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On the vanishing of Hochster’s @ invariant

Mark E. Walker

Hochster’s theta invariant is defined for a pair of finitely generated modules on
a hypersurface ring having only an isolated singularity. Up to a sign, it agrees
with the Euler invariant of a pair of matrix factorizations.

Working over the complex numbers, Buchweitz and van Straten have estab-
lished an interesting connection between Hochster’s theta invariant and the clas-
sical linking form on the link of the singularity. In particular, they establish
the vanishing of the theta invariant if the hypersurface is even-dimensional by
exploiting the fact that the (reduced) cohomology of the Milnor fiber is concen-
trated in odd degrees in this situation.

We give purely algebraic versions of some of these results. In particular, we
establish the vanishing of the theta invariant for isolated hypersurface singulari-
ties of even dimension in characteristic p > 0 under some mild extra assumptions.
This confirms, in a large number of cases, a conjecture of Hailong Dao.
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1. Introduction

In this paper, a hypersurface will refer to a ring R that can be expressed as a
quotient of a regular (Noetherian) ring Q by a non-zero-divisor f;i.e., R= Q/f.
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(We do not require Q to be local.) If M and N are finitely generated R-modules
then, using the standard long exact sequence

.o = Tor? (M, N) — Tor® (M, N) — Tor? ,(M, N) — Tor? ,(M, N) — -

and the fact that Tor]Q (M, N) =0 for j > 0since Q is regular, we conclude that
Torfke (M, N) is eventually two-periodic: there is an isomorphism

Tor¥ (M, N) => Tor® ,(M, N) for i > 0.

If we assume, in addition, that Torf (M, N) has finite length for all i > 0, then
Hochster’s theta invariant [1981] of the pair (M, N) is defined to be the integer

0% (M, N) = length Tor5. (M, N) — length Tor5., (M, N) for i > 0.

The modules Torf.'e (M, N) will have finite length for i > 0 if, for example, there
exists a maximal ideal m of R such that one of the modules, say N, is locally of
finite projective dimension on the punctured spectrum Spec(R) \ m. In this situation,
N determines a coherent sheaf on the quasiaffine scheme Spec(R) \ m that admits a
finite resolution by locally free coherent sheaves, and hence N determines a class in
[N] e Ko(Spec(R)\m). The module M, of course, determines a class [M] € Gy(R).
Hochster [1981, Theorem 1.2] proves that 6 is biadditive for such pairs of modules
and hence determines a pairing

Go(R) x Ko(Spec R\ m) — Z.

Moreover, 6(R/m, —) is identically zero and, since Go(R) — Go(Spec(R) \ m) is
surjective with kernel generated by [ R/m], we obtain an induced pairing

0 =0(0,m, ) : Go(Spec(R) \ m) x Ko(Spec(R) \ m) — Z. (1.1)

We will refer to this as Hochster’s 6 pairing associated to the data (Q, f, m).

Buchweitz and van Straten [2012] relate Hochster’s 8 pairing for isolated hyper-
surface singularities of the form R = C{xy, ..., x,}/(f), where C{xo, ..., x,} is
the ring of convergent power series, to the linking form on the link of the singularity.
Using this relationship, they also prove the 6 pairing vanishes when dim(R) is even.

The goal of this paper is to give a purely algebraic interpretation of some of
the results of Buchweitz and van Straten, ones which are also valid in character-
istic p > 0. In particular, we obtain the vanishing of 6 for isolated hypersurface
singularities of even dimension in all characteristics for a large number of rings,
confirming in many cases a conjecture of H. Dao [2013, Conjecture 3.15]. We
refer the reader to Corollaries 7.16 and 7.17 for the most general statements, but
an important special case of our results is given by the following theorem:
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Theorem 1.2. Let k be a perfect field, Q a finitely generated and regular k-algebra,
and f € Q a non-zero-divisor. Assume the associated morphism of affine varieties

f : Spec(Q) — A,l

has only isolated singularities. Set R = Q/f.
If dim(R) is even, then 6% (M, N) = 0 for all finitely generated R-modules M
and N.

The theorem may be extended easily to allow for localizations of smooth alge-
bras, and thus justifies examples such as the following:

Example 1.3. Let k£ be a perfect field, let f € k[xo, ..., x,] be a polynomial in
n + 1 variables contained in m = (x, ..., X;), and assume (3f/dxq, ..., 0f/0Xy)m
is an m-primary ideal of k[xg, ..., X,]m. Set R = k[xoq, ..., Xy lm/f-

If n is even, then 8% (M, N) = 0 for all pairs of finitely generated R-modules M
and N.

One technical aspect of this paper may be of independent interest: in Section 3,
we prove a slightly weakened form of a conjecture of C. Sherman [2004, §2] con-
cerning his “star pairing” in algebraic K-theory.

2. Overview

We give an overview of this paper by comparing the details we use with those
occurring in the work of Buchweitz and van Straten.

The Milnor fibration. Given a power series f € C{xo, ..., x,,} with positive radius
of convergence, we interpret f as defining a holomorphic function defined on an
open neighborhood of 0 in C*+!. Let B, the Milnor ball, be a closed ball of radius €
centered at the origin of C"*! and let D be an open disk of radius § centered at
the origin in the complex plane C. Here, € is chosen first and to be sufficiently
small, and § is chosen to be sufficiently smaller than €: 0 < § < € < 1. Set
X = f~1(D)N B and also write f for the restricted function f : X — D.

Let us assume that the fiber X of f over 0 € D is an isolated singularity at
the origin. It follows that X is homeomorphic to the cone over the link L of the
singularity, defined as L := XoN S, where S := 9B = §?"*! is the Milnor sphere.
The link L is a smooth orientable manifold of real dimension 2n — 1.

The map away from the singular locus,

X*:=(X\Xo) — (D\0)=: D,

induced by f is a fibration, called the Milnor fibration. For any t # 0 in D, the
fiber X; of f over ¢ is a smooth manifold with boundary of (real) dimension 2n.
Up to diffeomorphism, X, is independent of ¢, and it is called the Milnor fiber of
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the singularity. A key result of Milnor [1968] gives that the Milnor fiber has the
homotopy type of a bouquet of n-dimensional spheres; the number of spheres is the
Milnor number, often written as w. In particular, the reduced singular cohomology
of the Milnor fiber, H*(X,), is a free abelian group of rank u concentrated in
degree n.

The restriction of f to SN X is a fibration and thus, up to diffeomorphism, we
may identify the boundary of the Milnor fiber, 3X; = (f|xns) ' (¢), with the link
L=(f| xns) " 1(0). In particular, for each r € D* there is a continuous map

o L— X*
given by composing the diffeomorphism L = 9 X, with the inclusion dX, C X*.

The vanishing of the pairing when n is even. With the above notation set, we
sketch the proof of Buchweitz and van Straten for the vanishing of & when n is
even.

Associated to maximal Cohen—Macaulay (MCM) C{xy, . .., x,}/f-modules M
and N, Buchweitz and van Straten associate classes in topological K-theory:

a(M) € Ky, (X*) and  [Nliop € Koy (L).

top

The class [N]op is given by the evident restriction to L of the coherent sheaf asso-
ciated to N and the class o(M) is built from a matrix factorization representation
of M. They prove [Buchweitz and van Straten 2012, Theorem 4.2] that

O(M, N) = xiop(0; (@(M)) U[Nliop)-

Here, p; : top(X*) — Ktop
above, U is the product operation for the ring K

(L) is the map induced by the map p; : L — X* defined
top’ and
Xtop tOP(L) — Ktop(pt) =7

is induced by push-forward. (Recall L is odd-dimensional and so xio, switches the
parity of degrees.)

