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Based on lectures given at the Centre for Advanced Study (CAS) of the
Norwegian Academy of Science and Letters, this book provides a panorama
of developments in motivic homotopy theory and related fields.

A common goal of the research program underlying this volume is the un-
derstanding of the geometric nature of spaces, revealed through algebraic
and homotopical invariants. The articles in this volume, contributed by
leading experts, together touch on an extensive network of related topics in
algebraic geometry, homotopy theory, K -theory and related areas.

The volume has a significant expository component, making it accessible
to students, while also containing information and in-depth discussion of
interest to all practitioners including specialists.






Contents

Preface

Notes on motivic infinite loop space theory
Tom Bachmann and Elden Elmanto

An introduction to six-functor formalisms
Martin Gallauer

Introduction to framed correspondences
Marc Hoyois and Nikolai Opdan

Lectures on the cohomology of reciprocity sheaves
Nikolai Opdan and Kay Riilling

The Grothendieck ring of varieties and algebraic K-theory
Oliver Rondigs

Stable homotopy groups of motivic spheres
Oliver Rondigs and Markus Spitzweck

vii

X

63

107

127

165

197


http://dx.doi.org/10.2140/obs.2022.5.ix
http://dx.doi.org/10.2140/obs.2022.5.1
http://dx.doi.org/10.2140/obs.2022.5.63
http://dx.doi.org/10.2140/obs.2022.5.107
http://dx.doi.org/10.2140/obs.2022.5.127
http://dx.doi.org/10.2140/obs.2022.5.165
http://dx.doi.org/10.2140/obs.2022.5.197




THE OPEN BOOK SERIES 6 (2025)

Motivic Geometry (Oslo) :.msp
https://doi.org/10.2140/0bs.2025.6.9

Preface

In the academic year 2020/21, the Centre for Advanced Study (CAS) at the
Norwegian Academy of Science and Letters organized a program focused on Motivic
Geometry. This program facilitated rich interactions among researchers in motivic
homotopy theory and related fields, united by a shared goal of understanding the
geometric nature of spaces revealed through algebraic and homotopical invariants.
We are currently at a pivotal moment, aiming to deepen this creative interplay, with
dramatic and unexpected connections coming into focus.

One of the program’s objectives was to showcase the diversity of motivic homo-
topy theory and its most intriguing recent developments. It addressed a wide array of
topics, including algebraic vector bundles, affine algebraic geometry, classification
of varieties, enriched enumerative geometry, equivariant Witt cohomology, framed
correspondences, Hodge theory of p-adic varieties, isotropic motivic homotopy
theory, K-theory, logarithmic motives, Milnor—Witt homotopy sheaves, motivic
nearby cycles, motivic stable homotopy groups, p-adic motivic cohomology, repre-
sentations of the motivic Galois group, reciprocity sheaves, slice spectral sequences,
stable A'-homotopy at infinity, and strict A!-invariance.

The program’s lecture series introduced current advancements in this field. It
was tailored for experts but presented in an accessible way for those with a general
background.

This volume reflects the spirit of the lecture series and the accompanying con-
ferences. Consequently, this volume contains a significant expository and didactic
component for the younger audience for whom the lecture series was primarily
intended. It provides an overview of the field’s current state and is intended for
both beginners and specialists.

Most of the six chapters expand on the speakers’ lectures and, as mentioned
above, cover a wide range of topics. Namely:

o Notes on motivic infinite loop space theory
by Tom Bachmann and Elden Elmanto

o An introduction to six-functor formalisms
by Martin Gallauer

© 2025 MSP (Mathematical Sciences Publishers).
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Introduction to framed correspondences
by Marc Hoyois and Nikolai Opdan

o Lectures on the cohomology of reciprocity sheaves
by Nikolai Opdan and Kay Riilling

The Grothendieck ring of varieties and algebraic K-theory of spaces
by Oliver Rondigs

Stable homotopy groups of motivic spheres
by Oliver Rondigs and Markus Spitzweck

We would like to express our gratitude to the authors for their valuable contribu-
tions. We are also thankful to Silvio Levy and Alex Scorpan for their invaluable
support in preparing this volume for The Open Book Series published by MSP
(Mathematical Sciences Publishers). Special thanks are due to CAS for supporting
the idea of these proceedings.

Milan, October 31, 2024
Paul Arne @stvar
paul.oestvaer@unimi.it
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Notes on motivic infinite loop space theory

Tom Bachmann and Elden Elmanto

In fall of 2019, the Thursday seminar at Harvard University studied motivic
infinite loop space theory. As part of this, the authors gave a series of talks
outlining the main theorems of the theory, together with their proofs, in the case
of infinite perfect fields. In winter of 2021/2, Bachmann taught a topics course
at LMU Munich on strict A!-invariance of framed presheaves (which is one of
the main theorems, but was not covered in detail during the Thursday seminar).
These are our extended notes on these topics.

1. Introduction 1
2. The reconstruction theorem

3. The cone theorem 11
4. The cancellation theorem 24
5. Strict A'-invariance 33
Acknowledgments 60
References 60

1. Introduction

We shall assume knowledge of the basic notions of unstable motivic homotopy
theory; see, for example, [6, §2.2] for a review and [2] for an introduction. We shall
also use freely the language of co-categories as set out in [27; 28].

Given a base scheme S, we have the presentably symmetric monoidal co-category
Spc(S) of motivic spaces, and a functor Smg — Spc(S) which preserves finite
products (and finite coproducts). We write Spc(S), = Spc(S)y, for the presentably
symmetric monoidal oco-category of pointed motivic spaces; we use the smash
product symmetric monoidal structure. Let [P’g be pointed at 1; this defines an
object of Spc(S),. We write X : Spc(S). — SH(S) for the universal presentably
symmetric monoidal co-category under Spc(S), in which P! becomes ®-invertible.

MSC2020: 14F42.
Keywords: motivic homotopy, infinite loop spaces, framed correspondences.
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2 TOM BACHMANN AND ELDEN ELMANTO

Denote by SH(S)"*T € SH(S) the closure under colimits of the essential image of
the functor X°°.

The aim of motivic infinite loop space theory is to describe the category SH (S) e,
It turns out that there is a good answer to this problem if S = Spec(k), where k
is a perfect field. This uses the notion of framed transfers, first discovered by
Voevodsky [36]. The theory was taken up, and many important results proved, by
Garkusha—Panin [18] and their numerous collaborators; see, for example, [1; 10; 12;
17; 20]. Unfortunately their results rely on a process called o -stabilization which
interacts poorly with symmetric monoidal structures. (This is somewhat similar to
the problem of constructing a good smash product of spectra in the early days of
stable homotopy theory.) This problem was overcome by Elmanto—Hoyois—Khan—
Sosnilo—Yakerson [15]; their main contribution is the invention of the notion of
tangentially framed correspondences and an accompanying symmetric monoidal
oo-category Corr™ (k).

Using this category, motivic infinite loop space theory can be stated as follows.

Theorem 1.1. For a perfect field k, there exists a canonical, symmetric monoidal
equivalence of co-categories

Spcf™ (k)& ~ SH (k).

Here Spcfr(k) is a category obtained from Corrfr(k) by the usual procedure
(consisting of sifted-free cocompletion and motivic localization); it is semiadditive
and Spc™(k)#P denotes its subcategory of grouplike objects.

The principal aim of these notes is to explain how to prove this theorem, assuming
that k is infinite. Our secondary aim is to reformulate some of the technical results
of [1; 10; 12; 17; 20] (those that we need in order to prove Theorem 1.1) in the
language of co-categories. As it turns out, this simplifies many of the statements
and also many of the proofs. Given this focus, we do not treat here the construction
of the category Corr'™ (k) and we refer freely to [15] for this and many basic results
about framed motivic spaces. We also do not discuss alternative (1-categorical)
approaches to the theory [16; 19].

Organization. The proof of Theorem 1.1 consists mainly in two steps. Firstly
we show that there is an equivalence SHT (k) ~ S (k); here SH (k) is obtained
from Spc'(k) by inverting the framed motivic space corresponding to P!. This is
known as the reconstruction theorem. Then we show that the canonical functor
Spcfr(k) — SHY (k) ~ SH(Kk) is fully faithful. This is called the cancellation
theorem.

In Section 2 we prove the reconstruction theorem modulo a technical result,
known as the cone theorem. We then spend all of Section 3 on proving the
cone theorem. In Section 4 we prove the cancellation theorem, modulo strict
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Al-invariance of framed presheaves. In Section 5 we prove strict A!-invariance (of
Al-invariant framed presheaves over infinite perfect fields).

Notation and scope. It is not our intention to faithfully reproduce the results,
arguments or notation from any of the many references. Instead our aim is to
outline the theory of motivic infinite loop spaces (over a perfect field) from the
perspective of oco-categories. Consequently we follow notation and terminology
from [15], and not other references. In particular by framed correspondences we
mean the co-categorical version as devised in [15]; sometimes we may add the word
“tangentially” for clarity but often we may not. When referring to Voevodsky’s
original notion, we speak about equationally framed correspondences.

2. The reconstruction theorem
Primary sources: [15; 18].

2A. Setup. Let S be a scheme. Recall from [15, §4] that there is a symmetric
monoidal, semiadditive co-category Corr'™(S) and a symmetric monoidal functor
y : Smgy — Corrfr(S).1 It preserves finite coproducts [15, Lemma 3.2.6] and is
essentially surjective (by construction); we refer the reader to [15, 3.2.2] for the
most important properties. We denote by y* : Px(Sms;) — Px (Corr™(9)) its
sifted cocontinuous extension.” Write Spc(S), for the localization of Px (Smg.)
at the generating motivic equivalences, that is, (generating) Nisnevich equivalences
and A'-homotopy equivalences, and Spcfr(S) for the localization of Py, (Corrfr(S))
at the images of the generating motivic equivalences under y*. Let P! € Spc(S), be
pointed at 1. Recall that for any presentably symmetric monoidal co-category C and
any object P € C there is a universal presentably symmetric monoidal co-category
under C in which P becomes ®-invertible [33, §2.1]; we denote it by C [(P1.

The following is the main result of this section, which we will give a proof of
assuming the comparison results explained in 2E.

Theorem 2.1 (reconstruction). The induced functor
y*: Spe(S)[(PH ™= Spe"(Hy*®H ']
is an equivalence.

We write SH(S) = Spe(S)[(PH) '] and SHT(S) = Spc™($)[y*(PH)~']. We
shall prove the result when S = Spec(k) is the spectrum of an infinite field. The
result for general S is reduced to this case in [25] (using [15, §B]).

IRecall that for a category with finite coproducts and a final object *, C+ C Cy; denotes the
subcategory on objects of the form ¢ | | *. We mainly use this in conjunction with the equivalence
Py (C+) =~ Px(C)x [6, Lemma 2.1].

ZWe denote by Py; (C) = Fun* (C°P, Spc) the nonabelian derived category of C.



4 TOM BACHMANN AND ELDEN ELMANTO

Remark 2.2. While S (S) appears to be a more complicated co-category than
SH(S) (the co-category of motivic spectra), the point of motivic infinite loop space
theory (and the rest of this note) is to give explicit formulas for mapping spaces
in SH(S), at least when S is the spectrum of a perfect field. More precisely: the
functor Spc(S)s — SH(S) is far from being fully faithful, while the cancellation
theorem Theorem 4.3 asserts that the functor Spc™ (), — SHT(S) is fully faithful
on grouplike objects.

2B. Preliminary reductions. The functor y* preserves colimits by construction,
so has a right adjoint y,. The stable presentable co-category SH(S) is compactly
generated by objects of the form XX A (PH”", for X € Smg and n € Z. Sim-
ilarly SHT(S) is compactly generated by Y(EEX A (PH”"). Tt follows that
Vet SHIT(S) — SH(S) is conservative and preserves colimits.

Conservativity of y, implies that in order to prove that y* is an equivalence, it
suffices to show that it is fully faithful, or equivalently that the unit of adjunction
u :id — y,y™ is an equivalence. Indeed the composite

Vi =T Ve Ve T v
is the identity (y* and y, being adjoints), the first transformation is an equivalence
by assumption, hence so is the second one, and finally so is the counit ¢ since y; is
conservative.

Since y, preserves colimits, the class of objects on which u is an equivalence
is closed under colimits. Hence it suffices to show that u is an equivalence on the
generators.

Given any adjunction y* : C < D : y, with y* symmetric monoidal, the right
adjoint y, satisfies a projection formula for strongly dualizable objects: if P € C
is strongly dualizable, then there is an equivalence of functors y,(— ® y*P) ~
v:(—) ® P. Indeed we have a sequence of binatural equivalences

Map(—, yx (= ® y*P)) = Map(y*(-), —® y* P)
~Map(y*(—® P"), —)
~Map(—® P, yx(—))
>~ Map(—, y«(—) ® P),

and hence the result follows by the Yoneda lemma.
Since X®°P! € SH(S) is invertible and hence strongly dualizable, in order to
prove Theorem 2.1 it is thus enough to show that for every X € Smyg, the unit map

X = yy X € SH(S)

is an equivalence. Using Zariski descent, we may further assume that X is affine.
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2C. Recollections on prespectra. Let C be a presentably symmetric monoidal oco-
category, and P € C. We denote by Sp"N(C, P) the co-category whose objects are
sequences (X1, X», ...) with X; € C, together with “bonding maps” PR X; = X, ;1.
The objects are called prespectra. The morphisms are the evident commutative
diagrams. We call X = (X,), € SpN (C, P) an Q-spectrum if the adjoints of the
bonding maps, X; — QpX;;1, are all equivalences. Here Qp : C — C denotes
the right adjoint of the functor Xp := P ® (—). We denote by LstSpN C,P)C
SpN(C, P) the subcategory of Q-spectra. The inclusion has a left adjoint which we
denote by Ly : SpN C,P)— LstSpN (C, P); the maps inverted by L are called
stable equivalences.

Remark 2.3. If P is a symmetric object, i.e., for some n > 2 the cyclic permutation
on P®" is homotopic to the identity, then LySp™N(C, P) ~ C[P~']. This is proved
in [33, Corollary 2.22]. See also [22, Theorems 10.1 and 10.3].

2C1. Spectrification. There is a natural transformation
TpQp > id > QpZp.

Using this we can build a functor Q : Sp™V(C, P) — SpV(C, P) with the property
that for X = (X,), € SpN(C, P) we have Q1(X), = QpXp,+1. There is a natural
transformation id — Q. Iterating this construction and taking the colimit we obtain

id - Q :=colim 0}".
n
The following is well known (see, for example, [22]).
Lemma 2.4. Let X € SpV(C, P).

(1) The map X — QX is a stable equivalence.

(2) If Qp preserves filtered colimits (i.e., P € C is compact), then QX is an
Q-spectrum.

2C2. Prolongation. Let F : C — C be an endofunctor. Following Hovey [22,
Lemma 5.2], we call F prolongable if we are provided with a natural transformation
7:X¥pF — FXp; we denote the data of a prolongable functor as a pair (F, 7).
Equivalently, we should provide a natural transformation ¥ — QpFXp. In any
case, there is an obvious category of prolongable endofunctors (having objects the
pairs (F, t) as above). Any prolongable functor (F, t) induces an endofunctor

F:spNe, Py — spNE, P), (Xp)n > (FXp)a.
The bonding maps of F X are given by
SpF(X,) 225 F(SpX,) 225 F(Xpi),

where b, : ¥ p X, — X, is the original bonding map.
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Example 2.5. The functor F,, = ', X7, is prolongable by QpuX’, : F, — QpF, Xp,
where u : id — Qp X p is the unit transformation. One checks easily that

F, XX >~ Q{"E%X.
The transformation &', u X, defines a morphism F,, — F, | of prolongable functors;
let F be its colimit. Then one checks that

FoX®X ~ 0%>X.

Example 2.6. The functor F = X p can be prolonged a priori in (at least) two ways:
via the canonical isomorphism t; : XpF = XpXp = FXp and via the switch map
T : Xpgp —> XZpgp- Then F| >~ F, as prolongable functors if and only if the switch
map on P ® P is the identity. (Sometimes F] is called the fake suspension functor.)

Example 2.7. Let F' : C — C be a lax C-module functor, so that in particular for
each A € C we are given a transformation ¥4 F — F X 4. Specializingto A = P
we obtain a prolongable functor F, natural in the lax C-module functor F. The
functor F,, (from Example 2.5) is a lax C-module functor, via

A®@Hom(P®", P®" @ X) - Hom(P®", P®"® A® X), “@® f)rca® [,

where ¢, denotes the “constant map at a”.

Suppose that P is strongly dualizable with dual P". Then F, and F, have equiv-
alent underlying functors. However, their prolongation are described in different
ways. The functor F), can be written as

u

PV® @ pe" = PYE Q@ PP"Q PV QP

0324 P\/®}’l ® P\/ ® P ® P®n ~ P\/®n+1 ® P®n+l
On the other hand the prolongation of F, can be written as
P\/®n ®P®n L) P\/®n ®P®n ®P\/ QP

0123 P\/ ® P\/®n ® P®n ® P ~ P\/®n+l ® P®n+1
They are isomorphic if and only if the (n+1)-fold cyclic permutation acts trivially
on p®n+1'
Example 2.8. Let id = F; -2 id be a retraction of prolongable functors. Since

o : F1 — id is a morphism of prolongable functors, the following square commutes:

QpSp=F 2 QuF T, =02%2

pl Qppzpl

id — s B =Qp%p.

Hence up >~ QppuXp >~ idg,s, and so u and p are inverse equivalences.
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Remark 2.9. The prolongations using lax module structures interacts more reason-
ably with categorical constructions than the one via units of adjunction. For this
reason it is more natural to have a retraction id — F; - id. If P is 2-symmetric
(i.e., the switch on P®? is the identity), then F; ~ F 1 and u’ =~ u, under this
equivalence. Hence u’ and p are inverse equivalences. This holds more generally
if P is n-symmetric for any n > 2; this is the content of Voevodsky’s cancellation
theorem. See Theorem 4.7 in Section 4.

2D. Notions of framed correspondences.

2D1. (Tangentially) framed correspondences. We have the lax Smg -module func-
tor

A" Smgy — Py (Smg)., X4 > py X

(Sections of AT(X) over Y are called (tangentially) framed correspondences from Y
to X, but we will not use this terminology much. We will usually drop the adjective
“tangentially”.) We extend this to a sifted cocontinuous functor

AT : P (Smg), = Px (Smgy) — Py (Smy),.

Of course y,y* is already sifted cocontinuous, so AT ~ y,* and this is just a
notational change.

2D2. Egquationally framed correspondences. There are explicitly defined lax Smy. -

module functors [15, §2.1]
R Smg, — Ps(Smyg)s

and natural transformations o : h¢™" — pefntl (Sections of A% (X) over Y are
called equationally framed correspondences from Y to X of level n.) We denote by

R Py (Smg)s — Py (Smy),
the sifted cocontinuous extensions, and by

he" : Py (Smy), — Py (Smy).
the colimit along 0. We will elaborate on this in Section 3C.

2D3. Relative equationally framed correspondences. Let U C X € Smg be an open
immersion. There are explicitly defined presheaves

he(X, U) € Ps(Smg,);

they depend functorially on the pair (X, U) and are lax modules, in a way which
we will not elaborate on. (Sections of 1™ (X, U) over Y are called relative
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equationally framed correspondences from Y to (X, U) of level n.) For us the most
important case is where X = X’ x A™ and U = X' x A" \ X’ x {0}; we put

hefr,n(X/’ On) — hefr,n(X/ % Am’ X' x A" \ X' x {0})

These assemble into lax Smg,-module functors Smgy — Py (Smgy). We will
elaborate on this in Section 3B.

2E. Comparison results. We now explain the comparison results which go into
the proof of the reconstruction theorem.

2E1. Equationally framed versus tangentially framed. There is a canonical trans-
formation

he" — A" € Fun(Smg., Px(Sms,)),

which is a motivic equivalence (objectwise) [15, Corollaries 2.2.20 and 2.3.25].
Since motivic equivalences are stable under (sifted) colimits, the sifted cocontinuous
extension of the natural transformation is still a motivic equivalence objectwise.
The transformations are compatible with the lax module structures.

2E2. The cone theorem. There is a canonical transformation
hefr,n(X/ U) — hefr,n(X’ U),

here the left-hand side is obtained by sifted cocontinuous extension. This is a
motivic equivalence for X affine, provided the base is an infinite field. This is
known as the cone theorem, and will be treated in Section 3.

The natural transformation

R (X A™ /X x A"\ X x 0) — h*™" (X, O™)
can be promoted to a lax module transformation.

2E3. Voevodsky’s lemma. We denote by T € Px(Smg,) the presheaf quotient
A!/G,,. It comes equipped with a canonical map of presheaves a : P! — Lz, T by
presenting the domain as a (Zariski-local) pushout A' Ug, A! ~ P!,

There is a canonical equivalence of lax module functors

RN (X, O™) — Qb Lnis S X 4.

Following [18, §3], this is known as Voevodsky’s lemma; see [15, Appendix A]
for a proof. The equivalence is compatible with the natural stabilization maps
(increasing n) on both sides.
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2F. Proof of reconstruction. Write Shvynis(S) = LnisPx (Smg) and Shvf\rﬁs(S) =
LyisPs (Corr™(5)).

Lemma 2.10. The forgetful functor Shvgis(S) — Shvyis(S) preserves and detects
motivic equivalences.

Proof. Immediate from [15, Proposition 3.2.14]. ([

Since y* : Shvyis(S) — Shvfl\ﬁis(S) is symmetric monoidal, it induces a func-
tor | upon passage to prespectra. We obtain an adjunction

1 SpY (Shvnis(8)s, P1) 5 SpN(Shviy(5), y* P : s

the right adjoint yﬂ[\J is given by the formula yﬂ[\J(X )n = Y«(X,). We call a map
X—>Ye SpN (Shvnis(S)«, PY) a level motivic equivalence if each map X,, — Y,
is a motivic equivalence, and similarly for framed prespectra. The saturated class
generated by level motivic equivalences and stable equivalences is called stable
motivic equivalences. Local objects for this class of maps are called motivic £2-
spectra; these are the prespectra X = (X)), such that X is an 2-spectrum and each
X, is motivically local.

Corollary 2.11. The functor )/*N preserves and detects stable motivic equivalences.

Proof. Since y!Y preserves motivic -spectra (from its formula above) it is enough
to show that it commutes with spectrification. Let X = (X,,), be a prespectrum. By
Lemma 2.4(2), its spectrification is given by

(QLmotX)y = colim Qb Lot Xnti-
Since s : S hvgis(S ) — Shvnis (S) . preserves motivic equivalences, filtered colimits
(both by Lemma 2.10), and P!-loops, the result follows. (]
We also note the following.
Lemma 2.12. There are canonical equivalences
Lg.morSP" (Shvnis (), P1) 2 SH(S)

and

LstmorSP" (ShviL (8), y*P1) = SH(S).

Proof. We prove the result for unframed spectra; the other case is similar. It is
easy to see that LmotSpN (Shvyis(8)y, P! ~ SpN (Spc(S), P!y (see, for example,
[3, Lemma 26]). But P! is symmetric in Spc(S). [24, Lemma 6.3], and hence the
result follows from Remark 2.3. O
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Let G : Shvnis(S)« — Shvnis(S)« be an endofunctor. We say that G is mixed
prolongable if we are given a natural transformation £piG — GX7. Then G
naturally induces a functor

G : Sp™(Shvnis(S)s, T) — Sp™ (Shvnis(S), P1).

Let G, = Qp, Z7. This is mixed prolongable via

n n %1”2" n+1 n+1 n+l
e N farap >ic

here a : P! — T is the canonical map and u : id — Q7 X7 is the unit of adjunction.
For X € Smyg, let ¥7°X denote the associated T -suspension prespectrum. Then

GoXPX =X, TAX, T*AX,...) € Sp"(Shvnis(S)«, P

is a spectrum motivically equivalent to E ; X. By Corollary 2.11 and Lemma 2.12
it is hence enough to show that

GoZPX — yNyEGozy

is a stable motivic equivalence. There are canonical maps of mixed prolongable
functors Go — G — - - -, and one checks that

0GoX7’X ~colimG; 7 X.
1
In particular the map
GoZ7X — colim Gy 11 27X
1

is a stable equivalence.

The functor €2, X7 is mixed prolongable in another way, using the lax module
structure. Denote the mixed prolongable functor obtained in this way by Gy.
Arguing as in Example 2.7, G, and G, differ by cyclic permutations of P!, T of
order n+ 1. Note that the functor Hom(—, —) preserves A!-homotopy equivalences
in both variables. Since the cyclic permutation on ([P’I)AZ”H is Al-homotopic to
the identity,? and the same holds for T', we deduce G4 =~ Gai4| as prolongable
functors. We learn that the canonical map

1

A ~ -
GoEFX — colim G 11 T X =~ colim Goi 41 X ~ colim G, EF X
l 1 l

is a stable A!-equivalence.
Let E; denote the sifted cocontinuous approximation* of G;, so that there is a
map E; — G; of mixed prolongable functors. We can view he™ (and h'™) as mixed

30Observe the equality (1,2,3)(3,4,5)---2n—1,2n,2n+1)=(1,2,...,2n,2n+1).
“In the sense that we restrict G; to Smg., and then take the sifted cocontinuous extension.
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prolongable functors (note that they preserve Nisnevich equivalences in Py (Smyy)
by [15, Propositions 2.3.7(ii) and 2.1.5(iii)] and so descend to Nisnevich sheaves)
by using their lax module structures. By Voevodsky’s lemma and the fact that both
functors are sifted cocontinuous extensions from smooth schemes, E; >~ h®™ as
lax modules and hence as mixed prolongable functors. Thus by the cone theorem
(see Theorem 3.1 and Remark 3.4 in Section 3 for more details), the map

E;T®X - G;T¥X

is a level motivic equivalence (here we use that the base is an infinite field). We
obtain the commutative diagram

. L -
GoZPX — GoIR®X 2 GouXNXX

EQSPX —= pefixoex fnoty plryooy
All maps are the canonical ones; labels on the arrows denote the type of equivalence.
The composite GoX7°X — hfrEf’.oX ~ y*Ny,@GOE%OX is the unit of adjunction.
The diagram proves this unit is a stable motivic equivalence. This concludes the
proof.

3. The cone theorem
Primary sources: [10; 20].

3A. Introduction. The cone theorem is the determination of the motivic homotopy
type of 1°"(X/U), i.e., the “framed cone” of an open immersion U <> X where X
is smooth. In the proof of the reconstruction theorem, coupled with Voevodsky’s
lemma (Lemma 3.2), it relates the endofunctor on pointed Nisnevich sheaves given
by Qpi1 X7 and the sifted cocontinuous extension of a framed model of this functor.

Theorem 3.1. Let k be an infinite field, X a smooth affine k-scheme, and U C X
open. Then there is a canonical motivic equivalence

R (X U) — h*(X, U).

For now we work over an arbitrary base scheme S. We have already discussed
Voevodsky’s lemma that describes 4°™"(X) in terms of maps of pointed sheaves
(see Section 2E3). In general we can describe the sections of the (pointed) sheaf

Lnis(X/U),
as follows. Define

OX,U)T)=1{(Z,¢)| Z T closed, ¢ : TZh — X, o7\ (X\U) =2Z),
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which is pointed at (&, can). Here Tél denotes the henselization of 7 in Z. There
is canonical map

Q(X,U) — Lnis(X/U),
which sends a section (Z, ¢) over T to the map
T~ Lyis(T§ Upp , T\ Z) 2, x/U.

Lemma 3.2 [15, Proposition A.1.4]. The map Q(X, U) — Lnis(X/U) is an iso-
morphism.

The presheaf of equationally framed correspondences of level n can be phrased
in these terms. Let us elaborate on how this is done. Recall that we have n closed
immersions (P1)"~! — (P!)" as the components of the “divisor at co” — so that
U(I]J’])X”_1 is the divisor d[P. We then have the fiber sequence (in sets)

R (X)(T) — QA" x X, A%\ 0x)(P1)*" x T)
- [T oA x x, A5\ 0x) (@Y x T).

1<i<n
Via Lemma 3.2, 2" (X) is isomorphic to
Hompy smgy) (PH™ A (=4, Luis (T A X1)).

3B. Relative equationally framed correspondences. We elaborate on the discus-
sion in Section 2D3. Throughout X is a smooth affine S-scheme and we have a
cospan of S-schemes

Y s X <X\ Y(=:U),

where i is a closed immersion and j is its open complement. The presheaf of
relative equationally framed correspondences h*™" (X, U) is then defined via a
similar formula:

RN (X, UY(T) — QA" x X, AL\ (0 x Y))(PHY*" x T)
— ]_[ QA" x X, A%\ (0 x ) (P! x T).

I<i<n
The next lemma follows from the above discussion.
Lemma 3.3. There is a canonical isomorphism of sheaves of sets
K" (X, U) 2= Hompy smg ) (PDY A (=), Luis(T™ A (X/U))).
Remark 3.4. Consider the functor G : Py (Smgs) — Px(Smgy) given by

G(P) = Hompy (smg. ) (PHM A (=), Lnis(T™ A P)).
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Write ¢ : E — G for the sifted-cocontinuous approximation of G (that is, the
left-Kan extension of E|sp,, ). Then by Voevodsky’s lemma we have E ~ et
Consequently we obtain a natural map

exyp th™(X/U) = E(X/U) — G(X/U) ~ k™" (X, U).
This is the map of Theorem 3.1.

Explicitly, elements of 4" (X, U)(T) are described as (equivalence classes of)
tuples

(Z,(¢,8), W),
where
(1) Z < A7 is a closed subscheme, finite over 7',
(2) W is an étale neighborhood of Z in A%,
3) (¢,g): W — A" x X is a morphism such that

Z=(.) ' OxY)=¢"'O)Ng™ ().
For example, suppose X =A! and U = G,,. Then h¢(A!, G,,) is isomorphic to
Hompy sms.) (PD A (=), Lis T ).

Remark 3.5. The subscheme Z in the definition of Q(X, U)((P')"\") is not required
to be finite. However, in the definition of h°™" (X, U), the Z appearing is a closed
subset of both (P1)*" and A", so both proper and affine, hence finite.

We will also need the next presheaf.

Definition 3.6. Let hfpfcr’” (X, U) C h*(X, U) be the subpresheaf consisting of those
(Z, (¢, g), W) where ¢~1(0) — T is quasifinite.

Remark 3.7. Recall that the scheme W in an equationally framed correspondence
is well defined only up to refinement. If p : W' — W is such a refinement and
¢~ 1(0) is quasifinite, then so is (¢ o )" 10), p being quasifinite. The converse
need not hold.

Example 3.8. In #°™!(A!, G,,)(k), we have the cycle ¢ = (Z = 0, (0, x), Al),
where 0 indicates the constant function at zero, so we are considering the zero locus
of the map

0,x): Al - Al x AL,

In this situation, 0~!(0) = A! and hence is not quasifinite over the base field, so
cd hgﬁr’l(Al, Gy,) (k). On the other hand 0~'(0) N x~1(0) = 0, which restores the
finiteness of Z, as needed. Generically, we should expect quasifiniteness of ¢! (0)
— the only function we need to avoid in the above example is literally the constant
function at zero.
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The relevance of the quasifinite version is the following.

Construction 3.9. We have a map
R (X) > WX, U, (W, (@, 8). Z)— (W, (¢, 8). Zy=¢""(0)Ng~"(V)),
which factors as

B (X) - KX, U CRX, ), (1)

since gb_l (0) is, in fact, finite. Now, consider the diagram

hefr,n (X LI U) — hefr,n(X)’
(Z,(¢,8), W)~ ((Z, (¢, Vog), W), (Zx, (¢x, 8x), Wx)),

where (Zx, (¢x, gx), Wx) is the component of (Z, (¢, g), W) over X, and V :
XU — X is the fold map. Denote the set-theoretic coequalizer of this diagram
(taken sectionwise) by rgohefr’”(X /U). (This notation is justified in Section 3C.)
The map (1) then further factors as

hefr(X)

—

Tooh®T (X U) ———mmmemmemmoo s > hi " (X, U).

We can explicitly describe the sections of the presheaf 7<oh*™"(X/U): if T €
Smg, then rSohefr’"(X /U)(T) is the quotient of K& (X)) modulo the equivalence
relation generated by

W, (¢, 8),2)~ W', (¢, ¢), 2,

whenever there exists (W”, (¢”, g"), Z") suchthat g”: W' - U C X, W =W'LUW"
up to refining the étale neighborhoods, and (g, ¢) = (g’, ") LI (g”, ¢").

Remark 3.10. We warn the reader that the canonical map (X 1Y) —
hefn (X)) x R (Y) is not an equivalence (unless X = @ or Y = @). It becomes so
after applying Lx1 and letting n — oo [15, Remark 2.19; 18, Theorem 6.4].

Lemma 3.11. Let S be any scheme. The map t<oh®™"(X/U) — hZﬁr’" (X,U) isan
Lis-equivalence.

Proof. Let T be the henselization of a smooth S-scheme in a point. It suffices to
show that the map on sections over T is both surjective and injective.

Surjectivity: Take (Z, (¢, g), W) € hg?’"(X, U)(T) and put V = ¢~ (0), so that
Z=VnN g_l(Y). We may assume that W is affine (see [15, Lemma A.1.2(ii)]),
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and hence so is V. Since V is quasifinite, we may write
V=V UV,

where V; is local and finite over T for i <n, and V,,;1 — T misses the closed point
[34, Tag 04GJ]. Similarly Z = Z; 0 --- LI Z;. We may assume that Z; C V; and
d <n (note that Z; — T hits the closed point by finiteness, and hence Z; & V,,41).
Removing V1 U---UV, 1 from W, we may also assume thatn =d and Z,, | = &.
In particular V is finite over T. It remains to prove that V — A7 is a closed
immersion. Denote by V C A’ the image of V, which is a closed subscheme
finite over T. We can write W;; = W LI W, where W is finite over V and W,
misses the closed points. Then W, C W is closed and misses all closed points
of V,soVC W\ W,=:W.Now W"-/ = W; and so W], — V is finite étale; also
W/, — Z is an isomorphism, whence so is W|, — V [34, Tag 04GK]. It follows
that Wi, ~ V — W’ is a closed immersion, and hence V — A. is a locally closed
immersion (using fpqc descent [34, Tag 02L.6]). Since V is finite, this is a closed
immersion.

Injectivity: Consider two cycles

c=(Z,(¢. 0. W), =(Z @.¢g) W),

with the same image in hgﬁf*"(x, U).PutZy=ZNg '(Y)and Z) =Z' ng= (V).
In other words Z; = Z/ and there exists an étale neighborhood W” refining W and
W’ such that (¢, g)|w» = (¢, g")lw». We may write Z=CL D, where DNZ; =&
and every component of C meets Z; (using again [34, Tag 04GJ]). Shrinking W
to remove D replaces ¢ by a cycle with the same image in T<gh*™"(X/U); we
may thus assume that D = @. Now o : W/ — Z is open and its image contains
all closed points, so o is surjective. Since every closed point of Z lifts along o
and o is étale, it follows that o admits a section [34, Tags 04GJ and 04GK]. Thus,
shrinking W” if necessary, we may assume that it is an étale neighborhood of Z.
Arguing the same way for Z’ concludes the proof. ([

3C. Quotients versus homotopy quotients. The quotient X/U is given by the
geometric realization of the following diagram in presheaves (also called a “bar
construction”):

Xy &= (XUU); &= XUULU),

By definition (as sifted-colimit preserving extensions) we get that 2°(X /U) is the
colimit of the simplicial diagram

RE(X) == h(X L) = kX uUuv)

2

3
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We remark that the first two maps coincide with those from Construction 3.9. There
is thus a canonical map

R (X U) = T<oh®™ (X U),
which witnesses O-truncation of the resulting geometric realization.
Construction 3.12. Composing with the map from Construction 3.9, we get maps
WX/ U) > T<0h™™ (X /U) > B (X, U) < b (X, U).
The composite is the map in question in the cone theorem.
We now claim that the first map is an equivalence, i.e., A" (X /U) is O-truncated.

Construction 3.13. Let efr(X, U)(T) denote the following (1-)category (in fact, a
poset):

o The objects are elements of R (X)(T).

o There is a morphism

(Z, (9,8, W)~ (Z',(¢',8), W)

if and only if there exists a decomposition Z LI Z” = Z’, g’| z» factors through
U c X, and (¢, gNlyn = (@, lyr-

Lemma 3.14. There is canonical equivalence
|Noefr(X, U)(T)| ~ hT(X/U).

Proof. For this proof we will abbreviate (W, (¢, g), Z) as (Z, ®); as we manipulate
these cycles what happens on the data of the étale neighborhood and defining
functions will be clear. For each n, we have a map

Nyefr(X, U)(T) — b (X L U™)(T),
given by
(Zo, @) = -+ = (Zn, ©p) > (Zo U (Z1\ Zo) U(Z2\ Z)) U(Zy\ Z—1), D).

On the other hand, if (Z, ®) € h°T(X I UY")(T) we get cycles {Z], ®/}i>1
by pulling back along the various inclusions {t; : U < X LI UY"} and also a
cycle (Zy, ®o) by pulling back along X < X LI UY". This defines an element
Nyefr(X, U)(T) by setting (Z;, ®) = (Zo U Z| - -- Z], ®;), with the maps deter-
mined. These maps induce mutual inverses of simplicial sets. (|

Lemma 3.15. The space |N.efr(X, U)(T)| is O-truncated.
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Proof. Consider the subcategory
efr(X, U)(T)" C efr(X, U)(T),

consisting of those cycles (Z, ®) such that no (nonempty) connected component
of Z factors through U. Then efr(X, U)(T)? is a category with no nonidentity
arrows, whence | Noefr(X, U)(T)°| is O-truncated. The inclusion efr(X, U)(T)? —
efr(X, U)(T) admits a right adjoint (given by discarding all components of Z that
factor through U), and hence induces an equivalence on classifying spaces. The
result follows. ([l

It follows that the canonical map
R (X/U) — t<oh™™" (X /U)

is a sectionwise equivalence of spaces. Combining Lemmas 3.11, 3.14 and 3.15,
we have proved the following result.

Theorem 3.16. Let S be a scheme. The map

WX/ U) — W (X, U)

is an Lyis-equivalence.

3D. Moving into quasifinite correspondences. In order to complete the proof of
the cone theorem, we will need the following result.

Theorem 3.17. Let S = Spec(k), where k is an infinite field. The inclusion of
presheaves
" (X, U) <> h*™ (X, U),

is an Lp1-equivalence.
This is a moving lemma in motivic homotopy theory.

Remark 3.18. In [20], this moving lemma was discovered for X =A" and U =A"\0
which suffices for the purposes of computing the framed motives of algebraic
varieties. We will follow the treatment [10] which performs the moving lemma for
more general pairs.

For the rest of this section, we work over an infinite field. We fix the smooth
affine scheme X, its open subscheme U and closed complement Y. Write X for a
projective closure of X, and Y := X \ U. By considering the Segre embedding, we
find a very ample line bundle O(1) on P" x X with a section xg such that xo|anx x
is nonvanishing. We also have sections xi, ..., x, € HO(P" x X, O(1)) such that
Xi/Xolarx x are the usual coordinates on A". Denote by N' C P" x X the closed
subscheme which is the first-order thickening of 0 x Y. Pick d > 0. Set

X= (xlxg_l,xzxg_], e xnxg_l) e HO(P" x X, O(d)®")
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and
H'(P" x X, O(d)®") DTy := {5 | 5|5 = X|n).

Note that I'y is a finite-dimensional® affine k-space, which we will view as an affine
scheme.

Suppose that § = (s, ..., s,) € [y(k). Then Elmxx/xg defines a regular map
A" x X — A". Combining with the projection A" x X — X we obtain

f5 A" x X — A" x X.

By construction, f; is the identity in the first-order neighborhood of 0 x Y C A" x X.
This has the following significance.

Lemma 3.19. Let ¢ : W — A% be arbitrary. Set Z = ¢~ (OxY)C W. Fors eI (k)
we have

(fiop) '(OxY)=2z1Z
(for some Z' depending on's).

Proof. Let Z| = fE_] (0 x Y). It suffices to prove that 0 x ¥ — Z; is an open
(whence clopen) immersion. Since f5|x = id, we get Z; NN = Z. In other words,
if I is the sheaf of ideals defining 0 x Y, then /|7, =1 2| z,- The result follows by
[34, Tag OOEH]. O

Construction 3.20. If (Z, (¢, g), W) € h°"(X, U)(T), then we define
S(Z,($,8),W)=(Z,(fio(g,9), W\ Z).
This makes sense by Lemma 3.19 and yields, in fact, an action
Ty x b (X, U) — h¥""(X, U), 5, ®) > 5- .

Multiplication by x induces an injection I'y — ['y41. Write T'oo = 4 La. Note
that the action of I'y on h™" (X, U) factors through multiplication by d and hence
induces an action by ['.

We need to be able to draw paths in I'; with controlled properties. This is made
precise by the next result, whose proof will be discussed in Section 3F.

Lemma 3.21. Let Ty, ..., T, € Smy, ¢; € h*™"(X, U)(T;), and V; C T finite
dimensional.

Then there exists y € T'oo \ \U; V; such that, for all i, if V! C I is the cone
on V; with tip y , then for all v € V! \ V; we have v - ¢; € hgﬁr’"(X, U)(T;). We can
arrange that if X € V! then already X € V.

SThis is the reason for compactifying X.
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Remark 3.22. Taking V; = {X}, the lemma in particular asserts that we can use
paths in ', to make correspondences quasifinite. The more general case V; # {X}
is used to show that these paths are essentially unique.

3E. Filtration and finishing the proof. Granting ourselves the above lemma, we
finish the proof of the cone theorem.
We begin with some preparations. Let A be a category and D : A — P(Smy) be
an A-indexed diagram. We construct a simplicial object
Tel4 (D)o € Fun(A°P, P(Smy))
by setting
Tela(D)y= [ Do

i0—>i1—><--—>i,,€C

The simplicial structure maps involve the cosimplicial structure maps in the standard
cosimplicial category [e] and the functoriality of D. This is a standard construction;
see, for example, [13, §4]. The standard cosimplicial affine scheme A°® yields a
functor S3 : P(Smy) — Fun(A°P, P(Smy)) which has a left adjoint |—|a:.

Lemma 3.23. The geometric realization | Tel (D)4 |1 is A'-equivalent to colimy D.

Proof. For F € P(Smy) Al-invariant we have
Map(| Xe|a1, F) >~ Map(X,, S{ F) >~ Map(X,, cF) >~ Map(| X/, F),

where ¢ F denotes the constant simplicial presheaf. The result follows since the
usual geometric realization of Tel4 (D), is a standard model for the sectionwise
homotopy colimit of D [13, §4]. O

Proof of Theorem 3.17. We shall supply a filtered poset A as well as systems of
subpresheaves

(B (X, U) Y aen XL U), (B (X, U) aen C RGP (X, U)

such that

hefr,n(X’ U) = U hefr,n(X’ U)* and hgﬁr,n(x’ U)= U hgﬁr,n(x’ U,

oaEeA aeA
Next we construct for @ = (og < --- < ), ®; € A, maps
ra (X, U AT = (X, U)

and
H, Al x h°¥0 (X, U)Y x A" — h* (X, U),

Kot Al 5 hSE" (X, U)™ x A" — Wi (X, U),
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all compatible with the (co)simplicial structure maps. Applying |—|a1, we obtain
via Lemma 3.23 a map

Felai @ [Tely (R (X, U) D1 ~ coEmhefr’"(X, U) O ~pefor(x Uy — hg‘}’”(x, U).

The construction is arranged in such a way that | He |51 and | K4 |41 exhibit homotopies
making the following triangles commute:

hat" (X, U) —= h"(X, U) B (X, U) — b U)
l / llrolAl /
|ro|Al
hefr,n(X’ U), etrn(X U)
Set

A - {S:’ {(Tla Clv Vl)’ cc (Tnv Cny Vl’l)} |
5§ €Te, Vi Cloo, T; € Sy, ¢; € (X, UN(Th)}.

Here V; is a finite-dimensional, affine subspace. Let A C A be the subset of elements
having the following properties:

eseV,X¢gV.

« Forall i and all s’ € Vi \ {¥} we have ' c; € h{™" (X, U)(T)).
Here Vl’? denotes the affine subspace generated by V; and x.

For a = (5, M) € A we denote by h°™" (X, U)* C h*™"(X, U) the subpresheaf
generated by the sections c¢ for (T, ¢, V) € M (ignoring the V component), and
similarly hefr "(X, U)* is the subpresheaf generated by those ¢ which happen to
be qua31ﬁn1te We put an ordering on A by declaring that (5, M) < (£, N) if for all
(T,c,V)e M wehave (T, c, V') € N. It is immediate from Lemma 3. 21 that this
makes A into a filtered poset and that the filtrations of 4™ (X, U) and hgtfr’" (X,U)
are exhaustive.

With this preparation out of the way, let ¢ = (g <] <--- < «a,) € A, with
o; = (5;, M;). We set

r()l(cv )\') =E()") - C,
H(t, ¢, 2) = (1500 + (1 - D)%) -c,
Ky(t,c,A) = (ts(A) + (1 —1)X) - c.

Here A = (Aq, ..., Ay) € A" and

500 = (1 — Z,\i)ﬁw Zmi.
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The cosimplicial structure on A® comes from viewing A" as the subspace of A"!
where the sum of the coordinates is 1. With this interpretation, it is clear that
this construction is compatible with the simplicial structure. It remains to show
that the maps r, and K, land in hfl?’"(X, U). Let (T,c,V) € My. Let V' be
the affine subspace generated by V and all the s;. One checks by induction that
(T, c, V') € M,,. The required quasifiniteness follows (recall that by assumption,
¥ - ¢ is quasifinite for 7 € (V/)¥ \ X D V). O

3F. Proof of Lemma 3.21. We now prove the key moving lemma, following argu-
ments of Druzhinin. We will in fact establish the following stronger result.

Theorem 3.24. Let T € Smy ¢ € h*™(X, U)(T), V C Ty There exists d” > d’
such that for all d > d”, there is an open, nonempty subset Uy C Ty of “allowable
cone points”. (That is, any y € Uy has the required properties for the single
correspondence c.)

Lemma 3.21 follows from this by applying the theorem to each (7;, c¢;, V;) and
picking a rational point in the intersection of the sets U, obtained (which is possible
because this intersection is a nonempty, open subset of an affine space and k is
infinite).

We spend the rest of the section proving this result. Fix

c=(W,(9,8), 2) € (X, U)T).
The canonical map (induced by W — T and (¢, g) : W — A" x X)
YW —->TxA"x X

is finite over 7' x 0 x Y. Since the quasifinite locus is open [34, Tag 01TI], there
exists an open neighborhood W’ C W of Z such that y|y- is quasifinite. Replacing
W by W', we may assume that v is quasifinite. Let m > 0 and consider the map

YW S T ox (A" x X)™.
It is still quasifinite. Define
TxA"xX)" D& :={(t,p1,....pm)|1teT, pieA"xX, pi#pj, pi ¢0xY}.
Consider further
WX x Ty D By.g =

(fio (¢, 8)71(0x (X \ Y)) not quasifinite at w,-}

and

TxTyDBy:={t5)]|(f50(p, g))_l(O x (X '\ Y)) not quasifinite over ¢}.
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There is an evident map B,, s — B;. We shall prove the following:

(1) For any m, d, the map B,, 4 — By is surjective with fibers of dimension > m.

(2) For fixed m, and d = d(m) sufficiently large, we have
dim B, 4 <dim7T 4+dim[',;.
We deduce that
dim By %) dim By, 4 —m %) dimIl;+dimT —m.
Choosing m > dim 7" 4+ dim V + 2, we can ensure that
dim B; <dimI'y —dimV — 2.
Write p : By L1 {x} — I'y for the projection and inclusion. Write
g:(ByU{X}) x VxA - Ty, (b, v, 1) — tp(b) + (1 —t)v.

Then the image of ¢ has dimension < dim I'y, and so the complement of the closure
of the image of ¢ is a nonempty open Uy C ['y.

Proof of Theorem 3.24. Let's € Ty \ p(By). We claim that 5 - ¢ € hg?’"(X, U).
Indeed if ¢ = f; 0 (¢, g) then we know that ¢~ 1(0 x Y) = Z 11 Z’. We also know
that ¢~ (0 x (X \ Y)) is quasifinite over 7. Replacing W by W \ Z’ we arrange
that (p_l(O x Y) = Z is finite over T. The claim follows.

Now let y e Us,ve V,andt € Al. If ty + (1 —t)v = b € p(By) U {X} with
t # 0 then

y = Ip+ %v,

which contradicts the construction of Uy. In other words, if V' is the cone on V

with tip  and b € V'\ V, then b ¢ B and so b - ¢ is quasifinite, as needed. Similarly
X ¢V unless X € V. O

The main idea for proving (1) is that if a morphism (of finite type, say) is not
quasifinite over some point, then the fiber must have dimension > 1. Taking m-fold
products, we obtain something of dimension > m.

Proof of (1). We may base change to an algebraically closed field, and it suffices to
treat fibers over closed (hence rational) points. Thuslet7 € T, 5§ € I'y be closed points
with (¢, 5) € By. Set o = f; 0 (¢, g) : W — A" x X, so that A :=<p‘1(0x (X\Y))
is not quasifinite over ¢. Let A C A be a positive-dimensional component of the
fiber over ¢ (which exists because A is not quasifinite over ). Since ¥ is quasifinite,

B:=v(A) C{t}x (AW, \0y) CT x A" x X
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is infinite. By Chevalley’s theorem [34, Tag 054K], B is a finite disjoint union of
locally closed subsets, and hence contains an infinite subset By C B which is a
scheme. Being of finite type over a field, By has positive dimension. Let C C By’
be the subscheme of distinct points. Since dim By > 1 we have dim C > m. By
construction the image of (B, 4); 5 — &n contains C. It follows that

dim(By, ¢4);; > dim C > m,
as needed. O

For proving (2), we may (and will) ignore the quasifiniteness condition in the
definition of B,, 4. The main idea is that the condition f;((¢, g)(w)) € 0 x X is
equivalent to the vanishing of n sections at w, and hence m such conditions should
have codimension mn = dim W*™" —dim T .

Proof of (2). We may base change to an algebraically closed field. Let
WXT™ S Wy 1= (Em)

so that we have a map g : By, 4 — W,,. Since dim W,, <dim T +mn, it will suffice
to show that the fibers of g (over closed points) have dimension < dimI" —mn. Let
(wi, ..., wy) € W, have image (p1, ..., pm) € En. Put

La.(proepm) = {sely| fi(pi) €0 x X}

Then q_l(wl, ooy Wy) C Ly (py,.... pn> hence it suffices to show dim Ty ;... p,) =<

dim I'y — mn. We have an exact sequence

.....

1

Since the right-hand term has dimension mn, it is sufficient to prove that the
evaluation map ev is surjective. Set K = ker(O(d)®" — O(d)®"|y), so that
I,={X}+H'P" x X, K). By construction p; ¢ NV, and hence K|, = O(d)®”|pi.
The result thus follows from Lemma 3.25 below (applied with 7 = K). ]

We used the following well-known result.

Lemma 3.25. Let X be a projective scheme over a field, F a coherent sheaf on
X and m > 0. There exists N such that for all d > N and distinct rational points
Pls---s Pm € X, the map

H(X, F(d)) > €D H(pi. F(d))

is surjective.
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Proof. Replacing F by the pushforward along an embedding of X into projective
space, we may assume that X = P". Given a surjection 7' — F, the result for 7’
implies the one for F. The result for F;, F, implies it for F; & F,. Hence it suffices
to prove the result for 7= O (use [34, Tag 01YS]). We can find L;; € HO(P", ©(1))
such that L;;(p;) =0 but L;;(p;) # 0. Then for fixed j, the section

sj=[]Lij € H®", Om 1))
i#]
has s;(p;j) #0but s;(p;) =0 for all i # j. This shows that N =m — 1 works (in
this case). U

4. The cancellation theorem

Primary sources: [1; 15; 37].

After these lecture notes were written, some of the ideas from this section were
used in [5]; that work may also serve as a somewhat more formal exposition of
some of the ideas presented here.

4A. Group-complete framed spaces.

Lemma 4.1 [15, Proposition 3.2.10(iii)]. The category Spcfr(S ) is semiadditive.
It follows that, for every X € Spci™(S) and X € Smg, moX'(X) is an abelian

monoid.

Definition 4.2. We call X' group-complete (or grouplike) if o X' (X) is, for every
X € Smg. We denote by Spc™(5)&P  Spcf(S) the subcategory of group-complete
spaces.

The group-complete spaces are closed under limits and filtered colimits (in
fact all colimits), and hence the inclusion Spcfr(S)gp C Spcfr(S) admits a left
adjoint X — X8 which is easily seen to be symmetric monoidal. The functor
Q® : SH(S) ~ SHT(S) — Spci(S) has image contained in Spci™(S)eP. It follows
that £ : Spcff(S) — SHT(S) ~ SH(S) inverts group completions and so factors
through a symmetric monoidal, cocontinuous functor

T Spclf($)P — SH(S).
The following is the main result.
Theorem 4.3 (P!-cancellation). Ifk is a perfect field, then
% Spelf (k)P — SH(k)
is fully faithful.

Remark 4.4. The essential image of X is closed under colimits and known as
the subcategory of very effective spectra.



NOTES ON MOTIVIC INFINITE LOOP SPACE THEORY 25

Remark 4.5. The theorem is equivalent to showing that for X', Y € Spc'™ (k)P we
have Map(X, V) ~ Map(Xp1 X, ¥p1)), and this is further equivalent to showing
that

y — Qpl Eply

is an equivalence. Here 2"1], : Spclf(k)eP — Spcff(k)eP is the functor of tensor
product with the image of P! in Spc'™ (k)eP.

Since P! ~ S! A G, it suffices to prove separate statements for these two
suspensions. This is how we shall establish Theorem 4.3.

4B. Sl-cancellation.

Proposition 4.6. For X e Spc'(k)&, the canonical map

X — Qsl Zsl X
is an equivalence.

Proof. Let Y € Px,(Corr™™(S))&. We shall first determine g1 ). Let X € Smg. There
is a finite coproduct preserving functor cy : Span(Fin) — Corrfr(S) sending * to X.
Its sifted cocontinuous extension admits, by Proposition C.1 in [6], a right adjoint
cxx . Ps (Corrfr(S)) — Px (Span(Fin)) >~ CMon(Spc), which preserves limits and
sifted colimits, and hence all colimits by semiadditivity and [6, Lemma 2.8]. We
deduce that

(9 V)(X) = E51 (V(X)) € CMon(Spe). “)

This implies both that 1) is group-complete and, using that CMon(Spc)&P ~
SH>o [28, Remark 5.2.6.26], that

Y — Qg e Px(Corr'™(S))&

is an equivalence. To promote this to the same statement for X € Spc™(S)eP,
it is enough to show that whenever ) is motivically local, the same holds for
LnisXg1Y; indeed Qg1 is computed sectionwise and hence preserves Nisnevich
equivalences. Equation (4) shows that X1} is Al-invariant; the result thus follows
from Corollary 5.4 in Section 5. (]

4C. Abstract cancellation. The following is extracted from [37, §4].

Theorem 4.7. Let C be a symmetric monoidal 1-category and G € C a symmetric
object. Suppose that the functor g := G ® — admits a right adjoint Q. Note that
Q¢ is canonically a lax C-module functor. Suppose that the unit transformation

u: ldc —> QGEG

admits a retraction p in the category of lax C-module functors. Then u, p are inverse
isomorphisms.
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Remark 4.8. If C is an oo-category and p is a lax C-module retraction of the unit
transformation u : idec — Q¢ X, then the same conclusion holds (apply the theorem
to hC).

Remark 4.9. Since C is a 1-category, a lax C-module structure on an endofunctor
F : C — C just consists of compatible morphisms X ® F(Y) - F(X ® Y) for all
X, Y € C. A transformation « : F — G being a lax C-module transformation is a
property: it is the requirement that for X, Y € C, the following square commutes:

X@F(Y) 2% X G(Y)

| !

axey

FX®Y) — GXQ®Y).

Example 4.10. A lax C-module transformation « : id — id (of id¢ with its canonical
C-module structure) is completely determined by g : 1 — 1. In particular p being
a retraction of u is equivalent to the composite

18 Qe 251

being the identity.

To simplify notation, from now on we will write Hom(G, —) for ¢, and also
use suggestive notation like ® idy : Hom(A, B) - Hom(A ® Y, B ® Y), when
convenient.

Lemma 4.11. For X, Y € C, the following diagram commutes:

Hom(G, G ® X) X . Hom(l, X)

[ idyl ® idyl

Hom(G®Y,GRX®Y) % Hom(Y,X®Y).

Proof. Decompose the diagram as
Hom(G, G ® X) M Hom(1, X)

u u
Hom(Y,Y®px)
Hom(Y, Y ® Hom(G, G ® X)) ———— Hom(Y, Y ® Hom(1, X))

v ~

Hom(Y, pxgy)
Hom(Y, Hom(G,G® X®Y)) ———— Hom(Y,Hom(1, X ® Y))

~ ~

g g

Hom(G®Y,GRX®Y) Sroxey Hom(Y, X ® Y).
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Here the middle vertical transformations are the lax module structure maps, and the
bottom vertical isomorphisms hold in any symmetric monoidal category. The upper
and lower squares commute by naturality, and the middle one by assumption of p
being a lax module transformation. The vertical composites are given by ® idy.
This concludes the proof. ([

Proof of Theorem 4.7. Let X € C. It suffices to show that the composite 26 Zg X %>
X “% QX6 X is the identity. Letn > 2 and « : G®" — G®” be an automorphism.
Consider the composite

idG®n—l ®

p(a) : Hom(G, G ® X) Hom(G®", G®" ® X)

““, Hom(G®", G®" ® X)
n—1
£ Hom(G, G ® X),

where ¢, denotes the conjugation by «.

Note that the map “idge«—1 ®” is a composite of units #, and hence by assumption
of p being a retraction, we get p(id) = id.

On the other hand let « = o be the cyclic permutation of G®". Then the first
n — 2 applications of p are again “canceling out identities”, so that p(o) is the same
as the composite

Hom(G, G ® X) <15 Hom(G®2, G®2 ® X) <2 Hom(G, G ® X),

where f) “inserts idg in the middle”, and “ f;, applies p at the front”. Lemma 4.11
implies that this is the same as ux px.
Hence if G is n-symmetric, then since o = id we find that

uxpx = p(o) = p(d) =id.
This concludes the proof. U

4D. Twisted framed correspondences. Using [14, §B] it is possible to construct a
symmetric monoidal co-category CorrfLr(S ) with the following properties:
o Its objects are pairs (X, &) with X € Smg and & € K (X).

o The morphisms from (X, &) to (Y, {) are given by spans
x Lz,

where Z is a derived scheme and f is a quasismooth morphism, together with
a trivialization

[T &) +Ly~g"(n) € K(2).

