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1 Introduction

1.1 Higher structures

Higher algebra is the study of algebraic structures which arise in the setting of
higher category theory. Higher algebra generalizes ordinary algebra, or algebra
in the setting of ordinary category theory. Ordinary categories have sets of
morphisms between objects, and elements of a set are either equal or not. Higher
categories, on the other hand, have homotopy types of morphisms between
objects, typically called mapping spaces. Sets are examples of homotopy types,
namely the discrete ones, but in general it doesn’t quite make sense to ask
whether or not two “elements” of a homotopy type are “equal”; rather, they are
equivalent if they are represented by points which can be connected by a path
in some suitable model for the homotopy type. But then any two such paths
might form a nontrivial loop, leading to higher automorphisms, and so on. The
notion of equality only makes sense after passing to discrete invariants such as
homotopy groups.

Since the higher categorical analogue of a set is a space, the higher categorical
analogue of an abelian group ought to be something like a space equipped with
a multiplication operation which is associative, commutative, and invertible
up to coherent homotopy. While invertibility is a property of an associative
operation, commutativity is not; rather, it is structure. This is because, in higher
categorical contexts, it is not enough to simply permute a sequence of elements;
instead, the permutation itself is recorded as a morphism. A commutative
multiplication operation must also act on morphisms, so that they may also be
permuted, and so on and so forth, provided we keep track of these permutations
as still higher morphisms. There are a number of formalisms which make this
precise, all of which are equivalent to (or obvious variations on) the notion of
spectrum in the sense of algebraic topology.

On the one hand, a spectrum is an infinite delooping of a pointed space,
thereby providing an abelian group structure on all its homotopy groups (pos-
itive and negative); on the other, a spectrum represents a cohomology theory,
which is to say a graded family of contravariant abelian group valued functors
on pointed spaces satisfying a suspension relation and certain exactness con-
ditions. These two notions are equivalent: the functors which comprise the
cohomology theory are represented by the spaces of the infinite delooping. The

IThe overuse of the term “spectrum” in mathematics is perhaps a potential cause for
confusion; fortunately, it is almost always clear from context what is meant.
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real starting point of higher algebra is the observation that there is a symmetric
monoidal structure on the co-category of spectra which refines the tensor prod-
uct of abelian groups, and that there are many important examples of algebras
for this tensor product.

1.2 Overview

Ordinary algebra is set based, meaning that it is carried out in the language of
ordinary categories. As mentioned, the higher categorical analogue of sets are
spaces, or n-truncated spaces if one chooses to work in an (n + 1)-categorical
context, and the truncation functors allow us to switch back and forth between
categorical levels. In the category of sets, limits and colimits reduce to intersec-
tions and unions in some ambient set; in higher category theory, however, these
operations must be interpreted invariantly, which implies that a homotopy col-
imit of sets (viewed as spaces) need not be discrete.

We begin our exposition in Section 2 with some background on the behavior
of colimits in higher categories, especially in oco-categories of presheaves or cer-
tain full subcategories thereof (the presentable co-categories). We then turn to
the Grothendieck construction, which establishes a correspondence between fi-
brations and functors. The fibration perspective allows for an efficient approach
to the theory of (symmetric) monoidal oo-categories and (commutative) alge-
bras and modules therein, our main objects of interest, at least in the stable
setting: a stable co-category is a higher categorical analogue of an abelian cat-
egory, an analogy which we make precise by comparing derived categories of
abelian categories with stable co-categories via t-structures.

Having equipped ourselves with the basic structures and language, in Section 3
we turn to a more detailed study of spectra and the smash product. An asso-
ciative (respectively, commutative) ring spectrum is defined as an algebra (re-
spectively, commutative algebra) object in the stable co-category of spectra, the
universal stable oo-category. The theory also allows for a notion of (left or right)
module object of an co-category which is (left or right) tensored over a monoidal
oo-category. We conclude this section with some remarks on localizations of ring
spectra, which mirrors the ordinary theory save for the fact that ideals must be
interpreted on the level of homotopy groups.

Section 4 is devoted to module theory. In particular, monads appear as an
instance of modules, allowing us to address monadicity, which plays a much
more important role higher categorically due do the difficultly of ad hoc con-
structions. Simplicial objects and their colimits, geometric realizations, feature
in the construction of the relative tensor product as well as the definition of pro-
jective module. We also study the more general class of perfect modules, which
are colimits of shifted projective modules in a sense made rigorous by the theory
of tor-amplitude, which acts as a substitute for projective resolutions. We also
consider free algebras and isolate various finiteness properties of modules and
algebras which play important roles in higher algebra.

The final Section 5 deals with deformations of commutative algebras. The
formalism of the tangent bundle allows for an elegant construction of the cotan-
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gent complex, which governs derivations and square-zero extensions. The Post-
nikov tower of truncations of a connective commutative algebra is comprised
entirely of square-zero extensions, a crucial fact which implies an obstruction
theory for computing the space of maps between commutative algebra spectra.
The main theorem in that all obstructions vanish in the étale case, from which
it follows that the oo-category of étale commutative algebras over of fixed com-
mutative ring spectrum R is equivalent to an ordinary category, namely that
of étale commutative algebras over its underlying ordinary ring moR, a strong
version of the topological invariance of étale morphisms.

We conclude this introductory section with some background on various ap-
proaches to homotopy coherence and some remarks on higher categorical “set
theory”: small and large spaces, categories, universes, etc. The reader who is al-
ready familiar with these notions is encouraged to Section 2, or even Section 3 if
they are already familiar with stability, presentability, and symmetric monoidal
structures.

1.3 Homotopy coherence

To lessen the prerequisites we avoid the use of operads or co-operads in this
article altogether. Nevertheless, for the sake of putting the theory of higher
categorical algebra into historical context, and explaining some of the standard
terminology, a few remarks are in order.

A space equipped with a homotopy coherently associative, or homotopy co-
herently associative and commutative, multiplication operation is traditionally
referred to as an A -monoid, or E.,-monoid, meaning that it admits an action
by an A (infinitely homotopy coherently associative) or E, (infinitely homo-
topy coherently “everything”, i.e. associative and commutative) operad. If the
multiplication operation is invertible up to homotopy, the A ,.-monoid is said to
be grouplike. An E.,-monoid is grouplike when viewed as an A ..-monoid. These
operads were originally constructed out of geometric objects like associahedra,
configuration spaces, or spaces of linear isometries.

The oo-categorical approach prefers to use small combinatorial models for
associativity and commutativity, as in Segal’s treatment [36], by incorporating
homotopy coherence into the language itself. The result is a significantly more
streamlined approach to homotopy coherent algebraic structures, as anticipated
in the now extremely influential book of the same name of Boardmann—Vogt [12],
which contained the original definition of co-category, well before the theory
was systematically developed by Joyal and then Lurie. Nevertheless, there is
a rich interplay between geometry, topology, and higher category theory, as
evidenced by the remarkable cobordism hypothesis, among other things. Even
the motivating example of the theory of operads, as originally developed by
May [28], namely the little n-cubes operad, n € N, collectively form the most
important family of co-operads, the so-called E,, operads.

As oc-operads, Ao, ~ E; and EY" ~ E,; the former equivalence is easy
but the latter is equivalence is hard and requires both the tensor product of
Boardmann—Vogt [12] and the additivity theorem of Dunn [15]. Since we will
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only be concerned with A .-algebras and E.-algebras in (symmetric) monoidal
oo-categories, we choose to emphasize the analogy with ordinary algebra by refer-
ring to these objects as associative and commutative algebras, respectively. This
drastically simplifies the terminology and also allows us to reformulate actions
by the associative or commutative co-operad, respectively, in terms of functors
from a category of ordinals or cardinals (arguably the must basic mathematical
objects of all). And while the abstract theory is quite powerful, one should keep
in mind that many of the most important examples come from geometry and
topology via these more classical constructions.

Heuristically, a co-categories are generalizations of (ordinary) categories in
which there is a space, instead of a set, of morphisms between any pair of
objects. There are a number of ways of making this precise, but suffice it to say
that simplicially (or topologically) enriched categories and quasi-categories yield
equivalent models: any co-category is equivalent to the homotopy coherent nerve
N(€) of a simplicially enriched category €. We will follow the usual notational
conventions and sometimes refer to simplically enriched categories as simplicial
categories, though this should not be confused with the more general notion of
simplicial object in the category of categories.

Remark 1.3.1. The theory of quasi-categories [23] has the distinct advantage
that it allows for an easy construction of the co-category Fun(D, €) of functors
from an co-category D to an co-category C as the exponential

Fun(D, @) := e?

in the cartesian closed category of simplicial sets. This is a completely combi-
natorial object: if X and Y are simplicial sets, an m-simplex of XV is natural
transformation A™ x Y — X of functors A°P — Set, so it is completely deter-
mined by a compatible family of functions A7" xY,, - X,,, n € N.

Remark 1.3.2. The chief issue which arises when working with simplicial cat-
egories is that the simplicial category of simplicial functors from D to € is not
in general invariant under weak equivalence (simplicial functors which are fully
faithful and essentially surjective up to weak homotopy equivalence). To ob-
tain the homotopically correct simplicial category of functors we must replace
D with a sufficiently “free” version D" — D of itself.

Remark 1.3.3. In practice it is usually easier to apply the homotopy coherent
nerve functor
N : Cata — Fun(A°P, Set)

and work in simplicial sets. Here Cata denotes the category of simplicially
enriched categories and N is the right adjoint of the colimit preserving functor
¢ : Fun(A°P,Set) — Cata determined by defining Mapg(an(i,j) to be the
simplicial set of partially ordered subsets of {i,i +1,...,5—1,5}.

Theorem 1.3.1. [24, Theorem 2.2.5.1] The homotopy coherent nerve functor
N : Cata — Fun(A°P, Set) is a right Quillen equivalence. In particular, the



1 INTRODUCTION 6

homotopy coherent nerve N(C) of a simplically enriched category C is a quasi-
category provided C is enriched in Kan complexes (every Mape(A, B) is a Kan
complez).

Higher categorical algebra is truly homotopical and not just homological in
nature, meaning that many of its most important objects simply do not exist
within the world of chain complexes or derived categories. The portion of the
theory that can be formulated in these terms is differential graded algebra, the
abstract study of which employs the language of differential graded categories.

Definition 1.3.4. A differential graded category is a category enriched over the
category Ch = Ch(Ab) of chain complexes of abelian groups. We write Catqg
for the category of small differential graded categories

Example 1.3.5. Let A be an abelian category, or an additive subcategory of
an abelian category. Given complexes A, B € Ch(A), there is a natural chain
complex of abelian groups of homomorphisms Hom(A, B), which in degree n
is the abelian group Hom(A, B), = [];cq Homa (A, Bryyn), with differential
given by the formula (dy)(a) = d(p(a)) — (=1)"¢(d(a)). In this way, Ch(A)
acquires a canonical structure of a differential graded category: there is a chain
complex of maps between any two objects, suitably compatible with composition.
Moreover, the abelian group of maps Hom(A, B) = HoHom(A, B) falls out as
the zeroth homology of this complex, so that Ch(A) is the homotopy category
of this differential graded category.

Remark 1.3.6. A differential graded category determines a simplicially en-
riched category via the Dold-Kan correspondence [40], which asserts that there
is a suitably monoidal equivalece of categories between connective chain com-
plexes and simplicial abelian groups. Said differently, we may regard a chain
complex, provided it is identically zero in negative degrees,? as a simplicial
abelian group. This is done via the functor Ch>o(Ab) — Fun(A°P, Ab) which
associates to such a chain complex A and nonempty finite ordinal [n] the abelian

group P An.

[n]—>[m]
Remark 1.3.7. The functor Ch>o(Ab) — Aba alluded to above admits a lax
monoidal structure [40], and lax monoidal functors between enriching monoidal
categories allow us to functorially change enrichment. Since the (good) trunca-
tion functor 7>¢ : Ch(Ab) — Ch>o(Ab) and underlying set functor Ab — Set
also admit lax monoidal structures, we obtain a composite lax monoidal functor

Ch(Ab) — Ch>o(Ab) — Fun(A°P, Ab) — Fun(A°P, Set),

and hence a functor from differential graded to simplicially enriched categories.
We write (—)a : Catgy — Cata for this functor and N(C) := N(Ca) for the
homotopy coherent nerve of the differential graded category €. One can define
a more explicit differential graded nerve functor Ny, : Catgs — Fun(A°P, Set),
as in [25, Construction 1.3.1.6], but it is equivalent to the homotopy coherent
nerve of the associated simplicially enriched category [25, Proposition 1.3.1.17]).

2We will use homological grading consistently throughout this article.
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1.4 Terminology and notation

For the purposes of this article, we will always consider spaces from the point of
view of oco-category theory. This means that we will tend to think of a topological
space X in terms of its associated singular simplicial set (its fundamental oo-
groupoid) rather than as a point-set object, and that we reserve the right to
replace X with a homotopy equivalent space (or not even choose a representative
of the homotopy type of X). If X has the homotopy type of a cell complex
then the realization of the singular complex of X recovers X up to homotopy
equivalence; otherwise, the realization of the singular complex of X recovers X
only up to weak homotopy equivalence. As we will never need actual topological
spaces (up to homoemorphism) at all anywhere in this article, “space” will always
mean “homotopy type” in this sense.

Definition 1.4.1. The oo-category 8 of spaces is the homotopy coherent nerve
of the simplicially enriched category of Kan complexes, § = N(Kan).

Remark 1.4.2. As stipulated by Grothendieck’s homotopy hypothesis, the oo-
category of spaces is equivalent to the oco-category Gpd,, of co-groupoids. Here
Gpd,, C Cats denotes the full subcategory consisting of those co-categories €
for which any morphism A' — € is an equivalence.

We will also be interested in the co-category S, of pointed spaces, which can
be modeled either internally as pointed spaces 8. = 8, or as the homotopy
coherent nerve of the simplicial category of pointed Kan complexes.

Remark 1.4.3. The coproduct of a pair of objects X and Y of 8, is computed
as the wedge product X VY, the quotient of the disjoint union of X and Y
obtained by identifying their basepoints. Via the colimit preserving functor
8 — 8, which freely adjoins a basepoint, the cartesian product on 8§ extends to
the smash product on S,. That is, the smash product sits in a cofiber sequence

XVY — X XY —XAY

and has the property that if X ~ X/ and ¥ ~ Y] then X A Y ~ (X' xY'),.

In practice, it is sometimes necessary to be precise about size by bounding
various classes of objects by sets of cardinality less than some infinite regular
cardinal. For the purposes of this survey article, however, we will gloss over
most of these distinctions and employ a very basic version of the theory of
Grothendieck universes: objects which exist in our first universe will be called
small, objects which exist in the next universe will be called large, and objects
which exist only in a still higher universe will be called very large.

As one ascends the higher categorical ladder, the size of the mathematical
objects under consideration tends to increase. While a space will always be
assumed to be small, an co-category will typically be assumed to be large, unless
otherwise mentioned. We write Caty, for the large oo-category of small oo-
categories and CAT, for the very large co-category of large co-categories.
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While some oo-categorical statements will be formulated in the model of
quasicategories, we will often employ the theory without reference to any par-
ticular model. From this perspective, a full subcategory is assumed to be closed
under equivalences, a cartesian fibration is any functor that is equivalent to a
cartesian fibration (see [24, Section 2.4], or Section 2.2 for an overview), and
ordinary categories are oo-categories with discrete mapping spaces.
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Nikolaus, Charles Rezk, Markus Spitzweck, and Hiro Tanaka for helpful remarks
and comments on earlier versions of this draft. The author would also like to
thank the Mathematical Sciences Research Institute for providing an extremely
pleasant working environment while much of this article was being written, as
well as the National Science Foundation for their generous support.

2 Category theory

2.1 Presheaves and colimits

Definition 2.1.1. A presheaf on an oo-category C is a functor C°? — 8. The
oo-category of presheaves on C is the functor co-category

P(€) = Fun(C°®, §),
where 8 denotes the co-category of (small) spaces.

Remark 2.1.2. Recall [24, Proposition 5.1.3.1] that P(C) is equipped with a
fully faithful Yoneda embedding j : € — P(C), given by the formula j(A) =
Mape(—, A) : €°P — 8. Colimits in P(C) are computed objectwise as colimits
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in 8. Since § is cocomplete, in the sense that it admits all small colimits, we see
that P(C) is as well. In fact, the Yoneda embedding exhibits P(C) as the free
cocompletion of €, in the sense made precise by the following statement.

Theorem 2.1.1. [24, Theorem 5.1.5.6] Given a small co-category C and a co-
complete oco-category D, precomposition with the Yonda embedding

Fun®™(P(€), D) ¢ Fun(P(C), D) — Fun(C, D)

induces an equivalence between the co-categories of functors € — D and colimit
preserving functors P(C) — D.

Remark 2.1.3. The actual statement of [24, Theorem 5.1.5.6] is in terms of
left adjoint functors P(C) — D. Left adjoint functors preserve colimits, and in
this case any colimit preserving functor is a left adjoint.

We will require variants of the above construction in which we freely adjoin
only certain types of colimits.

Definition 2.1.4. A map of simplicial sets J — I is cofinal if, for every oo-
category € and every I-indexed colimit diagram I* — €, the induced cone
J” — € is a colimit diagram. See [24, Proposition 4.1.1.8] for details.

Definition 2.1.5. Let x be an infinite regular cardinal. A simplicial set I is
k-small if I has fewer than x nondegenerate simplices. A simplicial set J is
k-filtered if every map f : I — J from a x-small simplicial set I extends to a
cone f*: 1" — J. A simplicial set K is sifted if K — K x K is cofinal.

Example 2.1.6. Filtered simplicial sets are sifted, and the simplicial indexing
category A°P is sifted. A functor of oco-categories f : € — D preserves sifted
colimits if and only if f preserves filtered colimits and geometric realizations.

Definition 2.1.7. An object A of an oo-category € which admits s-filtered
colimits is k-compact if Mape (4, —) : € = 8§ commmutes with s-filtered colimits.
An object A of an co-category € which admits geometric realizations is projective
if Mape(A, —) : € — 8 commutes with geometric realizations.

Definition 2.1.8. An indexing class is a collection of simplicial sets which we
regard as indexing allowed types of diagrams; this is not standard terminology.
Given an indexing class J, we write Pg(C) C P(C) for the full subcategory
consisting of those presheaves f : C°P — § such that, for all I € J, f transforms
I-indexed colimits in € to I°P-indexed limits in 8.

