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ABSTRACT. This paper demonstrates the existence of a theory of
symmetric spectra for the motivic stable category. The main results
together provide a categorical model for the motivic stable category
which has an internal symmetric monoidal smash product. The de-
tails of the basic construction of the Morel-Voevodsky proper closed
simplicial model structure underlying the motivic stable category are
required to handle the symmetric case, and are displayed in the first
three sections of this paper.
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INTRODUCTION

This paper gives a method for importing the stable homotopy theory of sym-
metric spectra [7] into the motivic stable category of Morel and Voevodsky [14],
[16], [17]. This category arises from a closed model structure on a suitably de-
fined category of spectra on a smooth Nisnevich site, and it is fundamental for
Voevodsky’s proof of the Milnor Conjecture [16]. The motivic stable category
acquires an effective theory of smash, or non-abelian tensor products with the
results presented here.

Loosely speaking, the motivic stable category is the result of formally in-
verting the functor X +— T A X within motivic homotopy theory, where T is
the quotient of sheaves A'/(A! — 0). In this context, a spectrum X, or 7T-
spectrum, consists of pointed simplicial presheaves X™, n > 0, together with
bonding maps T'A X™ — X"+l The theory is exotic in at least two ways:
it lives within the motivic model category, which is a localized theory of sim-
plicial presheaves, and the object T is not a circle in any sense, but is rather
motivic equivalent to an honest suspension S' A G,,, of the scheme underlying
the multiplicative group. Smashing with 7" is thus a combination of topological
and geometric suspensions.
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A symmetric spectrum in this category is a T-spectrum Y which is equipp-
ed with symmetric group actions ¥, x Y™ — Y™ in all levels such that all
composite bonding maps TP A X™ — XP+™ are (X, x ¥, )-equivariant. The
main theorems of this paper assert that this category of symmetric spectra
carries a notion of stable equivalence within the motivic model category which
is part of a proper closed simplicial model structure (Theorem 4.15), and such
that the forgetful functor to T-spectra induces an equivalence of the stable
homotopy category for symmetric spectra with the motivic stable category
(Theorem 4.31). This collection of results gives a category which models the
motivic stable category, and also has a symmetric monoidal smash product.

The relation between spectra and symmetric spectra in motivic homotopy
theory is an exact analogue of that found in ordinary homotopy theory. In
this way, every T-spectrum is representable by a symmetric object, but some
outstanding examples of T-spectra are intrinsically symmetric. These include
the T-spectrum Hy, which represents motivic cohomology [18].

The principal results of this paper are simple enough to state, but a bit com-
plicated to demonstrate in that their proofs involve some fine detail from the
construction of the motivic stable category. It was initially expected, given the
experience of [13], that the passage from spectra to symmetric spectra would
be essentially axiomatic, along the lines of the original proof of [7]. This re-
mains true in a gross sense, but many of the steps in the proofs of [7] and
[13] involve standard results from stable homotopy theory which cannot be
taken for granted in the motivic context. In particular, the construction of the
motivic stable category is quite special: one proves it by verifying the Bousfield-
Friedlander axioms A4 — A6 [2], but the proofs of these axioms involve Nis-
nevich descent in a non-trivial way, and essentially force the introduction of the
concept of flasque simplical presheaf. The class of flasque simplicial presheaves
contains all globally fibrant objects, but is also closed under filtered colimit
(unlike fibrant objects — the assertion to the contrary is a common error)
and the “T-loop” functor. It is a key technical point that these constructions
also preserve many pointwise weak equivalences, such as those arising from
Nisnevich descent.

We must also use a suitable notion of compact object, so that the corre-
sponding loop functors commute with filtered colimits. The class of compact
simplicial presheaves is closed under finite smash product and homotopy cofi-
bre, and includes all finite simplicial sets and smooth schemes over a decent
base. As a result, the Morel-Voevodsky object belongs to a broader class of
compact objects T' for which the corresponding categories of T-spectra on the
smooth Nisnevich site have closed model structures associated to an adequate
notion of stable equivalence. These ideas are the subject of the first two sec-
tions of this paper and culminate in Theorem 2.9, which asserts the existence
of the model structure.

Theorem 2.9 is proved without reference to stable homotopy groups. This is
achieved in part by using an auxilliary closed model structure for T-spectra,
for which the cofibrations (respectively weak equivalences) are maps which
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are cofibrations (respectively motivic weak equivalences) in each level. The
fibrant objects for the theory are called injective objects, and one can show
(Lemma 2.11) that the functor defined by naive homotopy classes of maps
taking values in objects W which are both injective and stably fibrant for the
theory detects stable equivalences. This idea was lifted from [7], and appears
again for symmetric spectra in Section 4.

It is crucial for the development of the stable homotopy theory of symmetric
spectra as presented here (eg. Proposition 4.13, proof of Theorem 4.15) to know
that fibre sequences and cofibre sequences of ordinary spectra coincide up to
motivic stable equivalence — this is the first major result of Section 3 (Lemma
3.9, Corollary 3.10). The method of proof involves long exact sequences in
weighted stable homotopy groups. These groups were introduced in [16], but
the present construction is predicated on knowing that a spectrum X is a piece
of an asymmetric bispectrum object for which one smashes with the simplicial
circle S' in one direction and with the scheme G,, in the other.

The section closes with a proof of the assertion (Theorem 3.11, Corollary
3.16) that the functors X — X AT and Y — QrY are inverse to each other
on the motivic stable category. This proof uses Voevodsky’s observation that
twisting the 3-fold smash product T3 = T"3 by a cyclic permutation of order
3 is the identity in the motivic homotopy category — this is Lemma 3.13.
This result is also required for showing that the stable homotopy category of
symmetric spectra is equivalent to the motivic stable category.

Section 4 contains the main results: the model structure for stable equiv-
alences of symmetric spectra is Theorem 4.15, and the equivalence of stable
categories is Theorem 4.31. With all of the material in the previous sections in
place, and subject to being careful about the technical difficulties underlying
the stability functor for the category of spectra, the derivation of the proper
closed simplicial model structure for symmetric spectra follows the method
developed in [7] and [13]. The demonstration of the equivalence of stable cat-
egories is also by analogy with the methods of those papers, but one has to
be a bit more careful again, so that it is necessary to discuss T-bispectra in a
limited way.

It would appear that the compactness of T" and the triviality of the action
of the cyclic permutation on T2 are minimum requirements for setting up the
full machinery of spectra and symmetric spectra, along with the equivalence
of stable categories within motivic homotopy theory, at least according to the
proofs given here (see also [6]). These features are certainly present for the
original categories of presheaves of spectra and symmetric spectra in motivic
homotopy theory. This is the case T' = S! for the results of Section 2, and the
corresponding thread of results (Theorem 2.9, Remark 3.22) for the motivic sta-
ble categories of S'-spectra and symmetric S!'-spectra concludes in Section 4.5
with an equivalence of motivic stable homotopy categories statement in Theo-
rem 4.40. There is also a rather generic result about the interaction between
cofibrations and the smash product in the category of symmetric spectrum ob-
jects which obtains in all of the cases at hand — see Proposition 4.41. The
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motivic stable homotopy theory of S!-spectra has found recent application in
[19].

This paper concludes with two appendices. Appendix A shows that formally
inverting a rational point f : * — I of a simplicial presheaf I on an arbitrary
small Grothendieck site gives a closed model structure which is proper (The-
orem A.5). This result specializes to a proof that the motivic closed model
structure is proper, but does not depend on the object I being an interval in
any sense — compare [14, Theorem 2.3.2].

The purpose of Appendix B is to show that the category of presheaves on
the smooth Nisnevich site (Sm|s)nis inherits a proper closed simplicial model
structure from the corresponding category of simplicial presheaves, such that
the presheaf category is a model for motivic homotopy theory. The main result
is Theorem B.4. The corresponding sheaf theoretic result appears as Theorem
B.6, and this is the foundation of the Morel-Voevodsky category of spaces model
for motivic homotopy theory. I have included this on the grounds that it so
far appears explicitly nowhere else, though the alert reader can cobble a proof
together from the ideas in [14]. The only particular claim to originality of the
results presented in Appendix B is the observation that the Morel-Voevodsky
techniques also make sense on the presheaf level.

This paper has gone through a rather long debugging phase that began with
its appearance under the original title “A'-local symmetric spectra” on the
K-theory preprint server in September, 1998. I would like to thank a group
of referees for their remarks and suggestions. One such remark was that the
proof of Lemma 3.14 in the original version was incorrect, and should involve
Voevodsky’s Lemma 3.13. The corrected form of this result now appears as
Theorem 3.11. Another suggestion was to enlarge the class of base schemes
from fields to Noetherian schemes S of finite dimension, and this has been
done here — the only technical consequence was the necessity to strengthen
Lemma 3.13 to a statement that holds over the integers.

There has been a rather substantial shift in language with the present version
of the paper. In particular, the use of the term “motivic homotopy theory”
has become standard recently, and is incorporated here in place of either the
old homotopy theoretic convention “f-local theory” [4] for the localized theory
associated to a rational point f : * — Al or the “Al-homotopy theory” of
[14]. Motivic homotopy theory is the fundamental object of discussion; at the
risk of confusing readers who like to start in the middle, “weak equivalence”
means “motivic weak equivalence” and similarly fibrations and cofibrations are
in the motivic closed model structure, unless explicit mention is made to the
contrary.

This work owes an enormous debt to that of Fabien Morel, Jeff Smith and
Vladimir Voevodsky, and to conversations with all three; I would like to take
this opportunity to thank them. Several of the main results of the first two
sections of this paper were announced in some form in [16], while the unsta-
ble Nisnevich descent technique that is so important here was brought to my
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attention by Morel, and appears in [14].

The conversations that I refer to took place at a particularly stimulating
meeting on the homotopy theory of algebraic varieties at the Mathematical
Sciences Research Institute in Berkeley in May, 1998. The idea for this project
was essentially conceived there, while Appendix A was mostly written a few
weeks prior during a visit to Université Paris VIIL. I thank both institutions for
their hospitality and support.
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1 PRELIMINARIES

1.1 MOTIVIC HOMOTOPY THEORY

One starts with a rational point f : * — A! of the affine line A! in the category
of smooth schemes (Sm|g) nis of finite type over a scheme S of finite dimension,
equipped with the Nisnevich topology. The empty scheme @) is a member of
this category.

The localization theory arising from “formally inverting” the map f in the
standard, or local homotopy theory of simplicial presheaves on (Sm|s)nis is
the motivic homotopy theory for the scheme S — it has been formerly called
both the f-local theory [4] and the Al-homotopy theory [14].

The standard homotopy theory of simplicial presheaves arises from a proper
closed model structure that exists quite generally [9], [12] for simplicial pre-
sheaves on arbitrary small Grothendieck sites. In cases, like the Nisnevich site,
where stalks are available, a local weak equivalence (or stalkwise weak equiv-
alence) is a map of simplicial presheaves which induces a weak equivalence
of simplicial sets in all stalks. A cofibration is a monomorphism of simplicial
presheaves, and a global fibration is a map which has the right lifting property
with respect to all maps which are cofibrations and local weak equivalences. A
proper closed simplicial model structure for simplicial sheaves on an arbitrary
Grothendieck site arises from similar definitions (cofibrations are monomor-
phisms, local weak equivalences are defined stalkwise, and global fibrations are
defined by a lifting property), and the resulting homotopy category for sim-
plicial sheaves is equivalent to the homotopy category associated to the closed
model structure on simplicial presheaves. In particular, the associated sheaf
map 7 : X — X from a simplicial presheaf to its associated simplicial sheaf is a
local weak equivalence, since it induces an isomorphism on stalks. In the local
theory, a globally fibrant model of a simplicial presheaf or sheaf X is a local
weak equivalence X — W such that W is globally fibrant.

One says that a simplicial presheaf X on the Nisnevich site is motivic fibrant
if it is globally fibrant for the Nisnevich topology, and has the right lifting
property with respect to all simplicial presheaf inclusions

(f,5): (A' x A)us B — A' x B

arising from f : * — A! and all cofibrations j : A — B. A simplicial presheaf
map g : X — Y is said to be a motivic weak equivalence if it induces a weak
equivalence of simplicial sets

g :hom(Y,Z) — hom(X, 7)

in function complexes for every motivic fibrant object Z. A cofibration is a
monomorphism of simplicial presheaves, just as in the local theory. A map
p: Z — W is a motivic fibration if it has the right lifting property with respect
to all maps which are simultaneously motivic weak equivalences and cofibra-
tions. The homotopy theory arising from the following theorem is effectively
the motivic homotopy theory of Morel and Voevodsky:
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THEOREM 1.1. The category SPre(Sm|s)nis of simplicial presheaves on the
smooth Nisnevich site of the scheme S, together with the classes of cofibrations,
motiic weak equivalences and motivic fibrations, satisfies the axioms for a
proper, closed simplicial model category.

The simplicial structure is the usual one for simplicial presheaves: the func-
tion complez hom(X,Y") for simplicial presheaves X and Y has n-simplices
consisting of all simplicial presheaf maps X x A™ — Y. Most of Theorem 1.1
is derived in [4], meaning that all except the properness assertion is proved
there. Morel and Voevodsky demonstrate properness in [14] — an alternative
proof appears in Appendix A (Theorem A.5) of this paper. Recall that a closed
model category is said to be proper if the class of weak equivalences is closed
under pullback along fibrations and pushout along cofibrations.

Recall [4] a map g : X — Y of simplicial presheaves is a pointwise weak
equivalence if each map g : X(U) — Y(U), U smooth over S, in sections is
a weak equivalence of simplicial sets. Similarly, g is said to be a pointwise
fibration if all maps g : X(U) — Y (U) are Kan fibrations.

The standard equivalence of the local homotopy theories for simplicial pre-
sheaves and simplicial sheaves is inherited by all localized theories, and induces
an equivalence of the homotopy category arising from Theorem 1.1 with the
homotopy category for a corresponding closed model structure for simplicial
sheaves. This holds quite generally [4, Theorem 1.2], but in the case at hand,
more explicit definitions and proofs are quite easy to see: say that a map
p: X — Y of simplicial sheaves on (Sm|s)nis is a motivic fibration if it is
a global fibration of simplicial sheaves and has the right lifting property with
respect to all simplicial sheaf inclusions (f,j) : (A! x A)Us B — Al x B. Then
a map is a motivic fibration of simplicial sheaves if and only if it is a motivic
fibration in the simplicial presheaf category.

In particular (see the discussion preceding Lemma 1.6) a simplicial sheaf
or presheaf Z is motivic fibrant if and only if it is globally fibrant and the
projection U x A! — U induces a weak equivalence of simplicial sets Z(U) =~
Z (U x A) for all smooth S-schemes U. Thus, if Y is a motivic fibrant simplicial
presheaf and the simplicial sheaf GY is a globally fibrant model of its associated
simplicial sheaf Y, then the map Y — GY is a pointwise weak equivalence,
so that GY is motivic fibrant. The two following statements are therefore
equivalent for a simplicial sheaf map g: X — Y

1) the map g induces a weak equivalence ¢* : hom(Y, Z) — hom(X, Z) for
all motivic fibrant simplicial sheaves Z,

2) the map ¢ is a motivic weak equivalence in the simplicial presheaf cate-
gory.

Say that a map g which satisfies either of these properties is a motivic weak
equivalence of simplicial sheaves. A cofibration of simplicial sheaves is a level-
wise monomorphism, or a cofibration in the simplicial presheaf category.
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THEOREM 1.2. 1) The category SShv(Sm|s)nis of simplicial sheaves on
the smooth Nisnevich site of the scheme S, together with the classes of
cofibrations, motiwic weak equivalences and motivic fibrations, satisfies
the axioms for a proper, closed simplicial model category.

2) The forgetful functor and the associated sheaf functor together determine
an adjoint equivalence of motivic homotopy categories

Ho(SPre(Sm|s)nis) =~ Ho(S Shv(Sm|s)nis)-

The first part of Theorem 1.2 is proved in [14], and is the basis for their dis-
cussion of motivic homotopy theory. The second part says that the simplicial
presheaf category gives a second model for motivic homotopy theory. Other
models arising from ordinary (not simplicial) sheaves and presheaves are dis-
cussed in Appendix B.

Proof of Theorem 1.2. The equivalence of the homotopy categories is trivial,
once the first statement is proved. For the closed model structure of part 1),
there is really just a factorization axiom to prove. Any map f : X — Y of
simplicial sheaves has a factorization

X—j>Z

N

Y

in the simplicial presheaf category, where j is a motivic weak equivalence and
a cofibration and p is a motivic fibration. Then the composite map

xX-z24Lz
is a motivic weak equivalence and a cofibration of simplicial sheaves, where 7

is the associated sheaf map. Form the diagram

Z—>2—>W

NS

where 7 is a trivial cofibration and 7 is a global fibration of simplicial sheaves.
This same diagram is a local weak equivalence of cofibrant and globally fibrant
objects over Y, and so the map Z — W is a homotopy equivalence and therefore
a pointwise weak equivalence. Finally (see Lemma 1.5), a motivic fibration of
simplicial presheaves can be characterized as a global fibration X — Y such
that the induced map

X(U x A") = X(U) xy@) Y (U x A")
is a weak equivalence of simplicial sets for all smooth S-schemes U. It follows

that 7 is a motivic fibration of simplicial sheaves. O
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1.2 CONTROLLED FIBRANT MODELS

This section is technical, and should perhaps be read in conjunction with some
motivation, such as one finds in the proofs of Proposition 2.15 and Corollary
2.16. This material is used to produce generating sets of trivial cofibrations
in a variety of contexts. In particular, essential use is made of these ideas for
symmetric spectrum objects in the proofs of Theorem 4.2 and Proposition 4.4.

The proofs in [4] and Appendix A hold for arbitrary choices of rational point
*x — I of any simplicial presheaf on any small Grothendieck site C. At that level
of generality, and in the language of [4], suppose « is an infinite cardinal which
is an upper bound for the cardinality of the set Mor(C) of morphisms of C. Pick
a rational point f : x — I, and suppose that I is a-bounded in the sense that all
sets of simplices of all sections I(U) have cardinality bounded above by «. This
map f is a cofibration, and we are entitled to a corresponding f-localization
homotopy theory for the category SPre(C), according to the results of [4].

In particular, one says that a simplicial presheaf Z is f-local if Z is globally
fibrant, and the map Z — * has the right lifting property with respect to all
inclusions

(* X LUAn) U(*Xy) (I X Y) C I x LyA™ (11)

arising from all subobjects Y C Ly A™. It follows that Z — x has the right
lifting property with respect to all inclusions

(X B)Upxay (I x A)CcIx B
arising from cofibrations A — B. The map
f*:hom(I xY,Z) — hom(x x Y, Z)

is therefore a weak equivalence for all simplicial presheaves Y if Z is f-local,
and so all induced maps

hom(I x LyA"™, Z) — hom((I x Y') Uxy) (¥ x LyA™), Z)

are trivial fibrations of simplicial sets.
A simplicial presheaf map g : X — Y is an f-equivalence if the induced map

g :hom(Y,Z) — hom(X, 7)

is a weak equivalence of simplicial sets for all f-local objects Z. The original
map f:* — [ is an f-equivalence, and the maps

fX1ly:xxY —=1IxY
and the inclusions

(X B)Upxay (I x A)CIx B
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are f-equivalences. A map p : X — Y is an f-fibration if it has the right
lifting property with respect to all cofibrations of simplicial presheaves which
are f-equivalences.

It is a consequence of Theorem 4.6 of [4] that the category SPre(C) with the
cofibrations, f-equivalences and f-fibrations, together satisfy the axioms for a
closed simplicial model category. This result specializes to the closed model
structure of Theorem 1.1 in the case of simplicial presheaves on the smooth
Nisnevich site of S. Note as well that, very generally, the f-local objects
coincide with the f-fibrant objects.

Pick cardinals A and  such that

A=2% >k > 2%

As part of the proof of [4, Theorem 4.6], it is shown that there is a functor X +—
LX defined on simplicial presheaves X together with a natural transformation
nx : X — LX which is an f-fibrant model for X, such that the following
properties hold:

L1: L preserves local weak equivalences.
L2: L preserves cofibrations.

L3: Let 8 be any cardinal with § > a. Let {X;} be the filtered system of
sub-objects of X which are 8-bounded. Then the map

is an isomorphism.

L4: Let v be an ordinal number of cardinality strictly greater than 2%. Let
X v — S be a diagram of cofibrations so that for all limit ordinals s < «y
the induced map

lim (<. X () — X(s)
is an isomorphism. Then lim ;< £(X (¢)) = L(lim 1<, X (?)).
L5: If X is A-bounded, then £X is A-bounded.
L6: Let Y, Z be two subobjects of X. Then
LY)NL(Z)=LYNZ)
in £X.

L7: The functor £ is continuous; that is, it extends to a natural morphism of
simplicial sets

L :HOM(X,Y) — HOM(LX, LY)

compatible with composition.
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In fact, the map nx : X — LX is a cofibration and an f-weak equivalence,
which is constructed by a transfinite small object argument. The size of the
construction, or rather the ordinal number that defines £X as a filtered colimit,
is the cardinal & (see [4, p.42]).

The demonstration of the statement L7 further involves the construction of
a functorial pairing

¢: LX XL — L(X X K)

for simplicial presheaves X and simplicial sets L, and which satisfies a short
list of compatibility conditions. This pairing induces a natural pointed map

¢: LXANK — L(X NK)

for pointed simplicial presheaves X and pointed simplicial sets K such that the
following properties hold:

L8&: the map
¢: (LX) /\AS’r — E(X/\Ag)
is the canonical isomorphism,

L9: the triangle

XAK 28X A K
M l¢
L(X NK)
commutes, and

L10: the diagram

(LX)ANK AL —2 (X NK A L)

commutes.

These statements are analogues of the standard properties for the unpointed
pairing, and are consequences of same. In fact, nothing in the argument pre-
vents L and K from being arbitrary simplicial presheaves, and we shall work
with the more general pairing.

Specializing this construction to the case of pointed simplicial presheaves
on (Sm|s)nis gives controlled fibrant model construction nx : X — LX for
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a simplicial presheaf X. The construction is controlled in the sense that the
cardinality of £X has a specific bound if the cardinality of the original object
X is well behaved, by L5. Also, the functor X — LX is compatible with
smash product pairings in the sense that every pointed simplicial presheaf map
0: X AT — Y induces a commutative diagram

o

XAT Y (1.2)

NXAT
nxAlr ny

EXAT—¢>E(X/\T)T>EY

1.3 NISNEVICH DESCENT

We shall need an unstable variant of the Nisnevich descent theorem [15]. The
version of this result given in [11, p.296] says if a presheaf of spectra F' on the
Nisnevich site satisfies the cd-excision property, then any stably fibrant model
j + F — GF for the Nisnevich topology is a stable equivalence in all sections.

A simplicial presheaf Z is said to have the cd-ezxcision property (aka. B.G.
property in [14]) if any elementary Cartesian square

UxxV—=V (1.3)
U X

of smooth schemes over k with p étale, i an open immersion and p~1(X —U) =
X — U induces a homotopy Cartesian diagram of simplicial sets

Z(V) —— Z(U xx V)

The cd-excision property for presheaves of spectra is the stable analog of this
requirement.
The unstable Nisnevich descent theorem is the following:

THEOREM 1.3. A simplicial presheaf Z on the site (Sm|g)nis has the cd-
excision property if and only if any globally fibrant model j : Z — GZ for
7 induces weak equivalences of simplicial sets Z(U) — GZ(U) in all sections.

