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ABSTRACT. The notion of motivic functors refers to a motivic homo-
topy theoretic analog of continuous functors. In this paper we lay the
foundations for a homotopical study of these functors. Of particular
interest is a model structure suitable for studying motivic functors
which preserve motivic weak equivalences and a model structure suit-
able for motivic stable homotopy theory. The latter model is Quillen
equivalent to the category of motivic symmetric spectra.

There is a symmetric monoidal smash product of motivic functors,
and all model structures constructed are compatible with the smash
product in the sense that we can do homotopical algebra on the various
categories of modules and algebras. In particular, motivic cohomology
is naturally described as a commutative ring in the category of motivic
functors.
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1 INTRODUCTION

One of the advantages of the modern formulations of algebraic topology is that
invariants can be expressed, not merely as functors into groups, but actually
as functors taking values in spaces. As such, the invariants are now themselves
approachable by means of standard moves in algebraic topology; they can be
composed or otherwise manipulated giving structure and control which cannot
be obtained when looking at isolated algebraic invariants.
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Although handling much more rigid objects, Voevodsky’s motivic spaces [16]
are modeled on topological spaces. The power of this approach lies in that
many of the techniques and results from topology turn out to work in algebraic
geometry. As in topology, many of the important constructions in the theory
can be viewed as functors of motivic spaces. The functor MZ (called L in [16])
which defines motivic cohomology is an example: it accepts motivic spaces
as input and gives a motivic space as output. Given the importance of such
functors and the development of algebraic topology in the 1990s, it is ripe time
for a thorough study of these functors.

In this paper we initiate such a program for functors in the category of motivic
spaces. The functors we shall consider are the analogs of continuous functors:
motivic functors (MZ is an example; precise definitions will appear below).
This involves setting up a homological — or rather homotopical — algebra for
motivic functors, taking special care of how this relates to multiplicative and
other algebraic properties.

A large portion of our work deals with the technicalities involved in setting up
a variety of model structures on the category MF of motivic functors, each
localizing at different aspects of motivic functors.

One of the model structures we construct on MF is Quillen equivalent to the
stable model category of motivic spectra as defined, for instance by Jardine
[10] and by Hovey [8].

Just as in the topological case, this solution comes with algebraic structure in
the form of a symmetric monoidal smash product A. Furthermore, the algebra
and homotopy cooperate so that a meaningful theory paralleling that of ring
spectra and modules follows. A tentative formulation is

THEOREM. There exists a monoidal model category structure MFg,, on MF
satisfying the monoid aziom, and a lax symmetric monoidal Quillen equivalence
between MF g, and the model category of motivic symmetric spectra.

To be slightly more concrete, a motivic space in our context is just a pointed
simplicial presheaf on the category of smooth schemes over a base scheme S.
There is a preferred “sphere” given by the Thom space T of the trivial line
bundle Aé. A motivic spectrum is a sequence of motivic spaces Fg, Eq, - - -
together with structure maps

TAE, — Epi1.

We should perhaps comment on the continuous/motivic nature of our functors,
since this aspect may be new to some readers. Let M be the category of
motivic spaces and f M the subcategory of finitely presentable motivic spaces.
A motivic functor is a functor

X:ftM — M
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which is “continuous” or “enriched” in the sense that it induces a map of
internal hom objects. The enrichment implies that there is a natural map

ANX(B) — X(ANAB).

As a consequence, any motivic functor X gives rise to a motivic spectrum
ev(X) by “evaluating on spheres”, that is

ev(X), = X(T"")
with structure map
TAev(X),=TAX(T") — X(TAT") =ev(X)pi1

given by the enrichment. The motivic functors f M —— M form the category
MF mentioned in the main theorem, and the evaluation on spheres induces the
Quillen equivalence. The inclusion fM —— M is the unit in the monoidal
structure and plays the réle of the sphere spectrum.

The reader should keep in mind how simple our objects of study are: they are
just functors of motivic spaces. All coherence problems one might conceive of
in relation to multiplicative structure, and which are apparent if one works with
e.g. motivic symmetric spectra, can safely be forgotten since they are taken care
of by the coherence inherent to the category of motivic spaces. Furthermore,
the smash product in our model is just like the usual tensor product in that,
though it is slightly hard to picture X AY, it is very easy to say what the maps

XNY —Z
are: they are simply natural maps
X(A)ANY(B) — Z(ANB),

where the smash product is sectionwise the smash product of pointed simplicial
sets; this is all we require to set up a simple motivic theory with multiplicative
structure.

A motivic ring is a monoid in MF. These are the direct analogs of ring spectra.
The multiplicative structure of motivic cohomology comes from the fact that
M7 is a commutative motivic ring. This means we can consider MZ-modules
and also MZ-algebras. Our framework allows one to do homotopical algebra.
For instance:

THEOREM. The category of M Z-modules in MF g, acquires a monoidal model
category structure and the monoid axiom holds.

The “spherewise” structure MFy, is not the only interesting model structure

there is on MF. One aspect we shall have occasion to focus on is the fact
that although most interesting motivic functors preserve weak equivalences
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(hence the name “homotopy functors”), categorical constructions can ruin this
property. The standard way of getting around this problem is to consider only
derived functors. While fully satisfying when considering one construction
at the time, this soon clobbers up the global picture. A more elegant and
functorially satisfying approach is to keep our category and its constructions
as they are, but change our model structure. Following this idea we construct
a model structure suitable for studying homotopy functors, and yet another
model structure which is more suitable for setting up a theory of Goodwillie
calculus for motivic spaces.

As with the stable model, these models respect the smash product and algebraic
structure. The following statement gives an idea of what the homotopy functor
model expresses

THEOREM. There exists a monoidal model category structure MFpe on MF
satisfying the monoid aziom. In this structure every motivic functor is weakly
equivalent to a homotopy functor, and a map of homotopy functors X — Y
18 a weak equivalence if and only if for all finitely presentable motivic spaces A
the evaluation X(A) — Y (A) is a weak equivalence of motivic spaces.

At this point it is interesting to compare with Lydakis’ setup [11] for simplicial
functors, and note how differently simplicial sets and motivic spaces behave.
In the motivic case the theory fractures into many facets which coincide for
simplicial sets. For instance, there is no reason why the notions of “stable” and
“linear” (in Goodwillie and Waldhausen’s sense) should coincide.

The paper is organized as follows. In section 2 we set up the model structures
for unstable motivic homotopy theory suitable for our purposes.

In section 3 we present the four basic model structures on motivic functors.
In the preprint version of this paper we allowed the source category of motivic
functors to vary. This handy technical tool has been abandoned in this paper
for the sake of concreteness. We thank the referee for this suggestion and other
detailed comments.

All along the properties necessary for setting up a theory of rings and modules
are taken care of, and the results are outlined in section 4.
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2  MOTIVIC SPACES

In this section we recall some facts about the category of motivic spaces and
fix some notation. We briefly discuss the categorical properties, and then the
homotopical properties.

For background in model category theory we refer to [7] while for enriched
category theory we refer to [3] and [4].

Let S be a Noetherian scheme of finite Krull dimension. Denote by Sm/S the
category of smooth S-schemes of finite type. Due to the finiteness condition,
Sm/S is an essentially small category. Furthermore, it has pullbacks, a terminal
object S and an initial object @), the empty scheme. If U,V € ObSm/S, we
denote the set of maps between U and V' by Setg,,/s(U, V).

Let S be the closed symmetric monoidal category of pointed simplicial sets
with internal hom objects S(—, —). Recall that the standard n-simplex A™ is
the simplicial set represented by [n] € A.

DEFINITION 2.1. A motivic space is a contravariant functor A : Sm/S — S.
Let Mg (or just M if confusion is unlikely to result) denote the category of
motivic spaces and natural transformations.

By reversal of priorities, M can alternatively be viewed as the category of
pointed set-valued presheaves on Sm/S x A. Denote by

Sm/S — M
UI—>hU

the Yoneda functor hy (V') = Setgy,s(V,U) considered as a discrete pointed
simplicial set (the plus denotes an added base point).

Recall the following facts about the functor category M:
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PROPOSITION 2.2. The category M is a locally finitely presentable bicomplete
S-category. The pointwise smash product gives M a closed symmetric monoidal
structure.

Since M is locally finitely presentable, it follows that finite limits commute
with filtered colimits. To fix notation, we find it convenient to explicate some
of this structure.

The pointwise smash A A B on M is given by
(AANB)(U)=A(U) A B(U).

The unit is the constant presheaf S°. If U € ObSm/S, then the evaluation
functor
Evgp: M — S, Evy(A) = A(U)

preserves limits and colimits. The left adjoint of Evy is the functor
Fry: § — M, FI‘U(K):/’LU/\K.

Note that, since hg(V) = S°, we will often write K instead of Frg K. Checking
the relevant conditions we easily get that the functors Frg and Evy are strict
symmetric monoidal, while Fry; is lax symmetric monoidal. The pair (Fry, Evy)
is an S-adjoint pair.

Using Frg we get (co)actions (“(co)tensors”) of Son M: if Ae Mand K € §
the functor ANK = AN FrgK € M sends U € ObSm/S to A(U)ANK € S,
and the functor AX sends U € ObSm/S to S(K, A(U)).

