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Introduction

The notion of commutative monad was defined by the author in [4]. The
content of the present paper may briefly be stated: The category of algebras for
a commutative monad can in a canonical way be made into a closed category, the
two adjoint functors connecting the category of algebras with the base category
are in a canonical way closed functors, and the front- and end-adjunctions are
closed transformations. (The terms ‘Closed Category’ etc. are from the paper [2]
by Eilenberg and Kelly). In particular, the monad itself is a ‘closed monad’; this
fact was also proved in [4].

In section 1 and henceforth, ¥~ is a symmetric monoidal closed category; in
this setting, the construction of the fundamental transformation 4 : (Ath)T —
AM(B)T can take place (i denoting the inner hom-functor of #”, and T an ar-
bitrary ¥ -endofunctor on ¥7). Some equations involving A are proved. These
are used in sections 2 and 3 for the main construction.

We shall stick to the terminology and notation of [4], which is the same as the
terminology of [2] except that the hom-object of 4 and B is denoted AMB in-
stead of (4B) or hom ¥7(4, B).

1. The transformation A

In this section, ¥~ denotes a symmetric monoidal closed category ([2],
Chapter III), and T a ¥ -endofunctor (strong endofunctor) on ¥”, just as in [4],
Section 1. There we constructed certain natural transformations ¢’ and ¢'* associated
with 7. Essentially the same information will here be contained in the natural
transformation:

(AMB)T =23 AN(B)T,

which we now shall construct by writing down a deduction scheme:
405
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) AMB > AhB
i (AhB)® A~ B
“ 4® (AnB) > B
A (AAB)YAB  (AMB)AB > (ANB)THBT

(1.1) compose
A - (AMB)TABT

n—l

A ® (AMB)T —» BT
-
(ANB)T @ A — BT
(AMB)T - AMBT

Here ¢ - on the left of a line indicates ‘composing on the left by the symmetry ¢
of the tensorproduct’; = denotes the fundamental connection between h and ®
in a monoidal closed category; and st denotes the ¥ -functor structure of T. ~
The meaning of (1.1) for stepwise construction of 1 should now be immediately
understandable. The technique of deduction schemes was introduced by Lambek
[5]. Let us denote the fourth arrow of the scheme, i.e. 4 — (AhB)hB by g5.
(It may be thought of as a generalization of the well-known ‘embedding a vector
space in its double dual’).

We may of course replace the application of = and =~ in this scheme by
suitable compositions with the front- and end-adjunctions for the adjointness
given by n:

1

- ®D4Dh —;
these adjunctions we denote as follows:
D oD
cI5 p(Cc ® D) (DHC) ® D> C;

in [2], they are denoted u and ¢, respectively. They are natural in both variables
(in the generalized sense of ‘natural’ from [1]).
Doing this, we may describe A, 5 as the composite

fAcahmT

(ANB)T 423 A A(AMB)T ® A]—> ANA ® (AMB)T]
1h[g4P®1] 1A[st®1]
(1.2) ——— AA[((ANB)MNB) ® (AMB)T]—>

1 Neypr(4

> AN[((ADB)THBT) ® (AMB)T] 2225 4mBT.

We want to assert that A,  is ¥ -natural in each variable separately. By [2],
Theorem I11.7.4, f, ¢, and ev are ¥ -natural, and the ¥ -naturality of st follows
from [2], Proposition I11.7.6. Furthermore g5 may be described as the composite

) ALLES (AMBYAIA ® (AMB)] —> (AMB)K[(AMB) ® A]
. 1hevg4

—2%> (AhB)hB.
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So the whole composite (1.2) is made up as a composition of combinations of
¥ -natural transformations with ¥ -functors. The ¥ -naturality of (1.2) then fol-
lows from the Propositions IIL.5.1 and II1.5.2 of [2], so that we have

THEOREM 1.1. The transformation A is ¥ -natural in each variable. In particular,
it is natural in the ordinary sense.

To connect the results of this paper with those of [4], and in order to use the
results from [4], we next establish the connection between A and the ¢/, t'* of Section
1in [4].

LEMMA 1.2. With t', t"" as in [4], the following diagrams commute

(XAY)T® X —> (XhY)® X)T X® (X b ¥)T—> (X ® (XhY))T

A®1 l l (en)T 1®2 l l (cev)T

(XhYT) @ X —> YT X ® (XAYT)—>> ¥T .

PrOOF. Since ¢’ is defined in terms of ¢"” and ¢, it suffices to prove the second
commutativity. We have by definition of ¢"" and naturality of st the commutative
diagram

(XY )h(X ® (XAY)) ——D (XhY)hY

(1.4) f§/ l s l s

X = (XANTAX ® (XAY)T > (XY )TAYT;

and by the formula (1.3), (1.4) expresses
(1.5) gy st = (") 1ic- ev)T.

