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Abstract

If X is a (reasonable) base scheme then there are the categories of interest in stable motivic
homotopy theory SH(X) and DM(X), constructed by Morel-Voevodsky and others. These should
be thought of as generalisations respectively of the stable homotopy category SH and the derived
category of abelian groups D(Ab), which are studied in classical topology, to the “world of smooth
schemes over X”.

Just like in topology, the categories SH(X),DM(X) are symmetric monoidal: there is a
bifunctor (E, F) — E ® F satisfying certain properties; in particular there is a unit 1 satisfying
F®1l~1®FE ~ F for all E. In any symmetric monoidal category C an object E is called
invertible if there is an object F' such that £ ® F ~ 1. Modulo set theoretic problems (which
do not occur in practice) the isomorphism classes of invertible objects of a symmetric monoidal
category C form an abelian group Pic(C) called the Picard group of C.

The aim of this work is to study Pic(SH(X)), Pic(DM(X)) and relations between these various
groups. A complete computation seems out of reach at the moment. We can show that (in
good cases) the natural homomorphism Pic(SH(X)) — [[,cx Pic(SH(z)) coming from pull
back to points has as kernel the locally trivial invertible spectra Pic’(SH(X)). (For DM, this
homomorphism is injective.) Moreover if @ = Spec(k) is a point, then (again in good cases) the
homomorphism Pic(SH(x)) — Pic(DM(x)) is injective. This reduces (in some sense) the study
of Pic(SH(X)) to the study of the Picard groups of DM over fields, and the latter category is
much better understood.

We then show that, for example, the reduced motive of a smooth affine quadric is invertible
in DM(k). By the previous results, it follows that affine quadric bundles over X yield (in good
cases) invertible objects in SH(X). This is related to a conjecture of Po Hu.






Zusammenfassung

Ist X ein (nicht zu exotisches) Basis-Schema dann sind die Kategorien SH(X) and DM(X),
welche fiir die stabile motivische Homotopietheorie von interesse sind, von Morel-Voevodsky und
anderen konstruiert worden. Man sollte sich diese Kategorien respektive als Verallgemeinerungen
der stabilen Homotopiekategorie SH und der derivierten Kategorie abelscher Gruppen D(Ab)
vorstellen, welche in der klassischen Topologie studiert werden.

Genau wie in der Topologie sind die Kategorien SH(X ), DM (X) symmetrisch monoidal: es gibt
einen Bifunktor (E, F') — E® F der gewisse Bedingungen erfiillt; insbesondere gibt es eine Finheit
mit der Eigenschaft, dass F®1 ~ 1®QF ~ F fiir alle E. In einer beliebigen symmetrisch monoidalen
Kategorie heifit ein Objekt E invertierbar wenn es ein Objekt F gibt, so dass F ® F ~ 1. Unter
Vernachlissigung mengentheoretischer Probleme (die in der Praxis nicht auftreten) bilden die
Isomorphieklassen der invertierbaren Objekte einer symmetrisch moidalen Kategorie eine abelsche
Gruppe Pic(C), genannt die Picard-Gruppe von C.

Das Ziel dieser Arbeit ist es, die Gruppen Pic(SH(X)) und Pic(DM(X)) zu studieren. Eine
vollstdndige Berechnung erscheint derzeit nicht durchfiihrbar. Wir kénnen zeigen, dass der Kern
des natiirlichen Homomorphismus Pic(SH(X)) — [],cy Pic(SH(z)) (in guten Fillen) genau aus
den lokal trivialen invertierbaren Spektra besteht. (Im Falle von DM ist dieser Homomorphismus
injektiv.) Dariiber hinaus zeigen wir, dass wenn & = Spec(k), dann ist der Homomorphismus
Pic(SH(z)) — Pic(DM(z)) (wiederum in guten Fillen) injektiv. Das reduziert (in gewissem
Sinne) das Studium von Pic(SH(X)) auf das studium der Picard-Gruppen von DM iiber Kérpern,
und die letztere Kategorie ist sehr viel besser verstanden.

Wir zeigen dann, zum Beispiel, dass das reduzierte Motiv einer glatten, affinen Quadrik in
DM(k) invertierbar ist. Es folgt aus den vorherigen Ergebnissen, dass Biindel von affinen Qua-
driken iiber X (in guten Fillen) Beispiele von invertierbare Objekte in SH(X) liefern. Dies hingt
zusammen mit einer Vermutung von Po Hu.
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Chapter 1

Introduction

In Section [1.1] we set the stage: we introduce symmetric monoidal categories and their Picard
groups, the stable homotopy category SH, the motivic stable homotopy category SH(X) and the
triangulated categories of motives. In Section [I.2] we explain previous Picard group computations.
This is for two reasons: (1) it illustrates the kind of results we hope to establish, and (2) we will
actually take fairly concrete inspiration from the methods outlined there. The impatient reader
may wish to jump straight into Section where we provide an overview of the main results and
organisation of this thesis.

1.1 Background

1.1.1 Stable Homotopy Theory

The object of algebraic topology is to study (often geometrical) problems by assigning algebraic
invariants to topological spaces. These invariants have to be functorial, so are preserved under
homeomorphisms. However one usually finds that the algebraic invariants one writes down are
preserved under a much weaker notion of equivalence, called homotopy equivalence. When thinking
about spaces up to homotopy equivalence, we talk about the “homotopy theory of spaces”. In fact
just as spaces with their (continuous) maps form a category, so do spaces with homotopy classes
of maps as morphisms. If X and Y are spaces we write [X, Y] for the morphisms in this category.
If X and Y are sufficiently nice, these are just the continuous maps X — Y, up to homotopy.
Write X ~ Y if X and Y are isomorphic in this category. (Then we say that X and Y are weakly
(homotopy) equivalent.)

It is a long-standing tradition to describe sufficiently nice spaces by simplicial complexes. The
more modern notion is that of simplicial sets. The category sSet of simplicial sets is just the
functor category Fun(A°P, Set) where A is the simplex category, which is the category of finite
ordered sets with order preserving maps. As suggested by the analogy with spaces, simplicial sets
also have a homotopy theory, and in fact the homotopy theory of simplicial sets is equivalent to
the homotopy theory of topological spaces. The algebraically or combinatorially minded person
wishing to study the homotopy theory of spaces may thus content herself with studying simplicial
sets. This result was first established in full generality by Quillen. For the purpose of this
introduction we shall not make a big distinction between topological spaces and simplicial sets
and refer to either of them as just spaces.

In order to rightfully call our subject algebraic topology, we have to find algebraic invariants of
spaces. There are some very classical examples: given a pointed space X, an abelian group A and
an integer n, we have the (singular) cohomology group H™(X, A). These groups of course satisfy
many well-known properties. We want to recall the suspension isomorphism (see for example
[40, Exercise 2.3.3]). Thus let X be a pointed space and write ¥X = X x I/(X x 0U* x I) ~
X x I/(X x 0) for the reduced suspension, where I denotes the unit interval (or the simplicial
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set Al). Then there is a natural homomorphism I~{”(X, A) — ﬁ”“(ZX, A) which is always an
isomorphism.

We can do something similar with homotopy classes of morphisms of spaces. Given a pointed
space X, put m,(X) = [S™, X]. Here we mean pointed homotopy classes of maps, and S™ denotes
the n-sphere. (It turns out that for n > 0 the set m,(X) is actually a group, abelian for n > 1, but
we do not need this.) There is then a natural suspension map 7, (X) — 7,+1(XX) (essentially
because Y is a functor and ¥£.S" ~ S"*1) but it need not in general be an isomorphism! There
is some hope, however. The Freudenthal suspension theorem (see e.g. [40, Corollary 4.24]) says
that the groups

Tn(X) = M1 (BX) = Topa(22X) — ...

eventually stabilise, at least if X is a finite CW complex.

This suggests that, in order to simplify the homotopy theory, it would be useful to pass to
a category where Hom(X,Y") = colim,[X" X, ¥"Y]. Doing this naively will not yield a category
with good properties. It is however possible to do this in a non-naive way and construct a very
good category, denoted SH and called the stable homotopy category. It comes with a functor
%> : Spe, — SH which has the property that if X,Y are sufficiently nice pointed spaces (e.g.
finite CW complexes), then [E*°X,X*°Y] = colim,[X"X,X"Y]. The category SH is the main
object of study in the subject of stable homotopy theory.

Just as the homotopy category of spaces can be obtained from several “point-set level” cat-
egories of spaces, the stable homotopy category SH can be obtained from several categories of
“point-set level objects” called spectra by passing to an appropriate equivalence relation on maps,
also called weak equivalence.

As we have alluded to above the category SH has many good properties. For example it is
triangulated and has arbitrary products and coproducts, and it is compactly generated.

1.1.2 Symmetric Monoidal Categories and Pic

A sufficiently good category of unpointed spaces is cartesian closed: finite products exist, and
moreover for a space X the functor “product with X” has a right adjoint which is often denoted
Y + YX. This means that for spaces X,Y,Z there is a natural isomorphism Hom(X x Y, Z) =
Hom(X, ZY). We will mostly write Hom(Y, Z) for ZY¥.

A similar structure exists on the homotopy category of spaces.

When considering pointed spaces, their cartesian product is again pointed. It is however often
more natural to study a different kind of “product”, the smash product. Given pointed spaces
X,)Y weput X AY := X xY/(x x Y UX x ). For example, S' A X = ¥X. The bifunctor
X, Y — X AY is no longer determined purely formally by the category of pointed spaces itself but
rather constitutes extra data which we choose to keep track of. The categorical formalisation of
such a situation is called a (symmetric) monoidal or tensor category (see for example [22 Section
1)).

Essentially, a monoidal category C consists of a bifunctor ® : C xC — C written X, Y — X QY
and certain extra data, satisfying certain compatibility conditions. In particular, there are a unit
object 1 € C and natural isomorphisms 1 ® X = X = X ® 1. Moreover, given X,Y, Z € C there
exist natural associativity isomorphisms X @ (Y ® Z) 2 (X ®Y)® Z. The most important upshot
of the additional compatibilities is that given any finite set X1, Xo,..., X, of objects of C, we can
make unambiguous sense of the tensor product X; ® Xo ® --- ® X,,. That is to say for any two
ways of building the n-fold tensor product out of binary tensor products by introducing brackets,
any two isomorphisms between these two ways of bracketing obtained by repeatedly applying the
associativity isomorphism are the same.

A monoidal category is called closed if the functor e ® Y always has a right adjoint. We denote
this adjoint by Hom(Y,e). The monoidal category is called symmetric if we are supplied with for
each X,Y € C a natural isomorphism X ® Y 2 Y ® X, satisfying certain further compatibilities.
A functor between (symmetric) monoidal categories is called (symmetric) monoidal if it preserves
all the extra data, in an appropriate way.
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Any (closed) category with finite products is (closed) symmetric monoidal, with monoidal
operation given by the categorical product and the unit given by the final object. The associativity
and commutativity isomorphisms come from the universal property. In particular a good category
of spaces is closed symmetric monoidal, and so is the homotopy category of spaces. A good category
of pointed spaces is closed symmetric monoidal with monoidal operation the smash product A and
unit the two-point space, i.e. S°. The same is true for the homotopy category of pointed spaces.

Suppose now that C is a symmetric monoidal category and we are given 1" € C . One might
wish to pass to a category C’ where Home: (X, Y) = colim,, Home (X @ T®", Y @ T®™). For example
this is how we naively tried to construct the stable homotopy category. It is easy to see that this
defines a category. One may next ask if, or to what extent, the monoidal operation defines extra
structure on C’. It turns out that as long as the cyclic permutation T T T X T QT ® T is
the identity, the category C’ is actually symmetric monoidal again, and the functor C — C’ is also
symmetric monoidal. This may have first been observed by Voevodsky.

This suggests that the category SH should be symmetric monoidal, and since we said that we
employ a complicated non-naive construction in order for SH to have good formal properties, it
should be in fact closed symmetric monoidal. This is indeed true, and good categories of spectra
are also closed symmetric monoidal. This is a hard result for SH probably first written up by
Adams [I]. This is an even harder result for categories of spectra, see [29] for a treatment in the
language of topological spaces and [49] for a treatment in terms of simplicial sets.

Let us now go back to an arbitrary symmetric monoidal category C. An object E € C is called
invertible if there exists an object F' € C such that E ® F = 1. If the class of invertible objects
forms a set, then the set of equivalence classes of invertible objects actually forms an abelian
group. This is clearly an invariant of C, called the Picard group of C and denoted Pic(C). It
seems plausible that whenever we wish to seriously study a symmetric monoidal category C, we
should also study Pic(C). Examples of why this is useful will be given in the next section. Let us
point out that if X,Y € C and L € C is invertible, then Hom(X,Y) - Hom(X ® L,Y ® L) is an
isomorphism, as one readily sees by tensoring with the inverse of L.

For now, let us investigate the Picard groups of the symmetric monoidal categories we have
mentioned so far. It is very easy to check that the Picard groups of the point-set level categories of
spaces, pointed or not, are trivial, so we concentrate on homotopy categories. If X X Y is terminal
in some category C, then X has to be terminal. It follows that the Picard group of any cartesian
monoidal category (i.e. a symmetric monoidal category in which the monoidal operation coincides
with the categorical product) is trivial. So the Picard group of the homotopy category of spaces
is trivial. One may also check that the Picard group of the homotopy category of pointed spaces
is trivial, but that is not so formal.

The story changes with SH. Essentially by design, in SH we have [E, F| = [E A S, F A S1].
The easiest way to explain this phenomenon would be if there was some object S~ € SH with
SYAS~1 ~ 1. In fact this is essentially how the stable homotopy category is constructed. We have
thus found invertible elements S™ for each n € Z and have in fact constructed a homomorphism
Z — Pic(SH). This homomorphism is injective. Indeed, it is well known that in the homotopy
category of pointed spaces, [S™,S™] = % for m > n. It follows that the same is true in SH
(because the colimit of a sequence of one-point sets is the one-point set). Moreover one may prove
that [S™,S™] = Z (for n > 0) and so the same holds in SH (for all n). Consequently S™ and S™
define distinct objects of Pic(SH) if m # n.

One may prove that Pic(SH) = Z is precisely the group we have identified: every invertible
object is weakly equivalent to S™ for some (unique) n € Z. The most efficient way to do this is
probably to observe that there is a functor C, : SH — D(Ab), where D(Ab) denotes the derived
category of abelian groups and C is essentially the singular chain complex. One checks that
the functor C, is symmetric monoidal and induces an injection on Picard groups (we say that
C. is Pic-injective). The category D(Ab) is much more amenable to computation and the result
Pic(D(Ab)) = Z is easily obtained (see also next section). Thus Pic(SH) = Z as well.
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1.1.3 Motives and Motivic Homotopy Theory

It is a deep insight of 20th century mathematics that a convenient way of doing geometry is by
considering spaces with extra structure, and maps between these spaces which preserves this struc-
ture. Examples that come to mind are smooth manifolds with smooth maps between them, and
complex analytic manifolds with holomorphic maps between them. Arguably the most restrictive
possible class of spaces and maps are the algebraic varieties with (locally) polynomial maps be-
tween them, and they are the subject of study in the field of algebraic geometry. In fact, as soon
as we decide to work with things basically built from polynomial equations, we can dispense with
the underlying topological space and just consider the subject as a flavour of pure algebra: we
need not just consider the algebraic varieties over C, but we can in fact consider all schemes.

Of course, the business of classifying spaces with extra structure is typically even harder than
classifying spaces without extra structure, so classifying algebraic varieties up to isomorphism
should be expected to be very hard, and this is indeed so. Following the picture outlined earlier,
it seems like a reasonable idea to study algebraic varieties up to algebraic homotopy. We thus say
that given a morphism of varieties ¢ : A! x V' — W, where A! is the affine line, the two restrictions
dloxv : V — V and ¢|ixy : V — W are naively A'-homotopic.

In a way, trying to pass from the category of algebraic varieties to the homotopy category of
algebraic varieties poses similar problems to passing from the homotopy category of spaces to SH.
There is a naive way of doing it, but the category produced in that way is not quite right, does
not have good formal properties, and computing anything in it is hopeless.

Still, there is a way of building a reasonable homotopy theory of algebraic varieties [83]. One
starts with a base scheme S and considers the category Sm(S) of schemes smooth over S. Then,
through a highly difficult process recalled in chapter 2, one may build a homotopy category
Ho(H(S)) with a functor Sm(S) — Ho(H(S)) which is universal in a precise sense. It is called
the (unstable, unpointed) motivic homotopy category. It certainly inverts the naive A'-homotopy
equivalences, but in general it does rather more.

Keeping in line with the story from algebraic topology, we should next stabilise the pointed
homotopy category of varieties by inverting an appropriate “sphere”. It turns out that a good
choice of “sphere” is the projective line (Riemann sphere) P!. We shall not try to explain the
significance of this choice, but let us point out that the real projective line P*(R) is homeomorphic
to S1, and the complex projective line P!(C) is homeomorphic to S2, both of which are spheres.
The resulting category is denoted SH(S) and called the stable motivic homotopy category. This is
a triangulated symmetric monoidal category, so we can ask about its Picard group Pic(SH(S)).
This is the main object of investigation of this thesis.

As we have seen in the previous section, the study of spaces (and, by extension, SH) can be
facilitated by considering their singular cohomology groups H* and, by extension, the functor
C. : SH — D(Ab). It would be desirable to have a replacement for H*,C, and D(Ab) in our
motivic setting. Arguably the most classical replacement of H* are the motivic cohomology groups
H** see e.g. [(5, Lecture 3|. In this case the analogue for D(Ab) is a triangulated symmetric
monoidal category DM(S), called the category of motives (with transfers). If S is the spectrum
of a perfect field then (a version of ) DM(.S) was first constructed and studied by Voevodsky [107].
If S is more complicated it is very hard to make sense of DM(S), although nowadays in many
cases we have a satisfactory definition.

There is a different approach. The category D(Ab) is built in essentially the same way as SH,
but replacing at the very beginning the category of sets by the category of abelian groups: we start
with the category of simplicial abelian groups, which is equivalent to the category chain complexes
in non-negative degrees. We turn weak equivalences, which correspond to quasi-isomorphisms, into
isomorphisms, and we invert the analogue of S, which is just Z[1], i.e. we pass to complexes in all
degrees. This suggests a way building our analogue of D(Ab): the construction of SH(S) begins
with the category sPre(Sm(S)) of simplicial presheaves on Sm(S) and then performs various
formal manipulations. Thus one might start with the category of presheaves of simplicial abelian
groups on Sm(S) and perform similar manipulations. One arrives at a category Dy1(.S) which is
defined for all S. See for example [80], Section 5.2]. This category has many good formal properties,
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but unfortunately it is (so far) much less well understood than DM(S). For this reason, in this
thesis, we will focus on studying DM instead of studying Dj:(S), at least to the extent that
we actually want to study SH(S) and wish to simplify the problem. Our results and techniques
however make it very clear that a better understanding of D1 (S) would be highly desirable for
studying Pic(SH(S)).

The goal of this thesis can now be stated rather clearly: to investigate in any way possible the
groups Pic(SH(X)), presumably by also studying the groups Pic(DM(X)), and the relationships
among these groups.

1.2 Prior and Analogous Work

In the first two subsections we describe computations of Picard groups of certain symmetric
monoidal categories which have been influential in some our own computations. In the last sub-
section we describe prior work on (conjecturally) invertible motives which has been a starting
point in our attempts at construct invertible objects.

1.2.1 Picard Groups of Derived Categories

Here is one of the first non-trivial Picard group calculations one might attempt: Let X be a scheme.
What is Pic(D(X))? Here we write D(X) for the unbounded derived category of quasi-coherent
sheaves on X. Write C'(X) for the abelian group of continuous functions on X with values in the
discrete abelian group Z. Then Fausk proves that there is a split short exact sequence [30]

0 — Pic(X) — Pic(D(X)) — C(X) — 0.

Here Pic(X) just denotes the group of line bundles on X, i.e. the invertible objects in the category
of quasi-coherent sheaves on X (which is the heart of D(X)). Note that for reasonable X, we just
have C(X) = Z™X) | where my(X) denotes the set of connected components of X. So what the
theorem says is that an invertible object of D(X) is specified by giving a line bundle on X and an
integer for every connected component of X. If X is connected, that means that every element of
Pic(D(X)) is (uniquely) of the form L[i] for some (unique) £ € Pic(X) and i € Z. In general, an
invertible object is of this form on every connected component of X.

With some amount of hindsight, we can explain the result as follows. For x € X any point,
write i, : {x} — X for the inclusion. Then we get a pull-back functor i} : D(X) — D(z). Of
course z = Spec(k) for some field k, and thus D(z) = D(k) is a very well-understood category (it is
just the category of graded k-vector spaces). Let us write D(X) for the subcategory of compact
objects. In reasonable situations (X quasi-compact quasi-separated), the unit is compact, and
so all invertible objects are. In fact in reasonable situations the compact objects are precisely
those complexes which are locally on X quasi-equivalent to a bounded complex of vector bundles
[85, Theorem 63]. In particular such objects have only finitely many non-vanishing cohomology
sheaves.

Suppose now that E € D(X) has H'E = 0 for i > 0, and 2 € X. Then by considering a
projective resolution of E|gpec(ox ) one easily finds that HU*E = 0 for i > 0 and HY%*E =
i* HOE. In particular if H°FE is coherent (e.g. E a perfect complex), then H'E = 0 if and only if
HY*E = 0 for all closed points = (use Nakayama’s lemma).

Now on D¢(X) there is a duality functor E +— DE := Hom(FE, Q). It has the property that if
H'E =0 for i > 0 then H'DE = 0 for i < 0. (Indeed locally on X such E admits a resolution
by vector bundles in degrees < 0, and so DF is locally quasi-isomorphic to a complex of vector
bundles in degrees > 0.) We have thus almost proved the following result.

Proposition 1.1. Let E € D¢(X) and assume that there are m,n € Z such that for every x € X
we have H'i* E =0 fori ¢ [m,n]. Then H'E =0 for i & [m,n].
The converse also holds.
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Proof. We know that H'E = 0 for i &€ [mg, ng] for some mq, ng, by quasi-compactness of X and
perfectness of E. The reasoning above allows to conclude that H'E = 0 for i > n. Now we can
apply the same reasoning to prove that H*DE = 0 for i > —mg, and hence H'E = H'DDE = 0
for i < myg.

The converse statement is proved by observing that i; DE = Di} E. O

Consequently we find that the sequence
0 — Pic(X) — Pic(D(X)) L C%(X)

is exact, where C?(X) denotes the set of all Z-valued functions on X, and ¢ (E) is defined as
follows: for z € X, we know that i*E € D(k(z)) must be invertible, so itE ~ k[n] for some
unique n, and we put ¥(F)(z) = n.

To obtain the rest of Fausk’s result it suffices to show that ¢(E) is continuous (because we
have already seen that Pic(D(X)) — C(X) is surjective). This is not so relevant for our work,
but here is a proof. Note that in the proof of the proposition, we only needed to consider closed
points. So we know that Pic(D(X)) — C°(X) is Pic(X), where X¢ denotes the set of closed
points. If X is local then Pic(X) = 0 and so we conclude that Pic(D(X)) = Z. If X is arbitrary
again and z,y € X with y € {x}, then y € Spec(Ox z). But E|specoy.,) = Ox,z[n] for some n by
what we just said, and so ¢(E)(z) = ¢(E)(y). It follows that ¢(E) is locally constant and thus
in particular continuous.

Let us point out in particular that this proves the claim from the last section, that
Pic(D(Ab)) = Z. (Assuming that we know that Pic(Ab) = 0, which follows for example from the
structure theory of finitely generated abelian groups.)

1.2.2 Picard Groups in Equivariant Stable Homotopy Theory

We now consider a more topological example, that of stable homotopy theory equivariant with
respect to some group G. This is developed in quite some level of generality, but for simplicity
we shall assume that G is finite. A reference is [31]. There is then a category of pointed G-
spaces. A map between such spaces is called a (equivariant) weak equivalence if it induces a weak
equivalence on all the spaces of H-fixed points, where H C G is a subgroup. Turning equivariant
weak equivalences into isomorphisms produces the pointed equivariant homotopy category. This
category comes with a smash product. It contains the ordinary sphere S!, with the trivial action,
and the first reflex in building a stable equivariant homotopy category would be to invert S!
with respect to the smash product. It turns out that this is not quite the right thing to do. For
example, this naive construction does not give a satisfactory theory of duality. (These reasons are
very similar to why in stable motivic homotopy theory we need to invert not just S!, but P.)
If V is a (real) representation of G, then the one-point compactification SV is a space with the
property that for every subgroup H C G, the fixed points (SY)# are an ordinary sphere. This
makes it quite plausible that all the “spheres” SY should be inverted. It turns out that this is
the same as inverting the one-point compactification of the regular representation. The resulting
category is called the (genuine) equivariant stable homotopy category and denoted SH(G). Given
an un-pointed G-space X, we write XX, € SH(G) for the stabilisation of the pointed space
X, consisting of X and a disjoint base point.

SH(G) is a symmetric monoidal triangulated category. It is generated by the objects
¥>*°(G/H)4, where H C G is a subgroup and G/H denotes the finite G-space of orbits of H
in G. It turns out that there is a symmetric monoidal triangulated functor ®¢ : SH(G) — SH
called the geometric fized points, with the property that ®%(X>°(G/H),) = 0 for H # G and
O¢(X*°(G/G) 1) ~ S°. In fact, for any pointed G-space X, one has ®¢(X®°X) ~ N®° X ex-
plaining the reference to fixed points in the name.

If H C G is a subgroup, there is an obvious functor SH(G) — SH(H) coming from restricting

H
the group actions. The composite SH(G) — SH(H) 2, SH is also denoted ®H .
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Now if E € Pic(SH(G)) and H C G is a subgroup, then ®(E) € SH must be invertible
(since @ is a monoidal functor), so ®#(E) ~ S[n] for some (unique) n € Z. Write C(G) for
the set of functions from subgroups of G to Z. Then we have produced a homomorphism v :
Pic(SH(G)) — C(G), where ¥(E)(H) is defined by ®(E) ~ S[t)(E)(H)]. We have deliberately
set this up analogously to the previous subsection. The game now is to identify the kernel of .

There is actually a fairly obvious source of elements in the kernel. Indeed let C be any additive,
symmetric monoidal category which is Karoubi-closed, meaning that whenever X € C and e €
End(X) with e = e, then there is a corresponding decomposition X = X; @ X, such that e is
the composite X — X; — X. Now write A = End(1). This is a commutative ring. If P(A) is
the category of finitely generated projective A-modules, i.e. summands of free A-modules of finite
rank, then there is an embedding P(A) < C. It is obtained by writing an element P € P(A) as a
summand of A" and then taking the corresponding summand of 19" in C. In particular, there is
always an injection Pic(A) — Pic(C).

The category SH(G) is Karoubi-closed (this is one of the “good properties” we alluded to
earlier that would follow from a good construction of stable homotopy categories), and in fact the
above construction identifies all of the elements in the kernel of :

Theorem 1.2 (Fausk-Lewis-May, [31]). There is an exact sequence

0 — Pic(End(Ispc))) — Pic(SH(G)) % C(G).

There are a number of obvious follow-up questions. Surely End(1) should be determined; after
that figuring out Pic(End(1)) could perhaps be left to the algebraists. This has been done, but
the specific computations are not very relevant to our work. Another question is to determine
the image of ¥. Recall that in the previous subsection, we first built a homomorphism into the
group C?(X) of all functions on X, and then later argued that the image actually consists of the
continuous functions.

Something similar can be done here. Firstly if Hy, Hy are conjugate subgroups of G, then
OH1(E) ~ ®M2(F), essentially because for a G-space X one has X1 = gX*2 whenever H; =
gHog™'. Thus the image of 9 consist of functions which are constant on conjugacy classes. If
G is a non-trivial topological group, then the image of v will consist of continuous functions in
an appropriate sense, but this condition is vacuous for G finite. Unfortunately, these conditions
together still do not identify the image of ¥. For finite groups G, the image of ¢ can be specified
by complicated congruence conditions known as Borel-Smith conditions [10].

1.2.3 Hu’s Conjectures on Pfister Quadrics

We now come to a somewhat different topic. If we want to study Picard groups in motivic homo-
topy theory, what could be possible examples of invertible objects? Of course in any triangulated
symmetric monoidal category we have 1[1], and also basically by design we have P!. As explained
in the previous subsection, we also always see Pic(End(1)). One might guess that there are no
other examples of invertible objects, but this is false in general. Thinking back to classical stable
homotopy theory, the invertible objects come from the spheres, i.e. the solution sets of equations
of the form
o2 ad 4 =1,

This suggests looking at affine varieties defined by quadratic equations like this. Such varieties
are known as (affine) quadrics. These are defined by equations like

2 2
aixy+ - +apx;, =b.

(Here a; # 0 for all 4, and b # 0.)

Over R, every a; can be chosen to be 1, and it turns out that the homotopy type only depends
on the number of plus coefficients (and we may assume without loss of generality that b = 1, of
course). In motivic homotopy theory over general fields, we have no obvious reason to expect such
collapsing of homotopy types, so we deal with general quadrics.
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The “best” Quadrics are known as Pfister quadrics. They are denoted

<<(11, s an>> = ®?:1(:L'2 - aiy2)'

2 2

—a1y? and ((a1,a2)) = 2% — ayy® —

0 for the affine variety defined by

({a1,...,an)) =Db.
Note that the first term in any Pfister quadric is 22 (i.e. coefficient 1), so if b = 1 then U<1<

This is a quadric in 2" variables. For example ({(a1)) = =
as2? + ayasw?. Write U<b<

at,...,an

Q1,..,an))

has a canonical point, and we can consider the suspension spectrum %>*°U (1< . For general b

a1,...,an))
there is no base point, but we can consider the reduced suspension 0<b<a17~-7an>>. This is a pointed
space and so we can consider its suspension spectrum.
By a very sophisticated analogy with equivariant homotopy theory, Po Hu has arrived at the
following conjecture.

Conjecture 1.3 (Po Hu [53]). For ay,...,an,b € k™ (n>0) there is an isomorphism in SH(k)
1 b ~ 1 1yA2"
E%U aysan ) NEZ Ul o)y = 25U ay, o anyy NP

For n = 0 this conjecture directly implies that the terms on the left hand side are both
invertible, and then for n > 0 it inductively implies that all of the (reduced) spectra of Pfister
quadrics are invertible. In fact the cases n = 0,1 are dealt with in loc. cit., so these provide
examples of “exotic” invertible objects! (One may check that they are not in the subgroup we
described so far, as also done in loc. cit.)

1.3 Overview of the Main Results

The first three subsections provide a tour of the main results of this thesis, arranged in an order
that the author believes is helpful for understanding them in a larger context. This is not the
order of the most efficient proofs, and as such not the order in which the results appear in this
thesis. The actual structure of the thesis is described in the last (fourth) subsection.

1.3.1 Invertible Motives over a Field

As we have seen in the previous section, computing Picard groups can be seriously difficult. As
such we should try to start with the simplest case. Certainly homology is easier than homotopy, so
we should investigate DM before investigating SH. Next spectra of fields (i.e. points) are clearly
simpler than more general base schemes, so we shall concentrate on DM(k, A) for some ring of
coeflicients A. In fact we are mostly interested in the case where A is Z or a ring closely related
to it, like Q, Z[1/n],Z/p.

Recall that M(P!) = 1 @ 1{1}, defining the second summand. Here 1{1} is an invertible
object known as the Lefschetz motive. The notation 1{1} = 1(1)[2] is often used. We write
M{n} = M @ 1{1}®" and similarly for M (n).

Conditional Computation. At least with rational coefficients and assuming the standard con-
jectures, over a field of characteristic zero, it turns out to be possible to give a complete calculation:

Theorem 1.4 (See Corollary ). 1. Let k be a field and l/k a quadratic (Galois) exten-
sion. Then there is a splitting Mg(Spec(l)) = 1 ® Mg(l) € DM(k,Q) (defining the second
summand). Here M (1) is not isomorphic to 1, but M(1)®? ~ 1.

2. Now let k be a field of characteristic zero and assume that the standard conjectures, the
Beilinson conjectures, and the Hodge conjecture hold (over C). Then every element of
Pic(DM(k,Q)) is either of the form 1[m]{n} or of the form M(I)[m]{n}, for unique m,n €
Z and a unique quadratic Galois extension l/k. In other words

Pic(DM(k,Q)) = Homy (Gal(k),Z/2) ® Z ® Z = 7./2[k™ /2] & Z. & 7.
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It is probably possible to prove a similar result for fields in positive characteristic, replacing
the Hodge conjecture by the Tate conjecture, but we are more interested in proving unconditional
results, and are looking at conjectural results only for inspiration. It would be much more inter-
esting to get a conjectural computation with integral coefficients, but the author does not know
how to do this.

Unable to compute the whole of Pic(DM(k)) unconditionally, the author then attempted to
tackle easier sub-problems. The general idea is this: fix some set .S of smooth projective varieties
over k and consider the subcategory of DM(k) generated by the motives of varieties in S. Of
course this depends on the notion of “generated”, but it should be rather clear what we have in
mind: the smallest subcategory of DM (k) containing the motives of all the varieties in .S which
is closed under tensor product, sums, summands, triangles, and isomorphisms.

It turns out that in favourable cases (i.e. for “good” choices of S), the strategy from the
previous section can actually be repeated. That is to say we manage to find a collection of
functors ®' : (S) — C, where each ®' is a triangulated, symmetric monoidal functor, the category
C is easy to understand (in particular we can compute its Picard group), and the action of ®' on
the motives of S is also reasonably explicit. The [ here is some essentially arbitrary index, but
usually we index on finitely generated field extensions of k. Now of course not just any family
{@'}, will do; we need to also be able to identify the kernel of Pic((S)) — [, Pic(C).

In analogy with the situation in equivariant stable homotopy theory, we call the functors ®!
generalised geometric fixed point functors.

The way we cook up such functors is using weight structures. This is an algebraic notion with
a definition that looks very much like t-structures, but behaves very differently in some regards.
Weight structures were invented and applied to motives by Bondarko [13]. They may have been
known under a different name to algebraists earlier than that [88].

Artin Motives. Instead of going into the details of weight structures (for this see Section ,
we shall present some theorems that can be proved with this strategy. The easiest case is perhaps
the Artin Motives. The category DAM(k) is obtained as (S), where S is the set of smooth
zero-dimensional schemes, i.e. the spectra of finite separable field extensions of k.

The category DAM(k,Z) cannot directly be studied using generalised fixed point functors.
However, if k is a p-special field, i.e. all finite separable extensions of k& have degree a power
of p, then DAM(k,Z/p) can be studied using fixed points functors. In fact the functor ®F :
DAM(k,Z/p) — D(Z/p) has the property that ®F (M (Spec(k))) = Z/p[0], and ®* (M (Spec(l))) =
0 for non-trivial field extensions I/k. If I/k is a finite (separable) extension then ®' is obtained
as the composite with base change, i.e. DAM(k,Z/p) - DAM(I,Z/p) — D(Z/p). Note the
very close analogy with equivariant homotopy theory, both in the action of ®* on the generators,
and in the definition of ®! for [/k an extension! Now if we go back to a general base field k and
integral coefficients, then for each prime p we can choose a p-special extension k,/k and then
for every finite separable extension I/k, we get a functor ®' : DAM(k,Z) — DAM(k,Z/p) —

DAM(k,,Z/p) AN D(Ab). If E € Pic(DAM(k,Z)) then ®(E) = Z/p[¢(E)(l)], defining a
function ¢(E) € C(k), where C(k) is an appropriate product of copies of Z.

Theorem 1.5 (See Proposition and Corollary ). The homomorphism
Pic(DAM(k,Z)) — C(k)
is injective. In particular Pic(DAM(k,Z)) is a torsion-free group.

It is important here to use integral coefficients, otherwise the Picard group acquires torsion. For
a typical example, let [/k be a quadratic (Galois) extension. We can consider the reduced motive
M (Spec(l)), fitting into the distinguished triangle M(Spec(l)) — M(Spec(l)) — M(Spec(k)).
One may prove that M (Spec(l)) is invertible and that ¢(M (Spec(l)))(l2) # 0. Thus M (Spec(l))
is of infinite order. But already the image of M (Spec(l)) in DAM(k, Z[1/2]) is 2-torsion.

The next step would be to investigate the image of ¢ in C(k). For general S (assuming
our method works for S), this seems even more hopeless than in the case of equivariant stable



10 1. Introduction

homotopy theory. Even for Artin motives, the author does not know a complete answer. We prove
in subsectionthat the functions ¢(F) satisfy certain congruence conditions quite similar to the
Borel-Smith conditions. Write C(k)Z for the subgroup of C(k) consisting of functions satisfying
these conditions.

In subsection [5.4.4 we investigate a functor from equivariant stable homotopy theory to derived
Artin motives. It was first defined by Po Hu in [52]. We show show that a cotorsion subgroup
JO(k) C O(k)P% is contained in the image of ¢, and actually has been studied before (in a different
guise). The author does not know if JO(k) = im(¢) but contends that this is not the case.

Artin-Tate Motives. As a next step, we investigate Artin-Tate motives. Thus we add 1{£1}
to our set S. Write DATM (k) for this category. We can give a reasonably satisfying computation
of Pic(DATM(k)), allowing for the fact that DAM(k) tends to be complicated. Again weight
structures play a crucial role in the proof.

Theorem 1.6 (See Theorem [5.57}). Every object in Pic(DATM(k)) is (uniquely) of the form
E{n}, for some E € Pic(DAM(k)), n € Z.

Quadrics. We now investigate a somewhat different class of motives, by taking S to be the set
of smooth projective quadrics. Write DQM(k, A) for the resulting category. We note that 1{1} €
DQM(k, A) because split quadrics are Tate, and that DQM(k, A) also contains the motives of
smooth affine quadrics, by considering the Gysin triangle. Again we cannot construct fixed point
functors on DQM(k,Z), but there are helpful functors on DQM(k,Z/2). Write Tate(Z/2) for
the category of finite-dimensional, graded Z/2-vector spaces, with graded homomorphisms. Then
there is a symmetric monoidal triangulated functor ®* : DQM(k, Z/2) — D*(Tate(Z/2)). If X
is the motive of a projective quadric (or a product thereof), then one may write X = T ¢ X',
where T is a Tate motive (a sum of 1{n} terms) and X’ affords no Tate summands (other than
zero). The functor ®* has the property that ®*(X) = T (note that Tate(Z/2) is equivalent to the
category of Tate motives with Z/2 coefficients). Thus ®* “detects Tate summands”.

We may again define more general functors ® by base change. There is a further functor
U : DQM(k,Z) — D(Tate(Z)) which is obtained essentially by geometric base change (note that
all motives of quadrics are geometrically Tate). It turns out that these functors together again
induce an injection on Picard groups:

Theorem 1.7 (See Theorem M) The family of functors {®'},U{¥} is conservative on compact
objects. The induced homomorphism

Pic(DQM(k,Z)) — Pic(D(Tate(Z))) x HPic(D(Tate(Z/Q)))
1

18 1njective.

Note that Pic(D(Tate(A))) = Z & Z generated by A{1} and A[l], for any PID A (say). In
particular Pic(DQM(k,Z)) is again torsion-free. As before, as soon as we consider DQM(k, A)
with 1/2 € A this story changes and in fact we just get Pic(DQM(k, Z[1/2])) = Z/2]k™ /2] ZSZ,
i.e. the same result as we expect rationally.

The family of functors being conservative means that we can detect invertible objects. Since
they are also very computable, this opens to door to proving Po Hu’s conjecture (or at least its
analogue for DM). In fact we obtain the following.

Theorem 1.8 (See Theorems and ). The Hu-Conjecture holds in DM(k).
Additionally, if X is the motive of a smooth affine quadric, then M(X) € DM(k) is invertible.

(Here M(X) denotes the reduced motive of X, i.e. the homotopy fibre of the structural
morphism MX — M(Spec(k)).) We recall that the Hu-conjecture implies the invertibility of
affine Pfister quadrics, so the second part of the theorem is a considerable generalisation of that
statement.
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Applicability of the Method. We have seen a number of cases where we used weight structures
to cook up “fixed point functors” with good properties. It seems reasonable to ask if this can one
day be extended to cover all of DM. The answer to that is probably “no”. The reason is that in
order for a hypothetical functor ® : DM(k) — D(Tate) detecting Tate motives to be symmetric
monoidal (which is surely necessary to study Picard groups) we need that if X,Y are motives
and X does not afford Tate summands, then neither does X ® Y. Put differently, we need the
Tate objects to form a tensor ideal. This is essentially impossible unless .S consists of varieties the
motives of which are geometrically Tate (consider Hodge structures).

Are all invertibles Artin-Tate? The result from Theorem that all elements of
Pic(DATM(k)) are twists of invertible Artin motives might lead one to guess that in fact all
elements of Pic(DM(k)) are twists of Artin motives. This is also compatible with the conditional
computation from Theorem

Unfortunately this is false. The reduced motives of affine quadrics are counterexamples, in
general. Indeed if @) is a positive-dimensional affine quadric then the only Artin-Tate motive
which M@ could be isomorphic to is Z, as one may check by employing the functor L from [5].
But in general MQ # 7 as one sees from the Pic-injectivity theorem above.

1.3.2 Invertible Motivic Spectra over General Bases

Having got a feel for the problem by considering concrete and accessible cases, let us ask the most
general question possible: what is Pic(SH(X)) for any (sufficiently nice) scheme X7 Since we
can barely control the simplest possible situations in the previous subsection, this question seems
hopeless. A rather better question is then: how can we relate the groups Pic(SH(X)) for various
X7

The first guess might be that the assignment X +— Pic(SH(X)) is a sheaf (in the Nisnevich
topology, say). This is true (but not obvious) for X — Pic(DM(X)) (see the proof of Theorem
[3:23). But it is not true for X + SH(X). This is not very surprising. The assignment X — Pic(X)
is also not a sheaf, since indeed all invertible sheaves are line bundles, and so locally triviall Of
course we know that Pic(X) = H'(X,0*), so again there is a complete classification. We can
also deal with X — Pic(D(X)). Write F for the sheaf associated to the presheaf X — Pic(D(X))
(in the Zariski topology). By our computation in Subsection this is just the constant sheaf
Z. There is of course a homomorphism Pic(D(X)) — F(X) and Fausk’s computation implies that
its kernel is Pic(X). We have thus found a two-step filtration on Pic(D(X)) with subquotients
F(X) = H°(X, Pic(D(e))) and Pic(X) = H*(X,0*).

Descent Spectral Sequences. This suggests that perhaps we can find a filtration of
Pic(SH(X)) with subquotients we can understand. Now in appropriate circles “filtrations” imme-
diately means “spectral sequences”, and the best way to get spectral sequences is from filtering a
homotopy type. This idea can be implemented, but it brings in a whole lot of additional technical
sophistication.

We view SH(e) as a kind of presheaf of model categories on the site F't(k) of schemes of finite
type over a fixed field k, say. Of course there are lots of things wrong with the above statement,
but for the purpose of this introduction it is good enough.

Now for any monoidal model category M, there is a space PIC(M) which is obtained by
taking the nerve of the category P C M, where the objects of P are those whose image in Ho(M)
is invertible, and where the morphisms are the weak equivalences. By design, mo(PIC(M)) =
Pic(Ho(M)). Also by design PIC(M) is an H-group, so in particular all connected components
are equivalent. It follows from classical results of Dwyer-Kan that m (PIC(M)) = [1,1]* and
mir1(PIC(M)) = [1]¢], 1] for ¢ > 0 [26].

The idea now is that the assignment X — SH(X) should be a “sheaf” (of model categories)
in an appropriate sense, and that as a consequence of this the assignment X — PIC(SH(X)) is a
“sheaf” (of spaces) in an appropriate sense. One way of making sense of these statements is using
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the theory of oo-categories. In this language, the implication “F a sheaf of monoidal (higher)
categories = PIC(F) a sheaf of spaces” is literally true [72, Proposition 2.2.3]. Moreover the fact
that X — SH(X) is a sheaf is also known in this language, see e.g. [51, Proposition 4.8].

In this thesis we use the language of model categories instead of oco-categories, and in this
language setting up a way to prove that X — PIC(SH(X)) is a sheaf is quite some work. The
upshot, one way or another, is that the assignment yields a simplicial presheaf which is fibrant in
the local model structure (more precisely, globally weakly equivalent to its fibrant replacement,
i.e. satisfying descent). One thus obtains a spectral sequence

Ey* = HY(X,m_,PIC(SH(?))) = m_, o PIC(SH(X)).

This gives the desired filtration on PIC(SH(X)). A similar spectral sequence exists for X
DM(X) or X — D(X). In the former case we have m;(PIC(DM(X))) = 0 for ¢« > 1 and
m1(PIC(DM(X))) = Z* = Z/2. Since constant sheaves have vanishing higher Nisnevich topology,
the spectral sequence collapses at the Fy page and the filtration is actually a one-step filtration,
ie. X = Pic(DM(X)) is a sheaf.

For X — D(X) one has mo(PIC(D(X))) = Pic(D(X)), and the sheaf associated with that
is Z. We also have 7 (PIC(D(X))) = O(X)*, and m;(PIC(D(X))) = 0 for ¢ > 1. Thus we get
back the motivating two-step filtration.

Locally Trivial Objects. The first step of the filtration on Pic(SH(X)) comes from the homo-
morphism Pic(SH(X)) — (anisPic)(X), where an;sPic denotes the Nisnevich sheaf associated
with the presheaf X — Pic(SH(X)). In other words, the kernel of this homomorphism is precisely
the group Pic’(SH(X)) of Nisnevich-locally trivial invertible spectra.

One may show that if £ € SH(X) is such that there is a Nisnevich covering f : U — X
and f*E ~ 1, then E is invertible. Thus Pic?(SH(X)) is just the set of equivalence classes
of locally trivial spectra. Studying locally trivial objects of various kinds has a long-standing
tradition in topology. Let us write H(X) for the unstable motivic homotopy category and H.(X)
for the unstable pointed motivic homotopy category. Write LOC(H., (P*)"")(X) for the space of
objects in H.(X) which are Nisnevich locally weakly equivalent to (P!)"\". Given such a space
T € H.(X), the desuspended suspension spectrum %°°(T) A (P1)A~" is locally equivalent to 1,
i.e. defines an element of Pic’(SH(X)), by our previous remarks. This defines (more or less)
a morphism LOC(H., (P1)"") — PIC°(SH(X)). This way we can relate the stable problem of
finding locally trivial invertible spectra to the unstable problem of finding spaces locally weakly
equivalent to our spheres (P1)"\".

We can make the relationship precise: smashing with P! defines a map LOC(H.., (P1)"")(X) —
LOC(H., (P1)A"T1)(X) and one may prove that this induced a map

colim,, LOC (H.., (P*)"")(X) — PIC°(SH(X))

which is in fact a weak equivalence, see Proposition [2:33]

The assignment X +— LOC(H.,T)(X) is a simplicial presheaf, which is in fact fibrant in
the local model structure, and in good cases even Al'-local. It follows in particular that the
assignment X — wo(LOC(H.,T)(X)), i.e. the functor of equivalence classes of locally trivial
objects over X, is representable in H,(k)! This representability problem has been studied before,
if in a slightly different guise, by Wendt [I14], Section 5]. He shows that the representing space
(i.e. LOC(H.,T)) is weakly equivalent in the local model structure to BAut"(T), the monoid of
homotopy self-equivalences of T. We reprove Wendt’s result by completely different means, see

Corollary

1.3.3 Bridging the Gap

We have studied (to some extent) the two extremes in the spectrum of possible problems about
Picard groups in motivic homotopy theory, i.e. both Pic(SH(X)) for general X, and Pic(DM(k))
for fields k. It seems reasonable to ask how we can related the two problems. There are two
reductions: from general bases to fields, and from SH to DM.
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From General Bases to Fields When studying Pic(D(X)), we have seen that the natural
inclusions of points i, : {#} — X yield functors i : Pic(D(X)) — Pic(D(x)), and that the
kernel consists precisely of those objects which are locally on X trivial (equivalent to @[0]). When
studying SH(X), the inclusion 4, still induces % : SH(X) — SH(xz). It turns out that in
favourable cases, we can prove a result completely analogous to the situation with D(X).

Theorem 1.9 (See Theorem ). Let k be a field of characteristic zero containing v/—1 and
let X/k be a smooth variety. The kernel of the homomorphism

Pic(SH(X)) — [] Pic(SH(x))
reX

consists precisely of the Nisnevich-locally trivial invertible spectra, i.e. the subgroup Pic®(SH(X)).

Some comments are in order. The product is not only over closed points, but over all points.
This is because the result is proved using a technique called recollement (or gluing). The as-
sumption of characteristic zero is necessary because we use resolution of singularities. The author
believes that it should be possible to remove it in an appropriate sense, but this is likely quite
hard. The assumption that k contains v/—1 is a technical one that can likely be dispensed with
more easily. (See also the comments after the proof of Theorem [3.22])

Let us point out that in general, Pic’(SH(X)) is non-trivial. There is a homomorphism
Pic(X) — Pic®(SH(X)), coming from the invertibility of Thom spaces of vector bundles over X.
There is also a homomorphism Pic®(SH(X)) — H (X, GW ) which one can get from the spectral
sequence. Here GW is the sheaf of unramified Grothendieck-Witt theory, which is closely related
to endomorphisms of the sphere spectrum. The composite Pic(X) = H(X,0*) - H'(X,GW™)
is just the homomorphism induced by functoriality from O* — GW, a — (a). It thus suffices to
exhibit a space X and an element of Pic(X) which is not killed by this homomorphism.

We take X = P!. The Mayer-Vietoris long exact sequence for the cover P! = A' UA! together
with homotopy invariance of GW*, 0% yields identifications H!(P*, 0*) = O*(G,,)/O*(x) = Z
and HY(PY,GW*) = GW(G,,)/GW (x). Since GW is unramified we get an injection
HY(PL,GW™) — GW(k(X))/GW (k). Using the interpretation of GW (K) for fields as the
Grothendieck ring of isomorphism classes of bilinear spaces over K, we finally find that
HY(P,0*) — HYP!,GW™) is not the zero map (the tautological element on the left is not
killed).

From SH(k) to DM(k). The second step is to reduce from homotopy to homology. Actually
this is essentially always possible, in an easily controlled way, when using the “right” notion of
homology. In our situation this means working with D1 (k). Indeed one may fairly easily prove:
the functor M’ : SH(k) — D1 (k) is conservative on connective objects, and induces an injection
on Picard groups. This is completely analogous to the situation with C, : SH — D(Ab) in
ordinary stable homotopy theory.

However, we do not want to use Da1(k) but DM(k). This makes the situation much harder.
We manage to prove the following result.

Theorem 1.10 (See Theorems and ). Let k be a perfect field of finite 2-étale cohomo-
logical dimension and exponential characteristic e. The functor M : SH(k). — DM(k, Z[1/e]) is
conservative on compact objects, and induces an injection on Picard groups.

Here SH(k). denotes the category of e-local objects, i.e. those E € SH(k) such that E % E is
an isomorphism. Recall that if k is of characteristic zero then e = 1, whereas if k is of characteristic
p > 0 then e = p. Contrary to the previous theorem, the assumption of finite 2-étale cohomological
dimension is essential in this one.

As a corollary, we find that the Hu-conjecture [1.3|is true for fields as in the theorem.
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1.3.4 Organisation of this Thesis

As mentioned before, the structure of this work does not follow the path described in the previous
subsections. Let us be more specific. Principally, the thesis is split into a main body and an
appendix.

The main purpose of the appendix is to develop in the language of model categories the
background to give meaning to the statement “X — SH(X) is a sheaf of model categories” and
to prove “hence X — PIC(SH(X)) is a fibrant simplicial presheaf (in the Nisnevich topology)”.
This is quite a lot of work, but we judge it to be not very interesting (and thus relegate it to an
appendix), since it is essentially known already in the language of oco-categories.

Since all the background material is in appendix [A] in chapter [2] we can jump right in. We
introduce formally the categories SH(X) and their model categories, and prove that we get a
sheaf of model categories (in the sense of the appendix). Hence we get essentially for free the
descent spectral sequence for classifying spaces of invertible (or locally trivial) objects. We also
study the relationship between stable and unstable classifying spaces of locally trivial objects, and
between pointed and unpointed locally trivial objects. Finally we show that objects which are
locally trivial in the cdh topology are actually already locally trivial in the Nisnevich topology.
While this result may seems slightly esoteric, we make good use of it in the next chapter.

Chapter [3| mostly leaves the world of model categories. We study invertible objects in SH(X)
at the level of the triangulated category. Recall that the assignment X — SH(X) satisfies the
“six functors formalism” [I8, Introduction]. In particular, if j : U C X is an open subscheme with
reduced, closed complement i : Z C X, then there exist so called gluing triangles. One speaks
of a recollement or gluing of the triangulated categories SH(X),SH(U) and SH(Z). This is of
course classical. It is well-known that in such a situation, given E; € SH(U) and E, € SH(Z)
the objects E € SH(X) with *E ~ FE5 and j*E ~ FE; can be classified. We want to study
the kernel of Pic(SH(X)) — Pic(SH(U)) x Pic(SH(Z)). This does not follow immediately
from the classification alluded to above, because i*F ~ 1 and j*E =~ 1 does mot imply that
E is invertible! (For example consider i1 & j11.) We prove that the kernel of Pic(SH(X)) —
Pic(SH(U)) x Pic(SH(Z)) can nonetheless be classified in a very similar manner.

In the rest of the chapter, we exploit this result on gluing of symmetric monoidal categories and
their Picard groups to prove that pointwise trivial invertible spectra are locally trivial, and that
pointwise trivial invertible motives are in fact trivial. The proof uses resolution of singularities in
an essential way, and so only works in characteristic zero.

Chapter [f]is dedicated to what we call the Motivic Hurewicz Theorem. This has to do with the
functor M : SH(k) — DM(k). More specifically, each of the categories SH(k), DM (k) admits
a t-structure. Let us write m;(E) for the homotopy objects of E € SH(k), and h;(F') for the
homotopy objects of ' € DM(k). We write SH(k)¥, DM (k)" for the hearts, so r,(E) € SH(k)®
and h;(F) € DM(k)®. The motivic Hurewicz theorem says that if w,(E) = 0 for i < 0, then
h;(ME) =0 for i <0 and that hy(E) can be determined solely from knowing m,(E) (in a specific
way which we do not explain here). The principal application is to prove that if &k is a field of
finite 2-étale cohomological dimension, then the functor M is conservative on compact objects,
and induces an injection on Picard groups. This is proved by using Levine’s work on Voevodsky’s
slice filtration.

Finally in chapter |5| we go back to doing concrete computations. We introduce in detail the
construction of the category DM(k, A) and prove some results about the behaviour of the Picard
group under changing the coefficients (A) or the base field (k). We then introduce Bondarko’s
weight structures and prove our general abstract fixed point functors theorem. Most of the rest
of the chapter consists of applications of this theorem combined with the general remarks about
change of coefficients and base. We prove the invertibility of affine quadrics and establish the
“DM(k) version” of Hu’s conjecture. Then we study Artin and Artin-Tate motives, and finally
Tate spectra (i.e. the triangulated, symmetric monoidal, thick subcategory of SH(k) generated by
St and ¥°°(P1)). In the last section we explain the conditional computation of Pic(DM(k,Q))
assuming the standard conjectures.

More details can be found in the chapter introductions.



1.4 Notations and Conventions 15

1.4 Notations and Conventions

Smallness Issues. Recall that a (locally small) category C is defined as a class Ob(C) of objects
together with for each X, Y € Ob(C) a set Hom(X,Y'), and composition operations, satisfying
certain conditions. The category C is called small if Ob(C) is a set (i.e. not a proper class).

In this case it is possible to consider the nerve N(C) (see Section. This is a simplicial set.
An issue arises when we wish to talk about nerves of categories that are not small, and perhaps
not even essentially small. In this case N(C) would be a “simplicial class”, and it is not an object
of the category of simplicial sets.

We elect to ignore this problem. The reason is that there is a standard method of fixing this
problem, and we feel that employing it systematically would mostly serve to obscure notation.
The most correct way of treating the problem is by considering universes. This is exemplified
in [94, Chapter 5]. Essentially whenever we perform any constructions, we perform them inside
a “very large set” U. So for example, a U-small category C is one such that Ob(C) € U. Then
one may (say) form the category C' = Fun(C°,U — Set). This is no longer U-small, in general.
However there exists a larger universe U € V such that C’ is V-small. It follows that N(C’) is a
simplicial V-set, and so on.

In many cases, the situation becomes simpler when considering homotopy. For example if C, D
are equivalent V-categories (say), then N(C) and N(D) are homotopy equivalent V-simplicial
sets. Now suppose that Cy is a U-category which is equivalent to C as a V-category. There is
an embedding of simplicial U-sets into simplicial V-sets, and similarly on the level of homotopy
categories: Ho(sSety) C Ho(sSety). Consequently N(C) € Ho(sSety) is in the essential image
of Ho(sSety), being equivalent to N(Cp). Such categories C are called essentially U-small, and as
we have seen we can treat their nerves as existing up to homotopy in the universe U.

Terminology. By a Karoubi-closed category we mean an additive category such that every
idempotent endomorphism splits off a summand.

Notations. See Table [I.1] for some of the notations that we frequently use. If appropriate, the
third column references a section where the notation is further explained.

We warn that we sometimes (slightly) abuse notation by starting with E, F' € Ho(C) and then
writing E ~ F or [E, F] where we should really be writing £ = F and Hom(E, F'). This should
not cause confusion because Ho(Ho(C)) does not make sense.
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notation explanation section
. adjunction between categories C, D with left adjoint
F:c=D:U F' and right adjoint U
1, 1c unit of a monoidal category C
&, N product in a monoidal category
Ho(C) homotopy category of model category C
ExF isomorphism between E and F
E~F weak equivalence between F and F'
Hom(E, F) set of maps from E to F
Map(E, F) space (simplicial set) of maps from F to F
[E, F) maps from E to F' in the homotopy category
MX motive of a scheme or motivic spectrum X
MX reduced motive
MA{n} Tate twist of motives 5.2.2
homotopy/homology sheaves of motivic spec-
.(B)e; b (E)- trum/motive E
SH(X) stable motivic homotopy category over X
DM(X) triangulated category of motives over X

Table 1.1: Notations and symbols employed.



Chapter 2

Classifying Spaces of Invertible
Objects

We now begin in earnest our study of invertible objects in motivic homotopy theory. More specif-
ically, in this chapter we shall study the classifying spaces of invertible (or locally trivial) objects.

This chapter is somewhat technical, in particular since it relies heavily on the appendix. For
this reason we begin in the next section with a gentle introduction to the main ideas and results.
For an overview of the organisation of the rest of this chapter, see Subsection [2.1.3]

2.1 Introduction to Chapter Two

2.1.1 Results in Concrete Terms

Let X be a smooth scheme over a (perfect) field k. We write SH(X) for the motivic stable
homotopy category over X. This is defined in more detail later, but basically it is the category
obtained from simplicial presheaves on Sm(X) by working Nisnevich-locally, contracting the affine
line, and inverting the Riemann sphere P!. This is a symmetric monoidal, triangulated category. If
f: X — Y is a morphism of smooth schemes, there is a pull-back functor f*: SH(Y) — SH(X).

An object E € SH(X) is called invertible if there is an object F such that E A F ~ S. Here
A denotes the monoidal operation (“smash product”) and S the monoidal unit (we often also also
write ® and 1, respectively). The isomorphism classes of invertible objects form an abelian group
(under smash product) denoted Pic(SH(X)).

An invertible object E € SH(X) is called locally trivial if there is a Nisnevich cover f : U — X
such that f*(F) ~ S € SH(U). (In fact any locally trivial object is already invertible.) We write
Pic®(SH(X)) C Pic(SH(X)) for the subgroup of locally trivial objects.

One of the main aims of this chapter is to study the presheaf Pic’(SH) : X — Pic’(SH(X)).
As already mentioned in the introduction, this presheaf is not a sheaf in the Nisnevich topology, and
this is not very surprising. In order to explain the descent properties of the Picard group, it turns
out that it is actually better to consider the Picard space. For X € Sm(k) there is a simplicial set
PICY(SH(X)) which we call the Picard space. One has m(PIC°(SH(X))) = Pic’(SH(X)), but
there are also higher homotopy groups. In fact 71 (PIC°(SH(X))) is the group of automorphisms
of S € SH(X), and for i > 0 we have m; 1 (PIC°(SH(X))) = [S[i], S]. So this space incorporates
the automorphisms and higher homotopy groups of the tensor unit.

Moreover one can set things up in such a way that the assignment PIC°(SH) : X
PIC°(SH(X)) is a presheaf of simplicial sets on Sm(k). Moreover it is a “derived sheaf” of
simplicial sets, in a precise sense. Recall that the category sPre(Sm(k)) affords both global and
local model structures. The homotopy category Ho(sPre(Sm(k))q) consists of “homotopical
presheaves” on Sm(k), and the homotopy category Ho(sPre(Sm(k))nis) C Ho(sPre(Sm(k))g)
consists of “homotopical sheaves”. (Such homotopical sheaves are characterised among homo-
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topical presheaves by a similar but more complicated descent condition than ordinary sheaves,
see Theorem ) When saying that PIC°(SH) is a “derived sheaf”, we mean that the image
of PIC°(SH) in Ho(sPre(Sm(k))g) does in fact lie in the subcategory Ho(sPre(Sm(k))nis) of
homotopical sheaves.

We can describe the space PIC?(SH(X)) € Ho(sPre(Sm(k))nis) more directly. To do so,
recall that SH(X) is a simplicial model category, for every X. Let sx : X — Spec(k) be the
structural map. Choose a cofibrant-fibrant replacement S of S € SH(k). Then %S is still
cofibrant-fibrant, and so a replacement of S € SH(X). There is the simplicial mapping space
Map(s% S, s%S). We have mo(Map(s S, s%)) = [S,S]. By retaining only those components of
the space corresponding to invertible endomorphisms, we obtain a new space Auth(s}g). Then
mi(Aut(s%.8)) = w1 PIC(SH(X)) for all i > 0, so this suggests that we are on the right track.
In fact Auth(s}g ) is a simplicial monoid, and so we can apply the classical nerve (or classifying
space) construction to obtain a delooping BAut"(s%S).

All of these delooped spaces BAut"(s% S ) are functorial in X, so fit together to yield a simplicial
presheaf BAut"(S) € sPre(Sm(k)). One may then show that PIC°(SH) is “the associated
homotopical sheaf” of BAut"(S). In particular

[Xa BM}L(S)]HO(SPTG(Sm(k))Nis) = PZCO(SH(X))

What we have described so far are some of the ingredients of the proof of Corollary It should
be mentioned that Matthias Wendt has obtained essentially the same result by a very different
method [II4] Section 5.

Having set up this machinery we are able to prove several interesting related results. (See

Subsection for an overview.)

2.1.2 The Language of Quillen Sheaves

The most difficult part of the argument outlined in the previous subsection is to show that
PIC°(SH) is a homotopical sheaf. We do this by arguing that the assignment X +~ SH(X)
is a “homotopical sheaf of categories” and that the functor PIC? preserves the sheaf condition,
in an appropriate sense. These ideas pull in the technical complications.

In order to make sense of a homotopical (pre)sheaf of categories, we have the notion of a 7-
Quillen presheaf, see section What this means is that we have a category C, in our case Sm(k),
together with a notion “7” of covering family, in our case 7 = Nis. A 7-Quillen presheaf M on
C then consists of for each X € C a Quillen model category M(X) and for each f: X - Y €C
a pullback functor f* : M(Y) — M(X). These pullbacks are always required to be left Quillen
functors. If moreover f occurs in a covering family, then f* is also required to be right Quillen. In
our example, we have for each X € Sm(k) the model category SH(X). The pullback functors are
always left Quillen, and it is well known that pullback along smooth morphisms is right Quillen.
The morphisms of schemes occurring in covering families are precisely the étale morphisms, which
are smooth, so we do get the left adjoints the definition of 7-Quillen presheaf asks for.

We often need to specify additional attributes on model categories, like simplicial, monoidal,
proper etc. If M is a 7-Quillen presheaf, we usually say that M has a certain attribute if each
M(X) has that attribute. Sometimes we ask for more, for example for a monoidal 7-Quillen
presheaf we require that f* be a monoidal functor, and so on.

