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CLASSIFIERS FOR MONAD MORPHISMS AND ADJUNCTION
MORPHISMS

DIMITRI ZAGANIDIS

ABSTRACT. We provide an explicit model for the free 2-category containing n compos-
able adjunction morphisms, comparable to the Schanuel and Street model for the free
adjunction. We can extract from it an explicit model for the free 2-category containing
n composable lax monad morphisms. A careful proof is given, which goes through pre-
sentations of the hom-categories of our model. We use one of these hom-categories as an
indexing category to construct an extended Artin-Mazur codiagonal, whose underlying
bisimplicial set has the classical Artin-Mazur codiagonal as its first column.

1. Introduction

Riehl and Verity initiated a new approach to (oo, 1)-category theory, where the definitions
and proofs are 2-categorical in nature. Following these authors, a good context for (oo, 1)-
category theory is an oo-cosmos, which is essentially a category enriched over quasi-
categories with some additional properties (see [17]).

Most of the usual models for (oo, 1)-categories do form an oco-cosmos, such as the sim-
plicially enriched categories of quasi-categories, Segal categories, complete Segal spaces,
marked simplicial sets and iterated complete Segal spaces, as Riehl and Verity prove in
their article [17]. The 2-category of small categories is also an co-cosmos, and many mod-
els for (0o, n)-categories are as well. In a series of articles, [14, 16, 15, 17, 18], Riehl and
Verity showed that much of category theory can be done in a general co-cosmos, and in
particular in its 2-category.

One of the key ideas is to encode homotopy coherent diagrams in a simplicial category
IC as simplicial functors ¥ — K, where % is a well chosen simplicial category. This idea
goes back at least to Cordier and Porter [5] and originated in earlier work of Vogt [22] on
homotopy coherent diagrams. For instance, the homotopy coherent nerve is constructed
in this way. In Riehl and Verity’s paper [16], € is the universal 2-category containing
the object of study, either a monad or an adjunction, and /C is the underlying oo-cosmos.
Constructions of such universal 2-categories can generally be given by a presentation by
a computad [21]. Nevertheless, some of Riehl and Verity’s arguments are combinatorial
in nature and thus rely heavily on the use of a very concrete description of the universal
monad and the universal adjunction. The universal adjunction was described explicitly
partially by Auderset in [2] and by Schanuel and Street in [19].
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Lax monad morphisms are the general notion of morphisms between monads in a 2-
category. They were introduced by Street in his paper [20]. However, the readily available
notion of morphisms between the homotopy coherent monads of Riehl and Verity is that
of simplicial natural transformations, which correspond to strict monad morphisms in the
2-categorical case.

The main goal of this paper is to provide an explicit description of the universal 2-
category containing n composable lax monad morphisms, which we call Mnd[n|. This is
a prerequisite to studying lax monad morphisms in the context of an co-cosmos. Based
on the construction of Mnd|n|, the author has been able to provide explicit descriptions
of the universal 2-category Mndy.[n| containing a homotopy coherent diagram of shape
[n] constituted of monads, lax monad morphisms and monad transformations. This is a
part of the author’s thesis and will be explained in a forthcoming paper.

In the first part of this paper, we review the definitions of adjunction and monad and
their morphisms in a 2-category. We show that if Adj[n| is the free 2-category containing
n composable adjunction morphisms, there is an embedding Mnd[n]| — Adj[n].

The second part of the paper consists of the construction of an explicit model for
Adj[n| and a detailed proof of its 2-universal property. The proof of the result is car-
ried out in three steps. First, we give a presentation of the hom-categories of Adj[n|
(Theorem 3.3.2). In the second step, we show that the generators and relations of the
hom-categories are actually 2-categorically generated by the adjunction data and adjunc-
tion morphism data (Propositions 3.3.4, 3.3.6, 3.3.7 and 3.3.8). In the last step, we prove
that these relations are verified by any sequence of adjunction morphisms.

In the last part, we provide evidence that these hom-categories can be of interest to the
homotopy theorist. First, all the hom-categories of Adj[n] are in fact Reedy categories.
As an easy application of the 2-universal property of Adj[n], we provide an extended bar
construction in the presence of a lax morphism of monads. We also study the extended
Artin-Mazur codiagonal and show that the realization of its underlying bisimplicial set is
weakly equivalent to that of the Artin-Mazur codiagonal. This provides new homotopical
models for the realization of a bisimplicial set, for instance by iterating the extended
Artin-Mazur codiagonal.

1.1. NoTATIONS. For a category €, |%| denotes its class of objects. If A,B € |¥],
% (A, B) denotes the set of morphisms from A to B in €.

For a natural number n, we will write n instead when we consider it as an ordinal.
That is, we set 0 =) and n = {0,...,n — 1}.

The category A, is the category of finite ordinals and order preserving maps. Among
those maps, it is well known that the cofaces d° : n — 1 — n and codegeneracies s’ :
n+1 — nfor 0 < i, < n generate this category. The coface d* is the only order-
preserving injective map not containing i in its image, while s/ : n 4+ 1 — n is the only
order-preserving surjective map such that j is the image of two elements of n + 1. More
precisely, for ken—1and [l € n+ 1,

iy E k<i G I 1<
d(k>_{k+1 k> S(Z)_{z—1 1>
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Remark that the more common notation [n] = {0,...,n} for the objects of A is such
that n = [n—1]. This change of notation is more convenient when considering the ordinal
sum, because [n]+[m] = [n+m — 1], whereas the ordinal sum n+m is exactly the ordinal
with n + m elements and is also denoted by n + m.

1.2. ACKNOWLEDGMENTS. I would like to thank Emily Riehl for helpful discussions, my
advisor Kathryn Hess for her continuous support, careful reading and suggestions, and
an anonymous referee for his valuable input.

2. The relation between monads and adjunctions

In this section, we review the classical correspondence between monads and adjunctions
(see Mac Lane [12]), but in the general context of monads in a 2-category that is suf-
ficiently complete. We investigate a parallel correspondence between monad morphisms
and adjunction morphisms. The theorems are phrased in term of an enriched right Kan
extension (see [9]).

2.1. MONADS AND THEIR EILENBERG-MOORE OBJECTS OF ALGEBRAS. In this part,
we recall briefly the definition of monad and monad morphisms in a 2-category, together
with the Eilenberg-Moore object of algebras.

2.1.1. DEFINITION. A monad over an object B in a 2-category €, is a quadruple T =
(B, T, u,n), where

e Be|¥];

e I':B— B isal-cell;

o p:T? — T is a 2-cell;

o n:idg — T is a 2-cell;
satisfying the following properties:

o poTp=pouT,

e poTn=1p=ponT.

Street introduced morphisms between monads under the name monad functors in [20]
and later used the name monad morphisms with Lack in [11]. Some authors call them
lax monad morphisms. In this paper, all monad morphisms will be lax unless otherwise
mentioned, thus we will drop the adjective lax, and add the adjective strict instead when
necessary.
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2.1.2. DEFINITION. Let T = (B,T,pu,n) and S = (C,S,p,t) be two monads in a 2-
category €. A monad morphism 7 — S is a couple (f,~y), where

o f:B— Cisal-cell of €,
e v:Sf— fT is a2-cell of €,
such that the following diagrams are commutative.

S2f g A

lpf lfﬂ

Sf i T
. f—1-sf
PN
fT

A monad morphism is said to be strict when its 2-cell is an identity.

Monad morphisms deserve special attention for several reasons. First, they are the
only sensible morphisms to use when the base category is fixed. Second, they are the
1-cells of a 2-category Mnd(%) of monads in %, introduced by Street in [20]. Given
two monads 7" and S on the same object of a 2-category %, Street also explains that a
2-cell A : TS — ST is a distributive law if and only if (S, A) is a lax monad morphism
T — T and the multiplication and unit of S are respectively monad transformations
(S,A)2 — (S, \) and 1 — (S, \) in Mnd(%).

We will now define the Eilenberg-Moore object of algebras associated to a monad. Let
T = (B,T,u,n) be a monad in a 2-category €. For any X € |€|, since € (X,—) is a
2-functor,

T.(X) = (6(X, B), (X, T),% (X, 1), €(X, 1))

is a monad in Cat. Moreover, any 1-cell f : X’ — X induces a strict monad mor-
phism €(f, B) : T:(X) — T.(X’') and thus a functor € (X, B)"*%) — ¢(x’, B)"*)
between the categories of algebras. Also, one can check that any 2-cell induces a natural
transformation between these functors. This defines a 2-functor

€(—, B . € —; Cat. (1)
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2.1.3. DEFINITION. Let T = (B, T, u,n) be a monad in a 2-category €. The Eilenberg-
Moore object of algebras of T, if it exists, is a representing object BT of the 2-functor
(1).

The universal 2-category containing a monad, also called the free monad by Schanuel
and Street in [19], is a 2-category Mnd such that there is a natural bijection between the
monads in a 2-category ¢ and the 2-functors Mnd — %. Remark that by the Yoneda
lemma, this property determines Mnd up to isomorphism. Its existence can be derived by
constructing it by generators and relations, using presentations by computads as in [21].
A short introduction to computads is provided in Appendix A and coequalizer (3) below
will provide an example of such a construction.

As in category theory, an adjunction in a 2-category induces a monad. Thus, there
is a 2-functor ¢ : Mnd — Adj, where Adj is the universal 2-category containing an
adjunction, also called the free adjunction by Schanuel and Street in [19]. Let us denote
by B the domain of the left adjoint in Adj and A its codomain. These two objects
are distinct and the only objects of Adj. Auderset in [2, Proposition 2.2] showed that
7 is actually fully faithful. The 2-category Mnd can thus be described as the full sub
2-category of Adj generated by B. Moreover, in [2, Theorem 4.4], Auderset shows the
following.

2.1.4. PROPOSITION. Let T be a monad over B in a 2-category € and T : Mnd — €
the corresponding 2-functor. When € is complete, the enriched right Kan extension of
the 2-functor T : Mnd — ¥ along ¢ : Mnd — Adj exists and is the free forgetful
adjunction in € :

B==BT. (2)

It follows that BT can be expressed as the weighted limit {Adj(A,i(—)), T}.

Remark that the assumption of ¢ being complete is made only to ensure the existence
of any enriched right Kan extension with target %, and is stronger than needed. It can
be weakened to the existence of only those limits needed to construct that particular
right Kan extension. We will not explore this aspect, but finitely complete is a sufficient
hypothesis (see [10, page 92] for instance).

2.1.5. EXAMPLE. Let ¥ = Cat and let %’%W’ be an adjunction with L 4 R, unit

7 and counit e. This determines a 2-functor A : Adj — Cat, and thus also a monad
Aoi:Mnd — Cat, which is T = (%, RL, ReL,n).