Notice that p;" factors through Ktop (Xy), since p; factors through X; by its very
construction. When 7 is even, we have Ktop(X ;) = 0, since X, is a bouquet of
n-dimensional spheres by Milnor’s theorem [1968]. It follows that p; («(M)) = 0,
and hence

O(M, N) = xiop(p; ((M)) U[Nliop) =0

The algebraic analogue of the Milnor fibration. The algebraic analogue of the
Milnor fibration is constructed as follows: Assume V is a Henselian DVR with
algebraically closed residue field k and field of fractions F. For example, V could
be k[[t]] with k = k. The affine scheme Spec(V) is the analogue of D, a small open
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disk in the complex plane. Let O be a flat V-algebra of finite type and assume the
associated morphism of affine schemes

Spec(Q) — Spec(V)

is smooth except at a single point m € Spec(Q), necessarily belonging to the closed
fiber. Let QE{“’“ denote the Henselization of Q at m. The affine scheme Spec(Qﬁfn)
is the analogue of X = f~!(D) N B in the notation above. Thus the morphism

xe .= Spec(an‘f’n) — Spec(V) =: D2

is the algebraic analogue of the analytic map f : X — D considered above. The
generic fiber of X¥¢ — Dg,

X = Spec(Q™" ®y F) — Spec(F) =: Dy,

is the analogue of the Milnor fibration, and the geometric generic fiber,

X" .= Spec(Q™" ®y F),

m
where F is the algebraic closure of F, is the analogue of the Milnor fiber.
Remark 2.1. It is important to be aware that Q},}f’“ ®y F need not be a Noetherian
ring.

The singularity is the closed fiber of X¥& — D32,
Xo® := Spec(RIy") = Spec( O™/ 1),

where f denotes the image in Q of a specified uniformizing local parameter t € V
and we set R = Q/f. The algebraic analogue of the link is the punctured spectrum
of the singularity,

L€ := Spec(R™) \ m.

We summarize these constructions and introduce a few more analogies in Table 1.

Remark 2.2. The algebraic analogue of the Milnor ball and the algebraic analogue
of X coincide, in contrast with what occurs in the analytic setting. The analogy
could be slightly improved if one does not assume from the start that V' is Henselian.
Then the algebraic analogue the Milnor ball remains Spec(Q"") but the algebraic
analogue of X — D would become Spec(Qﬁf“ ®y Vheny Spec(Vhen), where
vhen denotes the Henselization of V at its unique maximal ideal. For this paper,
however, this more general construction has no advantage.

With this notation fixed, let us sketch our proof of the vanishing of the 6 pairing

for R=Q/f.
Given finitely generated MCM R-modules M and N, we define classes

a8 (M) € K1(X3,) = K1 (Q[1/£1])
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geometric notion algebraic analogue

D, a small open disc in complex plane D¥¢ := Spec(V), where V is a Henselian
DVR with uniformizing parameter ¢, alge-
braically closed residue field &, and field
of fractions F

convergent power series f € C{xo, ..., x,} | aflat, finite-type ring map V — Q sending
representing an isolated singularity t € Vto f € Q that is smooth away from

some point m in the closed fiber

X, the intersection of a small closed ball in | X2 = Spec(QEff“)
C'*! with f~1(D)

Milnor fibration X* — D* the generic fiber of X alg _, palg. namely,
Spec(Q"™" ®y F) — Spec(F)

the Milnor fiber X, := f~!(¢),1 #0 the geometric generic fiber of X2 — D2;
namely, X*'¢ := Spec(Q"" @y F)

the singularity Xo = f~'(0) Xglg = Spec(Rﬂf“), where R = Q/f (.e.,
the closed fiber of X8 — DIg)

the link L the punctured spectrum Spec(RI") \ m =:
Lalg

Milnor ball B B¢ = Spec(Q"")

Milnor sphere S = 3B S8 = Spec(Q™m) \ m

or KtlOP (X*) — Kllop(L) the “specialization map” in K-theory with

finite coefficients.

Table 1. Summary of geometric notions and their algebraic analogues.

and
[N] e Ko(L¥€) = Ko(Spec(Ry) \ m),

where [N] is defined as the image of the class of N in Go(R) under the restric-
tion map Go(R) — Go(Spec(R) \ m) = Ky(Spec(R) \ m) and oME(M) =[A] €
K1(Q[1/f]) for any matrix factorization (A, B) representation of M. Our first key
result (see Corollary 4.10) is the equation

6% (M, N) = x (3((M) UL f1) UN). 2.3)

Let us explain the components of this formula. Since f is a unit of Q[1/f], it
determines a class [ f] € K1(Q[1/f]). The symbol U denotes the product operation
in K-theory. The map 9 : K>(Q[1/f]) — Ki(Spec(R) \ m) is the boundary map
in the long exact localization sequence associated to the closed subscheme L& =
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Spec(R) \ m of §32 = Spec(Q) \ m. (Since Q[1/f] and Spec(R) \ m are regular,
we use, as we may, K-theory in place of G-theory.) Finally,

x : Ki(Spec(R)\m) —» Z
is the composition of the boundary map
K1 (Spec(R) \ m) — Ko(Spec(R/m))

with the canonical isomorphism Kq(Spec(R/m)) = Z, sending [R/m] to 1.

All of these facts remain true if we use K-theory with Z/[ coefficients, where [ is
a prime distinct from the characteristic of Q/m (and, for technical reasons, [ > 5).
Moreover, we may replace algebraic K-theory with (a version of) étale K-theory
with Z/1 coefficients, which we write as K :f)p(—, Z]1).

A portion of the formula (2.3), using Kfp(—, Z/1) instead of K, (—), is given
by the mapping
K\ (X: .2/ =K"(Q[1/f]1,Z/ 1)~ K, (Spec(R)\m, Z/ 1) = K" (L™, Z/ ]

top?

that sends o« to d(o U[ f]). We interpret this map, under some additional hypothe-
ses, as a “specialization map” in K-theory, and it is the analogue of the map p;
occurring in the work of Buchweitz and van Straten. The next key result is that
this specialization map factors through

K® (XM, 7/ = K\® QM ®y F,7/1).

This factorization is the analogue of the factorization of p; through the K-theory
of the Milnor fiber used in the work of Buchweitz and van Straten.

Finally, we combine a theorem of Rosenschon and @stvar [2006, Theorem 4.3]
(which is a generalization of a celebrated theorem of Thomason [1985, Theo-
rem 4.1]) and a theorem of Illusie [2003, Corollaire 2.10] to prove

KX, 2/1)=0

if n 1s even (and some additional mild hypotheses hold). Illusie’s theorem is in fact
a good analogue of Milnor’s theorem that the Milnor fiber of an isolated singularity
is homotopy equivalent to a bouquet of n-spheres.

These results combine to prove the vanishing of 6 for n even. See Theorem 7.15
and its corollaries for the precise statement of our vanishing result.

Finally, when n is odd, Buchweitz and van Straten prove that the 6 pairing is
induced by the linking form on the homology of the link of the singularity. Our
Corollary 4.10 may be interpreted as analogue of this result in algebraic K-theory;
see the discussion at the end of Section 4.
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3. On Sherman’s star pairing

Suppose Q is a regular ring, f € Q is a non-zero-divisor, and (A, B) is a matrix
factorization of f. Recall that this means A and B are m x m matrices with entries
in Q such that AB = fI,, = BA. Note that A may be regarded as an element of
GL,,(Q[1/f]) and hence it determines a class [A] € K{(Q[1/f]). The main result
of this section, Corollary 3.11, gives an explicit description of the image of [A]
under the boundary map

K1(QI1/fD) -2 Go(Q/f)

in the long exact localization sequence in G-theory. (Since Q[1/f] is regular,
Ki(Q[1/fD) = G (Ql[1/f]).) Our description of this image, and its proof, builds
on work of C. Sherman, which we review here.

Pairings in K-theory. We will need some results about various pairings in alge-
braic K-theory, including Sherman’s star pairing.

For an exact category P, an object M of it, and a pair of commuting auto-
morphisms « and 8 of M, Sherman [2004] defines an element

O *Sh ,3 € KZ(P)

In this definition, the group K, (P) is taken to be 7> |G (P)| where G (P) is a sim-
plicial set, the “G-construction”, defined by Gillet and Grayson [1987]. The reader
is referred to their paper for the full definition, but let us recall the definition of
zero, one and two simplices. A zero simplex in G (P) is an ordered pair (X, Y) of
objects of P. An edge (i.e., a one simplex) connecting (X, Y) to (X', Y’) is given
by a pair of short exact sequences of the form

0> XX 2,750 and 0>Y L5y 457 0.

(Notice the right-most nonzero object is the same in both sequences.) Equivalently,
an edge is a pair of monomorphisms, together with a compatible collection of
isomorphisms on the various representations of their cokernels. We typically write
an edge as (X, Y) LDy (X', Y, leaving Z, p, and g implicit.