One crucial property of a 7-Quillen presheaf is being a sheaf. We do not explain here what
this means, see section for a reminder or section for the details. Most of the appendix is
dedicated to developing techniques to show that X +— SH(X) is a 7-Quillen sheaf, and that PIC°
of a monoidal 7-Quillen sheaf is a homotopical sheaf (of spaces).

2.1.3 Overview of the Chapter

In Section we recall some notions from the appendix. After that we explain the construction
of the model categories H(X), H.(X),SH(X) and some variants. The main aim is to use results
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from the appendix to ensure that these are sheaves of model categories, more specifically 7-Quillen
sheaves.

In Section [2:3] we construct the classifying spaces we are interested in. These come in two
variants. In the first subsection we construct the presheaf of monoids of homotopy automorphisms
Mh(T) of an object T, and its classifying presheaf BM}L(T). This has the appeal of being
reasonably straightforward to define, and is also very similar to classifying space constructions in
topology. Unfortunately these spaces are hard to manipulate. In the second subsection we explain
two alternative constructions using nerves of model categories. The first is denoted LOC(M,T)
and is the classifying space of objects locally weakly equivalent to T'. The second is denoted
GLOB(M,T) and is the space of objects globally weakly equivalent to T'. Here M is a presheaf
of model categories on some site (C, ) with final object *, T € M(x), and we say that £ € M is
locally weakly equivalent to T if there exists a cover Uy — X such that E|y, is weakly equivalent
to the pullback of T" for each i. We say that E is globally weakly equivalent to 7" if it is weakly
equivalent to the pullback of T'.

In Section we compare the various classifying spaces. We show that BM}L(T) is weakly
equivalent in the global model structure on simplicial presheaves to the space GLOB(M,T).
Moreover the space GLOB(M, T') is weakly equivalent to LOC (M, T) in the local model structure,
and the latter space satisfies descent. In particular, [X, BM}L(T)}T = 1o LOC(M,T), and we get
a descent spectral sequence. We also investigate what happens with these classifying spaces when
passing from a model category M to its pointed version M, (if Tx € M., is highly connected,
then so is the map BM’;(T*) — BM}L(T ), where T" denotes the unpointed object underlying
T,) and when passing from a monoidal model category M to a stabilisation Stab(M, P) (in good
cases the classifying space of ¥°°(T') is the colimit of the classifying spaces of T ® P®™). The
final subsection illustrates these rather abstract results by applying them in concrete terms to our
favourite sheaves of model categories SH, H., H.

In the final Section [2.5| we prove a comparison result between the classifying space of locally
trivial objects in SH and in SH. Here by SH we mean the “big” version of SH, built by starting
with all varieties over the base and the cdh topology, instead of smooth varieties and the Nisnevich
topology.

2.2 The 7-Quillen Sheaves of Interest

We rapidly recall some definitions. See the appendix for more details, in particular Section

Recall that a 7-Quillen presheaf M on a Verdier site (C,7) consists of a pseudofunctor M :
C°P — MCat", satisfying certain properties. This means in particular that for every X € C we
are given a model category M(X), for every morphism f: X — Y € C we are given a left Quillen
functor f* : M(Y) - M(X), and that the functor f* is also right Quillen whenever the morphism
f is basal, which essentially means “part of a covering family”. The left adjoint to f* is denoted
f#, the right adjoint f..

A 7-Quillen presheaf M is called proper, combinatorial etc. if each M(X) has this property. It
is called simplicial or monoidal if each model category M(X) has this property, and so does each
restriction functor f*. For M to be simplicial we moreover ask that each of f,, fx is simplicial and
so is the adjunction. (But we do not ask for fx, f. to be monoidal in order to call M monoidal.)

If M is a monoidal 7-Quillen presheaf, then for every basal map f : X — Y and every
E e MY),F € M(X) there is (by adjunction) a natural map fx(F ® f*E) — fx(F)® F. We
say that M satisfies the projection formula if this map is always an isomorphism. (This notion is
introduced in Section Its main utility is seen when considering spectra in Subsection )

A 7-Quillen presheaf is called a sheaf or is said to satisfy descent if C is suitable (this is
a technical condition which is almost always fulfilled in practice), M is combinatorial and left
proper, if for every internal hypercover ¢ : Uy — X € C, the natural right Quillen functor

¢ : M(X) — holima M(Us,)

is a Quillen equivalence, and if M(U;X;) — [[, M(X;) is a Quillen equivalence. See Definition
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for the details. Homotopy limits of diagrams of combinatorial, left proper model categories
are defined in section (The definition uses Bousfield localisation, which is why we need
properness and combinatoriality.)

Theorem together with the results in section provides a plethora of 7-Quillen sheaves
to work with. We always start with some base site (S, 7), where typically S is a category of
schemes, say smooth over a fixed field k, or of finite type over k, etc. We now want to construct
a 7-Quillen (pre)sheaf on S. For this it is convenient to start with a 7-fibred Verdier site C on
S. This term is defined precisely right before Theorem [A-88 but it roughly means that for every
X € C we are given a Verdier site (C(X), 7x), for every morphism f: X — Y € S we are given a
restriction functor f* : C(Y) — C(X) and, if f is basal, then f* has a left adjoint fzx. The various
topologies have to be compatible in appropriate ways (in particular f* and fx preserve covering
families), and if all of these conditions are fulfilled, Theorem provides us with a 7-Quillen
sheaf

sPre(C): 8> X — sPre(C(X))ry proj

with good properties. The right hand side denotes the projective 7x-local model structure on the
category of simplicial presheaves on C(X), see Section We think of sPre(C)(X) as a model
category of spaces over X.

We want to modify these model categories of spaces, to obtain more specialised categories.
This involves three steps: pointing, Al-localisation, and P!-stabilisation. These can actually be
done in any order, except that pointing should come before stabilisation.

Consider first Al-localisation. For this, let us fix a cartesian section

A:S5 X — A(X) € C(X).

This just means that for f : X — Y € S we have that A(X) = f*A(Y). Denote by
L s(x)sPre(C)(X) the Bousfield localisation at the set of maps Rpga(x) — Rr, where T € C(X)
and Rp denotes the presheaf represented by T'. Then we obtain a 7-Quillen presheaf

LasPre(C): X v Lyx)sPre(C)(X).

Theorem shows that this construction has good properties. As pointed out there, it is not
entirely formal that monoidal model categories are preserved under localisation. This is not a
problem in our situation:

Lemma 2.1. The assignment LasPre(C) is a simplicial, tractable, proper, monoidal 7-Quillen
sheaf which satisfies the projection formula.

Proof. We note that sPre(C) is monoidal and satisfies the projection formula, by Theorem
From this it follows easily that Theorem applies (use that representable objects are cofibrant,
see Theorem [A.23). We thus need only show that (LasPre(C))(X) is monoidal. For this we use
Theorem The representable presheaves form small homotopy generators. The condition in
the theorem then boils down to the observation that for any 7, U € C(X) the map Ry X Ryxa —
Rr x Ry is an A-weak equivalence, which is clear. O

The next step is usually to pass to pointed spaces. Typically S has a final object * and each
C(X) has finite products and in particular a final object which is preserved under the restrictions
f*. We write

sPre(C)s : X — x/sPre(C)(X)

for the pseudo-presheaf which has as sections the pointed versions of the categories sPre(C)(X).
This just means that cofibrations, fibrations and weak equivalences are detected under the for-
getful functor sPre(C)«(X) — sPre(C)(X). Theorem shows that this construction has good
properties.

We can similarly point the localised 7-Quillen sheaf L4sPre(C) to obtain LasPre(C).. (Lo-
calisation and pointing commute in a precise sense, so we shall not notationally make the order of
the two processes explicit.)
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Next we need to perform P!-stabilisation. For this, we choose a cofibrant object P € sPre(C).(x)
and put P(X) = (X — #)*P € sPre(C)«(X). Then each P(X) is cofibrant, and we wish to form
a category of P(X)-spectra. More generally, given a monoidal model category M and an object
P € M, there are (at least) two ways of going about forming model categories of spectra. There
is the model category Stab(M, P) consisting of naive spectra, i.e. sequences (X1, Xs,...) with
bonding maps X; ® P — X;;. This model category is not monoidal. There is also the category
Stab®(M, P) of symmetric spectra. These have a more complicated definition, but the advantage
is that the category of symmetric spectra is monoidal. In good cases, the model categories of
spectra and symmetric spectra are related by a zig-zag of Quillen equivalences. See Section
for more details.

Getting back to our 7-Quillen sheaf story, both the Stab(M, P) and the Stab™(M, P) con-
struction are functorial in M in an appropriate sense, so it is quite plausible that we can define
7-Quillen presheaves

Stab(LasPre(C)., P) : X — Stab(LasPre(C).(X), P(X)),
Stab™(LasPre(C)s, P) : X — Stab®(LasPre(C).(X), P(X)).

Theorems [A.102] and [A.108| establish good properties of these 7-Quillen presheaves. Namely,
both are left proper, tractable, simplicial 7-Quillen presheaves. Stab(LasPre(C)., P) is in fact
a 7-Quillen sheaf, and Stab”(LasPre(C)., P) is symmetric monoidal and satisfies the projection
formula; however the author cannot directly prove that it is a sheaf. Corollary and the
paragraph thereafter explain that in good cases, the 7-Quillen presheaf Stab™(L ssPre(C)., P) is a
sheaf, essentially because it is related to Stab(L asPre(C)., P) by a zig-zag of Quillen equivalences.

Now let us be a bit more specific. We use S = F't(k), the category of schemes of finite type
over some field k. (This is not the most general choice possible, but general enough for what we
intend to do.) We let T denote one of {Zar, Nis,et}, i.e. either the Zariski, Nisnevich or étale
topology. We put C(X) = Sm(X), or C(X) = Ft(X)cdn, where cdh stands for the cdh topology.
(We always use the “same” topology on S as on C.) Of course we choose A = A! and for P we
use an appropriate model of P! pointed at one, such as P!, T or S' A G,,.

Definition 2.2. We use the following notation.
H, = LyisPre(Sm, )
Hyr = Lpy1sPre(Sm, 1),
SH, = Stab™(LyisPre(Sm, 7)., P)

Hean, = LarsPre(Ft, cdh)
H, can = LarsPre(Ft, cdh).
SH gy, = Stab™(LprsPre(Ft, cdh)., P).

When omitting T, we mean the Nisnevich topology:

H= HNis
H* - H*,Nis
SH =SHnis-

We will not actually use the étale versions of these categories, except for illustrative purposes.
The “big” version SH, .y, will only be used in Section We can then summarise the above
discussion as follows.

Theorem 2.3. Fach of the above twelve assignments defines a closed symmetric monoidal, com-
binatorial, left proper, tractable, simplicial Quillen sheaf (in the respective topology) on Ft(k).
The unstable model categories in the Zariski, Nisnevich and cdh topologies are almost finitely

generated (see Section .
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Proof. To only thing that remains to be proved is the almost finite generation. This follows easily
from Corollary [A742] and the remark thereafter. O

Remark 1. It is possible, but harder, to repeat this story with DM in place of SH. Using the
results of [20] and [I9] one may define similar 7-Quillen presheaves DM, DM, and show that
they are sheaves. The results we are going to prove for SH are not very interesting in the case of
DM as explained in Chapter [3l Thus we shall not construct DM in detail here and just use it
for illustrative purposes.

Remark 2. There is an A'-weak equivalence P! ~ S' A G,,,. Consequently inverting P! also in-
verts S', which implies that the homotopy categories SH(X) = Ho(SH (X)) etc. are triangulated.
One may also invert only S!, obtaining 7-Quillen sheaves

SHS (X) = Stab™ (Lp: sPre(Sm, Nis), S)(X),

etc. These categories have less geometric significance than their P! counterparts but they have
triangulated homotopy categories and so are sometimes easier to handle than the unstable cate-
gories.

2.3 The Classifying Spaces of Interest

Having constructed our 7-Quillen (pre)sheaves, we now need to extract classifying spaces from
them. As explained in the chapter introduction, there are two related ways of going about this.
In subsection [2.3.1] we introduce the monoids of homotopy automorphisms and perform the bar
construction on them, yielding spaces which have clear geometric significance. In subsection
we introduce a different classifying space construction using nerves of categories of weak
equivalences. These are somewhat more arcane, but turn out to have good properties which are
easy to establish.

2.3.1 Monoids of Homotopy Automorphisms

Let (C,7) be a Verdier site with final object * and M a simplicial 7-Quillen presheaf on C. Write
P = P for the subcategory of C consisting of those objects X € C such that (X — x)* :
M(x) = M(X) is right Quillen. Of course P contains all objects occurring in coverings of *, but
frequently it is larger. In fact if (C,7) = (F't/S,7) with 7 € {Zar, Nis, et} then P is Sm(S), and
it (C,7) = (F't,cdh) then P =C.

For reasons of convenience we shall now define certain classifying spaces as presheaves of
simplicial sets on P. We will see later in this chapter that restricting to P is not really necessary.

Thus, fix E € M(x) which is fibrant and cofibrant. For X € P, write Ex = (X — *)*E. Since
(X — #x)* is bi-Quillen by assumption, Ex is also cofibrant and fibrant. We would like to define
an object Hom’, (E, E) € sPre(P) by

Homp (E, E)(X) = Map(Ex, Ex),

where Map denotes the simplicial mapping space in M(X). This has the correct homotopy
type because Ex is fibrant and cofibrant. There is the small problem that M : C — MCat®
is not a functor, but (in practice) just a pseudo-functor. See section for a review of these

objects. For now we recall some basics. M being a pseudofunctor means in particular that

given X 1 v % Z € ¢ we do not have (in general) f*¢g* = (f o g)*, but only a natural

isomorphism f*g* = (fog)*. Consequently Hom’, (F, E) as currently defined is not a (simplicial)
presheaf, because the functoriality in C only holds “up to natural isomorphism” (essentially, up to
homotopy).

Fortunately there is an easy way out. Given a pseudofunctor M, there is always its rectification
or strictification M — M”, see Theorem and the paragraph thereafter. What is important
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for us is that M" is a strict functor on C such that M(X) = M"(X) are equivalent categories.
In particular M" is also a 7-Quillen presheaf and inherits essentially all properties (simpliciality,
monoidality, being a sheaf, etc.) that M may have. We now define

Homy (E, B)(X) == Mapu-(x)(Ex, Ex).

Here E € M () is the image of E € M(%); it is cofibrant and fibrant. Now Homy(E, E) is a true
simplicial presheaf. We can form the associated m, presheaf

(mgHomy (E, E))(X) = mo(Homp (E, E)(X)).
Because of the assumption that E is fibrant-cofibrant we have
moHomp (E, E)(X) = moMap®(Ex, Ex) = [Ex, Ex]mo(m(x))-

We let my(Homp(E, E))* denote the sub-presheaf which has as sections over X those elements
of [Ex, Ex] which are invertible in Ho(M(X)). (This is a presheaf because the induced re-
striction maps f* : moMap(Ex,Ex) — moMap(Ey, Ey) coincide with the derived restrictions
Rf*: Ho(M(X)) — Ho(M(Y)), again because Ex is cofibrant and fibrant.)

Definition 2.4. The presheaf of homotopy automorphisms of E in M is the pullback

Autlh (E) ———  Homy(E,E)

! !

lo(mp(EvE))X E— Eo(mp(EaE))-

It is an element of sPre(P).
The classifying space of homotopy automorphisms of E in M is the sectionwise bar construc-
tion
(BAutls (E))(X) := B(Autls(E)(X)).

Recall that the bar construction B or merve N is a functor from simplicial categories to sim-
plicial sets [27, 1.4(vi)]. Applied to ordinary categories one obtains the usual nerve as recalled in
(and in this situation usually the letter N is used). Applied to simplicial monoids such as
Hom, (E, E)(X) one obtains a generalisation of the simplicial construction of the classifying space
of a group (and in this situation usually the letter B is used).

We again end this subsection with the concrete examples we are interested in. It is fair to say
that the main object of study of this chapter is

BAut"(1sy) == BM’IZSH(ﬂ) € sPre(Sm(k)),

where 1 € SH(k) is a cofibrant-fibrant replacement of the tensor unit. We will also be interested
in
BAut!((P)"") = BAut), (P'")

and in

BAut"((B')™) := BAutls, (P'").

We refer to these as classifying spaces of pointed and unpointed homotopy automorphisms of
(PY)"" ) respectively. Here P\" again denotes a suitable cofibrant-fibrant replacement.

Remark 1. As our somewhat sloppy notation suggests, BAut" (X) is actually a weak equivalence
invariant of X, so that for example the exact choice of cofibrant-fibrant replacement does not
matter. These and many other properties can be proved without difficulty directly, but they will
also follow more elegantly from the alternative construction to be given in the next subsection.
See Section 2.4l
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Remark 2. Some of our classifying spaces BAut" coincide (in a somewhat roundabout way)
with those studied by Wendt [I15], Section 5.3]. We will derive from our results in Section an
alternative proof of his main theorem.

2.3.2 Nerves of Categories of Locally Trivial Objects

We again start with a Verdier site (C, 7) and a 7-Quillen presheaf M on C. For now it is not neces-
sary to assume that M is simplicial. We want to define the classifying space of weak equivalences
in M. For this, given X € C we consider the category M(X)¢ consisting of the cofibrant objects
in M(X), with morphisms the weak equivalences. This is just an ordinary category, and we are
interested in its nerve N(M(X)S). See Section for a review of some of the properties of
this construction (and see Section for some comments about smallness issues). Certainly the
“set” mo(N(M(X)E)) is the “set” of weak equivalence classes of objects in M(X), or equivalently
the isomorphism classes of objects in Ho(M(X)). It follows that mo(N(M(X)S,)) actually defines
a presheaf on C. Again this is not true for X — N(M(X)S), because M need not be a strict
functor. However we may replace M by M"; it follows from (a very special case of) Lemma
that N(M(X)S) ~ N(M"(X)S,)) and so up to homotopy this is just as good. Note that each of

the restrictions f* : M(X) - M(Y) for f : Y — X € C are left Quillen, so preserve cofibrant
objects and weak equivalences between cofibrant objects. Thus we indeed get a presheaf.

Definition 2.5. The simplicial presheaf
X = NM"(X)S)
is denoted CORE(M) € sPre(C).

Suppose that C has a final object * and pick F' € Ho(M(x)). Write Fx = L(X — *)*F.
Define sub-presheaves L(F) and G(F) of my,CORE(M) via

G(F)(X) = {[Fx]} C m(CORE(M)(X)) = Ob(Ho(M(X)))/ ~
(so G is a constant one-point presheaf) and
L(F)(X) ={[T] € Ob(Ho(M(X)))/ ~ |T 7-locally equivalent to F'}.
Here we say that T is 7-locally equivalent to F' if there exists a covering ¢, : Uy — X such that
Lo!T ~ Fy, for each i.

Definition 2.6. In the above situation we define objects LOC (M, F), GLOB(M, F) € sPre(C)

by the pullbacks
LOC(M,F) —— CORE(M,F)

l l

L(F)  —— 1,CORE(M,F)

and
GLOB(M,F) —— CORE(M,F)

l l

G(F) — 1,CORE(M,F).
We call these the classifying spaces of objects in M locally (respectively globally) weakly equivalent
to F.

Let us point out that CORE(M, F) and LOC(M,F) are “large” simplicial presheaves, in
the sense of Section [1.4] This is not really a problem. First of all we will only use CORE for
notational convenience, we actually want to study LOC. This is still a large simplicial presheaf.
However it is not hard to see that L(F') is a presheaf of small sets, and as explained in Section
it follows that LOC(M, F')(X) is homotopy equivalent to a small set.

Our main reason for studying 7-Quillen sheaves is the following result.
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Theorem 2.7. Let (C,T) be a suitable Verdier site and M a simplicial 7-Quillen sheaf on C. The
object CORE(M) € sPre(C) satisfies descent in the T-topology. If C has a final object * and we
fix F' € Ho(M(x)) then the object LOC(M, F) also has descent in the T-topology.

Proof. The first statement follows from Theorem [A-80] and the definitions of a 7-Quillen sheaf and
descent, i.e. Theorem [A-35] and Definition [A-84]

We now deal with descent for LOC. For a presheaf of sets (i.e. discrete simplicial sets) P let
us write aP for the associated sheaf in the 7-topology. As a first step, I claim that the following
diagram is a pullback:

LOC(M,F)(X) ——  CORE(M)(X)

l |

(aL(F))(X) — (am(CORE(M)))(X).
By the pasting law for pullback diagrams it suffices to show that
L(F)(X) —— m(CORE(M))(X)

| l

(aL(F))(X) —— (am(CORE(M)))(X)

is a pullback diagram. This is an easy consequence of the local nature of the definition of L(F).
The result now follows from the next lemma, the fact that sheaves of (discrete) sets satisfy
descent, being fibrant in a local model structure [60, Lemma 5.11], and the fact that all our pullback
diagrams are sectionwise homotopy pullbacks since any map of sets is a fibration of simplicial sets
and the model structure on simplicial sets is proper. O

Lemma 2.8. Let
A— B

Lo

¢ —— D

be a diagram of simplicial presheaves which is a sectionwise homotopy pullback. Suppose that
B,C, D satisfy descent. Then A satisfies descent.

Proof. Let Uy — X be a hypercover. Since homotopy limits commute we get

holim,, A(U,,) = holim,, B(Up) X,y C(Us)
=~ holim,, B(Up) X{'ojim.. p(,) holim, C(Uy,)
~ B(X) xhx) C(X)
~ A(X).

O

Before getting back to concrete examples, let us point out the following further abstract result.
In the special case that M is a monoidal 7-Quillen presheaf, we write

PIC°(M) := LOC(M,1).

Proposition 2.9. Let M be a simplicial, closed symmetric monoidal T-Quillen sheaf satisfying
the projection formula, and assume that the tensor units are cofibrant. Then PIC°(M) is a

presheaf of infinite loop spaces in a natural way; in particular there exists a presheaf of spectra
PICO(M) € Spt*(sPre(C)) with a global weak equivalence Q*PIC°(M) ~ PIC(M).
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Proof. This follows from infinite loop space machine theory [73]. Namely, there is a functor
K : SymMon — Spt, where SymMon is the category of symmetric monoidal categories, and
Spt is a good category of spectra. It has the property that K (D) is a connective spectrum such
that Q°K (D) ~ N(D), functorially in D. Here N is the ordinary nerve, and ’ denotes group
completion.

In our case we let D(X) be the subcategory of M"(X) consisting of those cofibrant objects
locally weakly equivalent to 1, and the weak equivalences between them. Note that this de-
fines a strict functor with values in symmetric monoidal categories and monoidal functors. Then
PIC°(M)(X) = N(D(X)) and hence we can just put

PICY(M)(X) = K(D(X)).

This works because 7o(PIC%(M)(X)) is already a group. Indeed if f : U — X is basal and
A,B € Ho(M(X)) then f*RHom(A, B) ~ RHom(f*A, f*B) as one checks using adjunction and
the projection formula. Consequently if E € mo(PIC°(M(X))) then DE := RHom(FE, 1) satisfies
E® DE ~ 1 and DE € my(PIC°(M(X))) (use that pullback along a cover is conservative for a
sheaf). O

Corollary 2.10. There exists a spectral sequence
E¥1 = HY(X,m_,1).

If the cohomological dimensions are uniformly bounded, the spectral sequence converges strongly to
[ X [—p—q],PIC°(M)];. For —p—q > 0 this group coincides with w_,_,(PIC°(M)(X)). In
particular for —p — q = 0 it is the group of objects in Ho(M(X)) locally weakly equivalent to 1.

Proof. The spectral sequence and convergence condition come from [A44] By adjunction for —p —
q > 0 we have [ X [—p — ¢], PICO(M)] = [X4 A S7P79,Q®°PICY(M)]. Since Q*PIC*(M) =
PIC°(M) by the previous proposition it remains to show that [X; A S7P~9 PIC°(M)] =
T_p—qPIC°(M)(X). This is follows from Theorem and the fact that PIC°(M) satisfies
descent. O

Remark 1. The existence of classifying spectra is not important to the existence of the spectral
sequence. Suitably interpreted, there are spectral sequences

HP(X,n_,LOC(M,F)) = 7_p LOC(M)(X)
in great generality. There are some issues regarding the fact that not all terms here are groups,

but they can be dealt with. We mostly do not need this generality so avoid the complications.

Remark 2. For a symmetric monoidal 7-Quillen presheaf M one may define a simplicial presheaf
PIC(M) such that PIC(M)(X) is the classifying space (or even spectrum) of all invertible objects
in Ho(M (X)), not just those locally equivalent to 1. This space also satisfies descent, and there
is a similar spectral sequence.

Examples. The spaces PIC?(SH), PIC°(SH), PIC°(DM) as well as variants like PIC(SH),
LOC(H., (P})"") are important for us. By the above results they all satisfy descent and so we
get descent spectral sequences.

Proposition 2.11. 1. For X € Ft(k) there is a strongly convergent spectral sequence
HY (X, m_ PICY(SH)) = [X[-p — ], PIC°(SH)] nis-

Here [e, 8] n;s denotes morphisms in the S1-stable homotopy category. As before, for —p—q >
0 these coincide with homotopy groups of PICY(SH)(X).
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2. For X € Ft(k) there is a strongly convergent spectral sequence
Hyy, (X, z_ PIC*(SH)) = [X[-p — ¢, PIC®(SH)]can-

Here [e, ®].qn, denotes morphisms in the S'-stable homotopy category. As before, for —p—q >
0 these coincide with homotopy groups of PICY(SH)(X).

2.4 Relations Between Classifying Spaces

2.4.1 Comparing BAut" and LOC

Recall that associated with the 7-Quillen presheaf M on the Verdier site (C,7) with final object
* we have the full subcategory P C C of those objects X such that (X — *)* is right Quillen, not
just left Quillen. Then for F € M(x) cofibrant-fibrant we defined BAut"(F) € sPre(P). We also
have GLOB(M, F), LOC(M, F) € sPre(C). We shall write GLOB(M, F)|p for the restriction
to P, and similarly for LOC. The following result is a consequence of work of Dwyer-Kan on
simplicial localisation.

Theorem 2.12. Let M be a simplicial 7-Quillen presheaf on the Verdier site (C,7) with final
object %, and fix F € M(x) which is cofibrant and fibrant.

The objects BM%(F) and GLOB(M, F)|p are related by a string of global weak equivalences,
and thus define isomorphic objects of Ho(sPre(P)g).

Proof. Using rectification, we may and will assume that M is a strict functor.

For X € P let A.(X) be the one-object simplicial category which is the subcategory of the
simplicial category M(X) on the object Fx, with morphisms the weak equivalences. Thus A, (X)
is Aut"(F) considered as a simplicial category. Write W¢(X) for the many-object simplicial
category which is the subcategory of M(X) on all cofibrant objects weakly equivalent to Fx, with
morphisms again the weak equivalences. Write W¢(X) for the ordinary category which has as
objects those cofibrant objects of M(X) weakly equivalent to Fx, and as morphisms the weak
equivalences. Then A,, W¢ and W€ are strict presheaves of (simplicial) categories on P. We have
BA = BAut"(F) and BW® = GLOB(M, F)|p.

Write diagL W¢(X) for the diagonal of the Hammock localisation of the simplicial category
WE(X) [25). This is still a (strict) presheaf of simplicial categories. We have morphisms of
presheaves

A—— W¢ — We¢

*

l

diagLH W..
The composites A — diagL?W¢ and W¢ — diagL™ W¢ induce sectionwise weak equivalences

on (appropriately defined) nerves by [26, Corollary 4.7], [27, Paragraphs 1.4(vii), 5.5(ii)] and [25]
Proposition 2.2]. (Observe that all of these nerves are connected.) The result follows. O

We also have the following more elementary observation.

Proposition 2.13. Let M be a 7-Quillen presheaf on the Verdier site (C,T) with final object x,
and fix F € Ho(M(x)). The canonical morphism GLOB(M, F) — LOC(M,F) is a T-local weak

equivalence in sPre(C).

Proof. Since GLOB(M, F)(X) € LOC(M, F)(X) is the inclusion of a connected component,
it follows easily from the definition of 7-local weak equivalences in terms of associated homo-
topy sheaves (Definition that is suffices to show that the map a,7,GLOB(M,F) —
a,moLOC(M, F) is an isomorphism (of sheaves).

Now mo(GLOB(M, F)(X)) = *, so we need to show that a,myLOC (M, F) = x (the constant
sheaf associated with the one-point set). This is essentially clear: for every [T] € 7o LOC(M, F)(X)
there exists a 7-cover U, — X such that [T)|U; = [F]. Consequently the map m,LOC(M, F) —
a,moLOC(M, F) factors through 7,LOC(M, F) — . The result follows. O
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Combining the above two results with the descent theorem from the last section, we obtain
the following combined result, which basically says that the space BAut"(F) as an object of
Ho(sPre(P),) classifies locally trivial fibrations with fibre F. It should be compared with [I14]
Theorem 5.10], which seems to be a special case of our result.

Corollary 2.14. Let M be a simplicial 7-Quillen sheaf on the suitable Verdier site (C,7). Fiz
F € M(x) which is both fibrant and cofibrant. Then for X € P there is a natural weak equivalence

Map?(X, BAut"(F)) ~ LOC(M, F)(X).

Here Mapﬁ denotes the derived mapping space, computed in the T-local model structure on sPre(P).
In particular

(X, BAut*(F)], = mo( LOC(M, F)(X)).
Here [e, o], denotes morphisms in Ho(sPre(P),).

Proof. We know that BAut"(F) ~ GLOB(M, F)p — LOC(M, F)p is a string of 7-local weak
equivalences by Theorem and Proposition We also know that LOC(M, F) satisfies
descent by Theorem and hence is 7-local by Theorem It is thus sectionwise weakly
equivalent to its 7-local fibrant replacement, and the first claim follows. The second is a direct
consequence. O

Let us also point out the following essentially obvious facts.

Corollary 2.15. Let (C, 1) be a Verdier site, M a simplicial T-Quillen presheaf and F € Ho(M(x)).
Then the homotopy presheaves of GLOB(M, F) are given by

mo(GLOB(M, F)) = %
71 (GLOB(M, F)(X)) = [Fx, Fx]*

7T1'+1(GLOB(M,F)) = [FX A Sl,F}

Here Fx = (X — %)*F, [Fx, Fx]* denotes the invertible morphisms in Ho(M(X)) and Fx A S*
denotes the external tensoring coming from the simplicial structure.

The space BMh(F) has the same homotopy presheaves, and LOC(M,F) has the same ho-
motopy presheaves except in degree zero (where it consists of the set of locally trivial fibrations
with fibre F, up to homotopy).

Proof. The result for BAut" is clear by construction, since it is a sectionwise delooping of Aut".
The result for GLOB follows from Proposition 2.13] and the result for LOC is again by construc-
tion. O

Corollary 2.16. Let (C,7) be a Verdier site, M a simplicial T-Quillen presheaf and Fy, F5 € M(x)
both fibrant and cofibrant. Then if F1 and Fy are weakly equivalent, BMh(Fl) and BM}’(FQ)
define isomorphic objects of Ho(sPre(P)g).

Proof. Clearly GLOB(M, Fy) = GLOB(M, F), so this follows from [2.13] O

2.4.2 Comparing Stable and Unstable Fibrations

Suppose that M is a symmetric monoidal 7-Quillen presheaf and fix P, @ € M (x). We would like
to describe LOC(Stab(M, P),%*°Q) in terms of the various LOC(M,Q ® P®™). This is much
less formal than the results in the previous subsection. We begin with the following fairly trivial
observation.
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Lemma 2.17. Let © : M — N be a left morphism of T-Quillen presheaves on the Verdier site
(C,7) with final object x. Fiz F € Ho(M)(x). There is a natural map

LOC(M, F) — LOC(N, LO(F))

which is a weak equivalence provided that all of the O(X) : M(X) — N(X) are Quillen equiva-
lences.

Proof. We have a natural map N(0"(X)) : CORE(M)(X) — CORE(N,LO(F)) and it is
easy to check that this restricts to LOC. If ©(X) is a Quillen equivalence then N(O(X)) :
CORE(M)(X) — CORE(N)(X) is a weak equivalence by Lemma[A.15] The restriction to LOC
is a weak equivalence because it is an isomorphism on g, as follows from the fact that Ho(M) is
equivalent to Ho(N). O

This is useful because it means that we may prove results for Stab(M, P) instead of the
more complicated Stab™(M, P), at least under the reasonable conditions explained after Corollary
AL 112

We now need to establish a technical result about spectra. This is mostly about formalism,
the substance is well known. See section for details about the category of naive spectra
and its model structure. We just recall that objects in Stab(M, P) are sequences X,, € M,n =
0,1,..., together with structure maps X,, ® P — X, 1. For n > 0 we define an endofunctor
[n] : Stab(M, P) — Stab(M, P) by (X[n])r = X,+k, with the obvious structure maps.

Recall the notation Q2p = Hom(e, P).

Lemma 2.18. Let M be a left proper, closed symmetric monoidal, combinatorial model category
and P € M be cofibrant.

The functor [n] : Stab(M, P) — Stab(M, P) affords a left adjoint [—n)® and a right adjoint
[—n]®. It is bi-Quillen, and the derived functors form adjoint pairs of equivalences.

Proof. We put (X[-n]?), = 0 if & < n and (X[-n]")y = Xy_, if k¥ > n. Similarly we put
(X[-n]Y)g = Q%X if k < n and (X[-n]?), = Xj_n if k > n. In each case there are evident
structure maps, and checking the adjunction is straightforward (see also Lemma [A.94)).

The functors [n] and [-n]? preserve fibrant objects (i.e. termwise fibrant homotopy carte-
sian objects), and also fibrations between fibrant objects and acyclic fibrations (since these are
determined objectwise), so are right Quillen [43], Proposition 8.5.4].

To prove that the derived functors are adjoint equivalences, it is enough to show that for each
fibrant X the natural maps X[—n]?[n] — X and X — X[n][-n]® are equivalences (recall that [n]
is bi-Quillen and so preserves fibrations, cofibrations and weak equivalences and is its own derived
functor). Now X[-n]|?[n] — X is actually an isomorphism, and X — (X[n][-n]?)s is either
Xi — Q" kX, if n > k, which is a weak equivalence by holim-fibrancy of X, or X — X}, if
k > n, which is an isomorphism. This concludes the proof. O

Now let again M be a symmetric monoidal 7-Quillen presheaf on the Verdier site (C, 7) satis-
fying the projection formula, fix P € M (%) cofibrant and also F' € M(x) cofibrant. We would like
to define a map hocolim,, LOC(M, F @ P®") — LOC(Stab(M, P),$>°F). There is an evident
map

N(®P) : LOC(M,F ® P®") — LOC(M, F @ P®" 1),

It is just the sectionwise nerve of the map which sends an object T which is locally equivalent to
F ® P®" to T ® P, which is locally equivalent to F' @ P®**! There is also a natural map
N(Z*™"): LOC(M, F @ P®") — LOC(Stab(M, P),S°°F).

This is just the nerve of the map which sends an object T locally equivalent to F' @ P®" to the
spectrum

(T [-n) = ©,0,... T, T P,TQP®P,...).
Note that ¥X°° and [fn]w are left Quillen functors, so this spectrum is cofibrant if 7" is, as necessary.
Also note that X°°(F @ P®")[—n]? = £°(F)[n][-n]® ~ £°(F), so £°°(T)[—n]’ is indeed locally
equivalent to X*°F.
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Lemma 2.19. Let M be a left proper, closed symmetric monoidal T-Quillen presheaf on the
suitable Verdier site (C,T) with final object x. Fiz P, F' € M(x) cofibrant. The above construction
can be completed to a commutative diagram

LocM, Fy  YEO LoC(Stab(M, P), 5% F)
N(@P)l N([l][fl])”l
N(z>=1

LOC(M,F & P) —=— LOC(Stab(M, P), S F)

NeP) | N([u[—u)ﬂ

The vertical maps on the right are global weak equivalences, and so there is for each X € C an
induced map

hocolim,, LOC(M, F @ P®")(X) — LOC(Stab(M, P), % F)(X)
in Ho(sSet).

Proof. The diagram
MX) 25 Stab(M(X), Px)

®Pl [1][—1]%

MX) Z Stab(M(X), Py)

commutes up to natural isomorphism. Hence the diagram obtained by extending infinitely in the
vertical direction also commutes up to natural isomorphism. This yields a pseudo-morphism of
pseudofunctors on N and, upon strictification, a strict morphism of strict functors. The spaces
LOC are nerves of appropriate subcategories of the strictified functors to which the maps in the
diagram restrict, hence we obtain the first claim.

The functor [1][—1]? is a left Quillen equivalence by Lemma hence induces a weak equiva-
lence on nerves by Lemma[A-T5] Since the indexing category N is contractible, Lemma[A-19|implies
that hocolim,, LOC(Stab(M, P),2*°F)(X) ~ LOC(Stab(M, P),x*°F)(X). This concludes the
proof. O

The goal now is to prove that the natural comparison map produced by this lemma is a weak
equivalence. This seems to require some very non-trivial conditions on (C,7) and also on M.

Lemma 2.20. Homotopy colimits in sPre(C), are computed sectionwise.

Proof. Use the definitions of Section Given a diagram X : I — sPre(C), we may compute
hocolim; X as “hocolim;” R.(X), where R, is a cofibrant replacement functor. Now “hocolim;”
is a certain functor built out of the simplicial tensoring, which is defined sectionwise, whence
(“hocolim;” X)(T) = “hocolim;” (X (T)). Thus the result follows if X (¢)(T) — R.X(4)(T) is
a weak equivalence for all ¢ € I and all T € C. But the local model structure has the same
cofibrations as the global one, so we may choose the same cofibrant replacement functor, i.e. one
which induces a global weak equivalence. O

Corollary 2.21. Sequential colimits in sPre(C) are homotopy colimits (in both the local and the
global model structure).

Proof. Since homotopy colimits are computed sectionwise, and so are ordinary colimits, we need
only know that sequential colimits of simplicial sets are homotopy colimits (this is well known; it
follows for example from the fact that the standard presentation of the model category structure
on simplicial sets is (almost) finitely generated in the sense of Section and Lemma. O
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Corollary 2.22. If fibrant objects in sPre(C)proj,~ are preserved under sequential colimits, then
T-local objects are preserved under sequential homotopy colimits.

Proof. Since homotopy colimits are preserved under (locall) weak equivalences, we may assume
given a sequence of 7-local fibrant objects. Now their (sequential) homotopy colimit is just given
by their colimit by the previous corollary, and this sequential colimit is still 7-locally fibrant, by
assumption. The result follows. O

We note that fibrant objects are preserved under sequential homotopy colimits in almost finitely
generated model categories, so for example if the topology 7 is generated by a complete, regular,
bounded cd structure. See Section [A4]

Theorem 2.23. Let (C, 1) be a Verdier site with final object x and M a simplicial, closed symmet-
ric monoidal, almost finitely generated T-Quillen presheaf on C satisfying the projection formula.
Fiz P,F € M(x) cofibrant.

Suppose that for each X € C, the functor Qp, : M(X) — M(X) commutes with sequential
colimits and Fx defines a sequentially compact object of Ho(M(X)).

Then the canonical map hocolim, GLOB(M,F @ P®") — GLOB(Stab(M, P),X®°F) is a

global weak equivalence.

Proof. Fix X € C. Since homotopy groups of simplicial sets commute with sequential colimits, by
Corollary 2:15] it is thus enough to show that

colim, [(F ® P®™)x, (F ® P®")x]* — [Z%°(F)x, 2% (F)x]*
is an isomorphism and also for all ¢ > 1,
colim,,[S* ® (F ® P®")x, (F® P®")x] — [S' @ ¥ (F)x, 2 (F)x]

is an isomorphism. The former statement follows from the latter for i = 0, so we shall prove the
latter for ¢ > 0.

We note that [S*® (F ® P®")x, (F ® P")x] = [S'® Fx, RQ}p_(Fx ® P{")]. Now since Fx
defines a compact object of Ho(M(X)) so does S? ® Fx. Since in an almost finitely generated
model category sequential colimits are sequential homotopy colimits by Lemma [A:43] we compute
as follows:

colim,,[S* ® Fx, RO} (Fx ® PY")] = [S' ® Fx, hocolim,, RQ}_(Fx ® P¢")]
= [S' ® Fx, colim,, RQOp_(Fx ® PE™)].

It follows from [46, Proposition 4.4] and our assumption that Q% commutes with sequential
colimits that
colim, RQp_(Fx ® P{") ~ RO™®E>*Fyx.

The result follows. O

In particular, under the assumptions of the theorem, the map hocolim,, LOC(M, F @ P®") —
LOC(Stab(M, P),3X*°F) is always a local weak equivalence. We can do better:

Corollary 2.24. In the situation of the theorem, if the Verdier site (C,T) is suitable, M is a
T-Quillen sheaf and fibrant objects are preserved under sequential colimits in sPre(C)proj-, then
hocolim,, LOC(M, F @ P®™) — LOC(Stab(M, P),>°F) is a global weak equivalence.

Proof. By Proposition (and the 2-out-of-3 property) and the theorem we conclude that the
map is a local weak equivalence.

By Theorem|2.7/each LOC (M, F®P®™) is t-local, and hence so is hocolim,, LOC (M, F & P®™)
by Corollary Also LOC(Stab(M, P), 2> F) is T-local, again by Theorem (and Theorem
1A.102)). But a local weak equivalence between 7-local objects is a global weak equivalence, so we
are done. 0
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Remark 1. Both the requirement that fibrant objects in sPre(C), be preserved under sequential
colimits and the requirement that each M(X) be almost finitely generated seem very strong; they
usually require the use of a topology which is “finitary” in some strong sense (e.g. the Nisnevich
topology as opposed to the étale topology). We see that there are two distinct, but related, causes
for this. The theorem only asks for almost finite generation, and this property is needed to control
the stabilisation process sufficiently to be able to compute Map(X*°F,X>°F) as a (homotopy)
colimit. The corollary also uses finiteness of the topology 7. Essentially it is clear that the
image of colim,, 1o LOC(M, F @ P®")(X) in moLOC(Stab(M, P),X*F)(X) can only consist of
objects which are finite P-desuspensions of suspension spectra. But it is not a priori clear that
every object on the right is of this form. This is true locally, by assumption, but if the topology
is “infinitary” then it seems conceivable that the required “desuspension degree” may become
unbounded globally.

Remark 2. Stabilisation is a homotopy limit, not colimit. This suggests that one may wish to
describe LOC(Stab(M, P), F) (where F is a fibrant spectrum) via holim,, LOC(M, F,,). There
is a comparison map LOC(Stab(M, P), F') — holim,, LOC(M, F,,) but in order for this to be a
week equivalence one seems to need not only strong finiteness conditions, but also the vanishing
of a lim' obstruction. Additionally fibrations with fibres certain abstract infinite loop spaces F},
seem to carry much less geometric intuition than fibrations with fibres I’ ® P®". Thus we do not
pursue further here the holim description.

2.4.3 Comparing Pointed and Unpointed Fibrations

We begin with the following general observation. Recall that a relative category is a pair (C, W) of
an ordinary category C and a subcategory W (sometimes required to satisfy certain properties), and
a functor of relative categories F' : (C, W) — (D, W') is a functor F' : C — D such that F(W) Cc W'.
Dwyer and Kan associate functorially with any relative category (C, W) a simplicial category
LI.C with the same objects as C, called its Hammock localization [25]. For us the most important
property of this construction is as follows: if M is a model category and W its subcategory of weak
equivalences, then for X,Y € M there is a weak equivalence Mappn 1 (X,Y) =~ Map$,(X,Y)
[26]. Note that this does not require X,Y to be cofibrant or fibrant!

Our immediate application of this theory is as follows. Let C be an essentially small category
and M a left Quillen (pseudo-) presheaf on C. We define a pseudo-presheaf of simplicial categories
LI M by

(LI M)(X) = LEM(X ),

where M(X)¢ denotes the category of cofibrant objects. By assumption for each f: X - Y €C
the restriction f* is left Quillen, so preserves cofibrant objects and weak equivalences between
cofibrant objects. Thus this is indeed a pseudo-presheaf.

Now suppose that C has a final object * and we are given F, G € M(x)¢. Recall that for X € C
we write Fx := (X — %)*F, and so on. We define a simplicial presheaf

RHom(F,G) € sPre(C) X = Mappu pe(x)(Fx, Gx),

where as usual we first strictify the pseudo-presheaf M. The following result is clear by construc-
tion.

Lemma 2.25. If (C,7) is a Verdier site and M a simplicial T-Quillen presheaf, and F,G € M(x)
are both cofibrant and fibrant, then the simplicial presheaves Hom(F, G)p (from Subsectionm
and RHom(F, G)|p are globally weakly equivalent.

Now let us get to the actual pointing. For this, suppose given a cofibrant object pt € M(x)
and consider the 7-Quillen presheaf pt/ M =: M, (see Subsection . We have the underlying
object functor U : M, — M (with left adjoint adding a disjoint base point). To remind ourselves
of the difference, we shall write Map, etc. for mapping spaces computed in M..
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Lemma 2.26. For F,,G. € M. (x) there is a natural sequence of presheaves of simplicial sets
RHom, (F.,G.) - RHom(UF,,UG,) — RHom(pt,UG.,).
It is a sectionwise homotopy fibration sequence.

Proof. Since hammock localisation is strictly functorial and U preserves cofibrations and weak
equivalences (and fibrations) and also cofibrant objects (since pt is cofibrant), we get the first
map. The second is restriction along pt — UF, and using functoriality of hammock localisation
again.

To prove this is a homotopy fibration sequence, we fix X € C. Let Gx be a fibrant replacement
of G, x. Then U Gy is also fibrant (U is right Quillen). Also F x is cofibrant, ptx is cofibrant,
UF, x is cofibrant (because ptx is and U preserves cofibrations) and pty — UF, x is a cofibration
(this is the definition of Fy x being cofibrant). Consequently the sequence we are trying to prove
is a homotopy fibration sequence is (weakly equivalent to)

Map,(F, x,Gx) = Map(UF, x,UGx) — Map(ptx,UGx).

But the map on the right is a fibration (because ptx — UF, x is a cofibration) between fibrant
simplicial sets with fibre the simplicial set on the left (by definition), so this is a fibration sequence.
O

Next we need to review the theory of n-connected spaces and maps.

Definition 2.27. Let n > 0.

A map f: X =Y of simplicial sets is called n-connected if mo(X) — mo(Y) is a bijection, for
every base point b € Xy and every i < n the map m;(X,b) — m;(Y, f(b)) is an isomorphism, and
also (X, b) = 7, (Y, f(b)) is surjective.

A non-empty simplicial set X is called n-connected if mo(X) = * and m;(X) = 0 for every
i1 <n.

A map of simplicial presheaves f : F — G € sPre(C) is called locally n-connected if the map
on homotopy sheaves o F — m,G is an isomorphism, if for every i < n and every local base point
the map m,F — ;G is an isomorphism, and also w, F — m,G is a surjection (of sheaves).

A simplicial presheaf F' is called locally n-connected if the homotopy sheaf my(F) = * and for
every 1 < n and every local base point we have m,F = 0.

We emphasize that in the notion of local connectedness, homotopy sheaves are used and not
homotopy presheaves, and one has to consider all local base points. See also the definition of local
weak equivalences in Definition [A:22} it is clear that local n-connectedness is preserved under local
weak equivalence. Also note that a map of simplicial sets X — Y is n-connected if and only if
every homotopy fibre F' is n-connected, and a simplicial set X is n-connected if and only if every
map * — X is n-connected. Neither of these statements is true about local n-connectedness (at
least when interpreted naively).

Theorem 2.28. Let M be a 7-Quillen presheaf on the Verdier site (C,7) with final object *.
Suppose given a cofibrant object pt € M(x) and write M, := pt/M.

Then given F, € Ho(M(x)), there is a natural map LOC(M., F,) — LOC(M,UFy). If the
simplicial presheaf RHom(pt, UF,) € sPre(C) is locally n-connected (n > 1) then LOC (M., Fy) —
LOC(M,UF,) is locally n-connected.

Proof. Since U preserves cofibrant objects and weak equivalences and commutes with base change,
the existence of the natural map is clear. It remains to prove the n-equivalence statement. So as-
sume that RHom(pt, U Fy.) is locally n-connected. I claim that RHom, (Fy, F,) — RHom(UF,,UF,)
is locally (n —1)-connected. Indeed Lemma[2.26]implies that for every local base point we can get
a long exact sequence of sheaves

-++ = m,RHom, (Fy, F) — m;RHom(UF,,UF,) — m,RHom(pt,UF,) — m,_; RHom,(F,, Fy) — ...
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In particular m,RHom, (F}, Fy) = myRHom(UF,,UF,) and thus also moRHom, (F, Fy)* =
o RHom(UF,,UF,)*. But by Corollary LOC has the same homotopy sheaves as RHom,
except shifted by one, and except in degree one, where we only get the invertible homotopy-
endomorphisms. It follows from the long exact sequences that the natural map of LOC is locally
n-connected (we gain one degree of connectedness by delooping). O

We have the following relationship between local and global n-connectedness.

Lemma 2.29. Let F — G be a locally n-connected map of 7-locally fibrant simplicial presheaves
and let X € C have T-cohomological dimension at most d. Then F(X) — G(X) is an (n — d)-
connected map of simplicial sets.

Proof. We have the induced map of strongly convergent unstable descent spectral sequences
Ey(F) = H?(X,n_,F) — E§*(G) = H?(X,n_,G). Considering that the differentials have degree
(r,1 —r) on the E, page, we see that the isomorphism EY!(F) = E}*(G) for p > d or ¢ > —n
is preserved on the infinity page for —p — ¢ > —n + d and hence the result follows by standard
spectral sequence comparison techniques. O

Corollary 2.30. Under the assumptions of the theorem, if in addition (C,T) is suitable, M is a
simplicial T-Quillen sheaf and X € C has T-cohomological dimension at most d, then
LOC(M,, F,)(X) = LOC(M,UF,)(X) is (n — d)-connected.

Proof. Combine the theorem and the lemma, using Theorem to observe that a globally fibrant
replacement of LOC(M,UF,) is 7-locally fibrant, and Theorem for the case of M.,. O

2.4.4 Examples

We are interested in studying the group Pic®(SH, X) := moPIC°(SH)(X) and, by extension, the
space PIC°(SH) € sPre(Ft) and the spectrum PICY(SH). We know that, up to local weak
equivalence in sPre(Sm), this space is the same as BMh(ﬂS’H)7 where 1 is a cofibrant-fibrant
replacement.

Note that by Corollary its homotopy sheaves are

aNisEoBMh(ﬂS'H) =0
aNisﬂlBMh(ﬂSH) = Gﬂx
aNisEiJr]BMh(jsfH) = E§115H-

Here we have used the identification 7' (1gg) = GW of [79, Section 6].
We start with the following result. It is a special (but easier) case of [I15, Theorem 7.1].

Lemma 2.31. The space BAut"(1sy) is A'-local (as an object of sPre(Sm)).

Proof. Since the space is an infinite loop space, it suffices to show that the homotopy sheaves are
all strictly invariant [79, Lemmas 4.3.6 and 4.3.7]. We have computed them above. Since the
homotopy sheaves of an A'-local object are strictly invariant, it only remains to verify that GW *
is strictly invariant. This is shown in [I16] Theorem 5.7]. O

Corollary 2.32. The space BAut"(1sy) ~ PICO(SH)|sm classifies locally trivial invertible spec-
tra in the Al-homotopy category:

(X, BAut" (Ls3)]m = Pic’(SH)(X)
for any X € Sm(k).

Proof. Combine Lemma and Corollary O
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Now in order to study Pic’(SH, X) one might try to look at unstable fibrations. We have the
following result.

Proposition 2.33. The canonical map
hocolim,, LOC (H., (P)"™) — PIC°(SH)
is a global weak equivalence. In particular there is an isomorphism
Pic®(SH, X) = colim,, 1o LOC(H.., (PH)"")(X).

Proof. Combine Corollary Theorem Lemma the paragraph after Corollary
and the observation that Qp1 commutes with sequential colimits (which is an immediate conse-
quence of representable presheaves being sequentially compact).

For the in particular part, use that 7, commutes with sequential homotopy colimits of simplicial
sets. U

Recall that by definition, 7o LOC(H.., (P1)"")(X) is the set of locally trivial pointed fibrations
over X with fibre (P1)"" up to homotopy. Here a pointed fibration just means a fibration with a
section. This section is important, otherwise we cannot construct a stabilisation map

10 LOC (M., (PY) ) (X) = moLOC (M., (P1) 1) (X)

(which is given by fibre-wise smash product with P!). It may nonetheless be geometrically more
natural to look at unpointed fibrations. To this end we have the following result:

Proposition 2.34. If X is smooth of dimension d, then the canonical map
LOC(H.., (PH")(X) — LOC(H, (P")")(X)

is an (n — d)-connected map of simplicial sets. In particular it induces an isomorphism on g for
n > d.

Proof. This is just Corollary in our situation: The Nisnevich cohomological dimension of X
is bounded by its Krull dimension [83] Proposition 3.1.8] and the space RHom(pt, (P*)"") is just
P! € H. This is n-connected by the unstable connectivity theorem [82, Theorem 6.38] (this is
where we need X smooth) together with the fact that P* ~ G,, A S*. O

2.5 Comparison of cdh-locally Trivial Objects and Nisne-
vich-locally Trivial Objects
For the purpose of this section we need resolution of singularities, so we will work over a field &

of characteristic zero. We need to compare the Nisnevich and cdh cohomology. This is a rather
subtle issue in general, but the following result is enough for our purposes.

Theorem 2.35 (Voevodsky [108]). If k is a field of characteristic zero, then the natural left
Quillen functor

SHS (k) — SHS (k)
is a Quillen equivalence.

Recall here that SHS' (k) is the S'-stable Al-homotopy category built from smooth varieties

over k, whereas &Sl(k) is the S'l-stable Al-homotopy category built from all varieties over k.
This result has many interesting consequences.

Corollary 2.36. The following statements are true (over a field of characteristic zero).
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1. The natural left Quillen functor
SH(k) — SH(k)

is a Quillen equivalence.

2. Consider the restriction functor PSh(Ft(k)) — PSh(Sm(k)). It induces an equivalence
between the categories of strictly homotopy invariant cdh sheaves on Ft(k) and the category
of strictly homotopy invariant Nisnevich sheaves on Sm(k). Moreover if F is such an object,
and X is a smooth variety, then for any p > 0 the natural map

HYo (X, F) — HEy (XL F)
is an isomorphism.

3. In fact Sﬁsl(k) has a t-structure with heart the strictly homotopy invariant cdh sheaves,
and SH® (k) — SH® (k) is a t-ezact equivalence.

Proof. The first statement follows from invariance of stabilisation under Quillen equivalence, see

e.g. Lemma For the second statement, recall that sHS' (k) affords a t-structure with heart
the strictly homotopy invariant Nisnevich sheaves (on Sm(k)).

Similarly, the category @Sl(/ﬂ) affords a t-structure with heart the strictly homotopy in-
variant cdh sheaves on Ft(k). Indeed the proof in [81] for sHS' (k) goes through: the category
Ho(Spt(sPre(Ft(k),cdh), St)) affords a t-structure with heart the cdh sheaves by standard the-
ory. Then an Al-localisation functor can be constructed as a countable direct limit as in [S1]
end of section 4.2] (the main reason this works is the generation of the topology by distinguished
squares). The vanishing result [8I, Lemma 4.3.1] (a weak form of stable connectivity) holds with
the same proof (the main ingredient is the fact that the Krull dimension bounds the cohomolog-
ical dimension). Now let E € Spt(sPre(Ft(k)), S') be non-negative in the simplicial t-structure.
Write e : Spt(sPre(Sm(k)),S!) = Spt(sPre(Ft(k)),S!) : r for the adjunction. Then rLy1 E is
weakly connective (i.e. m,(rLa1 E)(K) = 0 for every field K and i < 0) and hence connective. Thus
for every smooth Henselian local scheme X we get 0 = [E°X [i],rLy1 E] = [eX° X [i], Ly E|
and consequently the cdh sheaf m,(Ls1 E) vanishes, for i < 0, by resolution of singularities. Finally
we get the t-structure as in [81] Lemma 6.2.6]. The identification of the heart is clear.

It remains to show that the equivalence sHY (k) ~ SHS' (k) is exact for the t-structures. For
this it is enough to prove that e : SHSl(k) — ﬁsl(k) identifies the subcategories SHSl(k)ZO
and SH” 1(k:)zo. The former is generated under homotopy colimits by ¥*°X, for X € Sm(k)
and the latter by ¥ X for X € Ft(k). So e certainly preserves non-negative objects. Moreover
distinguished cdh squares become homotopy pushouts in Sjsl(k) (essentially by the definition
of the cdh topology), and so resolution of singularities implies that every X>° X, for X € Fi(k)
reduced can be obtained as an iterated pushout of smooth schemes. Finally if X is non-reduced
with reduced closed structure X", then ¥°°X, ~ ¥°° X" as usual for the cdh topology.

Consequently if F € PSh(Ft(k)) is a strictly homotopy invariant cdh sheaf, then F' defines an
object HF € SHS" such that XXy, HF[n]] = H,;, (X, F). Since r is t-exact (since e is) we
have rHF = HrF and thus HY, (X, F) = [¥*° X, ,rHF] = [E*X,HF] = H,, (X, F) for all X
smooth. 0

We can then deduce our main result.
Theorem 2.37. Let k be a field of characteristic zero and X smooth over k. The natural map
PIC°(SH)(X) — PIC°(SH)(X)

is a weak equivalence of simplicial sets. In particular, an object of SH(X) is Nisnevich locally
trivial if and only if it is cdh locally trivial.
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Proof. We consider the classifying spectra PICY(SH) € sHY (k) and PIC°(SH) € @Sl(k), see
Proposition Clearly there is a comparison map PIC?(SH) — rPIC°(SH).

Now we note that 7, (PIC?) for i > 0 is the same as m;1, for i = 0 we get the units of m,1,
and finally ,(PIC?) = x. This holds for both of the Picard spectra, so in particular they are Al-
local by [I16 Theorem 5.7] (see also Lemma. Furthermore since e : SHS' (k) = SHS' (k):r
is a t-exact adjoint equivalence, we conclude that PIC?(SH) — rPIC°(SH) is an equivalence.

The result follows since PICY = Q®°PIC? and the spaces satisfy descent (by Theorem , SO

the global sections have the correct homotopy types.
O
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Chapter 3

Recollement and Reduction to
Fields

In this chapter we study pointwise trivial objects. This is done by using quite extensively some of
the properties of the six functors formalism, namely continuity and gluing. In particular we use
very freely the language of triangulated categories. See [8T] for one of many references.

In Section we recall the notion of gluing (or recollement) of triangulated categories, and
prove some potentially new results. Recall that a recollement consists of triangulated categories
and triangulated functors between them:

D DLy

They are required to satisfy many compatibilities. In particular i, has a left adjoint * and
j* = j' has a left adjoint j;. Moreover for every E € D the adjunction unit and co-unit fit into a
(necessarily functorial) distinguished triangle

Ji'E = E = ii*E 2% 5B,

It is fairly clear from this, and well known, that the boundary dg € [i.i*E, j1j' E[1]] classifies the
possible ways of gluing i*E and j'E = j*E. In fact fixing B/ € D', E” € D", the isomorphism
classes of objects E € D with i*F ~ E’ and j*E ~ E" are in bijection with

End(i. E")Y\[i.E', s E"[1]]/ End(jiIE") <.

(The quotienting by automorphisms accounts for the fact that we only require that there is an
isomorphism i*FE ~ E’  but do not fix one, and similarly for j*FE.) Here for an object X, we write
End(X)* for the invertible endomorphisms (i.e. automorphisms) of X.

If the categories D', D, D" are symmetric monoidal, and so are the functors i* and j*, we
speak of a symmetric monoidal recollement. One may then prove that the set [, 1, 711[1]] acquires
a product. (Essentially, if 0 and O are two elements classifying F and F respectively, then
Or ® O is the element classifying £ ® F. Note that if ¢*E ~ 1 and ¢*F ~ 1, also i*(E® F) ~ 1
canonically, and similarly for j*.) It is then fairly clear that there is an exact sequence as follows:

0 = End(i,1)"\[i,1, 4 1[1]]* /End(ji1)* — Pie(D) 2 Pic(D') x Pie(D").
The importance of this result is that we managed to identify, among those objects of D glued from
1 €D and 1 € D”, the ones which are actually invertible.

In order to use this result, we need to be able to compute the rings [i.1,4.1], [i1,511] and
[is1, ji1[1]], or at least find relations among them. In order to think about this, we find it helpful
to pretend that the categories D, D’, D" and the functors between them are enriched in (the
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homotopy category of) spectra in an appropriate sense. We write RHom(FE, F') for the mapping
spectra. Then contemplating the issue, one is naturally led to believe that there should be a
distinguished triangle for £, F € D

RHom(FE, F) — RHom(i* E,i* F) ® RHom(j'E, j'F) — RHom(i,i* E, jij F[1]).

(Basically this expresses how morphisms in D are glued from morphisms in D', D”.) Tt is possible to
make this enrichment precise, but this would take us too far afield. Instead, in Section [3.2] we just
prove that there is a long exact sequence relating the groups [E, F[]], [i* E,i*F[«]],[j'E, j' F[#]]
and [i,i*E, j1j' F[* + 1]] in the manner one would expect from the existence of the distinguished
triangle.

The rest of this chapter consists of applications of the above two results, and a few more
preparations needed for the applications. In section we briefly review some aspects of the six
functors formalism and prove the easy implication that the presheaf of Picard groups is continuous
if the functor is.

In Section we very rapidly recall Hironaka’s theorem about resolution of singularities in
the following strong form: if U is a smooth variety and Z is a reduced closed subscheme, then by
strategic blowups one may find a proper birational morphism U’ — U such that the preimage Z’
of Z is a normal crossings scheme.

In Section 3.5 we prove the main theorem of this chapter: if k is a field of characteristic 0,
X a variety over k (of finite 2-étale cohomological dimension) and E € Pic(SH(X)) is pointwise
trivial (i.e. for every morphism i : Spec(K) — X with K a field, the pullback i*(E) € SH(K) is
equivalent to 1), then E is cdh locally trivial. The strategy of the proof is to use continuity and
generic triviality to find an everywhere dense open subset U of X such that E|y is trivial. Write
Z for the reduced closed complement of U in X. Using resolution of singularities, we may assume
that X is smooth and Z is normal crossings. By an inductive procedure we may assume that F is
Nisnevich locally trivial on Z; using the long exact sequence and gluing for Picard groups results
from above we conclude.

Finally in Section we prove a similar but easier result for motives: if £ € DM(X) is
pointwise trivial, then it is trivial.

3.1 Gluing and Picard Groups

Recall that a recollement is something like a short exact sequence of triangulated categories.
There are various ways of presenting the data, ranging from one triangulated category with a
subcategory to three triangulated categories with six functors between them; of course satisfying
various conditions. The following definition is extracted from [34, Exercise IV.4.4].

Definition 3.1. A recollement or gluing of triangulated categories consists of three triangulated
categories and two triangulated functors

D D L pr
satisfying the following conditions:
(a) iy := i, admits a left adjoint i* and a right adjoint i'
(b) §':=j* admits a left adjoint j, and a right adjoint j.
(c) j*ix =0
(d) given d € D there exist distinguished triangles
iitd — d — j.j*d

gijtd = d —ii*d



3.1 Gluing and Picard Groups 41

(e) ix,Jx, J1 are full embeddings.

Standard examples of recollements of triangulated categories come from derived categories of
sheaves on a topological space X with an open subset U and closed complement Z. This is also
where the notation for the abstract case, with the slight idiosyncrasies such as iy := i,, comes
from.

These axioms have many consequences. We note that the triangles of point (d) are necessarily
unique and functorial, as explained in the reference. They are called gluing triangles. Also it
follows from (c) by adjunction that i*j, = 0 and i'j, = 0. Together with the gluing triangles, this
implies that i*7, & id, j*j, = id and j*j = id.

It is tempting to believe that D can be recovered from D’, D”. This is not quite true. However
it is well known that the objects of D up to isomorphism can be recovered. This is done as follows.