This is the simplicial presheaf analogue of a result for simplicial sheaves [14,
3.1.16].

Proof. Morel and Voevodsky point out that any globally fibrant simplicial sheaf
has the cd-excision property [14, 3.1.15] and they show [14, 3.1.18] that if a map
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f: X — Y is a local weak equivalence of simplicial presheaves and both have
the cd-excision property, then f consists of weak equivalences f : X (U) — Y (U)
in all sections.

Any simplicial sheaf which is globally fibrant within the simplicial sheaf
category is also globally fibrant as a simplicial presheaf. It follows that the
canonical map 7 : Z — Z taking values in the associated sheaf Z gives rise to
a diagram

z7—1 sz

GZ ——>GZ

where all maps are local weak equivalences and GZ is globally fibrant in the
simplicial sheaf category. In particular, 7. is a local weak equivalence of
globally fibrant simplicial presheaves, and hence consists weak equivalences
GZ(U) — GZ(U) in all sections, since weakly equivalent globally fibrant
models are homotopy equivalent. It follows in particular that any globally
fibrant simplicial presheaf has the cd-excision property. Thus, if Z has the
cd-excision property, any globally fibrant model consists of weak equivalences
Z(U) — GZ(U) in sections, by the Morel-Voevodsky result, and the converse
is obvious. o

All of the hard work in the proof of Theorem 1.3 was done by Morel and
Voevodsky. The original stable form of the Nisnevich descent theorem for the
smooth site (Sm|s)nis is a corollary:

COROLLARY 1.4. Suppose that Z is a presheaf of spectra on the smooth Nis-
nevich site (Sm|s)nis. Then a stably fibrant model j : Z — GZ consists of
stable equivalences Z(U) — GZ(U) in all sections if and only if the presheaf of
spectra Z satisfies the (stable) cd-excision property.

Proof. The presheaf of spectra Z satisfies the stable cd-excision property if and
only if any elementary Cartesian diagram (1.3) induces a homotopy Cartesian
diagram

Z(X)—Z(U)

N

Z(V) —= Z(U xx V)

of spectra with respect to stable equivalence. It follows that a presheaf of
spectra Z has the stable cd-excision property if and only if each of the simplicial
presheaves Q Ex™ Z" has the cd-excision property. The maps QEx* Z —
GZ are level weak equivalences of presheaves of (2-spectra and all simplicial
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presheaves GZ™ are globally fibrant. It follows that Z has the stable cd-excision
property if and only if all of the maps in sections Q Ex> Z™(U) — GZ™(U)
are weak equivalences of pointed simplicial sets, and this holds if and only if
all maps Z(U) — GZ(U) are stable equivalences of spectra. O

The cd-excision property is preserved by taking filtered colimits. Thus, if
Zl—>Z2—>Zg—>---

is an inductive system of maps between simplicial presheaves which are globally
fibrant for the Nisnevich topology, then any choice of globally fibrant model

jlim Z; — G(lim Z;)
for the Nisnevich topology is a pointwise weak equivalence.

Let’s return briefly to a gross level of generality. Suppose that X and Y are
simplicial presheaves on a site C. For U € C, write C | U for the category
whose objects are morphism V' — U and whose morphisms are commutative
triangles. There is a standard functor Qy : C | U — C which is defined by
taking the morphism

Vlv%

to the morphism a : V3 — V5 of C. Write X |y for the composite of the simplicial
presheaf X with the functor Qy. Any map ¢ : V — U of C defines a functor
¢« :C |V — C | U on objects V3 — V by composition with ¢, and obviously
QU ’ ¢* = QV~

The internal hom complexr Hom(X,Y") is a simplicial presheaf on C which is
defined by

Hom(X,Y)(U) = hom(X |y, Y|v).
Evaluation in U-sections defines natural maps
evy : hom(X|y,Y|y) x X(U) — Y(U)
which together give a natural evaluation map
ev:Hom(X,Y) x X =Y.
This evaluation map defines a natural bijection
hom(Z x X,Y) 2 hom(Z, Hom(X,Y)),

or exponential law, for simplicial presheaves X, Y and Z on an arbitrary
Grothendieck site C.

The main homotopical fact about internal hom complexes is the following
expanded version of Quillen’s axiom SMT:
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LEMMA 1.5. Suppose that i : A — B is a cofibration and that p: X — Y is a
global fibration of simplicial presheaves. Then the induced map

(i*,px) : Hom(B, X) — Hom(4, X) X Hom(A,Y) Hom(B,Y)
is a global fibration, which is trivial if either i or p is a local weak equivalence.

Proof. By adjointness, the claim follows from the assertion that the cofibration
1 : A — B and another cofibration j : C — D together determine a cofibration

(Ax D)Uaxc) (BxC)— BxD
which is a local weak equivalence if either 7 or j is a local weak equivalence.

This is checked stalkwise, or with a Boolean localization argument [12]. O

Recall that a motivic fibrant simplicial presheaf Z on (Sm/|g)nis is an object
which is globally fibrant for the Nisnevich topology and has the right lifting
property with respect to all simplicial presheaf inclusions

(Alx Ayus B Y At B

arising from f : * — A' and all cofibrations j : A — B. The lifting property is
equivalent to the assertion that the induced global fibration

f* :Hom(A', Z) — Hom(x, Z) = Z

is a trivial global fibration. It follows that a simplicial presheaf Z is motivic
fibrant if and only if Z is globally fibrant and all projections U x A' — U induce
weak equivalences of simplicial sets Z(U) — Z(U x A'). This observation is
essentially well known, and was proved by Morel and Voevodsky in [14].

We can now prove the following:

LEMMA 1.6. Suppose given an inductive system
Ty — Ty —s T —s -+ -

of motivic fibrant simplicial presheaves on (Sm|s), and let
jlim Z; — G(lim Z;)

be a choice of globally fibrant model for the Nisnevich topology. Then the sim-
plicial presheaf G(lim Z;) is motivic fibrant.

Proof. The map j is a pointwise weak equivalence by Nisnevich descent, and
the the simplicial presheaf maps

pr: Z;(U) — Z;(U x A')

induce a weak equivalence on the filtered colimit, and so G(lim Z;) is motivic

fibrant. O
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We shall make constant use of the following variant of Lemma 1.6:

COROLLARY 1.7. Suppose that X1 — Xo — ... is an inductive system of
motiwic fibrant simplicial presheaves on (Sm|s)nis. Then any motivic fibrant
model

j:limX; — 72
it
18 a pointwise weak equivalence.

1.4 FLASQUE SIMPLICIAL PRESHEAVES

Say that a simplicial presheaf X on (Sm|g)nis is flasque if X is a presheaf of
Kan complexes and every finite collection U; — U, i = 1,...,n of subschemes
of a scheme U induces a Kan fibration

X (U) 2 hom(U, X) - hom(U?_,U;, X).
Here, the union is taken in the presheaf category, so that the simplicial set
hom (U ,U;, X)

is an iterated fibre product of the simplicial sets X (U;).

Every globally fibrant simplicial presheaf is flasque, and the class of flasque
simplicial presheaves is closed under filtered colimits. Note that the condition
for X to be flasque says that the map X (U) — X (V') associated to the singleton
set consisting of a subscheme V < U is a Kan fibration.

Lifting problems

A} ———hom(U, X)

A" — hom (U, U;, X)
and their solutions are equivalent to diagrams of simplicial presheaf maps

(U?ZlUi X An) U(ULlUiXAE) U x AZ —= X

|

U x A"

One says more generally that a map p : X — Y of simplicial presheaves is
flasque if it is a pointwise fibration and has the right lifting property with
respect to all maps

(U?:1Ui X An) U(ULIUMA}J) U x AZ — U x A" (14)
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arising from all finite collections U;, ¢ = 1,...,n of subschemes of schemes U.
Equivalently, the map p is flasque if and only if the simplicial set map

(i, P

hom(U, X) ) hom(U;_,Us, X) Xhom(ur_,u;,v) hom(U,Y')

is a Kan fibration.
Note in particular that a simplicial presheaf X is flasque if and only if the map
X — x is flasque. The class of flasque maps is clearly stable under pullback.
One also has the following;:

LEMMA 1.8. Suppose thatp: X — Y is a flasque map of simplicial presheaves,
and suppose that j : A — B is an inclusion of schemes. Then the induced map

Hom(B, X) “), Hom(A, X) X grom(.y) Hom(B,Y)
is flasque.
Proof. The map in U-sections induced by (j*, p.) is isomorphic to the map
X(BxU)— X(AxU) xyaxv)Y(BxU)

which is induced by restriction along the subscheme A x U of B x U. This
map is a Kan fibration since p is flasque, so that (j*,p.) is a pointwise Kan
fibration.

Any lifting problem for the cofibration (1.4) and the map (5%, p«) is equivalent
to the extension problem for the map p : X — Y corresponding to the collection
of subschemes consisting of U; X B, i =1,...,n, as well as U x A of the scheme
U x B. O

COROLLARY 1.9. Suppose that X is a flasque simplicial presheaf and that B
is a scheme. Then Hom(B, X) is flasque.

Proof. Tf X is flasque, then Hom((, X) is the constant simplicial presheaf on
the Kan complex X (@), and is therefore flasque. The inclusion ) C B induces
a flasque map Hom(B, X) — Hom((}, X ), by Lemma 1.8, so that Hom(B, X)
is flasque. O

COROLLARY 1.10. Suppose that X is a pointed flasque simplicial presheaf and
that j : A — B is an inclusion of schemes. Then Hom,(B/A, X) is flasque.

Proof. Hom,(B/A, X) is the fibre of the flasque map j* : Hom(B,X) —
Hom(A, X). O

LEMMA 1.11. Suppose that the simplicial presheaf X is flasque, and that j :
K — L is an inclusion of simplicial sets. Then the simplicial presheaf map

7% :hom(L, X) — hom(K, X)
1s flasque.
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Proof. Write X* = hom(L, X). We must solve the lifting problem

Ay hom(U, XT)

T

AP hom(U;U;, X *) X hom(u; Uy, x %) hom(U, X*)

An adjointness argument says that this problem is isomorphic to the lifting
problem

Ay hom(U, X)%

””Nﬂsr

An % hom(UiUia X)L Xhom(UiUi,X)K 1'101'1'1((]7 X)K

But i* is a fibration, so the lifting problem is solved by SM7 for simplicial
sets. O

LEMMA 1.12. Suppose that g : A — B is a map of schemes, and that X is a
pointed flasque simplicial presheaf. Let M, denote the mapping cylinder for g
in the simplicial presheaf category, and let Cy = My/A be the homotopy cofibre.
Then the standard cofibration j : A — M, associated to g induces a flasque
map

j* :Hom(M,, X) — Hom(A, X).
The simplicial presheaves Hom(My, X) and Hom, (Cy, X) are flasque.

Proof. The second claim follows from the first. The mapping cylinder M, is
defined by a pushout diagram

gulla
AUA——DBUA

(do,dl)l ld*

Ax Al —— M,
and the map j is the composite
A B AL
The map d = (d°,d') induces a flasque map

Hom(A x A', X) 2 Hom(A x 9A!, X),
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by Lemma 1.11 since Hom(A, X) is flasque by Corollary 1.9. Flasque maps
are closed under pullback, so the map

d* : Hom(M,, X) - Hom(B L A, X)
is flasque. The inclusion inr : A — B U A induces the projection map
Hom(B, X) x Hom(A, X) — Hom(A, X)

which is flasque since the simplicial presheaf Hom(B, X) is flasque. Flasque
maps are closed under composition, so we're done. O

EXAMPLE 1.13. Suppose that T is the quotient Al/(A —0), and suppose that
X is a flasque simplicial presheaf. Then the object Hom, (T, X) is the fibre of
the flasque map

Hom(A', X) , Hom(A' — 0, X),

which is induced by the inclusion i : A' — 0 C Al, so that Hom., (T, X) is
flasque by Corollary 1.10.
There is an isomorphism

Hom(U, X)(V) = X (U x V),

which is natural for all objects U and V' of the underlying site. It follows that
there is a fibre sequence

Hom, (T, X)(U) — X(A' x U) — X((A' —0) x U)

if X is flasque, so that the functor Hom, (T, ) preserves pointwise weak equiv-
alences of flasque simplicial presheaves. It follows as well that the functor
Hom, (T, ) preserves filtered colimits of simplicial presheaves.

EXAMPLE 1.14. Suppose that K is a finite pointed simplicial set, identified
with a constant simplicial presheaf. Then there is an isomorphism

Hom, (K, X) = hom, (K, X),

and the functor hom, (K, ) is flasque by Lemma 1.11. The functor hom, (K, )
preserves pointwise weak equivalences of pointed simplicial presheaves consist-
ing of Kan complexes, so that it preserves pointwise weak equivalences of flasque
simplicial presheaves. The functor hom (K, ) commutes with all filtered col-
imits since K is finite.

2 MOTIVIC STABLE CATEGORIES

In this section, we work exclusively with spectrum objects defined by T on
the smooth Nisnevich site (Sm|s)nis, where T is a pointed simplicial presheaf
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which is compact in the sense described below; examples of such T include
the quotient A'/(A! — 0) and all constant simplicial presheaves associated to
pointed finite simplicial sets. The object of the section is to develop a stable
homotopy theory of spectrum objects defined by T, or T-spectra, in the motivic
context. The motivic stable category of Morel and Voevodsky arises as a special
case, as does a motivic stable homotopy theory for ordinary S'-spectra.

WARNING: We shall work almost entirely within the motivic closed model struc-
ture henceforth. In particular, all fibrations will be motivic fibrations and all
weak equivalences will be motivic weak equivalences, unless explicit mention is
made to the contrary.

Formally, if T is a pointed simplicial presheaf, then a T'-spectrum X consists
of pointed simplicial presheaves X, n > 0, and pointed maps o : T A X" —
X"+ The maps o are called bonding maps; it is a fact of life (see Section 3.4)
that it matters whether one writes A X™ or X™ AT in the description of these
maps — I shall always display them by smashing with 7" on the left.

There is an obvious category Spt(Sm|g)nis of T-spectra. If T is the Morel-
Voevodsky object Al/(A! —0) then the corresponding category of T-spectra is
the basis for the motivic stable category.

2.1 THE LEVEL STRUCTURES

For arbitrary pointed simplicial presheaves T', there are two preliminary closed
model structures on T-spectra which are analogous to the level fibration and
level cofibration structures for ordinary presheaves of spectra (aka. S!'-spectra
in this language), but where the level equivalences are motivic weak equiva-
lences.

Say that a map f: X — Y of T-spectra is a

1) level cofibration if all component maps f : X™ — Y™ are cofibrations of
simplicial presheaves,

2) level fibration if all component maps f : X™ — Y™ are fibrations (ie.
motivic fibrations),

3) level equivalence if all component maps f : X™ — Y™ are motivic weak
equivalences

A cofibration is a map which has the left lifting property with respect to all maps
which are level fibrations and level weak equivalences. An injective fibration is
a map which has the right lifting property with respect to all maps which are
level cofibrations and level equivalences.

LEMMA 2.1. 1) The category Spt((Sm|s)nis) of T-spectra, together with
the classes of cofibrations, level equivalences and level fibrations, satisfies
the axioms for a proper closed simplicial model category.
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2) The category Spty((Sm|s)nis), together with the classes of level cofibra-
tions, level equivalences and injective fibrations, satisfies the axioms for
a proper closed simplicial model category.

Proof. For the first part (following [2]), suppose that a map i : A — B satisfies

a) i’ : A° — BY is a cofibration of simplicial presheaves, and

b) each map i, : T A B" Uppan A"t — B"F1 is a cofibration.

Then i is a cofibration. Further, if i° and all maps i, as above are cofibrations
and equivalences, then i is a level equivalence as well as a cofibration. These two
observations are the basis of proof for the factorization axiom CM5. Further,
it’s a consequence of the factorization axiom that every cofibration satisfies the
two properties above. The axiom CM4 follows, and the rest of the axioms are
trivial.

For the second statement, suppose that « is an infinite cardinal which is
an upper bound for the cardinality of the set of morphisms Mor((Sm|s)nis)-
As in [4], choose a cardinal K > 2% and set A = 2". The axioms sSE1 — sE7
of [4] and their consequences apply to categories of T-spectra. We verify the
bounded cofibration axiom SE7; the remaining axioms are easily verified, giving
statement 2) according to the methods of [4].

Recall that the classes of cofibrations and equivalences of simplicial pre-
sheaves on (Sm|g)nis together satisfy the bounded cofibration condition for
the cardinal X in the sense that, given a diagram

X (2.1)

|

AT>Y

such that the cofibration ¢ is an equivalence and the subobject A of Y is A-
bounded, there is a A-bounded suboject B of Y with A C B, with BN X — B
an equivalence.

Suppose now that the objects and maps of diagram (2.1) are in the category
of T-spectra, where i is a level equivalence and a level cofibration and A is
A-bounded. There is a simplicial presheaf B® with A° ¢ BY ¢ Y© such that
BY is A-bounded and the cofibration B° N X? — BY is an equivalence. Write
4’ for the inclusion B® < Y and use the diagram

TANAY——=TARBO

al la-(T/\j')

Al ——=Y1!
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to show that there is a A-bounded subobject A' € V! such that the map

A Uppao TABY - Y

factors through A'. There is a A-bounded subobject B! C Y! with A c B!
such that the cofibration B'NX! < Bl is an equivalence. This is the beginning
of an inductive construction which produces a A-bounded subobject B of the
T-spectrum Y with A C B such that the level cofibration BN X < B is a level
equivalence. O

Insofar as the factorization axiom CMS5 in part (2) of Lemma 2.1 is covertly
proved by using a small object argument, there is a natural injective model
construction: there is a natural map of T-spectraix : X — I X, such that ix is
a level cofibration and a level equivalence, and I.X is injective. More generally,
any level equivalence X — Y with Y injective is said to be an injective model
for X.

There is a natural level fibrant model jx : X — JX, meaning that jx
is a cofibration and a level equivalence and JX is level fibrant. This can be
constructed directly from the small object arguments, or by using the controlled
fibrant object construction X — L£X of [4] (see also Section 1.2). Note as well
that every injective object is level fibrant.

2.2 COMPACT OBJECTS
Say that a simplicial presheaf X on (Sm/|g)nis is motivic flasque if

1) X is flasque, and

2) every map X (U) — X(A! x U) induced by the projection A* x U — U
is a weak equivalence of simplicial sets.

Every motivic fibrant simplicial presheaf on (Sm|s)nqs is motivic flasque, and
the class of motivic flasque simplicial presheaves is closed under filtered colimits.

A pointed simplicial presheaf T' on the smooth Nisnevich site is said to be
compact if the following conditions hold:

C1: All inductive systems Y7 — Y — ... of pointed simplicial presheaves
induce isomorphisms

Hom, (T,1imY;) = lim Hom, (7, Y;).
— -

C2: If X is motivic flasque, then so is Hom, (T, X).

C3: The functor Hom, (T, ) takes pointwise weak equivalences of motivic
flasque simplicial presheaves to pointwise weak equivalences.

DOCUMENTA MATHEMATICA 5 (2000) 445-552



MOTIVIC SYMMETRIC SPECTRA 467

The following result generates examples of compact simplicial presheaves:

LEMMA 2.2. 1) If A — B is an inclusion of schemes, then the quotient
B/A is compact.

2) All finite pointed simplicial sets K are compact.
3) All pointed schemes U in the underlying site (Sm|s)nis are compact.
4) If Ty and Ty are compact, then T1 V Ta and Ty A'Ts and are compact.

5) If g : Ty — Ty is a map of compact simplicial presheaves, then the pointed
mapping cylinder My and the homotopy cofibre Cy are compact.

Proof. If X is motivic flasque, then Hom,(B/A, X) is flasque by Corollary
1.10. We also know that there is an isomorphism

Hom(B, X)(V) =2 X(B x V)
and a pointwise fibre sequence
Hom.(B/A,X) — Hom(B, X) — Hom(A, X) (2.2)
All maps
Hom(B, X)(V) — Hom(B, X)(V x A')

induced by projection are weak equivalences of simplicial sets. It follows that
Hom,(B/A, X) is motivic flasque. The functor X — Hom,(B/A, X) pre-
serves filtered colimits of simplicial presheaves. The fibre sequences (2.2) im-
ply that the functor Hom, (B/A, ) preserves pointwise weak equivalences of
motivic flasque simplicial presheaves, giving 1).

Statement 2) is proved by first observing that there is a natural isomorphism

Hom, (K, X) =2 hom, (K, X).

The functor X +— hom, (K, X) preserves filtered colimits since K is a finite
simplicial set. The statement C3 is trivial, and C2 follows from Lemma 1.11,
and the functor X +— hom, (K, X) preserves pointwise weak equivalences of
pointed presheaves of Kan complexes.

Statement 3) is a consequence of statement 1), and the smash product part
of statement 4) is an adjointness argument.

Suppose that X is motivic flasque. The diagram

T1VT1—>T1\/T2

L

Ty ANAY —— M,
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that defines the pointed mapping cylinder M, induces a pullback diagram

Hom,(M,, X) —— Hom, (T A A}H X) (2.3)

| |

Hom*(Tl V TQ, X) E—— Hom*(Tl vV Tl,X>
and the map
Hom, (71 A AL, X) — Hom, (Ty V T1, X)

is flasque, by the pointed version of Lemma 1.11. Hom, (M, X) is therefore
flasque. The composite

Hom. (M,, X) — Hom, (T} VT3, X) — Hom(T3, X)

is also flasque, and so the pointwise homotopy fibre Hom, (Cy, X) is flasque.
The objects other than Hom, (M, X) in the pointwise fibre square (2.3) take
the projections U x A! — U to weak equivalences. Properness for simpli-
cial sets therefore implies that the simplicial presheaves Hom, (Mg, X) and
Hom., (Cy, X) are motivic flasque. Similarly, the functors Hom, (M, ) and
Hom. (Cy, ) preserve pointwise weak equivalences of motivic flasque objects.
Both functors preserve filtered colimits, since they are built in finitely many
steps from functors that do the same. We have proved statement 5). |

Remark 2.3. One can show that statement 1) of Lemma 2.2 follows from state-
ment 5), but the presented proof is easier. Statement 1) implies that the
Morel-Voevodsky object T'= A'/(A' — 0) is compact.

2.3 THE STABLE CLOSED MODEL STRUCTURE

Suppose that T is a compact pointed simplicial presheaf on the smooth Nis-
nevich site (Sm|s)nis-

The T-loops functor Q7Y is defined for pointed simplicial presheaves Y in
terms of internal hom by

QrY = Hom.(T,Y).

The T-loops functor is right adjoint to smashing with 7', and so the bonding
maps 0 : T A X" — X"F! of a presheaf of T-spectra X can equally well be
specified by their adjoints o, : X — Qp X", up to a twist: o, is the adjoint
of the composite

s

X"AT ST AX™ 2 X
where ¢ is the isomorphism which flips smash factors.
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The T-loops functor QrX is defined on T-spectra X by setting (QrX)" =
Q7 (X™), and by specifying that the bonding map o : T A Q7pX™ — Qp X"+t
should be adjoint to the composite

TAQr X" AT 22 7 A X 2 X7,

The T-loops functor X — QX is right adjoint to the functor Y — Y AT which
is defined by smashing with 7" on the right. More generally, there is a function
complex functor X — Hom, (4, X) for all T-spectra X and pointed simplicial
presheaves A, and this functor is right adjoint to the functor X — X A A
defined by smashing on the right with A in the obvious way.