A two simplex is represented by a pair of commutative diagrams

Xo X, X, X X, X,
X1/0>;> Xz/() X1/0>;> X2/0

I I

Xon Xon
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such that 0 - X; - X; — X;/; > 0and 0 — X! — X} — X;;; — 0 for all
0<i<j=<2and 0— X0 — X2/0— X1 — 0 are short exact sequences.

The element o xgp B of K»(P) is represented by the following diagram of sim-
plices in G(P):

1,
M, ) —2P s o, m

/ (@.aB) \

0,0) (@) (@.) (0, 0) 3.1

M, M) ————— (M, M)

In this diagram, each triangle is a two simplex. The lower-middle triangle is the
two simplex

M—2 s M——s M M>L>M>L>M
0—0 0—0
0 0

and the others are defined similarly. Since the top and bottom paths in (3.1) repre-
sent the same loop in |G (P)|, this diagram represents a map from the two-sphere
to |G(P)| and hence an element of K, (P).

Sherman’s pairing is functorial in the following sense: if F : P — P’ is an
exact functor between exact categories, M € obP, and « and § are commuting
automorphisms of M, then F, : K»(P) — K2(P’) sends « xsp B to F(a) xsh F(B).

If P ="P(S), the category of projective right S-modules for some (not necessarily
commutative) ring S, and A, B € GL,,(S) are matrices that commute, we define

Axsyp B € KQ(S)

by viewing A and B as commuting automorphisms of the right S-module S”, with
S" thought of as column vectors and the action of A and B given by multiplication
on the left of §”. If g: § — S’ is a ring map and A and B are commuting elements
of GL,(S), then g,(A xsh B) = g(A) xsp g(B) holds in K»(S’).

Grayson [1979] has also defined a “star” pairing, defined for pairs of commut-
ing n x n invertible matrices (A, B) in a (not necessarily commutative) ring S.
Grayson’s definition amounts to

A xgr B := D(A) xvi D'(B),
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where D(A) and D’(B) are the 3n x 3n elementary matrices

A 0 O B O 0
DA =|0 471 0 and D'B)=|01, 0 |,
0 0 I, 0 0 B!

and x\j; denotes Milnor’s star pairing. The latter pairing was defined by Milnor
[1971] for pairs of commuting elementary matrices E| and E; (in E(R) C GL(R) :=
GL(R)) and is given by

Ey v E2 = [E), Es],

where E 1 and Ez are lifts of E| and E» to elements of the Steinberg group, St(R),
under the canonical surjection St(R) — E(R), and [—, —] denotes the commutator
of a pair of elements of St(R).

We also have the multiplication rule for K. (S) when § is a commutative ring,
which gives a pairing we will write as a cup product:

—U— 1 K1(S) ®z Ki(S) = K»(S).

There are several equivalent methods of describing this multiplication rule [Weibel
1981]; we use Milnor’s [1971] original description of it: For A € GL,,(S) and
B € GL,(S), we write [A], [B] € K (R) for the associated K-theory classes. One
then defines

[A1U[B]= D(A® I,) *mi D'(I ® B),

where A® I, and I, ® B are identified with elements of GL,,,(R) by viewing each
as an automorphism of $” ®g §” and choosing, arbitrarily, a basis of §"* ®g S".

It is important to realize that A xg; B and [A] U [B] are not the same element
of K,(S) in general. This is clear even for diagonal matrices: Say A and B are
2 x 2 diagonal matrices with diagonal entries a;, a; and by, by in a commuta-
tive ring S. Then A xgr B = [a1] U [b1] + [a2] U [b2] € K»2(R) but [A]U [B] =
[a]U[b1]+ [a1]U [b2] 4 [a2] U [b1] + [aa] U [b2]. (We have written the group law
for K, (S) additively here.)

We do have, however, the identity

Axgrul, =[A]U[u]
for any commutative ring S, unit # € S and matrix A € GL,(S). In particular,
UxGr V= [u]U|[v] 3.2)

for any pair of units u and v in a commutative ring.
It is clear that Grayson’s star pairing is also functorial for ring maps: if g : § — §’
is any ring homomorphism and A and B are elements of GL, (S) that commute,
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then
g (Ax¢, B) = g(A) g, g(B),

where g, : K»(S) — K»(S5) is the induced map on K, and the superscript indicates
in which ring the star operation is being performed.

Both Grayson’s and Sherman’s operations are also preserved by Morita equiva-
lence, in the following sense: if we identify an n x n invertible matrix with entries
in Mat,,, (S) with an nm x nm invertible matrix with entries in S in the usual manner,
then

Y(Axy Y B) = A3, B

V(Axg Ma‘m(” B)=Ax{, B,

where ¢ : K»(Mat,, (S)) = K> (S) is the canonical isomorphism induced from the
isomorphisms v : St(Mat,, (S)) = St(S) and v : GL(Mat,,(S)) = GL(S) (see
[Grayson 1979, Lemma 4.5]).

Sherman’s theorem on the connecting homomorphism. Sherman’s theorem [2004,
Theorem 3.6] describes the image of certain elements of the form o xs, 8 € K (P)
under the boundary map in a long exact localization sequence. To state it precisely,
and for use again in Section 4, we review some technical details of Sherman’s
work.

In an exact category A, a mirror image sequence is a pair (E, F') of short exact
sequences on the same three objects, but in the opposite order,

=(0->X-"y27Z-50) and F=(0—2Z-Lv -9 X—0). 33

Sherman [1998, p. 18] associates to a mirror image sequence (E, F) a loop in
|G (A)| given by the diagram of one simplices in G(.A)

0,0) > (X, X)W (x @z, v) {22 (2, Z) < (0,0),

where (1 and ¢, denote inclusions into the first and second summands, and he writes
G(E, F) for the associated element of K{(A) = m1|G(A)|.

Mainly for use in Section 4, we recall here an alternative description of the
class G(E, F). A double short exact sequence in an exact category A, defined
originally by Nenashev [1996], is a pair of short exact sequences involving the
same three objects, in the same order:

I=(0-A-sBLC—-0,0->A-LsB-LC—0).

Nenashev associates to a double short exact sequence / the class m(l) € K(A)
represented by the loop

0,0) — (A, A) 25 (B, B) < (0, 0).
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(Moreover, Nenashev [1996; 1998] proves that K;(A) is generated by these loops
and gives explicit generators for all the relations.)

Associated to a mirror image sequence (3.3), we have the double short exact
sequence /(g r) given by

0 /1
00 01 0]
11 0]
0> XZ —YPZHPX ———ZPX — 0, 3.4)
(i 0] (
01 [p 0 0]
001

00
0> X®Z—YDZHX— > ZDX — 0.
The following result connects explicitly the two types of elements of K;(A):

Proposition 3.5 [Sherman 2013, p. 164]. For any mirror image sequence (3.3) in
an exact category A, we have

G(E,F)=m(gr)—G¥, —1) € Ki(A),
where (Y, —1) denotes the mirror image sequence
(0—>Y_—1>Y—>0—>O, 0—>0—>YL>Y—>0).

Suppose now that A is an abelian category, S C A is a Serre subcategory, and
P = A/S, the associated quotient abelian category. Recall that Quillen’s localiza-
tion sequence is a long exact sequence of the form

> Ki(S) > Ki(A) > Ki(P) S K 1(S) = -+ - .

Suppose also that & and 8 are commuting injective endomorphisms of an object
M of A whose cokernels lie in S. These form a commutative diagram

o
—
Bo
B of B
M—* =M

and by the “snake chasing its tail lemma”, this diagram determines the mirror image
sequence (E, F):
E := (0 — coker(a) £ coker(Ba) —> coker(B) — 0),

3.6
F .= (0 — coker(8) %> coker(aB) —> coker(a) — O). G0
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Since we are assuming that coker(o) and coker(8) belong to S, the mirror image
sequence (E, F) determines the class G(E, F) € K(S). Also, the morphisms in
P = A/S induced by o and B, which we will write as & and f, are commuting
automorphisms of M € P, so that we have the element & *gp, ,B e Kr(P).

Theorem 3.7 [Sherman 2004, Theorem 3.6]. Under these hypotheses,
d(@xsnB) =£G(E, F) € Ki(S), (3.8)
where (E, F) is the mirror image sequence (3.6).

