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Abstract

Since the very beginning of K-theory, operations like the lambda or the Adams op-
erations played a crucial role into the statement and the solution of many important
problems. They followed the evolution of K-theory at any stage, generalizing and
refining themselves as long as the theory was growing. The main objective of this
thesis is to study a generalisation of the results contained in the works of Joel Riou
from the category of smooth schemes to the category of schemes having an ample
family of line bundles. In particular we show that it is possible to give a special
lambda ring structure to K-theory seen as an element of the Zariski homotopy cat-
egory of simplicial presheaves over the site of divisorial schemes over some regular
base and that this structure is uniquely determined by the one we have on the level
of the ordinary K-theory of vector bundles. This is done using homotopical methods
and proving along the way that divisorial schemes can be embedded into smooth
ones: result which is of independent interest. We then compare our construction
with other older constructions and we deduce as an application of our main theorems
some interesting results, including an Adams-Riemann-Roch theorem. Finally, we
show that the methods of this thesis and the ones of Riou can be applied in some

cases also to Hermitian K-theory.
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Introduction

Among the fundamental theorems in geometry, the Riemann-Roch theorem certainly
deserves a special mention, not only because of its intrinsic importance but also
because of its prominent role in guiding the mathematics research during the last
two centuries. In his celebrated 1857 masterpiece, Riemann studied his new complex
functions, that we could call nowadays Riemann surfaces, establishing their general
form once a finite number of simple poles is given and relating the number of this
poles to a new geometric invariant he had discovered before: the genus. His seminal
result was slightly generalized a few years later (1865) by one of his students, Roch,
who interpreted analytically his mentor’s results to reach what is nowadays known
as the Riemann-Roch formula for a given Riemann surface 3 with canonical divisor

K and a finite number of simple poles
I(D)—I(K — D) =deg(D)—p+1

where p is the genus of ¥, D is the divisor associated with the prescribed poles
and [(D) is a quantity of interest (the dimension of the complex vector space of
the functions on ¥ whose associated divisor is D). This formula served as motiva-
tion for a generation of algebraic geometers who tried to improve and generalize it.
Along the way, the mathematicians who were working on Riemann-Roch problems
(many of them were part of the so called Italian School) discovered the notion of
canonical classes, after seminal work of Noether, Segre, Severi and Todd among
others. Meanwhile algebraic topology was growing quickly and homological and co-
homological methods were discovered and appreciated. This eventually led to the
study of characteristic classes of vector bundles in the 30 after the work of Stiefel,
Whitney and Chern (only to cite a few) which was linked to the theory of canon-
ical classes after the World War II thanks to the introduction of sheaf theory by



Leray and of the fundamental work by Kodaira and Serre, who envisioned a possible
more general statement of the Riemann-Roch theorem involving both the algebraic
and the topological side of the theory. This dream of Serre became quickly reality
thanks to the work of Hirzebruch which was able to prove what is now called as
the Hirzebruch-Riemann-Roch formula. But those were the years when geometry
was going to be reshaped completely thanks to the genius of Grothendieck. While
giving a very abstract and general framework for the study of algebraic geometry
with the introduction of the notion of scheme, he found the definitive way to look at
the Riemann-Roch problems as a defect of functoriality of a natural transformation
between cohomology theories, one of these being a new extraordinary cohomology
theory which became later known as K-theory. Grothendieck’s insight came not only
as a meaningful reinterpretation and generalization of the problem, but also led to a
simpler proof of the appropriate statement (which is now called the Grothendieck-
Riemann-Roch theorem) towards the introduction of several new concepts. In order
to reach such a result, besides the discovery of K-theory, which is a remarkable
achievement itself, Grothendieck introduced the notion of A-ring to study it, origi-
nating from the behaviour of the exterior power operations and that turned out to
be an extremely powerful algebraic notion that can be used in several contexts. In-
deed one of the most striking applications of this notions was the simple solution by
Adams of the Hopf invariant one problem (1966) where topological K-theory meth-
ods were used and the so called Adams operations were introduced. Lambda rings
became then very important also in representation theory, class field theory and in
the study of Witt vectors type constructions, convex polytopes and binomial rings.
After a while, K-theory was vastly generalized by Quillen, who introduced higher
K-theory groups in both topology and algebraic geometry as homotopy groups of a
certain H-group K, whose group of path components was identified to the K-theory
groups defined before, call it K. This new space K came as a loop space of a cer-
tain topological space () that can be defined functorially out of some categories of
interests, like the one of vector bundles over a scheme. Since Riemann-Roch type
theorems and A-structures played such an important role in classical K-theory, it
became meaningful to study such structure on the higher K-theory groups. The
most natural way to study maps between homotopy groups of topological spaces is
to obtain them as maps induced by continuous maps between topological spaces.
However, if we pursue this road in the naive way, we are doomed to failure, as re-
marked by Grayson: if we start from operations between vector bundles that should
give rise to our A-operations, and we plug in the Quillen’s machinery to get a map

between the K-theory spaces, we only end up with maps between topological spaces
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originating group homomorphisms when we pass to the homotopy groups. Alas,
A-operations are far from being group homomorphisms so we cannot hope to obtain
them in this way, at least not easily. Thus, we have to use subtler methods to build
our operations for higher K-theory groups. One possible approach to circumvent
the issue and to introduce such operations is to use representation theory. In this
way many authors such as Hiller, Kratzer, Schechtman, Gillet, Soulé, Lecomte and
Levine, to cite only a few of them, were able to define on various level of general-
ity lambda and Adams operations for higher algebraic K-theory. They then used
these operations to study Riemann-Roch problems (see the work of Gillet and Soulé
for regular schemes) and to link certain decompositions on the K-theory groups
with other fundamental algebraic invariant such as the (higher) Chow groups (see
the seminal work of Levine), which were acquiring extreme relevance because of
their use in intersection theory and in what became to be known as motivic coho-
mology. This latter theory found a final theoretical place in the (un)stable motivic
homotopy theory envisioned in works of Suslin, Voevodsky, Morel, Levine and many
others after the necessary homotopical maturity was reached thanks to the advances
in simplicial homotopy theory. K-theory found then its final place as a “space” in
the motivic homotopy categories. Joel Riou, in his PhD thesis (2006) was eventually
able, using homotopical methods and the explicit computations of the algebraic K-
theory of grassmannians, to build the lambda, Adams and virtually every operation
we knew for classical K-theory in an homotopical way. In particular he was able to

prove

Theorem 0.0.1 (Riou A.3.14). If S is a regular separated scheme, denoting as
Sm/S the category of smooth separated schemes over S one has the following iso-

morphisms
HomH(S) (Kna K) = HomH(S)((ZXGr)n7 ZXGI) = HomPre(Sm/S,Sets)(KO(_)n7 KO(_))

where H(S) is the unstable motivic homotopy category of [MV99], K is the K -theory
simplicial presheaf, Gr is the infinite Grassmannian and Ky(—) is the presheaf of
sets associating to every smooth scheme X its algebraic K-theory of vector bun-
dles Ko(X). The previous isomorphisms are also true if we consider the respective

pointed categories.

We can use this theorem to lift the operations that we have on the Ky level
(for example the lambda operations) to operations on K theory in the unstable
motivic homotopy category. After that we can use them to obtain general versions

of Riemann-Roch type theorems, for example. The methods introduced by Riou
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can be applied also to other cohomology theories. For example, one might wonder
whether it is possible to do the same for Hermitian K-theory, another extraordinary
cohomology theory which tries to study forms associated to vector bundles on geo-
metric objects instead than simply vector bundles themselves. One objective of this
work is then to begin to apply the methods of Riou to this cohomology theories,
using recent advances into that theory. Moreover, the experienced reader will have
noticed that the result of Riou only applies to smooth schemes, while lambda oper-
ations and Riemann-Roch type theorems in ordinary and higher algebraic K-theory
go beyond that class of geometric objects. The main goal of this thesis is then to
investigate how we can obtain a Riou type theorem if we move away from the con-
text of smooth schemes and if such extensions can be applied also to the hermitian
case. It turns out that if we restrict to the class of divisorial schemes the answer
is indeed positive and many interesting facts arise along the way, including a gen-
eral way to embed divisorial schemes into smooth ones and a very general version
of the Adams-Riemann-Roch theorem that holds true in this context. Divisorial
schemes, also known as schemes with an ample family of line bundles, satisfy the
resolution property that makes the study of their algebraic K-theory particularly
nice and pleasant. Indeed, for such schemes, after the groundbreaking results of
Thomason (contained in the seminal [T'T90]) all the various definitions of algebraic
K-theory agree and the theory itself is very powerful thanks to descent results. It is
also a quite general class of schemes: indeed every smooth separated scheme over a
regular base scheme is divisorial and the same is true, for example, for every (pos-
sibly singular) quasi-projective variety over a field. This class of schemes has then
a special place into the study of algebraic K-theory and therefore it is important
to properly understand operations on K-theory in this context. The thesis is di-
vided in two parts. the first part studies the problem of defining and studying the
unstable operations on K-theory of divisorial schemes, while the second contains
the applications of the general theory we develop together with the discussion of
the hermitian side of the theory. We will now describe in more detail the content
and the main results contained in the chapters of this thesis. Given a noetherian
regular and divisorial base scheme S (for more, see assumptions 0.1), we will denote
as Schg (Sm/S) the category of divisorial (smooth) schemes of finite type over S
and by sPre(C) the category of simplicial presheaves over a Grothendieck site C.
We will denote as H(S) the unstable motivic homotopy category of Morel and Vo-
evodsky which is the homotopy category of the model category obtained considering
simplicial presheaves over Sm/S and localising the Nisnevich injective local model

structure inverting Al-weak equivalences. With Z (Z,, , Z4;,,) and P (PL, ., Pk..)
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we will denote the global (local with respect to the Zariski or Nisnevich topology) in-
jective or global (local with respect to the Zariski or Nisnevich topology) projective
model structures respectively and we will use the notation [, ] to indicate Hom spaces
in their respective model categories (the same will apply to #H(S)). For example,
SPre(SChs,IlZM,) will denote the model category of simplicial presheaves over Schg
with the choice of the local injective model structure with respect to the Zariski

topology and Ho(sPre(Schg,Z ) will be its homotopy category. We denote by S

ar

the category of simplicial sets.

e Chapter 1 deals with the extension of the operations defined for K-theory
in H(S) to the bigger homotopy category Ho(sPre(Schg,Z,,.)). We start
in Section 1.1 with some recollections on the Bousfield-Kan Z.,-completion
which we need in the sequel deviating a little bit from the usual presentations.

In Section 1.2 we use the Bousfield-Kan completion to show the following

Proposition 0.0.2 (1.2.7, 1.2.8). Given a Grothendieck site C, let be X €
sPre(C) a simplicial presheaf which is P!-fibrant and Z-complete (meaning
that it is sectionwise Z-complete in the sense of [BK72]). Hence if f : Y —
Y’ is a map between P-cofibrant presheaves inducing H,(—,7Z)-isomorphisms

sectionwise, one has
[Yle]Pl = [Y7 X]Pl = [Y7 X]Il = [Yle]Il

The same conclusion holds even if f: Y — Y’ is a map between T'-cofibrant

presheaves (so any map) inducing H.(—, Z)-isomorphisms sectionwise.

In Section 1.3 we make some remarks on what happens if we try to localise
the global model structures on simplicial diagrams with respect to integral
homology. This relates to some work of Goerss and Jardine ([GJ98]) and in
some sense can be considered folklore, as explained in the text. In Sections 1.4
and 1.5 we recall some facts we need about bisimplicial sets and the classifying
spaces: everything here is certainly well known except, perhaps, the exposition.

With all these prerequisites, we can prove in 1.7 the following
Proposition 0.0.3 (1.7.1,1.7.3). For n > 0 we have

[BGL+, K]IZZM.SChS = [BGL? K]ZIZQT.SChS
[BSp*,GWIM]

C
r

hg = [Bspa GW[n}]ZlZGTSChS

Xiv



where K (GW["]) is the (n-shifted Hermitian) simplicial K-theory presheaf
(and 3 € T(S, Os) when we consider Hermitian K -theory).

The previous is used to show in Section 1.8 the following

Theorem 0.0.4 (1.8.10,1.8.11). For any natural number n,
(K" Kz seng = [(Z X BGL)", Kzt g1/ = [K", Kly(s)

Moreover if 3 € T'(S, Og) it holds

[KSp", KSplzy, seng = [(Zx BSp)", KSplp1 gmys = [KSp", KSplyys)

where K Sp denotes the symplectic hermitian K -theory simplicial presheaf (i.e.
Gwhl).

which is an interesting result itself and allows us to define a A-ring structure
on K-theory in the above homotopy categories building on the results of Riou.
This is done by a study of the mapping spaces of the simplicial model categories
involved together with the trivial but fundamental observation that the general
and the symplectic linear groups are smooth. The same methods can be applied
in more general situations, as we discuss in the text. In Section 1.9 we consider
the case where our smooth schemes Sm/S are assumed to be separated (in the
absolute sense) linking then our results with a more familiar and used class of
schemes. Finally, in Section 1.10 we investigate which of our theorems hold

true if we remove the hypothesis of being divisorial from our schemes.
Chapter 2 is devoted to the proof of the following theorem

Theorem 0.0.5 (2.0.1). Let X be a quasi-compact and quasi-separated scheme
of finite type over a noetherian ring R having an ample family of line bundles.
Then there exists a closed embedding f: X—/— W with W a smooth scheme
over R admitting an ample family of line bundles. Moreover W arises as an
open subscheme of the multihomogeneous spectrum of a suitable Z™-graded

polynomial algebra.

This is an interesting result on its own. When the divisorial scheme involved
is a reduced scheme of finite type over an algebraically closed field, this the-
orem was proved by J.Hausen ([Hau02] Theorem 3.2) and multihomogeneous

projective spaces were introduced by Brenner and Schroer ([BS03]), who were
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able to show that divisorial schemes embed into them. We improve their re-
sults by showing that it is possible to refine their argument to actually get an
embedding into a divisorial smooth scheme contained in such a multihomoge-
neous projective space. This refines classical arguments that can be found in
the context of weighted projective spaces (see the work of Mori, Dolgachev and
Reid among the others). We start in section 2.1 with some recollections on
schemes having an ample family of line bundles (aka divisorial schemes) detail-
ing a folklore technical result in Section 2.1.2 that we will need in the sequel.
Section 2.2 contains a technical lemma that we need to show the smoothness
of the final scheme we will consider in the statement of the emebedding the-
orem and in 2.3 we recollect some facts about multihomegeneous projective
spaces that we need. Note we have given new constructions (equivalent to the
ones given in [BS03]) and proofs whenever possible, to avoid the use of GIT
quotients. Section 2.4 contains the proof of Theorem 2.0.1 that follows the
argument of the proofs of the embedding theorem in [BS03] which follows the
original argument of [Hau02]. Using it, we can prove a very interesting fact,

which is the main result of Section 2.5

Theorem 0.0.6 (2.5.5). Let X be a scheme of finite type over a noetherian
affine scheme S = Spec(R) having an ample family of line bundles. Then
given a finite number vector bundles &, ...,E, € Vect(X) there is a smooth
divisorial scheme Yg over S and vector bundles &1y, ...,Eny, over it together
with a morphism g : X — Yg such that Y§(&;y,) = & for every i =1, ..., n.

In Chapter 3 we prove the Main Theorem of this thesis

Theorem 0.0.7. If S is a reqular quasi-projective scheme over a noetherian
affine scheme R, for any natural number n, if we consider the Thomason’s

K -theory presheaf K we have

HomHO(SPI‘eza,«(SChs)) (Kn7 K) = HomPre(SchS) (K(T)Lv KO)

where Ho(sPrey,,.(Schg)) denotes the homotopy category of sPrez,.(Schg).

Moreover we have that
HomHO(SPl‘ezar(SChs)) (Knv K) = HomH(S) (Knv K)

and that
HomPre(SchS) (KSL, KU) = HomPre(Sm/S) (ng KO)

Xvi



for any natural n. Passing to the sets of pointed morphisms, analogue isomor-

phisms hold.

This theorem asserts that the endomorphisms of K-theory in the model cate-
gory of Zariski local simplicial presheaves over divisorial schemes depends only
on their behaviour at the level of K seen as a presheaf of sets and in addition
these endomorphisms are in bijection with the ones obtained from the theorem
of Riou. This is surprising not only because our schemes are allowed to be
singular but also because we do not invert Al-weak equivalences so that we
cannot see K theory as Z x BGL or as an the ind-scheme Z x Gr as we can
do in the motivic homotopy category. More is true: these endomorphisms are
uniquely determined by they behaviour on affine schemes as summarised by

the following

Theorem 0.0.8 (Theorem 3.2.16). If S is a regular noetherian affine base

scheme, all the arrows in the following commutative cube are isomorphisms

Hompo(spre z,, (atiys) (K", K) Homggass(s) (K™, K)
Hompg(spre ., (Schy)) (K" K) yn Homyy(s) (K™, K) {,{0
m' Homp,e(as/s) (K7 Ko) - Homp,e(smasi/s) (K¢, Ko)
I l -
Hompre(sehg) (K7, Ko) Homp,e(sm/s) (K¢, Ko)

The pointed version of this theorem also holds.

The proof basically consists of two steps: first one considers the top face of the
cube and shows that with the results contained in Chapter 1 together with
some facts available in literature, all the arrows in that square are isomor-
phisms (for some of these maps one can assume S to be any divisorial regular
base scheme). Then one notices that assuming S to be affine, using Theorem
2.5.5 and its variants, we can prove that also the lower horizontal maps are
injective so that chasing the diagram gives the result (Section 3.1.2). We show
in Section 3.1.3 that one can improve Theorem 3.1.6 and assume that S is
regular divisorial quasi-projective of finite type over a noetherian ring R by
improving the result 2.5.5 and arguing in the same way. In Section 3.2 we
take care of the extension to affine schemes to complete the proof of Theorem
3.2.16. As in Chapter 1, in Section 3.3 we consider the case where our smooth

schemes Sm/S are assumed to be separated (in the absolute sense) linking our
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results with a more familiar and used class of schemes. Finally, in Section 3.4
we investigate which of our theorems hold true if we remove the hypothesis of

being divisorial from our schemes.

Chapter 4 contains a side result which is not used in the remaining parts of
the thesis and appears only during a variant of the proof of Theorem 3.2.16.
Therefore this can be safely skipped at a first reading. The main result of this
chapter is the following

Theorem 0.0.9 (4.2.2). Let S be a reqular noetherian scheme. There are weak
equivalences (induced by an explicit map, not via zig-zags) 7 x Gr™ft = Z x Gr
and P35 =5 P> in H(S), where Z x Gr*T and P25 are filtered colimits of affine

(in the absolute sense) schemes.

The proof of this theorem is obtained by first showing that in favourable
situations we can make the Jouanolou device functorial enough to give rise
to natural transformations between simplicial diagrams. This is done in full
generality in Section 4.1. Section 4.2 then concludes the proof of the theorem
by mean of simple homotopical algebra. Section 4.3 shows that the ind-schemes

we have also satisfy some important technical properties.

Chapter 5 contains the main applications of Theorem 3.2.16. In Section 5.1.4,
after some recollections on lambda rings in Section 5.1.1 where we also em-
phasize the fact that 1-rings, a close friend of A-rings, also make sense in the
noncommutative world (indeed we where not able to find a single suitable
reference for all the material we use), we define A\, Adams and ~y-operations
for higher K-theory of divisorial schemes using 3.2.16. We also discuss the
notion of lambda ring in a very abstract setting in Sections 5.1.2 and 5.1.3
where we spell out in some details how to prove that a given lambda ring in a
suitable homotopy category of simplicial presheaves gives rise to lambda ring
structures on the homotopy groups of simplicial presheaves. This is certainly
subsumed in the work of Riou, although the statements and the details do not

appear there. After that we can use Theorem 3.2.16 to prove the following

Theorem 0.0.10 (5.1.28,5.1.32). Lambda, Adams and ~y-operations Ko(—) —
Ko(—) naturally induce maps on K, (X) for every X € sPre(Schg). In par-
ticular this is true for the usual higher K-theory groups K,(X) for every
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X € Schg. Moreover we have a natural multiplication law — X — : K x K %K

which induces a graded ring structure on the graded Ko(X)-module

K.(X) =P Kn(X)
neN
for any scheme X € Schg, different from the one we would get if we set the
product of two homogeneous positive elements to be zero. Call the latter ring
(K«(X),-) and the former (K.(X),U). Then the datum (K.(X),-,\¥) is a
lambda ring with associated v-ring (K«(X),-,¥*). Moreover, (K.(X),U,¥*)
is a noncommutative -ring and the maps ¥ : (K.(X),U) — (K.(X),U) are
morphisms of noncommutative V-rings (see Definition 5.1.7). These struc-

tures are functorial.

The argument used to prove this theorem is the analogue of the argument used
by Riou in the smooth case. In Section 5.2 we compare the structures just
defined to many others available in literature, and we show that they agree.
Even in the smooth case, some of these comparisons, while certainly known
to many experts, were mere folklore. In Section 5.3 we extend some additive
results that were obtained by Riou for smooth schemes, in particular we are
able to show the following theorem adapting the arguments of Riou and using
our 3.2.16

Theorem 0.0.11 (5.3.3). Denotig as Q; the ith right derived functor of the
loop space functor, as K; the ith higher algebraic K-theory presheaf and as Pic
the presheaf associating to any scheme its Picard group, all the arrows in the

following diagram are isomorphimsms

[BGm, Q§CK]IZZGTSChS . [BGm, Q;K]’H(S)

| 0

HomPre(Schs) (PiC, KZ) “Tes” HomPre(Sm/S) (PiC, Kl)

Moreover, also all the arrows in the following commutative diagram are iso-

morphisms

*
JSch

Hompre(sehg),ab (Ko, Ki) Homp e(seng) (Pic, K5)

/{ 5 J=

Hompre(sm/s),ab (Ko, Ki) 2 Hompre(smys) (Pic, Ki) = imK; (P") = K;(S)[[U]]

Ry g
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where the maps 05, and 0&,, are induced from the presheaves maps dsm Sch :
Pic — Ky given for any scheme X by the assignment [L] — [L], for any L

line bundle over X.

Section 5.4 recasts in a different language some formal Riemann-Roch algebra
contained in [FL85] in such a way that it can be easily applied to the structures
coming from our Theorem 0.0.10. This starts in Section 5.4.1 with with the
modification of some definitions contained in [FL85], while in sections 5.4.2
and 5.4.3 we remark that some constructions contained in op. cit. can be
performed in the category of schemes we consider. With these prerequisites, we
can prove in Section 5.5 that we can use known results and the functorialities
of the structures just built for higher K-theory using the machiery of [FL85]
just generalized to prove a very general version of the Adams-Riemann-Roch

theorem for higher K-theory

Theorem 0.0.12. 5.5.11 Fiz a regular noetherian affine base scheme S. Let
be f : X — Y a projective l.c.i. morphism in Schg. Then (K, -, 17, f)
(K, U, %7, f)) is a RR datum and RR holds with respect to the datum (Z[1/5]®
K., 49, f) for every j with multiplier Ty € Ko(X) given by Theorem 5.4.4. This
means that the following diagram commutes for any j

2014 ® K.(X) — Y 2(1/i]) @ K.(X)

k| |

Z1/j) @ Ko (V) — —— Z{1/j] @ K.(Y)

Having pursued the same path, this fact could have been shown before, say
in the late nineties (and it was with a priori different operations, see [K98])
and might be considered by an expert aware of the Gillet-Soulé-Levine con-
structions of the lambda operations, for example, folklore. See also the work
of Alberto Navarro Garmendia [Nav18] and [K98] for general Riemann-Roch

formulas.

Chapter 6 is devoted to the problem of which of the previous theorems can
be brought to the context of Hermitian K-theory. In this case we do not have
any Riou-like results so we have to provide them ourselves. We then start in
Section 6.1 with some recollections concerning bilinear grassimannians, which
are well studied in [ST15] and [PW10a]. The only novelty is to give a unified

treatment of the facts proven in op. cit. which are usually spelt out only
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in the symmetric or the symplectic case. In Section 6.2 we then consider
the symmetric hermitian analogue of the theorem by Riou. Denoting as GW
the element of H(S) representing symmetric hermitian K-theory, our main

positive result is the following

Theorem 0.0.13 (6.2.8). Fiz S is a regqular base scheme such that 2 is in-
vertible in I'(S,Og). The map

o - [GW’ GW]’H(S) - HomPre(Sm/S) (GWOv GWO)
18 surjective.

Unfortunately, lacking the computations of the Grothendieck-Witt groups of
the orthogonal grassmannians, we are not able to go further to find a proof of

the following, that we leave as an open conjecture

Conjecture 0.0.14. [GW", GW]y(g) = Homp,e(sm/s)(GW, GWp). GW €
H(S) has a structure of A-ring and this structure lift to a structure on every
GW,,(X) for every X € Sm/S.

We only notice that once we had the hermitian Riou theorem, we could define
the A-ring structure in the statement of the conjecture using the lambda ring
structure defined at the GWy level by Zibrowius in [Zib18]. For symplectic K-
theory, however, we have the computations we need to run Riou’s machinery
so we can obtain the analogue of Theorem 3.2.16. The main step, besides the
achievement of a Riou like theorem for smooth schemes, which is obtained in
Section 6.3, is the appropriate analogue of 2.5.5 for forms, the homotopical
algebra required for everything else being already handled in Chapter 2. We
succeed in producing such a theorem which asserts that we can pullback forms

in Section 6.4.1 where using bilinear grassmannians we prove

Theorem 0.0.15 (6.4.4). Consider S quasi-projective scheme over a noethe-
rian affine scheme R where 2 is invertible and let X be a divisorial scheme
of finite type over S. Then given a finite number of e-inner product spaces
over X, Vi = (E1,01),oes Vi = (Eny on), there is a smooth scheme Yy over S
and e-inner product spaces V1, ,..., Vo, over it together with a morphism
Yy X = Yy such that Y7, (Viyy, ) = V; for everyi=1,...,n. If X and S are

affine schemes, then we can take Yy to be affine.
This readily gives
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Theorem 0.0.16 (6.4.5). The natural restriction maps

HomPre(Schs)(GWO(_)a GWO(_)) - HomPre(Sm/S)(GWO(_)a GWO(_))
Hompre(aft/s)(GWo(—), GWo(—)) — Hompresmasys) (GWo(—), GWo(-))

and the restriction maps

Hompre(sehg) (KSpo(—), KSpo(—)) = Hompre(sm/s) (K Spo(—), KSpo(—))
Homp,e(ag/s) (K Spo(—), KSpo(—)) — Hompresmas/s) (K Spo(—), KSpo(—))

are injective, where S is a quasi-projective (affine if we consider the categories
of affine schemes) noetherian scheme of finite type over a noetherian affine
scheme R where 2 is invertible. We have denoted here by KSpy the usual

symplectic hermitian K-theory presheaf.

We can then conclude the story in Section 6.4.2 by proving the symplectic
hermitian analogue of Theorem 3.2.16 (denote by K Sp the object representing
symplectic hermitian K-theory in the homotopy categories that appear)

Theorem 0.0.17 (6.4.7). Fiz S an affine regular noetherian base scheme

with % € I'(S,0g). Then all the arrows in the following commutative cube are

isomorphisms
Hompo(sprey,, (Afi/s)) (K Sp™, K.Sp) Homyass () (K Sp™, K Sp)
_ N
Homue(sprey,, (schs)) (K SP", K'Sp) o Homy,(g)(KSp™, K Sp) o
" Hompye(asys) (K Spg, K Spo) i Hompye(smafs) (KSpg . K Spo)
/
Hompye(schs) (KSpg, K Spo) Hompye(sms) (K Spy, K Spo)

with the obvious meaning of the terms involved. The pointed version of this

theorem also holds.

In Section 6.5 we consider the case were our smooth schemes Sm/S are as-
sumed to be separated (in the absolute sense) linking our results with a more
familiar and used class of schemes. Finally, in Section 6.6 we investigate which
of our theorems hold true if we remove the hypothesis of being divisorial from

our schemes.

There are two appendices. Appendix A recollects some facts from the works

of Riou [Rio06]and [Riol0] and some preliminaries we need as the Jouanolou’s

xxii



device or some logic facts concerning algebraic structures. We also sketch
some arguments of the works in op.cit. spelling out some details that were
abridged or that were written only in french. We hope this could allow the less
expert reader to appreciate more the above mentioned works. Explicitly note
that while essentially all the arguments are due to Riou, we sometimes deviate
from the original proofs and definitions giving a discussion more tailored to this
work. In Appendix B we recollect some technical facts concerning K-theory
and descent that we use in the main text that can be considered certainly
known, except perhaps some technicalities involving divisorial schemes and

the exposition. We also give a very brief dictionary of Hermitian K-theory.

0.1 Assumptions and notations

All the schemes will be always assumed to be Noetherian of finite dimension unless
otherwise stated. Whenever we will say that a base scheme S is regular, we will
mean that it is noetherian, regular in the sense of [Stal8, Tag 02IS] and that it
is divisorial (see Definition 2.1.2) unless otherwise stated. The only reason the
divisorial assumption is needed is that we find convenient to have S as final object
of many of the categories we will consider. We say that a scheme X is smooth over a
base S if its structure map is smooth ([GD67] IV 6.8.6, 17.3.1, [GW10] 6.14, [Stal8,
Tag 01V5]). Explicitly note that we do not require any separation hypothesis. We
also make the blanket assumption that unless otherwise specified, all the schemes
in the categories Schg and Sm/S of (smooth) schemes of finite type over a chosen
base scheme S have an ample family of line bundles. We detail in specific sections

what can be said if we go out of this context.

Notation 0.1.1. Throughout this thesis, given any category C, we will denote as
[—, —]c the Hom sets Hom¢(—, —). If we are considering C as a model category, by
[—, —lc we will always denote Homgy,(c)(—, —), i.e. the hom sets in the homotopy
category of C. If we will speak about pointed homotopy categories of a given model
category C we will mean the homotopy category of the model category obtained by
considering the pointed category Co and giving to it the pointed model structure
induced from C (see [Hov99] Proposition 1.1.8). With P or Z we will denote the
global injective or projective model structure on a given category of simplicial dia-
grams. Whenever these simplicial diagrams are categories of simplicial presheaves
over a Grothendieck site (C,7) we will denote as PLC or ZLC (or by (sPre(C),Zt)
and (sPre(C),Pl)) the model categories of simplicial presheaves over C with the

local projective or injective model structure relative to the Grothendieck topology

xx1il


https://stacks.math.columbia.edu/tag/02IS
https://stacks.math.columbia.edu/tag/01V5

7. When the site is clear we will abbreviate such notations with PL, Z! or even P!
and Z'. Thus, for example, IlZaTSchS will denote the model category of simplicial
presheaves over Schg where we consider the injective local model structure with re-
spect to the Zariski topology. If the choice of the injective structure is assumed, we
will use the notation sPre,(C). In addition, we will use the notation H¢ to denote
Ho(Z!C) while we will reserve the notations #H(S) and H%/(S) for the unstable
motivic homotopy category over Sm/S and its full subcategory of smooth affine
schemes SmAff/S respectively. Finally, we will denote as Aff/S the full subcategory

of Schg of affine schemes.
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Part 1

Unstable operations on
K-theory



Chapter

Endomorphisms in Higher K-Theory:
homotopy theory

1.1 Some recollections. Topology, completion and sim-

plicial sets

In this Section we recollect some useful facts on the Bousfield-Kan completion and
some topological notions. Everything here is well known, except perhaps the expo-
sition or some observations. For us the category Top(Top, ) of (pointed) topological
spaces will be a convenient category for homotopy theory, such as the category of
compactly generated Hausdorff spaces, see for examples [Vog71]. For background
on model categories see [Hir03],[Hov99],[BK72], [GJ09], [Qui67], [DS95].

Definition 1.1.1. An H-space is a pointed space (Y, p) having the type of a CW
complex together with a map pu : Y XY — Y of pointed spaces such that p is
a pointed homotopy identity (if we see the point p as as a constant map ¥ — Y
this means that id, p o (id,p), p o (p,id) are pointed homotopic) and u is homotopy
associative. If such structure has a pointed homotopy inverse then (Y,p) is called
H-group. More generally, given a model category C we will say that an object in
it is an H-space (group) if it is a monoid (group) object in the pointed homotopy
category Ho(C,).

In this section we will be interested in H-spaces (groups) only in the category

of topological spaces and of simplicial sets.

Example 1.1.2. Given a pointed CW complex (Y, y9), then the loop space (Y, wq)
is an H-group (see [Swi02]2.15, for example).



From the definition it follows that for an H-space (Y, 1), its fundamental
group m1(Y,yo) is abelian and 7y(Y) is a group if in addition Y is an H-group.
Now, it is a general fact that in any space with a homotopy associative multiplication
which makes the set of path components into a group, left or right multiplications by
points induce homotopy equivalences between the path components. As a corollary
(which can be easily proved also directly, see [Hat02] page 291, or [Dug66] page 387)

we have

Lemma 1.1.3. All the path connected components of every H-group (G,*) are
homotopy equivalent. In particular the same is true for all the path connected com-

ponents of (Y, wp) for a given pointed CW complex Y .
Definition 1.1.4 ([Spa95] page 384). A path connected space Y is called n-simple
(n > 1) if for some yg € Y, m1 (Y, yo) acts trivially on 7,(Y,y0). Y is called simple

if it is n-simple for all n > 1.

Remark that the action could be non trivial even for n = 1.
Theorem 1.1.5. A path connected H-space is simple.

For the proof see [Spa95], Theorem 9 page 384.

Definition 1.1.6. If R is a solid ring (i.e. a commutative unital ring such that the
multiplication R ®z R — R is an iso, see [BK72] page 20) we say that a group G is

R-nilpotent if it has a finite central series
1=Gy<G1<---<aG, =G

such that for every 1 < i <n, G;/G;—1 admits an R-module structure (unique, see
[BK72] pag.82).

Note that a Z-nilpotent group is a nilpotent group in the standard sense.

Remark 1.1.7. In this section we stick to solid rings in order to be faithful with the
standard references where the theory is developed, howewer we explicitly note that
this assumption can be safely removed for homotopy theoretic purposes in virtue of
the so called core lemma, see [BK72] I 4.5 for a discussion, and [BK72] I Section 9

for a proof of that lemma.

Denote as S the category of simplicial sets, and as S, its pointed version
(see for example [GJ09], [May92], [FP90], [BK72]). Let S¢ denote the category of
connected simplicial pointed sets (i.e. objects with trivial moX = mo|X|, where | — |

denotes the geometric realization).



Definition 1.1.8 ([BK72] III 5.2). A simplicial set X € S¢ is called R-nilpotent (R
solid ring) if

1) X is nilpotent, i.e. the action of 7 X on 7, X is nilpotent for every n > 1.
Recall that a group H acts on G nilpotently if there is a finite sequence of

H-equivariant normal subgroups
1:G0<G1<1"'<1Gn:G

such that for every 1 < ¢ < n, G;/G;_; is abelian and the induced H-action

on it is trivial.
2) m; X is R-nilpotent for every i > 1.

Remarks 1.1.9. 1) X € S¢ is nilpotent if | X]| is simple (see [MP12] page 49),
by the definition of homotopy groups of a simplicial set.

2) If R=17, X € & is Z-nilpotent if it is nilpotent.

We notice that a simplicial set X € S, is an H-space if and only if | X| € Top,
is an H-space. Hence X € S, is an H-space if it is a monoid in Ho(S,). The same
can be said concerning H-groups. Recall that Bousfield and Kan defined for every
solid ring R, a functor Ry : S — S, the so called Bousfield-Kan completion (see
[BK72] I 4.2,[BK71] and [GJ09], for more on localization of topological spaces see
[MP12], and [Ger73] for a comparison with +-construction). The main feature of
this functor is that if a simplicial map f : X — Y induces an isomorphism on
H,(—,R), then Ry f is a weak equivalence (see [BK72] I 5.5). We recall briefly the
definition of the Bousfield-Kan completion since it is not common to find it outside
[BKT72].

Definition 1.1.10 ([BK72] I 4.2). For a simplicial set X, we denote as RX the
reduced free R-module generated by X. Remind that its n-simplices are finite formal
linear combinations ), 7x; with z; € X,,, 7, € R and ) ,r; = 1. Then we have
maps ¢ : X = RX, ¢(z) =z and ¢ : RRX — RX given by ¢(3_; a;(>_; bijzij)) =
ZL j(aibij)xij. Using these maps we can build a cosimplicial space R*X by letting
(R*X), = R"X and defining codegeneracy maps s* = Rt)R" =% and coface
maps d' = RipR"™1~". We then define Roo X := TotR*X where we denoted as Tot
the total space of a cosimplicial space, i.e. the simplicial set built out a cosimplicial
set X* by taking the cosimplicial mapping space Map(A®, X*) as defined in [BK72]
1.3.3 for example. R X is always a Kan complex (see [BK72] I 4.2).



Remark 1.1.11. From this definition it is easy to get al the needed functorialities.
Definition 1.1.12 ([BK72] I 5.1). A simplicial set X € S is called

1) R-good if the natural map X — R, X induces an isomorphism on H,(—, R).
R-bad if it is not R-good.

2) R-complete if the map X — R, X is a weak equivalence.

Theorem 1.1.13. ([BK72] III 5.4 or [BK71] 4.2) Every R-nilpotent space X € S¢

1s R-complete.

If a topological space is locally path connected, hence its connected com-
ponents are exactly the path connected components and in this case the space is
homeomorphic to the disjoint union of its (path) connected components (for the
behaviour of a space having the homotopy type of a CW complex under this re-
spect, the reader may look at [FP90] Proposition 1.4.14 and 5.1.1). We define the
connected components of a simplicial set as follows (in some literature the definition
is slightly different, see [GJ09]). Let v, € Xo, define X, as the smallest subcomplex

of X such that its zero skeleton consists of vertices w with the property w ~ v, in
dy

mo|X|. One can see that mp(X) = colim( X; == X ). This definition gives us for
do

every simplicial set X a decomposition

X |_| Xa::|_|Xa

Vo €M X a

For the details of this decomposition and a more extensive discussion of the path
components of a simplicial set the reader is referred to [Lurl9, Subsection 00G5]

where this decomposition appears as Proposition 1.1.6.13 (Tag 00G.J)
Theorem 1.1.14. ([BK72]1.7.1-7.5)

1) (Roo commutes with | |) Let X € S, then the inclusion

|_| ReoXo < Roo X

Vo €T X
is an homotopy equivalence.

2) Let X,Y € S, then the projections of X xY — X and X xY — Y induce a
homotopy equivalence of simplicial sets Roo(X X Y) = RooX X RooY which
has a natural left inverse ¢ that is associative, commutative and compatible
with the triple structure of R (see [BK72]).


https://kerodon.net/tag/00G5
https://kerodon.net/tag/00GJ

3) A multiplication m : X x X — X in S induces a multiplication
/ P Room
Mm@ RooX X Roo X —— Roo(X X X) == Roo X

Moreover if m is associative (commutative or has a left right unit) then so

does m'.

4) Let X € S, be an H-space (group, etc.), then Roo X € S, is also an H-space
(group, etc.).

We come now to our definition of completion for a topological space.

Definition 1.1.15. Let X be a CW-complex. For a solid ring R define Ry X :=
| RooSing(X)| where Sing is the singular functor right adjoint to the geometric re-
alisation | — | (recall from [GJ09] the adjunction | — | - Sing). We say that X is
R-complete if the map

[¥sing(x)!

Uy : X — |Sing(X)| |ReoSing(X)| = Roo X

is a weak equivalence, where 9gin,(x) is the canonical arrow Sing(X) — ReSing(X)
and the first arrow is a homotopy inverse of the canonical weak equivalence of CW-
complexes [Sing(X)| — X. If X is any topological space having the type of a CW

complex X', we say that it is R-complete if X’ is such.

Remark 1.1.16. Notice that a topological space X having the homotopy type of
a CW complex is R-complete if and only if Sing(X) is R-complete.

Proposition 1.1.17. Let be X any CW complex such that its path components are
nilpotent or Z-complete. Then X is Z-complete as element in Top.As a consequence,
this applies to H-groups and so to loop spaces QY for any given pointed CW complex

Y. The same applies for any X simplicial set with Z-complete connected components.

Proof. The proof is an exercise in topology using the functoriality of the Z, functor
and 1.1.14. Just remark that the path connected component of the identity of an
H-group is an H-group (this holds more generally for H-spaces, see [Dug66| page
383).

O

Remark 1.1.18. If X is a pointed CW complex then all the connected components
(X)), of its loopspace are homotopy equivalent by 1.1.3 and they are simple, hence
they are Z-complete since Sing(2.X ), have to be nilpotent. The same can be said

for every H-group.



We immediately obtain the following corollaries

Corollary 1.1.19. Given a a CW complex Y such that its path components are
nilpotent or Z-complete, we have that the completion map Yy : Y — ZsoY is a weak

equivalence.

Corollary 1.1.20. If X is an H-group (could be a topological space or a simplicial
set) then it is Z-complete.

Arguing as above, one can also have the following (which is proved in [BK72]
11.2.7)

Lemma 1.1.21. Every simplicial R-module is R-complete.

1.2 Completion for simplicial diagrams

The results of this section should be regarded as a variation of the methods contained
in the article of Levine [Lev97], and they might be folklore as somewhat subsumed
in [GS99] and [Sou85], although they never appeared in this form nor they were ever
explicitly written down to the knowledge of the author.

Suppose [ is a small category, and consider the category of simplicial presheaves on
it, a.k.a. the category of functors I°? — S, denoted S'” or sPre(I). We can put
several model structures on this category (general references are [BK72], [Jar87],
[Jar04], [Jarl5], [DugO1b]).

e The Bousfield-Kan projective global model structure P ([BK72]) where weak
equivalences are sectionwise weak equivalences, fibrations are sectionwise fibra-
tions and cofibrations are induced by LLP (Left Lifting Property). This model
structure is simplicial (see for example [GJ09]), with the standard internal
mapping space Mapgpre(r)(—, —) (whose simplices are Mappre(r) (X, Y )n =
Homgp,e(r) (X x A", Y), see for example [Lev97]).

e The injective Heller global model structure Z: as before but in this case the

cofibrations are defined sectionwise and fibrations by lifting property.

Both structures are definable in the same way on an arbitrary category of small
simplicial diagrams S’ and they are Quillen equivalent. One can Bousfield localize
model structures with respect to certain classes of arrows, see [Hir03] Chapter 3,
and in particular in the case of simplicial sets it is very important to localize with

respect to homology with coefficients in a group G as explained in the classical



and influential [Bou75] or in modern terms in [GJ09]. We are interested into hZ-
localizations, i.e. into localization with respect to integral homology. For S, the
h%-local model structure will be the one where an object is fibrant if and only if it
is a fibrant simplical set Y which is h%-local ([GJ09] X Corollary 3.3), i.e. for every
map of simplicial sets f : X — Z such that H,.(f,Z) is an isomorphism, then the
induced map Maps(Z,Y) — Maps(X,Y) is a weak equivalence. Remark that our
definition of hZ-local coincides with the one in loc. cit. because of the properties
of the simplicial model structures and of the Bousfield localisations (also see the
beginning of the proof of Corollary 3.3 in op. cit. or 2.5 in [Bou97]). We start with
the following

Lemma 1.2.1. Let X be a simplicial set. Then ZosoX is hZ-local.

This is proved in [GJ09], X Remark 3.7. The following lemma is then inter-

esting
Lemma 1.2.2. Any fibrant Z-complete simplicial set X is also h%-local.

Proof. We need to prove that for every homologism f : A — B between simplicial
sets the map f* : Map(B, X) — Map(A, X) is a weak equivalence. Now recall
that the map ¢ : X — Z, X is a weak equivalence between fibrant objects by

assumption. Then the following commutes

Maps(B, X) —2 Maps(B, Zoo X)

1)

Maps (A, X) — Maps(A, Zoo X)

and the horizontal arrows are weak equivalences by [Hir03] Corollary 9.3.3. The
right vertical map is a weak equivalence because Zs,X is hZ-local by 1.2.1 and so

by the 2/3 property we conclude. O
The following is a variation of a theorem by Levine.