 There is a symmetric monoidal functor § : Corrfr(S ) — CorrfLr(S ) which sends
X to (X, 0) and induces the evident maps on mapping spaces.
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It follows that the tensor product in CorrfLr(S ) is given by the product of schemes,
and the functor § is faithful (induces monomorphisms on mapping spaces).
The following will be helpful.

Lemma 4.12. A span
x<lzve Map g5 (X, 0), (¥, 0)
is in the image of § if and only if f is finite.

Proof. The only concern is that Z might be a derived scheme instead of a classical
one; by [14, Lemma 2.2.1] this cannot happen. O

We mainly introduce the category CorrfLr(S ) for a technically convenient reason:
all of its objects are strongly dualizable.

Proposition 4.13. Let X € Smg. The spans

*(—XA>X><X

and
XxXAX—wk

admit evident framings, and exhibit (X, Lx) as the dual of (X, 0) in CorrfLr(S).

Proof. This kind of duality happens in all span categories; we just need to verify that
the spans are frameable and that the induced framings of the compositions are trivial.
All of this is easy to verify. For example X x X really means (X, 0) ® (X, Lx) =
(X x X, p5Lx), and hence to frame the first span we need to exhibit a path

O+ Ly~ A*p;Lx,

but this holds on the nose since A*p3 2~ id; to frame the second span we need to
exhibit a path
A*p;LX +LA>~0

which is possible in K-theory since the composite X L5 X x X 25 X s the
identity, so 0 = Ljg >~ L + A*L,, and finally L, =~ pjLx by base change. []
The following will be helpful later to exhibit spans.

Construction 4.14. Suppose we are given X, G € Smg, amap f: X x G — A!
and a path Lg >~ 1 € K(G). Then there is a span

D(f): (X <P= Z(f) P> G) € Mapcyis) (X, 0), (G, 0));
the framing is given by
Ly >~Lz)yxxc+Lxxc/x ~—1+Lc=>=0€K(Z(f)),

where we have used that L7y, xxc > —1 via f and Lg = 1 by assumption.
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We will always apply this construction with G = A\ 0, so that there is a canonical
trivialization of L.

4E. A general construction. Given X, Y € Smg, for notational convenience we
will write f: X ~ Y for f € MapCOrrtz(S)((X, 0), (Y, 0)).

Construction 4.15. Let A, G € Smg and o : A X G ~» G. We obtain a CorrfLr(S)—
module transformation

Pt 2656 — Qa € End(Ps (Cort'! ()))

as follows: via strong dualizability (Proposition 4.13), we can rewrite the source
and target and consider the transformation

GV®G®_%AV®_’

where ¥ : GY ® G — AV is obtained from « in the evident manner.
We will eventually apply this with G =A! \0 and A = A or A = x.
Remark 4.16. Let X, Y € Smg. Given a span

GxY<«~Z7Z—->GxX,
the transformation p, produces a span

AXY < p,(Z) — X.

Write « as
AXG<«—C—G.

Tracing through the definitions, one finds that
Pu(Z) = Z XGxc C,
with an evident induced framing.

Lemma 4.17. The transformation p, satisfies the following properties.

(1) GivenZ' : X ~ X and Z : G x Y ~ G x X we have
pa((idg ®Z') 0 Z) =~ (ida ®Z') 0 pu(Z).
(2) GivenZ':Y ~Yand Z : G x Y ~ G x X we have
pa(Z o (idg ®Z")) = po(Z) 0 (idG ®Z).
(3) Giveni: A ~ A, we have
Pira 1" Pg.

Proof. Evident from the naturality of the construction. (]
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Now define
M, (Y, X)C Mapcon.fr(s)(G xY, G x X)

to consist of the disjoint union of those path components corresponding to spans
G xY < Z — G x X such that p,(Z) is finite. Then (1) and (2) of Lemma 4.17
translate (using Lemma 4.12) into

(1) (idg ®Z") o My(Y, X) C My(Y, X'), and

(2) My(Y, X)o(idg ®Z") C My (Y', X).

Construction 4.18. Define a subfunctor

FyQ626 > QX6 € End(Px (Cort(S)))
via
(FaQ6 X6 X)(Y) = Mo (X, Y).
The lax monoidal natural transformation
Q68826 = 8,688 L5 8,Q48" = Qu8,8*
restricts by construction to a natural transformation
Pa : FoQ6 X6 — Q4,
which we will think of as
Pou AR FQcXg — id.

Take A = A', G = Al \ 0 and suppose that p,(idg) is finite. Then the unit
transformation
id — QG EG

factors through F, Q¢ X . We obtain two Al—homotopic transformations
Pigas Pita : Fa6 G — id € End(Py (Corr(S))).
4F. G,-cancellation. Let G = A\ 0.
Definition 4.19. We define maps G x G — A! via
gf(ti, )=t/ +1 and g, (t1,0) =1 +0.
We further define maps A! x G x G — Al via
hy (1,11, 1) = 1, (0, 1) + (1 = D) g3y (1, 12).
Recall the associated spans from Construction 4.14. Put

Fi= () Fpa,) N Fpaz,0] € Q6o

m,n>i
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Lemma 4.20. We have
colim F; >~ MapCoﬂfr(S)(X, Y).
1

Proof. We follow [37, Lemma 4.1 and Remark 4.2]. Suppose ¥ «<— Z — X €
Mapcti(s) (Y, X). We shall exhibit an integer N such that for all m,n > N the
projection Z' = p pi N (Z) =Y x Al is finite; this will prove what we want. Write
f1, f>: Z — G for the two projections. Using Zariski’s main theorem, we can form
a commutative diagram

Z D C

.flxpyl flxpyl

GxY ——> P'xvV,

where f| x py is finite. There exists N such that the rational function f]N /f2 is
regular in a neighborhood Uy of ffl(O) and f/ le is regular in a neighborhood
Uy of ffl(oo). We have the function % equals h,ﬁ’n(t, fi, o) on Z x Al and
Remark 4.16 implies Z’' = Z(h) C Z xA!. The composite C xA! - P! x ¥ x Al —
Y x Al is projective, and Z(h) — Y x Al is affine. We will finish the proof by
showing that itz (h) — C x Al is a closed immersion for n, m > N indeed then
Z(h) — Y x A! will be both proper and affine, and hence finite as desired.

Note that 4™ extends to the regular map ¢ fl’” + (-1 f_ln +1:C — P!, which
does not vanish if fl € {0, oo}. Thus it is always a closed immersion.

Now we deal withi~. Let Uy = ffl (G). A morphism being a closed immersion
is local on the target [34, Tag 01QO], so it is enough to show that i is a closed
immersion over Uy, Uy, and U;. This is clear for U;. Consider the function
ho= tfl”/fz—i-(l —t)f_lm/fz—l-l. By construction, this is regular on &g, so Z (hg) C Uy
is closed. Also by construction, kg =1 if fl =0,and h~ = frhg on Uy\ 0, where f;
is a unit. It follows that Z(hg) = Uy N Z(h). A similar argument works for Us,. [

Using Construction 4.18, we thus obtain a sequence of lax module transformations

+
P

m
/\

UF()( )Fl( >( )QGZG,

oy

id

where the arrows to the right form a colimit diagram. The dashed arrow might not
exist, but the lemma above implies that its composite sufficiently far to the right
does, and this is all we need.® For m > n, the h,ﬂ;’n induce Al—homotopies making

50ne may verify that the arrow actually does exist.
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the following diagram commute:

Fn — Fm
i 7
id

Applying L1, there are thus induced transformations on the colimit

LAI tL&lQGEG.

oE

After group completion, we may take the difference, and hence obtain
p=pt—p LY QcTc —~ L5,
We are now ready to prove our main result.

Theorem 4.21. Let k be an infinite perfect field. Then the unit transformation
u:id - Qg, Xg, € End(Spc™ (k)&P)
is an equivalence.

Proof. We seek to apply the abstract cancellation Theorem 4.7 (in the guise of
Remark 4.8). Note that G, is symmetric in Spc'™ (k)&P: T ~ S' AG,, is symmetric by
the usual argument, and S' is (symmetric and) semi-invertible (by S'-cancellation,
i.e., Proposition 4.6). We have already constructed a lax module transformation

0 L¥® Qcxg — L

mot mot*

Corollary 5.5 in Section 5 shows that L QX6 ~ Qg ZgLi: . and hence we

obtain a lax module transformation
p:Q6Tg — id € End(Spcf (k)eP).

In Spc™(k)eP there is a splitting G ~ 1@ G,,, and hence a retraction G,, — G — G,
This induces a retraction of lax module functors

Qg,, X6, —> QeXg — Qg 26,

m

which in particular allows us to build the lax module transformation
0 Q6, X6, > Qe — id.

In order to apply the abstract cancellation theorem, it remains to verify that p'u >~ id.
Via Example 4.10, for this it suffices to compute the effect of p’u on id;. Now
u(id1) =idg, , which corresponds to idg —p € Hom(G, G), where p: G — * — G,
and so p'u(id1) = p(idg) — p(p). The result thus follows from Lemma 4.22. [
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Lemma 4.22. For each n > 0 we have

(M) o (p) = pn (p), and
(2) o (d6) = py () +idy.

Proof. This is essentially [37, Lemma 4.3].

Note that p is represented by the correspondence G <= G- G, so that by
Remark 4.16, p; +(p)is represented by Z(g (t,1)) > x. But gf(t, ) =g, (¢, 1),
whence (1).

Similarly p, +(idg) is represented by Zy = Z(g (t,1)),s0 ZL =Z({#"+1) and
Z_ = Z(t"+t), where both 1" 41, t" 4+t are viewed as functions on A\ 0. Consider
H=D@{"+1ts+1—s):Al ~ % where we view & as a function A' x Al - Al
Then H provides an Al-homotopy between D(t" 4 1) and D(¢" + t), where this
time we view " + 1, t* + ¢ as functions on A'. Now

Z@"+1|AHY=z@"+1 ANy =2z*
whereas

Z@" 4t |AY = Z(@" +1 | AT\ 0) L1 {0} = Z~ LI{0}.

Since 0 C Al — x defines the identity correspondence, H provides the desired
homotopy. ([

5. Strict Al-invariance
Primary sources: [12; 17].

5A. Introduction. The title of this section derives from the following. Write
Psx (Smy, Ab) for the category of additive presheaves of abelian groups on Smy.

Definition 5.1. Let F € Px (Smg, Ab). Then F is called A'-invariant (or sometimes
(A'-Yhomotopy invariant) if for all X € Smy, the canonical map F(X) — F(X xAl)
is an isomorphism.

Also, F is called strictly Al-invariant if for all n > 0 and all X € Smy the
canonical map HY. (X, F) — HJ. (X x Al, F) is an isomorphism.

Remark 5.2. Observe that if F is an abelian presheaf, then F is Al-invariant if
and only if the map F (X x Ay > F(X) induced by the zero section X — X x Al
is injective. We will use this without further comment throughout the sequel.

There are two important observations regarding this:

(1) If F is an Al-invariant presheaf, it need not be the case that anjis F is Al-
invariant (let alone strictly A!-invariant).

(2) If F is an A'-invariant sheaf, it need not be strictly Al-invariant.
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However, it turns out that in the presence of transfers, neither of these problems
occurs. The first general results in this direction were obtained by Voevodsky in [35].
Here is a version for framed presheaves.

Theorem 5.3. Let k be a field, and F € Py (Corrfr(k), Ab). Suppose that F is
Al-invariant.

(1) For U C Al open we have HI?HS(U, F)~ FU).

(2) The sheafification anis F is Al-invariant.

(3) Ifk is perfect, then anisF is strictly Al-invariant.
We can escalate the above result as follows.

Corollary 5.4. Let k be a perfect field, and F € Px (Corr™ (k))& be Al-invariant.
Then Lnis F is A-invariant, and hence motivically local.

Proof. By an induction on the Postnikov tower, or equivalently using the (strongly
convergent) descent spectral sequence, this is immediate from Theorem 5.3. [J

We can also deduce the following fact, which is very important for the cancellation
theorem.

Corollary 5.5. Let k be a perfect field. On the category Py (Corr'™(k))P, the
canonical transformation LyoQ6, — 26,, Lmot is an equivalence.

Proof. Using [30, Lemma 6.1.3], it suffices to prove that the map induces an equiv-
alence on sections over fields. Thus let K /k be a field extension. By Corollary 5.4,
Lot = LnisL 1. Note that Qg, commutes with Ly (see, e.g., [4, Lemma 4]) and

fields are stalks for the Nisnevich topology; hence it is enough to show that
(6, La1 X)(K) = (2, LisLyX)(K)

is an equivalence. By another induction on the Postnikov tower / descent spectral
sequence, we reduce to showing that for F € Py (Corrfr(k), Ab) which is A'-
invariant, one has

F(GmK)v I’l=0,

Hxis G, F) = {O else

The first case is immediate from Theorem 5.3(1). Assume thatn > 1. Theorem 5.3(3)
asserts that an;s F is strictly Al-invariant. Since P! ~ £G,, € Spc(k) we find that
H (Gug, F) = HE'(PL, F). The result thus follows from the fact that P!
has Nisnevich cohomological dimension one [32, Proposition 3.1.8] and thus its
Nisnevich cohomology vanishes whenever n 4 1 > 2. ([

The remainder of this section is devoted to proving Theorem 5.3.
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Notation and conventions. From now on, all cohomology will be Nisnevich coho-
mology, i.e., H* := H..

Given a scheme X and a point x € X, we write X, for the local scheme
Spec(Ox x) and Xfc’ for the henselian local scheme Spec(Oé’(’x). IfSCXisa
finite set of points, we write X g for the semilocalization of X in S (see Section SE2
for more about semilocalizations).

Recall that a scheme is called essentially smooth affine over k if it can be written
as a cofiltered limit of smooth affine k-schemes, with étale transition maps. Observe
that essentially smooth affine schemes are affine of finite dimension and have local
rings which are integral domains, but need not be Noetherian (though we will not
use non-Noetherian schemes in any relevant way).

5B. A formalism for strict A'-invariance. We shall prove Theorem 5.3 following
the strategy developed in [17] and explained further in [9; 11].

Throughout we fix a field k. Consider an abelian presheaf F' € Py (SmAff;, Ab).
As usual, we extend F to essentially smooth affine schemes by continuity: if
X =Ilim; X;, where each X; is smooth affine (and the transition maps are étale, so
that X is essentially smooth), then F(X) := colim; F'(X;). We isolate the following
four properties which F' may satisfy.

Definition 5.6 (IA). We say that F' satisfies injectivity on the affine line (IA) if
the following holds. For any finitely generated, separable field extension K/k
(automatically essentially smooth) and open subschemes @ # V| C V, C A}(
(automatically affine), the restriction F(V,) — F(V)) is injective.

Definition 5.7 (EA). We say that F satisfies excision on the relative affine line (EA)
if the following holds. For any essentially smooth affine scheme U and affine open
subscheme V C All] containing Oy, restriction induces an isomorphism

F(AL\Oy)/F(AY) = F(V\0y)/F(V).

(Note that Ab \ Oy and V \ Oy are indeed affine.)
We require that if K /k is a finitely generated, separable field extension, z € A}(
a closed point, V C A}( an open neighborhood of z, then

F(AR\2)/F(Ak) = F(V\2)/F(V).

Definition 5.8 (IL). We say that F' satisfies injectivity for henselian local schemes
(IL) if the following holds. For any essentially smooth, henselian local scheme U
with generic point 7, the restriction F(U) — F(n) is injective.

Definition 5.9 (EE). We say that F satisfies étale excision (EE) if the following
holds. Let 7 : X’ — X be a local morphism of local schemes which can be obtained
as a cofiltered limit of étale morphisms of smooth k-schemes (with étale transition
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maps). Let Z C X be a principal closed subscheme such that 7 =1(Z) — Z is an
isomorphism. Then the canonical map

F(X\Z)/F(X)— F(X'\n~'(Z))/F(X)
is an isomorphism.

Remark 5.10. Observe that if X is affine and Z C X is a principal closed subscheme,
then X \ Z is (a principal open) affine. The above axioms are often stated in a more
general form without affineness or principality assumptions. As we will see in this
section, our weak form of the axioms is enough to deduce strict A!-invariance.

We shall also use the notion of contraction.

Definition 5.11. Let F be a presheaf. We denote by F_; the presheaf X —
F(X xG,,)/F(X), and by F_, the n-fold iterate of this construction. We also write
F’, for the presheaf X — F(X x G,,)/F(X x Al.

Remark 5.12. F/ | 1s the definition of contraction in [29, §23]. This yields the
most natural result in Lemma 5.15. For Al-invariant presheaves, the two notions
coincide. For non-A!-invariant presheaves, the definition of F_; we gave seems
more standard.

The main result of this section is as follows.

Theorem 5.13. Let k be a perfect field. Let C be a collection of abelian presheaves
on SmAff, which is closed under F +— F_; and F — H'(—, F). Assume that
whenever F € C is an A'-invariant presheaf, it satisfies 1A, EA, IL and EE.

Let F € C be Al-invariant. Then for every essentially smooth (not necessarily
affine) k-scheme X we have

H (X xA!, F)~ H (X, F).

Note that since the category of Nisnevich sheaves on Smy is the same as the
category of Nisnevich sheaves on SmAff;, H' (X, F) makes sense even if X is not
affine. The next lemma states that Nisnevich sheafification of a presheaf with IA,
EA, IL and EE does not change its values on opens of (relative) A!’s.

Lemma 5.14. Let K /k be a finitely generated, separable field extension and F
a presheaf satisfying IA, EA, IL and EE. Let U C A}( be open. Then F(U) >~
(anisF)(U) and H (U, F) =0 fori > 0.
Proof. Let X = A}(.

We first establish the following claim: (%) if U C A}{ is open, z{,...,2, € U
are distinct closed points, then

FU\{z1.....2a)/FU) ~ @ FWU! \z0)/ F(UL).

i=1
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If n = 1, this follows by combining EA and EE. Now let n > 1, and assume the
claim proved for n — 1. Combining IA and the case n = 1, we have a short exact
sequence

0= F(U\{z1, ... 20t )/F(U) = F(U\(z1. - ... za))/ F(U) = F(U" \z,) /F (U ) 0.

By induction, the first term is isomorphic to @;:11 FU Z’f \zn)/F (Ug), and we can
thus split the sequence. This proves the claim.
Consider, on X\js, the sequence of sheaves

0—axsF — P Fin — € FW!\2)/FUH -0,

nev© zeUM

where U — X is an arbitrary affine étale scheme. Observe that the second and
third terms are skyscraper sheaves, and so are acyclic (see, e.g., [31, proof of
Lemma 5.42]). We argue that this sequence is exact. For this we need only consider
the case where U = n (a generic point of some étale X-scheme), and the case where
U is henselian local of dimension 1, so in particular has only two points. Both
sequences are exact; the only nontrivial point is injectivity of F(U) — F(n) which
is IL.

It follows that we may compute H' (U, F) using the above resolution; in particular
H' =0fori > 1. Let U C X. We first compute HO(U, F): It consists of those
elements a € F'(n) (where 5 is the generic point of U) such that for every closed
point z € U, a is in the image of F(Xi‘) — F(Xi’ \ 7). Let a be such an element.
Then there exists @ # V C U and a’ € F(V) such thata =a’|,,. Let z € U\ V and put
V' =VU{z}. Note that V' C U is open since its complement consists of finitely many
(closed) points. By (x) with n = 1 we have F(V)/F (V') >~ F((Vz/)h \Z)/F((Vz/)h).
The image of @’ in the right-hand group vanishes by assumption, hence it vanishes in
the left-hand group. In other words there exists a” € F(V’) extending a’. Repeating
this argument finitely many times we conclude that F(U) — H (U, F)is surjective.
The map is injective by IA, and hence an isomorphism.

It remains to prove that H!(U, F) = 0. In other words, given distinct closed
points zi,...,z, € U we must prove that F(n) — @?:1 F(Uzhi \Zi)/F(U;li) is
surjective. This follows from (x), since it identifies the right-hand side with a
quotient of F(U \ {z1, ..., za})- [l

The following is essentially [29, Theorem 23.12].

Lemma 5.15. Let X be essentially smooth and affine, i : Z — X a principal,
essentially smooth closed subscheme, and F satisfy the properties EA, EE. Write
Jj:U =X\ Z — X for the complementary open immersion. Suppose that we are
given étale neighborhoods (X, Z) < (., Z) — (AL, 7).
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There is a short exact sequence of Nisnevich sheaves on X
anis F — anis jxJ*F — anisixFL | — 0.
If F satisfies IL, then anis F — anis j«j* F is injective.

Proof. We shall use without further comment the fact that Zy;s has a conservative
family of stalk functors of the form F +— F (U f X x Z), where U — X is étale and
xelU.

Denote by F(x, z) the sheaf anisi*(j«j*F/F) on Zx;is. By adjunction we obtain
a map anis(j«j*F/F) — i.F(x,z). Checking on stalks, we see that this is an
equivalence. Since i, commutes with anjs, our task is to prove that F(x z) >~
anis F' . If (X', Z) — (X, Z) is an étale neighborhood, there is an induced map
Fx,zy— F(x',z); again checking on stalks we see that this is an equivalence. Using
the étale neighborhoods provided by the hypothesis, we may thus assume that
X =Al. For U — Z étale, A}, - A, is étale, and F' | (U) = (j.j*F/F)(A},);
this induces a map F’; — i* j, j*F/F. We shall prove that this is an equivalence.

We check this on stalks. Let Z' — Z be étale and x € Z'. We shall consider the
stalk at x; to simplify notation replace Z by Z’. Consider the commutative diagram

AL —— (NZ,:)X — A;,: — Al

o1 T

The right-most vertical map is the canonical inclusion, and all squares are defined
to be cartesian. Note that A is local and a localization of Z! containing x; thus
A ~ 7" Similarly B is henselian local, pro-étale over A and contains x; thus
B~ Zf} also. Now we get

¥ (uj* F/F)NZY) = (uj*F/F) (AL
~ F((ALM\ z!/F(aL)h
EE 1 h 1
~ F((Az)x \ Z)/F((Az)x)
EA 1 h 1
=~ FAZ \Z)/F(Az)
~F'(ZM.

For the last part, it suffices to observe that if X is henselian local with generic
point n and U C X is nonempty, then

F(X) ~ (anis F)(X) = (anis F)(U) — (anis F) () = F (17)

is injective by IL, and hence so is (anis F)(X) — (anis F)(U). O
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Remark 5.16. Let X € Smy, Z C X a smooth, principal closed subscheme. Then
locally on X, étale neighborhoods as required in Lemma 5.15 exist. See, for
example, [8, §5.9].

Lemma 5.17. Suppose that F satisfies IA and F_, satisfies IL. Then the canonical
map anisF—1 — (anisF)—1 is an injection.

Proof. Using IL, it suffices to prove that F_;(K) — (anisF)—1(K) is injective.
Hence we need to prove that F (A}{ \0) = (anisF) (A}( \0) is injective. This follows
from IA. O

Proof of Theorem 5.13. To begin with, note that if F is A'-invariant then so is F_,,.
We shall use this freely in the sequel.

As a first step, we shall prove that if F e C is Al-invariant then so is an;F.
Since F is A'-invariant it satisfies IA, EA, IL and EE (by assumption on C) and
so Lemma 5.14 applies. Let X € SmAff;. We must prove that H%(X x Al, F) —
HY(X, F) is injective. Consider the diagram

HYX,F)  —— [lyexo H'®, F)

I I

HYAY, F)  —— [lexo H'AL F)

l |

erU HO(U;I’ F) EE— erU HO(’?x, F);

where the product is over points of (A;)Nis and n, is the generic point of U )’Z This
lies over a point of A!, so the bottom right-hand map is defined and the diagram
commutes. The bottom left-hand map is injective (since H(—, F) is Nisnevich-
separated) and the bottom horizontal map is injective by IL; hence the middle
horizontal map is injective. Consequently the top left-hand map is injective as soon
as the top right hand map is. This reduces the claim to the case X = 7, which holds
by Lemma 5.14.

Next we will prove by induction on 7 that if F € C is Al-invariant, then H" (—, F)
is also Al-invariant. The case n = 0 has been dealt with. In particular we may
assume that F is a sheaf. Let n > 0 and suppose that all smaller n have been
established.

Step (1). If j : U — X is a principal open immersion of smooth k-schemes, with
smooth closed complement Z < X, then we claim

R j,F=0 VY0<i<n.

For this consider the presheaf G = H'(—, F), which we know is A!-invariant by
induction. The problem is local on X, so by Remark 5.16 we may apply Lemma 5.15
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to G and obtain an exact sequence (using that G_; >~ G’_ | by Remark 5.12)
0 — anisG — anisj«j G — ivanisG_1 — 0.
We have anisG =0, anis j«j G = Rij*F. By Lemma 5.17 we have
anisG-1 = (anisG)-1 =0,

which proves the claim.

Step (2). If X is an essentially smooth scheme, U C X a principal open subscheme
with essentially smooth closed complement, then we claim that H* (AL, j, j*F) —
H"(Al,, F) is injective. To prove this, we may assume X smooth. Consider the
cofiber sequence j, j*F — Rj,j*F — C. By step (1), C has cohomology sheaves
concentrated in degree > n. Hence in the long exact sequence

H" ' (A, C) = H"(Ay, j.j*F) — H"(AY, Rj.j*F)

the first term vanishes, so the second map is injective. The result follows since the
last term identifies with H"(A},, F) by the previous step.

Step (3). If X is an essentially smooth scheme, U C X a principal open subscheme
with essentially smooth closed complement Z, and z € Z, then H" (Aiw, F)—
H" (A}(f" Jj«j*F) is injective. Again we may assume that X is smooth. The problem
being local around z, via Remark 5.16, gives us étale neighborhoods (X, Z) <«
(R, Z) — (AL, Z). Taking the product with A!, we may thus apply Lemma 5.15 to
AL < Al and get an exact sequence 0 — F — j,.j*F — i, F_ — 0 on (AL)nis.
Taking H' (A}(h, —) yields a long exact sequence, part of which reads

H" YAy, juj*F) <> H' "' (AL,, FL1) > H"(Ay,, F) — H" (A, juj*F).

Thus, it suffices to prove a is surjective. If n > 1 then H""'(AL, F_;) ~

H" ! (Zé’, F_1) =0, by induction on n. It remains to prove that HO(Ai(,], }'*j*F) —

HO(Alzh, F_y) is surjective; in other words, that the map F(A;(h\zh) - F_; (Alzh)
is surjective. Since F is A!-invariant, this is just F(X? \ Z?) —>“F_‘1(Z§‘), which is
the evaluation of the surjective map of sheaves j,j*F — F_; on X?, and hence

surjective.

Conclusion. Let X be an essentially smooth scheme. Write f : X — A}( for the
inclusion at 0. We seek to prove that F — Rf, F induces an equivalence on H", and
we already know this for H', i < n. We shall prove this by induction on d = dim X.
Let C be the cofiber of F — Rf.F. Then Rf,F ~ F & C (via p : AL, — X) and
so we must prove that C has cohomology concentrated in degrees > n; this may
be checked stalkwise. In other words we must prove that if X is an essentially
smooth, henselian local scheme of dimension d, then H" (AL, F) — H"(X, F) is
an isomorphism; equivalently we may prove that it is injective. If d =0, X is the
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spectrum of a field, and we are reduced to Lemma 5.14. Thus d > 0 and we can
find a principal open U C X with essentially smooth closed complement Z (here
we use that & is perfect). Consider the commutative diagram

2 ()

H"(AY, F) —— H"(AL, j,j*F) —— H"(A},, F)

l l !

H"(X,F) —— H"(X, j.j*F) —— H"(U, F).

The maps in the top composite are injective, by the steps indicated above them. The
right-hand vertical map is injective by induction on d. It follows that the left-hand
vertical map is injective, as desired. ([

Remark 5.18. The proof shows that the perfectness assumption on k is only needed

to ensure A!-invariance of H'(—, F) for i > 0.

5C. Framed pretheories. As in the last section, we consider an abelian presheaf
F e Px (SmAff;, Ab), extended by continuity to essentially smooth affine schemes.
The next definition is the framed analog of the notion of pretheories introduced by
Voevodsky; see [35].

Definition 5.19. By a structure of framed pretheory on F we mean the following
data: for every X € SmAff;, C — X a smooth relative curve, u : Qlc /x = Oc,
f € O(C) and decomposition Z(f) = Z L1 Z' with Z finite over X, we are given

tr(f)5 : F(C) — F(X).
The transfers must satisfy the following properties:
(1) If Z = Z, U Zy, then tr(f), = te(f)Y +1te(f)Y,.
(2) If p:(C’, Z")— (C, Z) is an étale neighborhood, then tr(f)Z —tr(fop)z, op*.
(3) Givena : X' — X leta’ : X’ xx C — C be the induced map. Then
o otr(f)”_tr(fooz),l(z) o’

(4) Suppose that Z — X is an isomorphism with inverse i. Then

tw(f)y :i=tr(f);0(C— X)*: F(X) > F(X)
is an isomorphism and tr( ), = tw(f)5 oi*.

(5) Fix asectioni : X — C with image Z and a trivialization p. Assume that X is
semilocal. Then, there exists A € H%(Z, C, ,c) such that for any f € I7(C) with
df = ) we have tw( ), =id.

Note that condition (3) implies that the transfers on F extend to essentially
smooth schemes, so (5) makes sense.
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Example 5.20. Let F € Py (Corr,ff, Ab). Then F admits a structure of framed
pretheory as follows. Given (C — X, u, f, Z), Z — X is syntomic by [15, Propo-
sition 2.1.16]. We define the K -theoretic trivialization of the cotangent complex
L Z/X as
T: LZ/X ad LZ/C +LC/X|Z );;/’L -04+0x~0¢ K(Z)7

Consequently we obtain a framed correspondence X <— Z — C, pullback along
which defines tr( f )’é. All axioms are easily verified. (For the last axiom, one may
argue as follows. Since Z is semilocal, Cz,c admits a nonvanishing section A
Together )/, u determine a trivialization of Lz /x = Lx,;x =0, whence a class
in K{(Z). Since Z is semilocal, K{(Z) >~ O*(Z) [38, Lemma III.1.4]. Hence
replacing A" by A := u}’ for well-chosen u ensures that the trivialization is the
canonical one, and thus tw( f) is the identity morphism.)

Suppose we are given (C — X, f, i, Z) as in Definition 5.19,amap g: C — Y €
SmAffy, U € X and U’ C Y open. Assume that g~!(Y\U’)NZ lies over X\U. Write
Cy C C, Zy C Z for the canonical open subschemes. Then Cy ﬂg_l(U/) — Cy
is an étale (in fact open) neighborhood of Z;;. We may form the diagram

F(Y) < s F(C) 2y pex)

| | |

FU") -5 F(Cyng ' (U)) «— F(Cy) —s F(U).

tr

The maps labeled tr are the evident transfers, and the unlabeled maps are pullbacks
along evident inclusions. The diagram commutes by properties (2) and (3).

Construction 5.21. Taking vertical cokernels in the outer rectangle of the above
diagram, we obtain a map

FU)/FY)— FU)/F(X).

Definition 5.22. Let X, Y be essentially smooth over k, X < C -%> ¥ a span. We
call data
OP=X<«C—Y, fiu,Z):X~Y,

such that (C — X, f, u, Z) satisfies the assumptions of Definition 5.19, a curve
correspondence from X to Y and put

O* =tr(f)h og: F(Y) > F(X).

"Note that Lz/c~ 1/12[1] where [ is the ideal defining Z. By hypothesis, I/I2 is an invertible
Oz-module and the class of f in /] 2 provides a trivialization of this line bundle
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If we are further given U C X, U’ C Y such that g=! (Y \ U’) N Z lies over X \ U,
we call the data a curve correspondences of pairs, denote it by

P=(X<C—=Y, fiu,2Z):(X,U)~ (Y,U
and write
O*: F(U)/F(Y)— F(U)/F(X)

for the map of Construction 5.21.

Lemma 5.23. Let = (X <~ C 55 Y, f, 0, Z) : (X, U) ~ (Y, U’) be a curve
correspondence of pairs. Suppose that Z C g~ (U’). Then ®* = 0.

Proof. By axiom (2) we can replace C by g~ (U’). Since now ®* factors through
FU'")/FU'") =0, the result follows. O

5D. Injectivity on the relative affine line. In this section we establish IA for A!-
invariant framed pretheories.

Lemma 5.24. Let U € SmAff,, Vi C V, C A%] affine and open. Assume that
All] \ Vo and V, \ V| are finite over U. Then there exist curve correspondences
O, D" : Vo~ Vyand © : Vo x Al ~s V5 such that in any framed pretheory,
if©% = ®*i* and i{O* — (®7)*i* is invertible. Here i denotes the inclusion
Vi = Vaand iy : Vo — Vo x Al is the inclusion at s.

Proof. We begin by constructing certain functions f, g € k[A}] xy Va2]. We shall
denote the first coordinate by y and the second by x. We will arrange that f, g are,

respectively, monic in y of degrees n and n — 1 (for some n sufficiently large). We
shall ensure that

-1
f|(A},\vl)xUV2 =1, g|(A,'j\v2)va2 =0=x)"", glmvyxen, =1, glzg-n =1

To do this, note that each of the subschemes we are restricting to is finite over V>,
and apply Lemma 5.25 below.
Let h € k[A! x V5, x Al] be given by

h=0-0f+1t(y—x)g;
here ¢ denotes the third coordinate. Note that / is monic in y. Define
O=Va<VixyVa—=> Vi, fdy, Z(f)) : V2~ Vi,
O=Vax Al <2 vy 5y Vo x A 25 vy, dy, Z(h)) 2 Vo x Al s 1.

Note that here by f we implicitly denote its restriction to V| xy V,, and similarly
for h. Since h is monic in y, Z(h) C Al x V, x Al is finite over V> x Al. By
construction, & is constantly equal to 1 on (A[l] \ Vo) xy Vo x Al. Thus Z(h)
is completely contained in V, xy Vp X Al and so © is well defined. A similar
argument applies to .
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Since h|;—¢p = f we find (using Definition 5.19(3)) that
if©F = ®*i*.

Since h|;,—1 = (y — x)g has vanishing locus splitting into two disjoint pieces, we
find (using Definition 5.19(1)) that

iTO* = (V) <2 Vo xy Vo 25 Wy, (y — x)g, dy, Z(y — x))*
+ (Vo xy Vo, (y —x)g.dy, Z(g))".

The first term is invertible by Definition 5.19(4). Note that Z(g) C V| xy V». Thus
we can define

"=V« Vixy Vo= Vi, (y—x)g,dy, Z(g)): V2~ V1,
concluding the proof. O

Lemma 5.25. Let U be an affine scheme and Z C A}] a closed subscheme which
is finite over U. Let f € O(Z). Then for n sufficiently large there exists a monic

f € OA)) of degree n with f|z = f.

Proof. Let U = Spec(A), Z = Spec(A[T]/I). Since Z is finite, there exist
g1,...,8 € A[T] whose images generate A[T]/I as an A-module. Let n be
larger than the maximum of the degrees of the g;. We claim that f as desired can
be found for such n. Indeed note that any h € A[T]/I admits a lift h € A[T] of
degree < n; in fact we can choose the lift to be an A-linear combination of the g;.
Now let f; be an arbitrary lift of f — 7" of degree < n, andput f =T" + f;. O

Theorem 5.26. Let U be essentially smooth over k, Vi C V, C A}J affine and open.
Assume that Ab \ V2 and V> \ 'V, are finite over U. Let F be an A'-invariant framed
pretheory. Then F(V,) — F(V)) is injective. In particular F satisfies IA.

Proof. All our open immersions are affine, hence quasicompact [34, Tag 01K4] and
so of finite presentation [34, Tag 01 TU]. It follows that when writing U = lim; U;
as a cofiltered limit of smooth affine schemes, we may assume we are given
vicVv,cC Abg affine open with base change V;, such that A%/O \ V; and V;\ V]
are finite over Uy [34, Tags 01ZM, 01Z0 and OEUU]. By continuity of F, we may
thus assume U € SmAff;. Now let x € F'(V,) with i*(x) = 0. Using Al-invariance
we find that, in the notation of Lemma 5.24,

0=2>%"(x) — ()" (x) =ig®" (x) — (@) i (x) =ifO"(x) — (P7)*i*(x).
But if®* — (®7)*i* is invertible, so x = 0. O

5E. Geometric preliminaries. The proofs of the other axioms are similar to the
one for IA, but significantly more elaborate. We collect here some results from
algebraic geometry that we shall use.



NOTES ON MOTIVIC INFINITE LOOP SPACE THEORY 45

SE1. Serre’s theorem. Let A be a Noetherian ring and X — Spec(A) a projective
A-scheme with ample line bundle O(1). Then for any coherent sheaf F on A,
i > 0 and n sufficiently large, H' (X, F(n)) = 0 [34, Tag 0B5T(4)]. An immediate
consequence, which we shall often use, is if 7 — G is a surjection of coherent
sheaves, then for n sufficiently large, H*(X, F(n)) — H%(X, G(n)) is surjective.
(Indeed this follows from vanishing of H!(X, ker(F — G)(n)).) In particular, if
Z C X is closed, then H(X, F(n)) - H°(Z, F(n)) is surjective. This is deduced
by taking G = i,i*F, where i : Z — X is the closed immersion.

SE2. Semilocal schemes. We call a scheme semilocal if it has only finitely many
closed points and is affine. Note that if X is an affine scheme (or more generally an
AF—scheme)8 and xq, ..., x, € X, then
Xxpx, i = lim U
UD{x1,....xn}
is a semilocal scheme, where the limit is over all open neighborhoods of the x;.
Indeed every such neighborhood is quasiaffine, and hence contains a smaller affine
neighborhood of the finitely many points [21, Corollaire 4.5.4]. (But note that,
for example, if X is the affine line with the origin doubled and x;, x; € X are the
origins, then X, , is not separated, and hence not semilocal.)
We shall frequently use the following properties of semilocal schemes.

(1) If X is semilocal and X’ — X is finite then X’ is semilocal.

(2) If X is semilocal and L is a line bundle (or more generally a vector bundle of
constant rank) on X, then L is trivial [7, Lemma 1.4.4].°

(3) If X is semilocal and Y — X is a closed immersion, then O*(X) — O*(Y)

is surjective.'’

SE3. Some general position arguments. The following is essentially Lemma 4.1
in [9].

Lemma 5.27. Let U be a local Noetherian scheme with infinite residue field. Let
C' — C be a finite morphism of projective curves over U; Z', D' C C’ closed
subschemes finite over U with Z'N D' = @; A, C Z’ a principal closed subscheme;
and C'\ D' smooth affine over U.

8This means that every finite set of points is contained in an open affine; for example, a scheme
quasiprojective over an affine base.

9Here is a proof. Let Xy C X denote the closed subscheme which is the disjoint union of the
closed points of X. Then L|y, admits a nonvanishing section, which can (X being affine) be lifted to
a section of L on X. Its vanishing locus avoids X and is closed, and hence empty.

10Here is a proof. Let X, 6 C X denote the closed subscheme which is the disjoint union of the
closed points of X \ Y. Then Y LI X(’) — X is a closed immersion. Now given a € O*(Y), as before
we can lift the nonvanishing section (a, 1) € O(Y L X, 6) to a section @ € O(X), which is nonvanishing.
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Assume that the composite A’ — C’' — C is a closed immersion. Then for n
sufficiently large there exists a section & € HO(C', O(n)) such that ZE)NzZ =A,
Z(E)ND' =@, and Z(§) — C' — C is a closed immersion.

Proof. Let us begin with the following preparatory remarks. Let X C C’ be a closed
subscheme which is finite over C. Let T C C be the set of points ¢ such that the
geometric fiber X7 — 7 is not a closed immersion. Then T is the support of the
coherent sheaf cok(Oz — m,Oy), and hence closed in C. Since a proper morphism
is a closed immersion if and only if it is unramified and radicial [34, Tags 0152
and 04X V], we see that X — C is a closed immersion if and only if 7 = @. In
particular X — C is a closed immersion if and only if its restriction to the closed
fiber over U is.

By assumption A’, C 2’ is principal, say cut out by a section € H(2’, O). Since
Z' is semilocal, O(1)|z admits a nonvanishing section d. Let & € HO(C’, O(n))
be a section such that £z = td". Let x € U be the closed point. For any scheme
S — U, denote by S, the fiber over x. Assume that Z(§)ND, =@ and Z(§), — C,
is a closed immersion. Then Z(§) N D’ = & (being proper over U with empty
closed fiber), so Z(§) — U is finite (being proper and affine [34, Tag 01WN]).
Hence by the preparatory remarks, Z(£) — C is a closed immersion. That is, such
a & satisfies the required properties. Let M = Og;_ X0, Oz. Then Oz — M is
surjective by [34, Tag 0C4J] and so is surjective on H" after twisting up sufficiently.
Thus it suffices to construct £ on the closed fiber (satisfying the additional condition
that £z =td", so that Z(§) N 2’ = A))).

We may thus assume that U is the spectrum of an infinite field k. For each
point x € D', pick a trivialization s, of O(1)|,. Letn >0and I" C H(C’, O(n))
consist of those sections s such that s|, = s? for all x € D’ and 5|z = td". We
must show that there exists (for n sufficiently large) s € I' such that Z(s) — C
is a closed immersion. Let T C C x I" denote the subset of pairs (s, ¢) such that
Z(s) — C is not a closed immersion over the geometric point ¢. We claim that
dim 7 < dimI". This implies that the complement of the closure of the image of
T — T is nonempty, and hence has a rational point (k being infinite and I" an affine
space). The preparatory remarks show that any such rational point corresponds to a
closed immersion, as desired.

To prove the claim, we may base change to an algebraic closure of k, and
hence assume £ is algebraically closed. Note that for n sufficiently large, for any
x1, x2 € C' the map

HY(C', 0(n)) - H(Z,, ., UD'UZ', O(n))

is surjective, where Zy, , = Z(I(x1)1(x2)). (Indeed there is a closed subscheme
of P(H(C’, O(n))) x C" x C’ witnessing the failure of this condition, so the set
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of points (x1, xp) satisfying the condition is open, but for every (xi, x3) and n
sufficiently large the condition holds, so we conclude by quasicompactness of
C’ x C'.) Now let x1,x, € C'\ (D'U 2'). Then H%(Z,, ,, UD' U Z', O(n)) —»
H%(Z,, .,, O(n)) k> Nowletc e C and s € T". Then Z(s) — C can only fail to be
a closed immersion over c if either there exist x; # x, € C_‘é with s(x1) =0 =s(xp),
or there exists x € C/. such that s vanishes to order > 2 at x. By the above remark,
either condition is of codimension 2 on I, provided Z, = @. For the finitely many
other points c, the only condition is that Z(s). contains other points, which is of
codimension 1 on I' by similar arguments. It follows that all but finitely many fibers
of T — C have dimension < dim " — 2, and the remaining ones have dimension
< dimT — 1. Since dim C = 1, this concludes the proof. |

In the rest of this section we will establish a moving lemma. The core argument
uses the method of general projections, which we encapsulate in the following.

Theorem 5.28. Let k be a field, X C A,iv a closed subscheme of dimension d,
Z C AN of dimension <d —1, S C AN a finite set of closed points (i.e., a subscheme
of dimension 0). Then, for a general linear projection w : AN — A4,

(1) 7|x : X — A is finite,

(2) if X is smooth, then 1 |x is étale at all points of SN X,

@) 7l @(S)HNZcCS.

Proof. This is proved, for example, in [26, §3.2]. Specifically (1) is proved just
before the beginning of §3.2.1 and (3) is proved in the case S = {s}, s &€ Z, in §3.2.1.
The same proof works for s € Z (our statement is slightly different than the one in
the reference, to allow this situation). The case of general S follows. In §3.2.2, (2)
is proved. ([

Remark 5.29. Note that a dense open subset of an affine space over an infinite
field contains a rational point. It follows that in the case of an infinite field, there is
an actual linear projection 7 : AIICV — A,‘f satisfying all the properties.

The following is our moving lemma. It is essentially the same as [9, Lemma 3.7].

Proposition 5.30. Let k be an infinite field, X € SmAffy, Z C X a nowhere dense
closed subscheme and 7w : X' — X € SmACff; an étale neighborhood of Z. Write
Z' C X' for the lift of Z. Let T' C Z' be a finite set of closed points and put
T =a(T") C Z. Let U (resp. U’) be the semilocalization of X in T (resp. X' in T").
There exist commutative diagrams of essentially smooth, affine k-schemes:

C/
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and

C S,

such that the following hold:
(1) The composites U — C — X and U’ — C' — X' are the canonical inclusions.
() j, j' are open immersions; C', C are projective curves over S; and C, C' are
smooth affine over S.
(3) @ : C' — C is finite and w : C' — C is étale.
4) Z2:=v"YZ) and 2’ := v~ (Z’) are finite over S, and in fact Z' —> Z.
(5) D' :=C’'\C and D := C’\ C are finite over S, and @ (D’) D D.
(6) We have D = Z(d) for some section d of an ample line bundle O(1) on C.
(7 QIC /s is trivial (and hence so is Qlc/ / $)
Remark 5.31. We can base change C, C’ and so on along U — C — S. Uti-
lizing also the diagonal maps U — U xs U and U’ — U’ x5 U, we find that in

Proposition 5.30 we may set S = U, which is the case of interest. In this case, we

have extra properties:

(1) The map U — C is a section of the separated morphism C — U, whence
its image is a closed subscheme (in fact an effective Cartier divisor) A C C,
which is isomorphic to U.

(2) The map U ~ A C C = X is the canonical inclusion.

(3) We have AN Z >~ Zy via the projection to U.

(4) The composite Z,, <> U’ 2, ¢’ = Uisaclosed immersion, whence (C' — U
being separated) we obtain a closed subscheme A’, C C" mapping isomorphi-
cally to Z%, >~ Z7 C U under the projection. Note that A, C Z'.

Remark 5.32. In the situation of Remark 5.31,let C”" =C’xy U’ and C"=C'xy U'.
We obtain the commutative diagram

C// C/ X/

L

T T

Lo

u —— U.
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Denote the composite C” — C’ — X’ by v” and put 2" =v"~1(Z’). Let D" be
the preimage of D’ in C”. Note:

(1) 2", D" are finite over U’.
(2) The pullback of O(1) to C” exhibits C” as a projective curve over U’.

(3) The map s : U' — C” induces a closed immersion U’ — C”; denote its image
by A”. Then A” N Z” maps isomorphically to Z7, (and to A’).

(4) The composite U’ >~ A” — X’ is the canonical inclusion.

Proof of Proposition 5.30. Shrinking X, X' if necessary, and arguing on connected
components, we may assume that X', X are pure of dimension d and 7 ~1(Z) = Z'.
Using Zariski’s main theorem [34, Tag 05KO0], we obtain a dense open immersion
X' < X' over X with X’ — X finite. Choose an embedding X < A". Using
general projections (Theorem 5.28) we find a linear map p; : AY — A< such that
X — A is finite, X — A? is étale at T, and p; '(p1(T))NZ C T. Let Xo C X
be an affine open neighborhood of 7 such that Xo — A? is étale (recall that any
open neighborhood of 7' contains an affine open neighborhood of T, as explained
in Section 5E2) and put

X, =n""(Xo), Zo=ZnNX.

Using general projections again, we find a linear map p» : A? — A4~! such that
p1(Z) — A4~ s finite, p;(X \ Xo) — A? is finite, and

Py (p2(p1(T)) N p1(Z\ Zo) =@

(the latter is possible since p1(Z \ Zp) does not contain p;(7T), by construction).
Let S be the semilocalization of A4~! at the closed subscheme p>(p;(T)). At this
point we have the diagram
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Base changing the above diagram along S — A¢~!, we obtain the schemes Cy. C1.
Cé, Cy, Cq, Aé of the commutative diagram

/

Cy — C| —

C,——>C
C| E

\
4

e

1
|]:DS

Q
o

<
N

>
L —

NN

~N

S.

By construction C; — A; and C}, — C; are finite. We obtain C by compactifying
C,— A; — [P’]S and C’ by compactifying C,— Ci— C (using Zariski’s main
theorem again). Write v; : C; — X for the canonical map. By construction
Z = vl_l(Z) is finite over S. Also, v]_I(Z \ Zp) is finite over S but its image
misses the closed points; hence it must be empty. In other words vfl (Z) C Cy. Let
v} : C{ — X' be the canonical map. Then Z’ := (v/l)*l(Z’) — Z is an isomorphism
as needed. Since the square part of the diagram is cartesian, we find that also
Z' C C|,. We shall find at the end a section d € HO(C, O(n)) such that D := Z(d)
is finite over U, C\ Co C Dand DNZ =@. We put C = C \ D and let C’ be
the preimage of C in C’. Since Cy is affine and C C Cy is a principal open subset
(note O(1) is trivial over A! and hence over Cy), Cy is affine. The same argument
applies to C’. Since C' — C — A; are étale, the canonical modules vanish as
needed. Since X'\ X, — A4~ is finite so is C, \ C;, — S; from this one deduces
that D' is finite over S.!! The natural maps U — Co and U’ — C| factor through
C and C’, respectively, since the images of the closed points 7' do. It follows that
the theorem is proved, up to constructing d.

First note that Dy := C \ Cy is finite over S. Indeed it is proper, so we need
only establish quasifiniteness; but C; \ Co — S is finite by construction and so
isC\C — ([P’IS \A}g) ~ S, as needed.'? For a closed point s € S, let R be a
connected component of dimension 1 of C,. Since (Dy); — s is finite, it cannot
contain all of R; let xg € R\ D. Now pick d such that d|p, =0, d|z # 0 and
d(xg) # 0 for all such (R, s) (of which there are only finitely many). This satisfies
the required properties. (The only nontrivial claim is that Z(d) — S is finite. But

UNote that if A — B is finite, B C B is a dense open immersion, and A — A—> Bisa
compactification, then A — A|p is both closed (A — B being finite) and also a dense open immersion,
whence an isomorphism. That is, the A \ A lies completely over B \ B.

125¢ee the previous footnote.
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using properness and semicontinuity of fiber dimension [34, Tag 0D41], it suffices
to prove quasifiniteness over the closed points, which we have ensured.) U

5F. Injectivity for semilocal schemes. We now verify that any framed pretheory
satisfy IL (in fact we prove a somewhat stronger property).

Lemma 5.33. Let k be an infinite field, X € SmAffy, Z C X closed and nowhere
dense, x1, ..., x, € Z, U the semilocalization of X in the x;. Then there are curve
correspondences ®, &~ : U ~» X\ Z, ® : U x Al ~» X such that, for any framed
pretheory,

(O =P o (X\Z— X)*
and

1O*=two (U - X)*"+ () o (X \Z — X)¥,
where tw is some automorphism of F (U).

Proof. We first show that we may assume xi, ..., x, € X are closed. Indeed if
not, pick closed specializations yj, ..., y,. Note that y; € Z (Z being closed)
and x; € X, ,, (X,,, .., being an intersection of open subsets containing y;).
Applying the claim with the y; in place of the x; yields curve correspondences &', ®’
over Xy, .y, . Pulling them back along X, . . — X, .y, yields the desired result.

Hence from now on we assume that the x; are closed. Apply Proposition 5.30
and Remark 5.31 to the identity map (X, Z) — (X, Z), with T = {xq, ..., x,}. We
hence obtain a diagram

..........

X< ctlscu,

where C — U is a projective curve with ample line bundle O(1), D = C\ Z is given
by Z(d) for some d € O(1) and is finite over U, Qlc/U is trivial, Z’' := v~ 1(2) is
finite over U, j is an open immersion and C is smooth over U.

Note that A : U — C is a regular immersion of codimension 1, and hence A ¢ C
is a divisor. In particular O(—A) (the ideal sheaf defining A) is a line bundle on C,
with inverse O(A). We shall show at the end, for n sufficiently large, we can find
sections s € H(C, O(n)), s’ € H*(C, O(n) ® O(—A)) such that

e s|z and s'| zzupua are nonvanishing,
e s|p=s"®38, where § € H'(C, O(A)) defines A.

Set 5 = (1 —1)s+ts’®4. Since § is constantly nonzero on D x Al, Z(5) C C x A!
and so this is affine and proper, whence finite, over U X Al Similarly Z(s), Z(s")
are finite over U. Note that Z(s), Z(s") CC\Z’, and Z(s'®8) = Z(s") L1 Z () (since
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Z(8) = A and so Z(s') N Z(8) = @). Pick an isomorphism  : Qlc/U ~ Oc¢. Put

O=UxA «CxA' 25 X, 5/d", n, Z(5)),

v

Od=U<«C\Z — X\ Z,s/d", u, Z(s)),
O =U «C\Z 5 X\Z,s®8/d", u, Z(s)).
Then, by construction, if®* = ®*o (X \ Z — X)* and
IO =(U <« C - X,s'®8/d", n, Z(s' ® 8))*
=U «C-5X,5®8/d", u, ZG)*+ () o (X \ Z - X)*.

Since Z(8) — U is an isomorphism, the first term is tw(s'®8/d" %(a)O(U ~A— X)*
by Definition 5.19(4). We conclude since U ~ A — X is the canonical map, by
construction.

It remains to construct s, s’. For n large enough, both

HYC,0n)@O(—=A)) > H (ZZUDUA, O(n) ® O(—A))
and
HO(C, 0(n)) - H*(Z'U D, O(n))

are surjective (see Section 5E1). Since Z' U D U A is semilocal (being proper and
quasifinite, hence finite, over U), O(n) ® O(—A) admits a nonvanishing section
on it (see Section SE2); let s” be any lift thereof. Note that

HY(Z'UD,Om) ~HZ,0m) x H (D, On));

let s be any lift of (s’ ® 8|z, 1), where 1 € H%(Z’, O(n)) is a nonvanishing section.
The required properties hold by construction. O

Theorem 5.34. Let U be a semilocal scheme, essentially smooth over an infinite
field k. Let Z C U be a closed subscheme not containing any connected component
of U. Then for any Al-invariant framed pretheory F, the restriction F(U) —
F U\ Z) is injective.

Proof. Since U is semilocal, it has only finitely many connected components. Since
F(ALUB)~ F(A) x F(B), we may argue separately for each connected component
of U; hence we may assume that U is connected. If U has only one point, the
result is trivial. We may thus assume that the subset Zy C U of closed points
is a proper closed subscheme. Replacing Z by Z U Zy, we may assume that Z
contains all closed points. Replacing Z by a larger proper closed subscheme, we
may also assume that Z is finitely presented (e.g., principal). Write U = lim; V;
where V; € SmAffy. Replacing V; by its single connected component containing the
image of U, we may assume each V; is connected. Since Z is a finitely presented
closed subscheme, without loss of generality we may assume that Z = Zy xy, U,
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where Zy C Vj is closed. If Z; := Z xy, V; contains all of V;, then Z contains
all of X, which is not the case. It follows that Z; is nowhere dense in V;, for
eachz Let x(’) cxd
=V, o MO be the semilocalization (see Section SE2). By continuity, it will
sufﬁce to prévé that F(U;) — F(U; \ Z;) is injective for each i.
In other words we may assume that U = V,, . where V is a smooth affine

scheme, Z C V nowhere dense, x; € Z. Let X C V be an open affine neighborhood
of the x;. Lemma 5.33 shows that

€ Z; denote the images of the closed points of X. Let

ker(F(X) - F(X\ Z)) Cker(F(X) — F(U)).
Indeed if x € F(X) with x|x\z =0, then
0= (x|x\z) = (P)"(x|x\2) = D" (x|x\2) —ig®*(x)
= 0% (x|x\z) — 1O (x) = —tw(x|y)

and so x|y =0, tw being invertible. Now taking the (filtered, whence exact) colimit
over all such X we obtain the desired result. O

Corollary 5.35. Let U be a semilocal connected scheme, essentially smooth over an
infinite field k. Write n € U for the generic point. Then for any A'-invariant framed
pretheory F, the map F(X) — F(n) is injective. In particular F satisfies IL.

Proof. By Theorem 5.34, F(U) — F(V) is injective for every nonempty open
affine subscheme V C U. The result follows by taking the filtered colimit over all
such V. (]

5G. Excision on the relative affine line. We now proceed with EA.

Lemma 5.36. Let U € SmAff, V C Ab open, and Oy C V. Write, for the open
immersion of pairs,i: (V, V\0) — (Al , All] \0). There exist curve correspondences

of pairs
@, W (A}, AL\ 0) ~ (V, V\0),

01 : (AL, AL\ 0) x Al ~ (A, Aj\0),
@y (V,V\0) x Al ~s (V, V\0)

such that for any framed pretheory

(1) ig®] = ®*i*, if O is invertible,

(2) i5©3 =i*W*, i{OF is invertible.

Note that here we are using the pullback along a curve correspondence of pairs
from Construction 5.21; thus, for example, ®* is a map

®*: F(V\0)/F(V) = F(A,\0)/F(A}).
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Proof. (1) We shall construct sections
se H'P' x A}, 0m)) and s € H'P' x A}, O(n —1)),

for some n > 0, satisfying the following properties. Denote the coordinate on A!
by x andon P! by y = (Yy:Y}). Let § =¥} —x¥y € HO(P! x A}J, O(1)); observe
that Z(8) defines the diagonal {x = y} < P! x A},. Let D =P}, \ V. We shall
ensure that

* Slpxats s'loxa) > 8"z and 5", a1 are all nonvanishing,
° SlOXAb = SS/, and

_ /
. sloox% =4s'.

Put 5§ = (1 —t)s +18s" € H(P! x A}, x Al, O(n)). Now consider the function
f=s/YlonVxAl CP!xA] and the function f =5/YJ on A}, C P! x A}, x Al
We claim that

= A, v <Al 22y v fdy, Z(f)),
0 = A x Al <L aF Py AL F dy, Z(f))

are curve correspondences of pairs satisfying the required properties.

To begin with, since s is constantly nonzero over oo, we find that Z(5) = Z( f ).
In particular this is both proper and affine, whence finite, over All] x Al Similarly
Z(f) = Z(s) is finite over A}]. Also, §|y—q is constantly equal to 85, which vanishes
there only if y = x, that is, x = 0. It follows that ®; and & are well-defined curve
correspondences of pairs as displayed in the proposition. By construction we
have i§®] = ®*i*. On the other hand, Z(8) N Z(s") = @ by assumption and thus
Z(8s"Y=2Z(S)U Z(s"). So we get

_ (A}j pPry AZ Pry A}]’(Ss /Yo’dy, Z((S))
F AL LA P AL ss' Y dy, Z(s'))*.

The first term is invertible by Definition 5.19(4), since Z(§) maps isomorphically
to A}, via both x and y. The second term vanishes by Lemma 5.23, since Z(s") C
(AII] \ 0) x A! by construction. We have thus proved (1) up to constructing s and s’.