A proof of (a weakened form of ) a conjecture of Sherman. Sherman has conjec-
tured that his pairing xs, and Grayson’s pairing *g, coincide up to a sign. We prove
here a slightly weaker form of this conjecture:

Theorem 3.9. If S is a (not necessarily commutative) ring and A and B are n x n
invertible matrices with entries in S that commute, then A xsp B and A xgr B agree
up to a sign and two-torsion —i.e.,

2A *sp B = +2A *gr B € Kz(S)

Proof. We first prove this when S = Z[x*!, y*'] and A and B are the 1 x 1 matrices
x and y. Since

KO ZKD) KD Ky(2) =220 Z/2)% o7,

to prove the theorem in this case it suffices to show the images of x xgy y and
x *gr y under the canonical map K»(S) —» Z, given by modding out torsion, are
both generators of Z.

We have the localization long exact sequence
= Ko (@I y]) = Ka(S) = GiZIxt, y1/y)

> K (@I, y]) = K (§) = -
The map labeled as vanishing does so because the next map is injective, and this
injectivity holds since
Ki(ZIx*') = K@+, y])

is an isomorphism and the map Z[x*!'] — S splits.

Observe Z[x*!, y]/y = Z[x*'] and hence

GI(Zx*™!, y)/y) 2 K1ZIx*' ) = K(2) @ Ko(2) =2 7/28 7.

Also,

K@ZXE D= K)o K(2D)=7/207)2.
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From these calculations it follows that, in order to prove the theorem in this special
case, it suffices to prove d(x xsy y) and 9 (x xg; y) each map to a generator of Z under
the canonical surjection G{(Z[x*!, y]/y) — Z given by modding out torsion.

To prove d(x xsp y) maps to a generator, we apply Sherman’s equation (3.8)
with A = M(Z[x*!, y]) and S the Serre subcategory of y-torsion modules, so
that A/S = M(Z[x*!, y!]). (In general, M(A) denotes the abelian category of
finitely generated A-modules.) This gives d(x xsp y) = £G(E, F), where E and
F are the short exact sequences, in S,

E = (O —-0— Z[xil] - Z[xil] — O),
F=(0-Z[x*1% 7[x*'1- 0 0).
Under the isomorphism K (Z[x*']) = K (S) that is induced by the inclusion of
PZ[x*!, y]/y) into S, the element G(E, F) corresponds to [x] € K (Z[x*")),
which maps to a generator under K (Z[x*']) — Z.

To prove 0 (x *g; y) also maps to a generator of Z, we first observe that x xg; y =
[x]U[y] € K2(S) by (3.2). Note that [x] lifts to an element of K{(Z[x*!, y]) and
hence, by [Suslin 1983, (1.1)], we have

I([x1Uy]) = [x]U'([yD),
where [x] is the image of [x] under the map
Ki@Ix*', y]) = Ki@Ix*, yl/y) = K1 (Z1x*')

and
9" K1(S) = Go(ZIx™", y1/y) = Go(ZIx*"]) = Ko(ZIx*') = Z

is the boundary map in the localization long exact sequence. Now 3'([y]) =
coker(Z[x*!, y] 2 Z[x*!, y]) = 1 in Ko(Z[x*']) and thus

A([x1ULyD = [x]Ud'(lyD) = [x],
whose image under
Ki(Zx*') —Z

is a generator. This completes the proof of the theorem in this special case.

The general form of the theorem now follows readily by naturality. Let Mat, (5)
be the ring of n x n matrices with entries in S and define g : Z[x*!, y*1 — Mat, (S)
by g(x) = A and g(y) = B. This is well-defined since A and B are assumed to
commute. We have proven 2x xsp y = +2x *g; y. Using the naturality of g, and
*gr for ring maps and Morita equivalence, it follows that

2A s B =20 (Axg "™ B) = 20/ g, (x *sn ) = £29/ g4 (x %G1 )
= £20 (Axi " B) = £2A %, B. O
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Corollary 3.10. Suppose S is a commutative ring, A and B are n x n invertible
matrices with entries in S, and AB = BA = f I, for some (unit) f € S. Then
2A g B=2[A]U[f] and 2A xsn B = £2[A]JU[f].

Proof. By Theorem 3.9, it suffices to prove the first equation.
Since B = fA~!, we have D'(B) = D'(f1,)D'(A~") = D'(f1,)D'(A)~" and
hence the bimultiplicativity of x\g (see [Milnor 1971, Lemma 8.1]) gives
Axgr B = D(A)*ui D'(B) = D(A) *mi D' (fI) + D(A) *vi D'(A™")
=[A]U[f]— D(A) »vi D'(A)

(where, as before, the group law for K> is written additively).
We now extend slightly an argument of Milnor [1971, Lemma 8.2]. Let

-1, 0 0
P= 0 0 I,
01,0

Then PD(A)P~! = D'(A) and PD(B)P~! = D'(A). So, using the invariance
of x\g under inner automorphisms [Milnor 1971, Lemma 8.1], we have

D(A) *\i D'(A) = D'(A) *mi D(A) = —D(A) »mi D'(A).
It follows that 2D(A) xy; D' (A) = 0 and hence
2Axg: B =2[A]JU[f]. O

The following result will be used to reinterpret Hochster’s theta invariant in the
next section. We will apply it in the case when Q is assumed to be regular, but
state it here in its natural level of generality.

Corollary 3.11. Let Q be a commutative ring and f € Q a non-zero-divisor, and
set R=Q/f. Assume (A, B) is a matrix factorization of f in Q;i.e., A and B are
m X m matrices with entries in Q such that AB = BA = f1I,.

Then, under the composition of

K2(Q[1/f1) &% G2 (QI1/fD) -2 Gi(R),

where 0 is the boundary map in the localization long exact sequence, the image
of the element [A]JU[ f] € Ko(Q[1/f]) is, up to a sign and two-torsion, equal to
G(E, F) € G{(R), where (E, F) is the mirror image sequence

E := (0 — coker(A) £, gm coker(B) — 0),

F := (0 — coker(B) %> R™ — coker(A) — 0).

Proof. This follows immediately from Theorem 3.7 and Corollary 3.10. (]
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4. Reinterpreting theta

In this section, we use the results of the previous section to give a reformulation of
the 6 pairing in terms of more familiar K-theoretic constructions. Our results here
are valid for a general hypersurface ring.

Let O be a regular (Noetherian) ring, m a maximal ideal of O, and f € m a
non-zero-divisor. Set R = Q/f and also write m for the image of m in R. Recall
that Hochster’s theta invariant may be viewed as a bilinear pairing of the form

0 =0(g,m, ) : Go(Spec R\ m) x Ko(Spec R\ m) — Z,
and is determined by the formula
(M, N) > length Tor}; (M, N) —length Tor5;, (M, N), j >0,

where M and N are finitely generated R-modules such that dep Ny < oo for
all p #£ m. We will need to know the 6 pairing factors through localization at m; in
fact, more is true:

Proposition 4.1. Let Q, m, f, and R be as above. Suppose Q — Q' is a flat ring
map such that w' := mQ' is a maximal ideal of Q' and Q/m => Q'/w’ is an
isomorphism. Let f' € Q' be the image of f in Q" and set R" = Q'/f' = Q' ®¢ R.
The triangle

Go(Spec(R) \ m) x Ko(Spec(R) \ m)
\
¢ xo* 7z
oF’
Go(Spec(R"\m")) x Ko(Spec(R') \ m’)

commutes, where ¢ : Spec(R’) \ m" — Spec(R) \ m is the induced flat morphism.
In particular, the 0 pairing factors through the localization at m; that is,

Go(Spec(R) \ m) x Ko(Spec(R) \ m)
x
7

Go(Spec(Rm) \ m) x Ko(Spec(Ry) \ m)

commutes.
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Proof. The hypothesis mQ’ = m’ implies that Q — Q' does indeed determine a
flat morphism ¢ : Spec(R) \ m — Spec(R’) \ m’ of schemes. Since R — R’ is flat,
we have an isomorphism

Torf (M, N) ®& R = Tor (M ® R', N @z R').
Finally, for any finitely generated R-module 7 supported at m, we have
length(T) = length (T ®g R'),
since R" ®g R/m = R’/mR’ = R’/m’ by assumption. O

For any Noetherian scheme U, we write K, (U) for the (Quillen) K-groups of the
exact category of locally free coherent sheaves on U and G, (U) for the K-groups
of the abelian category of all coherent sheaves. The groups K, (U) form a graded
ring with the multiplication rule, which we write as a cup product — U —, induced
by the tensor product. The tensor product also defines the cap product pairing

~N=:Ki(U) x G;(U) = Gy ;(U),

making G, (U) into a graded K, (U)-module.

