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ABSTRACT. In this paper, we develop a theory of Spanier-Whitehead duality in the context of motivic homotopy
theory. Notable among the applications of this theory is a variant of the classical Becker-Gottlieb transfer in the
framework of motivic homotopy theory, with several potential applications, and which will be dealt with in detail
in a sequel. A variant of this theory in the context of étale homotopy theory was already developed by the second
author several years ago: we will explore the connections between these two theories as well.
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1. Introduction

Spanier-Whitehead duality in algebraic topology is a classical result formulated and established by E. H. Spanier
and J. H. C. Whitehead in the 1950s (see [SpWh55], [SpWh58] and [Sp59]): it was shown there that finite CW
complexes have dual complexes if one works in the stable category. This lead to the theory of spectra and much
of stable homotopy theory followed. In the 60s, Atiyah (see [At]) showed that the Thom-spaces of the normal
bundles associated to the imbedding of compact C°°-manifolds in high dimensional Euclidean spaces provided a
Spanier-Whitehead dual for the manifold. A key application of this classical Spanier-Whitehead duality is the
notion of a transfer map for fibrations which need not be covering spaces, due to Becker and Gottlieb, see [BG76].
The transfer turned out to be a versatile tool in algebraic topology: see for example, [BG75], [Seg] and [Sn].

Though the homotopy theory of algebraic varieties in the context of motives and algebraic cycles started only
with the work of Voevodsky and Morel (see [MV]), a closely related theory that only considers algebraic varieties
from the point of view of the étale topology has been in existence for over 40 years starting with [AM]. David
Cox in his thesis (see [Cox|) and Eric Friedlander (see [Fr]) developed the very important notion of étale tubular
neighborhoods in the context of étale homotopy. The second author’s Ph. D thesis (see [JT], [J86], [J87]) developed
the theory of Spanier-Whitehead duality in the context of étale homotopy theory, following upon the work of Cox
and Friedlander. He also used this to construct a transfer map as a map of stable étale homotopy types for proper
smooth maps between algebraic varieties over algebraically closed fields.

In recent years there has been renewed interest in the homotopy theory of algebraic varieties due to the work of
Voevodsky (see [Voev], [MV]) on the Milnor conjecture which introduced several new techniques and the framework
of motivic homotopy theory as in [MV]. It is therefore, natural to ask if a suitable theory of Spanier-Whitehead
duality exists in the framework of motivic homotopy theory and if it could be used to construct an analogue
of classical Becker-Gottlieb transfer. The first author meanwhile has been interested in descent questions for
algebraic K-theory and formulated a possible approach to understanding these questions using a motivic variant
of the Becker-Gottlieb transfer.

The present paper is the second in a series of papers devoted to exploring these descent questions for algebraic
K-theory. In [CJ1], we had already built the frame-work of equivariant stable motivic homotopy theory: all our
results in this paper and subsequent ones will be stated in this framework. In the present paper, we establish a
general theory of Spanier-Whitehead duality and apply this to produce a Becker-Gottlieb type transfer for certain
classes of algebraic varieties which are closely related to the linear varieties studied in [Tot] and [JO1]. A general
framework for constructing the Becker-Gottlieb transfer using a variant of Spanier-Whitehead duality was discussed
in [DP] long before stable motivic homotopy theory was invented. A key idea needed here is the notion of objects
that are finite in a suitable sense so that they are strongly dualizable.

A theory of Atiyah-style duality in the motivic context already appears in [Voev, Proposition 2.7]. However,
this requires the schemes considered be projective and smooth and therefore does not apply to schemes of the
form G/N(T'), where G is a reductive group and N(T') the normalizer of a maximal torus in G. We prove the
required finiteness by first introducing the notion of stable motivic homotopy type for schemes in general and then
by showing that the stable motivic homotopy types of linear schemes and schemes like G/N(T') after completion
away from the residue characteristic are closely related to the completion of the corresponding étale topological
types. We then observe that these completed stable étale homotopy types are finite.

We will adopt the following terminology throughout.

o We will restrict to separated schemes of finite type over a base field ko. For such a scheme X, X,nt (Xent)
will denote the pro-object of simplicial sheaves given by the rigid hypercoverings of X in the Nisnevich
topology (étale topology, respectively). X,; will denote the usual étale topological type which is obtained
from Xcp by applying the connected component functor. Then Xg1 Xer, 4, 252 Xer 4 will denote the stable
étale topological types defined with respect to the Galois-equivariant suspension spectra given by Zﬁ”it and
Yg2 as defined in 2.1: see also 3.4. Xp1X;,pe,4+ will denote the corresponding Galois-equivariant stable
motivic homotopy type defined in section 3. -

o Let [ denote a fixed prime different from char(ko) and let Z/l and Z/I__ denote the Z/I-completions in
the sense of [CJ1, section 4]. AN (h°') will denote the generalized (equivariant) cohomology spectrum
computed on the Nisnevich site (étale site, respectively) as defined in section 5 and H denotes a subgroup of
Gal of finite index. hy;s and he; will denote the corresponding generalized (equivariant) homology spectra.
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One of our main results may now be summarized in the following theorem. The version of the theorem given
below is stated in the context of equivariant stable homotopy theory, equivariant with respect to the action of the
Galois group Gal of an algebraic closure k of the given field kq: see section 2. For several applications it suffices
to consider the non-equivariant version of this theorem. Therefore, the reader may omit the Galois group actions
(and hence the subgroup H), at least on first reading. Moreover, even when allowing the Galois group action, we
let it act only on the suspension coordinates as explained in Example 2.1.

Theorem 1.1. (See Theorem 7.3 and Corollary 7.4.) Let X denote a linear scheme over the base field ko (see
Definition 4.4) which is also smooth and where the strata are isomorphic to product of affine spaces and split tori
over ko. We may also let X = G/N(T) where N(T') is the normalizer of a mazimal torus in G, with G a split
connected reductive group G, split over kg and T ( B) is a fixred maximal torus of G ( B a Borel subgroup containing

T, respectively). Let X denote the scheme X x Speck, where k is the algebraic closure of ko. Let the derived
Spec ko

smash product of spectra be defined as in (2.1.2).

(i) Then there exists a weak-equivalence of completed spectra Z/1 (Yg2) = Z/loo(Ep1,) and a natural map
_ L
Eﬁ’étXet,-l-E/\ Xpr — E]P’l)(mht,-i-
Pit

that induces weak-equivalences

— ~ _ L
his(X, Z/1(Ep1), H)=het(X, Z /1o (Ep1, ), H) A Z/ (Ep)H.

(ii) Next let X denote linear schemes of the following form: (a) G/B or (b) G/T where G is a split connected
reductive group G, split over ko and T ( B) is a fized mazimal torus of G ( B a Borel subgroup containing T,
respectively). We may also let X = G/N(T') where N(T) is the normalizer of a mazimal torus in G, with G as
above. Then one obtains the weak-equivalences:

Ze(So Xt VE K ZN(Sp)H = hH(X, Z)lo(Spr ), H) A Z)1(S2)H
et ’ Z/lOO(E]T)lt)H [ee] ’ et Z/lm(gplf)}] [ee] P

. — — L
~ WNS(X, Z) (S ) ) ~ (Z/loo(Ser) N Y X )2
pl
of spectra in Spty(ko, Gal,P!). Here we have used Z/lOOE]pét)_(Et7+ to denote the homotopy limit of the obvious

pro-object denoted by the same symbol.

(iii) If X is any one of the schemes as in (ii), then it admits a lifting to a linear scheme X¢ defined over C and
one also obtains the weak-equivalences:

Z/loo(zsﬂXc) ~ Z/loo(zseXc)et

This theorem shows that the motivic stable homotopy types of the schemes appearing above, when completed
at [ is finite and hence strongly dualizable by taking their function-spectra mapping into appropriately completed
sphere-spectra. We make use of the above theorem to construct the stable transfer map (see Definition 8.6)

tr(F) : Z/1(S1) A S (BG4) = 21, (Sp2) A B (BGXG/N(T) ) = 21 (S2) A B (BN (T)4)

so that the composition 7 o ¢r(f) identifies with the identity map in the stable motivic homotopy category, where
7w Xp1 (EGXG/N(T)1) — Xp1 (BG4) is the obvious projection.
G

An important corollary of the last theorem and the stable transfer map is the following.

Theorem 1.2. Let G denote a split connected redufc\tl've group G, split oggtko and let T' denote a mazximal torus
with N(T) denoting its normalizer. Then the map Z/l_(Xpr BN(T)) — Z/l_ (Xp1 BG) is a split epimorphism in
Spt,... (ko, Gal,PY). In particular, the above map induces a split injection on any contravariant functor defined on
Spt,.. (ko, Gal, Pt).
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The above theorem, in fact enables, one to restrict the structure group from G to N(T) (and then to T by
ad-hoc arguments) in several situations. Taking G = G L,,, this becomes a splitting principle reducing problems on
vector bundles to corresponding problems on line bundles. Such applications are explored fully in [CJ2].

Recall that in [Voev, Proposition 2.7], it is shown that for every projective smooth variety X, there exists a
vector bundle N together with a Thom-Pontrjagin collapse map: TP : T — Th(N). Here T*" is a T-sphere of
dimension d+n (and identified with the projective space Pi:") and Th(N) is the Thom-space of the vector bundle
N. As another application of the theory developed in this paper, we are able to provide an independent proof that
this collapse map provides a version of Atiyah-duality (see [At]) in the motivic context when X is assumed to be
both linear and smooth projective. This is independent of [Voev] which contains a (rather difficult to follow) proof
for general smooth projective schemes.)

Theorem 1.3. Let X denote a projective smooth linear scheme over a field ky. Then there exists a vector bundle
N over X together with a map This provides a map i E%"Td"’" — N®°X, ATh(N). This map induces a map
from the stable T-homotopy of X to the stable T-cohomotopy of Th(N) which induces a weak-equivalence after

smashing with the completed sphere spectrum Z/l__(Xpr).

Here is a summary of the paper. We will freely make use of the framework of Galois equivariant motivic
homotopy theory developed in [CJ1]. For the reader’s convenience, we recall the main features of this theory in
section two. The third section explores the connection between étale topological type and the motivic homotopy
type of algebraic varieties, the key link being provided by hypercoverings. (In fact the notion of motivic homotopy
type introduced here seems to be new.) The fourth section explores the relation between cellular objects in the
motivic stable homotopy category and linear varieties. This is followed by a detailed definition and study of the
basic properties of generalized motivic cohomology and homology in section 5. In section 6, we discuss the general
theory of Spanier-Whitehead duality in the context of function spectra. Section 7, which is a key section, is devoted
to a proof that the motivic stable homotopy type of many algebraic varieties (for example linear varieties) is finite.
This is used in section 8 to construct a special case of the Becker-Gottlieb transfer and we conclude in section 9
by discussing the variant of Atiyah-duality as in Theorem 1.3

2. A quick review of Galois equivariant motivic stable homotopy theory

We will fix a field kg and let Gal denote the Galois group of an algebraic closure k over ky. Then PSh(Sm/kg) will
denote the category of simplicial presheaves on the category Sm/kq of smooth schemes of finite type over ko. The
projective model structure on PSh(Sm/kg) is where the fibrations and weak-equivalences are defined object-wise
and the cofibrations are defined using the left-lifting property with respect to trivial fibrations. We next localize
PSh(Sm/kg) by inverting maps associated to an elementary distinguished square in the Nisnevich topology. The
resulting category will be PSh(Sm/kg)met. If instead one inverts maps of the form U, — U where U € Sm/ky and
U, — U is a hypercovering in the given topology, the resulting category will be PSh(Sm/kg)ges. The objects of
the categories PSh(Sm/ko)met and PSh(Sm/kg)qes will often be called sheaves upto homotopy for obvious reasons.
The topology will always be one of the following: the Zariski, the étale or the Nisnevich topology.

Next one considers the orbit category Ogq = {Gal/H | |Gal/H| < oo}. A morphism Gal/H — Gal/K

corresponds to v Gal, so that v.Hy~! C K. One may next consider the category PShg%t‘” of O, -diagrams

with values in PSh(Sm/kq)met and also the category PSh?:GS“l of 0%, -diagrams with values in PSh(Sm/ko)des-
Let C denote either PSh9%s! or PSh?@i‘”.

mot

Let C’ denote a C-enriched full-subcategory of C consisting of objects closed under the monoidal product A, all
of which are assumed to be cofibrant and containing the unit S°. Let C} denote a C-enriched sub-category of C’,
which may or may not be full, but closed under the monoidal product A and containing the unit S°. Then the
basic model of equivariant motivic stable homotopy category will be the category [C{,C]. This is the category whose
objects are C-enriched covariant functors from C} to C: see [Dundl, 2.2].

We let Sph(C{) denote the C-category defined by taking the objects to be the same as the objects of C} and
where Homsph(cé)(TU, Ty) =Tw if Ty = Tw ATy and * otherwise. Since Ty, is a sub-object of Home (Ty, Ty ), it
follows that Sph(Cy) is a sub-category of C|. Now an enriched functor in [Sph(C}), C] is simply given by a collection
{X(Tv)|Tv € Sph(fCy)} provided with a compatible collection of maps Tw A X(Tyv) — X(Tw A Tv). We let
Spectra(C) = [Sph(C}),C].
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Several possible choices for the category Cf, are discussed in detail in [CJ1, Examples 3.3]. However, for the
purposes of this paper it seems preferable to restrict to the following choices.

Example 2.1. The main choice of the subcategory C’ above is the following.

(i)Let T = P}, for some fized, not necessarily finite extension k of kg. Let K denote a normal subgroup of Gal
with finite index. Let Tk denote the A of Gal/K copies of T with Gal/K acting by permuting the various factors
above. We let C’ denote the full sub-category of C generated by these objects under finite applications of A as
K is allowed to vary subject to the above constraints. This sub-category of [C',C] will be denoted [C/,O]]pi and
the corresponding category of spectra will be denoted Spectra(C,PL). If we fix the normal subgroup K of Gal, the
resulting category of Pi-spectra will be denoted Spectra(C,Gal/K,P;): here the subcategory C’ will denote the
full sub-category of C generated by these objects under finite applications of A.

More generally, given any object P eC together with an action of Gal/K for some finite quotient group of Gal,
one may define the categories [C’, C]p and the category, Spectra(C, P) of P-spectra similarly by replacing P} above
by P. (For example, P could be F(P}) for a functor F: C — C

(ii) Under the same hypotheses as in (i), we may also define C’ as follows. Let T = S™ (for some fixed positive
integer n) denote the usual simplicial n-sphere. Let Tk denote the A of Gal/K copies of T with Gal/K acting by
permuting the various factors. In case K = Gal and n = 1, we obtain a spectrum in the usual sense and indexed by
the non-negative integers. Such spectra will be called ordinary spectra: when the constituent simplicial presheaves
are all simplicial abelian presheaves, such spectra will be called ordinary abelian group spectra.

Definition 2.2. P!-motivic and étale spectra. (i) If C = PShSl%g’ and C|) is chosen as in Examples 2.1(i), the
resulting category of spectra, Spectra(C), with the stable model structure will be called P*-motivic spectra and
denoted Spt,, (ko, Gal, P!).