Remark 2.1.9. The indexing classes which most commonly arise when consid-
ering algebraic structures are finite discrete, finite, filtered, and sifted. These
classes often come in pairs. A functor f: € — D of preserves all small colimits
if and only if it preserves finite colimits and filtered colimits, or finite discrete
colimits (that is, finite coproducts) and sifted colimits.
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Proposition 2.1.10. [24, Proposition 5.3.6.2] Let € and D be oco-categories. If
C admits finite coproducts and D admits sifted colimits, precomposition with the
Yoneda embedding € C Px(C) determines an equivalence of co-categories

Fun(€, D) «+— Fun®(Px(€), D)  Fun(Px(€), D)

of functors € — D and sifted colimit preserving functors Px(€) — D. If C
admits k-small colimits and D admits k-filtered colimits, precomposition with
the Yoneda embedding C C Py _om(C) determines an equivalence of co-categories

Fun(€, D) «+— Fun® (P, . (€), D) C Fun(Pr-em(€), D)

of functors C — D and k-filtered colimit preserving functors P sm(C) = D.

2.2 The Grothendieck construction

Given an ordinary category C, the theory of categories fibered over € developed
in [1] characterizes the essential image of the Grothendieck construction

Fun(C°?, CAT) — CAT s¢

as the (not full) subcategory of CAT /e consisting of the fibered categories and
their morphisms. Because of the fundamental role the Grothendieck construc-
tion plays in higher algebra, we begin with a brief overview of the basic notions
of fibered oco-category theory [24]. Whenever possible we choose to phrase these
notions internally inside of CAT , itself, with a few exceptions: it is sometimes
quite useful to represent an oo-category by a (marked) simplicial set [24], in
particular when specifying diagrams D — € in an co-category C.

Consider the slice oco-category CAT e: objects of CAT, e are functors
p : D — € with target €, and morphisms of CAT ¢ from ¢ : &€ — € to
p: D — € are commuting triangles of CAT ., of the form

We write Fune (€, D) ~ Fun(€, D) Xpun(e,e) {p} for the oo-category of functors
f: & — D such that go f = p.

&

Definition 2.2.1. Let p : D — € be a functor® of co-categories. An arrow
a:C — D of D is p-cartesian if the induced functor

Dja — Db Xe, 00y C/p(a)

3If we are working externally in the ordinary category of quasicategories, we would addi-
tionally require p to be a categorical fibration [24]; internally, however, this is a meaningless
assumption, as the notion of categorical fibration is not stable under categorical equivalence.
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is an equivalence of oo-categories. A p-cartesian lift of an arrow f : A — B
in € is a p-cartesian arrow « : C — D in D such that p(a) = f. A functor
p:D — Cis a cartesian fibration if, for every arrow f : A — B of C and every
object D € p~Y(B), there is a p-cartesian lift a : C — D of f with target D.

Remark 2.2.2. When p : D — € is clear from context, we will refer to p-
cartesian arrows simply as cartesian arrows.

A cartesian fibration p : D — € determines a functor Ste(p) : €°P — CAT .,
called the straightening of p in [24], basically by taking fibers, which happen
to be contravariantly functorial in precisely this case. This operation is inverse
to the unstraightening functor, the co-categorical analogue of the Grothendieck
construction, which “integrates” the functor f : €°? — CAT, to a cartesian fi-
bration p : Une(f) — €. There are analogous versions for cocartesian fibrations,
which correspond to covariant functors € — CAT .

Theorem 2.2.1. [24, Theorem 3.2.0.1] For any small co-category C, the un-
straightening functor

Une: Fun(€°P, CATo) — CATEYe C CAT /e

induces an equivalence between the oo-category Fun(C°P, CAT ) and the (not
full) subcategory CATgi% C CAT ¢ consisting of the cartesian fibrations over
C and those functors over C which preserve cartesian arrows.

The straightening and unstraightening equivalence will be used throughout
this article, especially in our definitions of (symmetric) monoidal co-category
and (commutative) algebra object therein. Even more fundamentally, this equiv-
alence is used in the definition of adjunction.

Definition 2.2.3. Let C and D be oco-categories. An adjunction between € and
D is cartesian and cocartesian fibration p : M — A! equipped with equivalences
i:e—>M{0} andj:'D—>M{1}.

Remark 2.2.4. Given an adjunction, the left adoint f : € — D is determined
by cocartesian lifts of 0 — 1, and the right adjoint ¢ : D — C is determined by
cartesian lifts of 0 — 1. It is possible to construct a unit or counit transformation
[24, Proposition 5.2.2.8], and the fact that both € and D fully faithfully embed
into M implies that we have equivalences

Map(A, gB) ~ Map(iA,igB) ~ Map(iA, jB) ~ Map(jfA, jB) ~ Map(f A, B)

for any pair of objects A of C and B of D. A functor f : A! = CAT, is a
left adjoint if and only if the associated cocartesian fibration M — A! is also
cartesian, and a functor g : A — CAT® is a right adjoint if and only if the
associated cartesian fibration M — Al is also cocartesian.
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2.3 Monoidal and symmetric monoidal co-categories

Informally, a symmetric monoidal co-category is an co-category € equipped with
unit 1 : A — € and multiplication y : € x @ — € maps which are appropriately
coherently associative, commutative, and unital. Making this precise requires
a means to organize for us the infinite hierarchy of coherence data necessary
to assert that the intermediate multiplications €*™ — €*", which should be
indexed by something like functions from the set with m elements to the set
with n elements, are suitably compatible.

Remark 2.3.1. Actually, as we may first project away some of the factors in
the product before we multiply, these operations are indexed by functions of
pointed sets. For convenience we allow ourselves to specify a finite pointed set
by the cardinality n of its elements, writing (n) = {0,1,...,n} for the pointed
set with basepoint 0 and n elements in the complement (n)° = {1,...,n}.

Definition 2.3.2. A morphism « : (m) — (n) in Fin, is inert if, for each
element i € (n)°, the preimage a~1(i) C (m)° consists of a single element. A
morphism « : (m) — (n) in Fin, is active if the preimage o~ *(pt) C (m) consists
of a single element (necessarily the basepoint).

Example 2.3.3. There are exactly n inert maps d; : (n) — (1), namely

, 1 j=i
3i(5) {0 i

Definition 2.3.4. A symmetric monoidal co-category is a cocartesian fibration
p : C® — Fin, which satisfies the Segal condition: for each natural number
n, the map G‘a) =TT, G% induced by the inert morphisms §; : (n) — (1),
1 <i < mn, is an equivalence. A morphism of symmetric monoidal co-categories,
or a symmetric monoidal functor, from p : C® — Fin, to ¢ : D® — Fin,,
is a functor f : C® — D® over Fin, such that f preserves cocartesian edges.
The oo-category CMon(CAT,) of symmetric monoidal co-categories is the full
subcategory of CAng?aI?itn* spanned by the symmetric monoidal co-categories.

Remark 2.3.5. The straightening of a symmetric monoidal co-category €® —
Fin, is a functor Fin, — CAT, satisfying the Segal condition. This is the data
of a commutative monoid object in Cats, hence the notation CMon(CAT ).
We could take this as the definition of a symmetric monoidal co-category, except
that in practice these functors are often difficult to write down, an issue which
already arises in ordinary category theory: for instance, the tensor product of
modules is more naturally defined by a universal property than a specific choice
of representative. It is usually easier to avoid making explicit choices altogether
by constructing the cocartesian fibration p : €¥ — Fin, instead, where one may
as well take the fiber over (n) to be the co-category of all possible choices of the
symmetric monoidal product of n objects of C.
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Example 2.3.6. Let C be an oo-category with finite products. Then there
exists a cocartesian fibration p : €* — Fin, whose fiber over (n) is the oo-
category of commutative diagrams of the form f : (Sub(n), <)°? — € such that
f(0) ~ pt and f carries pushout squares in Sub(n) to pullback squares in €. In
particular, the map f(I) — [[;,c; f({i}) is an equivalence in C, from which it
follows that €<Xn> — [17_, Cis an equivalence and therefore that p : €* — Fin, is
a symmetric monoidal co-category. We refer to this as the cartesian symmetric
monoidal structure on €, which exists if and only if € has finite products.

Definition 2.3.7. Let p : €® — Fin, be a symmetric monoidal co-category. A
commutative algebra object of C® is a section s : Fin, — €% of p which sends inert
morphisms in Fin, to cocartesian morphisms in €®. The oo-category CAlg(C®)
of commutative algebra objects in p : €® — Fin, is the full subcategory of the
oo-category Fungiy, (Fin., C®) of sections s : Fin, — €% of p consisting of the
commutative algebra objects.

Remark 2.3.8. There is an equivalence CAlg(CATZ ) ~ CMon(CAT ). That
is, the oo-category of commutative algebra objects in CATX — Fin, is equiva-
lent to the co-category of commutative monoid objects in CAT .

We will also be interested in monoidal co-categories. To set up the theory
we need a nonsymmetric analogue on the category Fin, of finite pointed sets.

Remark 2.3.9. To keep the prerequisites to a minimum, we purposely avoid
using the language of oo-operads. However, from that perspective, a natural
choice of indexing category for monoidal structures is the “desymmetrization”
q : Fin®? — Fin, of Fin,, the functor whose fiber over (n) is the set of total
orderings of (n)°. However it will be both more convenient and elementary to

simply use simplicial objects instead.

Definition 2.3.10. The functor Cut : A°®? — Fin, is defined by identifying
the nonempty finite ordinal [n] = {0 -1 — -+ - n — 1 — n} with the set of
“cuts” of the pointed cardinal (n) = {0,1,...,n — 1,n} as follows: we can cut
the string {0 - 1 — --- — n — 1 — n} before or after any i € [n], for a total
of n + 2 possibilities. However, cutting before 0 or after n have the same effect
(nothing), so we identify the two trivial cuts with the basepoint of (n).

Definition 2.3.11. An order preserving function f : [m] — [n] is inert if it is
it injective with convex image; that is, f(m) = f(0) + m.

Remark 2.3.12. The n inert morphisms [1] — [n] in A are the order preserving
functions of the form o;(j) =i+, 0<i<n, j€[1].

Definition 2.3.13. A monoidal co-category is a cocartesian fibration p : €® —
A°P which satisfies the Segal condition: for each n € N, the map

n

® ®
eoy — IIed

=1
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induced by the inert morphisms o; : [1] — [n], 0 <4 < n, is an equivalence. A
morphism of monoidal co-categories, or a monoidal functor, from p : C® — Fin,
to q : D® — Fin, is a functor f : €® — D® over A° such that f preserves
cocartesian edges. The oo-category Mon(CAT ;) of monoidal co-categories is
the full subcategory of CAT gg‘;bxip spanned by the monoidal co-categories.

Definition 2.3.14. Let p: €® — A°P be a monoidal oo-category. An algebra
object of €% is a section s : A°P — C® of p which sends inert morphisms in A°P
to cocartesian morphisms in C®. The co-category Alg(C®) of algebra objects
in C® is the full subcategory of the oco-category Funaoer (A°P, C®) of sections
s: A% — €% of p consisting of the algebra objects.

Remark 2.3.15. Asin the symmetric case, there is an equivalence Alg(CATY)) =~
Mon(CAT): the oo-category of associative algebra objects in CATZ — A°P
is equivalent to the oo-category of monoid objects in CAT .

Remark 2.3.16. Using [25, Construction 4.1.2.9] he theory is set up so that
a symmetric monoidal co-category p : C® — Fin, restricts to a monoidal
oo-category q : C®|aor — A°P. It follows that we have a forgetful functor

CAlg(C®) — Alg(C?®) := Alg(C®|aop).

2.4 Presentable co-categories

Definition 2.4.1. Given a small co-category €, we write Ind,(C) C P(€) for
the full subcategory consisting of those functors f : C°? — § such that the
source D of the unstraightening p : D — € of f is s-filtered.

Proposition 2.4.2. [24, Proposition 5.3.5.10] Let C be a small oo-category
and D an oco-category with k-filtered colimits. There is an equivalence of oco-
categories

Fun®f!(Ind, (€), D) ~ Fun(€, D),

and hence by Proposition 2.1.10 an equivalence Ind,;(C) ~ Py _n(C).

Definition 2.4.3. An object A of an oco-category C is k-compact if the corep-
resentable functor Mape(A, —) : € — 8 commutes with s-filtered colimits. We
write € C € for the full subcategory of € consisting of the k-compact objects.

Definition 2.4.4. An oco-category C is k-compactly generated if C admits all
small colimits and, writing C* C € for the full subcategory consisting of the
k-compact objects, the canonical map Ind,(C®) — € is an equivalence. A
presentable oco-category is an co-category which is k-compactly generated for
some infinite regular cardinal .

There are dual notions of morphism of presentable oco-category: namely,
those functors which are left (respectively, right) adjoints. We write LPr (re-
spectively, RPr) for these oco-categories. A key point [24, Proposition 5.5.3.13
and Theorem 5.5.3.18] is that the inclusion of subcategories LPr C CAT ., and
RPr ¢ CAT., preserves limits: in fact, given a functor D — LPr, a cone
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D — LPr is limiting in LPr (respectively, RPr) if and only if the induced cone
is limiting in CAT .

Remark 2.4.5. For each infinite regular cardinal x we have subcategories
(again not full) LPr, C LPr (respectively, RPr, C RPr) consisting of the
k-compactly generated oco-categories and those left (respectively, right) adjoint
functors which preserve k-compact objects (respectively, s-filtered colimits).

Definition 2.4.6. A presentable fibration is a cartesian fibration p : D — € such
that the straightening Ste(p) : €°P — CAT, factors through the subcategory
RPr € CAT, of presentable co-categories and right adjoint functors.

Remark 2.4.7. The adjoint functor theorem [24, Corollary 5.5.2.9] states that
any colimit preserving functor L : A — B of presentable oco-categories admits
a right adjoint R : B — A (this is even true more generally, for instance if B
is only assumed to be cocomplete). Hence LPr can be equivalently described
as the subcategory of presentable co-categories and left adjoint functors. Du-
ally, writing RPr € CAT, for the subcategory consisting of the presentable
oo-categories and right adjoint functors, uniqueness of adjoints allows us to
construct a canonical equivalence LPr°P ~ RPr.

Definition 2.4.8. A presentable symmetric monoidal co-category is a symmet-
ric monoidal co-category p : C® — Fin, such that the underlying co-category
C~ (‘3%> is presentable and any choice of tensor product bifunctor ® : €x € — €

commutes with colimits separately in each variable.

Theorem 2.4.1. [25, Proposition 4.8.1.17] Let € and D be presentable oo-
categories. The subfunctor

Fun'(€ x D, —) C Fun(€ x D, —): LPr — CAT,

whose value at € € LPr consists of those functors f: € x D — & which preserve
colimits separately in each variable, is corepresented by an object € ® D € LPr.

Remark 2.4.9. It is straightforward to check, with the definition of € ® D as
above, that for a presentable co-category €, there is a canonical equivalence

LFun(C ® D, &) ~ LFun(C, LFun(D, &)),

where LFun(D, €) denotes the co-category of left adjoint functors D — &, which
is presentable by [25]. Dually, we write RFun(&, D) for the co-category of right
adjoint functors & — D, and note that LFun(D, £) ~ RFun(€, D)°P.

Proposition 2.4.10. [25, Lemma 4.8.1.16] Let C, D be presentable co-categories.
Then RFun(D°P, C) is a presentable co-category, and

C® D ~ RFun(D°P, €).

Theorem 2.4.2. [25, Corollary 4.8.1.12] The functor P: Cato, — LPr extends
to a symmetric monoidal functor P® : Cat’, — LPr®.
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Remark 2.4.11. The symmetric monoidality of the presheaves functor is an
oo-categorical generalization of the Day convolution product. If €% is a small
symmetric monoidal co-category, then P®(C€) inherits a convolution symmetric
monoidal structure [25, Remark 4.8.1.13], given by the formula

(X1® @ Xp)(A) =colimp, g ycexn X1(Br) X -+ x Xn(By).

/A

Here the colimit is taken over the co-category G/X: ~ C*" xe C)q.
Remark 2.4.12. The fact that P® is symmetric monoidal implies that the
canonical map P(€) ® P(D) — P(C x D) is an equivalence.

Definition 2.4.13. A space X € § is said to be n-truncated if 7, (X,z) =0
for all m > n and z € X. By convention, a space is said to be (—2)-truncated
if it is contractible and (—1)-truncated if it is empty or contractible.

Definition 2.4.14. An object A of an co-category C is said to be n-truncated,
n € N, if the associated representable functor Mape(—, 4) : C°P — § factors
through the full subcategory 7<,8 C & spanned by the n-truncated spaces.

Proposition 2.4.15. [24, Proposition 5.5.6.18| Let C be a presentable co-category.
The inclusion of the full subcategory of n-truncated objects 7<,C C C 1is stable
under limits and admits o left adjoint 7<, : € = 7<,C.

Proposition 2.4.16. [25, Example 4.8.1.22]| As an endofunctor of LPr, 7<,, :
LPr — LPr is idempotent. It therefore determines a localization of LPr with
essential image the presentable n-categories. In particular, for any presentable
oo-category €, we have a canonical equivalence € ® T<pd ~ 7<,C.

For any presentable co-category C, the left adjoints of the inclusions 7<,,C C
T<nC for m < n result in a tower --- = 7<,€ = - -+ = 7<oC of truncations of C
in LPre,, and consequently a comparison map

C— lim{- -+ = 7<,C — -+ = 7<(C}.

Definition 2.4.17. Let A be an object of a presentable co-category €. The
Postnikov tower of A is the tower of truncations -+ — 7<, A — -+ —= 7<9A of
A, regarded as a diagram in Cy/.

Definition 2.4.18. Let C be a presentable co-category. We say that Postnikov
towers converge in C if the map ¢ — lim{--- = 7<,€ — -+ — 7<(cC} is an
equivalence of co-categories.

More concretely, Postnikov towers converge in C if, for each object A, the
map A — lim7<, A from A to the limit of its Postnikov tower is an equivalence.

Example 2.4.19. Postnikov towers converge in the oo-categories 8§ and 8..
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2.5 Stable oco-categories

Definition 2.5.1. A zero object of an oo-category € is an object which is both
initial and final. An oco-category C is pointed if € admits a zero object.

Definition 2.5.2. Let C be a pointed oco-category. A triangle in C is a commu-
tative square Al x Al — @ of the form

L

where 0 is a zero object of C. We typically write A L B4 Cfora triangle
in @, though it is important to remember that a choice of composite g o f and
nullhomotopy g o f ~ 0 € Map(A4, C) are also part of the data. We say that
a triangle in @ is left exact if it is cartesian (a pullback), right ezact if it is
cocartesian (a pushout), and ezact if it is cartesian and cocartesian.

f

—_—

—

Remark 2.5.3. Let C be a pointed co-category with finite limits and colimits,
and consider a triangle in C of the form

A——0.

|

0——2B

Then A ~ QB if the triangle is left exact and YA ~ B is the triangle is right
exact. If the triangle is exact, we have equivalences A ~ Q¥ A and ¥QB ~ B.

