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1. INTRODUCTION

This thesis consists of two parts. In the first part we develop a general machinery
to study operads, algebras and modules in symmetric monoidal model categories.
In particular we obtain a well behaved theory of E..-algebras and modules over
them, where E,-algebras are an appropriate substitute of commutative algebras in
model categories. This theory gives a derived functor formalism for commutative
algebras and modules over them in any nice geometric situation, for example for
categories of sheaves on manifolds or, as we show in the second part of the thesis,
for triangulated categories of motivic sheaves on schemes. As our main application
of this theory we construct a so called limit motive functor, which is a motivic
analogue and generalization of the limit Hodge structures considered by Schmid,
Steenbrink et.al. and can also be viewed as a refinement of the vanishing cycle
functor. As a corollary one can obtain motivic tangential base point functors for
triangulated categories of Tate motives on rational curves. This answers a question
of Deligne asked in [Del2].

We start with a brief historical review. Recently important new applications of
model categories appeared, for example in the work of Voevodsky and others on
the A!-local stable homotopy category of schemes. But also for certain questions
in homological algebra model categories became quite useful, for example when
one deals with unbounded complexes in abelian categories. In topology, mainly in
the stable homotopy category, one is used to deal with objects having additional
structures, for example modules over ring spectra. The work of [EKMM] made it
possible to handle commutativity appropriately, namely the special properties of
the linear isometries operad lead to a strictly associative and commutative tensor
product for modules over F,-ring spectra. As a consequence many constructions
in topology became more elegant or even possible at all (see [EKM]). Moreover
the category of E,-algebras could be examined with homotopical methods because
this category carries a model structure. In [KM] a parallel theory in algebra was
developed (see [May]).

Parallel to the achievements in topology the abstract model category theory
was further developed (see [Hovl1] for a good introduction to model categories, see
also [DHK]). Categories of algebras and of modules over algebras in monoidal
model categories have been considered ([SS], [Hov2]). Also localization techniques
for model categories have become important, because they yield many new useful
model structures (for example the categories of spectra of [Hov3]). The most general
statement for the existence of localizations is given in [Hir].

In all these situations it is as in topology desirable to be able to work in the
commutative world, i.e. with commutative algebras and modules over them. Since a
reasonable model structure for commutative algebras in a given symmetric monoidal
model category is quite unlikely to exist the need for a theory of E..-algebras
arises. Also for the category of modules over an E,-algebra a symmetric monoidal
structure is important. One of the aims of this paper is to give adequate answers
to these requirements.

E-algebras are algebras over particular operads. Many other interesting oper-
ads appeared in various areas of mathematics, starting from the early application
for recognition principles of iterated loop spaces (which was the reason to introduce
operads), later for example to handle homotopy Lie algebras which are necessary



for general deformation theory, the operads appearing in two dimensional conformal
quantum field theory or the operad of moduli spaces of stable curves in algebraic
geometry. In many cases the necessary operads are only well defined up to quasi
isomorphism or another sort of weak equivalence (as is the case for example for
E-algebras), therefore a good homotopy theory of operads is desireable. A re-
lated question is then the invariance (up to homotopy) of the categories of algebras
over weakly equivalent operads and also of modules over weakly equivalent algebras.
We will also give adequate solutions to these questions. This part of the paper was
motivated by and owes many ideas to [Hinl]| and [Hin2].

So in the first half of Part I we develop the theory of operads, algebras and
modules in the general situation of a cofibrantly generated symmetric monoidal
model category satisfying some technical conditions which are usually fulfilled. Our
first aim is to provide these categories with model structures. It turns out that in
general we cannot quite get model structures in the case of operads and algebras,
but a slightly weaker structure which we call a J-semi model structure. A version
of this structure already appeared in [Hov2]. To the knowledge of the author no
restrictions arise in the applications when using J-semi model structures instead of
model structures. The J-semi model structures are necessary since the free operad
and algebra functors are not linear (even not polynomial). These structures appear
in two versions, an absolute one and a version relative to a base category.

We have two possible conditions for an operad or an algebra to give model
structures on the associated categories of algebras or modules, the first one is being
cofibrant (which is in some sense the best condition), and the second one being
cofibrant in an underlying model category.

In the second half of Part I we demonstrate that the theory of S-modules of
[EKMM] and [KM] can also be developed in our context if the given symmetric
monoidal model category C either receives a symmetric monoidal left Quillen functor
from SSet (i.e. is simplicial) or from Comp~,(Ab). The linear isometries operad £
gives via one of these functors an E.-operad in C with the same special properties
responsible for the good behavior of the theories of [EKMM] and [KM]. These
theories do not yield honest units for the symmetric monoidal category of modules
over L-algebras, and we have to deal with the same problem. In the topological
theory of [EKMM] it is possible to get rid of this problem, in the algebraic or
simplicial one it is not. Nevertheless it turns out that the properties the unit
satisfies are good enough to deal with operads, algebras and modules in the category
of modules over a cofibrant L-algebra. This seems to be a little counterproductive,
but we need this to prove quite strong results on the behavior of algebras and
modules with respect to base change and projection morphisms. These results are
even new for the cases treated in [EKMM] and [KM].

In a remark we show that one can always define a product on the homotopy
category of modules over an (O-algebra for an arbitrary FE.,-operad O without
relying on the special properties of the linear isometries operad, but we do not
construct associativity and commutativity isomorphisms in this situation! In the
case when S-modules are available this product structure is naturally isomorphic
to the one defined using S-modules.



Certainly this general theory will have many applications, for example the ones
we give in the second part of this thesis or to develop the theory of schemes in
symmetric monoidal cofibrantly generated model categories (see [TV]).

Part II of the thesis is concerned with the applications of the general theory of
Part I to A'-local homotopy categories of schemes and of sheaves with transfers
introduced by Vladimir Voevodsky. Our main application will be the construction
of what we call limit motives. This construction has predecessors in the world of
Hodge structures, the so called limit Hodge structures, and for special cases in other
realization categories, for example the I-adic one, as introduced by Deligne in [Del].
He considers sheaves on a pointed curve and defines a functor which associates to
such a sheaf another sheaf on the pointed tangent space at the point missing on
the curve. This functor computes the local monodromy around the point. Deligne
also describes a more general geometric situation of a smooth variety and normal
crossing divisors on it for which he conjectures the existence of a local monodromy
functor which associates to a sheaf on the open variety a sheaf on the product of
the pointed normal bundles of the divisor over the intersection of the divisors. We
will define such a functor for this situation over a general base for some class of
triangulated categories of motivic sheaves. We will compare this construction with
the classical ones in a forthcoming paper.

The first section of Part II briefly sketches in a topological context the way we
construct the local monodromy functor. The construction makes use of a general
principle which enables one to identify a certain subcategory of (some sort of)
sheaves on a scheme X over a base S consisting of generalized unipotent objects
relative to S with the category of modules over the relative cohomology algebra of
X on S. The abstract version of this principle is given in the second section.

We then introduce in a uniform way the A!-local model categories we consider.
We use cd-model structures throughout, which are finitely generated model struc-
tures using the special properties of the Nisnevich or cdh-topology. There are two
types of these model categories. The first one is based on simplicial sheaves on
some site of schemes. The corresponding model categories will give Al-local ho-
motopy categories of schemes, for example the stable motivic homotopy category.
The second sort of model categories involve complexes of sheaves with transfers.
They give triangulated categories of motives or motivic sheaves. We compare these
categories over a field of characteristic 0 to the categories constructed in [Vo3] and
give some properties of the behaviour of their T-stabilizations.

The construction of the local monodromy functor producing limit motives works
in enrichments of the stable motivic homotopy categories (i.e. in modules over
algebras in there). We restricted to this case because for the triangulated categories
of motives we do not know the gluing exact triangles. Working with modules over
the motivic Eilenberg Mac Lane spectrum gives a substitute for the triangulated
categories of motives in some interesting cases.

Finally we sketch the proofs of the statements about the behaviour of the local
monodromy functor with respect to composition.

I would like to thank Bertrand Toen for many useful discussions on the subject.
My special thanks are to Prof. Dr. G. Harder who supported my work and drew
my attention to many interesting questions.



Part 1

2. PRELIMINARIES

We first review some standard arguments from model category theory which we
will use throughout the paper (see for the first part e.g. the introduction to [Hov2]).

Let C be a cocomplete category. For a pushout diagram in C

4—1-p

]

K—1>1L
we call f the pushout of g by ¢, and we call B the pushout of A by g with attaching
map . If we say that B is a pushout of A by g and ¢ is an object of C rather than
a map then we mean that B = g and A need not be defined in this case (we need
this convention to handle pathological cases in the statements describing pushouts
of operads and algebras over operads in C correctly).

Let I be a set of maps in C. Let I-inj denote the class of maps in C which have
the right lifting property with respect to I, I-cof the class of maps in C which have
the left lifting property with respect to I-inj and I-cell the class of maps which are
transfinite compositions of pushouts of maps from I. Note that I-cell C I-cof and
that I-inj and I-cof are closed under retracts.

Let us suppose now that the domains of the maps in I are small relative to I-cell.
Then by the small object argument there exists a functorial factorization of every
map in C into a map from [-cell followed by a map from I-inj. Moreover every map
in I-cof is a retract of a map in I-cell such that the retract induces an isomorphism
on the domains of the two maps. Also the domains of the maps in I are small
relative to I-cof.

Now let C be equipped with a symmetric monoidal structure such that the prod-
uct ® : C x C — C preserves colimits (e.g. if the monoidal structure is closed). We
denote the pushout product of maps f: A— Bandg: C — D,

A®DUpgc B®C —+B®D,

by fOg.

For ordinals v and A we use the convention that the well-ordering on the product
ordinal v x A is such that the elements in v have higher significance. We will need
the

Lemma 2.1. Let f: Ay — A, = colim;<, A; and g : By — By = colim;<»\B; be a
- and a \-sequence such that the transition maps A; — A;11 and B; — By are
pushouts by maps ¢; - K; - K;41 and ;- L; — L;y1. Then the pushout product
fOg is a (p x X)-sequence Mo — M, xx = colim;<,xxM; such that the transition

maps M; jy — M; j11) are pushouts by the maps p;[I);.
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Proof. For any (i,j) € p x X define M(; ;) to be the colimit of the diagram

A ® By z+1®B A; ® By .

~ 7 7

Air1 ® By A; ® B;j

Clearly M0y = A, ® Bo Ua,0B, Ao ® By is the domain of fC0g. We have obvious
transition maps M; j) — M(; j)+1 induced by the maps A; — A;11 and A —
Ajyo. For fixed i € pu both colimjxM; jy and M, ) are canonically isomorphic
to the pushout of the diagram A, ® By < A;+1 ® Bo = A;4+1 ® By. From this and
the fact that ® commutes with colimits it follows that the assignment (i, j) — M; ;)
is a (1 x A)-sequence. It also follows that the limit of this sequence is A, ® By and
the map from M o) to this limit is fO0g. We have to show that a transition map
M; jy = M j41) is a pushout by o;00i;. To do this one shows that in the obvious
diagram
K,’+1 ® LJ |—|Ki®Lj K, ® Lj+1 —_— Ki+1 & Lj+1

l

Aiy1 ® BjUa,9B; Ai ® Bjy1 —— Aj11 ® Bj

| |

M) M jt1)
the upper and the lower square are pushout squares. O
The pushout product is associative. For maps f; : A; - B;, i =1,...,n,in C

giving a map from the domain of g := D?Zlfi to an object X € C is the same as
to give maps ¢; from the

j—1
= (X B)@4; ® B;
i=1 i=j+1

to X for j = 1,...,n such that ¢; and ¢; (j' > j) coincide on

j—1 i -1

Ly =(QB)o4;e(Q) B)odyo Q) B
i=1 i=j+1 i=j'+1

after the obvious compositions. We call the S; the summands of the domain of g
and the I; j: the intersections of these summands. Sometimes some of the f; will
coincide. Then there is an action of a product of symmetric groups on g, and the
quotient of a summand with respect to the induced action of the stabilizer of this
summand will also be called a summand (and similarly for the intersections).

For the rest of the paper we fix a cofibrantly generated symmetric monoidal
model category C with generating cofibrations I and generating trivial cofibrations
J. For simplicity we assume that the domains of I and .J are small relative to the
whole category C. The interested reader may weaken this hypothesis appropriately
in the statements below.
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For a monad T in C we write C[T] for the category of T-algebras in C. The
following theorem summarizes the general method to equip categories of objects in
C with “additional structure” with model structures (e.g. as in [Hov2, Theorem
2.1)).

Theorem 2.2. Let T be a monad in C, assume that C[T| has coequalizers and
suppose that every map in T.J-cell, where the cell complex is built in C[T], is a
weak equivalence in C. Then there is a cofibrantly generated model structure on
C[T], where a map is a weak equivalence or fibration if and only if it is a weak
equivalence or fibration in C.

Proof. We apply [Hov1l, Theorem 2.1.19] with generating cofibrations T1, generat-
ing trivial cofibrations TJ and weak equivalences the maps which are weak equiv-
alences in C.

By [McL, VI.2, Ex 2], C[T] is complete and by [BW, 9.3 Theorem 2] cocom-
plete. Property 1 of [Hovl, Theorem 2.1.19] is clear, properties 2 and 3 follow by
adjunction from our smallness assumptions on the domains of I and J. Since each
element of J is in I-cof, hence a retract of a map in I-cell, each element of TJ is
in TI-cof, hence together with our assumption we see that property 4 is fulfilled.
By adjunction TI-inj (resp. T.J-inj) is the class of maps in C[T] which are trivial
fibrations (resp. fibrations) in C. Hence property 5 and the second alternative of 6
are fulfilled. O

In most of the cases we are interested in the hypothesis of this theorem that
every map in TJ-cell is a weak equivalence won’t be fulfilled. The reason is that
we are considering monads which are not linear. The method to circumvent this
problem was found by Hovey in [Hov2, Theorem 3.3]. He considers categories which
are not quite model categories. We will call them semi model categories.

Definition 2.3. (1) A J-semi model category over C is a left adjunction F : C — D
and subcategories of weak equivalences, fibrations and cofibrations in D such that
the following axioms are fulfilled:

(1) The adjoint of F preserves fibrations and trivial fibrations.

(2) D is bicomplete and the two out of three and retract axioms hold in D.

(3) Cofibrations in D have the left lifting property with respect to trivial fibra-
tions, and trivial cofibrations whose domain becomes cofibrant in C have the
left lifting property with respect to fibrations.

(4) Every map in D can be functorially factored into a cofibration followed by a
trivial fibration, and every map in D whose domain becomes cofibrant in C
can be functorially factored into a trivial cofibration followed by a fibration.

(5) Cofibrations in D whose domain becomes cofibrant in C become cofibrations
in C, and the initial object in D is mapped to a cofibrant object in C.

(6) Fibrations and trivial fibrations are closed under pullback.

We say that D is cofibrantly generated if there are sets of morphisms I and J in
D such that I-inj is the class of trivial fibrations and J-inj the class of fibrations
in D and if the domains of I are small relative to I-cell and the domains of J are
small relative to maps from J-cell whose domain becomes cofibrant in C.

D is called left proper (relative to C) if pushouts by cofibrations preserve weak
equivalences whose domain and codomain become cofibrant in C (hence all objects
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which appear become cofibrant in C). D is called right proper if pullbacks by fibra-
tions preserve weak equivalences.

(II) A category D is called a J-semi model category if conditions (2) to (4) and
(6) of Definition 2.3 are fulfilled where the condition of becoming cofibrant in C is
replaced by the condition of being cofibrant.

The same is valid for the definition of being cofibrantly generated and of being
right proper.

(Note that the only reasonable property to require in a definition for a J-semi
model category to be left proper, namely that weak equivalences between cofibrant
objects are preserved by pushouts by cofibrations, is automatically fulfilled as is
explained below when we consider homotopy pushouts.)

Alternative: One can weaken the definition of a J-semi model category (resp.
of a J-semi model category over C) slightly by only requiring that a factorization
of a map in D into a cofibration followed by a trivial fibration should exist if the
domain of this map is cofibrant (resp. becomes cofibrant in D). We then include
into the definition of cofibrant generation that the cofibrations are all of I-cof.
Using this definition all statements from section 3 on remain true if one does not
impose any further smallness assumptions on the domains of I and J as we did at
the beginning. This follows in each of the cases from the fact that the domains of
I and J are small relative to I-cof.

Of course a J-semi model category over C is a J-semi model category. There is
also the notion of an I-semi (and also (I, J)-semi) model category (over C), where
the parts of properties 3 and 4 concerning cofibrations are restricted to maps whose
domain is cofibrant (becomes cofibrant in C).

We summarize the main properties of a J-semi model category D (relative to C)
(compare also [Hov2, p. 14]):

By the factorization property and the retract argument it follows that a map is
a cofibration if and only if it has the left lifting property with respect to the trivial
fibrations. Similarly a map is a trivial fibration if and only if it has the right lifting
property with respect to the cofibrations. These two statements remain true under
the alternative definition if D is cofibrantly generated.

A map in D whose domain is cofibrant (becomes cofibrant in C) is a trivial
cofibration if and only if it has the left lifting property with respect to the fibrations,
and a map whose domain is cofibrant (becomes cofibrant in C) is a fibration if and
only if it has the right lifting property with respect to the trivial cofibrations whose
domains are cofibrant (become cofibrant in C).

Pushouts preserve cofibrations (also under the alternative definition if D is cofi-
brantly generated). Trivial cofibrations with cofibrant domain (whose domain
becomes cofibrant in C) are preserved under pushouts by maps with cofibrant
codomain (whose codomain becomes cofibrant in C).

In the relative case the functor F' preserves cofibrations (also in the alterna-
tive definition if D is cofibrantly generated), and trivial cofibrations with cofibrant
domain.
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Ken Brown’s Lemma ([Hovl, Lemma 1.1.12]) remains true, and its dual version
has to be modified to the following statement: Let D be a J-semi model category
(over C) and D' be a category with a subcategory of weak equivalences which
satisfies the two out of three property. Suppose F' : D — D' is a functor which takes
trivial fibrations between fibrant objects with cofibrant domain (whose domain
becomes cofibrant in C) to weak equivalences. Then F' takes all weak equivalences
between fibrant objects with cofibrant domain (whose domain becomes cofibrant in
C) to weak equivalences.

We define cylinder and path objects and the various versions of homotopy as in
[Hov1, Definition 1.2.4]. Cylinder and path objects exist for cofibrant objects (for
objects which become cofibrant in C).

We give the J-semi version of [Hovl, Proposition 1.2.5]:

Proposition 2.4. Let D be a J-semi model category (overC) andlet f,g: B — X
be two maps in D.

(1) Iffng and h: X =Y, thenhfflvhg. Dually, if f ~ g and h: A— B,
then fh ~ gh.

(2) Let h: A — B and suppose A and B are cofibrant (become cofibrant in C)
and X is fibrant. Then f L g implies fh L gh. Dually, let h: X — Y.
Suppse X and Y are cofibrant (become cofibrant in C) and B is cofibrant.
Then f ~ g implies hf ~ hg.

(3) If B is cofibrant, then left homotopy is an equivalence relation on Hom(B, X).

(4) If B is cofibrant and X is cofibrant (becomes cofibrant in C), then f L g
implies f ~ g. Dually, if X is fibrant and B is cofibrant (becomes cofibrant
in C), then f ~ g implies f L g.

(5) If B is cofibrant and h: X —'Y is a trivial fibration or weak equivalence
between fibrant objects with X cofibrant (such that X becomes cofibrant in
C), then h induces an isomorphism

Hom(B,X)/ ~ = Hom(B,Y)/ 4~ .

Dually, suppose X is fibrant and cofibrant (becomes cofibrant in C) and
h: A — B is a trivial cofibration with A cofibrant (such that A becomes
cofibrant in C) or a weak equivalence between cofibrant objects, then h in-
duces an isomorphism

Hom(B,X)/ ~ —» Hom(A4,X)/ % .

This Proposition is also true for the alternative definition of a J-semi model
category (over C). We changed the order between 4 and 5, because it is a priori
not clear that right homotopy is an equivalence relation (under suitable condition),
this follows only after comparison with the left homotopy relation.

As in [Hovl, Corollary 1.2.6 and 1.2.7] it follows that if B is cofibrant and X
is fibrant and cofibrant (becomes cofibrant in C), then left and right homotopy
coincide and are equivalence relations on Hom(B, X) and the homotopy relation on
D,y is an equivalence relation and compatible with composition. The statement of
[Hovl, Proposition 1.2.8] that a map in D,y is a weak equivalence if and only if it
is a homotopy equicalence is proved exactly in the same way. The same holds for
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the fact that Ho D, is naturally isomorphic to D.y/ ~ ([Hovl, Corollary 1.2.9]).
Finally the existence of the cofibrant and fibrant replacement functor R implies
that the map HoD.y — Ho D is an equivalence.

Definition 2.5. A functor L : D — D' between J-semi model categories is a left
Quillen functor if it has a right adjoint and if the right adjoint preserves fibrations
and trivial fibrations.

Of course in the relative situation F' is a left Quillen functor. We show that a
left Quillen functor induces an adjunction between the homotopy categories (also
when we use the alternative definition). L preserves (trivial) cofibrations between
cofibrant objects, hence by Ken Brown’s Lemma it preserves weak equivalences
between cofibrant objects. This induces a functor HoD — HoD'. By the dual
version of Ken Brown’s Lemma the adjoint of L preserves weak equivalences between
fibrant and cofibrant objects which gives a functor HoD' — HoD. One easily
checks that L preserves cylinder objects on cofibrant objects and that the adjoint
of L preserves path objects on fibrant objects. As in Lemma [Hov1, Lemma 1.3.10]
it follows that on the derived functors between HoD and Ho D' there is induced a
natural derived adjunction.

Next we are going to consider Reedy model structures and homotopy function
complexes. We have the analogue of [Hov1, Theorem 5.1.3]:

Proposition 2.6. Let D be a J-semi model category and B be a direct category.
Then the diagram category DB is a J-semi model category with objectwise weak
equivalences and fibrations and where a map A — B is a cofibrations if and only if
the maps A; U, a LB — B; are cofibrations for all i € B.

Proof. As in [Hovl, Proposition 5.1.4] one shows that cofibrations have the left
lifting property with respect to trivial fibrations. Then it follows that if A — B
is a map in DB with A cofibrant such that the maps A; Ur,a L;B — B; are
(trivial) cofibrations then the map colimA — colimB is a (trivial) cofibration in
D. So a good trivial cofibration (definition as in the proof of [Hovl, Theorem
5.1.3]) with cofibrant domain is a trivial cofibration and trivial cofibrations with
cofibrant domain have the left lifting property with respect to fibrations. We then
can construct functorial factorizations into a good trivial cofibration followed by a
fibration for maps with cofibrant domain as in the proof of [Hov1, Theorem 5.1.3])
and also the factorization into a cofibration followed by a trivial fibration (for the
alternative definition for maps with cofibrant domain). It follows that a trivial
cofibration with cofibrant domain is a good trivial cofibration. All other properties
are immediate. O

Similarly but easier we have that for an inverse category B the diagram category
DB is a J-semi model category.

We can combine both results as in [Hov1, Theorem 5.2.5] to get

Proposition 2.7. Let D be a J-semi model category and B a Reedy category.
Then DB is a J-semi model category where a map f : A — B is a weak equivalence
if and only if it is objectwise a weak equivalence, a cofibration if and only if the
maps A; Ur,a L;B — B; are cofibrations and a fibration if and only if the maps
A; = B; Xm,B M; A are fibrations.
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It is easily checked that cosimplicial and simplicial frames (see [Hov1, Definition
5.2.7]) exist on cofibrant objects. In the following we denote by A® and A, functorial
cosimplicial and simplicial frames on cofibrant A € D. We are going to equip the
category D.y with a strict 2-category structure Dfﬁ with underlying 1-category
D.; and with associated homotopy category HoD.s. Let A, B € D.y. As in [Hovl,
Proposition 5.4.7] there are weak equivalences

Homp(A®*, B) — diag(Homp(A®, B,)) < Homp(A, B,)

in SSet which are isomorphisms in degree 0, and we define the morphism category

Hom<2(A4, B) to be the groupoid associated to one of these simplicial sets. By the
of

groupoid associated to a K € SSet we mean the groupoid with set of objects K[0]

and set of morphisms Hom(z, y) for z,y € K[0] the homotopy classes of paths from

z to y in the topological realization of K. We have to give composition functors
Homef (A, B) x Homef (B,C) — Hochng (A,C).

