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Functor calculus via non-cubes
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Abstract

We study versions of Goodwillie’s calculus of functors for indexing diagrams other than cubes.
We in particular construct universal excisive approximations for a larger class of diagrams, which
yields an extension of the Taylor tower. We prove that the limit of this extension agrees with the
limit of the Taylor tower using criteria for the existence of maps between excisive approximations.
Lastly we investigate in which cases our new notions of excision coincide with classical ones.
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1. Introduction

Classical functor calculus was developed by Goodwillie in the series of papers [4, 5, 6] as a tool
to study functors from spaces to spaces or spectra. Since then it has turned out to be a fruitful
theory that has, together with a few variations, found many applications in homotopy theory
and elsewhere, e.g. to algebraic K-theory, chromatic homotopy theory, or embedding spaces of
manifolds. A survey of some of these can be found in [1]. Moreover there are generalizations to
the setting of model categories (see e.g. [9] or [14]) and to the setting of quasi-categories (see [11,
Section 6]). The latter framework is the one we use in this paper.

The fundamental notion of the theory is that of an n-excisive functor: a functor that sends
strongly cocartesian n-cubical diagrams to cartesian ones. Here, one possible definition of strongly
cocartesian is that the diagram is a left Kan extension of its restriction to the initial star of the
cube; see the following picture for the case of the 3-cube.
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One may now wonder what is special about the cubes here: why not use other shapes of
diagrams? That is the question we investigate in this paper. To this end we first note that the
condition of being strongly cocartesian does not make any reference to the structure of the cube;
it only needs the datum of the inclusion above. In particular this allows us to generalize to
arbitrary maps of posets o: P — Q by defining a Q-indexed diagram to be o-cocartesian if it is
a left Kan extension along o of its restriction along o. If O additionally has an initial object,
then this yields a notion of excision:

Definition. A functor is o-excisive if it sends o-cocartesian diagrams to cartesian diagrams.

Most of this paper is concerned with studying this notion. The natural first question is whether
there exists an analogue of the universal n-excisive approximation P, of classical Goodwillie
calculus. Indeed, our first main result states that this is the case for a class of well-behaved maps
of posets, called shapes (see Definitions 3.11 and 3.36), which generalize the inclusions of the
classical setting:

Theorem A. Let o be a full shape and F' a functor. Then there is an explicit construction of
its universal o-excisive approximation P, F.

(See Theorem 3.45 for the precise statement.) Here a shape is full if it is full as a functor.
In Goodwillie calculus there is, for any functor F', a sequence of maps under F

F— ... — Py(F) — Pi(F) — Py(F)

called the Taylor tower of F'. In good cases this tower converges, i.e. recovers F' in the sense that
the canonical map F — holim,, P,,(F') is an equivalence (potentially after restricting to some
subcategory). Clearly one would like to have an analogue of the Taylor tower in our more general
framework. Again, this exists (though it is a bit more technical to construct) and takes the form
of the Taylor graph: a diagram that contains, for a fixed functor F', all of its universal excisive
approximations P,(F) and the maps between them induced by their universal properties. Large
parts of the paper are devoted to studying this diagram. The second main result we prove is the
following.

Theorem B. The limits of the Taylor tower and the Taylor graph agree when the latter is
restricted to non-inane shapes between finite posets.

(Actually we even show the stronger statement that the evident functor between their indexing
categories is homotopy initial; see Theorem 7.18.) Notably this tells us that any convergence
criteria for the Taylor tower can also be used for the Taylor graph. Here, a shape o is inane
if it fulfills a certain combinatorial condition that implies that any functor is o-excisive (see
Section 5.3). In particular we do not lose any information by discarding them.

To prove Theorem B we first pursue the naturally arising question of when there exists a map
P,(F) — P;(F) in the Taylor graph or, equivalently, when 7-excisive implies o-excisive. It is not
true that any (naively defined) morphism of shapes f: 7 — ¢ induces such a map; however we
are able to give an explicit combinatorial condition on f for this to be the case (see Section 4.1).
This generalizes the classical fact that n-excisive implies (n + 1)-excisive. Moreover, maybe
surprisingly, we prove that there is another condition on f that guarantees the existence of a
map P, (F) — P,(F), i.e. in the other direction (see Section 4.2). Together, these two conditions
turn out to be very useful in studying shapes and their relations (which we do in Section 5).
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In particular, by considering shapes freely generated by a finite poset, this leads to a proof of
Theorem B. However the tools employed, including the two aforementioned conditions on a map
of shapes, might be of independent interest as well.

Going back to our original motivation of “Why cubes?”, Theorem B suggests the following
question: is the inclusion of the Taylor tower into the Taylor graph an equivalence? Or,
equivalently: given a (non-inane) shape o, does there always exist an n such that o-excisive is
equivalent to n-excisive? If this were true, it would provide compelling evidence that cubes are
the “correct” indexing diagrams to use, as they would cover all notions of excision arising from
shapes.

While we are unable to completely solve this question, we do provide a partial answer. This
takes the form of the following theorem.

Theorem C. Let o be a shape with codomain a cube. Then o-excisive is equivalent to n,-excisive
for a certain natural number n,.

(See Theorem 6.8 for the precise statement.) We remark that, when o is full, being a shape with
codomain a cube is equivalent to being the inclusion of a (non-empty) downward closed subposet
of the cube (see Lemma 6.2).

All evidence known to the author, including Theorems B and C, points towards the answer
to the question asked above being affirmative. Hence we propose the following.

Conjecture. Let o be a non-inane shape between finite posets. Then o-excisive is equivalent to
ng-excisive for some natural number n,.

Let us conclude this introduction by remarking that it would also be very interesting if this
conjecture were false. In that case the Taylor graph would be a finer resolution of the Taylor
tower and could potentially contain additional useful information.

Structure of this paper. In Section 2 we collect the conventions and notations we will
use throughout the rest of this paper. In Section 3 we define g-excisive and shapes, give
the construction of the universal excisive approximation, and prove Theorem A. In Section 4
we give conditions for morphisms of shapes to induce maps between their universal excisive
approximations. In Section 5 we employ these conditions to study shapes and their relations,
introducing the notions of free and inane shapes along the way. In Section 6 we study cubical
shapes and prove Theorem C. In Section 7 we construct the Taylor graph and use the results of
the preceding sections to prove Theorem B. In Appendix A we recall the calculus of mates of
natural transformations. In Appendix B we recall a number of co-categorical facts that will be
used throughout the paper (often without reference). In Appendix C we give references or proofs
for these and other needed basic facts about (co)limits and Kan extensions. In Appendix D we
prove various general facts that are needed but would hinder the flow of the main exposition.

The suggested reading order is to start with Appendix A in the case of unfamiliarity with the
calculus of mates, then read Section 2 and afterwards quickly remind oneself of the statements
in Appendix B. Then the reading of the main exposition in Sections 3 to 7 can begin, with
some thumbing forwards to the statements in Appendix C and the statements and proofs in
Appendix D when they are referenced. The proofs in Appendix C are included for completeness
and only when the author was not able to find a reference; the statements being quite basic, their
proofs are not a main part of this paper and reading them is not necessary for understanding the
central exposition.
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2. Notation and conventions

When working with (oo, 1)-categories (which will be the case most of the time) we will use the
framework of quasi-categories developed by Joyal, Lurie, and others. In particular, when we
say oo-category we mean quasi-category. However, we will often work purely in the homotopy
2-category of oco-categories, thereby employing the theory developed by Riehl and Verity in a
series of articles starting with [16] and concluded with their book [17]. Due to this, most of
our arguments should not, in any fundamental way, depend on the precise model chosen for
oo-categories.

Moreover, in quite a few places we will employ the calculus of mates of natural transformations.
The needed facts are recalled in Appendix A, for those unfamiliar with the theory.

In the following we state the conventions and notations we will use throughout this paper.
A few basic facts concerning these notions that we will often use without explicit mention are
collected in Appendix B. It is recommended to quickly remind oneself of the statements after
finishing this first section.

Generally, if there is a pair of dual definitions or statements, we will only give one of them
and leave the other implicit.

Convention 2.1. To avoid set-theoretic problems, we will throughout assume that there is
a sufficient supply of Grothendieck universes, so that any constructions we may employ will
make sense in a potentially higher universe (this is the same approach as taken by Lurie; see [10,
Section 1.2.15]). Objects belonging to the first such universe will be called small.

We will not assume oo-categories to be small, so that the examples we are interested in (such
as the oo-category of all (small) spaces) are actually examples. Consequently we will not assume
simplicial sets nor categories to be small (nor locally small), so that an co-category is a simplicial
set and its homotopy category a category. Posets, however, will be assumed to be small.

Convention 2.2. We will implicitly treat posets as categories and categories as co-categories
whenever it is convenient, without a change of notation. In particular, we will often just write
“functor” for an order preserving map between posets.

Notation 2.3. We write Pos for the category of posets, Posg for the subcategory of posets
that have an initial object together with initial object preserving functors, and Posy; for the
subcategory of posets that admit all (small) coproducts together with functors that preserve
(small) coproducts.

Remark 2.4. Note that requiring a functor f: P — Q of posets to preserve I-indexed coproducts
is equivalent to requiring equalities f([I;crpi) = Ilier f(p:i). (For one direction we note that if
the canonical map is an isomorphism, then it is already the identity; for the other that if we
have the above equality, then the canonical map must be the identity since there are no other
endomorphisms.)

Notation 2.5. We say a functor between categories is a homotopy equivalence if the geometric
realization of its nerve is a (weak) homotopy equivalence. Similarly, we say a category is
contractible if the geometric realization of its nerve is (weakly) contractible.

Notation 2.6. For 7 a category we denote by Z~.s C Z the full subcategory spanned by the
non-initial objects.
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Notation 2.7. We denote by * the terminal category and, for an oco-category € and ¢ € €, by
const.: * — C the functor representing ¢ (sometimes we will also just write ¢ for const.). More
generally, for a simplicial set K, we denote by const.: K — C the unique map that factors over
const.: * — C, and omit the index if the target category is .

Notation 2.8. When Z, 7/, and J are categories and f: Z — J and f': 7/ — J are functors,
we write f | f/ for the comma category and denote its objects by tuples (i,4', f(i) — f/(i')) where
i € Z and i’ € T'. Furthermore, we denote by pry respectively prz, (or just by pr (or pry ) if it
is clear which one is meant) the forgetful functor from f | f’ to Z respectively Z’. Sometimes we
will replace one or both of f and f’ either with J, in which case we mean the functor id 7, or
with an object j € J, in which case we mean the functor const;: * — 7. In the latter case, we
will, when writing an object of the comma category, omit the unique object of * from the tuple.

Remark 2.9. When J is a poset, this comma category f | f’ is canonically isomorphic to the
full subcategory of Z x I’ spanned by those (i,4') such that f(i) < f’(i') (since any diagram
in a poset automatically commutes). In particular we can omit mention of the structure maps
f(i) = f'(¢) in this case.

Notation 2.10. For C an oco-category, we denote by hC its homotopy category (as a (1-)category,
cf. [10, Section 1.2.3]) and by me: € — hC the canonical functor.

Notation 2.11. For K a simplicial set, we denote by K< the cone over K, by « the cone point,
and by incg: K — K< the inclusion (we will sometimes drop the index if there is no risk of

confusion).

Notation 2.12. For K a simplicial set and € an oco-category, we will denote by Fun(K, C) the
oo-category of functors from K to C, i.e. the internal hom of simplicial sets.
We will often implicitly identify Fun(x, €) with C itself.

Notation 2.13. Let f: I — J be a map of simplicial sets and € an oco-category. We denote by
Res¢: Fun(J, C) — Fun(I, €) the restriction along f.

Notation 2.14. By an adjunction of functors between co-categories we will mean an adjunction in
the homotopy 2-category of co-categories, i.e. the strict 2-category with objects the co-categories,
morphisms the functors between oo-categories, and 2-morphisms the homotopy classes of natural
transformations between those functors (cf. [17, Definition 1.4.1]).

Remark 2.15. This is the definition of an adjunction used by Riehl and Verity (see [17, Definition
2.1.1]). We chose it since it is very pleasant to work with, in particular in relation to functors of
Kan extension. That it agrees with the more hands-on definition of Lurie given in [10, Definition
5.2.2.1] is shown in [17, Appendix F.5].

Definition 2.16. Let f: I — J be a map of simplicial sets. An oco-category C is weakly left
[-extensible if the restriction Resy: Fun(J,€) — Fun(/, C) has a left adjoint. In this case we
fix such an adjunction Lany < Res;. In particular, we fix a unit-counit pair of this adjunction,
which will be what we mean when we write “the” unit (or counit) of the adjunction.

Remark 2.17. If f =idy: I — I, then Res;q = id. In particular we can choose Lan;q, as well as
the unit and counit of the adjunction, to be identities as well. This is the adjunction we fix in
this case.
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Notation 2.18. Let I be a simplicial set and € an oo-category. Then we write A: € — Fun(Z, @)
for the diagonal, i.e. the restriction along const: I — =, and say that C admits all colimits
indexed by I if it is weakly left const-extensible, i.e. if the functor A admits a left adjoint. In
this case we write colim; := Lanconst : Fun(Z,€) — €. Note that in particular we have a fixed
adjunction colim; 4 ReSconst -

Definition 2.19. Let f: Z — J be a functor between categories. We say that an oco-category €
is left f-extensible if it admits colimits indexed by f | j for all j € J.

Remark 2.20. By [17, Corollary 12.3.10], an co-category € that is left f-extensible is weakly left
f-extensible.

Remark 2.21. Note that an co-category € that admits colimits indexed by a category Z is left
inc-extensible, where inc: Z — Z” is the inclusion. This follows by considering, for an a € 7%,
the slice category inc | a. If a = », it is isomorphic to Z. If otherwise a € Z, it has a terminal
object, in which case Lemma C.10 implies that € admits colimits indexed by inc | a.

Notation 2.22. Let I be a simplicial set, € an co-category, and p: I — C a diagram. We say
that a diagram I” — € is a colimit diagram extending p if it is an initial object of €,/ (cf. [10,
Remark 1.2.13.5]).

Notation 2.23. Let 7 be a category, i € Z, and € an oco-category that admits colimits indexed
by Z. Denote by t;: Al — I” the functor representing the unique morphism i — ». Then the
functor Res;,: Fun(Z”, €) — Fun(Al, €) curries to a natural transformation a: Res; — Resy
of functors Fun(Z”,€) — €. Now we can form the composition (where the first equivalence is
provided by Lemma B.2 and the last one by Lemma C.8)

~ (6% ~ o
Res; — Res; Resinc Lani,. = Res; Lanj,. — Res, Lanj,. «— colzlm

which we consider to be the structure map from the value at 7 to the colimit.

Remark 2.24. We could have defined the structure map as the restriction of the unit id —
A o colimz to ¢, but the definition we gave is easier to compare to the notions of [10]. In particular
note that, by Lemma B.3, the structure map D(i) — colimz D is an equivalence if and only if all
colimit diagrams 7% — C extending D send the unique morphism i — » to an equivalence (or,
equivalently, if there exists one that does so).

Notation 2.25. Let Z be a category and € be an oo-category that admits colimits indexed by
Z. Then we have the following diagram on the left and its image under Fun(—, C) on the right:

Resiq

Fun(Z",€) —— Fun(Z", @)

T inc ™
‘ )5/ ‘/id ReS»L lg/ LRGS{DC
*

LN c—2 . Fun(Z,©)
where ¢ is, at an object ¢ € Z, the unique map to the cone point. We obtain a mate
& . colimz Resine — Resy Lan;g = Res,.. Evaluated at a diagram D: 7% — € this takes the form
of a map
colIim D|; — D(»)

that is natural in D. This is what we will mean by the canonical map from the colimit.
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Remark 2.26. When Z = *, then colimz = id and the natural transformation Resjn. — Res, is
just given by &, i.e. evaluation at the unique morphism * — » in *".

Notation 2.27. Let Z be a category with an initial object @, € an co-category that admits
colimits indexed by Zs 4, and D: Z — € a diagram. Then, noting that the full subcategory of 7
spanned by @ and Z-4 is canonically isomorphic to (Zsz)“, we obtain, by the dual of what we
did in Notation 2.25, a transformation Resg — limz_, Resz_,, i.e. a natural map

D(2) — im Dlr_,

which we see as the canonical map in this situation.
Notation 2.28. Let f: I — J be a map of simplicial sets and € an oo-category that admits

colimits indexed both by I and by J. Then we have the following diagram on the left and its
image under Fun(—, C) on the right:

L -2, Fun(J, @)
‘/ ii/ ‘/ 1d‘/ id [Resf
* —— * GLFun(I,G)

whose mate id, is a natural transformation colim; Resy — colim; which we will denote by f.
and call the induced map on the colimit.

Notation 2.29. We will say a map f: K — L of simplicial sets is homotopy terminal if, for
each oo-category € and colimit diagram p: L” — €, the induced map po f*: K — C is again a
colimit diagram. The dual concept will be called homotopy initial.

Remark 2.30. By [10, Proposition 4.1.1.8], this definition of homotopy terminal is an equivalent
characterization of what Lurie calls cofinal (cf. [10, Definition 4.1.1.1]).

Notation 2.31. Let f: I — J be a map of simplicial sets and F: € — D a functor between
weakly left f-extensible co-categories. We say that F' preserves left Kan extension along f if the
mate x: Lang o (F o) = (F o) o Lany of the natural transformation

Fun(J, C) Ber Fun(I, C)
id
=

Fun(J, D) —= Fun(I, D)

is an equivalence.
We say that F' preserves colimits indexed by a simplicial set [ if it preserves left Kan extension
along const: [ — *.

3. Excisive functors

Classical Goodwilie calculus (as developed originally in the series of papers [4, 5, 6] and generalized
to the oco-categorical context in [11, Section 6]) studies functors which have certain behaviors
with respect to diagrams indexed by cubes, i.e. posets of the following form:
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Notation 3.1. Let S be a set. We write P(S) for the poset of subsets of S ordered by inclusion.
Moreover, for n € Ny, we set P(n) := P([n]) and call it the n-cube (here [n] :={0,...,n —1}).

Namely, one defines a functor F': € — D between sufficiently nice co-categories to be n-
excisive if it sends strongly cocartesian (n + 1)-cubes to cartesian cubes. Here, cartesian means
that the cube is a limit diagram, which makes sense in much greater generality:

Definition 3.2. Let Z be a category that has an initial object and € an co-category that admits
limits indexed by Z~g. A diagram D: Z — C is cartesian if there is an initial object @ € Z such
that the canonical map

D(@) — (limz._, Resz.,)(D)

is an equivalence (by naturality of the map to the limit this is equivalent to requiring it to be an
equivalence for each initial object).

Remark 3.3. By Lemma C.13, this is equivalent to requiring the restriction D)| 7 of D to the
full subcategory J of Z spanned by @ and Zy (which is canonically isomorphic to (Zs4)") to
fulfill the condition that the unit map D|; — (Raniyc Resinc)(D| ;) is an equivalence, where
inc: Zwg — J is the inclusion. By Lemmas B.3 and C.1, this is in turn equivalent to D| 7 being
a limit diagram. The latter description makes sense even if not all limits indexed by Z~ 4 exist,
which makes it useful in some circumstances.

Strongly cocartesian is a slightly more complicated condition: it means that any 2-face of
the cube is cocartesian, i.e. a pushout (cf. [5, Definition 2.1]). However, this can be rephrased
in a more abstract way: it is equivalent to requiring the cube to be a left Kan extension of its
restriction to the initial star, i.e. the following subposet:

Notation 3.4. Let S be a set. We write P<1(S) C P(S) for the full subposet consisting of
all subsets of S with cardinality at most 1. Moreover, for n € Ny, we denote the inclusion
'Pgl(n) Q P(n) by Lp-

This rephrased condition does not make reference to the structure of the cube anymore, only
to the inclusion L,. In particular, we can formulate it for arbitrary functors:

Definition 3.5. Let f: 7 — T be a functor between categories and C a weakly left f-extensible
oo-category. A diagram D: 7 — Cis f-cocartesian if the counit map (Lany Resy)(D) — D is an
equivalence.

Remark 3.6. That for f = v, this actually specializes to the condition of being a strongly
cocartesian n-cube is shown in [11, Proposition 6.1.1.15] and in slightly different language in [5,
Proposition 2.2].

Remark 3.7. 1f f is fully faithful, any diagram in the essential image of Lan; will be f-cocartesian,
by Lemma C.1.