We let Set (A, B) be the set of natural transformations from A to B in M.
The enrichment of M in § is defined by letting the pointed simplicial set of
maps from A to B have n-simplices

Sm(A, B), = Setpm (AN AZ,B)

Its simplicial structure follows from functoriality of the assignment [n] — A™.
The internal hom object is in turn given by

M(A, B)(U) = Sm(A N hu, B).

DEFINITION 2.3. A motivic space A is finitely presentable if the set-valued
hom functor Set (A, —) commutes with filtered colimits. Similarly, A is M-
finitely presentable if the internal hom functor M (A, —) commutes with filtered
colimits.

Recall that a pointed simplicial set is finitely presentable if and only if it is
finite, that is, if it has only finitely many non-degenerate simplices. On the
other hand, a pointed simplicial set K is finite if and only the S-valued hom
functor S(K, —) commutes with filtered colimits. The same holds for motivic
spaces, as one can deduce from the following standard fact [3, 5.2.5].
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LEMMA 2.4. Every motivic space is a filtered colimit of finite colimits of motivic
spaces of the form hy N AT

Let K be a pointed simplicial set. Using Lemma 2.4, the natural isomorphism
M(hy ANK,A) 2 A(U xg —)¥ and the fact that Evyy commutes with colimits
we get

LEMMA 2.5. Let K be a finite pointed simplicial set and U € ObSm/S. Then
hy N K is M-finitely presentable. The class of M-finitely presentable motivic
spaces is closed under retracts, finite colimits and the smash product. A motivic
space is M-finitely presentable if and only if it is finitely presentable.

The finiteness condition imposed on objects of Sm/S implies that the full sub-
category f M of finitely presentable motivic spaces in M is equivalent to a small
category [3, 5.3.8], cf. [3, 5.3.3] and the pointed version of [3, 5.2.2b]. Out of
convenience, since f M is the codomain of the functor category MF one could
choose such an equivalence. This ends our discussion of categorical precursors.

2.1 UNSTABLE HOMOTOPY THEORY

Summarizing this section we get a model structure M,,, on M called the
motivic model structure satisfying

1. Mo is weakly finitely generated.
2. My, is proper.

3. The identity on My, is a left Quillen equivalence to the Goerss-Jardine
Al-model structure [10].

4. The smash product gives My,, a monoidal model structure.
5. The smash product preserves weak equivalences.

6. M satisfies the monoid axiom.

For the convenience of the reader we repeat briefly for M the definitions of the
notions weakly finitely generated, monoidal model structure and the monoid
aziom; for details, see for example [5, 3.4, 3.7, 3.8].

Weakly finitely generated means in particular that the cofibrations and acyclic
cofibrations in M are generated by sets I and J, respectively [7, 2.1.7]. In
addition, we require that [ has finitely presented domains and codomains,
the domains of J are small and that there exists a subset J’ of J with finitely
presented domains and codomains such that a map A —— B of motivic spaces
with fibrant codomain is a fibration if and only if it has the right lifting property
with respect to all objects of J'.
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Let f: A—— B and g: C —— D be two maps in M. The pushout product
of f and g is the canonical map

fOg: AND [ BAC — CAD.
ANC

That M is a monoidal model category means that the pushout product of two
cofibrations in M is a cofibration, and an acyclic cofibration if either one of
the two cofibrations is so. It implies that the smash product descends to the
homotopy category of M. If aCof(M) denotes the acyclic cofibrations of M,
then the monoid aziom means that all the maps in aCof (M) A M-cell are weak
equivalences. Among other nice consequences mentioned below, the monoid
axiom allows to lift model structures to categories of monoids and modules
over a fixed monoid [14].

DEFINITION 2.6. A map A —— B in M is a schemewise weak equivalence if,
for all U € ObSm/S, A(U) — B(U) is a weak equivalence in S. Schemewise
fibrations and schemewise cofibrations are defined similarly. A cofibration is
a map having the left lifting property with respect to all schemewise acyclic
fibrations.

Note that the schemewise cofibrations are simply the monomorphisms. We get
the following basic model structure.

THEOREM 2.7. The schemewise weak equivalences, schemewise fibrations and
cofibrations equip M with the structure of a proper monoidal S-model category.
The sets

{hy N (DA™ — A™) 1 }>0,U€0bSm/s

{hu A (A} = A™)1}o<i<n, UcObSm/S

induced up from the corresponding maps in S are sets of generating cofibrations
and acyclic cofibrations, respectively. The domains and codomains of the maps
in these generating sets are finitely presentable. For any U € Ob M, the pair
(Fry, Evy) 4s a Quillen pair.

Proof. The existence of the model structure follows from [7, 2.1.19], using the
generating cofibrations and generating acyclic cofibrations described above.
The properties which have to be checked are either straightforward or follow
from 2.5 and properties of the standard model structure on simplicial sets.
Properness follows from properness in S, where we use that a cofibration is in
particular a schemewise cofibration.

Clearly, Fry is a left Quillen functor for all U € ObSm/S. Using the natural
isomorphism

(hu NK)A (hy ANL) 2 hyxsv A (KAL),
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we see that for f;: K; —— L; € S and U; € ObSm/S, j = 1,2, we may
identify the pushout product of hy, A f1 and hy, A fa with the map

hlesUz A (Kl A Lg) H (Ll A KQ) —_— hU1><sU2 A (Ll A Lg).
(Kl/\KQ)

Hence the pushout product axiom in § implies the pushout product axiom for
M. Tt follows that M is a monoidal S-model category via the functor Frg. O

NoOTATION 2.8. We let M. denote the model structure of 2.7 on M. Scheme-
wise weak equivalences will be written % and schemewise fibrations —s» .
Cofibrations are denoted by »=— (since not all schemewise cofibrations are
cofibrations in Ms.). Choose a cofibrant replacement functor (—)¢ — Idq
in Mg, so that for any motivic space A, there is a schemewise acyclic fibration
A¢ =5 A with cofibrant domain. We note that every representable motivic
space is cofibrant.

The following statements are easily verified.

LEMMA 2.9. Taking the smash product —N\A or a cobase change along a scheme-
wise cofibration preserves schemewise weak equivalences for all A € Ob M. The
monoid axiom holds in M.

It turns out that the properties in 2.7 and 2.9 hold in the model for motivic
homotopy theory. The latter is obtained by considering Sm/S' in its Nisnevich
topology and by inverting the affine line A}. The following allows to incorporate
Bousfield localization [6] in the motivic homotopy theory.

Recall that the Nisnevich topology is generated by elementary distinguished
squares [12]. These are pullback squares of the form

P——Y

@ = |

e

where ¢ is étale, v is an open embedding and ¢~ (X —U) — (X —U) is an
isomorphism of schemes (with the reduced structure).

DEFINITION 2.10. A schemewise fibrant motivic space A is motivically fibrant
if the following conditions hold.

e A(() is contractible.

e If @ is an elementary distinguished square, then A(Q) is a homotopy
pullback square of pointed simplicial sets.
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e If U € ObSm/S, the canonically induced map A(U) — A(U xg A})
is a weak equivalence of pointed simplicial sets.

The first two conditions imply that A is a sheaf up to homotopy in the Nisnevich
topology. The third condition implies that A{ — S is a weak equivalence
in the following sense (where (—)¢ is the cofibrant replacement functor in My
chosen in 2.8):

DEFINITION 2.11. A map f : A —— B of motivic spaces is a motivic weak
equivalence if, for every motivically fibrant Z, the map

SM(fC7Z) : SM(BCa Z) - SM(AC7Z)
is a weak equivalence of pointed simplicial sets.

In 2.17 we shall note that 2.11 agrees with the corresponding notion in [12].
Using either Smith’s work on combinatorial model categories or by Blander’s
(1, 3.1], we have

THEOREM 2.12. The motivic weak equivalences and the cofibrations define a
cofibrantly generated model structure on M.

NOTATION 2.13. We refer to the model structure in 2.12 as the motivic model
structure and make use of the notation My,,. Its weak equivalences will be

denoted by — and its fibrations by —» . In accordance with 2.10, we refer
to the fibrations as motivic fibrations, since a motivic space A is motivically
fibrant if and only if A —— * is a motivic fibration.

Alas, this notation conflicts slightly with [10]. See 2.17.

Next we shall derive some additional properties of the motivic model structure,
starting with a characterization of motivic fibrations with motivically fibrant
codomain. As above, consider an elementary distinguished square:

P——Y

0o |

U-—Y.x

Using the simplicial mapping cylinder we factor the induced map hp —— hy
as a cofibration hp »— C = (hp A AL)]],, hy followed by a simplicial

homotopy equivalence C' —=+ hy. Similarly we factor the canonical map
sq = hy th C —— hx as sq —, tq = hx. Finally, we consider
hstAls —— hy and the factorization hUxSAg s Cy — hy.

DEFINITION 2.14. Let Q denote the collection of all elementary distinguished
squares in Sm/S. Since Sm/S is essentially small, we may consider a skeleton
and form the set J of maps

{x = ho} U{q: s = tqg}geo U {u: hyxsa, = Culucobsmys-
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Let J' be the set of pushout product maps fOg where f € J and g €
{0A} = AT},

LEMMA 2.15. A schemewise fibration with motivically fibrant codomain is a
motiwic fibration if and only if it has the right lifting property with respect to
the set J' of 2.14.