Just as in ordinary stable homotopy theory (see [11, Chapter 1]), there is a
fake T-loops spectrum QeTX, with

(QX)" = Qr(X™),
and with bonding maps adjoint to the morphisms
Qr(o.) : Qr(X") — Q2(X"FY),

The fake T-loop suspension functor is right adjoint to the fake suspension
functor Y — LY, where XY™ = TAY™ and the bonding maps T AY.LY™ —
Y4y are defined to be the morphisms T Ao : T2 AY"™ — T A YL
Generally, the superscript ¢ for “left”: the functor X +— QETX is the right
adjoint of Y — EZTY, which is defined by smashing with 7" on the left.

Remark 2.4. The fake T-loop spectrum QZTX is not isomorphic to the T-loop
spectrum Q7 X, since the adjoint o, : Qr X" — Q% X"! of the bonding map
o : TAQr X" — Qr X"+ differs from the map Q7o by a twist of loop factors.
This phenomenon is the source of much of the technical fun in stable homotopy

theory, and the present discussion is no exception — see the proof of Theorem
3.11.

The maps o, determine a natural morphism of T-spectra
0. X — QLX)

where the shifted T-spectrum X [1] is defined by X [1] = X"*!. The T-spectrum
Q17X is defined to be the inductive colimit of the system

Qo [1] (@%)%0.[2)
A

X 2 QfX1] (25)°X[2]

Write nx : X — QrX for the associated canonical map. We shall be particu-
larly interested in the composite map

X 25 gx M5 Qrix,

which will be denoted by 7x. The functor Q7 is sometimes called the stabi-
lization functor, for the object T.
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A map g: X — Y of T-spectra is said to be a stable equivalence if it induces
a level equivalence

QrJ(9) : QrJX — QrJY.

Observe that g is a stable equivalence if and only if it induces a level equivalence
1QrJ(g) : IQrJX — IQrJY.

More usefully, perhaps, it is a consequence of Corollary 1.7 that g is a stable
equivalence if and only if the induced map QrJ(g) is a pointwise equivalence
of motivic flasque simplicial presheaves in all levels.

A stable fibration is a map which has the right lifting property with respect
to all maps which are cofibrations and stable equivalences. A T-spectrum X is
said to be stably fibrant if the map T" — x is a stable fibration.

We shall prove the following statements:

A4 Every level equivalence is a stable equivalence
A5 The maps

igrax,QrJ(fx) : QrJX — (QrJ)*X

are stable equivalences.

A6 Stable equivalences are closed under pullback along stable fibrations, and
stable equivalences are closed under pushout along cofibrations.

LEMMA 2.5. The statements A4 and A5 hold for T-spectra.

Proof. If g: X — Y is a level equivalence between T-spectra such that X and
Y are level fibrant, then g is a pointwise weak equivalence of motivic flasque
objects in all levels, and so all g and Q7g are level pointwise equivalences
by C2 and C3. This proves A4.

The map QrJ(jx) : QrJX — QrJ?X is a level equivalence by A4. There
is a commutative diagram

J(n.
QrJ2X M)QTJQTJX

QT(jJX)T TQT(jQT.IX)

QrJX —— QrQrJX
Qr(nsx)

The vertical map Qr(jsx) is a level equivalence because j;x is a pointwise
weak equivalence of motivic flasque simplicial presheaves in each level, and
Q7 preserves such by C2 and C3. All maps Qr(nz) are isomorphisms by C1
and a cofinality argument. The map jq,sx is a pointwise weak equivalence
of motivic flasque simplicial presheaves in each level by Corollary 1.7, and so
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the map Qr(jg,sx) has the same property by C2 and C3. It follows that
QrJ(nsx) and QrJ(7x) are level equivalences.
There is a commutative diagram

JQrJX" —Z > QrJQrJ X"+

JQrJx T: TQT(jQT Jx)
QTJX” T> QTQTJXnJrl

The map jg,.sx is a level pointwise equivalence by Corollary 1.7, the lower map
0 is an isomorphism by a cofinality argument and C1, and the map Q7 (jo,.7x)
is a pointwise weak equivalence of motivic flasque simplicial presheaves by C2
and C3. It follows that all maps o, : JQrJX™ — QrJQrJ X" are pointwise
weak equivalences, and so the map

N1Qrix + JQrJX — QrJQrJX
is a level equivalence. In particular, the composite

JQrJix NIQrJIX
e

QrJX —— JQrJX QrJQrJX

is a level equivalence. O

LEMMA 2.6. The class of stable equivalences is closed under pullback along
level fibrations.

Proof. Suppose given a pullback diagram

Axy X Lo x

L)

A——Y

in which ¢ is a stable equivalence and p is a level fibration. We want to show
that g, is a stable equivalence.

By properness of the level structure and A4, we can assume that all ob-
jects are level fibrant. Every level equivalence C — D of level fibrant objects
consists of pointwise weak equivalences C"™ — D™ of motivic flasque simplicial
presheaves, so Q1 takes each level equivalence of level fibrant objects to a map
of T-spectra which consists of pointwise weak equivalences in all levels. All
induced maps QrA™ — QrY™ are pointwise weak equivalences. The maps
Ps : QT X™ — QY™ are filtered colimits of pointwise Kan fibrations, and are
therefore pointwise Kan fibrations. Finally, Q1 preserves pullbacks and the
ordinary simplicial set category is proper, so the maps

Qr(g+) : Qr(A xy X)" — Qr X"

are pointwise weak equivalences of simplicial presheaves. o
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Every stable fibration is a level fibration, because every level equivalence is
a stable equivalence. Lemma 2.6 therefore implies the first statement of AG6.

The statements A4 and A5 together imply a Bousfield-Friedlander recogni-
tion principle for stable fibrations (see Lemma A.9 of [2]):

LEMMA 2.7. A mapp: X — Y is a stable fibration if p is a level fibration and
the diagram

X X QrJX

Y — QrJY
ny

is level homotopy Cartesian.

In particular, a T-spectrum X is stably fibrant if X is level fibrant and the
maps o, : X" — Qr X"+ are equivalences (or pointwise weak equivalences).
We shall need the converse assertion:

LEMMA 2.8. Suppose that X is stably fibrant. Then X is level fibrant, and all
maps oy : X™ — Qpr X"t are pointwise weak equivalences.

Proof. The composite

1QpJX

X 250X X QraXx 20 1QrTX

is a stable equivalence by Lemma 2.5, and the object IQ7JX is stably fibrant
since all maps

0x  IQpJX™ — QpIQrJ X"t

are pointwise weak equivalences. Write ux : X — IQpJX for this composite.
Factorize pux as

nx

1QrJX

N

Z

where 7 is a level fibration and a level equivalence, and « is a cofibration. Then
7 is a stable fibration since it has the right lifting property with respect to all
cofibrations. It follows that Z is stably fibrant and all maps o, : Z% — QpZ"+!
are pointwise weak equivalences. Also, the map o : X — Z is a cofibration
and a stable equivalence. The object X is therefore a retract of Z, and so the
maps 0* : X™ — Qp X"t are pointwise weak equivalences. o
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THEOREM 2.9. Suppose that T is a compact object on the smooth Nisnevich
site (Sm|gs)nis. Then the category of T-spectra on that site, together with the
classes of cofibrations, stable equivalences and stable fibrations, satisfies the
axioms for a proper closed simplicial model category.

The homotopy category Ho(Spt,(Sm|s)nis) associated to the stable model
structure of Theorem 2.9 is the motivic stable category of T-spectra on the
smooth Nisnevich site. In the particular case where T = Al/(A! — 0), the
category Ho(Spt,(Sm|s)nis) is the motivic stable category of Morel and Vo-
evodsky — it is often denoted by SH(S).

Proof. The axioms CM1 — CM3 are trivial to verify. We also know (Lemma
A8 of [2], but this is also a direct consequence of Lemma 2.7) that a map p is a
stable fibration and a stable equivalence if and only if it is a level fibration and a
level equivalence. The existence of the cofibration-trivial fibration factorization
of CM5 follows, as does CM4.

It is a consequence of Lemma 2.7 and Lemma 2.8 that a level fibration
between stably fibrant objects must be a stable fibration.

To prove the remaining part of CM5, suppose given a map g : X — Y of
T-spectra. Form the diagram

X Ex 1QrJX
\ . \
g Y X]QTJY Z 7z
/ Lg/
D P
Y e 1QrJY

where p is a level fibration and « is a cofibration and a level equivalence. Then
Z is level fibrant, and the maps a : IQ7JX™ — Z™ are pointwise equivalences
of motivic flasque simplicial presheaves, so Z is stably fibrant. Thus, p is a
stable fibration.

The map u. is a stable equivalence by Lemma 2.6, so that o, is a stable

equivalence. Factorize o, as
\ lﬂ'
Qs

Y X1Qrav 4

where o is a cofibration and 7 is a level fibration and a level equivalence. Then
o’ is also a stable equivalence, and 7 is a stable fibration, so f = (p.7) -’ is a
factorization of f as a stable fibration following a cofibration which is a stable
equivalence, giving CM5.
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Part of the properness assertion was proved in Lemma 2.6. For the cofibration
statement, form a pushout diagram

A c

|

B—>g* BusC

where j is a cofibration and g is a stable equivalence. We must show that g, is a
stable equivalence. By properness of the level structure and by taking a suitable
factorization in the level structure, we can assume that g is a cofibration. But
then it’s a standard fact about closed model categories that trivial cofibrations
are closed under pushout.

We must finally verify Quillen’s axiom SM7. Suppose that ¢ : K — L is a
cofibration of pointed simplicial sets and that « : A — B is a cofibration of
T-spectra. We must show that the cofibration

(ANL)Uangy (BAK) — BAL

is a stable equivalence if either j is a stable equivalence or ¢ is a weak equivalence
of simplicial sets. The case where i is a weak equivalence is a consequence of
the corresponding result for the level structure. The remaining case is verified
by showing that the cofibration « A L : AN L — B A L is a stable equivalence
if o is a stable equivalence.

From Lemma 2.8, one sees that if W is both stably fibrant and injective, then
so is hom, (L, W). Also one can identify the set [X, W] of stable homotopy
classes of maps with mphom(X, W) in the sense that the natural map

mohom (X, W) — [X, W]

is a bijection. In effect, there is a trivial level fibration 7 : X’ — X with X’
cofibrant which induces an isomorphism

mohom(X, W) 2 mphom(X', W)

since W is injective and all T-spectra are cofibrant in the injective model struc-
ture (see Remark 2.10 following this proof), while mohom(X’, W) = [ X' W] &
[X, W] since X' is cofibrant and W is stably fibrant. There is an isomorphism

hom (X, hom, (L, W)) 2 hom(X A L, W),
and so there is a natural bijection
[X,hom, (L,W)] = [X AL, W]

of morphisms in the stable homotopy category. From Lemma 2.11 below, one
sees that a map g : X — Y is a stable equivalence if and only if it induces a
bijection g* : [Y, W] — [X, W] of morphisms in the homotopy category for all
injective stably fibrant objects W. It follows that a A L is a stable equivalence
if « is a stable equivalence. O
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Remark 2.10. In general, every map f: A — B between cofibrant objects in a
closed model category has a factorization

N A

c

where j is a cofibration and 7 is left inverse to a trivial cofibration — this is
really just the standard mapping cylinder construction. It follows that, in a
simplicial model category, if W is fibrant and g : A — B is a weak equivalence
of cofibrant objects, then the induced map

9" : hom(B,W) — hom(A, W)

is a weak equivalence of Kan complexes. This is certainly so if g is a trivial
cofibration, and then one uses the above factorization to see the more general
case.

LEMMA 2.11. A map g: X — Y is a stable equivalence if and only if it induces
bijections

g Y, W] = [X, W]

of morphisms in the stable (equivalently, level) homotopy category for all stably
fibrant injective objects W .

Proof. Every stable equivalence clearly induces a bijection
g Y W] = (X, W]

for all stably fibrant injective objects W.

For the converse, assume that all such maps g* are bijections. The injective
stably fibrant model X — IQ7rJX is a stable equivalence, so it suffices to
assume that X and Y are both stably fibrant and injective. But then g must
be a homotopy equivalence: the homotopy inverse of g is a pre-image under g*
of the class of 1x for the case W = X. O

With the proof of Theorem 2.9 now completely in hand, Lemma 2.11 can be
bootstrapped to the following;:

COROLLARY 2.12. A map g : X — Y of T-spectra is a stable equivalence if
and only if it induces a weak equivalence

g :hom(Y, W) — hom(X, W)

of Kan complexes for all stably fibrant injective objects W .
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Proof. If g: X — Y is a level equivalence, then the induced map
g :hom(Y, W) — hom(X, W)

is a weak equivalence for all stably fibrant injective objects W, since all objects
in the injective simplicial model structure are cofibrant and we can use Remark

2.10.
Suppose that g : X — Y is a stable equivalence. Then there is a diagram

such that X and Y are cofibrant and the maps mx and 7y are trivial level fibra-
tions. Then, for example, mx induces a weak equivalence 7% : hom(X, W) —
hom(f( , W) for all stably fibrant injective objects W by the previous para-
graph. It suffices, therefore, to assume that X and Y are cofibrant, but then
Remark 2.10 can be used in the stable simplicial model structure to show that
g* is a weak equivalence of simplicial sets.

For the reverse direction, suppose that ¢* : hom (Y, W) — hom(X, W) is a
weak equivalence for all stably fibrant injective W. Then by computing in 7,
the induced map

9" [V, W] — [X, W]

of morphisms in the homotopy category is a bijection for all stably fibrant
injective W, and Lemma 2.11 can be applied. o

2.4 CHANGE OF SUSPENSION

Any map 0 : T1 — T» of pointed simplicial presheaves on the site (Sm|s)nis
induces a functor

0" SptT2 (Sm|S)N’LS - SptTl (Sm|S)Nisa
by precomposing the bonding maps with . More precisely, for any Ts-spectrum

X, 6*X is the Ty-spectrum with (6*X)™ = X" with bonding maps given by
the composites

T, A X" ML A x 2, X+

There is homotopical content to this construction when 77 and 715 are compact
and @ is an equivalence:
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PROPOSITION 2.13. Suppose that 0 : Ty — T3 is a weak equivalence of compact
objects on the site (Sm|s)nis- Then the functor 8* induces an equivalence of
motivic stable homotopy categories

0" : Ho(Sptr, (Sm|s)nis) — Ho(Spty, (Sm|s)nis).-

Proof. Write oy for the bonding maps of 6* X . The functor 6* clearly preserves
level equivalences, level fibrations and level cofibrations. If X is level fibrant,
there is a diagram

QT o
o 2
X" S QTQXnJrl Q%z Xn+2

X\ le* \Le*
QTIG'

QTl Xn+1 —_— QTl QTZXn+2

QTl 0"
QTl (o]

2 n+2
02 X

All vertical maps are pointwise weak equivalences, so there are induced natural
pointwise weak equivalences 6* : Qp, X" — Qr,0*X™ for level fibrant objects
X. It follows that g : X — Y is a stable equivalence of Ts-spectra if and only
if 6*g : 0*X — 0*Y is a stable equivalence of presheaves of Tj-spectra. In
particular, 6* induces a functor

0" : Ho(Spty, (Sm|s)nis) — Ho(Spty, (Sm|s)nis).-

on stable homotopy categories. It also follows, using Lemma 2.7, that 6* pre-
serves stable fibrations.

To go further, we must presume that 6 is a cofibration as well as an equiv-
alence. This suffices, since the factorization trick of Remark 2.10 involves the
mapping cylinder, and we have Lemma 2.2.

Given this new assumption, one can further show that 6* preserves cofibra-
tions: given a cofibration i : A — B of Th-spectra, there is a pushout diagram

(Ty A B™) Utrypany (Ta A B™) —— (T1 A B™) Ugpy pany A"

(&ihl le*

Ty A B" ——————— (T3 A B") Ugpypnany A"
in which (6,7), is a cofibration. The canonical map

(Ty A B™) Uiy pany A" — Bt
for 6*¢ is the composite

n n 9* n n n
(Tl/\B )U(TIAATL)A +1 —>(T2/\B )U(Tg/\A”)A 1 . B +1,
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so 0*i is a cofibration of T-spectra if ¢ is a cofibration of Ts-spectra.

Every stably fibrant T;-spectrum X is of the form X = #*X for some stably
fibrant Th-spectrum X. To see this, let X=X " and choose bonding maps
7 :To A X" — X" making the following diagram commute:

(o2

Ty A X" T xn+l
0/\1l /
ToANX"

One gets away with this because 6 A 1 is a trivial cofibration. It follows that
every stably fibrant Tj-spectrum X is stably equivalent to a Ty-spectrum 6*Y,
where Y is a stably fibrant and cofibrant T5-spectrum.

To finish off the proof, the idea is to show that 6 : Ty — T5 induces a weak
equivalence of Kan complexes

hom(4, X) LR hom(0* A, 0" X)

for all cofibrant A and stably fibrant X. Computing in 7y implies that 6 induces
bijections

0% [V, X] = [0°Y, 0" X]

for all stably fibrant, cofibrant objects X and Y. The desired result then follows
from basic category theory.

We show that 6* is a weak equivalence of Kan complexes by showing that,
given any solid arrow diagram

OA"" ——— hom(A, X)
A" > hom(6* A, 6" X)
a dotted arrow exists such that

1) the upper triangle commutes, and

2) the lower triangle commutes up to homotopy which is constant on JA™.

This homotopy lifting property is implied by the following: given any solid
arrow commutative diagrams

A—2s X 0*A 2% gr x
4

Jl I e*jl /

B 0*B
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with A is cofibrant, j is a cofibration and X is stably fibrant, then the dotted
arrow ¢ exists making the diagram of T-spectra commute, and there is a
homotopy 6*g ~ f which is constant at 6*« on 6* A.

This last property is proved by a homotopy extension argument which de-
pends on the assumption that 6 is a trivial cofibration. The method is to
inductively find the dotted arrows h and g making the following diagrams si-
multaneously commute

B! Ty A B x AV 1y A

dll \ 9/\1l lem
Bl o Al s Ty A B" x Al Ty A X7

Bn+1"'. B+ e Al o > xn+l

T:
At AL E o gntt Ty A B 2L A X

S

Bn+1 X Al h ...... > Xn+1 Bn+1 ......... g ..... > Xn+1

The inclusion of
(A" U (Ty A B™)) x A' U (A" U (Ty A B™)) x OA!

in (A" U (To A B™)) x Al is a trivial cofibration since @ is trivial, so that the
composite homotopy

Ty A B x AL D0 oA xm I8y A x 2, xrd

extends to a homotopy h : Th A B" x Al - X"t from f -0 to o (Ta A g)
which is constant on A”*!. The homotopy h extends to the desired map h in
the usual way, since the map

(A" U (Ty A B™)) x AYUB™™ x {0} — B"T! x Al
is a trivial cofibration. O

2.5 BOUNDED COFIBRATIONS

The commutativity of the diagram (1.2) for the controlled fibrant model con-
struction X — LX of Section 1 implies that this construction can be promoted
to the category of T-spectra. More explicitly, there is a natural level fibrant
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model nx : X — LX defined for T-spectra such that the map 7nx is a level cofi-
bration and a level equivalence. The standard properties of the functor £ (see
Section 1.1) pass to the spectrum level, and so the functor £ is an example of
a functor F : Spt(Sm|s)nis — Spty(Sm|s)nis which satisfies the following:

L1: F preserves level weak equivalences.
L2: F preserves level cofibrations.

L3: Let 8 be any cardinal with 8 > «. Let {X;} be the filtered system of
sub-objects of X which are §-bounded. Then the map

lim F(X;) — FX
is an isomorphism.

L4: Let v be an ordinal number of cardinality strictly greater than 2%. Let
X : v — Spty(Sm|s)nis be a diagram of level cofibrations so that for all
limit ordinals s < v the induced map

lim ;< X (£) — X (s)
is an isomorphism. Then lim ;< F(X(t)) = F/(lim ;< X (1)).
L5: If X is A-bounded, then FX is A-bounded.

L6: Let Y, Z be two subobjects of X. Then
FYNFZ=F{YnNZ)
in FX.

L7: The functor F is continuous; that is, it extends to a natural morphism of
simplicial sets

F:hom(X,Y) — hom(FX,FY)
compatible with composition.
Recall that the cardinals A and k are chosen such that
A=28>§K > 2%

where « is an upper bound on the cardinality of the set of morphisms of (the
chosen approximation for) the smooth Nisnevich site.

Remark 2.14. If the spectrum X has extra structure, such as a symmetric struc-
ture, then that structure is preserved by the functor X — L£X: the pairings

LX"AL S £(X"AL)

satisfy properties L9 and L.10 in Section 1.1, and are natural in L and X" so
that they respect all symmetric group actions.
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Say that a map g : X — Y of T-spectra is an F-equivalence if it induces a
level weak equivalence Fg: FX — FY.

PROPOSITION 2.15. Suppose that the functor
F : Spt(Sm|s)nis — Spt(Sm|s)nis

satisfies the conditions L1 — L7. Then the class of cofibrations of T-spectra
which are F-equivalences satisfies the bounded cofibration condition for the car-
dinal .

Proof. The class of maps of T-spectra which are level cofibrations and level
equivalences satisfies the bounded cofibration condition for the cardinal A. To
see this, recall that the category of simplicial presheaves satisfies the bounded
cofibration condition with respect to the cardinal A, since A is an upper bound
for the cardinality of the set of morphisms of the underlying site [4, Lemma
2.3]. Then use the argument for the second part of Lemma 2.1.

Suppose that ¢ : X — Y is a cofibration in the category of T-spectra, and
that j : A — Y is a subobject of Y. Then the restriction X N A — A is
a cofibration of T-spectra (so that the statement of the Proposition makes
sense). The claim for S'-spectra was proved in Lemma 3.1 of [4]. There is
nothing special about the simplicial circle S! in that argument, so the same
argument obtains here.

Alternatively, the key is to show that the map

j* . (T A\ An) U(T/\(Anﬂxn)) (A’nJrl n XnJrl) i (T AN Yn) U(T/\Xn) Xn+1
is an inclusion in all presheaves of simplices for all n. But

(T A An) U(raannxn)) (An+1 N X"+1)
= (T — %) x (A™ = X")) U (A" n X,

at the simplex level, while
(TAY™)Uippaxny X" = ((T —#) x (Y" = X™) U X",

and the map between the two is obvious.

Let X — Y be an F-equivalence and a cofibration of T-spectra, and let
A C Y be a A-bounded sub-object. Inductively define a chain of A-bounded
sub-objects A = Ag C A1 C A; C--- CY over A, and a chain of sub-objects

F(A) = F(A)) € X, C F(A;) C Xo C F(Ay) C - F(Y),
also over A\, with the property that the cofibration

F(X)NX, — X,
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is a level weak equivalence. Set B = lim s<,As. Then, by L6,
F(X N B) = F(X) N F(B) = lim .. F(X) N X,
- 1'l)ns<l<a)(s = F(B)

is a level weak equivalence, and so X N B — B is an F-equivalence.

