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Abstract

We make precise the analogy between Goodwillie’s calculus of functors in
homotopy theory and the differential calculus of smooth manifolds by introducing a
higher-categorical framework of which both theories are examples. That framework
is an extension to co-categories of the tangent categories of Cockett and Cruttwell,
introduced originally by Rosicky. The basic data of a tangent co-category consist
of an endofunctor that plays the role of the tangent bundle construction, together
with various natural transformations that mimic the structure possessed by the
ordinary tangent bundles of smooth manifolds.

The role of the tangent bundle functor in Goodwillie calculus is played by
Lurie’s tangent bundle for oco-categories, introduced to generalize the cotangent
complexes of André, Quillen, and Illusie. We show that Lurie’s construction admits
the additional structure maps and satisfies the conditions needed to form a tangent
oo-category, which we refer to as the Goodwillie tangent structure.

Cockett and Cruttwell (and others) have started to develop various aspects of
differential geometry in the abstract context of tangent categories, and we begin
to apply those ideas to Goodwillie calculus. For example, we show that the role
of Euclidean spaces in the calculus of manifolds is played in Goodwillie calculus
by the stable co-categories. We also show that Goodwillie’s n-excisive functors are
the direct analogues of n-jets of smooth maps between manifolds; to state that
connection precisely, we develop a notion of tangent (oo, 2)-category and show that
Goodwillie calculus is best understood in that context.
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Introduction

Goodwillie’s calculus of functors, developed in the series of papers [Goo90,
Go091, Goo03], provides a systematic way to apply ideas from ordinary calculus
to homotopy theory. For example, central to this functor calculus is the ‘Taylor
tower’, an analogue of the Taylor series, which comprises a sequence of ‘polynomial’
approximations to a functor between categories of topological spaces or spectra.

The purpose of this paper is to explore a slightly different analogy, also proposed
by Goodwillie, where we view the categories of topological spaces or spectra (or, to
be more precise, the corresponding oo-categories) as analogues of smooth manifolds
and the functors between those categories as playing the role of smooth maps. Our
main goal is to make this analogy precise by introducing a common framework
within which both Goodwillie calculus and the calculus of smooth manifolds exist
as examples. That framework is the theory of tangent categories' of Cockett and
Cruttwell [CC14], extended to co-categories.

A central object in the calculus of manifolds is the tangent bundle construction:
associated to each smooth manifold M is another smooth manifold 7'M along with
a projection pps : TM — M as well as various other structure maps that, among
other things, make pjs into a vector bundle for each M. The first step in merging
functor calculus with differential geometry is to describe the ‘tangent bundle’ for
an oo-category, such as that of spaces or spectra.

Fortunately for us, the analogue of the tangent bundle construction in homo-
topy theory is well-known. In the generality we want in this paper that construc-
tion is given by Lurie in [Lurl7, 7.3.1], but the ideas go back at least to work
of André [And74] and Quillen [Qui70] on cohomology theories for commutative
rings, and Illusie [I1171] on cotangent complexes in algebraic geometry.

For an object X in an ordinary category C, we can define the ‘tangent space’
to € at X to be the category of abelian group objects in the slice category C,x
of objects over X. These abelian group objects are also called Beck modules after
their introduction by Beck in a 1967 PhD thesis [Bec03], and they were used by
Quillen [Qui67] as the coefficients for the definition of cohomology in an arbitrary
model category.

Quillen’s approach was refined by Basterra and Mandell [BMO05], building
on previous work of Basterra [Bas99] on ring spectra, to what is now known as
topological Quillen homology. In that refinement, the abelian group objects are
replaced by cohomology theories, or spectra in the sense of stable homotopy theory.

1The phrase ‘tangent category’ is unfortunately used in the literature to describe two different
objects, both of which feature extensively in this paper. We follow Cockett and Cruttwell’s
terminology, and use ‘tangent category’ to refer to the broader notion: a category whose objects
admit tangent bundles. The notion referred to by, for example, Harpaz-Nuiten-Prasma in the title
of [HNP19b] will for us be called the ‘tangent bundle of an (oco-)category’.
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2 INTRODUCTION

In particular, for an object X in an oco-category €, the tangent space to C at X:
(0.1) TxC:=8p(C/x)

is the oco-category of spectra in the corresponding slice co-category of objects over
X. This oo-category T'x C is the ‘stabilization’ of C,x: its best approximation by
an oo-category that is stable.?

For example, when C is the co-category of topological spaces, T'x € can be iden-
tified with the co-category of spectra parameterized® over the topological space X.
Basterra and Mandell [BMO05] prove that when € is the oco-category of commu-
tative ring spectra, TrC is the oo-category of R-module spectra. Various other
calculations of these tangent spaces have been done recently in a series of papers
by Harpaz, Nuiten and Prasma, including [HNP19b] (for algebras over operads
of spectra), [HNP18] (for co-categories themselves), and [HNP19a] (for (oo, 2)-
categories).

Lurie’s construction [Lurl7, 7.3.1.10] collects all of these individual tangent
spaces together into a ‘tangent bundle’: for each suitably nice co-category €, there
is a functor

pe:TC—C
whose fibre over X is precisely Tx €. One of the aims of this paper is to give
substance to the claim that this pe is analogous to the ordinary tangent bundle
py  TM — M for a smooth manifold M, by presenting both as examples of the
notion of ‘tangent category’.

Tangent categories. A categorical framework for the tangent bundle con-
struction on smooth manifolds was first provided by Rosicky in [Ros84]. In that
work, he describes various structures that can be built on the tangent bundle func-
tor

T : Mfld — Mfld

where Mifld denotes the category of smooth manifolds and smooth maps. Of course,
there is a natural transformation p : T — Id that provides the tangent bundle
projection maps. There are also natural transformations 0 : Id — 7', given by the
zero section for each tangent bundle, and + : T x1q T' — T, capturing the additive
structure of those vector bundles.

Rosicky’s work was largely unused until resurrected in 2014 by Cockett and
Cruttwell [CC14] in order to describe connections between calculus on manifolds
and structures appearing in logic and computer science, such as the differential A-
calculus of Ehrhard and Regnier [ER03]. Cockett and Cruttwell define a tangent
structure on a category X to comnsist of an endofunctor 7' : X — X together with
five natural transformations:
the projection p: T — 1d,
the zero section 0:1d — T,
the addition + : T xqT — T,
the flip c: T? — T2,
the wvertical lift £ : T — T?,

2An oco-category is stable when it admits a null object, it has finite limits and colimits,
and when pushout and pullback squares coincide; see [Lurl7, 1.1] for an extended introduction.
By [Lurl7, 1.4.2.23], any co-category D with finite limits admits a stabilization 8p(D) which is
universal among stable co-categories with a finite-limit-preserving functor to D.

3See [MS06] for parameterized spectra.
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for which there is a large collection of diagrams that are required to commute. As
indicated above, the first three of these natural transformations make T'M into a
bundle of commutative monoids over M, for any object M € X.* The maps c and
¢ express aspects of the ‘double’ tangent bundle T?M = T(T M) that are inspired
by the case of smooth manifolds: its symmetry in the two tangent directions and a
canonical way of ‘lifting’ tangent vectors to the double tangent bundle.

In addition to the required commutative diagrams, there is one additional con-
dition, referred to by Cockett and Cruttwell [CC18, 2.1] as the ‘universality of the
vertical lift’. This axiom states that certain squares of the form

TM Xy TM —— 720
(0.2) T(p)

M—r 1M

are required to be pullback diagrams in X. (See 1.11 for a precise statement.) When
X = Mfld and M is a smooth manifold, this vertical lift axiom can be expressed as
a collection of diffeomorphisms

T(T,M) = T, M x T, M

varying smoothly with z € M.

Thus, the vertical lift axiom tells us a familiar fact: that the tangent bundle
of a tangent space T, M (indeed of any Euclidean space) is trivial. Cockett and
Cruttwell’s insight was that this axiom is also the key to translating many of the
constructions of ordinary differential geometry into the context of abstract tangent
categories. Since the publication of [CC14], a small industry has developed around
this task, providing, for example:

e a Lie bracket for vector fields (described by Rosicky in his original work
on tangent categories [Ros84] and refined in [CC14]);
e an analogue for smooth vector bundles: the ‘differential bundles’ intro-
duced in [CC18];
e notions of connection, torsion and curvature, developed by Cockett and
Cruttwell [CC17], also studied by Lucyshyn-Wright [LW18];
e analogues of affine spaces, described by Blute, Cruttwell and Lucyshyn-
Wright [BCLW19];
e versions of differential forms and cohomology, studied by Cruttwell and
Lucyshyn-Wright [CLW18]; and
e Lie algebroids, studied by the second author and MacAdam [BM19].
In Chapter 11 of this paper, we add to this list the notion of ‘n-jet’ of smooth maps
in order to make precise the connection with Goodwillie’s n-excisive functors. We
do not address any of these other topics here, though we expect each of them has an
analogue for tangent co-categories, which might be worth studying. Note, however,
that some of these concepts, such as the Lie bracket, depend on the existence of
additive inverses in the tangent bundle, and hence are not applicable in the main
example of this paper where those inverses do not exist.

An Rosicky’s original work, the addition map was required to have fibrewise negatives so that
T M is a bundle of abelian groups. Cockett and Cruttwell relaxed that condition, and we take full
advantage of this relaxation since Lurie’s tangent bundle does not admit negatives in that sense.
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Tangent oco-categories. Our paper is split into two parts, and the first part
focuses on extending the theory of tangent categories to the oo-categorical context.
The principal goal of this part is Definition 3.3, which introduces the notion of
tangent structure on an oo-category X, and which recovers Cockett and Cruttwell’s
definition when X is an ordinary category.

A challenge in making this definition is that the large array of commutative dia-
grams listed by Cockett and Cruttwell in their definition of tangent category would
require an even larger array of higher cohering homotopies if translated directly
to the oo-categorical framework. Fortunately, work of Leung [Leul?7| provides an
alternative definition of tangent category based on a category of ‘Weil-algebras’
already used in algebraic geometry and synthetic differential geometry.

In Definition 1.3 we describe a symmetric monoidal category Weil whose objects
are certain commutative semirings of the form

N[z1,...,zn]/(ziz5)

where the relations consist of quadratic monomials that include the squares x2.
The monoidal structure on Weil is given by the tensor product. These objects form
only a subset of the more general Weil-algebras introduced by Weil in [Wei53] to
study tangent vectors on manifolds in terms of infinitesimals, but they are sufficient
to capture the notion of tangent category.

Leung’s main result [Leul7, 14.1] is that the structure of a tangent category
X is precisely captured by a monoidal functor

(0.3) T° : Weil — Fun(X, X)

from Weil to the category of endofunctors on X under composition, or equivalently,
to an action of Weil on X. This action is subject to the additional condition that
certain pullbacks be preserved by T'°; in particular, we have the ‘universality of
vertical lift” axiom described in (0.2).

The simplest non-trivial example of a Weil-algebra is the ‘dual numbers’ object
W = N[z]/(z?) which, under Leung’s formulation, corresponds to the ordinary tan-
gent bundle functor 7= T" : X = X. Evaluating the functor 7 on morphisms in
Weil, i.e. the homomorphisms between Weil-algebras, provides the various natural
transformations that make up the tangent structure. For example, Weil encodes the
structure that makes each projection map 7'M — M into a bundle of commutative
monoids over M.

In order to generalize tangent structures to oo-categories, we construct in Chap-
ter 2 an oo-categorical version of Weil, which we denote Weil,,. The monoidal
oo-category Weil,, can be described in a very similar manner to Weil, but based
on E.-semirings (introduced by May [May72] as ‘E-ring spaces’) instead of or-
dinary commutative semirings. An FE..-semiring is a topological space with two
binary operations, addition and multiplication, that satisfy the usual axioms of a
semiring, but only up to homotopy. There are also higher coherence conditions
which have no analogue in the discrete case.

Since F..-semirings are complicated topological objects, we give an alterna-
tive construction of the co-category Weil,, as the nerve of a certain bicategory in
which all the 2-morphisms are invertible. This construction highlights the close
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relationship between Weil and Weil,, and makes it easy to see, for example, that
the homotopy category of Weily, is isomorphic to Weil.®

Our Definition 3.3 of tangent structure on an oo-category X then follows the
same format as Leung’s characterization of tangent categories; it is a functor of
monoidal co-categories of the form (0.3), but with Weil replaced by Weils,, and
that preserves those same pullbacks (though now with pullback understood in the
oo-categorical sense). Under this definition, any ordinary tangent category, such
as Mifld with its usual tangent bundle construction, is also a tangent oo-category
with structure map given by composing the relevant map (0.3) with the projection
Weily, — Weil from Weil, to (the nerve of) its homotopy category.

There are, however, tangent oco-categories that do not arise from an ordi-
nary tangent category. One example is given by the ‘derived smooth manifolds’
of [Spil0]. There, Spivak defines an co-category DMfld that contains Mfld as a full
subcategory, but which admits all pullbacks, not only those along transverse pairs
of smooth maps. We show in Proposition 3.22 that the tangent structure on Mfld
extends naturally to DMfld using a universal property described by Carchedi and
Steffens [CS19].

Another example is the co-category Eo8p of E..-ring spectra, a central concept
in stable homotopy theory. Just as the category CRing of ordinary commutative
rings admits a tangent structure (in fact, two tangent structures, one on CRing and
one on CRing?), we show in Examples 3.18 and 3.19 that E,.8p and E,,8p°? are
tangent co-categories in an analogous way.

Tangent (co,2)-categories and other objects. The definition of tangent
structure on an oo-category can easily be extended to a wide range of other types
of objects, and we examine this generalization in Chapter 6. Let X be an object in
an (0o, 2)-category C which, for the purposes of this introduction, one may view
simply as a category enriched in oo-categories. Then X admits a monoidal oco-
category Home (X, X) of endomorphisms. We define (in 6.3) a tangent structure on
the object X to be a monoidal functor

T : Weiloe — Homg (X, X)

that preserves the appropriate pullbacks. This definition recovers our notion of
tangent oo-category (and hence ordinary tangent categories) when C is the (0o, 2)-
category of oo-categories. Taking C to be a suitable (oo, 2)-category of (oo, 2)-
categories, we also obtain a notion of tangent (0o, 2)-category. In particular, our
definition entails a notion of tangent bicategory, in which the Cockett-Cruttwell
axioms hold up to coherent 2-isomorphisms.

The Goodwillie tangent structure on differentiable co-categories. In
the second part of this paper, we construct a specific tangent co-category for which
the tangent bundle functor is equivalent to that defined by Lurie, and which encodes
the theory of Goodwillie calculus. The existence of this tangent structure (which we

5In the original version of this paper, we used the 1-category Weil in our definition of tangent
oo-structure. We are grateful to Thomas Nikolaus and Maxime Ramzi for pointing out that, with
this definition, our construction of the Goodwillie tangent structure entails strictly commutative
structures on the co-category of spectra which cannot exist. There was a mistake in our original
construction; specifically, the natural transformation « in the previous version of Definition 8.18
was not sufficiently well-defined. That observation led us to the introduction of the monoidal
oo-category Weils, defined in Chapter 2.



6 INTRODUCTION

refer to as the Goodwillie tangent structure) justifies the analogy between functor
calculus and the calculus of smooth manifolds.

The underlying co-category for this tangent structure is Catdiff | a subcategory
of Lurie’s oo-category of oo-categories [Lur09a, 3.0.0.1]. The objects in Catdiff
are those oco-categories C that are differentiable in the sense introduced in [Lurl?,
6.1.1.6]: those € that admit finite limits and sequential colimits, which commute.
This condition is satisfied by many oco-categories of interest, including any com-
pactly generated co-category and any co-topos. The morphisms in the co-category
Catdf are those functors between differentiable co-categories that preserve sequen-
tial colimits.

The tangent bundle construction from [Lurl?7, 7.3.1.10] can be described ex-
plicitly as the functor 7' : Catdff — Catdff given by

TC := Exc(86n,+, €)

where 84, . denotes the co-category of finite pointed spaces, and Exc(—, —) denotes
the oo-category of functors that are ezcisive in the sense of Goodwillie (those that
map pushouts in 8gy, . to pullbacks in €). With this definition in mind, the Good-
willie tangent structure on Catdiff consists of the following natural transformations:

e the projection map p : TC — C is evaluation at the null object:
L — L(x);
e the zero section 0 : € — T'C maps an object X of € to the constant functor

with value X;
e addition + : TC xe TC — TC is the fibrewise product:

(L1, La) v L1(=) X1, (s)=Lo(+) L2(—);

e identifying T2C with the oo-category of functors Sfin,« X Sfin,» — € that
are excisive in each variable individually, the flip ¢ : T?C — T2C is the
symmetry in those two variables:

L= [(X,Y) = LY, X)J;

e the wertical lift map ¢ : T@ — T2C is precomposition with the smash
product:
L—[(X,)Y)—= L(XAY)].
A complete definition of the Goodwillie tangent structure requires the construction
of a monoidal functor

T : Weil,, — Fun(Catdiff Catdiff),
For a Weil-algebra of the form
A=Nlz1,...,z,]/(xiz;),

with n generators, we define the corresponding endofunctor 74 : Catdiff — Catdiff
by
T4(C) := Exc” (8§, ., €) C Fun(8§, ., ©),

the full subcategory consisting of those functors 8§, . — C that satisfy the prop-
erty of being ‘A-excisive’ (see Definition 8.1). When A = N[z]/(2?), A-excisive is
excisive, and we recover Lurie’s definition of the tangent bundle T'C. We define the
functor T" on a morphism ¢ in Weil,, via precomposition with a certain functor

¢ 8. — St

fin,* fin,*
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whose construction mimics the algebra homomorphism underlying ¢; see Defini-
tion 8.12 for details.

In Chapter 8 we prove the key homotopy-theoretic results needed to check that
the definitions above do indeed form a tangent structure. Principal among those
is the vertical lift axiom analogous to that in (0.2) above; this axiom is verified in
Proposition 8.35, and involves in detail the classification of multilinear functors in
Goodwillie calculus [Goo03, Sec. 5] and splitting results for functors with values
in a stable co-category. It is there that the technical heart of the construction of
the Goodwillie tangent structure lies.

The full definition of T as a monoidal functor between monoidal co-categories
is rather involved and relies on a model for Catdff based on ‘relative’ co-categories;
see [MG19]. The specifics of this construction are in Chapter 9. The reader in-
terested in understanding the central ideas of our construction, rather than the
intricate details, should focus on Chapter 8 where the most important of the un-
derlying definitions are provided.

Tangent functors, differential objects and jets. Much of this paper is
concerned with the definition of tangent oco-category and the construction of the
Goodwillie tangent structure on the oo-category Catdff. However, we also begin
the task of extending the current tangent category literature to the co-categorical
context. In this paper, we focus on three specific aspects of that theory: functors
between tangent categories, differential objects, and jets.

As with any categorical structure, it is crucial to identify the appropriate mor-
phisms. Cockett and Cruttwell introduced in [CC14, 2.7] ‘morphisms of tangent
structure’, and in Chapter 4 we extend the strong version of their notion to tangent
oo-categories. Briefly, a tangent functor between tangent oo-categories is a functor
that commutes (up to higher coherent equivalences) with the corresponding actions
of Weily,. Our definition, using work of Garner [Garl18], reduces to Cockett and
Cruttwell’s definition in the case of ordinary tangent categories.

Differential objects were introduced by Cockett and Cruttwell [CC14, 4.8] in
order to axiomatize the role of Euclidean spaces in the theory of smooth manifolds:
these are the objects that are tangent spaces. In Chapter 5 we describe our exten-
sion of the theory of differential objects to tangent oco-categories. Our description
provides a new perspective on differential objects even in the setting of ordinary
tangent categories; see Proposition 5.14.

Another role for differential objects is in making the connection between tan-
gent categories and the ‘cartesian differential categories’ of Blute, Cockett and
Seely [BCS09]. Roughly speaking, a cartesian differential category is a tangent
category in which every object has a canonical differential structure; for example,
the subcategory of Mifld whose objects are the Euclidean spaces R"™. We show that
a similar relationship (Theorem 5.38) also holds in the tangent co-category setting
after passage to homotopy categories.

In Chapter 10 we analyse the notion of differential object in the specific context
of the Goodwillie tangent structure on Catdff. Tt is not hard to see that the
differential objects in Catdff are precisely the stable co-categories. This result is
not at all surprising; the role of stabilization is built into our tangent structure
via the tangent spaces described in (0.1). It does, however, confirm Goodwillie’s
intuition that categories of spectra should be viewed, from the point of view of
functor calculus, as analogues of Euclidean spaces.
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We also deduce the existence of a cartesian differential category whose objects
are the stable co-categories and whose morphisms are natural equivalence classes of
functors. This result extends work of the first author and Johnson, Osborne, Riehl,
and Tebbe [BJO 18], which describes a similar construction for (chain complexes
of) abelian categories in the context of Johnson and McCarthy’s ‘abelian functor
calculus’ variant of Goodwillie’s theory [JMO4]. In fact, the paper [BJO 18]
provided much of the inspiration for our development of tangent oo-categories and
for the construction of the Goodwillie tangent structure.

In Chapter 11 we turn to the notion of ‘n-jet’ of a morphism which does not
appear explicitly in the tangent category literature, though it has been studied
in the context of synthetic differential geometry, e.g. see [Kocl10, 2.7]. In our
case, the importance of n-jets is that they correspond in the Goodwillie tangent
structure on Catdf to the n-excisive functors, i.e. Goodwillie’s analogues of degree
n polynomials.

In an arbitrary tangent co-category X, we say that two morphisms F, G : € = D
determine the same n-jet at a (generalized) point = € C if they induce equivalent
maps on the n-fold tangent spaces T,'C at x. For smooth manifolds, this definition
recovers the ordinary notion of n-jet, the equivalence class of smooth maps that
agree to order n in a neighbourhood of the point x. For oco-categories, we then
prove an analogous result (Theorem 11.3) which says that a natural transformation
a: F — G between two functors € — D induces an equivalence PXF —» PXG
between Goodwillie’s n-excisive approximations at X in € if and only if « induces
an equivalence on 1% C.

The significance of the previous result is that it shows that the notion of n-
excisive equivalence, and hence n-excisive functor, can be recovered directly from
the Goodwillie tangent structure. To make proper sense of this claim, though,
we need to be able to talk about non-invertible natural transformations between
functors of co-categories. This observation reveals that Goodwillie calculus is better
understood in the context of tangent structures on an (oo, 2)-category.

In Theorem 12.15 we show that there is an (oo, 2)-category CATY of differen-
tiable co-categories which admits a Goodwillie tangent structure extending that on
Catdiff, This tangent (oo, 2)-category completely encodes Goodwillie calculus and
the notion of Taylor tower.

Conjectures and connections. Lurie introduced the tangent bundle T'C not
directly in relation to Goodwillie calculus but as part of the development of defor-
mation theory in an oco-category C; see [Lurl?7, 7.4]. That theory is controlled by
the cotangent complex functor, a certain section

L:C—=TC

of the tangent bundle projection map; see [Lurl?, 7.3.2.14]. The functor L does
not appear to have an analogue in the general theory of tangent categories, and
it has not played any role in this paper. Nonetheless, it would be interesting to
explore what aspects of the Goodwillie tangent structure allow for the cotangent
complex and corresponding deformation theory to be developed.

There are other topics and questions regarding the Goodwillie tangent structure
which we would like to have addressed in this paper. One such question is the
extent to which the Goodwillie tangent structure on Catdf is unique. We believe
that indeed it is the unique (up to contractible choice) tangent oo-category which
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extends Lurie’s tangent bundle construction, but we do not try to give a proof of
that conjecture here.

Another topic concerns what are known as ‘representable’ tangent categories.
It was observed by Rosicky that a model for synthetic differential geometry gives
rise to a tangent category in which the tangent bundle functor is represented by an
object with so-called ‘infinitesimal’ structure; see [CC14, 5.6]. It appears relatively
easy to extend the definition of representable tangent structure to co-categories, but
also to prove that the Goodwillie tangent structure is not representable in this sense.
In fact, Lurie’s tangent bundle functor itself is not representable.

However, if we restrict the Goodwillie tangent structure to the subcategory
of Catdff consisting of co-toposes, e.g. see [Lur09a, 6.1.0.4], and the left exact
colimit-preserving functors, then this restricted tangent structure is adjoint, in the
sense of [CC14, 5.17], to a representable tangent structure on Topos,, (the oco-
category of oco-toposes and geometric morphisms). The representing object for
that tangent structure is the oo-topos T'(8) = Exc(Sgn,«,S), whose objects are
parameterized spectra over arbitrary topological spaces, with infinitesimal structure
arising directly from the Goodwillie tangent structure. Details of these claims are
worked out by the third author in [Chi21]. We wonder if such structure is related to
work of Anel, Biedermann, Finster and Joyal [ABFJ18], [ABFJ23] on Goodwillie
calculus for co-toposes.

Earlier in this introduction, we listed various topics from ordinary differential
geometry that have been developed in the abstract setting of tangent categories,
including vector bundles, connections, and curvature. For each of these topics, or
any others that can be formulated in an abstract tangent category, we can speculate
on what form they take in the Goodwillie tangent structure. Some ideas along those
lines appear at the end of this paper in a section on Proposals for Future Work.

There are two other directions for generalization that seem particularly worthy
of exploration. One is to replace (Catgéﬂ in the Goodwillie tangent structure with
a different oo-cosmos in the sense of Riehl and Verity [RV22, 1.2]. The other is
to look for tangent oo-categories that encode other versions of functor calculus,
such as the ‘manifold calculus’ of Goodwillie and Weiss [Wei99, GW99], or the
‘orthogonal calculus’ of Weiss [Wei95]. Other lines of inquiry arise from finding
counterparts in tangent categories of concepts that are already established in Good-
willie calculus, such as Heuts’s work [Heu21] on Goodwillie towers for (pointed
compactly-generated) co-categories, instead of functors, and work of Greg Arone
and the third author [AC11] on chain rules and the role of operads in functor
calculus.

Finally, we might speculate on how the Goodwillie tangent structure of this pa-
per fits into the much bigger programme of ‘higher differential geometry’ developed
by Schreiber [Sch13, 4.1], or into the framework of homotopy type theory [Pro13],
though we don’t have anything concrete to say about these possible connections.

Background on oo-categories; notation and conventions. This paper
is written largely in the language of oo-categories, as developed by Lurie in the
books [Lur09a] and [Lurl7], based on the quasi-categories of Boardman and
Vogt [BV73]. However, for much of the paper, specifics of that theory are not
particularly important, and other models for (0o, 1)-categories could easily be used
instead, especially if the reader is interested only in the main ideas of this work
rather than the technical details. We expect that most of the mathematics in this
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paper could be written in the framework of ‘synthetic’ higher categories being de-
veloped by Cisinski, Cnossen, Nguyen, and Walde [CCIN'W26], although that work
does not address oco-bicategories. We include in Appendices A and B some back-
ground information about co-categories and oco-bicategories, as well as the notions
of monoidal co-category and modules over such, which are central to our approach.

All the basic concepts needed to define tangent oo-categories, and to describe
the underlying data of the Goodwillie tangent structure, will be familiar to readers
versed in ordinary category theory. Those ideas include limits and colimits (in
particular, pullbacks and pushouts), adjunctions, monoidal structures, and functor
categories. To follow the details of our constructions, however, the reader will
need a close acquaintance with simplicial sets and, especially, their relationship to
categories via the nerve construction.

Throughout this paper, we take the perspective that categories, co-categories,
and indeed (o0, 2)-categories, are all really the same sort of thing. We often do
not distinguish notationally between any of these types of object unless we want to
highlight the different roles they play. In particular, we often identify a category X
with its nerve, an oco-category.

One exception to this convention is the category of simplicial sets itself, which
we denote as sSet, and some related categories (such as ‘marked’ or ‘scaled’ sim-
plicial sets) which we describe in the course of this paper. We will make some
use of the various model structures on these categories, including the Quillen and
Joyal model structures on sSet. There are co-categories associated to these model
categories, but we will use separate notation to denote those co-categories when we
need to invoke them.

One of the most confusing aspects of our theory is that oco-categories (and
(00, 2)-categories) play several different roles in this paper at different ‘levels’:

(1) we can define tangent objects in any (potentially very large) (oo, 2)-
category C (Definition 6.3);

(2) taking C to be the (oo,2)-category of (large) co-categories CAT,, we
get a notion of tangent structure on a specific co-category C € C
(Definition 3.3);

(3) taking C to be an oo-category of (smaller) co-categories, such as Catdiff

we get the tangent bundle TC of a specific co-category € € C (Defini-

tion 7.12).

We can also take € in (3) to be an co-category Cato, of (even smaller) co-categories,
in which case we would also have the tangent space at an oo-category Y, i.e. Ty C.
These tangent spaces are studied in [HNP18] but do not play any particular role
for us here.

We distinguish between these three uses for co- and (0o, 2)-categories by ap-
plying the fonts C,C, C as indicated in the list above. In particular, we use these
different fonts to signify the size restrictions that are implicit in our hierarchy. To be
precise, we assume, where necessary, the existence of inaccessible cardinals that de-
termine the different ‘sizes’ of the oco-categories described in (1), (2) and (3) above;
see also [Lur09a, 1.2.15] for a discussion of this foundational issue. Beyond the
requirement to keep these three levels separate, size issues do not play a significant
role in this paper.



INTRODUCTION 11

One final (and important) comment on notation, especially for readers familiar
with the papers of Cockett and Cruttwell: in this paper, we use ‘algebraic’ order
for writing composition, as opposed to the diagrammatic order employed in many
papers in the tangent category literature. So, for morphisms f : A — B and
g: B — C, we write g f for the composite morphism A — C'. Because of this choice,
some of the expressions we use look different to those appearing in a corresponding
place in [CC14].
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Part 1

Tangent Structures on
oo-Categories



The goal of Part 1 is to extend the notion of tangent category of Cockett and
Cruttwell to an oo-categorical context, and to begin the study of these ‘tangent
oo-categories’.

We refer the reader to the paper of Cockett and Cruttwell [CC14] for a de-
tailed introduction to the theory of tangent categories. The definition that we use
in this paper, however, is based on an alternative characterization of tangent struc-
ture due to Leung [Leul?7, 14.1], and it extends to tangent functors and natural
transformations via work of Garner [Gar18, Thm. 9]. That characterization is in
terms of a certain monoidal category of ‘Weil-algebras’, and in Chapter 1 we recall
that category and the corresponding notion of tangent structure on a category.

In Chapter 2 we turn to oo-categories. Our first goal is to define an oo-
categorical version of the monoidal category of Weil-algebras, which we then use
to give a definition of tangent oco-category in Chapter 3. We start to develop the
theory of tangent oo-categories in Chapter 4 with a definition of tangent functor,
the appropriate notion of morphism between tangent oco-categories. In Chapter 5
we consider ‘differential objects’ in a tangent oco-category.

In the last topic in this part, Chapter 6, we extend the definition of tangent
structure to (oo, 2)-categories and other kinds of objects.



CHAPTER 1

Weil-Algebras and Tangent Categories

We start by recalling the category of Weil-algebras used in Leung’s characteri-
zation of tangent structures [Leul?7].

DEFINITION 1.1. Let CRig denote the category of commutative semirings (or
rigs). The set N of natural numbers, including 0, is an initial object in CRig. There
is a monoidal structure on CRig given by the tensor product ® with unit object N.

EXAMPLE 1.2. For each finite set J, let W denote the commutative semiring
whose elements are formal sums
m+ Z m;x;

JjeJ
where m,m; € N and z; is a formal generator corresponding to j € J, with
multiplication determined by the relation z;z;; = 0 for all j,j* € J. When J =

{1,...,n} (or some other ordered set of size n), we can write
W' = W" .= Nlzy,... s Tl [(@iTg) ] 21

We often denote W' = N[z]/(z?) just as W, and when J = @ is the empty set, we
have W¥9 = N.

DEFINITION 1.3. Let Weil be the full subcategory of CRig whose objects are
those of the form

Whe. ..o W'

for some finite sequence of nonempty finite sets Jy,...,J.. We include the case
of the empty sequence, in which case this tensor product is equal to N, the unit
for the monoidal structure. We refer to these objects as Weil-algebras, and to the
morphisms in Weil as morphisms of Weil-algebras.

The subcategory Weil is also a monoidal category under the tensor product,
and it is (monoidally) equivalent to that denoted ‘N—Weil;’ in [Leul?].

REMARK 1.4. Let A = W't ® --- ® W’ be an object of Weil. If we write
n; = |J;] and n = ny + -+ + n,, then we can denote the generators of A (as a
semiring) by

T1ye.eyTp.

Note that this notation implicitly involves choosing an ordering on each finite set
J;. For small numbers of generators, we might use z,y, z, or, if we are discussing
multiple Weil-algebras, we might use y1, ..., ¥, to make it clear which object the
generators refer to.

We can then also write

A=Nizy,...,z,]/(zizj | i~ j)

15
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where ~ is an equivalence relation on {1,...,n} whose equivalence classes are in
bijection with the sets Ji,...,J,.. The additive structure on the Weil-algebra A
has a basis consisting of the nonzero monomials, i.e. products of generators, no two
from the same set J;.

We also note that any object A of Weil is an augmented commutative semiring,
with augmentation

e:A—N
given by e(j) =0for all j € J1,...,J;.

There are certain pullback squares in Weil that play a crucial role in the defi-
nition of tangent structure.

LEMMA 1.5 ([Leul?, 3.14]). For finite sets J,J', let JUJ' denote their disjoint
union. Then there is a pullback square in Weil of the form

WJLIJ/ — WJ

w! —— N

in which the horizontal and vertical maps are given by x; +— 0 (for j* € J') and
xj = 0 (for j € J) respectively. We refer to these diagrams as the foundational
pullbacks in Weil.

LEMMA 1.6. There is a pullback square in Weil of the form

W2 —s Wew

€ 1w ®e

N%W

where p : N[z, y]/(2?, zy,y*) — N[a, b]/(a?,b?) is given by

p(z) =ab, ply) =0b.

We refer to this square as the vertical lift pullback in Weil. Collectively, the pullback
diagrams in Lemmas 1.5 and 1.6 are the tangent pullbacks.

PROOF. A cone over the maps 1y ® € and 7 consists of a morphism
¢ Nz, ..., 2]/ (zizj | i~ F) = Nla, b]/(a?, b%)

such that each ¢(z;) is a sum of monomials ab and b (but not a). The corresponding
lift

¢:Nlew, ... 2]/ (2iz | i ~ ) = Nz, y)/ (@®, 2y, 5%)
is given by replacing ab with z and b with y in the formula for each ¢(z;). ([
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Tangent categories. Having established the monoidal category Weil, we can
now give a definition of tangent structure on a category X. Leung showed in [Leul?,
14.1] that Cockett and Cruttwell’s original definition in [CC14] can be interpreted
as an action on X by the monoidal category Weil in the following sense.

DEFINITION 1.7. Let X be a category. A Weil-module structure on X is a
(strong) monoidal functor

T° : Weil — Fun(X, X)
where the monoidal structure on Fun(X,X) is given by composition of functors.
Corresponding to T is an action map which we usually denote
® : Weil x X — X.
The structure encoded by ® is also termed a ‘Weil-actegory’; see [CG22].

DEFINITION 1.8 (Tangent categories). Let X be a category. A tangent structure
on X is a Weil-module structure

T° : Weil — Fun(X, X)
such that for each X € X, the corresponding action map
—© X :Weil - X

sends the pullback squares in Lemmas 1.5 and 1.6 to pullback squares in X.
A tangent category consists of a category X together with a tangent structure
on X.

REMARK 1.9. The condition that each action map — ® X preserves tangent
pullbacks implies that the functor 7'® as a whole preserves tangent pullbacks: if
a diagram in a functor category such as Fun(X,X) has pointwise limits for each
indexing object, then the diagram has a limit in the functor category which agrees
with each of the pointwise limits. However, the converse does not hold: it is possible
for a functor category to have a limit which is not given by pointwise limits (when
some of those pointwise limits do not exist). Therefore, the pointwise condition is
required in Definition 1.8 in order that it matches up with Cockett and Cruttwell’s
original notion.

REMARK 1.10. For each Weil-algebra A, we write
T4 :=T*(A)=A0—-:X=>X
for the corresponding endofunctor on the underlying category X. In particular,
when A = W, the endofunctor 7%, which we often denote by T, is the tangent

bundle functor for the tangent structure. In this formulation, the monoidal struc-
ture on the functor 7' is given by isomorphisms

o TAOA = pATA N TN 1y
which satisfy appropriate coherence conditions.

We now recall how Definition 1.8 reduces to Cockett and Cruttwell’s original
definition of tangent category [CC18, 2.1].

REMARK 1.11. Let (X,T*) be a tangent category. The functors T4 : X — X
for Weil-algebras A are determined by the single functor 7= T" : X — X in the
following way:
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e Since T is monoidal, we have, for the unit object N of the monoidal
structure on Weil, an isomorphism

TN = 14
with the identity functor on X.

e Since the module action map ® is required to preserve the foundational
pullbacks, we have, for any positive integer n and any X € X:

T,(X) =TV (X) 2 T(X) xx --- xx T(X),

the wide pullback of n copies of the ‘projection’ map px : T(X) — X
corresponding to the unique map € : W — N. For an arbitrary finite set

J, we also write Ty := ™,

e Since any Weil-algebra A € Weil is of the form W’t @ --- ® W/r, the
monoidal condition then implies

TA>T; T

T

We also write T™ := T ---T for the n-fold composite of T', which corresponds to
the action of the Weil-algebra W®" = N[zy,...,z,]/(z3,...,22).

n
The main content of Leung’s result is that the values of a tangent structure 7

on morphisms in Weil are determined by those values on five specific morphisms
which correspond to the five natural transformations appearing in Cockett and
Cruttwell’s definition:

e corresponding to the unique map e : W — N is the projection,
pr:T — I
e corresponding to the unit map 7 : N — W is the zero section
Op : I =T,
e corresponding to the map
¢ : Nz,y]/(a? 2y, 4%) = N[z]/(z*); @ 2,y 2,
is the addition
+r: Ty =T,
e corresponding to the symmetry map
o :Nlz,yl/(2%,y*) = Nz,3]/(2* ¢*); a2 =y, yoa,
is the flip
e T? = T2
e corresponding to the map
6 : N[zl/(%) > Nia, g/ (2%, 4%); 2> ay,
is the vertical lift
b T — T2

Finally, the requirement that the tangent structure maps —®X preserve the vertical
lift pullback (1.6) corresponds to the condition that Cockett and Cruttwell refer to
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in [CC17, 2.1] as the ‘Universality of the Vertical Lift’, i.e. that for all X € X there
is a pullback square (in X) of the form

(1.12)

TX xx TX — T(TX)

T(p)

x—2 . 7rx

EXAMPLES 1.13. Here are some of the standard examples of tangent categories.
More examples, and more details, appear in the papers [CC14, CC18, Garl8|.

(1)

Let X = Mifld, the category of finite-dimensional smooth manifolds and
smooth maps, and let T : Mfld — Mfld be the ordinary tangent bundle
functor. Then there is a tangent structure on Mfld with tangent bun-
dle functor T and projection map given by the usual bundle projections
TM — M. The zero and addition maps come from the vector bundle
structure on T'M, and the flip and vertical lift can be defined directly in
terms of tangent vectors [CC18, 2.2(i)].

The category Sch of schemes has a tangent structure in which the tan-
gent bundle functor T : Sch — Sch on a scheme X is the vector bundle
associated to the Ox-algebra of Kéhler differentials of X (over Spec Z):

T(X) = Spec Sym Qx /7.
See [Garl8, Ex. 2(iii)] for further details.

The category CRig of commutative semirings has a tangent structure given
by T4(R) := A® R, i.e. with tangent bundle functor T(R) = R[xz]/(x?).
This structure restricts to a tangent structure on the full subcategory
CRing of commutative rings.

The tangent structure on Sch of (2) restricts to a tangent structure on
affine schemes, i.e. on CRing®?, in which the tangent bundle functor U :
CRing®® — CRing®? is such that U°? is left adjoint to the tangent bundle
functor T : CRing — CRing of (3).

The category Weil has a tangent structure given by the canonical action
of a monoidal category on itself.

The category X of ‘infinitesimally linear’ objects in a model of synthetic
differential geometry (SDG) has a tangent structure whose tangent bundle
functor T : X — X is given by the exponential T(C) = CP where D is an
‘object of infinitesimals’ in X. See [CC14, 5.1] for more details.

Let X be any category. Then there is a trivial tangent structure on X in
which T4 : X — X is the identity functor for every Weil-algebra A.

Let X be a tangent category with tangent bundle functor 7', and let J be
a category. Then the functor category Fun(J, X) has a tangent structure
whose tangent bundle functor is composition with 7.

Any cartesian differential category (CDC) in the sense of [BCS09] has a
tangent structure in which the tangent bundle functor is given by T'(A) =
A x A; see [CC14, 4.7].
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Tangent functors and natural transformations. Cockett and Cruttwell
introduce in [CC14, 2.7] ‘strong morphisms of tangent structure’ between tangent
categories. Garner [Garl8, Thm. 9] identifies those morphisms with the ‘Weil-
functors’ between Weil-actegories, that is, those functors that commute (up to
coherent natural isomorphism) with the actions of the monoidal category Weil. We
use Garner’s result as the basis for the following definition, which unfolds the notion
of functor between actegories; see also [CG22, 3.3.2].

DEFINITION 1.14 (Tangent functor). Let (X,7*) and (Y,U®) be tangent cat-
egories in the sense of Definition 1.8. A tangent functor from (X,T°) to (Y,U®)
consists of a functor F': X — Y, together with natural isomorphisms

ax: FTA S UAF
for each Weil-algebra A, such that the following diagrams commute:
(1) for each morphism ¢: A — A" in Weil,

FTA L} UAF
FT? U*F
FTA _Gar UA F

(2) for each pair of Weil-algebras A, A’,

, aATA, , UAO(AI ,
FTATAY —— UAFTY — UAUAF

FTA®T yAeA

O‘A®A’

where the vertical maps are based on the isomorphisms coming from the
tangent structures T'® and U*® respectively;

(3) for the unit Weil-algebra N:

FTN —2— pNp

where the diagonal maps are based on the isomorphisms TV = 1x and
UN = 1y coming from the tangent structures 7 and U*® respectively.

We denote a tangent functor as (F,«), or often simply as F', leaving the natural
isomorphisms a4 understood.

DEFINITION 1.15. For a tangent category (X,T®) the identity tangent func-
tor on X is (1x,1) where 14 : T4 — T4 is the identity natural transformation.
For tangent functors (F,a) : (X,7°) — (Y,U*) and (G o) (Y, U*) = (Z,V*),
their composite is the tangent functor (GF, o ) where o} is the composite natural
transformation Gan

GFTA /2, QUAF — 5 VAGF.
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REMARK 1.16. Cockett and Cruttwell also introduce a ‘lax’ version of these
tangent functors, in which the natural transformations a4 are no longer required to
be isomorphisms, and there is a corresponding ‘oplax’ notion using instead natural
transformations

oy UAF — FTA
that satisfy corresponding conditions.
We also have a notion of natural transformation between tangent functors.

DEFINITION 1.17. Let (F, @), (G,a’) : X — Y be tangent functors as in Defini-
tion 1.14. A tangent transformation from (F,a) to (G, ) is a natural transforma-
tion

6:F—G

such that for each Weil-algebra A the following diagam commutes:

FTA L UAF
pT U*p

GTA — yAg.

Identity and composite tangent transformations are the ordinary identity and com-
posite natural transformations.

The definitions described above can be assembled into a 2-category.

DEFINITION 1.18. Let Tan denote the 2-category whose objects are tangent
categories, 1-morphisms are tangent functors, and 2-morphisms are tangent trans-
formations, with identity and composition as described above. We refer to Tan as
the 2-category of tangent categories.

The main goal of the first part of this paper is to construct an co-categorical
version of the 2-category Tan. In the next chapter, we begin that process by
introducing an oco-categorical version of the category of Weil-algebras.






CHAPTER 2

A Monoidal co-Category of Weil-Algebras

We now turn to oo-categories and begin the process of setting up a theory
of tangent structures in that context. The main goal of this chapter is to define
an oo-categorical analogue Weil,, of the monoidal category of Weil-algebras of
Definition 1.3. The monoidal co-category Weil,, plays the same role in the theory
of tangent co-categories (to be defined in Chapter 3) as Weil plays in that of
ordinary tangent categories.

We will see from the precise definition below that the monoidal oo-category
Weil, has its homotopy category isomorphic to the ordinary category Weil. That
is, Weil,, and Weil have the same objects (the ordinary Weil-algebras of Defini-
tion 1.3), and the path components of the mapping space

HomWeilm (A, A/)

correspond to the ordinary Weil-algebra morphisms from A to A’. This mapping
space is the classifying space of a groupoid of what we call ‘labelled’ Weil-algebra
morphisms. In other words, Weil,, is the nerve of a bicategory whose mapping
categories are those groupoids, and the main goal of the first part of this chapter
is to define this bicategory; see Proposition 2.17.

The construction of Weil, in this chapter highlights the close relationship with
Weil, but an alternative (and equivalent) construction can be given in terms of the
E-semirings of May [May72], therein called ‘F..-ring spaces’. These objects can
be viewed as homotopical analogues of the ordinary commutative semirings which
appear in the definition of Weil. We prove in Appendix C that our two approaches
to the oco-category Weil,, are equivalent.

We now turn to the construction of the bicategory of Weil-algebras which un-
derlies our definition of Weil,.

A Dbicategory of Weil-algebras. The goal of this section is to construct a
bicategory Weil,, whose objects are Weil-algebras, and whose mapping categories
are groupoids of what we will call ‘labelled’ Weil-algebra morphisms. Our construc-
tion of this object is inspired by work of Cranch [Cral0] on E-monoids, and we
will return to that connection in Chapter 5.

To motivate our definition, consider, for example, the Weil-algebra morphism

(2.1) ¢ : Nlz,y]/(z*,y*) = Nlu,v]/ (u?, uv, v%)
given by
(1) =1, ¢(z) =2u+v, oy =v, ¢ay)=2uv.
A 1-morphism in Weil,, consists of a Weil-algebra morphism such as ¢ together with

extra information that allows us to distinguish the two copies of u which appear in
the expression ¢(z) by ‘labelling’ each of those two copies with a different element

23



24 2. A MONOIDAL co-CATEGORY OF WEIL-ALGEBRAS

of some finite set of labels. In this case, there will then be a non-trivial 2-morphism
in the bicategory Weil,,, which permutes those two copies.

Here is how we make this idea explicit. Let ¢ : A — A’ be a Weil-algebra
morphism, and write M4 for the set of nonzero monomials in the Weil-algebra A.
Then a labelling of ¢ will consist of a finite set K (the set of labels) together with
functions

s: K — My, t:K— Mgy
such that for each x, € M4 we have

oz = > k).
kes—1(zq)

The set K of labels has additional structure corresponding to the multiplicative
property of ¢: if a is a label for a monomial in ¢(x) and b is a label for a monomial
in ¢(y), then it is natural to use ab as a label for one of the corresponding monomials
in the product ¢(zy) = ¢(x)d(y). Note, however, that ab only makes sense as a
label if the product of the monomials ¢(a) and #(b) is nonzero in A’. In this way, we
can identify each of the labels in K with a product of some set of labels kq,..., k.
for which each s(k;) is one of the generators of the Weil-algebra A.

For example, a labelling of the Weil-algebra morphism of (2.1) could be written
in the form

K= {1, ai,az,as, b, alb, agb}
with
s(a1) = s(az) = s(az) =z, s(b)=y
and
t(ar1) =t(az) =u, tlaz) =v, tb)=wv

where both s and ¢ are extended multiplicatively to all of K. This observation gives
K the structure of a partial commutative monoid, as in the following definition.

DEFINITION 2.2. A partial commutative monoid consists of a set K, a subset
K> C K x K, and a function
K2_>K7 (m,y)l—>xy,
with the following properties:
(1) for all z,y € K, x -y is defined (that is, (z,y) € K3) if and only if y - z is
defined, in which case
Toy=y-;
(2) there is an element 15 € K such that for all z € K, 1k - z is defined, and
g -z =ux;
(3) for all z,y,z € K, (z-y) - z is defined if and only if = - (y - 2) is defined, in
which case
(z-y)-z=z-(y-2)
and we write this element as zyz. (In particular, when an expression

of the form y - -y, is defined in K, the product of any subset of these
elements is also defined.)

For partial commutative monoids K, K’, a homomorphism from K to K’ is a func-
tion f: K — K’ such that

(1) f(]-K) = 1K’, and
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(2) for all z,y € K, if x - y is defined, then f(x) - f(y) is defined, and
fla-y) = fl)- fy).

