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Abstract

This paper is the first step in a general program for defining cocalculus towers of
functors via sequences of compatible monads. Goodwillie’s calculus of homotopy
functors inspired many new functor calculi in a wide range of contexts in algebra,
homotopy theory and geometric topology. Recently, the third and fourth authors
have developed a general program for constructing generalized calculi from se-
quences of compatible comonads. In this paper, we dualize the first step of the Hess-
Johnson program, focusing on monads rather than comonads. We consider cate-
gories equipped with an action of the poset category 7(n), called 7(n)-modules.
We exhibit a functor from 7(n)-modules to the category of monads. The resulting
monads act on categories of functors whose codomain is equipped with a suitable
notion of homotopy colimits. In the final section of the paper, we demonstrate the
monads used to construct McCarthy’s dual calculus as an example of a monad aris-
ing from a P(n)-module. This confirms that our dualization of the Hess-Johnson
program generalizes McCarthy’s dual calculus, and serves as a proof of concept for
further development of this program.
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1 Introduction

Goodwillie’s calculus of homotopy functors [8} 9} [10]] has played an important role in the estab-
lishment of many significant results and insights in K-theory and homotopy theory. It has also
inspired the development of many new functor calculi in a wide range of contexts in algebra,
homotopy theory, and geometric topology. Each of these functor calculi is characterized by the
existence of a “Taylor tower” of “degree n” functors that approximate a given functor F, in a
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manner analogous to the Taylor series for functions, where the definition of “degree n” varies
from one flavor of functor calculus to the next.

The abelian functor calculus of Johnson and McCarthy [14]], designed for functors of abelian
categories, has its roots in classical constructions of Dold and Puppe and of Eilenberg and Mac
Lane. The methods used to define the abelian functor calculus were adapted by Bauer, Johnson
and McCarthy in [3]] to define the discrete calculus for functors of simplicial model categories.
Under certain hypotheses, the discrete calculus agrees with Goodwillie’s calculus for homotopy
functors, thereby serving as a bridge between the algebraic abelian functor calculus and the topo-
logical calculus of homotopy functors.

The discrete and abelian functor calculi are further distinguished by the means by which they
are constructed. Underlying each stage of the Taylor tower for both calculi is a comonad that is
simultaneously used to define what it means for a functor to be of “degree n” in that particular
calculus and to construct, through a standard bar and homotopy colimit constructions, a “degree
n” approximation to an arbitrary functor. The nature of these constructions suggests that these
methods can be generalized, to develop new calculi from sequences of compatible comonads, and
dualized, to create a framework for building cocalculi from sequences of compatible monads. A
general program for constructing calculi using this approach, is being carried out by the third and
fourth authors of this work [[11]].

On the dual side, McCarthy’s dual calculus provides an example of a cocalculus defined via
monads that is dual to the discrete calculus of [3]. Comparisons between the discrete calculus
and its dual led to interesting results about obstructions to Taylor towers being the product of
their homogeneous layers. These results subsequently led to the classification of various types of
functors (see, e.g. [15] [4]] [2] [5]). There are also recent applications of dual calculus to stable
cohomology operations [7] and operads in the co-category of T'(n)-local spectra [12], further
illustrating its utility.

This paper is the first step in the process of developing a general program for defining cocal-
culi via sequences of compatible monads, dual to the program of Hess and Johnson, which will
include McCarthy’s dual calculus as an example.

The comonads underlying the abelian and discrete calculi arise as the iterated homotopy
fibers of certain n-cubical diagrams, that is, functors out of poset categories 77(n) whose objects
are subsets of sets n := {1, ..., n} where n can be any natural number. That one can construct the
comonads used in the discrete and abelian functor calculi in this way is a consequence of the fact
that each cubical diagram arises from a P(n)-module, i.e., from a category equipped with an ac-
tion of P(n), where we consider P(n) as a symmetric monoidal category with union as monoidal
product. In the case of dual calculus, there are monads underlying the constructions which arise
as iterated cofibers of cubical diagrams. The cubical diagrams involved in dual calculus have dif-
ferent features, which indicate that an interpretation of these diagrams as 7(n)-modules require
a different monoidal structure.

The goal of this paper is to show that this process of producing comonads from 7(n )-modules
can be dualized to produce monads from 7(n)-modules, when considering P(n) equipped with
the symmetric monoidal structure given by intersection instead of union. Our main result, which
appears as Theorem[3.3] establishes the existence of a functor from the category of P(n)-modules
to the category of monads and can be summarized as follows.

Theorem For a category M with homotopy colimits, there exists a contravariant functor
from the category of P(n)-modules to the category of monads. For a P(n)-module on a category
o, the corresponding monad acts on the functor category Fun(, /).

The monads in the target of this functor are obtained by taking the iterated homotopy cofiber
of certain cubical diagrams. In Proposition[6.2] we show that the monad obtained from a specific
familiar (n)-module recovers McCarthy’s nth cocross effect functor evaluated on the diagonal.



This confirms that our dualization of [11] generalizes the constructions in [15], as desired.

Given the role of P(n)-modules as a source of monads, we also provide characterizations of
P(n)-modules in terms of other, perhaps more familiar, categorical constructions in Proposition
B4l The compatibility condition in item (3) is specified in the full statement of the proposition
in section 3.

Proposition 3.4l The following structures on a small category o are equivalent:
1. a P(n)-module structure on A,
2. a set of n strict idempotent commuting comonads on &, and
3. a set of n strict compatible coreflective subcategories of .

This proposition suggests that it may be possible to first identify a reflective subcategory of
a category such as Fun(¢/,.#) as a candidate for the subcategory of degree n functors, and then
to construct the associated 7(n)-modules and monads directly to fit the desired notion of degree
n.

Since our method for constructing monads from 7(n)-modules recovers McCarthy’s cocross
effects, it is natural to ask whether or not it can be extended to produce cotowers of functors
recovering the dual calculus cotower and to dualize the functor calculi of [11]]. To do so requires
tools for comparing monads arising from 7(n )-modules to those arising from 7(m )-modules, for
n # m. In Proposition 5.4 we establish conditions that ensure the existence of such comparisons,
which can be summarized as follows.

Proposition 5.4 Any strict monoidal functor g © P(m) — P(n) (i.e., preserving intersections
and the empty set) induces a functor g* from the category of P(n)-modules to that of P(m)-
modules.

Moreover, for any P(n)-module structure 6 on <, there is a natural morphism of monads on
Fun(oA, M), from the monad associated to the P(m)-module g* (A, 0) to the monad associated to
the P(n)-module (4, 6).

In Theorem 6.3 we show that for a surjection from a set with » elements to a set with m ele-
ments, Proposition 5.4 produces a natural transformation from the m-th cocross effect (evaluated
on the diagonal) to the n-th cocross effect (also evaluated on the diagonal), which underlies a
morphism of the associated monads. We aim to use this in the development of a full theory of
“functor cocalculi” in future work.