Theorem 1.2.3. Suppose Z is a P-fibrant object of sPre(I) (or S') such that for
every i € I, Z(i) is a hZ-local simplicial set. Then given a map of P-cofibrant
objects f : X — 'Y such that for every i € I the map f(i) : X (i) — Y (i) induces an

H.(—,Z)-isomorphism, we have that the map
[ Map(Y, Z) — Map(X, Z)

18 a weak equivalence.



Proof. For every objects i, j of I, since Z(j) is hZ-local, we have that

F7(@) : Maps (Y (2), Z(j)) — Maps(X (i), Z(7))
is a weak equivalence. Hence the result follows from Corollary B.4 of [Lev97]. [

We now continue to focus on the P-model structure on S’, unless otherwise
stated.

Definition 1.2.4. An element X of ST is called Z-complete if for every i € I, X (i)

is a Z-complete simplicial set.

Lemma 1.2.5. Given a Z-complete simplicial diagram X, there exists a map ox :
X — Xpzyp which is a sectionwise weak equivalence and such that Xz (i) is hZ-local

foranyi € 1.

Proof. We define X;z; by applying sectionwise the Zoo-completion functor. This
means that we obtain a family of canonical completion maps {goX(i) X)) —
Zoo X () }icon(r) Which are weak equivalences since X is Z-complete and that form
the required natural transformation px since Z, is functorial, where we set for every
i € Ob(I), Xpz (i) 1= Zoo X (i). Xz is then sectionwise hZ-local by 1.2.1. O

Proposition 1.2.6. Assume X € Ob(S!) is P-fibrant and Z-complete. If f : Y —
Y’ is a map between cofibrant diagrams inducing H.(—,Z)-isomorphisms section-

wise, one has that
V', X]p 2 [V, X]p

Proof. This follows from the characterization of [—, —]p as moMap(—, —) and The-
orem 1.2.3. ]

We turn now to the local case. Consider the case where I = C is a Grothendieck
site (i.e. a small category C together with the choice of a specified Grothendieck
topology 7, see [SGAT72] or [Jarl5] for one discussion in this context). One can
put model structures on the category sPre(C) such that weak equivalences becomes
local weak equivalences (local weak equivalences being defined in [Jarl5] page 64,
for example). The most known is the Jardine’s injective local model structure (de-
scribed in [Jar86] or [Jar15]), denote it as Z, or as ZLC if the site is not clear, where
all presheaves are cofibrant. The second one is the Blander’s local projective model
structure (described for example in [Dug01b] or [Bla01]), denote it as P!, or as PLC

if the site is not clear. These two structures are homotopy equivalent (see [Dug01b]



for an explanation or [DHI04] for a full proof) and P!-fibrant objects are also sec-
tionwise fibrant, since P! is obtained by P by left Bousfield localizing at the class
of all hypercovers. One then get

Corollary 1.2.7. Let X be a simplicial presheaf which is P'-fibrant and Z-complete.
Hence if f:Y — Y’ is a map between P-cofibrant presheaves inducing H.(—,7Z)-

isomorphisms sectionwise, one has
[Y,vX]’Pl = [Yv X]Pl = [Y7 X]Zl = [Yle]Il

Proof. By the properties of Bousfield localization (see for example [Dug01b] Def.
5.4), P-cofibrant objects are also P'-cofibrant and P!-fibrant objects are in particular
P-fibrant. So [Y, X]p = [V, X]p (same for Y') and the last two isomorphisms follow
from the fact that the local injective and the local projective model structures are

Quillen equivalent together with 1.2.6. O

Corollary 1.2.8. Under the hypothesis of Corollary 1.2.7 the same conclusion holds
even if f:Y — Y is a map between I'-cofibrant presheaves (so any map) inducing

H.(—,Z)-isomorphisms sectionwise.

Proof. In fact, we can take P-cofibrant replacements ¢ : Y — Y and ¢/ : Y/ — Y’
for Y and Y’ respectively (these are functorial).These arrows are sectionwise weak
equivalences so one has that f .Y — Y’ induce a sectionwise H. «(—, Z)-isomorphism.

In fact if we consider the commutative diagram

!

we have that f, ¢ and ¢’ are sectionwise H,(—,Z)-isomorphisms and f has also
this property because H,(—,Z)-isomorphisms satisfiy the 2/3 property on simplicial
sets. So now one can apply 1.2.7 and get [?,X]Iz = [}}/,X]Iz, but ¢ and ¢’ are in
particular local weak equivalences and so [Y, X 2 [Y/, X]7. O

1.3 Localization with respect to homology

The results of the previous section can tell us something about what it could happen
if we could localize the model category S! with the projective or injective model

structure with respect to integral homology. For the injective model structure,



localisation with respect to homology theories is studied in [GJ98]. However since
the projective analogue of their work has not been spelt out together with its relation
with the the Bousfield-Kan completion, we find there is no harm to write down some
remark. First, we need to remind some facts about the Bousfield localization of a
simplicial model category. We follow [Lur09] Appendix A.3.7 that we find very well

written.

Definition 1.3.1. Let C a simplicial (left proper combinatorial) model category with
mapping space Map-(—, —) and cofibrant and fibrant replacements @, R : C — C.
We denote RMap,(—, —) := Map(Q(—), R(—)) and we note that if Z is fibrant,
then RMap, (X, Z) = Map,(QX, Z) for any X € C. Assume S is a class of arrows
in C. We will say that

1) Z € C is S-local if it is fibrant and for every f : X — Y in S the map
f*:RMap(Y, Z) - RMap. (X, Z) is a weak equivalence.

2) Amap f: X — Y is an S-equivalence if for every S-local-object Z the induced
map f*: RMap. (Y, Z) — RMap(X, Z) is a weak equivalence

Notice we can replace weak equivalence with homotopy equivalence in the
definitions before since all the mapping spaces we are considering are fibrant because
of the properties of a simplicial model category. Indeed we could have defined in
an equivalent way R9Mapy(—, —) := Ex®Map-(Q(—), R(—)) as done by Lurie in
[Lur09]. Hence, notice that our definition is equivalent with the one one finds in
[Lur09] A.3.7 or to the one in [Hir03] Definition 3.1.4 provided in the last one
one is careful to notice that we might take into account the properties of what
Hirschorn calls homotopy function complex (notice that usually one forgets this
subtelty because in many model categories all the objects are cofibrant: in general
it is not the case). We can have the following theorem, which follows from [Lur09]
Proposition A.3.7.3 and [Hir03] Theorem 4.1.1

Theorem 1.3.2. Let C be a simplicial (left proper combinatorial) model category
as in the previous definition. Then the left Bousfield localization of C at a certain
small set of arrows S exists as a simplicial model category S~C. If the left Bousfield
localisation of a simplicial model category S™'C at a class of arrows S exists then it is
a simplicial model category with the same mapping space, the same cofibrations and
with weak equivalence the S-equivalences. The fibrant objects in S™1C are precisely

the S-local objects.

Now given the category sPre(C) for some small category C endowed with

the global projective or injective model structure, we note that it is a simplicial
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left proper ( for the projective model structure this is Lemma 1.7 in [Bla01], see
also the discussion in page 11 of [Isa05]) combinatorial model category by definition
so that we might apply the previous theorem with S the class of maps which are
sectionwise H,(—,Z) isomorphism, i.e. they are the sectionwise homologisms. A
priori, since Sy, is a class, S !(sPre(C)) might not exist. For the global injective
model structure, such localisation exists because of Theorem 1.1 in [GJ98] and that
result (or rather its proof) should imply that such a localisation exists as well in the
projective case, although this seems to be folklore and the author has not written
down all the details of this. We then have as a consequence of Theorem 1.2.3 the

following result

Theorem 1.3.3. Consider the category sPre(C) endowed with the global injective
(projective) model structure and let be Sy the collection of the sectionwise homol-
ogisms. Then if the Bousfield localization S; ' (sPre(C)) ewists (this is true in the
injective case) the injective (projective) fibrant diagrams which are levelwise h’-local
stmplicial sets are fibrant objects in it. This implies that “ Z-complete fibrant di-
agrams satisfy h%-descent”. In this case, for projective Z-complete diagrams, the

assignment X — Xz is an explicit fibrant replacement in S, ' (sPre(C)).

Proof. This is a simple application of the previous general theorem and of Theorem
1.2.3 for the projective case, while for the injective case if we consider X Z-fibrant
diagram which is levelwise h%-local and f : Y — Y’ any homologism, to show that
f* Map(Y', X) — Map(Y, X) is a weak equivalence we apply Map(—, X) to the
diagram contained in the proof of 1.2.8 and then we chase using 1.2.3 and [Hir03]
Corollary 9.3.3. O

1.4 Bisimplicial sets and Homotopy theory

We need some facts concerning bisimplicial sets, whose category will be denoted as
S? (good references are [GJ09], [BK72],[BF78]) and concerning homotopy limits and
colimits (same references and [Hir]). These are functors of the form A% x A% —
Sets. One can define the diagonal functor diag : S> — S by precomposing with the
diagonal functor A? — A° x A [n] — [n] x [n]. One can also see bisimplicial
sets as simplicial objects in the category of simplicial sets, i.e. as functors A? — S.
We can define a functor T : S — S2 which sends X, to the functor Xee : A®? — S

which is obtained by seeing the n-simplices of X, as constant simplicial sets and

11



linking them via the faces and the cofaces maps of X,. This means that 7" is defined

by the assignment
(Xo : AP — Sets) — (T'(X,) : A? — Sets — S)

where the map Sets — S sends a set to its associated constant simplicial set (in
fancier words, T'(X,) is X¢®WAP as in [GG03]). In other words T'(X,) is the following
bisimplicial set

Xo——Xo—— Xp. ..

]
i

X
Xo 2
Also in this case, by inspection, diag(7'(X,.)) = X,. We can now turn any simplicial

set into an homotopy colimit by the following theorem, whose proof follows by the
description of the homotopy colimits in terms of coend ([Hir]) and by the fact that
the diagonal of a bisimplicial set is isomorphic to its total space (see literature

before). This is the following theorem

Theorem 1.4.1. Assume X : A? — S is a bisimplicial set. Then diag(X) is

weakly equivalent to hocolim X,
[n]eAcp

Corollary 1.4.2. Given a simplicial set Xo € S, then Xo >~ h[o}coAlim X,,, where the
n|eA°P
X, are seen as constant simplicial sets and ~ denotes a weak equivalence.

Proof. Then by the previous construction and 1.4.1 we get

Xo = diag(T'(X,s)) ~ hocolimT'(X,)e = hocolim X,
[n]eAor [n]eAor

O]

We can now pass to the category of small (bi)simplicial diagrams. Let I
be a small category then we can define the categories of simplicial and bisimplicial

objects on it. The arguments of the proof of the above results gives (see nlab)

Theorem 1.4.3. Let X, be an element in S' (category of covariant functors I — S
seen as a model category with the global injective model structure). Then we have

Xo >~ h[o]coAlim X, where the X, are seen as constant simplicial diagrams. The same
n|eA°pP

is true if we Bousfield localise ST at some class of morphisms.
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As a particular case, the previous theorem holds for simplicial presheaves,
(by letting considering I°P instead of I). Assume now we are in this last case,
i.e we consider elements X of sPre(l). If 9Map(—,—) is the standard function
complex in sPre(l), we recall that (see [BK72], XII) it takes homotopy colimits in
the first variable to homotopy limits, i.e. MMap (holgze()}imXi, Y) is weakly equivalent

to fz;gy(glmtap(Xi, Y) and these two simplicial spaces are actually isomorphic if one
uses the definition of homotopy limits and colimits given in [Hir03] which we assume
to adopt in our work. See [Hir03] 18.1.10 for the proof of this fact and 18.1.11 for
a comparison with the definition of [BK72] (warning, there is a minor error in
[BKT72], see the reference just given for a discussion). Now, if R is a representable
presheaf, then one can calculate that Map(R,Y) = Y (R). Suppose we give to
sPre(I) a simplicial model structure 9t coming from some Bousfield localisation of
the global injective model structure with 9Map(—, —) as function complex. Under

this assumptions we are then able to prove the following

Proposition 1.4.4. Let Rq be a simplicial presheaf representing a simplicial object
in I, i.e. such that R, is representable for any [n] € A?. Then if Y is IMM-fibrant
we have

[Re,Y)on = moholimY (R,
[n]leA

Proof. By the previous reasonings using [Hir03] 9.3.3 we have

[Re,Y]on = mo9Map(Ra, Y) = me9Map (hocolimR,,, Y)

[n]eAcp
=~ moholimMap(R,,,Y) = moholimY (R,
moholim ap( ) moholim (Rn)

O

In particular this holds for Z'C, the local injective model category of simplicial

presheaves over a site C.

1.5 Remarks on classifying spaces in algebraic geometry

We partially follow the exposition of [Lev98] which is very clear. For this section
only we let Schg to be the category of schemes over a given base S (we do not require
any extra assumption on these schemes). Given a set X and a finite set 7', we define
XT = Homges (T, X) =2 HIT\ X. We also define the simplicial set EX : A°? — Sets,
[n] — X with the obvious choices for the faces and the degeneracies (partial

diagonals and projections). This construction, if X is a group, coincides with the
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usual WG construction as detailed in [GJ09] V 4, pag. 269 (this construction in fact
assumes G to be a group). In fact if one consider G as a constant simplicial group,
he gets that WG, = H\[n}l G = EG, and the same faces and degeneracies. The
choice of a point gives a contraction of EX so that it is contractible as simplicial set
(this is detailed in [Lev98] page 357). One call BG the simplicial set EG/G where
the action of G is given by right (or left) multiplication, e.g. G x EG, — EG,,
(hy (gns--y90)) = (hgn,...,90) (one can also see this as an action of the simplicial
constant group G on EG, but we do not need this generality). The space BG can be
also described as WG as in [GJ09] pag.269 or [May92] pag. 87, and it is a simplicial
Eilenberg-Mac Lane object of type K(G,1). We remember that WG,, & G"(:=
G Xg -+ xg@). For a more general situation (G a simplicial group) its structure is
N

n — 1 times

detailed in [May92] pag.87. It is then a simple comparison of the definitions that
allows us to see that the simplicial set WG is isomorphic to NG, the nerve of G
seen as a category of one element. Assume one has a sequence Gy — G — ... of

group homomorphism inclusions, and denote G := colimG,, = |J,,cy Gn. Consider

__ neN
now WG. One has

(WG); = ]i[ G = HcohmGn = cohmH G, = cgggl (WG

and using this it is possible to check that WG =2 cohI{]nWG The same applies to
ne

the nerve, i.e. NG & ngénNG”' Note also that the nerve functor preserves directed
colimits since the simplices A™ are compact objects in Cat. If one has a sequence of
groups as above, one can invoke standard arguments on filtered homotopy colimits
of simplicial sets to conclude that hoy(;(e)&]lmNGn o~ cohénNG (weak equivalence). In
fact filtered colimits of simplicial sets are homotopy equivalent to their homotopy
colimits via the standard map (this is proved in [Hir], Proposition 14.11, see also

[BK72]). So in this situation one gets

Proposition 1.5.1. Let Gog — G1 — ... a sequence of group homomorphisms in-
clusions, then

NG =2 WG = colimNG,, ~ hocolimNG,,
neN neN

If we now consider an S-scheme X and a finite set 7', the representable
functor

Homschs(—,X)T : Schg — Sets

14



is represented by the scheme X xg---xg X, we denote this representing object

-

IT| — 1 times
by XT/9. One thus get a simplicial scheme X(7)/5 : A% — Schg called EX and
similarly to the sets case, if one is given a group scheme X = @, it is possible
to form EG and BG as simplicial schemes as above. By switching from simplicial
schemes to simplicial presheaves on C = Schg one sees that the construction of EX
here gives rise to a simplicial presheaf which is represented by a simplicial scheme,
same for EG and BG. To obtain a description of an analogue of 1.5.1, one notes
that what is a subgroup injection G — H for groups corresponds, given two group
schemes F', H, to a map of presheaves of groups FF — H € Pre(Schg, Grp) (the
latter being the category of presheaves valued in groups) such that for any S-scheme
A, F(A) — H(A) is a subgroup or in other terms F' — H is a closed S-immersion
homomorphism. Hence given a sequence of closed subgroups embeddings of S-
group schemes Gg < G1 < ... one gets for every A € Schg a sequence of subgroups
Go(A) = G1(A) = .... The functor BG : Schg — A%Sets, A — BG(A) (obtained

as Schg & Grp B A°PSets ) is represented by the simplicial scheme BG for

any group scheme G (which has BG,, = G xg--- xgG), see [Lev98] for this part).
—_———

n — 1 times
Remember that filtered colimits of simplicial sets are homotopy equivalent to their

homotopy colimits via the standard map. This is true for filtered colimits in any
combinatorial model category, because of [Dug0Ola] Proposition 7.3. Then one has,
forming the homotopy colimit, or the usual colimit of a sequence of group schemes as
above (i.e. by considering the BG; as simplicial presheaves and taking the colimits
sectionwise obtaining an ind-object, see [SGAT2] for this last notion) the following

result

Proposition 1.5.2. If Gg — G1 < ... is a sequence of S-group schemes as above

(or simplicial presheaves represented by them) then one has
BG = BeolimG,, & colimBG,, ~ hocolimBG,,
neN neN neN
where the last equivalence is a weak equivalence.

Remark 1.5.3. A way to prove that ng{]nBGn ~ hogg%imBGn in the previous
Proposition is to notice that the diagram of which we are taking the colimit is a
tower of cofibrations where each object is cofibrant and such diagrams are cofibrant
so we do not need to take any cofibrant replacement to compute their homotopy

colimit.
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Consider now the sequence
Gm,s = GLa,g — ...
which for every A € Schg translates into (see also [GS99] page 37)
['(A,04)" = GLo(T'(A,04)) = GL3(I'(A,O4)) — ...

Then by 1.5.1, BGL(A) = coliI{]nBGLn(A) for any commutative ring A, so because
ne

the geometric realization functor commutes with colimits (being a left adjoint) one

gets that BGL(A) is homeomorphic to coliénBGLn(A) if by B(—) we denote the
ne

topological classifying space (say | — | o N). By 1.5.2 one also gets the same results
for the ind-object BGL and the simplicial schemes BGL,,, where for example GL,
represents the functor A — GL,(I'(4,04)). In particular

BGL £ colimBGL,, ~ hocolimBGL,, (1.1)
neN neN

We explicitly point out that one can do the same for symplectic linear groups.
In fact if we denote as Sp,, ¢ the scheme representing the functor which associates
to a scheme X the set of rank 2n symplectic matrices with coefficients in I'( X, Ox),
we have a chain of embeddings Sp; g < Spy g < ... as well and taking colimits we

have
BSp = colimBSp,, ~ hocolimBSp,, (1.2)
neN neN
as in the case of the general linear group.

1.5.1 Relation with the classical topological notion of classifying
space

In this section we freely follow [BS08]. The materian of this section is not needed in
the thesis and we include it only for completeness, therefore the reader can skip this
section if he wants. In topology the classifying space of a (discrete or topological)
group G is given by a weakly contractible space EG together with a free (right) ac-
tion of G on it such that, denoting as BG := EG/G we obtain a map 7 : EG — BG
with the property that, for every topological space X, every principal G bundle
over it is obtained as pullback of the bundle 7. In other words there is a bijection
between homotopy classes of maps X — BG and homotopy equivalent classes of

principal G bundles over X. It can be proved that all the bundles satisfying this
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property are homotopy equivalent so that the classifying space of a group is unique
up to homotopy equivalence. The first notable construction of a classifying space
was given by Milnor and its construction became a standard tool, referred as “the
Milnor’s construction”, which we will not recall here (see [Sel97] page 101 for the
details). However we give here a quick sketch of the proof that, for discrete topo-
logical groups, the BG we have defined is indeed a classifying space, leaving some

details to the reader. In the previous section we gave the following definition

Definition 1.5.4. Starting with a group G, we define its simplicial Bar construc-
tion as follows. One defines the simplicial set EG using the assignment [n] —
Homges([n], G) = G™F! which is a simplicial group. G acts on EG by right multi-
plication on the first factor so that we can take the quotient EG/G for this action
to get a simplicial set B'G and a map 1 : EG — B’G between them.

Example 1.5.5. Given a group G, define the category &g as the groupoid having
as objects the elements of G and as Hom-sets Homeg, (g, h) = g~ 'h. One can also
consider G as a category B with on object e and Homg(e,e) = G. We have a
functor ¢ : &g — B given by g — * on objects and g~ 'h — g~ 'h on arrows.
We can prove that N(€g) = EG and that N(Bg) = B'G. Moreover, N(y) is

isomorphic to v of the previous definition.
We now remind the following simple proposition

Proposition 1.5.6. Suppose we have two functors F,G : C — D and a natural
transformation T between them. Then T induces an homotopy between the maps
B(f) and B(G). In particular we have that an equivalence of categories C ~ D
induces an homotopy equivalence B(C) ~ B(D).

Proposition 1.5.7. The geometric realization of ¢ : EG — B'G (or N(p) :
N(€g) = N(B¢g)) characterizes BG (intended as |[N(Bg)|) as a classifying space
of G.

Proof. We will only explain how to see that N(€q) is weakly contractible, leaving
all the other details to the reader. We consider the trivial category % having only
one object ® and one arrow id,. We define the functor n : x — &g via e — 1 and
ide —> id1. One easily check that this functor is an equivalence of categories. Using
the fact that the geometric realization of the nerve of * is the point, we conclude

using Proposition 1.5.6. 0
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1.6 Application to BGL and BSp

The results of this section concerning K-theory might be seen as folklore from some
experts. Indeed although the author was not able to find a precise reference, it
seems that they are ”in the air” in the articles [Sou85], [GS99].

Let now consider a site C = (Schg, 7), where Schg is some small category of schemes
over some base S (the set theoretical issues will be fixed once we bound the size of
the underlying topological spaces of the schemes involved by a large cardinal ¢, see
[Jar1l5] example 3.5, for example) and 7 is a Grothendieck topology (with enough
points for simplicity). We consider the simplicial presheaves BGL and BSp over this

site, i.e. the simplicial presheaves defined by
Schg — sSets, U+~ BG(I'(U,Oy)) G =GL,Sp

as in the previous section. Notice that these presheaves are sectionwise fibrant since
the nerve of any groupoid is fibrant (see [GJO9]I 3.5). Denote as BGLT, BSp™ the
presheaves

Schg — Sets, U — BGHT(U,Op))

where 4+ denotes the application of the Z. completion functor. Indeed these
presheaves evaluated at any scheme give us a simplicial set which has the same
homotopy groups of the one one could get using the Quillen’s 4+ construction rela-
tive to the commutator subgroup (references are [Weil3], [Aut], [Ros94], [Hat02]; for
a discussion of the link between + and Z at the level of spaces see [Weil3] or better
[Ger73]). However since the reference given consider just the case of BGL, it makes
no harm to remind why this is true. For any ring R one can in fact consider the
following commutative diagram (with + we mean the Quillen’s construction here)

BG(R) — s BG*(R)

| |

7. (BG(R) =07 (BGH(R))

with G being equal to GL or Sp and f being the canonical map given with
the Quillen’s + construction. Then f induces an isomorphism on integral homology
50 Zoo(f) is a weak equivalence. But now BGT(R) is a connected H-space (this can
be also seen as a consequence of the general machinery in [Sch17] Appendix A) so it
is simple then 1.1.17 applies and the right vertical map is a weak equivalence, so that

we get the claim. Using the previous diagram one has that this simplicial presheaves
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comes together with a map i : BG — BG™ which induces an H,(—, Z)-isomorphisms
sectionwise. This is also true for (BG)™ and (BG™)" ~ (BG™)* because of Theorem
1.1.14 2). So 1.2.8 applies and we get

Proposition 1.6.1. Let C = (Schg, 7) be a site as above and let be X a P'-fibrant
simplicial presheaf which is Z-complete. Then [(BG*)”,X]ILC = [BG", X|pnc for
any n € N where G can be both GL or Sp.

Proof. Indeed, since X is P!-fibrant we can apply 1.2.8. O

Remark 1.6.2. The previous proposition is the generalization at level of presheaves
of the classical universal property of the + construction. Moreover, the same results

hold for more general algebraic groups, but we will not need that.

1.7 Application to (hermitian) K-theory

Fix now the site C = (Schg,7) where 7 is the Zariski topology, S is a noetherian
scheme of finite dimension and Schg is the category of schemes of finite type over
S admitting an ample family of line bundles (see Section 2.1.1 for this notion). In
this case the P!-fibrant simplicial presheaves are the sectionwise fibrant presheaves
which satisfy the Brown-Gersten property (because of [BG73], [Dug0O1b], [DHI04];
see discussion in Appendix E.1). We define the K-theory presheaf on C following
Quillen as the presheaf U — QEx*°(QVect(U)), where for any scheme U we have
assigned to it Vect(U) the category of vector bundles over U, assignment that can
be made functorial using big vector bundles as explained in the appendix, and @
denotes the Quillen’s Q-construction (see [Qui73], [Weil3] or [Schll] among the
others, notice that the resulting simplicial set is naturally pointed). For a pointed
simplicial set X, QX is the simplicial loop space defined in [GJ09] page 31 (this can
be defined also as Mapg_((S', *), X) using the pointed mapping space). Moreover,
we have chosen the Ex™ as functorial fibrant replacement instead of Sing o | — |
because it does not change the set of zero simplices. Since all the schemes we
are considering are divisorial, this is a good definition of K-theory because of the
seminal work of Thomason and Trobaugh as explained in the appendix. Note this
presheaf can be pointed in a natural way (sectionwise there is a natural choice, see
[Sch1l] pag.173) and it is going to be an H-group in every homotopy category we
will consider. As a side fact, remark that if we consider the projective global model
structure on simplicial presheaves, the K-theory simplicial presheaf we just defined
is actually the image of the simplicial presheaf U — Ex*°(QVect(U)) under the
loop functor as defined in [Hov99] Definition 6.1.1, as it can be checked using the
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simplicial model structure that we have for simplicial presheaves (see [Jarl5] pages
99 and 106 for some details) and [GJ09] II Lemma 2.3. Now, by its definition K is
P-fibrant (remind that the loop space of a fibrant simplicial set is fibrant because of
its definition and [GJ09] Lemma I 7.5) and moreover by 1.1.20, K is Z-complete in
the sense of Definition 1.2.4. In addition, the discussion contained in Appendix E.2
tells us that K has the Brown Gersten property in C, and so K is also P!-fibrant.
Hence 1.6.1 applies and we get the following

Proposition 1.7.1. [(BGL“‘)",K]IZZ Schg = [BGL”,K]ZZZ Schg Jor any n € N.

Remark 1.7.2. One could be tempted to to use the classical universal property of
the plus construction to prove the previous proposition directly using the fact that
K-theory is an H-space. Indeed it seems that this fact is somewhat subsumed into
the papers of Gillet, Soulé and Loday [GS99], [Lod76] and [Sou85] and as we said is
basically contained in the paper of Levine [Lev97]. However, Levine does not make
any use of local homotopy theory nor he uses the Bousfield-Kan completion and
the former authors do not write down statements as general as ours nor they write
down details or the former theorem so we think that we are doing some service to

the community by writing down this ”folklore”.

We now pass to discuss the analogue of the previous proposition for Sym-

plectic hermitian K-theory.

1.7.1 The case of Symplectic hermitian K-theory

In this section we will assume that we have as a base scheme S a scheme where % €
I'(S, Og) although recent progresses indicate that this might be unecessary. We will
stick to the category Schg of divisorial schemes of finite type over a noetherian S. As
in the case of K-theory, we can define a simplicial presheaf representing hermitian n-
shifted hermitian K-theory. Denote it as awh, gwl being symplectic hermitian
K-theory. Roughly speaking one start from a presheaf of dg categories with weak
equivalences and dualities and then one applies the construction made explicit in
[Sch17] 9.1, see Appendix B.5. What is relevant to our discussion is that we end
up with a simplicial presheaf which is P-fibrant and Z-complete since it is an H-
group for any n as remarked for example in [Sch10] 2.7 Remark 2. Moreover, this
presheaf also satisfies Zariski and Nisnevich descent and it is A'-homotopy invariant
on regular schemes([Sch17] Theorems 9.7, 9.8 and 9.9, see also Appendix B.5). So
in particular it is P!-Zariski fibrant. We then have because of 1.6.1

Proposition 1.7.3. [(BSer)m,GW[”]]ZzZ sehs = [BSP™, GWM]IZZ Sehg JOT any
m € N, n € Z. In particular this holds for n = 2.
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1.8 Endomorphisms of K-theory: Part I

In this section, we denote as H(S) the unstable motivic homotopy category over a
regular noetherian scheme S (i.e. the homotopy category of simplicial presheaves
over Sm/.S with the Nisnevich Al-localized injective local model structure) as defined
in the seminal [MV99] for example. See also appendix E for more. We let Sm/S be
the category of divisorial smooth schemes of finite type over S. We keep the previous
notations concerning model structures, and we let Schg be the category of divisorial
S-schemes of finite type. Accordingly we will denote, for example, as IlZarSchS the
category of simplicial presheves over the Zariski site of S-schemes as above equipped
with the local injective model structure. We write in that expression Nis instead of
Zar to denote the use of the Nisnevich topology. Let K be the K-theory simplicial
presheaf defined as in 1.6 (our schems are divisorial so it does not matter which
model of K-theory we use). One has that there is a local Zariski-weak equivalence
K ~ 7 x BGL" as proved in [GS99] for example. This is nothing more than the
fact that K of a local ring is Z and the Quillen’s theorem + = . The same holds

for the Nisnevich topology. Our aim is to show that
Homy, 71 se gy (K, K) = Homyy(g) (K, K)

It suffices to prove that [BGL™T, K }IlZ . Schg = [BGL™, Ks) by a direct application
of 1.2.8 or because K ~ Z x BGL"T 2 II,czBGL™ in the homotopy categories
considered (these three objects are in fact locally weakly equivalent) and disjoint
unions (finite products) of cofibrant (fibrant) objects are still coproducts (or finite
products) in these homotopy categories so that Hom takes coproducts to products

(more is true, see [Hov99] Example 1.3.11).

Proposition 1.8.1. Under the previous notation if F' is any Z-fibrant simplicial
presheaf in sPre(Sm/S)

MaAPpre(sm/s)(BGL, F) ~ Jim_holim F(GL, x% GLy,)

~ holim holim F(GL,, x% GLy,)

neNoP  {€A

in particular

+ ~ o 3 : i
[BGL™, K]y s) = [BGL, K]Zﬁ\,iSSm/S =7 Eg%\l}g}l thEhAm K(GL,, xg GLy)

~ 7, lim holim K (GL,, x% GL,,
70, 24 n K (G x5 Gl
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We have denoted as = the isomorphisms and as ~ the weak equivalences.

Proof. To start with we prove the first result. We have

gﬁapsPre(Sm/S) (BGL7 F) = SD/tapsPre(Sm/S) (ngénBGan F)
= nleiNmopmapsPre(Sm/S) (BGan F)
~ lim holim F(GL, x’ GL
2By MR (Gl 5 GLn)

We used in the first isomorphism (1.1), in the second the fact that Dtap takes colimits
to limits ([Hir03] 9.2.2) and the third weak equivalence comes from the description
of classifying space carried on in Section 4, in particular the fact that BGL,, is a
simplicial scheme (recall that GL,, is a smooth scheme over S because of [DG11] 4.5
or [GDT71] I Proposition 9.6.4, and (BGL,,); & GL,, x4 GL,,), 1.4.3, [Hir03] Theorem
18.1.10 and the properties of representable presheaves. The fact that

MapP.pre(sm/s)(BGL, F) ~ holim holim F(GLj, X’ GLy)

neNoP  jeA

follows from a similar calculation (use again (1) and the behaviour of 9Map with re-
spect to homotopy colimits). We turn now to the second assertion. It can be proved
(see [MV99]) that BGLT ~A" BGL. So [BGL", Klyy(s) = [BGL, K]y (s). Since K
is A'-homotopy invariant and satisfies Nisnevich descent, i.e. there is a section-
wise weak equivalence d : K — K with K; T4, -fibrant we have [BGL, K sy =
[BGL, K]IﬁwsSm/S' We can also write

neN NisSm/S

% [hocolimBGLy, Kylzt . sum/s
& 70 MAPypre(Sm/S) (hoT(L:gIl\IimBGLn, Ky)
= mo holim holim K¢ (GL, x% GL,)

=~ 1o holim holim K (GL,, x% GL
o holim holim K (GLy xis GLn)

Where we have used the simplicial model structure on T4, .Sm/S together
with the result just proved and the fact that d is a sectionwise fibrant replacement

(and a map between P-fibrant presheaves). A minor modification in the argument
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together (use differently (1.1) in the first step) with the result just proved for Mtap

gives us

+ ~ ~ . . i
[BGL™, K]y s) = [BGL, K]Iﬁ\”SSm/S =7 nlelg}w hioehAm K(GL,, x5 GL,)

The following is then very similar to prove

Proposition 1.8.2. If F' is any Z-fibrant simplicial presheaf in sPre(Schg)

MaPspre(schg) (BGL, F) ~ Jim holim F(GL, x% GLy,)

~ holim holim F(GL,, x% GL
e Pign F(Glan x5 GLo)

Moreover

[BGL™, Kl gy = [BGL, K]z g = 70 holim holim K (GLy, xy GLy)

>~ g lim holim K (GL,, x% GL
™o iy holign K(GLn > GL)
Proof. The proof of the first assertion goes exactly as the proof of the previous propo-
sition. Going to the proof of the second part we have from 1.7.1 that [BGL™, K]ZlZMSchS o~
[BGL, K ]IZZ Schg - Then, since K also satisfies descent for the Zariski topology there
is a sectionwise IlZ o-fibrant replacement d : K — K as above we can repeat almost

verbatim the argument of 1.8.1 to get

[BGLY, K71 geps = o holim holim K (GL,, x’s GLy)

Zar neN €A

= 7 lim holim K (GL, x5 GL
mo lim holim (GL,, x5 GL,)

O

Remark 1.8.3 (important remark). We could actually prove the previous two
propositions in a more general situation, with exactly the same argument. In 1.8.1
we can substitute BGL with any filtered colimit of simplicial smooth schemes over S
and K with any sectionwise fibrant simplicial presheaf satisfying Nisnevich descent
(i.e. PL,-fibrant) and Al-homotopy invariant. In 1.8.2 we can substitute BGL
with any filtered colimit of simplicial objects over Schg and K with any simplicial
presheaf satisfying Zariski descent. One can even push this further. We do this in

the following Proposition, giving a proof for the convenience of the reader.
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Proposition 1.8.4. Let C be any Grothendieck site. If F' is any Z-fibrant simplicial
presheaf in sPre(C), J a small filtered set, (Xj)jcs a directed family of simplicial

objects of C and X = colimX; ~ hocolimX;, we have
JjeJ JjeJ

X,F)~ lim holim F'((X;);
mapsPre(C)( ) ) jelgrgp ?ElAm (( ]))

~ holim holim F((X;);
holim holim F((X;):)

in particular, if G is any sectionwise fibrant simplicial presheaf satisfying descent
(i.e. P!-fibrant)
[X, Glpic = mo i holim G((X;)i)

= mo holim holim G((X;):)

Let A be a class of maps s.t. we can perform the left Bousfield localization on PLC
and TLC in order to obtain the model categories I%C and PfélC. Then if a sectionwise

weakly equivalent fibrant replacement of G is also A-local, one has in addition that

[X> G]I%C = [Xv G]IZC

Proof. We have to mimic 1.8.1.

i):napsPre(C) (Xv F) = 9;napsPre(C) (Cg.)éi}anv F)

= jlei?gpmapsPre(C) (va F)
~ lim holim F'((X});
i holim F((X;):)
As before we used in the first isomorphism the definition of X, in the second the
fact that 9tap takes colimits to limits ([Hir03] 9.2.2) and the third weak equivalence
comes from the properties of representable presheaves. The fact that
93/tapsPlre(C) (X, F) =~ };g}}g} hzoehAm F((XJ)Z)
follows similarly. We turn now to the second assertion. Because of the assumptions,

there is a sectionwise weak equivalence d : G — Gy with G T!-fibrant and A-local,
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so by Corollary 6.3 of [DHIO4] we have [X, G]ZQ ¢ =2 [X,Glze. Moreover we can

write

(X, Glzic = [hojcé)}iij, Gl

= [hojceo}iij7 Gflzic
= o mapsPre(C) (hOJCé)}IHlX], Gf)

~Y

= o holim holim Gr((X;5)i)

>~ 1 h;_)éi}n hZQEliAm G((X;)i)

Where we have used the simplicial model structure on Z!C together with the
result just proved and the fact that d is a sectionwise fibrant replacement (between
P-fibrant presheaves). O

Now we come back to K-theory and we obtain
Proposition 1.8.5. [BGL+,K]IZZMSChS >~ [BGL™, K]y s)

Proof. Immediate from 1.8.1 and 1.8.2. 0

Remark 1.8.6. The previous result also holds if we replace BGL™ by a colimit of
simplicial presheaves representing simplicial smooth schemes, because of the previ-
ous two propositions. Moreover we can replace K by a simplicial presheaf having
the properties detailed in the previous propositions. The argument is exactly the

same. We resume this in the following proposition

Proposition 1.8.7. Assume J a small filtered set (X;)jes a directed family of

simplicial objects of Sm/S and X = chi}an. Let G be a sectionwise fibrant sim-
j€

plicial presheaf in sPre(Schg) satisfying Zariski descent and whose restriction G
to sPre(Sm/S) satisfies Nisnevich descent (i.e. it is both Pl and Pk, -fibrant).

Then abusing the notation
X, G]IlZm,schs =~ [X, G]IfwsSm/S
If moreover G4 has a Igws—ﬁbmnt replacement which is also A'-local, we get
(X, Gz sens = X Glrt smys = X Glags)

By what we said at the beginning of this section, from what precedes it

follows
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Theorem 1.8.8. [K, K]ZzZ = [Z x BGL,K]IN smys = [ Kl s)

arSchg

After this result was proved, the author discovered that the the previous
statement was basically included in some unpublished 2013 notes by Cisinski, who
sketches a different but simpler argument to reach essentially the same conclusion.
However our method is different and in some extent, “more explicit”.

Remark 1.8.9. The bijections [K, K]p gu,o = [K, K]zt gn/s = [K, Klys) can

Zar Nis
be seen to be induced by the functor

Ho(sPre(Schg), Z,,) — Ho(sPre(Sm/S), Z,,,)

induced by deriving the restriction functor sPre(Schg) — sPre(Sm/S) and then

applying the localization functors
Ho(sPre(Sm/S),ZY,,) — Ho(sPre(Sm/S), Z4;,)

and
Ho(sPre(Sm/S),Zk,,) — H(S)

as revealed from an adequate analysis of the arguments given. Indeed, the only non
trivial step can be to convince yourself that the restriction functor res : Pre(Schg) —
Pre(Sm/S) induces a bijection moIMMapp e(scng) (X, F) = m0IMapPpre(sm/s) (res(X), res(F))
for any X € Sm/S and F € sPre(Schg), but this follows from the Yoneda lemma.

The same holds in the generality of the previous remark.

Now by noticing that (Z x BGL™)™ = Z" x (BGL")" = [[,.;. (BGL™)", and

that the same holds for BGL, using 1.7.1 we can argue as above to get

I

Theorem 1.8.10. For any natural number n, [K”,K]Ilz Schg = [(ZXBGL)”,K]IlZ Sm/S
(K™, K]3s)

1.8.1 The case of Symplectic K-theory

In this subsection S will be a regular (remind that we assume all our regular schemes
to be divisorial unless otherwise stated) Noetherian scheme such that % e I'(S,Og).
We will consider in this Section the simplicial presheaf GW[? =: KSp over Schg.
We already recalled its descent properties and there is a local weak equivalence
Z x BSpt ~ KSp in sPre(Schg,Z,, ) (argue as in the case of K-theory using
[Sch17] Theorem A.1 and Corollary A.2) so that if our schemes are divisorial, all
the possible definitions of K Sp are equivalent. Also, recall that in the paper [ST15],
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it is shown that K .Sp ~ Z x BSp in H(S) and we do not need to consider the étale
classifying space in this context because of the equivalence between symplectic vector
bundles and fppf Sp,,,-torsors (the proof of this fact is contained in [AHW18] page
1205, see also [PW10a] page 25). Moreover, we explicitly note that the symplectic
groups are smooth schemes over our chosen base S. This fact usually given for
granted by many authors, can be proven explicitly when S is a field (see [Wat79])
and for the general case one can reduce to fields because of [DG80] page 289. Then
we can repeat the arguments of the previous sections because of the discussion in
Section 1.8 on BSp and BSp™ so that, noticing that Proposition 1.8.4 and that we
have Proposition 1.6.1 we have proved the following theorem and that has to be

considered as the analogue of 1.8.5 and 1.8.10

Theorem 1.8.11. We have [BSp+,KSp]IzZ Schg = [BSp, K'Sply(sy- Moreover for
any natural number n it holds [K Sp™, KSp]IlZ seng = [(Z x BSp)", KSP]If\,. Sm/s =
[KSp™, KSplys)

Also, we observe that the analogue of Remark 1.8.9 holds.

1.9 Separated schemes

We notice that if we had chosen a separated base scheme S and considered the full
subcategory Sm/S*® C Sm/S C Schg of separated (in the absolute sense) smooth
schemes over S instead than the category of divisorial schemes nothing would have
changed in the proof of the above theorems. We summarise this into the following

theorem

Theorem 1.9.1. Let S be a reqular separated noetherian base scheme (with % €
I'(S,Og) if we consider hermitian K-theory) and Sm/S*P C Sm/S C Schg the
category of separated (in the absolute sense) smooth schemes over S. Then for any

natural number n we have
[Kn7 K]learSChS g [(Z X BGL)”, K]Ilzarsm/SSEP % [Kn7 K]H(s)sep
and

[KSp”,KSp]ZzZ =~ [(Z x BSp)", KSp]Zj\,iSSm/SseP = [KSp", KSplys)ser

arSchg
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1.10 Non-divisorial schemes

We remark in this section that many of the theorems we have proved hold in the case
where the schemes considered are not divisorial. Indeed all we have used is that we
can define K-theory as an H-group for the model categories we have considered, that
it satisfies Nisnevich and Zariski descent, that it is homotopy invariant as simplicial
presheaf on Sm/S and that it is locally weakly equivalent to Z x BGLT. Now, we
keep S to be a regular noetherian base scheme (in this case by regular we admit
also non divisorial schemes, i.e. we only ask that the local rings are regular) and we
define K-theory using the definition of Thomason and Trobaugh, i.e. we define for
any scheme X the simplicial set K (X)) to be QuSePer f(X) (this is the the simplicial
version of zeroth space of the spectrum defined in [TT90] Definition 3.1) where S,
denotes the Waldhausen Se-construction and Perf(X) is the category of perfect
complexes on X. We then drop the hypothesis of our schemes to be divisorial,
while still of finite type over S. Accordingly we still have Zariski and Nisnevich
descent because of the work of Thomason ([TT90] 10.8) and K is still Al-homotopy
invariant over Sm/S ([TT90] Proposition 6.8). Moreover we also have a Zariski
local weak equivalence between Z x BGL™ and K as simplicial presheaves on Schg
(indeed we can check locally that the natural map is a weak equivalence). So we can
use 1.8.4 and 1.8.7 and still get 1.8.10 dropping the assumption of divisoriality for
the schemes we are considering. Similar considerations apply to K.Sp. If one wants
to have Al'-homotopy invariance for non regular schemes, then one could employ
homotopy invariant K-theory, but this will not be discussed here. We summarise

all these remarks in the following theorem

Theorem 1.10.1. Let Sm/S and Schg the categories of smooth noetherian schemes
and noetherian schemes of finite type over a regular base scheme S (so that % €
I'(S, Og) when hermitian K -theory is considered). Consider K and K Sp the Thoma-
son’s K -theory and the Schlichting’s GWZ. Then for any n € N we have

[Kn7 K]IZZGTSChS = [(Z X BGL)n7 K]IIZMSm/S = [Kn7 K]H(S)
and
[KSp", KSplzy, seng = [(Z x BSp)", KSplp1 /s = [KSp", KSplyys)

Moreover, since for generic schemes we have a well define Nisnevich topology, we

can replace in the above isomorphisms IlZarSchS with IfWSSchS everywhere.
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Proof. The proof goes as the one of Theorems 1.8.10 and 1.8.11 mutatis mutandis
using Proposition 1.8.4. O
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Chapter

Embedding divisorial schemes into

smooth ones

In this chapter, unless otherwise indicated, R will always denote a commutative

noetherian ring. We are devoted to prove the following theorem.