Let FPCM denote the category of finite partial commutative monoids (i.e. those for
which the underlying set is finite) and their homomorphisms, with identities and
composition given by the ordinary identities and composition of functions.

ExAMPLE 2.3. For a Weil-algebra A, the set M4 of nonzero monomials in A is
a partial commutative monoid where the product z,2 3 of two monomials is defined,
and in that case equals the ordinary product of those monomials, if and only if that
product is nonzero in the Weil-algebra A.

We can now give a precise definition of the 1-morphisms in our desired bicate-
gory Weil .

DEFINITION 2.4. Let A, A’ be Weil-algebras. A labelled Weil-algebra morphism
from A to A" is a diagram of finite partial commutative monoids

K
(2.5) / X
M, M 4/

such that
(1) for k € K and a factorization
s(k)y=mqy---m,
in M 4, there is a unique factorization
k=ky -k
in K such that s(k;) = m;, and

(2) for k, k" € K, the product k&’ is defined in K if and only if ¢(k)t(k’) is
defined in M4/, i.e. is a nonzero monomial in A’.

The underlying Weil-algebra morphism ¢ : A — A’ associated to a span of the form
(2.5) is given on the generator z,, of A by

(2.6) dlaa) = > Hk).
kes—1(zq)

EXAMPLE 2.7. For any morphism of Weil-algebras ¢ : A — A’ in which each
generator of A is mapped to either a single monomial of A’ or to zero, there is a
canonical labelling given by a diagram of the form

K
/ \ZI‘K
M4 M 4

where K < M4 is the inclusion of the subset consisting of those monomials which
do not map to 0 in A’. For example, the identity morphism on the Weil-algebra A
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has a canonical labelling given by the identity span

M A/MA\M A-

REMARK 2.8. A labelling for a Weil-algebra morphism ¢ : A — A’ is de-
termined, up to canonical isomorphism, by the labels k € K for which s(k) is a
generator of the Weil-algebra A. That is, a labelling is determined by labels for the
monomials appearing in the expressions ¢(z;) where x4, ..., z, are the generators
of A.

REMARK 2.9. Applying condition (1) in Definition 2.4 with » = 0, we deduce
that the only element k € K for which s(k) =11is k= 1.

Similarly, a consequence of (2) is that the only element & € K for which ¢(k) = 1
is k = 1: suppose t(k) = 1; then ¢t(k) - t(k) = 1-1 =1 is nonzero in A’, and so by
(2), k- k is defined in K. Then s(k)s(k) = s(k - k) is an element of My, but the
only nonzero square monomial in the Weil-algebra A is 1, so s(k) = 1 and hence
k =1 as already noted.

LEMMA 2.10. Consider a labelled Weil-algebra morphism as in Definition 2.4.
The map ¢ : A — A’ defined in (2.6) is indeed a Weil-algebra morphism.

PROOF. Since we have defined ¢ on an additive basis and extended linearly, ¢
evidently preserves the additive structure. It remains to show that ¢ also preserves
the multiplicative structure. Firstly, we have (by Remark 2.9)

o(1)= > tlk)=t1)=1
kes—1(1)
To show that ¢ is multiplicative, it is sufficient to show that ¢(xoz5) = ¢(za)P(xs)
for any two nonzero monomials z.,xg in A. We split the argument into two cases,
depending on whether the product z,xg is zero or not in A.

Suppose z,z3 is not zero in A, and hence is an element of My. We will
establish a one-to-one correspondence between the set s~!(z,z5) and the set of
pairs (k', k") € s7!(x4) x s7!(x5) such that ¢(k’)t(k") is nonzero in A’. (Note that
if ¢(zqxp) = 0 in A’, then our argument will imply that both of these sets are
empty.)

Take first an element & € K such that s(k) = z4x3. By 2.4(1), there is a
unique factorization k = k'k"” such that s(k') = z, and s(k”) = z5. So we have a
uniquely determined pair (K, k") € s7'(z,) x s (z5) and t(K')t(k") = t(k) is a
nonzero monomial in A’.

Conversely, suppose (k', k") is such a pair. Then the product t(k")t(k") is de-
fined in M4/, and so the product k = k’'k” is defined in K by 2.4(2), and satisfies
s(k) = s(k')s(k") = xoxp. This construction establishes the one-to-one correspon-
dence. We therefore have

P(Tazp) = Z t(k) = Z t(ENEE") = ¢(xa)d(25).
s(k)=zqzg s(k")=xq,s(k")=xp

For the second case, suppose that zqzs = 0 in A. Our definition of ¢ au-
tomatically preserves the additive structure, so we then have ¢(zqozg) = 0. Sup-
pose ¢(xq)@(zg) is not zero. Then it includes a nonzero term ¢(k’)t(k”) for some
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k' € s7'(zq) and k” € s7!(xp). It follows that the product k'k"” is defined in K,
and then s(k'k") = s(k")s(k") = xqxp, which is a contradiction since the product
o2 is not defined in Ma. So ¢(xa)d(zs) = 0= @p(zax3).

This completes the check that ¢ preserves the multiplicative structure, and so
¢: A— A is a Weil-algebra morphism. O

We now turn to the 2-morphisms in the bicategory Weil,,, which are all iso-
morphisms.

DEFINITION 2.11. Let A, A" be Weil-algebras, and let (K, s,t) and (K', s, )
be labelled Weil-algebra morphisms from A to A’. A relabelling isomorphism from
(K, s,t) to (K, s',t') is an isomorphism of partial commutative monoids of the form
a: K = K’ such that the following diagram commutes

K
AR
M4 ~ |« M/
N
KI

The identity function is a relabelling isomorphism from (K, s,t) to itself, and a
composite of relabelling isomorphisms is another relabelling isomorphism. Thus,
the labelled Weil-algebra morphisms from A to A’, together with the relabelling
isomorphisms between them, form a groupoid which we denote

HOIHWCHOC (A, A/)

The next step in defining the bicategory Weil, is to describe horizontal compo-
sition, which tells us how to label the composite ¢'¢ of two Weil-algebra morphisms
given a labelling of each of ¢’ and ¢.

DEFINITION 2.12. For Weil-algebras A, A’, and A", we define a functor
o HomWeilm (A/, A”) X HomWeilw (A, A/) — HomWeiloo (A, AN)

by mapping the pair
(K',s',t"), (K, s,t))
to the span in FPCM from M4 to M4~ given by the composite maps in the diagram

N
NN

in which the middle square is a pullback in FPCM. The specific choice of pullback
is unimportant, but to be definite, we will use the standard fibre product

Li=K xu,, K' = {(k,}) | t(k) = s'(K')}

(2.13)
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and define
s" L — My, §"(kk):=s(k)
and
t" L — Mar, t"(kk") :=t(K).

We give L the structure of a partial commutative monoid in which the product
(k, k") - (I,1') is defined if and only if both k-1 and k' - " are defined in K and K’
respectively. In that case, we set

(kK'Y - (1,1) := (k- 1K - 1.
We then define the desired functor o on objects by setting
(K',s',t') o (K,s,t) = (L,s",t").

This construction makes L into a pullback in the category FPCM. Relabelling
isomorphisms for K’ and K induce a relabelling of the pullback L in a canonical
way, so that o becomes a functor as required.

LEMMA 2.14. The underlying Weil-algebra morphism of (K',s',t") o (K, s,t)
is equal to the composite of the underlying Weil-algebra morphisms ¢ and ¢’ of
(K,s,t) and (K',s',t') respectively.

ProOOF. For x, € M4, we have

¢ (blxa)) =0 | Dtk

k€s1(zq)
= > ¢tk)
ke€s— 1 (zq)

> > )

kes—1(zq) k'€s’~1(t(k))

— ) v(K)

(k,k"):s(k)=zo,t(k)=s"(k")

which confirms that the span (L, s”, ") in Definition 2.12 has ¢'¢ as its underlying
Weil-algebra morphism. [

The data of a bicategory also includes isomorphisms that witness the associa-
tivity and unitality of horizontal composition, so we define those now.

DEFINITION 2.15. Consider labelled Weil-algebra morphisms (K, s,t) : A — A’
(K’ s t'): A" = A" and (K" s",t"): A” — A”’. Then each of the composites

(K", s",t") o (K',8',t')) o (K,s,t) and (K",s",t")o ((K',s',t) o (K, 5,t))
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corresponds to a diagram of the form

\/\
/\/

w SN
NN

in which all three squares are pullbacks. The universal property of the pullbacks
gives a unique isomorphism between them which commutes with the structure maps,
i.e. is a relabelling isomorphism between the two iterated composites. We take that
map as the required associator isomorphism.

Composing (K, s,t) with the identity spans on A and A’ we get diagrams of

/\
/\/\

A///

and

/\
/\/\

A/

each of which admits a canonical isomorphism to (K, s,t) itself, which we take to
be the unit isomorphisms.

PROPOSITION 2.17. There is a bicategory Weil,, whose objects are the Weil-
algebras, mapping categories are the groupoids Homwyey (A, A’), the identity 1-
morphisms are the identity spans of Example 2.7, horizontal composition is as in
Definition 2.12, and associator and unit isomorphisms are as in Definition 2.15.

PRrROOF. We have to check the unit and pentagon axioms of [JY21, 2.1.3]. Each
of those axioms asserts an equality between certain relabelling isomorphisms, each
of which is determined by the universal property of a pullback. The uniqueness
part of that universal property then confirms that the required equalities hold. [
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LEMMA 2.18. The homotopy category of the bicategory Weily, is isomorphic to
the category Weil.

PROOF. The objects of the homotopy category hWeil,, are the objects of
Weil,, which are the Weil-algebras, so the same as the objects of Weil. The
morphisms in the homotopy category hWeil,, are the connected components of the
mapping groupoids in Weil,, so we show that taking the underlying Weil-algebra
morphism determines a bijection

U L To HomWeilw (A, A/) = Homweil(A, A/)

To see that U is well-defined, we observe that if o : (K, s,t) — (K',s',t') is a
relabelling isomorphism, and x,, € M4 and yg € M4/, then the number of elements
in K with s(k) = z, and (k) = ys is equal to the number of elements of K’ with
s' (k') = zo and t/(k') = yg. Hence, the underlying Weil-algebra morphisms of
(K,s,t) and (K',s',t') are equal.

To see that U is injective, suppose that (K, s,t) and (K’',s’,t') are labelled
Weil-algebra morphisms with the same underlying morphism ¢ : A — A’. For each
generator x; of the Weil-algebra A, and each monomial yg € M4, we know that
the subsets

(s x ) H(xi,ys) and (8" x )" (xi,y5)
have the same number of elements, equal to the coefficient of the monomial yg in
the expression ¢(z;). Choose any bijections «; g between these sets, and define
a: K — K' by

alky k) = alky) - alky) = gy g, (k1) - o, 8, (Kr)

where k = ki---k,. is the unique decomposition of k£ into a product such that
s5(kj) = x;; and t(k;) = yp,. Then «a is a relabelling isomorphism between (K, s,t)
and (K', ¢ t').

To see that U is surjective, take a Weil-algebra morphism ¢ : A — A’. Choose
any set K of distinct labels for the nonzero monomials in the expressions ¢(z;) for
the generators x; of A with s : K1 — M4 and t : K3 — M/ the associated func-
tions. Let K be the set of subsets {k1,...,k.} C K such that s(ki)---s(k,) and
t(k1) - - t(k,) are nonzero in M4 and M, respectively. Extend s and ¢ multiplica-
tively to K. We make K into a partial commutative monoid in which the product
of two subsets is defined if and only if the subsets are disjoint, in which case the
product is the union. The maps s and ¢ are then partial monoid homomorphisms,
and (K, s,t) is a labelled Weil-algebra morphism whose underlying morphism is ¢.

Finally, we note that U preserves composition by Lemma 2.14 and the under-
lying morphism of the identity span is the identity morphism. So U determines an
isomorphism of categories. O

An oo-category of Weil-algebras. We can now introduce our definition of
the oco-category Weil .

DEFINITION 2.19. The oco-category Weil,, is the Duskin nerve of the bicategory
also denoted Weil,, in Proposition 2.17. See Definition A.13 for a description of
the nerve of a bicategory.

It will be convenient to have an explicit description of the n-simplexes in the oco-
category Weil,. It turns out that those n-simplexes can be expressed as diagrams
in FPCM indexed by the following categories.
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DEFINITION 2.20. Let J,, denote the poset of intervals in [n] = {0,1,...,n},
ordered by reverse inclusion. That is, the objects of J,, are the sets of the form

[i,j] ={k € [n] | i <k <j}
with a morphism [i, j] — [¢,j'] if and only if ¢ <4’ < j* < j. An order-preserving
function f : [n] — [m] determines a functor f, : J, = Jn, by
fo(ld,g]) = [f (), F()]-
PROPOSITION 2.21. An n-simplex in Weil,, can be expressed as a diagram

«: J,, — FPCM such that

(0) for each j =0,...,n: a([j, j]) = Ma, for some Weil-algebra Aj;

(1) for eachi < j in [n], the diagram

/\

a[iyi o([4,4])

is a labelled Weil-algebra morphism from A; to Aj;
(2) for eachi < i <j < jin[n], the square diagram

il
a([i, i)
')
s a pullback in FPCM.
The simplicial structure maps in Weil, are given by precomposition with the func-
tors labelled f, in Definition 2.20.
PrOOF. A 0-simplex of Weil,, is a Weil-algebra A, to which we associate the
diagram « : Jo — FPCM given by
a([0,0]) = Ma.
A 1-simplex is a labelled Weil-algebra morphism, which is precisely a diagram

« : J; = FPCM satisfying condition (1). For n > 2, the proposition follows by the
same argument as in [Cral0, 4.5]. O

REMARK 2.22. Our construction of the co-category Weil, fits into the general
framework of ‘span oco-categories’, see [HHLN23, Sec. 2], introduced by Barwick
as ‘effective Burnside co-categories’, see [Bar17, 5.10]. In particular, let

FPCMwe.i1 € FPCM

denote the full subcategory of FPCM consisting of those finite partial commutative
monoids of the form M, for a Weil-algebra A. Write

FPCM%VCH& FPCM%VCH
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for the subcategories of FPCMyye; consisting of, respectively, those morphisms s
satisfying condition (1) of Definition 2.4, and those morphisms ¢ satisfying condition
(2) of Definition 2.4. Then

(FPCMyyei1, FPCM{yoi, FPCMEyei)

is an adequate triple in the sense of [HHLIN23, 2.1], and Weil,, is the associated
Span oo-category

Weily, =~ Span(FPCMyyei1, FPCM3y.;1, FPCMéyi).

Some limits and colimits in Weil,,. We now establish some basic facts
about the oco-category Weil,,. The mapping spaces in Weil,, are the classifying
spaces of the groupoids which make up the bicategory Weil,,. We can identify
those classifying spaces as follows.

LEMMA 2.23. Let A, A’ be Weil-algebras. For each Weil-algebra morphism

¢ A— A, we can write
o(x;) = Z Ngiy Y
yeM 4/

where ; is one of the generators of A, y ranges over the distinct nonzero monomials
in A', that is, the elements of Mas, and ne ;4 is a non-negative integer. Then the
mapping space in the oo-category Weily, is a disjoint union of components indexed
by the Weil-algebra morphisms, each of which is a product of classifying spaces of
symmetric groups:

Homyen, (A, A)~ ] [ BZns..-
A=A dy

PRrROOF. It follows from Lemma 2.18 that the components of the mapping
space Homyyeq_ (A, A’) are in one-to-one correspondence with the Weil-algebra mor-
phisms from A to A’. The component corresponding to a given ¢ : A — A’ is the
classifying space of the group of automorphisms of any specific labelling (K, s, t)
of ¢ in the groupoid Homyyej_ (A, A’). Such an automorphism « is determined by
its values on those elements k € K such that s(k) is a generator of A, where it
can freely permute the ng ;. , elements in the preimage (s x t)~!(x;,y). Therefore,
the overall automorphism group is the product of the symmetric groups on each of
those integers. [

We can use Lemma 2.23 to show that the Weil-algebra N is both initial and
terminal in the co-category Weil.

LEMMA 2.24. The co-category Weil is pointed with null object N.

PROOF. Since N is a null object in the 1-category Weil, the mapping spaces
Homyyeil, (4, N) and Homyye_ (N, A) have a unique component. The unique mor-
phism ¢ : A — N is given by ¢(z;) = 0 for all generators z; of A, and so by
Lemma 2.23, Homyyei (A, N) ~ x. Since N itself has zero generators, it also fol-
lows from 2.23 that Homwey__ (N, A) is contractible. Therefore, N is both terminal
and initial in Weil,. (I

Recall that a crucial role in the theory of ordinary tangent categories is played
by certain pullback diagrams in the category Weil (Lemmas 1.5, 1.6). We now show
that the corresponding diagrams in the co-category Weil,, are also pullbacks.
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PROPOSITION 2.25. Fach of the tangent pullback squares in Lemmas 1.5 and 1.6
is the underlying diagram of a pullback in the co-category Weily, in which the
morphisms are given the canonical labellings of Fxample 2.7. We refer to these
pullbacks as the tangent pullbacks in Weil .

PROOF. We use the following criterion for a diagram in an co-category Weil
to be a pullback, which is a consequence of [Lur09a, 4.2.4.1]: that for any object
A, applying the mapping space construction Homwyey__ (4, —) yields a homotopy
pullback square of spaces.

Now consider the foundational pullback diagram in Lemma 1.5. Each Weil-
algebra morphism in that diagram has a canonical labelling described in Exam-
ple 2.7. The fact that the diagram commutes in Weil implies that those canonical
labellings can be uniquely extended to a commutative diagram in the co-category
Weil,, of the same form.

Now take the corresponding diagram of spaces given by applying the mapping
space construction:

HomWeilm (A, WJL'J/) E— HomWeilx (A, WJ)

] |

Homyyeir_ (A, W) ——— Homyei_ (4,N)

Since the original diagram in 1.5 is a pullback in Weil, we know that the compo-
nents of Homyyey_ (A4, W78/ /) correspond to the components of the pullback of the
remainder of the diagram. So fix such a component, i.e. a Weil-algebra morphism
¢ A— WL

Each monomial appearing as one of the summands in one of the expressions
d(x;) € W' is either an element of .J or an element of J’. (The constant
monomial 1 cannot appear because ¢ is a semiring homomorphism, and there are no
non-trivial products in My, su,r.) The corresponding expressions for the projected
maps A — W7 and A — W' are given simply by deleting the terms in J’ or J,
respectively. For each i, we therefore have a (homotopy) pullback square

II B, ., [[B=n.,

jeJuJ’ jeJ

L

[[B%, %
JjeJ’

Taking the product over all generators x; of A, and then the disjoint union over
all Weil-algebra morphisms ¢ : A — W75/ /, we obtain by Lemma 2.23 the desired
homotopy pullback diagram (2.26).
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Similarly, for the vertical lift diagram in Lemma 1.6, we want to show that the
corresponding diagram of spaces

Homyyei_ (A, W?) —— Homwei (A, W @ W)

| l

Homyyei (4, N) ———— Homwyei1_ (A, W)

is a homotopy pullback for any Weil-algebra A.
With z,y,a,b as in Lemma 1.6 we have, for each generator x; of A, a homotopy
pullback of the form

BYy, . X BYy, , —— BY,, , X BY,, , X BX

Ni,ab

* BY,, .,

where n; ; = n;q and n;, = n;p, the top horizontal map matches up the cor-
responding terms, and the right-hand vertical map is the projection. Taking the
product over all ¢ and the disjoint union over all Weil-algebra morphisms A — W2,
we get the desired homotopy pullback of mapping spaces. So the vertical lift dia-
gram is a pullback in Weil . [l

Similarly, we verify that the tensor product of Weil-algebras realizes the co-
product in the oco-category Weil .

PROPOSITION 2.27. Let A and A’ be Weil-algebras. Then AQA’ is the coproduct
of A and A’ in the oo-category Weil .

ProoF. The inclusion maps A -+ A® A’ and A’ -+ A® A’ admit canonical
labellings in the sense of Example 2.7. We check that for any Weil-algebra A”, the
induced map

Homweilw (A 9 A/, AN> — HomWeilw (A, AH) X HomWeilm (A/, A”)

is a homotopy equivalence. The tensor product is the coproduct in the homotopy
category Weil, so this map is a bijection on components. For a given Weil-algebra
morphism ¢ : A ® A" — A", the sequence of positive integers appearing in the
expressions ¢(x;) for generators x; of A ® A’ is clearly the disjoint union of the
sequences for the corresponding maps A — A” and A’ — A”. The claim follows
again by Lemma 2.23. [l

The Strict Monoidal Structure on Weil,,. We saw in Chapter 1 that the
monoidal structure on the category of Weil-algebras given by tensor product plays
an essential role in the definition of tangent category, and we now turn to the
corresponding structure for the oco-category Weil,,, which on objects is also the
tensor product of Weil-algebras.

As with ordinary monoidal categories, a monoidal structure on an co-category is
only associative or unital up to equivalence. However, in the co-categorical context,
coherence conditions for those equivalences, such as MacLane’s pentagon condition,
hold only up to even higher equivalences, and so on. The combinatorics of those
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equivalences can be encoded in a number of ways, and we describe a few different,
though equivalent, approaches in Appendix B.1.

However, it is convenient for us to have a strict monoidal structure on Weil;
that is, one in which the monoidal product on the underlying oo-category is strictly
associative and unital. We will use the following definition of strict monoidal oco-
category, which can be made without any of the more sophisticated approaches
alluded to above.

DEFINITION 2.28. A strict monoidal oo-category is a simplicial monoid for
which the underlying simplicial set is an co-category.

We will make the oco-category Weil,, into a simplicial monoid for which the
monoidal structure on objects is given by the tensor product of Weil-algebras.
Notice that each nonzero monomial in the tensor product A ® A’ is uniquely a
tensor of a nonzero monomial in A with a nonzero monomial in A’. In other words,
there is an isomorphism of partial commutative monoids of the form

MA@A’ %JMA XMA/.

Thus, we can model the tensor product of Weil-algebras via the cartesian product
in FPCM, though there is one technical wrinkle in carrying out that plan: the usual
model for the cartesian product of sets (and hence of partial commutative monoids)
is not strictly associative or unital. For example, any one-element set is a unit up to
isomorphism, but there is no object that is a strict unit. In order to obtain a strict
monoidal structure on Weil,,, we therefore need to introduce a different model for
the product of sets which is strictly monoidal. The details of that construction
are unimportant for us, but for definiteness we refer to work of Schauenburg, who
proved the following proposition.

PROPOSITION 2.29 ([SchO01, 4.3]). There is a strict monoidal structure x on
the category Fin of finite sets, with strict unit given by a fized one-element set which
we denote {1}, such that B x C is a categorical product of B and C for any sets
B,C.

REMARK 2.30. We note that Schauenburg’s proof in [Sch01, 4.3] does not
work as stated there for the category of all finite sets. The functor R constructed
in the course of the proof is not injective on objects: if (J1,...,J;) is any string of
finite sets for which some J; = &, then R(Jy,...,J,) = @. However, if we restrict
to the category of nonempty finite sets, then the proof is valid and determines a
strict monoidal structure x which models the cartesian product. We extend to all
finite sets by taking J x @ = @ = & x J for all J.

REMARK 2.31. The set B x C, where X is as in Proposition 2.29, is not nec-
essarily equal to the set of ordered pairs (b,c) with b € B and ¢ € C. However,
the universal property of the product determines a specific bijection between those
sets. We can therefore refer to elements of B x C' via the notation (b, ¢), with the
understanding that we mean the element of B x C' which corresponds to that or-
dered pair under this specific bijection. Similarly, we write elements of the product
of three sets in the form (b, ¢, d), and so on.

REMARK 2.32. If B and C' are finite partial commutative monoids, then we can
form the product set B x C using the strict monoidal structure of Proposition 2.29.
That set has a canonical partial monoid structure in which the product (b, ¢)- (¥, )
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is defined, and is equal to (b-b',c- '), if and only if both of those products are
defined in B and C respectively. Notice here that we are using the notation for
elements of the set B x C introduced in Remark 2.31. The resulting construction
defines a strict monoidal structure on FPCM with unit object given by the set {1},
the chosen unit for the operation x, with its unique partial monoid structure.

EXAMPLE 2.33. In this paper, the most important objects in FPCM are the
finite partial commutative monoids M4 given by the sets of nonzero monomials in
a Weil-algebra A. It follows from our previous observations that for a Weil-algebra
A=W" ®-...@ W’ there is an isomorphism

My = Myysy, X - X My,

From now on, we take this isomorphism as our definition of the finite partial com-
mutative monoid My4.

To be precise, for a nonempty finite set J, we define the finite partial commu-
tative monoid:

MwJ = J L {1}
with only those products involving the identity element, such as j -1 = j, defined
in My s. We then set
MA = MwJ1 X oo X MWJT

where x denotes the product on FPCM described in Remark 2.32.

This choice means that in FPCM we now have an equality

MA@A’ =Ma X My
for Weil-algebras A and A’ and My is equal to the unit object {1} for the strict

monoidal structure on FPCM.

We have now set things up so that the tensor product of Weil-algebras is given
exactly by the chosen product x on the category FPCM. We therefore have the
following strict monoidal structure on the oco-category Weil.

DEFINITION 2.34. Given n-simplexes in Weil,, i.e. functors «, 5 : J,, = FPCM
satisfying the conditions of Proposition 2.21, we define o ® 3 : J,, = FPCM by

(a® B)([i,5]) == a(li, 5]) x B([i, 4])
where X is the strict monoidal product on FPCM of Remark 2.32. More precisely,
a ® [ is the composite functor
Iy —2 50, % 1, —2 L FPCM x FPCM — " FPCM.

In particular, on objects of Weil,, the operation ® is given by the ordinary tensor
product of Weil-algebras.

PROPOSITION 2.35. The operation ® of Definition 2.34 makes Weily, into a
strict monoidal co-category, which we denote Weil .

PROOF. The main item to check is that the functor a ® 8 : J,, — FPCM is
indeed an n-simplex in Weil,, when « and 8 are. So we have to verify conditions
(0)—(2) of Proposition 2.21. Condition (0) is satisfied because, as described in
Example 2.33, we have

(@@ B)([i,4]) = e[i,d]) x B([i,i]) = Ma; x Ma; = Ma,ga;-



2. A MONOIDAL oco-CATEGORY OF WEIL-ALGEBRAS 37

Condition (2) follows from the fact that a product of pullback diagrams is also a
pullback.
For condition (1), we have to show that given labelled Weil-algebra morphisms

K K’
SN N
Ma, My, MA6 MA’I
the product diagram
K x K’
Ma,0a;, My, w4

is also a labelled Weil-algebra morphism, i.e. satisfies conditions (1)—(2) of Defini-
tion 2.4.
Take a pair (k, k") € K x K’ and suppose that

5(]{;):7711...7nr7 Sl(k/):m/lm;ﬂ
so that (s(k), s'(k")) has a factorization in M 4,ga;. We know there are correspond-

ing unique factorizations
k=k -k, k’:k'l...k;

such that s(k;) = m; and s(k}) = m}. In other words, we have a factorization of
(k, k') as the product of the pairs (k;, k}) for ¢ = 1,...,r. For uniqueness, note that
any other factorization of (k, k’) comprises corresponding factorizations of k and %/,
which must be the unique factorizations above. This verifies condition (1) of 2.4.

Now suppose that (¢,t')(k1, k1)- (¢, ") (k2, k5) is defined in M, g 4;. That object
is equal to

(t(k1)t(k2), t'(k1)t (K3)),
and so t(k1)t(ke) is defined in My, , and '(k})t'(ks) is defined in My, . It follows
that kqko is defined in K, and K|k} is defined in K’ and so

(khkll) : (kQa k/2) = (k1k27kllk/2)

is defined in K x K’. That verifies condition (2), completing the proof that o« ® 8
is an n-simplex in Weil .

We now note that ® commutes with the simplicial structure maps in Weil,,
and so defines a map of simplicial sets

® : Weil, X Weil,o — Weil .

It remains to check that ® is strictly associative and unital, with My = {1} as the
unit object. These claims follow immediately from the corresponding facts about
the product operation x on FPCM. ([

LEMMA 2.36. The strict monoidal co-category Weily, induces a strict monoidal
structure on the homotopy category hWeil,, = Weil, which agrees with the ordinary
tensor product of Weil-algebras.
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PROOF. We have to show that for labelled Weil-algebra morphisms (K, s,t) :
Ao — A;p and (K',¢',t') : A) — A}, with underlying Weil-algebra morphisms ¢
and ¢’ respectively, the tensor product (K, s,t) @ (K',s',t') : Ag @ Af = A1 ® A}
has underlying Weil-algebra morphism ¢ ® ¢’. That tensor product is given by the
cartesian product of spans

K x K’
sy w)/
My, x My, Ma, X Ma,

so its underlying morphism is given by

Ta ® Tor > (t x t')(k, k).
(k,k")e(sxs") " Hza®xyr)

According to Example 2.33 we are identifying the tensor x, ® x, with the pair
(T, Tor) € My, X M 4y, so this sum can be written

> Yo k)t (k)

k€s™(zo) k€8’ (z o)

which is equal to (¢ ® ¢')(zq @ To/). O

This completes our construction of the monoidal co-category Weil,,, which is
central to our definition of tangent oo-category in Chapter 3. In the remainder of
this chapter, we describe an alternative approach to the definition of Weil,, based
on the notion of E,-semiring.

Weil-algebras and E,.-semirings. Recall that the 1-category Weil of Defi-
nition 1.3 is a full subcategory of CRig, the category of commutative semirings. It
turns out that, similarly, the co-category Weil,, can be identified with a full subcat-
egory of a corresponding co-category Eo Rig of ‘E.-semirings’. An F,-semiring
is a homotopical generalization of the notion of commutative semiring: roughly
speaking, it consists of a topological space with two binary operations (addition
and multiplication) together with homotopies which express the usual semiring ax-
ioms. Those homotopies are subject to coherence conditions, which hold only up
to higher-order homotopies and so on.

A precise definition of E-semirings was given first by May in [May72], where
they were termed ‘E-ring-spaces’. Gepner, Groth, and Nikolaus give in [GGIN15]
a conceptual characterization of the co-category E.,Rig, which we recall now.

Let EooMon denote the co-category of E-monoids; see, for example [GGN15,
Sec. 1]. An object in ExMon can be viewed as a topological space together
with a single binary operation that is unital, associative, and commutative, all
up to homotopy (and higher coherent homotopies). Gepner, Groth, and Nikolaus
prove in [GGN15, 5-1] that there is a canonical symmetric monoidal structure
® on E.Mon, which plays the role of the tensor product of ordinary commuta-
tive monoids. That monoidal structure is characterized by the condition that the
free Eso-monoid functor § — E,Mon is symmetric monoidal with respect to the
cartesian product on 8. In particular, the monoidal unit in E..Mon is the free
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FE.-monoid on a one-point space, which is

Ny := BFin~ & |_| B,
n>0

the classifying space of the groupoid of finite sets and bijections, with binary oper-
ation induced by disjoint union.

In any symmetric monoidal co-category, there is a notion of ‘E.-algebra’ con-
sisting of an object X together with a ‘multiplication’ map p : X ® X — X which is
unital, associative, and commutative (again, up to homotopy and higher coherent
homotopies). Gepner, Groth, and Nikolaus then define E.-semirings as follows.

DEFINITION 2.37 (Es-semiring). An E.,-semiring is an E-algebra in the
symmetric monoidal co-category Eo,Mon. The oco-category EoRig, of F,.-semirings,
inherits the symmetric monoidal tensor product from E.Mon, with unit No,. It
follows from [Lurl?7, 3.2.4.7] that ® is also the coproduct in ERig.

ExaMpPLE 2.38. Let M be a finite partial commutative monoid. In Defini-
tion C.3 we will give the precise construction of an E.-semiring N whose under-
lying E.-monoid is free on the finite set M, with multiplicative structure given by
the map of F..-monoids

(2.39) NM @ NM ~ NMxM 2 M

where the map p is determined by the partial monoid structure on M in the fol-
lowing way. On the term of NM*M corresponding to a pair (my, ms), the map pu is
either trivial (if m; - my is undefined in M) or is projection onto the term of N/
given by the product my - mgy (if this product is defined).

DEFINITION 2.40 (E.-Weil-algebras). An E.-Weil-algebra is an F,-semiring
of the form NM4  where M, is the finite partial commutative monoid of nonzero

monomials in an ordinary Weil-algebra A.

REMARK 2.41. Applying the path components functor my to an E,.-semiring,
we get an ordinary commutative semiring. For an E..-Weil-algebra N}4  we have

mo(NMay = A,

There is a one-to-one correspondence between the E.,-Weil-algebras of Defini-
tion 2.40 and the objects of Weil,,, that is, the ordinary Weil-algebras of Defini-
tion 1.3. We will prove in Appendix C that the mapping spaces in Weil,, are equiv-
alent to the spaces of morphisms between those E..-Weil-algebras. More precisely,
we have the following result identifying Weil,, with a full monoidal subcategory of
E.Rig.

THEOREM 2.42. There is a fully faithful symmetric monoidal functor
o : Weil,, — ERig
which on objects sends the Weil-algebra A to the E,-Weil-algebra NMa






CHAPTER 3

Tangent co-Categories

With the monoidal co-category Weil,, in hand, we now turn to tangent oo-
categories. The goal of this chapter is to give our definition of tangent co-category
and to explore basic examples of such objects. Our approach is a direct generaliza-
tion to oo-categories of the notion of ordinary tangent category in Definition 1.8.
We start with the definition of a module over a monoidal co-category.

DEFINITION 3.1 (Weil,-module). Let X be an oco-category. A Weil,-module
structure on X is a (strong) monoidal functor

T* : Weilo, — Fun(X, X)

where Weil,, has the monoidal structure of Proposition 2.35, and Fun(X,X) has
monoidal structure given by composition of functors. We think of 7T as making X
into a module over the monoid Weil,, via a corresponding action map

® : Weilo x X = X,
and we refer to the pair (X,7*) as a Weil,-module co-category.

REMARK 3.2. We noted in the previous section that the theory of monoidal
oo-categories can be approached in a number of different, though equivalent, ways.
Each of those ways yields a different, but equivalent, notion of monoidal functor
between monoidal co-categories, and hence a different way to define Weil,-module
oo-categories via Definition 3.1. Several of those approaches are described in Ap-
pendix B.1. One can also give various definitions of the notion of module over
a monoidal co-category, and some of these are described in Appendix B.2. Those
other approaches are, in many cases, more amenable to describing functors between
module oco-categories, which will be important in the next chapter for defining tan-
gent functors between tangent co-categories.

Our notion of tangent co-category is now a straightforward translation of Def-
inition 1.8 into the co-category context.

DEFINITION 3.3 (Tangent oo-category). Let X be an oco-category. A tangent
structure on X is a Weil.-module structure

T° : Weilo, — Fun(X, X)
such that for each object X € X, the corresponding functor
— O X :Weil, - X

preserves the tangent pullbacks of Proposition 2.25. We say that the pair (X, T°)
is a tangent oco-category.

41
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REMARK 3.4. Roughly speaking, a tangent structure on the co-category X
includes the following information: for each Weil-algebra A, an endofunctor

T4:X = X,
for each labelled Weil-algebra morphism ¢ : A — A’ a natural transformation
T? . T4 > T4,
and natural equivalences
(3.5) T ~ 1x, TA94 ~ AT

for Weil-algebras A, A’. These data are subject to higher coherences, and the exact
way those coherences are organized depends on the choice of explicit model for the
notion of Weil,,-module co-category. However, we will show in Corollary 4.10 that
every tangent oco-category is equivalent (in a suitable sense) to one that is strict,
that is, where the equivalences in (3.5) are identities.

REMARK 3.6. Much of Remark 1.11 extends to the oo-categorical case. The
endofunctor T4 : X — X for any Weil-algebra A is determined, up to equivalence, by
the tangent bundle functor T = TW. For a positive integer n we write T}, := TW"
and for a finite set J we similarly write T); := TW . 1t follows from the condition
on preservation of tangent pullbacks that

T (X) =~ T(X) xx - xx T(X)

for any n > 1, just as in an ordinary tangent category. It then follows from the
equivalences in (3.5) that if A=W™ ® .- ® W", then

TAX) =T, - T, (X).

A tangent structure on an oo-category X also entails the five natural transforma-
tions p,0,+, ¢, £ described in 1.11. Each of those natural transformations is based
on a morphism of Weil-algebras which admits a canonical labelling and hence deter-
mines a morphism in Weil, via the process of Example 2.7. The tangent structure
associates to that morphism a corresponding natural transformation between end-
ofunctors on X.

However, in place of the strictly commutative diagrams in Cockett and Crut-
twell’s definition of tangent category [CC14, 2.1], a tangent oo-category includes
higher-level coherence data that establishes the commutativity of those diagrams
up to homotopy.

For example, a tangent structure on a 1-category X gives each projection map
pc : TC — C the structure of a commutative monoid in the slice category X, .
(Such a structure makes p into an additive bundle in the terminology of [CC14].)
On the other hand, a tangent structure on an oco-category X gives each projection
map the structure of an F,,-monoid, that is, an operation which is associative and
commutative only up to higher coherent equivalences.

Examples of tangent co-categories. With our main definition set, we can
now describe some of the basic examples of tangent oo-categories. We start by
showing that ordinary tangent categories are also tangent co-categories.

DEFINITION 3.7 (Ordinary tangent categories). Let (X,U*®) be an ordinary
tangent category in the sense of Definition 1.8, i.e. U*® is a (strong) monoidal functor

U® : Weil — Fun(X, X).
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We define a Weil ,-module structure on X by the composite

n*(U*) : Weiloo —— Weil —~— Fun(X, X)

where n : Weil,, — Weil is the map of (strict) simplicial monoids which sends
a simplex in Weil, to the underlying sequence of Weil-algebra morphisms. That
map is transpose to the monoidal isomorphism of Lemma 2.36 under the adjunction
between the homotopy category and nerve constructions between strict monoidal
categories and strict monoidal co-categories (and strict monoidal functors in each
case).

LEMMA 3.8. Let X be a tangent category. Then X, equipped with the Weil -

module structure of Definition 3.7, is a tangent oo-category.

PrOOF. Let X be an object of X. We have to show that the composite

. n . Ut(X)
Weil oo Weil X.

preserves tangent pullbacks. The functor n preserves tangent pullbacks by Propo-
sition 2.25, and the second map preserves tangent pullbacks since X is an ordinary
tangent category. O

Conversely, any tangent structure (in the sense of Definition 3.3) on the nerve
of an ordinary category arises in the manner of Lemma 3.8.

LEMMA 3.9. Let (X,T*) be a tangent co-category whose underlying oo-category
is (the nerve of ) an ordinary category. Then T® is monoidally equivalent to n*(U*)
for some ordinary tangent structure U® : Weil — Fun(X, X) in the sense of Defini-
tion 1.8.

PROOF. Since X is an ordinary category, the (strict) monoidal oco-category
Fun(X, X) is the nerve of the ordinary (strict) monoidal category Fun(X, X). Under
the adjunction of Proposition B.5, (the monoidal equivalence class of) the monoidal
functor U® corresponds to (the monoidal equivalence class of) a monoidal functor

U® : Weil 22 hWeil,, — Fun(X, X).

In other words, T is monoidally equivalent to n*(U*®), where U® is the composite
monoidal functor

Weil 2 hWeiloo —L— A Fun(X, X) = Fun(X, X).

Since pullbacks in X viewed as an co-category X are the same as pullbacks in the
ordinary category X, the Weil-module structure map U® is a tangent structure on
X. O

REMARK 3.10. Lemma 3.9 gives us one sense in which tangent oco-categories
reduce to ordinary tangent categories. A complete description of their relation-
ship is contained in Proposition 4.5, where tangent functors (and tangent natural
transformations) are also taken into account.

WARNING 3.11. For any tangent oo-category X, we can apply the homotopy
category construction to the Weil -action map to get a map

hWeil x hX — hX|
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which makes hX into a Weil-module via the monoidal isomorphism Weil 22 hWeil
of Lemma 2.36. However, this module structure is not necessarily a tangent struc-
ture on the category hX because the tangent pullbacks in X do not necessarily
determine pullbacks in AX.

EXAMPLE 3.12 (Trivial tangent structures). Let X be an arbitrary co-category.
There is a trivial Weil,,-module structure on X for which the structure map I°® :
Weiloe — Fun(X, X) is the constant monoidal functor with value the identity functor
on X. This action map preserves the tangent pullbacks since a square of identity
morphisms is a pullback. So this Weil,-module is a tangent structure, which we
refer to as the trivial tangent structure on X.

EXAMPLE 3.13 (Pointwise tangent structures on functor oco-categories). Let
(X, T*) be a tangent oo-category, and let S be any simplicial set. There is a
monoidal functor

x : Fun(X, X) — Fun(Fun(S, X), Fun(S, X))
which, on objects, sends an endofunctor F': X — X to the map
F, : Fun(S,X) —» Fun(S,X); G — FG.
The functor * is monoidal (with respect to composition) because
(FF").(G) = FF'G = F.(F'G) = F.F.(G).
The composite map
Weil oo AN Fun(X, X) —— Fun(Fun(S, X), Fun(S, X))

therefore makes Fun(S, X) into a Weilo,-module.

We wish to show that for each diagram D : S — X, the corresponding Weil .-
action map — ® D : Weil,, — Fun(S, X) preserves the tangent pullbacks. That
action map is given by

(A©D)(s) = A® (D(s))

where ® on the right-hand side denotes the action map corresponding to the
Weil-module structure on X, and we know that for each s € S, the functor
—©®D(s) : Weil,, — X preserves tangent pullbacks. A square diagram in Fun(S, X)
which determines a pullback in X for each s € S is a pullback square in Fun(S, X)
by [Lur09a, 5.1.2.2]. It follows that — ® D preserves pullbacks too. Therefore
Fun(S, X), with the above Weil.-action, is a tangent oco-category. We refer to this
as the pointwise tangent structure on Fun(S, X).

LEMMA 3.14. Let i : X — Y be an equivalence of co-categories, and let T :
X — X be the tangent bundle functor for a tangent structure on X. Then there
is a tangent structure on Y whose underlying tangent bundle functor Y — Y is
equivalent to iTi 1.

PrOOF. We show that ¢ induces an equivalence of monoidal co-categories
Fun(X, X) ~ Fun(Y, Y)

whose underlying functor is i(—)i~!. This claim follows from the methods described
in [Lurl?, 4.7.1] in which a universal property is established for a monoidal co-
category of endomorphisms such as End(X) := Fun(X, X). That universal property
says that End(X) is the terminal object in the oco-category Cato,[X] in which an
object is a pair (IF,n) consisting of an co-category F and a functor n : F x X — X.
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Any such terminal object has a unique associative algebra structure in Caty[X]
which induces the structure of an associative algebra in Cat.,, i.e. a monoidal
oo-category. (To be precise, this claim is an application of [Lurl7, 4.7.1.40] with
C =M = Cat,,, the co-category of oo-categories, and M = X.)

We therefore have an equivalence of oo-categories

Cat.[X] = Cat[Y]; (F,n)— (F,i(—)i_l on)

which preserves the terminal objects and their algebra structures. In particular,
(End(X),i(—)i™!) is a terminal object in Cat,[Y], so is equivalent, as an associa-
tive algebra, to (End(Y),id), yielding the desired monoidal equivalence.
Composing the given tangent structure map 7° : Weil,, — End(X) with the
equivalence constructed above determines the necessary tangent structure on the
oo-category Y. O

EXAMPLE 3.15 (Strict tangent structures). Recall that we have constructed
Weil,, as a strict monoidal co-category, i.e. a simplicial monoid whose underlying
simplicial set is an oo-category. One way to get an action of Weil,, on another
oo-category X is to have a strict action of that simplicial monoid. Therefore we
will say that a strict Weil-module consists of an co-category X together with an
action map

Weiloo x X — X

which is strictly associative and unital. In other words, X is a module, in the usual
strict sense, over the simplicial monoid Weil,,. If the corresponding monoidal
functor Weil,, — Fun(X, X) is a tangent structure, then we say that X is a strict
tangent co-category. We will prove in the next section that any tangent oco-category
is equivalent (in a suitable sense) to a strict one.

EXAMPLE 3.16 (Tangent structure on Weil-algebras). Any monoidal co-category
is a module over itself in a canonical way. In particular, for the strict monoidal
oo-category Weils,, that module structure is given by the (strictly associative and
unital) multiplication map

® : Weils, x Weil,, — Weil .

For any Weil-algebra A, the functor — ® A : Weil,, — Weil,, preserves tangent
pullbacks. That claim follows from the corresponding fact in the 1-category Weil,
by Lemma 2.23 and the argument used in the proof of Proposition 2.25. It follows
that Weil, is a strict tangent co-category in the sense of Example 3.15.

We can generalize Example 3.16 in the following way.

PrOPOSITION 3.17. Let U : Weily, — X be a monoidal functor from Weil
to another monoidal co-category X. Suppose also that the underlying functor U :
Weil, — X preserves the tangent pullbacks, and the monoidal structure on X
preserves pullbacks in each variable. Then X has a tangent structure given by the

composite
c

Weilo, —2— X© Fun(X, X)
where C' is given by the canonical action of X on itself.

ProoOF. The given conditions ensure that the underlying functor of this com-
posite preserves the tangent pullbacks, so it yields a tangent structure. ([l



46 3. TANGENT oco-CATEGORIES

Tangent structures on F-ring spectra. We now use Proposition 3.17 to
show that the ordinary tangent structures on the category of commutative rings
(and its opposite) generalize to tangent structures on the oo-category of E,-ring-
spectra (and its opposite).

EXAMPLE 3.18 (Tangent structure on FE.-ring-spectra). Let ERig be the oco-
category of Eu.-semirings of Gepner, Groth, and Nikolaus [GGN15], and E.Sp the
oo-category of F-ring-spectra with monoidal structure given by smash product.
In Appendix C we prove that Weil,, is equivalent to a monoidal full subcategory
of ExRig. It also follows from [GGN15, 5.1, 7.5] that there is a monoidal functor

EoRig — E,.8p

given by composing the ‘ring completion’ and ‘associated ring spectrum’ functors.
Restricting to Weil,, we obtain a monoidal functor

(=) : Weilso — EoSp.

We claim that this monoidal functor satisfies the hypotheses of Proposition 3.17.
Pullbacks in E.,8p are calculated in the underlying category of spectra, so it is suf-
ficient to show that for each tangent pullback in Weil,, the corresponding diagram
of spectra is a pullback. Each spectrum in one of those diagrams is a (bi)product
of finitely many copies of the sphere spectrum, and each map is either a projection
or an inclusion. It is simple to verify that each such diagram is a pullback.

Finally, we observe that pullback and pushout squares of spectra coincide, and
the smash product commutes with pushouts in each variable, so it also preserves
pullbacks. This completes the verification of the conditions of Proposition 3.17,
and so there is a tangent structure on E..Sp given by

TA(R):== AAR.

In particular, the underlying tangent bundle functor is given on an F,-ring-spectrum
R by the square-zero extension of the R-module R:

T(R)=W ARX~RxR.

EXAMPLE 3.19 (Another tangent structure on E.-ring spectra). As noted
above, for each Weil-algebra A, the underlying spectrum of the E ,-ring spectrum
A is a (bi)product of finitely many copies of the sphere spectrum. The smash
product map

AN = :EsSp — EooSp

is of the form E — E®" which preserves all limits (since they are calculated
in the underlying oo-category of spectra). It follows from the Adjoint Functor
Theorem [Lur09a, 5.5.2.9] that A A — admits a left adjoint which we will denote

S(/Al, =) : ExcSp — EoSp.

The universal properties of the adjunctions make this construction functorial in A,
i.e. we have a functor

S((5), =) : Weil? X EoeSp — EooSp.
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There are natural equivalences

Homs_s,(S(A® A, R), R') ~ Homg_s,

and so
S(A@ A, R) ~ S(A’, S(A, R)).

In other words, the monoidal structure on (—) determines a monoidal functor
Weil”?? — Fun(Eoo8p, EouSp); A S(A, —)
and so, taking opposites, a monoidal functor
U : Weiloo = Fun(Eo.8p”, ExoSp™).

We claim that U preserves tangent pullbacks, i.e. that for any E,.-ring spectrum
R, the functor
U(=)(R) = S((=), R)

takes the tangent pullbacks in Weil,, to pushouts in E,.8p. We can check that
condition by showing for any E..-ring spectra E’, the functor

Homg_s,(S((—), E), E') = Homg_s,(E, (—) A E')
takes the tangent pullbacks in Weil,, to pullbacks of mapping spaces. Since (;)
takes tangent pullbacks to pullbacks in Eo.8p, and — A E’ preserves pullbacks, this
condition holds. It follows that U determines a tangent structure on the opposite
oo-category Eo.8p°?, which is analogous to the tangent structure on CRing®” of
Example 1.13. The underlying tangent bundle on an E,-ring-spectrum R is given
by the free symmetric R-algebra

U(R) = Symg(Lg)
where Lg is the absolute cotangent complex on R of [Lurl?7, 7.3.2.14].