The object of algebras %7 is the usual category of algebras over 7, and the adjunc-
tion (2) is the usual free-forgetful adjunction. Let us describe the 2-natural transformation

A
Adj /alT) Cat given by the universal property of the enriched right Kan extension. It
Ran; (Aoi)
is given by ap = idg and ay = Cany : & — %7 on the other object, where Cany, is
defined by



CLASSIFIERS FOR MONAD MORPHISMS AND ADJUNCTION MORPHISMS 1055
o Cany(A) = (RA, Re) for all A € ||;
e Cany(f) = Rf for all f € Mor .

2.2. RELATIONS BETWEEN MONAD MORPHISMS AND ADJUNCTION MORPHISMS. Our
goal is to generalize the results of the previous section so as to include monad morphisms
in the picture. We introduce the following definitions.

2.2.1. DEFINITION. The 2-category Mnd|[n] is the universal 2-category containing n com-
posable monad morphisms (with Mnd[0] = Mnd).

!
2.2.2. DEFINITION. An adjunction morphism from an adjunction B_L A to an ad-

l/
jgunction B'_1T A" in a 2-category € is a pair of 1-cellsb: B — B anda: A — A’
such that br = r'a.

2.2.3. DEFINITION. The 2-category Adj[n] is the universal 2-category containing n com-
posable adjunction morphisms (with Adj[0] = Adj).

As before, by Yoneda’s lemma, Mnd[n| and Adj[n] are determined up to isomor-
phism by their 2-universal property. Their existence can be proven using presentation
by computads. For instance, the coequalizer ADJ[n] displayed in (3) below satisfies the
universal property of Adj[n]. We notationally distinguish this coequalizer from the ex-
plicit model that we build in Section 3.2, which we denote by Adj[n]. We prove in
Theorem 3.3.9 that ADJ[n] = Adj[n|. Hence, this is just a notational convenience made
for the proof of Theorem 3.3.9. Observe that sequences of n + 1 monads in € together
with n composable monad morphisms between them are in bijective correspondence with
functors [n] — Lax(Mnd, %), where Lax(Mnd, %) denotes the category whose objects
are 2-functors Mind — % and whose morphisms are lax natural transformations. A short
introduction to lax natural transformations is provided in Appendix B.

This implies that

Mnd[n] & Mnd ®Qpax [7],

where ®rax denotes the lax Gray tensor product on 2-Cat, as defined in [7]. This follows
from the Yoneda lemma and the bijection

2-Cat(Mnd ®ryax [n], €) = 2-Cat([n]|, Lax(Mnd, %¥)).

On the other hand, Adj[n| cannot be expressed as Adj ®rax [1], because in Adj[n]
the squares involving the right adjoints commute on the nose rather than up to a 2-cell
isomorphism.

We construct now the 2-category APDJ[n] using a presentation by a computad. A
similar construction can be performed to obtain Mnd[n]. A reader not familiar with
presentations by computads can consult Appendix A.

We define a computad Adj[n| as follows. Its graph GrAdj[n| is given by
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Ly

(B,n) — (A, n)

B, An
Lnfl

(B,n—1)=—=(A,n—1)

Rn—l
Bn_1 Anfl

Bl Al

(B,0) =——= (4,0)

Ro

0
and non-trivial graphs Adj[n|(X,Y") are given by Adj[n|((B, 1), (B,1)) = (B,i) n{ (B,1)
RiL,
and Adj[n]((A4,17),(A,7)) = (A,i) <l (A,i). The computad Rel[n] has underlying graph
0

n

(B.n) === (4.n)
Bn/ An
Ln 1
(B,n — (A,n—1)

B
B
(

An—1

V5o
e
1 / Ay

C,
LC
~— (A, 0)

(B,0)

Ro

L;
and non-trivial graphs Rel[n|(X,Y) are given by Rel[n]((B, 1), (A,i)) = (B,i) x _ (A,1)
L;
R;
and Rel[n]((A, i), (B,1)) = (A, i) el _(B,1).
R;
We define two 2-functors M, N : F(Rel[n]) — F(Adj[n]) that are identities on objects,
M(pi) = (€:R;) o (Rimi), N(pi) = 1g;, M(Ni) = (Li€i) o (L), N(N) = 1p,.
The 2-category ADJ[n] is the coequalizer (in 2-Cat) in the diagram

F(Rel[n]) F(Adj[n]) — ADJn]. (3)
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The universal properties of the free 2-category on a computad and of the coequalizer
imply that ADJ[n] satisfies the 2-universal property we were looking for.

2.2.4. PROPOSITION. An adjunction morphism between two adjunctions induces a monad
morphism between the induced monads.

PROOF. Let b : B — B’ and a : A — A’ form an adjunction morphism from an
l
adjunction B_ 1 A to an adjunction B’ _1_A’".

T ,,J

Let 8 be the mate of the identity br — 7’a, that is, the composite

B—l.aA_2 u

7 |\
1 " "7
B A
b v
We claim that (b, 7'3) is a monad morphism (rl,rel,n) — (r'I',r'él’,n’).
Remark first that /5 : r'lI'b — r’al = brl, as desired. The compatibility with the
unit is given by the triangle identity of the second adjunction and the interchange law

B—lsA—%s A

\%l/ BN 3@71

The compatibility condition with the multiplication is given by the triangle identity
of the first adjunction and the interchange law

B—-B-t.p B—~1—>B—b>B’
WAL W A
At A oA Ao Ty

1(<=BZ LB Lt-p = e—— B n
v :
A—s Lo n A
B/B/ |

Proposition 2.2.4 implies that there is an induced 2-functor j : Mnd[n| — Adj[n],
which satisfies the following important property.
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2.2.5. PROPOSITION. Let T : Mnd[n] — Cat be the 2-functor induced by the n com-

(Bn"Yn) Bl '71
—_—,

posable morphisms of monads T, ——="To where T; is a monad (T}, i, n;) on a

category AB;. There is a diagram

Fn
B, —= ,%’77;"

n
By (an'Yn)
f@ ]:n—l 7;1_1
n—1<—"%p_1
n—1
By (Bla"/l)
Fo
Bo—= B0
0

which determines a 2-functor A : Adj[n] — Cat. Moreover, this 2-functor is the en-
riched right Kan extension of T along j : Mnd[n| — Adj[n| and Aj = T (the natural
transformation is the identity).

PROOF. Let 0 < i < n be an integer. Recall that if (X, m) is a T;-algebra, then
(Bi,7i) (X, m) = (B:X, Bi(m) o (7i)x),

and for f a morphism of algebras, (B;,7;)(f) = B;(f), thus the squares involving the right
adjoints commute on the nose. This determines n composable adjunction morphisms and
thus a 2-functor A : Adj[n] — Cat.

We compute now the monad morphism (B;,7;) induced by the morphism of adjunction

F; .

Let us recall the unit and counit of the free forgetful adjunction on level 1.
e The unitis n; : 14, — U, F; =T;.
e The counit ¢; is given on the T;-algebra (X, m) by €xm) =m : ;X — X.

Thus, the 2-cell 4; that makes (B;, ;) the associated monad morphism 7; — 7T;_; at
the object X € %; is the composite

(Ti—1Bimi) x (Bipi)x
- 5

T, By(T,X) 00 B2 x P

Ti1Bi(X) “B,T;X.
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Since (B;,~;) is a monad morphism, the unit condition implies that this is equal to the
composite

l 1B(X) Ti1mi— )X

(Ti—17vi)x (Bipi)x

T? | Bi(X) T\ By(T,X) "X e x Prx p

Now the compatibility with the multiplications implies that this is equal to

(mi—1Bi)x (vi)x

) T B TiaBi(X) == BTX

Ti1Bi(X T?\Bi(X)
and thus 7; = ~;. This shows that Aj = T.

We are going to use the fact that the enriched right Kan extension can be recognized
by its universal property. Its existence is a consequence of Cat being complete as a
2-category. Let

i

L
C =9,

R;
Li—

Ci-1=—=%i1
Ri—1
be a morphism of adjunctions for all = 1,...,n where the adjunction L; + R; has unit
7; and counit ;. The adjunction L; 4 R; determines a 2-functor B; : Adj — Cat. The
whole structure determines a 2-functor B : Adj[n] — Cat. Let P; be the monad on %;
induced by the adjunction L; 4 R;. By 2.2.4, the monad morphism P; — P;_; induced
by the adjunction morphism (C;, D;) is (Cj, d;), where

0; = Ri_1((&-1D;L;) o (Lio1 Ciyy)).

Let ¢ : Bj — T be a 2-natural transformation. We thus have functors v¢; : 6; — %;
such that

(i) iR L; = Typ; and i), = nidy, Vi Ri€i Ly = pitdy;
(i) ¥;_1C; = Bity; and vith; = i1 Ri—1((€i-1D; L;) o (Li—1Ciy;)).

We need to show that there is a unique 2-natural transformation w : B — A such
that wj = 1. Said differently, we have to show that 1 extends uniquely to a 2-natural
transformation B — A.

The relations (i) above show that v; is a strict monad morphism from the monad to
the monad 7; and thus induces a functor (%;)"" — (%;)”:. Precomposing with Cang, :
9D, — (€;)" (see Example 2.1.5) yields p; : 9 — (%;)7:.

We are now going to show that the 2-transformation w : B — A given on level ¢ by
¥y, p; is 2-natural. It is enough to check naturality with respect to the generating 1-cells
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and 2-cells. To deal with naturality with respect to 1-cells, it is enough to show that in
the diagram

i -
B, BT
U;
v pi
B;
L;
i 9; (Biyvi)
R;
L DZ
]:i—l T
Gi %i_l ‘@11_11 9
Ui—1
Pi—1 pi—1
L1
%i— 1 @i—l

i—1
all squares other than the front and back squares are commutative. Example 2.1.5 implies
that the top and bottom squares are commutative, while the left square is commutative
by definition. For the right square, relation (ii) implies that (¢;_1,1) o (C;,6;) = (B;, i) ©
(¢;, 1), and thus the right square of the diagram

Pi

Z c, e
Dzl (Ciﬁi)j j(Biv'Yi)
Can T 1)
@i_l B;—1 %'611_1 (thi-1,1) t@f_ll

is commutative. The triangle identity of the adjunction L; 4 R; implies that the left
square commutes also. Finally, we need to check naturality with respect to the counits.
Recall that the counit ¢; of the free-forgetful adjunction is given by (€;) (s, m,) = ms. Thus,

€ip; = Vi€ = Uspi€; = pi€;.
Remark that the equation U;p; = R;1; determines the underlying object of the T; -

algebra p;(D) for all D € |%;|, and also how p; acts on morphisms. The equation €;p; = p;€;
determines the multiplication of p;(D), establishing uniqueness. [

The proposition below is a general result of enriched category theory. One can find it
in a slightly different form together with its proof in [9, Paragraph 1.10].