1.1 Organization

The paper is organized as follows. In section 2, we review the definitions of monads, comon-
ads and morphisms between monads, allowing us to define the category of monads. We further
discuss ways in which monads and comonads can arise from adjunctions. We use section 3 to
introduce (n)-modules and establish the equivalence between P (n)-modules, strict idempotent
comonads, and strict coreflective subcategories. In section 4, we identify the properties for a
choice of model for homotopy colimits required for our main construction, which we construct
in section 5. This construction transforms a 7(n)-module into a monad and yields the functor
between the category of P(n)-modules and the category of monads, which is the subject of The-
orem[3.3] Finally, in section 6, we review the monads of McCarthy’s dual calculus and show that
they arise from our framework for constructing monads from cubical diagrams and homotopy
colimits.
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2 Monads and Comonads

In this section we recall the definitions of monads and comonads, as well as morphisms between
monads to form the category Monad. We also describe two important techniques for creating
monads from adjunctions, and provide examples of these techniques that will be of use to us in
later sections.

Throughout, we will need to compose natural transformations and functors to obtain a new
natural transformation, as follows. Given a natural transformation « : F = G and functors H
and K as displayed in

F
o H - K
G
G

we define the whiskered composite of @ with H and K to be the natural transformation K « a * H :
KFH = KGH givenby (KaH), = Kay,.

Definition 2.1. A monad on a category & is a triple T = (T, u, 1), consisting of an endofunctor
T : o — o together with two natural transformations g : TT = T andn : Id, = T, called
the multiplication and unit respectively, such that the following two diagrams commute:

nxT Txn

TTT -4 TT T S TT & T
u*T\L lu p
Idy ~ Idp
TT —— T T

We say that a monad T = (T, u, ) is a strict idempotent if y is in fact the identity.

The category of monads, denoted by Monad, has as its objects pairs (<, (T, u,n)), where
(T, u,n) is a monad on &. A morphism (&, (T, 4y, 1y) = (B, Ty, ugy, ng)) in Monad is
a pair (F, a), consisting of a functor F : &/ — 9B together with a natural transformation «a :
T, F = FT, such that the following diagrams commute:

T,T,F "% T,FT, %3 FT,T, F
Fxnyg
Hep *F\L J/F*Ilw % *F\L Nﬂ
TaF - > FT, TyF —— FT,.

The category Monad_, is the full subcategory of Monad whose objects are monads on &.



For ease of notation, we will often omit the multiplication and unit from the notation of a
monad, and simply denote it by the endofunctor.

Remark 2.2. A monad T on a category & is equivalent to a monoid in the category End(&/) of
endofunctors on &/, where the monoidal product is given by composition.

Example 2.3. The simplest example of a monad on a category & is the identity functor Id,, with
multiplication and unit given by the identity morphisms on the objects.

Dually, one can define a comonad on a category & as being a monad on &/°7, which is
equivalent to a comonoid in End(&/), and which more explicitly can be defined as follows.

Definition 2.4. A comonad on a category & is atriple K = (K, A, €) consisting of an endofunctor
K : o — o together with two natural transformations A : K = KK and € : K = Id,, called
the comultiplication and counit respectively, such that the duals of the diagrams in Definition 2.]]
commutes.

Adjunctions are an important source of monads and comonads. For ease of notation we will
throughout denote adjunctionsby L 4 R : of — B, for L : o/ — 9B leftadjointtoR : B — .

Remark 2.5. Let L 4 R : & — 9B be an adjunction with unit # : Id, = RL and counit
€ : LR = 1dg,. By [17, Lemma 5.1.3], this gives rise to a monad (RL, R * & * L,u) on &, with
the whiskered counit R * € * L serving as the multiplication. Furthermore, the adjunction L 4 R
similarly gives rise to a comonad (LR, L*u# R,e)on &.

The following examples of adjunctions and their induced monads will be used in subsequent
sections.

Example 2.6. For n a positive integer and &/ some category, we denote by &/*" the product
category whose objects and morphisms are n-tuples of objects and morphisms, respectively, in
of. Let A : o — o/ be the diagonal functor, which takes an object a to the n-tuple (a, ..., a).
Assuming & has finite products, we can define the product functor 1 : &/*" — & as the functor
that takes an object (a,, ..., a,) to the product a, X --- X a, € Ob . The universal property for
products guarantees that M and A are an adjoint pair, with M being the right adjoint. Hence, the
functor sending a € Ob &f to a*" = a X -+ X a, the product of n copies of a, underlies a monad
on <.

A more general way of obtaining a monad on &/, which will be relevant later in this article,
comes from combining an adjunction and monad, as follows.

Lemma 2.7. For any adjunction L 4 R : o — B and any monad T = (T, u,n) on B, the
composite RT L underlies a monad on &f, which we denote RT L.

Proof. This is a direct consequence of two classical results about monads and adjunctions. Any
monad T arises from an adjunction, via either an Eilenberg-Moore category or a Kleisli category,
so T = R'L’ for some adjoint pair L’ 4 R’. The composite L’ L is left adjoint to the composite
RR’, so that RR'L'L = RT L underlies a monad on &. See [16] 4.4.4, 5.2.8, 5.2.11] for more
details. O

Remark 2.8. As a consequence of Example and Lemma [2.7] we see that for any category
& with finite products and any positive integer n, a monad T = (T, u, ) on &*" gives rise to a
monad MTA on &/ with underlying endofunctor MT A. In particular, the monad of Example
arises in this way from the identity monad on /%" described in Example 231

In the final section of the paper, we will need to compare morphisms of monads of the sort
constructed in Lemma27] Let T, = (T, u,n) and T, = (T’, u’, ') be monads on categories &/
and 3B, respectively. Given adjunctions L4 R : o/ > P and L' H R : B — D, we have a
diagram



d;)gg

L

The next lemma provides conditions under which the identity map Id,, is a monad morphism
when F, together with a natural transformation «, is a monad morphism.

Lemma 2.9. Let T, = (T,pu,n) and Ty = (T',u',n") be monads on categories o and 3B,
respectively, and let (F,a) : (&, T,) = (%, T,) be a monad morphism. Let LA R : 9 — A
be an adjunction with unitu : ld, = RL and counite : LR = Id,, and L' 41 R : @ - B
be an adjunction with unit u' : Id;, = R'L' and counit €’ : L'R' = Idg,.
Let
r, i L'=>FL and t,: RF=R

be natural transformations and write

R*L

R FL—— RL

*Tp

R
Tp-7, P R'L
L x1p p %R
7,7, : LRF——= L'R—= FLR

for the respective compositions of natural transformations.
If (Fx€)(t,-1g) = € % F and (t; - tp)u’ = u, then there is a monad morphism from R' T L'
to RT, L, with underlying natural transformation f given by the composite

tr*TL

- ,R'T'*rl_ - RsxaxL
RT'L'—— RT'FL R FTL RTL.

Proof. The proof is a direct verification that the pair (Idg,, f) satisfy the diagram used to define
a monad morphism in Definition 211

To see that the natural transformation f preserves multiplication, consider the following di-
agram.