Tangent structure on derived manifolds. The prototypical example of
an ordinary tangent category is the standard structure on Mifld, the category of
smooth manifolds and smooth maps, with the ordinary smooth tangent bundle
functor. Spivak introduced in [Spil0] an oo-category DMAfld of derived manifolds,
which contains Mfld as a discrete subcategory, and which allows for pullbacks along
non-transverse pairs of smooth maps. We show here that the standard tangent
structure on Mfld extends to a tangent structure on the oco-category DMifld.

For this construction, we use a version of DMIfld that is characterized by the
following universal property of Carchedi and Steffens [CS19]; see there for more
details.

DEFINITION 3.20. Let DMfld denote an idempotent-complete co-category with
finite limits that admits a functor ¢ : Mifld — DMfld with the following universal
property: for any other idempotent-complete co-category with finite limits C, the
functor 7 induces an equivalence

i* : Fun'**(DMfld, C) — Fun™(Mfld, C)
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between the oo-categories of finite-limit-preserving functors (on the left-hand side)
and functors that preserve the transverse pullbacks and terminal object of Mfld
(on the right-hand side). In particular, i preserves those transverse pullbacks and
the terminal object. An explicit model for DMfld is given by the opposite of the
oo-category of (homotopically finitely presented) simplicial C*°-rings [CS19, 5.4].

LEMMA 3.21. There is a monoidal functor
¢ : Fun™(Mfld, Mfld) — Fun'**(DMAd, DMfd)

such that the following diagram commutes

Fun™ (Mfid, Mfld) —— Fun'**(DMfld, DMfid)

Fun™ (Mfld, DMfid)

where i* is the equivalence of Definition 3.20, with C = DMAfld, and i, is given by
postcomposition with i.

PrROOF. A formal argument can be made using ideas from [Lurl?7, 4.7.1] in a
similar manner to the proof of Lemma 3.14. Here we sketch an informal approach.
Given F,G : Mfld — Mfld that preserve the transverse pullbacks and terminal
object, the universal property on DMfld implies that i/’ and iG factor uniquely (up
to contractible choice) as

iF ~Fi, iG~Gi
for F,G : DMfld — DMfld. We then have
iFG ~ FiG ~ FGi
which implies that there is a canonical equivalence FG ~ FQG. ]

PROPOSITION 3.22 (Tangent structure on derived manifolds). The standard
tangent structure on Mfld induces, by composition with e, a tangent structure on
the oo-category DMIld.

PRrOOF. First, we argue that the structure map for the ordinary tangent struc-
ture on Mfld, that is

T* : Weil — Fun(MAd, Mfd),

factors via Fun™(Mfld, Mfld). It is sufficient to note that the tangent bundle functor
T : Mfld — Mfld preserves the transverse pullbacks and terminal object, and this
claim follows directly from the definition of transversality.
Composing T with the monoidal functor e described in Lemma 3.21, and with
the truncation functor from Weil,, to its homotopy category Weil, we obtain a
monoidal functor
T* : Weilo, — Fun'®*(DMfd, DMfld).

Since the target of T is a full subcategory of Fun(DMfld, DMfld), it is now sufficient
to show that T® preserves the tangent pullbacks. Equivalently, we must show that
the composite

Weiloo ——— Fun™ (Mfid, Mfld) —— Fun™ (Mfld, DMfld)
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preserves those pullbacks. The first map does (as T'® is a tangent structure on Mfld),
and the second map does too (as each tangent pullback is transverse by [CC18,
Ex. 4.4(ii)], and ¢ preserves transverse pullbacks). O






CHAPTER 4

Tangent Functors

We now turn to functors between tangent oo-categories. For ordinary tangent
categories, Cockett and Cruttwell introduce in [CC14, 2.7] a notion of ‘strong mor-
phism of tangent structure’ which consists of a functor on the underlying categories
that commutes, up to natural isomorphism, with those tangent structures. Garner
shows in [Gar18, Thm. 9] that Cockett and Cruttwell’s definition is equivalent to
the standard notion of functor between Weil-actegories; see [CG22, 3.3.2]. In par-
ticular, Garner shows that for two tangent categories X, Y, the category of tangent
functors X — Y (whose morphisms are tangent transformations) is equivalent to the
category of Weil-functors and Weil-transformations [CG22, 3.3.9]. We use Gar-
ner’s result as the basis for our definition of tangent functor (and tangent natural
transformation) between tangent oo-categories.

Recall that a tangent structure on an co-category X consists of a suitable action
of the monoidal co-category Weil,, on X. A tangent functor from X — Y is then
a functor F' : X — Y that commutes with those actions up to equivalence (and
higher coherent equivalences). A tangent transformation between tangent functors
F,G : X — Y is a natural transformation F' — G that is itself coherent with those
equivalences.

We make the above notions precise in Appendix B.2 where, for a monoidal
oo-category W, we describe an oo-bicategory Modyw(CAT,) whose objects are
the W-module oco-categories; see Definition B.25. We therefore make the following
definition, which we view as the central object of the first part of this paper.

DEFINITION 4.1. The oco-bicategory of tangent oco-categories is the full sub-
bicategory
Tanoo g 1\/[0(1%7011oc (CATOO)
whose objects are those Weil -modules that are tangent co-categories in the sense

of Definition 3.3, i.e. for which the Weil-action maps preserve the tangent pull-
backs.

In particular, we obtain the following notions.

DEFINITION 4.2. Let XY be tangent co-categories. The co-category of tangent

functors from X to Y is the mapping oo-category
Tanoo (X, Y) = HomMOdWciloo (CAT) (X, Y)

associated to the co-bicategory Modwyei,  (CAT ). A tangent functor from X to
Y is an object, and a tangent transformation is a morphism, of this co-category.

REMARK 4.3. Roughly speaking, a tangent functor between two tangent oo-
categories (X, T*) and (Y, U*®) consists of an underlying functor F' : X — Y, together
with natural equivalences

as: FTA ~UAF

51
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for each Weil-algebra A. Those equivalences must be compatible with morphisms
of Weil-algebras, and with the monoidal structure on Weil,, and action of Weil,
on X and Y. That is, for each morphism ¢ : A — A’ of Weil-algebras, the following
diagram commutes up to equivalence:

FTA L) UAF
FT? U*F
A 2 UA F
for each pair of Weil-algebras A, A’, the following diagram commutes up to equiv-

alence ,
, QATA , UAaA/ ,
FTATA —— UAFTAY —— UAUAF

FTA®A, Gapal UA®A/F
and the following diagram also commutes up to equivalence
N on N
F1I° — UF
F

Needless to say, those equivalences are coherent up to still-higher equivalences and
so on. The precise form of all this data depends on a specific choice of model for
the oco-bicategory Tan., and its mapping oco-categories. We describe one concrete
approach in Corollary 4.12 below.

REMARK 4.4. A tangent transformation between tangent functors (F, «), (G, B) :
(X,T*) — (Y,U*®) consists of a natural transformation v : F — G such that for
each Weil-algebra A, the following squares commute up to equivalence

FTA i} UAF
AT Uty

GTA P, UAG

and those equivalences are compatible with morphisms of Weil-algebras and the
monoidal structure up to higher equivalence, and so on.

Tangent functors between ordinary tangent categories. Our first goal
is to show that the notion of tangent functor in Definition 4.2 recovers Cockett
and Cruttwell’s ‘strong morphisms of tangent structure’ between ordinary tangent
categories [CC14, 2.7]. In fact, we will show that for any two ordinary tangent
categories XY, the oo-category Tan,(X,Y) is equivalent to the (nerve of the)
category of (strong) tangent functors from X to Y and tangent transformations, in
the sense of Definition 1.14.
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In fact, we can state our result in terms of a fully faithful embedding of oo-
bicategories.

PROPOSITION 4.5. Let Tan denote the 2-category of tangent categories, tangent
functors, and tangent transformations, viewed as an co-bicategory via the simplicial
nerve. Then the construction of Definition 3.7 underlies a fully-faithful embedding
of co-bicategories

N : Tan — Tan,,

whose image is spanned by those tangent oco-categories for which the underlying
oo-category is (the merve of ) an ordinary category.

PRrROOF. Garner [Garl8, Thm. 9] identifies Tan with a full sub-2-category of
the 2-category of Weil-modules, Weil-functors, and Weil-natural transformations,
which (by Proposition B.31) is equivalent to a full subcategory of Modyyei(CAT ).
Recall that we have a monoidal functor n : Weil,, — Weil, which displays Weil as
the homotopy category of Weil,,, and which (by Definition B.30) induces a map of
oo-bicategories

n* MOdWeH(CATOO) — MOdWei]OQ (CATOO)
It follows from Lemma 3.8 that the composite
N : Tan — Modyei1(CATs) ™5 Modyyen_ (CAT.)

takes values in the full subcategory Tan.,. It follows from Proposition B.32 that
n*, and hence N, is fully faithful. O

COROLLARY 4.6. Let X,Y be ordinary tangent categories. Then the co-category
Tan (X, Y)

is equivalent to the nerve of the ordinary category of (strong) tangent morphisms
from X to Y and tangent transformations between them.

We view Proposition 4.5 as justification that our theory of tangent co-categories
subsumes the theory of ordinary tangent categories developed by Cockett and Crut-
twell.

In fact, we have the following stronger version of Corollary 4.6.

PROPOSITION 4.7. Let X be a tangent co-category, and Y an ordinary tangent
category. Recall that the homotopy category hX becomes a Weil-module in the sense
of 1.7, although this Weil-module is not necessarily a tangent category. Nonetheless,
the oco-category

Tan (X, Y)

is equivalent to the merve of the ordinary category of Weil-functors hX — Y and
Weil-natural transformations between them. If hX is a tangent category, then this
is equivalent to the category

Tan(hX,Y)
of tangent functors hX — Y and tangent transformations of Definition 1.1/.

ProoF. This result follows immediately from Proposition B.33. g
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Tangent equivalences. The co-bicategory Tan, determines a notion of equiv-
alence between tangent oo-categories.

DEFINITION 4.8. A tangent functor F': X — Y is a tangent equivalence if it is
an equivalence in the co-bicategory Tan.,, that is, if there is a tangent functor G :
Y — X and tangent natural equivalences (i.e. invertible tangent transformations)
GF ~ Ix and F'G ~ Iy.

Since the notion of tangent equivalence depends only on the invertible tangent
transformations, it can be defined in terms of the (0o, 1)-core of the co-bicategory
Tan,,. That core is a full subcategory of the core Modwyei (Caty,) of the oco-
bicategory of Weil,-modules. Proposition B.27 therefore has the following conse-
quence.

PROPOSITION 4.9. The oco-category Tan__ of tangent co-categories and tan-
gent functors is equivalent to a full subcategory of the oo-category associated to the
projective model structure on the category of marked Weil . -modules Mod&}eilw.

PROOF. In Proposition B.27 we construct an equivalence of co-categories
Modg_v’eoiloo - MOdWeilm (Catoo).

Passing to the full subcategories of tangent co-categories, i.e. those Weil,,-modules
which satisfy the tangent pullback condition, we get the desired equivalence. (I

COROLLARY 4.10. Ewvery tangent co-category is tangent equivalent to a strict
tangent oo-category.

COROLLARY 4.11. A tangent functor is a tangent equivalence if and only if its
underlying functor is an equivalence of co-categories.

PRrROOF. Proposition 4.9 tells us that equivalences in TanZ (and hence in
Tan,,) come from weak equivalences between fibrant objects in the projective
model structure on I\/Iod{,rveiloo. Those projective weak equivalences are precisely
the morphisms which are weak equivalences in the underlying category of marked
simplicial sets, i.e. equivalences of co-categories. ([l

Tangent functors between strict tangent co-categories. In Corollary 4.10
we showed that any tangent co-category is tangent equivalent to a strict tangent oo-
category X, i.e. one given by a strictly associative and unital action of the simplicial
monoid Weil, on the simplicial set X. In this section, we describe how to construct
tangent functors between two strict tangent co-categories. Since tangent functors
are merely Weil ,-functors between the underlying Weil ,,-module co-categories, we
can use Remark B.24 to give an explicit description of the data required.

COROLLARY 4.12. Let (X, T*) and (Y,U?®) be strict tangent co-categories. Then,
up to natural (tangent) isomorphism, a tangent functor from X to Y is specified by
the following data. For each n > 0, we have a map of simplicial sets

F, : Weil, x X — Fun(A™,Y).
These maps satisfy the following conditions:
Fo1(Ap, ..., Ay, T (X)) if i = 0;
di(Fp(An, ... ALX)) = Fp (A, A1 @ Agy . AL X)) if 0 <d < mg
UAn(Fp1(Ap_1,..., A1, X)) if i = mn;
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Sj(Fn(An7 e ,A17X)) = F’IL+1(A'IL7 e ,Aj+1,N,Aj, e 7141,)() fO?” O S ] S n;
and in addition the morphism Fy(A, X) is an equivalence in Y for all A € Weily,
and X € X.

Each of the equations appearing in Corollary 4.12 is shorthand for a certain
commutative diagram of simplicial sets. The maps d; and s; refer to the maps

d; : Fun(A™,Y) — Fun(A"" 1Y), s; : Fun(A™,Y) — Fun(A""!Y)
induced by the standard coface and codegeneracy maps d’ : A"! — A" and
s APl 5 AP

REMARK 4.13. Further unwrapping the description in Corollary 4.12, we can
describe a tangent functor X — Y by the following data:

e a functor F : X - Y

e a natural transformation, between functors Weil,, x X — Y, of the form
e : FT* - U*F
such that for each Weil-algebra A, the component
ay: FTA =5 UAF
is a natural equivalence, and the component
an: F=FT" —U"F=F
is the identity natural transformation on F’;

e a 2-simplex in the oco-category of functors Weil,, x Weil,, — Fun(X,Y)
of the form

Qege’

FT*TY —————— U*U*'F

a.h A./
U*FT*
which yields a degenerate 2-simplex in Fun(Weily, x X, Y) when evaluated
with either e or ¢’ equal to N;

e for each n > 3, an n-simplex in Fun(Weil, x X,Y) whose boundary is
determined by the previous data following the same pattern as above,
and which determines degenerate n-simplexes when evaluated at N in any
factor of Weil .

REMARK 4.14. The description in Remark 4.13 is closely related to Cock-
ett and Cruttwell’s original definition of (strong) morphism between tangent cate-
gories [CC14, 2.7] and reduces to it when X and Y are ordinary (strict) tangent
categories. Dropping the condition that each a4 is a natural equivalence, we also
obtain a definition corresponding to Cockett and Cruttwell’s more general (non-
strong) morphisms of tangent structure. We could refer to these objects as ‘lax’
tangent functors, though we do not develop that notion further in this paper.






CHAPTER 5

Differential Objects in Cartesian Tangent
oo-Categories

Having established the basic definitions of tangent oco-category and tangent
functor, we now start to generalize the broader theory developed by Cockett and
Cruttwell to the oco-categorical setting. In this chapter, we consider the notion
of ‘differential object’ introduced in [CC14, Def. 4.8] (and strengthened slightly
in [CC18, 3.1]) to describe the connection between tangent categories and cartesian
differential categories.

Roughly speaking, the differential objects in a tangent category X are the tan-
gent spaces, that is, the fibres T, M of the tangent bundle projections over (gen-
eralized) points  : *+ — M of objects in X. In the tangent category of smooth
manifolds, these differential objects are the Euclidean vector spaces R™; in the
tangent category of schemes, they are the affine spaces A™ = SpecZ[x1, ..., T,].

Our first goal in this chapter is to generalize Cockett and Cruttwell’s definition
of differential objects to tangent co-categories. We do that by identifying a tangent
oo-category E., which ‘represents’ differential objects in a tangent oo-category X
in the sense that those differential objects correspond to (finite-product-preserving)
tangent functors from E,, to X.

We then prove Proposition 5.34, our analogue of [CC14, 4.15], which provides
a canonical structure of a differential object on each tangent space in a tangent
oo-category. In Corollary 5.35, we note that conversely any object that admits a
differential structure is equivalent to a tangent space.

Finally in this chapter we turn to the connection between differential objects
and the cartesian differential categories of Blute, Cockett and Seely [BCS09].
In 5.38, we prove a generalization of [CC14, 4.11] by showing that from every
(cartesian) tangent co-category X we can construct a cartesian differential category
whose objects are the differential objects of X, and whose morphisms come from
those in the homotopy category of X.

Cockett and Cruttwell describe differential objects in the context of tangent
categories that are cartesian in the following sense.

DEFINITION 5.1. A tangent oo-category (X,T) is cartesian if X admits finite
products (including a terminal object which we denote %), and the tangent bundle
functor T : X — X preserves those finite products.

We now recall from [CC18, 3.1] the definition of differential object.

DEFINITION 5.2. A differential object in a cartesian tangent category (X,T)
consists of

e an object D in X (the underlying object),

57
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e morphisms ¢ : D x D — D and ¢ : *+ — D that provide D with the
structure of a commutative monoid in X, and

e a morphism p: T'(D) — D,
such that

e the map (p,p) : T(D) — D x D is an isomorphism, and

e the five diagrams listed in [CC18, 3.1] commute.
A linear morphism of differential objects is a morphism of underlying objects that
commutes with the differential structure maps o, ¢ and p. We denote by Diff (X)
the category of differential objects in X and their morphisms.

WARNING 5.3. Cockett and Cruttwell in [CC14, 4.11] use the notation Diff (X)
for a category whose morphisms include all mggghisms between underlying objects,
not only those that are linear. We will write Diff (X) when we need to refer to that
larger category.

In order to translate Definition 5.2 into the oco-categorical context, we first
observe that the commutative monoid structure on a differential object should be
replaced, in the context of co-categories, with the structure of an FE.,-monoid. We
recall that there is an oco-category E.,, which plays the role of a Lawvere theory
for E,-monoids in the sense that E,,-monoids in an oo-category X correspond to
finite-product-preserving functors E,, — X.

The Lawvere theory for F..-monoids. Cranch showed in [Cral0] that the
oo-category Eo, can be constructed as the nerve of a bicategory of spans of finite
sets.

DEFINITION 5.4. Let E., denote the bicategory in which
e an object is a finite set;

e a l-morphism from J to J' is a span of finite sets of the form
K
s t
(5.5) / N
J J’

e a 2-morphism between two such spans is a commutative diagram of the
form

K
7N
J ez

N1
K/

where o : K — K’ is a bijection;

e composition of 2-morphisms is composition of such bijections, and the
identity 2-morphism on a span is the identity map 1g;

e the identity 1-morphism on a finite set J is the identity span J = J = J,;
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e horizontal composition is given by the composition of spans in the manner
described for Weil,, in Definition 2.12; forming pullbacks in the category
of finite sets;

e associator and unit isomorphisms are determined by the universal prop-
erty of pullbacks, in the manner described for Weil,, in Definition 2.15;

Since all 2-morphisms are invertible, the Duskin nerve (Definition A.13) of E is an
oo-category, which we also denote E,,. Notice that the construction of E., mirrors
that of Weilo,, but with spans of finite partial commutative monoids (between
Weil-algebras) replaced by spans of finite sets. As with Weil,,, we can give an
explicit description of the n-simplexes in the oo-category E., associated to the
above bicategory.

PROPOSITION 5.6. An n-simplex in the oco-category Eo consists of a diagram
B : Jn — Fin, where J,, is the poset of intervals in [n] = {0,...,n} introduced in
Definition 2.20, such that

e for each i <i' < j' < jin [n], the square diagram

B([i, 1])
/\
B 5) B 41)

\
B4

s a pullback in Fin.

The simplicial structure maps in Eo, are given by precomposition with the functors
labelled f. in Definition 2.20.

We also make E, into a strict monoidal co-category via the objectwise cartesian
product of finite sets, in the same manner as Weil .

DEFINITION 5.7. Let ® : Eoo XEo — Eo be the operation given on n-simplexes
by
B B'([i,5]) = B[4 4]) x B'([i, 5])
where X denotes the strict monoidal cartesian product on the category of sets
chosen in Proposition 2.29.

PROPOSITION 5.8. The operation @ of Definition 5.7 makes Eo, into a strict
monoidal co-category.

PROOF. Since a product of pullbacks is a pullback, the operation ® determines
a binary operation on E,, as claimed. Since we have chosen a strictly associative
and unital model for the cartesian product of finite sets, that operation makes E.,
into a simplicial monoid. ([

Just as the homotopy category of Weil,, is Leung’s ordinary (monoidal) cate-
gory of Weil-algebras, so the homotopy category of E, is a familiar object.
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PROPOSITION 5.9. There is a monoidal equivalence between the homotopy cate-
gory of the strict monoidal co-category Eo, and the category of free finitely-generated
commutative monoids, and monoid homomorphisms, under tensor product, which
we denote N°.

PROOF. The desired equivalence maps the finite set J (an object of Eo,) to the
free commutative monoid generated by J, which we denote N7, and the monoidal
property is reflected in the natural isomorphism

NJXJ, ~ NJ ®NJI.
Morphisms in the homotopy category of Eo, from J to J’ are isomorphism classes

of spans of the form (5.5). Such a span determines a monoid homomorphism ¢ :
N/ — N7’ by the formula

kes—1(5)

for each j € J, extended linearly to all of N/, Here we view an element of N/ as
a finite formal sum of elements of J. Conversely, given such a homomorphism,
choosing distinct labels for the elements of each of the sums of the form ¢(j)
determines a span from J to J’. a

REMARK 5.10. It is clear from Definition 5.4 that E., is self-opposite via the
functor which reverses a span. The corresponding equivalence between N® and its
opposite sends a homomorphism N’ — N7’ to its transpose, i.e. the homomorphism
N/ — N/ given by the transpose matrix.

Given the similarity in the construction of the co-categories Eo, (Definition 5.4)
and of Weil,, (Proposition 2.21), it is not surprising that there is a more direct
connection between them.

DEFINITION 5.11. Let Ugpcym : FPCM — Fin be the forgetful functor from finite
partial commutative monoids to finite sets. Then there is a functor

U:Weilpo > E; a— Urpcm o

which sends an n-simplex «, that is, a diagram of finite partial commutative
monoids, to the same diagram considered in the category of finite sets. In par-
ticular, for a Weil-algebra A viewed as an object of Weil,,, we have

U(A) = M.

It follows from our definition of the strict monoidal structures on Weil,, and E,
both given by our chosen strict monoidal product of finite sets, that U is a strict
monoidal functor, i.e. a map of simplicial monoids. On objects we have

U(A@A’):MA®A/ =Ma x My :U(A) XU(A’).

PROPOSITION 5.12. The strict monoidal functor U : Weily, — Eo, makes Eqo
into a (strict) tangent co-category, which we denote (B, U®), with

UAM)=U(A) @ M.
PROOF. We have to show that for each J in E,, the functor
U(-)®J: Weilo, = Ex

preserves the tangent pullbacks.
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We use the criterion that a diagram in an co-category such as E., is a pullback
if and only if for every object J’, applying the functor Homg__(J’, —) yields a
homotopy pullback of mapping spaces.

Thus, for the foundational pullbacks (1.5), we have to show that for any finite
sets J, J', and any m,n > 1, the following diagram is a homotopy pullback of spaces

Homg__ (J', Myym+n x J) —— Homg__(J', Myym x J)

| l

Homg_ (J', Myn x J) ——— Homg__(J', J)

This claim follows from the same type of argument as in the proof of Proposi-
tion 2.25. We can calculate the mapping spaces in E, following the same argument
as in Lemma 2.23: they are given by

Homg__ (J', J) ~ H H By

$:NI' N7 j'ed’jed
where ¥4;/) ; denotes the symmetric group on the (non-negative) integer coefficient
of j in the expression ¢(j’) € N/, for a monoid homomorphism ¢ : N7 — N7,
For the vertical lift pullback (1.6), we similarly have to show that for any finite
sets J, J', the following is a homotopy pullback

}IOHIIEOC (Jl,sz X J) E— IIOIH[Eoc (J/,MW@)W X J)

| |

Homg_ (J',J) ———— Homg_ (J', Mw x J)
and again this follows in the same way. O

Differential objects in a tangent oco-category. Now we return to the no-
tion of differential objects in a tangent co-category X. An E..,-monoid structure on
an object in X corresponds to a finite-product-preserving functor D : E,, — X. The
additional structure needed to make that object into a differential object now cor-
responds to the structure of a tangent functor on D. Hence, we have the following
definition.

DEFINITION 5.13. Let (X, T*) be a cartesian tangent co-category. A differential
object in X is a tangent functor

D : (Eoo, U*) — (X, T)

for which the underlying functor E,, — X preserves finite products. We also say
that D is a differential structure on the object D(x), where % denotes a one-element
set.

We define the oco-category of differential objects in X:

Diff(X) := Tan’ (E, X) C Tan, (Ey, X)
to be the full subcategory of the oco-category of tangent functors Eo, — X (see

Definition 4.2), whose objects are those tangent functors for which the underlying
functor preserves finite products.
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Differential objects in an ordinary tangent category. The first main
result of this chapter is to show that Definition 5.13 reduces to Definition 5.2 in the
case that X is an ordinary tangent category.

PROPOSITION 5.14. Let (X,T) be a cartesian tangent category. Then the oo-
category Diff (X) is an ordinary category, which is equivalent to the category of
differential objects in X and their linear morphisms, as described in Definition 5.2.

PRrROOF. The homotopy category of the oo-category E., is equivalent to the
category N°® of free finitely-generated commutative monoids. That homotopy cat-
egory inherits a Weil-module structure from the Weil -module structure on E.,
and in this case, the tangent pullbacks in E., do pass to pullbacks in N°®. So N*® is
an ordinary tangent category, with structure given by the ordinary tensor product
of commutative monoids.

AON = AN’
When X is an ordinary tangent category, it then follows from Proposition 4.7 that
Tany, (Es, X) = Tan(N®, X).

Hence the full subcategory Diff(X) C Tan.(Ew,X) is equivalent to the category
of finite-product-preserving (ordinary) tangent functors N®* — X and their tangent
transformations.

Thus, our goal reduces to a claim purely within the ordinary tangent category
theory of Cockett and Cruttwell, which we prove in the next proposition. O

PRrROPOSITION 5.15. Let X be an arbitrary tangent category. Then there is an
equivalence between the category of differential objects in X and linear morphisms
and the category of finite-product-preserving strong tangent functors N®* — X and
tangent transformations.

Proor. To build the required equivalence, notice that the object N in the
category N® has a differential structure given by its ordinary monoid structure, and
with p : Te(N) = W @ N = W — N given by the monoid (but not algebra) map
a+br — b.

Any product-preserving tangent functor preserves differential objects, and the
components of a tangent transformation are morphisms that commute with the dif-
ferential structure maps o, ¢ and p. We therefore have a functor e from the category
of product-preserving tangent functors to the category of differential objects.

To see that e is fully faithful, take two product-preserving tangent functors
D, D" : N* — X, ie. strong tangent morphisms (in the sense of [CC14, 2.7])
(D,a) and (D’,a’). A tangent transformation 8 : (D,«) — (D’,a’) is a natural
transformation 8 : D — D’ such that the following diagram commutes

DTy —2— TD

(5.16) BTre T8

D'Ty s
where T denotes the tangent bundle functor on X.

Since all the functors in (5.16) preserve finite products, that diagram commutes
if and only if it does so on its N-component, and the natural transformation 3 is
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uniquely determined by the component By : D(N) — D’(N), which must be a map
of commutative monoids in X.

Therefore, the natural transformation 5 is a tangent transformation (i.e. the
diagram above commutes) if and only if Sy commutes with the differential struc-
ture map p. Thus e determines a bijection between the tangent transformations
(D, ) — (D', a’) and morphisms of differential objects D(N) — D’(N).

To see that e is essentially surjective, consider a differential object (D, o, (,p)
in X. The commutative monoid (D, o, () determines (uniquely up to isomorphism)
a product-preserving functor D : N®* — X with D(N’) = D7,

To make D into a tangent functor, we have to define a natural isomorphism

a: DTy —-TD
that commutes with the tangent structure maps. We define the component
on : DT (N) = D(W) = DI*} = T(D) = TD(N)

of a to be the inverse of the isomorphism (p, p) of Definition 5.2. Other components
are determined by the naturality requirement and the fact that all functors involved
preserve finite products. Thus, we obtain the natural isomorphism «.

To see that (D, «) is a tangent functor, we check the conditions of [CC14, 2.7].
We will write out the proof for the commutative diagram involving the vertical lift
Z; the other conditions are much easier to verify. We must show that the following
diagram commutes:

DT,

IR|R

TD

Deg D

aT, @
DIZ — TDTy ——— T2p

Since all functors in this diagram preserve finite products, it is sufficient to look
at the diagram of components at the object N € N°®. This diagram in X takes the
form

D2 (p,D) T(D)
(m1,¢1¢lma) V4
T1,PT1,PT2,P7T2 T(p), T (p
Dt (pm1,p ; P >T(D)2 ( (10)g () T2(D)

where we have identified the terms D?, T'(D)? and D* by choosing an order on the
basis elements of W (we use {1,2}) and W @ W (we use {1, 21,22, 2122}), and we
are writing ! for the unique map to the terminal object. We check that this diagram
commutes by looking at each of the four components in turn:

pT(p)l =pOp =p, PT(p)l =pOp=_!, pT(p)l=pprl=C_!, pT(P)L = p.
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These equations follow from the definition of differential object in [CC18, 3.1]. In
particular, the last equation is precisely the ‘extra’ axiom that was added to the
definition of differential object in [CC18].

The remaining four diagrams in [CC14, 2.7] are verified in a similar manner.
To see that (D,«) is a strong morphism of tangent categories, we also need to
show that the functor D : N’ — D7 preserves the tangent pullbacks in N®. Each of
those pullbacks can be explicitly described using basis elements, and its preservation
follows from the form of D.

Finally we check that the differential structure on e(D) = D(N) = D induced
by that on N agrees with the original structure (D, o,(,p). For the commutative
monoid structure, this is a standard fact about models for the Lawvere theory N°.
For the projection map p, we have to check that the map

-1

T(D) = TD(N) —* 4 DT, (N) = DW) —L, p(N) = D

agrees with p, which it does. Thus e is essentially surjective and is an equivalence
of categories as claimed. [

Differential structure on tangent spaces. The next main goal of this chap-
ter is to identify differential objects in a tangent oo-category with the ‘tangent
spaces’. This part of the paper parallels [CC14, Sec. 4.4].

DEFINITION 5.17. Let (X, T*®) be a cartesian tangent co-category. For a pointed
object in X, that is, a morphism z : x — C in X where * denotes a terminal object,
the tangent space to C at x is the pullback

7.0 —— T(C)

¥ ——— (O

if that pullback exists and is preserved by the functor 74 : X — X for each Weil-
algebra A. We write XI' for the subcategory of Fun(A!,X) whose objects are
morphisms in X of the form z : x — C with the property that the tangent space to
C at z exists.

We now wish to construct a differential object in X whose underlying object is
the tangent space T,C, i.e. a product-preserving tangent functor T,C : E,, — X
with % — T,,C. We will use the presentation of tangent functors from Corollary 4.12
to describe T,C, assuming that we have replaced X with an equivalent strict tangent
oo-category.

Our first goal is to describe the underlying functor T,C. Since it must preserve
products, that functor is necessarily given on objects by

J = (T,C)’

for each finite set J. The following lemma shows how to relate these finite products
to the tangent structure on X.

LEMMA 5.18. For a finite set J, there is an equivalence

(T,C) ~TV ¢
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where TfC’, for a Weil-algebra A, denotes the pullback

TAC —— TAC
(5.19)

*«x — 2 5 (O
in which the right-hand vertical map is given by the augmentation A — N of the

Weil-algebra A. Moreover, the pullback (5.19) with A = W7 is preserved by T
for any Weil-algebra A’.

PROOF. If .J is empty, then both (T,C)” and TV’ C = TNC are equal to the
terminal object x. If |J| = 1, then both sides are equal to the tangent space T,C.

For arbitrary J, we have TV ' C = TC x¢ - x¢c TC (with |J| factors of T'C') and
the diagram (5.19) with A = W is an iterated pullback of |J| copies of the diagram
(5.19) with A = W = W over the diagram (5.19) with A = N = W°. Tt follows
that 7’ C is a product of |.J| copies of T,C.

The second claim then follows from the fact that 74’ preserves finite products

(as the tangent structure on X is cartesian) and also preserves the pullback square
defining T,,C (Definition 5.17). |

DEFINITION 5.20. We define T,C : E,, — X by
T,C(J) =TV C

where W7 denotes the Weil-algebra N @ N7, the square-zero extension of N by N7.
In other words, 7,C' is the composite of functors

W, . TG
Eo — Weil,, — X.
Since W(N7) = W, this functors is finite-product-preserving. (In fact, it is the
composite of two finite-product-preserving functors.)

It remains to show that the functor 7,C : E,, — X commutes, up to coherent
equivalence, with the tangent structures on E,, and X. We continue to follow the
outline described in Corollary 4.12 by constructing the required map A' x Weily, x
Eo — X, that is, a natural equivalence

a: (T,C)U* = T*(T,0).
The component of o for A € Weil,, and M € E, is a morphism
aan : TV AEMC — TAT O C)

which we construct as follows. Central to the definition is the following natural
map of Weil-algebras.

DEFINITION 5.21. For a Weil-algebra A, with corresponding partial monoid
My, and a finite set J, let ¢4 s denote the span in FPCM of the form

(Ma x J)+
N

(M4 x J)4 AM x Ji
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where t : (M x J); — My x J4 is the map of finite partial commutative monoids
defined by
t(m,j) = (m,j), (1) =(1,1).
LEMMA 5.22. The span ¢, .5 of Definition 5.21 is a labelled Weil-algebra
morphism
bay: WAN) = Ax W(N).
Moreover, this map is natural in both A and J.

ProoF. We have to check the conditions of Definition 2.4. Condition (1) is
satisfied by the identity on (M4 x J)4. For condition (2), we note that only
products with the identity element are defined in (M4 x J)4. For any two non-
identity elements (m, j) and (m’., j'), the product of t(m, j) and ¢(m’, j') is defined
if and only if both m-m’ and j-j’ are defined in M4 and J, respectively. However,
there are no non-identity products in J4, so t(m,j) - t(m/, j) is undefined too.

For the naturality claims, we have to define a suitable naturality square. So
consider a labelled Weil-algebra morphism « : A — A’ given by the following span

in FPCM:
K
7N
MA MA/

and a morphism 8 : J — J' in E, given by a span of finite sets:
L
s X
J J'

Then desired naturality square in Weil,, of the form

Pa,
WAeN) —1 A W(N)

W(a®5)l Ja@)w(ﬁ)

, (;5 ’gl ,
WA oN) —5 A W(NT)
is given by an isomorphism of finite partial commutative monoids
(MA X J)+ X(MAXJ+) (K X L+) = (K X L)+ X(MA/XJ’)+ (MA’ X J/)+.
Each side is canonically isomorphic to (K x L), so we have the desired naturality.

O

DEFINITION 5.23. Consider the following morphism of cospans in X:

x

% C TW(A@N”) ~

(524) ~ ‘/ [Tdm,.]c
T4(

@)

TA(*) _ TA(C) —— TATWE)

The left-hand square is induced by acting on the morphism x : * — C in X by the
morphism N — A in Weil,,, and the left-hand vertical map is an equivalence since
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the tangent structure on X is cartesian. The right-hand square is induced by acting
on the object C' with the naturality square for ¢ of the form

W(A
N=w(Aox 2% waen)
(5.25) ¢A,*J J{d’A,J
ABW(f)

A=A W(x) «—— Ag W(N’)

where * = N denotes the trivial E,-monoid and f : N’ — x is the unique map.
Let
apy: TVASN) Oy pATW ) 0
by the morphism induced by taking limits of the cospans in the diagram (5.24),
using the fact that T4 preserves the pullback square (5.19) in Lemma 5.18. All these
constructions are natural in A and J, so that we obtain a natural transformation
a: (T,C)U® — T*(T,C) as required.

LEMMA 5.26. The morphism a4 ns of Definition 5.23 is an equivalence.

PROOF. Since the left-hand vertical map is an equivalence, it is sufficient to
show that the right-hand square in the diagram (5.24) is a pullback. Let us denote
that right-hand square by Sc(A4,N7). In other words, Sc(A4,N”) is given by acting
on C, via the tangent structure on X, by the square diagram in Weil,, of the form

Pa,
W(AN) 5 Ae W(NY)

(5.27)

W(A® %) —2 % Ao W(x)

It is in this proof that, crucially, we use the fact that the vertical lift pullbacks
in Weil,, are preserved by the tangent structure. Indeed, the square Sc(W,N) is
precisely the vertical lift pullback given by acting on C' by the vertical lift pullback
in Weil,, from Proposition 2.25. We will prove that Sc(A4,N”) is a pullback in X
for all A € Weil,, and all J € E.

When A = N, the vertical maps in (5.27) are equivalences, so the square is a
pullback. When J = &, the horizontal maps are equivalences, so it is a pullback.

When A =W, |J| =1, the square is a vertical lift pullback as already noted.

We now claim that the square Sc(W™,N7) is a pullback of n copies of the
square Sc(W,N”) over Sc(N,N”). We have to show that

TWW"@N") o pW(WeNT) o TW(WeN)

TwmeN) o T Xpwmen) o
and

TW"@W(NJ)C ~ TW®W(N") % TW@W(NJ)Q

mewrd)o T Xpnew md) o
which both follow from the fact that the tangent structure preserves foundational
pullbacks. We can therefore conclude that S (W™, N) is a pullback in X.

Next we claim that the square Sc (A, N¥) is a pullback of & copies of the square
Sc(A,N) over S¢(A, ). We have to show that

TWAN) O~ PWABNI O i agar -+ Xpwiaan o TV AN C
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and

TA@W(Nk)C ~ TABW TA®W (N) C,

(N)C Xpagw (=) o " XpA@W (x)
which also follow from the fact that the tangent structure preserves foundational
pullbacks (for T4C' in the latter case).

We can now deduce that Sc(W™,N7) is a pullback for all n > 2 and all J (and
all C in X). So now consider the square Sc(A ® A’,N7) for Weil-algebras A, A’.
We can write this square as follows

TW(A@A’@NJ)C N TA®W(A’®N")C N TA®A’®W(N")C

l [ |

TW(A@A’@NJ)C - TA®W(A’®*)C S TA@A’@W(*)C

The right-hand square is Spac(A’,N7), and the left-hand square is S¢ (4, A’ @ N).
By induction, we can assume both of these are pullbacks, and so we deduce that
the composed square is a pullback too. Thus, we can show that Sc(A4,N”) is a
pullback for all A, J, C. O

We now have the basic data of a tangent functor from E., to X, that is, a
functor T,C : Es, — X together with a natural equivalence

a: (T.0)U® — T*(T,.0).

Our goal is now to extend that data to a tangent functor from E., to X in the
sense of the previous chapter. We will assume (without loss of generality) that X
is a strict tangent oo-category, and hence a (fibrant) marked Weil,,-module. By
Corollary 4.12, our goal is to construct a map of marked Weil,,-modules of the
form

T,C: BEo — X,

which extends the map of Definition 5.20, and where BE., denotes the simplicial
bar construction on the marked Weil,,-module E..
We start by extending Definition 5.21 to simplexes of higher dimension.

DEFINITION 5.28. Let A,,...,A; be Weil-algebras, and take J € E,,. We
construct an n-simplex o 4,,.... 4,,7 in Weil of the form

W(A,® @A, &N) = A, W(4, 1® --@N)) = ... 5 4, @4, W(N’).
in which each non-degenerate edge is the morphism

4, ® - ® Aj+1 ® ¢Aj®"'®A7‘,+17Ai®"'®A1®NJ

for some 0 < ¢ < j < n. To be precise, recall from Proposition 2.21 that an n-
simplex in Weil,, can be identified with a diagram J,, — FPCM, where J, is the
poset of intervals in [0,n] = {0,1,...,n}. We take

O'A,,,,...,Al,J([Z.ajD = MA,, X oeee XMA X (MAj X e X MA1 X J)+

with structure maps all of the form (M x K); — M x K as in 5.21. This definition
reduces to Definition 5.21 in the case n = 1. Moreover, the construction above is
natural in A,,..., A, and J, and extends to a functor

on s Weill x Eo — Fun(A"™ Weil, ).

Jj+1
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Our next task is to build a higher-dimensional version of diagram (5.24). We
start with the naturality squares (5.25).

DEFINITION 5.29. Define a functor
Fpn s Weil” x Eo, — Fun(A™, Fun(A', X))
by
on(An,... A1) = (04, . A,J = 0A,,. .  A.&)
where the right-hand side is the map of n-simplexes induced by the canonical mor-

phism J — & in E, given by the cospan J + @ = & (i.e. the morphism from J
to the terminal object of Eo).

LEMMA 5.30. The maps &, : Weil x Eo, — Fun(A”, Fun(A!, Weily,)) of Def-
inition 5.29 satisfy the face and degeneracy conditions described in Corollary 4.12
and hence determine a map of Weily, -modules

& : BE,, — Fun(A!, Weil,,),
which on vertices is given by
(A,J) = (Ao W = A)

where the right-hand side here is given by the canonical map W7 — N. Here BE,
is the simplicial bar construction on the Weil,,-module K.

PROOF. From Definition 5.28 we have the following equations:

O A, Ag,Ma, xJ if i = 0;
i _ . . .
d(TA,,... A1) = O, A1 ®@As,Ar,g 1E0 <4<
Ap ® OAp_1,...,A1,J if i =n;

and

SOy A1) = O Ay o Avst N Ar o Ay T
These facts tell us that the maps o,, of Definition 5.28 satisfy the required condi-
tions, and it follows that the maps &,, do too. (I

REMARK 5.31. The map ¢ does not send marked edges in BE, to equivalences
in Fun(A!, Weil,, ), and so does not determine a tangent functor in the sense of
Definition 4.2. (In fact, we can view o as a ‘lax’ tangent functor analogous to
Cockett and Cruttwell’s ‘morphisms of tangent structure’ of [CC14, 2.7], but we
will not pursue that analogy here.)

DEFINITION 5.32. Given a pointed object x : * — C in X for which the tangent
space exists, and a morphism ¢ : A — A in Weil,,, consider the cospan in X of
the form

T4 C
T%(C)
TA T
TA(x) —% T4(C)

This construction determines a functor
T2 : XTI x Fun(A', Weil ) — Fun(_, X)



70 5. DIFFERENTIAL OBJECTS IN CARTESIAN TANGENT oco-CATEGORIES

where _ is the indexing category for a cospan, i.e. two morphisms with common
target. Lemma 5.18 tells us that 7,7 takes values in the full subcategory

Fun” (1, X) € Fun(s, X)

consisting of those cospans which admit a pullback in X and such that this pullback
is preserved by T4 for all A € Weil,,. Notice that the functor T is a map of
(strict) Weiloo-modules, where the Weilo,-action on the left-hand side comes from
the pointwise action on Weil,, and on the right-hand side from the pointwise action
on X.

Combining T? with the map & of Lemma 5.30, we get a map of Weil,,-modules

7 : XT x BE,, — Fun” (, X).
On vertices, the map is given by
(215 — C, (A, J) = (TA(x) > TAC) « TATV (0)).

Notice that Lemma 5.18 tells us the pullback of this cospan is T4((T,.C)”). Also
notice that applying this map of simplicial sets to a given =z : * — C and the
(marked) edge in BE, of the form

(A, J) = (N, My x J)
yields precisely diagram (5.24) of Definition 5.23.

We would now like to compose T~ with a suitable functor lim : Fun(5,X) — X
to get the desired maps T,C : BE,, — X. However, there is a technical wrinkle
here, which is that we need those maps to commute strictly with the Weil -actions,
so we have to be careful to construct the pullbacks in a way that makes this happen.

DEFINITION 5.33. Recall that we are writing Fun’ (1, X) for the full subcate-
gory of Fun(u, X) consisting of those cospans which admit a pullback in X which is
preserved by T4 for all A € Weil,,. We give FunT(_n, X) a marking where a mor-
phism is marked if it induces an equivalence on pullbacks, and we give Fun (J, X)
the pointwise Weil,,-module structure coming from the Weil ,-action on X. These
choices make Fun”(_, X) into a marked Weil,-module.

Similarly, let FunT(A1 x A, X) denote the full subcategory of square diagrams
in X which are pullbacks that are preserved by T', with the pointwise Weil,,-module
structure, and where a morphism is marked if it is an equivalence on the initial
vertex of A' x Al. Then Fun” (A! x A',X) is also a marked Weil ,-module.

Now consider the map

r:Fun® (A x A, X) = Fun” (, X)

given by restriction along 4 C A! x Al. The map r is a trivial fibration in the Joyal
model structure on simplicial sets, by [Lur09a, 4.3.2.15], and it is a map of marked
Weiloo-modules. Thus r is a trivial fibration in the projective model structure on
MOd%-;/eiloo'

Note that we also have a map of marked Weil,.-modules

e:Fun” (A x A’ X) = X

given by evaluating at the initial vertex.
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Finally, consider the following diagram of marked Weil,,-modules

Fun”(A! x A1, X) —— X

X! X BE ——— Fun’ (1, X)

Since BE, is cofibrant, so is X7 x BE,, and hence a lift T exists (and is unique
up to equivalence). We can then define

T:XI' x BE, — X
to be the composite e o T.

PROPOSITION 5.34. Let X be a cartesian tangent oo-category. Then there is a
functor
T, : XTI = Diff(X)
which maps a pointed object x : x — C that admits a tangent space T,C to a
differential object in X whose underlying object is that tangent space.

PRrROOF. It follows from Lemma 5.26 that transpose to the map T of Defini-
tion 5.33 is a functor
T, : XI - Homyy 4+ (BE«,X) ~ Tan, (B, X).

Weil oo

Lemma 5.18 implies that T takes values in Diff (X). O

COROLLARY 5.35. Let X be a cartesian tangent co-category. Then an object D
i X admits a differential structure if and only if D is equivalent to some tangent
space T, C.

PRrROOF. The if direction follows from Proposition 5.34. To see the only if
direction, it is sufficient to note that if D admits a differential structure, then we

have a diagram

)1
p Y pup

T(:D —_— T(D)

*%D

and the top-left map is an equivalence because the bottom square and composite
squares are both pullbacks in X. O

REMARK 5.36. Proposition 5.34 implies that a morphism f : C' — D in X
induces a map

Txf :T,C — Tf(x)D
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that preserves the differential structures on these tangent spaces. This map T, f is
the analogue of the ordinary derivative of a map f at a point x, and preservation
of the differential structure is the analogue of this derivative being a linear map
in a setting where there is no precise version of the vector space structure on an
ordinary tangent space.

Tangent co-categories and cartesian differential categories. One of the
motivations for Cockett and Cruttwell to study differential objects was to make
a connection between cartesian tangent categories and the cartesian differential
categories of Blute, Cockett and Seely [BCS09]. Roughly speaking, they show that
for a cartesian tangent category X in which every object has a canonical differential
structure, there is a corresponding cartesian differential structure on X, and that
every cartesian differential category arises in this way. We provide a generalization
of that result to tangent oco-categories.

DEFE\IITION 5.37. Let X be a cartesian tangent co-category. We define a cate-
gory hDiff (X) with objects the differential objects of X, and with morphisms from
D to D’ given by morphisms in the homotopy category of X between the under-
lying objects D(x) and D’(x). This construction is not the homotopy category of
Diff (X) because we are now, like Cockett and Cruttwell, including all morphisms
between the underlying objects, not only those that commute with the differential
structures.

A full definition of cartesian differential structure on a category X can be found
in [BCS09, 2.1.1]. Such a structure consists of an assignment, to each morphism
f:A— Bin X, amorphism D(f): Ax A — B, referred to as the derivative of f,
satisfying a list of seven axioms.

The canonical example for the category whose objects are the Euclidean spaces
R™, and whose morphisms are the smooth maps f : R™ — R™, has derivative
V(f): R™ x R™ — R"™ given by the map

V(f)(a,v) = Do f(v)
where D, f : R™ — R"™ denotes the derivative of f at the point a € R™. In this ex-
ample, the seven axioms describe standard properties of multivariable calculus such

as the linearity of the total derivative and the equality of mixed partial derivatives.
The following result generalizes [CC14, 4.11].