The As and X, are defined recursively. Suppose s + 1 is a successor ordinal
and A, has been defined. Then, since A, is A-bounded, F(4;) is A-bounded
by L5. The map F(X) — F(Y) is a cofibration and a level equivalence, so
there is a A-bounded sub-object X,11 C F(Y) so that F(A4;) C Xsy1 and
F(X)N X541 — Xst1 is a level weak equivalence. Since there is a filtered
colimit F'(Y) = lim F'(Y;) indexed over the A\-bounded subobjects Y; by L3,
there is a A-bounded subobject A%, ; of Y so that X i1 C F(A,,;). Set
Agsi1 = As U Agyq. Finally suppose that s is a limit ordinal, and set

Xs = lm s F'(Ay) = lim <5 X5

Then X, is Ad-bounded and F(X) N X; — X, is a level weak equivalence.
Choose A, C Y such that A is A-bounded and X, C F(A). Set A, =
h_l’I)l t<sAt @] A; O

COROLLARY 2.16. The class of cofibrations which are stable equivalences sat-
isfies the bounded cofibration condition with respect to the cardinal .

Proof. The functor X — QrLX is an example of a functor F satisfying the
conditions for Proposition 2.15. O

3 FIBRE AND COFIBRE SEQUENCES

The purpose of this section is to show that the standard calculus of fibre and
cofibre sequences can be promoted to the motivic stable category, with the help
of a suitable theory of stable homotopy groups with weights. The outcomes
include detection of motivic stable equivalences by presheaves of weighted stable
homotopy groups, and a collection of results which together assert that fibre
and cofibre sequences are indistinguishable in the motivic stable category.
The last part of this section is devoted to showing that the various standard
flavors of suspension functors (ie. left, right, and shift) are equivalent. These
results turn out to be special, and depend on knowing Voevodsky’s observation
that the cyclic permutation of order 3 acts trivially on 73 = T3 in the motivic
homotopy category. The Voevodsky result appears here as Lemma 3.13.

3.1 EXACT SEQUENCES FOR S!'-SPECTRA

Recall that Lemma 2.2 asserts, in part, that finite pointed simplicial sets are
compact. The simplicial circle S! is finite, so that Theorem 2.9 implies that
there is a proper closed simplicial model structure on the category

Spt(Sm|s)nis = Sptgi (Sm|s)nis
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for Sl-spectra on the smooth Nisnevich site, for which the weak equivalences
are the motivic stable equivalences. Our first job is to show that the traditional
facts about fibre and cofibre sequences of ordinary spectra have analogues in
this setting.

LEMMA 3.1. Suppose that a map g: X — Y of S'-spectra is an ordinary local
stable equivalence. Then g is a motivic stable equivalence.

Recall [10], [11] that a map g : X — Y of presheaves of spectra is a local
stable equivalence if it induces an isomorphism on all sheaves of ordinary stable
homotopy groups.

Proof. If an S'-spectrum W is motivic injective and motivic stably fibrant,
it must be injective and stably fibrant for the local theory. It follows that
ordinary stable homotopy classes [X, W] coincide with naive homotopy classes
(X, W) and hence with level homotopy classes [X, W] in the motivic theory
for all such W and all S'-spectra X. Thus, every stable equivalence g : X — Y
induces a bijection

9" [V, W] — [X, W]

in level homotopy classes for the motivic theory if W is motivic injective and
motivic stably fibrant. Lemma 2.11 implies that g is a motivic stable equiva-
lence. O

COROLLARY 3.2. Suppose that
Fox 2y

is a level motivic fibre sequence of S'-spectra. Then the induced map ps :
X/F —Y is a motivic stable equivalence.

Proof. This is a consequence of the corresponding result for ordinary spectra,
and Lemma 3.1. O

All weak equivalences, stable equivalences, fibrations and so on will be tacitly
assumed to be motivic henceforth. We shall drop the use of the term “motivic”,
except when it is necessary to include it for clarity.

LEMMA 3.3. Suppose given a commutative diagram of S'-spectra
Al ——= B ——=C4
sl e
Ay ——= By ——= (Y

in which the horizontal sequences are level cofibre sequences. Then if any two
of f1, f2 or f3 are stable equivalences, then so is the third.
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Proof. We will show that f; is a stable equivalence if fo and f3 are stable
equivalences. The other two cases are similar.
The idea is to show that precomposition with f; induces a weak equivalence

f{ thom(Az, W) — hom(A;, W)

of function complexes for any stably fibrant injective object W. The map of
cofibre sequences induces a comparison diagram of fibre sequences

hom(Cs, W) —— hom(By, W) —— hom(A;, W)

il E s

hom(C;,W) —— hom(B;, W) —— hom(A4;, W)

The level equivalences W — QW/1] of stably fibrant injective objects give all
spaces in this diagram the structure of infinite loop spaces, and f5 and f5 are
the maps at level 0 for stable equivalences of spectra. The map f; is therefore
the level 0 part of a stable equivalence of stably fibrant spectra, and so f{ is a
weak equivalence of simplicial sets. o

We now have the following consequence of Corollary 3.2 and Lemma 3.3:

COROLLARY 3.4. Suppose given a commutative diagram of S'-spectra

H—X —Y

sl e

Hh—X,——Y,

in which the horizontal sequences are level fibre sequences. Then if any two of
f1, fa or fs are stable equivalences, then so is the third.

Recall that a map g : X — Y is a stable equivalence of S!-spectra if and
only if it induces a pointwise level equivalence g, : QJX — QJY. The functor
QJ = Qg1 J produces presheaves of infinite loop spaces, so that g, is a pointwise
level equivalence if and only if it induces pointwise isomorphisms

TQIX(U) = 1,QJY (U)

in all homotopy groups. The group 7,Q.JX (U) can be identified up to isomor-
phism with the filtered colimit of the system

[Sn+T,XT|U] N [Sn+r+1’Xr+1|U] — e

where St denotes the t-fold smash product of the constant simplicial presheaf
associated to the simplicial circle S*, and the morphisms in the motivic homo-
topy category are computed over the scheme U. This filtered colimit may be
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computed without reference to a level fibrant model for X; we define a presheaf
X of stable homotopy groups for X in U-sections to be the filtered colimit of
this system. A map g : X — Y is a motivic stable equivalence if and only if it
induces presheaf isomorphisms 7, X = m,Y for all n € Z.

WARNING: The presheaves of groups 7, X are defined by morphisms in the
motivic homotopy category. Despite the notation, they do not coincide with the
stable homotopy group presheaves of X, but rather with the stable homotopy
group presheaves of a motivic stably fibrant model for X.

Any level fibre sequence
Foxy

can be functorially replaced up to level equivalence by a fibre sequence in
which all objects are level fibrant. Suppose that this has been done — then
the induced maps of S'-spectra

QF 2L Qx 2 Qv
forms a level fibre sequence of spectra
QF(U) 5 QX(U) 5 QY (V)
in each section, and therefore determines a long exact sequence
2 QY (U) 2 1 QF(U) 25 QX (U) 25 1, QY (U) 2 -

of presheaves of stable homotopy groups. It follows that there is a natural long
exact sequence

Px o Tk (. o
= 1Y = — X - mY — -

of presheaves of groups associated to a level fibre sequence.
Suppose given a level cofibre sequence

AL B L B/A, (3.1)

and replace the map 7 up to motivic weak equivalence by a level motivic
fibration by taking a factorization

B—W>B/A

jl /

X
where ¢ is a level motivic fibration and j is a cofibration and a level motivic
equivalence. Let F' be the fibre of g. Then the cofibre sequence (3.1) is a fibre

sequence in the standard way in the motivic setting, in the sense that we can
prove
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LEMMA 3.5. The cofibration j induces a motivic stable equivalence j, : A — F.

Proof. There is a commutative diagram

A
|
F

The map ¢ : X — B/A factors through 7 : X — X/F in that there is a map
gx : X/F — B/A such that ¢. - 7 = ¢. The map ¢, is a stable equivalence by
Corollary 3.2. One also checks that g.j.m = 7 so that ¢.j. = 1 on B/A, and
SO j. is a stable equivalence. Now use Lemma 3.3 to conclude that the induced
map j : A — F of Sl-spectra is a stable equivalence. O

—i> —ﬂ>B/A

B
b

—_—

COROLLARY 3.6. Any cofibre sequence
AL B5 B/A
induces a natural long exact sequence
RELLN mit1B/A 9, mA LN m; B = mB/A LA

Proof. The sequence is the long exact sequence for the corresponding fibre
sequence arising from the construction of Lemma 3.5. O

3.2 WEIGHTED STABLE HOMOTOPY GROUPS

The presheaf T = A!/(A! — 0) sits in a pushout square of presheaves

Al—Oi—>A1

|

*%T,

and Al is contractible in the motivic homotopy category. A standard argu-
ment on mapping cones (which uses properness) implies that there are motivic
equivalences

T =AY/(A' —0) & M;/(A' —0) = ST A (A —0)

involving the mapping cylinder M; of the inclusion 7. All of these objects
are compact, by Lemma 2.2, and Proposition 2.13 implies that the displayed
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equivalences induces equivalences of the stable categories associated to the
various suspensions.

For convenience, write G,, = A! — 0, pointed by the global section given by
the identity element e (Voevodsky denotes this object by S} [16]). This is the
underlying scheme of the multiplicative group, but the group structure is never
used.

Recall that a map g : X — Y of spectra is an stable equivalence if and only if
the induced map g, : QrJX — QrJY is a pointwise level equivalence. Recall
further that the object Q1Y for a level fibrant spectrum Y has object at level
n given by the filtered colimit

yn 2 Qpyntt 217 qzyndz

The homotopy group 7,,QrY"™(U) in U-sections is isomorphic to the filtered
colimit of the diagram

Y™ (U) 25 1 QrY ™ U) 222 1 2 Y (U) —

which can be identified with a filtered colimit of maps in the motivic homotopy
category over the scheme U of the form

[ST,Y"|y] = [S"AT, Y™ y] — [S"ATE Y™ |y] — ...

Here, T" denotes an r-fold wedge product of copies of the simplicial presheaf T,
and S” is the r-fold wedge product of copies of S'. The equivalence T ~ S'AG,,
further implies that this last inductive system can be rewritten as

[S™.Y"u] =[S A G, Y™yl — [T AGE,, Y P |u] — ...
Write m; Y (U) for the colimit of the sequence
[STAGEF Y |y] — [STTTLAGST L Y] — L

The variable ¢ in m; Y is usually called the degree, while s is called the weight.
The presheaves of groups m; ;Y are called the weighted stable homotopy groups
of the T-spectrum Y.

This last definition of the presheaf U +— m; ;Y (U) makes sense for any T-
spectrum Y, and there is an isomorphism

T QrJY " (U) = mppy Y (U).
From a different point of view, if ¢ < s, then there are isomorphisms
lim ,, [S™" A G, Y™ |y] 22 lim o [S™ A G Y=t 0]
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where Y[k]" = Y"** defines the shifted T-spectrum object Y [k] in the standard
way for all k € Z. It follows that there is an isomorphism

7Tt,sY =~ Wogf};tQT(JY[—t])O
if t > s. Similarly, if s > ¢, there is an isomorphism
7Tt,sY = Wogt_sQT(JY[—S])O.

If g: X — Y is an stable equivalence, then g. : Qr(JX[k]) — Qr(JY[k]) is
a pointwise level equivalence for all k£ € Z, so that all induced maps

gx - 7Tt,sX - 7Tt,sY

are isomorphisms of presheaves. Conversely, if ¢ induces isomorphisms in
all bigraded stable homotopy group presheaves, then g induces isomorphisms
s X = m Y for s <0 and t > s. In that case

7Tt,sY = 7T(tfs)+s,syv = 7TIS—SCQTY'_Sa
so that g« : QrJX — QrJY is a pointwise level equivalence. We have proved

LEMMA 3.7. A map g : X — Y of T-spectra is an stable equivalence if and
only if g induces isomorphisms

7Tt,sX = 7Tt,sY
of presheaves of groups for all t,s € 7.

Given Proposition 2.13, we can assume that T is identically S' A G,,, so a
T-spectrum consists of pointed simplicial presheaves YY" and bonding maps

S'AG, AY™ — YL

An S'/G,,-bispectrum consists of pointed simplicial presheaves X" m,n > 0,
together with bonding maps o, : S AX™" — X™+n and o, : G, AX™" —
X™n+ such that the diagram

Sl /\Xm,n-i-l Xm+1,n+1
Sl/\UUT
SYAG,, A X™" 0w

IR

Gm A ST A Xt ——= Gy A X mtln
m h

commutes, where t : S* A G,, — G,, A S' is the canonical isomorphism which
flips smash factors. The maps o, and o} are called vertical and horizontal
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bonding maps respectively. Such a gadget may alternatively be viewed as a
collection of S'-spectra

Xn — Ax*,’ﬂ,7

together with maps of S'-spectra X" A G,, — X"T! induced by the vertical
bonding maps.

For us, the key example arises from a T-spectrum Y, in that it functorially
determines an array Y **

GN2AY? G AY?! Y2
G AY? y! SLAY!
Yo STAY?O S2ZAY0

which has the structure of an S'/G,,-bispectrum. In effect, the horizontal
bonding map o, : S'AGE AY™ — GF~1 AY ™! is defined to be the composite

SYAGETIAG, AY" LN GELA ST A G, AY™ 22T GESL A YL

and the vertical bonding maps arise from the maps of S'-spectra Y*"* AG,,, —
Y"1 which are canonically determined by the twist isomorphisms

(GEAY"™ ) AGp 5 G A (GE, AYF),
for 0 <k <n.

An S'/G,,-bispectrum X has presheaves of bigraded stable homotopy groups
mt,sX defined in bidegree (¢, s) and in U-sections to be the colimit of the system

| |

[StJrk A Gfrjl+17Xk,l+1|U] O [St+k+1 A nyjl+1,Xk+1’l+1|U] - ...

GU*T Taw

[ A G, X Pl ] ——gm [SHH A G, XA fy] —— -

DOCUMENTA MATHEMATICA 5 (2000) 445-552



490 J. F. JARDINE

Here (presuming that all X*! are fibrant, which is harmless), the map oy,
takes a representative 6 : S” A G2, — X*! to the composite

1
Sl A ST /\an S N0 Sl /\Xk,l &) )(k-‘rl,l7

while o, takes 6 to the composite

tAGS, ,
S"AGm AGE, L5 Gy A ST AGE, S G, A XRE T8, xR

The bispectrum object X determines a sequence of maps of S'-spectra

* Q m \Tvx
X0 2,0 X! Mgémﬂﬂ...

)

where Qg,, is the functor Hom, (G, ). Then the presheaf m; ;X is the filtered
colimit of the presheaves of stable homotopy groups

ﬂth;;lJXl — WtQéJ;lJrlJXHl —

once X has been replaced up to levelwise equivalence by a levelwise fibrant
object JX so that the “loop” constructions make sense.

In particular, starting with a T-spectrum X, a cofinality argument shows that
the presheaves of weighted stable homotopy groups 7, X for X as defined above
coincide up to natural isomorphism with the presheaves m; s X** of bigraded
stable homotopy groups for the associated bispectrum object X **.

3.3 FIBRE AND COFIBRE SEQUENCES

A level fibration p : X — Y of S'/G,,-bispectra is a map which consists of
fibrations p : X™" — Y™" for all m,n > 0. Level equivalences and level
cofibrations have analogous definitions. One can use standard techniques to
show that any map f : X — Y of S!/G,,-bispectra has a factorization

! Y
N A
Z
where p is a level fibration and j is a level cofibration and a level equivalence.
Suppose that

X

FLx2y

is a level fibre sequence of S'/G,,-bispectra, and suppose that Y (and hence
X) is level fibrant. Then there are fibre sequences of S!-spectra

QS+TFT i) Qs-l—TXr Px Qs-l-ryr
Gm Gm Gm
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and hence long exact sequences in stable homotopy group presheaves
* o s * 17}
. p—) 7Tt+1Qé+TYT — WtQ&+TFT Z—) Wtﬂé+TXT p—) WtQ&+TYT —> ..
m m m m
Taking a filtered colimit in r gives a long exact sequence
D+ 1} T D 1%}
o My1,sY oM S X Sy — - (3.2)

for each s. One can remove the condition that Y is level fibrant by using
factorization tricks from the previous paragraph.
If

AL BZI BJA

is a level cofibre sequence of S!/G,,-bispectra, then replacing the map 7 up to
level equivalence by a fibration p as above gives a diagram

A—Z>B—W>-B/A
j*l lj llB/A

in which p is a level fibration and j is a level equivalence. It follows from
Lemma 3.5 that the induced maps j. : A™ — F™ are stable equivalences of
Sl-spectra. But then the induced maps

J
ﬂ't’SA == 7Tt7SF

are isomorphisms in all bidegrees. This implies that there is a natural long
exact sequence

I . BJA L m A BT ,BJA S (3.3)

associated to a cofibre sequence of S!/G,,-bispectra in each s. As a corollary
of the construction we have

COROLLARY 3.8. There are natural isomorphisms
Tet1,s(Y A Sl) &Y
for all bidegrees (t,s) and S'/G,,-bispectra Y .
LEMMA 3.9. Suppose that
Fox 2y

is a level fibre sequence of T-spectra. Then the induced map X/F — Y is a
stable equivalence.
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Proof. The idea is to show that the map X/F — Y induces isomorphisms
s (X/F)"* &2 YO8,

Form the diagram of maps of S!/G,,-bispectra

Fox e X*’* P Y
j*l lj llw,*
F VA - Yoo

where ¢ is a level fibration, j is a level equivalence, and T is the fibre of the
map ¢q. The map j, : F** — F consists in part of equivalences F" — F"" in
bidegree (n,n) for all n > 0, since the sequence

o T X D Y

is already an fibre sequence in those bidegrees. A cofinality argument therefore
implies that the map j. : F*** — F induces isomorphisms

. e —
Jx: 7Tt,sF — 7Tt,sF

for all ¢ and s.

The map Z/F — Y** of S!/G,,-bispectra induces isomorphisms in all 7,
since it consists of maps Z" /Fn — Y™ of Sl-spectra which are stable equiv-
alences by Lemma 3.2.

A long exact sequence argument arising from the comparison of cofibre se-
quences

Fo* b Xk T (X/F)*’*
j*t Lj lj*
7 Z———2/F

shows that the map j,. : (X/F)** — Z/F induces an isomorphism in all m .
The result follows. O

COROLLARY 3.10. Suppose that
AL BL B/A
is a level cofibre sequence of T-spectra, and take a factorization

B—j>X

RN

B/A
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of the map m such that j is a level equivalence and p is a level fibration. Let
F be the fibre of the map p. Then the induced map j. : A — F is a stable
equivalence.

Proof. The induced map X/F — B/A is a stable equivalence by Lemma 3.9.
The map j. : B/A — X/F is therefore a stable equivalence, so a comparison of

long exact sequences argument shows that j,. : A — F' is a stable equivalence.
O

3.4 T-SUSPENSIONS AND T-LOOPS

Write jx : X — X, for a natural choice of stably fibrant model X, for a T-
spectrum X, where jx is a cofibration and a stable equivalence. The aim of
this section is to prove and discuss the consequences of the following result:

THEOREM 3.11. The composition
X 5 Qp(X AT) 2207, Qr(X AT,
arising from the adjunction map nx is a stable equivalence for all T-spectra X .

The proof of this result is a bit delicate, and will be accomplished with the
help of a series of lemmas. We begin with something which is quite general:

LEMMA 3.12. Suppose that the comparison diagram of inductive systems

Xo X1 Xo
fol lfl lfz
Yo Y, Y,

consists of stable equivalences f; : X; — Y;. Then the induced map

18 a stable equivalence.

Proof. The idea of the proof is to show that we can assume that the spectra
X; and Y; are stably fibrant.

In effect, suppose that there are trivial cofibrations j; : X; — (X;)s and
Ji Vi — (Yi)s and maps (fi)« : (X;)s — (¥i)s such that (X;)s and (Y;)s are
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stably fibrant for ¢ < n, and such that the diagrams

Xi1 X;
ji—l ‘ X
fica (Xic1)s —————— (Xi)s
fi
(fim1)«
Yi 1 Y; (i)

Ji
Ji—1

(}/ifl)s - (}/1)5

commute. Now form the commutative diagram

Xn Xn+1
X Jnx
n (Xn)s (Xn)s Ux, Xa1 = (Xnt1)s
‘/fn+1
Y, Yot f (frt1)«
(Yn)é (Yn)s UYn, Yn-l—l f (Yn+1)s

where both instances of j are trivial cofibrations, and (X,+1)s and (Y,,+1)s are

stably fibrant. The dotted arrow (f,4+1)« exists by the closed model axioms,

and the instances of the compositions j,+1 = j-jn« are both trivial cofibrations.
In the resulting diagram

lim X, —> lim(X,,),
—

| |

lim Y, —> 1lim(Y,,)s
J= -

both instances of j, are trivial cofibrations by construction, and the map f, :
h_n)l(X@s — h_H)l(Yn)s is a filtered colimit of maps which are pointwise weak
equivalences in each level, and therefore shares this property. In particular, f.
is a stable equivalence. O

We're going to need the following;:
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LEMMA 3.13. (Voevodsky) The cyclic permutation c¢1 2 = (3,2,1) € X3 induces
the identity morphism on T3 = T? in the pointed motivic homotopy category.

For the record (this comes up later), the element ¢, 4 in the symmetric group
Y p+q is the shuffle which moves the first p elements past the last ¢ elements,
in order. Explicitly

(i) qg+1i ifi<p,
C 1) =
P i—p ifi>p+1.

Proof of Lemma 3.13. For the purposes of this proof, we shall notationally con-
fuse T2 with its associated sheaf, and prove the result on the sheaf level. This
is harmless, since the canonical map 7 : X — X taking values in the associated

sheaf X is a weak equivalence for any presheaf X.
There is an isomorphism of pointed sheaves

A" /(A" = 0) A AL/(A = 0) 2 A /(A" — 0),
since
(A" —0) x AH U (A" x (A' —0)) = A"t —0
inside A™*!. It follows that there is an isomorphism
T = A" /(A" —0).
There is a pointed algebraic group action
Gl, xT"—-1T"

in the sheaf category which is induced by the standard action Gl,, x A" — A™.
It follows that any rational point g € GI,,(Z) induces a morphism of sheaves

g:T" —1T".

In particular, the permutation matrix corresponding to the element cio =
(3,2,1) induces the map

c12: T T3

in the statement of the lemma.
The element

Ci12 =

_ o O
S O =
o = O
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is a product of elementary transformations in Gl3(Z), and so there is an alge-
braic path w : A! — Gl3 such that w(1) = ¢; 2 and w(0) = e. It follows that
there is a composite pointed algebraic homotopy

IxXw

Al x T3 22, Gls x T2 — T3

from c19 : T2 — T3 to the identity on T® (see also Theorem 1.1 of [8]). The
maps c;,2 and e therefore coincide in the motivic homotopy category. O

Observe that a T-spectrum X has a natural filtration
X =lim L, X,
where L, X is the spectrum
X0 xt X" TAX"TVAX™, ...
There is a natural pushout diagram

SR(TAX")[=(n+1)] — L, X

l |

EooXnJrl[i(n + 1)] - . Ln+1X
Note further that the canonical map £5° X"[—n] — L, X is a stable equivalence.

The filtration {L, X} is called the layer filtration of X.

LEMMA 3.14. Suppose that K is a pointed simplicial presheaf. Then the com-
position

DK L Qp(SRK)AT) 4 Qr((S2K) AT),

18 a stable equivalence.