(i) IfC = PShg)eg;“‘ with the étale topology and C{, chosen as in Examples 2.1(ii), the resulting category of spectra,
Spectra(C) with with the stable model structure will be called P!-étale spectra and denoted Spt,, (ko, Gal, P!). In
case F : C — C is a functor as in 2.1 (i), Spt . (ko, Gal, F(P!)) (Spt,, (ko, Gal, F(P!)) will denote the corresponding
category. Observe from Examples 2.1(i), that there are several possible choices for the sub-categories Cj).

If S™ for some fixed positive integer n is used in the place of P! above, the resulting categories will be denoted
Spt,,.: (ko, Gal,S") and Spt,, (ko, Gal, S™).

The Galois group Gal will be suppressed when we consider spectra with trivial action by Gal.

At this point, it is important to recall the identification in [CJ1, 3.3.3] that identifies spectra in the above
categories with diagrams of spectra indexed by O%,;. If X belongs to any of the above categories of spectra and
K denotes a normal subgroup of Gal with finite index, X* will denote the diagram X evaluated at G/K.

Remark 2.3. Clearly it is possible to use any of the categories C = PSh.(Sm/ko, Gal) PShy: .(Sm/ko, Gal), or

PSh?:GS“l with C{j chosen as in 2.1(i) or as in 2.1(ii). However, the simplicial presheaves forming the terms of these
spectra are not sheaves upto homotopy. Hence the reason for adopting the above definitions. Clearly, for certain
applications, it may be enough to consider such spectra.

Definition 2.4. HSpt,, , (ko, Gal,P!) (HSpt,,(ko, Gal,P!)) will denote the corresponding stable homotopy cat-
egory of Pl-motivic (étale) spectra.

The Galois group Gal will be suppressed when we consider spectra with trivial action by Gal.

2.1. Key properties of Spt, . (ko, Gal, F(P!)) and Spt,, (ko, Gal, F(P')). We summarize the following properties
which have already been established above. Similar properties also hold for the categories Spt,, .. (ko, Gal,S") and
Spt, (ko, Gal,S") for any n > 1 though we do not state them explicitly.

(i) Weak-equivalences and fibration sequence A map f : A — B in any one of the above categories of Gal-
equivariant spectra is a weak-equivalence if and only if the induced map f¥ : A — B is a weak-equivalence
of spectra for all subgroups H C Gal of finite index. A diagram F' — E — B is a fibration sequence in any
one of the above categories of Hal-equivariant spectra if and only if the induced diagrams FH¥ — EFH — BH
are all fibration sequences of spectra for all subgroups H of finite index in Gal.
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Stably fibrant objects. A spectrum FE is fibrant in the above stable model structure if and only if each
E(Ty) is fibrant in C= the appropriate unstable category of simplicial presheaves and the induced map
E(Tv) — Home(Tw, (E(Tv AN Tw))) is a weak-equivalence of Galois-equivariant spaces for all Ty, Ty € C{).
Cofiber sequences A diagram A — B — B/A is a cofiber sequence if and only if the the homotopy fiber of
the map B — B/A is stably weakly-equivalent to A.

Finite sums. Given a finite collection {E,|a} of objects, the finite sum V,E, identifies with the product
II,E, up to stable weak-equivalence.

Additive structure. The corresponding stable homotopy categories is an additive category.

Shifts. Each Ty eC{ defines a shift-functor E — E[Tv], where E[Tv](Tw) = E(Tyv A Tw). This is an
automorphism of the corresponding stable homotopy category. The inverse of this automorphism will be
denoted £ — E[—Tv], where E[—T\/](Tv N Tw) = E(Tw)

Cellular left proper simplicial model category structure. All of the above categories of spectra have the structure
of cellular left proper simplicial model categories. The category Spt,,..(ko, Gal, F(P!)) and the corresponding
category of spectra on the étale site are weakly finitely generated. The above categories are locally presentable,
so that the corresponding model categories are combinatorial.

Symmetric monoidal structure. There is a symmetric monoidal structure on all the above categories of spectra,
where the product is denoted A. The sphere spectrum, (i.e. the inclusion of Cj into C) is the unit in this
symmetric monoidal structure. Given a fixed spectrum FE, the functor F' — E A F has a right adjoint which
will be denoted Hom or often Hom. This is the internal hom in the above categories of spectra. The derived
functor of this Hom denoted RHom may be defined as follows. RHom(F, E) = Hom(C(F),Q(E)), where
C(F) is a cofibrant replacement of F' and Q(E) is a fibrant replacement of E.

Smash products and Ring spectra. First we recall the construction of smash products of enriched functors
from [Dundl, 2.3]. Given F’, F e [C,C], their smash product F' A F is defined as the Kan-extension along the
monoidal product o : C x Cj — C{, of the C-enriched functor F’ x F e [C{ x Cy,C]. Given spectra X and Y in

[Sph(C}),C], this also defines their smash product X A Y. One also defines the derived smash product X%\y
by C(X) AY, where C(X) is a cofibrant replacement of X in the stable model structure on Spectra(C). An
algebra in [C{, C] is an enriched functor X provided with an associative and unital pairing p: X AX — X, i.e.
for Ty, Tw € Cj;, one is given a pairing, X(Ty) A X (Tw) — X(Tv A Tw) which is compatible as Ty, and Ty
vary and is also associative and unital.

A ring spectrum in Spectra(C) is an algebra in [Sph(C{),C] for some choice of C{, satisfying the above
hypotheses. A map of ring-spectra is defined as follows. If X" is an algebra in [Sph(C{),C] and Y is an algebra
in [Sph(Dy}),C] for some choice of subcategories C} and Dy, then a map ¢ : X — Y of ring-spectra is given by
the following data: (i) an enriched covariant functor ¢ : C{ — D{, compatible with A and (ii) a map of spectra
X — ¢.(Y) compatible with the ring-structures. (Here ¢.(Y") is the spectrum in Spectra(C,C/)) defined by

¢ (Y)(Tv) = Y (¢(Tv)).

Given a ring spectrum A, a left module spectrum M over A is a spectrum M provided with a pairing
w: ANM — M which is associative and unital. One defines right module spectra over A similarly. Given a
left (right) module spectrum M (N, respectively) over A, one defines

(2.1.1) MQN = coequalizer(M NANN=M A N)

where the coequalizer is taken in the category of spectra and the two maps correspond to the module structures
on M and N, respectively. Let Mod(A) denote the category of left module spectra over A with morphisms
being maps of left module spectra over A. Then the underlying functor U : Mod(A) — Spectra(C) has a
left-adjoint given by the functor Fa(N) = A A N. The composition T = F4 o U defines a triple and we let
TM = hocglim{T”Mm}. Since a map f: M’ — M in Mod(A) is a weak-equivalence of spectra if and only

if U(f) is, one may observe readily that T'M is weakly-equivalent to M. Therefore, one defines

L —
(2.1.2) MQN = TMQN = coequalizer(TM N ANN—M A N)

Definition 2.5. (Stable homotopy groups). Let E denote a fibrant spectrum in any of the above categories of
spectra and let Ty £ C’ denote any given object. Then Ty = T, A-- ATk, with K;, 4 =1,--- ,n anormal subgroup
of Gal of finite index. Clearly, K = N}'_, K; is a normal subgroup of Gal with finite index in Gal and it acts trivially
on Ty . Recall that since E is fibrant, the obvious map E(Tyv) — Qrw (E(Ty ATw)) = Home(Tw, E(Ty A Tw))
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is a weak-equivalence. Therefore, the k-th iteration of the above map, F(Ty) — Q?W(E(TV A TQ,’C)) is also a
weak-equivalence. Therefore, we define

w8 oy 1y (BU)) = [Ze 2TV Y, ER) = lim [Ty A T A S* AUy, B (T )], Ue (Sm/ko, Gal)e.

Here [A, B] denotes Hom in the homotopy category associated to the corresponding category of Gal-equivariant
spectra.

HH2ITVIETVE(U L E) = Homgy, ayk (B3H2TVITVULLER) =

= lim Homs, gayx(Tv ATy AS* AUy, Bl (T))), Ue (Sm/ko, Gal)s

where Homg, denotes the internal hom-functor defined in [CJ1, 3.1.6 Mapping spectra] for Gal/K-equivariant

objects and ? denotes either the Nisnevich or the étale sites. We will use the notation Hi;i‘TVl’TV’K(U+,E)

(HZ?'TV"TV’K (U4, E)) to denote the corresponding hypercohomology when F € Spt,, . (ko, Gal, T) (E € Spt, (ko, Gal, T),
respectively).

When the Galois actions are ignored (or trivial), a general Ty € C}, is a finite iterated smash product of P!, so that
in this case the above stable homotopy groups may be just indexed by two integers.

3. Motivic and étale homotopy types

3.1. Nisnevich hypercoverings vs. étale hypercoverings. We will briefly recall the definition of rigid cov-
erings from [CJ1, Definition 2.11]. Let X e Sm/k¢, denote a fixed scheme. Let X denote a chosen conservative
family of points of X appropriate to the site. Then a rigid covering of X in the topology ? then is a disjoint union
of pointed separated maps Uy, u, — X,z in the chosen site with each U, connected and indexed by ze X.

A rigid hypercovering of X is then a simplicial scheme U, together with a map U, — X so that Uy is a rigid
covering of X in the given topology ? and so that for each n > 0, the induced map U,, — (cosk;X_;(Us,))y is a rigid
covering. (Here we use the convention that (cosk™;(U,))o = X. )

Next it is important to observe the following:

(i) f U — X is a rigid covering of the scheme X in the Nisnevich topology, it is also a rigid covering in the étale
topology. To see this, let U,, u, — X,z be a pointed map from a connected component of U lying over a point
x of X. Since this is a rigid cover in the Nisnevich topology, the induced map k(x) — k(u) is an isomorphism.
Let the imbedding of k(u) into a separable closure denote the geometric point @ and let the pre-composition
of this imbedding with the isomorphism k(x) — k(u) denote the geometric point z. Therefore, we see that
the geometric point corresponding to w lies over the geometric point corresponding to x. Since this holds
for all connected components of U, it follows that U — X is a rigid étale cover. It follows readily that any
hypercover of a simplicial scheme X, in the Nisnevich topology is a hypercover of X, in the étale topology.

(ii) As in the étale case (see [Fr, Proposition 4.1]), one may readily show that there is at most one map between
two rigid coverings of a scheme, when the coverings are in the Nisnevich topology. Therefore, the category of
rigid coverings is clearly a left directed category in both the Nisnevich and étale topology. Given a simplicial
scheme X, with each X,, € Sm/kg, we will denote by HRR-(X,) the category of rigid hypercoverings of X, in
the topology ?, which denotes either one of the Nisnevich or étale topologies. It follows readily that HRR»(X,)
is a cofiltered category.

We will view each such rigid hypercovering as an object in PSh(Sm/kq).

Definition 3.1. (Motivic and étale homotopy types) Given a simplicial scheme X, as above, we let Xq mpe =
{Us e HRR?(X,)} when ? = Nis and X, et = {Us e HRR7(X,)} when 7 = ét.

Remark 3.2. For the case 7 = ét, X, ons is different from the étale topological type as is usually defined, where one
also applies the connected component functor to the hypercoverings to produce an inverse system of simplicial sets.
However, the disadvantage of the latter is that the étale cohomology of X, can recovered from this étale topological
type only with respect to locally constant sheaves. Since one clearly needs to consider cohomology with respect
to complexes of sheaves which are generally not apriori locally constant (for example, the motivic complexes), it
is important define the motivic homotopy type as we have done. A key property of the motivic homotopy type
defined above is the following result.
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Let X denote a scheme in Sm/k and let U — X denote an étale map. Let mo(U(U, @))ASpeck = Uy, (v,a)) (Speck).
One may map this to LI(U, %) by mapping the component Speck indexed by @ to 4. Applying this map to each
term in a rigid étale hypercovering of each X one obtains a natural map X.; — Xcp: of inverse systems of simplicial
sheaves. Since every rigid Nisnevich hypercovering of X is a rigid étale hypercovering as observed above, one also
obtains a natural map Xcn; — X,npe of inverse systems of simplicial sheaves.

Proposition 3.3. Let X e Sm/kg. If P is a simplicial abelian presheaf belonging to PSh(Sm/ko) which is additive
in the sense that T'(U;U;, P) = ILT(U;, P) and Ga(P) is a fibrant replacement of aP, then the obvious maps

lim T'(U,, P) — lim r'(U,,GaP) «— I'(X,GaP)

— HRR»(X) — HRR»(X)
induce isomorphisms on taking cohomology. Moreover, the map I'(X, GaP) — I'(U,, GaP) induces an isomorphism
on taking cohomology for every hypercovering U, . In particular, if P is an abelian sheaf on (Sm/ko)er ((Sm/ko) nis),
there exists a natural quasi-isomorphism hom(Xeps, P) ~ I'(X, GaP) (hom (X, P) =~ I'(X, GaP), respectively)
where hom denotes hom in the category of abelian presheaves.

Next we proceed to compare between the sphere-spectra and the P!-spectra. First we digress to discuss pro-
objects in model categories some detail.

3.2. Pro-objects in a model category. An example to keep in mind is the following which concerns étale
realizations which we will consider in the next section. Let (simpl.sets), denote the category of pointed simplicial
sets. In view of the imbedding (simpl.sets,) — Psh(Sm/k), we will view pro-objects in the former as pro-objects in
the latter. (In fact one may make the following stronger observation. Let PShSl%g’ denote the category of simplicial
presheaves on the Nisnevich site that are sheaves upto homotopy: see 2. The category of fibrant pointed simplicial
sets will be imbedded in this category in the obvious manner.) This will come in handy for the comparison results
in the next sections.

Much of what is said here also applies in general to the category of pro-objects in any symmetric monoidal
model category C. There are several distinct model category structures put on pro — C, when C is a cellular
model category: see [EH], [Isak] and [F-I]. We will assume the cofibrations (weak-equivalences) are maps which are
essentially level-wise cofibrations (weak-equivalences, respectively). Recall an object X = {X;|ie I} in pro— C is
an inverse system of objects in C indexed by a small cofiltered category I. Recall also that a map f: {X;lie I} —
{Y;|je J} of pro-objects in C is an essentially level-wise cofibration (weak-equivalence), if after re-indexing the
above pro-objects, the given map is isomorphic in pro — C to a level-map g = {gx : X} — Y)/|k} with each g a
cofibration (weak-equivalence, respectively) in C. The fibrations are defined using the right-lifting property.

It is shown in [AM] and also [EH, (2.1.5) Proposition] that any finite diagram D in pro — C with no loops can
be replaced upto isomorphism in pro — C by a level-diagram, i.e. where the vertices and maps in the diagram are
all indexed by the same small cofiltered category. Moreover it is shown in [EH, Chapter 2] that one may replace
such a diagram upto isomorphism in pro — C by one which is indexed by a small cofinite strongly directed set.
Now the fibrations in the above model structure have the following interpretation: (see [EH, (3.2.2) Theorem] and
also [Isak, section 4]) a map f: X — Y in pro— C is a fibration in the above sense if and only if, after replacing f
by a level map indexed by a cofinite strongly directed set, it satisfies a matching space condition as in [EH, (3.2.2)
Theorem]. In particular it follows that every constant object, i.e. an object of C which is fibrant in C, when viewed
as a pro-object is fibrant in the above model structure.