These are the normal composition on objects and are induced on the morphisms
by the map of simplicial sets

Homp(A®*, B) x Homp(B, C,) — diag(Homp(A®,C,)) .

In the following we write ° for the composition of 2-morphisms over objects and o for

the composition of 2-morphisms over 1-morphisms. We claim that for 4, B,C €
D.s, morphisms f,g : A - B, f',¢g': B — C and 2-morphisms ¢ : f — g,
¥ f'— ¢' we have

bop=(Idpop)o(poldy) = (¥olds)o(ldy op).

This follows from the corresponding equation of homotopy classes of paths in
Homp(A®*, B) x Homp(B,Cs). Moreover for a l-morphism f”’ : C — D we
have (Id» 8¢) olId; = Idy~ 0 (¢ 0 Ids), and the assignments HomD<z(B C) -

D<2(B D), a+— Idsn °a, and HomD<z(B C) — HomD<z(A C),ara 0 Idy,

are functors From these three properties it follows that o is associative and that

Hom

0 and ° are compatible. Hence Dc—f is a strict 2-category. We set Ho <?D := DCSfQ.

One can show that this 2-category is weakly equivalent to the 2-truncation of the
1-Segal category (see [Hi-Si]) associated to D.

Let L be the category whose diagrams (i.e. functors into another category) are
the “lower left triangles”, and O the category whose diagrams are the commutative
squares like the square at the beginning of this section. There is an obvious inclusion
functor L— O. For a category D denote by D- (resp. DD) the category of L-
diagrams (resp. of O-diagrams) in D. There is a restriction functor r : D5 — D-.

Let D be a J-semi model category. Then there is a canonical way to define a
homotopy pushout functor

U: (HoD)" — (HoD)"
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which sends a triangle B to the square B ——= BLIsC , together with a

| ]

A——C A c

natural isomorphism from r oLl to the identity. This is done by lifting a triangle to
a triangle in D where all objects are cofibrant and at least one map is a cofibration.
Then by the cube lemma ([Hovl, Lemma 5.2.6]), which is also valid for J-semi
model categories, the pushout does not depend on the choices and indeed yields a
well-defined square in HoD. We call a square in HoD a homotopy pushout square
if it is in the essential image of the functor L. A homotopy pushout square in D is
defined to be any commutative square weakly equivalent to a pushout square

B——=D
b
A—2Ls0

where all objects are cofibrant and f or g is a cofibration.

Taking A to be an initial object in HoD (i.e. the image of an initial object in
D) the product L4 gives the categorical coproduct on HoD. For general A the
homotopy pushout need not be a categorical pushout in Ho D.

A commutative square
B—"+p
J\ Tf’
A—=cC
in Ho <2D is called a homotopy pushout square if it is equivalent to the image of a

homotopy pushout square in D. Note that a homotopy pushout square in Ho <2D
need not be a categorical homotopy pushout.

Note that it follows that for any T € HoD and homotopy pushout square as
above the map

Hom(B U C,T) — Hom(B,T) Xtom(4,r) Hom(C,T) ,
where all homomorphism sets are in Ho D, is always surjective.

There is a dual homotopy pullback functor x and the dual notion of a homotopy
pullback square in both HoPD and Ho =2D.

For any homotopy pushout square /A
B——=D
A—=C
in HoD and object T' € Ho D the square induced on homotopy function complexes

map(37 T) - map(Da T)

| l

map(Aa T) - map(ca T)
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in Ho SSet is a homotopy pullback square. If we have another homotopy pullback
square Ay

B'——D'

]

Al ——C'
in HoD and a map A; — As such that the maps A -+ A', B —- B’ and C — C’
are isomorphisms then the map D — D’ is also an isomorphism, since an analogous
statement is valid for the diagrams of homotopy function complexes.

We remark that it is possible to lift any commutative square

B——D

]

A——C

in HoD to a commutative square in D ¢ by first lifting it to a square in D,y with
cofibrations as morphisms starting at A with a homotopy between the two compo-
sitions and then replacing D by a path object on D.

It follows that for any such square in Ho D there is a map BlL4C — D compatible
with the squares. Hence such a square is a homotopy pushout if and only if the
induced squares on homotopy function complexes are homotopy pushouts for all
T € Ho SSet.

For a cofibrant object A € D the category A | D of objects under A is again a
J-semi model category. The 2-functor

D — Cat
A~ Ho((QA) | D)
where QA — A is a cofibrant replacement, descents to a 2-functor
Ho <2D — Cat ,
A~ D(A] D)

such that the image functors f, of all maps f in Ho<?D have right adjoints f*.
The functor f, preserves homotopy pushout squares, and the functor f* preserves
homotopy pullback and homotopy pushout squares. For f : 0 — A the map from
an initial object to an object in Ho<?D the functor f* : D(A | D) — HoD
factors through A | HoD and the map from A to the image of the initial object in
D(A | D) is an isomorphism.

Consider a commutative square
B ., D
J\ Tf’
A——=C
in Ho<?D. Let E € D(B | D). There is a base change morphism
9 f"E— f"g.E
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s

1* 1

adjoint to the natural map f*F — f*¢" g.M

morphism applied to diagrams
B < C
A—%> 4

enables one to construct a 2-functor
(A | Ho<*D) - D(A | D)

which gives an equivalence after 1-truncation of the left hand side.

g*f'"g.M. This base change

Remark 2.8. The above construction should generalize to give functors between
(weak) (n + 1)-categories
Ho <"*'D — n — Cat
A DSM(A D),
where Ho<"*t1D is the (n + 1)-truncation of the 1-Segal category associated to D,
n — Cat is the (n+ 1)-category of n-categories and D<"(A | D) := Ho <"(QA | D)
for QA — A a cofibrant replacement.

There are dual constructions for objects over an object in D.

The following theorem is the main source to obtain .J-semi model categories.

Theorem 2.9. Let T be a monad in C and assume that C[T| has coequalizers. Sup-
pose that every map in TJ-cell whose domain is cofibrant in C is a weak equivalence
in C and every map in TI-cell whose domain is cofibrant in C is a cofibration in C
(here in both cases the cell complezes are built in C[T]). Assume furthermore that
the initial object in C[T] is cofibrant in C. Then there is a cofibrantly generated .J-
semi model structure on C[T] over C, where a map is a weak equivalence or fibration
if and only if it is a weak equivalence or fibration in C.

Proof. We define the weak equivalences (resp. fibrations) as the maps in C[T] which
are weak equivalences (resp. fibrations) as maps in C. By adjointness the fibrations
are TJ-inj and the trivial fibrations are TI-inj. We define the class of cofibrations
to be TI-cof. Since the adjoint of T is the forgetful functor property 1 of Definition
2.3 is clear.

The bicompleteness of C[T] follows as in the proof of Theorem 2.2. The 2-out-
of-3 and retract axioms for the weak equivalences and the fibrations hold in C[T)]
since they hold in C, the retract axiom for the cofibrations holds because TI-cof is
closed under retracts. So property 2 is fulfilled.

The first half of property 3 is true by the definition of the cofibrations. By our
smallness assumptions we have functorial factorizations of maps into a cofibration
followed by a trivial fibration and into a map from T.J-cell followed by a fibration.
We claim that a map f in TJ-cell whose domain is cofibrant in C is a trivial
cofibration. f is a weak equivalence by assumption. Factor f as poi into a
cofibration followed by a trivial fibration. Since f has the left lifting property with
respect to p, f is a retract of i by the retract argument, hence also a cofibration.
Hence we have shown property 4.

Now let f be a trivial cofibration whose domain is cofibrant in C. We can factor
f as poi with ¢ € TJ-cell and p a fibration. p is a trivial fibration by the 2-out-of-3
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property, hence f has the left lifting property with respect to p, so f is a retract of
1 and has therefore the left lifting property with respect to fibrations. This is the
second half of property 3. Property 5 immediately follows from the assumptions,
and property 6 is true since limits in C[T] are computed in C. g

Alternative: Assume that C[T] has coequalizers, that sequential colimits in
C[T] are computed in C and that the pushout of an object in C[T] which is cofibrant
in C by a map from TI (resp. from T.J) is a cofibration (resp. weak equivalence) as
a map in C. Then the same conclusion holds as in the Theorem above. Moreover
the conclusion also holds for the alternative definition of J-semi model category
without the smallness assumptions on the domains of I and J which we made at
the beginning of this section.

Example 2.10. Let Ass(C) be the category of associative unital algebras in C. Then
Ass(C) is a J-semi model category over C (see [Hov2, Theorem 3.3]).

Will will need the

Lemma 2.11. Let R be a ring with unit in C, i a map in (I ® R)-cof (taken in
R-Mod, ) and j a map in R—Mod which is a (trivial) cofibration in C. Then iOgj
is a (trivial) cofibration in C. Ifi is in (J® R)-cof, then iORj is a trivial cofibration
inC.

Proof. This follows either by [Hov1l, Lemma 4.2.4] applied to the adjunction of two
variables R—Mod, x R—Mod — C, (M,N) — M ®g N, or by Lemma 2.1. O

3. OPERADS

For a group G write C[G] for the category of objects in C together with a right
G-action. This is the same as 1[G]-Mod,, where 1[G] is the group ring of G in
C. Let CN be the category of sequences in C and C* the category of symmetric
sequences, i.e. C* =[], oyC[En]. Finally let C™* (resp. C**) be the category of
objects X from CY (resp. from C*) together with a map 1 — X(1).

Proposition 3.1. For any group G the category C[G] has a natural structure of
cofibrantly generated model category with generating cofibrations I[G]| and generat-
ing trivial cofibrations J[G].

Proof. Easy from [Hovl, Theorem 2.1.19]. O

Hence there are also canonical model structures on C~, C™>*, C* and C**. For
each such model category C~ and n € N there is a left Quillen functor i, : ¢ — C~
adjoint to the forgetful functor at the n-th place. C™ is cofibrantly generated with
generating cofibrations [,y in(/) and generating trivial cofibrations [,y in(J).
We denote them by NI, N°I, ¥T and ¥°T respectively (similarly for .J).

Note that a map of groups ¢ : H — @ induces a left Quillen functor C[H] —
C|G]. If p is injective the right adjoint to this functor preserves (trivial) cofibrations.

Let Op(C) be the category of operads in C, where an operad in C is defined as
in [KM, Definition 1.1]. Let F : CY — Op(C) be the functor which assigns to a
sequence X the free operad F X on X. This functor naturally factors through C™*,
C* and C***, and the functors starting from one of these categories going to Op(C)
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are also denoted by F'. The right adjoints of F', i.e. the forgetful functors, map O
to OF.

For any object A € C there is the endomorphism operad End°P(A) given by
End®P(A)(n) = Hom(A®", A).

We come to the main result of this section:

Theorem 3.2. The category Op(C) is a cofibrantly generated J-semi model cate-
gory over C>* with generating cofibrations F(NI) and generating trivial cofibrations
F(NJ). If C is left proper (resp. right proper), then Op(C) is left proper relative to
C>* (resp. right proper).

We first give an explicit description of free operads and pushouts by free operad
maps, which will be needed for the proof of this Theorem.

Definition 3.3. (1) An n-tree is a finite connected directed graph T' such that

any vertex of T has < 1 ingoing arrows, the outgoing arrows of each vertex
v of T are numbered by 1,...,val(v), where val(v) is the number of these
arrows, and there are n arrows which do not end at any vertex, which are
called tails and which are numbered by 1,...,n. By definition the empty
tree has one tail, so it is a 1-tree.

(2) A doubly colored n-tree is an n-tree together with a decomposition of the
set of vertices into old and new wvertices.

(3) A proper doubly colored n-tree is a doubly colored n-tree such that every
arrow starting from an old vertex is either a tail or goes to a new vertex.

We denote the set of n-trees by 7 (n), the set of doubly colored n-trees by Tg.(n)
and the set of proper doubly colored n-trees by 71 (n). Set T := [],x 7 (n) and
Tal = Upen Tl (0)-

The n-trees will describe the n-ary operations of free operads, and indeed T (o)
is endowed with a natural operad structure in Set. Let n,my,...,my € N, m :=
S miand T € T(n), T; € T(m;),i =1,...,n. Then the corresponding structure
map ~y of this operad sends (T, T}, ...,T,) to the tree which one obtains from T' by
glueing the root of T; to the i-th tail of T' for every i = 1,...,n. The previously
j-th tail of T; gets the label j + Z;f_:ll my. The free right action of ¥,, on 7 (n)

(which is also defined on Td(f) (n)) is such that 0 € ¥ sends a tree T € T(n)
to the tree obtained from T by changing the label i of a tail of T into o1 (i).
So ’Y(Ta Tla v 7Tn)0(m0(1)““’mg(n)) = ’Y(T‘Ta Ta’(l)a v 7Ta(n))7 where U(mla R mn)
permutes blocks of lenth m; in 1,...,m as o permutes 1,...,n.

Note that an n-tree has a natural embedding into the plane and this embedding
is equivalent to the numbering of the arrows. It follows that there exists a canonical
labelling of the tails of an n-tree, namely the one which labels the tails succesively
from the left to the right in the planar embedding of the tree.

For T an element of 7 or Td(f ) et V(T) denote the set of vertices of T' (this is
defined up to unique isomorphism, since our trees do not have automorphisms) and
let u(T') be the number of vertices of T' of valency 1 and U(T') be the set of vertices
of T of valency 1. For T € T write Voia(T) (resp. Vaew(T)) for the set of old
(resp. new) vertices of T and Uy (T') (resp. Unew(T')) for the set of old (resp. new)
vertices in U(T') and uo1q(T) (resp. tnew(T')) for their number.



19

Proposition 3.4. (1) The free operad FX on X € CN is given by

H ® (val(v

TeT(n) veV(T)
(2) The free operad FX on X € CN* is given by an w-sequence
FX = colim;, F; X
in CN, where (F;X),, is a pushout of (F;_1X),, by the map

II QR X(alw) | ® VI
T € T(n) \vEVI(TNUT)
u(T) =1
where e is the unit map 1 — X (1).
(3) The free operad on X € C” is given by

FEm=( [ @ X))/~
TeT(n) weV(T)
where the equivalence relation ~ identifies for every isomorphism of directed
graphs ¢ : T — T', T,T" € T(n), which respects the numbering of the
tails but not necessarily of the arrows, the summands @,y () X (val(v))
and @,y X (val(v)) by the map @, ey (1) ov, where oy : X(val(v)) —
X (val(p(v))) = X(val(v)) is the action of the element o, € Yya(y) such
that  maps the i-th arrow of v to the o,(i)-th arrow of p(v).
(4) The free operad FX on X € C** is given by an w-sequence

FX = colim;, F; X
in CN, where (F;X),, is a pushout of (F;_1X), by the map

H ® X (val(v)) | @ 20T} /|

TET (n),u(T)=i \veV(T)\U(T)
where e is as in 2 and the equivalence relation ~ 1is like in 3.

In cases 2 and J the attaching map is induced from the operation of removing
a vertex of valency 1 from a tree. Note that the morphism in 4 and the attaching
morphism respects the equivalence relation. The ¥, -actions are induced from the
Y, -action on T (n).

Proof. We claim that in all four cases the functors F' define a monad the algebras
of which are the operads in C. So we have to define in all four cases maps m :
FFX — FX and e: X — FX satisfying the axioms for a monad. We will restrict
ourselves to case i) and leave the other cases to the interested reader.

The domain of the map m(n) is a coproduct over all T € T (n), T, € T (val(v))

for all v € V(T') of the
® X (val(w)) ,

veV(T),weV(Ty)
and the map m sends such an entry via the identity to the entry associated to the
tree in 7 (n) obtained by replacing every vertex v of T' by the tree T}, in such a way
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that the numbering of the arrows starting at v and the numbering of the tails of T,
correspond. The map e sends X (n) to the summand X (n) in FX which belongs to
the tree with one vertex and n tails such that the labelling of the arrows coincides
with the labelling of the tails (which are of course all arrows in this case) (i.e. the
labelling of the tails is the canonical one). It is clear that m is associative and e is
a two-sided unit. To see that an F-algebra is the same as an operad one proceeds
as follows: Let X be an F-algebra. Let O(n) := X(n). The structure maps of
the operad structure we will define on O are obtained from the algebra map by
restricting it to the summands belonging to trees where every arrow starting at
the root goes to a vertex which has only tails as outgoing vertices and where the
labelling of the tails is the canonical one. The unit in O(1) corresponds to the empty
tree. The right action of a ¢ € ¥,, on O(n) is given by the algebra map restricted
to the tree with one vertex and n tails such that the i-th arrow simultaneously is
the o~ 1(i)-th tail. That 1 acts as the identity is the unit property of X, and the
associativity of the action follows from the associativity of X. It is easy to see that
the associativity and symmetry properties of O also follow from the associativity
of X. The unit properties follow from the behaviour of the empty tree.

On the other hand let O be an operad. We define an F'-algebra structure on
X := O% Let T € T(n) be a tree with canonical labelling of the tails. Then it is
clear how to define a map from the summand in FX corresponding to T' to X (n)
by iterated application of the structure maps of O (the unit of O is needed to get
the map for the empty tree). The map on the summand corresponding to 7' for
o € ¥, is the map for T followed by the action of o on X (n) = O(n). One then can
check that the associativity, symmetry and unit properties of the structure maps
of O imply that we get indeed an F-algebra with structure map FX — X just
described. d

For describing pushouts by free operad maps we need an operation which changes
a new vertex in a tree in 77 (n) into an old vertex and gives again a tree in 7} (n).
This is given by first making the new vertex into an old vertex to get an element,
of Tac(n) and then removing all arrows joining only old vertices and identifying
the old vertices which have been joined. The numbering of the arrows of the new
tree is most easily described by noting that this numbering corresponds to a planar
embedding of the tree and the operation of removing the arrows and identifying
the vertices can canonically be done in the plane. For T € dpc and v € View(T)
denote by chy(v) € 77, the tree obtained by changing the new vertex v in T' into
an old vertex. Note that for O € Op(C) there is a concatenation map

conc? (v) : O(val(v)) ® ® O(val(v')) — ® O(val(v"))
’U'GVold(V) vlevold(ChT(v))
induced by applying the operad maps of O.

Proposition 3.5. Let O € Op(C) and f: A — B and ¢ : A — OF be maps in
CN. Then the pushout O' of O by Ff with attaching map the adjoint of ¢ is given
by an w X (w + 1)-sequence O = colim; j)<wx (w+1)O(s,5) M CN, where for j < w
Oi,j)(n) is a pushout of O; jy—1(n) in C by the quotient of the map

I1 R Owalw) | @™o [ fal(w))

vEVara(T)\Uota () vEVaew (T)
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where the coproduct is over all T € T1.(n) with §Vhew(T) = i and uaa(T) = j,
with respect to the equivalence relation which identifies for every isomorphism of
doubly colored directed graphs ¢ : T — T', T,T' € T]., which respects the labeling
of the tails and of the arrows starting at new vertices, the summands corresponding
to T and T' via a map analogous to the map in Proposition 3.4.3. Here e is the
unit 1 — O(1) and the attaching map is the following: The domain of the above
map is obtained by glueing i + j objects together, hence we have to give i + j maps
compatible with glueing. The firsti maps are induced by removing one of the vertices
in Uoa(T) from T, and the other j maps are induced by changing one of the vertices
in Vaew (T) into an old vertex and applying the maps conc® (T), v € View (T). (Note
that for n = 1 the operad O appears in the second step of the limit, in all other
cases in the first.) The Ly -actions are induced from the ones on T1.(n).

There are similar descriptions of pushouts of O by free operad maps on maps
from CN®, C* and C>*.

Proof. Let (5(11) be the colimits described in the Proposition. First of all we check
that this is well defined, i.e. that firstly the i + j maps we have described glue
together. This is the case because the processes of removing old vertices of valency 1
and/or changing a new vertex into an old one and concatenating commute with each
other. Secondly this map factors through the quotient described in the Proposition
because of the symmetry properties of O and because of the fact that in previous
steps quotients with respect to analogous equivalence relations have been taken.

Next we have to equip O € CN with an operad structure. The unit is the one
coming from . We define the structure map v: O(n) ® O(m;1) ® -+ - ® O(my) —
O(m) (m = Y"1, m;) in the following way: For T' € T (n) let

ST =( QK O ilw)|e &K B(val(v)).

vE€Vo1a(T) VEVhew (T)

First one defines for trees T € 7). (n), T; € T1.(m;), i =1,...,n, a map
f(T,Tl,...7Tn) : S(T) [024] S(Tl) R K S(Tn) — O(m) .

Therefore one glues the tree T; to the tail of T" with label i and concatenates such

that one gets a tree T € T4.(m). Then by applying structure maps of O one gets

amap S(T)® S(Ty) ® - ® S(T,) = S(T) and composes this with the canonical

map S(T) = O(m).

Let mg := n. Suppose we have already defined for a 0 < k < n and for all trees
Ti € TE(mi), i = k,...,n, a map (QI=) O(my)) @ S(T}) ® - @ S(T,)) = O(m).
From this data one then obtains the same data for £+ 1 instead of k as follows: Let
T; € T4.(m;), i =k+1,...,n. One defines the map ¢ : (®f:0 6(ml)) RS (Tri1)®
-+-®8(T,) = O(m) by transfinite induction on the terms of the wx (w+1)-sequence
defining O(my): So let (R O(m;)) ® O jy(my) ® S(Ti,) ® - - © S(T,) — O(m)
be already defined and let i) be the map by which O(; j11)(m) is a pushout of
Oqij)(my). We define ¢ on (®f;01 O(m;)) ® Ofijr1)(my) @ S(T) ® - -~ ® S(Ty,) by
using the data described above for k to get the map after taking the appropriate
quotient on the codomain of . One has to check the compatibility of this map
with the given map via the attaching map. To do this for one of the ¢+ j summands
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of the domain of 9 one uses the fact that the same kind of compatibility is valid in
O(m). Finally when arriving at k¥ = n we get the desired structure map.

The associativity of the structure maps follows by proving the corresponding
statement for the {7 1, . 7,)- This one gets by first glueing trees without con-
catenating and then observing that the concatenation processes at different places
commute. The symmetry properties follow in the same way as for free operads, the
unit properties are forced by the fact that in the t’s the pushout product over the
unit maps is taken. Hence O is an operad. It receives canonical compatible maps
in Op(C) from O and FB.

In the end we have to show that our operad O indeed satisfies the universal
property of the pushout by Ff. We need to show that a map g : O — O" in
Op(C) together with a map h: B — (O")* compatible with the attaching map is
the same as amap ¢’ : O — 0". To get ¢ from g and h one first defines for any
T € 7{.(n) amap S(T) — O" using the structure maps of O”. Then one checks
that these maps indeed glue together to a g’. To get g and h from ¢’ one composes
g with O — O and B — FB — O. These processes are invers to each other. O

Lemma 3.6. Let O, f, p and O' be as in Proposition 3.5, assume that O € Op(C)
is cofibrant as object in C>* and that f is a (trivial) cofibration. Then the pushout

O — O is a (trivial) cofibration in C>*. There is an analogous statement for f a
(trivial) cofibration in C™*, C* and C>*.

The proof is given after the next Lemma. In this Lemma we use the fact that if
we have a G-action on an object L and a X,-action on M, then there is a canonical
action of the wreath product ¥,, x G® on M ® L®".

Lemma 3.7. Let ny,...,n; € Nso, let Gy, ...,Gy be groups and g; be a cofibration
inC[Gy],i=1,...,k. Let f be a cofibration in C[Hf:1 Yn;]. Then the map

k s
he= oL, g™

is a cofibration in C[(Hf:1 Yo, X (Hf:1 G")]. If f or one of the g; is trivial, so is
h.