THEOREM 5.38. Let X be a cartesian tangent co-category. There is a cartesian
differential structure on hDDiff (X) in which the monoid structure on an object is that
inherited from its differential structure, and the derivative of a morphism f : A — B
is given by the composite

T "
V() :Ax A Ta P rp_Pr . p

where pa and pp are determined by the differential structures on A and B respec-
tively.

papa)” !

~

PRrROOF. Let X; C X be the full subcategory of X whose objects are those that
admit a differential structure. We claim that X; is a tangent subcategory, i.e. is
closed under the action of Weil,,. To see this claim, we note that, if D admits a
differential structure, T4 (D) ~ DMa. A finite product of differential objects has a
canonical differential structure, so Xy is closed under finite products, and it follows
that X, is a cartesian tangent subcategory of X.
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We now claim that, unusually, the homotopy category hX, inherits a tangent
structure from that on Xy. The Weil,.-action on X; passes to an action of Weil on
hXy, so the key is to show that each of the foundational and vertical lift pullbacks
in Xy is also a pullback in hXj.

First, consider an object D € X4 and finite sets J, J'. We have to show that

TWJuJ’ (D) TWJ (D)

|

™" (D) ——— D

is a pullback in hXy. A differential structure on D determines equivalences in the
oo-category Xy, and hence isomorphisms in hXy of the form

TA(D) =TAD(x) ~ D(A® %) = D(My) ~ D(x)Ma = pMa

where the penultimate equivalence comes from the fact that D preserves finite prod-
ucts, which are given in E., by the disjoint union of sets. Note also that products in
an oo-category pass to the homotopy category. The above equivalences are natural
in A, which implies that we can replace the square above with a corresponding
diagram

DJLIJ’I_I{l} N DJI_I{I}

|

DJ’u{l} — D

where each map is the evident projection. A square of this form is a pullback in
any category with finite products.
For the vertical lift axiom, we have to consider the following diagram in hXy

D3 (m1,m2,¢!,m3) Dl

3 (ms,m4)

(¢h,1)
D —— D2
where ¢ : x — D is the zero map for the differential structure on D. A diagram of
this form is a pullback in any category (regardless of the map ().

We have completed the check that hX,; has a cartesian tangent structure, and
we now apply [CC14, 4.11] to this structure. This provides a cartesian differential
structure on the category ﬁi?f(hxd) whose objects are the differential objects in
hX4, and whose morphisms are morphisms in hX; between the underlying objects.

We coinglete the proof of our theorem by constructing an embedding of the
category hDiff (X) into Hﬁ(hxd). Given a differential object in X with underlying
object D, we obtain a differential structure on D in hX; in the same manner as in
the proof of Proposition 5.14. Since morphisms in each case are homotopy classes
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of maps in X, we see that this construction determines a fully faithful functor
V : hDiff(X) — Diff (hX,).

Since hDiff (X) is closed under finite products, we obtain the desired cartesian differ-
ential structure by restriction along V. The formula for the derivative V(f) follows

from that in ]ﬁi?f(th). O



CHAPTER 6

Tangent Structures in and on an (0, 2)-Category

The goal of this chapter is to generalize our notion of ‘tangent oco-category’
to (0o, 2)-categories in two different ways. Firstly, we observe that one can easily
extend Definition 3.3 to a notion of tangent object in any (oo, 2)-category, and that
this context provides the natural setting for such a notion. Secondly, we apply
that general notion to give a definition of tangent (oo, 2)-category, i.e. a tangent
structure on an (0o, 2)-category, or tangent object in the (oo, 2)-category of (oo, 2)-
categories. In that last case, we can also specialize to those (00, 2)-categories which
are the Duskin nerve of an ordinary bicategory, and thus we obtain a notion of
tangent bicategory.

Lanfranchi [Lan23] has independently made an equivalent definition of tangent
object in the context of ordinary 2-categories. Our notion extends that definition
to (o0, 2)-categories.

We refer to Appendix A.2 for background about the theory of (0o, 2)-categories,
for which we use Lurie’s notion of ‘co-bicategory’ from [Lur25] as our principal
model.

Tangent objects in an oco-bicategory. Our definition of tangent object in
an arbitrary oco-bicategory is based on the observation that a monoidal co-category
can be identified with an oco-bicategory that has a single object. Thus, associated
to Weil, is an oo-bicategory Weil . Moreover, a Weil-module co-category then
corresponds to a map of oo-bicategories

Weil . — CAT

into the oco-bicategory of oco-categories. This bicategorical approach to modules
over a monoidal co-category is described in more detail in Appendix B.2.

There is one subtlety to the definition, which Lanfranchi attributes to Lucyshyn-
Wright; see [Lan23, 4.2]. We need a bicategorical interpretation of the condition
that a tangent structure map

T* : Weiloo — Fun(X, X)

sends the tangent pullbacks in Weily, to ‘pointwise’ pullbacks in Fun(X, X), i.e.
those which are given pointwise by pullbacks in X; see Remark 1.9. To state that
condition, we use the following definition from [Lan23, 4.1].

DEFINITION 6.1. Let C be an oo-bicategory, and let D : T — C(x,y) be a limit
diagram in one of the mapping oco-categories of C. Then D is a pointwise limit if
it is preserved by the induced functor

C(f,y): Clz,y) = C(z',y)
for every 1-morphism f: 2’ — z in C.
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EXAMPLE 6.2. When C = CAT, a limit diagram in
CAT (X,Y) = Fun(X,Y)

is pointwise if and only if it is given by a limit in Y for each object in X. If the
oo-category Y admits all limits of a certain shape, then limits of that shape in
CAT (X,Y) will automatically be pointwise, but in general that need not be the
case.

We can now state our definition of tangent object in an oo-bicategory using
the notion from Definition B.29 of a module over a monoidal oco-category in an
arbitrary oo-bicategory.

DEFINITION 6.3. Let C be an co-bicategory. A tangent object in C is a Weil -
module X in C, for which the corresponding monoidal functor

T* : Weil, — C(X, X)

sends the tangent pullbacks in Weil,, to pointwise pullbacks in C(X, X).
The oo-bicategory of tangent objects in C is the full sub-bicategory

Tan(C) € Modwei, (C)
whose objects are the tangent objects in the sense above.
REMARK 6.4. A Weil,,-module in C corresponds to a functor of co-bicategories
X(=) : Weil, — C,
where Weil  is the one-object co-bicategory with mapping co-category
Weil (o, @) := Weil .
The functor X(—) then corresponds to a monoidal functor
T* : Weil,, — C(X(e),X(e)),
which provides the action of Weil,, on X = X(e).
EXAMPLE 6.5. Taking C = CAT,, the co-bicategory of co-categories, we have
Tan(CAT.,) = Tan,,
the oco-bicategory of tangent co-categories previously introduced.

EXAMPLE 6.6. Taking C = CAT, the simplicial nerve of the 2-category of
ordinary categories, functors, and natural transformations, we have

Tan(CAT) ~ Tan

the (simplicial nerve of the) 2-category of ordinary tangent categories, tangent
functors, and tangent natural transformations.

EXAMPLE 6.7. Taking C = CAT (4 2), the oo-bicategory of oo-bicategories,
we obtain an oco-bicategory

Tan(oog) = Tan(CAT(OO,Q))

of tangent co-bicategories.
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ExaMPLE 6.8. Let C be the full sub-bicategory CAT, C CAT(OOQ) whose
objects are the (Duskin nerves of) ordinary bicategories. Then we obtain an oo-
bicategory

Tan, := Tan(CAT5)
of tangent bicategories. For a bicategory B, the co-category Homgar, (B, B) is a

(strict) monoidal (2, 1)-category, and a tangent structure on B in this sense can be
identified with a functor of monoidal (2, 1)-categories of the form

Weiloo — }IOIHCAT2 (B, ]B)
which maps the tangent pullbacks to pointwise pullbacks.

Tangent oco-bicategories. Our goal in the rest of this chapter is to elaborate
on the notion of a tangent oco-bicategory associated to Example 6.7. According
to Definition 6.3, a tangent structure on the oco-bicategory B consists of a map of
oo-bicategories

Weiloo — CAT(oo,Z)
which sends e to B, and hence induces a monoidal functor

T° : Weilo, — Fun(B,B)".

That functor is required to map the tangent pullbacks to pointwise pullbacks. In
order to understand this condition, we need to get a handle on the pointwise pull-
backs, i.e. on pullbacks in co-categories of the form Fun(X,B)~.

We do not have a complete characterization of these pointwise pullbacks, but we
can give a sufficient condition for a diagram in Fun(B, B) to be a pointwise pullback,
which will be enough for the application we have in mind. That condition is based
on the following notion of pullback in an co-bicategory Y.

DEFINITION 6.9. Let Y be an oo-bicategory, and consider a commutative dia-
gram:

c — ()

I\

Cy —— (g

in Y. We say that this diagram is a homotopy 2-pullback if, for every D € Y, the
induced diagram of mapping co-categories

Y(D,C) —— Y(D,Ch)

|

Y(D,Cy) —— Y(D, Cp)

is a pullback of co-categories (that is, a homotopy pullback in the marked model
structure on marked simplicial sets).

Our condition is given by the following lemma.
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LEMMA 6.10. Let X,Y be oco-bicategories, and let D denote a commutative
diagram

F —— Fy

| |

Fy,— I

in Fun(X,Y)~. Suppose that for each object ¢ € X, the diagram D(c) given by
F(c) —— Fo(o)

Fl(c) e FQ(C)

is a homotopy 2-pullback in Y. Then D s a pointwise pullback in the co-bicategory
CAT..

ProOF. Let G : X’ — X be an arbitrary map of co-bicategories. We have to
show that the diagram DG given by

FG —— kG

FlG E— FQG

is a pullback in the oo-category Fun(X', Y)™.

To get a handle on this oo-category, we can identify it as a full subcategory
of the oo-category associated with a certain model category. First, recall that any
oo-bicategory is equivalent to the nerve of a category (strictly) enriched in oo-
categories (that is, in simplicial sets satisfying the inner horn conditions). Let us
write

X'~ N(X), Y=~N(Y)
where X', Y are simplicial categories of that form. We will view X', Y as enriched
in marked simplicial sets, where the marked edges in an co-category are (as usual)
given by the equivalences.

Now consider the (ordinary) category Fungge.+ (X x YP sSet™) of sSet™-enriched
functors of the form

X' x Y — sSet™,

That category has a projective model structure in which a morphism (that is, a
sSetT-enriched natural transformation) is a weak equivalence or fibration if and
only if each of its components is a weak equivalence or fibration (respectively)
in the marked model structure on sSet™. Associated with that projective model
structure is an oo-category

Funggee+ (X' x YP, sSet™)°

whose objects are the fibrant-cofibrant objects.
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It follows from [Lur09a, A.3.4.14] that we can identify Fun(X’, Y)~ with the full
subcategory of Fungse+ (X' x Y°P, sSet™)° whose objects are those (fibrant-cofibrant)
sSet*-enriched functors

fiX x Y — sSet™
such that for each z € X', the functor f(z,—) : Y°? — sSet™ is in the essential
image of the Yoneda embedding for the sSet™-enriched category Y. In particular,
a map of co-bicategories H : X’ — Y corresponds to a functor of the form

H' : X' x Y —sSet™; H'(x,y) ~ Homy(y, H(x))

The diagram DG now determines a diagram (DG)’ in the model category
Funggeer (X % YP sSet™). For each x € X’ and y € Y, the diagram (DG) (x,y) ~
D'(G(z),y) is, by hypothesis, a pullback of co-categories, i.e. a homotopy pullback
in the marked model structure on sSet™. It follows that (DG)" is a homotopy
pullback in the projective model structure on Fungger+ (X' x Y°P sSet™), and hence
a pullback in the corresponding oco-category

Fungseer (X' x YO sSet™)°.
Therefore DG is the pullback in the full subcategory Fun(X’, Y)™~, as required. O
Lemma 6.10 then has the following immediate consequence.

PROPOSITION 6.11. Let B be an oo-bicategory, and let
T° : Weil,, — Fun(B,B)"™

be a monoidal functor. Suppose that for each X € B, the functor T*(—)(X) :
Weiloo, — B maps the tangent pullbacks to homotopy 2-pullbacks in B. Then T*
determines a tangent structure on B.

COROLLARY 6.12. Let (B, T*) be a tangent co-bicategory that satisfies the con-
dition of Proposition 6.11. Then T*® determines a tangent structure on the core
oo-category B™.

PROOF. The core construction (—)~ : CAT(y 2 — CAT. determines a

monoidal functor

(=)~ : Fun(B,B)~ — Fun(B~,B").
Composing with the structure map T we get the required action (7)™~ of Weil,,
on the oco-category B™.

To see that this action is a tangent structure on B™, let X be an arbitrary
object of B™, i.e. an object of B. By assumption 7°*(—)(X) maps tangent pullbacks
in Weil,, to homotopy 2-pullbacks in B. The core groupoid functor (—)= maps
homotopy pullbacks in the marked model structure to homotopy pullbacks in the
Quillen model structure. It follows that (—)~ maps a homotopy 2-pullback in B
to a pullback in the oco-category B™~. It follows that (7)™~ (—)(X) preserves the
tangent pullbacks. O
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CHAPTER 7

Goodwillie Calculus and the Tangent Bundle
Functor

Up to this point, we have been developing the general theory of tangent oo-
categories, but now we start to look at the specific tangent structure which moti-
vated this work. The construction and study of this structure, which we term the
Goodwillie tangent structure, occupies the remainder of this paper. We start with a
brief review of Goodwillie’s calculus of functors, ideas from which will permeate the
definitions and proofs to come. Most of this chapter is based on Lurie’s develop-
ment [Lurl7, Ch. 6] of Goodwillie’s ideas in the general context of co-categories.

The central notion in Goodwillie calculus is the Taylor tower of a functor; that
is, a sequence of approximations to the functor that plays the role of the Taylor
series in ordinary calculus. To describe the Taylor tower, we recall Goodwillie’s ana-
logues of polynomials in the context of functors. We need the following preliminary
definition.

DEFINITION 7.1. An n-cube in an oco-category € is a diagram X in € indexed
by the poset P[n] of subsets of [n] = {1,...,n}. Such a cube is strongly cocartesian
if each 2-dimensional face is a pushout, and is cartesian if the cube as a whole is a
limit diagram, i.e. the map

is an equivalence in C.

DEFINITION 7.2 (Goodwillie [Goo91, 3.1]). Let F': € — D be a functor be-
tween oo-categories. We say that F' is n-excisive if it maps each strongly cocartesian
(n + 1)-cube in € to a cartesian cube in D. In particular, F' is 1-excisive (or, sim-
ply, excisive) if it maps pushout squares in € to pullback squares in D, and F is
0O-excisive if and only if it is constant (up to equivalence). We write

Exc"(C,D) C Fun(€, D)

for the full subcategory of the functor co-category whose objects are the n-excisive
functors.

REMARK 7.3. Motivation for this definition comes from algebraic topology;
the property of being excisive is closely related to the excision property in the
Eilenberg-Steenrod axioms for homology, and excisive functors on the co-category
of pointed topological spaces are closely related to homology theories.

One of Goodwillie’s key constructions is of a universal n-excisive approximation
for functors between suitable co-categories. In order to state a condition for this
approximation to exist, we introduce the following definition from Lurie [Lurl?7,
6.1.1.6].

83
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DEFINITION 7.4. An oo-category C is differentiable if it admits finite limits
and sequential colimits (i.e. colimits along countable sequences of composable mor-
phisms), and those limits and colimits commute.

REMARK 7.5. We caution the reader to distinguish carefully between the words
‘differentiable’, as applied to an oo-category in the above definition, and ‘differen-
tial’, which we introduced in Chapter 5 to refer to the structure inherent on a
tangent space in any tangent oo-category. In Chapter 10 we make that distinction
particularly challenging by considering differential objects in the co-category of dif-
ferentiable co-categories, or ‘differential differentiable co-categories’ if you prefer.

We did consider introducing a new term for what Lurie calls ‘differentiable’ co-
categories in order to avoid the clash of terminology described above. For example,
we might have called them ‘Goodwillie’ co-categories in order to emphasise their
role in the theory of Goodwillie calculus. They are also closely related to the
‘precontinuous categories’ of [ALRO03, 1.2], and we might have introduced the
term ‘finitely precontinuous oco-category’ for the notion relevant here.

Ultimately, we decided to adopt Lurie’s terminology despite the potential for
confusion. While that terminology does not yet appear to be well-established across
the literature, our work involves extensive references to [Lurl7], where the term
‘differentiable’ was introduced and which itself is a widely-read work. We found it
preferable to retain the same language and to trust that the reader will carefully
distinguish between the terms ‘differentiable’ and ‘differential’.

The following result is due to Lurie [Lurl7, 6.1.1.10] in this generality, but its
proof is based on Goodwillie’s original construction from [Goo03, Sec. 1].

PROPOSITION 7.6. Let C, D be co-categories such that C has finite colimits and
a terminal object, and D is differentiable. Then the inclusion

Exc"(C,D) — Fun(C, D)
admits a left adjoint P, which preserves finite limits.

Proposition 7.6 implies that a functor F': € — D admits a universal n-excisive
approximation map p, : F' — P, F, with the property that any map F' — G, where
G is n-excisive, factors uniquely (i.e. up to contractible choice) as F — P, F — G.

DEFINITION 7.7. Let F : € — D be a functor between oo-categories that
satisfies the conditions in Proposition 7.6. The Taylor tower of F is the sequence
of natural transformations

F—.. .- P, F—>P, 1 F— - = PF— P)F=F(x)

determined by the universal property of each P,F and the observation that an
n-excisive functor is also (n + 1)-excisive, for each n.

We need the following generalization of [AC11, 3.1].

LEMMA 7.8. Let F: C — D and G : D — & be functors between co-categories
that satisfy the conditions of Proposition 7.6, and suppose that F preserves the
terminal object in C. Then the map

P,(GF) — P,((P,G)F)

induced by p, : G — P,G, is an equivalence.
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PrOOF. Following Goodwillie [Goo03], Lurie defines [Lurl?, 6.1.1.27]
P,F := colim, T*F

where

T F(X) ~ g;grgl[n] (Cs(X))

and Cg(X) ~ hocofib(\/¢ X — X) is a model for the ‘join’ of the object X € C
with a finite set S. Since F preserves the terminal object, we get canonical maps

Cs(F(X)) = F(Cs(X))
and hence
T.(G)F — T,(GF)
and therefore also a map (commuting with the canonical maps from GF') of the
form
Po(G)F — P, (GF).
Since P, (GF) is n-excisive, this must factor via a map

Po((PaG)F) = Po(GF)

which we claim to be an inverse to the map in the statement of the Lemma. It
follows from the universal property of P, that the composite

P,(GF) — P,((P,G)F) — P,(GF)
is an equivalence. In the following diagram

P,(GF) —— P,((P,G)F) —— P,(GF)

| l J

Po((PaG)F) —— PoPu((PaG)F) —— Po((P.G)F)

the horizontal composites are equivalences, and the middle vertical map is an equiv-
alence. It follows that the end map is a retract of an equivalence, hence is itself an
equivalence. O

A significant role in our later constructions is played by a multivariable version
of Goodwillie’s calculus, so we describe that briefly, too. More details are in [Lurl?7,
6.1.3].

DEFINITION 7.9. Let F : C; x €2 — D be a functor between oo-categories
such that each of C1,Cy admits finite colimits and a terminal object, and D is
differentiable. We say that F' is ni-excisive in its first variable (and similarly for
its second variable) if, for all Xs € Co, the functor F'(—, X5) : €1 — D is ni-excisive.
We say that F is (ny,nq)-excisive if it is n;-excisive in its i-th variable, for each i.
We write

Exc"v ™2 (61 X 627D) - Fun(@l X GQ,D)
for the full subcategory on the (nj,ns)-excisive functors. The inclusion of this
subcategory has a left adjoint P, ,, given by applying the functor P, of Proposi-
tion 7.6 to each variable in turn, keeping the other variable constant.

We now begin our description of the Goodwillie tangent structure. First, we
introduce the underlying oo-category for this structure.
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DEFINITION 7.10. Let Caty be Lurie’s model [Lur09a, 3.0.0.1] for the oo-
category of co-categories!, and let Catdiff C Cat., be the subcategory whose objects
are the differentiable oco-categories and whose morphisms are the functors that
preserve sequential colimits.

The tangent bundle functor for the Goodwillie tangent structure is an endo-
functor T : Catdff — Catdiff defined by Lurie in [Lur17, 7.3.1.10]. That definition,
and much of the rest of this paper, depends heavily on the oco-category S . of
‘finite pointed spaces’, so let us be entirely explicit about that object.

DEFINITION 7.11. We say that a Kan complex is finite if it is weak homotopy
equivalent to a simplicial set with finitely many nondegenerate simplexes. Let
Kangy « be the simplicial category in which

e objects are the finite pointed Kan complexes, i.e. pairs (X, zp) where X
is a finite Kan complex and xg is a vertex;
e mapping simplicial sets are given by the simplicial subsets

HomKanﬁn,* ((X’ .130), (K yO)) - Homsset(X’ Y)

of the ordinary simplicial mapping spaces, in which the vertices are those
maps f: X — Y such that f(xq) = yo.

Let Sgn,« be the simplicial nerve of the simplicial category Kang, .. Since the
mapping spaces in Kang, . are Kan complexes, the simplicial nerve 8g, . is an
oo-category by [Lur09a, 1.1.5.10].

DEFINITION 7.12 ([Lurl?7, 7.3.1.10]). Let € be a differentiable oco-category.
The tangent bundle on C is the co-category

T(C) := Exc(8n,«, €)

of excisive functors 8g, .« — € (i.e. those that map pushout squares in Sg, . to
pullback squares in C).
The tangent bundle on € is equipped with a projection map

pe:T(C) = C; L L(x)
given by evaluating an excisive functor L at the one-point space *.

REMARK 7.13. Lurie actually makes Definition 7.12 for a slightly different class
of oco-categories: those that are presentable in the sense of [Lur09a, 5.5.0.1]. There
is a significant overlap between the presentable and differentiable co-categories, in-
cluding any compactly-generated oo-category and any oco-topos; see [Lurl7, 6.1.1].

It seems very likely that most of the rest of this paper could be made with the
oo-category Catdiff replaced by an co-category Cat2®® of presentable co-categories
in which the morphisms are those functors that preserve all filtered colimits, not
merely the sequential colimits. For example, Proposition 7.6 holds when D is a
presentable co-category, and [Lurl?7, 7.3.1.14] implies that T can be extended to a
functor T : Cat2® — CatB*®. However, much of our argument is based on results
from [Lurl?7, Sec. 6] which is written in the context of differentiable co-categories,
so we follow that lead.

1Recall that we are not being explicit about the various size restrictions on our co-categories,
but for this definition to make sense, we of course require the objects in the co-category Cato to
be restricted to be smaller than Cateo itself.
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DEFINITION 7.14. Let F' : € — D be a functor between differentiable oco-
categories. We define a functor

T(F): T(€) — T(D)

by the formula
L~ P (FL).

It follows from Lemma 8.10 below that the constructions of Definitions 7.12
and 7.14 can be made into a functor

T : Catdiff — Catdif
so that the projection maps pe form a natural transformation p from 7' to the

identity functor I.
The following result is the main theorem of this paper.

THEOREM 7.15. The tangent bundle functor T : Catdiff — Catdiff and the pro-
jection map p : T — I extend to a tangent structure (in the sense of Definition 3.3)
on the oo-category Catdiff. We refer to this structure as the Goodwillie tangent
structure.

We believe that the tangent structure described in Theorem 7.15 is unique (i.e.
that the space of tangent structures that extend T and p is contractible) though
we will not prove that claim here.

The proof of Theorem 7.15 occupies the next two chapters, concluding with
the proof of Theorem 9.23. In Chapter 8 we introduce the basic constructions
and definitions which underlie the tangent structure; that is, we describe how to
construct, from a Weil-algebra A and a differentiable co-category €, a new oo-
category T4 (@), and how these constructions interact with labelled morphisms of
Weil-algebras and (sequential-colimit-preserving) functors of co-categories.

In Chapter 9 we turn those constructions into an actual tangent structure
on the oo-category Catdff. Tt turns out to be more convenient to define that
tangent structure on an oo-category RelCatdff that is equivalent to Catdff| and
whose definition is based on the notion of relative co-category which we describe
in Definition 9.3. Having established a tangent structure on RelCatdff, we transfer
that structure to Catdff using Lemma 3.14.

In Chapter 10 we begin the study of the Goodwillie tangent structure by iden-
tifying its differential objects in the sense of Definition 5.13. Those differential
objects turn out to be precisely the stable co-categories. That fact is of no surprise
given that the tangent bundle construction 7.12 is formed precisely so that its tan-
gent spaces are the stable co-categories 8p(C,x). Nonetheless, this observation is
a check that our tangent structure is acting as intended.

The characterization of differential objects as stable co-categories also confirms
the intuition, promoted by Goodwillie, that in the analogy between functor calculus
and the ordinary calculus of manifolds, one should view the category of spectra as
playing the role of Euclidean space.

Further developing that analogy, in Chapter 11 we characterize the n-excisive
functors for n > 1, as corresponding to a notion of ‘n-jet’ of a smooth map between
manifolds. The construction of a Taylor tower itself does not precisely fit into
the framework of tangent oo-categories because it involves non-invertible natural
transformations. We therefore show in Chapter 12 that the Goodwillie tangent
structure on Catdff extends to a tangent structure, in the sense of Example 6.7,
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on an co-bicategory (CAT;%lcf whose underlying co-category is Catdiff. That tangent

oo-bicategory is the natural setting for Goodwillie calculus.



CHAPTER 8

The Goodwillie Tangent Structure: Underlying
Data

Our goal in this chapter is to introduce the basic data of the Goodwillie tangent
structure on the co-category Catdff without paying attention to the higher coher-
ence information needed to obtain an actual tangent oco-category. Thus, we define
the tangent structure on objects and morphisms in Weil,, and Catdff and prove

basic lemmas concerning functoriality and the preservation of pullbacks, including
the crucial vertical lift axiom (Proposition 8.35).

Tangent structure on objects. We start by defining 74(C) for a Weil-
algebra A and a differentiable co-category €. When A = W, this definition reduces
precisely to Definition 7.12.

DEFINITION 8.1. Let A = W™ ® --- ® W™ be an object in the oco-category
Weily, with n =mnq + -+ 4+ n, generators. We write

Sp s = Stine X -+ X Sfins

for the product of n copies of the co-category Sgn « (with ng* = x). Let
(8.2) T4(€) = Exc?(8f,, ., €) := Exch (gL x -+ x 8pr | €)

be the full subcategory of the functor oco-category Fun(ngw(‘f) that consists of
those functors

L:8 x---x8r —=C

fin,* fin,*

that are excisive (i.e. take pushouts to pullbacks) in each of their r variables individ-
ually; see Definition 7.9. We say that a functor L with this property is A-ezcisive

It is crucial in Definition 8.1 that we view L as a functor of r variables, each
of the form ngn ., according to the description of the Weil-algebra A as a tensor
product of terms of the form W™,

EXAMPLES 8.3. We can identify some particular examples of T4(€) to show
that we are on the right track to define a tangent structure.

(1) For A =N, the unit object for the monoidal structure on Weil,,, we get
the identity functor:

T%(€) = Fun(8g, .. €)

1%

C.

(2) For A =W = N[z]/(2?), we get the tangent bundle functor from Defini-
tion 7.12:

TV (@) = T(€) = Exc(Sfn, C).

89
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(3) For A=W ® W = N[z,y]/(z?,4?), we get the co-category of functors

Sﬁn’* — € that are excisive in each variable individually. In the notation

of [Lurl7, 6.1.3.1] we can write
VeV (@) = Exc (8%, 4. €),

and we have TWEW (@) ~ TW(TW (€)) as required in a tangent structure;
see [Lurl?7, 6.1.3.3].

(4) For A = W? = Nlx,y]/(2? 2y,y?), we get the oo-category of functors

82, — C that are excisive when viewed as a functor of one variable:

T5(€) :=T""(€) = Exc(82,..,€).

For this definition to satisfy the pullback conditions in a tangent structure,
we need to have an equivalence of co-categories

Exc(88, ., €) ~ Exc(Sgin,«, C) X e Exc(8gn «, €),

and indeed there is such an equivalence under which an excisive functor
L:8%2 _ — C corresponds to the pair of excisive functors

fin,*
(L(*v _)7 L(_v *))v
and the pair (L1, Ls) with Li(*) = La(*) corresponds to the excisive
functor given by the fibre product
(X, Y) —> Ll(X) XLl(*):Lg(*) LQ(Y)
That claim is proved in the next lemma.

LEMMA 8.4. Let 81,82 be co-categories each with finite colimits and a terminal
object x, and let C be a differentiable co-category. Then a functor

L:8§ x8 —C
is excisive (as a functor of one variable) if and only if
(1) L is excisive in each variable individually; and
(2) The morphisms X1 — * and Xo — x determine equivalences
L(X1, X2) ~ L(X1, %) X1(s,5) L(*, X2)
for all X1 € 81, Xs € 8.

PRrROOF. Key to this result is the fact that a pushout square in the co-category
81 X 89 is a square for which each component is a pushout in its respective §;;
see [Lur09a, 5.1.2.3].

Suppose that L is excisive. Applying that condition to a pushout square in
81 X 85 of the form

(X(),Y) e (Xl, Y)

|

(XQ,Y) —_— (Xlg, Y)

consisting of an arbitrary pushout in 8; and a fixed object in 85, we deduce that L
is excisive in its 8; variable. Similarly for its 8 variable.
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Applying the condition that L is excisive to a pushout square in 81 x 83 of the
form

(Xl,Xg) e (Xl, *)

L]

(#, Xo) —— (%,%)

we deduce condition (2).
Conversely, suppose that L satisfies conditions (1) and (2), and consider a
diagram

(XOvYEJ) — (Xla Yl)

.

(X27Y2) ? (X127Y12)

that is a pushout in each component.
Consider the following diagram in C:

L(Xo,Yy) — L(Xo,Y1) —— L(X1,11)

L(XQ,Y()) —_— L(XQ,Yl) —_— L(Xlg,Yl)

L(X3,Ys) —— L(X3,Y12) —— L(X12,Y12)

The top-right and bottom-left squares are pullbacks because L is excisive in each
variable individually, so it is sufficient to show that the top-left and bottom-right
squares are also pullbacks, since then the whole square is a pullback by standard
pasting properties of pullbacks (see [Lur09a, 4.4.2.1]).

For the top-left square (the bottom-right is similar), consider the diagram

L(X()vYO) — L(Xﬂvyl) — L(X07*)

L(X27}/0) — L(X27}/1) E— L(X27*)

L(x,Yy) —— L(*,Y]) ——— L(*,%)

Condition (2) implies that the bottom-right square, the bottom half, right-hand
half, and entire square are all pullbacks. From that, it follows by a succession
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of applications of [Lur09a, 4.4.2.1] that each individual square is a pullback too,
including the top-left as required. ([l

A crucial role in the following sections will be played by a universal A-excisive
approximation. The next proposition is a generalization of 7.6, which corresponds
to the case A =W.

ProroOSITION 8.5. Let A be a Weil-algebra with n generators, and let C be a
differentiable co-category. Then there is a functor

Py : Fun(8g, ., C) — Exc?(82, ., 0)

fin,*>
that is left adjoint to the inclusion and preserves finite limits. Moreover, the co-
category T4(C) = EXCA(ng*,e) is differentiable with finite limits and sequential
colimits all calculated objectwise in C. We write

pa F— PA(F)
for the corresponding universal Pa-approximation map.

PROOF. The first part is an example of the multivariable excisive approxi-
mation construction described in Definition 7.9. It follows from the definition of
excisive, and the fact that C is differentiable, that the subcategory Exc? (Sgn,*, C)
of Fun(8g, ., €) is closed under finite limits and sequential colimits which are com-
puted objectwise in €, and hence commute. Therefore Exc” (SHn 4 €) is differen-
tiable. (]

The following property of P4 is used in the proof of Lemma 9.14.

LEMMA 8.6. Let F : C — D be a functor between differentiable oco-categories
that preserves both finite limits and sequential colimits. Then the following diagram
commutes (up to natural equivalence)

Fun(8g,,.,,€) — 2 Exc(8, ., €)

fin,*>

Fun(8g, .. D) —2— Exc*(8g, ., D)

fin,*>
where each functor F, denotes post-composition with F.

PRrROOF. This claim is a multivariable version of [Lurl7, 6.1.1.32] and follows

from the explicit construction of the excisive approximation, as in the proof of
Lemma 7.8. (I

Tangent structure on morphisms in Catdff. We now turn to the action of
the tangent structure functors 7 on morphisms in Catdff i.e. functors F : € — D
between differentiable co-categories that preserve sequential colimits. This action
is the obvious extension of that described in 7.14 for the tangent bundle functor 7.

DEFINITION 8.7. Let A be a Weil-algebra, and let F' : € — D be a functor
between differentiable co-categories that preserves sequential colimits. We define

TA(F) : TA(€) — TA(D)
to be the composite
Exc* (8f,...€) C Fun(8g, .. €) = Fun(8g, .. D) 3 Exc (8g,, .. D).
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That is, we have
(8.8) TA(F)(L) := Ps(FL)

for an A-excisive functor L : 8% . — C.

fin,*
LEMMA 8.9. Let A be a Weil-algebra, and let F : € — D be a sequential-colimit-

preserving functor between differentiable co-categories. Then TA(F) also preserves
sequential colimits.

PROOF. Each of the functors F,, P4 in Definition 8.7 preserves sequential col-
imits, which, in all cases, are computed pointwise in the oco-categories € and D. [

We now check that Definition 8.7 makes T into a functor Catdif — Catdiff,
at least up to higher equivalence.

LEMMA 8.10. Let A be a Weil-algebra. Then:

(1) for the identity functor Ie on a differentiable co-category C, there is a
natural equivalence

Ipagey — T (Ie)

given by the maps pa : L — Pa(L) for A-excisive L : 8§, , — C;
(2) for sequential-colimit-preserving functors F : € — D and G : D — &
between differentiable co-categories, there is a natural equivalence

TA(GF) = TAG)TA(F)
which comprises natural equivalences
P4(GFL) = Po(GP4(FL))

induced by the A-excisive approximation map pa : FL — Pa(FL) for
L € Exc*(8%, ,,C).

fin,*

PROOF. Part (1) is a standard property of a localization functor such as Pga.
Part (2) is more substantial. When A = W, so that P4 = Pp, this result is
proved by Lurie in [Lurl?, 7.3.1.14]. (That result is in the context of presentable
oo-categories and functors that preserve all filtered colimits, but the proof works
equally well for differentiable co-categories and functors that only preserve sequen-
tial colimits. Fundamentally this result relies on the Klein-Rognes [KR02] Chain
Rule as extended to oco-categories by Lurie in [Lurl?7, 6.2.1.24].)

In particular, Lurie’s argument shows that when the functor G : D — € between
differentiable co-categories preserves sequential colimits, we have an equivalence

for any H : 8fn,» — D. That argument extends to the case of H : 8§, , — D,
simply by replacing 8, . with 8f . and the null object * with (x,...,%). This

fin,*
observation provides the desired result when A = W™,

Now consider an arbitrary Weil-algebra A = W™ ® --- ® W"r. Then we have
Py = Pl(r) ) ..pl(l)
where Pl(j ) is the ordinary excisive approximation applied to a functor

8Pt x ... x 8 =D

fin,* fin,*
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in its 8g , variable. For any H : 8, . — D, the map pa : H — Pa(H) factors as

a composite
(1) p? (3) ()

H " POH s PP P s Byl

of excisive approximations in each variable separately. Applying G to the j-th map
yields a Pl(] )—equivalence by the extended version of Lurie’s argument, and hence a
P4-equivalence as required. Thus, we have an equivalence

(8.11) Ps(GH) = Ps(GPs(H)).

Taking H to be F'L yields the desired result. (I
Tangent structure on morphisms in Weil,,. We next address the functo-

riality of our putative tangent structure in the Weil,, variable. Let ¢ : A — A’

be a morphism in Weil,,, i.e. a labelled morphism of Weil-algebras, and let € be a
differentiable co-category. We construct a (sequential-colimit-preserving) functor

T(€) : TA(C) — T4 (€)
as follows. Roughly speaking, T is the map
Exc? (8%, .,€) — Exc? (8%, ., €)
given by precomposition with a suitable functor
¢ 8w > Siin.s

whose definition mirrors the Weil-algebra morphism ¢.

DEFINITION 8.12. Let ¢ : A — A’ be a labelled morphism between Weil-
algebras with n and n’ generators respectively. Let M4 and M4/ be the partial

monoids of nonzero monomials in A and A’, respectively. Recall from Definition 2.4
that ¢ is a span of finite partial commutative monoids of the form

K
N
My My
and that the underlying ordinary morphism of Weil-algebras is given by
Sli)= Y tk)
kes—1(x;)
for each generator z; of the Weil-algebra A.
We define a simplicially-enriched functor
- Kang;’* — Kang,,

by setting ~
o(Y1,..., V) = (Xq,...,Xp)

where

Xi = \/ Yi
kes—1(x;)

where a monomial t(k) = y;, - - - y;, in A’ determines a corresponding smash product
}/t(k) = }/jl VANAWAN }/j,
Note that if s71(z;) is empty, i.e. if ¢(x;) = 0, then we set X; := *.
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The above construction extends to mapping spaces by way of the usual sim-
plicial enrichment of the wedge sum and smash product of pointed simplicial sets.
Thus, we obtain the desired simplicially-enriched functor QNS

We now take the simplicial nerve of ¢ to get a functor of co-categories, which
we denote also as

G 8t = Sy
On objects, this functor is given by the same formulas above.

DEFINITION 8.13. Let ¢ : A — A’ be a labelled Weil-algebra morphism, and
let C be a differentiable co-category. Then we define

T(@) : TA(C) — T4 (C): L+ Pa(Ld),
that is, T7%(C) is the composite
b* ! P ! / 1
Exc? (87, €) € Fun(Sg,.., €) —— Fun(S .. €) —~ Exc™ (8], ,,€)

where (;3* denotes precomposition with (ZS

ExAMPLES 8.14. Using Definition 8.13, we can now work out how the funda-
mental natural transformations from Cockett and Cruttwell’s definition of tangent
structure [CC14, 2.3] manifest in our case.

(1) Let € : W — N be the augmentation. Then € : * — 8gp . is the functor
that picks out the null object %, and so the projection

p:=T°:T(C)—>C
can be identified with the evaluation map
Exc(86in«,C) = € L L(x),
as in Definition 7.12.
(2) Let n : N — W be the unit map. Then 7 : S8g, . — * is, of course, the
constant map, and so the zero section
0:=T":C¢—=T(C)
can be identified with the map
C — Exc(8fin,«, C); C — conste
that picks out the constant functors.
(3) Let ¢ : W?2 — W be the addition map given by x ++ x and y + x. Then
¢ 8fin,« — 83y . is the diagonal X — (X, X), and so the addition
+=T%:. TV (€) > T(€)
is given by the map
Exc(83, 4. C) = Bxc(Sgin+,€); L [X — L(X, X)].

Under the equivalence TV (€) ~ T(€) x ¢ T(C) of Example 8.3(4), we can
identify + with the fibrewise product map

Exc(8fin,«, C) xe Exc(8fin«, €) = Exc(Sfin,«, C);
(L1, L2) ¥ Li(=) X1, (5)=La(x) L2(=)-
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(4) Let 0 : WRW — W ®@W be the symmetry map. Then ¢ : 83, , — 83, ,
is given by (X,Y) — (Y, X), and the flip
c:=T° :T*C) — T?(@)
is the symmetry map

Exc' (83, €) = Exc"!(83,,,€); L= [(X,Y) = L(Y, X)].

(5) Let § : W — W @ W be the map « ~ zy. Then 4 : 8fn.« — Stin,» is the
smash product (X,Y) — X AY, and the vertical lift
(:=T°:T(C) - T?(€)
is the map

Exc(8gin«, C) — Exc™'(82,,,€); L~ [(X,Y)— L(XAY)].

fin,*>

REMARK 8.15. In each of the cases in Examples 8.14, we did not need to apply
P, at the end because precomposition with d; preserved the excisiveness property.
However, this is not always the case; for example, if ¢ : W @ W — W is the fold
map given by z1,xo — x, then ¢~>(X) = (X, X), but the functor X — L(X,X) is
not typically excisive when L is excisive in each variable individually.

We should check that T is a morphism in Catgéﬂ, and it turns out to have a
stronger property too.

LEMMA 8.16. The functor T® : TA(€) — TA'(C) preserves finite limits and
sequential colimits.

PRrROOF. This result follows immediately from Definition 8.13, since P4s pre-
serves these (co)limits, which in each case are calculated objectwise in C. g

We now check functoriality in the Weil,, factor, at least up to higher equiva-
lence.
LEMMA 8.17. Let C be a differentiable co-category. Then:
(1) for the identity morphism 14 on a Weil-algebra A we have Ig = Isn

fin,*

the identity functor on Sg, . and so there is a natural equivalence
ITA(G) ;> TlA (e)
given by the maps pa : L — Pa(L) for A-excisive L : 8¢, — C;

fin,*

(2) for a 2-simplex in Weily,, consisting of labelled Weil-algebra morphisms
91 :A—= A and ¢p : A’ — A", and a labelling on the composite o1,
together with extra data relating these labellings, which we recall below,
there is a natural equivalence

T¢z¢1(@) ad T¢2(G)T¢1((‘3)
given by a composite of two maps of the form
— (@) oy () N7
Pan((=)p2¢1) — Par((=)d1¢2) — Par(Par((—)$1)p2)
induced (i) by a natural transformation o : (;72\&)/1 — (;;1(1;2, described in

Definition 8.18 below, and (ii) by the universal A'-excisive approzimation
map pa.
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DEFINITION 8.18. Let o be a 2-simplex in Weil ., i.e. a diagram of finite partial
commutative monoids of the form

/\
/\/\

My

satisfying the conditions of Proposition 2.21, and suppose the Weil-algebras A, A", A”
have n,n’,n” generators respectively.

The simplicially-enriched functor q/ﬁ_g\(;l : Kangg’* — Kang,, , is given by

P01 (21, .y D) = (X1, ..o, Xn)
where

X’i = \/ Zt’t”(k:”)'
k' ss! (k)=

On the other hand, the composite functor ¢;¢; is given by
0102(Z1, ... Zor) 2 (XY,..., X))

where

Xz/ = \/ Zt’(k1) /\"'/\Zt’(k:,.)
k:s(k)=xz; \ki,..kL.eK]| :t(k)=s'(k])---s' (kL)

We define a simplicially-enriched natural transformation

o dadr — d1oo
by the maps X; — X/ which are given, on the factor corresponding to k¥” € K"
such that s's” (k") = x;, by the canonical isomorphism

Qperr L Zt/t”(k”) — Zt’(ki) VANPAN Zt/(k”
into the factor given by k = s”(k”) and ki --- k. = t"(k”"), noting that
OV = 8 k) = () (k).
Note that no monomial in a Weil-algebra has a repeated factor, so there is indeed
only one canonical isomorphism oy~ which matches up the factors in the two smash
products.
We now take simplicial nerves of the simplicial natural transformation a to

get a natural transformation between functors 8 , — 8¢, . (in the oo-categorical
sense), for which we use the same notation,

a: dadr — droa.
REMARK 8.19. The pullback condition in Proposition 2.21 for the 2-simple
o identifies the set K[ with pairs (k, k] ---k.) such that s(k) = =z;, and t(k) =
s'(ky)---s'(kl), and such that the product k] ---k| is defined in K’. However,

there are other terms appearing in the wedge sum that forms X/: those where
ki --- k! is not an element of K’ because t'(k}) ---t'(k.) is zero in A”.

fin,*
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It follows that « is the inclusion of the wedge summand in a decomposition

(8.20) P12 ~ G261 V (61, P2)
where ((¢1,92)(Z1, ..., Zy) is a finite wedge sum of terms, each of the form
Ly N oo A qu

where the monomial zy, - - - 2y, is zero in the Weil-algebra A”.

PROOF OF LEMMA 8.17. The calculation of 14 in part (1) follows immediately
from Definition 8.12. Part (2) is much more substantial and will occupy the next
several pages. We prove that each of the two maps (i) and (i¢) is an equivalence,
and both of those facts are important later in the paper.

For (i), let L : 8%, , — € be an A-excisive functor. We have to show that the
map

(8.21) Par(La) : Pan(Lagt) = Pan(L1)

is an equivalence. The idea here is that the difference between (;/5;51 and q§1¢;2,
i.e. the factor ((¢1, ¢2) in (8.20), consists of terms that make no contribution after
taking the A”-excisive approximation.

By induction on the number of wedge summands in {(¢1, ¢2), we reduce to
showing that for any functor 3 : Sg;’* — Sy, the inclusion § — BV £ induces an
equivalence

Pyr(LB) = Par(L(BVE))
where
f(Zl,...,Znu)":(*,...,*,Zkl/\.../\qu,*7...,*)

for some sequence of indices ki, ..., k, such that z;,2;, = 0 in A” for some i # i'.
Equivalently, we show that the collapse map 8V ¢ — § induces an equivalence in
the other direction.

Writing L : 857 , % --- x 85 | — € according to the decomposition of the Weil-
algebra A=W"®-. - Wnr, we can assume without loss of generality that r =1
(i.e. A= W") since { is only non-trivial in one variable. In that case, L : 8¢, , — C
is excisive. Applying L to the pushout diagram in Fun( n’ §n ) of the form

fin,*> “fin,*

pVE ——f

|

§ —
and taking P4~ (which preserves pullbacks), we get a pullback square
Py (L(ﬁ V 5)) — Pan (Lﬁ)

Par(LE) ——— Pan(L(%))
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so it is sufficient to show that the bottom map is an equivalence. Replacing € with
the slice co-category C/r(«), we can assume that L is reduced. Our goal is then to
show that the functor

(8.22) (Z1y ooy Zpn) L(*,...,*,Zkl /\.../\qu,*,...,*)
has trivial A”-excisive part whenever 2,2, = 0 in A” for some i # 4.
If we write
n// . n// n;’
fin,x = Sﬁrll,* X X 81’-in,>r<

according to the decomposition A” = W™ @ --- @ W™, then the conditign that
2k; 2k, = 0 implies that the variables Z, and Z,, are in the same factor Sgg*,
it is sufficient to show that the functor (8.22) has trivial excisive approximation
with respect to that factor. Without loss of generality, we can take A” = W™ so
that we simply have to show that a functor F : 82 . — € of the form (8.22) has
trivial excisive approximation whenever ¢ > 2. ’

Since F' is reduced in each of the variables Zj,, it is, by [Lurl7, 6.1.3.10],
g-reduced when viewed as a functor of all of those variables. Since ¢ > 2, it follows
that F' has trivial excisive approximation with respect to those variables. It follows
from Lemma 8.4 that the excisive approximation of a functor Sgg . — C factors via
its excisive approximation with respect to any subset of its Variab71es, so F' also has
trivial excisive approximation as a functor Sggy* — C, as desired. This completes
the proof that the map (7) is an equivalence.

and

For (it), we prove the following: for any G : Sgi* X oe X Sg;* — € and any
Weil-algebra morphism ¢ : A’ — A”, there is an equivalence

(8.23) Par(GY) — Pan(Par(G)9)

induced by the A’-excisive approximation map par : G — Pa/G.

It is sufficient to show that excisive approximation with respect to each of the
r variables induces an equivalence. Thus we can reduce to the case that A’ = W”/,
in which case Par = P;. Replacing C with the slice co-category Cg(.) of objects
over and under G(x), we can also assume that C is a pointed oco-category and that
G is reduced, i.e. G(x) ~ *. So we have to show that for any reduced G : Sg;* —C
the map

(8.24) Pan(G) = Pan((PLG)o)

is an equivalence.

We break this proof into two parts. First, we use downward induction on the
Taylor tower of G to reduce to the case G is m-homogeneous for some m > 2. From
there, we use the specific form of ¢ and the fact that ¢ is an algebra homomorphism
to show (8.24) is an equivalence by direct calculation.

To start the induction we apply Lemma 7.8 which tells us that, since (ZS is
reduced, the universal n-excisive approximation p,, : G — P, G induces an equiva-
lence

(8.25) Po(Go) = Pu((P.G)d)

for any n.
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If n > s, then an A”-excisive functor Sﬁrll L X e X Sg;* — € is n-excisive
by [Lurl?7, 6.1.3.4]. It follows from (8.25) that p,, induces an equivalence
(8.26) Par(Gh) = Pan((PuG)o).