Applying ™!, ¢, to the two sides of (1.5) gives the two legs of the right hand
diagram of the Lemma, as is easily seen.
The following is a main lemma.

LemmAa 1.3. The diagram
(BAC)T—22 > ((AMB)MW(ANC)T
Ja
(1.6) i (AMB)NAMC)T
{142

BHCT ———> (AMB)N(AHCT)

commutes. (L denoting ‘composition’ in ¥, as in [2].)

ProOF. We translate this equation to an equation between arrows from
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(BAC)T ® (AhB) ® A to CT by using the fundamental adjointness n. The trans-
lation of A« L is the counterclockwise composite in

((BhC) ® (AhB) ® 4)T

t’ (1®ev)T
(BHC)T ® @ A5 (BHC)T ® B——> ((BAC) ® B)T

(1.7)  as1e1 | } 2e1 } eor
Rev ey
(BHhCT) ® (AhB) ® A —> (BWCT) ® B———> CT
Le1e1 | M®1 ot

(ABYN(AMCT)) ® (AhB) ® A— (AKCT) ® 4

(The reader will easily fill in the associativity isomorphisms for ®.) In this dia-
gram, the top figure commutes by naturality of ¢'; commutativity of the left square
is obvious; for the right square, use Lemma 1.2. Finally, the bottom figure com-
mutes by Lemma 1.3 of [4] (the triangle in the bottom figure is just the definition
of M).

On the other hand, let us translate the composite LT - 4 - 1/hA of (1.6). It is
the counterclockwise composite in

(1.8) | z 1
(BhC)T ® (AhB) ® A —> (BAC) ® (AMB))T ® A —> ((BAC) ® (AhB) @4
LT®1®1 l (1) i (LOT®1 1) i ILR®1e1T
[(ADB)A(AMC)IT ® (AhB) ® A—> - i >
w101 | @ } eoTe1 (1) | @enr
(AMB)AANC)T] ® (AhB) ® 4> (ANC)T ® A——> (ANC) ® A)T
(1H)R181 l 3) l A®1 (2) L evT
[(AABYN(AMCT)] ® (4hB) ® A—> (ANCT) ® A——————> CT

(The reader will here have to fill in some object names.) In this diagram, the top
commutes by the fundamental Proposition 1.5 of [4]; the squares marked (1) com-
mute by naturality of ¢'. The squares marked (2) commute by Lemma 1.2. The
square (3) commutes by naturality of ev. Finally, the right hand column may be
rewritten (1 ® ev)T - (ev)T, using exactly the same argument as for the bottom
figure of (1.7). Doing this, the clockwise composite of (1.8) becomes the same as
the clockwise composite of (1.7). This proves the lemma.

In analogy with Lemmas 1.1 and 1.2 of [4] we have the following two lemmas:

LEMMA 1.4, Let a : T = S be a ¥ -natural transformation of ¥ -endofunctors
on ¥, i.e. a satisfies the axiom VN of [2). Then the diagram
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(ANB)T 222> AMBT

aahB 1 l 1hap

(AhB)S ——> AMBS

commutes, where o is associated to S in the same way as A is associated to T.

PrOOF. Consider the description (1.2) of 4 (and the similar description of 7).
Then one easily gets the desired commutativity, using ordinary naturality of f,
ordinary and extraordinary naturality of ev, and ¥ -naturality of a.

With notation as in this lemma we have

LEMMA 1.5. The transformation associated to T - S is the composite
(ANB)TS 55 (AMBT)S 5> AMBTS.

Proor. This is an easy consequence of the corresponding Lemma 1.2 in [4]
for ¢', ', using the connection given in Lemma 1.2 here between 4 and ¢ (and
between ¢ and s').

As an immediate corollary of Lemmas 1.4 and 1.5 we have

LeMMa 1.6. If u: T T=Tandn : 1, = T are ¥ -natural, then y - A = AT+ A
Ihp and n- 1 = 1dw.

LeMMA 1.7. With i, denoting that natural isomorphism X — INX which is part
of the data of V", the following diagram commutes

BT

in / N\

(INB)T ——> IBT.

Proor. Consider the diagram

BT®I—— > (IAB)T® I

v "\t (IMBT) ® I ¢
© \ |- o
(B® T ————> BT «——— ((I0B) ® )T

| + )

tenT

Here (1) commutes by Lemma 1.2, (2) by Lemma 1.8 in [4], the two diagrams
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marked + commute by Axiom MCC 4 of [2]. The outer diagram is just naturality
of t'. It follows that
BT®1-A®1-ev=igr @1 ev

From this the lemma follows.