Definition 2.5.4. A stable co-category is an oco-category € with a zero object,
finite limits and colimits, and which satisfies the following axiom: a commutative
square Al x Al — € in € is cartesian if and only if it is cocartesian (in other
words, a pullback if and only if it is a pushout).

Definition 2.5.5. Let € and D be a functor of co-categories which admits finite
limits and colimits. A functor f : C — D is left exact if f preserves finite limits,
right exact if f preserves finite colimits, and exact if f preserves finite limits
and finite colimits. We write CATSY C CAT., for the (not full) subcategory
consisting of the stable co-categories and the exact functors.

Proposition 2.5.6. [25, Corollary 1.4.2.11] Let C be a pointed co-category. The
following conditions are equivalent:

(1) C is stable.
(2) € admits finite colimits and ¥ : € — C is an equivalence.

(3) C admits finite limits and Q : € — € is an equivalence.
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Theorem 2.5.1. [25, Lemma 1.1.2.13] The homotopy category of a stable co-
category C admits the structure of a triangulated category such that:

(1) The shift functor is induced from the suspension functor ¥ : C — C.

(2) A triangle A L B% A in the homotopy category is exact if and
only if there exist exact triangles

i C such that f', g', and I/ are representatives of f, g and h composed
with the equivalence XA — D, respectively.

Definition 2.5.7. Let C be an co-category with finite limits. A functor
F:8fn ¢

is said to be excisive (respectively, reduced) if F' sends cocartesian squares to
cartesian squares (respectively, sends initial objects to final objects). We write

Exc, (8" @) ¢ Fun(8i", @)
for the full subcategory of reduced excisive functors $fin — C.

Definition 2.5.8. Let C be an oco-category with finite limits. The oco-category
Sp(C@) of spectrum objects in € is the oo-category

Sp(@) = Exc,(8fin, @)
of reduced excisive functors from finite spaces to C.

The reason for the terminology “spectrum object” is that a reduced excisive
functor determines, and is determined by, its value on any infinite sequence
{8mo, §m1 Sz .} of spheres of strictly increasing dimension. The most canon-
ical choice is the sequence of all spheres {SY, S, 52,...}, so that evaluation on
this family of spheres induces a map

Exc,(8%*,0) — lim{--- 3¢, 3 e, & e,

which sends the excisive functor F' to the sequence of pointed objects { F/(S™)}nen
and equivalences F(S™) — QF(XS") — QF(S™t1).

Proposition 2.5.9. [25, Remark 1.4.2.25] Let C be an oo-category with finite
limits. The functor

Sp(€) = Exc, (8™, €) — lim{--- 3 ¢. B e. B e}

induced by evaluation on spheres is an equivalence of oco-categories.
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Remark 2.5.10. Since C has finite limits, it has a final object pt, and so it
makes sense to consider the co-category C. ~ Cy, of pointed objects in C. There
is a canonical equivalence Sp(C.) ~ Sp(C).

The main examples of stable co-categories are either presentable or embed
fully faithfully inside a stable presentable co-category as the subcategory of x-
compact objects for some infinite regular cardinal k. Let LPry C LPr denote
the full subcategory spanned by the stable presentable co-categories.

Proposition 2.5.11. [25, Proposition 4.8.2.18] The inclusion of the full sub-
category LPrgy C LPr admits a left adjoint LPr — LPry.

Remark 2.5.12. The left adjoint “stabilization” functor is given by tensoring
with the oo-category of spectra. By virtue of the equivalence € ® Sp ~ Sp(C),
the oco-category of spectrum objects in € is a description of its stabilization.

Corollary 2.5.13. Let A and B be presentable oco-categories such that A is
stable. Then A ® B is stable.

Corollary 2.5.14. The symmetric monoidal structure LPr® on LPr induces a
symmetric monoidal structure LPrg on the full subcategory LPrgy C LPr con-
sisting of the stable presentable co-categories.

We write LPr&  LPr® for this symmetric monoidal subcategory. Note that
this inclusion is lax symmetric monoidal and right adjoint to the symmetric
monoidal stabilization functor Sp(—) : LPr® — LPr%.

Corollary 2.5.15. The forgetful functor LPrgy C CAT o extends to a lax sym-
metric monoidal functor LPr& — CATX. In particular, it carries (commuta-
tive) algebra objects of LPrg to (symmetric) monoidal co-categories.

Example 2.5.16. The oco-category Sp of spectra is a unit of the symmetric
monoidal co-category LPr% of stable presentable co-categories. It therefore
admits a presentable symmetric monoidal structure, called the smash product.
We will write ®™ : Sp*™ — Sp for any choice of smash product multifunctor.

Remark 2.5.17. Given spectra A and B, their smash product is usually written
AN B is the literature. We follow the convention of [25] and write A® B instead,
emphasizing the analogy with the tensor product of abelian groups (or more
precisely the derived tensor product of chain complexes).

Remark 2.5.18. By construction, the symmetric monoidal structure on the
oo-category of spectra is compatible with the cartesian symmetric monoidal
structure on the oo-category of spaces via the suspension spectrum functor

X :8 — Sp.
This means that, for spaces X1, ..., X,, there is a canonical equivalence

(EXX1) © - @ (BPX,) = B2(Xy % -+ x Xy).
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Proposition 2.5.19. [25, Corollary 1.4.4.2] A stable co-category € is k-compactly
generated if and only if C admits small coproducts, a k-compact generator for
some regular cardinal k, and (the homotopy category of ) € is locally small.

Definition 2.5.20. A Verdier sequence is a cocartesian square

A——3B

-

0——20C

in CAT? such that 0 is a zero object and the top horizontal map A — B is
fully faithful. A semi-orthogonal decomposition is a Verdier sequence such that
the functors A — B and B — C admit right adjoints. It is common to simply
write A — B — € for a Verdier sequence, leaving implicit the requirement that
A — B be fully faithful with cofiber C.

Remark 2.5.21. Given a Verdier sequence A — B 2 @, the fact that i is
fully faithful implies that the left adjoint functor ¢, : Ind(A) — Ind(B) is fully
faithful with right adjoint ¢*, and the right adjoint j* : Ind(€) — Ind(B) of the
functor j : Ind(B) — Ind(C) is also fully faithful. Thus the Verdier sequence
Ind(A) — Ind(B) — Ind(C) is actually a semi-orthogonal decomposition.

2.6 Homotopy groups and t-structures

Unfortunately, the notion of truncation (see Definition 2.4.14 above) considered
earlier is poorly behaved in stable co-categories C, even if € happens to be
presentable. This is because it is a direct consequence of stability that an object
A of C is n-truncated if and only if it is (n — 1)-truncated, so that the only
finitely truncated objects at all are the zero objects, all of which are canonically
equivalent to one another. Thus any attempt to study C itself via the standard
obstruction theoretic truncation type methods is doomed to fail.

The notion of a t-structure on a stable oco-category remedies this situa-
tion, providing all kinds of other interesting and potentially effective ways of
(co)filtering objects of € — ideally even € itself — as limits of “Postnikov type”
towers of truncation functors 7<, : € = C, or dually as colimits of “Whitehead
type” telescopes of connective cover functors 7>, : € — €. We emphasize that
while a t-structure is structure, it is encoded as innocuously as possible, via a
choice of “orthogonal” full subcategories of € in the sense made precise below.

First we need some notation. If C is a stable co-category and A is an object of
C, we also write A[n] for a choice of n-fold suspension X" Aof A,n € Z. If D C €
is a full subcategory of C, we write D[n] C € for the full subcategory consisting
the objects of the form B[n], where B is an object of the full subcategory D.
Finally, for any pair of objects A and B of €, we write Ext" (A, B) for the abelian
group mo Mape (A, B[n]).

Definition 2.6.1. A t-structure on a stable co-category € consists of a pair of
full subcategories C>9 C € and C<o C € satisfying the following conditions:
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(1) 620[1] C 620 and ego C 630[1];
(2) If A € C>p and B € C<q, then Mape(A, B[-1]) = 0;

(3) Every A € C fits into an exact triangle of the form 7504 - A — 7<_1 A
with 759A € C>p and 7<_1A € 650[—1].

Definition 2.6.2. An exact functor € — D between stable co-categories equipped
with t-structures is left t-ezact (respectively, right t-exact) if it sends C<o to D<o
(respectively, C>¢ to D>¢). An exact functor is t-ezact if is both left and right
t-exact. We set €>,, = C>o[n] and C<,, = C<o[n].

Remark 2.6.3. The data of a t-structure on a stable co-category C is equivalent
to the data of a t-structure on its triangulated homotopy category Ho(C) in the
sense originally defined and studied by Beilinson-Bernstein-Deligne [11].

Example 2.6.4. If A is a small abelian category, then the bounded derived
oo-category DY(A) admits a canonical t-structure, where DY(A)s,, consists of
the complexes A such that H;(A) = 0 for i < n, and similarly for D¥(A)<,. If
A is a Grothendieck abelian category, then the unbounded derived oco-category
D(A) admits a t-structure with the same description as the previous example.
This stable oo-category and its t-structure are studied in [25, Section 1.3.5].

Example 2.6.5. If R is a connective associative ring spectrum, then the stable
presentable co-category LModpg of left R-module spectra admits a t-structure
with LModg >o ~ LMod{', the co-category of connective left R-module spectra.
We call this the Postnikov t-structure.

Remark 2.6.6. The mapping space Mape (A4, B[—1]) is actually contractible
for A € C>¢ and B € C<p. This is not the case for the mapping spectra, as
mo Mapq, 4 (A[—n], B[-1]) = Ext’; (A, B) for any pair of objects A and B in
a Grothendieck abelian category A (see [25, Proposition 1.3.5.6]).

Proposition 2.6.7. |25, Remark 1.2.1.12 and Warning 1.2.1.9] The intersection
C>0NC<o s an abelian category equivalent to the full subcategory of C>o consist-
ing of the discrete objects (that is, 0-truncated in the sense of Definition 2.4.14).

Definition 2.6.8. The abelian category C>¢ N C<g is called the heart of the
t-structure (C>p, C<o) on €, and is denoted €Y.

Example 2.6.9. The hearts of the t-structures in Example 2.6.4 are both
equivalence to the abelian category A itself. The heart of the t-structure in
Example 2.6.5 is LModfO R the abelian category of left mgR-modules.

Remark 2.6.10. It turns out that the truncations 7>, and 7<, are functorial
in the sense that the inclusions €>, — € and C<,, — € admit right and left
adjoints, respectively, by [25, Corollary 1.2.1.6].

Definition 2.6.11. Let C be a stable co-category equipped with a t-structure
(€>0,C<0) and let A be an object of €. There is an equivalence of functors
T>0T<0 =~ T<oT>0 : € — €Y [25, Proposition 1.2.1.10]. The homotopy groups
A, n € Z, are defined via the formula 7, A = 7>07<gA[—n] € €.
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Remark 2.6.12. In the stable setting, passing to homotopy groups is a homo-
logical functor in the sense that there are long exact sequences

cor 3> T 1C = A = B = 1, C = 1 A — -
in ¥ whenever A — B — C'is an exact triangle in C.

Definition 2.6.13. A t-structure (>0, C<o) on a stable co-category C is left
completeif the full subcategory of infinitely connected objects C>oo = (,,cz C>n C
C consists only of zero objects. Right complete t-structures are defined similarly.

Definition 2.6.14. A t-structure (C>, C<() on a stable co-category C is bounded
if the inclusion of the full subcategory of bounded objects € = Unen €>-n N
C<n C € is an equivalence. There are analogous notions of right and left
bounded.

Many of the most important examples of stable co-categories may already
be familiar from homological algebra. If A is an abelian category with enough
projectives, the derived oo-category D~ (A) of bounded below chain complexes
in A admits a universal property which characterizes the stable oo-categories
which arise in this way. We will suppose that A has enough projective and write
AP C A for the full subcategory consisting of the projective objects.

Definition 2.6.15. Let A be an abelian category with enough projectives.
The bounded below derived co-category of A is the homotopy coherent nerve
D~ (A) := N(Ch™ (A)) of the differential graded category Ch™ (A) (viewed as
a simplically enriched category as in Remark 1.3.6) of bounded below chain
complexes in A (those complexes A € Ch(A) such that H,(A) =0 for n < 0.

Proposition 2.6.16. [25, Corollary 1.3.2.18 and Proposition 1.3.2.19] Let A be
an abelian category with enough projectives. Then D~ (A) is a stable co-category,
and the full subcategories DS (A) C D~ (A) and D_,(A) C D~ (A) consisting
of those complexes A such that H,,(A) =0 for n < 0 and H,(A) =0 for n >0,
respectively, comprise a right bounded and left complete t-structure on D~ (A).

Theorem 2.6.1. [25, Theorem 1.3.4.4] Let A be an abelian category with enough
projectives and W C Fun(Al, Ch™(A)) the class of quasi-isomorphisms. There
is a canonical equivalence of co-categories AW~ ~ D~ (A).

Remark 2.6.17. A sits inside D~ (A) as the full subcategory of complexes
concentrated in degree zero. Moreover, straightforward homological algebra
arguments show that 7o : D~ (A) — A restricts to an equivalence D~ (A)Y ~ A.

Remark 2.6.18. Let A be a small abelian category with enough projectives.
The category Ind(A) of inductive objects of A is again an abelian category
with enough projective objects and is equivalent to the large abelian category
Fun'!((AP™1)°P, Set) of product preserving functors from (AP™)°P to Set.

Theorem 2.6.2. [25, Theorem 1.3.3.8] Let A be an abelian category with enough
projectives, let C be an co-category which admits geometric realizations, and let
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Fun®™(DZ(A), €) C Fun(D<(A), C) denote the full subcategory consisting of
those functors which preserve geometric realizations. Then restriction along the
embedding AP™ C D3 (A) induces an equivalence of co-categories

Fun(AP™, €) <= Fun’(D3,(A), €) C Fun(D3,(A), €)

between realization preserving functors 'D;O(.A) — C and functors APl — C.

Theorem 2.6.3. [25, Theorem HA.1.3.3.2] Let A be an abelian category with
enough projectives, let C be a stable oco-category with a left complete t-structure,
and let Fun’ (D~ (A), €) C Fun(D~(A), C) denote the full subcategory of functors
D~ (A) — C which are right t-exact and send projective objects of A to Y. Then
restriction along i : A — D~ (A) induces an equivalence of co-categories

Fun™* (A, C¥) «— Fun/ (D~ (A), €) C Fun(D~(A), €)

between right t-exact functors D~ (A) — C which send AP™) C A to €Y C € and
right exact functors A — CV.

3 Ring theory

3.1 Spectra

So far we have considered the co-category of spectra from two seemingly different
but equivalent perspectives: on the one hand, as reduced excisive functors Sp =
Sp(8) = Exc. (8" 8), and on the other, as a unit object Sp € LPr% of the
symmetric monoidal co-category of presentable stable co-categories. The former
is more explicit and yields lots of examples, while the latter is more abstract
and suggests a universal property.

Remark 3.1.1. The reader may be wondering what any of this has to do
with the classical notion of spectrum in algebraic topology. By definition,
Sp = Exc.(8",8), but evaluation on the family of spheres {S"},en induces
an equivalence of co-categories

Sp:lim{-~-i>8*i>8*i>8*}.

Remark 3.1.2. Our convention is that we work in the co-category 8§ of spaces
and its pointed variant 8., so that all (pointed) spaces have the homotopy
type of cell complexes. If we wish to model a spectrum, however, it is often
convenient to work in a category C equipped with a class of weak equivalences
W and functor € — 8, which sends the maps in W to equivalences in 8., such
as the category Top, of pointed topological spaces. In such models we need only
ask that the maps n, : A, — QA, 11 are weak equivalences, a structure which
is often referred to as an 2-spectrum in the literature. In the case € = Top, we
can even require the n, : A4, — QA, 1 to be homeomorphisms.
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Remark 3.1.3. The forgetful functor RPr — CAT, preserves limits, meaning
we may also form this limit in RPr. Equivalently, Sp is given as the colimit

Sp:colim{s*is*is*i...}

in LPr, by virtue of the antiequivalence LPr ~ RPr°? which takes the adjoint.

Remark 3.1.4. The forgetful functor LPr — CAT, does not commute with
filtered colimits; nevertheless, the co-category of finite — or equivalently, in this
case, compact — spectra Spﬁn ~ Sp“ is computed as the filtered colimit of the
suspension functor on finite pointed spaces 8. This equivalence

Sp™ ~ colim {SE“ = gfin RN gfin =5 }
in Cat is the oco-categorical analogue of the Spanier- Whitehead category.

Remark 3.1.5. We have taken the “coordinate free” convention that spectra
are reduced excisive functors. Nevertheless, it is often the case in practice that
a spectrum A is given in terms of an infinite delooping of its infinite loop space
Q> A, in which case the associated excisive functor is given by the formula

Ta(—) :=Q°(—® A): 8in — 8.

Here, ® refers to the fact that Sp, as a commutative 8,-algebra in LPr, is
canonically left tensored over 8., and hence over the symmetric monoidal subcat-
egory 8fin C 8, as well. Alternatively, this tensor is computed by first applying
¥ : 8, — Sp and then tensoring with A in Sp®.

Remark 3.1.6. The oo-category Sp of spectra admits a left and right complete
t-structure with heart Spv ~ Ab the category of abelian groups. The iden-
tity functor Ab — Ab is right exact and so determines a right t-exact functor
D (Z) ~ D~ (Ab) — Sp with image the FEilenberg-MacLane spectra. Strictly
speaking, these are the generalized Eilenberg-MacLane spectra: an Eilenberg-
MacLane spectrum is a generalized Eilenberg-MacLane spectrum which has ho-
motopy concentracted in a single degree, or equivalently is the image of a chain
complex with homology concentrated in a single degree.

Definition 3.1.7. A cohomology theory {F"},cz is a Z-graded family of func-
tors F™ : Ho(8%®) — Ab and natural isomorphisms ¢" : F* — F"flo ¥
satisfying the following exactness conditions:

or any cofiber sequence X — Y — Z integer n the sequence of abelian
1) F fib X—=Y = Zi h f abeli
groups F"™"(Z) — F"(Y) — F™(X) is exact.

(2) For any (possibly infinite) wedge decomposition X ~\/,_; X; and integer
n, the homomorphism F™(X) — [],c; F"(X;) is an isomorphism.

Remark 3.1.8. These are the Filenberg-Steenrod axioms [16] for a (generalized)
cohomology theory. The original formulation included the dimension axiom,
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which required that F"(SY) = 0 for all n # 0. One can show without much
difficulty that the cohomology theories F' which satisfy the dimension axiom are
necessarily of the form F™(X) = H™(X; F°(S%)), which is to say cohomology
with coefficients in the abelian group FY(SY). This axiom was disregarded as
interesting “generalized” cohomology theories were discovered.