Fix X' € D', X" € D". A gluing datum for (X', X"") consists of an object X € D together
with isomorphisms o/ : i*X ~ X’ and o : j*X ~ X”. An isomorphism of gluing data (X, a’, o)
and (Y, ', 8”) consists is a morphism f : X — Y such that the following diagrams commute:

Fx gy px 2L ey

a/l B/l a//l ﬁ”
The second gluing triangle together with j' = j* implies that (i*,5*) is conservative, hence f
is necessarily an isomorphism.
Write GD(X', X") for the set of gluing data for (X', X”"), up to isomorphism. Saying that
objects of D can be recovered from gluing data means the following.

Proposition 3.2. The set GD(X', X") is in natural bijection with [i. X', H X" [1]].

Proof. Tf (X,a/,a”) is a representative of a gluing datum, then the boundary map of the second
gluing triangle yields an element 0x € [, X', 5# X"[1]]. If (Y, 8, 5”) is an isomorphic representative
and f: X — Y is the isomorphism, consider the commutative diagram

X =2 X

i*o/T j!a”[l]T

X —— ' X ——— 515 X[1]

/| l I

Y —— 'Y ——— 5i5'Y[1]

s | ael |
X =2 X

coming from functoriality of the gluing triangle and definition of Ox,dy. The maps i.a’ etc. are
isomorphisms by assumption, and the induced maps i, X’ — . X', #X"[1] = 5#X"[1] (obtained
by going vertically from the very top to the very bottom of the diagram, which is possible because
the “wrong way” arrow is an isomorphism) are the identity, also by assumption (i.e. the definition
of isomorphism of gluing data). It follows that dx = dy. We thus have a well-defined map
GD(X', X") = [1. X', 4 X"[1]].

The map [i.X', #X"[1]] = GD(X', X") given by sending the map 9 : . X' — 5 X"[1] to the
isomorphism class of a co-cone is easily checked to be inverse to the one constructed above. O

Let us write End(X') = [X',X'] = [i.X,1.X’] and similarly End(X") = [X", X"] =
(7 X", 1 X"]. Also write End(X')* for the invertible endomorphisms, and similarly for End(X")*.
Note that GD(X', X") = [, X', 1 X"[1]] carries a natural left End(X’)-action and right End(X")-

action (coming from composition).
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Corollary 3.3. The set {X € D|i*X ~ X', j*X ~ X"} /iso is in natural bijection with
End(X')\GD(X', X"}/ End(X")*.

Proof. It dy = (X,d/,a”) and dy = (Y, 5/, 8") are two gluing data and f : X — Y is an isomor-
phism in D (not necessarily compatible with the gluing data), then

(5 o' )i (8" fa" 1) = d

via f. Conversely, given o’ € End(X’)* and a” € End(X")* we have a commutative diagram of
distinguished triangles

X WX —2 X[
tJ{ a/fll G‘IIJ(
Y X L0 s X

This is obtained by noting that the square on the right commutes and then applying one of the
axioms of triangulated categories (often denoted T'R3).

Here ¢ is an isomorphism since a’,a” are and consequently the objects defined by the gluing
data corresponding to @ and a’da’” are isomorphic. This concludes the proof. O

The situation gets somewhat more interesting if we add a monoidal structure to our categories.

Definition 3.4. A (symmetric) monoidal recollement consists of a recollement D’ i p Ly
D" where D, D', D" are (symmetric) monoidal categories and i*,j* are (symmetric) monoidal
functors.

In this situation there is a natural homomorphism Pic(D) — Pic(D') x Pic(D"). We intend
to study its kernel.

Note that the monoidal structures induce a natural pairing GD(X’, X"”) x GD(Y',Y") —
GD(X'®Y' X" ®Y") (just given by (X,o/,a"),(Y,8,8") = (X ®Y,d/ ® 8/,a" ® §")), and
that both sides are End(X’) x End(Y’) — End(X") x End(Y")-bimodules.

Proposition 3.5. Given a monoidal recollement, the pairing GD(X',X") x GD(Y',Y") —
GD(X' @ Y, X" @ Y") satisfies the following properties for dy,ds € GD(X',X"), e1,es €
GD(Y/,YN), a1 € End(X’),aQ S End(Y’), b, € End(X”),bg S End(Y”),)\l,,ul,)\g,ug El:

1. Bilinearity: (Ady + )\gdg) ® (p1e1+ MQ@Q) =Mui(di ® 61) + Alug(dl ® 62) + XAap1(de ® 61) +
Aopiz(de ® e2)

2. (a1 ®az)(d1 ®e1) = (a1d1) ® (azer)
3. (dl & 61)(()1 ® bg) = (d1b1) & (€1b2)-

The proof will occupy the rest of this section. Before embarking on it, let us point out some
related results. We write GD(1) := GD(1’,1"”) = [i,1’,7#1”[1]]. This is of course an abelian
group. Moreover the pairing GD(1) x GD(1) — GD(1 ® 1) together with the isomorphism
1® 1 =1 gives this abelian group a multiplication.

Corollary 3.6. The set GD(1) is a ring with the above operations, which is commutative in the
symmetric monoidal setting.
The natural maps p : End(i.1") — GD(1) 2 [i. 1/, 511"7[1]] and © : End(j11”) = End(;1"[1]) —

GD(1) = [i,1', 4#1"[1]] coming from composition are ring homomorphisms and in the symmetric
monoidal situation induce an isomorphism

ker(Pic(D) — Pic(D') x Pic(D")) = End(i.1")*\GD(1)* /End(;1")*.
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Proof. Associativity of the multiplication in GD(1) follows from the associativity in the monoidal
structure. Distributivity of addition over multiplication is property (1) of the proposition.

That © and p respect addition is clear. To see that this holds for multiplication, observe that
for a, f € End(i,1’") we have a o 8 = o ®  under the isomorphism 1’ & 1’ ® 1’ coming from
Lemma below [8, sentence before Proposition 2.2], and then use part (2) of the proposition.
Similarly on the other side.

Now we prove the statement about Picard groups. By Corollary the set of isomor-
phism classes of objects F € D with ¢*E ~ 1’ and j*F ~ 1” is in bijection with the set
End(i.1")*\GD(1)/End(51")*. By construction, tensor product of such objects corresponds
to multiplication in GD(1). Hence x € GD(1) represents an invertible object with inverse rep-
resented by y € GD(1) if and only if zy ~ 1 € End(i.1")*\GD(1)/End(51")*. That is to say
there are t € End(i,1")* and v € End(51”)* with p(t)zy©(u) =1 € GD(1). Since p, © are ring
homomorphisms they preserve units and consequently x is a unit. The converse is clear. This
concludes the proof. O

For the purpose of the proof of the proposition, let us call a functor F weakly monoidal if it
satisfies F(X ® Y) 2 F(X) ® F(Y), but not necessarily F'(1) = 1.

Lemma 3.7. In the situation of a monoidal recollement, the functors iy, j) are weakly monoidal.
Moreover we have projection formulas i,(X)®Y ~ i, (X ® i*Y) and ji(Z2) @Y = j(Z ® j'(Y))
(for X e D'\Y € D,Z € D").

Proof. We prove the statements about i,, the proofs for j, are similar.

An object Y is in the essential image of i, if and only if j*Y = 0. Necessity follows from
j*i, = 0 and sufficiency follows by considering the gluing triangle j5'Y — Y — 4,i*Y. Since
j' = j* is monoidal, it follows that i,D’ is a monoidal ideal: if X is in the essential image of i,
then so is X ® Y for any Y.

Now let X, X’ € D'. Then i,(X)®i.(X’) is in the essential image of i, by the previous remark,
and since i* is a section of the embedding i, it suffices to prove that i*(i.(X) ®i.(X’)) ~ X @ X'.
This is clear because i* is monoidal.

Finally we have i,(X)®Y in the essential image of i,, so to show it is isomorphic to i, (X ®i*Y)
we may again apply the monoidal section ¢*. The result follows. O

Proof of Proposition[3.5 Let (X, «, 3) represent an element dx € GD(X', X") = [i,. X', 1) X" [1]]
and (Y, o/, ') represent an element dy € GD(Y’',Y"). We have the canonical commutative
diagram

X —— ' X —— 5ij' X[1]

al ml

WX =2 X

We tensor the whole diagram with Y, use the projection formulas and thus build the following
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commutative diagram:

WX QY) —— (X @ Y)[]

I |

XY —— (i, X)0Y —— (G X[1)eY

z@oc@idyJ{ ]’!ﬁ@idYJ(

(LX) ey 220 (GX'I1)eY

l l

W(X'®iY) —— (X1 ®j'Y)
iy (id @a')l Ji(idxr ®6’)l
WX @Y) —— H(X"eY"[1]).

Here all the vertical maps are isomorphisms, the unlabelled vertical maps are from the projection
formulas, the unlabelled horizontal maps are the ones required to make the diagram commute,
and similarly for the map labelled w. I claim that w = 0x ® dy. To see this, it is enough to show
that the vertical composites from the very top to the very bottom ,i* (X ® V) — i, (X' ®Y”’) and
77 (X @ Y)[1] = 51(X"” @ Y")[1] are respectively equal to i.(a ® /) and ji(8 ® B")[1].

We prove the first equality, the second is similar. To do this, as in the lemma, we use that
i* is a section to i,; hence it is enough to apply ¢* to the left vertical composite and show
that we get @ ® . But under ¢* the unlabelled vertical maps become identities (up to natural
identifications coming from the monoidal structure isomorphisms) and so the claim follows from
a®ad =(a®id)o (id ®a’).

We conclude that under our particular isomorphisms 4, X’ ®Y ~ i, (X'®Y’) and # X" [1]QY ~
J(X"” ® Y")[1] (depending on dy but not dx!), the element dx ® dy € [i,(X' @ Y'), H#( X" ®
Y]] = [ix X' @Y, 51 X"[1] ® Y] corresponds to dx ® idy. From this bilinearity on the left in
statement (1) to be proved follows. We also find that (a1 ® id)(d; ® e1) = (a1d1) ® e; and that
(dl X 61)(b1 ® ld) = (dlbl) X eq.

Repeating the same argument but with the roles of X and Y reversed we get bilinearity on
the right for statement (1) and also (id ®as)(dy @ e1) = di ® (aze1) and similarly on the right. We
then compute

(a1 (24 ag)(dl (24 61) = [(a1 X ld) @) (ld ®a2)](d1 X 61) = (a1 X ld)(dl X (agel)) = (aldl) X ((1261).

Here we have used that GD(X', X") is a module over End(X"). This establishes (2); (3) is done
similarly. O

3.2 A Long Exact Sequence
The following result will be useful for computations.

Proposition 3.8. Let D’ i D 25 D" be a recollement and X, Y € D. There is a long exact
sequence

o (Y [ol] SR XY [l] © [ X 'Y ]
P2 i X, 5 Y I+ 1) S (X, Y+ 1)) >
Here the map p : [i,i*X,5,i*Y[n]] — [i.4*X, j15'Y[n + 1]] is composition with the natural map
i.i*Y[n] — 5j'Y[n + 1] coming from the gluing triangle for Y, and q : [jj'X,515'Y [n]] =

[ X[1], 515" Y [n+1]] = [i.3* X, j1j'Y [n+1]] is composition with the natural map i.i*X — 515 X[1]
coming from the gluing triangle for X.
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We will often use the following Corollary.

Corollary 3.9. In the situation of a monoidal recollement, if [1, 1] — [i4i*1,4.i*1] is an isomor-
phism and [1,1[1]] = 0, then
Pic(D) — Pic(D') x Pic(D")

s injective.

Proof. It follows from the long exact sequence and our assumptions that [ji1, 1] — [i, L, ji1[1]]
is an isomorphism. Hence the result follows from Corollary [3.6] O

We now discuss the proposition. The status of this result is slightly peculiar. It clearly looks
like a Mayer-Vietoris sequence. In fact if there is a sufficiently rich mapping spectrum functor
M : D — SH then we can form the square

MX,Y) " M(i*X,i.i*Y)

m"l Pl

M(jij X, 1Y) — = M(i.i* X, jij*Y [1]).

If it is homotopy cartesian, the exact sequence follows. The problem with working at the level of
triangulated categories is that in order to establish homotopy cartesian squares one essentially has
to use the octahedral axiom, but then one tends to lose control over the maps. One may indeed
prove that there is a homotopy cartesian square with the correct vertices, but the author only
manages to control two out of the four maps out of which it is made up.

Alternatively one may work in a better kind of category. If instead of working with triangulated
categories we work with stable infinity categories (say), one may prove that the square is homotopy
cartesian on the nosel[l]

We begin with the following purely algebraic lemma, which must surely be well known.

Lemma 3.10. Given a morphism of long exact sequences

Al Ar L g ot
I I
cm cr —L s pr — 5 omtl

where every third vertical map is an isomorphism as indicated, there is a long exact sequence
e AT %B"@C”ﬂD"gA"“ — ...

Here O is the composite D™ — C'"t1 — Am+l s A+ where the arrow in the wrong direction
can be inverted since it is an isomorphism by assumption.

Proof. Verifying exactness at all places is a straightforward diagram chase. O

Proof of Proposition|3.8 Consider the gluing triangles
G 2 x B G x 2 G X

3y 25 v 2 ity 25 ity .

Using the long exact sequence obtained by mapping 7' X into the second triangle and using
i*71 = 0 we conclude that
| | -
cay : [jif X, jii Y [n]] = [17° X, Yn]]

Lhttp://mathoverflow.net/a/236905/5181
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is an isomorphism for all n. Consider now the following diagram:

X Yl 225 YRl =2 (X g Y [nl] & [ X, Yn)) —25s [t X, Y0+ 1]
| ] o |
[ X, Yn)] =25 [i,i* X, i,V [n]) =2 [ii* X, j15'Y [n + 1]] 0 [, X, Y[n + 1]

For varying n, these diagrams splice together, and we get long exact sequences at the top and
bottom. This is clear at the bottom, and at the top it follows from the fact that the compos-
ite [X,Y[n]] — [17'X,55'Y[n]] — [117'X,Y[n]] is the same as axo (by standard facts about
adjunctions), so the sequence at the top is just maps out of the gluing triangle for X into Y.
The result thus follows from our lemma, provided we prove that the diagram commutes. For
the left hand square this follows from the same fact about adjunctions, for the middle square this
follows from functoriality of the gluing triangles, and for the right hand square this is just true on
the nose. O

3.3 Recollections about the Six Functors and Continuity

If M is a Quillen (pseudo-)presheaf on a site (C,7) then Ho(M) : X — Ho(M(X)) defines a
pseudo-functor. If M is sufficiently nice then the pseudofunctor Ho(M) has many very good
properties. These are generally summarised under the heading “six functors formalism”. A good
reference at this level of generality is [18].

Basic Setup We fix a base category S of schemes. It is usually essentially small and con-
sists of Noetherian schemes. Typically whenever X € S then any subscheme of X is also
in §, as is any localisation of X and also any Henselisation. We then study pseudofunctors
T :8°° — SymMonTrCat. This means that for every X € S we are given a symmetric monoidal,
triangulated category T(X) and for every morphism f : X — Y in § we obtain a symmet-
ric monoidal triangulated functor f* : T(Y) — T(X). This functor always has a right adjoint
fo i T(X) = T(Y). If f is separated and of finite type then there is also the exceptional inverse
image f': T(Y) — T(X) which affords a left adjoint fi. All of f., fi, f' form pseudo-functors. If
f is proper then f; = f,, and if f is étale then f' = f*.

Gluing If X € S, j: U C X is an open subscheme with closed complement i : Z — X, then the
functors

T(2) = 1(x) 25 1)

form a recollement (in the sense of Subsection[3.1). This is even a symmetric monoidal recollement.

Compact Objects We write T'(X)¢ for the subcategory category of compact objects. We say
that T has stable compact objects if 1x € T(X)¢, and this category is stable under the monoidal
operation and restriction. In this case X — T(X)¢ defines a symmetric monoidal triangulated
pseudo-presheaf on S.

Continuity Let {S,}aca be a projective system in & with dominant, affine transition mor-
phisms, and assume that S := lim,, S, exists in S. Write p,, : S — S, for the canonical morphism.
Then T is said to satisfy continuity if the canonical functor

2 — im T(Sa)¢ — T(S)°

is an equivalence [I8| Proposition 4.3.4].

This means in particular that for £ € T(S)° there exists a € A and Ey € T(S4)° such
that p}(Eo) ~ E and that for Ey, Fy € T(Sa,)¢ we have [p}, Eo,p},Fo] = colimg[(Se —
Sao) Eo, (Sa = Say)* Fol-
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Application to Picard Groups One upshot of the above discussion is the following.

Proposition 3.11. Let T be a symmetric monoidal pseudo-presheaf on S. Then the assignment
Pic(T) : S 5 T — Pic(T(X)) is a presheaf on S. If T is continuous and has stable compact
objects, then the presheaf Pic(T) is also continuous: for any dominant affine system {Sq}taca
with limy, S, =: S € S, we have

Pic(T(S)) = colimg, Pic(T(Sa))-

Proof. Any symmetric monoidal functor preserves invertible objects, so given f : X — Y € S
there is f* : Pic(T(Y)) — Pic(T(X)). Since any natural isomorphism of functors preserves
isomorphisms of objects, and the Picard group consists of invertible objects up to isomorphism,
the various morphisms f* make the assignment X — Pic(T(X)) into a (strict!) presheaf (of
abelian groups).

Now suppose that T is continuous with stable compact objects, and that {S,} is an affine dom-
inant system with S := lim,, S, € S. We wish to show that the natural map colim,, Pic(T(S4)) —
Pic(T(S)) is an isomorphism. Thus we need to show that (1) given E € Pic(T'(S)) there exist
a € A and Ey € Pic(T(S,)) such that p(Ep) = E, and that (2) given Ey € Pic(T(S,)) with
pi(Eo) = 1, there exists o/ € A such that (o' — a)*(Ep) = 1.

To prove (1), let F' € Pic(T(S)) be inverse to E. Note that both E, F' are compact, since they
are invertible and the tensor unit is assumed compact. Then by assumption of continuity of T
there exist a, Eg € T(S4)¢, Fo € T(S4)¢ such that p(Ey) ~ E,p’(Fo) ~ F. It need not be true
that Ey ® Fy ~ 1, so neither Ey nor Fj need to be invertible. However p% (Ey ® Fy) ~ 1, so by the
next lemma there is o’ such that (o' — a)*(Ey ® Fy) = 1. This proves (1), and (2) also follows
immediately from the lemma. O

Lemma 3.12. Suppose T(«a)® =2 —lim, T(S,)¢ and o € A,E,F € T(S,)¢. If pt E ~ p* F then
there is o/ € A such that (¢/ — o)*E ~ (o/ — «)*F.

Proof. Let i € [pX E,p%F],j € [pLF,p:E] be inverse isomorphisms. Since
[ptE,pLY] = colimy [(a' — a)*E, (o' — «)*F)
and similarly the other way round, we find that there is o’ such that 4, j lift to (¢/ = a)*E, (a/ —

a)*F in such a way that the compositions are both the identity. This proves the result. O

Examples. All our categories of interest satisfy the six-functors formalism.

Theorem 3.13 (Ayoub, Cisinski-Déglise). Let S be the category of Noetherian schemes of finite
dimension. The assignment S 3 X — SH(X) defines a symmetric monoidal, triangulated pseudo-
presheaf satisfying the six functors formalism, in particular gluing and continuity, and it has stable
compact objects.

(This result is reviewed and extended in [50, Appendix C].)

Theorem 3.14 (Cisinski-Déglise, [20]). Let k be a field of exponential characteristic e and S the
category of Noetherian schemes of finite dimension over k. Then there is a symmetric monoidal,
triangulated pseudo-presheaf S > X — DM(X, Z[1/p]) extending Voevodsky’s definition for fields.
It satisfies the six functors formalism, in particular gluing, continuity, and it has stable compact
objects.

3.4 Recollections about Resolution of Singularities

We will be using resolution of singularities very much as a black box. The following suffices for
our purposes.



48 3. Recollement and Reduction to Fields

Definition 3.15. A field k is said to satisfy resolution of singularities if for every smooth variety
X over k and every reduced, closed subvariety Z C V', there exists a proper birational morphism
p: X' — X with X' smooth and p~1(Z) a normal crossings variety, and moreover there exists a
smooth, closed subvariety Z' C X' with p(Z') C Z and p : Z' — Z proper and birational.

Here a variety is said to be normal crossings if it is smooth, or if it is a union of irreducible
components Z, . .., Z, such that each Z; is smooth and such that Z; ) Ujx:4; is normal crossings
for each i.

We recall that a morphism f : X — Y is birational if there exist everywhere dense open subsets
UcCX,VcCY with f(U)=V and f :U — V an isomorphism.

The above definition is not really standard. It encapsulates however precisely the properties
we are going to use.

Theorem 3.16 (Hironaka [42]). Every field of characteristic zero admits resolution of singulari-
ties.

Proof. A readable introduction to this material is [41]. We use the embedded strong resolution of
singularities, as stated on page 329 of loc. cit. and elaborated upon on page 335 of loc. cit.
Alternatively, embedded resolution of singularities is also recalled in [38, Theorem 4.3]. The
properties of normal crossing schemes which we use as a definition are recalled in the proof of
Proposition 3.12 in loc. cit. U

We also have the following easy observation.

Lemma 3.17. Let k be a perfect field with resolution of singularities and X a scheme of finite
type. Then X admits a cdh cover by smooth schemes (of finite type) of dimension at most dim X .

Proof. We use Noetherian induction on X. Since X,.q — X is a cdh cover [75, Example 12.24]
we may assume that X is reduced. Since Zariski coverings are cdh coverings, we may assume that
X is affine. Thus by resolution of singularities applied to X C A" there is a proper birational
morphism p : X’ — X with X’ smooth. Let Z C X be the centre. By definition, {X’, Z} is a cdh
cover of X, so we need only show that Z has a smooth cdh cover. But Z is a proper closed subset
of X, so this finishes the induction. O

3.5 Application 1: Pointwise Trivial Motivic Spectra

Definition 3.18. We call a presheaf F' on Sm(k) rigid if for every essentially smooth, Henselian
local scheme X with closed point x, the restriction homomorphism F(X) — F(x) is an isomor-
phism.

This notion of rigidity is well established. We want to point out the following example.

Proposition 3.19. Let k be an infinite perfect field of exponential characteristic 2 # e and finite
2-étale cohomological dimension.
The sheaves m;(Se)o are rigid for all i.

Proof. Let us note that rigid sheaves are stable under kernel, image, extension, limit and colimit.
To simplify notation, we write S instead of S.. We consider the arithmetic square for 2 on S [96],
Lemma 3.9]. This furnishes a homotopy pullback square

S —— S[1/2]
| |
Sy — SP[1/2].

Here S% denotes the two-completion, which we will define below. The long exact sequence for this
square together with the five lemma implies that it is enough to show that =, (S[1/2])o, . (55 )0
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and m,(S4[1/2]) are rigid. Since rigid sheaves are stable by colimit, the case of S5[1/2] follows
from S%.

We begin with S[1/2]. By motivic Serre finiteness [2] Theorem 6] (beware that their indexing
convention for motivic homotopy groups differs from ours!), m;(S[1/2]) is torsion for i > 0. By
design, it is of odd torsion prime to the exponential characteristic. Writing this sheaf as the colimit
of its sheaves of [-torsion, where [ ranges over odd integers prime to the exponential characteristic,
and applying [117, Corollary 2.6] (note that finite 2-étale cohomological dimension implies that
k is non-real), we find that it is rigid. (In fact one may prove that it is a (torsion) sheaf with
transfers in the sense of Voevodsky.)

For i = 0 we have m;(S[1/2])o = GW[1/2] and the sheaf GW is known to be rigid [35, Theorem
2.4].

It remains to deal with S2. By [55, Theorem 1] and [95, proof of Theorem 8.1], we know that
S is actually is actually the same as S49, where S4? is the realisation of a semi-cosimplicial
spectrum with Sg¢ = S A HZ/2"7. (Here HZ/2 is the motivic cohomology spectrum.) That is
to say there is a convergent spectral sequence for T € SH(k), E}* = [T[#], S49] [55, Corollary
3]. Here EY? = ker([T[+], S2] = @,[T[+], S21]). The map s comes from the ¢ + 1 cosimplicial
structure maps. In particular it suffices to show that the homotopy sheaves of S;‘d are rigid, for
any g. But these are torsion sheaves with transfers (in the sense of Voevodsky), so in particular
oriented, whence rigidity holds for example by [45, Paragraph after Lemma 1.6]. O

Remark 1. In light of the fact that m,(5)o is always rigid, one may ask if the same is true about
7, (S)o for all ¢ (i.e. without assuming that k is of finite 2-étale cohomological dimension). The
author knows a somewhat elaborate proof of this result which is not included here for reasons of

space.

Remark 2. Tt is not true that 7,(S); is rigid for all 4,j. For example m;(S); = K{*" and
KMW(A) surjects onto A%, so this sheaf very far from rigid.
The reason why we wish to deal with rigid sheaves is the following.

Lemma 3.20. Let F be a strictly homotopy invariant cdh sheaf on Sch/k, where k is a field of
characteristic zero. Assume that F' is rigid.

If X is the Henselisation of a normal crossing scheme in a point x, then HY, (X,F) =0 for
p>0and H, (X, F) = F(x).

Proof. We use induction on the dimension and number of components of X. We know that X is the
union of smooth closed subschemes 71, ..., Z,, all of which are Henselian local with closed point
x, and smooth. The result holds for each of the Z; by Corollary part (2). We may assume by
induction it holds for X' = Z; U---U Z,_; and also for X" := X’ N Z,, (being normal crossings
of smaller dimension). Consider the Mayer-Vietoris sequence for the closed cover X = Z,, U X’
(which is a rather degenerate abstract blowup)

0— H'X)— H X))o H*(Z,) - H*(X") - H'(X) - H' (XY o H'(Z,) —» H' (X") — ....
The result for X follows immediately. O

Corollary 3.21. Let X be as in the lemma and k additionally of finite 2-étale cohomological
dimension. Then
HomSH(X)[]]-v ]].] = GW(I‘)
and fori >0
Homgp(x)[1, 1[i]] = 0.

In order to prove this, we use a slightly different kind of descent spectral sequence. First, recall
that SH(X) — SH(X) is fully faithful, by the same argument as for [I8, Corollary 6.2.5]. Thus
it is enough to compute Homgg(x)[1, 1[i]]. Let f : X — Spec(k) be the structural morphism.
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Then the pullback f* : SH(k) — SH(X) has a left adjoint i# : SH(X) — SH(k). Consequently
[L,1[¢)] = [L, f*1[3]] = [i#l, 1[é]]. Moreover, i#IL = XX ;. At this point we can use the usual
descent spectral sequence in the category SH(k) to compute Map?(X°°X,,1). This requires us

to know the cdh homotopy sheaves of 1 € SH(k) on Ft(k). However by corollary (and its
proof) it is enough to know the Nisnevich homotopy sheaves of 1 € SH(k) on Sm(k).

Proof. The homotopy sheaves =, (S)g are strictly homotopy invariant and rigid by Proposition
Hence the descent spectral sequence

Hfdh(X7£—q(S)*) = []]-7 ]]-[p + qHX

collapses (by the lemma) to yield [1, 1[i]] = H?,, (X, 7_;(S)o). The result follows from the lemma.
O

We are now ready to state our main theorem of this section.

Theorem 3.22. Let k be a field of characteristic zero and finite 2-étale cohomological dimension,
and X € Ft(k). If E € SH(X) is pointwise trivial, i.e. for every x € X (not necessarily closed)
we have E, ~ 1 € SH(x), then E is cdh-locally trivial. If X is a normal crossings scheme, then
in fact E is Nisnevich-locally trivial.

Proof. Let us write G,, for the assertion “the theorem holds in the weak form about cdh-local
triviality for all X of dimension at most n”, S,, for the assertion “the theorem holds in its strong
form about Nisnevich-local triviality for all smooth X of dimension at most n” and N,, for the
assertion “the theorem holds in its strong form for all X of dimension at most n which are normal
crossings”. Clearly when n = 0 all of these hold. We shall show that G,, = S,, = N, = G,41.
This proves the result by induction.

(G, = Sp). This is just Theorem

(Sn, = N,). Let X be the Henselisation of a normal crossings variety in a point p. We know
that X = Z; U---U Z,, where each Z; is smooth. We show by induction on n that F is trivial on
X. By induction we know that F is trivial on U := X\ Z, C Z;U---UZ,, and on Z := Z,,. We
are in a recollement situation, and Corollary [3:21] applied to Z and Z, says that we may apply
Corollary whence F is trivial.

(N,, = Gp41) Since X is cdh locally smooth by Lemma we may assume that X is smooth.
Considering the triviality of E over the generic point(s) and using continuity (i.e. Proposition,
we find an (everywhere) dense open subset U C X such that E|y is trivial. Let Z be the closed
complement. Using resolution of singularities (see Definition and Theorem [3.16), we find a
proper cdh cover X’ — X such that the preimage Z’ of Z is normal crossings. Consequently we
may assume that Z is normal crossings. Passing to the Henselisation of a point x € X, we may
assume further that X is Hensel local with closed point z. Now E|z = 1 by assumption N,, and
E|y = 1 by construction, so using Corollaries and as before, we conclude that F is trivial.

This concludes the proof. O

Remark 1. The result extends to arbitrary fields (of characteristic zero) containing /—1 by the
usual continuity argument (a field finitely generated over Q(1/—1) is of finite 2-étale cohomological
dimension, and every invertible object is defined over such a field by compactness).

Remark 2. The only reason why we need to assume finite 2-étale cohomological dimension is
in the proof of Proposition As mentioned after that proof, the assumption is not necessary
(but we did not prove that claim).

We can also remove the reliance on that proposition altogether by the following technically
more complicated argument. First, we prove the theorem not for the functor X — SH(X) but for
X + (S<0)-Mod. This should be possible because only 7, (S)o = GW matters here, and we know
rigidity for this sheaf. Second, we check that for X smooth Henselian local, the homomorphism
Pic(SH(X)) — Pic((S<0)-Mod) is injective.
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The main reason why we have chosen not to implement this strategy is that justifying the
technical details would take up significantly more space.

3.6 Application 2: Pointwise Trivial Motives
A stronger result is true for motives, with an easier proof.

Theorem 3.23. Let k be a field of characteristic zero and X Noetherian of finite dimension over
k. If E € Pic(DM(X)) is pointwise trivial, i.e. E, ~ 1 for allx € X, then E ~ 1.

Proof. By continuity, we may assume that X is of finite type. By [I8, Proposition 2.3.6 (1)] we
may assume that X is reduced.

Arguing as in Chapter [2| the space PIC(DM) satisfies cdh-descent. But we have h;1 = 0
for i # 0 and hyl = Z. It follows from the descent spectral sequence that the presheaf X —
Pic(DM(X)) is actually a sheaf in the cdh topology (use the lemma below). Consequently any
cdh-locally trivial invertible motive is trivial. This holds for elements of DM(X) (no underline)
as well, since DM(X) — DM(X) is fully faithful (essentially by definition).

We now prove the result by induction on the dimension of X. By what we said above, it
suffices to prove the result if X is reduced Henselian local with closed point x, open complement
U. Then U is of smaller dimension than X, so F|y = 1, and also E|, = 1 by assumption. The
lemma below implies (using a descent spectral sequence) that [1, 1[7]] = 0 for ¢ # 0 and [1, 1] = Z,
over any (reduced and connected) X. We may thus apply Corollaries and [3.9] as before to
conclude that £ = 1. O

Lemma 3.24. Let A be an abelian group and A the associated constant sheaf. Then for any
reduced, connected scheme essentially of finite type over k, we have HY, (X, A) =0 for p >0 and
HO,, (X, A) = A.

Proof. The result holds for X smooth by Corollary 2.:36] and the fact that constant sheaves are
flasque for the Nisnevich topology (e.g. because they afford transfers and are homotopy invariant,
so the Nisnevich and Zariski cohomology coincide, and the result for Zariski cohomology is well
known). By resolution of singularities, we find a cdh cover Z [ X’ — X where Z C X is closed
of smaller dimension and X’ is smooth. The preimage Z’ of Z in X also has smaller dimension.
Considering the associated Mayer-Vietoris sequence concludes. O
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Chapter 4

The Motivic Hurewicz Theorem

The results in this chapter are being published as [6].

We fix throughout a perfect ground field k of exponential characteristic e.

In this short chapter we establish the Motivic Hurewicz Theorem and its corollaries, the con-
servativity and Pic-injectivity theorems. In section[4.I]we prove a convenient result about abstract
t-categories (triangulated categories with a ¢t-structure) and adjunctions between them. It answers
the following question. Suppose that M : C — D is a triangulated functor between t-categories,
and assume that for E € C with 7¢(E) = 0 for all i < 0 we also have 77 (ME) = 0 for all i < 0
(we say that M is right-t-exact). How can we relate 75 (E) € C¥ and 7 (ME) € D¥? It turns
out that if we assume that M has a right adjoint, then the answer is the best possible: there
is a canonical isomorphism 7F(ME) = M%7§(E). We call this the abstract Hurewicz Theorem
because of its similarity to the eponymous result in topology. (Here M : C¥ — DY is the natural
induced functor.)

In Section [4.2] we apply this result to the case of motivic stable homotopy theory, i.e. the
functor M : SH(k) — DM(k). Recall that the algebraic Hopf map 1 : A2\ {0} — P! induces a
morphism of similar name in the stable motivic homotopy category 7 : G,, — S. The categories
SH(k), DM(k) have t-structures and M is left-t-exact with a t-exact right adjoint U. By a
foundational result of Deglise, the functor U : DM(k)¥ — SH(k)Y is an equivalence onto the
full subcategory SH(k)Y"=Y of objects F such that np : F A G,, — F is the zero map. As a
consequence, we prove that if £ € SH(k) with 7;(F), = 0 for all ¢ < 0, then h;(MFE), = 0 for
all i < 0 and hy(ME), = my(ME)./n, using the above identification of DM(k)" inside SH(k)".
This is what we call the Motivic Hurewicz Theorem.

In Section [£.3] we recall Voevodsky’s slice filtration and Levine’s computation of the filtration it
induces on SH(k)". Using Voevodsky’s resolution of the Milnor conjectures we can prove: if k has
finite 2-étale cohomological dimension, F € SH(k). is slice-connective, m;(F). = 0 for i < 0 and
additionally hy,(ME),. = 0, then we also have m;(E). = 0. The conservativity and Pic-injectivity
theorems are easy corollaries of this.

In the final Section we collect some straightforward applications: the invertibility of (suit-
able) spectra is detected by their motives, and so are (multiplicative) equations among invertible
spectra. We will use these in the next chapter to prove invertibility of affine quadrics and establish
the Hu-conjecture.

4.1 The Abstract Hurewicz Theorem

We begin by proving a natural result about ¢-categories. We assume that it must be well known
in the right circles, so make no claim to originality.

We begin by recalling some definitions. The most important point to note is that we use
homological indexing for t-structures. See for example [70 Definition 1.2.1.1].
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Definition 4.1. Let C be a triangulated category. By a t-structure on D we mean a pair of strictly
full subcategories C>,C<q with the following properties:

1. For X € C>0,Y € C<o we have [X,Y[-1]] = 0.
2. We have 620[1] C CZO and Cgo[l] D) CSO.

3. For any X € C there is a distinguished triangle X>o = X — X<o with X>¢ € C>¢ and
X<0 S Cgo[—l].

By a t-category we mean a triangulated category with o fized t-structure.

This definition has a plethora of consequences, see for example [IT], Section 1.3] [34] Section IV
§4]. Let us recall the following. We write C<,, = C<¢[n] and C>,, = C>¢[n]. The inclusion C<,, < C
has a left adjoint E — E<,. Similarly the inclusion C>,, < C has a right adjoint £ — E>,. Both
are called truncation. The distinguished triangle from point (3) of the definition is in fact unique,
and functorially comprised of the truncations, as indicated in the notation.

The full subcategory C¥ = C<o N C>o turns out to be abelian and is called the heart of the
t-category. For E € C the homotopy objects are 7§ (E) 1= (E<g)so0 =~ (E>0)<o € CY, and

C

7¢(E) := 7§ (E[—i]). The functor 7¢ is homological, i.e. turns exact triangles into long exact

sequences.

Definition 4.2. Let F : C — D be a triangulated functor between t-categories. We call F' right-
t-exact (respectively left-t-exact) if F(C>o) C D>q (respectively if F(C<o) C D<o). We call it
t-exact if it is both left and right t-exact.

We note that any triangulated functor F : C — D induces a functor F¥ : C¥ — DY E
e F(E).
The notions of left and right t-exactness are partly justified by the following.

Proposition 4.3. Let M : C 2 D : U be adjoint functors between t-categories, with M right-t-
exact and U left-t-exact. Then
M®:c¥=D%.U
is also an adjoint pair. In particular M is right exact and U is left exact.
Proof. Let A € CY,B € DY. We compute
(M¥A, B ¥ (xPMA, B 2 (MA)<o, B D [MA, B
2 (a,UB E (4,UB)0] & [A,x§UB] 'Z (4,078
Here (1) is by definition, (2) is because A € C>¢ and so M A € D> by right-t-exactness of M, and
(3) because B € D<y. Equality (4) is by adjunction, and finally (3’), (2°), (1°) reverse (3), (2), (1)
with M < U, left <> right, etc. O

The following lemma is a bit technical but naturally isolates a crucial step in the proofs of the
two following results.

Lemma 4.4. Let M : C 2 D : U be adjoint functors between t-categories. If M is right-t-exact
(respectively U left-t-exact) then there is a natural isomorphism (UE) >, ~ (UE>,)>n (respectively
(ME)<y ~ (ME<y)<n).

Proof. By duality, we need only prove one of the statements. Suppose that U is left-t-exact. We
compute for T' € D<,,

(ME)<n, T) Y (ME,T) € [B,UT]

@) =R

D B, UT @

ME<,,T] = (ME<y)<n,T).

Since all equalities are natural, the result follows from the Yoneda lemma. Here (1) is because
T € D<y, (2) is by adjunction, and (3) is because U is left-t-exact so UT € C<,,. O
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With this preparation, we can now formulate the main theorem of this section.

Theorem 4.5 (Abstract Hurewicz Theorem). Let M : C = D : U be adjoint functors between
t-categories, such that M is right-t-exact and U is left-t-exact. Then for B € C>q there is a natural
isomorphism

TP ME ~ M7SE.

Proof. We have

@ o (@)

MOWSE:W(%)MWSE:WOMESO: (3) )

(ME<p)<o = (ME)<q = ny ME.
This is the desired result. Here (1) is because E € C>q, (2) is because M is right-t-exact, and (3)
is because of Lemma [£.4] applied to left-t-exactness of U. O

For convenience, we also include the following observation. What this says is that in order
to apply the abstract Hurewicz theorem, only one of the two exactness properties needs to be
checked.

Lemma 4.6. Let M : C = D : U be adjoint functors between t-categories. If M is right-t-exact
(respectively U left-t-exact), then U is left-t-exact (respectively M right-t-exact).

So in applying the theorem only one of the two exactness properties has to be checked.

Proof. By duality it suffices to prove only one of the statements. So assume that M is right-¢-
exact and let ' € D<g. We need to show that UE € C<p. Because of the distinguished triangle
(UE)>1 - UE — (UE)< it suffices to show that (UE)>1 = 0. But by Lemma [£.4] the right-t-
exactness of M implies that (UE)>; = (UE>1)>1 =0 (since E € D<y). O

Example Let us illustrate these rather abstract results with a well-known example. Write SH
for the stable homotopy category D(Ab) for the derived category of abelian groups, and C, : SH —
D(Ab) for the singular chain complex functor. This is triangulated and preserves arbitrary sums,
so has a right adjoint U, say by Neeman’s version of Brown representability. (Of course U is just
the Eilenberg-MacLane spectrum functor.) Both of these categories have well-known t-structures
with heart the category of abelian groups. In fact one has 75H(E) := m;(E) = [S[i], E]sa the
stable homotopy groups of the spectrum, and ﬁiD(Ab)(C) = H;(C) = [Z]i], C]p(ap) the homology
groups of the chain complex.

Now it is well-known that Hy(C\S) = Z and H;(C\,.S) = 0 for ¢ # 0 and consequently C.S ~ Z.
Thus by adjunction we immediately find that m;UC = [S[i],UC] = [Z[i],C] = H,;C and so U is
t-exact. Thus by Lemma [4.6] we find that C, is right-t-exact and we may apply the abstract
Hurewicz Theorem In our case this says: if E € SH is such that m;(F) = 0 for all i < 0,
then also H;(E) =0 for all ¢ < 0 and Hy(E) = mo(E). This is, of course, (a stable version of) the
classical Hurewicz theorem!

4.2 The Motivic Hurewicz Theorem

We now apply the above results to the case of motivic homotopy theory. Recall from Section [2.2
that in this situation we are interested in the categories

SH(k) = Ho(SH(k)), SH(k):= Stab™ (L1 sPre(Sm(k)nis)«, P')

and
DM(k) = Ho(DM(k)), DM(k) := Stab™(Ly1sPre(Cor(k)nis), PL).

Here Cor(k) is the category whose objects are the smooth schemes and whose morphisms are the
finite correspondences. By sPre(Cor(k)) we mean (simplicial) presheaves with transfers; such
objects are automatically pointed (by 0). We did not discuss the construction of DM(k) in detail
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in section [2.2] mainly because the situation is much more complicated if the base is not just a
perfect field. For more details see [98, Section 2] as well as [75].

There is a functor M : Sm(k) — Cor(k). It is the identity on objects and sends a morphism to
its graph. By Kan extension this yields a functor M : sPre(Sm(k)). — sPre(Cor(k)). (That is
to say M is the unique colimit preserving functor which maps the representable presheaf A™ x X
to A" x M(X), for X € Sm(k).) By general nonsense M has a right adjoint U, which just forgets
the transfer structure. It is clear that U preserves fibrations and acyclic fibrations in the projective
global model structure, thus there is a Quillen adjunction

M : sPre(Sm(k)). = sPre(Cor(k)) : U.

By the usual procedure this Quillen adjunction passes through Bousfield localisation and stabili-
sation, yielding a Quillen adjunction

M :SH(k) S DM(k) : U.

We sometimes abuse notation and write, for X € Sm(k), X, € SH(k) and M X € DM(k).
This should not cause confusion.

Recall that Al-locally we have P* ~ S*AG,,. This implies that SH(k), DM(k) are triangulated
categories. They come with ¢-structures called the homotopy t-structures [79, Section 5.2]. Write
Shuv(k) for the category of Nisnevich sheaves of abelian groups on Sm(k), and Shv'"(k) for the

category of sheaves with transfers, i.e. additive presheaves on Cor(k) such that their restriction
to Sm(k) is a sheaf.

Definition 4.7. For E € SH(k) and i,j € Z define 7;(E); € Shv(k) as the sheaf associated to
the presheaf X — [X°(X) A S*, EAG,,V], and put

)>0 ={F € SH(k) : m;(E); =0 fori <0 and j € Z}
)<o ={FE € SH(k) : m;(E); =0 for i >0 and j € Z}.

—1

SH(k
SH(k

The same story can be repeated for DM.

Definition 4.8. For E € DM(k) and i,j € Z define h;(E); € Shv'" (k) as the sheaf associated
to the presheaf X — [M(X)[i], E A G,,"], and put

DM(k)so = {E € DM(k) : h;(E); =0 fori <0 and j € 7}
DM(k)<o = {E € DM(k) : hy(E); =0 for i >0 and j € Z}.

As the notation suggests, these subcategories define t-structures. In fact the hearts are known
fairly explicitly. Recall that for a presheaf F of abelian groups (say), the contraction F_; is
defined as F_1(X) = ker(F(X x (A'\ {0})) — F(X)), where the pullback is along the inclusion
X — X x (A*\ {0}), 2z — (2, 1). Recall also that a sheaf F is called strictly homotopy invariant if
Hi(X x A", F) = H{(X,F) for all i > 0 and all X € Sm(k).

Definition 4.9. A homotopy module consists of a family of strictly homotopy invariant sheaves
F; € Shv(k),i € Z together with isomorphisms F; = (Fi1+1)—1. A morphism of homotopy modules
fv : Fx — G, consists of homomorphisms of sheaves f; : F; — G; such that (fi11)—1 = fi under
the canonical identifications. The category of homotopy modules is denoted HIL, (k).

Similarly, ¢ homotopy module with transfers is a family F. of strictly homotopy invariant
sheaves with transfers together with isomorphisms (Fy11)—1 = F;. Morphisms are defined as
before. The category is denoted HIY (k).

The following result was first published by Morel, but known to Voevodsky.
Theorem 4.10. Let k be a perfect field.

(i) The subcategories SH(k)<o, SH(k)>o C SH(k) define a non-degenerate t-structure on SH(k).
For E € SH(k), the homotopy sheaves 7;(E).« define a homotopy module in a natural way,
and this yields an equivalence SH(k)Y ~ HIL, (k).
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(ii) The subcategories DM(k)<o, DM(k)>o C DM(k) define a non-degenerate t-structure on
DM(k). For E € DM(k), the homology sheaves h;,(E). define a homotopy module with
transfers in a natural way, and this yields an equivalence DM (k)Y ~ HIY (k).

Proof. The first claim is [79, Theorem 5.2.6]. The second obtained by a straightforward adaptation
of that proof. (“Straightforward” because all the necessary prerequisites have been established by
Voevodsky.) O

Now that we have t-structures, we wish to apply the abstract Hurewicz theorem. As a first
step, we need to investigate the exactness properties of M, U.

Lemma 4.11. The functor U : DM(k) — SH(k) is t-ezact. In fact for E € DM(k) we have
m,(UE); = U(h;(E);) and U : Sho'" (k) — Shv(k) detects zero objects.

Proof. Tt follows from the definitions of the ¢-structures that we need only prove the “in fact” part.
Let 707°(E); be the presheaf V + [2°(V,) A S°,G,," A ], and similarly for hY"*(E);. Then
writing also U : PreShv(Cor(k)) — PreShv(Sm(k)) we get immediately from the definitions that
URY“(E);) = o"“(UE);. So we need to show that U : PreShv(Cor(k)) — PreShv(Sm(k))
commutes with taking the associated sheaf. This is well known, see e.g. [75, Theorem 13.1]. O

Corollary 4.12 (Preliminary form of the Motivic Hurewicz Theorem). Let E € SH(k)>¢. Then
ME € DM(k)so and hy(ME). = M (xy(E).).

Proof. We know that M is left adjoint to the t-exact functor U. Hence M is right-t-exact by
Lemma Thus ME € DM(k)>o, and the result about homotopy objects is just a concrete
incarnation of Theorem [£.5 O

In order to arrive at a more useful form of the Hurewicz Theorem, we have to understand better
the functor M®. Fortunately for us, the hard work has again been done already by someone else.
We need a little more preparation.

Recall the algebraic Hopf map 1 : A2\ {0} — P!. This defines by functoriality a map %> (A2 \
{0}) — X°°(P!) € SH(k), where we point A2\ {0} by (1,1) and P! by the corresponding point
(1:1). It is not hard to show that there is an A'-weak equivalence A2\ {0} ~ S' A G,,"? [83]
Example 3.2.20] and we have already mentioned that P! ~ S' A G,,. Since S*,G,, are invertible
in SH(k) by design, we obtain a desuspended map still denoted by the same letter

n:G, — S € SH(E).

Here we write S = 1gy for the motivic sphere spectrum.
Given H € HI, (k) ~ SH(k)® we define F(n) := my(F A G,,"").. There is then the map

n=mnr:F(l)—F,

namely np = my(n Aidp).. We call a homotopy module F' such that np = 0 orientable. It is
an important observation that if F € HIY (k) then (UF), = 0, i.e. all homotopy modules with
transfers are orientable. To see this, we note that there is a distinguished triangle [79, Lemma
6.2.1]

22 (AZ\ {0}) L noPt — np?,
But in DM it is well known that the inclusion MP! — MP? splits (this is a special case of the

projective bundle formula, see e.g. [75, 14.5.2]), which implies that M(n) = 0, and the claim
follows. We can now state and use the following foundational result.

Theorem 4.13 (Deglise [21]). Let k be a perfect field. The functor U : DM (k)Y — SH(k)¥"=0
is an equivalence of categories.

Proof. Modulo identifying SH(k)® = II,(k) and DM(k)¥ = TIY(k), this is Theorem 1.3.4 of
Deglise. This identification is given by Theorem O
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Corollary 4.14. For F € SH(k)¥""=° we have UMY F = F.

Proof. By the theorem we may write F' = UF’. Using the fact that MY is left adjoint to U
(=U%) by Proposition we compute [MYF,T] = [MYUF',T] = [UF',UT] = [F',T], where
the last equality is because U is fully faithful (by the theorem). Thus MY F = F’ by the Yoneda
lemma, and finally UMY F =UF' = F. O

Corollary 4.15. For F € SH(k)® we have UMY (F) = F/n, where F/n denotes the cokernel of
np : F(1) — F in the abelian category SH(k)®.

Proof. We have the right exact sequence
F1) L F - F/np—o0.
Since MY is left adjoint it is right exact. Also U is exact, so we get the right exact sequence
UMYF(1) - UMYF — UMY (F/n) — 0.

The first arrow is zero and UMY (F/n) = F/n by the previous corollary (note that F/n €
SH(k)¥"=0). The result follows. O

We thus obtain the Hurewicz theorem for SH(k) — DM(k).

Theorem 4.16 (Final Version of the Motivic Hurewicz Theorem). Let k be a perfect field and
FE e SH(k)ZO

Then ME € DM(k)>q and modulo the identification of DM(k)Y as a full subcategory of
SH(k)Y (via Theorem |4.13) we have

ho(ME), = my(E)«/n.
Proof. Combine Corollary with Corollary O

4.3 The Slice Filtration and the Conservativity Theorem

In order to make use of the motivic Hurewicz theorem, we need to understand better the map
nr on a homotopy module F. Let us recall some more facts about the structure of the category
HI. (k). It is a symmetric monoidal abelian category. We denote the monoidal operation by A.
The monoidal unit is denoted 7y (S), =: K MW and called unramified Milnor-Witt K-theory. Tt
has been explicitly described by Morel [82, Chapter 3 and Section 6.3]. In particular n defines an
element (of the same name) in KMW (k).

There is for E, F € SH(k) a natural map my(E); ® my(F); — mo(E A F);1;. This induces
for E,,F, € HI, (k) homomorphisms of sheaves E; ® F; — (E A F');};. In particular putting
E.=K i” W we get K fw V& F; — Fi4;. This makes every homotopy module a module over the
unramified Milnor-Witt K-theory.

If F. € HI.(k) is a homotopy module, then each of the sheaves F; is strictly homotopy
invariant. Since strictly invariant sheaves are unramified [8I, Lemma 6.4.4], F; = 0 if and only if
F;(L) = 0 for every finitely generated field extension L /k.

It is also known that such sheaves have transfers. More specifically, if L/K is a finite field
extension with K/k finitely generated, then there is the so-called cohomological transfer try k :
F;(L) — F;(K) |82 Chapter 4]. These transfers have many intricate properties which we do not
state in detail here.

Given F, € HI, (k) and K/k a finitely generated extension, we define

(KW F)"(K) = (troyk (K(L)EF (L)) ) gniee © Fits (K-

We shall use this notation momentarily. First we need to recall the slice filtration [106] Section
2]. Write SH(k)®/7 () for the localising subcategory of SH(k) generated by (3> X, )AG,,"* for all
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X € Sm(k). The inclusion SH(k)*// (i) — SH(k) commutes with arbitrary sums by construction
and so affords a right adjoint f; by Neeman’s version of Brown representability. The object f;F
is called the i-th slice cover of E. It is easy to see that there is a commutative diagram of natural

transformations
fi —— fizx

l l

id —— id.
We call E such that E € SH(k)®//(n) for some n (equivalently E = f,,E) slice-connective.
Now suppose that £ € SH(k)>o. We define a filtration on 7y(E), by putting

Fnmo(E)s = im(my(f-NE)« = mo(E)x) C mo(E)s-

The above commutative diagram implies that Fymy(E). C Fni1my(E)x.
There is now the following highly interesting result. (We caution that Levine uses somewhat
different indexing conventions than we do.)

Theorem 4.17 (Levine [66], slightly adapted Theorem 2). Let k be a perfect field of characteristic
different from 2 and E € SH(k)>o. Then for m > i and any perfect field extension F/k we have

(Fimg(E))m (F) = (K i mo (E):)" (F).

We can fruitfully combine this result with the motivic Hurewicz theorem and the work of
Voevodsky and others on the Milnor conjectures. The upshot is the following. Write SH(k), for
the (co-localising) subcategory of SH(k) consisting of those E € SH(k) such that E = E is an
isomorphism. Equivalently, all the homotopy sheaves m,(E); are modules over Z[1/e].

Theorem 4.18. Let k be a perfect field of finite 2-étale cohomological dimension and exponential
characteristic e. Let E € SH(k), be slice-connective and 0-connective (i.e. m;(E). =0 fori <0).
Then if hy(ME). =0 also my(E). = 0.

Write SH(k)conm-sleonn for the subcategory of e-local, connective and slice-connective spectra.
Then in particular the functor

M : SH(k)g"*1o" — DM(k)
18 conservative.

We note that the theorem can definitely fail if k£ has infinite 2-étale cohomological dimension.
See [I5, Example 2.1.2(4)] for an example.
Before proving the theorem, let us mention two auxiliary results.

Lemma 4.19. Let E € SH(k). be compact. Then E is connective and slice-connective.

Proof. The category SH(k), is generated as a localising category by the e-localisations of XX | A
Gp\' for i € Z and X € Sm(k). Each of these objects is slice-connective by definition and
connective by Morel’s stable connectivity theorem [81I]. Consequently if T is the thick triangulated
subcategory of SH(k). generated by these objects, all E € T are connective and slice-connective.

It remains to show that all compact objects E € SH(k). are contained in 7. But each of
the generators XX A G,,"" is compact (see e.g. [08], Lemma 2.27 and paragraph thereafter);
it follows from general results [86, Lemma 2.2] that T is precisely the subcategory of compact
objects. O

Theorem 4.20. The homomorphism
M : Pic(SH(k).) — Pic(DM(k,Z[1/€]))

is injective (if k is a perfect field of finite 2-étale cohomological dimension,).
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Proof. Invertible objects are compact (since S is) and hence connective and slice-connective by
the lemma. Let E € Pic(SH(k).) such that ME = 1. Then ME € DM(k)>o and hence by the
theorem we have E € SH(k)>o. Applying the motivic Hurewicz theorem we find that m(E)./n =
hy(ME). = hy(1). = KMW[1/e]/n. Consequently there exists an element a € [S, E] = my(E)o (k)
with Ma an isomorphism. By the conservativity we find that a is an isomorphism and so E = 1.
This concludes the proof. O

Proof of Theorem[}.18 The “in particular” part follows from the first part by induction and non-
degeneracy of the t-structure.

Now let E € SH(k), be slice-connective and zero-connective, and hy(ME), = 0. We need to
show that m(E). = 0. By the motivic Hurewicz theorem, we know that m,(E)./n = 0, i.e. nis
surjective on my(E)..

Let us assume first that k has characteristic zero. Since F is slice-connective, we know that
f-NE ~ E for some N sufficiently large. Thus Fymy(F)« = my(F)«. By Levine’s Theorem
we find that for any finitely generated field extension K/k and any n > 0

7o (B)nsn (K) = (Fnmg(B)ns ) (K) = (K" 10 (B)n)" (K).
It is thus enough to show that there exists R > 0 such that for n > R and L/K finite, we have
K (L)mg(E)n (L) = 0.

Using surjectivity of 7, this is the same as KXW (L)n"zy(E)n4n(L). But KM (L)p™ = 1(L),
where I(L) is the fundamental ideal in the Witt ring (see again [82] Chapter 3]). By the reso-
lution of the Milnor conjectures, I(L)™ = 0 as soon as n > cda(L), where cda(L) is the 2-étale
cohomological dimension. See [78] for Voevodsky’s resolution of the Milnor conjectures. Let
R = cdy(K). Then R < oo since k has finite 2-étale cohomological dimension by assumption and
K /k is finitely generated [I02, Theorem 28 of Chapter 4]. But then since L/K is a finite extension,
cda(L) < R = edo(K) by loc. cit. Hence this R works. This concludes the proof in characteristic
zZero.

If 2 # e > 1 we may use exactly the same argument, but eventually we cannot conclude that
7o (E)«(K) = 0 for all K/k finitely generated, but only for the perfect closures K? of such fields.
(Note that cda(KP) < eda(K) < oo by loc. cit. Actually equality holds but we do not need this.)
The result then follows from the Lemma below.

If 2 = e, we use that SH(k); decomposes as SH(k); x SH(k),. One has 5 = 0 and
consequently (SH(k)3)? ¢ SH(k)¥"=% and in particular 7,(E)} = m,(E)}/n = 0. On the other
hand Endgg ;- (1) = W(k)[1/2] = 0 [(7, Theorem II1.3.6]. Consequently SH(k); = 0 in our
case and thus my(E), = 0. Thus my(E). = 7y(E)S @ my(E); = 0, concluding the proof in the
final case. O

Lemma 4.21. Let k be a perfect field of characteristic p > 0 and H, a homotopy module on which
p is invertible. Let K/k be a finitely generated field and K'/K a purely inseparable extension. Then
H.(K) — H.(K') is injective.

Proof. Let L/k be a finitely generated field extension and 2 € L not a p-th root. Write L' =
L(z'/?). T claim that H,(L) — H,.(L') is injective. Once this is done we conclude that H,(K) —
H.(K') is injective for any purely inseparable finitely generated extension (being a composite of
finitely many extensions of the form L’/L) and hence for any purely inseparable extension by
continuity.

In order to prove the claim, we shall use the transfer trp,,;, : H.(L') — H,.(L). This satisfies
the projection formula: if & € H.(L) then trp, ol = triy p(1)a, where 1 € GW(L') is the unit.
(This is because transfer comes from an actual map of pro-spectra .°°Spec(L)y — X Spec(L')4.)
Hence it is enough to show that ¢ := trp, (1) is a unit in GW(L)[1/p]. But t = 327 ((—1)""1).
Indeed this may be checked by direct computation, using the fact that (cohomological) transfers
on KMW coincide with Scharlau transfers, as follows from their definition [82, Section 4.2] and
Scharlau’s reciprocity law [99, Theorem 4.1]; this is explained in more detail in [I6, Lemma
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2.2]. To show that ¢ € GW/(L)[1/p] is invertible, it is enough to consider the canonical images
dim(t) € Z[1/p] and cl(t) € W(L)[1/p]. We know that dim(t) = p is invertible by design. If
p = 2 then W(L)[1/p] = 0 [{7, Theorem III.3.6], so cl(t) is clearly a unit. Otherwise we have that
t= p—;((l) + (—=1)) + 1 and so ¢l(t) = 1 is also invertible. This concludes the proof. O

4.4 Applications

We list some rather abstract consequences. More concrete ones will follow in the next chapter.

Recall that an object E in a symmetric monoidal category C is called rigid with dual DFE if
the functors ® E, ® DE are both left and right adjoint to one another. Rigid objects are preserved
by monoidal functors since they are detected by the zig-zag equations [74, Theorem 2.6]. If C is a
tensor triangulated category then the subcategory C™ of rigid objects is a thick tensor triangulated
subcategory [48] Theorem A.2.5].

Lemma 4.22. Let C,D be symmetric monoidal categories and F : C — D be a symmetric
monoidal, conservative functor. Suppose given E € C rigid. Then E is invertible if and only
if F(E) € D is invertible.

Proof. The object E is invertible if and only if the natural map o : DE®QFE — 1¢ is an isomorphism.
By assumption, this happens if and only if F(«) is an isomorphism. But now F' is symmetric
monoidal so preserves duals, whence F(«) : DF(E) ® F(E) — 1p is the canonical map, which is
an isomorphism if and only if F(E) is invertible. O

Of course, if C, D, F are triangulated then F is conservative if and only if it detects zero objects,
which may be easier to verify.

Proposition 4.23. Let k be a perfect field of exponential characteristic e and finite 2-étale
cohomological dimension. Let E € SH(k). be compact. Then E is invertible if and only if
ME € DM(k,Z[1/€]) is invertible.

Proof. The triangulated category SH(k). is compact-rigidly generated [67, Corollary B.2]. The
functor M : SH(k)¢ — DM(k,Z[1/e]) is symmetric monoidal triangulated, and conservative by
Lemma [£.19 and the Conservativity Theorem Thus the result follows from Lemma[4:22] O

We wish to globalise this result, i.e. extend it to more general bases.

Proposition 4.24. Let X be a scheme of finite type over a field k and E € SH(k) be rigid. Then
E is invertible if and only if for every point i, : {x} — X of X, the pullback i:(F) € SH(x) is
invertible.

Proof. Necessity is clear, we show sufficiency. Since X,.q — X is a cdh cover, pullback along
Xreq — X is conservative and hence detects invertibility of rigid objects, by Lemma We
may thus assume that X is reduced.

Let C be a cone on the canonical morphism DE ® E — 1. Since the tensor unit in SH(X) is
compact so is any rigid object such as C. We may thus use continuity (see Theorem and the
preceding discussion). Since for every generic point n € X we know that i, £ € SH(FE) is invertible,
we know that ,,C' ~ 0 and hence we find an everywhere dense open subset U C X such that E|y
is invertible. Let Z be the closed complement. The pair SH(X) — SH(U), SH(X) — SH(Z) is
conservative (e.g. by considering gluing triangles), and hence it follows from Lemma that it
suffices to show that E|z is invertible. This follows by induction on dimension. 0

Of course, this result is most useful in characteristic zero, where all the residue fields are
automatically perfect, and the previous result applies.

Corollary 4.25. Let k be a field of characteristic zero and finite 2-étale cohomological dimension,
and X a scheme of finite type over k. Let E € SH(X) be rigid. Then E is invertible if and only
if Mi*E € DM(z) is invertible for all x € X.
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The following result helps identifying rigid objects.
Lemma 4.26. Let X be a scheme of finite type over a field k.

(i) For f :Y — X smooth and proper and E € SH(Y) rigid, the object fu(E) € SH(X) is
rigid.

(ii) If {Uy — X} is a Nisnevich cover and E € SH(X), then E is rigid if and only if E|y, is
rigid for every a.

(i) If V. — X is a vector bundle, then the Thom spectrum Th(N) € SH(X) is rigid (in fact
invertible).

(iv) If Y — X is smooth and proper, Z — 'Y a closed immersion such that Z — X is also smooth,
and U =Y \ Z, then X*°(U) € SH(X) is rigid.

Proof. Part (i) is a direct generalization of [I8, Proposition 2.4.31]: the functor SH(X) 5 A —
A ® fu(FE) is isomorphic to A — fu(E ® f*A). This has a right adjoint A — f.(E' @ f*A),
where E’ is the dual of E. By purity, this functor is isomorphic to A — fxQ(E' @ f*A),
where € is tensoring with an invertible object T'. Using the projection formula, this functor is
isomorphic to A — fx(T ® E’) ® A. Finally, the functor A — f4Q/(E’® f*) has as right adjoint
A f.(E®X;f*A), which can be identified as A — fx(E) ® A by the same method as before.
Thus fu(FE) is rigid with dual fx(T ® E').

For part (ii), necessity is clear. We show sufficiency. Note that E is rigid if and only if
T®Hom(FE, 1) — Hom(F,T) is an isomorphism for all T' [48] Definition A.2.4]. But for f : U — X
étale we know that by the six functors formalism, Hom(f*E, f*T) = f*Hom(E,T) [18, A.5.1 (6),
(4)]. Since pullback along a Nisnevich cover is conservative since SH has Nisnevich descent, and
the morphisms in a Nisnevich cover are étale, we are done.

Part (iii) now reduces, by local triviality of vector bundles, to rigidity of Thom spectra of affine
spaces, which holds by construction.

Part (iv) follows from homotopy purity [I8, Theorem 2.4.35], i.e. the existence of a distin-
guished triangle

E°U4) = 2°(Yy) = Th(NZY).