2, The closed category of algebras

We now come to the main construction. We have to make an assumption on
the symmetric monoidal closed category ¥, namely that its underlying category
¥, has equalizers. The ‘underlying’ functor ¥ from ¥, to the category of sets
preserves equalizers, since it is representable. We shall assume that we have for

L
each pair of mappings X=X Y a chosen equalizer e, , which by V is sent to the
g

chosen equalizer of f ¥V, gV in the category of sets, (the chosen equalizers here being
the appropriate inclusion mappings). This last assumption is a weak one.

We consider in the following a ¥ -monad T on ¥, i.e. a triple (7, n, )
where T: 7" — ¥ is a ¥ -functor (as considered in the preceding section), and
where  and u are ¥ -transformations

1, 5T
T-TS5T
satisfying the usual equations
T-u=Tn-p=1
@.1) hi-p n-u T
ul-p=Tp-p.
We shall furthermore assume that the monad is commutative in the following

sense:

DEerFINITION 2.1. A ¥"-monad T on ¥  is called commutative if the following
diagram commutes
(st)T

(AMNB)T > (ATHBT)T
$ 2
(2.2) 3 ATABT?

l 1hup

ANBT ——> ATHBT? ——> ATHBT
S| uB

for all 4 and B in #",. The composite (AhB)T — ATMHBT is denoted T, 5.
(This notion of commutativity can be shown to be the same as that of the
previous paper [4].)
We shall now construct a closed category ¥ = ¥ * (generalizing the con-
struction of [6]). By definition [2], this involves giving seven data; as a main
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rule, the data to be constructed have the same notation as the seven data for
¥, except that we now put an upperbar.

(i) We must give the underlying category ¥ o; it is just taken to be ¥~ 3,
i.e. the categoryconstructed by Eilenberg and Moore in [3] for an ordinary monad
T on the ordinary category #",. (‘The category of algebras for T’). It has as its
objects pairs (4, a), where 4 is an object of ¥" and a (‘the structure’) is a morphism

AT 5 A
in ¥, satisfying

ca=1
(2.3) 4

al-a = u,a.

A morphism (4, a) > (B, b) in ¥"y = ¥ is a morphism f: 4 — B in ¥, such
that fT-b = a-f. (Such an f we shall call a homomorphism.) The category ¥ g
comes equipped with a functor U: ¥'¢ — ¥, given by (4, a) W A4, f—~wo f.

(i) Let V denote the functor

V=913 9,5

(& being the category of sets, V being part (ii) of the data of ¥7).

For the remaining data (iii}~(vii), the existence of the postulated factoriza-
tions over the relevant equalizer e is postponed till all the data is given.

(iii) We must give the internal hom functor of ¥". Let A = (4, a), B = (B, b)
be objects of #"%. We construct an object (4B, {a, b)) as follows. Let the fol-

lowing diagram be a chosen equalizer in ¥,
a1

.

—> ATANBT —>
st Lhb

ANB 2" AAB ATHB.

Define the structure {a, b> by commutativity of the diagram
(AMB)T ___°T_, (ANB)T

(a, b) AMNBT

If f: B B and a: A" — A are morphisms in ¥y , we define a morphism xhf
by commutativity of the diagram

AMB > AhB

amp l l ahp

A"hB’ ———> A'hB’

e

(iv) For base object I in ¥"" we take I = (IT, ), where I is the base object
of V.
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(v) We construct an (iso-)morphism i, by commutativity of

A—25 Ihd —2> IThAT

.| |

InA - > IThA

(vi) We construct a morphism j, by commutativity of
IT 255 (AhA)T—> AmAT
(2.4) Ja 1ha
AnA - > AhA

(vii) We construct a morphism Ljc by commutativity of
BRC ——> BHC 5> (AMB)(AHC)
(2.5) LpcA l L eh1
(AMB)YR(ARC) — AZB)m(AKC)?—? (ANBYMN(ANC)

(in the bottom left corner, the middle  indicates that ARB and AMC are con-
sidered together with their structures {a, b) and {a,c) respectively (where
C = (C,0)).

This is the data for the closed category ¥"*. We now come to the verifications.
First, we have to show that the defining expressions for the morphisms <a, b,
aB, i, ja, Ljc express morphisms that actually factor through the relevant ¢;
since e is an equalizer, this means verifying an equation.