Remark 3.1.9. The Brown representability theorem [13] asserts that any suit-
ably left exact functor F': 8°P — Set, is representable. In particular,

F" = g Mapg_(—, An): 8P — Ab

for some pointed space A, and the resulting sequence of pointed spaces {4, }
can be chosen so that the suspension isomorphisms o” : F* — F"tl o ¥ are
induced by equivalences 7, : A, = QA,+1 in 8, (in fact the loop space structure
induces the group structure on the represented functor, and any such group
structure arises in this way). This is how spectra arose in practice.

Remark 3.1.10. By choosing a representing spectrum, any cohomology theory
F = {F"} in the classical sense as above gives rise to a cohomological functor
in the oco-categorical sense, by which we mean a limit preserving functor F :
8P — Sp. Ome can show that any such functor is necessarily a right adjoint,
so that the co-categories of spectra and cohomological functors are canonically
equivalent:

Sp ~ 8. ® Sp ~ RFun(8JP, Sp).

Similarly, Sp ~ RFun(Sp°?, Sp), so that any cohomological functor of pointed
spaces extends uniquely to a cohomological functor of spectra.

Remark 3.1.11. A cohomological functor F' : Sp°® — Sp induces a functor
moF : Sp°® — Ab which necessarily factors through the triangulated homotopy
category of spectra. There is a version of Brown representability for triangu-
lated categories which are compactly generated in the appropriate sense, due to
Neeman [30]. This is not a corollary of the corresponding formal result for com-
pactly generated stable co-categories, namely that Sp(€) C Fun(C°P, Sp) is the
full subcategory consisting of the cohomological functors. Indeed, triangulated
categories aren’t always homotopy categories of stable co-categories and don’t
necessarily even admit finite limits or colimits; rather, the requisite exactness
properties are encoded by the triangulated structure.

Remark 3.1.12. Much of the classical algebraic topology literature models
spectra as a full subcategory of local objects inside of a larger category. Our
definition of spectra Sp C Fun, (8", 8.) is as the full subcategory of (reduced)
excisive functors. The excisive approrimation [24, Example 6.1.1.28] OF : 8fin —
8, of a reduced functor F : SE“ — 8, is given by the formula

(OF)(T) =~ colim,,_,oc Q"F(X"T).

As any finite space admits a cell decomposition, a reduced excisive func-
tor is determined by its values on spheres; in fact, any sequence of spheres
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{&m0, S™ ...} with n; > n; whenever ¢ > j. Moreover, for any reduced
F: SE“ — 84, we have maps

S — Map, (8", §"*1) — Map, (F(S"), F(5"*1)
and hence maps S A F(S™) — F(S™*1). This motivates the next definition.

Definition 3.1.13. A prespectrum consists of an N-indexed collection of pointed
spaces {Z, }nen and structure maps {e,, : XZ,-1 = Z, }neN-

To organize prespectra into an co-category PSp, it will be useful to write
Y] :8N — 8N and  Q[-1]: 8N — 8N

for the “shifted” suspension and loops functors X[1)(X),, = X(X,,—1) and Q[-1](X),, =
Q(X,41), where we take the convention that X_; ~ pt is contractible. Then

(1] is left adjoint to Q[—1], and the oo-category of prespectra is defined by
forming either of following the pullbacks CAT ..:

Fun(Al, 8N) PSp Fun(Al,8N) .

S P

Fun(9A!, sV LW D B 9AL sN)

Remark 3.1.14. A prespectrum Z = {Z,,} gives rise to a sequence of repre-
sentable functors Map(—, Z,) : 8:¥ — 8. which collectively represent a cohomol-
ogy theory if and only if the map Z — Q[—1]Z is an equivalence. The “diagonal”
map 8N — Fun(A!, 8IN) identifies 8N with the full subcategory of Fun(Al, 8IN)
consisting of the equivalences, and the iterated pullback square

Sp—————= 8N

|

PSp —_— F\un(Al7 81*\1)

l |

SN AL, 8

exhibits Sp C PSp as the equalizer of the endofunctors id, Q[—1] : 8N — SNV

Remark 3.1.15. This inclusion admits a left adjoint spectrification functor
PSp — Sp. Indeed, if Z = {Z,,} is a prespectrum, the n*"-space of the associated
spectrum A is given by the formula
Ay >~ colim Q™ 7, 4.
m—00

The equivalence A, = QA, . is induced by the maps Z,im — QZnimai1,
which becomes the equivalence colim Q™ Z,,,,, ~ Q™ 17, . .1 after passing to
the colimit. This is essentially the same formula as in Remark 3.1.12.
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Remark 3.1.16. The oco-category of prespectra is quite useful in practice. As
a source of examples, a pointed space X evidently determines a suspension
presprectrum {X" X },,en whose associated spectrum is X*°X. Since the spec-
trification functor preserves colimits, the co-category of prespectra can be used
as a tool for computing colimits and smash products of spectra.

3.2 The smash product

The construction of a symmetric monoidal model category of spectra was a
major foundational problem in the subject for quite some time. One issue is that
there isn’t an obvious candidate for the smash product of prespectra; instead,
given prespectra A = {A,,} and B = {B,,}, their smash product A ® B is most
naturally indexed on the poset N x N; that is, (A® B)m.n = Am A Bp. Adams’
theory of “handicrafted smash products” [3] shows that any cofinal choice of
poset N C N x N results in a prespectrum representing the smash product, and
verifies that this procedure descends to a symmetric monoidal structure on the
homotopy category of spectra. However this is insufficient for many purposes,
especially as the homotopy category doesn’t admit even the most basic sorts of
limits and colimits like pullbacks and pushouts.

Another more significant issue is already apparent in homological algebra:
in the derived oo-category of chain complexes of modules over a commutative
ring, the derived tensor product is really only defined up to quasi-isomorphism,
so there’s no philosophical reason to expect this to lift to a symmetric monoidal
structure on the ordinary category of chain complexes. The first resolutions of
this problem in homotopy theory were the symmetric spectra of Hovey-Shipley-
Smith [20] and the S-modules of Elmendorf-Kriz-Mandell-May [17].

There are morphisms of ®-idempotent objects of LPr

§ — 8« — CMon(8) — CMon®?(8) — Sp,

necessarily symmetric monoidal, which enable us to calculate the tensor product
in these presentable co-categories. Specifically, writing 3 : §, — Sp for unique
symmetric monoidal left adjoint functor, we deduce that

(B°X) @ @ (5%°X,) ~ D°(X; A~ A X,)

for any finite collection of pointed spaces Xi,...,X,. The analogous result
remains true for unpointed spaces by addition of a disjoint basepoint.

Remark 3.2.1. Using the description of spectra as the limit of tower associated
to the endofunctor 2 : 8, — S., we obtain maps

Q> :Sp — 8,

by projection to the n*® factor. The reason for this notation is that we have
equivalences 2 ~ Q"Q*>°~": indeed, if A is a spectrum, QA ~ Ay ~
Q"A, ~ Q"Q>°"™A. The collection of functors {Q°°"},cN, or any infinite
subset thereof, form a conservative family of functors Sp — 8. in RPr. They
admit left adjoints X°°7" : 8§, — Sp which factor through PSp — Sp.
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Remark 3.2.2. By [24, Proposition 6.3.3.6], any spectrum A admits a canonical
presentation by desuspended suspension spectra

A ~ colim,,_yo0o 27N A ~ colim,, 00 2 "XEFA4,
in which the maps "4, — £~ ""14 ., correspond to the composites
A, = QPTTQPECA, — QRO ® 4, ~QOTReTnTlg

Using the fact that X°7™mX @ XY ~ 30"~ X AY we can write down
explicit formulas for the spaces in the smash product of any finite sequence of
spectra.

Remark 3.2.3. Another characterization of the n-fold smash product functor
®@" : Sp*™ — Sp is as the derivative of the n-fold cartesian product functor x" :
8§*™ — § or its coreduction, the n-fold smash product functor A™ : 8" — 8..
See [25, Example 6.2.3.28] for further details.

Remark 3.2.4. If B is a fixed spectrum, the functor Sp (ld—’B>) Sp x Sp (8;2> Sp
which sends A to A® B preserves colimits and therefore, according to the adjoint
functor theorem, admits a right adjoint. This right adjoint is the mapping
spectrum functor F(B, —) : Sp — Sp, which admits the following description: if
A is a spectrum, then F(B, A) is the spectrum given by the formula

SF(Bv A)n ~ Mapsp(B, EnA),
with structure maps
Mapsp(B, EnA) ~ Mapsp(B, QEnJrlA) ~Q Ma’pSp (B, EnJrlA),

where the first equivalence uses the fact that Sp is a stable co-category and
therefore that the composite functor QX is equivalent to the identity.

In order to be able to work effectively with spectra, we need ordinary alge-
braic invariants such as homotopy groups. One way to obtain the homotopy
groups of a spectrum is via the Postnikov t-structure, defined as follows.

Definition 3.2.5. Let Sp._; C Sp denote the full subcategory of spectra con-
sisting of those objects A such that Q°°A is contractible.

Remark 3.2.6. The functor Q2°°: Sp — 8§ is corepresented by the unit ob-
ject S of Sp, which is compact. It therefore preserves limits and filtered col-
imits; furthermore, limits and filtered colimits of contractible spaces are con-
tractible. Hence the inclusion Sp._; C Sp preserves limits and filtered colimits
and therefore, by the adjoint functor theorem, it admits a left adjoint. We write
T<—1: Sp — Sp for the left adjoint followed by the right adjoint, so that any
spectrum A admits a natural unit map A — 7<_1A. The fiber of the unit map
then determines an endofunctor 7>¢ : Sp — Sp, the connective cover. We write
Sps for the essential image of 7>¢ and Sp., = Sp._;[1].
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Proposition 3.2.7. [25, Proposition 1.4.3.6] The pair of full subcategories
Sp~g C Sp and Sp<y C Sp are the connective and coconnective parts of a t-
structure on Sp. Moreover, this t-structure is left and right complete, and its
heart Sp” ~ Ab is canonically equivalent to the category of abelian groups.

Remark 3.2.8. The spectra that lie in the full subcategory Sp., C Sp are
called the connective spectra, and we will often write Sp™ in place of Sp.

Remark 3.2.9. The homotopy groups of a spectrum A, defined via the t-
structure on Sp, collectively form a Z-graded abelian group

A = @ T A.

meZ

Viewing A as a sequence of pointed spaces { A, }nen equipped with equivalences
A, ~ QA, 1, we can also obtain the homotopy groups of A via the homotopy
groups of the pointed spaces {A,, }n,en. Specifically, the nonnegative homotopy
groups of A are the homotopy groups of the underlying infinite loop space; that
is, for m > 0,

TmA 2 T Ay = 1 A1 = Tppy0lo 2 -e .

The negative homotopy groups of A, on the other hand, are the homotopy groups
of a sufficiently high delooping; that is, for m < 0,

T A E oA EmA_p1 A g2 X

More generally, 7, A = colim m,, A,,_,,,, where for m > n we take A, _,, to mean
the homotopy type of the space Q™ ™Ay ~ Q7 "l A, ~ Q7" H24, ~ ...,

Definition 3.2.10. Let A and B be spectra. The A-homology of B, A,(B), is
the graded abelian group (A ® B). Dually, the A-cohomology of B, A*(B), is
the graded abelian group m.F(B, A).

Remark 3.2.11. If X is a pointed space, we write A,(X) = A.(X*°X) and
A*(X) = A*(2°°X). If A is a spectrum representing a generalized cohomology
theory, this recovers the A-cohomology groups of the pointed space X.

3.3 Associative and commutative algebras

Definition 3.3.1. An associative ring spectrum is an algebra object of the
monoidal co-category of spectra. A commutative ring spectrum is a commutative
algebra object of the symmetric monoidal co-category of spectra.

We write Alg = Alg(Sp®) and CAlg = CAlg(Sp®) for the co-categories of
associative and commutative ring spectra, respectively.

Remark 3.3.2. As the notation suggests, we often refer to associative or com-
mutative ring spectra as associative or commutative algebra spectra, or just
associative or commutative algebras when the symmetric monoidal oo-category
of spectra is clear from context. The latter terminology is especially convenient
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in relative contexts, such as when we wish to work over* a fixed base commuta-
tive ring spectrum R, where the corresponding notion is that of an associative
or commutative R-algebra (spectrum here is implicit).

Remark 3.3.3. Recall that a commutative algebra object of the symmetric
monoidal co-category of spectra is a section

A(-) : Fin, — Sp¥

of the cocartesian fibration p : Sp® — Fin, such that A(m) — A(n) € Sp® is
cocartesian whenever (m) — (n) € Fin, is inert. We will typically write A in
place of A(1) € Sp?1> ~ Sp and refer to A as the algebra object. The value of
A(—) on the active map (2) — (1), pushed forward to the fiber over (1) via this
map, is the multiplication p: A®? — A.

Similarly, an associative algebra object A € Alg(Sp®) is a section

A[-] 1 A% — Sp® X pin. AP

of the restricted (along the cut map A°P — Fin,) fibration which carries inert
arrows to cocartesian arrows. We will typically also write A = A[1] for the
underling spectrum of A[—] and refer to A as the associative ring spectrum.

Remark 3.3.4. A section A[—] : A°? — Sp® xpy,, AP amounts to a diagram
of the form
Al0] Al A[2]
=

in Sp®. If it is an algebra object, the n inert maps [1] — [n] in A force A[n] to
decompose as the n-fold product (A[1],..., A[1]) of A[1] under the equivalence
Sp%l> ~ Sp™*", where we identify Sp with Sp%> as usual. Restricting to the
active maps and pushing everything forward to the the fiber over [1] € A via
the inert maps, and writing S, A, A ® A for the images of A[0], A[l], A[2], we
obtain a diagram
. o —
S— A=—F AR A=—---

in Sp, encoding exactly the maps one would expect from an algebra object. The
commutative case is similar but more complex due to the permutations.

In certain situations, some of which we will encounter later, it is convenient
to work with only the connective spectra. Recall that Sp™ C Sp denotes the
full subcategory consisting of the spectra A whose negative homotopy groups
mn A vanish for all n < 0. In other words, Sp™ = Sps as full subcategory of
spectra, where Sps is defined via the standard Postnikov t-structure. Since
the tensor product of connective spectra is again connective, we actually obtain
Spg0 C Sp® as a symmetric monoidal subcategory. Thus we have oo-categories
Alg®™ = Alg(Sp™) and CAlg™ = CAlg(Sp*™) of connective associative and
commutative algebra spectra.

40ver R means over Spec R, reversing the direction of the arrows. Algebraically this means
working under R, but the terminology is influenced by geometric intuition.
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Proposition 3.3.5. [25, Proposition 7.1.3.19] Postnikov towers converge in the
presentable co-categories Sp™", Alg™, and CAlg®".

Definition 3.3.6. An co-monoid is an algebra object of the symmetric monoidal
oo-category 8% of spaces. An abelian oco-monoid is a commutative algebra ob-
ject of 8. An oco-monoid, or abelian co-monoid, G is said to an oo-group, or
abelian co-group, if the ordinary discrete monoid myG is a group.

Remark 3.3.7. We have oo-categories Mons,, = Mon(8*) = Alg(8*) and
Gpo C Mone, of co-monoids and oco-groups, as well as their abelian variants
AbMon,, = CMon(8*) = CAlg(8*) and AbGp,, C AbMons,. The group
completion of an oo-monoid M is the left adjoint of the fully faithful inclusion
Gp,, C Mong, and is given by the formula G ~ QBM.

Remark 3.3.8. The reader might be wondering why we did not define asso-
ciative and commutative ring spectra as homotopy coherently associative and
commutative ring objects in the co-category of spaces. The primary reason is
that this only yields the connective ring spectra, and nonconnective spectra,
even ring spectra, such as topological K-theory, are among our most important
examples. Nevertheless it is true, and a good sanity check, that we have an
equivalence Sp™" ~ AbGp_,, which induces equivalences Alg™ ~ Ring., and
CAlg™ ~ CRing,,, where the latter notions are defined as in [18] (among other
algebraic theories, such as semirings and their E,, variants).

Definition 3.3.9. A homotopy associative ring spectrum is an associative alge-
bra object in the monoidal homotopy category of spectra. A homotopy commu-
tative ring spectrum is a commutative algebra object in the symmetric monoidal
homotopy category of spectra.

Remark 3.3.10. Homotopy categories are ordinary categories. Hence there are
no coherences to specify, and a homotopy associative ring spectrum is the data
of a ring spectrum R equipped with a unit map n: S — R and a multiplication
map p : R ® R — R which are associative and unital in the sense that the
diagrams

RoRo R . ReR R—""% RoR
id®,ul lu id®nl\l#
RoR—" R RoR—L SR

commute up to homotopy (a choice of homotopy is not part of the data). As in
ordinary algebra, commutativity in this case is a property of a homotopy associa-
tive ring spectrum R. While the theory of homotopy associative or commutative
ring spectra plays an important role in algebraic topology, the categories of left
(or right) modules over homotopy associative ring spectra are poorly behaved,
lacking basic structure such as finite limits and colimits.

Proposition 3.3.11. [25, Proposition 7.2.4.27] The oo-categories Alg®™ and
CAlg™ are compactly generated. Moreover, they are generated under sifted col-
imits by compact projective objects.
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Definition 3.3.12. A connective associative ring spectrum A is said to be
locally of finite presentation if A is compact as an object of Alg®™. A connective
commutative ring spectrum A is said to be locally of finite presentation if A is
a compact as an object of CAlg®".

3.4 Left and right modules

An associative (respectively, commutative) algebra A is something that exists
in a monoidal (respectively, symmetric monoidal) co-category A®. Classically
it was common to take A® to be the symmetric monoidal category of abelian
groups, or (left) R-modules for a commutative ring R. Recall that a monoidal
oo-category A® can be regarded as a cocartesian fibration over A°P (equivalently
a functor A°P — CAT,) satisfying the Segal condition, the underlying category
A of A® is the value Aﬁ] at the ordinal [1], and the simplicial object A® can be
regarded as a categorical bar construction on A, using its monoidal structure.

The ordinary bar construction generalizes as follows: if M admits a left A-
action and N admits a right A-action, then we may form a simplicial object
which in degree n is equivalent to N x A*™ x M. The oo-categories M and N
which arise in this way are said to be left and right tensored over A, respectively;
this is the structure which, when given an algebra object A of A, allows us to
define the notions of left and right A-module object of M and N. Such oco-
categories are themselves cocartesian fibrations over A%, and hence over A°P,
but they satisfy a slight variant of the Segal condition.

Definition 3.4.1. Let p : A® — A°P be a monoidal co-category. An oo-
category left tensored over A® is a cocartesian fibration q : M® — A°P together
with a morphism of cocartesian fibrations f : M® — A® over A°P which satisfies
the following relative version of the Segal condition: for each natural number n,
the map

Moy Ay My

induced by f and the inclusion of the final vertex {n} C [n] is an equivalence.