Proof. We note that the (simplicial) functor Sy(B,—) preserves simplicial
homotopy equivalences, which in particular are schemewise weak equivalences.
From the definitions, it then follows that a schemewise fibrant motivic space A

is motivically fibrant if and only if the canonical map A 5« enjoys the right
lifting property with respect to J’. The statement follows using properties of
Bousfield localizations [6, 3.3.16]. O

COROLLARY 2.16. The model category Mo is weakly finitely generated. In
particular, motivic weak equivalences and motivic fibrations with motivically
fibrant codomains are closed under filtered colimits.

In the symmetric spectrum approach due to Jardine [10] one employs a slightly
different model structure on motivic spaces. The cofibrations in this model
structure are the schemewise cofibrations, i.e. the monomorphisms, while the
weak equivalences are defined by localizing the so-called Nisnevich local weak
equivalences [9] with respect to a rational point hg — hAlS . Let us denote
this model structure by Mcgj. Corollary 2.16 shows an advantage of working
with Mp,,. On the other hand, in Mgy every motivic space is schemewise
cofibrant. We compare these two model structures in

THEOREM 2.17. The weak equivalences in the model structures My, and Maj
coincide. In particular, the identity Idaq : Mo —— Mgy is the left adjoint
of a Quillen equivalence.

Proof. The fibrations in the pointed version of the model structure in [9] are
called global fibrations. A weak equivalence in this model structure is a local
weak equivalence, and a cofibration is a schemewise cofibration. We say that a
globally fibrant presheaf Z is ig-fibrant if the map M(hg, Z) — M(hAls, Z)
induced by the zero-section io : S — A} is an acyclic global fibration. Since
hi, is a monomorphism, this is equivalent to the pointed version of h;,-local
simplicial presheaves in [9, §1.2].

A map f: A —— B is an ig-equivalence if for all ip-fibrant presheaf Z, the
induced map of pointed simplicial sets Syq(B,Z) —— Sm(A, Z) is a weak
equivalence. The ig-equivalences are the weak equivalences in Mg .

First we prove that any motivic weak equivalence is an ig-equivalence. Suppose

that f: A —» B and Z is ip-fibrant. Then Z is motivically fibrant, and thus
Sm(f€, Z) is a weak equivalence. Since f¢ is related to f via schemewise weak
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equivalences, it follows that f is an ig-equivalence. This proves that motivic
weak equivalences are ig-equivalences.

Choose a motivically fibrant Z and suppose f : A — B is an ig-equivalence.
According to [9] there exists a map Z ——» Z’ where Z' is globally fibrant.
Since the domain and codomain of h;, are cofibrant, 2.7 implies that Z’ is ig-
fibrant. Using the fact that My, is an S-model category, we get the following
commutative diagram:

Sm(Be, z) 2D, 5, (40, 7)

Sm(B7, 2') 2L s (4%, 7))

The map Sp(f¢, Z') is a weak equivalence of spaces since f€ is an ip-
equivalence, i.e. f is a motivic weak equivalence. The Quillen equivalence
follows. O

LEMMA 2.18. Smashing with a cofibrant motivic space preserves motivic weak
equivalences.

Proof. Suppose Z is motivically fibrant, that is, the canonical map Z — x
is a schemewise fibration having the right lifting properties with respect to .J’.
If C is cofibrant, then M(C, Z) is schemewise fibrant according to 2.7. We
claim M(C, Z) is motivically fibrant. For this, it suffices to prove for every
generating cofibration

i = hy A (DA™ s A™Y,,

the induced map M i, Z) has the right lifting property with respect to J’. By
adjointness, it suffices to prove that the pushout product of i and any map in
J' is a composition of cobase changes of maps in J’. This holds by the following
facts.

hg N hy = hy

Taking the product of an elementary distinguished square with any object
U € ObSm/S yields an elementary distinguished square.

(hvxgar — hy) ANhy = hyygvxsar — huxsv

The pushout product of JA™ —— A™ and JA™ —— A™ is an inclusion
of simplicial sets, hence can be formed by attaching cells.

To conclude, it remains to note that for every motivically fibrant Z and every

f:A—"+ B, the induced map Sx(((f A C)¢, Z) is a weak equivalence. First,
note that by the argument above, the map Sy (f¢AC, Z) = Sy (f¢, M(C, Z))
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is a weak equivalence. This means that f¢ A C' is a motivic weak equivalence.
But 2.9 and the commutative diagram

(ANC)E S ANC <= A°AC
(f/\C)Cl f/\Cl chCl
~SC ~SC

(BAC)® == BAC <— B°ANC
show that (f A C)€ is a motivic weak equivalence if and only f¢A C isso. O

COROLLARY 2.19. M, is a monoidal Mg.-model category.

Proof. We have to check that the pushout product of hy A (OA™ —— A™),
and a generating acyclic cofibration in My, is a motivic weak equivalence for
allU € ObSm/S and n > 0. Since hy is cofibrant, the result follows from 2.18
and left properness of M. O

We can now extend 2.18 to all motivic spaces.

LEMMA 2.20. Taking the smash product — N A or a cobase change along a
schemewise cofibration preserves motivic weak equivalences for all A € Ob M.

Proof. For the first claim: we may replace A by A° using 2.9 and hence conclude
using 2.18. The second claim follows by factoring any motivic weak equivalence
as a motivic acyclic cofibration followed by a schemewise acyclic fibration, and
quoting 2.9 for the schemewise acyclic fibration. O

LEMMA 2.21. The monoid axiom holds in M.

Proof. Let f be an acyclic cofibration in My,, and let C' be any motivic space.
By 2.20, f A C is a schemewise cofibration and a motivic weak equivalence. It
suffices to prove that the class of such maps is closed under cobase changes and
sequential compositions. For this we use 2.20 and 2.16, respectively. O

LEMMA 2.22. The model category My, is proper.

Proof. Left properness of My, is obvious since the cofibrations are not altered.
To see that the model structure is right proper, one can either employ [1, 3.1],
or mimic Jardine’s proof of [10, A.5]. O

REMARK 2.23. It is worth noticing that all of the results above hold more
generally. One may replace Sm/S by any site with interval, see [12], in which
the Grothendieck topology is generated by a bounded, complete and regular
cd-structure [17]. An interesting example is the cdh-topology on the category
Sch/S of schemes of finite type over S and representing interval the affine line.
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2.2 STABLE HOMOTOPY THEORY

The model category M, has all the properties required to apply the results
of [8, Section 4]. On the one hand, M, is a cellular model category by [1], so
Hirschhorn’s localization methods work. On the other hand, one can also use
Smith’s combinatorial model categories for Bousfield localization. In any case,
the category Sp(M,, 4) of spectra of motivic spaces (with respect to some
cofibrant finitely presentable motivic space A) has a stable model structure.
For precise statements consult [8, 4.12 and 4.14].

We are interested in special motivic spaces A. The basic “sphere” in motivic
homotopy theory is obtained in the same way as the circle in classical homotopy
theory. It is defined as the Thom space AL /AL — {0} of the trivial line bundle.
Since A} is contractible, the pushout (A} — {0},1) A S* of the diagram

hiy AST
* — hs/\Sl — hA}S,f{O} /\S1

is weakly equivalent to AL/AL — {0} [12, 3.2.2]. In the diagram, the map
i1 : S — AL — {0} is induced by the closed point 1 € A§(S). Note that
although h;, A St is a schemewise cofibration (i.e. monomorphism), it need not
be a cofibration in the motivic model structure My,,.

Since the domain and codomain of h;, A St are cofibrant, we may factor this
map using the simplicial mapping cylinder as a cofibration hgAS! —— C and a
simplicial homotopy equivalence. The quotient T := C'/hgAS" is then cofibrant
and a finitely presentable motivic space, schemewise weakly equivalent to the
smash product (A5 —{0},1)AS’. Up to motivic weak equivalence the choice of
T is irrelevant. See [8, 5.7] and cp. 2.20. Now the identity Id is a left Quillen
equivalence from M, to the pointed version of Jardine’s model structure on
M by 2.17. So that by [8, 5.7] the stable model structure on the category of
motivic spectra Sp(Mio,T) is Quillen equivalent to Jardine’s model for the
motivic stable homotopy category. Using Voevodsky’s observation about cyclic
permutations, we get

LEMMA 2.24. The functor — AT: Sp(Mmo, T) — Sp(Mmo, T) is a Quillen

equivalence.

Proof. The identity id o induces a commutative diagram of left Quillen functors

Sp(MmOa T) - SP(MGL T)

| |-

Sp(MmOa T) - SP(MGL T)

where the two horizontal arrows are Quillen equivalences. Here Mgy denotes
the pointed version of the Goerss-Jardine model structure on M. In Mg, the
cofibrations are the schemewise cofibrations. Hence every presheaf is cofibrant.
By [8, 10.3] it suffices to establish that T is weakly equivalent to a symmetric
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presheaf A, so that the next diagram commutates where cyc: A" —— A"3 is
the cyclic permutation map and H is a homotopy from the cyclic permutation
to the identity; for details we refer to [8, 10.2].