RTLRT'L RT s +T'L' ; RT'T'L

RT'L'RT sz, (1) RT'T x7p  (2) R'T x7;
v v , v
RT'LRT'FL KLy prpppp — 2200 8 RITVFL
RT'L'R xaxL (®)
v
RT'L'RFTL —_ R'T vaxL
R'T' ¢ « FTL
R'T'L' st *TL
v v
R'T'L'RTL (@) R'T'FTL 3) R saxL
R'T' 7 *RTL /
e R'T'FxexTL
RT'FLRTL — R saxTL
R sax LRTL (6)
v , v RF L v
R'FTLRTL —Xf+e*TL « RIpTTL — """ S R'FTL
tr * TLRTL (@) tr*TTL (@] r*TL
~N ~ ~N
RTLRTL > RTTL > RT L.
RT +exTL RxpuxL

Square (1) commutes because both composites equal R'T” s &’ « T’ 7,. Similarly, square (2)
commutes because both composites equal R’ %y’ % 7,. Squares (4), (5), (6), and (8) commute
for analogous reasons. The assumption that « is the natural transformation part of a morphism
of monads implies that square (3) commutes. Finally the assumed compatibility of 7,, 7z, €
and ¢’ implies the commutativity of the last part of the diagram, square (7), hence the diagram
commutes. The composite of the left vertical arrows equales the composite of R'T’ L' with
p =+ RT L, while the right vertical arrows compose to . The top and bottom compositions cor-
respond exactly the the multiplication for R'T’'L’ and RT L as in Lemma[27] Thus, (Idg,, )

preserves multiplicat

To prove that f commutes with the units of the monads R' T L’ and RT,, L, we first observe

ion, as desired.

that it fits into the following commuting diagram.

R sy sL'

— s S RT'L




1d,,

K \
R'L’ > R'FL > RL
N

/
R sy« FL R'Fsn*L
~
R+ L RT'FL Rearl S RFTL RensL
%q TRR
RT'L ﬁ S RTL.

The left and right triangles commute by naturality of #” and #, respectively, and the middle
triangle because « is a component of a monad morphism from T, to T_,. The top triangle com-
mutes by hypothesis, and the bottom square commutes by definition of f. The commutativity
of this diagram shows that the natural transformation f commutes with the units of the mon-
ads R'T, L’ and RT_, L as desired, so we can conclude that the natural transformation § indeed
underlies a morphism of monads. O

3 (P(n),Nn, n)-modules

For n a non-negative integer, let n := {1, ...,n}. We denote by P(n) the category with subsets of
n as objects and morphisms given by inclusions, and by convention we set P(0) := {@}, the cat-
egory with one object and no non-identity morphisms. Henceforth, we consider 7(n) equipped
with the symmetric monoidal structure given by intersection and with unit n,i.e., (P(n),N,n). In
this section we study 7(n)-modules with respect to this monoidal structure. We start by recalling
the definition of a module over a symmetric monoidal category, specialized to (P(n),N,n).

Definition 3.1. A P(n)-module consists of a category & together with a functor 6 : &/ XP(n) —
g, which we call the P(n)-module structure on &, that is both unital and associative, in the
following sense:

1. (Unital) (-, n) =1d,, and
2. (Associative) 0 (0(a, %), 7)) = 60(a, % N7 ) forall %,7 € ObP(n) and a € Ob .
A morphism of P(n)-modules between two P(n)-modules (<, 8,,) and (%, 0,) consists of a

functor F : &/ — 98 compatible with the 77(n)-module structures, in the sense that the following
diagram commutes:

FXIdp(p)
A4 xP(n) —— B xP(n)
o] I
d —) B
We let Mod,,, denote the category of P(n)-modules and morphisms between them.

The following example will be used in Section 6, which concerns dual functor calculus.

Example 3.2. For o a category with an initial object —oo_,, we can define a functor
0" : ™" X P(n) — A"
((al, ,an) ,%) — (bl, ,b,,) ,



where
, {ai ifieu
' -0, ifig%.
For any morphism ((f..... f,).1) : ((ay,....a), %) = ((d},....a), 7 ) in &*" X P(n),
there is a morphism 0”((f1, cos Sy 1) in &/*" which is given by f; in the ith coordinate if i € %,
and the unique map from the initial object otherwise.

It is not difficult to check that " is a functor.
Since 0" ((ay, ...,a,),n) = (ay,...,a,) forany (a,, ..., a,) € Oba/*", and

0" (0" ((al,..‘,an),%),W) =0" ((al,..‘,an),?ln%),

this functor defines a 7(n)-module structure on &>".

To be able to create and understand large classes of (n)-modules, it is helpful to characterize
them in terms of coreflective subcategories and comonads. Since we have chosen to consider
P(n)-modules with respect to the symmetric monoidal structure given by intersection instead of
union, the following results are dual to those in [[11]. We start by recalling the remaining notion
necessary to formulate these characterizations.

Definition 3.3. A coreflective subcategory of a category & is a full subcategory &/, C &/ whose
inclusion into &/ admits a right adjoint R, which we call the colocalisation functor. The unit of
such an adjunction is a natural isomorphism a = Ra for any a € Ob &, and if this is in fact the
identity, we say that &/, is a strict coreflective subcategory of o .

Proposition 3.4. The following structures on a small category o are equivalent:
1. a P(n)-module structure on A,

2. a set of n strict idempotent comonads (K,,...,K,) on &, with K, = (K,, A, €,), such that
their underlying endofunctors commute under composition, i.e., K K, = K, K, for all
0<1,k<n and

3. aset of n strict coreflective subcategories of A, {R, : o — &}, such that R,|, R, =
Ryl 4R, forevery 1 <1,k <n.

Proof. Properties 2 and 3 are equivalent by [6, Proposition 1.3], hence we prove only that prop-
erties 1 and 2 are equivalent. We first note that by taking the transpose, the existence of a functor
0 : o X P(n) — o is equivalent to the existence of an n-cube of endofunctors 6% : P(n) —
End(&). Furthermore, the unit and associativity properties required for  to be a 77(n)-module
structure on &, are equivalent to assuming that

0*m)=1d, and 0% (U)o0*(¥)=0"U V)= 0" )o0"(U)

for all %,% € ObP(n). In particular, note that this will imply that 6*(%)0%o(%) = 6*(%) for
all % € ObP(n).

Before proceeding with the argument, we fix the following notation: 7 := n~{i} for1 <1 <n
and ¢ := n~% for any € ObP(n). We see that the conditions on the transpose % above
are furthermore equivalent to the following requirements.

1. Each 0*(%) is idempotent, i.e., 6*(%)o6* (%) = 6%*(%), and these functors are equipped
with a natural transformation

£y =0"U > n): 6" (%) =>1d,.



2. Forany % € ObP(n) with %° = {j,....J ),
0" %)= 0" (j7) o 00" ().

3. Foralll <1, <n,
6" (7) 06" (7) = 6" (7) 06" (7).

We claim that these conditions are furthermore equivalent to the existence of a collection of
n strict idempotent comonads with commuting underlying endofunctors. It is clear that each
6*(%) is such a comonad, hence it is sufficient to show that any such collection (I, ..., K,) of
n comonads on &/, with K = (K,4A,¢) gives rise to an n-cube of endofunctors ¢ : P(n) —
End(&/) satisfying the three desired properties.

We define this ¢ by

@ . P(n) — End(#)
U =ﬂ\{flv"'vfk} - K]lo---oK

Jk*
Properties 1 and 3 follow by the assumptions that each comonad K, is strict idempotent with

commuting underlying endofunctors and noting that the composition

€y 1= E, v E, =(p(% ‘—»Q) te(%)=>1d,

gives the desired natural transformation.

Finally, property 2 follows by observing that since ¢ (f) =K,

o) = (n~{J1. i })

a

We conclude this section by showing how Example[38.2lfits into a larger collection of (n)—module
structures determined by coreflective subcategories of a category & .