Now that we have general notions of being “strongly cocartesian” with respect to some
functor, we obtain a corresponding notion of excision for each of them:

Definition 3.8. Let f: 7 — T be a functor between categories such that Z has an initial object,
C a left f-extensible oo-category, and D an oco-category that admits limits indexed by Zsg. A
functor F': € — D is f-excisive if it takes f-cocartesian diagrams to cartesian diagrams. We
write Exc¢(C, D) C Fun(C, D) for the full subcategory of f-excisive functors.

Moreover, for n € Z>_1, we say that a functor is n-excisive if it is L, 1-excisive.
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Remark 3.9. By Remark 3.6, our definition of an n-excisive functor agrees with Goodwillie’s
original one in [5, Definition 3.1]. In particular our notion of an f-excisive functor generalizes
the classical one.

Ezample 3.10. Let G be a (discrete) group and set Zg = (BG)?, i.e. the category with an initial
object « and a single other object e, whose automorphisms are given by G. Furthermore, let
1. {4} = Zg denote the inclusion.

Note that, for any oco-category C, a diagram Zg — C is tg-cocartesian if and only if it is
equivalent to a constant diagram. Moreover, in the co-category of spaces, the limit of a constant
diagram BG — 8, i.e. the homotopy fixed points of a space X equipped with the trivial G-action,
is given by Map(BG, X). In particular a diagram Zg — 8 that is constant with value X is
cartesian if and only if the map X — Map(BG, X)), given by the inclusion of the constant maps,
is an equivalence. This is the case if X is discrete (when G = Z this is also a necessary condition).

Hence, any functor € — 8 that takes values in discrete spaces is tg-excisive (for all G). For
example, this is the case for the truncation functor mg: 8 — 8. However, it is easy to see that
this functor is not n-excisive for any n > —1. In particular, for all groups G and all n > —1,
being tg-excisive does not imply being n-excisive.

On the other hand, if G is non-trivial, then the constant functor constgg: ¢ — 8 is not
tg-excisive. In particular, for any n > 0, being n-excisive does not imply being tg-excisive.

3.1 Preshapes Our overarching goal in this section is to show that under some hypotheses on
a functor f: 7 — T and the oo-categories C and D there is, as in classical Goodwillie calculus, for
any functor F': € — D, a universal f-excisive functor approximating F’ which can be explicitly
constructed.

For this, and the rest of this paper, we will focus on functors of the following form, for reasons
that will become apparent later.

Definition 3.11. A preshape is a functor o: S — S between posets such that S has an initial
object @ and o~1(@) is non-empty.

Let 0: S - Sand 7: T — T be preshapes. A map of preshapes o — 7 is a tuple (f, f)
consisting of functors f: S — 7T and f: S — 7 such that foo = 7o f and Yo7 ={2s}.

Remark 3.12. The collection of preshapes together with maps of preshapes forms a category with
composition given by componentwise composition of functors.

Definition 3.13. Let 0: S — S be a preshape.
a) It is finite if both S and S are finite.
b) It is full if o is a full functor.
c) It is reduced if S has an initial object.

Remark 3.14. Since functors between posets are automatically faithful, a full preshape is already
fully faithful. Furthermore, by Lemma D.1, it is also injective (on objects).

Remark 3.15. Note that a reduced preshape preserves the initial object (as 0~ !(@s) is downward
closed). Furthermore, a full preshape is automatically reduced since fully faithful functors reflect
initial objects.

Notation 3.16. When o: S — S is a reduced preshape, we denote the initial object of S by 0.
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3.2 Construction of the excisive approximation Our construction of the universal excisive
approximation is a generalization of Goodwillie’s original construction for topological spaces [6,
Section 1] (which is also used in generalized form by Lurie in [11, Section 6.1.1]). There, an
important part is played by the cubical diagrams given by mapping a subset U C [n] to the
join of X and U, where X is some space and U is considered as a discrete space (one concrete
construction of this join is to take, for each element of U, a copy of the cone of X and glue them
all together at their bases). We will now describe a more abstract way of constructing these
diagrams (which is basically the same way Lurie does it).

Notation 3.17. Let 0: S — S be a reduced preshape and € an oco-category with a terminal
object. We write Padg := Ranjy.: € — Fun(S’, G), where inc: {0} — S is the inclusion. Note

that the categories 3 | inc are, for all § € S, isomorphic to either the empty or the terminal
category, and hence our assumption on € implies that Padg exists.

Remark 3.18. The diagram Padg(X) has X at 0 and the terminal object of C at all other points
of S (i.e. it pads the diagram with terminal objects).

Notation 3.19. Let 0: S — S be a reduced preshape and C a weakly left o-extensible co-category
with a terminal object. Then the composition

Pad 4 “
e %, Fun (3, e) Lano, pun(S, €)
curries to a functor € x § — € which we denote by .

Remark 3.20. By Lemma C.5, we have, for X € C and s € S, the more explicit formula

X x s = (Lan, Padg)(X)(s) = colim (Pad ¢(X) o pr, )

ols

(as long as C is left o-extensible).

Remark 3.21. By definition of Pad¢(X), it admits a canonical map from any diagram S—=e
with X at 0. This is its main useful property and will allow us to factor maps into it in a useful
way.

Remark 3.22. In the case where 0 = L, and C is the co-category of spaces, the functor x specializes
to the join with a discrete set (we can imagine the terminal objects occurring in Padp_, (,,)(X)
to be the cone over X which are then glued together by taking a left Kan extension). Hence x
generalizes the cubical diagrams mentioned above.

The following basic property will be needed later.

Lemma 3.23. Let 0: S — S be a reduced preshape, T a contractible category, and C a left
o-extensible oco-category that admits colimits indexed by L and has a terminal object. Then, for
any s € S, the functor (— * s) = Res; Lan, Padg preserves terminal objects and colimits indexed
by T.

Proof. Note that, by Lemma C.19, the functor Lan, preserves colimits and the functor Pad ¢
preserves limits. Hence, since Res; also preserves colimits, it is enough to show that Padg
preserves colimits indexed by Z and that Res; Lan, preserves terminal objects.

For the second statement note that an object of Fun (S , G) is terminal if and only if it is
pointwise terminal. In particular, any such terminal object is equivalent to the restriction const,oc,
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where const, : * — C represents a terminal object of € and c: S — * is the constant map. Now,
by Lemma C.5, the object (Res, Lan,)(const, oc) can be computed by colim 5 (const. ocopr, ).

But this is the terminal object of € since c o pr, . is homotopy terminal as ¢ | s has an initial

[N
object and is thus contractible. '

For the first statement it is, by Lemma C.16, enough to show that, for any § € 5, the
functor Ress Padg preserves colimits indexed by Z. Note that, again by Lemma C.5, the functor
Res; Padg is equivalent to limginc o Respy, Ling? where inc denotes the inclusion of {0} into S. But
5 ] inc is either the terminal category, in which case lim; ;,. = id clearly preserves colimits, or
empty. In the latter case limg i, is the functor const,: * — C for some terminal object * € C.
This preserves colimits indexed by the contractible category Z since the constantly terminal
diagram const,: Z® — € is a colimit diagram extending const,: Z — € by [10, Proposition

4.3.1.12] (together with [10, Proposition 2.4.1.5]). O

Now we are ready to give the construction of the universal excisive approximation. Note,
however, that it will only have the desired properties after assuming more conditions on ¢ and
the oco-categories € and D.

Construction 3.24. Let 0: S — S be a reduced preshape, € a left g-extensible co-category
with a terminal object, and D an oco-category admitting sequential colimits and limits indexed
by Ssz. We write

T, : Fun(C, D) — Fun(C, D)

for the functor given by
F +— lims_, o Ress. , o (F o) o Lan, o Padg .
There is a natural transformation of functors ¢ — C
Ty id = Resy Pad $— Resg Res, Lan, Pad = Resg Lan, Pad $

coming from the counit of the adjunction Resp 4 Padg and the unit of Res, - Lan,, the first of
which is an equivalence since the inclusion {0} C § is fully faithful (later we will need to assume
that o is full precisely because we need 7, and thus the mentioned unit to be equivalences).
We obtain a natural transformation t,: id — T, of functors Fun(C, D) — Fun(C, D) defined at
F € Fun(C, D) by the composition

F ", FoResyoLan, oPadg T, (F)

[ [
Resg o (I o) o Lan, o Padg — lims_, o Ress.,, o (F o) o Lan, o Padg

where the second morphism is the canonical map to the limit. Now, by Lemma D.9, the sequence
of morphisms

te 0Ty 0T,

id o5 T, teoTey T T, (3.1)

defines a sequential diagram. By our conditions on D, its colimit exists. We will denote it by P,
and by p,: id — P, the structure map to the colimit.

Remark 3.25. A more explicit formula for computing T, is

Ty (F)(X) ~ limyes. , F(X *s)
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which (in a less general form) was Goodwillie’s original definition (cf. [6, Section 1]). In this form
to is the composition of F(X) — F(X * @) and the canonical map into the limit (the first of
which is an equivalence if ¢ is full).

Remark 3.26. The construction of T, (and thus the one of P,) is not functorial in 0. The problem
is that, although a map (f, f): (6: S = &) = (7: T — T) of reduced preshapes induces maps
X x5 8 = X %, f(s) and a map limserz , (X *-t) = limges. , (X %, f(s)), they do not combine
into a map between T, and T,. However, there are functorial properties when restricted to
certain subcategories. This is discussed in Section 4.

For this construction to work well, we will need to assume further conditions on the target
oo-category D, namely that the occurring sequential colimits are compatible with certain limits.

Definition 3.27. Let Z be a category. An oo-category D is Z-differentiable if it admits sequential
colimits as well as limits indexed by Z- 4, and taking sequential colimits preserves limits indexed
by Zsg.

It is differentiable if it admits sequential colimits as well as all finite limits, and taking
sequential colimits preserves finite limits.

Remark 3.28. The notion of a differentiable co-category was introduced by Lurie; see [11,
Definition 6.1.1.6].

Remark 3.29. Note that differentiable implies Z-differentiable for any finite category Z (i.e. a
category with finitely many objects and morphisms).

Remark 3.30. By Lemma C.20, the condition that sequential colimits preserve limits indexed by
S~ is equivalent to requiring the functor lims. , to preserve sequential colimits.

Example 3.31. The following are examples of differentiable co-categories:

o any oo-topos (see [11, Example 6.1.1.8]), in particular the oo-category of spaces (see [10,
Proposition 6.3.4.1]).

o any stable co-category (cf. [11, Definition 1.1.1.9]) that admits countable coproducts (see
[11, Example 6.1.1.7]).

o the oco-category C, of pointed objects (cf. [10, Definition 7.2.2.1]) in a differentiable oco-
category C. In particular this tells us that the co-category of pointed spaces is differentiable.
To see this, note that C, is defined as the full subcategory of Fun(Al, €) spanned by the
maps f: Al — € with f(0) a terminal object of €. But this subcategory is closed under
the formation, in Fun(A!, €), of finite limits and sequential colimits (the latter fact uses
Lemma C.15). Since fully faithful functors reflect (co)limits by [17, Proposition 2.4.7], this
implies that C, is differentiable.

We can already prove some elementary properties of T, and P, that we will need later.

Lemma 3.32. Let 0: S — S be a reduced preshape, C a left o-extensible oo-category with a
terminal object, and D an S-differentiable co-category.
a) If o is full, then, for any o-excisive functor F': C — D, both t,(F') and p,(F') are equiva-
lences.
b) Both T, and P, preserve limits indezed by Ssg.
c) Both T, and P, preserve sequential colimits.
d) Let €' be another left o-extensible co-category with a terminal object and F: € — D a
functor. Then the functors Py o (F o) and (P,(F) o) from Fun(C,€") to Fun(€,D) are



82 Robin Stoll, Higher Structures 8(2):70-135, 2024.

equivalent when restricted to the full subcategory consisting of those functors G: € — €’
that preserve terminal objects and left Kan extension along o.

Proof.

a) The map t,(F') is the composition of F o 7,, which is an equivalence when o is full, and
the canonical map to the limit. The latter map is an equivalence by construction since,
for any X € C, the diagram (Lan, Padg)(X) is o-cocartesian by Lemma C.1 and hence
F o (Lan, Padg)(X) cartesian. Thus p,(F) is also an equivalence by Lemma C.15 as each
map in diagram (3.1) is an equivalence (using that (T, )" (F) is, by induction, equivalent to
F and hence o-excisive).

b) It follows directly from Lemmas C.17 and C.19 that T, preserves limits indexed by
S~g. This also implies that the functor Ny — Fun(Fun(C, D), Fun(€, D)) described by
diagram (3.1) sends each n € Ny to a functor that preserves limits indexed by Ss. Hence,
by Lemma C.16, the associated functor Fun(€, D) — Fun(Ny, Fun(C, D)) preserves limits
indexed by Ssz. Now, since D is S-differentiable, the functor colim: Fun(Np, Fun(€, D)) —
Fun(C, D) preserves limits indexed by Ss4 (the category Fun(€, D) is again differentiable
by Lemmas C.2 and C.17). As the composition of these two functors is precisely Py, this
implies that P, preserves these limits as well.

c¢) This follows similarly to b) by noting that lim: Fun(Ssz, D) — D preserves sequential
colimits when D is S-differentiable.

d) Using (the dual of) Lemma C.18, we see that any such G preserves right Kan extensions
along the inclusion inc: {0} — S (using that, for all § € S, the comma categories § | inc
are either empty or the terminal category). This implies the corresponding statement
for Ty, i.e. that there is an equivalence a: (T,(F) o) — T, o (F o) (when restricted to
the subcategory). Furthermore, by two applications of Lemma C.22, we obtain that the

diagram

(F o) < (1,(F) o)

idl loc (3'2)

(F o) —'7 Ty 0 (F o)

commutes up to homotopy.
Now we can inductively define equivalences ay,: ((T4)"(F') o) — (Ts)" o (F o) by setting
ag = id and

G (L) (F) 0) < Ty o (T,)"(F) o) 22 T, 0 (T,)" o (F o).
Now note that, since the diagram

((To)"(F) o) —— (T

.|

T
t J
(T (F) o)~ T, o (T,
| l
"

(To)™ (Fo)%T o(T

F) o)

o(F o)

commutes up to homotopy (using that the upper square is a special case of diagram (3.2)),
the o, assemble into an equivalence from the sequential diagram defining (P,(F') o) to the
sequential diagram defining P, o (F' o) (using Lemma D.9). O
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Remark 3.33. Note that in the first part of the previous lemma we did not use the full strength of
F being o-excisive, only that it sends diagrams in the essential image of Lan, Padg to cartesian
diagrams. Since we will show that (under certain conditions) the functor P, (F') is o-excisive (see
Lemma 3.49), this implies that (under these conditions) the a priori weaker property above is
actually equivalent to being o-excisive.

3.3 Shapes Unfortunately, it is not true that, for any preshape o, the functor P,(F) is a
universal o-excisive approximation to F': € — D (even if the oo-categories € and D are as nice
as we want). This is shown by the following example:

Ezample 3.34. Consider the full subposet D = {§, {1,2}} € P(2) and denote the inclusion by 4.
It is clear that § is a full preshape. Now let € and D be two oco-categories. By Lemma C.1, a
diagram P(2) — € is d-cocartesian if and only if it is equivalent to one of the form Lans(F) for
some diagram E: D — € (the diagram Lans(E) looks like

id
X —

X
o
X —Y

where f is the morphism of € represented by E: Al = D — €). In particular, for a functor
F: € — D to be d-excisive it has to send any such Lans(FE) to a cartesian diagram. For Y the
terminal object of € this would imply, if F' preserves terminal objects, that

F(X) <L F(X) 4 F(X)

exhibits F(X) as a product of F(X) with itself. In the case where D is the oo-category 8.
of pointed spaces, this can only be the case if F/(X) is weakly contractible (by considering its
homotopy groups). This shows that a d-excisive functor € — 8, that preserves terminal objects
has its image contained in the terminal objects.

Now let F': € — 8, be any functor that preserves terminal objects. Since Pady is given
by sending X € € to a map X — %, we obtain that Ts(F) is the functor X — F(X) x F(X)
and that ts is given, at X, by the diagonal F(X) — F(X) x F(X). In particular, we have that
Ps(F)(X) is given by the colimit of the sequence

F(X) 25 F(X) x F(X) 25 (F(X) x F(X)) x (F(X) x F(X)) — -
and hence is not weakly contractible when F'(X) is not weakly contractible since homotopy
groups commute with products and sequential (homotopy) colimits (for 1-categorical sequential
colimits over inclusions this can be found in [13, Chapter 9.4]; for sequential homotopy colimits
it follows from the 1-categorical case by taking a cofibrant replacement). Thus, if the image of F'
is not contained in the terminal objects, then Ps(F') cannot be d-excisive.

Remark 3.35. If, in the definition of a preshape, we relax the condition of being a functor of
posets to being a functor of categories, then the functor ¢z of Example 3.10 is another example
such that P,, is not necessarily tz-excisive.

However, we can put conditions on ¢ so that P, is a functor of universal o-excisive approxi-
mation. This is done in the next definition. We will see that .,, fulfills these conditions, so that
our statements actually generalize the classical ones.
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Definition 3.36. A preshape o: S — S is a shape if S has all (small) coproducts, and, for all
s,t €S and k € S such that a(l;:) < tII s, the full subposet

Syuii = {8 €8 |o(3) <sando(k) <tTI a(g)} cs

is contractible. A map of shapes is a map between the underlying preshapes.

Remark 3.37. For everything we do with shapes in this section it would be enough to only
require S to admit finite coproducts. However, we use the stronger version since it makes the
constructions in Section 5.2 easier to work with (though one should be able to work around
this, so that in the end (almost) all statements we will make should also hold with the weaker
requirements).

The following is an easy-to-check sufficient criterion for a reduced preshape to be a shape.

Lemma 3.38. Let o: S — S be a full preshape. Assume that, for all a,b € S and ¢ € S such
that 0(¢) < allb, we have o(¢) < a or o(¢) < b. Then o is a shape.

Proof. We want to show that, for all s,t € S and k € S such that O'(/;?) < tIIs, the poset ‘§s i
is contractible. For this first assume that a(l;:) < t. In this case 55 . i has 0 as an initial object

and is thus contractible. Otherwise (k) £ ¢ and our assumption implies (k) < s and hence
ke Ss . i~ Thus we have that o(k) < o(3) for any 3 € ‘S: ¢ - As o is full this implies that k is an

initial object of S’S + jr» Which finishes the proof. O

Ezxample 3.39. We give some (non-)examples for Definition 3.36:

o The preshape v, is a shape. This follows directly from Lemma 3.38. (A more general
version of this statement will be proven in Lemma 5.14.)

« More generally, let S be a set and S any non-empty full subposet of P(S). Then the
inclusion & — P(S) is a shape if and only if S is downward closed in P(S). This will be
proven in Lemma 6.2.

e The preshape § from Example 3.34 is not a shape. For example the poset Zv)s’ oy for s = {1},
t ={2}, and k = {1,2} is empty and thus not contractible.

The main motivation for the definition of a shape is that it is precisely what we need for
the next lemma. However, before we can state it, we need a way to assume, depending on the
shape, enough colimits to exist. This will be achieved by the following definition. It is somewhat
stronger than what we will actually need, but a lot more convenient to work with (it would be
possible to track the precise requirements; however we chose to not do so in favor of increased
readability).

Definition 3.40. Let f: 7 — J be a functor between posets and € an oo-category. If both 7
and J are finite, we say that C is f-nice if it admits all finite colimits. Otherwise we say that €
is f-nice if it admits colimits of size up to the maximum of the cardinalities of Z and 7.

Remark 3.41. Note that an f-nice co-category is automatically left g-extensible for any functor g
with source Z or J and target a poset (since the corresponding slice categories have a cardinality
bounded by the cardinality of Z respectively 7).

Lemma 3.42. Let 6: S — S be a shape, C a o-nice co-category, and D: S—>Ca diagram.
Then, for any t € S, the diagram Lang (D) o (t 11 —) is o-cocartesian. In particular Lang (D) is
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o-cocartesian, even though o is not necessarily full (in which case Lemma C.1 would imply the
statement).

This also implies that, for any o-cocartesian diagram D': S — € and t € S, the diagram
D' o (t11 —) is again o-cocartesian.