. AN AR, AN AR,
AN A hsg ———% AN A hyr ——- AN A hs

! Hl /
41
344 cﬂd\

: AN hs

The presheaf Als / A}g —{0} is weakly equivalent to 7', and symmetric according
to [10, 3.13]. Hence — AT on the right hand side is a Quillen equivalence, which
implies the same statement for the functor — A T on the left hand side. O

3  MOTIVIC FUNCTORS

In this section we shall introduce the category of motivic functors, describe its
monoidal structure and display some of its useful homotopy properties. We do
this in four steps. Each step involves giving a monoidal model structure to the
category of motivic functors.

The first step is defining the pointwise model, which is of little practical value,
but it serves as a building block for all the other models. The second step
deals with the homotopy functor model. We advocate this as a tool for doing
motivic homotopy theory on a functorial basis, mimicking the grand success in
algebraic topology. The most interesting functors are homotopy invariant, but
many natural constructions will take to functors which do not preserve weak
equivalences. The homotopy functor model structure is a convenient way of
handling these problems.

Thirdly we have the stable structure, which from our point of view is the natural
generalization of stable homotopy theory from algebraic topology, but which
unfortunately does not automatically agree with the other proposed models for
stable motivic homotopy theory. Hence we are forced to park this theory in
our technical garage for time being and introduce the fourth and final model
structure: the spherewise model structure. Although technically not as nice
as the stable model, the spherewise model is Quillen equivalent to the other
models for motivic stable homotopy theory.

Many of the results in this section can be justified by inferring references to [5].
For the convenience of the reader we will indicate most proofs of these results.

3.1 THE CATEGORY OF MOTIVIC FUNCTORS

Recall the category of motivic spaces M = Mg = [(Sm/S)P, S] discussed in
the previous section. As a closed symmetric monoidal category, it is enriched
over itself, hence an M-category. Let f M be the full sub-M-category of finitely
presentable motivic spaces.
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DEFINITION 3.1. A motivic functor is an M-functor X : fM —— M. That
is, X assigns to any finitely presentable motivic space A a motivic space X A
together with maps of motivic spaces homfﬁB: M(A,B) — M(XA,XB)
compatible with the enriched composition and identities. We let MF be the
category of motivic functors and M-natural transformations.

Since MF is a category of functors with bicomplete codomain, it is bicomplete
and enriched over M. If X and Y are motivic functors, let Mar(X,Y) be
the motivic space of maps from X to Y. If A is a finitely presentable motivic
space, then the motivic functor represented by A is given as

M(A, =) fM —= M,  M(A,—)(B) = M(A,B)

The enriched Yoneda lemma holds, and every motivic functor can be expressed
in a canonical way as a colimit of representable functors.

THEOREM 3.2 (DAY). The category of motivic functors is closed symmetric
monoidal with unit the inclusion I: fM —— M.

This theorem is a special case of [4]; it is simple enough to sketch the basic
idea. Denote the monoidal product of two motivic functors X and Y by X AY.
Since every motivic functor is a colimit of representables, it suffices to fix the
monoidal product on representable functors

MA, =) ANM(B,—) := M(AAB,—).
The internal hom is defined by setting
MF(X,Y)(A) = Mage (X, Y (— A A)).

Let us describe a special feature of the category of motivic functors, which
makes the monoidal product more transparent. The point is just that motivic
functors can be composed. Note that any motivic functor X: fM —— M
can be extended — via enriched left Kan extension along the full inclusion
I: fM ~——= M —toan M-functor [, X M — M satisfying [, Xol =& X. Since
the category of motivic spaces is locally finitely presentable 2.2, this defines an
equivalence between MF and the category of M-functors M —— M that
preserve filtered colimits. Given motivic functors X and Y, one defines their
composition by setting
XoY =[.XoY.

Moreover, there is the natural assembly map X NY —— X oY which is an
isomorphism provided Y is representable [5, 2.8]. In fact, if both X and Y are
representable, then the assembly map is the natural adjointness isomorphism

M(Aa _) A M(Bv _) = M(A A Bv _) = M(AaM(Ba _))
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REMARK 3.3. A motivic ring is a monoid in the category of motivic functors.
Given the simple nature of the smash product in MF motivic rings can be
described quite explicitly. Running through the definitions we see that a map
XANX — X of motivic functors is the same as an M-natural transformation
of two variables XA A XB — X (A A B), and so a motivic ring is a motivic
functor X together with natural transformations XAAXB — X (AAB) and
A —— X A such that the relevant diagrams commute. Hence motivic rings
are analogous to Bokstedt’s functors with smash product [2].

EXAMPLE 3.4. Let SmCor/S be the category of smooth correspondences over
S. The special case S = Spec(k) is described in [18]. A motivic space with
transfers is an additive functor, or an Ab-functor, F': (SmCor/S)°? — sAb
to the category of simplicial abelian groups. Let M™ be the category of motivic
spaces with transfers. By forgetting the extra structure of having transfers and
composing with the opposite of the graph functor I': Sm/S — SmCor/S it
results a forgetful functor u: MY —— M with left adjoint Zy, : M — M.
The functor Zi, is determined by the property that Zi.(hy A Alt) =
Homgycor/s(—, U) ® Z(A™).

Let MZ € MF be the composite functor

u

FM s M 25 M M.

We claim that MZ is a commutative monoid in MF. First, the unit I — MZ
is the unit of the adjunction between M and M. To define a multiplication,
we note using [4] and [15] that M is closed symmetric monoidal. Since the
graph functor is strict symmetric monoidal and forgetting the addition is lax
symmetric monoidal, general category theory implies Z;, is strict symmetric
monoidal and u is lax symmetric monoidal. In particular, we get the natural
multiplication map p on MZ, given by

wW(Zr(A)) Au(Ziy(B)) — u(Zy(A) @ Ziy(B)) — uw(Zy:(A A B)).
To see that M7 is a motivic functor, consider the composition
M(A, B) NuliyA — uZiyM(A, B) AN ulyy A — uZy(M(A, B) N A),

and note that uZ,(M(A, B) A A) maps naturally to uZ,B. In 4.6 we show
MTZ. represents Voevodsky’s motivic Eilenberg-MacLane spectrum [16].

3.2 EVALUATION ON SPHERES

As explained in [5, Section 2.5, the category Sp(M,T) of motivic spectra
with respect to the T of 2.2 can be described as a category of M-functors.
Let T'Sph be the sub-M-category of M with objects the smash powers TV =
SO T, T "2 :=T AT, T"® :=T A (T"?),--- of T. If k > 0 the motivic space of
morphisms in TSph from T"" to T""+* is T"¥ considered by adjointness as
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a subobject of M(T ", T""*%) If k < 0 the morphism space is trivial. Let
i: T'Sph —— fM be the inclusion. Hence every motivic functor X gives rise
to a motivic spectrum ev(X) := X o .

Similarly, the category Sp”(M,T) of motivic symmetric spectra is isomorphic
to the category of M-functors (with values in M) from a slightly larger sub-
M-category j: TSph®™ ——» fM, which is determined by the property that
it is the smallest sub-M-category containing 7'Sph and the symmetric group
Y(n)y C M(TN, T™) for all n. Hence, if U denotes the forgetful functor,
then the evaluation map ev: MF —— Sp(M, T) factors as

’
ev

MF %+ Sp=(M,T) —L+ Sp(M,T).
Moreover ev’ is lax symmetric monoidal and its left adjoint is strict symmetric
monoidal. For further details we refer the reader to [5, Section 2.6].

3.3 THE POINTWISE STRUCTURE

We first define the pointwise model structure on MF. As earlier commented,
the pointwise structure is of no direct use for applications, but it is vital for
the constructions of the useful structures to come.

DEFINITION 3.5. A map f: X — Y in MF is a

e Pointwise weak equivalence if for every object A in fM the induced map
f(A): X(A) — Y (A) is a weak equivalence in My,,.

e Pointwise fibration if for every object A in fM the induced map
f(4): X(A) — Y (A) is a fibration in M.

o (Cofibration if f has the left lifting property with respect to all pointwise
acyclic fibrations.

The category MF, together with these classes of morphisms, is denoted MF
and referred to as the pointwise structure on MF.

THEOREM 3.6. The pointwise structure MF . is a cofibrantly generated proper
monoidal model category satisfying the monoid aziom.

Proof. The model structure follows from [7, 2.1.19], where the monoid axiom
for My, is used to ensure that the generating acyclic cofibrations listed in 3.7,
as well as sequential compositions of cobase changes of these, are pointwise
weak equivalences. The form of the generating (acyclic) cofibrations, together
with the behavior of A on representables, ensures that MF is a monoidal model
category [7, 4.2.5]. Right properness follows at once from the fact that My, is
right proper 2.22. Left properness requires more than My, being left proper,
but follows from 2.20.
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To prove the monoid axiom, let X be a motivic functor and consider the smash
product

XAM(A,—

X AM(A, ) A sj XA MA, <) At

with a generating acyclic cofibration, where j is a generating acyclic cofibration
for My,. It is a pointwise weak equivalence by 2.20, and also pointwise a
schemewise cofibration. In particular, any sequential composition of cobase
changes of maps like these is a pointwise weak equivalence, which concludes
the proof. O

REMARK 3.7. If A varies over the set of isomorphism classes in fM and i :
st = ti varies over the generating (acyclic) cofibrations in My, then the
maps M(A, =) Ai: M(A,—) A si — M(A, —) Ati form a set of generating
(acyclic) cofibrations for MF ;. In particular, all representable motivic functors
(for example the unit) are cofibrant.