We now construct s and s’. By Serre’s theorem (see Section SE1) we may ensure

n n—1
Slpxar =Y, Sloxal, =Yy 4,

/ _ yn—1 / _ yn—1 l _ yn—1
Slooxal, =Y1 5 Sloxal, =Yy » Slzey =Yy

Since Y; only vanishes at 0 & D, s|p, a1 is nonvanishing. The other nonvanishing
conditions hold for similar reasons. Since § = Y; at oo (i.e., Yy = 0), s = s'$ there.
The agreement at 0 holds by construction.
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(2) The argument is very similar. One constructs sections s € H O(P! x Ab, O(n))
and s’ € H(P! x V, O(n — 1)) such that

e S|pxv, 8’ loxv, 8’|z and s'| pxy are all nonvanishing,

e sloxy =4&s’, and

e S|pxy =385,
This is done by using Serre’s theorem to ensure that

sloxv = Y], sloxy = Y78,
Sloxy = Y1870 Sloxv =Y Sz =Y
and arguing as before. Put § = (1 —1)s +18s’ € H'(P' x V x A!). Arguing as
before that this is well defined, we obtain curve correspondences of pairs
= (A} <2 v x Al 2oy v o5/ Y, dy, Z(s))
and
@y = (VxA L vV xy vV x Al 22 v 5 Ve, dy, Z(3)).

One checks as before that these satisfy the required properties. ([

We also have the following variant.
Lemma 5.37. Let K be a field, 7 € A}( closed and V C A}( an open neighborhood
of z. Write i : (V,V \z) = (AL, A}( \ 2) for the open immersion of pairs. There
exist curve correspondences of pairs

@, Wi Ak, A \2) ~ (V, V\2),
O1: (Ak, Ak \2) x Al s (AL AL\ 2),
O (V,V\2) x Al ~s (V, V \ 2)
such that for any framed pretheory
(1) ig®7] = @*i*, if O is invertible,
(2) i5©F =i*W*, i O] is invertible.

Proof. The proof is almost the same as for Lemma 5.36. Let d be the degree of z;

then there exists a section v € HO(P! x A}(, O(d)) such that Z(v) = z x Al. Now
replace O(1) by O(d), t; by v and £y by tg in the previous argument. U

We can use this to prove EA.

Theorem 5.38. Let U be essentially smooth, affine over a field k, and V C A[l] an
open subscheme containing Oy. Let F be an A'-invariant framed pretheory. Then
restriction induces

F(A;\0y)/F(A}) >~ F(V\0y)/F(V).
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Similarly if K is a field, z € A}{ is closed and V is an open neighborhood, then
F(Ag\2)/F(Ag) = F(V\2)/F(V).

Proof. Since V — All] is affine it is quasicompact [34, Tag 01K4], and hence of
finite presentation [34, Tag O1TU]. It follows that when writing U = lim; U; as a
cofiltered limit of smooth affine schemes, we may assume the existence of Vy C Abo
affine open with base change V [34, Tags 01ZM and OEUU]. By continuity of F,
we may thus assume that U is smooth over k. The first statement now follows from
Lemma 5.36. (Recall thatif i : A — B, ®, W : B — A are maps of sets such that
®oi:A— AandioW: B — B are invertible, then A — B <2 A s injective
so i is injective, and B 2 A5 Bis surjective so i is surjective, that is, i is
invertible.)

The second statement is immediate from Lemma 5.37. (]

5H. Etale excision. Finally we treat EE.

Lemma 5.39. Let X € SmAff,, Z C X a closed subscheme and
7:(X',Z) = (X, Z) € SmAff,

an étale neighborhood. Let 7' € Z' and put z = (') € Z. Let U = X, U’ = X/,
Writei : (U, U\Z) — (X, X\ Z)andi : (U, U'\Z")— (X', X'\ Z) for the
open immersions of pairs. There exist curve correspondences of pairs
O,V (U,U\Z)~ (X', X'"\Z,
O: (U, U\Z)xA' > (X, X\ 2),
O,: (U, U\Z)xA' - (X', X'\ Z))
such that for any framed pretheory
(1) i5®] = @*x*, if O =twoi*, where tw is some automorphism of F(U),
(2) ijOF =a*W*, 7O =i"
Proof. Shrinking X' if necessary, we may assume that Z' = 7~ 1(Z).
(1) We apply Proposition 5.30 and Remark 5.31 and hence obtain a diagram in
notation as stated there (with S = U). We shall (at the end) find sections s €
H(C,O(n)) and s’ € H(C, O(n) ® O(—A)) such that
e s'|puzua is nonvanishing,
e s|puz =5’ ®8, where § € HO(C, O(A)) defines A,
e Z(s) =ZoU Z,, where w is an étale neighborhood of Zg and Z, N Z = @.
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Put
S=(1—-t)s+18Qs € HY(C x A, On)).

Then § is constantly nonvanishing on D x A!. In particular Z(5) C C x A! is finite
(since it is proper and affine) over U x A!. Also, § is constantly equal to § ® s’ on
Z x Al. Tt follows that Z(5) N Z = AN Z lies over Z. C U. Choose a trivialization
w: Qé/U ~ O¢. Consider

Or=UxA' «CxA' 25 X, 5/d", 1, ZG3)) : (U, U\ Z) x Al ~ (X, X\ Z).

What we have said so far shows that this is a well-defined curve correspondence of
pairs. We get

O = (U« C— X,8®s'/d", 11, Z(8))*+ (U < C — X, 8®s'/d", 11, Z(s")*.

Since Z (s")NZ = &, the second term vanishes by Lemma 5.23. Since U >~ Z(§) > X
is the canonical map, the first term is tw(§ ® s'/d", u, Z(s')) o i*, as needed.
Similarly

ifOF=U <« C— X,s/d", u, Zo)* + (U < C — X,s/d", u, Z))*.

Since Z; N Z = &, the second term vanishes. On the other hand, by construction,
C’ — C is an étale neighborhood of Zj. Let

®=(U <« C" L X', s/d", u, Zo).

This has the required property, by Definition 5.19(2).

It remains to construct s, s’. Since A C C is an effective Cartier divisor, and Z is
semilocal, AN Z — Z principal, and hence so is (the isomorphic map) A, — Z'.
Applying Lemma 5.27, we obtain an effective divisor Z (&) =: Zo C C C C (finite
over U) such that o is an étale neighborhood and Zy N Z = A N Z (as schemes).
Let ¢ € O(—Zp) be the section defining Zy. Pick n large enough such that both of
the maps

HY(C,0(m) @ O(—=Zy)) — H' (ZUD, O(n) ® O(—Zy))
and

H(C,0mn) @ O(-=A)) > H (ZUDUA, O(n) ® O(—A))

are surjective. Since Z U D is semilocal, O(n) ® O(—Zp) admits a nonvanishing
section on it. Let ¢’ be a lift of such a nonvanishing section to C and put s =¢ ® ¢’.
By construction s|zp = so ® §, for some nonvanishing section

so € HY(ZUD, O(n) ® O(—A)).
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We may find a nonvanishing section s € HY(ZUDUA, O(n)@ O(—A)) extending
so (see Section SE2); finally let s’ € HY(C, O(n) ® O(—A)) be any lift of s;. The
required properties hold by construction.

(2) We apply Proposition 5.30 and Remark 5.32 and hence obtain a diagram in nota-
tion as stated there. Let A € HO(A”, O(—A")) be a generator as in Definition 5.19(5)

(with Z = A” ¢ C”). We shall at the end find sections s € H%(C’, O(n)) and
s'e HO(C”, O(n) ® O(—A")) such that

¢ 5’| z» and s|p/ are nonvanishing,

o s'[ar=d"A,

o 5'|pr = 8w (s), where 8 € H(C”, O(A")) defines A",

« T"(s)|z =5 ®S.
Put § = (1 — )"*(s) + 18 ® s’. As before § is constantly nonvanishing over
D" x A, and hence Z(5) C C” is finite over U’ x A!. Also § is constantly equal to

s’®8 on 2’ x A, and so Z(5) N 2" lies over Z!, C U'. We thus obtain a curve
correspondence of pairs

s = (U'xA! < C"xA' Y5 X' 5/d", 1, Z()): (U, UNZ')x Al (X', X'\Z)).
Similarly we obtain
V=(U-<«C v, X', s/d", i, Z(s)): (U,U\Z)— (X', X'\ Z").
Arguing as before we see that i;©3 = 7*W* and
i7OF =tw(E ®s'/d") 5 0.

Since Z(8) = A” and d(§ ® s’ /d™) = A, by construction (see Definition 5.19(5))
we have tw(8 @ s /d" /é(s) =1id, as needed.

It thus remains to construct s, s'. Write Z; = Z"N A" and Z, for its image in C’.
Then Z, ~ Z, ~ Z., and Z; —> Z, xy U’. The closed immersion Z, — Z’ is
isomorphic to AN Z — Z, whence locally principal, and so principal since Z’ is
semilocal. Let p € O(Z’) cut out Z,, so that @ *(p) cuts out Z;. We may thus write
@*(p) = p' ®8, with p’ € H*(Z", O(—A)) a generator. Now A|z, and p’|z, both
generate O(—A)|z, and hence differ by a unit. Since O*(Z') - O*(Z2) > O0*(Z)
is surjective (Z’ being semilocal), we may multiply p by a unit and so assume that
Az, = p'lz,. Since Z”U A" is the pushout in schemes of Z” «<— Z"NA — A”
[34, Tag 0C4J], there exists A € HO(Z” UA”, O(—A")) such that A|z» = p’ and
X|a” = A. Choose n large enough such that

H(C',0(n)) — HY(D'U 2, O(n))



NOTES ON MOTIVIC INFINITE LOOP SPACE THEORY 59

and
HY(C",0(n) @ O(—A")) - HY(D" L (A" U Z"), O(n) @ O(—A"))

are surjective. Let s’ be a lift of (1, pd"), where 1 € H%(D’, O(n)) is a nonvanishing
section. Let s be a lift of (§~! - @*(1), Ad"). The required properties hold by
construction. ([l

Theorem 5.40. Let k be an infinite field and 7w : U — U a cofiltered limit of étale
morphisms of smooth k-schemes. Assume that U', U are local schemes and 7 is
a local morphism. Let Z' C U’', Z C U be finitely presented closed subschemes
such that 7 induces an isomorphism of Z' onto Z. Let F be an A'-invariant framed
pretheory. Then ™ induces

F(U\Z)/F(U)~FU'\Z)/FU.

Proof. Since Z, Z' are finitely presented we may without loss of generality assume
that 7 = lim, 74, where 7y : (X),, Z) — (Xo, Zg) is an étale neighborhood of
smooth affine k-schemes, and Z = lim, Z,, Z' = lim, Z],. Write z,, z,, for the
images in X,, X, of the closed point. Set Uy = (X¢4),, U, = (X;);, and write
o U, — U, for the restriction of .. Consider the commutative diagram

FU\ Za)[F(Us) —“ FUL\Z,)/F(U))
i;T i,;*T
F(Xa\ Za)/F(Xa) — F(X,\Z,)/F(X}).
Lemma 5.39 yields equations
Oiny=twoiy and TLWI=1i.
These show that
ker(w)) C ker(iy) and cok(i)) — cok(7T}).

Taking the colimit over all « concludes the proof (since lim,, i, : lim, U, — lim, X,
is an isomorphism, and similarly for i"). O

51. Conclusion. We have proved the following.

Theorem 5.41. Any A'-invariant framed pretheory (see Definition 5.19) over an
infinite field satisfies the axioms IA, EA, IL, and EE of Section 5B.

Proof. Combine Theorems 5.26, 5.38 and 5.40, and Corollary 5.35. ([

We can now prove the main theorem.
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Proof of Theorem 5.3. We first consider the case where k is infinite. We know that
the forgetful functor Py (Corrfr(k)) — Px(Smy) commutes with Qg,, (for trivial
reasons) and Lyjs (by [15, Proposition 3.2.14]). Thus if F € Py (Corr'™ (k), Ab),
then so are F_; and H'(—; F). Suppose that F is Al-invariant. Then H'(—, F)
is Al-invariant by Theorem 5.13 (which applies because of Theorem 5.41 and
Example 5.20), provided k is perfect. For H® we do not need perfectness; see
Remark 5.18. The fact that F' coincides with its sheafification on open subsets of
Al is Lemma 5.14.

Now let k be finite and F € Py (Corrfr(k), SH) be Al-invariant. It suffices to
prove that ' — Lo F is a Nisnevich local equivalence (indeed then Ly F >~ Lot F
is Al-invariant). That is, we must prove that F(X) >~ (Lot F)(X) for any X which
is essentially smooth, henselian local over k. Arguing as in [15, Corollary B.2.5],
for this it suffices to prove that if k’/k is an infinite perfect extension of k, then
F(Xy) ~ (LmotF)(Xy). Since Xy is a finite disjoint union of henselian local
schemes, this follows (using that L, commutes with essentially smooth base
change [23, Lemma A.4]) from Lnis(F[sm,,) 2 Lot (F [sm,, ), which we have already
established. ([
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0. Introduction

The main goal of these lectures is to touch upon the following questions regarding
six-functor formalisms:

(1) Why care about them?
(2) What are they?

(3) How to construct them?

Needless to say, our answers are far from complete. (We will try to give references
for the reader who wants to venture further but they will certainly not be exhaustive
either.) In short, they are:

(1) Why? If one cares about cohomology then one should care about the six
operations because the latter enhance the former. Grothendieck’s relative point
of view is baked into the formalism, connecting it well with modern algebraic
geometry. And, finally, the formalism has proven highly successful in the last
decades. (This is particularly apparent in motivic homotopy theory, the other main
topic of the summer school. Unfortunately, we will treat this last point only briefly
and leave much to the other talks.)

(2) What? First the confession: there will be no definition of six-functor formalisms
in these lectures. Just as ‘cohomology’ is arguably not a precisely defined term
and varies from context to context, we cannot expect its enhancement to admit
a definition pleasing everyone. Instead we will try to give a glimpse of the six
functors in action, and we will describe a convenient and precise framework to
think about them. This framework consists of coefficient systems which encode
a minimal set of structure and axioms one would like a six-functor formalism to
enjoy.

(3) How? Given the power of the formalism it is unsurprising that all known
examples required major efforts, often by many mathematicians, until they were
established. (And in several areas, a ‘complete’ formalism is still very much
a work in progress.) We will focus on arguably the most common and serious
stumbling block, the construction of the exceptional functoriality. In a slightly
different direction, such difficulties can be circumvented altogether by constructing
six-functor formalisms out of already-established ones. And finally, we will discuss
by way of illustration, an example (from rigid-analytic geometry) of a recent new
addition to the list of six-functor formalisms.

We assume that the reader is familiar with basic scheme theory and has seen
derived categories before. Section 1 is written in the language of triangulated
categories although the axioms are barely used. In Sections 2 and 3 we use the
language of stable co-categories but some help is provided and much of it can also
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be understood just at the level of underlying triangulated categories. We imagine
that the more exposition to the various cohomology theories for schemes (or for
other geometric objects) the reader has had, the easier it will be to follow the text.

1. Why?

Here we will try to motivate the study and development of six-functor formalisms.
The point of view we will try to convey is that

six-functor formalisms enhance cohomology.

Interspersedly, we will also make comments about the related question why six-
functor formalisms arose historically in the first place although this is not our focus.
There is little rigorous mathematics to be found here — for that we ask the reader
to wait until Sections 2 and 3.

Remark 1.1. Another natural way to answer the question in the title would be to
list applications of the theory and thereby argue for its importance. We will not do
that here and, in any case, compiling an even approximately complete list would
seem a daunting task. Indeed, the language and theory of six-functor formalisms
permeates much of modern algebraic geometry and beyond, and has spawned entire
fields of research. The development of, for example, étale cohomology, perverse
sheaves, or motivic homotopy theory is quite unthinkable in the absence of the six
operations.

1A. A hierarchy of invariants.

Example 1.2. If you are studying a topological space X, a useful invariant to know
about is the sequence of Betti numbers b, (X), the latter measuring the number of
n-dimensional holes in X. Famously, Noether explained how these numbers are just
shadows of the homology of X, these being a sequence of abelian groups H,(X)
measuring the difference between cycles and boundaries on X. Thus homology is a
richer invariant than the Betti numbers since there is a way to go from the former
to the latter but no way (in general) to reverse this process:

H,(X)

i} 4

by (X)

Example 1.3. Now imagine instead a variety X over a finite field k = [, (of
cardinality ¢ = p”, say). If you are an arithmetic geometer, chances are you would
like to know the number of rational points, that is, solutions to the polynomial
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equations defining X, possibly over finite extensions of k. The ¢-function of X
conveniently packages this information:

#X (F,»
ex(T) = eXp(Z %T”) e Q[T].

n>1

If X is smooth and proper, Weil [49] predicted that this function is very nicely
behaved: it should be a rational function, satisfy a certain functional equation,
and one should have tight control over the zeroes and poles. (Weil also proved
this for curves.) He suggested that these desirable properties would follow from a
well-behaved cohomology theory for varieties over finite fields, a suggestion which
was eventually realized by the concerted effort of many mathematicians, including
Grothendieck, Serre and Deligne: the theory of ¢-adic cohomology was at least
partly developed to settle the Weil conjectures.

Here then we find a similar situation as in topology in that cohomology groups
are richer invariants than individual numbers and that a certain behavior of the
former implies a certain behavior of the latter:

H*(Xg; Q)
traces of (iterated) Frobenii g
¢x(T)
What is of interest to us in this historical example is that the ‘good behavior’ of
these cohomology groups H" (X; Q) was in turn deduced from properties of an
even richer invariant, the £-adic constructible derived category:
D2(X; Q) category-level invariant
hom -groups g
H*(Xg; Q) set-level invariant
trace of Frobenius g

¢x(T) element-level invariant

Summarizing, in order to prove certain things about element-level invariants mathe-
maticians in this case have found themselves proving things about category-level
invariants two levels up and deducing the former from the latter.

Remark 1.4. Jumping ahead of ourselves for a moment, we can say that
six-functor formalisms govern the behavior of certain category-level invariants.

Therefore we can expect that this formalism will be useful in proving things about
certain set-level invariants, namely the cohomology of ‘spaces’ (these could be
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topological spaces or spaces appearing in algebraic geometry and even further
beyond). To say something more precise we have to appreciate one important
feature which arises in set-level and category-level invariants but is absent at the
lower end of the hierarchy. This we will try to do in Section 1B.

Remark 1.5. The Weil conjectures (Example 1.3) are discussed from this point
of view in an unpublished note of Voevodsky [47]. In the same note (from the
year 2000) he expresses the view that the development of the six-functor formalism
would become one of the main technical tools in advancing motivic homotopy
theory: a view which over the last 20 years has certainly materialized!

1B. Relative point of view. Grothendieck famously stressed the ‘relative point of
view’, replacing, for example, schemes by morphisms of schemes as the fundamental
object of study. This shift is also apparent in the development of £-adic cohomology
and the proof of the Weil conjectures (Example 1.3).

Remark 1.6. Even if one is ultimately interested in the cohomology of a single
variety X it is often necessary to invoke other, related varieties and their cohomolo-
gies in the process, for example, in arguments that proceed by induction on the
dimension, or when covering X by simpler pieces. It then becomes important to
study the cohomology groups not in isolation but together with the maps

frH*(Y)—> H*(Y") 1.7)

for all morphisms f:Y' — Y.

And even if not passing through other varieties, the action of a morphism on
cohomology provides additional, often very interesting information about the vari-
eties involved. In the discussion of the Weil conjectures (Example 1.3) we already
saw an example of this phenomenon: the action of the Frobenius endomorphism is
used to express the number of rational points in terms of cohomology.

Remark 1.8. For the same reason, even if one is interested in proper varieties it
is sometimes necessary to invoke nonproper varieties and their cohomologies in
the process. The latter are typically less well behaved and to make up for that, the
notion of cohomology with compact support was developed. Thus in addition to
cohomology groups, we also want to study the groups H?(X) and their dependence
on X.

1C. The six functors in topology. In Section 1A we saw that moving up along the
hierarchy of invariants, cohomology is replaced by sheaves, and in Section 1B we
stressed the need to adopt a relative point of view. Putting the two together one
arrives at the study of assignments

spaces — categories,
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which send a space to some category of sheaves on that space, and where morphisms
of spaces induce functors between the corresponding categories of ‘sheaves’. (As
we saw in Example 1.3, these are not necessarily literally sheaves but something
related, such as derived categories of sheaves.) The latter are examples of the
functors giving ‘six-functor formalisms’ their name. Sometimes they are also called
operations since they operate on sheaves.

For Weil and Grothendieck, a good cohomology theory for varieties over finite
fields was to behave similarly to the cohomology of topological spaces. It is
therefore prudent to look at the topological situation first. This we do briefly here.
References that include much more detail include [16; 27; 28].

Example 1.9. Let us go back to the topological Example 1.2. For a nice enough'
space X the cohomology H*®(X) coincides with the sheaf cohomology of the
constant sheaf on X. The most familiar operations on (abelian) sheaves associated
with a continuous map f : X — Y are the inverse image (or pull-back) and direct
image (or push-forward), respectively:

f*
Sh(Y) —— Sh(X)
2

Recall that f,F is the sheaf whose sections on an open subset U C Y are given
by I'(f~Y(U), %). The functor f* is left adjoint to f;, and takes 4 € Sh(Y) to a
sheaf satisfying (f*9), = %y, for all x € X. More explicitly, f*% is the sheaf
associated to the presheaf V +— colim f(y)cy 9(U), where U runs over the open
neighborhoods of f (V).

Note that if ¥ = * is just a point, the functor f, : Sh(X) — Sh(x) >~ Mod(Z)
coincides with the global sections functor. We deduce that the right-derived functor
coincides with sheaf cohomology:

R" f(F) = H"(X; F). (1.10)

Thus we may view the derived push-forward as a relative and enhanced version of
cohomology.

Example 1.11. Continuing with Example 1.9, another familiar operation is the
direct image with compact support (or compactly supported push-forward). It is
defined as a subfunctor of the direct image functor:

', (%) :={sel'(U, fi%) = F(f_l(U), %) | s has compact support}.

Note that again, for ¥ = * a point, the direct image with compact support recovers
cohomology with compact support:

R" fi(F) = H!(X; F). (1.12)

IFor example, cohomologically locally connected in the sense of [40].
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Remark 1.13. The functor f;:Sh(X) — Sh(Y) does not admit an adjoint in general.
This together with the fact that we are ultimately interested in derived functors
leads us to consider derived categories of sheaves instead. It turns out that at least
for locally compact Hausdorff spaces, the functor acquires a right adjoint:

RA
D(Sh(X)) —= D(Sh(Y))
f!

The functor f' is called the exceptional inverse image (or pull-back). Accordingly,
fi is sometimes also called the exceptional direct image (or push-forward).>

Remark 1.14. Together with the tensor product and internal hom of sheaves we
have collected all six functors:

(®", RHom)
D(Sh(X))

LF*[ R RA||f

D(Sh(Y))

It is customary to drop the symbols R and L for derived functors as the context
usually makes it clear when derived functors are intended.

1D. Enhancing cohomology: structure.

Convention 1.15. Let us now abstract from the specific topological situation and
instead assume that with each ‘space’ (topological space, scheme, stack, ...) X
we are given a closed tensor triangulated category (C(X), ®, Hom) and with each
morphism of spaces f : X — Y two adjunctions f* - f,, fi - f* of exact functors:

(®, Hom)
C(X)

e f))f

Cc)

The arrow < indicates a natural transformation f; = f, (which, in topology, is
induced by the inclusion of sections with compact support). We also assume that

2 Another common name is f-upper-shriek for f "and f-lower-shriek for fi.
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f* is endowed with a symmetric monoidal structure. As a first approximation, the
category C(X) may be thought of as a ‘derived category of sheaves on X’ although
we don’t want to assume that this is literally the case. To have more neutral language
we will refer to objects in C(X) as coefficients, just as one speaks of cohomology
with coefficients.

While we won’t stress this aspect, it is important that the dependence on X
and f is ‘pseudofunctorial’. For example, we should in addition be given natural
isomorphisms g* f* = ( fg)* satisfying familiar cocycle conditions, and id* = id.
For a precise formulation we refer to [15, Definition 2.2].

Remark 1.16. We will now discuss how this basic setup allows us to recover
structure present in cohomology. In Section 1E we will see some properties of the
six functors and how these properties govern the behavior of cohomology.

Remark 1.17. The identifications in (1.10) and (1.12) show how the sheaf opera-
tions allow us to recover cohomology of spaces. In the basic setup of Convention 1.15
we may take this as our definition. Let p : X — B be a morphism of spaces, where
we think of B as a ‘base space’, fixed by the context. For any coefficient & € C(X),
the cohomology (resp. with compact support) is

H*(X; %) :=p.FeC(B) (resp. H (X; F) := pF € C(B)).

When & =1 is the tensor unit we denote these coefficients simply by H*®(X) and
H?(X), respectively.

In order to obtain actual cohomology groups one may take appropriate homo-
morphism groups:

H"(X; F) :=homcp) (1, p«F[n]) (resp. H(X; F) :=homc(p) (1, pF[n]))

Remark 1.18. One can also define homology and Borel-Moore homology, general-
izing these theories from topology, like so:

cohomology p«p*l H*

cohomology with compact support p;p*1  H?

homology pp'l H,
Borel-Moore homology p«p'l HEM

Example 1.19. Let k be a field in which the prime ¢ is invertible and such that
cdy (k) < 00. Then one has a structure as described in Convention 1.15 which sends
each finite-type k-scheme (or even algebraic stack) X to the £-adic constructible
derived category D'C’(X ; Q¢) (see, for example, [35], although much of it goes back
to SGA, particularly [44; 45]). In this case the cohomology (resp. with compact
support) as defined in Remark 1.17 recovers £-adic cohomology (resp. with compact
support).
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Here are some more examples:3

coefficients cohomology groups
DP(X; Q) constructible ¢-adic sheaves £-adic cohomology
DB(X (©); Z) constructible analytic sheaves Betti cohomology
DE (@x) holonomic %-modules de Rham cohomology
DP(Coh(X)) coherent sheaves coherent cohomology
DP(MHM(X)) mixed Hodge modules absolute Hodge cohomology
DM(X) Voevodsky motivic sheaves (weight-0) motivic cohomology
SH(X) stable motivic homotopy sheaves | stable motivic (weight-0)
cohomotopy groups

Remark 1.20. Consider now a relative situation

f

X ——— Y

N
*
The unit of the adjunction f* - f, induces a morphism
N:qx = @ fuf = puf”
and thus a morphism in cohomology
H*(Y, %) — H*(X, f*%).
If & = 1x one recovers the action of f on the cohomology of X as in (1.7).

Remark 1.21. With compactly supported cohomology the situation is more subtle.
In the topological context, a natural map

LY, F)—T(X, f*F)

is defined when f : X — Y is proper. Namely, in that case pulling back sections
restricts to those with compact support. This map is in turn induced by the same
unit of the adjunction,

n:iq—>aqfsf*=pfr
using that f = f, as f is proper:
H'(Y, %) — H'(X, [*%).
Similar functoriality exists for proper morphisms of schemes and other ‘spaces’.
Exercise 1.22. Describe the functoriality of homology.

3Some of these are only partial examples, in others certain technical assumptions are required.
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Remark 1.23. Let p : X — B be a morphism and recall that the inverse image p™* :
C(B) — C(X) is symmetric monoidal. It follows formally that its right adjoint p, :
C(X) — C(B) sends commutative algebras to commutative algebras. In particular,
the cohomology H*(X) = p,1 € C(B) has the structure of a commutative algebra.
We may view this as an enhancement of the cup product in cohomology. Indeed,
evaluating the multiplication through appropriate hom-groups home () (1, —[n])
one obtains a cup product at the level of cohomology groups:

U: HY(X) x H*(X) —> H T’ (X)

Remark 1.24. Needless to say, this section does not exhaust all structures of interest
in cohomology. For example, vanishing and nearby cycles are additional concepts
of interest. Another example will play a more important role in Section 2. The
classical theorem of de Rham and its algebraic geometry version of Grothendieck
identifies cohomology groups associated with different theories (de Rham and
singular cohomology). Relatedly, Chern classes and regulator maps may be seen as
morphisms from certain cohomology groups of one theory to those of another. We
want to think of these as underlying ‘(iso)morphisms of six-functor formalisms’. For
example, the Beilinson regulator maps algebraic K -theory classes to absolute Hodge
cohomology, and this should arise from a family of Hodge realization functors

P (X) : DMS(X) — D°(MHM(X))

from categories of (constructible) motivic sheaves that ‘realize’ the underlying
Hodge cohomology of motives. Ideally we would like these functors to be suitably
compatible with the six operations.*

1E. Enhancing cohomology: properties. We now turn to properties of the six
functors and related properties in cohomology. We will discuss here only some of
the many possibilities. Our selection is geared towards the approach to six-functor
formalisms described in Section 2.

Remark 1.25. To avoid a possible confusion let us stress: the point is not (at least,
not always) that results about a given cohomology theory come for free using six-
functor formalisms. But the difficulty can sometimes be shifted from establishing
them directly to establishing that the cohomology theory underlies a six-functor
formalism. We will return to this in Sections 2 and 3.

1E1. Proper push-forward. We already mentioned in the topological context that
fi = f« whenever f is proper. The same is true for six-functor formalisms in
general: whenever f is ‘proper’ (for example, a proper morphism of schemes), the
transformation f; — f is an isomorphism.

4This particular example is taken up again in Example 3.19.
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1E2. Duality. An important impetus for developing the six-functor formalism was
what is now sometimes called Grothendieck duality, as, for example, in [23; 24]. In
a very limited sense, in our setup this can be viewed as the computation of f'1 for
f : X — % smooth.

Example 1.26 (topology). Let X be a smooth manifold of dimension d and let
f : X — * be the unique map. For a ring A, one finds that f'A = wx A[d] is
the (shifted) A-orientation sheaf. Thus X is orientable if and only if wx 7 is the
constant sheaf with value Z. In that case, wy, A is constant for every ring A.

Example 1.27 (coherent). Let X be a smooth k-variety of dimension d. If the map
f : X — Spec(k) denotes the structure morphism then f 'k = wx[d] is the (shifted)
canonical sheaf on X.

Example 1.28 (¢-adic). Let X be a smooth k-variety of dimension d and £ a prime
invertible in k. Then f 'Qp = Qu(d)[2d] where (d) denotes the d-th Tate twist.

Corollary 1.29. With the assumptions of Examples 1.26—1.28, respectively, one
has:

(a) Poincaré duality (topology): If X is orientable, H! (X; Q)* = HY™(X; Q).
(b) Poincaré duality (L-adic): H"(X; Q)* = H**~"(X; Q,(d)).
(¢) Serre duality: If X is proper, H"(X; Ox)* = HY™"(X; wy).
Proof. This follows from the adjunction isomorphisms
H!(X)* Zhom(f, f*1[n], 1) = hom(1, fof'1[—n])
together with the computations reported in Examples 1.26—1.28. ]

Remark 1.30. The coefficient f'1 tries to be a dualizing object. Verdier duality is
concerned with the functors D = Hom(—, f'1) and asks under which conditions
one has isomorphisms such as

id > DoD, Dg —> gD, g'D—>Dg.

It provides a relative version and generalization of duality phenomena such as the
ones of Corollary 1.29.

Exercise 1.31 (Atiyah duality). Let f : X — B be a smooth and proper morphism.
Show that the coefficient H*(X) = H?(X) is rigid, with ®-dual given by H,(X) =
HEM(X)?

You will want to use the following two fundamental properties:

SWe use ‘rigid’ instead of ‘strongly dualizable’. Recall that an object a in a symmetric monoidal
category is rigid if there is an object a* (called its ®-dual) and morphisms 1 - a® a* and a*® a — 1
satisfying the identities familiar from adjunctions; see [17].
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(a) (Proper projection formula) For arbitrary f,

[ F®G) = F® fiG.
(b) If f is smooth then

f*F® f'H = f(F®H).

Note that the two morphisms are related by adjunction. The second one is a form
of relative purity, to which we now turn.

1E3. Relative purity.

Remark 1.32. Previously we ‘computed’ f'1 in the case where f : X — x is
smooth. It is natural to want to generalize this to arbitrary smooth morphisms
f: X — Y% and this is provided by relative purity. It implies:

(1) The difference between f' and f* is measured yet again by f'1:
fl1® f*F = f'F.
(This is equivalent to Exercise 1.31(b).)
(2) The coefficient f'1 is @-invertible.

The coefficient f'1 arises from the Thom construction (see below) applied to the
relative tangent bundle 7, and this information is very useful in computations.
We interpret the equivalence f'1® (—) =: {Tr} as a ‘twist’ by the relative tangent
bundle and may therefore rewrite

{Tr)f* =~ f. (1.33)

Example 1.34. In the ¢-adic setting’ the Thom construction depends only on
the rank of the vector bundle and the relative purity isomorphism reads as (see
Example 1.44 below)

fr@d)~ f. (1.35)

Note how (1.35) generalizes Poincaré duality in £-adic cohomology discussed in
Section 1E2.

One often abbreviates the operation (d)[2d] by {d} and this is our inspiration
for the notation in (1.33).

%In the topological context, this should be interpreted as a topological submersion [28, Defini-
tion 3.3.1].

TThis is more generally true for orientable theories (that is, those with a good notion of Chern
classes). Implicitly, we also used the canonical isomorphism f*{d} >~ {d} f* which, in the notation
introduced in Remark 1.38, is a particular instance of f*{V} >~ {f -1 V}f* for any vector bundle V
onY.
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Before discussing the Thom construction, let us note some important conse-
quences of relative purity.

Remark 1.36. As a consequence we note that for f smooth, the inverse image
functor f* admits a left adjoint

fe=A{Tey A f"
It satisfies the (Smooth projection formula):
[i(f*FR®Y = F® fi 4,
which arises, by adjunction, from the composite
ffFP@9— " [ 6= [ (F® ;9
of the unit of the adjunction f; 4 f* and the monoidality of f*.

Example 1.37. Note that for f : X — B smooth, the homology of X may be
expressed alternatively as

Ho(X)=fif'1= fif*L

Remark 1.38. In terms of this left adjoint we can describe the Thom construction
as follows. Let p : V — X be a vector bundle with zero section s : X < V. The
V -twist is defined as

{V}:i=pss« : C(X) — C(X).

Then the Thom construction applied to V is defined as the evaluation of this functor
at the unit, that is,
Th(V) = 1{V} = pss.1.

Example 1.39. As mentioned in Remark 1.32, for f smooth we have
f'1 >~ Th(Ty).

If f is étale then the relative tangent bundle 7'y = X is of rank zero hence Th(7y) >~ 1,
and one deduces that f' ~ f*. (Whatever ‘étale’ means in contexts other than
schemes, we would expect this last property to hold.)

Exercise 1.40. Explain as a consequence that Borel-Moore homology is contravari-
antly functorial with respect to étale morphisms.

Remark 1.41. The Thom construction yields a morphism from the monoid (with
respect to direct sums) of isomorphism classes of vector bundles on X to the Picard
group of C(X), which can be extended to virtual vector bundles [14; 41], perfect
complexes and that passes to the level of K-theory. In particular, there is a group
homomorphism

Ko(X) 2 pic(C(X)).
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For a modern approach to this construction, see, for example, [7, §16], and for a
more general discussion of purity we refer to [12; 13].

Remark 1.42. Continue with the setup of Remark 1.38 and denote by j: V\X — V
the inclusion of the complement of the zero section. From the localization property
discussed just below in Section 1E4 we deduce an exact triangle

Pijsj P L — p:p*l — pys.stp*l (1.43)

in C(X) which exhibits Th(V) as the cone of the canonical morphism between
homologies relative to X,

H,(VAX) = Ho(V).

These are the analogues of the sphere and disk bundle associated with V in topology,
respectively, and this justifies labeling the construction “Thom construction’.

Locally every vector bundle is trivial so we better understand these first. By
Remark 1.41, it is enough to understand the rank-1 case.

Example 1.44. Let V = A}( be the trivial vector bundle of rank 1 on X. A
fundamental property of the six-functor formalisms in algebraic geometry that we
are interested in here is the contractibility of the affine line:

(Al-homotopy) p.p* = id.

This implies that H, (A;) = H,(X). By Exercise 1.45 below, the exact triangle (1.43)
in C(X) becomes
1®1{1})[-1] - 1 — Th(A})

so that Th(A}) = 1{1}.
Exercise 1.45. Show that the homology of G,, = A'\0 splits:
Ho(Gp) = 1® Ho(Gp)

for some coefficient H, (Gy,) (which we think of as the reduced homology of G,,).
We define the Tate twists (and shifts thereof)

1(1) = H(Gu)l-11,  1{1}:= H(Gw)[1]*
Using that open covers give rise to Mayer—Vietoris exact triangles,” show also that
H.(PH) =1®1{1}.
Remark 1.46. We deduce from the preceding discussion the property

8There is a monoid morphism N — K (X) that takes n to the class of the trivial vector bundle A}.
Then this notation becomes compatible with the previous one; cf. Remark 1.41.
9This is a particular instance of Exercise 1.64 below.
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(Tate stability) 1{1} = Th(A!) is ®-invertible.
We may then define, for any coefficient F' and n € Z, F{n} = F ® 1{n}.

Remark 1.47. As soon as we have discussed smooth base change (Remark 1.61)
we can establish that the Thom construction is Zariski local in a suitable sense.
Together with the localization property we are about to discuss (Remark 1.51),
(Tate stability) therefore is seen to imply the ®-invertibility of all Thom coefficients.
In the same vein, (A'-homotopy) is enough to imply the contractibility of any vector
bundle.

1E4. Localization. Leti:Z < X be a closed immersion with open complement
jiX\Z—X.

Convention 1.48. One defines the cohomology of X with support in Z to be
H(X) :=ii'l e C(X).
(In other words, it is the homology of Z relative to X.)

Example 1.49. Applying homc¢(x)(1, —[n]) this recovers the corresponding notion
in topology and in £-adic cohomology. In the coherent context, these groups may
be better known under the name of local cohomology (with respect to Z).

Remark 1.50. There is a so-called localization triangle of functors C(X) — C(X):
ii' = id = j,j*,
which we may apply to the tensor unit 1 to obtain (with base X)
H;(X)— H*(X) — H*(X\Z).
The associated long exact sequence is a well-known cohomological tool:
= HY(X) — H"(X) - H"(X\Z) - HyT'(X) — - -- .

Remark 1.51. The localization triangle is in turn a consequence of the localization
property of six-functor formalisms:

(Localization) The sequence of triangulated categories
C2) = cx) LS cw)
is a localization sequence.

This means that one is in the situation of a recollement [8, § 1.4], and in particular
that

(1) iy >~ iy, js, jr are fully faithful,

(2) the composites j*i,, i!j* and i *j) all vanish,
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(3) the pairs (i*, j*) and (i', j') are each conservative,
(4) one has another localization sequence jij' — id — i,i* =7,

Remark 1.52. The last triangle may also be written as (with base space X)
H:(X\Z) — H:(X) — H{(Z)

and gives rise to the usual long exact sequence of pairs in compactly supported
cohomology. This follows from the identifications j* = j' (Example 1.39) and
i« =1 (Section 1E1).

Example 1.53. (1) By (Localization), C (&) ~0 (take i =id : & — 9).

(2) Now let X,cq be X with the reduced scheme structure, and i : X;eq < X
the obvious closed immersion. It follows from (Localization) together with
part (1) that iy : C(Xeq) —> C(X) is an equivalence. In other words, six-
functor formalisms are insensitive to nilpotent thickenings.

Remark 1.54. In the ¢-adic setting, localization is an easy property. In other
contexts, however, it can be a substantial theorem. For example, for %-modules
fully faithfulness of i, is known as Kashiwara’s lemma. In motivic homotopy
theory, the localization sequence is a fundamental result of Morel and Voevodsky
which they call the glueing theorem.

1ES. Blow-up. The relation between the cohomology of a variety X and its blow-up
X = Blz(X) is as simple as one might hope but it encodes a fundamental property
of six-functor formalisms, namely proper base change.

Convention 1.55. We place ourselves in a more general situation, with a commuta-
tive diagram of the following shape:

J

| Y » |- (1.56)

J

We assume that p is proper and i a closed immersion, both squares are Cartesian
and the right vertical arrow is an isomorphism. In this situation, the left part of the
diagram is called an abstract blow-up square.

We now want to explain why there is an exact triangle (the blow-up exact triangle)

H*(X)—> H*(Z)® H*(X) > H*(Z). (1.57)

“Proof”. The functoriality of cohomology easily gives the two morphisms in (1.57)
so that the composite is zero (this involves introducing a sign, as usual). We will
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cheat a little bit and assume that cones are functorial so we get a canonical morphism
from the cone of the first map to H *(Z) and it suffices to show this map is invertible.
By (Localization), this in turn can be checked after applying each of i* and j*.
The upshot of this little game is that we may prove i*(1.57) and j*(1.57) are exact
triangles.

Let us write the two candidate triangles in terms of the six operations:

"l — i", 0"l ®i" pep™l — ifw,w*l,
J 1= j5 1@ j pep™l — jfw,w*l.
By (Localization), i, is fully faithful, j*i, =0, and j*w, = j*i,p, = 0. Taking

this into account the candidate triangles look as follows:

1->1®i*pdl— pli*l,
1— j*pl—0.
It is clear that what remains to do is to ‘commute’ p, with i* and j*, respectively.

This is precisely the content of proper base change (Remark 1.58). ([

Remark 1.58. Let

v . x

kl ¥ (1.59)
W N Y

be a Cartesian square. Using the unit and counit of the adjunctions between inverse
and direct image functors we deduce a canonical Beck—Chevalley (or, push-pull)
transformation:

g fe = kik™g" fi = k™ f* fi — ki (1.60)
We note:
(Proper base change) If f is proper then (1.60) is invertible: g* fi >~ k,h*.

Remark 1.61. Another instance in which the Beck-Chevalley transformation is
invertible is:

(Smooth base change) If g is smooth then (1.60) is invertible: g* f, >~ k,h*.

Exercise 1.62. Recall that by relative purity, the inverse image along a smooth
morphism admits a left adjoint (—)4. Construct analogously a transformation

hsk* — f*g. (1.63)

and show that it is invertible if and only if (1.60) is. (This is a general phenomenon
in 2-category theory: The transformations (1.60) and (1.63) are “mates”.)
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Exercise 1.64. Consider again the diagram (1.56). Assume now instead that p is
étale, that i is an open immersion, and that the right vertical arrow is an isomorphism
on the associated reduced schemes. The left part of the diagram in this case is called
a distinguished Nisnevich square. Prove in a similar way that there is an associated
exact triangle (1.57). (We might call this a Nisnevich—Mayer—Vietoris triangle.)

Exercise 1.65. Sometimes, proper and smooth base change instead refer to the
following isomorphisms:

(a) Proper base change: g* fi >~ kih*.
(b) Smooth base change: g' f. >~ k.h'.

At least morally, these are nothing but reformulations of (Proper base change)
and (Smooth base change), respectively. More exactly, using properties discussed
previously (for example, localization and relative purity):

(a) Assume f factors as an open immersion followed by a proper morphism (for
example, f is separated and of finite type). Construct a zig-zag of push-pull
transformations between g* f; and k/h*. Show that it is an isomorphism if
(Proper base change) holds.

(b) Assume g factors as a closed immersion followed by a smooth morphism (for
example, g is quasiprojective). Construct a zig-zag of push-pull transformations
between g' f, and k,4'. Show that it is an isomorphism if (Smooth base change)
holds.

What can you say about the converse statements?

2. What?

What is a six-functor formalism? As mentioned in the introduction, we will not
try to give a definition. However, our main goal in this section is to describe an
axiomatization of a convenient ‘stand-in’. It encodes a minimal set of structure
and properties a six-functor formalism is commonly expected to enjoy. And we
show how powerful this notion yet is. For example, most properties discussed in
Section 1E are consequences, and the few remaining ones (related to duality) can
still be studied within this framework.

This section’s results rely on the work of many mathematicians; see Remark 2.18.

2A. A convenient framework. From now on we officially restrict to schemes as
our ‘spaces’. (But see Section 3C.)
Convention 2.1. Throughout we fix

e B: a base scheme, assumed Noetherian and finite dimensional,

e Schy: B-schemes, assumed separated and of finite type over B.
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If B is clear from the context or doesn’t play a role, we will refer to B-schemes
as just schemes and write Sch instead of Sch. Note that all schemes considered
are Noetherian and finite dimensional, and all morphisms are separated and of finite
type. This will come in handy although more general setups are certainly possible.

Remark 2.2. For our framework to be flexible enough it is better to replace tri-
angulated categories by a suitable enhancement. We saw a hint of this at a very
basic level in the proof of the blow-up triangle (1.57). More serious uses of an
enhancement will be made throughout Sections 2 and 3. We will work with stable
oo-categories as developed extensively in [38]. Nevertheless, a reader who is not
familiar with this theory may replace them by triangulated categories (or another
suitable enhancement) and still get the gist of the text. Most statements would still
make sense and might even be true.

Convention 2.3. The co-category of stable co-categories and exact functors is
denoted by Cat?_. This has a symmetric monoidal structure for which the tensor prod-
uct € ® ¥ is the universal recipient of biexact functors from the Cartesian product
€ x 9. We identify commutative algebra objects therein with symmetric monoidal
stable co-categories, and we write Cat®s® for the oo-category of these. (Note that by
our convention, the tensor product is exact in both variables.) They are an enhance-
ment of tensor-triangulated categories, where our coefficients lived in Section 1.

Here is the main definition. While a coefficient lives on a single B-scheme we are
now interested in the system of all coefficients on all B-schemes. It seems natural to
call this data a coefficient system. This terminology was introduced in [18]. Others
have used different terms; see Section 2C.

Definition 2.4. A coefficient system (over B) is a functor C : Sch(l)gp — Catf;@
satisfying the following axioms (where we write f* = C(f) for f a morphism of
B-schemes).

(1) (Left) For each smooth morphism p : ¥ — X contained in Schy, the functor
p*:C(X) — C(Y) admits a left adjoint p;, and:

(Smooth base change) For each Cartesian square

/

v > X

7| |7
y 2. x

in Schy, the Beck—Chevalley transformation pé( f)* — f*ps is an equivalence.
(Smooth projection formula) The canonical transformation

pi(p* (=) ®—) > —® ps(—)

is an equivalence.
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(2) (Right) For every X € Schy and every f:Y — X:

(Internal hom) The symmetric monoidal structure on C(X) is closed.
(Push-forward) The pull-back functor f* admits a right adjoint f,: C(Y) — C(X).

(3) (Localization) The oo-category C(@) = 0 is trivial. And for each closed
immersion i : Z < X in Sch, with complementary open immersion j : U < X,
the square (see Remark 2.6 below)

C(Z) - cx)
| I (2.5)
0 — > CU)

is Cartesian in Cat..

(4) For each X € Schy, if p: A}( — X denotes the canonical projection with zero
section s : X — Al then:

(A!-homotopy) The functor p* : C(X) — C(A}) is fully faithful.
(Tate stability) The composite pys, : C(X) — C(X) is an equivalence.

Remark 2.6. Let us comment on these axioms and relate them to what we’ve seen
in Section 1.

(1) The existence of left adjoints f; to inverse images along smooth morphisms is a
consequence of relative purity, and we also discussed (Smooth projection formula)
in this context. The (Smooth base change) is another fundamental property although
typically formulated as base change of inverse images (along smooth morphisms)
against direct images. It was shown in Exercise 1.62 that these two formulations
are equivalent.

(2) The structure of a coefficient system encodes only inverse images and tensor
products. The axiom (Right) ensures that direct images and internal homs exist as
well.

(3) By applying (Smooth base change) to the Cartesian square (for i, j as in
(Localization))

g — Z
| i

U s x

we obtain the equivalence jé(i’ )* = i*j; and the former composite is null-
homotopic since C (&) = 0. Taking right adjoints provides the homotopy j*i, ~0
that is used in (2.5).1° In the presence of (Push-forward), the square (2.5) is

10pm grateful to Ryomei Iwasa for pointing out that an explanation of the axiom was required.
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Cartesian if and only if the sequence of underlying triangulated categories
Ho(C(Z)) - Ho(C (X)) <= Ho(C(U))

is a localization sequence so we recover the condition discussed in Section 1E4.

(4) The functor p* in (A!-homotopy) is fully faithful if and only if the counit
p:p* — id is an equivalence. As observed in Example 1.37, p;p* = pip', and

pip* F=p:(1®p*F) = p:1®F = p;p*l®F

by (Smooth projection formula). From which one deduces that (A'-homotopy) is
equivalent to the A!-homotopy property considered in Section 1 (namely that the
homology of the affine line is trivial).

(5) Recall that the functor pys, in (Tate stability) was denoted by {1} in Section 1.

Example 2.7. All theories mentioned in Section 1 ‘should’ be examples of coef-
ficient systems. This has been established for some of them, partially for others.
The only exception to that statement is the bounded derived category of coherent
sheaves as usually conceived. It is not invariant with respect to the affine line, and
it does not admit #-functoriality. Nevertheless, there is work in this direction too;
see [43].

In fact, all these examples fall into two important special cases:

Convention 2.8. A coefficient system C is small (resp. presentable) if the functor
takes values in symmetric monoidal small (resp. presentable) co-categories (resp.
and symmetric monoidal left-adjoint functors).

Remark 2.9. Stable presentable co-categories can be viewed as the co-categorical
version of well-generated triangulated categories. They satisfy a convenient adjoint
functor theorem: a functor between presentable co-categories is a left adjoint if
and only if it preserves colimits. The oo-category of presentable co-categories and
left adjoint functors is denoted by Pr. It is antiequivalent to the co-category of
presentable co-categories and right adjoint functors, denoted PrR.

It follows that a functor Sch(]_;p — Pr‘I;t’® automatically satisfies (Right).!!

Definition 2.10. (1) Let C, D : Schyy — Cat® be two coefficient systems. A
natural transformation ¢ : C — D is a morphism of coefficient systems if, for each
smooth morphism f of B-schemes, the induced transformation fi¢ — ¢f; is an
equivalence.

11By convention, symmetric monoidal presentable oco-categories are presentably symmetric
monoidal, that is, the tensor product commutes with colimits in each variable separately. (A better
way of saying this is prl® = CAlg(PrL) for a suitable symmetric monoidal structure on PrL, namely
the Lurie tensor product.)
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(2) We can then define the co-category of coefficient systems (over B) as a sub-oo-
category of the functor category:

CoSyp € Fun(Schy , Catis®).
One has obvious variants for small and presentable coefficient systems, denoted
CoSy;™ and CoSy%, respectively.

Exercise 2.11. Let C : Sch(;gp — Catl satisfying both (Smooth base change) and
(Push-forward). Show that the following are equivalent:
(i) C satisfies (Localization).

(ii) C satisfies the following three conditions:
(1) C(w)=0.
(2) For each closed immersion i, the functor i, is fully faithful.
(3) If j denotes the open immersion complementary to a closed immersion i
then the pair (i*, j*) is conservative.

2B. Main result. The main result comes in two parts: The first wants to say that
coefficient systems underlie six-functor formalisms,
and the second wants to say that
morphisms of coefficient systems underlie morphisms of six-functor formalisms.
We refer to Remark 2.17 for the fine print.

Remark 2.12. If T is a small stable co-category then there is an associated pre-
sentable stable co-category Ind(T), its Ind-completion. As we will discuss in more
detail below (Proposition 2.26), this process turns a small coefficient system into a
presentable one. So while the main results in this section are stated in the presentable
context, they are equally true for small, and therefore for ‘all’, coefficient systems
(see Corollary 2.31).

Theorem 2.13. Let C be a presentable coefficient system over B. Then there are
Sfunctors (which are equal on objects)

C=C*: Sch(]_f;p — Prl“t, Ci:Schy — PrSLt,
with global right adjoints

C.:Schy — PR, C':Schf — Prk,

and for each morphism f of B-schemes, a transformation fi:= C\(f) — C.(f) =:
f« which is invertible when f is proper, satisfying the projection formulae, smooth
and proper base change, relative purity and ‘the rest’.
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Remark 2.14. We refer to [1, Scholie 1.4.2] or [11, Theorem 2.4.50] for more
extensive (but still incomplete) lists of properties. Notably not included in this list
is everything on duality, for which see Remark 2.17 and Section 2D3. Some aspects
of the proof of Theorem 2.13 will be discussed in Section 3.

Theorem 2.15. Let ¢ : C — D be a morphism of presentable coefficient systems.
Then there are natural transformations

ffo = of*, $(—)@p(—) = ¢((—) ® (—)), fio = ¢fi,
ofs — f:¢,  ¢Hom(—, —) — Hom(p(—), ¢(-)), of — f'o,

the first three of which are always equivalences, and the last three of which are so
‘in good cases’.

Remark 2.16. For example, ¢ commutes with direct image along proper mor-
phisms, and with exceptional inverse image along smooth morphisms. Further
‘good cases’ will be discussed in Section 2D3.

Remark 2.17. Theorems 2.13 and 2.15 are our main justification for viewing
coefficient systems as a stand-in for six-functor formalisms. Let us repeat the
caveats already alluded to:

(1) The results are on the face of it about presentable coefficient systems only. But
analogous statements can be deduced for small coefficient systems (Corollary 2.31).
And all known examples are either small or presentable.

(2) Theorem 2.13 does not say anything about duality, an important topic in the
context of six-functor formalisms (as briefly discussed in Section 1). This is a
consequence of our goal to be as encompassing as possible. For general coefficient
systems, duality cannot be expected unless one restricts to coefficients that are
‘small’ in a certain sense. This will be taken up again in our short discussion of
constructibility (Section 2D3).

(3) The last caveat is related. Namely, Theorem 2.15 does not quite say that a
morphism of coefficient systems ‘commutes’ with the six operations. However, in
good cases it does so when restricted to ‘constructible coefficients’; see Section 2D3.

Remark 2.18. It is clear that in Theorem 2.13 the extension of a coefficient system
C = C* to C) is essentially unique (see, for details, Section 3A). The importance
of the axioms (Localization) and (Al-homotopy) in constructing the exceptional
functoriality was first observed by Voevodsky and was formalized in his notion
of cross-functors [15]. A version of Theorem 2.13 was first proved by Ayoub [1].
He worked at the level of triangulated categories and restricted to quasiprojective
morphisms. The latter restriction was removed by Cisinski and Déglise [11] albeit
with an additional axiom. The homotopy-theoretic difficulties in lifting these results
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to oo-categories were addressed by another host of mathematicians, including Liu
and Zheng [36; 37], Robalo [42] and Khan [31].

Many consequences can be deduced from Theorems 2.13 and 2.15. We refer to
[1; 2; 11] for comprehensive treatments. As an example, we mention the following
result. It can be viewed as a distillation of the properties discussed in Section 1ES
and in the language of co-categories it becomes arguably even more powerful.

Corollary 2.19. Let C be a presentable coefficient system. The underlying functor

C: Sch(‘;p — Caty

is a cdh-sheaf.

Remark 2.20. For the precise meaning of this statement for general topologies we
refer to [18, §2] or [6, Definition 2.3.1]. In the particular case of the cdh-topology,
there is a very convenient criterion, however, for which see the proof below.

In practice, this means that C can be studied locally for the cdh-topology. For
example, if B = Spec(k) with k a characteristic-zero field, then C is uniquely
determined by its restriction to Smg, the category of smooth k-varieties.

Proof. By (Localization), the oo-category C () is final. It then remains to check
that C takes distinguished Nisnevich (resp. abstract blow-up) squares to Cartesian
squares in Cat,,. This amounts essentially to the existence of Nisnevich—-Mayer—
Vietoris triangles and (abstract) blow-up triangles, which we deduced in Section 1ES
from localization and smooth and proper base change. All of these hold in C, by
Theorem 2.13.

For similar proofs, see [11, §3.3.a-b; 26, §6.3]. O

2C. Other approaches. The framework of coefficient systems is closely related to
others in the literature. Let us summarize some of these relations, without trying to
be exhaustive.

Remark 2.21. (1) A functor C : Schyy — Cat:® is a coefficient system if and
only if passing to homotopy categories gives a closed symmetric monoidal stable
homotopy 2-functor Ho(C) : Sch%p — TrCat® in the sense of [1]. Similarly, a natural
transformation ¢ : C — D between coefficient systems is a morphism of coefficient
systems if and only if passing to homotopy categories produces a morphism of
symmetric monoidal stable homotopy 2-functors.

(2) A functor C : Schj;p — Cati® is a coefficient system if and only if passing to
homotopy categories gives a motivic triangulated category Ho(C) : Sch%p — TrCat®
in the sense of [11]. This is not completely obvious since in loc. cit. an additional
axiom (Adj) is assumed. It follows from Theorem 2.13 that this axiom is automatic.
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(3) It follows from this last observation that presentable coefficient systems also
have been considered before, under the name of motivic categories of coeffi-
cients [31].

(4) Ultimately, a more complete and thus satisfying framework for six-functor
formalisms might be provided by the technology of [21], using the (0o, 2)-category
of correspondences. However, some of this technology rests on assumptions that
are — as far as we are aware — not yet verified in the literature.'?

2D. Internal structure of framework. From a bird’s-eye view, the framework of
coefficient systems consists of cohomology theories and their manifold relations.
For example, Grothendieck’s comparison isomorphism between algebraic de Rham
cohomology and Betti cohomology should be reflected in an isomorphism of
coefficient systems over Spec(C),

DY ®C ~ DY,

that is, by an enhanced version of the Riemann—Hilbert correspondence between
(derived) constructible sheaves and regular holonomic %-modules (cf. Remark 1.24).
In particular, extending scalars at the level of cohomology groups is thus reflected
by an operation at the level of coefficient systems.

This and many more phenomena should, in other words, be reflected in a rich
internal structure of the oo-category CoSy. We will be able to provide just a glimpse
of this structure if only because mathematicians have barely started to investigate it
systematically.

2D1. Initial object. Let’s say we wanted to construct the ‘universal’ coefficient
system, that is, the initial object of CoSy. We would probably start with the initial
required structure and then try to freely enforce the axioms of coefficient systems
one by one. As we will see, this can in fact be done, more or less, and the resulting
coefficient system turns out to be SH, (stable) motivic homotopy theory!

Remark 2.22. One might find this result remarkable. Without mentioning SH in
the definition, the oo-category of coefficient systems knows about it in a strong
sense. It is probably less remarkable once one remembers that the approach to
six-functor formalisms axiomatized in the notion of coefficient systems goes back
to Voevodsky’s study of the functoriality of SH(X) in X.

We now put this into practice, trying to construct the universal coefficient system.
For more details and generalizations, see [19].

Construction 2.23. The construction proceeds in several steps.

121, any case, presentable coefficient systems should extend uniquely to this framework; see [31,
§4.2].
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(1) Coefficient systems encode the ()*- and ®-structure. The initial (as well as
final) functor doing so is
% : Sch — Cat®

that sends every scheme to the final category with the only possible symmetric
monoidal structure.'?

(2) This is not the initial coefficient system because morphisms of coefficient
systems are required to commute with #-push-forwards. For example, given a
coefficient system C and smooth morphism p : P — X, we have an object

H,(P):=p:1€C(X)

and by (Smooth base change) and (Smooth projection formula) we have canonical
equivalences
Ho(P)® Ho(P') = H,(P xx P')

in C(X). With some work one can show that
H, :Smy — C(X)

defines a functor, symmetric monoidal with respect to the Cartesian structure on
smooth X-schemes, and this suggests that the functor

X (Smy)* € Cat®

is worth a closer look. In fact, with more work one can show that it is the initial
functor satisfying (Left).