For {a, b}, we must show that eT - 1 - 1hb equalizes ahl and st - 1chb. We
shall write down a string of equations giving the result; the equality signs carry
explanations: a 4 on top of the equality sign means: ‘by naturality of 1. An ‘st’
means ‘by naturality of st’, and an e means: by the equalizing property of e.
A number, e.g. (2.3), refers to the equation of that number. A * means ‘Will be
explained after the equation’. We then have

eT- A 1hb-ahl = eT- - ahl - 1hb = eT- (ahl)T- 4~ 1hhb
= eT-stT- (1hB)T - A~ 1hb £ T stT- - 1LhbT - 1hb
D oT-stT- 1 Ihp- 1chb = €T 2 - st 1hu- 1ohb
E2 o7 A-st- 1MBT - 1hb = eT- A 1hb - st - 1hb.
Here * is the assumption (2.2) on commutativity of the monad. This proves the

desired equation, and thus the existence of <{a, b). Note that only b was really
used in defining the structure <{a, b); this is an abstract version of the fact that to
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define the abelian group structure on the set of homomorphisms from an abelian
group A to an abelian group B, only the group structure of B enters. The reader
may exemplify the whole construction in this chapter by taking ¥~ to be the cate-
gory of sets, T to be the free-abelian-group monad (which is commutative). — We
have to verify that {a, b) satisfies equations similar to (2.3). The first equation
follows from
n-da, by e2n-eT-A-1hbLe-n-A-Ihboee- 1y 1hb 22 e

and the fact that e is a monomorphism. We have here extended the conventions
for the preceding string of equations to comprise: a ‘D’ means *follows from the
definitions’, n (or x) means by naturality of # (or u), and a number 1.6 without
bracket refers to the Lemma with that number. — The other equation of (2.3)
for <a, b) follows from

u-<a,by-e 2 poeT-A-1hb = eT? - A-1hb

22 AT - 1 1hb E2 eT2 - AT 4~ 10BT - 1hb

L eT? AT (1h6)T- 1~ 1hb 2 <a, bYT - eT- A 1thb 2 La, bYT - <a, b - e.
The verification required for defining ahf (where « and f are homomorphisms)
is very easy and left to the reader. But we also have to verify that achp is a homo-
morphism. This follows from

(@, b -amf-e = {a,bd-e-ahf = eT- A+ 1hb - ahf

= el A-ahl-1hb-1hB = eT+ i-aml - 1ABT - 1AL’

el (ah)T+ A+ IABT - 1’ 2 eT- (@b )T~ (1hB)T - 4 - 1hd’
(ahB)T - eT - 1+ 1 b’ d (xhB)T - La', by - e,

e I~

the equality sign # because § is a homomorphism.
Next we turn to the definition of i,. We have to prove that i, -st- 1ha
equalizes p;hl and st- 1ha. We have /

igest:-lha- uhl =iA-st-,urhl-lmaiiA-st-st-lrh,u-lrha

Qi‘,i'st-st'lrhaT-lrhai igste1ha-st- 1da,

* being the ¥ -naturality of u.
We want to know that i, is a homomorphism and is invertible. We claim that

i-1

M1
> IhA > A

nr

k:IhA ——> IThA

is the inverse of i,. For
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Pk Z2i-e-qml it 2 i steIha- gl i
i-st-nhl-1ha-i™!? Zi-stoqdl-iv'-a

ilgm-i~tea=n-a22y,

e

% being the ¥ -naturality of n. To prove k -i = 1, consider

k'i-e—2k-i-st-lrhage-nr’nl-st-lrhaie-stwmil-lrha

—e-st-1ha-qThl < e- phl - qThl E2 e,

From this k - i = 1 follows. We shall prove now that k is a homomorphism (then
automatically, i will be so). We have

(uay k2 (uay-enhl-i~t ZeT 4 Iha-nil i

=eT A gl -1ha-i™* 2 eT- ()T A+ 1ha- i

LT (AT A-i"1-a=ZeT- (qA)T ((")T a = kT - a.
Clearly k (and therefore i) is natural in 4 (with respect to homomorphisms).

We next turn to j; the existence of a j making (2.4) commutative follows from
the equations

juT A 1ha-st-1tha =j,T-A-st-1haT- lha

ED T 2-st I 1ha = j, T+ (YT~ 4~ 1y~ 1ha
C2; T stT- 4+ 1haT Lha 2 j, T+ StT- (1ha)T+ - 1ha
VFt

L Gar - 10@)T- A~ 1tha £ (g~ ah)T+ 4+ 1ha 2 j,T+ 4+ al - 1ha
=j,T- A+ 1ha-aml,

where the equality sign % is by commutativity of the monad, and ‘VF 1’ means
‘VF 1 for the functor 7. The fact that j is a homomorphism follows from the
equations

bje R T A 1ha LT p-2-1ha
1=.6=J'T2'/'LT'/1'1r‘hu°lfhangz'/'[T-/l'lrhaT'lrha
217 AT (1ha)T+ A+ 1tha 2 jT-eT- 4+ 1ha = jT+<a, a) - e.

To check that j is natural with respect to homomorphisms is straightforward from
the naturality of j and omitted.