Remark 3.4.2. The morphism of cocartesian fibrations f : M® — A® over
A°P is an example of a left action object of CAT,,. More precisely, we write
LMon(CAT..) C Fun(A', CAT,, /A°P®™) for the full subcategory consisting
of those morphisms of cocartesian fibrations f : M® — A® which satisfy the
relative Segal condition of Definition 3.4.1. As in [25, Notation 4.2.2.5], there
is a functor LMon(CAT,) — Mon(CAT,) which sends the left action object
f:M® — A® to the monoidal co-category A®.

Remark 3.4.3. The underlying oco-category of the left tensored oo-category
g : M® — A°P is the fiber M([%] over [0], which we will typically denote M.
There are equivalences My, ~ M for all n. The Segal condition at n = 1 gives
an equivalence M, ~ A x M and the inclusion [0] — [1] of the initial vertex
induces a left action morphism A x M — M.
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Remark 3.4.4. Dually, there is an entirely analogous notion of right tensored
oo-category whose definition instead involves the inclusions of the initial vertices,
with the action coming from the inclusion of the final vertices.

Remark 3.4.5. A monoidal oco-category p : A® — A°P is canonically left
(respectively, right) tensored over itself. Roughly, restricting the cocartesian
fibration p along the right (respectively, left) cone functor * : A — A which
sends [n] to [n] * [0] (respectively, [n] to [0] x [n]) yields a cocartesian fibration
q: A®® — A°P whose fiber over [n] is equivalent to A*"*!. The morphism of
cocartesian fibrations f : A>® — A® is obtained as in [25, Example 4.2.2.4]. See
[25, Variant 4.2.2.11] for details and a comparison to the operadic approach.

Definition 3.4.6. Let p : A® — A°P be a monoidal oo-category and let f :
M® — A® be an co-category left tensored over A®. A left module object of M®
is a map s : A°? — M® such that the composite fos is an algebra object of A®
and, if ¢ : [m] — [n] is an inert map in such that i(m) = n, f(i) is a cocartesian
morphism of M®. We write

LMod(M®) C Funpor (AP, M®)
for the full subcategory consisting of the left module objects of M.

Remark 3.4.7. In the special case in which M® ~ A”® is equivalent to A,
regarded as being left tensored over itself via f : A"® — A®, we simply write
LMod(A®) in place of LMod(A>®).

Remark 3.4.8. There is an evident notion of right module object of an oo-
category right tensored over a monoidal co-category.

Definition 3.4.9. A left module spectrum is a left module object of the monoidal
oo-category Sp® Xpin, A°P of spectra.

We write LMod = LMod(Sp®) for the co-category of left module spectra.

Remark 3.4.10. The co-category LMod of left module spectra comes equipped
with a forgetful functor LMod — Alg which returns the algebra object in the
definition of a left module object. Given an associative algebra spectrum A,
we write LModa for the fiber over A of the forgetful functor. We also have a
forgetful functor LMod x a1; CAlg — CAlg obtained by pulling back along the
forgetful functor CAlg — Alg. We will sometime simply write LMod — CAlg for
this forgetful functor, when it is clear from context that we are only considering
left modules over commutative algebra spectra.

3.5 Localization

In this section we briefly review the theory of localization of ring spectra. Recall
that a multiplicatively closed subset S, containing the unit, of an associative
ring R is said to satisfy the left Ore condition if, for or every pair of elements
r € R and s € S there exist elements v € R and s’ € S such that s'r = 7's,
and if r € R is an element such that rs = 0 for some element s € S then there
exists an element s’ € S such that s'r = 0.
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Remark 3.5.1. If A is an associative algebra spectrum, any homogeneous
element s € 7, A can be represented by a “degree n” left A-module map ¥"A —
A which is unique up to homotopy.

Definition 3.5.2. Let A be an associative algebra spectrum and S C 7w, A a
set of homogeneous elements satisfying the left Ore condition. A left A-module
spectrum M is S-local if, for every element s € S, left multiplication by s
induces an isomorphism 7, M — 7, M. We write S~! LMod 4 C LMod 4 for the
full subcategory consisting of the S-local left A-module spectra.

Proposition 3.5.3. [25, Remark 7.2.3.18] The inclusion of the full subcategory
S~ LMods C LMody of S-local objects admits a left adjoint S~ : LMods —
S~!LMody, the S-localization functor.

Remark 3.5.4. The theory of Bousfield localization generalizes that of Ore
localization. In the stable setting, this is the data of a left adjoint functor L :
B — € of stable presentable co-categories such that the right adjoint R : € — B
is fully faithful. The kernel of L : B — C is the stable presentable subcategory
A C B consisting of those objects A € B such that L(A) ~ 0 in €. An instance
of this construction is the localization of the oo-category B ~ Sp of spectra at
a fixed spectrum E': in this case, a spectrum N is F-acyclicif E®Q N ~ 0 and a
spectrum M is E-local if every map N — M from an E-acyclic object M is null.
While it turns out that Bousfield localization preserves (commutative) algebra
structures [25, Proposition 2.2.1.9], it is quite difficult to control the localization
in this generality, which is why we focus on the Ore localization instead.

Remark 3.5.5. It is possible to use the left Ore condition to give a reasonable
explicit description of the homotopy groups of the left Ore localization S~'M,
for M € LMody and S C 7. A a set of homogeneous elements satisfying the
left Ore condition. See [25, Construction 7.2.3.19 and Proposition 7.2.3.20] for
details.

Definition 3.5.6. Let A be an associative algebra spectrum and S C 7, A a
set of homogeneous elements. A map of associative algebra spectra n: A — A’
exhibits A’ as the left Ore localization of A at S C . A if, for every associative
algebra spectrum B, n* : Map ), (A’, B) — Mapy, (A, B) is fully faithful with
image those f : A — B such that f(s) is invertible in 7, B for all s € S.

Theorem 3.5.1. [25, Proposition 7.2.3.27] Let A be an associative algebra spec-
trum and S C m.A a set of homogeneous elements satisfying the left Ore con-
dition. The localization S™'A admits the structure of an associative algebra
A[S™Y] equipped with an algebra map 1 : A — A[ST1] such that, for any asso-
ciative algebra spectrum B, precomposition with n is fully faithful

77* : MapAIg(‘A[Sil]u B) C Ma‘pAIg(Av B)

with image those f : A — B such that f(s) € m. B is invertible for all s € S.
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Remark 3.5.7. If S C 7, A is a set of homogeneous elements satisfying the left
Ore condition, the canonical map S~!7,(A4) — m.(S~1A) is an isomorphism of
graded rings, where S~!m, A denotes the localization as graded rings.

Remark 3.5.8. If A is an associative algebra spectrum such that the graded
ring 7, A is graded commutative, then the left Ore condition on a multiplicative
subset S C m, A is automatically satisfied.

There is an analogous statement for commutative algebra spectra.

Definition 3.5.9. Let A be a commutative algebra spectrum and S C 7, A a set
of homogeneous elements. A map of commutative algebra spectra n: A — A’
exhibits A’ as the localization of A at S C w. A if, for every commutative algebra
spectrum B, n* : Mapg (A, B) = Mapga,(4, B) is fully faithful with image
those f : A — B such that f(s) is invertible in 7, B for all s € S.

Theorem 3.5.2. [25, Example 7.5.0.7] Let A be a commutative algebra spectrum
and S C m.A a multiplicative set of homogeneous elements. The localization
S=LA admits the structure of a commutative algebra A[S™!] equipped with a
commutative algebra map A — A[S™1] such that, for any commutative algebra
specrum B, precomposition with n is a fully faithful functor

n*: MapCAlg(A[Sil]u B) C Mapga (4, B)
with image those f: A — B such that f(s) € m.B is invertible for all s € S.

Remark 3.5.10. Given a commutative algebra spectrum A and an arbitrary
subset T' C m. A of homogeneous elements of A, we often write A[T 1] in place
of A[S~1], where S denotes the multiplicative closure of T" in 7, A. Indexing the
elements of T by some ordinal I, so that T = {¢; }ier, we have equivalences of
commutative algebra spectra &), ; Aft; '] ~ A[T~], where the infinite tensor
product is defined to be the filtered colimit of the finite tensor products.

A map of ordinary commutative rings f : A — B is a Zariski localization if
there exists a finite collection of elements z; € mp A, defining basic Zariski open
sets A — Alx; '], such that f is isomorphic to the product map A — II; A[z; ']
as objects of CAlg 4. There is a similar notion for ring spectra.

Example 3.5.11. Let R be a commutative ring spectrum and suppose given
an element f € moR, which we regard as an R-linear map f : R — R via the
equivalence R ~ Endgr(R). Then the filtered colimit

R[f ™ ~colim{R - R Ry

is a ®-idempotent left R-module: that is, the relative tensor product (see
Section 4.2) is an equivalence R[f~!] ® g R[f~!] ~ R[f~!]. If follows that the
associated Bousfield localization of LModp, is given the formula M ~— M[f~1] ~
M ®g R[f~Y], and that R[f~!] € CAlgy has the following universal property:
MapCAIgR(R[ffl], A) is contractible if f € mo(A)* and empty otherwise.
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Example 3.5.12. Let R be a commutative ring spectrum and consider the
affine scheme X = SpecmyR. The structure sheaf Ox is determined by its
values Ox (Uy) = moR[f™'] on the basic open sets Uy = SpecmoR[f ], f €
moR. Localizing R at elements of moR allows us to enhance Ox to a sheaf of

commutative ring spectra Ogpec r On (the topological space of) X by the formula
Ospec R(Uf) = R[f~!]. This is the affine spectral scheme Spec R.

Definition 3.5.13. Let R be a commutative ring spectrum. Then R is local
if mpR is local, in the sense that there exists a unique maximal ideal m C myR.
Equivalently, R is local if, for any f € mgR, either f or 1 — f is a unit.

4 Module theory
4.1 Monads

Given an co-category €, the oco-category Fun(€, €) of endofunctors of € is canon-
ically a monoidal oo-category with respect to composition. Viewing C as a
simplicial set and Fun(C, €) as simplicial sets, where composition is already a
functor on the nose, we obtain a simplicial model for this monoidal co-category,
which moreover comes equipped with a strict left action on € via the evaluation
pairing Fun(C, €) x € — C.

Definition 4.1.1. Let € be an oco-category. A monad T on € is an algebra
object of the monoidal oco-category Fun(C, €) of endofunctors of C.

Remark 4.1.2. We write 7' : ¢ — C for the underlying endofunctor of the
monad. The unit and multiplication maps are usually denoted 7 : ide — T and
p:T oT — T. There are also homotopy coherent higher multiplications.

Remark 4.1.3. Let T be a monad on an oo-category C. As C is left tensored
over Fun(C, €) via the evaluation map Fun(C,C) x € — €, it makes sense to
consider left M-module objects in € (these are often referred to instead as M-
algebras, especially in ordinary category theory). We write LModz(C) for the
oo-category of left T-modules.

Example 4.1.4. Let g : D — € be a functor of co-categories which admits a
left adjoint f : € — D. Then the composite functor go f : € — € admits a
canonical structure of a monad on C. Here, the unit n : id — g o f is the unit
of the adjunction, and the multiplication p: go fogo f — go f is induced by
the counit € : f o g — id. The formalism of adjunctions allows one to fill in all
the coherences in a unique (up to a contractible space of choices) way.

Remark 4.1.5. Let g : D — € be a functor of co-categories which admits a
left adjoint f : € — D and let T' = g o f denote the resulting monad on C, as
in the example above. Then g : D — € factors as the composite g = po ¢,
where ¢’ : D — LModr(C) is the functor which sends the object B to the left
T-module € : TB — B, and p : LMod;(€) — € is the forgetful functor.
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Definition 4.1.6. Let g : D — € be a functor of co-categories which admits a
left adjoint f: € — D and let T = g o f be the resulting monad on €. Then g
is monadic over € if the induced map ¢’ : D — LModr(C) is an equivalence.

Knowing when a functor is monadic is quite important: for instance, monadic
functors are conservative, and they exhibit the source as a kind of co-category of
modules in the target. Fortunately there is a recognition principle for monadic
functors. To state it we’ll need the following notions.

Definition 4.1.7. The category A_ ., has an object [n] for each integer n > —1
and an arrow « : [m] — [n] for each nondecreasing function [m|U{—oc} — [n]U
{—0o0} with a(—00) = 0o which composes in the obvious way. The subcategory
A4 C A_ has the same objects but only those arrows « : [m] — [n] such that
a"(—o00) = {—c}. Note that we may identify A with the full subcategory
of A4 consisting of those objects [n] with n > 0; in fact, the category Ay
parametrizes augmented simplicial objects.

Definition 4.1.8. An augmented simplicial object Ay : A" — € is split if A,
extends to a functor A?Y  — €. A simplicial object A, : A°® — € is split
if it extends to a split augmented simplicial object. Finally, given a functor
g:D — C, an (augmented) simplicial object As of D is g-split if g o A, is split

as an (augmented) simplicial object of C.

The monadicity theorem is a higher categorical analogue of the Barr-Beck
Theorem. The result plays a considerably more important role higher categori-
cally due to the difficulty of producing explicit constructions in this context.

Theorem 4.1.1. [25, Theorem 4.7.3.5] Let g : D — € be a functor of oco-
categories which admits a left adjoint f : € — D. Then g is monadic over C if
and only if g is conservative, D admits colimits of g-split simplicial objects, and
g preserves colimits of g-split simplicial objects.

4.2 Relative tensor products

We now consider the co-category of left modules over a base commutative ring
spectrum R (which could be the sphere itself, in the absolute case). To gener-
alize ordinary algebra, we’d like to have a notion of (commutative) R-algebra
spectrum. In order to make this notion precise, we need a (symmetric) monoidal
structure on the oo-category LModpg of left R-modules.

Remark 4.2.1. Using the language of co-operads, these results can be refined
to produce E,-monoidal co-categories of left R-modules when R is only an
E, 1-algebra spectrum. See [25] for the details of this approach.

As in ordinary algebra, the co-category of (either left or right) modules for
an associative ring spectrum A will not carry a symmetric monoidal structure,
which has A as the unit and commutes with colimits in each variable, unless the
algebra structure on A extends to commutative algebra structure. Nevertheless,
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given a left A-module M and a right A-module N, we may form the iterated
tensor products
NRAR --- @ A® M.

The algebra structure on A and the left and right module structures on M and
N organize these into a simplicial spectrum Bar4 (M, N) with

Bars(M,N), ~ N ® A®™ @ M.

Definition 4.2.2. The relative tensor product N ® 4 M is a spectrum equivalent
to the geometric realization of the simplicial spectrum Bar4 (M, N):

N ®a4 M ~ |Bars(M, N)|.

Remark 4.2.3. No noncanonical choices were involved in this construction,
and indeed the relative tensor product can be shown to extend to a functor

—®4 —: RModyg x LMods — Sp

which preserves colimits separately in each variable. We therefore obtain a
morphism LMod gopga ~ RMody ® LMod4 — Sp in LPr. By Morita theory,
such a map is determined by a left A ® A°P-module, which in this case is A
itself.

Left adjoint functors between oo-categories of modules determine, and are
determined by, bimodules. More precisely, if A and B are associative ring
spectra, an (A, B)-bimodule M determines a functor LMody — LModp via
the relative tensor product, and conversely. We will avoid the theory of (A, B)-
bimodules by simply using the equivalent co-category LMod gorg 5.

Theorem 4.2.1. [25, Theorem 7.1.2.4] Let A, B be associative algebra spectra.
The relative tensor product induces an equivalence of co-categories

LMod gorgp =~ LFun(LMod 4, LModp).

Remark 4.2.4. The above equivalence sends the left A°°? ® B-module N to the
functor M — N ®4 M and a left adjoint functor f : LMods — LModp to f(A),
viewed as a left A°? ® B-module via its right A-action.

Remark 4.2.5. The right adjoint of the left adjoint functor N® 4— : LMod4 —
LModp is Mapg (N, —) : LModp — LMod 4.

The following version of Morita theory, originally due to Schwede-Shipley
[35], is a convenient recognition principle for co-categories of modules.

Theorem 4.2.2. [25, Theorem 7.1.2.1] Let C be a stable presentable co-category
and let P be an object of €. Then C is compactly generated by P if and only if
the functor Mape(P,—): C — RModgug, (p) s an equivalence.
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Remark 4.2.6. If f : A — B is a map of associative ring spectra, then we
may view B as a left A°? ® B-module, in which case the resulting left adjoint
functor B®4— : LMod 4 — LModp is the basechange functor, with right adjoint
Mapg(B,—) : LModp — LMod4 the forgetful functor. Note that the forgetful
functor preserves colimits, as they are detected on underlying spectra, so that
this is the same as tensoring with the left B°? ® A-module B, i.e. Mapg(B, —) ~
B ®p —. In particular, there is a further right adjoint Map 4 (B, —) : Mods —
MOdB.

Example 4.2.7. Suppose that B ~ A[S™!] is a localization of A. Then the
forgetful functor LModp — LMod4 is fully faithful with essential image the
S-local left A-module spectra, namely those M such that M ~ S~1M.

4.3 Projective, perfect, and flat modules
We now study the oco-categories LMod 4 for A an associative ring spectrum.

Remark 4.3.1. The Morita theory of the previous section can be used to
identify stable oco-categories C of the form LMod, for an associative algebra
spectrum A, where now A ~ Ende(P)°P for some compact generator P of C.
It follows that LMod 4 is compactly generated. Moreover, a stable oco-category
C is of the form LModa if and only if € admits a compact generator, and
LMod 4 ~ Ind(LMod?) is the Ind-completion of its full subcategory LMod; of
compact objects.

Definition 4.3.2. Let A be an associative ring spectrum. A left A-module M
is perfect if M is a compact object of LMod 4.

Definition 4.3.3. Let A be an associative ring spectrum. A left A-module M
is free if M is a (possibly infinite) coproduct of (unshifted) copies of A, viewed
as a left module over itself.

Definition 4.3.4. A free left A-module M is finitely generated if it is equivalent
to a finite coproduct of copies of A.

Just as in ordinary algebra, there are other notions of “freeness” correspond-
ing to various forgetful-free adjunctions. For instance, if M is a left A-module
and f: A — B to aring map, then B® 4 M is often referred to as the “free” left
B-module associated to the left A-module M, even though B ® 4 M is rarely
a free B-module (although it will be of course if M was actually a free left
A-module).

Using the long exact sequence on homotopy groups, it is straightforward to
check that a map f: M — N of connective left A-modules (over a connective
associative ring A) is surjective if and only if fib(f) is connective.

Definition 4.3.5. Let A be a connective associative ring spectrum. A left
A-module P is projective if it is connective and projective as object of the
oo-category LMod$' of connective left A-modules, in the sense that the corep-
resented functor Map(P, —) LMod$' — 8 preserves geometric realizations (that
is, colimits of simplicial diagrams). See [24, Definition 5.5.8.18] for details.
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Remark 4.3.6. It is unreasonable to ask for a left A-module to be projective
as an object of the co-category LMod 4 itself, as the only projective objects of
this oo-category are the zero objects. Indeed, suppose that M is a projective
object of LMod . For any A-module N, we can write the suspension of N as
the geometric realization of the simplicial A-module

EN:‘otNEN@Ng .