Theorem 2.0.1. Let X be a quasi-separated scheme of finite type over Spec(R)
having an ample family of line bundles {(L;,s;)}}_,. Then there exists a closed
embedding f: X<~/— W with W noetherian smooth scheme over R admitting an

ample family of line bundles.

2.1 Schemes having an ample family of line bundles

2.1.1 Definition and main properties

We start by fixing some terminology. For schemes locally of finite type over some
base, we adopt the definition found in [GD71] I 6.2.1 or in [GW10] Definition 10.5.
We say that a scheme X is smooth over a base S if its structure map is smooth
([GD67] IV 6.8.6, 17.3.1, [GW10] 6.14, [Stal8, Tag 01V5]). Explicitly note that a
smooth morphism is locally of finite presentation ([GD67] IV 1.4.2) and so locally of
finite type. We do not assume that a smooth morphism is separated. Hence smooth
schemes over a base .S are a full subcategory of schemes locally of finite type over S.
Notice also that a morphism X — Y, if Y is at least locally noetherian, is locally of
finite presentation if and only if it is locally of finite type ([GW10] Remark 10.36).

We now recall a simple fact
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Lemma 2.1.1. Let X be a locally noetherian scheme. Then its connected com-

ponents {Uy}tacr are open and we have an isomorphism of schemes (X,0Ox) =
aer(Ua, Oxu7,,)

Proof. If a topological space is at least locally noetherian, then its connected com-
ponents are open ([GD67] I 6.1.9). Then denoting as {U, }aer the open connected
components of X, the spaces (U, (’)X‘UQ) are well defined open subschemes of X.
If we glue this schemes forming their disjoint union (as in [GW10] 3.10 for example)

it is a simple check to obtain the isomorphism stated in the lemma. O

Definition 2.1.2. ([SGAT71] II 2.2.3 or [TT90] Definition 2.1) A scheme X has an
ample family of line bundles (or it is called divisorial) if it is quasi-separated and
there is a finite family of line bundles L, ..., L, on it such that there are finitely
many global sections s; € I'(X, L;) with the property that their non vanishing loci
X, ([GDT71]0, 4.1.9) form an open affine cover of X.

Remark 2.1.3. Schemes having an ample family of line bundles are quasi-compact.
In fact, if a scheme has an ample family of line bundles, then by definition it has
a finite cover by affine schemes, so that it is quasi-compact. Moreover, allowing
repetitions of the same line bundle, we can assume that an ample family of line

bundles comes into the form {(L;, s;)}!'_; where s; € I'(X, L;) for every i.

Examples of divisorial schemes are P, Grasmannians, etc. The definition
of divisorial scheme is equivalent to ask (for schemes quasi-compact and quasi-
separated) that there exists a finite family of line bundles L; such that the open
non vanishing loci Xy form a basis for the topology of X, where f varies over the
global sections I'(X, L?l) fori=1,..,n and [ > 1, see [TT90] 2.1.1. Every family
of line bundles satisfying this last property can be in fact twisted (if our scheme is
quasi-compact) to a family of the form given in our definition and sometimes we will
abuse the terminology calling ample family a family of line bundles satisfying one of
these two conditions. More equivalent definitions could be given, and a remarkable
feature of such schemes is that they have the resolution property (see [TT90] 2.1.3).
For our purposes it is relevant to say that if a scheme X admits an ample family
of line bundles L1, ..., L, then for every quasi-coherent Ox-module F of finite type
there exists (see the proof of [SGAT71] II 2.2.3.1 or [TT90] Lemma 2.1.3) natural

numbers p,; mq, ...,; m, where j = 1,...,p and a surjective map

(@, LYy o F

p
=1

J
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Remark 2.1.4. A very important property of divisorial schemes is that they have
affine diagonal, i.e. their diagonal embedding ([Stal8, Tag 01KJ])is affine. For a
simple proof see [BS03] Proposition 1.2.

Many important classes of schemes have an ample family of line bundles.
Notice that noetherian schemes or schemes having affine diagonal are both quasi-

separated.

Lemma 2.1.5. ([SGA71] II 2.2.7.1) Every regular (or locally factorial) noetherian

scheme having affine diagonal has an ample family of line bundles

Corollary 2.1.6. Every quasi-compact scheme X that have affine diagonal and
that is smooth over a noetherian regular base scheme S (and so in particular it is

noetherian) has an ample family of line bundles.

Remark 2.1.7. In [SGAT71] the hypothesis of having affine diagonal is replaced
by the stronger separated hypothesis. However the separated hypothesis is used
in the proof of [SGAT1]II 2.2.7 in order to apply [SGAT1]II 2.2.6; in particular it
is required that an open embedding of an affine scheme into our scheme X is an
affine morphism. But this is true if X has affine diagonal, so the proof goes through
(see also [BS03] Proposition 1.3). Notice also that if we remove the hypothesis of
having affine diagonal, Lemma 2.1.5 fails as the example of the affine plane with
double origin shows ([SGAT71]IT 2.2.7.2): this is a scheme smooth, quasi-compact,

and quasi-separated that does not have an ample family of line bundles.

Remark 2.1.8. Notice that Lemma 2.1.5 is used in thesis only to justify the fact
that we have a well behaved Nisnevich topology over the category of divisorial
smooth base over a divisorial base S, see Remark B.3.3. Also, we explicitly point
out hat the property of a morphism of shemes of having affine diagonal is stable
under composition and base change because the same proof used for the property
of being separated found for example in [Stal8, Tag 01KH] goes through, affine
morphisms being stable under composition and base change because of [Stal8, Tag
01SC] and [Stal8, Tag 01SD], for example.

In this work, by quasi-compact immersion we mean a morphism which is
both quasi-compact ([GD67] I 6.6.1) and an immersion ([GD67] I 4.2.1, see also
[GW10] Definition 3.43). We can prove the following.

Proposition 2.1.9. Let X be a scheme admitting a quasi-compact immersion i :
X = Y in a divisorial scheme Y. Denoting as L1, ..., L, an ample family of line
bundles of Y, we have that i*L1,...,i" Ly is an ample family of line bundles over X

so that X is itself divisorial.
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Proof. For every f € I'(Y, L?l) if iy : Yy — Y is the open embedding of the non

vanishing locus Y} in Y, we can draw the following pullback diagram

Lk p

|}

Yy T> Y

where *f € T'(X, i*LZ@Z) and ;«¢ is an open embedding. But now we have
that 4 is a quasi-compact immersion, so factoring it as composition of a closed
embedding followed by an open embedding we notice that, by point set topology,
the preimage of a basis for Y under i is a basis for the topology on X. This
together with the explicit description of the preimage of a non vanishing locus Yy
for f e T'(Y, L;@l) allows us to see that Xj«¢, i*f € F(X,i*L?l) with j =1,...,n and
[ > 1 are a basis for the topology of Y, so i*L,...,i*L,, is an ample family of line
bundles for X. O

We explicitly note that the definition of immersion given by Hartshorne in
[Har77] 2.4 is different, but for quasi-compact maps they agree, see [Stal8, Tag
01QV] or [GW10] Remark 10.31. Since in what is left of this chapter we will work
only with schemes which are locally of finite type over a noetherian base S, they
are at least locally noetherian ([GD71] I 6.2.2) and also quasi-separated because
of [Stal8, Tag 010Y] so we can speak simply of immersion without any difficulty
using the definition of Hartshorne or of Grothendieck because for any immersion
f: X =Y, if Y is at least locally noetherian, then f is quasi-compact for [GD67]
16.6.4 (i). If such schemes are divisorial, they are indeed quasi-compact and so we
can drop the distinction between locally of finite type and of finite type. We also

have the following

Proposition 2.1.10. Let X be a divisorial scheme and let be £ a vector bundle on
it. Then P(E) has an ample family of line bundles.

Proof. One consider the usual projection 7 : P(€) — X and notice that Opg)(1) is
relatively m-ample (see [GD67] I 4.6.1 for this notion): in fact if one considers a finite
trivializing open affine cover {U; = SpecR;}? ; made by connected affine schemes,
we get that 7~ H(U;) = P%, where the n; are the ranks of £ on U; and Op(g)(1)
restricts to Opr}g (1) on 7= 1(U;), which is ample. Now one can apply [TT90] 2.1.2

(f) to conclude. ’ O
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2.1.2 A particular family

In this subsection we show that it is possible, given any ample family on a scheme

X, to build another ample family which has properties useful to our aims.

Proposition 2.1.11. Let X be a scheme having an ample family {(L;,s;)} .
Then there exists an ample family {(L;, f;)}]2, such that {Xy} forms an affine

open cover of X and there are isomorphisms «;j : OX|Xf. g—)ﬁﬂxf for all 1,7
where ay; is induced by the restriction of f; to Xy, and in the remaining cases o;

are induced by sections s;; € I'(Xy,, £j|Xf.)'

Proof. By the definition of ample family, we know that the open subschemes X7,
f € T(X, L") form a basis for the topology of X for i, n > 0 varying. We notice
that if an open subscheme of the form Xy is contained in an open affine subscheme
of X, then X has to be affine by [SGATI]II 2.2.3.1. Now, for any y € X, find
an open affine subset U, > y of X such that L;y, = Ox\y, for every . Since the
Xy of the above form are a basis for the topology of X, we can then find sections
fy e (X, L;e;ny) such that y € Xy, C U, are open affine subschemes of X and

L = ®n
Qiyn - OXley } Lz'|Xfy

for every y, i ad n induced by sections s;, € I'(X fy,Lfli’)’}fy) such that if ¢ = ¢, and
n = Ny, Si,yn, = fy|Xfy. Since X is quasi-compact, we can take a finite number
of Xy, as an open affine cover of X corresponding to points 1, ..., ym. Denote
L= Lij’yﬂ' and f; = f,, for j = 1,..,m. The family {(£;, f;)}™,, together with
the choice «;; := iy iy, and s;; := Siy, iy, has the desired properties. O
Remark 2.1.12. If X is locally of finite type over a noetherian ring R, then all the
rings A; = I'(Xy;, Ox) coming from the previous Proposition are finitely generated

R-algebras.

2.2 Lemma S

We prove in this section a technical lemma which is used in the proof of Theorem
2.0.1. We call this lemma Lemma S, where S stands for smooth. The proof is
essentially combinatorics inspired by the case of weighted projective spaces: it is
given since the author was not able to find in the literature a more general algorithm

to use in order to derive results like the following.
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Lemma 2.2.1. Let d be a fixed element of Z=g, R be any commutative unital ring

and A = Rlyik, vij] = @pezn
e1,...,en the canonical basis of Z" as Z-module, the following hold

Ay a Z"-graded polynomial ring such that, denoting as

e i,j€{l,....,n}, yix € E;, where E; is a set of variables of cardinality l; € N.
e Ay =R.

o deg(x;j) = de; + e;.

o deg(yix) = deg(wii) for every i.

Let Ty, := H;‘L:1 Tkj = Th1 - T then deg(Ty) = (1,...,nd+1,1,..., 1) where the non
1 term is in the kth position and Ty € A is relevant for every k = 1,...,n. Moreover
A(r,) is a smooth R-algebra isomorphic to a polynomial R-algebra in n(n — 1) +
Yoy | Ei| variables.

Proof. Suppose k is fixed. The calculation of the degree of T} is simple and in
particular T} is homogeneous. To see that it is relevant we have to consider the
subgroup D in Z™ generated by the degrees of zi,...,Zr, and check that it has

finite index. The n x n matrix

deg(wk1) 1 0 d
( : >:< >+<0;0> (2.1)
deg(xkn) 0 1 d

is invertible over Q hence has image D of finite index in Z™. This suffices to
show that T} is relevant. Now consider A(r,). We note that the usual isomorphism
Ar, = Ay oay, = Ry, ©ij, xlzjl] is graded (giving all the rings the grading induced
from A) and we remark that it induces an isomorphism on the degree zero level
ie. Ay = (R[yil,mij,xlzjl])o. From now on we will identify A7, and Ay with
R[yil,xij,x,:jl] and (R[yil,fﬂz‘j,m]:jl])o respectively via the canonical isomorphisms.

By direct computation we easily check that the following are elements of A(f,)

—(d+1
® Y- xki( +1) -xzk =: 1, - ay for every y;; € E; because

(d+ 1)e; — (d+ 1)(dey, + ;) + d(d + 1)ep, =0

—d

R Cad P
® Lij - Ty - Ty - Tiy = Tij b;; for all 4, j because

de; + € — (dek + €j) — d(dek + 61') + d(d + 1)6k =0
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Define a new Z™-graded ring as follows: as a ring it is the R[x,fjl]—algebra
Rlz; g5, 5]

where (i,j = 1,...,n) A (i # k) and for any j, y;; € E; with |E;| = 1; = |E;|. We
give to this ring the grading induced by letting elements in R to have degree 0 and
by giving to the variables the following degrees

o deg(xfjl) = *(dey, + €;j).
o deg(yj;) = deg(Zi;) = 0 where (i,7 =1,...,n) A (i # k).

We now notice that we can see the ring A, = R[yi, xij, l'];jl] as an graded R[xfjl]—
algebra R[wkijl] [yj1, xij] where i # k. We can now define the following R[xfjl]—algebra

homomorphism

. 4
R[ﬁjl][yjz, Tij| ——— Ap, = R[ﬁjl][yﬂ’ @ij]

X _ Izk
Yji Yj1 - @51 = Yji - xZJ_rl
J

d
_ xr . .
Tyj > Tjj - bij = x4 P ifi£k
1

+1 +1
lik] f CL'k_]

The homomorphism ¢ is graded and an isomorphism, so it induces an iso-
morphisms of rings on the zero degree parts of the two graded rings. This means,
since A7) is the degree zero part of A7y, that we have an isomorphism of rings
A,y = R[yj, 73], @ # k, as wanted, so that the lemma is fully proved. This iso-

1

morphism is obtained by precomposing ¢~ with the inclusion o : Ap,) < A, =

Rlyi1, zij, ac,;l] and then by restricting to the image of the obtained map. O

2.3 Recollections on multihomogeneous Proj

We are going to recall some facts about multihomogeneous localization as introduced
and studied in [BS03]. Where it is possible, we take an equivalent but different
approach to op.cit.. This theory is linked with toric geometry but the author has not
been able to find a suitable different reference for this material from that perspective
in the generality required for this work. If S is a Z"-graded ring and f € S is an
homogeneous element, we can define a Z"-grading on S; by defining deg(f%) =
deg(g) —n-deg(f) for every g € S homogeneous element. In this case we will denote

as S(y) the degree zero part of Sy.
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Definition 2.3.1. ([BS03] pag. 6) Let S be a Z"-graded ring. We call such a ring
periodic if the degrees of homogeneous units f € S*(a priori this is just a set, but
it easy to verify that this is actually a group) form a subgroup of Z" of finite index.

We say that an element f € S is relevant if it is homogeneous and Sy is periodic.
The following is a simple lemma

Lemma 2.3.2. Let ¢ : A — B a homogeneous ring homomorphism between Z"-
graded rings A and B. Then if f € A is relevant, ¢(f) € B is relevant.

Note that if f = g1 ---g, € S is a homogeneous factorization and the degrees

of g; generate a subgroup of finite index in Z", then f is relevant.

Lemma 2.3.3. Let S be a Z™-graded periodic ring, and f and homegeneous element

in 1t. Then Sy is periodic.

Proof. One simply notices that the homogeneous units in S are still homogeneous

units in Sy, so their degrees generate a subgroup of Z" of finite index. O

Corollary 2.3.4. Let S be a Z"-graded ring, then if f € S is relevant and g € S is

homogeneous it follows that fg is a relevant element.
Proof. 1t is an immediate consequence of the previous lemma. ]

Remark 2.3.5. Notice that if S is a Z™-graded ring and f € S is homogeneous
and relevant, then the subgroup D C Z'™ of the degrees of the homogeneous units
in Sy is generated by the degrees of a ﬁnite family of homogeneous units in Sy, say
Uy, ...,ur. Hence f = f - ulu1 “Upu,. - = g1 ---g; where all g; are homogeneous
and units in Sy and < deg(g;) >= D.

Now consider S = @ czn Sq a Z"-graded ring. Assume that the degrees of
the homogeneous units f € S* form a subgroup D C Z" of finite index (i.e. S
is periodic) and write S = @Dycp Sa for the induced graded subring of S. Then

S = Solufl, ..., ur'] where u; € S* for every i = 1,...,r

Proof. First we let uy, ..., u, to be some homogeneous units whose degrees deg(u;) =
:I:l]

T

d; generate D. Then we prove the equality by showing the inclusions S' C Sy [ul N /)
and S’ D S [ul ..., u-1]. The second one is trivial. For the first one, suppose f € Sy
with d € D. Note that by our assumptions we have d = kidy + ... + k.d, for some
ki, ..., k7. Deﬁne af = ufkl---u;kr € SqgnS*. Then f-af =: By € Sy. But
f= ﬂf af € Sg[ul ,...,ufFl]. Tterating for every f € S’ gives the inclusion C as

we wanted. O
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The above reasoning shows that we can find an actual torus into every peri-

odic ring. This fact can be prompted to the following lemma

Lemma 2.3.6. ([BS03] Lemma 2.1) For periodic rings S, the projection Spec(S) —
Spec(Sy) is a GIT quotient for the action of the torus Spec(So[Z"]) on Spec(S)
induced by the grading.

From this it follows that if we set D (f) := Spec(Sy)) for f relevant, then
the map Spec(Sy) — D4 (f) is a GIT quotient for the induced action. In general,
given a Z"-graded ring, we have an induced action of the torus Spec(Sp[Z"]) =: T
on it, represented by a map o : T x Spec(S) — Spec(S). This action in general is
not well behaved. We can however take the quotient of S by this action (i.e. the
cokernel of o in the category of locally ringed spaces), which exists as a locally ringed
space Quot(S) (see [DGT70] Proposition 1.6). This space however is not always a

scheme, so the following definition is motivated

Definition 2.3.7. ([BS03] 2.2) Let S be a Z"-graded ring as above. Define the

multihomogeneous projective spectrum of S to be

Proj(8) .= |J = Ds(f) € Quot(S)

fES relevant
By 2.3.6 and the above discussion, it is a scheme.

We can give a more explicit description of multihomogeneous projective
spaces by giving a gluing datum of affine schemes and gluing it, without any use of

GIT quotients. In order to do this, We need the following lemma
Lemma 2.3.8. Let be S a Z™-graded ring, f € S a relevant element and g € S an
homogeneous element. Then

S0 Z 5(n)  jarrr i F(S() ja it e

gruq
k1 k—k kyr k—k k
ullul 1 ceupTup P (uq--ur)

where the degrees of ui,...,u, € S and their degrees generate the subgroup D of Z'
of finite index generated by the degrees of the homogeneous units in Sy, there exists
m € N such that f™ = uy---u,, d-deg(g) = k1 - deg(uy) + ... + k; - deg(u,) and
k = max{k;}.

Proof. We first notice that such d, m, k1, ..., k., u1, ..., u, exist because f is relevant
and so the subgroup D of Z" generated by the homogeneous units of Sy has finite

index. Defining b := u’fl --ulr which is still a relevant element, we can check that
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S(r) = Sp) by repeating the same argument used in these cases for Z-gradings. In
fact for every h € S homogeneous the map Syt — Sp, 37 + 37 is an isomorphisms for
all i and all [ € N so that we first have S(p) = S(pm) = (-..(S)u; Jug) - )ur )0 = Stuyuy)
and then by induction S &~ S(u’fl.--uf’“)
S(tg) = S(rg) and to conclude we need to show that Spg) = (Sp)),qe. To achieve

g-
b

= S(b)- So we have S(f) = S(b)7

UL Ur)

this we can argue as in EGA II 2.2.2. Since bg divides bg? which divides (bg)? we
have a canonical isomorphism (Spg)o = (Spga)o = ((Sp) 42 Jo- Using the fact that b is

1
invertible in Sp we also get that the following isomorphisms are graded

Shgt = () gt = (Sp) ga

1 b
Finally by construction % has degree zero in (Sy) . and then ((Sp) i )o = (Sp)) ga -
The lemma is now fully proved. ’ ’ b[]

Using the previous lemma, starting from a Z"-graded ring, we consider the
gluing datum (Do (f), D+(fg). gs : D+(fg) = D1(9f))1g relevant Where Do (fg) C
D, (f) are open subschemes because the previous lemma, the isomorphisms ¢, are
induced from the canonical isomorphisms Sy, = S,; and the cocycle conditions
are verified. The scheme resulting from this gluing datum is in fact isomorphic to
Proj(5).

Remark 2.3.9. Note that for f,g relevant elements, we have by the previous
lemma that Di(fg) C Dy(f) and Dy(fg) € D4(g) are actually open embed-
dings such that we can glue the D, (f) in order to get Proj(S) in such a way that
Do (f)NDs(g9) = D4+(fg) C Proj(S). For a counterexample of this behaviour when
f, g are homogeneous but not relevant consider the following situation. Let S =
Clx1, x2, 73, 74) have the Z2-grading defined as Sy = C, deg(z1) = deg(x2) = (1,0)
and deg(z3) = deg(z4) = (0,1). Then S(;,) = C[$2], S(z,) = C[T2], 123 is relevant
and Sz, z,) = [i—j, %‘3‘] but the graded map S(;,) <* S(4,4;) does not induce an open
embedding A(Qc — A}C. It is true in general that, for a Z™-graded ring S, the isomor-
phism (Sy), = Sy, is graded such that ((Sf)g)o = S(s4) and the maps Sy — Sy,
are graded for any homogeneous f,g such that they induce maps Sip) < S(zg).
Moreover, results such as [GD67]II 2.2.3 fails in this case if we abandon Z-gradings

for Z"-gradings.
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Giving a Z"-graded ring S, defining S; C S to be the ideal in S generated
by all the relevant elements, we call V(S;) in Spec(S) the irrelevant subscheme.

This way we obtain that the induced affine projection map
Spec(S) — V(S4) — Proj(5)

is a GIT quotient for the induced action of the torus Spec(Sy[Z"]) =: T on S.

Proposition 2.3.10. ([BS03]3.1, 3.5) Let S be a Z"-graded ring. Then Proj(S) has
affine diagonal and if S is finitely generated as an Sp-algebra, Proj(S) is divisorial.

Consider now X a noetherian divisorial scheme having {(L;, s;)}!'; as an

ample family of line bundles. Define the Ox-algebra

B::@Bd:@Ld

dezn dezn

where d = (dy,...,d,) € Z", L4 = LM @ ... ® L2 and L = Ox. We notice that
the ring multiplication on B is induced by the tensor product and that, X being
noetherian, we do not need to sheafify the direct sum presheaf (see [Har77] Ex.1.11
or [Stal8, Tag 01AI]), so that B is a Z"-graded quasicoherent Ox-algebra taking
value on every open subset U of X the graded I'(U, Ox)-algebra @ czn I'(U, LY.
For every f € I'(X, L%) (for some d € Z") the multiplication Ox-module map f :
Ox — Lg( is an O x-module isomorphism over X . The same is true replacing f with
f™ and L? with L™ for every N > n > 0. Notice that by [GD71]0, 4.1.10, Xpn =
Xy for every n and these multiplication maps all together give us an Ox ,-algebra
isomorphism P, L}‘i( = Ox,[T], inducing an isomorphism Spec(D, > B x,) =
Aﬁ(f (here by Spec we mean the relative spectrum). Notice further that in this case
our standard definition of vanishing locus coincides with the definition of [BS03] in
Section 4. The following is then a reformulation for our case of [BS03] Proposition
4.2.

Proposition 2.3.11. Let X and B be as above. Let ¢ : S — I'(X,B) be a ho-
mogeneous map between Z"-graded rings. Let fi,..., fi be a finite number of rele-
vant elements f; € S. Note o(f;) € T'(X, Liee)) for every j = 1,...,1. Assume
Ué’:1 Xy(s;,) = X. Then there is a natural morphism ¢ @ X — U§:1 Di(f;) <
Proj(5).

40


https://stacks.math.columbia.edu/tag/01AI

Proof. For every f; we have a map a; : S(s,) = I'(X, B)(y(s;))- Moreover, for every

7 we have a homomorphism

Bi DX, B) o)) = T( Xy, Ox),  g/e(fi)" (SO(fj)”|X<p(fj))_1(ng<fj>)

where (o(f;)" Xy fj))_l is the inverse mapping of the Oy x ; -module isomorphism
OX|Xw(fj) = Bnd\X¢(fj> (note that ¢(f;) is invertible over X(s,)). The map ;o
aj + Sy — T(Xyy;),Ox) give us, since the f; are relevant, maps X,y —
D (fj).These maps, using the fact that all the f; are relevant, agree on the overlaps
so that we get the desired morphism ¢ : X — Proj(S). The map S; o o, can be

written also in the following way, denoting as d; the degree of f;

S(fj) = (@nEZ de”)(fj) @nEZ P(X7 Ld'7n)(<p(fj)) (@neZ F(ti(fj)a Ld]n))o = F(ti(fj% OX)

%

DX, B)(e(s,))
Now one can check that this maps agree when restricted over the overlaps, i.e.,
denoting v¢; = (Bjoq;), we have v¢,p, (1) : D+(fifi) = T(Xp(s)e(s;): Ox) is really
Vfifs m

Remark 2.3.12. If S is a finitely generated Z-graded polynomial algebra, then as
noticed in [BS03] Example 3.8, Proj(S) is a so called weighted projective space.
These space, although quasi-projective, are not necessarily smooth as the following
example from [BR86] (remark before Corollary 2.7 pag.121) shows. Suppose S =
Clwo, z1, 72] with deg(zo) = deg(z1) = 1 and deg(w2) = 2. Then S(,,) = S((Z) =
Clxd, zow1, 23, 22] () = Cla?, 2y, y?] = CIA, B.C]/B> = cA which is not smooth over C.
Notation 2.3.13. From now on we shall denote with the arrows “—o— —/—

open and closed embeddings respectively.

2.4 Proof of the Embedding Theorem 2.0.1

Let X be a scheme as in 2.0.1 and {(L;, s;)}; a family of line bundles, that we

can assume of the form given by Proposition 2.1.11. As in Section 3 we define the

B::@Ld

dezm

Ox-algebra
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where for d = (dy,...,d,) € Z", L% = [¥" @ .. @ L& and L° = Ox. Let
X := Spec(B) be its (relative) spectrum and

qg: X —-X

the affine projection morphism induced by the Ox-algebra morphism Ox — B.
Note that the Z"-grading on B induces an action of the diagonalizable group G :=
SpecR[Z"] on X (see [DG11]) but we won’t need that.

Due to our assumptions on the ample family of line bundles (2.1.11), for any

i =1,...,n, we have that X, = Spec(4;) C X is an open affine subscheme of X

and we have elements 235!, ..., xf;l, ril e L;H(Xsi) given by x;; = a;;(1) (notice

:c;jl = (})(1)), with z;; = Si|x,, such that deg(:ciijl) = +(0,...,1,0,...,0) with 1 in
+1

the jth place, giving an OX|XSi—algebra isomorphism OXIXSZ. [xfl, ey T = Bx,, ,

:cjil — a:;tjl and A;[2F!, . 2t LB(XSZ.) .
This way, for any i, we have ¢~ (X,,) = Spec(4;[zF, ..., z:F1]). We also get that ¢

ey by

is a G-torsor so that it is a principal homogeneous bundle and then realizing X as
a GIT quotient (for more on GIT quotients, the reader is referred to [MFK94]) of
X under the action of G induced by the grading.

Remark 2.4.1. For every p € X,,, we have that a;f;»l(p) # 0. In fact, under the iso-

morphism (depending on j) of k(p)-vector spaces By ®oy , k(p) = k(p)[zf!, ...,z

RN
+1 +1

z;; (p) corresponds to z; and so it is different from 0.

Using the fact that X is locally of finite type over R, we have that for
every i, A; is a finitely generated R-algebra, generated say by a finite set E; C A;
of cardinality [; € N of elements e;;. We look at these elements as elements of
Ox(Xs,) = Bo(Xs,) so that B(Xs,) will be a finitely generated R-algebra generated
by the elements e;, :):;51
We now use [GD71]I 6.8.1 (or [GW10] 7.22) or better their proof to find, for every
i, a positive integer d and elements ¢, € I'(X, L?(dﬂ)), z;; € N(X, L ® L%) such
/ ®d+1

/. Rd+1 . / . ®d
that z;; = s; ) Ciklx,, = Cik ® x5 and Tij\x,, = Tij ® z;;°. We note that we

can take d to work for every .

/ / s
ik Ty With

Remark 2.4.2. In view of Remark 2.4.1, by tensoring any element e

s; (i.e. increasing d by one), we can assume that for every 4,j it is true that

Xy = Xs,. Moreover we have that in I'(X,B) they are all homogeneous and
ij

deg(e;;,) = (0,...,d + 1,0,..0) with d + 1 in place 4, deg(z};) = deg(ej,), deg(z};) =

(0,...,1,0,...,d,0,...,0) with 1 in the jth place and d in the ith place if i # j.
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If we denote as wy, ..., w, the canonical basis of Z" as Z-module, we can write

deg(;;) = dw; + w; and deg(ej;) = deg(};) for every i, j.

Now let T; := [[}_, }; € (X, B). Note that deg(T;) = (1,...,nd +1,1,...,1)
and that by [GD71]0, 4.1.10 and 2.4.2 X7, = X, for every i = 1,...,n. We now
consider B to be the R-subalgebra of I'(X, 5) generated by e;k,x;j. Consider the
inclusion ¢’ : B — I'(X, B), and let B be graded in such a way that ¢ is a homo-
geneous map. This map induces ([GW10] 3.4) a map

¢ = Spec(y') : X — Spec(B) =: Y

since I'(X, B) = T'(X, Og).
We shall need the following lemma, which has general interest and puts
together [GD71] 0.5.4.6 and I 6.8.1-6.8.2

Lemma 2.4.3. Suppose X is a noetherian scheme, F an Ox-algebra, L a line bun-
dle, Ty (L) = @,,c, T(X, LE™) and M, :=T(L, F) the T'v(L)-algebra @,,c;, T(X, FRo
LE™). Then if s € T'(X, L) we have a ring isomorphism

(M.)s 2 T(X,, P F @0, L)
nEL

Proof. We give two proofs of this fact. The first one goes as follows. We notice that
we have a canonical restriction ring homomorphism ¢ : (My)s — I'(Xs, @,,cz F Qo
L"), This map is injective because if (% € (M.), maps to zero, then ax, = 0 and
using [GD71] I 6.8.1.(i) we have that for some natural number n, a ® s™ = 0 in M,
and so a = 0 in (M, )s which conclude the injectivity part. Moreover ¢ is surjective
because of [GD71] I 6.8.1. (ii). We can now give the second proof. Because of the
definition of X, I'(Xs, @, ez F ®ox L") = T(X,, F) Or(x, 0x) D(Xs, Ox)[t, t7 1.
Now, we use [GD71] I 6.8.1 to choose, for every f € ['(X,, F) alift f € M,of f®s™

such that the following map is a ring homomorphism

D(Xo, D F @0y LO7) = (M), fotde fo s
neZ

This map is surjective (every element in the target restricts to an element in the
source via the canonical restriction map) and injective because if f ® s/ = 0 then

fix, = 0 since s does not vanish on X. O

Proposition 2.4.4. ¢ X > Y isan open embedding.
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Proof. Let {¢r, : ¢ 1 (X1,) = ¢ H(Xs,) C )?} be an open affine cover of X (recall ¢

is an affine map). We consider the open subscheme

i:Y := U Spec(Br,)o— Y

and we want to show that ¢ factor as a composition io0 3 : X S5V oy . We
want to check this locally, i.e. we want to show that for any ¢, in the following

pullback diagram

——q (Xy)

JPOSDTi

Br,) — Spec(B)

—

—~

Spec

we have that both the upper horizontal arrow and the left vertical arrow are iso-
morphisms and this will conclude the proof. We want to show that I'(Xr,, B) =
I'(X, B)r, = Br;, this way, considering the previous pullbacks, because for any i we
have ¢~ 1(Xs,) = ¢ 1(X1.) = Spec(T'(Xr;, B)), the argument will be concluded. The

first isomorphism exists because of 2.4.3, so that we are left to prove By, = I'(X, B) 7.

Remark 2.4.5. Notice that we are really allowed to use Lemma 2.4.3 because if in
the statement we have that F is a Z" !-graded Ox-algebra (n > 1) then the Ox-
algebra @P,,c; F Qo L™ is Z"-graded and M, :=T'(L,F) is a Z"-graded algebra

as well.

In what it is left of the proof, ¢ is going to be fixed. The first step is to
notice that B is a finitely generated R-algebra so that it is of the form R[e;k, x;j] /1
(p,j € {1,...,n}) with I ideal generated by finitely many (R is noetherian so by

~

Hilbert basis Theorem, B is finitely presented) polynomials pi,...,pa. So Bp =

/ /
R[epk, T,

(xén)_l = 1. Now, polynomial relations on the form p; = 0 which holds in B are

ey Lin N

(2;)7"]/I" where I' is generated by p1,...pa, @}y - ()" = 1,..., ]

true also in I'(X, B) since the former is a subalgebra of the latter, so they induces
relations also on I'(X7,,B) = I'(X,B)r,. We already know (using the notation
introduced before) that I'( X7, B) = Rle;, xf;l]/ J where J is an ideal presented by
a finite number of polynomials g1, ...g~, ;1 - $;11 =1,..., T mz;bl = 1. Now using

I'(X71,,B) 2 T'(X, B)1, we see that the elements e/, , 2/ . € I'(X, B) maps surjectively

pk>pj
to the family e;, z;; (up to multiplication by a:i_id or by x;(dﬂ)) so that we see that

L(X, B)1, & Rleyy, 7y, (27,;,) 1]/ J" where J' is generated by fi, ..., fg, 5, - ()" =
1,..,2}, - («},)7! = 1 where the polynomials f; comes from the polynomials g, via

/
m
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the isomorphism I'(X7,, B) = I'(X, B)1,. Now the restrictions of the relations p; =
0,...,pa = 0 are implied by the relations fi, ..., f3 after inverting 73, by definition,
hence (I’ C J’). Now, all the polynomial relations f; in I'(X7,, B) = I'(X, B)r, can
be lifted to polynomials f; in I'(X,B) in the variables e, - (z7;)™, x; - (27;)™ for
a suitable m(use again [GD71] I 6.8.1 (ii)) and with coefficients in R so that after
inverting T;, they will be implied by the relations in the set qi, ..., go. This shows

J' C I so that J' = I’ and the proof is concluded. O

From the previous proposition we actually find that the image of the open
embedding ¢ is |J;_; D(T;). Now let be E := Rl[t, zi;], i,k,j be as above and

consider the surjective homogeneous R-algebra homomorphism

1/1/ FE = R[tik, Z,‘j] —» B
Lik r €l

/

. N
Zij :U’Lj

where by homogeneous we mean that we are giving to E a Z"-grading induced by

1’. This homomorphism induces a closed immersion
¢ Y = Spec(B) — Spec(E) =: Z

Every f € FE will induce a map w’f : By — By (s) such that

Spec(Byo() = D(W/(1))5f——— D)
{ {
! I
Y« / A

P

is a pullback. Here we have denoted with “—o— <—/— open and closed embeddings
respectively. Hence letting T = H?Zl zi; we have that ¢/(T}) = T; and so we get
closed embeddings s.t.

D(L;)——/— D(T))
[ [
! [
Y¢ / VA
()



are pullbacks. Now using the fact that

o

¢ (X1,) ———— D(T})

-

XC

P

are pullbacks, one can check that the following is also a pullback

RS

This means that the preimage of Z¢ under p = 1 o ¢ is exactly X. Note also
that all these maps come from ring maps which are homogeneous, i.e. preserve
the Z™-grading. In other words, they are G-equivariant morphisms for the action
of G induced naturally by the grading. Moreover, p is actually a (quasi-compact)

embedding because all the schemes considered are noetherian.

proof of 2.0.1. Let C := I'(X, B). We have a homogeneous map a = ¢/ o)/ : E =
R[tik,zi;] = I'(X, B) = C giving the map p as above. Now using 2.2.1 we have that
T! are relevant elements in F and o(T)) = T; for any i = 1,...,n. We can then use

2.3.11 to get the following map that is also a closed embedding as we show below

[ XC /— Uiy D+(T}) =: W C Proj(E)

In fact f is closed because of the construction (the ring maps Eny — A, are
in fact surjective: use again I'(Xr,,B) = I'(X,B)r,) and we already noted that
X = U, X1, so we can apply 2.3.11. Moreover W is smooth (and noetherian
since it is quasi-compact) over R since the D (T}) are smooth over R because of
Lemma S 2.2.1. In addition, Proj(E) is divisorial because of 2.3.10, and W is a
noetherian open subscheme of it (hence it embeds into Proj(E) via a quasi-compact

open embedding) so by 2.1.9 it is divisorial. The theorem is now fully proved. [

Remark 2.4.6. e We note that the morphism p obtained in the proof can be

seen as an equivariant morphism of schemes for the action of G = Spec(R[Z"])
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induced by the grading. Hence one might check that the embedding we built
can be seen as arising from p after taking the GIT quotient. This is in fact
the strategy of the argument contained in [Hau02]. Both our proof and the
proof of Theorem 4.4 in [BS03] have in fact to be regarded as a generalisation

of the proof of Theorem 3.2 contained in [Hau02].

o If we start with X = P} and we consider the ample family of line bundles
{O(1),2;}, we can run the construction of our smooth embedding choosing
in the lifting process d = 0 and we end with a W C Proj(S) such that W = P},
by checking the gluing data.

e The scheme Proj(F) obtained in the proof is a simplicial torus embedding
(with affine diagonal) as defined in [BS03] page 220.

Observation 2.4.7. We observe that the philosophy behind the previous proof
is to find embeddings of Spec(4;) in suitable affine spaces of the form A% that
can be patched together to a morphism from X to a suitable multihomogeneous
projective space that contains those affine spaces as open subschemes. This is similar
to solving the problem of finding local embeddings of a scheme into affine planes
that glue together to give an embedding into the smooth locus of a suitable weighted

projective space.
In fact we have the following corollary of our proof

Corollary 2.4.8. Suppose to have a gluing datum
G = (Spec(A;), Uyj C Spec(As), gy : Usj — Uyi)

i = 1,..,n where A; are finitely generated R-algebras Aileul/s for some noetherian
ring R. Then if the scheme X resulting from G is divisorial, it admits a closed

embedding to a divisorial scheme W arising from a gluing datum of the form
((AR)i, Wij C (AR )iy ¥gi : Wiy — W)

for some positive integer m.

2.5 Applications

Let £ be a vector bundle over a scheme Y. Denote as Grass, y(€) (or simply
Grass, (€) if the base scheme is clear) the Grassmannian functor which associates

to a Y-scheme f : X — Y the set of locally free Ox-modules of rank n quotients
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of f*€ ([GD71] 1 9.7.3). This functor is representable by a Y-scheme Grass,, y ()
([GD71] 19.7.4).

Proposition 2.5.1. If Y is a quasi-separated scheme having an ample family of
line bundles and € is a vector bundle on it, then for any n € N, Grass, y(E) has

an ample family of line bundles.

Proof. For any n, [GD71] 19.8.4 tells us that the Plucker embedding Grass,, y (£) —
P(A™(E)) is a closed embedding. Since P(€) has an ample family of line bundles by
2.1.10, we conclude using 2.1.9 that Grass, y (&) has an ample family too. O

Proposition 2.5.2. Under the above assumptions, Grass, y(E) is separated and

smooth over Y .

Proof. We have separatedness because of [GD71] 1 9.7.7. Moreover, choose a trivial-
izing open subset U of Y for &, so that £y = O%U for some m. Then Grass,, y (£)Xxy
U Grassn,U((’))"(‘w) is an open subscheme of Grass, y(£), see [GD71] I 9.7.6.
Varying U, this schemes form a Zariski cover for Grass, y(£). But now we know
that Grassn,U(O;‘ﬂU) is smooth over U because it is the standard Grassmannian,
see [GW10] Corollary 8.15 for example. So because U is smooth over Y, it is easily

verified by choosing a trivializing cover of Y that Grass, y (£) is smooth over Y. [

We can now prove the following Proposition, whose proof relies on Theorem
2.5.2.

Proposition 2.5.3. Let X be a scheme over a noetherian base scheme S admitting
a quasi-compact immersion i : X — Y into a smooth divisorial scheme Y over S.
Then for every vector bundle £ € Vect(X) there is a smooth divisorial scheme Yg
over both Y and S, with a vector bundle Ey, over Yg together with a morphism
e X — Ye such that ¥e(Ey,) = E.

Proof. Assume X is connected as a topological space so that every vector bundle
over it has constant rank. Denote by L1, ..., L, an ample family of line bundles for
Y, so that i*Lq,...,i* L, are an ample family for X (2.1.9). Given a vector bundle £
of rank m, we have, by the properties of the ample families of line bundles ([SGAT1]
IT 2.2.3 or [TT90] 2.1-2.1.3), that there exists natural numbers p,; g1, ...,; ¢g» Where

7 =1,...,p and a surjective map
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is an epimorphism. Now note that L’ is a vector bundle and defining L :=
§:1(®?:1L?_(jqi)), L is a vector bundle, and *L = L’. Define now Yg :=
Grass,, y (L), and note that this scheme is smooth over Y (2.5.2), and, since YV
is smooth over S, it is also smooth over S and it is also divisorial because of 2.5.1.
By (1), we have that £ is an element of Grassy, y(L)(X), so that we can use the
universal property of the Grassmannian ([GD71] I 9.7.5) to find ¢ and &y, as in
the statement of the proposition (this last one will be the tautological vector bundle
over Yg). Hence we proved the proposition for X connected. Assume now X not
connected and consider £ vector bundle on it. Use 2.1.1 to write X as a disjoint
union of its finite (remember divisorial schemes are assumed to be quasi-compact)
connected components (X, Ox) = Haer(Ua, Ox |y, ) and let be &, := &y, . Every U,
is connected, so that we can apply the previous case to every U, (note that U, are
noetherian so they embed with a quasi-compact open embedding in X, and so they
embed in Y with a quasi-compact immersion because the composition of two im-
mersions is still an immersion, [GD67] I 4.2.5) and find Y, := Grass,,, v (La), ¥¢,
and Syga as before, where n, is the rank of £, on U,. Defining now Yg := lyerYe,,
&y, = @aerfye, (which is a vector bundle over Yg¢) and gluing together the maps
e, to a map g : X — Ye we see that we have obtained the elements requested in

the statement of the proposition, whose proof is now complete. ]
We extend the previous result to a finite number of vector bundles

Proposition 2.5.4. Let X be a scheme over a noetherian base S admitting a quasi-
compact immersion 1 : X — Y into a smooth divisorial scheme Y over S. Then
given a finite number vector bundles &1, ...,E, € Vect(X) there is a smooth diviso-
rial scheme Yg over S and a vector bundles &1y, ...,Eny, over it together with a

morphism g : X — Yg such that V(& y,) =2 & for everyi=1,...,n.