(3) Passing to the next axiom we see that (Right) is not satisfied by this functor.
The only way we know of producing right adjoints in this context is to pass to
presentable co-categories in order to invoke adjoint functor theorems. Thus,

X — ?(Smy),

the category of presheaves on Smy with the pointwise symmetric monoidal structure
(which is the Day convolution in this case). This forces us to work in the context of
presentable co-categories from now on though. (Or at least co-categories admitting
small colimits.)

(4) It is unclear how one would go about freely enforcing (Localization). On the
other hand, the axiom seems to be saying that many questions about a coefficient
system can be studied locally for the Zariski topology. And indeed, we saw that
it plays an integral role in proving cdh-descent (Corollary 2.19). This suggests
that we could get some way towards the axiom by restricting to sheaves for the

3Note that stability is a condition in the oo-categorical world so we will not restrict to stable
oo-categories initially but rather enforce it eventually. (In fact, it will come for free.)
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cdh-topology. And this ‘works’ except for the fact that the cdh topology isn’t a very
natural topology on smooth schemes.'# It turns out that the Nisnevich topology,
lying between the Zariski and the cdh-topology, works even better and eventually
gives the ‘same’ result:

X LNiSQP(SmX).

Here we write Lyjs for the (accessible) localization of presentable co-categories
with respect to Nisnevich—Cech covers.

(5) Enforcing the next two axioms, (Al—homotopy) and (Tate stability), seems
comparatively straightforward: we formally invert the canonical projection A}J — P
for each smooth P — X, and we formally ®-invert the cofiber of P —> IP}D. To
make sense of the cofiber it is necessary to pass freely to pointed co-categories.'>
This doesn’t bother us in the least since in the end we want to end up in stable
oo-categories anyway. Thus we set

X = (Laionis? (Smyx) D[P, 00)® 1.

The oco-category on the right is SH(X), the stable motivic (or Al'-Yhomotopy cate-
gory on X. It is a presentable symmetric monoidal co-category. Note that since
(P!, 00) = (G, 1) ® S! (see Exercise 1.45), the oo-category is automatically stable.

Remark 2.24. It follows that the resulting functor SH : Sch®? — Pr];t’® has the
required shape and it remains to verify the axioms of a coefficient system. All
of them are formal except for (Localization). The latter is proved by Morel and
Voevodsky [39] under the name of the glueing theorem.

Remark 2.25. Summarizing, there are at least three ways of thinking about stable
motivic homotopy theory:

(a) Explicitly, the co-category SH(X) can be constructed as
(Laionis® (Smx) P!, 00)® 1],

(b) Robalo [42] shows that this symmetric monoidal presentable co-category also
admits a characterization: any ®-functor Smx — D into a stable presentable
oo-category factors uniquely through SH(X) as soon as it satisfies Nisnevich-
excision, Al-invariance, and ®-inverts ([P’l, 00).

(c) By the discussion above [19], the coefficient system SH is the initial object of
CoSy™.

This ties back to Section 1A: While the second point concerns cohomology theories
(at the set-level), the third point is the exact analogue at the category-level and
concerns six-functor formalisms.

l4gee [32] for how to circumvent this problem.
15There are also subtle technical difficulties related to the ®-structure for which we refer to [42].
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2D2. Ind-completion. Since Theorems 2.13 and 2.15 apply to presentable coeffi-
cient systems only, but many of the coefficient systems considered in Section 1 are
small, it is very useful to have a process that takes a small coefficient system and
outputs a presentable one. This process is simply Ind-completion (see Remark 2.12).

Proposition 2.26. There is a functor
Ind : CoSy{™ — CoSytr,

which takes a small coefficient system C to the functor X +— Ind(C (X)), the target
being endowed with the Day convolution product. [l

Exercise 2.27. Prove this result. (A useful fact is that if f - g is an adjunction
between small stable co-categories, then their unique colimit-preserving extensions
Ind(f) 4 Ind(g) again form an adjunction between their Ind-completions.)

Remark 2.28. So, given a small coefficient system C, we apply Theorem 2.13 to
Ind(C) and obtain the full six operations on the system of co-categories Ind(C (X)).
However, at this point we do not know whether the exceptional functoriality restricts
to the subsystem C(X) C Ind(C(X)). It turns out that it does and the proof is not
difficult.

Lemma 2.29. Let f : X — Y be a morphism of B-schemes, let M € C(X) and
N € C(Y). Then

M eC(Y), f'NeCX).

Proof sketch. For the first statement we factor f as an open immersion followed by
a proper morphism and reduce to proving each case separately. In the latter case we
have fiM = f,M € C(Y) and we win. In the former we have fiM = fuM € C(Y)
and we win again.

For the second statement we use (Localization) to show that an object L €
Ind(C (X)) belongs to C(X) if (and only if) L|y, € C(U;) for some open cover
(U;) of X. In other words, the question is local on X. In particular, we can assume
that f is quasiprojective, and factor it as a closed immersion followed by a smooth
morphism. The first case then follows from (Localization) and the second case
follows from relative purity. U

Exercise 2.30. Fill in the details of this proof sketch.

Corollary 2.31. Theorems 2.13 and 2.15 admit analogues for small coefficient

systems. '

160f course, in this case the four functors O*, O« O, ()! take values in small stable
oo-categories.
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2D3. Constructibility. Let C be a coefficient system.

Convention 2.32. Denote by C&"(X) C C(X) the smallest full sub-oco-category
that
(1) contains f;1{n} for f : Y — X smooth, n € Z, and

(2) is stable and closed under direct factors (we call such subcategories thick).
This defines the subfunctor C#" C C of geometric origin (see Lemma 2.33).

Lemma 2.33. C&" C C:Sch®? — Cat:® is a subfunctor and the inclusion C&™ — C
commutes with fy for f smooth.

Proof. This follows immediately from the axioms (Smooth base change) and
(Smooth projection formula). O

Example 2.34. (1) For C = SH, the geometric part coincides with the compact
part: the objects of SHE™(X) are precisely the compact objects in SH(X).!” Also,
SH is compactly generated so that Ind(SH®™) = SH.

(2) The same is true for C = DMy, Beilinson motives in the sense of [11] (or
rather, their co-categorical enhancement). That is, DM%m is the compact part and
Ind(DME") = DMg. If k is a field there is a canonical equivalence

DME" (Spec(k)) = DME™ (k; Q)

with (the oco-categorical enhancement of) Voevodsky’s category of geometric mo-
tives with rational coefficients [48].

(3) In the ¢-adic setting, ‘of geometric origin’ is close to ‘bounded-constructible’;
see [10].

Remark 2.35. Let C be a presentable (or just cocomplete) coefficient system. By
Section 2D1, there is a unique morphism of coefficient systems SH — C, and
C&8™ C C is exactly the thick subfunctor generated by the image of SH&™,

We should now address the question whether C#™ is a coefficient system as well.
We will not state sufficient conditions here and refer to the literature instead:

Theorem 2.36 [3, §3; 11, §4.2]. In ‘good cases’, C&#" is a coefficient system.

Example 2.37. An example to which the theorem applies is Beilinson motives
(Example 2.34). In particular one obtains, in this case, a very satisfying picture

17Recall that in an oo-category ¢ with filtered colimits, an object M is compact if Mapq (M, —) :
€ — ¥ to the oo-category of spaces preserves filtered colimits. If 6 is a stable co-category, this can
be tested at the level of homotopy categories and is equivalent to M being compact in the sense of
triangulated categories: homy, () (M, —) preserves direct sums.
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translating between small and compactly generated coefficient systems:

Ind

T

CoSy*™ > DME" DMg € CoSy™"

~_

(—)Em

Corollary 2.38. In the same ‘good cases’ assume ¢ : C — D is a morphism of
coefficient systems. Then

@lcem : CE" — D
commutes with all six functors.
Remark 2.39. This improves on Theorem 2.15 in ‘good cases’.

Remark 2.40. There is a more general notion of constructibility for coefficient
systems over B. Instead of the generating set { f;1{n}} one may consider the
set { f:p* F} where F runs through a specified set of coefficients on the base B,
f:Y = X is smooth, and p : Y — B is the structure morphism. We recover the
geometric part by allowing only Tate twists as coefficients on B.

The more general notion is useful in the study of duality phenomena, one of the
topics of Section 1 which wasn’t addressed by the notion of coefficient systems
alone. We refer again to [3, §3; 11, §4.2] for in-depth discussions.

2D4. Miscellanea. Many other topics could be discussed in the framework of
coefficient systems, for example:

(1) We saw in Corollary 2.19 that coefficient systems satisfy cdh-descent. Some
of them satisfy descent with respect to stronger topologies, however, such as étale
descent (and therefore eh-descent) or h-descent [11, §3]. This can be useful in
extending coefficient systems from schemes to algebraic stacks via an atlas, say.

(2) It makes sense to consider linear coefficient systems and scalar extension. For
example, in some cases being (D-linear implies h-descent [11, §3.3.d]. A general
discussion of scalar extension can be found in [18, §8], and we will discuss one
application of this technique in Section 3B.

(3) Orientable coefficient systems are somewhat simpler to work with in the sense
that ‘all Thom twists are Tate twists’ (see Example 1.34 and [11, §2.4.c]).

In these and many other cases there should be corresponding initial objects (similarly
to Section 2D1).

Let us mention just two instances of possibly more surprising phenomena. As
remarked at the beginning of this section, clearly, a lot remains to be explored!
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Example 2.41. There is a functor
exp : CoSyz — CoSyyp

which ‘exponentiates’ a coefficient system, and whose study we initiated in [22].
When applied to DMg it produces a new coefficient system DM%Xp that should
enhance Fresin and Jossen’s theory of exponential motives [20].!® And when
applied to mixed Hodge modules, it should produce an enhancement of Kontsevich
and Soibelman’s exponential mixed Hodge structures [34]. An interesting aspect
of this construction is that every exponentiated coefficient system comes with an
additional ‘seventh’ operation, the Fourier transform familiar from the £-adic theory
as well as Z-modules (see, for example, [29; 30]).

Example 2.42. Let [, be a finite field and choose an algebraic closure [. If C is a
coefficient system on [F-schemes, one can define a functor

W . gopoP st ®
C™ : Schy’ — Caty

by the formula, for any [,-scheme X,
W A Fr
CY(X) =1im(C(X xg, F) —= C(X xg, F)),
id

where Fr denotes the g-Frobenius on X and the limit is taken in Cat’;®. The super-
script is in honor of Weil since in the case of £-adic cohomology, the co-category
CV(X) can be seen as a derived category of Weil sheaves [25]. With some work
(see Exercise 2.43 below) one shows that this underlies a functor

CONE COSYSpec([F) - COSYSpec([Fq) 19

Exercise 2.43. The goal of this extended exercise is to prove CY of Example 2.42
is a coefficient system. This can be done as follows:

(1) Let w : C — D be a natural transformation of functors Sch(l;p — Catf)tc;@’ and
assume that

(1.1) D is a coefficient system,

(1.2) C admits left adjoints py for smooth morphisms p, and @ commutes with
them,

(1.3) wx : C(X) — D(X) is conservative for each X € Sch(;p.

Show the functor C satisfies (Smooth base change), (Smooth projection formula),
(Al—homotopy) as well as items (1) and (3) of Exercise 2.11.

18More precisely, DMEXp (k) bears to their theory the same relation as DM (k) to Nori motives,
for k C C a field.
19This example was brought to my attention by Joshua Lieber.
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(2) Assume in addition that C satisfies (Right) and that @ commutes with f, for
all immersions f. Then C also satisfies (Localization) and (Tate stability), hence
is a coefficient system.

(3) Use the previous point to show that CY of Example 2.42 is a coefficient system.
Hint: for any diagram F : I — Cat’} the canonical functor lim; F — [[,., F (i) is
conservative.

iely

3. How?

The question alluded to in the title can be understood in at least two ways:
(A) How to construct six-functor formalisms in general?

(B) How to obtain six-functor formalisms from coefficient systems? That is, how
to prove Theorem 2.13?

The two are related. Often the ®-structure and *-functoriality is produced without
much effort and it is the !-functoriality that poses the most serious difficulties.
Below we will focus on the problem of constructing exceptional direct and inverse
images, and we will refer to the literature for the problem of proving the expected
properties.

3A. Exceptional functoriality for coefficient systems. We start with question (B)
and for this we want to follow the strategy employed by Deligne to produce
exceptional functoriality in £-adic cohomology [45, §XVIIL.3, 5.1]. As we will
see, working in the generality we do, additional difficulties arise that need to be
addressed.

Remark 3.1. Let f be a morphism of B-schemes. Since f is separated and of finite
type (Convention 2.1), we may use Nagata compactification to find a factorization

f
%

with j an open immersion and p a proper morphism. We would then like to set

Jri=DpyJs
but this definition poses several difficulties:
(1) Well-definedness: 1s it ‘independent’ of the factorization?
(2) Right-adjoint: Why is there a right adjoint f'?
(3) Functoriality: In what sense is it functorial in f?

We will address each of these difficulties in turn.
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3A1. Well-definedness. Consider the category Comp(f) of compactifications of f:
its objects are factorizations as in (3.2), with morphisms (necessarily proper) making

the obvious diagram commute:
LN

r

N

The category Comp( f) is easily seen to be cofiltered. In comparing (p1)s(j1)s
with (p2)«(j2)r we may therefore assume a morphism r as above. We then find

Pz = (p2)ere (s = (p2)s (),

where the last identification would follow if we could ‘commute’ ji’s with p.’s.
This is known as the support property:

(Support) Given a Cartesian square

Ji
—

n| In

R
J2
with r; proper and j, an open immersion, the induced transformation (j2)(r2)s —
(r1)«(j1)z is an equivalence.

Exercise 3.3. Show that (Proper base change) = (Support).

Remark 3.4. As a consequence of Exercise 3.3 it is natural to try to establish
(Proper base change). We sketch the main ideas that go into deducing it from the
axioms of a coefficient system. The same strategy will be employed in Section 3A2.

(1) Recall that we are given (1.59) with f proper, and would like to show the
transformation g* f, — k.h* from (1.60) to be an equivalence. By (Localization)
and Chow’s lemma we reduce to f projective, f = pi where i is a closed immersion
and p: [P’f, — Y is the canonical projection. This reduction step is written out in
detail in [6, 4.1.1.(1)].

(2) The case of i, (‘closed base change’) follows easily from (Localization) so we
further reduce to the case of p,.

(3) Hence, in addition to being projective, p is also smooth of relative dimension d
so we expect to observe Atiyah duality (Exercise 1.31). In other words, one ought
to be able to show a canonical equivalence

Px = pi{—Tp}. (3.5)
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Although this is a rather explicit problem, the proof is long and involved. Moreover,
constructing a candidate for the equivalence also involves proving some form of
purity. We refer to [1, Théoréme 1.7.9] for details.

(4) Having established the equivalence (3.5), we are reduced to show that both
pz and {T),} ‘commute with inverse images’. This is exactly (Smooth base change)
and closed base change (recall Remark 1.38).

3A2. Right-adjoint. It is clear that the functor j; admits a right adjoint, namely j*.
To show that p, does as well (for p proper) we will use the adjoint functor theorem
for presentable oo-categories. In other words we will show that p, preserves
colimits. The advantage of this formulation of the problem is that it becomes
amenable to the same attack as the one employed in proving (Proper base change)
above: one reduces to projective and further to smooth projective morphisms and
then obtains the identification (3.5). Both of the functors on the right are left adjoints
and we conclude.

3A3. Functoriality. Well-definedness discussed in Section 3A1 is only one aspect
of the problem that is posed by functoriality. Recall that we want to construct a
functor Cy : Schy — Prl. Deligne achieved this at the level of triangulated categories
by setting, for f: X — Y,

fi= lim  p.js (3.6)
(p,j)€Comp(f)°P

using that Comp( f) is cofiltered and the functor

xof : Comp(f)°® - Hom(C(X), C(Y))

sends morphisms to isomorphisms, by (Support). But even constructing such a
functor *x o f is a daunting task in the context of co-categories as it would involve
providing, in addition to the homotopies of (Support), homotopies between these
and so on ad infinitum.

Remark 3.7. One solution to this homotopy theoretic problem was developed
in [36], based on multisimplicial sets. It is very general but unfortunately rather
complicated. We would like to describe a more elementary solution specific to the
given problem. It is based on our recent collaboration with Ayoub and Vezzani [6].

Remark 3.8. The basic idea is very simple. Let f : X — Y be a morphism of
B-schemes which admits a compactification f:

x L.y

i J (3.9)
o I,

X —
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Here, the square commutes, j and k are open immersions and X and Y are proper
B-schemes. We obtain a diagram of solid arrows

cx) P e

‘l b

cx) L o

and as f is proper we would like to define f; so that the square ‘commutes’. Again,
this is not a tenable strategy in the context of co-categories. Being commutative is
not a property but a structure and we are back to the exact same issue as before.

However, we can avoid this issue with the following trick. Define a full sub-oco-
category C(X, X), of C(X) as the essential image of js, and similarly for k. (In
particular, we have an equivalence C(X) >~ C(X, X)) (Support) implies that f*
restricts to a morphism C (X, X ) — C(Y, Y),. The gain is that the functor f* is
already part of a functor C, : Sch — PrR® which encodes these higher homotopies.

After outlining the basic idea we can now summarize the construction of the
functor C).

Construction 3.10. We will use the diagram

Compy

S N

Schy Schi®P

in which Compj denotes the category whose objects are pairs (X, X) as above and
whose morphisms are pairs (f, f ) as in (3.9). Forgetting X (resp. X) defines the
functor w (resp. 7). (Here, Sch%mp denotes the category of B-schemes and proper
morphisms.)

Starting with C and passing to C, as above we obtain the functor C, o 7 :
Compy — Pr® that informally can be described as

X, X) > CX), (/) fu

In fact, this functor takes values in Pr" as well, by Section 3A2.
If C(—, —):Compy — Prl denotes the full subfunctor of Cy o7 considered in
Remark 3.8 then we define

Cy:=LKE,C(—, ) : Schy — Pr*,

the left-Kan extension along w. This last step thus removes the dependency of the
factorization in a similar way as in (3.6).
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Remark 3.11. It is not difficult to prove that C\( f) recovers p. j; up to homotopy
for any factorization as in (3.2). For details, we refer to [6, §4.3]. From there, one
can go on and prove the expected properties of this six-functor formalism; see [1]
or [11].

3B. Motivic coefficient systems. Once one has Theorem 2.13 at one’s disposal, of
course, question (A) becomes: how to construct coefficient systems? In this brief
section we will describe an elegant and powerful procedure that has been employed
in the literature to produce ‘motivic’ coefficient systems. This topic would have
just as well fit in with Section 2D.

Remark 3.12. Let C € CoSy} be a coefficient system, say presentable to fix
our ideas. As we saw in Section 2D]1, there is an essentially unique morphism
p¢ : SH — C from the initial object which can be viewed as the (homological)
C-realization: For any B-scheme X, the functor pf-(X) : SH(X) — C(X) sends
a smooth X-scheme Y to its homology coefficient H,(Y) in C(X). This functor
admits a right adjoint ,o*C (X) : C(X) — SH(X) that has a canonical lax symmetric
monoidal structure (since p(~(X) underlies a symmetric monoidal functor). In
particular we see that ,O*C (B)1 € CAIlg(SH(B)) is a motivic ring spectrum which
we denote by 6.

This object represents C-cohomology in the sense that for any smooth B-
scheme X, we have by adjunction

moMapgy ) (X, €(m)[n]) = moMapc ) (He(X), 1(m)[n]) ~ H" (X; 1(m)).
The observation we want to make now is that every motivic ring spectrum represents
some cohomology theory.

Convention 3.13. Let o € CAlg(SH(B)) be a motivic ring spectrum and denote
(abusively) by A x := f*s € CAlg(SH(X)) its pull-back to any B-scheme f : X — B.
The association X — Modg, (SH(X)) =: SH(X; o) underlies a functor

SH(—; o) : Schf — Pry® (3.14)
that —in anticipation of the next theorem — we call the motivic coefficient system
represented by A.

Theorem 3.15. The functor SH(—; A) of (3.14) is a presentable coefficient system
and the canonical ‘free functor’ p} : SH — SH(—; o) is a morphism of presentable
coefficient systems.

A proof of this result can be found in [18, Theorem 8.10]; see also [11, §7.2, 17.1].

Remark 3.16. We may now combine the constructions of Remark 3.12 and
Convention 3.13. That is, in the situation of Remark 3.12 we obtain a factorization
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of pf : SH — C through the motivic coefficient system associated with C:
P pc
SH — SH(—; %) — C.

The induced functor p;. factors further through the localizing subfunctor Cof C
generated by the part of geometric origin (Section 2D3). By a tilting argument, the
resulting morphism

pe: SH(—;€) — C
is in fact an equivalence in some cases of interest; see [11, Theorem 17.1.5].

Remark 3.17. In summary, we have procedures which can be upgraded to functors:

SH(—;—-)
7
CAlg(SH(B)) CoSyy'

p+(B)1

Example 3.18 [11, 17.1.7]. Consider the Betti realization functor
Pp : SH(Spec(C)) — D(Q)

that sends a smooth complex scheme X to the rational singular chain complex
Sing(X*") ® Q on the underlying complex analytic space. It is naturally symmetric
monoidal —in fact, it is part of a morphism of coefficient systems on complex
schemes [3]:

SH — D((=)™; Q).

The associated motivic ring spectrum B := pf@ € CAlg(SH(Q)) is the (rational)
Betti spectrum that represents Betti cohomology. We will now describe the resulting
coefficient system SH(—; %) more explicitly, following [5, §1.6].

First, observe that for a general complex scheme X, the functor

Pp(X) : SH(X; B) — D(X*; Q)
is far from an equivalence. Instead, it factors through
SH(X; B) — Ind(D2(X; @)) — D(X™; Q),

where the second arrow is the colimit-preserving functor extending the identity on
DE(X ; @). The first functor in this factorization is in fact fully faithful, and the
image is generated under colimits, desuspensions and truncations (with respect to
the canonical t-structure) by sheaves of the form f,Q, where f : Y — X is proper;
see [5, Theorem 1.93].
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Example 3.19 [18]. Saito’s derived categories of mixed Hodge modules do not,
in an obvious way, admit an enhancement to a coefficient system. (As a result,
the Hodge realization functors are not known to commute with the six functors on
compact objects.) On the other hand, there is a Hodge realization functor

prp : SH(Spec(C)) — D(Ind(MHS)))

with values in the derived co-category of Ind-completed polarizable mixed Hodge
structures over (). The associated motivic ring spectrum ¥ := ,of@(O) is the
absolute Hodge spectrum that represents absolute Hodge cohomology. Drew calls
the resulting coefficient system SH(—; () motivic Hodge modules, and they satisfy
many of the properties expected of a coefficient system that should capture mixed
Hodge modules of geometric origin. In line with this, he conjectures that for each
complex scheme X, the triangulated category of compact objects in Ho(SH(X; %))
embeds fully faithfully into Saito’s DP(MHM(X)).

Example 3.20 [46]. As in Example 3.19, until recently there was no known en-
hancement of Voevodsky’s category of motives over a field, DM&™ (Spec(k); Z) to a
coefficient system in mixed characteristic. (The situation was better understood with
rational coefficients and/or in equal characteristic.) Spitzweck constructs a motivic
ring spectrum Jl € SH(Spec(Z)) that represents Bloch—Levine motivic cohomology
and then defines

SH(—; ) : Sch®® — Prb®

that can be seen as a coefficient system of integral motivic sheaves. Over a field &
the compact part of SH(Spec(k); Jil) is equivalent to DM&™ (Spec(k); Z), while with
rational coefficients and for any scheme X one recovers Beilinson motives:

SH(X; M ® Q) =~ DMp(X).

3C. Exceptional functoriality for RigSH. We have two goals for this last section.
First, we want to say something regarding question (A) at the beginning of Section 3.
And secondly, we want to give an example of a six-functor formalism outside the
world of schemes (and topological spaces) that have dominated the discussion so far.

Remark 3.21. In the context of schemes, Theorem 2.13 provides a very useful
criterion for recognizing six-functor formalisms. In contexts that are not too different
from schemes one can hope to establish a similar criterion; see, for example, [33]
for (certain) algebraic stacks. However, in general one shouldn’t expect the axioms
of coefficient systems—even if interpreted appropriately —to be sufficient to
guarantee the existence of !-functoriality.

Rigid (or ‘nonarchimedean’) analytic geometry is arguably an example of a
theory that is too different for a successful transfer. In the following pages we
want to describe how a different kind of transfer allows one to construct !-functors
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(and prove the expected properties) on the ‘universal’ rigid-analytic theory, namely
rigid-analytic stable motivic homotopy theory RigSH. This is a report on the work
with Ayoub and Vezzani [6] already mentioned in Section 3A3.

Remark 3.22. Rigid-analytic geometry is the analogue of complex-analytic ge-
ometry over nonarchimedean fields, e.g., p-adic fields. The theory retains both
algebraic and analytic aspects, and it has found many applications in arithmetic
algebraic geometry, particularly in the wake of Scholze’s work on perfectoid spaces
and p-adic geometry.

Rigid-analytic spaces in the sense this term is used in [6] form a category RigSpc
that encompasses both Tate’s rigid-analytic varieties (and Berkovich spaces) as well
as a large class of adic spaces (e.g., all ‘stably uniform’ ones [9]) in the sense of
Huber. While ridding the treatment of unnecessary Noetherianity assumptions was
a goal of [6], these technical details will not concern us in this short outline.

Remark 3.23. The construction of RigSH is originally due to Ayoub [4] and mod-
eled on Morel and Voevodsky’s construction of SH (see Section 2D1). In fact, the
two are entirely parallel according to the ‘dictionary’

Sch «~ RigSpc,
Al s B!,
Gy e~ T.

Here B! is the closed unit ball and T C B' the annulus.

Unsurprisingly and in a completely parallel fashion, RigSH comes with a closed
symmetric monoidal structure and *-functoriality. However, there is no analogue
of Theorem 2.13 available, and Ayoub was able to construct the !-functoriality only
for morphisms that arise as the analytification of algebraic morphisms (that is, those
coming from Sch).?’ The original goal of [6] was to remedy this.

Remark 3.24. Let us explain why an analogue of Theorem 2.13 is not available
and in fact might not be expected. Indeed, in following the strategy of Section 3A
one encounters the following problems in the rigid-analytic world:

(a) The analogue of Exercise 3.3 does not hold (a priori), that is, proper base
change does not imply the support property. The underlying reason is that
while (Localization) holds for RigSH, it is of limited use since the complement
of an open immersion is not, typically, a rigid-analytic space.

(b) At several places in Section 3A we used Chow’s lemma to reduce questions
about proper morphisms to projective ones. However, an analogue of Chow’s
lemma is not available in rigid-analytic geometry, thus making this strategy
infeasible.

201y fact, he obtained this as an application of a version of Theorem 2.13.
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Remark 3.25. On the other hand, morphisms locally of finite type between rigid-
analytic spaces are still weakly compactifiable, at least locally. More precisely,
every f : X — Y locally of finite type is, locally on X, the composition of a locally
closed immersion followed by a proper morphism. Therefore, once one knows
(Support) and the existence of right adjoints to proper push-forwards one can then
follow essentially the same strategy in constructing the exceptional functoriality as
in Section 3A3. The existence of the required right adjoints follows easily from the
fact that the oo-categories RigSH(X) are compactly generated and that the inverse
image functors along proper morphisms preserve compact objects.

In the remainder of this section we will sketch how to prove (Support).

Remark 3.26. The proof still employs a transfer from algebraic to rigid-analytic
geometry albeit in a very different way. It is based on Raynaud’s approach to
rigid-analytic geometry that can be roughly described by the picture

FSch

V X (3.27)

Sch RigSpc

Here, formal schemes sit at the top and admit two functors: the ‘special fiber’ that
associates to & its underlying topological space with the reduced scheme structure
0 (X), and the ‘generic fiber’ p that is a categorical localization. More precisely, the
category RigSpc is, as a first approximation, the localization of FSch with respect
to so-called ‘admissible blow-ups’: blow-ups with center ‘contained in the special
fiber’. This approximation becomes correct if one imposes finiteness conditions on
the formal schemes involved (adic with finitely generated ideals of definition) and
if one allows rigid-analytic spaces to be glued along open immersions.

Remark 3.28. Passing to stable motivic homotopy theory in the three contexts in
parallel gives rise to a roof like so,

FSH .
..... H“ﬂ%
SH oo > RigSH

where the components of the natural transformations (—)* are symmetric monoidal
functors with right adjoints (—),, and where o * - o, is an adjoint equivalence, by
localization for FSH. We continue to denote by p* (resp. p.) the functors at the
bottom that make the triangle commute.



AN INTRODUCTION TO SIX-FUNCTOR FORMALISMS 103

The basic idea in proving (Support) for RigSH is to apply p, to the morphism
(J2)g(r2)« = (r1)«(j1)y and use (Support) for SH to show it is an equivalence. This
requires two inputs:

(a) The functor p, needs to be sufficiently conservative. While it isn’t on the nose,
it is still true (and easy to prove) that the family (for fixed )

(RigSH(S) 1> RigSH(X) 25 SH(o (%)) o

is jointly conservative, where f : X — § runs through smooth morphisms of
rigid-analytic spaces and & is a chosen formal model of X.

(b) Itis clear that f* (resp. p,) commutes with the (j;); and the (p;) (resp. with
the (p;).) so it remains to prove that p, commutes with the (j;);.

This last point turns out to be quite involved and required a systematic study of
RigSH. We will not go into the details here and refer to [6, Theorem 4.1.3] instead.
On the other hand, this systematic study leads to other results of independent interest
which we do want to mention.

Theorem 3.29 [6, Theorem 3.3.3]. (1) The components of the natural transforma-
tion SH(o (=), p+1) — RigSH(p(—)) are fully faithful.

(2) The natural transformation SH* (o (—), p,Q) — RigSH(p(—), Q) exhibits
the latter as the rig-étale sheafification of the former.

Here, the natural transformations in the statement are between PrL-valued func-
tors on RigSpc®® (viewed as having the same objects as FSch; see Remark 3.26).
The notation SH(X, A) already employed in Section 3B is a shorthand for the
oo-category of A-modules, A being a commutative algebra object in SH(X). The
first part of Theorem 3.29 can be read as saying that a whole chunk of RigSH admits
a completely algebraic description. We call this chunk the part of good reduction
and denote it by RigSH®". In fact, in good cases the commutative algebra p, 1 can be
computed. For example, over the p-adic integers pf "1~ H*(Gp) and we deduce
that

SH"M(F,) = RigSHE'(Q,),

where the domain denotes the unipotent motivic spectra, that is, the localizing
sub-oo-category of SH(Gn r,) generated by the constant motivic spectra.

Finally, the second part of Theorem 3.29 gives a precise measure of the failure
of all rigid-analytic motives to be of good reduction. In comparison to the first part,
some additional hypotheses are necessary, for example étale-(hyper)sheafification
and Q-linearity are enough. All in all, Theorem 3.29 is a vast generalization of [4,
Scholie 1.3.26.(1)] which inspired the strategy in the first place.
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1. Introduction

Voevodsky introduced in an unpublished note [13] framed correspondences to get a
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Question 1.1. What kind of transfers do cohomology theories represented by motivic
spectra have?

Question 1.2. Is every cohomology theory with these transfers represented by a
motivic spectrum?

These questions will be answered in Sections 3 and 4, respectively.
We begin with an analysis of these problems in classical topology.

Definition 1.3. Let Man denote the category of smooth manifolds and Spec the
oo-category of spaces. A cohomology theory on Man is a functor

F :Man®® — Spc
satisfying

(1) descent with respect to arbitrary open coverings,

(2) homotopy invariance: F(M) => F(M x R) for all M € Man.
We have the following classification.
Theorem 1.4. The evaluation functor

{cohomology theories on Man} — Spc,

Fr— F(%),
is an equivalence.

Proof. The constant sheaf X on Man with fiber a space X is given by
M +— Map(M, X).

(This is a nontrivial but well-known computation, which uses the fact that manifolds
are sufficiently nice topological spaces, in particular locally contractible.) This
computation shows that X is homotopy invariant. In particular, X +— X is the left
adjoint to the given evaluation functor, and since X (x) = X it is fully faithful. To
show that it is an equivalence of categories it remains to show that evaluation on
the point is conservative.

Let f be a morphism between cohomology theories and suppose that it is an
isomorphism on a point. We need to show that it is an isomorphism in general. By
homotopy invariance, we see that f is an isomorphism on the Euclidean spaces R"
for all n, and by using the descent property on good covers (covers are copies of
R" such that all intersections are either empty or isomorphic to R™) we can deduce
that it is indeed an isomorphism for all manifolds M. (]
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In light of Theorem 1.4, cohomology theories can be described by giving a
space X. If X happens to be the infinite loop space of a spectrum E, then the
associated cohomology theory

M +— Map(M, QE)
acquires some extra structure.

Example 1.5 (Atiyah duality). If M is compact, then X3°M has as dual the Thom
spectrum M T where Ty, is the tangent bundle of M. This implies that for every
morphism f: M — N between compact manifolds there is an induced morphism
of Thom spectra M~ <~ N~Tv_ Mapping these spectra into another spectra E
we get a covariant pushforward map

Map(M~™  E) — Map(N~ ™%, E).

If Ty and Ty are oriented with respect to E (e.g., if E is complex oriented and M
and N are complex manifolds), then the pushforward involves ordinary shifts.

One can more generally define a cohomological pushforward along any proper
morphism f : M — N between (not necessarily compact) smooth manifolds. This is
a consequence of the “formalism of six operations”, which is a vast generalization of
Poincaré/Atiyah duality introduced by Grothendieck. For any morphism f : M — N
in Man, there is the usual pullback/pushforward adjunction

f*
Shv(M, Spt) = Shv(N, Spt),
f
as well as the “exceptional” adjunction
f
Shv(M, Spt) = Shv(N, Spt).
f

Here, fi is the pushforward with compact support, which is essentially determined
by the following two properties:

« If f is proper, then fi = f..

« If £ is étale (i.e., a local homeomorphism), then f'= f*.
Defining the virtual tangent bundle of f by
Ty:=Ty— f*Ty,
there exists then a canonical natural transformation

priXl f*—
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where 7/ denotes suspension by the virtual tangent bundle, i.e., smashing with
its Thom spectrum. This functor is an automorphism of Shv(M, Spt), and locally
on M, it is the ordinary suspension by the rank of 7;. We do not explain here
the construction of p,. Suffice it to say, because any morphism factors as the
composition of a submersion and a closed immersion and because of the tubular
neighborhood theorem, the transformation p ¢ is essentially determined by the cases
where f is a submersion (in which case it is an equivalence 77 f* ~ f*), and where
f is the zero section of a vector bundle. We will explain later the algebro-geometric
analogue of p ; in more details.
If Ej; denotes the constant sheaf on M with value E, we obtain morphisms

DM, 2T Ey) =T (M, 277 f*Ey) 25 T (M, f'Ey) = Map(Su, f'En).
If f is proper we furthermore have morphisms
Map(Sy. f'En) ~Map(f f*(Sn). En) = Map(Sy, Ex) =T'(N, Ey).
Composing these morphisms gives us a pushforward map
(M, 2" Ey) — T (N, Ey)

also known as the transfer along f. This provides an answer to Question 1.1 in the
classical topological context.

For Question 1.2, the question becomes whether one can recover the spectrum
structure on E from the infinite delooping Q*°E by using these transfers. In
particular, if f: M — N is a finite étale map (i.e., a finite covering map), then
T =0, in which case there is a canonical transfer

Map(M, Q*°E) — Map(N, Q¥E).

By taking N to be a point and M to be two distinct points, the transfer provides
an addition map

QXE x Q¥FE 15 Q% FE.

We need to encode these transfers in a suitably coherent manner to recover the
commutativity of + up to coherent homotopy. Historically, this has been difficult
because one lacked the tools to precisely express the required coherence. To achieve
this we introduce the 2-category of correspondences:

Definition 1.6. The category of finite étale correspondences in Man, denoted by
Cor'®(Man), is the 2-category where objects are smooth manifolds, and morphisms
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from M to P are spans

M P,

such that the map N — M is finite étale. These spans are known as correspondences.
Composition of two correspondences (M <— N — P) and (P <— Q — R) is defined
as the pullback in the diagram

pullback
o,
SN N
M P R.

The pullback exists in Man because the map Q — P is finite étale.

The following theorem then provides an answer to Question 1.2.
Theorem 1.7. There exists a functor

Spt — {cohomology theories on Cor'®(Man)},
E +— Map(—, Q¥E),

which restricts to an equivalence between connective spectra Spt. and grouplike
cohomology theories on Cor (Man).

Such cohomology theories are automatically evaluated in the co-category of
E ~-spaces, hence the “grouplike” condition means that the addition structure

QYE x QFE — QE
should be a group, that is, elements should have inverses up to homotopy. We refer
to [2, Appendix C] for a proof of Theorem 1.7 given Theorem 1.4.
2. Transfers for motivic spectra

We will now focus on Question 1.1, i.e., transfers for motivic spectra.
Let SH(S) denote the co-category of motivic spectra over S. There is a six-
functor formalism on the system of categories S — SH(S), that is, functors

f* fu, f', fi, Hom, ®,

with adjunctions f* - f, and fi < f', and equivalences f'~ f* if f is étale and
Ji =~ fi if f is proper.
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For the case of smooth manifolds, we saw in the previous section that there are
transfers for any proper morphism. A key difference in the algebraic-geometric
context is that we are now also willing to consider schemes which are not smooth.
This changes the picture since morphisms of smooth manifolds are very far from
being arbitrary morphisms, and in particular they are always of local complete
intersections. The condition of local complete intersection turns out to be the most
general condition for transfers to exist in this setting.

Definition 2.1. A morphism of schemes f : X — S is a local complete intersection
(abbreviated “Ici”) if locally on X it factors as

X —bsvy

N

where i is a closed immersion which locally is cut out by a regular sequence (i.e., a
regular closed immersion) and p is a smooth morphism.

For any local complete intersection morphism f : X — S with a global factor-
ization as above, we can define the virtual tangent bundle of f by

T;:=i*T, — N; € K(X).

Here, T), is the relative tangent bundle of p, N; is the normal bundle of i, and
K (X) denotes the K-theory space of the scheme X. One can show that T does
not depend on the factorization of f (it is in fact the image in K (X) of the tangent
complex of f, which is defined even if no factorization exists).

We will now sketch the fundamental construction of Déglise, Jin, and Khan [3],
which is the source of the transfers in stable motivic homotopy theory. We recall that
any element £ € K (X) has an associated Thom spectrum in SH(X), and smashing
with it defines a self-equivalence

»ESH(X) => SHX).

Construction 2.2 [3]. For an lci morphism f : X — S with a global factorization,
we construct a canonical transformation

prZlf* = f

Sketch of proof. Because of the global Ici factorization, it suffices to consider the
case of smooth morphisms and regular closed immersions.
If f is smooth we let p ; be the well-known purity equivalence

ETff* ~ f!

due to Voevodsky and Ayoub.
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If f=i:X < V isaregular closed immersion we consider the deformation of
V to the normal cone, which is a scheme Dy V that fits in a diagram

N; <+ DyV <8 G, xV

V23 Al <o G, xV
V,

where 0:V — A%/ is the zero section, 7 : N; — X is the normal bundle of i,
G xV — DxVand G,, xV — A%, are the open complements, and both squares
are Cartesian.! Let p denote the composition of the maps Dy V — A{, —- V.

The top row gives rise to a localization triangle

l‘*l‘! — idSH(va) — M*I/t! L) t*l![l],

and in SH(G,,) there is a canonical (universal unit) map SO - G,,. Suspending
this map with S! we get a new map

st §lAG, =T,

where T = S! A G,, is the Thom space of the trivial line bundle. We want to define
a natural transformation

pi it — Vit
or equivalently, by adjunction, a map
id — i, 2N’
This we obtain from the composition
. () * ! 19 | . 1
idsu)[11 = ¢+X7q" = gxq” = pystsu’ p" —> putyt p'[1] = iy, i'[1],

and using the purity equivalence p, : 7* XV ~ 7' and the fact that 7* is a fully
faithful functor, we further get

. 1. . P
[ T 2 l*ZN’l'.
Composing these maps gives the desired natural transformation
. . |
ldS’H(V) — Z*EN'Z'.

IFor an arbitrary closed immersion i, the fiber of Dy V over 0O is the normal cone of i, which
agrees with the normal bundle in case of a regular immersion.
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It remains to prove that this procedure is independent of the factorization, com-
posing various f’s, etc. We refer the curious reader to [3] for a thorough treatment
of these facts. (]

Definition 2.3. Let £ € SH(S) be a motivic spectrum over S. For a morphism
f:X — § and an element £ € K (X) we define

E(X,£) :=Mapgyx,(1x, ¢ f*E) € Spe.
Example 2.4. If &£ = n, then ¢ = X", Thus
mE(X,§) = E¥"(X).

Example 2.5. If £ = KGL, then E(X, &) = KH(X), where KH denotes the homo-
topy K-theory of X. Note that this does not depend on £.

Example 2.6. If £ = HZ and X is smooth over a field or a discrete valuation ring,
then E(X, &) = 7" (X, o) where r = rank(£). Here z" (X, o) denotes Bloch’s cycle
complex.

Theorem 2.7. If f:X — S is proper and Ici, then the natural transformation
pr: =Tr f* — f'induces a transfer map

EX, Ty + f*8) — E(S, §),
where £ € K(S).

Remark 2.8. More generally, if f: X — S is proper and X% is a derived structure
on X which is Ici/quasismooth over S, a theorem by Adeel A. Khan [10] gives a
transfer map

E(X,T{) — E(S).

3. The oo-category of framed correspondences

Following the approach to Question 1.1 in classical topology, we are interested in
those transfers that do not shift the degree, i.e., that induce a covariant functoriality
on the “unshifted” cohomology theory. For this to work we saw in the previous
section that we need the virtual tangent bundle of a map f to vanish. We are thus
led to the following definition:

Definition 3.1. Suppose f: X — S is a Ici morphism. A (stable O-dimensional)
framing of f is a trivialization of the virtual tangent bundle T, that is, a path in
K (X) between Ty and 0.

If f is a framed proper Ici morphism, we see by Theorem 2.7 that it induces a
transfer map in cohomology that does not shift the degree. This provides an answer
to Question 1.1.
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Definition 3.2. We define the co-category Cor"(Smg) with objects smooth S-
schemes and morphisms given as spans (X <— Z — Y), where f is finite Ici and
framed (in the sense that there is given a path o : Ty =5 0in K(2)).

Composition of morphisms (X < Z — Y) and (Y < W — V) is defined by
pullback

pullback ,
zZ J/hu o w
X <, \l v /g >

where Trop > Ty +h* Ty, Ty = b*(Ty) > 0 and h*T; ~ 0.

v’

Remark 3.3. The condition for a morphism to be finite Ici and framed implies that
it is flat. This is relevant because it forces the condition of being Ici to be stable
under base change. In general the Ici condition is only stable under tor-independent
base change.

Remark 3.4. The reason why we only consider finite maps is that we want the
framed transfers to be compatible with the Nisnevich topology. That is, we want the
Nisnevich sheafication of a presheaf with framed transfers to have framed transfers,
and this requires finite morphisms. It is possible to relax the finiteness condition by
instead considering proper morphisms; see Question 5.12. However, we must then
instead consider derived schemes since such morphisms are not flat.

Remark 3.5. The category Corfr(Sms) is semiadditive (i.e., finite sums and finite
products coincide) and has a symmetric monoidal structure given by the Cartesian
products (X ® Y = X xg Y). There are canonical functors

Cor™®(Smg) — Cor™(Sms),

because finite étale morphisms have a canonical framing. By forgetting the framing
we have a functor

Cor™(Smg) — Cor™"(Smg)

to the category of finite syntomic (flat and Ici) correspondences. A further forgetful
functor takes us to Voevodsky’s category of correspondences Cor(Smg).

4. The recognition principle

We here mention three fundamental theorems, due to work by Garkusha, Panin,
Ananyevskiy, and Neshitov, and Elmanto, Hoyois, Khan, Sosnilo, and Yakerson.
These will allow us to prove a recognition principle for framed correspondences
that answers Question 1.2.
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Definition 4.1. Let #(S) denote the co-category of A!-invariant Nisnevich sheaves
on Smg, and let #(S) be the co-category of Al-invariant Nisnevich sheaves
on Corfr(Sms) (i.e., presheaves on Corfr(Sms) whose restriction to Smg are A!-
invariant Nisnevich sheaves). We define SH.(S) and SH™(S) as the oo-categories
of T-spectra in H(S) and HT(S), respectively.

The functor Smg — Cor'"(Smg) induces adjoint functor pairs

free

H(S) =—— HT(S)

forget
) frol]\ oo ) forolTQ?ro

fi
SH(S) —= SH(S).
forget
Theorem 4.2 (reconstruction theorem, [7, Theorem 16]). For every scheme S, the

canonical functor
SH(S) = SHT(S)

is an equivalence of co-categories.
Thus every motivic spectrum has a unique structure of framed transfers.

This result requires new ideas since the analogue statement is false for Voevod-
sky’s correspondences because it would yield an equivalence SHT(S) ~ DM(S).
We provide a brief sketch of the main ideas involved in the proof.

Sketch of proof. The key idea is to apply Voevodsky’s lemma: that is, if X is a
scheme, and U C X is an open subscheme, we can identify Ly (X/U)(Y) with
the set of pairs (Z, ¢) such that Z C Y is a closed subset and ¢ : YQ — X is a map
such that ¢~ (X \ U) = Z.

Then consider, for X, Y € Smg, the mapping space

Map((PY™ A X4, Lyis(A" / A" —0) A Y1) = () Lnis 7 Y4 (X).
Applying Voevodsky’s lemma we find that this equals the set of pairs (Z, ¢) such
that

(1) ZcC ([P’}()” is a closed subscheme,
(2) ZNaPHr =2,
(3) ¢: (PY)™M% — A such that ~1(0) = Z.
Thus Z is cut out by n equations with codimension n, and, in particular, it is

framed. This shows that there is a forgetful map to Corfsr(X , Y). We conclude by
[5, Corollary 2.3.27] which says that the forgetful map

colim QL LyisZ7Y4 — Cor§(—, Y)

is a motivic equivalence if ¥ € Smg. ]



INTRODUCTION TO FRAMED CORRESPONDENCES 117

Theorem 4.3 (cancellation theorem, [5, Proposition 5.2.7]). Let k be a perfect field.
The functors
S'A (), G A=) T HI () — HT(K)*

are fully faithful, where H™ (k)% is the full subcategory of H (k) consisting of
grouplike objects.

Let Lz, denote the Zariski sheafication functor and L 41 the functor defined by
(Lyt FY(U) =|F(U x A®)|.

Theorem 4.4 (strict A'-invariance theorem, [5, Theorem 3.4.11]). Let k be a perfect
field. If F € Py (Corfr (Smy))®P, then Lzo L1 F is an Al-invariant Nisnevich sheaf.

Theorems 4.3 and 4.4 are analogues of Voevodsky’s results for finite corre-
spondences ([14] and [11, §3.2]) and the proofs are similar. For Theorem 4.3,
Bachmann has a paper [1] where he proves a cancellation theorem for finite flat
correspondences, which applies to these framed correspondences as well.

The next result is an analogue of Theorem 1.7 for framed motivic spectra and
thus answers Question 1.2.

Corollary 4.5 (motivic recognition principle, [5, Theorem 3.5.16]). Let k be a
perfect field. There is an equivalence

H (k)& = SH(k)*",
where SH(k)'T € SH(k) denotes the full subcategory generated under colimits by
suspension spectra X°X.

Proof. Theorem 4.3 implies that the infinite suspension functor
22 HT (k)& — SH (k)
is fully faithful. Using Theorem 4.2 we identify its essential image as SH(k)"*". O

The main application of Theorem 4.2 is that the framed suspension functor %g°
becomes a “machine” for producing motivic spectra: Let F € Py, (Cor'"(Smg)) be
a presheaf with framed transfers. Then

LXF € SHT(S),

which by Theorem 4.2 can by identified with an object of SH(S). This allows one
to build motivic spectra from presheaves with framed transfers.

In the special case of S = Speck, where k is a perfect field, we can use
Corollary 4.5 to compute the infinite loop space of such a spectrum by using
the equivalence

QR F > Lza Ly F2P.

We have the following consequences of this in action:
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Example 4.6. Applying the infinite framed suspension functor X" to the right side
of this diagram one obtains the left side:

1 FSynff
| |

MSL —— MGL FSyn® —— FSyn
L [ |
ko —— kgl FGor” —— FI;iat
| H |

ko — kgl VectY" —— V;:,ct
L] !

H7 — HZ GW 7.

In more details:

o FSyn'" is the stack of framed finite syntomic schemes, which is the unit object in
Ps (Corfr(Smk)). The claim that Ef‘;oFSynfr ~ 1 is therefore tautological.

» FSyn is the stack of finite syntomic schemes and FSyn® is the stack of finite
syntomic schemes with an orientation (i.e., a trivialization of the dualizing sheaf).
That these give MGL and MSL over a general base is proved in [4, Theorems 3.4.1,
3.4.3].

» Vect is the stack of vector bundles and FFlat is the stack of finite flat schemes.
That both give the effective K-theory spectrum kgl over a field is proved in [8,
Corollary 5.2, Theorem 5.4].

o Vect™™ is the stack of vector bundles with a nondegenerate symmetric bilinear
form, and FGor®" is the stack of oriented finite Gorenstein (dualizing sheaf is a line
bundle) schemes. That both give the effective hermitian K -theory spectrum ko over
a field of characteristic not 2 is proved in [9, Proposition 7.7, Theorem 7.12].

e Z is the constant sheaf with fiber Z. It is proved in [7, Theorem 21] that X7°Z =~
HZ over any Dedekind domain, where HZ is the motivic spectrum representing
Bloch-Levine motivic cohomology.

 Finally, GW is the sheaf of unramified Grothendieck—Witt rings, that is, the
Zariski sheafification of the usual Grothendieck—Witt groups. It is proved in [9,
Theorem 8.3] that X;°GW =~ H Z over any Dedekind domain in which 2 is invertible.

Here is one nice application of this picture: all morphisms on the right-hand side
are easily seen to be E-ring maps, hence so are all morphisms on the left-hand
side.
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5. Algebraic cobordism

The topic for this section is algebraic cobordism, following [4]. Specifically, we
will apply the above theory to provide a framed model for algebraic cobordism
which allows for more friendly computations.

In particular the question about the convergence of the divisibility spectral
sequence for algebraic cobordism would benefit greatly from knowing
that elements of algebraic cobordism can be represented by some kind of
geometric objects.

-V. Voevodsky, 2000, My view of the current state of motivic homotopy
theory [12, p. 11].

We begin by considering the moduli stack PQSm of proper quasismooth derived
schemes. It is natural to study this stack in connection with algebraic cobordism,
because these are precisely the schemes that give rise to algebraic cobordism
classes. Namely, a proper quasismooth derived scheme of virtual dimension —#n has
a cobordism class in MGL2"" by, for instance, using the transfers from Section 2.
The Al-localization

L, PQSm := [PQSm(— x A®)]

can be described informally as follows. Points in L,1PQSm are schemes, and a
path between two points is a scheme over A, which may be viewed as a cobordism
from the fiber over O to the fiber over 1 (see Figure 1). A path between two paths
is then a cobordism of cobordisms, etc. The analogous construction in topology,
with R! in place of A!, is one way to define the cobordism spaces that appear, for
example, in the cobordism hypothesis. One may thus interpret the functor L, as
forming the cobordism spaces of moduli stacks of schemes.
Recall the forgetful functor

Cor'™(Smg) — Cor™"(Smg)

Al

Figure 1. A cobordism from two circles to one.
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from the oo-category of framed correspondences of smooth schemes to the 2-
category of finite syntomic correspondences of smooth schemes, given by forgetting
the framing and using that the morphism in the left span is finite syntomic.

Let FQSm” denote the moduli stack of finite quasismooth derived S-schemes of
relative dimension —n. This is obviously a presheaf on Cor™" (Smg), and hence
also on Cor™(Smg), using the above forgetful functor.

Theorem 5.1. For every scheme S and every integer n > O there is an equivalence
YIMGL ~ £°FQSm”
in SH(S) =~ SH(S).

The main ingredient of the proof is to understand the framed models for Thom
spectra of virtual vector bundles coming from Theorem 5.10. We therefore suspend
the proof of this theorem until we have established a proof of the result.

Remark 5.2. There is an equivalence
FQSm’ = FSyn.
The next theorem is a specialization of Theorem 5.1 to the case of perfect fields.

Theorem 5.3. Ifk is a perfect field and n > 0, then

QF TFMGL 2~ Lz, L1 (FQSm™)®P.
In particular,
Q7FMGL =~ Ly, L 51 FSyn®P.
Ifn > 1, then
Q*EIMGL 2~ Lyjs L, FQSm”.

Remark 5.4. The last point of Theorem 5.3 means that one can trade the group
completion by instead taking Nisnevich sheafification. More precisely, the Nisnevich
sheaf LyisL 41 FQSm” is connected, hence is already grouplike, so we do not need
to take its group completion.

A posteriori, we know by Morel’s connectivity theorem that Q°°X;7MGL is
(n—1)-connected.

Remark 5.5. We state Theorems 5.1 and 5.3 for MGL, but there are analogous
statements for all Thom spectra that one would like to think about, for example,
MSL, MSp, S, etc.

Theorem 5.6. For every scheme S there is an equivalence of symmetric monoidal
oo-categories
Modmcr (SH(S)) = SH™(S),

where SH™M(S) is analogous to SH(S) using Cor™™(Smg) in lieu of Cor™ (Smg).
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Theorem 5.7. Ifk is a perfect field, then
Modmior (SH(S)"™) ~ H™" (k)2

This theorem is a combination of Theorem 5.6 with a cancellation theorem in
HYN (k)ep,

Framed models for effective Thom spectra.

Definition 5.8. Consider a smooth S-scheme X and § € K(X)>o. We define a
framed presheaf

(X, &) € Py (Cor™(Smg))

by sending a scheme U to the space of spans (U <~ Z %> X) where f is finite
and quasismooth together with o : Ty >~ —g*(§) € K(Z).

This definition is not enough to define a presheaf on Corfr(Sms); there is some
work involved in making this precise which can be found in [4, Appendix B].

Remark 5.9. If rank(§) = 0, then Z is underived. For example,
(X, 0" = Corlf(—, X).
These presheaves turn out to be framed models for effective Thom spectra.
Theorem 5.10 [4, Theorem 3.2.1]. There is an equivalence
Thy (§) = B (X, &)
in SH(S) =~ SH(S).

The proof consists of two parts: first constructing a map between these two
objects, and then showing that it is an equivalence.

Proof. Suppose that & is a vector bundle V on X, and let V* denote the complement
of the zero section inside V. We define a map as follows:
Consider the diagram

VTX<—>V/>X\X

where z is the zero section. The canonical equivalence 7, >~ —V defines a map

vV — (X, VT,
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and we get a diagram

(v><)fr

L

Vfr y (X, V)fr (5—1)

Thx (V)",

where the dotted arrow is the comparison map we were looking for.

One can show that the map is a motivic equivalence by reducing to the case
where the base is a field and using a moving lemma from [6].

The general case for virtual tangent bundles is now mostly formal. The main
point is to use the identification K(—) =~ Lz, Vect(—)®P. The Thom spectrum
functor Thy : Vect(X) — SH(X) takes the direct sum of vector bundles to the
tensor product of spectra and lands in the Picard oco-groupoid Pic(SH (X)), and
thus factors uniquely through the group completion of Vect(X).

We can then formally extend (5-1) to a map

Thy(§)" — (X, &),

which is natural in the virtual vector bundle & over X.
To see that this map is an equivalence we use that virtual vector bundles of rank
> 0 are actual vector bundles Zariski locally. O

We state a result about K -theory that is needed in the proof of Theorem 5.1.

Proposition 5.11 (Bhatt-Lurie, [4, A.0.6]). Let R be a commutative ring. Then the
K -theory functor
K : CAlgy" — Spe

is left-Kan extended from CAlg%m.
Proof. The formula for left-Kan extension is
LKE(K | CAlg%m)(T) = cSolirTn K(9),
where S € CAlg%m. The index category {S — T} has finite coproducts given by
tensor products, which make it sifted.

By the identity
K = Vect®P

and the fact that the group completion commutes with sifted colimits, we are
reduced to show that Vect(—) is left-Kan extended from CAlgf{". Using that
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Vect = colim,, Vect<, we reduce to showing that each Vect<, is left-Kan extended.
One way of showing this is by taking the Jouanolou device

U, — Gr,,
which is an affine bundle whose total space is affine. Then there is a map

]_[ Uy AN Vect<,.

k<n

The map f is a sectionwise surjection because we are dealing with affine schemes,
so that vector bundles are generated by their global sections. Hence it may be lifted
to a point in the Grassmannian, which further can be lifted to the Jouanolou device
since it is an affine bundle over an affine scheme.

We therefore have

Vect-, ~ colim C,(f),

where é.( f) = A°® — Ind(smooth affine schemes). The same remains true of
all the self-intersections of | [, _, U, since Vect<, is a stack with smooth affine
diagonals. Thus the iterated fiber product of [ [, _,, Uy is still a colimit of smooth
and affine schemes. Combining the colimits we tﬁereby find that the presheaf Vect
is a colimit of smooth affine R-schemes, which is precisely what it means to be
left-Kan extended from CAlg5™, O

Now for the proof of Theorem 5.1.
Proof of Theorem 5.1. For n = 0 we can write
MGL =~ cc})(l’iém Thy (&),
by [2, Section 16], where the colimit is taken over X € Smg and £ € K (X) with

rank(£) = 0. Hence
MGL ~ £2° c?(ligm (X, &)

by Theorem 4.2. Further, there is a forgetful map
colim (X, &)
X.&
FSyn

by using that an object in colimy ¢ (X, & ) consists of a span U <L 7 %, X which
we forgetfully map to U <— Z. We claim that this map in an equivalence.
By taking the fiber one obtains a Cartesian square
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C())(liém (X, &) —— cc))(ligm{Z Es X, Ty~ —g* (&)}

| |

FSyn < (<L 7.

Formally rewriting we find that
colim{Z 4> X, Ty ~ —g* (&)} ~ colim {T; ~ —g* (&)}
X.§ X.&.8
~ colim fiby, (K (X) £ K (2)).
8

and exchanging the fiber and colimit we get
cc))(l’igm fibr, (K (X) £, K (Z)) ~ fibr, (cc;(l’igm K(X) — K(Z)).
This we recognize as the formula for the left-Kan extension, that is,
cc;(l’igm K (X) ~LKE(K | Sms)(Z).
It remains to show that
cc;({igm{z 5 X, Ty~ —g* ()}
is contractible, which we have reduced to showing that
fibr, (LKE(K | Sms)(Z) — K (Z))
is contractible. However, it follows from Proposition 5.11 that the map
LKE(K|Sms)(Z) - K(Z)

is an equivalence, hence the fiber must be trivial.