But Mapyjoq, (X7'M,N) ~ Mapy\ioa, (M, EN) ~ BMappyieq, (M, N), so
mo Mapjoq, (271 M, N) ~ 0 for all left A-modules N and therefore M ~ 0.

Proposition 4.3.7. [25, Proposition 7.2.2.6] Let C be a stable co-category with a
left complete t-structure (C>o, C<o) and let P € C>o be an object. The following
conditions are equivalent:

(1) P is projective (as an object of C>p).

(2) For every M € C>o, Extg (P, M) = 0.

(3) For every M € Cxq and every integer n > 0, Ext& (P, M) = 0.

(4) For every M € C¥ and every integer n > 0, Exti(P, M) = 0.

(5) For every exact triangle L — M — N in Csq, the map Extg(P, M) —
Ext3(P, N) is surjective.

Proposition 4.3.8. [25, Corollary 7.2.2.19| Let f : A — B be a map of connec-
tive associative algebra spectra such that mof : mgA — moB is an isomorphism.
The basechange functor f* = (—) ® 4 B : Mods — Modp restricts to an equiva-
lence

f* : Ho(LMod®™®) =5 Ho(LMod2))
on homotopy categories of projective objects. In particular, the O-truncation map

f: A= A induces an equivalence Ho(LMod® ) ~ LModeIXOj.

Proposition 4.3.9. [25, Proposition 7.2.2.7] Let A be a connective associative
algebra spectrum and P a projective left A-module. Then there exists a free
left A-module M such that P is a retract of M. If additionally P is finitely
generated, we may take M to be finitely generated as well.

While the notion of projectivity really only makes sense over connective ring
spectra, the notion of flatness makes sense over arbitrary ring spectra.

Definition 4.3.10. Let A be an associative ring spectrum. A left A-module
spectrum M is said to be flat over A if mgM is a flat left mgpA-module, in the
sense of ordinary algebra, and for each integer n, the canonical map

7TnA QoA ToM — T, M

is an isomorphism.
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Nevertheless, over a connective associative ring spectrum A, the notion of
flatness behaves in a manner more similar to that of ordinary algebra. For
example we have the following important generalization of Lazard’s theorem.

Theorem 4.3.1. [25, Theorem 7.2.2.15] Let A be a connective associative alge-
bra spectrum and M a connective left A-module. The following conditions are
equivalent:

1) M is flat.
2) M is a filtered colimit of finitely generated free left A-modules.

4) The functor RMod s — Sp given by N — N ® 4 M is left t-exact.

(
(
(3) M is a filtered colimit of finitely generated projective left A-modules.
(
(5) If N is a discrete right A-module then N ® 4 M is discrete.

Remark 4.3.11. A free (respectively, projective) left A-module M is a filtered
colimit of finitely generated free (respectively, projective) left A-modules. Thus
the statement of Lazard’s theorem remains true (albeit less precise) if we disre-
gard finite generation.

Remark 4.3.12. The Tor spectral sequence has Fs-page
EDT = TOI‘;*A(TF*M, TN )q

and converges to the homotopy groups mp4q(M ®4 N) of the relative tensor
product. If M or N is flat over A, E5? vanishes for p > 0, the spectral sequence
degenerates at the Es-page, and m.(M ®4 N) 2 1. M ®,, 4 m N is calculated
as graded tensor product of 7, M and 7w, N over 7, A.

Remark 4.3.13. As a consequence we observe that if M and N are both flat
over A, then their tensor product M ® 4 N is again flat over A. Since the unit
object A of LMod4 is flat, we see that the full subcategory LModa C LMod 4
inherits the structure of a symmetric monoidal co-category.

In order to calculate in the oo-category LMod 4 of left A-modules, it is useful
to have something analogous to a projective resolution. If A is connective, the
theory of tor-amplitude plays this role, giving a means of construct any perfect
A-module inductively, in a finite number of steps, as an iterated cofiber of maps
from shifted finitely projective left A-modules.

Definition 4.3.14. Let R be a connective commutative ring spectrum. A left
R-module P has tor-amplitude contained in the interval [a, b] if for any discrete
left mo R-module M, m;(P®pr M) = 0 for i ¢ [a, b]. If such integers a and b exist,
P is said to have finite tor-amplitude.

If P is an R-module, then P has tor-amplitude contained in [a, b] if and only
if P®pg mR is a complex of left myR-modules with tor-amplitude contained in
[a, b] in the ordinary sense. Note, however, that this definition differs from that
in [2, I 5.2] as we work homologically as opposed to cohomologically.
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Proposition 4.3.15. [7, Proposition 2.13] Let A be a connective associative
algebra spectrum and let M and N be left A-module spectra.

(1) If M is perfect then M has finite tor-amplitude.

(2) If B € CAlg’" and M has tor-amplitude contained in [a,b] then the left
B-module B ®4 M has tor-amplitude contained in [a,b].

(3) If M and N have tor-amplitude contained in [a,b] then the fiber and cofiber
of a map M — N have tor-amplitude contained in [a — 1,b] and [a,b+ 1].

(4) If M is perfect with tor-amplitude contained in [0,b] then M is connective
and moM = 7T0(7TOA XA M)

(5) If M is perfect with tor-amplitude contained in [a,a] then M is equivalent
to X*P for a finitely generated projective left A-module P.

(6) If M is perfect with tor-amplitude contained in [a,b] then there exists an
exact triangle X*P — M — Q with P finitely generated projective and Q
perfect with tor-amplitude contained in [a + 1,b].

Remark 4.3.16. If additionally A is a connective commutative algebra spec-
trum and M and N are left A-modules such that M has tor-amplitude con-
tained in [a,b] and N has tor-amplitude contained in [c, d], then M ®4 N has
tor-amplitude contained in [a + ¢, b + d].

4.4 Tensor powers, symmetric powers, and free objects

Given a map of associative algebra spectra f : A — B, the basechange functor
f* : LMods — LModpg (corresponding to the left A°? ® B-module B) is left
adjoint to the forgetful functor f. : LModg — LMod4 (corresponding to the
left B°? @ A-module B). Indeed, the counit of the adjunction f*f, — idpMody
is induced from the left B-module action map B ® 4 N — N, and the unit of
the adjunction idrmod, — f«f* is induced from the left A-module unit map
M~A®4 M — B®a M. In particular, f*M ~ B ®4 M is the free left
B-module on the left A-module M, by virtue of the equivalence

Modp(f*M,N) ~ Moda (M, f«N).

Remark 4.4.1. Observe that f*M ~ B ® 4 M need not be free as a left B-
module in the sense of Definition 4.3.3 unless M is free as a left A-module.

Remark 4.4.2. The forgetful functor f. : LModp — LMod, is conservative
and preserves all small limits and colimits. Hence it is monadic, and exhibits
LModp as the co-category of left modules for the monad T = f, f*.

The forgetful functors CAlg — Alg — Sp preserve limits, so it is natural
to ask whether or not they admit left adjoints. Using presentability and the
adjoint functor theorem (see Remark 2.4.7), this is the case if and only if they
preserve k-filtered colimits for some regular cardinal x. As we might expect
from algebraic kinds of categories, they preserve all filtered colimits (as well
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as geometric realizations), so the left adjoints exist, and are instances of free
algebra functors [25]. As is ordinary algebra, it is useful to consider the relative
situation, so we work over a base commutative ring spectrum R.

Proposition 4.4.3. [25, Corollaries 3.2.2.4 and 3.2.3.2] The forgetful functors
CAlgp — Algr — Sp preserve small limits and sifted colimits.

Basically by construction, these forgetful functors are also conservative, hence
monadic by the Barr-Beck-Lurie Theorem 4.1.1. This means that the free-
forgetful adjunctions exhibit Alg and CAlg as co-categories of left modules for
their respective monads. The underlying endofunctors of these monads are just
in ordinary algebra, the tensor and symmetric algebra constructions.

Remark 4.4.4. Straightening the symmetric monoidal co-category LMod% to
a functor Fin, — CAT and restricting to the active maps (n) — (1) for each
n € N, we obtain n-fold tensor power functors Ten’, : LModr — LModg. That
is, Teny (M) ~ M®", where the tensor product is taken over R.

Proposition 4.4.5. [25, Proposition 4.1.1.18] Let M be a left R-module. The
free associative R-algebra on M is the tensor algebra

Teng (M) ~ € Tenf (M) ~ 5 M®*.
keN keN

Remark 4.4.6. This only describes the underlying left R-module of the free
associative R-algebra on M. The multiplication

@M®i % @ M®j ~ @ M®i+j N @ M®k

iEN JEN i,jEN keN

is given by concatenation of tensor powers. This is still only a small, but impor-
tant, piece of the homotopy coherently associative algebra structure.

The free commutative algebra functor, also known as the symmetric algebra,
uses the symmetric power functors Sympy : LModr — LModg, given by the
formula

Symp (M) ~ Ten'i(M)py, ~ M,?E"n,

where the tensor product is taken in the symmetric monoidal co-category LMod%
of left R-module spectra. Here the subscript A3, refers to the homotopy quo-
tient of M®™ by the permutation action of the symmetric group ¥,,, which is to
say that quotient in the oo-categorical sense. This is to distinguish from more
strict versions of quotients by group actions which arise through either ordinary
categorical models of the co-category LModg, where it can make sense to ask
for an ordinary categorical quotient, or in the context of equivariant homotopy
theory, where there are several notions of fixed points.

Proposition 4.4.7. |25, Example 3.1.3.14] Let M be a left R-module. The free
commutative R-algebra on M is the symmetric algebra

Symp (M) ~ @ Sym¥p (M) ~ @ M}?Ekk.
keN keN
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Remark 4.4.8. While it isn’t terribly difficult to describe the multiplication on
Symp (M) explicitly, organizing all of the higher multiplications in a coherent
manner seems difficult without abstract machinery. The theory of operadic left
Kan extensions [25] is one way to make this precise.

Example 4.4.9. In the case where M = R, we have Teng(R) ~ P, . B
This is often denoted RJt], as we have that 7. (R[t]) = (7.R)[t] on homotopy
groups. As the notation suggests, the free tensor algebra on one generator in
degree zero, R|[t], happens to be a commutative R-algebra spectrum, though it
is not the free commutative R-algebra on one generator in degree zero. Instead
we have that Symp(R) ~ @, . Symz(R) ~ @D,,cn R%;n, which is sometimes
denoted R{t} in order to distinguish it from RJ[t]. In this case, m,(Symp(R)) =
@D cn R+(BX,) is the coproduct of the R-homologies of the symmetric groups
pI

Remark 4.4.10. If R is a Q-algebra then, for all n € N, the map R.(pt) —
R.(BX,) is an isomorphism. This follows from the Atiyah-Hirzebruch spec-
tral sequence E? = H,(BY,,74R) = R, 4(B%,) and the vanishing of group
cohomology in characteristic zero by Maschke’s theorem. Hence the map

R[t] ~ Teng(R) — Sympg(R) ~ R{t}
obtained by taking the homotopy quotient is an equivalence.

Remark 4.4.11. Away from characteristic zero the map R, (pt) — R.(BX.)
is typically not an isomorphism. In particular, the map Teng(R) — Sympg(R)
is rarely an equivalence. Nevertheless, the fact that Teng(S) ~ S[t] admits a
commutative algebra structure (although it is not free as a commutative algebra)
implies, by basechange along the commutative algebra map S — R, that there
is always a commutative R-algebra map R{t} — R[t], which is an equivalence
when R is a Q-algebra and not typically otherwise.

There are other sorts of free algebra functors as well. The forgetful functor
Sp — & fails to be monadic because it isn’t conservative; it is, however, monadic
on the full subcategory Sp" C Sp of connective spectra, the obvious subcategory
on which it is conservative. The resulting monad @ ~ Q°°¥X° is a higher
categorical analogue of the free abelian group monad.

Definition 4.4.12. Let G be an co-group (respectively, co-monoid). The group
ring (respectively, monoid ring) R[G] is the associative ring spectrum R[G] =~
R ®XTG, with R-algebra structure induced from that of G via the symmetric
monoidal functor ¥%° : 8 — Sp.

Remark 4.4.13. Group and monoid rings are a rich source of examples of
ring spectra. For instance, toric varieties, which are locally modeled on the
group and monoid rings like R[Z**] and R[N*¥], are combinatorial enough
that they descend from the integers to the sphere, giving basic examples of
spectral schemes such as the projective space P% |27, Construction 5.4.1.3].
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Definition 4.4.14. The general linear group GL,(R) of a ring spectrum R is
the co-group Autg(R®™) of left R-module automorphisms of R¥™.

Example 4.4.15. Let M = [, .y BX,, the free abelian co-monoid on one
generator. Then S[M] ~ @ X BY,, is the free commutative algebra spectrum
on one generator in the sense that, via the equivalences

MapCAlg(S[M], A) ~ Mapspnon,, (M, Q2 A) ~ Mapg (pt, 2 A) ~ Q> A,

specifying a commutative algebra map S[M] — A is the same as specifying a
point of 2°° A, the image of the generator pt ~ B¥; — M of M.

Example 4.4.16. Let G ~ Q°°S be the abelian co-group given by the infinite
loop space of the sphere S. Under the equivalence between the oco-categories of
connective spectra and abelian co-groups, it follows that G is the free abelian
oo-group on one generator, or equivalently the group completion of the free
abelian oo-monoid M ~ [, .,y BX,, on one generator of the previous example.

By adjunction, for any commutative algebra spectrum A, we have equiva-

lences
Map(S[G], A) ~ Map(G, Q> A) ~ GL;(A) C QA,

where the oo-group GL1(A4) ~ Autnyod, (A) is equivalently the subspace of the
oco-monoid QA ~ Endped, (A) consisting of the invertible components; that
is, it fits into the pullback square

]

(mpA)* —— moA.

Since S[G] corepresents the functor which sends the commutative algebra A to
its space of units, the “derived scheme” Spec S[G| can be regarded as derived
version of the multiplicative group scheme.

Example 4.4.17. Any abelian co-group G with mgG = Z determines a “con-
nective spectral abelian group scheme” with underlying ordinary scheme G,,,
the multiplicative group. While the previous example represents the functor of
units, it is sometimes necessary to consider more “strictly commutative” derived
analogues of G,,,. At the other extreme, one can consider Z as an oco-group, in
which case the spherical group ring S[Z] is a flat commutative S-algebra such
that, for any commutative ring spectrum A,

MapCAlg(S[Z]v A) ~ Map apmon.., (Z,Q%A) ~ 1\/[3prproo (Z,GL1(A)).
This space of “strict units” of A plays a central role in elliptic cohomology [26].

Thom spectra ([38], [29], [4]) are spectra which occur as quotients of the
sphere by the action of a group. Again, it is somewhat more useful to have the
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version relative to a fixed commutative ring spectrum R. By construction the
oo-group GL;(R) is the universal group which acts on R by R-linear maps, so
any oo-group G over GL1(R) acts as well. The group homomorphism f : G —
GL1(R) deloops to a map of pointed spaces f : BG — BGL;(R).

Example 4.4.18. The equivalence GL1(S) ~ colim,,_,o Aut,(S™) and compat-
ible families of co-group maps O(n) — Aut.(S™) and U(n) — Aut,(S*") give
oo-group maps O — GL1(S) and U — GL;(S). The Thom spectra MO and
MU are the homotopy quotients MO = S0 and MU = Spy. While defined in
an apparently abstract and formal way, there’s a surprising connection to geom-
etry: m, MO is the bordism ring of unoriented manifolds, 7, MU is the bordism
ring of stably almost complex manifolds. The analogues for other tangential
structures hold; for instance, 7,S is the stably framed bordism ring.

4.5 Smooth, proper, and dualizable objects

Definition 4.5.1. A symmetric monoidal co-category p : C® — Fin, is closed
if, for any object A of C = (‘3%, the right multiplication by A functor (—) ® A :
C — € admits a right adjoint Fe(4,—): € — C.

Remark 4.5.2. This allows for the construction of function objects Fe(B,C)
of C, naturally as a functor Fe : C°? x € — €. In particular, there are natural
equivalences Mape (A ® B, C) ~ Mape (A4, Fe (B, C)).

Definition 4.5.3. Let C® be a closed symmetric monoidal oo-category. A dual
of an A is an object of the form Fe(A, 1), where 1 denotes a unit object.

As duals are uniquely determined, we will write De A, or DA, for a dual of

A.

Remark 4.5.4. There is a canonical evaluation map
e:A®DeA~ AR Fe(A, 1) — 1,

any map corresponding to the identity of Fe (A, 1) under the equivalence Map(A®

Fe(A,1),1) ~ Map(Fe(4,1),Fe(A4,1)).

Definition 4.5.5. An object A of a closed symmetric monoidal co-category €%
is dualizable if there exists a coevaluation map 1 : 1 — DA ® A such that the
compositions

A2 4 oDA® A B4 A

DA "2PA DA A DA 2425 by

are equivalent to the identity.

We write C4u3 € for the full subcategory consisting of the dualizable
objects of €¥. It always contains at least one object, any unit object 1.
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Example 4.5.6. Let R be a commutative ring spectrum and consider the closed
symmetric monoidal oco-category LMod% of left R-module spectra. Stability
forces the full subcategory Ll\/[od}i%“al of dualizable objects to be closed under
finite limits, colimits, and retracts [19, Theorem 2.1.3]. Since LModg is com-
pactly generated, it follows that the full subcategories of compact and dualizable
objects coincide.

Given a commutative algebra object T of LPr, we may form the co-category
LMods(LPr) of left T-module objects of LPr. For instance, LPrg, ~ LModg,(LPr).
Of course, Sp ~ LModsg, so LPry ~ LModpMmods (LPr). It is useful to consider
the relative version of this: given a commutative ring spectrum R, the relative
tensor product equips the presentable co-category LModg with the structure of
a commutative algebra object.

Definition 4.5.7. Let R be a commutative ring spectrum. An R-linear oo-
category C is a left LModg-module in LPr®.

We write Catgp = LModpmoeds (LPr) for the oo-category of R-linear cate-
gories and R-linear functors (left LMod g-module maps).

Remark 4.5.8. Since LModp, is stable, we have Catg ~ LModprmod, (LPrst)-

Remark 4.5.9. Catpg is in fact closed symmetric monoidal: if € and D are R-
linear co-categories, the co-category of R-linear functors (that is, Mod p-module
morphisms in LPr) LFung(€, D) from € to D is again an R-linear oco-category
(a Mod g-module in LPr). The dual

DRG = LFUHR(G, LMOdR)

of € is the oco-category of R-linear functors from € to LModg. Hence an R-linear
oco-category C is dualizable if there exists a coevaluation map 7 : LModgr -
DrC ®p € such that the compositions
c S8 @ R DRC @R € <255 @
DrC 22258 Dpe g € g DRC 25525 Dre
are equivalent to the identity.