2.2.6. PROPOSITION. Let ¥ be a symmetric monoidal category and let X, € be V-

categories. Let F': X~ — [€°P, V| be a ¥V -functor such that its image is contained in the

essential image of the Yoneda embedding Y : € — [€°P, V]|. For each X € | 27|, choose a

representation of F(X), ax : €(—, KX) — F(X) (ax is a ¥ -natural isomorphism,).
Then, there exists a unique ¥ -functor K : & — € such that

a: YK = F

18 ¥V -natural.
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2.2.7. DEFINITION. Let F' : 2" — [€°°, V] be a ¥ -functor such that its image is con-
tained in the essential image of the Yoneda embeddingY : € — [€°P, ¥]. A representation

of F' is defined to be the choice of a ¥ -functor K : 2 — € together with a ¥ -isomorphism
YK — F.

2.2.8. THEOREM. Let € be a complete 2-category and T : Mnd[n] — € a 2-functor

. . (b 7Y ) b1771 .
corresponding to n composable morphisms of monads T, —— ...——=T, where T; is a

monad (T;, pi,m;) on an object B;.

Then, the enriched right Kan extension of T along j is given by a representation of
the diagram

(g(_mfn)

¢ (—, B, €(—, B,) ) 4
(= Ba) =——2=%(~, B,) ()
%(_vb’ﬂ) %(_7bn)7%(_7'77z)
%)(_Vf’ﬂfl) _
Cg(_aBn—l) Cg(_aBn—l)Tn_l*( )
E(— un—1)
(K(_nfo)
cg(_’BO) (g(_,BO)%*( )
E(—,u0)
which can be chosen to be
fn
B, - B,;r”
bn

By=——=DB]".
The lemma below is the key of the proof of Theorem 2.2.8.
2.2.9. LEMMA. Let o —2 [€°P, V] be a diagram of ¥ -functors. The enriched right
|
B

Kan extension of F' along J can be obtained as the adjunct of the composite

CP o, V] L (B, ).
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PrROOF OF LEMMA 2.2.9. Consider the diagram

~

CAGRT) [, [, V)
J* H Ran [1,7%] H [1,Ran,]
(B, [, V)] === [6"", B, V)]

Since the diagram of left adjoints commutes, the diagram of right adjoints commutes up
to isomorphism. n

PROOF OF THEOREM 2.2.8. Let Ran;T : Adjjn| — & be the enriched right Kan ex-
tension. Since the Yoneda embedding Y : 4 — [¢°P, Cat] preserves weighted limits,
YRan,;T = Ran;(YT). By the uniqueness statement of Proposition 2.2.6, we only have
to show that for X € |Adj[n||, Ran;(YT)(X) : €°® — Cat is the corresponding repre-
sentable.

By the previous lemma, Ran;(Y'T) is isomorphic to the adjunct of the composite

¢ (—,T(-)) Ran;

@or [Mnd|n], Cat] % [Adj[n], Cat],

which we denote by ad;(Ran; o ¢ (—, T(—))). We also denote by ady(Ran; o €(—,T(—)))
its adjunct €°P x Adj[n] — Cat.
By Proposition 2.2.5 and its proof, we can describe

Ran; : [Mnd[n], Cat] — [Adj[n|, Cat].

To a 2-functor X : Mind[n] — Cat, it associates its enriched right Kan extension given by
morphisms of adjunctions induced by the monad morphisms, between the corresponding
free-forgetful adjunctions.

To a 2-natural transformation « : X = X/, it associates the 2-natural transformation
Ran;a : Ran;X = Ran;X’ determined by the universal property of Ran;X’ applied to the
couple (Ran;X, - j). From the proof, this extension of « is given by the induced (strict)
morphisms of monads.

For a modification x : @ — @/, its extension Ran;x : Ranjae — Ran;a’ is given on the
algebras object by the same natural transformation as on the base object. This is the
only possible choice because of the relation it must satisfy with respect to the forgetful
functor, and thus a valid choice.

As a consequence,

ads(Ran; o €(—,T(—))) : €°° x Adj[n] — Cat

is the diagram (4). =
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2.2.10. REMARK. The theorem above can be interpreted with target category €°P, €
and €°°P instead of ¥. In the first case, it gives the morphism between the Kleisli
objects induced by an oplax monad morphism. In the second case, it gives the morphism
between the Eilenberg-Moore coalgebra objects induced by an oplax comonad morphism.
The last case gives the morphism between the co-Kleisli objects induced by a lax comonad
morphism.

2.2.11. COROLLARY. The 2-functor j : Mnd[n] — Adj[n] is fully faithful.

PROOF. This is a consequence of the previous proposition and the dual of [9, Proposition
4.23]. [

3. An explicit description of the 2-category Adj[n]

The goal of this section is to construct an explicit model for the 2-category Adj[n], and
thus derive one for Mnd[n], thanks to Corollary 2.2.11.

Let us first review the combinatorial model of Adj provided by Auderset, Schanuel
and Street, because we are going to build on top of this construction.

3.1. REVIEW OF THE EXPLICIT MODEL OF Adj. In [2], Auderset defines Adj up to
isomorphism by its universal property, computes half of the hom-categories, and shows
that the other half are duals of the computed ones. The 2-category Adj has exactly two
objects, A and B, and Auderset provided a quotient-free description of the hom-categories,
which are

e Adj(B, B) = A,, the category of possibly empty finite ordinals with non-decreasing
maps;

e Adj(B,A) = A_, the category of non-empty finite ordinals with non-decreasing
maps that preserve the minimal element;

o Adj(A,B) = A”,;

—00)

o Adj(A,4) = AP,

Unfortunately, the composition maps are not easy to express from this point of view,
for instance A% x A, — A% _is not clear in Auderset’s article.

There is a well-known isomorphism dual : A?” — A_ i, (that one can call Stone
duality for intervals, following for instance Andrade’s thesis [1, page 206]) where the
codomain is the category of non-empty finite ordinals with non-decreasing maps that
preserve the minimal and maximal elements. Another name for this correspondence is
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interval representation, because one can have the following picture in mind.

10 11

dual(f)

In [19], Schanuel and Street use Stone duality for intervals and express Adj in the following
way.

e Adj(B,B) and Adj(B, A) are as before;

e Adj(A, B) = A, the category of non-empty finite ordinals with non-decreasing
maps that preserves the maximal element;

hd Adj(A> A) = A—oo,-i—oo;

e the composition Adj(Y,”7) x Adj(X,Y) — Adj(X, Z) is given by ordinal sum
when Y = B. When Y = A, it is given by a quotient of the ordinal sum, where the
minimal element of an object of Adj(X,Y’) is identified with the maximal element
of the object of Adj(Y,Z) in the ordinal sum. One can picture an example of such
a composition in the following way;,

6 10 15

where on the right the dark grey region is considered as a point.
The adjunction data is given as follows:
e the left adjoint is 1 € Adj(B, A) while the right adjoint is 1 € Adj(A, B);
e the unit of the adjunction is the unique map idg = 0 — 1;

e the counit of the adjunction is the unique map 2 — 1 = id4.
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3.2. Adj[n], THE EXPLICIT CONSTRUCTION. In order to build an explicit model, we will
use lax comma objects. A brief introduction to them can be found in Appendix B.

Let TOFS be the full sub 2-category of Cat generated by the Totally Ordered Finite
Sets. The 1-cells are non-decreasing maps whereas the 2-cells are given by the order on
the 1-cells, as follows. For f,g: S — T, f < g if and only if for all s € S, f(s) < g(s).

Let TOFS, , be the locally full sub 2-category containing all objects but the empty
set and only the 1-cells that preserve the maximal element.

For X, Y € |Adj|, we define categories TOFSx y by setting

TOFS X # A;

TOFSxy = { TOFS.. X =A.

Remark that we have an inclusion ixy : Adj(X,Y) - TOFSxy. We write -aq; for
the horizontal composition in Adj. For two integers y < x, we write [y, x| for the set
ly,z] ={y,y + 1,...2}, which is naturally ordered.

Let us now introduce our explicit model for Adj[n].

e The set of objects is {(X, k) : X € |Adj|,k € {0,...,n}}.

e For the hom-categories, we set Adj[n]((X,z),(Y,y)) =0 if x < y. For x > y, we
define

Adj[n)((X,2), (Y.y) = ixy V' [y, 2],

where [y, 2] denotes the inclusion * — TOFSyx y hitting that object. (Note that
we keep only the underlying category of this 2-category: objects and 1-cells, which
become respectively 1-cells and 2-cells of Adj[n]).

More explicitly, a 1-cell from (X, z) — (Y, y) is a non-decreasing map p : m — [y, z},
preserving the maximal element if X = A. One can think of it as a colored ordinal,
with colors belonging to the set [y,z]. For instance, the picture below shows a
coloring of 5.

S o
— o
DN o
w e
=~ e

A 2-cell from p: m — [y, z] to ¢/ : m’ — [y, z| is a non-decreasing map f : m — m’
verifying some minimal/maximal element preservation condition depending on X
and Y, and such that u < u'f.

ety 0123
= Y
[y, ] 0123 4
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The composition is defined as follows. If XY, Z € |Adj| and x > y > z, we define
the composition

CX@’»Y»%ZVZ : Ad.][n]((K y)7 (Z7 Z)) X Adj[n]((Xa "L‘)7 (Y7 y)) — Adj[n]((Xa IL‘), (Z7 Z))
using Proposition B.5 and the diagram

Adj[n]((Y,y), (2, 2)) x Adj[n]((X, ), (Y,y))

where the top left morphism is given by projection onto the underlying Adj cat-
egories and composition in Adj. A lax natural transformation 6 fitting into the
diagram is just a collection of 1-cells O(m 1), (m/,u) : M -Aqy M — [z, 2] indexed by
objects of the top category of the diagram, that is, pairs of objects p : m — [z, ],
@ m’ — [y, z] satisfying a maximal-element-preserving condition depending re-
spectively on Y and X. The 2-cells don’t have to be specified, because there is
either one or no 2-cells between two 1-cell in TOFS. The 2-cells, if they exist,
can be defined in only one way, and all diagram will be automatically commu-
tative. Thus, in this particular case, 2-cells are equivalent to a condition on the
1-cells, which is that for all 1-cells f: (1,\) — (I, \) € Adj[n]((Y,y),(Z,z)) and
g (m,p) = (m', ') € Adj[n)((X,z), (Y, y)),

O 3y, ) (f ~Adj 9) = 0n), (mop)-
We define 01 1) (m,u) to be the composite

dl—1)dy A by

l'Adj m

By dy 4, we denote the Kronecker delta. Its value is 1 if Y = A and 0 otherwise. As
the notation suggests, we let (d'~!)* = d'~! and (d'~1)° = id. To check the condition
when Y = A, one can draw the following diagram

Atp

l+m-1 14+ m

=
I +m’
fradjg Sl’—1”dz’_1

I'+m' —1

[2, 2]
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and remark that id < d'~1s!'-1.

diagram when Y = B.