For any integer [ > 0, let K, (U, Z/l) and G.(U, Z/l) denote K-theory and G-
theory with Z/1 coefficients. These are defined as the homotopy groups of spectra
obtains from the KC- and G-theory spectra by smashing them with the mod-/ Moore
space. There are long exact coefficient sequences

o= Ky (U) <5 K (U) — Ky (U, Z/1) —> Koy (U) = - -

and similarly for G-theory.

We also will need the mod-/ versions of the cup and cap product pairings.
To avoid complications in the multiplication rule for the Moore spaces for small
primes, we assume for simplicity that Z/[ has no 2- or 3-torsion; i.e., either / =0
or it is not divisible by 2 or 3. In this case, K,(U, Z/1) is a graded ring under cup
product and G, (U, Z/1) is a module over this ring under cap product. Moreover,
K.(U)— K.(U,Z/!l) is aring map and G.(U) — G.(U, Z/1) is K.(U)-linear.
See [Thomason 1985, Section A.6] for more information.

The open complement of the closed subscheme Spec(R) \ m of Spec(Q) \ m
is Spec Q[1/f] and (using that Q is regular) we have a long exact localization
sequence in K-theory

-+ = Kit1(Spec(@)\m, Z/1) —> Kit1(Spec Q[1/f1. Z/1)
5 G;(Spec(R)\m, Z/1) —> K;(Spec(Q)\m, Z/1) = --- . (4.2)



148 MARK E. WALKER

We also have the long exact localization sequence in G-theory associated to the
closed subscheme Spec(R/m) of Spec(R),

- —=> Giy1(Spec R, Z/1) — Gy (Spec(R)\m, Z/1)

2 Ki(R/m, Z)1) —> Gi(R,ZJ1) — -+ . (4.3)
Definition 4.4. Assume Q is a (not necessarily regular) Noetherian ring, m is a
maximal ideal, f € m is any element, and / is an integer such that Z/[ has no 2-
or 3-torsion. Set R = Q/f. Let 9 and 9’ be the boundary maps in the G-theory

localization sequences (4.2) and (4.3).
Define 6 = é’(Q’f’m)’[’(iyj) to be the pairing

6:Gi(QI1/f1,Z/1) x Kj(Spec(R)\m, Z/1) = K1 1(R/m, Z/1)
defined by the formula
O, y)=3'(d@nLfDHNy).
where [ f] € K (Q[1/f]) denotes the class of the unit f of Q[1/f].
Taking i =1 and j = 0, we have in particular the pairing
6:G1(Q[1/f1.Z/1) x Ko(Spec(R)\m, Z/1) = Ko(R/m, Z/1) =Z]1, (4.5)

where the isomorphism sends [R/m] to 1 € Z/1. The goal of this section is to relate
this pairing to Hochster’s 8 pairing.

We shall need the following analogue of Proposition 4.1 for 6
Proposition 4.6. Suppose (Q, m, f,1, R) are as in Definition 4.4 and that Q — Q'
is a flat ring map such that w' :==mQ’ is a maximal ideal of Q' and Q /m —=> Q' /m’
is an isomorphism. Let f' € Q' be the image of f in Q" and set R' = Q'/f’ =
Q' ®¢ R. Then the square

Gi(QI1/1.Z/1) x K j(Spec(R) \m. Z/1) —— Ki1_1(R/m, Z/1)
Gi(Q'[1/f1.Z/1) x K (Spec(R) \m'. Z/1) —— Kiyp1_1 (R'jm, Z/1)
commutes.

Proof. Write ¢ : Spec(Q’) — Spec(Q) for the associated map of affine schemes.
The hypotheses ensure that each square in

Spec(R") \ m" —— Spec(Q") \ m" —— Spec(Q') «—— Spec(Q'[1/ f'])

I I I |

Spec(R) \ m —— Spec(Q) \ m —— Spec(Q) +—— Spec(Q[1/f])
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is a pull-back. It follows that the diagram

G(Spec(R) \ m) —— G(Spec(Q) \ m) —— G(Spec(Q[1/f]))

|+ lv lv
G(Spec(R) \m) —— G(Spec(Q') \ ') —— G(Spec(Q'[1/f'})

is homotopy commutative. This gives us that ¢* commutes with the boundary
maps d in the associated long exact sequence. Whenever ¢ is flat, ¢* commutes
with the cap product. This proves that

¢*(A@N[fDNy) =3@" (@ NIfDNP*(¥) € Gitj(Spec(R) \ m').
Similarly, the diagram

G(Spec(R/m)) —— G(R) — G(Spec(R) \ m)

|o E |o

G(Spec(R'/m')) —— G(R") —— G(Spec(R’) \ w')
is homotopy commutative, so that ¢* commutes with the boundary maps 3. [

Example 4.7. We will use the previous result, in particular, when Q' = Qﬁf“, the
Henselization of Q at the maximal ideal m. That is, the 6 pairing for R = Q/f
factors through its Henselization at m.

Assume Q is a regular ring and f € Q is a non-zero-divisor. Given a matrix
factorization (A, B) of f in Q, the module coker(A) is annihilated by f and thus
may be regarded as an R-module, where R := Q/f. It is necessarily a MCM R-
module, as seen by the depth formula and the fact that pd, (M) = 1. Moreover,
if Q is local, every MCM R-module is the cokernel of some matrix factorization.
Recall that A is an invertible matrix when regarded as a matrix with entries in
Ql[1/f] and we write [A] for the class in K{(Q[1/f]) it determines. We write [A];
for the image of this class in K{(Q[1/f], Z/I). (Note that [A]g = [A].)

For finitely generated R-modules M and N such that N, has finite projective
dimension for all p #m, let 6;(M, N) € Z/1 be the value of 6(M, N) modulo /.

Recall that such a module N determines a coherent sheaf on Spec(R) \ m that
admits a finite resolution by locally free coherent sheaves, and hence N deter-
mines a class [N'] € Ko(Spec(R) \ m). We write [N']; for the image of [N'] in
Ko(Spec(R)\m, Z/I). (As before, [N]o =[N].)

Theorem 4.8. Assume Q is a regular ring, m is a maximal ideal of Q and f e m
is a non-zero-divisor. Let R = Q/f and let m also denote the image of m in R. Let
(A, B) be a matrix factorization of f in Q and let M = coker(A) be the associated
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MCM R-module. Let N be a finitely generated R-module such that dep (Np) <00
for all p #m, and let [N'] be the class it determines in Ko(Spec(R) \ m).
For any integer [ such that 7/ 1 has no 2- or 3-torsion,

6(M, N) =+6,([Al;, [N'])

Proof. The compatibility of the cup and cap products with the canonical maps
K.(U) — K.(U, Z/I) implies that the diagram

K1(Q[1/f1) x Ko(Spec(R) \ m) ———+ Go(R/m)

| ;o

K1(Q[1/f1, Z/1) x Ko(Spec(R) \m, Z/1) —— Go(R/m, Z]1)

commutes. It therefore suffices to prove the theorem with integral coefficients.

To shorten notation, set U =Spec(Q), U'=U\m, V =Spec(R) and V' =V \m.
Note that U’ is open in U, V isclosedin U,and V' =V NU.

Let N’ denote the coherent sheaf on V' given by the restriction of N, viewed as
a coherent sheaf on V, to V’. Since a high enough syzygy for an R-free resolution
of N will be locally free on V' and since the equation in question depends only
on the class of N" in K((V’), we may assume N’ is a locally free coherent sheaf
onV’.

From Corollary 3.11 we have

20([AJU[f]) =+2G(E, F) € Gi(Spec R) = G(V),
where E and F are the short exact sequences of coherent sheaves on V = Spec(R)

E = (0 — coker(A) — Oy — coker(B) — 0),
F = (0 — coker(B) — O} — coker(A) — 0).

(We are assuming A and B are m x m matrices.) The image of G(E, F) under
G1(V)— G(V)is G(E’', F"), where

E":= (0 — coker(A") — coker O}, — coker(B’) — 0),
F':= (0 — coker(B') — coker O}, — coker(A") — 0),

and A’ and B’ are the injective maps O} — O}; induced by A and B. Thus
20([A1ULf]) = £2G(E', F') € G1(V)).