Proposition 4.5.10. Let R be a commutative ring spectrum. Then Cat% s a
rigid symmetric monoidal co-category; that is, all objects are dualizable.

Remark 4.5.11. Consider the subcategory LPre? C LPrg of compactly gen-
erated stable presentable co-category and left adjoint functors which preserve
compact objects. Then LPrf is equivalent, via the functor which restricts to
the full subcategories of compact objects, to the oco-category of idempotent com-
plete (that is, all idempotents split) small stable co-categories and exact functors.
The inverse equivalence is given by Ind : Cat,, — LPr, which when restricted
to Cat® C Cateo, factors through the subcategory LPre® C LPr. Since sta-
bility and idempotent completeness are properties of small oco-categories, and
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a functor of small stable co-categories is exact if and only if it is right exact,
we deduce that LPry is equivalent to a full subcategory of Catic® (see [24,
Proposition 5.5.7.8] for details). It follows from [25, Proposition 4.8.1.4], using
[25, Remark 2.2.1.2], that LPrS; inherits a symmetric monoidal structure which
is compatible with the symmetric monoidal structure on LPry or LPr. The
oo-category Mod% is a commutative algebra object in LPrS?, so we have a sub-
category Cat}¥ C Catg of compactly generated R-linear categories and colimit
and compact object preserving functors. Similar arguments show that Caty¥
inherits the structure of a symmetric monoidal co-category from Cat%.

Proposition 4.5.12. [7, Proposition 3.5] An R-algebra A is compact in Algp
if and only if LModa is compact in Catiy.

Remark 4.5.13. An object € is dualizable in Cat$¥ if and only if it is dualizable
in Catg and the evaluation and coevaluation morphisms lie in the (not full)
subcategory Catf¥ C Catp.

Definition 4.5.14. A compactly generated R-linear category C is proper if
its evaluation map is in Cat}}; it is smooth if it is dualizable in Catg and its
coevaluation map is in Cat®. An R-algebra A is proper if LMod 4 is proper; it
is smooth if LMod 4 is smooth.

Remark 4.5.15. The property of being compact, smooth, or proper in Algp
is invariant under Morita equivalence.

Remark 4.5.16. If A is an R-algebra, then LMod,4 is proper if and only if A
is a perfect R-module. Indeed, the evaluation map is the map

LModag 400 =~ LMod 4 ® g LMod 400 — LModg

that sends A ®g A°P? to A. Similarly, LMod, is smooth if and only if the
coevaluation map
LMOdR — LMOdAop®RA,

which sends R to the A°? @ p A-module A, exists and is in Cat$¥. So we see that
LMod 4 is smooth if and only if A is perfect as an A°? ® g A-module.

Proposition 4.5.17. [7, Lemma 3.9| If € is a smooth R-linear category then
C ~ LModa for some R-algebra spectrum A.

Proposition 4.5.18. [25, Proposition 7.3.5.8] Let R be a commutative ring
spectrum and A an associative R-algebra. If A is compact in Algp then A is
smooth. If A is a smooth and proper then A is compact in Algp.

Corollary 4.5.19. [25, Corollary 7.3.5.9] Let R be a commutative ring spectrum
and let A be an associative R-algebra. Then A is smooth and proper if and only
if it is compact as an object of Algp and LModg.

Remark 4.5.20. The noncommutative cotangent complex is the fiber
Qyrp — ARR A — A

of the multiplication map. Thus, in the noncommutative setting, A is a smooth
R-algebra if and only if Q4,5 is a perfect left A @z A°P-module.
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4.6 Nilpotent, local, and complete objects

In this section we fix a commutative ring spectrum R and a finitely generated
ideal I = (f1,..., fn) C moR. We write R[I7'] ~ &, R[f; '] and, for any
left R-module M, M[I~1] ~ R[I7'] @ M, regarded as a left R-module via the
commutative algebra map R — R[I1].

Remark 4.6.1. There does not seem to be a good notion of ideal in the oo-
category of commutative ring spectra. Rather, it seems that for most part,
which is relevant are ideals in the discrete ring moR or graded ring m,R. The
problem is that the cofiber R/f of an R-module map f : R — R need not
admit a commutative multiplication, or even any multiplication at all. A good
example is the Moore spectrum S/p for p € Z = 1S a prime, which does not
carry an associative algebra structure; in fact, S/2 doesn’t even support a unital
binary multiplication map S/2 ® S/2 — S/2 (see [34, Proposition 4]).

Remark 4.6.2. The nilpotence theorem of Devinatz-Hopkins-Smith [14] states
that if R is a homotopy associative ring spectrum, then the kernel of the map
7«(R) = (MU ® R) consists entirely of nilpotent elements. This generalizes
the Nishida nilpotence theorem [31], which states that every element of m,S
of positive degree is nilpotent. It is used to show that the only homotopy
associative ring spectra R with the property that 7. R is a graded field are
(extensions of) the Morava K-theory spectra K (n) at the prime p (suppressed
from the notation) at height n. Here K(0) ~ Q, m.K(n) = F,[v*] for a
generator v in degree 2(p™ — 1), and K(oco) ~ F,. By [6], there is an essentially
unique associative S-algebra structure on K (n), at least at odd primes.

Remark 4.6.3. Given a left S-module E, the Bousfield localization Lg Sp of
the oco-category of spectra at FE sits in a Verdier sequence

KgSp — Sp — Lg Sp,

where Kg Sp C Sp denotes the full subcategory of those spectra M such that
M ® E ~ 0 (the kernel of the multiplication by E map Sp — Sp). Since the
inclusion of the full subcategory Kg(Sp) C Sp evidently preserves colimits, it
follows that this is a semi-orthogonal decomposition. It is a recollemont precisely
when the right adjoint inclusion Lg Sp — Sp preserves colimits, which implies
that the localization is smashing: LgpM ~ M ® LgS.

Definition 4.6.4. Let R be a commutative ring spectrum, let I C myR be a
finitely generated ideal, and let A be an associative R-algebra.

(1) A left A-module M is I-nilpotent if M[I~!] ~ 0.

(2) A left A-module M is I-local if Map(N, M) ~ 0 for every I-nilpotent N.

(3) A left A-module M is I-complete if Map(L, M) ~ 0 for every I-local L.
Remark 4.6.5. Taking homotopy groups, we see that N is I-nilpotent if each

N, k € Z, is an I-nilpotent left mgR-module. Equivalently, N is I-nilpotent
if every element of each w3 N is annihilated by some power of I.
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Remark 4.6.6. It suffices to test I-locality only on those I-nilpotent objects
which are also compact as left A-modules. This is because the fully faithful
inclusion iy, : LModIIZl“il C LMody4 of the I-nilpotent left A-modules is a colimit
preserving functor of compactly generated stable co-categories [27, Proposition
7.1.1.12], which implies that it admits a right adjoint V. For instance, if I =
(f) is principle, then A/f is a compact generator of LMod ™ ¢ LMod, and
A[f~1] is generator of LMod4'°° ¢ LMod, which is compact as an object of
LMod'°¢ but not typically as an object of LMod 4. In particular, LMod}4'*¢ ~
LMOdA[[—l] .

Remark 4.6.7. The fully faithful inclusion j, : LModﬁl"C — LMod4 of the I-
local objects admits both a left adjoint j* and a right adjoint j*. The existence
of the left adjoint follows from the fact that j. preserves limits, essentially by
definition, and filtered colimits by the previous remark. The existence of the
right adjoint follows from the fact that j,. is exact and so it also preserves
finite colimits, hence all colimits. It follows that the I-localization functor j* :
LMod, — LMod4® is given by tensoring with j*A ~ A[I~1].

Theorem 4.6.1. [27, Theorem 7.3.4.1] A left A-module M is I-complete if each
homotopy group m, M is a derived I-complete left mo A-module, in the sense that
EXt?‘rgA(ﬂ-oA[f_l]v M) 0= EXt}TgA(TrOA[f_l]a M)

Remark 4.6.8. The inclusion of the I-complete objects preserves limits, again
by construction, and k-filtered colimits for x > 0. Indeed, this follows from the
fact that we need only test completeness on a generator A[I~'] of LMod4"°,
and this generator is k-compact in LMod 4 for some s > 0.

Proposition 4.6.9. |27, Proposition 7.2.4.4 and Proposition 7.3.1.4] The fully
faithful inclusions iy : LMod{™ — LMods and j. : LMod4°¢ — LMody4
induce Verdier sequences

LMod5™! %5 LMod 4 < LMod5c

LMod4"°¢ 2% LMod 4 - LMod "
which are semi-orthogonal decompositions of LMod 4.

Remark 4.6.10. In the stable setting, a recollement is the data of a fully
faithful inclusion of a stable subcategory which admits both a left and a right
adjoint [8]. An example is the inclusion j, : LMod4'°® — LMody of the I-local
objects. The composite i"i\, is an equivalence of categories with inverse iVix.

A stable recollement determines a fracture square, a cartesian square

id ———= i "

|

Juft = jujini®
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of endofunctors of LMod4. For A ~ S, the arithmetic square is the cartesian
square

M

(11, 7)

|

M®Q——s (HpMI;\) ®Q
obtained by completing a spectrum M at all primes p and rationalization.

Theorem 4.6.2. 27, Proposition 7.4.1.1] Let R be a commutative ring spectrum
and let I C moR a finitely generated ideal. Suppose given a map of associative
R-algebras f : A — B, and consider the commutative square

LMod, — = TMody

A

LMOdA[]—l] I LMOdB[lfl]

in LPr. If f{ : A} — B} is an equivalence, this square is cartesian.

5 Deformation theory

5.1 The tangent bundle and the cotangent complex

The cotangent complex formalism is an instance of the fiberwise stabilization of
a presentable fibration. Given a pair of presentable fibrations p : D — € and
q: & — C, we write RFune(€, D) C Fune(&, D) for the full subcategory of those
functors g : € — D over € which admit a left adjoint f : D — & such that
p(n(D)) is an equivalence in € for every object D € D, where 7 : idp — gf
denotes any choice of unit transformation exhibiting the adjunction.

Remark 5.1.1. This is the precise condition needed to ensure that g : € — D
restricts to a right adjoint on fibers over any object of C, or even after pullback
along any morphism €’ — C.

Definition 5.1.2. A stable envelope of a presentable fibration p : D — C is a
presentable fibration ¢ : € — € equipped with a morphism

! D
¢
of presentable fibrations over € which exhibits € as the fiberwise stabilization of

D over € in the following sense: if ¢’ : & — € is a stable presentable fibration,
the induced map g. : RFune (&', €) — RFune (€', D) is an equivalence.

&
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Definition 5.1.3. A tangent bundle q : Te — C of a presentable co-category €
is a stable envelope of the target fibration p : Fun(Al, €) — Fun({1},C) ~ €.

Remark 5.1.4. The fiber of ¢ : Te — € over the object A € C is the stabiliza-
tion Sp(C,4) of the fiber €, 4 of the target fibration p : Fun(Al, @) — C.

Remark 5.1.5. The tangent bundle Te admits an explicit construction as the
oo-category of unreduced excisive functors

& ~ Exc(8", @).

In this case, the morphism of presentable fibrations g : € — D over € is given
by evaluating at the arrow S° — pt; that is, g(X) = {X(S°) — X(pt)}.

Let € be a presentable oco-category, and consider the commutative triangle

Te —— 2~ Fun(Al, €)

N

where p is the target fibration. A relative version of the adjoint functor theorem
implies that f admits a left adjoint, allowing for the following construction.

Definition 5.1.6. The absolute cotangent complex functor L : € — T¢ is the
composition € — Fun(A!,€) — Te, where the first map is the diagonal (con-
stant) embedding and the second is left adjoint to g : Te — Fun(Al,€). We
will write L 4 for the value of L : € — Te at the object A of €, and refer to L 4
as the (absolute) cotangent complex of A.

Remark 5.1.7. The cotangent complex has a long history. Its first incarnation
was as the sheaf of Kéhler differentials, and a derived version of this was intro-
duced by Berthelot and Tllusie ([2], [21], [22]). Around the same time, Quillen
([33], [32]) and André ([5]) defined a derived version in the context of (simpli-
cial) commutative rings, and later Basterra and Mandell ([9], [10]) developed
the theory in the more general context of commutative algebra spectra, where
they refer to it as topological André-Quillen homology.

Remark 5.1.8. Let A be an object of €. The identification of the fiber of
the tangent bundle Te over A € € with Sp(€,,4) is such that Ly € Sp(C/4)
corresponds to the image of ids € €,4 under £ : C/4 — Sp(C/4).

Remark 5.1.9. The diagonal embedding € — Fun(A?, €) is left adjoint to the
evaluation Fun(A!,€) — Fun({0},€) — € at 0 € A'. Hence the cotangent
complex functor L : € — T¢ is left adjoint to the composite functor

Te — Fun(A', €) — Fun({0},€) — €.
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Definition 5.1.10. The relative cofiber over € functor
cofe: Fun(A', Te) — Te
is the functor which sends the morphism f: X — Y in T¢ to the pushout
X——Y

|

7Z —— cofe(f)

where Z is any zero object of the fiber of Te over p(X).

Definition 5.1.11. The relative cotangent complex functor is the composition
Fun(A!, €) -5 Fun(Al, Te) °2$ Te.

Remark 5.1.12. A zero object of a fiber of ¢ : Te — C need not be a zero
object of T¢ itself. Given a morphism f : X — Y in T, the relative cofiber
cofe(f) of f is an object of the fiber of Te over ¢(Y).

We write Lp,4 for the value of the relative cotangent complex functor on
an object f : A — B of the co-category Fun(A!, €) of arrows in €.

Remark 5.1.13. By construction, the relative cotangent complex of a mor-
phism f: A — B fits into a relative cofiber sequence

Ly——1Lp

|

in Te. This induces an actual cofiber sequence fiLy — Lp — Lp/a in the oo-
category Te xe {B} ~ Sp(C,p). Here fi: Sp(€,4) — Sp(C/p) is a straightening
of the restriction f*q: Te xe A! — Al of ¢: Te — € along f: Al — €.

Remark 5.1.14. It follows that the commutative square in T¢

Lg/a—Lcya

L

Lg/p— L¢yB

associated to a pair of composible morphisms A — B and B — C in C is
cocartesian, hence a relative cofiber sequence since Lp,p ~ 0 in Sp(C, B)-

Definition 5.1.15. The tangent correspondence of a presentable co-category
C is the cocartesian fibration Me — A! associated to the cotangent complex
functor L : C — Te.
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Remark 5.1.16. The tangent correspondence Me — Al is also a cartesian
fibration since L : € — T¢ is a left adjoint.

Remark 5.1.17. The cocartesian fibration M — Al associated to a functor
f: € —= D can be constructed as the pushout

I

e
Al xC—=M

in which the left vertical map is the inclusion at {1} C A'. The functor M —
A' has fiber over 0 and 1 the full subcategories € — M and D — M, and
over the unique map ¢ : 0 — 1 the functor f : € — D; this is evidently a
cocartesian fibration as we can push forward objects of C along ¢ via f. Thus
a functor h : M — € amounts to the data of a functor g : D — € and a natural
transformation 1 : A x @ — @ from ide to gf. If M is also a cartesian fibration,
a unit transformation n : ide — ¢gf induces a canonical functor h : M — C.

Remark 5.1.18. A derivation in € is a morphism A!' — Me such that the
composite A' — Me — Al is the identity and A! — Me — € is constant.
More concretely, a derivation in € is a morphism in Me from an object A in the
fiber C over 0 to an object M in the fiber Sp(€,4) of ¢ : Te — € over A (see [25,
Remark 7.4.1.2]). The co-category Der(€) of derivations in € is the pullback

Der(C) Fun(Al, Me)

| |

e Fun(Al, Al x @)

in which the right vertical map is induced by the functor Me — A! x € and the
bottom horizontal map is adjoint to the identity of Al x €.

5.2 Derivations and square-zero extensions

We now specialize to the case in which € is the presentable co-category CAlg of
commutative algebra spectra.

Remark 5.2.1. All algebras will be assumed commutative for the remainder of
this article. If A is a commutative algebra object there is a canonical equivalence
A ~ A°P, hence a canonical equivalence LMod 4 ~ LModo» ~ RMod 4, so we
needn’t distinguish left and right module structures in the commutative case.
We thus write Mod 4 in place of LMod 4 and RMod 4.

Theorem 5.2.1. [25, Corollary 7.3.4.14] The functor p: Mod — CAlg which
sends the pair (A, M) € Mod to A € CAlg ezhibits Mod as a tangent bundle
of CAlg. In particular, for any commutative algebra spectrum A, we have an
equivalence Mod 4 ~ Sp(CAlg 4).
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We will write Sym=! : Mod — Fun(A!,CAlg) for a functor which cor-
responds to Q% : Tgal — Fun(A',CAlg). We use this notation because
Sym=! ~ Sym°@® Sym! is the formula for the split square-zero extension in
ordinary algebra, though we have obtained its augmented commutative algebra
structure through abstract stabilization techniques.

Remark 5.2.2. Let A be a commutative ring spectrum and M an A-module.
Then the split square-zero augmented commutative A-algebra structure on A @®
M is square-zero in the sense that the compositions

Sym” (M) — Sym™ (Ae M) 25 Ae M — M

are null whenever n > 1.

Remark 5.2.3. On homotopy groups, the split square-zero extension is an or-
dinary split square-zero extension of graded commutative rings. In other words,
for any pair of elements (ag, mg) and (a1, mq) of 7. (A & M), the multiplication
on . (A® M) =, (A) & m. (M) is given by the expected formula

(a0, mo)(a1,m1) = (apar, agmy + (—1)14lmolg mg).

Remark 5.2.4. Any split square-zero extension A® M , viewed as an augmented
commutative A-algebra, is canonically a spectrum object in the pointed oo-
category CAlg, /4. Indeed, in degree n, (A M)" ~ A®d ¥X"M, and the map

ADE'M — QA SN M)~ A@ QE™HIM ~ Ag S"M

is an equivalence, as A is a zero object of CAlg, /4 and

ApYXS"M — A

| |

A Ap¥tiyMg

is a cartesian square of CAlg, /A~ Moreover, as Mod, is stable, the functor

Symf‘1 : Moda — CAlgy 4 factors through Q° : Sp(CAlg,,4) — CAlgy 4.
There is even an evident map back in the order direction given by taking the
fiber, which sends the spectrum object { B"},en to fib{ B — A} € Mod 4.

In ordinary commutative algebra, a derivation d : A — M over R is an
R-module map satisfying the Leibniz rule

d(ab) = ad(b) + bd(a).