Proof. Recall that if Y is a spectrum, then the homotopy group presheaves
Y (U) of the stably fibrant model Y, = IQ7JY are computed by the filtered
colimits

[S™, Y™y = [TAST, Y"1y = ...

where [K, X|y = [K|v, X|vu] means homotopy classes of maps of the restrictions
to the site over U. The suspension homomorphism ¥ takes a morphism 6 :
Tk A ST — Y™E to the composite

TATF A ST I8, p g yn+k 2, yntk+l

Practically speaking, the suspension morphism ¥ is induced by smashing with
T on the left.
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Observe as well that if Y is level fibrant, then the adjunction isomorphisms
[TFAS™, QpY ™Ry = [TFAS™ AT, Y™y

fit into commutative diagrams

[T* A S, QrY "+, ———— [TF A " AT, Y],

[Tk+1 A ST,QTYn+k+1]U %; [Tk-',-l ASTA T, Yn+k+1]U

It follows that the map in presheaves of stable homotopy groups induced by
the composite

DK L Qp(SRK)AT) 4 Qr((S2K) AT),
is isomorphic to the filtered colimit of the maps

[TF A ST, T A Ky 25 [TF A ST AT, T A K ATy

which are induced by smashing with 7" on the right.

Suppose that ¢ : K AT — X AT is a map of pointed simplicial presheaves,
and write ¢¢(¢) for the map TAK — T A X arises from ¢ by conjugation with
the twist of smash factors. There is a commutative diagram

KAT—>TAK

¢l lct(qﬁ)

XAT—=TAX

Then there is a diagram

T2
TAT2ANK <~——T2AKAT —5T2ATAK
ct(Tz/\d))\L \LT2/\¢ szAct(gb)

TAT?ANX <7~ T*NX AT 7 =T°ANTAX
and hence a diagram

c1,2AK
T3NK —=T3ANK
ct(TQ/\qb)l lTQ/\Ct(d))

3 3
T /\KmT NX
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It follows from Lemma 3.13 that the maps in the homotopy category repre-
sented by T? A ¢(¢) and ¢;(T? A ¢) coincide.
As a consequence, there are commutative diagrams

T2A

[TFAST, T ANK)ly —————=[T?> ANTFAS™, T> AT F A Ky

al |

[TF A S™ AT, T AN K ATy —2 [T2ANTFA ST AT, T2 AT A K ATy

ctlﬂ &lct

[TATFAST, TANT"FAKy i [T3 ANT* A ST, T3 NT A Ky

The vertical composites coincide with the map T'A induced by smashing on the
left with T, so a cofinality argument says that the induced map on the filtered
colimits is an isomorphism. O

Proof of Theorem 3.11. Tt is a consequence of Lemma 2.11 that the functor
X — X AT preserves stable equivalences. It follows that the functors X — X
and X — Qp(X AT)s both preserve stable equivalences. The T-spectrum X
is a filtered colimit of its layers L., X, and there is a stable equivalence

SR X"[—n] — L, X

for n > 0. Write 0, : X — Qp(X AT), for the composite in the statement of
Theorem 3.11. The proof consists of showing that all maps

SR K[-n] 15 Qp(SRK[-n] AT), (3.4)

are stable equivalences. Then we show that these equivalences pass appropri-
ately to filtered colimits.

Shifts preserve stable equivalence, so it suffices to consider the case of the
map (3.4) corresponding to n = 0, but this is Lemma 3.14.

Suppose given a system

Xo— X1 — -
of T-spectra such that all maps
e s Xi — Qp(X; AT)s
are stable equivalences. I claim that the induced map

1 lim X5 — Qp((lim X5) A T)s
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is a stable equivalence. The composite
. limn lim Qpj .
h_H)le e ll_I)I’lQT(AXVZ A\ T) — IL)HQT(Xl A\ S)é

is a stable equivalence by Lemma 3.12. There is a commutative diagram

lim j
W (X; AT) —— lim(X; A T),
— —

ul l

(liy X,) A T ——> ((lim X;) A T),
The map lim j is a stable equivalence by Lemma 3.12, and so the map ¢ is a
pointwise weak equivalence of motivic flasque objects in all levels by a Nisnevich
descent argument (Corollary 1.7). There is also a commutative diagram

=

X)) AT) 222 Qp((lim X;) A T),

T TQ

Qr 11111()(Z AN T) —— Qp hL}n(AXZ AN T)S

. e
h_r)nn TJ]

| :

lim Q7(X; A T) —— lim Q7 (X; AT),

lim Q7 j

lim X; ——" Q7 ((li

IR l

The map Qrc is a pointwise weak equivalence in all levels, so the composite
lim X; > Qg ((lim X;) A T) 2L Qp((lim X,) A T),
is a stable equivalence. O
LEMMA 3.15. Suppose that X is level fibrant. Then there is an isomorphism
Qr(QrX)" = Qr(QrX)".

In particular, the loop functor X — QX preserves stable equivalences of level
fibrant objects.

Proof. Recall that Q27X has bonding map o : T A QX" — QX" adjoint

to the composite
T Nev o

TAQrX"ANT =25 7 A X 2, xntt

It follows that there is a commutative diagram

Qr X" 7> Q2 X1

g

03X+
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where t* is the map which flips loop factors. Inductively, one finds diagrams

k
Qljvj-an-Hc E;. Q§+2Xn+k+1

- *
Ck,llz :l°k+1,1

Qljvj‘anJrk k+15 Q§+2Xn+k+1
Q o
T O

where ¢}, ; is precomposition with the map which is induced by the shuffle ¢y 1 in

the loop factors. The maps cj, ; therefore induce the desired isomorphism. U

COROLLARY 3.16. Suppose that 'Y is level fibrant. Then the evaluation map
ev: QrYANT —Y

18 a stable equivalence.

Proof. The functor Y +— Y A T preserves stable equivalences, so Lemma 3.15
implies that it suffices to assume that Y is stably fibrant.

Take a stably fibrant model j : QY AT — (QrY AT); (j is a cofibration
as well as a stable equivalence), and form the diagram

OrY AT —L= (QrY AT),
Y/

The idea is to show that ev is a stable equivalence by showing that Qrev is a
stable equivalence. This works, on account of the natural isomorphism

T sQr X = Ty g1 X

for level fibrant objects X — this isomorphism is another consequence of
Lemma 3.15. There is a diagram

QrY
QT"]*
QTUl

Or(QrY AT) 275 Qr(QrY A T),

Qrev
Tl%

QrY

The map Q7. is a pointwise equivalence by Theorem 3.11, and so Qrev is a
stable equivalence. O
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COROLLARY 3.17. Let j : Y — Y be a choice of stably fibrant model for Y.
Then a map g: X NT — 'Y is a stable equivalence if and only if the composite

X 450y 200,

is a stable equivalence, where g, is the adjoint of g.

Proof. There is a diagram

XAT —2= (X AT),
.
Yy ————Y,

where both maps labeled j are stably fibrant models. Then g is a stable equiv-
alence if and only if g is a stable equivalence if and only if the composite

X 5 Qp(X AT), 225 Y,
is a stable equivalence. O

COROLLARY 3.18. A map g: X — Y is a stable equivalence if and only if the
suspension g \NT : X N'T — Y AT is a stable equivalence.

In the final part of this section we show that all of the usual candidates for
suspension functors on T-spectra are naturally equivalent in the motivic stable
category. This is the content of the next two lemmas. As a corollary, all of the
corresponding loop functors are naturally stably equivalent.

LEMMA 3.19. The canonical map o : EZTX — X[1] from the fake suspension
Y4 X to the shift X[1] is a natural stable equivalence.

Proof. The map
0 : Bp(SFK[-n]) — (EFK[-n])[1]

is an isomorphism in level p for p > n and for all n > 0. The fake suspension
X — YLX and shift X — X[1] functors preserve colimits, so we can argue
along the layer filtration using Lemma 3.12. It therefore suffices to show that
both functors preserve stable equivalence.

In order to see that the shift functor X +— X[1] preserves stable equivalences,
it suffices to show that the shift X[1] — (IQrJX)[1] of the canonical stable
equivalence is a stable equivalence. For this, it enough to show that the shifted
map (JX)[1] — (QrJX)[1] is a stable equivalence, but this is a consequence
of the isomorphism (Q7JX)[1] = Qr(JX[1]).

The fake loop functor X +— QZTX preserves stably fibrant objects, according
to the characterization given by Lemma 2.7 and Lemma 2.8. The fake suspen-
sion functor Y +— X£Y preserves level cofibrations and level weak equivalences,
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so that the fake loop functor preserves injective fibrations by adjointness. It
follows that the fake loop functor preserves the class of stably fibrant injective
objects.

We know from Corollary 2.12 that a map f: X — Y is a stable equivalence
if and only if it induces a weak equivalence

f* +hom(Y, W) — hom(X, W)

for all stably fibrant injective W. If f : X — Y is a stable equivalence of
T-spectra and W is stably fibrant and injective, then the map

(25£)* - hom(X5Y, W) — hom(X5 X, W)
is isomorphic to the map
f* : hom(Y, Q4W) — hom(X, Q5W),

and is therefore a weak equivalence since Q5. W is stably fibrant and injective.
If follows that 25.f : ¥5.X — $LY is a stable equivalence. O

LEMMA 3.20. The fake suspension functor X — ZZTX s naturally stably equiv-
alent to the functor X — X A T.

Proof. Both functors preserve level equivalences, so it suffices to assume that
X (by taking associated sheaves) is a sheaf of T-spectra, where T' and all of
its smash powers are notationally confused with their associated sheaves. We
do this so that we can use the explicit pointed algebraic homotopy h : T3 x
Al — T3 from ¢y 5 to the identity which appears in the proof of Lemma 3.13.
Write d® : T3 — T3 x A! for the map which is induced by the rational point
a:* — Al. Then hd® is the identity map on T and hd' = c¢1 5 : T3 — T3,

Recall that the fake suspension ZZTX consists of the objects T' A X™ and
bonding maps T Ao : T2 A X" — T A X" 1. The object X AT consists of the
pointed simplicial presheaves X AT and bonding maps c AT : TAX" AT —
XL AT, After twisting along the isomorphisms ¢t : X* AT = T A X", we
can identify X A T up to isomorphism with a spectrum consisting of objects
T A X™ and having bonding maps o given by the composites

72 A X7 XD 2 0 xn TAT o xnt

It follows that there are commutative diagrams

T3/\Xnﬂ7>T2/\Xn+1m>T/\Xn+2

c1,2/\X"l /
o

T3ANX" ——= T2 A Xnt!

TANo
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The method of proof is to show that the “partial spectrum” objects X; and
X5, having constituent simplicial presheaves

X=Xl =TAX™
and bonding maps T? A X" — Xi"Jrl defined by the composites
o1 = (T Ao)(T? Ao)

and o9 = o(T A o) respectively (as in the diagram) are naturally stably equiv-
alent.

The idea is to use the natural algebraic homotopies h : T3 A X?7 x Al —
T A X?*2 from o, to o and the constant algebraic homotopies ¢ on oy to
define natural level weak equivalences

X, & Tel(Xy) <5 Xy

where Tel(X7) is the algebraic telescope. The construction is by exact anal-
ogy with that of the ordinary mapping telescope given in [11, pp.11-15]. To
summarize, one inductively constructs a sequence of trivial cofibrations

X7 2 oXp 2 Tel(X0)",

where j, is the inclusion of X7 in the algebraic mapping cylinder C X" given
by the pushout diagram

T2 A Xpt—2 = X7
d“l ljn
T2 AXTT kAL —— CXY
and «,, is inductively defined by the pushout diagram

T2AXP ! —4 > T2 A X771 i Al — L oxp

jnll

> ANOX7! an

TZ/\anl\L

T2 A Tel(X;)" !

Tel(X;)"

[oa

The bonding maps o : T? A Tel(X1)"~1 — Tel(X;)" are also defined by this
construction. The identity on X7* and h: T? A X} x A — T A X7 together
determine a weak equivalence h : CX ' — X% and the map h extends levelwise
along the trivial cofibrations ay, : C X7 — Tel(X1)™ to a natural map of partial
spectra h, : Tel(X7) — X3. The map h, is a levelwise weak equivalence. O
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COROLLARY 3.21. Suppose that X is a level fibrant spectrum. Then the spectra
QL X, QrX and X[—1] are naturally stably equivalent.

Remark 3.22. A statement analogous to Theorem 3.11 is true for S'-spectra,
in that the composite

X 5 (x ASY) 29D xS,

is a natural weak equivalence in the motivic stable model structure for S1-
spectra. The proof is formally the same as that displayed for Theorem 3.11,
with T replaced by S!. The key is that it is well known that the cyclic permuta-
tion c1 2 acts trivially in the ordinary homotopy category on S®. With suitable
modifications, the rest of the statements up to Corollary 3.18 also hold for-
mally for S'-spectra, so that the suspension and loop functors determine a self
equivalence of categories for the motivic stable category of S'-spectra, as one
would expect. The analogues of Lemma 3.19 and Lemma, 3.20 for S!'-spectra
follow from standard results of stable homotopy theory, along with Lemma 3.1.

4  MOTIVIC SYMMETRIC SPECTRA

We continue to work within motivic homotopy theory on the smooth Nisnevich
site (Sm|s) nis, meaning that we formally contract the affine line onto a rational
point within the associated category of simplicial presheaves. As before, T
denotes either the quotient A'/(A! —0) or the equivalent object S* A G,,. As
in all discussions of geometric theories, one tacitly assumes that all objects in
(Sm|s)nis (including the base scheme S) are bounded above by a fixed large
cardinal, and that the category itself is a skeleton. This means that the site is
small, and so its morphisms form a set. We shall assume that « is an infinite
cardinal which is an upper bound for the cardinality of the set of morphisms
of this site.

A symmetric T-spectrum X on the Nisnevich site (Sm|s)nis is a T-spectrum
together with symmetric group actions 3, x X™ — X" such that the composite
bonding maps TP A X™ — XP+" is (¥, x ¥, )-equivariant. A map f: X — Y
of such objects is a map of T-spectra which is equivariant in each level for the
ambient symmetric group action. The resulting category will be denoted by
Spt>(Sm|s)nis. This category is complete and cocomplete.

The most primitive example of a symmetric T-spectrum is the sphere T'-
spectrum, which will be denoted by T'. Explicitly,

™ S0 ifn =0,
T " if n > 0.

with the obvious isomorphisms 7' A T™ =2 T"*! as bonding maps.
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THE LEVEL STRUCTURE

Say that a map f : X — Y of symmetric T-spectra is a level equivalence if
each of the component maps f : X™ — Y™ is a motivic equivalence. The map
f is said to be a level cofibration if each of the maps X™ — Y™ is a cofibration
of simplicial presheaves. Write sE for the class of level equivalences in the
category of symmetric T-spectra.

ProproOSITION 4.1. The class sE of level equivalences and the class of level
cofibrations of symmetric T-spectra together satisfy the following properties:

sE1

sE2

sE3

sE4:

sE5

SEG:

SET7:

The class of morphisms sE is closed under retracts.
Given a composable pair of morphisms
xLvyLz
if any two of f, g and gf are in the class sE, then so is the third.

FEvery pointwise level equivalence is in sE.
The class of sE-trivial cofibrations is closed under pushout.

Suppose that 7y is a limit ordinal, and there is a functor
X : v — Spt2(Sml|s)nis

such that for each morphism i < j of 7, the induced map X (i) — X (j)
1s an sE-trivial cofibration. Then the canonical maps

X (i) = lim jey X (5)
are sE-trivial cofibrations.

Suppose that the morphisms f; : X; — Y; are sE-trivial cofibrations for
1 € I. Then the morphism

\/ fi: \/ Xi — \/ Y;
icl il il
is an E-trivial cofibration.

There is an infinite cardinal X which is at least as large as the cardinality
of the set of morphisms of (Sm|s)nis, such that for every diagram

X
A—Y

of maps of T-spectra with i a sE-trivial cofibration, and A «a-bounded,
there is an a-bounded subobject B C 'Y such that A C B, and such that
the inclusion BN X — B is an sE-trivial cofibration.

DOCUMENTA MATHEMATICA 5 (2000) 445-552



506 J. F. JARDINE

A pointwise level equivalence is a map f : X — Y of symmetric T-spectra such
that all maps f: X™(U) — Y™(U) are weak equivalences of simplicial sets in
all sections and levels. An sE-trivial level cofibration is a map of symmetric
T-spectra which is both a level equivalence and a level cofibration.

Proof. Every weak equivalence of simplicial presheaves is a motivic equivalence,
giving SE3. With the exception of SE7, the remaining statements are due to
the existence of the motivic closed model structure for the category of simplicial
presheaves on (Sm|s)nis-

The proof of SE7 is analogous to the proof of Proposition 2.15. One begins
by showing, using the method of proof of Lemma 1 of [13], that the class of
maps which are level local weak equivalences and level cofibrations has the
bounded cofibration property with respect to the cardinal A. The argument is
then completed just as in the last paragraph of the proof of Proposition 2.15
by using the controlled level fibrant model construction X — L£X in place of
the functor F. O

A symmetric sequence X consists of pointed simplicial presheaves X™, n > o,
each of which carries a symmetric group action %, x X™ — X™. There is
an obvious category of such things. The product X ® Y in the category of
symmetric sequences is defined by

(XeY)"= \/ Yin ®(z,x3y) XPAYY,
ptg=n

A symmetric sequence map f : X ® Y — Z therefore consists of (X, x X,)-
equivariant pointed maps f : XPAY 9 — ZP+9 50 that a symmetric T-spectrum
Z can be identified with a symmetric sequence carrying a T-module structure,
or a symmetric sequence map o : T'® Z — Z. Note that there is a canonical
twist isomorphism 7: X ® Y — Y ® X which is determined by the composites

XPAYT L yap xP e (v @ X)rte S22 (Y g X )P

Here, t is the canonical twist of smash factors and in. is the inclusion corre-
sponding to the coset of the identity e in

(Y @ X)7HP = \ Y9N XP,
Batp/(EgXZp)

Following [7] and [13], given a pointed simplicial presheaf K, the free sym-
metric sequence G, K consists of the simplicial presheaf

Y, 0K = \/ K,
oeX,

concentrated in level n, and the free symmetric T-spectrum F,(K) =T® G, K
is defined at level p by

Fo(K)? = (T ® GuK)? = 5, @x,_xx, (TP A\ K)).

oEY,
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The object F,,(K) is free in the sense that morphisms F,(K) — X in the
category of symmetric T-spectra are in one to one correspondence with pointed
simplicial presheaf maps K — X™.

An injective fibration in the category of symmetric T-spectra is a map which
has the right lifting property with respect to all morphisms which are both
level cofibrations and level equivalences. It follows from the existence of the
free object functors K — F,(K) that every injective fibration p : X — Y is
a level fibration in the sense that it consists of fibrations p : X™ — Y™ in all
levels.

THEOREM 4.2. The category
Sptz(Sm|s)nis

of symmetric T-spectra on the smooth Nisnevich site, together with the classes
of level cofibrations, level equivalences and injective fibrations, satisfies the ax-
ioms for a proper closed simplicial model category.

Proof. The proof proceeds just like that of Theorem 3 of [13], using the method
of [4] and Proposition 4.1. The function complex hom(X,Y") giving the sim-
plicial structure is defined in n-simplices in the usual way by

hom(X,Y), = hom(X AA%,Y),

where the pointed simplicial set A’} is the result of attaching a disjoint base
point to the standard n-simplex. O

The functor
U: Spt¥(5m|S)st - SptT(Sm|S)N15

taking values in T-spectra forgets the symmetric group actions. The functor
U has a left adjoint symmetrization functor V such that for n > 0

V(EF K[-n]) = Fu(K),

where X3 K is the suspension T-spectrum
K, TANK, T’ \K, ...

and X3° K[r] is the result of shifting in the usual way:
LRK[r)P = (BFK) .

As in Section 3.4, every T-spectrum X has a layer filtration

X =lim L, X
—
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and V preserves colimits, so that
VX=lmVL,X,
—
and there are pushouts

Foi1(TAX") ——= VI, X

Fn+1 (Xn+1) —— VLn+1X.

in the category of symmetric T-spectra.
There is a natural isomorphism of T-spectra

W) =UWr),
which induces a simplicial adjunction isomorphism
hom(VA, W) = hom(A, UW).
We shall also need the following;:

LEMMA 4.3. The functor V' takes cofibrations of T -spectra to level cofibrations
of symmetric T-spectra.

Proof. The proof is just like that of Lemma 5 of [13], and begins with the
observation that the functor

K~ V(EPK[-n]|) = F,(K)
takes cofibrations of pointed simplicial presheaves to level cofibrations of sym-
metric T-spectra for n > 0. O

4.2 THE STABLE STRUCTURE

Say that a map p : X — Y of symmetric T-spectra is a stable fibration if the
underlying map p, : UX — UY is a stable fibration of T-spectra.

ProprosSITION 4.4. Every map f: X — Y of symmetric T-spectra has a natu-
ral factorization

such that p is a stable fibration, and j is a level cofibration which has the left
lifting property with respect to all stable fibrations.
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Proof. By the methods of [4] and Corollary 2.16, a map of symmetric T-spectra
is a stable fibration if and only if it has the right lifting property with respect
to all maps i, : VA — VB induced by A-bounded cofibrations ¢ : A — B which
are stable equivalences. The factorization is constructed by a transfinite small
object argument of size 3 > 2*, as in the proof of Lemma 6 of [13]. O

Observe that if j is a level cofibration which has the left lifting property with
respect to all stable fibrations, then j induces a trivial fibration

j* rhom(Z, W) — hom(X, W)

of simplicial sets for each stably fibrant object W, by appropriate use of
Quillen’s axiom SMY7 for the motivic stable closed model structure on the
category of T-spectra.

It follows from Theorem 4.2 and Proposition 4.4 that any morphism f : X —
Y of symmetric T-spectra may be successively factored

71 19
X— X, —— X

\ |

Y
where

1) 41 is a level cofibration which has the left lifting property with respect to
all stable fibrations, and p; is a stable fibration;

2) i is a level cofibration and a level equivalence, and po is an injective
fibration.

In particular, Ups is a level fibration, which is level equivalent to the stable
fibration Upy, so that ps is a stable fibration by Lemma 2.7 as well as an
injective fibration of symmetric T-spectra. By specializing to Y = %, we obtain
a natural construction

71 19
X ? Xs ? Xsi

of an injective stably fibrant model X; for a given symmetric T-spectrum X.
Say that a map f: X — Y of symmetric T-spectra is a stable equivalence if
it induces a weak equivalence of Kan complexes

f* :hom(Y, W) — hom(X, W)

for each injective stably fibrant object W. The maps ¢; and iy above are both
stable equivalences. Following [13] we can also show

LEMMA 4.5. Suppose that the objects X andY are stably fibrant and injective.
Then a map g : X — Y is a stable equivalence if and only if it is a level
equivalence.

DOCUMENTA MATHEMATICA 5 (2000) 445-552



510 J. F. JARDINE

Proof. If g is a stable equivalence, then the map
¢ :hom(Y, X) —» hom(X, X)

is a weak equivalence of Kan complexes, since X is stably fibrant and injective.
It follows that g is a homotopy equivalence.

The converse follows from the closed simplicial model structure for level cofi-
brations and level weak equivalences for symmetric T-spectra, since all sym-
metric T-spectra are cofibrant and all stably fibrant injective objects W are
fibrant for that theory. O

COROLLARY 4.6. Suppose that X andY are stably fibrant objects. Then a map
g: X —Y is a stable equivalence if and only if it is a level equivalence.