The following theorem will help us to deduce the monoid axiom for some other
model structures on motivic functors.

THEOREM 3.8. Smashing with a cofibrant object in MF ¢ preserves pointwise
equivalences.

Proof. If X is representable, say X = M(A, —) and f: Y — Z is a pointwise
weak equivalence, then the assembly map is an isomorphism

f/\M(Av_) = fO./\/l(A7—) = ]I*fOM(A,—).

Since L. f commutes with filtered colimits and every motivic space is a filtered
colimit of finitely presentable motivic spaces, 2.16 implies that I.f(B) is a
motivic weak equivalence for every motivic space B, e.g. for B = M(A, C).

For an arbitrary cofibrant motivic functor, the result follows from the previous
case using induction on the attaching cells and the fact that cobase change
along monomorphisms preserves motivic weak equivalences 2.20. O

3.4 THE HOMOTOPY FUNCTOR STRUCTURE

The major caveat concerning the pointwise model structure is that a motivic

weak equivalence A —— B of finitely presentable motivic spaces does not
necessarily induce a pointwise weak equivalence M(B,—) —— M(A, —) of
representable motivic functors. To remedy this problem, we introduce a model
structure in which every motivic functor is a homotopy functor up to weak
equivalence. A homotopy functor is a functor preserving weak equivalences.

Recall that the pointwise structure is defined entirely in terms of the weakly
finitely generated model structure M,,,. However, to define the homotopy
functor structure it is also useful to consider the Quillen equivalent model

3

structure Mgy in which all motivic spaces are cofibrant. The slogan is: “use
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Mgy on the source and My, on the target”. This is the main difference from
the general homotopy functor setup presented in [5].

DEFINITION 3.9. Let M be the set of acyclic monomorphisms (i.e. maps that
are both monomorphisms and motivic weak equivalences) of finitely presentable
motivic spaces. For a motivic space A, let ac(A) be the following category. The
objects of ac(A) are the maps A — B € M that can be obtained by attaching
finitely many cells from M. The set of morphisms from an object 5: A — B
to another v: A —— C' is the set of maps 7: B —— C that can be obtained
by attaching finitely many cells from M such that 73 = . Set

®(A):= colim B.
A—Be€ac(A)

Note that the objects in ac(A) are acyclic cofibrations in Mgj.

The techniques from [5, Section 3.3] ensure the following properties of this
construction, see [5, 3.24]

LEMMA 3.10. For every motivic space A, the map ®(A) — * has the right
lifting property with respect to the maps in M. In particular, ®(A) is fibrant
in Muyo. Moreover, ® is a functor and there exists a natural transformation
wa: A —— B(A) which is an acyclic monomorphism. If the motivic space A
is finitely presentable, then ®(A) is isomorphic to a filtered colimit of finitely
presentable motivic spaces weakly equivalent to A.

There are occasions where it is more convenient to employ M instead of the
set J’ introduced in 2.15. For example, every motivic weak equivalence of
finitely presentable motivic spaces can be factored as a map in M, followed by
a simplicial homotopy equivalence. Adjointness and 2.7 imply:

LEMMA 3.11. Suppose A is a motivic space such that A —— % has the right
lifting property with respect to the maps in M. If f: B —— C is an acyclic
monomorphism of finitely presentable motivic spaces, then the induced map
M(C, A) — M(B, A) is an acyclic fibration in M.

We define the (not necessarily motivic) functor i(X): fM —— M by the
composition

B(X)(A) == LX(B(A)).

Note that ¢: Idpy — ® induces a natural transformations of functors
Idpyr — B

DEFINITION 3.12. A map f: X — Y in MF is an

o hf-weak equivalence if the map f(X)(A) is a weak equivalence in My,
for all A € ObfM.
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e hf-fibration if f is a pointwise fibration and for all acyclic monomorphisms
¢: A <=+ B e fM the diagram

X(4) 29 x(B)

f(A)i if(B)
Y(4) 22 v (B)
is a homotopy pullback square in M.

In the following, the hf-weak equivalences and hf-fibrations together with the
class of cofibrations, will be referred to as the homotopy functor structure MF ¢
on MF.

LEMMA 3.13. A map in MF is both an hf-fibration and an hf-equivalence if
and only if it is a pointwise acyclic fibration.

Proof. One implication is clear.

If f: X — Y is an hf-fibration and an hf-equivalence, choose A € f M and
consider the induced diagram:

X(4) — LX(®(4))
f(A)l lﬂ*f@(A))
Y(4) — LY (®(4))

It remains to prove that f(A) is a motivic weak equivalence. The right vertical
map is a motivic weak equivalence by assumption, so it suffices to prove that
the diagram is a homotopy pullback square. Since f is an hf-fibration and
[.Z commutes with filtered colimits for any motivic functor Z, 3.10 shows the
square is a filtered colimit of homotopy pullback squares. By 2.16, homotopy
pullback squares in M, are closed under filtered colimits, which finishes the
proof. O

THEOREM 3.14. The homotopy functor structure is a cofibrantly generated and
proper monoidal model category.

Proof. First we establish the weakly finitely generated model structure. This
follows from [7, 2.1.19], where 3.13 and 3.11 are needed to check the relevant
conditions. More precisely, 3.11 shows that the generating acyclic cofibrations
listed in 3.17 below are hf-equivalences. By arguments which can be found
in the proof of [5, 5.9], any sequential composition of cobase changes of the
generating acyclic cofibrations is an hf-equivalence.

Concerning the monoidal part, the crucial observation is that if f: A — B
is an acyclic monomorphism in f M and C' is finitely presentable, then the map
fAC: ANC —— B AC is an acyclic monomorphism in f M. For details and
also right properness, see [5, 5.12 and 5.13]. Left properness is clear. O
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THEOREM 3.15. Smashing with a cofibrant motivic functor preserves hf-
equivalences and MFy satisfies the monoid axiom.

Proof. We factor the hf-equivalence into an hf-acyclic cofibration followed by
an hf-acyclic fibration. Now 3.13 shows that hf-acyclic fibrations are pointwise
acyclic fibrations, and 3.8 shows smashing with a cofibrant object preserves
pointwise weak equivalences. Hence we may assume the hf-equivalence is a
cofibration. Since the model structure MFy¢ is monoidal, smashing with a
cofibrant object preserves hf-acyclic cofibrations. This proves our first claim.

The monoid axiom is shown to hold as follows. Suppose that X L Y is
a generating hf-acyclic cofibration, and Z is an object of MF with cofibrant

replacement Z° B, Z. Since X and Y are cofibrant, there is the diagram:

xaze 2y aze

~ptl twpt

XNZ —YNZ

This implies X A Z iy Y A Z. The full monoid axiom follows as indicated in
[5, 6.30]. O

REMARK 3.16. Every motivic functor is an S-functor since M, is a monoidal
S-model category. As such, they preserve simplicial homotopy equivalences,
see [5, 2.11]. Any motivic weak equivalence can be factored as the composition
of an acyclic monomorphism and a simplicial homotopy equivalence. It follows
that a pointwise fibration f: X ~ P, V is an hf-fibration if and only if for
every motivic weak equivalence ¢: A —— B in fM the following diagram is
a homotopy pullback square in the motivic model structure:

x(4) 2 x(B)
f(A)l f(B)
v(4) 2% y(B)

In particular, the fibrant functors in MFy¢ are the pointwise fibrant homotopy
functors. On the other hand, we could have constructed the homotopy functor
structure as a Bousfield localization with respect to the homotopy functors,
avoiding A in 3.12. However, note that we have a characterization of arbitrary
fibrations, as opposed to the situation for a general Bousfield localization.

REMARK 3.17. The generating cofibrations for the pointwise and homotopy
functor structures coincide. The generating acyclic cofibrations for MFy,s may
be chosen as follows. Consider an acyclic monomorphism ¢: A —— B € fM

and its associated factorization M(B, —) —2» Cy —~+ M(A,—) obtained
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using the simplicial mapping cylinder. The hf-acyclic cofibrations are generated
by the pointwise acyclic cofibrations of 3.7, together with the pushout product
maps

coi: M(B,—)Ati [ Consi— Cynti,
M(B,—)Asi

where ¢ varies over the (isomorphism classes of) acyclic monomorphisms in
fM and i: si = ti € I varies over the generating cofibrations in My,,. The
domains and codomains of these pushout product maps are finitely presentable
in MF.

To end this section, we indicate why i(X)(A) has the correct homotopy type.

LEMMA 3.18. Let X b, XM be a fibrant replacement in MFys. Then we

have natural motivic weak equivalences
A(X)(A) —— R(X")(A) «— XP(A).

Proof. The first map is a motivic weak equivalence by definition. The second
map is a motivic weak equivalence because i(X")(A) = colim X hf(B) and Xf

A—B

preserves motivic weak equivalences. O

3.5 THE STABLE STRUCTURE

We start with the hf-model structure and define the stable model structure
more or less as for the general case in [5, Section 6]. The stable equivalences
are the maps which become pointwise weak equivalences after a stabilization
process, and the stably fibrant objects are morally the “Q-spectra’”.