Indeed both ¥*° (Y} ) and Th(NzY) are rigid by (i) and (iii), and hence so is 3X>°(U,). O

4.5 Extensions

The results in this chapter are not optimal. We have decided to prove only the version of the
conservativity theorem which has the simplest proof. For stronger statements, see [6]. We can
summarize the results of that article as follows:

1. Let k be a perfect field of exponential characteristic e, E € SH(k) and assume that 0 =~
ME € DM(k). We can conclude that E ~ 0 in the following situations.

(a) E € SH(k). and E is connective and slice-connective, and k is of finite 2-étale cohomo-
logical dimension. (This is the version proved here.)

(b) E € SH(k) is compact and k is non-orderable (i.e. -1 is a sum of squares in k).

There are two ingredients to going from (a) to (b). Firstly, one may prove the result for
compact £ € SH(k) with k of finite 2-étale cohomological dimension. This is done by
replacing the slice filtration on the homotopy modules by an algebraically constructed one.
Note that while compact implies connective and slice-connective, the proof really needs
compactness in its current form, so this is not a strict generalisation. Secondly, any non-
orderable perfect field is a colimit of perfect fields of finite 2-étale cohomological dimension.
The result over any perfect non-orderable field for compact objects thus follows by continuity.
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2. The above deals with all perfect fields of positive characteristic. Suppose now that k has
characteristic zero. If k can be embedded into R, the set of orderings Sper(k) coincides with
the set of embeddings into R. For a € Sper(k) such an embedding, there is a real realisation
functor

SH(k) — SH(R) — SH

coming from looking at the topological space of real points. We denote the composite
SH(k) — SH(R) — SH <% D(Ab) — D(Z[1/2])

by M,[1/2] : SH(k) — D(Z[1/2]). Here C. denotes the ordinary singular complex functor.
We call M,[1/2] the real motive functor associated with a € Sper(k). It turns out that
a similar functor can be defined for any field k of characteristic zero, whether it can be
embedded into R or not.

One may then prove: if k is of finite virtual 2-étale cohomological dimension (and charac-
teristic zero), E € SH(k) is connective and slice-connective, 0 ~ M E € DM(k) and also
0~ M,[1/2]E € D(Z[1/2]) for every a € Sper(k), then in fact F ~ 0.

3. By the same argument as in (1), the previous result holds for arbitrary fields k of character-
istic zero when F is assumed compact.

These results allow us to strengthen Corollary Recall that for a scheme X, the set R(X)
consists of pairs (p,«) with p € X and a € Sper(k(x)) [100, (1.2)]. For z € X we write M, :
SH(X) — DM(z) for the composite SH(X) ~ SH(x) ELR DM(zx) and for r = (z,a) € R(X)
we write M,[1/2] for the composite SH(X) — SH(z) =2, p(z[1/2).

Corollary 4.27. Let k be a field of characteristic zero, X/k of finite type, and E € SH(X) rigid.
Then E is invertible if and only if

(i) for every x € X, the motive M, FE € DM(x) is invertible, and
(i) for every r € R(X), the real motive M,.[1/2|E € D(Z|1/2]) is invertible.

Proof. Necessity is clear, we show sufficiency. By Proposition [£:24] we may assume that X is the
spectrum of a field (of characteristic zero). Rigid objects are compact since the unit is, so we
can use the strongest form of the conservativity theorem as explained in point (3) of the above
summary of extensions. The result follows. O
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Chapter 5

Computations

Some of the results in this chapter are being published as [7].

In this chapter we concentrate on more concrete results. In section we begin by recalling
Voevodsky’s construction of DM(k) and its basic properties. We prove some basic results about
change of coefficients and base. In particular, if [/k is a finite separable field extension and A is a
ring of coefficients such that [l : k] € A*, then the functor DM(k, A) — DM(I, A) is conservative,
and there is a bijection ker(Pic(DM(k,A)) — Pic(DM(l, A))) = Hom(Gal(l/k), A*). We also
show that if A is a PID, then the study of Pic(DM(k, A)) can roughly be broken up into studying
Pic(DM(k, k(P))), where k(P) runs through the various residue fields of A, including Frac(A).

In Section [5.2] we recall the basics about weight structures and prove our abstract fixed point
functors theorem. This essentially says the following. Suppose that F' is a finite (coefficient)
field, k is a base field, and for every field I/k we are given a set S; of smooth projective vari-
eties. We write D(S)TM(l, F') for the thick, triangulated, symmetric monoidal subcategory of
DM(I, F') generated by the motives of varieties in S; and the Tate motives. Recall also that the
category Chow(k, F') of Chow motives embeds into DM(k, F'), and that we write Tate(F) for the
subcategory of Chow(k, F') consisting of the Tate motives. Then for good choices of S, there is
a functor ®F : D(S)TM(k, F) — K°(Tate(F)) which is essentially uniquely determined by the
following property: if X € Sy write M(X) 2 M & T € Chow(k, F), where T is a Tate motive
and M is a Tate-free motive, i.e. affords no (non-zero) summands which are Tate motives. Then
OF(MX) = T]0].

If S is suitably stable under base change, then for a field extension [/k the base change
DM(k,F) — DM(I, F) restricts to the subcategories D(S)TM(k, F) — D(S)TM(, F), and
we may construct a composite functor ® : D(S)TM(k, F) — D(S)TM(l, F) — K°(Tate(F)).

The abstract fixed point functors theorem given conditions on S under which the constructions
outlined above are possible and yield a (weight) conservative and Pic-injective collection of func-
tors. Apart from trivial compatibility requirements (ensuring that we get base change functors
D(S)TM(k, F) — D(S)TM(I, F')) there are basically two such conditions. Firstly, we have to
ensure that the functors ®' are well-defined and symmetric monoidal. It turns out that a good
way to achieve this is to require that for every X € 5;, every zero-cycle of X has degree divisible
by the characteristic of F. Secondly we need to ensure that the functors ® “see all of M X, for
X € §. This certainly requires that each M X be geometrically Tate. In order for our argument to
work we need a somewhat stronger property to be true. Basically, whenever X has an [-rational
point, we need the base change (M X); to break up into a Tate motive and some other motives
built from various Y € S;, and we need these Y to be “smaller” in some sense (in order to allow
inductive arguments).

With this result established, we perform the computations outlined in the introduction. In
Section [5.3] we study the motives of quadrics. Using the results about change of coefficients, base
change, and the abstract fixed point functors theorem, we cook up a reasonably computable col-
lection functors on DQMY™ (k, Z) which is jointly conservative and Pic-injective. (These functors
are basically reduction modulo two followed by the abstract fixed point functors, which exist es-
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sentially by Springer’s theorem, and the geometric base change functor.) We use these to prove
that all reduced motives of smooth affine quadrics are invertible, and to prove the Hu-conjecture
for DM. We also use the Motivic Hurewicz Theorem from the previous section to lift these results
to some extent to SH.

In Section [5.4] we study Artin and Artin-Tate motives, following essentially the same strategy:
using the general results, we cook up a conservative and Pic-injective family of functors. There
are some minor differences compared with quadrics: we need to consider reductions modulo all
primes, not just two, and the fixed point functors exist only after “p-special base change”, i.e. they
exist with coeflicients of characteristic p over a field k such that every finite separable extension of
k is of degree a power of p. Fortunately if k is any field then there is an extension k,/k with this
property and which moreover has the property that every finite subextension k,/l/k has degree
[l : k] coprime to p (essentially, k, is a maximal extension with this property). Then the base
change DAM(k,Z/p) — DAM(k,,Z/p) is conservative and (so) can be controlled by our general
results. With these constructions and results out of the way, we can perform the computations
outlined in the introduction.

In Section [5.5| we look at a somewhat different example: we study the Picard group of the
subcategory of SH(k) generated by the spectra G,,"", which might be called the category of
Tate spectra. Here we cannot apply the abstract fixed point functors theorem, but there is still
a weight structure. We use it, together with some non-commutative algebra, to prove that every
invertible Tate spectrum is (uniquely) of the form Sz A S™ A G,,,”"™. Here m,n € Z and S is the
invertible Tate spectrum corresponding to an element £ € Pic(GW (k)) = Pic(End(1)) under the
embedding Pic(End(1)) — SH(k) explained in the introduction.

Finally in Section|5.6]we come to the first computation mentioned in the introduction: assuming
suitable standard conjectures, we compute Pic(DM(k,Q)) completely. We also explain how to
extend this to integral coefficients, if one looks at étale motives instead of the usual Nisnevich
ones.

5.1 Change of Coefficients and Base for DM

In this section we recall the construction of Voevodsky’s category DM (k, A) and prove some basic
results about change of base and/or coefficients.

5.1.1 Recollections about DM

Let k be a field of exponential characteristic e. In [20] there was constructed a cdh-Quillen
presheaf Ft(k) > X — DM(X,Z[1/e]) such that DM := Ho(DM) satisfies the six functors
formalism. From this it follows (more or less) that DM is a cdh-Quillen sheaf. If [/k is a purely
inseparable field extension, then the base change functor DM(k, Z[1/e]) — DM(I,Z[1/€]) is an
equivalence of categories [20, Proposition 8.1(d)]. If & is a perfect field there is a full subcategory
DM~ (k,Z[1/e]) € DM(k,Z[1/e]) which can be described very explicitly, thanks to the work of
Voevodsky [107].

For this, recall the category Cor(k) from Section the objects are the smooth schemes over
k and the morphisms are the finite correspondences. Let A be a commutative ring. We can form
the category Shv'"(k, A) consisting of presheaves of A-modules on Cor(k) such that the restric-
tion to Sm(k) is a sheaf in the Nisnevich topology. This affords an unbounded derived category
D(Shv'"(k, A)) which is the homotopy category of a model category C(Shv'"(k, A)). We can per-
form Al-localisation on this model category and obtain DMt (k, A) := Ho(L, C(Shv'" (k, A))) C
D(Shv'" (k, A)).

Write HI' (k, A) for the subcategory of Shv'"(k, A) consisting of homotopy invariant sheaves
with transfers. Voevodsky has proved that if k is perfect and F' is a homotopy invariant presheaf,
F is actually strictly homotopy invariant: HP(X @ Al, F) = HP(X, F) for any X € Sm(k) and any
p > 0. Consequently an object E € D(Shv'"(k, A)) is A'-local (i.e. in DM®¥(k, A)) if and only
if all the homology sheaves h;(E) € HI" (k). This also implies that the Al-localisation functor
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has a very nice and explicit description: let C, denote the A'-chain complex functor, i.e. for
F e Shvtm(k, A), C,(F)(X) = F(X x A™), where A" is the algebraic n-simplex. Then one easily
checks that the homology presheaves of C.F are homotopy invariant and that C,F' — F' is an
Al-weak equivalence. It follows that C, is an explicit model of the A'-localisation functor.

The next step in constructing DM(k, A) is to invert the object G, under tensor product, i.e.
to consider DM (k, A) = Stab™ (L C(Shv'"(k, A)), G,,). Again a result of Voevodsky makes this
construction much more accessible. Write DM®™~ (k, A) for the full subcategory of DM (k, A)
consisting of objects E € DM®¥(k, A) such that h;(E) = 0 for i sufficiently small. Then we
have Voevodsky’s Cancellation Theorem: if k is perfect then for E, F € DMeH’*(k,A) we have
[E,F]| = [E® G, F ® G,,] [109, Corollary 4.10]. Consequently the stabilisation functor £ :
DM~ (k, A) — DM(k, A) is a full embedding. In fact from this one deduces using standard
techniques that DM®T(k, A) — DM(k, A) is a full embedding, but we do not need this.

Some further notation. If X € Sm(k) we denote by MX = M4 X its image in DM(k, A).
The thick triangulated subcategory of DM(k, A) generated by M (X)®G,,"" for X € Sm(k) and
n € Z is denoted DMY™(k, A). If one restricts to n > 0 (equivalently n = 0) then one obtains
a subcategory of DM®®~ (k. A) denoted DM®®9™ (k. A). Each of the generators of DMY™ (k, A)
or DM®T9™ (k. A) is compact and so it follows that DMY™(k, A) and DM®"9™ (k, A) are the
subcategories of compact objects [86, Lemma 2.2].

A further important theorem of Voevodsky is that the Karoubi-closed, additive subcategory of
DM(k, A) spanned by M X for X smooth and projective is equivalent to the category Chow(k, A)
of Chow motives with A-coefficients. (See Subsection for our conventions regarding Chow
motives.) It is well-known that the category Chow(k, A) is rigid, i.e. every object is strongly
dualisable (i.e. rigid). Since rigid objects are preserved under symmetric monoidal functors, every
MX ®G,,*" € DM?™(k, A) is rigid (here X is smooth and projective). If e is invertible on A
then by [14], the category DM(k, A) is generated (as a localising subcategory) by M X ®G,,,*" for
X smooth and projective (and n € Z). Consequently DMY™(k, A) is generated by M X ® G,,,®"
for X smooth and projective and coincides with the subcategory of rigid objects, and DM(k, A)
is compact-rigidly generated.

5.1.2 Base Change

Theorem 5.1. Let A be a (commutative) ring and d € Z be invertible on A. If f : Spec(l) —
Spec(k) is a separable extension of perfect fields such that every finite subextension l/l'/k has
degree [l : k] dividing a power of d,then f* : DM(k, A) — DM(l, A) is conservative. Moreover
there is an exact sequence

0 — Homgs(Gal(l/k), A*) — Pic(DM(k, A)) — Pic(DM(l, A)).

Proof. Suppose first that f itself is finite. In this case f defines a transfer map denoted fT €
Homcor (1) (Spec(k), Spec(l)). The composite f fT equals didx. Consequently for F' € Shv' (k, A),
the homomorphism F(k) — F(I) is injective. By the same argument, for any X € Sm(k), the
homomorphism F(X) — F(X;) is injective.

The functor f* : DM(k, A) — DM(I, A) is exact, i.e. commutes with homology sheaves.
The conservativity result follows immediately. For general, possibly infinite, f it follows from
continuity.

We now prove the result about Picard groups, in a slightly roundabout way.

Write d — Nis for the topology on Sm(k) where the coverings are jointly surjective families
of étale maps Y, — X such that for every x € X there is an a and a y € Y, over x such that
the residue field extension k(y)/k(x) is of degree dividing a power of d. One may check that this
defines a topology; write a4 for the associated sheaf functor. I claim that a d — Nis-local weak
equivalence in DMeH(k:,A) is an ordinary weak equivalence. Indeed it suffices to show that if
E e DMEH(k, A) is d — Nis-locally weakly equivalent to 0 then E' ~ 0. But this can be checked on
homology sheaves. Let I/k be a finitely generated field extension and %/l be obtained by taking
the union of all finite separable extensions of [ (in a separable closure, say) of degree dividing a
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power of d. By what we have said before (and continuity), F(I) — F(I%) is injective. But it is easy
to see that (aqF)(1%) = F(I1%), hence if agF = 0 then F(I) = 0 for every finitely generated field
extension [/k. It follows that F' = 0, because strictly homotopy invariant sheaves are unramified
[81, Lemma 6.4.4].

It follows in the usual way that ’DMEH(k,A) has descent in the d — Nis topology, and
hence so does DMY"(k, A) (in an appropriate sense). We apply the descent spectral sequence
for the space PIC(DM(k,A)) = PIC(DMI"(k, A)) to the d-Nisnevich cover f : Spec(l) —
Spec(k). Now we have mo(PIC(DM(?, A))) = Pic(DM(?, A)), m (PIC(DM(?, A))) = A*, and
m;,(PIC(DM(?, A))) = [1[i — 1], 1] = 0 [75] Corollary 4.2]. It follows from the form of the spectral
sequence that there is an exact sequence

0 — HY(I/k, A*) — Pic(DM(k, A)) — H°(1/k, Pic(DM(?, A))).

Now H(1/k, F) < F(I) for any presheaf F, and H'(I/k, F) = Hom(Gal(l/k), F) is well-known.
The result follows. O

Remark. It is possible to prove the exact sequence result about Picard groups much more
directly, if somewhat less transparently [7, Proposition 13]. The injection displayed in loc. cit. is
in fact an isomorphism, as we shall explain more directly in section [5.4]

Proposition 5.2. Let k be an algebraically closed field of exponential characteristic e, A a coef-
ficient ring on which e is invertible, and l/k an arbitrary field extension.
Then the homomorphism Pic(DM(k, A)) — Pic(DM(l, A)) is injective.

Proof. Let E € Pic(DM(k)) be such that E|; = 1. Note that E is compact. Write [ as a colimit
of smooth, finitely generated subalgebras (this is possible since k is algebraically closed so in
particular perfect). By continuity, we find that there exists a smooth affine finite type scheme
f: X — Spec(k) such that f*E = 1. Let ¢ : # <— X be any closed point. Then i*f*E = 1 as
well. But fi: x — Spec(k) is an isomorphism since k is algebraically closed. This concludes the
proof. O

Remark. The same result and proof apply to SH, or more generally any pseudofunctor satisfying
continuity in which the units are compact.

We will later need the following observation. For M € DM(k, A) we write M{n} = M ®
G ®"[n).

Lemma 5.3. Let k be a perfect field, X/k a smooth variety, A a ring in which the exponential
characteristic of k is invertible, and M € DM(k, A).

If for alln € Z and all x € X (not necessarily closed) we have that Hompng(g 4y (1{n}, M;) =
0, then also for all n € Z we have Hompwy, ) (M X{n}, M) = 0.

Proof. We will prove the result by induction on dim X. Thus in order to prove it for X we may
assume it proved for every smooth, locally closed X’ C X with dim X’ < dim X (because the
residue fields of X’ form a subset of those of X). If dim X = 0 then X is a disjoint union of
spectra of fields, and the result is clear.

To prove the general case, we may assume that X is connected. Let n € Z and a €
Hom(M X{n}, M). It suffices to show that « = 0. By considering the generic point and us-
ing continuity [20, Example 2.6(2)] we conclude that there exists a non-empty open subvariety
U C X such that a|y =0. Let Z=X\U.

If Z is empty there is nothing to do. Otherwise there exists a non-empty, smooth, connected
open subvariety U; C Z, since k is perfect.

Let Z' = Z\U;, U’ = UUU; = X\ Z'. Then U’ is smooth open in X and we have X \U’' = 7,
which is strictly smaller than Z. We shall prove that a|y» = 0. By repeating this argument with
U replaced by U’ (i.e. Noetherian induction on Z) it will follow that a = 0.



5.1 Change of Coefficients and Base for DM 69

Note that U; = U’ \ U is closed in U’, say of codimension c¢. Thus we get the exact Gysin
triangle
MU{n} - MU'{n} - MU {n — c}.

Now Hom(MU{n — ¢}, M) = 0 by the induction on dimension. Thus Hom(MU'{n}, M) —
Hom(MU{n}, M) is injective. But (a|y/)|y = a|y = 0 by assumption, so a|y = 0.
This concludes the proof. O

5.1.3 Change of Coefficients

One of the advantages of working with an algebraically constructed category like DM is that
we can get very good control over the change of coefficients functors, and use them to simplify
problems.

First recall the construction. Let o : A — B be a homomorphism of (commutative) rings.
There is an adjunction ay : A-Mod < B-Mod : a*, where ay(M) = M ®4 B and o* is the
forgetful functor. This extends to an adjunction oy : Sho'" (k, A) S Sho'" (k, B) : o*. Here ay(F)
is the sheaf associated with X + F(X)® 4 B. The forgetful functor o* is exact and so immediately
descends to o* : D(Shv'"(k, B)) — D(Shv'"(k, A)). We also have o*(HI" (k, B)) C HI" (k, A)
and so a* defines Ra* : DM (k, B) — DM (k, A).

The situation with ay is more complicated. There is Lay : D(Shv'")(k, A) — D(Shv'")(k, B).
This is essentially just derived tensor product. In particular Loy is a symmetric monoidal functor.
One also sees easily that LayRx 4 = Rx g, where Rx 4 is the representable sheaf with transfers.
It follows that Loy passes through A'-localisation and defines Lay : DM (k, A) — DM (k, B),
which is still a symmetric monoidal functor. Consequently Loy extends to the stabilisation
Loy : DM(k, A) - DM(k, B).

Resolving B projectively as an A-module, one sees that for E € DMeﬂ’f(k,B) we have
Ra*(E ® G,,) € DM*®™™(k, A) ® G,,. Then an easy calculation using adjunction of L, Ra*
and cancellation shows that Ra*(E ® G,,,) ~ Ra*(E) @ Gyy,.

One may check that Ra* commutes with filtered homotopy colimits. From this it follows that
Ra*(E ® G,,) ~ Roa*(E) ® G,, for all E € DM (k, B), not just the connective objects. Thus
Ra* also extends to Ra* : DM(k, B) — DM(k, A).

We point out that as usual, all parallel versions of Lay, Ra* are adjoint. Also any f* commutes
with Loy, Ra*. There are two basic properties of the base change functors we shall need.

Proposition 5.4. Let k be perfect, « : A — B be flat, E € DM?™(k, A) and F € DM(k, A).
Then
Hom(E,F)®4 B~ Hom(LaxE, LayF).

Proof. There is a natural homomorphism vg g : Hom(E, F) ®4 B — Hom(LaxE, LaxF'). For
fixed E let Cx be the class of objects in DM(k, A) such that yg r is an isomorphism. We want
to show that F' € Cg. The class Cg is stable under cones, isomorphisms, and arbitrary sums (E
being compact). Hence it suffices to show that DMY™(k, A) C Cg. Thus we may assume that F
is compact.

By the cancellation theorem, we may assume that F,F are effective. Using the 5-lemma
and the fact that DM®"9™ (k, A) is generated by M X for X € Sm(k), we may reduce to E =
M Xi]. In this case Hom(M X[i], F) is given by the hypercohomology H~¢(X, F*). Since ® 4B is
exact it commutes with hypercohomology and preserves sheaves, so we have H (X, F*) ®4 B =
H Y(X,F*®a B) = H (X, (LagF)*). O

Proposition 5.5. Let k be perfect, A a ring, a € A not a zero-divisor and o : A — A/(a) the
natural map. Then for E € DM(k, A) there is a natural distinguished triangle

E % FE — Ra*LayFE.

This triangle yields the typical Bockstein sequences one expects for reduction of coefficients.
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Proof. Let C(E) denote a cone on E = E. There is a canonical map vg : C(E) — Ra*LayF
coming from adjunction and the fact that there is a canonical isomorphism LaxC(E) = LagE &
LaygE[l]. We wish to show that g is an isomorphism. Let C denote the class of objects in
E € DM(k, A) such that g is an isomorphism. Then C is closed under isomorphism, arbitrary
sum (because triangles are stable by sums) and cones (because of the canonicity of vg). Hence
we may assume that £ = M X{i} for some X € Sm(k) and i € Z (since these objects generate
DM(k, A) as a localising subcategory).

Since Ra* and Lay commute with ® M G,,, we may assume that ¢ = 0. Then Ro*LaxMX =
CeRx/(c). (Note that since CeRx has homotopy invariant cohomology, so does axCeRx =
CeRx/(a), by considering the (ordinary) Bockstein sequence. Hence we may apply o* immediately
to axCeRx instead of having to Al-localise first.) Since a is not a zero divisor the sequence
0= CeRx — CeRx — CeRx/(a) — 0 is exact and yields the desired triangle. O

Theorem 5.6. Let k be a perfect field, A a PID and f : Spec(k®) — Spec(k) a separable closure.
Write Maz(A) for the set of mazimal ideals of A. For P € Spec(A) write o : A — k(P) for the
residue homomorphism.

(i) The collection {LO{;}PGSP&C(A) 1s conservative and Pic-injective.
(i) If A is of characteristic zero, the collection {Lai}peMM(A) U{f*} is conservative.

(iii) If A has residue fields of arbitrarily large characteristic, then the collection {Lai}PENIaw(A) U
{f*} is Pic-injective.

Proof. Write K = Frac(A) for the field of fractions. We first prove the conservativity results. Fix
T € DM"(k, A). Let E € DM(k, A) be such that LaiE ~ 0 for some P € Max(A). We have
P = () for some prime 7, and hence a Bockstein triangle

E S E— Ra"*Lal,E ~0.

Consequently multiplication by = on [T, E] is an isomorphism. Thus if Lai(E) = 0 for all
P € Maxz(A), then [T, E] is a K-vector space. Since K ®4 K # 0 we conclude that [T, E] = 0
as soon as [T, E] ®4 K = 0. Write o’ : A — K for the (flat) localisation. By Proposition
[Lal,T, Lo E] = [T, E] ®4 K. Thus we have shown: if Lal,E ~ 0 for all P € Spec(A), then
[T,E] = 0. Since T € DMY"(k, A) was arbitrary and DMY™(k, A) generates DM(k, A), we
conclude that F ~ 0. This proves the conservativity part of (i).

If A is of characteristic zero then K is of characteristic zero and hence f* : DM(k, K) —
DM (k*®, K) is conservative by the first part of Theorem Since La%f* ~ f*La%E7 (ii) follows
from (i).

Next we prove the Pic-injectivity part of (i). Thus let E € Pic(DM(k, A)) be such that
1 = LalE € Pic(DM(k, k(P))) for all P € Spec(A). We need to find a € [I, E] which is an
isomorphism. By the conservativity result, this happens if and only if Lai(a) is an isomorphism
for all P € Spec(A).

We know that [1[n], 1]pmk,p) = 0 for any n # 0 and any B, and also that [1, 1]pnk,B) = B.
Consider for a prime 7 the Bockstein sequence

0=[1,La}E[-1]] - [1,E] & [1,E] — [1,LaLE] = A/7.

We conclude that multiplication by 7 on [1, E] is injective, and that if we consider some a € [1, E|
then either La(a) is an isomorphism or else a = ma’ for some (unique) a’ € [1, E].

I claim there exists a € [1, E] which is not divisible (in this way) by any prime 7. If this is so
then a must be an isomorphism and we are done (with (i)). Indeed 0 # a, so 0 # Lad,(a) because
[1,E] — [1,LayE] = [1,E] ®4 K is injective, as multiplication by any 7 on [1, E] is injective.
But then [1, La% E] = [1, 1|pmk,x) = K (since La% E ~ 1 by assumption) and so Lad(a) is an
isomorphism as well.
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Write DE for the dual (monoidal inverse) of E. There is a pairing
p:[L,E] x [1,DE] — [1,E ® DE] = [1,1] = A.

This pairing is A-bilinear. Note that since [1,F] ® 4 K = []l,LaO#E] = [1, 1pmu, k) 7# 0 there
exists 0 # a € [1, E]. Similarly there exists 0 # o’ € [1, DE]. But then 0 # p(a,da’) € A, as follows
from the following commutative diagram

[1,E] x [1, DE] — P .4

| 1

[1,La%E] x [1,LayDE] —2— K

! |

Kx K "5 K,

where m is the ordinary multiplication in K.

Since 0 # p(a,a’) is divisible by only finitely many primes finitely many times, and the pairing
p is A-bilinear, it follows that a also can only be divisible by finitely many primes finitely many
times. Doing as many divisions as possible, we arrive at an a which cannot further be divided.
This proves the claim.

It remains to establish (iii). Let £ € DM(k, A) be such that f*E = 1 and Laj,E = 1. As
a first step, I claim that there exists a finite extension k& C I C k*® such that g*E = 1, where
g : Spec(l) — Spec(k). Indeed it follows from continuity that [1, f*E] = colimgcicg=[1, (I/k)*E],
where the colimit is over finite subextensions. Hence there exist [ and an element ¢ € [1, g* E] such
that (k®/1)*(t) is an isomorphism. The commutative diagram

L,g*E] —— (1, f*E] =~ A

l l

[1, Lorypg*E] —— [1,Laf f*E] = A/(n)
shows that LaZJ,(t) is an isomorphism. Thus by (ii), ¢ is an isomorphism.
Now we consider [1, E]. From the Bockstein triangles and the assumption Lal, E =1 we get
the exact sequences

[1,La}E[-1]] =0 — [1,E] & [1, E]
— [1, La™#E]) =2 A/(r) — [1, E[1]]

It follows that [1, E] is a torsion-free A-module (hence abelian group). Thus by transfer it follows
that [1, E] — [1,¢*E] = A is injective. Let us denote the image by I C A. This is a free A-module
(of rank zero or one).

Since [1,¢*(F)[1]] = 0 it follows by transfer that [1, E[1]] is [l : k]-torsion. Choosing 7 of
sufficiently large characteristic, we find that A/(7) — [1, E[1]] is the zero map. Thus I = [1, E] #
0,ie. I = A. It follows that [1, E] — [1, LaZ, E] = A/(r) is surjective for each .

Consider the commutative diagram

(1, E] —_— [1,*E]| = A

<*>l <**>l

1, LaxpE] —— [1,La%g*E] 2 A/(n)

The map (**) is the natural surjection and (*) is surjective as we just proved. It follows that
I+ (m) = A for each m and so I = A. Thus there exists t' € [1, E] with ¢*(t') = ¢ an isomorphism.
Considering the diagram again one finds that Lag&(t’ ) is also an isomorphism. Thus ¢’ is an
isomorphism (by (ii), again) and we are done. O
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Remark. With only slight adaptations, the theorem holds for any Dedekind domain A, not
just principal ideal domains. Indeed the conservativity results hold as stated. The Pic-injectivity
need no longer be true. There is a natural injection Pic(A) — Pic(DM(k, A)) (coming from the
fact that the Karoubi-closed additive subcategory of DM(k, A) generated by 1 is equivalent to
the category of finitely generated, projective A-modules). One may prove that elements in this
subgroup are the only obstruction to Pic-injectivity.

5.2 Weight Structures and Fixed Point Functors

In this section we prove the abstract fixed point functors theorem. Before doing so, we need to
recall Bondarko’s weight structures and prove some simple lemmas about them, and review some
basic properties of Chow motives.

5.2.1 Generalities about Weight Structures

We shall work extensively in this section with weight structures [I3], which we now review rapidly.
We follow the cohomological notation of Bondarko’s earlier papers, in contrast to the homological
notation we use for t-structures (and also in contrast to the notation in some of Bondarko’s newer
work).

Definition 5.7. Let C be a triangulated category and C¥Z°,C*<0 C C two classes of objects. We
call this a weight structure if the following hold:

(i) C*=0,C*v<0 are additive and Karoubi-closed in C.
(ii) Cw=0 c cw=9[1], C¥=V[1] c c*=0
(iii) For X € C*=°Y € C*<" we have Hom(X, Y[1]) = 0.
(iv) For each X € C there is a distinguished triangle
B-1]—-X— A
with B € C*=% and A € C¥=°.

These axioms look quite similar to those of a t-structure, but in practice weight structures
behave rather differently. We call a decomposition as in (iv) a weight decomposition. It is usually
far from unique. We put C¥=" = C¥2%[—n] and C¥<" = C¥<0[—n]. We also write C*>" = Cw=n+!
etc. The intersection C¥=0 := C¥2% N C*<Y is called the heart of the weight structure.

A weight structure is called non-degenerate if N,C¥Z" = 0 = N,C¥<". It is called bounded if
U,CW2" = C = U,CV<"

A functor F' : C — D between categories with weight structures is called right-w-ezact if
F(C*=%) c D¥<C and called left-w-ezact F(C¥=") C DW=, Tt is called w-ezact if it is both left
and right w-exact. It is called right-w-conservative if given X € C with F(X) € D¥<" we have
X € C%<0 and similarly it is called left-w-conservative if the same holds for w > 0. The functor
is called w-conservative if it is both left- and right-w-conservative. Note that a (left or right)
w-conservative functor on a non-degenerate weight structure is conservative.

In the following proposition we summarise properties of weight structures we use.

Proposition 5.8 (Bondarko). (1) C¥<° and C*Z° are extension-stable: if A — B — C is a
distinguished triangle and A, C € CV< (respectively A, C € C*2°) then B € C*=0 (respectively
Becw=20).

Moreover X € C*29 if and only if Hom(X,Y) =0 for all Y € C¥<°, and similarly X € C¥<°
if and only if Hom(Y, X) =0 for all Y € C¥>°.

(2) Bounded weight structures are non-degenerate.
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(3) If C admits a DG-enhancement and the weight structure is bounded, then there exists a w-
exact, w-conservative triangulated functor

t:C— K"(C"=9)
called the weight complex. Its restriction to C*=C is the natural inclusion.
(4) If the weight structure is bounded and C¥= is Karoubi-closed then so is C.

(5) If H C C is a negative subcategory of a triangulated category (i.e. for X, Y € H we have
Hom(X,Y[n]) = 0 for n > 0) generating it as a thick subcategory, then there exists a unique
weight structure on C with H C C*=°. Moreover C*<Y is the smallest extension-stable Karoubi-
closed subcategory of C containing Up>oH [n], and similarly for C*=°. The weight structure is
bounded and C*=Y is the Karoubi-closure of H in C.

(6) If D C C is a triangulated subcategory such that DV<Y := D N C*<0 and D¥2° := D N C*=20
define a weight structure on D (we say the weight structure restricts to D) then the Verdier
quotient C/D affords a weight structure with (C/D)¥<" the Karoubi-closure of the image of
Cv=Y in C/D, and similarly for (C/D)*=°, (C/D)*=°.

The natural “quotient” functor Q : C — C/D is w-ezact. If X, Y € C¥=C then

Hom(QX,QY) = Hom(X,Y) /L zcpuw—o Hom(Z,Y) o Hom(X, Z).

The weight structure on C/D is bounded if the one on C is.

(7) Let (C,w) be a bounded w-category with heart H, and E C H a Karoubi-closed subcategory.
Assume that C affords a DG-enhancement. Write (E) for the thick triangulated subcategory of
C generated by E. Then for X € C we have X € (E) if and only if t(X) € K*(E) C K°(H).

Proof. (1) [13, Proposition 1.3.3 (1-3)]. (2) [13, Proposition 1.3.6 (3) and comment after proof].
(3) [13, Proposition 3.3.1 (I), (IV) and Section 6.3]. (4) [I3] Lemma 5.2.1]. (5) [I3, Theorem 4.3.2
(IT) and its proof]. (6) [13, Proposition 8.1.1]. Weight exactness holds by definition of the weight
structure on C/D. (7) [13], Corollary 8.1.2]. O

We shall call a triangulated category with a fixed weight structure a w-category.

Weight structures mostly come from “stupid truncation” of (generalised) complexes, and this
intuition allows us to formulate many true results about weight structures. Here are some examples
of that intuition.

Lemma 5.9. Let C be a w-category with heart H, and H' C H an additive subcategory. Let C' be
the triangulated category generated by H' inside C.

Then the weight structure of C restricts to C'. In particular, if X € C' then we may choose a
weight decomposition A — X — X' (i.e. A€ C¥2% and X' € CV<Y) with A, X' € C'.

Proof. This is just Proposition (5) which says that C’, being negatively generated by H’, carries
a natural unique weight structure. By the description provided we find C'*<0 c Cw=0 c'w=0
C%Z0. Hence a weight decomposition in C’ is also a weight decomposition in C. The rest follows
from the definitions. (It follows from the orthogonality characterisation that C'*<° = C¥<0 N (’,
but we do not need this.) O

Lemma 5.10. Let F : C — D be a triangulated functor of w-categories, and assume that the
weight structure on C is bounded. Then F is w-exact if and only if F(C*=Y) c D¥=Y.

Proof. Necessity is clear, we show sufficiency. We find by induction that the subcategory of C
generated by C*= contains C*<"NC*Z~" for all n, and hence all of C by boundedness. It follows
that the weight structure on C is the one described in Proposition (5), i.e. C¥20,C*<0 are
obtained as extension closures of J,,~,C*=",|U, <o C”=". The result follows since D*=0, Dw=0
are extension-stable. O
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Lemma 5.11. Let C be a w-category which is also a symmetric monoidal category. Assume that
1e € CV=0 and that tensoring is weight-bi-ezact, i.e. that C¥<? ® C*<0 C C¥<0 and similarly for
cw20,
Then the weight complex functor is symmetric monoidal whenever C affords a symmetric
monoidal DG-enhancement and Pic-injective whenever additionally the weight structure is bounded.
Moreover the dualisation D : C°? — C is w-exact to the extent that it is defined (i.e. if
X € C%20 s dualisable, then DX € C*<°, and if X € C*=Y is dualisable, then DX € C¥=9).

Proof. If D is a negative DG symmetric monoidal category, then H°(D) is symmetric monoidal
in a natural way and the weight complex functor ¢ manifestly respects the symmetric monoidal
structure. If C is a symmetric monoidal DG category with the property that H™(Hom(X,Y)) =0
for all X,Y € D and n > 0 then the good truncation 7<¢D is symmetric monoidal in a natural
way, and the quasi-equivalence 7<oD — D is a symmetric monoidal equivalence.

Hence the weight complex functor is symmetric monoidal as soon as there is any symmetric
monoidal DG enhancement of C*=%. Moreover by Proposition (3) if the weight structure is
bounded ¢ is w-conservative. Since it induces an isomorphism on hearts it is a fortiori Pic-injective.
This proves the first part.

For the second part, let X € C. X being dualisable means that there exists an object DX such
that ® DX is both right and left adjoint to ®X.

If X € C¥2% and Y € C¥>° then Hom(Y, DX) = Hom(Y ® X, 1) = 0 because Y ® X € C*>°
whereas 1 € C*=0. Tt follows that DX € C*<C by Proposition (1). The case of X € C¥<0 is
similar. O

Lemma 5.12. Let C, D be w-categories with bi-w-exact symmetric monoidal structures. Suppose
that C is rigid and let ® : C — D be a symmetric monoidal triangulated functor.

Then ® is right-w-ezxact if and only if it is left-w-exact if and only if it is w-exact. Moreover
P is right-w-conservative if and only if it is left-w-conservative if and only if it is w-conservative.

Proof. Since our axioms are self-dual, we need only show that right-something implies left-some-
thing.

Suppose that @ is right-w-exact and let X € C*2° We need to show that ®(X) € D=0,
But C is rigid so X is dualisable and DX € C*<Y by the second part of Lemma Then
®(DX) € D¥=C by assumption, and ®(X) is dualisable with dual ®(DX). Consequently ®(X) =
D(®(DX)) € D¥2° by the same Lemma.

Suppose now the weight structure is bounded and @ is right-w-conservative. Let X € C be
such that ®(X) € D*Z%. We need to show that X € C*Z°. Now since C is rigid X is dualisable,
and as before ®(X) is dualisable with dual ®(DX). Thus ®(DX) = D®(X) € D*<0 by the
Lemma again. Hence DX € C*< by assumption, and finally X € C*Z° by a final application of
the Lemma. O

Lemma 5.13. Let C be a w-category, X € CV<C. Suppose given weight decompositions A — X —
X" and B[1] - X' — X" (i.e. A,BeC*2% X' €(C¥<0 and X" € C¥<~1).
Then A, B € C*=° and for T € C*=Y there is an exact sequence

Hom(T, B) — Hom(T, A) — Hom(T, X) — 0,

where the morphisms are composition with the canonical maps B — X'[-1] — A and A — X
coming from the chosen weight decompositions.

Proof. We have A, B € C*=° by (the dual of) [13| Proposition 1.3.3 (6)]. There is an exact
sequence
Hom(T, X'[-1]) — Hom(T, A) — Hom(7, X) — Hom(7T, X') =0

where the last term is zero because T € C*=0, X’ € C*<°. In particular Hom (T, A) — Hom(T, X)
is surjective. Applying the same reasoning to Hom(7T, X'[—1]) we find that the homomorphism
Hom(T, B) — Hom(T, X'[—1]) is surjective and hence

Hom(T, B) — Hom(T, A) - Hom(7T, X) — 0
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is exact. This concludes the proof. O

We say that a morphism f : X — Y in a category C admits (or has) a section if there exists
s:Y — X such that fs =idx. We say that f admits a retraction if there exists r : Y — X such
that rf = idx.

Corollary 5.14. In the situation of the Lemma, we have X € C¥<0 if and only if the composite
B — X'[-1] = A has a section.

Proof. If X € C*¥<° then Hom(T, X) = 0 and so Hom(7, B) — Hom(T, A) must be surjective.
Putting T' = A this precisely says that B — A has a section. Conversely, if B — A has a section
then Hom(T, B) — Hom(T, A) is always surjective and so Hom(7', X) = 0. Consequently the map
A — X in the weight decomposition A — X — X’ must be zero and so X’ ~ X @& A[1]. Hence
X € C*<0 since C*<Y is Karoubi-closed by definition. O

We say that a functor F' : C — D detects sections if a morphism f : X — Y € C admits a section
whenever F(f) does, and we say that F' detects retractions if f admits a retraction whenever F(f)
does. The following corollary is one method of proving that a functor is w-conservative.

Corollary 5.15. Let F': C — D be a w-exact triangulated functor of w-categories. Assume that
the weight structure on C is bounded.

Then F is right-w-conservative if and only if the induced functor F¥=0 : C¥=0 — D=0 detects
sections, and F is left-w-conservative if and only if F*=° detects retractions.

Proof. Since the axioms are self-dual, and right/left, section/retraction are interchanged upon
passing to opposite categories, it suffices to prove the first statement.

If F is right-w-conservative, let f : B — A € C¥=° be any morphism. Let X be a cone on
f, so we get a distinguished triangle B - A — X. We can view A — X — B[l] as a weight
decomposition of X with X’ = B[1], and B[1] = X’ — 0 as a further weight decomposition with
X" = 0. Since C*<0 is extension stable, X € C*<0. By the previous corollary, we have X € C%¥<°
if and only if f admits a section. Similarly F(X) € D¥<Y if and only if F(f) admits a section.
Hence if F(f) admits a section then F(X) € D¥<? so X € C¥<? by assumption, and finally f
admits a section.

Conversely, if F*=0 detects sections, the weight structure is bounded, and X € C is such
that F(X) € D*<° we need to prove that X € C*<C. We know that X € C¥<" for some n
sufficiently large by boundedness. Consequently it suffices to prove: if X € C¥<% and FX € D¥<Y
then X € D*<Y. This follows from the previous corollary and the assumption that F*=9 detects
sections. O

5.2.2 More About Chow Motives

We need to recall the category of Chow motives in somewhat more detail. By SmProj(k) we
denote the category of smooth projective varieties over the field k. It is a symmetric monoidal
category using cartesian product as monoidal product. We shall assume understood the existence
and functoriality properties of the Chow ring A*(X), see e.g. [32]. Grading is by codimension and
the equivalence relation we use is rational equivalence. Lower index means grading by dimension.
For convenience if F is any coeflicient ring, we put A*(X,F) = A*(X) ®z F. It is then possible
to construct a Karoubi-closed, symmetric monoidal, rigid, additive category Chow(k,F) together
with a covariant symmetric monoidal functor M = My : SmProj(k) — Chow(k,F) which has
the following properties (see e.g. [I07, p. 6]). The unit object is 1opower) = 1 = M(Spec(k)).
There exists an object 1{1} such that M(P') = 1 & 1{1}. We call 1{1} the Lefschetz motive.
It is invertible. For any n € Z and M € Chow(k,F) we write M{n} := M @ 1{1}*™. For any
X,Y € SmProj(k) with X equidimensional, and i, j € Z we have

Homenow(rr) (M (X){i}, M(Y){j}) = Adim x+i—; (X X Y).
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In particular we have Hom(M X, 1{i}) = A*(X,F) and Hom(1{i}, M X) = A;(X,F). Composition
is by the usual push-pull convolution.

We shall need the following results. None of them are hard, so most of them are probably well
known.

Recall first that if [/k is a field extension then SmProj(k) — SmProj(l),X — X; induces a
functor Chow(k,F) — Chow(l,F) called base change and denoted M — M;. We need to know
something about this in the inseparable case.

Lemma 5.16. Let [/k be a purely inseparable extension of fields of characteristic p and F a
coefficient ring in which (the image of) p is invertible. Then the base change Chow(k,F) —
Chow(l,T) is fully faithful.

Proof. Tt suffices to prove that for X € SmProj(k) we have A,(X,F) = A.(X;,F). By the
definition of rational equivalence as in [32] Section 1.6] it is enough to show that Z.(X,F) —
Z.(X;,F) is an isomorphism for all X.

Let Z C X be a reduced closed subscheme and |Z;| the reduced closed subscheme underlying
Z;. Then the image of [Z] under Z,(X,F) — Z.(X;,F) is n[|Z;|], where n is the multiplicity of
Z;. This is easily seen to be a power of p, whence Z,(X,F) — Z.(X;,F) is injective. It is also
surjective since X; — X is a homeomorphism on underlying spaces. This concludes the proof. [

We now investigate “Tate summands”. Denote by Tate(k,F) C Chow(k,F) the smallest
(strictly) full Karoubi-closed additive subcategory containing 1{¢} for all <. This is independent
up to equivalence of k and we will just write T'ate(FF) if no confusion can arise. (It is a symmetric
monoidal category.)

We call M € Chow(k,F) Tate-free if whenever M =2 T & M’ with T € Tate(k,F), then T = 0.
The next proposition holds in much greater generality, but this version is all we need.

Proposition 5.17. Let F be a finite ring and M € Chow(k,F). Then there exist T € Tate(TF)
and M’ € Chow(k,F) with M’ Tate-free and M =T & M'.

Proof. Splitting off Tate summands inductively, the only problem which could occur is that M
might afford arbitrarily large Tate summands. The impossibility of this follows (for example) from
the finiteness of étale cohomology of complete varieties [76, Corollary VI.2.8]. O

Lemma 5.18. Let F be a field. Then if M, N € Chow(k,F) are Tate-free so is M & N.

Proof. A motive with F-coefficients is Tate-free if and only if it affords no summand of the form
1{n} for any n.

Let i : 1{n} > M ® N and p: M & N — 1{n} be inclusion of and projection to a summand,
for M, N arbitrary. Write i = (ip7,in)7 and p = (par, py). Then id = pi = prsias + pain. Since
Hom(1{n},1{n}) = F # 0 we must have ppsips # 0 or pyin # 0. Suppose the former holds. Then
since I is a field we may replace ip; by a multiple cips such that pas(cipr) = 1. Thus 1{n} is a
summand of M. Similarly in the other case. This establishes the contrapositive of the lemma. [J

Lemma 5.19. Let F be a field. Then any morphism in Tate(k,F) factoring through a Tate-free
object is zero.

Proof. Since F is a field any Tate motive is a sum of 1{n} for various n, so it suffices to consider
a morphism 1{n} — 1{m} factoring through a Tate-free object. Since Hom(1{n}, 1{m}) = 0 for
n # m we may assume n = m. Consider a € Hom(1{n}, M) and b € Hom(M, 1{n}). If ba # 0
then there exists ¢ € F such that (cb)a = id. It follows that (cb),a present 1{n} as a summand of
M. This establishes the contrapositive. O

We need tools to recognise Tate-free motives. To do so, we introduce some more notation. For
X € SmProj(k) there exists the degree map deg : Ag(X,F) — F (corresponding to pushforward
along the structure map Hom(1, M X) — Hom(1, 1)). Write Ir(X) = deg(Ao(X,F)) for the image
of the degree map. This is the ideal inside F generated by the degrees of closed points. The utility
of this notion is as follows.
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Lemma 5.20. Let F be a field and suppose Ig(X) #F. Then M X is Tate-free.

Proof. As before M X is Tate-free if and only if it affords no summand 1{N} for any N. Given
i € Hom(1{N},MX) = Ay(X,F) and p € Hom(M X, 1{N}) = AN(X,F), the composite pi €
Hom(1{N},1{N}) =F is obtained by push-pull convolution. In this case it is just deg(p N4) and

so is contained in Ir(X). Thus pi # 1 and (p,4) is not a presentation of 1{N} as a summand of
X. O

Lemma 5.21. Let X,Y € SmProj(k). Then Ip(X xY) C Ip(X) N Ig(Y).

Proof. We recall that Ip(X x Y) is just the ideal generated by degrees of closed points. So let
z € X XY be a closed point. Then z — X x Y corresponds to morphisms z —+ X and z —» Y. It
follows that deg(z) € Ir(X) and similarly deg(z) € Ig(Y'). This implies the result. O

Suppose S C SmProj(k) is a set of smooth projective varieties. We write <S>?’hj;w(km for
the smallest strictly full, additive, Karoubi-closed, tensor subcategory of Chow(k,F) containing
all Tate motives and also M X for each X € S. Assuming F is a field, this means that a general
object of <S>?};I;w(k,]k‘) is (isomorphic to) a summand of

ToMXY xx XD) i} o MX™ x - x X)) {in},

with T € Tate(F) and X\ € i, € Z.

The following proposition (or rather its failure to generalise) is the basic reason why in the
construction of fixed point functors we will need to restrict to subcategories.
Proposition 5.22. Let F be a finite field and S C SmProj(k) be such that Ir(X) = 0 for all
X € S (i.e. such that all closed points of X have degree divisible by the characteristic of F). Then
any object M € <S>%’hq;w(k,]F) can be written as T ® M’, where T € Tate(F) and M’ is (isomorphic
to) a summand of

ML - x XD i} @ - @ MX™ - % X)) i},
for some Xi(j) € S,i, € Z. Moreover any such M’ is Tate-free.

Proof. By Lemma we know that I[F(ij) X ... X,g?) = 0 and thus by Lemmas and |5.18
we conclude that any M’ as displayed is indeed Tate-free. So it suffices to establish the first part.
By definition we may write

MoM'=TeMX e o X)i}e -oMX™ @ X))},

with T' € Tate(F) and Xi(j) € S. Using Proposition we write M@ M" =2 M o M" & T,
where M', M" are maximal Tate-free summands in M, M" respectively and T” is Tate. Writing
out the inverse isomorphisms M’ @ M" @ T' ST @ M(Xfl) ...) @ ... in matrix form and using
Lemma we conclude that 77 = T via the induced map. The Lemma below yields that
M oM = M(X{l) ...)®.... This finishes the proof. O

Lemma 5.23. Let C be an additive category and let U, T, X, T € C be four objects. Suppose
we are given an isomorphism ¢ : U & T — X & T’ such that the component T — T’ is also an
isomorphism. Then there is an isomorphism ¢ : U — X.

(o a (B a'
”= (b f) = (b’ 9)’
where 1) is the inverse of ¢. By assumption f is an isomorphism. Writing out ¢y = idxgr and
¢ = idygr: one obtains

b3=—fb Pa=—df af+ab =idy Pa+db=idx.

Put & = o —af~'b : U — X. Then the above relations imply that & is an isomorphism with
inverse 3. O

Proof. Let us write
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5.2.3 The Abstract Fixed Point Functors Theorem

We can now establish our general abstract fixed point functors theorem. Recall that the category
Chow(k,F) c DM (k,TF) is negative for any F provided that k is perfect [75, Theorem 19.1,
Property (14.5.6)] and generates DMY™ (k, F) if in addition the exponential characteristic e of k is
invertible on F [14]. Thus there is a canonical weight structure on DMY™ (k,F). For any field k with
perfect closure kP and F on which e is invertible the base change functor DM (k,F) — DM(k?,F)
is an equivalence [20, Proposition 8.1 (d)]. Consequently for any k (and such F) the category
DM (k,FF) has a canonical weight structure. Its heart is Chow(kP,F) and contains Chow(k,TF)
as a full subcategory by Lemma All of the weight structures are bounded. All of the base
change functors are w-exact, by Lemma [5.10

In the remainder of this section we will be dealing with the following situation. The coefficient
ring F is a finite field of characteristic p (necessarily p # e, where e is the exponential characteristic
of the ground field k). For every extension [/k we are given a set S; C SmProj(l) such that for all
closed points « € X € S; we have p|deg(z). Recall the categories (Sﬁ?ﬁf)w(m) of Section We
will assume that they are stable by base change, i.e. that for X € S; and '/l another extension
we have M X € (Sp)?i;f;w(l,m.

We write D(S)TM(I,F) for the thick triangulated subcategory of DM(I,F) generated by
<Sl>QC§‘,h:,;w(l.F) C Chow(l,F) ¢ DM(I,F)*=0. Tt is symmetric monoidal. The triangulated categories
D(S)TM(l, F) are also stable by base change in the sense that if f : Spec(l') — Spec(l) is a field
extension then f*(D(S)TM(I,F)) Cc D(S)TM(!’,F). By Proposition |5.8| (5) the weight structure
on DM (1, F) restricts to D(S)TM(l,F), and the heart is (Sl)?’hTow(w).

We write <Sl>?'how(l,IF) for the Karoubi-closed symmetric monoidal subcategory of Chow(l,T)

generated by Tate twists of motives of varieties in S; (i.e. this is <Sl>?hTow(z p) “without the Tate

motives”). By Proposition this subcategory consists of Tate-free objects. Let (S;)!" C
D(S)TM(I,F) be the triangulated subcategory generated by <Sl>%how(l p)- As before, the weight

structure restricts to (S;)". We write ), : D(S)TM(I,F) — D(S)TM((,F)/(S)!" for the Verdier
quotient.

Proposition 5.24. The category D{(S)TM(I,F)/(S)'"" carries natural weight and symmetric
monoidal structures, and cpé 18 a w-exact symmetric monoidal functor. The composite

Tate(F) — D(S)TM(I,F) — D(S)TM(I,F)/(S)""

is a full embedding with essential image (D(S>TM(l,F)/<S>t”)w=O.

Proof. The existence of the weight structure and weight exactness is Proposition (6). This also
says that (D(S)TM(Z,]F)/(S)M)WZO is generated as a Karoubi-closed category by
b (D(S)TM(L, F)"=0). If M € D(S)TM(L,F)*=0 = ()&, | ;) then we may write M 2 M'@T
with 7" a Tate and M’ € (Sﬁ%how(m), by Proposition Thus ¢L(M) = ¢L(T) and so
©h : Tate(F) — (D(S)TM(, F)/(S}t”)wzo is essentially surjective up to Karoubi-completing. We
shall show it is fully faithful whence its essential image is Karoubi-closed and so ¢}, : Tate(F) —
(D(S)yTM(, F)/<S>t”)w:0 will be an equivalence. But by the description in Proposition [5.8 (6) it

® is zero.

suffices to prove that any morphism between Tate objects factoring through (S;) Chow(1,F)

This follows from Lemma [E.19
For the existence of the symmetric monoidal structure we need (S)"*@D(S)TM(l,F) C (S)i;
then ¢l is automatically symmetric monoidal. Considering generators, it suffices to show that

<Sl>%how(l n ® <Sl>%’hj;w(l m C <Sl>%how(l F)- This follows from Proposition O
Let I/k be any extension. We write ®' : D(S)TM(k,F) — K®(Tate(F)) for the composite
3! : D(S)TM(k,F) — D(S)TM(I,F) — D(S)TM(I,F)/(S;)!"*
NS ((D(S>TM(Z,IF) /<S>t”)“’:°) > Kb (Tate(F))
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of base change, the Verdier quotient functor ¢}, and the weight complex t. It is a w-exact
triangulated symmetric monoidal functor. We can now state the main theorem of this section.

Theorem 5.25 (Abstract Fixed Point Functors). Let k be a ground field of exponential charac-
teristic e, F a finite field of characteristic p # e. Suppose given for each field extension l/k a set
S; € SmProj(l) and a function ex = ex; : S — N. Assume that the following hold (for all fields

1k):
(1) For x € X € S; closed, p|deg(x).

(2) If '/l is a field extension and X € S; has no rational point over ', then Xy is isomorphic to
an object of Sy and ex(Xy) < ex(X).

(3) If '/l is a field extension and X € S; has a rational point over l', then M Xy is a summand
of a motive of the form

ToMXV® o XN {iale e MX™ - o X{™){in},

with T € Tate(F), Xi(j) € Sy and ex(Xi(j)) < ex(X) foralli,j.

Then the family {®'};, as | runs through finitely generated extensions of k is w-conservative (so
in particular conservative) and Pic-injective.

We note that (2) and (3) imply that <Sl>%}£w(l p) are stable by base change, i.e. we are in the

situation we have been discussing. Also (1) implies that none of the X € S; have rational points
over [. The somewhat obscure functions ex; are necessary to make an induction step in the proof
work. We will mostly use ex = dim in applications.

Before proving the result we explain how to compute ®' in the case that k is perfect (but I
need not be).

Proposition 5.26. Assume in addition that k is perfect. Let l/k be a field extension.
There exists an essentially unique additive functor ®} : (Sﬂ%ﬁ;w(l F Tate(F) such that

¢6|Tate(l,]p) = id and ®L(M) = 0 if M is Tate-free. It is symmetric monoidal and the following
diagram commutes (up to natural isomorphism; the lower horizontal arrow is base change of Chow
motives):

D(S)TM(k,F) —2 5  K'(Tate(F))

tl ‘I’loT
K® (<Sk>?}£w(kﬁ)> — K’ (<Sl>%’hq;w(l,lF))

Proof. Certainly ®}, is essentially unique, using e.g. Proposition The functor ¢ o ¢}, satisfies
the required properties, so ®} exists. It is symmetric monoidal by construction.
To establish the commutativity claim, consider the diagram

DS)TM(kF)  — s K ((SO5] )

l |

D(S)TM(I,F) ~ —— K° (<Sz>?;f;w<k,m)

@Sl <I>él

D(S)TM(l,F)/(S))!"" —'—  KY(Tate(F)).

It suffices to prove that the two squares commute (up to natural isomorphism). This is most
readily seen using DG-enhancements: let D(r) be a functorial negative DG-enhancement of
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(ST)?;}Z;UJ(T ) C D(S)TM(r,F), for fields r/k. Then it suffices to establish strict commutativ-

ity of the diagram
D) —— D(k)o

| |

D(l) —— D)o = (&)

C;LOU)([,]F)
| )

D)/ (S ——— (D()/(Si)tri), = Tate(F),

where Dy for a negative DG-category means zero-truncation. (Indeed the previous diagram is
obtained by passing to Ho(Pre-Tr(e)).) The upper square commutes by functoriality, and the lower
square commutes if and only if it commutes on degree zero morphisms, which is true essentially
by definition of ®. O

We establish the abstract fixed points functors Theorem through the following two lemmas.

Lemma 5.27. Let X € D{(S)TM(k,F)*<C have a weight decomposition T — X — X' with
T € Tate(F) (and X' € D(S)TM(k,F)*<?). Suppose that o*(X) € (D(S)TM(k,F)/(Sk>t”)w<0.
Then for T' € Tate(F) we have Hom(T’, X) = 0.

Proof. Let B[1] - X’ — X" be a further weight decomposition. Using Lemma yields the
following commutative diagram with exact rows

Hom(T", B) — Hom(T’,T) — Hom(7T’, X) — 0

‘| d l
Hom(*(1"), p*(B)) —— Hom(p*(1"), p*(T)) —— Hom("(T"), " (X)) —— 0.

Since " is weight exact we have Hom (" (T”), ¢*(X)) = 0 and so § is surjective. The construction
of ¢ (in particular Proposition |5.24) implies that « is surjective and 3 is an isomorphism. It
follows that ~ is surjective, whence Hom(7”, X) = 0. This concludes the proof. O

We let ! : D(S)TM(k,F) — D{S)TM(I,F)/(S;)!"* be the composite of ©}, and base change.

Lemma 5.28. Let X € D(S)TM(k,F)*<C and suppose that for alll/k finitely generated, o' (X) €
(D(S)TM(L,F)/(S)!) <" Then X € D(S)TM(k, F)»<0.

Proof. We begin by pointing out that Lemma also applies if k is not perfect. Indeed if kP /k is
the perfect closure then Xj» is homeomorphic to X, so has the same set of points, and the residue
field extensions of Xi» — X are purely inseparable, so induce equivalences on DM(?,F). Thus
the Lemma holds over k if and only if it holds over kP.

Let R be the set of finite multi-subsets of N (i.e. the set of finite non-increasing sequences
in N). It is well-ordered lexicographically and so can be used for induction. We extend ex
to a function ex; : D(S)TM(l,F) — R. First, for Xi1,...,X,, € S put ex(Xq,...,X,) =
{{ex(X1),...,ex(X,)}}. Next, if Y € D(S)TM(I,F) then there exist X1,...,X, € S; such that
Y € (Tate(F), X1,...,X,)", ie. Y is in the thick tensor triangulated subcategory generated
by the M X, and the Tate motives. We let exz(Y') be the minimum of ex(X3,...,X,) such that
this holds. We shall abuse notation and write ez(Y) = ex(X1,..., X,) to additionally mean that
Y € (Tate(F), X1, ..., X,)".

Let us observe that if ex(Y) = ex(X1,...,X,) and I'/l is an extension in which one of the X;
acquires a rational point, then ex(Yy) < ex(Y;), using assumptions (2) and (3).

We shall prove the result by induction on ex(X). Note that is suffices to prove that there is a
weight decomposition A %> X — X’ (i.e. A € D(S)TM(k,F)*=0 and X’ € D(S)TM(k,F)*<0)
with @ = 0 (because then X’ = X @ A[l] and so X € D(S)TM(k,F)*<C, the latter being
Karoubi-closed by definition).
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If ex(X) = () then X must must be Tate. By Lemmawe may choose a weight decomposition
T % X — X' with T € Tate(F). By the corollary above (applied to T’ = T') we find that a = 0.
This finishes the base case of our induction.

Suppose now ex(X) = ex(Xi,...,X,) > 0. If [/k is any extension such that one of the
X1,...,X, acquires a rational point over [, then we may assume the lemma proved over [ by
induction, so X; € D(S)TM(,F)*<°. Let A % X — X’ be a weight decomposition; as before
way may choose 4 € ({X1,..., X”}>?’;zj;w(k,ﬂ7)‘ Write A = T & A’ as in Proposition I claim
that a4 = 0. It is enough to show that if ¥ is a product of the X; then Hom(MY{n},X) =0
for all n. By Lemma [5.3] it is enough to show that for all n € Z and p € Y we have that
Hompni(p,r (1{n}, X;,) = 0. But every variety has a rational point after base change to any one
of its points, so X, € D(S)TM(p,F)“<® by induction. This proves the claim.

T
We thus have a weight decomposition T' @ A’ % X - X' LetYbeaconeona:T — X.
We find that X’ =Y @ A’[1] and hence Y € D(S)TM(k,F)*<?. Thus T X — Y is a weight
decomposition. Using the corollary again we get Hom(7T, X) = 0 and so a = 0. This finishes the
induction step. O

Proof of the abstract fized point functors Theorem[5.25 By Lemma [5.12] in order to show
w-conservativity, it suffices to show right-w-conservativity. The above Lemma establishes right-
w-conservativity of the family {¢'};, and since our weight structures are bounded, the weight
complex functors are w-conservative. Thus the family {®'}; is w-conservative.

Finally for Pic-injectivity, let X € D(S)TM(k,F) be invertible with ®!(X) =2 1 for all /. Since
1 € K*(Tate(F))*=°, w-conservativity implies that X € D(S)TM(k,F)v=0 = <Sk>?’}'¢7;w(k,ﬂ7)'
Write X = T @ X', with T Tate and X’ Tate-free. Then 1 = ®*(X) = T and so T = 1. It follows
that ®!(X) = 1 ® ®(X') € Tate(F). For this to be invertible we need ®'(X’) = 0. Since this is
true for all I, conservativity implies that X’ = 0. O

5.3 Quadrics

5.3.1 The Geometric Fixed Point Functors Theorem for Motives of
Quadrics

If k is a field and ¢ is a non-degenerate quadratic form over k, write Yy = Proj(¢ = 0) for
the associated projective quadric. If dim¢ = 1 we put Yy = 0. Given a € k* we denote
Y = Proj(¢ = aZ?) = Y41 (—ay and write X§ = Spec(¢ = a) for the affine quadric.

Fix now a perfect field k of exponential characteristic e # 2. We write QM(k, A) for the
Karoubi-closed, additive, monoidal subcategory of Chow(k, A) generated by the M(Yy), as ¢
ranges over non-degenerate quadrics, and 1{—1}. Note that 1{1} € QM(k, A) and so QM(k, A)
contains all Tate motives. We write DQM?Y™(k, A) for the thick triangulated subcategory of
DM (k, A) generated by QM(k, A) C Chow(k,A) € DM (k,A). This is a symmetric
monoidal, Karoubi-closed, triangulated category. By Lemma DQM™(k, A) carries a weight
structure inherited from DMY™ (k, A).

We write QM (k) := QM(k,Z[1/e]) and DQMI™" (k) := DQM™ (k,Z[1/€)).

Lemma 5.29 (Rost). Let ¢ be an isotropic non-degenerate quadratic form. Then there exists a
non-degenerate form 1 such that

M(Yy) = 1@ M(Yy){1} @ 1{dimY,}.
Moreover for a € k* the natural inclusion M(Yy) — M(YQ‘J) s given by

id 0 0
0 0 0 |:1el{dmY,}eMY,){1} - 1al{dmY,+1}e My){1},
0 s{1} {1}
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where i : M(Yy) — M(Y,]) is the natural inclusion and s : H{dimY}} — M(Y,}) is the funda-
mental class (dual of the structure map).