Let J denote a cofinite strongly directed set. Then one may put a model structure on C’ where the cofibrations
and weak-equivalences are defined level-wise and the fibrations are defined by the lifting property. Then the same
matching space conditions characterize fibrations, so that the constant objects in C that are fibrant in C are fibrant
in this model structure on C”’. Moreover, in this setting, the inverse-limit 111511 : C/ — C is a right-Quillen functor

right adjoint to the constant functor C — C7. Therefore, it is shown in [EH, Chapter 4], that one may define the
homotopy inverse limit functor

(3.2.1) ho‘llim :C7 - Cas li§n 0@

where @ is a fibrant replacement functor. It is also shown in [EH, Chapter 4] that this homotopy inverse limit is
weakly-equivalent to the Bousfield-Kan homotopy inverse limit which is defined using the projective model structure
on C”.
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Next we let C = (simpl.sets).. We will imbed this into PSh(Sm/kg). Let Z/l» denote the completion functor
considered earlier in this section. Let T = ]P’,lc for some fixed finite Galois extension of ko, (often just ko itself)

T = ]P’}c, where k is a fixed algebraic closure of ko and let Tw(k) = IP%/V(E)’ where W (k) denotes the ring of Witt

vectors of k. Let Tc = PL denote the 1-dimensional complex projective space. One then has an imbedding of
W (k) into C and the residue field of W (k) = k, permitting a comparison of the Z/I-completed étale topological
types of T}, Tw(k) and the Z/l-completion of T¢. For a scheme X, X.; will denote the étale topological type as in
[Fr, Definition 4.4]. Then we obtain the maps of pro-simplicial sets that induce isomorphism on the corresponding
pro-homotopy-groups 7 for £ > 1 and on the corresponding pro-homotopy sets mg:

(3.2.2) ZJ1n (T o) S Z /(T iy o) < Z /10 (TR )

for all n,m > 1. (One may prove this using ascending induction on m and n.) By considering these pro-objects
as indexed by a cofinite strongly directed set .J, and using the injective model structure on (simpl.sets)?, we may
take their hoym using li}n o Q as shown above. We will let

— AT —Am — AT

Z)1o(T" Vet = holimZ /1o (T2 ), Z/loo (T ) et = holimZ /1o (T4, ) and
Z/lso (TR0 Vet = holimZ /1o (T2
so that we obtain the maps Z/loo(Tém)etiZ/loo(T’V\Vnzk))etiZ/loo(Tgm)et.
It is also shown in [Fr, Theorem 8.4] that if one lets Tc st = {Sing(Us(C))|Us e HRR(Tc}, then one has maps
P+ Z[loo(TL o) = Z/lo(Teey) and 72 Z/loo(TR, o) = Z/lscSing(Te(C)N") 2= Z /1o ((S%)A™)

that induce isomorphism on the corresponding pro-homotopy-groups 7 for £ > 1 and on the corresponding pro-
homotopy sets mp. (This is in fact shown there only for the case m = 1, but the general case may be deduced
readily using similar arguments.) Therefore, we may take their homotopy inverse limits in the same manner as
above to obtain maps holim p : Z/loo(T" )s.et = holimZ[loo(TE, o) = Z/lso(TE" )er = holimZ[l T ;) and
holim : Z/loo (TR )s.et = holimZ /1o (T, 1) — Z/lso(Sing(Te(C)™") = Z/1((SH)M).

3.2.3. Common ring spectra that play a role in the paper. Next we briefly recall the definition of ring-
spectra from [CJ1, 3.2]. An algebra in [C{,C] is an enriched functor X provided with an associative and unital
pairing p : X A X — X, ie. for Ty, Tw €, one is given a pairing, X(Tv) A X(Tw) — X(Tyv A Tw) which is
compatible as Ty and Ty vary and is also associative and unital.

A ring spectrum in Spectra(C) is an algebra in [Sph(CY{), C] for some choice of C|, satisfying the above hypotheses.
A map of ring-spectra is defined as follows. If X' is an algebra in [Sph(C(),C] and Y is an algebra in [Sph(D}),C]
for some choice of subcategories C and Dj, then a map ¢ : X — ) of ring-spectra is given by the following data:
(i) an enriched covariant functor ¢ : C, — Df, compatible with A and (ii) a map of spectra X — ¢.(Y") compatible
with the ring-structures. (Here ¢.(Y) is the spectrum in Spectra(C,C}) defined by ¢.(Y)(Tv) =Y (¢(Tv)).

Next we will list a small collection of ring-spectra that will play a major role in the paper. In all these examples,
the category C used in the definition of spectra (see section 2) will be PShgégl. Using the observation that any
constant sheaf is clearly A'-local, the category of pointed simplicial sets will be imbedded in this category in the
obvious manner. Let T = PP} for some finite Galois extension of ky, T = PL, where k is a fixed algebraic closure

_ z k?
of ko and let Ty gy = PII/V(E)’ where W (k) denotes the ring of Witt vectors of k. In this situation, one may define
pro-objects, Tent, Tount, Tens and (TW(k))eht as in the next section.

Examples 3.4. (i) The sphere spectrum Ygn. Here we take C{ be the full subcategory generated by A S"

Gal/K
by taking iterated smash products. The value of ¥gn on A S™is A S™
Gal/K Gal/K
(il) Z/loo(Xgn). In this case the subcategory C|) is the same as in the last example, but Z/ZOO(ZSW,)(G /l\/KS") =

Z/loo(G /l\/KS"). Clearly the map Ygn — Z/lo(3gn) is a map of ring-spectra.
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(iii) The spectrum Z/loo(3(x,,, ). Here k is assumed to be separably closed and W (k) is its ring of Witt
vectors. The residue field at the generic point is of characteristic 0 which we imbed into the complex num-
bers. In this case the subcategory Cj is the full subcategory with objects {G /l\/KZ/loo((TW(,;) ))|Gal/K}.
Z/loo(Z(Twm)(GGIA/KZ/ZOO((TW<%)et))) = Z/ZOO(GG/Z\/K(TW(E)et))- The maps

2 Ty : _
Ga/l\/KS — Ga/l\/KZ/IOO((TW(k)Ct) induce a map of ring spectra gz — Z/lo(Xg2) — Z/ZOO(E(Tw@)et))‘

(iv) The spectrum Z/loo(S(s,,)). Here k is assumed to be again separably closed. This spectrum is defined as in
the last example above, with T} replacing Ty (). Since the residue field of W (k) is k, we obtain an obvious
map of ring spectra Z/loo(E(Tk)et) — Z/ZOO(E(TW@))Et).

(v) The spectra Eﬁw(ETMt) and éﬁoo(ETeht). For any pointed scheme X, X.j; is as defined above and as
observed above, comes equipped with a map X.; — X.p; viewed as a map of inverse systems of simplicial
sheaves. In this case the subcategory Cj is the full subcategory with objects {Ga/l\/KZ/loo(Teht)\Gal/K}.

2B 1 Plloe(Ter) = ZIL( A (Tew))- The spectrum

T.p: in the place of T.»:. The maps T.. — Topt — Tep induce maps of ring spectra Z/IOO(ETet) —
21 (S1,,,) = Bl (S.0,).
(vi) The spectrum Z/l_(¥7,,,,). This is defined as in the last example with T,,;; replacing Tcp;. There is an

obvious map of ring spectra Z/I__(Xt,,,) — E//IOO(ETmht) induced by the map Tepy — Tonpe. Observe also
that the map ,gf hypercoverings . of T to the scheme T induces a map T,,,; — T which induces a map of

is defined similarly using

eht

mht

ring spectra Z/l__(Tynt) — Z/1(T). (The existence of this map is clear in view of the definition of the
homotopy inverse limit of a pro-object as in 3.2.1.)

Proposition 3.5. Assume the above situation. Then one obtains maps of spectra

Ssr = ZfloeSs2 = ZflecS, , — ZlleeSx, = 21 5%, = 2158, = 2D, — 2/l ST
et et eht mht g

which are compatible with their ring-structures. The first two maps are between spectra in Spt,..(ko, Gal, Xg2)
and the rest are maps between spectra in in Spt,, . (ko, Gal, Z/IOOETM). Moreover, the second and third maps are
weak-equivalences.

Proof. This is essentially discussed in the above set of examples. The first map is the obvious map defined by
the Z/l-completion and the next two maps are defined by the comparison maps in étale homotopy theory: see
[AM] for example. Therefore these two maps are weak-equivalences. The next maps are induced by the maps
Tt — Tent — Tont — Toupe — T, where the ¢ " denotes the objects defined over Speck. The details on
the ring structure of the above spectra and the the verification that these maps are all compatible with the ring
structures on the above spectra are discussed in the examples above. The observation that the second and third
maps are weak-equivalences follows from comparison between the étale topological types and the topological types
of complex algebraic varieties as in [?] or [Fr]. O
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3.3. Stable motivic and étale homotopy types.

Definition 3.6. Let X = X, denote a simplicial scheme with each X,, € Sm/kq. Let X, = Speck x X, where k
Spec ko

denotes the chosen algebraic closure of ko. The stable étale topological type will denote the S2-suspension spectrum,
Y g2 Xet,+ associated to X . By viewing a simplicial set as the simplicial presheaf represented by it, one may
view Yg2X¢s + as an object in pro — Spt,, . (ko, Gal, Xg2).

With T = IP’}CO, we obtain the suspension spectra with respect to EﬁwTeht, Eﬁme;Lt (already considered in
Examples 3.4):the object 2/110021},” A Xent+ (Z/JZOOZTMM A Xmht+) is a pro-object of spectra, which may not be
necessarily Al-local. We will view them as imbedded in pro — Spt,, (ko, Gal, ZN/IOOETeht). 2/7002T A Xehit
(E/JIOOETWM A Xomnt+) will be called the stable étale homotopy type of X (the motivic homotopy type of X, respec-
tively). The corresponding object E/JIOOETW A Xentr (E/JZOOETW” A Xomhts ), which is a pro-object of Z/JZOOETW—
spectra will be called the stable étale homotopy type of X (the stable motivic homotopy type of X respectively).

eht

Next we may consider the following objects associated to X in the same category pro—Spt,, (ko, Gal, Z/1_ Y5 ):
Z/l, 5, A Xeit, Z/N. % Tw ., AXetq, Z/looETem A ):(ehH, Z/looszm A Xonne+ all of which are associated to
X. The ﬁI‘bt two are suspension-spectra associated to X; using different models of completed spheres: the first
uses the completion of the étale topological type of 7" and the second uses the completion of the étale topological
type of TW(k) The third (fourth) is the suspensmn spectrum associated to X.p:4 using the spectrum Z/(%x,,,)

(Z/l (Xumnt+) using the sphere spectrum Z/l (X7, ,.), respectively). One also obtains Z/loo( Tone) N Xinhtt-

Now one obtains the following maps between these objects (defined as in Proposition 3.5):

(3.3.1) Yor A Xetr — (Z)1oX52) A Xety — (Z)loo S, YA Xery — (Z/locSp, ) N Xety

— (Z/ZOCZTCM) AN Xeht-‘r — (Z/ZOOZTWM) A tht-i—
= (Z/1  2m,0) N Xmhir — (Z/1 51) A Xt
Proposition 3.7. Let Spt denote any one of the categories of spectra appearing in the list of properties : 2.1.

(i) For any spectrum E e Spt, and any U, — X, which is a rigid hypercovering of X, in the ?-topology, one
obtains a weak-equivalence: T'(U,, E) ~ I'(Spec ko, Homs, (XU, +, E)) where Homsg,, denotes the internal hom in
the category Spt as discussed in [CJ1, [3.1.6, Mapping spectra] and XU, + denotes the suspension-spectrum of
Ue +.

(ii) In case E e Spt is a constant presheaf of spectra, T(U,, E) = E™We) ~ Hom (X (mo(U)) 4, E) where Hom
denotes the internal hom in the category Spt.
Proof. (i) This is rather obvious and therefore the proof is skipped. The main observation needed for (ii) is that,
since E is assumed constant, T'(U,, E) o~ E™0(Us), O

Theorem 3.8. Let X € Sm/ky and let E e Spt
of Gal with finite index in Gal.

(ko, Gal, T) be a fibrant object. Let K denote a normal subgroup

mot

(i) Then
H?n’gtv’ (X+,E) = ’Homsp’Gal/K( s;Tv A X+, |X) Homsp,GaI/K(ES’TV N U.)_,_, EE{)
for any Use HRRN;s(X). Therefore, in particular,

S+2‘T\/|7TV7K - s, T K\ _ -
H, ot (X4, E) = Homgp gayx (577 A X4 E) = lﬁnU.EHRRNiS(X)HomSp,GaI/K( ™V AUe s, |x)

(ii) Let X = X x Speck where k denotes an algebraic closure of ko. Let | denote a fized prime different from

Spec ko
char(ko). Then the augmentation maps

H 2T (R 21, () = holima{holim(Homsy (55T A X4, G(Z/1,(E)))n}

— holimy, {lim holim Homs,(X5TV AU, 4, G((E\/Jln(E)))Nn}
— U, e HRR(X) A
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— holim,{lim _ Homg, (X1 A U._+,Eﬁn(E))|n}
— U, e HRR¢( (X) ’
are all weak-equivalences, where G( ) denotes the fibrant replacement on the étale site provided by the Godement
resolution.

(#ii) Under the same hypotheses as in (ii), the augmentation maps

H 2R (R 21, (B)) = holimy {holim(Homsy, gk (55T A X, G(Z/1, (E))))n)

— holimyy, holim, {lim _holimHomsg,, Gai/ (55T AUs 4, G(P™ (ﬁn(E)K)))m}
— Us e HRRt (X) A ’

— holim, holim,, {lim

Homsp,caryk (55T A U-,+aP(m)2ﬁn(E)K)|”}
Us € HRR: (X)

are all weak-equivalences, where G( ) denotes a fibrant replacement on the étale site and P denotes a functorial
Postnikov truncation that kills the homotopy groups in dimension > m.

Proof. We will prove both (i) and (ii) simultaneously by observing that the Nisnevich site has finite cohomo-
logical dimension whereas the étale site of a scheme of finite type over an algebraically closed field k has finite
I-cohomological dimension for [ # char(k). Therefore, we will consider the non-equivariant case first, where there
is no action of finite quotients of the Galois groups involved.

One may first replace E by an ()-spectrum, so that we may replace E by its O-th term, namely the value of
the spectrum E on S°. We will denote this by Ey. Since Ej is now a fibrant simplicial presheaf one applies the
canonical Postnikov truncation functors Py, to E. Recall m(P"™T(V, E)) = 7,,,(T(V, E)) if | < m and =2 0if | > m
for all V in the given site: one may readily verify that these functors takes Gal-equivariant simplicial presheaves
to Gal-equivariant simplicial presheaves. Replacing E by the fibration sequence K (7w, (E),n) — P(m)(E) —
P(mfl)(E) in the above augmentation maps provides a map of the corresponding spectral sequences. The finite
cohomological dimension or finite I-cohomological dimension hypothesis and the torsion hypothesis on E show
that the corresponding spectral sequences converge strongly. Therefore, in order to prove the first statement, it
suffices to prove the theorem when FE is replaced by an abelian presheaf and this has been already established in
Proposition 3.3.