We may describe the mirror image sequence (E, F) in the following equivalent
way: Let A and B be the matrices in R = Q/f determined by A and B. We have
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an unbounded, two-periodic exact sequence of locally free Oy-modules
NG N o SN T NG L N (4.9)
Then E and F are the two canonical short exact sequences involving syzygies
coming from this two-periodic exact sequence.
The key result we need is that

' (G(E', F)N[N']) =6(M, N),

where 9’ is the boundary map G1(V') — Go(R/m) = Z. This is essentially proven
by Buchweitz and van Straten [2012, Theorem 3.4], but they use the notation of
double short exact sequences, and not that of mirror image sequences. We proceed
to summarize their proof in the notation we need.

Since N’ is locally free on V', the exact sequences E’ and F’ remain exact upon
tensoring with N’ and it follows that

G(E', F)N[N'l = G(E' ®o,, N', F' ®0,, N') € G| (V).

Tensoring the sequence (4.9) with N yields the two-periodic complex of coherent
sheaves on V

B®]dN A®ldN B®ldN A®]dN
L o 90, N2ZS of @0, N 22S 0, @0, N 22

and, again using that N’ is locally free on V’, this complex is exact on the open
subset V' of V. From this complex, one builds what Buchweitz and van Straten
call a “cyclic diagram™:

0 —— ker(A ®idy) —— O}, —— im(A®idy) —— 0

- T

0+ im(B®idy) +—— O}, +——ker(B®idy) +— 0

(Note that the diagram does not commute.) The left and right vertical arrows in
this are the canonical inclusions. Buchweitz and van Straten [2012, p. 247] define
{¢}eG1(R)=G (V) tobe m(l;), where [ is a certain double short exact sequence
associated to a cyclic diagram ¢; see their paper for the precise formula.

The image of {¢} under G{(V) — G (V') is {¢'}, where

0 —— ker(A’ ®idy’) oy, im(A’ ® idy:) —— 0

= | | |

0+— im(B’' Qidy) oy, ker(B' ®idy) +— 0
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Observe that the vertical arrows are now all identity maps, and thus we may inter-
pret ¢’ as determining the mirror image sequence (E”, F"), where

n A'®id —
E = (0— ker(A' ®idy) > O}, 2 im(A’ @ idy:) — 0),
" . <7 o c . B'®idy -,
F' = (0 — 1m(A ®ldN/) = 00, ——> ker(A ®1dN’) - O)

Since ker(A’) = im(B’) = coker(A’) and ker(B’) = im(A’) = coker(B’) we have
an isomorphism of mirror image sequences

(E",F")=(E'®¢,, N', F' ®0,, N').

Moreover, by comparing the definitions I/, and [(g~ pry (see [loc. cit.] and (3.4)), it
is clear that

l;/ = _l(E//,F”)-

Using also that m(l(g» pry) = G(E", F")4 G (O}, —1) [Sherman 2013, p. 164],

we obtain
—{¢'Y=(GE, FH)N[N'D+ GO}, —=1) € G (V).

The class G(Oy,,, —1) clearly lifts along G1(V) — G, (V') to the class G(OF,, —1)
and hence 3'(G(Oy,,, —1)) =0 and

I'(G(E', F)NIN'D) =3'(¢).
Finally, Buchweitz and van Straten show [2012, proof of Theorem 3.4] that
I{¢'H =60(M,N).
We have proven that
20(M, N) = £29'(3([A]U[f1) U[N']) = £26,(M, N)
and, since this is an equation in Z, we may divide by 2. (]

Corollary 4.10. Let Q be a regular ring, m a maximal ideal of Q, f € m a non-
zero-divisor, R = Q/f, and | > 0 an integer such that 7/l is without 2- and
3-torsion. The diagram

K (Q[1/f1. Z/1) x Ko(Spec(R) \m, Z/1)

laxid 4
Go(Spec(R)\m, Z/1) x Ko(Spec(R)\m, Z/1]) . Z]1

commutes up to a sign.
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Proof. By Propositions 4.1 and 4.6, 6 and 6 factor through the localization of R
at m, and hence we may assume Q is local.

Theorem 4.8 shows that 6;(A, N) = 6;(coker(A), N) for all matrix factorizations
(A, B) of fin Q and all N. An arbitrary class of K{(Q[1/f]) is determined by an
invertible matrix 7" with entries in Q[1/f] (not necessarily coming from a matrix
factorization). In Go(R), we may represent d([7]) as the difference of the classes
of MCM modules. Since Q is assumed to be local, every MCM R-module is
represented as the cokernel of a matrix factorization. It follows that K (Q[1/f])
is generated by classes coming from matrix factorizations of f and the image
of K1(Q) — K1(A[1/f]). It therefore suffices to prove 6 annihilates the image
of K1 (Q).

Let, then, T be an invertible matrix with entries in Q. Using [Suslin 1983, (1.1)],
we have

6(T1, Ny=9'(0ATIULfDNINT) =9 (ATTN LD NINT),

where [T'] is the image of [T'] under the canonical map K;(Q) — K;(Spec(R)\m).
The map 9 factors as

K1(Q[1/f1) > Go(R) <> Go(Spec(R) \ m).
Since d([ f1) = [R] we have [T1N3[ f]=[T] and hence
O(IT1, N) = 3'((T1N[N)).

Finally, since [T] and [N] lift to elements of K;(R) and Go(R), respectively,

[TIN[N] € G1(Spec(R)\m) lifts to an element of G1(R). Thus, 3'([T1N[N]) =0.
O

Let us indicate how the previous result relates to the work of Buchweitz and van
Straten, at least on the level of analogy. We start with:

Proposition 4.11. Assume (Q, m, k) is a Henselian, regular local ring with alge-
braically closed residue field k and 0 = f € m. Set R = Q/f. Assume l is a
positive integer that is relatively prime to char(k) and is such that [R/m] =0 in
Go(R, Z/1).

Then the boundary map

K\(QI1/f1,Z/1) => Go(Spec(R) \m, Z/1) (4.12)
is an isomorphism.

Remark 4.13. Before proving this, let us show [R/m] =0 in Go(R, Z/1), at least
when dim(R) > 0, for all but a finite number of primes /, so that the hypotheses of
the proposition are often met.
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Let p be a prime in R of height dim(R) — 1 (recall that we assume dim(R) > 0)
and choose g € m\ p. Then the short exact sequence
0— R/p—*>R/p—> R/(p.8) — 0

gives [R/(p, g¢)] = 0 in Go(R). But R/(p, g) is a finite length R-module, say of
length N, and hence [R/(p, g)] = N[R/m]. This proves N[R/m] = 0 in G(R)
and thus, if / is a prime such that /{N, then [R/m] is divisible by / in Go(R).

Proof. The localization sequences for G-theory (with Z/[ coefficients), and their
naturality, applied to the schemes, closed subschemes, and open complements

Spec(R/m) € Spec(R) 2 Spec(R) \ m,
Spec(Q/m) < Spec(Q) 2 Spec(Q) \ m,
Spec(R) \ m < Spec(Q) \ m 2 Spec(Q[1/f]),
yield the commutative diagram
G1(R) —— G1(R\m) —— Go(R/m) —— Go(R)
l oo
G1(Q) — G1(Q\m) —— Go(Q/m) —— Go(Q)
0

G1(Q[1/fD

Go(R\m)

0

Go(Q\m)

~

Go(Q[1/fD

with exact rows and column. (Here, we have suppressed the coefficients of Z// and
written R \ m and Q \ m for the nonaffine schemes Spec(R) \ m and Spec(Q) \ m.)
The proposition follows immediately from this diagram, provided we justify the
labels.