Proof. This is basically [97, Proposition 2]. Rost starts with ¢ = H L v, but this is equivalent to
¢ having a rational point.

For the explicit form of the inclusion, note first that all matrix entries shown as zero have to be
so for dimensional reasons. The entries “id” and “{1}” follow from naturality of Rost’s construc-
tion. For the final entry, we can argue as follows. Note that Z = CH°(Y;}) = Hom(I{dimY,} +
1}, MY{1}) = Hom(I{dim V) + 1}, MYy) = CH'(Yg). The induced map we are interested in
corresponds under this identification to the cycle class of the closed subvariety Yy C Y. So up to
verifying a sign (which is irrelevant for all our applications), it is enough to show that this class
is a generator, which one sees for example by considering the embedding into ambient projective
space. O

Lemma 5.30. For a field extension l/k let S; be the set of anisotropic projective smooth quadrics
over 1, and let ex; : S; — N be the dimension function ex(X) = dim X. Then Theorem
applies, with F = Fy.

We note that D{S)YTM(k,Fs) = DQMI"(k,Fs), in the notation of the Theorem.

Proof. Points on an anisotropic quadric have degree divisible by two by Springer’s theorem [64]
Chapter 7, Theorem 2.3, hence condition (1) holds. Condition (2) is satisfied essentially by
definition. Finally condition (3) follows from Lemma O

It is well known, and also follows from Lemmal5.29] that motives of quadrics are geometrically
Tate. Let f : Spec(k®) — Spec(k) be a separable closure. It follows that QM(k*®, A) ~ Tate(A)
and so the weight complex functor on DQMY™ (k*, A) takes values in K®(Tate(A)). Write ¥ for
the composite

U DQM™ (k, A) 1 DQM™™ (k%) & K®(Tate(Z[1/e])).

If g : Spec(l) — Spec(k) is any field extension, then via Lemma [5.30] (i.e. Theorem we
obtain a geometric fixed point functor ® : DQMY™ (k,Fy) — K°(Tate(F5)). By abuse of notation
2

we also write ®! for the composite DQM?Y" (k) 2#, DQMY™" (k,Fy) — K°(Tate(Fs)).

Theorem 5.31. The functors ¥, ®' are tensor triangulated. Together (as | ranges over all finitely
generated extension of k) they are conservative and Pic-injective.

Proof. The functors are composites of tensor triangulated functors, so are tensor triangulated.

By Theorem parts (ii, iii) the collection f*,{Layx}, (where p ranges over all primes) is
conservative and Pic-injective. Since all weight complex functors are conservative and Pic-injective
by Lemma the collection ¢ f*, {t Loy, }p is conservative and Pic-injective. We have ¢f* = 0.
By TheoreI we may replace Loy in our collection by {®},.

It remains to deal with Lo,y at odd p. Let M € DQMY" (k,Z[1/e]). By repeated application
of Lemma we can find an extension L/k (which we may assume Galois) of degree a power of
2, such that My, is in the triangulated subcategory generated by the Tate motives. In particular
t(Lopy M) = Loy U (M) (as complexes of Tate motives). Since [L : k] is a power of two, base
change along L/k is conservative in odd characteristic by Theorem Thus if ¥(M) ~ 0 then
also Loy, M ~ 0 and our collection is conservative.

We need to work a bit harder for Pic-injectivity. Let M € DQM™(k,Z[1/e]) be invertible
with ®!(M) ~ 1[0] for all I/k and ¥(M) ~ 1[0]. Then we know that Lagy (M) ~ 1 by Theorem
We also have t(M[,) = U(M) ~ 1, so My, ~ 1 by Lemmal5.11] Consider the mod 2 Bockstein

sequence

Hom(1, Lagu M[—1]) = 0 — Hom(1, M) 2 Hom(1, M) —
Hom(1, Lagx M) — Hom(1, M[1]) 2 Hom(1, M[1]) — Hom(1, Lagx M[1]) = 0.
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The extremal terms are zero because LasyM ~ 1, and for the same reason we have that
Hom(1L, Lagy M) = Fy. Thus Hom(1, M) has no 2-torsion, whereas Hom(1, M[1]) has no 2-
cotorsion. The composite M — My — M of base change and transfer is multiplication by
[L : k] = 2N. We conclude that Hom(1, M) injects into Homy, (1, M) = Z[1/e] and that the
kernel of Hom(1, M[1]) — Homy (1, ML[1]) = 0 (i.e. the whole group) is contained in the 2/-
torsion. But multiplication by 2 is surjective on Hom(1, M[1]), whence so is multiplication by 2V,
and we conclude that Hom(1, M[1]) = 0. Consequently we have Hom(1, M) = Z[1/e] (since it is
an ideal of Z[1/e] with a non-vanishing quotient, i.e. Fs).

We shall now apply the second part of Theorem As we have seen M, ~ 1, so we obtain a
G = Gal(L/k)-action on Hom(1, M) = Z[1/e], i.e. a group homomorphism sy : G — Z[1/e]*.
Since e is prime we have Z[1/e]* = {£1} x {e*|k € Z} and since G is finite the image of ks must
be contained in {#1}. Note that if kp; = 1 then M ~ 1 and we are done. Indeed it suffices by
Theorem to show that Loy M ~ 1 for odd p. Since (LapxM)r ~ 1, by the second part of
theorem this happens if and only if an appropriate Galois action is trivial, but this action is
just the reduction G ™% Z[1/e]* — (Z/p)*. So assume now that ry; is non-trivial.

Let 8 : Z[1/e] — Z[1/(2¢)] be the natural map. Note that kp; : G — {£1} has a kernel index 2,
i.e. corresponds to a quadratic subextension k C ky C L. I claim that LSy M ~ LB#MSpec(kg).
Indeed this follows from Theorem applied to A = Z[1/(2e)], where base change to L becomes
conservative, and the observation that N Spec(ks) = FM-

In particular we must have Hom(1, L34 M Spec(kz)) = Hom(1, M)®zp1/¢2[1/(2e)] = Z[1/(2¢)],

by Proposition and our previous computation. But one may compute easily that
Hom(1L, LBy M Spec(kz)) = 0. This contradiction concludes the proof. O

Note that if A is a PID, then Pic(K®(Tate(A))) = Z @ Z. Consequently we have the following
corollary.

Corollary 5.32. The abelian group Pic(DMI"(k,Z[1/e])) is torsion-free (where k is a perfect
field of exponential characteristic e # 2).

Remark. As can be seen from the proof, this result is completely false in DQM?Y™ (k, A) as soon
as 1/2 € A. See also Example 1 in Subsection [5.4.2}

5.3.2 The Invertibility of Affine Quadrics

We will use the conservative, Pic-injective collection {®'}; U {¥} on DQM??™ (k) to study affine
quadrics. First we need to verify that the affine quadrics even live in this category. Fortunately
that is not hard.

Lemma 5.33. If ¢ is a non-degenerate quadratic form over the perfect field k of characteristic
not two, and a € k™, then the affine quadric X§ satisfies M(X§) € DQM™ (k, A).

Proof. We have X§ = Y\ Y, and M(Y), M(Yy), 1{1} € DQM?™(k, A), so the result follows
from the Gysin triangle. O

We can now prove that affine quadrics are invertible. Recall the reduced motive M(X) =
cone(M(X) — M(Spec(k)))[—1].

Theorem 5.34. Let k be a perfect field of characteristic not two, ¢ a non-degenerate quadratic
form over k and a € k*. Then M(XY) is invertible in DMI™ (k).

Proof. We have MX(‘; € DQM?™ (k) by Lemma [5.33] and so we can use Theorem Since the
category DQMY™ (k) is generated by rigid objects (Chow motives) it is rigid and so conservative
tensor functors detect invertibility, by standard arguments. We thus need to show that ¥(M X(‘;)

is invertible and that for each I/k, ®'(M X§) is invertible.
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Let d+2 = dim ¢. Let us put V¢ = D(MX$){d+ 1} and V¢ = D(MX$){d+1}. Then M X}
is invertible if and only if ng is. From the closed inclusion ¢ : Y, — Y with complement X§ we
get the dual Gysin triangle

MYy 5 MY — Vg

It follows that t(V§) = [MY KNSV Y]. Here the dot is used to indicate the term of degree zero
in the chain complex. Dualising the defining triangle of M X§ we obtain

H{d+1} 2 V=V,
where s is the fundamental class (dual of the structure map). Hence we finally obtain

HVE) = MYy @ 1{d + 1} &2 a1y = C(9).

The functor ¥ is computed by first applying geometric base change, so ¢ becomes completely
split. In particular it has to be isotropic. An induction on dimension using Lemma [5.35] below
show that we may reduce to dim¢ = 1 or 2, i.e. {22 = 1} or {xy = 1} (recall that completely
split quadrics are characterised by their dimension, so we can choose any non-degenerate model
quadric of the correct dimension). But M({z? = 1}) = 1 and M({zy = 1}) = M(G,,) are both
invertible.

Dealing with ®' is a bit harder.

The expression C(¢) € K*(QM(k)) makes sense even if k is not perfect. Using Proposition
it suffices to prove: if I/k is any field extension, then ®,C(¢;) is invertible. We drop the
subscript zero from now on. We may as well prove: if k is any field and ¢ is any non-degenerate
quadratic form over k, then ®*(C(¢)) is invertible. By Lemma below, if ¢ = ¢ L H then
C(¢) = C(){1}. We may thus assume that either ¢ is anisotropic, or ¢ = H, or ¢ is of dimension
one.

If ¢ = H then Yy = Spec(k x k), Y= P! and the result follows easily. If ¢ is of dimension one
then MY, = 0 and either MY = 1@ 1 or MY = M(k"), where k'/k is a quadratic extension.
Again the result follows easily.

So we may assume that ¢ is anisotropic. There are three cases. If ¢ L (—a) is also anisotropic,
then none of MYy, MY afford Tate summands, by Proposition Thus ®*(C(¢)) = 1{d+1}[1]
is invertible.

If ¢ L (—a) is isotropic, then ¢ L (—a) = ¢ L H. Suppose that ¢ has dimension greater
than one. Then by (the contrapositive of) Lemma below, v is anisotropic. It follows that
MY} = 1@ 1{d+ 1} ® MY} and ®*(C(¢)) = [1{d + 1} — 1@ 1{d + 1}]. The component
1{d + 1} — 1{d + 1}] comes from the fundamental class of M} and so is an isomorphism. Thus
®*(C(¢)) ~ 1 is invertible.

Finally it might be that ¢ has dimension one. Then Y = P! whereas M Y, affords no Tate
summands, and the result follows as in the case of dimension greater than one. This concludes
the proof. O

Lemma 5.35. Notation as in the theorem. If ¢ = L H then C(¢) ~ C(¢){1}.

Proof. Using the explicit form for the inclusion MYy — MYJ from Lemma we find that

Clo)=[1o1{d}oMYy,{1}) e {d+1} S 1o 1{d+ 1} & MYI{1}],

where « is given by the matrix
id 0 0 O
0 0 0o f

0 s{1} {1} O
Here f comes from the fundamental class and so is an isomorphism. It follows that C(¢)
C(¥){1} @ cone(idy)[—1] ® cone(idy {4413)[—1] ~ C(¢»){1}. This is the desired result.

[
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Lemma 5.36. If ¢ L (a) ¢ L H L H, then ¢ is isotropic.

Proof. Let X = Yigy14. Then Yy = X N {Xo = 0}. Since (a) L ¢ = L H L H, we find that
Yaim € X. Then Yy N Yumim = Yuim N {Xo = 0} (intersecting inside X). Now we know that
after a linear change of coordinates (Xg:-+-: X,.) — (Tp : -+ : T;.) the subvariety Yy, g of X is
given by the equations TpT + 1213 =0, T; = 0 for ¢ > 3. Thus Y, N Y i is obtained by adding
a further linear constraint in the Ty, Th,T5,T5. It is easy to see that there must be a rational,
non-zero solution, so Yy has a rational point. This was to be shown. O

From this we also deduce invertibility in SH.

Corollary 5.37. Let S be either the spectrum of a perfect field of exponential characteristic e > 2
and finite 2-étale cohomological dimension, or a scheme of finite type over a field of characteristic
zero and finite 2-étale cohomological dimension.

Let (E, @) be a vector bundle on S with a non-degenerate quadratic form ¢, and a € O(X)*.
The affine quadric bundle

Q:={¢=a}

has invertible reduced suspension spectrum: $°Q € Pic(SH(S).).

Proof. Let P(E @ O) — S be the associated projective bundle. This contains the smooth (over
S) closed subvariety Y = {¢ = aZ?}, which itself has a smooth closed subvariety Z = {Z = 0}.
Then Q =Y \ Z. By Lemma (iv), ¥ooQ is rigid.

If S is the spectrum of a perfect field Proposition [£.23] implies that it is enough to prove that
MQ is invertible, which is the above theorem.

If S is of finite type over a field of characteristic zero (of finite 2-étale cohomological dimension),
then Corollary shows that we may reduce to showing that the fibres of Q have invertible
motives, which is again the above theorem. This concludes the proof. O

Remark 1. Using the extensions described in Corollary [4.27] one may prove invertibility of
quadric bundles for any field of characteristic zero, not just those of finite 2-étale cohomological
dimension.

Remark 2. The author does not know how to globalise the invertibility result in positive char-
acteristic. The problem is that in positive characteristic, even very well-behaved varieties have
residue fields that are not perfect.

5.3.3 Pfister Quadrics and the Conjectures of Po Hu

For a = (a1,...,an) € (K*)™, b € k* let us put

a

b __ b
Us = X{(ar,.am)

where ({aq,...,a,)) is the n-fold Pfister quadric associated with the symbol a. We use notation
such as a,a’ = (ay,...,a,,a’) € (KX)"*! for concatenation of tuples.

Theorem 5.38. Let k be a perfect field of characteristic not two, and a € (k*)™,b € k*.
In DM (k) there is an isomorphism

MU}, ® M(UY)[1] = M(UL){2"}. (5.1)

To prove this, we have to recall some facts about Rost motives. If a € (k*)", then there is
the associated Rost motive R, € QM(k). Recall that one has H),(k,Fo) = k* /2, and hence
cup product yields a natural map 0 = 0% : (K*)* — HZ(k,Z/2). The Rost motives have the
remarkable property that R, is irreducible if and only if d(a) # 0. In fact there are canonical
maps

2" ' -1} >R, — 1 (5.2)
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(which we call structure maps) and if 9(a) = 0 then this is a splitting distinguished triangle. The
same statements hold true with Fo coefficients. These results follow from the work of a number
of people, see [78] for an overview.

The relationship between Rost motives and U? is encapsulated in the following proposition.

Proposition 5.39. Fora € (k*)™,b € k* there is a distinguished triangle
M(U}) = Rap — Ra{2" '} & 1.

Here R, — 1 is the structure map, and the composite
1{2" — 1} = Rap — Ro{2"'}

is the {2771} twist of the structure map 1{2"~' — 1} — R,.

Proof. This is essentially [54, proof of Proposition 5.5].
We know that U := U? is the complement of X := Y((q)) in ¥V := Y<b<a>>. By the work of Rost

[07, Theorem 17 and Prop;osition 19], if we put R, := R4 and R,_1 = R,, then

2n—1l_q 1l
MY)=Ry® @ Roafk}=R,0R, MX)= P Ru{k}:=R.10FR
k=1 k=0

and the natural map M(X) — M(Y) is the identity on R’.
The localisation triangle M°(X) = M(X) — M°(Y) = M(Y) — M¢c(U) fits into the following
commutative diagram of (distinguished) triangles:

R —— R
| |
M(X) —— M(Y) —— M°(U)

l l

Rnfl n

An application of the octahedral axiom yields a distinguished triangle R,_1 — R, — M¢(U).
Noting that DM¢(U) = M(U){—(2" —-1)}, DR,, = R,{—(2"—1)} and DR,,_1 = R, 1{—(2" " -
1)}, by dualising and twisting the triangle, we find a distinguished triangle M(U) — R, —
R,_1{2"'}. Adding in the copy of 1 implied in M(U), we get the claimed triangle with the
correct map R, — 1.

To see the second claim about the differential, the important point is that in the triangle
R,—1 — R, — M¢(U) the map R,—1 — R, is induced from the inclusion M(X) — M(Y) by
passing to the appropriate summands. It follows that R,_; — R, — 1 is the structure map of
R,,_1 — 1. The desired result now follows by dualising. O

Proof of Theorem[5.38 By Lemma @ we have M(U?) € DQM?™ (k), etc. We also know by
Theorem that both sides of equation are invertible. Hence if F': DQMY™ (k) — C is a
Pic-injective functor, it suffices to prove that F(LHS) = F(RHS).

Of course we use the Pic-injective collection from Theorem [5.31

From Proposition we know that

t(M(Ug)) = [Ra,p = Ra{2"} ® 1],

and we also know certain things about the differential. To compute ¥, we have to consider
geometric base change, where the triangle (|5.2) is splitting distinguished. One obtains

(MUY =[le1{2" -1} > 1{2" } & 1{2" — 1} & 1]
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Table 5.1: Terms needed to compute ®!.

| d'(a,b) # 0 | d'(a,b) = 0 but 9'(a) #0
o(U,,) | Mo 1{2" -1} > 1] | e 1{2" -1} - 1{2"} & 1{2"*' — 1} & 1]
L (UD) [0 — 1] [de1{2" -1} - 1]
iUl | [le1{2" -1} —1] [le1{2" -1} - 1]

Table 5.2: Terms needed to compute ®!, simplified form.
9'(a,b) #0 | 9'(a,b) —Obutal( )#0

o( Ql ) | {2 -1} 1{2"}[-1]
®(Uy) 1[—1] 1{2" -1}
o'(U;) | 12" -1} 1{2" -1}

and from the information about the differential given in proposition we deduce that W(M (U, 2)) ~
1{2"~1}[-1]. Thus U(LHS) = V(RHS) reads

1{2"}[-1] @ 1{2" 7 H-1][1] = 1{2" " }[-1]{2"},

which is certainly true.

Now let [/k be an arbitrary field extension. We need to prove ®(LHS) = ®!(RHS). This
involves Ry, Rqp, Ra,1 and Ry p,1. Depending on I these may or may not split into Tate motives,
so may or may not survive ®. We see that R, 1 and R, ;1 always split (because d'(1) = 0), and
that R, splits whenever R, splits (because d(a,b) = d(a) U 9(b)).

If R, splits then everything is split and ! is just mod two reduction of ¥, so we know the
equation is satisfied. Thus there are just two cases and three things in each to compute, which we
gather in Table 5

The dlfferentlals can again be figured out using Proposmon 9| Using these one can simplify
the expressions. We have gathered the results in Table [5

To complete the proof, we check that ®!(LHS) = <I>l(RHS) in both cases. This is easy. O

Corollary 5.40. Let k be a perfect field of characteristic not two, and a € (k™)™ b € k*.
In SH(k), there is an isomorphism

NCUL, @ SRUL(] = SU2" (5.3)

Proof. By Corollary [5.37] both sides of the equation are invertible. The result thus follows from
Theorem and Pic-injectivity of M : SH(k). — DM(k, Z[1/e]), i.e. Theorem [4.20} O

5.4 Artin Motives

In this section we study Artin- and Artin-Tate motives. In subsection [5.4.1] we introduce the
category DAMY™(k, A) of (geometric, i.e. compact) derived Artin motives and explain some
basics. In Subsection we construct geometric fixed point functors for DAMY™(k, A) and
prove that in reasonable cases, they yield a conservative and Pic-injective collection.

One obtains from the fixed point functors a homomorphism ¢ : Pic( DAMI™ (k, A)) — C(k, A)
where C'(k, A) is a product of copies of Z. That is to say ¢ associates with every invertible Artin
motive a collection of numerical invariants. In Subsection [£.4.3] we show that these invariants
cannot take on arbitrary values, but instead satisfy certain congruence conditions called Borel-
Smith conditions. That subsection is probably the messiest part of the entire thesis. This can be
explained as follows: when the author took up this project, Artin motives were a very accessible
first target of study, and he did so using all methods available, which were often messy. During
the course of the project the methods were generalised and abstracted considerably, and are now
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hidden behind weight structures calculations and descent spectral sequences. However, the proof
of the Borel-Smith conditions does not seem to fit into our more general framework, and so still
employs the original messy computations.

In Subsection we explain the relationship between derived Artin motives and stable
homotopy theory equivariant with respect to the Galois group. This makes good use of the
Borel-Smith conditions we so painfully established before. Finally in subsection [5.4.5] we study
Artin-Tate motives.

5.4.1 The Category of Derived Artin Motives

For a field k and a coefficient ring A, write AM(k, A) for the Karoubi-closed, additive subcat-
egory of Chow(k, A) spanned by the motives of spectra of finite separable extensions of k, and
DAMI"(k, A) for the thick triangulated subcategory of DM(k, A) generated by AM(k, A). The
Chow weight structure on DMY™ (k, A) restricts to DAMY"™ (k, A) by Lemmal5.9] Thus we obtain
the conservative and Pic-injective weight complex functor ¢ : DAMY™ (k, A) — K’(AM(k, A)).
This functor is in fact an equivalence [107, Proposition 3.4.1]. In the case that k is imperfect of
characteristic p not invertible on A, we use this equivalence to define DAM™ (k, A).

The category AM(k, A) is symmetric monoidal, and hence so is DAMY™ (k, A).

If I/k is a Galois extension write AM(l/k, A) for the full subcategory of AM(k, A) spanned
by (spectra of) subextensions of {/k, and DAMY™(I/k, A) for the thick triangulated category of
DM™(k, A). Again AM(l/k, A) is symmetric monoidal, so is DAMY™(I/k, A), and the weight
complex functor is an equivalence.

The category AM(l/k, A) has a further convenient description. Namely, it is equivalent to
the Karoubi-closed subcategory Perm(l/k, A) of the category of A[Gal(l/k)]-Mod spanned by
modules A[Gal(l/1")] for I/I' /k a subextension. This is also known as the category of permutation
representations. The identification comes from Galois theory and is explained in [I07, paragraphs
before Proposition 3.4.1].

We can illustrate now very directly Theorem [5.1] This also proves surjectivity of the map
alluded to in the paragraph after the proof of that theorem.

Proposition 5.41. Let I/k be a finite Galois extension and A a coefficient ring on which [l : k]
is invertible. If p : Gal(l/k) — A* is a character, then the corresponding representation A, €
A[Gal(l/k)]-Mod is in Perm(l/k, A) and hence defines an invertible element of AM(l/k, A).

The proof will show that the invertible element is a summand of M (l); this is not surprising
since for every subextension /I’ /k the motive M (I") is a summand of M (1) (the composite M (I') —
M() — M(U') of base change and transfer is multiplication by [l : I']|d and so is invertible).

Proof. The trivial Galois module A corresponds to M (k) and hence is a summand of the free
Galois module A[Gal(l/k), by what we just said. Consequently A is a projective A[Gal(l/k)]-
module and hence so is A,, being invertible (in A[Gal(l/k)]-Mod). Since there is an evident
surjection A[Gal(l/k)] — A, and A, is projective, we find that A, is a summand of A[Gal(l/k)]
and thus an element of Perm(l/k, A). O

We also have the following straightforward observation.

Lemma 5.42. Let A a Noetherian ring and E,F € DAMY™(k, A). Then [E,F] is a finitely
generated A-module.

Proof. Since DAMY™ (k, A) is rigid it suffices to prove the claim for E = 1. The result is clear
for F = Spec(l) and hence for F € AM(k, A). Since also DAM™(k, A) = K*(AM(k, A)) the
claim holds for F € AM(k, A)[i], i € Z. Now let C C DAM™(k, A) be the subclass of objects
X € DAM?™(k, A) such that [1, X[¢]] is finitely generated for all 5. Then AM(k, A) C C as we
have just seen. Also C is closed under isomorphisms, finite sums, summands, and taking cones
(the latter because A is Noetherian), so C = DAMI"(k, A). O
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5.4.2 Geometric Fixed Point Functors

A field k is called p-special if every finite separable extension I/k is of degree a power of p. For
every field k£ and prime p there exists an extension k,/k such that k, is p-special and every finite
subextension k,/l/k has degree [l : k] coprime to p. This follows from infinite Galois theory and
is proved for example in [28, Proposition 101.16].

Lemma 5.43. For any field k, let Sk be the set of finite disjoint unions of spectra of finite separable
proper extensions of k.

If k is a p-special field, then Theorem[5.25 applies to Sy, F any finite field of characteristic p,
and ex(l) = [l : k.

Proof. Condition (i) holds because k is p-special, (ii) and (iii) are clear. (The theorem only applies
of char(k) # p, but it is easy to see from the proof that this does not matter in our case.) O

Note that the category D(S)TM™(k,F) is not the same as DAMY™(k,F); it also con-
tains the Tate motives 1{:} for ¢ # 0. This does not matter much. We get fixed points
functors DAMY™(k,F) — D(S)TM(k,F) LN K%(Tate(F)), and the image of the composite
is essentially the subcategory DAM(k/k,F) = K'(F-Mod’) c K®(Tate(F)). We then write
®' : DAM(k,F) — K°(F-Mod/) for the functor with domain and codomain restricted. (Here
F-Mod’ denotes the category of finite-dimensional F-vector spaces.)

Now let k£ be any field and A a PID with finite residue fields. For every prime m € A, choose a
char(A/m)-special extension k. /k. Then for every finite extension [/k, we obtain from the lemma
(i.e. Theorem and the discussion of the previous paragraph a “geometric fixed points”
functor ®! : DAM(k,, A/7) — K®(A/7). We also write ®, : DAM(k, A) — K’(A/7) for the
evident composite.

Proposition 5.44. Let A be a PID with finite residue fields of unbounded characteristics. The
collection {®.. : DAM(k, A) — K®(A/7)}1» is conservative.

Proof. Let f : Spec(k®) — Spec(k) be a separable closure. By Theorem [5.6|part (iii), the collection
{aZ}x U{f*} is conservative. For each , the base change DAM(k, A/m) — DAM(k,, A/7) is
conservative by Theorem and the ®. : DAM(k,, A/7) — K®(A/m) form a conservative collec-
tion by the Lemma. Since change of coefficients and base change commute, it follows that it suffices
to prove that for & = k°, the change of coefficient functors o, : DAM(k, A) — DAM(k, A/~)
are conservative.

But DAM(k, A) ~ D*(A) for k separably closed, and so by using Corollaryit is enough to
show that if M is a finitely generated A-module such that M /7 = 0 for all primes 7 then M = 0.
This is well known. O

Write ¢l : Pic(DAM(k, A)) — Pic(K*(A/7)) = Z for the evident homomorphism (built from
change of coefficients, base change, and geometric fixed points). Let C(k, A) denote the abelian
group

ck,A) =] z

T,/ kx

where the product is over all primes 7 € A (up to associates) and all finite separable extensions
l/kr. We obtain a combined homomorphism ¢ : Pic(DAM(k, A)) — C(k, A).

Proposition 5.45. If E € Pic(DAM(k, A)) and ¢(E) = 0 then there is a finite separable exten-
sion l/k such that E|; = 1.
There is an injection

ker [Pic(DAM(k, A)) — C(k, A)] — Homs(Gal(k), A*).
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Proof. Note that Pic(DAM(k®, A)) = Z = Pic(DAM(k®, A/m)). From this we conclude that
FE|gs = 1 and hence the same is true after a finite extension by compactness of E and continuity
of DM.

We conclude from Theorem that there is an injection

ker(Pic(DAM(k, A/7)) — Pic(DAM(k,, A/m)) = Homts(Gal(k), (A/m)™),

and hence by combining it with the first statement, part (iii) of Theorem and the Pic-injectivity
of fixed point functors (i.e. Theorem [5.25)) we find an injection

ker(Pic(DAM(k, A)) = C(k)) — | [ Homes(Gal(k), AX).

The proof of Theorem shows that there is a homomorphism ker(Pic(DAM(k, A)) —
Pic(DAM(k®, A))) — Homs(Gal(k), A*) (basically E € ker(...) is a complex of Galois mod-
ules which has homology A concentrated in degree zero, and the corresponding element of the
set Homes(Gal(k), A*) specifies the action on A) such that for every =, the following diagram
commutes:

ker(Pic(DAM(k, A)) — C(k, A)) ——  Homgs(Gal(k), A*))

! l

ker(Pic(DAM(k, A/7)) — Pic(DAM(k,, A/7))) —— Homets(Gal(k), (A/7)>).
Here the right vertical homomorphism is reduction modulo 7. The result follows. O
Corollary 5.46. Let A be a localisation of 7. on which 2 is not invertible. The homomorphism
Pic(DAMI"(k, A)) — C(k, A)

s injective.

In particular, in this situation Pic(DAMI™ (k, A)) is torsion-free.

Proof. The “in particular” part follows because C(k, A) is torsion-free. So we prove the first part.

Let E € ker(Pic(DAMY™(k, A)) — C(k, A)) be classified by p : Gal(k) — A*. If p is trivial
we are done. Otherwise, since the only elements of A* of finite order are {£1}, p determines a
surjection Gal(k) — {£1} and so an index two subgroup of Gal(k), i.e. a quadratic extension
q/k. Write ¢ for the invertible motive in AM(k, A[1/2]) corresponding to p via Proposition

Write 8 : A — A[1/2] for the flat localisation. It follows from Proposition [5.45|that S4(E) ~ .
We have 0 = [1,q] = [L, q[1]] and hence [1, E] and [1, E[1]] are two-primary torsion groups, by
Proposition[5.4] They are also finitely generated A-modules by Lemmal5.42]and thus in fact finite,
by the classification of finitely generated modules over a PID.

I claim that ai (F) ~ 1. Indeed we know that this is true after base change to ky/k by Lemma
5.43l But this is an infinite Galois extension of degree coprime to 2, so QZ#(E) is classified by an
element of Homs(Gal(ka/k),F5) = 0.

Now we use the Bockstein sequence.

0=[1,0%(E)[-1]] - [1, E] 2, [1,E] = [1,0%(E)] — [1, E[1]] 2, [1,E[1]] — [1,a%E[1]] =0.

We conclude that multiplication by 2 is injective on the (finite) 2-primary torsion group [1, E]
which is thus zero, and multiplication by 2 is surjective on the finite 2-primary torsion group
[1, E[1]], which is thus also zero! Thus A/2 = [1,a%,(E)] = 0 and 2 is invertible on A. This
establishes the contrapositive. O

Remark. One may show that the image of ¢ : Pic(DAM™(k, A)) — C(k,A) is free abelian
for reasonable A, but this takes some further effort. In particular Pic(DAMY™(k,Z)) is a free
abelian group.
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Example 1: quadratic extensions. Let [/k be a quadratic (separable) extension and [ fit
in the distinguished triangle [ — M(l) — M(k). 1f 1/2 € A then M(l) — M (k) has a section
yielding a splitting M (1) ~ M (k) @ [. This proves that ! then coincides with ¢ from the proof of
the corollary, i.e. is an invertible object.

Now suppose that k is 2-special and let I’/k be a finite extension. Either ! embeds into I’ in
which case I|; ~ 1 and so ®' (1) = 1, or I does not embed into I’ in which case ®" () is the complex
(@ (M(1)) — @l/(M(k))] The Chow motive M (1) is Tate-free since it is indecomposable, hence
®" (M (1)) = 0 and so @' (I) = 1[—1]. This is invertible for any I’ and so we find that [ is invertible
by Proposition [5.44

Combining the two observations we find that [ is always invertible. If 1 /2 € A then 2 ~ 1
(because ¢(1) = 0). However if 2 is not invertible on A then no power of [ is trivial, even though [
certainly becomes trivial after geometric base change.

Example 2: cyclic extensions. Let [/k be a cyclic Galois extension of degree p and let o : | — [
generate the Galois group. Consider the complex

C(l)=[M() R M(l) — M(k)] € K°(AM(k, A)) ~ DAMY™(k, A).

If I’ /k is an extension splitting ! then one checks easily that C(I) = 1. It follows that @f; ci))=1

for any ¢ # p and that @g (C(1)) is either 1 or 1[—2], depending on whether or not I’ splits I. (See
also Theorem [5.50} part (i).) In particular, C(l) is always an invertible object. If 1/p € A then
actually C(l) ~ 1 because one easily checks that C(1l) is classified by the trivial homomorphism
Gal(l/k) — A*. On the other hand if 1/p € A then C(I) has infinite order in Pic(DAM™ (k, A)).

5.4.3 Borel-Smith Conditions

We now wish to establish some numerical conditions on invertible Artin motives. Unfortunately
doing so requires us to get down to the level of complexes, and leave the world cushioned by weight
structures and triangulated categories. We begin with the following observation.

Lemma 5.47. Let k be a field and l/k an extension.

(i) Letly/k be a separable extension which does not embed into 1, and let ly/k be any separable
extension. Then in the decomposition

ll®k12:F1 X"‘XFn
where the F; are fields, and none of the F; embed into [.

(i) Let L/l be a p-extension (p some prime), and assume that L/k,l/k are Galois extensions.
Let F be a ring of characteristic p. Ifly,lo C 1 and ls C L does not embed into l, then any
composite in AM(k, F) of the form

M(ly) = M(l3) — M(l2)

Proof. Using continuity, we may assume that all extensions are finite.

(i). Since iy /k is separable it is of the form l; = k[T]/P for some irreducible polynomial P.
Since I3 does not embed into I, the polynomial P has no roots in I. Now Iy ® Iy =2 [5[T]/P. The
image of T in Fj is a root of P, so F; cannot embed into .

(i1). Since AM(L/k,F) C F[Gal(L/k)]-Mod and base change corresponds to restriction of
the Galois action to a subgroup, base change of Artin motives is faithful. We base change to I.
We find that {1 ® [, 1o ® I split into products of I (since I/k is Galois), whereas by (i) I3 ® [ splits
into extensions not embedding into [. It follows that we may assume that [y =l =1 = k. In
this case Hom(M (1), M(l3)) is generated as an F-module by the transfer, and Hom(M (I3), M (1))
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is generated by the canonical (structure) map. But the composite of transfer and structure map
is multiplication by [l3 : {] which is a power of p, since F/I is a p-extension. This concludes the
proof. O

Corollary 5.48. Let k be a field, p a prime, F a coefficient field of characteristic p. Let L/l/k
extensions with L/k,l/k Galois and L/l a p-extension.
There is an essentially unique additive functor

®!/F . AM(L/k,F) — AM(l/k, F)

with the property that ®/*(M(I')) = M (') if I' embeds into | (more precisely, <I>l/k|AM(l/k,F) ~id),
and V(M (I')) = 0 else. It is symmetric monoidal.

Proof. The functor ®"/F is essentially unique if it exists, because the motives M (I’) generate
AM(L/k, F) as a Karoubi-closed category.

We shall prove existence. Recall the basic results about weight structures, i.e. Proposition [5.8|

We can proceed essentially as in the proof of Proposition Namely, the triangulated cate-
gory DAMY™(L/k, F) affords a weight structure with heart AM(L/k, F). Let C C AM(L/k, F)
be spanned by M(l') for I’ not embedding into I. Write (C) ¢ DAMY™(L/k, F) for the thick
triangulated subcategory generated by C. Then the weight structure restricts to (C) and we may
form the Verdier quotient D := DAMY™(L/k, F)/{C). This inherits a weight structure with heart
Dw=Y. Tt follows from part (i) of the above Lemma and Proposition part (5) that D¥=0 is
equivalent to AM(I/k, F), via the natural functor

AM(l/k, F) — DAMY™(L/k, F)*=° — D¥=0,

Denote the functor AM(L/k, F) — DAMY™(L/k, F)*=% — D¥=0 ~ AM(l/k, F) by ®'/%. Then
®Y/* has the stated properties (note that it is symmetric monoidal by part (ii) of the Lemma). [

We can thus define ®/% : C*(AM(L/k, F)) — C*(AM(I/k), F). This induces
ok . K*(AM(L/k,F)) ~ DAMY™(L/k,F) — K°(AM(l/k, F)) ~ DAM?"(I/k, F)

coinciding with the construction in the proof. In particular if k is p-special then ®*/* coincides with
®* from the previous section, and so the collection of the ®*/* is conservative and Pic-injective.

Corollary 5.49. Let L/k be a Galois p-extension and F of characteristic p. Given L/ly/k and
L/1/k we have ®'0 (M (1)) = 0 unless | embeds into lo.

Proof. The functor @' is computed by base change to ly and then applying ®%/%. So we need
only show that the base change of M () to ly has no summand M(ly). Equivalently, [ ® Iy has no
factor ly. But since [ does not embed into Iy so does no factor of I ® Iy, by Lemma part (i).
This concludes the proof. O

Suppose now that £ € DAMY™(L/k, F) is invertible. Then ®'/!(E) € DAMY™(1/I, F) is
invertible, so of the form 1[¢(E)(1)] for some ¢(E)(l) € Z. Of course, if L/l'/k is a conjugate
intermediate extension then ¢(E)(I") = ¢(E)(1).

More is true. The object ®/*(E) € DAMY"(I/k, F) is also invertible. Using the identification
DAMY"(1/k,F) ~ K*(Perm(l/k, F)) we can view ®/*(E) as a complex of F[Gal(l/k)]-modules.
In order for this to be invertible, its homology (as Gal(l/k)-modules) must be one-dimensional.
This way ®'/*(E) defines a homomorphism Gal(l/k) — F*. (This can only be non-trivial if [/
is not a p-extension!) We denote the composite

Gal(L/k) — Gal(l/k) — F*

by pV/ *(E). The aim of this subsection is to prove the following result. What this does is constrain
the image of ¢(Pic(DAMI™ (k, F))) inside C(k, F).
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Theorem 5.50. Let F be a field of characteristic p, L/k a Galois extension, and let X €
DAMI™(L/k, F) be invertible. Let p be a rational prime. Then the following conditions hold:

(i) If given L/1/K' [k with I/k' Galois of degree p # 2, and L/K' a p-extension, then ¢(X)(1)
d(X)(K') mod 2.

(i) Suppose given L/U/E' [K" [k with /K" Galois, k' /K" Galois, /K" of degree 2 and L/k" a 2-
extension. (a) If I/E" is cyclic of degree four, then ¢(X)(I) = ¢(X)(K') mod 2. (b) If I/E"
is a quaternion extension (of degree eight), then ¢(X)(1) = ¢(X)(k’) mod 4.

(i1i) Suppose given L/I/E' [k with I/k' Galois with group Z/p x Z/p and L/k' a p-extension. Let
lo, ..., 1, be the proper non-trivial subfields of I/k'. Then ¢(X)(1)—o(X)(K') = >, (o(X)(l;)—
P(X)(K)).

(iv) Let L/I/K'[K" [k be extensions, such that L/l is a p-extension, /K" and k'/k" are Galois
extension, and with Gal(l/k') = Z/p, Gal(k'/K") = Z/q". Then Z/q" acts naturally on Z/p
with kernel of some size q'.

Assume that p!/*" (X) = p¥' /¥ (X). Then ¢(X)(I) = ¢(X) (k") mod 2¢" %, provided 2 # p #
q.

We will prove these results using explicit manipulations in the chain homotopy category of
bounded complexes. Inspiration for the proofs comes from [39]. The basis for all our manipulations
is the following result which the author learned from Jake Rasmussen.

Lemma 5.51 (Cancellation). Let C be an additive category and X*® a cochain complex. Suppose we
are given N € Z and decompositions XN = X'Np A, XN+l = X'N+1q B such that the component
of dV : XN — XN+ from A to B is an isomorphism. Then X*® is chain homotopy equivalent to
a new complex X'® with X' = X" forn# N,N+1 and d™ =d"™ forn#N —1,N,N + 1.

The proof is an easy but slightly elaborate computation. We defer it to the end of this
subsection.

In order to use this effectively, we need to better understand ®' and AM(L/k, F). Since
AM(L/k, F) is equivalent to a Karoubi-closed subcategory of F[Gal(L/k)]-Mod and F[Gal(L/k)]
is a finite-dimensional algebra over the field F', every object in AM(L/k, F') can be written as a
sum of indecomposable objects, in an essentially unique way. This is known as the Krull-Schmidt
theorem [4, Theorem 1.4.10]

We now concentrate on proving points (i) to (iii) of the theorem. We may thus assume that
F has characteristic p and that L/k is a p-extension. Then each of the objects M(l) for L/l/k
is indecomposable. Indeed it corresponds to the F[Gal(L/k)]-module F[Gal(L/k)/H] for some
(not necessarily normal) subgroup H. But being a quotient of F[Gal(L/k)] it has a simple head
(this is well known; see e.g. [68, Theorem 2.2] for a proof), so this module is indecomposable.
In particular, every object in AM(L/k, F') is a sum of objects of the form M(l) for L/I/k (still
provided that L/k is a p-extension and F' has characteristic p).

Lemma 5.52 (Jeremy Rickard). Let L/k be a Galois p-extension and L/1/k a subextension, F'
of characteristic p.

(i) If « : M — M(I)" is such that ®'(«) is surjective, then « is surjective (as a map of G-
modules).

(i) If o : M(1)™ — M(I)™ corresponds to a surjective homomorphism of G-modules, then «
splits.

Proof. Let G = Gal(L/k), H the subgroup corresponding to I. Then M(I) corresponds to the
G-module F[G/H]. The functor ® corresponds to restricting to the subgroup H and then looking
at fixed points of the G-set, i.e. ®!(M(l)) corresponds to F[(G/H)H] (with the trivial action). The
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object M corresponds to F[X] for some finite G-set X, by Krull-Schmidt and indecomposability
as earlier.

We show first that as a map of G-modules, « is surjective. Indeed the element eH € G/H
is stabilised by H. We know that ®!(a) : F[X#] — F[(G/H)"]" is surjective. There are thus
elements z1,...,7, € F[Xf] C F[X] such that a(x;) = (0,...,0,eH,0,...) =: y;, with eH in
place i. But the element eH generates F[G/H] as a G-module, so the y; generate F[G/H|" as a
G-module, and « is surjective. This proves the claim.

The next part of the proof was explained to the author by Jeremy Rickard [91]. We consider
M= M@1)™, ie. X = (G/H)™. We need to show that « splits. Let A = End(M(l)). This is a
local ring since M (1) is indecomposable |4, Corollary 1.4.8(b)]. Put P; = Hom(M (1), M(1)™), P, =
Hom(M (l), M(1)™). These are free A-modules. The induced homomorphism o’ : P, — P is
surjective: If not there is a non-zero map 8’ : P, — A such that f'a’ = 0 (the cokernel of o/
is non-zero and thus admits a non-zero map to the socle of A) and then this corresponds to a
non-zero map 3 : M (1)"™ — M(l) such that Sa = 0. Thus « was not surjective.

But now o' : P, — P, must split and consequently so does «. O

Lemma 5.53. Let L/k be a Galois p-extension, F a field of characteristic p. Suppose given
X € DAMY"(L/k,F) ~ K°(AM(L/k, F)) and a subextension L/ly/k, and assume that for all
lo/1/k we have ®(X) ~ F[0].

Then X can be represented by a finite complex of sums of objects of the form M(l), where
L/1/k and | does not embed into ly, with the exception of a single term M (k) in X°.

If we are given a particular complex representing X, then no new fields are introduced into the
complez by this process.

Proof. Fix any representation of X as a finite complex X*®. By the Krull-Schmidt theorem and
indecomposability of the M (1), this is (isomorphic to) a finite complex of sums of objects of the
form M(I) for various .

We first show how to eliminate all but one copy of M (k). To do so, let n be maximal such that
M (k) occurs in X™. Suppose n > 0. Since ®*(X) ~ F[0] we find that ®¥(X)"~! — ®*(X)" must
split. Consequently if X"~1 = M (k)™ @ X'~ and X" = M (k)" @& X' (with no M (k) occurring
in X"~ or X'), then M (k)™ — M (k)™ splits, and so by the Cancellation Lemma we may
pass to a new chain homotopy equivalent complex X’ with X’* = X* for k # n,n—1. Thus we find
a representation as a finite complex with no M (k) in degrees > 0. Applying the same argument
to DX we find a representation with no M (k) in degree < 0, and hence ®*(X) = ®*(X°). This
implies there must be a unique copy of M (k) in degree zero.

Next we show how to eliminate subextensions embedding into ly. Let L/ly/l/k be a minimal
(over k) subextension not yet eliminated. As before we find n maximal such that X™ contains
M(l). Suppose that n > 1. Write X" = M(I)"® X', X"~ ! = M()™@® X", where X", X'"~1
contain no copies of [. Then by minimality and since n — 1 > 0 we have that X’ contains no
copies of M(l") for I’ embedding into I, and so ®!(X') = 0 = ®/(X'»~!) by Corollary Since
®!(X) ~ F[0] by assumption, ®!(M(I)*) — ®!(M(1)™) must split and hence M ()™ — M(I)"
splits by Lemma m Thus appealing to the Cancellation Lemma we may eliminate M (1)™.

Suppose now that we have eliminated M(l) from X™ for n > 1. There is a problem with
applying the same strategy to n = 1. We can write X° = M(k) @ M(1)™ @ X° and X! =
M()" @ X't with X0, X! free of fields embedding into /. But now we only know that ®'(M (k) &
M(1)™) — ®Y(M(1)™) splits. From this we can conclude that M (k)@ M (1)™ — M ()™ is surjective
by Lemma [5.52] part (i). I claim that M(1)™ — M(I)" is also surjective. If not write C' for the
cokernel, considered as a G-module. This is a non-zero image of the trivial G-module F', so just
F. But any composite M (k) — M(l)™ — M (k) = C is zero, which is a contradiction.

Consequently we may appeal to Lemma part (ii) again to split M({)™ — M(l)™ and
eliminate M(l) from X!. Dualising and repeating the process as before, M(l) is eliminated from
all but X0, and considering F[0] ~ ®!(X) = ®!(X°) shows that there are no copies of M(l) in X°
either.

This concludes the proof. O



5.4 Artin Motives 95

Proof of Theorem [5.50, parts (i) to (iii). To unify notation, let us put &” = k" in cases (i), (ii),
and p = 2 in case (ii). We may base change to k" and so assume k" = k. Since L/l is a p-extension
and 1/k is Galois we may apply ®'/* and assume L = I. Let G = Gal(l/k).

In all cases the strategy will be to use X to build a periodic resolution of the trivial G-module
F and then apply Lemma below.

(i). We can view ®*(X) € DAMY"(k, F) C DAMY™(L/k, F) as an element trivially satisfy-
ing the stated condition. Since ®* is a monoidal functor it preserves invertible objects and thus
®*(X) is invertible. We may replace X by X ® ® (X)~!. Then ®*(X) ~ F[0]. By Lemma [5.53]
we may represent X as a finite complex in K*(AM(L/k, F)), consisting only of M (L), except for
one copy of M (k) in degree zero. We have ®¥(X) ~ F[n] for some n € Z, in fact n = ¢(X)(I).
If n = 0 there is nothing to prove. Otherwise, dualising if necessary, we may assume that n > 0.
Since [ corresponds to a projective G-module we find that can split off copies of M(I) from the
right, so arrive at a new representation where X? = 0 for 4 > n. Dualising and repeating the
process, then dualising again, we may assume that X = 0 for ¢ < 0 or ¢ > n. As a complex of
G-modules, the homology of X* is F' concentrated in degree n (with trivial G-action, since any
p-group acts trivially on a field of characteristic ]ED Consequently we may append a single copy
of M(k) in X™*! to obtain an acyclic complex of G-modules looking like

F— MM — MO — M(1)* — F.

This yields a periodic resolution of period n, which must thus be divisible by 2 (by the lemma
below).

The proof of (ii) is essentially the same. Replace X by X @ ®*'/¥(X)~1 and apply Lemmam
to obtain a representation with a unique copy of M (k) in degree zero and all other terms M (1).
(Note that any subextension [/ly/k with [ # Iy is contained in k', by the structure of the Galois
group.) Now the same argument as before applies.

(iii). Shifting X, we may assume that ®*(X) ~ F[0]. Any two distinct non-trivial proper
subfields of I/k generate I, so no such field embeds into the other. Hence ®%/*(X) consists precisely
of the copies of M(l;) and of M (k), by Corollary Thus replace X by X @ ®*/*(X)1®-..®
®lr/k(X)~1. This means that we may assume that ®*(X) ~ F[0] and &% (X) ~ F[0]. Appealing
to Lemma p+1 times we find a representation of X with a unique copy of M (k) in degree
zero, no copies of M (l;) for any i, and so everything else copies of M (l). We need to show now that
®!(X) ~ F[0]. As before if this is not true we can find a periodic resolution of F' as a F[G]-module,
which is impossible by Lemma m part (iii). O

Lemma 5.54. Let F' be a field of characteristic p and G a finite group. We say that G is periodic
of period n if any periodic resolution of F' as an F|G]-algebra must have period divisible by n.

(i) If p odd: The group G = 7Z/p has period 2.

(it) If p = 2: The group G = Z/4 has period 2, and the quaternion group (of order eight) has
period 4.

(i1i) The group Z/p X Z/p does not admit a periodic resolution.

(iv) The group 0 = Z/p — G — Z/q" — 0, where 2 # p # q and q is a prime, and Z/q acts on
Z/p with kernel of size ¢', has period 2q" .

Proof. These results are well-known, except for perhaps (iv), which Jeremy Rickard has established
on Math.StackExchange [92]. O

We now have to prove part (iv) of the theorem. In this situation G is no longer a p-group, so
most of our lemmas no longer apply directly.

Hf G — F* where |G| = p™ and F is a field of characteristic p, then the image of G consists of elements of
finite order and so is contained in a finite field F,m . Thus p™|p™ — 1, which can only happen if n = 0.
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Proof of Theorem [5.50, parts (i) to (iii). We may again assume that L = [ and k" = k.

The category AM(L/k, F) is equivalent to the category of permutation representations of G
in F. Let us write N for the normal subgroup Z/p of G. Since |G/N| = ¢" is not divisible by p,
the category of F'[G/N]-modules is semi-simple. This means that F'[G/N] splits as a G/N-module
(and hence as a G-module) into simple F[G/N]-modules, and every F[G/N]-module is a sum of
these simples (uniquely up to order). So every F[G/N]-module is both projective and injective
(as a F[G/N]-module).

If T is a one-dimensional F[G/N]-module then there is a surjection F[G/N] — T which must
split, so T' defines an invertible element of AM(L/k, F'). We may replace X by X @ T~ to assume
that p*¥'/%(X) is the trivial action.

Now ®*'/k(X) is a complex of F[G/N]-modules, and so any surjections or injections between
these split. Since this complex is invertible its homology must be one-dimensional, with action
p¥'/k(X) which is trivial by our reduction. Applying the cancellation lemma sufficiently many
times, we find a representation of X as a complex with a unique copy of M (k) in degree zero, and
otherwise only summands of M (), where I’ does not embed into &’. Let H’' be the corresponding
subgroup. Then H’ does not contain any conjugate of N and thus is of order prime to p (by Sylow
theory). It follows that [I : I'] is prime to p and M (I’) is a summand of M (), by transfer.

Thus X is now a complex of projective modules, except for a single term M (k) in degree zero.
It has a single non-zero homology group, which is one-dimensional (since X is invertible) and
carries the trivial G-action (by assumption). Suppose this homology is in degree n. If n = 0 there
is nothing to do. If n > 0 dualise for definiteness. We can split off the projective terms from the
right, using that any surjection with projective target splits. Dualising and splitting off all terms
in degree > —n we build a periodic resolution, as before. Then Lemma m part (iv) finishes to
proof. U

Remark. It is natural to ask if the condition p!/*"(X) = p¥'/¥"(X) is really necessary. For this
we would (at least) need examples of invertible complexes X such that p//*" (X) # p*'/¥"(X). The
author does not know any such examples. However (weaker) examples of Jeremy Rickard seem to
indicate that the existence of such complexes is plausibleEI

Proof of the Cancellation Lemma[5.51. We need to write down the complex X’®, chain maps f :
X® — X'* and g : X’* — X°, and chain homotopies proving that gf ~ idxe and that fg ~ idxre.
We choose f and g to be the identity whenever possible. This means we only have to specify
g™, gV Tt and similarly for f. The essentially unique choice for fV is the projection p : X'N @ A —
X'N and the essentially unique choice for ¢V is the inclusion i : X’N*! — X'N+1 @ B. For the
differentials d’® in X’® we use d™ = d" for n # N — 1, N, N + 1 and the obvious component of
the old differential for n = N — 1, N 4+ 1. Thus we have reduced to figuring out d := d'V, g™ and

FNHD (and various checks).
!

We write the differential dV : X'V @& A — X'V*1 @ B as the matrix <Cé ?) Here f is

an isomorphism by assumption. We choose the ansatz ¢V = (id,j)T : X'V — X'V ¢ A and
N = (id,q) : X'N 1@ B — X/N+L,

In order for f, g to be chain maps there are two squares which must commute. Writing out the
conditions one obtains

0=0+1fj
d=d +aj
dp=d +apra+q(B+ fpra).
The first condition allows us to solve for j = — £~ and then the second specifies d = d' —af~15.
The third condition is then satisfied if we put ¢ = —af L.

Next one needs to check that X'® is indeed a chain complex and that f,g are indeed chain
maps (some more commutativity conditions). All of this is trivial and left to the reader. We

’http://math.stackexchange.com/a/856302/14762
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compute that fg = idxs and so we need only show that gf ~ idx.. The required chain homotopy
K*:X* = X*lhas K" =0forn# N+1and KNt = <g —;)_1) : X'Ntlg B X'V g A
Again we leave it to the reader to check that this works.

5.4.4 Relationship to Equivariant Stable Homotopy Theory

Let L/k be a finite Galois extension of the perfect field k. In [52, Theorem 3.5] it is shown (more
or less) that there is a symmetric monoidal triangulated functor SH(G) — SH(k), where SH(G)
denotes the G-equivariant stable homotopy category. We wish to study the induced homomorphism
on Picard groups.

Let use recall the construction. We begin with the G-equivariant stable homotopy category
[31]. Let G be a finite group. Write Spc(G). for the category of pointed simplicial sets with a
G-action (equivalently simplicial objects in the category of pointed G-sets). For H C G a subgroup
and X € Spc(G)., write X for the subspace of points fixed by H. For X,Y € Spc(G). the space
X AY carries a natural G-action.

The category Spc(G), affords a model structure in which the weak equivalences are the maps
X — Y such that for all subgroups H of G, the induced map X* — Y is a weak equivalence
of simplicial sets. We denote this model category by H(G).. This is a closed symmetric monoidal
model category. There are natural functors ¢ : #(G). — H., X — X . (Here H, is the ordinary
model category of pointed simplicial sets.) They preserve weak equivalences by construction and
so descend to the homotopy category.

Write SAC for the simplicial set (S')"", where n = |G| and G acts by permuting the factors.
This is an element of Spc(G).. The category SH(G) is obtained as Stab™(H., S"Y). One may
prove that in SH(G) := Ho(SH(G)) in fact all the spheres ST are invertible, where T is any
finite G-set. In particular S' with the trivial action is invertible and so this is a triangulated,
closed symmetric monoidal category. It is generated by ¥°°(G/H), for subgroups H C G.

For f : H — G a group homomorphism, there is a natural functor f* : Spc.(G) — Spc.(H)
by letting H act through f. That is to say f*(X) is the same space as X, but the H-action is
hz = f(h)x. This extends to a symmetric monoidal functor f*: SH(G) — SH(H).

The functor ¢ : Spc(G). — Spec. extends to ®¢ : SH(G) — SH. It is the essentially unique
symmetric monoidal triangulated functor with the property that ®%(X>°(G/H),) = 0 for H # G,
and ®¢¥>®(G/G), = S. Note that (S"¢)¢ = S! is given by the diagonal subset, so ®¢ is
essentially just obtained by taking fixed points levelwise.

For H C G one defines a functor ® : SH(G) — SH as ®H o %, where iy : H — G is the
inclusion and ® : SH(H) — SH is the functor constructed above.

More generally, for X € Spe(G). and subgroups H C K C G such that H is normal in K, we
can view X as an element of Spc(K/H).. We denote the induced functor by ®*/# : SH(G) —
SH(K/H). It is symmetric monoidal and triangulated.

Now suppose L/k is a Galois extension with group G. By Grothendieck’s Galois theory, there
is an equivalence of categories between the category of G-sets and the category of étale algebras
over k with all residue fields embedding into L. The latter category embeds into PSh(Sm(k))
and hence there is a well-defined functor F' : Spe(G). — Spc(k)., where Spc(k). denotes the
presheaves of pointed simplicial sets on Sm(k). This functor is symmetric monoidal and one may
check that F : H(G). — H(k). is left Quillen.

Po Hu proves that ©°F(S"%) € SH(k) is invertible [52, Theorem 3.5]. It follows that we
obtain an induced functor F : SH(G) — SH(k).

Proposition 5.55. For X € SH(G) compact, the motive M F(G) € DM(k) lies in the subcategory
DAMIY™(L/k). Write MF : SH(G)** — DAMY™(L/k) for the composite functor.

The following diagrams commute up to natural isomorphism.
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(i)
SH(H) —~— SH()

N
SH(G) —~— SH(k),
where H C G is a subgroup and f : Spec(l) — Spec(k) is the corresponding extension.

(i1)
SH(K/H)" M5 DAM™(1/k') —%— DAMI™(I/k',F,)

@K/HT @l/k'T

SH(G)? M, DAMY™(L/k) —%— DAM"(L/k,F,),

where H C K C G is a subgroup such that H is normal in K, H is a p-group, and L/l/k' [k
are the field extensions corresponding to {1} C H C K C G (so in particular l/k' is Galois
and L/l is a p-extension,).

Proof. Tt is enough to prove the space level equivalents. That is we may replace SH(G) by Spc(G).
and SH(k) by Spc(k).. Then (i) just says that Grothendieck’s Galois theory is natural in the
base, which is clear.

For (ii), we note that we may write every G-set X as a disjoint union of transitive G-sets.
It is then easy to see using the definition of &'/ K as being induced from a functor at the level
of AM(L/k,F,) that it is enough to show that for a transitive G-set X corresponding to the
extension L/I'/k, the (not necessarily transitive) K/H-set X7 corresponds to ®/* (o M(1)).
But by definition this latter term is computed by base change to &', i.e. restriction to K, and then
retaining only those fields embedding into [, i.e. those G-orbits fixed by H

This concludes the proof. O

Now we need to recall two more groups associated with G and SH(G). The first is RO(G),
namely the ring of virtual real representations of G. The other is JO(G), the quotient of this group
under “stable J-equivalence” [65]. If V' is an actual real representation of G, then the one-point
compactification SV is a pointed topological G-space. By the usual comparison theorems, this
defines an element SV € Ho(H(G).). It turns out (essentially by design) that £°°SV is invertible.
Moreover SVEW ~ SV A SW and so one obtains a group homomorphism RO(G) — Pic(SH(G)).
See also [31].

Let us write C'(L/k) for the group

cwky= 1] z

p,HCG,

where the product is over primes p and subgroups H of a (fixed) Sylow p-subgroup. Put differently,
for every p we fix a maximal prime-to-p subextension L/k,/k (then L/k, is a p-extension) and
consider the subextensions L/l/k,. We then get the fixed points homomorphism

¢ : Pic(DAM?™(L/k)) — C(L/k)

defined by ®'(E) ~ F,[¢(E)(1)].
We also define a group
o(L/k) = ][] Hom(Gal(l/k'),Fy).
pl/k
Here the product is over extensions L/l/k’/k such that L/l is a p-extension and [/k’ is Galois.
Then we get the homomorphism p : Pic(DAMY™(k)) — c(k) defined by saying that p(E)(l/k)
is the Galois action p'/* (E) on ®'/¥ (E).
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Theorem 5.56. The homomorphism Pic(SH(G)) — Pic(DAMY™(k)) has the same image as the
homomorphism RO(G) — Pic(SH(G)) — Pic(DAMY™(k)). The latter homomorphism factors
through JO(G), and the following sequence is exact.

0 = JO(G) = Pic(DAM™ (k) 25 c(k).

Proof. To prove that the image of Pic(SH(G)) inside Pic(DAM(L/k,Z)) coincides with the
image of RO(G), we appeal to [10, Proposition 1.2 and Theorem 1.3] and [31, Proposition 2.1].
These say that Pic(SH(G)) is generated by the suspension spectra of suitable G-spaces, and that
the set of dimension functions of such G-spaces, when restricted to p-subgroups of G, is already
exhausted by RO(G). But by Proposition on compatibility of M F and ®, our map ¢ o M F
precisely assigns to every space its dimension function restricted to p-subgroups.

Now we prove that the map RO(G) — Pic(DAM(k,Z)) factors through JO(G). Here we
appeal to [65]. Their main Theorem 3.20 says that V,W € RO(G) are identified in JO(G) if and
only if their dimension functions coincide on all cyclic p-subgroups (here and everywhere else in
this proof, we mean varying p). Write P for the set of p-subgroups of G and C for the set of
cyclic P-subgroups of G. Let Dp(G) be the set of functions P — Z arising as dimension functions
of elements in RO(G). Then by the opening remark in the proof of theorem 1.3 in [10] the map
Dp — ZC(S) is injective (this is essentially because of the Borel condition, see Theorem .
Thus V and W are identified in JO(G) if and only if (M F(V)) = ¢(MF(W)), proving the claim.

It remains to identify the image of JO(G) in Pic(DAM(L/k,Z)). We now use the full strength
of [10, Theorem 1.3]. It says that an element of f € Dp(G) arises as dimension function of an
element of RO(G) if and only if f satisfies the Borel-Smith conditions (i) to (iv) of [10, Definition
1.1].

Hence let X € Pic(DAM(L/k,Z)). Then ¢(X) satisfies conditions (i) to (iii), since these
coincide with our Theorem [5.50] (i) to (iii). The trouble is with condition (iv). Bauer’s condition
(iv) differs from condition (iv) in our result in three aspects: it always applies, the congruence
is modulo ¢"~! and not modulo 2¢" !, and it is stated for all p and ¢, allowing p = 2 and
p = q. The last of these restrictions is least serious: if p = 2 or p = ¢ the homomorphism
Z/q" — Aut(Z/p) = Z/p — 1 is zero, so the condition is vacuous.

Suppose now p?(X) = 1. Then X ® X has trivial Galois actions, and so Theorem m part
(iv) applies to X ® X. We conclude that X satisfies Bauer’s condition (iv) (the point being that
considering X ® X instead of X we lose a factor of 2 in the congruence modulus, but this is not
a problem, since our result is too strong by a factor of two).

Finally let X € RO(G). We need to show that p(MFX)? = 1. This follows from part (ii) of
Proposition[5.55 Indeed this says that the Galois actions of M FX on ), are reductions of Galois
actions on Z, and thus have trivial squares. O

Remark 1. We have worked in this section with finite Galois extensions L/k. The results
extend to arbitrary extensions without much difficulty. (The major obstacle being the definition
of SH(Gal(L/k)) if L/k is not finite.) The point is that any element of Pic(DAM(k)) is compact
and so comes from DAM(L/k) for some finite Galois extension L/k.

Remark 2. By Theorem the homomorphism Pic(SH(k)) — Pic(DM(k)) is often injective.
Thus in general the functor SH(G) — SH(k) is very far from being an embedding.

Example. Let L/k be a cyclic extension of degree p, an odd prime. Let G = Gal(L/k) be
generated by . Then there is an obvious (“rotation”) representation V' of G on R?. The unit
sphere S(V) in V can be “equivariantly triangulated” as one 0O-cell G and one 1-cell G x I (I
the interval). From this it follows easily that M F(SV) is the invertible Artin motive C(L) from
Example 2 of subsection [5.4.2
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5.4.5 Artin-Tate Motives

We can treat (derived) Artin-Tate motives without much further difficulty. Write ATM(k, A)
for the Karoubi-closed, additive subcategory of Chow(k, A) spanned by the motives of the form
M (1){i} with /k a finite separable extension and ¢ € Z. This is a symmetric monoidal subcategory
containing AM(k, A). Write DATMY™(k, A) C DMY™(k, A) for the thick triangulated subcate-
gory generated by ATM(k, A). As usual this affords a weight structure with heart ATM(k, A).
In contrast to Artin motives, the weight complex functor ¢ : DATMY" (k, A) — K*(ATM(k, A))
is not an equivalence.