Proof. We apply n times Proposition 2.5.3 to get n schemes Yg ,...,Yg, , vector
bundles &y , ..., y;, and morphisms vg, : X — Y, for any ¢ = 1,...,n such that
Vg, (Evg,) = & for any i. Define

Ye =Yg Xy Xy Ye,, vYei=tg XX, 1 X = Ve

Eiyve = pri (Evg,)

Note Y is still smooth over Y and divisorial because the Yg, are quasi-projective
(they are grassmannians, which are quasi-projective via the Plucker embedding)

and quasi-compact quasi-separated over Y so since quasi-projective morphisms are
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stable under base change by [GD67] I1.5.3.4 (iii) we can use [TT90] 2.1.2 (h). Since
Yg, = pr; 0 g we know ¢ = 9gpr; so that for every i,

VEEnve) = VR (Er:,)) = V5 (8:) 2 &

O

Merging Proposition 2.5.2 and Theorem 2.0.1 we immediately get the follow-

ing

Proposition 2.5.5. Let X be a scheme of finite type over a noetherian affine scheme
S = Spec(R) having an ample family of line bundles. Then given a finite number
vector bundles &1, ...,E, € Vect(X) there is a smooth divisorial scheme Yg over S
and vector bundles &1y, ...,Eny, over it together with a morphism g : X — Yg
such that V(& y, ) =2 & for everyi=1,...,n.
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Chapter

Endomorphisms in Higher K-Theory:
going to K

3.1 From the homotopic world to K

We shall stick to the notations and assumptions detailed in 0.1 unless othewise in-
dicated. Thanks to the result of Riou A.3.14 detailed in the appendix and Theorem
1.8.8, we begin the path to extend the work of Riou. That theorem identifies the
endomorphisms of K-theory in the unstable motivic homotopy category with gen-
uine endomorphisms of a presheaf of sets, Ky, which are well studied. Via this link
we can obtain the necessary information to use the operations at the level of K
to define operations on higher K-theory without too much efforts: one simply use
the theorem to lift them! So one obtains a powerful tool to study operations on
higher K-theory using what is known at level of Ky, and one obtains in an eas-
ier way important results such as higher Riemann-Roch theorems. This was done
by Riou in [Riol0], obtaining new theorems and also new proofs of some results
of Gillet ([Gil81]). Operations on K-theory were studied with other methods be-
cause of their importance (see [Lev97], [GS99], [Sou85], [HKT17] and many others),
so this new tool to define and study them is very important because it allows to
have these operations in an easier way and it allows to easily get many functorial
properties. In addition, because of the generality of the argument involved, this
method could be used to study also operations on other theories which are repre-
sentable in the unstable category by nice geometric objects as for example Hermitian
K-theory. Moreover, by the explicit calculations of the Ky of the Grassmannians

due to Berthelot ([SGAT1]) one can also obtain a more explicit description of these
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operations, using the fact that Grassmannians represent K-theory in the unstable

motivic homotopy category. More precisely, one gets

(K, Kl3(s) = Endys)(Z x Gr) = Endpre(sm/S)(Ko(—))
NHKO 01,..., H (31)

€L

were the ¢; are the usual Chern classes as detailed in [SGAT71] or [Rio06]. This result
of Riou only works on the Nisnevich site on Sm/S. One would then investigate if such
results are true if we change the site. In particular it would be nice to say something
for sites containing singular schemes over some nice scheme (fields for example), since
the classical results such as the Riemann-Roch theorems also apply to this cases.
From now on we will stick to the notation introduced in 0.1.1. The work done in
the previous sections goes in this direction. We have linked the endomorphisms of
K-theory on a site larger than the smooth one with endomorphisms in the unstable
category in Section 1.8, so that merging those results with the theorem of Riou we

immediately get the following

Proposition 3.1.1. Let S be a regular scheme. Hence we have

(K, Klpy geng = K K] sang = [K, K]H(S) = Endy(s)(Z x Gr)

Zar

- EndPre(Sm/S KO HKO Cl,..., H
1€EZL

Proof. This follows under the assumptions detailed in the previous sections from
1.8.8, the theorem of Riou A.3.14 and the fact that the projective local model

structure is homotopy equivalent to the injective local one. O

This is yet interesting since it gives us an explicit description of the operations
of K-theory in HSC};S We would now like to strengthen this result by proving that
K, K],HSchs = Endpre(seng) (Ko(—)). Before that we note that even at this stage we

have as aarcorollary of 1.8.7, the following proposition

Proposition 3.1.2. If S is a regular noetherian scheme

[K,K] Schg —[K K] Sm/s—[ZXGr K] ( )

Za'r

(Z % Gr)", K] ysevs = (2 x Ga)", Kl s 2 [(Z % Gr)", Klys)
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3.1.1 Endomorphisms of K-theory only depend on 7,: statement
of the theorem

Fixed S regular noetherian scheme we now consider the Zariski sites Schg of quasi-
compact quasi-separated schemes of finite type over S admitting an ample family of
line bundles and the full subcategory Sm/S of smooth schemes over S. We denote
their injective local model categories as I, Schg and Z,, Sm/S. Recall we have

an obvious restriction functor
res : Pre(Schg) — Pre(Sm/S)

which takes a presheaf over the category Schg to its restriction on Sm/S. This also

leads to a functor at the level of simplicial presheaves,
sres : sPre(Schg) — sPre(Sm/S)

and we explicitly noted in Remark 1.8.9 that this functor together with the identity

functors induces the isomorphisms

(K, K], sens & [K, K], sws 2 [K, Klyys)

7—Lch‘ Nis

Hence we can draw the following commutative diagram

[K’ K]HSZC:‘TS [Ka K]’H(S)

WOI gyo

HomPre(Schs) (KO(i)a KO(*)) —» HomPre(Sm/S) (Ko(i)’ KU(i))

IR

where for a simplicial presheaf F' satisfying descent, we denote myF :=
[—, F|3 with H the appropriate homotopy category. We could have argued similarly
for the case of n variables in the first entry of the various Hom spaces considered so

that we can also draw the following

Schg

(K" K] (K", Klys)

I %m

HomPre(Schs) (KO(_)na KO(_)) —» HomPre(Sm/S) (KO(_)n7 KO(_))

1%
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Suppose we are able to prove that the lower horizontal arrows are also injec-

tive. Then we would have

Conjecture 3.1.3 (conjecture). Let S be a regular noetherian scheme. Then for
anyn € N
7o ¢ [K, K]

g Schs = Hompre(seng) (Ko(—), Ko(—))
Zar

7o ¢ [K", K], seng — Hompye(seng) (Ko(—)", Ko(—))

Zar

are bijections.
We are going to prove the previous conjecture for S being affine

Theorem 3.1.4. Let S = Spec(R) be a regular noetherian affine scheme of finite
Kruul dimension and Schg be the category of divisorial schemes of finite type over
S. Then the maps

o ¢ [K K], seng — Hompye(seng) (Ko(—), Ko(—))

Zar

o - [Kan]HSChS - HomPre(Schs)(KO(_>n7KO(_))

Zar

are bijections for any n € N.

Remark 3.1.5. From now on we will always suppose to point K € H(S)
(IlZaT’NiS(SchS, Sm/S)) and K¢ € Pre(Schg, Sm/S) with the same element of K (.5)
whenever we consider these objects as pointed. Unless otherwise stated, from now
on the default choice will be the one of 0 € Ky(.5).

Summing up we have, as a corollary

Corollary 3.1.6. Under the assumptions of the previous theorem we have for any
neN

(K, K]Hzchs = Hompyesehg) (Ko(—), Ko(—)) = [K, Klpys) = Hompye(sm/s) (Ko(—), Ko(—))
[K",K]H?hs = Hompye(schg) (Ko(—)", Ko(—)) = [K", K]y (s) = Hompyesm/s)(Ko(—)", Ko(—))
Moreover, the following pointed versions hold

(K, K]Hszchy,‘s,, 2 Hompre(schs), (Ko(—), Ko(—)) = [K, K3, (s) = Hompre(sm/s), (Ko(—), Ko(—))

[Kn7 K]sz‘s, = HomPre(SchS).(KO(_)nv KO(_)) = [Kn7 K}'H.(S) = HOInPre(Sm/S). (KO(_)TL7 KO(_))

Proof. We only notice that the pointed version follows from A.3.10 (with X = E =
K) and A.3.12 (with F' = G = Kj). This because of the fact that S is final and
that we are pointing K and K{ coherently as remarked in Remark 3.1.5. O
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3.1.2 Proof of Theorem 3.1.4

We want to show that the lower horizontal maps res are injective. Denote as
Pre(Schg) the category of presheaves of sets over the category of divisorial schemes
of finite type over a noetherian affine base scheme S as above, Pre(Sm/S) the cat-
egory of presheaves over the category of divisorial smooth schemes over S, and as

Ky(—) the algebraic K-theory presheaf. We can prove the following

Proposition 3.1.7. Assume to have, for any given n € N, two natural transfor-

f
mations Ko(—) ?; Ko(—) on Pre(Schg) which agree after restriction to Sm/S.
Then f =g.

Proof. For every X € Schg, by the very definition of Ky(X), we will need to ver-
ify that for every element £ € Ko(X), fx(£) = gx(€). One first notices that
(representatives of) elements £ € Ky(X) are of the form & = [Ey] — [E1] where
Ey, By € Vect(X). Now using 2.5.4, we can find for every such Ey, E; € Vect(X)
vector bundles over a scheme X, a divisorial smooth scheme Yg over S and vec-
tor bundles E{, E] over it together with a morphism ¢ : X — Yg such that
Y:(E]) = E; for i = 1,0. One now notices, since pullback is a group homomorphism
that this implies that the element &, = ([Ej] — [E}]) € Ko(Ye) has the property
that ¥:(Ey,) = €. This means that for every £ € Ky(X) we can find a divisorial
smooth scheme Yg over S and &y, € Ko(Yg) together with a morphism g : X — Yg¢

(over S) such that ¥%(Ey,) = €. Then we have the following commutative diagram

which implies that fx(€) = gx(&). In fact we know that fy, = gy, by assumption
so that

fx (&) = (Fxove)(Eve) = (Vgofve)(Eve) = (Yeogve)(Eve) = (9x0vg) (Eve) = 9x (€)
Iterating this for every X € Schg and any £ € Ky(X) gives us the assert. O

Now we come to the product case
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f
Proposition 3.1.8. Assume to have two natural transformations Ko(—)" —= Ko(—)
g

on Pre(Schg) which agree after restriction to Sm/S. Then f = g.

Proof. As in the proof of the previous proposition, for every X € Schg, by the very
definition of Ky(X), we will need to verify that for every element & = (&1, ...,&,) €
Ko(X)", fx((&1,--.6n)) = gx((&1,...,&n)). By 2.5.4, arguing as in the proof of
the previous proposition, we can find for every such element &£, a smooth scheme
Ye over S and &y, = (E1ye, - E1v:) € Ko(Ye)" together with a morphism g :
X — Yg such that 93 (&y,) = & for every i = 1,...,n. Then we have the following

commutative diagram

fye
Ko(Ye)" g?? Ko(Ye)
E
w;’":—wzww% lw;

Ko(X)" %; Ko(X)

which implies that fx((&1,....&n)) = fx (&) = 9x(&) = gx((&1,...,&n)). In fact we
know that fy, = gy, by assumption so that

fX((gh ,,,76'”)) = (fX o w?n)((&,yga "'787173/5)) = (¢:‘f‘ ° ng)((gl,ng "'787173/5)) =
(w;,' © ng)((gl,Yga ceey 5R,Yg)) = (gX © wz"n)((gl,Yg’ Sx3) gn,Yg)) = gX((glv ) 5”))

Iterating this for every X € Schg and every £ € Ky(X)™ gives us the assert.
O

The previous propositions complete the proof of 3.1.4. We also notice the

following

Proposition 3.1.9. Assume to have, for a given presheaf F and a given n € N,

/

two natural transformations Ko(—)" —=F on Pre(Schg) which agree after re-
g

striction to Sm/S. Then f = g.

Proof. Repeat verbatim the proof of the previous Proposition. O

The structure of the previous proposition can be easily generalised as follows
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Proposition 3.1.10. Let A C C a full subcategory of a given category C and Res :

Pre(C) — Pre(A) the restriction functor. Consider the map res : Hompye(c)(F, G) —
Hompye(a)(F, G) induced by Res for two fized F,G € Pre(C) and assume that for

every X € Ob(C) and for every a € F(X) there ezist Yx o, € Ob(A), ¢ : X — Yx,

and b € F(Yx,q) so that ¢}.(b) := F(p)(b) = a. Then res is injective.

f
Proof. Suppose we have two natural transformations F' ——= G such that res(f) =
g

res(g). To show that f = g it suffices to show that for any X € Ob(C),
fx =gx : F(X) —= G(X) In order to do that, let us consider a € F(X), Yx, €
A, be F(Yx,) and ¢ : X — Yx 4 as in the statement. Then we have

fx(a) = fx(pp(0) = ¢6(frx. (0) = ¢6(9vx . (b)) = 9x (¢F (D) = gx(a)

Iterating this for any a € F(X) gives the result. O

3.1.3 The case of S regular and quasi-projective over a noetherian
affine scheme

Suppose S is a regular (in the absolute sense) quasi-projective (over R) scheme
(hence of finite type) over a noetherian affine scheme R. We want to show, under
the assumptions and the notations of 0.1 that, as in the previous cases, that all the

arrows in the following diagram are isomorphisms

[Kn,K]HSChS [K",K]H(S) (3.2)
Zar

m{ gyo

HomPre(SchS)(KO(i)na Ko(i)) —» HomPre(Sm/S)(KO(i)na Ko(i))

IR

To do this we need the following lemma

Lemma 3.1.11. Let X be a divisorial scheme of finite type over S quasi-projective
scheme over a noetherian affine scheme R and let be £ a vector bundle over X.
Then there exists a scheme Ye divisorial and smooth over S, a vector bundle F on
Ye and an arrow ¢ : X — Ye over S such that v*F = £.

Proof. Because of the assumptions denoting f : X — S and ¢ : S — R the two
structure morphisms, we have by Theorem 2.5.5 that there exists a divisorial scheme

7 smooth over R and and an arrow X - Z % R over R such that there exists
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a vector bundle G on Z having the property that v*G = £. We now consider the

5 ZXRSLMS

BT

Z———R

following diagram

Where the inner square is a pullback, the outer square commutes because of our
assumptions, 3 exists because of the universal property of the pullback and ¢’ and
o/ are of finite type and smooth respectively because of stability under base change
of these two properties. If we denote ¢ := 8, Yg¢ := Z Xz S and F := ¢'*G the
lemma is fully proved: indeed Yz is divisorial because ¢’ is quasi-projective (quasi-
projective maps are stable under base change) so that we can apply [TT90] 2.1.2
(h). O

Remark 3.1.12. If in the previous lemma R is supposed to be regular and ¢ : S —
R is aregular R-scheme, with affine diagonal and of finite type over R, then the proof
goes through as well. Indeed the property of being regular, having affine diagonal
and being of finite type is stable under base change so also ¢’ in the previous proof
has all these properties but then Z x g S is regular and with affine diagonal as well

and so divisorial because of Lemma 2.1.5.

We also have the variant ”with many variables” of the previous lemma, which
one can prove as 2.5.4 and which holds also under the assumptions of the previous

remark.

Proposition 3.1.13. Let X be a divisorial scheme of finite type over S quasi-
projective scheme over a moetherian affine scheme R. Then given a finite number
of vector bundles &1, ...,E, € Vect(X) there is a smooth divisorial scheme Yg over
S and vector bundles &1 y;, ..., Eny, over it together with a morphism g : X — Yg
such that V(& v, ) = & for everyi=1,....n.

We can now prove the following arguing as in Proposition 3.1.8

f
Proposition 3.1.14. Assume to have two natural transformations Ko(—)" —= Ko(—)
g

on Pre(Schg) which agree after restriction to Sm/S. Then f = g.

From this it follows that the lower arrow of the diagram (3.2) is injective so
that all the arrows in that diagram are isomorphisms. This means we have proved

the following
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Theorem 3.1.15. Under the assumptions of this subsection (i.e. S regular quasi-
projective scheme over a noetherian affine scheme R) we have for any n € N

(K, K]Hszchs = Hompye(sehg) (Ko(—), Ko(—)) = [K, Klyys) = Hompye(sm/s) (Ko(—), Ko(—))
[K”,K]Hzchs = Hompye(sehs) (Ko(—)", Ko(—)) = [K", K]y (s) = Hompyesm/s)(Ko(—=)", Ko(—))
Moreover, the following pointed versions hold

(K, K]Hzchs, = Hompre(schg), (Ko(—), Ko(—)) = [K, K]y, (s) = Hompre(sm/s), (Ko(—), Ko(—))

[Knv K]HZTTS’. = HomPre(Schs)o(KO(_)n7KO(_)) = [Kn’ K]H.(S) = HomPre(Sm/S).(KO(_)n7KO(_))
The same holds true under the hypothesis of Remark 3.1.12.

3.2 Restriction to affine schemes

In this sections we will see that Theorem 3.1.4 only relies on what happens to affine
schemes, in a sense we will make precise below. We will fix a Noetherian regular base
scheme S. We will denote as Schg the category of divisorial schemes locally of finite
type over S and with Sm/S C Schg its full subcategory of (noetherian) smooth
schemes over S. We let Aff/S C Schg the full subcategory of Schg generated
by the schemes of Schg which are affine (over Spec(Z)). Finally, we denote as
SmAff/S C Sm/S the full subcategory of Sm/S generated by the schemes of Sm/S
which are affine (over Spec(Z)). Notice that SmAff/S is the full subcategory of
Aff/S consisting of smooth affine schemes of finite type over S.

3.2.1 The case of smooth affine schemes

We now focus on smooth affine schemes. Assume in this subsection that S is a
regular noetherian scheme of finite dimension. We first consider the inclusion 7 :
SmAff/S < Sm/S which gives restriction functors i* : Pre(Sm/S) — Pre(SmAff/S)
and i} : sPre(Sm/S) — sPre(SmAff/S)

Definition 3.2.1. We denote as H%/7(S) the homotopy category of the model cate-
gory sPre(SmAff/S) having model structure determined by considering the injective
local model structure relative to the affine Nisnevich topology on it and then by in-
verting Al-weak equivalences (see [AHW17]). The restriction functor i} gives rise
to a functor sres : H(S) — HY/(9) as follows

Remark 3.2.2. We have the following adjoint functors arising from the inclusion
SmAff/S C Sm/S (see [SGAT2] I Proposition 5.1)

45,055 - SPre(SmAff/S) sPre(Sm/S) : i}
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where i, and i, , are respectively left and right adjoint of 7. Recall that a weak
Quillen adjunction is a pair of adjoint functors such that the left (right) adjoint is
only required to preserve cofibrant (fibrant) objects and weak equivalences between
them (indeed, this is enough to derive the adjunction). If we give to both categories
the Nisnevich injective local model structure and we invert A'-weak equivalencesthen
these adjunctions becomes Quillen adjunctions (weak in the case of iy, 4 %) and
we can derive them. One notice that i; preserves weak equivalences on the nose so
we do not need to derive it. We call then sres := i* : H(S) — H*/(S) the functor

we get in this way.

We notice that since all the schemes in Sm/S and SmAff/S have an ample
family of line bundles and S' is regular we have that the Quillen’s K-theory presheaf
satisfies descent in both #(S) and H%//(S) and that sres(K) represents K-theory
in H7(S). Hence for every representable X € SmAff/S we have [X, Klyars(s) &

Ky(X). As a consequence it makes sense to study the following diagram

(K, Ky (K, Klyars(s) (3.3)

%m Jﬂo

Hompye(sm,s) (Ko, Ko) — Hompyesmarys) (Ko, Ko)

We would like to show that all the arrows in the previous diagram are iso-
morphisms giving two proofs of this result: one very simple relying on the work by

Riou, the other a little bit more complicated but more “hands on”.

First proof

For the first proof we will need the following theorem, asserting that the top hori-

zontal map is bijective
Proposition 3.2.3. The arrow [K, Kly sy — [K, Klyass(g) is an isomorphism.

Proof. We can do this in two ways. For the first one we notice that in H(S) we
have a weak equivalence (so an isomorphism) m : Z x Gr™ — Z x Gr because of
Theorem 4.2.2. This weak equivalence restricts to a weak equivalence in H%//(S)
so that K-theory is represented in He/f (S) by Z x Gr*f as well so that we can
replace K with Z x Gr* in both #H(S) and H%/(S). Moreover the K-theory
presheaf satisfies descent also in H*f(S) (one needs to use the affine BG property,
as in [AHW17] 2.1.5) so we are left to prove that the map [Z x GraH,K]H(S) —

[Z x Grft K lygas 7(s) 1s an isomorphism. This can be seen reasoning exactly as in
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Theorem 1.8.8 using Proposition 1.8.4. For the second proof we notice that the
functor if because of Theorem 3.3.2 in [AHW17] induces an equivalence on Tk, -
fibrant simplicial presheaves so that we can see directly that the arrow [K, K]y sy —
(K, K ]'Haff(s) is an isomorphism. Strictly speaking, in op.cit. the do not assume
their schemes to be divisorial but we can repeat their argument even in this case or

use our Theorem 1.10.1 directly to conclude (see also Remark 6.3.7). O

Remark 3.2.4. If S would have been an affine scheme R then we could have chosen
in the first proof of the previous proposition Zx BGL instead of Z x Gr* to represent
K-theory, the schemes GL,, g being affine in this case.

To conclude that all the arrows in the diagram (3.3) are isomorphisms, we
shall need the following proposition, proved by Riou in [Rio06] and [Riol0]. Be-
fore that we recall some terminology in op.cit.. We denote by 7T the collection of
maps in Sm/S which are vector bundle torsors (we could even assume that these
vector bundle torsors are affine but we do not need it) and as 7,5 the collection of

projection maps of the form Al — X in SmAff/S. We then have the following fact

Proposition 3.2.5 ([Rio06] Proposition I1.16). There is an equivalence of categories
© : SmAff/S[T, 4] = Sm/S[T ']

Using [Rio06] Proposition B.8 or Remark 1.2.8 of [Riol0] we then have

Corollary 3.2.6. The equivalence © induces an equivalence of categories between

T ~‘-invariant presheaves in Pre(Sm/S) and the Al-invariant presheaves in Pre(SmAff/S)

Because Ko(—) is Al-invariant (remember in our case S is regular), we obtain

putting together Corollary 3.2.6 and Proposition 3.2.3, the following

Theorem 3.2.7. Let S be a noetherian regular base scheme, Sm/S the category of
smooth schemes over S having an ample family of line bundles and SmAff/S its full
subcategory of affine smooth schemes. Then all the arrows in the following diagram

are isomorphisms

[K7 K]’H(S) [Kv K]?—laff(S')
I I
Hompye(sm,s) (Ko, Ko) — Hompresmaiys) (Ko, Ko)

Second proof

To obtain an alternative proof of Theorem 3.2.7 we will need the following lemma
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Lemma 3.2.8. ([Rio06] Lemme II1.11, [MV99] Example 2.3 page 106) Let X be
a noetherian scheme, and £ a vector bundle over it. For every E-torsor (in the

sense of Appendiz A.2) w : T — X over X, the arrow m induces an isomorphism
m: T =X in H(S)

Corollary 3.2.9. The arrowi* : Hompye(sm/s) (Ko, Ko) — Hompyesmass) (Ko, Ko)

18 injective.

Proof. Assume that f,g: Ky :Ko are two natural transformations between
functors in Pre(Sm/S) which agree once restricted on SmAff/S. Then we want to
show that for every X € Sm/S, fx = gx. We use the Jouanolou’s trick to find
nx : Tx — X affine vector bundle torsor on X. The previous lemma then implies
that 7% : Ko(X) = Ky(Tx) is an isomorphism. The fact that f,g are natural

transformations implies that the following diagram commutes

so that the equalities 7% o fx = 7% ogx and fr, = gr, together with the fact that
7% is an isomorphism and so a mono, imply that fx = gx for all X € Sm/S and
so that f = g. O

To conclude that all the arrows in the diagram (3.3) are isomorphisms, we

are then left to prove the following Proposition

Proposition 3.2.10. The map o : [K, K|yass(gy — Hompresmanys) (Ko, Ko) is

an isomorphism.

Proof. One uses the model Zx Gr® for K-theory in H%//(S). Then taking SmAff/S =
C = Ain Theorem A.4.5 we have that Zx Gr® satisfies the property (i) relative to A
because of Corollary 4.3.2. Tt then follows that the arrow 7o : [Z x Gr*T| K];/ar rsy =
Hompye(smaf/s) (Ko, Ko) is surjective so that chasing diagram (3.3) we have that
it is an isomorphism. One can see that it is an isomorphism also by noticing that
K theory satisfies the property (K) relative to the system K which have colimit
7 x Gr*f because of Proposition 4.3.4. O

Summarizing we have given another proof of Theorem 3.2.7
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3.2.2 The case of singular affine schemes

We now want to extend the result of the previous section to the singular case. In
order to do so we need to assume that S is an affine regular scheme R since we
need to use the fact that BGL can be seen as a homotopy colimit (not indexed by
a filtered category!) of affine (in the absolute sense) schemes. We can then choose
ZxBGL™ as representative of K-theory in HSChS As in the beginning of this section,
we are interested in the categories Sm/S, Schg, SmAff/S and Aff/S of (affine)
divisorial scheme of finite type over S and of (affine) smooth divisorial schemes over
S. We denote as ’HSChS the homotopy category of the model category of simplicial
presheaves over Schg with the Jardine local model structure with respect to the

Aff/S

Zariski topology and we will use the notation H, .~ for the analogous homotopy

category having underlying Grothendieck (affine, see [AHW17])Zariski site Aff/S.

. . . — Sch
Even in this case as in the case of smooth affine case we have a functor sres : H ZCMS —

Hgaﬁis arising from the adjunctions (as in Remark 3.2.2)

ig.s,0x,s : SPre(Aff/S) sPre(Schg) : i}

—

By what we know so far we have the following commutative cube

K K] s - —— [K, Klyars(s)
[K K] SZ(ZITS J — [Ku K]?—L(S) =~ | o
™0
- [Ko, Ko]pre(Aft/s) G [Ko, Ko|pre(smAf/S)
— L =

[K07 KO]Pre(Schs) [K()?KO]Pre(Sm/S)

1R

The only thing stated in the diagram that we haven’t proven so far is that
all the arrows of the upper square are isomorphisms but this is easily solved by the
following lemma
Lemma 3.2.11. The arrow ¢ : [K, K|, ans — [K, Klyass(s) is an isomorphism.

Za7

Proof. The proof follows arguing as in Proposition 1.6.1 and Theorem 1.8.10 using
1.8.4 because all the GL,, g are affine schemes. O

To show that all the arrow in the cube are isomorphism we only need to

prove the following Proposition
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Proposition 3.2.12. The restriction map [Ko, Ko]pre(asi/s) = [Ko, Ko]pre(Smafi/s)
18 injective.
This proposition follows as Proposition 3.1.8 provided we show the following

two facts

Lemma 3.2.13. Let U € Aff/S and P a vector bundle over it (i.e. a finitely
generated projective module). Then there exists an arrow f : U — Up over S such
that Up € SmAff/S and there exists a vector bundle Q on Up such that f*Q = P.

Proof. Every vector bundle (say of rank n for simplicity otherwise we can reason
on the connected components or we can use 2.5.5 directly) on U is generated by
global sections so there exists a grassmannian Grass, over S together with a map
g : U — Grass, in Schg such that ¢*7 = P where T is the universal vector
bundle of the grasmannian. Since the Grasmannians are divisorial we can use the
Jouanolou’s device to build an affine vector bundle torsor w : W — Grass,, over the
Grassmannian, which is then an element of SmAff/S. Now consider the following
pullback
U X Grass, Wt W

U — Grass,

We then have that pry : U XGrass, W — U is a torsor under a vector bundle and it
is affine (7 is affine so it is pry) so that it is a vector bundle ([Wei89] page 475) so
that there exists an arrow ¢ : U — U X Grass,, W which splits pry. If we set Up := W,
Q =T and f := pr; oi we have a datum as the one wanted in the statement of

the lemma. ]

We then have the following extension of the previous lemma in many vari-

ables, whose proof follows as in the previous lemma given 2.5.4.

Proposition 3.2.14. Let U be a scheme in Aff/S. Then given a finite number
vector bundles &1, ...,E, € Vect(U) there is a scheme Ye € SmAff/S and vector
bundles &1 yg,...,Eny, over it together with a morphism g : U — Yg such that
VE(&iye) 2 & for everyi=1,...,n.

proof of Proposition 3.2.12. The proof now is formally the same than the proof of
Theorem 3.1.4. ]

Remark 3.2.15. We point out that the proofs of 3.2.3, 3.2.7, 3.2.11, 3.2.12 and the

conclusion concerning the arrows in the cube of page 63 can be repeated verbatim
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replacing K and Ky with K™ and K} for n € N in the first variable of the Hom sets

considered.
Summing up we have

Theorem 3.2.16. Let be S an affine reqular noetherian base scheme. All the arrows

in the following commutative cube are isomorphisms for any n € N

[Kn’K]HQSﬂS [Kn,K]’Haff(S)
(K™, K]HSZTTS yo (K™, Klns) mo
™0 n 7o n
[K() ) KO]Pre(Aﬁ/S) l [KO ) KO}Pre(SmAff/S)
_— __—
[KSL, KO]Pre(Schs) [Kg, KO]Pre(Sm/S)

The pointed version of this theorem also holds.

3.3 Separated Schemes

Since Riou and many authors do not consider divisorial smooth schemes over a
regular divisorial base S but rather separated smooth schemes over a separated
regular base S, we show how to add the hypothesis of separatedness to the one of
divisoriality on smooth schemes. For this section we will always consider a base
scheme S which is regular and separated. We denote as Sm/S*P be the category of
separated (in the absolute sense) smooth S-schemes. Notice this is a full subcategory
of the divisorial schemes over S as we have remarked in Section 1.9. If S is affine,
for any natural n we have the following commutative diagram (use the theorem of
Riou and Theorem 1.9.1)

Schg

(K"K (K™, Klpsyeer

W{ %m

HomPre(SchS) (KO(_)n7 KO(_)) — HomPre(Sm/S'Sep) (KO(_)TL7 KO(_))

1%

to show that all the maps in the previous commutative diagram are isomorphisms

we shall need the following
Proposition 3.3.1. Let S be an affine reqular noetherian scheme. Assume to have

f

two natural transformations Ko(—)" —= Ko(—) on Pre(Schg) which agree after
g

restriction to Sm/S*P. Then f = g.
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Proof. We assume that n = 1 for simplicity, the general case being the same. Fol-
lowing what we did for divisorial schemes, for every X € Schg, by the very definition
of Ko(X), we will need to verify that for every element £ € Ko(X), fx(€) = gx(&).
As in the proof of Proposition 1.8.7 we find for every £ € Ky(X) a divisorial smooth
scheme Yg over S and &y, € Ko(Yg) together with a morphism ¢ : X — Yg (over
S) such that 95 (Ey, ) = €. Now we use the Jouanolou’s trick to find an affine vector
bundle torsor 7 : T' — Yg, here T" will be affine in the absolute sense, so separated (in
the absolute sense), divisorial, and smooth over Y¢ hence smooth over S: henceforth
it lies in Sm/S*P. Moreover 7 induces an isomorphism on Ky (because of Lemma

3.2.8) so we get the following commutative diagram

fr

Ko(T) Ko(T)
gr

o n &

K()(Yg) :; O(Yg)
9ve

P Vg
fx

Ko(X) g:X§ Ko(X)

and since fr = gr by assumption, chasing we get fx(€) = gx (). Iterating this for
every X € Schg and any € € Ky(X) gives us the assert. O

Remark 3.3.2. The proof actually allows us to see that if two natural transforma-
f

tions Ko(—)" —= Ko(—) on Pre(Sm/S) agree after restriction to Sm/S*?, Then
g

f=9

As a corollary we have the following theorem

Theorem 3.3.3. Assume that S is an affine reqular noetherian scheme. All the

arrows in the following commutative cube are isomorphisms for any n € N

K" K]y K, Klyerrs
(K", K] pysens yo (K7, Kly(s)eer -
’ [K§, Kolpre(afi/s) : (K, Kolpre(smaf/s)
[KY', Ko]pre(Schs) (K5 Kolpre(Sm/sser)
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The pointed version of this theorem also holds.

Proof. The proof follows as the one of Theorem 3.2.16 mutatis mutandis. O

3.4 Non-divisorial schemes

We fix a regular noetherian base S. For this section only we assume that the
condition of being regular does not come with the additional divisorial hypothesis,
as in section 1.10. The methods we have used to link the homotopic world to what
happens at the level of 7 relied on the Riou’s result and on 2.5.5 which makes
use of the fact that if a scheme has an ample family of line bundles, we can find
an embedding of it into a smooth one. Now, if we remove the hypothesis of being
divisorial from all the schemes in Schg and Sm/S, and we want to keep Nisnevich
and Zariski descent, in addition to homotopy invariance for regular schemes, we need
to define our K-theory with the Thomason-Trobaugh definition as we did in 1.10.
Hence the problem changes completely because then the K are possibly different
from the usual ones (i.e. they are not the Grothendieck’s Ky). But we notice that
the rear face of the cube does not change since affine schemes trivially satisfy the
resolution property and 3.2.14 does not change. Moreover, by work of Cisinski
and Khan ([Khal6] 2.4.5 and 2.4.6 or [CK17]), or Theorem 3.3.2 in [AHW17], we
still have that [K", Ky g) = [K", K]yasr(s) and if we denote as Sm/S* the full
subcategory of smooth schemes having an affine vector bundle torsor we have an
analogue of Corollary 3.2.6 that we can use. In addition, if S is affine, because of

what we proved in Section 1.10, we can conclude the following

Theorem 3.4.1. If S is an affine noetherian regular scheme, Schg and Sm/S the
categories of (smooth) schemes of finite type over S, K is the Thomason’s K -theory

and n is any natural number, we have that the following commutative cube

[

N [K”,K}Hgﬂ/s = (K", Klpars(s)
[K”,K]Hschs gfm [Kn7K]7{(S)

1R

0

o

IR

=3

o

Ky, Kolpre(afi/s) I (K85 Kolpre(smaf/s)
/} /
[KG's Kolpre(Schs) [KG's Kolpre(Sm/st)

IR

where Ty is obtained as composition of the arrows

res

[Kn7 K]H(S) ﬂ-—0> [K(T)la KO]Pre(Sm/S) — [K{glv KO]Pre(Sm/St)
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with res induced by the inclusion Sm/St C Sm/S. By diagram chase we also have
the injectivity and the surjectivity of some maps as depicted in the diagram. Note
that the arrows in the front face of the cube have the same properties even if S is

not affine but any reqular noetherian scheme. The pointed analogue also holds.

Proof. The proof uses what we said at the beginning of this section in addition to
Theorem 1.10.1 and Remark A.3.11. O

Hopefully, a further study of the remaining maps will be addressed in a future
work. Also, the fact that the K of derived affine schemes only feels the K of their
ring of path components ([KST18] Theorem 2.16) and the above mentioned work of
Cisinski and Khan suggests that maybe one can look also at the derived analogue
for the cube, and get some interesting conclusions although this should be studied in
a further work. If one wants to have homotopy invariance for non regular schemes,
then one could employ homotopy invariant K-theory, but this will not be discussed

here.
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Chapter

Affine representability of K-theory

In this section we prove that in H(S) (S regular noetherian base scheme, all the
schemes are assumed to have an ample family of line bundles as detailed in 0.1),
K-theory is representable not only by Z x Gr as shown in [MV99] but also by what
we will call Z x Gr* where Gr*f is an ind-scheme obtained as filtered colimit of
affine (in the absolute sense) schemes. This will imply that K-theory can be written
in H(S) as the filtered colimit of affine representable schemes, in a way analogous
to what Riou did. We start by discussing in full generality some consequences of

the Jouanolou’s trick.

4.1 Pulling back certain affine vector bundle torsors

As discussed in the seminal [Wei89], for schemes having an ample family of line
bundles, the Jouanolou’s trick does not give a construction of affine vector bundle
torsors which is functorial for two reasons: the first is that the construction of these
torsors over the divisorial schemes strongly depends on the choice of the ample
family we consider and the second is that it is not true that affine vector bundle
torsors pullback to affine vector bundle torsors. Ad hoc reasonings should then be
made once one needs any kind of functoriality for such torsors. For example consider

the following standard system of embeddings of projective spaces

Pl ey P Pttt

In this case every P" has (O(1), zo,...,x,) as ample family of line bundles
and this family is the pullback of (O(1), zq, ..., Zn, Tny1) on P! after omitting the

section which becomes = 0. Moreover all the morphisms involved in this system
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are closed embeddings, that pullback affine vector bundle torsors. So in this very
particular situation one might hope to find a system =, : W,, — P™ of affine vector
bundle torsors (remind that as in Definition A.2.5 we require W), to be affine in the

absolute sense, i.e. over Spec(Z)) such that the following diagram commutes

Wy ——— W, —— Wy

ﬂn_ll ﬂnl 7l'n+1l

Pn—l( ]Pm( PTL+1

This is what can be done in the situations we would like to consider. We now
lay down the general situation. Suppose X is a divisorial scheme with an ample
family of line bundles {(L;, s;)}}"_, as in 2.1.3. Assume also that we have a closed
embedding f : Y — X. Hence the family {(L} := f*L;, s} := f*s;)}_ is an ample
family on Y. We have the following

Proposition 4.1.1. Let be X a divisorial scheme with an ample family of line
bundles L = {(L;,si)}l-y and f ' Y — X a closed embedding so that L' =
{(f*Li, f*si)}1 is an ample family on' Y as above. Then the affine vector bun-
dle torsor @ : W' — Y built on'Y wusing the Jouanolou device on the family L' is
the pullback along f of the one over X built using L. The result does not change
if we use the Jounalolou device on'Y on an ample family T isomorphic to L' (by
isomorphic we mean that the line bundles considered in the two families are isomor-
phic via some isomorphisms that map the sections being part of the datum of one
family to the others).

Proof. We need to follow the construction found in [Wei89] Proposition 4.4. Let
=@ (L and s = (sg,...,5,) : Ox — & the map induced by the sections s;. If
we set F := coker(s) and we notice that s is a split mono on every X, we have the

following exact sequence of vector bundles
Ox HE—-F

[Wei89] 4.4 tells us that the open subscheme W = Spec(S(€)/(s—1)) = P(E)\P(F) C
P(€) is an affine vector bundle torsor m : W — X where 7 is obtained as the compo-
sition of the open embedding of W in P(£) and the projection P(£) — X. Pulling
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back along f, denoting & := f*& = @ ,f*L;, we have that the following is a
pullback
P(EN——P(E)

|

Y%X

and the map s pullbacks to a split mono s’ = (s, ...,s),) : Oy — &’ so that the
following sequence of vector bundles is exact and it is the pullback of the previous

one
Oy & & — F' := coker(s)

Accordingly, we have that W/ = f*W = Spec(S(£')/(s' — 1)) = P(&")\P(F') is an
affine vector bundle torsor and is the pullback of W. In other words the following
is a pullback

We——sw

Mt

YCT> X
The last part of the statement is trivial. O
We are then in the position to prove the following

Corollary 4.1.2. Let X, Y, L' and W’ as in the statement and in the proof of
the previous Proposition. If we assume that s, = f*s, = 0 (so that Yy = 0)
then L" = {(L., s\)}1=) is an ample family of line bundles for Y and the affine
vector bundle torsor resulting from the Jouanolou device naturally embeds as a closed
subscheme of W'. The result does not change if we start with an ample family T on

Y isomorphic to L.

Proof. First we notice that because of the hypothesis, Yy is the empty scheme
(0, Oy) affine and isomorphic to Spec((0)) (Oy(d) = 0). Hence L” is an ample
family for Y. Using now the assumption that s/, = 0 we have that the following

commutative diagram of Oy-modules.

Oy — 2 e —en I — wFgel,

T

Ov =y 51/)/ = @] ) L, —» G = coker(g)
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Using this one can see that the following induced diagram commutes

P(G)——P(&")

L

P(F')—s P(E')

and with a little more effort, one can check that it is actually a pullback. It then
follows from the construction of the affine vector bundle torsor on Y starting from
the family £” that the affine torsor

7 W i=P(E"\P(G) = Spec(S(E") /(g —1)) = X
is a closed subscheme of W’ such that the following diagram commutes

wWhe——wc——w

/

™
1! lﬂ- l
L

YCT> X
and the square is a pullback. The last assertion is easy. ]

The previous corollary allows us to consider the system ---IF’g_l — P§ —
IP’EH --+ with S any base scheme and build affine vector bundle torsors m,, : W;, — P

for every n so that the following diagram commutes

Wy —— W, —— Wy

wnfll Wnl 7Fn+1l

Pnflc Ppnc PnJrl

This means that if we see the system of embeddings of the projective spaces and
of the torsors as functors W,, P, : N — Schg where by N we denote the natural
numbers seen as a poset, then the projections m, define a natural transformation
Te : We — Ps.

Definition 4.1.3. We define the affine (infinite) projective space P35 := colim Wi

The natural transformation m, just defined induces a map P2 — P in Pre(Schg).

This point of view is natural once we try to do the same for the Grassman-
nians, where we seek an analogous result. First we need to recall some facts. We
fix a base scheme S. With Grg, and Gr,(£) we shall stick to the notation of Morel
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[Mor06] page 5 and of Grothendieck ([GD71] I 9.7) because for this section it is

going to be more convenient. This means that for a scheme X € Schg we have
Grg, = { locally free quotients of rank d of (9;1;”}

Thus we differ from the notation used by Riou in [Rio06] and introduced in Appendix
A2 (i.e. d and r are swapped) but the reader will recognize that the two notions,
although different, are interchangeable, in particular the embeddings f(g, ) ) :
Grg, — Grg v for (d,r) < (d',r’) are defined in the same way, i.e. following Morel-
Grothendieck they are compositions of the maps f(q4,)(d,r+1) = lar : Grar — Grari1
defined for every scheme X € Schg by the assignment

(OFT" = P) s (0L - 04" — P)

and the map fig,yas1,r) @ Pdr * Gray — Grgpr, defined by the assignment, for
every scheme X
(0L — P) s (0L P @ Ox)

We also have isomorphisms 74, : Grg, = Gr, 4 and equalities 74,41 0lg, = @rq0Tq,
and @g,410lq, = lgy1,094,- For a given vector bundle £ there is an ambiguity very
similar between the Grothendieck notation we follow and for example the notation
of [GW10] 8.6. Given such a vector bundle over S, it is well known that we have
the Plucker embedding @, ¢ : Gr,,(€) — P(A"E) given by the assignment, for any
X € Schg
(Ex = P)— (A"E — A"P)

see [GD71]19.8.1.1 or [GW10] 8.10. In the case & = O™ we have that P(A\"O'%") =

n4ry_ d4r\_
Pg ) so that we have our standard Plucker embeddings wg, : Grg, — IP’g a) 1.

d+r\_
We notice that the ample families {O(1), zo, ...,x(d+r)_1} on Pg -t pullback to
d

ample families
Lir ={Lay = w;,0(1),20 = w},xo, '-'7x/(d+r),1 = W:z’rl'(d-&-r)_l}

Remark 4.1.4. By the definition of the Plucker embedding, it follows that for
any (d,r), Lq, = det7§r where we have denoted by 7;;;“ the dual of the rank
d universal bundle on Grg,. Moreover, because of [GD71] I 9.8.3 we have that
lgr+10@ar = @441 01la, so that the pullback of the ample family Lg,11 along lg
is actually L4,. Using the maps 74, and the identities stated before, we can also

see that the pullback of the family £411, along the map wg, is isomorphic to Ly,
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so that putting everything together we get that the pullback of the ample family
Ly on Grg . along the embedding fig,y(a ) for (d,r) < (d',r') is isomorphic to
L.

Now we consider N? as a poset with the order given by (d,r) < (d',r') if
d < d' and r < 7' and hence we see N? as a category in this way. Using the Yoneda
lemma, we define the functor Gre : N> — Pre(Schg) as the usual filtered system,
i.e.

Gro((d,r)) = Gray  Gro((d,r) < (d',7")) = f(ar)(a@ )

The colimit of this functor is the usual infinite Grassmannian Gr. Choosing on every
Grasmannian Grg, the ample family £;, we can use Remark 4.1.4 and Corollary
4.1.2 to construct, for every (d,r) € N? affine vector bundle torsors Tdr Gr?lff, —
Grg, which bundle together to give a functor

Graf . N2 — Pre(Schg) (d,r) — Grﬁﬁ
which takes an arrow (d,r) < (d’,7’) to a closed embedding f(afr)( &) Gr?lffn —
Grz,ffr/ built using Corollary 4.1.2.