Finally take the homotopy inverse limit over n. Since this homotopy inverse limit commutes with the homotopy
inverse limit defining the Godement resolution G and the homotopy inverse limit coming from the simplicial scheme,
this completes the proof in this case, thereby proving the non-equivariant case of (i) and also (ii).

Next we consider the equivariant case of (i). We may once again assume that F is a fibrant simplicial presheaf.
In this case, one next observes that the functorial Postnikov truncation being functorial, is also equivariant. For
this we recall the equivariant site for the action of the finite group G = Gal/K as in [CJ1, 2.3.5]. Observe that
the objects in this site are schemes U provided with a G-action and the morphisms are maps of schemes that are
G-equivariant. The points on this site correspond to the orbits under G of the points of the underlying (non-
equivariant) site. Given any object U in this site, we obtain a G-equivariant map G x U = Uy U — U, where the
G-action on G x U is only on the factor G and the map on the summand indexed by g is multiplication by g. This
map is readily seen to be a covering in this site. For any G-equivariant sheaf F, Homg (G x U, F) = Hom(U, F),
where Homg denotes the external Hom in the category AbSh(Sm/ko, G,?) and Hom denotes the (external) Hom
in the category AbSh(Sm/ko,?). The underlying non-equivariant site in (i) is the Nisnevich site which has finite
cohomological dimension for any fixed U. The underlying non-equivariant site in (ii) is the étale site of a scheme
U of finite type over an algebraically closed field k& which has finite I-cohomological dimension for I # char(k).
Therefore, in both cases for any U in the site, there exists a large enough integer d depending on U, so that
Ext?(G x U, F) = H"(U,F) = 0 for n > d and for all abelian sheaves F in case (i) and all I-torsion abelian
sheaves F' in cases (ii) and (iii). This verifies the hypotheses in [MV, Theorem 1.37, see also Definition 1.31], which
proves that in case (i), one obtains a weak-equivalence holim,,G(P"™ E) ~ G(F). and in case (i), one obtains a
weak-equivalence holim,,,G(P"™ Z/l E) ~ G(Z/1,E). In view of these observations, it suffices to show that the
maps in (i) ((iii)) are weak-equivalences after replacing E by P E (Z/l1, E by P"™ 7/l E). Then we reduce to
the case where E is replaced by K(mp,(E),m) (Z/1,E is replaced by K(my,(Z/l,,E),m), respectively). This case
then follows by [CJ1, Proposition 2.14] and Corollary 3.3. O
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Remark 3.9. One interpretation of the above theorem is that, under the above hypotheses,

HE 2TV Ty (X4, E) ~ HomSp(Esqu?lTv"TV (Ximnt,+, E) and

mot
HE Y (X4, Z/1(B)) = Homgy (S 2T (Xene ), Z/1, (E))

i.e. The generalized motivic cohomology of X (the generalized étale cohomology of X ) with respect to the spectrum

) (/Z\//ZOO(E), respectively) may be computed from the motivic homotopy type of X (the étale homotopy type of
X, respectively).

4. Cellular objects in Spt, . (ko, Gal) and Spt,,(ko, Gal) vs. linear schemes

Throughout the rest of the paper we will restrict to P'-spectra. As such the suspension spectra associated a
simplicial presheaf P will be often denoted simply by s T2TvLTv P s >0, Ty, eC.

Definition 4.1. Let k denote a fixed Galois extension of kg: often this will be just kg itself. Let (Cells) =
{(Gal/H); NX5,. TV|V = an affine space over k, which is a representation of Gal/K,

K, H subgroups of finite index in Gal with K normal in Gal, n,m > 0}. (These are the P!-suspension spectra
associated to Thom-spaces of finite dimensional representations of Gal/K.) Then the class of cellular-objects in
Spt, i (ko, Gal) (Sptg, (ko, Gal)) is the smallest class of objects in Spt, .. (ko, Gal) (Spt,,(ko, Gal), respectively)
so that (i) it contains (Cells) (ii) if X is weakly-equivalent in Spt,,ot(ko, Gal) (Spt(ko, Gal)) to a cellular object,
then X is a cellular object and (iii) if {X;|ée I} is a collection of cellular objects indexed by a small category I,
then hoc?limXi is also cellular.

The above definition follows the approach taken in classical algebraic topology, where one defines a spectrum to
be cellular if it is built out of the suspension spectra of cells by taking iterated homotopy colimits. Observe that,
(Cells) now contains all suspension spectra of the form (Gal/H)y ATV, where V any affine space: this is large
enough to obtain the cellular approximation proved below.

On the other hand, the linear schemes considered in [Tot] and [JO1] are schemes that are built out of affine
spaces and tori and are particularly simple objects to study in the setting of algebraic geometry: see [JO1]. Though
it is not immediately apparent, these two notions are closely related: in fact we will show below that the suspension
spectrum of every smooth linear scheme is cellular.

Proposition 4.2. (Equivariant cellular approzimation) (i) If E € Spt,,.(ko, Gal) (Spt. (ko, Gal)) and is fibrant,
there exists a natural E. — E in Spt,,..(ko, Gal) (Spty(ko,Gal)) with E. cellular that induces an isomorphism
on all presheaves of homotopy groups wfs,

(i) If E e Spt,,..(ko,,Gal) (Spte(ko, Gal)) is cellular and W¥V7S(E(U)) =0 for all Ty,s, H C Gal of finite
index and U in the site, then E is contractible.

Proof. Non-equivariant versions of these statements are proven in [DI, Proposition 7.3 and Lemma 7.6]. The same
proof applies after taking the fixed points with respect to any subgroup H C Gal of finite index. Finally make
use of the adjunction between taking the fixed points with respect to a subgroup H and taking the product with
Gal/H. O

In the above situation, the full subcategory of finite cellular objects or equivalently finite P!-spectra is the smallest
class of objects in Spt,, . (ko, Gal) (Spt.; (ko, Gal)) containing (Cells) with the following properties: (i) it is closed
under finite sums (ii) if X is weakly-equivalent to a finite cellular object, then X is a finite cellular object and (iii)
it is closed under finite homotopy pushouts.

The following are some of the properties of cellular objects. (See [DI], where they are stated in the non-equivariant
setting.)

Proposition 4.3. (i) If X,Y eSpt, ., (ko, Gal) (Spt.,(ko,Gal)) are cellular, then so is X ANY and X x Y.

(it) If {X;|ie I} is a family with each X; cellular, then so is \/, X; which is the co-product of the X;.
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(ii) The suspension-spectra EE:%TV"TV (AL )+, E;,TQITVLTV (AL —0)4 are cellular. (Here ky is a finite Galois
extension of kg.)

s+2|Tv |, Ty
p1 Un

(iv) If X is a scheme and U, — X is a Nisnevich (étale) hypercover and each % + s cellular, then

s4+2[Ty |, T .
EI;T ITvl; V' X, is also cellular.

(v) Let {U;} be a Zariski open cover of the given scheme X so that the P1-suspension spectra of each intersection
Uayoa,, =Uqy NN U,, is cellular. Then Z;,TQ‘TVLTVX is also cellular for all s, Ty .

(vi) If p: E — B is an algebraic fiber bundle with fiber F' such that E;ﬁlT‘/"T‘/F is cellular and B has a Zariski

open cover satisfying the hypotheses in (v) which also trivializes p, then E;TQlTV"TVE is also cellular.

(vii) If p: E — B is an algebraic vector bundle such that B has a Zariski open cover satisfying the hypotheses as
in (vi), then the Thom space Th(p) which is defined as the suspension spectrum associated to the quotient E/(E— B)
1s also cellular.

(viii) If p : E — B is a principal G-bundle, for an algebraic group G, where both E[‘;rleV"TVE and E;TQlTV"TV en

. 2Ty |, T
are cellular, then so is E;,f v Tv B,

(ix) E;jz‘TVl’TV GL,, is cellular for all n. The P'-suspension spectrum of the Stiefel variety Vi,(A™) = the set
of all k-tuples of linearly independent vectors in A™ and the P'-suspension spectrum of the Grassmannian variety
Gri(A™) of k-planes in A™ are also cellular.

Definition 4.4. (Linear and cellular schemes) Let k; denote a finite Galois extension of ky. Then a scheme X
over ki is linear if it has a finite filtration Fy C Fy; C --- F,_1 C F,, = X by closed sub-schemes so that there exists
a sequence mg,mi,..., My, dg,a1,...,a; of non-negative integers with each F; — F;_1 = UAZi X G?kal which is
a finite disjoint union of products of affine spaces and split tori isomorphic to Azl X Gmkl Moreover we require
that each of the above summands is a connected component of F; — F;_;. We call {F;|i} a linear filtration.

A linear scheme where the strata F; — F;_1 are all isomorphic to disjoint unions of affine spaces will be called a
cellular scheme. For the most part, we will only consider linear schemes when the field k1 = k.

Remark 4.5. Observe in view of the definition that the if f : kg — k{ is any map of fields, the pulled-back scheme
X' = XS < Speckj, is also cellular, with the é-th term of the induced filtration F} = Fis < Spec k).
pec ko pec ko
Examples 4.6. (i) Common examples of cellular schemes are schemes of the form G/B, G/P where G is a
split reductive group over kg and B (P) is a Borel subgroup (parabolic subgroup). The existence of the cell-
filtration follows readily from the Bruhat decomposition. Since G is assumed to be split over kg, the Bruhat
decomposition holds over ko: see [Sp59, Theorem 16.1.3] and therefore, the Bruhat cells in the decomposition
of G/B are affine spaces over k.
(ii) Next assume that G is a reductive group defined over kg and that it is not necessarily split over k. It will

be split over some finite Galois extension ky of kg. Now the flag variety G/B x Speck; has a Bruhat
Spec ko

decomposition with the Bruhat-cells all affine spaces over k;.

(iii) Next let T' denote a fixed maximal torus of G and let B denote a Borel subgroup containing T'. Since G/T
maps in the obvious manner to GG/B with fiber being the unipotent radical of G, it follows G/T is also a
cellular scheme. If G is split over ko, then the cell structure of G/T will be defined by affine spaces defined
over kg; otherwise, the cell-structure will be defined by affine spaces defined over some finite Galois extension
of ko.

Proposition 4.7. The P! -motivic suspension spectrum of any smooth linear scheme (of finite type over ko) is
finite cellular. In particular, the P! suspension spectra of cellular schemes are indeed finite cellular objects in
Spt,,.: (ko, Gal).

Proof. Let ¢ = F_y C Fy C F} C--- C F,,_1 C F,, = X denote the given filtration so that each F; — F;_1 =
LA™ x G which is a finite sum of products of affine spaces and split tori. We will show by descending induction
on k that the suspension spectra Ypi (X — F}) are all finite cellular. When k = n — 1, this is clear since X = F,
and F,, — F,,_1 is a finite sum of products of affine-spaces and split tori. Therefore, we may assume this is true for



Motivic Spanier-Whitehead duality and the motivic Becker-Gottlieb transfer 15

0<k+1<n-—1and we will show that this implies the corresponding statement for k. For this one observes the
stable co-fiber sequence in Spt,, ., (ko, Gal):

(4.0.2) Sp1 (X = Frg1)s — Sp (X — F)y — Sp1 (X — F)/Sp1 (X — Fip) ~ Sp1 (N/N = (Fyp1 — F))

where N is the normal bundle to the closed immersion Fy1; — F, — X — Fj. Observe that since X is smooth,
X — F}, which is open in X is also smooth and that the hypotheses imply that Fy1 — F} is also smooth. Therefore,
the normal cone associated to the closed immersion Fj1 — Fy, — X — F} is in fact a normal bundle. The last
weak-equivalence is provided by what is called the homotopy purity theorem: see [MV, section 3, Theorem 2.23
]. This shows that one has cofiber-sequence of the simplicial presheaves forming the spectra above in the A!-
localized category Psh,,,;. Depending on which finite Galois extension k; of kg the above schemes are defined, we
obtain compatible actions Gal(k;/ko) on the above simplicial presheaves. On taking the corresponding P!-motivic
suspension spectra, we also obtain compatible actions of Gal on the suspension coordinates. These observations
prove that the the stable cofiber-sequence above lives in Spt,, ., (ko, Gal).

At this point one needs to observe that Fj,1 — F} is a disjoint union of products of affine spaces and split-tori
where each such summand is in fact a connected component in Fj1 — Fy. Therefore, the above normal bundle
is in fact trivial: this uses the statement that vector bundles on affine spaces and tori are trivial. The statement
for vector bundles over affine spaces is the Serre-conjecture, proven by Quillen and Suslin. Its extension to vector
bundles over tori is proven in [Lam, Corollary 4.9, p. 146]. Therefore, it follows that Xpi1 (N/N — (Fi+1 — F))+
is finite cellular and so is Xp1 (X — Fgy1)4+ by the inductive hypothesis. Therefore, ¥p: (X — F))4 is also finite
cellular. O

We proceed to obtain the étale analogue of the stable cofiber sequence in 4.0.2. At present, we obtain this
only at the level of the étale topological types completed away from the residue characteristics, which nevertheless
suffices for later applications in this paper.

Lemma 4.8. Let S denote a pointed simplicial set, viewed as a constant pointed simplicial presheaf on Sm/kqy with
trivial action by Gal. Let EeSpt,,(ko, Gal,Z/1 Y7 ), where T = Py. Then

LU, Homz sz ).Gat/Heu (2]l (55,,5), ET) = Homz (s ),Gal/Heu (Z]1so(Y7,,S), T (U, ET))

where both Z [l (X5 S and T'(U, Ef) are viewed as constant presheaves of spectra.

Proof. For each fixed U € Sm/kg, let Sm/U denote the sub-category of objects and morphisms over U. If py : U —
Specky denotes the structure map, then the above identification follows from the adjunction between p* and p,.
(Here p* denotes the restriction of presheaves from Sm/ky to Sm/U and p, is the corresponding push-forward. O

Proposition 4.9. Let X denote a smooth linear scheme over an algebraically closed field k. Let ¢ = F_, C Fy C
F, C---CF,_1 CF,=X denote the given filtration so that each F; — F;_; = UA™ x G} which is a finite sum
of products of affine spaces and tori.

(i) Then one obtains the cofiber-sequence of objects of pro — Spt,, o (ko, Gal, Z/1 Y5 ):

(4.0.3) Z/lo(E5,, (X = Fii1)et+) = Z/loo (B, , (X = Fi)et+) = Z/loo (S5, (X — Fi)et+ /55, (X = Fiy1)et+)

et et et

~ Z[loo (S5, (N/N = (Fit1 — Fi))et)

where T = ]P’}c and where N denotes the normal bundle associated to the closed immersion Fy, — Fii1 and et
denotes the étale topological type. Moreover the terms in the above diagram are viewed as the obvious constant
presheaves of spectra with the action by the Galois group Gal only on the suspension coordinates.