Proof. This is a special case of the (technical) next lemma. More precisely, we apply it to the

situation
S S—P .e
s M s

for which we need that, for all s € S and k € S such that (k) < (¢t I —)(s) = ¢ IT s, the poset
{s€8]0(3) <sando(k) <tllo(3)} =S, ,;

is contractible. But this is precisely the assumption on o for it to be a shape. ]

Lemma 3.43. LetZ, J, KC, and L be posets, and f, g, and h functors as the diagram

J 7
[
K-t

specifies and € an f-nice and g-nice co-category. Furthermore, assume that, for all k € K and
i € T such that f(i) < h(k), the full subposet

{1€ T 1@ <hg(5)) and g(j) <k} €T
is contractible. Then, for any diagram D:Z — C, the diagram (Resy Lang)(D) is g-cocartesian.

Remark 3.44. The counit of the adjunction Lan, 4 Res, has, precomposed with Res;, Lan; and
evaluated at k € IC, the form

colim colim — colim.
J€EgLk flh(g(5)) FLh(k)

The conditions of Lemma 3.43 precisely guarantee that the collection (f | h(g(j)))jeq ik is a cover
of f | h(k) that is nice enough to force the above map to be an equivalence (cf. [10, Corollary
4.2.3.10 and Remark 4.2.3.9]).

Proof of Lemma 3.43. Consider the diagram

fllhog —2— 1

q % f
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where p = prz and ¢ = pr; are the two projections and o comes from f(p(4, j)) = f(i) < h(g(j)) =
h(g(q(i,7))). Applying Fun(—, €) yields the following diagram on the left and subsequently taking
mates the one on the right:

Fun(f | (hog),C) i Fun(Z, @) Fun(f | (hog),C) e Fun(Z, C)
Resq % Resy Lang \a!s Lang

F Respog Respog
un(J, C) Fun(Z, C) Fun(J,C) Fun(Z, C)
Resg ld/ Resiq Lang \ld' Lan;q
Fun(KC, €) Hesn Fun(L, C) Fun(KC, €) fesn Fun(L, C)

(where all occurring Kan extensions exist by our assumptions on C).
Now note that since, by definition, the mate id, is given by the composition

Lang Respoy = Lang Resp,o4 Resiq Lanig = Lang Resy Resy, Lanig —5 Resy, Lanyq = Resy,

applying id, to a diagram D: £ — C results precisely in the map from the definition of g-
cocartesianness for Resy, (D). In particular it is enough to show that id, o Lany is an equivalence,
which is one of the maps that occur in the paste id; * cu = (id * ), (where the equality (in the
homotopy 2-category of oo-categories) comes from the pasting law for mates). Since ay is an
equivalence by Lemma C.4, it is thus enough to show that (id * «),: Lang.q Res, — Resy, Laniqoy
is one as well.

For this it is, by Lemma C.7, enough to show that for any k € K, the map

. Tx :
colim gog) |k ReSpr ), Resp — colimyynr) Respr, ) )

induced by the functor r: (9o q) Lk — f ] h(k) given by p is an equivalence. We claim that r is
homotopy terminal, for which we need that, for all ¢ € f | h(k), the poset

ilr={(,7) €T xT| f(i') <h(g(s")) and g(j') < k and i <4}
is contractible. For this note that the map
Q:={j'€ J|f(i) < h(g(j)) and g(j') <k} —ilr

given by j' — (i,7') is left adjoint to the projection i | r — Q given by (¢’,5’) — 7’ and hence
a homotopy equivalence. Thus, it is enough to show that the poset on the left is contractible,
which is true by assumption. O

3.4 Proof of the excisive approximation We can now formulate the main result of this
section.

Theorem 3.45. Leto: S — S be a full shape, € a o-nice co-category with a terminal object, and
D an S-differentiable co-category. Then there is an adjunction with left adjoint Py: Fun(C, D) —
Exc,(C, D), right adjoint the inclusion inc: Exc,(C, D) — Fun(C, D), and unit p,: id — inc o P,.

Remark 3.46. Later we will also obtain Corollary 5.8, a version of this theorem for shapes which
are finite but not necessarily full.



Functor calculus via non-cubes 87

The main input in proving this theorem is the following lemma, whose proof is adapted
from Rezk’s streamlined proof (see [15]) of the corresponding statement for ordinary Goodwillie
calculus.

Lemma 3.47. Let o: S — S be a reduced shape, C a o-nice co-category with a terminal object,
and D an oco-category admitting sequential colimits and limits indexed by Ssg. Furthermore,
let F': € — D be a functor and D: § — C a o-cocartesian diagram. Then there is a homotopy
commutative diagram

FoD —2Y T (F)oD

o~

such that E: S — D 1s cartesian.

Proof. The general strategy is to define, dependent on D, the following data:
o a functor § x § — € written (s,t) — Ds(t) and D': S — Fun(S,C), ¢t — D_(t) after

currying,
« anatural transformation a: D’ — LanyoPadgoD (which has the pointwise form a:: Dy(t) —
D(t) % s),
o and a natural transformation 3: D — Resg o D' = Dg(—)
such that

1. the composition (Resg o )B: D — Resg o Lan, o Padg o D is homotopic to 7, o D (where
To is as in Construction 3.24),

2. and for each s € S>4 the diagram F oResg;o D' = Resgo (F o)oD': § — D, which is more
explicitly given by t — F(Ds(t)), is cartesian.

Assuming this exists, we obtain the homotopy commutative diagram

FoD
/— lfc,
FoResgoD F oResg o Lan, o Padg o D

Resg o (F o)o D’ . Resg o (F o) o Lan, o Padg o D

! |

lims.,, o Ress_, o (Fo)oD' — lims_, o Ress_, o (F o)oLans oPadgo D = To(F) oD

which proves the claim by setting E = limg. , oRess. , o (F o)o D’ and noting that E is cartesian
by Lemma D.12 and the assumption that Res; o (F o) o D’ is cartesian for each s € S~.

Now for the construction. We will use the following idea: let s € S~ 4, and assume that, for
all t € S, applying Ds to the morphism ¢t — t I s yields an equivalence. Then F o D, is cartesian
by Lemma 3.48, which can be found after this proof (this is where we essentially need that S is
a poset). This suggests to try to define D4(t) = D(t 11 s); since the functor (— II s) is idempotent
(as S~y is a poset), this implies the needed condition. However, it is not clear how one should
then define the natural transformation D(¢11s) — D(t) xs. So, our strategy is to construct Ds(t)
in a way that comes with this map but, in good cases, still computes D(t 11 s).

The rough idea is to set

Ds(t) .= (Lan, Resg)(D o (¢t 1T —))(s)
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which will come equipped with a map D_(¢t) — D(t) x — since the latter is defined as
(Lan, Padg)(D(t)) which is terminal in the correct sense (see Remark 3.21). Furthermore,
for D_(t) to compute D(t LI —), we precisely need that D o (¢ Il —) is o-cocartesian, which was
the statement of Lemma 3.42.

More formally, to also obtain functoriality in ¢, we consider the diagram

LA Fun(S, @) Rese, Fun(S‘, @) 4 Fun(é,e) Lano, Fun(S, C)
D Mk, HUAS
e

where p’ is given by ¢ — Do (¢t 11 —) and 7 is the unit of the adjunction Resy - Pad & The upper
composition gives the desired functor D’': & — Fun(S, €C) and 7 the natural transformation «,
using that the left triangle commutes as ¢t I 0(0) = ¢.

Furthermore, let 5 be given by the natural transformation in the diagram

S
dl
Fun(S, @)
Resol
Fun(g, @) i Fun(S’, G) _Reso S e
Fun(s, ©) Resy

where ¢ is the unit of the adjunction Lan, 4 Res,.
To show that (Resgoa)f is homotopic to 740 D, write p = Res, op’ and consider the diagram

Resg Resy, Lang p A Respp 4 Resgp

| ! J-

Resy Lan, p Resp(Padg Resg)p = (Resp Padg) Resop

| !

Resg Lan, Padg Reso p = Resp Res, Lan, Padg Reso p

where all maps (apart from the four identities) are given by the (co)units of the adjunctions
Resp 1 Padg and Lan, 4 Res,, and the right vertical morphism is an equivalence since the
inclusion {0} C S is fully faithful. The right square commutes up to homotopy by one of the
triangle identities and the left square commutes up to homotopy since the two sides are just
the two possible horizontal compositions of a pair of natural transformations. Now note that
the composition along the left of the diagram is just (Resy o ) and the one along the right is
750 D.

The only thing left to show is that Ds(—) = Resg o D' is equivalent to D(— II s) = Resg o p'.
This then implies that the morphism Dg(t) — Ds(t II s) is an equivalence for all ¢ € S, as
tIls — (t1ls) I s is the identity. We will actually even show that the map

D' = Lan, Res, p’ = p/
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is an equivalence, where ¢ is the counit of the adjunction Lan, - Res,. For this it is enough to
show that e evaluated at p/(t) = Do (¢t 11 —) is an equivalence for all ¢t € S. But this is equivalent
to Do (t1I —) being o-cocartesian, which was the statement of Lemma 3.42. O

Lemma 3.48. Let T be a poset that admits finite coproducts, @ its initial object, i an element of
I<g, € an co-category that admits limits indexed by Iz, and D: T — € a diagram. Furthermore,
assume that D applied to the morphism j — j 11 i is an equivalence for all j € . Then D is
cartesian.

Proof. Let p;: T — i ] Z-4 be the functor given by j — j IIi. Note that the restriction pi|z>g
is left adjoint to the projection pr: 7| Zsg — Zs & by the universal property of the coproduct.
Additionally, let n: id — inc o pr o p; be the natural transformation of functors Z — Z coming
from j < j IT+4 (this restricts to the unit of the above adjunction on 7).

Now consider the diagram D’: (i | Zs5)" — € given by the composition of D o inc o pr and
the functor (i | Zs»)® — i | s given by i at the cone point and the identity otherwise. From
this, we obtain the diagram

D(@) —————— (Doincoprop;)(9) (D oincopr)(i)

| ! -

limz, ., (D oinc) —— limz,, (D oinc o pr o p; o inc) (pio;c)* lim; 7., (D oincopr)

which commutes up to homotopy by (the dual of) Lemma C.11 (by Lemma C.10, limits indexed
by the poset i | Zs4 exist since it has an initial object). The left horizontal morphisms are
equivalences as D o7 is an equivalence by assumption. Furthermore, the bottom right horizontal
map is an equivalence since p; o inc is left adjoint and hence homotopy initial, and the vertical
morphism on the right is an equivalence by Lemma C.12 since ¢ is an initial object of i | 7~ .
Hence the vertical map on the left is an equivalence, which was the claim. O

The rest of the proof of Theorem 3.45 is analogous to the one given by Lurie in [11,
Theorem 6.1.1.10]. However, for completeness’ sake, we still recount it here (with a bit more
details). We need a few more lemmas:

Lemma 3.49. Let 0: S — S be a reduced shape, C a o-nice oco-category with a terminal
object, and D an S-differentiable co-category. Then, for any functor F': C — D, the functor
P,(F): € — D is o-excisive.

Proof. Let D: S — € be a o-cocartesian diagram. By definition, the diagram P,(F) o D is given
by the colimit of
FoD —Ty,(F)oD — (T,)*(F)oD — --- (3.3)

where the maps are given by t,. By Lemma 3.47, each of these maps
to((To)"(F)) 0 D: (Tq)"(F) 0 D — (To)" (F) o D

factors, up to homotopy, through a cartesian diagram E,: S — D. The resulting sequence of
morphisms
FoD — Ey— Ty(F)oD — Ey — (Tg)*(F)oD — ---

defines a sequential diagram (by Lemma D.9). Restricting along the inclusion 2Ny C Ny, we
obtain a diagram where each morphism is homotopic to the corresponding one in diagram (3.3)
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and which is thus, by again Lemma D.9, equivalent to it. On the other hand, restricting along
the inclusion 2Ny + 1 C Ny yields a diagram E of the form

EFy— FE, — Ey —> ---

whose colimit is cartesian by Lemma D.12, as each E, is cartesian and D is S-differentiable.
Since both inclusions are homotopy terminal, the colimit of the F, is equivalent to the one of
diagram (3.3), which finishes the proof. O

Lemma 3.50. Let 0: S — S be a full shape, C a o-nice co-category with a terminal object,
and D an S-differentiable co-category. Then, for any functor F: C — D, applying P, to
to(F): F' — Ty (F) yields an equivalence.

Proof. Recall that t,(F') is defined as the composition of the transformation F' o 7,, which is an
equivalence as o is full, and the upper horizontal map in the homotopy commutative diagram

Resg o (F o) o Lans oPadg —— lims_, o Ress.,, o (F o) o Lan, o Padg = T, (F)

|=

Fo(—xo) limges. , (Fo(—*s))

which we obtain from (the dual of) Lemma C.14. Hence it is enough to consider the lower
horizontal map in the above diagram. Since, by Lemma 3.32, the functor P, preserves limits
indexed by Ssg, applying it to this map yields, by Lemma C.23, the upper triangle in the
following homotopy commutative diagram in Fun(C, D)

(hm865>z FO( )))

(
" %
|

12

PU(FO(_*Q)) 11m8€$>g o

|

Po(F) o (=% @) — limses. , (Po(F) o (= *5))

1

where the lower two vertical equivalences are provided by Lemma 3.32. This uses that (— * s)
preserves left Kan extension along ¢ by Lemma C.18, for which we in turn use Lemma 3.23 to
see that (— x s) preserves terminal objects and, for s’ € S, colimits indexed by o | s’ (since o is
full and hence o | s’ has an initial object and is contractible).

But the lower horizontal map in diagram (3.4) is an equivalence since P, (F') is o-excisive by
Lemma 3.49 and, for any X € €, the diagram

(X x —) = (Lan, Padg)(X): § — €

is o-cocartesian by Lemma C.1 (here we implicitly use that Resy preserves limits and again
Lemma C.23). This finishes the proof. O

Lemma 3.51. Let 0: S — S be a full shape, C a o-nice co-category with a terminal object,
and D an S-differentiable co-category. Then, for any functor F: C — D, applying P, to
pPo(F): F — P, (F) yields an equivalence.
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Proof. By Lemma 3.32, the functor P, preserves sequential colimits. Hence we have, by
Lemma C.21, that the map P,(p,(F)) is an equivalence if and only if the structure map
from P,(F') to the colimit of the diagram

Po(to 0 To)
AL

P, (F) 228 (b T ) (F) (P, Ty To)(F) — ...

is. But the latter follows from Lemma C.15 since each of the maps P, (t,0(T,)") is an equivalence
by Lemma 3.50. O

Lemma 3.52. Let C' and D be objects of a 2-category, l: C' — D and r: D — C' morphisms,
and n: idg — rol a 2-morphism. Assume that there is a 2-isomorphism [ or = idp, and that
both l on and nor are 2-isomorphisms. Then there is an adjunction | - r with unit 7.

Proof. This is [17, Lemma B.4.2 and Remark B.4.3]. O
We are now ready to complete the proof of the main theorem:

Proof of Theorem 3.45. We want to apply Lemma 3.52 (in the homotopy 2-category of oco-
categories) to P,: Fun(C,D) — Exc,(C,D) and the inclusion inc: Exc, (€, D) — Fun(C, D).
First note that P, actually lands in Exc,(C, D) by Lemma 3.49. Now, by Lemma 3.32, the
transformation p,: id — inc o P, precomposed with inc is an equivalence. This also implies that
P, oinc ~ id since Exc,(C, D) is a full subcategory. Furthermore the transformation P, op, is
an equivalence by Lemma 3.51. 0

4. Maps between approximations

As was mentioned in Remark 3.26, the construction of the universal o-excisive approximation
is not functorial in o. However, by its universal property, we will get a map P,(F) — P.(F) if
P, (F) is o-excisive. So, in this section, we will study what maps between (pre)shapes tell us
about the relationship of the corresponding notions of excision.

One special case is the map L, — Ly,41 induced by the inclusion of [n — 1] into [n]. This will
correspond to the classical fact that (n — 1)-excisive implies n-excisive (cf. [5, Proposition 3.2]
or [11, Corollary 6.1.1.14]). The first subsection will focus on a generalization of this to more
general (pre)shapes. However, under some conditions, a map ¢ — 7 of preshapes can also tell us
that T-excisive implies o-excisive. This does not have an analogue in classical Goodwillie calculus
(at least in the form we prove) and will be explored in the second subsection.

The names chosen for these concepts, indirect respectively direct maps, come from their effect
on the universal excisive approximations. The mnemonic is that a direct map ¢ — 7 induces a
map P, — P, and the other way around for an indirect map.

. ~

Remark 4.1. In Remark 3.26, we saw that a map of (reduced) preshapes (f, f): (6: S — S) —
(r: T — T) induces maps

T,(X)= 1 X * — 1 X % +— i X, t) =T(X

o(X) Segr:z( ) se{gj@( r f(s)) te%g( 7 t) +(X)

which do not combine into a map between T, and T.. However, if one of these two maps were
an equivalence for all X, then we would get a map in one direction. This can be seen as a
motivation for there being two conditions, direct and indirect, one for each possible direction of
the resulting map (and the conditions we give are basically chosen such that they guarantee one
of the above maps to be an equivalence).
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4.1 Indirect maps

Definition 4.2. Let 0: S — S and 7: 7 — T be preshapes. A map (f, f) o — 7 of preshapes
is indirect if, for all s € §, the induced functor

fools—rif(s), (500)5s)— (f<§>,7<f<st>> = f(o(3) 1% f<s>)
is homotopy terminal.

Lemma 4.3. Let n < m be elements of Ng. Then the following is an indirect map of preshapes:

P<i(n) 1, P<i(m)

P(n) S N P(m)

where f and f are induced by the inclusion of [n — 1] into [m — 1].

Proof. That it is a map of preshapes is clear. For indirectness we note that, for S € P(n), the
induced map 1, | S — L | f(S) is even an isomorphism. O

Lemma 4.4. Leto: S S and 7: T — T be preshapes, (f, f) o — T an indirect map, and C
a o-nice and T-nice co-category. Then, for any T-cocartesian diagram D: T — C, the diagram
Res¢(D) is o-cocartesian.

Proof. Consider the map (f, f ) as the identity transformation in the diagram

S 17T
L 4y L
S T

Applying Fun(—, €) and taking the mate gives us a transformation id,: Lan, Res i Resy Lan,,
which is an equivalence by Lemma C.7 and assumption. By Lemma A.2 we obtain a homotopy
commutative diagram

Lan, Res 7 Res; % Resy Lan, Res;

H =

Lan, Res, Resy — %7 % Res ¥

where ¢, and e, are the counits of the respective adjunctions. Now note that e, evaluated at D
is an equivalence since D is T-cocartesian. Hence ¢, evaluated at Resy(D) is also an equivalence,
as we wanted to show. ]

Proposition 4.5. Let o: S—Sbea preshape, T: T—Ta shape, € a o-nice and T-nice co-
category, and D an oo-category that admits limits indexed both by Ssz and by T~gy. Furthermore,
assume that there is an indirect map (f, f) o — 7. Then each o-excisive functor F: C — D is
also T-excisive.
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Proof. Let D: T — € a 7-cocartesian diagram. We need to prove that F o D is cartesian. For
this we use the functor p: 7 x S — T given by p(t,s) =t II f(s) to transport diagrams indexed
by 7 to diagrams indexed by S.

By Lemma 3.42 and 7 being a shape, the diagram D o (¢ I —) is 7-cocartesian for any t € T.
Then, by Lemma 4.4, the diagram D o (¢t II —) o f is is o-cocartesian. In particular this implies
that FoDop: T xS — D is cartesian when restricted to any {t} x S. Then, by Lemma D.13,
we have that F'o D o p is already a limit diagram itself. Now, using that, by Lemma D.4, the
restriction p|(rxs)_, ¢ (T X 8)55 — T>e is homotopy initial, we obtain, by Lemma D.11, that
F o D is a limit diagram, as we wanted to show. O

Together with Lemma 4.3 this implies the classical statement that n-excisive implies m-excisive
for n < m:

Corollary 4.6. Let n < m be elements of Ng, C an co-category that admits all finite colimits,

and D an oo-category that admits limits indexed both by P(n)., and by P(m) Then each

>o
(n — 1)-excisive functor F': € — D is also (m — 1)-excisive.

The following lemma will be needed later.

Lemma 4.7. Let S € Pos and S , T € Posy;. Furthermore, let there be a commutative diagram

/\

s— 1 57

of functors between posets

such that T is a shape and such that f is full and preserves finite coproducts. Then o is also a
shape that is finite if T is, and (f,idg): o — T is an indirect map of shapes.