Proof. We restrict to the case k = 1, the general case is done in the same way.
Set n := ny, G := G; and ¢ := ¢g;. We can assume that g € I[G]-cell and
f e I[E,]-cell (or f € J[G]-cell or g € J[E,]-cell). Let g : Lo — colim;<,L;
and f : My — colim;cyM; such that L; — L;y1 is a pushout by ¢; € I[G]
and M; — M., is a pushout by ¢; € I[%,]. Then by Lemma 2.1 fOg¢"" is a
A x p"-sequence, and the transition maps are pushouts by the ¢;0;, 00 -- O, ,
1< A 01,0 < . We can modify this sequence to make it invariant under the
Y,-action: Let S be the set of unordered sequences of length n with entries in u,
and for s € S let js; be the set of ordered sequences of length n with entries in u
which map to s. Let s,s' € S. In the following let us view s and s’ as monotonly
increasing sequences of length n. We say that s < s’ if there is a 1 < i < n such
that s(j) = s'(j) for i < 7 and s(i) < s'(7). With this order S is well-ordered. Now
g™™ is an S-sequence with s-th transition map Y= Hwejs Y1) Oy (), 80
fOg " is the corresponding A x S-sequence with transition maps the 0Pl i < A,
s € S. Note that on these maps there is a ¥,, x G™-action. Now to prove our claim
it suffices to show that every ¢;0. is a (trivial) cofibration in C[X,, x G™], which
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can easily be seen by noting that every ¢; and ; is of the form h[G] for h € T (or
he ). O

Proof of Lemma 3.6. Let ~ be the equivalence relation on 77, which identifies T'
and T" in 77, if there is an isomorphism of directed graphs 7' — T" which respects
the labeling of the arrows starting at new vertices. Let C' be an equivalence class
of ~in T} (n). The X,-action on 7. (n) restricts to a ¥,-action on C. We have to

show that the part of the map in Proposition 3.5 given as the appropriate quotient
of

IT (1% O(val(v)) | @ BT DT)f(val(v)) *)

VEVhew
TeC \veVoa(T)\Uoa(T) (

is a (trivial) cofibration in C[X,]. Let T be a doubly colored directed graph, where
the arrows starting at new vertices are labelled, isomorphic to the objects of the
same type underlying the objects from C'. Set

o= R Oralw) | ®PUang [ fvalw)) .

V€ Vora (M\Uata (T) vEVaew (D)

On ¢ there is an action of Aut(l'). Let ¢ be the set of tails of I. There is an
action of Aut([') on ¢t. It is easily seen that the quotient of the map (*) we are
considering is isomorphic to ¢ X ayy(r) X¢. Hence we are finished if we show that
@ is a (trivial) cofibration in C[Aut(I")]. This is done by induction on the depth
of I'. Let I'1,...,T') be the different isomorphism types of doubly colored directed
graphs, such that the arrows starting at new vertices are labelled, sitting at the
initial vertex of I with multiplicities n1, ...,ng and set G; := Aut(T;), i =1,..., k.
Then, if the initial vertex of I" is old, Aut(T") = (Hf:1 Yo X (Hf:1 G7'"), otherwise
Aut(T) = Hle G?, and the map ¢ is given like the map h in Lemma 3.7. Now

)

the claim follows from Lemma 3.7 and the induction hypothesis. O

Proof of Theorem 3.2. We apply Theorem 2.9 to the monad T which maps X to
(FX)®. Tt is known that Op(C) is cocomplete. Since filtered colimits in Op(C)
are computed in CV, it follows from Lemma 3.6 that those maps from FI-cell
(resp. F.J-cell) whose domain is cofibrant in C*>* are cofibrations (resp. trivial
cofibrations) in C**.

It is clear that Op(C) is right proper if C is. If C is left proper, then C>* is left
proper, and the pushout in Op(C) by a cofibration whose domain is cofibrant in
C>* is a retract of a transfinite composition of pushouts by cofibrations in C***,
hence weak equivalences are preserved by these pushouts. a

Remark 3.8. Let R be a commutative ring with unit and C be the symmetric
monoidal model category of unbounded chain complexes of R-modules with the
projective model structure. Here the gemerating trivial cofibrations are all maps
0— D"R, n € Z. The D"R are clearly null-homotopic. From this it follows that
for a generating trivial cofibration f in CY the codomain of the maps in Proposition
3.5 along which the pushouts are taken (these maps have domain 0, so the pushouts
are trival) are also null-homotopic by the homotopy which is on the summand cor-
responding to a tree T € T1. the sum over the homotopies from above over all new
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vertices of T (this homotopy factors through the quotient which is taken). Hence
the conditions of Theorem 2.2 are fulfilled, so we get a model structure on Op(C)
which is the same as the one provided by [Hinl, Theorem 6.1.1].

Remark 3.9. One can use exactly the same methods as above to give the category
of colored operads in C for any set of labels the structure of a J-semi model category.
In the case of unbounded complexes over a commutative unital ring as above this
J-semi model structure is again a model structure.

4. ALGEBRAS

For an operad O € Op(C) let us denote by Alg(O) the category of algebras over
O. Let Fp: C — Alg(O) be the free algebra functor which is given by

Fo(X) = [[ 0(n) ®s, X®".

n>0

The right adjoint of Fo maps A to A

Remark 4.1. An O-algebra structure on an object A € C is the same as to give a
map of operads © — End®P(A).

Lemma 4.2. Let I be a small category and let D : I — Op(C), i — O;, be a
functor. Set O := colim;c;O; and let A, B € C. Then the following is valid.

(1) To give an O-algebra structure on A is the same as to give O;-algebra
structures on A compatible with all transition maps in D.

(2) Assume that A and B have O-algebra structures and let f : A — B be
a map in C. Then f is a map of O-algebras if and only if it is a map of
O;-algebras for all i € D.

Proof. The first part follows from the Remark above.

Let f be compatible with all O;-algebra structures. Then it can be checked
directly that f is also compatible with the algebra structure on 0" := [[,., O;. But
since the maps O'(n) — O(n) are coequalizers in C the claim follows. O

The first main result of this section is

Theorem 4.3. Let O € Op(C) be cofibrant. Then the category Alg(O) is a cofi-
brantly generated J-semi model category over C with generating cofibrations Fol
and generating trivial cofibrations FoJ. If C is left proper (resp. right proper),
then Alg(O) is left proper relative to C (resp. right proper). If the monoid axiom
holds in C, then Alg(O) is a cofibrantly generated model category.

We want to describe pushouts by free algebra maps. The following definition
has its origin in [Hin2, Definitions 3.3.1 and 3.3.2].

Definition 4.4. (1) A doubly colored am-tree is the same as a doubly colored
n-tree except that instead of the labeling of the tails every tail is marked by
either a or m.

(2) A proper doubly colored am-tree is a doubly colored am-tree such that every
arrow starting from an old vertex is either a tail or goes to a new vertex
and every vertex with only tails as outgoing arrows is new and at least one
of the outgoing tails is marked by m.



25

Note that in particular a proper doubly colored am-tree has no vertices of valency
0.

Let Tam be the set of isomorphism classes of doubly colored am-trees and 7.2
the set of isomorphism classes of proper doubly colored am-trees. For T' € T, let
a(T) be the set of tails of T" marked by a and m(T) the set of tails of T marked by
m.

Let T € TP,. Similarly as in the case of operads there is the operation of
changing a new vertex v of T into an old vertex and also of changing a tail marked
by m into a tail marked by a. Denote the resulting trees in 72, by chr(v) for
v € Vhew(T') and by chy(t) for t € m(T). For O € Op(C) and A € Alg(O) there is
as in the operad case a concatenation map

conc?(v) : O(val(v)) ® ® O(val(v')) @ A®@(™) __
U’GVold(T)

® Ol 5 A%t
'U’EVold(ChT(U))

induced by the operad maps of @ and the structure maps of A. There is also a

concatenation map

conc?’A(t): A® ® O(val(v)) ® A®@(™) __, ® O(val(v)) & A®(alchr (1)
veV(T) vEV (chr (t))
induced by the structure maps of the algebra A.

Proposition 4.5. Let O € Op(C) and f: X =Y and p: X — OF be maps in
CN. Let O' be the pushout of O by Ff with attaching map the adjoint of ©. Let A
be an O'-algebra and let g : M — N and o : M — A* be maps in C. Let B be
the pushout of A as O-algebra by Fo(g) with attaching map the adjoint of ¥ and
B' the pushout of A as O'-algebra by Fo:(g). Then the canonical map h: B — B’
is given by an w x w X (w + 1)-sequence B' = colim; ; 1) B(; j,r), where for (i,j, k)
a successor B(; j ) is a pushout of B jx)—1 by the quotient of the map

11 R Oval(v)) | ® A2 @M pgPmg [ fval(v)),
VEVora (T)\Uora (T) vEVaen(T)

where the coproduct is over all T € T2, with tVhew(T) = i, tm(T) = j and
uold(T') = k, with respect to the equivalence relation which identifies for every iso-
morphism of directed graphs o : T — T', T,T' € TE,, which respects the labeling of
the tails and of the arrows which start at new vertices, the summands corresponding
toT and T' by a map which is described on the ®-part of the summands involving
vertices from Voia(T) \ Uoia(T) as in Proposition 3.4.3 and on the other parts by
the identification of the indexing sets via w. The attaching map is induced on the
different parts of the domain of the above map by either the operation of removing
a vertex of valency one, by changing a new vertex into an old vertex or by changing
a tail labelled by m into a tail labelled by a and then by applying either a unit map,
a map concy(v) or a map concy(t).

Proof. We have to do the same steps as in the proof of Proposition 3.5. Let C
be the colimit described in the Proposition. The attaching maps are again well-
defined because the various concatenation processes commute with each other and
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because of the symmetry properties of O and the equivalence relations appearing
in previous steps.

We equip C with an O'-algebra structure: Let us define the structure map
O'(n) ® C®" — C. For T € T (n) let S(T') be as in the proof of Proposition 3.5.
ForT € T}, let

SUT) = @ Oval()) | ® A%T) @ NI @ Q) V(val(v)) .
vEVo1a (T) vEVhew(T)

Let T € TF.(n) and T; € T2, i = 1,...,n. We obtain a tree T € TF, by glucing
T; to the tail of T labelled by i and then concatenating. By applying operad and
algebra structure maps we get a map S(T) ® S%(T}) ® --- @ S(T,) — S*(T).
It is then possible by similar considerations as in the proof of Proposition 3.5 to
get from these maps the desired structure map of C'. It is easy to see that these
structure maps are associative and symmetric. Hence C is an O'-algebra which
receives an O-algebra map from B and O'-algebra maps from A and Fo/ (N) which
are compatible with each other in the obvious way.

We have to check that for an O'-algebra D a map ¢: C — D is the same as a
map of O'-algebras a: A — D and amap n: N — A* which are compatible with
each other. We get the maps a and n from ¢ by the obvious compositions. Given a
and n we first obtain a map of O-algebras B — D. Moreover for any 7' € T2, there
is a map S%(T) — D by applying the O'-algebra structure maps of D. It is then
easy to check that these maps glue together to give the map c¢. These processes are
invers to each other. d

Lemma 4.6. Let the notation be as in the Proposition above. If O is cofibrant as
an object in C>*, A is cofibrant as an object in C, f is a cofibration in CN and g
is a cofibration in C then the map h: B — B’ is a cofibration in C. If f or g is a
trivial cofibration then so is h. If f or g is a trivial cofibration and A is arbitrary,
then h lies in (C ® J)-cof, hence is a weak equivalence if the monoid aziom holds

inC.

Proof. Let ~ be the equivalence relation on 7.2, which identifies T" and T" in 72, if
there is an isomorphism of directed graphs T' — T” which respects the labeling of
the tails and of the arrows starting at new vertices. Let C' be an equivalence class
of ~ in 72,. We have to show that the appropriate quotient of the map

11 R Oval(v)) | @AM g MWaa™ggem™g [ f(val(v))
TeC \veVara(T)\Uara (T) vEVaew(T)

is a (trivial) cofibration in C (or lies in (C ® J)-cof under the assumptions of the
last statement). This is done as in the proof of Lemma 3.6 by induction on the
depth of the trees in C. This time instead of using Lemma 3.7 it is sufficient to use
Lemma 2.11 applied to rings of the form ]l[Hfz1 IR O

Proof of Theorem 4.3. We apply Theorem 2.9 to the monad Ty which maps X to
(FoX)t. Tt is known that Alg(Q) is cocomplete. Since filtered colimits in Alg(O)
are computed in C we are reduced to show that the pushout of an O-algebra A
which is cofibrant as an object in C by a map in FoI (resp. in Fp.J) is a cofibration
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(resp. trivial cofibration) in C. Since O is a retract of a cell operad (i.e. a cell
complex in Op(C)) such a pushout is a retract of a pushout of the same kind with
the additional hypothesis that O is a cell operad. So let O be a cell operad. Then
the pushout in question is a transfinite composition of maps h as in Proposition
4.5, hence by Lemma 4.6 it is a (trivial) cofibration.

It is clear that Alg(O) is right proper if C is. The pushout in Alg(O) by a
cofibration whose domain is cofibrant in C is a retract of a transfinite composition
of pushouts by cofibrations in C, hence if C is left proper weak equivalences are
preserved by these pushouts, so Alg(C) is also left proper.

The last statement follows again from Lemma 4.6. O

The second result concerning algebras is

Theorem 4.7. Let O be an operad in C which is cofibrant as an object in C>. Then
Alg(0) is a cofibrantly generated J-semi model category with generating cofibrations
Fol and generating trivial cofibrations FoJ. If C is right proper, so is Alg(O).

The next result enables one to control pushouts of cofibrant algebras by free
algebra maps.

For an ordinal X denote by Sy the set of all maps f: XA — 1N such that f(i) is
# 0 only for finitely many i < A, if f(i) ¢ N then ¢ > 0 and f(i') =0 for all i’ <4
and if X is a successor then f(A —1) =0. For f, f' € Sy say that f < f’ if there is
an 7 < A such that f(i') = f'(i") for all i’ >4 and f(i) < f'(¢). With this ordering
Sy is well-ordered. For i < X denote by f; the element of Sy with f;(i) = 3 and
fi(@") = 0 for i’ #i. Set Sy,4+ := SxU{x}, where * is by definition smaller than any
other element in Sy 4. Note that f € Sy 4+ is a successor if and only if f # * and
f(A) CN. For f € S\ 4 asuccessor let |f|: =",y f(i) € Nand E; := []; .\ Z(s).-
Proposition 4.8. Let O € Op(C) and A = colim;<xA4; be a Fo(Mor(C))-cell
O-algebra (Mor(C) is the class of all morphisms in C) with Ag = O(0), where the
transition maps A; — A1 are pushouts of free O-algebra maps on maps g; : K; —
L; in C by maps adjoint to p; : K; — Ag. Then A is a transfinite composition
A = colimyes, Ay in C such that

(1) Ax =0 and Ay, = A; fori <A,
(2) for f € S\ such that for an i < A we have f(ig) ¢ N, there is for all
m € N, successors l € Sy + with | < f and n:=m+ |l| a map

‘I’f,m,l : (’)(n) ®(Em><21) (A%m ® ® L;@l(l)> — Af
i<

compatible with the structure map O(n) ®x, A®™ — A. By applying per-

mutations to O(n) and the big bracket there are similar maps for other

orders of the factors in the big bracket. These maps satisfy the following
conditions:

(a) They are compatible with the maps L; — A;, for i < iyg. Moreover, if
we replace a factor L;, by K;, we can either go to L;, or to A;, and
apply suitable maps V. Then the two compositions coincide.

(b) They are associative in the following sense: Let fi,...,fr € S\ be
limit elements with f; < f, i = 1,...,k, and let for each f; be given
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m;, l; and n; satisfying the same conditions as m, | and n for f. Let
D; be the domain of Wy, i, 1;- Then the two possible ways to get from

k
® (@ D,») © AP oK) L
i=1 i<
to Ay given by either applying the ¥¢, .1, and then W¢ iy or by
applying the obvious operad structure maps and a suitable permutation
Of Wi sk 143k 1, COIncide.
(3) For any successor f € Sy 1 the map Ay_y — Ay is a pushout by

O f]) ®s, Ticx g,

where the attaching maps on the various parts of the domain of this map
are induced from the maps in (2) (see below).

Proof. The whole Proposition is shown by induction on A, so suppose that it is
true for ordinals smaller than A. We construct the map in 2, prove its properties
and define the attaching map in 3 by transfinite induction: Suppose f € Sy ; is a
successor, that Ay is defined for f' < f and that the map in 2 is defined for all
limit elements f € Sy with f < f. Let iop € X with f(ig) > 0 and let f’ coincide
with f except that f'(i9) = f(ip) — 1. The attaching map on the summand

S:=0(f]) ®x, ((® L;&f(t’)) ® Ki, ®L® fio)=1) o ® L®f(t)>

1<ip i <T<A
of the domain of .
O(f)) o, Licx g7
is given as follows: Let f,l € Sy be defined by f(io) = f(io) — %, I(io) = f(io) — 1,

f(i) =1(i) = 0 for i < io and f(i) = 1(i) = f(i) for i > io. Let m =1+ 3, ; f(i).
There is a canonical map

S — O(If)) @, (A?;(m_l) ® Ai, ®L%(f(lo)—1) ® ® L;&f@))
G0 <i<A
whose codomain maps naturally to the domain of ¥ ; Fmil- So we get maps S —
A — Ay_; the composition of which is the attachlng map on the summand S.
These maps glue together for various summands S: There are two cases to dis-
tinguish. In the first one the intersection of two summands contains K;, twice.
Then the two maps on this intersection coincide because of the symmetric group
invariance. In the second case the intersection I contains K% and K;, with if, < io.

Let f be as above and f' be similarly defined for ig. Now the two properties 2(a)
of the maps ¥ state that both maps I — Ay are equal the map induced by first
mapping both K;; and Kj, to 4;, and then applying a suitable map V.

Now suppose f € Sy is a limit element with f(ig) ¢ N for some i < \. Define Ay
as the colimit of the preceeding Ay, f' < f. Let m, [ and n be as in 2. We define
U m, by induction on m and on S;, using the fact that A;, = colimygres; Ayg by
induction hypothesis for the induction on A. For abbreviation set £ := ) Ll@l(i).
Let f' € S;, be a successor and let a map

Ypo1: On) ® (Aﬁ(m_l) RAp 1 ® 5) = Af

i<
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be already defined. Ay is a pushout of Ay _1 by
as' (i
e: O(f) @z, Liciy 6777

Let C == @,y L?fl(i). Then the codomain of ¢ is O(|f'|) ®x,, C. Moreover by
induction hypothesis for the m-induction there is a map

O+ -1 (42" Vacecr) 4y,
hence by plugging in O(|f’|) into the m-th place of O(n) we get a map
om) @ (43" V@ o(f)eCaL) - A .

This map and 11 glue together to a map 1f.: We have to show that they coincide
after composition on domains of the form

O(n) @ A"V @ O(|f|) ®s,, S'® L

for O(|f'|) ®s,, S" a summand of the domain of ¢ containing K for some iy < ig
(the definition of f" is similar to the one of f'). To do this we can restrict for every
A;, to objects O(|f]]) ®s,, Ci, i =1,...,m—1, for C; of the same shape as C' and
fi € Sy + successors. Then the two possible ways to get from

m—1
Om) @ (® o(lfl) @s,, cz») 2 O(f) &s,, ' ® L
i=1

to Ay can be compared by mapping K;; to A; , unwrapping the definitions of Ay
and W _; and using associativity of O. We arrive at a map O(n) @ AZ™ @ L — Ay.
That it factors through the (¥,, x ¥;)-quotient follows after replacing Al@;m by

Xm
(@le o(lfil) es,, Ci) (the C; and f] as above) in the domain of this map
since then the (X, x ;)-relation is obviously also valid in Ay.

Both properties 2(a) and (b) follow easily by the technique of restricting any
appearing A; by a factor O(|f'|) ®s,, C.

Now using the maps ¥ and property 2(b) we can equip A= colimyes, , with
an (-algebra structure (to do this accurately we have to enlarge A a bit and the
corresponding sequence by trivial pushouts).

We are left to prove the universal property for A by transfinite induction on A.
So let it be true for ordinals less than A. If A is a limit ordinal or the successor
of a limit ordinal there is nothing to show. Let A = a + 2, let B be an O-algebra
and A, — B amap in Alg(O) and L, — B* a map in C such that these two maps
are compatible via the attaching map. We define maps Ay — B by transfinite
induction on Sy 4, starting with the given map on Ay, = A,. Solet fo < f < A
be a successor. Since for any i < a there is a map L; — B* we have a natural map

o(f) os, Q L » B
i<A
using the algebra structure maps of B. We have to show that this is compatible
via the attaching map from the domain D of O(|f|) ®x, Clicn gin(l) to Ay_q with
the map A;_1 — B coming from the induction hypothesis. We check this again on
a summand S of D containing some K;,. The attaching map on S is induced from
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Wi as above. The canonical map from the domain of ¥ Fomy O Bis compatible
with A j— B (as one checks again by replacing any A4;, by essentially products of
L;’s as above), which together with the fact that L;, — B and A;,+; — B coincide
on K;, implies the compatibility. By construction and the definition of the algebra
structure on A,y; the map A,yr1 — B just defined is an O-algebra map.

If we have on the other hand a map of O-algebras A,411 — B we can restrict it
to get compatible maps A, — B and L, — B*. These two assignments are inverse
to each other. O

Proof of Theorem 4.7. Let O € Op(C) be cofibrant in C*¥. We have to show that
the pushout of an O-algebra such that the map from the initial O-algebra to A is in
FoI-cof by a map from Fol (resp. FpJ) is a cofibration (resp. trivial cofibration)
in C. We can assume that A is a FpI-cell O-algebra, since in the general situation
all maps we look at are retracts of corresponding maps in this situation. But if A

is a cell O-algebra our claim immediately follows from Proposition 4.8 and Lemma
2.11. O

5. MODULE STRUCTURES

In this section we want to show that if C is simplicial Alg(O) is also a simplicial

J-semi model category in the cases when the assumptions of Proposition 4.3 or
Proposition 4.7 are fulfilled. Also Op(C) is simplicial if C is.
Definition 5.1. Let D and & be J-semi model categories (maybe over C) and let S
be a model category. Then a Quillen bifunctor D x § — £ is an adjunction of two
variables D x & — £ such that for any cofibration g : K — L in S and fibration
p: Y = Z in &, the induced map

Hom, q(g,p) : Hom,(L,Y) — Hom,(L, Z) XHom, (k,z) Hom,(K,Y)
is a fibration in D which is trivial if g or p is.
(See also [Hovl, Lemma 4.2.2].)

It follows that for f a cofibration in D and g a cofibration in & both of which

have cofibrant domains the pushout fOg is a cofibration in € which is trivial if f
or g is.
Definition 5.2. Let D be a J-semi model category (maybe over C) and let S be
a symmetric monoidal model category. Then a Quillen S-module structure on D
is a S-module structure on D such that the action map ® : D xS — D is a
Quillen bifunctor and the map X ® (QS) = X ® S = X is a weak equivalence for
all cofibrant X € D, where QS — S is a cofibrant replacement.

If D has a Quillen S-module structure we say that D is an S-module.

Let now S be a symmetric monoidal model category where the tensor product

is the categorical product on S, so let us denote this by x (e.g. S = SSet). Let be
given a symmetric monoidal left Quillen functor S — C.
Proposition 5.3. Let the situation be as above and assume that either 1 is cofibrant
in S or that C is left proper and the maps in I have cofibrant domains. Let O be
an operad in C which is either cofibrant in Op(C) or cofibrant as an object in C>.
Then the J-semi model category (in the first case over C) Alg(O) is naturally an
S-module and the functor C — Alg(C) is an S-module homomorphism.
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Proof Let A € C and K € S. We denote by AX the homomorphism object
Hom(K, A) € C. There is a map of operads

End®P(A) — End°P(AK) |
which is described as follows: We give the maps
Hom(A®", A) — Hom((A¥)®", AK)
on T-valued points (7' € C): A map T ® A®™ — A is sent to the composition
T & (A%)®" 5 T @ (AP")K" - T (A%")K - AK
where the second map is induced by the diagonal K — K™.

Hence for objects K € S and A € Alg(O) the object (A*)X has a natural
structure of O-algebra given by the composition @ — End°P(4) — End°P(AK).
We denote this (O-algebra by AX.

For a fixed K € S the functor Alg(O) — Alg(0), A — AK | has a left adjoint
A — A® K, which is given for a free O-algebra Fp(X), X € C, by Fo(X)® K =
Fo(X ® K) and which is defined in general by be requirement that - ® K respects
coequalizers (note that every (-algebra is a coequalizer of a diagram where only
free O-algebras appear). So we have a functor Alg(0) x § — Alg(0O).

Let now B € Alg(O) be fixed. By a similar argument as above the functor
S°P — Alg(0), K — BX | has a left adjoint A — Hom® (A, B), which sends a free
O-algebra Fp(X), X € C, to the image of Hom (X, B*) in S.