Let us repeat the stabilization process in the case of MF and the motivic space
T of 2.2, weakly equivalent to AL /(AL —{0}). If X is a motivic functor and A
is a finitely presentable motivic space, there is a map

tx(A): X(A) — T(X)(A) := M(T, X(T A A))

natural in both X and A. It is adjoint to the map X(A) AT — X(T A A)
which in turn is adjoint to the composition

X
homA,TAA

T —+ M(A,TAA) M(XA,X(T AA)).

Let T°°(X) be the colimit of the sequence

X X mx) I (X)) —

and let ¢t : X —— T*°(X) be the canonically induced map.

We fix a fibrant replacement X o~ XM in MFy.
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DEFINITION 3.19. A morphism f: X —— Y in MF is a

e Stable equivalence if the induced map T (fh): T°(X) — Too(Yhf)
is a pointwise weak equivalence.

e Stable fibration if f is an hf-fibration and the diagram

X (A) 24 1x)(4)

:

S (v (4)

is a homotopy pullback square in My, for all A € fM.

We denote by MFy; the stable structure on MF, i.e. the category MF together
with the classes of stable equivalences and stable fibrations.

REMARK 3.20. The definition of stable equivalences in the general setting of
[5, 6.2] involves the functor i(—) instead of (—)P. By 3.18, this does not make
any difference. In particular, the class of stable equivalences does not depend
on the choice of (—)b.

LEMMA 3.21. A map is a stable fibration and a stable equivalence if and only
if it is a pointwise acyclic fibration.

Proof. One implication is obvious.

If f is a stable fibration and a stable equivalence, then fP is also a stable
equivalence. In general, f will not be a pointwise fibration, but — as one can
prove by comparing with i(f) — this is the only obstruction preventing ff
from being a stable fibration. That is, the relevant squares appearing in the
definition of an hf-fibration 3.12 and in the definition of a stable fibration 3.19
are homotopy pullback squares for f'f. Details can be found in [5, Section 6.2].
Since homotopy pullback squares are closed under filtered colimits (like T°°),
the statement follows. O

To prove that the stable structure is in fact a model structure, we will introduce
generating stable acyclic cofibrations.

DEFINITION 3.22. For a finitely presentable motivic space A, let 74 be the
composition

ETM(A
_—

M(TAA)AT —=o M(T, M(A, <)) AT ) M(A, ),

where ep is the counit of the adjunction (— A T, M(T,—)) on MF. There
exists a factorization da: M(T A A,—) AT —— D4 followed by a simplicial
homotopy equivalence. Let D be the set of pushout product maps d 40i, where
1: si = ti is a generating cofibration in M.

DOCUMENTA MATHEMATICA 8 (2003) 489-525



MorTivic FUNCTORS 513

To deduce that the stable structure is a model structure, we need to know that
the maps in D-cell are stable equivalences. For this purpose, we compare with
the stable model structure on Sp(Myy,,, T') which exists by [8]. If X is a motivic
functor and A € f M, we can form the composition X o (— A A) € MF.

LEMMA 3.23. Let f: X —— Y be a map of motivic functors. Then f is a
stable equivalence if and only if ev(f™ o (= A B)) is a stable equivalence of
motiwic spectra for every B € f M.

Proof. Although the stabilizations in MF and Sp(M e, T) do not coincide
under ev, they can be compared at each B € fM and shown to yield motivic
weak equivalences

T (f*)(B) —— (0ev(f" (= A B)))o.

Here ©> is the stabilization defined in [8, 4.4]. Details are recorded in [5,
Section 6.3]. This proves the claim. O

LEMMA 3.24. The maps in D-cell are stable equivalences.

Proof. Our strategy is to note that 2.24 and 3.23 imply the maps in D are stable
equivalences. To this end, it suffices to show — using 2-out-of-3 and 2.9 — that
erM(A, —) is a stable equivalence for all A € ObfM. Equivalently, according
to 3.23, we may consider the map of motivic spectra ev((ezM(A, —))Mo(—AB))
for B € ObfM. Write X := M(A,—). There is a zig-zag of pointwise weak
equivalences connecting (e7X)" o (= A B) and er (X" o (= A B)). Tt can be
constructed as follows. By naturality, the diagram

M(T,X)NT
/TXl e
M(T, XMy AT X (M(T, X) AT)HE
e ~hf $
X’”)& I ol
th

commutes. Factor the map e7(X") as a pointwise acyclic cofibration, followed

by a pointwise fibration Z ~Phy XY Then Z —% X is in fact an hf-
fibration. The reason is that X"f is a pointwise fibrant homotopy functor, so
M (T, X") is also a (pointwise fibrant) homotopy functor, since T is cofibrant.
By 2.18, M(T, X") AT is then a homotopy functor, hence the pointwise weak

equivalence M (T, XM)AT SRz implies that Z is a homotopy functor. Any

pointwise fibration of homotopy functors is an hf-fibration, thus Z P X
is an hf-fibration. Hence there exists a lift f: (M(T, X) A T)™ —— Z in the
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diagram:
M(T, X)ANT — M(T, X") AT 2 7
~nhf - hf
/"//‘ hf
(M(T, X) AN T)™ ) bl

We will prove that f is a pointwise weak equivalence. It suffices to prove that
f is an hf-equivalence because both the domain and the codomain of f are
homotopy functors. Hence by the 2-out-of-3 property it suffices to prove that
M(T, X)ANT — M(T, X")AT is an hf-equivalence. Since —AT preserves hf-
equivalences, let us consider M(T, X) — M(T, X"). We have to prove that
for every finitely presentable motivic space C, A(M(T, X) — M(T, X"))(C)
is a motivic weak equivalence. Since T is finitely presentable and A can be

described as a filtered colimit, the map in question is isomorphic to the map

M(T, (X =2 X1)(C)). The map h(X 25 XP)(C) is a motivic weak

equivalence by definition, so it remains to observe that the domain and the
codomain are both fibrant in Mp,,. Now X = M(A,—) where A is finitely
presentable, so the domain A(M (A4, —))(C) = M(A, ®(C)) is fibrant in M ..
The codomain is isomorphic to a filtered colimit of fibrant objects, hence it is
fibrant in M.

We have constructed the diagram:

M(T, M(A, =)y AT 22 Z “PU(M(T, M(A, —)) AT

§
. l e
XJ\)[M)\ j\/\k As

M(A 7)hf (et

Pre-composing with — A B preserves pointwise weak equivalences so that we
get the desired zig-zag of pointwise weak equivalences connecting the two maps
er(M(A, =) o (= A B)) and (epM(A,—)) o (= A B). Since ev preserves
pointwise weak equivalences, it suffices to check that

ev(ep(M(A, =)' o (= A B))) = ep(ev(M(A, =)' o (= A B))

is a stable equivalence. In what follows, let us abbreviate by E the pointwise
fibrant motivic spectrum ev(M(A, =) o (= A B)). Then 1g: E —— O®F
is a stable equivalence whose codomain is a stably fibrant motivic spectrum
[8, 4.12]. Moreover, since T is finitely presentable and cofibrant, the map
M(T,1g): M(T,E) — M(T,0FE) is also a stable equivalence with stably

fibrant codomain. Choose a cofibrant replacement M (T, 0> F)¢ 5 M(T, E)
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and consider the induced commutative diagram:

~ erE

M(T,E)° AT E

M(T,E) AT

M(T,LE)C/\Tlrv M(T7LE)/\T1~ LE
eTOFE

M(T,0%E)* AT = M(T,0®E) AT “—— ©™F

Since — AT is a Quillen equivalence 2.24, the lower horizontal composition is
a stable equivalence. Since — A T preserves pointwise weak equivalences 2.18,
both horizontal maps on the left hand side are pointwise weak equivalences.
The right vertical map is a stable equivalence by construction. By factoring a
stable equivalence as a stable acyclic cofibration, followed by a pointwise acyclic
fibration, one can see that — A T preserves all stable equivalences. Hence also
the other two vertical maps are stable equivalences. It follows that the map in
question is a stable equivalence. O

THEOREM 3.25. The stable structure MFg; is a cofibrantly generated, proper
and monotidal model category.

Proof. The model structure follows easily from [7, 2.1.19], using 3.21 and 3.24.
The smash product of M(T A A, —) AT — M(A,—) and M(B, —) is iso-
morphic to the map M(T' A (AAB),—) AT — M(AA B,—). This implies
that the pushout product map of a generating cofibration M(B,—) A hy A
(0A™ —— A™), and a generating stable acyclic cofibration is again a stable
acyclic cofibration, which proves that the model structure is monoidal. Left
properness is clear, for right properness we refer to [5, 6.28]. O

REMARK 3.26. In the pointwise and stable model structures, the generating
cofibrations coincide. The set of generating acyclic cofibrations for the stable
structure is the union of the set of generating hf-acyclic cofibrations in 3.17,
together with the set D described above. Note that all of the maps have
cofibrant domains and codomains. Furthermore, the domains and codomains
of the maps in D are finitely presentable.

REMARK 3.27. In fact, by the proofs of [5, 5.13 and 6.28] stable equivalences
are closed under base change along pointwise fibrations.

By a verbatim copy of the argument in the hf-structure 3.15, we get the monoid
axiom for the stable structure.

THEOREM 3.28. Smashing with a cofibrant object in MFy preserves stable
equivalences, and MFg; satisfies the monoid aziom.

Our goal now is to compare the stable model structure on motivic functors
with the stable model structure on motivic spectra.