Next, consider the fibre sequences
P,G— P,.1G — R,,G

provided by [Lurl?7, 6.1.2.4] (Goodwillie’s delooping theorem for homogeneous
functors) in which R,,G is m-homogeneous. We show below that

(8.27) Pan(Ho) ~ *

for any functor H : Sg;* — € that is m-homogeneous for some m > 2. Since Pa
preserves fibre sequences, we then deduce that for m > 2

Par((PnG)d) == Pan((Pr1G)),

which combined with (8.26) implies the desired result (8.24).

So our goal now is (8.27). By [Lurl7, 6.1.2.9], we can assume that C is a stable
00- category, and then Lemma 8.31 below gives a classification of m-homogeneous
functors Sgn . — C. That result tells us that H is a finite product of terms of the
form

(8.28) (Viyoo, Yor) = L™ A AY ™ Vs, xS )

for linear L : 8gp« — € and m = mq + --- + m,,. Since P4» preserves finite
products, we can reduce our goal (8.27) to the case that H is of the form in (8.28).
The next part of the proof depends essentially on the fact that ¢ : A’ — A" is
an algebra homomorphism, and we start by describing what that condition implies
about the functor ¢.
Recall that we have reduced to the case

A'=W" =Ny, ...,y ]/ Wityir Jiir=1,....w
and let us denote the generators of

A = W”lll Q- ®W";/

as Zj1,- - 2l for j =1,...,s. Similarly, we denote inputs to the corresponding
functor i
7l1
¢ 8ﬁm * - X Sﬁn w7 8ﬁn,*

with the notation Z; ;. We write Z for the object of 8g% . x -+ x 8¢*  with these
entries.
Since ¢ is an algebra homomorphism, we have, for any 7,4’

O(yi)d(yir) = d(yiyir) = ¢(0) = 0.
There are no terms in A” with negative coefficients, so this means that the product
of any monomial in ¢(y;) and any monomial in ¢(y;/) must contain a factor of the
form z; 2, for some j, k, k.
Translating this observation into a statement about the map ¢, and writing

b1, ..., ¢n for the components of that map, we see that for all 4,4’ = 1,...,n':

(8:29) Gi(Z) N ¢i(Z) = \| Zjv s N+ N Zjy

a finite wedge sum of terms each of which satisfies j; = jp for some [ # I’
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Now consider the functor Hg : Sg;{’* — € where H is of the form (8.28) with
m=my+---+mu > 2. Applying H to ¢ that satisfies (8.29), and since the linear
functor L takes finite wedge sums to products, we obtain a decomposition of the

form
(8.30) HY(Z) = [[L(Zjs b A -+ A Zjok i

a product of terms where L : 8g, .« — € is linear, j;, = ji- for some [ # I, and G is
a subgroup of 3, that acts by permuting some of the factors Z; .
By Lemma 8.31 below, each of the terms in (8.30) is r;-homogeneous in the

variable ngl . Where 7; is the number of times that the index j appears in the list
Jis-.-,j3¢- We know that there is some j such that r; > 2, which implies that
each of these terms has trivial A”-excisive approximation. We therefore obtain the

desired (8.27):
PA// (H¢) ~ %,
Putting this calculation together with our earlier induction, we get the equivalence

(8.23), which completes the proof that map (i¢) is an equivalence, once we have
proved the following lemma. |

LEMMA 8.31. Let C be a stable co-category. A functor H : S’gny* — C is m-
homogeneous if and only if it can be written in the form

H(Y17-..7Yk) ~ H L(ml,...,mk)(yl/\ml /\~-~/\Ykmk)h(zmlx_uxzmk)
for a collection of linear (i.e. reduced and excisive) functors
L(m17~--,mk) : 8ﬁn,* —C

indexed by the ordered partitions of m into k non-negative integers. The right-hand
side of this equivalence involves the (homotopy) coinvariants for the action of the
group X, X -+ X Xy, that permutes each of the smash powers Yi/\mi.

PROOF. Suppose H is m-homogeneous, and let Y = (Y7,...,Y}) be an object
of Sfﬁm’*. By [Lurl?7, 6.1.4.14], we can write

H(Z) = M(X7 s ,Z)hzm

where M : (ng*)m — € is symmetric multilinear. By induction on Lemma 8.4, a
linear functor Sﬁm* — C is of the form

Ly(Y1) x -+ x L(Y)

and it follows that the symmetric multilinear M can be written as

M(Xl""vxm) = H lev---vjm(Ylvjl""’Ymvjm,)

where the symmetric group X, acts by permuting the indexes ji,..., ., as well as
the inputs of each multilinear functor Lj,, . ;,, : 8g), . — €.

We therefore get

H(Y) ~ H Litoe k(Y1 Y0 Y YR (8, %o xS,

mi+--+mp=m
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where the index ¢ is repeated m; times in each term. Finally, by induction using
the result of [Lurl7, 1.4.2.22], multilinear functors 8g;, , — € factor via the smash
product A : 8l . — Sfin,« yielding the desired expression.

Conversely, suppose H is of the given form. It is sufficient to show that each

functor of the form
F(Y1,...,Y) = LY"™ AL AT

with L linear, is m-homogeneous, since the finite product and coinvariants con-
structions preserve homogeneity of functors with values in a stable co-category. It
can be shown directly from the definition that F' is m;-excisive in its i-th variable,
so that F is m-excisive by [Lurl?7, 6.1.3.4]. To see that F is also m-reduced, we
apply [Lurl?7, 6.1.3.24] by directly calculating the relevant cross-effects of F.

Finally, for this section, we note the following compatibility between natural
transformations of the form «, which will be crucial for establishing the higher
homotopy coherence of our constructions in Chapter 9.

LEMMA 8.32. Let o be a 3-simplex in Weil,, with edges given by the labelled
Weil-algebra morphisms ¢1, ¢2, @3, P12, P23, d123. Then the natural transformations
determined by applying Definition 8.18 to the 2-faces of o form a strictly com-
mutative diagram, in the category of simplicial functors Kangf’w — Kangﬁ,* and
simplicial natural transformations, of the form:

12,3

P30201 > Godr1ds

1,23 a1,2¢3

.~ ¢;1042,3 ~ o~ o~
D19302 » Pr19203

Similarly, any m-simplex in Weily,, for m > 3, determines a strictly commutative

(m — 1)-cube of functors Kangr, — Kangp .

PRrROOF. Recall from Proposition 2.21 that the 3-simplex o can be represented
by a diagram of finite partial commutative monoids indexed by the poset of intervals

in {0,1,2,3}. The components of ¢3p2¢; are wedge summands indexed by elements
k € 0([0,3]). The pullback conditions in Proposition 2.21 imply that each such k
is uniquely determined by elements k1 € o([0,1]), k2 € o([1,2]), k3 € o([2, 3]) which
satisfy t(k1) = s'(k2) and t/(k2) = s”(k3). Following through Definition 8.18,
we see that each composite map in the square above maps the wedge summand
corresponding to k by the canonical isomorphism to the wedge summand of 4151952&3
corresponding to the triple (ki, k2, k3). Therefore, the diagram strictly commutes.

For an m-simplex, o, the same argument implies that each 2-dimensional face
of the corresponding (m — 1)-cube commutes, hence so does the whole cube. (]

Basic tangent structure properties. We will show in Chapter 9 that the
constructions of Definitions 8.1, 8.7 and 8.13 extend to a functor

T : Weily, x Catdif — Catdiff,
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Firstly, however, we will check that our definitions so far satisfy the various condi-
tions needed to determine a tangent structure on Catdff| starting with the obser-
vation that T corresponds to an action of the strict monoidal co-category Weil,
on Catdiff,
LEMMA 8.33. Let C be a differentiable co-category. Then:
(1) there is a natural isomorphism TV(C) = € given by evaluation at the
unique point in 8%, , = *;

(2) for Weil-algebras A, A’, there is a natural isomorphism
TY(T4(@) = T**¥ (€)
given by restricting the isomorphism
Fun(8f, ., Fun(8, . €)) = Fun(87"", €)
to the subcategories of suitably excisive functors.

PROOF. These results follow immediately from the definition of 74(C) in (8.2).
O

We now verify that the tangent pullbacks in Weil,, (see Proposition 2.25) are
preserved by the action map T

LEMMA 8.34. Let J,J’ be disjoint finite sets, and C a differentiable co-category.
Then there is a pullback of co-categories of the form

Trog (G) E— TJ(G)

L

TJ/(G) — C

where the horizontal maps are induced by the projection Ty — 1, and the vertical
by Ty — 1.

PRroOF. To prove this lemma, we should first specify precisely what we mean by
a ‘pullback of co-categories’. For the purposes of this proof, we take that condition
to mean that the given diagram is a homotopy pullback in the Joyal model structure
on simplicial sets, and hence a pullback in the co-category Catoo. (In the proof of
Theorem 9.23 in the next chapter, we show that this diagram is also a pullback in
the subcategory Catdiff)

We can write the desired diagram in the following form

Exc(8757,€) —— Exc(84,.,,€)

fin,* »

’

Exc(8g,,,€) ———— €

where each map is given by evaluating either the J-indexed variables or the J'-
indexed variables at .
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First, we argue that the map p is a fibration in the Joyal model structure. This
is true for the corresponding projection

Fun(8%, ,.€) — €

because * — Sén,* is a cofibration between cofibrant objects, and the Joyal model
structure on simplicial sets is closed monoidal. Since EXC(Sﬁn .»C) is a full sub-
category of Fun(87 ., C) that is closed under equivalences, p is also a fibration
by [Lur09a, 2.4.6.5].

It is now sufficient to show that the induced map
7 Exc(8gn., % 84, €) = Exc(81, ., €) xe Exc(81,,,0)

is an equivalence of co-categories.
To see this, we define an inverse map

L2 Exc(8,,, €) xe Exc(8f, ., €) — Exc(81, . x 8%..,.C)

that sends a pair (F7, F») of excisive functors with the property that Fy (%) = Fy(x),
to the functor

(X1, Xo) = F1(X1) X py(x) F2(X2).
It is simple to check that 7t ~ id, and it follows from Lemma 8.4 that (m ~id. [

The vertical lift axiom. The last substantial condition we need in order that
the constructions earlier in this chapter underlie a tangent structure 7' on the oo-
category Catdff is that T preserves the vertical lift pullback (1.6) in the category
Weil,,. Applying Definition 8.13 to the Weil-algebra morphisms that appear in
that pullback square, and using Lemma 8.4, we reduce to the following result.

ProPOSITION 8.35. Let C be a differentiable co-category. Then the following
diagram is a pullback of co-categories:

T(C) xe T(€) — — T(T(C))

e —> 4 T(C)

where v sends the pair (L1, La) of excisive functors to the (1,1)-excisive functor
82— C given by

fin,*
(X7Y) — Ll(X A\ Y) X Ly (*)=La(%) LQ(Y)

PRrROOF. As in the proof of Lemma 8.34, our goal is to show that this diagram
is a homotopy pullback in the Joyal model structure on simplicial sets, and the
argument for that lemma also shows that T'(p) is a fibration, so it is sufficient to
show that the induced map

[ Exc(8finss €) xe Exc(Sgin«, €) = C xpe T?(C)

is an equivalence of co-categories.
Using Lemma 8.4 again, we can write f as a map

1 Exc(8,.,,€) = Exch* (83, ,,€); L= [(X,Y) s L(XAY,Y)]
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from the co-category of excisive functors 83, , — € to the co-category of functors
M Sﬁn,* — C that are excisive in each variable individually and reduced in the
second variable (in the sense that the map M (X, %) — M (x*,*) is an equivalence
for each X € Sgip ).

To show that f is an equivalence of oco-categories, we describe an explicit ho-
motopy inverse

g: Excl’l*(Si%m)*7 C) — EXC(S%mM ©).

For a functor M : 8{2"111,* — € we set
(8.36) g(M)(X,Y) := M(X,S%) Xaru,50) M(%,Y)

where the map M (*,Y) — M (x,S°) used to construct this pullback is induced by
the null map Y — S° (that maps every point in Y to the basepoint in S°).

We should show that if M is excisive in each variable and reduced in Y, then
g(M) is excisive as a functor 83 , — €. Consider a pushout square in 8%,

(X,Y) —— (X1, 1)

|

(X27Y2) —_— (X07 YO)

consisting of individual pushout squares in each variable. Applying g(M) to this
pushout square we get the square in € given by

M(X, SO) XM(*’SO) M(*,Y) E— M(tho) XM(*VSO) M(*,Yl)

J J

M(X2,5°%) X ar(x,50) M (x,Y2) —— M(X0,5%) Xar(,50) M(*,Yp)

Since M is excisive in each variable, this is a pullback of pullback squares, and
hence is itself a pullback. Therefore, g(M) is excisive.
We then have, for L € Exc(8%, ,,C):

fin,*
g(f(IN(X,Y) = FL)(X,8°) X (1) (x,50) F(L)(*,Y)
=L(X NS 8% Xp(ens0,50) L(x AY,Y)
~ L()(7 SO) X L(%,59) L(*,Y)

Consider the diagram

L(X,Y) —— L(X,%) —— L(X,8°) —— L(X,*)

L

L(%,Y) —— L(*,%x) —— L(*,SO) — L(*,%)

The first and third squares are pullbacks because L is excisive. The composite
of the second and third squares is also a pullback. Hence, the second square is a
pullback by [Lur09a, 4.4.2.1], and so the composite of the first and second squares
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is also a pullback, again by [Lur09a, 4.4.2.1]. This calculation implies that the
natural map

L= g(f(L))

is an equivalence.
On the other hand we have, for M € Exc" (8% ., €):

fin,*
fg(M))(X,Y) = g(M)(X NY,Y)
= M(X NY, 8% Xpr(e,50) M(%,Y).

We claim that f(g(M)) is equivalent to M. First note that M factors via the
pointed oo-category Cps(. ), of objects over/under M (x,*). We can therefore as-
sume without loss of generality that € is pointed and that M (x,*) is a null object.
Since the map M(x,Y) — M(%,S°) is then null, we can write f(g(M)) as the
product

(8.37) f(g(M))(X,Y) ~hofib|[ M (X AY,S%) — M(x,58%)] x M(x,Y).
Now observe that M € Exc''* (81,45 ) can be viewed as a functor

Sﬁn,* — Exc, (Sﬁn,*7 e), X — M(X7 _)

from the pointed co-category Sgy « to the stable co-category Exc, (Sgn,«, €) ~ Sp(C)
of linear functors 8g, . — €. Any such functor splits off the image of the null
object, so we have an equivalence

(8.38) M(X,Y) ~ hofib[M(X,Y) = M(x,Y)] x M(x,Y).

Comparing (8.37) and (8.38) we see that to get an equivalence f(g(M)) ~ M, it is
enough to produce an equivalence

D(X,Y)~D(X NY,S°)
where D : 82

fin,*

— C is given by
D(X,Y) :=hofib(M(X,Y) = M(x,Y)).

This D is given by reducing M in its first variable, and it follows that D is reduced
and excisive in both variables, i.e. is multilinear. The equivalence we need is a
consequence of the classification of multilinear functors Sﬁn,* — € for any oo-
category C with finite limits.

To be explicit, it follows from [Lurl?7, 1.4.2.22] that the evaluation map

Excy L (83,4, €) = Excy(Sgns, €); D+ D(—, 59

*

is an equivalence of co-categories, and it is clear that a one-sided inverse is given
by
Exc, (Sgin,« C) = ExclL(83,.,€); F > F(XAY).
Thus, this functor is a two-sided inverse, and we therefore get the desired natural
equivalence
D(X,Y)~D(X AY,S?).

This completes the proof that M ~ f(g(M)), and hence the proof that f is an
equivalence of oo-categories. ([l
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Goodwillie tangent structure is cartesian. The final thing we check in
this section is that Catdff has finite products given by the ordinary product of co-
categories, which are preserved by the tangent bundle functor T = TV : Catdiff —
Catdf. This fact implies that the tangent structure on Catdff is cartesian in the
sense of Definition 5.1.

LEMMA 8.39. For differentiable co-categories C, €, the product € x € is dif-
ferentiable, and is the product of C and € in Catgéﬁ. Moreover, the projections
determine an equivalence of co-categories

T(€ x €) ~T(€) x T(€).

PRrROOF. Since limits and colimits in the product oco-category are detected in
each term, the product € x €' is differentiable. A functor D — € x €, with D
differentiable, preserves sequential colimits if and only if each component preserves
sequential colimits. Tt follows that € x €’ is the product in Catdff. Finally, the
isomorphism

Fun(8in,«, €1 x C2) = Fun(8an «, 1) X Fun(Sgp,«, C2)

restricts to the oo-categories of excisive functors since a square in C; x Cs is a
pullback if and only if it is a pullback in each factor. ([l






CHAPTER 9

The Goodwillie Tangent Structure: Formal
Construction

The constructions of Chapter 8 contain the basic data and lemmas on which
our tangent structure rests, but to have a tangent co-category we need to extend
those definitions to an action of the monoidal oco-category Weil,, on a suitable
oo-category Catdiff of differentiable co-categories and sequential-colimit-preserving
functors. We start by giving an explicit description of the co-category Catdif.

The oco-category of differentiable co-categories. We recall Lurie’s model
for the co-category of co-categories from [Lur09a, 3.0.0.1].

DEFINITION 9.1. Let Cato, be the simplicial nerve [Lur09a, 1.1.5.5] of the
simplicial category whose objects are the oo-categories, and for which the sim-
plicial mapping spaces are the maximal Kan complexes inside the usual functor
oo-categories:

Homgat__ (€, D) := Fun(C, D)=,
i.e. the subcategory of Fun(C, D) whose morphisms are the natural equivalences.
An n-simplex in Cat,, therefore consists of the following data:
e a sequence of co-categories Cq, ..., Cy;
e for each 0 <14 < j <mn, a map of simplicial sets
)\L]’ : Pi,j — Fun(@i, e])
where P; ; denotes (the nerve of) the poset of those subsets of

{i,i+1,...,5— 1,5}
that include both 7 and j, ordered by inclusion;
such that
(1) for each edge e in P; ;, the natural transformation \; ;(e) is an equivalence;

(2) for each i < j < k, the following diagram commutes:

)\i.j )\
Pi; x Py 25 Fun(@y, €5) x Fun(C;, Cy)

i
Pi,k - Fun(&-,@k).

In particular, a 2-simplex in Cat,, comprises three functors

60#62

Aeﬁ;

109
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together with a natural equivalence H — GF.

DEFINITION 9.2. Let (Catgéﬁ C Caty, be the maximal simplicial subset whose
objects are the differentiable co-categories and whose morphisms are the functors
that preserve sequential colimits. We refer to Catdiff as the co-category of differen-
tiable co-categories.

Note that Catdiff is the simplicial nerve of a simplicial category whose objects
are the differentiable co-categories with simplicial mapping objects

Hom(Catgéff(ea D) = F\UHN(G, D)Ev

the maximal Kan complex of the full subcategory Funy(€,D) C Fun(C,D) of
sequential-colimit-preserving functors. As is our convention, we do not distinguish
notationally between the co-category (Catgff and this underlying simplicial category.

Differentiable relative co-categories. It turns out that Catdff is not the
most convenient oco-category on which to build the Goodwillie tangent structure.
In this section, we describe another oo-category, denoted RelCatdiff, which is equiv-
alent to Catdiff and which is more amenable.

The objects of RelCatdiff are relative co-categories. A relative category is simply
a category C together with a subcategory W of ‘weak equivalences’ which contains
all isomorphisms in €. Associated to the pair (€, W) is an oo-category C[W~1] given
by formally inverting the morphisms in W. Barwick and Kan showed in [BK12]
that any oo-category can be obtained this way, so that relative categories are yet
another model for co-categories.

Mazel-Gee [MG19] uses a nerve construction of Rezk to extend the localization
construction to ‘relative co-categories’ in which € and W are themselves allowed to
be oo-categories. In other words, the Rezk nerve describes a very general ‘calculus
of fractions’ for co-categories.

The reason that relative co-categories are convenient for us is that we can
replace the oo-category Exc”( fns C) of A-excisive functors with the relative oo-
category

(Fun( gn,w e>7 PA&)
consisting of the full co-category of functors together with the subcategory con-
sisting of those natural transformations that become equivalences on applying the
A-excisive approximation Py.

The benefit of this approach is that we can work directly with the functor oo-
categories Fun( fin, 0 C) without involving the explicit P4-approximation functor.
In particular, it makes the monoidal nature of our construction almost immediate.

DEFINITION 9.3. A relative co-category is a pair (€, W) consisting of an oco-
category C and a subcategory W C € that includes all equivalences in €. (In
particular W contains all the objects of C.)

A relative functor G : (Cy, Wo) — (€1, W1) between relative co-categories is a
functor G : Gy — €1 such that G(Wy) C Wy.

A natural transformation between relative functors G, G’ : (Co, Wp) — (€1, W1)
is a natural transformation between the functors G, G’ : €y — €y, that is, a functor
a: Al x €y — Cp that restricts to G on {0} x Gy and to G’ on {1} x Co.

We say that a natural transformation « is a relative equivalence if for each
X € @y, the morphism ax : G(X) — G'(X) is in the subcategory Wy C C;. In
this case, we also say that the natural transformation « takes values in Wy .
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ExXAMPLE 9.4. Associated to any oo-category is a minimal relative co-category
(€, Ee) where e is the subcategory of equivalences in C. A relative functor be-
tween minimal relative oo-categories is just a functor between the underlying oco-
categories, and a relative equivalence between such functors is just a natural equiv-
alence in the usual sense.

We now wish to restrict to those relative co-categories whose localization is a
differentiable oo-category in the sense of Definition 7.4. In fact, it will be conve-
nient to consider not all such relative co-categories, but only those for which the
localization is an exact reflective subcategory.

DEFINITION 9.5. We say that a relative co-category (C,'W) is differentiable if
C is a differentiable co-category, and W is the subcategory of local equivalences for
an exact localization functor € — € in the sense of [Lur09a, 5.2.7]. In other words,
there exists an adjunction of differentiable co-categories

f:e=D:yg

such that

e f preserves finite limits;

e g is fully faithful and preserves sequential colimits;

e W is the subcategory of f-equivalences in C, i.e. those morphisms that are

mapped by f to an equivalence in D.
We will say that a relative functor G : (€y, Wy) — (€1, W1) between differen-

tiable relative co-categories is differentiable if its underlying functor G : Gy — €
preserves sequential colimits.

Our task is now to build an oco-category whose objects are the differentiable
relative oo-categories, and which is equivalent to Catdff. We start by giving a
simplicial enrichment to the category of differentiable relative co-categories and
differentiable relative functors.

DEFINITION 9.6. Let RelyCatdff be the simplicial category in which:
e objects are the differentiable relative co-categories (€, W);
e the simplicial mapping object Homgey,catairt ((Co, Wo), (C1, W1)) is given
by the subcategory
Fun§((€0, Wo), (817 Wl)) g Fun(@o, 61)

whose objects are the differentiable relative functors, and whose mor-
phisms are the relative equivalences.

PRrROPOSITION 9.7. There is a Dwyer-Kan equivalence of simplicial categories
(i.e. an equivalence in Bergner’s model structure [Ber07])

My : Catdf — ReloCatdiff
that sends each differentiable co-category C to the differentiable relative oco-category

(€, Ee) where Ee is the subcategory of equivalences in C, and on simplicial mapping
objects is given by the equivalences (in fact, equalities):

Fun§((30, 61) — Funﬁ((@o, 8(30), (Gl, 8@1)).
PRrROOF. First note that when C is a differentiable co-category, (C,Ee) is a dif-

ferentiable relative co-category; the identity adjunction on C satisfies the conditions
of Definition 9.5.
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Since My is clearly fully faithful, it remains to show that it is essentially sur-
jective on objects. So let (€, W) be an arbitrary differentiable relative co-category.
Then we know that W is the subcategory of f-equivalences for some adjunction of
differentiable co-categories

f:e=D:yg
that satisfies the conditions of Definition 9.5. The functors f and g both preserve
sequential colimits, so they determine differentiable relative functors

f(€7w) = (ﬂng) )

which we claim are isomorphisms in the homotopy category of the simplicial cate-
gory RelpCatdiff,

The counit of the localizing adjunction (f,g) is an equivalence € : fg — 1p
and therefore also a relative equivalence fg — 1(p¢,). Hence fg = 1(p ¢, in
the homotopy category of RelgCatdiff,

It remains to produce a relative equivalence between gf and 1(¢,w). The unit
of the localizing adjunction (f,g) is a natural transformation l¢ — gf between
relative functors (€, W) — (€,'W). To test if this natural transformation is a relative
equivalence, we must show that it becomes an equivalence in D after applying f.
But fn: f — fgf is inverse to the equivalence €f, so this is indeed the case. Hence
g9f = 1e,w) in the homotopy category too, and so f and g are isomorphisms as
claimed. Thus M is essentially surjective. O

Note that RelgCatdff is enriched in oo-categories but not in Kan complexes
because a relative equivalence is not necessarily invertible. The simplicial nerve of
RelyCatdf is therefore not an oco-category. In order to rectify this problem, we
add inverses for the relative equivalences by taking a fibrant replacement for the
simplicial mapping objects in ReloCatdiff.

For this purpose, we use an explicit fibrant replacement for the Quillen model
structure given by Kan’s Ex* functor [Kan57]. We do not give a complete def-
inition of the functor Ex™ : sSet — sSet, but here are the key properties from
our point of view. For any simplicial set Y, the simplicial set Ex>°(Y) is a fibrant
replacement for Y in the Quillen model structure. So Ex*°(Y') is a Kan complex,
and there is a natural map ry : Y — Ex*(Y) which is a weak equivalence and
cofibration in that model structure.

The vertices of Ex*(Y') can be identified with the vertices of Y, and the edges
of Ex*(Y') can be identified with zigzags

Yo — Y1 < Y2 — - S Y2k

of edges in Y, where we identify zigzags of different lengths by including additional
identity morphisms on the right. The map r sends an edge yg — y; of Y to the
zigzag

Yo = Y1 =141.
The functor Ex®° preserves finite products and has simplicial enrichment coming
from the composite

X x Ex®(Y) —5 BEx®(X) x Ex®(Y) 2 Ex®(X x Y).

When Y is an oco-category, we can think of the Kan complex Ex*(Y) as a model
for the ‘co-groupoidification’ of Y given by freely inverting the 1-simplexes.
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DEFINITION 9.8. Let RelCatdff denote the simplicial category whose objects
are the differentiable relative co-categories, and whose simplicial mapping spaces
are the Kan complexes

HomRel(Catgéff((GOa WO)) (617 Wl)) = Ex™ Funﬁ((e(% WO)a (615 Wl))

given by applying Ex™ to the simplicial mapping objects in RelyCatdif. Com-
position in RelCatdiff is induced by that in RelpCatdff using the fact that Ex™
preserves finite products.
There is a canonical functor
7 : RelgCatdf — RelCatdif

given by the identity on objects and by inclusions of the form ry : Y — Ex*(Y)
on mapping spaces. Since ry is a weak equivalence in the Quillen model structure,
r is a Dwyer-Kan equivalence.

By construction, RelCatdiff is enriched in Kan complexes, and hence its simpli-
cial nerve is an oo-category which, following our usual convention, we also denote
RelCatdiff,

COROLLARY 9.9. There is an equivalence of co-categories

M : Catdiff = RelCatdiff
giwen by composing the map My from Proposition 9.7 with the functor
diff _~ diff
r: RelgCatl)’ — RelCatg)
of Definition 9.8.
PRrROOF. Each of My and r is a Dwyer-Kan equivalence, so their composite is

a Dwyer-Kan equivalence between fibrant objects in the Bergner model structure.
Taking simplicial nerves, we get an equivalence of co-categories. ([

The equivalence M tells us that we can use RelCatdff as a model for the oco-
category of differentiable co-categories and sequential-colimit-preserving functors.
We show in the next section that RelCatdff admits the required tangent structure,
which can then be transferred along M to Catdff using Lemma 3.14.

We conclude this section by giving an explicit description of the simplicial set
RelCatdf | which will be useful in constructing our tangent structure.

REMARK 9.10. An n-simplex X in the oo-category RelCatdiff consists of the
following data:
e a sequence of differentiable relative co-categories
(Co, Wo), -y (Cry Wy );
e for each 0 < i < j < n, a functor
Aij ¢ Pij = Ex® Fun(C;, C;)
subject to the following conditions:
(1) for each object I € P;;, A\;i;(I) : € — C; is a differentiable relative

functor;
(2) for each morphism ¢ : I C I’ in P; ;, the edge

)\i7j(L) c Ex*™ Fun((?i, Gj)l

is a zigzag of relative equivalences in Fun(C;, €;);
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(3) for each i < j < k, the following diagram commutes
i i XAj,
Pi,j X Pj7k e 5 kEXOO Fun(Gi, GJ> x Ex® Fun(Gj, C‘?k.)

UJ J/ExOo (o)

Ai
Pik - Ex> Fun(C;, Ck).

Now let 0 : [m] — [n] be an order-preserving function. Then 6*()) is the m-simplex
given by the following data:

e the sequence of differentiable relative co-categories
(Co0)s Wo0)) - - -5 (Coimys Waim))s
e for each 0 < i < j < m, the functor
AG(i),G(j) o 0(*) : P@j — EXOO Fun(eg(i), eg(J))

where 6(—) : P; ; — Pg(;),0(;) maps a subset I C {i,...,j} to its image
(1) € {0(),...,0(4)}-

Tangent structure on differentiable relative co-categories. We can now
build a tangent structure on the co-category RelCatdiff by describing explicitly the
corresponding action map

T : Weily, x RelCatdiff — RelCatdiff,

In order to make this a strict action of the monoidal co-category Weil,,, we
need to be careful about one point. When we write a functor co-category of the
form

Fun(Sgnﬁ*, )]
we will actually mean the isomorphic simplicial set
Fun(Sgn,«, Fun(8an, «; - - - , Fun(Sgn «, €) .. .))

with n iterations. It follows that the simplicial sets Fun(Sg, ,, Fun(8g, ,,€)) and

Fun(Sgir*", C) are actually equal not merely isomorphic.
With that warning in mind, we start by defining our desired functor T' on

objects.

DEFINITION 9.11. Let A be a Weil-algebra with n generators, and (G, W) a
differentiable relative co-category. We define a relative co-category

T4(€,W) := (Fun(Sg, ., €), PAW)

where P4W is the subcategory of the functor co-category Fun(ng*, C) consisting
of those morphisms, i.e. natural transformations 8 : Al x fin« — C, that, after
applying the A-excisive approximation functor P4 from Proposition 8.5, take values

in W. That is, for each X € 8, the component (P4f)x is in W.

fin,*?
LEMMA 9.12. The relative co-category T4(C, W) is differentiable.

PROOF. Since € is differentiable, and limits and colimits in a functor oo-
category are calculated objectwise, it follows that Fun(Sgn,*, ) is also differentiable.
It therefore remains to show that P4W is determined by a suitable localizing ad-

junction.
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Since (€, W) is a differentiable relative oco-category, there is an adjunction of
differentiable co-categories
f:€=2D:g

satisfying the conditions of Definition 9.5. Now consider the pair of adjunctions

PA f*
Fun(Sg, .. €) = Exc” (8%, ,, €) = Exc” (8%, ,,D)

L g
where the maps f, and g, are given by composing with f and g respectively, not-
ing that since these functors preserve finite limits, f, and g, preserve A-excisive
functors.

We verify that the composed adjunction (f.Pa,tg.) satisfies the conditions of

Definition 9.5:

e P, preserves finite limits by Proposition 8.5, and f, preserves finite limits
because f does and those limits are calculated objectwise in EXCA( fin,+ ©)
and EXCA(SQIM, D) (also by 8.5);

e  is fully faithful and preserves sequential colimits by 8.5; g, is fully faithful
because g is, and because Fun(Sgn,*, —) preserves fully faithful inclusion;
gs« preserves sequential colimits again because of 8.5;

e a morphism 3 in Fun(8g, ,,C) is an f.Pa-equivalence if and only if P4(3)
is an f.-equivalence if and only if (since equivalences in the oco-category

Exc?( fin > D) are detected objectwise) Pa(f)x is an f-equivalence, i.e.

in W, for all X € 8% _; thus the subcategory P4W consists precisely of

fin,*?
the f.Pas-equivalences.

Thus (Fun(8%

fin+> C), PaAW) is a differentiable relative oo-category as claimed. [

Next, we define T' on morphisms.

DEFINITION 9.13. Let ¢ : Ag — A; be a labelled morphism of Weil-algebras,
and let G : (Cp, Wp) — (€1, W;) be a differentiable relative functor between differ-
entiable relative co-categories.

We let T%(G) : (Fun(83°

fin,*?
ative functor

eo), PAOWO) — (Fun(Sg; 61), PA1W1) be the rel-

k7

T%(G) : Fun(82°

fin,*?

Co) — Fun(8™ . €y); L~ GL¢

fin,*?

given by composition with the maps of simplicial sets ¢ : Sg;* — Sgﬁ* (of Defini-
tion 8.12) and G : Gy — C;.

LEMMA 9.14. The functor T?(G) is a differentiable relative functor
TAO ((30, Wo) — TAl ((31, Wl)

PROOF. We must show that T%(G) (P, Wq) € Pa, W1, so consider a morphism
of Fun(8z° _, Cy), i.e. a natural transformation L — L', such that the induced map

fin,*?

(Py, L)(X) = (Pa,L')(X) is in Wy for all X € 8¢°

fin,**
First, since G is a relative functor, it follows that

G(Pa,L)p(Y) = G(Pa,L")$(Y)
is in Wy for any Y € 8¢} ..

Now recall that since (€1, W) is differentiable, there is an adjunction

fi:Ci2Dy ¢
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satisfying the conditions of Definition 9.5. Thus W; is the subcategory of fi-
equivalences, and so the map

f1G(Pa,L)d — f1G(Pa,L)¢

is a natural equivalence between functors Sﬁm* — Dy. Since D, is differentiable,
we can apply P4, to this map to obtain a natural equivalence

Py, (flG(PAUL)QS) — Pa, (flG(PAOL/)¢)'

Since f; preserves both sequential colimits and finite limits, it commutes with the
construction P4, by Lemma 8.6. Thus, we also have a natural equivalence

f1Pa, (G(Pa,L)¢) = f1Pa,(G(Pa,L')9).

In other words, the natural map

PA1 (G(PAOL)(b) — PA1 (G(PAOLI)¢)
takes values in Wy. But, applying the equivalences of (8.11) and (8.23), it follows
that
Pa,(GLG) = Pa, (GL'9)
takes values in W1, so that
GL) — GL'¢

is in P4, W1. So T?(G) is a relative functor as required.

Finally, T?(G) preserves sequential colimits because G does, and these colimits

are calculated objectwise in the functor co-categories. So T¢(G) is differentiable.
O

Before moving on to the general case, it is worthwhile also to define T" explicitly
on 2-simplexes.

DEFINITION 9.15. Let ¢ be a 2-simplex in Weil, consisting of, in part, a pair
of labelled Weil-algebra morphisms

Ag 25 A4, 2 A,

and a labelling on the composite ¢2¢1 .
Let A be a 2-simplex in RelCatdff. According to Remark 9.10, A consists of a
diagram of relative functors

(€0, Wo) d (€2, W2)

N A

(€1, W1)

together with an edge in Ex® Fun(C, Cq), that is, a zigzag
Aoz H—= Ey - = Ey_1 < GF,

in which each map is a relative equivalence.
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We define T¢(\) to be the 2-simplex in RelCatdff consisting of the correspond-
ing diagram of relative functors
T%2%1 (H)

T40(Co, Wo) T42(Cq, Wy)
T4 (1, Wy)

together with the following zigzag of relative equivalences

(9.16)  (H(—)$ath1) —= (B1(=)d1da) ¢ -+ = (Bap—1(=)d12) ¢ (GF(=)d12)

between T%2%1 (H) and T%2(G)T* (F), in which each map is induced by the corre-
sponding map in Ag 1,2, and the first map, in addition, involves the natural trans-
formation

o 5;45/1 — $102
associated to the 2-simplex ¢ by Definition 8.18.

LEMMA 9.17. The construction of T?()\) in Definition 9.15 produces a 2-
simplex in RelCatdiff,

PROOF. The only thing left to check is that each of the natural transforma-
tions in the zigzag (9.16) is a relative equivalence, i.e. that each of these natural
transformations takes values in P4, W5, that is, takes values in Wy after applying
Py,.

Let v : E — E' be a relative equivalence between relative functors

E7EI : (eo,WO) — (GQ,WQ),

i.e. for each X € Cp, the map vx : E(X) — E'(X) is in Wa.
It follows that for every functor L : Sgg* — Cp, the map induced by vy

EL$1¢y — E'Ld1s
takes values in Ws. A similar argument to that in the proof of Lemma 9.14 implies
that
Pa,(ELp12) = Pa,(E'Lo1da)
takes values in Wy. Therefore, the map induced by -,
E(=)¢102 = E'(=)d102

takes values in P4, W5 as required.

This argument shows that each map in the zigzag (9.16) after the first is a

relative equivalence. To show that the first map is also a relative equivalence, we
note that

Pa,(Er(=)$261) = Pay(Er(=)d162)
is an equivalence of the type described in (8.21), hence is in Wo. Combined with
the previous argument, we deduce that

H(—)% — E1(—) 12
is also a relative equivalence. ([

We now extend our constructions above to simplexes of arbitrary dimension.
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DEFINITION 9.18. Let ¢ be an n-simplex in Weil,,. We note that ¢ consists of
a sequence of labelled Weil-algebra morphisms

AO ¢1 Al ¢2 . ¢n An

together with compatible labellings on all composites.

Also let A be an n-simplex in RelCatdff as described in Remark 9.10.

We define T%()) to be the n-simplex in RelCatff consisting of the differentiable
relative co-categories

T4 (Co, Wo), ..., T4 (€, W))
and the functors
T?(N)i; ¢ Pij — Ex™ Fun(Fun(8{! |, €;), Fun(8g? |, €;))

constructed as follows.
Firstly, from the n-simplex ¢, we construct for each 0 < i < j < n a functor
(of ordinary categories)

- s "
¢i,j : Pi,j — Funsset(Kanﬁ;7*, Kanﬁ;lﬁ*)

where P; ; is the poset of subsets of {i,4+1,...,7 — 1,7} containing both 7 and j,
and Fungse:(Kang’ ., Kanfi ) is the category of simplicial functors and simplicial
natural transform&itions. ’

For the subset

I={i=io,41,...,5, =75} C{i,i+1,...,5—1,5},

we let ¢; ;(I) be the composite functor

(9.19) (Gir -+ Dir_r41) -+ (Biy -~ Bigr1) = Kang . — Kangi .
Here, where we write a ‘composite’ of labelled Weil-algebra morphisms such as
@iy * i, _,+1, We mean the corresponding edge of the n-simplex ¢ in Weil,, with
the labelling associated to it in ¢.

For a morphism e in P; j, that is an inclusion I C I’ of subsets of {i,i+1,...,j—
1,7} that include ¢ and j, we have to produce a natural transformation

i j(e) : iy (1) = dis(I') = S, — S .
For example, when e is the inclusion {0,2} C {0, 1,2}, then &072(6) is required to
be a natural transformation . o
201 — P12
which we choose to be the map a of Definition 8.18. For a general morphism e, the
desired map ¢; ;(e) is obtained by (a composite of) generalizations of a to more
than two factors. It follows from Lemma 8.32 that, for inclusions I - I’ <5 I”| we
have
i j(e'e) = ¢ij(e)gij(e)

and so we obtain a functor éi,j 1P — Funsset(Kan;_{;’*7 Kang;’*) as desired.

We remark that the poset P; ; is the shape of a (j —i—1)-cube, and the diagram
(;NSi,j is then precisely the cubical diagram referred to in Lemma 8.32 associated to
the (j — 7)-dimensional face of the n-simplex o whose vertices are A;,..., A;.

The functor g?)u corresponds to a simplicial functor

n;
fin,*?

P;; x Kang’ . — Kan
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and hence (taking simplicial nerves) a functor of oco-categories

g
P x Sﬁn — 8

fin,*"
We will also write q~5” for the corresponding functor
$ij + Piy — Fun(8g) L. 85 ).
From the n-simplex A, we also have a functor
>‘7'/7j : Pi,j — Ex*® Fun((fi, Gj)

as described in Remark 9.10. We then complete the definition of the n-simplex
T?()\) by defining be()‘)i,j to be the composite
Py 2 Bun(Sp 82 L) x Bx™ Fun(€;, €)
1) —— Ex™ Fun(Sﬁn 2 Sn ) X Ex® Fun(€;, €;)
= Ex* (Fun(85? ., 8fi ) x Fun(C;, €;))
C;), Fun(8g;, ., €5))

J

B fin,x? “fin,*
) —— Ex® Fun(Fun(8%!

fin,*?

where

c:Fun(8;’ 8

fin,*’ “fin,*

) x Fun(C;, €;) — Fun(Fun(8;

fin,*?

Ci), Fun(8g;, .., €;))
is transpose to the composition map.

LEMMA 9.20. The construction of Definition 9.18 defines an n-simplex T?(\)
in RelCatdiff,

PrOOF. We will verify each of the conditions in Remark 9.10. First note that
each T4 (C;,' W;) is a differentiable relative co-category by Lemma 9.12.
Now consider an object I = {i =g, 41,...,i = j} € P;;. Then T%(\),; ;(I) is
the functor
Fun(8g?

fin,*?

) - Fun(Sﬁn *) e])

given by pre-composition with the functor

(P -+ Pir 1) -+ (Pir - Pig+1) : Sgh . — S
and post-composition with the differentiable relative functor X; ;(I) : €; = C;. The
argument of Lemma 9.14, with ¢ replaced by the composite functor

—_~—

(Dig = Gir_y41) - (D - ¢zo+1)

and G replaced by \; ;(I), implies that T?(\), ;(I) is a differentiable relative func-
tor. This verifies condition (1) of Remark 9.10 for our proposed n-simplex T%(\).

Next consider an edge I C I’ in P; ;. Then T%()); ; applied to that edge is a
zigzag of natural transformations

T?N)ij(I) — -+ < T?(N);;(I') : Fun(8

fin,*’

) - Fun(sﬁn * 7 e])

induced by natural transformations of the type « : (;52(1)1 — ¢1¢2 and a zigzag
Xij(I) = -+ 4= X;;(I'). The argument of Lemma 9.17, slightly generalized, implies
that each entry in thls zigzag is a relative equivalence. This verifies condition (2)
of Remark 9.10.

It remains to check condition (3), which is a large but easy diagram-chase in
the category of simplicial sets, and which follows from the corresponding condition
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for the n-simplex A, the naturality of Ex®, and the fact that the following diagrams
involving the (ordinary) functors ¢; ; commute:

@Ei,j X‘l;j,lc n; n; n n;
Pij xPjr — Funsset(Kanﬁ;l’*, Kanﬁny*) X F‘unsset(Kanfh’i,*7 Kanﬁé,*)

Pik i Fungser (Kang ., Kang; ).
That last claim follows directly from the construction of ¢; ; in (9.19). O

PROPOSITION 9.21. The construction of T' on simplexes in Definition 9.18 gives
a strict action of the simplicial monoid Weily, on the simplicial set RelCatgf.

PROOF. We start by showing that the assignment (¢, \) — T?()\) commutes
with the simplicial structures. So take an order-preserving function 6 : [m] — [n].
We want to show that

0" (T(N) = T" (6" (N)).
This claim follows from the simplicial structure on RelCatdff described in Re-
mark 9.10 and commutativity of the following diagram for 0 < i < j <m

Pij _
0% (#);
6(-) Funsset(Kanngi), Kanng’:)
%(1)
Poi).o0)

That in turn follows from (9.19) and the fact that the ith edge in the m-simplex
0*(¢) is precisely the edge in ¢ given by the composite

Go(iyPo(i)—1 " Po(i—1)+1-
It now follows that Definition 9.18 determines a map of simplicial sets
T : Weily, x RelCatdiff — RelCatdiff,
To show that T corresponds to a strict action of the simplicial monoid Weil,, on
RelCatdff| consider first the case of 0-simplexes. We have to check that
TATAC,W) = TA®4(C,W).
Recall that we have chosen our functor co-categories so that there is an equality

(not just an isomorphism)

Fun(8, ., Fun(8%, .. €)) = Fun(SgH, ©)

fin,* ?

so it is sufficient to show that the subcategories P4/ (P4 W) and Pa/gaW are equal.
In other words, let f : L — L', be a natural transformation between functors
S;‘IZ — €. Then f is in Pa/(PsW) if and only if Pa L — Ps/ L’ takes values in

PaW, ie. if
PAPA/L — PAPA/L/
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takes values in W. Since PsPa ~ Pjiga, this is the case if and only if f is in
PA’@AW'
Now let us turn to higher degree simplexes. We have to show that, for n-
simplexes ¢, ¢’ in Weil,,, and an n-simplex X in RelCatdf| we have
TY®?(\) = T T?(\)).
That is, we have to show that two functors

P;,; — Ex™ Fun(Fun(Sg;‘:m, Ci), Fun(Snj—Mj ,Cj))

fin,*
are equal. This is another large diagram-chase; the key fact is that the following
diagram of ordinary functors strictly commutes:

/ ’
nj n; nj n;
Funsset(Kanﬁn’*, Kanﬁny*) X Funsset(Kanﬁny*, Kanﬁn’*)

(&;,j»&i,j)

Pij x

m

nj+n; nj+n;
Fungset(Kang;, , 7, Kang; ™)

fin,*
This claim follows from the fact that in Definition 8.12 we have that if
dg’(Y{,...,Yéé):(X{,...,X;l,l) and  ¢(Vi,..., V) = (X1,...,Xn,),
then o
(d)’®¢)(Y1',~--,Y7{/2,Y1,---,Yn2) = (X{,...,X;l/l,Xl,...,Xm).
O

We now transfer the Weil,-action on RelCatdiff along the equivalence of co-
categories M : Catdiff = RelCatdff of Corollary 9.9, using Lemma 3.14.

DEFINITION 9.22. Let 7 : Weil,, — Fun(Catdff Catdff) be the monoidal
functor given by composing the transpose of the action map of Proposition 9.21
with the monoidal equivalence

Fun(Rel(Catg;ﬂ, RelCatgéH) ~ Fun(({jat‘iéff, (Cat‘iéff)
associated to the equivalence M of Corollary 9.9, as given by Lemma 3.14.

We finally have the following result (completing the definition of the Goodwillie
tangent structure and the proof of Theorem 7.15).

THEOREM 9.23. The monoidal functor
T* : Weil,, — Fun(Catdiff Catdiff)
of Definition 9.22 determines a cartesian tangent structure on the oo-category
Catdiff | in the sense of Definition 3.3, whose underlying endofunctor and projection

oo 7’

are, up to equivalence, as described in 7.12 and following.

PRrOOF. To see that T* is a tangent structure on Catdff  we have to show
that it preserves the foundational and vertical lift pullbacks. This claim follows
from Lemma 8.34 and Proposition 8.35 with one proviso; we must show that the
homotopy pullbacks in the Joyal model structure appearing in those results are

pullbacks in the co-category Catdiff.
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We prove that claim by applying a result of Riehl and Verity [RV22, 6.3.12]
with £ = CAT the co-cosmos of co-categories. (See [RV22, Ch. 1] for an in-
troduction to the theory of co-cosmoses.) We deduce from that result that there
is a ‘cosmologically-embedded’ sub-oco-cosmos CATIEO C CAT., whose objects are
the oo-categories that admit sequential colimits, and whose 1-morphisms are the
functors that preserve sequential colimits.

The claim that CATY is cosmologically-embedded [RV22, 6.3.3] implies that
any square diagram in CATIEO that is a pullback along a fibration in CAT. is
also a pullback along a fibration in CATEO. The pullbacks of Lemma 8.34 and
Proposition 8.35 fit that bill, and so they determine pullbacks in the corresponding
oo-category Catll (of co-categories that admit sequential colimits and functors that
preserve them), and hence also in the full subcategory (Catg;ﬂr C Cath..

Finally, it follows from Lemma 8.39 that Cat‘iéﬂr has finite products which are
preserved by the tangent bundle functor, so the tangent structure 7" is cartesian. [



CHAPTER 10

Differential Objects are Stable co-Categories

Having constructed the Goodwillie tangent structure, we now turn to its initial
study, and in this chapter we look at its differential objects. Since the objects of
(Catgfff are differentiable co-categories, there is a serious danger of confusing the
words ‘differential’ and ‘differentiable’ in this chapter.

Recall from [Lurl7, 1.1.3.4] that an oo-category C is stable if it is pointed,
admits finite limits and colimits, and a square in € is a pushout if and only if it is
a pullback. (In particular, a stable co-category admits biproducts which we denote
by @.) Also recall from [Lurl?7, 6.1.1.7] that a stable co-category is differentiable
if and only if it admits countable coproducts. We then have the following simple
characterization.