One checks that the functor Alg(O) x & — Alg(O) we constructed defines an
action of S on Alg(0).

It remains to show that this functor is a Quillen bifunctor and that the unit
property is fulfilled. So let g : K — L be a cofibration in Sand p: Y — Z a
fibration in Alg(©). We have to show that Homp ,.(g,p) is a fibration in Alg(0), i.e.
lies in FpJ-inj. By adjointness this means that p has the right lifting property with
respect to the maps (Fp f)Og = Fo(fOg) for all f € J, which is by adjointness the
case because fg is a trivial cofibration. When p or f is trivial we want to show
that Homp ,.(g,p) lies in Fpl-inj, so p should have the right lifting property with
respect to the maps Fo(fOg) for all f € I, which is again the case by adjointness.

If 1 is cofibrant in S we are ready. In the other case the unit property follows by
transfinite induction from the explicit description of algebra pushouts, and hence
the structure of cell algebras, given in Proposition 4.5 and the structure of cell
algebras given in Proposition 4.8. O

In a similar manner one shows

Proposition 5.4. Let the situation be as before Proposition 5.3 and assume that
either 1 is cofibrant in S or that C is left proper and the maps in I have cofibrant
domains. Then Op(C) is naturally an S-module and the functor C — Op(C) is an
S-module homomorphism.
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6. MODULES

Let O € Op(C) and A € Alg(O). We denote the category of A-modules by
(0, A)-Mod, or A—Mod if no confusion is likely. Let Fp a): C — A-Mod (or Fa
for short) be the free A-module functor. It is given by M — Un(A4) ® M, where
Uo(A) is the universal enveloping algebra of the O-algebra A. Recall that Ass(C)
denotes the category of associative unital algebras in C, and let Fag be the free
associative algebra functor C — Ass(C).

The main result of this section is

Theorem 6.1. Let O € Op(C) and A € Alg(O). Let one of the following two
conditions be satisfied:

(1) O is cofibrant as an object in C* and A is a cofibrant O-algebra.
(2) O is cofibrant in Op(C) and A is cofibrant as an object in C.

Then there is cofibrantly generated model structure on A—Mod with generating cofi-
brations Fal and generating trivial cofibrations FaJ. There is a right C-module
structure on A-Mod.

This theorem will follow from the fact that in each of the two cases the en-
veloping algebra Un(A) is cofibrant in C, since A-Mod is canonically equivalent to
Uo(A)-Mod.

Note that there is a canonical surjection from the tensor algebra to the universal
enveloping algebra

To(A) =[] O(n+1) @x, A®" = Uo(4) .
neN
Proposition 6.2. Let O € Op(C) and f : X =Y and o : X — OF be maps
in CN. Let O' be the pushout of O by f with attaching map the adjoint of .
Let A be an O'-algebra. Then Uoi(A) is a pushout of Un(A) in Ass(C) by the
map Fass([,en f(n+1) @ A®™) with attaching map the adjoint to the composition
[ien X(n+1) @ A%" = [[,cn On +1) @5, A®" = Up(A).

Proof. (Compare to [Hinl, 6.8.1. Lemma.]) A (O', A)-module structure on a
(O, A)-module M is given by maps Y(n + 1) ® A" @ M — M for n € N
such that the compositions with f(n + 1) ® A®™ @ M equals the composition
X(n+1)@A°"9M = O(n+1)® A®" ® M — M. The same statement is true for
a module structure under the described pushout algebra on a Up(A)-module. O

Corollary 6.3. Let O € Op(C) be cofibrant and let A be an O-algebra which is
cofibrant as an abject in C. Then Up(A) is cofibrant in Ass(C), in particular is
cofibrant as an object in C.

Hence the second part of Theorem 6.1 is proven.

Corollary 6.4. Let C be left proper, let O € Op(C) be cofibrant and let A — A’ be
a weak equivalence between O-algebras both of which are cofibrant as objects in C.
Then the map Up(A) — Up(A") is a weak equivalence.

We have an analogous result to Proposition 4.8 for the enveloping algebra of a
cell algebra.
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Proposition 6.5. Let O € Op(C) and A = colim;<\A; be a Fo(Mor(C))-cell O-
algebra with Ag = O(0), where the transition maps A; — A;r1 are pushouts of free
O-algebra maps on maps g; : K; — L; in C by maps adjoint to ¢; : K; — Ag.
Then U := Uo(A) is a transfinite composition U = colimyes, , Uy in C such that

(1) Uy =0 and Uy, = Up(A;) fori < A,
(2) for f € S\ such that for an ip < \ we have f(iy) ¢ N, there is for all
m € N, successorsl € Sy + with | < f and n :=m+ |l| a map

On+1)®,, xo) (A?;m ® ® L?l(i)> — Uy
i<\
compatible with the map O(n + 1) @y, A®" = U and
(3) for any successor f € Sx 4 the map Ur—1 — Uy is a pushout by

O(lf1 +1) ®x, [dica gin(i) ;

where the attaching maps on the various parts of the domain of this map
are induced from the maps in (2).

Proof. This Proposition is proven in essentially the same way as Proposition 4.8
except that this time we have to define associative algebra structures on the Uy,
and to verify the universal property stating the equivalence of module categories.
For the associative algebra structure one uses the same formulas as for the tensor
algebra and checks that they are compatible with the attaching maps. For the
universal property one uses the fact that an A-module M is given by maps

O(Ifl+1) ®s;, <® L?“”) QM — M
i<A

which are compatible in various ways the explicit formulation of which we leave to

the reader. O

Corollary 6.6. For O an operad in C which is cofibrant in C* and A a cofibrant
O-algebra the enveloping algebra Un(A) is cofibrant as an object in C.

Hence also the first part of Theorem 6.1 is proven.

Corollary 6.7. Let C be left proper, let f: O — O be a weak equivalence between
operads in C both of which are cofibrant as objects in C* and let A be a cofibrant
O-algebra. Let A' be the pushforward of A with respect to f. Then the induced
maps A — A" and Up(A) — Uo/ (A") are weak equivalences.

Definition 6.8. Let C be left proper and let 1 and the domains of the maps in I
be cofibrant in C.

(1) For O € Op(C) define the derived category of O-algebras DAlg(O) to be
Ho Alg(QO), where QO — O is a cofibrant replacement in Op(C). Define
the derived 2-category of O-algebras D<2Alg(O) to be Ho <?Alg(QO).

(2) For O € Op(C) and A € Alg(O) define the derived category of A-modules
D(A-Mod) to be Ho (QA-Mod), where QA — A is a cofibrant replacement
of A in Alg(QO) with QO — O a cofibrant replacement in Op(C).
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Note that these definitions do not depend (up to equivalence up to unique iso-
morphism or up to equivalence up to isomorphism, which is itself defined up to
unique isomorphism in the case of D<2Alg(0)) on the choices by Corollary 6.7 and
[Hov2, Theorem 2.4], that if O € Op(C) is cofibrant in C* there is a canonical equiv-
alence DAlg(O) ~ Ho Alg(O) and that for a cofibrant O € Op(C) and A € Alg(O)
which is cofibrant in C there is a canonical equivalence D(A-Mod) ~ Ho (A-Mod).

7. FUNCTORIALITY

In this section let C be left proper and let 1 and the domains of the maps in [
be cofibrant in C.

Proposition 7.1. (1) There is a well defined 2-functor
Ho =?0p(C) — Cat ,
O — DAlg(0)

such that for any cofibrant operad O in C there is a canonical equivalence
DAlg(O) ~ Ho Alg(O) and every functor in the image of this 2-functor has
a right adjoint.

(2) For O € Op(C) there is a well defined 2-functor

D=?Alg(0) — Cat ,
A~ D(A-Mod)
such that for any cofibrant A € Alg(QO) (QO — O a cofibrant replace-

ment) there is a canonical equivalence D(A—Mod) ~ Ho (A-Mod) and every
functor in the image of this 2-functor has a right adjoint.

Remark 7.2. The 2-functor in the second part of the Proposition should be well
defined for an object © € Ho <*Op(C) and should depend on O functorially.

Proof. We prove the first part of the Proposition, the second one is similar. Let
0,0" € Op(C).s, f,g € Hom(O, 0') and ¢ a 2-morphism from f to g in Ho <20p(C).
First of all it is clear that the pushforward functor f. : Alg(OQ) — Alg(O') is a left
Quillen functor between J-semi model categories by the definition of the J-semi
model structures. We have to show that ¢ induces a natural isomorphism between
f« and g, on the level of homotopy categories. So let O® be a cosimplicial frame on
O. ¢ can be represented by a chain of 1-simplices in Hom(O*®, O'), and a homotopy
between two representing chains by a chain of 2-simplices. So we can assume that
¢ is a l-simplex, i.e. ¢ € Hom(O',0'). We have maps O U O =% 0" & O,
and Ho Alg(O') — Ho Alg(0) is an equivalence. Hence for A € Ho Alg(O) there
is a unique isomorphism ¢'(A) : ig«(A) = i1.(A) with p.(¢'(A)) = Id. Then the
o(p'(A)) define a natural isomorphism between (p o ip). and (¢ 0 41)«. Now if we
have a homotopy ® € Hom(0O?, '), the three natural transformations which are
defined by the three 1-simplices of ® are compatible, since on a given object they
are the images in Ho Alg(O') of three compatible isomorphisms between the three
possible images of A in Ho Alg(0?). O

Let f: O — O' be a map of operads in C and let A € DS?Alg(0). Then there
is an adjunction

D(A-Mod) —= D(f.A-Mod) .
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It follows that for B € D<2Alg(0') there is also an adjunction
D(f*B-Mod) —= D(B-Mod) .
Of course for A and B as above and a map f.A — B there is a similar adjunction.

Now let D be a second left proper symmetric monoidal cofibrantly generated
model category with suitable smallness assumptions on the domains of the gener-
ating cofibrations and trivial cofibrations (depending on which definition of J-semi
model category one takes) and with a cofibrant unit. Let L : C — D be a symmet-
ric monoidal left Quillen functor with right adjoint R. For objects X,Y € D there
is always a natural map

R(X)®R(Y) > R(X®Y)
adjoint to the map
F(RX)®R(Y)=2FR(X)®FR(Y) - XY

which respects the associativity and commutativity isomorphisms (so R is a pseudo
symmetric monoidal functor). It follows that L can be lifted to preserve operad,
algebra and module structures.

Hence there is induced a pair of adjoint functors
Lop

Op(C) =—=0p(D) ,
Rop

which is a Quillen adjunction between J-semi model categories by the definition of
the model structures.

For O € Op(C) there is induced a pair of adjoint functors
Lo
Alg(0) —= Alg(Loy(0)) .
O

which is a Quillen adjunction between J-semi model categories in the cases where
O is either cofibrant in Op(C) or cofibrant as an object in C*.

So for O € Op(C), O" € Op(D) and f: Lop(O) - O’ a map there are induced
adjunctions

DAlg(O) —= DAlg(0') and

v
D=2Alg(0) —= D=2Alg(0") .

Now let A € D=2Alg(0), B € D=?Alg(0') and g : ¥(A) — B be a map. Then
there is induced an adjunction

D(A-Mod) —= D(B—Mod) .

All the adjunctions are compatible (in an appropriate weak categorical sense)
with compositions of the maps which induce these adjunctions.



36
8. E~-ALGEBRAS

Let AV be the operad in C whose algebras are just the commutative unital algebras
in C,i.e. A(n) =1 for n € N, and let P be the operad whose algebras are objects
in C pointed by 1, i.e. P(n) = 1 for n = 0,1, P(n) = 0 otherwise. There is an
obvious map P — N.

Definition 8.1. (1) An E-operad in C is an operad O in C which is cofibrant
as an object in C* together with a map © — N which is a weak equivalence.
(2) A pointed E -operad in C is an Ex-operad O in C together with a map
P — O such that the composition with the map O — N is the canonical
map P — N.
(3) A unital Ey-operad in C is a pointed Ey-operad in C such that the map
P(0) — O(0) is an isomorphism (this is the same as an E-operad O in
C such that the map O(0) — N(0) is an isomorphism).

The unit 1 is an NM-algebra, hence it is an algebra for any E..-operad. Let O
be a pointed E.,-operad. Then an O-algebra A is naturally pointed, i.e. there is a
canonical map 1 — A, but note that this need not be a map of algebras. If it is, we
say that A is a unital O-algebra. Let us denote the category of unital O-algebras
by Alg“(©). This is just the category of objects in Alg(O) under 1. If O is unital,
then every O-algebra is unital.

We first want to show that under suitable conditions unital E.,-operads always
exist.

For O € Op(C) let us denote by O<; the operad with O<;(0) = O(0), O<;(1) =1
and O<;(n) =0 for n > 1. There is a canonical map O<; — O in Op(C). If O is
an F-operad there is also a map O<; — P in Op(C), and we denote by O the
pushout of @ with respect to this map.

Lemma 8.2. Let O be an E-operad which admits a pointing.
(1) Then there is a canonical equivalence Alg*(0) ~ Alg(O), in particular an

O-algebra is unital if and only if it comes from an O-algebra.
(2) Assume that C is left proper, that 1 is cofibrant in C and that O is cofibrant

in Op(C). Then O is a unital Es-operad in C.

Proof. By Lemma 4.2(1) an 6—algebra A is the same as an O-algebra A together
with a map 1 — A such that the structure map O(0) — A is the composition
00) - 1 - A. Hence a unital O-algebra comes from an O-algebra. On the
other hand if A is an (5—algebra we have to show that the induced pointing 1 — A
is a map of algebras. This follows easily from the fact that the map O(0) has a
right inverse (a pointing of O). For the first part of the Lemma it remains to prove
that an O-algebra morphism between (5—algebras is in fact an (5—algebra morphism,
which follows from Lemma 4.2(2).

O is unital by the last part of Lemma 8.3 and cofibrant as object in C> by
Corollary 8.4. We have to show that O — N is a weak equivalence. Consider the
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commutative square
0(0) — Fp(1)

|

1——— F(1)
of O-algebras and let P be the pushout of the left upper triangle of the square. We
want to show that the canonical map P — F(1) is an isomorphism. By the first

part of the Lemma P is an 6—algebra. Now again by the first part of the Lemma
it is easily seen that P has the same universal property as O-algebra as Fz(1).

So the above square is a pushout square in Alg(0), and hence by left properness
of Alg(O) over C (Theorem 4.3) the right vertical arrow is a weak equivalence. This
implies that O — O is a weak equivalence. O

Let us call a vertex v € V(T') of atree T € T a no-tail vertex if one cannot reach
a tail from v. Let us call T 0-special if the only no-tail vertices of T' are vertices of
valency 0. A proper 0-special doubly colored tree is a proper doubly colored tree
which is 0-special such that any vertex of valency 0 is old. Let ’Tﬁ(n) be the set of
isomorphism classes of such trees with n tails.
Lemma 8.3. Let O = colim;<,O; be an operad in C such that the transition maps
O; = Oiy1 are pushouts of free operad maps on maps g; : K; — L; in CY and such
that Oq is the initial operad. Let E € C and let O(0) — E be a morphism in C. Let
E be the operad with E(0) = E, E(1) = 1 and E(n) =0 for n > 1. Let the squares

Oi<1 —= 0;

|

E—0;
be pushout squares in Op(C), where either i < X or i is the blanket. Then O =
colimi<\O;, and every map O; — Oiyq is an w x (w + 1)-sequence in C~ as in

Proposition 3.5, where for j < w O; jy(n) is a pushout of O jy—1(n) in C by the
quotient of the map

H ® O;(val(v)) | ® eHVera(M [] gi(val(v)) ,

€ Vara(T)\Usta (T) vEVaew (T)

where the coproduct is over all T € ’Tﬁ(n) with tView(T) = i and uoa(T) = 7,
with respect to an equivalence relation analogous to the one in Proposition 3.5. In
particular we have O;(0) = E for all i < X or i the blanket.

Corollary 8.4. Let the notation be as in the Lemma above and assume that the
maps g; are cofibrations in C~ and that E is cofibrant in C. Then the operad O is
cofibrant in C>°.

Proof. The proof is along the same lines as the proof of Lemma 3.6. O

For the rest of this section let us fix a pointed F..-operad O in C.
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Lemma 8.5. If 1 is cofibrant in C and O is cofibrant in Op(C) there is a J-semi
model structure on Alg"(O) over C.

Proof. In any J-semi model category D over C the category of objects under an
object from D which becomes cofibrant in C is again a J-semi model category over
C. O

Lemma 8.6. Assume that C is left proper and that the domains of the maps in I
are cofibrant. Let A € Alg(O) be cofibrant. Then the canonical map of A-modules
Uon(A) — A adjoint to the pointing 1 — A is a weak equivalence.

Proof. We can assume that A is a cell O-algebra. It is easy to see that the map
Uo(A) = A is compatible with the descriptions of A and Up(A) in Proposition 4.8
and Proposition 6.5 as transfinite compositions, and the map ¢ from the map of
part (3) of Proposition 6.5 to the map of part (3) of Proposition 4.8 is induced by
the map O(|f|+1) = O(|f|+1) @1/ o1 = O(|f|+1)20(1)2F1eO(0) = O(f]),
which itself is induced by the unit, the pointing and a structure map of O. Since O
is an F.-operad this is a weak equivalence, hence since the domains of the maps
in I are cofibrant 1 is a weak equivalence. Now the claim follows by transfinite
induction and left properness of C. O

Corollary 8.7. Assume that C is left proper, that the domains of the maps in I are
cofibrant and that O is cofibrant in Op(C). Let A € Alg(O) be cofibrant as object
in C. Then the canonical map of A-modules Uo(A) — A adjoint to the pointing
1— A is a weak equivalence.

Proof. Let QA — A be a cofibrant replacement. Then in the commutative square

Un(QA) ——=Up(A)

L

QA4>A

the horizonrtal maps are weak equivalences (the upper one by Corollary 6.4) and
the left vertical arrow is a weak equivalence by the Lemma above, hence the right
vertical map is also a weak equivalence. O

Corollary 8.8. Assume that C is left proper and that the domains of the maps in
I are cofibrant. Let A — A’ be a weak equivalence between cofibrant O-algebras.
Then the map Up(A) — Un(A") is also a weak equivalence.

Proof. This follows immediately from Lemma 8.6. d

This Corollary has the consequence that under the assumptions of the Corollary
there is a canonical equivalence D(A—Mod) ~ Ho A-Mod for a cofibrant O-algebra
A.
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9. S-MODULES AND ALGEBRAS

In this section we generalize the theories developed in [EKMM] and [KM].

Definition 9.1. (I) A symmetric monoidal category with pseudo-unit is a category
D together with

e a functor _.®X_: DxD — D,

e natural isomorphisms (X RY)XZ - XK (Y XZ) and X XY - VY XX
which satisfy the usual equations and

e an object 1 € D with morphisms 18X — X (and hence morphisms X X1 —
X induced by the symmetry isomorphisms) such that the diagram

IR(XRY) —= XRY

|

(IRX)XY
commutes and such that the two possible maps 1K 1 — 1 agree.

(II) A symmetric monoidal functor between symmetric monoidal categories with
pseudo-unit D and D' is a functor F : D — D' together with natural isomorphisms
FX)RFY) - F(XRY) compatible with the associativity and commutativity
isomorphisms and with a map F(1p) — 1p compatible with the unit maps.

Definition 9.2. (I) A symmetric monoidal model category with weak unit is a
model category D which is a symmetric monoidal category with pseudo-unit such
that the functor D x D — D has the structure of a Quillen bifunctor ([Hov1, p.
108]) and such that the composition QIR X — 1X X — X is a weak equivalence
for all cofibrant X € D, where Q1 — 1 is a cofibrant replacement.

(II) A symmetric monoidal Quillen functor between symmetric monoidal model
categories with weak unit D and D' is a left Quillen functor D — D' which is a
symmetric monoidal functor between symmetric monoidal categories with pseudo-
unit such that the composition F(Qlp) — F(1p) — lp is a weak equivalence.

The homotopy category of a symmetric monoidal model category with weak unit
is a closed symmetric monoidal category.

Let us assume now that C is either simplicial (i.e. there is a symmetric monoidal
left Quillen functor SSet — C) or that there is a symmetric monoidal left Quillen
functor Comp~,(Ab) — C, where Comp~,(Ab) is endowed with the projective
model structure. In both cases we denote by £ the image of the linear isometries
operad in Op(C) via either the simplicial complex functor or the simplicial complex
functor followed by the normalized chain complex functor. Clearly £ is a unital
E-operad. Let S := £(1). Sis a ring with unit in C which is cofibrant as an object
in C.

As in [EKMM] or [KM] we define a tensor product on S—Mod by
MXN = L(2) ®sgs M ® N .

[KM, Theorem V.1.5] and [KM, Lemma V.1.6] also work in our context, hence
S—Mod is a symmetric monoidal category with pseudo-unit.
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There is an internal Hom in S—Mod given by
Hom™ (M, N) := Homg(£(2) ®s M, N) ,

where, when forming £(2) ®s M, S acts on £(2) through S=1®S - S® S, when
forming Homg, S acts on £(2) ®s M via its left action on £(2) and the left action
of S on Hom®(M, N) is induced through the right action of § on £(2) through
S=S®1->S®S.

There is an augmentation S — 1 which is a map of algebras with unit.

Proposition 9.3. The category S—Mod is a cofibrantly generated symmetric mono-
idal model category with weak unit with generating cofibrations S ® I and generating
trivial cofibrations S ® J. The functor C — S-Mod, X — S ® X, is a Quillen
equivalence, and its left inverse, the functor S—-Mod — C, M — M ®s 1, is a
symmetric monoidal Quillen equivalence. Moreover there is a closed action of C on
S-Mod.

Proof. That R-Mod is a cofibrantly generated model category together with a
closed action of C on it is true for any associative unital ring R in C which is
cofibrant as an object in C.

Let f and g be cofibrations in C. The X-pushout product of S® f and S® g is
isomorphic to £(2)®(fOg). As a left S-module £(2) is (non canonically) isomorphic
to S, hence £(2) ® (fOg) is a cofibration S—Mod, and it is trivial if one of f or g
is trivial. To show that for a cofibrant S-module M the map QIX M — M is
a weak equivalence we can assume that M is a cell S-module and we can take
Q@1 = S. Then M is a transfinite composition where the transition maps are
pushouts of maps f: S® K — S® L, where K — L is a cofibration in C with
K cofibrant. But the composition SXS — 1XS — S is a weak equivalence
between cofibrant objects in S—Mod, hence the composition SX f — 1X f — f is
a weak equivalence between cofibrations in S—Mod. So by transfinite induction the
composition SKM — 1K M — M is a weak equivalence between cofibrant objects
in S—-Mod. O

Note that in the simplicial case 1 X S is cofibrant in C, hence for cofibrant M
both maps SK M — 1X M — M are weak equivalences.

Let S—-Mod" be the category of unital S-modules, i.e. the objects in S—Mod under
1€ S-Mod. For M € S—Mod" and N € S—Mod there are the products M <1 N and
N > M, and for M, N € S—Mod" there is the product M 0 N. These products are
defined as in [KM, Definition V.2.1] and [KM, Definition V.2.6].

S—-Mod*" is a symmetric monoidal category with [ as tensor product.

Analogous to [KM, Theorem V.3.1] and [KM, Theorem V.3.3] we have
Proposition 9.4. e Alg(L) is naturally equivalent to the category of com-
mutative rings with unit in S-Mod". Hence for A,B € Alg(L) there is a
natural isomorphism AL B = AHB.
e For A € Alg(L) an A-module M is the same as an S-module M together
with a map A < M — M satisfying the usual identities.
Definition 9.5. For A € Alg(L) let Comm(A) be the category of commutative
unital A-algebras in S-Mod", i.e. the objects in Alg(L) under A. In particular
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we have Alg(L) ~ Comm(1ls) =: Comme, where we denote by ls the algebra 1 in
S-Mod". Finally set DComm¢ := Ho Comm¢ and D<?>Comme := Ho <2Commec.

For the rest of the section let us make the following

Assumption 9.6. The model category C is left proper and 1 and the domains of
the maps in I are cofibrant in C.
Corollary 9.7. e Comme is a cofibrantly generated J-semi model category.
e For any cofibrant A € Comme the category Comm(A) is also a cofibrantly
generated J-semi model category.
o If A — B is a weak equivalence between cofibrant A, B € Commg¢, then the
induced functor Comm(A) — Comm(B) is a Quillen equivalence.