Example 3.5. Let of be a small category and A = {R, : o — o, }]"= , an ordered set of strict
coreflective subcategories &, of &/, with R, the colocalization functors and 1, the inclusions.
Forany 1 <j < n,let fo" denote &) X = X | X A X & X+ X o, and let

Ry :=R; X+ XR_; xIdy xR, X XR, 1"~ szﬂj}”.

+1
n
Then { R, : " > dj}" } is a set of n strict coreflective subcategories of o/*", satisfying prop-
J=1
erty 3 of Proposition B.4] and therefore corresponds to a P(n)—module structure on &/*". This

module structure is given by
0, 1 " XP(n) - A"
((al, ...,an) %) - (bl, ...,bn)

where
b = {aj ff] eU
R(a) ifjg%.

10



For all  C 7/, there is a morphism in &/*"
GA((al,...,an),%) - HA((al,...,a,,),%)

which in the jth coordinate is given by the counit map R (a) — a,ifj € Z° N 7 and by the
identity otherwise.

We can equip the set of strict coreflective subcategories of &/, denoted CoRefl(&/), with the
following poset structure:

(zl—iR1 :tﬁzi1—>32¢)<(12—1R2:¢Qiz—>sz¢)

if and only if there exists a natural transformation ¢ : 1, R; = 1, R,.
Let CoRefl, (/) denote the set of ordered sets of n strict coreflective subcategories of &. This
set admits a poset structure derived from the on CoRefl(&/) as follows:

n n

A={14R:d—md} <N={ﬂ4R:dh»w}
g y 7 7 V] J

J=1 J=1

if and only if
(AR 1o >d)< (4R : o —d) foralll<j<n.

By considering CoRefl,(&/) as a category using this poset structure, we can extend the construc-
tion of 6, to a functor

0, © CoRefl, (&) - Modp,,,),
which is given on morphisms as follows: For an inequality A < A’ realized by natural transfor-

n

mations {o-l LR = zJ’ RJ’ } , we have a corresponding natural transformation 6, = 6,, which
J=1

is given on ((ay, ..., a,), %) by the identity if ) € %, and 6,(a)) : R/(a) — Rj’(a]) ifjg%.

Assume that &/ admits an initial object —co_,, and further denote by —oo_, the subcategory
of & having this as its unique object. We note that the inclusion 1, : —co,, — & admits a right
adjoint R, : & — —oo,,. This pair (1) 4 R, : —o0, — &) is the initial object of the category
CoRefl(/), and gives rise to the initial object of CoRefl, (&) as well

A = {10—|R0 T —ooy —>.52¢}j"=1.

For any A in CoRefl, (&) we therefore have a unique morphism A, — A, so by applying the
functor 6_, we obtain a 7(n)-module morphism 6, — 6,. Observe that 6,  is the P(n)-module
structure described in Example [3.21

4 Systems of homotopy colimits

Our method for constructing monads from 7(n)-modules uses right Kan extensions and homo-
topy colimits. In fact, we need models for homotopy colimits that satisfy certain standard prop-
erties up to natural isomorphism rather than weak equivalence. We call such models systems of
homotopy colimits, and use this section to define them and provide examples. We also review
right Kan extensions, and establish two important ways in which right Kan extensions interact
with systems of homotopy colimits.

Throughout this section, (/, %) denotes a category . equipped with a distinguished wide
subcategory 7%, the morphisms of which we refer to as weak equivalences, and we assume that
J has a terminal object, which we denote by +o0 ;. In the following we work in the category
Cat, which consists of small categories and functors between them.
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Definition 4.1. A system of homotopy colimits on (M, ") is a collection of functors
HC := {hocolim; : Fun(l,.#) — 4 |1 € Ob Cat}

such that the following properties hold.

1. (Fubini) For all [, J € Ob Cat and functors F : | X J — ., there exist natural isomor-
phisms

hocolim; hocolim; F = hocolim;,; F = hocolim; hocolim; F.

2. For any functor « : | — J, there exists a natural transformation &

hocolim

Fun(J, ) ————2 s &,

aft
a* hocolimy

Fun(l,.%)

where a* denotes the functor given by precomposition with a.

3. If Const,, , : | = . is the constant functor at +oo , for any | € Ob Cat, then there
exists a natural isomorphism

hocolim; (Const,, ,) = +c0 4.
4. If P(0) denotes the category with one object, denoted @, and no non-identity morphisms,

then there exists a natural isomorphism
hocolimp, 4, F & F()

for all functors F : P(0) — /.

5. Let F,G € Ob Fun(l,.#). For any natural transformation F = G that is an objectwise
weak equivalence, the induced map hocolim; F — hocolim; G is a weak equivalence as
well.

Notation 4.2. A category . that has a terminal object and is equipped with a distinguished wide
subcategory 7" and a system of homotopy colimits HC is denoted by a triple (4, %", HC).

Any cocomplete category that has a terminal object also has an associated system of homo-
topy colimits.

Example 4.3. Suppose . is cocomplete and has a terminal object. Then standard properties of
colimits ensure that

{colim; : Fun(l,.#) - 4 |1 € Ob Cat}
is a system of homotopy colimits for .#, when the weak equivalences are the isomorphisms in
M.

As the next two examples show, standard models for homotopy colimits can be used to form
systems of homotopy colimits.

Example 4.4. Suppose ./ is a simplicial model category in which every object is cofibrant.
For a small category [ and an [-diagram X : [ — ., one can use [13| Definition 18.1.2] to
define hocolim X. It follows by arguments dual to those used in Appendix A of [3], that prop-
erties 1 through 4 are satisfied by this model for homotopy colimits. Property 5 is [[13| Theorem
18.5.4(1)]. If A is a simplicial model category with functorial cofibrant replacement, the condi-
tion that every object is cofibrant can be removed, provided that each diagram X is postcomposed
with the cofibrant replacement functor before applying [13] Definition 18.1.2].
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Example 4.5. Another standard model for homotopy colimits of diagrams in simplicial model
categories is the geometric realization of the simplicial bar construction of the diagram (see [16]
Chapter 5]). Arakawa showed in [[1]] that this model can be adapted for use in Ch(&/), equipped
with the injective model structure. Here & is a Grothendieck abelian category, and Ch(</) is
the category of chain complexes in &/. The injective model structure on Ch(</) has as its weak
equivalences the quasi-isomorphisms of chain complexes. For an [-diagram in Ch(</), its bar
construction is a simplicial object in Ch(&/) and by normalizing this in the simplicial direction
one obtains a bicomplex in & whose total complex serves as a model for the homotopy colimit of
the diagram [1 Corollary 3.14]. One can check that this model satisfies the properties of Defini-
tion@.Iland provides C h(&/) with a system of homotopy colimits. If one uses the Moore complex
instead of the normalized chain complex construction, one also gets a model for homotopy col-
imits in Ch(<f), which however does not satisfy axioms 3 and 4 in Definition 4.1}

In the next sections of the paper, systems of homotopy colimits will be used in conjunction
with right Kan extensions. The remainder of this section will be used to review right Kan exten-
sions and prove Lemma[4.9] in which we establish useful properties of the relationship between
homotopy colimits and right Kan extensions.