Finally, we turn to the existence of a diagram (2.5). We first prove the existence
of the arrow L’ in that diagram; for this purpose, we use the fact that 1 e in that
diagram is an equalizer of 1A(st - 1rh¢) and Ih(ahl) (X— : ¥ - ¥ pre-
serves equalizers since it has an adjoint —® X). We have
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e-L*-eml - 1ehst- 1m(Imc) = e- L4 - 1st - el - 1h(1rhe)
222 oo st- IAT -sthl el - I(1he) = e - st - LAT - 1(1rhe) - sthl - erhl
e steIde- LAT - sthl - ehl = e bl - LAT - sthl - el

eh1

e LAT - (1AD)M1 - strhl - el == e - LT - (ah1)h1 - el
e LY 1M(ahl) - ehl = e+ L* - el - Ih(ahl).

e e fie

This gives the desired L'. (Note that commutativity of the monad does not enter
at this stage; in fact, for any ¥"-monad T on a ¥ -category &, the L’ constructed
as here can be used to make the category of algebras over the monad into a ¥ -
category with hom 2/ 7(4, B) = AmMBe ¥".) - We now have to prove that L’
factors through e, i.e. that L’ equalizes {a, b>h1 and st - 1/h{a, ¢)>. Since 1rhe is
a monomorphism, it suffices to prove

(2.6) L -st-1h<a, ¢y 1he = L' -<{a, b1 - 1rhe.
The left hand side here is by definition

L' -st-1heT  1hi - 1h(1he) = L' - 1he - st 1hi- 1h(1hc)
2 e-L-ehl-st-1hi- 1h(1he)

Z e L-st-eThl - 1A 1h(1c)

“L-st-1hA- 1h(1e) - eThl

st L+ A1 - 1m(1he) - eThl

“st+L-1d(1he) - Al - eThl

‘st 1he- LAl - eTHhl

bl - L+ Al - eTrhl

e il B g %
& & o & o

(Y
M~
>
=
2
N

2
[N

b\]
=5

I
o
h
o
=
A~
Q
o
N
>
=

>

2L 1he-<a, B>l = L' (a, b>h] - 1rhe

which is the right hand side of (2.6). The equality sign marked # is by ¥ -naturality
of A (Theorem 1.1). This proves the existence of the morphism L. We have to see
that it is a homomorphism. Since e - 1rhe is a monomorphism, it suffices to prove

(2.7) LT -a,b),{a, ¢y e 1he = <(b,c) - L-e- 1re.
We have for the left hand side
LT - {a,b),<a,cd) e 1he 2 LT-eT-4- 1h<a, ¢ - 1he
LT eT- 1 1heT- 1A 1h(I1he) = LT-eT- (1he)T - A+ 1ha - 1c(1dhe)
eT+ LT (eh])T+- A+ 1AL« 1h(1kc)

o lIw



416 Anders Kock [121

2 eT LT A-ehl - 1hi- 1h(Ihe) = eT - LT+ - 1A - el - 1n(1he)
=eT LT A 1A 1d(1the) - echl ==eT- A+ L~ 1h(1che) - erhl
LeT-2-1he-L-emt 2 {b,c)-e-L-eml 2 {b,c>+ L-e-1me

which is just the right hand side of (2.7).
The proof that L is natural with respect to homomorphisms follows from the

fact that e is a monomorphism and natural with respect to homomorphisms, and
from L’s naturality. We omit the details.

THEOREM 2.2. The data (i)~(vii) defined above for ¥"™ makes ¥ into a closed
category.

PrOOF. It just remains to verify the axioms CCO-CC5 of [2]. The axioms
CC1-CC#4 say that certain diagrams in #"T commute. Since there is an ‘under-
lying’ functor U : ¥y — ¥, which is faithful, it suffices to check the commuta-
tivities in ¥o.

Axiom CCO is concerned with a diagram of functors: The internal hom-functor
followed by ¥ should give the ordinary hom-functor. It is here easily seen to be
true, since V' : ¥y — sets is assumed to preserve equalizers exactly.

Axiom CCI1 says that

— L —
BhB——> (AhB)h(AhB)
T 7
I
should commute. It follows if we can prove
je-IA-e-1he =j np-e- lihe.
The left hand side here is
jp-L-e-lhe2jg-e-L-ehl Zj,T-A-1db-L- el
= jaT+A-L-1h(1chb) - el 22 j,T LT 2 - 1A - 1h(1hd) - edhl
==L (Jamg)T A 1hA - 1h(1hb) - echl = (jamp)T - A+ ehl - 1hA - 1eh(1hb)
2 (ung)T" (ehD)T~ A+ 1hA - 1h(1hb)
Guzs)T* (1he)T - A+ 1A - 1h(1hb)
Guarp)T =4 1heT 1hA - 1h(1hb) 2 ()T A+ 1ch<a, bY - 1rhe