1067

One can consider the right triangle of the same

We provide below some examples of how 1-cells compose, first when Y = B and

then when Y = A.

Adj[n]((B,3),(4,1)) x Adj[n]((A,7), (B,3)) = Adj[n]((4,7), (4,1))

4

%3
[1,3]

Adj[n]((4,3), (B

4

i3 3
[1,3]

4 8
) —
34 567 12 374567
3, 7] [1,7]

1)) x Adj[n]((A,7),(4,3)) = Adj[n]((4,7), (B, 1))

4 7
) —
34 567 12 374567
3, 7] [1,7]

The composition is basically given by ordinal sum, with the exception that the
crossed point is discarded and the two points in the dark grey region are identified.
The 2-cells compose exactly as in Adj.

e The identities are 1(p ) = 0 = {k} and 1ap) =1 — {k}, for all k € {0,...,n}.

3.2.1. PROPOSITION. The 2-category Adj[n] is well defined: its composition is associa-

tive.

PRrROOF. Let (X, x),(Y,y),(Z,z) and (W,w) be objects of Adj[n] with z >y > 2z > w.
Remark that the lax natural transformation associated to the 2-functor

Adj[n]((Z, 2), (W, w)) x Adj[n]((Y,y), (Z,2)) x Adj[n]((X, x), (Y, y))

Adj[n]((Z,2), (W, w)) >L< Adj[n]((X,x), (Z, 2))

Adj[n]((X, z), (W, w))
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has value on a triple of objects p: r — [w,z] p: m — [z,y| 7 : p = [y, 2] given by the
composite

r—1\6 T
e +m -5 q; ppi,)[w, 2| U [z, 2] = [w, z].

I -Adj (rn *Adj P)

which can be further decomposed into

ar—1 Sz A qr+m—1 Sy A v T
i) r—l—m-Adjp( ) r+m+p+_“>[w,x].

r-adj (M -Aqj P)
On the other hand, the lax natural transformation associated to the 2-functor

A@M«Z@wa»XA@@«K@JZZDXAMMWXw%Wwﬂ
AMWWK@KWwDIAMMWXJ%WwD

Adjn]((X,z), (W, w))
has value on the same triple of objects given by the composite

(AT )y A (p)tm
(I‘ ‘Adj m) ‘AdjP———— (1“ *Adj m) + p% [wa y] U [y,x] = [wv x]

which can be further decomposed in

(dr.Adjm—l)(;YA (dr—l)BZA +u+7
(r-aggm) -agjp———(r-aggm)+p r+m+pp—#>[wjx]-

It is now an easy consequence of the cosimplicial identities that the lax natural transfor-
mations are equal, and thus from the universal property we deduce that the two 2-functors
are equal. [

3.3. PROOF OF THE 2-UNIVERSAL PROPERTY OF Adj[n]. Remark that the full sub 2-
category of Adj[n| generated by the objects (A, k) and (B, k) is isomorphic to Adj for
all k € {0,...n}. Indeed, 1-cells (X,k) — (Y,k) are maps n — [k, k| = {k}, with n €
Adj(X.,Y). Since {k} is a terminal object in TOFS, Adj[n]((X, k), (Y, k)) = Adj(X,Y).
We denote by Iy : (B, k) = (A, k) and ry : (A, k) — (B, k) the 1-cells given by the unique
map 1 — {k}. They are respectively the left and right adjoint of the adjunction on
level k. Moreover, we have by : (B,k) — (B,k — 1) and a; : (A k) — (A k — 1),
respectively given by the unique 1-cells 0 — [k —1, k] and 1 — [k — 1, k] (@) must preserve
the maximal element). Remark that precomposing b, with the right adjoint ry yield
1—[k—1,k: (A k) — (B,k—1) which is also the result of post-composing a; with the
right adjoint 7,_;. We thus have a chain of n adjunctions morphisms in our 2-category,
as expected.
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The next step is to show that they generate all data in Adj[n] (together with the
adjunctions) and that the relations that they satisfy are also satisfied by all such data in
any 2-category. For this, let us take a closer look at the 1-category

Ad.][n]((Xv ZL‘), (Y> y)) = iX,Y il [%x]'

The first observation is that it admits two interesting sub 2-categories. The first one,
which we denote by ixy |L. [y, 2], is generated by the 1-cells of the form

ic

1
m m

7lu 7l,,

ly, 1] ———[y, 2]

|

N

0
1

that is with the 1-cell component being an identity. The subscript ic stands for “identity
component”. The second one, which we denote by ixy . [y, 2] is generated by the 1-cells
of the form

/ m’

!
, ).

m

|
1
)

ly, 2] ————[y

s

The subscript s stands for “strict”. Any map

[y7 :U] - [ya 1’]

can be uniquely factored as the composite of a morphism in ixy !, [y, z] followed by a
morphism in ixy |} [y, z].

m ! m ! m’ (5)
tu 6]/ ju’f / ju’
[y, 2] ———— [y, 2] ——— [y, 7]

Actually, (Mor ixy J.. [y,7],Morixy J. [y,2]) is an orthogonal factorization system.
Indeed, we showed that any morphism can be factored uniquely.

Since the 2-category TOFSx y is locally a finite poset, the category ixy L. [y, ] is
a poset, thus all diagrams commute, and it is generated by pairs of consecutive elements.
Recall that two elements p; < p, are said to be consecutive in a poset P if the subset

{p€ P:p <p<py}is empty.
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Let us have a closer look at this poset. Its elements are non-decreasing functions
i m — [y, x|, preserving the maximal element if X = A. Functions are comparable
only if they have the same domain, and p <y if and only if u(k) < p/(k) for all k in the
domain. Thus, the poset is a disjoint union

IXy iic [yax] = H Pm,

meAdj(X,Y)

where P, = {pt : m — [y, z]}. Each set Py, also admits a metric, given by

= In) -

1€Em

If p < g/ < p” then d(p, i) + d(', 1) = d(p, 1”"). Remark that this implies that if
d(p, ') = 1, then p and p’ are consecutive. The converse statement is also true. This
means that ixy J!, [y, 7] is generated by the morphisms

ﬁ.m

(M)T / w

7] ———[y,z

for y < i <z and p'(¢) # 0, and where p*(1)(k) = p(k) — Ominu—1(i) 4 for all k € m. The
object p'(11) can be thought of as the predecessor of p obtained by moving the minimal
member of the i-th fiber to the ¢ — 1-th fiber. Let us name this morphism Tft () — .
Since p‘(u) and u are at distance one, they are consecutive. All pairs of consecutive
elements are of this form, and thus ixy |}, [y, 2] is generated by these elements.

Let us focus now on iy y J! [y,z]. Since the 2-cells are identities there, the square

m— 7w
i

commutes on the nose. Thus, the domain object is determined by f and the codomain.
We denote this morphism by f, : (m, ' f) — (m’,1'). Generators of ixy J. [y, ] are
given by maps d, : (m —1,ud’) — (m,u) and s, : (m+ 1, us’) — (m, p) for 4, j such
that oy 4 <i<m —0x4 and 0 < j < m — 1. The conditions express that the morphisms
may have to preserve the minimal or maximal element or both, depending on X and Y.

The fact that the maps listed above generate ixy | [y,z] is a consequence of the
decomposition lemma of Gabriel and Zisman [6, Lemma 2.2 page 24]. This lemma explains
that a non-decreasing map between ordinals can be uniquely factored as a sequence of

codegeneracies followed by cofaces, when one sets appropriate constraints on their indices.
It can be generalized as follows.
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3.3.1. THEOREM. A morphism f : (1, \) = (m, ) in the category Adj[n](X,z)(Y,y) can
be written in a unique way as a composition

( 1 ) FI=1+1 Fuf=1) < )
)\ — —— ,uf Zl2k5 >1

S -

E( e ) (ot )= () —
H’f - k050x :uf_ 50:(3 :uf 1

[ 1 it . —s+1 sit m-—s
juf o ud’s ~d s pds - - - d )1

dil . disfl i
< m-—s ) udis -di2 udis ( m-—1 ) d;? < m )

(Z m—5XA>iS>...>i125y,4;

and where the o are place holders for indices easily determined but unpleasant to write
down.

Proor. We already stated that f can be decomposed in a unique way as the composition
of a morphism in ixy }.. [y, z] followed by a morphisms of ixy J. [y, x]. Remark that the
decomposition of a morphism as a composite of generators in ixy J.. [y, ] is determined
by the objects of the sequence, since it is a poset. The uniqueness of the decomposition
in ixy . [y, x] follows from the Gabriel-Zisman lemma [6, Lemma 2.2 page 24]. "

Let us now describe relations between the 7/ and the d/,,s%. Let p: m — [y, z] and
y < j < x be such that u='j # (. Said differently, i is such that TZ is a well defined
morphism of Adj[n]((X,z),(Y,y)). Let w = min pu~'(j).

