (A, ma,ta) an R-ring, (C, Ac,ec) an R-coring, and
Y: ARrC — C®pr A an (R, R)-bilinear map. Then the following are equivalent:
(a) With the structures induced by ¢, C @ A is an A-coring;
(b) the diagrams in (5.1) and (5.2) are commutative;
(c) with the structures induced by ¥, A®g C is a C-ring;
(d) + induces a lift of C @r — to a comonad C : ;M — AM;
(e) ¥ induces a lift of A®r — to a monad A:°M — °M.
If these conditions hold we call (C, A, ) a mized entwining.
Proof. We only prove (b)=-(c), that is, we show that A @z C has the structure of

a C-ring. Its right comodule structure is the obvious one and its left C-comodule
structure is given by

A0pC 225 A opConC 2% Cop Aoy C

From the isomorphisms for the cotensor product (see 4.3) we obtain for any M € “M
the associativity property

(AR C) 8% (A®RC))®“ M ~ (A®r C) ®° (Aeg C) @ M).
Multiplication on A ® g C' is given by

ARec®CARC ma®C

(A®rC)®° (A®rC) — = A@r A®r C A®pC
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and we have a morphism nagc = ta ® Ic : C — A ®p C which obviously is right
C-colinear and is left C-colinear by commutativity of the diagram (apply (5.1))

-4 Ag0c 28 AnceC
Ai M llb@c
cCxC CRARC.

CRra®RC

As outlined above, left C-colinearity of multiplication follows by the commutative
rectangle in (5.2).
For the left hand diagram for nagc in (5.3) consider the diagram

CoAdwC A2 \ oo AaC

RecRARC
wcacT A®¢®CT \\
LAaQRCRC

ARCRC —ARARCR(C ————ARA®C

ARARecRC
ARAc T ma ®Cl
ARQAc ARQec®C

AxC ARC®C A®C,

lmA@C

in which commutativity of the triangle follows from (5.2) and the other diagrams
are commutative by naturality. Noticing that the image of (¢ ® I¢) o (Ia ® A¢) is
equal to C ®“ (A @k C) we obtain the conditions required.

Commutativity of the right hand rectangle for nagc in (5.3) is seen by commu-
tativity of the diagram

A C®C 40000 A9 C oA C

ARQec®C
A®ACT \ iA®Ec®A®C
ARQLaRC e}

A9C ——>A0C 2% Ag Aec %% AwC,

taking into account that the image of 4 ® A is (A ® C) ®“ C.
For the remaining assertions and more details about mixed entwinings the reader
is referred to [9]. O

5.3. Entwining two R-rings with an R-coring. Let (A,ma,ta), (B,mp,tB)
be R-rings with a ring entwining ¢pa : BQr A — A®g B, and (C,A¢,ec) an
R-coring with mized entwinings

1/1A02A®RC*>C®RA, chiB®C*>C®RB-

Then the following are equivalent:
(a) (¢BA,YBC,YAC) satisfies the Yang-Baxter equation;

(b) (d’AC ®IB) o (IA®77[}BC) : A®LPBA B®grC — C®RA®§DBA B is a mixed
entwining;

(¢) C ®r A®Rr B has an A ®,,, B-coring structure (induced by the ¢’s);
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(d) A®r B ®gr C has a C-ring structure (induced by the ¢’s).

Proof. Recall from 3.3 that a ring entwining ¢p4 yields an R-ring A ®,,, B.

The crucial step in (a)=-(b) is to prove commutativity of the rectangle in (5.1).
For this consider the diagram (where ®p, is replaced by - and obvious identity maps
are deleted)

A-B-AB-C A ABBC—"%A4ABC A-B-C
YBC YBC (1) ¢Bcl YBC
A-B-A-C-B— A-A-B-C-B A-A-C-B A-C-B
Yac 2  vse % J{mc (3) Yac
A-B-C-A-B A-A-C-B A-C-A-B C-A-B
YBC Yac / \ ma
A-C-B-AB-"A.C-A-B-B A-A-B
Yac s
Yac
C-A-B-A-B — C-A-A-B-B,

in which (1) and (3) are commutative because 4¢ and ¥pc are mixed entwin-
ings; (2) is commutative because of the Yang-Baxter equation, and the other inner
diagrams are commutative because of naturality of the transformations involved.
The outer morphisms yield the rectangle in (5.1) for the mixed entwining between
A®py, Band C.

The remaining assertions follow by arguments similar to those used for rings and
corings. a

5.4. R-birings. An R-biring B = (B, B, \) is an (R, R)-bimodule B which is an
R-ring B = (B, m,e) and an R-coring B = (B, A, ¢) with commutative diagrams

B®RB&>B R——=B R——=B (5.4)
ml le l A \_\ls
‘B%_R7 BWB@RB, R,

and a mixed entwining A\ : B ®p B — B ®g B inducing commutativity of the
diagram

B®rB—">B—> >B@pB (5.5)

B®Al TB@m

B@rB@rB—— 7> B@r B&r B.




May 27,2010 18:1 WSPC/ lift-tensor

The first diagrams in (5.4) just mean that € : B — R is a ring morphism or
a B-module morphism and e : R — B is a coring morphism or a B-comodule
morphism.

The commutativity of (5.5) can be read as m being left B-colinear with respect
to the left B-comodule structure on B ®pg B induced by A or else as left B-linearity
of A with respect to the left B-module structure on B ® g B induced by .

It follows from 5.2 that these conditions imply that B @ B is a B-coring and
B ®g B is a B-ring.

The conditions required in 5.4 make the functor B ® g — a bimonad on gpM in
the sense of [20, Definition 4.1]. In general they do not imply the same property for
the functor — ® g B on Mpg. The definition of a bimonoid in monoidal categories
given in [15, Definition 2.3] corresponds to the 7-bimonad for a double entwining
7: B®grB — B®pg B defined in [20, 6.2]. To ensure that the tensor product B® g B
is again of this type, 7 has to satisfy the Yang-Baxter equation (see [20, 6.8]).

Over commutative rings R, the definition 5.4 is close to the notion of bialgebras.
Classically their definition is based on the twist map tw: B ®r B — B ®g B and
the mixed entwining is given by (e.g. [3, 7.1])

BeB222 BeBeB 2 BoBow B2 By B.

In this case the compatibility conditions can be expressed by requiring that m and
e are coalgebra morphisms, equivalently, A and e are algebra morphisms (with
product and coproduct on B ® g B induced by tw).

Among bialgebras, Hopf algebras are characterised by the fact that the functor
B ®pr —: gM — BM is an equivalence (e.g. [20, Theorem 6.12]).
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