Theorem 5.57. Let A be an indecomposable ring (i.e. Spec(A) is connected). Then every E €
Pic(DATM?™(k, A)) is uniquely of the form F{i}, with F € Pic(DAM"(k, A)). In other
words,

Pic(DATM?™(k, A)) = Pic(DAM™(k, A)) & Z.

Proof. If C is an additive category, write Gr(C) for the category whose objects are families (X;);ecz
with each X; € C and X; = 0 for all but finitely many i. We put

Homc,c) (Xy)i, (Yi):) = €D Home (X, V).
icz

It is easy to check that this is also an additive category. We have the inclusions e{i} : C —
Gr(C), X — X{i}, where (X{i}); = X ifi = j and X{i}; = 0if i # j. Then Hom(X{i},Y{j}) =
0if ¢ # j and Hom(X{i},Y{i}) = Hom(X,Y). Every object of Gr(C) is canonically a sum of
objects of the form X{i}. Indeed

(Xi)iez = @ Xi{i}.

If C is symmetric monoidal, then Gr(C) is symmetric monoidal in a natural way, with X{i} ®
Y{j} = (X ®Y){i+j} and unit 1{0}. Also for any additive category C, we have K*(Gr(C)) =
Gr(K*(C)).

Now note that for Iy, ls/k finite separable and i # j € Z we have

Hom (M (1) {i1}, M (12){is}) = Hom(1, M (1;)@M (I2){ia—i1 }) = CH™?~ " (Spec(l1)x Spec(ly)) = 0,

whereas
Hom(M (1) {i}, M (2){i}) = Hom(M (1), M(L2)).

From this it easily follows that ATM(k, A) = Gr(AM(k, A)) and so we have the conservative,
Pic-injective weight complex functor DATMY™ (k, A) — K®(Gr(AM(k, A))) = Gr(K°(k, A)).
Since there is an obvious homomorphism Pic(DAMY™(k, A)) & Z — Pic(DATMY"(k, A)), the
theorem follows from the Lemma below (applied to C = K°(AM(k, A))). O

Lemma 5.58. Let C be a symmetric monoidal additive category, and assume that Home (1, 1) is
an indecomposable ring. Then in the notation of the proof of the theorem

Pic(Gr(C)) = Pic(C) @ Z.

Proof. There is clearly an injection Pic(C) ® Z — Pic(Gr(C)), (X, i) — X{i}. We show it is also
a surjection.

Let E € Gr(C) be invertible, with inverse F. We may write E = @ E;{i}, F = @@ F;{i}, with
E;,F; € C. Then E® F = €P, ;(E; ® Fj){i + j}. This must be isomorphic to 1g,) = Lc{0}.
Consequently @, E; ® F_; = 1 whereas EBHJ-:n E;® F; =0 for n # 0. Also 1¢ is assumed to be
indecomposable, so in fact there exists i such that E;) @ F_;, = 1.

But now for i # ip we find that E; ® F_;, is a summand of (F® F');_;, =0, s0 E;® F_;, = 0,
whence 0 = E; ® F_;, ® E;, & E;. We thus find that E = E; {io}. Since E € Pic(Gr(C)) was
arbitrary, the result follows. O



5.5 Tate Spectra 101

5.5 Tate Spectra

In some situations we can use weight structures to study (subgroups of) Pic(SH(k)) directly.
Of course, by the Pic-injectivity Theorem this is only interesting if k is of infinite 2-étale
cohomological dimension.

We cannot hope to find a weight structure on SH(k) corresponding to the Chow weight struc-
ture on DM(k). This is because we would need the negativity condition [X*°X,%>°Yi]] = 0
for all X,Y smooth and projective. But for example [S®°P!, *°S[1]] = [G,, A S[1],S[1]] =
W (k). However, if X is essentially smooth, Henselian local, and Y is (essentially) smooth, then
(X, 20V AG,,"[i]] = 7_;(Y)n(X), and this is zero provided i > 0 [79, Example 5.2.2]. Hence
write SH(k)!¢ for the thick triangulated subcategory of SH(k) generated by X, for X es-
sentially smooth Henselian local. By Proposition part (5), we obtain on SH(k)!° a (unique)
weight structure with heart the Karoubi-closure of the additive category spanned by the ¥*°X
for X essentially smooth and Henselian local.

We would like to say that there is a weight complex functor SH(k)!"¢ — K*(SH(k)ew=0),
However, to know this we need DG enhancements, and SH(k) probably does not afford such an
enhancementﬂ However, recall the triangulated category D1 (k) of “not so naive motives” [80]
Section 5.2] [I8] Section 5.3]. This is a DG-enhanced category built just like SH(k), but starting
with the category of abelian sheaves, not sheaves of sets.

Lemma 5.59. The natural functor M’ : SH(k) — Dy1(k) is Pic-injective, and conservative on
connective objects.

Proof. The category Dy1(k) affords a homotopy t-structure and an adjunction M’ : SH(k) =
Dyi(k) : U’ with U’ right-t-exact. It follows from Morel’s Hurewicz Theorem [82, Theorem 6.37]
that M'Y : SH(k)Y — D1 (k)Y is an equivalence of categories, and hence by the abstract Hurewicz
Theorem [4.5| we conclude: if E € SH(k)>¢ then ny(E). = ho(M'E)., and M’ is conservative on
connective objects.

Now suppose that E € SH(k) is invertible and M'E ~ 1. Since E is compact it is connective,
and hence we may conclude in the usual way from M'E = 1 € Dy1(k)>o that E € SH(k)>o and
that my(F). = h;(M'E), = h;(1), = KMV In particular there exists a € [1, E] = my(FE)o(k)
such that M’a is an isomorphism. By the conservativity of M’ for connective objects, a is an
isomorphism. O

We can repeat the construction of the homotopy weight structure on D1 (k)!°¢, here there now
is a DG enhancement and hence a strong weight complex functor.

Proposition 5.60. The functor M' is w-exact and induces an isomorphism on the hearts. The
composite SH(k)!°¢ — Dy (k)¢ — Kb(SH(k)!o®w=0) is w-conservative and Pic-injective.

Proof. Tt follows from Morel’s Hurewicz theorem, together with the abelian stable connectivity
theorem [82], Theorem 6.22] that for X,Y smooth Henselian local and i > 0 we have

[M'S* X, M'S®Y, AG,,"[i]] = [E° X4, Y, AG,,""[i]].

Thus there is a weight structure on D1 (k)!°¢ with heart M’SH(k)!°>*=0, Tt follows from Lemma
that M’ is w-exact, and from Corollary (and the fact that M'¥=0 is an equivalence) that
M’ is w-conservative.

We know that M’ is Pic-injective by the previous lemma. Since the weight complex functor is
always w-conservative and Pic-injective by Lemma [5.11} we are done. O

Note that if I/k is a finite separable extension and n € Z, then £ Spec(l) 1 AG,,,"" € SH(k)!°°.
Thus the above proposition should allow us to study “Artin-Tate spectra”, and one might hope
to prove results analogous to those about Artin-Tate motives. Unfortunately the algebra involved

3 Actually we know that a strong weight complex functor exists for triangulated categories with “f-enhancements”
[13] Section 8.4], and SH(k) probably does have such an enhancement.
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is much more complicated. Let us write Tate’ (k) for the additive subcategory of SH(k) spanned
by G,,"™ with m € Z, and SH(k)T*¢ for the thick triangulated subcategory of SH(k) generated
by Tate' (k). We think of these as “Tate spectra” and propose to study Pic(SH(k)T4%¢). In fact
we shall prove the following result.

Theorem 5.61. Let k be a perfect field. There is a canonical isomorphism
Pic(SH(k)T¢) = Pic(GW (k) ® Z @ Z.

We explain first how the isomorphism is supposed to work. If £ is an invertible GW (k)-
module, then £ is projective and so a summand of a free GW (k)-module. However the category
of free GW(k)-modules embeds into SH(k), simply because 1 € SH(k) is compact and with
endomorphism ring GW (k). Consequently we find a canonically defined object S, € SH(k)
corresponding to £, by taking the relevant summand of a wedge of spheres. The functor thus
defined P(GW (k)) — SH(k), where P is the category of projective GW (k)-modules, respects the
tensor products. It follows that S, is invertible and hence compact, so actually S, € SH(k)T e,
The claim is now that every invertible element of SH(k)T% is of the form Sz A S™ A G,,,"™, for
unique £ € Pic(GW (k)), m,n € Z.

The “weight complex functor” SH(k)7%%¢ — SH(k)!"¢ — K°(SH(k)!*>*=0) has image con-
tained in K°(Tate’(k)). Since it is also Pic-injective, it is enough to prove the claim for K®(Tate’(k)).

We now observe that Tate’(k) has another description: it is the category of finitely generated,
projective KMW (k)-modules, with their graded homomorphisms.

If A is any graded ring (not necessarily commutative), write K°(A) for the homotopy category
of the bounded chain complexes of finitely generated, projective graded (left) A-modules. We
note that K°(A)° is equivalent, via dualisation, to K?(A°P), and if A is sufficiently commutative
(e.g. e-commutative like KMW) then K®(A°P) is equivalent to K?(A). In such cases, the category
K®(A) is symmetric monoidal. We note that K”(A) affords an obvious weight structure.

Suppose now ¢ : A — B is a morphism of e-commutative graded rings. Then there is an obvious
symmetric monoidal functor ¢ : K?(A) — K®(B). We consider ¢y : KMW (k) — KMW(k)/n =
KM (k) and g : KM (k) = KM (k)] = W (k)[7,n~").

Lemma 5.62. The functor (¢1,¢2) : KC(KMW (k) — KP(KM(k)) x Kb(W (k)[n,n~Y]) is weight
conservative.

Proof. This has very little to do with ™" and holds for many more rings. By Lemma it
is enough to show that (¢1, ¢2) is right-w-conservative. By Corollary it suffices to show that
the induced functor on hearts detects sections.

So Let o : My — My be a morphism of finitely generated projective graded KMW (k)-modules.
We need to show that « has a section if a/n and a[n~!] do. Let C be the (finitely generated) cok-
ernel. If a[n~!] has a section then from the exact sequence M; @ KMW[n=1] — My@ KMW[n=1] —
C ® KMW[p=1] — 0 we conclude that n"C = 0 for some n > 0. But from a/n having a section
we similarly conclude that C' = nC. Thus C = 0 and we are done. O

We now investigate the two “pieces”.

Lemma 5.63. The group Pic(K°(K™ (k))) is free abelian of rank two, generated by K™ (k)[1]
and KM (k)(1).

Here we write M (1) for the shift of the graded module structure, corresponding to multiplica-
tion by G,,. Note that this is inconsistent with the use of M (1) in the normal motivic situation,
where it corresponds to multiplication by G,,[—1].

Proof. Let ¢ : KM(k) — KM(k)/KM(k), = Z be the natural quotient map, where K (k) is
the ideal of positive elements. Then ¢ detects sections on finitely generated, graded projective
modules: if f: M — N is a morphism of finitely generated, graded projective K™ (k).-modules,
then f admits a section if and only if the cokernel C' vanishes. This is true if and only if C = K j‘f C
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(by the graded Nakayama lemma), which is true if and only if ¢(f) : M/KY M — N/K¥ N admits
a section.

It follows that K®(KM(k)) — K°(Gr(Z)) (where we write K°(Gr(Z)) to emphasize that we
view Z here as a trivially graded ring) is weight-conservative, whence all objects of Pic(K®(K™ (k)))
are of the form E[n], where E € Pic(K™(k)). Moreover we know that E/KM (k) E = 7Z(i)
for some i. It is thus enough to show: if E € Pic(KM(k)) and E/KM (k). E = 7(0) then
E = KM(K)(0).

But Z(0) is generated by a single degree zero element, and hence so is E, by the graded
Nakayama lemma again. It follows that E is a summand of K™ (k)(0) and then we are done
because ¢ induces an equivalence of categories of degree zero modules. O

Let us for completeness recall the graded Nakayama Lemma.

Lemma 5.64 (Graded Nakayama Lemma). Let A be a (not necessarily commutative) non-
negatively graded ring and M a finitely generated, graded A-module. Write Ay C A for the
ideal of positively graded elements. If A, M = M then M = 0. If N C M is a submodule and
M =N+ A M, then N =M.

Proof. The version about N = M follows as usual by considering M/N. So we prove the first
statement.

If M # 0 then, since M is finitely generated, there exists a minimal ¢ with M; # 0. But then
M; = (AL M); =0, a contradiction. O

Lemma 5.65. The natural morphism Pic(W (k)) ® Z — Pic(K*(W (k)[n,n71])) is an isomor-
phism.

Proof. First note that K°(W(k)[n,n71]) = K®(W(k)) where the right hand side uses ungraded
modules. The result then follows in the usual way (see e.g. [30, Theorem 3.5]) from the fact that
Spec(W (k)) is connected [62, Prop. 2.22] O

We thus have a homomorphism Pic(K®(KMW (k))) — Z2? ®Z, corresponding to shift and twist
in Kb(KM(k)) and (only) shift in K°(W (k)[n,77]). The next lemma will be proved at the end.

Lemma 5.66. If E € Pic(K*(K™W (k))) is such that E/n = Z[i](j), then there exists F €
Pic(W (k)) with E @ KMW (k)[n~1] = F[i).

Proof of Theorem[5.61, assuming the lemma. As we have said we may replace Pic(SH” **¢(k)) by
Pic(K®(Tate' (k))) = Pic(K*(KMW (k))).

Let E € Pic(K*(K™W(k))) and assume that E/n = Z(0)[0]. It is enough to show that
E € Pic(GW (k)). By the above lemma and the weight conservativity result in Lemma we
conclude that E is an invertible graded K™W (k)-module. We need to show that it is generated
in degree zero.

Certainly E/n is generated in degree zero by assumption. Let Ey C E be a submodule obtained
by lifting a generator of E/n. Then F = nE + Ey. By induction £ = n"FE + Ey. Since FE is
finitely generated ™ E is negatively generated for n sufficiently large, and thus E is non-positively
generated. Being projective we conclude that E is a summand of @fil KMW (k)(n;) where n; > 0
for all . Then DFE is a summand (so quotient) of 69511 KMW (E)(—n;) and so is non-negatively
generated. But we can use the same reasoning as before to conclude that DE = (DE)q + n(DE)
and so on, and hence push all generators in positive degrees into degree zero. We conclude that
DEFE is generated in degree zero and thus so is F. O

To prove the lemma, we need a little (slightly) non-commutative ring theory. In fact all our
rings are e-commutative so probably all results from commutative theory go through without a
problem, but it is easier to just prove what we need. So let A be an associative unital (Z-graded)
ring. We call A local if the set of non-units forms a two-sided (graded) ideal.

Lemma 5.67 (Nakayama). Let A be a local (not necessarily commutative) ring with mazimal
ideal m. If M is a finitely-generated A-module such that M /mM =0 then M =0
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Proof. The usual proof works. If M is generated by 1,...,z, then ;1 = mixy + ... m,x, with
m; € m, and 1 — m; is a unit, so M is generated by xs, ..., x,. Conclude by induction. O

Corollary 5.68. Let A be as above. A finitely generated projective A-module is free.

Proof. Let P be finitely generated projective. Since A/m is a (skew-) field, P/mP = (A/mA)" for
some (unique!) n and, lifting generators, we get A™ — P inducing an isomorphism after modding
out by m. By Nakayama this is surjective as usual. We have an exact sequence 0 - K — A" —
P — 0. Since P is projective A™ =2 P @ K whence K is finitely generated and K/mK = 0. Thus
K = 0. This concludes the proof. O

Corollary 5.69. Let A be (not necessarily commutative) graded local, affording duality (e.g. e-
commutative). Then every element of Pic(K°(A)) is of the form A(i)[j].

Proof. The functor M +— M/mM detects sections (of finitely generated projective modules) by
Nakayama and hence is weight conservative (as a functor K°(A) — K°(A/m)). It follows that
every element of Pic(K’(A)) is of the form E[j] for some graded invertible A-module E. By the
previous corollary E = A as ungraded modules. Any element in E \ mE is a free generator by
the reasoning of the corollary (since E/mE is a skew-field), so we may pick a homogeneous free
generator. This concludes the proof. O

Proof of Lemma[5.66. Let I ¢ KMW (k) be the ideal generated by some prime (say p), all elements
of positive degree, and all elements of negative degree. Then KMW (k)/I = KM (k)/(KM(k); +
pKM(k)) = Z/p is a field. Moreover KMW(k)\ I = GW (k) \ (Io,p) = S where Ij is the
fundamental ideal. This is a multiplicative subset of central degree zero elements and so we can
form the localisation A = S~!KMW(k) which is a non-commutative, graded local ring. Now
consider the commutative diagram

[+ \ T~

KMW 1KMW @2 Z(p)
SflKMW[nfl].

(Here a; is obtained by killing K4/ and localising at (p), whereas as is obtained by killing all
elements of positive or negative degree. This explains the upper/right trapezoid. The lower/left
trapezoid is obtained by observing that we only invert central elements, so it does not matter in
what order we do it.)

For E € Pic(K*(KMW (k))) we may write ¢ E ~ KM (r)[s], ¢poF ~ F[t] and ST'E ~ A(u)[v],
where F' € Pic(W(k)). The upper/right trapezoid implies that s = v (and v = r), whereas the
lower/left trapezoid implies that ¢ = v. Hence ¢ = s as was to be shown. O

5.6 Rational Coefficients, the Standard Conjectures, and
the Etale Topology

In this short section we shall explain that some of our questions can be answered conditional on
the “standard conjectures” of Grothendieck, Hodge, Beilinson etc.

First, recall that a mized Hodge structure with Q-coefficients consists of a rational, finite-
dimensional vector space V together with a weight filtration W,V C V and two filtrations (called
the Hodge filtration and its opposite) F*V, F*V C V¢ := V ®q C, satisfying certain compatibility
conditions. See e.g. [I11 Chapter 7] for an overview. The upshot is that the category M HSg of
mixed hodge structures with Q-coefficients is abelian symmetric monoidal.
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IfV =W,V and W,,_1V = 0, then we say that V is pure of weight n.

If V = Q is one-dimensional then any Hodge structure on V is necessarily pure. Given n € Z,
there is a unique mixed Hodge structure on V' of weight n denoted Q(n).

There is a Hodge realisation functor Ry : DMY"(C,Q) — D’(MHSg) which is symmetric
monoidal, triangulated, and satisfies Ry 1(¢) = Q(¢) [56, [57].

We may now summarise our take on the standard conjectures as follows.

Definition 5.70. We will say that the usual conjectures hold if the following is true. The category
DM (C,Q) affords a t-structure (called the motivic t-structure) with heart a symmetric monoidal
rigid abelian category MM (C). The hodge realisation functor is t-exact for this t-structure, and
the induced functor MM(C) — M HSq is fully faithful.

We should explain where these conjectures come from. The existence of a motivic t-structure
with heart MM(C) and the exactness of the realisation is generally referred to as Beilinson’s
conjecture. See [59] for an overview. This conjecture also stipulates that the category has an
abelian subcategory M(C) of simple objects, and that every object in MM (C) can be obtained
by iterated extension from objects in M(C). The objects in M are called pure motives, and
the objects in MM are called mized motives. The category of pure motives is supposed to
be obtained from the category Chow(C) by using a stronger equivalence relation than rational
equivalence on algebraic cycles. By celebrated work of Jannsen [58], this is abelian if and only
if the equivalence relation is numerical equivalence. One of Grothendieck’s standard conjectures
asserts that numerical equivalence coincides with homological equivalence. This is equivalent to
the functor M(C) — M H Sy being faithful. The Hodge conjecture asserts fullness of this functor.
Since MM(C) is rigid abelian the functor Hom is exact, and similarly for M H Sy [22, Proposition
1.16]. Thus fully faithfulness extends to all objects of MM(C) which are obtained by iterated
extension from M(C), which is to say all of them.

Proposition 5.71. Assume that the usual conjectures hold.
Then Pic(DM(C,Q)) =Z ® Z, i.e. if E € Pic(DM(C,Q)) is invertible there exist (unique)
integers m,n € Z such that E ~ 1(m)[n].

Proof. Invertible objects are compact, so E € DMY™(C,Q). Consider the Hodge realisation
Ry (E) € DY(MHSg). The objects in D*(MHSg) are represented by finite complexes of Q-
vector spaces, with certain additional data. Since ® is exact on M HSg, the tensor product on
such complexes is the derived tensor product. Thus in order for Ry (E) to be invertible it must
consist of just a single vector space with some extra structure, that is to say Ry (E) ~ Q(m)[n]
for some (unique) m, n.

We may twist and shift conveniently to assume that Ry (E) ~ Q[0] and shall prove that E ~ 1.
Indeed since Ry is t-exact, we find that E is in the heart MM (C) of the motivic ¢-structure. But
then fully faithfulness of MM(C) — M H Sy implies the result. O

Corollary 5.72. Assume that the usual conjectures hold.

Let k be a field of characteristic zero. Then Pic(DM(k,Q)) = Z & Z & Homs(Gal(k),Z/2).
More precisely, if E € Pic(DM(k,Q)) then there exists a unique quadratic extension l/k (possibly
the “trivial extension” k — k x k) and unique m,n € Z such that E ~ M (Spec(l))(m)[n].

Proof. The objects M (Spec(l)) are invertible by Example 1 in Section Moreover if f :
Spec(k) — Spec(k) is an algebraic closure, then the kernel of f* : Pic(DM(k,Q)) — Pic(DM(k,Q))
is isomorphic to Homs(Gal(k), Q*) by Theorem As usual the image of any continuous homo-
morphism from Gal(k) to Q* must be contained in a torsion subgroup, and the torsion subgroup
of Q% is precisely {£1} = Z/2. That the elements M (Spec(l)) for I/k quadratic exhaust this
latter group follows easily from the proof of Proposition [5.41

It thus remains to show that for any algebraically closed field k we have Pic(DM(k,Q)) = Z&7Z
generated by 1[1] and 1(1). We can write k as the colimit of its finitely generated subfields, and
hence by Proposition there exist a finitely generated field ko and E € Pic(DM(ko, Q)) with
Ej;, = E. Of course the algebraic closure kg of ky embeds into k, so in order to prove the claim
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we may assume that k is the algebraic closure of a finitely generated field (of characteristic zero).
Thus k embeds into C. The result follows from Proposition and Proposition O

It would be desirable to compute Pic(DM(k,Z)), at least conditionally. The author does
not know how to do this. The problem is that with our current methods, this would require
understanding Pic(DM(k,Z/p)). Using Theorem one may assume here that k is p-special.
However it is not clear how to reduce to k algebraically closed, and even for an algebraically closed
field the author does not know the answer, even conditionally.

There is one way to make both of these problems disappear, and that is using the étale topology.
Etale motives are very well developed [19]. We do not really need this heavy machinery, the ideas
in Voevodsky’s original work [T07] are sufficient. We write DM, (k, Z) for the category of integral
étale motives.

Passing to étale motives is not completely arbitrary; we have DM.;(k, Q) ~ DM(k, Q) [107,
Proposition 3.3.2].

Proposition 5.73. Assume the usual conjectures.
Let k be a field of characteristic zero and finite étale cohomological dimension. Then

Pic(DM.y(k, Z)) = Homeys (Gal(k), Z/2) & Z & Z.

More precisely, if E € Pic(DMc(k, Q)) then there exists a unique quadratic extension l/k (possibly
the “trivial extension” k — k x k) and unique m,n € Z such that E ~ M (Spec(l))(m)[n].

Proof. We need to use formal properties of DM,; analogous to those of DM. We will comment
on when we do.

The analogue of Theorem is true. Namely, without restriction on the coefficients, the base
change along any (separable) field extension is conservative, and the kernel on the Picard group is
always Home¢s(Gal(k), A*). The first claim is true by design, since any finite separable extension
is an étale cover. The second claim follows if we know that the homology sheaves h;1 satisfy
hol = A (the constant sheaf associated with A) and h;1 = 0 for i # 0. Now we know that
[1,1[i]] = H:,(k). The claim follows since in order to check an isomorphism of sheaves in the étale
topology, we may pass to an algebraic closure of k£, which has no higher étale cohomology.

Thus, as in the proof of the result with rational coefficients, we may assume that &k is alge-
braically closed. In this case Theorem [5.6| part (i) remains valid, with the same proof. Indeed the
only problematic part in that proof is that it uses [1, 1[¢]] = 0 for ¢ # 0, and this holds in the étale
topology if k is algebraically closed.

Next we use that DM (k, Z/p) ~ D(Spec(k)et, Z/p) is the ordinary derived category of abelian
sheaves [75l, Theorem 9.35]. Consequently Pic(DM.:(k,Z/p)) = Z generated by 1[1], if k is
algebraically closed.

Now let £ € Pic(DMe(k,Z)). Then ol (E) ~ 1[n,] € DM (k,Z/p) and a;(z) (E) ~
1(m)[n] € DMc(k,Q) ~ DM(k,Q). Here we have used the identification of étale and Nis-
nevich motivic cohomology with rational coefficients, as well as the conditional computation of
Pic(DM(k,Q)) of Proposition [5.71] Thus by the analogue of Theorem part (i) explained
above, it is enough to show that n, = n for all p.

As before we may assume that k = C for this (the analogue of Proposition remains valid,
and DMY;" also satisfies continuity).

Consider the ordinary Betti realisation R4 5 : DM, (C, A) — D(A-Mod), which sends M (X)
to the singular chain complex of the complex points C,(X(C), A). Now we have for any homo-
morphism Z — A a commutative diagram

Pic(DM,,(C,Z)) — Pic(D(Z-Mod))

l l

Pic(DM.(C, A)) —— Pic(D(A-Mod)).
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The result follows applying this to A = Q and A = Z/p, since the morphisms Pic(D(Z-Mod)) —
Pic(D(Q-Mod)) and Pic(D(Z-Mod)) — Pic(D(Z/p-Mod)) are isomorphisms (all these groups
are isomorphic to Z). O

Remark 1. The assumption of finite cohomological dimension can probably eliminated, using
the sophisticated techniques from [19].

Remark 2. The above results are highly dependent on the ring of coefficients. Of course
Pic(DM(k, A)) always contains Pic(A), but far more interesting things can happen, as explained
to the author by Joseph Ayoub. Roughly, if E is an appropriate elliptic curve and K/Q a suf-
ficiently big field, then M (E) € DM(k, K) has a summand, some power of which is the Tate
motive!
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Appendix A

Model Categories of Simplicial
Presheaves

The purpose of this rather long appendix is twofold. Firstly, we review some standard and not-so-
standard language and results about model categories. Secondly, we employ Barwick’s notion of
homotopy limits of diagrams of model categories to define a notion of a sheaf of model categories,
and prove basic results about such sheaves. As explained in subsection this is the main
technical ingredient to the proofs of our representability results.

We now provide an overview of the sections of this appendix.

In Section we review the basics of model categories. All of this is standard.

In Section we start with model categories of simplicial presheaves. If (C,7) is a site, then
there are (at least) for model category structures on the category sPre(C): the projective/injective,
global/local model structures. We establish their standard properties. We make one potentially
original observation. Suppose that X € C. Then the overcategory C/X is a site in a natural way,
and there is a well known equivalence of categories sPre(C/X) ~ sPre(C)/X. We show that under
this equivalence, the above mentioned four model structures are taken into one another. That is
to say, a morphism in sPre(C/X) is a cofibration/fibration/weak equivalence (in one of the model
structures) if and only if the corresponding morphism in sPre(C)/X is a cofibration/fibration/weak
equivalence (in the model category structure on the overcategory sPre(C)/X induced from the
corresponding model structure on sPre(C)).

In Section [A23] we review the notion of a hypercover. Basically, a hypercover Uy — X is a
simplicial object in C/X satisfying certain conditions (depending on the choice of topology). One
example is the Cech complex of a cover, but in general there are others. The main purpose for us
is a theorem of Dugger et al. which says that the local model structures on simplicial presheaves
can be obtained from the global model structures by localisation at the hypercovers.

Section [A-]] treats almost finitely generated model categories. This is a particularly convenient
class of model categories which are small in a precise sense.

In Section we review descent spectral sequences.

The rest of the appendix deals with (pre)sheaves of model categories. In section we review
pseudofunctors and strictification. Essentially, the usual construction of a “functor” valued in
categories such as X — D(X) or X — SH(X) is not actually a functor at all, because given

xLys Z, the two functors (f o g)* and ¢g* f* are only naturally isomorphic, not equal. This
is of course a standard problem. The resolution is reasonably easy: the “functor” is a weaker
structure known as pseudo-functor. Moreover every pseudofunctor is equivalent to an ordinary (or
strict) functor, in a strong sense. This means that with an eye on applications we can formulate
results about pseudofunctors, but deduce them by strictifying as the first step and then working
entirely with strict functors.

In Section [A77, we begin in earnest the study of presheaves of model categories. If C is an
essentially small category, by a Quillen pseudo-presheaf we mean a pseudofunctor on C°? with
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values in the category of model categories. In fact we usually talk about left or right pseudo-
presheaves, meaning that the restriction functors are (left or right) Quillen functors. Next we want
to define what it means for a Quillen pseudo-presheaf M to be a sheaf. Recall that a presheaf (of
sets) F' on a site (C,7) is a sheaf if for every cover Uy — X, the natural map F(X) — lim F(U,)
is an isomorphism. For a simplicial presheaf F', being a sheaf should mean being globally weakly
equivalent to its fibrant replacement in one of the local model structures. The theorem of Dugger
et al. we reviewed earlier says that this happens precisely if for every hypercover Uy — X, the
natural map F(X) — holim F(U,) is a weak equivalence.

This suggests that we should call the pseudo-presheaf M a sheaf if for every hypercover Uy — X
the (hypothetical) functor M(X) — holim M(U,) is a Quillen equivalence. The problem here is
that the category of model categories is not a model category in any obvious sense, so making
sense of the homotopy limit is not trivial. Fortunately Barwick has defined such a notion, so we
can just re-use it.

Of course any definition is only as good as its consequences. Barwick’s definition is justified
essentially by the fact that it coincides with the homotopy limit of the underlying infinity cate-
gories. Since we do not use the language of infinity categories, this is not very useful to us. The
main result about homotopy limits we prove is the following. Let M be a suitable left Quillen
pseudo-presheaf on some indexing category I. We can assume that M is strict. Then for X € I
write N(M(I)S,.) for the nerve of the category of cofibrant objects, with weak equivalences be-
tween them. Since M is left Quillen, the restriction functors preserve cofibrant objects and weak
equivalences between such. Consequently we obtain a diagram N(M¢ ) on I. Then our result is
that taking homotopy limits commutes with taking nerves in this way: there is a canonical weak
equivalence

N((holimy M);, ) ~ holim; N(M¢,,).

This result is apparently folklore, but without written up proof. We present a proof outlined
to the author by Bill Dwyer. We should remark that the co-categorical version of this result has
a much nicer proof: the functor NV sending a model category to its nerve of weak equivalences
models the functor ¢ : coCat — Spc which sends an co-category to its core. It is the left adjoint of
the inclusion Spc — ocoCat regarding a space (co-groupoid) as an oo-category [93] Section 17.2],
and consequently preserves (homotopy) limits.

In Section we finally define the notion of a sheaf of model categories and show how to
use Rezk’s theory of model toposes to construct examples. The main application is that X +—
sPre(Sm(k)), is a sheaf of model categories in the 7-topology, for 7 one of Zariski, Nisnevich or
étale.

In the final Section [A29] we study constructions with sheaves of model categories. Essentially,
any sufficiently functorial construction with model categories can be performed sectionwise on a
presheaf of model categories. If the presheaf we started with was a actually a sheaf, one might
hope that the resulting presheaf is also a sheaf. This is the kind of result we prove in that section.
We have three examples: pointing, localisation, and stabilisation. Pointing refers to passing from a
model category M to the pointed version M, localisation refers to turning chosen maps into weak
equivalence, and stabilisation means passing to spectra. (Not surprisingly, these are the operations
needed to get from the model category sPre(Sm(X))nis to the model category SH(X).) In each
of the three cases, we prove a theorem saying that under certain reasonable conditions, the sheaf
property is preserved.

A.1 Review of Model Categories

A.1.1 Basic Definitions; Properness

There are various slightly different definitions of model categories. Good references are [43] [36]
[47). We take the definition from the last reference, where also the terms right and left lifting
property and retract are explained.
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Definition A.1. A model category is a category C together with three subcategories called fibra-
tions, cofibrations and weak equivalences, such that:

(1) The category C has all (small) limits and colimits.

(2) (2-out-of-8) If f,g are composable morphisms in C and any two of f,g, fg are weak equiva-
lences, then so is the third.

(3) Weak equivalences, fibrations and cofibrations are stable under retracts.

(4) Cofibrations have the left lifting property (LLP) with respect to maps which are both fibrations
and weak equivalences, and maps which are both cofibrations and weak equivalences have the
LLP with respect to all fibrations.

(5) Ewery morphism in C can be factored functorially into a cofibration followed by a fibration
which is also a weak equivalence, or a cofibration which is also a weak equivalence followed by
a fibration.

We call maps which are both fibrations and weak equivalences acyclic fibrations, and maps
which are both cofibrations and weak equivalences acyclic cofibrations. These axioms have a long
list of standard consequences, as illustrated for example in [36, Section II.1].

One of these standard results is that fibrations are stable under pullback, and cofibrations are
stable under pushout [36, Corollary I1.1.3]. This is not in general true for weak equivalences.

Definition A.2. A model category C is called left proper if weak equivalences are stable under
pushout along cofibrations. It is called right proper if weak equivalences are stable under pullback
along fibrations. We call C proper if it is both left and right proper.

General results about properness can be found in [43, Chapter 13].

Here is a curious characterisation of right propernessﬂ Recall that if M is a model category
and X € M, then the overcategory M/X with its forgetful functor U : M/X — M affords a
model structure in which U detects weak equivalences, fibrations and cofibrations [43], Theorem
7.6.5]. Now if f: X - Y € M is a morphism, then there is an obvious adjunction fx : M/X =
M/Y : f*, which is a Quillen adjunction because fz preserves cofibrations, fibrations and weak
equivalences.

Proposition A.3 (Charles Rezk). 1. If f4 is a Quillen equivalence, then f is a weak equiva-
lence.

2. If X, Y are fibrant and f is a weak equivalence, then fu is a Quillen equivalence.

3. The model category M is right proper if and only if fu is a Quillen equivalence for any weak
equivalence f: X =Y.

Proof. Since f4 preserves cofibrations and weak equivalences, Lfy = fu, and so Lfx(id : X —
X)=(f:X —=Y). Next since Uid : Y — Y) = idy is a fibration, the object Y’ := (id : ¥ —
Y) € M/Y is fibrant and thus Rf*Y’ = f*Y’ = (id : X — X). If f is a Quillen equivalence then
Lfu, Rf* are ordinary equivalences of homotopy categories. We then have Y’ ~ LfysRf*Y’ =
(f: X =Y). Thus f is a weak equivalence, proving (1).

To prove (2), we use the fact that in any model category weak equivalences between fibrant
objects are stable under pullback along fibrations [43 Proposition 13.1.2(2)]. Now let f: X — Y
be a weak equivalence between fibrant objects. If T'— Y is a fibration, then LfzRf*(T - Y) =
fef*T —=-Y)=(Txy X = Y). But T xy X — T is a weak equivalence by the quoted result,
so the natural transformation LfxzRf* — id on Ho(M/Y') is a natural isomorphism. Similarly
let (' - X)e M/X. Then Lfy(T - X)=(T - X —=Y). Factor T =Y as T — T’ — Y with
T — T' a weak equivalence and 77 — Y a fibration. Then Rf*Lfx(T — X) = (T" xy X — X).

Thttps://golem.ph.utexas.educategory/2012/05/the_mysterious nature_of right.html#c041294
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Now T xy X ~ T’ by the quoted result, and T" ~ T by construction. Hence id = Rf*Lf4 and
we are done.

Finally if M is right proper then the proof of (2) works for any X,Y and so any fy is a Quillen
equivalence, provided f is a weak equivalence. Conversely, assume that fx is a Quillen equivalence
whenever f is a weak equivalence. We need to show that M is right proper. Solet f: X — Y
be a weak equivalence and T" — Y a fibration. We need to show that T := T xy X — T is
a weak equivalence. But Rf*(T — Y) = (I" — X) because T — Y € M/Y is fibrant, and
so LfgRf*(T — Y) = (I" = Y). Since LfxRf* ~ id we conclude that T — T is a weak
equivalence, as required. O

Note that as a consequence, if M is a category and (W, Cy, Fy), (W, Cs, F») are two model
structures on M with the same weak equivalences, then (M, W, C, F}) is right proper if and only
if (M, W, Cy, F») is right proper. The same result holds for left properness by duality.

A.1.2 Adjunctions in Two Variables; Simplicial and Monoidal Model
Categories

Next we come to the notions of simplicial and monoidal model categories. All model categories
we use in this work are simplicial and most are monoidal. In fact both notions are subsumed
under the common concept of a Quillen adjunction of two variables. First recall the concept of
an ordinary adjunction in two variables. Such an object consists of three categories C,D, & and
three bifunctors ® : C x D — &£, hom; : C? x £ — D, hom,. : D°? x E — C, together with natural
isomorphisms Homg (¢ ® d, e) = Home (¢, hom; (d, €)) = Homp(d, hom, (¢, €)).

There are two common examples. The first is a closed monoidal category. In this case C =
D = £ and hom; = hom, = Hom, the internal hom object. We denote the unit by 1.

The second case is a simplicially enriched category with tensors and cotensors. Then C = sSet
is the category of simplicial sets, D = £ =: M is the category we are enriching. The functor ®
is external tensor, hom, (S, M) = M? is external cotensor, and hom, (M, N) = Map(M, N) is the
simplicial mapping space.

The model category analogues of these definitions are obtained by adding the pushout-product
axiom to the requirements of an adjunction in two variables [9, Section 3].

Definition A.4. Suppose C,D,E are model categories and (®, hom;, hom,.) is an adjunction in two
variables. We call this data a Quillen adjunction in two variables if the pushout-product axiom
holds, i.e. if for any pair of cofibrations c: Q — R€C and d: S — T € D, the pushout-product

dd: (QaT) [[(R®S) > ReT
Q®S

is a cofibration in £, which is acyclic if either ¢ or d is.

Suppose that M is a model category and also a closed symmetric monoidal category. We
call M a symmetric monoidal model category if (1) the data (R, Hom ., Hom ) is a Quillen
adjunction in two variables, and if (2) for some cofibrant replacement 1 — 1 and for any object
A, the composite L@ A — 1@ A~ A is a weak equivalence.

Suppose that M is a model category and also a simplicially enriched category with tensors and
cotensors. We call M a simplicial model category if the data (®,e®, Map) is a Quillen adjunction
in two variables.

Some of the consequences of the simplicial model category axioms are expounded in [36, Section
I1.3]. The pushout-product axiom has many equivalent forms, see e.g. [9, Lemma 3.4].

We use the symbol ® for both internal and external tensor, this should never cause confusion
(whenever C is a simplicial closed monoidal category with tensors, there will usually be a natural
embedding sSet — C under which internal and external tensors coincide).

Note the following trivial consequence of the pushout-product axiom which we use extensively.
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Lemma A.5. Let M be a symmetric monoidal model category. Then tensor product with cofibrant
objects preserves cofibrations and acyclic cofibrations.

More generally if (C,D,E,®,hom;, hom,) is a Quillen adjunction in two variables, then each
of the functors ®,hom;, hom, is (left) bi-Quillen.

Proof. Let @ — R be an (acyclic) cofibration and ) = S — T a cofibration. Then R ® S = () =
@ ® S, and so the pushout-product axiom implies that Q ® T'— R® T is an (acyclic) cofibration.

The more general assertion follows from the same reasoning applied to the equivalent (adjoint)
formulations of the pushout-product axiom [9, Lemma 3.4]. O

We call a functor R : N — M between simplicial model categories simplicial right Quillen if it
is right Quillen in the ordinary sense, with adjoint L, and the adjunction enriches: Map(LX,Y") =
Map(X, RY).

Lemma A.6. If L : M 2 N : R is a simplicial adjunction, then L preserves tensors and R
preserves cotensors.

Proof. For T € M, Y € N and K € sSet, we obtain by adjunctions

Hom(T, R(Y®)) = Hom(LT,Y*) = Hom(K ® LT,Y)
>~ Hom(K, Map(LT,Y)) = Hom (K, Map(T, RY)) 2 Hom(K ® T, RY).

The last term is isomorphic to both Hom(7, (RY)¥) and Hom(L(K ® T),Y). We have thus
obtained canonical isomorphisms

Hom(T, R(Y™)) = Hom(T, (RY)X)

and
Hom(K ® LT,Y) 2 Hom(L(K ® T),Y),

natural in T and Y (and K). The result follows from the Yoneda lemma. O

A.1.3 Bousfield Localization

We now need some technical conditions on model categories which are used to control localizations.
The slickest definitions and proofs are found in [9, Section 1] and are repeated below. It is worth
pointing out right away that there are equivalent conditions which are easier to check.

Definition A.7. Let C be a category with small colimits. An object X € C is called small if there
exists a reqular cardinal A such that Hom(X, e) commutes with A-filtered colimits.

A category C is called locally presentable if it has small colimits and is generated under colimits
by a (small) set of small objects.

A model category M is called combinatorial if it is locally presentable and there exist (small)
sets I and J of morphisms such that a morphism satisfies RLP with respect to I if and only if it is
an acyclic fibration, and a morphism satisfies RLP with respect to J if and only if it is a fibration.

A model category M is called tractable if it is combinatorial and if the domains and codomains
of the maps in I,J can be chosen to be cofibrant objects.

We note that every object in a locally presentable category is small.

We finally come to Bousfield localization. Since we only deal with simplicial model categories,
we shall only review the enriched version [9, Section 3]. So let M be a simplicial model category
and H a set of homotopy classes of maps in M. Recall that for X,Y € M there is the derived
mapping space Map®(X,Y) which is obtained by replacing X cofibrantly and Y fibrantly.

Definition A.8. A left Bousfield localization of M at H is a simplicial model category Ly M
together with a simplicial left Quillen functor M — Ly M which is initial among simplicial left
Quillen functors F : M — M’ such that for any [ representing a class in H, the image F(f) is
a weak equivalence of M’.



114 A. Model Categories of Simplicial Presheaves

Clearly Ly M is essentially unique if it exists. There is a standard strategy for constructing
Ly M by “adding weak equivalences to M”.

Definition A.9. An object Z € M is H-local if for any A — B representing an element of H,
the morphism

Map®(B, Z) — Map®(A, Z)

is a weak equivalence of simplicial sets.
A morphism A — B € M is an H-local weak equivalence if for any fibrant H-local object Z,
the morphism
Map*(B, Z) — Map*(A, Z)

is a weak equivalence of simplicial sets.
A morphism A — B is an H-fibration if it satisfies RLP with respect to all H-local weak
equivalences that are cofibrations.

Theorem A.10 ([9], Theorem 3.18). If H is a (small) set and M is a left proper tractable
simplicial model category, then there exists a left proper tractable simplicial model structure Ly M
on M which has the same cofibrations as M, the H-local weak equivalences as weak equivalences,
and the H-fibrations as fibrations. This is a Bousfield localization of M at H. The H-fibrant
objects are the H-local fibrant objects.

We would like to say something about symmetric monoidal structures. For this, we need the
notion of homotopy generators: a class G C Ob(M) is called homotopy generating if every object
in M is weakly equivalent to a homotopy colimit of objects in G.

Theorem A.11 ([9], Theorem 3.19). Let H be a (small) set of homotopy classes of maps in the
left proper, tractable, simplicial, symmetric monoidal model category M. Suppose further there
exists a class G of cofibrant homotopy generators such that for every A € G and every fibrant
H-local object B € M, the internal mapping object Hom(A, B) is H-local.

Then the symmetric monoidal structure on M makes the model category structure Ly M from
the previous theorem into a symmetric monoidal model category.

A.1.4 Mapping Spaces and Nerves

Recall the cosimplicial small category [e], where [n] is the category corresponding to the ordered
set {1,2,...,n}.

Definition A.12. The functor N : Cat — sSet from (small) categories to (small) simplicial sets
represented by the cosimplicial object [o] is called the nerve functor.

By abstract nonsense the nerve functor has a left adjoint, and so preserves limits. Recall also
that the functor N : Cat — A°PSet is fully faithful, and natural transformations of categories cor-
respond precisely to simplicial homotopies [113, IV.3.2]. In particularly any two adjoint categories
have homotopy equivalent nerves.

Definition A.13. Let M be a model category. We write M€ for the full subcategory of cofibrant
objects, and similarly M for the category of fibrant objects, M for the cofibrant-fibrant objects.

We write My, MS,, ME  MES for the non-full subcategory with the same objects, but only weak
equivalences as maps.

We want to study nerves of model categories. Unfortunately model categories are not usually
essentially small, and so their nerves are large simplicial sets in the sense of Section This
is not really a problem, as explained there. Moreover let M be a model category and S C
Ob(Ho(M))/ ~ a (small) set of weak equivalence classes of objects. Then there is a diagram
NM,y) = Ob(Ho(M))/ ~> S; write N(M,)s for the pullback. It follows from results of
Dwyer-Kan about mapping spaces [27] [25] that N(M,,)s is weakly equivalent to a small simplicial
set.
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Lemma A.14. Let M be a model category. In the diagram
N(Mf) —— N(M;)

l l

NM]) —— N(M,)
all maps are simplicial homotopy equivalences.

Proof. Let R be a cofibrant replacement functor. Then there is a natural transformation R = id.
It follows that NR is a homotopy inverse to N(M¢S,) — N(M,,). The other maps are treated
similarly. O

Lemma A.15. Let
L:MSN:R

be a Quillen adjunction. Then there are induced maps of simplicial sets
N(L): N(M3,) = N(Ny)
N(R) : N(WNI) — N(ML).

If L, R form a Quillen equivalence then N (L), N(R) are inverses in Ho(sSet) under the natural
identifications.

Proof. Since left Quillen functors preserve cofibrant objects and weak equivalences between cofi-
brant objects, we have a restricted functor L : MS — NS, whence there is an induced map on
nerves as claimed. Similarly for the right adjoint.

Write M, for cofibrant replacement in M, Ny for fibrant replacement in N. We have a string
of natural transformations M. = RLM. = RN¢LM. of endofunctors of M. Both the very
left and the very right term restrict to functors M,, — M,,, and hence N(M.), N(RNyLM.) :
N(My) — N(M,,) are homotopic. We have seen in the previous proof that the former is a
homotopy equivalence, hence so is the latter. We may similarly argue the other way round and
hence conclude that the maps

N(LM.) : N(My) S N(N,) : N(RNy)

are inverse homotopy equivalences. The result follows. O

A.1.5 Homotopy Limits and Colimits

We shall have to deal with homotopy limits and colimits in general (simplicial) model categories.
These have been treated amply elsewhere, so we just recall some salient points from [43] Chapter
18] and point out some non-standard notations we use. We first recall some categorical notions.

Definition A.16 ([43], Definition 18.3.2). Let C be a small category and M a category which is
tensored and cotensored over simplicial sets. Assume that M is complete and cocomplete.

If X : C? — M is a diagram in M and K : C — sSet is a diagram of simplicial sets, then we
define

)

X ®c K = coeq [ H XK= HXC®KC
d—ceC ceC

where the two maps on the right are the obvious ones. This construction is called a coend.
Dually, if X : C°? — M is a diagram in M and K : C°? — sSet is a diagram of simplicial
sets, we define

b

hom® (K, X) = eq [H XEe o H XKa
ceC c—deC

where the two maps on the right are the obvious ones. This construction is called an end.
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Recall that if C is a small category then we get canonical diagrams C/ : C — Cat,c — C/c and
/C : C°? — Cat,c — ¢/C. Combined with the nerve functor from the last subsection, this yields
canonical diagrams of simplicial sets N(C/) and N(/C).

Definition A.17. Let C be a small category and M a simplicial model category. Given a diagram
X : CP - M we define the “homotopy colimit” as

“hocolime”X = X ®¢ N(C/).
Similarly we define the “homotopy limit” as
“holime "X = hom®(N(/C), X).
Beware of the quotation marks, which are usually omitted! We have the following result:

Theorem A.18 ([43], Theorem 18.5.3). Let C be a small category, M a simplicial model category,
XY : CP — M be diagrams, and X — Y a morphism of diagrams which is an objectwise weak
equivalence.

1. If X, Y are diagrams of cofibrant objects, then the induced map “hocolime”X — “hocolime 7Y
is a weak equivalence.

2. If X, Y are diagrams of fibrant objects, then the induced map “holime”X — “holime 7Y is a
weak equivalence.

What this theorem tells us, and what the quotation marks are supposed to remind us of, is that
the “hocolim” and “holim” constructions are only guaranteed to yield the correct homotopy type
when they are applied to objectwise cofibrant or fibrant diagrams. We shall omit the quotation
marks when referring to this “correct” homotopy time. So if R, and Ry are cofibrant and fibrant
replacement functors for M, we put

hocolime X := “hocolime” R. X

and
holime X := “holim¢” R. X.

Of course other constructions are possible (for example using model structures on diagram cate-
gories) and could be used interchangeably.
The following result does not seem to be as well known as it should be.

Theorem A.19. Let C be a small category, M a simplicial model category and X : C°? - M a
diagram.
Suppose that N(C) is contractible. Then for ¢ € C, the natural map

holime X — X(c)
is a weak equivalence, and similarly for homotopy colimits.

Proof. The result about homotopy colimits is proved in [I7, Corollary 29.2]. The result about
homotopy limits follows because holime X = hocolimgoer X P.

Here is an alternative proof. By the above argument it is enough to establish the case of
homotopy limits. If M = sSet the result is stated in [61, 9.10]. As pointed out to the author by
Zhen Lilﬂ the case of general simplicial model categories M follows by considering the jointly
conservative collection of functors Map?(X,e), which preserves homotopy limits. O

Certain homotopy limits and colimits have special names, just like ordinary limits and colimits.
For example the limit of a diagram indexed on the category e — e < e is called a pullback and
so the homotopy limit is called a homotopy pullback. Similarly for pushouts.

The next result (or rather some strengthening of it) is usually referred to as “pasting law”.

2http://mathoverflow.net/q/227961
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Lemma A.20. Let M be a right proper model category and

X Y VA
Ll
X' Y’ A

a commutative diagram, such that both the left and the right inner squares are homotopy pullbacks.
Then the outer rectangle is also a homotopy pullback.

Proof. Since homotopy pullback squares are detected and preserved by termwise weak equiv-
alences, we may freely replace the diagram by a weakly equivalent one in order to prove the
Lemma. We shall do so repeatedly.

We can factor Z — Z' as Z — Z — Z', with Z — Z a weak equivalence and Z — Z’
a fibration. We may thus pass to a weakly equivalent diagram where Z — Z’ is a fibration.
Similarly we may assume that X’ — Y’ is a fibration. We then recall that in a right proper
model category, homotopy pullbacks can be computed as ordinary pullbacks, provided that one
of the maps is a fibration [43, Proposition 19.5.3, Corollary 13.3.8]. We can map our diagram to
a new one, with the top row replaced by X — Y’ x5z Z — Z. Themap Y — Y’ xz Z is a
weak equivalence because the right square is homotopy cartesian by assumption, and Z — Z’ is
a fibration. So we may assume that the right hand square is cartesian. By a similar construction
(using that X’ — Y’ is fibrant) we may assume that the left hand square is also cartesian. It is
then well known that the outer rectangle is cartesian, and it is thus homotopy cartesian (because
Z — Z' is a fibration). This concludes the proof. O

A.2 The Four Model Category Structures

In this section we exhibit the basic model categories we will be working with. Throughout C is a
small category, possibly with a Grothendieck topology 7. All result extend in obvious ways if C is
only essentially small. The best general reference for this material is probably [60].

For any small category C we can form the category Fun(C°,sSet) of contravariant functors
from C to the category of simplicial sets. We call such functors simplicial presheaves and denote
the category by sPre(C) := Fun(C°P,sSet). There is a functor R : C — sPre(C), associating
with an object ¢ € C the representable (simplicially constant) presheaf R.(d) = Home(d, ¢). Since
we think of sSet as a combinatorial avatar for the category of spaces, we think of sPre(C) as
generalized spaces. We shall put various model structures on this category.

Definition A.21. A map F — G € sPre(C) is called global weak equivalence or objectwise weak
equivalence if for every X € C the section F(X) — G(X) is a weak equivalence.

A map F — G € sPre(C) is called projective fibration if it is an objectwise fibration, and
projective cofibration if it satisfies the LLP with respect to all projective fibrations which are also
global weak equivalences.

A map F — G € sPre(C) is called injective cofibration if it is an objectwise cofibration
(i.e. monomorphism), and injective fibration if it satisfies the RLP with respect to all injective
cofibrations which are also global weak equivalences.

If F € sPre(C) write my(F)? for the presheaf X — mo(F'(X)). For n > 0 define a presheaf
7, (F)P = Fo over Fy by m,(F)P(X) = [Iyep(x), ™ (F(X),b), with the evident map to F(X)o.
Clearly mg, m, are functors.

Definition A.22. Let 7 be a Grothendieck topology on C. Write a, for the associated sheaf
functor. A map 0 : F — G € sPre(C) is called a 7-local weak equivalence if (1) a-(my(0)?) :
a;mo(F)P — a;my(G)P is an isomorphism, and (2) for each n > 0 the following diagram is a
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pullback
n(X)p — a""ﬂn(Y)p

| !

arm(X)P — armo(Y)P.

arm

A map F — G is called a T-local injective (respectively projective) fibration if it satisfies
RLP with respect to all injective (respectively projective) cofibrations which are also T-local weak
equivalences.

If no confusion can arise, we write x,,(F') := a,x,,(F)?, and so on.
We note that sPre(C) is closed symmetric monoidal and simplicial in an evident way.

Theorem A.23. Let C be a small category and 7 a Grothendieck topology. The category sPre(C)
admits four model structures:

1. The global injective model structure, with the global weak equivalences, injective cofibrations
and injective fibrations.

2. The global projective model structure, with the global weak equivalences, projective cofibra-
tions and projective fibrations.

8. The 7-local injective model structure, with the T-local weak equivalences, injective cofibra-
tions and injective T-local fibrations.

4. The 7-local projective model structure, with the 7-local weak equivalences, projective cofi-
brations and projective T-local fibrations.

The local model structures are Bousfield localizations of the global ones. All model structures are
proper simplicial tractable, and the representable presheaves are always cofibrant. Both injective
model structures are symmetric monoidal. The projective model structures are symmetric monoidal
if C admits binary products.

Proof. The existence of the global model structures is [9, Theorems 1.17, 1.19]; these theorems also
establish tractability. Clearly representable presheaves are cofibrant in the injective global model
structure (all presheaves are), and for the projective global model structure this follows from the
LLP characterisation and the fact that projective acyclic fibrations are objectwise acyclic fibra-
tions. Properness is [0, Theorem 1.21], simpliciality is [9, Theorem 3.30]. Symmetric monoidality
is established in [9, Theorems 3.31 and Corollary 3.33] (note that in that Corollary, only binary
products are needed).

Now we deal with the local model structures. By the main results of [23] (in particular The-
orem 6.2, Corollary 6.3, Proposition 6.7) the local model structures can be obtained as Bousfield
localizations at the class of all 7-hypercovers (we will review hypercovers in the next section), or
equivalently at a certain subset (i.e. actual set) of the hypercovers. We may thus apply Theorem
to conclude that the injective and projective local model structures exist and are simplicial,
left proper, and tractable. Since Bousfield localization preserves cofibrations, the representables
are still cofibrant.

The injective local model structure is also right proper, by [60, Theorem 5.8]. As explained
after the proof of Proposition a model category being right proper depends only on the weak
equivalences. Hence the projective local model structure is also right proper.

Finally we apply Theorem to prove that the local model structures are monoidal. The
representable presheaves are cofibrant homotopy generators. The assumption in the theorem boils
down to hypercovers being stable by tensor product with a representable, which is clear. O

We denote the model structures by sPre(C)proj g1, SPre(C)inj g1, SPTe(C)proj,» and sPre(C)inj r-
Suppose now that a : C — D is any functor. There is an induced functor a* : sPre(D) —
sPre(C) via a*(F)(c) = F(a(c)). Since limits and colimits of simplicial presheaves are computed
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objectwise, this functor commutes with all limits and colimits, so has a left and a right adjoint,
by general nonsense. The left adjoint is denoted ay : sPre(C) — sPre(D) and is the essentially
unique colimit-preserving functor which satisfies ax(R.) = Rq(). The right adjoint is denoted
o @ sPre(C) — sPre(D) and satisfies (. F')(d) = Hom(a* Rg, F').

Definition A.24. A functor a : C — D between sites is called continuous if the functor o™ :
PSh(D) — PSh(C) preserves sheaves. It is called strongly continuous if a* : sPre(D) — sPre(C)
preserves local objects. It is called morphism of sites if it is continuous and ax : PSh(C) —
PSh(D) preserves finite limits.

The notions of continuity and morphisms are standard; the notion of strong continuity is not
usually given a separate name.

Proposition A.25. Let a : C — D be a functor of small categories. Then there are induced
Quillen adjunctions

ap : SPre(C)proj S sPre(D)proj : & a* 1 sPre(C)in; S sPre(D)inj & a.

If o is a functor between sites which is strongly continuous, then

oy : SPre(C)projr S sPre(D)projr
is a Quillen adjunction.
If a is a morphisms of sites, then

*

ag : SPre(C)proj,r S SPre(D)projr 1 & amn : sPre(C)injr S sPre(D)injr = o
are both Quillen adjunctions.

Proof. Clearly o preserves objectwise weak equivalences, fibrations and cofibrations, so the first
part is trivial.

If o* preserves local objects then it preserves projective fibrant objects, so the second part
follows from [43 Proposition 8.5.4].

If a is a morphism of sites then we get a Quillen adjunction in the injective local model
structures by [60, Corollary 5.24]. In particular it follows that «* preserves injective fibrant
objects. Now let E € sPre(D) be local. Then FE is globally weakly equivalent to an injective
fibrant replacement Ef. Now o*E is globally weakly equivalent to a*E7, since a* preserves
global weak equivalences, and a*E/ is injective fibrant since a* is right Quillen in the injective
local model structure. Consequently a*F is local and « is strongly continuous, so by the second
part a* is right Quillen in the projective local model structure as well. O

Let us record the following fact which was demonstrated as a part of the above proof.

Corollary A.26. A morphism of sites is strongly continuous.

Remark 1. Suppose that « : C — D is a functor of sites. Then « is continuous if (but not only
if) it preserves covering families. We will see in the next section that « is strongly continuous if
it preserves hypercovers (see Corollary |A.38]).

Remark 2. Suppose that a : C — D is a continuous functor of sites. If C has fibre products and
«a preserves fibre products, then « is a morphism of sites [83, Remark 2.1.45]. We will see in the
next section that even if C does not have all fibre products, « is still often strongly continuous

(see Corollary [A.38)).

Lemma A.27. Let C be a small category and X € C. The functor e : sPre(C/X) — sPre(C)/X
mapping a simplicial presheaf F to eF : U Hf:UHX F(f) is an equivalence of categories.



120 A. Model Categories of Simplicial Presheaves

Proof. Write Rx (U) = Hom¢ (U, X). Then there is a natural map eF(U) — Rx(U), and together
these induce eF — Rx. Thus e indeed takes values in sPre(C)/X.

Define € : sPre(C)/X — sPre(C/X) as follows. Given n: F/ — Rx, and f : U — X put
e(m)(f) ={t e F'(U)In(t) = f € Rx(U)}.

One checks easily that € is essentially inverse to e. O

Note that if C is provided with a topology 7, then we can put a topology on C/X (which we
denote by 7 or 7/X) by declaring that U : C/X — C detects covering families. The following is
the main result of this section.

Lemma A.28. If we give sPre(C) one of the four canonical model structures (injective global, pro-
jective global, injective T-local, projective T-local), then the induced model structure on sPre(C)/X =
sPre(C/X) is the corresponding canonical model structure.

Proof. We begin with the following observation: if e : M = M’ : € is an adjoint equivalence of
categories and M, M’ are provided with model structures, then this is an equivalence of model
categories (not to be confused with a Quillen equivalence) if and only if one of the following
equivalent conditions holds: (i) e, e preserve cofibrations and weak equivalences, (ii) e, & preserve
fibrations and weak equivalences. This follows because the third class is determined by lifting
properties.

To deal with the global model structures, it is thus enough to show that e : sPre(C/X) S
sPre(C)/X : € preserve objectwise weak equivalences, fibrations and cofibrations. Looking back
at the explicit formulas for e, € this means we have to show that in the model category of simplicial
sets, the weak equivalences, fibrations and cofibrations are stable by disjoint union and restriction
to compatible families of connected components. This is straightforward. (Cofibrations being the
monomorphisms are clearly stable. Fibrations are stable because the generating acyclic cofibra-
tions have connected domains. Weak equivalences are stable by considering the definition using
homotopy groups.)

The local model structures are obtained as localisations of the global model structures, hence
have the same cofibrations. It thus suffices to show that e, & preserve local weak equivalences.

By [60, Lemma 5.25] the composite Ue : sPre(C/X) — sPre(C) preserves local weak equiv-
alences. Since U detects local weak equivalences (by definition), it follows that e preserves local
weak equivalences.

We show that e preserves local weak equivalences as well. For this first note that if F' €
PSh(C)/X is such that UF is a sheaf, then éF is also a sheaf. Indeed if {V,} — V is a cover over
X then we need

eF(V) = [[eF(Va) = [ eF (Va xv Vi)
o a,B
to be an equalizer diagram. But it is a pullback of

OR) (V) = [[UR)(Va) = [[WF)(Va xv V),
[e% a,3

which is an equalizer because UF is a sheaf by assumption. Similarly one finds that & commutes
with the “associated sheaf” functor.

Now let « : F — G € sPre(C)/X be a weak equivalence. Then we have the presheaves
o (F),mo(G) = my(X) = X. We have é(zy(F)) = my(eF), and similarly for G. Hence we
conclude that amy(ea) : amy(€F) — amy(éG) is an isomorphism. To show that é(«) is a weak
equivalence it suffices, replacing X by some X’ — X if necessary, to show that for x € eFy(X),
the induced map on higher homotopy sheaves is an isomorphism. This follows by essentially the
same argument. O

A.3 Review of Hypercovers

We rapidly review hypercovers and their utility in local homotopy theory. The primary reference
is [23]. Actually we shall only ever deal with internal hypercovers, so we restrict attention to those.
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Definition A.29. A Verdier site is an essentially small category C together with a given collection
of covering families {Uy — X }o satisfying the properties below. A map U — X is called basal if
it belongs to one of these covering families. The properties are as follows:

(i) Isomorphisms are covering “families”.

(i) Pullbacks of covering families along arbitrary maps exist and are covering families.
(iii) Covering families are stable by composition.

(i) If U — X is a basal map then so is the diagonal U — U xx U.

A Verdier site is called suitable (A-suitable) if there exists a regular cardinal A such that (A
is a reqular cardinal such that) all the covering families are of size less than A, coproducts of size
less than X\ ezist in C, and for any family of objects (X;)icr € C of size less than \, the natural
map [], Rx, — Ryy, x, becomes an isomorphism after sheafification.

We point out right away that pullbacks along basal maps exist (ii) and basal maps are stable
by composition (iii). The notion of a suitable Verdier site builds in the assumptions of [23] Section
9]. The first three axioms of a Verdier site are those of the covering family for a Grothendieck site,
so we obtain a category of sheaves Sh(C). Of course distinct sets of covering families may yield
the same category of sheaves. This non-uniqueness can be avoided by formulating everything in
terms of sieves, but for our purposes it is important to work with covering families directly.

There are plenty of suitable Verdier sites:

Lemma A.30. Let X be a scheme of finite type over a field k. The categories Sm(X), Ft(X)
with the usual finite Zariski, Nisnevich or Etale covering families form Rg-suitable Verdier sites.

Since schemes of finite type are quasi-compact and étale morphisms are open [103, Point (7)
of paragraph after Tag 039N / Lemma 40.11.5], the assumption on X implies that these covering
families determine the same topology as the usual ones.