Jamp- e lhe

o i~ -

which is just the right hand side of the desired equation. The equality sign marked
CCl is by Axiom CCl for #".
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Axiom CC2 says that
ARC SN (AhA)MAKC)
T Tht
Ih(4AC)
should commute. This follows if we can prove
IA-jhl-e-1he=i-e- lhe.
The left hand side is

4.7h] - e 1he = L-e-jhl-1ne

Loe-lhe-jhl 2 e-L-ehl-jhl 2 e-L- (Iha)hl - Al - jThl
e-ahl-L-Ahl jTAl = e-st- Iche- L+ Al - jTh1
e-st-L-1h(Ihc)- Al -jThl = e-st- L+ Ahl - jThl - 1h(1he)
e L-st-1hi-jThl - 1h(Ihe) = e+ L-st-jThl - 1hi - Ld(lhe)
e L-jhl-st-1hi- I(lhe)==e-i-st- 1hi- 1h(1hc)

i 1te-st-1hi- Ih(lhe) = i-st- 1heT - 1ha - 1h(1he)
i-st-ldx(a,c)-lrheii'e-lrhe

"

Mo e 2 N e Qe

which is just the right hand side of the desired equation; the equality sign marked
# is by ¥ -naturality of A in the second variable (Theorem 1.1); the equality sign
marked CC2 is by Axiom CC2 for ¥".

Axiom CC3 expresses associativity of the ‘composition’ L:

CAD = > (BhC)H(BAD)
|7
(AMC)N(AAD) 1AL
LAHB

(AMB)A(AMC)IA(AMB)N(AND)] —> (BAC)h[(AMB)M(AMD)]

L4ad1
The commutativity of this diagram follows if we can prove
IB-1AL* ¢ 1he- Ih(1he) = LA+ TAPE . LAR1 - e 1he - 1h(1he).
The left hand side is
L-1RL-e-1te-1(1he) 2 L-e- 1ML - Ithe - 1h(1rhe)
2 Lee Ithe  1hL- Ih(ehl) = e-L- el - IhL - 1h(erhl)
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Il

e-L-1AL- 1d(ehl) el ==e-L-L- LAl - 1h(ehl)- ehl
e-L-L-1h(ehl) Ll -ehl = e-L-L- (ehl)Al - Ll - el

[l lhts

2 e L-L-(1he)hl - eml-iml e-L-edl-L-ehl- Lal
2 L-elhe-L-etl-Lhl = L-e-L-1h(I1he)- ehl - Ll
= L-e-L-ehl-Lal- 1m(1me)£

- L-e-1he- Lhl - 1h(1rhe)
- L-Lhl-e- Lhe- 1d(1rhe)

Ilb

L-L-e-LMl-1te- Ih(1he)

]

which is just the right hand side of the desired equation. The equality sign marked
CC3 is by Axiom CC3 for ¥".
Axiom CC4 says that the following diagram should commute:

BAC ——> (IRB)M(IHC)
inl inl
BA(IMC).
We have

NI

iml-e-1he = L-e-iml-1he = L-e-lhe-ihl
e-L-eml-ihl = e-L- (IAb)AL - stal - il
e-bhl-L-sthl - Ihl = e-st- e L sthl - il
e-st-L-1h(1c)-sthl - ihl = e-st-L-sthl-ihl - 1h(Ihc)

22 o L Lhst- ichl - lrh(lrhc)—e L-ith1 - Tt - 1h(1rh )

ﬂe 1rhi - 1ehst - 1h(1he) 2 e 1T~ Ihe

2 1hi-e- Ihe

e fIe (ot

where ‘VF2’ means ‘by Axiom VF2 for T° and ‘CC4 means ‘by Axiom CC4 for
¥7. Since e - 1 he is monomorphic, this proves the desired commutativity.
Axiom CC5 says that the set mapping

ARA) T—> (T(ATA)V

should send 1, to j,. We have
I4m4 € lihe 2 igra st -1i<a, a) - lhe
(2.8) 2 iggq- st IheT 1hA- 1h(1ha)
2 ima-1he-st-1hA-1h(1ha) = e igng - st- 1hi - 1h(1rha).

Applying ¥ to the right hand side of this equation gives a composite set mapping
whose five constituents treat 1, as follows
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(2.9) 1, =W 1 W g =W j T W T+ A W j, T A+ 1ha,

using Axiom CC5 and CCO for ¥". By the definition (2.4), the right hand expression
in (2.9) equals j, - e. So, by (2.8), (54 €)V - (1he)¥V sends 1, to j, * e. Since,
by CCO, (1he)V is that injective mapping that multiplies on the right by e, we
conclude that (i, %, - €)¥ sends 1, to j,. Since eV is a chosen equalizer in the cate-
gory of sets, i.e. an inclusion mapping, (i,z,)V itself sends 1, to j,. This proves
CCS5 and thus the theorem.