Let us consider first p’(,u) f, when f:1— m. Remark that for all £ € 1,

[P (1) 0 f1(k) = po f(k) = X1 (K),
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where x4 denotes the characteristic function of the subset A. If f~1(w) = 0, remark that
P (1) f = pf. In particular, if i = w, one obtains
dyy = Ty © Ay (-

If f~Y(w) # 0, then min(p o f)~(j) = min f~!(w). Thus, p’(u o f) exists. Moreover,
for all k €1, pj(ﬂof)(l?) = 110 f(k) = Omin y~1(w) k- As a consequence, if f~Hw) contains a
unique element, then p’ ()o f = p’ (o f), which implies that the two following composites
are equal.

o) 2 f) L () () o £) 2 (m, (1)) P (mm, )

| ! | ! m - 1 ! m ! m
pj(uf)j = Juf lu lpj(u)Of pﬂ'(u)L = lu
[y, 2] ———=ly, 2] ——= [y, ] 2 1 [y, 2] ——— [y, <]

This is in particular true when f = d, s* with min ~!(j) # 4, and thus we have

j VA S S
e stor . =7l05".
ps? I ()

1 1
i o —1iodl.
¢ dﬂoTudl T Odp](u)'

If min £~ (1) = ko and ky+1 € £-1(w), then p/(uf) (ko) = j — 1 and p(uf) (ko + 1) = 5.
Thus, p’(p’(uf)) is defined, and, for all k € 1,

P (uf)(R) = pf (k) = Oko b = Orot1 e

Thus, if f~'(w) contains exactly two elements, p’ (p’(uf)) = p’ (i) o f. As a consequence,
when f = s’ and i = w, the diagram

P (ps')) —20 o i (pust) — 2 s (6)
js;j(u) ; Sh
P (1) - u

is commutative. Remark also that if y < ¢ < z, then
P ()7 (0) = (@) fmin ™ (7)3) U (fminm ™ ()} 0 (64 1)
Thus, if j # 4,7 + 1, p'p’(u) exists if and only if p=1(i) # 0 # p~*(j) and for k € m,

P (P (1)) (k) = 1(k) = Ormin =1 (i) — Orminu=12(5) k-
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Remark that p'p™™(u) exists if and only if p='(i + 1) # 0. If also (i) # 0, then

pi(PiH(M))(k) = M(k) - 5minu—1(i),k - (sminu—l(iJrl),k-
Thus, when 7. and 7} both exist, we have the following equality:

i R IO
ol [ =71loTt, ..
T © Tpituy = Tie © Tpi ()

We have now almost proved the following theorem.

3.3.2. THEOREM. The category Adj[n]((X,z)(Y,y)) admits the following presentation.

(i) Objects are non-decreasing maps m — [y, x| that preserve the mazximal element if

X =A.
(i) Generating maps are given as follows.
cofaces: d, : (m — 1, ud") — (m, ) for dya <i <m —dxa and all objects (m, j1)
withm — 1 € |Adj(X,Y)|;
codegeneracies: SL s (m+ 1, pust) = (m, p) for 0 <i<m and all objects (m, u);

transfers: 7. : (m,p'(u)) — (m,p), for all objects (m,p) and y < i < x with

p (i) #0 and min gt (i) #m —14if X = A.
(#ii) The relations are given by requiring all the diagrams below to commute, under the
condition that all generators exist in the category.
o Fori <y,

db . s’
ps®

(m = 2, pdd') “> (m — 1, pud’)  (m+ 2, ps's?) 2= (m + 1, ps') .

2] 1 | [ (7)

(m — 1, pd') ——— (m, ) (m+1,ps’™") —— (m, p)
w Sk
o d’ ®i )
(10, 57 d) —— 2 (1, )
i |« ®)
(m 41, jud') —— (m, )
m
o fori>j+1
(m, ps?d’) o (m+ 1, s

J L t (9)

(m + 17 /’Ldi_l) - a1 (m7 ,LL)
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(4 1,5 5 (m, ) — (m 4 1, a5
b
! (m, p1) ’
(m, pp? (1)) — 24— (m, p' (1))
jﬂiw ) Lﬂi
(m, p/ (1)) —— (m, 1)
o Ifi# minp'(j),

T T

(m+ 1,7 (us))" > (m + 1, ps%)  (m— 1,07 (ud?))"™> (m — 1, pd’) .

S0 (1) l Ls@ Li () L ldﬁ

If i =minp~(j),

J ,7_J

(m+ L, (97 (15%))) 2 (m 4 1, p7 (7))~ (m + 1, )

7 7
lspf () jsu
J

(m, p7 (1)) . (m, 1)

3.3.3. REMARK.

(10)

(11)

(12)

(13)

(14)

e The first five diagrams of the statement of the Theorem 3.3.2 are the obvious gen-
eralizations of the cosimplicial identities. The last two identities should remind the

reader of the relations satisfied by monad morphisms.

e One can think of Adj[n]((X,z)(Y,y)) as consisting essentially of a product of

[y, z]| = y — x + 1 copies of A, which are related by the transfers.

e The presentation of Adj[1]((B,1)(B,0)) given in Theorem 3.3.2 is leveraged in
Proposition 4.2.2 to describe functors (A |! 2)°P — Set as biaugmented bisimplicial

sets with more structure.
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PROOF OF THEOREM 3.3.2. Let us write F for the free category generated by the
objects and generators above, and ~ for the congruence generated by the relations.
Since the relations are verified in Adj[n]((X,z)(Y,y)) there is a functor T' : F/. —
Adjn]((X,z)(Y,y)). The functor T is full since the second category is generated by
those morphisms as well.

Let us show that the relations (11) imply that the subcategory generated by the
transfers in F/. is a poset. Recall that there is a natural order on the objects, given by
pu <y if and only if p and g’ have the same domain m and p(i) < p/(¢) for all ¢ € m.
We will show that this subcategory is exactly the category associated to this poset. We
thus consider the subcategory %, of F/. generated by the objects p : m — [y, z] for a
fixed m and the transfers between them. Recall that there is also a metric given by

dip, 1) =Y |u(@) = 1/ (i)].
i€Em

Recall also that if p < p/ < p” then d(p, ') + d(p/', 1) = d(p, ). Remark that by
construction, there is a transfer y — p' in %, if and only if p < g/ and d(p, ¢/) = 1 and
furthermore this transfer is unique. By 3.3.1, there is a map p — p' in %, if and only if
<

Let f,g : p — 1/ be two morphisms in %,,,. We prove by induction on d(u, p’) that
f = g. The case d(u, ') = 2 is a direct consequence of the commutativity of (11). We
suppose that the result is proved for 2 < d(u, ') < n, and we prove it for d(p, u') = n.

Let us consider a decomposition of f, g into generators, and name them f = f,--- f1,
g = gn---g1. Remark that the number of generators is the same as the distance from pu to
1. Now, consider fi : u — fi, and gy : p — . If fi = g1, then the induction hypothesis
implies that f, - fo = g, --- g2 and thus f = ¢. If not, then ji and i are not comparable.

Consider a diagram i ——sup(ji, j1) <<— i . Consider also a map k : sup(fi, i) — 4.
By the induction hypothesis, f, -+ fo = k-7 and g, ---g> = k- j. By the case n = 2, and
since d(ﬂﬁ Sup(laa [L)) =2,if1i=7Jg.

We are now ready to show that 7' is also faithful. Indeed, suppose that w,w’ € F
are morphisms such that T'(w) = T(w'). The relations given above are enough to find
other morphisms v, v € F, with v ~ w and v ~ w" such that v,v" are words in the same
form as in Theorem 3.3.1. By uniqueness, T'(v) = T'(¢') if and only if v = v’. Thus,
Tw)=Tw) =w~uw. "

We are now going to show that the objects, generators and relations of Theorem 3.3.2,
which are respectively 1-cells, 2-cells and their relations in Adj[n|, are 2-categorically
generated by the adjunctions and the commutative squares involving the right adjoints
in Adj[n|. Let us write I = 7x; €k, ni for the data corresponding to the k-th adjunction,
and ay : (A, k) — (A k—1), by : (B, k) — (B,k — 1) for the adjunction morphism from
the k-th adjunction to the (k — 1)-st. The next proposition describes how the 1-cells
Tk, Uk, a;, by for 0 < k < nand 1 < i <n generate all 1-cells of Adj[n].

3.3.4. PROPOSITION. Let pu: m — [y, z] be a 1-cell (X,z) — (Y,y), and let k; = |~ (1)
forally <l <zx.
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(i) If X =Y = B,

(Tzlz)kx (Tz—ll:c—l)kx71 (Tyly)ky
p= (B,z) 2= (B, —1) —=...—%(B,y). (15)

(i) If X = B,Y = A, there exists t € [y, x] such that k; > 0, since m > 0 in this case.
Then,

(rcclcc)kz (Tz—llz—l)kx_l (Ttlt)kt71

) () -

p= (B,x) 2= (B,x — 1) —=...—(B,1)

;
(A7t>L(Aut_ 1)ﬁﬂ'(*’47y)
(le—1re—1)*t=1 (Lyry)*y

(16)
(ii) If X = A, we have

. (B.y). (17)

5y B
(A’(L’)L(A#p—]_)éﬂ(fl’y)

O O O

(lwr:l;)kz71 (lzfl"’zfl)kz_l (lUTU)ky

PROOF. We leave the proofs of equations (15) and (17) to the reader, as a good exercise
to become familiar with the composition. We prove now equation (16).

Define v to be the minimum of x4~ ![¢, 7] and consider the map A :m — v — 1 — [¢, 7]
induced by the restriction of p to the set {v +1,...,m — 1}. We consider X as a 1-cell
(B,z) — (B,t). Since |A"Y(l)| = k; for [ > t and |A\7'(t)| = k¢ — 1, equation (15) implies
that

A= (1) by by - (1al)Re

Also, ayly : 1 — [t — 1,t] is the map which contains ¢ in its image (direct computation).
As a consequence,
adih = aply(rele) ¥ o - by - (raly)™

is the map m — v — [t — 1, z] induced by the restriction of u to the set {v,...,m — 1}.
It is a l-cell (B,z) — (A,t—1). Let p: v+ 1 — [y,t — 1] be defined by p(w) = u(w) for
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w < v and p(v) =t — 1. We consider it as a 1-cell (A,t —1) — (A, y). Since [p~*(])] =k
forl <t—1and |p~!(t —1)| = k;_; + 1, equation (17) implies that

p= () - aypr - ary - (l_yr)".

Now, i = p- A, since we are composing at (A, — 1). [
3.3.5. COROLLARY. The underlying category of Adj[n] admits the following presentation.
e Objects are pairs (X, k), k € {0,...,n}, X € {A, B}.

e Generators are ly, : (B, k) — (A k), rp : (A k) = (B, k), for all k € {0,...,n} and
ag : (A k) — (A k=1), by : (B,k) = (B,k—1), forallk € {1,...,n}.

e Relations are given by by_17x = rp_1ay for allk € {1,... ,n}.

PROOF. Let F be the category generated by the objects and generators above, and ~
the congruence relation generated by the relations above. Since the corresponding 1-
cells in the underlying category of Adj[n| verify the relations, there is a unique functor
T : F/. — Adj[n| which is bijective on objects. By Proposition 3.3.4, T is full: all 1-cells
are the image of a composite of the generators.

Let w be a morphism in F((X,z),(Y,y)). Remark that the relations enables us to
find C(w) € F((X,x),(Y,y)) with C(w) ~ w where C(w) is of the form of the right-hand
side of one of the equations (15), (16), (17).