Suppose that Z is a symmetric T-spectrum and that K is a pointed simplicial
presheaf. The symmetric T-spectrum

Z¥ = Hom, (K, Z)
is defined in levels by
Hom, (K, Z)" = Hom, (K, Z"),

where Hom, denotes the pointed internal hom functor, as in Section 1.1. The
structure map

TP AHom, (K, Z") % Hom, (K, ZP*™")
is the unique pointed simplicial set map making the diagram

TP AHom, (K, Z") A K 255 Hom, (K, ZP+") N K

" /\evl lev

TP N Z™ zptn

g

commute, where ev is the evaluation map wherever it appears. This construc-
tion is natural in K and Z, and there are natural isomorphisms

Hom, (K A L,Z) 2 Hom, (K,Hom.(L, 7))

for all pointed simplicial presheaves K, L, and symmetric T-spectra Z.

We shall write Q7 X for the symmetric T-spectrum Hom, (7', X), in order
to simplify notation.

Following [13], define a natural shift functor Z — Z][1] for symmetric T-
spectra Z by setting Z[1]™ = Z™™ where 0 € 3,,, acts on Z[1]™ as 1 @ o €
Ym+1. The structure map o, : TP A Z[1]™ — Z[1]P™™ is defined to be the
composite

1ol
TP A Zl+m 9, gptitm PO Zitptm
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where c(p,1) € Xpy1 is the cyclic permutation of order p + 1. One checks
that o, is £, x ¥p,-equivariant. Define the shifted symmetric T-spectrum Z|s]
inductively by Z[s] = Z[s — 1][1], or directly.

The standard maps o, : Z" — Hom, (T, Z'*") which are adjoint to the
composites

Z"ANT LT Azr L zin
together determine a natural map of of symmetric T-spectra
o« : Z — Hom, (T, Z[1]) = Hom, (T, Z)[1],
or equivalently a map
o« Z — Qr(Z[1]) = (QrZ)[1]. (4.1)

Suppose that Z is a symmetric T-spectrum which is level fibrant. Flipping
loop factors defines a natural isomorphism

t*:Q2Z[2] — Q2Z]2],

and there is an isomorphism (1, 2) : Z[2] — Z[2] which consists of maps (1,2) :
Z*tm — 72t induced by the transposition (1,2) € $o,,. Write & for the
bonding maps of QrZ[1]. Then there is a natural commutative diagram

Qro.
Q21 27 0z 77

\ l(l,z)*t*

07212
which translates into a diagram of simplicial presheaves

QTU*

Qpzntt =275 2zt (4.2)
> l(u)m
Q3.2+

for each n.
For a level fibrant object Z, define the symmetric T-spectrum Q%7Z to be
the filtered colimit of the system

Z 2 Qrz[1] 25 02z 2 (4.3)

LEMMA 4.7. Suppose that Z is a level fibrant symmetric T-spectrum. Then
there is a natural isomorphism

QIZ™ = Qr(UZ)™.
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WARNING: Lemma 4.7 only says that the T-spectra U(Q%Z) and Q7 (UZ) are
isomorphic in each level. The assertion that these are isomorphic spectrum
objects is one of the canonical mistakes in the theory of symmetric spectra.

Proof of Lemma 4.7. To extend the notation for the bonding map & of QpZ[1]
given above, write
oM = g1 Q1 Z[n] — QT Zn + 1),

so that &, = ooV and &, = 07® in the sequence (4.3). Repeated instances

of the diagram (4.2) paste together to give a natural commutative diagram

~(

)
Qk gntk X o Qk-l-lzn-l-k-‘rl
O
Q,;‘\A \L o
Q§+1zn+k+1

where 0511 is a composite of isomorphisms Q%¢* or (1,2),.
Now suppose given natural isomorphisms ; : Q52" — Q. Z" such that
the diagram

~(1) ~(2) o~ (k=1)
QTszrl Q2 Zn+2 .. N Q?Z"Jrk
1l/ ’Y2l \L’Y}c
QTszrl E QQ Zn+2 5 . Qk Zn+k
Qr 20, QT [

commutes, and all isomorphisms ~y; are compositions of of QjTt* or (4,5 +1),.
In particular, presume that v = t*(1,2), : Q4272 — Q2772 Then the
isomorphism Q7.t* commutes with Q%o : QkZnTk — Q?HZ"*’““, and

ou(iyi+ 1) = (i + 1,0+ 2).0u

so there is an isomorphism %, ; composed of maps QJt* and (i,i + 1), such
that the diagram

N(k)

Qk ZnJrk Qk+1zn+k+1
Okt1
Vi Q];j’lzn-l—k-‘rl

l7k+1

k 7n+k k41 rn+k+1
QTZ —k>QT A

T *

commutes. The natural isomorphism 741 is defined by yry1 =7 Opr1. O
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Formally, there is a map ¢ : Q72X AK — QF(X AK) which fits into a natural
commutative diagram

QFX NK —> QF(X NK),

ANK
WT%

XNK

for all symmetric T-spectra X and pointed simplicial sets K. It follows that
the functor QF prolongs to a simplicial functor

Q% :hom(X,Y) — hom(QF7X,QFY).

PROPOSITION 4.8. Suppose that o : X — Y s a map of symmetric T-spectra
such that Ua : UX — UY is a stable equivalence of T-spectra. Then « is a
stable equivalence of symmetric T -spectra.

Proof. We can assume that X and Y are level fibrant. If W is a stably fibrant
and injective object, then the canonical map yw : W — QZW is a level
equivalence, and hence induces a weak equivalence

Y+ hom(QZW, W) — hom (W, W).

It follows that there is a map gw : QW — W such that the composite gwyw
is simplicially homotopic to the identity 1y, on W.
The composite

> *
hom(X, W) % hom(QEX, QEW) 2" hom(QEX, W) ~% hom(X, W)

is induced by composition with gy yw, and is therefore homotopic to the iden-
tity on hom (X, W). The composition and the homotopy are natural in X. If
a : X — Y induces a stable equivalence Ua : UX — UY, then the induced
map Qra : QFX — QFY is a level equivalence by Lemma 4.7, and so the
maps

QFa* : hom(Q}Y, W) — hom(Q7 X, W)
and hence the morphisms
o :hom(Y, W) — hom(X, W)
are weak equivalences of pointed simplicial sets. o

Recall that if Y is a symmetric T-spectrum and n > 0, then the shift Y [n]
is defined by Y[n|P = Y"*P, with a € 3, acting as 1,, ® . The bonding map
T ANY [n]P — Y[n]9P for Yn| is the composite

Ccqn®1
_

T A YT 2, yatntp yntatp
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where o is the original bonding map for Y.

Suppose that X is a symmetric T-spectrum, with T-module structure map
0:T® X — X. Then the symmetric sequence G,(S°) ® X has a symmetric
T-spectrum structure, with T-structure given by the composite

T®G,(S)®X 125 G () 0 Te X 2% G, (5% ® X.

A symmetric T-spectrum map f : G, (S°) ® X — Y consists of pointed sim-
plicial presheaf maps f : X? — Y"*P which are equivariant for the homomor-
phisms 3, — X, 4, defined by a — 1,, @ o, and such that the diagrams

IAf
TINXP —=TIpAY"tP

l“

o Yy at+n+tp

\ch,nEBl

Xatpr 4f> yntatpr

commute. It follows that the symmetric T-spectrum map f : G, (S°)® X — Y
can be identified with a symmetric T-spectrum map X — Y'[n], and we have
proved

LEMMA 4.9. The functor X — G, (S°) ® X is left adjoint to the shift functor
Y — Y|n] for n > 0.

The functor X — G, (S°) @ X preserves level cofibrations and level equiva-
lences, so we have

COROLLARY 4.10. The shift functor Y — Y|[n] preserves injective fibrations
and level trivial injective fibrations. In particular, if Y is an injective symmetric
T-spectrum, then Y'[n] is an injective symmetric T-spectrum for n > 0.

LEMMA 4.11. Suppose that the commutative diagram

A1 LBl $Bl/141

e s

Ay — By —> By /A,
io

is a comparison diagram of level cofibre sequences. Then if any two of the
maps f1, fo and f3 are stable equivalences of symmetric T-spectra, then so is

the third.
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Proof. We shall show that f; is a stable equivalence if fo and fs are stable
equivalences. This amounts to showing that the map f; in the comparison
diagram of fibrations

hom(B/Asz, W) 2> hom(Bs, W) —2> hom(A;, W)

sl E s

hom(B;/A;,W) ——hom(B;, W) —— hom(4;, W)
T 31

is a weak equivalence for any choice of stably fibrant injective object W, in the
presence of knowing that the simplicial set maps f5 and f3; are weak equiva-
lences.

There is a levelwise equivalence

W — QrW[1] ~ Qg W],

of stably fibrant injective objects, where W[1] is injective by Corollary 4.10.
It is also the case that Qg, W][1] is stably fibrant and injective. It follows
that the comparison diagram of fibrations can be delooped infinitely often. In
particular, f{ is part of a stable weak equivalence of infinite loop spaces, and
is therefore a weak equivalence of simplicial sets. O

COROLLARY 4.12. Suppose that the commutative diagram

F1—>X1LY1

|

F— X, —— Y,
is a comparison diagram of level fibre sequences of symmetric T-spectra. Then
if any two of f1, fo and fs are stable equivalences, then so is the third.

Proof. Use Lemma 3.9 to replace the comparison of fibre sequences by the a
comparison of level cofibre sequences

F X, 5 X,/F;. (4.4)

More precisely, Lemma 3.9 guarantees that the map of T-spectra underlying
pix : Xi/F; — Y; is a stable equivalence, so that p;, is a stable equivalence of
symmetric T-spectra by Proposition 4.8. Now use Lemma 4.11. O

We are now ready to prove the following:

PRrOPOSITION 4.13. Suppose that p: X — Y is a map of symmetric T-spectra
which is both a stable fibration and a stable equivalence. Then p is a level
equivalence.
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Proof. Tt suffices to show that the fibre F' of p is level contractible. If so, the
underlying map Up of T-spectra is a stable fibration and a stable equivalence
by a long exact sequence argument in bigraded stable homotopy groups (3.2),
and is therefore a level equivalence.

The comparison map

p
—_— X ——

F
l ~| P
*

—>Y—1>

"<<H—"<

of level fibre sequences and Corollary 4.12 together imply that the map F' — *
is a stable equivalence of stably fibrant objects, so it is a level weak equivalence
by Corollary 4.6. O

COROLLARY 4.14. A map p: X — Y of symmetric T-spectra is a stable fibra-
tion and a stable equivalence if and only if it is both a level fibration and a level
equivalence.

Proof. One direction is Proposition 4.13; the other follows from the definition
of stable equivalence of symmetric T-spectra and Lemma 2.7. o

Say that a map i : A — B of symmetric T-spectra is a stable cofibration if it
has the left lifting property with respect to all morphisms p : X — Y which are
simultaneously stable fibrations and stable equivalences. In view of Corollary
4.14, the maps

Fu(A}) — Fu(LyAT)

induced by the inclusions A C Ly A" are stable cofibrations for all  and objects
U. Here, Ly denotes the left adjoint to the U-sections functor for simplicial
presheaves.

THEOREM 4.15. The category Spt%(Sm|5)J\/is of symmetric T-spectra on the
smooth Nisnevich site, and the classes of stable equivalences, stable fibrations
and stable cofibrations, together satisfy the axioms for a proper closed simplicial
model category.

Proof. On account of Proposition 4.4, every map g : X — Y of symmetric
T-spectra has a factorization

xX—1s7z (4.5)

such that p is a stable fibration, and j has the left lifting property with re-
spect to all stable fibrations and induces trivial fibrations j* : hom(Z, W) —
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hom(X, W) for all stably fibrant objects W. In particular, j is a stable equiv-
alence and a stable cofibration. The map j is a level cofibration, by Lemma
4.3.

A transfinite small object argument says that g : X — Y has a factorization

X—>Uu

NS

Y

such that ¢ has the left lifting property with respect to all maps which are simul-
taneously level fibrations and level weak equivalences, and ¢ has the right lifting
property with respect to all morphisms F,(A}) — F,(LyA’,) corresponding
to cofibrations A < Ly A™ of simplicial presheaves for all n and objects U € C.
In particular, ¢ is a level trivial fibration and hence a stable fibration as well as
a stable equivalence by Corollary 4.14. The map ¢ has the left lifting property
with respect to all maps which are stable fibrations and stable equivalences,
also by Corollary 4.14, so that 7 is a stable cofibration. It is a consequence of
the small object argument that the map ¢ is a level cofibration.

The factorization axiom CMS5 has therefore been demonstrated. The exis-
tence of the factorization (4.5) implies that every map which is a stable cofi-
bration and a stable equivalence has the left lifting property with respect to all
stable fibrations and is a level cofibration, by a standard argument. We have
proved CM4, and the axioms CM1 — CM3 are obvious.

If i : K — L is an inclusion of simplicial sets and p : X — Y is a stable
fibration of symmetric T-spectra, then the induced map

(i",p«) s hom, (L4, X) — hom, (K4, X) Xnom. (x,,v) hom,(L4,Y)

is a stable fibration, which is trivial if 7 is a weak equivalence or p is a stable
equivalence. This is on account of the corresponding statement for T-spectra
and Corollary 4.14, and implies the axiom SM7 for Spt?(Sm|5)Nis.

The properness assertion is a consequence of Lemma 4.11 and Corollary
4.12. O

4.3 'THE SMASH PRODUCT

The smash product X A'Y of the symmetric T-spectra X and Y is defined by
the symmetric sequence coequalizer

TXRY=2X®Y - XAY

of themap m®1: T®X ®Y — X ®Y with the composite

ToXoY 2L xeTeoy 2™ XY
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where m denotes the T-module structure for each of X and Y. The T-module
structure on X A'Y is induced by the map m®1: T® X Y — X ®Y.

The smash product gives the category Spt7(Sm|s)nis of symmetric T-
spectra the structure of a symmetric monoidal category. This is a formal
consequence of the fact that the symmetric T-spectrum T is a commutative
monoid in the category of symmetric sequences, just as in [7].

A map h: X AY — Z of symmetric T-spectra can be characterized as a
collection of (X, x 3, )-equivariant maps hy 4 : XPAY? — ZPT4 p g > 0, which
are T-linear in the sense that the diagram

T A XP AYT I xrdp p Y (4.6)

1/\hp1ql \Lhr+p,q

T A ZPta — Zrtp+q
commutes, and are T-bilinear, meaning that the following diagram commutes

TP AXPAYT L0 XP AT A YT LT P A YTt (4.7)

o’/\ll \th,r+q

XTtPAYS ——s ZrtPte ————» 7ptrtq
hrip.q crp®1

for each p,q,r > 0.

LEMMA 4.16. There is a natural isomorphism
hom(F,,(S%) A A, X) = hom(A, X[n])
for symmetric T-spectra A and X .

Proof. Recall that the symmetric T-spectrum F,(S°) = T ® G,,(S°) has the
form

Fn(SO)j:{* N j:<n

Y ®s, ,xz, (T77"ANEny) j2n

and has the obvious T-action. Here, ¥, denotes the set 3, Ll {*}, pointed by
the terminal object .

A map h : F,(5°) A X — Y is therefore determined by (£, x X,, x X,)-
equivariant maps hyin.q 1 TP A3t A X7 — Y PH4 for p g > 0, which satisfy
compatibility conditions given by diagrams (4.6) and (4.7) above. In particular
the maps

Prg:Eny NXT— ynta
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are completely determined by the ¥ -equivariant composites
X4 ine e A X4 hn.q YnJrq’

where o € ¥, acts on Y% via 1,,®0 and in, is the inclusion of the wedge sum-
mand corresponding to the identity element e € ¥,,. Then the ¥4-equivariant
maps

hg = hy gine : X9 — ynta

define a map of symmetric T-spectra h, : X — Y [n] — seeing this is a matter
of chasing the definitions through instances of the diagrams (4.6) and (4.7).

For the converse, suppose given a map h : X — Y'[n| of symmetric T-spectra,
which is defined by Y,-equivariant maps hy : X9 — Y2 Then h, uniquely
extends to a (3, x X,)-equivariant map hy, 4 : Xpp A X7 — Y149, Define the
map hpin,q: TP AXpe A X? — YPTH 0 be the composite

TP A Sy A X9 200t o g ynta 2, xptnta,

This description of the maps h, 4 is determined by h and the T-linearity re-

quirement. For the T-bilinearity, it suffices to show that the diagram

TP A Sy AXT 5 ATP A X9

1Ahmql llAa

TP NY T Yo A XPT

al lhnm+q

yptntq ———> yntptaq
cp,n®1

commutes, but this follows from the commutativity of the diagram

1Ahy
TPAX?I——=TP AY"He

la

o YPptntq

lcﬁn@l

XP+te —— yntp+q
hptq

that arises from the symmetric T-spectrum map h : X — Y[n]. O
COROLLARY 4.17. There is a natural isomorphism of symmetric T'-spectra

Fo(SYYAX =G, (S%) @ X.
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Proof. Both functors are left adjoint to the shift functor X +— X[n] — see
Lemma 4.9. (|

COROLLARY 4.18. There are isomorphisms
Fo(A) A F(B) 2 Fym(A A B),
and these isomorphisms are natural in pointed simplicial presheaves A and B.

PRrROPOSITION 4.19. Suppose that i : A — B is a stable cofibration and that
7 :C — D is a level cofibration. Then the map

(i,5)« : (BAC)Uanc)y (AND) — BAD

is a level cofibration. Ifi and j are both cofibrations, then (i, 7)« is a cofibration.
If either i or j is a stable equivalence, then (i,j). is a stable equivalence.

Proof. We shall begin with the statements on stable cofibrations. The map
(i, ) induced by the cofibrations i, : F,(A) — F,(B) and j. : F,,(C) —
F,,(D) is isomorphic to the map obtained from the pointed simplicial set cofi-
bration

(B/\O)U(AAc) (AAND)—- BAD

by applying the functor Fj, 4, so (ix,j«) is a cofibration.

Suppose that we fix a choice of cofibration j : C'— D. Then the collection of
level cofibrations ¢ : A — B for which the map (4, j) is a cofibration (respectively
a trivial cofibration) is saturated; this means that the collection is closed under
pushouts, filtered colimits over ordinals, and retracts. It follows that all maps
of the form (7, j.) and hence all maps (i, j) are cofibrations, for all cofibrations
i, and then for all cofibrations j.

The cofibre of the cofibration (i,7) is B/A A D/C, and both factors are
cofibrant. To show that (i,7). is a trivial cofibration if either ¢ or j is a stable
equivalence, it suffices to show that, given cofibrant objects A and B, the
symmetric T-spectrum A A B is trivially cofibrant if either A or B is trivially
cofibrant. For this, it is enough to show that the map 1 Ai, : AN F,(K) —
AN F,(L) is a trivial cofibration if A is trivially cofibrant and i : K — L is a
cofibration of pointed simplicial presheaves.

We have natural isomorphisms

F(K) 2 F,(S°) ANK
and we also know from Lemma 4.16 that there is an isomorphism

hom(A A F,(S°), X) = hom(A, X[n]) (4.8)
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It follows that the diagram
ANF,(K) — X
ANFY (L) —=Y

is adjoint to a diagram

X*n]

A —> XK[H] XYK[n] YL[n]
and the dotted arrow exists by axiom SM7 and the fact that stable fibrations
shift in the category of T-spectra. In particular, 1 A i, is a trivial cofibration.

Suppose more generally that i is a stable cofibration and that j is a level
cofibration. To show that (4, j). is a level cofibration, it suffices by a saturation
argument to show that the map

(Fn(L) A C) U(Fn,(K)/\C) (Fn(K) A D) — Fn(L) AND

is a level cofibration for all cofibrations K — L of pointed simplicial presheaves.
This amounts to showing that the dotted arrow exists in all diagrams

X*n]

L (YE xyx XE)[n]

arising from all trivial injective fibrations p, but this is a consequence of the
Corollary 4.10 and the properness property for the level model structure on
symmetric T-spectra (Theorem 4.2).

The same argument implies that any trivial level cofibration j : C' — D
induces a trivial level cofibration (4, j). for any stable cofibration 4. It follows
that a level weak equivalence f : F — F induces a level weak equivalence
INf:AANE — AAF for any cofibrant symmetric T-spectrum A.

The map (i, )« is a level cofibration with cofibre B/A A D/C, where B/A is
cofibrant. To show that (4, 7). is stably trivial if either ¢ or j is stably trivial, it
suffices once again to show that if B is cofibrant, then AA B is stably equivalent
to a point if this is so for either A or B. But there is a level weak equivalence
A — A where A is cofibrant by Corollary 4.14 and Theorem 4.15, and the
induced map AA B — A A B is a level equivalence by the argument above.
The result is therefore a consequence of the cofibration case. O
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Write Mapsy, (X, Y) for the mapping symmetric T-spectrum object associated
to symmetric T-spectra X and Y. This object exists formally in the category
of symmetric T-spectra, just as in [7, Lemma 2.2.2]. In particular, there are
natural adjunction isomorphisms

hom(Z A X,Y) 2 hom(Z, Mapy,(X,Y))

Every symmetric T-spectrum X functorially determines a symmetric 7-
spectrum object X[#] in the category of symmetric T-spectra, with objects
X[n], » > 0 and having bonding maps TP A X[n] — X[p + n]. Each X|[n]
carries a canonical ¥,-action, and the maps o : T? A X[n] — X|[p + n] are
(X, x ¥p)-equivariant. The map o is defined in level by the bonding map
TP A X7 — XPTnHT of the original symmetric T-spectrum X .

The point of the remainder of this section is to characterize the levels
Mapy,(X,Y)" in terms of the internal function spaces Hom(X, Y [n]) arising
from shifts of Y.

Write o : F,4,(S%) ATP — F,(S°) for the map of symmetric T-spectra
which picks out the copy of T? corresponding to the identity e € ¥, in

TP A S, C Fo(S%)"tr.
Then Hom(F,,(S%), X) = X™ and precomposition with the map « induces the
adjoint X™ — QI X"*P of the bonding map T? A X™ — X7,

It follows that there are isomorphisms

Mapsy,(X,Y)" = Hom(F,(S"), Mapy(X,Y))
=~ Hom(F,(S°) A X,Y)
>~ Hom(X,Y([n])

by Lemma 4.16. One sees further that the adjoint bonding map
Mapy;(X,Y)" = Qf Mapy, (X, V)" "

is determined by precomposition with a.
There is a commutative diagram

hom(F,(S%) A X,Y) ——— hom(X, Y[n])

hom(F,4,(SY) ATP A X,Y) = hom(X, Q%Y [n + p|)

involving canonical isomorphisms and the adjoint Y[n] — Q4.Y[n + p| of the
map o : T? AY[n] — Y[n + p]. This, in turn, is a consequence of the commu-
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tativity of the diagram

Foip(S°) ATP A Y [n] 2 F, (S0) AY[n]

1/\0‘\L levn

Fn+p(50) AY[n+ p] T ents Y
where ev,, : F,(S°) AY[n] — Y is adjoint to the identity map Y[n] — Y|[n].
One uses the concrete description of ewv,, given by proof of the Lemma 4.16 to
show that this diagram commutes.
We have shown the following:

PROPOSITION 4.20. There is a natural tsomorphism
MapE (Xa Y)n = HOII’I(X, Y[n])a

and the bonding maps of Mapy,(X,Y) are induced by composition with the
adjoints Y [n] — Q%Y [p+ n] of the maps o : TP NY [n] — Yp +n]

4.4 EQUIVALENCE OF STABLE CATEGORIES

The purpose of this section is to show that the stable closed model structure on
the category Spt(Sm|s)nis of symmetric T-spectra has associated homotopy
category equivalent to the motivic stable category arising from the category
Spt(Sm|s)nis of T-spectra.