Proof. First note that f is injective by Lemma D.1, hence S is finite if 7 is. Furthermore, this
gives us that 0~ 1(@s) = o1 (f 1 (@7)) = 77 1(27) is non-empty (note that f~(o7) = {Ts}
as f is injective and preserves initial objects). In particular o is a preshape.

We now need to show that, for all s,¢ € S and k € S such that 0(/;:) < t1Is, the full subposet

Svoa

37t7

N

={5e8|o(3)<sand (k) <tllo(3)}CS

T

is contractible. For this note that our assumptions imply

87, i ={3€8 | f(0(3) < f(s) and f(o(k)) < f(tLo(3))}

= {5€8|7(3) < f(s) and 7(k) < f(t) 1 7(3)}
= S0
which is contractible as 7 is a shape and o (k) < t II s implies 7(k) < f(¢) II f(s).

The tuple (f,idg) is a map of shapes since we have, as noted above, that f~(@7) = {@s}.
For indirectness we need that, for all s € S, the functor o | s — 7] f(s) induced by idg is
homotopy terminal. We claim that it is even an isomorphism. For this, it is enough to show
surjectivity since the functor in question is just the inclusion of one full subposet of S into
another. This surjectivity is equivalent to 7(5) < f(s) implying o(3) < s for all § € S, which
follows from the equality f(o(5)) = 7(8) and f being full. O
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4.2 Direct maps

Definition 4.8. Let 0: S — S and 7: 7 — T be preshapes. A map (f, f) o — 7 of preshapes
is direct if f is full and fls.,: Ssg — T>g is homotopy initial.

.

Remark 4.9. Clearly any map of preshapes (f, f): ¢ — 7 such that f is an isomorphism is
direct. Let us now furthermore assume that 7 is full. In this case one can see very clearly
why 7-excisive should imply o-excisive: any o-cocartesian diagram is also 7-cocartesian. This
is the case since, if we have a diagram D: S — C such that D ~ (Lan, Res;)(D), then also
D ~ (Lan, Lan; Res;)(D), and thus D is 7-cocartesian by Lemma C.1. This can be seen as
further motivation for the following proposition.

Proposition 4.10. Leto: S—Sandr: T — T be preshapes, C a o-nice and T-nice 0o-category,
and D an oo-category that admits limits indexed both by Ssz and by T~gz. Assume that T is
a shape or full and that there is a direct map (f, f) o — 1. Then each T-excisive functor
F: C— D is also o-excisive.

Proof. Let D: § — € be a g-cocartesian diagram. We need to show that F o D is cartesian. For
this we use Lany to transport D to a diagram indexed by 7.
We have
Lang(D) ~ (Lany Lans Res,)(D) ~ (Lan, Lan s Reso)(D)

which is 7-cocartesian. This follows from Lemma C.1 if 7 is full and from Lemma 3.42 if 7 is
a shape. In particular, we obtain that F' o Lany(D) is cartesian. Hence, by Lemma D.11, the
restriction F o Lany(D) o f is cartesian (here we use that f|s., is homotopy initial). Now, since
f is full and hence fully faithful, we have that

FoLang(D)o f=Fo(ResyLans)(D) ~ FoD
and thus that F' o D is cartesian, as we wanted to show. O

Remark 4.11. The condition that f is full is a bit stronger than actually required. We do not
need that (Resy Lang)(D) ~ D for all D: & — €, but only for those that are o-cocartesian. A
weaker, combinatorial condition guaranteeing this can be formulated.

5. The structure of shapes

In this section we study various classes of shapes and their properties. The results obtained here
will be useful for the following sections.

5.1 Full shapes In this subsection we consider shapes which are full as a functor. The main
result is that for every finite shape there is a full shape with the same excision properties.

Notation 5.1. Let f: P — Q be a map of posets. We denote by im f C Q the essential image
of f, i.e. the poset with elements f(P) and partial order < generated by the relation ¢ < ¢’ if
there are p € f~1(q) and p’ € f~1(¢') such that p < p'.

Remark 5.2. Note that im f is a subposet of Q but does not need to be full. To distinguish the
different partial orders in this situation we will use, as in the definition, the symbol < for the
one of im f.
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Notation 5.3. Let o: S — S be a preshape. We write 6: imo — S for the preshape occurring
in the factorization

Remark 5.4. That G is again a preshape is immediate as @g € imo.
Lemma 5.5. Ifo: S—Sisa finite shape, then 6: imo — S is full.

Proof. We need to show that for any two elements ¢ and j of im ¢ such that ¢ < j, we also have
1 = j. We do this by induction on

d(i,j) ==sup{n € Ng | 3s0,...,5, € S such that i =59 < --- <5, =5}

which is finite since S is finite by assumption.
If d(i,j) = 0, then i = j and we are done. Otherwise, let k € 6~1(i). Then, by the definition
of a shape, the full subposet
sjygv,;:{iesyiga(z)gj}gs
is contractible, in particular connected, as (k) =i < j = j11@. Since i # j, the preimage o1 (i)
is a proper non-empty subset of S'j o - Thus, there must be a morphism in 3;’ o [ With exactly
_717 b b

one of target or source lying in o~ (¢). But if it were the target, there would be an element

iec «Sv‘jﬁ’,; such that o(7) < 4, a contradiction. So there must be 7 € o~ 1(i) and [ € S‘j,@,k \ o7 1(q)
such that 7 <. In particular i = (i) < o(l) < j, hence it is enough to show that o(l) < j. But
as i # o(l) we have d(o(l),j) < d(i, j), so the statement follows by induction. O

Lemma 5.6. A finite shape o: S — S is full if and only if it is injective.

Proof. The “only if” part follows from Lemma D.1. For the other direction note that, if o is
injective, then o: S — im o is an isomorphism since the generating relation in Notation 5.3 is, in
this case, already transitive. Hence, by the factorization

imo
2= X)
S i S
and & being full by Lemma 5.5, we obtain that o is full as well. O

The following result tells us that for each finite shape there is a full finite shape with the
same excision properties.

Proposition 5.7. Let o: S—>Sbea finite shape. Then 6: imo — S is again a finite shape
(and full, by Lemma 5.5) and the map of shapes

S —2 % imo

| Jo (5.1)

S
is both direct and indirect. In particular, a functor F': C — D between co-categories is o-excisive
if and only if it is o-excisive (as long as C is o-nice (which implies 6-nice), and D admits limits
indezed by Ssgz ).
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Proof. For the first part we need to show that, for all s,¢ € S and k € im ¢ such that 6(/%) < tlls,
the full subposet

I,,;={i€imo|5(7) <sand5(k) <tls5(2)} Cimo

S
v

is contractible. Let [ € 5~ 1(k). Then, as o is a shape and o(l) < t I s, we know that the full
subposet

%

S,i=13e8|o(3) <sand6(k) =o(l) <tlo(3)} C S

R

7 e It is now enough to check that ¢ is a homotopy equivalence, in particular that it is

is contractible. By commutativity of diagram (5.1), we have that & induces a functor g: S’S

S

homotopy initial, i.e. that for each 7 € fs . 7. the full subposet

G; = gli= {§ S 35715,[ ’ g(g) = 77} < Ss,t,lv

is contractible. By Lemma 5.5, the condition g(s§) < 7 is equivalent to o($) = d(g(3)) < (7).

Hence, using that &(7) < s, we obtain G; = ‘Sv‘&(i)’ £ which is contractible since o is a shape and
o(l) = (k) < t115(7) by definition of ~s?t7,~€.

That (id, 7) is direct is clear. For indirectness we have to show that for any s € S the functor
Gs: 0l s — 6l sis homotopy terminal, i.e. that for any § € 5| s the category 5| &, is contractible.

This category § | s can be identified with the full subposet
Hes=1{ieS|of)<sand5=<5({)} CS.

Let k € 571(3). Then we have, again using Lemma 5.5, that H, 3 is just ‘SV'SQIVC and hence

contractible since o is a shape and o(k) = (3) < s = @ Il s by definition of 3. O

As a corollary we obtain the following version of Theorem 3.45 for shapes which are finite
but not necessarily full.

Corollary 5.8. Leto: S—Sbea finite shape, C a o-nice co-category with a terminal object, and
D an S-differentiable co-category. Then there is an adjunction with left adjoint Pz : Fun(C, D) —
Excs(C, D) = Exc,(C, D), right adjoint the inclusion inc: Exc,(C, D) — Fun(C, D), and unit
ps: id — inc o P5.

5.2 Free shapes In this subsection we study shapes o: S — S such that S is freely generated
by S under taking coproducts. These turn out to be useful since it is easy to map out of them.
We show that, if S is finite, being excisive with respect to such a “free” shape o is, for some n,
equivalent to being n-excisive.

Notation 5.9. Let P be a poset and M C P a subset. We write
a) JM={xeP|Jye M: x <y} for the down-set of M.
b) O(P) ={N CP| N = | N} for the down-set lattice, i.e. the poset of downward closed
subsets ordered by inclusion.
c) op: P — O(P) for the canonical functor given by x — [{z}.

It is well-known (cf. [3, Examples 2.6 (3)]) that O(P) is a complete lattice, in particular
that it has all coproducts, and that these coproducts are given by taking the union of subsets.
Actually, the map op is even the universal map from P to a poset with all coproducts.

The following definition introduces a similar construction which adds coproducts to posets
that already have initial objects. Just taking O would add a new initial object (the empty set)
which we do not want.
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Notation 5.10. Let P € Pos,. We write O(P) C O(P) for the full subposet of non-empty
subsets. Noting that op uniquely factors as P — O(P) C O(P), we will also, by abuse of
notation, write op: P — O(P) for the first map in this factorization.

Remark 5.11. Note that (5(77) still has all coproducts: non-empty ones are again given by taking
unions of subsets and the initial object {@p} constitutes an empty one.

Lemma 5.12. For P = P<i(n), there is a canonical isomorphism of posets under P<i(n)

between op_, (ny: P<1(n) — O(P<1(n)) and L,: P<1(n) — P(n).
Proof. This follows directly from the definitions. O

The following lemma now makes precise what we claimed before about the universality of
this construction.

Lemma 5.13. The construction O extends to a functor Posg — Posyp by defining, for f €
Hompos,, (P, P’), the induced map O(f) to be given by M — | f(M).

Furthermore O s left adjoint to the forgetful functor U: Posyp — Posg. More explicitly, for
all posets P € Posg, Q € Posyr, and any f € Hompes, (P,U(Q)), the functor uy: O(P) = Q

given by M — [1,,ear f(m) is the unique element of Hompes, (O(P), Q) such that

P
X
OP) —— Q@

commutes, and the assignment f — uy is natural in both P and Q.
Moreover o is a natural transformation id — U o O of functors Posg — Posg.

Proof. First note that it is clear that (5( f) is a morphism in Posy;. For functoriality of O we
furthermore need that, for M € (5(77) and f: P — Q and g: @ — R maps of posets, we have
M = lid(M) and {(go f)(M) =l g(l f(M)). The former statement, as well as the inclusion
C of the latter, are clear. For the other inclusion let x € R and note that z < g(y) for some
y € | f(M) implies that there is z € M such that y < f(z). Hence z < g(f(z)) and thus
v € Lg(f(M)).

For naturality of o we need that, for x € P and f € Hompos, (P, Q), we have | f(J{z}) =
{f(x)}, which follows from the same argument as the functoriality.

For the adjunction, it is clear that uy is a functor and that uy o op = f as we have, for
z € P, that [[,<, f(y) = f(z) (this uses that in a poset the coproduct of a set of objects with
a maximum is that maximum). To see that u; is a morphism in Posy, note that, for any
non-empty subset L C O(P), we have

(o) =u(Ua)= T w1 I o= T won,

MeL MeL melJyyep M MeL meM MeL

where the third equation follows from the fact that, in a poset, a coproduct over multiple copies of
the same object is that object again. For the empty coproduct we have us({@p}) = f(Dp) = @g
as f preserves initial objects by assumption. For uniqueness, note that any element of 6(73)
is the coproduct of elements in the image of op. Hence any element of Hompes, (O(P), Q) is
already uniquely determined by its restriction along op.
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For naturality of the map f + u; in the variable P we need that u o, = uy o (5(19) for all
morphisms p in Posg, which follows from [[,,,cas f(P(m)) = Iy piary f(m). For naturality in
the variable Q we need that ug.s = q o uy for all morphisms ¢ in Posy;, which follows from ¢
preserving coproducts. O

Lemma 5.14. For any S € Posy the map 0g: S — (’)(5’) 1s a full shape. Moreover, z'fg' 18
finite, then og is also finite.

Proof. First note that it is clear that og is a preshape and that O(8) is finite if S is. Fullness
follows from the fact that, for @ and b in S, the inclusion [{a} C |{b} implies a < b.

Now we want to employ Lemma 3.38 to show that og is a shape. For this we need that, for
all A,B € O(S) and ¢ € S such that 0g(¢) < AIl B, we have 0¢4(¢) < A or 0g(¢) < B. But
H{¢é} € AU B implies ¢ € A or ¢ € B. In both cases the set [{¢} must already lie in one of A
and B as they are downward closed. This implies the statement. O

Remark 5.15. Combining Lemma 5.14 with Lemma 5.12, we obtain as a special case the fact
that L,,: P<1(n) — P(n) is a full shape (which we had already seen in Example 3.39).

The following result tells us in particular that, for any finite poset S with more than one
object, there exists n € Ng such that og-excisive is equivalent to n-excisive.

Proposition 5.16. Let S € Posg and M C S a non-empty full downward closed subposet
such that, for all § € 5>g, there exists an element m € Msg with m < § (zfg is finite this is
equivalent to requiring M to contain all minimal elements Ofc§>g). Then the inclusioni: M — S
induces a map of shapes

—t 58
Wl [
(’,‘)' .
0N O(S)
which s both direct and indirect.
In particular, a functor F: C — D between oco-categories is 0g-excisive if and only if it is
om-excisive (as long as C is 0g-nice (which implies onq-nice), and D admits limits indexed by

both O(M)., and O(S). ).

Proof. First note that the square commutes by naturality of o.

Furthermore O(i) is full since we have, for any M € O(M), that | i(M) = i(M) (as M is
downward closed) and hence that O(i )( ) € O@i)(N) implies M C N. Thus, for directness,
it only remains to show that O(z)>® O(M)>@ — O(S)>® is homotopy initial. For this let
Le (5(5‘)>®. Then (7)(1')>® 1 L has the terminal object {m € M | i(m) € L} (which is actually
contained in (5(/\/l)>g since our assumptions imply that there exists an element m € M4 with
i(m) € L) and is thus contractible.

For indirectness we have to check that, for all M € (5(./\/1), the functor ipr: opg 4 M —
0g O(i)(M) induced by i is homotopy terminal. But, by M being downward closed in S, we
have that |{$} C | ¢(M) implies § € M. Hence i)/ is even an isomorphism. O

Corollary 5.17. Let S € Posy be finite. Then a functor F: € — D between oco-categories is
og-excisive if and only if it is (n — 1)-excisive, where n is the cardinality of the discrete poset M

of minimal elements of S‘>Z (as long as C admits all finite colimits, and D admits limits indexed
by both P(n)., and (’)( )>®)



Functor calculus via non-cubes 99

Proof. This follows from Proposition 5.16 applied to M U{@} by noting that MU{@} = P<;(n)
and using Lemma 5.12. O

5.3 Inane shapes In this section we study a certain class of shapes which we call “inane”.
The terminology is motivated by the fact that every functor is excisive with respect to every
inane shape.

Notation 5.18. Let P € Posg, Q € Posyy, and f € Hompes, (P, Q). We write vy: P — imuy
and wy: imuy — Q for the maps occurring in the diagram

of factorizations of f.

This cannot be applied to f = o: S—San arbitrary (pre)shape as S does not necessarily
have an initial object, so we need to restrict ourselves to reduced (pre)shapes. Luckily, by
Proposition 5.7, we do not lose much by doing so (at least in the finite case).

Lemma 5.19. Let P € Posg, Q € Posy, and f € Hompos, (P, Q). Then imuys has all
coproducts and wy: imuy — Q is full and preserves coproducts.

Proof. We first show fullness. To this end, let M and M’ be elements of O(P) such that
ur(M) < up(M'). But then, since uy preserves coproducts, we have us(M) < up(M UM') =
up(M) g up(M') = us(M’).

Now the fact that fully faithful functors reflect coproducts implies that imu; and wy are an
object respectively a morphism in Posy; since (5(73) has all coproducts and they are preserved

by uy. O
Definition 5.20. Let S € Posg, S € Posyy, and f € Hompos,, (5‘,8). In this situation, we set
I/ = wp | s ={i € imuy | wy(i) < s} Cimuy

which is a full subposet.
A reduced shape o: S — S is inane if there exists s € Sxg such that Z¢ = {@}, i.e. such
that for all § € S with o(5) < s one has o(3) = @.

Ezample 5.21. For any n € Ny, the shape 1, is reduced but not inane, since any S € P(n). , has
a subset of cardinality one.

Example 5.22. The inclusion of posets {0} — {0 < 1} is an inane reduced shape.

This definition is motivated by the statement of Proposition 5.24, which tells us that finite
inane shapes do not have any interesting excision properties. The intuition is that, if there is an
element s € S with Z7 = {@}, left Kan extension along o copies the value at 0 € S to s (since
s does not “see” anything else of S ), so that afterwards applying a functor F' and taking the
limit over Ssg yields F' applied to that value again. However, before we can prove the formal
statement, we need the following lemma.
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Lemma 5.23. Let S € Posy, S € Posyy, and fe HOHIPOS@(S,S). Then the poset Ig has a
terminal object.

Proof. We claim that i, := [], czf T € imuy is terminal in ZJ, where the coproduct is taken in
imuy and exists by Lemma 5.19. It is clear that we have i < i, for any i € If But 7, also lies in
I7 as wy(iv) =11, iet! wy(i) < s by Lemma 5.19 and the universal property of the coproduct. [

Now we can prove that finite inane shapes are actually not interesting from an excision

standpoint.

Proposition 5.24. Let o0: S — S be a finite inane reduced shape. Then any functor F: @ — D
between oo-categories is o-excisive (as long as C is o-nice, and D admits limits indexed by both
Ssp and (imus X P), ,, where P is as in the proof below).

Proof. Let D: § — € be a o-cocartesian diagram and F': € — D a functor. Furthermore, let P
be the full subposet {s € S | Z7 = {@}} C S. That o is inane is then equivalent to P having
more elements than just @.

Now consider the diagram

(imug X P).

N

N

where inc denotes the inclusion, pr the (restriction of the) projection, ¢ is given by (i,p) —
wy () I p, and the natural transformation 7 comes from the fact that w, (i) < w, (i) I p.

Claim 5.24.1. The functor ¢ is homotopy initial.

Proof. This is Lemma D.4 applied to w, and the inclusion incp: P — S. For this we need to
show that for all s € Ss4 one of w, | s and incp | s has a terminal object different from the
respective initial object. Note that the category w, | s = ZJ always has a terminal object by
Lemma 5.23. If this terminal object is equal to @ then we have s € P by definition, in which
case s # & is a terminal object of incp | s. [ |

Claim 5.24.2. The functor pr is homotopy initial.

Proof. We need to show that for all ¢ € im u, the category pr | 7 is contractible. This category
can be identified with (((imuy) | i) x P). 4. By Lemma D.3, it is now enough to show that P
has a terminal object different from @. For this we show that if p,p’ € P then also pIlp’ € P
(where the coproduct is taken in &), which is enough since P has more than one element (by
assumption) and is finite as it is a subset of S. Otherwise there would be j € (imug)-, o such that

wy(j) < pIlp'. Hence, by definition of u,, there is k € S such that o(k) # @ and o (k) < pIIp.
Now we look at

S . ={5e8|0(3) <pando(k)<pIlo(3)}

which, since ¢ is a shape and U(IVC) < pIIp/, is contractible. In particular it is non-empty, so
let 5 € S - We have 0(8) < p, thus 0($) € Z7 (as 0($) € imu,), and hence o(5) = @. Thus

o(k) <yp' H o(3) = p' and hence o(k) = @, a contradiction. [ |
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Claim 5.24.3. The natural transformation D on: D o w, o pr — D oinc o ¢ is an equivalence.