Proof. Follows from Theorem 4.7. O

Definition 9.8. For A € Commg let DComm(A) be Ho Comm(QA) for QA — A a
cofibrant replacement in Comme, and let DS?Comm(A) := Ho S2Comm(QA). The
2-functor Comme — Cat, A — DComm(A), descents to a 2-functor D<2Comme —
Cat, A — DComm(A).

Let A € Comme and M,N € A-Mod. As in [KM, Definition V.5.1] or [KM,
Remark V.5.2] we define the tensor product M K4 N as the coequalizer in the
diagram

mMXId

(M>ARNZMRA<IN)T—ZMRN—MKX4 N or
IdXm

mXId
MRXRARN —_—<MRN—MXyu N .
IdXm

With this product the category A—Mod has the structure of a symmetric monoidal
category with pseudo-unit, where the pseudo-unit is A. As for S-modules one can
define products <14, >4 and 4. There is also an analogue of Proposition 9.4 for
A-algebras and modules over A-algebras.

The free A-module functor S—Mod — A-Mod is given by M — A < M. More
generally for A — B a map in Comm¢ the pushforward of modules is given by
M — B <4 M. In particular there is a canonical isomorphism of A-modules
Ug(A) =2 A«S.

Lemma 9.9. Let A — B be a map in Comme, let M\N € A-Mod and P €
B-Mod. Then there are canonical ismorphisms

M&Apg(BQAM)BP and
(B<daM)Rp(B<da N)=ZB<s (MX4N).

Proof. Similar to the proof of [KM, Proposition V.5.8]. O

For M,N € A-Mod define the internel Hom Hom® (M, N) in A-Mod as the
equalizer
Hom% (M, N) — Hom™ (M, N) = Hom®(A < M, N)
like in [KM, Definition V.6.1].
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Proposition 9.10. For a cofibrant A € Comme the category A-Mod is a cofi-
brantly generated symmetric monoidal model category with weak unit with gener-
ating cofibrations A < (S ® I) and generating trivial cofibrations A < (S ® J).
If f: A — B is a map in Comme between cofibrant algebras the pushforward
f+«: A-Mod — B—-Mod is a symmetric monoidal Quillen functor which is a Quillen
equivalence if f is a weak equivalence.

Proof. A—Mod is a cofibrantly generated model category by Theorem 6.1(1). Let
f and g be cofibrations in C. By Lemma 9.9 the K 4-pushout product of the maps
AQ(S®f)and A <1 (S®yg) is given by A < (£(2) ® (fOg)), hence since £(2) = S
as S-modules this is a cofibration in A-Mod, and it is trivial if one of f or g is
trivial.

Note that A <1 S is cofibrant in A-Mod and that the map A < S = Us(A) - A
is a weak equivalence by Lemma 8.6. So we have to show that for cofibrant M €
A-Mod the map (A < S)®4 M — M is a weak equivalence, which follows from
the fact that the maps of the form (A < S)Xy (A < (S® f)) > A < (S® f) for
cofibrations f € C with cofibrant domain are weak equivalences between cofibrations
in A-Mod. The first part of the last statement follows from Lemmas 9.9 and 8.6,
and the second part by Corollary 8.8. O

Definition 9.11. For any algebra A € Comme set D(A-Mod) := Ho (QA-Mod)
and DS2(A-Mod) := Ho <2(QA-Mod) for QA — A a cofibrant replacement.

D(A-Mod) is a closed symmetric monoidal category with tensor product ® 4
induced by X4. The assignment A — D(A-Mod) factors through a 2-functor
D=2Comm¢ — Cat®™, A — D(A-Mod), where Cat®™ is the 2-category of sym-
metric monoidal categories, such that the image functors of all maps in D<2Comm,
have right adjoints.

We finally consider base change and projection morphisms. Let

B—1>p

Y

A—> 4
be a commutative square in D<>Comm¢. Let M € D(B—Mod). Then we have a
base change morphism

g f*M — f gl M

1138

defined to be the adjoint of the natural map f*M — f*¢'"g.M
@
equivalently of the map flg.f*M 2 g.f.f*M — g.M.

g* " g.M or

The base change morphism is natural with respect to composition of commuta-
tive squares.

The following statement is trivial in the context of usual commutative algebras,
but is a rather strong structure result in our context.

Proposition 9.12. Let the notation be as above. If the square is a homotopy
pushout, then the base change morphism g.f*M — f'*g. M is an isomorphism.
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The proof will be given in the next section.

Let A — B be amap in D<>Comme. Let M € D(A-Mod) and N € D(B-Mod).
There is a projection morphism

M®a f*N = f*(f« M @5 N)

adjoint to the natural map f.(M ®4 f*N) = fiM ®p f«f*N — f.M ®p N. Note
that for B-modules M', N’ there is a natural map f*M'®4 f*N' — f*(M'®pN'),
and the projection morphism is equivalently described as the composition M ® 4
[N = f*fiM ®4 f*N — f*(fM ®p N).

Proposition 9.13. Let the notation be as above. Then the projection morphism
M®a f*N = f*(f+ M ®@p N) is an isomorphism.

We give the proof in the next section.

Let a square in DS?Comme¢ be given as above and let M € D(B—Mod), N €
D(A'-Mod) and P € D(A-Mod). Set M' := f*M, N' := g*N, M = gL M,
N:=f'Nand P:=g.f,P = f'g.P.

Lemma 9.14. Let the notation be as above. Then the diagram

(M'®4 P)@a N'—> g*(gu(M' ®4 P) @ar N) —> g* f'*((M ®p: P) @p: N)

| |

M' @4 (P®aN')— f*(M ®p fu(P®AN') — f*¢"* (M @p (P ©p N))

where in the first two horizontal maps the projection morphism is applied and in
the second two an adjunction and the base change morphism, commutes.

)
Proof. Let F := g*f'"" & f*¢'*. One checks that both compositions are equal to
the composition M' @4 PQAN' - F*M @4 F*PR4 F*N — F*(M ®p P®p' N),
where the first arrow is a tensor product of obvious objectwise morphisms. O

Let A € D=?Comm¢. We can use the two Propositions above to give the
natural functor M : DComm(A4) — D(A-Mod) a symmetric monoidal struc-
ture with respect to the coproduct on DComm(A) and the tensor product ® 4 on
D(A-Mod): We use the fact that DComm(A) is equivalent to the 1-truncation of
A | D=2Comme. So let B + A — C be a triangle in D<?Comm¢ and complete
it by a homotopy pushout to a square with upper right corner B L4 C. First we
apply the base change isomorphism to the unit 1g in D(B-Mod), which says that
there is a natural isomorphism

(C = BUsO)* (Ipusc) = (A= O)(M(B)) .

Applying (A — C)* to the left hand side of this isomorphism we get M (B U4 C),
applying this map to the right hand side we get M (B) ® 4 M (C) by the projection
formula. This establishes the isomorphism M (B) ® 4 M (C) = M(B U4 C). That
this isomorphism respects the commutativity isomorphisms follows from Lemma
9.14 with P = 14. That it respects the associativity isomorphisms for objects
f: A-B,h: A—-Candg: A— A" in A | Ho=?D also follows from Lemma
9.14 with M = 1g, N = 14 and P = h*1¢ and a diagram chase.
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10. PROOFS

In this section we give the proofs of Propositions 9.12 and 9.13. Assume through-
out that Assumption 9.6 is fulfilled.

We need the concept of operads in A—Mod for A € Comm¢. We also give the
definition of a pointed operad, because it is needed in the Remark. In the context
of symmetric monoidal categories with pseudo-unit a pointed operad is not just an
operad O together with a pointing of O(0), the domains of the structure maps also
have to be adjusted (see below).

So let us fix A € Comme. Let A-Mod" be the category of pointed A-modules,
i.e. the category of objects in A—Mod under A. For M a pointed or unpointed
A-module and N a pointed or unpointed A-module let M ® N be either M X4 N,
M <4 N, M >4 N or My N, depending on whether M and N are unpointed,
M is pointed and N is unpointed, M is unpointed and N is pointed or M and N
are pointed. M ® N is an object in A—Mod unless both M and N are pointed in
which case it is an object in A—Mod". Note that for M, ..., M,, A-modules each of
them either pointed or unpointed the product M; ®- - -® M, is well defined, despite
the fact that for different bracketings of this expression the symbols for which ®
actually stands can be different.

Definition 10.1. An operad O in A-Mod is an object O(n) € (A-Mod)[X,] for
each n € N, where O(1) is pointed, together with maps

Om)®0(n1)® - ®O(ny) = On) ,

where m,ny ...,n,;, € N and n = Z;il n;, such that the usual diagrams for these
structure maps commute. A pointed operad in A—Mod is the same as above with
the exception that O(0) is also pointed.

Let Op(A—Mod) be the category of operads in A-Mod and Op?(A-Mod) the
category of pointed operads in A—Mod. A pointed operad O in A—Mod is called
unital if the pointing A — O(0) is an isomorphism. Let Op"“(A-Mod) be the
category of unital operads in A—Mod.

Let (A-Mod)*** be the category of collections of objects O(n) € (A-Mod)[%,],
which are pointed for n = 0,1 and unpointed otherwise. As for ordinary operads
we have free (pointed) operad functors F starting from the categories (A-Mod)Y,
(A—Mod)*, (A—Mod)**** in the pointed case and various other pointed versions of
these categories to Op(A—Mod) or Op?(A—Mod). Note that if A is cofibrant all
these source categories of the functors F' are model categories.

Theorem 10.2. Let A be cofibrant in Comme. Then the category Op(A-Mod)
(resp. OpP(A-Mod)) has the structure of a cofibrantly generated J-semi model
category over (A-Mod)™* (resp. over (A-Mod)>**) with generating cofibrations
F(N(Fal)) and generating trivial cofibrations F(N(F4J)). If C is left proper, then
Op(A-Mod) (resp. Op”(A-Mod)) is left proper relative to (A—Mod)*>* (resp. rel-
ative to (A-Mod)***). If C is right proper, so are Op(A-Mod) and Op”(A-Mod).

Let f be a map in A—Mod or A—Mod" and let g be a map in A—Mod or A-Mod*".
Let fO.g be the pushout product of f and g with respect to the product ®. fO.g
is a map in A—Mod unless both f and g are maps in A—Mod" in which case fO,g
is a map in A-Mod".
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Note that if A is cofibrant the category A—Mod“ has a natural model structure
as category of objects under A in the model category A—Mod. Note however that
A-Mod" is not symmetric monoidal (with potential tensor product [14), since this
product is not closed.

Lemma 10.3. Let A be cofibrant in Comme, let f be a cofibration in A—Mod or
A-Mod", let g be a cofibration in A—Mod or A—Mod" let M be cofibrant in A—Mod
or A—Mod" and let N be cofibrant in A—Mod or A-Mod". Then

e the pushout product fl,g is a cofibration in A—Mod or A—Mod" which is
trivial if f or g is,

e the product M & f is a cofibration in A—Mod or A—Mod" which is trivial if
f is and

e the product M ® N is cofibrant in A—Mod or A-Mod".

There is also a version of this statement when the map or object in A—Mod has a
right action of a discrete group G and the other map or object is in A—Mod® (resp.
when both maps or objects are in A—Mod and have actions of discrete groups G

and G'). The resulting map or object is then a cofibration or cofibrant object in
(A-Mod)[G] (resp. (A-Mod)[G x G']).

Note that in a symmetric monoidal category cases 2 and 3 would be special cases
of case 1.

Proof. It suffices to show this for relative cell complexes f and g and cell complexes
M and N, for which it follows for the first case by writing the pushout product of
a A-sequence and a p-sequence as a A X p-sequence. Let M € A-Mod". Then if
A — M is a A-sequence, M itself is a (1 + A)-sequence in A-Mod. One concludes
now by writing the products in cases 2 and 3 again as appropriate sequences. The
cases with group actions work in the same way. a

We remark now that there are versions of Proposition 3.4 and Proposition 3.5 for
Op? (A—Mod) where all tensor products are repaced by ®@-products and all pushout
products by the ®-pushout product O,. There is also a version of Lemma 3.6, from
which Theorem 10.2 follows in the same way as Theorem 3.2.

Definition 10.4. Let O € Op(A-Mod) (resp. O € Op?(A-Mod)).

(1) An O-algebra is an object B € A-Mod (resp. B € A-Mod") together with
maps
O(n) ® B®™ — A
satisfying the usual identities. The category of O-algebras is denoted by
Alg(0).
(2) Let B € Alg(O). A B-module is an object M € A-Mod together with maps
On+1)®B®*"®M — M
satisfying the usual identities. The category of B-modules is denoted by
B-Mod.
Let O € Op” (A-Mod). The free O-algebra functor Fo : A-Mod — Alg(O) is
given by

F@(M) = H (’)(n) @y, MgAn .
n>0
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In the pointed case Fp factors through A-Mod".

As in section 4 one shows the

Theorem 10.5. Let A be cofibrant in Comme and let O € Op(A-Mod) (resp.
O € OpP(A-Mod)).

(1) If O is cofibrant the category Alg(O) is a cofibrantly generated J-semi model
category over A—Mod with generating cofibrations FoFal and generating
trivial cofibrations FoFalJ. If C is left proper (resp. right proper), then
Alg(0O) is left proper relative to A—Mod (resp. right proper).

(2) Let O be cofibrant as an object in (A-Mod)** (resp. in (A-Mod)***).
Then Alg(O) is a cofibrantly generated J-semi model category with gener-
ating cofibrations FoFal and generating trivial cofibrations FoFaJ. If C
is right proper, so is Alg(O).

Let Ny € Op(A-Mod) (resp. N} € Op"(A-Mod)) be the operad with N4(n) =
A (resp. Ni(n) = A) for n € N and the natural structure maps. Note that both

categories Alg™ (Ny) are not equivalent to the category Comm(A) but there are
functors

o : AlgW () = Comm(A)
which are defined to be the left adjoints of the pullback functors Comm(A4) —

Alg(/\/ﬁ")). These adjoints exist since they exist on free algebras and every algebra
is a coequalizer of two maps between free algebras (as is always the case for algebras
over a monad).

Let O € Op'”)(A-Mod) and B € Alg(0). As for ordinary algebras one defines
the universal enveloping algebra Up(B) as the quotient of the tensor algebra

H O(n + 1) ®s, B®"

n>0
by the usual relations. Un(B) is an associative unital algebra in A-Mod, hence it
is an Ay -algebra in C (i.e. an algebra over the operad L considered as a non-%
operad), which also has a universal enveloping algebra Uz (Up(B)) € Ass(C). One
has canonical equivalences

B-Mod ~ Up(B)-Mod ~ Uz (Up(B))-Mod .
Let Fg : A—Mod — B—Mod be the free B-module functor.

As in section 6 one shows the

Theorem 10.6. Let A be cofibrant in Comme, let O € Op(A-Mod) (resp. O €
Op?(A-Mod)) and B € Alg(O). Let one of the following two conditions be satisfied:

(1) O is cofibrant as an object in (A-Mod)** (resp. in (A-Mod)***) and B
is a cofibrant O-algebra.

(2) O is cofibrant in Op(A—Mod) (resp. OpP(A-Mod)) and A is cofibrant as
an object in A-Mod (resp. in A—Mod").

Then there is cofibrantly generated model structure on B—Mod with generating cofi-
brations FgF oI and generating trivial cofibrations FgFsJ.
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Definition 10.7. An E.-operad (resp. pointed Ey -operad) in A—Mod is an object
O € Op(A-Mod) (resp. O € OpP?(A-Mod)) which is cofibrant as an object in
(A-Mod)*>* (resp. in (A—Mod)>**) together with a map O — Ns which is a weak
equivalence. A pointed E-operad O is called unital if it is unital as an object in
Op? (A-Mod).

For O a pointed E.-operad in A—Mod let us define the operad O in the same
way as in section 8. Then we have analogues of Lemmas 8.2 and 8.3 and Corollary
8.4. So we are able to construct a unital E,.-operad in A-Mod by first taking a
cofibrant resolution O — N4 in Op(A-Mod) and then forming O. This will be
relevant in the Remark.

Let B € Alg(O) be cofibrant. As in Lemma 8.6 one can show that the map
Uon(B) — B adjoint to the pointing A — B is a weak equivalence.

For the rest of this section let us fix an unpointed Es-operad O in A-Mod (we
could also take a pointed one). Let m be the map O — N4.

Lemma 10.8. Let A be cofibrant in Comme. Then the composition

T CNA
Alg(0O) —— Alg(N4) —= Comm(A)

is a Quillen equivalence.

Proof. This follows from the fact that for a cofibrant A-module M the map
O(n) ®@x, M¥am 5 MBan/s
is a weak equivalence. a

Lemma 10.9. Let A be cofibrant in Comm¢ and let B € Alg(O) be cofibrant. Then
the functor
B-Mod — (Cy, o 7). (B)-Mod

is a Quillen equivalence.
Proof. This follows from the fact that the map Uz (Un(B)) — Uz((Crr, © 7)«(B))

is a weak equivalence, which follows itself from the description of these algebras in
terms of transfinite compositions as in Propositions 4.8 and 6.5. g

Lemma 10.10. Let A be cofibrant in Comme and let B € Alg(O) be cofibrant.
Then Uo(B) is cofibrant as object in A—Mod".

Proof. Follows by the description of Un(B) as in Proposition 6.5. O
Corollary 10.11. Let A be cofibrant in Comme. Then for cofibrant B € Alg(O)
and cofibrant M € B-Mod the underlying A-module M is cofibrant in A—Mod.
Proof. Follows from Lemmas 10.10 and 10.3 and transfinite induction. d

Lemma 10.12. Let p1 and A be ordinals and let S, 1 and Sx + be as in Proposition
4.8. Then there is a (necessarily unique) isomorphism

@ Sxtut = Sut X Sht

of well-ordered sets.
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Proof. There is a natural inclusion Sy — Sxyu+, and ¢ maps its image to
{¥} xS + in the natural way. Now let f € Sy4, with f(i) ¢ Nfor some i € . There
is a segment My C Sx4, starting at f which is isomorphic to Sy + as a well-ordered
set. Via this identification Sy corresponds to all f' € Sxy, with f'|, = f|. + 3.
Then ¢ maps My to {f|,} x Sx+ if i > 0 and to {f|, — 3} x Sx4 if i = 0. It is
easy to see that this way ¢ is well-defined, bijective and order-preserving. O

Remark 10.13. If f € Sy and g € S, + are successors, then ¢ maps (fUg)—1
to (g_ laf_ 1)

Proof of Proposition 9.12. By Lemmas 10.8 and 10.9 we can work in Alg(O). So
let B,C € Alg(O) be cofibrant. Let us denote the coproduct in Alg(O) by Us. We
have to prove the base change isomorphism for the diagram

B—%Bu,C .

I
A—r >0
Let M € B—Mod be cofibrant. Then f*M is cofibrant in A—Mod by Corollary 10.11.
Hence the base change morphism is represented by the morphism of Up (C')-modules
Uo(C) <a M — Uo(B Ua C) Que,(sy M which is adjoint to the map M = A <4
M — Uo(B U C) <y, sy M. We can assume that M is a cell module. Then by
transfinite induction we are reduced to the following statement: Let K € A-Mod
be cofibrant. Then the map Up(C) <4 (Uo(B) <4 K) = Up(BUs C) <4 K
is a weak equivalence. By Lemma 10.3 this follows if we show that the map of
B-modules ¢ : Up(B) 04 Up(C) = Up(B U C) (where we exchanged the roles of
B and C) is a weak equivalence. It suffices to prove this for cell algebras B and
C. So let B = colim;<)B;, where the transition maps are given by pushouts by
cofibrations g; : K; — L; in A—Mod with cofibrant domain as in Proposition 4.8.
Similarly let C' = colim;<,C};, where the transition maps are given by pushouts
by cofibrations h; : M; — N; in A—Mod with cofibrant domain. Then the map
0 = Up(B Uy C) is described as in Proposition 6.5 by a Sy, +-sequence (1).
Since the maps 0 — Up(B) resp. 0 — Up(C) are Sy - resp. S, y-sequences,
the map 0 — Up(B) a4 Up(C) is a Sy, x Sy +-sequence (2) by Lemma 2.1 (this
also holds in the case of a symmetric monoidal category with pseudo-unit). Let
a: Su+ X Sx4+ — Sxypu+ be the isomorphism of well-ordered sets of Lemma
10.12. Let f € Sy 4+ and f' € S, + be successors. Then « identifies (f LU f') — 1 and
(f'—1,f —1), and the relevant pushouts in the sequences (1) and (2) are by maps

O f(i O.f'(i
O(fuf+ 1) @s,,, Deongr /0.0 77 and

O(f1+1) ® O(f'| +1) ®x,xx, Dirgr P00 b1
It is easy to see by transfinite induction that the map v is compatible with sequences
(1) and (2) via the identification a on the indexing sets and with the above pushouts
by the map induced by the tensor multiplication map O(|f| + 1) ® O(|f'| +1) —
O(]f U '] + 1) which inserts the second object into the last slot of the first object.
This map is a weak equivalence because O is an E4.-operad, hence the claim follows
by transfinite induction. O
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Proof of Proposition 9.13. By Lemmas 10.8 and 10.9 we can assume that we have
a cofibrant B € Alg(0), a cofibrant N € B-Mod and a cofibrant M € A-Mod and
prove the projection isomorphism for M and the image N of N in B-Mod , where
B is the image of B in Comm(A). Since N is cofibrant as A-module by Corollary
10.11 the projection morphism is represented by the composition

MR4N - MR4N=(Bay M)Rg N ,

where the isomorphism at the second place is from Lemma 9.9. So we have to show
that the first map is a weak equivalence. We can assume that N is a cell module.
Then by transfinite induction one is left to show that for a cofibrant A-module K
the map M K4 (Uo(B) <4 K) = M R, (B <4 K) is a weak equivalence. But
this map is the map from the free B-module on M K4 K to the free B-module on
M X, K, which is a weak equivalence by Lemma 10.9. Hence we are finished. O

11. REMARK

Assume that Assumption 9.6 is fulfilled.

In this section we give an alternative definition of a product on the derived cat-
egory of modules over an algebra in D<?Comm¢ := D<?Alg(N) without using
the special properties of the linear isometries operad. Unfortunately it seems to
be rather ugly (or difficult) to construct associativity and commutativity isomor-
phisms, and we did not try hard to do this! Note that D<?Comme is the same up
to canonical equivalence as the category denoted with the same symbol in section
9. If O is a unital E-operad and A € D=2Comme, then there is a representative
A € Ho<2?Alg(O) which is well defined up to an isomorphism which itself is well
defined up to a unique 2-isomorphism. There is a similar statement for a lift of A
into Alg(0O).

Let us first treat the case where C is simplicial, since it is a bit nicer. Let O be
a pointed E.-operad in SSet and denote by O also its image in Op(C). In SSet
the diagonal A : O — O x O is a map of operads, hence we also have a map of
operads O — O ® O in Op(C).

We will define a tensor product on Ho A-Mod for a cofibrant O-algebra A.

First note that for O-algebras A and B the tensor product A ® B is a O ® O-
algebra, hence also a O-algebra via A. Also for an A-module M and a B-module
N the tensor product M ® N has a natural structure of an A ® B-module. If
A, B are unital there are induced maps in Alg"(0) A = A®1 - A® B and
B=1® B - A® B.

Proposition 11.1. Assume that O is either unital or cofibrant in Op(C). Let
A, B € Alg"(O) be cofibrant. Then the canonical map AU B — A® B in Alg"(O)
induced by the maps A - A® B and B — A® B is a weak equivalence.