(ii) Therefore, if £ denotes any object in Spt,,q(ko, Gal, X5 ), one obtains the cofiber sequence
Homz i ()Gl Hoa (Z/1oo(Zrp,,(N/N = (Fi1 = Fi))et), Z/ln(EFSet))

— Homzi 2y ),Gat/Hau (Z/loo (S, (X = Fi)et), Z/ln(ETo1))

— Homzi (s4, ).Gal/Hou (Z/lsc (55, (X = Fiit)et), Z/ln(EHC))

Moreover, the first term above identifies with Homz_ (s )7Gal/HGul(Z/ZOO(EQTC’C(F;CH — Fu)y), Z /1, (EHcar))
where ¢ is the codimension of Fy41 — Fi in Fiy1. ‘ B
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Proof. (i) uses the theory of étale tubular neighborhoods as worked out in [Fr, Proposition 15.6] and also [Fr,
Theorem 15.7]. Now the first assertion in (ii) follows readily. As shown in the last proposition, the normal bundle
N associated to the closed immersion of Fj 1 — Fj in Fj41 is trivial. Therefore, the remaining conclusions follow
from the last lemma. O

Remark 4.10. On the other hand it may be important to point out that even if one has a stable cofiber sequence
YpUyp — Epi Xy — Ypi(X/U) where U and X are schemes over kg where U C X is open in X and both the
suspension spectra Yp1Uy and Yp Y, are finite cellular, (where Y is the complement of U in X), there is no
reason apriori for Xp1 X to be finite cellular. This is because, first of all one needs to be able to make use of
the fact that Xpi1Y, is finite cellular. For this, one needs X and Y to be smooth and also the normal bundle
to Y in X to be trivial (or at least its Thom-space to be just a suspension spectrum associated to Y, ). This
does not seem possible in general; however, if one considers generalized cohomology theories defined by spectra in
Spt(ko, Gal) which have Thom-isomorphism, then the cohomology of Y with respect to this spectrum identifies
with the cohomology of the Thom-space with respect to the same spectrum. Amplifying on these ideas, one will
then be able to prove certain finiteness properties of generalized cohomology and homology with respect to spectra
that have Thom-isomorphisms. These observations motivate the following definitions.

Definition 4.11. Let E denote a ring spectrum in Spt(kg, Gal) as in 2.1. Then Spt(ko, E, Gal) will denote the
sub-category of all (Galois-equivariant) E-module spectra and E-module maps. This is a symmetric monoidal
category with E as the unit. The internal hom in this category will be denoted Homg.

Let (E — Cells) denote the collection

(Cells) N E = {(Gal/H)1 NX5"TV A E|[V = an affine space over k, which is a representation of Gal/K,
K, H subgroups of finite index in Gal with K normal in Gal, n,m > 0}.

Then cellular-objects in Spt(ko, E, Gal) is the smallest class of objects in Spt(ke, E, Gal) so that (i) it contains
(E — Cells) (ii) if X is weakly-equivalent to an E-cellular object, then X is an E-cellular object and (iii) if {X;|ie I}
is a collection of E-cellular objects indexed by a small category I, then hoc?limXi is also E-cellular. Henceforth

we will restrict to the full subcategory of Spt(ko, E, Gal) consisting of cellular objects: this subcategory itself will be
denoted by Spt(ko, E, Gal).

In the above situation, the class of finite E-spectra is the smallest class of objects in Spt(ko, E, Gal) containing
(E — Cells) with the following properties: (i) it is closed under finite sums (ii) if X is weakly-equivalent to a
finite E-cellular object, then X is a finite E-cellular object and (iii) it is closed under finite homotopy pushouts in
Spt(ko, E, Gal).

5. Finite T-spectra, finite E-spectra, Generalized Cohomology and Homology
We will begin by first defining generalized motivic cohomology.

Definition 5.1. (Generalized motivic and étale cohomology). Let T = P! and let E, X e Spt,,(ko, Gal, T) or
E, X eSpt,; (ko, Gal, T). Then we let Hom(X,E) denote the internal hom in the category of spectra defined in
[CJ1, 3.1.6 Mapping spectra]. We also let RHom/(X,E) = Hom(X, GE) where GE denotes the fibrant replacement
defined by the Godement resolution. Given A, Be Spt,,..(ko, Gal, T), [A, B] denotes Hom in the corresponding
homotopy category. A similar meaning holds for [A, B] if A, B e Spt,,(ko, Gal, T). Then we let

h*(X,E, H) = RHom(X,E)? and h*t2ITvITv (X B, H) = [S(Ty) A S°, RHom(X,E)]

for any subgroup H of finite index in Gal. h(X,E, H) will be called the generalized cohomology spectrum with
respect to E and H. Observe that RHom(X,E) belongs to Spt, . (ko, Gal, T) (Spt.(ko, Gal, T), respectively).
Next we consider the special case where X = X1 A X, is the T-suspension spectrum associated to a scheme
X eSm/ky. In this case, assuming that H acts trivially on the suspension coordinates, pet2Tv Ty (X,E, H)
identifies with [Z(X,) A Ty A S*, EH].

Lemma 5.2. Let X denote a finite T-spectrum. Then RHomE(RHomT(ZSTH‘TV|’TV2(7 E),E) is a finite E-module
spectrum.

Proof. This is simply the following observation:

RHomg(RHoms, (S5 VY A X, E),E) ~ RHomg(RHoms,, (S5 2V Y A X, S1) AE,E)
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~ RHoms, (RHoms, (S 2™V A Xy $1), S1) AE ~ £s+20TvITv A E, O

Next we proceed to define mod-/ motivic and étale homology in such a way so that Spanier-Whitehead duality
makes sense in the motivic and étale context.

Definition 5.3. (Generalized homology). We define generalized homology with respect to Ee Spt,, (ko, Gal)
or FeSpt,(ko,Gal) as follows. Let p : X — Speckqy denote the obvious structure map. One first takes
RHomp(Rp.(E|x),E) where E|x denotes the restriction of E to the corresponding big site of X. One may
also observe that E|xy ~ RHom( ,E) which is the sheaf associated to the presheaf U — RHoms., (X1 AUy, E),
U in the appropriate site on X. Here R’Hom is the derived functor of the internal hom functor in the category
of sheaves of T-spectra and RHomyg is the derived functor of the internal hom-functor Homg in the category of
FE-module spectra on the appropriate big site. Then we let

he(X,E,H) = RHomE(Rp*(E|X),E))H,
hsto1Tv |, 1y (X,E,H) =27, A SS,RHomE(Rp*(E‘X),E)H].

Observe that RHomg(Rp«(E|x), E)) belongs to Spt,, . (ko, Gal, T) or E € Spt,, (ko, Gal, T) depending on the con-
text. If E = H(Z/I), we will denote the corresponding homology by H o1, |1, (X, Z/1). h(X,E, H) is called the
generalized homology spectrum with respect to E.

In case E = H (), the corresponding étale homology will be denoted H¢ (X, ). Generalized Etale

S+2‘T\/|,TV
cohomology and homology are also considered [J86] in a slightly different context.

Remark 5.4. It is important to observe that the generalized homology defined above is not a Borel-Moore type
homology theory, i.e. we are not considering homology with proper supports.

Proposition 5.5. (i) The generalized homology defined above is a covariant functor for arbitrary maps.
(ii) If S1 A X is a finite T -spectrum, the natural map
Yt ANXL ANE — RHomg(Rp.(E|X), E)

is a weak-equivalence, so that hyyoir, | 1, (X, E,H) = [STy A S*,Q(C(Sp A X4) A E))H] where C(S1 A X4) —
Y1 A X4 is a cofibrant replacement and C(E1 A X4 ) AE — Q(C(Z1 A X)) A E) is a fibrant replacement.

(#i) If X is smooth scheme of finite type over ko with p : X — Specky the structure map, then one has a natural
weak-equivalence RHomys.. (X1 Xy, E) ~ Rp.(E|x) in Spt,,.(ko, Gal) (Spt(ko, Gal), respectively).

Proof. (i) This follows readily since generalized cohomology is a contravariant functor for arbitrary maps and the
above definition of generalized homology is as a suitable dual of generalized cohomology. More specifically, let
f X — Y denote a map between two smooth schemes and let px : X — Specky and py : Y — Specky denote the
obvious structure maps. Then px = py o f and therefore, Rpx.(E|x) ~ Rpy«Rf.(E|x) and so that f~!(E)y) maps
naturally to E|y. This provides the map E}jy — Rf.(E|x) and hence the map RHomp(Rpx.«(E|x), E|\speck,) —
RHomp(Rpy«(Ey), E). This proves (i).

(ii) Observe that I'(U, Rp«(E|x)) =T(U x X, E)~RHom(XxUy A X4, E) where we have used the conven-
S

‘pec ko
tions of [CJ1, 3.1.7] of taking sections over the terminal object Spec kg to obtain the last identification. Therefore,
the map in (ii) corresponds to a map X4y A E — RHomg(RHom(Er( )+ A X4, E), E) which corresponds by
adjunction to a map Xy A RHom(Xr( )+ A X4+, E) = RHom(Xt( )+, E) ~ RI'(( )4, E). Here () varies
over U eSm/kq. If E is fibrant, the last identifies with T'(( )4, E). Using the assumption that 1 A X is a finite
T-spectrum, one may reduce to the case where X1 A X, = X or an appropriate suspension of ¥, in which case
the proposition is clear.

(iii) Let Ve (Sm/kg)7. Then I'(V, RHomz, (X1 X1, E)) =T(X x V,RHomg.(Er(X x V)i, E) compat-

Specko Specko
ible the action of the Galois group. Clearly one may identify I'(V, Rp.(E|x)) with the last term. O

Remark 5.6. The last proposition shows that at least for schemes X whose T suspension spectra are finite T-motivic
spectra, the generalized homology has the same form as in algebraic topology: see [Sw], for example. Moreover, it
justifies the definition of homology we have adopted.
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Corollary 5.7. The generalized homology and homology of smooth linear schemes are represented by finite E-
module spectra.

Proof. The identification in (ii) of the last Proposition along with Proposition 4.7 and Lemma 5.2 readily prove
this. (]

The rest of this section holds only in the non-equivariant framework. Though there are extensions of Thom-
isomorphism to the equivariant setting, this is rather cumbersome; besides Thom isomorphism does not seem to
play a major role in this paper. Therefore, we have chosen just to make some remarks on Thom isomorphism in
the non-equivariant setting. Observe that, generalized cohomology and homology are now indexed by a pair of
integers.

In case (X,Y) is a smooth pair with ¢ = the codimension of Y in X, we let h3"* (X, E) = h***(2p(X/X -Y),E),
where T = PL.

Definition 5.8. (Thom isomorphism) We say that a spectrum E in Spt,, .. (ko) or Spt,, (ko) is orientable or equiv-
alently that it has the Thom-isomorphism property if for every smooth pair (X,Y’) with ¢ = the codimension of ¥
in X, there exists a (canonical) class [T] e h3°(X; E) so that the cup-product U[T] : h2**(Y, E) — h3* T>“*T¢(X | E)
is an isomorphism for all *.

In the presence of Thom-isomorphism, one can extend the earlier results in this section to smooth schemes that
are stratified by strata whose T-suspension spectra are finite T- spectra. We proceed to discuss this extension.

Let (X,Y) denote a smooth pair (with ¢ = the codimension of Y in X') over the base-scheme Spec ko: recall this
means, the structure maps of X and Y over Spec kg are smooth and that Y is (regularly) imbedded in X as a closed
sub-scheme over Specky. Let px : X — Specky and py : Y — Specky denote the given structure maps. Given
a sheaf F' on (Sm/Specko)nis, we let F|x denote its restriction to (Sm/X)y;s. Therefore, we obtain presheaves
of T-motivic spectra on (Sm/X)nis: Y1X|x 4, X1Y¥|x,+ and Yp(X|x/X|x — Y|x) defined by I'(U, X1 X|x) =
SrUs = Sr(XxU)y, T, BrYixs) = Sr(YxU)+ and (U, Br(X)x/(X|x ~ Yix)) = L2 (U/(U =Y V).

Lemma 5.9. Let E denote a T-spectrum that is orientable in the above sense. Then Rpx.(RHoms, (25" (Xx/(X|x—
Yx)),Ejx)) = Rpy+(RHoms (S5 Yy, Ejy))

Proof. Let S = Specky. Then the left-hand-side identifies with the presheaf U — RHomgT(ESTZtXXU/(XXU -
s s

Y>§U)7 E|x). By Thom-isomorphism, this identifies with U — ’RHomT(EétY;ﬁUJﬁ Ejy) and this clearly identifies

with the presheaf on the right-hand-side. (I

The next proposition shows the use of orientability.

Proposition 5.10. Let X denote a smooth scheme provided with a stratification (i.e. a decomposition into locally
closed smooth subschemes) so that the T-motivic suspension spectra of the strata are all finite T-motivic spectra.
Assume further that these are all defined over a finite Galois extension k' of ky and let E denote a ring spectrum
in SPtoneg (ko) (0r Spte (ko)) which is orientable. Then RHomg(Rpx.RHomsy (S5 ANX x4+, E|x),E)) is a finite
E-spectrum.

Proof. Clearly any finite T-spectrum smashed with E is a finite E-spectrum. The definition of finite E-spectra,
shows the following: if one has a (stable) cofiber sequence A — B — B/A — ¥ g1 A with all maps being maps of
E-module spectra, and if two of the three terms, A, B and B/A are finite E-spectra, then so is the third. Therefore,
one reduces to showing the following: let (X,Y") denote a smooth pair, so that the T-suspension spectra of Y and
X — Y are finite T-spectra. Then RHomg(Rpx.RHoms, (255 A X\x+,E|x),E)) is a finite E-spectrum.

A key step here is the identification (provided by Thom-isomorphism) as in the lemma above:
(5.0.4) ’RHomE(RpX*'RHosz(ZEI’.SA(X|X/X‘X —Y|x),Ex),E) ~ RHomg(Rpy.RHoms. (Eé‘s/\)/‘y’+, Ejy),E)
Since Ef_["slq is assumed to be a finite T-spectrum, this identifies with Effs ANYL AE.

Clearly this is a finite E-spectrum. Now one observes the stable cofiber sequence:

R’HomE(RpX_y*RHosz (Z&‘g N (X — Y)|X7Y,+a E|X7Y)> E)
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t,s
— RHomg(Rpx.«RHoms, (3¢ A X|x +,E|x),E)

— RHomg(Rpy «RHoms, (fos ANYy 4+, Ey),E)

The last term is what it is, in view of (5.0.4). We may now assume that X1(X — YY), is finite T-spectrum so
that the first term is a finite E-module spectrum clearly. Using ascending induction on the cell-filtration, we may
assume that the last term is also a finite E-module spectrum. Therefore, the conclusion follows. O

6. Formalism of P! and E-duality

Let F e Spt(ko, Gal) denote a fixed ring spectrum. Let Spt(ko, Gal, E) denote the category of Galois-equivariant
FE-module spectra. Recall that this is a symmetric monoidal category with E as the unit. Throughout this section
we will restrict to the full subcategory of (E — Cells), or E-cellular objects in Spt(ko, Gal,E). The internal hom
in this category will be denoted Homg. The dual of an object F e Spt(kg, Gal, E) will mean RHomg(F,E) which
is a derived functor of Homg applied to F' and will be denoted Dg(F). (Often Dg(F') will be called the E-dual of
F.) Next we observe the following important property of finite E-spectra.

L
Definition 6.1. We define Ag = {E\ where {E\ is the monoidal structure on Spt(ko, Gal,E). We will define duality

maps p : F Ag 252V Dp(F) — Z;P‘TVLTVE in the obvious way, since 252 7VITv D (F) ~ RHomg(E Ag
F, ES+2|TV|-,TV E)

We will next verify that the above duality maps satisfy the usual formalism of Spanier-Whitehead duality: see
[Sw, Chapter 14]. We will assume henceforth that the ring spectra we consider are all commutative ring-spectra.