The proof for X7 MGL for n > 0 is similar, but with £ € K(X) such that

rank(§) = n.

Question 5.12. Is Theorem 5.1 still true if one relaxes the “finiteness” condition to

a “properness” condition?

Note that the finiteness condition was not necessary to get a cobordism class. If
one drops this condition, then FSyn becomes equal to PQSm®, which is a much
larger stack. To see this one can start with any smooth proper scheme of any
dimension n and find a derived scheme structure on it which is quasismooth and of
dimension 0; we may for instance take the vanishing locus of the zero function n

times.
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It turns out that the naive cobordisms space L 1 PQSm" is a group under disjoint
union, which is not true for L,1FSyn. There should then be maps

j 11
FSyn < PQSm’ 2L, QOMGL, (5-2)

where the last map uses the transfers in MGL-cohomology. This would imply that
El?rOPQSmO has MGL as a retract. Over perfect fields one can therefore conclude
that Q°°MGL is a direct factor of Lz, L1 PQSmO. It is an open problem whether
they in fact are equivalent.
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Foreword. These are the notes accompanying three lectures' given by K. Riilling
in October 2020 at the Motivic Geometry program at CAS, which aim to give an
introduction and an overview of some recent developments in the field of reciprocity
sheaves. We stress that the focus of this lecture series, and the present notes, is on
the properties of reciprocity sheaves, on their cohomology, and on applications of
the theory, with a particular emphasis on de Rham—Witt sheaves. We do not stress
categorical constructions such as the triangulated category of motives with modulus
and we do not intend to give a complete overview of the whole theory, which was
first and foremost developed by B. Kahn, H. Miyazaki, S. Saito, and T. Yamazaki.
We try to keep the informal style of the lectures also in these notes and we do not
claim any originality.

1. Reciprocity sheaves

By work of Voevodsky and many others, the general theory of the cohomology
of Al-invariant sheaves with transfers is fully developed. Among the most fun-
damental properties are the projective bundle formula, the blow-up formula, the
Gysin sequence, Gersten resolution, action of proper Chow correspondences, and
representability of cohomology theories.

However, the theory has a drawback: Many interesting non-A!-invariant sheaves
share the same properties as above, such as Kihler differentials, smooth commutative
unipotent group schemes, étale motivic cohomology with Z/p”"-coefficients (in
char p > 0), etc. Despite this, they are not representable in the classical motivic
theory and hence cannot be studied by motivic methods. This is in part because the
Al-invariant theory only detects log poles, regular singularities and tame ramifica-
tions. In order to study more general theories, we need a more general theory than
the classical theory provided by Voevodsky.

One approach was recently introduced by Binda, Park, and @stver in [5]. The
basic idea is to generalize the classical motivic homotopy theory by replacing A!
with the “cube”

O:= (P', 00).

It is the log scheme whose underlying scheme is P! and whose log structure is
induced by the inclusion of the divisor oo < P!. Working with log smooth log
schemes and a suitable topology, the authors construct in loc. cit. the triangulated
category logDM® (k) of effective logarithmic motives. A cohomology theory
representable in logDMC (k) has the nice properties listed above (at least under the
assumption of the existence of resolutions of singularities). An example of such
a theory is the sheaf of log-Kéhler differentials which becomes representable in

I'The lecture series can be found on Youtube at http://tinyurl.com/reciprocity-sheaves-lectures.
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this new triangulated category. Embedding the classical triangulated category of
motives DM® (k) fully faithfully in logDM® (k), they construct an enlargement
of the classical A!-invariant theory. So far there is however no pole order or
ramification filtration on the sheaves in this category.

The theory of reciprocity sheaves [25; 28] provides another solution: The basic
idea, which goes back to Kahn in the 1990s, is to consider only those sheaves
whose sections behave in a controlled way at infinity, i.e., replace A'-invariance by
a modulus condition. This is a similar condition to the one considered by Rosenlicht
and Serre to define the generalized Jacobian for curves.

Modulus d la Rosenlicht and Serre. The definition of a modulus condition goes
back to Rosenlicht [39] and Serre [49, III]. They considered the modulus of a
rational map from a curve to a commutative algebraic group.

Definition 1.1. Let k be a perfect field, C a smooth projective curve over k with an
effective divisor D, U := C\ D the complement of D, and G a smooth commutative
k-group. Then a k-morphism a : U — G has modulus D if

D () Tryyea(x)) =0,

xeU

for all f € k(C)* with f =1mod D, ie., f€(),cp Ker((’);x — Og’x), where
v, denotes the discrete valuation defined by the point x and Try /4 : G(x) — G(k)
is the trace:? see, for example, [51, Exp XVII, Appendice 2].

The choice of a rational point x € U (k) gives a universal morphism called the
Albanese map

albc.p) : U — Alb(C, D),

with the property that any map a : U — G to a smooth commutative group scheme G,
which satisfies the modulus condition, factors via albc p).

Let Sm denote the category of smooth separated k-schemes of finite type, in the
following simply called smooth k-schemes. For X, Y € Sm denote by Cor(X, Y)
the group of finite correspondences from X to Y as introduced by Suslin and
Voevodsky, i.e., it is the free abelian group generated by integral closed subschemes
of X x Y, which are finite and surjective over a connected component of X. There
is a category of finite correspondences Cor whose objects are the objects of Sm and
with morphisms the finite correspondences. A presheaf with transfers is an additive
contravariant functor from Cor to the category of abelian groups. The category of
presheaves with transfers is denoted by PST.

2If G = Gy is the additive group, then this is the usual trace. If G = Gy is the multiplicative
group, then this is the norm.
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Using the trace construction alluded to above, any smooth commutative k-group
admits a structure of a presheaf with transfers by means of which the modulus
condition may be reformulated as follows:

Definition 1.2. An element a € G(U) has modulus D if
y*a =0,
for all prime correspondences I' € Cor(P' \ {1}, U) such that
{L}r¥ = Dlpw,
where 'V — P! x C is the normalization of the closure of I, and
y =iy =i, € Cor(Speck, U).

Modulus pairs. The framework of modulus presheaves with transfers was intro-
duced by Kahn, Miyazaki, S. Saito, and Yamazaki in [26; 27], as a fundamental
tool in the construction of their triangulated category of motives with modulus.

Definition 1.3 [26]. Fix a perfect field k. A modulus pair X is a pair (X, D), where
X is a separated scheme of finite type over k and D is an effective Cartier divisor
(or the empty scheme) on X such that the complement of the support of D in X is
smooth. A modulus pair (X, D) is proper if X is proper over Spec k.

The group of modulus correspondences from (X, D) to (Y, E), denoted by
MCor((X, D), (Y, E)), is the subgroup of Cor(X \ D, Y \ E) generated by finite
prime correspondences

VC(X\D)x(Y\E)

such that
(i) the projection V¥ — X is proper,
(ii) Dly~ = Elyw,
where VY — X x Y is the normalization of the closure of V in X x Y. An element of
MCor((X, D), (Y, E))

is called a modulus correspondence from (X, D) to (Y, E).

The composition of finite correspondences restricts to a composition of modulus
correspondences.> Hence we can define the category MCor as the category of
modulus pairs, i.e., objects are modulus pairs and morphisms are modulus corre-
spondences.

3We remark that condition (1) is essential for this; see [26, Proposition 1.2.3].
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The category MCor has a monoidal structure given by
(X, D)® (Y, E)= (X xY, pxyD+ pyE),

where px (resp. py) denotes the projection onto the first (resp. second) factor.

Let MPST denote the category of presheaves of abelian groups on MCor. It
comes with a monoidal structure @ pst Which via the Yoneda embedding extends
the one on MCor. There is an adjoint functor pair

@ : MPST = PST : o*

such that w,G(X) = G(X, @) and w*F (X, D) = F(X \ D).
The modulus presheaf represented by a modulus pair (X, D) in MPST is denoted
by
Z+(X, D) :=MCor(—, (X, D)).

Let T denote the modulus pair (P!, 00), and set
hy (X, D) := Coker(Zy (X, D)(— ® O) 470 7,(X, DY),

which we can consider as the cubical modulus version of hg of the Suslin complex.

Remark 1.4. Note that we have surjections
Zu(X \ D) — @ h5(X, D) — hiy (X\ D),
where Zy(X \ D) = Cor(—, X \ D) and
Ry (X \ D) = Coker(Zy(X \ D)(— ® A 2=, 7, (X \ D))

is its maximal A'-invariant quotient.
Indeed, the surjectivity of the first map follows from the right exactness of w,
and the equality
wZy(X, D) = Zy(X \ D).

To see this, observe if V € Cor(S, X\ D) is a finite prime correspondence, then V is
already closed in S x X since it is finite over S. Hence V € MCor((S, 9), (X, D)).
The second surjection follows directly from the fact that Z(X, D)(— ® O)isa
subpresheaf of Z,.(X \ D)(— ® Al.

We remark that by the above we have, for § € Sm,

w h5 (X, D)(S) = Coker(MCor((S, @) ® O, (X, D)) “2='Ls Cor(S, X \ D)).

Definition 1.5 [28, Definition 2.2.4]. Let (X, D) be a proper modulus pair with
U := X\ D, F a presheaf with transfers, and a € F(U) a section. We say that a
has modulus (X, D) if the Yoneda map defined by a factors through w, hE(X , D),
that is, there exists a map that makes the following diagram commute:
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Ly(U) . F

Yoneda

JoAp

whS (X, D).

Remark 1.6. (1) In [28] the pair (X, D) above is called an SC-modulus of a in
order to distinguish it from a slightly different notion of modulus which was
introduced before in [25]. In [28, Theorem 3.2.1], it is proven that the two
notions of modulus coincide as long as X \ D is quasiaffine. In the following
we will only work with the above definition of modulus and therefore simply
say modulus instead of SC-modulus.

(2) If F = G is a smooth commutative k-group and X is a smooth projective curve,
then evaluating the diagram above at k gives back the definition of modulus
introduced by Rosenlicht and Serre which was reformulated in Definition 1.2.

Reciprocity sheaves. We are now in the position to define reciprocity sheaves.

Definition 1.7 [28, Definition 2.2.4]. We say that a presheaf with transfers F' is a
reciprocity presheaf if for any smooth k-scheme U, and for all a € F(U), there
exists a proper modulus pair (X, D) such that U = X'\ D and a has modulus (X, D).

Let RSC denote the full subcategory of PST consisting of reciprocity presheaves.
The category of reciprocity sheaves is RSCyis := RSC NNST, where NST denotes
the subcategory of PST consisting of presheaves with transfers which are Nisnevich
sheaves on Sm.

Remark 1.8. (1) Inloc. cit. the term presheaves with transfers with SC-reciprocity
is used for what above is called reciprocity presheaf in order to distinguish
them from the reciprocity presheaves introduced in [25]. This difference is
however not relevant for us since we mostly work with Nisnevich sheaves with
transfers, for which the two notions coincide; see [28, Corollary 3.2.3].

(2) A precursor of reciprocity sheaves are the reciprocity functors defined in [24].
These are defined only on function fields and regular curves over such. It
follows from the injectivity theorem [25, Theorem 6] that the restriction of
any reciprocity sheaf in the sense of Definition 1.7 to fields and regular curves
defines a reciprocity functor; see [45, Theorem 5.7].

Example 1.9. Smooth commutative k-groups and homotopy invariant Nisnevich
sheaves provide important examples of reciprocity sheaves. For the homotopy
invariant sheaves this follows directly from Remark 1.4; for the smooth commu-
tative groups the argument is essentially given by Rosenlicht and Serre;* see [49,
Chapter III, Theorem 1].

“The argument of Rosenlicht and Serre works for curves over an algebraically closed field; see
[25, Theorem 4.1.1] for an extension of the argument to the general case.



LECTURES ON THE COHOMOLOGY OF RECIPROCITY SHEAVES 133

Proposition 1.10. The (absolute) Kdhler differentials are reciprocity sheaves, i.e.,
Q/ e RSCyis  forall j=>0.

Proof. As a corollary of [11, Theorem 3.1.8] Kihler differentials have an action
of finite transfers. It remains to show that they satisfy the modulus condition in
Definition 1.5.

For any form a € Q/(U) there is a proper modulus pair (X, D) such that a €
HO(X, Qﬂ( ®oy Ox(D)). We claim that (X, 2D) is a modulus for a in the sense
of Definition 1.5. For an integral smooth k-scheme S the restriction Q’S — QIJC( )
is injective, hence we reduce to show the following: If C is a regular projective
curve C over a k-function field K which comes with a map to X, such that its
image is not contained in D, and f € K (C) satisfies the condition f =1 mod2Dc,
where D¢ denotes the pullback of D to C, then we have to show

dive(f)*a =0. (1-1)
To this end, observe that the modulus condition for f and the choice of (X, D) imply
Res; (ajc dlog(f)) =0,
for all x € D¢, where Res, : Qﬂé) — Q}( denotes the residue symbol. Since the
pullback of a to C \ D¢ is regular, we have

Resx (a\c dlog(f)) = Uy (f) trK(x)/K(a(x)) forallx e C \ Dc,

with trg ) /k : Q}( w ™ Qﬁ( the trace. Thus the reciprocity law yields

0= Res(adlog(f)) = > vc(f)trgemyx @),

xeC xeC\Dc¢
which is a reformulation of (1-1). U
Definition 1.11. For a reciprocity presheaf F' € RSC we form the modulus presheaf
F by defining
F(X, D) :={a € F(X\ D) :a has modulus (X, D+ N - B), for some N > 0},

where (X, D + B) is a compactification of (X, D), in the sense of [26, Defini-

tion 1.8.1], i.e., it is a proper modulus pair with X = X \ B and D = ﬁ‘x. This defi-
nition is independent of the choice of the compactification, by, e.g., [47, Remark 1.5].

We have F € MPST and it satisfies:

o T-invariance: F(X RO = F(X).

« M-reciprocity: F(X, D) =lim, F(X,D+ N - B).
o Semipurity: f(X, D) C F(X \ D, 9).
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In fact, F is a O-invariant modulus presheaf by [28, Propositions 2.3.7 and 2.4.1],
and the other two properties follow directly from the definition.

Definition 1.12. We define CI® as the full subcategory of MPST consisting of
presheaves satisfying cube-invariance and M-reciprocity. We let CI**P denote the
full subcategory of CI* consisting of semipure presheaves.

This gives an adjoint functor pair (see [28, Proposition 2.3.7])
w : CI"® Z RSC : 0%,

where @C1(F) = F € CI™*. For a proper modulus pair X’ we obtain th?(.)( ) €
RSC; see [28, Corollary 2.3.5].

Modulus sheaves.

Definition 1.13. A presheaf G € MPST is a modulus sheaf if for all modulus pairs
X = (X, D) the presheaf on the category of étale X-schemes

U -5 X)—> G(U, Diy) =: G (U)

is a Nisnevich sheaf.
We let MNST denote the category of Nisnevich modulus sheaves. Note that w,
restricts to a functor MNST — NST which we also denote by w;.

Remark 1.14. Note that MNST is not the category of sheaves on a site whose
underlying category is MCor. However, there is a subcategory of MCor which
underlies a site associated to a regular and complete cd-structure, such that G €
MPST is a sheaf in the above sense if and only if the restriction of G is a sheaf on
this site; see [26, Proposition 3.2.3].

Theorem 1.15 [26; 27]. The natural inclusion MNST — MPST admits an exact
left adjoint, the so-called shedfification,

anis : MPST — MINST,
which sends presheaves with M-reciprocity to sheaves with M-reciprocity.

The existence of the sheafification functor is proven in [26]. It follows from
[27, Theorem 2] that it is compatible with M-reciprocity. By [26, Theorem 2] the
sheafifcation functor is determined by the formula

anis(G)x,py = lim f«(G (v, fp) Nis),

where the colimit is taken over a directed set of proper morphisms f : Y — X which
induce an isomorphism on the complement Y\ f*D = X\ D and the index Nis on the
right denotes the Nisnevich sheafification on the category of étale Y-schemes. Thus,

wi(anis(G)) = (@1G)Nis» (1-2)
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where the index Nis on the right denotes the Nisnevich sheafification on Sm, which
by a result of Voevodsky restricts to a functor PST — NST. Also,

Extynst Ze(X, D), G) =1lim H' (Ynis. G (v, +D))- (1-3)
This leads to the following question [26, Question 1]:
Question 1.16. Does (1-3) stabilize for G € CIj;’ := CI*** "\MNST?°

A fundamental result by S. Saito generalizes Voevodsky’s strict homotopy invari-
ance theorem by proving that Nisnevich sheafification preserves C-invariance. The
proof requires in particular a delicate extension of Voevodsky’s theory of standard
triples (see [55, Chapters 3 and 4]) to the setup of modulus pairs.

Theorem 1.17 [47, Theorem 10.1]. We have
anis(CI™*P) C CIIT\I’:Sp .
Corollary 1.18. For every F € RSC, the Nisnevich sheafification Fyis belongs to
RSCyis. In particular, RSCnis C NST is a full abelian subcategory.
Proof. By Theorem 1.17 we have

G = anis(F) € CI;? = CI"*P N MINST.
Together with (1-2) we get
Fris = 01(G) € RSCNNST = RSChjs - O

The following purity theorem by S. Saito generalizes the A!-invariant purity
theorem by Voevodsky and will be essential in Section 5.

Theorem 1.19 [47, Theorem 0.2]. For F € RSCyis and x € X'© a c-codimensional
point in X we have
H{(X,F)=0 fori+#c,
and
F((AT\{0) x x)
S F(AN{0)I=! x Al (AT \ (0D x x)

Remark 1.20. The isomorphism in (1-4) depends on the choice of a k-isomorphism

H{(X, F) > F_o(X):= (1-4)

kOt ... 1) — O%

31t is shown in [40, no. 6.9] that this question has a negative answer if the base field has positive
characteristic p, the divisor of the modulus pair (X, D) has a component of multiplicity divisible
by p,and G = Q4 with q # 0 and g # dim X. But it remains an interesting question for which G and
(X, D) one has a positive answer. Assuming resolutions of singularity this is, for example, the case if
q = dim X; see [40, Corollary 7.5].
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where (9’)}’ . denotes the henselization of Oy ,. In particular, it is not functorial
(as one directly sees by considering the case F' = G, and ¢ = 1). Note that if F
is Al-invariant the isomorphism is independent of this choice; see [55, Chapter 3,
Lemma 4.36].

Using Theorem 1.19 we find that the Ej-complex of the coniveau spectral
sequence has vanishing cohomology except in degree zero, hence we obtain the
Cousin resolution

0> Fx > P iHY(F) > -+ —> P i H{(F) > -+ (1-5)

xeX©® xeX©

on Xnis as a generalization of the Gersten resolution in the Al-invariant case. The
injectivity of the first morphism was already proven in [25].

Relation with the logarithmic theory. Further results by S. Saito give the relation
with the logarithmic theory of Binda, Park, and @stvzr.

Definition 1.21. We say that X = (X, D) is an Is modulus pair if X € Sm and Dyeq
is a strict normal crossing divisor on X. (Note that D is allowed to be nonreduced.)
Let MCor,, denote the full subcategory of MCor of 1s modulus pairs.

A morphism f : Y — X of smooth schemes is transversal to D if

f'\oin---ND,) Y
is a regular closed embedding of codimension equal to r, for any irreducible
components Di, ..., D, of Dieg.

Definition 1.22. Let (X, M) be a smooth log smooth scheme, where M is a
monoid sheaf with a multiplicative map M — Oy, which is an isomorphism
over Oy, defining the log structure. By definition supp M denotes the support of
the monoid sheaf M/Og. We have (X, supp M) € MCorj (see, for example, [5,
Lemma A.5.10]) and define, for F € RSCyjs,

F8(X, M) := F(X, supp M).

Theorem 1.23 [48, Theorems 6.1 and 6.3]. Let Shv!il. denote the category of
dividing Nisnevich sheaves with log-transfers on log smooth fs log schemes, in the
sense of |5, Definition 4.2.1]. Then there exists a functor

RSCNiS —> Shvglr\“s

sending F — F'°2 which is exact and fully faithful. Also, F'°¢ is strictly O-invariant,
that is, for smooth log smooth schemes (X, M) we have

Hini (X, M), F°8) = Hi (X, M) x T, F'°%)
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and the Nisnevich cohomology of F(x supp m) (With the notation from Definition 1.13)
is representable in the triangulated category of logarithmic motives logDM®T (k)
constructed in [5]:

H'(X, Fx supp a) = Homyoo ey (M (X, M), F%[i]).

2. De Rham—-Witt sheaves as reciprocity sheaves

We give a short introduction to the de Rham—Witt sheaves introduced by Bloch [7]
and Illusie [22], describe some basic properties, define transfers, and show that they
are reciprocity sheaves. From this one obtains many interesting reciprocity sheaves,
which are useful, for example, in the study of crystalline cohomology, the Brauer
group, and étale motivic cohomology with p-primary torsion coefficients.

Motivation. Let X be a smooth projective scheme over [ ,» and set
: ; 1
Hi = Hérys(X/W([Fpn))[;],

the i-th crystalline cohomology group, where W ([F,») denotes the Witt vectors
of F,». Then H ! is a finite-dimensional vector space over the field W ([ ,»)[1/p],
and considering the action of Frobenius on it, it becomes a F := (Fy)*-crystal.
Such crystals have a slope decomposition

H =P Hj,

where A ranges through the nonnegative rational numbers. Here Hi is a subvector
space on which the Frobenius acts with eigenvalues having p-adic valuation equal
to A.

One of the main motivations behind the construction of the de Rham—Witt
complex is the wish to understand this slope decomposition from a cohomological
point of view. And indeed, the de Rham—Witt complex W Q* computes crystalline
cohomology by

H = H (Xzar, wm[l].
p

The Hodge-to-de Rham spectral sequence yields the slope spectral sequence given
by
E/ = HI(X, WQJ')[l] — H*,
p
which degenerates to give
P H=Hx Wszf)[l].
p

j<h<j+l
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Witt vectors. Let A be an [ ,-algebra. We recall that, for n > 1, the Witt vectors of
length n of A form a ring whose underlying set is equal to

W, (A) ={(ao, ..., an—1) 1 a; € A},

and whose ring structure is defined in such a way that the following properties hold:
The map

R:W,11(A) = W, (A), (ao,...,an)— (ao,...,ay—1),
is a ring-map, called the restriction. The map
F:Wui1(A) > Wu(A),  (ag,....an) > (@), ....a’ ),
is a ring-map, called the Frobenius. The map
ViW,(A) = W1 (A), (ag,...,an—1) = (0,a9,...,a,-1),
is a group-map, called the Verschiebung (or shift). The map
[-]:A— W,(4), a+la]l:=(a,0,...,0),
is multiplicative and is called the Teichmiiller lift. Also,
e Wi(A) = A as aring,
© @0, .. ap-1) = Y15 Vilai]), where Vi=Vo...0V,
o FV = VF is multiplication by p, i—times
e V(a)-b=V(a- F(b)).

Passing to the limit
W(A) :=1limW, (A),

n

where the transition maps are given by the restriction, we get a ring which is
p-torsion free if A is reduced. For details, see, e.g., [50, Chapter II, §6].

Example 2.1. The Witt vectors have the following properties:
e W) =lmW,(F,)=2,.

o If A is perféct, that is, the Frobenius is an isomorphism, then W, (A) is the unique
flat 7/ p" Z-lift of A/ .

e The contravariant functor
(Schemes/ F )’ — (Ab-groups), X > H(X, W,Ox),

is represented by a ring scheme W,,. Thus the ring W,,(A) is equal to the A-rational
points of W,.
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e Any commutative unipotent [,-group scheme can be embedded into ®ni Wh,,
viewed as a group scheme.

The de Rham—Witt complex. The de Rham—Witt complex of an [ ,-scheme X, as
defined by Bloch [7], Illusie [22], or Kato [29] is a pro-differential graded algebra

(W, Q*, d)u>1, R),
where d is the differential and R is the restriction map, such that
W, Q0 = W, 0x.
It is equipped with an extension of the Frobenius map
F:Wep Q% — W,Q%,
and an extension of the Verschiebung map on W,Ox
VW% — We1Q%,
which satisfy the following conditions:
e F is a map of graded rings, and V is a map of graded groups.
o The composition of maps F'V is given by multiplication by p.
F-linearity: V(a)-B =V (a- F(B)).
e FdV =d.
Fd[a] = [a]"~d[a], for a € W,O.

In fact, in [21] Hesselholt and Madsen show that W, is the initial object in
the category of pro-differentially graded algebras with the above properties. They
also extend the definition to all Z,)-algebras.

We have W2y = QY ¢ , and there is a commutative square

W Q) —F— w,9
Ql —Cy Qljaql!
X x/dx
i.e., F lifts the inverse Cartier operator C~!, which is determined by the formula
C~'(adlogb) = a’dlogh.

Remark 2.2. (1) For an [ ,-algebra A, Bloch constructed the de Rham-Witt com-
plex in [7] as the pro-object

W.Q4 = TSker(K,4+1(AIT1/T*) =% K,11(A)),
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where T denotes the p-typical part and S the symbolic part of Quillen K-theory.
Bloch’s construction was originally limited to the case dim A < p and p # 2. This
restriction was removed in [29].

(2) Following an idea of Deligne, Illusie constructed the de Rham—Witt complex
in [22] as a quotient of Q;’Vn Ox/Wa(Fp)® such that it is the universal example of a
pro-dga with a Verschiebung V satisfying certain properties. Then he proves that
on this complex an F as above exists.

(3) If X is a smooth scheme over k with a smooth lift over X, /W, (k), then
Wa Q% = HI(Qx, w0

and one can show that this isomorphism is independent of the lift; see [23, Chap-
ter I, (1.5)]. As Illusie and Raynaud explain in loc. cit., it was observed by N. Katz
that one can take the right-hand side of the above isomorphism as the definition of
the de Rham—Witt sheaves (using local lifts of X over W, (k) and glue) and that it
is possible to construct the structure of a pro-dga with maps F and V using this
description.

(4) We mention that there are other constructions of the de Rham—Witt complex by
Bhatt, Lurie, and Mathew [4], Cuntz and Deninger [16], Hesselholt [20], Hesselholt
and Madsen [21], and Langer and Zink [36], each of which works in a different
generality, but they all agree for smooth schemes over a perfect field of positive
characteristic.

Theorem 2.3 [22, Chapter II, Theorem 1.4]. Let X be a smooth scheme over a
perfect field k of characteristic p > 0 and let u : (X /W, (k))crys — Xzar be the
change of sites map. Then there is an isomorphism

RM*OX/Wn(k),Crys = WnQ;(

We remark that Bloch proved in [7, Chapter III, Theorem (2.1)] such an isomor-
phism in the limit over n using his K -theoretic construction of the de Rham—-Witt
complex (as a pro-object) under the additional assumption that dim X < p and
p # 2. These assumptions were later removed by Kato; see [29, p. 635, Remark 2].

Theorem 2.4 [17, Chapter I, Theorem 4.1 and Chapter II, Theorem 2.2]. Let X be
a smooth scheme over k and let

7 WuX = (X, W, Ox) — Spec W, (k)
be the finite-type morphism of schemes induced by the structure map of X. Then

7' W, (k) = W, Q4™ X [dim X],
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where 1" denotes the exceptional inverse image in the derived category of O-modules
from Grothendieck duality. There is a canonical isomorphism

W, = RHomy, o, (W, Q5™ 7, W,Q4mX),
Using the above theorem, Gros constructed in [19] a pushforward
fe: REWLQ) — W, [—r],
for a proper morphism f : Y — X of relative dimension r between smooth schemes.

Proposition 2.5. The de Rham-Witt sheaves are reciprocity sheaves, i.e.,
W, 2/ € RSCnis

forall j >0. The maps d, R, F, V are compatible with the transfer structure and
hence are morphisms of reciprocity sheaves.

Proof. The finite transfers structure on W,/ and its compatibility withd, R, V, F is
a consequence of [12, Theorem 3.4.6]. We recall the definition: for Z € Cor(X, Y)
the correspondence action is given by the composition

7% W,Q (V) L W, Q7 (X x V)
Uclz Hgle(X X Y, Wan-i-dimY)

Xy W, QU (X)),

where clz denotes the cycle class and py, denotes the pushforward with supports
from [12, 2.3]. Note that since Y does not need to be proper, this pushforward
only exists with support in the finite X-scheme Z. We also want to point out the
compatibility of the pushforward, and hence the correspondence action with d, R,
F, V, is not obvious and requires Ekedahl’s careful analysis of the behavior of
these maps under duality; see [17, Chapter III]. We find W, 2/ € NST. It remains
to show that any form a € W, Q/(X) has a modulus. This is similar to the case of
Kéhler differentials in the proof of Proposition 1.10; see [25, Theorem B.2.2] for
details. ([

Since RSCyj; is an abelian category (see Corollary 1.18), Proposition 2.5 gives
us many more examples of reciprocity sheaves by taking kernels and quotients of
the maps d, R, F, V. In particular we obtain:

(1) W,Q* € Comp™ (RSCx;s) represents the complex of sheaves sending a smooth
scheme X to RusOx;w, crys-
(2) We have

Boo W,/ :=|_| F7dW,,Q/~" € RSCy; . (2-1)

r>0
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(3) The generalized Artin—Schreier—Witt sequence is the exact sequence
j F-1 j
0— W, QX Jog W,Qy /Boo —— W, Q% /Boo — 0

on X¢, where W, Qé( log is the subsheaf of W, Qj which locally is generated by dlog-
forms [22, Chapter I, 57] Boo = BooW,Q/, and F:W, Q’/B — W, Q% /B
is induced by “lifting to level n 4+ 1 and applying F : Wn+1§2 — WnQJ ” (this
operation is well defined on the quotient modulo B,). The exactness of this
sequence can be deduced from [15, §1, Lemma 2; 22, I, (3.21.1.1), (3.21.1.3) and
Proposition 3.26 and its proof]. By a famous theorem of Geisser and Levine [18]
we have

W Q‘;{]og[ J];Z/pn(.])xe”

where the right-hand side denotes the étale motivic complex of weight j with 7/ p"-
coefficients. Let € : Sm¢; — Smyjs be the change of sites map. Since W, Q7 x/Boo

a direct limit of sheaves which are successive extensions of coherent O- modules, it
is acyclic for Re,. Thus we obtain

ReZ/p"(j) = (WyQ [ Boo —=5 W,/ /Boo)[—jl € D" (RSCnig).  (2-2)

(4) By a result of Voevodsky the prime-to-p part of R'e.(Q/Z(}j)) is homotopy
invariant, and combining this with the above yields

R'e.(Q/Z(j)) € RSCyis forall i, j.

By the above this is not homotopy invariant only for i = j 4 1. In particular, the
Brauer group defines a reciprocity sheaf:

X — Br(X) = H°(X, R%¢.(Q/Z(1))) € RSCxjs -

3. Computation of the modulus in examples

We give some computations of the modulus in certain examples. We will see that
the modulus detects higher poles and ramifications, which is not captured by the
classical Al-invariant theory.

We let L be a henselian discrete valuation field of geometric type over the perfect
base field k, i.e.,

h
L =Frac O ,,

where U is a smooth k-scheme and x € U,
For F € RSCyjs we let F(L) := F(Spec L) and

F(Op, m™) := F(Spec Oy, n - {closed point}).
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By [44, Theorem 4.15(4)] we obtain for any proper modulus pair (X, D) that
F(X, D) equals

{ae F(X\D) | p*ac F(OL,m;" ") VL Vpe(X\D)(L)}. (3-1)
In order to understand the modulus sheaf F we have to study the filtration
F(Oy) c F(O,.m{"YC --c F(O,. m;")C---C F(L)

for all L. For Al-invariant Nisnevich sheaves we have F Oy, mzl) = F(L). For a
non-A!-invariant reciprocity sheaf this is an exhaustive increasing filtration, which
for varying L is infinite, in the sense that there exists no natural number n > 0 such
that F'(L) is equal to F(OL, m~") for all L; see [45, Lemma 5.2].

Definition 3.1. The reciprocity sheaf F has level n > 0, if for any smooth k-scheme
X and any a € F(A' x X) the following implication holds:

am € F(z) C F(A}) forall z € X(<y—1) => a € F(X) C F(A' xX),

where a,1 denotes the restriction of a to A; and X (<,—1) denotes the set of points
in X whose closure has dimension <n —1.°

Clearly, A'-invariant sheaves have level 0. Any commutative algebraic group G
over k has level 1 by [44, Theorem 5.2]. If F has level n it suffices to consider in
(3-1) those L which have transcendence degree < n over k. For example, if the
level is n = 1, this can be interpreted as a cut-by-curves criterion for determining
the modulus of an element a € F(U). If the level is n = 2 we have a cut-by-surfaces
criterion, etc.

Differential forms and rank-1 connections.

Theorem 3.2 [40, Chapter 6; 44, Chapter 6]. Letchark = p >0and j > 1. Then
the modulus sheaf Q;Z has level j 41 and
97'1«% o) = ,],%s-;zgﬂaogt) {pr =0or(n,p)=1,
0,7 if p>0and p|n,
where t € my is a local parameter.
If p = 0 and Conn'(X) (resp. Conn! (X)) denotes the group of isomorphism

nt
classes of (resp. integrable) rank-1 connections on X[k, we have:

« Conn' € RSCxj, has level 2 and Conn] (X) € RSChis has level 1.

. Connilm(X , D) is the group of isomorphism classes of integrable rank-1 con-
nections on U = X \ D whose nonlog irregularity " is bounded by D.

OThis is equivalent to the motivic conductor of F having level » in the language of [44].
TThe nonlog irregularity of a rank-1 connection E on Spec L is zero if this connection extends to
Spec Of, and else is equal to irr(E) + 1, where irr(E) denotes the usual irregularity.
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. h%l (Connilm)(U ) is the group of isomorphism classes of regular singular rank-
1 connections on U, where we denote by hgl (F) the maximal A'-invariant
subsheaf of F.

Using the above formulas and the birational invariance of sz (see (1-3) with
i =0) it is shown in [40, Corollary 7.3] (see also [42, Theorem 7.1]) that an integral
normal Cohen—Macaulay scheme Y of dimension d and of finite type over k has
pseudorational singularities if for each effective Cartier divisor R, such that ¥ \ R
is smooth, the sheaf Q9 y g is S2, i.e., is completely determined by its stalks at the
zero- and one-codimensional points of Y. Note that in view of (3-1), this condition
can be rephrased as a condition on the local filtrations Q4(Or, m™") for various L
mapping to Y.

Witt vectors and characters of the abelianized fundamental group. Let chark =
p > 0. In order to define the Albanese with modulus in higher dimension, Kato
and Russell defined in [31] the filtration

filf W, (L) ==Y F/ (fi1l°%, W, (L) + V" (6l W,(L))), r >0,

r—
j=0

where fill8 W,(L) = {(ao, ..., an_1) | p"~'“ivp(a;) > —r foralli}, and s =
min{n, ord, (r)}.
Theorem 3.3 [44, Theorem 7.20]. The Witt sheaf W, has level 1, and
W, (Op, m;") = fil¥ W,(L).
In particular,
O, r=<1,
Gu(Or. m) =12, FI(:501), (p,rn=1,
Zj Fj(ti,(’)L), plr.
Let Hélt(L, Q/7) = Homs (G, Q/7Z), where G denotes the absolute Galois

group of L. As a variant of the Brylinski—Kato filtration [10; 30] Matsuda introduced
in [37], on H}(L, Q/Z), the filtration

fil, HL(L, Q/7) := @ HL(L,Q/7) ® U im(filY W, (L) - HL(L,Q/Z)),
I#p n

where the maps ﬁlrF wW,(L) - H élt(L, Q/Z) are induced by the isomorphism

Hélt(L, Q/2) = lim,, W, (L)/(F — 1)W,(L) stemming from Artin—Schreier-Witt

sequence.® This filtration was originally introduced to generalize the Artin-conductor

to the case of imperfect residue fields.

8Matsuda does not consider the F-saturated filtration, but note that the images of fil” and fil in
the quotient W, (L)/(F — 1) coincide.
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Theorem 3.4 [44, Theorem 8.10]. Let € : Sm¢; — Smjis denote the change of sites.
Then R'e,Q/7 € RSCnis has level 1, and
R'e.(Q/Z7)(O, m7") = fil, HL(L, Q/2).

Remark 3.5. (1) By work of A. Abbes and T. Saito [1] and Y. Yatagawa [57],

fil, Hy(L, @/Z) = Home(G 1/ G7F, Q/2),
where {G{} je@., is the Abbes—Saito ramification filtration of G, and G} =
Us>r GZ e
(2) Similarly as above one can use (2-2) to determine R/*1e,.(Q/Z(})) for j > 1.

This is work in progress.

Torsors under finite group schemes in positive characteristic. Let chark = p > 0,
and let G be a finite commutative k-group scheme. We can write

G = Gem X Gey X Gim X Gy,

where G.p, is an étale multiplicative group (e.g., Z/1), Gy is an étale unipotent
group (e.g., Z/p), Gin is an infinitesimal multiplicative group (e.g., i,), and Gy,
is an infinitesimal unipotent group (e.g., ;). Consider the presheaf on Sm

1 .
X > H'(G)(X) := Hyy(X, G),
which classifies isomorphism classes of fppf-G-torsors over X.

Theorem 3.6 [44, Theorem 9.12]. o The presheaf H 1(G) belongs to RSCyis and
has level 2, except for the case when Gy, = 0, in which case it has level 1.

* Hl(Gem X Gim) € HINis-

e Themap L - H 1(ozl,,)(L) induced by the exact sequence of fppf-sheaves 0 —
a, — G, N Gy — 0 restricts to surjections

Ga(Or,m;") = H'(ap)(Op,m;"), r>0.

4. Tensor products and twists

The Lax monoidal structure on RSCnjs.

Definition 4.1. For two reciprocity sheaves F' and G we define a new reciprocity
sheaf by

(F, G)rscyy, ' = Q!(hoi(ﬁ ®MPST G))nis € RSChis -

It is not clear that this induces a monoidal structure since it is not clear that this

CI;

construction is associative. Also, it is not clear that this is right exact since @™ is not

right exact. However, it induces a lax monoidal structure; see [45, Corollary 4.18].
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Theorem 4.2 [45]. (1) Let Hlnis denote the category of Al-invariant Nisnevich
sheaves with transfers. By Voevodsky it has a symmetric monoidal structure denoted
by ®mui1y,,- For F, G € Hlis we have

(F, G)Rscy;, = F ®ury, G.
(2) Ifchark =0, then
(G, A)rscy;, =0,
for any commutative unipotent group G and abelian variety A.

(3) Ifchark =0, then there are isomorphisms
(Ga, Gm)RsCy, — )z, ¥ ®aQu > y*(p*andlogq*u),
and if we denote by In, C Oxx,x the ideal sheaf of the diagonal, then
(Ga. Ga)rscy, (X) —> HY(X, Oxxyx/13,). y®a®br> y*(p*a®q*b).’

where y € Cor(X,Y x Z),a € G,(Y), b € G,(Z), u € G, (Z), p and q denote
the projections fromY x Z to Y and Y X Z to Z, respectively, and the element
y ® a ® u denotes the image of the corresponding element in (G, Qpst G,;,)(X)
under the natural map G, @pst G, — (G4, Gp)Rscy,,» Similarly with y ® a ® b.

Definition 4.3. For G in CIIT\,’iSSp we define

G(n) := h (G @mpst K)HE € CILP
and
y"G :=Homypst (K", G) € CI;?,

where K ,{"’ denotes the (improved) Milnor K -sheaf (see [33]) and the upper sp
in the first formula denotes the semipurification functor CI§;, — CI:’, which is
given by G = Im(G — o*w(G)).

For F in RSCy;js we define

F(1) := (F, Gn)Rrscy-»
and recursively
F(n):=F{n—1))(1) € RSCj;s .
We also define
y"F :=Hompst(K,', F) € RSCni .

Generalizing part of Voevodsky’s cancellation theorem [53], Merici and S. Saito
show the following:

9We use the transfers structure stemming from the decomposition Ox y, x / Iix =0x® Q}Z.



LECTURES ON THE COHOMOLOGY OF RECIPROCITY SHEAVES 147

Theorem 4.4 [38, Corollary 3.6]. For F in RSCnjs we have
y"(f(n)) ~F and y"(F{n))=F.
Proposition 4.5 [6; 45]. There are identities
. z(n) = Q*K,{” € CIf\I’iSSp,
e Z{n) = KM € RSChjs.
In char k = 0, we have the identities
* Gu(n) =, € CIY,
¢ Ga(n) =27, € RSCis.
The proof of the latter identities uses the computation of 52\72((’)& m;").

Proposition 4.6. Assume chark = p > 7. Then (see (2-1) for notation)
(Gas KnM)RSCNiS = S.zn/BOQS-Zn

Proof. Since there is a natural morphism Q" — " /B in CIIt\I’iSSp, and the inverse
Cartier isomorphism induces an endomorphism F : Q"/Bo, — Q" /Bo (see (2-2)),
we can use Theorems 3.2 and 3.3 to construct a map (G,, K ,ﬁ” JRSCrni, — 2"/ Boo
in RSCnjs similar as in the proof of [45, Theorem 5.20]. By Corollary 1.18 and
Theorem 1.19 it suffices to show that it is an isomorphism on any function field K.
By [45, Proposition 5.18] there is a surjective map Q% — (G, K, ,ﬁ” )RSCy;, (K) (here
we use p > 7). The same proof as in [24, Corollary 5.4.12] shows that this map
factors over the quotient Q% /Bs. By construction of the maps, the composition

Ql;(/Boo — (Ga, K,?/I)RSCNB(K) - QVIZ(/BOO

is the identity, which completes the proof. ([

Remark 4.7. Similarly, one can also show G, (n) = Q" /B, (at least for p > 7).
This is not immediate from the above. In the induction step " /Bso (1) = Q" /By,
a description of Q" /B (Oy, m; ") is required. The latter group was computed by
Riilling and will appear somewhere else.

Proposition 4.8 [6, Theorem 11.8]. Assume p > 0. There is a natural isomorphism
W,QI7" = y"(W,Q1),
which sends a Witt-differential form w € W,.Q47"(X) to the map
Yo € y" (W, Q7)(X) = Hompst(K,", Hompst(Zir(X), W,Q7)),
which on Y is given by
0o(Y): KM (Y) > W,QU(X xY), ar> pyw-dlog(pya),

where px, py denote the two projections from X x Y to X, Y, respectively.
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As W,.Q7 is a successive extension of certain subquotients of €29, this is a
consequence of the well-known equality Rln*Q;’(Xpl = Q;](_l and the fact that a
reciprocity sheaf F satisfies

R'm Fyyp = (y'F)x,

where 7 : IP’% — X. This is a consequence of the cube-invariance of the cohomology
of F; see [47, Theorem 9.3].

5. Cohomology of reciprocity sheaves

We explain some structural results about the cohomology of reciprocity sheaves such
as a projective bundle formula, a blow-up formula, a Gysin sequence, the existence
of a proper pushforward and the existence of an action of Chow correspondences.
This has consequences outside the theory of reciprocity sheaves. For example, we
obtain new birational invariants of smooth projective varieties and obstructions to
the existence of zero-cycles of degree one. We survey these applications at the end
of this section.

Structural results.

Theorem 5.1 (blow-up formula, [6, Corollary 7.3]). Let G € CIIT\I’iSSp and X =
(X, D) € MCory (see Definition 1.21 for notation). Assume thati : Z — X is a
closed immersion of codimension c that is transversal to D (see 1.21). Let p : X—>X
denote the blow-up of X in Z, and let X = (f, Dlg), and Z :=(Z, D\z). Then

c—1
Rp.G3 =Gy ® @iy Gzl-il.
i=1

7,8p

Theorem 5.2 (projective bundle formula, [6, Theorem 6.3]). Let G € Cl;;" and
X = (X, D) e MCor,,. Assume that w : P — X is a projective bundle of rank n,
and let P := (P, D\p). Then

n
R7.Gp = P G)l~i].
i=0

The proofs of these two theorems are intertwined and go beyond the scope of
these lectures. We just mention some points to compare with classical arguments
in the Al-invariant case:

First one proves that there is a blow-up distinguished triangle (we comment
on the proof below). The projective bundle formula is then proven by induction
starting from the P!-invariance of the cohomology, which is a consequence of the
cube-invariance proven in [47, Theorem 9.3], and using the blow-up triangle in
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the induction step. Using the projective bundle formula one can then, similar as
Voevodsky, construct a splitting of the blow-up triangle, where one uses C-invariance
instead of A!-invariance.

The essential point in the proof of the blow-up triangle is to show the vanishing

R p.Gypry =0, i=1,

where p : ¥ — AZ is the blow-up in the origin 0 and L C A? is a line containing 0.
Denote by 7 : ¥ — P! the projection to the exceptional divisor of the blow-up.
Then it is not hard to see that the above vanishing is implied by the vanishing

H' P, 7.Gy. 1)) =0

This is shown in [6, Lemma 2.13]. The proof is a bit technical. However, in
the course of this proof one is confronted with certain modulus-related problems
which do not come up in the A'-invariant story. This is why a crucial ingredient
in the proof is the following modulus-descent result: Consider the morphism
Yo - A; X A; — A}C X A; given by the k[s]-algebra morphism k[x, s] — k[y, s],
x +— ys. It induces a map

=M

" D(1) ®D(2) — O (€]

®O," in MCor,

where 0" = (P!, n- {0}+n-{o0}). Indeed to check this denote by I C P x P x P
the closure of the graph of vy (as a morphism over Al) Then the clalm holds by
the following identities of divisors on I':

2-{0s} + {0y} = {0} + {0},  2-{o0s}+ {ooy} = {oor} + {004},

{0y} ={0x} + {005}, {00y} = {oor} +{0s}.
In partlcular the map g does not define a modulus correspondence from D ® D(l)

i(l ®D

Proposition 5.3 [6, Proposition 2.5]. Let G € CIy;". With the notation from above
Yv* factors for X € MCory, as

G(Dm ®D“) ® 1)

Y l

¢@ o0 ® X) AN 6@, 00" ®x),

= =1
where the vertical map is induced by the natural morphism D; LR DE ) and it is
injective by the semipurity of G.
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Let us 111ustrate Proposmon 5.3 in the example G = Q? sk and X = (Speck, 9).
In this case G(D ® D ) =k - dlog(x) dlog(s) and we have

¥* (dlog(x) dlog(s)) = dlog(ys) dlog(s) = dlog(y) dlog(s) € GO, @ ..

Example 5.4. We spell out the projective bundle formula in two concrete cases
(the blow-up formula is similar). Let the situation be as in Theorem 5.2.

e In chark =0 we have

n

R, 7 (10g Dip)(D)p — Dyp.rea) = €D @/ (log D)(D — Drea)[—i].
i=0

Taking D = @ recovers the classical projection bundle formula.

« In positive characteristic p with D = &, we have

n
R (R e,2/p" () p =@ (R e2/p" (j — ))x[—il.
i=0
Note that this can also be deduced from the projective bundle formula for the
Hodge—Witt cohomology by Gros [19, I, Theorem 4.1.11].

We remark, that in the second example we have to take the empty divisor since the
formula y' (R' e, Z/p"(j))(x.p) = (R~ Z/p"(j — i))(x.p) is only known
for D = &, in which case it follows from the exactness of y' and [6, Theorem 11.8].
In characteristic zero we have yiQ;Z = Q;Z_ " by [6, Corollary 11.2].

Similar to Voevodsky [52, Proposition 3.5.4] we obtain a Gysin triangle.

Theorem 5.5 (Gysin sequence [6, Theorem 7.16]). Let G € le\jissp and X =(X, D) e
MPST,,. Assume thati : Z < X is a closed immersion of codimension c that is
transversal to D, in the sense of Definition 1.21. Let Z := (Z, D\z), and let
o X — X denote the blow-up of Z in X with E = p~'(Z) the exceptional divisor.

Then there is an exact triangle

gZ/X

. ¢

iy Gzl—c 225 Gu —> Rp.G 5.p ) — sy Gzl—c+ 1]
in D (Xnis).

Example 5.6. In chark = 0 and ¢ = 1 we get an exact sequence

0 — Conn' (X, D) — Comn' (X, D + Z)

— H%(Z, 02("*D — (i* D)wea))/Z “2*> H' (X, 2/ (log DY(D — Dm))

dlog(j*o§\p)
Hl (X Qi(/k(log D+ Z)(D - Dred))
ﬁ
leg(j*O;\(DJrZ))
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and for ¢ > 2 we have
Conn' (X, D) = Conn! (X, p*D + E),

where Conn' (X) denotes the group of isomorphism classes of rank-1 connections
on X.

Example 5.7. Let Lisse' € RSCyjs be the sheaf whose sections over X are the lisse
Q;-sheaves of rank 1, and Lisse’ (X, D) the lisse @;-sheaves of rank 1 on X \D
with Artin conductor less than or equal to D. Then for chark = p > 0, [ # p, and
¢ > 2, we have

Lisse' (X, D) = Lisse! (X, p*D + E).
We can now define a proper correspondence action on reciprocity sheaves.

Definition 5.8. Let S be a scheme of finite type over k and let Cs denote the category
of proper (Chow) correspondences, i.e., its objects are S-schemes X L, § such
that X is quasiprojective and smooth over k, and f is a morphism of finite type.
Morphisms in Cs between (connected) objects X and Y are elements in

Cs(X,Y):= lim CHgmx(Z),
ZCXxsY

where the direct limit runs over all closed subschemes Z C X xsY which are proper
over X. The composition of morphisms in this category is defined using Fulton’s
refined intersections.

Definition 5.9. For F' € RSCyjs, and objects X AN Sand Y %> Sin Cg, together
with an element o € Cs(X, Y), we define the proper correspondence action

a*: Rg.Fy — Rf,Fx in D(Snis)
by

(1) pulling backto X x Y,
(2) cupping with @ (minding the support),

(3) pushing forward to X (using the properness of the support over X).

For (2) we note that the Gersten resolution for Milnor K -theory yields an iden-
tification CHgim x (V) = Hj(X x Y, K EM ) (Bloch formula with support), where
V C X xgs Y is proper over X and e = dim Y, and hence o € CHgyj x (V') corre-
sponds to amap « : Z[—e] — RLCy(KM). The cupping with « is then defined as
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the composition
y‘Fl—el = y“F ®] RLy(K})
— RCy(y°F ®mpst KM)
= RTy (Homwpst(K,", F) ®wpst K,
A4 RIyF.

The construction of the pushforward in (3) follows the classical method, but
we have to keep track of the support, as the projection X x ¥ — X does not need
to be projective: Take a closed embedding of Y into an open U of a projective
space P over Speck. Then the pushforward is defined by using the Gysin map
with support in V' along the closed embedding X x Y < X x U. By excision the
cohomology of X x U with support in V agrees with the cohomology of X x P

with support in V' and we can use the projective bundle formula to pushforward
to X. The cancellation theorem (Theorem 4.4) is used to cancel twists.

We obtain a functor Cs — D(Snis) given by (X N S) — Rf.F.

Applications. We survey applications of the results presented in the previous sec-
tions; see [6, Chapters 10 and 11] for more details.

Obstructions to the existence of zero-cycles in degree 1.

Theorem 5.10 [6, Corollary 10.2]. Let F € RSCy;is. Let f : X — S be a projective
dominant map between smooth k-schemes. Assume there exists a degree-1 zero-cycle
on Xk, where K = k(S). Then

f*H'(S, Fs) - H (X, Fx)
is split-injective.
Proof. Take £ as a lift of & € CHy(X k)%¢=! under the map
Cs(S, X) = CHgim s (S xs X) — CHo(Xg).
Then f*é =[S] =1ids € CHgim s(S) = Cs(S, S). Hence, we have the splitting
E*o f*=(f.&)*=id: H (S, F) — H (X, F) - H'(S, F). O

Generalized Brauer—Manin obstruction for zero-cycles. Let S be a smooth pro-
jective curve over k with function field K = k(S). Let f : X — S be a projective
dominant map with X smooth, and choose v € S(g). Then for «, € CHo(Xg,) with
lift &, € CH;(Xs,), where K, and S, are the henselization of K and S at v, the map

U(ay):=a): f«Fxg, — Fs,
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depends only on «, and not on the lift &,. Indeed if «/, is a different lift then g =
&, —a,, can be represented by a cycle supported in the special fiber X, and it follows
from the construction of the proper correspondence action in Definition 5.9 that
B*: f«Fx,, — Fs, factors via 'y (Fs,) which vanishes by S. Saito’s purity theorem;
see Theorem 1.19. Taking the first cohomology with support in v yields a map

H)(S, fiFx) =% H)(S, F) > H'(S, F).
Thus we obtain a map
w: [] CHo(Xk,) —>Hom( P H) (. fFx), H'(S, F)).
veS() vES()
There is a map

v F(Xk) = @D HOSo\ (v}, fuFx) = €D H)(S. f2Fx).

veS(0) veS ()

Theorem 5.11 [6, Corollary 10.4]. If W ((ay)y) ot # O, then there does not exist
o € CHy(Xg) such that o — (ay)y.

Proof. Take a +— «, and o € CH;(X) a lifting of . We then get a diagram
0

F(Xg) —— @, HX(S, fiFx) — H'(X, F)

F ” w/
o

H(S, F),

where the second map in the horizontal sequence is the composition of sum-
ming the forget-support maps H) (S, f.Fx) — H'(S, fi.Fx) with the natural map
H'(S, f.Fx) = H'(X, F) induced by f,Fx — Rf,Fy. O

Remark 5.12. Assume k = [, is a finite field with g elements and F' = Br. Using
the Cousin resolution (1-5) of Brg and the fact that in the case at hand we have

H, (S, Brg) = Br(K,)/Br(S,) = Br(K,),
the Brauer—Hasse—Noether theorem in the function field case yields

Hyi, (S, Br) = Coker(Br(K) — () Br(K,)) = Q/Z;

veS()
see [56, XIII, §3, Theorem 2 and §6, Theorem 4]. Thus W equals the map
BI‘(XK )
CHo(X H —=,Q/7),
[ cHocxe) Om( D 5rxs) ¥ )

veS(0) veS()
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which is the classical Brauer—Manin obstruction for zero-cycles in the function field
case.

Stably birational invariance.

Definition 5.13. Let X 1> § , Y 5 S be objects of Cg and assume that X and
Y are integral. We say that f and g are properly birational over S if there exists
proper birational S-maps Z — X and Z — Y (Z could be singular).

The maps f and g are said to be stably properly birational over S if there exist
vector bundles V over X and W over Y such that P(V) and P(W) are properly
birational over S.

Example 5.14. If S is singular, and X and Y are two different resolutions of S,
then they are properly birational over S.

If f is proper and we take S =Y = Speck, then f and idspec« are stably properly
birational if and only if X is stably rational over k.

Theorem 5.15 [6, Theorem 10.7]. Any F € RSCjs is a stably properly birational
invariant over S. In other words, for every stably properly birational S-schemes
X N S, Y 45 8¢ Cys, we have an isomorphism

f * F X i) 8x F Y.
Proof. This follows from the projective bundle formula, purity, and the correspon-
dence action. (]

Theorem 5.16 [6, Theorem 10.10]. Let X AN S, Y 25 S e Cs be properly
birational over S and let F € RSCyjis. Assume that F (K) = 0 for all function fields
K /k of transcendence degree <d — 1, where d =dim X =dimY. Then

Rg.Fy — Rf.Fx.

Proof. Take a closed subscheme Z C X x g Y mapping properly and birationally to
X and Y. Then Z o Z' = Ay + € with py,.e € CHZ!(Y), and the condition on F
implies that €* = 0 on Rg, Fy; see [6, Proposition 9.13]. This implies that Z o Z’
acts as the identity on Rg, Fy; similarly with Z' o Z. (]

Remark 5.17. Taking Y = §, and g the identity, yields the vanishing result
Rf.Fx =0.

Example 5.18. Assume that dim X = dim Y = d. Then Theorem 5.16 applies to
the sheaves

Q. Qi /dlogK}',
and, if chark = p # 0, also to the sheaves

« W,Q?/Boo, R'e(Z/p"(d)),
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» G(d), for G a smooth unipotent group,
e H'(G)(d), for G a finite p-group over k,
o R, Q/Z(d) if k is algebraically closed.

Remark 5.19. The case for Q‘/ik was known before by [11, Theorem 1]. It was
later generalized to regular schemes in [13; 35].

In the first case in positive characteristic we use Geisser—Levine [18, Theo-
rem 8.3], in the second and third case we use the Bloch—Kato—Gabber theorem
[8, Theorem 2.1] and in the last case we use additionally the Milnor—Bloch—Kato
conjecture, proven by Rost and Voevodsky [54, Theorem 6.16], to check that the
condition F(K) = 0 for trdeg(K / k) < d is satisfied in the cases at hand.

There is a version of Theorem 5.16 where the vanishing F' (K ) =0 for trdeg(K / k)
less than d is replaced by the vanishing y ! F = 0 (which is, for example, satisfied
if F is any smooth commutative unipotent group), but this requires at the moment
resolution of singularities in dimension d — 1.

Corollary 5.20 [6, Corollary 11.24]. Let X L Sand Y -4 S be flat, geometrically
integral, and projective morphisms between smooth connected k-schemes. Assume
that the generic fiber has index 1, (implying that the Picard schemes Picy s and
Picy,s are representable). If X and Y are stably properly birational over S, then

PiCX/S[n] = PiCY/S[n]
on Snis for all n.

Remark 5.21. The above result is classical for S = Spec k, with k algebraically
closed.

Decomposition of the diagonal.

Definition 5.22. Let K be a function field over k and X a smooth scheme over K
with dim X = d. We say that the diagonal of X decomposes if

[Ax] = p3& + (i xid).p € CH (X xg X), (5-1)

where & € CHy(X) and 8 € CHy(Z x g X) for some closed subscheme i : Z — X
with codim(Z, X) > 1.

This condition was first considered by Bloch and Srinivas for rational coefficients
in [9]. By [14, Lemma 1.5] an integral smooth projective k-scheme X, which is
retract rational (i.e., there exist open dense subsets U C X and V C P’ together with
amap V — U which has a section), has the property that its diagonal decomposes.
Hence implications of (5-1) on cohomology yield obstructions to X being retract
rational over K.
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Theorem 5.23 [6, Theorem 10.13]. Let S be the henselization of a smooth k-scheme
in a 1-codimensional point or a regular connected affine scheme of dimension < 1
and of finite type over a function field K over k. Let f : X — S be a smooth
and projective morphism, and assume that the diagonal of the generic fiber of
decomposes. Then

F(S) =F(X),
for any F € RSCxs.

Remark 5.24. In [3, Problem 1.2] the following problem is posed:
Let k be algebraically closed with chark = p > 0 and X a smooth and proper
scheme over k& with decomposition of the diagonal. Do we then have that

HY(X,R'e,Z/p(j))=0 forall i #0?
Theorem 5.23 gives a positive answer to the problem if X is projective over k.
Indeed, if S = Speck and F = R'e,Z/p(j) we observe that F (k) = 0; see (2-2).