THEOREM 10.1. A differentiable co-category C admits a differential structure
within the Goodwillie tangent structure if and only if C is a stable co-category.

PrOOF. We apply Corollary 5.35, so it is sufficient to show that the tangent
spaces in Catdff are the stable co-categories. For any differentiable co-category €
and object X € €, we can identify Tx C with the co-category of excisive functors
8fin,« — C that map * to X. We therefore have

TXC ~ EXC* (Sﬁn,*7 G/X)

where the right-hand side is the co-category of reduced excisive functors from 8y, «
to the slice oo-category €,x. Thus Tx € is stable by [Lurl7, 1.4.2.16].
Conversely, if € is stable, then

T.C ~ Exc.(8fin,«, C)

which is equivalent to € by [Lur17, 1.4.2.21]. Therefore, C is equivalent to a tangent
space and so admits a differential structure by 5.35. [

The last part of this proof provides a canonical identification of any stable
(differentiable) co-category C with a tangent space, and hence, by Proposition 5.34,
a canonical differential structure on each such €. This observation allows us to
define a cartesian differential structure (see [BCS09]) on the homotopy category
of stable (differentiable) co-categories.

THEOREM 10.2. Let Cat3fst pe the full subcategory of Catdiff whose objects
are the stable differentiable co-categories. Then the homotopy category hCatdiffst
has a cartesian differential structure in which the monoid structure on an object C
is given by the biproduct functor & : C x € — €, and the derivative of a morphism
F:C— D is the ‘directional derivative’

V(F):€x€C—D

123
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given by

V(F)(V, X) == Di(F(X & -))(V).
This formula denotes Goodwillie’s linear approximation D1 applied to the functor
F(X @ —):C— D and evaluated at object V € C.

PROOF. It is not hard to verify directly that the axioms in [BCS09, 2.1.1] hold
for hCatdiffst but we deduce this theorem from the results of Chapter 5 in order
to illustrate how the cartesian differential structure on hCatdifst is related to the
Goodwillie tangent structure on Catdif.

Recall that Theorem 5.38 determines a cartesian differential structure on the
category hDiff(Catdif) whose objects are the differential objects in Catdff, and
whose morphisms are maps in hCatdff between underlying objects.

We define a functor

T, : hCatdifst m(Cat‘iéﬂ)
by sending the stable differentiable co-category € to the differential object in Catdiff
with underlying object the tangent space

T.C = Exc,(8fin,x, C) = 8p(C)
and differential structure determined by Proposition 5.34. For a functor F': ¢ — D,

we define T, (F) to be the morphism in hCatdff given by the composite

Q> F Q°

T.6 ¢ D T.D

where Q*° : T,C = 8p(€) — € denotes evaluation of a reduced excisive functor at
SY: see [Lurl7, 1.4.2.21]. This definition makes T} into a fully faithful embedding
since morphisms in both categories are taken from hCatdif.

Given an object of m(({:atgﬁ% i.e. a differential object D in the Goodwillie
tangent structure, we know from Theorem 10.1 that the underlying oo-category of
D is stable. The equivalence

Q<. T, D =D

is an isomorphism in hDift (Catdiff) so T, is essentially surjective on objects. Hence
T, is an equivalence of categories, and we can transfer the cartesian differential
structure from Theorem 5.38 along T to h(Catgéﬂ’St.

It remains to show that this inherited cartesian differential structure is as
claimed in the statement of the theorem. To calculate that structure, we first
examine the differential structure on the tangent space T.C.

Working through the construction of the functor T, in Proposition 5.34, we see
that the F..-monoid structure on T,€ is given by restricting the ‘addition’ in the
tangent bundle T'C, i.e. is the objectwise product

+ T X T.C = T.C; (L1, Ly) = Li(—) x La(—).

Since this map commutes with evaluation at S°, we deduce that the corresponding
monoid structure on € is also the product (and hence biproduct)

@:CxC—=C.

The map p : T(T.C) — T.C associated to the differential structure on T,C is
precisely the map g appearing in the proof of Proposition 8.35, that is,

P(M)(X) = hofib[M (X, %) — M (x,S°)]
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where M : 83 . — € is excisive in both variables and reduced in its second variable.
Transferring back to € along Q2°°, we deduce that p: T(C) — € is given by

p(L) := hofib[L(S%) — L(x)].

The derivative V(F) of a morphism F : € — D in hCat3f:st is the composite

b T(F 5
exe <2 ey T ey Py g,

To evaluate this composite at (X, V) € € x € we have to identify an excisive functor
L : 8in« — € such that L(x) ~ X and hofib[L(S%) — L(x)] ~ V. We can express
this functor as

L-)=Xo(-aV)

where ® denotes the canonical tensoring of a pointed oo-category € with finite
colimits over 8gp .. (The functor ® : 8gn. X € — € can be constructed using
the characterization in [Lurl7, 1.4.2.6] of the oo-category Sg, of finite spaces.) It
follows that

V(F)(X,V) =hofib[P(F(X & (— @ V)))(S°) = F(X)].

Since —® V' commutes with colimits, it also commutes with the construction of P,
so that we have

V(F)(X,V) = hofib[P{ (F(X ® —))(S* ® V) = F(X)]
which is precisely D1 (F(X & —))(V) as claimed. O

Theorem 10.2 is closely related to [BJO'18, Cor. 6.6], which is the result that
first inspired this paper. Let us briefly discuss the connection.

DEFINITION 10.3. Let hCat®® be the category in which:

e an object is an abelian category;
e a morphism from A to B is a pointwise-chain-homotopy class of functors

F:A— Chy(B)

where the target is the category of non-negatively-graded chain complexes
of objects in B, and two such functors F, G are pointwise-chain-homotopy
equivalent if for each object A € A there is a chain-homotopy equivalence
F(A) ~G(A).
Composition of morphisms is achieved via ‘Dold-Kan prolongation’ of such an F' to
a functor Chy (A) — Chy(B), see [BJOT18, 3.2].

THEOREM 10.4 (Bauer-Johnson-Osborne-Riehl-Tebbe [BJO18, 6.6]). The
category hCat® has a cartesian differential structure in which the monoid structure
on an object A is given by the biproduct & : A x A — A and the derivative of a
morphism F : A — Ch (B) is the ‘directional derivative’ V(F) : A x A — Ch,(B)
given by

V(F)(X,V) = Di(F(X &-))(V)

where D1 denotes the linearization of a chain-complex-valued functor in the sense

of Johnson and McCarthy [JIVI04].
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Despite the close similarity, there are slight differences between the context of
Theorems 10.4 and 10.2 that prohibit a direct comparison. In particular, note that
hCat?? is defined using pointwise chain-homotopy equivalence, rather than natural
equivalence (though we suspect that [BJOT18] could have been written entirely
in terms of natural chain-homotopy equivalence instead).

Modulo that distinction, we speculate that there is an equivalence of cartesian
differential categories between a subcategory of hCat®" (say, on those abelian cate-
gories A that admit countable coproducts and suitably continuous functors) and a
subcategory of hCatdffst (say, on the corresponding stable co-categories NggCh(A)
given by the differential graded nerves [Lurl7, 1.3.2.10] of the categories of chain
complexes on such A). We do not pursue a precise equivalence of this form here.



CHAPTER 11

Jets and n-Excisive Functors

Goodwillie’s notion of excisive functor played a central role in the construction
of what we have called the Goodwillie tangent structure on the oo-category Catdiff
of differentiable co-categories. Our goal in this chapter is to show that the notions
of n-excisive functor, for n > 1, are implicit in that tangent structure, so that the
entirety of Goodwillie’s theory can be recovered from it.

We actually describe how the notion of n-excisive equivalence, i.e. the condi-
tion that a natural transformation determines an equivalence between n-excisive
approximations, relates to the Goodwillie tangent structure. The notion from or-
dinary differential geometry that corresponds to m-excisive equivalence is that of
‘n-jet’. Recall that we say two smooth maps f,g: M — N between smooth man-
ifolds agree to order n at x € M if f(x) = g(z), and the (multivariable) Taylor
series of f and g in local coordinates at x agree up to degree n. The n-jet at x of
the map f is its equivalence class under the relation of agreeing to order n at x.

We can interpret the Taylor series condition in terms of the standard tangent
structure on the category Mfld. Let T7*(M) denote the n-fold tangent space to
M at z, that is, the fibre of the projection map T™(M) — M over the point z,
where T" (M) is the n-fold iterate of the tangent bundle functor 7. A smooth map
f+ M — N then induces a smooth map

T(f) : T (M) = Tigy (N) € T™(N)
i.e. the restriction of T"(f) to Ty (M).

LEMMA 11.1. Let f,g : M — N be smooth maps. Then f and g have Taylor
series at x that agree to degree n if and only if Ty (f) = T2 (g).

The main result of this chapter is an analogue of Lemma 11.1 that connects
the higher excisive approximations in Goodwillie calculus to the Goodwillie tangent
structure on Catdf constructed in Chapter 9. We refer the reader to [Goo03]
for the original theory of n-excisive approximation, and to [Lurl7, 6.1.1] for the
generalization of that theory to (differentiable) co-categories.

DEFINITION 11.2. Let F' : € — D be a sequential-colimit-preserving functor
between differentiable oo-categories, and suppose that € admits finite colimits. For
an object X € C, the n-excisive approximation to F' at X is

PXF :=P,(F/x):C/x =D

that is, the n-excisive approximation of the restriction of F' to the slice co-category
€, x of objects over X.

THEOREM 11.3. Let F,G : C — D be morphisms in Catdiff where @ admits

oo !
finite colimits. Let a: F — G be a natural transformation, and let X be an object

127



128 11. JETS AND n-EXCISIVE FUNCTORS

of €. Then « induces an equivalence
PXa:PXF = PXG
of n-excisive approximations at X if and only if « induces an equivalence
T (a)x : T"(Fx — T(G)ex

in the functor co-category

Fun(Tx(€),T"(D)),
where T%(C) is the fibre over X of the projection T™(C) — C, and

tx :T%(C) = T7(C)
is the inclusion of that fibre.

PRrROOF. We start by noting that each of the conditions in question implies that
ax : F(X) = G(X) is an equivalence: if PXa is an equivalence, then so is

POXa ~ ax,
and if T™(a)x is an equivalence, then so is
P T" (o)ix ~ ax.

Replacing € with €,x and D with D ¢(x), we can now reduce to the case that X
is a terminal object in C, and F, G are reduced.

In this case, we can identify the objects of T%(€C) with the functors L : Sfns — €
that are excisive in each variable separately and satisfy L(x,...,*) ~ x. Then

T (F) : T%(C) = T™(D)
corresponds to the map
L— P 1(FL).
Our goal is therefore to show that o : F' — G induces an equivalence
P,a: P, F — P,G
if and only if it induces an equivalence
P a(al): P 1(FL)— P, 1(GL)

for every reduced and (1,...,1)-excisive functor L : 8, , — €.

Suppose first that P, « is an equivalence, and consider the commutative diagram

le.)l(FL) _— P17’1((PnF)L)

o |

P171(Pn(FL)) _— P17,1(Pn((PnF)L))

The vertical maps are given by n-excisive approximation and are equivalences since
being (1,...,1)-excisive is a stronger condition than being n-excisive, by [Lurl?7,
6.1.3.4]. The bottom horizontal map is an equivalence by Lemma 7.8, so the top
map is too. From the assumption that P,« : P, F — P,G is an equivalence, it
therefore follows that Py 1(aL) is an equivalence too.

Conversely, suppose that P;,__1(aL) is an equivalence for any reduced functor
L : 8§, . — C that is excisive in each variable. Note that this same condition then
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holds for any reduced L regardless of it being excisive; that claim follows from the
equivalences

given by (8.11).
Our strategy for showing that P,« is an equivalence is to use induction on the
Taylor tower. Consider the pullback diagram

PkF —_— Pkle
(11.5)

* —— R F

of [Lurl?7, 6.1.2.4] (Goodwillie’s delooping theorem for homogeneous functors), in
which R F : € — D is k-homogeneous. By induction on k, it suffices to show that
« induces an equivalence Rypa : Ry F — R, G for each 1 < k < n.

It is clear from (11.5) that the construction Rj naturally takes values in the
oo-category D, of pointed objects in D. By [Lurl?7, 6.1.2.11], it is sufficient to show
that Rpa is an equivalence of k-homogeneous functors €, — D, between pointed
oo-categories. Such functors naturally factor via 8p(D,) by [Lurl7, 6.1.2.9], so it
is sufficient to show that QR is an equivalence, i.e. that o induces an equivalence

Dya: D F' — DkG

between the k-th layers of the Taylor towers of functors C, — D,.

To show that Dy« is an equivalence, we show that « induces an equivalence on
multilinearized cross-effects. Since C. is pointed and admits finite colimits, it has
a canonical tensoring over 8gy, «, i.e. a functor

®:Sﬁn7* x Cy — G,

that preserves finite colimits in each variable, and such that S°® Y ~ Y for each
Y € €,. The functor ® can be constructed from the characterization in [Lurl?,
1.4.2.6] of the co-category Sg, of finite spaces.

Take objects Aq,..., A, € C, and consider the functor

fin,*

where V is the coproduct in €. Our hypothesis on « implies that P;
equivalence.
Since the functor

gny*%e:}; (Xl,,Xn)'—)(X1®A1,,Xn®An)

1(aL) is an

.....

preserves colimits (including the null object) in each variable, it commutes with
Py, .1, by [Lurl?, 6.1.1.30]. It follows that « induces an equivalence

Pl,m’l(a(— V...V —))(— ®A1,...7— ®An)

Evaluating at (S°,...,5%), we deduce that a induces an equivalence (of functors
Cr — D,):

(11.6) P 1(F(=V...V=) = P 1(G(=V...Vv—)).
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For any 1 < k < n, the k-th cross-effect of F, see [Lurl7, 6.1.3.20], is the total
homotopy fibre of a k-cube whose entries are functors of the form
F(-v...v-)

with some subset of its arguments replaced by the null object * in C,. Since P; 1
commutes with the construction of that total homotopy fibre, it follows from (11.6)
that a induces an equivalence

P a(crgy F) = P, 1(cry G)
for all 1 < k < n. It follows by [Lurl7, 6.1.3.23] that a then induces equivalences
crp(DpF) — cri(DrG)
and hence also, by [Lurl7, 6.1.4.7], equivalences
Di.F — DG
for 1 < k < n, as required. This completes the proof that P,« : P, F — P,G is

an equivalence. O

REMARK 11.7. Theorem 11.3 explains how the notion of n-excisive approxima-
tion is related to the Goodwillie tangent structure on Catdiff. However, it is not
quite true to say that this notion is fully encoded in that tangent structure, since
the statement of Theorem 11.3 relies on natural transformations that are not equiv-
alences, and hence are not part of the co-category Catdiff. We can include those
natural transformations by replacing Catdiff with a corresponding oco-bicategory
(CATgéH, which is the subject of the next chapter.



CHAPTER 12

The Tangent (oo, 2)-Category of Differentiable
oo-Categories

The goal of this chapter is to show that the Goodwillie tangent structure on
Catdff extends to a tangent structure, in the sense of Example 6.7, on an oo-
bicategory (CATg;ff of differentiable co-categories. We start by defining that object.

DEFINITION 12.1. Let CATgfff be the nerve of the simplicial category whose
objects are the differentiable co-categories, with simplicial mapping objects given
by the oco-categories

Homgpraire (€, D) := Funy(€, D)
of sequential-colimit-preserving functors. Since each mapping object is an co-
category, (CAT(;;ff is an oco-bicategory.

Our construction of a tangent structure on the oco-bicategory (CATg(iff follows
a similar path to that on the oo-category Catdff. We again start with relative
differentiable co-categories (Definition 9.5).

DEFINITION 12.2. Let ]Relo(CAT(oiciff be the simplicial category in which:

e objects are the differentiable relative co-categories (€, W);
e mapping simplicial sets are the full subcategories

FunN((Go, Wo), (61, Wl)) Q Fun(Go, (31)

consisting of the differentiable relative functors, i.e. functors G : Cg — €
which preserve sequential colimits and for which G(Wy) C W;.

The nerve of ]Relo(CATgéﬁ is an oo-bicategory, but to get an accurate model for
(CAT(oiélcf we still need to invert the relative equivalences in the simplicial mapping
objects, just as we did in constructing the co-category RelCatdiff in Definition 9.6.

To accomplish this inversion, we now work with the category sSet*® of scaled
simplicial sets and the scaled model structure on sSet*¢; see Definition A.29. Recall
that co-bicategories can be identified with fibrant objects in that model structure.

DEFINITION 12.3. Let Rell(CATgéﬂ be the scaled simplicial set given by the
pushout (in the category of scaled simplicial sets):

RelyCatdff —— RelCatdiff
(12.4)

RelyCATHF —— Rel, CATYH
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where the top horizontal map r is described in Definition 9.8, and the left-hand
vertical map is determined by the inclusions

Fung ((€o, Wo), (€1, W1)) € Funy((Co, Wo), (C1, W1)).

Both maps are monomorphisms of co-bicategories, hence cofibrations in the scaled
model structure on sSet*, so the square is a homotopy pushout in that model
structure. The scaled simplicial set Rell(CATgéﬁ is not itself an oco-bicategory, but
we will eventually take a fibrant replacement of it in the scaled model structure
to obtain an oo-bicategory Rel(CA’I‘g;lcf on which to define the Goodwillie tangent
structure.

Before that, however, we show that the scaled simplicial sets in (12.4) admit
strict actions by the simplicial monoid Weil,, that are compatible with the inclu-
sions, and hence determine a strict Weil.-action on the pushout RellCATgf.
DEFINITION 12.5. We define a map of simplicial sets

T : Weiloe x RelgCATIT — Rel,CATE

following a similar, but simpler, pattern to that in Definition 9.18. Recall from there
that an n-simplex ¢ in Weil,,, with underlying labelled Weil-algebra morphisms
Ay $1 $2 Pn

Ay . An,
determines a collection of functors

N S
iy Py — Fun(Sg; ., 8¢ L)

An n-simplex A in RelOCATgéH consists of a sequence of differentiable relative oo-
categories

(Co, Wo)y ..., (Cny Wy,)
and a collection of functors

Aij : Pij = Fun(C;, C))
which take values in the subcategories of differentiable relative functors

Funy((C;, W;), (€, W;)) € Fun(C;, €;).
We define T%(\) to consist of the sequence
T4 (Co, Wo), ..., T4 (Cry W)

together with the functors T' ¢()\)Z-,j given by the composite

bi i i i n; "
e P~ (82 8P L) x Fun(€, €)
(12.6) — Fun(Fun(8g; ., €:), Fun(ngl’*, Cj))
where

c:Fun(8;7 8

fin,*> “fin,*

) x Fun(€;, €;) — Fun(Fun(8 ., C;), Fun(85? ., C;))

fin,*? fin,*?

is adjoint to the composition map.

PROPOSITION 12.7. The Weil, -action map T of Definition 12.5 agrees with
that of Definition 9.18 on the simplicial subset Weil,, x RelgCatdff and so deter-
mines an action

T : Weily, x Rel, CATET _, Rel; CATIH

of the scaled simplicial monoid Weily, on the scaled simplicial set Rell(CATgéH.
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PROOF. A similar argument to that of Lemma 9.20, but with a simpler ar-
gument for part (2) since the relevant edge is no longer a zigzag, implies that
Definition 12.5 defines a scaled morphism

T : Weiloe x RelgCATYF — Rel,CATEA,

A similar argument to that of Proposition 9.21 implies that T is an action of Weil
on RelyCATYf,

The compatibility of Definitions 9.18 and 12.5 with respect to the inclusions
Fun(€;, C;) C Ex* Fun(C;, C;) implies that the Weil,-actions on ].Relo(CATg(iff and
RelCatdiff agree on their common simplicial subset RelyCatdiff. Tt follows that these
actions determine a Weil,,-action on the pushout Rel; CATY? as claimed. O

Having established an action of Weil,, on Rell(CATgéH, we now take a fibrant
replacement to obtain a corresponding action on an oco-bicategory RelCAT g;ff. For
that purpose, we introduce the following model structure on the category of scaled

simplicial sets with a strict action of Weil,.

PROPOSITION 12.8. Let Modg,;)  be the category of scaled Weiloo-modules, i.e.
the category of modules over Weily,, viewed as a monoid in sSet> with its maximal
scaling where every 2-simplex is thin. Then Mod.,  has a model structure in
which a morphism is a weak equivalence (or fibration) if and only if the underlying
map of scaled simplicial sets is a weak equivalence (or fibration).

ProOF. We apply Schwede-Shipley’s result [SS00, 4.1] to the scaled simplicial
monoid Weil,,. By [SS00, 4.2] we must verify that the scaled model structure on
sSet* is monoidal with respect to the cartesian product, which is done in [Dev16,
2.1.21]. 0

DEFINITION 12.9. Let RelCATgéﬂc be the scaled Weil,,-module given by a fi-
brant replacement, in the model structure of Proposition 12.8, of the Weil,-action
on I[{eh(CATgéff described in Proposition 12.7.

The scaled simplicial set Rel(CATgéH is an oo-bicategory, and we can choose the
fibrant replacement so that the comparison map

Rel; CATUT = RelCATYH
is a cofibration, hence a monomorphism, of scaled simplicial sets. Altogether we

have produced the following diagram of inclusions of co-bicategories, with compat-
ible Weil.-actions, which is also a homotopy pushout of (0o, 2)-categories:

RelyCatdff —"— RelCatdif
(12.10)

RelogCATY »—— RelCATH
We now show that RelCATY® is a model for the (oo, 2)-category CATUM of
differentiable oo-categories described in Definition 12.1.

ProprosITION 12.11. The composite map
M : CATHE M0, el CATEE,—— RelCATEE
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is an equivalence of co-bicategories, where My : CATHT — ReloCATYR s the
Catoo-enriched functor given by C — (C, Ee).

PROOF. Our strategy is to model the inclusion RelgCATT — RelCATYH in
the context of marked simplicial categories by translating the homotopy pushout
(12.10) back into that world. Consider the diagram of marked simplicial categories

(RelgCatdiff ~) ——— (RelyCatdiff, RelyCatdiff)

co 1 — 0o

(12.12) k k

(RelyCATHF ~) —— (RelyCATET RelCatdif)

co

where a pair (C,M) denotes the simplicial category C with markings given by
those edges in the subcategory M. We use the notation ~ to denote the natural
marking of a Cat.-category: the subcategory consisting of all the equivalences in
the mapping objects. The horizontal functors in (12.12) are given by the identity
map, and the vertical functors by the inclusion Relo(Catggf - RelO(CATgéﬂ.

We claim that (12.12) is a homotopy pushout diagram in the model structure
on marked simplicial categories described by Lurie in [Lur09a, A.3.2]. The top
horizontal map is a cofibration because it has the left lifting property with respect to
acyclic fibrations, and the square is a strict pushout of marked simplicial categories.
Since the model structure on marked simplicial categories is left proper by [Lur09a,
A.3.2.4], it follows that (12.12) is a homotopy pushout in that model structure.

Consider the top-right corner of (12.12): there is a marked simplicial functor
of maximally marked simplicial categories

(RelpCatdf RelgCatdiff) 5 (RelCatdf RelCatdif) = (RelCatdiff| ~)

oo Y T
given on mapping objects by the map r of Definition 9.8. To see that this func-
tor is an equivalence of marked simplicial categories, we note that the maximal
marking functor takes an acyclic cofibration of simplicial sets (in the Quillen model
structure), such as each ry, to an equivalence in the marked model structure. This
fact can be checked directly from the definition of marked (cartesian) equivalence
in [Lur09a, 3.1.3.3].

We have now done enough to establish that the homotopy pushout square
(12.12) corresponds, under the Quillen equivalence of [Lur09b, 4.2.7], to the ho-
motopy pushout square (12.10), and hence that the map IReIOCATgélcf — ]Rel(CATgéIcr
can be modelled by the marked simplicial functor

RelgCATEE ~) - (ReloCATY Rel Catdif
o0

oo YT oo
that is the identity on the underlying simplicial category. The desired proposition
is therefore reduced to showing that the functor

M : (CATYHF ~) - (RelgCATYT RelgCatdiff); € — (€, &e)

oo ) T

is an equivalence of marked simplicial categories. Given two differentiable co-
categories Cg, C1, we have

Funy(Co, €1) = Funy((Co, €¢,), (C1, E¢,)

so M is fully faithful. The proof that M is essentially surjective on objects follows
from the construction in the proof of Proposition 9.7 with no changes. (]
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We now transfer the Weil . -action on the co-bicategory Rel(CAT‘;éH along the
equivalence M : CATYT =5 RelCATHT of Proposition 12.11. This transfer re-
quires an oo-bicategorical version of Lemma 3.14.

LEMMA 12.13. Leti: X — Y be an equivalence of oco-bicategories. Then there
s an equivalence of monoidal co-categories

Fun(X, X)™~ ~ Fun(Y, Y)"~

whose underlying functor is equivalent to i(—)i~*.
PrOOF. The method of proof for Lemma 3.14 applies in exactly the same
way, using the fact that the construction Fun(—, —)~ takes an equivalence of oco-
bicategories (in either of its variables) to an equivalence of co-categories. O

DEFINITION 12.14. Let
T : Weil,, — Fun(CATEH cATIM)~
be the strict monoidal functor obtained by composing the action map
Weiloo — Fun(RelCATYH RelCAT M)~

associated to Definition 12.9 with the equivalence of monoidal oo-categories in-
duced, via Lemma 12.13, by the equivalence CAT‘;;H — IRel(CATgéﬂr of Proposi-
tion 12.11.

THEOREM 12.15. The map T of Definition 12.14 is a tangent structure on the
oco-bicategory CAT‘;;H which (up to equivalence) extends that of Theorem 9.23 on
the co-category Catdiff,

PRrROOF. To show that T is a tangent structure, we apply Proposition 6.11. The
only thing remaining to show is that the foundational and vertical lift pullbacks
in Weil,, determine homotopy 2-pullbacks in CATA for each object € € CATY,
In the proof of Theorem 9.23, we showed each such square is a pullback along a
fibration in the oo-cosmos CATE’C, which immediately implies that claim. O

Goodwillie calculus in an co-bicategory. In this final section of the paper,
we show how to use Theorem 11.3 to define a notion of P,-equivalence, and hence
Taylor tower, in an arbitrary tangent co-bicategory X which, when X = CAT‘;H,
recovers Goodwillie’s theory.

DEFINITION 12.16. Let (X,T) be a tangent oo-bicategory that admits a termi-
nal object *, and let « : * — € be a 1-morphism in X, i.e. a generalized object in C.
We say that C admits higher tangent spaces at x if, for each n, there is a homotopy
2-pullback in X of the form

e —= T7(C)

T
¥ —— (@
Here p™ denotes the natural transformation associated to the labelled Weil-algebra
morphism given by the augmentation W®" — N,
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EXAMPLE 12.17. When X = CATYT 4 morphism # : + — € as in Defini-
tion 12.16 is an actual object of a differentiable co-category € which admits the

higher tangent spaces T;'C as described in Theorem 11.3.

DEeFINITION 12.18. Let (X,T) be a tangent oco-bicategory, and suppose the
object C in X admits higher tangent spaces at x. For any D € X and n > 0, we
define the subcategory of PZ-equivalences

P? Homx (€, D) C Homx(C, D)
to be the subcategory of morphisms that map to equivalences under the functor
™7 : Homx(C, D) — Homx (T,'C,T"D); F— T"(F)iy.

LEMMA 12.19. Let (X,T) and x : x — C be as in Definition 12.18. Then for
alln > 1:
be Homx((i’, D) g sz—l Homx((?, @)

PRrROOF. It is sufficient to show that, up to natural equivalence, we have a
factorization

n,n

Homx (€, D) —= Homx(7,'C,T"D)

(12.20) T\ J

Homy (T *C, T" ' D)

where the vertical map is given by postcomposition with pyn-19 : T"D — T"~1D
and precomposition with the map 07 : T77'€ — T7€ induced by the bottom
homotopy 2-pullback square in the following diagram

Tr e —— 7n-le

o Opn-tc
y

Tre — 5 77e

o

x — 2 @

Note that pg_l ~ pgOpn-1¢ by uniqueness of the augmentation map wer-1) _, N.
Finally, the diagram (12.20) commutes since

pro-1pT"FOpn-1e ~ T 1F
by that same calculation, together with the naturality of T'. O
ExAMPLE 12.21. Let X = CATY® and let 2 be an object in a differentiable

oo

oo-category € which admits finite colimits. Then Theorem 11.3 tells us that
P Homg ppaite (€, D) C Funy(C, D)

is precisely the subcategory of Pr-equivalences between functors € — D which
preserve sequential colimits.

We recover Goodwillie’s notion of n-excisive functor € — D, and hence the
Taylor tower, by observing that in (CAT‘;;H the subcategory of Pr-equivalences is
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associated with a left exact localization of Funy(C, D). The local objects for that
localization are the n-excisive functors. We generalize this observation to give a
definition of Taylor tower in an arbitrary tangent co-bicategory.

DEFINITION 12.22. Let X be a tangent oo-bicategory, and suppose that an
object € in X admits higher tangent spaces at a generalized object = : x — C. We
say that X admits Taylor towers expanded at x if, for each D € X and each n > 0,
there is a full subcategory

Jet?(€, D) C Homx(C, D),

for which the inclusion admits a left adjoint P? such that the subcategory of PY-
equivalences, in the sense of 12.18, is equal to the subcategory of morphisms that
are mapped to equivalences by P?. We can refer to Jet (C, D) as the oco-category
of n-jets at x for morphisms € — D in X.

In that case, by Lemma 12.19, we necessarily have

Jet” (G, D) C Jet”(C, D)
and for each l-morphism F : € — D in X, there is a sequence of morphisms in
Homgx (€, D) of the form
F—..-.—PF>P' \F—-.-—PF
which we can call the Taylor tower of F' at x. Taking X to be the Goodwillie

tangent structure on the oco-bicategory (CATS;H, we recover Goodwillie’s notion of

Taylor tower for functors between differentiable co-categories.






Proposals for Future Work

The work in this paper is intended to open up various avenues for further re-
search, and we conclude by describing ideas for projects that build on the concepts
developed here. Some of those ideas were mentioned in the introduction (under
Connections and Conjectures), and we now expand a little on some of those sug-
gestions.

Vector bundles in Goodwillie calculus. A central role in differential ge-
ometry is, of course, played by vector bundles. The corresponding notion in an
abstract tangent category is a differential bundle introduced by Cockett and Crut-
twell and explored in detail in [CC18]. MacAdam [Mac21] has proved that this
abstract definition recovers the standard notion of vector bundle in the tangent
category of smooth manifolds.

We proved in Chapter 10 that the analogues of vector spaces in Goodwillie
calculus are the stable co-categories. It is clear, therefore, that a differential bundle
in the tangent oo-category Catdiff should consist of a functor

q:&E—>M

for which the fibre €x over any object X € M is a stable co-category. However, it
is less clear what additional conditions the functor g should be required to satisfy.

One challenge here is that Cockett and Cruttwell’s original definition of differ-
ential bundle [CC18, Def. 2.3] does not easily extend to the co-categorical case. In
order to describe the differential bundles in Catdff we first need a characterization
in terms of Weil-algebras akin to the description of differential objects given in
Proposition 5.14.

Some guidance to finding that characterization might be given by the ap-
proach in [CC18, Sec. 3|, in which differential bundles can in some cases be
identified with differential objects in a slice tangent oo-category, or in the work of
MacAdam [Mac21, 2.2], in which there is an alternative presentation of differen-
tial bundles which could be more amenable to translation into the oco-categorical
setting.

Connections, curvature, etc. In the context of abstract tangent categories,
notions of connection were introduced by Cockett and Cruttwell in [CC17] and
further developed by Lucyshyn-Wright in [LW18]. Roughly speaking, a connection
on an object M in a tangent category X consists of a morphism

K :T*M - TM
such that the triple
(Tp, K,pT) : T>M — TM x5y TM x 3 TM
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is an isomorphism (additional linearity conditions are also required). This de-
composition of the double tangent bundle allows for constructions such as parallel
transport [CC17, 5.20] to be realized in an abstract tangent category.

In the tangent oo-category Catdiff there is a natural candidate for such a
connection on any differentiable co-category ©; the functor

K:T?¢—>1T¢C

is given by a form of multilinearization. That construction appears to be a con-
nection under some limited circumstances, for example, if C is a stable co-category,
but not in general. Nonetheless, K does appear to be a wvertical connection in the
sense of [CC17, 3.2], and any differentiable co-category € seems to also admit a
horizontal connection H, though typically H and K are not exactly compatible in
the sense described in [CC17, 5.2].

Curvature is defined in [CC17, 3.17] for an object in a tangent category
equipped with a (vertical) connection. With that definition, the vertical connection
K described above always appears to be ‘flat’ (i.e. has zero curvature), so perhaps
this version of curvature is not the right concept to focus on in the context of
functor calculus.

As mentioned in the introduction, there are many other concepts from differ-
ential geometry that have been translated into the abstract setting, including affine
spaces, differential forms, and Lie algebroids. We do not have specific ideas about
how these concepts might manifest in the Goodwillie tangent structure, but each
would be worthy of study in order to understand how they might be related to
ideas from homotopy theory.

Other brands of functor calculus. This paper is concerned with what is
sometimes referred to as Goodwillie’s ‘homotopy’ calculus, but there are other
versions of functor calculus we could consider.

Goodwillie and Weiss [Wei99, GW99]| developed a ‘manifold’ calculus and
used it to investigate spaces of embeddings. That theory focuses on presheaves
(with values in some oo-category) on a fixed smooth manifold M, and describes
how global sections can be recovered from higher-order local information.! As in
the homotopy calculus, there are Taylor towers whose terms play the role of ‘poly-
nomial’ approximations, and under suitable circumstances, that tower ‘converges’
to the global sections of the presheaf of interest.

We are curious if there is a tangent co-category that encodes the Goodwillie-
Weiss manifold calculus in the same way the Goodwillie tangent structure of this
paper describes homotopy calculus. For example, the tangent bundle on an co-
category C might be given by the oco-category of presheaves on M, with values in C,
that are degree < 1 in the sense described in [Wei99, 2.2]. Preliminary calculations
suggest that this construction of a tangent bundle does not satisfy the full vertical
lift axiom (see 8.35) for a tangent category, though perhaps a weaker notion could
still apply. A similar approach could be taken with the ‘orthogonal’ calculus of

1The premise of this paper is that Goodwillie’s homotopy calculus admits a close analogy
with the theory of smooth manifolds. The manifold calculus, on the other hand, actually concerns
manifolds themselves, not via analogy. The imaginative reader might therefore consider how to
generalize the manifold calculus to an abstract tangent co-category, and hence develop a ‘Good-
willie calculus’ calculus, in which ideas from Goodwillie and Weiss are used to study presheaves
on a site associated to a fixed differentiable co-category.
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Weiss [Wei95], in which the objects of interest are functors on a certain co-category
of real inner product spaces, or the related ‘unitary’ calculus of Taggart [Tag22].

The homotopy calculus itself also has an equivariant version developed by
Dotto [Dot16, Dot17] based on ideas of Blumberg [Blu06]. In this context,
excisive functors are classified by genuine equivariant spectra. Perhaps there is
a suitable tangent oco-category based on these constructions which bears a closer
connection to modern equivariant homotopy theory than the version developed in
this paper.

Goodwillie tangent structure on an oco-cosmos. In a series of papers
starting with [RV17], Riehl and Verity have developed the notion of an co-cosmos
which captures some of the features of the collection of co-categories and is intended
as a model-independent context for co-category theory. We used that work in the
proof of Theorem 9.23 by considering the oco-cosmos of oco-categories that admit
sequential colimits.

It seems reasonable to expect that the existence of the Goodwillie tangent
structure could be extended to a wider collection of co-cosmoses. In particular, any
oo-cosmos K has cotensors by quasicategories, so that it makes sense to consider
the object Fun(8gy «, C) for an object € in K, and appropriate limits so that an
analogue of the tangent bundle TC = Exc(8gpy,«, ) can also be constructed. One
might hope to identify the conditions on the co-cosmos K in which that tangent
bundle underlies a tangent structure in the sense of this paper.

Operads and tangent (oco,2)-categories. In many of the proposals above,
we have suggested how to apply the theory of abstract tangent categories to Good-
willie calculus and homotopy theory, but we can also look for applications in the
reverse direction, by seeing if concepts from Goodwillie calculus can be generalized
to the abstract setting.

Greg Arone and the third author examined in [AC11] the role of operads in
Goodwillie calculus, formulating a chain rule for derivatives in that context. It is
reasonable to ask whether these operad structures reflect a more general phenom-
enon. We have seen that the natural setting for Goodwillie calculus is a tangent
(00, 2)-category, and that might be the appropriate place to identify such a gen-
eralization. Clues to the right approach here may be in work of Lemay [Lem18],
which relates the Faad di Bruno formula (the chain rule for higher-order deriva-
tives in ordinary calculus) to tangent categories, building on work of Cockett and
Seely [CS11].

Higher approximations to oo-categories. Heuts [Heu21, 1.7] has intro-
duced a theory of Goodwillie towers for pointed compactly-generated co-categories,
instead of functors. That construction provides each such oco-category C with a
sequence of approximations P,,C. The first approximation P;C is the stabilization
8p(C), i.e. equal to the tangent space T,C to C at the null object. It would be inter-
esting to see if these higher approximations also admit a description in terms of the
Goodwillie tangent structure, presumably somehow related to the theory of n-jets
in Chapter 11. Alternatively, one might find a connection between Heuts’s theory
and ‘higher’ tangent structures based on Weil-algebras whose generating relations
are higher degree monomials. For example, do Heuts’s n-excisive approximations
correspond to Weil-algebras of the form N[z]/(z"*1)?
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Cartesian differential co-categories. In Chapter 5 we showed that a certain
homotopy category of differential objects in a cartesian tangent co-category forms
a cartesian differential category in the sense of Blute, Cockett and Seely [BCS09].
We are curious whether there is a sensible notion of cartesian differential co-category
that refines this construction (as well as the corresponding construction of the first
author and others [BJOT18] in the context of abelian categories) without the
need to take a homotopy category. As usual, the original definition of cartesian
differential category does not easily generalize to the oco-category context. Based
on Theorem 10.2, we would expect the co-category Catdiffst to be an example of a
cartesian differential co-category, but we do not have a precise definition of such a
structure.

Derived manifolds and synthetic differential geometry. This paper has
been primarily focused on the tangent structure that encodes functor calculus, but
we did provide another example of a tangent oco-category in Proposition 3.22: the
oo-category of derived manifolds. We have not explored any features of that tangent
structure in this paper, so much remains to be done. For example, what are the
differential objects or differential bundles for derived manifolds, and how do they
relate to ordinary vector spaces and vector bundles? We might also hope for there
to be a close connection between derived manifolds and an co-categorical version
of synthetic differential geometry [Koc81].

Tangent structures in spectral algebraic geometry. We prove in Exam-
ple 3.19 that the opposite of the co-category of E..-ring spectra admits a tangent
structure which extends the ordinary tangent structures on the opposite of the cat-
egory of commutative rings, or equivalently on the category of affine schemes. That
ordinary tangent structure extends to a tangent structure on all schemes; see, for
example, [CL23]. It is therefore natural to ask whether the tangent structure on
Eo.8p° extends to a tangent structure on any of the co-categories that appear in
spectral algebraic geometry, e.g. Lurie’s spectral Deligne-Mumford stacks [Lurl8,
1.4.4.2]. The third author’s work on tangent co-categories of oo-toposes [Chi21],
which are closely related to the Goodwillie tangent structure, may also have some
role to play there.
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APPENDIX A

oo-Categories and oo-Bicategories

In this section, we will collect some of the basic facts about co-categories and oo-
bicategories, which we use throughout the rest of this paper. None of this material
is new, and it is largely based on Lurie’s Higher Topos Theory [Lur09a], though
the material on oco-bicategories comes from the preprint [Lur09b] and from the
Kerodon website [Lur25]. By default, therefore, we are using quasi-categories as
our model for (oo, 1)-categories, though we expect that the general theory of tangent
oo-categories presented here could be written in any other model, or, for example,
within the synthetic framework being developed by Cisinski, Cnossen, Nguyen, and
Walde [CCNW26], without too many changes, though we do not attempt to prove
that. Our construction of the Goodwillie tangent structure in Part 2 of the paper
relies more explicitly on the quasi-category model, though again we expect a more
conceptual presentation could be made.

A.1. oco-Categories

The intuitive notion of (0o, 1)-category is intended to describe a higher category
in which all k-morphisms are invertible for k£ > 2. Many different concrete versions
of this notion have been developed, and all are equivalent and interchangeable in a
suitable sense. For definiteness, we primarily use the following model, introduced
originally by Boardman and Vogt [BV 73] under the name of weak Kan complezes,
studied in detail by Joyal as quasi-categories, and popularized by Lurie under the
term oco-categories.

DEFINITION A.1. An oo-category is a simplicial set X for which every inner
horn has a filler, i.e. every map of simplicial sets

A - X

for 0 < i < n, extends to an n-simplex A" — X. A functor F : X — Y between oo-
categories is any map of simplicial sets. We denote by Fun(X, Y) the usual simplicial
mapping object between two co-categories. Then Fun(X, Y) is an co-category whose
objects are the functors from X to Y. The morphisms in Fun(X,Y) are maps of
simplicial sets A' x X — Y and we refer to these as natural transformations.

ExXAMPLE A.2. Let C be a category. Then the nerve of C is the simplicial set
NC in which an n-simplex is a sequence

Co f1 c f2 fn

Cn

of n composable morphisms in C. Face maps are given by composing adjacent
morphisms (or deleting those on the end), and degeneracy maps insert an identity
morphism from C at some point in the sequence.
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The simplicial set NC is an co-category with the additional property that every
inner horn has a unique filler. Conversely, a simplicial set with unique horn fillers
is isomorphic to the nerve of a category, which is unique up to unique isomorphism.
We take the view that a category is an oo-category with this extra property, and
we usually suppress notation for the nerve construction, writing C also for the
corresponding oco-category.

A functor F' : C — D between ordinary categories determines a map of sim-
plicial sets between their nerves, i.e. a functor between the corresponding oo-
categories. Conversely, any map of simplicial sets between the nerves of ordinary
categories is the nerve of an ordinary functor. Thus, there is no ambiguity between
the notions of functor between ordinary categories and between the corresponding
oo-categories.

REMARK A.3. The nerve functor from categories to simplicial sets has a left
adjoint, which assigns to each simplicial set its homotopy category. For an oo-
category C, the homotopy category hC can (see [Lur09a, 1.2.3]) be described as
follows: hC has the same objects as €, and the morphisms from X to Y in hC are
equivalence classes of morphisms in C, where f,g : X — Y are equivalent if there
is a 2-simplex in € of the form

X1—>

f\y/

EXAMPLE A.4. A Kan complex, or co-groupoid, is a simplicial set X in which
every horn A} — X has a filler for 0 < ¢ < n, that is, both inner and outer horns.
Every Kan complex is an oo-category. For an co-category €, the core of € is the
Kan complex C~ consisting of those n-simplexes in € for which every edge is an
equivalence.

Nerves of simplicial categories. Another useful model for the notion of
(00, 1)-category is given by a simplicial category, i.e. a category enriched in simpli-
cial sets. That model is related to oo-categories by the ‘simplicial nerve’ construc-
tion, which we now recall.

DEFINITION A.5. Let C be a simplicial category. The simplicial nerve of C is
the simplicial set NC in which an n-simplex consists of:

e a sequence Cy,...,C, of n+ 1 objects in C;
e for each 0 <4 < j <mn, a map of simplicial sets

f,;J' : PL]‘ — HOch(Ci,Oj)
where P; ; denotes (the nerve of) the poset of subsets of [n] := {0,...,n}

for which ¢ is the minimum element and j is the maximum element, or-
dered by inclusion;

such that
e for each 0 <7 < n, the map
Pi,i — Homc(C’i, CZ)

sends the unique object of P; ; to the identity element in Homc(C;, C;);
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e for each 0 < i < j < k < n, the following diagram commutes

Pis % Pin I Home €y, €;) x Home (C;, C)

Pik To Homc(C;, Cy).

)

REMARK A.6. Unpacking Definition A.5, we obtain the following descriptions
of low-dimensional simplexes in NC:
(0) a O-simplex is an object Cy of C;
(1) a l-simplex is a morphism fy1 : Cp — C4y, i.e. a vertex in the simplicial
set Home(Cy, C1);
(2) a 2-simplex consists of three morphisms in C of the form

Cof4>02

\/fu

together with a 1-simplex

ag2: fo2 = fi2fon

in the simplicial set Homc(Cy, Cs);

(3) a 3-simplex consists of morphisms f; ; : C; — C; for 0 < i < j < 3,
1-simplexes o jr : fix — firfij for 0 <i<j <k <3, and a diagram in
the simplicial set Homc (Cp, C3) of the following form:

@0,1,3
fos ———— fi3fo1

040,2,3J [al,li}f&l

f2,300,1,2

f2 3f02 — f2 3f1 2f0 1

(4) more generally, an n-simplex consists of an n — 1-dimensional cubical
diagram in the simplicial set Hom¢(Co, C,,) whose faces are built from
lower-dimensional cubical diagrams in the simplicial sets Homc(C;, C;)
for0<i<j<n.

PROPOSITION A.7. Let C be a simplicial category for which the mapping objects
Homc(C, C") are Kan complexes. Then NC is an oo-category.

ExaMPLE A.8. Let C be an ordinary category. Then we can view C as a
simplicial category in which each mapping object is a discrete simplicial set. Then
the simplicial nerve of that simplicial category is isomorphic to the ordinary nerve
of C.

Several important examples of oo-categories arise as the simplicial nerve of a
suitable simplicial category.

EXAMPLE A.9. Let S denote the (large) simplicial category in which

e an object is a (small) Kan complex;
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e the mapping objects are given by the ordinary simplicial mapping objects
Homs(X,Y) := Homgser (X, Y)

in which an n-simplex is a map of simplicial sets of the form A" x X — Y.
Then the simplicial nerve of S is an oo-category 8, which we refer to as the oco-
category of spaces.
EXAMPLE A.10. Let Cat,, denote the (very large)! simplicial category in which
e an object is a (large) oco-category;
e the mapping objects are given by
Home,e (X,Y) := Fun(X,Y)=,
i.e. the core of the oco-category of functors, which is itself the ordinary
mapping simplicial set.

Then the simplicial nerve of Cat, is a (very large) oco-category Caty,, which we
refer to as the oco-category of oco-categories. Based on Remark A.6, we can identify
the low-dimensional simplexes in Cat., as follows:

a 0-simplex is an oco-category X;
a l-simplex is a functor F': Xy — X7;
a 2-simplex consists of functors

XO #Xg

AN

together with a natural equivalence a : H — GF/;
e an n-simplex consists of oo-categories Xg, ..., X, together with various
cubical diagrams of functors and natural equivalences connecting them.

ExAMPLE A.11. Let C be a strict (2, 1)-category, i.e. a category enriched in
groupoids. Applying the ordinary nerve construction to each mapping groupoid,
we obtain a simplicial category in which each mapping space is a Kan complex.
The simplicial nerve of that simplicial category is an oo-category which we refer to
simply as the simplicial nerve of C.

EXAMPLE A.12. Let Cat denote the strict (2, 1)-category of (ordinary, large)
categories, functors, and natural isomorphisms. Let Cat be the simplicial nerve of
Cat in the sense of Example A.11. We refer to CAT as the co-category of categories.
The nerve construction determines a fully faithful functor

N : Cat — Cat.

That functor has a right adjoint (in the co-categorical sense) given by the homotopy
category construction

h : Cat,, — Cat.

1Recall from the Introduction that we are implicitly using a hierarchy of Grothendieck uni-
verses to handle the different sizes of co-category involved in our theory.
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The nerve of a bicategory in which every 2-morphism is invertible.
Duskin described in [Dus01], using a construction of Street, a nerve for bicate-
gories, and proved that if every 2-morphism is invertible in the bicategory, then the
resulting nerve is an oo-category. We refer to [JY21] for background on ordinary
bicategories and their pseudofunctors.

DEFINITION A.13 (Duskin nerve). Let B be a bicategory. Then there is an oo-
category NB, the nerve of B, in which an n-simplex is a strictly unital pseudofunctor

[n] = B,

and the simplicial structure is determined by precomposition with the functors
[m] — [n]. Unpacking this definition, we can make the following observations
about NVB:

e an object is an object in B;

e a morphism is a morphism in B;

a 2-simplex consists of three morphisms fy 1, f1,2, fo.2 as in Remark A.6(2),
together with a 2-morphism

ag1,2: fo2 — fi2fo1;

this 2-simplex is degenerate if ag,1,2 is an identity 2-morphism;
a 3-simplex consists of f; ; and «; ;1 as in Remark A.6(3), such that the
following diagram commutes (in the relevant mapping groupoid of B):

Jfos
0407 \le,s

J1,3f01 f2,3f0,2

a1,2,3f0,1\\ lfz,soéo,l,z

(f2,3f1,2) for = fo.3(f1,2f01)

e the simplicial set NB is 3-coskeletal: every diagram indexed by the 3-
skeleton of an n-simplex extends uniquely to an n-simplex.