Proof. Since D is o-cocartesian, we have D ~ (Lan, Res,)(D). By Lemma C.5 the transformation
(Lang Resy ) (D) o7 is given, at (i,p) € (imus X P) 4, by the map

li R D N — li R D ;
colim ( esq (D) o prg¢w0(z)) S olim ( esg (D) 0 Pryy(w, (z)Hp))
induced by the canonical functor o | w, (i) = o | (wy (i) I p).

We will now show that o | w,(i) = o | (w,(7) II p) is an isomorphism, for which surjectivity
(on objects) suffices as the map is an inclusion of full subposets of S. For this we need that, if
k€ 8 such that o(k) < wy (i) 11 p, then already o(k) < wy(i). For this consider

~

={5e8 |03 <pand o(k) < w,(i) M o(3)}

pawe (i),

which is contractible (since o(k) < wq(i) II p), hence non-empty. So let § be an element of
o ()i Lhe condition o(3) < p implies o(3) = @, thus we have o(k) < we(i) 1 @ = wy(i), as
we wanted to show. |

Now we note that diagram (5.2) extends to a diagram

((imug x 7D)>z)q

<
r X

(im uy )* % (S>p)°

I

S

ke]

where 1 is given by the identity at the cone point and by 1 otherwise, and ¢ is the identity on S
and @ at the cone point. This allows us to obtain maps from F(D(@)) into certain limits indexed
by the categories occurring in diagram (5.2). Namely we get, by (the dual of) Lemma C.11, the
homotopy commutative diagram

M (i iy xP) (FoDowgopr) M iy iy xP) (FoDoincoc)

\ /
/ \

limipy 4, (F o D ow,) lims_,, (F oD oinc)

where the maps around the boundary are equivalences by the previous three claims and the map
into the bottom left is one by Lemma C.12 as @ is initial in imu, and q o (w,)* applied to the
unique map from the cone point to @ is the identity. Hence the map into the bottom right is an
equivalence as well, which is what we wanted to show. ]
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5.4 Non-inane shapes This subsection is devoted to comparing a non-inane (pre)shape
o: S — S to the free shape 0g: S = O(S) in two different ways.

Proposition 5.25. Leto: S — S be a full preshape. Then we have a map of posetse: S — (9(3)
defined by s — {5 € S| 0(3) < s}. If e '({2s}) = {Ds}, this gives a map of preshapes

. .
% .8

|
(

%%

q
%

05
.0 v)

05

that is indirect. Furthermore, if we additionally assume o to be a shape, the condition e *({@g}) =
{@s} is equivalent to o being non-inane.

Proof. For commutativity of the square we need, for all k € S, the equality {3 € S | 0(3) <
o(k)} = {3 € S | § < k}, which follows from o being full. For indirectness, note that, for all
s € §, the induced functor o | s — og | e(s) is an isomorphism since both sides can be identified
with the full subposet e(s) = {$ | 0(8) < s} C S. For the last statement of the proposition,
note that o being non-inane is equivalent to, for all s € S~ 4, there existing an § € S such that
@s # o(8) < s, which is a reformulation of the statement e~ !({@s}) = {@s}- O

Corollary 5.26. Let o: S — S be a non-inane full shape. Then a functor F: C — D between
oo-categories that is o-excisive is also og-excisive (as long as C is o-nice and og-nice, and D
admits limits indexed both by Ssz and by O(S)>Q,).

Combining this with Corollary 5.17, we obtain:

Theorem 5.27. Let 0: S — S be a finite non-inane full shape. Then a functor F': C — D
between oo-categories that is o-excisive is also (n — 1)-excisive, where n is the number of minimal

elements of Sou (as long as C admits all finite colimits, and D admits limits indexed by P(n) 4,
S>g, and 0(8)>®)

The next two results tell us that any non-inane full shape S — S has the same excision
properties as a shape S — Q such that Q is a retract of (5(5‘ ). In particular, for a fixed finite
S, there are only finitely many full shapes of the form S — S with different excision properties.
Combining this with Proposition 5.7, we even get this result if we do not require the shapes to
be full. See Corollary 7.17 for a precise version of this statement.

Proposition 5.28. Let 0: S — S be a reduced shape. Then vy: S — imu, (see Notation 5.18)
s again a shape which is finite if o is, and the map of shapes

¢

X d
S ——
vgl o

—

. w,
imu, —— S
is indirect. Furthermore, if o is full and non-inane, then it is also direct.

Proof. The first part follows from Lemma 4.7 using Lemma 5.19. For the second part we will
use the following claim:
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Claim 5.28.1. Let the functor r: § — imu, be given by s — max Z7 and assume it restricts to

a functor Ssg — (Imug)s . Then r|s., is right adjoint to wg\(imua)m.

Proof. First note that max Z¢ exists by Lemma 5.23 and that r is functorial as s < s’ implies
Z7 C IY and hence max I < max Z7. For the adjunction we have to show that, for all
i € (imuy),, and s € Ssg, we have i < r(s) if and only if w, (i) < s, which follows from Z7
being defined as w, | s. |

Note that our assumption that ¢ is not inane precisely says that r restricts to a functor

S>z — (imuy).,. Hence wg](imuo)mz (imug)., — Ssg is left adjoint and thus homotopy

>0
initial. Together with w, and o being full this shows directness. O

Proposition 5.29. Let o: S—Sbea full shape and assume that u, : (5(5') — § is surjective.
Then ug o e = ids, where e is as in Proposition 5.25. In particular o is a retract of og (in the
category S | Posy ).

Proof. We need to show that u,(e(s)) = s for all s € S, where e(s) = {§ € S | 0(5) < s}. So, let
s be an element of S. By assumption, there is an M C S such that s = u, (M) = [T,,c s o(m).
This implies o(m) < s for all m € M, hence M C e(s). We obtain the inequalities s = uy (M) <
ug(e(s)) = [isce(s) 0(8) < s, which imply uq(e(s)) = s. O

Lemma 5.30. Let 0: S — S be a reduced shape. Then the following diagram commutes:

O(S) Yo S

imu,

which in particular implies that wu,, is surjective (as u, maps surjectively onto imu, ).
Proof. This follows directly from Lemma 5.19. 0

Theorem 5.31. Leto: S — S be a full shape. Then v, : S — imu, is a retract of og (in the
category ‘Sv'i Posg ). Moreover, if o is non-inane, a functor F: € — D between oo-categories is
o-excisive if and only if it is v,-excisive (as long as C is o-nice (which implies v,-nice), and D
admits limits indexed by both S-z and (imug)- ).

Proof. This follows by applying Proposition 5.28 to ¢ and then Proposition 5.29 to v,. For the
latter part we use that v, is full by Lemma D.2 since o is, and that w,, is actually surjective by
Lemma 5.30. O

6. Cubical shapes

In this section we study (pre)shapes of the form o: S = P(S), i.e. those with codomain a cube,
and, more specifically, how the associated notions of excision relate to n-excision.

Remark 6.1. By Proposition 5.7 we do not lose any generality when restricting ourselves to full
shapes, at least if the shape is finite (which in the later parts of this section it will need to be
anyway ), so we will do so freely.

Also note that, if o is full, then it is also injective (by Lemma D.1). Hence we can, by a slight
abuse of notation, consider S to be a subset of P(S). We will do so throughout this section.
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Lemma 6.2. Let S be a set and o: S — P(S) a full preshape. Then o is a shape if and only if
S is downward closed in P(S).

Proof. For the “if” direction let A, B € P(S) and K € S such that K C AU B, and note that
Sypr={A€S[K\BC AC A} Now, since S is downward closed, the element K'\ B € P(S)
is contained in S, and hence is an initial object of S A B

For the “only if” direction let A € P(S)\ S and K € S such that A C K. Then SAiAKk =
{AeS|A=K\(K\A) CAC A} is empty and thus not contractible. O

The next lemma is a direct application of the results of Section 4 to the situation we are
studying.

Lemma 6.3. Let S and T be sets and o: S — P(S) and 7: T — P(T) full preshapes. Fur-
thermore let f: S — T be a map such that f_1(7v') cs (we abuse notation slightly by denoting
the induced map P(S) — P(T) by f as well). Then each o-excisive functor F: € — D between
oo-categories is also T-excisive (as long as C is o-nice and T-nice and D admits limits indexed
both by P>z (N) and by P~z(M)).

Proof. We write Q = f~'(T) considered as a full subposet of P(5) and note that it is clear that
the inclusion ¢: Q — P(S) is a preshape.

Claim 6.3.1. The map of preshapes (f, f) t — T 18 indirect, where f: Q — T s the restriction
of f.

Proof. We need to show that for all N C S the induced map fN: ty N — 7] f(N) is homotopy
terminal, i.e. that for all M € 7| f(IN) the poset

Mlfy={N'CS|NCNandMC f(N)eT}CO
is contractible. For this purpose, define
K={KeT|MCKCFfN}CT

considered as a full subposet. Note that K has the initial object M, hence K is contractible, and
it is enough to show that it is homotopy equivalent to M | fN. For this, let [: M | fN — K be
given by f and r: K — M | fy by K — fH(K)N N. To see that r is well-defined note that
K C f(f~YK)N N) C K where for the first inclusion we use that, since K C f(N), there exists
N’ C N such that f(N') = K hence N’ C f~Y(K)NN and K = f(N') C f(f Y (K)NN). We
claim that [ is left adjoint to r. For this we need to show that, for all N’ € M | fN and K € I,
we have f(N’) C K if and only if N’ C f~}(K) N N, which is clear. [ |

By Proposition 4.5, we now know that a t-excisive functor € — D is 7-excisive. But the map
of preshapes (id,7): t — o is direct, where I: Q — S is the restriction of ¢ (note that this map is
well-defined by assumption). Hence, by Proposition 4.10, a o-excisive functor € — D is t-excisive,
and we are done. O

We will now use this lemma in the situation where 7 = ,, for some n € Ny. To state the
result, we need the following:

Notation 6.4. Let S be a set and M C P(S) a subset of its power set. We write mc(S, M) for
the minimal number of elements of M needed to cover S and set mc(S, M) = oo if no such cover
exists.
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Remark 6.5. Note that, when o: S — P(S) is a full, finite shape such that mc(S, S’) = o0, then
o is an inane shape.

Corollary 6.6. Let S be a finite set and o: S — P(S) a full shape. Then a functor F': € — D
between oo-categories that is o-excisive is also (n — 1)-excisive where n = mc(S,S) (as long as @
admits all finite colimits and D admits limits indexed both by P~z(S) and by Psz(n)). Here we
take oo-excisive to be a trivial condition, i.e. all functors are co-excisive.

Proof. Note that the statement is vacuous if mc(S,S) = oo, so that we can assume mc(S,S) to
be finite. In particular we can chose a cover Ao, ..., Ap_1 €S of S. Since S is downward closed
by Lemma 6.2, we can assume the A; to be pairwise disjoint. Now let f: S — [n] be the map
given by s+ i for s € A;. Then

fFHP<1(n))={BCS|3i:BCA}CS
so that an application of Lemma 6.3 finishes the proof. O

One natural question to ask is whether the implication of the corollary is actually an
equivalence. The following proposition shows that this is indeed the case.

Proposition 6.7. Let S be a finite set, o: G — P(S) a full preshape, and n € Ng. Assume that
n < me(S,G). Then a functor F: C — D between co-categories that is (n — 1)-excisive is also
o-excisive (as long as C admits all finite colimits and D admits all finite limits).

Proof. Throughout the proof let D: P(S) — € denote a o-cocartesian diagram. First note that
the statement is true if G = P<;(S) (by Corollary 4.6) or if mc(S,G) = oo (by Remark 6.5
and Proposition 5.24).

We will now proceed by a slightly complicated to state induction. For this we define

isol(c) := {s € S| {s} is a maximal element of G}
nisol(o) := S \ isol(o)

the sets of what we will call isolated respectively non-isolated directions. The induction is now
on the tuple (|nisol(c)|, |S],|G]) € (No)?3, ordered lexicographically. Said differently, we will from
now on assume that the statement has already been proven for all finite sets 7" and full preshapes
7: G’ — P(T) such that both n < me(T,G’) and one of the following conditions is fulfilled:

e |nisol(7)| < |nisol(o)|,

e |nisol(7)| = |nisol(c)| and |T'| < |S],

e |nisol(7)| = |nisol(¢)| and |T| = |S] and |¢’| < |G].
Note that this induction is possible since any strictly descending chain in (Ng)? ordered lexico-
graphically is finite (i.e. (Ng)? is well-founded).

Let M denote the set of maximal elements of G of cardinality larger than 1. Note that if
M is empty, then we are in one of the two cases already handled in the beginning of the proof,
hence we can assume that M is not empty. Denote by R C P(M) x G the full subposet spanned
by {@} x (G\ M) and ({m},m) for all m € M, and set r :=id x 0: R — P(M) x P(S). Now let
E':=Res,;(D)oprg: R — € and set £ := Lan,(E'): P(M) x P(S) — €. We note the following
fact for later use:

Claim 6.7.1. Let A € P(M) and B € P(S). Assume that for all m € M such that m C B we
have m € A. Then E(A, B) — E(M, B) is an equivalence.
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Proof. By assumption the induced functor r | (A, B) — r | (M, B) is an isomorphism. This
implies the claim by Lemma C.5. |

Now, for any A € P(M), let R 4 denote the full subposet of G spanned by g \ M and A C g,
and set 74 = 0|, 1 Ra — P(S).
Claim 6.7.2. We have, for all A € P(M), that the diagram E|; sy, p(s): P(S) = € is ra-

cocartesian. Moreover there is an equivalence E’{M}xP(S) ~D.

Proof. For the first part it is enough to show that the functors

(A} X R4 R

{A} x P(S) <= P(M) x P(S)

fulfill the assumptions of Lemma 3.43. For this let B € P(S) and (A’,G’) € R such that
r(A’,G") < (A,B). Then we have, for all G € Ry4 such that r4(G) C B and r(A,G") <
(A,74(Q)), that G’ C G. But directly from the definitions we obtain G’ € R C R4, so that G’
is an initial object of {G € R4 | ra(G) C B and r(A',G’) < (A,ra(G))}.

For the second part note the existence of the diagram

~

prg
\ J % Jr
X

{M} x P(S) = P(M) x P(S)

Rm

and that, by Claim 6.7.1, the map o (Res(prg)—l Res,)(E) — Reso(E\{M}XP(S)) is an equiva-
lence. We obtain
Lan,,, ReSTM) (E‘{M}X'P(S))

~ (

~ (Lang Resq) (E|{aryxp(s))
~ (Lan, Res rg) ! Res,)(E)
~

(p
Lan, Res, g)—l)(E/)
= (Lan, Res,)(D)
~D
where, for the fourth equivalence, we use Lemma B.2 and that r is full. |

Now consider the following diagram obtained from Lemma C.11:

(FoE)(2,9) =————— (Fo E)(3,9) ————— (Fo E)(M,2)

% l l (6.1)

lim{@}xp>g(s) (FO E) é limp(M)Xp>z(S) (FO E) —_— lim{M}XP>g(S) (FOE)

and note that the lower left horizontal map is an equivalence since the inclusion {@} X P~ (S) —
P(M) x P>z(S) is homotopy initial, and that the upper right horizontal map is an equivalence
by Claim 6.7.1. Moreover the left vertical map is an equivalence since F' is rg-excisive by the
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induction hypothesis. To see this note that the passage from o = rj; to ry cannot increase
the number of non-isolated directions and does not change the set S. Moreover we have
Rz C Ry = G, since M is not empty, and hence |Rg| < |G| and mc(S, Rg) > me(S,G) > n.

Our goal is to show that FFoD ~ F o E|{M}><77(S) is cartesian, i.e. that the right vertical map
in diagram (6.1) is an equivalence. For this it is, by the above, enough to show that the lower
right horizontal map in the diagram is an equivalence. We will do this in multiple steps. For the
first one we consider the poset

Q = {(A, B) | for all m € M such that m C B we have m € A} C P(M) x P>z(S5)

and claim that the canonical map n: (F o E)[g — Ranine (F o E)|(yy4p. ,(s) I8 an equivalence
where inc: {M} X P>5(S) — Q is the inclusion. For this, let (A, B) € Q and consider the square

(Fo E)(A,B) % lim(4 p)jine (F o Eopr)

| !

(F o B)(M, B) =% lim(f,p)yine (F o E o pr)

for which we want to show that the upper horizontal map is an equivalence. That the left vertical
map is an equivalence was precisely the statement of Claim 6.7.1. Moreover the right vertical
map is an equivalence by Lemma C.5 since the induced functor (M, B) | inc — (A, B) | inc is an
isomorphism, and the bottom horizontal map is an equivalence by Lemmas C.6 and C.12 since
(M, B) is the initial object of (M, B) | inc.

We obtain, by Lemma C.9, that in the following factorization of the map we desire to be an
equivalence the second map is an equivalence:

lim (FoE) —lim(FoE) = lim (FoFE)
P(M)xP>gz(S) Q {M}xP>z(S)

and hence that it is enough to show that the first map is an equivalence as well. For this we
factor it further via the poset

Q C L:={(A,B) |incg | (A, B) is contractible} C P(M) x P~z (S)

which is defined precisely such that the inclusion @ — £ becomes homotopy initial. Hence it
is enough to show that (F o E)|p«p.,(s) is a right Kan extension of (F o E)|, along the
inclusion incg: £ — P(M) x P~z (S). For this we choose a filtration

L=LyC L1 S CLy=P(M)x Psg(5)

such that for all 1 < i < k there exists an l; € P(M) x P>z(S) such that £; \ £;—1 = {l;} and
L€ Ly forall; <leP(M)xPsy(S). By Lemma C.9 it is enough to show that (F'o E)|. is
a right Kan extension of (F'o E)|,  for all 1 <i <k. Similarly to before, this is equivalent to
the canonical map n;: (F o E)(l) — limum%i_1 (F o E o pr) being an equivalence for all [ € £;
which is again automatic if [ € £;_1, so it is enough to check it for [ = ;. In that case we write
li=(A,B) € P(M) x P>z(S) and note the existence of the commutative diagram

/\

li lincg, , ——— (P(M\ A) x P(S\ B))>y M) x P~z(S)

L i /
(i Lince, ) —=—s P(M\ A) x P(S\ B)
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where the three maps labeled ¢ are all given by (A’, B") — (AU A’, BU B’). This tells us, by
Lemma C.6, that 7, being an equivalence is equivalent to (F o E)|,, being cartesian, where
H=u(P(M\ A) xP(S\ B)), which we will now prove.

For this we set N == {m € M\ A|m C B} C M\ Aand N := (M \ A)\ N, yielding
H = 1(P(N) x P(N) x P(S\ B)). We now claim that, for all C' C N, the restriction of F' o F to
the cube He = o«(P(N) x {C} x P(S \ B)) is cartesian (this implies that (F' o E)|,, is cartesian
by Lemma D.13). The main step in proving this consists of the following claim:

Claim 6.7.3. The diagram E|Hc is ho-cocartesian, where he is the inclusion of the full subposet

He = L(('Pgl(N) x {C} x{2}) U ({2} x {C} x WS\B(RAuc))>
into Ho. Here mo\g: P(S) — P(S\ B) denotes the map given by B' — B' N (S\ B).

Proof. 1t is enough to show that the functors
7‘2(} R

el |

He s P(M) x P(S)

fulfill the assumptions of Lemma 3.43. For this we need to show that, for all «(N’,C, B') € H¢o
and (A, G') € R such that (A’,G") < (AUCUN’, BU B'), the full subposet 7 C H¢ defined as

{t(N",C,B"y e He | (A',G') < (AUCUN",BUB") and «(N",C,B") < u(N',C, B')}

is contractible. We distinguish two cases regarding (A’, G'):

Case 1: We have A’ = @ and G' € G \ M. Note that, if G’ C B, then the initial object of He
is contained in 7 and we are done. So we can assume that G’ N B’ # &. In particular the only
elements of H¢ that can potentially be contained in 7 are those of the form (@, C, m5\5(G))
for some G € Rauc. But this lies in 7 if and only if 76\ p(G") C 7s\p(G) € B’. Hence
(@, C,ms\p(G")) is an initial object of T

Case 2: We have (A',G") = ({m},m) for some m € M. First note that, if ({m},m) <
(AUC, B), then the initial object of H¢ is contained in 7" and we are done. Now assume m € N'.
By definition of N this implies m C B and hence that 7 has the single element ({m}, C, @) and
is thus contractible. The last case we have to consider is m € AU C and m € B. Here the only
elements of H¢ that can potentially be contained in 7 are those of the form U(2,C,ms\B(G))
for some G' € Rayc. But this lies in 7 if and only if 7 g(m) C g\ p(G) € B’. Noting that
m € AUC implies m € Rauc, we obtain that +(&, C,mg g(m)) is an initial object of 7. [ |

To show that (F o E)l;,, is cartesian it is, by the claim, enough to show that F' is ho-excisive.
For this we want to use the induction hypothesis. First note that nisol(h¢) = nisol(rib%), where

rib%: ms\B(Rauc) — P(S \ B) is the inclusion. Moreover

isol(r5\2.) 2 isol(rauc) N (S \ B) D isol(ras) N (S \ B) = isol(c) N (S \ B)

hence nisol(rj}%) C nisol(c) N (S '\ B). So we have |nisol(h¢)| < |nisol(c)| with equality if and

only if nisol(c) € S\ B. But this inclusion is equivalent to B C isol(c) which implies that N is
empty, in which case Ho = P(S\ B). Noting that B # & and hence |S \ B| < |S|, this implies
the second of the two conditions we need to be able to apply the induction hypothesis.