Theorem 5.25 [6, Corollary 11.22]. Let f : X — S be a projective morphism be-
tween smooth integral and quasiprojective k-schemes. Let dim S =e and dim X =d.
Assume the diagonal of the generic fiber of f decomposes. Then

fx: Rf.FE =5 Féle —d]
is an isomorphism, where F¢ is one of the sheaves
o Q‘/ik, or
« Qf /dlog K}, or
e R%,Q/Z(d) if k is algebraically closed,
or, if chark = p > 0, one of the sheaves
. WnQd/Boo, or
R'e(Z/p"(d)), or
G(d), for G a smooth commutative unipotent k-group, or

H'(G)(d), for G a finite p-group over k.

Example 5.26. If k is algebraically closed and X is smooth and projective over k
of dimension d such that the diagonal of X decomposes, then

H (X, R™*e,7/p"(d)) =0 forall i.

6. Further results

We give an overview of some more recent results obtained in [40; 42]. This section
was not part of the original lecture series given at CAS.



LECTURES ON THE COHOMOLOGY OF RECIPROCITY SHEAVES 157

Zariski-Nagata purity. Let U be a smooth k-scheme over a perfect base field &
and let K be a function field over k. For any presheaf with transfers we have a
pairing

F(Ugk)® Cork (Spec K, Ug) — F(K), (a,y)+ y*a, (6-1)

where Ux = U ®; K and Corg denotes the finite correspondences on smooth
K-schemes. For X an integral finite-type k-scheme of dimension d, and D C X a
closed subscheme with ideal sheaf /p and open complement U = X \ D, we have
by [32, Theorem 2.5] a surjective map

Corg (Spec K, Ug) — H*(Xg nis» KM (Ox,» Iny)), (6-2)

where Ké”(OXK, Ipy) = Ker(Ké”(OXK) — K%((’)DK)). The map is induced by
the isomorphism Z = Hf(XK,NiS, K[]}”(OXK, Ipy)), for x a closed point in Uk,
stemming from the Gersten resolution; see [33, Proposition 10 (8)].

Theorem 6.1 [42, Theorem 1.6]. Let X be a smooth integral projective k-scheme of
dimension d and let Y ._, D; be an SNC divisor with complement U = X\ J;_, D;.
Letn=(ny,...,n.) € (N>1)" and set Dy =3 ._, n;D;. Let F € RSCnis. Then the
following are equivalent for a € F(U):

(i) a € F(X, Dy).
(ii) a € f((’)x,m, m, "), for all i, where 1); is the generic point of D;.

(iii) For any function field K the map (ax, —)uy/k : Corg (Spec K, Ug) — F(K)
induced by (6-1) factors via (6-2) to give a map

(ak, =) xx.0up)/k - H Xk Niss K (Oxg, Ip, ) = F(K),  (6-3)
where ag denotes the pullback of a to F(Ukg).

Note that the equivalence of (i) and (ii) is a statement of Zariski—Nagata type
(“purity of the branch locus”). It continues to hold if X is assumed to be quasipro-
jective and (X DY Di) has a projective SNC-compactification (which is always
the case in characteristic zero); see the proof of [42, Corollary 6.10]. In case r =1
(i.e., Dy has just one component) the equivalence of (i) and (ii) also follows from
[47, Corollary 8.6(2)]. Forn=(1,...,1) (i.e., D, is reduced SNCD), it follows
from [48, Corollary 2.4].

Observe that from the equivalence of (i) and (iii) we obtain a map

CHo(X | Dy) — H(Xnis. K} (Ox. Ip,)) - Hom(F (X, Dy), F(k)),  (6-4)

where CHp(X | Dy) denotes the Chow group of zero-cycles with modulus introduced
in [34] and the first map is induced from (6-2). (This factorization is proved in
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various cases by, for example, Krishna as well as Gupta and Krishna. For the
situation at hand, see [41]). Taking the limit of the composition we get a natural map

C(U) :=1im CHy(X | Dy) — Hom(F (U), F(k)).

If k is a finite field and F = Homcts(rrf‘b(—), Q/Z), then F (k) = Q/Z and this map
is the reciprocity homomorphism constructed in [34, Proposition 3.2]. Similarly the
limit over n of the second map in (6-4) is the reciprocity homomorphism constructed
in [32].

The formula of Abbes and T. Saito. Let F € RSCyjs. We ask the following:
(1) Is it possible to give a more computable description of F,in particular without
using the transfers structure of F?

(2) For X smooth and D C X a smooth divisor, we get from the Gysin sequence
of Theorem 5.5 an isomorphism

F(X, D)/F(X) = Hompst(Gy, F)(D).
Can we also describe the quotients f(X, nD)/f(X, (n—1)D), forn > 2?

In [40] it is shown that these questions can be approached using a method introduced
by Abbes and Saito in [2] and Saito [46] to study the ramification of Galois torsors
by means of dilatations. For simplicity we assume in the following that:

(%) X is smooth, D is a smooth divisor on X, U = X \ D, and (X, D) has a
projective SNC compactification, that is, there exists an open embedding
X < X into a smooth projective scheme X such that X \ U is the support of
a divisor with simple normal crossings.'”

The dilatation P}(("D), for n > 1, is the blow-up of X x X in nD diagonally
embedded and with the strict transforms of X x nD and nD x X removed. It comes
with two maps

pr.p PYP = X

induced by the two projection maps X x X — X. Note that the open immersion
U x U < X x X extends to an open immersion U x U < P)(("m.

Theorem 6.2 [40, Theorem 1]. Assume (x) and let n > 1. Then
F(X.nD)=1{a e F(U)| pfa=piain F(U x U)/F(PI"")}.

In particular the theorem applies to F' = Hfi)pf(_’ G),'! where G is a commutative
finite k-group scheme (not necessarily étale). A version of this formula was proved

101, [40] more generally the case where D is a SNCD is considered.
Tn this case even without the assumption on the existence of a projective SNC compactification.
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by Abbes and Saito for G any étale k-group (not necessarily commutative). For
more details and precise references see [40, Example 2.12].

The proof of the above theorem uses heavily the theory of higher local symbols
along Parsin chains for reciprocity sheaves developed in [43], which in turn relies
on Theorem 6.1 and Section 5.

Using Theorem 6.2 we obtain the following partial description of the quotients
considered in (2) above.

Theorem 6.3 [40, Theorem 4.12]. Assume (x) and let n > 2. Then there is an
injective map
(nD) . F(X, I’lD)

P TF(X,(n—1)D) (D, 82 (nD)ip ®op shp (Op, Fp))

where Homgy,, denotes the internal hom in the category of Nisnevich sheaves of
abelian groups on smooth schemes over D.

Some comments:

o If chark = p > 0, it follows that the quotient on the left-hand side is p-torsion.
This can be seen as an analogue of [46, Corollary 2.28] for reciprocity sheaves.

e The characteristic form for
F = Hélt(_, @/Z) = Homcont(nfb(_)’ Q/Z)
factors via

H(D,Q'(nD)p) > H*(D, @y (nD);p ®0, Homsy, (Op, Hy p))

induced by the natural map Op — Hélt’ p stemming from the Artin—Schreier se-
quence, and yields a global version of the characteristic form of Matsuda—Yatagawa
(which is a nonlog version of the refined Swan conductor of Kato); see [40, Section 5]
for details.

o The characteristic form for differential forms is computed in [40, Theorem 6.6
and Corollary 6.8]. These computations are also used to prove the formula in
Theorem 3.2 in positive characteristic.

o It is an intriguing problem to give a general (motivic) description of the image of
charng). For example, the images of the characteristic forms of differential forms
and Witt vectors of finite length in positive characteristic are rather complicated
and do not give a direct hint towards a general formula.

Finally, we give an exemplary application of how a local form of Theorem 6.3
reveals an interesting structure of Chow groups of zero-cycles with modulus over
local fields of equicharacteristic.
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Example 6.4. Let Y be a proper k-scheme with an effective Cartier divisor E, such
that V =Y \ E is smooth. By [28, Corollary 2.3.5; 47, Theorem 0.1] the Nisnevich
sheafification of w; hE(Y , E) (see Definition 1.5) is a reciprocity sheaf ig(Y, E)nis.
For a field K over k we have

where the right-hand side denotes the Chow group of zero-cycles with modulus and
Yk =Y Qi K.

Assume L is a henselian discrete valuation field of geometric type over k with ring
of integers O, maximal ideal m;, and residue field K = Oy /m. For simplicity
assume the transcendence degree of L/k is 1, so that all geometric models of
(Or, my) have a projective SNC-compactification and Q(IOL i ®o, K = K. Then
fil, :=ho(Y, E)nis(S, ns), where S = Spec O and s € S is the closed point, defines
a filtration

filp Cfily C--- Cfil, C--- CCHo(Y, Ep),

where fily is the subgroup of CHy (Y., EL) generated by closed points in V; whose
closure in V Xy S is finite over S. By Theorem 6.3 we have an injection (which
depends on the choice of a local parameter; more precisely, we use the isomorphism
mQ, Qo, K =m™"/m " = K)

ﬁln/ﬁln_l — HomShK (O[(, l’lo(Y, E)Nis)(K) for n > 2.

However the internal hom on the right is not well understood and it would be
interesting to describe the image of the map. Evaluating at 1 induces a canonical map

fil, /fil,—;1 — CHo(Yk, Ex) for n>2.

This is a new map and it is tempting to view it as a specialization map (depending
on the choice of a local parameter). It remains to study its properties more closely,
e.g., if it happens to be injective for certain pairs (Y, E).
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The Grothendieck ring of varieties
and algebraic K -theory of spaces

Oliver Rondigs

Waldhausen’s algebraic K -theory machinery is applied to Morel-Voevodsky
A'-homotopy, producing an interesting A'-homotopy type. Over a field F of
characteristic zero, its path components receive a surjective ring homomorphism
from the Grothendieck ring of varieties over F.

1. Introduction

Waldhausen’s approach to algebraic K -theory [46] is of such a generality (though
not for its own sake) that it applies to a wide class of homotopy theories. The
choice here, as suggested by Waldhausen in the last century, is the A'-homotopy
theory over a Noetherian finite-dimensional base scheme S introduced by Morel
and Voevodsky [28]. Subject to an appropriate finiteness condition (for which there
are several choices), the resulting homotopy type A(S) is nontrivial; for example,
it contains Waldhausen’s algebraic K-theory of a point, A(x), as a retract up to
homotopy. It can be viewed as an A'-homotopy type in a natural way. The present
paper is an admittedly rather meager attempt to advertise this A'-homotopy type to
algebraic geometers, although it might be more attractive to homotopy theorists.
Recall that almost by construction, the path components of Waldhausen’s K -theory
provide the universal Euler characteristic.

Theorem 1. Let F be a field of characteristic zero. Sending a smooth projective
variety to its natural class in moA(F) defines a surjective ring homomorphism

Ko(Varg) — mgA(F)
from the Grothendieck ring of varieties over F.
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See Theorem 5.2 for a precise version including the appropriate finiteness condi-
tion. This ring homomorphism refines several other motivic measures, such as the
topological Euler characteristic, the Hodge motivic measure, and the Gillet—Soulé
motivic measure. In these cases the ring homomorphism is naturally induced on
path components by a map from the homotopy type A(F), thereby solving at least
problems 7.3-7.5 in [10] in a natural way. The constructions [9; 49] supply a
homotopy type whose path components form the Grothendieck ring of varieties
over F'. However, the significance of its higher homotopy groups is not clear. In the
case of Waldhausen’s original application of algebraic K -theory to the geometry
of manifolds, the higher homotopy groups yield interesting information on their
automorphism groups [15; 34; 35], thanks to the following statement from [47].

Theorem 2 (Waldhausen). Let M be a smooth manifold with possibly empty bound-
ary. The homotopy type A(M) is defined as the Waldhausen K -theory of the
category of finite cell complexes retractive over M. There is a splitting

AM) ~ £°M, x Wh(M)

up to homotopy, where ©°° M is the stable homotopy type of M, and Wh(M) is
the Whitehead spectrum of M, a double delooping of the spectrum of stable smooth
pseudoisotopies of M.

Taking path components of this splitting recovers the s-cobordism theorem of
Smale, Barden, Mazur, and Stallings. Perhaps an Al-s-cobordism theorem for
smooth varieties over a field can be produced via the trace given in Section 6 on
the A'-homotopy type obtained from the algebraic K -theory of dualizable motivic
T -spectra.

2. K-theory of model categories

In [46], Waldhausen generalized Quillen’s K-theory machinery to the setup of
categories with cofibrations and weak equivalences, henceforth called Waldhausen
categories. A Waldhausen category is a quadruple (C, x, wC, cofC), where C is a
pointed category with zero object *, a subcategory wC of weak equivalences and
a subcategory cofC of cofibrations. Also, x* — A is always a cofibration, cobase
changes along cofibrations exist in C, and the weak equivalences satisfy the gluing
lemma. The algebraic K -theory of a Waldhausen category (C, %, wC, cofC) is the
spectrum

A(C) = (WC, wS,C, ..., wSMC,...) (D)

of pointed simplicial sets obtained by the diagonal of the nerve of n-fold sim-
plicial categories; the latter produced by iterated applications of Waldhausen’s
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Se.-construction. The structure maps of (1) are induced by the inclusion of the
1-skeleton.

Definition 2.1. An exact functor F : C — D of Waldhausen categories is a K-
theory equivalence if the induced map A(F) : A(C) — A(D) of spectra is a stable
equivalence.

All the categories with cofibrations and weak equivalences in the following
are obtained as full subcategories of a Quillen model category, where the weak
equivalences are determined by the model structure. The cofibrations are either
determined by the model structure, or by a slight variation. References for model
categories are [17; 18]. Algebraic K-theory requires finiteness conditions, and
suitable cofibrantly generated model categories, as defined in [13, Definition 3.4;
19, Definition 4.1], provide a convenient setup for these.

Definition 2.2. A model category M is weakly finitely generated if it is cofibrantly
generated and satisfies the following further requirements:

(1) There exists a set I of generating cofibrations with finitely presentable domains
and codomains.

(2) There exists a set J of acyclic cofibrations with finitely presentable domains
and codomains detecting fibrations with fibrant codomain.

Examples of weakly finitely generated model categories are the usual model
categories of (pointed) simplicial sets (denoted sSet,), spectra of such (denoted
Spt), chain complexes over a ring, and suitable model structures for A'-homotopy
theory. The latter is essentially a consequence of the following statement.

Proposition 2.3. Let M be a weakly finitely generated simplicial model category,
and let Z be a set of morphisms in M with finitely presentable domains and
codomains. Suppose that tensoring with a finite simplicial set L preserves finitely
presentable objects. If the left-Bousfield localization L.z M exists, it is weakly finitely
generated.

Proof. The proof of [19, Proposition 4.2] applies. U

In a weakly finitely generated model category M, a fibrant replacement functor
fib:M— M,

which commutes with filtered colimits, can be constructed by attaching cells from
a set of acyclic cofibrations J with finitely presentable domains and codomains. It
follows that the natural transformation Idyy — fib is an acyclic cofibration.

For applications in algebraic K -theory recall that, given an object B € M in a
category, an object retractive over B is a pair (B —> D, D — B) of morphisms
in M such that r o s = idg. Such a pair will often be abbreviated as “D”. With
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the obvious notion of morphism, these form a category R(M, B). A morphism
¢ : B — C in M induces a functor

¢ :RM,B)->RM,C), D~ DUpC
having the functor

¢ :RM,C)—>RM, B), Er> ExcB
as right adjoint, provided pushouts and pullbacks exist.

Proposition 2.4. Let M be a weakly finitely generated model category, and B an
object of M. The category R(M, B) of objects retractive over B is a weakly finitely
generated model category in a natural way. For every ¢ : B — C, the pair (¢, ¢') is
Quillen. If M is simplicial, then so is R(M, B). If M is a monoidal model category
under the cartesian product, then R(IM, B) is a R(M, x)-model category.

Proof. The statement regarding the (simplicial) model structure is [39, Propo-
sition 1.2.2], which implies the Quillen pair property. The statement regarding
the generators can be deduced from [39, Lemma 1.3.4]. For later reference, if
I = {s; < t;}ics is the set of generating cofibrations in M, then

{B [1Gsi = ti)}iEI,I/IEHOmM(ZiaB)

is the set of generating cofibration in R(M, B), where the maps V : t; — B define
the required retractions. Note that ¢, preserves this set of generating cofibrations.
The final statement follows from [18, Proposition 4.2.9] and the standard pairing

RM, B)xRM, C) - RM, BxC), (D,E)r> DXEUgxgug..pDxc)BxC,
of retractive objects, which is a Quillen bifunctor. ([

Definition 2.5. Let M be a symmetric monoidal model category, let N be an M-
model category, and let B be an object of M. A B-spectrum E in N consists of a
sequence (Eg, Ej, ...) of objects in N together with a sequence of structure maps

anE :XpE,:=E,AB — E, 4.

The category of B-spectra in N is denoted by Sptz (N). Set Spt(N) := Spt¢i (N),
where S! € sSet, = M is the category of pointed simplicial sets.

Proposition 2.6. Let M be a symmetric monoidal sSet,-model category, let N be
an M-model category, and let B be a finitely presentable and cofibrant object of M.
Suppose that tensoring with a finite simplicial set L preserves finitely presentable
objects in N. If N is weakly finitely generated, then Sptg(N) is a weakly finitely
generated model category such that £ : N — Sptg(N) is a left-Quillen functor.
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Proof. The proof given for [19, Theorem 4.12] applies. For later reference, the
required sets are listed explicitly. The levelwise model structure on Sptgz(N) is
weakly finitely generated with the sets

Frl:= {Frn i}nzO,ieI and FrJ .= {Frn j}nzo,jejv

where Fr, is the left adjoint of the evaluation functor sending E to E,, and I and
J are sets of maps in N satisfying Definition 2.2. The statement follows from
Proposition 2.3 because the B-stable model structure is a left-Bousfield localization
of the levelwise model structure with respect to the set

{Frn—l—l (C A B) - Frn C}neN,C domain or codomain in 7
of morphisms with finitely presentable domains and codomains. O

As soon as B is a suspension (for example, S! itself), the model structure from
Proposition 2.6 on B-spectra is stable in the sense of [18, Definition 7.1.1]. In
particular, the weak equivalences of B-spectra then satisfy Waldhausen’s extension
axiom [46, p. 327]. However, since Spty (M) usually does not inherit any monoidal-
ity properties from M, one has to use Jeff Smith’s symmetric B-spectra instead.
Consider [19, Theorem 8.11, Corollary 10.4] for the following.

Proposition 2.7. Let M be a symmetric monoidal sSet,-model category, let N be
an M-model category, and let B be a finitely presentable and cofibrant object of M.
Suppose that tensoring with a finite simplicial set L preserves finitely presentable
objects. If N is weakly finitely generated, then SymSpty (N) is a weakly finitely
generated SymSpt g (M)-model category such that £7° : N — SymSptgz(N) is
a left-Quillen functor. If additionally the cyclic permutation on B A B A B is
homotopic to the identity, the model categories SymSptyz (N) and Sptg(N) are
Quillen equivalent.

Proof. The proof given for [19, Theorem 8.11, Corollary 10.4] applies. For later
reference, the required sets are listed explicitly. The levelwise model structure on
SymSpt; (M) is weakly finitely generated with the sets

Fr¥" [ = {Fr)™ i},50ier and  Fr¥™ J :={Fr™ j},>0 jes,

where Fr;”™ is the left adjoint of the evaluation functor sending E to E,, and I and
J are sets of maps in M satisfying Definition 2.2. The statement follows from
Proposition 2.3 because the B-stable model structure is a left-Bousfield localization
of the levelwise model structure with respect to the set

sym sym
{Frn+1(c A B) g Frny C}neN,C domain or codomain in /

of morphisms with finitely presentable domains and codomains. (]
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Lemma 2.8. Let M be a symmetric monoidal sSet,-model category, let N be an
M-model category, and let B be a finitely presentable and cofibrant object of M.
Suppose that tensoring with a finite simplicial set L preserves finitely presentable
objects in N. Suppose that N is weakly finitely generated, and let Spty (N) be the
stable model category of B-spectra in N. If E is a cofibrant finitely presentable
B-spectrum in N which is stably contractible, then there exists a natural number N
such that E,, is contractible for everyn > N.

Proof. Let E be finitely presentable and cofibrant. Then E,, is cofibrant and finitely
presentable for every n. Moreover, there exists a natural number M such that the
structure maps o, are isomorphisms for every m > M. Since the canonical map

FI'M(EM) — E

from the shifted suspension spectrum of Ej; to E is a stable equivalence, one may
work with Frys(Eys) directly. Moreover, one may choose M = 0. Thus Ey is a
cofibrant finitely presentable object with the property that colim, 2" fib(X"Ey) is
contractible. Here fib : N — N is a fibrant replacement functor. Equivalently, the
class of the canonical map Ey — Q" fib(X"Ey) becomes the class of the constant
map in the colimit

[Eo, fib(Eo)] — [Eo, 2 fib(XpEp)] — - - - — [Ep, Q" fib(ERE0)] — - -

of sets of pointed homotopy classes of maps. As Ey and Eg ® A! are finitely
presentable, there exists a natural number N such that the homotopy class of
the canonical map Eg — Q" fib(X%E() coincides with the homotopy class of the
constant map. By adjointness, the canonical map X% Eq — fib(X;Eo) is homotopic
to the constant map for every n > N. Thus X% Ey is contractible for every n > N. [

Definition 2.2 leads to the following finiteness notions. More variations, such as
being finitely dominated, are possible.

Definition 2.9. Let M be a weakly finitely generated pointed model category, and
choose a set of generating cofibrations / with finitely presentable domains and
codomains. Let B € M.

(1) The object B is finite if it is cofibrant and finitely presentable; in other words,
Homypg (B, —) commutes with filtered colimits.

(2) The object B is homotopy finite if it is cofibrant and weakly equivalent to a
finite object.

(3) The object B is I-finite if the map * — B is obtained by attaching finitely
many maps from /.

(4) The object B is I-homotopy finite if it is cofibrant and weakly equivalent to an
[ -finite object.
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The resulting full subcategories are denoted Min Mhfin Npifin gnd pibfing respec-
tively.

The category M is essentially small, and so is M, at least if M is locally
finitely presentable. This will usually not be the case for MMi" and MMi" This
set-theoretical issue can be resolved in several ways, but will be ignored in the
present approach, following [46, Remark on page 379]. Homotopy finite objects in
a weakly finitely generated pointed model category M are compact in the homotopy
category of M, as the proof of [18, Theorem 7.4.3] shows. In the case where M is
a symmetric monoidal model category, another finiteness notion is quite natural
and will be used eventually.

Definition 2.10. Let (M, A, [) be a symmetric monoidal model category. A cofi-
brant object B is dualizable if there exists a cofibrant object C and morphisms
¢:1— BAC, ¥y :CAB — [ in the homotopy category of M, such that the
compositions

BB BaCcAB BB and ¢ -2, caBAC RS ¢

are the respective identities. The full subcategory of cofibrant and dualizable objects
is denoted Mdua!,

The categories introduced in Definitions 2.9 and 2.10 are equipped with a sub-
category of weak equivalences by intersecting with wM, and with a subcategory of
cofibrations by intersecting with cofM in the cases of Mf", MPMn and M@l In
the cases of M!i" and MMi" this may lead to trouble with the required existence of
cobase changes. The subcategory of cofibrations in MIi" consists of those maps
obtained by attaching finitely many cells from 7, and in M it is simply maps
obtained by attaching cells from /.

Lemma 2.11. Let M be a weakly finitely generated model category, and choose a
set of generating cofibrations I with finitely presentable domains and codomains.
If B — E is a cofibration of finitely presentable objects in M, there exists a finite
I-cofibration B — C in M such that B — E is a retract of B — C.

Proof. Factor B — E via the small object argument applied to I, to obtain a lifting

problem
B D

E—9,E

i

—

which can be solved. The object D is a sequential colimit of a diagram

B=D_—>Dy—---—>D,> D1 -
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such that D, is obtained by attaching /-cells to D, indexed by a specific
subset of the disjoint union | [, , Hompm(dom(i), D,) for every n. Since E is
finitely presentable, a lift £ — D factors via a morphism E — D,1;. This
object is the filtered colimit of objects D, , which are obtained by attaching
finitely many cells to D,. This colimit is indexed over certain finite subsets
o C ]_[l- <7 Homy(dom(i), D). Again since E is finitely presentable, there exists
a finite subset 8 C | [;,.; Homwm(dom(i), D,) and a factorization over E — D, g.
Since the domains of the morphisms in / are finitely presentable, one may proceed
in the same fashion for every domain in 8 inductively to obtain a factorization
E — C where C is obtained by attaching finitely many 7-cells. U

Already algebraic examples such as chain complexes Ch(R) over a ring R show
that the classes of finite and /-finite objects can be different, for example, on the level
of algebraic K -theory. Bounded chain complexes of finitely generated projective R-
modules are the finite objects in the standard model category of all chain complexes
of R-modules given in [18, Definition 2.3.3], whereas the /-finite objects are the
bounded chain complexes of finitely generated free R-modules. One may use [48,
Corollary I1.26.3 and Theorem I1.9.2.2] to conclude that Ko(Ch'"™(Z[/=5])) = Z
and Ko(Ch™(Z[v/=53)) = Z @ 7/27.

Proposition 2.12. Let M be a weakly finitely generated model category, and choose
a set I of generating cofibrations with finitely presentable domains and codomains.
Then the following hold.

(1) With these choices, M, MMin Mifin g g MibD e categories with cofibrations
and weak equivalences.

(2) The horizontal functors in the commutative diagram

Miﬁn Mihﬁn

L

Mﬁn Mhﬁn
of exact inclusion functors are K -theory equivalences.

(3) The path components of the homotopy fiber of the map AMif — M) are all
contractible.

Proof. Consider statement (1) first. The gluing lemma follows from the cube lemma
for model categories [18, Lemma 5.2.6]. It remains to check in each case that a
cobase change in M along the cofibration in question does not lead outside of the
category in question. For Mf" this follows, since a pushout of finitely presentable
objects is again finitely presentable, and cofibrancy is preserved.
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In the case of M"" let C < B < D be a diagram in M"" such that B < D
is a cofibration. Let B — fib(B) be a fibrant replacement obtained by attaching
cells from a set J with finitely presentable domains and codomains. Choose a weak
equivalence B = fib(B) from a finite object. The gluing lemma then implies
that one may choose B to be finite. Similarly to the above, choose a finite object D’

~

and weak equivalences D —> fib(D’") <= D’. Note that D' = fib(D’) is the
filtered colimit of certain maps D’ —> D" which are obtained by attaching finitely
many maps from J. Since B is finitely presentable, B < D — fib(D’) lifts to
such a D”, and analogously for C. By assumption on J and the gluing lemma,
statement (1) follows.

Statement (1) follows for MIi" basically by definition. The argument in the case
of MPin s similar to the argument in the case of MPMin which concludes the proof
of statement (1).

Diagram (2) exists because the domains and codomains of the maps in / are
finitely presentable. The statements for A(M") — A(MPM") and for A(Mifi") —
AM™M) follow from [38, Theorem 2.8]. For statement (3) observe that every
object in Mf" is a retract of an object in Mi" by Lemma 2.11. One then concludes
with [40, Theorem 1.10.1]. O

Proposition 2.13. Let M be a symmetric monoidal stable model category. Then
M i g Waldhausen category in the natural way described above.

Proof. Tt remains to prove that if C <— B <> D is a diagram in M9 then its pushout
C Up D is again dualizable. This follows, for example, from [26, Theorem 0.1]. [

The next statement is quite useful, since it implies that through the eyes of
algebraic K -theory, restriction to stable model categories is acceptable. This in turn
allows the full applicability of Waldhausen’s theory, since the weak equivalences
then satisfy the extension axiom. Its proof goes back to [45] which led to [36].

Theorem 2.14. Let M be a pointed simplicial model category such that tensoring
with a finite simplicial set preserves finitely presentable objects. Suppose that M is
weakly finitely generated, and let Spt(M) be the stable model category of S'-spectra
in M. Then the suspension spectrum functor induces a K -theory equivalence

AM®) — A(Spt*(M)),
where g € {fin, hfin}. If X preserves cofibrations in M\, then the same is true for
g € {ifin, ihfin}.

Proof. Consider first g = fin. By the additivity theorem [46, Theorem 1.4.2] the
suspension functor ¥ = —A S' induces a K-theory equivalence. Consider the
colimit of

mifin = vfin =, .
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in the category of Waldhausen categories. There is an isomorphism

co%im SMin = s, cogm 1Y G

which implies that the canonical functor M — colimy, M is a K -theory equiva-
lence. A S'-spectrum E is strictly finite if there exists a natural number N = N (E)
such that Ey is finite and for every n > N the structure map o, : £¥E, — E, 1 is the
identity. Let Spt*{(M) denote the full subcategory of strictly finite S'-spectra which
are also cofibrant. It is a Waldhausen category in a natural way, and the inclusion
SptSf(M) — Sptﬁn (M) is an exact equivalence. In particular, the inclusion is a
K -theory equivalence.

Let @ : Spt* (M) — colimy M/ denote the functor sending E to the equivalence
class of (E,, n), where n > N (E). This functor is well defined, preserves cofibrations,
and pushouts essentially by construction. Moreover, it preserves weak equivalences
by Lemma 2.8. It is straightforward to verify that & satisfies the conditions of
Waldhausen’s approximation theorem [46, Theorem 1.6.7]. Thus & is a K -theory
equivalence. Lastly, note the suspension spectrum functor £°° : Mfi» — Spt"(M)
factors as

M — Sptsf(M) — Spt" (M),

which completes the proof for g = fin. The case g = hfin then follows from
Proposition 2.12. The extra assumption on ¥ implies that these arguments apply
also to g € {ifin, ihfin}. U

Theorem 2.14 provides many examples of nonequivalent homotopy theories
having the same K -theory.

3. Al-homotopy theory

Motivic or Al-homotopy theory was introduced in [28]. Its stabilization is con-
sidered in [22]. For technical reasons, the unstable projective version (which is
the basis of [14]) is more convenient, although the closed motivic model structure
described in [31, Appendix] seems to be quite ideal for the comparison with the
Grothendieck ring of varieties.

A base scheme is a Noetherian separated scheme of finite Krull dimension. A
motivic space over § is a presheaf on the site Smg of smooth separated S-schemes
with values in the category of simplicial sets. Let M(S) denote the category of
pointed motivic spaces.

Example 3.1. Any scheme X in Smg defines a discrete representable motivic space
over S which is also denoted X, and a discrete representable pointed motivic space
X over S. One has X (Y) = Setsm, (Y, X)+, where B, denotes the set B with
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a disjoint basepoint. Any (pointed) simplicial set L defines a constant (pointed)
motivic space which is also denoted L.

Many model structures exist on M(S) having the Morel-Voevodsky A!-homotopy
category of S as its homotopy category. Waldhausen’s setup of algebraic K -theory
requires specific choices. The following model structure is well suited for base
change (see [28, Example 3.1.22]).

Definition 3.2. Cofibrations in M(S) are generated by the set

{(X x (0A" = A"))1}x e Smg, n>0- 3)
Applying the small object argument to this set produces a cofibrant replacement
functor « : (=) — Idm(s). A pointed motivic space B is fibrant if
e B(X) is a fibrant simplicial set for all X € Smy,

« the image of every Nisnevich elementary distinguished square

V—Y

||

U——X

in Smg under B is a homotopy pullback square of simplicial sets,
e B(9) is contractible, and

« for every X € Smg, the map B(X x A! 255 X) is a weak equivalence of simplicial
sets.

A map ¢ : D — B of pointed motivic spaces over § is a weak equivalence if, for
every fibrant motivic space C, the induced map

sSetM(S) (¢C, C) . sSetM(S)(BC, C) —> sSetM(g)(DC, C)

is a weak equivalence of simplicial sets. A map of motivic spaces is a fibration if it
has the right lifting property with respect to all cofibrations which are also weak
equivalences (the acyclic cofibrations).

Theorem 3.3. The classes from Definition 3.2 define a symmetric monoidal sSet,-
model structure on M(S) which is weakly finitely generated. It is Quillen equivalent
to the Morel-Voevodsky model.

Proof. See [14, Section 2.1] for a proof. |

Remark 3.4. The smash product of pointed motivic spaces is defined sectionwise.
The smash product of a weak equivalence with an arbitrary pointed motivic space is
a weak equivalence. Since the domains and codomains of the generating cofibrations
are finitely presentable, a filtered colimit of weak equivalences is again a weak
equivalence. A filtered colimit of fibrant motivic spaces is again fibrant.
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Proposition 2.6 applies to the model structure from Theorem 3.3. The two
relevant examples are S'-spectra Spt(S) := Sptgi (M(S)) and T-spectra Spt () :=
Spt;(M(S)), as well as their symmetric analogues SymSpt(S) and SymSpt; (S).
Here S' = A'/dA! is the constant simplicial circle, and T = S' A §'-1-, where §-!
is the simplicial mapping cylinder of the unit S < G,, in the multiplicative group
scheme over S.

Definition 3.5. Let S be a base scheme. Then /g denotes the set of generating
cofibrations in M(S) given in (3), or (if no confusion can arise) the corresponding
set of generating cofibrations in (Symmetric) B-spectra over S as introduced in the
proof of Proposition 2.6 and 2.7, respectively.

If f: X — Y is a morphism of base schemes, pullback along f defines a functor
Smy — Smy. Precomposition with this functor yields another functor, denoted
f+ : M(X) — M(Y). On objects

(f«B)(Z) = B(X xy Z) “)

for any Z € Smy. Via left-Kan extension, f; has a left adjoint f*: M(Y) — M(X)
which is strict symmetric monoidal. Since every motivic space is a colimit of
representable ones, f* is characterized by the formula

[ (Zy) =X xy Z)+ (5)
for every Z € Smy.

Example 3.6. Base change describes the internal hom in M(X) as
M(X)(C, B)(Z = X) = sSetm(x)(C, z:2*B).
Note that if f is smooth, the canonical natural transformation
F*MY)(C, B) - M(X)(f*C, f*B) 6)
is a natural isomorphism.

If f:X — Y is a smooth morphism of base schemes, composition with f
defines a functor Smx — Smy. Precomposition with this functor defines the functor
f*:M(Y) — M(X), which then has a left adjoint f; : M(X) — M(Y) by (enriched)
Kan extension. Since every motivic space is a colimit of representable ones, f; is
characterized by the formula

f(Z5 X)) =2z x Ly, @)

for every Z € Smy. If Z — Y is in Smy, the canonical Y-morphism X xy Z — Z
defines a map B(Z) — fi f*B(Z) which is natural in Z and B € M(Y), and hence
a natural transformation Idmy) — fio f*.
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Lemma 3.7. If f : X — Y is a smooth morphism of base schemes, the adjoint
ff=r

of the natural transformation Idyyy — f« o f* is a natural isomorphism.

Proof. This is straightforward. (]

In the following, f* will be used implicitly as a concrete description for the left-
Kan extension f* whenever f is smooth. It has the advantage that it is strictly func-
torial. These base change functors can be extended to the category of (symmetric)
B-spectra by levelwise application in the case B € {S!, T'}. This extension involves
the identification f*(By) = By, where f : X — Y and By indicates that B is a
pointed motivic space over S. They are still denoted by f; : Sptg(X) — Sptg(Y),
etc.

Proposition 3.8. Let f : X — Y and g : Y — Z be morphisms of base schemes.

(1) There is an equality (g o f)« = g« © f« and a unique natural isomorphism
(go f)* => f*og™.

(2) If f and g are smooth, the unique natural isomorphism (g o f)* => f*og* is
the identity, and there is a unique natural isomorphism (g o f); => gy 0 f:.

(3) There are equalities id, = 1d, id* = Id, and a natural isomorphism id =5 1d.
(4) The diagrams

M(X) —2 s M(Y) M) — s M(X)

w7 | [= = =
*

Spt(X, B) i> Spt(Y, B)  Spt(Y, B) ; Spt(X, B)
commute, and similarly for f;:, and for symmetric spectra.
Proof. This is straightforward. See also [1, Chapitre 4]. ([
Lemma 3.9. Let f : X — Y be a morphism of base schemes. Then f*(ly) C Iy,
and fy(Ix) C Iy if f is smooth.
Proof. This follows from direct inspection. (]
Proposition 3.10. Let f : X — Y be a morphism of base schemes. Then (f*, f:)
is a Quillen adjoint pair. If f is smooth, then (fz, ) is a Quillen adjoint pair.

Proof. Consider the case of pointed motivic spaces first. Lemma 3.9 implies that
f* and (if f is smooth) f; preserve cofibrations. To prove the first statement, it
remains to show that f, preserves fibrations. By Dugger’s lemma [12, A.2], it
suffices to prove that f, preserves fibrations between fibrant motivic spaces. These
fibrations are detected by the set of acyclic cofibrations described in Remark 3.4.
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Hence it suffices to prove that f* maps each of these special acyclic cofibrations in
M(Y) to an acyclic cofibration in M(X). This is straightforward by (5). The proof
for the second statement is similar, using (7).

By Proposition 3.10, f* preserves cofibrations. However, one can see directly
that f*(Fr Iy) C Fr Iy since f* commutes with the functors Fr,,. As in the proof of
the preceding case, it remains to prove that f, preserves stable fibrations of stably
fibrant motivic Bx-spectra. Those coincide with the levelwise fibrations. Since
[« preserves fibrations, it suffices to prove that f, preserves stably fibrant motivic
Bx-spectra. This in turn follows from the preceding case, since f preserves weak
equivalences of fibrant pointed motivic spaces.

If f: X — Y is smooth, f} preserves cofibrations of motivic Bx-spectra. However,
one can see directly that f;(Fr Ix) C Fr Iy since f; commutes with the functors Fr,,.
It remains to prove that f* preserves fibrations of stably fibrant motivic By-spectra.
As above, it suffices to check that f* preserves stably fibrant motivic By-spectra.
This follows from isomorphism (6), together with the fact that f* preserves all
weak equivalences of pointed motivic spaces. The latter is implied by the fact that
f* is both a left- and a right-Quillen functor. O

Lemma 3.11. Let f : X — Y be a morphism of base schemes. The functor f*
preserves finite objects, I-finite objects, and dualizable objects. If f is smooth, f;
preserves finite objects and I -finite objects.

Proof. The statements about /-finiteness appear in the proof of Proposition 3.10.
The implicit statements about cofibrancy follow from Proposition 3.10. Observe
that f* preserves finitely presentable objects since its right adjoint f, preserves
filtered (even all!) colimits, and similarly for f;. Since f* is strict symmetric
monoidal, it preserves dualizable objects. O

Let Smy be the subcategory of Smg having the same objects, but only smooth
S-morphisms as morphisms. One may summarize some of the results above by
saying that the model categories considered so far are Quillen functors on Smy,
but only Quillen pseudofunctors on Smg. It is possible to strictify these Quillen
pseudofunctors to a naturally (not just Quillen) equivalent Quillen functor on Smg
by the categorical result [32]. This will be assumed from now on, without applying
notational changes.

4. Algebraic K -theory of Al-homotopy theory

Let M(S) be the model category of pointed motivic spaces over S, equipped with
the Al-local Nisnevich model structure given in Definition 3.2. Before applying
Waldhausen’s K -theory construction, one of the finiteness notions introduced in
Definition 2.9 will be imposed, indicated by the respective superscript M2(S) for
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g € {fin, hfin, ifin, ihfin}. Unless otherwise specified, the /-finiteness notions always
refer to the set of generating cofibrations listed in Definition 3.2.

Definition 4.1. Let g € {fin, hfin, ifin, ihfin}. Then A(M&(S)) denotes the spectrum
obtained by applying Waldhausen’s S,-construction to the Waldhausen category
Me(S).

Technically speaking, A(ME2(S)) is the algebraic K-theory of the one-point
motivic space over S. It is possible to consider the algebraic K-theory of an
arbitrary motivic space B over S by viewing the canonical Waldhausen category of
g-finite motivic spaces over S which are retractive over B, as mentioned abstractly
in Proposition 2.4.

Proposition 4.2 (Waldhausen). Suppose g € {fin, hfin, ifin, ihfin}. The spectrum
A(M8(C)) contains A(x) as a retract. In particular, it is nontrivial.

Proof. The constant pointed motivic space functor sSet, — M(S) and the complex
realization functor M(C) — Top, are left-Quillen functors. The constant pointed
motivic space sends (homotopy) finite pointed simplicial sets to I¢-finite pointed
motivic spaces. The complex realization functor sends representables to homotopy
finite pointed topological spaces, and hence Ic-finite pointed motivic spaces to
homotopy finite pointed topological spaces. A finite pointed motivic space is a retract
of an I¢-finite pointed motivic space. Since homotopy finite pointed topological
spaces are closed under retracts, the complex realization functor preserves homotopy
finiteness. Hence both functors induce maps on Waldhausen K -theory spectra. Their
composition coincides with the geometric realization functor

|—]| : sSet, — Top,,

which induces an equivalence on Waldhausen K -theory by [46, Theorem 2.1.5].
The statement follows. ]

Proposition 4.3. Let S be a base scheme and g € {fin, hfin, ifin, ihfin}. The spectrum
A(MB8(S)) contains A(x) as a retract. In particular, it is nontrivial.

Proof. 1t suffices to consider a connected base scheme S. Let My (S) be the left-
Bousfield localization of the Nisnevich local projective model structure with respect
to the maps X — S in Smg such that X is connected. Itis a left-Bousfield localization
of the A!-Nisnevich local projective model structure, and again weakly finitely
generated. The identity functor is a left-Quillen functor from M(S) to Mpe;(S)
preserving finitely presentable cofibrant pointed motivic spaces. If B € My (S) is
fibrant, it is locally constant, since B(S) — B(X) is a weak equivalence for every
smooth morphism X — § such that X is connected.

The constant pointed motivic space functor sSet, — My (S) is a left-Quillen
functor, but also a Quillen equivalence. Its right adjoint is the evaluation at the
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terminal scheme. A map of fibrant objects in My (S) is a weak equivalence if
and only if it is a levelwise weak equivalence. Let B — C be a map of motivic
spaces over S which are fibrant in My (S). If the map B(S) — C(S) is a weak
equivalence, then B(X) — C(X) is a weak equivalence for every connected S-
scheme X. Since every smooth S-scheme admits a Zariski open cover by smooth
connected S-schemes, B(X) — C(X) is then a weak equivalence for every smooth
S-scheme. It follows that evaluation at the terminal scheme S preserves and detects
weak equivalences of fibrant objects in My (S). If L is a pointed simplicial set,
considered as a constant motivic space over S, its fibrant replacement in Mpe)1 (S)
sends X to the product of L indexed over the connected components of X. In
particular, the derived unit of the adjunction is the identity. This concludes the proof
that the constant motivic space functor sSet, — My1(S) is a Quillen equivalence.

Both the constant motivic space functor sSet, — M(S) and the identity functor
M(S) — My (S) preserve finite and / -finite objects, hence induce maps on suitable
Waldhausen categories. Since sSet, — My (S) is a Quillen equivalence, it is a
K -theory equivalence by [38, Theorem 3.3]. The result follows. ([

The full technology of Waldhausen’s algebraic K -theory of spaces requires that
the weak equivalences satisfy the extension axiom. This axiom is not satisfied
in the category of pointed motivic spaces (the counterexample given for pointed
simplicial sets in [46, Section 1.2] right after the definition of the extension axiom
extends). However, it is satisfied in the category of S!-spectra of pointed motivic
spaces over S. The suspension spectrum functor induces a K-theory equivalence,
as one deduces from the following theorem.

Remark 4.4. Theorem 2.14, including its assertion for the /-finiteness notions,
shows that

AR(S) := A(SPEE(S)) < AME(S))

is a K -theory equivalence for every g € {fin, hfin, ifin, ihfin}. Moreover, it turns out
to be natural in the base scheme S. Thus in the discussion below Waldhausen’s
fibration theorem may be applied to AS(S).

As a consequence of Lemma 3.11 and Proposition 3.10, the functors f* and (if
applicable) f; induce exact functors on Waldhausen categories.

Proposition 4.5. Let j : U < S be an open embedding of base schemes, with
reduced closed complement i : Z — S. Then the functors j* and i* induce a
splitting

AS(S) => AS(U) x A%(2)

for g € {fin, hfin, ifin, ihfin}.
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Proof. Consider the homotopy fiber sequence
hofib(j*) — A&(S) - A%(U)

of spectra. In order to identify the homotopy fiber of j*, the map A8(S) EAN AE(U)
is factored as follows. Let vSpt(S) denote the subcategory of maps f such
that j*(f) is a weak equivalence in Spt(U). Let Spt®(S|U) denote the resulting
Waldhausen category (Spt2(S), *, vSpt2(S), cofSpte(S)). The identity can then be
regarded as an exact functor ® : Spte(S) — Spt®(S|U). Almost by definition, j* :
Spte(S|U) — Spte(M (U)) satisfies the conditions of Waldhausen’s approximation
theorem [46, Theorem 1.6.7]. In fact, j* detects and preserves weak equivalences
by definition. If E is a g-finite S'-spectrum over S and j*(E) — D is a map of
g-finite S'-spectra over U, consider it as the map

JE) = j"jsj*(E) = j*j:(D) = (D).

Here the fact that the unit Id — j*j; is the identity enters. The map j;j*(E) —
J2(D) can be factored via the simplicial mapping cylinder as a cofibration of g-
finite S'-spectra over U, followed by a weak equivalence. Therefore, the functor
J*:Spté(S|U) — Spt3(M (U)) satisfies the second approximation property, whence
it is a K-theory equivalence by the approximation theorem [46, Theorem 1.6.7].
Thus hofib(;j*) is weakly equivalent to the homotopy fiber of ®. The latter may be
identified, by the fibration theorem [46, Theorem 1.6.4], with the algebraic K -theory
of the sub-Waldhausen category Spt&/ =4(S) of g-finite S'-spectra E over S such
that j*(E) is (weakly) contractible. The homotopy cofiber sequence

J2J (E) > E— i,i™(E),

which is an S 1—spec‘[rum version of [28, Theorem 3.2.21], implies that the induced
functor i* : Spt®/ =*(§) — Spté(Z) satisfies the special approximation property.
Thus i* induces a K -theory equivalence by [38, Theorem 2.8]. It remains to observe
the splitting, which is induced by j; : M(U) — M(S), the left adjoint of j*. It
is a left-Quillen functor preserving the set of generating cofibrations defined in
Definition 3.2. The unit Id — j* j; is the identity, since j is an open embedding. [J

In particular, the map A%(S) — Ag(Ag) induced by the projection is not a
weak equivalence for every g € {fin, hfin, ifin, ihfin}, because A# (A}; ~ {0}) is not
contractible by Proposition 4.3.

Corollary 4.6. Let g € {fin, hfin, ifin, ihfin}. There is a natural weak equivalence
QrAE(S) = A5(S).

Proof. This follows from the Yoneda lemma and Proposition 4.5. (]
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Corollary 4.7. Let g € {fin, hfin, ifin, ihfin}. Assume that the pullback square

V—X

T

J
U——Y
in Smg is either a Nisnevich distinguished square or an abstract blow-up square.
Then the square

AS(Y) — s AR

al | ©)

AS(X) —— AE(V)
is a homotopy pullback square.

Proof. This is a straightforward consequence of Proposition 4.5. U

Proposition 4.8. Let S be a base scheme and g € {fin, hfin, ifin, ihfin}. Then
Waldhausen K -theory provides a presheaf

. op
A% :Smg — SymSpt
of symmetric S'-spectra which is almost sectionwise fibrant.

In fact, the symmetric spectrum A®(X) is an 2-spectrum beyond the first term.
Corollary 4.7 then implies that up to a sectionwise fibrant replacement, the sym-
metric S'-spectrum A# over S is fibrant in the Nisnevich local projective model
structure. Its A!-fibrant replacement can be determined fairly explicitly via Suslin’s
singular functor [28]. Recall the standard cosimplicial smooth scheme A§ over §
given by [n] — A = Spec(Oslio, . .., 121/ Y i ti = 1). Realizing the simplicial
motivic S!'-spectrum [1n] — A2(— x g A") produces a motivic S!-spectrum Sing A2
over S. As Bjgrn Ian Dundas pointed out to me, it is not very interesting.

Proposition 4.9. Let g € {fin, hfin, ifin, ihfin}. A sectionwise fibrant replacement of
the motivic S'-spectrum Sing A% over S is fibrant and sectionwise contractible.

Proof. Recall first that the sectionwise fibrant replacement is fairly harmless, as
the adjoint structure maps of A8(X) are weak equivalences, except for the first.
The standard argument from [28] implies that Sing A$(X X A_‘g — X)) is a stable
equivalence. It remains to show that Sing A2 is still Nisnevich fibrant. Since
@ xg A is the empty scheme, Sing A#(Q) is the realization of a degreewise
contractible spectrum, hence contractible. The value of Sing A¢ at a distinguished
square @ as displayed in (8) is a homotopy pullback square by [8, Appendix B].
In fact, Corollary 4.7 implies that in every simplicial degree A2(Q xg A) is a
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homotopy pullback square. To apply [8, Appendix B], it remains to observe that, by
construction, every pointed simplicial set occurring in A#(Q x g A’) is connected.

For the final statement, observe that for every closed embedding i : Z < X in
Smy, with open complement j : U = X \ Z < X, the induced map

(i*, j*) : Sing A*(X) — Sing A%(Z) x Sing A2(U)

is a weak equivalence, by realizing the weak equivalences from Proposition 4.5.
Suppose that B : Smg — Spt is any presheaf of spectra with this property which is
also A'-invariant. Then B(X) = B(Ai() ~ B(Aﬁ( ~{0}) x B(X) is an equivalence,
as well as the identity on the second factor. Hence its cofiber B(A}( ~ {0} is
contractible. It contains B(X) as a retract included via 1 : X — A§( ~ {0}. Thus
B(X) is also contractible. U

The contractibility of the A!-homotopy type associated with the Waldhausen
K -theory of any of the finiteness notions on motivic homotopy theory stated in
Proposition 4.9 calls for an adjustment. A solution is the finiteness notion of
dualizability, as introduced in Definition 2.10. Since dualizability results for smooth
varieties in motivic homotopy theory involve invertibility of Thom spaces of vector
bundles, passage to T-spectra is required.

Definition 4.10. Let g € {dual, fin, hfin, ifin, ihfin} be one of the finiteness notions
introduced above, and let S be a base scheme. Set

A%(S) ;= A(SymSpt;:M(S))
the algebraic K-theory of the category of g-finite symmetric 7T-spectra over S.

It is straightforward to verify that AgT(S) satisfies similar properties as A2(S):
Proposition 4.2 holds as well for A‘%(S) and any g € {dual, fin, hfin, ifin, ihfin}. For
any g € {fin, hfin, ifin, ihfin}, Propositions 4.5, 4.8, and 4.9, and Corollaries 4.6
and 4.7 hold with AgT replacing A%. However, A‘}“al does not lead to a contractible
A'-homotopy type, as Theorem 6.6 implies. Nevertheless, the global sections of
A‘}“al and Al}ﬁ“ coincide over fields of characteristic zero.

Proposition 4.11. Let F be a field of characteristic zero. Then the Waldhausen
categories SymSpt; (F)"" and SymSpt, (F) coincide.

Proof. This follows from the main result in [33]. Here are some details. Smooth
projective schemes are dualizable over a base scheme [1, Chapitre 4; 21, Theo-
rem A.1]. If F is afield of characteristic zero, resolution of singularities provides that
then also smooth quasiprojective F'-varieties are dualizable [37, Theorem 52; 42].
Every smooth F-variety admits a Zariski open cover by smooth quasiprojective
F-varieties, which implies that smooth F-varieties are dualizable. Hence every Ig-
finite symmetric 7'-spectrum is dualizable. Since the property of being dualizable is
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closed under retracts and weak equivalences, and every finite cofibrant symmetric
T -spectrum is a retract of an /p-finite symmetric 7' -spectrum by Lemma 2.11, every
homotopy finite symmetric 7-spectrum is dualizable.

Conversely, every dualizable symmetric T-spectrum is compact as an object
of SH(F). It is an easy consequence of basic properties of dualizable objects
in a symmetric monoidal stable model category with a compact unit [26]. Any
compact T-spectrum in SH(F') is a retract of a cofibrant T-spectrum which is
weakly equivalent to an /-finite 7 -spectrum. ([l

Proposition 4.11 holds also over fields of positive characteristic, provided that
the characteristic is inverted. However, it does not hold for base schemes of positive
dimension. For example, the T'-suspension spectrum of Aqu ~ {0} is not dualizable
in SH(A}:), although it is finite; see [29, Remark 8.2] for a more general statement.

5. Grothendieck rings

Let S be a base scheme. The Grothendieck ring of S is the free abelian group on
isomorphism classes of finite-type S-schemes, denoted [X], modulo the relations
[X]=[Z]+[X ~\ Z] whenever Z is a closed subscheme, and [@] = 0. The ring
structure is induced by the product X x g Y. The ring Ko(Varg) is commutative and
has [S] as a unit. Note that [X] = [Xeq], Wwhere X,.q < X denotes the maximal
reduced closed subscheme. Weak factorization is used in the following main result
of [3], which gives a much simpler presentation of the Grothendieck ring of fields
of characteristic zero.

Theorem 5.1 (F. Heinloth née Bittner). Suppose that F is a field of characteristic
zero. Then Ko(Varp) is generated by isomorphism classes of connected smooth
projective F-schemes, modulo the relations [ X] — [f_1 (Z)] =1Y]—[Z] whenever
f 1 X — Y is the blow-up of the smooth projective variety Y along the smooth
center Z — Y, and (@] = 0.

A motivic measure on § is a ring homomorphism
Ko(Varg) — A

to some commutative ring. Main examples of motivic measures are the Euler
characteristic Ko(Varc) — Z on the complex numbers, point counting Ko(Varg,) —
Z on a finite field, and the Gillet—Soulé motivic measure [16]. Theorem 5.1 simplifies
the construction of motivic measures. For example, the motivic measure on fields
of characteristic zero obtained by sending a smooth projective variety to its stable
birational class constructed in [24] can be deduced from Theorem 5.1. In order
to provide a new motivic measure, recall that if C is a Waldhausen category, the
abelian group mpA(C) is generated by the objects in C, subject to the following
two relations:
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(1) (B) = (C) if there exists a weak equivalence B — C.

(2) (B)+ (D) = (C) if there exists a cofibration B < C with cofiber D.

Theorem 5.2. Let F be a field of characteristic zero. Sending the isomorphism
class [X] of a smooth projective F-scheme X to its class (X) € moAi"(F) defines
a surjective motivic measure

&F : Ko(Varg) — AM(F).

Proof. The relations given in Theorem 5.1 are fulfilled in moA'""(F) by [28,
Remark 3.2.30]. Hence [X] — (X ) defines a group homomorphism

&f : Ko(Varg) — 7oA (F),

which is compatible with the multiplicative structure. It remains to prove its
surjectivity. However, moA!fi"(F) is generated as an abelian group by I-finite S'-
spectra over F', and hence by the domains and codomains of the maps in /. These
are of the form Fr,, X, AdA’} and Fr,, X A A’[, where X is a smooth F-variety
and m, n € N. Since Fr,, corresponds to a simplicial desuspension and suspension
induces multiplication by —1 on 9 A" (F), one may restrict to m = 0. Induction
on n and the cofiber sequence

X+/\8A1‘—>X+/\A1—)X+/\Sn

imply that g Ai"(F) is generated as an abelian group by S'-suspension spectra
Fro X+ = £°° X of smooth F-varieties. Resolution of singularities implies that it
suffices to restrict to S'-suspension spectra of smooth projective F-varieties, similar
to the argument in the proof of Proposition 4.11. This concludes the proof. U

The formula ® ¢ ([ X]) = (X +) does not apply to nonprojective varieties in general.
For example,

Op([A') =D ([P'1-[Spec(F)]) = (P})—(Spec(F) )= (P', 00) # (AL ) = (Spec(F) ),

where the inequality follows — at least in the case k € R — from the left-Quillen
functor which takes a smooth k-scheme to the topological space of its complex
points, together with the conjugation action. The fixed points of the action on
the left-hand side of the inequality yield the class of RP! having reduced Euler
characteristic —1, while the fixed points of the action on the right-hand side of the
inequality have reduced Euler characteristic 1.

Since [ -finiteness is the smallest of the finiteness notions g € {fin, hfin, ifin, ihfin}
considered on motivic spaces over a field, there is a motivic measure

@ : Ko(Varg) — mgA8(F)
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as well; however, it may not be surjective in the case g € {fin, hfin}. Proposition 4.2
shows that it refines the Euler characteristic if F is a subfield of C. It also refines
the Gillet—Soulé “motivic”’ motivic measure [16].

Proposition 5.3. Let F be a field of characteristic zero. There is a commutative
diagram

Ko(Varp) ——F s 7o Aifn ()

L

Ko(ChMots) —=— KoM

of ring homomorphisms, where W maps the class of a smooth projective F-scheme
to the class of its effective Chow motive.

Proof. Voevodsky’s derived category of effective motives may be obtained as
the homotopy category of S'-spectra of motivic spaces with transfers; see [37].
This implies an identification of Ky (DM‘;ff’hﬁn) with the ring of path components of
AMTPIN(EY) where MY (F) is the model category of motivic spaces with transfers
defined via the functor M"(F) — M(F) forgetting transfers. Its left adjoint induces
the vertical arrow on the right-hand side of the diagram displayed above. Similar to
the argument in the proof of Proposition 4.11 is an argument proving that homotopy
finite and compact motives coincide in Dprff. Furthermore, compact objects and
geometric motives coincide by [11, Theorem 11.1.13], both in the effective and
the noneffective case. The lower horizontal morphism in Proposition 5.3 is thus an

isomorphism by [6, Theorem 6.4.2]. U

Theorem 5.4. Let F be a field of characteristic zero. The ring homomorphism ®
extends to a surjective ring homomorphism

@ : Ko(Varp)[L™'] = mo Al (F),
where L = [Aé].

Proof. This follows from Theorem 5.2, the equality ® (L) = (P!, co), and the fact
that E%"(Pl, o0) is invertible in SH(F'), hence also in rroAiTﬁ“(F). O

In particular, all relations that hold in the Grothendieck ring Ky(Varg) or its
localization Ko(Varg)[L~!] also hold in 7oA (F) or moAr (F), respectively. The
ring Ko(Varg)[L™'] is relevant to the theory of motivic integration, and also to
the construction of the duality involution induced by [X] — L~4™X[X]. In the
ring noAgT(F ) (which from a certain perspective still consists of algebro-geometric
objects), the class of the pointed projective line is naturally invertible. Also the
duality involution has a natural interpretation in noAgT(F ), since the dual of a
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smooth projective F-variety X is the Thom T-spectrum of its negative tangent
bundle, considered as a class in Ko(X). The equality

(Th(=T(X))) = (P!, co)~4mX . (x )

follows from the Zariski local triviality of vector bundles. However, the localization
passage Ko(Varg) — Ko(Varp)[L™!] involves a loss of information. Lev Borisov
proved that L is a zero divisor in Ko(Varg) [7]. In particular, the composition

Ko(Varg) — moAM(F) — moAlN(F)
is not injective.