The hypothesis that [R/m] = 0 in Go(R, Z/I) gives us that Go(R/m, Z/1) —
Go(R, Z/1) is the zero map, as labeled. The map G(Q, Z/l) - G (Q\m,Z/])
is the zero map, since

G1(Q.Z/1) = Ki(Q.Z/1) = Ki(Q/m, Z/1) =0
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by [Gabber 1992; Suslin 1983]. A diagram chase then gives that G;(R\m, Z/[]) —
Gi1(Q \m,Z/I) is onto and hence that G{(Q \m,Z/1) — G(Q[1/f],Z/]) is
the zero map. The group Go(Q \ m,Z/l) = Ko(Q \ m, Z/l) is isomorphic to
Z/1 and is generated by the class of the structure sheaf, since Go(Q,Z/l) =
Ko(Q,Z/1l) = 7/ (using that Q is local) and Ko(Q,Z/l) — Ko(Q\m,Z/I])
is onto. It follows that Ko(Q \m, Z/l) — Ko(Q[1/f], Z/I) is an isomorphism
and hence that Go(R\m, Z/1) - Go(Q \'m, Z/1) is the zero map. O

Assuming the hypotheses of the proposition are met and that / is not divisible
by 2 or 3, then the mod-/ theta pairing

6y : Go(Spec(R)\m, Z/1) x Go(Spec(R)\m,Z/1) — Z]1
may be given by the formula

Oi(a, ) = (y(a), B). (4.14)

Here, we define
y : Go(Spec(R)\m, Z/l) - G(Spec(R)\m, Z/I) (4.15)

as the composition of the inverse of the isomorphism (4.12) and the map

a(—Ulz])
Ki(Q[1/f1, Z/1) — G1(Spec(R) \m, Z/1). (4.16)
(In the next section, we note that the latter map is the “specialization map” in
K-theory, and we will explore its properties.) The pairing

(—, =) :G1(Spec(R)\m, Z/1) x Go(Spec(R)\m,Z/1l) > Z

is the composition of the cup product, the boundary map G (Spec(R)\m, Z/I) KN
Go(R/m, Z/1) and the canonical isomorphism Go(R/m)=7Z/1.

The isomorphism (4.12) is the analogue of the Alexander duality isomorphism
H>" S\ L) =5 H?(L) and the map (4.16) is the analogue of the map p;" :
HI/*1(S\ L) — H/*!(L) induced by the “push aside” map p, : L — 8, F € (S\ L).
Thus the map y defined in (4.15) is the analogue of the map

yP HI(L) — H/(L)
occurring in the work of Buchweitz and van Straten. They prove [2012, Proposi-

tion 5.1]
link(ar, B) = (y'P(a), B)

for classes « and B in H"~'(L) = H, (L), where link is the linking form on H,(L).
(The linking form may be defined as the restriction of the Seifert form, defined on
the homology of the Milnor fiber H,, (F}), along the canonical map H, (d(F;)) —
H, (F}), using the diffeomorphism L = 9 F;.)
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We may thus interpret Corollary 4.10 as saying that the mod-/ theta pairing is
the analogue for algebraic K-theory with finite coefficients of the linking form in

topology.

5. Specialization with finite coefficients (following Suslin)

In the previous section we have given a new interpretation of the 6 pairing in terms
of the pairing 6 defined as

O(c, y)=3'(d@nN[fHNy).

Under some additional assumptions, a portion of this formula, namely the map
o :Gi(Q[1/f1. Z/1) — Gi(Spec(R) \ m, Z/1)

sending o to d(a N[ f1), can be interpreted as a specialization map. The goal of this
section is to make this precise and to establish properties of this specialization map.
When working with the algebraic analogue of the Milnor fiber, the specialization
map is the analogue of the map

o Ktlop(X*) - Ktlop(L)

occurring in the work of Buchweitz and van Straten. As mentioned, p; factors
through the topological K-theory of the Milnor fiber. We prove the analogous fact
here, by showing, under certain hypotheses, that the specialization map o factors
through the G-theory of the algebraic analogue of the Milnor fiber. Our notion of
specialization in K- and G-theory is based on work of Andrei Suslin [1983].

Define a pointed curve to be a pair (C, c¢), where C is an affine, Noetherian,
integral scheme that is regular of dimension one and ¢ € C is a closed point such that
the associated maximal ideal is principal and the residue field « (c) is algebraically
closed. Equivalently, a pointed curve is a pair (V, n) where V is a Dedekind domain
and n is a principal maximal ideal of V such that V /n is an algebraically closed
field. We will use both notations (C, ¢) and (V, n) interchangeably. We typically
write ¢ for a chosen generator of n, but such a choice is not part of the defining
data.

A typical example occurs when V is a DVR with algebraically closed residue
field (and hence ¢ is a uniformizing parameter), but we do not limit ourselves to
this case.

We will use the exact sequence

Ki(C) -5 Ki(C\ e) = Ko(c),
equivalently, the exact sequence

K\ (V) 5 K (VI1/t]) - Ko(V/m)
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coming from a portion of the long exact localization sequence in K-theory. (Since
V, V[1/t] and V /u are all regular, their K- and G-theories coincide.) The map 9
sends [r] € K (V[1/¢]) to [V /n] € Ko(V /n) and [V /n] generates Ko(V /n) = Z.

Given a pointed curve (C, c) and a morphism of Noetherian schemes p : X — C,
write X, for the fiber over ¢ € C and X \ X, for its open complement in X. Observe
that if V is a DVR then X_ is the closed fiber and X \ X, is the generic fiber. If X =
Spec(Q) is affine, so that p is given by a ring map V — Q, then X, = Spec(Q/f)
and X \ X, = Spec(Q[1/f]), where f € Q is the image of a chosen generator ¢
of n.

Similarly, given a ring map V — Q and a maximal ideal m of Q such that
mNV =n, then, setting X = Spec(Q) \ m, we have X. = Spec(Q/f) \ m and
X\ X, = Spec(Q[1/f]). This is the main example we have in mind but, for most
of this section, we allow X to be an arbitrary Noetherian scheme.

Definition 5.1. Given a pointed curve (C, ¢) corresponding to (V, n), a morphism
of Noetherian schemes p : X — C, and a positive integer / such that char(k (¢))1tl,
define the specialization map in G-theory (for X with Z /[ coefficients) to be the
map

0=0Ccp:Gi(X\Xc,Z/l)— Gi(X¢, Z]1)

given as follows: Choose z to be any element of K;(V[1/¢]) that mapsto 1 € Z
under 9 : K1(V[1/t]) — Ko(V /n) = Z; for example, z could be [¢]. Then o is the
composition of

Gi(X\ Xe. Z/1) =5 Gin1(X\ Xe, Z/1) = Gi(Xe, Z/1),
where 9 is the boundary map in the localization long exact sequence in G-theory
associated to the closed subscheme X, of X.

Lemma 5.2 (Suslin). The specialization map oc ., is independent of the choice

of z.

Proof. Our proof is basically that of Suslin’s, with some minor modifications.
Suppose 7z’ is another element of K(V[1/¢]) with d(z') = 1, and let

o :Gi(X\ X, Z]1) — Gi(X., Z]1)

be the map o’(«) = d(x N z'). The difference o0 — o’ sends @ € G;(U \ U, Z/1)
to d(a N (z —27')). Since 3(z —7') =0, we have z — 7/ = i*(w) for some w € V.
Using [Suslin 1983, (1.1)], we have

I Ni*(w)) =) N j*(w) € Gi(U., Z/1),

where j*: K (V) — K{(V/n) is the map induced by modding out by n. Since we
assume V/n is algebraically closed and char(V /n){l, j*(w) is [-divisible, whence
()N j*(w) =0 since G;(U,, Z/1) is [-torsion. O
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Remark 5.3. In fact, the previous result remains true (and the given proof remains
valid) if the field V /n is merely assumed to be closed under taking /-th roots.

The specialization map is closely related to the map . In detail, suppose (V, n)
is a pointed curve with n = (¢) and V — Q is a map of rings sending ¢ to f. Let
m be a maximal ideal of Q with f € m such that mNV =n. Set X = Spec(Q) \ m.
Then X \ X, = Spec(Q[1/f]), X. = Spec(Q/f)\ m, and the specialization map
o :Gi(QI1/f],Z/]) - G;(Spec(Q/f) \m, Z/I) (defined by setting z = [t]) is
given by

o(a) =0(N[fD.

We have proven:

Proposition 5.4. Suppose Q is a Noetherian ring, m is a maximal ideal, f € m is
a non-zero-divisor, and l is a positive integer that is not divisible by char(Q/m), 2
or 3. Set R = Q/f. If there exists a pointed curve (V,n) and a ring map V — Q
that sends some generator t of wto f, then for all integers i and j the 0 pairing fits
into a commutative square

Gi(QI1/f1.Z/1) x K ;(Spec(R) \ m, Z/I) ———— Gi ;1 (R/m, ])

laxid aw (5.9)

G;(Spec(R)\m, Z/I) x K;(Spec(R)\m, Z/I) ﬁ Giyj(Spec(R)\m, Z/1)

Example 5.6. If O contains a field k, then we may take (V, n) = (k[t], (¢)) and
define V — Q to be the unique k-algebra map sending ¢ to f.