Definition 4.6. [17| Definition 6.1.1] The right Kan extension of F : | - 9 alongy : | - &
is the initial pair (Ran, F, £) consisting of a functor Ran F : o/ — 9 together with a natural
transformation € : (Ran, F)K = F, in the sense that any natural transformation 6 : Gy = F,
where G : o — 9B is a functor, factors uniquely through e, as illustrated in the following
diagrams:

Right Kan extensions need not exist, in general. The following theorem provides a sufficient
condition for existence and an explicit formulation of the right Kan extension of F along y. In
the theorem, a | y denotes the comma category whose objects are pairs consisting of an object
i € Obl and a morphism a — y(i) in &; see [[17] for details. We denote by pr, : a | y — [ the
evident projection functor.

Theorem 4.7. [I7| Theorem 6.2.1] Given functorsy : | — o and F : | — B such that for
every a € Ob o the limit

. Pra F
Ran, F(a) = lim (a ly—Il— 9‘5’)
exists in o, these limits define the right Kan extension RanyF A — AB, and the natural
transformation € : Ran,Fy = F can be extracted from the limit cone.
In fact, the right Kan extension is functorial in the sense that there exists a functor
Ran, : Fun(l,%) — Fun(«/,%).

See [17, Proposition 6.5] for further details.

Remark 4.8. Tt follows directly by Theorem[4.7]that if </ is a small category, and & is complete,
then the right Kan extension of F : | — 9 along y : | — & always exists. To ease the
assumptions we will therefore throughout usually assume & is small and 9 is complete to ensure
existence of right Kan extension, but these assumptions can often be relaxed to existence of the
limits in Theorem 4.7}
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Lemma4.9. Let (M, % ,HC) be a complete category with terminal object +0,, and a system of
homotopy colimits, and lety : | - o and f : J — B be two functors satisfying the hypotheses
of Theorem

1. Ify is injective on objects and fully faithful, and o (a,y(i)) = @ for all a & Im(y), i € Ob],
then for any functor F : | X J — M, there exists a natural isomorphism

hocolim .., Ran,,; F = hocolim,, Ran, (hocolimg Ran,,.,F) .

2. Givenzm : | - Jand t : o — RB such that the following diagram commutes

— 37
—

L)

B,

R

together with a natural transformation ¢ : Ran,n* = t*Rany, then for any functor F :
J — M, there exists an induced morphism

hocolim,, Ran,z* F — hocolimg Ran,F.

Proof. 1. Since y is injective on objects and fully faithful, and </(a, y(i)) = @ for all a & Im(y),
the formula for right Kan extension in Theorem [£.7] implies that for any G : | — &, with € a
complete category, and any a € Ob &,

T S
Wi 7).

In particular,

hocolim,, R F@) ifa=y@
Ran, hocolim,, Rany ., F(a) = ocolimg Ran,, ., F(i) 1 a=y@)
+00 if a & Im(y).
By property 1 of Definition 1]
hocolim, 4 Ran,, ;F = hocolim,, hocolimg Ran,,, F.

Again by the formula for right Kan extensions, we can for any a € Ob &/, b € Ob &, write

Ran,,, F(a,b) = 1im . (Fpre,)
> limaly (limbw(Fprb)) pr,
Ran, ,F(i, b) ifa=y()
+00 4 if a & Im(y),
so by property 3 of Definition 1]

hocoli R F@) ifa=y(
hocolimg, Ran,, , F(a) = ocolimg Ran . F(1) 1 a=r()
’ +00 if a & Im(y)

= Ran, hocolimg Ran,, ., F(a)
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and we can conclude the proof of part 1 of the lemma.

2. The component of the natural transformation ¢ at F € Ob Fun(J,.Z) is a natural trans-
formation o : Ran,(Fx) = (Ran,F)z. By the functoriality of hocolim, there is an induced
morphism

hocolim,, Ran, (Fr) — hocolim,, (Ran, F)z.

By property 2 of Definition ] there exists a morphism
7 : hocolim,, (Ran, F)z — hocolimg Ran,F.

The desired morphism is the composite of these two. O

5 Main theorem

In this section, we complete the process of deriving monads from cubical diagrams. Starting
with a 7(n)-module on a category &, we use the iterated homotopy cofibers of cubical diagrams
arising from this (n)-module to construct a monad on Fun(#/,.#) for any complete category
with a system of homotopy colimits (%, %", HC). We achieve this goal by using a model for the
iterated homotopy cofiber that allows us to realize it as a single homotopy colimit in a functorial
fashion. We develop this model in Section 3.1} In Section 5.2l we construct the monads and
prove our main result. Throughout this section, we assume that that (/, %", HC) is a complete
category with a system of homotopy colimits.

5.1 A model for iterated homotopy cofibers

In this section, we describe our model for the iterated homotopy cofiber of a cubical diagram.
To construct this model, we generate an associated expanded cubical diagram, and then take the
homotopy colimit of this expanded diagram. We begin by providing an alternate description of n-
cubical diagrams, which we use to obtain the desired expanded diagram for an n-cubical diagram
X P)—> M.

Let .7 be the category with two objects, denoted by 0 and 1, and a single non-identity mor-
phism ¢ : 0 — 1. If we equip this with the symmetric monoidal product [, for which 1 is
the unit, and 0J0 = 0, then the morphism @, : (P(1),Nn) — (7, [J), which sends @ to 0 and
{1} to 1 is a monoidal isomorphism. By equipping .#*" with the component-wise symmetric
monoidal product extending [, this isomorphism can be extended to a monoidal isomorphism
®, : (P(n),n) = (7, ) as follows.

For any % € ObP(n), let chary, be the characteristic function of %, i.e., for 1 < i < n,
chary, : n— {0, 1} is given by

"
awo={\ 1125

We define w,, : P(n) = " on objects % € ObP(n) by

,(%) = (chary(1), ..., chary(n)),

and extend to morphisms in the obvious way. It is clear that w, is an isomorphism. To see that
®, is monoidal, consider two subsets %, 7" € Ob P(n). Using our description of [], we see that

@,(U N7") = (charg,,(1), ..., chary (1))
= (chary, (1)[dchary, (1), ..., chary, (n) Clchary, (1))
=w,(%)Hw,(7).
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The category .# embeds into another symmetric monoidal category, denoted by (A, [, 1),
which is the category with objects {0, 1, 7}, and non-identity morphisms given by
£ 051,

The symmetric monoidal product on .# extends to A by setting £ [[1d = ¢ for all d € Ob A,

and we further extend this to A" component-wise. For example, the category A X A is given by
the diagram

1.1 < 0.1) > (2. 1)

T 7 T

1,0) < 0,0) > (£,0)

Lo

1,2) &— 0.0) — (. 7).

Let: : # — A denote the inclusion functor, and set
@, =r"w, : P(n) > A",

It is along this composite functor that we will extend n-cubical diagrams.

Remark 5.1. Let y : P(n) —  be an n-cubical diagram, with .#Z a complete category. The
extended A*"-diagram of y is then the right Kan extension of y along ¢, : P(n) - A*":

P() ——~— .

N A‘% X

AX"

Since  is complete by hypothesis, and A*" is small, it follows by Remark [£8]that this right
Kan extension does indeed exists.