The equivalence of homotopy categories is induced by the functors U (which
forgets the symmetry) and its left adjoint V. As in [7] and [13], the proof of
the equivalence of homotopy categories boils down to showing that any stably
fibrant model j : VX — (V X); associated to a cofibrant T-spectrum X induces
a stable equivalence given by the composite

X Luvx 2 uwx),.

The idea of proof is to use a layer filtration for X, and then show that the
result for all of the layers implies the statement for X.

The functor V preserves stably trivial cofibrations and level equivalences, and
hence preserves stable equivalences. It follows that the functor X — U(VX);
preserves stable equivalences. Each of the layers of X is a shifted suspension
object up to stable equivalence, so we inductively prove the claim for shifted
suspensions, beginning with suspension T-spectra ¥7° K associated to pointed
simplicial presheaves K.

The canonical map 7 : 3P K — UV(EFK) is an isomorphism, so it suffices
to find a stably fibrant model

VEPK) =T K L (T'® K),
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for the symmetric T-spectrum 7' ® K such that the map j induces a stable
equivalence Uj : U(T @ K) — U(T ® K), of T-spectra — this is Lemma 4.23
below.

The construction that we use involves T-bispectra. A T-bispectrum X con-
sists of pointed simplicial presheaves X™* r s > 0, together with bonding
maps

on :TAX™ — X" and o, : TAX™ — X7+

such that the diagram

TA Xr,s+1 Th Xr+1,s+1
T/\UUT
TANTANXD® v

IR

TATAX"S ——T A X7TTLs
TAop

commutes, where t : T AT — T AT is the isomorphism which flips smash
factors. A T-bispectrum may alternatively be viewed as a T-spectrum object
in the category of T-spectra, in the sense that the collections of objects X™*
form T-spectra for all » > 0, and the horizontal bonding maps ¢, determine
morphisms oy : X™* AT — X"T1* given in levels by the composites

X"SAT S T A X" 2 xrtbs,

There is of course another way to interpret X as a T-spectrum object, by
starting with the T-spectra X** and taking bonding maps X*$ AT — X*s+1
induced by the maps o,,.

These definitions are analogous to those for ordinary bispectra [11]. Perhaps
much of that machinery can be pushed through for T-bispectra — the trick for
the moment is to avoid doing so.

A morphism g : X — Y of T-bispectra is a collection of maps

g: XTS5 L, YT

which preserve all structure. A map g: X — Y is said to be a level equivalence
(respectively fibration) if each of the component maps g : X™* — Y™° is an
equivalence (respectively fibration). It is an easy exercise, using the level model
structure for T-spectra, to show that there is a level equivalence ¢ : X — Y for
every object X, such that Y is level fibrant.

Suppose that X is level fibrant. Then the map o, : X" AT — X" T5* of T-
spectra has an adjoint op, : X™* — QrX"t1* and so there are commutative

DOCUMENTA MATHEMATICA 5 (2000) 445-552



MOTIVIC SYMMETRIC SPECTRA 525

diagrams

XS Ohx > QTXr-l-l,s

T

rs+l o QQ Xr-l—l,s-l-l
QrX Qron. L

One has to be careful here: the map (o,). is the adjoint of the canonical

choice of bonding map o, : T A Qr X"+ — Qp X" +1sHL for the T-spectrum
Qr X715 and a calculation shows that there is a commutative diagram

Qroys
1, 2 +1,s+1
Qp X7 =17 02 XL

)
o |

QZ XTJrl,erl
T

where t* is induced by flipping the loop factors. It follows that composing two
instances of these diagrams give a picture

Ohx
X — QTXT-l—l,s
lQT(QT(UU*)UU*)
Q7 (0vs)Oux Q%)(TJFLSJr2

«
l%,l

Q2 Xr,s+2 5 QS XT+1,5+2
T 2.0, T
T *

where ¢5 ; = Q7 (t*)t* is induced in loop factors by the cyclic permutation cs 1
of order 3.

Lemma 3.13 implies that the map ¢* induces the identity in presheaves of
homotopy groups. We therefore have a commutative diagram of presheaves of
groups

ﬂ'jXT’s ﬂ_jQ%Xr+2,S - o ... (49)

| |

ﬂ'jQ%XT’S+2 N 7T]‘Qéjlm)(rJrQ,sJﬂ -

| |
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in which the horizontal morphisms induced by maps Q2"(Qr(04)oy) and the
vertical maps are induced by maps Q2% (Qr(0,)0y)

Write 7,QX"* for the filtered colimit of the diagram (4.9), and say that a
map g : X — Y of level fibrant T-bispectra is a stable equivalence if it induces
isomorphisms of presheaves of groups

WjQXT’S g_;) ﬂjQYT’S

for all j, r and s. One expands the definition of stable equivalence to arbitrary
T-bispectra by declaring a map to be a stable equivalence if the induced map
on level fibrant models is a stable equivalence.

The presheaves of groups ;). X"* are filtered colimits of presheaves of stable
homotopy groups corresponding to both horizontal and vertical choices of T-
spectra. This leads immediately to the following

LEMMA 4.21. Suppose that g : X — Y is a map of T-bispectra such that either
all maps g : X™* = Y"™* r >0, or all maps g: X*° — Y™ s>0, are stable
equivalences of T-spectra. Then g is a stable equivalence of T-bispectra.

A T-bispectrum Y is said to be stably fibrant if it is level fibrant and all bond-
ing maps o, : Y™ — QpY"t5 and 0, : Y™ — QrY ™5t are equivalences
(hence pointwise equivalences).

Every T-spectrum Z has an associated suspension T'-bispectrum X3 Z con-
sisting of the objects

Z, ZNT, ZNT?,...

The technical device that begins the proof of the main result of this section is
the following:

LEMMA 4.22. Let Z be a T-spectrum and suppose that 'Y is a stably fibrant T -
bispectrum. Suppose that the morphism g : XF¥Z — Y is a stable equivalence
of T-bispectra. Then the map g : Z — YO at level 0 is a stable equivalence of
T-spectra, and YO is a stably fibrant T-spectrum.

Proof. We can suppose that there is a level fibrant model j : ¥Z — X for
Y Z such that the map g factors through j. Make the suspension index of
YT Z the horizontal index, so that

(EFZ)*=Z°NT".
The map of T-spectra

Qp (Uh* )Uh*
—

XT* Q%X’I‘-i-Q,*

is a stable equivalence by Theorem 3.11 and Lemma 3.15, and so there is an
isomorphism

i (QTXT,*)S o~ h—n}ﬂjg%an,er%z ~ WjQXT’S.
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There is a similar isomorphism
m; (QTYT’*)S o~ Hi)nﬂjQ%nYT’s+2n o~ ﬂ.jer,s.
since Y is stably fibrant. The morphisms
miRQX"® — m;QY™?

are isomorphisms of presheaves of groups by assumption, so in particular the
map

T (QrX*")* — m(QrY™)
is an isomorphism as well. O

LEMMA 4.23. Suppose that K is a pointed simplicial presheaf, and let i : T &
K — (T®K)s be a stably fibrant model for the symmetric T-spectrum T ® K.
Then i induces a stable equivalence Ui : U(T @ K) — U(T ® K)s of T-spectra.

COROLLARY 4.24. Suppose that K is a pointed simplicial presheaf. Then the
map

YRK S UV(SFK),
is a stable equivalence.

Proof of Lemma 4.23. 1t suffices to find just one stably fibrant model for T'® K
which satisfies the statement of the lemma.

There is a T-spectrum object X% (1" ® K) in the category of symmetric T-
spectra, given by

ST ©K)" = (T K)AT™

Suppose that n is the horizontal degree, so that the T-bispectrum underlying
this object is specified in bidegrees by

UEFTQK)=T°NKANT".

The functor @7 and the level fibrant model functor £ are both simplicial func-
tors, so the maps of T-spectra

T NKANT* — LOQTLT  NKNT™)
determine a map
SP(TRK)— LOQrLEF (T ® K))

of T-spectrum objects in the category of symmetric T-spectra whose underlying
map of T-bispectra consists of stably fibrant models in each vertical degree. By
Theorem 3.11, the vertical bonding map

LQrL(T* NK AT*) — QrLQrL(T*H A K AT™)
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is a stable equivalence and hence a level equivalence, so that the T-bispectrum
ULQrL(EF (T ® K))) is stably fibrant. Thus, the symmetric T-spectrum
LOTL(T® K)AS) is stably fibrant, as is its underlying T-spectrum. Finally,
Lemma 4.22 implies that the map of T-spectra

U(T®K)AS®) - U(LQrL(T @ K) A SY))
is a stable equivalence. O

LEMMA 4.25. A map g: X — Y of symmetric T-spectra is a stable equivalence
if and only if the suspension g AT : X NT — Y AT is a stable equivalence.

Proof. If g is a stable equivalence, then g AT is a stable equivalence, on account
of the isomorphisms

hom(X AT, W) = hom(X, QrW)

and the fact that the functor {07 preserves stably fibrant injective objects.
If g AT is a stable equivalence, then the natural stable equivalence o, : W —
QrW(1] of (4.1) (see also Corollary 4.10) induces a diagram

5

g9

hom(Y (X, W)
T .k
hom(Y, QrW[1]) —>— hom(X, QrW[1])

IR

| :

hom(Y AT, W1 ])Whom(X/\T W(1])

If g AT is a stable equivalence, then (g AT)* is a weak equivalence for all stably
fibrant injective W, so ¢g* is a weak equivalence for all such W. o

COROLLARY 4.26. The composite
net X 5 Qr(X AT) 224 Qp(X AT),

is a stable equivalence of symmetric T-spectra, for any choice of stably fibrant
model j for X N'T.

Proof. There is a diagram

XAT 5 Qp(X AT) AT

(X AT),

and the evaluation map ev is a stable equivalence of the underlying T-spectra
by Corollary 3.16. Now use the Lemma 4.25. O
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LEMMA 4.27. The natural map n. : X — U(VX)s is a stable equivalence if
and only if the map n. : X NT - U(V(X AT))s is a stable equivalence.
Proof. There is a commutative diagram

XA vvix) AT Y v AT

l U(jAT) l

UVX)AT) 20V X)s A T)

-

UV(XAT) ——>U(V(X AT),)

Here j : (VX), AT — (V(X AT), is a map of symmetric T-spectra which
makes the diagram

commute — it exists since jAT is a trivial cofibration if j : V(X) — V(X) is a
trivial cofibration. It therefore suffices to show that Uj is a stable equivalence
of T-spectra.

It further suffices to show that the composite

UY AT S UNYAT) 25 U AT), (4.10)

is a stable equivalence if Y is a stably fibrant symmetric T-spectrum and j :
Y AT — (Y AT)s is a stably fibrant model. This, however, is a consequence
of the commutativity of the diagram

UY == Qr(UY AT) —2 QrU(Y A T) Z2E 00y AT),

T | -

UQr(Y ANT) —— UQp(Y AT),
UQrj

The top horizontal composite in this diagram is the adjoint of the composite
(4.10), while the composite

Y L Qr(Y AT) 255 Qp(Y AT,

is a levelwise equivalence of stably fibrant symmetric T-spectra, by Corollary
4.26. O
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There are canonical stable equivalences
YSPK[-n|AT" - SFK
and
S X"-n] — L, X

where L, X is the n'" stage of the layer filtration for a T-spectrum X. The
following is then a consequence of Corollary 4.24 and Lemma 4.27:

COROLLARY 4.28. 1) Suppose that K is a pointed simplicial presheaf. Then
the map

0.t SFK 0] — UV(SFKn)),
is a stable equivalence for all n € Z.
2) Suppose that X is a T-spectrum. Then the map
N : LpnX = UV (LpX)s
1s a stable equivalence for all n > 0.

Proof. For part 2), recall that the functor V preserves stably trivial cofibrations
and level equivalences, and hence preserves stable equivalences, so that the
functor X +— U(VX), preserves stable equivalences. Part 2) is therefore a
consequence of part 1), while 1) follows from Lemma 4.27. O

LEMMA 4.29. Suppose that
XO — Xl — e

is an inductive system of T-spectra such that all maps n. : X,, = U(VX,)s are
stable equivalences. Then the map

N+ lim X, — UV (lim X, )
18 a stable equivalence.

Proof. There is a commutative diagram

lim Uj
lim UV (X,,) = Hm U (V(X,))s
lim n = =
. U (tim j) :
lim X, U(lim V(X)) U(lim V(X))

=

1R
x

<o

’ Uj
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where the displayed isomorphisms are canonical and j make the following dia-
gram comimute:

lim j

lim V(X)) —= lim V(X,)s

|

J

Note that we can presume that the stably trivial cofibrations j : V(X,,) —
V(Xy)s of symmetric T-spectra can be chosen so that the induced map lim j :
lim V(X,,) — lim V(X,,), is a stably trivial cofibration, so that the existence of
the map j makes sense. This is the analogue of a step in the proof of Lemma
3.12 (a corresponding result, namely that stable equivalences are closed under
filtered colimits, holds for symmetric T-spectra, via the same proof). It follows
that j is a stable equivalence, but then Corollary 1.7 implies that j is a level
equivalence, and so Uj is a level equivalence as well. Observe finally that
Lemma 3.12 implies that the composite

. limn Uuj ..
lim X, —— lim UV/(X,) —— lm U(V(Xn)s)
is a stable equivalence. O

Corollary 4.28 and Lemma 4.29 together imply the following:

PROPOSITION 4.30. The natural map 1. : X — U(V(X))s is a stable equiva-
lence for all T-spectra X .

THEOREM 4.31. The functors U and V induce an adjoint equivalence of stable
homotopy categories

Ho(Spt% (Sm|s)nis) S Ho(Sptr(Sms)nis)

Proof. We show that the adjoint pair of functors (U, V) is a Quillen equivalence.

Suppose that W is a stably fibrant symmetric T-spectrum. Then the canon-
ical map € : VU(W) — W is a stable equivalence. To see this, take a factor-
ization

and apply the functor U to obtain the diagram

UW) —L=UVUW)) —Z= U(VU (W),

S o

UW)
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The composite Uj-n : U(W) — U(VU(W)); is a stable equivalence by Proposi-
tion 4.30, so that Uj is a stable equivalence of T-spectra. But then j is a stable
equivalence of symmetric T-spectra by Proposition 4.8, and so e : VU(W) — W
is a stable equivalence.

Proposition 4.13 implies that U preserves stable trivial fibrations, while it
preserves stable fibrations by definition.

Suppose that X is a cofibrant T-spectrum and W is a stably fibrant symmet-
ric T-spectrum. We have seen that € : VU(W) — W is a stable equivalence,
and we also know that V preserves stable equivalences — see the proof of
Corollary 4.28. Thus, if f : X — U(W) is a stable equivalence then the adjoint
f« : V(X) — W is a stable equivalence.

Conversely, if f. is a stable equivalence, then f, factors through a level
equivalence f : (V(X)), — W, and there is a diagram

X

The map 7, is a stable equivalence by Proposition 4.30 and U f is a level
equivalence, so that f is a stable equivalence. O

4.5 SYMMETRIC S'-SPECTRA

The results proved above for symmetric T-spectra have analogues for symmetric
Sl-spectra, with proofs that are formally the same in many cases. These results
will be summarized here.

The analogy begins with the definition. A symmetric S*-spectrum X is an S*-
spectrum consisting of pointed simplicial presheaves X™, n > 0, with bonding
maps o : ST A X" — X"+ with symmetric group actions X,, x X? — X7+l
such that the composite bonding maps S? A X" — XP™" are (¥, X X,)-
equivariant. There is an obvious category of such things, which is denoted by
Spt3i(Sm|s)nis. This category is, in the language of [13], the category of
presheaves of symmetric spectra on the smooth Nisnevich site (Sm|g)nis. We
know from [13] that this category carries a well behaved stable closed model
structure which is created by the Nisnevich topology. The point of this section
is to show that there is an additional motivic stable closed model structure
such that the associated homotopy category is equivalent to the motivic stable
category for S'-spectra.

As for symmetric T-spectra, say that a map f : X — Y is a level equivalence
if each component map f: X™ — Y™ is a motivic equivalence. The map f is a
level cofibration if each f : X™ — Y™ is a cofibration of simplicial presheaves.
Finally, a map g : Z — W is an injective fibration if it has the right lifting
property with respect to all maps which are level cofibrations and level weak
equivalences. We then have the following:
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THEOREM 4.32. The category Spts: (Sm|s)nis of symmetric S*-spectra on the
smooth Nisnevich site, together with the classes of level cofibrations, level equiv-
alences and injective fibrations, satisfies the axioms for a proper closed simpli-
ctal model category.

The proof of this result is just like that of Theorem 4.2: the controlled level
fibrant construction Y +— L(Y") for simplicial presheaves extends to a functor
on symmetric S'-spectra (diagram (1.2)), and we know from [13] that level cofi-
brations and level local equivalences of symmetric S'-spectra satisfy a bounded
cofibration condition. These two facts can be used together with the argument
in the proof of Proposition 2.15 to show that the level motivic equivalences
and level cofibrations of symmetric S'-spectra satisfy a bounded cofibration
condition. The rest of the proof is formal.
The definition and properties of the left adjoint V' to the forgetful functor

U : Spt5:i(Sm|s)nis — Sptgi (Smls)nis

taking values in S'-spectra are already well known.

We say that a map p : X — Y of symmetric S'-spectra is a stable fibration
if the underlying map Up : UX — UY of Sl-spectra is a (motivic) stable
fibration. Proposition 2.15 has an analogue for S'-spectra which implies that a
map q : Z — W of S'-spectra is a stable fibration if and only if it has the right
lifting property with respect to all A-bounded cofibrations A — B which are
stable equivalences. It follows that a map p: X — Y of symmetric S'-spectra
is a stable fibration if and only if it has the right lifting property with respect to
images V (A) — V(B) of all A-bounded trivial cofibrations of S!-spectra under
the functor V. This implies the following analogue of Proposition 4.4:

PROPOSITION 4.33. Every map f : X — Y of symmetric S'-spectra has a
natural factorization

such that p is a stable fibration, and j is a level cofibration which has the left
lifting property with respect to all stable fibrations.

As before, this result implies the existence of injective stably fibrant models.
Say that a map f : X — Y of symmetric S'-spectra is a stable equivalence if
it induces a weak equivalence

g :hom(Y, W) — hom(X, W)

for all stably fibrant injective objects W.

The shift construction X +— X|n], the natural map X — QX|[1] and the
symmetric stabilization functor X — Q*X = Q?lX are already well known
[7], [13], and the same argument as for Proposition 4.8 gives the following:

DOCUMENTA MATHEMATICA 5 (2000) 445-552



534 J. F. JARDINE

PROPOSITION 4.34. Suppose that o : X — Y is a map of symmetric S*-spectra
such that Ua : UX — UY is a stable equivalence of S*-spectra. Then « is a
stable equivalence of symmetric S'-spectra.

The description X — G, (S°) ® X of the left adjoint to the shift functor
is also well known. This functor preserves level cofibrations and level weak
equivalences by construction and the properness of the unstable motivic closed
model structure, so that the adjoint Y — Y [n] preserves injective fibrations.
In particular, if W is stably fibrant and injective, then the canonical map W —
QW1] is a level equivalence of stably fibrant injective objects. The function
complex hom(X, W) is therefore an infinite loop space for all symmetric S*-
spectra X and stably fibrant injective objects W, so that we can prove

LEMMA 4.35. Suppose that the commutative diagram

A —2> B - By /A,

I

Ay ——= By —— B> /A

is a comparison diagram of level cofibre sequences. Then if any two of the maps
fi, fa and f3 are stable equivalences of symmetric S'-spectra, then so is the
third.

The proof is by analogy with the proof of Lemma 4.11.

Insofar as we know that fibre and cofibre sequences coincide in the motivic
stable category of S'-spectra (Corollary 3.2), we also have the analogue of
Corollary 4.12, and this implies

PROPOSITION 4.36. Suppose thatp: X — Y is a map of symmetric S*-spectra
which is both a stable fibration and a stable equivalence. Then p is a level
equivalence.

COROLLARY 4.37. A map p : X — Y of symmetric S'-spectra is a stable
fibration and a stable equivalence if and only if it is both a level fibration and
a level equivalence.

Say that a map i : A — B of symmetric S'-spectra is a stable cofibration if
it has the left lifting property with respect to all maps p : X — Y which are
stable equivalences and stable fibrations. Then we have

THEOREM 4.38. The category Spts: (Sm|s)nis of symmetric S*-spectra on the
smooth Nisnevich site, and the classes of stable equivalences, stable fibrations
and stable cofibrations, together satisfy the axioms for a proper closed simplicial
model category.
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Write 7, for the composite
x Luvx Zuwx),

where j : VX — (V X)j is a stably fibrant model of the symmetric S'-spectrum
V' X. Then Proposition 4.30 translates as follows:

PROPOSITION 4.39. The natural map 1, : X — U(VX);s is a stable equivalence
for all St-spectra X .

Just as before, this is the key step in demonstrating that the category of sym-
metric spectrum objects is a model for the stable category:

THEOREM 4.40. The functors U and V induce an adjoint equivalence of stable
homotopy categories

Ho(Spt%: (Sm|s)nis) = Ho(Sptgi (Sm|s)nis)

Again, one shows that the adjoint pair of functors (U, V) is a Quillen equiva-
lence.

The proofs of Proposition 4.30 and Theorem 4.31 occupied all of Section 4.4,
and the proofs of Proposition 4.39 and Theorem 4.40 are exactly the same, sub-
ject to replacing T by S!. As before, the interesting part is proving Proposition
4.39 in the case of suspension objects — the analogue is Lemma 4.23. That
proof involved T-bispectra, which translates here to S!-bispectra, or presheaves
of bispectra in the sense of [11], but interpreted in motivic homotopy theory.

Finally, the categorical material on smash products in Section 4.3 arises from
manipulations of free functors that are well known for ordinary symmetric spec-
tra, and therefore hold for symmetric S*-spectra. The homotopically significant
statement is Proposition 4.19:

PROPOSITION 4.41. Suppose that i : A — B is a stable cofibration and that
j:C — D is a level cofibration. Then the map

(t,7)« : (BAC) Ucanc) (AND)— BAD

is a level cofibration. Ifi and j are both cofibrations, then (i,7)« is a cofibration.
If either i or j is a stable equivalence, then (i,j). is a stable equivalence.

The statement and proof of this result are really quite generic, and hold
essentially anywhere that one succeeds in generating the usual machinery of
symmetric spectrum objects. This includes the present discussion of symmetric
Sl-spectra in the motivic context, and also translates into a statement for
presheaves of symmetric spectra in the sense of [13].
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APPENDICES

A PROPERNESS

The purpose of this section is to show that the closed model structure that
arises from formally collapsing a simplicial presheaf I to a point satisfies the
properness axiom. This is true over arbitrary small Grothendieck sites and,
more explicitly, for the f-local theory for any rational point f : x — I. This
result specializes to properness for motivic homotopy theory: that is the case
of a rational point * — A! on the affine line, in the category of simplicial
presheaves (or sheaves) for the site (Sm|g)nis of smooth k-schemes equipped
with the Nisnevich topology. I shall revert to the original homotopy theoretic
notation (see also Section 1.2) for the general discussion that follows.

Suppose that C is a small Grothendieck site, and let « be a cardinal which
is an upper bound for the cardinality of the set Mor(C) of morphisms of C.
Suppose that I is a simplicial presheaf on C having a rational point f : % — I.
We will show that the f-local closed model structure on SPre(C) is proper, for
any such map f:x — I.