Definition 4.1.5. We define the affine (infinite) Grassmannian as Gr*¥ := colimGraf,

Corollary 4.1.2 gives us the following Proposition, whose proof is immediate
given 4.1.2 and 4.1.4

Proposition 4.1.6. The projections 74, bundle together to give a natural transfor-

mation Te : GrlrfLff — Gre. This induces a map 7 : Grft s Gr.

We can now build the affine analogue of the systems K4 and P, that Riou
built in [Rio06], see Appendix A.2. We define the system K : N2 — Pre(Schg) by
the assignment K?g” = |ogs1 Grgi and using the arrows f&ffr)( @) O define the
functor. Using the cofinal sequence i : N — N2, n + (n,n) we define as in Appendix
A2 Pt — [C2ff 0. We then have the following proposition, which follows from 4.1.2
and 4.1.4

Proposition 4.1.7. The arrows 74, define a natural transformation m, : K — 1y
which restricts to we : P — P,. Moreover we have colimKa! = colimP = 7 x

Gr* and the natural transformations just defined induce a map Z x Gr*® — Z x Gr.

4.2 Proving the affine representability of K and Pic

We shall begin with a simple lemma in homotopical algebra
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Lemma 4.2.1. Suppose that a model category M is given and that we have two
functors F,G : N — M and a natural transformation ¢ : F' — G between them such
that

1) F(n) and G(n) are cofibrant for every n € N and all F(a <b), G(a < b) are

cofibrations.

2) All oy, : F(n) = G(n) are weak equivalences.

Then hocolim F' = colim F', hocolim G = colim G and the induced map
colim F' — colim G

18 a weak equivalence.

Proof. Everything follows by basic homotopical algebra. The first assertion follows
because of the construction of homotopy colimits, since in virtue of condition 1) F'
and G are cofibrant objects in the projective module structure of MY. The second
assertion follows because 7, in virtue of our assumption 2), is a weak equivalence
in MY with the projective model structure. For a reference see [Cis19] 2.3.13,
2.3.15. O

We recall that we have defined in the previous section the affine grassmannian

and the affine projective spaces Gr*f and P>5. We then have

Theorem 4.2.2. Let S be a regular noetherian scheme. The affine vector bundle
torsors m, : Wy, — P and g, Gr?l’ﬁ; — Grg, induce weak equivalences 7. x Greft =
Z x Gr and PS5 = P> in H(S).

Proof. The assertion follows from the previous lemma using the construction we
gave in the previous section. The closed embeddings in the systems W, and Graf
are all cofibrations in sPre(Sm/S) and all the objects involved are cofibrant by
definition. The arrows m,, and 74, induce isomorphisms in #(.S) because of Lemma
3.2.8 so that they are weak equivalences. Hence we can apply the previous lemma
to the maps me : We — P, and m, : Pfﬁ — Pe to conclude. O

Corollary 4.2.3. Let be S a regular noetherian base scheme. Then Z x Grff ~ K
and Pic ~ P2 in H(S), i.e. the affine Grassmannian represents K -theory and the
affine projective space represents the Picard functor in the unstable motivic homotopy

category.

Remark 4.2.4. We point out that we can repeat similar reasonings replacing Gr*f,
oo K& and W, with their finite nth products (Gr®®)" (P2)", (Kaf)™ and (W,)»

(notice that the schemes involved are affine because of [Stal8, Lemma 01SG]).
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4.3 Affine Grassmannian and the properties (ii) and (K)

The aim of this section is to discuss the properties (i7) and (K) for the affine
Grassmannian and the affine projective space. We will discuss in full detail only
the case of the affine Grassmannian, the other being very similar. In this section
by S we denote a regular noetherian base scheme and by Sm/S we denote the
category of smooth schemes over S having an ample family of line bundles. We let
SmAff/S to be its full subcategory of affine (over Spec(Z)) schemes. First recall we
defined the functor ¢, and the properties (i7) and (K) in Appendix A.3 following the
original definitions in [Rio06] and [Riol0]. We now want to show that the functor
7 x Gr* satisfies the property (ii), i.e. that for every U € SmAff/S the natural

transformation (in Pre(Sm/S))
7 x Gt 2xert, ©(Z x Grf) =: 1o(Z x Graft) =: [—, Z x Graﬁ}H(S)

Tzx Graft (U)

is surjective, i.e. Z x Gr*(U) ©(Z x Grh)(U) is surjective. Remember
we have a map 7 : Z x Gr* — Z x Gr in Pre(Sm/S) which induces a weak
equivalence in H(S) because of Theorem 4.2.2. Because of this, the induced map
o(m) : o(Z x Gr*f) — p(Z x Gr) is an isomorphism in Pre(Sm/S). Moreover, for

every U € SmAff/S the following diagram commutes

T7.x Graft (U)

Z x Grf(U) 225 o(Z x Grf)(U)

W(U)J NJ@(W)(U)

Z x Gr(U) ——p p(Z x Gr)(U)

TZXGr(U)
Here the arrow 77xq(U) is surjective because Z x Gr satisfies the property (ii).
Proposition 4.3.1. For any U € SmAft/S, the arrow mzxc(U)onw(U) is surjective.

Proof. We need to recall how Riou proved that 77xq,(U) is surjective. For any
v € Ko(U) (we can see that there exists P, a finitely generated projective module
on U, such that v = [P] — d+n in Ko(U)) Riou builds a map f, : U = Grg, such
that the map F,, € Z x Gr(U) defined as the composition

Uf—W>Grd7T—>{n}><Gr—>Z><Gr
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is mapped by 77xgr(U) to . Consider now the following pullback in Sm/S

aff P'1 aff
U x Grg, — Grg,

pr{ f

U—-+— GI‘d r
f'Y ’

Now, mq , : GrZifa — Grg,, is an affine vector bundle torsors so its pullback U x Grz’ffa

is a vector bundle torsor over U and since the last is affine, as remarked in [Wei89)]

page 475 we have that pry : U X Gr?ﬁ — U is an affine vector bundle torsor and

in particular a vector bundle, so that there exists a section of pry, i.e. a map

(a closed embedding) i : U — U x Grzg such that pry o i = idy. We define

"= U LU x Gra 2 Graff and we check that the following diagram commutes
Y d,r d,r

f/
U—>Grifl {n} x Gyl —— Z x Gr*"
idJ{ N J{ﬂ'd,r Jidxmm Jn
U—>" Grg, {n} x Grg, ——Z x Gr

In fact

Wd,rof,/y =Tgroprioi= fyopryoi= f,oidy = fy
where for the second and the third equality we have used the previous pullback
and the fact that ¢ is a section of pry. Defining the the composition of the top
horizontal line of the previous diagram to be ny : U — Z x Gr* we have that
L eZx Gr(U) and finally the previous diagram tells us that m(U) (F,) = F, so

that we have concluded the proof.
O

Corollary 4.3.2. The arrow T, e (U) is surjective for every U € SmAff/S. In
other words 7. x Gr* satisfies the property (ii).

Proof. Tt follows immediately from the previous Proposition by diagram chase. [
Proposition 4.3.3. P35 satisfies the property (ii).

Proof. One adapt the argument of Riou in a similar way to what we did for the

affine Grassmannian. O

Proposition 4.3.4. The K -theory presheaf K satisfies the property (K) with respect
to the system K. Pic satisfies the property (K) with respect to the system W,
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having colimit Pog. The same holds replacing K2 and W, with their finite nth
products (K™ and (W,)"

Proof. 1t suffices to show that for any map f(‘rifT) (@) Gr?ﬁ — Grzfﬂfr/ the induced
map ( f(adf’fr)( d’,r’))* : Kl(Grg}ffr,) — Kl(Grz’fE) is surjective, but this follows from
Lemma 3.2.8 which gives us that the affine vector bundle torsors 7y, : Gr?ﬁ, —
Grg, induces isomorphisms Kn(Grzi) = K,(Grg,) for any n and the fact that
T Kfﬂ — Ce is a natural transformation. The case of Pic is the same and the the

last statement of the Proposition can be proved in an analogous way. O
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Part 11

Applications and Hermitian
K-theory
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Chapter

Applications to K-theory

5.1 Operations on higher K-theory

Using Theorem 3.1.15, we can define structures on K as an object of H%ﬁs and

we can define operations on the higher K-theory groups for any scheme qcgs over
a regular noetherian ring (for example) admitting an ample family of line bundles.
The construction is the same than the one in [Riol0] 2.3 and uses Appendix A.5.

The point is to use 3.1.15 together with the results of 3 to lift operations defined

on Ky to operations on K in H%Cahf. As an example we consider the structure of

special A-ring. We begin with some recollections on A-rings.

5.1.1 Recollections on \-rings

Let us start with the following definition (see [Weil3] Definition I 4.3.1 and [Yaul0)]
Definition 1.10)

Definition 5.1.1. A special A-ring, or simply a A-ring, is the datum of a commu-
tative unital ring R together with a family of sets maps \¥ : R — R, k > 0 such
that

1) \(z) =1, A(2) = z for every = € R.

2) Ne(z +y) = N (x) + M (y) + 0L N(2)AF~i(y) for every z,y € R for k > 1.
3) AF(1) =0 for k > 2.

4) Me(zy) = Pe(A(2), ..., \E(2); AL (), ..., \¥(y)) for all z,y € R.

5) AE(A\(2)) = Pry(AH(), ..., \F(2)) for all k,l € N and = € R.

80



where Py, and Py are certain universal polynomial with coefficients in Z. A pre-A-
homomorphism between A-rings (R, {\;}) and (S5, {A\5}) is a ring homomorphism
f:R— S such that f o\, = Ao f for all » > 0 ([YaulO] Definition 1.25).

In literature one can find the name pre-A-ring or simply A-ring for a ring
satisfying 1)-2) above and the name special A-ring for rings satisfying 1)-5). Since
we will be interested mainly in special A-rings we will not make such a difference and
we will stick to the notation introduced in the previous definition. Finally, note that
for a A-ring, a splitting principle is always satisfied, see [YaulO] Theorem 1.44 (a
priori one could not require a so called positive structure or that our ring is A-finite

dimensional).

Definition 5.1.2. Suppose R is a A-ring and A is an R-algebra (not necessarily
unital) together with a family of sets maps A\¥ : A — A for k > 1, we will say that A
is an R-A-algebra if R x A with the addition, the multiplication and the operations
defined below is a A-ring (see [Kra80] page 240).

1) For all a,b € R and =,y € A we set (a,x) + (b,y) := (a + b,z +y).
2) For all a,b € R and z,y € A we set (a,z)(b,y) := (ab, ay + bx + xy)
3) For all (a,z) € R x A we set \(a,z) := ()\k(a),Z?:_& N(a)N=i(2)), k> 1.

Example 5.1.3. Suppose to have an N-graded R-module M, = @®,ecnyM,, where
My = R is a A-ring. Assume that we give to M, the following product

(ao, ai, a9, ...)(bo, by, ba, ) = (aobo, aob1 + a1bg, agbs + boas, )

and that we define, for £ > 1 (A° being the map (ag,ay,---) — (1,0,0,---))

N

Ne(ag, a1, az, ...) == (Me(ao), > Ao(ao)A\¥=(a1), Y " No(ag) s~ (as), ...)

i

—
N
—_

Il
=)
<.
Il
o

where N, : M,, — M,, are group homomorphisms for all n > 1 and all 4 > 1. Then
the R-algebra M, automatically satisfies 1)-3) of the definition of A-ring. Moreover
if M,, is an R-A-algebra for n # 0, the product in M,, being trivial, then M, satisfies
also 4)-5) of 5.1.1 and so it is a A-ring, see for example the proof of 7.1 and 8.13 in
[HKT17].

Given a A-ring, one can always define the so called Adams operations, which

are very useful for many purposes.
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Definition 5.1.4. Let R be a A-ring. For each n > 1 we can define the nth
Adams operation ™ by recursion as ¢l(z) = z, ¥?(z) = 22 — 2X%(2), YF(x) =
M (2)pF = (2) — N2(2) P2 (2) 4+ ... + (= DEN 1 (2)pl (o) + (—1)FFLENF (2) (these are
called Newton formulas, see [Yaul0] 3.10).

The Adams operations have the following properties

Proposition 5.1.5. Let R be a A-ring. Then the Adams operations satisfy the

following properties
1) Each Adams operation ¥™ is a ring homomorphism.
2) For each m,n > 1, we have Y™™ = ™™ = oh"q)™.
3) If p is a prime number and x € R, then YP(x) = 2P (Mod pR).

For a proof see [Yaul0] 3.6, 3.7. The Adams operations are very important on
their own and they motivated the following definition, found for example in [YaulO]

Definition 3.44 and probably having origin in [Knu73], page 49.

Remark 5.1.6. The Adams operations defined via the Newton formulas, if R is a
pre-A-ring, coincide with the ones defined in [SGAT71] V 7.1 or in [YaulO] 3.1. This

gives that ¢™ are group homomorphism even if R is only a pre-A-ring.

Definition 5.1.7. A commutative ring R is called a -ring if it is equipped with
ring endomorphisms ¢* : R — R for k > 1 such that ¢! = idr and for each
m,n > 1 ¢myY" = PP = ™", If R is noncommutative, we say that it is a
noncommutative -ring if as in the commutative case, it is equipped with ring
endomorphisms ¢* : R — R for k > 1 such that ¢! = idr and for each m,n > 1

While in the previous Definition we considered also noncommutative rings

for future use, we explicitly say that in this section, we only consider commutative

rings (unless otherwise stated).

Remark 5.1.8. We note that as far as we know, there isn’t a well developed the-
ory (or even a notion) of lambda rings in the context of noncommutative rings.
The problem, roughly speaking, is that the axioms of a A-rings involves symmet-
ric polynomials that do not easily fit in the context of noncommutative rings (the
reader can try to make sense of axiom 2) in this context for example). However, the
definition of -ring easily extends to the noncommutative case. Indeed the only def-

inition of “noncommutative A-ring” we have been able to find in literature is the one
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contained in [Pat95] (Definition I.1) that agrees with our definition of noncommu-
tative ¢-ring (notice that in [Pat95] the only noncommutative rings considered are

noncommutative R-algebras for some commutative ring R containing the rationals).

By the previous Proposition, it is clear that every A-ring together with its
Adams operations is a -ring. If the ring R is Z-torsion free, more can be said

thanks to the following theorem of Knutson [Knu73], see also [Yaul0] Theorem 3.49

Theorem 5.1.9. Suppose we have a Z-torsion free ¥-ring. Then we can define
lambda operations \¥ : R @7 Q =: Rg — Rg for k > 0 which endows Rg with the

structure of a \-ring.

The structure that we have defined can be seen to be the unique on Rg
compatible with the 1/16 in an obvious sense and under additional assumptions can
also be seen to extend to a A-ring structure on R. In fact we have the following
important theorem of Wilkerson ([Wil82] or see [YaulO] Theorem 3.54)

Theorem 5.1.10 (Wilkerson). Let R be a Z-torsion free i-ring such that for every
x € R and every prime integer p we have YP(x) = zP (Mod pR). Then the
structure defined in 5.1.9 on Rg descends to a A-ring structure on R which is the
unique A-ring structure on R whose Adams operations coincide with the ones given

by the 1-ring datum on R.

We also have the following highly related theorem, found in [YaulO] Theorem
3.15

Theorem 5.1.11. Let R be a Z-torsion free ring. Then every A-structure on it is

uniquely determined by its associated -structure and vice versa.

Remark 5.1.12. One might notice that the definition of A-ring does make sense
in every category C admitting finite products as it will be studied in the following
section. Indeed this is well known for the structure of commutative unital ring,
and adding to this datum a family of unary operators \¥ satisfying the relations
listed in the definition of special A-ring (notice this relations only involves universal
polynomials in a finite number of variables and with coefficients in Z so this actually
makes sense) actually allows us to define a language and then an abstract algebraic
structure (both in the sense of Appendix A.5), &, characterizing the structure of
special A-ring (one can do the same with the notion of pre A-ring) so that a A-
ring in a category with finite products is, under the terminology introduced in the

appendix, simply a &*-object ( see also A.5).
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Remind that Z ha a unique structure of A-ring (lambda operations being de-
fined by the formula A"(n) = (7) for the naturals and (7") is set to be (—1)* ("le*l))’

so that also Z"™ will have an induced A-ring structure for any n € N>1.

Definition 5.1.13. We say that a A-ring A is augmented ([YaulO] Definition 1.30)
if it admits a A-ring homomorphism € : A — Z. If for some n € N, A =[] | A; is a
lambda ring so that A; are augmented (via maps €;) sub-A-ring of it, we will say as
well that A is augmented abusing the notation and we will call € := [, ¢ : A — Z"
its induced augmentation. Now let R be a A-ring. We can define for every r > 0
the 7 operations " : R — R via the formula " (x) = A"(z + r — 1), valid for every
x € R (see [YaulO] Proposition 3.19).

Notice that our abuse of notation in the definition of augmented lambda
ring is not really harmful since we can always reason ”componentwise”. We will
stick to the classical definition of augmented until the end of this section leaving to
the reader to notice that the following results are true even if we use the ”abused”

terminology.

Definition 5.1.14 ([Yaul0] 3.26). For every augmented A\-ring (R, €) we define for
every n > 0 the additive subgroup F" R of R generated by products v (a1) - - - "4 (agq)

where every a; € ker(e) and Zle n; > n. The sequence
F'ROF'RDO F?R---

is called the Grothendieck ~v-filtration

Proposition 5.1.15 (essentially [YaulO] 3.27, 3.31, 3.41). Let (R,€) be an aug-
mented \-ring. Then FOR = R, F'R = ker(¢), every F"R is a A-ideal of R and it
is closed under " for every r > 1. Moreover for every x € F"R, r,n > 1 we have
Y’ (z) —r"x € F"TIR.

Definition 5.1.16. Given any augmented \-ring (R, €), we can associate a graded
ring
Gr(R) := @72 F*R/F*'R

Moreover, for any a € R, we say that a has v-dimension n ([Yaul0] 3.17) if it exists
an integer n such that 4" (a) = 0 for all m > n. If there is a natural number n such
that every element of R has y-dimension smaller than it, we will say that R has

finite y-dimension.

Given any augmented A-ring (R,€), we denote Rg = R ®z Q and we will

denote, for any natural numbers i, j, as Rg’j) the eigenspace of ¢ : Ryg — Rg
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relative to the eigenvalue #/. Noticing that the proof of [FL85] III 3.2 only relies on
Proposition 5.1.15 (and the extra hypothesis below), we have the following

Theorem 5.1.17 ([Weil3] Theorem II 4.10, [FL85] proposition III 3.2). Assume
(R,€) is an augmented A-ring such that there exists an natural number n such that
F 1R =0, then the following facts are true

(6,9)

1) The eigenspaces Ry are independent of 1, so that we can denote them simply

(4)
as RQ .

2) We have
Rg = ®iLoRy = GlLyF fo/r+ re = Gr(R)q = Gr(Rg)

In particular R(g) & F'Ro[Fi+iRy for every i € N.

5.1.2 Lambda ring objects in a category

The previous section allows us to make sense of the notion of lambda ring in any
category with finite products and a terminal object (sometimes the terminal object
is referred as the empty product). We fix in this section such a category C. Since
we do not know any explicit reference for the notion of lambda ring object is such
category besides the one that can be given using the reasoning of the previous
section, we think it is worthwhile to spell out its structure here. We will denote by *
the terminal object of C. Suppose we are given a commutative unital ring K in C (we
define this notion using the machinery of Appendix A.5, see also [Bor94] Section 3.2
page 125). Thus a commutative ring object in C is a datum (K, +,—,-,0,1) where
K is an object of C, + : K x K — K and - : K x K — K represent the additive
and the multiplicative laws of K, with a map — : K — K denoting the inverse for
the group structure and with two maps 0,1 : * — K representing the additive and
the multiplicative neutral elements. These maps satisfy the usual axioms required
from the definition of commutative ring object, i.e. (K,+,—,0) is an abelian group
object in C, (K, -, 1) is a commutative monoid object in C and we require the obvious
diagram expressing the right and left distributivity of the multiplication with respect
of the addition to commute. We will write a polynomial of degree m in n variables

with integer coefficients as

n
P = Z aija J:(jlw'wjn)? “]|:Z]Z§ma 'rJ:'w]ll“'xgzn (51)
=1
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here the z; are the variables and aj € Z for every J. Now, given an integer ¢ € Z
we define the multiplication by ¢ as a map -q : K — K to be the zero map if ¢ =0,

and as the following composition if ¢ > 0

diagonal
e

K K=K x---x K5 K
——

g — 1 times

which is well defined because of the associativity of the group law. If ¢ < 0 we define
the map in the same way but we postcompose with the map — : K — K. We can
do something analogue with the operation “raising to the power of j” for any j € N.
If j = 0 we define this map as 1 : K — K. Otherwise we define the map 7/ : K — K

as the following composition

K diagonal Kj N K
also here this map is well defined because of the associativity of the multiplicative
law. With the same process, we can define for every multivariable 27 of length n
and degree m as above a map

v/ K" K
by considering the composition
Kn J1 ><...><.jn Kn _> K

which is well defined because of the axioms of commutative ring. Post composing

the previous map with a- for any integer a gives us maps
ar’ K" — K

Now, suppose to have a polynomial P = Z| J|<m @ sz’ in n variables and of degree
m as in (5.1). Denote by gp the number of summands in P. We can define a map
P: K" — K as follows

n X|J|§mat]x
-

J
K Kir 5 K

which is well defined because of the ring axioms (associativity, distributivity etc.).
The last step to make sense of the A-ring axioms is then to consider a family of maps
AN K — K with » > 0. Then we can write expressions using these operations

as variables. For example suppose we want to formalize the axiom \'(z + y) =
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> it jer N (z) M (y) as the equality between two maps K x K — K. We then interpret

the left hand side as the composition
KxKH KK

For the right hand side, we see it as the composition

(A9 XX AT)x (A0 x - x AT)

Kx K K+l g+t B i

where P is the polynomial of degree 2 involved in the right hand side. If a map
K x K — K is built in this way, we will denote it as P*. Asking if the axiom 2) of
lambda ring holds then amount to ask if those two maps are equal. The same can be
done for the remaining axioms of special lambda ring: they all involve polynomials

with coefficients in Z. We can then give the following

Definition 5.1.18. A A-ring object in a category (C, x) with finite products is the
datum of a commutative ring object (K, 4+, —,+,0,1) in it together with a family of
morphisms {A\" : K — K},en in C such that the axioms 1)-5) of definition 5.1.1
hold, provided we make sense of the terms involved as we explained above. Remark
that this definition coincides with the one we would get by using the machinery of
Appendix A.5, see also Remark 5.1.12.

Notice that all the arrows induced by the polynomials involved in the defi-
nition of a A-ring are naturally pointed, i.e. they are pointed maps (K,0) — (K, 0).

5.1.3 Lambda rings in homotopy categories of simplicial presheaves

In this section we study the lambda ring structure that naturally arises on the
homotopy groups of a simplicial presheaf, provided it is a lambda ring in a suitable
homotopy category and that it satisfies certain properties. We fix a Grothendieck
site C, and we consider the model category sPre(C) of simplicial presheaves with
the Jardine local model structure localised at some class of maps S. This covers
all the situations covered into this thesis. We denote as H the homotopy category
Ho(sPre(C)) defined above. We let H, to be its pointed version. Notice that by this
we mean that we consider the pointed category of simplicial presheaves, we give to
it the pointed model category structure induced by the one we are considering on
the unpointed one and we take the homotopy category, as customary (so we are not
considering the homotopy category pointed). We suppose to have a (special) lambda
ring (K, +,e,—,0,1) in H (which is then pointed) where all the maps A" : K — K

are pointed for r > 0 and where the ring structure comes from a ring structure in H,
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(in this last category we are only looking at the non unital ring structure because
we have to take care of the point). We also assume that the product e : K x K — K
factors through the smash product i.e. that there exists a map Ao so that the
following diagram commutes
Kx K
°
‘| \

KNK — K

Remark that K is in particular an H-group, hence for every simplicial presheaf F
the set
™K (F) = [S" A Fy, K|y, =: Kp(F)

has a group structure inherited from the H-group structure of K. Now, we assume
that K satisfies descent (i.e. it admits a weakly equivalent sectionwise fibrant re-
placement) so that for every element X € C, K, (X) is really the nth homotopy
group of the simplicial set K (X). Moreover we assume that the H-group structure
on K is compatible with the homotopy groups, i.e. that the group structure on
K, (F) for n > 0 induced from the H-group structure coincides with the standard
one (the one defined as in topology using the co-group structure on S!). Loopspaces
are of this form, for example. We could relax these assumptions but we do not have
a reason to do that since they allow the discussion to be simpler and all the exam-
ples we have in mind fall in this description. Now, for any simplicial presheaf F' we
immediately notice that by applying the functor mg we obtain a A-ring structure on
the set Ko(F'). This is true because m( preserves finite products so that taking g of

the datum of maps and compatibilities we have for K in H gives us what we want.

Remark 5.1.19. Notice that the product induced by e on any K, (F) is trivial
if n > 1 because of Lemme 5.2 in [Kra80]. Indeed that lemma says that if we
are given an H-space E together with a distributive multiplication over its H-
space structure that factors through the smash product and a co-H-space X having
the comultiplication factoring through the join (for example any suspension) in
Ho(Top,) then the monoid structure induced on Homgy, (o, ) (X, £) by the structure

of F is trivial and in our case the same argument holds.

Since the multiplication of K factors through the smash product, we can
define pairings Ko(F') x K;(F) — K;(F) as for K-theory in Theorem 5.1.28.
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Remark 5.1.20. We remind that for elements x € Ko(F) and y € K;(F), the
product x - y, using the fact that in He we have @ = Aqop : K x K — K, is defined

to be the image of the couple (z,y) via the following composition of maps

Homy, (S° A Fy = Fy, K) x Homy, (S A Fy, K)

A

Homy, (Fy AN(STAFL), K AK)
—OAF
Homy, (S A F, K AK)

NeO—

Homgy,, (S A Fy, K)

Here with Ar we have denoted the map induced by the diagonal F' — F x F.
This coincides with the construction given in Theorem 5.1.28 in this case. If we
now define the product of two elements a,b € K,,(F) to be the one induced on K,
by e : K x K — K we see that we can make sense of Axiom 4) of the definition
of lambda ring using polynomials P, built as in the previous section. The only
caveat here is that in the construction of these polynomial maps, we build the

monomial maps z”/

using smash products instead of products, i.e. we get maps
) : K A" K — K. We can do this since under our assumptions, the multiplicative
product we have factors through the smash. Now, reminding ourselves the notation
of the previous section and the caveat just specified, the LHS (RHS) of the equation
N (zy) = P.(AY(2), ..., \(2); AL (y), ..., A" (y)) = P, ) representing axiom 4) can

be read as the image of a map
Homy, (Fy, K) x Homy, (S A Fy, K) — Homy, (S A Fy, K)

obtained as in the previous diagram using A" o A, 0 — (respectively P2 o —) instead

of Ae 0 — in the last step.

We define the graded group
K.(F):= @nZOKn(F)

where the K, (F') are Ko(F)-modules using the pairings of the previous Remark.
Consider the maps A}, : mp,(\") : Kp(F) — Ky(F) for r,n > 0and r > 0 if n > 1.

Notice that for n > 1 these maps are group homomorphisms. Henceforth, it is
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possible to give to K, (F') the structure of pre-A-ring (K, (F),) as in Example 5.1.3
(i.e. axioms 1-3 of the definition of A ring are satisfied) and we call the lambda

operations we have A. We want to check that this is indeed a lambda ring.

Proposition 5.1.21. For any simplicial presheaf F, the ring (K.(F),-,A}) is a
A-1ing.

Proof. We have to check that the axioms 4) and 5) of Definition 5.1.1 are satisfied.
For elements in Ky(F') this has already been done. Then we notice that because of
the definitions we made in 5.1.3, we only need to verify that for any n > 1, the groups
K, (F) are Ky(F)-A-algebras. Since we already know that they are pre-K(F)-\-
algebras this really amounts to check axioms 4) and 5) for elements x € K,,(F') and
y € Ko(F) using the notation of Definition 5.1.1 (see also the proof ot Theorems
7.1 and 8.18 in [HKT17] for more details about why it suffices to check this). We
start with axiom 5). Using our dictionary, x € K, (F') is a map in [S" A Fly, K]y, .
Now the verification of the axiom can be done in two steps. As a first step one
has from the fact that K is a A-ring that A" o A* : K — K and P, : K — K in
He given from the polynomial P, using the techniques of the previous Section are
equal. As a second step one see that the left hand side of the equality prescribed
by axiom 5) equals the map obtained from [S"™ A F', K]z, by postcomposition with
the pointed map A" o A* with r,s > 1. Then using Remark 5.1.19 one sees that the
polynomilal maps (P2,)n : Kn(X) = K,(X) involved in the right hand side defined
using (K (F), -, \.) equals the ones obtained from [S"AF, K], by postcomposition
with the map Pr)"S : K — K in H,. So axiom 5) is verified. Notice, because of our
definitions, that since n > 1, many of the products on the RHS are equal so that it
will be really a multiple of A™*(z) as noted in the proof of Theorem 8.18 in [HKT17].

The verification of axiom 4) can be done in a similar way using Remark 5.1.20. [

Remark 5.1.22. Suppose that C is a point with the chaotic topology and that we
consider only the Jardine injective model structure on sPre(C). Then the homotopy
category we obtain is the classical homotopy category of topological spaces Ho(Top).
This means, as a corollary of the previous definition, that if we have a lambda ring X
in Ho(Top) satisfying the above properties, then to the direct sum of its homotopy
groups my(X) := @p>0m,(X) can be given a structure of special A-ring reasoning as

above.

5.1.4 Lambda operations on higher K-theory groups

In this subsection we shall assume that our base scheme S satisfies the assumptions

of Theorem 3.1.15, i.e. that it is regular (remind we assume that regular schemes
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are also divisorial, unless otherwise stated) quasi-projective (hence of finite type)
over a noetherian ring R. We still denote as Schg the category of divisorial schemes
of finite type over S as in 0.1. To have a simple example in mind, the reader could
think as S being a regular noetherian affine scheme using Theorem 3.1.6 in place of
Theorem 3.1.15 throughout this subsection. Using Theorem 3.1.15, we can define
structures on K as an object of 7—[%‘;};5 and we can define operations on the higher
K-theory groups for any scheme qcgs of finite type over S admitting an ample
family of line bundles. The construction is the same than the one in [Riol0] 2.3
and uses Appendix A.5. The point is to use 3.1.15 together with the results of 3
to lift operations defined on K to operations on K in H%Cahf As an example we
consider the structure of special A-ring. Accordingly, in this section we will discuss
how one can use the operations defined on K to define lambda operations on the
higher K-theory groups of a scheme. We will study thiese operations also on the
homotopy categories considered so far. Recall that by [SGA71] VI, 3.2 we have a
special lambda ring structure on Ky(X) for every quasi-compact scheme given by a

family of unary operators (A" : Ko(X) — Ko(X))nen-

Theorem 5.1.23. Let S be a reqular quasi-projective scheme over a noetherian ring
R and Schg the category of schemes of finite type over S admitting an ample family
of line bundles. Then there exists a unique structure of special lambda ring on K
in H%‘if such that for every X € Schg, the induced structure of special lambda ring
on mo(K)(X) =2 Ko(X) is the usual one.

Proof. We already have an H-group structure on K given by the co-group structure
of the simplicial circle, but here we start from nothing: the group structure defined
will be the usual one. We follow the argument of Riou. First of all we have to define
a ring and a group structure on K. Before using 3.1.15 to lift the group and the
ring multiplication, one has to define 0 and 1 as two morphisms 0 : ¢ — K and
1: e — K (e being the terminal object S). We define those two morphisms as the
morphisms associated via the Yoneda lemma to the elements 0,1 € Ky(S). Then
one can apply 3.1.15 to define the group and the ring structure on K and also to
check that the group structure coming from this process is actually the canonical
H-group structure we have on K. Hence we have obtained a commutative ring
(K,+, x,0,1). Note the multiplication map is pointed. Passing to others operations,
one first notice that the lambda operations defining the lambda ring structures on
Ky(X) are stable under base change, i.e. they are compatible with the morphisms
i Ko(Y) — Ko(X) induced by morphisms f : X — Y for any X,Y € Schg.
This means that as a presheaf of sets, Ky(—) has a special lambda ring structure

in the category of presheaves in the sense of Definition 5.1.18. Now one combines
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3.1.15 and A.5.6 (using Remark 5.1.12) to lift (uniquely) this structure to a special
lambda ring structure on K in H%Cahrs . This means that we obtain a family of maps
A" K — K in H%C;TS (these are pointed for n > 1) that satisfies the axioms of
Definition 5.1.18 by direct application of Corollary 3.1.15. O

Remark 5.1.24. The same construction applies to Adams and y-operations. This
means that we obtain, in particular, maps ¢/ : K — K in HEC;;S (pointed) by lifting
the Adams operations we have on Ky. We remind that for any lambda ring, we
defined the Adams operations using the Newton formulas, see Section 5.1.1. Now,
in virtue of Corollary 3.1.15 this allows us to see that the for K seen as an element
of H%CQ}LS, the Newton formulas that comes from the lambda ring structure of K
in chahf that we have defined in the previous theorem lift the Newton formulas
we have for Ky in the category of presheaves of sets. This means that the Adams
operations on K defined using the Newton formulas in H%‘Zﬁf or obtained lifting the
Adams operations on Ky with 3.1.15 coincide, then there is no ambiguity in our

definitions.

Corollary 5.1.25. The endomorphisms ¢* : K — K given by the previous theorem
by lifting the Adams operations are ring morphisms for every k > 1. Moreover for
every m,n > 1 we have Y™™ = Y™ = p"Y".

Proof. One simply verifies the analogous statement on the level of Kj. O

We now turn to the problem of defining operations on higher K-theory.

From now on we will assume that the hypothesis of Theorem 5.1.23 hold. We define

operations on K, (X) for every simplicial presheaf X € sPre(Schg). We start by

setting (recall that K, being a loopspace, is naturally pointed by 0 and an H-space

as remarked in the proof of the previous theorem this group structure agrees with
with the group structure induced by 3.1.15)

K, (X):=[S"ANX, K]

Schg
HZa,'r ,®

where we have denoted with S™ the simplicial n-sphere as customary. Explicitly note
that in the particular case where X = X € Schg is a scheme (seen as a simplicial
presheaf), these groups agree with the ordinary Quillen’s higher algebraic K-theory
groups of vector bundles because all our schemes are assumed to be divisorial (notice
that in this case Quillen’s and Thomason’s K-theories agree) and K-theory satisfies

Zariski descent (see also Appendix B). The operations we define on K € H%ﬁf o give

us operations on K,(X). But now operations on K € ’H%C;:q o come from pointed

maps of presheaves of sets for n > 0 because of 3.1.15 so we have to be careful. In
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favourable case such as lambda, Adams or y-operations, we can then use Corollary
3.1.15 to lift these natural operations from the unpointed case to the pointed case.

In general we have

Theorem 5.1.26. Unary unpointed operations 7 : Ko(—) — Ko(—) such that
7x(0) = 0 for every X € Schg (so that they become pointed) induce maps 7 : K — K
n H%ZI;S ,e that are uniquely determined by maps 7 : K — K in H%Cahf lifting T. As
a consequence such maps induce endomorphisms m,T : Kp(X) — K,(X) for every

X € sPre(Schg).

Proof. One uses A.3.12 to see these operations as pointed operations and so lifting
them to K € H2S , using 3.1.15 (or Lemma A.3.10). O

As a consequence we give the following

Definition 5.1.27. For every simplicial presheaf X € sPre(Schg) we define the
lambda and the Adams operations A, 4% : K,(X) — K,(X) by postcomposition
with the maps A\",1/ : K — K defined in Theorem 5.1.23, i.e. as the maps

Nl o= [S"AXy, K] sng  — [STAXy, K] seng . fr> A, 0o f
HZa'r‘ ’® HZa'r ,®
We have then the following theorem.

Theorem 5.1.28. Lambda, Adams and ~y-operations Ko(—) — Ko(—) naturally
induce maps on K, (X) for every X € sPre(Schg) and the relations that hold at level
of Ko such as the Newton’s formulas are true even in this setting. In particular this
is true for the usual higher K-theory groups K, (X) for every X € Schg. Moreover
the multiplication law — x — : K x K — K induces a graded ring structure on the
graded Ko(X)-module
K.(X) = Kn(X)
neN

for any scheme X € Schg. Denote this ring together with its multiplication as
(K«(X),U). The same holds true replacing X € Schg with X € sPre(Schg) every-

where.

Proof. The first part of the statement follows immediately from the previous theo-
rem. For the second part, we simplify the notation and we set C = H%Ca}:f ,o. Now,
as we said before, the multiplication of K is actually a map x : K x K — K in C.
Using the argument contained in [Rio06] pag.96 or directly using 3.1.15 and Lemme
IT1.33 of [Rio06] we get that there is an injective map « : Home¢(K A K, K) —

Hom¢ (K x K, K) induced by K x K — K A K such that x € Hom¢(K x K, K) is
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the image under a of a map xo € Hom¢ (K A K, K). In particular, X, is the unique

morphism which makes the following diagram to commute

K><KX
l>;
K/\KX K

Because of this, the fact that x is symmetric implies that x, is symmetric
too, i.e. we have X4 = X4 07 where 7 is the usual switch map of A. Now if we
denote as Ay : S A X, — (S'A X)) A (ST A X,) the map in C induced by the
diagonal map X — X x X for any scheme X € Schg we get a multiplication

—U—: KZ(X) X KJ(X) — KH_]'(X)
induced by the map

Home(SP A X4, K) x Home(S7 A X4, K)

|

Home ((SPA X)) A (7 A X4 ), KM?)

J/X.O_OAX

Homc (SZ+] A\ X+, K)

This multiplication induces the desired graded ring structure and the natu-
rality is clear. Replacing X Schg with X € sPre(Schg) we can proceed verbatim to
prove the last statement.

O

We now want to discuss the structure we can put on K, (X) for every scheme
X € Schg. This abelian group in principle can have two multiplicative structure as
a Ko(X)-algebra. The first one is the one given in Example 5.1.3, where the product
of two homogeneous elements of positive degree is set to be 0. We will refer to this
ring simply as K, (X) or (K.(X),) if confusion might arise. The second one is the
noncommutative structure induced on it by the previous Theorem. In this case, we
will denote the resulting noncommutative Ko(X)-algebra as (K.(X),U). Theorem
5.1.28 gives us families of operations \* : K, (X) — K,(X) and ¢F : K,(X) —
K, (X) which bundle to maps A\*, ¢ : K,(X) — K.(X) defined as follows.

Definition 5.1.29. We define for every k € N natural transformations of presheaves
of sets \¥ : K,(—) — K.(—) in Pre(Schg) using the method of Example 5.1.3 and
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for j > 1 natural transformations of presheaves of groups * = @, ¢F : K.(-), —
K.(—).

We notice the following

Proposition 5.1.30. For every X € Schg and every a € K,(X), b € K,,(X), we
have for every k > 1 that ¥¥(a Ub) = ¥ (a) Uk (b) where the product is induced by
the pairing defined in Theorem 5.1.28 (this is also trivially true for the product -).
The same conclusion holds replacing X € Schg with X € sPre(Schg) everywhere.

Proof. One follows Riou [Rio06] page 99. In fact as a consequence of Corollary 5.1.25
we have that in H>2S . e, for every k > 1, the equality 9% o x4 = x4 0 (% A )

Zar 7 )

holds. This concludes the proof. O

Remark 5.1.31. If we have a ring R which is noncommutative, then there isn’t a
well defined notion of noncommutative A\-ring. However, one notices that the notion
of 1-ring makes perfect sense even in the noncommutative case, see Definition 5.1.7.
We believe that for noncommutative rings the notion of ¢-ring should be regarded

as the best analogue of the notion of A-ring. See also Remark 5.1.8.
We then have the following theorem

Theorem 5.1.32. Consider X € Schg. Then the datum (K.(X),-, \*) is a lambda
ring with associated -ring (K«(X),-,¥%). Moreover, (K.(X),U,¢*) is a non-
commutative -ring and the maps ¥ : (K.(X),U) — (K.(X),U) are morphisms of

noncommutative ¥-rings. These structures are functorial.

Proof. The noncommutative assertions follows simply from Proposition 5.1.30 and
Corollary 5.1.25. For the first part, to check 4) and 5) (1)-3) follow from the very
definition, see 5.1.3) we use Proposition 5.1.21 in 5.1.3. To check that the Adams
operations we defined before agree with the ones induced by A* using the Newton
formulas we notice that they are both additive so that we only need to check for
elements of the form z € K,(X) but this follows from the Newton formulas we
have for K € H%Z};S and the definitions we have given. Indeed as a first step one
notices that the Newton formulas we have for K € H%Cahf restrict on K, (X) to the
usual Newton formulas for Ko(X) in the case n = 0 and to ¥f = (—1)**1k)\F for
n # 0 in virtue of Remark 5.1.19 so they are the same formulas we get starting
from (K.(X),-,A\¥) because the product of two positive homogeneous elements are
set to be trivial. This comparison only requires the pre-A-ring structure because
of Remark 5.1.6 in Section 5.1.1. The fact that (K.(X),-,¢*) is a 1-ring follows
from this comparison or can be proved independently using 5.1.30. If K,(X) is
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Z-torsion free, then we could use the fact that (K.(X),-,¢*) is a ¢-ring together
with Theorem 5.1.11 to show that (K,(X),-, \¥) is a lambda ring. O

Corollary 5.1.33. For every scheme X € Schg, the ring (K.(X)q,-), if (K«(X),-)
is Z-torsion free, admits a (unique) \-ring structure induced from (K.(X),-, \¥) de-
fined before. Moreover, all K, (X) are Ko(X)-A-algebras, the product of the elements
in K,(X) being trivial for n > 1.

Proof. For the first part, one simply uses Theorem 5.1.9. The second part follows
from Theorem 5.1.32 from the very definition of Ky(X)-A-algebra. O

Remark 5.1.34. One might wonder if changing our base scheme S, we change the
structures induced by the operations on K,(X). Indeed, a scheme can be seen as
a scheme over many bases. However, Riou showed ([Riol0] Proposition 2.3.2) that
the operations we get on K-theory in H(S) do not depend on the choice of S, as
long as S is regular. Since we can reduce to the smooth schemes, we have that the
operations that we define for any divisorial scheme of finite type over our allowed

bases S are the unique we can define using this method.

Remark 5.1.35. Notice that because of Theorem 1.8.10, using as a starting point
Riou’s theorem, we can define lambda operations even if we assume our base scheme
S to be regular (remind that we assume that regular schemes are also divisorial unless
otherwise stated) and noetherian. Indeed all we need to define such operations is
that we are allowed to use 5.1.21, i.e. that the assumptions of Subsection 5.1.3 are

satisfied. This is the point of view taken in the following Subsection.

5.1.5 Lambda operations for higher K-theory groups of non divi-

sorial schemes

In this section we study the lambda ring structures that naturally arise on the
higher K-theory groups of schemes which are possibly non divisorial. We fix S a
regular noetherian base scheme. And we consider the categories Sm/S and Schg
of (smooth) noetherian schemes of finite type over S. Because of Theorems 1.10.1,
3.4.1 and 3.3.3, if we consider K as the Thomason’s K-theory simplicial presheaf,
we have that

(K™, K]z

Zar,Nis

Ssehg = K", Klyy(s)

and that

1%

[Kn7 K]Il

Zar,NisSChS’.

[K", Klys)
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so that, because of Proposition A.5.6 we can repeat verbatim almost all the consid-

erations we made in the previous Section, in particular we have

Theorem 5.1.36. Let S be a reqular noetherian scheme and Schg the category of
schemes of finite type over S. Then there exists a unique structure of special lambda
ring on K in ’H%ﬁgg and for every X € Schg, mo(K)(X) = Ko(X) (this is the

K -theory of perfect complezes) is a special lambda ring.

Proof. The proof uses the facts recalled before and the fact that 7y commutes with

finite products. O

Also, all the facts of the previous section are true even in this settings since
we just used formal arguments and Proposition 5.1.21, hence we content ourselves
to state the results, whose proofs is mutatis mutandis the one of the analogue result

in the previous section.