If w, w" are two morphisms in F((X, 7), (Y,7)) such that T'(w) = T'(w'), then T'C'(w) =
TC(w'). Equations (15), (16), (17) imply that C(w) = C(w’), and thus w ~ w’. As a
consequence, T is faithful and an isomorphism of categories. [

We provide in the following two propositions explicit formulas for the codegeneracies
and cofaces in the different hom-categories of Adj[n].

3.3.6. PROPOSITION. Let p: m — [y,z]| be a 1-cell (X,2) — (Y,y) and 0 < j < m.
Let t = p(j), ki = |p=' ()] for 1 € [y,a], k) = {u € m : p(u) = t,u < j}| and
ky =Huem:p(u)=tu>j}

(i) f X =Y =B,

(rals)ke (rele)t (rele)*? (ryly)
O O e O
sh= (Boa)—> . =" (Bt)__ ynals (B.t)—~...—=(B,y).  (18)

rely
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(ralz)ke
s = (B,x) 2> ... 2 (B,1) (19)
:
lire
(Avt) it/(A)t)L : y—+>(A7y)
o 0
(ltrt)k% (ltrt)k? (Lyry)ky
(ZZZ) If X =A,

S = (B.y).  (20)

TSYB

(lz?"t)k? (lyry)ky

PROOF. We prove (18) and leave the other verifications to the reader. By (15), the 1-cell
(ryly)" - bypr -+~ by - (rly)¥ 2 (B,t) — (B,y) is the unique non-decreasing map

viky+ ...+ ki1 + kP — [y, 1]

such that |v=1(1)] = k;, for y < 1 < t and [v=(¢t)| = kY. Similarly, by (15) the 1-cell
(rtlt)ktl byp1 by (rply)f= (B, z) — (B,t) is the unique non-decreasing map

Voiki ke .k — [t ]

such that [v/7Y()| = Kk, for t < I < z and |[v/7'(¢)] = k}!. Remark also by direct
computation that (ri€;l;) is the unique map

(s%,id) : (2 = {t}) — (1 — {t}).
As a consequence, the 2-cell of the proposition is

v-(s%id) - v = st kutky (Z k+1— [y > (Z k) — )

l=y

where the second 1-cell is p. The last step is to check that j = ffl ky + &Y. [
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3.3.7. PROPOSITION. Let p : m — [y, z] be a 1-cell (X,z2) — (Y,y) and 0 < j < m.
Lt t = p(i). ki = | O)] for 1 € [y.x], and define k) — [{u € m : p(u) = 1.1 < 7},
by =H{u€m: p(u) =tu>j}.

(i) If X =Y = B, we have

1
(rals)ke (rels)ke (rele)®

1
@ = (Ba) 2 (B (B e 2E(BLy),

T‘tlt
(i) If X =B)Y =A, let s=pu(j —1). We have

(rely)k (Ttlt)ktl (T‘tlt)kg (rsls)Fs =1

(lyry)ky
1) If X = A, let s = pg—1) V=4 We have
Y Y =8B
(rele)*? (rals)hs=1
d = (B.1) bn (B1) L= E(Bs) (B.y).
- relt lls TSYB
(A,2) . = (A1) (A,8) —...—=(A,y)
(lzrz)kz_l (rtlt)ktl (lyry)ky
PROOF. Left to the reader. m

We describe now how the transfers are generated. For this, compute the mate of the
identity map b;r; = r;_1a;, that is (€;_1a;l;) o (Li—1bm;) = li_1b; = a;l;. The result is the
map : (d':1— [i—1,i]) = (d"':1— [i — 1,7]) where the first map hits i — 1 and the
second 7. This is the transfer 7’,_, € Adj[n]((B,k)(A, k—1)). Let us call m; : {;_1b; = a;l;
the mate of the identity map b;r; = r;_14;.

All the other transfers can be obtained by pre or post composing this 2-cell with
appropriate 1-cells, as the following proposition shows.
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3.3.8. PROPOSITION. Let p:m — [y, x] be a 1-cell (X,z) — (Y,y) andy <t < z. Lel
= [~ (D) for l € [y, =].

(i) fX=Y=8,1,=

(rule )= (rely)ke=t (re—1li—1)kt=1 (ryly)ry

t—l

by—1 by+1

(Bt 1)—...—(B,y).

(B, l’) bz bt+1

(i) If X = B,)Y = A, We have

(ralg )= (relg)ke—1

3

i = (B,w) 2. 22 (B,t) =~ (B,t) — (B,1 — 1) (21)

Tt—1
ltjm T I / lltl

(At —2(At—1)—>(At-1)==. 2=

(le—1re—1)Fe—1 (lyry)ry

(iii) If X = A,

(B,t) '~ (B,t) —"(B,t — 1) (B.y).
Tt ltl,// | rio1 / th_l T(ry)(SYB
(A7 ZL') — st ﬁ}(Aa t) (A7 t) —= (A’t - 1) ? <A7t - ) ay+1(A7 y)

O O O

(lyre )Rz =1 (Lerg)ke—1 (le—1re—1)Rt—1 (Iyry)rv

(22)

PROOF. It is enough to check that the domain and codomain are as expected, since the
subcategory ixy J!,. [y, 2] is a poset. One can compute the domain and codomain from
Proposition 3.3.4. n

3.3.9. THEOREM. The 2-functors Adj[n] — € are in bijective correspondence with se-
quences of n composable adjunctions morphisms in € .

PROOF. Let ADJ[n] be the 2-category presented by computads as in coequalizer (3). L
us denote [; = [Li], 7 = [Ri],a; = [A;] and b; = [B;] the generating 1-cells of ADJ[n|. L
also €; and 7); be the counit and unit of Z; -1 7; respectively. We denote by m; : l;,lb =a
the mate of the identity l;zfz = T;_10;.

ﬁ
a;l;
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Since Adj[n] has n composable adjunction morphisms, this determines a unique 2-
functor sending the adjunction I; 4 7, (€;,7;) to the adjunction I; 4 7;(e;,m;), b; to b; and
a; to a;. We denote this 2-functor by

T : ADJ[n] — Adj[n].

Remark that by the Corollary 3.3.5, and the fact that the underlying category functor
2-Cat — Cat preserves colimits (it is a left adjoint), 7" is bijective on objects and 1-cells.

To prove that it is locally full and faithful, we are going to show that 7" has an inverse
locally. To do so, we use Theorem 3.3.2 and Propositions 3.3.6, 3.3.7 and 3.3.8. More
precisely for (X, ), (Y,y) objects of Adj[n|, we use the formulas of the propositions to
determine S(x z)v,y) @ Adj[n](X,2)(Y,y)) = ADIn]((X,z)(Y,y)) on the objects and
generators, such that Tixz)(vy)Sxy)(viy) = Ladjinl((xX2).(viy))-

To prove that S extends to a functor, we need to show that the images of the generators
of Adj[n]((X,z)(Y,y)) in ADJ[n] satisfy the relations of 3.3.2.

e The cosimplicial identities (7), (8), (9) are satisfied by the images of the correspond-
ing generators in ADJ[n| because the interchange law holds in ADJ[n].

Identity (7) Let ¢ < j. The case u(i) = p(j) is well known. Let p(i) = s <t =
(7). The interchange law of the pasting diagram

(7ely) ¥ (Fsls)s GRALY

O 0 a0
(B,t) {a (B,t)——...—=(B,s) i (B,s)
il 7isl,
implies the commutativity of the first diagram in all cases. The interchange
law of the pasting diagram

(Ntft)k% (~t7:t)k? (isfs)lCé (~s7:5)k2
L, " ls7s
f‘ at Qs _
(A,t)\Ue;(A,t)—> (A,s) & (A,s)
1 1

implies the commutativity of the second diagram in all cases.
Identity (8) Let i < j. The case (i) = p(j) is well known. Let p(j) = s >t =
(7). The interchange law of the pasting diagram

-0
(7elt)ke

xil

1
(B,1) Vi (B.t)

Tl
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implies the commutativity of said diagram in all cases.

Identity (9) Let i —1 > j. The case pu(i — 1) = pu(j) is well known. Let p(j) =
s <t = u(i —1). The interchange law of the pasting diagram

~ 1.0 1
Ft t k (Ttlt)kt (Fsls)ks

() 1, O

(B.) i (B,1)—~... =" (B,5)

(I7s)Hs

rtlt
(A, s) e (A, 5)

—
1

implies the commutativity of said diagram in all cases.

e Relations (11) and (12) are also satisfied in ADJ[n] because the interchange law
holds. We leave it to the reader to write down the corresponding pasting diagram
as above.

e The cosimplicial identity (10) is satisfied as a consequence of the triangle identities
for the adjoints in ADJ[n].

e Relation (13) is a consequence of the commutativity of the diagram

b
-1 ~
> Ti— llz 1b

jﬁlﬁ%

il =———="Ti10l;

b;

ﬁl <—S“l

i
b;

and the interchange law. The previous diagram itself is commutative because of the
following equality.

(B,i) — (B, 1) (B,i) — (B, i) —1)
f”// /'/’”/ - "// /
Az—l (A,i—1) Az—l

e Relation (14) is satisfied because the diagram

g 7. lrz 1mz 7 ~ ~ 7
lioq7ie llz 1b —>li—17“i—1az'lz‘—

gi_ll}_lgit Laigiii

liab
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commutes and the interchange law holds. The diagram is commutative since we
have the following equality.

(B @—1) b 2—1)

(A1) Az—l —1) _ Az—l
1<t:‘i4(Bri i_;) 1

I //f /Zl i1 '

(Ai) — —(A,i—1) (B,i—1)

Note the similarity with the proof of Proposition 2.2.4, except that the codomain is
changed!

A consequence of the existence of Six 4 (v,y) is that T(x ) v,y is full. To show that
T x,2),(v,y) s faithful, it is enough to check that S(x ) (v,y) is full. Remark that by construc-

tion, generators of ADJ[n|((X,x),(Y,y)) are given by (equivalence classes) of diagrams
g

(X, z) g, (Z,z2) o~ (W,w) —% -~ (Y,y) , where f, k are morphisms generated by
h

the 1-cells, and a : g = h is a generating 2-cell, that is, a unit or a counit. First,

from 3.3.8 we conclude that by construction, all morphisms of the previous form with
a =m; for 1 <4 < n are in the image of S(x u),(v,y). Proposition 3.3.6 shows that the gen-

li7
erator (X,z) —(A,t)__ &l (A, t)—(Y,y) is in the image of S(x ), When
1

f=l-f. Iff= a;1f’, remark that the generator is actually equal to the composite

l~t£t+1
(X,2) —Lo (At + 1) 2 (B4 1) Tt (A1) —2= (Vi)

Gt+1le+1

lt+1T¢41

(X,2) L= (At 1) ot - (A4 1) (41— (V)

1

Since Proposition 3.3.6 also permits to conclude the case €,, by induction all generators
with « a counit are in the image of S( X,2),(Y,y)- Proposition 3.3.7 shows that the generator

1
(X, x) (B,1) @ (B,t) — (Y, y) is in the image of Six z),(vy)- n

Telt
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4. Some homotopically interesting observations

In this part, we provide some evidence that the hom-categories of Adj[n] can be of interest
to the homotopy theorist. We start by showing that they are Reedy categories.