Instead of using elements, we could instead define a derivation d : A — M as
a section of the projection A & M — A, taken in the category of commutative
R-algebras. Replacing R with S we obtain the following notion.
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Definition 5.2.5. Let A be a commutative algebra spectrum and M an A-
module. A derivation from A to M is a section A — A @ M in CAlg of the
projection A ® M — A.

Remark 5.2.6. This is a special case of the notion of derivation introduced
in the previous section. Here we avoid explicit mention of the tangent corre-
spondence by pulling back to the fiber of Mcal; — A via the split square zero
extension functor Tgajz ~ Mod — CAlg.

Remark 5.2.7. The space Der(A, M) of derivations A — A @ M is the fiber
Der(A, M) — MapCAlg(A, A ©® M) — MapCAlg(A, A)

over the identity idsa € Mapga,(A4, A). The composite of the commutative
algebra map A — A @& M with the second projection A & M — M is a map of
spectra d : A — M which we will abusively refer to as the derivation.

Remark 5.2.8. For any connective commutative algebra A and left A-module
M, there is an equivalence Mapy.q, (L4, M) — Der(A, M). That is, the cotan-
gent complex L4 corepresents the functor Der(A, —) : Mod4 — 8.

Remark 5.2.9. Using the tangent correspondence formalism from the previ-
ous subsection, the co-category Der = Der(CAlg) of derivations has objects
derivations d : A — M and morphisms commutative squares of the form

A——s M,
B——N
with A — B a commutative algebra map and M — N an A-module map.

Let A be a commutative ring spectrum, M an A-module, and n: A — XM
a derivation with associated section (id,n) : A - A ® XM of the projection
A@® XM — A. By construction, (id,n) is a morphism of commutative algebras.

Definition 5.2.10. A map of commutative algebra spectra ¢ : A’ — A is
a square-zero extension of A by the A-module M if there exists a derivation
n:A— XM and a cartesian square in CAlg, 4 of the form

A— s A .
l l(idﬁn)
A% o wm

Remark 5.2.11. There is a functor ® : Der — Fun(A', CAlg) which sends the
derivation n: A — XM to the map A" — A, where A" is a pullback

Al —— A

l l(id,n)
(id,0

A—>)AEBEM
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in CAlg /4, and whose essential image consists of the square-zero extensions.

Remark 5.2.12. Note that, if f: A” — A is a square-zero extension of A by
M, then the fiber sequence of A-modules M — A — A @ XM implies that we
also have a fiber sequence M — A" — A and hence a canonical equivalence
fib(f) ~ M. Hence derivations ) : A — XM give rise to square-zero extensions
A" of A by M. This is why we use XM instead of M itself.

Remark 5.2.13. As the name suggests, square-zero extensions f : A’ — A are
actually square-zero. That is, the fiber M — A" — A has the property that the
n-fold symmetric power map Sym’y (M) — M is null for any n > 1.

Definition 5.2.14. A morphism ¢ : A’ — A in CAlg is an n-small extension
if fib(¢) has homotopy concentrated in degrees [0,2n] and the multiplication
map fib(e) ® 4/ fib(e) — fib(e) is nullhomotopic. A derivation n : A — M is
n-small if the associated square-zero extension A" — A is n-small.

Theorem 5.2.2. [25, Theorem 7.4.1.26] The composition

Der,, C Der -2 Fun(A', CAlg®™)

is fully faithful with essential image the full subcategory of Fun(A', CAlg®™) con-
sisting of the n-small extensions (here ® is as in Remark 5.2.11 above).

Corollary 5.2.15. Any n-small extension is a square-zero extension.

One of the primary source of examples of square-zero extensions comes from
the Postnikov tower of a connective commutative algebra A.

Proposition 5.2.16. [25, Corollary 7.4.1.28] Let A € CAlg™. For each n >0,
the map

TSnA — Tgn_lA
exhibits T<, A as a square-zero extension of T<,_1A by X"m, A.

Remark 5.2.17. The fact that the Postnikov tower is composed of square-zero
extensions is one of the main reasons why the cotangent complex plays such an
important role in spectral algebra and geometry. The space of maps

Mapcag (A, B) ~ lim Mapga (A, 7<n B) =~ lim MapCAlg(TSnA, T<nB)

between connective commutative algebra spectra A and B decomposes as the
limit of the space of maps between their truncations, and for any n > 0 we have
a pullback diagram

TSnB Tgn_lB

| |

T<n-1B ——T<pn_1B® ytlr, B

This implies that the fibers of Mapgy,(A4, B) — Mapgaee (oA, moB) are
accessible via infinitesimal methods: arguing inductively up the Postnikov tower,
we are reduced to understanding spaces of derivations from A — X" *!r, B, an
A-linear question concerning maps L4 — X" 7, B.
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5.3 Deformations of commutative algebras

Given a connective commutative algebra spectrum A and a square-zero exten-
sion A” — A of A by a connective A-module M, it is natural to study the
space of deformations of the square-zero extension A’ — A to a connective com-
mutative A-algebra f : A — B. That is, we wish to understand the space of
cocartesian squares in CAlg®™ of the form

I’

A ——=p

|,

A——2B

(it turns out that B’ — B is automatically also a square-zero extension). As
in ordinary algebra, this reduces to a module theoretic question concerning the
cotangent complex: such a commutative A’-algebra B’ exists if and only if the
map B®4 La — B ®a XM induced by a derivation n : A — XM classifying
A’ — A factors through the absolute cotangent complex Lp of B.

Definition 5.3.1. Let A be a commutative algebra spectrum, A’ — A a square-
zero extension of A by an A-module M, and B a commutative A-algebra. A
deformation of B to A’ is a commutative A’-algebra B’ equipped with an equiv-
alence B’ ® 4+ A — B of commutative A-algebras.

Remark 5.3.2. We need not assume that B’ is flat over A’, as this is the case
if and only if B is flat over A. Indeed, if A’ — B’ is flat, then the basechange
A — B ~ B’ ®4 A is flat by a spectral sequence argument. Conversely, the
fact that any deformation B’ — B of A’ — A along a flat map A — B results
in a flat map A’ — B’ follows from a tor-amplitude argument.

Remark 5.3.3. In the connective case, just like in ordinary commutative al-
gebra, there are cohomological obstructions to the existence and uniqueness
of deformations. Given an A-linear map n : L4 — XM with M a connective
A-module, the associated square-zero extension A” — A of A by M is again con-
nective. Given a morphism of connective commutative algebra spectra A — B,
we obtain a map g : B®4 Ly — B ®4 M, and a deformation B’ — B of
A’ — A along A — B exists if and only if np factors as a composite

B®aLa<5 Lg-1sBosXM

of eg: B®aLs — Lp and a B-module map ' : Lg — B ®4 XM. In this
case, the deformation is recovered as the square-zero extension B’ ~ B" — B.
Notice, though, that such a factorization exists if and only if the composite

S7'Lp/a — B®aLa— B®a XM,

is null, so that a deformation exists if and only if the obstruction class in
Ext2B (Lpja, B ®4 M) corresponding to this map vanishes. The set of equiv-
alence classes of deformations is a torsor for the group ExtlB(L B/A, B®aA M);
in particular, it might be empty, or only admit an element locally on Spec 7wy B.
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Definition 5.3.4. A derivation n: A — XM is said to be connective if A is a
connective commutative algebra spectrum and M is an connective A-module.

Let D C Der denote the subcategory consisting of the connective derivations
A — XM and those morphisms of connective derivations

A——=3YM
B——=>N

such that the induced map B ® 4 M — N is an equivalence. Similarly, let
€ C Fun(A!, CAlg) denote the subcategory consisting of those objects A’ — A
such that both A and A’ are connective and those morphisms the squares

Al ——= A
B ——=B

which are cocartesian in CAlg; in other words, B’ ® 4+ A — B is an equivalence.
When restricted to D C Der, the square zero extension functor ® : Der —
Fun(A!, CAlg) of Remark 5.2.11 factors through € C Fun(A!, CAlg).

Theorem 5.3.1. [25, Theorem 7.4.2.7] The composition
D C Der —2» Fun(A', CAlg)

factors through the subcategory C C Fun(A', CAlg), and the resulting functor
O : D — Cis a left fibration (a cocartesian fibration with oo-groupoid fibers).

Proposition 5.3.5. [25, Proposition 7.4.2.5] For any connective derivation 1 :
A— XM, ®: Der — Fun(A'l, CAlg) induces an equivalence

‘1)77/ : 977/ i) CAlgi;ﬂn,

where D C Der denotes the subcategory defined above.

5.4 Connectivity results

A universal derivation is any derivation d : A — L 4 which is corresponds to an
equivalence L4 — L. Given a map of commutative ring spectra f : A — B,

A——= 1Ly
P
B—>LB

is a commutative square in Der. Taking vertical cofibers, we obtain map of A-
modules cof(f) — Lp/4 which is adjoint to a map of B-modules cof(f)®a B —
Lp/a. We will write e : cof(f) ®4 B — Lp/4 for this map.
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Theorem 5.4.1. |25, Theorem 7.4.3.1] Let f : A — B be a morphism in CAlg™
such that cof(f) € Mod5" for some n > 0. Then fib(ef) € Mod%>".

Example 5.4.1. We note the elementary fact that if M € Mod%n then, for
any natural number m, Ten'y (M) € Mod%mn and consequently Sym'y (M) €
Modim" as well. Thus if f : Sym 4 M — A is the projection to A ~ Sym% M, it
is straightforward to show that fib(e;) € Modizn. The general case is obtained
from this special case by connectivity and induction arguments.

Proposition 5.4.2. [25, Corollary 7.4.3.2] Let f : A — B be a map of con-
nective commutative algebra spectra such that cof(f) is n-connective for some
n > 0. Then the relative cotangent complex Lp 4 is n-connective, and the
converse holds provided that mof : mgA — moB is an isomorphism.

Remark 5.4.3. The absolute cotangent complex of a connective commutative
algebra spectrum is itself connective. This follows immediately from the previ-
ous proposition since the cofiber of the unit map is connective.

Corollary 5.4.4. Let f : A — B be a map of connective commutative alge-
bra spectra. Then f is an equivalence if and only if mof : m9A — mB is an
isomorphism and the relative cotangent complex Lp,a vanishes.

Remark 5.4.5. Let f : A — B be a map of connective commutative algebra
spectra such that cof(f) is m-connective for some n > 0. The induced map
Lo — Lp factors as the composite

La-2BoaLs 5 Ly

and the equivalence cof(g) ~ cof(f) ® 4 L4, together with the connectivity of A
and L4, imply that cof(g) is n-connective. We also have an exact triangle

B ®a cof(f) — Lpja — cof(ey)

in which B® cof(f) and cof(e) are n-connective, so that Lg, 4 is n-connective
as well. It follows that the cofiber of L 4 — Lp is n-connective..

Proposition 5.4.6. [25, Lemma 7.4.3.8] Let A be a connective commutative
algebra spectrum. There are canonical isomorphisms of mg-modules

7TOLA ~ 7T0L7|—0A ~ Qﬂ—oA.

Remark 5.4.7. Let f : A — B be a map of connective commutative algebra
spectra such that cof(f) is n-connective. Tensoring the exact triangle A — B —
cof(f) with the A-module cof(f), we obtain an exact triangle

cof (f) ~2+ B @ cof(f) — cof (f) ®. cof(f)

which exhibits § as a (2n — 1)-connective map. Composing with 5 : B ®4
cof (f) = Lp/a, we obtain a (2n — 1)-connective map cof(f) — Lp/a.



5 DEFORMATION THEORY 61

Proposition 5.4.8. 25, Proposition 7.4.3.9] Let f : A — B be a morphism in
CAlg®™. Then L4 is connective and moLpja = QB /roa-

Theorem 5.4.2. [25, Theorem 7.4.3.18] Let f : A — B be a morphism in
CAlg™. If B is locally of finite presentation over A, Lpya is a perfect B-module.
The converse holds provided moB is of finite presentation over myA.

5.5 Classification of étale maps

Recall that a map of discrete commutative rings f : A — B is said to be étale if
B is a finitely presented flat commutative A-algebra such that the multiplication
map B® 4 B — B is the projection onto a summand. Geometrically, this is the
algebraic analogue of a (not necessarily surjective) covering space: there exists
a commutative ring C and a cartesian square of schemes of the form

Spec(B) ][ Spec(C) —— Spec(B) .

L

Spec(B) Spec(A)

Etale maps of commutative rings A — B are smooth of relative dimension
zero (37, Lemma 10.141.2]. In particular, there exists a presentation of B as a
commutative A-algebra of the form B = Alxy,...,xz,]/(f1,-.., fn), Where the
{fi}1<i<n are a sequence of elements of A[z1,...,x,] such that the image of the
Jacobian matrix of partial derivatives {0f;/0x;}1<i j<n is invertible in B.

Definition 5.5.1. A map f : A — B of commutative algebra spectra is étale
if f exhibits B as a finitely presented commutative A-algebra such that B is a
flat A-module and mg f : mgA — moB is étale.

Ideally, we would like to be able to calculate the space of étale maps between
commutative algebra spectra A and B in terms of the set of étale maps between
their underlying discrete commutative algebras mpA and mpB. Since an étale
map f : A — B induces an étale map mof : mgA — w9 B, we can address this
question directly by studying the space of étale lifts f : A — B of an étale
morphism fy : m9pA — meB. The main result of this section, one of the major
results of higher algebra, is that the space of such lifts is contractible.

Proposition 5.5.2. [25, Remark 7.5.1.7] Given a commutative triangle

N

B——C

in CAlg, if f is étale, then g is étale if and only if h is étale. In particular, any
map between étale commutative A-algebras is automatically étale.
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Remark 5.5.3. Let f : A — B be a map of connective commutative ring
spectra. Then f is étale if and only if each 7<,, f : 7<n A = 7<,, B is étale.

Remark 5.5.4. Since an étale map of discrete rings is smooth of relative di-
mension zero, its module of relative Kéhler differentials vanishes, and one can
show using ordinary algebraic methods that its relative cotangent complex also
vanishes. This begs the question of whether or not the relative cotangent com-
plex Lp,4 of an étale map of commutative algebra spectra f : A — B vanishes.
Using flatness, one reduces to the connective case, so that Lp/4 is also con-
nective, and if Lg 4 # 0 there’s a least n € N with m,Lg/a # 0. This is a
contradiction: by connectivity considerations as in the previous section,

0= 7 LyB/moa = Tn(Lp/a @ moB) = plp)a.
Hence L/ ~ 0 for any étale map f: A — B.

Remark 5.5.5. Said differently, this means that the absolute cotangent com-
plex functor L : CAlg — Mod satisfies étale basechange: if f : A — B is an
étale map of commutative algebra spectra, then the exact triangle

B®aLa— Lg—> Lp/a

together with the vanishing of the relative cotangent complex Lp,4 implies that
B®y Ly~ Lpg.

Let Der® C Der denote the (not full) subcategory consisting of the connec-
tive derivations A — XM and those morphisms of connective derivations

A——=3YM

L

B——3%N

such that the induced map B ®4 M — N is an equivalence and the commuta-
tive algebra map A — B is étale. Let CAlg® ¢ CAlg™ denote the (not full)
subcategory consisting of the (connective) commutative algebra spectra and the
étale maps.

Remark 5.5.6. The forgetful functor Der® — CAlg® is a cocartesian fibration
such that, for each A € CAlgét, the fiber Derilt is an co-groupoid (i.e., it is a left
fibration). This is because an étale morphism of derivations is cocartesian: given
connective derivations : A — XM and ' : B — XN and amap f: A — B,
we have an equivalence N ~ B®4 M, so if f =ids we obtain an equivalence
N ~ M. In particular, for any connective derivation n: A — XM, the forgetful
functor induces an equivalence Derff/ = CAlgi,t .

Remark 5.5.7. Consider the functor ® : Der — Fun(A!, CAlg) which sends
the derivation n : A — XM to the square-zero extension A7 — A. Compositing
with the restrictions to the set of vertices {0,1} of Al, we obtain functors
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®y : Der — ’CAlg and @1 : Der — CAlg such that ®; restricts to the left
fibration Der®® — CAlg®. For a given connective derivation n: A — XM, ®q
and ®; induce functors

CAlg%, Qo Der,ézt/ RN CAlg®

such that @ is an equivalence by Proposition 5.3.5 and ®] ~ &) @ 4» A and P},
is an equivalence by the remark above. We obtain the following corollary.

Corollary 5.5.8. Let f : A’ — A be a square-zero extension of connective
commutative ring spectra. The relative tensor product

(_) ®A/ A . CAlgA/ — CAlgA

induces an equivalence from the co-category of étale commutative A’-algebras to
the co-category of étale commutative A-algebras.

Theorem 5.5.1. [25, Corollary 7.5.4.3] For any commutative algebra spectrum
A, mo : CAlg, — CAlg, 4 induces an equivalence CAlgS) ~ CAlngtoA.

Remark 5.5.9. Note that any étale commutative myA-algebra B is automat-
ically in CAlgz since the flatness condition implies that B must be discrete:
TnB 2 1A Qpoa moB =2 0 if n # 0. Hence CAlgffoA ~ CAlgSﬁX, and the theo-
rem asserts that the oo-category of étale commutative A-algebras is equivalent
to the ordinary category of étale commutative myA-algebras.

Remark 5.5.10. If R is a commutative ring spectrum, the structure of the oo-
category CAlglé,%t of étale commutative R-algebras implies that the small étale
site of R is equivalent to the small étale site of the discreet ring moR, and the
analogous result holds for the small Zariski sites of Example 3.5.11. These facts
form the cornerstones of spectral algebraic geometry, as treated in [27] and [39].

Remark 5.5.11. There are robust notions of spectral scheme and Deligne-
Mumford stack. Versions of the Artin representability theorem for these higher
categorical objects are formulated and proved as [27, Theorems 18.1.0.1 and
18.1.0.2], providing necessary and sufficient conditions for a functor F' : CAlg™ —
8 to be represented by such an object. These conditions are surprisingly straight-
forward: the ordinary stack F|qa,o — & must be represented by an ordinary
scheme or Deligne-Mumford stack, F' must admit a cotangent complex, F' must
preserve limits of Postnikov towers, and F' must preserve pullbacks of diagrams
of the form A — C + B in CAlg® in which both of the maps A — C and
B — C surjective on my with nilpotent kernel.
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symmetric algebra, 43
symmetric monoidal
functor, 12
symmetric monoidal co-category, 12

t-structure, 20
tangent bundle, 52
tangent correspondence, 53
tensor algebra, 43
tensor product
of presentable co-categories, 15
Thom spectra, 45

tor-amplitude, 41
triangle, 17
exact, 17
left exact, 17
right exact, 17
truncation
associated to a t-structure, 21
functor, 16

unstraightening, 11
Verdier sequence, 20
Yoneda embedding, 8

zero object, 17
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