Functor calculus via non-cubes 109

It is now enough to show that h¢ fulfills the first condition of the induction hypothesis, i.e.
that me(NLI(S\B), Hc) > n (here we abuse notation slightly by identifying #¢ with its preimage
under ¢ in P(N) x {C} x P(S\ B) ZP(N U(S\ B))). For this we note the (in)equalities

me(N U (S\ B), He
me(S \ B, w5\ p(Rauc)
mc(S, Ry

mc(S, Ry

= |N|+mc(S\ B,ms\g(Rauc))

>mc(S\ B, mg\p(Rum))

< mc(B,mg(Rar)) + me(S\ B, wg\g(Rur))
me(S,G) > n

~— ~— ~— ~—

which together imply
me(N U (S'\ B),?-v[c) >n+ |N|—mce(B,7(Rn))

so that it is enough to show |N| > mc(B,75(Ras)). Noting that Mp :={m € M | m C B} C
m8(Rar), we can further reduce this to showing |N| > mc(B, Mp). For this we will use the
following claim:

Claim 6.7.4. Let (A, B) € P(M) x P>(S). Assume that there exists b € B such that for all
m € M with b € m C B we have m € A. Then incg | (A, B) is contractible, and in particular
(A,B) e L.

Proof. We set Q4 = QN ({A} x P~x(S5)). Using that (A’, B") € Q implies (A”, B") € Q for all
A" C A" we see that the induced functor incg, | (A, B) — incg | (A, B) is right adjoint, so in
particular a homotopy equivalence. Furthermore we have that Q4 p = Qa4 N ({A} X P>z(B)) =
incg, | (4, B). Now the assumption implies that if (4, B’) € Q4 p, then (A, B’ U{b}) € Qa B
as well. In particular the functor from Q4 p to Qapyp = QapN ({A} x{B' C B|be B'})
given by (A, B') — (A, B’ U {b}) is well-defined. Moreover it is also left adjoint to the inclusion
and hence a homotopy equivalence. Since (A, {b}) € Q4 p, is an initial object, this finishes the

proof. |

Assume |N| < mc(B, Mp). Since N C Mp this implies that there exists some b € B\U,,,eny m-
Now Mp\ N C A implies that if b € m € Mp, then m € A. Hence we have (A, B) € L by the
claim. But now we recall from earlier that (A, B) =[; ¢ L, a contradiction. O

Together with Proposition 5.7 the last two statements yield the second main theorem of this
paper.

Theorem 6.8. Let S be a finite set and o: S — P(S) a finite shape. Then, for a functor
F: C— D between co-categories, being o-excisive is equivalent to being (n — 1)-excisive where
n =mc(S,imo) (as long as C admits all finite colimits and D admits all finite limits).

7. The Taylor graph

The goal of this section is to assemble all of the various excisive approximations for different
(pre)shapes into a natural coherent diagram lying under the functor we are approximating,
analogous to the Taylor tower in classical Goodwillie calculus. For this we first have to define
the category this will be indexed by. Since the existences of the approximations depend on the
oo-categories C and D between which we consider functors, the indexing category also needs to
depend on these co-categories. However, later in this section, we will also obtain a version which
puts more conditions on € and D but in return uses a fixed indexing category.



110 Robin Stoll, Higher Structures 8(2):70-135, 2024.

Definition 7.1. Let 6: S — S be a preshape and € and D two oo-categories. We say that
Fun(C, D) admits a universal o-excisive approzimation if the inclusion

inc: Exc, (€, D) — Fun(C, D)

has a left adjoint. In this case we fix an adjunction P, - inc and denote its unit by p,: id —
inco ISU.

Remark 7.2. If o is a full shape, we can, by Theorem 3.45, choose P, =P, and Do = D, (at least
when € and D are nice enough). Here P, and p, are as in Construction 3.24.

Notation 7.3. Let C and D be oo-categories. We write PreShae p for the thin category with
objects the preshapes o such that Fun(C, D) admits a universal o-excisive approximation and
such that there is a morphism from o to 7 if and only if any functor F': € — D that is o-excisive
is also T-excisive.

The main input in the construction of these diagrams is the following lemma. Both statement
and proof are due to Markus Land (though any mistake is mine).

Lemma 7.4. Let I be a category and C an oo-category. Denote by Lyisc € I the discrete
subcategory containing all objects and let f: Lgise — € be a functor such that, for all x and y
in T such that there is a morphism x — y, the mapping space Mape(f(x), f(y)) is contractible.
Then there is an essentially unique extension of f to a functor T — C.

Proof. We want to show that the pullback D (in the 1-category of simplicial sets) of the lower
right corner of the middle part of the diagram

oA — 5 D —L  Fun(Z, @)

Pad
J e J J{Resinc
*

A" consty Fun(Zgisc, ©)

is a contractible Kan complex, i.e. that any map s: A" — D extends to a map A" — D as
indicated on the left side of the above diagram. By the universal property of the pullback, this is
equivalent to finding a map ¢: A" — Fun(Z, €) such that toincyan = pos and Resj,c ot = consty.
By currying ¢ corresponds to a map A" x Z — € which restricts to f o pry on A" X Zgisc and to
the curried morphism associated to p o s on JA™ x Z. Said differently, we want to find a dashed
extension as in the diagram

A" X Taisc UOAT x T —L— €

A”XI/

where [ is given by f o pry on A" X Zgisc and by p’ o (s x idz) on A" x Z, where p': D x T — €
is the curried morphism associated to p. We will now factor I through another co-category that
only sees the information relevant to us and we can thus control.

For this, note that our assumptions imply the existence of a unique extension g of the
composition me o f to Z (here 7e is the canonical map € — hC). Now we write & for the pullback
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(in the 1-category of simplicial sets) of the lower right corner in the diagram

f

Zdisc .
“f
Y

ok

U

N G

and note that, since the large outer diagram commutes, we obtain a map f making the two
triangles commute (in particular f factors through €). Now, by Lemma D.7, we obtain that the
pullback € is again an oco-category and that ¢ can be identified with 7¢, so in particular that ¢ is
essentially surjective. Using our condition on f, the lemma also implies that ¢ is fully faithful,
hence a categorical equivalence. (Note that we cannot just use the subcategory spanned by the
essential image im ¢ instead of € since, when g is not full, there could be morphisms in im g that
our conditions do not control.)

To see that [ actually factors through &, we will first show that p’ factors through €. For
this, consider the commutative diagram

D —L — Fun(Z,€) —=>— Fun(Z,he)

J{ Resincl lReSinc
const

* — Fun(Idisc, G) Leo> Fun(Idismhe)

and note that (me o) op is just const, since the subcategory of Fun(Z, hC) lying over (the discrete
subcategory spanned by) the object e o f € Fun(Zgssc, h€) has the single object g and is discrete.
Hence p’ fits into a commutative diagram of the form

Yxinc

@XILG

| e

I —9% .he

fopry

D x Zdisc

incopry

and we obtain a functor p': D x Z — & such that kop’ = p’ and qop’ = pry. Thus also
kop/o(idp x inc) = fopry and gop/o(idp X inc) = incopry, which implies p'o(idp X inc) = fopr2
by the universal property of €.

Now we can construct the diagram

A" X Ty UON' x T L & —Es e

i

[

AT —2L 7
where [ is given by f o pry on A" X Zygis. and by p' o (s x idz) on QA" x Z. Tt follows from what
we said before that [ is well-defined, that the diagram commutes (without the dashed arrow),
and that we actually have k o [=1. Remembering that ¢ is a categorical equivalence and, by
Lemma D.8, also a categorical fibration, we obtain the desired dashed lift since trivial categorical
fibrations have the right lifting property against inclusions of simplicial sets. O
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To use the above lemma we need information about mapping spaces in slice categories (since
we want a diagram which lies under a given functor in a coherent way) which the following
lemma and its consequences will provide.

Lemma 7.5. Let C be an co-category and i: Co — C the inclusion of a full subcategory such that
there is an adjunction | i with unit n: id — iol. Further let C € €, Cy € Cp, and f: C — i(C))
be a morphism in C. Then Mape,,, (n(C), f) is contractible.

Proof. By [10, Lemma 5.5.5.12], we have that Mape,,, (n(C), f) is a homotopy fiber of the map
(o n(C)): Mape(i(1(C)),i(Co)) — Mape(C,i(Cp)) over the point f. But, by Lemma D.10, the
composition

j . . on(C) .
Mape, (I(C), Co) — Mape(i(I(C)), i(Co)) — Mape(C,i(Co))

is an equivalence. Now we note that the first map in this composition is an equivalence since ¢ is

fully faithful. Hence the second map is also an equivalence and thus the homotopy fiber we are

interested in is trivial. O

Corollary 7.6. Let 0: S — S be a preshape and C and D oo-categories such that Fun(C, D)
admits a universal o-excisive approximation. Furthermore, let a: F — G be a natural transforma-
tion of functors € — D such that G is o-excisive. Then MapFun(QD)F/ (Do (F), ) is contractible.

Lemma 7.7. Let C be an oo-category and i: Co — € the inclusion of a full subcategory such
that there is an adjunction | i with unit n: id — i ol. Furthermore, let € be an co-category,
F: & — Cand Fy: € = Cy functors, and a: F' — i o Fy a natural transformation. Then
MapFun(&e)F/ (no F,«) is contractible.

Proof. By Lemma D.5, there is an adjunction with left adjoint (I o): Fun(€, €) — Fun(€, Cp),
right adjoint (i o): Fun(&, Cp) — Fun(&, €), and unit (1 o). Noting that (i o) is the inclusion of
a full subcategory, we can apply Lemma 7.5 to obtain the desired statement. O

Corollary 7.8. Let o: S — S be a preshape and € and D oo-categories such that Fun(C, D)
admits a universal o-excisive approzimation. Furthermore, let A: Fun(C,D) — Exc,(C, D) be a

functor and a: idpyy(e,p) — inc o A a natural transformation. Then the space of maps from p,
to o in Fun(Fun(C, D), Fun(€, D))y, is contractible.

We now know enough to be able to construct a diagram as promised in the beginning of this
section. There are two versions: one which also takes into account maps between functors (i.e.
makes the naturality of the diagram precise), and a second one only considering a single functor.

Theorem 7.9. Let C and D be two co-categories.

a) There is an essentially unique functor

P: (PreShag p)°® — Fun(Fun(C, D), Fun(€, D));q,

such that P(c) = D,.
b) Let F': € — D be a functor. Then there is an essentially unique functor

P(F): (PreShacp)® — Fun(€, D),

such that P(F)(c) = p, (F).
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In particular, we obtain such functors for any subcategory of PreShaep. These restricted
functors are also essentially unique.

Proof. We want to apply Lemma 7.4 to obtain the desired functors. For the first point, note that,
if there is a map ¢ — 7 in PreShag p, then P, lands in Exc,(€, D), hence Corollary 7.8 implies
that Map(p,, D, ) is contractible. The second follows in the same way, using Corollary 7.6 instead
of Corollary 7.8. The essential uniqueness of the restrictions also follows from Lemma 7.4. [

Remark 7.10. Using the essential uniqueness of f’(F), we see that it is equivalent to the functor
obtained from P by postcomposing with evaluation at F', which explains our notation.

We now describe a version of these diagrams with a single indexing category independent of
the oco-categories € and D.

Notation 7.11. We write Shag, for the thin (i.e. each hom-set has at most one element)
category with
 objects the collection of (small) finite shapes;
e a morphism from o to 7 if and only if, for all co-categories € and D such that C has a
terminal object and admits all finite colimits and such that D is differentiable, each functor

F: C — D that is o-excisive is also T-excisive.

Definition 7.12. We will say that two finite shapes are equivalent if they are isomorphic in
Shaﬁn.

Corollary 7.13. Let C be an oo-category that has a terminal object and admits all finite colimits,
and D a differentiable oco-category.

a) There is an essentially unique functor
P: (Shag,)®® — Fun(Fun(C, D), Fun(C, D))iay

such that P(0) = D,.
b) Let F': € — D be a functor. Then there is an essentially unique functor

P(F): (Shagy)” — Fun(C, D),

such that P(F)(c) = p, (F).
In particular, we obtain such functors for any subcategory of Shag,. These restricted functors
are also essentially unique.

Proof. By Corollary 5.8, there is a functorial inclusion Shag, — PreShae p. Then Theorem 7.9
implies the statement. O

Remark 7.14. There are analogous statements for shapes with higher cardinality bounds (as
long as we restrict ourselves to full shapes). However, they are less useful as the necessary
differentiability condition on D becomes very strong.

7.1 Relation to the Taylor tower

Notation 7.15. We write Shagy, ; for the full (thin) subcategory of Shag, spanned by the
shapes equivalent to a finite non-inane full shape.
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The following proposition tells us that restricting ourselves to Shag, n; drops precisely the
shapes with uninteresting excision properties.

Proposition 7.16. A finite shape o is equivalent to a finite inane full shape if and only if,
for all co-categories C and D such that C has a terminal object and admits all finite colimits
and such that D is differentiable, each functor F: C — D is o-excisive. Furthermore, a finite
non-inane full shape is not equivalent to a finite inane full shape.

In particular, the finite shapes equivalent to a finite inane full shape are precisely the terminal
objects of Shag,, and Shag, n; consists precisely of the non-terminal objects of Shagy,.

Proof. By Proposition 5.24, any shape equivalent to a finite inane full shape has trivial excision
properties. This shows one direction of the first statement.

Moreover, by Theorem 5.27, for any o € Shag, i, there exists an n € Ny such that o-excisive
implies n-excisive. Since being n-excisive is a non-trivial condition (i.e. there exists a functor
C — D (with € and D as above) that is not n-excisive; one example is the functor F' from
pointed spaces to spectra given by X — X°(X /\("“)) as it is not weakly constant but still
(n + 1)-reduced, i.e. P,(F) is terminal; see [6, Remark 1.16]), we obtain that being o-excisive is
also a non-trivial condition. In particular, no shape in Shag, ,; is equivalent to a finite inane full
shape. This shows the second statement.

For the other implication of the first statement, note that any finite shape is equivalent to
a finite full shape by Proposition 5.7. But, if it has trivial excision properties, it cannot be
equivalent to a finite non-inane full shape by the same argument as for the second statement. So
it must be equivalent to a finite inane full shape.

The last statement now follows by noting that, since there exists a finite shape o such that
any functor is o-excisive (see Example 5.22), these shapes are precisely the terminal objects of
Shag,. O

We also have the following direct corollary of Theorem 5.31 and Proposition 5.7, which tells
us a bit more about the structure of Shagy, ui:

Corollary 7.17. Let S bea finite poset. Then the full subcategory of Shag, ni spanned by the
shapes with domain S (i.e. those of the form o: S-S for some §) has only finitely many
isomorphism classes.

We will now state and prove the third main theorem of this paper, relating our class of finite
non-inane shapes to the classical cubes.

Theorem 7.18. The functor C: (Ng)°® — (Shagyni) given by sending n to L, is homotopy
initial.

Proof. First note that C is well-defined since 41 is a shape (see Example 3.39) that is full but
not inane (see Example 5.21) and since n-excisive implies (n + 1)-excisive (see Corollary 4.6). To
see that it is homotopy initial we need to show that, for all o € (Shagy, »;)°", the category C | o
is contractible. However, this is just the full subposet P C (Ny)°” spanned by those n such that
o-excisive implies (n — 1)-excisive. By definition of Shag, ;i we can assume that o is full and
non-inane. Hence, by Theorem 5.27, the poset P is not empty, and, by Corollary 4.6, it is closed
below (i.e. if it contains n then it contains all m such that m < n in (Ng)°?). But any non-empty
subposet of (Ng)°P that is downward closed is isomorphic to (Ng)°” and hence contractible (since
it has a terminal object). O
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Remark 7.19. This theorem tells us in particular that the Taylor graph P(F) of a functor F
converges at an object X if and only if its Taylor tower f’(F) o C does (here convergence at X
means that the canonical map from F'(X) to the limit of the respective diagram is an equivalence).
In particular any convergence criteria for the tower, such as the analytic functors of Goodwillie
(cf. [5, Definition 4.2] and [6, Theorem 1.13]), can also be applied to the graph.

It is also possible to rephrase Theorem 6.8 in terms of the functor C:

Theorem 7.20. The functor C: (Ng)°® — (Shagyni)" of Theorem 7.18 becomes an equivalence
when the codomain is restricted to the full subcategory of (Shagy ;)" spanned by the finite,
non-inane shapes that have a cube as codomain (i.e. those of the form S — P(n) for some (finite)
poset S and n € Ny).

Theorems 7.18 and 7.20 suggest the following conjecture. All evidence known to the author,
including the two theorems, points towards it being true.

Conjecture 7.21. The functor C is an equivalence of categories. Or, equivalently, any shape in
Shag, ni s equivalent to L, for some n € Ny.

An answer in the affirmative would provide even more compelling evidence that the cubes
are the “correct” shapes to use for functor calculus. If the conjecture were false that would
also be very interesting: in that case the Taylor graph would be a finer resolution of the tower,
potentially containing additional information.

Appendix A: The calculus of mates

In this appendix we recall the mate construction as well as a number of lemmas concerning
it, which are quite useful when working with adjunctions and natural transformations. Since
this is not supposed to be a comprehensive exposition of the topic, we will be brief and only
state and give references for the statements we will use. A concise summary of these, and a few
more, important statements, though without proofs, can be found in [7, Appendix A]. A longer
exposition with proofs is given (in French) in [2, Section 1.1.2].

Notation A.1. Suppose we have, in a (strict) 2-category, a diagram of the form

A—5 B

hlof/ lk

C —<5D

and fixed adjunctions ay 4 a and ¢ 4 ¢. In this situation we write o for the mate of «, which is
a 2-morphism of the form

N
%
Sy

>
——
7
—
e

Q
>

defined as the composition
crkne craay echa
ak —= akaay —— cichay —— ha

where 7, and €. are the unit respectively counit of the adjunctions a; 4 a respectively ¢ - ¢ fixed
above.
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The following is a property of the mate that follows easily from the definitions (and actually
characterizes it uniquely).

Lemma A.2. Let the following be a diagram in a 2-category:

A—"- B
hi Z Jk
C —~*-D

and ay 7 a and ¢ 1 ¢ two fixed adjunctions. Then the following two diagrams commute:

k aa
k— s kaa aka —%5 haa
nekl laag C!al lhsa
cay ech
cark —— chay ach ——— h

where n and € denote the respective (co)units and oy is the mate of «.

Proof. This is (the dual of) [2, Proposition 1.1.9]. O

The following two lemmas express a certain functoriality of the mate construction with respect
to pasting of squares. A more abstract (and maybe conceptual) way to formulate them is to
present the mate construction as an isomorphism of certain double categories. This can be found
in [8, Proposition 2.2].

Lemma A.3 (Pasting law I). Let the following be a diagram in a 2-category and its paste:

ba

A E
[l ]
C F

|

dc

and ay 1 a, by 4b, o 4 ¢, and dy 7 d four fixred adjunctions. We obtain mates ay and B that fit
into diagrams of the form

A B g Ao g
hl \a! k \ﬂ' ll hl \a!*ﬁ ’ ll
" d g c 2 g

and it holds that oy * By = (a * [3),, where, for the latter mate, we use the adjunctions aby 4 ba
and cidy 1 dc given by composing the original ones.