Proposition 6.2. Let F eSpt(ko, Gal,E) denote a finite E-module spectrum. (i) Then the obvious natural map
F — Dg(Dg(F)) is a weak-equivalence. (ii) If K € Spty g1, the natural map Dg(F) Ap K — RHomg(F, K) is a
weak-equivalence.

Proof. In view of the definition of finite E-spectra, it suffices to prove both statements when F' = E or an ap-
propriate P'-suspension of E. Now the main observation is that E is the unit of the symmetric monoidal struc-
ture on Spt(kg, Gal, E), so that RHomg(E,E) ~ E and hence E ~ RHomg(RHomg(E,E),E). This proves (i).
RHomg(E,K) ~ K ~ RHomg(E,E) Ag K which proves (ii) when F = E. The general case follows from this
readily by using the fact that F' is a a finite E-module spectrum. (I

Let X, X* e Spt(ko, Gal, E) and let s : X*Ap X — E§T2IT""T‘/E denote a map. Then we define homomorphisms:

(6.0.4) D, :[P,QNg X*] = [PAg X,Q] and
(6.0.5) uwD [P, X Ag Q] — [X* Ag P,Q)]
as follows for any P,Qe Spt(ko,Gal,E). Here [ , | denotes Hom in the homotopy category associated to

Spt(ko, Gal, E). (First observe that since E is assumed to be a commutative ring spectrum, one may use left
and right module structures interchangeably.) Given a map f: P — Q Ag X*, D,(f) will be represented by the
composite map:

id id
P/\E )()C/\_E)Z Q /\E X /\E Xl QI;DILQ /\E E;—l"_Q'TV"TVE ~ E;T2|TV|7TVQ

If g: P— X Ag Q is a map, ,D(g) is represented by

d 0
X* /\E PZ AI;:gX* AR X /\E Q”ﬁ EI;,ITVE /\E Q ~ Z;TQ‘TvLTVQ.

Definition 6.3. We say that p: X* Ag X — E]‘;,TQ‘TVLTVE is an E-duality map if and only if the two maps D,,
and ,D are isomorphisms for all spectra F e Spt(ko, Gal, E). When the spectrum E is 3p1, we call an E-duality

map, a Ypi1-duality map or a motivic Spanier-Whitehead duality map.

Proposition 6.4. p is an E-duality map if and only if D,, and ,D are both isomorphisms for P = E];PlTVI’TVE

"2\ Tw |, T
andQ:Efpl—‘_ Twl.Tw g

Proof. This may be proven as in [Sw, 14.22 Proposition] using the layer filtration defined in [CJ1, 3.1.8 Layer
filtrations on spectra] since we have already restricted to spectra that are E-cellular. (Il
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Theorem 6.5. (Formal properties of E-duality)

(i) If p: X*N\g X — E;leTV"TVE is an E-duality map, then so is pot1: X Ag X* — E;,TZ‘TVLTVE

(ii) Suppose p: X* N\g X — E;TQ‘TV|’TVE and v :Y*AgY — EISP,/1+2‘TW|’TWE are duality maps. Then both maps

[)(7 Y}&;[Y* AR X, ZI«;;+2|TW|’TWE] and [Y*,X*]U—Q[Y* AR X, Z];TQITVLTVE]

are isomorphisms. Assume s > s’ and that Ty = Tyy ATy. Denoting by f* : Y* — X* the induced map associated
to a given map f: X — Y, f* is characterized by the homotopy-commutativity of

f*Agid
Y*Ng X X*Ng X

idAg 12
ES€S/+2|TU‘7TUV i

P
Y*ARY 2];:a\zrvl,TvE

(iii) if p: X* A X — Sof IV E oy ap Y — s3I E g 1 20 A 72— 5o PIVYIVE gre quality
maps, and f : X =Y and g:Y — Z are E-module maps, then (a) (f*)* ~ f (b)(go f)* = f*og* and (c) id* =id.

() If u: X* Ag X — E;}FQlT""T"E and i : X* Ag X — E;}leTv"T"E are both E-duality maps, then there is a
weak-equivalence h : X* — X* so that fio(hAid) ~ p and h is unique upto homotopy.
(v) If u : X* \g X — Z;,TZ‘TVLTVE and v : Y* Ag Y — E]‘;;H‘TWLTWE are both E-duality maps, then so
is the composite (u,v) : X* A Y * AgY Ag X — X* Ag ZHS);“'TW"TWE Ag X — Eﬂi’fE AE E;;HlTW"TWE
ZS+S’+2‘Tv|+2‘Tw‘,Tv/\TWE

pt .

Il

Proof. These all may be proved exactly as in [Sw, Chapter 14] making use of the earlier results in this section.
Therefore we skip the details. O

7. Motivic stable homotopy and cohomotopy of G/N(T)

Throughout this section, G will denote GL,, (for some positive integer n) or a connected reductive group that is

defined and split over the field ko.)

The main goal of this section is to show that the stable motivic homotopy and cohomotopy of G/N(T'), when
completed away from the characteristic of kg is finite as a completed P'-spectrum, in fact is the completion of the
étale homotopy type of G/N(T) smashed with the P!-spectrum. Here G (T') is the algebraic group G (its maximal
torus) base-extended to the algebraic closure of ky. Before we proceed to the rather technical proofs below, we
hope the following detailed explanations will shed some light on the proofs.

The motivic stable homotopy and cohomotopy of the varieties G/B and G/T are fairly easy to compute using
the Bruhat decomposition for G which in fact provides a nice cell decomposition for the above varieties. We adopt
the following strategy to extend these results to G/N(T).

We may define a left action of N(T') on G/T as follows: (n,gT) — gn='T. To see this is a left action, observe
that if n,n’e N, then (0, (n,gT)) — (n',gn"'T) — gn='n'~'T = g(n/n)"'T. This is the image of (n'n, gT).
Moreover gn 1T = ¢T if and only if n=!T = T, i.e. if and only if neT. Therefore, the above action of N(T)
induces an action by W = N(T)/T, where W is the Weyl group of G. Moreover, the same arguments show this
is also a free action. It follows that one has a fibration sequence : W = N(T)/T — G/T — G/N(T). Since we
have assumed that G is split over ko, it is important to observe that (N(T')/T)(ko) = W, i.e. every element in W
is represented by a ko-rational point of N(T'). See [Sp59, 16.1.3 Theorem)].

It is tempting to conclude from this that, since the P!-suspension spectrum of G/Ty is a finite spectrum, so is the
P!-suspension spectrum of G /N(T') . However, the above fibration sequence is one only unstably and therefore such
a conclusion does not follow, unless proven using other arguments. Presently we prove this using a comparison
with the completed étale homotopy type of G/N(T). Finally since G lifts to a corresponding reductive group
defined over the complex numbers, it is possible to compare the completed étale homotopy type of G/N(T) with
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the corresponding variety associated to the complex group G¢. At this point one may replace G¢ with its compact
form K and eventually reduce to comparing with the completion of K/N(Tk). K/N(Tk) is well-known to be a
finite complex.

Next we identify G/N(T) with EW xG/T" this involves looking at Henselizations (and strict Henselizations ) of
w
G/N(T) at points on it and considering the corresponding inverse images under the map EW xG/T — G/N(T).
W

What seems quite important for the computations below and the above identification is the following:

Proposition 7.1. The map G/T — G/N(T) is finite étale with fibers given by the constant étale group scheme
Wi, = W ASpecky = Uy e wSpecky. Moreover, if k is a field extension of ko, for each k-rational point of G/N(T),
there are exactly W, k-rational points of G/T mapping to it. In particular, if ge G/N(T)(k) and Og/N(T),g denotes

the Henselizations at g, then SpecOg/N(T) x GJT = LlwsWSpecOg/N(T)

9 G/N (D) g

Proof. The first statement essentially follows from the observations made earlier regarding the free-action of W
on G/T. One may also want to observe that since G is smooth, so are G/T and G/N(T). Therefore, the map
G/T — G/N(T) is smooth of relative dimension 0, i.e. it is étale. G/N(T) identifies with the variety of all maximal
tori in G. Any such maximal torus remains stable on conjugation by any element of its normalizer and there are
precisely W distinct maximal tori that are contained in the normalizer of a given maximal torus. This

Throughout this proof k& will denote any extension field of kg appearing as a residue field in G/N(T'). One may
readily observe that for each such k-rational point of G/N(T'), there are exactly W k-rational points of G/T lying
over it. (Since G is split over ko, this holds for the ko rational points. To see it for k-rational points, where k is
any extension field of kg, one may use the identification Gy /Hj = (G/H)S < Speck: here H =T, or N(T) and

pec ko

X=X x Speck for any kg-scheme X.)
Spec ko

Let U — G/N(T) denote an étale neighborhood of a k-rational point ug of G/N(T) together with a lift of the
k-rational point on G/N(T) to U, which we denote by . (Recall that the Henselization of G/N(T) at a given
k-rational point is the Spec of the colimit of Oy 4, as U runs over such étale neighborhoods of uy.) It is clear that

if V.=U x G/T, then there is a lift of 4y to V. In fact there are W such lifts corresponding to the points
G/N(T)

in G/T lying over u. Therefore, it suffices to show that etale neighborhoods of the form U x G/T are cofinal
G/N(T)

in the system of étale neighborhoods of the lifts of u; to G/T which appear in the Henselization of G/T at these
points.

For this, we make a couple of observations first. Let X — Y denote a finite étale map over k so that X is

a W-torsor over Y and that X xX = I_IWX . Suppose moreover that over every point yeY, there are exactly
Y we

W-points x e X with k(x) = k(y). Then if yeY is a point, the étale neighborhoods of y of the form U together
with a lift of the k(y)-rational point which are obtained as follows are cofinal in the system of étale neighborhoods
that appear in the Henselization of Y at y: let V' denote an étale neighborhood of a point x in the fiber over y,
with k(x) = k(y) along with a lift of this k(x)-rational point, then let U = V' viewed now as an étale neighborhood
of y. This is clear, since given any étale neighborhood W of y appearing in the system of neighborhoods used in
the Henselization of Y at y, its inverse image W }>§ X is an étale neighborhood of any point in the fiber over y and

the map WxX — Y factors through W.
Y

Next let v : V' — G/T be an étale map with a lift vy, of a k-rational point of G/T in the fiber over uy. Then the
composition V. — G/T — G/N(T) is an étale map with a lift of the k-rational point ug to V. Observe that G/T —

G/N(T) is a torsor that trivializes over G/T, i.e. G/T x G/T= U G/T. Therefore, V. x G/T= UV
G/N(T) weW G/N(T) weW

which clearly maps to UWG /T. Varying V over a cofinal system of étale neighborhoods of vg, then V. x G/T
we G/N(T)

is cofinal in the system of étale neighborhoods that appear in the Henselizations at all the lifts of ux to G/T. The
last statement now follows readily in view of these observations. (I

The generalized cohomology of G/N(T') then identifies with the generalized cohomology of the simplicial scheme
EW xG/T which may be computed using the spectral sequence: E}"" = bt (W?* x G/T; E) & @y ew-h'(G/B; E) =
W
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h3TH(EW x G/T; E) where E is a spectrum in Spt(kg, Gal, P!). Such spectral sequences exist both on the Nisnevich
w

and étale sites, after first replacing E by an {2-spectrum and then after replacing this Q-spectrum by the fibrant
simplicial presheaf forming its 0-th term. One may compute the generalized cohomology h'(G/B; E) readily using
the Bruhat decomposition on G/B and this computation works fine on both the Nisnevich and étale sites. These
computations will show that apart from the mod-I motivic or étale cohomology of the base field k, the E;-terms are
essentially the same for the Nisnevich and étale sites and in fact also for the case when the base field is algebraically
closed. Now a comparison of these spectral sequences will enable one to compute the completed motivic homotopy
and cohomotopy of G/N(T) as claimed. In order to carry out such a comparison, we will need to make use of the
natural maps defined in (3.3.1) between the étale homotopy types and the motivic homotopy types.

Corollary 7.2. Let EeSpt(ko, Gal,P!). Then the quotient map EW xG/T — G/N(T) = (G/T)/W induces a
w
weak-equivalence hy;s(G/N(T), E) ~ hNis(EW;;/G/T’ E) where hy;s( ,E) denotes the generalized cohomology

spectrum computed on the Nisnevich site with respect to E. If G (' T) denotes the base extension of G (T) to
the algebraic closure of ko, then the map EW xG/T — G/N(T) induces a weak-equivalence hei(G/N(T), E) ~
w

het(EW xG /T, E) where hes( , E) denotes the generalized cohomology spectrum computed on the étale site with
w
respect to E, provided the homotopy groups of E are l torsion or E is Z/l-complete.

Proof. First we will consider the case where F is replaced by an abelian sheaf (or abelian presheaf). In this case,

the Leray spectral sequence in [J02, Theorem 4.2] applies in view of Proposition 7.1 and provides an isomorphism

of the cohomology of G/N(T') with respect to E with the cohomology of EW x G/T with respect to E. The general
w

case when E e Spt(ko, Gal,P!) follows from this using the Atiyah-Hirzebruch type spectral sequences whose Eo-
terms are HY,; ,(G/N(T), n_(E)) and Hy,,,(EW xG/T,m_(E)). These spectral sequences exist as argued above
w

(by assuming E is an Q-spectrum and then by replacing E by the fibrant simplicial presheaf forming its 0-term)
and converge strongly in view of the fact that the Nisnevich sites of G/N(T) and G/T have finite cohomological
dimension. This proves the first statement. The second follows similarly under the stronger hypotheses. O

In these computations it seems essential that the linear algebraic group G be split over kg, i.e. a maximal torus
is split over kg, the root data and the Weyl group are all defined over the given field ky. In this case the action of
the Weyl-group on G/T is defined over kg and so is the Bruhat decomposition: see [Spr98, Chapter 16] or [B-T65,
5. 15 Théoréme]. The hypothesis that the group G be reductive is used only to ensure that it lifts to characteristic
0. We will denote by G¢ (Tc, N(T¢)) the lift of G (T, N(T)) to characteristic 0, i.e. over C.

One may want to recall that the action of the Galois group Gal is only on the suspension coordinates of the
spectra below.

Theorem 7.3. Let X denote a linear scheme over kg (see Definition 4.4) which is also smooth and where the strata
are isomorphic to product of affine spaces and split tori over kg. We may also let X = G/N(T) where N(T) is the
normalizer of a maximal torus in G, with G a split connected reductive group G, split over ko and T ( B) is a fized

mazimal torus of G ( B a Borel subgroup containing T, respectively). Let X denote the scheme X x Speck.
Spec ko

Let I denote a fized prime different from char(k) and let Z/l» and éﬁoo denote the Z/l-completions in the sense
of [CJ1, section 4].

(i) Then the natural map
_ L Pt
Zp_lctXet,-ﬁ-E{\ Yp1 — Yoo Xmnt,+
Plet

induces weak-equivalences

his(X, Z /1o (S0 ) H) Shot (X, Z[1oo(Spn ), H) K ZJ1 (Se)

Z/loo(zuilt)H

where hyis (het) denotes the generalized cohomology spectrum computed on the Nisnevich site (étale site, respec-
tively).