4.1. THE HOM-CATEGORIES OF Adj[n] ARE REEDY. Let 2 = Adj[n|((X,z), (Y,y))
with & > y. We show here that & is a Reedy category (in the sense of Hovey, [8, p.124]).
Let Z_ be the subcategory containing all objects and maps

ly, 7]

where f is surjective, and %, the subcategory containing all objects and strict injec-
tive maps. That (2_, Z.) is a factorization system follows from the combination of the
factorization system (Mor ixy |, [y, 2], Mor ixy . [y,2]) (see factorization (5)) with
the more classical factorization system ({surjective strict map}, {injective strict map}) of
ixy % [y, z]. This can also be recovered from the double factorization system (as defined
in [13]), also called ternary factorization system, consisting of the following three sets of
maps
(Mor ix.y |%. [y, 7], {strict surjective maps}, {strict injective maps}).

For each n, the poset of morphisms P,, = {n — [y, x|} is finite. It is a classical result
that one can extend any poset to a total order using some finite choices. We apply this
to the dual of P, to get a functor A, : Pe? — |Py|. More explicitly, if P, has N elements,
An is an order-reversing bijection P, — {0,..., N — 1}. We define the degree function
d:|2| - N xN by

d(v:n = [y, z]) = (n, An(v))

where the product is endowed with the lexicographical order.

Let f: (n,v) — (m, 1) be a strict injective map. Then, either n < m or n = m. The
first case readily implies that d(n, ) < d(m, u), while in the second case, the strictness of
f implies that v = p and thus f is the identity. This shows that non-identity morphisms
in 7, raise the degree.

Let g : (n,v) — (m, u) be a surjective map. Then, either n > m or n = m. In the
first case, n > m already implies d(n,v) > d(m, ). In the second case, either v < p or
g is an an identity morphism. But then A,(v) > \,(u), and thus d(n,v) > d(m, u), as
expected. We thus have proven the desired result.

4.1.1. PROPOSITION. For all X,)Y € {A,B}, n € Nandn > x > y > 0, the hom-
category Adj[n|((X,x),(Y,y)) is a Reedy category.

4.2. THE EXTENDED BAR CONSTRUCTION. Let (A x A), be the full subcategory of
A, x A, containing all objects but (0,0). A biaugmented bisimplicial set is a functor
(A x A)P? — Set. We use standard notation for bisimplicial sets, which we recall below.
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4.2.1. NOTATION.
e If X is a biaugmented bisimplicial set, X, == X(n+1,m+1).

e If X isa biaugmented bisimplicial set, d := X(d' x 1) : Xpg110, — Xngm, and
df = (1 X dl) : no ni+l 7 Xno n- Likewise, S? = X(Sj X 1) : Xno’nl — Xn0+1,n1
and S;) = X<1 X 5]) : Xno n 7 Xno n1+1-

e We denote by Aln,m| the functor (A x A)J — Set represented by (n+ 1, m + 1).

A biaugmented simplicial set looks like

-
X_10=—Xpp2 X1 Xopo
=
X 11 <~—Xoa1 X1 Xo
-
X_10=~—Xoyp Xip Xopo
=

Xo 1= X1, 1= X2 -1

Let us consider the category A, |' 2 = Mnd[1]((B,1),(B,0)). There is faithful
functor j : Ay x A, — A, ! 2 that is bijective on objects and given by the ordinal sum
jnm)=(n— 1)+ (m — 1) for all n,m € A,. It is similarly defined on maps. The
image of this functor is A, ! 2, the subcategory of strict maps. The functor j restricts
to a functor

ji(Ax AL = A2

whose image is still the subcategory of strict maps. We thus have a category isomorphism
j:(AxA)y — Al 2 For convenience, we will write (n, m) to denote j(n, m) and use
the notation for bisimplicial sets for vertical and horizontal faces and degeneracies.

4.2.2. PROPOSITION. A functor (A K 2)0p — Set is a biaugmented bisimplicial set X
together with maps 7 : Xy 41 — Xgt1, such that the following diagram are commutative

T* T*
X — Xpq1041 Xy — Xpq1041
o for0<i<k ldg jd? lsf js?

T T
Xp—1g— Xpi-1 X1 — Xpqo1-1
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P —
X_12 Xo,2 Xi2 Xo2
X X, X, =X, =
1,1 0,1 1,1 21 ==
-~
X_10 X0,0 X1,0 X2
\ \ T*
X, X =X —
0,—1 L-1 = A1 =

Figure 1: Picture of a functor (A U 2)0p — Set

Xyt — Xpp101 *
: h +h Xk, Xpt1,0-1
0
) dn
l kel lsg lSZ-H
Xk,lfl X T X T X
ki+l = X1, — > Xgy2,1-1
T* T*
Xy — Xpy1041 Xy — Xpy1041

o for0<i<I[l—1 ldfﬂ ldf lsgﬂ lsg

* *

T T
X1 — Xpq1,1-2 X1 — Xpt1y

PROOF. Theorem 3.3.2 provides us with a presentation of the category A | 2 which
corresponds exactly with the statement of the proposition after identification of y — 2
with (z=1(0), x71(1)) and dualization. u

Thus, representing only the images of the generators, a functor (A U 2)0p — % can
be pictured as in Figure 1. We will now provide explicitly a functor indexed by (A |! 2)°P
associated to a morphism of adjunctions.

Remark that by its universal property, Adj[n]®°® = Adj[n|. This isomorphism inter-
changes the objects (A, x) and (B,n — x) and thus determines an isomorphism

Ad.][n]((A7 l‘), (Ba y))op = Ad.][n]((Av n-— y)? (B7 n-— l‘))
Observe that Adj[n]((A,n —y),(B,n —x)) = Adj[n]((A,z),(B,y)), and thus it also

determines an isomorphism

Adj[n]((A, ), (B,y))*™ = Adj[n]((A, ), (B, y))-
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As a particular case of Theorem 3.3.9, given an adjunction morphism in Cat,

e

[l =

=@/ — JZ{/
R/
there is a functor Adj[1]((A,1),(B,0)) — Cat(«/,#’). If we fix an object X € ||, we
can further compose this functor, so as to get a functor
Adj[n]((B, 1), (B,0))°* —= Adj[n]((A, 1), (B,0))°* = Adj[n]((4,1), (B,0)) —= &

If we write T"= RL and 7" = R'L’ for the monads associated to the adjunctions, the
diagram is given as follows.

TB3F(RX)~—T3FT(RX) ==T®FT?(RX) = T"FT3(RX)

T?F(RX)~—T?FT(RX) == T*FT*(RX) = T"*FT3(RX)

T'F(RX)~—T'FT(RX) ==T'FT?(RX) ==T'FT3(RX)

A
FRX <- - - - FT(RX) FT*(RX) FT3(RX)

The i-th row is obtained by applying (7")""'F to the bar construction of the T-algebra
(RX, Rex). The codiagonal maps are instances of the natural transformation which is
part of the monad morphism induced by the adjunction morphism. The j-th column
is the bar construction of the T"-algebra obtained from the T-algebra T9*'RX through
the monad morphism. An easy observation (and consequence of 4.3.4 below) is that the
diagonal of this biaugmented bisimplicial object is also a simplicial resolution of FRX as
a T"-algebra which is weakly equivalent to the classical bar construction of FRX.

4.3. THE EXTENDED ARTIN-MAZUR CODIAGONAL. The composite
(AxA), L -A}22 oA

is ordinal sum, and thus there is a diagram

Set™” f Set(AH2)” ]J_ Set(AxA)Y

Ran, Ran;
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in which the composition Ran, o Ran; is isomorphic to the Artin-Mazur codiagonal Tot,
which is by definition Ran,. Let us call Ran; the extended Artin-Mazur codiagonal and
write Tot := Ran;. We describe in more detail the right Kan extensions Ran, and Tot.
The first one is quite easy to describe. Indeed, if A[n] := A(—,n+ 1) : A°® — Set is the
simplicial set represented by [n] = n+ 1, and (mg + 1,m; + 1) is an object of A |} 2,
P AN|mgm; = A(mg +my + 2,n + 1). Remark that

P AN]mgm; € (A 2) ((mo+1,my +1),(0,n+1)).
As a consequence, if X € Set(Auz)op, a natural transformation ¢ : p*A[n] — X
is uniquely determined by ¢_1,(idn+1) € X_1,, and moreover this correspondence is
bijective. This shows that Ran,(X)s = X_1.. As a consequence, ﬂ_lv. = Tot. In
order to compute Tot, we generalize slightly a lemma by Cegarra and Remedios [4, (12)].
Denote by (A [! 2)[ng, ny] the functor (A |! 2)°P — Set represented by (ng + 1,n; + 1) =

([no], [ma])-

4.3.1. LEMMA. Let [n] = [no] 4 [m1] with ny > 0. There is a coequalizer in Set®*™)%

n—1 n

drtlx1 Zp;tp o I
IT 2ap.n—p-1] o [T Alp.n—pl ==i"(A 1 2)[no,m].
p=no+1 1xdo p=no+1

PROOF. Let [m] = [mo] +[m1] and f € j*(A ! 2)[ng, n1}mg.m,- The map f : [m] — [n] is a
non-decreasing map with the extra condition (when m; # —1) that f(mg+1) > ng+1.d

. FroN f(z) T < mo
Define f : [m] = [n+ 1] by f(z) = { df(z)+1 > mod
p=mnif m; = —1). Remark that f : (mg+1,my +1) = (p+1,n—p+1) is a strict
map, and thus belongs to (A x A),.Since p = f(mo + 1) > ng + 1,

and let p = f(mo + 1) (or

s [n+1] = [n] € 7(A 1 2)[no, n1]pn_p-
Observe that s f = f. Let the natural transformation x,, : A[p, n—p] — j*(A ' 2)[ng, n4]
be represented by sP. The previous argument shows that

n+1

pr : H Alp,n — p] — (A 1! 2)[ng, n4]

p=no+1
is surjective. Suppose now that f =z, (f1) and f = x,,(f2) and observe that
f(mo) < pr1,p2 < f(mo + 1).
o If p = p1 = po, filx) = folz) for all z & f~1(p). Let z € f~1(p). If x < myg

then f(mg) = p and thus p < fi(z) < fi(my) = p, since f; is strict. Similarly, if
x>mgp+ 1, then p+ 1 < f;(x) < p+ 1. This shows that f; = fo.
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o If po = p; + 1, then f(mg) # f(my) and p; < f(mp + 1). Up to modifying the
splitting of the codomain, f is a strict map

fi(me+1m;+1)— (p1+1,n—pg)
Post-composing by dP**! yields two maps

dP1t1=1xd0

f
(mo+1m;+1)—(p1+1,n—py)

(p1+1,n—p;+1)

f
(mg+1m;+1)—(p1+1,n—py)

dritl=gritlixi
—_—

(P1+2,n—py).
The first point implies that f; is the first composite and f, the second one.

e If p; < po, we can iterate the previous point to finish the proof.