Proof. This is (the dual of) [2, Proposition 1.1.11]*. O

'Note that the composition a; * 3 is erroneously written the wrong way around there, and that what is actually
proven is the dual version we stated.
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Lemma A.4 (Pasting law II). Let the following be a diagram in a 2-category and its paste:

A—2 Bt ,F A2 . p
hl y lk 7( lz hlﬁ*y lz
c—<¢+p_—2,F c—%* . F

and hy 4 h, ki 4k, and ly 11 three fixed adjunctions. We obtain mates oy and 5y that fit into
diagrams of the form

« ,p—2t At F
[ Ok o }, hw ‘\O"*’B! I
c . p—14 c—%*,F
and it holds that oy * B = (5 * o).
Proof. This is (the dual of) [2, Proposition 1.1.12]. O

Lemma A.5. Let the following be a diagram in a 2-category:
A—"-B
hi Z sz
C —~-D
and ay 4 a and ¢ - ¢ two fived adjunctions. Furthermore assume that h and k are isomorphisms,

and that o is a 2-isomorphism. Then the mate cn is a 2-isomorphism.

Proof. First note that if a = ¢ (with the same fixed adjunction) and h, k, and « are all identities,
then the mate o is the identity (by one of the triangle identities). For the general case consider
the diagram

A—"2> B
hi Y lk
C =D
o]t b
A—2-B

where  is given by
1 ko

kle =k tenh t EeT T gt = gp !
and note that the paste 8 * « is the identity. This follows from the diagram
kka ko klch Bh ah~1h
l l l
klkah—1p —FlehTth o p1opp-lp KTt T g p -1

|| N ||

being commutative. Thus, by the pasting law for mates, we obtain that A~ 'ay has a right inverse
(namely Bik). In the same way we can show that ayk™' has a left inverse. Since h™! and k™!
are both isomorphisms, this implies that a; has both a left and a right inverse and thus is a
2-isomorphism. O
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Remark A.6. The statement of Lemma A.5 is still true when we only require h and k to be
equivalences. Moreover the converse is also true, i.e. if ay is a 2-isomorphism, then « is as well.
(See [7, Appendix Al].)

Remark A.7. Naturally, there is also a dual version of everything we have done here, using right
adjoints instead of left adjoints.

Appendix B: Basic co-categorical facts

This appendix consists of a collection of basic oco-categorical facts that are used throughout
this paper. They are simply stated here, to make it easier to quickly remind oneself of them.
The references (or proofs) can be found in Appendix C. Note that, even though we often only
state things for indexing categories (instead of oo-categories or simplicial sets), this is purely for
convenience and there are more general versions of all of these statements.

Lemma B.1. Let f: I — J and g: J — K be maps of simplicial sets and C an oo-category
that is both weakly left f-extensible and weakly left g-extensible. Then it is also weakly left
(g o f)-eatensible, and we have Lang.s ~ Lang o Lany.

Lemma B.2. Let f: T — J be a fully faithful functor between categories and C a left f-extensible
oo-category. Then the unit id — Resy Lan; of the adjunction Lany 4 Resy is an equivalence of
functors Fun(Z, C) — Fun(Z, ©).

Lemma B.3. Let T be a category and C an co-category. Then C admits all colimits indexed by
T if and only if, for all diagrams D: T — C, there is a colimit diagram extending D. In this case
a diagram D: I% — C lies in the essential image of Lanj,.: Fun(Z, ) — Fun(Z", C) if and only
if it is a colimit diagram.

Lemma B.4. Let f: T — J be a functor between categories.
a) If J has a terminal object, then it is contractible.
b) The functor f is homotopy terminal if and only if, for each j € J, the category j | f is
contractible.
c) If f is right adjoint, then it is homotopy terminal.
d) If f is homotopy terminal, then it is a homotopy equivalence.

Lemma B.5. Let f: T — J be a homotopy terminal functor between categories and € an
oo-category that admits colimits indexed both by I and by J. Then the natural transformation
f«: colimz Resy — colimy of functors Fun(J,C) — € is an equivalence.

Lemma B.6. Let T be a category and F': C — D a functor between oco-categories that admit
colimits indexed by Z. Then the following conditions are equivalent:

a) F preserves left Kan extension along the inclusion inc: T — I".

b) F preserves colimits indezed by T.

c) F sends I”-indexed colimit diagrams to colimit diagrams.

Lemma B.7. Let f: T — J be a functor between categories, g: X — L a functor between
oo-categories, and C a left f-extensible co-category. Then Fun(L,C) is left f-extensible, and
Resy: Fun(£, €) — Fun(X, €) preserves left Kan extension along f.
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Appendix C: Tools for Kan extensions and (co)limits

In this appendix we collect some basic tools for working with Kan extensions and (co)limits
in co-categories that we need in the rest of this paper. Note that, even though we often only
state things for indexing categories (instead of oo-categories or simplicial sets), this is purely for
convenience and there are more general versions of most of those statements. Generally, if there
is a pair of dual statements, we will only give one of them and leave the other implicit.

There is no claim of originality for any of the statements found in this appendix (the
correctness of most, if not all, of them should be more or less clear to anyone familiar with the
theory); the ones for which a proof is given are merely those for which the author could not find
a reference.

C.1 Kan extensions

Lemma B.1. Let f: [ — J and g: J — K be maps of simplicial sets and C an oo-category
that is both weakly left f-extensible and weakly left g-extensible. Then it is also weakly left
(g o f)-extensible, and we have Lang,s ~ Lang o Lany.

Proof. Since adjunctions compose, we have that Lang, o Lany is a left adjoint of the composition
Resf o Resy = Resgof. As adjoints are unique up to isomorphism (in the homotopy 2-category of
oo-categories), we obtain that Lang o Lany ~ Lang. . O

Lemma B.2. Let f: T — J be a fully faithful functor between categories and C a left f-extensible
oo-category. Then the unit id — Resy Lany of the adjunction Lany - Resy is an equivalence of
functors Fun(Z, C) — Fun(Z, ©).

Proof. This follows from the Beck-Chevalley condition [17, Lemma 12.3.11], using that by [17,
Lemma 9.4.4] when f is fully faithful a certain square fulfills a condition called exact (here we use
that the nerve functor is cosmological by [17, Example 1.3.5], hence preserves fully faithfulness (cf.

[17, Corollary 3.5.6]) since it preserves absolute right and left lifting diagrams by [17, Proposition
10.1.4]). O

Lemma C.1. Let f: T — T be a fully faithful functor between categories and C a left f-extensible
oo-category. Then € o Lany: Lany Resy Lany — Lany is an equivalence, where € is the counit of
the adjunction Lany - Res;.

Proof. Consider the diagram

Lanf i Lanf
'] I
Lans(Resy Lany) == (Lany Resy) Lang

where the vertical maps are given by the unit respectively counit of the adjunction Lany 4 Resy.
It commutes up to homotopy by one of the triangle identities. Since f is fully faithful, the left
vertical morphism is an equivalence. Hence the right vertical map is an equivalence as well. [J
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Lemma C.2. Let J be a simplicial set, f: I — I' a map of simplicial sets, and C a weakly left
f-extensible co-category. Then there is a homotopy commutative diagram of the form

Fun(Z,Fun(J/,C)) i N Fun(I’, Fun(J, €))

r:f Tg

Fun(I x J,C) Fun(I’ x J, @)

J/ Lany o J’

Fun(J, Fun(I, €)) —— Fun(J, Fun(I’, €))

Lanfxid

where the vertical maps are the respective currying isomorphisms (in particular, all of these left
Kan extensions actually exist).

Proof. Note that (Lany o) is left adjoint to (Resy o) by Lemma D.5. Since the above diagram
with the restrictions, instead of their left adjoints, commutes, we obtain that Resy and Resfyiq
actually have left adjoints. Then Lemma A.5 implies the statement. 0

Lemma C.3. Let I and J be simplicial sets, C an oco-category that admits colimits indexed by I,
and D: I x J — C a functor. Denote by Dy: I — Fun(J,C) and Dy: J — Fun(I,C) the curried
functors. Then Lany, (D), colimy Dy, and colimy o D exist and are all equivalent in Fun(.J,C).

Proof. This is a special case of Lemma C.2. O

Lemma C.4. Let f: T — K and g: J — K be functors between categories. Consider the natural
transformation
flg =1

j#ﬁ

giwen, at (i,7,k: f(i) = g(j)) € flg, by k. Now let C be a left f-extensible and left pr 7-extensible
oo-category. After applying Fun(—, C) to the diagram above we get

Fun(K, @) _fBew Fun(Z, C)

Resg‘ % ‘RCSPYI

Fun(J,€) —5 Fun(f | ¢,€)

and taking the mate we obtain a transformation cn: Langy, , Resp, — Resg Lany. This transfor-
mation ay s an equivalence.

Proof. This follows from the fact that the second diagram satisfies the Beck-Chevalley condition
by [17, Lemma 12.3.11] as the first one is a so called exact square by [17, Lemma 9.2.6] (again
using that the nerve is a cosmological functor by [17, Example 1.3.5] and thus preserves comma
categories by [17, Proposition 10.1.2]). O

Lemma C.5. Let Z and J be categories, f: T — J a functor, C a left f-extensible co-category,
and D: 1 — € a diagram. Then, for any j € J, the mate ¥: colimys ; Res,, — Res; Lany of
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the natural transformation in the right diagram (which is the image of the left diagram under
Fun(_7 e))

const Res f

flj —— % Fun(J,€) ——— Fun(Z,C)
Prl 7 J Rcsjl pﬂ/ ‘/R,eSpr
1—1 .7 e — 2 L Fu(flje)

is an equivalence, where p; is, at (i,k: f(i) — j), just given by k. Furthermore it is natural in j,
in the sense that, for a morphism k: j — 7' in J, the diagram
(f4K)«

colimy|; Respr, . ——— colimy; Resp,

o] =]

Res; Lanf ——————— Resj Lany

rii’

commutes up to homotopy.

Proof. That ¢ is an equivalence is a special case of Lemma C.4. For the naturality in j we
consider, for a map k: j — 5/, the two diagrams

Jhi 5Ly e T i ——
ERCATE A
* sl g y R N

for which we note that id * pj; = k * p; by definition of the involved maps. Hence, after applying
Fun(—, €), we obtain, by the pasting laws for mates, that (p;), *id; = (id * pjr), = (k * p;), =
K1 % (p;), (in the homotopy 2-category of co-categories). This is the statement we wanted to show
since k) is the map Res; — Res;s given by evaluation at x and id, is the map on colimits induced

by f | k. O

Lemma C.6. Let f: T — J be a functor between categories, C a left f-extensible co-category,
and D: J — C a diagram. Let j € J and note that the projection pr: f | j — I can be extended
over the inclusion inc: f | j — (f17)” to a map pr’: (f17)° — T by sending » to j and the
unique map (i,k: f(i) — 7) — » to the map k. Then the following diagram commutes up to
homotopy:

colimy|; Res,: Resy % Res; Lany Resy
I
colimy; Resic Resp, Resy

|

Resy Resp,r Resy Res;

ef

where € is the counit of the adjunction Lany 4 Resy, 9 is as in Lemma C.5, and the left vertical
morphism is the canonical map out of the colimit.
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Proof. Consider the diagram

FLi =0 (f L)~

e

ML L

and note that applying Fun(—, C) and taking mates yields, by the pasting law for mates, that
the upper part of the diagram

colimy; Resinc Resp Resy colimy|; Resp: Resy

l [V
Resy Lanjq Resp Resg ———— Resy Resyop Lany Resy = Res;j Lany Resy
J{id 5fJ{ Jaf
Resy Lanjq Resjq Res fopy === Resy Resfop Res;

commutes up to homotopy. Since the lower left square in the above diagram commutes up to
homotopy by Lemma A.2 this finishes the proof. O

Lemma C.7. Let the diagram in the left be a diagram of categories, functors between them, and
a natural transformation and the one in the right its image under Fun(—, C)

Resqy

I—2=J Fun(£,€) —= Fun(J,C)
b‘ 7/ ld Resc[ ,Y/ [Resa
K-Sz Fun(K, €) —% Fun(Z, €)

where C is a left b-extensible and left d-extensible co-category. Then, for any k € K, the following
diagram commutes up to homotopy:

. f .
colimp i Respr, , Resq ——— colimg () Respr, Lek)

= =]

Resy, Lang Res, - r Res;, Res. Lang

where 1 is the mate of v, the maps denoted ¥ are as in Lemma C.5, and f is the functor
bik— dle(k), (i b)) k) — (a(i), d(a(i)) 2 e(b(i)) < c(k:))

acting on morphisms via a.
Proof. Consider the two diagrams

PTp K PTdc(k)

blk T ,7 bk —L s dlelk) J
M N SN . —® L

where p is as in Lemma C.5. Note that it follows directly from the definitions that their pastes
pr * 7y and id * () are the same. Applying Fun(—, €) and using the pasting law for mates yields
the desired result. O
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C.2 (Co)Limits

Lemma C.8. Let C be an oco-category that admits colimits indexed by a category Z. Then the
mate colimz — Res, Lany,. of the diagram on the right (which is the image of the diagram on
the left under Fun(—,C))

id Resinc

7 —7T Fun(Z%, @) Fun(Z, C)
h % ‘inc Res;‘ % ‘id
* —> 5 I” c—=2 Fun(Z, €)

is an equivalence.
Proof. This is a special case of Lemma C.5 since there is an isomorphism inc | » = Z over Z". [

Lemma C.9. Let f: T — T be a fully faithful functor between categories and C a left f-extensible
oo-category that admits colimits indexed both by L and by J. Then the map

fs«Lang: Colzim Resy Lany — co}yim Lany

of functors Fun(Z, C) — C is an equivalence.

Proof. Taking mates of the two natural transformations in the diagram

27, Fun(J, @) _Ber Fun(Z, C)

id i'd/ ‘/Resjc )l_d/ ‘/id

c 2, Fun(Z, C) 4, Fun(Z, C)

and using the pasting law for mates yields that the composition
ColIim SN colIim Resy Lang fﬁ co}}m Lany

is homotopic to (idz).. Noting that n is an equivalence since f is fully faithful, this implies the
desired statement. O

Lemma B.3. Let 7 be a category and C an co-category. Then C admits all colimits indexed by
T if and only if, for all diagrams D: 7T — €, there is a colimit diagram extending D. In this case
a diagram D: I% — @ lies in the essential image of Lanj,.: Fun(Z, €) — Fun(Z", C) if and only
if it is a colimit diagram.

Proof. The first statement follows from [17, Proposition F.2.1 and Corollary 12.2.10]. The second
from [17, Proposition F.2.1, Lemma 2.3.6, and Lemma 2.3.7]. O

Lemma B.4. Let f: T — J be a functor between categories.
a) If J has a terminal object, then it is contractible.
b) The functor f is homotopy terminal if and only if, for each j € J, the category j | f is
contractible.
c) If f is right adjoint, then it is homotopy terminal.
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d) If f is homotopy terminal, then it is a homotopy equivalence.

Proof. The first statement is clear (one can explicitly construct the contraction). The latter
three statements follow, in order, from [10, Theorem 4.1.3.1], [17, Proposition 4.1.5], and [10,
Proposition 4.1.1.3]. O

Lemma C.10. Let f: Z — J be a homotopy terminal functor between categories and C an
oco-category. Then € admits colimits indexed by T if and only if it admits colimits indexed by J .

Proof. This follows from Lemma B.3 and [10, Proposition 4.1.1.8 (2)]. O

Lemma B.5. Let f: Z — J be a homotopy terminal functor between categories and C an
oo-category that admits colimits indexed both by T and by J. Then the natural transformation
f«: colimz Resy — colimy of functors Fun(J,C) — € is an equivalence.

Proof. By Lemma C.7, the mate id,: Laniy., Resy — Resg> Lanj,c, of the natural transformation
in the diagram on the right (which is the image of the diagram on the left under Fun(—, C))

Resinc

Fun(J%,€) —— Fun(J, @)

1 J
inc‘ id/ linc Res g [ ld/ [Res 7
ig

BN Fun(Z", @) Hesine Fun(Z, @)

i

is given, at the cocone point, by fi. Hence it is enough to prove that id, is an equivalence. This
mate is given by the composition

U
Lanjyc; Resy —— Lanine; Resy Resinc, Lanine
Il
€
Laninc; Resine; Resye Lanine, —— Resps Lanijy,

of the unit 7 of the adjunction Laniy., - Resinc, and the counit € of the adjunction Lanj,c, -
Resinc,. Since incy is fully faithful, the map 7 is an equivalence. So we only need to show
that € o Resg» o Laninc, is an equivalence. Let D: 7 — € be a diagram. By Lemma B.3 and
assumption the diagram (Resg> o Lanyc,)(D) is a colimit diagram. But ¢ applied to a colimit
diagram is an equivalence by Lemma C.1 and again Lemma B.3. O

Lemma C.11. Let f: T — J be a functor between categories and C an oco-category that admits
colimits indezed both by Z and by J. Then the following diagram in Fun(Fun(J", C), C) commutes
up to homotopy:

. f .
colimz Resf Resine, —— colimy Resiyc,

colimz Resinc, Res >

!

Resp Respp == Res,

where the vertical maps are the canonical maps out of the colimit.
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Proof. Consider the two diagrams

T inc > ig j‘> f inc j[>

M RN ey * >, J°

where &7 and £ are as in Notation 2.25, and note that their pastes agree, i.e. £7 % idy = idg * £ 7.

Applying Fun(—, €) and using the pasting law for mates yields (idy), * (£7), =~ ({7), * (id2),. This
is what we wanted to show since (id2), = f. and (idy), is the identity. O

Lemma C.12. Let T be a category with a terminal object *, C an co-category, and D: I — € a
diagram such that D applied to the unique morphism x — » is an equivalence. Then the canonical
morphism colimz D|; — D(») is an equivalence as well.

Proof. First note that € admits colimits indexed by Z by Lemma C.10. Applying Lemma C.11
to the functor const,: * — Z, we obtain a diagram

colim, D(x) —— colimz Dl

| |

D(») =———— D(»)

where the top horizontal morphism is an equivalence since const, is homotopy terminal, and the
left vertical morphism is an equivalence by Remark 2.26. 0

Lemma C.13. Let T be a category, C an oo-category that admits colimits indexed by I, and
D: 1% — C a diagram. Then the canonical map (colimz Resine)(D) — Resp (D) is an equivalence
if and only if the counit Lanj,. Resine — id of the adjunction Lanj,. - Resiyc s an equivalence
at D.

Proof. The mate of the natural transformation on the right (which is the image under Fun(—, C)
of the natural transformation on the left)

LN o Fun(Z”, €) —< Fun(Z”,€)
incl id/ ‘id idl{ y [Reanc
AN Fun(Z%, €) —5", Fun(Z, €)

is precisely the counit Lan;,. Resine — id. Hence, by Lemma C.7, it is an equivalence at D if
and only if, for all k£ € 7%, the map

(£r)

coliminer Respr. Resinc = colimjyc x Resy, Respr, w colimiq i Respr,

inclk idlk

is an equivalence at D, where fi: inc |k — id | k is the canonical inclusion. When k is not », then
fr is an isomorphism and (fx)« is an equivalence. When k is », then fj is just (isomorphic to)
inc, and prig 1k is an isomorphism. So it is enough to show that inc,: colimz Resjyc — colimze
is an equivalence at D if and only if the canonical map (colimz Resinc)(D) — Resp (D) is an
equivalence. This follows from Lemma C.11 by considering the diagram D’: (Z>)” — € obtained
from D by pulling back along the functor (Z*)” — Z” that is the identity on Z” and sends
the new cocone point to the old one (here we also use Lemma C.12 to see that canonical map
(colimz> ReSiness ) (D') — Resy (D') is an equivalence). O
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Lemma C.14. Let I and J be simplicial sets, C an co-category that admits colimits indexed by
J, and f: I — Fun(J”,C) a functor. Denote by g: J° — Fun(I, Q) the functor obtained from f
via currying. Then there is a homotopy commutative diagram of the form

Resy o f «—— colimj o Resjye o f
l: (C.1)

Resy. g «—— colim (Resinc 9)

where the horizontal morphisms are the canonical maps from the colimit.