Definition 5.1.37. For every simplicial presheaf X € sPre(Schg) we define the
lambda and the Adams operations A", 0% : K,(X) — K,(X) by postcomposition
with the maps A", 97 : K — K defined in Theorem 5.1.36, i.e. as the maps

)\T,Q/)j o—:[S" /\X+,K]HSChS s [S™ /\X+,K],HSchS . f— )\T,d}j of
Zar Zar

Theorem 5.1.38. Lambda, Adams and ~y-operations K — K in H(S) naturally
induce maps on K,(X) for every X € sPre(Schg) and the relations that hold in
H(S) such as the Newton’s formulas are true even in this setting. In particular this
is true for the usual higher K-theory groups K, (X) for every X € Schg. Moreover
the multiplication law — X — : K X K — K induces a graded ring structure on the
graded Ko(X)-module

K.(X) = P Kn(X)

neN

for any scheme X € Schg. Denote this ring together with its multiplication as
(K«(X),U). The same holds true replacing X € Schg with X € sPre(Schg) every-

where.

Definition 5.1.39. We define for every k € N natural transformations of presheaves
of sets A\¥ : K,(—) — K,.(—) in Pre(Schg) using the method of Example 5.1.3 and
for j > 1 natural transformations of presheaves of groups ¥* = @,¢F : K,(-), —
K.(-).

Proposition 5.1.40. For every X € Schg and every a € K,(X), b € K,,,(X), we
have for every k > 1 that ¥¥(a Ub) = ¢k (a) Uk (b) where the product is induced by
the pairing defined in Theorem 5.1.38 (this is also trivially true for the product -).
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Theorem 5.1.41. Consider X € Schg. Then the datum (K«(X),-,\¥) is a lambda
ring with associated Y-ring (K.(X),-,¥*). Moreover, (K.(X),U,¢") is a noncom-
mutative 1-ring and the maps Y* : (K.(X),U) — (K.(X),U) are morphisms of

noncommutative ¥-rings. These structures are functorial.

Corollary 5.1.42. For every scheme X € Schg, the ring (K.(X)qg,-), if (K«(X),-)
is Z-torsion free, admits a (unique) \-ring structure induced from (K.(X),-, \¥) de-
fined before. Moreover, all K, (X) are Ko(X)-A-algebras, the product of the elements
in K,(X) being trivial for n > 1.

Remark 5.1.43. These operations restrict to the ones defined in the previous sec-

tion for divisorial schemes.

5.2 Comparison with the structures defined before

As done in the thesis of Riou [Rio06], we can compare the structures we have just
defined with some structures defined in literature. In places the methods we use are
a simple extension of what was done by Riou, hence we will use his results to skip

some details.

5.2.1 Comparisons between products

We fix a regular quasi-projective divisorial base scheme S over a noetherian ring R.
We remind that we have 4 relevant homotopy categories, Hgaff?{ S, H%C;f , H(S) and
H(S) (see 0.1). We also have their discrete counterparts Pre(Aff/S), Pre(Schg),
Pre(SmAff/S) and Pre(Sm/S). In virtue of Theorem 3.2.16, the endomorphisms
of K and K respectively on all these categories are in bijections. This means
that the product we have defined by extending the product defined by Riou, agrees
at least with the ones equivalent to the one defined by Riou in the smooth case.
We then only need to say something concerning the product defined for possibly
singular schemes. The main pairings we are interested in are the ones defined by
Waldhausen ([Wal85], [Wal78]) and by Loday ([Lod76]), later generalized by May
([May80]). Comparisons between these constructions were made for K-theory of
rings in [Wei81] and in [Shi88] at the homotopical level. The construction which
more easily fits into our discussion is the one of Waldhausen. As recalled in the
references provided, for every biexact functor F' : A x B — C where A, B and C
are exact categories Waldhausen defines (functorially for exact functors) a map of

pointed topological spaces
BQ(A) x BQ(B) = BQQ(C)
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where by QQ we have denoted the bicategory construction of [Wal78] p.194. In
op.cit. it is shown that for every exact category A we have an homotopy equiva-
lence BQ(A) ~ QBQQ(A). Notice that these pairings can be refined to pairings
QBQ(A) AN QBQ(B) — QBQ(C) that descend from maps QBQ(A) x QBQ(B) —
QBQ(C), the details of this can be found in [Weil3] page 362 or in a more detailed
form in [Wei81] pages 503, 504. Now one can show that the operation of taking
tensor product of vector bundles can be made functorial to give a biexact natural

transformation between presheaves of exact categories
— ® — : Vect(—) x Vect(—) — Vect(—)

on the categories of schemes we are considering. Applying then the Waldhausen
machinery one gets a map
- R—:KxK—>K

Aft/S
Zar

in all H Hzcahrs, He/T(S) and H(S) which descends to a pointed map

- - KNK—= K

giving rise to to the Waldhausen pairings K; x K; — K; ;.

Theorem 5.2.1. The Waldhausen pairings induced by — @ — on every X € Schg
in higher K -theory agrees with the ones given by Theorem 5.1.28.

Proof. 1t is a straighforward application of Theorem 3.2.16: checking at the Kq level
reveals that the map x considered in 5.1.28 and the map induced by — ® — are the

same. O]

Corollary 5.2.2. The pairings defined by Loday an Waldhausen for affine schemes
in Aff/S agrees with the one defined in Theorem 5.1.28 and the latter agrees with
the products of Soulé ([Sou85]) Quillen (in [Qui73]) and Riou for smooth schemes.

Proof. The second part follows from the fact that the products defined by Riou were
shown by him to agree with the others in [Rio06], and our products agree with the
ones of Riou when restricted to regular schemes by definition. For the first part,
one uses Theorem 5.2.1 to link our pairings with the Waldhausen’s ones and then

refers to [Wei81], [Shi88] for the remaining agreements. O

Remark 5.2.3. Notice that for affine schemes other products can be defined but
they have been shown to agree with the products considered so far. See for example

[Wei81] or [Ina95] Chapter III1.4 for a more extensive discussion.
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5.2.2 Comparisons between the lambda structures

In the previous subsections we have shown that for a large class of schemes, the
ring structures that we can usually put on K,(—) agree. We shall then keep the
assumption and the notation we used in 5.1.4. We fix a base scheme S satisfying
the hypothesis of Subsection 5.1.4, i.e. we shall assume S to be regular (remind
we assume that regular schemes are also divisorial, unless otherwise stated) quasi-
projective over a noetherian ring R. In this section we are concerned about the
lambda and Adams operations that we have built. First we recall the following

Theorem by Riou

Theorem 5.2.4. The operations \°, ¢k : K, (X) = K,(X) for X € Sm/S defined
by 5.1.26 agrees with the ones defined by Soulé for regular schemes in [Sou85] and
[GS99].

We now explain some results and constructions needed in the proof of the
previous theorem, which will allow us to extend this result to the generality of our
work. The lambda operations defined by Gillet and Soulé in [GS99] and [Sou85]
came as a generalization of the operations define by Kratzer in [Kra80] for rings.
We start by explaining the argument of Gillet and Soulé of [GS99], Section 4. We
translate their construction in our language so that further comparisons will be
easier. However notice that their language and in some cases also their arguments
are a little bit different: what follows is then our reconstruction. For every natural
number 7, we can consider the Grothendieck group of linear representations of GL,. 7,
denoted RzGL, ([Weil3] Ex. I1.4.2 for example). By the seminal work of Serre
[Ser68], it is a special A-ring (with involution) where the lambda ring structure is
induced by tensor products and exterior powers of representations. It can be shown
that as a A-ring it is isomorphic to the polynomial ring generated by exterior powers
of the identity representation idgr, , =: id, with the determinant representation
inverted, i.e. RzGL, = Z[\°(id,.), ..., \"(id,.), A" (id,) ~!] as lambda rings (see [GS99]
4.1). There are evident maps RzGL,+1 — RzGL, given by id,+; — id,, which
corresponds to the standard embeddings GL, — GL,+1. We have a canonical map
o RzGL, — Ko(BGL,) = [BGL,, K|y = [BGL;", K]y (can use [GS99] Lemma 20
or [Rio06] Section I1.8.3) where H can be both H%‘j;ns or H(S) and the isomorphisms
follows by the content of Section 1.8. Reasoning as in [GS99] 4.2 (or see [Sou85] page
511) we can extend this map to a map ¢, : RzGL, — [ZxBGL;", ZxBGL"]. Taking
inverse limit on both sides one gets a map ¢ : RzGL — [Z x BGLZ x BGL™ ]y =
[K, K]y so that the lambda operations we had on RzGL are mapped to operations
in [K, K]y as in [GS99] page 45 (or as in [Sou85] pages 492 and 512, [Kra80] pages
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240-241) which can be seen to act on the higher K-theory groups of schemes in Schg.
The expert reader familiar with the work of Gillet and Soulé will have noticed that
we have simplified a little their argument, and this is due to some simplifications
that are possible after our work and the work of Riou. Indeed, from [Rio06] pag.
118 we have that

li
€

=)

[BGL;", Klys) = li
S

=

K()(BGLT) = yLnKO(Grr,oo) = [GI‘,K]H(S) = [BGL+,K]H(S)
eN

.
.

,3
Z
S
Z
S

which implies, because of our results, that l'&l[BGL;",K] sehg = [BGLT, K] scng.
reN HZar HZa'r

The construction in [GS99] applies to a larger class of schemes: we compare here only
their construction with the one we got in Theorem 5.1.32, leaving a more general
comparison to forthcoming work. Riou was able to show ([Rio06] II1.95 and I11.96),
in our notation, that if we take H = #(S) then the map ¢ is injective and maps the
lambda operations to the lambda operations we have from lifting the operations we
had at the level of Kj.

Remark 5.2.5. Another proof of this can be given by looking at Ky and noticing
that the the lambda operations induced from ¢ restricts to the usual lambda oper-
ations on Ky and so they have to agree with ours. Notice also that this make the

map ¢ a A-ring homomorphism.

Since it does not matter if we take H equal to H(S) or to H%‘j}s we have

proved the following

Theorem 5.2.6. For every scheme X € Schg, the Ko(X)-A-algebra structure in-
duced using the method of [GS99] on every K, (X) agrees with the one defined in
Theorem 5.1.52.

Remark 5.2.7. As a consequence, our operations on K, (A) for every ring noethe-
rian ring A of finite type over a regular ring R agree with the ones defined by all the
previous authors, for example Kratzer and Hiller ([Kra80] and [Hil81]). It would be
nice to compare with the operations defined in [HKT17] following the purely alge-
braic definition of higher K-groups based on binary bicomplexes given by Grayson
in [Gral2].

We now compare our operations with the ones defined by Levine in [Lev97].
It is stated in many places that they agree with the ones of Gillet and Soulé at least
for regular schemes and it is tacitly assumed in many others that they are indeed

the same for any scheme having an ample family of line bundles. So they agree with
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ours. However, since we do not know a reference for such comparison, we think to
make a good service to the mathematical community by giving an argument here
proving this folklore result. Let be S a regular base scheme so that Theorem 3.1.15
holds. Now, suppose G € H%Ca};s satisfies descent and that it is an H-group. Then

v € [G,G] 25bs defines a map ¢’ : G — G of simplicial presheaves unique up to

Zar
simplicial homotopy, where G = G ¢ is a sectionwise fibrant replacement. This can

be defined by considering ¢ € [G, G] pShs = moMap(G, G¢) and then by choosing a
representative of it in the last set of path components. Remark that if the starting
 happended to be pointed, then all the maps deduced from it can be pointed as
well, so that the pointed analogue also hold. Notice that if G is sectionwise fibrant,
this map also defines a map ¢’ : G — G in Hopg (sPre(Schg) where by the last
one is the homotopy category of simplicial presheaves over Schg having the global
projective model structure. Now, if ¢ was pointed, letting Ho(Top) =: AT, we have
that ¢’ defines a map ¢ € Hompye(sehs,n7)(G; G))which depends only on ¢ and not
on the choice of ¢’ and such that all the presheaves of groups m,(¢), m,(¢’) and
(@) are isomorphic. Now let be G = K the Quillen algebraic K-theory presheaf.
We have defined a family of maps A\ € [K, K] p5ehs (i > 1) which give us maps A"
and A as before which in turn defines pointed maps A(X): K(X) - K(X) in
hT whose induced maps on the homotopy groups are the lambda operations A/, :
K, (X) — K,(X) that we considered so far. Now, since these maps are pointed, we
can further restrict the map A’ to maps X’ : K(—)o — K(—)o in Hopg (sPre(Schg))
where by K(—)o we are denoting the simplicial presheaf associating to a scheme X
the conected component of the distinguished point of K (X). This map will in turn
induce taking m, for n > 1 the same maps than A\¥. These are the maps we are
going to use for our comparison. We fix a scheme X € Schg and we denote as
U = {U; = Spec(A;) EIN X}ier, |1|=qen @ finite affine open cover of X. Denote by
< U > the poset of nonempty subsets of I ordered by inclusion, as R, :< U >— Rng
the functor J — I'(Nje Ui, Ox) and as < Ry > its image (which we can regard
as a category). Now we know that for any ring R we have a canonical natural
(in R) weak (and hence homotopy) equivalence pr : BGL(R)T = QBQP(R)y =

* Ca,
K(R)p. These maps can be used to get natural maps K (X)g f—z> K(U;)o SN

BGL(A;)" which in turn give a map ¢y~ : K(X)o — (ho}/imBGL(RM*)O which
<U>

can be seen to be a weak equivalence as in the proof of Theorem 5.3 in [Lev97],

for example. Now, the lambda ring structure used for higher algebraic K-theory in
op.cit. is induced from the usual lambda ring structure on Ky(X) for any scheme

X and for n > 1 are induced by taking the nth homotopy group of the homotopy
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limit of maps A* : BGL(Ry)" — BGL(Ry)" in Hopk(sPre(< U >°P)) (given
by restriction of the pointed maps A : Ko(Ry/X) x BGL(Ry)t — Ko(Ru/X) x
BGL(Ry)" in Hopk (sPre(< U >)) as in op.cit. Theorem 5.3 to the connected
component of the distinguished point). Indeed, following Levine, from the previous

maps, using the functor ho}}m : Hopk (sPre(< U >°)) — Ho(Top) we get maps
<U>

Neys (h<oL1{i§1BGL(Ru)+)0 — (hgbl}ngGL(Ru)Jr)g and using the fact that the map
@<y~ is an isomorphism in Ho(Top) we get maps Ny : K(X)o — K(X)o in Ho(Top)

by considering the following commutative diagram

K(X)o ——=5 (holimBGL(Ry) o

<U>
3”}([ l)‘i<u>
K(X)p ——"%% (holimBGL(Ry/) o
<u>
Now, the homomorpisms 7rn()\"X) are the ones which give the lambda structures of
Levine. We now consider the maps A’ : K(—)y — K(—)o in Hogg (sPre(Schg))
we obtained via our method: they restrict to maps A : K(—)y — K(—)o in
Hopk (sPre(< U >)) so that we get the following commutative diagram in Ho(Top)
since for all J e< U >, NieyU; =: Uy = Spec(Ay :=T'(Uy,Ox)) are affine because
X is divisorial (hence it has affine diagonal so we can assume that our affine cover

is semi-separating)

1 Pay N
K(X)o—— K(Uy)o —>BGL(A,)

,\g{ A;'JJJ 1 FMAJ
* 907
K(X)o i, K(Us)o—34 BGL(A,)*

It follows, because of the universal property of the homotopy limits (all
the simplicial sets in our diagrams here are fibrant) that we get maps A, :
(hoZ}{imBGL(Ru)Jr)o — (hobllimBGL(Ru)Jr)o so that for any J e< U > the following

<U> <U>

diagram commutes in Ho(Top)
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(holimBGL(Ry) o == (holimBGL(Ry) o
<U> <U>
~ PJ ~
Ny
K(X)o K(X)o P
‘ )\TAJ ‘7
r5 BGL(A,)*t BGL(A;)*t
K(Ur)o v K(Ur)o
Uy

We now have, because of how Levine defines them, that the maps X[JJ and
A}, in the previous diagram using the construction introduced in this text and
that agree with the ones of Gillet, Soulé, Hiller and Kratzer, agree up to homotopy
with the maps inducing the lambda operations of Levine. We then see that up to
homotopy the maps )\fX defined by Levine have to agree with ours and so they give
to all K,,(X), n > 1, the same Ky(X)-A-algebra structure since all the pairings
Ko(X) x Kp(X) — Kp(X) considered are always the Waldhausen’s ones. This
shows the agreement of the lambda operations defined by Levine with ours, in the

case they are both defined.

5.2.3 Consequence of the comparison: the y-filtration for higher
K-theory of singular schemes

For every divisorial scheme of finite type over a regular noetherian ring R we have
defined a A-ring K, (X). If we denote by mo(X) the finite set of connected compo-
nents of X, we can define an augmentation € : K, (X) — Z™&) by setting e(a) = 0
if @ € Ky(X) for n > 1 and €(a) = rank(a) otherwise. Hence (K,(X),€) is an
augmented A-ring. From now one we will suppose that the schemes we consider are
of finite type over a base scheme which is a field k. Gillet and Soulé in [GS99] 5.4
prove that the hypothesis of Theorem 5.1.17 are satisfied for (K,(X),¢€) so that we

have the following

Theorem 5.2.8. Let be X a divisorial scheme of finite type over a field k of di-
mension d. Then for the ring K.(X) provided with the A-ring structure described in
5.1.32 and the augmentation described before it holds, for n = 2d + 1

K.(X)g = &g Ku(X)§) 2 @l P K.(X)o/F 1 K.(X) 2 Gr(K.(X))g = Gr(K.(X)g)
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In particular K*(X)(g) > F'K.(X)e/Fi+1K,(X)q for every i € N. This decomposition

is functorial.

Remark 5.2.9. Notice that the only novelty is that the lambda structure we are
considering can be actually built without the use of representation rings and, more
important, these decompositions are functorial (which one could have proved differ-
ently with what was already known in literature, anyway). If we had a good notion
of Chern charachter we could be able to repeat as we will do below the formal
machinery of [FL85] to prove higher Riemann-Roch theorems for general divisorial
schemes in the generality reached for Ky in op. cit.. The main obstruction was found
from the author in proving the analogue of [FL85] 3.5: without a powerful splitting
principle we can not prove that the Chern charachter is a ring homomorphism. The

author will address these points in forthcoming work.

Remark 5.2.10. The argument in [GS99] suggests that the previous theorem should
be true for every divisorial scheme of finite type over a noetherian ring R of global

dimension d, although this is not clear.

5.3 Computing group natural endomorphisms of higher
K-theory

So far we have been involved into the study of endomorphisms of K-theory as a
presheaf of sets. But K-theory is more naturally a group so it makes sense to study
endomorphisms of K-theory as presheaf of groups. This has been done by Riou
for smooth schemes and he used his result to draw some stable considerations on
algebraic K-theory, including a very general version of the Grothendieck-Riemann-
Roch theorem. The aim of this section is then to extend some results of Riou
from the smooth to the singular world. To this end, we denote as Q; the right
derived functor of €' in the simplicial model categories we will consider (i.e. take
a fibrant replacement of the presheaf considered and then apply Q). Denote by
K the K-theory presheaf and assume all the Grothendieck sites we consider are
formed by divisorial schemes so that we can use equivalently both the Quillen’s
and the Thomason’s K-theory. We let S to be a regular noetherian scheme (Riou
assumes S to be also separated, but the hypothesis of having affine diagonal suffices
to prove his main theorems as pointed out in Appendix A). Riou proves in [Rio06]
Theoreme II1.32 and [Riol0] 1.2.10 that

7o : Homyy () (K, Q5 K) — Hompye(sm/s) (Ko, K;)
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is a bijection. He then considers the map ¢ : Pic — Ky in Pre(Sm/S), given for any
scheme X € Sm/S) by the assignment [L] — [L] for any L line bundle on X, and

uses this map to show that the map
o* .
Hompre(sm/s),ab (Ko, Ki) — Hompre(sm/s) sets(Pic, K;)

is a bijection ([Riol0] Proposition 5.1.1). We want to prove the singular case. From
now on, S will be a regular quasi-projective scheme of finite type over a noetherian

affine scheme. We start with the following Proposition

Proposition 5.3.1. All the arrows in the following diagram are isomorphisms.

(K, Q% K], seng —————— [K, Q% Klyy(s)

Zar

Hompre(sehg) (K0s Ki) —o5> Hompyre(sm/s) (Ko, Ki)
Moreover, the arrow induced by restriction
Hompye(sehg),ab(Ko, Ki) ~— Hompe(smys),an (Ko, Ki)
18 injective.

Proof. One needs again to show first that the upper horizontal arrow is an isomor-
phism and then that the arrow res is injective to conclude. The first assertion is
proved exactly as in 3.1.6, i.e. one uses 1.8.7. For the second assertion one can use
Proposition 3.1.9. The last statement in the proposition follows from the first or

follows analogously. O

Now we want to replace Ky with Pic in the previous Proposition. We start

with the following lemma
Lemma 5.3.2. The map
Homp e (sch ) (Pic, Ki) — Hompye(sm,s) (Pic, K)

1s injective for any i.

Proof. One chases as in Proposition 3.1.9 (or one can employ Proposition 3.1.10)
using Proposition 3.1.13. In fact if in the statement of Proposition 3.1.13 we start

with a family of line bundles &1, ...,&, € Pic(X) we get a smooth scheme Yg over
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S and line bundles & yg,...,Enye on it such that the same conclusion holds. This

allows our usual argument to apply. O

Now we remind that in both #H(S) and 7—[%‘;};,5 the functor Pic is represented
by BG,,, Moreover, in H(S), Pic is also represented by P>°. We can then prove the

following

Theorem 5.3.3. All the arrows in the following diagram are isomorphimsms

[BGy, Q4 K] S 5ehs — [BGi, O K]y (s)

Zar

HomPre(Schs) (PiC, Kl) “Tes ' HomPre(Sm/S) (Pic, Kl)

Moreover, also all the arrows in the following commutative diagram are isomor-

phisms

*
6Sch

Homp,e(schg),ab (Ko, Ki) Homp,e(sehg) (Pic, K;)

{ 5 J=

Hompye(sm/s),ab (Ko, Ki) 2 Hompre(smys) (Pic, Ki) = mK; (P") = K;(S)[[U]]

lle | 2+

where the maps g, and 0g,, are induced from the presheaves maps dsm scn : Pic —
Ky and U = [O(1)] — 1 is the compatible family in limKy(P™).
n

Proof. The fact that all the maps in the first commutative diagram are isomor-
phisms follows in the usual way thanks to the previous lemma. In particular the top
horizontal map is an isomorphism because of Proposition 1.8.7, and the injectivity
of the lower horizontal map closes the argument since the right vertical mg map is
an isomorphism because of Proposition 5.1.1 in [Riol0]. For the second diagram on
has that the right vertical arrow is an isomorphism because of what we just proved.
The isomorphisms Homp,e(sm/s)(Pic, K;) = li7£nK7;(IP)”) = K;(S)[[U]] are proved in
[Riol0] 5.1.1, who proves also that the bottom horizontal line is an isomorphism.
The arrow 3 is injective because of the previous lemma and so also the arrow dg
is 1-1 by diagram chase. We are then left to prove that § is surjective. Let us study
the map

Hompye(schg),ab (Ko, Kz’)>7> Hompye(sm/s),ab(Ko, Ki) ;—> Ki(S)[[U]]
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arising from the diagram. Denote as 1)* : Ky — K the kth Adams operation. Riou
shows in [Rio10] that denoting as z - ¢* € Homp,e(sm/s),ab(Ko, Ki) the map given
by y +— x-9¥(y) for € K;(S), this is mapped via ¢ to z(1+U)¥ in K;(S)[[U]] and
these elements generates the image of ¢ by [Rio06] IV.15 or [Riol0] page 10. So if
we show that all the z - ¢¥* are in the image 8, we can conclude. But this is true
because the Adams operations on Ky over smooth schemes comes, because of our
theorems, as restriction of the operations we have built on K for singular schemes.

Hence the theorem is fully proved. O

Corollary 5.3.4. Under the assumptions of the previous theorem, we have
Hompye(seng),ab (Ko, Ki) = Ki(S)[[U]]

for any 1.

5.4 Some revisited Riemann-Roch algebra

In this Section we follow the arguments contained in [FL85] generalizing a little
the results contained in op.cit. in order to develop a formal machinery that we
utilize to prove our version of the Adams-Riemann-Roch theorem. The expert will
recognize that there is substantially nothing new here besides of the fact that we have
removed some hypothesis and introduced new terminology more convenient to our
aims. On a first reading, the reader who is familiar with the work of [FL85] or with
their methods can safely skip this section and can prove the Adams-Riemann-Roch
theorem simply by going through the proof of the Adams-Riemann-Roch theorem
for Ky as in [FL85]. Indeed we have put a functorial lambda ring structure (strong
enough to prove the Adams-Riemann-Roch theorem) on K, (X) for any divisorial
scheme X of finite type over a regular ring R and the other ingredients that are used
in [FL85] to prove this theorem are the resolution property, the projective bundle
theorem and the projection formula (that are all true in the context of higher K-
theory of divisorial schemes). This is for example the approach taken in [KQS].
However, since [FL85] contains some inaccuracies, we think there is no harm to

revisit some of its machinery here.

5.4.1 Riemann-Roch formalism and abstract Adams-Riemann-Roch

Denote as A the category having as objects unital possibly noncommutative graded
rings of the form A = @, Ai, A; abelian groups, such that for any such object Ay

is a commutative unital ring which makes A into an Ag-graded algebra and such that
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the multiplication in A satisfies ab = (—1)¥Yba if a € A; and b € A;. Morphisms in A
are graded ring homomorphisms, i.e. ring maps f : A = @,y Ai = B = @,y Bi
such that Im(f|A;) C B; for every i € N. Note we always have 1 € Aj. Assume
we have a contravariant functor K : C — A with C any category. Then we denote,
given an arrow f : X = Y in C, as f* : K(Y) — K(X) the map F(f). Let be

p: K — K a natural transformation.

Definition 5.4.1. A Riemann-Roch datum is a triple (K, p,g) with K and p as
above and g : X — Y € C such that there exists a abelian graded group homomor-
phism g, : K(X) — K(Y) which satisfies the projection formula, i.e.

g«(x-9"(y)) = 9:«(x) -y Ve e K(X),ye K(Y)

Remark 5.4.2. The projection formula implies g.(g*(y)) = g«(1) - y, Vy € K(Y').

Definition 5.4.3. We say that Riemann-Roch holds with respect to the RR datum
(K, p,g) if for some 74 € Ko(X) the following diagram commutes

Tg P

K(X)— K(X)

Le. p(g«(x)) = gx(7y - p(2)) Y € K(X).

With this formalism, we can repeat almost verbatim [FL85] II Theorems
1.1-1.2.

Theorem 5.4.4. Assume that f: X =Y and g:Y — Z are two arrows in C such
that (K, p, f) and (K, p,g) are RR data satisfying the property that RR holds with
multipliers T¢ and 14, then (K, p,go f) is a RR datum with (go f)« = g« f« and RR
holds for it with multiplier Tyor = f*(74) - 7.

Proof. The assertion that(K,p,g o f) is a RR datum is simple to verify. Now the

theorem follows because of the following

p(9x(fu(2))) = gu(7g - p(fi(2))) RR holds for ¢
= g«(7g - fi(Tf - p(2))) RR holds for f
= g« (fu(f"(79) - 75 - p()))) proj. formula
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Theorem 5.4.5. If (K,p,g : X — Y) is a RR datum, g* : K(Y) - K(X) is
surjective and there exists T € Ko(Y) such that p(g«(1)) = g«(1)7, then RR holds
with respect to the triple (K, p, g) with multiplier 7y = g*(T).

Proof. Given any x € K(X), since g* is surjective, choose y € K(Y) such that
x = g*(y). Now

p(9«(z)) = pg«g™(y)

= p(g+(1) - y) proj. formula
= p(g+(1)) - p(y)

=g.(1) -7 py) assumption
= g(g"(7 - p()) proj. formula
= 9:(9"(7) - 9" (p(y)))

= 9:(9"(7) - (9" () p is a natural transf.
= g«(7g - p()) z=g*(y)

O

Definition 5.4.6. Given a RR datum (K,p, f : X — Y), we say that f admits a
basic deformation to a morphism f’: X — Y’ € C if there are morphisms as in the
following diagram
f! Y/ g
f\ Y=

and a finite number of morphisms h, : C, = M € C with integers m, € Z such that

F) There are maps g, 7«, g, f1, hyx such that (K, p, {gV 7V gV f'Vhy,}) are RR
data and they are functorial (i.e. K is a covariant functor in groups on the

above diagram)

BD1) For every x € K(X) there exists z € K (M) such that

fula) = g"(2) and fi(z) = g"(2)
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BD2)

(1) = gL (1) + Y muhu (5.2)
Note that this equality takes place in degree 0 by our assumptions.
BD3) For every z € K(M) as in BD1, we have hj(z) = 0 for all v.
BD4) g is a section of w and To ¢’ o f' = f.
What follows is almost verbatim a rewriting of [FL85] IT Theorem 3.1

Theorem 5.4.7. Assume that (K, p,f: X —Y) is a RR datum such that Riemann-
Roch holds for a RR datum (K, p, f') with f' : X — Y’ a basic deformation of f.
Then RR holds with respect to (K, p, f) with multiplier 7y = 7.

Proof. Let v € K(X). Consider z € K(M) given by BD1. So

g«(p(f+(2))) = g+(p(9"(2))) BD1
= 9+(9"(p(2))) naturality
= g«(1)p(2) proj. formula
= gL ()p(2) + D muhee(1)p(2) BD2
= 9x (g/*(p(z)) Z Myl (hy (p(2))) proj. formula
= g.(p(¢" (2))) + Z My Py ( z))) naturality
= g.(p(g"(2))) BD3
= g.(p(fi(2))) BD1

(fe(@)) = mu(g+(p(f:())))
= (g (p(fi(2)))) passages above
= W*(gi(fi(Tf - p(x)))) RR for f’
= ful7y - p(2)) BD4
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Definition 5.4.8. A \*-functor is the datum (K, (A\¥)ren, (¥7)j>1) of a functor
K : C°? — A, natural transformations ¢? of the form ¢/ = @ierg : BienKi(—) —
@ienKi(—) and A\F . K — K natural transformations of presheaves of sets that sends
elements of degree 0 in elements of degree 0 with the additional property that their
restriction \§ : Ko(—) — Ko(—) define an augmented special lambda ring structure
on Ko(—) with an involution and a positive structure (as in [FL85] pages 3,4) in
the category of functors C%? — Sets. Notice this simply means that our \f makes
Ky into a functor taking values in the category of special lambda rings (with an
involution in this case) satisfying all the hypothesis of [FL85]. We moreover assume
that wg coincide with the Adams operations induced from the lambda operations
AL

Notice that given X € C, we have 97 (ab) = ¢8(a)¢g(b) if a € Ko(X) and
b € K;(X). Moreover we say that u € Ky(X) is a line element, positive element,
etc. if it is such for the A-ring structure on Ky(X) (note that if we consider the

augmentation defined in 5.2.3 we have a different notion of positive elements and

they are more than this ones but they play no role in our discussion about K-theory).

Definition 5.4.9. A morphism f: X — Y in C is called an elementary imbed-
ding with respect to the A*-functor (K, \¥,¢7) if f*: K(Y) — K(X) is surjective,
(K97, f)jen-, are RR data and there is a positive element e € Ko(Y') such that
f«(1) = A_1(e) € Ko(Y) (A_1 being defined in [FL85] as usual).

Before proving the formal Adams-Riemann-Roch theorem for regular imbed-

dings in this context, we need

Proposition 5.4.10. Given a \*-functor (K, \¥,47) and a positive element e €
Ko(Y) for some Y € C, we have that

P (A-1(e)) = Yh(A-1(e)) = A_1(e)fi(e)  VjEN

Where 67 (e) are the bott cannibalistic classes as in [FL85] page 24.

Proof. The second inequality is the content of Proposition 6.2 in Chapter I of
[FL85] (notice the typos there), while the first equality is simply the definition
since A_j(e) € Ko(Y). O

We can state and prove

Theorem 5.4.11. Given a N*-functor (K, \F,¢7), if f: X — Y is an elementary
imbedding with respect to it then Riemann-Roch holds with respect to the RR data
(K, 97, f)jen with multiplier f*(67(e)).
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Proof. Since f is an elementary imbedding, there exists e € Ky(Y) such that f.(1) =
A—1(e). Then we can apply Theorem 5.4.5 combining Proposition 5.4.10 with the
equality just stated. O

We can now turn our attention to the analogue of the elementary projections.
Given a A*-functor (K, A 17), consider the ring A = K(X) for some X € C. Then
Ko(X) = Ay is a special lambda ring with involution and given a positive element
e € Ko(X) (of finite dimension d such that A\%(e) is invertible) we can define as in
[FL85] Chapter 1 Section 2 a ring extension

Ko(X)e = Ko(X)[T1/(pe(T)) = Ko(X)[l]

where
r+1

pe(T) = Z(—l)i)\i(e)T’"H_i, r 4 1 is the dimension of e
i=0
and [ is the image of T" mod p.(T") (called canonical generator). It is possible to
show that there is a canonical Ag-linear map ng(X) : Ko(X)e — Ko(X) = Ao
such that Ky(X), is still a A-ring and other interesting properties are satisfied (see
op. cit. I Proposition 2.2 for the details and the properties). Fulton and Lang call
this the functional associated with the extension Ky(X), of Ko(X) (notice that [ is

invertible because Ky(X) is an augmented A-ring with a positive structure). We set
Ke(X) i= K(X) @k (x) Ko(X)e = K(X)[T]/(pe(T))

Ne(X) = (Mo,e) k(x) + Ke(X) = K(X) ®@po(x) Ko(X)e = K(X)

where T is seen as an element of degree 0 and we will call n.(X), or simply 1. when
no confusion is possible, the functional associated with the positive element
e. Notice that this map is K (X)-linear and that K.(X) is a lambda ring in degree

Zero.

Definition 5.4.12. Given a A*-functor (K, \¥,7), we say that an arrow f : X — Y
in C is an elementary projection with respect to it if (K,17, f);>0 are RR data
and the map f, : K(X) — K(Y) is isomorphic (via an isomorphism in A of K(Y)-

modules wich is a A-homomorphism in degree zero) to the functional

Ne(Y): K (Y) = K(Y)
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associated with some positive element e € Ko(Y). In this case we will call n.(Y")
simply f(Y). If from our isomorphism from f, to 7.(Y") we remove the hypothesis of
being a A-homomorphism on degree zero we will call f a weak elementary projection.

Remark 5.4.13. Notice that in the situation of the previous definition, if f is an

~Y

elementary projection we have that K(X) = K.(Y)

The following is the formal Adams-Riemann-Roch theorem for elementary

projections.

Theorem 5.4.14. Let be (K, \¥,47) a X*-functor and f : X — Y an elementary
projection with respect to it (so we have by definition a distinguished positive element
e associated to it). If j € N is invertible in K(Y), then 67(el=1) is invertible in
K(X) = K.(Y) and RR holds with respect to the datum (K47, f) with multiplier
T = jﬁj(elfl)fl.

Proof. The invertibility of 7(el~!) follows from [FL85] II Theorem 3.2. Because
of our assumptions it suffices now to show that the following diagram commutes,

where the top horizontal map is induced by the given isomorphism between f, and

fe
~ 303 (el=1) " epd
K(X) =2 K(Y)®k,v) Ko(Y)e ————— K(Y) @, v) Ko(Y)e
er(X) lfe(X)

K(Y) > K(Y)

which follows (¢ being an arrow in A) because at degree 0 level is true by [FL85]
II Theorem 3.2. 0

Remark 5.4.15. For weak elementary projections, we have chasing as in the proof

of the previous theorem that RR holds if and only if it holds in degree zero.

5.4.2 Remarks on some constructions in [FL85]

In this subsection we review some construction made in [FL85] showing that they fit
in the framework we are considering in this work. This could certainly be considered
folklore. From now on we assume that all our schemes are noetherian. Let f: X —
Y be a closed imbedding with 7 ideal sheaf defining X as subscheme of Y. We denote
as Cx/y the conormal sheaf on X (which is coherent) given by Cx,y =T /T? (recall
the abuse of notation, see [Stal8, Section 01R1]). We recall that a closed embedding
as above is called regular (of codimension d) if every point p € X C Y has an affine
neighbourhood Spec(A) in Y such that Z(A) is generated by a regular sequence (of
length d).
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Proposition 5.4.16 ([FL85] IV 3.2-3.3). If f : X — Y is a regular embedding, then
Cx/y 1is a locally free sheaf on X. Moreover if f realizes X as the zero scheme of
a reqular section of a locally free sheaf € on'Y then Cx/y = f*EY (V denoting the
dual). In addition if £ is a vector bundle on X, then the zero section X — P(E®Ox)

s a regular embedding with conormal sheaf £.
We denote as BlxY the blow-up of Y along a closed subscheme X.
Proposition 5.4.17. [FL85] IV 4.3] Assume X and Y noetherian schemes. Then

a) If f + X — Y is a regular embedding then E = P(Cx/y), where E is the
exceptional divisor p~1(X), ¢ : BlxY — Y standard projection.

b) If f realizes X as the zero scheme of a section of a vector bundle £ on'Y, then
there is a canonical embedding of BlxY into P(EY) over Y which is a regqular

embedding if [ is a regular embedding.

¢) IfY has an ample family of line bundles and f : X — Y is a reqular embedding,
then BlxY — Y is a projective local complete intersection morphism and

BlxY has an ample family of line bundles.

Proof. The only novelty from the proof of [FL85] IV 4.3 is that we make explicit
that in c), the embedding BlxY — P(EY) built in that proof gives us that BlxY
has an ample family of line bundles because of 2.1.9 and 2.1.10. O

We now assume that f : X — Y is a regular embedding of codimension d
with conormal sheaf Cx/y =: C' and we denote as f' : X — Y' = P(Cx/y ©Ox) the
zero section embedding. We want to recall the construction of the deformation of
the normal bundle as in [FL85] IV 5, for example. We notice we have two canonical
sections g, S 1 Y — PL = Proj(Oy [Ty, T1]). We denote X (00) = soo(f(X)) and
M = Bl X(OO)JP’%/ is the so called deformation of the normal cone. Let ¢ : M — P},
the canonical morphism, 7 the composite poyp : M — Y (with p : P%/ — Y canonical
projection), g : Y — M a section of m determined by sg because so(Y) is disjoint
from s.,(Y) which makes Y a Cartier divisor on M and h : Y = BlxY — M the
regular embedding of codimension 1 exhibiting ¥ as a Cartier divisor of M (see
op.cit. for more details). One also get a closed regular embedding F : IP%( — M and
one is able to see that P(C' & Ox) = Y intersects regularly Y as a Cartier divisor in
P(C). Moreover O(Y) = O(Y +Y') where Y + Y’ = ¢*(Y (c0)). This is summarized
by the following deformation diagram ([FL85] page 99)

115



IP%( M ]P’%/
SOT g SOT
X Y — Y
f idy

where every square is a pullback and every vertical arrow is an embedding of a
Cartier divisor. + here denote the scheme theoretic union ([Stal8, Tag 0C4H] and
[Stal8, Tag 01WQ)]). This diagram can be refined to a diagram

Y g
x— To2um
f\Y/n

with mog=1idy and mog o f' = f

Remark 5.4.18. Notice that if Y has an ample family of line bundles, then all the
schemes in the previous diagram have an ample family of line bundles beacuse of
2.1.10 and 5.4.17.

We now recall two useful facts from [FL85]. For the two following proposis-
tions if f : X — Y is a map we denote (if it is defined) as f,, f* the pullback and
the pushforward map induced at level of Kj.

Proposition 5.4.19. [[FL85] V Proposition 4.4] Let A, B,C effective Cartier di-
visors on a scheme M and assume that O(A) = O(B + C) and that B and C meet
reqularly in M. Then letting D = BN C and a,b, c,d the embeddings of A, B,C, D
i M we have that

av(1) = by (1) + cx(1) — du(1) in Ko(M) (5.3)

Proposition 5.4.20. [[FL85] V Proposition 4.5] Assume that F' : P — M is a
reqular embedding and that ¢ :' Y — M 14is a morphism. Then we can draw the

pullback diagram
x-—J1.y
P ®

P— M
F
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If ¢ is a reqular embedding and P,Y meet reqularly in M then
O Fe = fuh*

and if Z is a subscheme of Y disjoint from f(X) and h : Z — M s the morphism
induced by o, then
hW'F,=0

The previous result can be generalized using the work of Thomason.

Proposition 5.4.21. Proposition 5.4.20 holds if we consider the pullback and the
pushforward maps in the higher K-groups K; for any i.

Proof. This follows (and the 5.4.20 too) from [TT90] 3.18. O

5.4.3 On the connected hypothesis

In section 5.5 we will assume that our schemes were connected, so that we could use
the results of [FL85] in our theorems and the definition of special lambda ring given
there. As noted in [FL85] Appendix to Chapter V, this hypothesis can be removed as
far as our schemes are noetherian. In fact the connected components of a noetherian
scheme are open (see the beginning of Section 2.1.1) so that we can write any such
scheme as disjoint union of its connected components and reason componentwise
(K-theory is in fact additive). The main difference will be in the definition of
the augmentation of the lambda ring Ko(X) for X noetherian scheme. In fact
if X is connected we have the rank map ¢ : Ko(X) — Z taking an element of the
Grothendieck group to its rank. If X is not connected, reasoning componentwise, one
has to consider an augmentation of the form e : Ko(X) — Z™X) in the definition
of special lambda ring, and the rank function is adequate even in this case (it is
a locally constant function in fact) as discussed in Section 5.1.1. Therefore by
simply modifying the definition of the augmentation in the definition of special
lamba ring we can consider noetherian schemes which are non-connected and not

only connected. This is in fact the point of view of Riou in [Riol0] and [Rio06].

5.5 Higher Adams-Riemann Roch

In this section we prove the Adams-Riemann-Roch theorem for divisorial schemes
of finite type over a regular noetherian affine scheme R and a particular class of
morphisms. We will use the machinery available from [FL85] and recalled in Section

5.4. We let C = Schg be the category of schemes of finite type over a regular
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noetherian base scheme S = Spec(R) having an ample family of line bundles (over
this category 3.1.3 and 5.1.28 apply). For simplicity, we also assume that our schemes
are connected but all the facts contained in this section are valid even if X is
not connected, with the same proof provided one gives the correct definition of
augmented A-ring, as discussed before in Section 5.1.1. See also [FL85] Chapter V
Appendix concerning this point. Our construction of lambda and Adams operations

gives trivially the following

Corollary 5.5.1. The contravariant functor K, : Schg — A where for any scheme
X € Schg K.(X) equals (K,-) or (K, U) (see the following Remark) and A is the
category described in Appendiz 5.4 describes a \*-functor (K., \¥,17)

Proof. This follows from Theorem 5.1.32, the functorialities requested coming from

the construction of the operations. O

Remark 5.5.2. One can consider both the ring structures on K,.(X), i.e. the
anticommutative one induced by Theorem 5.1.28 and the one where the product of
two homogeneous elements of positive degree is set to be zero. It is simple to verify
that this defines a A*-functor (K,,U, A\¥,47) as in the previous Corollary. From
now on we will not distinguish between (K,,-) and (K, U) since they both define
MN*-functors and the projection formula and all the constructions we will use can
be performed in both cases. Moreover, composing K, with the functor A — Rng
taking every element of A to its zero degree part and every morphism to its 0 degree
part, we see that K, becomes the usual Ky functor taking values in the category of

A-rings.

We now use the terminology introduced in the beforementioned sections to
see that with our machinery available, the formal arguments used in [FL85] to prove
the Adams-Riemann-Roch theorems apply even in this setting. We follow then their
argument. We start with the analogue of [FL85] V 6.1.

Remark 5.5.3. Because of [TT90] 3.16, if a map f is of the form [TT90] 3.16.4-
3.16.7, we have that pushforwards are well defined and we have the projection for-
mula and all the functorialities requested ([TT90] 3.16 and Proposition 3.17 for the
projection formula) so that (K,,7, f) is in fact a RR datum.