4.3.2. LEMMA. For every ng, j*(A 1! 2)[ng, —1] = Alng, —1].

PROOF. Since (ng + 1,0) corresponds to the minimal map ng +1 — 2, all maps to it
must be strict. [

4.3.3. COROLLARY. Let X € Set ™Y Its extended Artin-Mazur codiagonal is given
explicitly as follows.

e Forng,ny >0

no+ni

T_Ot<X)TLO*1,7L1 = {('xnm cee xﬂ0+n1) € H Xp»“0+n1*p : dz+1(xp+1) = dg(xp)} :

p=no

® T_OJC(X>nO’,1 = Xno,fl'

o Forx= (T, Tngin,) € TO(X)ng_1.m 5

d;‘) (z) = (d;} (Tno), d;‘)—l(xno—l-l)v e 7d11)(xno+j—1)a d?+n0 (xno-&-j—i-l)v e d?+n0 (Tngtni))s
3;‘) (z) (S})(xno)7 55—1<xno+1)7 ce 3 80(Tng+),s S?Jrno (xno—irj)? S S?Jrng (Tngtni))s
d?(:):) (d?(xno), e ’d?(xno—&-m))a

57(2) = (87 (Tno)s -+ 87 (Tngem )5

T(2) = (Tngt1s -+ - s Trgtny)-

PROOF. Remark that Lemma 4.3.1 together with the description of DecA[n] given in
Cegarra and Remedios’s lemma [4, (12)] implies that Tot,,,—1 ,, = Tot(X,,+ee). One can
also derive the result directly from Lemma 4.3.1 using Yoneda’s lemma. ]



1090 DIMITRI ZAGANIDIS

)P

4.3.4. PROPOSITION. Let X € Set(®!'2 Then, for all n > 0 the augmentation db
Xen — X_1, of the n-th row admits a vertical extra degeneracy given by
Sk4+1 = 7" o 88 : ka — XkJrl’n.
ProOF. We should check that three identities are verified.
(i)
d2+1 O Sk+1 = d2+1 oT" 08
=dgjo s
= id.
(ii) For 0<j <k
d?03k+1 :d?OT*OSS
= T*d? o s

_ h
= sgodj.

(iii) For0<j <k

>

h o * v
Sj OS8k+1 =8, 0T OS5

h
j

%

=757 05

h
= Sk420 5§

and when j =k + 1,

h ___h * v

Spy1 9 8Sk41 = Spp1 OT 08
= (7*Vosgos;
= (1" ostos
ok v * v
=T OSOOT OSO

= Sk+2 O Sk+41-

n
4.3.5. COROLLARY. Let X € Set™V®™ . There is a weak equivalence Tot(j*X) ~ X_1,.

PRrROOF. By Proposition 4.3.4, all rows of j*X are homotopically discrete with mo(X, ) =
X_1p. Let A’)I(,l,. denote the bisimplicial set that is constant in the horizontal direction
with value X_;, in the vertical direction. The bisimplicial set map dgy : j*X — A% Lo
is row-wise a weak equivalence. As a consequence, its diagonal and thus its Artin-Mazur
codiagonal are weak equivalences as well, since the diagonal and the Artin-Mazur codi-
agonal are weakly equivalent ([3, Theorem 1.1}). Since X_;, is constant in each row,
Tot(X_1e) = X_1.. Thus, our map is a weak equivalence. n
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As a result, we get several new homotopical models for the diagonal of a bisimplicial
set. For instance dTot(X) =~ TotTot(X) ~ Tot(X)_1. = Tot(X). One can also keep
iterating the extended codiagonal.

A. Presentation of a 2-category by a computad

We want to construct an analogue of a free category on a graph, but for 2-categories.
Computads will play the role of graphs. Since 2-categories are categories enriched in
categories, computads will be graphs enriched in graphs. The material of this Appendix
is taken from [21].

A.1. DEFINITION. A computad ¥ is a graph Gr¥ together with, for each pair of vertices
A, B of Gr¥, another graph 9(A, B) whose vertex set is a subset of the set of paths in
the graph Gr¥ from A to B.

Any small 2-category € can be seen as a computad U(%) by defining GrU(%’) to be
the underlying graph of the underlying category of ¥ and with graphs U(%)(A, B) given

by U(%)(A, B)((fl, ey Jn)s (g1, - - ,gm)) =U%€(A,B)(fio...0 fu,910...0¢n). This
underlying functor also has a left adjoint, which is given in the following definition.

A.2. DEFINITION. For a computad &, the 2-category F¥Y is constructed as follows.
o The set of objects is the vertex set of Gr¥ .
e For A, B two vertices, we define a pair of graphs D*9 (A, B), D'4(A, B) as follows.
The vertex sets of both graphs are the set of paths in Gr¥ which start at A and

end at B. A diagram A—f>W@X—g>Y@Z—h>B, where f, g, h are

paths in |9| and o, B are arrows in G (W, X) and 4(Y, Z) respectively, is an arrow
of D*4(A, B), from the top path to the bottom one. On the other hand, a diagram

A—f>W@X—g>B of a similar form is an arrow in DG (A, B) from the
top path to the bottom one.
The category F4 (A, B) is the coequalizer in Cat of the diagram

F(D*9(A,B)) —= F(D'9(A,B)) —= F¥4(A, B)
where the two arrows correspond to decomposing a diagram

A—=Wah_ XY 7z-"-B

al bl
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either as the composite

f /aO\\
A—=W o)X >V
ay

bo
Alew 2 x Loy Bz B
b1

or

ALlow 2o x oy Rz eB

b1

b1

7. B

f /a—Os.
A——=W oy X =Y
ai
More generally, the 2-cells in F'¥ can be thought of as being built up from the ones
in ¢, by the operation of pasting (see [21]). For instance, the diagram

Aoy 1l0t1 As —>A4

// f7
Jas
A5

P
A1LA2@A3 frfe As
f3
o
f3f1
A1—®>A1@A3 frfe A5
fa
o
frfefa
Ay~ Ay TGy As > 4.
fs

represents the composite

The category of ¥ -categories is cocomplete as long as 7 is cocomplete, as first estab-
lished in [23]. This implies in particular that 2-Cat is cocomplete. We describe now a
very particular kind of coequalizer in this category.

A.3. DEFINITION. A presentation of a 2-category € by computads is a pair of computads
F
&G, A with same object set and a coequalizer F9G _>—G> FH ——= € in2-Cat, where F,G

are identities on objects.
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Remark that in the conditions of the definition above, € (X,Y) is always generated
by the image of F. 77 (X,Y).

B. The lax comma category
Let us recall some definitions that go back at least to John Gray [7].

B.1. DEFINITION. Let F,G : € — & be two 2-functors. A lax natural transformation
(aya) : F — G is a collection ac : F(C) — G(C) of 1-cells of 9, indexed by objects
C € |€|, together with a collection ay : G(f)ac = ac/F(f) of 2-cells of P, indexed by
l-cells f: C — C" € €, as pictured in the following diagram.

rc—* | per

GC GC'".

Gf
This data is subject to the following axioms.

Naturality of a: For all C,C’, a is a natural transformation

9(FC,FC")
y &,)*‘\
¢ (C,C") a” D(FC,GC").
m M
2(GC,GC")
More explicitly, for ¢ : f = f' a 2-cell in €(C,C"), the following diagram of 2-cells
commutes.
Ff
] T
Fc~ ol per
s
af >
ac // et
P TN
GC G¢U GC'.
~ N
Gy

Composition: If ¢~~~

of 2-cells

C" is a diagram of 1-cells in €, there is an equality
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Fo— _po | pev oY per
LQC a/? lac/ a% lac” - lac af// lac//
GO — = GO ——— GC" GC > G,
Unit: a;, = 1.
F

B.2. DEFINITION. Given two lax natural transformations € (a,a)“ “(ﬁ,b) 2 from the 2-

G

functor F to the 2-functor G, a modification («, a)%(ﬂ, b) is a collection of 2-cells of
9, M¢ : ac — Po for all C € |€|, such that the following diagram of 2-cells commutes
foral f:C —C"€%.

FC FC’

M
oo | —— BC Aol | =—> ﬂc/

J
%f

\
e /
/

GC GC'

B.3. DEFINITION. We define the 2-category Lax(€, Z) by letting the objects be the 2-
functors € — 2, the 1-cells be the lax natural transformations between 2-functors and
the 2-cells be the modifications between such lax natural transformations.

We introduce now lax comma 2-categories, which Gray called 2-comma categories.
Since one can form strict, pseudo and oplax versions of these constructions, we prefer to
add the adjective lax.

B.4. DEFINITION. Given two 2-functors dL%L%, we define the lax comma
2-category F' |! G as follows.

o An object is a pair of objects A € || and B € |%B| together with a 1-cell f : FA —
GB.

e A morphism from f: FA— GB to f': FA' — GB' is a pair of 1-cellsa: A — A,
b: B — B’ together with a 2-cell § : G(b)f = f'F(a);
FA—T" -~ pa

o=

GB—% . qp
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o A 2-cell (a,b,0) = (a',b,0) is a pair of 2-cells o : a = da’, : b=V such that the
following diagram of 2-cells is commutative.

Fa

/\
FA @l pa
\F_a//f

f9/> !

That is, f'F(a)o0 =60 oG(P)f.
o Composition is given by pasting such diagrams.

These 2-categories satisfy a 2-universal property. This 2-universal property was al-
ready known by Gray, [7, Proposition 1.5.1, page 102].

B.5. PROPOSITION. Let 2 be a 2-category and od-Lse¢<S B q diagram of 2-
functors, and consider

Lax(2, o) i Lax(Z',¥) ¢

Lax (2", #)
There is an isomorphism of 2-categories
Lax(2,F |'G)=F, |' G,

which is natural in Z .
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