Let D be a simplicial presheaf on the site C, and write f : D — D x [ for
the composite

D=Dxx 25 pxr.

LEMMA A.1. Suppose given maps
DLDx1 L X

and a global fibration w : U — X, and suppose that X is f-fibrant. Then the
induced map

fe:Uxx D —Uxx (DxI)
is an f-equivalence.

Proof. To make the notation easier, givenamap a : V — X, write V,, = Ux xV
for the pullback of v along 7 : U — X. In this notation, the statement of the
lemma is the assertion that the induced map

fe:Dgyp — (D x 1),

is an f-equivalence.
The object X is f-fibrant and the projection map pr : D x I — D is an
f-equivalence, so there is a simplicial homotopy

0 1
DxI—4>(DxI)xAl<*—Dx1I

S

_
D o X.
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Pulling back along the global fibration 7 : U — X gives a diagram

d° d!
Dgf _— (D X Al)h(fxl) - Dgf

f*‘/ l(fX1)* ‘/f*

(DX I)gfopr — (D x Ix A, ~ (D x1I)g

*

All of the maps labeled dS are local weak equivalences, since 7w is a global
fibration and the ordinary closed model structure for SPre(C) is proper. It
therefore suffices to show that the map f. : Dy — (D X I)gf.pr is an f-
equivalence.

But the map gf - pr factors through the projection map pr, so that there is
an isomorphism

0: (D xI)gppr — Dys x I

and a commutative diagram

3 \

(D X I)gf‘p’r Z—> Dy x1I

The map f, is therefore an f-equivalence. O

An elementary f-trivial cofibration is a member of the saturation of the
family of cofibrations consisting of the maps

(x x Ly A™) UGexv) (IxY)cCIxLyA™,
and all maps
C—D

which are cofibrations and local weak equivalences, where D is a-bounded. An
f-injective fibration is a map p : Z — W which has the right lifting property
with respect to all elementary f-trivial cofibrations.

LEMMA A.2. 1) An f-injective fibration p is a global fibration.
2) The class of f-injective fibrations is closed under composition.

3) A simplicial presheaf Z is f-local if and only if the map Z — * is an
f-ingective fibration.
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4) Every simplicial presheaf map g : X — Y has a factorization

NoA

w

where q is an f-injective fibration and j is an elementary f-cofibration
and an f-equivalence.

5) Every elementary f-cofibration is an f-equivalence.

Proof. Part 4) is the consequence of a standard transfinite small object argu-
ment.

The family of maps having the left lifting property with respect to all f-
injective fibrations is a saturated class containing the generating elementary
f-cofibrations, so that the elementary f-cofibrations have the left lifting prop-
erty with respect to all f-injective fibrations. It follows from the factorization
statement 4) that every elementary f-cofibration is a retract of an elementary f-
cofibration which is an f-equivalence. But then every elementary f-cofibration
is an f-equivalence, giving 5). O

Now we can list some consequences of Lemmas A.1 and A.2:
LEMMA A.3. Suppose given maps
clpix
and a global fibration 7 : U — X, and suppose that X is f-fibrant and j is an
elementary f-cofibration. Then the induced map
Je :Uxx C—UxxD
is an f-equivalence.

Proof. The class of cofibrations C — D — X over X which pull back to
f-equivalences U xx C — U xx D is saturated by exactness of pullback,
and contains all ordinary trivial cofibrations since the standard closed model
structure on SPre(C) is proper.

In any diagram

Yy — ~ [yA™

|

I x LyA™ — X

DOCUMENTA MATHEMATICA 5 (2000) 445-552



MOTIVIC SYMMETRIC SPECTRA 539

the maps f and f. pull back to f-equivalences along m by Lemma A.1, and so
0 pulls back to an f-equivalence along 7w. This means that all generators of the
family of elementary f-cofibrations pull back to f-equivalences along m, so all
elementary f-cofibrations pull back to f-equivalences along 7. O

COROLLARY A.4. Suppose given a pullback diagram

Axx U2y

T

A g

where X is f-fibrant, g is an f-equivalence and w is a global fibration. Then
the induced map g« is an f-equivalence.

Proof. Find a factorization
a4——2 . x
\ /
W
of g, where j is an elementary f-cofibration and ¢ is an f-injective fibration.
Then W is f-fibrant by Lemma A.2, and the fact that the classes of f-fibrant
objects and f-injective objects coincide [4]. Thus, ¢ is an f-equivalence of f-
fibrant objects, and is therefore an ordinary local weak equivalence, and hence

pulls back to a local weak equivalence along the global fibration 7. But then the
elementary f-cofibration j pulls back to an f-equivalence by Lemma A.3. O

THEOREM A.5 (PROPERNESS). Suppose given a diagram

AxxU—2sypy

-

g

such that w is an f-fibration and g is an f-equivalence. Then the induced map
g« is an f-equivalence.

Proof. Form a diagram

N<~——
<~G—<

o
N
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such that ¢ is a cofibration and an f-equivalence, £LZ is f-fibrant, p is an f-
fibration, and j is a cofibration and an f-equivalence. Consider the pullback
diagram

I, V—Lrmy

Z—j>,CZ

The map j. : ZxrczV — V is an f-equivalence by Corollary A.4. The induced
comparison

U 0

Xz V
Z

is an f-equivalence of f-fibrant objects in SPre(C) | X, hence a homotopy
equivalence, and so the map 6 is a local weak equivalence. Properness for the
standard closed model structure on SPre(C) implies that the induced map

Ax U2 AxpyV
is a local weak equivalence. Thus, in the diagram

gx

AxzU U

.| |

AXLZV—/>Z><LZV
g

the map g¢. is an f-equivalence if and only if ¢’ is an f-equivalence. But the
s . . /. .
maps j.g' and j, are f-equivalences by Corollary A.4, so g’ is an f-equivalence.

O

Theorem A.5 is not the full properness assertion for the f-local theory but it
is the heart of the matter. The second half of the properness axiom says that
the class of f-equivalences is closed under pushout along cofibrations. This
means that, given a pushout diagram

9 .

A
B——=BUs4C

g
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with ¢ a cofibration and g an f-equivalence, the map ¢. should be an f-
equivalence. This is easily proved: the functor hom( ,W) takes pushouts
of simplicial presheaves to pullbacks of simplicial sets, and the map *
hom(B, W) — hom(A, W) is a fibration and ¢g* : hom(C, W) — hom(A4, W)
is a weak equivalence if W is f-local. Properness for ordinary simplicial sets
implies that the induced map

gs :hom(BU4 C,W) — hom(B, W)

is a weak equivalence of simplicial sets. This is true for all f-local objects W,
so that g, is an f-equivalence.

B  MOTIVIC HOMOTOPY THEORY OF PRESHEAVES

Let S Shv(Sm|s)nis (respectively Shv(Sm|s)nis) denote the category of sim-
plicial sheaves (respectively sheaves) on the smooth Nisnevich site (Sm|s)nis
for a Noetherian scheme S of finite dimension. Suppose that Pre(Sm|g)ns and
SPre(Sm|s)nis denote the corresponding categories of presheaves and simpli-
cial presheaves. We know that the categories of simplicial sheaves and simplicial
presheaves carry closed model structures obtained from the local structures for
the Nisnevich topology by formally contracting the affine line A!, and that the
resulting homotopy categories are equivalent, and are models for the motivic
homotopy category — see Theorem 1.1 and Theorem 1.2.

The purpose of this section is to explain the Morel-Voevodsky result that
the sheaf category Shv(Sm|s)nis inherits a closed model structure from the
category of simplicial sheaves in such a way that the associated homotopy
category is also a model for the motivic homotopy category. We actually do a
little more here (Theorem B.4 below), and show that the category of presheaves
Pre(Sm|s)nis has a proper closed simplicial model structure, so that there is
an adjoint equivalence of the associated homotopy category Ho(Pre(Sm|s)nis)
with the motivic homotopy category. The Morel-Voevodsky result for sheaves
(Theorem B.6) is a consequence of Theorem B.4, in a way that one has come
to expect.

Morel and Voevodsky construct a singular functor
S = SAI : S Shv(S’m|5)Nis — S ShV(Sm|5)Nis

in terms of the internal hom functor by specifying S(B) = Hom(A®, B) for
ordinary sheaves B, and then by defining S(X) for a simplicial sheaf X to be
the diagonal of the bisimplicial object

Hom(A™ X,,).

Here, A® refers to the standard cosimplicial k-variety made up of the affine
planes A™. The singular functor specializes, in particular, to a functor

S : Shv(Sm|s)nis — S Shv(Sm|s)nis,
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This last functor has a canonical left adjoint
| . | : SShV(Sm|S)Nis — ShV(Smls)Nis,

which is defined by a suitable coend. This means that there is a coequalizer in
the sheaf category having the form

|_| anAm:;UanMﬂm
0:m—n n

for a simplicial sheaf X that one expects from the definition of the realization
functor from simplicial sets to spaces. Morel and Voevodsky show [14] that, for
a suitable closed model structure on the sheaf category Shv(Sm|s)nis, these
functors define an adjoint equivalence of the associated homotopy categories.

These constructions are easily generalized to simplicial presheaves, with com-
pletely analogous definitions. There is a singular functor

S =S SPre(S’m|S)Nis — SPre(Sm|S)Nis

which is defined on presheaves C by setting S(C) = Hom(A*®, C); then S(Y)
is defined for a simplicial presheaf Y by taking the diagonal of the bisimplicial
presheaf

Hom(A™Y,).
There is a realization functor
| - | : SPre(Smls)nis — Pre(Sm|s)nis,
defined by coend, so that there is a coequalizer

|_| YnxAm:;UYnxA"ﬂw

f:m—n n

in the presheaf category, for simplicial presheaves Y. The realization functor
is left adjoint to the singular functor, just as before.

We now have the following analogue of a string of results for the singular
functor on simplicial sheaves, proved by Morel and Voevodsky in [14]:

LEMMA B.1. The singular functor
S : SPre(Sm|s)nis — SPre(Smls) nis
has the following properties:

1) The functor S takes the morphism f : x — Al to a weak equivalence of
simplicial sheaves.

2) For any simplicial presheaf X, the canonical map n : X — S(X) is a
motivic weak equivalence and a cofibration.
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3) The realization functor preserves cofibrations and motivic weak equiva-
lences.
Proof. For 1), it suffices to show that the simplicial set
S(AY)(Sp(R)) = RIt.]

is contractible for affine schemes Sp(R), where R|[t.] is the simplicial R-algebra
with n-simplices

R[t)n = Rlto, ..., ta)/ ) _ti = 1),

and having face maps defined by

t; if j <1,
di(t;) =40  ifj=1i,and
tj,1 lf] > 1.

It is well known (for many years — see [1], for example) that the simplicial set
underlying this simplicial R-algebra is contractible, with contracting (chain)
homotopy given by

f(to, . .tn) — (1 — to)f(tl, “ee ,ﬁn+1).

For 2), the canonical map 7 for simplicial sets is the diagonal of a correspond-
ing bisimplicial set map made of canonical maps 7 : B — Hom(A*, B) defined
for simplicial presheaves B. This map is a morphism of simplicial presheaves
which on n-simplices is the map

B — Hom(A", B) (B.1)

defined by precomposition with the map A™ — x. There is a contracting
homotopy h : A” x A — A" defined by

((t1y- oy tn), 8) — (818, ..., tns).
This contracting homotopy induces an obvious map
h.: Hom(A", B) x A — Hom(A", B),

and the existence of the homotopy h. implies that the map (B.1) is an Al
homotopy equivalence, and hence a motivic weak equivalence. The motivic
model structure for the simplicial presheaf category is proper, so that standard
techniques imply that the map n : X — S(X) is a motivic weak equivalence
for all simplicial presheaves X.

To prove statement 3), observe that any cosimplicial set E determines a
set-valued realization functor X — |X|g defined on simplicial sets by the co-
equalizer

|_| anEm:;|_|Xn><E"—>|Y|E.

0:m—n n
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One sees easily that there is a bijection |A™|g — E™ defined by the maps A} x
DF — D" given by (0, z) — 6.(z). This bijection is natural in ordinal number
maps; in particular, the induced function |DA!|g — |Al|g is isomorphic to the
function

(d°,d") : E°UE® — E'.
Also, all diagrams

9 71 1
En—2 —— pn—

dil ldi

Enfl T En

corresponding to ¢ < j are pullbacks by the cosimplicial identities for n > 2.
Thus, there is an isomorphism

DA™ = 9B,

where OE™ denotes the union of the images d’(E"~') in E™, and that the
induced map |0A"|p — |A™|g is an injection for n > 2. It follows that the
realization functor X — |X|g takes cofibrations to injections if and only if E
is unaugmented in the (traditional — see [3]) sense that the diagram

) ——FE°

Lk

EOT)El

is a pullback.
Also, if E is unaugmented, one can show that the natural map

X0XEO—> |X|E

is an inclusion, by induction on the skeleta of X.
Any cosimplicial object D in the category of simplicial presheaves determines
a D-realization functor Y +— |Y|p, defined by a coequalizer diagram

|_| YnxDm:;|_|Yn><D"—>|Y|D.

f:m—n n

as above. Write |Y|S§) for the image of

|_| Y, x D™
0<n<p

DOCUMENTA MATHEMATICA 5 (2000) 445-552



MOTIVIC SYMMETRIC SPECTRA 545

in [Y'|p, and let s},Y,, be the degenerate part of Y},11. Then there is a pushout
diagram

(s Yp X DPT) U (Ypq1 x ODPT) —— |y | @)

| |

XD )

Y,

P
The vertical maps are cofibrations, and the canonical map
Yo x D° — |Y|S§)

is an isomorphism if D is unaugmented.

A properness argument therefore implies that any level motivic equivalence
D — FE of unaugmented cosimplicial presheaves induces a natural motivic
equivalence |Y|p — |Y|g. In particular, the maps of cosimplicial objects

A" — A" x A" — A"
are level motivic equivalences, and so there are natural motivic equivalences

|Y|A. — |Y|A¢XA — |Y|A ~Y.

The realization functor Y — |Y| = |Y|ae therefore preserves motivic equiv-
alences. It follows also that this realization functor preserves cofibrations of
simplicial presheaves. O

COROLLARY B.2. The singular functor preserves fibrations.

COROLLARY B.3. There is a natural motivic weak equivalence Y ~ Y|, for all
simplicial presheaves Y .

Say that a map g : X — Y of presheaves on the smooth Nisnevich site
(Smls)nis is a motivic weak equivalence if the associated morphism of constant
simplicial presheaves is a motivic weak equivalence. A cofibration of presheaves
is an inclusion, and a motiic fibration is a map which has the right lifting
property with respect to all maps which are simultaneously cofibrations and
motivic weak equivalences.

Given a presheaf X and a simplicial set K, write X ® K for the presheaf
given by

XQK=|X x K|.
There is an isomorphism

XK hi>n X A",
o A"—K
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where the colimit is indexed over the simplex category of K, and one checks
that there is a natural isomorphism

XQ@A"= X x A"

The category of presheaves on (Sm|s)nis acquires a simplicial structure from
these definitions: the function complex hom(X,Y") has n-simplices specified by

hom(X,Y),, = hom(X ® A" Y) 2 hom(X x A")Y),

while for a simplicial set K and a presheaf X, the mapping presheaf hom (K, X)
is given in terms of the internal hom functor by

hom(K,X) = lim Hom(A", X).
g A"—K

THEOREM B.4. With these definitions, we have the following:

1) The category Pre(Sm|s)nis of presheaves on the smooth Nisnevich site
of a Noetherian scheme S of finite dimension satisfies the axioms for a
proper closed simplicial model category.

2) The singular and realization functors determine an adjoint equivalence of
motivic homotopy categories

Ho(Pre(Sm|s)nis) ~ Ho(SPre(Sm|s)nis)-

Proof. Recall from [4, p.1086] that the category SPre(Sm|s)nqs of simplicial
presheaves on the smooth Nisnevich site and the class E of motivic weak equiv-
alences together satisfy a list of properties analogous to those appearing in the
statement of Proposition 4.1. These include, for example, the bounded cofibra-
tion condition:

E7: There is an infinite cardinal A which is an upper bound for the cardinal-
ity of the set of morphisms of (Sm|g)n:s, such that for every simplicial
presheaf diagram

X
A——=Y

with i an E-trivial cofibration and A an A-bounded subobject of Y, there
is a subobject B C Y such that A C B, the object B is A-bounded, and
the inclusion BN X — B is an E-trivial cofibration.

Here, an E-trivial cofibration is a map which is a cofibration and a motivic
weak equivalence. We are also tacitly working over a small, full subcategory of
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(Sm|s)nis consisting of objects of size at most some fixed infinite cardinal, so
that the statement of E7 makes sense.

Up to isomorphism, a subobject of a constant simplicial presheaf must be
constant, so that the bounded cofibration condition E7 for simplicial presheaves
implies a bounded cofibration condition for ordinary presheaves on (Sm|s)nis-
The other axioms E1 — E6 for the class of cofibrations and motivic weak equiv-
alences in the presheaf category are trivial consequences of the corresponding
results for simplicial presheaves. It follows that a map p : X — Y of presheaves
is a fibration if and only if it has the right lifting property with respect to all A-
bounded cofibrations which are motivic equivalences — the argument appears
in the proof of Theorem 1.1 of [4]. Continuing in that vein, a transfinite small
object argument then implies that every map g : X — Y has a factorization

X;->Z

BN

Y

such that p is a fibration, and j is a motivic weak equivalence and a cofibration.

Write Ly* for the free presheaf on a section over U. Then I claim that
the presheaf map p : X — Y is a fibration and a motivic weak equivalence
if it has the right lifting property with respect to all inclusions A C Ly*. A
map p having this lifting property has the right lifting property with respect
to all inclusions, so it is a fibration. The induced map p. : S(X) — S(Y)
has the right lifting property with respect to all cofibrations, by an adjointness
argument and the fact that realization preserves cofibrations. The map p, is
therefore a fibration and a motivic weak equivalence of simplicial presheaves.
The canonical map 7 : X — S(X) is a motivic weak equivalence of simplicial
presheaves, so the original map p : X — Y must also be a motivic weak
equivalence of presheaves. A transfinite small object argument then implies
that every map g : X — Y of presheaves has a factorization

X —=w

N

Y

where i is a cofibration and ¢ is both a fibration and a motivic weak equivalence.

We have proved the factorization axiom CMS5. The style of its proof further
implies, in a standard way, that every map which is a fibration and a motivic
weak equivalence is a retract of a map which has the right lifting property with
respect to all cofibrations, and therefore has the same right lifting property.
The axiom CM4 follows. The other closed model axioms are trivial to verify.
The simplicial model axiom SM7 is a consequence of the corresponding axiom
for simplicial presheaves, together with part 3) of Lemma B.1.
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To show that motivic weak equivalences of presheaves are stable under pull-
back along fibrations, it suffices to observe that the singular functor preserves
and reflects motivic weak equivalences, in addition to preserving fibrations.
The pullback part of the properness assertion therefore follows from the corre-
sponding assertion for simplicial presheaves. The pushout part is a more direct
consequence of the statement for simplicial presheaves.

To prove 2), note that the singular and realization functors both preserve
motivic weak equivalences, and hence induce functors

S : Ho(Pre(Sm|s)nis) S Ho(SPre(Sm|s)nis) : | - |-

To show that these functors give an equivalence of categories, it suffices to show
that the canonical map n : X — S|X| is a motivic equivalence for all simplicial
presheaves X. Then the map Se : S|S(Y)| — S(Y) would be a motivic weak
equivalence for all presheaves Y by a triangle identity, and so ¢ : |S(Y)| — Y
would be a motivic weak equivalence since the singular functor reflects motivic
weak equivalences.

If X is a constant simplicial presheaf, then the canonical map 7 : X — S|X|
is isomorphic to the map 1 : X — S(X), since X = |X]| in this case.

Recall that

S(Y)n(U) = Hom(A", Y)(U) 2 Y (A" x U)

for all presheaves Y. It follows that the singular functor preserves all colimits
in presheaves and hence in simplicial presheaves. In other words, the singular
functor satisfies a very strong excision property.

Every simplicial presheaf X is a coend for the morphisms X, x A" — X,
and the skeletal filtration sk, X is defined by pushouts of cofibrations

(53 Xr X AT U (X1 x OA™H) ——— sk, X

| |

Xpp x AT ———— sk X

Here, s,j X, is the degenerate part of X,11. More generally, define

T

S[k]Xr = U Si(XT) - Xr-i—la
=0

and observe that there are pushout of cofibration diagrams

S[k]Xp_l & S[k]Xp

L

Xp Tﬂ> S[k-i-l]Xp
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for all p and k that make sense. The composite functor X +— S|X| preserves
all colimits and hence preserves the skeletal filtration for X in the sense that
both of the above species of diagrams are taken to pushouts of cofibrations. On
account of properness for the motivic model structure for simplicial presheaves,
it therefore suffices to show that the maps

X, x AT — S| X, x A"|

are motivic weak equivalences. But the projections X, x A” — X,. are motivic
weak equivalences and the composite S|-| preserves motivic weak equivalences,
so the claim reduces to the constant case. o

Here is a corollary of the proof of Theorem B.4:

COROLLARY B.5. Suppose that g : X — Y is a map of simplicial presheaves
such that every map g : X, — Y, is a motivic weak equivalence of presheaves.
Then g is a motivic weak equivalence of simplicial presheaves.

Say that a map of sheaves g : X — Y on the Nisnevich site (Sm|s)nis is a
motivic weak equivalence if the associated map of constant simplicial sheaves
(or presheaves) is a motivic weak equivalence. A cofibration of sheaves is just
an inclusion, and a map of simplicial sheaves is a motivic fibration if it has
the right lifting property with respect to all maps which are simultaneously
cofibrations and motivic weak equivalences of simplicial sheaves.

THEOREM B.6. With these definitions, we have the following:

1) The category Shv(Sm|s)nis of sheaves on the smooth Nisnevich site of a
Noetherian scheme S of finite dimension satisfies the axioms for a proper
closed simplicial model category.

2) The singular and realization functors determine an adjoint equivalence of
motivic homotopy categories

Ho(Shv(Sm|s)nis) == Ho(S Shv(Sm|s)nis)-

3) The associated sheaf functor determines an adjoint equivalence of motivic
homotopy categories

Ho(Pre(Sm|s)nis) ~ Ho(Shv(Sm|s) nis)-

Proof. For 1), note that a map g : X — Y of sheaves is a motivic equivalence
(respectively cofibration) if and only if is a motivic equivalence (respectively
cofibration) of presheaves. The associated sheaf map A — A is a local isomor-
phism, and hence a motivic weak equivalence of presheaves. It follows that
the classes of motivic weak equivalences and cofibrations of sheaves satisfy the
axioms E1 — E7 involved in the proof of Theorem B.4, and then the closed
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model structure for the sheaf category is a formal consequence, just as before.
Properness is an easy consequence of properness for the presheaf category.
In 2), the singular functor

S : Shv(Sm|s)nis — S Shv(Sm|s)nis

is defined as for presheaves, and so it preserves and reflects motivic weak equiv-
alences. The simplicial sheaf realization | X| of a simplicial sheaf X is the asso-
ciated sheaf of the presheaf level realization, so that the map n: X — S|X|isa
motivic weak equivalence, on account of the fact that we know the correspond-
ing statement for simplicial presheaves. The adjoint equivalence of homotopy
categories then follows just as in the presheaf case.

Statement 3) is obvious. O
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