Lemma 5.5.4. Let f : X — Y be a reqular embedding in Schg (which is part of
a RR datum (K,,7,f)), Y =P(Cx)y ® Ox) and f' : X — Y’ the zero section
embedding. Then using the deformation of the normal bundle revised in Section

5.4.2 we have that f' is a basic deformation with respect to f.
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Proof. First of all notice that all the schemes involved in the deformation are in
Schg as remarked in 5.4.18. We have to verify that the axioms of Definition 5.4.6
are satisfied. Because of Remark 5.5.3, since all the maps considered are of the form
[TT90] 3.16.4-3.16.7, we have that pushforwards are well defined and we have all the
conditions requested by axiom F). BD1-BD4 now follow in the same way of [FL85]
V 6.1, we recall their argument here briefly. BD4 is valid by the construction of the
deformation, see Section 5.4.2, and BD2 follows from Proposition 5.4.19 and (5.3)
in that Proposition. Now for BD1 and BD3 for a given homogeneous = € K,(X)
we define # = pr*(z) € K.(PL) with pr : PL — X the standard projection and
now we consider z = FL(¥) where F : PL. — M is defined in Section 5.4.2. With
this definitions, BD1 follows from the construction of the deformation together with
Proposition 5.4.21 and BD3 follows from Proposition 5.4.21. O

We can now mimick [FL85] V 6.2.

Lemma 5.5.5. Let £ be a vector bundle over a scheme X € Schg and consider the
zero section embedding f : X — P(E @ Ox). Then f is an elementary imbedding
with respect to the X*-functor (K., \F,17) (see Definition 5.4.9).

Proof. 1f H is the universal hyperplane sheaf of P(€ @ Ox) (see [FL85] IV Section
1) and q = [H] € Ko(P(€ & Ox)), then f.(1) = A_1(q) because of [FL85] V 6.2.
The fact that (K, 17, f) are RR data for every j follows from Remark 5.5.3 and the

surjectivity of f* comes from the fact that f is a section. O

We can now state our version of the Adams-Riemann-Roch theorem for reg-

ular embeddings.

Theorem 5.5.6. Assume f : X — Y is a reqular embedding in Schg. Then RR
holds with respect to the datum (K, 7, f) for every j € N with multiplier Gj(C’X/y)
where 07 denotes the Bott cannibalistic class and Cx/y is the conormal bundle (see
Section 5.4.2). This means that for any j the following diagram commutes

07 (C ahd
K*(X)M)K*(X)

Proof. The proof goes in the same way as the one of [FL85] V 6.3. In fact f admits a
basic deformation to an arrow f’ provided by 5.5.4. This means (because of Theorem
5.4.6) we only have to prove that RR holds with respect of the datum (K., 17, f')
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where [ is the zero section embedding provided by 5.5.4. But then Lemma 5.5.5
shows that f’ is an elementary embedding in the sense of Definition 5.4.9 so the

hypotheses of Theorem 5.4.11 are satisfied and we can conclude. O

Corollary 5.5.7. Assume f : X — Y is a regular embedding in Schg. Then for
every i,j € N the following commutes

03 (C ahd
K(x) Y e x)

Proof. This follows from the previous theorem by considering only the graded part
i of Ki(X) and K. (Y). O

Remark 5.5.8. For i = 0 the previous corollary takes the form of the usual Adams-
Riemann-Roch theorem as stated in [FL85] for regular embeddings. Notice however
that we do not assume our schemes to be quasi-projective as in op.cit.. In fact it
seems that their assumption was inserted only to make sure all the schemes they are
considering satisfy what they call property (), i.e. that all the schemes they consider
have the resolution property. Schemes with an ample family of line bundles have
such a property (and quasi-projective schemes too, of course) so that they would
have certainly been able to state their result for the class of schemes having an

ample family of line bundles.

We now turn our attention to the elementary projections. Let us consider
X € Schg and & vector bundle over it. We have a canonical projection 7 : P(§) — X
(recall P(£) € Schg by 2.1.9) such that, using the terminology of [FL85], the pushfor-
ward 7, (on Kj) is isomorphic to the functional my . : Ko(P(£)) = Ko(X)e — Ko(X)
as proved in [FL85] V Corollary 2.4 (e being the positive element [£]). We refer to
that book for a more detailed description of that isomorphism. Moreover, we notice
that (K, 7, ) is a Riemann-Roch datum. Indeed we can define a pushforward for
7 following [Weil3] page 406 (where it is done for quasi-projective schemes) or the
same argument in [K98] page 427. Now we can use the Projective Bundle Theorem
(see [Weil3] V 1.5 for the form that we are using, just notice as remarked there that
there is no need to assume X to be quasi-projective because of [TT90] 4.1), which

gives us the isomorphism

K (X) @k (x) Ko(P(E)) = KW (P(E))
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so that if we define the functional
Te(X) : Ke(X) 1= Ki(X) Qo (x) Ko(X)e = Ku(X)

as in section 5.4.1 we have that it is isomorphic to 7, : K.(P(£)) — K.(X). We

have then shown the following

Proposition 5.5.9. Let us consider X € Schg and £ vector bundle over it. Then

the canonical projection 7 : P(£) — X is an elementary projection with respect to
the XN -functor (K., \F 7).

The following in then a corollary of Theorem 5.4.14 and could be seen as the

higher Adams-Riemann-Roch theorem for projections from a projective bundle.

Theorem 5.5.10. Let us consider X € Schg and £ vector bundle over it. Let be
m : P(£) — X the canonical projection. Then RR holds with respect to the RR
datum (Z[1/7] @ K., ¥7, 7) with multiplier coming from Theorem 5.4.14.

We now remind that a morphism between schemes f : X — Y is called
a projective local complete intersection (l.c.i.) morphism if it factors as
f=moi: X = P() — Y for some vector bundle £ over Y where i is a regular
embedding and 7 : P(£) — Y is the canonical projection. We can now state the

final form of our higher Adams-Riemann-Roch theorem.

Theorem 5.5.11. Let be f : X — Y a projective l.c.i. morphism in Schg. Then
(K, 7, f) (Ky,U,97, f)) is a RR datum and RR holds with respect to the datum
(Z[1/§] ® Ky, 47, f) for every j with multiplier 7y € Ko(X) given by Theorem 5.4.4.
This means that the following diagram commutes

2014 ® K.(X) — Y 71/i]) @ K.(X)

A |

L1/ ® Ku(Y) ———— Z[1/j] @ K.(Y)

Proof. We factor f as w o as in the definition of projective l.c.i. morphisms. Now
since (K,17,4i) and (K, 7, ) are RR data and the pushforward is functorial as
presheaf of groups, so also (Ky,97, f) is a RR datum. We can then use Theorem
5.4.4 together with Theorems 5.5.6 and 5.5.10 to conclude. O

The following can be proved exactly in the same way than Corollary 5.5.7.
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Corollary 5.5.12. Assume f : X — Y is a projective l.c.i. morphism in Schg.
Then for every i,j € N the following commutes

Tf-d)j

Z[1/j] ® Ki(X) ———— Z[1/j] © Ki(X)

k| |

2L/} © K(Y) ———— ZIL/1) & Ki(Y)

with 7¢ given by Theorem 5.5.11.

Remark 5.5.13. The degree zero part is actually the usual Adams-Riemann-Roch
theorem as stated in [FL85] Theorem 7.6, the only difference being that they assume
the schemes involved to be quasi-projective, but we have already remarked in 5.5.8
that our generalization at the zero level is not a novelty. Moreover, from [FL85]
Theorem 7.6 we can also get for free who is the misterious multiplier we have to
insert in Theorem 5.5.11: it is 67 (TJ\/)’1 where T is the tangent element in Ko(X)
defined in [FL85] V Section 7.

Remark 5.5.14. After this work was completed, the author discovered the existence
of the article [K98]. In that paper it is shown that an Adams Riemann Roch
theorem holds for the higher equivariant K-theory groups of a divisorial scheme,
hence implying the non equivariant case. That is done following the method of
[FL85] although not introducing our terminology. Moreover, the lambda operations
defined in op. cit. are defined using the construction of Grayson (and not the
ones we consider in this work) and the fact that they do give to higher K-theory the
structure of a A\-ring is partially left as a conjecture, although it is claimed in op. cit.
that the conjectural parts left out are only required for the Grothendieck-Riemann-
Roch theorem and not for the Adams-Riemann-Roch theorem. It is believed that at
least in the non equivariant case, the results of that paper should agree with ours.
We will address the agreement between the operations defined in this text with the

ones in [K98] in the non equivariant case in future work.
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Chapter

Operations on Hermitian K-theory

The results contained in the thesis of Riou provided a nice unified way to build
operations on higher K-theory and we obtained a generalization of some of them
form the world of smooth schemes to the world of singular ones. One might wonder
if the same can be done for other cohomology theories, for example for Hermitian
K-theory. First one would like to obtain the exact analogue of the result of Riou
A.3.14 in the context of unstable motivic homotopy theory. Then one would like
to extend the result from smooth schemes to divisorial ones. We have seen that
the main ingredients of Riou’s argument are a representability result which would
allow us to represent our cohomology theory as a filtered colimit of representable
schemes in #H(S), the property (ii) (see A.3.4), which should follow easily from the
representability result, and some explicit computations to solve a lim! problem and
conclude the argument. It turns out that thanks to work of Schlichting and Tripathi
([ST15]) and of Panin and Walter ([PW10a]) we have representability results and
in the case of symplectic K-theory, we also have computations. We can then start
to run the Riou’s argument. We could hope in the future to lift to GW the lambda
operations which have been recently defined by Zibrowius in [Zib18] at the level of
GWj. We will study separately Hermitian (or orthogonal) K-theory and symplectic
K-theory. Section 6.6 standing as the only exception, in this chspter we will keep
the usual assumptions and notations used in this thesis and detailed in 0.1, i.e. for
a given noetherian base scheme S we shall denote as Schg the category of divisorial
schemes of finite type over S and with Sm/S its full subcategory of smooth schemes.
Also, unless otherwise indicated, we will always assume that in the base schemes S

we consider, 2 is invertible in I'(S, Og)
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6.1 Bilinear Grassmannians and e-symmetric spaces

In this section we introduce a common ground useful to study both symmetric and
symplectic hermitian K-theory. The material here is basically contained in [ST15],
although our presentation deviates from their (they do only consider symmetric
forms, but the generalization is straightforward as they notice). Let F be a quasi-
coherent sheaf on a scheme X. For ¢ = 41, an e-symmetric bilinear form on F
is a map ¢ : F ®o, F — Ox of Ox-modules such that ¢ o 7 = ep where 7 :
F R0y G =G R®oy, F is the twisting map. If 2 € I'(S, Og)*, —1 (skew-)symmetric
forms (F, ) are called symplectic and they are uniquely determined by p o A =0
where A : F - F R F z — = ® x is the diagonal map. A form ¢ is called non-
degenerate and (F,¢) is called an e-inner product space if F is a vector bundle
on X and the adjoint morphism @ : F — F* = Homy (F,0x) : s = ¢(— @ s)
is an isomorphism. The form ¢ is e-symmetric if and only if @ = ep*canp where
cang : F =, F** is the canonical isomorphism. One can see that if g : G — F is a
map of Ox-modules, we can define the restriction ¢|g of ¢ to G using adjoint map
Pig :g*o@og:gg}"g}"* Qg*. If p: X — S is a morphism of schemes and
F is a sheaf on S, we denote Fx := p*F. Fix a base scheme S with 2 € I'(S, Og)*.
We assume that this condition holds until the end of this chapter.

Definition 6.1.1. For an e-symmetric form V = (F,¢) with F a quasi-coherent
sheaf on S we define the e-bilinear grassmannian of non degenerate locally free

subspaces of V' to be the presheaf

GrBg(V) :(Schg)? — Sets
(p: X = 8) = {E C Fx | E loc.free of finite rank s.t. ¢|g is non degenerate}

on the objects, and in the case of morphisms f : X — Y in Schg, GrBg(Y) —
GrBg(X) is induced by f* (remind pullback sends isomorphisms to isomorphisms
so there are no problems with non degeneratedness). We define the e-bilinear grass-
mannian of non degenerate locally free of rank n subspaces of V' to as the subpresheaf
of GrBg (V) of the following form

GrB,, 5(V) :(Schg)? — Sets
(p: X = 8) = {E C Fx | E loc.free of rank n s.t. ¢g is non degenerate}

We then have the following, which is a mere reformulation of [ST15] Lemma
2.2
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Theorem 6.1.2. Let V = (F,p) be an e-symmetric inner product space over S.
Then for every n we have that GrB,, g(V') is representable by a scheme which is
smooth (divisorial) and affine over S (notice for ¢ = —1 n has to be even), so in
particular it is a sheaf. This is an open subscheme of the Grassmannian Gr,, s(F)
of rank n subbundles of F. We explicitly spell out the universal property of this
scheme. For every S-scheme X and every rank n e-inner product space B = (B, «)
which comes as a restriction along a mono B — Fx there exists a unique map
[+ X — GiB,s(V) over S such that f*(T C Far, 47) & B C Fx via the
canonical isomorphism Fx = f*Fap, oF) and B = f*T where T = (T, 1) is
the e-inner product space induced by Varg, 4(v) on T. Here T is the restriction to
GrB,,,s(V') of the tautological rank n vector bundle on Gry g(F).

Proof. We just remind the argument of [ST15] Lemma 2.2 which works mutatis
mutandis also in this context, as remarked in op. cit.. The proof goes by showing
that GrB, (V) is representable by an open subscheme of the usual grassmannian
Gry (V). To this aim one considers the universal rank n bundle 7 over Gr,(V).
Now, @7 might be degenerate so we define GrB,, (V) as the open subscheme of
Gr,, (V) where ¢ is non degenerate. This scheme is easily seen to to represent
our functor. One notices that denoting ¢’ := p*¢ where p : X := Gr, (V) — S
is the structure morphism, we have that GrB, (V) is the non vanishing locus X
of the section s = A”;{; € I'(X,Hom(A™T,A™T™)). This also settles the problem
to determine whether GrB,, (V') is smooth. For the affineness one considers for any
X € Schg the bijection

¥ : GrB(V)(X) = {f € Homo, (Fx, Fx) | f=f% ffop=3of}

with (i : M C Fx) = io((ﬁﬁ\}[)oz‘*o(ﬁ. It is a bijection because o(f) = Im(f) C Fx
defines an inverse. Iterating this for any X € Schg allows us to see that GrB, (V)
is a closed subscheme of GrB(V') which is a closed subscheme of the vector bundle
Homop, (F, F) which is affine over S, hence, closed embeddings being affine maps,

we conclude. O

Remark 6.1.3. Notice that the above theorem is true even if V = (F,¢) is an
e-symmetric form with F coherent sheaf on S, but we won’t need that (in that case

it could be not smooth over 5).

Definition 6.1.4. Suppose V = (F,¢) is an e-symmetric form on a vector bundle
over S. We then define the split metabolic space M(F, ) or M(V') as

M(V)=MF,¢)=(FaoF* (2 L) FeF — F¢F")

ecan 0
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where can is the canonical isomorphism F = F*. Tor a locally free sheaf F we
define the hyperbolic space H¢(F) as M (F,0), i.e.

He(F) = (F& T, (céan 0))

ecan 0

This is an e-inner product space. Notice H,(Ox) for a scheme X are the hyperbolic

spaces considered in the next sections.
We recall the following well known lemma (use [Knu91] page 19)

Lemma 6.1.5. Let X be any quasi-compact scheme such that % e I'(X,0x). Then
every split metabolic space of the form M(F,p) is isomorphic to H(F).

The following is then immediate

Corollary 6.1.6. Let be X any quasi-compact scheme such that % € I'(X,0x).
Then for every rank n e-inner product space V.= (F,¢) we have a morphism f :
Ve M(V) = H(F) =:H(V) given by the inclusion (F,p) — M(F,¢) :x+— (§)

comes as a restriction via f.

6.2 Towards a Riou theorem for orthogonal K-theory

Let F be a quasi-coherent sheaf on a scheme X. A symmetric bilinear form is an 1-
symmetric bilinear form on F as defined in the previous section. Same terminology
for (symmetric) inner product spaces. We say that a scheme X is even if 2 €
I'(X,0x)*. From now on we fix a quasi-compact and quasi-separated even base

scheme S.

Definition 6.2.1. Let F' = (F, ) be a quasi-coherent module over S with a sym-
metric bilinear form ¢ : F ®g F — Og (that can be degenerate). We define
the Orthogonal Grassmannian of non degenerate subspaces of F as the presheaf
GrOg(F) := GrBg(F). We have for every d € N a subpresheaf GrO4(F') C GrO(F)

given by considering only the locally free sheaves of rank d as in Definition 6.1.1.

We have the following proposition, which has been proved in [ST15] Lemma
2.2

Proposition 6.2.2. Let (V,p) a symmetric inner product space of rank n over S
and d an integer 0 < d < n. Then GrOy4(V) is represented by a scheme smooth and

affine over S.

Proof. 1t follows from 6.1.2. O
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For a scheme X € Schg, we denote as Hyx the so called hyperbolic plane over
X, which is the inner product space (O%, ¢1) where the form is defined by the inner
product (z,y)-(2',y") = za2’ —yy’. Notice this is isomorphic to H; (Ox) of Definition
6.1.4. We let H% :=1, Hx to be its n-fold orthogonal sum. Explicitly note that
we have maps Hy — H;L(H induced by the standard inclusion 4, : (’)i’? — O?g‘“
noticing that ¢, 1gn = ¢n. These maps define a functor Fi : (N, <) — QCoh(X)
n (’)g(”; we can use it to define the infinite hyperbolic space HY := cg’lgiénH}}.
This is a quasi-coherent O x-module with a symmetric bilinear form. We now define
the filtering category V having as objects the non degenerate subspaces of HS and
as maps the inclusions of subspaces. Giving an inclusion of two such non degenerate
inner product subspaces V' C V', we will denote as V/—V the orthogonal complement
of Vin V',

Definition 6.2.3 ([ST15] Definition 2.3). We define the infinite orthogonal grass-

mannian over S as the ind-scheme
GrO, := gglbléloGrOW‘(V 1 HP)

where |V| denotes the rank of V' and the colimit is taken over the full subcategory
V¢ C V of non degenerate subbundles of HY of constant rank. The transitions maps

are given, for every inclusion V' C V/ € V¢ by the map
GrO(V L HY) — GrO|V/‘(V’ LHY) EE 1LV -V)

Remark 6.2.4. Note that every V € V¢ is going to be a non degenerate subform
of some Hg for some n € N by corollary 6.1.6. Hence the family {H¢g |n € N} is
a cofinal subset of Ob(V°) and so in order to define GrO, is sufficient to take the

colimit over this full subcategory.
As a consequence we have the following simple lemma

Lemma 6.2.5. As an ind-scheme, GrOq = coliénGrOQn(Hg 1 Hg) =: coliénGrOmn,
ne ne

where we denote the transition maps involved in the colimit as fy, : GrOy, —

GrOpqi1mt1. In particular GrO, € Pre(Sm/S).

Proof. By the preceding remark,

CrO, = colimGrOq, (HE L HE) = colim GrOq.(HE L HY)
neN (a,b)EN?

since {Hg 1. Hg | n € N} is cofinal in the last index category. O
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From now on we let Sm/S be the category of smooth schemes over S having
an ample family of line bundles and such that 2 is invertible in I'(S, Og). S is also
assumed to be regular. We have then the following fundamental theorem which has
to be regarded as the hermitian analogue of [MV99] Theorem 3.13

Theorem 6.2.6 ([ST15] Theorem 1.1). The hermitian K theory GW (say GW!
of [Sch17] Definition 9.1, see Appendiz B.5) as an element of H(S) is representable
by Z x GrO,, as a consequence, for every X € Sm/S we have

HOIHH(S) (X, 7 x GI‘O.) = GWO(X)

so that mo(Z x GrO,) = GWy(—) as elements of Pre(Sm/S).

We now define the analogue of the system Ko used to study K-theory. We
denote KO, := LU”

=N

Gr0O,,,,, and we define maps p,, : KO,, = KOp41 as

U2nt1fn +1
U?:_nGrOn’n — 7 GI’On+17n+1 S 7n71GI'On+1’n+1

1=—"n 1=

So we have an inductive system KO, whose colimit is indeed Z x GrQO,. The first
step into the achievement of a Riou theorem for hermitian K-theory is then the

following

Proposition 6.2.7. The presheaf Z x GrO, as an element of Pre(Sm/S) satisfies
the property (ii) (see Definition A.3.4).

Proof. In the lingo introduced in the appendix, it suffices to show that for every

U € Sm/S which is affine over Z, the canonical map
TZx7ZGrOq - HomPre(Sm/S)(Ua 7 X GrO.) — HomH(S)(U,Z X GI‘O.) = GWO(U)

is surjective. To do this we can follow Riou. In particular we start with an analogue
of Assertion II1.4 of [Rio06] which is spelt out in [Zibl1lb] page 38 or in [Ziblla]
page 477 and follows from the work [ST15]. It says that under the isomorphism of

Theorem 6.2.6, if r — d is even, the inclusion
id,n : GrOdm — {T’} X GrOd,n — 7Z x GrO,

where GrOg, 1= GrOd(Hg 1 HE) corresponds to the element

r—d

([Tan] +

[HGrOd,n ]) € GWo(GrOq,y,)
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where 7g,, is the universal rank d symmetric bundle over GrOg,, whose underlying
vector bundle is the pullback of the rank d vector bundle over the appropriate
grassmannian. Now, since U is affine, every element v € GW(U) can be written as
[P]+ %i [Hy] so that using the universal property of the orthogonal grassmannian,
we find an arrow f : U — GrOg, such that the composite i4,, o f is mapped via

Tzx2Gro, t0 v in GW(U), completing the proof. O

Corollary 6.2.8. The map
7o : [GW, GW]yy sy — Hompye(sm/s)(GWo, GWo)

18 surjective.
Proof. This follows from Theorem A.3.6 in virtue of the previous Proposition. [

Now we would like to have that the tower
fr
e — GW1 (Gron+17n+1) — Gwl(GI‘Onm) — ...

satisfies the Mittag-Leffler property. If we did have that, we could use the system

KO, to run Riou’s argument and finally prove the following

Conjecture 6.2.9. Let S be an even reqular noetherian base schemes. Then
mo : [GW", GW]yy () = Hompye(sm/s)(GWg, GWo)

and the pointed version of this bijection is true as well. Also, GW € H(S) has a
structure of \-ring and this structure gives a lambda ring structure on ®p,enGW, (X)
for every X € sPre(Schg).

Remark 6.2.10. Using corollary 6.2.8 one can lift the operations defined by Zibrow-
ius in [Zib18] (note that in op. cit. all the schemes are assumed to be over a field of
characteristic not two), but then one could not verify the axioms of A-ring in H(.S) for
GW. This means that we can define maps A" : GW — GW in H(S). getting maps
Al GW, (X) — GW,,(X) for any siplicial presheaf X' € sPre(Sm/S). However we
cannot use Proposition 5.1.21 to put a lambda ring structure on ©,exnGW,(X). It
seems that Marcus Zibrowius (private communication) has a way to overcome this
problem for the GW,,(X) of every X € Sm/S, but it is still unknown if we can
go further. In addition, the author has ongoing work that will use the results of
[Zib15] and [EIh00] in order to build the lambda operations on hermitian K-theory

for any reasonable (noetherian and of finite type over some nice base) following the
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construction of [GS99]. After work of Alexander Efimov [Efil7], the author in joint
work with Dylan Madden, Heng Xie and Marco Schlichting has computed some of
the Grothendieck-Witt groups of the standard Grassmannians. One could hope to
do the same for the orthogonal ones to prove the conjecture above, although this

seems much more complicated and will be subject of further work.

6.3 A Riou theorem for symplectic K-theory

In the context of Symplectic K-theory, thanks to the computations made by Panin
and Walter, we can go further than in the previous section. The first step is to
repeat all the arguments in the previous section to obtain the analogue results. To
this aim, we will simply introduce the objects involved stating the results we need
providing references for them. We fix a regular noetherian base scheme S such that
2 is invertible in I'(S, Og). We denote by KSp € H(S) the object in the unstable
motivic homotopy category representing symplectic K-theory, aka GWE of [Sch17]
Section 9 (see Appendix B.5). Such object is also known as GW ™. We now introduce
the quaternionic or symplectic grassmannians. Let F be a quasi-coherent sheaf on a
scheme X. A symplectic bilinear form is a -1-symmetric bilinear form as defined in

the previous Section 6.1. Same terminology for (symplectic) inner product spaces.

Definition 6.3.1. If we consider (Fy,, ¢,,) = (0%, (% §))*" = H" = (H_1(Ox))"
we define as GrHg ,, the presheaf of GrByqg (H"*+4) (see Definition 6.1.1) parametrizing
non-degenerate subbundles of rank 2d. These will be called symplectic or quater-

NLONIC grassmannians.

Lemma 6.3.2. For all the integers d,n, the symplectic grassmannians GrHgy,, are
representable by a smooth and affine scheme over S. This scheme is an open sub-
scheme of Grgd(Og(ner)).

The proof is the same than the one of Lemma 2.2 in [ST15] and it follows
by Theorem 6.1.2. We notice ([PW10a] page 22) that there are closed immersions
GrHg, < GrHg 41 and GrHg,, < GrHgyi, classified by the inclusions 73, ®0 C
H"t @ H and H @ Tan CH® H"t4 where Tan is the restriction of the universal
symplectic bundle on GrHg, induced by ]ng*d on the restriction of the universal
rank 2d bundle on Grgd((’);(nw)). As before we can form a system KSp, indexed
by N having K.Sp,, := Usz,4+1GrH,, ,, having colimit Z x GrH where we have denoted

GrH = C(()ilimGer,n. Hence we have the following representability result (remind
n

Z x GrH is an H-group pointed by (0, GrHg))
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Theorem 6.3.3 ([PW10a] or Theorem 8.2. [ST15]). We have Z x GrH ~ K Sp in
H(S). In particular for any X € Sm/S we have

Homy,(g)(X,Z x GrH) = KSpo(X)

so that mo(Z x GrH) = KSpo(—) as elements of Pre(Sm/S).

To go on with the theorem of Riou, we need as in the proof of 6.2.7 to know
the analogue of Assertion ITI.4 of [Rio06] which is the following fact contained in
[PW10a]. If r — d is even, the inclusion

idgn : GrtHg, — {r} x GrHg, — Z x GrH

is mapped to the element ([74,] + %[HGI«HM]) € KSpo(GrHg,,) by the isomor-
phism in Theorem 6.3.3 (see [Anal5] Theorem 6.3). Using this we obtain as in the
case of orthogonal grassmannian the following result, whose proof goes as the one

of Proposition 6.2.7 mutatis mutandis.
Proposition 6.3.4. The presheaf Z x GrH as element of Pre(Sm/S) satisfies the
property (ii).

Now to end up with a Riou like theorem for symplectic K-theory we shall

need to study further the system KSp,, in particular we have to show that

R'm K Spi (KSpn) =0
neN
which follows as in the case of K-theory using the explicit calculations of [PW10b]
Theorem 11.4 (see indeed [PW10a] Theorems 9.4, 9.5) to show that the involved
tower satisfies the Mittag-Leffler property. Indeed from the computations contained
in op.cit. we have that for any ¢, the object Q?KSp satisfies the property (K) (see
Definition A.3.7) with respect to the system KCSp,, the maps KSp;+1(KSpnt+1) —

K Sp;+1(KSpy) being surjective. As a consequence we have the following result

Theorem 6.3.5. If S is a reqular scheme such that 2 is invertible in I'(S, Og), then
for every natural number n one has the following isomorphisms
[K Sp, Q4K Splyys) = Homyy(s)(Z x GrH, Q% (Z x GrH)) = Hompye(sm,s) (K Spo(—), K Spi(—)) = K Spi(S)[[by, b, ...]]
[KSp", Q4 K Splays) = Homgy(g)(Z x GrH", Q%(Z x GrH)) = Hompye(sm,s) (K Spf (=), K Spi(—))

[KSp"7Q7"fKSp]H.(5) = Homy, (5)(Z x GI’H",Q?(Z x GrH)) = Hompre(sm/s), (KSpg(—), K Spi(—))
the b; being the Borel classes described in [PW100b).

Proof. We only notice that the case with n factors follows by considering the system
KSp?. Indeed the computations of [PW10a] Theorems 9.4, 9.5 allow us to conclude
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the argument even in this case since they allow us to handle the products of the

symplectic grassmannians involved. O
We can extend further the previous result to smooth affine schemes

Theorem 6.3.6. Let S be a noetherian reqular base scheme such that 2 is invertible
in I'(S,Og), Sm/S the category of divisorial smooth schemes over S and SmAff/S
its full subcategory of affine smooth schemes. Then all the arrows in the following

diagram are isomorphisms

[KSp", KSplas) [KSp™, KSplyars(s)

y J

Homp (s s) (K Spl, K Spo) —— Hompyesmas) (K Spl, K Spo)

Proof. This is obtained as Theorem 3.2.7 so one can look at its proof. Indeed the
top map can be seen to be an isomorphism using Theorem 3.3.2 in [AHW17], for
example, and the fact that the lower horizontal map is an isomorphism too can
be deduced from Corollary 3.2.6 taking into account that K Spg is Al-invariant on

regular schemes. 0

Remark 6.3.7. Notice that in general we have H(S) ~ H%/7(S) for all the possible
choices of the category Sm/S, i.e. we can take our smooth schemes to be separated,
divisorial or only smooth, as long as our base scheme is noetherian. Indeed this can
be seen using Theorem 3.3.2 in [AHW17] together with Lemma 5.1.2 [AHW17].

6.4 Going to divisorial schemes

In the case where we have obtained a Riou like theorem, we can wonder whether we
can obtain an extension to divisorial schemes, which can be singular in principle. We
remind that we can argue as for K-theory to prove the following (this is Theorem
1.8.11)

Theorem 6.4.1. [KSp",KSp]Hschs = [(ZXBSp)",KSp]Igv_ Sm/s = [KSp™, KSplys)
Zar s

for every n € N.

We are then able to draw the following diagram as in Section 3.1
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[KSp"™, K Sply sens (K Sp™, K Splyys)

HomPre(SchS) (KSP6L<_), KO(_)> —» HomPre(Sm/S) (K‘Spg(_>7 KO(_))

1%

To show that all the maps in the previous diagram are isomorphisms we are then
left to show that

Theorem 6.4.2. For every n € N, the restriction map

HomPre(Schs) (KSpg(—), KSPO(_)) - HomPre(Sm/S) (KSp6L<_>7 KSpO(_))
18 1njective.

We are going to do this in such a way to have a similar result also for

orthogonal K-theory.

6.4.1 Pulling back forms via bilinear grassmannnian

In this section all rings and schemes we will consider are supposed to be even, i.e.

2 is invertible in them. We are then in the position to prove the following

Theorem 6.4.3. Assume X is a divisorial scheme of finite type over a scheme S
which is quasi-projective over a noetherian affine scheme R where 2 is invertible.
Let be V. = (F,p) an e-inner product space over X where F is a vector bundle.
Then there exists a divisorial smooth scheme Yy over S, an e-inner product space
Eyv = (Ev,pv) over Yy and a map f: X — Yy over S such that f*(Ey) = V. If
X and S are affine schemes, then we can take Yy to be affine.

Proof. We first assume that X is connected so that F is a vector bundle of rank n.
We can use 3.1.11 and 3.2.14 to find a scheme W which is divisorial and smooth over
S together with a vector bundle £ on it and a map ¢g : X — W such that ¢*(&) = F.
If X and S are affine, we remark that we may choose W to be affine. Now, we
can consider the bilinear Grassmannian GrB,, y (H((£)). This is a divisorial smooth
scheme affine over W. In particular, if W is affine, then it is affine in the absolute
sense. Now the universal property of the bilinear grassmannians 6.1.2 together with
Corollary 6.1.6 give us a map f : X — GrB,, w(He(E)) =: Yy over W and then
over S and an e-inner product space Ey over Yy such that f*(Ey) = V, as wanted.
Now if X is not connected we can reason componentwise and then glue together the

resulting schemes to get the assert, as in the proof of Proposition 2.5.3. O
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As a corollary we have the following “many variables” version of the previous
Theorem which extends it to a finite family of e-inner product spaces, and whose

proof is identical mutatis mutandis to the one of Proposition 3.1.13

Proposition 6.4.4. Let X be a divisorial scheme of finite type over S quasi-
projective over a noetherian affine scheme R where 2 is invertible. Then given
a finite number of e-inner product spaces over X, Vi = (E1,¢1), ..o, Vo, = (Enyon),
there is a smooth scheme Yy over S and e-inner product spaces V1, ..., Vo v, over
it together with a morphism vy : X — Yy such that 3, (Viy, ) = Vi for every
i=1,...,n. If X and S are affine schemes, then we can take Yy to be affine.

Proof. We just observe that we do not require all our inner product spaces to have

the same value of e. O
With this result is now easy to prove the following using Proposition 3.1.10

Theorem 6.4.5. The natural restriction maps

HomPre(SchS)(GWO(_)nv GWO(_)) - HomPre(Sm/S) (GWO(_)nv GWO(_))
HomPre(Schs) (KSPO(_)na KSPO(_)) - HomPre(Sm/S) (KSPO(_)na KSPO(_))

are injective if S is a quasi-projective (affine if we consider the categories of affine
schemes) noetherian finite type over a noetherian affine scheme R where 2 is invert-

ible. The following maps

Hompye(an/s)(GWo(—)", GWo(—)) — Hompresmar/s)(GWo(—)", GWo(—))
Homp,e(ast/s) (K Spo(—)", KSpo(—)) — Hompyesmasys) (K Spo(—)", KSpo(—))

are injective as well if in addition to the previous hypothesis, S is affine.

6.4.2 The end of the story

Going back to symplectic hermitian K-theory, using Theorem 6.4.5 we have the

following
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Theorem 6.4.6. Fix S which is a reqular quasi-projective noetherian scheme of
finite type over a noetherian affine scheme R where 2 is invertible. Then all the

arrows in the following diagram are isomorphisms.

[KSpn,KSp]Hschs [KSpn,KSp]H(S)

HomPre(Schs) (Kspg(_)7 KSpO(_)> —» HomPre(Sm/S) (K‘Spg(_>v KSpU(_))

1%

Proof. 1t follows from Theorems 6.4.5 and and what we already knew. O
Finally, we have

Theorem 6.4.7. Fiz S an affine reqular noetherian base scheme with % e I'(S,Og).
Then all the arrows in the following commutative cube are isomorphisms for every

n €N

[KSp™, KSply ams [KSp™, K Splyass(s)
_— | _—
[KSp™, K.Sp], sens 7 [KSp™, KSplyys) o0
Har J
h ’ [KSpy, K Spolpre(at/s) I . [KSpg, K Spolpre(smaf/s)
_— __—
[KspgaKSp()}Pre(Schs) [KSPZ)’% KSpO]Pre(Sm/S)

The pointed version of this theorem also holds.

Proof. This puts together Theorems 6.4.6, 6.3.6 and 6.4.5 and it is shown as Theorem
3.2.16. 0

6.5 Separated schemes

We can repeat also for symplectic hermitian K-theory the same considerations that
we made in Section 3.3. All the arguments go mutatis mutandis so we content

ourselves to state the resulting theorem

Theorem 6.5.1. Let S be an affine reqular noetherian base scheme with % €
I'(S,0g) and consider Sm/S*P C Schg the category of separated (in the absolute
sense) smooth schemes seen as a full subcategory of the category of divisorial schemes
over S and KSp the Schliching’s GWUE. Then all the arrows in the following com-

mutative cube are isomorphisms for every n € N
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(K Sp", KSplyams [KSp™, K Splyars(s)
o ‘ ar i
[KSp™, KSP]HZC;‘TS Jm [KSp™, K Splpy(syser o
hﬂo [KSpg, K Spolpre(att/s) s [KSpi, K Spolpre(smai/s)
/
[KSp, K Spolpre(schs) [KSpg, K SPolpre(sm/seer)

The pointed version of this theorem also holds.

Proof. The proof as the one of Theorem 3.2.16 mutatis mutandis. O

6.6 Non-divisorial schemes

We remark that if we assume our even base scheme to be regular (and possibly non
divisorial) as in Section 3.4 and we allow all the schemes in Schg and Sm/S to be
possibly non divisorial, then defining hermitian K-theory using the construction of
Schlichting recalled in the appendix ad using perfect complexes instead of vector
bundles, we still have a cohomology theory satisfying Zariski and Nisnevich descent
and which is homotopy invariant on Sm/S. So we can extend the results on the cube
drawn in Theorem 6.4.7 obtaining a result exactly analogue to the one obtained
in Section 3.4 and we can repeat the same considerations. If one wants to have
homotopy invariance for non regular schemes, then one could define and employ
an homotopy invariant hermitian K-theory, but so far such theory has not been

discussed in literature and we refrain from any further comment on this matter.
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Appendix

Some results of Riou

In this appendix we present a sketch of the proof of one of the main results contained
in the thesis of Joel Riou [Rio06] together with a recollection of some facts concerning
algebraic geometry and homotopy theory that we need in the thesis. We provide
here some details that are somewhat abridged or available only in French in the
works of Riou ([Riol0],[Rio06]) while we will usually omit or sketch the proofs
whose details can be found elsewhere. In places, we deviate from the exposition and
the arguments found in literature, but all the material here which is not explicitly
contained in [Riol0] or [Rio06] should be considered known to the experts or deriving

from Riou’s work.

Remark A.0.1. We deviate a bit from the exposition of Riou in the sense that for us
Sm/S will be from now on (unless otherwise stated) the category of divisorial smooth
schemes over a regular base scheme S as assumed at the beginning of this thesis
(see our Assumption 0.1), while Riou uses separated schemes instead of the divisorial
ones. This will make little difference since the Riou’s argument run through even in
this setting as the reader can check reading the details of what follows. The reader
interested only in separated schemes can consider all the schemes to be separated
(see also 3.3 to see that this is not an issue for the main theorems contained in the
thesis).

A.1 Towers and Milnor’s exact sequence in motivic ge-
ometry

Given A abelian category with enough injectives and I a small category, then A’

has enough injectives too and the projective limit functor @AI — A is left exact so
1€l
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that we can define its right derived functors. If A satisfies in addition the condition
(AB4*) as in [Wei94] 3.5 (i.e. A is complete and the left exact functor [ : A? — Ais
exact for every discrete I) we know that when I is N°P (in this case the elements X,
of AN are called towers, and the arrows between the X,, transition morphisms),

these derived functors have a special form (RO imX, = limX,, R"limX, = 0 for
n > 2 and Rl%\%x. = g%ﬂx.) as detailed in [Wei94] 3.5 for example. R! lim will
be particularly important to our aims.

Definition A.1.1. A tower X, satisfies the Mittag-Leffler condition if for every k

there exists j > k such that im(X; — Xj) = im(X; — X) Vi > j.

We remark that in the case of A = Ab, if all the transition maps of a tower
X, are onto, then X, satisfies the Mittag-Leffler condition. The following is standard
(see [Wei94))

Proposition A.1.2. Consider A an abelian category with enough injectives and
satisfying (AB4*). Then if a tower Xo satisfies the Mittag-Leffler condition, it
holds R" lim X, = 0.

Since we will not be interested only in the cases where N° is our index

category, we will need the notion of cofinal functor.

Definition A.1.3. Let I be a directed ordered set and let (x,)nen be an increasing

sequence of elements in I. (z,)nen is called cofinal if for every y € I, there exists

n € N such that x, > y. This is equivalent to give a cofinal functor x : N — [

(i.e. for every functor ¢ : I — C, the natural transformation liggo oxr — liﬂgo is
N I

an isomorphism). For a discussion of the equivalence between this two notions, see
[SGAT2] 18.1.1-8.1.3 (see also [MacT71] page 217).

The following is standard, see [Rio06] Proposition II.5

Proposition A.1.4. Let I be a directed ordered set, x : N — I a cofinal functor
and A as above. Denote x* : AI”" — AN the functor obtained by composition from

x. Hence VXo € A" and for any integer n we have R”@l X, = R”l'&l z* X,
Top Nop

With this proposition, we will be in the position to use the Mittag-Leffler
condition to calculate the first derived functor of the inverse limit also in the case
of directed ordered sets admiting a cofinal sequence. We turn now to some model
category theory. We denote by Tow(S)s = SN the category of pointed towers

of simplicial sets. This category can be endowed with an injective model category
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structure (weak equivalences and cofibrations sectionwise, see [GJ09] for the details).
In this context one can then build the total right derived functor of the functor I‘Ln,
Rlim Ho(Tow(S)s) — Ho(S,) and use it to define the homotopy limit of a tower
of simplicial set (given such a tower X,, holimX, = 1'£1(X. ¢) where X4y is a fibrant
replacement of our tower, and a tower is fibrant if X is fibrant and all the transition

morphisms are fibrations). We now remind what an H-group is in general

Definition A.1.5. If C is a model category with a zero object, then an object X is
called H-group if it is a group object in Ho(C). If C has no zero object, then X will
be called H-group if it is an H-group in C,.

We are now in the position to quote the Milnor’s exact sequence

Theorem A.1.6. Let X, be an H-group in Tow(S)es and denote X = holimX,.

Then for every i € N there is an exact sequence (of groups)

x — R! @1 Tir1(Xp) = mX — 1&1 i (Xp) — *
neNop neNop

The proof of this theorem is given in [GJ09]VI Prop.2.15 in the case i # 0 for
groups and ¢ = 0 for sets. The version given here results from the structure of H-
group specified in the assumptions. We apply the previous theorem to a case relevant
to us. Let S be a noetherian scheme and consider the standard unstable motivic
homotopy categories Ho(S) and H(S) (here the schemes can be allowed to be also
non divisorial). Consider E fibrant H-group and Y, = (Y;);en directed system of
schemes in Sm/S (hence in sShv(Sm/S) and in H(S)). Let Y; be their pointed egos.
We then obtain, using the simplicial structure on simplicial presheaves, a projective
system of pointed simplicial sets Xo = Mapy, (s)(Yet, E), Mapy, (s)(—, —) being
the simplicial mapping space of He(S). Since for any i, Mapy, (5)(Yi+, £) is an
H-group, then X, is an H-group in Tow(S)e and in particular it is pointed. Now

we can can compute, denoting Y = ligY.
N

R%ﬁ%lmapy.w) (Yo, E) = holim9Mapy,, () (Yer, E)
~ Mapy, (s) (hOC(N)limY.+, E)
~ Mapy,, (s)(ImYe, E)
N

= Mapy,s) (Y, E)
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Moreover we have that moMapyy, (s) (Y, E) = [Y4, Ely,(s) = Homy s (Y, E) and,
since the Y; are representable, Mapy,, ) (Yi+, ) = E(Y;). This equalities, together

with Milnor’s exact sequences, yield in the case ¢ = 0 the following exact sequence

+ — R' lim m E(Y;) — Homyy(g) (Y, E) — lim mE(Y;) — *
1€Nopr ieNop

Finally, if we change the index set, i.e. if Yo = (Y;);e; with I direct filtered set
admitting a cofinal sequence x : N — I, using the previous notation and the previous

proposition, we obtain immediately

Proposition A.1.7. If S is a noetherian scheme and Yo, and E are as above, we

get an exact sequence

* — R im 7 E(Y;) — Homgy(s)(Y, E) — Lim moE(Y;) —
icIop icIop

which coincides with the one written above

Under the same assumptions, we easily get the following chain of isomor-
phisms (use also [GJ09] II Lemma 2.3)

mE(Y;) = mMapy, sy (Yig, E) = moQ Mapy, ) (Yit, E) = moMapy, () (Yig, B)E)
moMaps, ((S', %), Mapy, (s)(Yiy, E)) = meMapy, (s)(S' A Yiy, E)

= Homy,, (5)(S' A Yy, E)

where by S! we denote the standard simplicial 1-sphere.