3. The closed adjointness of the functors

Associated to the Eilenberg-Moore construction ¥ 3‘ there is a pair of adjoint
functors F4 U (with F- U = T):
F
Vo277
U
given on objects by XF = (XT, puy) and (4,a)U =4 (¥ and T = T, 1, u as in
the preceding section). We shall show that F and U can be equipped with closed-
functor structure (with respect to the closed-category-structure given on ¥~ and
the one constructed in the previous section on ¥ 7). Then the front- and end-
adjunctions for the adjointness F4 U will turn out to be closed transformations.
We first consider F. To make it a closed functor, we need a natural trans-
formation

(3.1) F 5 : (AMB)F - AFABF

and a morphism

(3.2) F°:I > IF.

We define F 5 (strictly F,;U) by

(33) Fup-e =Ty,

(T defined in (2.2)). To verify this factorization, we have to prove

Typ st~ Lup = Typ - parhl.
We have :
Tost-Ioup = A-st- Iehp-st- Iehp 2 2-st-st- LT+ 1
(i—'—lj_i-st-st-lmu-lmu; st pml - 1y
= A-st-Iohu- phl 2 T- phl,
the equality sign marked % by ¥ -naturality of . This shows that (3.3) makes sense.
We have to verify that F thus defined is a homomorphism. We have to prove

(3-4) HBanp* FAB = (FAB)T' {ita> Bp)-
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We have
u-F-e- iu-’fi o (SOT- A 1ehp = (st)T? - - 4~ 1ehp
22 (s)T2- AT A~ 1hpe - 1mp‘_ﬁ(st)T2-AT-z-1muT-1my
2 ST AT (1T A- 1 = (D)T- A+ 1hpt
2 (P)T-eT- 2 1hp 2 (F)T -, ) - e

since e is a monomorphism, this proves (3.4).
For F° in (3.2) we take 1, which clearly is a homomorphism.

PROPOSITION 3.1. The data (3.1) and (3.2) makes F into a closed functor.

Proor. We have to verify the axioms CF1-CF3 in [2]. Axiom CF1 says that
the diagram

IF 25 (AhA)F
FoO T l F
I——> AFhAF
should commute, i.e. that jT -F = j. We have
jreZiT A 1hpZ=jT- )T A- 1o 2T-T2jT-F-e

the equality sign marked ‘“VF1’ by Axiom VF1 for T. Since e is a monomorphism,
the result follows.
Axiom CF2 says that the diagram

(IhA)F ——> IFhAF
. T "
AF ——> IhAF

should commute. We have

iT-F-e2il - T2iT-A-st- Ihp——si-st- 1y

D .
=1-ée.

Since iT = iF and e is a monomorphism, CF2 follows.
Axiom CF3 says that the diagram

(BAC)F 2> (AMB)Y(AMC)F ——> (AMB)FR(ANC)F
(3.5) F 1&F
BFRCF —_> (AFRBF)R(AFRCF) —=> (ANB)FA(AFACF)

should commute. The essential step to prove this is the commutativity of the cor-
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responding CF3-diagram for T (remove the upperbars in (3.5) and replace F by T,
F by T). We state this formally as

LEMMA 3.2. The T,y defined in (2.2) satisfies Axiom CF3 for T, T.
ProoF. Using the lower composite in (2.2) to define T, this amounts to proving

LAT - A~ st- T+ 1chA - Tehst - 1eh(1chpt)
= A- st Ipc - LAT - (Tehpg)hl - stehl - A1,
We have
LAT - A~ st- Iehu - 1hA - Trhst - Teh(1hy)
=L JAT- A st- 1MAT - 1hA - 1h(1hir) - 1ehst - 1hh(1rhpt)
ZIAT -2~ 1dhA- st 1A - 1h(1hp) - st - 1eh(1hp)
22 3 LA st 1A 1v(1hg) - Tehst - 1v(1rhg)
L Jost-LA- Al - 1eh(I) - Tahst - 1eh(1ehp)
st LA Ih(1hp) - 1hst - b1 - 1h(1hp)
st 1hp - LA - 1ast - A1 - 1h(1hp)
ste Iehp - L4 - Tahst - 1h(1hp) - Ahl
XX Q-st- Lo st LAT - st - 1eh(1ehr) - Abl
= A-st- Ihp-st- LAT - 1h(Ihp) - sthl - Akl
Z A-steste 1T LAT - 1h(1chp) - stehl - Al
L Ad-steste 1T L~ LAT - stehl - Achl
ED g osteste I I LAT - stehl - Achl
ZEE G -steophd - 1hp - LAT - stehl - Al
= A-ste Iehp - uhl - LAT - sthl - Akl
L Aeste L LAT - (1ehp)hl - steh] - Achl.