Proof. This proof is very similar to a part of the proof of Proposition 9.12. By
Lemma 8.2 we are reduced to the case where O is unital. It suffices to prove the
claim for cell algebras A and B. So let A = colim;-)A;, where the transition
maps are given by pushouts by maps g; : K; — L; as in Proposition 4.8. Similarly
let B = colim;<,B;, where the transition maps are given by pushouts by maps
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h; : M; — N;. Then the map 0 — AU B is described by Proposition 4.8 by a Sx4,,+-
sequence (1). Since the maps 0 — A resp. 0 — B are Sy 4- resp. S, y-sequences,
the map 0 - A®Bisa S, 1 xSy -sequence (2). Let v : Sxip4+ — Sa+ XSy 4+ be
the isomorphism of well-ordered sets of Lemma 10.12. Let f € S\ 1 and f' € S, +
be successors. Then « identifies (f U f') — 1 and (f' — 1, f —1). The relevant
pushouts in the sequences (1) and (2) are by maps

O(fuf1) 8y Di<>\g?f(i)DDi<uhzl'jf @ and

O(f) @ O(f']) @5, xs, Hicagy 00,y ™
and again one shows by transfinite induction that the map ¢»: AUB - A® B is
compatible with sequences (1) and (2) via the identification « on the indexing sets
and with the above pushouts by the map induced by

OUIf| +If') === O(f1 + 1) @ O(f| + ') 22 0(£) @ O(F']) |

where 8 inserts the pointing 1 — O(0) into the last |f’| slots of O(|f| + |f'])
and v inserts the pointing into the first |f| slots. This map is a weak equivalence
since O is an FE.-operad, so our claim follows by transfinite induction and the
assumptions. (]

Assume that O is either unital or cofibrant in Op(C). For any cofibrant O-algebra
A let Q4 denote a cofibrant replacement functor in A-Mod. Let A € Alg"(O) be
cofibrant. Then the map AU A - A ® A is a weak equivalence. Now define a
functor
T: A-Mod x A-Mod — A-Mod by
T(Mv N) = (A UA— A)*(Q(AuA)(QAM ® QAN)) :

It is clear that T descents to a functor
T: D(A-Mod) x D(A-Mod) — D(A-Mod) .

We will see that this functor is naturally isomorphic to the tensor product defined
in section 9.

Now we skip the restriction of C being simplicial. Let O be a unital E-operad
in C which always exists by Lemma 8.2. Then the operad O ® O is also a unital
Ex-operad. TLet A,B € Alg(O® O0). Let 1 : OO0 - O N =2 O and
T 00 =5 N®O =2 O be the two projections and define A; := m; . A,
B; :=m;«B, i =1,2. Note that m; and m are weak equivalences. There are maps

A1®]l—)A1®B2 and

]1®BQ—)A1 ®B2

of O ® O-algebras and natural isomorphisms of O ® O-algebras A; ® 1 = 77 A,
and 1 ® By = 75B>, which are on the underlying objects in C the isomorphisms
A1 = A and 1® By = Bs. Using the adjunction units A — 77 A; and B — 73 B>
we finally get maps A - A; ® By and B — A; ® Bs, hence a map

AUB — A ® By

of O ® O-algebras.

Proposition 11.2. Let A, B € Alg(O ® O) be cofibrant. Then the map AL B —
Ay ® Bs constructed above is a weak equivalence.
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Proof. The proof of this Proposition is exactly the same as the one for Proposition
11.1, except that this time the relevant pushouts in the sequences (1) and (2) are
by maps

©O(fu @O u ) @, Diorg?”"O0icuh?” and

O(f) ® O(f')) ®x;xx, Licxgs " P00, h77 @
The map AU B — A; ® B, is again compatible with these pushouts by the map
induced by

B®Y
o1+ 11N @ O(fI + [f']) —= o) @ O(f'])
where 3 inserts the pointing 1 — O(0) into the last |f’| slots of O(|f] + |f']) and
«y inserts the pointing into the first | f| slots. This map is again a weak equivalence
since O is an E,-operad, so we are done. a

Let DComm¢ := DAlg(N).
Corollary 11.3. The natural functor M : DComme — HoC has a natural sym-
metric monoidal structure with respect to the coproduct on DComme and the tensor
product on HoC.

If S-modules are available in C it is clear that this symmetric monoidal structure
is naturally isomorphic to the one constructed at the end of section 9.

Let now A € Alg(O ® O) be cofibrant. Note that for M, N € A-Mod the tensor
product 7y « M ®m2 N is an A; ® A>-module, hence also an AU A-module. Consider

the functor
T: A-Mod x A—Mod — A—Mod ,

(M, N) — (A A — A)*(QALJA(WL*(QAM) X 71'27*(QAN))) .
It is again clear that T descents to a functor

T: D(A-Mod) x D(A-Mod) — D(A-Mod) .

To see that this functor is isomorphic to the previous functor 7" in the simplicial
case one takes the previous O to be O ® O and looks at the map of O ® O-algebras
(obtained via the diagonal) A® A — (4; ® 1) ® (1 ® A). The last algebra is
isomorphic to the O ® O-algebra A; ® A>. Hence for A-modules M and N we get
a map of A ® A-modules M ® N — M; ® N, which is a weak equivalence. From
this one gets the natural isomorphism we wanted to construct.

It remains to show that in the cases C receives a symmetric monoidal left Quillen
functor from SSet or Comp~,(Ab) the functor T' is isomorphic to the tensor prod-
uct ® 4 defined in section 9.

To do this let @ be a unital E-operad in S—-Mod = Is—Mod and let O := O®s1
be its image in Op(C). The operad O ® O (which is defined componentwise) is also
a unital E.-operad whose image in Op(C) is O ® O. Then by the above procedure
one can define a tensor product on Ho (A-Mod) for a cofibrant O ® O-algebra A,
and it is easy to see that this coincides (after the appropriate identifications) with
the product T' defined above on Ho (A-Mod) (A is the image of A in Alg(O ® O))
on the one hand and with the product X4 on Ho (A’-~Mod), where A’ is the image
of A in Commpg, on the other hand.



Part 11

12. A TOY MODEL

In the second part of this thesis we want to give applications of the general
theory of the first section. Our main application is the construction of what we call
limit motives. They are a motivic analogue of limit Hodge structures considered
by Schmid, Steenbrink, Varchenko, et. al. The basic idea is the following: Let
D:={z€ C||z| <1} and D* := D\ {0}. Consider a proper family of complex
algebraic manifolds f : X — D such that f*: X* := f~!(D*) — D* is smooth and
Y := f71(0) is a divisor with normal crossings in X. Let X; := f~1(¢) for t € D*.
Then the H™(X;,C) are part of pure Hodge structures and there is a way to put a
mixed Hodge structure on lim; o H"(X,C) depending on the direction in which ¢
moves to 0 such that the weight filtration is given in terms of the monodromy action
around 0. The considerations in [Del] suggest that these limit Hodge structures are
fibers of a unipotent variation of mixed Hodge structures on C*, the pointed tangent
space of D at 0.

Let now C be a smooth curve over a field ¥ C C and zg € C(k). Let C° :=
C\ {xo}. We are going to propose a construction which associates to any motivic
sheaf F on C° a unipotent motivic sheaf F on T¢. ., the pointed tangent space of
xo in C. Let f: X — C be a proper morphism such that f°: X°:= f~1(C°) —
C° is smooth and Y := f~'(zp) is a divisor with normal crossings in X. Let
F := Rf.Z as a motivic sheaf on C°, i.e. F is an object in a certain triangulated
category possessing suitable Hodge realizations. Then the Hodge realizations of
Fi, t € T¢. »,(C), should give the limit Hodge structures of the H"(X(C),,C),
z € C°(C). We will examine this and further questions in a forthcoming paper.

We now sketch the method of the construction of the functor F — F in a toy
model. Let S be a 2-dimensional real manifold, z € S and S° = S\ {z}. Let D
be a small disc around z in S and D° = D \ {z}. For a manifold M let DM (M)
be the derived category of the category of sheaves of abelian groups on M. This
is the homotopy category of a symmetric monoidal model category satisfying our
assumptions of Part I. Let UDM (M) be the smallest triangulated subcategory
of DM (M) containing the constant sheaf Z and closed under arbitrary sums. The
objects in UDM (M) should be thought of as generalized unipotent objects. Clearly
we can identify UDM (D°) and UDM(T§ ,) via some choice of inclusion D < Ts ,
inducing the identity on the tangent spaces at x and 0.

Let F € DM(S®) such that F|p. € UDM(D®). Then we get a sheaf F as
the image of F|peo in UDM (T§ ). Unfortunately this assignment is not algebraic
if we replace S by a complex smooth algebraic curve. What we can do is the
following: Let i : {z9} — S be the closed and j : S° — S the open inclusion. Let
p: Tg,, — {zo} be the projection. Then we have two main observations:

There is a canonical isomorphism i*Rj.Z = Rp.Z in DM ({zo}) = D Comp(ADb).
This isomorphism can also be constructed as an isomorphism in DComm ¢,pmp(ab)
(for the definition of DComm ¢ypp(apb) see 9.5). This isomorphism is not enough
to get an equivalence of the derived categories of modules over these algebras.
But fortunately there is also a chain of weak isomorphisms in D§2Commgomp( Ab)
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connecting 1*Rj,Z and Rp.Z, which is sufficient to get a canonical equivalence
D(i*Rj.Z-Mod) ~ D(Rp.Z—Mod). (for the definition of the module categories see
9.11). The motivic version of these statements is Proposition 15.19.

The second observation is that D(Rp.Z—Mod) is equivalent to the full subcate-
gory UDM(T§ ,,,) of DM (TS, ). This is motivated by the fact that the Ext groups
in both categories between the tensor unit and itself are the same. An abstract
version of this statement is Theorem 13.4 of the next section. The motivic versions
are Corollaries 15.12 and 15.14.

Now we can start with any 7 € DM (S°) and form i*Rj,F as a module over
i*Rj.Z. Sending i*Rj, F further along the two equivalences

D(i*Rj«Z~Mod) ~ D(Rp.Z~Mod) ~ UDM(Tg ,,)
defines indeed a natural functor
DM(S°) = DM(Tg ,,)
which now has a motivic analogue as we shall see.

The existence of this motivic local monodromy functor will in particular give
tangential basepoint functors in the motivic setting, for example it will be possible
to define the motivic fundamental group of ]P’b \ {0, 1, 00} with base point 01 as was
done in [Del] for the realization categories. Then it is not hard to construct motivic
polylogarithm sheaves such that all conditions of [BD] are satisfied for the motivic
proof of the weak Zagier Conjecture. We will come back to this application in a
future paper.

13. UNIPOTENT OBJECTS AS A MODULE CATEGORY

The equivalence D(Rp.Z-Mod) ~ UDM (TS, ) mentioned in the introduction
also has a relative version. In the applications we will need such a relative version
in the following situation: Let f: X — S be a morphism of schemes. In the next
sections we will consider triangulated categories of motivic sheaves DM (S) and
DM (X). There is a functor f*: DM (S) - DM (X) which is the functor induced
on the homotopy categories of a symmetric monoidal left Quillen functor between
symmetric monoidal model categories. The statement we are going to formulate is
that under some conditions it is possible to describe the full subcategory of DM (X)
consisting of objects which are unipotent relative to S (which means that they are
successive (possibly infinitely many) extensions of objects coming from DM (S) via

f*, see below) by the category of modules over the relative cohomology algebra
Rf, 1.

In the following we will replace the notation Rf. etc. by f. for the derived
functors. If f. is taken for the model categories or the homotopy categories will
depend on whether the object f. is applied to is an element of the model or the
homotopy category.

We examine the question above in the following general situation: Let f* :
C — D be a symmetric monoidal Quillen functor between cofibrantly generated
symmetric monoidal model categories satisfying Assumption 9.6. Let f. be the
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right adjoint of f*. Let 1p — RI1p be a fibrant replacement of the initial object in
Commyp and set A := Qf.(R1p) € Comme. We then get an adjunction

f*
D(A-Mod) =—= HoD ,
I

where f* first maps to D(f*A-Mod) and then to D via pushforward along the
natural map f*A — 1p.

Our aim is to formulate conditions under which f* is an equivalence onto its
image. If this is the case the objects in the image of f* can be viewed as generalized
unipotent objects with respect to C, i.e. they are constructed by some iterated
homotopy colimits of objects coming from C, see below.

13.1. Subcategories generated by homotopy colimits. By a homotopy colimit
in HoC we mean the image in Ho C of a homotopy colimit over a diagram D : I — C.
(see [Hir, Definition 20.1.2] for homotopy colimits). By the homotopy colimit of a
diagram D : I — C we mean the homotopy colimit of the diagram QD. For an
ordinal A a homotopy A-sequence is a homotopy colimit of a diagram D : A\ — C
such that for any limit ordinal v < A the map from the homotopy colimit of D|,
to D(v) is a weak equivalence. We call a full subcategory C' of C saturated if C' is
equal to its essential image.

Definition 13.1. Let C' be a class of objects in HoC. By the full subcategory of
HoC C-generated by homotopy colimits we mean the smallest saturated full subcat-
egory (C)y,c of HoC which contains C and is closed under homotopy colimits, i.e.
contains all homotopy colimits whose terms map to (C)y, -

13.2. The result. Recall that a model category C is called stable if the suspension
functor on HoC is an equivalence (see [Hov1, Definition 7.1.1]). In this case HoC
is a (classical) triangulated category.

Lemma 13.2. Let C be a stable model category and
B . D
I
g
A——C

be a homotopy pushout square in HoC. Then there is an exact triangle in HoC of
the form
There is a dual statement for homotopy pullback squares.

Proof. We have to check that the diagram

%D

0
T T;}@f~
A (fvfg)

—Boal
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is a homotopy pushout square in HoC. Therefore it is sufficient to check that for
any T" € HoC the induced square on mapping complexes

pt < map(D,T)

| |

map(A,T) <— map(B,T) x map(C,T)

is a homotopy pullback square in Ho SSet. Since C is stable we know that map(A4,T)
has the homotopy type of a loop space. So we are reduced to the following situation:
Let X, Y and Y’ be topological spaces and suppose that X is pointed. Let f: ¥V —
QX and f': Y’ — QX be maps. The homotopy fiber product of Y — QX + Y’ is
given by the space E consisting of triples (y,y', ), where y € Y, 3’ € Y’ and ¢ is
a homotopy from f(y) to f'(y'). Let f~! be the map which is the composition of f
and the automorphism of QX which sends a path to its invers. Then the homotopy

—1 1
fiber product of pt —» QX (f<—7f) Y x Y’ is given by the space F consisting of
triples (y,y’, ), where y € Y, y' € Y' and ¢ is a path from f(y)~! * f' to the
identity. Clearly there is a natural homotopy equivalence E ~ F' giving the square
above in Ho SSet after the identifications QX = map(A,T), Y = map(B,T) and
Y" = map(C,T). This proves our claim. O

Remark 13.3. If we allow for one of the summands § or f in the map G & f
appearing in the Lemma to be arbitrary then there is an easy proof of the statement
involving only arguments in the triangulated category HoC.

The main theorem of this section is

Theorem 13.4. Let C, D, etc. be as in the first paragraph of this section. Assume
that the following conditions are fulfilled:

(1) For M € HoC the image of a domain or codomain of a generating cofibra-
tion of C the projection morphism M @ A* — f.(f*M) is an isomorphism.

(2) The functor f. : HoD — HoC commutes with homotopy \-sequences for
all ordinals \.

(3) C (and hence also D) is a stable model category.

Then the symmetric monoidal functor f* is an equivalence onto its image and its
essential image is the full subcategory of D f*(D)-generated by homotopy colimits,
where D is the set of all domains and codomains of the generating cofibrations of
C. This subcategory is a ®-subcategory.

Proof. For the equivalence it is sufficient to show that the unit Idgee — fi o f* of
the adjunction is an isomorphism. Let I be the generating cofibrations of C. Let
X: A—>Chbean A < (S® I)-cell complex in A-Mod (so X, is the inital object),
such that X;,1 is a pushout of X; byamap A< (S® fi): A< (S® 4;) - A«
(S®B;) with f; € I. Let 7 : f*A — R1p be the natural map in Commp. We show
by induction on ¢ € A that the map X; — f.(R(m.f*X;)) is a weak equivalence.
For i a limit ordinal this follows from our second condition. Let us prove it for i+ 1:
Since C is stable Lemma 13.2 gives an exact triangle

A AQ(S®A) 5 Ad(S®B) @ X; = Xipr — (A< (S® A4))[1]
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in the triangulated category D(A-Mod) which 7, o f* maps to the exact triangle
No: [5(Ai) = [5(Bi) ® *(Xi) = F*(Xi1) = f*(A)[1]

in HoD. Now again by stability the unit gives a map of exact triangles A; —
f*(Ag), which is by the projection ismorphism (the condition 1) and by induction
hypothesis an isomorphism on the first two terms, hence it is an isomorphism on
the third.

The essential image of f* clearly is contained in the full subcategory of HoD
generated by colimits in f*(HoC). Let D : I — (Rlp—Mod).s be a small diagram
which maps on the homotopy level to the essential image of f*. Then f,(D) is
a diagram in A-Mod, and the natural map 7. f*(Qf.(D)) — D is an objectwise
weak equivalence by the first part of the Theorem. The claim now follows since
. f* preserves homotopy colimits. a

14. EXAMPLES

Our main examples will be for the A'-local homotopy categories of spaces or
of motives over some base scheme, which have all been introduced by Vladimir
Voevodsky. The homotopy categories of spaces will be modeled on the category
of sheaves of simplicial sets on some site of schemes, the homotopy categories of
motives on the category of complexes of sheaves of abelian groups with transfers
on sites as above. The meaning of the various expressions will be explained later.
What is important is that there will be Quillen functors on the corresponding
model categories from spaces to motives and for a change of base schemes. In this
section we will give a general scheme which will set all these model structures and
functorialities on a common footing.

14.1. Basic example. We start with a closed symmetric monoidal bicomplete
category S and a symmetric monoidal complete Grothendieck abelian category A
(which hence is also cocomplete) together with a symmetric monoidal left adjoint
[: S — A. For example in the case of the toy model of section 12 S is the category
of sheaves of sets on a manifold M, A the category of sheaves of abelian groups on
M and [ the functor which sends a sheaf of sets F' to the sheaf of abelian groups
freely generated by F. Let Ch(A) denote either Comp(A) or Comp~(A). We
have an induced pseudo symmetric monoidal functor L : A°PS — Ch(A) which
is the composition of A°P] and the associated normalized complex functor. Let R
denote the right adjoint of L. Let W C A°PS be a subcategory such that W as weak
equivalences and the monomorphisms as cofibrations are part of a left proper model
structure on A°PS. We call this model structure the injective model structure. On
Comp~y(A) and Comp(A) there is also an injective proper model structure as
explained in [Hov4], and the natural embedding Compo(A) — Comp(A) is a left
Quillen functor. We suppose that L()V) consists of quasi isomorphisms, that a map
f in Comp~y(A) is a quasi isomorphism if and only if R(f) € W and that for a
trivial cofibration f in SSet and a monomorphism ¢ in S we have fOg € W.

Let I° (respectively 1) be the set of generating cofibrations of SSet (respectively
of Ch(Ab)) and J* (respectively J%) the set of generating trivial cofibrations of
SSet (respectively of Ch(Ab)).
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Let M be a set of monomorphisms in S such that /(M) also consists of monomor-
phisms. Set I3, := I°0O0M, J§, := J°OM, I}, := I*00M and J}, := J*OM. Here
one should have in mind the situation of our toy model from section 12 where M
will be the set of maps [V] — [U] for open inclusions V C U C X ([U] denotes the
sheaf represented by U). We formulate the following conditions for M:

CO 1 € S appears as a codomain of a map of M.

C1 For any domain or codomain X of a map of M the map ) — X is also
contained in M.

C2 Let f € J§-inj. Then f € W if and only if for any codomain X of a map
of M the map Hom(X, f) is a weak equivalence in SSet.

C3 Any codomain X of a map of M is finite, i.e. the functor Hom(X, )
commutes with sequential colimits.

C4 For f,g € M the pushout product fOg is also contained in M.

Then we have

Proposition 14.1. If M satisfies C1 — C3 the sets I3, and J3, (respectively IS,
and J{,) form a set of generating cofibrations and generating trivial cofibrations
for a left proper model structure on A°PS (respectively a proper model structure on
Ch(A)) such that L is a left Quillen functor. The domains and codomains of the
generating (trivial) cofibrations of these model structures and, if CO is fulfilled, the
units of the symmetric monoidal structures are cofibrant and finite. If moreover C/
is valid the model structures are symmetric monoidal and L is a pseudo symmetric
monoidal Quillen functor.

Proof. First we verify the conditions of [Hovl, Theorem 2.1.19] for the two cate-
gories in question. Clearly the domains and codomains of the generating (trivial)
cofibrations are finite, hence properties 2 and 3 are fulfilled. 1 and 4 are true by
our assumptions and by the injective model structures. By C1 a map f € J3,-inj
lies in I§-inj if and only if it has the right lifting property with respect to all maps
(0A™ — A™) x X for every codomain X of a map of M. Hence condition 5 and
the second alternative of condition 6 follow from C2. These conditions for Ch(.A)
follow then by adjunction applying in the case of Comp(A) appropriate shifts of
complexes. If C4 is fulfilled the model structures are symmetric monoidal by [Hov1,
Corollary 4.2.5]. Left properness follows from left properness for the injective model
structures. The remaining statements of the Proposition are clear. d

Remark 14.2. If we enlarge the set of monomorphisms M by maps whose domain
and codomain appears already as a codomain of a map in M the conditions CO—C3
are still fulfilled.

14.2. cd-structures. We give examples of the above situation. S will always be
the category of sheaves of sets on a small site coming from a complete, bounded
and regular cd-structure P on a category C' (see [Vol, Section 2]). If we take as set
of monomorphisms M p all maps p(A) — p(X) for squares in P as in [Vol, Def.
2.1] (here p(X) is the sheaf associated to the presheaf represented by X) together
will all maps § — p(X) for X € C the conditions for M are fulfilled except possibly
C4. Proposition 14.1 yields the model structure of [Vol, Theorem 4.5]. But also
model structures with enlarged set of monomorphisms are interesting, for example
to ensure C4.
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Let S be a separated Noetherian scheme, Sch/S the category of separated Noe-
therian schemes of finite type over S, Sm/S the full subcategory of smooth schemes
over S and Prop/S the full subcategory of proper schemes over S. Let C be one of
these categories and P one of the complete cd-structures of [Vol, Lemma 2.2] on
C. P is also bounded and regular by the results of [Vol]. In the following S will
always be the category of sheaves on C' for the topology generated by P. We call
this topology tp.

For the cd-structures P which are either contained in the upper (respectively the
lower) cd-structure Mp also fulfills C4, since the domain of a pushout product of
maps of Mp is again an open (respectively a closed) subscheme of the codomain
by the definition of the topology tp. For the combined cd-structures we have to
enlarge Mp in the following way: First we build the union over all maps D?zl fis
fi € Mp to get the set M, and then we adjoin all maps ) — X to M for all domains
X of maps of M arriving at a set Mpg. We set Mpg := Mp if P is contained in
the upper or lower cd-structure.

Lemma 14.3. Mpn satisfies condition C2.

Proof. The “only if” part is clear. Let f: A — B be a map in Jaq, 5-inj N W.
The general domain of a map in M (see above) is the domain D of a map (Z C
X)OU CY) for Z C X closed and U C Y open, X, Y of finite type over S.
We know that Hom(D, f) is a fibration, so to show that it is a weak equivalence
we can choose a point y € Hom(D, B) and show that F := Hom(D, f)~!(y) is
contractible. We have Hom (D, A) = Hom(X x sU, A) Xgom(zx sv,4)Hom(Z xsY, A)
(similar for Hom(D, B)). Let y1, y> and § be the images of y in Hom(X x g U, B),
Hom(Z x Y, B) and Hom(Z x U, B) and Fy, F5 and F be the corresponding fibers
with respect to the obvious maps. Then F' = F} x5 F», and the maps F; — ﬁ,
1 = 1,2, are fibrations by the following Lemma. Hence F' is contractible as well. O

Lemma 14.4. Let M be a set of injections in C, let ¢ : A — B be a map in M
and let f: X =Y be a map in Ja-inj. Let y € Hom(B,Y) and y' be the image
in Hom(A,Y). Then the map of fibers Hom(B, f)~'(y) — Hom(A, f)~(y') is a
fibration.

Proof. 1t follows from the definition of Ja that the map in question has the right
lifting property with respect to the maps A C A™. O

So Mp is a set of monomorphisms in A°PS satisfying C0-C4.

14.3. Sheaves with transfers. We now have to explain what 4 will be. We
denote by Cor(C) (respectively Coreq,i(C)) the category with the same objects
as C' and with homomorphism groups Hom g, (o) ([X], [Y]) = ¢(X,Y) = (X x5
Y/X,0) (respectively Home,,.,, .oy ([X], [Y]) = Cequi(X,Y) := cequi(X x5 Y/X,0))
(for notation see [SV1, after Lemma 3.3.9]).