(ii) Next let X denote linear schemes of the following form: (a) G/B or (b) G/T where G is a split connected
reductive classical group G, split over kg and T ( B) is a fized mazimal torus of G ( B a Borel subgroup containing
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T, respectively). We may also let X = G/N(T') where N(T) is the normalizer of a mazimal torus in G, with G as
above. Then one obtains the weak-equivalences:

_ L — — L _— . _—
Z)loo(Ep1 Xt 1) A Z/l_(Sp)H ~ ht (X, Z)loo (B ), H A Z/l_ (29 ~ hNis(X, Z/1_ (S )H
ooy Kett) ), & (B 2 HR B oo ) ), K55 (X, 2]l (Ze1)")

of spectra in Spt,(ko, Gal, P1).

Here we have used Z/looEpltXeH_ to denote the homotopy limit of the obvious pro-object denoted by the same

symbol. Also, h'V's (h®) denotes the generalized homology spectrum computed on the Nisnevich site (étale site,
respectively).

(ii) If X is any one of the schemes as in (ii), then it admits a lifting to a linear scheme X¢ defined over C and
one also obtains the weak-equivalences:

Z/loo(zsz)_((c)) ~ Z/ZOO(ZszX(C)et)

Proof. Since the action of the Galois group Gal is only on the suspension coordinates of the spectrum, we will
suppress the group H and prove the statements only when H = e. This suffices since the action of the Galois
group on a spectrum belonging to Spt(kg, Gal,P!) is only on the suspension coordinates which are of the form

PL = . /l\/ P! and there it is by permuting the factors in the A. Therefore this action is compatible with the action
al/ K
of Gal on the other spectra that appear in the proof where the suspension coordinates are P, .., = G /l\/ P, or
’ al/K
S% = A S2
K Gal/K

Let X denote any of the schemes considered above. Then we obtain the identifications (upto weak-equivalences):

— L — L —
het(X, Z/loo(E@ét))Z/lw/(\znalt)Z/loo(Epl) ~ Homy (%, Kot Zfleo(B5r,)) | K ; t)Z/zoo(zpl) and

hNis(X7 Z/ZOO(EIP” )) ~ Homgﬁ (E]le (tht,+)7 Z/lm(zpl))
Moreover there is a natural map

R L — _ L —_—
.0. het (X, Z /oo (Xp1 A Z/l _(¥Xp1) ~ — (Ber Xeta, Z/15 (B2 A Z/l_ (X
(7.0.6) ( /loo( PEt))Z/loo(Efnlr) /loo(Ep1) Homzplet( 7., Xet s Z/loo( Pl@f))Z/lm(Zuﬁt) /loo(Zp1)

—_— L —_—
_)Homéﬁw(zpl)(z/lm(z]?l)z/l {\27 )(Z/loo(Eﬁm)Xet,Jr, Z/loo(zpu)))

[eS]
ﬂhlet

where he (X, Z/l(Zp1,)) (hnis(X, Z/lso(Xp1))) is the generalized étale cohomology spectrum of X (generalized
cohomology spectrum of X computed on the Nisnevich site, respectively). It is shown in Proposition 4.9, that the

=77 L > . . .
last term HomZN/loo(EPl)(Z/ZC’O(EPI)Z/ZOC{\ZPT (Z/ZOO(Z;‘%H)X@,&#, Z/l_(Xp1))) provides a localization sequence
et

when X is a linear scheme provided with the obvious stratification. There is also an obvious map
(707) hNis (X, Z/loo(z]pl )) = HOmé‘ﬁx(Epl ) (Z]pl (tht,+)7 Z/ZOO(ZHM ))
— L _ —
S Homyzy o (Z(Ee) A (Z/(Em )V Kess 2]l (E)

Z/l_ (Sp1) Z/l(S5r ) ot

_ L
induced by the map E]PTetXet’JrEﬁ Yp1 — Epr Xt +-

Plet

We proceed to show that these maps induce weak-equivalences. Assume for the time being that X is a smooth
linear scheme like G/T. Propositions 4.7 and 4.9 show that the terms on either side of (7.0.6) and (7.0.7) have
localization sequences associated to the obvious stratification of such a linear scheme and that therefore we reduce
to the case of a stratum which is the product of an affine space and a torus. Another application of the same
localization sequences reduces to proving this when X is an affine space. Since the normal bundle to this stratum
is trivial, we reduce to proving this when Xp: X,pe 4 (E@itXet,Jr) is replaced by Xp1[Ty] (Z@it [Tn], respectively)
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where N is the normal bundle to the stratum X and T is the corresponding Thom-space. Recall that the etale
homotopy type of any affine space A} completed at [ is trivial, since k is algebraically closed. Therefore, in this case

het(X, Z/loo(E52)) = het(Speck, Z /1o (Xg2)). Since, by definition Eﬁoo(ilpl) is a fibrant object (i.e. an object that
is A'-local) in the model category Spt,(ko, Gal, Nis, P'), a similar conclusion holds for hy;s(X, Z/l_ (Zp1)). There-

fore, both hys (e [T], Z/1 (Sp1)) and her (S [T), 210 (S22, )) A 7 )ZN/zoo(zpl) identify with Z/1__(Sp1 )[~Tw]-

VTR,
The definition of the smash-product of spectra next shows

— L —
Homzi 0 (Zlloe() A (2/10c(Ti1, )51 [T]. Z1.c(Z))

~Homz/i 5 )(Z/1c(Z5r,,) Bt [TN], Z/1o (E1)))

Moreover making use of the properties of the completion functor, the last term also identifies with Z/1__(Zp1 )[—Tn].
Therefore the map in question is a weak-equivalence in this case. The arguments above show that then the same
holds for G/T and by the same arguments for any linear scheme that is smooth. These prove the statements in (i)
for generalized cohomology for all varieties except G/N(T).

Next recall G/N(T) (G/N(T)) identifies with the simplicial scheme EW xG/T. (EW xG/T, respectively).
w w

Therefore, the generalized cohomology of these objects are obtained as the homotopy limit hoiim{het(W" X

G)T,Z/l15(Xs2)) and hoiim{hNis(W” x G/T, ZJZOO(Z[PI)). Therefore, the maps in (7.0.6) and (7.0.7) will be
weak-equivalences with X = G/N(T) if all the maps in the diagram

(holim{het(W"xG/T, Z/lo S5 )In})_ A Eﬁoo(Eﬂn)—>hogm{het(W”xG/T,Z/loo(Zpét))Z//L\ ZJl_(Sp1)|n}

Moo (1) (1)

— holim hey(W" x G/, Z/l_(Sp)) — holim huss (W x G/T, Z/l_(Sp))

are also weak-equivalences. Since homotopy inverse limits preserve weak-equivalences between suitably fibrant
objects, the last map is a weak-equivalence. The map before that may be easily seen to be a weak-equivalence, so
that it reduces to showing the first map above is also a weak-equivalence. At this point, the hypotheses show that
G/N(T) = EW I/>‘</ G/ T lifts to characteristic 0, i.e. one may now assume the ground field is C. Therefore, this map

identifies with the map:

h(hocolim{ W™ x G/Tc|n}, Z/1e(%s2) 52 )2/700(2?1) — h(hocglim{ W™ x G/TcIn}, Z/l_(Sp))
o (B,

which in turn identifies with the map

— L — — —

Homse, (X (EW X(G/T)c, Z/leo(Ep1)) A Z[l(Ep) — Homs, (Ep1 (EW X (G/T)c, Z/l,(Xp1)).
S et w et Z/lw(Eﬁét) Pet et w

where Homyzz, denotes the internal hom in the category Spt,(ko, Gal, S2,). It is well-known that G//N(T')c has the

homotopy type of a finite complex. Since both sides above are homotopy invariant, we may now assume G /N (T)c

itself is a finite cell-complex. In this case an induction on the number cells will how that the last map above is a
weak-equivalence.

These prove that the maps in (7.0.6) and (7.0.7) induces a weak-equivalence for X = G/N(T) as well. These
prove the statements in generalized cohomology for all the varieties considered.

Moreover, the proof of (ii) is clear in view of the arguments above and the definition of generalized homology:
see 5.3. This also shows that Z/le(E¥p1 Xet 1)) is a finite Z/lo(Ep1 )-module spectrum: here we have used
Z /loo(Zpét)_(et7+)) to denote the homotopy limit of the obvious pro-object denoted by the same symbol when

X = G/N(T). Clearly the same conclusions hold when X is a linear scheme. In order to complete the proof of



Motivic Spanier-Whitehead duality and the motivic Becker-Gottlieb transfer 25

the theorem, we take the duals of A = he (X, Z/loc(Sp1)) A )Eﬁw(zw) and hyis(G/N(T), Z/l__(Sp1)) by

Z/1oe (51,
applying Hom7, 1)( ,Zﬁm(zpl)). Then the identifications above show that
e8] i3
— _ L —
Homgﬁm(zpl)(/l, 2/l (Zp1)) = Z/loo(Ep1, Xett) A Z[l(Ep).

2/100(S51,)

By the definition of generalized homology as in Definition 5.3,

WV (X, 21 (Se1)) = Homgy, (o, (hivis (X, Z[1 (S0), 21 (Sp1)).
, — - L =
Therefore, we see that hVis(X, Z/l__(Sp1)) ~ Z/loo(Z]pétXetJr)Z/l /(\E )Z/ZOO(EPI) completing the proof of the
MR,
theorem. ' 0

Corollary 7.4. Assume the hypothesis of the theorem. Then:

H (WNis(G/N(T), ZJ1_(Sp1), H), Z/1__(Sp1) 1) ~ hnis(G/N(T), ZJ1_(Se1), H) and

OMZN (S H

H w(his(GIN(T), Z]l(Spr), H), Z]1, (Sp1)") = hNS(G/N(T), Z]1 (Spr), H).

M2 1o (Se1)
Moreover, hNis(G/N(T), Z/l_ (Sp1), H) ~ Z/l__((Spr G/N(T)))H ~ (ZN/zoo(zpl)Zﬁl SpG/N(T),)H.

Proof. Since the maps involved are all compatible with respect to the action of the Galois group, Gal, it suffices
to prove the statements with H = e, the trivial group. In view of the hypotheses, one may lift the reductive group
G, and the root data to characteristic 0 so that G/N(T') also lifts to characteristic 0. It is well-known that over
the complex numbers G/N(T') has the homotopy type of a finite complex: for example, one may replace G by its
compact form. Therefore a comparison of its completed homotopy type with the completed etale homotopy type
of G/N(T') shows that that Z/loo(Xp1 (G/N(T))et+) = Z/lwXp1 (Ge/N(Ic)) is a finite cell spectrum over the
completed sphere spectrum Z/ loo(zplf). These prove the first two weak-equivalences. To see the last, one may
. —_— _ — L —
first observe that the weak-equivalence hV'*(G/N(T),Z/l_(Xp1)) =~ Z/loo(Spr (G/N(T)er+)) y /(\ )Z/ZOO(EIC;?)
et Z oo Zn’plt
proven in Theorem 7.3 implies that hNiS(G/N(T),Z/JlOO(Zpl)) ~ hocglim{hNis((EWxG/T)n,Z/Jlm(zpl))m}.
w

Since

WNE(BW X G/T),, ZJl(Sp)) ~ Z/l_ (Spr (EW xG/T)n) ~ ZN/loo(Epl)Eél (EW X G/T)n

L
for all n > 0, and hOC(A)lim commutes with A we obtain the last weak-equivalence. O
pl

8. Construction of Transfer maps

This is one of the few places in the paper, where we need to use both non-equivariant and equivariant spectra with
respect to the action of the Galois group: we will therefore adopt the terminology in [CJ1, 3.1.5 Equivariant vs. non-
equivariant spectra]. Accordingly ¥pi o (Zp1) will denote the Galois-equivariant motivic P'-spectrum (the non-

~ L L - L
equivariant motivic Pl—spectrum, respectively). We will let Agar = = A , NGal = AN A= A ,
Z/l o (Zp1 gar) (Ze1,Gar) Z/l, (Zp)
L
and A= A .
(Epl)

Associated to any self-map f : G/N(T) — G/N(T) over the base field k, we will presently define a Gal-
equivariant pre-transfer map
(808) tr(f)/Gal : Z/IOQ(Z]P’l,Gal) >~ Z/loo(zlP’l,Gal) /\Gal E[Pl (Spec k)+ — Z/lOO(E]P’l,Gal) /\Gal Z]P’l,Gal(G/N(T))-‘r

following the approach taken by Becker-Gottlieb (see [BG76] and also [DP]). In fact, the discussion in [DP] puts
these constructions in a sufficiently general context that seems to apply to the situation at hand as well.
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Given an F e Spt(kg, Gal,P!), we let DEU(F) = RHoméﬁ (Zur )(F, ﬁw(2p176a1)). The non-equivariant
oo\ &Pl Gal
version of this dual will be D(F) = RHom— )(F, Z[l (Xp1)). For the discussion below, we will let F' =

- Z/l(Sm
Z/l o (Zpr Gat) NGal 2p1,cat(G/N(T)4).

We start with the obvious evaluation map g (which we called the duality map) (defined in 6.1). Then we take
its dual followed by a suitable suspension to obtain a map

Z1 (S A YY) = DO ZJ (S cat) Acar e cat(GIN(T) 1) Aca Z/ oo (Ser cat) AcarSar gt "V (G/N(T)+).

Tt is possible to take any non-negative integral values for s and |Ty/|, in particular both may be 0. We will denote this
map by ¢ from now on. This map is Gal-equivariant, when Gal acts diagonally on the right. (Observe that the

Gal action on RHomzﬁw(Zpl’Gal)(F, Z/l (Zp1.Gar)) is by (g, f) — gofog™t, f €RH0m§ﬁx(EP1)(F’ Z[(Xpr Gar))
and ge Gal.)

Let ¢ : Z/1 (551 2y — D(Z]1 (861) A Se1 (G/N(T) 1)) AZ1 () A S5V VNG N (T) 1)
denote the corresponding non-equivariant map.

Definition 8.1. We define the Gal-equivariant pre-transfer, tr(f)g,;, to be the composition

(uAid)o(idAA(f))obgar : Z /1, (Sit e V) = DEUZ]1(Spr Ga) AGaSer GatG/N (T) 1) Agar Z /oo (St Gat) Aat

s+2|Tv |,| T
St e bl GN(T) )

— DOYZ]1 (Spr gat) NarDet sty VG IN(T) DR carZ ]l (Sp1 Gat) AcarBe Gat (G/N (D) 1) Acar 2/l (Sp Gat) At
Yp1 gat(G/N(T) )

o Z/loo(Eﬂif,ﬂfY"Tv) AGat (Zp1,gatG/N(T)4).
Here A(f) : Z/1,o(8p1 Gat) Naat Zet (G/N(T) 1) = Z/1oo(8p1,Gat) Aat Der,Gat(G/N(T)1)Acat Z /1o (B ,Gat) Acal
Yp1.Gal(G/N(T)4) is the map (Z/1_ (id) Agar [ Nid) o A. We define the (non-equivariant) pre-transfer, tr(f)’, to
be the corresponding composition involving non-equivariant spectra.