We can apply Theorem [£7] which lets us derive, for any object (/;,...,1,) € ObA*", a

formula for Ran%;((ll,...,ln). Ifl=(,..,1,) € Obs*" thenl | @, = U, where % €
Ob P(n) contains i if /; = 1, and does not contain i if /; = 0. So,

pr,
Ran%;((ll, .., 1,) =1lim (‘2[—13 P(E)—Z’ ﬂ)

= x(%).

If I, = ¢ for some i, then ! | @, is the empty category, and

pr;
Ran, z(,....,1,) = lim (ﬂ—'z P(n)2 /%)

= lim, (P(n) 5> )

=400,,.
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By noting that there exists a unique % € ObP(n) satisfying ¢,(%) = (I,,...,1,) exactly when
(4, ...,1,) € Ob.7*", we obtain the following formula.

(5.1

Ran%;(([l,_._,ln)z{}((?l) if(ll,...,ln)zgon(%)

too, ify,....1,) & Im(e,).

In other words, Ran, x(,,...,1,)1s the terminal object unless there exists an % € Ob P(n) such
that ¢, (%) = (I,,...,1,), which justifies considering this right Kan extension as an extended
n-cubical diagram of y.

Definition 5.2. Let (., % ,HC) be a complete category equipped with a system of homotopy
colimits. The iterated homotopy cofiber of an n-cubical diagram y : P(n) — ., denoted by
icofib y, is given by

icofib y = hocolim \x. Ran, 7.

5.2 Obtaining monads from modules

In this section, we state and prove Theorem Theorem [3.3] which gives a functor between the
categories of P(n)-modules and monads. We begin by defining the endofunctor underlying the
monad associated to a P(n)-module.

Let (A, % ,HC) be a complete category equipped with a system of homotopy colimits as in
Definitiond.Jland let (<7, 0) be a P(n)-module. The functor 6 is equivalently given by an n-cube
of endofunctors

6" : P(n) — End(/)
as in the proof of Proposition[3.4] Given a functor F : &/ — ./, we obtain an n-cube of functors
Xyp  P(n) — Fun(<f,.M0) 52)
U~ FO'(U) '

by post-composition with F. Noting that Fun(¢/,.#) is again complete, we may apply the iter-
ated homotopy cofiber to obtain a functor icofib ;((;_F) . 9 — M, which further extends to an
endofunctor on the category Fun(«#,.4):

T%, : Fun(ed, M) — Fun(<l M)

F +— icofib ;(;;2.
It is this endofunctor obtained from a 77(n)-module that we wish to show underlies a monad
(Tf”, u, ;1) on Fun(#/,.#). We show, in the proof of the next lemma, that the unit and multi-

plication for the monad essentially arise from the symmetric monoidal structures of 7(n) and
A<,

Proposition 5.3. Let (M, % ,HC) be a complete category equipped with a system of homotopy
colimits, and let (A, 0) be a P(n)-module. Then T’, underlies a monad (T°,, u,n) on Fun(</, /).

Proof. For ease of notation, let T : = Tfﬂ.
We first wish to define the unit 7 @ Idp,,.4) = T- To do so, we define the functor

nn : P(Q) _)Axn
G (1,...,1).

Using property 2] of Definition B.11 there exists a natural transformation 7
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hocolimxn

Fun(A*" . 4) S M.
N ﬂnn%““mm

Fun(P(0),.4)

For F € Ob Fun(«/,.#) and a € Ob &, we define 5, (a) as the evaluation of this natural
transformation 77 at Ran% F(0(a,-)):

(@) : hocolimy, g, Ran% F(6(a,—))n" = hocolim yx. RanwF(G(a, —)) =TF(a),

noting that this is natural in both F and a. The description of the right Kan extension expressed
in Equation (3.I) implies that

Ran, F(6(a, -y = Ran,, F(6(a,n)) = F(a),

and by property 4 of Definition d.Tlit further follows that hocolimy,, Ran, F(a) = F(a), hence
this indeed defines a natural transformation # : Idg,,y 4 = T-
To define the multiplication ¢ : TT = T, we first wish to show that forany F € Ob Fun(#,. %),
ae€Obd,
T(T F)(a) = hocolim yx, yn Rany, o, N*F(0(a,-)).

To do so, we note that the definition of 7" and the assumption that  is a ”(n)-module structure
on & together imply that
T (T F)(a) = hocolim yxx Ran%TF(G(a, -))

= hocolim xx Ran,, hocolim x. Ranldm)X%F 00(a,—),—))

= hocolim xx Ran% hocolim xx RanIdeX%F O(a,— N —)).
Next we wish to apply property 1 of Lemma[4.9] It is clear that ¢, is injective on objects and fully
faithful, since per definition ¢, = ", with 1 the inclusion and w, a monoidal isomorphism. To
see that A*"((I;, ...,1,), @, (%)) = @ for all (I, ...,1,) & Im(p,) and Z € Ob P(n), we note that
Im(p,) = {(,....1,)|t; = 0or 1}, so I, = £ for at least one i. Since A(Z,0) = AZ,1) = @,

the desired equality follows. We can therefore apply part 1 of Lemma theorem [£9]from which it
follows that

hocolim.»Ran, hocolim Ranldpm)an F@(a,—Nn-))
= hOCOlimAxnxAxn Ran(onan F(H(a, —))n
=hocolim yuyxa Ran,, ., N*F(0(a, -)).

It follows that T(T F)(a) = hocolimuu, yRan,, o, N*F(0(a, -)).
Next we wish to apply part 2 of Lemma for which we need to prove the existence of a
natural transformation
Ran%x%ﬂ*(—) > E]*Ran%(—), 5.3)

between functors Fun(P(n),.#) — Fun(A*" x A*",/#). Let G € Ob Fun(P(n),.#), and note
that the following diagram commutes:

P(n) x P(n) —— P(n)

o, Lo

AX}’I X AXV! = ; AXII.
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The existence of the desired natural transformation follows by applying the universal property of
right Kan extensions to the following diagram

P(n)x P(n) —>—% P(n) —L= .

P
J/ n RanwnG
-

AXn

«
TEI Rang, vq,N*G

AXV! X AXV!

Ouxey

Part2] of Lemma[£.9]then implies that we have a morphism
up(a) 1 T(TF)(a) — TF(a),

which is natural in F and given by

5]
hocolim xiy sxx Ranwnan N*F(0(a, —))— hocolim xx Ranwn F(f(a,-)).

It follows from the associativity and unitality of the monoidal structure [ on A" that . is both
unital with respect to 7, and associative.
|

The association of a P(n)-module (&, 6) to the monad (T° , u,n) is functorial in » in the
following certain sense. A surjection s : n — m induces a functor P(s) : P(m) — P(n) which
sends % € ObP(m) to s~ (%). The functor P(s) is strict monoidal, i.e., preserves intersections
and the empty set. In the next proposition, we show that such functors induce morphisms of the
monads described in Propositionm

Proposition 5.4. Let (M, % ,HC) be a complete category equipped with a system of homotopy
colimits. If g © P(m) — P(n) is a functor that preserves intersections and the empty set, then
the following statements hold.

1. The functor g induces a functor

8"+ Modp,, - Mody,,,
(A,0)— (4,0 (gx1d,)).