There is a functor C' — Cor(cqu:(C), which sends X to [X] and a morphism
f: X —= Y to the cycle associated to the closed subscheme X;eq C X X5V,
the graph of f. A presheaf with (equidimensional) transfers on Cor (.4 (C) is an
additive contravariant functor from Cor(.qyi)(C) to the category of abelian groups.
It is called a tp-sheaf with transfers if the composite with C' — Cor (.4 (C) is a
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tp-sheaf. The category of presheaves with transfers (respectively of ¢ p-sheaves with
transfers) is denoted by PreShv(Cor (.qui)(C)) (respectively Shvp(Cor (.qui)(C))).
Assumption 14.5. We have to make the following restrictions to ensure that
there is an exact associated sheaf functor: We use either the Nisnevich topology
with sheaves with equidimensional transfers on Sch/S or Sm/S or the cdh-topology
with sheaves with all transfers on Sch/S.

Assuming this assumption PreShv(Cor (.qui)(C)) and Shvp(Cor (.qui)(C))) are
Grothendieck abelian categories and there is an exact associated sheaf functor

PreShv(Cor (equiy(C)) = Shvp(Cor (oquiy (C))

which commutes with the functor which forgets the transfers. Write Z(X) for
the corresponding t p-sheaf with transfers associated to the presheaf with transfers
represented by [X]. Note that the map Zy(Xred) = Zr(X) is an isomorphism.

In the following we sometimes abbreviate xg by x.

14.4. The tensor structure for sheaves with transfers.

Proposition 14.6. Cor(.q,)(C) is a symmetric monoidal additive category where
the tensor product on objects is given by [X]|® [Y] =[X xgY].

Proof. In the following we write ¢(X,Y") for either ¢(X,Y") or cequi(X,Y") (similarly

for ¢(X/S,0)). Let X,Y, X', Y' € C. We define a bilinear exterior product map
Ko e(X,Y) x (X Y') = e(X xg XY x5 V')

in the following way: Let W € ¢(X,Y) and W' € ¢(X",Y"). Let Z' := eycl(X x

X' = XYW € (X x X' xY'/X x X',0) and Z := eycl(X x X' x V' —

XY (W) ece(X xY x X'xY'/X x X' xY',0) (see [SV1, p. 29] for the definition

of cycl). Then the correspondence homomorphism from [SV1, 3.7] yields a cycle

WRW':= Cor(Z,Z") € ¢(X xY x X'xY'/X x X',0), which defines the desired
map.

Claim 1: The diagram
(X, Y)@ce(X)Y) —=c(X xs X', Y xgY') ,

| l

(XY ®c(X,V) —= (X' x5 X,V x5 )

where the vertical maps are (induced from) natural commutativity morphisms,
commutes.

Proof. Let W = Y0, n;W; and W' = > " m;W/, where the W; and W/ are
integral schemes. Let 71, ...,n, be the generic points of X xg X'. The W; xg WJ'
are naturally schemes over X x s X', and we denote by (W; xsWj),, their pullbacks
to the n. We show that

WRW' = ZnimjcyclnkXSYXsy,((Wi X g W]')nk) € Cyc(X xY x X'xY'),
.5,k
from which the claim follows because of the symmetry of the expression on the right

hand side (here cycl (_) is defined as in [SV1, 2.3]). First note that cycl(X x X' —
XONW') =2 pmaceyel,, o oy (X xs W))p, ), because every ny, lies over a generic
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point of X' and so the pullback to a blow-up of X' appearing in the definition of
cycl does not matter in this case. Let 7 be a generic point of 7/ := (X xg W}),,
appearing in there with multiplicity I, and T be the closure of 7 in X x X' x Y.
Then by definition of Cor the product W K W' is the sum over i, k and all such 7
of the m;l; - cycl(Tr — X x X' x Y')(Z) = m;l; - eyel(T, — X)(W). As above
we have cycl(Tr — X)(W) = 3 njeyel, v (T xx Wj). Moreover by comparing
dimensions of vector spaces over k(i) we have Y I, -cyel, . vy (T Xx Wj) =
cyel,, «ovxsy (T" Xx Wj), where the sum is over all generic points 7 of 7', so
because 7' x x W; = (W; xg W/),, we are finished. a

Claim 2: Let X,Y, Z,W € Cor(¢qui)(C) and f € ¢(X,Y) and g € ¢(Y, Z). Then
(gRIdw)o (fRIdw) = (go f) RIdw .

Proof. First observe that f KIdw = i.(cycl(X x W — X)(f)), wherei: X xY x
W X xY x W x W is identity times diagonal. Let gx := cycl(X xY — Y)(g).
Then by [SV1, Proposition 3.6.2] (go f) K Idyw is the pushforward of h := cyel(X x
W — X)(Cor(gx, f)) with respect to the natural map ¢ : X xY x ZxW — X x
ZxXWxW. Let fi := cyc (X xW — X)(f) and gxw = cycl (X xY xW — Y)(g).
By [SV1, Theorem 3.7.3] we have h = Cor(gxw, fw), so one needs to show that
w«(Cor(gxw, fw)) = (¢ X Idw) o (f K Idw ), which we leave to the reader since it
is straightforward. O

Claim 3: Let X, Y, X", Y" € Cor(cqui(C) and f € ¢(X,Y), g € ¢(X',Y"). Then
we have

(fRIdy/)o (ldx Rg) = fHyg.
Proof. Straightforward. O

Now the three claims immediately imply that the exterior product X together
with the obvious associativity and commutativity morphisms define a symmetric
monoidal structure on SmCor(S). O

From now on we assume that the conditions of Assumption 14.5 are fulfilled.

Definition 14.7. Let F,G, H € Shvp(Cor(cqui)(C)). A bilinear map F x G — H
is a bilinear map for F, G and H considered as presheaves on C such that the
induced bilinear maps F(U) x G(V) = F(U x V) xGU xV) - HU x V) are
functorial in U and V' for all maps from Cor(.qi)(C). Denote by Bil(F x G, H)
the group of bilinear maps from F x G to H.

Remark. This is the same as giving a system of bilinear maps as in [SV2, Lemma
2.1].

Lemma 14.8. For X,Y € C there is a bilinear map
bX7Y : ZtT‘(X) X Ztr(Y) — Zt,-(X Xs Y)
which is universal for bilinear maps Z (X )xZ(Y) — H, H € Shv n;s (SmCor(S)).
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Proof. For U € C the bilinear map ¢(U, X) x ¢(U,Y) — ¢(U,X x Y) is given
as the composition ¢(U, X) x ¢(U,Y) = ¢(U x U, X xY) = ¢(U,X xY), where
the first arrow is the exterior product map and the second one is composition
with the diagonal U — U x U. The corresponding bilinear maps Z(X)(U) x
Ziw(Y)(V) = L (X xY)(U x V) are the exterior product maps, which are functorial
for morphisms from Cor (.qu:(C) by Proposition 14.6. This defines bx y .

Now let ¢ @ Z(X) X Z(Y) = H, H € Shvp(Cor(equi)(C)), be a bilinear
map and px and py be the projections from X X Y to X and Y. Let ¢ be
the map Z(X xY) — H corresponding to h := ¢(px,py) € H(X xY). Let
(f,9) € c(U,X) x ¢(U,Y). Clearly (¢ o bx,y)(f,g9) = (U - X xY)*(h), which is
by the functoriality of ¢ with respect to morphisms from Cor (.4 (C) also equal to
o(f,9), so ¢ = obxy. Moreover ¢ is uniquely determined by this equality. O

Lemma 14.9. Let I and J be small categories and F': I — Shvp(Cor (cqui)(C)),
G : J = Shup(Cor(equiy(C)) be diagrams. Then for H € Shvp(Cor (cqui(C)) we
have
Bil((colimF) x (colimG),H) = lim Bil(F; x G;, H) .
(i,§)ETXT
Proof. Straightforward. O

Let the notation be as in the Lemma. It follows that if we have universal bilinear
maps F; x Gj — H(;j) then the natural bilinear map (colimF’) x (colimG) —
colim; j) H(; ;) is also universal. Since every sheaf is the colimit of sheaves of the
form Z;-(X) for X € C and because of Lemma 14.8 we can make the
Definition 14.10. For F,G € Shvp(Cor (.qu(C)) a tensor product for F' and G
is a universal bilinear map F x G — F ® G. This exists, is unique up to unique
isomorphism and commutes with colimits.

One easily shows that this tensor product defines a symmetric monoidal struc-
ture on Shvp(Cor (equiy(C)). The embedding Cor(.qui)(C) < Shvp(Cor (equi(C)) ,
[X] ~ Z(X), is symmetric monoidal.

14.5. Spaces and sheaves with transfers. We still work in the situation of
Assumption 14.5 for the abelian side. So let A be either Shv yis(Cor equi(Sm/S)) or
Shv can(Cor(Sch/S)) and S either Shvpy;s(Sm/S) or Shvcgn(Sch/S). The functor
C — Cor(cquiy(C) extends to a left adjoint [ : S — A by requiring that it commutes
with colimits. One easily checks that S, A and [ satisfy the conditions of section
14.1. Let Mpn be as in section 14.2.

Lemma 14.11. [(Mpn) consists of monomorphisms.

Proof. A map in {(Mpn) for which we have to prove something is of the form
Zw(Z ¢ X)O(U CY)) for Z C X closed and U C Y open. We prove that the
sequence

0= Zp(ZXU) = Zn(X xU)BZLin(Z XY) D Lp(X xY)

is exact as a sequence of presheaves. Let V € C. Let a = a1 ® ay € ker(p(V)).
Then the a4, i = 1,2, consist of integral subschemes supported on V' x Z x U, and
by the next Lemma the corresponding cycle on V' x Z x U belongs t0 ¢(equs) (V' X
Z xU/V,0). O
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Lemma 14.12. Let X € Sch/S and Y C X locally closed. Let Z = Y m;z; €
Cycl(Y') (see [SV1, Section 2.3]) be a cycle such that the closures of the z; in'Y are
proper over S. We denote by Z also the image of Z in Cycl(X).

(1) If Z belongs to Cycl(X/S,r) (respectively to one of the other cycle sub-
groups of Cycl(X) defined in [SV1, Definition 3.1.3]), then Z also belongs to
Cycl(Y/S,r) (respectively to the corresponding cycle subgroup of Cycl(Y')).

(2) If Z belongs to c(X/S,r) (respectively to Cequi(X/S, 7)), then Z also belongs
to c(Y/S,r) (respectively to cequi(Y/S,T)).

Proof. The first point follows from the fact that the pullback of Z along fat points
does not depend on whether we consider Z as a cycle on Y or on X because of the
properness assumption. The other cycle subgroups of [SV1, Definition 3.1.3] also
do not depend on whether we consider Z on Y or X. For the second point we have
to check that the equivalent conditions of [SV1, Lemma 3.3.9] are fulfilled for Z on
Y if they are fulfilled for Z on X. This is the case since the pullback of Z along
a map T — S does again not depend on whether we consider Z on Y or X and
because Cycl(Y/S,r)g N Cycl(X/S,r) = Cycl(Y/S,r). O

Hence we have all conditions satisfied for M pp, so by Proposition 14.1 we get
symmetric monoidal model structures on A°PS and Ch(A) together with a pseudo
symmetric monoidal Quillen functor A°PS — Ch(A).

14.6. Al-localizations. From now on we suppose that C is either Sch/S or Sm/S.
Lemma 14.13. The model structures on A°PS and Ch(A) are cellular.

Proof. Since the model structures are finitely generated it suffices to check condition
3 of [Hov3, Definition A.1], which is immediate. a

Hence by [Hir, Theorem 4.1.1] we can take the left Bousfield localization of
A°PS (respectively Ch(A)) with respect to maps A" x (A — X), n € N (respec-
tively S"Zy (A — X), n € Z), where X runs through a set of representatives
of isomorphism classes of C. We denote the corresponding model category by
Spe(S) (respectively M (S)). These are symmetric monoidal model categories.
Let #(S) := Ho Spc(S) and DM(efO)(S) := Ho M ¥ (S) (where (> 0) refers to which
of Comp(A) or Comp~y(A) we have taken for Ch(A)). Note that for C = Sm/S
and P the upper cd-structure 7£(S) is the motivic homotopy category defined in
[MV]. Let Spc,(S) be the pointed version of Spe(S) provided by [Hovl, Proposition
1.1.8] and set Ho(S) := Ho Spe,(S).

We have symmetric monoidal left adjoints
H(S) = Ho(S) = DML (S) » DM (S) .

14.7. T-stabilizations. Let T be a cofibrant object in Spc,(S) weakly equivalent
to (P!, 00). Denote by Spx(S) (respectively M >0y(S)) the symmetric monoidal cat-
egory of symmetric T-spectra in Spc, (S) (respectively of symmetric L(T)-spectra

in M(efo)(S)) provided by [Hov3, Theorem 7.11]. Note that the functor M>q(S) —

M (S) is a Quillen equivalence. We denote the corresponding homotopy categories
by SH(S) and DM (S).
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Very often it is possible to compare symmetric and non-symmetric spectra for
these categories (i.e. to construct equivalences for the homotopy categories), but
up to now not in full generality.

14.8. Functoriality. The model categories Spc(S), Spc,(S), M(efo)(S), Spr(S)
and M(>g)(S) depend functorially on S, i.e. they define left Quillen presheaves
on the category of separated Noetherian schemes (see [Hi-Si, Section 17]). The
natural Quillen functors between these model categories extend to morphisms of

left Quillen presheaves.

Let C(S) be one of these model categories and let f : X — S be an object
of the underlying site C = C(S). We have functors Mg : C(S) — C(S) and
Mx : C(X) — C(X). In this situation f* is also a right Quillen functor with left
adjoint f; which sends Mx(Y') to Mg(Y) for Y € C(X).

Proposition 14.14. Let f : X — S be an object in C(S) and let A, B € HoC(S)
and C € HoC(X). Then we have:

(1) There is a canonical isomorphism f.f*A = Homy, ¢(g)(Ms(X), A).
(2) The natural map

flC® ffA) - IC® A

in HoC(S) is an isomorphism.
(3) The natural map

f*Hom(A, B) — Hom(f* A, f*B)

in HoC(X) is an isomorphism.

Proof. We prove the third point, the first two are similar but easier. Since f* is also
a right Quillen functor it commutes with homotopy limits and fiber sequences, hence
we can assume that A is of the form Mg(U), U € C(S). Let B € C(S) be fibrant
and cofibrant. The category C(S) consists of sheaves (maybe with transfers) on
C(S) with values in some category V, and there is a functor v : V — Set such that
for F € C(S) and V € C(S) we have Hom(Ms(V), F) = v(F(V)). Let V € C(X).
We have
frHome ) (Ms(U), B)(V)) = Home ) (Ms(U), B)(V)
=v(B(U xy V)) =v(B(Ux xx V)) = Home x,(Mx (Ux), f*B)(V) ,

which shows the claim. O

15. APPLICATIONS

In this section we will give applications of the general theory of E,-algebras in
the model categories C(S) as in section 14.8. In particular we use Theorem 13.4 to
construct what we call limit motives. A special case thereof is a motivic definition
of tangential basepoints.

We need some preparations.

Let C be a cofibrantly generated model category with generating (trivial) cofi-
brations I (.J) which we assume to be almost finitely generated (see [Hov3, Section
4], where we use a slightly stronger condition for an object F' € C to be finitely
presented, namely we require that Hom(F,_) commutes with A-sequences for all
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ordinals A, not only for A = w. Let J' be the second set of trivial cofibrations
appearing in the definition of almost finitely generated.

We formulate the following further assumptions on C:

D1 The cofibrations in C are monomorphisms. This has the consequence that
any subcomplex of a relative I-cell complex (see [Hir, Definition 12.5.7]) is
uniquely determined by its set of cells.

D2 There is a class F of finitely presented objects in C containing the domains
and codomains of maps of I and J and closed under finite coproducts such
that the following assertion is valid: For any F' € F, triangle B < A —» C'
inCand map ¢: F — BlUy C thereisan F' € F and amap ¢ : F' — B
such that for any cofibration B’ — B such that A — B factors through B’
¢ factors through B’ Li4 C if and only if ¢ factors through B’.

D3 There is a functorial cylinder object F' — F ® I such that F' ® I is finitely
presented if F' € F and which preserves cofibrant objects.

Lemma 15.1. Let X : A = C; be a diagram. Then colimX; also belongs to Cy¢.

Proof. Immediate from the definition of almost finitely generated. O

Lemma 15.2. Let A € C be finitely presented and cofibrant with a cylinder object
A ® I which is also finitely presented and cofibrant. Let X : X\ — C be a diagram.
Then the natural map

colim;Homp, ¢ (A4, X;) — Hompy, ¢ (A4, hocolim; Q X;)

is an isomorphism.

Proof. We can always achieve that the diagram X is a A-sequence in C.; and that
the transition maps are cofibrations. Then colimX; is fibrant by the Lemma above
and computes the homotopy colimit. Because of the assumptions on A the homo-
topy classes of maps from A to colimX; coincides with the colimit of the homotopy
classes of maps from A to the X;, which is the statement we want to prove. a

Lemma 15.3. Assume that C fulfills D1 and D2. Let X : A — C be a relative
I-cell complex, F € F and f: F — colimX a map. Then there is a smallest finite
subcomplex of X through which f factors.

Proof. By transfinite induction on A: If X is a limit ordinal or the successor of a
limit ordinal then because F' is finitely presented f factors through some X;, so
the assertion follows by induction hypothesis. Let A = o + 2 and suppose that f
does not factor through X,. Let X,11 be a pushout of X, by ¢ : A — B in I.
Choose an F' as in D2 for the triangle X, < A — B. Then there is a smallest
finite subcomplex of X|,41 through which the map AU F' — X, factors. Then
the pushout of this subcomplex by ¢ is the desired finite subcomplex. O

Corollary 15.4. Let D1 and D2 be fulfilled. The intersection of subcomplexes of
a relative T-cell complex (which is defined by the intersection of the set of cells) is
again a subcomplex. The union of subcomplexes is a subcomplez.
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Lemma 15.5. Let D1 and D2 be fulfilled. Let L : X — C be an I-cell complex and
X €C. Then the map

Hom(colimL, X) — Il(ernL Hompy, ¢ (colimK, X) ,

where K C L runs over the filtered system of all finite subcomplexes, is an isomor-
phism.

Proof. Let X be fibrant and X, a simplicial frame on X. For a subcomplex K of
L let Sk := Hom(colimK, X,) € SSet. For inclusions of subcomplexes K C K'
the map Sk — Sk is a fibration in SSet. We have to prove bijectivity of the
natural map ¢ : mo(limg Sx) — limg 7o(Sk), where K runs through all finite
subcomplexes. Therefore we choose a well-ordering on the set of finite subcomplexes
S. Then surjectivity of ¢ follows like this: Let (cx)kes be an element in the image
of . We can choose preimages of the cx in the order of the well-ordering in the way
that they are compatible among themselve, which means that the preimages should
coincide on the intersection of the subcomplexes where they are already defined.
Injectivity follows in the same way by lifting homotopies. O

Proposition 15.6. Let C be a left proper cellular symmetric monoidal and let
K € C be cofibrant. Suppose given a full subcategory A C HoC which contains
the images of all domains and codomains of the generating cofibrations of C and is
stable under . K. Suppose further that _® K| 4 induces isomorphisms on homotopy
function complezes in HoSSet. Then we have:

(1) The composition
A C HoC — Ho Sp™(C, K)

is a full embedding.
(2) Suppose further that C is stable and fulfills D1-D3. Then the functor

HoC — Ho Sp*(C, K)
is a full embedding.

Proof. First observe that by [Hovl, Theorem 5.6.5] the homotopy function com-
plexes map(A ® K, B® K) and map(A, Hom(K, B ® K)) are naturally isomorphic
in Ho SSet for A, B € HoC. From this, our hypothesis on -® K|4 and A and from
[Hov4, Proposition 5.2] it follows that the natural map A — Hom(K,A® K) is an
isomorphism for A € A (*).

The next Lemma shows that the Proposition will follow from

Claim: The unit map for the adjunction between HoC and Ho Sp™(C, K) eval-
uated on objects from A is an isomorphism.

Let A € C be a cofibrant object which maps to the essential image of A4 in HoC.
Let R'F{£A be a fibrant replacement for F A for the projective model structure
on Sp*(C,K). From (*) it follows that R'F A is an Q-spectrum, i.e. is already
fibrant for the stable model structure. So the right adjoint to LF{S sends R'F£ A
to EvoR'F{£ A, and the unit morphism A — EvoR'Ff A is clearly an isomorphism,
which proves the first claim.

For the second claim let X and Y be I-cell complexes in C. For a finite sub-
complex K C X clearly K and K ® I are finitely presented, so by Lemma 15.2
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we have Hompy, ¢ (K,Y) = colim;Homp, ¢ (K,Y;). The same statement is valid in
Sp* (C, K). Now since C is stable it therefore follows by transfinite induction and the
first part of the Proposition that the map Homp,c(K,Y) — Homy, g, (¢, k) (K, Y)
is an isomorphism (we omitted applying the appropriate functor). Finally Lemma
15.5 implies that also the map Homuoc(X,Y) — Homyy, g5 (¢, k) (X, Y) is an iso-
morphism. O

Lemma 15.7. Let L: C + D : R be an adjunction and suppose that the unit map
is an isomorphism on a full subcategoryi: A — C. Then Loi is a full embedding.

Proof. This follows immediately from the fact that the counit is also an isomorphism
on the image of 4 under L because the composition

L(unit4) counitr, 4

LA— LRLA—— LA
is the identity for all A € C. O

15.1. Motives over smooth schemes. For a separated Noetherian scheme set
SmCor(S) = Corequi(Sm/S). We consider the categories of the last section for this
case. Let k be a field and set SmCor(k) = SmCor(Spec(k)).

We first want, to compare the categories DM *Y (k) and DM (k) and the categories
defined in [Vo3] (see below).

Recall that a presheaf with transfers F' on Sm/k is called homotopy invariant
if for all X € Sm/k the map F(X) — F(X x A!) is an isomorphism. An F €
Shv nis (SmCor(k)) is homotopy invariant if it is homotopy invariant as a presheaf
with transfers.

Proposition 15.8. For a complex Z € D(Shv n;s(SmCor(k))) the following condi-
tions are equivalent:

(1) Z is Al -local.
(2) The map on homomorphism groups in D(Shv nis(SmCor(k)))

Hom(S"Z (X)), Z) — Hom(S"Z (X x A'), Z)

is an isomorphism for all X € Sm/k and n € Z.
(3) The map on homomorphism groups in D(Shv n;s(SmCor(k)))

Hom(F, Z) — Hom(F ® S°Z,(A'), Z)

is an isomorphism for all F' € D(Shv ;s (SmCor(k))).
(4) The map
Z = Hom(SZ (A1), Z)
is an isomorphism in D(Shv nis (SmCor(k))).
The equivalent conditions imply:

(5) The cohomology sheaves of Z are homotopy invariant.

If in addition the field k is perfect and Z is bounded from below then conditions 1-4
are equivalent to condition 5.
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Proof. The implications 1 = 2 and 3 = 2 are obvious and the equivalence between
3 and 4 follows from the adjunction between ® and Hom and the Yoneda Lemma.

2 = 1: clear.

4 = 5: Choose a fibrant representative Z' € Comp(Shvnis(SmCor(k))) of Z.
Since S°Z;,(A!) is cofibrant the internal hom complex Z4 := Hom(S°Z.(A'), Z')
in Comp (Shv nis(SmCor(k))) represents Hom(S°Z(A!), Z) and is itself fibrant.
Observe that Z4 sends X € Sm/k to the complex of abelian groups Z'(X x A').

If we now suppose that Z' — Z4 is a quasi-isomorphism it follows that it is al-
ready a quasi-isomorphism for presheaves with transfers since evaluation on objects
is a right Quillen functor. Hence the cohomology presheaves of Z' are homotopy
invariant, and by [Vo3, Theorem 3.1.12] the associated sheaves are as well.

The implication 5 = 2 under the additional assumptions follows from statement
2 in the proof of [Vo3, Proposition 3.2.3].

For the implication 1 = 4 on uses [Hov4, Proposition 5.2] and adjointness. O

Recall from [Vo3] that DM 7 (k) is the full subcategory of D(Shv ns (SmCor(k)))
consisting of complexes bounded from below (note that our indexing of complexes
is opposite to that in [Vo3]) and having homotopy invariant cohomology sheaves.
If k£ is perfect this is a triangulated subcategory. Statement 5 of Lemma 15.8
immediately implies
Proposition 15.9. If k is perfect the composition

DM (k) — D(Shv yis(SmCor(k))) — DM (k)
is a full embedding.