A.2 Grassmannians, K-theory and Jouanolou’s trick

Definition A.2.1. If X is a scheme, we denote as K¢(X) the Grothendieck group
of the exact category of vector bundles over X. Fix now a base scheme S and
let (d,r) € N? (from now on N? will be always considered with its natural order,
ie. (d,r) < (d,7")if d < d and r < 7'). Denote as Grq, s : Schg — Sets the
representable Grassmannian functor (usually we omit the subscript S) defined by
Grg,(X)={F C (93?”’ | O‘)i;”'/F locally free of rank 7} on the objects and which
is defined by pullback on the arrows. If (d,r) < (d',r") we get a closed immersion
fiary@ ) Gray = Gra, defined, for any X € Schg as F' C OEI(M € Gry, (X) —
Fo (’)g(/_d @ {0} C O;l(/”, € Grg ,/(X). Notice this convention is dual to the
one of Grothendieck in [GD71] and Morel in [Mor06].
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We remark that (n, n),cn is a cofinal sequence in N2. Denote Gr := col\lTiJnGlrd,,‘7
Grico = C?éil\r]nGrd’“ where the colimits are calculated in Pre(Sm/S) (so that
infinite grassmannians are what is sometimes called ind-objects). We have that
Gr = CgéiénGrd’w' Riou shows that we can build a directed system having a cofinal
sequence whose colimit is Z x Gr. We let this system to be Ko = (Kar)@r)enz,
with K,y = |lsq41 Gra,r. Notice that this system can be seen to be equivalent
to the system described in [Rio06] page 84 by considering 2d + 1 as the subset
{—d,---,0,1,--- ,d} of Z. Hence colimyK, = Z x Gr. Since N? has a cofinal
sequence i : N — N2, n + (n,n), we can denote as P, := Ko 04. Notice this
cofinal sequence is the same than the one of [Rio06] Remarque II1.2. We have
colimP, = Z x Gr as well. We point Z x Gr by the inclusion {0} x Grgo — Z x Gr.
Morel and Voevodsky proved in [MV99] the following theorem (here one can consider

as Sm/S the category of possibly non divisorial smooth schemes over 5)

Theorem A.2.2. Let S be a regular scheme and allow Sm/S to be the category of
possibly non divisorial smooth schemes over S. Then we have an H-group structure

on 7, x Gr such that we have canonical functorial isomorphisms
HomH.(S)(S" VAN X+,Z X GI') = Kn(X)

where n is any integer and K, denotes the Quillen’s higher K -theory if X € Sm/S
is divisorial and the higher thomason’s K-theory of perfect complexes otherwise. In

particular, for n =0 one has
HOmH(S)(X,Z X GI‘) = KQ(X)

where, again, Ko(X) has to be interpreted in the sense of perfect complexes or in the
one of vector bundles if X is divisorial or not. Moreover K = 7 x Gr = Z x BGL™ =
Z x BGL in H(S).

The previous theorem provide an explicit geometric model of algebraic K-
theory in the motivic setting. We also explicitly remind that smooth schemes over
a regular separated base can be non-divisorial (see Remark 2.1.7). Indeed being
smooth is a local property, so that they have to be regular, but being separated
or having affine diagonal (i.e. being semi-separated over some base in the lingo of
[TT90]) is not a local property so that a priori Lemma 2.1.5 does not apply and
therefore such schemes might not have an ample family of line bundles or might not
satisfy the so called resolution property. We will also need the following technical

fact, known in literature as Jouanolou’s trick ([Wei89], [Jou73]).
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A.2.1 Jouanolou’s trick

We start with a scheme S together with a locally free sheaf € € Vect(S). To this vec-
tor bundle we can associate a scheme Spec(Sym(E)) over S as customary. We want
to give to this scheme the structure of algebraic S-group scheme. In order to do this
we need to give a functorial group structure to all the sets Homg (Y, Spec(Sym(&)))
of S-scheme morphisms between a scheme h : Y — S over S and Spec(Sym(€)). We
remind ([GW10] 11.1.5 and Proposition 11.1) that we have functorial bijections

Homg (Y7 Spec(Sym(E))) = Hom(’)s—algebras(sym(g)y h*Y) = HomOS—modules (55 h*Y)

and the latter has a canonical group structure. We notice that on trivializing open
subsets of S for £, Spec(Sym(€)) as a group is isomorphic to Gy s (i.e. to A%, see
[DG11] I 4.3.1). This suffices to give an S-group structure on Spec(Sym(&)). We

now remind the definition of torsor.

Definition A.2.3. ([Stal8, Tag 0497] 38.11) Let S be some base scheme, 7 : X — S
a scheme over S, G an algebraic group S-scheme which acts on X viao : Gxg X —

X. X is called a principal homogeneous space or G-torsor if

1) The induced morphism of schemes (o x id) : G xg X — X xg X is an iso-
morphism. Equivalently for every S-scheme Y, the group G(Y) acts simply
transitively on X (Y) or X(Y) is empty.

2) There exists a Zariski covering {v; : U; — S}ies of S such that X (U;) # 0 for
all i e I.

A G-torsor X is called trivial if X(S) # 0

Remark A.2.4. One can prove that a G-torsor is trivial if and only if it is isomor-
phic to G. This can be shown to be equivalent to having a section of the structure
map 7 : X — S. Hence condition 2) of the definition is equivalent to ask that
there exists a Zariski covering {7; : U; — St}ier of S such that the Gy,-torsors
i+ v; 1(X) — U; are trivial, which means that all the maps ~; }(X) — S; have a
section, i.e. v, 1(X) = ~; }(G) for all i € I. Notice that 7 is always surjective and
it is smooth, étale, flat, affine, etc. if and only if G is such (see [Mil80] Proposition
I1I 4.2).

Definition A.2.5. [Wei89] An affine vector bundle torsor over a scheme X is an
affine (over Spec(Z)) scheme W together with an affine map 7 : W — X making
W a G-torsor where G = Spec(Sym(€)) for some vector bundle £ over X. This
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means that Spec(Sym(€)) acts on W and that W is locally isomorphic to it, but

the patching maps need not to be linear.
We can then state the Jouanaolou’s trick.

Proposition A.2.6 (Jouanolou’s Trick, [Wei89] Proposition 4.4). Let X be a scheme
admitting an ample family of line bundles. Then there exists an affine (over Z) tor-

sor T — X wunder a vector bundle E.

A.3 Functor ¢ and properties (ii) and (K). The theorem

of Riou

All schemes in this section are supposed to be divisorial. The material presented
here can be found in [Rio06] IIL.2.

Definition A.3.1. Let S be noetherian scheme and X € H(S). Define a presheaf
©X : (Sm/S)P — Sets as

X (U) := Homyy(s)(U, X)

Remark A.3.2. From A.2.2 we have that if S is a regular scheme, we have an
isomorphism ¢(Z x Gr) = Ky(—) in Pre(Sm/S). In some parts of the text we used
the notation my(X) instead of ¢ X as in [Riol0]. However here we prefer to stick to

the notation introduced in [Rio06].

Definition A.3.3. Every element X € Pre(Sm/S) can be seen as element in H(.S)
and one can apply to it ¢ to obtain a presheaf of sets ¢ X. We define a morphism
7x : X = ¢X in Pre(Sm/S) in such a way that for every U € Sm/S,

x v X(U) = ¢(X)(U)

associate to x € X(U) the element in ¢(X)(U) obtained first by looking at z as
an arrow U — X via the Yoneda lemma and then making this arrow simplicial

(trivially) to obtain an arrow in H(.S).

Definition A.3.4. (Property (ii)) Let S be a regular scheme and X € Pre(Sm/S).
We say that X satisfies the property (ii) if for every U € Sm/S affine (over Spec(Z)),

the arrow 7x 7 defined above is surjective.

This means that in this case every morphism U — X in H(S) with U affine
comes from a genuine morphism of presheaves. Moreover, we explicitly note that if

two presheaves satisfy the property (ii), then also their product does.
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Proposition A.3.5 ([Rio06] Proposition II1.10). Let S be a regular scheme, and
X € Pre(Sm/S) satisfying the property (ii). Let E be an object in H(S). Then the

application

T,;k( : HomPre(Sm/S) ((pr SDE) - HomPre(Sm/S) (X, SOE)
18 injective.

Proof. Suppose we have two morphisms f, f' : X = ¢F such that forx = f'o7x.
We want to show that for every U € Sm/S, the maps fu, f{; : o X(U) = ¢E(U) are
equal. Thanks to the fact that X satisfies the property (ii), if U € Sm/S is affine
over Z, the arrow 7xy is an epi and then fy = f;. Let U € Sm/S, then using
the Jouanolou’s trick one gets an affine vector bundle torsor 7 : T'— U so that the

following diagram commutes

fr

X (T) ___{ ¢E(T)

1
eX(U) ___{¢EU)

i
Arguing as above, since T is affine, one has that fr = f}. Hence 7* o fy = 7* o [,
so if 7 is at least an injection (i.e. a mono), it will follow that fy = f{,. But since
7 :T — U is an affine vector bundle torsor, by [MV99] 3.2.3 7* : T =A" U and so

m* is an isomorphism. O
The main use of the property (ii) is the following

Theorem A.3.6. [[Rio06] Theorem III.16] Let S be a regular scheme and Xo =
(Xi)ier an inductive system in Sm/S indexed by a directed ordered set I having a
cofinal sequence. Set X = colimX, and suppose that X satisfy the (ii) property.

Then for every H-group E we can form the diagram

Homy,()(X, E) —— Hompye(sm/s) (¢ X, ¢E)

I

HomPre(Sm/S)(X’ SOE) — @1 (SOE)(XZ)

ielop
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where the maps o and vy are surjective and 8 is bijective. Moreover Ker v =
Ker a = R! M HOIH’H.(S)(Sl AXit, E)
ielop
Proof. «a is induced by ¢ and 3 is the arrow 75 considered before. v is their com-
position. Since X satisfies the property (ii), then [ is injective by the previous

proposition. Moreover the Yoneda lemma gives us

HomPre(Sm/S) (C(Z)él}an(pE) = 1&1 HOmPre(Sm/S) (Xw(/OE) = 1&1 (QOE)(XZ)
i€Iop ielop

In addition, after taking a fibrant replacement £ — Ey
moE(X;) = moMap(Xi, Ef) = [X;, Elys) = (9E)(X;)

and so the arrow A : Homy ) (X, E) — Jm (pE)(X;) is the one invoked by the
ieIop
Milnor’s theorem A.1.6. Hence we can conclude that it is surjective, so S is also

surjective and -y has the same property too. Invoking again A.1.7 and the calculation
made at the end of Subsection A.1, one gets that Ker v = Ker « is exactly of the

desired form. ]

The pointed variant of the previous theorem also holds, see [Rio06] Theorem
I11.18.

Definition A.3.7. [Rio06] II1.25] Let S be a regular scheme and Xo = (X;)icr
an inductive system in Sm/S indexed by a directed ordered set I having a cofinal
sequence such that X = colimX, satisfies the property (ii). Let E be an H-group in
He(S). We say that E satisfies the property (K) with respect to the system X, if the

arrow « as in the previous theorem is bijective, i.e. R! m Homy, (s) (S'AXi, B) =
iclop

0.

Remark A.3.8. It is possible to show, using explicit calculations detailed in [Rio06]
Proposition I11.14, that Z x Gr colimit of the system K satisfies the property (ii).

Proposition A.3.9. Let S be a regular scheme. If E is an H-group in He(S) and
for every (d,r) < (d',7’) the arrow

f(*d,r)(d’,r’) : HomH(s) (Grd/’,«/, RQE) — HOHI'H(S) (Grdﬂ«, RQE)

is surjective, then E satisfies the property (K ) with respect to the system K.

Proof. We said in the remark before that Z x Gr satisfies the property (ii) and so by

the previous theorem, we just need to prove that R! @ Homy,, (s) (S'AKiy, E) =
ie(N2)op
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0. Since N? has a cofinal sequence, we can simply calculate R! &iﬂ Homy, (s) (St A

neNop
Knt, E) = 0 where K, = |_|2n+1 Gry,,n. We just need to show that the tower

(Homy,, (5)(S' A Ky, E)) satisfies Mittag-Leffler (this is a tower in Ab since the

fundamental group of an H-space is abelian). Now, in Ab

Homgy, (5)(S' A Ky, E) = Homyy(s)(Kpn, RQE)

= Homy(s)( | | Gron, ROE)
2n+1

= H Homyy () (Grppn, RQE)
2n+1
The "dual” transition morphisms fy, : [ ], Grnp — |_|2(n+1)_~_1 Grytim+1

are given by

1o (I—lf(n,n)(n—I—l,n-i-l)) : |_| Grypp — |_| Grypg1nt1 < |_| Groging1
2n+1 2n+1 2(n+1)+1

and so the transition morphisms

f; : H HomH(S) (Grn+17n+1, RQE) — H HOHIH(S)(GI'”’”,RQE)
2(n+1)+1 2n+1

are given by

(H f(tz,n)(n—i—l,n—i—l)) 0d": H Hom’H(S) (Grn-l-l,n—‘rlu RQE) -
2(n+1)+1

—» H Homy,(s)(Grnt1,n41, ROE) — H Homy,(g)(Grppn, ROE)
2n+1 2n+1

But in Ab products of surjective maps are surjective, so [ | f(*n ) is surjective

n+1,n+1)
and hence the f are all surjective. It follows that our tower satisfies the Mittag-

Leffler condition. I

Lemma A.3.10. Let be E an H-group in He(S) or in IZZWSChS o. Then for every
object X of He(S) (or of Ho(Z,,, Schs o) the evident morphism

HomH.(S)(X, E) — {f S HOHlfH(S)(X, E), f*(o) — e c HOHIH(S)(S, E)}

is a bijection (same for Ho(ZL, Schs o)), where with f* we have denoted the com-

position with f.
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Proof. This is Lemme II1.19 of [Rio06], the case of 7!, Schg o being the same. We
translate here the argument of Riou from the French for the reader’s convenience.
First one notices that we can assume F to be fibrant. Now denoting as C the model
categories IlZarSchS or I}WSSm/ S localised at the A'-weak equivalences, we have a
cofiber sequence

Sy - X4y - X

in both C and C,, obtained as the pushout of the two maps Sy — X and S; — *
(remark that all the objects involved are cofibrant and that Sy — X is a cofibration
so this pushout is actually an homotopy pushout). We can then apply to this cofiber
sequence the pointed mapping space Mape, (—, £) to get a fibration sequence

9:Ttapc. (X7 E) — mﬂpc, (X+7 E) — mapc. (S+7 E)

which induces a long exact sequence on the homotopy groups. Now, since F is an
H-group, we have that the my terms of this sequence are groups, so that, using the
fact that the map Sy — X has a retract induced by the terminal map X — S we
can split the long exact sequence of the homotopy groups in short exact sequences,

obtaining for the my terms the following exact sequence
1— HomHO(C.)(X, E) — HOHIHO(C) (X, E) — HOIHHO(C)(S, E) —1

that allows us to conclude the proof. O

Remark A.3.11. The proof of the above lemma shows that the same result holds
replacing H(S) with any model category coming from any simplicial model category
C where every object is cofibrant, X with an element of Co so that its distinguished
point is given by a cofibration and F with a fibrant H-group having the same

property of X.

Remark A.3.12. Notice that if C = Pre(Schg)(Pre(Sm/S)) then, S being final,
if we take F,G € C pointed by a € F(S) and b € G(S) then f € Hom¢(G, F) is
pointed if and only if f(.5)(b) = a in F(S).

From A.3.9 and the previous lemma, we can draw the following

Theorem A.3.13. Let be S a regqular scheme and E € H(S) satisfying the property
(K) with respect to the system KCo. Then one has the following bijections

Homyy(5)(Z x Gr, E)=>Homp,e(sm/s)(Ko(—), pE)
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HomH.(S) (Z x Gr, E)%Hompre(Sm/S).(KO(_)a QOE)

We can state and sketch the proof of the main theorem contained in [Rio06]
and [Riol0].

Theorem A.3.14 (Riou [Rio06] II1.31). If S is a reqular scheme, then one has the

following isomorphisms
(K, Kl3y(s) = Endyy(s)(Z x Gr) = Endpye(smys) (Ko(—))

(K, K3y (s) = Endyy, (5)(Z % Gr) = Endpre(sm/s), (Ko(—))

Proof. We sketch the proof of the unpointed case only, the pointed case being the
same because of A.3.10. All we need to show is that Z x Gr satisfies the property
(K) with respect to the system Ko,. We want to use A.3.9. Hence all we need to
show is that for every (d,r) < (d',r'), the arrow

f(i,d)(r’,d’) : K1 (Grd/,r/) = HOleH(S) (Sl A Gl“d/ﬂ«/_i_,Z X Gr) —
— HOIHH(S)(Sl A Grdﬂur, Z x Gr) & Kl(GI'dJ,)

is surjective. From the explicit calculations given in [SGAT1], it is possible to show
that for every (d,r) < (d',r’), the arrow S o ary Ko(Grg ) — Ko(Grg,) is
surjective. But now one can note that the Grassmannians admit a cellular decom-
position (i.e. there is a sequence of closed subschemes ) = Zp C Z; C ... C Z, = X
such that for every 1 <i <n, Z; — Z;_1 = an affine space A% over S) and for such
schemes the natural maps Ko(X) ®,(s) K1(S) — K1(X) are bijections. Hence
the surjectivity at the level of K; follows from the surjectivity at the level of Ky
and we conclude. Alternatively, one might use the semi-orthogonal decomposition
of the Grasmannians to show that indeed f(t‘,d)(r/,d’) : Kn(Grg ) = Ky(Grg,) is

surjective for any natural number n. O

To define operations on higher K-theory, however, we need to strengthen the
former theorem a little, in order to consider morphisms from K™ to K. The result is

the following, which is obtained with minor modifications from the above reasoning.

Theorem A.3.15 (Riou). If S is a regular scheme, then one has the following

isomorphisms
(K", Klys) & Homyg)((Z x Gr)",Z x Gr) = Homp,e(sm/s)(Ko(—)", Ko(—))
[K", K]y, (s) = Homyy, (5)((Z x Gr)",Z x Gr) = Hompye(sm/s), (Ko(—)"; Ko(—))
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A.4 Recollections on generalizing the (ii) and the (K)

properties

In this section we recall that the (i7) property and the (K') property defined by Riou
in [Rio06] make sense in a wider context, which we need. Concerning the property
(74) this has been studied in Appendix B of the Riou’s thesis [Rio06]. To ease the
terminology and proving some simple lemmas we will need we prefer however to
recollect here some easy to prove facts, deviating from op. cit., for future use. Even
if this discussion does not appear explicitly in the works of Riou, it is certainly
contained there in a different form. We fix some base scheme S and we let Schg to
be the category of schemes over S. We let C to be some Grothendieck site having
underlying category some full subcategory of Schg. We assume that sPre(C) comes
endowed with a simplicial model category structure which comes as a left Bousfield
localization of the Jardine injective local model structure on sPre(C). We denote as
‘H the homotopy category of sPre(C) with this model structure. We can then give

the following definition

Definition A.4.1. Assume we have X € H. Define a presheaf pX : (C)? — Sets
as

X (U) := Homy (U, X)

If X € Pre(C), we define a morphism 7x : X — ¢X in Pre(C) using the Yoneda

lemma as usual.
We now come to the generalised version of the property (7).

Definition A.4.2. Let X € Pre(C). Assume we have a full subcategory A of C
such that for every B € C we have an element A € A and an arrow A — B in C
which induces an isomorphism in #. Then we say that X satisfies the property (i7)

relative to A if for every U € A, the arrow 7x ¢y defined above is surjective.

Remark A.4.3. If C = Sm/S is the category of smooth divisorial schemes, A =
SmAff/S, S is regular noetherian and we consider the Al-localised Nisnevich injec-
tive local model structures over sPre(C), then we are in the situation described in
Appendix A.3, i.e. we have the usual property (ii). Note also that if two presheaves
satisfy the property (i7) then also their product does.

For the rest of this section we will assume that we are in the situation de-
scribed in the previous definition. It follows that the following Proposition can be

proved exactly as its counterpart in Appendix A.3.
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Proposition A.4.4. Let X € Pre(C) and E be an object in H. Assume that X
satisfies the property (ii) relative to A. Then the application

7—)*( : HomPre(C)(SOXy SOE) - HomPre(C) (X, QDE)
18 injective.

As a corollary we have the following theorem, whose proof is again the same

of its counterpart in Appendix A.3.

Theorem A.4.5. Let Xo = (X;)ier an inductive system in C indexed by a directed
ordered set I having a cofinal sequence. Set X = colimX, and suppose that X satisfy
the (ii) property relative to A. Then for every H-group E we can form the diagram

Homy <X7 E) —— HomPre(C) (SDX; ()OE)

T

Hompye(e) (X, ¢F) —— lim (¢E)(X;)
ielop

where the maps a and vy are surjective and B is bijective. Moreover Ker v =

Ker o = R! lim Homy,, (S*A X4, E)
ielop

We now conclude with the generalized version of the property (K).

Definition A.4.6. Let X, = (X;);cs an inductive system in C indexed by a directed
ordered set I having a cofinal sequence such that X = colim X, satisfies the property
(i) relative to A. Let E be an H-group in H. We say that F satisfies the property
(K') with respect to the system X, if the arrow « as in the previous theorem is

bijective, i.e. R l&n Homy, (S A X4, E) = 0.
ielop

A.5 Recollections on algebraic structures

In this section we recollect some material from [Riol0] that we need in order to
define operations on higher K-theory. What follows is contained in 2.1 and 2.2 of
op. cit. although we deviate a little from the discussion found there (compare also
with the discussion in [Bor94] Section 3.2 page 125).

Definition A.5.1. A language £ is the datum of a family of operators (I;, n;);er of

arity n; € N, called abstract operators
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Note that the previous definition is not the usual definition one can find in
logic, for example in the context of first order logics, where a language consists of
more than this datum, see for example [Menl5] or [EFT94].

Definition A.5.2. Given a finite set of variables (z;);c; and a language £ =

(li,ni)ier we call formula an expression built inductively from the following passages:
e cvery variable x; is a formula, called atomic formula;
e given any ¢ € [ and F1, ..., Fy,, formulas, then [;(F1, ..., Fy,,) is a formula.

Moreover we define an algebraic structure as the datum of a language £ = (1;, n;)er,
a finite set of variables (;);ecs and a family of pairs of non atomic formulas in the

above variables (A, B, )rer, called relations and denoted as (4, = By).

Note that this is non standard too since if we try to formalize the above in
the context of first order logics, we have to be careful because symbols as = are usu-
ally contained in the alphabet of a first order logic while = is treated as an abstract
operator in our sense, so that in the definitions usually found in literature, a relation
is still a formula. Here we want to stick to Riou’s notation since it is specific for
the algebraic structure we want to consider, but the more scrupulous reader should

take these definitions cum grano salis.

Definition A.5.3. Given a language £ = (I;,n;);c; and a category C we say that
an L£-object is an object X of the category C such that all finite products of it exist

and for every i € I we have a family of morphisms X™ — X, denoted lZ-X .

Zero-arity operators (consider them as constants) are considered as maps
T — X where T := X is the empty product (if there is any, i.e. the terminal
object) or a distinguished object we choose. £-objects form a category, arrows
X — Y being maps F' : X — Y in C such that Vi € I, the following diagram

commutes

&
X~ X

st Jr

Yn —Y
Y

(3
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Notice that if X is an £-object, one can define an arrow FX : Xr — X for
any non atomic formula F, ar being the sum of the atomic formulas involved in the

inductive definition of the formula F'.

Definition A.5.4. Let & = ((l;,n)ier, (Ar = By)rer, (zj)jes) be an abstract al-
gebraic structure. We say that an £-object in the category C is equipped with an
G-structure if for every € R the morphisms A:X and B in C are equal. In this
case we say that X is an G-object. We define the category of G-objects as the full
subcategory of £-objects consisting of the G-objects.

Remark A.5.5. When we interpret the language usually see the variables as ele-
ments of Hom¢ (A4, X) with A € C and in this case we interpret the other formulas
via the Yoneda embedding.

Proposition A.5.6. [[Riol0] Proposition 2.2.3] Fix an abstract algebraic structure

S and let F': C — D be a functor between categories such that finite products exist

in C and F commutes with these products. Then if X is a &-object, F(X) inherits

a natural structure of G-object from F.

On the other side, if for any natural n the natural map Home (X", X)) — Homp (F(X"), F(X))
is a bijection for some X € Ob(C), then any &-structure on X uniquely arises from

a &-structure on F(X).

Now, fized X,Y &-objects in C such that Home(X™,Y) = Homp (F(X™), F(Y)), we

have that f : X =Y is a morphism of &-objects if and only if F(f) is such.

Remark A.5.7. We apply this in the main part of the thesis with C = H(S),
IlZarSchS, D = Pre(Schg,Sm/S) and F = my (which commutes with finite prod-

ucts).
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Appendix

On the categories Sm/S, Schg, H(.5)

and descent

We are going to be a little bit more precise about the hypothesis we need to work
with. In particular we obtained our results avoiding the separated hypothesis and
we obtained our embedding 2.0.1 of a divisorial scheme into a smooth one in such a
way that the smooth scheme we obtain as a target of our embedding might be not
separated. Many authors such as [MV99],[Mor06],[Mor04],[Rio06] and [Riol0] work
in the framework of separated smooth schemes over a regular noetherian scheme S
of finite dimension. Sometimes it is not explicitly pointed out in literature if the
theorems we are using still hold if we remove the separation hypothesis even if that
is the case, so some remarks concerning this issue are worthy, although everything
that appears in this appendix is well known and can be found in literature, if one
reads it correctly. For any scheme S (supposed to be noetherian of finite dimension
unless otherwise stated) we denote as Sz, the small Zariski site over S (which
objects are open embeddings U C S and we consider the Zariski topology), as et|s
the étale site over S (objects being étale separated maps Y — S and we give to it
the étale topology) and as (et|s)nis the site having same category of et but the
Nisnevich topology. For any scheme S we denote with Schg the category of schemes
of finite type over S and with Sm/S its full subcategory of smooth schemes over S.
Remark that the definition of étale and smooth morphisms a priori does not come
with any separated hypothesis, i.e. we agree with EGA terminology, see Section

2.1.1 for detailed references.
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B.1 BG property and descent

A good reference for this subsection is [Jarl5] or [AHW17]. Everything contained

here is well known, besides the exposition.

Definition B.1.1. Let C any Grothendieck site and let X be a simplicial presheaf.
We say that X satisfies descent if for some (and hence for any) Z'-fibrant replacement

t: X — Xy, 1 is a sectionwise weak equivalence.

Suppose to have a pullback square of schemes

T—U
[
V—

J

If j, f are open embeddings and W = U UV then we denote such square as
Ozar and we call it a Zariski square. If j is an open embedding, f is an étale mor-
phism and the induced morphism of closed subschemes (with the reduced induced
structure) f~1(W —V) — W —V is an isomorphism, we denote such a square as [y
and we call it Nisnevich square. Squares of this form are often called elementary

distinguished squares.

Definition B.1.2. Consider a full subcategory C C Schg considered as a site with
the choice of the Zariski (or the Nisnevich) topology (which has then to be well
defined), which for any object S in it contains also all the elements of Sz, (or ets).
We say that X € sPre(C) has the BG property if X (() is contractible and X (Ozq,)
(or X(Opys)) is homotopy cartesian for any elementary distinguished square con-

tained in C.

The main theorem is then the following, due to Brown and Gersten [BG73]
in the Zariski case and to Morel and Voevodsky [MV99] for the Nisnevich topology

Theorem B.1.3. Let S be a noetherian scheme of finite dimension. Then if F €
sPre(Szar) (F' € sPre((et|s)nis) has the BG property, then it satisfies Zariski or
Nisnevich descent. Moreover any IIZM (Ifws)—ﬁbmnt simplicial presheaf has the BG

property.
Proof. This is proved in [Jar15], Theorems 5.33 and 5.39. O

Corollary B.1.4. Consider a full subcategory C C Schg considered as a site with the
choice of the Zariski (or the Nisnevich) topology as in B.1.2 and let be F' € sPre(C).
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If F' has the BG property then it satisfies descent. Moreover any IZZM (Ifws)—ﬁbmnt
simplicial presheaf has the BG property.

Proof. 1t follows from the previous theorem by restricting the big site to the cor-
responding small site for any object of C and using Corollary 5.24 of [Jarl5] (that
we can use because of [SGAT2] Proposition III.1.3 and Proposition 1.5.2). One
might also use [AHW17] Theorem 3.2.5 (due to Voevodsky), see the refernces in op.
cit.. O

Remark B.1.5. The proof of all the above theorems really relies on the hypothesis

of being noetherian of finite dimension: separatedness or smoothness are never used.

In the main text we also use the projective local model structure on simplicial
presheaves. In this case, the BG property gives us more. The details are discussed
in [DHIO4].

Theorem B.1.6. Let S be a noetherian scheme of finite dimension and (C,T) be
(Schg, Zar) or (Schg, Nis). Assume F is a simplicial presheaf over one of those
sites. If F satisfies descent and it is sectionwise fibrant then F is P'-fibrant.

Proof. This is a rewriting of Corollary 6.3[DI04]. O

Remark B.1.7. Suppose to have a P-fibrant presheaf X such that there exist
a presheaf X’ which is P'-fibrant, a map between them and such that for every
U € Ob(Schg), X(U) is homotopy equivalent to X'(U). Then because of the weak
homotopy invariance of homotopy pullbacks, the presheaf X has the BG-property
too and hence it is P!-fibrant.

Remark B.1.8. We explicitly note that for the categories of affine schemes, one
has to modify a little the definition of Zariski and Nisnevich distinguished squares
(in order to be coherent with the affine Zariski and Nisnevich topologies) to get a
cd structure generating a topology equivalent to the Zariski or the Nisnevich one
and to prove the analogue of Theorem B.1.3. However this can be accomplished
as explained in [AHW17] so the above results will hold also for the Zariski and
Nisnevich sites Aff/S and SmAff/S, provided one modified the definition of BG

property as in op. cit. as long as S is noetherian.

B.2 Thomason definition of K-theory

We recall briefly the definition of the Waldhausen Se-construction.
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Definition B.2.1. Suppose a natural number n is given. We define the arrow
category Ar[n] := Funca([1],[n]). Explicitly, its objects are couples of natural
numbers (a,b) with 0 < a < b < n and we have an arrow (a,b) — (a/,?') if and
only if a < a' and b < b'. One see that the assignment [n] — Ar[n| give rise to a

cosimplicial category Ar: A — Cat.

If A : Ar[n] — C is any functor, we shall use the notation A, , for the element

A((b,q)) €C.

Definition B.2.2. Assume that £ is an exact category. We can define, for every
n € N, the category S, C Funcai(Ar[n], &) as the full subcategory of functors
A : Ar[n] — &€ such that for every 0 < a < b < ¢ < n the sequence

Aa,b — Aa,c - Ab,c

is an admissible exact sequence in £ and Ay 4 = 0 for all d.

Sr€ has an exact structure which is given by declaring a sequence A — B —
C to be exact if for every 0 < a < b < n the sequence A, — B, — Cqp is exact
in £. The weak equivalences in such a category are defined sectionwise. If we have
an exact category with weak equivalences (£,w). We write as w€ for the category
having as objects the same objects of £ and as arrows the weak equivalences. We

then get a simplicial category
wSeE 1 A? — Cat [n] = wS,E

Taking the nerve in each degree makes wS,& into a bisimplicial set that can be
realised ([TT90] 1.5.2). Hence we have the following

Definition B.2.3. Let be (£,w) an exact category with weak equivalences. We
define
KW (£,w) = Q|NywS,&]|

where we have used the geometric realization of a simplicial category.

This is considered to be one of the most useful definition of K theory, because

of its nice properties. It can be shown that it gives the right definition of K-theory

Theorem B.2.4 ([Wal85] Appendix 1.9). If (£,1) is an exact category with weak
equivalences where the weak equivalences are the subcategory of isomorphisms in &,

then we have an homotopy equivalence |QE| ~ | N¢iSe&].
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The space [iS.€| is the zeroth space of a spectrum because of [Wal85] 1.3.3
and 1.5.3. This spectrum is the one used in the work of Thomason on higher alge-
braic K-theory [TT90]. Indeed Thomason defined for every scheme quasi-compact
and quasi-separated X the K-theory space as Q|NewSePer f(X)| ([TT90] 3.1) where
Perf(X) denotes the exact category of perfect complexes of globally finite Tor-
amplitude ([TT90] 2.2.11) and the weak equivalences are the quasi-isomorphism.
He noticed that this presheaf of pointed topological space arises as the zeroth
space of a presheaf of spectra on the category of quasi-compact and quasi-separated
schemes. Applying the singular functor gives us a simplicial presheaf K7. Now,
if our schemes are divisorial, Thomason is able to prove that there is a sectionwise
weak equivalence K¢ — K7 where K is the Quillen’s K-theory presheaf built start-
ing from the presheaf Vect(—) and then defining K% (—) := Sing(Q|NQVect(—)|) ~
QEx*°(NQVect(—)). This follows by [TT90] Corollary 3.9 and then Proposition
3.10.

B.3 Ties with Thomason descent and K-theory

We formulated the notion of descent and BG property using the modern language of
model categories but we have in mind applications to K-theory. For those applica-
tions the paper [TT90] is particularly relevant but it doesn’t make use of the former
methods so that since we want to use the results contained in that seminal paper,
a brief discussion is due. In particular, we have to make explicit the link between
fibrant replacement and hypercohomology. Given any presheaf of spectra £ (for
presheaves of spectra see[Jarl5] for example) on any site C = (C,7) with enough
points we can define the hypercohomology presheaf Heg(—, &) using the Godement
resolution (see [Mit97] for an explanation and the relevant references). This way we

always get a map Hg : € — He(—,E). Moreover the following holds

Proposition B.3.1. Let C = (C, ) be a site with enough points, £ a presheaf of
simplicial spectra and Hg : € — He(—, E) the natural map mentioned above. Then
He(—, ) is T'-fibrant and if cd°E < oo (cd°E being the cohomological dimension)

dimension, Hg is a local weak equivalence.
For a proof see [Mit97] 3.20. As a simple corollary we have

Corollary B.3.2. In the hypothesis of the previous proposition, £ satisfies descent if
and only if He is a sectionwise weak equivalence. If € satisfies descent, the resulting
simplicial presheaf we get after taking the Oth space of € (i.e after taking RQ>)

satisfies descent.
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We can then use the previous result to translate descent results as in [TT90]
in the language of model categories, so that they become available in the framework
of (un)stable motivic homotopy theory. We state the descent results we need for
our study of K-theory using [TT90]. It is a deep theorem of [TT90] (Theorem 7.6)
that for schemes quasi-compact and quasi-separated having an ample family of line
bundles, the Quillen’s K-theory spectrum is weakly equivalent to the Thomason
Trubaugh K-theory spectrum (see [TT90] Proposition 3.10 for a proof and op.cit.
for the precise definitions). Moreover, by B.1.7, if the Thomason Trubaugh K-theory
has the BG property, then also the Quillen’s one has that property. Hence under the
above hypothesis on our category of schemes we can use the descent results proved
in [TT90] for our K-theory presheaf.

Remark B.3.3. One might wonder if considering divisorial schemes we actually
obtain well behaved Grotendieck topologies. Since all our schemes are noetherian,
open embeddings are quasi-compact and then defining Zariski covers as families of
open embeddings jointly surjective gives us a well defined Grothendieck topology on
the category of divisorial schemes since quasi-compact open subscheme of divisorial
schemes are divisorial. We restrict now to the category Sm/S of smooth divisorial
schemes over a regular divisorial scheme S as in the main text and we ask if the
Nisnevich topolgy is well defined. We have that the pullback of an étale map f :
X — Y in Sm/S along any map in Sm/S is divisorial because the resulting scheme
is smooth over S (smoothness is stable under base change), hence regular, and has
affine diagonal so that the result follows from Corollary 2.1.5 (remind that all the
divisorial schemes have affine diagonal). Indeed if we have morphisms f : X — Y
and g : Y — Z so that g and g o f have affine diagonal, then also f has affine
diagonal because we can mimick the proof of [Stal8, Tag 01KV] using the fact
that every affine morphism is separated ([Stal8, Tag 01S7] ) and Remark 9.11 of
[GW10], page 230 (or [Stal8, Tag 01SG]). This implies that any morphism between
schemes having affine diagonal has affine diagonal. We remark that instead of the
notion of having affine diagonal, one can use the equivalent notion of semi-separated
schemes and morphisms detailed in [TT90] Appendix B.7 that we find less explicit,
although equivalent. in op. cit. one can find observations similar to the ones we just
made on the schemes and the morphisms having affine diagonal in terms of semi-
separatedness. Since étale maps are smooth maps, the Nisnevich topology is well
defined over Sm/S (notice that the proof of [MV99] Proposition 1.4 page 96 goes
through and that the hypothesis of Theorem 3.2.5 in [AHW17] are met) and the
inclusion of Sm/S into the bigger category of possibly non divisorial smooth schemes
over S, call it S/m\]g’ induces a functor sPre(S/m\E') — sPre(Sm/S) which sends
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Nisnevich locally fibrant objects to Nisnevich fibrant objects and weak equivalences

between them to weak equivalences.

Theorem B.3.4. Let Schg be the category of quasi-compact and quasi-separated
schemes admitting an ample family of line bundles and of finite type over a Noethe-
rian base scheme S of finite dimension. Then the simplicial presheaf K satisfies

Zariski descent and Nisnevich descent when restricted to smooth schemes.

Proof. This follows by deep work of [TT90], in particular [TT90] Theorem 8.1 shows
that we have the Zariski BG property, and so Zariski descent (which is also explicitly
stated in [TT90] 10.3), and Theorem 10.8 of [TT90] gives the Nisnevich descent. [J

As a consequence, we can use the Thomason’s presheaf K7 or the Quillen’s
indifferently since we are in presence of ample families of line bundles in order to

represent K-theory in Ho(?—[%cal}s) orin Ho(Z4;,,Sm/S), i.e. for any scheme X € Schg,

[S" AX4, Kzt Sehge = Kn(X)

and the same holds if X is divisorial smooth and we consider the Nisnevich topology.
Considering from now on only divisorial schemes, recall once more that there exists a
local Zariski-weak equivalence K ~ ZxBGL™ in the homotopy category of simplicial
presheaves over the Zariski site Schg for any S noetherian (see [GS99] or [ST15]).
Moreover, we assume .S to be a regular noetherian of finite Krull dimension and that
we consider the category Sm/S. If we Bousfield localize Iﬁw sSm/S at the collection
of maps of the form A! xg X — X getting H(S), we get that the K-theory presheaf
is Al-local because of [TT90] Proposition 6.8, therefore its Z!-fibrant replacement is

Allocal too and hence fibrant in this model structure so that we also have
[X+ AS™, K, s) = Kn(X)

meaning that actually K represents the usual K-theory. Moreover, we have a map
of simplicial presheaves Z x Gr — K over the category Sm/S, and its construction
does not require any separated hypothesis, see [ST15]. It is proved in op. cit. that
it is a Nisnevich Al-weak-equivalence. We have then all the ingredients necessary

to prove Theorem A.3.14 without the assumption of separatedness.

B.4 On the functoriality of the K-theory functor

Consider Schg, the category of schemes of finite type over a noetherian base scheme

S. The assignment X — Vect(X) strictly speaking does not define a functor but
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only a pseudo functor (since (f o g)* # f*g* in general, we only have an isomor-
phism). Then in order to define K-theory as a simplicial presheaf using the Quillen’s
-construction we need to strictify this assignment in order to get a functor. This
issue has been solved in several ways in literature by consctucting categories P(X)
equivalent to Vect(X) for any X € Schg such that it is possible to define an as-
signment X — P(X) which defines a functor. One can then apply the sectionwise
the Quillen’s Q-construction (i.e consider the assignment X — QEx*(NQP(X)))
in order to get a simplicial presheaf representing K-theory, for example. Whenever
we consider the functor Vect through this work we then assume that it has been
rectified with one of these methods so that it is really a functor. We now briefly
recall the method used in [FS02] Appendix C.4, i.e we recall briefly what the big
vector bundles are and how to use them to build a functor P : Schg — Cat with the

properties stated before.

Definition B.4.1. Given the category Schg, a big vector bundle on X € Schg
is a family (Py € Vect(Y))yesen/x of vector bundles together with a datum of
isomorphisms (f*Pz — Py)sen/xsf:v—z such that P : Sch/X — Ab is an O-
module. We denote as P(Sch/X) the category of big vector bundles over X (seen

as a full subcategory of O-modules).

It is possible to check that the functor P(Sch/X) — Vect(X), (Py)yesch/x —
Px is an equivalence of categories, see [FS02] C.4 and [Gra95]. Given any map
f Y — X, the pullback induces a restriction functor P(Sch/X) — P(Sch/Y") so
that the assignment X +— P(Sch/X) defines a functor P which is equivalent to the

pseudo-functor Vect and so has the properties desired.

B.5 Recollections on Hermitian K-theory

We introduce briefly some fundamental tools we need into the thesis

Definition B.5.1. An exact category with weak equivalences and duality is the
datum (&, w,*,can) of an exact category &, a set of weak equivalences w (which
we can see as a subcategory of £ closed under retracts, push-out along inflations,
pullbacks along deflations, containing all the isomorphisms and whose arrows satisfy

the 2/3 property), * : £ — £ an exact functor with the property that *(w) C w
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and can : ids — *x° a natural transformation such that for every object A of &,

cang € w and (can’

PV* o cangx = id s+ i.e. the following diagram commutes

can g x
(canP)*

A***

Example B.5.2. 1) For any scheme X and any line bundle £, the quadru-

ple (Vect(X),iso, Homp, (—, L), can) where iso is the subcategory of isomor-
phisms and can is the canonical natural isomorphism associated with Homp, (—

is an exact category with weak equivalences and duality.

For any scheme X, any line bundle £ and any integer n, the quadruple
(Ch®Vect(X), quis, Hom{,  (—, £[n]), can) where ChVect(X) is the exact cat-
egory of bounded chain complexes of vector bundles, quis are the quasi-
isomorphisms, £[n] denotes the line bundle £ seen as a chain complex con-
centrated in degree —n, Homg, (—, £[n]) is the internal hom complex and can
is the appropriate duality is an exact category with weak equivalences and
duality. One can do the same by replacing Ch®Vect(X) with Perf(X), the

exact category of perfect complexes on X.

One can have a more general notion of dg category with weak equivalences

and duality as in [Sch17] but we do not need it. For any exact category with weak

equivalences and duality (€,w, *, can) it is possible to define an H-group

GW (&, w, *, can)

whose homotopy groups are the Grothendieck-Witt groups defined classically, see

[Sch17] or [Sch10] Definition 3, for example. This construction is functorial in cate-

gories with weak equivalences and duality. Moreover, it can be shown that for the

category of divisorial schemes over some base S, the assignment

X — (Ch®Vect(X), quis, Homg,, (—, £[n]), can)

can be made functorial.
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Definition B.5.3. Let be Schg the category of divisorial schemes of finite type over
some regular base scheme S and L a line bundle over S. We define the simplicial
presheaf GWI" (L) € sPre(Schg) by the assignment

p: X — S — GW(Ch®Vect(X), quis, Homg, . (—,p"L[n]), can) =: awlhl(x, )

We define the n-shifted Grothendieck-Witt groups of X € Schg as m;(GWM (X, £)).
If £ = Og we will denote this simplicial presheaf simply as Gwh,

Remark B.5.4. The restriction of GW!™ to smooth schemes gives a pointed simpli-
cial presheaf in H(.S). Moreover, GWM isan H -group in all the homotopy categories
we considered in the text. If n = 0 we get GW that we considered in Section 6.2,
i.e. symmetric hermitian K-theory, while if we take n = 2 we get the symplectic

hermitian K-theory we considered in Section 6.3.
We also have the same descent results we have for K-theory. In particular

Theorem B.5.5 ([Sch17] Theorems 9.7-9.8). Consider the category of divisorial
schemes Schg finite dimensional and of fine type over a regular base scheme S with
% e I'(S,0g). Then for any n € Z, Gwl satisfies Zariski and Nisnevich descent

and it is Al-invariant over reqular schemes.

Proof. See op. cit. and notice that the assumption of separatedness is used in
Theorem 9.8 there to make Theorem 3.4 of [Bal01] work. However, we can replace
the hypothesis of being separated with the hypothesis of having an affine diagonal in
the proof of this last theorem (just start with a semi-separated affine open covering,
i.e. with an open covering consisting of affine schemes such that their intersection

is still affine) and the proof goes through as well. O
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