2. For every P(n)-module (A,0), there exists a morphism of monads on Fun(f, M) from

<Tf;, Hgrgs ng*(,) fo (7{;[, Ho> ;19), where the unit and multiplication transformations are
as in Proposition[3.3)

Proof. 1. This is a “many objects” version of the classical result that a ring map induces a functor
between the associated module categories by restriction. More explicitly, since g preserves inter-
sections and the empty set, one can immediately verify that g*6 satisfies the conditions required
in Definition B.I]to be a P(n)-module.

Let F : o/ — 98 be amorphism of P(n)-modules from (¢, 6,,) to (%, 6 4). In the following
diagram

Idgxg

o x P(m) —2E % of x P(n) — 23 o

FxIdp(m>J/ \LFxIdp(E) \LF

PB x P(m) W) B x P(n) 9—“>95
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the left hand square commutes because both composites are F X g, and the right hand square com-
mutes because F is a P(n)-module morphism. Taken together, this shows that F is a morphism
from (M,g*ed) to ((%’,g*e(@).

2. To establish the second statement, we use several properties of systems of homotopy
colimits. The monad morphism from (Tf;ze, HgrgsTgrg) 1O (Tfﬂ, Hg-1y) consists of the identity
functor Idg,,_4) together with a natural transformation « : T’z,g => Teﬂ. Recall that for G €
Ob Fun(#,#) and a € Ob o,

T%,’(G)(a) = hocolim x» Ran,, G(g*0(a,-))
T°,(G)(a) = hocolim yx Ran,, G(8(a,-)).

It is easy to see that one can explicitly construct a functor g : A*" — AX" making the diagram

P(m) —— P(n)

o] Lo

AXm g > AXV!

commute. Straightforward calculation shows that the right Kan extension Ran% G(g*0(a,-))
is equal to Ran, G(6(a,—))g. The natural transformation « is then simply the natural transfor-
mation the existence of which is guaranteed by property 2 of Lemma[4.9]

It follows from the definition of the unit natural transformation from Proposition[3.3] that for
any G € Ob Fun(«,.#), the diagram

G
'73*0;‘6/ %

0 0
™, G ——— GT’,

commutes because (a, @) = 0(a, g(¥)).

Lastly, we show that the natural transformation a respects the multiplication natural transfor-
mations. Using the definition of the multiplication from Proposition[3.3] as well as of the natural
transformation « and the monad T;” , we see that this means that we must show that the following
diagram commutes:

hocolim yxuy yxn Ran%wnn*G(g*O(a, —)) — hocolimx, Ran, G(g*0(a,-))

b "

hocolim yxmy pxm Ran, ., N*G(0(a,-)) — hocolim yxm Ran, G(6(a,-)).

Here the horizontal arrows are each instances of the multiplication map obtained using the nat-
ural transformation in Equation (3.3) and the vertical arrows are each an instance of the natural
transformation «. In both cases, these maps are obtained by applying property 2 of Lemma 9]
to the functors g* and N*. That the diagram above commutes follows immediately from the fact
that g* and N* commute, since g commutes with intersections. O

Theorem 5.5. Let (M, % ,HC) be a complete category equipped with a system of homotopy
colimits. There exists a contravariant functor
no. op
T, Modp(ﬂ) — Monad

(,0) ~ T"0) = (Fun(el, M), (T, 1)) .
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Proof. Given a P(n)-module (¢/,6,,), we know from Proposition[5.3] that T7,(0,,) is indeed a
monad on Fun(«/,./), and it therefore suffices to show that a morphism of (n)-modules F :
(d,0,) = (B, 04) naturally induces a morphism of monads

1%, (04) = (Fun(B, M), (T, pggtis)) = 17, (04) = (Fun(d, ), (T, tiyiny)) -

We do this by setting T/, (F) = (F*,a) : T/,(05) — T/,(0,), where the natural transfor-
mation a, : T, F* = F*Ty is the identity natural transformation. This choice makes sense,
since the fact that F is a morphism of 7(n)-modules implies that for any G € Ob Fun(%,.#)
and any a € Ob &,

T, F*(G)(a) = hocolimRan,, ;. .(a)
= hocolim xx Ran, GF(0,(a,-))
= hocolim x» Ran% G(04(F(a),-))

= (hocolim,Ran,, 7", ) F(a)
= F'T,(6)(a).

It is easy to check that this association of a morphism of monads to a morphism of 7(n)-modules
preserves composition and identities.
|

6 Recovering dual calculus

The goal of this section is to show that the cocross effects in the dual calculus tower of [15]
are obtained naturally from a 7(n)-module. Dual calculus is a dualization of the constructions
that appear in [14]] for functors of abelian categories (McCarthy’s dual calculus was originally
constructed for functors of spectra). The functor calculus of [14] provides both an obstruction,
the (n + 1)* cross effect cr,, , F, which measures the failure of a functor F to take (n + 1)-fold
coproducts to (n+ 1)-fold products, and the best “degree n” approximation of F to a functor P, F
satisfying this property. Dually, the (n + 1) cocross effect of the dual calculus tower measures
the failure of a functor to take (n + 1)-fold products to coproducts, and can be used to provide the
best “codegree n” approximation to a functor.

The construction of the dual functor calculus tower in [15] proceeds in stages. First, the
cocross effects are defined using homotopy cofibers of certain cubical diagrams. The cocross
effects give rise to a monad, which is used to define the stages of the dual calculus tower, P"F.
Finally, the functors P"F are shown to assemble into a tower of functors satisfying a universal
property. In this section, we will show that the construction of the cocross effects of a functor
F . 9 — 9B can be obtained from a 7(n)-module structure on the category &/. The cocross
effects and the associated monad are then shown to be direct consequences of the constructions
in Section 5.

Let & be a category with finite products and a zero object denoted by co_,. Given a function
g . n— Obd, akey element of the construction of the cocross effects in [[15, Definition 1.3] is
a functor

Ut : P(n) — o
7 - [] s

Ve
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Functoriality is defined using the universal properties of oo, and of the product.
Recall from Example 3.2 that for each n > 1 there is a P(n)-module structure

0" : A" X P(n) — A"

taking ((ay,...,a,),7’) to (b,...,b,) where b, = a, fori € 7" and b; = oo otherwise. The
functor U# can now be expressed in terms of this 7(n)-module structure by composing 6" with
the product functor M from Example 2.6

A X P(n)— D o

The fact that 16" ((g(1), ...,g(n),7") = US(7") follows immediately from the definitions of 6"
and M and the fact that co_, X a = a for all objects a € Ob &. The functoriality of U# can now
be more precisely stated. For a morphism ¢ : % C 7" in P(n), the morphism U#(1) is defined as
follows:
Ut = =n (0" (g, 1)) -

Throughout the rest of this section, let (/, %", HC) be a complete category equipped with
a system of homotopy colimits as in Definition[4.1l Let F : &/ — 4 be a functor. Using the
product functor M : &*" — o/, we obtain an n-cubical diagram

Xon g+ P(n) = Fun(e/™" M)

of functors, as in Equation (3.2). Using the identification of U¢ with 6", we restate the definition
of the cocross effects from [15]).

Definition 6.1. [15, Def. 1.3] For a functor F : o — , define the n-th cocross effect of F to
be the iterated homotopy cofiber of the n-cube y,, . in Fun(e/",.4):

cr" F =icofib y,, -
In other words, using the notation of Proposition 5.3
" F =T (Fr).

Proposition 6.2. The diagonal n-th cocross effect A* cr” construction underlies a monad
(T s Begns Men) o1 Fun(el, M).