Recall also that DM;JZ c DM“F (k) is the full subcategory generated by bounded
complexes in Comp(Shv y;s (SmCor(k))) of representable sheaves. The category
DM 4 (k) is gotten from DM;’?H (k) by Spanier Whitehead stabilization of T.

Theorem 15.10. If k is perfect and admits resolution of singularities all maps in
DM (k) — DM (k) — DM (k) < DM g, (k)
are full embeddings.

Proof. The claim will follow from Proposition 15.6 with A = DM ;’?n(k), [Vo3,
Theorem 4.3.1] if M7 (k) fulfills D1-D3. Only D2 needs some explanation. We
choose F to be the class of all S"Z.(X) and D"Z(X) for X € Sm/k, n € 7.
Let B + A — C be a triangle in M7 (k), F = S"Z.(X) or F = D"Z4(X) and
p: F— (B®C)/A amap. Then after a Nisnevich cover U — X ¢ lifts to a map
p: F'=D"7Zy(U) - B® C. Let 9 be the first component of ¢ and B' C B
a subobject such that A factors through B’. Suppose that 1 factors through B’,
hence we have a map F' — (B’ ® C)/A, and since F' — F is an epimorphism ¢
factors through (B’ @ C')/A. Suppose that ¢ factors through (B' & C')/A. Because

BI;B

|

(B'® C)JA—== (B®C)/A
is a pullback square 1) factors through B'. O
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Let k be a field of characteristic 0 and X € Sm/k. Let m# : X — Spec(k)
be the structure morphism. We are going to apply Theorem 13.4 in the situation
C = M(k) and D = M(X). We have to check conditions 1-3 of Theorem 13.4.
For B € DM (k) we have m,7*B = Hom p () (Zr(X), B). Hence the first of the
conditions follows from the rigidity of the tensor category DM 4., (k), which means
that for A, B € DM 4, (k) the natural map A ® B — Homp,, (4, B) is an
isomorphism (here we set AV = Hom(A, 7)) (see [Vo3, Theorem 4.3.7]).

For the second condition we have the

Lemma 15.11. Let f : X — S be a morphism between separated Noetherian
schemes. Then the map f.: HoC(X) — HoC(S) preserves homotopy A-sequences,
where the categories C(X) and C(S) are as in section 14.8.

Proof. We prove the case C(X) = M(X), C(S) = M(S), the other cases are similar
or easier. Suppose given a A-sequence Y : A — M (X).; with cofibrations as tran-
sition maps. Since filtered colimits in Shv n;s (SmCor(S)) are created in presheafs
with transfers f, commutes with A-sequences by definition of f.. Hence we have
to check that colim; f.Y; € M(S) = Spy Comp(Shv nis(SmCor(S))) computes the
homotopy colimit. We can find a A-sequence V: Ao M (S)er where all transi-
tion maps are cofibrations together with an objectwise weak equivalence Y > f+Y.
Since these maps are weak equivalences between fibrant objects it follows that ev-
ery map Y; - f+Y; is a level quasi isomorphism. Hence using the injective model
structure on Meﬂ(S) it follows that the map colimif’i — colim; f,Y; is a weak
equivalence, what we wanted to show. a

The third condition is clear.

Let f be as in the Lemma above. We denote the full subcategory of HoC(X)
f*(HoC(S))-generated by homotopy colimits by UHoC(X/S) (see Definition 13.1).

Now let again 7 : X — Spec(k) be a smooth scheme. Let as above A(X) = 7.1 €
DQCommM(k) be the motivic cohomology of X relative to k as a commutative
algebra in M (k). Then Theorem 13.4 implies

Corollary 15.12. There is a natural equivalence of tensor triangulated categories
7*: D(A(X)-Mod) - UDM (X/k)

such that its composition with DM (k) — D(A(X)-Mod) is naturally isomorphic to

7*: DM (k) - DM (X) and such that the composition of the right adjoint 7. of 7*

with D(A(X)~Mod) — DM (k) is naturally isomorphic to T.|upm(x/k)-

Remark 15.13. If we assume Spanier Whitehead duality in SH(k) (which holds)

then a similar statement is valid for the category USH(X/k).

More generally we can state the

Corollary 15.14. Let f : X — S be a morphism between separated Noetherian
schemes and let C(S) be either M(S) or Spyp(S) (same for X ). Assume that for
any M € HoC(S) the map M ® f 1l — f.f*(M) is an isomorphism. Then there is
a natural equivalence of tensor triangulated categories

7%+ D(f.1-Mod) — UHoC(X/S)

with similar compatibilities as in Corollary 15.12. A similar statement is valid if we
consider categories A-Mod and f*A-Mod for a cofibrant algebra A € Commge(g).



69

There is the following application of the symmetric monoidal functor constructed
after Lemma 9.14 and of duality:

Proposition 15.15. Let X,Y € Sm/k. Then the natural map
AXYUAY) - A(X x Y)

is a (weak) isomorphism in D(SQ)CommM(k).

15.2. Limit Motives. In this section we change our notation. We fix a separated
Noetherian base scheme S and a cofibrant algebra A € Commg,s g (here we work

with the site Sm/S and the Nisnevich topology for the definition of Sp3(S)). Then
for every X € Sch/S with structure map f we denote by M (X) the symmetric
monoidal model category with weak unit f*A-Mod. We set DM (X) := Ho M (X).
We set Comm (x) := Comm(f*A) (see Definition 9.5 for the notation). For ex-
ample if S = Spec(Q) we can take A to be a cofibrant resolution of the motivic
Eilenberg-MacLane spectrum HZ on S. The reason that we changed notation is
that morally we would like to work with our previously defined DM (X), but we
will need the following exact triangle, which we do not know to hold in the previous
DM(X):

Proposition 15.16. Let X € Sch/S. Leti: Z C X be a closed embedding and
j: U C X the complementary open embedding and let F € DM (X). Then there is
an exact triangle

Jij*F = F = i,i*F — jij*F[1]

in DM (X) (as defined above).

Proof. We first construct a functorial map pp from the (functorial) cofiber of the
map j1ij*F — F to i.i*F. Let FF € M(X) be cofibrant. Then factor the map
J1ij*F — F functorially as ji7*F — F — F into a cofibration followed by a weak
equivalence. Let i*F — Ri*F be the functorial fibrant replacement in M (Z). Then
we have a canonical map ﬁ/jgj*F — F/jj*F — i,i*F — i, Ri*F, which gives the
desired map in the homotopy category.

For the rest of the proof we can forget the A-module structure on F. First we
suppose that F' is a domain or codomain of a generating cofibration of Spip(S).
Then F' comes up to a shift with the Tate object from Spc(S) where we have the
homotopy pushout square of [MV, Theorem 3.2.21]. By the next Lemma the image
of this homotopy pushout square in SH(S) gives the sequence we are looking at
(the Lemma ensures that the right lower corner of the homotopy pushout square is
correct).

In general write F' as a cell complex in Sp%(S). Now clearly fif* preserves
homotopy A-sequences, and by Lemma 15.11 ¢, preserves homotopy A-sequences.
Then one shows by induction on A\ that ¢ is an isomorphism applying Lemma
13.2 to the successive pushouts of the given A-sequence. a
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Lemma 15.17. Let i : Z C X be a closed embedding of separated Noetherian
schemes. Then the square

Ho(X) —Eo SH(X)

commutes (up to a canonical natural isomorphism,).

Proof. We can suppose that we work with non-symmetric spectra. Let F' € Spc,(Z)
be fibrant and cofibrant. Let r : X3 F — RPYXFF be a fibrant replacement for the
projective model structure on spectra, i.e. r is a level weak equivalence and RPYF F
is level fibrant. Clearly the functor R* of [Hov3, Proposition 4.4] commutes with i,
hence this Proposition implies that i.(RPEP F) computes the derived direct image
of E¥F in SH(X). Let Qi.F — i.F be a cofibrant replacement. Then the second
part of the next Lemma shows that the canonical map YFQi.F — i, (RPEFF) is
a level weak equivalence, which finishes the proof. O

Let ¢ be as in the Lemma and let j : U — X be the complementary open
embedding. We denote by He(X )z the symmetric monoidal subcategory of He(X)
consisting of objects F' € H(X) such that j*F = . We remark that we have in
He(X) a homotopy pushout square like in [MV, Theorem 3.2.21].

Lemma 15.18. Let i be as above. Then i*|y, (x), is a symmetric monoidal equiva-
lence. In particular for F € Ho(Z) and G € Ho(X) we have i, FAG = i.(FAi*G).

Proof. Let F € He(X)z. By [MV, Theorem 3.2.21] the map F — i,i*F is an
isomorphism. Hence i* is an equivalence onto its image and we have to show that
the essential image is everything. First note that for any Y € Sm/Z we can find
a Zariski cover V — X such that there is a V € Sm/X with Vz = V. Since
Y is gotten from the covering pieces by successive pushouts it follows that Y is
in the image of i*. Then given a homotopy A-cell complex C' in H,(Z) one shows
inductively on a € A that the map i*i,C' — C'is an isomorphism on the subcomplex
given by cells < a. The second claim follows like this (we prove it with F' replaced
by some i*F): Let F,G € Ho(X) with F|y = *. Then (F A G)|y = *, hence
ix(i*FNi*G) = ,.i*(FAG) = FAG. O

We are now going to construct limit motives. We begin with some preparations.
Proposition 15.19. Let i : Z C X be a closed embedding in Sm/S and let
j: U C X be the complementary open embedding. Let p: N — Z be the normal
bundle of Z in X and p°® : N° — Z the complement of the zero section. Then there
is a natural isomorphism i*j, 1 = p21 in DComm (7.

Proof. This combines the next two Lemmas. O

Lemma 15.20. Let Z be a separated Noetherian scheme, p: N — Z a (geometric)
vector bundle and i : Z C N the zero section. Let j : N \i(Z) C N be the
open inclusion and p°> : N \ i(Z) — Z the projection. Then there is a natural
isomorphism i*j. 1 = p21 in DComm (7).
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Proof. The base change morphism for the diagram

Z—ts N

lld l
z—>7z
applied to the algebra j, 1 gives a map p21 = p,.(j.1) — i*j. 1. We show that this
map is an isomorphism. From now on we can forget that we deal with algebras since
all functors involved commute with forgetting the algebra structure. Proposition
15.16 applied to 7.1 yields an exact triangle
j!j*j*]l = jl = i*i*j*]l - j!j*j*]l[l] )

and there is an isomorphism ji1j*j.1 2 511. So the base change morphism applied
to this triangle yields a map of triangles

0 i*j*]l Id Z*]*H%O ,
pes1 pl i Ju 1 —— pu i 1[1]

hence we are ready if we show that p,jil = 0. We apply p. to the triangle
gl—=1—i1— 51[1].

The second map is mapped to an isomorphism since p is an A'-weak equivalence,
hence p,ji1 = 0. O

Lemma 15.21. Let the situation be as in Proposition 15.19 and let i’ : Z C N
and j' : N° C N be the zero section and its complement. Then there is a natural
isomorphism i*j, 124" .1 in DComm ().

Proof. We use a similar construction as in the proof of [MV, Theorem 3.2.23]. Let
7 : B — X x Al be the blow-up of X x Al in Z x {0}, f: Z x A — B the
canonical closed embedding which splits i(Z) x A! and g : X — B the closed
embedding which splits X x {1}. We have P := 7~1(Z x {0}) 2 P(N® O) D P(N).
Set B := B\ P(N), so we have a closed embedding h : N — B. The maps f and
g factor through B, and we denote the factor maps also by f and g¢.

Let B° := E\f(Z x AY) and 5" : B° C B the open inclusion. We have pullback
squares

U——pc and N° Lﬁo .

lj ljl! l ljl!
9~ o~

X——p N——B

Claim 1: The two base change morphisms for these diagrams applied to 1 are
isomorphisms, i.e. we have isomorphisms i*j. 1 = i} f*;”1 and '*5.1 = 4% f*5/'1,
where i, : Z x {k} = Z x Al, k = 0,1, are the two inclusions.
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Let ¢ : Z x A' — Z be the projection. The base change morphisms applied to
the diagrams

Z x {k} —% > 7« Al

.

L —7
yields maps hy : i f*j/1 — q. f*j/1, k=0, 1.
Claim 2: The maps hy, k = 0,1, are isomorphisms.

Claim 1 and 2 obviously give the desired isomorphism i*5,1 2 i'*5' 1, so we are
left with proving the claims.

After Zariski localization on X we can assume that there is an etale mape: X —
AZ such that Z = e1(A%). So by Proposition 14.14 (1) and (3) we are reduced to
the case X = A%, Z = A%. By changing S to A% we can also assume that k = 0.
Let x1,...,Zx 41 be coordinates on Ag“ and y1, ..., Yn+1 homogeneous coordinates
on P2 Then B = {(z,y) € (A" x P")g | m;y; = zjyi, 4,5 = 1,...,n + 1}. Let
W C B be defined by the equations 2; = 0, i = 1,...,n+ 1 and y; = 0. Then
B=B \ W. We consider B and Ag“ as schemes over Al via the first projection
Ag“ — AL. The assignment z; = x1, z; — %, i = 2,...,n + 1, yields an
isomorphism ¢ : B — A% over AL such that (po f)(AL) is the closed subscheme
defined by z2 = --- = 2,41 = 0. Hence by Lemma 15.20 and Proposition 14.14
(1) we have f*j{'1 = M((A" \ {0})a,)" = 1® 1(—n)[-2n + 1]. We have analogous
descriptions of i*j,1 and i*j,1, so claim 1 follows. Now also claim 2 follows since
f*j/1is a pullback from S and Af — S is an A'-weak equivalence. O

Let now ¢ : D C X be a closed embedding in Sm/S such that D is a di-
visor, let J : X° — X be the complementary open embedding and let p° :
N° — D be the pointed normal bundle of D in X. The morphism p° obvi-
ously satisfies the conditions of Corollary 15.14, hence we have an equivalence
UDM(N°®/D) ~ D(p21-Mod). The functor i*j, : DM(X°) — DM (D) factors
through D(i*j.1-Mod). Proposition 15.19 suggests that we have a natural equiv-
alence D(i*j.1-Mod) ~ D(p21-Mod), but we get such an equivalence only if we
have a morphism from i*j,1 to p21 in the 2-category D<?Comm M(p)- Reexam-
ining the proofs of Lemmas 15.20 and 15.21 we find that we have a chain of weak
isomorphisms i*j,1 — B < B’ — p¢l in D§2C0mmM(D) where all maps are
unique up to unique 2-isomorphism. Since there is no way in a 2-category to find
an inverse unique up to unique 2-isomorphism of a weak isomorphism this chain of
weak isomorphisms is the only thing we get. Nevertheless it follows that there is
a natural equivalence D(i*j,1-Mod) ~ D(p1-Mod) unique up to unique natural
isomorphism by composing the functors induced by the maps in this chain or their
adjoints. Now we can define the functor

Lx,p: DM(X°) - DM(N®)
to be the composition
DM(X°) — D(i*j.1-Mod) ~ D(p;1-Mod) ~ UDM(N°/D) — DM (N°®) .

Intuitively the functor does the following: We first restrict a given motivic sheaf
on X° to a tubular neighborhood of D (which of course does not exist). Then we
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identify this tubular neighborhood with a tubular neighborhood of the zero section
in N (the normal bundle of D in X) and carry over the restricted sheaf. This
we finally extend to the whole of N°. As long as we believe that some sort of
monodromy action around D is unipotent our above definition makes perfect sense
to simulate this intuitive description.

We now would like to generalize this construction to the following situation:

Let X € Sm/S and D C X a divisor with normal crossings relative to S, i.e.
D = U;e; Di with D; € Sm/S and locally in the etale topology the intersections
of the D; look like intersections of coordinate hyperplanes in some A%. Let X° :=
X\D. For J CIlet Dy :=();c;D; and D3 := D]\UieI\JDi. Let N; be the
normal bundle of D; in X and N the complement of the zero section. Let Ny be
the fiber product of the N; over Dy for i € J and Nj the corresponding product of
the N?. Finally let N$° be the restriction of N5 to D. Our goal is to construct a
functor

Lx.g: DM(X°) - DM (N5°)
for any J C I. Of course the situation for a general J C I is the same as the
situation in which we consider all divisors for X \ U,y ; Di-

We would like that various £; are compatible in the following sense: Consider
disjoint subsets J,J' C I. On the one hand side we can consider the functor
Lx juy. For i € I\ J denote by 51 the restriction of D; to Dy and by D) the
preimage of D; in N§$ with respect to the natural projection. The D}, i € I'\ J, are
again divisors with normal crossings in N§ relative to Dy with complement N3°.
Now we apply the definitions above to this situation to get corresponding objects
D', D'}, N'} and N'57. Clearly we have canonical isomorphisms D'S, = DS,
and N'57 = NS° ..

So on the other hand we have a composition of functors

Lx.7 ENO g’

DM (X°) — DM(N$°) —~= DM (N'%}) ~ DM(NS%.) -

We want to have a natural isomorphism ¢ 5/ _; between this composition and Lx ju.
Moreover if we have three disjoint subsets J, J'J" C I we want to have

orruggo (g SIdEJ)O =g yug o (Ide,, ° o) -
This compatibility implies all other possible compatibilities.

Below we will only sketch the construction of the ¢ ;» and only indicate the
proof of the compatibility.

We introduce some further notation: Let j : X° — X, X7 := X\ U;cs Di and

j7: X7 — X be the open inclusion. Let iy : Dy — X and i% : DS — X be the
closed respectively locally closed embedding. Let furthermore p§ : N5 — D and
p5° : N3° — DS be the projections.
Proposition 15.22. Let A € DComm(x) such that Zariski-locally on X At
is a pullback of an object from DM (S). Then there is a canonical isomorphism
%3l i7* A =2 pS, pSritAin DComm s (p,). Furthermore if A is given as an object in
DQCommM(X) there is a natural chain of weak isomorphisms in DQCommM(X)
connecting i%j7j7* A and p5,p5ri%A.
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Proof. We have to give analogues of Lemmas 15.20 and 15.21. The analogue of
Lemma 15.20 has the same proof and states in our case that there is a natural
isomorphism i'"j’ DT A =29, pTi A, where j': N§ — Ny is the open inclusion
and i’ : Dy — Ny the zero section. We prove the analogue of Lemma 15.21: For
every i € J let i, B;, fi, 9i, B; and B° be as in the proof of Lemma 15.21 for
Z=D;. Letms: By — XxAl be the fiber product of the B; over X x Al fori € J
and BS S the correspondlng fiber product of the B° We have a closed embeddlng
hy: Njy— BJ Let 57 : BJ - B] be the open inclusion and f] Dy x Al — B]
the intersection of the div1sors which build the complement of j7. Let g5 : X — B 7
be the product of the g;. Then we have again pullback squares

o

~ h ~
X/ —=BS and Nj—= B9

AN

X —g> g Ny e EJ
Similarly to the proof of Lemma 15.21 one shows that the base change morphisms
of these diagrams yield isomorphisms i%j7/j/* A = i} f3j, 7% A and i'*j' ,pTri%s A =
isfii 75 A, iy 0 Dy x {k} = Dy x A', k = 0,1, the inclusions. Also one shows
that the corresponding maps hy : ikfjjg*WJA = @ f3ih. %A, q: Dyx Al - Dy
the projection, are isomorphisms. O

Hence we can define the functor
Lx.g: DM(X°) — DM (N5°)
as the composition

DM (X°) = D(i*j. 1-Mod) ~ D(pS21-Mod) ~ UDM (NS°/DS) — DM (NS°) .

We are going to sketch the construction of the natural isomorphism ¢ ;. We
can assume that J U .J' = I. First consider the cartesian squares

” ]
! ? o J 7
Dy ——=Nj<——Nj° = (Ny)

O

Dy ——= Dy DS

Let ° : N%|p, — Dy and p'° : N'3, — D', be the projections. We apply
Proposition 15.22 to the algebra A := p$,1 to get an isomorphism PO A
1*7.7*A (*) and also a connecting chain of weak isomorphisms in DQCommM(DI).
The same relation for the algebra 1 on Nj yielded the functor Ly, ;. We now get
a diagram of functors with natural isomorphisms in the squares

Y

DM((N9)”") —=> D(i"* j. 1-Mod) DW°1-Mod)

I |

D(j*A-Mod) —> D(i*j,j* A-Mod) — D(p°p°*i* A-Mod)
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where we used appropriate naturality of the equivalence in Corollary 15.14 and of
the constructions in the proof of Proposition 15.22. We also have a cartesian square

1o

N'S, = N¢ —2= D, = N§|p, .
| |
NS\p, 7 Dy
Hence base change morphisms induce isomorphisms p§,1 = 52 o ¢, 1 = pp*q. 1 =
POpo*i* A (**), so we get an equivalence
D(p2p°*i* A-Mod) ~ UDM (N} /Dy) .
Collecting together we get a naturally commutative square

, ‘CNO,J’ °
DM((N$)”") ——=UDM(N'S,/D",,) .

D(5*A-Mod) — UDM (N} /Dy)

Now we use the fact that A = i%j/1. Another application of the base change
morphism to the cartesian square in the diagram
Df} - > XJ’ ~— X°

N

Dy Dj; X

yields an isomorphism 7*,7*A = i%jI1. Combining this with (*) and (**) we see
that we obtain in D<2CommM(D1) a natural (quite long) chain of weak isomor-
phisms connecting p3, 1 and i3jI1. But also Proposition 15.22 provides us with
such a chain. Our construction of ¢ ; will be finished if we construct a natural
isomorphism between the two functors induced by these two chains.

Let the notation be as in the proof of Proposition 15.22. Let B’ " etc. be the
analogous objects defined for the situation on Dy x Al with divisors (D ND;) x Al
t € J'. The divisors D]l, 1 €1, on BJ look as follows: For i € J we have DJZ =
fi(D; x Al ) X x %Al B]\{,} and otherwise DJ7l =7 (Dz X Al). Let B := BJ X x BJr
and B° := Ef} X x E}, We have morphisms p : B — X x A% and ¢ : Br — B.
Furthermore we have pullback squares

L

B!, B and B B

R T

(Dj x Al) x Al —= B, x Al X x Al "5y A2

On B we have the divisors D; := D‘],i Xx EJI for i € J and D; := EJ X x DJI,i
for i € J'. The Dy, are the pullbacks of the D; with respect to ¢. Let G : (Dy x
A') x A — Dj x Al be the projection. Let A := f3j].1, A := 7'7,G*A and

= 15,40 " A, so B is an algebra on Dy x AZ.
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We have canonical isomorphisms iE‘O’O)B = popori*pT, 1, ifo,1)B = 5309, 1,

~O ~O%

it oyB = B i*i%71 and ity B = PG g*i% g0 1 (FF%), where i) @ D x
{(k,1)} = D; x A%, k,l = 0,1, are the inclusions. We have isomorphisms be-
tween the zzk l)B by comparing them to (D; x A> — Dy).B via base change mor-

phisms, and the isomorphisms between the right hand sides of (***) used above
are compatible with these isomorphisms. Again via a base change morphism we
have a canonical isomorphism B & (D; x A? C B)*(B° C B).1, and the left square
above shows then that we also have canonical isomorphisms iE‘mO)B = p7. 1 and

iEFLl)B =~ j*jI11. Compatibility of base change morphisms shows now that the two

possible identifications of p9, 1 and i%jI1 we constructed above actually coincide.
Our arguments have been in homotopy categories and not in homotopy 2-categories,
and we leave it to the reader to really extract from the above arguments the re-
quired 2-morphisms (actually a huge diagram where 2-morphisms connect many
different ways connecting p$, 1 and i3;.1).

For the compatibility of the ¢ ;» one should consider EJ X x EJI X x EJN and
in there compare the constructed 2-morphisms. This we also leave to the reader.
We have to admit that we did not honestly have checked this, but certainly it is
correct.

Remark 15.23. Instead of divisors D; C X we also can take closed D; C X,
D; € Sm/S, such that the intersections of the D; look etale locally like intersec-
tions of orthogonal standard affine subspaces of some A%. For these situations all
constructions above work in exactly the same way, in particular we also get the
functors Lx ;.
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