It is clear that ev: MF —— Sp(M,T) preserves acyclic fibrations, and from
Hovey’s results [8, Section 4], ev preserves stable fibrations. Hence ev is a
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right Quillen functor, with left adjoint i, defined by left Kan extension along
the inclusion i: TSph —— fM. (In fact, ev preserves stable equivalences
of motivic homotopy functors by 3.23.) We would like ev to be a Quillen
equivalence, which according to [7, 1.3.16] is equivalent to the following two
conditions.

e ev detects stable equivalences of stably fibrant motivic functors.

e If F is a cofibrant motivic spectrum and (—)* denotes a stably fibrant
replacement functor for motivic spectra, then the canonical map

E —— ev((i. B)®)
is a stable equivalence.

Here is a proof of the second condition.

LEMMA 3.29. Let E be a cofibrant motivic spectrum. Then E — ev((i,E)")
is a stable equivalence of motivic spectra.

Proof. Let us start by observing that, by 3.23, it is sufficient to show that the
map £ — ev((i,F)™) is a stable equivalence. To describe (—)"f in convenient
terms, we will employ the enriched fibrant replacement functor Ida,, — R
[5, 3.3.2]. Its construction uses an enriched small object argument. For our
notations concerning spectra see [8].

First, consider the case E = FyT°. Then i, FyT° = M(T°, —) = 1, and we
can choose I" = Rol. The map Fy7° — ev(R o) in degree n is the
canonical motivic weak equivalence 7" —— R(T’"), hence a pointwise weak
equivalence.

To proceed in the slightly more general case when E = F,T° note that
i F,TO =2 M(T"", —). Since T"" is cofibrant, we may choose M (T"", —)bt =
M(T", R(-)), cp. 3.18. Hence evM(T"", R(—)) = M(T"",evR(—)). The
map F,T® —— M(T"" evR(—)) has an adjoint F,,7° A T"" —— evR(—)
which is * — R(T"*) in degree k < n and the canonical motivic weak
equivalence T"™ ——» R(T"™) in degree m > n. In particular, it is a stable
equivalence. Similarly for

F,TO AT s evR(—) — O%evR(-).

JFrom the proof of 3.24, one can see that M(T"" —) applied to the second
map is a stable equivalence with a stably fibrant codomain. Since — AT is a
Quillen equivalence on Sp(M e, T'), this proves the slightly more general case.

The case F = F,, A, where A is any motivic space, follows since
FpA — ev((i, FyAM) = (F,T° — evM(T"",R(—))) A A
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and tensoring with any motivic space preserves stable equivalences of motivic
spectra. The latter follows from 2.20. This includes the domains and codomains
of the generating cofibrations in Sp(My,,T).

The general case of any cofibrant motivic spectrum E follows, since E is a
retract of a motivic spectrum FE’ such that * —— E’ is obtained by attaching
cells. That is, we can assume E = E’. We proceed by transfinite induction on
the cells, with the successor ordinal case first. Suppose E, 1 is the pushout of

Fntj ‘Fﬁ‘ Fnsj — Eq
where j is a generating cofibration in My,,. Then (i, Eqy+1)oRol is the pushout
of the diagram

(T"™,R(=))Aj

M(T™M, R(—)) Atj 2 M(T" R(=)) A sj — iy Eq o Rol.

The left horizontal map is pointwise a monomorphism. All the motivic functors
in this diagram are homotopy functors, so up to pointwise weak equivalence,
they coincide with their fibrant replacement in MFy¢. The induction step
follows, since ev preserves pushouts, pointwise weak equivalences and pointwise
monomorphisms, by applying the gluing lemma to the diagram:

F’Vlj

Fotj = « Fsj Eq

evM(T™" R(—=)) Atj ~— evM(T"", R(—)) — ev(isEq o0 Rol)

The limit ordinal case follows similarly; we leave the details to the reader. [

For a general S, it is not known whether ev detects stable equivalences of stably
fibrant motivic functors. In order to obtain the “correct” homotopy theory of
motivic functors we modify the stable model structure.

3.6 THE SPHEREWISE STRUCTURE

DEFINITION 3.30. A map f: X —— Y of motivic functors is a spherewise
equivalence if the induced map ev(f™) is a stable equivalence of motivic spectra.
The map f is a spherewise fibration if the following three conditions hold for

every A € fM such that there exists an acyclic monomorphism 7" <~ A
for some n > 0:

o f(A): X(A) — Y (A) is a motivic fibration.

e For every motivic weak equivalence A —— B in fM,
XA — XB

f(A)l lf(B)
YA—YB

DOCUMENTA MATHEMATICA 8 (2003) 489-525



518 B. I. Dunpas, O. RONDIGS, P. A. @OSTVER

is a homotopy pullback square in M.
e The diagram
XA — M(T,X(TNA))
f(A) l iM(va(T/\A))
YA — M(T,Y(T N A))

is a homotopy pullback square in M.

A map is a spherewise cofibration if it has the left lifting property with respect
to the maps which are both spherewise equivalences and spherewise fibrations.

We shall refer to these classes as the spherewise structure on MF and use the
. ~sph h h

notations MFgpn, X SRl Y, X Py and X ~2% Y. Now every stable

equivalence is a spherewise equivalence by 3.23, and stable fibrations are sphere-

wise fibrations. Hence the identity is a left Quillen functor MFgp,, —— MF

provided the spherewise structure is a model structure.

THEOREM 3.31. The spherewise structure is a cofibrantly generated proper
monoidal model structure on MF. The monoid axiom holds. Furthermore,
the evaluation functor

ev: MFy,;, — Sp(Mpo,T)
is the right adjoint in a Quillen equivalence.

Proof. Let us denote by tM the full sub-M-category given by the finitely
presentable motivic spaces A such that there exists an acyclic monomorphism

T/ <~ A for some n > 0. It is possible to apply the general machinery
from [5] to the category [tM, M] of M-functors from tM to M and get a
cofibrantly generated proper model structure. We may then lift this model
structure using [6, 11.3.2] from [tM, M] to MF via the left Kan extension
along the full inclusion t M —— f M.

We follow a direct approach. By the proof of 3.21, a spherewise acyclic fibration
f+ X ~2} Y is characterized by the property that the map f(A): XA — Y A

is an acyclic fibration in My, for every A € tM. This gives us the set of
generating spherewise cofibrations

{M(A, =) Nhy A (OA™ — A™) 4} ActM, U€ObSm/S,n>0-

This set is simply the restriction of the set of generating cofibrations for the
model structures on the motivic spaces in tM. Similarly, one can restrict the
generating acyclic cofibrations in 3.26 to the motivic spaces in t M. This gives a
set of generating spherewise acyclic cofibrations. Theorem [7, 2.1.19] implies the
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existence of the cofibrantly generated model structure. In fact, the conditions
required to apply this theorem have been checked before without the restriction
that A be in t M. For example, sequential compositions of cobase changes of
the generating spherewise acyclic cofibrations are even stable equivalences by
3.24, hence in particular spherewise equivalences.

Note that tM is closed under the smash product in M. In fact, if the maps

T/ <~ % A and T"" ~~» B are acyclic monomorphisms, then their smash
product T""™*" —» A A B is an acyclic monomorphism. This is the crux
observation leading to the conclusion that the model structure is monoidal.
We claim that the monoid axiom holds. If X is an arbitrary motivic functor
and j is a generating spherewise acyclic cofibration, then j is in particular a
generating stable acyclic cofibration. The monoid axiom for the stable model
structure 3.28 implies that X A j-cell consists of stable equivalences, which are
in particular spherewise equivalences. Our claim follows.

Finally, since T"" € ObtM for every n > 0, the evaluation functor ev preserves
spherewise fibrations and spherewise acyclic fibrations. Hence ev is a right
Quillen functor. By definition, ev reflects spherewise equivalences of motivic
homotopy functors. This implies ev also reflects spherewise equivalences of
motivic functors which are spherewise fibrant (A spherewise fibrant motivic
functor does not necessarily preserve all of the motivic weak equivalences in

f M, only those in t M. However, this is sufficient.). If F is a cofibrant motivic

. ~sph . . . .
spectrum and i, F Nl (i.E)%Ph is a spherewise fibrant replacement, there is

. . . ~sph .
a spherewise equivalence (i, F)*P? —» (i, E).

Using 3.29 above we conclude that ev: MFg,, —— Sp(Mpo, T) is a Quillen
equivalence. O

Note that we do not claim that smashing with a spherewise cofibrant motivic
functor preserves spherewise equivalences.

3.7 COMPARISON WITH MOTIVIC SYMMETRIC SPECTRA

We extend the result about the Quillen equivalence 3.31 to Jardine’s category of
motivic symmetric spectra [10]. As mentioned above, if U is the functor induced
by the inclusion TSph —— TSph*, and ev’ is the inclusion TSph* —— fM,
then ev: MF —— Sp(M, T) allows the factorization

ev’

MF —"+ Sp”(M, T) —» Sp(M,T).