Proof. For the Zariski topology, the only non-trivial observation is that R4 [[ Rp — Raq1p be-
comes an isomorphism after sheafification. We have (Ra [[ Rp)(T") = Ra11s(T) for T' connected,
and schemes of finite type are (Zariski-) locally connected (e.g. because a Noetherian ring can
only have finitely many orthogonal idempotents). The result follows.

For the étale and Nisnevich topology, the basal maps are the étale maps, so property (iv) of
Definition holds. The suitability condition follows from suitability of the Zariski site. O

Recall that the edh topology on the category Ft(X) of finite type X-schemes is the minimal
topology generated by the Nisnevich covers and the proper cdh covers [I8, Example 2.1.11]. In
fact a proper cdh cover cover is the same as a cover by proper maps satisfying the Nisnevich lifting
property [75, Lemma 12.26]. We shall call a (finite) family {U; — X} a cdh covering family if
[1U; — X is a cdh cover, i.e. an epimorphism locally in the cdh topology. We note that this is a
bit of a cop-out; for example any map is basal in this sense.

Lemma A.31. If X is a scheme of finite type over a field k, then the topology on Ft(X) generated
by the finite cdh covering families is the cdh topology, and this specifies an Rg-suitable Verdier site.

Proof. Finite cdh covering families generate the topology by [75, Lemma 12.28]. Conditions (i),
(ii) and (iii) of definition are automatic. Condition (iv) is clear because all maps are basal,
and the topology is suitable by the same argument as before. O

Next we need to define what hypercovers actually are. We need some machinery, slightly
adapting [23] Section 4] to work with internal hypercovers from the start.

If D is any category we write sD for the category of simplicial objects in D. We write s D for
the category of augmented simplicial objects. Let A be a regular cardinal and write ASet for the
category of sets of size less than A. Suppose C is any category with coproducts of size less than A.
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For Z € C and K € sy ASet, write Z® K € s4C for the augmented simplicial object in C which in
degree n consists of the coproduct of copies of Z, indexed by K,,. Let W € s, C. By the Yoneda
lemma, there exists at most one object (up to unique isomorphism) hom (K, W) € C such that
for Z € C there is a natural isomorphism Home (Z, hom (K, W)) = Hom,_ ¢(Z ® K,W).

Definition A.32. IfC is a category with coproducts of size less than A\, K € sy ASet, W € s, C,
and hom (K, W) exists, then we call it the augmented matching space.

Lemma A.33 ([23], Lemma 4.7). For an augmented simplicial object W — X in the category C
with coproducts of size less than A, the following hold:

(i) hom (0, W) exists and is naturally isomorphic to X
(ii) hom, (A™, W) exists and is naturally isomorphic to W,

(11i) The “functor” hom. (e, W) converts colimits of size less than X into limits in the following
sense: If I is a category of size less than \, F : I — ASet a diagram such that hom, (Fi, W)
exists for everyi € I, and additionally lim; hom, (F, W) exists in C, then hom (colim; F, W)
exists and is naturally isomorphic to limy hom (F, W).

Proof. Only the third statement requires proof. By adjunction it is enough to prove that for Z € C,
the functor e ® Z : sy ASet — s,C preserves colimits. Since colimits in diagram categories are
computed termwise, it suffices to consider e® Z : ASet — C. This follows from Hom¢(S® Z, W) =
Homge: (S, Home (Z, W)). O

We can finally define hypercovers.

Definition A.34. Let (C,7) be a suitable Verdier site.

A map X =Y in C is called an internal cover if it is isomorphic (over X ) to a map of the
form [, Xi =Y, where each X; =Y is basal, and {X; — Y'}; generate a covering sieve.

By an (internal) hypercover of X € C we mean an augmented simplicial object W — X such
that for each n, the matching space M, W := hom (OA™, W) ezists and such that the natural
maps W, = hom (A", W) — M, W are internal covers.

We need the slightly awkward definition of an internal cover because in general, not every
internal cover is a covering family (although this is true in the Zariski, Nisnevich, étale and cdh
sites).

Now we can state the main result of Dugger et al. we are going to use.

Theorem A.35 ([23], Theorem 9.3). Let (C,7) be a A-suitable Verdier site. An object X €
sPre(C) is T-local (i.e. globally weakly equivalent to a fibrant replacement in the T-local model
structure) if and only if the following two conditions hold:

1. For a family {U;};cr € C of size less than X, the natural map X (11, U;) — [[, X(U;) is a
weak equivalence.

2. For every hypercover W — U the natural map X (U) — holim X (W) is a weak equivalence.
Here are a few more auxiliary results about hypercovers we shall use.

Corollary A.36. Let C be a suitable Verdier site. Then for any hypercover Uy — X, the natural
map hocolim U, — X is a weak equivalence (in either of the local model structures).

Proof. Of course we really mean the natural map hocolim Ry, — Rx. It comes from hocolim Uy —
“hocolim”Ue — colim U, — X.

Since representable presheaves are cofibrant, we have hocolim Uy ~ “hocolim”U,, and this lat-
ter object is cofibrant [43] Theorem 18.5.2 (1)]. It thus suffices to prove that for T' € sPre(C),
fibrant, we have that Map(X,T) — Map(“hocolim”U,,T) is a weak equivalence (by the Yoneda
lemma applied on the level of homotopy categories). Now we know that Map(“hocolim”U,,T) =
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“holim” Map(U,, T) [43}, Theorem 18.1.10]. Since each U, is cofibrant and T is fibrant, the simpli-
cial model category axioms imply that Map(U,,T) is fibrant. We also have Map(U,,T) = T(U,),
essentially by definition. Thus “holim” Map(U,,T) = “holim”T(U,) ~ holimT(U,), and this
latter object is weakly equivalent to T(X) = Map(X,T), by the theorem. This concludes the
proof. O

Proposition A.37. If W — X is an internal hypercover and A — B is a map of \-simplicial
sets, then hom (A, W) and hom (B, W) exist, and hom (B, W) — hom (B, W) is a basal map.
In particular all of the simplicial structure maps in W are basal maps.

Proof. A slight adaptation of [23, Proposition 8.5]. O
We can now prove a criterion for a functor of sites to be strongly continuous.

Corollary A.38. Let a: (C,7¢) — (D, p) be a functor of Verdier sites.
If a preserves hypercovers, then a is strongly continuous. This happens for example if «
preserves covering families and pullbacks along basal maps.

Proof. If o preserves hypercovers then a* preserves local objects, by Theorem[A-35] so « is strongly
continuous (by definition).
In order to prove the second part, it is enough to show that if W — X is an internal hypercover
in C and K is a finite simplicial set, then hom (K, W) exists and is isomorphic to a hom (K, W).
We use induction on the dimension of K in the usual way. If K has dimension zero this is
clear. Now suppose K is of dimension n. There is the usual pushout

Hanx OA" —— K1)

l l

HA"*)K A" Ka

where K(,_1) is the (n — 1)-skeleton. In this way hom (K, W) is obtained as a pullback along
basal maps
hom ([Jpn_, ¢ OA™, W) ¢——— hom, (K= W)

I |

h0m+(HA"—>K An’ W) — hom+(K, W),

by Proposition and Lemma part (iii). But then « preserves this pullback along basal
maps (by assumption) and the matching spaces except possibly for hom, (K, W) (by induction).
Thus homy (K, aW) exists and equals ahom (K, W) by Lemma part (iii) again. This
concludes the induction step. O

A.4 Almost Finitely Generated Model Categories

The notion of almost finitely generated model categories was defined in [46]. It is related to the
notion of (Ng-)combinatoriality. It is fairly convenient for us.

Definition A.39. Call a model category almost finitely generated if it is cofibrantly generated,
the domains and codomains of generating cofibrations are sequentially compact, and if there is a
set of trivial cofibrations J' with sequentially compact domains and codomains such that a map f
with fibrant codomain is a fibration if and only if f has the right lifting property with respect to J'.

(An object A is called sequentially compact if the functor Hom(A,e) preserves limits of se-
quences X1 — Xo — ....)

This notion has a number of good properties. They are stated in [46].
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Proposition A.40. Let M be an almost finitely generated model category. Then sequential col-
imits in M preserve trivial fibrations, fibrant objects, and fibrations between fibrant objects.

Proposition A.41. If M is an almost finitely generated, simplicial, left proper, cellular model
category and S is a set of cofibrations such that X ® K is sequentially compact for every finite
simplicial set K and every domain or codomain X of a map in S, then LgM is almost finitely
generated.

Next we want to give conditions under which the local model category of simplicial presheaves
is almost finitely generated. This uses the notion of a cd structure, see [I10] for details.

Corollary A.42. Let C be an essentially small category and T the topology defined by a complete,
reqular, bounded cd structure. The model category sPre(C)proj,- is almost finitely generated.

Proof. The category sPre(C)proj,q1 is almost finitely generated, basically because sSet is. By [3]
Remark 3.2.6], the local model structure is obtained by localising at the distinguished squares
defining the cd structure. (In fact, we localise at appropriate mapping cylinders, so that the maps
are cofibrations.) This preserves almost finite generation by the proposition. O

To apply this result, recall that the Zariski, Nisnevich and cdh topology can be defined by cd
structures, which satisfy the requirements of the corollary as long as the base scheme is reasonable
(e.g. Noetherian of finite dimension).

We will also use the following easy observation.

Lemma A.43. In an almost finitely generated simplicial model category M, sequential colimits
are sequential homotopy colimits.

Proof. We have the colimit functor colim : MY — M. The homotopy colimit functor is its left
derived functor. It may be computed as hocolim, X, = colim, R.X,, where R, is a cofibrant
replacement functor in the projective model structure on MY. In particular R.(X) — X is an
acyclic fibration in this model structure, i.e. a sectionwise acyclic fibration. But in an almost
finitely generated model category acyclic fibrations are preserved under sequential colimits, so the
natural map

hocolim,, X, = colim,, R.(X,) — colim,, X,

is an acyclic fibration and in particular a weak equivalence. O

A.5 Descent Spectral Sequences and t-structures

In this section we will explain the proof of the following result.

Theorem A.44. Let (C,7) be a site and F a presheaf of spectra on C. Fix X € C. There exists
a natural (in F and X ) spectral sequence with Eo page

E}I(F) = HY(X,z _,F).

q
If F satisfies T-descent and there exists N such that for allp > N and all ¢ we have H?(X,m_ F) =
0, then the spectral sequence converges strongly to m_,_,F(X).

This result is of course well known, but it seems delicate to locate in this form. Descent spectral
sequences are treated in many places, but convergence is usually only treated in special cases.

The most important feature of this spectral sequence is that E5?(F) (and hence all of the
spectral sequence E(F')) is invariant under local weak equivalences. Consequently, as long as the
vanishing condition is satisfied, the spectral sequence can be used to determine the homotopy
groups of F'7(X), the sections of the 7-local replacement.

A similar theorem also holds on the space level, but then one has to deal with the additional
complication that m; need not be abelian and 7y need not even be a group.
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Before embarking on the proof, let us now explain the terms in the theorem. Write Spt
for a model category of spectra; see subsection [A.9.3] for some choices. Essentially an object
X € Spt consists of simplicial sets X; (i = 0,1,...) together with maps X; A S' — X, ;1. The
weak equivalences are the stable homotopy equivalences. A presheaf of spectra is then a functor
F :C°? — Spt. This is the same thing as a spectrum object in the category of simplicial presheaves
on C. The category of presheaves of spectra can be given global and local model structures, just
as in the case of presheaves of simplicial sets. If Uy — X is a 7-hypercover, there is a natural map
F(X) — holim F'(U,); F is said to satisfy T-descent if this map is a weak equivalence (of spectra)
for all such hypercovers. It is easy to see from the results in the previous section that F' satisfies
T-descent if and only if it is globally weakly equivalent to a 7-local fibrant replacement.

Next, by a spectral sequence we mean a tri-graded abelian group E?? with p, q,r € Z, though
usually we will only consider r > 0. This is required to come with differentials d?? : EP9 —
Eptra=r+1 and isomorphisms EPY, = ker(dk9) /im(d,). This somewhat peculiar setup is explained
in many places, see e.g. [I12 Definition 5.2.3] (but beware that indexing conventions differ wildly!).

Given such a spectral sequence, note that EP? is a subquotient ZP?/ BP9 of EY? (say). One puts
ZP1 = n; ZP C EYY and BE? = U;BY" C EVY. Then one puts EX? = Z29/BF1. We say that EP9
converges strongly to A, if each A, is a filtered abelian group, we are given isomorphisms between
the subquotients of the filtrations and appropriate terms of the E., page, and if all the filtrations
are exhaustive (4,, = U;F; A,,), separated (N, F;A,, = 0) and complete (A, = lim; A, /F;A,). This
is the most desirable mode of convergence, enabling us to reconstruct A,, from F.,, at least up to
extension.

The theorem is a special case of the following more general result. Our notations regarding
t-categories are outlined in section For homotopy limits in triangulated categories, see for
example [87, Section 1.6].

Theorem A.45. Let C be a t-category, and X, F € C. For G € C¥, write HP(X,G) = [X, G[p]].
There is a spectral sequence with

By = HP(X,7€,(F)),

natural in X and F'.
Suppose that X is connective (i.e. X € Cs,, for some n) and that the natural map

F — holim,, an

is an isomorphism (in particular, the homotopy limit exists). Suppose furthermore there exists N
such that p > N implies that HP (X, qu(F)) = 0 for all q. Then the spectral sequence converges
strongly to [ X, Flp + q]].

Proof. We build an exact couple in the sense of [I2], Section 0]. We will freely use notation from
that article.
To do this, consider the tower

"'_>F§n+1_>F§n_>F§nfl_>-~-~

We put
AT = (Xt Fey

and
ESt = [X[t], hofib(F<s — F<ys_1)].

Here t is the internal grading of the graded group A®, in Boardman’s notation. Again in his
notation, the maps i : At — A® and k : E¥ — A**! have degree 0 (in t). We have exact
triangles

ng — ngfl — hObe[l]
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which induce k : A%? — E%'~1 ie. maps of degree -1. Consequently the differentials in Board-
man’s spectral sequence are maps

dst . Es,t — Eerr,tfl.
Note that we have hofib(F<, — F<ys_1) = 75(F)[s] and so
EY = B = [X[t], 7l (F)ls]] = H*'(X, 7l (F)).

We define a new spectral sequence by re-indexing
EP4 .— E—pl—m—q
T N T— °

Then one checks easily that E2? = HP(X, n€ ,(F)) and that the differentials are maps dpra : EPa —
E§+T’q+1_T. Thus we have a spectral sequence as claimed.

In order to establish convergence, we wish to use [12, Theorem 8.13]. (Note that in this section
of the cited article, the author has done re-indexing akin to £ — E.) We have

A% = colimy,,_ oo A" = colim, [X [*], F<,].
This group is zero for connective X, by orthogonality. Next we need to show that RE,, = 0 and
W = 0. Both are immediate consequences of our assumption on the vanishing of H?(X, 7 (F))
outside a strip (use [12, Lemma 8.1] for W).

Boardman’s result now says that RA® = 0 and the spectral sequence converges strongly to A*°.
By definition, A% = lim,, A™ and RA*>® = limil A™. Now by assumption we have an isomorphism

F — holim,, F<,, = hofib (H Fen =] F<n> .

Consider the map

X[*]aHFSH - X[*]aHFSH
By definition its kernel is A*° and its cokernel is RA* = 0. It follows from the exact triangle
defining the holim that [X[«], F] = A°. This concludes the proof. O

Theorem thus follows from the following well-known result, together with the observation
that for F' a presheaf of spectra with 7-descent, we have m; F(X) = [2°° X [¢], F] (which holds true
because satisfying 7-descent is the same as being 7-local, as explained in the previous sections).

Theorem A.46. Let (C,7) be a site. The 7-local homotopy category of presheaves of spectra on
C, denoted SH(C, 1), affords a t-structure with the following properties:

1. C¥ = Shv(C),
2. For X €C and F € SH(C,7)¥ we have [S®° Xy, F[n]] = H*(X, F).
3. For X € C we have XX, € SH(C, T)>o.

4. The category SH(C, ) has small products and coproducts, so all (sequential) homotopy limits
and colimits.

5. For any F € SH(C,T) the natural map F' — holim,, F<,, is an isomorphism.

Proof. This can be assembled from results in [60]. O
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A.6 Pseudofunctors and Fibred Categories

In this section we elaborate on the notion of a presheaf of categories. This material is well-
understood at least since [37, Expose VI|. We review the notions, relying mainly on [105] for
definitions.

A.6.1 Pseudofunctors and Strictification

Let C be a category. We wish to define the notion of a presheaf on C with values in categories. Now
the category Cat of categories is a perfectly fine (large) category, so we can build the (large) functor
category Fun(C°P,Cat). An element F € Fun(C°,Cat) consists of the following data: for each
¢ € C a category F(c), and for every morphism f : ¢ — ¢ € C a functor f*: F(¢’) — F(c). These

have to satisfy id} = idp(. for all ¢ € C and for ¢ Ly ¢ % ¢ we must have f*g* = (go f)*. Both
of these are equalities of functors, and therein lies the problem. Indeed it would be more natural
to assume that these are just natural isomorphisms (perhaps with certain additional conditions)
rather than equalities.

In fact this problem has two equivalent solutions, pseudofunctors and fibred categories. The
former is closer to the intuition of a “weak functor with values in categories”, whereas the latter
is technically simpler. Since we shall mainly use, and not manipulate, presheaves of categories,
we shall focus on the pseudofunctor approach, explaining the notion of fibred categories only in
passing in the next subsection. The reader is warned however that the latter is found more often
in the literature.

Definition A.47 ([I05], Definition 3.10). A pseudo-functor F' on C consists of the following data.
(i) For each ¢ € C a category F(c).
(ii) For each morphism f :c — ¢ a functor f*: F(d') = F(c).

(iii) For each ¢ € C an isomorphism of functors €. : id; = idp ).

(iv) For each ¢ Lo 5 an isomorphism of functors ag g : f*g* = (9f)*.
These data are required to satisfy the following conditions:

(a) For f:c— ¢ andn € F(), we have
aid,,f(n) = ec(f*n) :id f*n = f*n

and
agid, (n) = frea(n): fridyn — fn.

(b) Fora Db S ey dandoe F(d), the following diagram commutes:

* ok 7k a,g(h*e) * 1. %
frgh e — (9f)*h*0

f*ag,h(e)l lagf,h(e)

Fr(hg)y 0 22220 (hgpya

The conditions (a) and (b) are also known as coherence conditions. As usual there is a co-
herence theorem to the following effect: any natural isomorphism of functors built out of the
a and € between two universally equal strings of compositions, obtained by re-bracketing and
inserting/deleting identities, are equal [89].

We denote the class of pseudofunctors on C by PsFun(C°P,Cat). We make it into a category
as follows.
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Definition A.48 ([69], Definition 2.14). Let F, G be two pseudofunctors on C. By a pseudonatural
transformation © from F to G we mean the following data.

(i) For each ¢ € C, a functor ©. : F(c) = G(c).
(i) For each f:c— d € C an isomorphism of functors
Of : O.fr = fEO4.
These data are required to satisfy the following constraints:

(a) ForceC,0 € F(c), the natural morphism

Oeleer @, o, (1d?, - 0) 222 id? ; ©,(6)

O.(0)
is equal to €. c(6).

(b) For each c Ld%ecCandte F(e), the following diagram commutes:
©c((9f)"0) Oc(f*g"0)

@gfl lef@y

(9£)*0c(0) —L%  f*g*0.(0)

Oc(ay,g)

We call a pseudonatural transformation © : F — G a pseudonatural equivalence if for all
¢ € C, the component functor ©. : F(c) — G(c) is an equivalence.

One may check that PsFun(C°,Cat) forms a category, with morphisms the pseudonatural
transformations. This is our category of weak presheaves on C with values in categories.

In some cases we will wish to deal with covariant pseudofunctors. We shall always treat these
as pseudo-presheaves on CP.

It would sometimes be useful to replace a pseudofunctor F' by a pseudonaturally equivalent
strict functor. It turns out that this is always possible, even canonically so.

Theorem A.49. The (non-full) embedding i : Fun(C°?,Cat) — PsFun(C°?,Cat) affords a left
adjoint L : PsFun(I°?,Cat) — Fun(I°?,Cat). Moreover the unit and co-unit of adjunction are
(pseudo- )natural equivalences.

The last statement can be souped up to say that ¢ and L are essentially-inverse natural equiv-
alences of bicategories. We shall denote the composite iL : PsFun(I°?,Cat) — PsFun(I°?,Cat)
by F' — F". It has the properties of turning pseudofunctors into strict functors, pseudonatural
transformations into strict transformations, and if G is a strict functor, then the set of strict
transformations from F” to (G is in bijection with the set of pseudonatural transformations from
F to G, via composition with the adjunction pseudo-transformation F' — F".

Proof. The proof is actually reasonably straightforward. It can be found abstractly in [89] [63],
and the concrete argument is sketched at
http://ncatlab.org/nlab/show/pseudofunctor. O

A.6.2 Grothendieck Construction, Fibred Categories and Homotopy
Colimits
We begin with the Grothendieck construction for a strict functor. Thus let F' : C°? — Cat be an

ordinary (strict) functor. Recall that the category of categories is tensored over small categories
in an obvious way. Consider the coend (see also Definition [A.16])

c/F = F ®cC/ = coeq | [[ Fle) x (C/d) = [] Fle) x (C/e)

d—c ceC

It is amusing to note that this agrees with the following more conventional description.
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Lemma A.50. The category C [ F is isomorphic to the category whose objects are pairs (¢, X)
with ¢ € C and X € F(C), and where morphisms (¢, X) — (d,Y) are pairs (f,$) with f :¢c — d
and ¢ : X — f*Y.

Proof. Write D for the category defined in the statement. There is a functor x : C [ F — D
coming from (X, f : ¢ = d) — (¢, f*X). To show it factors through the coequaliser one has to
use that F' is a strict functor. It is not difficult to check that x induces bijections on objects and
morphisms. O

This latter description actually extends to the case where F' is just a pseudofunctor.

Definition A.51 ([I05], Section 3.1.3). Let C be a small category and F a pseudofunctor on C.
Define the category C [ F to have objects the pairs (¢, X) with ¢ € C and X € F(c), and morphisms
Hom((c, X), (d,Y)) the pairs (f,a) with f :c— d and o : X — f*Y. Composition is defined as
before, but with judiciously inserted structural transformations ce o and e,.

It is proved in the reference that this does, in fact, define a category. Note that there is an
obvious functor C [ F — C. The equivalence between pseudofunctors and fibred categories alluded
to before can now be expressed as follows.

Theorem A.52. The construction F — C [ F extends to a faithful functor
C/ : PsFun(C°P,Cat) — Cat/C.

The essential image consists of the fibred categories and their morphisms.

Proof. This is well known. Parts of it are explained in [37, Expose VI, Chapter 8] and [105] Section
3.1.3]. Neither references details functoriality, i.e. the relevance of pseudonatural transformations.
We sketch this part.

Let F, G be pseudofunctors on C. Then a pseudonatural transformation © : FF — G consists of
the following data: (i) for every ¢ € C and every X € F(c¢) an object ©.(X) € G(¢), (ii) for ¢ € C,
a: X =Y € F(c) amorphism O.(a) : O.(X) — 0.(Y), (iii) for every f : ¢ — d € C and every
X € F(d), an isomorphism f*©4(X) = O.(f*X). Of course these data have to satisfy certain
constraints.

In contrast, a functor ® : C [ F — C [ G over C consists of the following data: (a) for every
¢ € C and every X € F(c) an object ®((¢, X)) € G(c), (b) for every f : ¢ - d € C,X €
F(c),Y € F(d),a : X — f*Y a morphism ®((f,a)) : ®((¢, X)) — f*®((d,Y)); again these
have to satisfy some constraints. The data looks a bit different, but note that the morphism
(f,a): (¢, X) = (d,Y) can be factored as (¢, X) — (¢, f*Y) — (d,Y), so that the data in (b) can
be split as (b’) for every c € C,ar: X — Y € F(c) a morphism ®((id, @)) : ®((¢, X)) — ®((d,Y))
and (b”) for every f:c—d e C and Y € F(d) a morphism ®((c, f*Y)) = f*®((d,Y)).

It is then easy to check that the data (i), (ii), (iii) define in a natural way data (a), (b),
(b”) and that the constraints (i) to (iii) imply the constraints on (a), (b’), (b”). We thus have
a faithful functor PsFun(C°,Cat) — Cat/C. One checks that the image consists of fibred cate-
gories. A morphism of fibred categories is just a functor over C preserving cartesian arrows [105]
Definition 3.6]; one checks that this precisely means that the morphism in (b”) has to be an
isomorphism, which then implies that every morphism of fibred categories C [ F — D [ F comes
from a pseudonatural transformation. O

The Grothendieck construction has another use, namely in computing homotopy colimits. For
this, suppose first that F' is a strict functor on C. We can compose with the nerve construction to
get a diagram NF : C°? — sSet. This has a homotopy colimit hocolime NF € sSet. If F is only
a pseudofunctor, then NF is not a diagram (but some sort of homotopy coherent diagram), and
there is no immediate way to define its homotopy colimit. However all is not lost, because we can
use the rectification functor.
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Definition A.53. Let C be a small category and F' a pseudofunctor on C. We define the homotopy
colimit of its nerves as
hocolim§ N F' := hocolime N(F").

This definition has many desirable properties:

Proposition A.54. (i) If © : F — G is a pseudonatural transformation, then there is a func-
torial morphism hocolimi N (F') — hocolim; N(G).

(i) If © is a pseudonatural transformation such that for every ¢ € C, the induced map of sim-
plicial sets N(F(c)) — N(G(c)) is a weak equivalence (for example if © is a pseudonatural
equivalence), then the induced morphism hocolimyi N (F) — hocolimy N(G) is a weak equiv-
alence.

(iii) If F is a strict functor then hocolimy N (F) is naturally weakly equivalent to the ordinary
hocolime N (F).

Because of (iii), we will usually just write hocolim; N(F) for either construction, dropping the
“*7_ Note that (i) is useful even in the case of strict functors, since the usual construction is not
functorial for pseudonatural transformations.

Proof. (i) holds because rectification F' +— F" is a functor. (ii) is just homotopy invariance of the
ordinary homotopy colimit (together with the fact that equivalences of categories induce homotopy
equivalences of simplicial sets). For (iii), note that for a strict functor F' there is via adjunction
a (natural) strict transformation (¢F')" = iL(iF) — iF which is a component-wise equivalence.
Now ordinary hocolim of the nerve of the left hand side is hocolim®, which is thus equivalent to
ordinary hocolim of the nerve of the right hand side, by the same argument as for (ii). O

We can now explain the relationship between the Grothendieck construction an homotopy
colimits:

Theorem A.55. Let F' be a pseudofunctor on C. There is a natural zig-zag of weak equivalences

N(C/F) —>N<C’/FT'> + hocolim§ NF.

Proof. If © : F — G is a pseudonatural equivalence then C [© : C [ F — C [ G is an equivalence
of categories [105] 3.36]. Hence in the zig-zag the first map, which is obtained from the adjunction
morphism F' — F", is a weak equivalence. It is thus enough to exhibit for an ordinary functor
F a natural weak equivalence hocolim¢ NF — N(C [ F'). Using the fact that both hocolime¢ NF
and N(C [ F) are defined by similar ends, and that the nerve functor N is a right adjoint, such a
natural map is easily found. The main content of the theorem is that this map is always a weak
equivalence, which is proved in [104]. O

A.6.3 Homotopy Limits and Further Comments
We wish to repeat the above treatment for homotopy limits.

Definition A.56. Let C be a small category and F' a pseudofunctor on C. We define the homotopy
limit of its nerves as
holimj; N F' := holim¢ N (F").

This definition has the same desirable properties as before:

Proposition A.57. (i) If © : F — G is a pseudonatural transformation, then there is a func-
torial morphism holimg N (F) — holim} N(G).

(i) If © is a pseudonatural transformation such that for every ¢ € C, the induced map of sim-
plicial sets N(F(c)) — N(G(c)) is a weak equivalence (for example if © is a pseudonatural
equivalence), then the induced morphism holimi N (F) — holimy N(G) is a weak equivalence.
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(11z) If F is a strict functor then holim} N(F) is naturally weakly equivalent to the ordinary
holime N (F).

The proof is basically the same as for homotopy colimits, so we omit it. As before we just
write holime NF', omitting the “*” if no confusion can arise. We would like to find a category £
such that N(£) ~ holim¢ NF, just like N(C [ F) ~ hocolim¢ NF. Unfortunately this does not
seem to work in general. Here is a natural candidate for L:

Definition A.58. Let F' be a pseudofunctor on C. Define the category of (right) sections of F,
Sect(C, F) (sometimes denoted Sect®(C, F)) to be the full subcategory of Fun(C,C [ F) consisting
of functors which are sections of the natural projection C [ F — C.

We record the following more conventional description:

Lemma A.59. The category Sect(C, F') is isomorphic to the category whose objects are families
(X¢)eee, where X. € F(c), together with structural maps Xy : X — f*Xgq for any f :c — d €
C, satisfying evident cocycle and identity conditions (which involve the composition and identity
transformations ce o and €o if F' is not a strict functor). The morphisms from (X.)c to (Ye)e are
the families of morphisms (¢c)e, e + Xe — Yo, such that for any f : ¢ — d the following diagram
commutes:

X, I X,

¢CJ, J{f*¢d
Y, 1, pry,
The following is a weaker version of Theorem for the case of homotopy limits.

Proposition A.60. Let C be a small category.

(i) If © : F — G is a pseudonatural equivalence of pseudofunctors, then the induced functor
Sect(C, F) — Sect(C,G) is an equivalence of categories.

(i) If F is a strict functor, there is a natural isomorphism

N(Sect(C, F)) = “holim¢ "NF.

(i1i) Consequently, for any pseudofunctor F, there is a natural string of morphisms
N(Sect(C,F)) — N(Sect(C, F")) — holim¢ N(F"),
where the first map is always a weak equivalence.

The problem is that the second map does not seem to be a weak equivalence in general. One
case in which this works is explained in the next section.

Proof. If © : F — G is a pseudonatural equivalence then C [© : C [ F — C [ G is an equivalence
of categories [105] 3.36], as before. It follows that Sect(C,F') — Sect(C, Q) is an equivalence of
categories, as desired.

Suppose now F is a strict functor. Then the description of C [ F as a coend via Lemma
implies that

Sect(C, F) = hom®(/C, F) = eq HFun(c/C,F(c)):Z H Fun(d/C,F(c))| .

ceC c—deC

The nerve functor being right adjoint commutes with limits, and since it is fully faithful and
commutes with products (being limits) it preserves cotensors. Consequently the nerve functor
preserves ends, and we conclude that

N(Sect(C, F)) = N(hom® (/C, F)) = hom® (N(/C), NF) = “holime” NF.
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Here the last identification is just by (our) definition of holim, i.e. Definition This proves
(ii).

To obtain the second map in (iii) we compose the isomorphism from (ii) with the natural map
“holime¢ NF” — holime NF. The first map is an equivalence by (i). O

We also have the following observation, which is surely well known. We say that a pseudofunc-
tor F on C° is a right (left) pseudofunctor if for each f: X — Y € C the restriction f* is a right
(left) adjoint.

Lemma A.61. Let F,G be right (left) pseudofunctors on C and © : F — G a pseudonatural
transformation. Suppose that each component ©. affords a left (right) adjoint Q.. Then the
induced functor Sect(©) : Sect(C, F) — Sect(C,G) affords a left (right) adjoint Q which on the
level of objects satisfies Q(Y); = Q,Y;.

Proof. The problem is invariant under pseudonatural equivalence, so we may assume that F,G
are strict. The result then follows from the proof of [, Lemma 1.25]. O

A.7 Homotopy Limits of Model Categories and their Nerves

In order to call the (pseudo-) presheaves of the above section (homotopical) sheaves, we have to
make sense of homotopy limits of model categories. Since the category of model categories is not
(known to be) a model category, there is no obvious way of doing this. We shall use a definition
of Barwick, and prove that it has all the properties we need.

A.7.1 Quillen (Pseudo-) Presheaves and Homotopy Limits of Model
Categories

We begin by recalling Barwick’s definition of homotopy limits of model categories. That takes
some preparation.

Definition A.62. Let C be a small category. A right (left) Quillen (pseudo-) presheaf M on C
consists of a (pseudo-) functor M on C, together with a model category structure on M(c) for
every ¢ € C, such that for each f : ¢ — d € C, the pullback f* : M(d) — M(c) is a right (left)
Quillen functor.

We call M (left/right) proper, tractable, combinatorial etc. if M(c) is, for every c € C.

We call M simplicial if M(c) is provided with the structure of a simplicial model category for
every ¢ € C, and all the pullbacks f* are simplicial (right/left) Quillen functors.

If© : M — N is a pseudonatural transformation of Quillen pseudo-presheaves, we call © a
right (left) morphism if each ©.: M(c) — N (c) is a right (left) Quillen functor. If M and N are
simplicial we call © a simplicial morphism if each ©. is a simplicial functor.

Note that if M — AN is a pseudonatural equivalence of pseudofunctors, and A (or M) is a
Quillen pseudo-presheaf, then M (or A) is a Quillen pseudo-presheaf in a unique way such that
each M(c) = N(c) is an equivalence of model categories. Thus Quillen pseudo-presheaves can be
rectified to (strict) Quillen presheaves, etc.

Now let M be a right Quillen pseudo-presheaf on a small category I. We wish to define a
model category which is the homotopy limit of M over I. As hinted in the last section, a good
candidate would be Sect(I, M). We need an appropriate model structure. A first candidate is as
follows.

Lemma A.63. Let I be a small category and M a combinatorial right Quillen pseudo-presheaf on
I. The category Sect(I, M) affords a combinatorial model structure (called the projective model
structure) in which fibrations and weak equivalences are determined objectwise.

If M is (left/right) proper, tractable or simplicial and tractable so is Sect(I, M).
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The objectwise fibrations and weak equivalences are also known as projective fibrations and
weak equivalences.

Proof. By the remarks after the definition of Quillen pseudo-presheaves, we may rectify M, i.e.
assume that M is an ordinary Quillen presheaf (use also part one of Proposition . In this
case the combinatorial model structure is established in [0, Theorem 1.30], and properness is
established in [9, Proposition 1.33].

For the simplicial structure, we put ((X;); ® K); = X; ® K, (X;)K); = XX and define
Map((X;)i, (Yi)i) C ], Map(X;,Y;) to be the subset of elements commuting with the structure
maps, just as in the definition of Hom((X;);, (Y;);). Here we use that the structure maps are of

simplicial degree zero, so promote unambiguously via degeneracies to higher degree. O

The projective cofibrations (i.e. cofibrations in the projective model structure on Sect(I, M))
are in general hard to describe, but we have the following result.

Lemma A.64. If X — Y is a (projective) cofibration in Sect(I, M) then each entry X; — Y; is
a cofibration in M(7).

Proof. Fix 4 € I. The natural functor F* : Sect(I, M) — M(i), X — X; has a right adjoint
F. : M(i) — Sect(I, M) given by

(F.X)y = [] X

ot/ =1

Since fibrations and acyclic fibrations are stable under products (being definable by RLP), the
functor F is right Quillen. Thus F™ is left Quillen and so preserves cofibrations. O

This model structure does not describe the homotopy limit. This is fairly clear: the limit of
a set-valued functor X : I°? — Set consists of families L C [[, X(¢) which are compatible. The
homotopy limit of a Quillen presheaf M should certainly have something to do with the product
[1, M(i). Since asking for two objects in a category to be equal is not in general very sensible
(as opposed to asking for two objects in a set to be equal) we have to introduce comparison
morphisms, this is what the category Sect(I, M) does. But it is clear that not all elements of
Sect(I, M) should model elements of the homotopy limit, because the comparison morphisms need
not be equivalences in any sense (i.e. the families of objects are only very loosely compatible).
The following definition introduces the right kind of compatible family.

Definition A.65. A section (X;); € Sect(I, M) is called homotopy cartesian if for each f :i —
j € I the comparison morphism X; — Rf*X; is a weak equivalence.

Theorem A.66 (Barwick). Let I be a small category and M a left proper, combinatorial right
Quillen pseudo-presheaf on I. The model structure on Sect(I, M) affords a unique Bousfield
localization such that the fibrant objects are the projective fibrant homotopy cartesian sections.
The new model structure is left proper and combinatorial.

If M is tractable or simplicial and tractable, so is the new model structure on Sect(I, M).

We write holimy M for the category Sect(I, M) with this model structure. The weak equiva-
lences are known as holim-local weak equivalences, and the fibrations as holim-local fibrations.

Proof. As before we may assume that M is strict. The existence of the model structure is then
[0, Theorem 2.42]. It is clear that any Bousfield localization is determined by its local objects,
so uniqueness follows. Left properness, combinatoriality and tractability are always preserved
by left Bousfield localization [9, Theorem 2.11, Proposition 2.15]. The Bousfield localization of
a simplicial model category is a simplicial model category, simply because it coincides with the
simplicial Bousfield localization. O

We now intend to establish certain properties of the holim; M construction parallel to ordinary
(homotopy) limits. We begin with two simple ones.
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Proposition A.67. Let © : M — N be a right morphism of combinatorial right Quillen pseudo-
presheaves. Then the induced functor holim; © : holim; M — holim; N is right Quillen.

If each component O, is a Quillen equivalence, then so is holim; ©.

If © is simplicial so is holim; ©

Proof. By Lemma the functor holim; © affords a left adjoint which we shall denote ©4. Let
us also write © for holim; ©. It is clear that © is right Quillen in the projective (instead of holim)
model structure. Indeed each ©; preserves fibrations and acyclic fibrations (being right Quillen),
and thus O preserves fibrations and acyclic fibrations (these being defined objectwise).

For the holim model structure, it suffices to prove that © preserves fibrant objects, fibrations
between fibrant objects, and acyclic fibrations [43, Proposition 8.5.4]. The acyclic fibrations and
fibrations between fibrant objects in the holim model structure are the same as in the projective
model structure [43], Propositions 3.3.3(1)(b) and 3.3.16] (fibrant objects in the Bousfield localisa-
tion are C-local by [43], Propositions 3.3.11 and 3.3.14 with Y = W = x]). It hence suffices to show
that fibrant objects are preserved. But a section is (holim-) fibrant if and only if it is projectively
fibrant and all the structure maps are weak equivalences. Since weak equivalences between fibrant
objects are preserved by all the ©; (being right Quillen), we are done.

Next we show that if each ©; is a Quillen equivalence, then so is holim; ©. Again for the pro-
jective model structure this is clear: if X € Sect(I, M) is projective cofibrant and Y € Sect(I,N)
is projective fibrant, we need that a morphism X — OY is a weak equivalence if and only if the
adjoint ©xX — Y is a weak equivalence [43] Definition 8.5.20]. Note that each Y; is fibrant (by
definition of projective fibrancy) and each X; is cofibrant, by Lemma Now X — ©Y is a
weak equivalence if and only if each X; — (OY); = ©,Y; is a weak equivalence for all ¢ (by defini-
tion of projective weak equivalences and © = holim; ©), which happens if and only if 0,4 X; — Y;
is a weak equivalence (because O;x,0; form a Quillen equivalence and X; is cofibrant, Y; is fi-
brant), which happens if and only if ©4X — Y is a weak equivalence (by definition of projective
weak equivalence and Lemma .

To extend the result to the holim model structure, it is enough to show that both R©® and
LO4 preserve holim-local objects. This is clear for RO, this functor being right Quillen. For LO4
this is harder. Let Y € Sect(I,N') be a cofibrant holim-local section and fix f : i — j € I. We
need to show that the composite ©;4Y; — f*O;xY; — f*R;O;4Y; is a weak equivalence. Since
O, is a Quillen equivalence and f* is right Quillen (so preserves fibrant objects), this is the same
as requiring that the adjoint ¥; — O;f*Rs0;.Y; is a weak equivalence. To do this consider the
following commutative diagram.

Vi —— 0if'0;Y; —— Oif"R;0;3Y;

yfl % lw

Y —— [79;03Y; —— [TO;R;0;3R;Y;

l H

JTRiY; —— [70;03ReY; —— ["O;R;0;3RyY;

Here the upper left square commutes by definition of the functor ©x. All the other maps come
from adjunction units and fibrant replacement, making the other two squares easy to check. The
map from top left to bottom left is a weak equivalence because Y is holim-local. The map from
bottom left to bottom right is a weak equivalence because ©; is a Quillen equivalence, f* preserves
weak equivalences between fibrant objects, Ry preserves cofibrant objects, and Y; is cofibrant by
Lemma The map labelled w is a weak equivalence by a similar argument.

It follows that the map from top left to top right is a weak equivalence, as was to be shown.

If © is simplicial then clearly so is holim; ©. O

Proposition A.68. Let I,J be small categories and M be a left proper, combinatorial right
Quillen pseudo-presheaf on I x J. Then the model categories holimyx y M and holim; holim ;y M
are canonically isomorphic.
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Before the proof we record the following immediate corollary.

Corollary A.69. Let M be a combinatorial right Quillen pseudo-presheaf on I x J. Then
holim; holimy M and holim ; holim; M are canonically isomorphic as model categories (in par-
ticular Quillen equivalent).

Proof of Proposition. Recall that holimyy ; M means Sect(I x J, M) with a certain localised model
structure. The same holds for the double holim, of course.
As ordinary categories, there is an evident isomorphism

© : Sect(I x J, M) — Sect(I, Sect(J, M)).

We have to prove that it identifies the classes of cofibrations, fibrations and weak equivalences. 1
claim that © identifies the fibrant objects, fibrations between fibrant objects, and acyclic fibrations.

Suppose the claim holds and let § be the inverse of ©. Then 6, © are both left and right adjoint
to each other. We shall use a result of Dugger [43] Proposition 8.5.4] which states that a pair
of adjoint functors between model categories is Quillen if and only if the right adjoint preserves
acyclic fibrations and fibrations between fibrant objects. It follows from the claim that this result
applies to both © and 6, so both are right Quillen. Consequently both are also left Quillen. It
follows that both © and 6 preserve fibrations, cofibrations and weak equivalences (every weak
equivalence can be factored into an acyclic cofibration followed by an acyclic fibration), so are
inverse isomorphisms of model categories.

Let us prove the claim. By construction, the fibrant objects of holim;, ; M are the objectwise
fibrant (homotopy) cartesian sections. A fibration between fibrant objects in the holim model
structure is the same as a fibration in the projective model structure [43 Proposition 3.3.16], i.e.
an objectwise fibration. Finally an acyclic fibration in the holim model structure is the same thing
as an acyclic fibration in the projective model structure, i.e. an objectwise acyclic fibration. The
analysis of holim; holim ; M is similar (using that a weak equivalence or fibration between fibrant
objects in a left Bousfield localisation is the same as a weak equivalence or fibration in the original
model structure). Thus © identifies the classes of acyclic fibrations, fibrant objects, and fibrations
between fibrant objects, as claimed. O

In the next three subsections we establish more complicated properties of homotopy limits of
model categories, concluding with the crucial Theorem The method of proof was suggested
to the author by Bill Dwyer.

A.7.2 Changing the Index Category
Definition A.70. Let F': I — J be a functor of small categories.

1. By precomposition we obtain obvious functors F* : PsFun(J°,Cat) — PsFun(I°P,Cat)
and for any category C, F* : Fun(J°P,C) — Fun(I°P,C).

2. For j € J we define the overcategory j/F to have as objects the pairs (i, f) with i € I and
f:j — Fi, and as morphisms from (i1, f1) to (iz, fo) the maps « : i1 — is such that

j _ —— j
fll lfz
. Fa .
Fiy, —— Fio
commutes.

3. The functor F is called homotopy cofinal if for each j € J the nerve N(j/F) is contractible.

We then have the following well-known result.
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Theorem A.71. Let F : I — J be a homotopy cofinal functor of small categories and M a
simplicial model category. If X : J°P — M is a diagram, then there is a natural weak equivalence

hOlimJ X — holim; F*X.

Proof. See e.g. [43] Theorem 19.6.7 (2)]. Note that we do not need the objectwise fibrancy
assumption because of our “holim” /holim convention. Our definition of homotopy cofinal is the
same as Hirschhorn’s homotopy left cofinal for F°P. Simplicial model categories are canonically
framed by [43, Proposition 16.6.4]. O

We intend to prove a similar result for homotopy limits of model categories. We begin with
the following.

Proposition A.72. Let F: I — J be a functor of small categories and M a pseudo-presheaf on
J.

1. There is a canonical functor F* : Sect(J, M) — Sect(I, F* M) defined on objects by (F*X); =
Xp;.

2. The functor F* has a left adjoint Fyy and a right adjoint F.
3. If M 1is simplicial then so are F*, Fly, F,.

4. If M is a left proper, combinatorial right Quillen pseudo-presheaf, then F* : holim; M —
holim ; F* M is right Quillen.

Proof. (1) and (3) are clear. Limits and colimits in Sect(I, M) are computed objectwise and
similarly for J, so F* commutes with all limits and colimits, and so affords a right and a left
adjoint by general nonsense. Hence (2).

For (4), first note that F** preserves projective fibrations and weak equivalences, hence is right
Quillen in the projective Model structure. To prove it remains right Quillen in the holim model
structure, by [43, Proposition 8.5.4] it suffices to prove that F* preserves holim-fibrant objects,
fibrations between such objects, and general acyclic holim-fibrations. The latter are the same as
projective acyclic fibrations and so are preserved. Holim-fibrant objects are (homotopy) cartesian
projective fibrant sections, which are preserved. Fibrations between holim-fibrant objects are
projective fibrations [43 Proposition 3.3.16] and so are also preserved. O

Let us point out that usually F* does not preserve cofibrations, and so F} is usually not right
Quillen. This is the case if I is discrete, as we implicitly exploited in the proof of Lemma [A764]

The functor Fy is some kind of relative homotopy colimit (left Kan extension). We can make
this explicit in the case that J = % is the final category, and thus M is a constant presheaf.

Proposition A.73. Let M be a combinatorial model category and I a small category. Let F :
I — x be the unique functor and view M as a right Quillen presheaf on x.

1. The model category Sect(I,F*M) (with its projective model structure) is canonically iso-
morphic to the model category Fun(I, M) of covariant I-diagrams in M, with its projective
model structure.

2. Suppose M is left proper. The following diagram commutes up to natural isomorphism.

Ho(holim; F*M) —%  Ho(M)

I H

Ho(Fun(I,M)) 222" mro(M).

Here the functor Ho(holim; F* M) — Ho(Fun(I, M)) is the canonical embedding coming
from the fact that holim; F* M is a Bousfield localization of Sect(I, F*M) = Fun(I, M).
The functor hocolim : Ho(Fun(I, M)) — Ho(M) is obtained by either applying “hocolimy”
to an objectwise cofibrant diagram, or by applying colim; to a projective cofibrant diagram.
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Proof. Statement (1) is immediate. For statement (2), note first that as explained in [33, Section
4], the two descriptions of hocolim : Ho(Fun(I, M)) — Ho(M) we have given agree. Thus the
functor is right adjoint to the constant diagram functor, just as is LFx. The result follows by
essential uniqueness of adjoints. O

The main result of this section is the following.

Theorem A.74. Let F : I — J be a homotopy cofinal functor of small categories and M a left
proper, combinatorial, simplicial right Quillen pseudo-presheaf on J.
Then the Quillen adjunction

Fy4 : holim; F*M < holimy M : F™*
is a Quillen equivalence.

The proof is somewhat complicated and occupies the rest of this subsection. By (a weak version
of) Proposition the theorem is invariant under pseudonatural (Quillen) equivalences in M.
In particular we may and will from now on assume that M is a strict functor.

Recall that a Quillen adjunction is a Quillen equivalence if and only if the derived adjunction
LFy : Ho(holim; F* M) = Ho(holim; M) : RF* consists of equivalences.

Unfortunately, cofibrations in the projective model structure are hard to understand, and hence
so is the derived functor LFy. We shall employ a trick similar to [61, Section 6.4]. Namely, we
will prove that RF* actually has a right adjoint RF, (even though F* is not left Quillen!) which
is easier to understand. To prepare, we note that the right adjoint Fi is given by

(F*X)J = a:yglFi Oé*XZ‘.
Here the limit is taken over the category j/F. (Note that this is the limit of a covariant diagram,
not a contravariant one as we usually see.)

We consider a “souped-up” version of F, as follows:

(“RF,”X); = “holim” o X;.

aj—Fi

The “homotopy limit” is still over the category j/F (recall our conventions on “holim” /holim from

Subsection |A.1.5]).

Proposition A.75. The above assignment yields a well-defined functor “RF,” : Sect(I, F*M) —
Sect(J, M). The functor “RF.” is right Quillen (with respect to the projective model structures)
and so descends to a functor RF, : Ho(Sect(I, F*M)) — Ho(Sect(J, M)). The functor RF, is
right adjoint to F* = RF* : Ho(Sect(J, M)) — Ho(Sect(I, F*M)).

Proof. First we need to provide, for each v : j — j' € J a structure map (“RF."X); —
v*(“RF,"X);s. Since v* commutes with limits (being a right adjoint) and cotensors (by Lemma
, it commutes with “holim”. We thus need to provide a map
“holig X, i 55X
Now v*8* = (8 o~)* and so the holim on the right is naturally over a subcategory of the holim
on the left, whence there is a natural comparison map (projecting to the components). One
may verify that these structure maps satisfy our cocycle condition and are natural in morphisms
X — Y. This establishes that “RF,” is a functor. (It is easy to see that “RF,” preserves weak
equivalences between termwise fibrant objects, but this also follows from the rest of what we do.)
The second half of the proposition is more difficult. We begin by defining a functor “LF*” :
Sect(J,M) — Sect(I, F*M) as follows. For j € J,i € I write j/F/i for the category whose
objects are pairs (i’ =i € I,j — Fi'’ € J). Given a : j — Fi € J write (j/F/i)q for the full
subcategory of those pairs (i’ — 4, j — F4') such that the composite j — Fi’ — F'i is a. (Observe
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that j/F/i =1],(j/F/i)a.) Denote by (J/F/i) the J/Fi-diagram (« : j — Fi) — (j/F/i)q and
put
(“LE™Y)i = N(J/F/i) @/m; aY.

Here we denote by oY the J/Fi-diagram which associates with « : j — Fi the object axY],
and we use the notation for coends from Section [A.1.5l One shows as before that these coends fit
together via structure maps and so this defines a functor “LF*”.

Define the functor F* : Sect(J, M) — Sect(I, F*M) in the same way as “LF*”, but where
instead of using the J/Fi-diagram N(J/F/i) we use the constant diagram %. Then there is an
evident natural transformation “LF*” = F*. Then since J /F'i has a terminal object one just
finds that F* = F*, and so we have a natural transformation “LF”* = F*.

I claim that “LF*” and “RF,” are adjoint. This is a messy but straightforward computa-
tion, which we defer to the end of the proof. The functor “RF.” preserves projective fibrations
and acyclic fibrations by [43, Corollary 18.4.2(2)]. It follows that “RF.” is right Quillen and
“LF*” is left Quillen. We denote the derived functors by LF* and RF,. The natural trans-
formation “LF*” = F* is simplicial and hence induces a natural transformation LF* = F*
(restrict to cofibrant objects and use that F™* preserves all weak equivalences). I claim this is
a natural isomorphism. To see this, let Y € Sect(J, M) be (projective) cofibrant. We need
only show that the natural map “LF*”Y — F*Y is a weak equivalence. But observe that

(“LF*"Y); ~ hot;ollipma#Yj ~ Yp;. The second weak equivalence follows from the homotopy
a:j—F1i

cofinality theorem for homotopy colimits [43], Corollary 19.6.8(1)], the fact that the category J/F'
has a terminal object and Lemma The first weak equivalence follows from the fact that
N(J/F/i) is a cofibrant J/Fi-diagram [61], 6.4(i)] consisting of (weakly) contractible spaces (the
category (j/F/i), has terminal object (id : i — i, : j — F)) and [43, Corollary 18.4.5].

Thus to finish the proof, we need to show that “LF*” and “RF,” are adjoints. For this, let
X € Sect(I,F*M) and Y € Sect(J, M).

Then one checks directly from the definitions that both Map(“LEF*”Y, X) and Map(Y, “RF,” X)
are isomorphic to the following equaliser

eq H Map(ay Yy, X;)NO/ I/ FDa — H Map(ay B4Y5,, X,,) N 02/ 7/ Fi)
(e:j—Fi)eJ/F B:a1—azeJ/F

Here the first product is over all objects in J/F, i.e. all triples (j € J,i € I,j — Fi) and the
second product is over morphisms in J/F, i.e. commutative squares of the form

1 —2 Fiy

I
jo —2 Fis.
O

The rest of the proof of Theorem is relatively straightforward. Suppose that F : I — J
is homotopy cofinal. We first observe that “RF,” preserves holim-fibrant objects. To see this,
let X € Sect(I, F*M) be holim-fibrant, i.e. projective fibrant and (homotopy) cartesian. Let
~v:j— 7 €J. Since “RF,” is right Quillen in the projective model structure we need only show
that the comparison map

(LLRF*”X)j — “ holim 77a*Xi % R’y*(“RF*”X)j/ — ,7*(44RF*77X)j/ — ,y* “ holim ’7a/*X’i
o:j—Fi o' j S Fi
is a weak equivalence. As before (when defining the comparison map) we can commute v* and

“holim”. The result now follows from the assumption that j/I and j’/I have contractible nerves,
the assumption that X is fibrant (so all its structure maps are weak equivalences), and Theorem

A19
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We know already that F* also preserves holim-local objects (being right Quillen) and thus we
obtain an adjunction (by restriction)

F* : Ho(holim; F* M) = Ho(holim; M) : RF,.

I claim this is a pair of equivalences. The theorem follows from this. In order to prove the claim
we need only show that the unit and co-unit id = RF,F*, F*RF, = id are isomorphisms. So let
X € Sect(I, F*M) be holim-fibrant. Then

(F*RF.X); = (F**RF.” X); = “ holim "a* X,

a:FisFif
and this is weakly equivalent to X; by homotopy cofinality, holim-fibrancy and Theorem
again. Similarly for Y € Sect(J, M) holim-fibrant F*Y is also holim-fibrant and so

(RF,F*Y); = (“RF,”F*Y); = “holim”a* X ;.

a:j—Fi

This is a weak equivalence by the same argument.

A.7.3 Decomposition along Pushouts

Definition A.76. Let I be a small category and I' C I a full subcategory. We call I’ initial in T
if whenever there is a morphism i — i’ € I with i’ € I' we have i € I'.

As in the previous subsection we begin with a well-known result [61, Lemma 7.2].

Theorem A.77. Let
o 1 ¢

L

D 2+ D
be a pushout of small categories, where i and f (and hence j and g) map their source isomorphically
into an initial subcategory of the target.

Suppose that M is a simplicial model category and let X : D°P — M be a diagram.
Then the natural square

holimer X < holime X

A -

holimps X % holimp X
is a homotopy pullback.

Proof. There is a natural map holimp X — holimps X xﬁolimc/ y holim¢ X. By the Yoneda lemma
it is enough to show that for each T' € M, the natural map

Map®(T, holimp) — Map®(T, holimp: X Xﬁolimc/ x holim¢ X)
is a weak equivalence of simplicial sets. Now
Map®(T, holimpr X X{yjir, . x holime X)
~ Map®(T, holimp: X) x ﬁ/fapd(T holimg, X) Map® (T, holime X)

by [43, Proposition 18.3.10 (2)] and so it enough to prove the lemma in the special case when
M = sSet.

We now use the fact that the functor holim : Ho(Fun(I°?,sSet)) — Ho(sSet) is the right
derived functor of the ordinary limit, and exploit the fact that there are several useful model
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structures on diagram categories. This is explained in detail in [33]. The upshot is that we have
holimp X = MapZy,, (*, holimp X) ~ Map%un(ln,,7sset) (%, X).

We shall use the injective model structures on our diagram categories from now on, i.e. where
cofibrations and weak equivalences are determined objectwise. Since we are dealing with diagrams
of simplicial sets this is entirely classical. Consider the functor j : C — D. The induced functor
j* : Fun(D°P, sSet) — Fun(C°P, sSet) is left Quillen. It has a left adjoint j4 satisfying

(j#X)(d) = colimg/c X,

this is explained for example in [I03, Tag 00VC]. Since C is initial in D the categories d/C are
either empty or have an initial object, so (jxX)(d) = X(d) if d € C or (juX)(d) = 0 else. It
follows that ju preserves objectwise cofibrations and weak equivalences, so is left Quillen. Thus
7" is bi-Quillen. Similar comments apply to i, f, g.

We have (fy*)(d) = = if d € C and (fg*)(d) = 0 else. From this it is easy to see that there is
a natural pushout square in Fun(DP, sSet)

Taiupx — Jpx

l !

Ty*  ——> k.

Each of the maps displayed is an objectwise monomorphism, i.e. a cofibration, so the diagram is
a homotopy pushout, sSet being (left) proper. We conclude that there is a homotopy pullback

Mapd(*,X) _ Mapd(j#*,X)

| l

Map®(iy*, X) ——— Map®(fujux, X).

But M apd(i#*, X) ~ holimps X, and so on. With these identifications the above homotopy
pullback square is weakly equivalent to the square in the statement of the theorem. This concludes
the proof. 0

We remark that if we are willing to assume that M is combinatorial and right proper, then in
the proof one may avoid reducing to the case of simplicial sets. This does not really simplify the
argument, though.

The real point of this subsection is that a similar result holds for the nerves of homotopy limits
of Quillen pseudo-presheaves.

Theorem A.78. Let
¢ 2 ¢

]

D — D
be a pushout of small categories, where f and g map their source isomorphically into an initial
subcategory of the target. Let M be a left proper, simplicial, combinatorial right Quillen pseudo-
presheaf on D.
Then the natural diagram
N (holimer M)f, <—— N (holime M),

w

I I

N (holimpr M)f <—— N(holimp M)

w

18 a homotopy pullback.
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Proof. Since homotopy pullback squares are detected and preserved under weak equivalence, using
Lemma and Proposition [A.67 we find that the statement is invariant under pseudonatural
(Quillen) equivalences in M. It follows that we may assume that M is a strict functor.
We follow closely the proof of [61I, Lemma 7.2]. To make the proof more readable we separate
out certain claims which are proved separately at the end. We number them for easy reference.
Let W be the category with five objects {u,v,w,z,y} and four non-identity maps v — v
w — x < y. Define categories £ and & by the pushouts

C'=Cxu——D (C=Cxy ——2¢C

l Lol I

C'xW — & &' — &

There are canonical functors & — D’ and £ — D which we claim are homotopy cofinal (C1). We
also obtain a morphism from the left diagram to the right in the following

( —— C = ¢ —— C

b

& —— €& D —— D.

Since homotopy pullback squares are detected and preserved under weak equivalence, the change
of index category Theorem [A.74] allows us to reduce to proving the proposition for the left square.

We factor it further as
c’ — C

| |

C'1ID —— CI[D'

! !

g — €&
The pasting law for homotopy pullbacks, i.e. Lemma allows us to prove the proposition for
the top and bottom square separately.
Now the nerve functor commutes with products and so N (holime [ pr M){ = N(holim¢ M){ x
N (holimp, M)Z . Hence for the top square it suffices to observe that (C2) if A — B is any map
of simplicial sets and C' is any simplicial set, then the obvious diagram

Bx(C —— AxC

l |

B — A

is homotopy cartesian.
For the bottom square, the induced diagram of nerves is

N (holimg M), ———  N(holimg: M)/

! l

N (holime 11 pr M)f; —— N(holime: [1pr M)

The vertical maps are “restriction to the end points”. Unravelling the category Sect(€, M) one sees
easily that the objects are families (X%, XV X% X% X¥) with X* € Sect(D', M), X", XV X* €
Sect(C', M) and XY € Sect(C, M) together with maps f*X* — X" + X — X% «+ g*XV.
Morphisms are just the compatible families of morphisms. A similar observation applies to

Sect(E', M).
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It follows that the square of section categories is cartesian, and hence so is the square of nerves
(since the nerve functor commutes with limits). A square is homotopy cartesian if and only if
it induces an equivalence of all homotopy fibres [84 Proposition 3.3.18], so a cartesian square is
homotopy cartesian if and only if the inclusion of the fibres into the homotopy fibres is a weak
equivalence. We shall show that this applies to the nerves of the functors B : (holimg M)f —
(holime [1pr M)/, and similarly for £'. In fact the proofs are essentially the same so we treat only

A point in N (holimep/ M)! corresponds to a pair (YY,Y") € Sect(C, M) x Sect(D', M)
such that each object is termwise fibrant and homotopy cartesian. The fibre N(B)~*(YY,Y%) is
the nerve of the category B~1(YY,Y*) C Sect(€, M) consisting of objects f*X* — X? < X* —
X* + g* XV such that each of the X*® is termwise fibrant and homotopy cartesian, and each of
the structure maps is a termwise weak equivalence, and such that X* = Y% XY = Y¥. The
morphisms in B~1(Y¥,Y") are the compatible families which are the identities on the endpoints.
By construction, this category is related to Hammock localization. In fact it follows from [25]
6.2] that N(B~1(Y¥,Y%)) is the space of homotopy automorphisms of f*Y* ~ ¢g*Y¥. Next, I
claim (C3) that the natural map B~1(Y¥,Y*) — (Y¥,Y%)/B induces a weak equivalence on
nerves. Since the space of homotopy automorphisms of f*Y™ is independent of f*Y* up to weak
equivalence, it follows that N(YY,Y™")/B is independent of (Y¥,Y*) up to weak equivalence, and
hence a homotopy fiber by Quillen’s Theorem B [I13], Theorem 3.8]. This concludes the proof,
modulo the claims.

Proof of (C1). We treat only F : £ — D, the case of £’ being similar. We need to prove that
for each d € D the category d/F has (weakly) contractible nerve. Let d — Fe € d/F. If d ¢ C
then Fe ¢ C because C C D is initial. It follows that e € D’ x u and thus we have that d/F = d/D’
(recall that d € C, so d € D'\ C’). This has an initial object and thus contractible nerve. Similarly
if d ¢ C. Hence assume that d € D'NC = C’. The full subcategory ¢ : d/F|qxw C d/F is equivalent
to W and so contractible. There is a functor R : d/F — d/F|axw. Given t € W, a € C,C', D’ as
appropriate, so (a,t) € £ and d — a, we put R(d — (a,t)) = (d,t). Clearly Ri = id and there is
a natural transformation iR = id, whence N(d/F) is a deformation retract of N(d/F|qxw) [113]
3.2] and so is contractible.

Proof of (C2). Let C — C be a fibrant replacement. Since fibrations are stable under
base change, the map A x C' — A is a fibration. Since the category of simplicial sets satisfies the
pushout-product axiom and all objects are cofibrant, the maps Ax C — A x Cand BxC — BxC
are weak equivalences. Since homotopy pullbacks are stable under termwise weak equivalence, we
have that B x" (A x C) ~ B x!i (A x C). But A x C'— A is a fibration and the model category
of simplicial sets is proper, so B x/i (A x C) ~ B x4 (A x C) = B x C ~ B x C. This proves the
claim.

Proof of (C3). Since adjoint categories have homotopy equivalent nerves [113] 3.2], it suffices
to show that the natural functor i : B~}(Y¥,Y%) — (Y¥,Y")/B affords a right adjoint R. An
object of (YY,Y")/B consists of objects f*X* — XV + X% — X% « ¢*X¥ and additional
morphisms Y* — X" Y¥ — X¥. We denote this object by (Y"¥ — X*). Let R(Y"¥ — X°*) =
ffY* - X% = XY «+ XY = X% + ¢*(XY < Y¥). It is not hard to prove adjunction,
but we actually only need a natural transformation iR = id, the existence of which is basically
obvious. O

A.7.4 Commutation of Homotopy Limits and Nerves

We now come to the most crucial result of this section. Let I be a small category and M a left
proper, combinatorial right Quillen pseudo-presheaf on I.

Lemma A.79. There is a canonical isomorphism of categories (holim; M) = Sect(I, M{).
(Here M denotes the pseudo-presheaf i — M(i)1.)