el

o X

x M

The equality signs marked #, *%, and #+% by ¥ -naturality of 1, st, and of u,
respectively. This proves the lemma. Note that commutativity of the monad was

not used, in fact, I BITand T =1-st- 1 hp makes T into a closed functor without
assuming commutativity of the monad. We now turn to the proof of commuta-
tivity of (3.5). We have

F'I:"F-le-e-lme2F~E-e-le'lme
—F-L-elhe-Fhl 2 F-e-L-ehl-EFhl = T+ LAT - Tihl
== (LAT- T InT 2 (L)F-F-e- 1hF - 1he = (L)F-F - 14F - e 1dhe.
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Since (L)F = (L)T and e - 1 e is a monomorphism, the result follows. This proves
the proposition.
Next we make U into a closed functor. We need a natural transformation

U,s : (AMB)U » AUNBU = AMB;
we take simply e for 4, B. Also, we need a morphism

Uy:I-1U = 1IT;
here we take 7.

PROPOSITION 3.3. These data make U into a closed functor.
Proor. Axiom CF1 says that the diagram
IT—> AR4
g
1 - AhA
should commute. We have
nojrel T A 1hatjn-A-iha==j- Iy 1ha=2j.

Axiom CF2 says that the diagram

IhA —— IThA
i T l nh1
A—> IhA

should commute. We have
ool Ziost-iha-nhl = i-stonml-1ha 2 i lhy- 1ha S22,

the equality sign marked * by ¥ -naturality of #.

Finally, Axiom CF3 for U says that the diagram (2.5) should commute, which
it does by definition. This proves the proposition.

Let us consider the canonical front- and end-adjunctions for the adjoint

pair F, U
A—"> AFU = AT
AUF —=——> 4,
where 4 = (4, a).

PROPOSITION 3.4. The transformations n and ¢ above are closed natural trans-
formations (with respect to the above-mentioned closed structure of F and U).
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PrOOF. We have to verify the axioms CN1 and CN2 of [2]. First, consider .
Then CN1 says that the diagram

_ FO=1 T -
IT = [ —> IT—> IUF = IT?

I=1IT

should commute (the top is the #° associated to the functor & = U - F according
to Theorem 1.3.1 of [2]). But this is just (2.1).
Axiom CN2 for ¢ says that the diagram

(AMB)T = (AHB)UF —=> (AUMNBU)F ——> AUFHBUF

R AUFAB
T eml
AMB > AMB

1

should commute. (The top is the & associated to the functor @ = U - F, according
to Theorem 1.3.1 of [2].) It suffices to prove

e-ehl-e= (e)F - F-1he-e.
We have

™
™
N
>
=
3]
|
™
Q
o
-~
>
=
|
™
o
Q
>
)

ampe-st-1hb = {a,b>-e-st-1hb = eT- A 1hb-st- 1hb
eT A st- 1AbT- 162 oT - 4-st- 1y 1b
eT-A-st-1hu-1heg = eF-T-1he 2 eF-F-e- e

eF-F-1he-e.

e o 18 lie

This proves CN2 for &. The proof that # is closed is easy: CN1 says here just
N; = Ny, which is true. Axiom CN2 says that the diagram

i

ANB > AMB
1o
" ANBT
¥ T,,m

(ANB)FU ——> (AFHBF)U —> ATHBT
U

should commute. Here the bottom is @ associated to the composite functor
® = F- U according to Theorem 1.3.1 of [2). Since U = e, FU-0 = T, so we
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should prove that n - T nhl = 1dn. We have

n-Tonhl Zn A st-1hp-ghl =n-A-st-nhl- 1hp
Zoga-lom1ap 22 g 222 14,
the equality sign marked * by ¥ -naturality of #. — This proves the proposition.

COROLLARY 3.5. A commutative monad T = (T, n, n) carries a canonical
structure as closed monad:
T =n;: 1> 1IT
T : defined as before, (2.2),

(meaning that T°, T makes T into a closed functor in such a way that n and p become
closed transformations).

Proor. According to Theorem I.3.1 of [2] we can compose closed functors
and transformations. In particular T = F- U has a composed closed structure
which easily is seen to be the one given in the statement; and # and p = FeU are
closed transformations, since # and ¢ are, as we just proved.

We state without proof

PROPOSITION 3.6. A monad is commutative in the sense defined here if and only
if it is commutative in the sense of the previous paper [4). In that case, the closed-
monad structure given to T here is the same as the closed monad structure given
in [4].
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