The functor ev’ is lax symmetric monoidal and has a strict symmetric
monoidal left adjoint. Hovey’s work [8, 8.7] yields a stable model structure
on Sp™ (Mo, T), slightly different from the stable model structure on motivic
symmetric spectra constructed in [10], that is, Sp>™(Mgqy, T). The latter uses
as input the model category Mgy in 2.17. The right adjoint of the Quillen
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equivalence Mgy — My, given by Id s induces the commutative square

Sp¥(May, T) > Sp(May, T)

|

SP” (Mo, T) ~> Sp(Mumo, T)

where the vertical functors are Quillen equivalences [8, 5.7, 9.3]. To apply
Hovey’s results one needs to check that Mgy is a cellular model structure.
An approach is to apply Smith’s work on combinatorial model categories, or
one can proceed directly. Indeed, using 2.17 one can show that the stable
equivalences coincide in both model structures. The upper forgetful functor in
the above displayed diagram is a Quillen equivalence by [10, 4.31], hence so is
the lower U. Since the evaluation ev: MFg,, —— Sp(My,0,T) is a Quillen
equivalence 3.31, it suffices to prove the following result.

THEOREM 3.32. The lax symmetric monoidal functor
GV/ : MFsph sz (Mmo7 T)

18 the right adjoint in a Quillen equivalence. Its left adjoint is strict symmetric
monoidal. The induced pair on homotopy categories is a monoidal equivalence.

Proof. 1If ev’ is a right Quillen functor, then the monoidality statements follow
from [5, 2.16] and [7, 4.3.3]. The Quillen equivalence then follows by 2-out-of-3,
as explained prior to the statement of the theorem.

Since the spherewise acyclic fibrations are the maps f such that f(A) is an
acyclic fibration in My, for every A weakly equivalent to some T", we get
that ev’ preserves stable acyclic fibrations. Similarly, any spherewise fibration
gets mapped to a stable fibration, because its evaluation on some 7" is a
fibration and the square

XT" — M(T, XT")
F(TA")l iM(T,f(T"“))
YT™ — M(T,YT" )

is a homotopy pullback square in M, for every n > 0. ;From the definition
of stable fibrations of symmetric T-spectra [10, 4.2], which also applies to My,
instead of Mgy, it follows that ev’ preserves stable fibrations. O

4  ALGEBRAIC STRUCTURE

In the paper so far, we have set up models for doing homotopical algebra over
the initial motivic ring I, which was simply the inclusion I: fM C M.

DOCUMENTA MATHEMATICA 8 (2003) 489-525



MorTivic FUNCTORS 521

However, the structure we have developed is sufficient to do homotopical alge-
bra in module categories, as well as in categories of algebras over commutative
ring functors.

In this section we use the results in [14] (for which many of the previous for-
mulations were custom-built), to outline how this can be done. The spherewise
structure MFpy, is slightly different from the other ones, but deserves special
attention due to its Quillen equivalence to motivic symmetric spectra.

The reader’s attention should perhaps be drawn to corollary 4.5, where our
setup gives less than one should hope for: in order for a map of motivic
rings f: A —— B to induce a Quillen equivalence of module categories in
the spherewise structure, we must assume that f is a stable equivalence. We
would of course have preferred that our setup immediately gave the conclusion
for spherewise equivalences, but apart from this deficiency the section can be
summed up by saying that each of the model structures given in the previous
section give rise to a natural homotopy theory for modules and algebras sat-
isfying all expected properties, where the weak equivalences and fibrations are
the same as in the underlying structure on MF.

4.1 MOTIVIC RINGS AND MODULES

Recall that a motivic ring is the same as a monoid in MF, i.e. a motivic functor
A together with a “unit” I — A and a unital and associative “multiplication”
ANA —— A. We use the same language for modules and algebras as e.g. [14].
A left A-module is a motivic functor M together with a unital and associative
action AANM —— M. If M is a left A-module and N is a right A-module,
then N A4 M is defined as the coequalizer of the two obvious action maps from
NANAANM to NAM. The category mod 4 of left A-modules is enriched over
MF by a similar equalizer.

If £ is a commutative motivic ring, then left and right modules can be identified
and the category of k-modules becomes a closed symmetric monoidal category.
The monoids therein are called k-algebras (which means that we have a third
legitimate name — “I-algebra”— for a motivic ring).

DEFINITION 4.1. Let A be a motivic ring and k£ a commutative motivic ring.
Let mod 4 be the category of left A-modules and alg;, the category of k-algebras.
A map in mody or alg; is called a weak equivalence resp. fibration if it is so
when considered in MF. Cofibrations are defined by the left lifting property.

THEOREM 4.2. Let A be a motivic ring, let k be a commutative motivic ring
and let MF be equipped with either of the model structures of section 3.

e The category mody of left A-modules is a cofibrantly generated model
category.

e The category of k-modules is a cofibrantly generated monoidal model cat-
egory satisfying the monoid axiom.
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o The category alg,. of k-algebras is a cofibrantly generated model category.
Proof. This follows immediately from [14, 4.1] and the results in section 3. O

By the argument for [5, 8.4], we have

LEMMA 4.3. Let MF be equipped with the pointwise structure, the homotopy
functor structure or the stable structure. Let A be a motivic ring. Then for any
cofibrant A-module N, the functor — Aa N takes weak equivalences in mod gop
to weak equivalences in MF.

COROLLARY 4.4. Let MF be equipped with the pointwise structure, the homo-

topy functor structure or the stable structure. Let f: A ———~ B be a weak
equivalence of motivic rings. Then extension and restriction of scalars define

the Quillen equivalence
BANa—
mod4 =— modpg.
Iz

If A and B are commutative, there is the Quillen equivalence

Proof. This is a consequence of [14, 4.3 and 4.4] according to 4.3. O
In the case of the spherewise structure, we have the following result.

COROLLARY 4.5. Suppose f: A —— B is a stable equivalence of motivic rings
and choose MF 1, as our basis for model structures on modules and algebras.
Then extension and restriction of scalars define the Quillen equivalence

BAaA—
mody == modpg.
Iz

If A and B are commutative, there is the Quillen equivalence

BAas—
alg 4 —"f algs.

Proof. Follows from 4.3, cf. [14, 4.3 and 4.4]. O

4.2  MOTIVIC COHOMOLOGY
Recall the commutative motivic ring MZ of example 3.4. We show:

LEMMA 4.6. The evaluation ev(MZ) of MZ represents motivic cohomology
with integer coefficients.
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Proof. Let us repeat Voevodsky’s construction of the spectrum representing
motivic cohomology in [16]. His motivic spaces (simply called spaces) are
pointed Nisnevich sheaves on Sm/S, equipped with a model structure in which
the cofibrations are the monomorphisms. Let us denote this model cate-
gory by V. Note that V is closed symmetric monoidal. There is the stan-
dard cosimplicial object Ag: A —— Sm/S which maps [n] to the scheme
AT /(220 X; = 1). The right Quillen functor

Sing : V —— Mo, Ar+— ((U,n) — A(AS x 1))

is a Quillen equivalence by [10, B.4, B.6] and 2.17.

Its left adjoint maps a motivic space A to the coend

neA
|A|S = / NlS(An A hAg)

where Nis(B) is the Nisnevich sheafification of the presheaf B. The functor
| — | is strict symmetric monoidal. As a special case, if A € M is a discrete
Nisnevich sheaf (for example A = hy for some U € Sm/S), then |A|s = A.
The spectrum HZ defined by Voevodsky is an object in Sp(V, |(PY, 00)|s),
where |(P§, 00)|s := |hpr /hs|s. Here hg — hpr corresponds to the rational
point co € P§(9). Its nth term is

HZ, = |MZ((P§,o0)"")|s
with structure map given by the composition

|MZ((Pg, 00)"") A (Pg, 00)|s

l

IMZ((BS, 00) ") A MZ(PY, 00)|s

|

|MZ((Pg,00)"" )]s

which involves the unit and the multiplication of the motivic ring M7Z. The
lemma follows now, essentially because (P}, 00) and 7" are connected via a zig-
zag of motivic weak equivalences, which both | —|s and MZ respect. For | —|g
this is clear, since it is a left Quillen functor on M¢gj. For MZ the claim is not
so clear, so we discuss this case in some details.

As a motivic functor, MZ preserves simplicial homotopy equivalences. One
can equip the category M of motivic spaces with transfers with a whole
host of model structures. In the motivic model structure on M', a map f
of motivic spaces with transfers is a weak equivalence resp. fibration if and
only if u(f) € M is a motivic weak equivalence resp. motivic fibration [13]. By
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definition, it follows that w is a right Quillen functor, so that Z, is a left Quillen
functor. Consequently, the composition uoZg, maps motivic weak equivalences
of cofibrant motivic spaces to motivic weak equivalences.

The zig-zag of motivic weak equivalences between (P}, c0) and the Tate object
T involves only homotopy pushouts of representable motivic spaces and their
simplicial suspensions. By repeatedly applying the simplicial mapping cylinder
one can replace this zig-zag by a zig-zag of motivic weak equivalences involving
only cofibrant motivic spaces, except for the weak equivalence T/ ——» (P, 00).
Here T' = C/hg where C' denotes the simplicial mapping cylinder of the map
hg — h]PnS . However, we claim the following map is a weak equivalence

Zr(C/hg) — Zir(P, 00).

Our claim holds because the following map of chain complexes of motivic spaces
with transfers is schemewise a quasi-isomorphism:

Ztr(h]}"g) Ztr(hS) D 0 -
Ztr(hIP’ls)/Ztr(hS) h 0« 0
This finishes the proof. O
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