Proposition 5.5. The canonical homomorphism wyAs(F) — noAgT(F ) induces a
surjective homomorphism ToAS(F)[(P!, 00)~ 1] — noAgT(F) for g contained in
{ifin, fin, ihfin, hfin}.

Proof. In fact, this holds for any base scheme S. The abelian group noAgT(F )
is generated by shifted 7 -suspension spectra Fr,, X of smooth S-schemes; the
contribution from the simplicial direction can be ignored, as the proof of Theorem 5.2
implies. The symmetric T-spectrum Fr,, XA T™ is stably equivalent to Fro X ; =
X7°X 4, showing that

T AE(S)[(P', 00) '] — mAT(S)
is surjective. U

More can be and has been said on the relationship between the Grothendieck
ring of varieties and of motives. Proposition 5.3 and Theorem 5.4 provide the
commutative diagram

Ko(Varp) ——=—; g Al (F) —— gy Alfin(F)

| l |

Ko(ChMots) —— Ko(DMETM ko (DMbfiny
in which the homomorphism Ky (Dprff’hﬁ“) — Ky (DM*}Vﬁ“) corresponds to inverting
L, the class of the Lefschetz motive. The latter can be deduced from Voevodsky’s
cancellation theorem [43]. If one imposes rational instead of integral coefficients
on the T-spectra and motives above, the canonical functor becomes a Quillen
equivalence for all fields in which —1 is a sum of squares, by a theorem of Morel’s.
It is known that the canonical homomorphism

Ko(Varp)[L™'] — Ko(DME" @ Q)
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is not injective [30, Proposition 7.9]. Already inverting 2 in the homotopy category
of T-spectra splits it as a product SH(F)4 x SH(F)_ corresponding to the two
idempotents 152 1% Here ¢ is induced by the twist isomorphism on 7" A T. If
F is formally real, the category SH(F)_ maps nontrivially to the derived category
of Z[%]—modules. After rationalizing, the category SH(F) is equivalent to the
derived category of motives over any field F [11, Theorem 16.2.13]. In particular,

the canonical homomorphism
7oA (Spy™(F) ® Q) — Ko(DM}" ® Q)

is always surjective, but not injective if F' is formally real. See [23, Theorem 1.5]
for an identification of noA(Sp}}ﬁ“(X ) ® Q) in terms of Chow motives and the real

étale site of the excellent and separated scheme X of finite Krull dimension.

6. A trace map

The next goal is to produce a trace map on the A'-homotopy type A‘}“al : Sm?pp — Spt
for a field F of characteristic zero and the duality finiteness notion. The general
result [20, Theorem 6.5] essentially provides such a trace. However, when the
existence of the motivic trace was announced at a talk in Heidelberg in 2014, the
argument proceeded along the lines of [44]. For the sake of concreteness, this
construction of the trace will be sketched as follows. In principle, it suffices to
fatten the Waldhausen category SymSpt$?! (F) = SymSptii"(F) slightly as in [44].
The fattened Waldhausen category consists of additional duality data.

Definition 6.1. For a base scheme S, let DSp(S) be the category whose objects
are triples (ET,E™, e”), where E™ is a dualizable symmetric T-spectrum, E~
is fibrant symmetric T-spectrum, and ¢~ : E- A ET — fib(I) is a map whose
adjoint E- — Hom(E™, fib(l)) is a weak equivalence. A morphism of triples from
(DT,D7,d")to (E*,E",e")is a pair¢™ : DT — E*, ¢~ : E- — D~ of maps
such that the diagram

-
D-AE+ 2 S B ARt

o] |

D-ADT —L fib(l)

commutes. Such a morphism (¢, ¢ ™) is a weak equivalence if both ¢+ and ¢~
are weak equivalences, and a cofibration if ¢ is a cofibration and ¢~ is a fibration.

Since smashing with a cofibrant symmetric 7'-spectrum preserves weak equiva-
lences [22, Proposition 4.19], the symmetric T-spectrum E~ A E™ has the correct
homotopy type, even if E™ is not cofibrant.

Proposition 6.2. The category DSp(S) is a Waldhausen category.



GROTHENDIECK RING OF VARIETIES AND ALGEBRAIC K-THEORY OF SPACES 189

Proof. The category DSp(S) is pointed by (x, *, x — fib(I)). Weak equivalences
in DSp(S) form a subcategory, and so do the cofibrations. Every triple is then
cofibrant, using that the second entry is fibrant. Suppose that

(B*.B.b7) <2 (0 D7, a7y L B B
is a diagram. Its pushout is defined as the triple (E* Up+ BT, E~ xp- B™, ¢) where
c is adjoint to the map
E~ xp-B~ — Hom(E"Up+B™, fibl) =Hom(E™, fib ) X gom(p+.fibyy Hom(B™, fib [

induced by the adjoints of b~, d~, and e~. The dual of the gluing lemma implies
that the map above is a weak equivalence. (|
Lemma 6.3. The forgetful functor DSp(S) — SymSpt$* (S) is a K -theory equiv-
alence.

Proof. The forgetful functor sends the triple (ET, E™, ¢™) to ET and is exact by
definition. It admits the exact section sending E to the triple (E, Hom(E, fib[), ev)
where ev : Hom(E, fibl) A E — fibl is the evaluation map, adjoint to the identity.
Moreover, there is a natural weak equivalence

(E*, Hom(E*, fib1), ev) 192D g+ = 7). (10)

where b(e™) is the adjoint of e~. Hence applying the section to the forgetful functor
induces a map on algebraic K -theory which is homotopic to the identity map. [

Recall that SymSpt; (S) admits the structure of a pointed simplicial model
category in which the n-simplices of morphisms are given by the maps DA A", — E
of symmetric T-spectra over S. The functoriality listed in Proposition 3.10 is
simplicial. It follows that the assignment [n] — SymSpt‘}““l(S)n is a simplicial
category with constant objects, and so is the assignment [r] — wSymSptc}“al(S)n
restricted to the subcategories of weak equivalences.

Proposition 6.4. The category DSp(S). is a simplicial category, and so is the
restriction to wDSP(S),, the subcategory of weak equivalences.

Proof. The n-simplices of morphisms are given by pairs
(D*AAL - ET,ETAAL - D7)

satisfying the appropriate compatibility condition. The required axioms are straight-
forward to check. O

Lemma 6.5. The natural inclusion
wDSp(S) — wDSp(S).

induces a weak equivalence after geometric realization.
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Proof. Lemma 6.3, or rather its proof, implies that the forgetful functor induces the
following diagram

wDSp(S) ———— wDSp, ()

| |

wSymSpd¥al(§) —— wSymSp2dl(s),
whose vertical arrows induce weak equivalences after geometric realization. It
suffices to prove that the lower horizontal arrow has the same property. The
inclusion « is induced by the collection of degeneracy maps s,, : A”™ — A°. Let
d,, : A — A" be the inclusion of the m-th vertex. By the realization lemma, it
suffices to prove that the composition

wSymSpS(S),, 42> wSymSpg!(S) 22> wSymSps(S),,
is homotopic to the identity for every m. This follows from the fact that A™
simplicially contracts onto its last vertex. (]

Let (E*, E™, ¢7) be an object in DSp(S). Consider the simplicial set of maps
of symmetric T-spectra over S from [ to fib(E" A E7). The aim is to modify this
simplicial set to consist of only those maps which — together with e~ — express
ET and E™ as dual objects in the stable homotopy category SH(S). A map | —
fib(E™ A E7) induces a composition

fib(ET Ae™)
—_—

ET=IAET = fib(ETAE")AET = fib(EFAE™AET) fib(ETAfib(1))

(as well as a similar composition cof (E™) — fib(fib(I) AE™) where cof is a cofibrant
replacement functor). There is a preferred map z : ET — fib(E™ A fib(l)), given by
unit and replacement natural transformations. Let

HET,E ,e)={H:E"AAL — fib(E* A fib(l)) with H|g+r0, = 2}

be the simplicial set of simplicial homotopies starting at the respective preferred
map. By construction, H(E™, E™, e™) is a fibrant simplicial set which simplicially
contracts to the zero simplex given by the preferred map. Moreover, it maps via an
“endpoint” Kan fibration to the simplicial set of maps in the terminal corner of the
following diagram whose pullback is the desired modification:

D(E*,E~,e7) — sSet(l, fib(E* AE7))

| |

H(ET,E~,e7) — sSet(E™, fib(ET A fib[))
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The condition on e~ guarantees that the vertical map on the right-hand side of
diagram (11) is a weak equivalence, and the horizontal arrows depict fibrations.
Hence D(E™, E™, e7) is a contractible fibrant simplicial set. Its zero simplices are
maps e : | — fib(ET A E7), together with a simplicial homotopy providing that
ETAe” oet AET coincides with idg+ in the motivic stable homotopy category of .
Such a zero simplex represented by the tuple

((EY,E",e7),et, H)

maps naturally to the composition

fib(e™

1455 fib(EYAET) => fib(E- A EY) 20, fib(fib(D)),

which is a zero simplex in fib(fib(1))(S) representing the Euler characteristic of
E* [26]. More generally, an n-simplex maps to an n-simplex in fib(fib(1))(S). A
similar variant D(E) exists for an n-simplex

of the nerve of wDSp, (S), starting with maps from [ to ﬁb(Ear A E,) and using
the duality datum Ear A E,; — fib(l) obtained via compositions instead. The map
to fib(fib(l)) described above for D(E™, E™, ¢™) extends to D(E) for E such an
n-simplex. A map « : [m] — [n] in A induces a map D(E) — D(a*(E)). Consider
the induced map of bisimplicial sets

I] p®- ] &

EewDSp, () EewDSp, (S)

Since D(E) is contractible, this map is a weak equivalence by the realization lemma.
It maps to fib(fib[)(S), and this map is natural in S. It may be regarded as the
zeroth level of a map of S'-spectra

A8y — fib(fib[)(S),

which is natural in S. Instead of providing a spectrum-level map by explicit
constructions similar to those appearing in the proof of [26, Theorem 0.1], however,
[20, Theorem 6.5], which in turn refers to [41], will be invoked.

Theorem 6.6. Let S be a Noetherian finite-dimensional base scheme. There exists
a multiplicative map A‘}“al(S) — fib(1)(S) of symmetric ring S'-spectra which
is natural in S. On path components it sends the class given by the dualizable
T -spectrum E to the Euler characteristic of E, considered as an endomorphism
x(E) : 1 — fib(D).

Proof. The category SymSpd“al(S ) of cofibrant dualizable symmetric T -spectra
over S gives rise to a small, stable, idempotent-complete, rigid symmetric monoidal
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oo-category £(S), naturally in S. Hence it fits into the general framework of [20].
More specifically, [20, Theorem 6.5 and Remark 6.6] apply to give a map of
symmetric ring spectra

A(E(S)) — fib(D(S),

whose domain is the co-categorical K-theory of £(S) as introduced in [25, Re-
mark 1.2.2.5], and whose target is regarded as the endomorphism S'-spectrum of
the unit in £(S). The Waldhausen K -theory A“}“al(S) of SymSp®“¥(S) maps via a
natural weak equivalence to A(E(S)) [4, Theorem 7.8], and this so as a symmetric
ring spectrum [5, Proposition 5.8]. This provides the desired multiplicative map of
S'-spectra. For the statement regarding path components, see [20, Remark 6.6]. [J

It would be very interesting to relate the homotopy fiber of the trace from
Theorem 6.6 with geometrical data.

Corollary 6.7. Let F be a field of characteristic zero. There exists a multiplicative
trace map

AP (F) — fib()(F),
which induces a ring homomorphism
1o AN (F) — 1 fib(1)(F) = GW(F)
to the Grothendieck—Witt ring of F.

Proof. This follows from Theorem 6.6 and Proposition 4.11. The statement on
path components involves Morel’s theorem [27, Corollary 1.25] computing the
path components of the endomorphism spectrum of the sphere T -spectrum. More
precisely, the global sections of fib(l) coincide with the infinite 7'-loop space (or
spectrum) associated with a fibrant replacement of the 7'-suspension spectrum of
the zero sphere Sg over F. Hence by construction its path components form the
endomorphism ring of | € SH(F'), which Morel computed to be naturally isomorphic
to the Grothendieck—Witt ring of F. U

The composition of the motivic measure
Ko(Varg) — my AN (F) = g AP (F)

induced by Theorem 5.2 and the ring homomorphism from Corollary 6.7 provides a
motivic measure to the Grothendieck—Witt ring on F. For formal reasons — see, for
example, [26] — it extends the categorical Euler characteristic Ko(SH™ (F)) —
[1, llsu(ry = GW(F) used in refined enumerative geometry by Levine, Wickelgren,
and others [2]. As another application of Theorem 6.6, an interesting A!-homotopy
type results.
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Corollary 6.8. Let S be a Noetherian finite-dimensional base scheme. The fibrant
replacement of the presheaf A‘}”al € SymSpt(S) factors the unit map

S QTP QF fib(l) € SymSpt(S).

In particular, the A'-homotopy type associated with A‘%“al is nontrivial, and the
. . i ..
global sections of its Al -path components JTOA A‘}“"ﬂ factor the motivic measure

Ko(Varp) — m A%(F) - GW(F)

Jfrom Corollary 6.7 in the case S = Spec(F) is the spectrum of a field F of charac-
teristic zero.

Proof. The proof of Corollary 6.7 already mentioned that the global sections of
fib(l) over any Noetherian finite-dimensional base scheme such as X € Smy is the
infinite 7T'-loop space of the sphere spectrum [x € SH(X), viewed as a symmetric
S'-spectrum. Hence the naturality in Theorem 6.6 provides a map

Adal s Q% fib(l) € SymSpt(S),

which sectionwise is a multiplicative map of symmetric ring spectra. In particular,
this map is naturally compatible with the unit. Since its target Q7° fib(l) is fibrant
by construction, the map factors over a fibrant replacement of A‘}“al, giving rise to
the claimed factorization of the unit map. The remaining statement then follows
from Corollary 6.7. ([
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Stable homotopy groups of motivic spheres

Oliver Rondigs and Markus Spitzweck

These lecture notes are based on lectures given by the authors at the autumn
school “Computations in motivic homotopy theory” at Regensburg University
during September 16-20, 2019. Main results include a computation of the first
Milnor—Witt stem of stable homotopy groups of motivic spheres over a field,
presented differently than Rondigs, Spitzweck and @stvaer (2019), and a partial
computation of the zeroth Milnor—Witt stem of stable homotopy groups of motivic
spheres over discrete valuation rings of mixed characteristic after inverting the
residue characteristic.

1. Introduction

These lecture notes connect fundamental results in motivic or A'-homotopy theory,
as developed by Vladimir Voevodsky, Fabien Morel, and others, with concrete
computations of stable homotopy groups of motivic spheres given in [43; 55].
They are based on lectures given during the autumn school “Computations in
motivic homotopy theory” at Regensburg University during September 16-20,
2019. Given the circumstances, we decided to refer to the literature for certain
results and arguments, whereas other simple results are exercises for the reader;
therefore these lecture notes do not contain complete computations of the zeroth and
first Milnor—Witt stem of stable homotopy groups of motivic spheres over a field.
Instead, we offer with Theorem 7.13 a partial extension of Morel’s computation of
the zeroth Milnor—Witt stem of stable homotopy groups of spheres to the case of
a discrete valuation ring of mixed characteristic subject to inverting the positive
residue characteristic.

Besides the foundations [47] of unstable A'-homotopy theory, the sources [25;
35; 39; 64] may serve as accompanying reading material. We thank the organizers
(Denis-Charles Cisinski, Markus Land, Florian Strunk, and Georg Tamme), the
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other speakers (Marc Hoyois and Kirsten Wickelgren), and all participants for a
thoroughly pleasant and motivating event.

2. Fundamental properties

One viewpoint on motivic or A'-homotopy theory, as heavily advertised by Fabien
Morel, is to supply a homotopy theory for smooth varieties over a field which
enjoys similar properties as classical homotopy theory does with respect to smooth
manifolds. More precisely, the following theorems hold, based on the notational
convention that, for every Noetherian separated scheme S of finite Krull dimension
(to be abbreviated as base scheme), Smg denotes the category of smooth finite-type
S-schemes, and (not necessarily smooth) morphisms of such. Let Spc(S) denote the
category of spaces over S, that is, presheaves (or Nisnevich sheaves) on Smg with
values in simplicial sets. The pointed version, Spe,(S), is the category of pointed
spaces over S, that is, presheaves (or Nisnevich sheaves) on Smg with values in
pointed simplicial sets. The A'-homotopy theory on Spe(S) (and therefore also on
its pointed version Spe, (5)) is determined by the following two properties:

Nisnevich excision: Every elementary distinguished square

V—Y

Lk
u—1sx
(that is, every pullback square in which j is an open embedding and p is an étale

morphism inducing an isomorphism on reduced closed subschemes ¥ \V = X\ U)
in Smg induces a homotopy pushout square in Spc(S).

Homotopy invariance: The affine line parametrizes homotopies in the sense that
the projection X xg A — X is a weak equivalence for all X € Smg.

In these properties, the Yoneda embedding Smg < Spec(S) is used for the
passage from smooth S-schemes to spaces over S without appearing in the notation.
It sends a smooth S-scheme to the discrete simplicial presheaf it represents. If a
smooth S-scheme X admits a rational point x : § — X, the resulting pair (X, x)
will be viewed as a pointed space over S. For any smooth S-scheme X, the disjoint
union X | [ S comes with a canonical rational point, producing the pointed space
X over S.

Example 2.1. The canonical covering of the projective line PS1 over S by two
copies of the affine line over S supplies a canonical identification of (P!, [1, 1])
with the reduced suspension X (G, 1) of the multiplicative group scheme over S,
as well as a canonical identification Th(A;) =A g / (Ag ~{0}) ~ PS1 with the Thom
space of the trivial line bundle over S.
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Definition 2.2. Let S° = S, = S]] S be the zero sphere over S. It is the unit for
the closed symmetric monoidal smash product in Spe, (S). The basic circles over S
are the simplicial circle A'/dA!, considered as a constant pointed (pre)sheaf, and
the Tate circle G, = (A}g ~ {0}, 1) over S. Smash products of these produce, for
every s, w € N, a sphere

Z§+(w) — Eg—i-w,w — (Al/al)“ A G/n\qu

which is a pointed space over S. The base scheme may be removed from the
notation. For example, there are canonical identifications

A" {0} p O — 2=l and Th(A™) ~ P/ P!~ gt — p2nn,
(Exercise.)

Remark 2.3. If S = Spec(C) (or more generally if S maps to Spec(C)), sending
a smooth C-scheme to the underlying topological space of its associated complex
analytic manifold induces a functor of homotopy theories preserving (homotopy)
colimits and (smash) products. It sends the sphere Es+(w) 2 to the topo-
logical sphere S*1T%. If S = Spec(R) (or more generally if S maps to Spec(R)),
sending a smooth R-scheme to the underlying topological space of its associated
real analytic manifold induces another functor of homotopy theories preserving
(homotopy) colimits and (smash) products. It sends the sphere EH(“’) DA

to the topological sphere S°. (Exercise.)

Several arguments will employ the homotopy theory of spaces over S, which is of
a very complicated nature. Inverting (smashing with) the sphere P! ~ %1+(D = 52,1
produces a simpler homotopy theory.

Theorem 2.4. For every base scheme S, there exists a symmetric monoidal functor
EOO Spe, (S) — SH(S) fo a closed symmetric monoidal triangulated category.
The object 2 (P, 00) is invertible with respect to the symmetric monoidal struc-
ture. Every morphlsm f S — T of base schemes induces a strong symmetric
monoidal triangulated functor f* : SH(T) — SH(S), having a right adjoint f,
and even a left adjoint f; if f is smooth.

The functoriality alluded to in Theorem 2.4 is in fact part of an encompassing
setup often referred to as the six functor formalism. More properties and details
regarding this formalism will be provided in Theorems 2.7 and 2.10, and in Section 7
below, while the comprehensive motivic reference is [7; 8].

The classical analog of SH(S) is the stable homotopy category SH of spectra.
Objects in SH(S) are called motivic spectra over S. One may interpret SH(S) as
the homotopy category of a suitable symmetric monoidal model category, or as a
suitable symmetric monoidal stable co-category. Being triangulated, there exists
a shift endofunctor ¥ which is an equivalence and, for formal reasons, coincides
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with smash product (from the right) with A'/dA! = 21+© = 1 1.0 The bigraded
notation is explained by the existence of another canonically invertible endofunctor,
the smash product with EH(I) 22 = (P!, 00). Other bigrading conventions
exist in the literature. Shghtly abusmg notation, the sphere E SHW) ts image
=% Engr(w) € SH(S), and the smash product with either (from the right) will be
denoted as EH(w) i, Using invertibility of EH( ), given integers s, w and
E € SH(S), the motivic spectrum XS TWE = x5+, wE is well defined, as are the
homotopy groups

Tyt )E = Ty wE =[2T® E]

in simplicial degree s and weight w. Assembling all weights together yields

B =y E = @ Ts+(w)Es

weZ

where “(x)” may be carried around to indicate the weight grading. The Nisnevich
sheafification of the presheaf X +— [t X E] on Smg with values in abelian
groups will be denoted by 75 ()E = 544, wE.

Lemma 2.5. A map ¢ : D — E is an equivalence if and only if 7044 () (@) is an
isomorphism of Nisnevich sheaves for all s, w € Z.

The functor EOO factors other prominent functors, for example, the functor
sending a smooth Varlety over a field F to its motive in Voevodsky’s category
DM(F).! This will, in particular, imply the nontriviality of the category SH(S)
(unless S is the empty scheme). Both can be deduced from the following statement, a
motivic analog of the representability of singular cohomology through the Eilenberg—
MacLane spectrum.

Theorem 2.6 (Voevodsky). Let F be a field. There exists a motivic spectrum MZ g €
SH(F) representing motivic cohomology in the following sense: For every pair of
integers s, w and every smooth S-scheme X, there exists a natural isomorphism

Homs(s) (231 X, YTWMZp) = HT (X, 7) = H Y (X, Z(w))

of abelian groups.

This isomorphism may be promoted to an isomorphism of graded rings: the
degree-d part of the Chow ring is naturally given as Homsp(r) (£ X, 2T “MZ)
as a particular case. Isomorphisms in SH(S) can be detected localfy in the following
rather strong sense.

1Removing “Spec” from the notation will often occur in the hope that it simplifies the text and
does not confuse the reader.
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Theorem 2.7 (localization). Leti : Z — S be a closed embedding of base schemes,
with open complement j : S . Z — §. The natural maps define a homotopy cofiber
sequence

J2J'E—> E—> i, i"E— X jE

in SH(S). In particular, a map ¢ : D — E in SH(S) is an isomorphism if and only
if i*(¢) and j*(¢) are isomorphisms.

Given an open embedding j : U — X in Smyg, let Z;’ﬁ X /U denote the canonical
cone appearing in the homotopy cofiber sequence

EOOU—>E°°X—>Z°°X/U—>EE U

in SH(S). In the special case where V — X is a vector bundle with zero section
z:X < V, abbreviate Th(V — X) = Z°° V/(V N\ z(X)). It serves to formulate
the following analog of the tubular nelghborhood construction, given by Morel and
Voevodsky:

Theorem 2.8 (homotopy purity). Leti : Z < X be a closed embedding in Smg,
with normal bundle Ni — Z. There exists a suitably natural identification

X X/(X \i(Z)) = Th(Ni — Z)

in SH(S).

Example 2.9. Leti : P"~! < P" be the closed embedding given by x — (x, 0).
To compute its homotopy cofiber with the help of Theorem 2.8, it helps to replace i
up to A'-equivalence by an open embedding. In this very special situation, i factors
as P~ < P"~ {(0, 1)} C P". The first map is the zero section of the line bundle
P" ~ {(0, 1)} = P"~! forgetting the last coordinate, and hence an A!-homotopy
equivalence. The homotopy cofiber of P" ~\ {(0, 1)} — P" is the Thom space of
the (trivial) normal bundle of the point (0, 1) € P" by Theorem 2.8.

The homotopy purity theorem allows us to describe a duality in SH(S) modeled
on the classical Spanier—Whitehead duality. In order to state it, let 15 = E°° Se
SH(S) be the unit of the closed symmetric monoidal structure, usually denoted as
(D, E) = D A E, with internal hom denoted Hom (D, E).

Theorem 2.10 (Spanier—Whitehead duality). Let X € Smg be projective, with
structure morphism f : X — S and tangent bundle 7y — X. Then EOO X admits a
strong dual, given as

Hom (237X, 1s) = f; Homy (Th(Zf — X), 3 X).

While the category SH(S) is always generated by compact objects (namely
Psl—(de)suspensions of smooth S-schemes, or even smooth affine S-schemes), it
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is unclear if it is generated by strongly dualizable objects. If F is a field of
characteristic zero, one may use resolution of singularities as an ingredient to prove
that SH(F) is generated by PS1 -(de)suspensions of smooth projective F-schemes,
which are also strongly dualizable by Theorem 2.10. Already compact generation
can be very helpful, as the following continuity statement shows, which could be
formulated in greater generality.

Lemma 2.11. Let 7 — Rings, B — Rg, be a diagram of Noetherian rings of
finite Krull dimension, where T is a filtered category with initial object a. Suppose
its colimit R, is Noetherian of finite Krull dimension. For a motivic spectrum
E =E, € SH(Ry), let Eg denote its pullback to SH(Rg), and similarly for E,,. Then
for every compact motivic spectrum D € SH(R,) the canonical map

Cgleij_{n Homgn(r,)(Dg, Eg) — Homsn(r,) (Do, Ew)

is an isomorphism.

Proof. This can be derived as a special case of a statement on filtered diagrams
of stable co-categories. The construction of the P!-stable A'-homotopy theory
involving the Nisnevich topology implies that the compactly generated homotopy
category SH(R,,) at the colimit R, is equivalent to the filtered colimit of the
categories SH(Rg). Modulo some details, adjointness translates the comparison
map in question to a homomorphism of Hom-groups in SH(R,). Here the right
adjoints of the pullback functors commute with filtered colimits, as does the Hom-
functor represented by a compact object. (|

A further representability result recovers the first known generalized cohomology
theory for schemes, as invented by Quillen.

Theorem 2.12 (Morel-Voevodsky). Let S be a regular base scheme. There exists a
motivic spectrum KGLg € SH(S) representing Quillen’s higher algebraic K -groups
in the following sense: For every pair of integers s, w and every smooth F-scheme
X, there exists a natural isomorphism

HomSH(F)(E;‘E X, 2 tWKGLg) = K2 (X)

of abelian groups.

Also this isomorphism may be promoted to an isomorphism of graded rings.
The classical analog is Bott and Atiyah’s representability of complex topological
K -theory. In principle, every motivic spectrum E € SH(S) gives rise to a generalized
motivic cohomology theory, with potentially interesting geometric applications.
The initial generalized motivic cohomology theory is then motivic stable cohomo-
topy, represented by the unit object 15. As in the classical situation, only limited
information about the represented theory is available.
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3. Maps of spheres and Milnor-Witt K -theory

Recall that 1 = 15 denotes the motivic sphere spectrum over the base scheme S.
It is the unit for the symmetric monoidal structure of SH(S) given by the smash
product (D, E) = D A E. In particular, given elements o € 7y (y)1 and B € 7,41,
the smash product defines the element

- f: poHHwrn) COMMUANIY 50. | grstw) \ gri(x) @AB, g g unitiso. g

in sy s4+w+x)1. Alternatively, one may define the element o o B as the composition

wo B SIHTWIIY commutativity 0. s+ (w) 51+(x) it LRaUl} PINET

in 7y w+x)1. A careful discussion of these two structures and their relation can
be found in [22].

Lemma 3.1 (ring structure). For every o € gl and B € w11, there is an
equality o - B = a o B. The graded group

7T*+(*)1 = @ TL’S+(w)1
(s,w)eZxZ

forms a graded ring under this multiplication, with the identity as unit.
Proof. Exercise. The references [21; 24] might help. ([

Hence the homotopy groups and homotopy sheaves of 1 act on the homotopy
groups and homotopy sheaves of any motivic spectrum, respectively. We start by
writing down obvious elements in 77, (.)1. Every invertible element u € O defines
a morphism [u] : Sy — G, of pointed schemes over S, sending the nonbasepoint
to u. It induces a map [u] : D 5 1in SH(S). Since 1 is the basepoint of G,
[1] is the zero element in r(—1)1. The following statement was proved first in [33].

Lemma 3.2 (Steinberg relation). Let S be a base scheme. Then [u] -[1 —u] =0¢€
m—2)1 for every u € Og such that 1 —u € O5.

Proof. Consider the morphism A'{0, 1} > G X Gy, u— (1, 1—u), of unpointed
smooth schemes. Its image in the affine plane with coordinate axes removed is the
line through the (removed) points (1, 0) and (0, 1). Adjoining a disjoint basepoint
to its source provides a morphism

Fr(A'N{0,1D)s > G x Gy, ur> (u,1—u)),

of pointed smooth schemes. Postcomposing the morphism f with the canonical
map G X Gy — Gm A G, and precomposing with [u]: S, — (A' ~ {0, 1})4 for
any given u € A' \ {0, 1}(S) provides the map in question. The basic observation
is that the aforementioned image, a line with two points removed, is sent in the
smash product to a looped line at the basepoint, which now fills the two holes. In
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AN

(u,l—u)\\g ‘(171)

Figure 1. The Steinberg relation.

particular, this line connects the point (u, 1 — u) to the basepoint. See Figure 1.
More precisely, the canonical map G, x G, > G, A G, factors as

GhnxGp—> AX {I}UGmx{l} GnxGn UiixGnm G, X Al — Gn NG,

where the last map collapses the A'-contractible subvariety A x {1} U 1) {1} x Al
to the basepoint, and hence is an equivalence. (Exercise: write down a contracting
A'-homotopy which is constant on the basepoint.) The composition

(A' 0,1y = G X Gy — A x {1} Ug, x(1) Gm X G Uj1)xG,, Gm x A

factors over the union A' x {1} Uy.1)) {(t, 1 — )}, which is also A!-contractible as
a union of two affine lines. The result follows. g

As a consequence, the Steinberg relation holds in the homotopy groups of any
motivic spectrum. One particular instance is Voevodsky’s Eilenberg—MacLane
spectrum MZ -, where one has w(_,)MZr = K,';/' (F), the latter being defined as the
degree-n component of the quotient of the tensor algebra on the units in F subject to
the Steinberg relation (see Definition 3.8 below for details). Note that the unit 17 —
MZ g maps [u] to the symbol {u} € K'l\’I (F) under this identification. Contrary to the
identity {u}+{v} ={uv} e K’;" (F), the term [u]+4[v]—[uv] € m(—1)1F is not always
zero. In order to describe it, consider the multiplication G, x G, — G,. After
passing to motivic spectra, the canonical map X*°(G, x G,) = (G A Gy,)
admits a canonical section. This is in fact true for pointed simplicial presheaves
after a single simplicial suspension. The resulting composition

E%(Gm AGp) = E%(G x G ) MBI g0
defines an element n € 7(1)1.

Lemma 3.3 (logarithm). Foreveryu, v e OSX the equality [uv] = [u]+[v]+n-[u]-[v]
holds.

Proof. Exercise. ([l
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Lemma 3.4 (commutativity). For every u € O the equality n - [u] = [u] - 1 holds.
Proof. Exercise. U

Let ¢ € mo4(0)1 denote the element which is induced by the commutativity
isomorphism G, AG, = G, AGy,. By definition and Lemma 3.1, e2=1le 7o+ 1.

Lemma 3.5 (hyperbolic plane). The equality noe = n holds in 1.
Proof. This follows because the multiplication on G, is commutative. ]

Lemma 3.6. The ring structure on w1 is e-graded commutative in the sense
that for every o € s ()1 and B € 714 ()1, there is an equality o = (—1)"e"* B-a.

There is another canonical element in mo4+(0)1, namely the element € which
1s induced by the inverse G, —> G,. Again by definition and Lemma 3.1,
=1 € mo4+©)1. Yet another canonical element is 7 € (1)1 induced by the
composition
$IH@ ~ g2 qo) Snonical pl o 1+

where the identifications are the canonical ones.
Lemma 3.7. There are equalities ¢ = €, n =1, and ¢ = —(1 + n[—1]).

Proof. Consider the map P' — P!, [x, y] — [y, x]. It restricts to the inverse
map u — u~! on G,. Since it also interchanges the two copies of the affine
line, it corresponds to —>le: 21G,, - X'G,, via the canonical identification
>1G,, ~ P'. The map [x, y] — [y, x] can equivalently be described via the action

of the matrix
ory (1 o0 01
10/ \0o -1 -10)°

and since the last matrix is a product of elementary matrices, the resulting map is A'-
homotopic to the map induced by [x, y] +— [—x, y]. Via the canonical identification
A'/(A" \ {0}) ~ P!, it thus corresponds to the map induced by multiplication
with —1.

The commutativity isomorphism P! A P! = P! A P! induces via the canonical
equivalences

P'AP >~ A /(A" {0) AA /(AT {0}) = A%/ (A%~ {0}

the map A2/(A% ~ {0}) — A?/(A?~ {0}) induced by (x, y) — (v, x). Also this
map is induced by the action of the matrix given above, hence is A'-homotopic to
the map induced by (x, y) — (—x, y). The latter corresponds to the Al / (A~ {0))-
suspension of the map induced by multiplication with —1, and hence to —X?* Ve,
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The commutativity isomorphism on S' A S! coincides with —1 by topology,
whence the commutativity isomorphism on P! A P! equals an appropriate sus-
pension of —g. The equality € = ¢ follows. Moreover, the identification ¢ =
—(1 4 n[—1]) results from the intermediate step of this argument.

The equality n = 7 is left as an exercise. ([

Another canonical element can be obtained from the cell filtration on projective
spaces, namely the composition

gy XD > A" (0} > P — P/ PP Bt

of canonical maps, which gives an element ¢, € mo(1)1. Lemma 3.7 implies that
¢1 = n. Exercise: identify ¢, for other n.

For a unit u, set (u) := 1 4+ n[u]; the notation reflects that this element corre-
sponds to the one-dimensional symmetric bilinear form represented by u which
is established essentially in Theorem 3.10 below. The proof of Lemma 3.7 above
implies that —(u) can be described as the endomorphism [x, y] +— [ux, y] on P!,
provided either [0, 1] or [1, O] are chosen as the basepoint.

Definition 3.8. The Milnor—Witt K -theory KMW(F) of a field F has the Hopkins-
Morel presentation as the associative graded ring (with unit) whose generators are
the field units [u], u € F* in degree 1, and a generator 1 in degree —1, subject to
four relations:

Steinberg: [u]-[v]=0ifu+v=1.

Logarithm: [u - v] = [u]+ [v]+ 7 - [u] - [v].

Commutativity: [u]-n=n-[u].

Hyperbolic plane: h-n =0, where h :=2+ n[—1].

Corollary 3.9. The canonical map defines a “degree inverting” ring homomorphism
KMY(F) — mo_w1.

Proof. This follows from Lemmata 3.2-3.5. U
Theorem 3.10 (Morel). Let F be a field. Then ng1p =0 for s < 0. The canonical
ring homomorphism KMV (F) — ro_ (1 is an isomorphism.

Proof. See [46] for the unstable result implying the P!-stable one, as well as [43]
for a sketch. The injectivity will be clarified as a consequence of Theorem 4.19
below. Ol

The Milnor—Witt K -theory of F is closely related to Milnor K -theory (by sending
n to 0), and to quadratic form theory. In fact, K(';"W(F ) is the Grothendieck—Witt
ring of F; the 1-dimensional form (u) corresponds to 1 4 nlu]. If n < 0, then
KMW(F) is isomorphic to the Witt ring of F and multiplication with 1 induces an
isomorphism K,'\l"W(F ) — KQ"_VY(F ). (Exercise; see [46, Lemma 3.10].)
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4. Filtrations

Various filtrations exist on SH(S). Let n be an integer. A motivic spectrum E is
said to be n-connective if it is contained in the full subcategory SH-, (S) gener-
ated under extensions and homotopy colimits by the shifted suspension spectra
{E”(“’)XJF}SZ,,,U,GZXGSIHS. This produces the so-called homotopy t-structure, as
studied by Morel in [45]. We might refer to it as the connectivity filtration.

Remark 4.1. If § is a field, E is n-connective if and only if its Nisnevich sheaves
of homotopy groups s, E equal O for s < n; see [45, Theorem 6.1.8] for the
case of perfect fields and [32, Theorem 2.3] for all fields.

A motivic spectrum E € SH(S) is said to be n-effective if it is contained in the full
subcategory SH- (,)(S) generated under extensions and homotopy colimits by the
shifted suspension spectra { X5t X} seZ,w>n,XeSmg- Lhis produces Voevodsky’s
slice filtration, as introduced in [65]. Let f, := i, or, : SH(S) — SH(S), where
y : SH(S) — SH= () (S) is the right adjoint to the inclusion i, : SHx ;) (S) — SH(S).

Lemma 4.2. The canonical transformation f,, 1 — f, admits a canonical extension
to a homotopy cofiber sequence

fre1 = fn = sp = Xy

of triangulated (in fact homotopy-colimit preserving) functors defining the n-th
slice s,,.

Proof. Exercise. O

A motivic spectrum E € SH(S) is said to be n-very effective if it is contained in the
full subcategory SH-, 4 (,)(S) generated under extensions and homotopy colimits
by the shifted suspension spectra {2“'+(“’)X+}S2n,wzn, XeSmg- This produces the
very effective slice filtration, as introduced by Spitzweck and @stveer in [62]. Let
vf, :=vi, ovr, : SH(S) — SH(S), where vr, : SH(S) — SHs,,(,)(S) is the right
adjoint to the inclusion vi, : SHx,4)(S) — SH(S). Again the canonical natural
transformation completes to a homotopy cofiber sequence

v, — v, = vs, = Zvf,1

defining the n-th very effective slice functor.
An n-very effective motivic spectrum is n-effective and n-connective. Instead of 0-
(very) effective or O-connective, one simply says “(very) effective” or “connective”.

Example 4.3. If V — Y is a vector bundle of rank r over Y € Smg, then the Thom
space Th(V) is r-very effective. More generally, if a € K°(Y) is a virtual vector
bundle of rank r € Z, then Th(a) is r-very effective.
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Example 4.4. The motivic spectra 1, MGL, MSp, and MSL are very effective over
any base scheme. Because of the periodicities they satisfy, the motivic spectra KGL
and KQ representing algebraic and hermitian K -theory, respectively, are neither
n-effective nor n-connective for any n € Z. The motivic spectrum l[n_l] is not
n-effective for any n, but connective. The effective cover foKQ is not n-connective
for any n.

Let S be ind-smooth over a field or a Dedekind domain. Then [61] provides a
highly structured motivic Eilenberg—MacLane spectrum M A for any abelian group A
(which in the following will mostly be cyclic) representing motivic cohomology in
the sense that there is an identification

Ts+wyMA = Ty yMA = H 7" 7Y(S; A)

and in particular
To+wyMZ =K () (4-1)

in the case that S is additionally local. Note that 775 (,)MA = 0 for w > 0 and for
s < —dim(S).
The starting point for many determinations of slices is the following.

Theorem 4.5 (Levine, Voevodsky, Bachmann—-Hoyois). Let S be ind-smooth over
a Dedekind domain or a field. Then MZ is effective and the canonical map MZ =
foMZ — soMZ is an isomorphism in SH(S). The unit map v : 1 — MZ coincides
with 1 =fy1 — sp1 2> syMZ.

Proof. Note first that [ZT® X MZ] = 0 whenever w > 0. Hence if MZ is
effective, the identification MZ = fyMZ = syMZ follows. A proof of this effectivity
for a field of characteristic zero may be obtained by modeling MZ via infinite
symmetric powers of spheres. This proof, due to Voevodsky, proceeds along a
filtration on MZ which identifies the sphere spectrum as its starting level, and hence
filters the unit map 1 — MZ. It in fact implies that the cofiber of the unit map is
1-effective, whence the unit map induces an isomorphism on zero slices. The proof
for a field of any characteristic, as provided by Levine, gives a “reverse cycle map”
MZ — spl via a homotopy coniveau tower. A proof up to inverting the exponential
characteristic e of the base field is supplied by the Hopkins—Morel isomorphism.
The latter expresses MZ[%] as the quotient of MGL[%] with respect to the standard
generators x; of the Lazard ring. Passage to a Dedekind scheme then follows by a
base change argument detecting effectivity on residue fields. U

Example 4.6. Let F be a field of characteristic not two, and let 7 € 1!, where
h%!:= H%!(F, Z/2), be the unique nontrivial element given by —1 € F. Then
MF,[t~!] is n-effective for every n € Z, but not n-connective for any n. This
motivic spectrum represents étale cohomology with coefficients in u, [65].
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As Example 4.6 drastically reveals, the slice filtration is not separated in general.
More precisely, if the slice completion of E is defined via the canonical cofiber
sequence

holimf,E — E — sc(E) 4-2)
q—>00
(so that the slice completion of E is the natural target of the slice spectral sequence
of E), then MF, [t '] ~ holim, f,MF>[z ~'] and sc(M[F»[7 ~!]) > . One advantage
of the very effective slice filtration is, for every E € SH(S), one has holim, vf E >~ .
In favorable cases (for example, for MGL, as a consequence of Corollary 4.8
below), the slice filtration coincides with the very effective slice filtration.

Let L =Z[xy, x3, . .. ] denote the Lazard ring classifying formal group laws, with

deg(x,) = n. Its universal property provides a ring homomorphism

L — & 7n+(yMGL

neZ

and the images of the polynomial generators in 7,1,y MGL are denoted by the
same name. They describe the very effective and effective slice filtration on MGL,
at least under suitable restrictions on the base scheme.

Theorem 4.7 (Hopkins—Morel, Hoyois). Let S be the spectrum of a field or a
discrete valuation ring of mixed characteristic. The canonical map MGL —
MGL/(x1, x2, ...) coincides with both the canonical map MGL = f{yMGL =
vioMGL — soMGL = vsMGL and the canonical map MGL — MZ, at least
after inverting the exponential characteristic of S.

Proof. See [32; 61]. O
Work by Spitzweck then provides all (very) effective slices of MGL.

Corollary 4.8 (Spitzweck). There is an identification vs,MGL = s, MGL =
ST WML, with the Eilenberg—MacLane spectrum given by the degree-n part
of the Lazard ring, at least after inverting the exponential characteristic of S.

Proof. See [60]. O

For example, s;MGL = £2F D (MZ{x2} v MZ{x,}).
Let KGL denote the motivic spectrum representing (homotopy) algebraic K-
theory over S in the sense that

TerwKGLZ K2 (S),

where the superscript “Q” stands for “Quillen”. It is a motivic ring spectrum in a
natural and unique way. The difference of the tautological and the trivial line bundle
on the projective line P! define an element 8 € 71,1, KGL such that multiplication
with it yields an equivalence %!'*(VKGL ~ KGL often called “Bott periodicity”.
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Theorem 4.9 (Levine, Voevodsky). Let S be the spectrum of a field. The unit
1 — KGL induces an isomorphism on zero slices. Bott periodicity thus describes
the graded slice as

s.KGL = sg)KGL[8*] = MZ[ ],
where deg(B) = 1+ (1). Also, KGL is slice complete: holim f, KGL = x.

Proof. Levine’s proof via the homotopy coniveau tower works over any field. Since
it is going to be used anyhow, instead a presentation of kgl := fyKGL, the effective
cover of KGL, will be used. The projective bundle formula in K -theory supplies a
canonical map MGL — KGL over any base scheme, thanks to the universal property
of MGL. It factors over MGL/(x3, x3, . ..), and the latter coincides with kgl up to
inverting the exponential characteristic. A description of sy KGL = spkgl = sMGL
follows. Bott periodicity provides an identification

f,KGL = f, (29" @WKGL) ~ 9@ (fKGL) = 29" @kgl

and similarly for the slices. This identification also shows that f, KGL = vf,KGL for
all g. Since holim, vf,E 2 x for all E, convergence as stated follows. Additionally
the columns of the first page of the slice spectral sequence of KGL are finite. [J

Remark 4.10. Theorem 4.9 implies that the slice spectral sequence for KGL
converges strongly. Recent work of Bachmann [11] shows that Theorem 4.9 holds
over any Dedekind domain. Even more recent work implies the same over any
quasicompact quasiseparated scheme.

Example 4.11. Let S be the spectrum of a field. For all w > 0, 7o (- kgl = K.
The canonical map kgl — KGL induces the canonical map from Milnor to Quillen
K -theory. Given that the first slice differential spkgl — X 'skgl coincides with the
Steenrod operation

M7 2% M7/2 3%, s 1+(OMmz/2 s 22+ Oz

(which will follow from the corresponding differential for kq stated in Theorem 5.2
using notation introduced immediately before), there results an exact sequence

Bésqur? Hw+1,w+1

HY—2w %>dPh — mi—w)kgl — HY-bw 0

in which the surjection 7y_(, kgl — H*~1* usually does not split. In the case
S = Spec(Q) this sequence has the form

H*2(Q) % B33 @) =27/2 — 7/48 — H"2(@) — 0

for w = —2, as [36] implies.
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Convergence of the slice spectral sequence is often a subtle issue, as the following
example will show.

Definition 4.12. Let S be a scheme containing % Then KQ € SH(S) denotes the
motivic spectrum representing hermitian K -theory. Let kq := vfyKQ denote its
very effective cover.

A few of the homotopy groups or sheaves of KQ are known explicitly. For
example, if S is the spectrum of a field or a discrete valuation ring in which 2 is
invertible, 7To+(0)KQ = 710+(0)kq = GW(S) and 7To+(w)KQ = ﬂ0+(w)kq = W(S)
for w > 0.

Proposition 4.13. Over a field of characteristic # 2, multiplication with the Hopf
map 1 induces cofiber sequences

% Vkq 21> kq 25 kgl —» 5!+ (Dkq, (4-3)
E(I)KQ AN KQ forget KGL 1M hyper oB EH_(I)KQ. (4-4)

Here forget and hyper are induced by the forgetful and hyperbolic maps between
algebraic and hermitian K -theory, respectively.

Proof. See [54; 57] O

There exists a periodicity element € 4.4 4)KQ such that multiplication with o
induces an equivalence X4 *KQ ~ KQ. One has forget(a) = g* € m4+@KGL,
relating the two periodicities.

Remark 4.14. As a consequence of Proposition 4.13 and the slice completeness
of kgl, which in turn follows from Theorem 4.9, the slice completion of kq coincides
with its n-completion:
sc(kq) ~ kq. (4-5)

This identification is helpful, because for any motivic spectrum E the canonical
n-arithmetic square

E—— Eln 1]

| | (4-6)

-1
Eg — Eg[n ]

is a homotopy pullback square.’

Another consequence of Proposition 4.13 is a determination of the slices of
kq and KQ. For comparing with the sphere spectrum, it suffices to focus on kq.
Note that the periodicity element o € w44 4)KQ induces an equivalence s, KQ =~

2There is nothing special about #; this holds for any endomorphism of the sphere spectrum.
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E4+(4)sq_4KQ of period 4. Funnily enough, on the level of slices a periodicity of
period 2 holds, induced by an element /a of degree 2 + (2).

Theorem 4.15. Over a field of characteristic not two the nonnegative slices of kq
are given as
TCIMZ/2 v 2HEIMZ/2 v
Y 22n—2+(2n)MZ/2 V. 22n+(2n)MZ’

E(2n+1)MZ/2 Vi 22+(211+1)MZ/2 V.
RV 22n+(2n+1)MZ/2’

q =2n,
sskq =
qg=2n+1,

and in closed form

2
skq = MZ[n, Val/(2n =0, n* 2 Ja),

where n of degree (1) is induced by the Hopf map. The negative slices of kq
are zero. The canonical map kq — KQ induces a natural inclusion as a direct
summand on slices, and respects the multiplicative structure. The multiplicative
relation 1° % JJa says that the product

s1kq Askqsikq = ZPMZ/2 v £1TPMZ/2
— 5kq = TOMZ/2{n*} v 22*OMZ{/«)}
maps via the (unique) nontrivial map to the integral summand.

Proof. Since kq =f(KQ-) is (very) effective, its negative slices are zero. Applying
the slice functor to (4-3) yields a cofiber sequence. The natural isomorphism
Sq0 »H=xnd osy—1 of [54, Lemma 2.1] shows the forgetful map forget : kq — kgl
induces, on zero slices, an isomorphism

sokq = sokgl,

and likewise for the unit map 1 — Kkq. For the 1-slices (4-3) induces a cofiber
sequence
Y WVsokq = =Mz L5 s1kq

siforget g kgl = £ OMZ — £+ Dsokq = ' OMZ.
Hence sihyper can be identified with an integer n € Z. Note that as an endomorphism
of KGL, the composition forget o hyper = 1+ ~! is the sum of the identity idggr,
and the map induced by sending a vector bundle to its dual. Note further that as an
endomorphism of KQ, the composition hyper o forget coincides with multiplication
by h. It follows that n = 2, so that s;kq = X(VMZ/2. For the 2-slices then (4-3)
induces a cofiber sequence
xWskq=®MZ/2 15 s;kq

_2lrget, o kgl = 22 OMZ — £ Vskq = BTPMZ)2.
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Hence the last map is zero for simplicial degree reasons, the cofiber sequence splits,
and we get s)kq = XPMZ/2 v 22HPMZ. Also, syforget is the projection map
onto X>*@MZ. On 3-slices (4-3) induces a cofiber sequence

»Wskq=3xPMZ/2 v 2OMZ L5 s3kq

ssforget, kgl = 3POMZ — £+ s Kq.
Here the last map lands trivially in X !T(MZ/2 for simplicial degree reasons, while
its component mapping to X3+ MZ can be identified with an integer n € Z. We
deduce n = 2 by comparison with the hyperbolic map KGL — KQ in [54, §4.3].
Hence we obtain s3;kq = X¥MZ/2 v 22+GM7Z/2. Tterating these arguments
produces the claimed additive calculation. The statement regarding kq — KQ
follows from applying the main result of [30]. The “polynomial part” of the
multiplicative structure follows from the periodicity of KQ and KQ[n~']. The
relation between 12 and /a follows from the commutative diagram

sikq Nsokq sikq —— spkq
\LSI forget Asjforget l/sz forget
sikgl Agokgl sikgl —— sokgl

and the above identification of the vertical maps, using the bottom horizontal
equivalence given by Theorem 4.9. ([l

Remark 4.16. Contrary to the calculation of the slices of KQ in [54] there is no

“mysterious summand” appearing in Theorem 4.15, thanks to the connectivity of kq.

Each slice of kq is a finite sum of motivic Eilenberg—MacLane spectra for the

groups Z and Z /2. The odd slices of kq are cellular of finite type for every F' [55,

§3.3], and likewise for all the slices when char(F) = 0.

Corollary 4.17. When char(F) # 2 the slices of kq[%] = KW are given by
s;(KWx0) = S MZ/2v £*MZ/2Vv £*MZ/2V - - ),

and

s.(KW=0) = MZIn*!, Val/ @y =2v/a =0, n* *%> V).

The canonical map KWso — KW induces the natural inclusion on slices, and
respects the multiplicative structure.

As in the case of s,kq, the multiplicative structure is not quite polynomial
and, because of the multiplicative relation involving Sq' (which is similar to the
multiplicative relation in s,kq from Theorem 4.15), not MZ/2-linear.
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Lemma 4.18. Let n € Z. The sequence

M h MW 7 MW M
Kn+1—>Kn+1—>Kn —>Kn—>0

is exact.

Proof. Multiplication with h=2+n[—1] € K{‘)"W on KMY factors over the projection

n+1
KMW 5 KM - = KMW /nKMW  because nh = 0. This explains the choice of the

n+1 n+1 n+1 n+2°
first homomorphism in the sequence above. It remains to prove that an element
in the kernel of 7 : K,';/'XY — KMW is a multiple of h. The exercise at the end of
Section 3 says that multiplication with 7 is an isomorphism for n < —1. Forn = —1,
multiplication with 1 corresponds to the canonical map from the Grothendieck—Witt
ring to the Witt ring. By definition, its kernel is a copy of the integers generated by
the hyperbolic plane h, thus giving exactness for n = —1.

Define Witt K -theory as the quotient K := KMW /hKMW = KMW /hKM ' where
the last identification follows from the relation nh = 0. This relation also implies
that the surjection KMW — KW is injective as well for n < 0. Let I C W denote the
fundamental ideal, that is, the kernel of the mod 2 rank homomorphism W — Z/2, or,
equivalently, the kernel of the rank homomorphism GW — Z. Sending the symbol
for a unit [u] to the additive inverse (in I') of the class of the quadratic form (1, —u)
of rank 2 and 7 to (1) defines a graded homomorphism KMW — I" for all n where
I" =W for n <0. As it sends h to zero, there results a homomorphism KnW — I"
which is an isomorphism by [44] (see also [28, Theorem 3.8]). As explained
in [28, Theorem 5.4], one may then conclude that the canonical homomorphism

Kl\l"l’\ll / hK'r\l"Jrl — KMW i an injection whose image coincides with 1"*!. O

Theorem 4.19. Let n € Z. The canonical map KMV — m_\kq is an isomorphism.

Proof. The proof is by induction on n. If n <0, then w(_, kq = 7(_,) KQ by defini-
tion of kq — KQ. Since the canonical map KMV — 7(_,)KQ is an isomorphism
for n <0, the induction may start at n = 0. Suppose n > 0 is such that the statement
is true for n. For the induction step consider the long exact sequence of homotopy
sheaves induced by the cofiber sequence

»(Dkq > kq 225 kgl 220, 51+(Dkgq.

It fits into a commutative diagram

K\ —— K] —— K™ —— K}' —— 0

bk

forget orget

h f
= kgl = kg — kg —> 7_gkgl — 0
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of exact sequences (using Lemma 4.18 and Proposition 4.13) in which the leftmost
vertical map is the composition

KM

nt1 = 7'[1,(,1+1)51kgl é flkgl — 7T17(n+1)kgl. (4—7)

Let z € KMY such that ¢(z) = 0. Then by the induction assumption, zn = 0.
Lemma 4.18 implies that there is an element y € K,';"H with z = yh. Since ¥ (y) €
m1—mkgl is such that h(¥(y)) = ¢(yh) = 0, there exists x € m_(,)kq such that
forget(x) = ¥ (y). The forgetful map kq — kgl induces an isomorphism on zero
slices. Hence the element x € 71_(,)kq lifts to an element w € m1_(,f1kq. The
element f; (forget) (w) € 71—, f1kgl may not coincide with y, but their images in
71— mkgl do, being forget(x) and v (y), respectively. Hence there exists an element
tem_msokgl= H n=2.1 which is mapped to the difference y —f; (forget) (w). Since
the forgetful map induces an isomorphism of zero slices, subtracting the image
of ¢t from w gives w’ such that f;(forget)(w’) = y. As the map mj_(,)fikgl —
T1—m)s1kgl = Kr':"H is an isomorphism and s; (forget) factors over the map 8§o :
»M7/2 — £ DMZ, the element y is in the image of 92,. Hence, y = y’-{—1}
for some y' € KM. Thus z = yh=y"-{—1}-h=y"-0 =0, whence ¢ is injective.

Surjectivity of ¢ can be proven as follows. Let z € m_(,+1)kq. By the induction
assumption, there exists y € KMV with (¢ (y) —z) = 0. The forgetful map induces

n+1
an isomorphism on zero slices, whence the canonical diagram

f] kq f1 (forget) fl kgl

kq f1 (forget) kgl
is a homotopy pushout diagram. In particular, the homotopy cofiber of f; (forget) is
»!+(Dkq, whose 71—, contains ¢ (y) — z. Since n(¢(y) — z) =0, there exists x €
71— f1kgl with hyper(x) =¢ (y) —z. Viewing x € K,';"H via the isomorphism (4-7),
the equation z = ¢(y — h - x), and thus surjectivity of ¢, follows. (]

As a consequence of Theorem 4.19, the canonical map KMV — o, 1 is

injective, thereby proving part of Theorem 3.10. Its surjectivity requires further
arguments which will not be discussed here.

5. The slice filtration on the sphere spectrum

Corollary 4.8 implies a description of all slices of the sphere spectrum, as suggested
by Voevodsky in [65], provided in [38] and, in slightly different form and with
multiplicative structure, in [55].

Theorem 5.1. Suppose S is ind-smooth over a field or a Dedekind domain of mixed
characteristic. Let P denote the set of positive residue characteristics in S. Then
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the slices of the P-inverted sphere spectrum over S are

s;(A[P~']) = \/ B2 PIM(Exti! yu(MU,, MU,)[P7']).
p=0

Sketch of proof. The cosimplicial MGL-based Adams resolution of the sphere

spectrum
1 — MGL &= MGLAMGL £ -

induces natural equivalences

s;(1p) => holims, (MGL,*)

for every g by downward induction and the 1-effectivity of the cofiber of 1 - MGL,
the latter holding over every base scheme (exercise). It remains to identify the
latter with the corresponding motivic Eilenberg—MacLane spectra associated to
Ext{\’,ié‘iMU MU, MU,), the E 2-page of the Adams—Novikov spectral sequence for
the topological sphere spectrum. This uses Corollary 4.8 and the fact that a perfect
chain complex of modules over a principal ideal domain is quasi-isomorphic to its
homology. O

Although only a finite portion of Extf\’,hzﬂMU (MU,, MU,), the E?-page of the
Adams—Novikov spectral sequence for the topological sphere spectrum, is known
explicitly, certain infinite families are well understood, as explained very well in [50].
Funnily, some properties of the so-called «-family and their powers can be discov-
ered by comparison with the slices of kq given in Theorem 4.15 via Lemma 5.10
below. More concretely, over a field of exponential characteristic e % 2, one has
sille7'] ~ 2WMZ/2{e1} and s31[e~!] ~ ZOMZ/2{a}} v 22 OMZ/2{a3}. If
also e # 3, then s;1[e™!] >~ TPMZ/2{a?} v EITOMZ/12{a}.

In order to use the information given by the form of the slices, a description
of the first slice differential often helps. If E is a motivic spectrum, its first slice
differential (as a map of motivic spectra) in weight ¢ is the composition

de(q) : s,E — 2f 11 E — Ts, 4 E (5-1)

involving canonical maps from the slice filtration on E. The induced homomor-
phisms on the first page of the slice spectral sequence are denoted

di : EJ, ()4 () =4 )SeE = T 14aSgr1E=E{_ | ) g11(E).  (5-2)

Higher pages and differential homomorphisms df : E:Hw)’q (BE) — E;fH(w)’qH(E)
are then produced as usual [15]. The advantage of using the first slice differential
as a map of motivic spectra instead of just the induced homomorphisms is that the
possibilities are much more restricted. For example, dliq(q) :s.kq — Xs, 1 1Kkq,

the first slice differential as a map of motivic spectra for kq, is a map between
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finite sums of motivic Eilenberg—MacLane spectra for the groups Z and Z/2 by
Theorem 4.15. Thus d1 (q) can be described via its restriction d (q i) to the
summand correspondlng to the unique suspension X+, Furthermore dqu (q,1)
splits into at most three nontrivial components. Voevodsky’s work on the motivic
Steenrod algebra [66] implies in particular that nonzero cohomology operations
increasing the weight by one can only increase the simplicial degree by numbers in
{0, 1,2, 3,4}, which limits the possible components.