Proof. Let (Tf;[, Hys n,,) be the monad on Fun(&/*",.#) from Proposition [3.3] and consider the
adjoint pair of functors A 4 M : & — & from Example Precomposition with these
functors yields an adjunction * 4 A* : Fun(/*",.#) — Fun(<f, M), so by Lemma 27 the
composite T, := A*Tf;zl‘l* underlies a monad on Fun(¢/,.#). The functor T_, is precisely the
diagonal cocross effect A* cr”. O

The first main theorem of [15]] used in the construction of the dual calculus tower relates the
n-th cocross effect to the m-th cocross effect of a functor to spectra whenever there is a surjection
s : n— m. We now extend this to our setting.

Let Surj denote the category which has as objects the sets n and surjective functions as
morphisms. It will be useful to have notation for several variants of the diagonal and product
functors needed to compare P(k)-modules for different k’s. To keep track of these, let A* :
o — ¥ and ¥ : F** — of denote the relevant functors to and from the category «/**. Given
asurjection s : n — m, let A® 1 @™ — g/* denote the diagonal functor defined by

(s) —
A9y, ...,a,) = (a,), - ay,))
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and let 1@ : o/*" — o/*™ denote the product functor defined by

I'I(S)(al,,.,,an)=< H a;,..., H a,»>.

ies~1(1) i€s1(m)

These two variants of the usual diagonal and product functors are in fact obtained from the usual
ones as follows. Let |s~!(i)| denote the cardinality of the subset s~ (i) in n. Then the adjoint pairs
of functors fori =1, ...,m

ASTOL g qlsT O L g gpXIsTIO
can be combined to produce an adjoint pair of functors
AT Ol s s ASTHL | s D1 ¢ L e plsTH o

from /™ to gf s~ (Dx+xsTHm) — g7xn One can verify from the definitions that

A = ATl s s AlsTHOm

A = ™ Ol s L sg s~ ol
In particular, there is an adjunction A®) = I 1 @Xm — of>",
Theorem 6.3. [[5 Theorem 1] There exists a well-defined functor

Surj? — M()nadpun(d‘ )

given by sending the set n to the monad (Tcr,, > Hegns Hepn )

The proof of this theorem is technical, involving many constructions that are somewhat hid-
den in our notation for monads arising from 7 (n)-modules. The core of the proof involves pro-
ducing a morphism of monads taking (Tum, Hepm s 71”,,,) to (Tcr"’ Hepns Hegn ) It may be helpful for
the reader to know that there are really only three key monad morphisms used in the proof.

1. Since cr” and cr™ are obtained from the 7(n)-module (6", &*") and the 7(m)-module
(0™, ™), respectively, there is no direct comparison of cr” and cr” via modules. Given a
surjection s : n — m, we first produce a 7(m)-module, (P(s)*(0"), &/*"), from the P(n)-
module (8", #*"). There is a module morphism from (8™, &*™) to (P(s)*(8"), &*"), and
we apply Theorem [3.3]to obtain a map of the associated monads.

2. The m-cubical diagram giving rise to the monad 'I]'/';Z(P(s)*(e”)) can be identified as a
sub-cube of the n-cubical diagram used to compute the n-th cocross effect. There is an
induced map between the iterated cofibers of these cubes.

3. The final ingredient in the proof is a relationship between the different diagonal functors
needed to evaluate the m-th and n-th cocross effects on their diagonals. The adjunction
between A® and M produces the desired map of monads, using Lemma[2.9]

Proof. We proved in Proposition [6.2] that (Tun, Hens ncrn) is indeed a monad on Fun(«/, %), so
it remains to prove that for every surjection s : n — m, there is a morphism of monads taking
(Tcr"’ > Hepm's Hepm ) to (Tcrn > Hepns Hern ) .

The surjection s induces a functor P(s) : P(m) — P(n) given by sending € Ob7P(m)
to s™'(%). This in turn induces a functor P(s)* : Modp,y, = Modp,, given by sending a
P(n)-module structure § on & to its precomposition with Id_, X P(s):

1d X P(s)

A xP(m) —Z—"% of x P(n) — .
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The resulting composite is a P(m)-module structure precisely because s~! preserves intersections
and the empty set, by Proposition[5.4l
To recover McCarthy’s result, first note that there is a commuting diagram

A" x P(m) —L— gpm

A(”XP(S)\L \LA“)

A XP(n) ——— A",

Rephrasing slightly in terms of the functor P(s)*, we see that the functor A® is a morphism of
P(m)-modules from (&/*", 8™) to (", P(s)*(0")):

A*m X P(m) 9_'") oxm

A XIdp( )\L \LAM

A" X P(m) ————p .

P(s)*(0")

Applying Theorem[3.3]now produces a map of monads on Fun(&/*™, /),

75 P(s)0") — T3, (6™).

Recall from the proof of Theorem[3.3] that the monad morphism is induced by the functor
(A®)" @ Fun(e ") - Fun(/*" M)

given by precomposition with A, and the natural transformation

0" )* ()\* mP)* 0"

T (AY) = (a9) 1,77,

which is the identity natural transformation.

Now consider the monads given by pre- and post-composing with the diagonal and product
functors, A® and M, respectively. Since A®) 4 N is an adjoint pair, (M®)" - (A®) is also
an adjoint pair, with (A(S))* now being the right adjoint. Consider the diagram

T

S N

Fun(szfx”,.%) W Fun(szfx”,.%)
(I'I"y T/ﬂx \(An>*

Fun(ef . 4) 7 oy a0y’ Fun(ef M)
(m /mmﬁ
Fun(e/*" M) ————% Fun(s/*" M)

T./ll

The existence of a morphism of monads

. P *9)’1 n
n: (Tf ,ﬂ:,’1s> - (T%.u.n)
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is a consequence of Proposition 5.4 The existence of the natural transformation a follows by
noting that

n* =n"n,
so that (A(S))* = (A(S))* (l‘l(”)* (M™)*. Whiskering the unit

Ut My = (D) (AW)"
of the adjunction (M®)" 4 (A®)" on the right with (r")" gives rise to a natural transformation
a=u = (M > (AY) (.
We are now in the context of Lemma[2.9] with

13k _ Ny I /A
L=@), R=@". T=TH ..

L/ - (I—|M)* , RI — (Am)*’ T/ - Tﬁ’

and

F = (A(S))*, 7 =a, 7Tg=Idpn.
To ensure that we can apply Lemma[2.9] we need to show that

((AD)" ") (as (A")) = " (AV)*
and

(A"« a)u™ = u",

where £ and u* denotes the counit and unit of the adjunction (M*)* 4 (A¥)* for all k. The second
of these equations is an immediate consequence of the fact that the adjunction (M")* 4 (A")* is
the composite (M™)* - (A™)* and ( ne )* - (A(S))*, while the proof of the second requires
further that we apply the triangle identity for the counit of the adjunction (M )" 4 (A®)".

Thus there is a morphism of the monads whose underlying functors are the composites along
the bottom and top of the diagram above:

(A" Ty (M) = (A" Ty o (M
The end result, composing this monad morphism with #, is a natural transformation

Ton = (A" T, ") = (M) TS, =T,

underlying a monad morphism from (Tcrm, Herms ncrm) to (Tcr,, > Heens ncrn) as desired.
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