Proposition 8.2. Assume the above situation. Then we obtain the Gal-equivariant weak-equivalence of Gal-
equivariant spectra:

RHom;, (Z/1,o(Sp1 Gat) Acat o1,6at (G/N(T) 1), 2/l (Spr Gar))

p

oo Pl,Gaz)

~ RHomyy; (s \(Z/1oo(Se) A S0 GIN(T)1, 2/l (S gat))

Proof. We first obtain the identification:
(8.0.9) RHomzy 5, Gal)(Z/loo(Z]P’l,Gal) NGal Bpt,cal(G/N(T)+), Z/1 o (Ep Gat))

~ RHomg E]P’l,GalG/N(T)Jrv ZEOO(EPI,GM)) and

IPl,Gal(

(8.0.10)

RHomz; s (Z/1e(S01) Acar Ser (G/N(T)1), Z/1 (Zp1 gat)) = RHoms,, (Se1G/N(T)+, 2/ (Lo Gar))

Next recall from [CJ1, 3.1.5 Equivariant vs. non-equivariant spectra] that the spectrum Xp: g, is a module
spectrum over ¥p1 and that the Galois group Gal has no action on G/N(T). Therefore,

L
ZPI,GalG/N(T)+ ~ ZPl’GalE/\l Z]pl G/N(T)+
P
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This then induces a weak-equivalence between the right-hand-sides of (8.0.9) and (8.0.10). Therefore, it suffices
to show that this weak-equivalence preserves the Gal-action. If feRHoms,, (8p1G/N(T)1, Z/I(3p1 Gar)), let
its image under the above map be fe RHomEPI,GQL(Z]p1,galG/N(T)+, Z/U(Xp1 Gar))- Then (gf)(m) = g(f(m)),
meXpG/N(T)y, geGal and f(s.m) = sf(m), if m is as above and se ¥pi gq. Therefore, (g.f)(s.m) =
gf(g7ts.m) = g.(¢g7's.f(m)) = s.gf(m). The last equality follows from the observation that the Gal action on
Yp1 qal is compatible with its ring structure, the first equality is because Gal acts on f by (gf)(s.m) = g.f(g~'s.m)

and the next equality follows from the definition of f. Now (gf)(s.m) = s.gf(m) = gf(s.m). This shows that the
map f — f is compatible with the Gal-action. (]

Corollary 8.3. Assume the above situation. Then the Galois-equivariant pre-transfer tr(f)g,, identifies with

L
tr(f) A idz .
() et

Proof. The proof is clear in view of the last proposition. O

Now the following result is the key to the use of the pre-transfer:

Proposition 8.4. The composite map

where pr denotes the obvious collapse map has degree Ay = the Lefschetz-number of f.
Proof. The key observation that we make is the following: since

L —_—
Z/l (Ep1) NEp1 (G/N(T)4) = Z/l oo (Egn G/N(T>et+>2/l (é\ )Z/loo(zpl)7 it follows that
bt o P1et,-f—

—_— L —_—
D(Z/ZOO(EPI)/\ZPIG/N(T)+) :R’Homz/lx(gﬁl )(Z/loo(Eﬁlet(G/N(T)eH)),Z/ZOO(ZF“))Z/Z (é\ )Z/loo(ZP1).
et Sk S

Therefore, the required property follows from the corresponding transfer constructed in the context of étale ho-

motopy for the variety G/N(T') and in fact reduces to the corresponding property of the classical Becker-Gottlieb

transfer defined for the lifting of G/N(T') to characteristic 0. O

Corollary 8.5. The composite map

= s R tr(f)ea 57, s R T s R
Prca o tr(§ga : 2/ (S5t oy ) DTN (S ) N Sy G N (T) 21 (25200 )

is a unit in [Z/1(Ep1 Ga1), Z/1(Ep1 ,Ga1)] where [A, B] denotes Hom in the homotopy category HSpt,, , (ko, Gal)
and/or HSpt,,(ko, Gal) and where pr : Z/l  (Sp ga) Nea Epr,cal(G/N(T)4) — Z[1(Sprar) is the obvious
collapse map.

L
Proof. The above results show that the composition prge; o tr(f)g,, identifies with (pr o tr(f)’ )2/\ ids,, .,- The
pl e
corollary follows. O
Definition 8.6. (The transfer.) Next we proceed to construct the transfer map tr(f)ga : 2\/700(2@170(11) AGal
s+2|Tv |, T = s+2| Ty |, T
ol e TV (BGY) = 2/l (Sp1 Gat) Acat To1 ghat Y (BEGXG/N(T)s).
The key observations are the identifications:

S dar TV (EGXGIN(T)) = BGw By oy M (G/N (D)),

2/l (S Gat) Mot 5 hay T (BCXGIN(T)1) = BG (2]l (Sr 6at) N B3 hat " (G/N(T)1),

Eu‘?ﬁﬂflv"” (EGé (Speck)y) ~ EGx GZ;?@:}’ MV and

E\/JZOO(EEM’GGJ) AGal E;,tgfz/l’% (EGé(Spec k)y) =~ EGD(G(E/?@(ZPI’GGJ> A Z;ﬁr‘gg/mv (Speck)y).
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(Here X x Y = X, AY when Y is a pointed simplicial presheaf and X is an unpointed simplicial presheaf.)

8.1. Motivic cohomology of linear schemes and of G/N(T). Though the following computation is not used
elsewhere in the paper, we include it here since it will put the results of the last theorem in better perspective.
H*( ;Z/1) will denote mod-I-motivic cohomology and H,( ;u) will denote étale cohomology with respect to

M-

Proposition 8.7. Let X denote one of the schemes G/B, G/T or G/N(T') defined over the field ko and let k
denote a fized algebraic closure of kg. Then

(1) Hy(X,Z/l) =2 CH*(X; Z/l) ® H}((Specko; Z/1) if X = G/B or X = G/T and in these cases CH*(X; Z/l) =
Z/

HY (X, ) where X = X x  Speck
Spec kg

(ii) If X = G/N(T), H}, (X, Z]1) = H;‘t()_(,m)ngjw(Specko; Z/l).

(#i) In all of the above cases Hy(X;Z/l) is a free module over H}, (Specko;Z/l). Moreover, in all of the
above cases, on also obtains the identification H s, (X;Z/1) = H*(RHom(M (X)/l,Z/1)) ® H},(Specko; Z/1) where
zZ/l

M(X)/l denotes the mod—I motive of X : recall this is a complex of sheaves.

Proof. First we consider the case where X = G/B. In this case, the Bruhat decomposition provides decomposition
of G/B into affine spaces. The arguments apply more generally to any projective smooth scheme X provided
with the action of the multiplicative group G,, and the resulting Bialynicki-Birula decomposition: see [delBano].
Though these were originally stated for the case where the ground field is algebraically closed, they have now
been extended to the case where the ground field is any field: see [Bros|. The basic idea is that the long-exact
localization sequences in higher Chow groups break-up into short exact sequences. We will provide some details of
this argument, mainly for the sake of completeness.

First one observes that X®m is smooth and projective and breaks up into finitely many components, X.
a=0,---,n. (When X = G/B, these components are just k-rational points on X.) Then X itself breaks up as
the disjoint union of locally closed smooth sub-schemes X, so that (i) each X is provided with a G,,-equivariant
map 7o : X — X, (i) (X3)®" = X,,. Moreover, there exists a descending filtration X =Y, DY, DY, D --- D
Y, 2 Y,11 = ¢ by closed G,-stable sub-schemes Y;, with X} =Y, —Y,,1 = XT.

Let d,, = the codimension of X in X and let 'z denote the closure of the graph of 7, in X, x X. This defines a
class, mg, in CH¥m(Xe)+do (X x X). Composition with this class defines maps: CH=% (X, j; Z/1)23CH =4 (X4 x
X, j; Z/l)mg“CH”dim(Xa)(Xa x X, 7; Z/l)pi?CHi(X,j; Z /1) where p; denotes the projection to the i-th factor. It
is shown in [delBano, Theorem 2.4] that these maps provide a decomposition:

(8.1.1) GCH™ % (X, j; Z/)SCH (X, j; Z/1)

In our case X = G/B and each X, is a k-rational point. Moreover, taking j = 0, shows that CH*(X, Z/l) =
@wew Z/l, where the summands correspond to the various Schubert-cells indexed by the Weyl group W. Therefore,
after identifying the higher Chow-groups of G/B with its motivic-cohomology, we obtain the isomorphism:

(8.1.2) Hiu(G/BsZ/1) = CH' (G B, 2/1) & Hi(Specki Z/1)

Moreover, in this case it is clear that H},(G/B;u) = ®wewZ/l. Therefore, these statements prove all the
assertions in the theorem, except for the last part of (iii) for the case X = G/B.

Next we consider the last assertion in (iii) for X = G/B. observe first that M (X)/l is a resolution of the constant
L

sheaf Z/lx so that, R['(X,Z/l) ~ RHom(M(X)/l,Z/l). One has a natural map RHom(M(X)/l,Z/1)® Z/l —
/1

RHom(M(X)/l,Z/l). Using the cell-filtration on X, one may show that this map is a quasi-isomorphism. This
proves the last assertion in (iii).
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When X = G/T, observe that there is a natural smooth map G/T — G/B whose fibers are all R,(B) and
hence affine spaces. The homotopy property for motivic cohomology shows therefore, that the above statements
for X = G/B carry over to X = G/T.

Next we consider the case X = G/N(T). Recall that we already showed we may identify the simplicial scheme
EW xG/T with G/N(T). Therefore the corresponding assertions for G/N(T') follow from the ones for G/T by
w

observing that the cohomology spectra of a simplicial scheme is defined as the homotopy limit of the cohomology
spectra of the schemes in each simplicial degree. (I

9. Motivic Atiyah duality

Recall Atiyah duality is the statement that the Thom-space of the normal bundle to imbedding a compact
manifold in a large sphere is Spanier-Whitehead dual to the stable homotopy type of the manifold. This was
extended to projective algebraic varieties over algebraically closed fields in the context of étale homotopy theory in
[J86]. Recall that in [Voev, Proposition 2.7], it is shown that for every projective smooth variety X, there exists a
vector bundle N together with a Thom-Pontrjagin collapse map: TP : T" — Th(N). Here T%*" is a T-sphere of
dimension d+n (and identified with the projective space IE”Z:”) and Th(N) is the Thom-space of the vector bundle
N. As another application of the theory developed in this paper, we are able to provide an independent proof that
this collapse map provides a version of Atiyah-duality (see [At]) in the motivic context when X is assumed to be
both linear and smooth projective. This is independent of [Voev] which contains a (rather difficult to follow) proof
for general smooth projective schemes.)

The starting point of this in all contexts is the construction of a Thom-Pontrjagin collapse map from a large
sphere to a suitable Thom-space. In [Voev, Proposition 2.7], Voevodsky obtained a version of this which we will
employ. It is shown in [Voev, Proposition 2.7] that there exists a vector bundle N on P¢ along with a map

(9.0.3) TP, : T4 — Thpa(N)

where T9%™ is the sphere S+ A G/\". This map is degree one in the sense that TP*(a) = t where a denotes the
top class in the motivic cohomology of Thpa(N) and ¢ denotes the canonical generator of H24+2n (T4t 7,(d 4 n))

Next assume X is a projective smooth scheme over ko imbedded in the projective space P4 with normal bundle
V. Then the immersion N — P4 — N — X induces a second Thom-Pontrjagin collapse map

(9.0.4) TP, :Tth(N) —>ThX(N)2ThX(N|X@V).

This is also degree one in the sense that the T'P3 pulls-back the top class of Thx (N x © V) in motivic cohomology
to the top class of Thpa(N). Composing the two Thom-Pontrjagin collapse maps, we obtain

(9.0.5) TP :T™" — Thx(Nix ®V) and TPy : T — Thg(Nix @ V)er

where the subscript et denotes the étale topological type and the ~ denotes the corresponding schemes defined over
the algebraic closure of ky. Next we may compose T'P with the diagonal map A : Thx (N x®V) — X AThx (N x®
V). Taking the corresponding P!-suspension spectra, we obtain the map p : Yp1 T4 — Sp1 X, AXm Thy (Nix®V).

Theorem 9.1. Assume in addition that X is a linear scheme. Then the following hold:

(i) Both ¥p1(X) and Xp1 A Thx(N|x © V) are finite Xp1-module spectra. In fact Eﬁm(Epl) A Ep(X) ~

_ I — — L
Z/ZOO(EEM)Z/I /(\E )Z/ZOO(EW (Xet)) and Z/loo(z]pl)/\Z]pl (Thx(N|XEBV)) ~ Z/loo(Elpl)Z/\l 2@1 (Thx(N|XEBV)et)
e ﬁelzt “ ﬁet ot

(i) The dual of the map id?ﬁw(Epl) A is a duality map in the sense of Definition 6.1.

Proof. The finiteness of Ypi(X) is already established in Proposition 4.7. We will consider the given filtration
p=F 1 CFpCFkKC.---CF, 1 CF,= X sothat each F; — F;_; = UA™ x GJ% which is a finite sum of
products of affine spaces and split tori. We will show by descending induction on k that the suspension spectra
Y Thx . (N x-p, ©Vx—p,) are all finite cellular. When & = n — 1, this is clear since X = F;, and F,, — F}, 1 is
a finite sum of products of affine-spaces and split tori. Therefore any vector bundle over F,, — F,,_1 is trivial and we
may assume Yp1 Thx _p, (N x—p, © Vix_p,) is finite cellular for 1 < k41 < n and we will show that this implies
the corresponding statement for k = k — 1. For this one observes the stable co-fiber sequence in Spt,; (ko):
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Sp1 (Thx—py s (Nix—Fyy ®Vix-riyy)) = 2ot (Thx 5 (Nix—p, ® Vix—p,)) = ZpZp (Frp1 — Fi)+

where N = rank(N) 4+ rank(V') + codimp, ,, —r, (X — F}). The existence of this stable cofiber sequence follows
from the homotopy purity theorem as in [MV, section3, Theorem 2.23]. The identification of the last term of the
above stable cofiber sequence as claimed follows from the observation that the stratum Fjy 1, — Fj is assumed to
be a disjoint union of affine spaces and tori and hence that every vector bundle over it is trivial as observed in
the proof of Proposition 4.7. This proves that finiteness of the P!-suspension spectra in the first statement. The
comparison with completed suspension spectra associated to the étale homotopy types follows as in the proof of
Theorem 7.3.

In view of (i), the map idﬁ (5,0) N H MAY be identified with the map id A Z/l (fiet), where A denotes /L\

oo (Bp1) Z/U(S51)
and id denotes the identity map of Z/l__Yp: and fic; denotes the induced map on the étale topological types of the
corresponding objects defined over the algebraic closure of k. Therefore, it suffices to show that the map Z/lo (ptet)
is a duality map. At this point one may invoke [J86] to complete the proof of (ii). (The basic technique there is to
show that slant-product with the class fi.¢(id4+r) induces a map of Atiyah-Hirzebruch spectral sequences defining
generalized étale homology and cohomology with respect to any constant presheaf of spectra whose homotopy
groups are [-primary torsion. This reduces to showing that the above slant-product induces an isomorphism at the
Es-terms of these spectral sequences which are étale homology and cohomology. Then one makes of use a triangle
involving Thom-isomorphism, Poincaré duality and the slant-product with the class fiet(idgtr,) as in [Sw, 14.42

Proposition].) O
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