It follows from [Dus01, 8.6] that if every 2-morphism in B is invertible, then NB
is an co-category. When B is a strict (2, 1)-category, NB agrees with the simplicial
nerve of B described in Example A.11.

oo-Categories associated to model categories. Quillen [Qui67] intro-
duced model categories as an abstraction of various classical ideas from homotopy
theory. We will not review model categories here, referring the reader to [Hov99]
for an extensive exposition of their theory. We do recall how an co-category can be
recovered from a simplicial model category, i.e. one in which there is a simplicial
enrichment which is compatible with the model structure.

DEFINITION A.14. Let M be a simplicial model category. Let M° be the full
subcategory whose objects are the fibrant-cofibrant objects in M. Then the simpli-
cial nerve N(M°®) is an oo-category, which we refer to as the oco-category associated

to M.
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The oo-category Cat,, described in Example A.10 above can itself be realized
as the oco-category associated to a simplicial model category: of marked simplicial
sets.

DEFINITION A.15. A marked simplicial set consists of a simplicial set X to-
gether with a set E of edges in X which includes all degenerate edges. We refer to
the elements of E as the marked edges. There is a simplicial category sSet™ whose
objects are marked simplicial sets and whose mapping objects are the maximal Kan
complexes

Homgser+ (X, E), (X', E'))™ C Homgser (X, X')
whose vertices take marked edges to marked edges.

Lurie constructs in [Lur09a, 3.1.3.7] a simplicial model structure on sSet™ with
the following properties:

e amap (X,E) — (X', E’) is a cofibration if and only if the underlying
map of simplicial sets X — X’ is a monomorphism, i.e. injective in each
dimension; in particular, every object is cofibrant;

e an object (X, F) is fibrant if and only if X is an co-category and E is the
set of equivalences in X.

We refer to this model structure as the marked model structure.

PRrROPOSITION A.16. There is an isomorphism of simplicial categories
Cat,, 2 sSet™’

and hence Caty, can be identified with the oco-category associated to the marked
model structure on sSet™.

Proor. Both simplicial categories have as their objects the oo-categories, so
it is sufficient to show that there are isomorphisms of mapping objects

Fun(Xv Y): = HornsSetJr ((Xv EX)a (Y, EY)):'

In fact, these two simplicial subsets of Fun(X,Y) = Homgset (X, Y) are equal because
any functor between oo-categories preserves equivalences. O

Mapping spaces in an oco-category. An oco-category X can be viewed as a
category enriched (in a weak sense) in spaces. That is, for any pair of objects in X
we have a mapping space, and these admit composition operations that are unital
and associative up to coherent homotopy.

DEFINITION A.17. Let X be an co-category, and let A, B be objects in X. We
write
Homg (A, B), or X(A,B)
for the space (or oco-groupoid) of maps from A to B in X. This object is defined
precisely as in [Lur09a, 1.2.2] (where it is denoted Mapx (A4, B)).

A.2. oco-Bicategories

The theory of (o0, 2)-categories is less well-developed than that of (oo,1)-
categories, although recently several different models have been produced and
proved to be equivalent; see [MIOR22]. We will maintain as close a connection as
possible between our approaches to (0o, 2)- and (oo, 1)-categories by relying again
on work of Lurie, in which an (oo, 2)-category is modelled as a type of simplicial
set. The drawback of this approach is that the conditions on that simplicial set
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are rather more involved than in the case of co-categories, though in this paper we
have no need to work with those conditions explicitly.

DEFINITION A.18. An oo-bicategory is a simplicial set B which satisfies the
conditions of [Lur25, 01W9]. We will not write out those conditions in detail here.
We note that certain 2-simplexes in an oo-bicategory play a special role in the
theory: those which are thin in the sense of [Lur25, 00AD]. Intuitively, a 2-simplex
in an oo-bicategory B can be viewed as a diagram of the form

BO#BQ
NG
B

where H = GF is a 2-morphism. That 2-simplex is thin if the corresponding
2-morphism is invertible.

ExAMPLE A.19. A simplicial set is an oo-category if and only if it is an oco-
bicategory in which all 2-simplexes are thin.

DEFINITION A.20. A functor F : B — B’ between oo-bicategories is a map of

simplicial sets which takes thin 2-simplexes to thin 2-simplexes, and we write
Fun(B, B’) C Homgse (B, B')
for the simplicial subset whose n-simplexes are those maps of simplicial sets
a:A"xB— B

such that if o is a degenerate 2-simplex in A™, and 7 is a thin 2-simplex in B, then
a(o,7) is a thin 2-simplex in B'.

The simplicial set Fun(B,B’) is an oo-bicategory, and a 2-simplex o : A2 x B —
B’ is thin if and only if a(c,7) is thin for any 2-simplex o in A% and any thin
2-simplex 7 in B.

ExampLE A.21. If C is an oco-category, i.e. an oo-bicategory in which all 2-
simplexes are thin, then Fun(B, C) is the entire simplicial mapping object, which is
then an oo-category.

DEFINITION A.22. The core co-category of an co-bicategory B is the co-category
B~ consisting of those simplexes in B whose 2-faces are all thin. Intuitively, this
corresponds to the process of forgetting all non-invertible 2-morphisms. The core
satisfies the universal property that for any co-category C the restriction map

Fun(B,C) — Fun(B~,C)
is an equivalence of co-categories.
The core oco-groupoid of B is the core (in the sense of Example A.4) of the

oo-category B™. That is the simplicial subset B= C B consisting of those simplexes
for which all 2-faces are thin, and all edges are equivalences in B™.

Nerves and examples of co-bicategories.

PrOPOSITION A.23. Let C be a simplicial category in which each mapping object
Homc(C,C") is an oo-category. Then the simplicial nerve NC is an co-bicategory.

ExXAMPLE A.24. Let CAT, be the (very large) simplicial category in which
e an object is a (large) oco-category;
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e the mapping objects are the ordinary simplicial mapping objects
Homear (X,Y) := Fun(X, Y).

Then the simplicial nerve NCAT 4, is an oo-bicategory CAT ., which we refer to as
the co-bicategory of oo-categories. There is an isomorphism of co-categories

CAT, = Cat
where Cat, is the co-category of co-categories from Example A.10.

EXAMPLE A.25. Let CAT (o 2y be the (very large) simplicial category in which
e an object is a (large) oco-bicategory;
e the mapping objects are the co-categories

Homcar . . (B,B’) := Fun(B,B’)~
given by taking the core co-category of the co-bicategory of functors.

Then the simplicial nerve NCAT (o, 2) is an oo-bicategory CAT ., 2) which we refer
to as the oo-bicategory of oco-bicategories. Treating each oo-category as an oo-
bicategory determines a fully faithful functor (of oo-bicategories)

CAT, — CAT(oo,Q) .

We also write

Cat(oo,g) = CAT(NOO,Q)
for the core co-category of the oo-bicategory of oo-bicategories, and refer to this
object as the oco-category of oo-bicategories. We can identify Cat (. 2y with the
simplicial nerve of the simplicial category whose objects are oco-bicategories, and
whose mapping spaces are the core co-groupoids Fun(B, B')=.

We turn to the relationship between ordinary bicategories and co-bicategories.
We use [JY21] as a general reference for the theory of bicategories. Recall from
Definition A.13 that Duskin described in [Dus01] a nerve construction for bicate-
gories; see [JY21, 5.4.7] for details. The following result summarizes the properties
of this construction.

PROPOSITION A.26. For a bicategory B, the nerve N(B) is an oo-bicategory.
The 0- and 1-simplexes in NB are the objects and 1-morphisms of B, respectively.
A 2-simplex in NB can be identified with a diagram in B of the form displayed in
Definition A.18, comprising a 2-morphism « : H — GF. That 2-simplex is thin if
and only if a is invertible. If all 2-morphisms in B are invertible, then NB is an
o0o-category.

A strictly unitary pseudofunctor F : B — B’ induces a map of simplicial
sets NI : NB — NB’, which preserves thin 2-simplexes, i.e. a functor of oco-
bicategories. Conversely, any functor of co-bicategories NB — NB’ arises from
a strictly unitary pseudofunctor in this way. Moreover, there is an equivalence of
oco-bicategories

Fun(NB, NB’) ~ NBicat(B,B’)
where the right-hand side is the nerve of the bicategory whose objects are strictly
unitary pseudofunctors B — B’, whose 1-morphisms are (strong) natural transfor-
mations, and whose 2-morphisms are modifications.

PRrROOF. See [Lur25, 01WD]. O
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DEFINITION A.27. Let CAT5 denote the full subcategory of the co-bicategory
CAT ,2) whose objects are the nerves of ordinary bicategories. The inclusion of
that full subcategory admits a left 2-adjoint

h2 : CAT(OO’Q) — CATQ,

which takes an oo-bicategory B to its homotopy bicategory hoB.

Various versions of the homotopy bicategory have been constructed in different
contexts; see, for example, [Cam20] and [Rom23]. Essentially, hs is given by
applying the ordinary homotopy category construction to the mapping oo-categories
of an oo-bicategory. In particular, when B is the simplicial nerve of a category
enriched in co-categories, haB can be identified with the strict 2-category obtained
by taking homotopy categories of those mapping oo-categories. We will not give a
more precise construction here. For us, the key fact of hsy is the following universal
characterization, which follows from [Cam20, 9.3].

PROPOSITION A.28. For an oco-bicategory B and ordinary bicategory B, there
are equivalences of co-bicategories

Fun(B, NB') ~ NBicat(hoB, B').

Scaled simplicial sets and oco-bicategories. Recall that oco-categories can
be identified with the fibrant-cofibrant objects in a model structure on the category
of marked simplicial sets. Similarly, we can identify co-bicategories with the fibrant-
cofibrant objects in a suitable model category.

DEFINITION A.29. A scaled simplicial set consists of a simplicial set X and a
set T of 2-simplexes in X which includes all degenerate 2-simplexes. We refer to
the elements of T' as the thin 2-simplexes in the scaled simplicial set (X, 7). In
particular, each oco-bicategory determines a scaled simplicial set in which T is the
set of 2-simplexes which are thin in the sense of [Lur25, 00AD].

There is a simplicial category sSet* whose objects are the scaled simplicial sets,
with mapping objects

HOmSSetsc ((X7 T)a (X/a T/)) g HomsSet(X7 X/)

the simplicial subsets consisting of those n-simplexes A™ x X — X’ which take
elements of T to elements of T".
Lurie constructs in [Lur09b] a simplicial model structure on sSet* in which

e amap (X,T) — (X’,T") is a cofibration if and only if the underlying map
X — X' is a monomorphism of simplicial sets;

e an object (X,T) is fibrant if and only if X is an co-bicategory and T is
the set of thin 2-simplexes in that co-bicategory.

We refer to this as the scaled model structure on sSet*. The oo-bicategories are
the fibrant-cofibrant objects of sSet*, and the oco-category N (sSet*°) associated
to the scaled model structure is isomorphic to CAT 2, the co-category of oo-
bicategories.

REMARK A.30. The model categories of marked simplicial sets and scaled sim-
plicial sets are closely related to Verity’s more general framework of stratified sim-
plicial sets and various model structures whose fibrant objects, the n-complicial
sets, model (0o, n)-categories for 0 < n < co.


https://kerodon.net/tag/00AD

154 A. co-CATEGORIES AND oco-BICATEGORIES

Mapping co-categories in an co-bicategory. We can view an oco-bicategory
as a category (weakly) enriched in co-categories. In particular, for any two objects
X,Y in an oo-bicategory B, there is an oco-category of maps from X to Y.

DEFINITION A.31. Let XY be objects in an oo-bicategory B. We write
Homp(X,Y), or B(X,Y)
for the oo-category of maps from X to Y in B. A precise definition of that oco-

category is given in [Lur25, 01KY]. The morphisms in this co-category provide a
notion of ‘2-morphism’ between 1-morphisms in B.

The core oo-groupoid of the mapping oo-category Homp(X,Y) is equivalent to
the mapping space in the core co-category of B. That is:

Homg(X,Y)™ ~ Homp~ (X,Y).
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APPENDIX B

Monoidal and Module co-categories

The goal of this part of the appendix is to collect information about monoidal
oo-categories and module co-categories over them, which play a central role in the
theory of tangent structures elsewhere in this paper. Most of this material is not
new, and our aim is to give sufficient references for the reader to discover what they
need to know from other sources.

In B.1 we define an oco-category MonCat., of monoidal co-categories and
(strong) monoidal functors and explain how both ordinary monoidal categories
and the strict monoidal oo-categories of Definition 2.28 give rise to objects in
MonCat,,.

In B.2 we discuss module co-categories over a monoidal co-category W and con-
struct an oo-bicategory Modyw of W-modules, W-functors, and W-natural trans-
formations. That definition forms the basis of the co-bicategory Tan,, of tangent
oo-categories, tangent functors, and tangent transformations; see Definition 4.2.

B.1. Monoidal co-categories

As with (oo, 1)-categories themselves, there is no single ‘correct’ notion of
monoidal co-category. Instead, there are different models, each of which deter-
mines a different, but equivalent, co-category. We can view any of these models
as an equally good incarnation of ‘the’ co-category of monoidal co-categories, and
different models have different benefits. In this section, we describe three different
approaches to the notion of monoidal co-category:

e monoids in the oco-category of co-categories;
e marked simplicial monoids;
e oo-bicategories with a single object.

In each of these cases, we can construct an co-category MonCat., whose objects
are a suitable version of monoidal co-categories and whose morphisms correspond
to (strong) monoidal functors. The reader who prefers a single concrete definition
of monoidal co-category (and monoidal functor) can choose any one of these three
approaches as giving that definition.

B.1.1. Monoids in the oco-category of co-categories. Perhaps the most
intuitive way to define monoidal co-categories is as monoids (in the co-categorical
sense, which we recall below) in the co-category of oco-categories. Monoids in this
context are automatically associative and unital only up to coherent equivalences,
and the associator and unit isomorphisms in an ordinary monoidal category are
naturally part of that structure. The following definition comes from [Lurl?,
4.1.2].
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DEFINITION B.1. Let C be an oo-category which admits finite products, and
let  denote the simplicial indexing category (whose objects are the finite ordered
sets [n] = {0,...,n} and whose morphisms are the order-preserving functions).
Then a monoid in C is a functor

M: P 5 C

such that for each n there is an equivalence

M([n]) — M([1))"
induced by the n maps in  of the form

pi:[l]—=[nl; 0—i—-1, 13
fori=1,...,n. The co-category of monoids in C is the full subcategory
Mon(C) C Fun( °?,C)

whose objects are the monoids in the above sense.

REMARK B.2. When C is an ordinary category with finite products, the oco-
category Mon(C) is equivalent to the ordinary category of monoids in C in the
usual sense: an object M together with morphisms M x M — M and x — M
satisfying associativity and unit conditions.

The oo-category Caty, of Example A.10 admits finite products, which are
given by the ordinary cartesian product of simplicial sets. We can therefore make
the following definition.

DEFINITION B.3. The oco-category MonCat., of monoidal co-categories and
monoidal functors is
Mon(Caty),

the oco-category of monoids in Cat.,. Thus, from this perspective, a monoidal co-
category is a certain kind of functor M : °? — Cat,, and a monoidal functor is a
certain kind of functor °P x A! — Cat..

In Definition 2.28 we introduced a notion of strict monoidal co-category; that is,
a simplicial monoid whose underlying simplicial set is an co-category. Here is how
such an object determines a monoidal oo-category in the sense of Definition B.3.

DEFINITION B.4. Let W be a strict monoidal co-category. We define an ordi-
nary functor
W °P — sSet
by
W([n]) :=W",
and for an order-preserving map « : [m] — [n], we define W (a) : W([n]) — W ([m])
by

(Ana R Al) = (Aa(m) Q@ Aa(m—1)+17 sy Aa(l) ®-® Aa(O)—i—l)'

Note that if a(j) = a(j — 1), then the relevant term in this expression is the unit
element for the simplicial monoid W®. The strict associativity and unit conditions
for W® imply that W is a functor as claimed.

We can view W as a simplicially-enriched functor from ©°P (interpreted as a
simplicial category with discrete mapping objects) to the simplicial category Cateo
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whose nerve is Cato, (from Example A.10 above). Therefore, applying the simpli-
cial nerve construction to W, we obtain a functor

We: P - Caty; [n]— W™

(Recall that we use the same notation for the ordinary category ©°P and for its
nerve.) The functor W* is a monoid in the sense of Definition B.1, and we take
it as the object of MonCat., which represents the strict monoidal oco-category
(W, ®).

Ordinary monoidal categories also fit into the framework described above for
monoidal oco-categories. Let us write Cat for simplicial nerve, in the sense of
Example A.11, of the strict (2,1)-category of ordinary categories, functors, and
natural isomorphisms. Then Cat admits finite products (given by the usual product
of categories), and so we have an oco-category

MonCat := Mon(Cat)

of monoids in Cat.

PrOPOSITION B.5. The oo-category MonCat is equivalent to the nerve of the
strict (2, 1)-category MonCat of ordinary monoidal categories, strong monoidal func-
tors, and monoidal natural isomorphisms. Moreover, the nerve and homotopy cat-
egory constructions determine an adjunction of co-categories

h : MonCat,, = MonCat : N

where N is fully faithful. The image of N is the full subcategory of MonCat
consisting of those monoidal co-categories for which the underlying co-category is
(the nerve of) an ordinary category.

PROOF. We assume that the first part is well-known, but we were unable to
find a complete proof in the literature, so we sketch one here. We define a map of
oo-categories

¢t : NMonCat — Fun( °P, Cat)

as follows. For a monoidal category W, we define a functor vy : °? — Cat by
twy([n]) := W™

with simplicial structure determined by the monoidal unit and multiplication maps
by the same pattern described in Definition B.4. In this case, that construction does
not determine an ordinary functor ©°P — sSet, but it does still define a functor of
oo-categories. The necessary higher coherences are given by the associativity and
unit isomorphisms for the monoidal structure.

A strong monoidal functor F' : W — V determines a natural transformation
LF i Ly = Ly, i.e. amap Al x °P — Cat with components the induced functors

tp([n]) == F" : W" - V"

and naturality data determined by the monoidal structure on F'.

A 2-simplex in NMonCat consists of a monoidal natural isomorphism « : H &
GF for some triple of compatible strong monoidal functors F,G, H. The corre-
sponding 2-simplex in Fun( °P, Cat) is the corresponding natural isomorphism
Lo LH — LglEp With components

to([n]) :=a" : H* = (GF)" = G"F™.
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Higher-dimensional simplexes on both sides are larger diagrams of compatible nat-
ural isomorphisms, which are preserved by the construction of ¢ so far. Thus, we
obtain the required map

¢t : NMonCat — Fun( °7, Cat).

We can then show that ¢ is fully faithful with essential image MonCat, by analysing
the effect of + on mapping spaces.

The adjunction h : Cat,, = Cat : N determines an adjunction between the
oo-categories of functors

h:Fun( °?,Caty) & Fun( °?,Cat): N

in which N is still fully faithful. Since both A and N preserve finite products, this
adjunction restricts to the desired adjunction between co-categories of monoids.
For the last part, we note that a monoidal co-category W is in the image of N if
and only if W” is an ordinary category for each n. That is the case if and only if
W itself is an ordinary category. O

B.1.2. Marked simplicial monoids. Our second model for the notion of
monoidal co-category is described by Lurie in [Lurl7, 4.1.8.7], and is based on an
oo-categorical version of MacLane’s coherence theorem: that any monoidal category
is monoidally equivalent to a strict monoidal category. Following this idea, we can
take as objects of MonCat, the strict monoidal co-categories of Definition 2.28,
i.e. the simplicial monoids for which the underlying simplicial set is an co-category.

In order to describe the correct notion of monoidal functor between strict
monoidal co-categories, we describe a model structure on the category of marked
simplicial monoids, in which the strict monoidal co-categories are the fibrant ob-
jects. We now review that category and its model structure.

DEFINITION B.6. A marked simplicial monoid is a monoid in the category sSet™
of marked simplicial sets of Definition A.15, or equivalently, a simplicial monoid
together with a marking of the underlying simplicial set such that a product of
marked edges is marked. The category sMon™ of marked simplicial monoids has as
its morphisms the maps of simplicial monoids which preserve markings.

The category sMon™ inherits a simplicial model structure (the projective model
structure) from sSet™ in which a morphism is a weak equivalence (or, respectively,
a fibration) if the underlying map of marked simplicial sets is a weak equivalence
(or, respectively, a fibration) in the marked model structure. In particular, the
fibrant objects in sMon™ are the strict monoidal oo-categories (in the sense of
Definition 2.28) with marked edges given by those morphisms which are equivalences
in the underlying co-category.

REMARK B.7. We have already described, in Definition B.4, how a strict
monoidal oo-category determines a monoid in Cat,,. That construction under-
lies an equivalence of co-categories

N(sMon™°) = MonCat
outlined in [Lurl?7, 4.1.8.7], and based on [Lurl?7, 4.1.8.4], together with [Lurl?7,
2.4.2.5).
In particular, any monoidal oco-category is equivalent, in MonCat.,, to one

arising from a strict monoidal co-category by the construction of Definition B.4.
Monoidal functors W — X between strict monoidal co-categories are given by
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morphisms of marked simplicial monoids W — X, where W denotes a cofibrant
replacement for W in the projective model structure on marked simplicial monoids.

B.1.3. One-object oo-bicategories. Ordinary monoidal categories can be
characterized as bicategories with a single object. That description of monoidal
structures also extends to the oo-categorical setting, though with a caveat. The
objects in an oo-bicategory naturally form a space (the core co-groupoid), and
monoidal co-categories correspond to those oco-bicategories for which that space is
nonempty and connected, but not necessarily contractible. In fact, this distinction
is there for ordinary monoidal categories too, where the core groupoid of the corre-
sponding one-object bicategory is the Picard group of the monoidal category (the
group of objects invertible under the monoidal structure).

PRrROPOSITION B.8. There is an equivalence of co-categories
MonCat., =~ Cat?oo’z)

where Cat?OQ_Q) C Cat(2) denotes the full subcategory consisting of those oo-
bicategories with a single 0-simplex.

PROOF. Lurie proves in [Lur09b, 4.2.7] that the ‘marked nerve’ construction
is a right Quillen equivalence from the category of ‘marked simplicial categories’,
i.e. categories enriched in marked simplicial sets, and the scaled model structure
on sSet**. We can also identify the projective model structure on marked simplicial
monoids sMon™ with the full subcategory of one-object marked simplicial categories.
Combining these two constructions with the equivalence of Remark B.7, we obtain
an embedding

MonCat,, — Cat (2

whose image is the full subcategory Cat[()oo’Q). O

REMARK B.9. Proposition B.8 suggests that we might extend MonCat., to
an oo-bicategory by considering the full subcategory CAT?OO’Q) C CAT (2 of
the oo-bicategory of oo-bicategories (and functors and natural transformations) of
Example A.25. However, this does not recover the standard notion of monoidal
natural transformation between monoidal functors. Those instead correspond to
certain oplaz natural transformations, or more specifically icons; see [Lac10].

We can now describe explicitly the oo-bicategory which represents a strict
monoidal co-category.

ExAMPLE B.10. Let W be a strict monoidal co-category. Then there is a
simplicial category with a single object and mapping space equal to W, where
composition is given by the monoid structure. Applying the simplicial nerve to this
simplicial category, we get a simplicial set W in which

e there is a single vertex which we denote e;
e there is an edge for each object of W;
e a 2-simplex of the form

°
Aoz

Aml P

Y 1

S

consists of a morphism in W of the form fy12 : Age — Ao ® Aqa;
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e a 3-simplex consists of a square diagram (i.e. two 2-simplexes) in W of
the form P
013

Aps ———— Agi ® Az

fosz{ \ LAm@fle

Ap2 ® A23f4> Aot ® A1z ® Ass
012®A23

e an n-simplex consists of an (n — 2)-cubical diagram in W extending the
pattern above.

It follows from [Lur09b, 4.2.7] that W is an co-bicategory in which a 2-simplex is
thin if and only if the corresponding morphism A” — A ® A’ is an equivalence in
W.

B.2. Module oco-categories

We now turn to module oco-categories over a monoidal co-category W. Intu-
itively, such a W-module consists of an co-category X together with a functor

W x X — X,

which satisfies the usual axioms of an action up to (coherent) equivalence. For
W-modules X, Y, we also define W-functors X — Y to be functors that commute
(up to coherent equivalence) with the W-actions. Our main goal in this section
is to define an oo-bicategory Modw of W-modules, W-functors, and W-natural
transformations. We will consider W-modules from each of the three perspectives
used above to present a monoidal co-category.

B.2.1. Modules over a monoid in the oo-category of co-categories.
Recall that we have defined a monoidal co-category to be a monoid (in the oo-
categorical sense) in the co-category Cats,. Associated to any monoid in an oo-
category is a notion of module, which we now recall from [Lurl7, 4.2.2.2].

DEFINITION B.11. Let M : °? — C be a monoid in the co-category C in the
sense of Definition B.1. Then an M -module in C consists of another functor
X: ?-5C
and a natural transformation
p:X—->M
such that for each n > 0, the following naturality square for p is a pullback in
Cat o,

(B.12) X(p) M(p)

X([0]) — Mm([o])

where p : [0] — [n];0 — 0. The underlying object of an M-module is X ([0]), and the
pullback condition above, together with the product condition in Definition B.1,
implies that

X([n]) — M([1])" > X ([0]).
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We often abuse notation by writing X ([0]) simply as X, and by writing M([1]) as
M.

The module structure map for an M-module X can be viewed as the composite

X(p
M x X < X([1)) 2 x (o)) = X

where the second map is induced by g : [0] — [1];0 — 1.

The oco-category of M-modules in C is the full subcategory

Mod;(C) € Fun( °?,C)/nm

of the slice co-category, whose objects are the M-modules. In particular, an M-
module morphism from X to Y is a diagram

X%Y

N

in the oco-category of functors °°? — C. This definition amounts to a morphism
from X to Y in C that commutes with the M-module structure maps up to coherent
equivalence.

Now let W be a monoidal co-category, i.e. a monoid in Cats,. Then we have
the following notion.

DEFINITION B.13. Let W be a monoidal co-category. Then the oco-category of
W-module oo-categories is

Mody (Cat.,) C Fun( 7, Catoo) w,

the oo-category of modules in Cat., over the monoid W. Given W-module co-
categories X and Y, a W-functor from X to Y is a morphism from X to Y in
Modw(Caty).

DEFINITION B.14. Given a monoidal functor F : W — W’ between monoidal
oo-categories, composition with F' determines a map between the slice co-categories,
and hence a functor

F* : Modw (Cats) — Modyw(Cat,)

which is the identity on underlying co-categories. This construction describes the
usual pullback of module structure along F'.

ExampPLE B.15. Let W: °P — Cat, be a monoidal co-category in the sense
of Definition B.3. Define W' : °P — Cato, by

W :=Wos
where s: °P — °P is given by
s([n]) == [n+1]
and for a : [m] = [n], s(a) : [m+ 1] — [n + 1] is given by

s(a@)(j) = {

There is a natural transformation 7 : s — 1 o» with components

s(j) i j<m;
n+1 ifj=m+1.

Mn] * [TL+ 1} — [n]
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given by j — min(j,n). That induces a natural transformation p := Wr : W' —
W, which is a W-module co-category, whose underlying co-category is W’ ([0]) :=
W([1]). This module encodes the canonical action of a monoidal co-category on
itself; see [Lurl?7, 4.2.2.4].

REMARK B.16. The construction of Definition B.13 produces the co-category
of W-modules and W-functors, encoding only the invertible W-natural transforma-
tions between those functors. In Definition B.29 below we extend the oo-category
Modw(Cats,) to an co-bicategory Modw(CAT,), which incorporates also non-
invertible W-natural transformations.

B.2.2. Modules over a marked simplicial monoid. We noted in Sec-
tion B.1.2 that the oco-category MonCat,, is presented by the projective model
structure on marked simplicial monoids, whose fibrant objects are the strict monoidal
oo-categories of Definition 2.28. We show now that module co-categories over a
strict monoidal oco-category W are also presented by a model structure on strict
W-modules, that is (marked) simplicial sets with a strictly associative and unital
action by the simplicial monoid W.

DEFINITION B.17. Let W be a strict monoidal co-category. A strict W-module
oo-category is an oo-category X together with a strictly associative and unital action
of the simplicial monoid W on the simplicial set X.

More generally, let Modgg, denote the (ordinary) category of modules over the
marked simplicial monoid W. That is, an object of Mod{;rV consists of a marked
simplicial set X together with a (left) W-action

WxX—-X

satisfying the usual (strict) axioms for associativity and unitality. A morphism is a
map of marked simplicial sets which commutes (strictly) with the W-action maps.

We endow Modx\fv with the projective model structure in which a morphism is
a weak equivalence or fibration if and only if it is so in the marked model structure
on sSet™ of Definition A.15. In particular, a fibrant object in ModgfV is a strict W-
module oco-category, with marked edges given by the equivalences in the underlying
oo-category.

Our goal in this section is to show that the co-category associated to the pro-
jective model structure on Mod&, is equivalent to Modw(Cat,), and hence gives
another model for the oco-category of W-modules and their functors. We start
by describing how a strict W-module oo-category gives rise to a module over the
monoidal co-category corresponding to W.

DEFINITION B.18. Let W be a strict monoidal co-category, and let X be a
strict W-module oo-category with action map @ : W x X — X. Then we define an
ordinary functor X : °P — sSet as follows.

We set X ([n]) := W” x X. For « : [m] — [n], we define X ([n]) — X([m]) to be
the map which sends (4,,...,41,C) to

(Aam) @ @ Agm-1)+1,- - Aa(1) @ @ Ag(0)+1, Aa) @ - @ A1 © C).

The strictness of the W-action on X ensures that this construction does indeed define
a functor X : °P — sSet. By construction, there is a simplicial natural transfor-
mation p : X — W given by the projection maps W” x X — W”. Applying the
simplicial nerve, we get a natural transformation between functors ©°° — Cat,,
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and by construction, this natural transformation satisfies the condition of Defini-
tion B.11.

We now use a result of Lurie to deduce that the projective model structure on
l\/lodgg, presents the co-category of W-modules.

ProOPOSITION B.19. Let W be a strict monoidal co-category, and let W : P —
Cat, be the functor given by W([n]) := W™ as in Definition B.4. Then there is
an equivalence of co-categories

(Modi;)° — Mody (Cat,)
given on objects by the construction of Definition B.18.

PROOF. This result is an application of [Lurl?7, 4.3.3.17] in the case where
(using the notation therein) A is the category of marked simplicial sets (with the
marked model structure), A = x is the trivial object, and B = W. O

COROLLARY B.20. Let W be a strict monoidal co-category. Then any W-
module co-category X (in the sense of Definition B.11) is equivalent to a strict
W-module co-category (in the sense of Definition B.17).

Proposition B.19 also gives us a way to understand W-functors between strict
W-module co-categories via an explicit cofibration replacement in the model struc-
ture on Mod@'v.

DEFINITION B.21. Let W be a strict monoidal co-category, and let X be a strict
W-module co-category. We define the bar construction

BX = B(W, W, X)
to be the geometric realization of the simplicial object BoX in Mody; given by
BiX = W x X

with free left W-action, with face maps given by the monoid structure on W and
the W-action on X, and degeneracy maps given by the unit map * — W to the
identity object of W. There is a canonical map of marked W-modules

e: BX - X
given by applying the W-action of X.

REMARK B.22. Explicitly, the geometric realization can be described as follows.
The underlying simplicial set of BX is the diagonal of the bisimplicial set B¢X. That
is, we have

BpX = Wt x X,

with free left Wy-action, and face and degeneracy maps given by combining those
for BoX and for the W and X separately. An edge in BX is a triple of 1-morphisms
(a1,a0, ) € W1 x Wy x Xy, and such an edge is marked if a1, ap are equivalences
in the co-category W and S is an equivalence in X.

LEMMA B.23. The map € : BX — X ezhibits BX as a cofibrant replacement of
X in the projective model structure on Modgg,.
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Proor. Cofibrations in sSet™ are the monomorphisms, so the simplicial bar
construction Be.X is levelwise cofibrant, and the degeneracies are cofibrations. Hence,
this simplicial bar construction is Reedy cofibrant, and its geometric realization is
cofibrant in Mod{;ry. The map ¢ is a weak equivalence in sSet™ (and hence in the
projective model structure) since the underlying simplicial object in sSet™ of the
bar construction has an extra degeneracy. O

REMARK B.24. It follows from Lemma B.23 that any W-functor between strict
W-module oco-categories X,Y can be represented by a morphism of marked W-
modules

F,: BX =Y,
that is, a map of marked simplicial sets which commutes strictly with the W-actions.
We can unpack the structure of such a map as follows, using the description of BX
as a coend in the category of marked W-modules.

A W-functor from X to Y comprises, for each n > 0, an n-simplex F, in the
simplicial mapping space

HomModvt (W™ % X, Y),

which, by the free-forgetful adjunction between marked simplicial sets and marked
W-modules, can be identified with the simplicial mapping space

Homgger+ (Wn X X7 Y),
which, in turn, is the ordinary simplicial mapping space between these two oo-
categories, that is

Fun(W" x X, Y).

In particular, we can view F,, as a functor

Fp, : A" xW"x X =Y,
or equivalently as a functor

W” x X — Fun(A™,Y).

When written this way, we can express the required compatibility between the maps
F,, in terms of face and degeneracy maps between simplexes in Y. We have the
following conditions: for the face maps

Fo1(Ap, ..., A3, A1 Ox X) if i =0;
d'(Fo(Any .. ALX)) = Fy1(Ap, . A1 @ Ay ALX) if0<i <
AnQYanl(Anfla-”vAlaX) 1fZ:7’L7

and for the degeneracies
sH(Fo(Apy .o AL X)) = Fop1(An, .o Ajin, LA, A X)) for 0< § <o,

where I denotes the unit object in the simplicial monoid W.

Moreover, the condition that F, is a map of marked W-modules is equivalent
to the requirement that all the edges in the n-simplexes F,(A,,...,A;,X) are
equivalences in the oco-category Y. Equivalently, using the face map compatibilities
above, it is sufficient to require that each l-simplex F;(4,X) : A Oy Fo(X) —
Fy(A ©x X) is an equivalence in Y.

We can unpack the condition above further in low degrees. A W-functor from
X to Y includes:
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e a functor F: X =Y

e a natural equivalence ay x : A Oy F(X) = F(A ©x X) between functors
W x X =Y, such that a; x = 1px);

e a (natural) collection of 2-simplexes a4, 4, x in Y of the form

QAZ®AL,X

Ay ® Ay Oy F(X) F(A;® Ay Ox X)

Az@m %@xx

Ay Oy F(A; 0x X)

which are degenerate when either As or A; is the unit object of W;

e similar natural collections of n-simplexes a4, 4, x for higher n with
boundary prescribed by the lower degree information, and that are suit-
ably degenerate when one of A, ..., A; equals I.

In this presentation, we can most easily see the connection to the notion of functor
between actegories over an ordinary monoidal category; see [CG22, 3.3.2].

B.2.3. Functors between oco-bicategories. A monoidal co-category W can
be represented by a one-object co-bicategory, which we denote W. Then the notion
of a module co-category over that monoidal co-category is simple to describe.

DEFINITION B.25. A W-module co-category is a functor of co-bicategories
X:W— CAT,

where CAT, is the co-bicategory of co-categories of Example A.24. That is, X is
a map of simplicial sets which sends thin 2-simplexes in W to thin 2-simplexes in
CAT..

We can then define the oco-bicategory of W-module co-categories to be

Modw(CAT ) := Fun(W, CAT ).
For W-module co-categories X, Y, we write
MOdW (X, Y) = HomModW(CAT(x,) (X, Y)

for the oco-category of W-functors from X to Y. The morphisms in this co-category
are the W-natural transformations between such functors.

Informally, given W-functors F,G : X® — Y©, a W-natural transformation
«a : F = @G is one such that, for each X € X and A € W the following diagram
commutes up to higher equivalence:

AOF(X) —— F(AG X)
AQax XAOX

AOGX) — GAGX)

where the horizontal maps express the compatibility of F' and G with the W-actions
on X and Y.

To see the connection between the oo-bicategorical approach to module oo-
categories and those before, recall that oo-bicategories are, roughly speaking, a
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model for categories enriched in oco-categories. Then a functor of oo-bicategories
X:W — CAT, comprises a chosen co-category X := X(e) together with a functor

Homyy(e,8) — Homcar,, (X(e),X(e))

which commutes, up to equivalence, with composition and preserves identities. In
other words, X is given by a map of monoidal co-categories

W — Fun(X, X),

which corresponds to the action of W on X.

Here is a more precise construction, from a strict monoidal oco-category W
and strict W-module oo-category X, of a functor of co-bicategories of the form in
Definition B.25.

DEFINITION B.26. Let W be a strict monoidal co-category, and recall that we
can view W as a one-object simplicial category with W as the simplicial mapping
space and the monoid structure on W giving the identity morphism and composi-
tion. Denote that simplicial category by BW.

Now let X be a strict W-module oo-category. Then X defines a simplicially-
enriched functor BW — CAT ., which sends the one object to X and is given on
mapping spaces by the W-action map

W — FUH(X, X) = HOIII(:AToo (X, X)

Applying the simplicial nerve to this functor, we get a map of oco-bicategories of
the form
X: W — CAT...

We can now show that the oo-bicategory Modw(CAT,) described in Defi-
nition B.25 agrees, after passing to the core oco-category, with the approaches de-
scribed in the previous parts of this section.

ProrosITION B.27. Let W be a strict monoidal co-category, and let W be the
corresponding oo-bicategory with one object described in Example B.10. Then there
is an equivalence of co-categories

(Modi;)° — Fun(W, Cat..) = Fun(W, CAT )",

where the right-hand side is the core co-category of the oo-bicategory of functors of
oco-bicategories W — CAT ., ; see Definition A.18.

PRrROOF. The construction of B.26 determines an equivalence (of ordinary cat-

egories)
Mody; =~ Fungsee+ (BW, sSet™),

where the right-hand side is the category of sSet™-enriched functors F : BW —
sSet™. The inverse equivalence sends such a functor I to the marked simplicial set
F(e) with W-action determined by the enrichment. The projective model struc-
ture on l\/lod{{V then corresponds to the projective model structure on this enriched
functor category; in both the weak equivalences and fibrations are detected in the
underlying category sSet™.

It is therefore sufficient to show that the simplicial nerve determines an equiv-
alence of co-categories

Fungge+ (BW, sSet™)° — Fun(W, Cat).
That claim follows from [Lur09a, A.3.4.14]. O
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REMARK B.28. The 2-simplexes in Modw determine a notion of W-natural
transformation between W-functors of W-module co-categories. Informally, given
two such functors F,G : X© — Y®, a W-natural transformation o : F' = G is one
such that, for each X € X and A € W the following diagram commutes up to higher
equivalence:

AGOF(X) —— F(A® X)
AGax XADX

AOGX) — G(A6 X)
where the horizontal maps express the compatibility of F' and G with the W-actions
on X and Y.

Definition B.25 generalizes easily to a notion of W-module in an arbitrary oco-
bicategory C, which we use in Chapter 6 to define tangent objects in C.

DEFINITION B.29. Let C be an oo-bicategory, and let W be a monoidal oo-
category. Then a W-module in C is a functor of oco-bicategories

W —C
and we write
Modw(C) := Fun(W, C)
for the oco-bicategory of W-modules in C

We also note that monoidal functors induce functors between oo-bicategories
of modules.

DEFINITION B.30. Let n : V — W be a monoidal functor between monoidal
oo-categories. Then n determines a map of oo-bicategories

n:V—-W.
Precomposition with n then determines a functor of co-bicategories

n* : Modwy(C) = Fun(W, C) — Fun(V, C) = Mody(C).

We conclude this section by examining the relationship between modules over a
monoidal co-category and over its homotopy category. First we show that when W
is an ordinary monoidal category, Definition B.29 recovers the notion of W-module,
or W-actegory; see [CG22].

ProprosiTION B.31. Let W be an ordinary monoidal category, viewed also as
a monoidal co-category via the equivalence of Proposition B.5. Let CAT be the
oo-bicategory given by the nerve of the ordinary bicategory of categories, functors,
and natural transformations. Then

Mody (CAT)

1s equivalent to the nerve of the ordinary bicategory of W-modules, W-functors, and
W-natural transformations.

PROOF. A monoidal equivalence W — W’ induces an equivalence of oo-
bicategories W — W’ and hence an equivalence

MOdW/ — MOdW
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That monoidal equivalence also induces an equivalence between the ordinary bicat-
egories of W-modules and of W’-modules. Thus, it is sufficient to consider the case
that W is strict monoidal.

In this case, the one-object oco-bicategory W described in Example B.10 is
isomorphic to the simplicial nerve of the one-object 2-category BW corresponding
to the strict monoidal category W. It therefore follows from Proposition A.26 that

Mody (CAT) = Fun(W, CAT) ~ NBicat(BW, CAT).

It is then sufficient to identify pseudofunctors BW — CAT with W-actegories, nat-
ural transformations between such pseudofunctors with W-functors, and modifi-
cations with W-natural transformations. That identification follows directly by
comparing the definitions in, say, [JY21] with those in [CG22]. O

Now let W be a monoidal co-category, and let hW be its homotopy category
with the induced monoidal structure; see Proposition B.5. We next show that
W-module structures on an ordinary category X are completely determined by an
action of hW.

ProrosiTION B.32. Let W be a monoidal co-category. Then the monoidal
functor n : W — hW induces an equivalence of co-bicategories

MOth (CAT) — MOdW (CAT) .

PrOOF. For the same reason as in the proof of B.31, it is sufficient to consider
the case where W is a strict monoidal oco-category. The associated one-object oo-
bicategory is the simplicial nerve of the one-object simplicial category with mapping
object W. The homotopy 2-category of an oco-bicategory is given by applying the
homotopy category functor to mapping objects. We therefore have

hoW = hW

where the right-hand side is the one-object 2-category whose mapping object is AW
with its induced strict monoidal structure. Moreover, we can identify the functor
of co-bicategories

W — hW,
induced by n with the canonical map

W — hoW

from an oo-bicategory to (the nerve of) its homotopy bicategory. Since CAT is
(the nerve of) a 2-category, it follows from Proposition A.28 that the induced map

Fun(hW, CAT) — Fun(W, CAT)
is an equivalence, which yields the desired result. ([l

It follows from Proposition B.32 that if X, Y are ordinary categories with W-
module structure, then the co-category of W-functors X — Y is equivalent to the
ordinary category of hW-functors X — Y and AW-natural transformations. In fact,
a similar result holds when we assume only that Y is an ordinary category.

ProproOSITION B.33. Let X, Y be W-module co-categories such that Y is an
ordinary category. Then, taking homotopy categories determines an equivalence of
oo-categories

Mody (X, Y) ~ Modyw(hX, Y).
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PRrOOF. Without loss of generality we can assume that W is strict monoidal,
and X, Y are strict W-modules. We can then apply the description of W-functors in
Remark B.24. The n-simplexes in the oo-category Modw (X, Y) can be identified
with W-functors

X — Fun(A™,Y)
where Fun(A™Y) is a strict W-module with the pointwise W-action on Y. By
Remark B.24, these W-functors are given by sequences of functors

A™ x W™ x X — Fun(A™,Y)
satisfying certain conditions. Since Y is an ordinary category, each such functor of
oo-categories corresponds to an ordinary functor
A™ x (W™ x hX 2 h(A™ x W™ x X) — Fun(A"™,Y)
satisfying corresponding conditions. By Remark B.24 again, this data corresponds
to an n-simplex in the co-category Modpw(hX,Y). O






APPENDIX C
Weil-Algebras and FE,-Semirings

The goal of this section is to prove Theorem 2.42 by showing that the monoidal
oo-category Weily, of Proposition 2.35 is (monoidally) equivalent to the full sub-
category of E. Rig on the ‘E..-Weil-algebras’ of Definition 2.40, thus establishing
the equivalence between our two descriptions of the monoidal co-category of Weil-
algebras.

In this section, we construct a fully faithful symmetric monoidal functor

o : Weil, - ERig.

For a Weil-algebra A, the object o(A) is the E-semiring introduced in Exam-
ple 2.38 and there denoted N4 where M is the partial commutative monoid of
nonzero monomials in A. In the course of defining the functor o, we give a precise
construction of the E-semiring N for any finite partial commutative monoid M.

To construct o, recall the characterization of the oco-category E . Rig given
by Gepner, Groth, and Nikolaus in [GGIN15]. They show that the oo-category
EsoMon of E.,-monoids has a canonical symmetric monoidal structure ®, and
they define

EoRig := Algg_ (EocMon)

to be the oco-category of E.-algebras for that symmetric monoidal co-category.
Cranch [Cral0] showed that the co-category E.Mon admits an equivalence

EoMon ~ Fun* (Span(Fin)??, 8)

where Span(Fin) is the co-category of spans of finite sets. That co-category already
appeared in Chapter 5 of this paper, where we denote it E.,; see Definition 5.4
for a precise construction. We use different notation in this section to reflect the
different role that this co-category is playing.

Cnossen, Haugseng, Lenz, and Linskens prove in [CHLL24, 3.3.5] that the
Gepner-Groth-Nikolaus tensor product on E.,Mon is equivalent to (a localization
of) the Day convolution symmetric monoidal structure on the functor oo-category
Fun(Span(Fin),8) with respect to the cartesian product on 8§ and the symmetric
monoidal structure ® on Span(Fin) given by cartesian product of finite sets. Note
that this symmetric monoidal structure is not the categorical product in Span(Fin),
which is given by the disjoint union of finite sets.

It then follows, for example, by work of Glasman [Glal16], that we have a fully
faithful symmetric monoidal embedding

Span(Fin) — Fun™ (Span(Fin)°?,8) ~ E,,Mon

given by the Yoneda embedding for Span(Fin), and hence a fully-faithful symmetric
monoidal embedding
Algg__ (Span(Fin)) — ERig.

171
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The image of this embedding consists of those Eo-semirings for which the underly-
ing F.-monoid is free on a finite set, which includes the F,,-Weil-algebras, which
are in the image of our proposed functor o : Weil,, — E,Rig.

It is therefore sufficient for us to construct a fully faithful (and symmetric
monoidal) embedding

o : Weil, — Algg_ (Span(Fin)),

and the rest of this section is devoted to that goal.

Our first step is to describe an explicit model for Algy_ (Span(Fin)). In Lurie’s
approach, a symmetric monoidal structure on an co-category C is represented as a
certain type of cocartesian fibration of simplicial sets

q:C® = Fin,,

over the category of finite pointed sets, whose fibre over the object (1) = {1}y is
equivalent to C; see [Lurl7, 2.1.2.18]. The oo-category of E,-algebras in € is then
given by the simplicial set

Algg_(C¥) := Funfje™ (Fin,, C¥)

of sections of ¢ which map inert morphisms in Fin, to g-cocartesian morphisms in
C®. To construct o we therefore have to give a map of co-categories of the form

o : Weilo, — Fun* (Fin,, SpanFin®).

Fin,
We start by giving an explicit model, due to Barwick, Glasman, and Shah [BGS20,
2.6] for the cocartesian fibration g : SpanFin® — Fin, that represents the symmetric
monoidal structure on SpanFin given by the cartesian product of finite sets.

DEFINITION C.1. Let Span(Fin)® be the co-category given by the Duskin nerve
of the bicategory with the following data.

e An object of Span(Fin)® is a finite set I and a collection (X;);er of finite
sets X; indexed by 1.

e A l1-morphism of Span(Fin)® from (X;);er to (Y;);es is a morphism f :
I, — J4 in Fin, together with, for each j € J, a span of finite sets of the

form
Zj
I x Y,

ief=1(5)

e A 2-morphism exists only between 1-morphisms with the same underlying
map f: Sy — T} and consists of a collection of isomorphisms of spans.
Composition and identities for 2-morphisms are the usual composition
and identities for isomorphisms of spans.

e The identity 1-morphism on (X;);cs consists of the identity function on
I, together with the identity spans on each X;.

e The composition of 1-morphisms in Span(Fin)® is given by combining the
cartesian product and pullbacks of finite sets in the following way. Given
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1-morphisms (X;)ier — (Yj);jes and (Y;)jes — (Zk)ker, we compose the
underlying functions in Fin, and then form the spans

"
Llc

e
11 Xz-/ - 11 Yj/ \

ief~tg=1(k) Jj€9 (k)

Zy,

for £ € K, where the central square is a pullback of finite sets, and the
bottom-left part of the diagram is a product, over j € g~*(k), of the spans
appearing in the morphism from (X;);cr to (Yj),e.

e The associator and unit isomorphisms are the unique maps induced by
the universal property of the pullbacks, which define composition.