Proof. This just says that the objects of (holim; M) are those sections consisting of fibrant objects
and weak equivalences between them, and that the weak equivalences between such objects are
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the entry-wise weak equivalences. O

We thus obtain, using Lemma part (3), a string of morphisms

N (holim; M)f = N(Sect(I, M) — holim; N((MZ)"). (A1)

Theorem A.80. Let I be a small category and M a left proper, combinatorial, simplicial right
Quillen pseudo-presheaf on Z. Then the natural map

N (holim; M)f — holim; N((M£)7)
is a weak equivalence of simplicial sets.

The proof will occupy the rest of this section. Using homotopy invariance of (ordinary) ho-
motopy limits, Lemma and Proposition we find that the statement of the theorem
is invariant under pseudonatural equivalences in M. Thus we may and shall for the rest of the
section assume that M is a strict functor.

The idea of the proof is to use the results from the previous subsections to simplify the indexing
category I, eventually reducing to cases which can be checked by hand. We follow more or less
[61, Section 8.

A category I is called direct if for each i € I the undercategory I/i has finite-dimensional
nerve. That is to say for every commutative diagram

. f1 . fa fn—1 .
11 12 in

and n sufficiently large, one of the fj is an identity morphism. We write dim(i) = dimN (I /7).
The category I is called finite length (at most n) if it is direct and the dimensions of objects are
bounded (by n).

Lemma A.81. Let I be a direct category and « : i — j a morphism. If dim(j) < dim(i), then «
is an identity morphism (i.e. i =j).

Proof. Let
i1 ) i

be a non-degenerate simplex of maximal dimension (we may always assume that the right-most
map to 7 is the identity, by maximality). Then

. . f2 . o .
11 12 ce 2 ]

L L

is a simplex of strictly larger dimension (where the maps are i, — 1 2 j), which must be
degenerate by assumption. Since the original simplex was non-degenerate it must be that o =
id. O

One may show that an appropriate converse of this lemma is also true.

We will be using the following construction as a black box. There is a functor sd : Cat — Cat
together with a natural transformation sd — id which has the following properties. For any small
category I, the category sdl is direct [24, 5.3] [61, 8.I]. The natural functor sdl — I is homotopy
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cofinal [61] 6.10(ii), Proposition 6.7]. If I is direct of length at most n then so is sdI. (This is
because objects in sdI are non-degenerate functors [k] — I for varying k, and one proves that
dim([k] — I) = k provides a dimension function. However in a category I of length n there are
no non-degenerate functors [n+ 1] — I.)

Lemma A.82. The map (A.1) is a weak equivalence if I is of finite length.

Proof. This is essentially a verbatim copy of [61, 8.I1I].

The map is a weak equivalence if I is discrete, since then both sides are just products. Whenever
I — J is homotopy cofinal, the map is an equivalence for I if and only if it is an equivalence for
J, by Theorems and For example the category [n] has an initial object, hence x — [n]
is homotopy cofinal, and so the map is a weak equivalence for I = [n].

Let I be of dimension n > 0; we shall prove the result by induction on n. Write I*¥ for the
subcategory of objects of dimension at most k. There is a pushout [61] 8.6]

A = lieoany, 4™ /i —— sd(I"1) = A

l |

B = licquan, 5dl/i —— sl =B.
One may further factor this diagram as

Y . U=

d | |

B B —1— B
where f, g are inclusions of initial subcategories, the left hand square is a pushout, and p, ¢ are
homotopy cofinal [61} 8.8, 6.15, 6.6]. The map is an equivalence for A" and A by induction, for
B’ because sdI/i = sd[n] (and both kinds of hocolim turn coproducts of index categories into
products). It is an equivalence for A" because p is homotopy cofinal, hence it is an equivalence for
B"” by Theorems and (and the fact that homotopy pullbacks are preserved under weak
equivalence). It is thus an equivalence for B since ¢ is homotopy cofinal, and finally an equivalence
for I because B = sdI — I is homotopy cofinal. O

Lemma A.83. Let I be a small category which is an increasing union of initial subcategories
I°c I' ..., such that the map (A.1) is a weak equivalence for each I*. Then the map (A.1) is
a weak equivalence for I.

Proof. Again we follow [61, Proof of Proposition 8.2] very closely. Put C = [], I* and recall
that both kinds of homotopy limits turn disjoint unions into products. Thus the map (A.1)) is an
equivalence for C'. There is a map of pushout diagrams

Cl[¢c —*— CxV = C]]c —— C

| Lo l

CxV — s I# c — I

where I# — I and C x V — C are homotopy cofinal functors. Thus, Since the map is an
equivalence for C it is one for C x V, and it is an equivalence for I if and only if it is one for
I#. But it is an equivalence for C[[C, and the functors a, b are inclusions of initial subcategories.
Thus we conclude as before using Theorems and (and the fact that homotopy pullbacks
are preserved under weak equivalence). O

The proof of the theorem is now easy. If I is any small category, then sdI is a direct category
and sdI — I is homotopy cofinal, so the theorem holds for I if and only if it holds for sdI, whence
we may assume that [ is direct. But then I = J, I k where I* is the full subcategory on objects
of dimension at most k. The theorem holds for each I* by the lemma before last, and hence holds
for I by the last lemma.
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A.8 Descent in 7-Quillen Presheaves

Suppose that C is a small category and M is a left proper, combinatorial right Quillen pseudo-
presheaf on C. For any augmented simplicial object ¢ : U — X € s;C, we can consider the re-
stricted pseudo-presheaf M|y : A — MCat'?, and its homotopy limit holimaer My =: holimy M.

For any map of simplicial objects ¢ : U — V € s,C over X, we get a right morphism ¢* :
M|y — M|y, and correspondingly by proposition a morphism ¥* : holimy M — holimy M.

This in particular applies to the map ¢ : U — sX, where sX is the constant simplicial object
with value X. There is a unique functor s : A°? — x (where * is the category with one object and
one morphism). Write Mx for the Quillen presheaf on x with unique object Mx (x) = M(X).
Then M|sx = s*Mx. In particular the change of index category functor from section
furnishes a right Quillen functor s* : M(X) = holim, Mx — holimaer $* M x = holimper M|x.
We denote the composite ¢js* by

¢ : M(X) — holimy M

and call it the descent functor. It is right Quillen, and simplicial if M is.

Note that to define the descent functor, we did not really need a right Quillen presheaf, we
only needed left adjoints to the maps appearing in the hypercovering U — X. This is what the
next definition takes care of.

Definition A.84. Let (C,7) be a A-suitable Verdier site. By a T-Quillen presheaf on C we mean a
left Quillen presheaf such that for every basal map f : X — 'Y, the restriction f* : M(Y) - M(X)
is also right Quillen. We call M 7-Quillen simplicial if M is left Quillen simplicial and 7-Quillen,
and the extra left adjoints enrich to simplicial adjoints.

If M is left proper and combinatorial and ¢ : U — X is a hypercover (by definition internal),
then the above discussion together with Pmposz’tion (guaranteeing that the structure maps of
U are basal) furnishes a descent functor

¢* : M(X) — holimy M.

We say that M has descent or is a sheaf if M is left proper and combinatorial, for every hypercover
the descent functor ¢* is a Quillen equivalence, and if for every family {X;}icr € C of size less
than A, the natural right Quillen functor

(i) o

is a Quillen equivalence.

We compare this definition to the notions of Cisinski-Deglise [I§]. There, the central notion is
that of a (pre-) P-fibred (model) category. Our definition of a 7-Quillen pseudo-presheaf coincides
with their definition of a P-fibred model category, where P is the class of basal maps. If M
is such a P-fibred model category / 7-Quillen pseudo-presheaf (with some cofibrant generation
assumptions), then for any diagram X" in C they define a model category M(X). It coincides with
our category Sect(X, M), where the projective model structure is used as usual.

Cisinski-Deglise also define a notion of descent, called 7-descent. In fact M satisfies 7-descent
if and only if for every hypercover ¢ : U — X, the (derived) descent functor

R¢* : Ho(M(X)) — Ho(Sect(U, M))

is fully faithful [I8, Corollary 3.2.7].
It is clear that the image of R¢* consists of homotopy cartesian sections, so there is a commu-
tative diagram

HoM(X)) === HoM(X))

R(b*l lR¢*

Ho(holimy M) — Ho(Sect(U,M)).
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Here the functor 7 is the fully faithful embedding of the holim-local (i.e. homotopy cartesian)
sections into the homotopy category of all sections. Our definition of descent requires the left
vertical arrow to be an equivalence, whereas M satisfying 7-descent only requires the right vertical
arrow to be fully faithful, a condition which is clearly weaker.

Our next task is to construct 7-Quillen sheaves. It turns out that the easiest way of doing so
is to go through an auxiliary notion, developed by Charles Rezk [90)].

Definition A.85 (Rezk). Let I be a small category and M a model category.
A natural transformation f: X — Y of functors X,Y : I — M is called equifibred if for each

map © — j € I the induced square
X() —— X())

| |

V(i) —— Y())
is homotopy cartesian. We say that M has homotopical patching if two conditions hold:

P1 Let I be a small category, X : I — M a functor, and X = hocolim; X. Let f : Y - X
be a map. Define the functor Y : I — M by Y (i) := X(i) x'2 Y. (So in particular f is
equifibred.) Then hocolim; Y — Y is a weak equivalence.

P2 Let I be a small category, [ :Y — X an equifibred transformation. Let f:Y = X be the
map on homotopy colimits. Then for each i, Y (i) — X (i) x% Y is a weak equivalence.

Suppose now that D : I — M is a diagram in a model category. We can form a right Quillen
pseudo-presheaf M /D on I given by (M/D)(i) = M/D(i), with its canonical model structure. If
there is an augmentation ¢ : D — X with X € M then as usual we get a Quillen adjunction

¢y :holim; M /D S M/X : ¢*.

Lemma A.86. Let M be a proper, combinatorial model category which satisfies homotopical
patching. Suppose that I is a small category, D : I — M a diagram and ¢ : D — X an
augmentation, such that the composite

hocolim; D — “hocolim;”D — colim; D — X

is a weak equivalence. Then the Quillen adjunction ¢y : holim; M/D = M/X : ¢* is a Quillen
equivalence.

Proof. Let us make the category Sect(I, M /D) more explicit. Objects are families {T; € M/D(i)};
together with structure maps 7; — f*T; for each f : i — j. Now f*T; = T; xp; D(i), so we
really just have Sect(I, M /D) = Fun(I, M)/D.

A section T, is homotopy cartesian if for every f :i — j we have that T; — Rf*T; is a weak
equivalence. Now Rf*Tj; is just f* of a fibrant replacement Tj of T; in M/D(j), i.e. we form
T; — T7’ — D(j) such that the first map is a weak equivalence and the second map is a fibration.
It follows from right properness of M that Rf*T; = T} x%( i) D(i). Consequently the homotopy
cartesian sections in Sect(I, M /D) correspond precisely to the equifibred transformations to D in
Fun(I,M)/D.

As explained at the beginning of this section, the functor ¢4 is obtained as a composite

holim; M /D LN holim; M/X #; M/X and similarly for the right adjoints. Here holim; M /X
denotes the homotopy limit of the constant right Quillen presheaf on I with value M/X. As
explained in Proposition the functor Lsx (on homotopy categories) is naturally isomorphic
to the functor Ty — hocolim; T'.

Now to prove that ¢4 - ¢* is a Quillen equivalence it is necessary and sufficient to prove that
(1) for every T' € M /X the natural map LoxR¢*T — T is a weak equivalence, and that (2) for
every homotopy cartesian section S € Sect(M/D) the natural map S — R¢*LoxS is a weak
equivalence. These correspond precisely to the conditions (P1) and (P2).
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We first prove (1). We know that (R¢*T'); = T x" D(i) € M/D(i), by right properness again.
The functor ¢ox preserves weak equivalences and so (Lgog R¢*T); = (¢oxRO*T); =T x?—( D) €
M/X. Finally Loy R¢*T = Lsypoy Re*T = hocolim; T x% D(i), by the identification of Lsy
recalled above. This is weakly equivalent to T by the assumption that X ~ hocolim; D and (P1).

Now we prove (2). Let Y € Sect(I,M/D) be homotopy cartesian. By the remarks from the
beginning this corresponds to an equifibred natural transformation Y — D of functors I — M.
Thus by the assumption that hocolim; D ~ X and (P2) we know that Y; is weakly equivalent to
D(i) x% hocolim; Y. By the same arguments as for (1), the right hand side is (naturally) weakly
equivalent to (R¢*L¢xY);. This concludes the proof. O

Definition A.87. A Quillen pseudo-presheaf M on a small category C is called a (symmetric)
monoidal pseudo-presheaf if each category M(c) is a (symmetric) monoidal model category and
each of the restriction functors f* : M(d) — M(c) (for f:c— d € C) is monoidal.

We say that a (symmetric) monoidal T-Quillen pseudo-presheaf on a Verdier site C satisfies the
projection formula if for every basal map f : ¢ — d € C and every T € M(d) and every S € M(c),
the natural map

F#(S® FT) = f4(S) @ T

is an isomorphism[|

The natural map is constructed as follows: by adjunction, it corresponds to a natural map
S® f*T — f*fu(S)® f*T. It is thus enough to find a canonical map S — f*fxS. There is such
a map, the one corresponding by adjunction to id : fx.S — f4S.

We now state a technical result which allows us to construct many Quillen sheaves. To do so,
we introduce the notion of a A-suitable 7-fibred Verdier site. This just means a A-suitable Verdier
site (C,7), a pseudofunctor D on C, and the structure of a A-suitable Verdier site (D(c), Tp(c)) for
every ¢ € C, such that each restriction f* : D(d) — D(c) preserves covering families, and such that
if f is basal, then f* has a left adjoint fx which also preserves covering families.

Theorem A.88. Let C,D be a \-suitable T-fibred Verdier site as above. Assume that
(i) Each D(c) has finite products and a final object,
(i1) For each basal map f:c— d, the functor D(c) — D(d)/ fu(*) is an equivalence of sites,
(iii) The functors f* preserve pullbacks along basal maps,
(iv) If ¢ : Us — X is a hypercover in C, then ¢4 (*pw,)) — *p(x) 5 a hypercover of * in D(X),
(v) For every family {X;}icr of size less than A, we have D([ [, X) = [[, D(X;) (as sites).

Then the assignment
C 3 X = sPre(D(X))projrpx)

forms a simplicial, symmetric monoidal, proper, tractable T-Quillen pseudo-sheaf on C which sat-
isfies the projection formula.

Proof. Let us put M(c) = sPre(D(c))proj,rp..,-

By Theorem each M(c) is a symmetric monoidal, proper, simplicial, tractable model cat-
egory (using (i) for monoidality). By Proposition and Corollary each of the restriction
functors f : D(d) — D(c) induces a left Quillen functor f* : M(d) — M(c). (In that proposition
the left functor is denoted vy and the right functor a*, we choose to call them f* and f, instead.)

Suppose f : ¢ — d is a basal map. Then we have D(c) = D(d)/fx(*) by (ii), and under this
identification the functor fx : D(d)/fu(x) — D(d) is just the forgetful one. Its right adjoint is
T — T x fu(x), so this identifies f*. Since the monoidal structures we use come just from ordinary
products, we conclude that the projection formula holds for all representable objects, and hence

31t may be tempting to only require the map to be a weak equivalence. This is probably possible, but would
seriously complicate our treatment of spectra later.
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it holds for all objects because both fx and f* (on categories of simplicial presheaves) commute
with colimits (since both have right adjoints).

Additionally the functor fu : M(c) — M(d) is left Quillen, by Proposition [A.25]and Corollary
again (use that fy preserves pullbacks along basal maps, by its identification as a forgetful
functor we produced above).

We have thus constructed a simplicial, symmetric monoidal, proper, tractable 7-Quillen pseudo-
presheaf on C, satisfying the projection formula, as claimed. It remains to show that this is a sheaf.

The condition about coproducts of families of size less than A follows immediately from as-
sumption (v).

Hence let ¢ : Uy — X be a hypercover in C. We need to show that the natural right Quillen
functor M(X) — holimy M is a Quillen equivalence. Let R,, = ¢n4(*p(v,,)). Then by assumption
(iv) the R,, form a hypercover of * € D(X). We have M(U,,) 2 M(X)/R,,, by assumption (ii)
and Lemma The result thus follows from Lemma provided that M(X) satisfies
homotopical patching, and the natural map hocolim R,, — * is a weak equivalence in M(X).

For any site (£, ), the model category sPre(€)proj,, satisfies patching [90, Example 6.3 and
Proposition 6.6]. If £ is a suitable Verdier site, then for any hypercover V, — Y in £ the map
hocolim V, — Y is a weak equivalence, by Corollary [A-36] This concludes the proof. O

Corollary A.89. Let (C,7) be a suitable Verdier site with fibre products. Then the assignment
C3X w— sPre(C/X)projrx

defines a simplicial, symmetric monoidal, tractable, proper T-Quillen pseudo-sheaf which satisfies
the projection formula.

Proof. Apply the theorem with D(X) = (C/X,7x). O

Recall the suitable cdh Verdier site on a scheme X of finite type over a field k£ from Lemma

A3T

Corollary A.90. Let S be a scheme of finite type over a field k. The assignment
Ft(S) 2 X — sPre(Ft(X))cdn

defines a simplicial, symmetric monoidal, tractable, proper bi-Quillen pseudo-sheaf which satisfies
the projection formula.

Proof. Apply the previous corollary, using that for X € F¢(S) we have that Ft(X) = Ft(S)/X.
(Note that all maps are basal in this Verdier site, so we get a bi-Quillen pseudo-presheaf.) O

Recall the suitable Zariski/Nisnevich/étale Verdier sites on a scheme X of finite type over a
field k£ from Lemma The following corollary is a reformulation of an argument of Marc
Hoyois [51] Proposition 4.8(1)] in the language of model categories.

Corollary A.91. Let S be a scheme of finite type over a field k and 7 € {Zar, Nis,et}. The
assignment

Ft(S) > X — sPre(Sm(X))-

defines a simplicial, symmetric monoidal, tractable, proper T-Quillen pseudo-sheaf which satisfies
the projection formula.

Proof. Apply the theorem with D(X) = Sm(X),, using that for X — Y étale we have Sm(X) =
Sm(Y)/X, and that the basal maps are étale in all three cases. O
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A.9 Constructions with 7-Quillen Sheaves

In this section we prove a few theorems along the following lines: if M is a pseudo-presheaf and we
perform a familiar operation in a compatible way on each of the M(X), then we obtain another
pseudo-presheaf, and any good properties of the old presheaf (being simplicial, a sheaf, monoidal,
satisfying the projection formula, etc.) also hold for the new one.

Definition A.92. LetC be a Verdier site and M, N Quillen presheaves on C. We call a pseudonat-
ural transformation F : M — N a left (right) morphism if each of the sections F(X) : M(X) —
N(X) is a left (right) Quillen functor.

A.9.1 Pointing

Theorem A.93. Let M be a 7-Quillen pseudo-presheaf on the suitable Verdier site (C,7). Assume
that C has a final object x, pick pt € M(x), and for X € C put pt(X) = (X — *)*pt. We consider
the assignment pt/ M : X — pt(X)/ M(X).

1. The assignment pt/ M defines a 7-Quillen pseudo-presheaf. There is a canonical right mor-
phism U : pt/ M — M, the underlying object morphism.

2. If M has any of the following properties, so does pt/M.: left/right proper, combinatorial,
tractable, simplicial.

3. Suppose that M is a sheaf. If pt € M(x) is cofibrant, then pt/M is a T-Quillen sheaf.

4. If M is monoidal, for each X € C we have pt(X) = « = 1, and this object is cofibrant, then
pt/ M is monoidal, with the smash product as monoidal operation. Also pt/M satisfies the
projection formula if M does.

In the situation of statement (4), we also denote pt/M by M,. We remark that instead of
assuming that C has a final object, we could just assume given a cartesian section X — pt(X).
We do not need this additional generality.

Proof. Each pt(X)/M(X) is a model category where cofibrations, fibrations and weak equivalences
are the underlying ones [43, Theorem 7.6.5].

Iff: X—>YeCandT € pt(Y)/M(Y) then f*(T) is naturally pointed by f*(pt(X)) = pt(Y).
This defines f* : (pt/M)(Y) — (pt/M)(X). Similarly for S € pt(X)/M(X), f.(S) is pointed by
pt(Y) = fuf*pt(Y) = fipt(X) — foS. This defines f, : (pt/M)(X) = (pt/M)(Y). It is then
easy to check using Lemma below that there is an adjunction

[Tt/ MY(Y) S (pt/ M)(X) : [

If f*: M(Y) — M(X) affords a left adjoint fg, we define a functor fu : (pt/M)(X) —
(pt/M)(Y) by the pushout
fupt(X) —— fuS

| l

pt(Y) ——— fuS.

(Note that f#S is naturally pointed by pt(Y').) Again f# is left adjoint to f* by an easy application
of Lemma [A.94] below.

Since the cofibrations/fibrations/weak equivalences in pt/M are essentially the same as those
in M, the functor f*: pt(Y)/M(Y) — pt(X)/M(X) is left/right Quillen if f*: M(Y) = M(X)
is. Consequently we have a 7-Quillen pseudo-presheaf. The (right Quillen) underlying object
functors assemble to a right morphism as claimed, proving (1).

The non-trivial parts of (2) are proved in [44], Theorem 2.8].
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Statement (4), without the claim that M satisfies the projection formula, is essentially [47,
Proposition 4.2.9].

Let us show that in the situation of (4), pt/M satisfies the projection formula if M does. So
let f: X — Y be a basal morphism, S € pt(X)/M(X), T € pt(Y)/M(Y), and suppose that M
satisfies the projection formula. We obtain a commutative diagram

f#STIT ® fyux

|

fe(SILf'T) —— fax  — *

l l l

fa(S® f*T) —— fu(SAFT) —— Ufu(SAf*T)

H
f#(S)®T.

Here the top and bottom identifications come from the projection formula for M, the middle left
square is a pushout by definition of the smash product and because fx preserves colimits, and the
right middle square is a pushout by definition of fx. In contrast we have pushout squares

fe(x)@T —— T S *

fa(8)®T —— fa(S)®T —— fa(S)N'T.
(Use that ® preserves colimits, having a right adjoint.) Here fy(S) A’ T means that in order
to obtain fx(S) AT one still has to “quotient out by the image of fxS”. This is the same as
quotienting out by the image of fuS, of which f4S is itself a quotient. Hence U(fx(S) A T)
satisfies the same universal property as U fx(S A f*T), whence they are isomorphic. Thus pt/M
satisfies the projection formula.

We finally prove (3). So suppose that M is a sheaf. We need to prove that pt/M is also a
sheaf. First let X =[], X; be a suitably small coproduct. We need to show that (pt/M)(X) —
[L;(pt/ M)(X;) is a Quillen equivalence. This follows from Lemma below.

Now let ¢ : Vo — X be a hypercover. We need to prove that ¢ : holim(pt/M)|y — pt/M(X)
is a Quillen equivalence. We know that ¢* preserves weak equivalences, so ¢*T ~ R¢*T, and

consequently UR¢*T ~ Rp*UT. 1 claim that similarly UL¢Z#S ~ L¢,US. The result will follow
since U detects weak equivalences.

To prove the claim, consider the right Quillen presheaf M’ on A°P given by M’([n]) =
o (pt(V,,))/M(X). Then the pullback ¢* : pt(X)/M(X) — holim(pt/M)|y can be factored as

pt(X)/ M(X) s holim M/ 25 holim(pt/ M)|v. Here a*([n]) : pt(X)/ M(X) — ¢x(pt(V,,))/ M(X)
is just precomposition, and 5*([n]) : ¢xpt(Vy,)/ M(X) — pt(V,,)/ M(Vy,) is B([n])* (¢ (pt) (V) —
T) = (pt(V,,) = ¢*(T)), where the structure morphism is given by adjunction.

Note that §* has a left adjoint By, with Sx([n]) : pt(Va)/M(Vy) — ¢x(pt(V,))/ M(X) given
by ¢x. The functor o* has a left adjoint given by the usual pushout. Moreover a* preserves
cofibrations, fibrations and weak equivalences, and 8* preserves fibrations and acyclic fibrations
(because ¢* is right Quillen). Consequently a* and 8* are both right Quillen.

Write M” for the constant presheaf on A% given by M"([n]) = M(X), o/, : holim M" =

M(X) : o for the evident adjunction and U for the underlying object functors M’ — M" etc.
Let S € holimy M. Then L¢xS = (Lay)(LB4)S. By Lemma below, there is a homotopy
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pushout
Lol UBypt(Ve) —— LalULByS

l l

pt(X) — ULO(#Lﬁ#S.
It is easy to see that the top left hand corner is weakly equivalent to Loy R¢*pt(X) and hence the
left hand map is a weak equivalence, by the sheaf condition for M. Consequently so is the right
hand map. The bottom right corner is UL¢4S. It is easy to see that LS4 commutes with U, and
hence the top right hand corner is L¢xUS. This proves the claim. O

We contend the following lemma must be well known, but could not locate a source.

Lemma A.94. Let L :C =D : R be an adjunction between categories. Suppose given f: X =Y
in C and a diagram
Ly —— Y’

LfT _‘IT
Lx . x.

Then the diagram commutes if and only if the adjoint diagram
T
Y —— RY'

1w

T
X —— RX'.
commutes.

Proof. Since passing to opposite categories interchanges left and right adjoints but preserves and
detects commutativity, it suffices to show that the adjoint diagram commutes whenever the original
one does. So suppose that the top diagram commutes.

Let nx = id? € Hom(X, RLX) = Hom(LX, LX) be the unit of adjunction, and similarly for
Y. Then using the unit-co-unit formulas for determining the adjoint of «, 8, the equality we have
to prove is Raony o f = Rgo RS onx. Consider the following diagram.

y -, rry —f*, Ry’

7 rif| a

X - prx ., Rx'.
We need to prove commutativity of the big rectangle. The right hand square certainly commutes
(it is obtained by applying the functor R to the square we assumed commutative), so we need
only prove commutativity of the left hand square.

Thus we have reduced to g = Lf, o« = id, 8 = id. We have to show that ny o f = RL(f) onx.
Let ery be the co-unit. Then 7y f corresponds by adjunction to ey L(ny )L(f), which equals
L(f) by the unit-co-unit formulas. Finally the adjoint of L(f) is by definition RL(f)nx. In other
words ny f and RL(f)nx are both adjoint to L(f), and so equal. O

Lemma A.95. Let I be a small category, M a combinatorial model category, D : I — M a
diagram, X € M and o : D — X an augmentation. Consider the right Quillen pseudo-presheaves
M (i) = D(i)/M and M"(i) = M (a constant presheaf). There is an essentially commutative
diagram of right Quillen functors

holim; M’ —Y s holim; M”

xm L5 oM
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Suppose now that each object D(i) is cofibrant. Write Dy € holim; M" = Fun(I, M) for
the section corresponding to D via Proposz'tz'on part 1. Then for S € holim; M’ there is a
homotopy pushout

LolyDy —— Lol US

l l

X  —— ULayS.

Proof. The existence of the first commutative diagram is clear.

It remains to establish the second statement. I claim that it is invariant under projective
(objectwise) weak equivalences in D. Indeed let D' : I — M be another objectwise cofibrant
diagram and f : D’ — D an objectwise weak equivalence. Write N for the right Quillen pseudo-
presheaf A/ (i) = D'(i)/M. Then we get a right morphism f* : M’ — A given by precomposition
and hence a Quillen adjunction

f# : holim; N < holimy M @ f*,

by Proposition [AZ67} By that same proposition this is a Quillen equivalence provided that each
f*: M'(i) = N(7) is a Quillen equivalence. This is true by the dual of Proposition part 2,
since each D(7), D’(i) is assumed cofibrant. This proves the claim.

Next note that there is a pushout

a;#D. —_ a;#US

l l

X —— UayS.

Indeed using Lemma one shows that this pushout defines a left adjoint to a* (the bottom
right hand corner is naturally pointed by X).

By the claim, we may assume that D, is cofibrant as a diagram (i.e. in the holim model
structure, equivalently in the projective model structure). In order to prove something about
derived functors, we may also assume that S is cofibrant, i.e. that Dy — US is a cofibration.
Consequently US is also cofibrant. Now LaxS = axS (since ay is left Quillen), and similarly
LalyDe = oy De, Lal,US = a,US. We thus have a pushout diagram of derived functors in the
claimed form. This pushout is a homotopy pushout because the top map is a cofibration between
cofibrant objects (al, being left Quillen). This concludes the proof. O

Lemma A.96. Let F': M — N be a bi-Quillen functor which is a Quillen equivalence. If X € M
is cofibrant, then F : X/M — F(X)/N is a Quillen equivalence.

Proof. Let G be the left adjoint to F. As usual we get an induced Quillen adjunction G :
F(X)/N = X/M : F, where for FX — T € F(X)/N the object G(FX — T) is computed
as the pushout

GFX —— X

| !

GT —'— GT.
Now GFX ~ (LG)(RF)X because F is bi-Quillen and so FX is cofibrant. But (LG)(RF)X ~ X
because F is a Quillen equivalence, hence a : GFX — X is a weak equivalence. If (FX —
T) € F(X)/M is cofibrant then b is the pushout of a weak equivalence between cofibrant objects
along a cofibration, so is a weak equivalence [43, Proposition 13.1.2(1)]. We conclude that L(QG)
commutes with the underlying object functors (up to weak equivalence). Since F' always does,
and the underlying object functors detect weak equivalences (i.e. isomorphisms in the homotopy

category), it follows that L(G) F RF are adjoint equivalences of homotopy categories. O
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We remark that for point (3) of the theorem, it is not necessary to assume that pt is cofibrant.
Indeed in order to talk about sheaves we need to assume that M is left proper, and then the
undercategories pt(X)/M(X) are invariant up to Quillen equivalence under change of pt(X) (such
as cofibrantly replacing), by the dual of Proposition However cofibrancy of pt is essential for
point (4), and we shall only ever use that result.

A.9.2 Localisation

The result in this section is essentially a reformulation of [5I), Proposition 4.8(2)].

Theorem A.97. Let M be a 7-Quillen pseudo-presheaf on the suitable Verdier site (C, ). Suppose
given for each X € C a set H(X) C Mor(Ho(M(X))) such that for each f : Y — X € C we
have Lf*(H(X)) C H(Y), and such that if f is basal, then additionally Lfy(H(Y)) C H(X).
Assume further that for each X the left Bousfield localisation Ly x)yM(X) exists. We consider
the assignment LyM : X — Ly xyM(X).

1. The assignment Ly M defines a 7-Quillen pseudo-presheaf. There is a canonical left mor-
phism L : M — Ly M, the localisation morphism.

2. If M has any of the following properties, so does Ly M : left proper, combinatorial, tractable,
simplicial and tractable, satisfies the projection formula.

3. Suppose that M is a sheaf (so in particular combinatorial and left proper). Assume that if
X =11, Xi is a suitable coproduct, then LgM(X) — [[, LuM(X;) is a Quillen equivalence.
Then Ly M is a T7-Quillen sheaf.

We point out that it is not automatic that L g M is monoidal if M is. This can be established
in practice by using Theorem

Proof. f F : My — My is a left Quillen functor of model categories, H; C Mor(Ho(M;)), and
LF(H;) C Ha, then the universal property of left Bousfield localization [9 Definition 2.6] implies
that there is a unique left Quillen functor F’ : Ly, My — Ly, Mo factoring My — Mo — Ly, My
through M; — Ly, M. In fact the localisation functors L; : M; — Ly, M, are always the
identity on underlying categories, so F/ = F' as ordinary functors, and this really only says that
F remains left Quillen in the new model structures.

As a consequence of this discussion, Ly M is a Quillen pseudo-presheaf in the canonical way,
simply because M is, and all the functors f*, f4 remain left Quillen in the localised model struc-
tures by our assumptions on H. The morphism L : M — Ly M is just the identity. We have thus
established (1).

All the claims in (2) except for the projection formula just say that certain properties of model
categories are preserved under localization and are standard. The projection formula does not
mention the model structures at all and so is satisfied for Ly M if and only if it is satisfied for M.

Now to prove (3), let Uy — X be a hypercover. We have a commutative diagram

Ho(holimy Ly M) —%— Ho(holimy M)

Ho((LyM)(X)) —2—  Ho(M(X)).

We wish to show that the functor a is an equivalence. The functor b is fully faithful by construction
and c as an equivalence because M is a sheaf, so a must be fully faithful. It remains to show that
a is essentially surjective.

To see this, I first claim that d is fully faithful. Indeed i : LyM — M is a right morphism
of combinatorial Quillen presheaves, so by Proposition there is an induced adjunction L :
holimy M < holimy Ly M : ¢ of homotopy limits. But it is easy to see that L is a Bousfield
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localisation, and also d = Ho(i), so d has a section (namely Ho(L)), and in particular is fully
faithful.

Now let T' € Ho(holimy Ly M). Since ¢ is an equivalence there exists an essentially unique
S € Ho(M(X)) such that ¢S = dT. If ¢, : U, — X is one of the maps in the cover, then we have
the commutative diagram

Ho((LyM)(Up)) —— Ho(M(U,,))

d dl

Ho(holimy LygM) —— Ho(holimy M)

Ho((LuM)(X)) ——  Ho(M(X)),

where the two upper vertical arrows come from the change of diagram functor [n] : x — A via
Proposition and the vertical composites are the pullbacks ¢}. It follows that ¢S = pcS =
qT € Ho((LgM)(Uy,)) € Ho(M(U,)). Since n was arbitrary the Lemma below applies and we
conclude that S € Ho((LyM)(X)), as needed. O

Lemma A.98. In the situation of the theorem part (3), let ¢ : Us — X be a hypercover and
T € Ho(M)(X) be such that if ¢o : Up — X is the cover in level zero, then the object ¢§T €
Ho(M(Uy)) is H(Uy)-local. Then T is H(X)-local.

Proof. We need to prove that if p: A — B is any one of the maps in H(X), then Map?(p,T) :
Map®(B,T) — Map®(A,T) is a weak equivalence of simplicial sets. Since M is a sheaf we

(z)O
have p ~ Lpué*p. Recall that ¢y : holimy M — M(X) can be factored as holimy M —»

holimy My % M(X). Here (b%E is just objectwise ¢y, whereas sy is hocolima, by Proposition
[A773] Consequently we have

Mapd(p, T) ~ holim,, Mapd(L(bn#@;p, 7).

By homotopy invariance of homotopy limits, it is thus enough to show that M apd(L(,zSn# ¢rp,T)is
a weak equivalence for every n. By adjunction this is the same as showing that Map®(¢p, % T)
is a weak equivalence. For this it is enough to know that ¢*T is H(U,)-local, which follows from
¢$T being H (Up)-local (because the pullbacks to higher levels of the cover can be factored through
pullback to level zero). O

A.9.3 Stabilisation

Definition A.99. Let M be a closed symmetric monoidal model category and P € M. We write
Qp for the functor Hom(P, e) : M — M. Its left adjoint is denoted Xp : X — X ® P.

Let N be the small category with objects the natural numbers {0,1,...} and a unique morphism
from a — b if and only if a > b. We obtain a right pseudo-presheaf M? on N in which the
transition morphism (b — a)* is given by Q?D_a. This is a right Quillen pseudo-presheaf if P is
cofibrant.

If M is left proper and combinatorial and P is cofibrant, then we denote by Stab(M, P) the
homotopy limit holimy MP. Write iy : ¥ — N for the inclusion of the object 0. In the Quillen
adjunction

iog : M = holim, M” = holim{” : i}
from Proposition[A.67, we write ¥ for igy and Q> for if.

Note that an object X € Stab(M, P) consists of a objects X,, € M (n =0,1,...) together with
maps X, = QpX, 41 (or equivalently X,, ® P — X,,11). In these terms the functor Q°° is given by

0°(X) = X, whereas ¥°(5),, = S ® P®". The holim-fibrant objects are those X € Stab(M, P)
such that each X, is fibrant and such that X,, — QpX,, ;1 is a weak equivalence.
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For example, if M is the model category of pointed simplicial sets and P = 9AZ2, then
Ho(Stab(M, P)) is the classical stable homotopy category [9, Example 2.43]. We will say more
about how Stab(M, P) models spectra after establishing some properties.

Lemma A.100. Let M be a left proper, combinatorial model category and P € M be fibrant.
Then Stab(M, P) is left proper and combinatorial. If M is tractable or simplicial and tractable
then so is Stab(M, P).

Proof. This is just a special case of Theorem [A-60] O

Lemma A.101. Let F: M S N : R be an adjunction of closed symmetric monoidal categories,
Pe M and Q € N. Assume given for T € M a natural isomorphism F(T ® P) 2 FT® Q. Then
there exists for S € N a natural isomorphism R(QqS) = QpRS.

Consequently if M N are left proper, combinatorial model categories, P is cofibrant, Q is
cofibrant and F is a left Quillen functor, then there is an induced Quillen adjunction

Stab(F) : Stab(M, P) < Stab(N, Q),
which is a Quillen equivalence if F' is. The induced adjunction is simplicial if the original one is.

Proof. The first part follows immediately from the Yoneda lemma and using the adjunctions
FFR,YpF Qp. We thus get a right morphism R : N27 — M?7. Under the extra assumptions
this is a right morphism of left proper, combinatorial right Quillen pseudo-presheaves, so the
remaining claims are a special case of Proposition O

Theorem A.102. Let (C,7) be a suitable Verdier site with final object x, M a symmetric
monoidal, combinatorial, left proper T-Quillen presheaf on C, and P € M cofibrant. Assume
that M satisfies the projection formula. Put P(X) = (X — *)*P and consider the assignment
Stab(M, P) : X — Stab(M(X), P(X)).

1. The assignment Stab(M, P) defines a left proper, combinatorial 7-Quillen pseudo-presheaf.

2. If M has any of the following properties, so does Stab(M, P): tractable, simplicial and
tractable, is a sheaf.

3. The various functors ¥°° F Q% assemble into a pair of left/right morphisms
Y% M S Stab(M, P) : Q°°.

We remark that as explained after Theorem [AZ03] instead of assuming that C has a final object,
we could assume given a cartesian section X — P(X).

Proof. If f : X — Y € C, then the adjoint pair f* I f, satisfies Lemma with Q = f*P.
Hence there is a canonical induced left Quillen functor f* : Stab(M, P)(Y) — Stab(M, P)(X).
This defines a left Quillen presheaf.

If f is basal then the adjoint pair fu F f* satisfies Lemma because M satisfies the
projection formula: fu(T ® f*P) = f4(T) ® P. Hence we have a 7-Quillen presheaf.

The statements about being left proper, combinatorial, tractable, simplicial follow from Lemma
[A100

It remains to show that Stab(M, P) is a sheaf. So let ¢ : Uy — X be a hypercover. Then we
have holimy Stab(M, P) = holima xn MS[}P 2 holimy holimy M7, by Corollary

There is a canonical right Quillen pseudofunctor

(") - M(X)2P — (holimy M),

Here the transition morphisms in the right Quillen presheaf (holimy M)# are induced by the
right morphism Qp(U,) := Qpw,,) : M(Up) = M(U,) via Proposition This works because
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restrictions f* commute with loops £p, as we have seen. The morphism (¢*)** is an object-
wise Quillen equivalence because M is a sheaf, hence holimy(¢*)?# is a Quillen equivalence, by
Proposition [AZ67] again. But

holimy (¢*)** : holimy M (X)?? = Stab(M(X), P(X)) —
holimy (holimg M)$** 2 holimy; Stab(M, P)

is the descent morphism. This proves that Stab(M, P) is a sheaf.

To prove statement (3), we need only show that 3°°, Q°° commute with restrictions. This
follows from the explicit descriptions of the functors we have given (together with the fact that
restrictions commute with tensor products by assumption). O

The Stab construction is somewhat inconvenient. Indeed even though M is a symmetric
monoidal model category, and Ho(Stab(M, P)) is known to be a symmetric monoidal category,
the category Stab(M, P) does not afford a monoidal structure. This can be remedied by passing
to symmetric spectra. Our main reference is [46].

Definition A.103. Let X be the category whose objects are the finite sets and whose morphisms
are the isomorphisms. For a category C, the category of symmetric sequences in C is Fun(%,C).
If C is symmetric monoidal, define a symmetric monoidal structure on Fun(3,C) by

(X®Y)(C) = II x@Wevs).
AUB=C,ANB=0

For P € C, denote by Sym(P) the free commutative monoid in Fun(X,C) on the object P €
Fun(%,C) with P(C) = 0 if C has cardinality different from one, and P(C) = P else (with all
structure maps the identity).

Write Stab™(C, P) for the category of modules in Fun(X,C) over Sym(P).

This definition needs some elaborations. A skeleton of the category ¥ is provided by the
category ¥ whose objects are the natural numbers 0, 1,2, ..., where there a no maps between m
and n if m # n, and where Hom(m, m) = X,,, the symmetric group on m letters. Then an object
of Fun(3,C) & Fun(f],C) is just a sequence of objects X; € C, i = 0,1,..., with X,, acting on
X,,. In this notation, Sym(P) = (1, P, P® P, P®3,...). Here ¥, acts on P®" via the symmetry
isomorphisms. We shall assume understood the notion of monoids and modules over them.

Lemma A.104. IfC has one of these properties, so does Fun(X,C): complete, cocomplete, locally
A-presentable, simplicial, closed (symmetric monoidal).

Proof. The first four properties hold in any functor category. For closed symmetric monoidality,
see [46], Section 6. O

Lemma A.105. Let C be a bicomplete, closed symmetric monoidal category, and R € C a com-
mutative monoid.

1. The category R-Mod is a bicomplete, closed symmetric monoidal. The functor U : R-Mod —
C affords a left adjoint F: X — R® X and a right adjoint C : X — Hom(R, X).

2. The category R-Mod is locally presentable if C is.

3. Suppose now D is also bicomplete closed symmetric monoidal, o : C = D : B is an adjunction
and we are given a commautative monoid S in D, together with natural isomorphisms a(X ®
R) 2 a(X)® S, such that the following diagrams commute:

S®S®aX — a(R® R® X)
m5®idl J{a(mR(X)id)
S©aX —— o(R®X)
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1oaX =24 Sgax —— a(R® X)

aX a(l® X) —>a(ER®id

L a(R® X)

Then there is an induced adjunction o : R-Mod = S-Mod : 8 commuting with the under-
lying object functors.

4. If in the above adjunction « is in fact a tensor functor, a(R) = S and the compatibility
isomorphisms are the natural ones coming from the tensor structure isomorphisms of a,
then the induced functor a: R-Mod — S-Mod is also tensor.

Of course, here we mean the symmetric monoidal structure on R-Mod with
M ®pr N =coeg(M@N®R=M®N),
where the two right arrows correspond to multiplication by R in either M or N.

Proof. (1) This is fairly well known. A reference is [71]. In particular their proof of their Proposi-
tion 1.2.14 shows that R-Mod is bicomplete and that the forgetful functor U preserves limits and
colimits. Symmetric monoidality is their Proposition 1.2.15, closedness is (part of) Proposition
1.2.17. The left adjoint F' is their Proposition 1.3.3.

Let us establish the right adjoint. First, for X € C we need to make CX = Hom(R, X) into
an R-module. This means providing a structure map R ® CX — C'X. By adjunction this is the
same as a map R ® R® Hom(R, X) — X. Using the multiplication R ® R — R it suffices to find
a map R ® Hom(R, X) — X. By adjunction this corresponds to Hom(R, X) — Hom(R, X), and
we choose the identity map. One checks easily that this defines a functor C': C — R-Mod.

This functor is left adjoint to U. Indeed let T' € R-Mod. We compute

Homp(T,CX) = Hompg (T, Hom(R, X))

eq(Hom(UT, Hom(R, X)) = Hom(UT @ R, Hom(R, X)))
eq(Hom(UT ® R, X) = Hom(UT ® R® R, X))
=Hom(U(T ®r R), X) = Hom(UT, X).

(2) Suppose that X € C is A-small. Then FX is A-small because U commutes with filtered
colimits (being a left adjoint). If S C C is a set of small objects generating C, then I claim that F'S
generates R-Mod. Indeed let X € R-Mod. Then there is a diagram D on a small category I and
an isomorphism UX & colim; D. Consequently FUX is in the subcategory of R-Mod generated
by F'S. Since there is a coequaliser diagram FUFUX = FUX — X (which is isomorphic to the
diagram RO R X = R® X - R®r X = X), the claim is proved.

(3) If M € R-Mod, then aM naturally defines an element of S-Mod. Indeed we have a
structure map S®@aM = a«(R®M) — aM, and the unit/multiplication axioms follow immediately
from our two assumptions.

Given Y € S-Mod, there is a natural structure map R ® Y — 8Y corresponding to a(R ®
BY) 2 S®afY - S®Y — Y via adjunction. The unit/multiplication axioms from our two
assumptions, by using the adjunction a + . The induced functors a : R-Mod & S-Mod : 8
are adjoint as one sees by using that Homg(X, 8Y) = eq(Hom(X, 5Y) = Hom(X ® R, 3Y)) and
similarly for Homg. The induced adjunction commutes with U by construction.

(4) Let X,Y € R-Mod. By our assumptions on the structure isomorphisms, the coequalizer
diagram defining X ® Y is mapped by « to the diagram defining (X )®ga(Y"). Since o commutes
with colimits (being a left adjoint), it preserves these coequalizers. This proves the result. O

There is a slight inconvenience in reference [46], in that they use the language of cellular
model categories, whereas we use the combinatorial model categories. These two notions are
closely related but not equivalent. We elect to reprove the existence of the model structure on
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symmetric spectra, but shall add the cellularity assumption when we want to use the deeper results
of that reference. Of course our proofs are strongly inspired by the proofs in [46].

Recall that if M is a symmetric monoidal category and P € M, then an object of Stab” (M, P)
consists of objects Xg, X1, -+ € M together with maps X; ® P — X, 1, satisfying certain prop-
erties.

Definition A.106. If M is a symmetric monoidal model category and P is cofibrant, then we call
(X;) € Stab™(M, P) a homotopy Qp-spectrum if the adjoint maps X; — QpX;i1 induce weak
equivalences X; — RQpX;11.

Amap X —Y € Stab®(M, P) is called a level fibration, level cofibration, level acyclic fibration,
level acyclic cofibration, or level equivalence, if each of the maps X; — Y; is a fibration, cofibration,
acyclic fibration, acyclic cofibration, or weak equivalence.

A map is called projective cofibration if it has LLP with respect to all level acyclic fibrations,
and similarly for projective acyclic cofibrations.

Theorem A.107. Let M be a symmetric monoidal combinatorial model category and P € M
cofibrant.

1. The category Stab™(M, P) affords the projective model structure in which cofibrations, fi-
brations and weak equivalences are the projective cofibrations, level fibrations and level equiv-
alences. Every projective cofibration is a level cofibration.

2. If M is left proper, this model structure affords a (unique) Bousfield localization where the
local objects are the homotopy Qp-spectra, known as the stable model structure.

3. The stable model structure is left proper, combinatorial, and symmetric monoidal. If M is
tractable or tractable and simplicial, so is Stab®(M, P).

4. There is a Quillen adjunction
¥®: M S Stab™(M, P) : Q.
The functor X°° is tensor.

5. Let
G- MSN:R

be a Quillen adjunction. Assume given Q € N cofibrant, and for T € M a natural isomor-
phism G(T ® P) 2 GT ® Q. Then there exists a natural induced Quillen adjunction

Stab™(G) : Stab®(M, P) < Stab™ (N, Q) : Stab™(R),
which is a Quillen equivalence if G+ R 1is.

6. If in the above adjunction G is a tensor functor, Q = GT, and the structure isomorphisms
(G(T ® P) =2 GT ® Q) are the canonical ones, then Stab(G) is a tensor functor.

Unless stated otherwise, we will always consider the stable model structure on the category

Stab™(M, P).

Proof. (1) The category Fun(X, M) affords the projective model structure, which is combinatorial,
by [9, Theorem 1.17].

The category Stab(3, M) is locally presentable by the previous Lemma.

Let I,J be sets of generating cofibrations and acyclic cofibrations, with presentable domains
and codomains, as exist by the definition of combinatoriality. We have the adjunction F :
Fun(X, M) = Stab™(M, P) = Sym(P)-Mod : U. We shall use [I01, Lemma 2.3] to trans-
fer the model structure. The functor U commutes with filtered colimits since it affords a right
adjoint. The domains of Iy, Jr are (absolutely) small. We need to show that every “regular
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Jp-cofibration” is a weak equivalence. For this it is enough to show that if f : X — Y is an
acyclic cofibration in Fun(X, M) and x € X, then (UF f)(z) is an acyclic cofibration in M. In-
deed the functor U commutes with colimits, and weak equivalences in Fun(%, M) are determined
objectwise, as are colimits.

By an argument similar to Lemma the map f(y) € M is an acyclic cofibration for
every y € X. Now UFf = Sym(P) ® f, and so (UFf)(x) is a coproduct of terms of the form
Sym(P)(y) ® f(z). Each of these is an acyclic cofibration because either Sym(P)(y) = 1 or
Sym(P)(y) = P®* for some k, and the latter object is cofibrant, so tensoring with it preserves
acyclic cofibrations by the pushout-product axiom.

We thus have established the projective model structure on Stab®(M, P). The proof shows
that it is combinatorial. It is tractable if Fun(3, M) is, which happens as soon as M is tractable
by [9, Theorem 1.17].

Every “regular Ip-cofibration” is a level cofibration, by the same argument as for acyclic
cofibrations. By [I01, Lemma 2.1] it follows that every projective cofibration is a retract of a
regular Ipr-cofibration, so is a retract of a level cofibration, which is a level cofibration.

(2) We follow the standard techniques. Let G be a small set of cofibrant homotopy generators
for M, which exists by [0, Theorem 2.34]. Write i) : * — X for the inclusion of the k-element
set. For X € M let sx(X) : Figy14(X ® P) — FirxX be the map adjoint to X @ P —
GUFipX = X x (P ® X) corresponding to the inclusion of the identity in 3j. Let H =
{sk(X)|k = 0,1,...; X € G}. I claim that the Bousfield localisation at H, which exists by [9]
Theorem 2.11], is the model structure we are looking for. Indeed a projective fibrant object
E € Stab*(M, P) is H-local if and only if for each X € G and k = 0,1, ..., the canonical map
s1(X) : Map?(Firp X, E) = Map®(X, Ey) — Map®(Fip414(X ® P),E) = Map*(X,QpEg11) is
a weak equivalence. This happens if and only if E, — QpFEy1 is a weak equivalence, since G is
a homotopy generating set. But this is exactly the definition of an Q-spectrum.

(3) All the properties except for monoidality are standard. Let us show as a preliminary step
that the projective model structure is monoidal. We first verify the pushout-product axiom. By
[9, Lemma 3.5] it suffices to do this for generating (acyclic) cofibrations. These are of the form
Ff, for f € Fun(¥, M). For X,Y € Fun(%, M) one has F'X ®gymp) Y = F(X ®Y). One
then finds that Ff00Fg = F(fOg). Since F is left Quillen the pushout product axiom for Stab™
reduces to that of Fun(X, M). But for z € ¥ one finds that (fOg)(z) = [[,_.[14(f(c)0g(d)),
and so the pushout-product axiom for Fun(X, M) follows from that for M.

Now let f: S — 1 be a cofibrant replacement in M. Consider the functor iy : * — X mapping
the unique object x to the empty set. One checks that igxS = (5,0,0,...) and igxl = 1.
Thus io f is a cofibrant replacement in Fun(X, M). Next UFigxS = (S,S ® P,S @ P®?,...)
whereas UF1 = Sym(P). Consequently Figx(f) is a cofibrant replacement in Stab®. It is easy
to check that for X € Fun(X, M) and Y € Stab®(M, P) we have U(F(X)®@Y) =2 X ®@UY. We
thus need to show that U(Fipx(f) ® Y) : (ioxS) @ UY — 1 ® UY is a weak equivalence. But
((ig2S) @ UY)(z) = S® Y (x), so this follows because M is a monoidal model category.

To prove that Stab™(M, P) remains a monoidal model category in the stable model struc-
ture, we appeal to Theorem [A-T1] Recall that G is a set of cofibrant homotopy generators for
M. Tt follows that {FirxX|k = 0,1,...; X € G} is a set of cofibrant homotopy generators for
Stab™ (M, P). We thus need to show that for every fibrant Q-spectrum E, k = 0,1,... and X € G,
the internal hom object Hom(Firx X, E) is an Q-spectrum. It is thus enough to show that for
Y €@, 1=0,1,..., the canonical map

Map®(FijY, Hom(Fixy X, E)) — Map®(Fij;14(Y ® P),Hom(Fipu X, E))

is a weak equivalence. Since the domains are cofibrant and the codomains are fibrant, the derived
mapping spaces are just ordinary mapping spaces. Thus by adjunction, this is the same as

Map((Fil#Y) & (Fj’ik#)()7 E) — Map(Fil+1#(Y & P) & Fik#X, E)

Now observe that F' is a tensor functor and (ixxX) ® (4%Y) = k14X ® Y. Hence the map
is Map(X @ Y, Ex41) =& Map(X ® Y,QpFEjky141), which is a weak equivalence because E is an
Q-spectrum.
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(4) Let us first describe the adjunction X°° F Q°°. We have the functor ¢ : * — ¥ sending
the unique object of * to the empty set in 3. We get an adjunction iy : M = Fun(x, M) S
Fun(Z,M) : i*. We put ¥ = Fiy and Q° = ¢*U. The adjunction ix F ¢* is a Quillen
adjunction by [9, Proposition 1.22], and the adjunction F' U is a Quillen adjunction in the
projective model structure by construction. This remains a Quillen adjunction when passing
to the stable model structure (to put it differently, we compose with the Quillen adjunction
id : Stab®(M, P)proj S Stab™(M, P)stapie : id).

One checks easily that iy is tensor, and clearly F is tensor as well. Thus X* is tensor, as
required.

(5) We first describe the adjunction. To construct it we shall use the second to last part
of Lemma The adjunction G : M = N : R extends objectwise to an adjunction G :
Fun(2, M) S Fun(X%,N). Note that we have for X € M andn =0,1,2,... that G(P®"® X) =
Q%" ® G(X), naturally in X. Consequently we have for X € Fun(X, M) a natural isomorphism
G(Sym(P)® X) = Sym(Q) ® GX (note that G commutes with coproducts, being a left adjoint).
The two required diagrams then commute essentially by definition.

We thus get an induced adjunction Stab(G) : Stab* (M, P) = Stab®(N, Q) : Stab(R) (called
a F ( in that lemma). We first show this is a Quillen adjunction in the projective model structure.
For that, we need to show that Stab(R) preserves fibrations and acyclic fibrations. These are
detected by U, and the adjunction commutes with U, so it suffices to show that R : Fun(3,N) —
Fun(X, M) preserves fibrations and acyclic fibrations. These are determined objectwise, and the
functor R is defined as an objectwise extension of the right Quillen functor R : N'— M, so this
is true.

To pass to the stable model structures, we use [43, Propositions 8.5.4 and 3.3.16], as usual.
The cited results imply that Stab(R) remains right Quillen as long as it preserves (projective)
fibrant homotopy-2-spectra. This is true because Stab(R) is just the levelwise extension of R,
and we have QpRY =~ RQqY by the first part of Lemma

It remains to show that Stab(G) is a Quillen equivalence if G is. Again we first deal with
the projective model structures. Let X € Stab®(M,P). Since the induced adjunction com-
mutes with U it is just obtained by applying G, R termwise. Since the weak equivalences are
the level equivalences, and all cofibrations (fibrations) are level cofibrations (fibrations), cofi-
brant /fibrant replacement of spectra induces levelwise cofibrant /fibrant replacement. In particular
(Stab(R)(Stab(G)(X)!)); ~ R(G(X$)Y). It follows that (LG)(RR)X ~ X. Similarly the other
way round.

In order to prove that the Quillen adjunction remains an equivalence when passing to the stable
model structure, it suffices to show that LG preserves local objects (since RR always does). Hence
let E € Ho(Stab™(M, P)) be local and let T € Ho(M). Note that (LG)i;UE ~ i;ULStab(G)E,
because Stab(G) is computed levelwise, and projective cofibrations are level cofibrations. We thus
have

Map?((LF)(Lip)T, E) ~ Map®(T, i} UE)
~ Map*(LGT, (LG)i;UE)
~ Map®((LF)(Liyy)(LG)T, LStab(G)E),

with the first and last equivalences by adjunction, and the middle one because LG : Ho(M) —
Ho(N) is an equivalence. Since LF(T ® P) ~ LF(T) ® Q we conclude that LStab(G)FE is local
with respect to the maps s;(GT) : Figt14GT ® Q — FipxGT, for all cofibrant T. Since G is a
Quillen equivalence such GT form a class of homotopy generators for A/, whence LStab(G)FE is
indeed local in the stable model structure.

(6) It is easy to check by hand that G : Fun(X, M) — Fun(X,N) is a tensor functor. The
result now follows from Lemma [A.105] part (4). O

Theorem A.108. Let (C,7) be a suitable Verdier site with final object x, M a symmetric
monoidal, combinatorial, left proper T-Quillen presheaf on C, and P € M cofibrant. Assume
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that M satisfies the projection formula. Put P(X) = (X — %)*P and consider the assignment
Stab*(M, P) : X — Stab*(M(X), P(X)).

1. The assignment Stab™(M, P) defines a left proper, combinatorial, symmetric monoidal 7-
Quillen pseudo-presheaf.

2. If M has any of the following properties, so does Stab”(M, P): tractable, simplicial and
tractable.

3. The various functors ¥°° = Q°° assemble into a pair of left/right morphisms
¥ M S Stab® (M, P) : Q.
4. The T-presheaf Stab®(M, P) satisfies the projection formula.

We remark that as explained after Theorem[A.93] instead of assuming that C has a final object,
we could assume given a cartesian section X — P(X).

Note that the theorem does not claim that Stab® is a sheaf if M is. This is usually true, and
we will give an indirect proof later. Apart from that, it exactly mirrors Theorem and so
does the proof.

Proof. (1) If f : X — Y € C is a morphism then f*: M(Y) S M(X) : f, is an adjunction
satisfying the assumptions of Theorem part (5), since f* is tensor. Consequently there is
an induced Quillen adjunction Stab(f*) : Stab®(M, P)(Y) S Stab™(M, P)(X) : Stab(f.). If
additionally f is basal then fz : M(X) S M(Y) : f* also satisfies the assumptions of Theorem
part (5), since M satisfies the projection formula, and so there is an induced Quillen
adjunction Stab(fy) : Stab®(M, P)(X) = Stab® (M, P)(Y) : Stab(f*). We thus have a 7-Quillen
presheaf, as claimed.

The presheaf is left proper, combinatorial and symmetric monoidal by Theorem [A-107] parts
(3) and (6).

(2) This is again Theorem part (3).

(3) We just need to check that ¥°°, Q> commute with restrictions f*. This is essentially the
same proof as in the non-symmetric case.

(4) Let f : X — Y € C be basal, E € Stab™(M, P)(X) and F € Stab™(M, P)(Y). We need to
show that the natural map fu (X ® f*Y) — fx(X)®Y is an isomorphism. Let us write ® for the
tensor product of symmetric spectra and @ for the tensor product of symmetric sequences. Then
there is a coequalizer

E® f*F = coeq(E® f*F&Sym(P(X)) = EQf*F).

Since Sym(P (X)) = f*Sym(P(Y)), the functor f* is tensor and the functor fx is left adjoint,
so preserves colimits, the projection formula for symmetric spectra follows from the projection
formula for symmetric sequences.

Thus let E € Fun(X, M(X)),F € Fun(X, M(Y)) and C be a finite set. We compute

feESFF)C) = ] fe(EA) e fF(B))
C=AllB

[T reEQ)eFB)

C=A]llB
= (f4(E) @ Y)(0),

where in the middle we have used that M satisfies the projection formula. O

I

Now suppose given a left proper, combinatorial, symmetric monoidal model category M
and a cofibrant object P. We would like to compare Stab(M,P) and Stab*(M, P). Note
that Stab®(M, P) is again a left proper, combinatorial, symmetric monoidal model category.
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We can thus form Stab(Stab™(M, P),%>°(P)). There is the usual right Quillen functor Q> :
Stab(Stab* (M, P), x> (P)) — Stab™(M, P).

Note that an object X of Stab(Stab™(M, P),¥°°(P)) consists of symmetric spectra X;, to-
gether with structure maps X; ® ¥°°(P) — X;11. Now X; ® ¥°°(P) is a symmetric spectrum with
zeroth term (X;)o ® (2°°(P))o = (Xi)o ® P. Hence we can extract a non-symmetric spectrum

Lemma A.109. The above assignment extends to a right Quillen functor
Q' : Stab(Stab™ (M, P),£°°(P)) — Stab(M, P).
It is natural in M (under left Quillen tensor functors).

Proof. Tt is essentially clear that we have a natural tensor functor. We prove it is right Quillen.
If we were to use the projective instead of stable/holim model structures throughout this would
be clear. To pass to the localised model structures, we use [43, Propositions 8.5.4 and 3.3.16]
once more. The proof is essentially the same as the proof of Proposition The main point to
observe is that for X € Stab”(M, P) we have that Q®°QxepX = QpQ> X, which by adjunction
follows from the fact that 3 is tensor. O

We can sheafify this comparison functor.

Lemma A.110. Let M be a left proper, combinatorial, symmetric monoidal T-Quillen presheaf
satisfying the projection formula, on the suitable Verdier site (C,T) with final object x. Let P €
M(x) be cofibrant. Consider the assignment

Stab(Stab™(M, P),®°P) : X ~ Stab(Stab”(M(X), P(X)), £ P(X)).
1. The assignment Stab(Stab™(M, P),$°P) defines a T-Quillen presheaf.

2. There is a zig-zag of right morphisms
Stab™(M, P) <X Stab(Stab™(M, P), 5% P) 5 Stab(M, P).

Proof. By Theorem Stab*(M, P) is a left proper, combinatorial, symmetric monoidal 7-
Quillen presheaf which satisfies the projection formula. Since X°° is a left Quillen functor, X>*°P
is cofibrant. Consequently by Theorem the assignment Stab(Stab™(M, P),%®°P) is a
7-Quillen presheaf.

Since both Q> and QF are right Quillen morphisms, natural under restrictions f*, we obtain
the zig-zag of right morphisms as claimed. O

In good cases, the right Quillen functors Q°°, Qf above are Quillen equivalences. These are the
“deep results” which we are not going to prove, alluded to earlier. Let us first record a consequence.

Lemma A.111. Let (C,7) be a suitable Verdier site and My, My be two left proper, combinatorial
T-Quillen presheaves on C.

Write Cy, for the category with the same objects as C, but only the basal morphisms. Suppose
given a right morphism © : Mile, — Malc,, such that each O(X) : M1(X) — M2a(X) is a
Quillen equivalence.

Then My is a sheaf if and only if Mo is a sheaf.

Proof. Let ¢ : Uy — X be a hypercover. By Proposition each of the maps involved is
basal, which is to say that ¢ : Uy — X is an augmented simplicial object in C,. We thus get
by Proposition a Quillen equivalence holim; © : holimy M; — holimy Ms. Consider the

commutative diagram

Ho(holimy M) holim ©, Ho(holimy Ms)

o o

HoMi(X)) 2% Ho(Ma(X)).
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The top horizontal arrow is an equivalence by what we just said, the bottom horizontal arrow is
an equivalence by assumption. Hence the left vertical arrow is an equivalence if and only if the
right one is. The sheaf condition means that the vertical arrows are equivalences. This concludes
the proof. O

Corollary A.112. Let M be as in Lemma[A.110. If each of the functors
Q°°(X) : Stab(Stab™(M(X), P(X)),2*®P(X)) — Stab®(M(X), P(X))

Qf(X) : Stab(Stab®(M(X), P(X)),2®°P(X)) — Stab(M(X), P(X))
is a Quillen equivalence, then Stab™ (M, P) is a sheaf (and not just a presheaf).

It is proved in [46], Section 9] that the assumptions in the Corollary are satisfied if each M(X)
is cellular and tractable, and if additionally the unit in M(%) is cofibrant and P € M(x) is
symmetric, which means that the cyclic permutation on P ® P ® P is homotopic to the identity,
in an appropriate sense. It seems to the author that Hovey’s argument goes through without
cellularity, relying on combinatoriality instead. But the proof is long and delicate, so we choose
not to re-do it in the new language.
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