To describe these, let T € h%! = 1> (F) and p € h'"! = F*/2 denote the classes
represented by —1 € F'; h?9 is shorthand for the mod-2 motivic cohomology group
of F in degree p and weight g. There are canonical maps pr = pr5° : MZ — MZ/2
and 8 = 32 : MZ/2 — ©"°MZ such that the first motivic Steenrod square Sq'
equals pr5° o 850.

Theorem 5.2. When char(F) # 2 the d'-differential in the slice spectral sequence
for kq is given by

al (q.i) = (0, Sq2, Sq°Sq'), g—1>i=0mod4,
1 (7,59 + pSq', S4°Sq'), ¢ —1>i=2 mod4,
d (q.q) = (0,Sq%opr,0), ¢ =0 mod4,
kq'd-4) = (T opr, quopr), g =2 mod 4,
: (0, Sq?, 359%Sq"), g =1 mod 4,
qu(q’q—l): 2 1 2¢ 1 —
(7,59 + pSq', 359°Sq’), ¢g =3 mod4.

Proof. Whenever it is nontrivial, the first slice differential for kgl/2 coincides with
the first slice differential for KGL/2. The latter is 1 4 (1)-periodic, and hence
amounts to a map

dkgry2 1 MZ/2 — £ OMz/2,

which squares to zero. Voevodsky’s computation of the motivic Steenrod algebra at
the prime two [67] implies that dKGL 1€ {0, Sq*Sq! + Sq! Sq }. The convergence
result for the slice filtration on KGL, the computatlon of KE(R; Z /2) due to Suslin,
and base change imply that dKGL = =5q'Sq® 4+ Sq?Sq!. Naturality of slices with
respect to the composition forget : kq — kgl — kgl/2 implies that

Sq% opr = dll(q :sokq — Zsikq.

Periodicity with respect to 7 then implies occurrences of Sq? on the slice summands
generated by powers of 7. The Adem relations Sq°Sq”> = 75¢°Sq' and Sq3Sq't =
(Sq? 4+ pSq")(Sa® + pSq') then basically imply the rest (at least in the region of
the slices where 7 acts invertibly). In this region the slices inject into the slices of
KW, given by Corollary 4.17; compare with the identification of d%(w recorded
in [54, Theorem 5.3]. O
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Theorem 5.3. When char(F) # 2 the d'-differential in the slice spectral sequence
for KWs is given by

(0, Sa?, Sq°Sq"), i =0 mod 4,

di i) =
KW= (@5 1) {(r,Sq2+qu',Sq3Sql)» i =2 mod4.

Proof. This follows essentially from Theorem 5.2. U

Before getting back to the topic of this section, the slice filtration of the sphere
spectrum, the case of kq will be elaborated further, in order to demonstrate the
applicability of the slice spectral sequence.

Lemma 5.4. The groups E(l)_(n)’m (kq) and E }_(n),m(kq) consist of permanent

cycles.

Proof. As an exercise, one should compute the second page of the slice spectral
sequence for KW using Theorem 5.3. It is concentrated in columns divisible by 4.
Hence all higher slice differential homomorphisms are zero, whence E>(KWs() =
E®°(KWsxq). Since E(l)_(n)’m(kq) = Eé_(n)’m(KWZ()) naturally for m > 0, the
result follows. U

Remark 5.5. The computation of the abutment of the slice spectral sequence for
KW from the proof of Lemma 5.4 is compatible with Milnor’s conjecture on
quadratic forms. More precisely, the known coefficients

W(F), s=0mod4,

o+ KW0 = {O else

and passage to an algebraic closure of the base field imply that

I(F), s=0mod4,

o) I KWxo = {0 else

where I(F) C W(F) is the fundamental ideal, that is, the kernel of the rank
homomorphism. The multiplicativity of the slice filtration and the form of the
abutment then implies that the slice filtration on 7o, KW= coincides with the
fundamental ideal filtration on the Witt ring. Moreover, Milnor’s conjecture on
quadratic forms holds for any field of characteristic not two. Details can be found
in [54]. Since the fundamental ideal filtration on the Witt ring is separated by the
main result of [3], the slice filtration for KWx( converges. Nevertheless, KWxg is
not slice complete in general. The canonical map KW — sc(KWs() induces the
canonical homomorphism

w0+ KWx0 = W(F) — W(F)}\ = 10+0)sc(KWxp)

from the Witt ring to its completion at the fundamental ideal. This homomorphism
is always injective. However, it is surjective if and only if the fundamental ideal
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filtration is finite, which is equivalent to the 2-cohomological dimension of F being
finite. Every formally real field has infinite 2-cohomological dimension.

Lemma 5.6. The possibly nontrivial groups in the first column E f_ n).m (KQ) are

Elz—(n),o(kQ) ~ grln,
Elz—(n),l (kq) = hn’"+1/sq2ern—2,n’
E]z_(n)’z(kq) =~ hn+1,n+2/sq2hn—1,n+1.

Proof. To prove that the group E f_ (n).m (KQ) 1s trivial for m > 3, one has to show
that the d'-differential entering E f_(n),m (kq) = h"Hm=Lntm s surjective. Form >4
the differential is given by

E%—(n),m—] (kq) — hn+m—3,n+m—l @hn+m—1,n+n1—l N hn+m—1,n+m — Ell—(n),m (kq),
(b2, bo) > Sq*br+hy,

as stated in Theorem 5.2. The claim follows since multiplying with the map
T prtmoltm=l _ pntm—Lntm g surjective. For m = 3,

El_n_‘_z,z,_n(kQ) — hn,n+2 D Hn+2,n+2 — hn+2,n+3 — El_n+1,3,_n(k‘I)7

(b2, By) — Sq’by + TprBy,

is surjective, since T and pr5° : H" 722 — p+2.1+2 gre both surjective maps. The
remaining identifications follow from the determination of the slice d!-differential
in Theorem 5.2. O

Remark 5.7. Lemma 5.6 implies that the slice spectral sequence for kq admits
at most one further nonzero differential to the first column, but Lemma 5.8 below
shows that it is trivial. Furthermore, Lemma 5.6 indicates that a triple iteration
of n on mysc(kq) is zero, the reason being on the one hand that the slice spectral
sequence for E computes the homotopy groups of sc(E), and on the other hand that
the Hopf map X VE — E induces maps

sy(MAE) 15,2 WE~%Ws, |E— s E. (5-3)

In particular, msc(kq)[n‘l] = (. Similarly, one can show nzsc(kq)[n_l] =0 by
proving E%_ ).m (K@) = 0 for m > 3 (exercise involving Theorem 5.2), thereby
implying w1 kq = m;sc(kq). Hence the first column of the slice spectral sequence
for kq computes m1kq, not just m;sc(kq).

The next statement, which was employed in the previous proof, uses the element
Ntop € T1+(0)1z Which is the image of the topological Hopf map associated with
the Hopf construction on the topological group S! under the “constant sheaf” map
mS — w4 1z. It is necessary to distinguish it from the element 1 € mo 1)1z,
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which can be obtained as the Hopf construction on the algebraic group G,. The
Hopf construction on the algebraic group SLy ~ A%~ {0} ~ X !*® gives an unstable
representative of v over the integers which complex-realizes to the topological
second Hopf map vy, € 73S, and real-realizes to the topological first Hopf map?
Ntop € 71 S.

Lemma 5.8. The second differential

E3_ oy oka) > ET_, ,(kq)

in the slice spectral sequence for Kq is trivial.

Proof. The cofiber sequence
fikq — kq — sokq — 2fikq
induces a long exact sequence of homotopy modules
-+ — mrsokq — mfikq — 71 kq — m1spkq — 0.

Since 7 acts trivially on sokq = MZ, the homotopy module m>sokq is a KM-module.
Hence the KMW-module homomorphism mosokq — 7;fkq factors as

msokq — ,(mi1fikq) — mifikq,

where the first map is a KM-module homomorphism to the 5-torsion in 7 kq. Its
target is identified as a consequence of the KMW-module presentation of 7;f kq
given in Lemma 5.9 below. Set kM := KM /2 = 7yMZ/2 to be Milnor K -theory
modulo 2, and more generally kM (w) = o X Y MZ /2 its w-fold weight shift, where
w € Z. The image of the KMW-module

2(mifikq) =kM(1)/p?kM(—1) @ p? kM (-2))

in 7151 kq coincides with p?(kM(—2)) generated by the element [— l]zntop, because
NMop Maps trivially to 14 (1)sikq. The image of the map 7oMZ/2 — mis1kq
given by the first slice differential quprgO :sokq — Xs1kq is (strictly) contained in
p2(kKM(—2)). It remains to observe that 7o;MZ — kM (1)/p*kM(—1) maps trivially
to the first summand of , (71f{kq). Since the target is 2-torsion by Lemma 5.9
below, v factors over (m,MZ)/2. This occurs in the KMW-module short exact
sequence
0— (mM2)/2 — m1oMZ )2 — i MZ — 0,

where the first map is induced by pr3° : MZ — MZ/2. It coincides with the
map so(kq canonical kq/2) up to equivalence. Since m;fiKkq is 2-torsion, the map
mifikq — f1kq/2 is injective. Owing to the commutative diagram

3pardon the slight abuse of notation.
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M7 —— (1,MZ))2 —— 1MZ/2

| | |

mifikq —9 s 7fikq —— mfikq/2

it suffices to prove 71,MZ /2 = KM(=2) — mf; kq/2 maps trivially to the summand
kM(1)/p*kM(—1). The latter is determined by the image of the (unique) KMW.
module generator g = gr € ma4(—2)MZ/2. The generator gr is the image of the
generator gr, € mo4(—2)MZ/2, where Fy is the prime field of F'. The commutative
diagram

Trr(—2y(MZ/2) py —S— T2y (_2)(MZ/2) p

! !

KM (Fo)/ oK (Fo) —— KY(F)/ k) (F)

implies the right-hand side vertical map is zero, because kg" (Fo)/ ,ozk'lv' (Fp) =0
due to [42, Example 1.5, Appendix]. (]

Lemma 5.9. The KMV_module m\fikq = KMV /(2, n?) is generated by the im-
age of the topological Hopf map nip € mi40)1 in mi40)fiKkq. The image of
mifkq — mifikq is the submodule generated by nn.op and it is isomorphic to
KM(1)/p*kM(=1).

Proof. The column on the second page of the slice spectral sequence for f; kq comput-
ing 77| is concentrated in s; and s,. The d'-differential Sq? :s;kq — Zf,kq — Zs,kq
induces Sq° : kM(—1) = w51 kq — 71f,kq = 71s,kq = kM (1), whence the image in
m1f,kq coincides with ,osz(—l). There is no room for higher differentials. Thus
the long exact sequence

- —> msikq — mif,kq — 7f1kq — msikq — 0
induced by the cofiber sequence
f.kq — fikq — s1kq — X kq
yields a KMW-module short exact sequence
0— kM(1)/p’kM(=1) —» m1fikq — 71s1kq = kM — 0. (5-4)

Etale or complex realization implies the rightmost term in (5-4) is generated by
the image of the topological Hopf map 1, in m14(0)sikq. The multiplicative
structure of the slices shows the image of nnp in 714 (1)f1Kkq is nontrivial, hence it
coincides with the (unique) generator of kM (1)/p?kM(—1). In particular, the map
KMW — 7, kq sending 1 to the image of Ntop 18 surjective. As in the proof of [52,
Lemma 2.3], one concludes the desired isomorphisms. (]
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Sq°Sq'
7 | 2
inc?Sq’Sq!
6 ?
Sq282
£ 5
9
% 4 Sq*pr,
E Sq* + pSq!
: 3 7
5 2
w
1 Tpr
0 T
0 1 2 3 4 5 6 SIMPLICIAL DEGREE

MINUS SLICE DEGREE

Figure 2. The first slice differential for 1.

KMW

Lemma 5.8 implies the -module r;kq is given by the short exact sequence

0— mflkq/quprgongMZ — mkq — 11MZ — 0, (5-5)

which does not split in general, neither as an extension of KMW-modules nor
degreewise as an extension of abelian groups. Since 1 acts as zero on m,f;kq by
Lemma 5.9, n? acts as zero on mKq.

To return to the topic at hand, substantial information on the first slice differential
for 1, at least over fields of characteristic not two, can be deduced from the first
slice differential on kq given in Theorem 5.2 along the unit map 1 — kq. Instead
of a proper “theorem”, the result will be displayed as Figure 2. It is based on
Lemma 5.10 about the behavior of the unit map 1 — kq on slices. A more complete
description can be found in [55, Lemmas 4.1 and 4.2]. In Figure 2 each slice is
displayed along a horizontal line indexed by its weight. Every direct summand of a
slice is placed on the vertical line indexed by its simplicial suspension degree. An
open square refers to a motivic Eilenberg—MacLane spectrum with Z-coefficients
and solid dots to Z/2-coefficients. The solid polygons indicate coefficients in
7/12,7/240,Z/6, and Z /504, respectively. The colors of the d'-differentials are
split according to the respective direct sum decomposition and refer to elements of
the motivic Steenrod algebra ordered by simplicial degree. Note that over a field of
odd characteristic p, every occurrence of “Z” should be replaced with “Z[%]”.
Lemma 5.10. Let F be a field of characteristic not two. On 0-slices and 1-slices
the unit map 1 — Kq induces the identity, on 2-slices a rather canonical map, and
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for g >3 the induced map s;(1 — Kq) is the identity on the summands generated by

q-3

alq and aza; . In particular, the unit map 1 — kq induces the identity on 3-slices.

In other words,
so(1) = MZ - MZ = sy(kq),
si(1) = 2OMZ/2{a;} = 2OMZ/2 = 5, (kq),
s2(1) = SPMZ/2{a7} v 2'TOMZ/12{02 )2}

10
0 92
— 5 3OMZ/2v 2P OIMZ = s, (kq),
54(1) < ROMZ/2{a?} v S OMZ/2{az0! )

Proof. The zero slice functor preserves the ring structure; see also [55, Lemma 2.29].
More generally, the graded slice functor preserves the ring structure, which implies
the statements on the summands generated by o/{ and ai’_3(x3. By [55, Lemma 2.30]
the second diagonal entry for s,(1 — kq) has the form n - 8.2 for n an odd integer.
The commutative diagram of motivic ring maps

2@OMz/2 v 2 DMZ/2 < s,kq.

1 —— MGL

L

KQ —— KGL

implies that n can be identified from the map on 2-slices induced by the unit
map 1 — MGL. This computation can be derived from the proof of Theorem 5.1
and shows that n is not divisible by 3. The result follows by applying a suitable
isomorphism to s;(1). O

Lemma 5.11. For all n € Z the unit map 1 — kq induces a surjection on Ell_(n) )
and E%_(n) 4> and for all m, k € Z an isomorphism on

Eé—(n),m’
El_(yme M#2,
E) e M#2.4,
E,L(n)’m, m<1.
Proof. This follows from Lemma 5.10. While each slice may contribute many

homotopy classes, these occur always on the same row and to the right of the
respective slice. (]
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X hn+7,n+7

hn+7,n+7
7 °

hn+6,n+6
6 °

hn+5,n+5
5 °

hn+4,n+4
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3 °

hn+2,n+2 hn+l,n+2 h n+2 \ hn—l,n+2
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hn+l,n+l hn,n+1 hn—l,n-H \ hn—2,n+1
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H™n anl,n \Eanln \EHnS,n
0 O O

0—(n) 1—(n) 2—(n) 3—@n)

Sq3Sq1

inc?,5q%Sq!

Sq28212

Sq’pr

Sq? + pSq’

Sq

Figure 3. E'-page of the weight —n-th slice spectral sequence for 1.
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The description of the first four nontrivial columns of the first page of the slice
spectral sequence of the sphere spectrum — together with the first slice differential —
in Figure 3 allows a computation of the first three nontrivial columns of the second

page.
Proposition 5.12. Let F be a field of characteristic not two, and n € Z. The second

page of the slice spectral sequence for the sphere spectrum in weight —n contains
the following groups:

q | Ei_, ey Ei ey E} ey

5 hn+5,n+5 0 0

4 hn+4,n+4 0 hn+4,n+4

3 hn+3,n+3 hn+2’n+3/f8212h’11;_l’n+2 thrl n+3/Sq2hn71 n+2

2 | prt2n+2 hrf;z’nﬁ ker(h”+l 2 3 2> prtRntZ)
@hn+l,n+2/sq2hn—l,n+l @hn,n+2/sq2hn —2,n+1

1 hn+l,n+1 hn,n-ﬁ-l/SqZprgoHn—Z,n ker(hn—l,n-H i hn+l,11+2)

0| gmn anl,n ker(Hrsz,n quprgos hn,nJrl)

In particular, E1 ). q(l) =0 forq > 3 and E2 o). q(l) =0 forq > 4.

Proof. As mentioned right before the statement, this is a direct consequence of
Figure 3. O

In order to draw consequences for actual homotopy groups, a short interlude
on convergence is required. By construction, the slice spectral sequence of E
converges to the slice completion sc(E). Recall from Remark 5.5 that KW is not
slice complete in general, which implies the same for kq: the slice filtration on
mokq = KMW coincides with the fundamental ideal filtration, and if this filtration is
infinite, KMW — (KMW)7 is not surjective. Since 791 — mokq is an isomorphism
as a consequence of Theorems 3.10 and 4.19, the same is true for 1. On the other
hand, Remark 4.14 identifies sc(kq) =~ kqg, which was used in the identification
m1kq = msc(kq). The same works for the sphere spectrum, with more effort.

Theorem 5.13. Let F be a field of exponential characteristic e. Then sc(1[e™1])
and l[e_l]g are naturally equivalent.

Proof. This is [55, Theorem 3.50], and its proof occupies most of [55, Section 3].
The basic idea, modeled on [34], is to prove the statement for motivic spectra which
are cellular of finite type. It is then necessary to see that slices of such are again
cellular of finite type. Theorem 5.1 implies that it suffices to prove this for motivic
Eilenberg—MacLane spectra for Z and for finite abelian groups. This in turn follows
from Theorem 4.7, giving two reasons for inverting the exponential characteristic.
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Extending cellularity of finite type to slice completions requires the connectivity
to increase with the slice. Theorem 5.1 shows that it does not hold for the sphere
spectrum 1: every positive slice s, (1) contains Y @MZ/2 as a direct summand,
which satisfies 79X @'MZ/2 = h?4, a nontrivial group for many fields, such as
formally real fields. Nevertheless, these summands are generated by powers of oy,
the element detecting the Hopf map. The main result of [2] implies that this
pattern persists: summands affecting increasing connectivity of slices of the sphere
spectrum are always generated by a product of an element in the o-family with a
suitable power of aj. As a consequence, the connectivity of s, Ale "] /1) tends to
oo with ¢, and the same is then true for s, (E[e'1/n*) for all £ and for all E which
are cellular of finite type. U

Remark 5.14. In case F is a field of finite cohomological dimension in the sense
that the cohomology of its absolute Galois cohomology is nonzero only in finitely
many degrees, Levine showed in [37] that 1[e 1] is slice complete. Here e is the
exponential characteristic of F. In fact, he proved the rather amazing and much
more general statement that for every compact motivic spectrum E over a field
of finite cohomological dimension the canonical map E[e~!] — scE[e~!] is an
equivalence. See [58] for details on Galois cohomology and examples of such
fields.

Recall from Remark 4.14 that the canonical square

1 —— 1[n 1

I

-1
1) —— 107"

is a homotopy pullback square. Theorem 5.13 implies that the slice spectral sequence
for 1[e™'] converges to the homotopy groups of 1[e~']). The finiteness of the
first and second column of the second page of the slice spectral sequence stated in
Proposition 5.12 yields the vanishing

m e ' DpIn~ ' 1=m@le' D) n~1=0. (5-6)

On the one hand, this implies the aforementioned injectivity of w1 — 71019. On
the other hand, there results an isomorphism

mlle™' 1= mdle ' Dy @mille" n7 ]
of homotopy groups from the long exact sequence associated to (4-6) for E=1[e™'].
The second summand has been identified in [51].

Theorem 5.15. Let F be a field of characteristic not two. Then m1[n~'] =
ml[n~'1=0.
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Proof. To sketch the argument, Morel’s Theorem 3.10 implies that the canonical
map 1[77_1] — KW, induces an isomorphism on 7 in degrees s < 1; mg being
isomorphic to W (F)[n, n_l]. The vanishing 711 KW = m,KWso = 0 is known
and can also be deduced from the slice spectral sequence, as in Remark 5.5. Hence
the canonical map 1~ 11— KW, is a 1-connected map in the sense that 7,C =0
for s < 1, where C is its homotopy cofiber. Then 7,C AC =0 for s < 3, whence
C - KW;3g A C is 3-connected. A rather involved comparison of KWso —
KW.g A KWs( with the corresponding map ko — ko A ko for connective real
topological K -theory ko implies that this map, and hence its cofiber KWxg A C, is
3-connected. It follows that C is even 2-connected, whence C A C is 5-connected,
and thus C is indeed 3-connected. U

A lot more is known about the homotopy of 1[17‘1]; see [29] over the complex
numbers, [69] over the rational numbers, [49] over various “small” fields, and [10]
over fields of characteristic not two. In any case, Theorem 5.15 suffices to conclude
the following.

Corollary 5.16. Let F be a field of exponential characteristic e # 2. Then the map
mlle 1] —> msc(l[e_l]) is an isomorphism.

Proof. As explained above, this follows from Theorem 5.15 and the vanishing
in (5-6). -

Theorem 5.17. Let F be a field of exponential characteristic e # 2. The unit map

KMW _modules, whose kernel

1 — Kkq induces a surjection w41 — mi40kq of
coincides with Kg/'_* /24 after inverting e. In particular, since wimkq = 0 for
n > 2, there are isomorphisms n1+(2)1[e*1] = Z/24[e*1] and m+(,,)1[e*1] =0
forn > 3. Also, Kg"_*/24 is generated by the second Hopf map v € w14 2)1. The

relations nv = 0 € 71431 and n*neop = 120 € 1421 hold.

Proof. Lemma 5.9 implies that the unit map induces a surjection 7;f;1 — mfKq,
since the target is generated as a KMW-module by the image of np. This ele-
ment naturally lives in 711 and lifts uniquely to w14 (o)fi1 because 724 0)sol =
m1+ysol = 0. Since so1 = sokq is an equivalence by Lemma 5.10, surjectivity
for 711 — mkq follows as soon as the connecting map m1spl — mpf1 is zero.
As explained in Remark 5.5 for KW, the group myf;1 injects into m1; see also
Lemma 5.4.

In order to identify the kernel of mlle” '] = nlkq[e_l], observe that both
KMW_modules are computed by the respective slice spectral sequence, thanks
to Remark 5.7 and Corollary 5.16. The column of the second page responsible
for m11[e~!] has been determined in Proposition 5.12. The major problem is to
show that all further differentials ending in this column are zero. Basic techniques
are shrinking the base field, a short exact sequence from [48, Theorem 3.2], real
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realization, and — for differentials originating in the zero slice — passing to suitable
quotients of the sphere spectrum.

Possibly nonzero targets for these differentials are the terms E 12_(,1)’ q(l[e‘l])
for g € {2, 3}. As a warm-up, consider the second differential E%_(n)’l(l[e_l]) —
E %_ (n)’3(1[e*1]). The connecting homomorphism

kM(=1) = mosi1[e '] = mifl[e!] (5-7)

is defined on a KMW-module having a (unique) generator, here denoted g, in
kM(—1); = kg". To describe the image of g, observe that the long exact sequence

oo mfddle 1= mfslle” ] = msslle 1 = mofalle” ] — - -

induces an isomorphism mifslle 1 = msslle "1 = kM(2). This KMW-module has
a (unique) generator given by the element nzntop € m14(2)1, which naturally lifts to
m1f31. The short exact sequence

0 — mifslfe™ ] = mflle™'] = misy1[e™'] — 0

of KMV_-modules can be determined as follows. Ignoring the possible 3-primary
component of ms21[e~ 1], the KMW-module 77, f,1[e '] is classified by an element
in the group

Extaun (kM (1) @ KM/4(2), k™ (2)) = Extgouw (K™, kM (1)) @ Extguw (KM /4, kM).

The multiplicative structure on the slices of 1[e'] (or a suitable étale or complex
realization) identifies the first component of this element as the unique nonzero
element in kM(1)_; = kg" represented by 17p, because 1 - n1op = nzntop. For the
same reason, the second component of this element is the unique nonzero element
in kg", because v € m14(2)1 naturally lifts to ;4 2)f21 and satisfies 4v # 0. Thus
mifhlle 1] is generated, as a KMW_module, by the elements 77 and v, subject
to the relations 219, =0 =nv and 12v = nzntOP; see also [22]. The image of
the generator g under the connecting homomorphism (5-7) is thus of the form
XNNtop + YV, Where x € Kg/'w and y € Kg\"w. The form of the first differential
originating in the 1-slice given in Figure 2 then implies x = p? and y = 0. In
particular, over fields where p? =0 (such as fields of positive characteristic), the
homomorphism (5-7) is zero, and hence so is the second differential induced by
it. Suppose now that F is a field (of characteristic zero) in which p? # 0. Being a
pure symbol of degree 2, [48, Theorem 3.2] shows that every element in

E%—(*),l 1= psz(—l)

is in the image of the transfer map for an étale field extension f : F — FE such
that p2 =0¢ kg"(E ). By [31, Theorem 1.9] this transfer map is induced by a map
f:1g — 1F of motivic spectra. Since the slice spectral sequence is natural with



STABLE HOMOTOPY GROUPS OF MOTIVIC SPHERES 229

respect to maps of motivic spectra, and the second differential homomorphism in
question is zero for E, it is also zero for F. At this stage, one can deduce that the
KMW._module 7;f; 1[e~ ] is generated by niop € m14(0)f11 and v € w1 (2)f1 1, subject
to the relations 21y, =0 =nv and 12v = nzntop; see also [52, Theorem 2.5].

One cannot argue similarly for the second differential E%—(n),o(l) — E?_ 2D
because no manageable set of KM-generators for w501 in small degrees is known.
This is resolved by passage to quotient spectra 1 — 1/ for suitable § ¢ KMW;
here “suitable” implies that 1 — 1/ induces an injection on the target group for
the differential in question. To illustrate this, observe that the second differential
E%_(n)’o(l[e_l]) — Elz_(n)’z(l[e_l]) lands in a direct sum. The component ending
in " F1n+2 /52 pn=1n+1 s zero by comparison with kq, as Lemma 5.8 shows.

The component ending in h'll;r 22 can be split further into the direct sum of
the 3-primary component h§+2’" ™2 and the 2-primary component hZH’”H. As the
3-primary component of 1s,(1[37']) is zero, without loss of generality the base
field F has characteristic different from 3. The canonical map 1 — 1/3 then induces
an injection on the 3-primary component of ms;. Hence it suffices to prove that
the second differential

E3_(.0(1/3)
= 7T2_(n)501/3 = Nz_(n)MZ/?) — 7T1_(n)521/3 = Ell_(n)’z(l/?’) = Elz_(n)’z(l/:;)

is zero. If F' contains a primitive third root of unity w, m—,yMZ/3 is generated by
w € hg’z(F ) as a KM(F)-module. The second differential maps this generator to
the group h;‘"‘(F ). To conclude that the image of this generator is zero, consider
the subfield G := Fy(w), where Fy C F is the prime field of F. Functoriality with
respect to field extensions shows that the diagram

Eg_(n),o(lG/:;) — E]z_(n)yg(lG/3) =0

| !

E%_(n),()(lF/:s) —_— E%_(n),z(lF/?’)

commutes. The group h§’4(G) =0 is zero, because the cohomological dimension
of G is at most 2. Hence the image of the generator, which lifts to the initial corner,
is zero. If F does not contain a primitive third root of unity, transfer with respect
to the quadratic field extension F < F(w) induces an injection on the relevant
3-primary component, whence this case follows from the previous one.

To analyze the component ending in hZ”’"H requires a different quotient spec-
trum. The projection 1 — 1/4h works; consider the proof of [55, Lemma 4.15]
for details. One interesting feature is that the KMW_module 7550 (1 /4h) = M7 /8
is generated by a single element in 75 (0)MZ/8 = hg’z, which lifts to the prime
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field. Another interesting feature is that, after eliminating the easy case of odd
characteristic, shrinking to the prime field Q allows the usage of real realization.
The aforementioned generator hits an element in hi’4(@), a group whose unique
nonzero element real-realizes to the nonzero element 7., € 1S, and hence cannot
be hit. Thus also this second differential is zero.

With all second differentials ending in the first column being zero, there remains
a single third differential

E3_ole™' D =E5_, oAle™']) > ET_(,) s([e”' D) = E}_,, s(Ale™'])

to consider. It is treated as before (exercise; which 8 € KMW will work?). Hence
the kernel A, of the unit map 7r1+(n)1[e_1] — n1+(n)kq[e_1] admits a filtration
whose associated graded consists of the two terms listed in Proposition 5.12 which
map trivially to the E*-page for kq. In other words, the slice filtration induces a
short exact sequence

0 - hn+2,n+2/8212h71l;“1’”+2 S A, h’l’zfz’”“[e_]] — 0. (5-8)

Removing t from the corresponding entry in Proposition 5.12 is justified, because
multiplication with t is an isomorphism on 2** for » > (. Assembling all weights
in (5-8) together, there results a short exact sequence

0—kM©2)/8°m zPMZ/12 > A_, - KM©2)/12[e 110 (5-9)
of KMW_modules, whence A_, is classified by an element in

Extiue (KM(2)/12[e 711, kM(2) /8,271 2P MZ/12)
= Extyun (KM/12, kM /0,27, MZ/12).

The outer terms in (5-9) are in fact KM-modules, with canonical generators in
degree » = —2. It follows that also A_, is a KM-module, because the action of n
on A_, is determined by its effect on a lift g € A, of a generator g € Kg" /12[e~ 1.
However, ng € A3 =0 necessarily lands in the trivial group. Hence A_, is classified
by an element in

Extpuw (KM/12,kM /8327, MZ /12) = Exty (KM /12, kM /0271, MZ/12) k(! = Z/2

and is thus the split extension or the unique nontrivial extension KM(2)/24[¢~!].
That A_, is the latter follows either by contemplating the multiplicative structure
of the slice spectral sequence, or by complex or étale realization 7y, (2 1[e~!] —
73S[e~!], which hits an element of order 8. Viewed as an element in m1+2)1, it thus
generates the kernel of 1[e '] — mkq[e_l] as a KMYW-module. The equation
nv = 0 follows from the above argument, but is already known by [22, Theorem
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1.4]. The element nzntop is a nontrivial element of order 2, and since e is odd by
assumption, has to coincide with 12v already in w14 2)1. U

Remark 5.18. With a bit more effort, the second Milnor—Witt stem 7> (,) 17 over
a field F of characteristic p # 2 can be determined in the following sense: the
kernel of the (nonsurjective!) unit map

To4w 1 — T4 0kq

is isomorphic to the KM-module kM (4) @ 7y X ®MZ/24 after inverting p if p > 0.
The (unique) generator for KM4)isv? e m+4)1. See [56] for details and the proof.
Also in this case the first slice differential is nontrivial, but the higher ones are zero.
This is different for the third Milnor—Witt stem w3, 1F, as [23] implies in the
case F =R.

6. Applications

While Morel’s identification o)1 = GW(F) has spawned the area of refined
enumerative geometry, pioneered by Levine [40] and Wickelgren [68]; see also [14],
the computation of 11 gave rise to several applications in geometry and K -theory.
In [5], Asok and Fasel determine the unstable A'-homotopy sheaf 7_1‘341 A3~ {0}
over infinite fields of characteristic not two. Their statement involves Voevodsky’s
contraction, an operation sending a sheaf A of groups on Smg to the sheaf defined
as the kernel of the map A(X xs Gn) — A(X) given by restriction along the
morphism X Xxslx Xx G atevery X € Smg.
Theorem 6.1 (Asok—Fasel). Let F be an infinite perfect field of characteristic not
two. There is a canonical “Suslin matrix” map inducing a surjection in a short
exact sequence

0— Fs — 74 A3 {0} > 71_3KQ — 0.

The fifth contraction of the kernel Fs is isomorphic to the pullback Kg" /24 XKM /2 w
as a sheaf.

While [5] says more about Fs and in particular suggests that it is generated by an
appropriate suspension of the unstable Hopf map v : §3t® — §2+®) Theorem 6.1
already indicates a close relation to the stable computation in Theorem 5.17. The
geometric consequence is a proof of a case of a conjecture of Murthy’s.

Corollary 6.2. Let X be a smooth affine variety of dimension four over an alge-
braically closed field of characteristic not two. If V. — X is a vector bundle of rank
3 over X, then E splits off a trivial rank-1 summand if and only if c3(E) = 0 in
CH3(X)=H%3X, 7).
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The advantage of the computation in Theorem 6.1 is that it paves a way to prove
Murthy’s conjecture in general, provided the following unstable computation of a
homotopy sheaf holds.

Conjecture 6.3 (Asok—Fasel). Let F' be an infinite perfect field of characteristic
not two. There is a canonical “Suslin matrix” map inducing an exact sequence

KY /24 > 724" A" < {0} » 71_KQ
of Nisnevich sheaves which becomes short exact after n-fold contraction.

This conjecture was stated in [4] and implies Murthy’s conjecture in any di-
mension. However, it is in fact much stronger, as it gives the complete secondary
obstruction to splitting a free rank-1 summand of a vector bundle on a smooth affine
scheme over an infinite perfect field. The unstable “Suslin matrix” map stabilizes
to the P!-stable unit map 1 — KQ, whose factorization over 1 — kq figures in
Theorem 5.17. However, while the unstable Conjecture 6.3 implies a P'-stable
exact sequence

Kg/l+n/24 — 7T1_(n)1 — m_(n)KQ

over any infinite perfect field, Theorem 5.17 does not imply Conjecture 6.3 even
after inverting the exponential characteristic, due to a lack of a P!-Freudenthal
suspension theorem. Nevertheless, it is possible to derive unstable information from
Theorem 5.17 and reprove the part of Theorem 6.1 which is relevant for Murthy’s
conjecture. This part turns out to be useful for a proper application of Theorem 5.17
provided in [6].

Theorem 6.4 (Asok—Fasel-Williams). Let F be an infinite field of characteristic
different from two and three, and A an essentially smooth local F-algebra. The
image of the Suslin—Hurewicz homomorphism K SQulnen(A) — K'SV' (A) coincides with
24KY(A).

Suslin described the homomorphism K ,?uinen(F ) — KQ"(F ) for infinite fields in
[63] and showed that the image for n = 3 coincides with ZKQ" (F) if and only if the
Milnor conjectures on Galois cohomology and on quadratic forms hold in degree 3,
which he settled with Merkurjev in [41]. The case of n =4 was recently proven in
[53].

A final application, provided in [1], concerns the question whether vector bundles,
perhaps equipped with a special linear or symplectic structure, induce Thom isomor-
phisms for generalized cohomology theories of algebraic varieties. One particularly
interesting cohomology theory is the universal stable A'-derived cohomology H 417,
obtained by linearizing the sphere spectrum. It resides naturally as the unit object
in the symmetric monoidal stable A'-derived category of S, obtained from the
category of chain complexes of Nisnevich sheaves of abelian groups on Smg by



STABLE HOMOTOPY GROUPS OF MOTIVIC SPHERES 233

inverting the affine line and stabilizing with respect to the projective line. See [16,
Chapter 5] for a detailed definition, and [9] for the étale version. The latter admits
Thom isomorphisms, whereas the former does not, by the following theorem.

Theorem 6.5 (Ananyevskiy). Let F be a field. Then there is a short exact sequence
ol 225 711 - 1 H0Z — 0
of KMY_modules.

In particular, if char(F) # 2, the KM"W-module 77;H 417 contains an element of
order 4 in weight (2), given by the image of the second Hopf map v, as Theorem 5.17
implies. Etale realization proves that this image is nonzero of order 3 if char(F) = 2.
As a consequence of this property, H41Z cannot be equipped with Thom isomor-
phisms associated with special linear or symplectic vector bundles. An equivalent
formulation is that H41Z is neither a module over MSL nor over MSp, special
linear or symplectic algebraic bordism.

As another application of Theorem 5.17, Morel’s Theorem 3.10 will be partially
extended to other bases than fields. Due to the length of the arguments involved, a
new section is in order.

7. The sphere spectrum over discrete valuation rings

Recall from Theorem 2.7 that, given a closed embedding i : Z < § of base schemes,
with open complement j : S \ Z < S, the natural maps define a localization
homotopy cofiber sequence

joj*E = E— i,i*E —> %jij*E

in SH(S) for any motivic spectrum E over S. As an exercise, one may check
that 7,, commutes with infinite direct sums, which implies it admits a right adjoint
i': SH(S) — SH(Z). Taking right adjoints in the localization homotopy cofiber
sequence above yields another distinguished localization homotopy cofiber sequence

isi'E—> E— j,j*E — Zi,i'E, (7-1)
which in turn induces a long exact sequence
coo = Tyigi ' E = E — 71y ju jYE = o 1iyi'E—> - - (7-2)

of homotopy modules in SH(S). By adjointness, 7y ) f«E = 754 w)E for any
morphism f : S — R of base schemes, where the first homotopy group is com-
puted in SH(R), and the second in SH(S). In favorable cases (such as algebraic
bordism MGL and its variants, homotopy algebraic K -theory KGL, and the sphere
spectrum 1), there exists a version Eg over any base scheme S, such that E is
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canonically isomorphic to f*Eg for any morphism f : § — R of base schemes.
One calls such a collection an absolute motivic spectrum.

Example 7.1. Any motivic spectrum over Spec(Z) defines an absolute motivic spec-
trum. In particular, Spitzweck’s motivic Eilenberg—MacLane spectrum MZ, which
is constructed in [61] over Dedekind rings, defines an absolute motivic spectrum.
Part of the construction is a verification that its pullback along a morphism from the
spectrum of a field to the spectrum of the Dedekind ring coincides with Voevodsky’s
motivic Eilenberg—MacLane spectrum, as cited in Theorem 2.6. As indicated already,
1, MSp, MSL, MGL, KGL are absolute motivic spectra. Hermitian K -theory may
be represented by an absolute motivic spectrum; it certainly is over base schemes
in which 2 is invertible.

Hence for an absolute motivic spectrum {Eg}, the long exact sequence (7-2)
contains the homotopy groups of Eg, the homotopy groups of E;, and the homotopy
groups of i'Eg, a motivic spectrum over Z. In even more favorable cases, this
spectrum can be described in terms of Ez. One case is given in Theorem 2.8. If

1 Z «— § is a closed embedding of smooth R-schemes, then EOO S/U =~ Th(Ni).
The target of this canonical equivalence is the motivic Thom spectrum of the normal
bundle of i : Z < S, and the source is the canonical cone of the counit j; j*1g — 15,
which by Theorem 2.7 is equivalent to i,i*1g, both viewed as objects in SH(R).
This equivalence induces an equivalence i *E =~ i 'E ATh(Ni) in SH(Z) for every
motivic spectrum E over § [7]. Since motivic Thom spectra are invertible with
respect to the smash product, there results an identification of the functor i' as

i'E ~ Hom ,(Th(Ni), i*E) (7-3)

for every closed embedding of schemes which are smooth over a base scheme. As a
consequence of the six-functor formalism alluded to in and right after Theorem 2.4,
[19] generalizes this equivalence as follows.

Theorem 7.2 (Déglise—Jin—Khan). For every separated morphism f : R — S which
can be factored as a regular closed embedding, followed by a smooth morphism,
there exists an element a € K°(R) and a natural transformation

pur;(E) : f*E— f'EATh(a) (7-4)
of functors SH(S) — SH(R) which is suitably natural.

The natural transformation (7-4) listed in Theorem 7.2 specializes to the homotopy
purity equivalence from Theorem 2.8 in case f already is smooth; then a is the
inverse of the class of the tangent bundle of f in K°(R). Hence the “interesting”
case of Theorem 7.2 is where f =i : Z — S is a regular closed embedding. The
obvious candidate for the K-theory class a is then the class of the normal bundle
Ni — Z. Before pursuing this, an example might be helpful.
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Example 7.3. Let i : Z < § be the zero scheme of a single regular function
¢ € Os. Then ¢ generates the conormal ideal sheaf (¢)/(¢)? and hence defines a
trivialization of the normal bundle of rank 1. The restriction of ¢ to the complement
U := S\ i(Z) along the open embedding j : U < S is an invertible element in O,
and thus defines an element j*(¢) € w(—1)1y. Its image in ﬂ_l_(l)ills under the
connecting map in the localization sequence (7-2) can be viewed as an incarnation
of the purity transformation

i"lg =17 - T4 ~i'1g ATh(Ni)
evaluated at 1.

Definition 7.4. Leti : Z <— § be a regular closed immersion. A motivic spectrum
E € SH(S) is i-pure if the purity transformation

pur; : i*E — i'E ATh(Ni)
is an equivalence.

Example 7.5. The absolute motivic spectrum KGL is i-pure for every regular
closed immersion i of regular schemes, and the same is true for the motivic
Eilenberg—MacLane spectrum with rational coefficients [16]. Both motivic spectra
are orientable, whence their smash product with a Thom spectrum for a K -theory
class of rank r is equivalent to a suspension with S" (.

With integral coefficients, the situation is more complicated, as usual, and “abso-
lute purity” is currently not known to hold. However, based on [61], the integral
motivic Eilenberg—MacLane spectrum satisfies the following, by [27, Proposi-
tion A.3].

Theorem 7.6 (Spitzweck). Let S = Spec(D) be the spectrum of a Dedekind ring
and i : Z — S the inclusion of a closed point. Then the motivic Eilenberg—MacLane
spectrum MJZ g with integral coefficients is i-pure.

Theorem 7.6, whose proof is too involved for these lecture notes, will be used
as the starting point for the proof of a special case of the following conjecture
from [18].

Conjecture 7.7 (Déglise). The absolute motivic spectra 1 and MGL are i-pure for
every regular closed immersion i of regular schemes.

The rationalized versions of 1 and MGL are i-pure for every regular closed im-
mersion of regular schemes, thus supplying the current evidence for Conjecture 7.7.
Further evidence is provided by the following theorem.
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Theorem 7.8. Let D be a discrete valuation ring with residue field k of characteris-
tic p > 0 and fraction field F of characteristic zero. Let i : Spec(k) < Spec(D)
denote the inclusion of the closed point. Then the purity transformation

pur; (Iplp™' D : Llp™1— B+ Vif1p[p~]
is an equivalence.

The proof of Theorem 7.8 requires some preparatory lemmata.

Lemma 7.9. Leti : Z — S be a closed embedding. The class of i-pure motivic
spectra over S is closed under homotopy colimits.

Proof. By construction, i* and — A Th(Ni) commute with homotopy colimits. It is
also true that i* preserves homotopy colimits [27, Lemma 7.8], thereby implying the
result by naturality of the purity transformation. Here is the argument. Applying i*
to the localization homotopy cofiber sequence (7-1) and using the counit equivalence
i*i, >~ id provides a homotopy cofiber sequence

.l . ek e e N
"= "= i), — 2P

in which i*, j*, j, all commute with homotopy colimits. Hence so does i Y O

Dealing with homotopy limits requires more effort. For a base scheme X, let Xnis
denote the small Nisnevich site of X. Standard properties of the Nisnevich topology
imply that the cohomological dimension of Xyjs coincides with the Krull dimension
of X. Let Sp denote the classical category of spectra of pointed simplicial sets, and
let Sh(Xnis, Sp) denote the category of Nisnevich sheaves with values in spectra.
Every motivic spectrum E € SH(S) restricts canonically to a Nisnevich sheaf
Elxy;, € Sh(Xnis, Sp) for every X € Smg by viewing it as an § l—Gm—bispectrum,
taking the zeroth S'-spectrum, and restricting the resulting Nisnevich sheaf of
s! -spectra on the big site Smg to the small site Xjs. A closed inclusioni: W — X
induces a base change functor i® : Sh(Xis, Sp) — Sh(Wnis, Sp) which commutes
with homotopy colimits and preserves connected sheaves of spectra. It is unclear
whether the diagram

SH(S) —— Sh(Xnjis, Sp)
l/i* l(ixsxy
SH(Z) —— Sh((Z x5 X)Nis» )

commutes. Nevertheless, commuting i® with homotopy limits works on the small
site Xnjs under suitable connectivity assumptions.

Lemma 7.10. Leti : W — X be a closed inclusion of base schemes. If

o> Epy > Ey— - —> E = Ey



STABLE HOMOTOPY GROUPS OF MOTIVIC SPHERES 237

is a tower in the category Sh(Xnis, Sp) such that the connectivity of the homotopy
fibers hofib(E,, — E,_1) tends to 0o as n does, then the canonical map

i®holim E,, — holimi®(E,)
n n

is an equivalence in Sh(Wy;s, Sp).

Proof. Testing on schemes in Xyjs and using finite cohomological dimension of
XNnis it follows from the assumption on the tower and the lim'-exact sequence that
the canonical map

[X°Yy, holimhofib(E,, — E,)] — lim[Z°Y,, hofib(E,, — E,)]
m>n m>n

is an isomorphism for every s € Z and every Y € Xyjs; here “[—, —]” denotes
the Hom groups in the homotopy category of Sh(Xnis, Sp). In particular also the
connectivity of

holim hofib(E,, — E,,)

m>n

tends to oo with n. Moreover i ® : Sh(Xnis, Sp) — Sh(Wnis, Sp) preserves connected
objects. For formal reasons, both holim and i® preserve homotopy fiber sequences.
Hence for every s € Z and every V € Wy, there exists a natural number n such
that both nonhorizontal maps in the diagram

[Z*V,, i®holim,, E,] > [X*V,, holimy,s, i°E,;]

\ /

[ZVy, E]
are isomorphisms. Hence the horizontal map is an isomorphism for every s € Z
and every V € Wyjs, showing the claim. O

Given the right assumptions on a tower of motivic spectra, Lemma 7.10 suffices
to commute i * with the homotopy limit of the tower.

Lemma 7.11. Leti : Z — S be a closed inclusion of base schemes. Let

oo —>Eyy1—>E, > ---—>E —Eg
be a tower in SH(S) with associated homotopy fibers D,, := hofib(E,, — E,_;) for
every n > 0. Assume that

(1) for every w € Z and X € Smg the connectivity of the restriction of "D, to
Sh(Xnis, Sp) tends to oo with n, and

(2) for every w € Z there is an N € N such that for every X € Smg and n > N the
natural map

(i x5 X)°U(Z™ D) lxn) = G Z™ D) (Zx s X0
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is an equivalence in Sh((Z x s X)Nis, Sp)-

Then the natural map

i*holim E,, — holimi*E,

is an equivalence in SH(Z).

Proof. For w € Z and sufficiently large n, the restriction of

™ holim hofib(E,, — E,)
m

to Sh(Xnis, Sp) and the restriction of

=™ holim i *fib(E,, — E,)
m

to Sh((Z x s X)nis, Sp) satisfy the assumptions of [61, Proposition 8.6]. The result
then follows from Lemma 7.10 and [61, Proposition 8.6]. O

Remark 7.12. In order to apply Lemma 7.11 to the slice filtration, one has to
verify the relevant assumptions on the tower. Suppose § is the spectrum of a
Dedekind domain whose cohomological dimension is finite. If each D,, is of the
form \/jeln Es-/““’-/)MAJ-, with each A a finite abelian group and s; +w; > ¢(n),
where ¢ : N, o — Z is a function with lim,,_, o, ¢(n) = 00, then the assumptions of
Lemma 7.11 are satisfied. The first condition follows from [61, Theorem 3.9], and
the second condition can be deduced from the proof of [61, Proposition 8.7]. In the
case of the slice filtration for f;1p[ pil], where D is a discrete valuation ring whose
fraction field has characteristic zero and whose residue field has characteristic p > 0,
one may use ¢(n) =n — 1 by Theorem 5.1.

Proof of Theorem 7.8. The argument will use the slice filtration. In the situation
at hand, Theorem 5.1 provides the slices of 1p[p~']. In particular, every slice
of 1p[p~!] s a (finite) coproduct of suspensions of motivic Eilenberg—MacLane
spectra with coefficients in (finitely generated) modules over Z[p~!']. Thus every
slice of 1p[p~'] is i-pure, because of Lemma 7.9 and the fact that MZp, is i-pure
by Theorem 7.6. Furthermore, the n-th effective cover f, — id sits in a natural
homotopy cofiber sequence

f, > id— " > =f,

such that f1 = sy1 (and more generally for all effective motivic spectra). One
obtains natural homotopy cofiber sequences

s, = " — UL N s,

for all n. Note that the slice completion defined in (4-2) identifies with scE =
holim,, o, "~ 'E.
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Theorem 5.1 and Example 7.1 then imply that the canonical natural transforma-
tion i* os, — s, 0i™* is an equivalence when evaluated at 1p] p‘l]; hence the same
is true for the natural transformation i* o f"~! — f*~1 o j* Suppose now that the
residue field k£ of D is perfect and has finite cohomological dimension. Then [37,
Theorem 4] says that the composition

Lip "N=i*1plp~'1— i*scplp™']) — sc*1plp~ ') = scWilp~'1)

is an equivalence. However, at this stage it is unclear whether i* commutes with sc;
there is no reason to assume that i* preserves homotopy limits.

If additionally the fraction field F' of D has finite cohomological dimension
(a condition which is automatic according to [59, Dimension cohomologique:
Theorem 2.2] in the case D is Henselian), [37, Theorem 4] implies that 1 and
17[p~!] are slice convergent. Hence the canonical map 1p[p~'] — sc(p[p~'])
is such that its image under j* is an equivalence. The functor j*, having a left
adjoint j;, commutes with homotopy limits. Thus the image of the canonical
map 1p[p~'1 = scAp[p~']) under j* is, up to equivalence, the canonical map
lp[p_l] — sc(lp[p_l]), and in particular an equivalence.

Lemma 7.11 and Remark 7.12 imply that i* commutes with the homotopy
limit over the slice filtration of 1p] p‘l]. Hence the canonical map 1p[ p‘l] —
sc(1p[p~'1) is such that its image under i* is an equivalence as well, just as for j*,
and also coincides with the canonical map 1;[p~'1— sc(1x[p~']) up to equivalence.
Theorem 2.7 implies that 1,[p~'] is slice convergent. More importantly for the
discussion at hand, the purity transformation

pur;(1plp™' D) i*Lp[p™'1 = i'Ip[p~ T ATh(Ni) (7-5)
is then, up to natural equivalence, the homotopy limit of the purity transformations
pur,(1p[p~ ") 1 i*f"1p[p~'1— i'f"1p[p~ "1 ATh(Ni),

which are equivalences. Thus also (7-5) is an equivalence if D is a discrete valuation
ring whose perfect residue and fraction field have finite cohomological dimension.

The condition on the fraction field is unnecessary for the following reason. The
essentially étale passage f : D — Dyeps from a discrete valuation ring D to its
Henselization induces an equality on residue fields. Since f is essentially étale,
properties of the six-functor formalism imply that 1p[p~!] is i-pure if and only
if 1py,..[ p‘l] i8 igens-pure. Note that Dyens has finite cohomological dimension
if and only if its residue field k does, by the aforementioned [59, Dimension
cohomologique: Theorem 2.2].

Furthermore, if k < £ is a purely inseparable field extension of characteristic
p > 0, it induces an equivalence SH(k)[ p‘l] = SH()[ p‘l] by [26]. This holds
in particular for the passage from a field of characteristic p > 0 to its perfection.
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Hence the assumption on the residue field of D being perfect may be dropped
(using that lk[p_l] is slice complete if and only if 1, [p_l] 18).

Finally, if D is a discrete valuation ring with residue field k of characteristic
p > 0 and fraction field F of characteristic zero, express F as the filtered colimit
of subfields £ C F having finite transcendence degree over Q. For every such E,
the intersection D N E is again a discrete valuation ring, simply by restricting the
valuation, with fraction field E. The residue field £ of D N E necessarily has finite
transcendence degree over [F,,. The reason is that any lift of a family of elements in £
generating a subfield of transcendence degree at least d to DN E generates a subfield
of E of transcendence degree at least d. Since ¢ then has finite cohomological
dimension by [58], this concludes the proof by the case already completed. U

As a consequence of Theorem 7.8, Morel’s computation of o1 for F a field can
be extended to discrete valuation rings of mixed characteristic, subject to inverting
the residue characteristic and restricting the weight.* Here are some details. Still
remaining over the discrete valuation ring D of mixed characteristic with residue
characteristic p > 0, Theorem 7.8 gives the localization long exact sequence (7-2)
the following form for the p-inverted sphere spectrum:

o= Tt el p T = T lnlp '
— T wlrlp 1= Ty klp ™' 1= -+ (7-6)

This long exact sequence contains a homomorphism
K" (F)[p™ 1 Z 1040 1r[p~" 1= mosen Lelp~ 1=K (O[p~'],

which commutes with multiplication by 7 and units in D. Moreover, since the purity
transformation used implicitly can be made explicit by choosing a uniformizing
element, as explained in Example 7.3, one can check that it coincides with a
homomorphism constructed by Morel [46, Theorem 3.15].

The maps of spheres discussed in Section 3 give rise to a ring homomorphism
from KMW(D) as discussed in [46, Theorem 3.22] and defined — by a verbatim
copy of Definition 3.8 —in [28] to mo1p.” The statements at the end of Section 3
extend to D by [28, Theorem 5.4].

Theorem 7.13. Let D be a discrete valuation ring whose residue field k has char-
acteristic p > 2 and at least five elements. Suppose further that its fraction field F
has characteristic zero. For all s < 0, the group wy1p[p~"'] equals 0. For all w < 2
the canonical map KMW(D) — o—w)1p is an isomorphism after inverting p.

“In the case of a 2-regular number ring R, [12, Theorem 5.2] provides an identification of
70+(0)LR[1/2] in weight zero with the Grothendieck—Witt ring of R[1/2] after localizing at two.
Strictly speaking, [28] restricts attention to local rings in which 2 is invertible and whose residue
field contains at least 5 elements.
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Proof. Of course Morel’s Theorem 3.10 is used here. The connectivity statement
gives w1y = w1y for s < 0, whence nle[p_l] =0 for s < —1 by the long exact
sequence (7-6). The homomorphism

K"W(F) Z 704 1r = mopesnyle = KM (k)

is surjective, because every unit in k lifts, as does the Hopf map. Hence it is also
surjective after inverting p, which implies 7_11p[p~'] = 0 by the long exact se-
quence (7-6). The second statement concerns the surjectivity of the homomorphism

81 : mirmlrlp ™ = s ilp '

It fits into a commutative diagram

Ti—wfilelp™ 1 —— mi—wlrlp™1 —— m—@wMZp[p~'] —— 0

| ! |

T—-nfillp™ 1 — m—@-nIlp~ 1 — T1—@-1)MZ[p~'] — 0

whose horizontal sequence is exact by construction and [55, Corollary 5.6]. Note
that f;1p[p~'] is i-pure by Theorem 7.6, Theorem 7.8 and Lemma 7.9. As a
KMW(k)[ p~'1]-module, T+ f1 1[p~']is generated by Ntop and v [52, Theorem 2.5].
These elements are in the image of 1, namely 8; ([t]7t0p) = Niop and 8 ([u]v) = v,
where u is a uniformizing element in D. Hence the middle vertical arrow in the
diagram above will be surjective as soon as the one right next to it is. It remains to
see that the connecting map

(S%VIZ . nl,(w)MZF[p_l] — nl—(wfl)MZk[p_l]

is surjective. This is definitely the case for w < 3, because m|_¢,—\MZ; =
HY~2w=l(k, Z) vanishes for w < 3. Hence the sequence

0 — o—wlplp~'1— mo—wylrlp ™' 1= To—@w-nllp~'1—0

is exact for w < 3. In weight w < 0, this sequence is obtained by inverting p on
the Gersten sequence

00— W(D)— WF)—> Wk)—0

for the Witt group, because it is exact by direct computation, or by [13]. This result
extends to the Grothendieck—Witt group, giving the desired result in weight w = 0.
With the help of [28, Theorem 5.4] and the exactness of the sequence

0— D" =KM(D) > F* =KM(F) 2> Z =K} (k) - 0

the result follows in weight w =1 as well. (]
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The methods of [17] allow an extension of Theorem 7.13 to all weights, identi-
fying molp[ p‘l] with the so-called unramified Milnor-Witt K -theory defined in
[28, Section 6.2]. Also, [20] might lead to an identification of KYV(D)[p~!] with

mo-o1plp~'1.

8. Notation

S,R,U,Z base (Noetherian separated of finite Krull dimension) schemes
F.E,G base fields

Smyg category of smooth separated S-schemes

A‘é, ng affine and projective space of dimension d over S

Spe, (S) pointed simplicial presheaves on Smg

SH(S) P'-stable A'-homotopy category of motivic spectra over S
D,E generic motivic spectra

B+ sphere of dimension s + w and weight w, suspension functor
Ts+(uw)E homotopy group [S+®), E] = Homggs)(S* ™™, E)

T s+)E Nisnevich sheaf associated to X > [Z5T@X+ E]
mE=mmE homotopy module @wez Tyt (w) E

MA motivic Filenberg—MacLane-spectrum for the abelian group A
1 motivic sphere spectrum over S

MGL, MSL, MSp algebraic bordism spectra of various flavors

KGL, kgl algebraic K -theory spectrum and its (very) effective cover
KQ, kq hermitian K -theory spectrum and its (very) effective cover
KW, KW, Witt theory spectrum and its connective cover

s Sn n-th effective cover and slice

vf,, vs, n-th very effective cover and slice

KMW(F) Milnor-Witt K -theory of F

KM(F) Milnor K -theory of F

GW(F), W(F) Grothendieck—Witt ring and Witt ring of F

[u] : SOF©@ — §0+( | map of spheres associated with unit u

h=2+4+n[—-1] hyperbolic plane; zeroth algebraic Hopf map

n:SH@ - gi+d first algebraic Hopf map

p:§HE 5 g2+ second algebraic Hopf map

Ntop : 3T — §2FO | firgt topological Hopf map
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Academy of Science and Letters, this book provides a panorama of developments in
motivic homotopy theory and related fields.

A common goal of the research program underlying this volume is the understand-
ing of the geometric nature of spaces, revealed through algebraic and homotopical
invariants. The articles in this volume, contributed by leading experts, together
touch on an extensive network of related topics in algebraic geometry, homotopy
theory, K-theory and related areas.

The volume has a significant expository component, making it accessible to stu-
dents, while also containing information and in-depth discussion of interest to all
practitioners including specialists.
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