LEmMA C.2. The forgetful functor q : Span(Fin)® — Fin, is a cocartesian
fibration, in which a morphism is q-cocartesian if and only if each of the legs of
the spans it comprises is a bijection. The map q encodes a symmetric monoidal
structure on Span(Fin) given by the cartesian product of finite sets.

PROOF. For any oco-category C' with finite products, Barwick, Glasman, and
Shah construct a cocartesian fibration [BGS20, 2.14] that represents the induced
symmetric monoidal structure on Span(C) (which they denote as A°®(C)®). In our
case, C is the ordinary category Fin, and their construction then reduces to that of
Definition C.1. ]

The oo-category Span(Fin)® is the nerve of a bicategory and so, by Proposi-
tion A.26, the co-category

FuniFri‘r‘f’it(Fin*7 Span(Fin)®)

is the nerve of the bicategory of strictly unitary pseudofunctors Fin, — Span(Fin)®.
Moreover, since Weil,, is also the nerve of a bicategory, the desired map o also
corresponds to a strictly unitary pseudofunctor, and we will define it in those terms.
See [JY21, 4.1.2] for the definition of pseudofunctor we use here.

We start by defining o on objects. Recall that an object of Weil,, is the
partial monoid of nonzero monomials in a Weil-algebra. In fact, we can define o on
arbitrary finite partial commutative monoids.

DEFINITION C.3. Let M be a finite partial commutative monoid. We define a
pseudofunctor o (M) : Fin, — Span(Fin)® as follows:

e For each object I, € Fin, we take
o(M)(I+) = (M)ier,

the constant I-tuple of finite sets all equal to M.
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e For f: I, — J,, weset o(M)(f) to be the morphism in Span(Fin)® from
(M)ier to (M);es consisting of the spans of finite sets

M1

MO M

for j € J, where for any finite set K we write Mg for the subset of the
K-fold product M*¥ consisting of those tuples (my)rcx such that the
product [],.cx Mk is defined in the partial monoid structure on M. We
write pps for the function Mg — M that forms that product. Note that
o(M)(1;,) is precisely the identity morphism on the object (M);cs in
Span(Fin)®, so that o(M) is strictly unital.

e It remains to give the lax functoriality constraint for o(M). For mor-
phisms
/ g
I+ — J+ — K+

in Fin,, we have to define a 2-isomorphism in Span(Fin)® of the form

o(M)(gf) = a(M)(g) o o(M)(f).

That 2-isomorphism amounts to a collection of bijections of the following
form, for each k € K

My-1g-101) = T M6y | a0 Mg-riy,s
j€g~1(k)

which commute with the maps to M/ 97" *) and M. Equivalently, we
must choose dashed maps making the following diagram commute and the
central square a pullback:

—1,-1(k
Mf g ( ) Mfflgfl(k) M
(U(M)g,f,j)jeg—l(k) U(\I\/I)g,f,k
L//// \\\S
[icg—100 M) Mg ()
M)

Notice that the three spans on the edges of this triangle are formed from
the components of o(M)¢, o(M)g, and o(M)gs.
The desired functions are given by

o(M)g,zj: Mp-rg-1k) = My-1(j);  (Mi)ieg-19-111) = (Mi)ief-1(5)
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and

o(M)g.p s My-1g-100 = Mg=1g5 (midicg-1g-1y = | [ m
i€f~1(5) jeg—1(k)
That these choices make the central square in the diagram commute corre-
sponds to the following property of a partial commutative monoid M: for
any I-tuple (m;);er of elements in M, and any partition of I into subsets
(I;)jes, the product [],.; m; is defined in M if and only if each of the
products [[;¢; m; is defined for j € J and the product

[T\ I[Lm

jeJ \i€l;
is defined in M.

To ensure that o(M) defines a pseudofunctor Fin, — Span(Fin)®, we have to
check compatibility of the data above with respect to the associativity constraints.
We do that as part of the proof of the following lemma.

LEMMA C.4. The data in Definition C.3 form an object
o(M) € FunPe™ (Fin,, Span(Fin)®).
PrOOF. We have to check the lax unit and lax associativity conditions of [JY21,

4.1.2]. The unit conditions say that when we take either f or g to be an identity
morphism in Fin,, then the chosen isomorphism

o(M)gf =o(M)goo(M)y
reduces to the canonical bijections of the form
M; = Mpxy M, and My =M’ %0 My,

which are straightforward to check.
The lax associativity condition says that for any maps

LLg Sk, e,
in Fin, and for any ¢ € L, the following diagrams commute:
(U(M)hygfyk)keh,—l(e)

Mf—lg—lh—l(g) H Mf_lg_l(k)
keh—1(0)

(6(M)hg.£.5)jeg—1n—1(
j€g (L) erh—l([)(O'(M)gsfd)ng_l(k)

I M
j€g—1h—1(8)

and
d(M)ng,f.e

My-1g-1n-1(0) My-1p-1(0)

U(M)f% /(M)h,g,z
Mh—l([)
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For the first diagram, all the maps involved can be identified with inclusions of
subsets of M7 9 """ (O and the second commutes by associativity of the partial
multiplication on M. We therefore have a pseudofunctor o (M) : Fin, — Span(Fin)®
as claimed.

It is immediate from the definition that o(M) is a section of the cocartesian
fibration ¢, and if f: I — J4 is an inert map, then every span of finite sets in the
morphism o(M)(f) is the identity span on M, so o(M)(f) is g-cocartesian. We
therefore have o(M) € Funfie™ (Fin,, Span(Fin)®). O

REMARK C.5. The object o(M) is an E-algebra in Span(Fin)®. The under-
lying object of that algebra is the finite set M, and the multiplication operation is
the span of finite sets

e

M x M M

where My = {(m1,m2) € M x M | my - my € M} is the set of pairs of elements in
M for which the product is defined in the partial monoid structure.

An equivalent construction of o(M) appears in work of Contreras, Mehta, and
Stern in [CMS25]. They show that commutative pseudomonoids in the symmetric
monoidal bicategory of spans of finite sets (which are essentially the same as Foo-
algebras in the symmetric monoidal co-category Span(Fin)) correspond to 2-Segal
I'-sets, i.e. functors Fin, — Fin satisfying 2-Segal conditions analogous to those of
Dyckerhoff and Kapranov [DK19]. It is therefore sufficient to show that a finite
partial commutative monoid M gives rise to a 2-Segal I'-set in this sense, which
Contreras et al. do in [CMS25, 5.10].

Now we turn to the definition of ¢ on morphisms.

DEFINITION C.6. Take a morphism ¢ : M — M’ in Weily, i.e. a span of finite
partial commutative monoids

L
(C.7) / N,
M M’

satisfying the conditions of Definition 2.4. We define a natural transformation
a(¢) : o(M) — o(M’) between these functors Fin, — Span(Fin)® as follows.

e For I, € Fin,, the component o(¢)r, of that natural transformation is
the morphism (M);c; — (M');cs in Span(Fin)® consisting of copies of
the diagram (C.7) indexed by I.

e For f: I, — J,, we have a naturality constraint for o(¢) which is a
square diagram in Span(Fin)® whose commutativity is witnessed by a 2-
isomorphism. That square consists of a collection of diagrams of finite
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sets of the form

M" My —2 5 M
Py M]/ XM L —— L
/0(¢)f,j
LII — LI/ X(M/)]I M/, t
1’ - i
nI' / /
(M’) My, v M

for j € J, where I’ := f~!(j). The bottom-left and top-right squares
are the pullbacks of finite sets which provide the composite spans in the
square diagram, and the map labelled o(¢)y ; is the required isomorphism
between those composite spans, which forms the 2-morphism in Span(Fin)
that witnesses the commutativity.

The pullback of the bottom-left square can be identified with the set of
I'-tuples in L which, after applying ¢, give an I’-tuple in M’ for which the
product exists. Because the partial monoid homomorphism ¢ : L — M’
satisfies condition (2) of Definition 2.4, that set is equal to L;.. (That
condition covers explicitly the case where |I'| = 2, but other cases are
either trivial (for |I'| = 0, 1) or follow by induction.)

We then define o(¢)y,; to consist of the map Ly — My given by
applying s elementwise and the map L; — L given by the partial monoid
structure on L. The resulting diagram commutes because s and ¢ are both
partial monoid homomorphisms. Finally, the map o(¢)s; is a bijection
because s : L — M satisfies condition (1) of Definition 2.4.

LeEmMA C.8. The data of Definition C.6 form a natural transformation o(¢) :
o(M) — o(M') between these functors Fin, — Span(Fin)®.

PrROOF. For each pair of morphisms I i> Jy EN K, in Fin,, we have to
check the lax naturality constraint [JY21, 4.2.3] relating the 2-isomorphisms o(¢),
o(¢)g, and o(¢),. To simplify the notation a bit, fix k € K, and write J' = g—*(k)
and I’ = f~1(J’). Then that constraint amounts to commutativity of the following
diagram of finite sets

LY X oy My ———— LT Xy e M y) % (g M
(T, 0(8)1,5)% (3g1y7 M50
(D) gr.k (HjEJ’ Mf—l(j)) X ppd’ L7 Xy M,

(Il My—1(3y)% 1 0(é)g.1

Myp X L = (HjEJ,Mf—l(j)) X apat My Xar L
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This claim holds via a lengthy but easy diagram chase using associativity of the
partial monoid structure on L. ([l

One convenient feature of the construction of Definition C.6 is that o strictly
preserves both composition and identity 1-morphisms.

LEMMA C.9. For an identity 1-morphism 1y in Weily,, o(1as) is the identity
natural transformation on o(M). For 1-morphisms ¢ : M — M’ and ¢’ : M’ — M"
in Weile,, there is an equality of natural transformations

o(¢'¢) = o(¢')o(e)-

PROOF. The 1-components o(1ys)r, are the identity on o(M);, = (M)er,
and the 2-components o(17)s are made up of the obvious isomorphisms

O’(].M)f’j : MI/ Xt M]/ = M[/ = M[/ XM M,
where I’ := f~1(j). These choices agree with the components of the identity natural
transformation on o(M) defined in [JY21, 4.2.12].
The composite of morphisms ¢ : M — M’ and ¢ : M’ — M" in Weil,, is
represented by a diagram of finite partial commutative monoids

/\
/\/\

where L” is (a fixed choice of) the pullback L xp; L. Composition of natural
transformations o (M) — o(M") is defined in [JY21, 4.2.15], and equality between
the 1-components o(¢'¢)r, and (0(¢')o(¢))r, amounts to the pullback of finite
partial commutative monoids L” using the same underlying pullback of finite sets
as in the definition of composition in Span(Fin). Equality of 2-components then
amounts to commutativity of the diagrams, for each f: Iy — J; and each j € J

(C.10)

(L X gy MYy —— LT X o (D) X gy MY,
JLI/X(MW'U(W)L;‘
o(6'0) 1,5 LT X (ypoyr My, X I/
J{U(d’)quXM’Ll
Mp xpy LV ———— My xpp L X0 L

where I’ := f~1(j), and the horizontal maps are induced by the equation L” =
L x5 L'. Identifying an element of the top-left object as an I’-tuple in L” whose
product is defined in the partial monoid structure, it is a straightforward diagram
chase to show that this diagram commutes. O
The final part of the definition of a pseudofunctor
o : Weil,, — Fungy, (Fin,, Span(Fin)®)

is to give the value of o on a 2-morphism in the bicategory Weil,
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DEFINITION C.11. A 2-isomorphism in the bicategory Weil,, is an isomorphism
a: ¢ — ¢ between spans of finite partial commutative monoids of the form

We define a modification (see [JY21, 4.4.1]) o(a) : o(¢) — o(¢') between the
corresponding natural transformations. That modification consists of the following

data:
e For each finite set I, a 2-isomorphism in Span(Fin)® from o(¢);, to

o(¢’) 1, consisting of copies of « indexed by I.

+

The modification axioms require the commutativity, for each f : I, — J; and each
j € J, of the following diagrams

L7 X gy My S22 My L

’
th X(AI/)I/M;,\L |MI/><MD¢

/ () 1.4
(LI)I X(M/)I/ M}/ *fg M]/ XM L/
which follows from the fact that « is a homomorphism of partial monoids.
That completes the definition of the 2-morphism o (). It is straightforward to
check that o preserves composition and identity 2-morphisms.

We now have the following result.

ProrosiTioN C.12. The constructions of Definitions C.3, C.6, and C.11 form
a strict functor of bicategories

o : Weil, — FuniFIi‘ﬁit(Fin*, Span(Fin)®).

ProOF. All that remains is to check the lax associativity and lax unity condi-
tions of [JY21, 4.1.3, 4.1.4], which are significantly simplified by Lemma C.9. For
the associativity condition take morphisms ¢; : M; — M;11 in Weil, for¢ = 0,1, 2.
Let L;; denote the apex of the span of finite partial commutative monoids that de-
scribes the composite morphism from M; to M; for 0 < i < j < 3. The required
condition is the equality of two modifications

Ao (¢2).0(41),0(d0)

— T
(o(d2)a(d1))o (o) a(¢2)(o(p1)o(do))

o((P201)00) o(p2(p160))
V

U(a¢2,¢1,¢0)

given by the associator isomorphisms in Weils, and Fung,, (Fin,, Span(Fin)®), re-
spectively. Each of these maps has components at I. € Fin, given by copies,
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indexed by I, of the canonical isomorphism
Lo1 X, (L2 X, Log) = Lov X g, (L12 X a, Losg).

Similarly, the modifications appearing in the lax unity conditions are given in each
case by copies of the canonical isomorphisms

MX]V[LgL and LXM/M/gL,

so they too are equal. O

Having constructed the desired map o, we now complete the proof of Theo-
rem 2.42, which is a consequence of the following result.

ProrosiTiON C.13. The functor o of Proposition C.12 is fully faithful.

PROOF. Fix objects M, M’ in Weil,,. We wish to show that the induced map
on mapping groupoids

om,m : Homwen (M, M') — Homyjg, (Span(Fin)) (0 (M), o(M"))

is an equivalence. We start by proving that oy pp is fully faithful.
So let ¢, ¢’ : M — M’ be morphisms in Weil,,, given by spans of finite partial
commutative monoids

L
VRN
M M’
N

L/

We have associated morphisms
o(¢),0(¢') s o(M) — (M)

in the bicategory of pseudofunctors Fin, — Span(Fin)®, and suppose given a 2-
morphism v : o(¢) — o(¢’), that is, a modification between these natural transfor-
mations. Thus 7 consists of isomorphisms of spans

i, 1 0(d)r, — o(@)r,

for each Iy € Fin,. So vz, consists of a collection of isomorphisms of spans of finite
sets of the form
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indexed by ¢ € I. These choices must satisfy modification axioms with respect to
f Iy — Jy, which amount to commutative diagrams of finite sets

L X gy My —2 250 My L

('Yi)ie[’ i

’ a(¢') s,
(L/)I X(M')I/ M;/ M M]/ X M L/

for all j € J, where I' := f~'(j). Applying this property to the various inert
maps I, — (1), we deduce that all the ~; are necessarily equal to a single map
a =y : L - L. Applying the property to the active maps (2) — (1) and
(0) — (1), we deduce that « is an isomorphism of partial monoids, i.e. « is a
2-morphism in the bicategory Weil,,. It is then straightforward to see that the
assignment v — « is inverse to the map induced by o, on those 2-morphisms
¢ — ¢ in Weils,. So o is fully faithful.

It remains to show that oas ar is essentially surjective on objects, so take
an arbitrary natural transformation ¢ : o(M) — o(M’) between these functors
Fin, — Span(Fin)®. We can unpack the structure of 1 as follows.

e For each I, in Fin,, we have a collection of spans of finite sets of the form

v,
(C.14) / \2
M M

which make up the component 1y, of the natural transformation.

e For each f: I, — J;, we have a naturality square witnessed by a collec-
tion of diagrams of finite sets of the form

MG My _HEMoar

55

s o,
Vs

ics-1¢5) ¥i N L

! A
1) Foar? M

for each j € J, where the top-right and bottom-left squares are pullbacks.
That is, we must have bijections

Yr:( H W3) X (aprys=to) My = My-1(5) X ¥
ief=1()
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which make these diagrams commute. As for the maps o(¢)y,; in the
proof of Lemma C.8, these bijections must satisfy additional conditions
related to composition in Fin,, and we will make use of those conditions
later in the proof.

First, though, we prove that all the spans (C.14) are isomorphic. For any I
and i € I, let f; : I — (1) be the inert morphism with f;(i) = 1. Then vy, ; is a
bijection

\Ifi Xyt M’gMXM\Ifl
which gives us an isomorphism of spans v; : ¥; = ¥;. Up to isomorphism we can

then assume 1) has the property that all the spans (C.14) making up 17, are equal
to a single span

L
(C.15) / N,
M M

We next show that (C.15) underlies a morphism ¢ in Weil,,. First, we show
that L admits the structure of a partial commutative monoid. Consider the active
map po : (2) — (1), for which we have an associated commutative diagram

M x M My, —® 5 M
T s
SX s MQ XM L ?} L
(C.16) wV

LXxL +— Ly t

tXxt - l
! / ! /
M' x M M; T M

where the bottom-left and top-right squares are pullbacks, and the top and bottom
rows are the spans forming the partial monoid operation for M and M’, respectively.

Since monomorphisms are stable under pullback, we can assume that Lo is a
subset of L x L, and we define a partial operation on the finite set L by

s (b b)) if (4, €2) € Lo;
by by =

(C.17) .
undefined otherwise.

We will show below that this operation makes L into a finite partial commutative
monoid. Assuming that fact for now, it follows from the commutativity of the
diagram (C.16) that s and ¢ are partial monoid homomorphisms. Since the bottom-
left square is a pullback, we know that ¢; - £5 is defined in L if and only if ¢(¢1) - t(¢2)
is defined in M’ so t satisfies condition (2) of Definition 2.4.

For condition (1) of 2.4, the top-right square of (C.16) being a pullback (and
the map A being a bijection) gives us the required unique factorization property in
the case r = 2. By induction, we get that property for all » > 2, and r» = 1 is trivial.
The case 7 = 0 remains, which is equivalent to showing that s=1(15;) = {1.}. To
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prove that claim, consider the naturality square for 1 corresponding to the unique
map pp : (0) — (1). This square takes the form

IR

* Lo t
L J
* * M’
[

Since the bottom-left square is a pullback, Ly has one element, and hence so does
s71(157), which completes the proof that s satisfies condition (1) of Definition 2.4.

We now return to the claim that our chosen partial operation (C.17) makes L
into a partial commutative monoid. Consider the compatibility conditions for the
components ¢ ; with respect to pairs of morphisms

L5 5K,

in Fin,. That compatibility requires that each of the following diagrams commute,
where we fix k € K and write J' := g~ (k) and I' :== f~1(J’).

LI X(M/)I/ M}/ ;> LI ><(M’)I/ (HjGJ/ M}fl(])) X(M/)J, Mf],
(Hj wf:j)X(M/)J’MZI’
(018) Yyfik (HjGJ’ Mffl(j)) XMJ/ LJ X(M/)J/ M’/

(L My—1(3y) % ppar b

MI’ XML — (HjeJ’Mffl(j)) X g’ MJ/ XML

To see that the operation is commutative, we look at this diagram for the
sequence

(2) T (2) S (1)

where 7 permutes the non-basepoints and the composite is again ps. In that case,
(C.18) reduces to

L? X(M1)2 Mé

T

Yuo,1 L2 X (M7)? MQ/

(%;Q,l

Mg XML
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where the top map permutes the factors in each of the terms L2, (M')2, Mj. Tt
follows that the binary operation for L, which is derived from v,,, 1, is commutative.

For associativity the story is similar, but based on the diagram in Fin, of the
form

where 1(23) and (12)3 denote active maps (3) — (2) based on the given pattern.
For the unit property, we use the diagram

that relates i; by inert morphisms to the map p used previously to identify the
identity element 1p.

We have now shown that the span of finite sets (C.15) underlies a morphism
¢ : M — M’ in Weil,,. We complete the proof of essential surjectivity of oas ps
by showing that o(¢) is equal to ¥. (Recall that we already replaced ¢ up to
isomorphism in order to simplify our construction of ¢.)

We have already arranged for ¢y, = o(¢)r,, so it remains to show that for
each f: I, — J; and each j € J, the two bijections

o () Sbr Ly =L@ x iy Moy—y oy 2 M1y X L
VSRR N =) (MNYFEG P F=1(4) =G °M

are equal. Let Py ; denote the statement that o(¢);; = ¢y ;.

By construction, Py ; holds when f = po (each map gives the partial monoid
operation on L), when f is inert (when each map is essentially the identity on L),
and when f = po (when each map gives the identity element in L). To deduce Py ;
for all other f, j, recall that the maps o(¢)¢,; and ¢5 ; both satisfy the compatibility
conditions expressed in diagrams of the form (C.18). We can deduce from those
diagrams the following facts:

(1) If P, and Py for all j € g~'(k), then P,y .
(2) If g is inert, then Py ¢(;) if and only if Py ;.
Since every morphism in Fin, can be factored as an active morphism followed by

an inert morphism, by (2) it suffices to prove Py ; when f is active. Every active
morphism can be factored into active morphisms for which each fibre has at most



C. WEIL-ALGEBRAS AND E.-SEMIRINGS 185

2 elements, so by (1) we need only prove Py ; when |f~1(j)| = r < 2. In that case,
we have a commutative diagram in Fin, of the form

I+L>J+

T

(r) —= (1)
in which the vertical maps are inert. Since we already know that P, 1 holds, (1)
and (2) now imply Py ;, completing the proof that o(¢) = .

Thus o, a is essentially surjective, and so is an equivalence. That completes
the proof that o is fully faithful. Since the symmetric monoidal structures on both
Weil,, and Algg__(Span(Fin)) are given by the cartesian product of finite sets, o is
also symmetric monoidal. O

REMARK C.19. We noted in Remark C.5 that Contreras, Mehta, and Stern have
identified F.-algebras in Span(Fin) with 2-Segal T'-sets, and also shown how a finite
partial commutative monoid M gives rise to such an object; see [CMS25]. Proposi-
tion C.13 extends their result to morphisms, showing that maps between these F-
algebras correspond to certain spans of finite partial commutative monoids, namely
those described by Definition 2.4. We suspect that our proof extends to 2-Segal I'-
sets that do not arise from partial commutative monoids, so that Algg_ (Span(Fin))
is equivalent to a certain oo-category of spans of 2-Segal I'-sets whose component
maps satisfy conditions analogous to those of 2.4.

In fact, Godicke [G524] has proved exactly this result, but for A.-algebras
(that is, those which are associative, but not necessarily commutative, up to higher
coherent homotopy) in Span(Fin), which correspond to 2-Segal (simplicial) sets. He
shows that Alg, (Span(Fin)) is equivalent to an oo-category of spans of 2-Segal
sets in which the component maps satisfy conditions introduced by Galvez-Carrillo,
Kock, and Tonks [GCKT18]; see [G624, 2.2]. In fact, Godicke goes much further,
showing that for any oo-category C with finite limits, A..-algebras in Span(C)
correspond to 2-Segal objects in € and their spans. We conjecture that Godicke’s
result extends to F.-algebras, and perhaps even to algebras over other oo-operads.






[ABFJ18]
[ABFJ23]
[AC11]
[ALRO3]

[And74]

[Barl7]
[Bas99]

[BCLW19]

[BCSO09)]
[Bec03]
[Ber07]
[BGS20]

[BJO+18]

[BK12]
[Blu06)
[BMO5)
[BM19]

[BVT73]

[Cam20]
[cC14]

[CC17)

Bibliography

M. Anel, G. Biedermann, E. Finster, and A. Joyal, Goodwillie’s calculus of functors
and higher topos theory, J. Topol. 11 (2018), no. 4, 1100-1132. MR 3989439
Mathieu Anel, Georg Biedermann, Eric Finster, and André Joyal, Left-exzact localiza-
tions of co-topot III: The acyclic product.

Gregory Arone and Michael Ching, Operads and chain rules for the calculus of func-
tors, Astérisque (2011), no. 338, vi+158. MR 2840569 (2012i:55012)

J. Addmek, F. W. Lawvere, and J. Rosicky, Continuous categories revisited, Theory
Appl. Categ. 11 (2003), No. 11, 252-282. MR 1988399

Michel André, Homologie des algebres commutatives, Springer-Verlag, Berlin-New
York, 1974, Die Grundlehren der mathematischen Wissenschaften, Band 206.
MR 0352220 (50 #4707)

Clark Barwick, Spectral Mackey functors and equivariant algebraic K-theory (I), Adv.
Math. 304 (2017), 646-727. MR 3558219

M. Basterra, André-Quillen cohomology of commutative S-algebras, J. Pure Appl.
Algebra 144 (1999), no. 2, 111-143. MR 1732625 (2001b:55025)

R. F. Blute, G. S. H. Cruttwell, and R. B. B. Lucyshyn-Wright, Affine geometric
spaces in tangent categories, Theory Appl. Categ. 34 (2019), Paper No. 15, 405-437.
MR 3948478

R. F. Blute, J. R. B. Cockett, and R. A. G. Seely, Cartesian differential categories,
Theory Appl. Categ. 22 (2009), 622-672.

Jonathan Mock Beck, Triples, algebras and cohomology, Repr. Theory Appl. Categ.
(2003), no. 2, 1-59. MR 1987896

Julia E. Bergner, A model category structure on the category of simplicial categories,
Trans. Amer. Math. Soc. 359 (2007), no. 5, 2043—-2058. MR 2276611

Clark Barwick, Saul Glasman, and Jay Shah, Spectral Mackey functors and equivari-
ant algebraic K-theory, II, Tunis. J. Math. 2 (2020), no. 1, 97-146. MR 3933393
Kristine Bauer, Brenda Johnson, Christina Osborne, Emily Riehl, and Amelia Tebbe,
Directional derivatives and higher order chain rules for abelian functor calculus,
Topology Appl. 235 (2018), 375-427. MR 3760211

C. Barwick and D. M. Kan, Relative categories: another model for the homotopy the-
ory of homotopy theories, Indag. Math. (N.S.) 23 (2012), no. 1-2, 42-68. MR 2877401
Andrew J. Blumberg, Continuous functors as a model for the equivariant stable ho-
motopy category, Algebr. Geom. Topol. 6 (2006), 2257-2295. MR 2286026

Maria Basterra and Michael A. Mandell, Homology and cohomology of Eoc ring spec-
tra, Math. Z. 249 (2005), no. 4, 903-944. MR 2126222 (2005m:55016)

Matthew Burke and Benjamin MacAdam, Involution algebroids: a generalisation of
Lie algebroids for tangent categories, 2019, arxiv:1904.06594.

J. M. Boardman and R. M. Vogt, Homotopy invariant algebraic structures on topo-
logical spaces, Springer-Verlag, Berlin, 1973, Lecture Notes in Mathematics, Vol. 347.
MR 54 #8623a

Alexander Campbell, A homotopy coherent cellular nerve for bicategories, Advances
in Mathematics 368 (2020), 107138.

J. R. B. Cockett and G. S. H. Cruttwell, Differential structure, tangent structure, and
SDG, Appl. Categ. Structures 22 (2014), no. 2, 331-417.

, Connections in tangent categories, Theory Appl. Categ. 32 (2017), Paper
No. 26, 835-888. MR 3684725

187


www.arxiv.org/abs/1904.06594

188

[CC18]
[CCNW26]
[CG22)

[Chi21]
[CHLL24]

[CL23]

[CLW18]
[CMS25]
[Cral0]
[Cs11]

[CS19]

[Dev16]
[DK19]

[Dot16]

[Dot17]
[Dus01]

[ERO03]
[Garl3]

[GCKT18]

[GGN15]

[Gla16]
[Goo90]
[Goo91]
[Goo03]
[GW99]

[G624)
[Heu21]

[HHLN23]

BIBLIOGRAPHY

, Differential bundles and fibrations for tangent categories, Cah. Topol. Géom.
Différ. Catég. 59 (2018), no. 1, 10-92.

Denis-Charles Cisinski, Bastiaan Cnossen, Kim Nguyen, and Tashi Walde, Synthetic
higher categories, 2026.

Matteo Capucci and Bruno Gavranovié, Actegories for the working amthematician,
2022.

Michael Ching, Dual tangent structures for co-toposes, arxiv:2101.08805.

Bastiaan Cnossen, Rune Haugseng, Tobias Lenz, and Sil Linskens, Homotopical com-
mutative rings and bispans.

G. S. H. Cruttwell and Jean-Simon Pacaud Lemay, Differential bundles in commuta-
tive algebra and algebraic geometry, Theory Appl. Categ. 39 (2023), 1077-1120.

G. S. H. Cruttwell and Rory B. B. Lucyshyn-Wright, A simplicial foundation for
differential and sector forms in tangent categories, J. Homotopy Relat. Struct. 13
(2018), no. 4, 867-925. MR 3870775

Ivan Contreras, Rajan Amit Mehta, and Walker H. Stern, Frobenius and commutative
pseudomonoids in the bicategory of spans, Journal of Geometry and Physics 207
(2025), 105309.

James Cranch, Algebraic theories and (oo,1)-categories.

J. R. B. Cockett and R. A. G. Seely, The Faa di Bruno construction, Theory Appl.
Categ. 25 (2011), No. 15, 394-425. MR 2861113

David Carchedi and Pelle Steffens, On the universal property of derived manifolds,
arxiv:1905.06195.

Sanath Devalapurkar, 2-fold complete Segal operads, arxiv:1607.06034.

Tobias Dyckerhoff and Mikhail Kapranov, Higher segal spaces, Springer International
Publishing, 2019.

Emanuele Dotto, Fquivariant calculus of functors and Z/2-analyticity of real algebraic
K -theory, J. Inst. Math. Jussieu 15 (2016), no. 4, 829-883. MR 3569078

, Higher equivariant excision, Adv. Math. 309 (2017), 1-96. MR 3607273
John W. Duskin, Simplicial matrices and the nerves of weak n-categories. I. Nerves
of bicategories, vol. 9, 2001, CT2000 Conference (Como), pp. 198-308. MR 1897816
Thomas Ehrhard and Laurent Regnier, The differential lambda-calculus, Theoret.
Comput. Sci. 309 (2003), no. 1-3, 1-41. MR 2016523

Richard Garner, An embedding theorem for tangent categories, Adv. Math. 323
(2018), 668-687. MR 3725887

Imma Gélvez-Carrillo, Joachim Kock, and Andrew Tonks, Decomposition spaces, in-
cidence algebras and mdébius inversion i: Basic theory, Advances in Mathematics 331
(2018), 952-1015.

David Gepner, Moritz Groth, and Thomas Nikolaus, Universality of multiplicative
infinite loop space machines, Algebr. Geom. Topol. 15 (2015), no. 6, 3107-3153.
MR 3450758

Saul Glasman, Day convolution for co-categories, Math. Res. Lett. 23 (2016), no. 5,
1369-1385. MR 3601070

Thomas G. Goodwillie, Calculus. I. The first derivative of pseudoisotopy theory, K-
Theory 4 (1990), no. 1, 1-27. MR 92m:57027

, Calculus. II. Analytic functors, K-Theory 5 (1991), no. 4, 295-332.
MR 93i:55015

—, Calculus. III. Taylor series, Geom. Topol. 7 (2003), 645-711 (electronic).
MR 2026544

Thomas G. Goodwillie and Michael Weiss, Embeddings from the point of view of
immersion theory. II, Geom. Topol. 3 (1999), 103-118 (electronic). MR 1694808
Jonte Godicke, An oo-category of 2-segal spaces.

Gijs Heuts, Goodwillie approzimations to higher categories, Mem. Amer. Math. Soc.
272 (2021), no. 1333, ix+108. MR 4320769

Rune Haugseng, Fabian Hebestreit, Sil Linskens, and Joost Nuiten, Two-variable
fibrations, factorisation systems and -categories of spans, Forum of Mathematics,
Sigma 11 (2023).



www.arxiv.org/abs/2101.08805
www.arxiv.org/abs/1905.06195
www.arxiv.org/abs/1607.06034

[HNP18]

[HNP19a]
[HNP19b)]
[Hov99]
[m71)
[IMO04]
[Jy21]
[Kan57)
[Koc81]
[Koc10]
[KR02]

[Lac10]
[Lan23]

[Lem18]
[Leul7]
[Lur09a)
[Lur09b]
[Lur17]
[Lur18]

[Lur25]
[LW18]

[Mac21]
[May72]
[MG19]
[MOR22]

[MS06)

[Pro13]

[Qui67]

BIBLIOGRAPHY 189

Yonatan Harpaz, Joost Nuiten, and Matan Prasma, The abstract cotangent complex
and Quillen cohomology of enriched categories, J. Topol. 11 (2018), no. 3, 752-798.
MR 3989430

Yonatan Harpaz, Joost Nuiten, and Matan Prasma, Quillen cohomology of (00, 2)-
categories, Higher Structures 3 (2019), no. 1, 17-66.

Yonatan Harpaz, Joost Nuiten, and Matan Prasma, Tangent categories of algebras
over operads, Israel J. Math. 234 (2019), no. 2, 691-742. MR 4040842

Mark Hovey, Model categories, Mathematical Surveys and Monographs, vol. 63, Amer-
ican Mathematical Society, Providence, RI, 1999. MR 1650134

Luc Illusie, Complezxe cotangent et déformations. I, Lecture Notes in Mathematics,
Vol. 239, Springer-Verlag, Berlin-New York, 1971. MR 0491680

B. Johnson and R. McCarthy, Deriving calculus with cotriples, Trans. Amer. Math.
Soc. 356 (2004), no. 2, 757-803 (electronic). MR 2 022 719

Niles Johnson and Donald Yau, 2-dimensional categories, Oxford University Press,
Oxford, 2021. MR 4261588

Daniel M. Kan, On c. s. s. complexes, Amer. J. Math. 79 (1957), 449-476. MR 90047
Anders Kock, Synthetic differential geometry, London Mathematical Society Lec-
ture Note Series, vol. 51, Cambridge University Press, Cambridge-New York, 1981.
MR 649622

, Synthetic geometry of manifolds, Cambridge Tracts in Mathematics, vol. 180,
Cambridge University Press, Cambridge, 2010. MR 2567528

John R. Klein and John Rognes, A chain rule in the calculus of homotopy functors,
Geom. Topol. 6 (2002), 853-887 (electronic). MR 2003m:55013

Stephen Lack, Icons, Appl. Categ. Structures 18 (2010), no. 3, 289-307. MR 2640216
Marcello Lanfranchi, The Grothendieck construction in the context of tangent cate-

gories.

Jean-Simon P. Lemay, A tangent category alternative to the Fada di Bruno construc-
tion, Theory Appl. Categ. 33 (2018), Paper No. 35, 1072-1110. MR 3909239

Poon Leung, Classifying tangent structures using Weil algebras, Theory Appl. Categ.
32 (2017), Paper No. 9, 286-337. MR 3613087

Jacob Lurie, Higher Topos Theory, Annals of Mathematics Studies, vol. 170, Prince-
ton University Press, Princeton, NJ, 2009. MR 2522659 (2010j:18001)

, (00,2)-Categories and the Goodwillie Calculus I, available at www.math.ias.
edu/~lurie/, version dated October 8, 2009.

, Higher Algebra, available at www.math.ias.edu/~lurie/, version dated Sep-
tember 18, 2017.

, Spectral Algebraic Geometry, available at www.math.ias.edu/~lurie/, ver-
sion dated February 3, 2018.

Jacob Lurie, Kerodon, https://kerodon.net, 2025.

Rory B. B. Lucyshyn-Wright, On the geometric notion of connection and its expres-
sion in tangent categories, Theory Appl. Categ. 33 (2018), 832-866.

Benjamin MacAdam, Vector bundles and differential bundles in the category of
smooth manifolds, Appl. Categ. Structures 29 (2021), no. 2, 285-310.

J. P. May, The geometry of iterated loop spaces, Springer-Verlag, Berlin, 1972, Lec-
tures Notes in Mathematics, Vol. 271. MR 0420610 (54 #8623b)

Aaron Mazel-Gee, The universality of the Rezk nerve, Algebr. Geom. Topol. 19
(2019), no. 7, 3217-3260. MR 4045352

Lyne Moser, Viktoriya Ozornova, and Martina Rovelli, Model independence of (oo, 2)-
categorical nerves, 2022.

J. P. May and J. Sigurdsson, Parametrized homotopy theory, Mathematical Surveys
and Monographs, vol. 132, American Mathematical Society, Providence, RI, 2006.
MR 2271789 (2007k:55012)

The Univalent Foundations Program, Homotopy type theory—univalent foundations
of mathematics, The Univalent Foundations Program, Princeton, NJ; Institute for
Advanced Study (IAS), Princeton, NJ, 2013. MR 3204653

Daniel G. Quillen, Homotopical algebra, Lecture Notes in Mathematics, No. 43,
Springer-Verlag, Berlin, 1967. MR 0223432 (36 #6480)



www.math.ias.edu/~lurie/
www.math.ias.edu/~lurie/
www.math.ias.edu/~lurie/
www.math.ias.edu/~lurie/
https://kerodon.net

190

[Qui70]

[Rom23]
[Ros84]
[RV17]
[RV22]
[Sch01]

[Sch13]
[Spil0]

[SS00]
[Tag22]

[Wei53]

[Wei95]

[Wei99]

BIBLIOGRAPHY

Daniel Quillen, On the (co-)homology of commutative rings, Applications of Categor-
ical Algebra (Proc. Sympos. Pure Math., Vol. XVII, New York, 1968), Amer. Math.
Soc., Providence, R.I., 1970, pp. 65-87. MR 0257068

Jack Romd6, Homotopy bicategories of 2-fold segal spaces.

J. Rosicky, Abstract tangent functors, Diagrammes 12 (1984), JR1-JR11.

Emily Riehl and Dominic Verity, Fibrations and Yoneda’s lemma in an oo-cosmos,
J. Pure Appl. Algebra 221 (2017), no. 3, 499-564. MR 3556697

, Elements of oco-category theory, Cambridge Studies in Advanced Mathemat-
ics, Cambridge University Press, 2022.

Peter Schauenburg, Turning monoidal categories into strict ones, New York J. Math.
7 (2001), 257-265. MR 1870871

Urs Schreiber, Differential cohomology in a cohesive co-topos, arxiv:1310.7930.
David I. Spivak, Derived smooth manifolds, Duke Math. J. 153 (2010), no. 1, 55-128.
MR 2641940

Stefan Schwede and Brooke Shipley, Algebras and modules in monoidal model cate-
gories, Proc. London Math. Soc. 80 (2000), 491-511.

Niall Taggart, Unitary functor calculus with reality, Glasg. Math. J. 64 (2022), no. 1,
197-230. MR 4348878

André Weil, Théorie des points proches sur les variétés différentiables, Géométrie
différentielle. Colloques Internationaux du Centre National de la Recherche Scien-
tifique, Strasbourg, 1953, Centre National de la Recherche Scientifique, Paris, 1953,
pp. 111-117. MR 0061455

Michael Weiss, Orthogonal calculus, Trans. Amer. Math. Soc. 347 (1995), no. 10,
3743-3796. MR 1321590 (96m:55018)

, Embeddings from the point of view of immersion theory. I, Geom. Topol. 3
(1999), 67-101 (electronic). MR 1694812 (2000c:57055a)



www.arxiv.org/abs/1310.7930

Index of Notation and Terminology

A-excisive functor, for a Weil-algebra A, 89

bar construction, 163

oo-bicategory, 151

BW, the one-object simplicial category
associated to a strict monoidal
oo-category W, 166

BX, the bar construction on a strict
module oco-category X, 163

¢, C, C, notation for co-(bi)categories of
various sizes, 10
cartesian differential category (CDC), 19
cartesian tangent co-category, 57
(2,1)-category, 148
oo-category, 145
associated to a simplicial model category,
149
Cato, the co-category of co-categories, 86,
109
(Catgéﬁ, the oco-category of differentiable
oo-categories, 86, 110
Cat, the co-category of ordinary
categories, 148
CAT}, the co-bicategory of ordinary
bicategories, 153
Cato, the oo-category of (large)
oco-categories, 148
CAT, the oco-bicategory of co-categories,
152
Cat(,2), the co-category of
oco-bicategories, 152
CAT (o2, the co-bicategory of
oo-bicategories, 152
Cat?oo’2>7 the oco-category of
oo-bicategories with a single object,
159
core oco-category of an oco-bicategory, 151
core oco-groupoid
of an oco-bicategory, 151
of an oco-category, 146
3-coskeletal simplicial set, 149
CRig, category of commutative semirings,
15
CRing, category of commutative rings, 19
cube in an oco-category, 83
cartesian, 83
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strongly cocartesian, 83

Diff (X), oo-category of differential objects
in the cartersian tangent co-category
X, 61
differentiable co-category, 84
differentiable relative co-category, 111
differential object
in a cartesian tangent oco-category, 61
in a cartesian tangent category, 57
DMIAfld, the co-category of derived
manifolds, 47
Duskin nerve of a bicategory, 149

Eoo
tangent structure, 60
the oco-category of spans of finite sets, 59
the bicategory of spans of finite sets, 58
EosoSp
dual tangent structure, 47
tangent structure, 46
the oo-category of Eoo-ring spectra, 46
FEoo-semiring, 39
FEoo-Weil-algebra, 39
EscMon, the co-category of Eso-monoids,
38
EooRig, the co-category of Foo-semirings,
39, 171
excisive functor, 83
Exc”, oo-category of n-excisive functors, 83
Exc"1"2(C X C2,D), the oo-category of
(n1,n2)-excisive functors, 85

finite Kan complex, 86
finite pointed Kan complex, 86
foundational pullback, 16
FPCM, the category of finite partial
commutative monoids, 25
Fun(X,Y), the co-category of functors
between two oco-categories, 145
functor
between co-bicategories, 151
between oco-categories, 145
W-functor
between module co-categories over a
monoidal co-category W, 161
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between strict W-module co-categories,
164

Goodwillie tangent structure, 87
oo-groupoid, 146

haB, the homotopy bicategory of an
oo-bicategory B, 153

m(X), the cartesian differential category
of differential objects in a cartesian
tangent oco-category X, 72

Homx (A, B), the space of maps between
objects A, B in an oco-category X, 150

Homgp(X,Y), the co-category of maps
between objects X,Y in an
oo-bicategory B, 154

homotopy 2-pullback in an co-bicategory,
7

homotopy bicategory of an oo-bicategory,
153

homotopy category of an co-category, 146

Jn, the poset of intervals in [n], 31
Kan complex, 146

labelled Weil-algebra morphism, 25
linear morphism of differential objects, 58

M 4, the partial commutative monoid of
nonzero monomials in the Weil-algebra
A, 25
marked edges in a marked simplicial set,
150
marked model structure on sSett, 150
marked simplicial monoid, 158
marked simplicial set, 150
Mfld, category of finite-dimensional smooth
manifolds, 19
module co-category
as a functor of co-bicategories, 165
associated to a strict module, 162
over a monoidal oco-category, 161
strict, 162
module morphism, 161
module over a monoid in an oco-category,
160
module over a monoidal co-category W in
an oo-bicategory C, 167
Mod s (C), the co-category of modules
over a monoid M in an oco-category C,
161
Modw(Catso ), the co-category of module
oco-categories over a monoidal
oo-category W, 161
Modw(CAT ), the co-bicategory of
module co-categories over the
monoidal co-category W, 165
Modwy(C), the co-bicategory of
W-modules in the co-bicategory C, 167

Modw(X,Y), the co-category of
W-functors between W-module
oo-categories X and Y, 165

Modg'v, the category of marked modules
over a marked simplicial monoid W,
162

Mon(C), the co-category of monoids in an
oo-category C, 156

MonCat, the co-category of monoidal
oco-categories, 156

MonCat, the co-category of ordinary
monoidal categories, 157

monoid in an co-category, 156

monoidal co-category, 156

action on itself, 162
strict, 35

N, the set of natural numbers including 0,
15
n-excisive functor, 83
Noo, the free Es-monoid on one generator,
39
(n1, n2)-excisive functor, 85
natural transformation
between functors between co-categories,
145
between functors between module
oo-categories, 165
between relative functors, 110
NC
nerve of a category C, 145
NC, nerve of a simplicial category C, 146
nerve
of a (2, 1)-category, 148
of a bicategory, 149
of a simplicial category, 146
of an ordinary category, 145

Pa, A-excisive approximation, 92
partial commutative monoid, 24
homomorphism, 24

P;,j, poset of subsets of [¢, 5], 146

P,,, n-excisive approximation, 84
pointwise limit in an oco-bicategory, 75
pointwise tangent structure, 44
projective model structure on marked

simplicial monoids, 158

relative oco-category, 110
relative equivalence, 110
relative functor
between relative co-categories, 110
differentiable, 111
Rel(Catgciff, the co-category of relative
differentiable co-categories, 113
RelpCatdiff| the simplicial category of
differentiable relative co-categories,
111
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8, the oco-category of spaces, 148

Sfin,«, the oo-category of finite pointed
spaces, 86

scaled model structure on sSet*¢, 153

scaled simplicial set, 153

Sch, category of schemes, 19

o, the functor of bicategories
Weiloo — Algp__ (Span(Fin)®), 179

o(M), the pseudofunctor
Fin. — Span(Fin)® associated to a
finite partial commutative monoid M,
173

o(¢), the natural transformation associated
to a span ¢ of finite partial
commutative monoids, 176

, simplicial indexing category, 156

simplicial nerve, 146

sMont, category of marked simplicial
monoids, 158

Span(Fin), the co-category of spans of finite
sets (also denoted Eo), 171

Span(Fin)®, 172

sSet™, the category of marked simplicial
sets, 150

sSet*®, the category of scaled simplicial sets,
153

strict module oco-category, 162

strict monoidal co-category, 35

strict tangent oco-category, 45

synthetic differential geometry (SDG), 19

T4, the action of a Weil-algebra A in a
tangent structure, 17

T(@), the tangent bundle on a differentiable
oo-category C, 86

T4(@), the action of a Weil-algebra A on a
differentiable co-category €, 89

T?, action of a labelled Weil-algebra
morphism ¢ in the Goodwillie tangent
structure, 95

T=C, tangent space at z to an object C in
a cartesian tangent oco-category, 64

T2 C, the differential object whose
underlying object is the tangent space
T:C, 65

Tan, the 2-category of ordinary tangent
categories, 21

Tan., the co-bicategory of tangent
oo-categories, 51

Tan (X, Y), the co-category of tangent
functors between tangent oco-categories
X,Y, 51

Tang, the co-bicategory of tangent
bicategories, 77

Tan(C), the oo-bicategory of tangent
objects in the oco-bicategory C, 76

Tan( 2), the co-bicategory of tangent
oco-bicategories, 76

tangent oco-bicategory, 76
tangent bicategory, 77
tangent bundle functor, 17
tangent category, 17
tangent equivalence, 54
tangent functor
oo-category of, 51
between strict tangent oco-categories, 54
between tangent oco-categories, 51
between tangent categories, 20
identity, 20
tangent oco-category, 41
tangent object in an co-bicategory, 76
tangent pullback, 16
tangent space, 64
tangent structure
on a category, 17
on an oco-category, 41
tangent structure maps
addition, 18
flip, 18
projection, 18
vertical lift, 18
zero section, 18
tangent transformation
between tangent functors on ordinary
tangent categories, 21
between tangent functors on tangent
oo-categories, 51
Taylor tower of a functor, 84
thin 2-simplex, 151
trivial tangent structure, 19, 44

universality of the vertical lift, 19
vertical lift pullback, 16

W = W1 = N[z]/(x?), the Weil-algebra on
1 generator, 15
W¢, the monoidal co-category associated to
a strict monoidal co-category W, 157
W, the one-object co-bicategory associated
to a strict monoidal oco-category W,
160
Weil, the category of Weil-algebras, 15
‘Weil-algebra, 15
morphism, 15
Weiloo
module over, 41
monoidal structure, 36
the co-category of Weil-algebras and
labelled Weil-algebra morphisms, 30
the bicategory of Weil-algebras and
labelled Weil-algebra morphisms, 29
Weil-module, 17
W+ the trivial commutative semiring
generated by a finite set J, 15
W™ the trivial commutative semiring on n
generators, 15
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