Proof. Consider the two diagrams

Fun(J”, Fun(Z, ©)) _d, Fun(J”, Fun(Z, ©))

Res> ldl/ Resinc
Fun(7,C) s Fun(J, Fun(I,C))

id id2/ =~

Fun(Z,C) B Fun(I, Fun(J, C))

and
Fun(J”, Fun(Z, ©)) _d, Fun(J%, Fun(Z, ©))

= ids/ =)
Fun(I, Fun(J”, €)) —% Fun(I, Fun(J”, C))

id
Resp 0 % Resinc ©

Fun(Z,C) B Fun(Z, Fun(J, C))

and note that their pastes agree. Now the mate of id; gives the lower horizontal map in
diagram (C.1), the mate of idy the upper horizontal map (where we use the adjunction
(colimy; o) 4 (A o) obtained from Lemma D.5), the mate of idy the right equivalence (us-
ing Lemma A.5), and the mate of ids the left identity. An application of the pasting law for
mates yields the desired statement. O

Lemma C.15. Let T be a contractible category, C an oco-category that admits colimits indexed
byZ, and D: T — C a diagram such that, for all morphisms k of Z, the induced map D(k) is an
equivalence. Then, for alli € Z, the structure map D(i) — colimz D is an equivalence.

Proof. We will show that the composition

Fun(Z, €) Lamine, Fun(Z”, @) B, Fun(Al, G)
sends D to an equivalence, where ¢;: Al — 7" is as in Notation 2.23, i.e. the functor representing
the unique morphism i — ». Note that Lanj,.(D) is a colimit diagram indexed by Z" that sends
any morphism in Z to an equivalence. Hence, by [10, Proposition 4.3.1.12] (together with [10,
Proposition 2.4.1.5]), the diagram Lani,.(D) sends every morphism of Z" to an equivalence,
which implies the claim. O



Functor calculus via non-cubes 127

C.3 Preservation of Kan extensions and (co)limits

Lemma B.7. Let f: T — J be a functor between categories, g: X — L a functor between
oo-categories, and C a left f-extensible co-category. Then Fun(L, Q) is left f-extensible, and
Resg: Fun(£, €) — Fun(X, €) preserves left Kan extension along f.

Proof. That Fun(£, C) is weakly left f-extensible when € is was part of Lemma C.2. This also
implies the corresponding statement for left f-extensible since this was defined as certain colimits
existing which in turn was defined via weakly const-extensible.

For the second part we want that the mate of the transformation ids in the diagram

Resfyxia

Fun(J x £,C) Fun(Z x £, @)

idy

& / o

Fun(J, Fun(£, €)) —=L Fun(Z, Fun(£, €))
Resiq g Resg o idQ/ Resg o Resiq g
Fun(7, Fun(%, D)) —=s Fun(Z, Fun(X, D))
~ id3/ ~
Fun(J x K, D) —254, pun(Z x X, D)

is an equivalence. For this note that the mates of id; and ids are equivalences by Lemma A.5
and that the paste of all three transformations is just Fun(—, €) applied to the transformation

IxK 49 741

4
jfoijL

fxid fxid

which is a so called exact square by [17, Lemma 9.2.8]. Hence, again by the Beck-Chevalley
condition [17, Lemma 12.3.11], the mate of this paste is an equivalence. Now the pasting law for
mates implies that the mate of idy is an equivalence as we wanted to show. O

Lemma C.16. Let X be an oo-category, f: T — J a functor between categories, C and D two
left f-extensible co-categories, and F: C — Fun(X,D) a functor. Then F preserves left Kan
extension along f if and only if, for all k € K, the functor Resi o F': € — D preserves left Kan
extension along f.

Proof. Consider the diagram

Fun(J, ©) ftesy Fun(Z, €)
Fo ldl/ Fo
Res
Fun(J, Fun(X, D)) —% Fun(Z, Fun(X, D))
Resy, o ldz/ Resy, o
Resy

Fun(J,D)

™, Fun(Z,D)
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and note that (idy), * (ida), =~ (id2 *idy), by the pasting law for mates. Since Resj, preserves left
Kan extension along f, the mate (id2), is an equivalence. Now, noting that (Resy, o) o (idy), is
the other part of the composition in the paste (id;), * (id2),, we obtain that (Resy o) o (idy), is
an equivalence if and only if (ids *id;), is an equivalence. As the former being true for all k is
equivalent to F' preserving left Kan extension along f, and the latter is the definition of Res; o F'
preserving left Kan extension along f, this implies the claim. O

Lemma C.17. Let J and J be co-categories, K a category, and C and D two oco-categories that
admit colimits indexed by K.
a) Let g: C — D be a functor that preserves colimits indexed by IC. Then the induced functor
(g 0): Fun(J,€) — Fun(J, D) preserves colimits indexed by K.
b) The functor h: Fun(d, €) — Fun(Fun(J, ), Fun(J, €)) given by f — (f o) preserves colimits
indexed by K.

Proof. The first statement follows from Lemma C.16 since, for all ¢ € J, it holds that Res;o(g o) =
g o Res; and both functors in the latter composition preserve colimits indexed by K. The second
statement follows from the same lemma by noting that, for any f € Fun(J,d), the functor
Res(yy o h = Resy preserves colimits indexed by K. O

Lemma C.18. Let f: T — J be a functor between categories, C and D two left f-extensible
oco-categories, and F: C — D a functor that preserves colimits indexed by f | j for all j € J.
Then F preserves left Kan extensions along f.

Proof. Consider the two diagrams

Fun(7, €) —= Fun(Z, ) Fun(J, €) —=/ s Fun(Z, )
Fo ifl/ Fo Res; f}’ﬂ‘/ Respr
Fun(J, D) —=, Fun(Z, D) c—2 . Fun(flj,C)

Res; ’ZJ’/ Respr F id?/ Fo
D—2 . Fun(flj,D) D—2 . Fun(flj,D)

(where p; is as in Lemma C.5) and note that their pastes agree. We want to show that
(idy),: Lang o (F' o) — (F o) o Lany is an equivalence. For this it is enough to show that
Res; o (id1), is an equivalence for all j € J. This is one of the transformations that is composed
in the paste (id1), * (p;),, which is homotopic to (id2), * (p;), by the pasting law for mates. Since
(pj), is an equivalence by Lemma C.5 and (idz), is one by assumption, this finishes the proof. [J

Lemma B.6. Let T be a category and F': C — D a functor between oco-categories that admit
colimits indexed by Z. Then the following conditions are equivalent:

a) F preserves left Kan extension along the inclusion inc: T — I".

b) F preserves colimits indezed by T.

c) F sends I”-indexed colimit diagrams to colimit diagrams.

Proof. By Lemma C.18, if the functor F' preserves colimits indexed by Z, then it also preserves
left Kan extension along inc. The proof of the same lemma also shows that if F' preserves left Kan
extension along inc, then it preserves the colimits of all diagrams Z — € that lie in the essential
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image of Resinc : Fun(Z”, €) — Fun(Z, €). But, as inc is fully faithful, we have Resj,e Laniy. ~ id
and thus all diagrams lie in the essential image of Resi,.. This shows the equivalence of the first
two conditions.

Now note that, by definition, the functor F' preserves left Kan extension along inc if and only
if the natural transformation

Lanjye o (F o) —7 5 Lani, o (F o) o Resipc o Laniye

Il
Laniye o Resipe o (F o) o Lany,e —— (F o) o Lanjye

is an equivalence, where n and ¢ are the unit respectively counit of the adjunction Lanj,. - Resjpc.
Since 7 is an equivalence (as inc is fully faithful), this is equivalent to € being an equivalence on
any diagram in the essential image of (F' o) o Lanj,.. By Lemmas B.3 and C.1, this is equivalent
to F sending Z”-indexed colimit diagrams to colimit diagrams. O

Lemma C.19. Let I, J, and K be simplicial sets, f: I — J a map, and C a weakly left
f-eatensible co-category that admits colimits indexed by K. Then the functor Lang: Fun(I,C) —
Fun(J, C) preserves colimits indexed by K.

Proof. By [10, Proposition 5.2.3.5] left adjoints preserve colimits. Noting that Lan; is left adjoint,
this implies the statement. O

Lemma C.20. Let T and J be two categories and C an co-category that admits colimits indexed
by Z and limits indexed by J. Then colimz: Fun(Z, C) — € preserves limits indexed by J if and
only if limz: Fun(7,C) — € preserves colimits indexed by I.

Proof. We show that, if colimz preserves limits indexed by J, then lim s preserves colimits
indexed by Z. The other direction follows dually.

By Lemmas B.6, C.8, and C.16, our assumption implies that Lanj,., preserves right Kan
extension along incy. Hence there is an equivalence

(Lanine, o) o Ranjye =~ Ranjy; o (Laninc, o)

of functors Fun(7,Fun(Z, €)) — Fun(J<, Fun(Z", €)). This transforms, through a few applica-
tions of Lemma C.2, to an equivalence

Lanine, o (Ranine 7 o) ~ (Ranjpc 7 o) o Laninc,

of functors Fun(Z, Fun(7, €)) — Fun(Z*, Fun(J<, €)). This becomes, after postcomposing with
(Resq ©), an equivalence

Lanincz o (hmj O) ~ (hmj O) o Lanincz

of functors Fun(Z, Fun(J, €)) — Fun(Z", €) (using Lemma C.8 and that restrictions preserve
left Kan extensions). Thus lim 7 sends colimit diagrams indexed by Z% to colimit diagrams, as
we wanted to show. O

Lemma C.21. Let 7 be a category, i an object of Z, C and D two oco-categories that admit
colimits indexed by T, F': € — D a functor that preserves colimits indexed by Z, and D:Z — €
a diagram. Then F applied to the structure map D(i) — colimz D is an equivalence if and only
if the structure map (F o D)(i) — colimz (F o D) is.
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Proof. This follows from Lemma B.6 and Remark 2.24. O

Lemma C.22. Let f: I — J be a map of simplicial sets and F: C — D a functor between
weakly left f-extensible co-categories. Then the diagram

D

(Fo) — 1 Resy o Lany o (F o)
| 5
(F o)oResfoLany === Resy o (F o) o Lany

commutes up to homotopy, where x is as in Notation 2.31, and n° and n® are the units of the
adjunctions Lany < Resy with the respective target categories.

Proof. This is a special case of Lemma A.2. O

Lemma C.23. Let T be a category, F': C — D a functor between oco-categories that admit
limits indexzed by I, and denote by inc: T — I the inclusion. Then the following diagram in
Fun(Fun(Z9, @), D) commutes up to homotopy:

F oResq ——— F olimz o Resipe S SN limz o (F' o) o Resine

Resq o (F o) limz o Resjpe o (F' o)

where the upper left and the bottom horizontal morphism are given by the respective canonical
map to the limit, and x is as in Notation 2.31.

Proof. Consider the two diagrams

Fun(Z9, ) —4 Fun(Z<, €) Fun(Z%, €) —9 Fun(Z<, €)
Res ¢ f/‘z Resinc Fo 1(12/7 Fo

c—2  Fun(Z,0) Fun(Z9, D) —9 Fun(Z<, D)

F idl/z Fo Res 5/1 Resinc

D —2 s Fun(Z,D) D2 Fun(Z,D)

where ¢ is as in Notation 2.25, and note that their pastes agree. Now the pasting law for mates
implies the desired statement since the mates of the transformations labeled £ are the canonical
maps to the limit, the mate of id; is x, and the mate of ids is the identity. O

Appendix D: Generalities

In this appendix we collect a number of general lemmas that we need throughout the rest of this
paper.
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D.1 about posets
Lemma D.1. Let T be a poset, C a category, and f: T — C a full functor. Then f is injective.

Proof. Assume that there exist i # i € Z such that f(i) = f(i’). Since f is full there must be
both a map 7 — 7’ and a map 7 — ¢ being mapped to id¢(;) by f. This contradicts the definition
of a poset. O

Lemma D.2. Let f: 7 — J and g: J — K be functors between categories such that J is a
poset and g o f is full. Then f is full.

Proof. This follows from the fact that, when a surjective map of sets factors over a set with at
most one element, the first map in this factorization is also surjective. O

Lemma D.3. Let Z and J be posets. Assume that both T and J have initial objects Dt
respectively @7 and that T has a terminal object xz # @1. Then (I x J). is contractible.

Proof. Since J has an initial object and is thus contractible, it is enough to show that there is
an adjoint pair of functors between (Z x J)., and J as this implies that they are homotopy
equivalent.

To this end, let I: (Z x J),, — J be given by the projection, i.e. (¢, j) = j, and r: J —
(Z x T)sy by r(j) = (*z,7). Note that r is well-defined as, by assumption, we have xz # @7.
To check that [ is indeed left adjoint to r, we need to prove that, for all (i,j) € (Z X J).,
and j' € J, we have j = [(i,7) < j' if and only if (i,5) < r(j') = (*7,7’). This is true by the
assumption of *7 being terminal in Z. O

Lemma D.4. Let f: S — T and f': 8’ — T be maps of posets where S,S" € Posy and
T € Posy. Assume that f~Y(@7) = {@s} and (f) " (@7) = {@s'} and that for allt € Tog
one of the posets f Lt and f' |t has a terminal object which is different from the initial object (in
particular this is fulfilled if f =id7). Then p: (S x 8')s, — Too given by (s,s") — f(s) I f'(s")
is homotopy initial.

Proof. We need that, for all t € 754, the category p | t is contractible. This comma category
can be identified with the full subposet

{(s,) € (E§x 8oy | f(s) <tand f'(s') <t} C(SxS).y

using the universal property of the coproduct. This, in turn, is isomorphic to the category
((fLt) x (f"} 1))y which is contractible by Lemma D.3. Here, we use that, by our assumptions
both f |t and f’ |t have an initial object (s respectively @s/) and one of them has a terminal
object different from the initial object. O

D.2 about co-categories

Lemma D.5. Let l: C — D and r: D — C be two functors between oco-categories such that
l is left adjoint to r with unit n and counit €. Then, for any simplicial set K, the functor
(I 0): Fun(K,C) — Fun(K,D) is left adjoint to (r o): Fun(K,D) — Fun(K, C) with unit (n o)
and counit (€ o).

Proof. This is [17, Proposition 2.1.7 (iii)]. O
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Lemma D.6. Let the following be a pullback square in the 1-category of simplicial sets:

K——D

fl ig

E——C
where D and € are co-categories and C is a category. Then K is an oo-category.

Proof. By [10, Proposition 2.3.1.5], the functor g is an inner fibration. But then f is also an
inner fibration since they are stable under pullbacks. Since & is an oo-category, the constant
map c: & — * is also an inner fibration. Since inner fibrations are closed under composition, the
constant map K — * is thus also an inner fibration and hence K an oco-category. O

Lemma D.7. Let € be an co-category, D a category, and f: D — hC a functor. Furthermore,
let € be a pullback (in the 1-category of simplicial sets) as in the diagram

e ¢
”l ye
D he

where we denotes the canonical functor to the homotopy category. Then &€ is an oco-category,
there is a unique isomorphism D = h& under &, and, for two objects E, E' € & and morphism
d: p(E) — p(E") in D, the functor g induces an equivalence from the path component of
Mape (E, E') over d (there is only one such component by the identification D = h€&) to the path
component of Mape(g(FE), g(E")) over f(d).

Proof. That € is an oco-category follows directly from Lemma D.6. Furthermore note that, since
me is a bijection on objects, the map p is as well, i.e. we can identify objects of & with objects
of D. Now, by the universal property of the pullback the functor g induces, for any morphism
d: D — D' in D, an isomorphism from the simplicial subset of Hom§ (D, D') lying over d to the
simplicial subset of Hom&(f(D), f(D')) lying over f(d) (cf. [10, Section 1.2.2] for the definition
of Hom™). This shows the last statement. To obtain the identification D = h€, note that what
we have already shown implies that the part of Mapg (D, D’) lying over d is path-connected and
that these parts are, for different morphisms in D, disjoint path-components that cover the whole
space. ]

Lemma D.8. Let C be an co-category. Then the canonical map me: € — hC to its homotopy
category is a categorical fibration.

Proof. By [10, Corollary 2.4.6.5] the statement is equivalent to me being an inner fibration
such that for every equivalence f: D — D’ in h€ and C € € with 7me(C) = D there exists an
equivalence g: C' — C’ in € such that 7e(g) = f. That it is an inner fibration follows directly
from [10, Proposition 2.3.1.5] and the other property is clear from the definition of the homotopy
category. O

Lemma D.9. Denote by S the simplicial set obtained from the directed graph with vertices Ny
and an edge n — n + 1 for every n € Ny, and by i: S — Ny the canonical inclusion of simplicial
sets. Then, for every oco-category C, the restriction Res;: Fun(Ny, €) — Fun(S, C) is a trivial
Kan fibration.
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In particular, for every functor f: S — C, there is an essentially unique functor g: Ng — €
such that goi = f. Less formally: to specify a sequential diagram in C it is enough to specify a
sequence of composable morphisms (Dy, — Dpi1)nen, in C.

Proof. This is [12, Theorem 00J4] applied to the directed graph used to define S. ]

Lemma D.10. Let L: € — D and R: D — € be two functors between oco-categories such that
there is an adjunction L 4 R with unit n: ide — Ro L. Then, for all c € € and d € D, the
composition

Mapa(L(c), d) - Mape(RL(c), R(d)) 2% Mape(c, R(d))
s an equivalence.

Proof. We claim that (e(d) o) o L is a quasi-inverse, where ¢: L o R — idyp is the counit of the
above adjunction L 4 R. To see that it is a left inverse consider the homotopy commutative

Maps (E(c), d) —\
LR

Mape(RL(c), R(d)) —2— Mapq(LRL(c), LR(d)) ——> Mapq(LRL(c), d)

on(@)| oLn(e)| |eznen

Mape (¢, R(d)) —L— Mapy (L(c), LR(d)) — 2" Mapp(L(c), d)

diagram

and note that the composition along the right side of the diagram is homotopic to the identity
by one of the triangle identities. Analogously one can show that it is also a right inverse. O

D.3 about cartesian diagrams

Lemma D.11. Let Z and J be categories that have initial objects, f: T — J an initial object
preserving functor, and C an co-category that admits limits indexed by both Ty and by Jsgu.
Furthermore, assume that f restricts to a functor Iy — J~@ and that this functor is homotopy
initial.

Then a diagram D: J — C is cartesian if and only if Do f: T — C is cartesian.

Proof. We have, by (the dual of) Lemma C.11, a homotopy commutative diagram

D(27) === (Do [)(91)

! |

limJ>g D‘J>g %) lim1>g (D e} f)‘l—>;a

in which the bottom horizontal map is an equivalence by assumption. Hence, the left vertical
map is an equivalence if and only if the right vertical map is an equivalence, as we wanted to
show. O

Lemma D.12. Let 7 and J be categories such that J has an initial object, C an co-category that
admits limits indezxed by J~gz, and D: T x J — € a functor. Denote by Dr: T — Fun(J,C) and
Dy: J — Fun(Z, Q) the curried functors. Furthermore assume that Dz(i) = Res;o Dy: J — C
is cartesian for all i € T.
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a) If C admits limits indexed by Z, then Dz, limz o Dz, and limz D1 are all cartesian.
b) If C admits colimits indexed by I and the functor colimz: Fun(Z,€) — € preserves limits
indezed by J~g, then colimz o Dy and colimz Dt are cartesian.

Proof. We first show that D 7 is cartesian, i.e. that the canonical map D 7(@) — (limy._, Resz. ,)(Dy7)
is an equivalence. For this it is enough that its restriction to ¢ is an equivalence for all ¢ € Z,
which follows by assumption and Lemma C.23 since Res; preserves limits.

Now, if € admits limits indexed by Z, then limz o D7 is also cartesian by again Lemma C.23
since limz preserves limits by Lemma C.19. This also implies that limz D7 is cartesian by
Lemma C.3. The statement about colimits can be shown in the same way since we only used
that limz preserves limits indexed by J~g. ]

Lemma D.13. Let Z and J be categories with initial objects and C an oo-category that admits
limits indered by J~g. Furthermore, let D: T x J — € be a diagram such that, for each i € T,
the restriction D\{i}xj: J — C is cartesian. Then D is a limit diagram.

Proof. We consider the inclusions
Ix(Tso) = (TxT)epy —IxJ.

By assumption and [10, Proposition 4.3.2.9], the functor D is a right Kan extension of Resyo,
along k o ¢ in the sense of [10, Definition 4.3.2.2]. In the same way we also obtain that Resy (D)
is a right Kan extension of Reso, (D) along ¢. Then, by [10, Proposition 4.3.2.8], the diagram D
is a right Kan extension of Res, (D) along k, i.e. D is a limit diagram. O
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