We will need to understand the behavior of the specialization map as we allow
the base (C, ¢) to vary in a suitably nice manner.

Definition 5.7. A morphism of pointed curves, say from (C’, ¢’) to (C, ¢), is a flat
morphism of schemes ¢ : C’ — C such that ¢~'(¢) = {c} and the induced map on
residue fields is an isomorphism « (c) =5 k(). Equivalently, if (C, c¢) corresponds
to (V,n) and (C’, ¢’) to (V', n'), then a morphism is a flat ring map g: V — V'
such that nV’ is w-primary and the induced map V/n —=> V'/n’ is an isomorphism.

Since g is necessarily injective, we often just write a morphism as if it were a
ring extension V C V', If n = (¢) and n = (¢’) then, since V and V' are Dedekind
domains, the condition that nV’ is n-primary is equivalent to the existence of an
equation ¢ = u/(¢')" for some integer n > 1 and unit u’ € (V')*.

Definition 5.8. A morphism of pointed curves is unramified if C' x ¢ Spec(k (¢)) =
k (c") (via the canonical map), or, equivalently, if nV =n’. If n = (¢) and n’ = (¢'),
being unramified is equivalent to r = u’t’ for some u’ € (V') *.

A morphism of pointed curves is finite if the underlying map of schemes ¢ :
C’ — C is finite, or, equivalently, if V' is a finitely generated V-module. Since V
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and V' are Dedekind domains, V C V' is finite if and only if the induced map on
fields of fractions £ C E’ is finite and V' is the integral closure of V in E’.

If ¢ : (C', ") = (C, c) is a morphism of pointed curves and p : X — C is a
morphism of Noetherian schemes, we will write p’ : X’ — C’ for the pull-back of
p along ¢. Abusing notation, we write ¢ : X’ — X for the induced map, and also
use ¢ for the induced maps on fibers. Observe that our hypotheses ensure that the
induced map on fibers over the marked points is an isomorphism ¢ : X/, = X..
Using also that ¢~ 1(c) = {c}, we have that both squares in

X'\X, — X' +—— X,

R

X\ X, X X,

are Cartesian.

Lemma 5.9. If ¢ : (C’,¢") — (C, ¢) is a morphism pointed curves that is either
finite or unramified, p : X — C is any morphism of Noetherian schemes, and [ is
any integer, the diagram

Gi(X'\ X, Z)l) — L G;_((XL,. Z/ 1)

% %;

Gi(X\Xe, Z)1) ——— Gi_1(Xe, Z/ 1)

commutes.

Proof. This follows from the fact that
G(XL) — G(X) — G(X'\ X_,)
%l %l ml
G(X.) G(X) G(X\ Xo)

is a homotopy commutative diagram of spectra. U

Lemma 5.10. If ¢ : (C’, ') — (C, ¢) is either a finite or an unramified morphism
of pointed curves, p : X — C is any morphism of Noetherian schemes, and l is a
positive integer not divisible by char(k (c)), the diagram

Gi(X\ X, Z)l) —"—— Gi(X., Z/ 1)

/| s

Gi(X'\X.,,Z/l) ——— Gi(X.,, Z/])

commutes, where o = oc ., and 6’ = o¢1 ¢,y are the specialization maps.
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Proof. Assume ¢ is finite. Since ¢, : G;(X., Z/1) =5 G[-(X;,, Z/1) is the inverse
of ¢*, it suffices to prove

Gi(X\ X, Z)l) —"—— Gi(X., Z/1)
¢*l %TE
Gi(X'\ X, Z)l) —Z— G;_(X,. Z/1)

commutes. Choose any z/ € K1(V'[1/t']) as in the definition of the specialization
map o’. A special case of Lemma 5.9 gives that 3¢, (z") = 1, and hence we may
choose 7 := ¢,(z’) in the definition of o. Using Lemma 5.9 again gives

¢:0' (") = $,9' (9" () N2') = 3. (¢" (@) N 2).

By the projection formula, ¢, (¢* (@) Nz") = a NP, (z') = a Nz, since z = ¢ (7).
The result follows.
Now assume ¢ is unramified. Then

X, — X
X.— X
is a Cartesian square, and it follows that
G(Xc) Gg(Xx) G(X\ Xe)

of el

G(X.) — G(X) — G(X'\ X))

is a homotopy commutative diagram. The boundary maps d and 9’ in the associated
long exact sequences of homotopy groups (with any coefficients) thus commute
with ¢*.

Let t € n be any generator. Since ¢ is unramified, ' := ¢(¢) generates n’.
Using z = [¢] and 7 = [¢'] for the definition of o and o', we have, for any
a € Gi(X\ X, Z/D),

o(@)=¢*(an[r]) =3 (¢*(@n[t]) =" (¢p*(@) N[']) =o' (9" (@),
since ¢* commutes with the cap product and ¢*([¢]) = [¢']. O

The notion of the Henselization of a ring at a maximal ideal will be important
for the rest of this paper. Let us recall its main properties. Given a Noetherian
ring Q and a maximal ideal m of it, we write fo“ for the Henselization of Q at m.
We have:
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o QPen is a Noetherian local ring with maximal ideal m"", and the pair (Q"", mhen)

h . . .
m[x], if its image

= h h : h
p(x) € Q" /m™"[¢] has a simple root a, then p(x) has a root @ € Q" whose

image in Q" /mhen is q.

satisfies Hensel’s lemma: given a monic polynomial p(x) € O

o There are flat ring maps Q — Qn — Q};fn and Oy — Qﬂf“ is faithfully flat.

o We have mQ}t}f“ = mP" or, in other words, the fiber of Spec(Q}r}f“) — Spec(Q)
over m is Spec(k (mM")) = Spec(Q}nllen /mben).

e Oy is regular if and only if Q}n‘f“ is regular.

o [EGATV4 1967, Théoreme (18.6.9)] The fibers of Spec(Qg‘f“) — Spec(Q) are
spectra of finite products of algebraic, separable field extensions. That is, for
every p € Spec(Q), there are a finite number of primes q1, ..., g in Qﬂf“ such
that q; N Q = p and, for each i, the induced field map « (p) — «(q;) is separable
algebraic.

For any pointed curve (V, n), let VP denote the Henselization of V at n and let
nPen denote also the maximal ideal of V", Then V" is also a Dedekind domain
and (V,n) — (Vhen nhen) i an unramified morphism of pointed curves.

In the following theorem, given a morphism p : X — Spec(V) of Noetherian
schemes we will consider the G-theory of the geometric generic fiber

Xp:=X X Spec(V) Spec(F),

where F is the field of fractions of a Henselian ring V and F is its algebraic closure.
Note that X 7 may fail to be Noetherian and G-theory is ordinarily defined for
just Noetherian schemes. (For non-Noetherian schemes, the category of coherent
sheaves may fail to be an abelian category.) However, since X := X Xgpec v Spec L
is Noetherian for every finite field extension L of F', we have that X 7 is a filtered
colimit of Noetherian schemes with flat transition maps. We thus take, as the
definition, the G-theory spectrum of X 7 to be the filtered colimit of spectra

G(Xf) = colimG(X,)

indexed by the finite field extensions of F contained in F. The associated G-groups
are thus also given by colimits:

G.,(Xp) = co}im G,.(XL).

Remark 5.11. At least when X = Spec(A) is affine, G,,(X ) may be interpreted as
the K-theory of an abelian category. Indeed, more generally, if A is a filtered colimit
A = colim;¢; A; of Noetherian rings with flat transition maps, then G,(A) :=
lim._, G,(A;) is the K-theory of the category of finitely presented A-modules and

—>iel
the latter forms an abelian category under these assumptions.
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In later sections we will be mostly interested in the case where X — Spec(F)
is smooth, so that each transition map in the colimit giving X  is a flat morphism
of regular rings, and we will also be interested only in the case when X is affine.
In this situation, G-theory and K-theory coincide, as we now explain.

More generally, suppose A = colim;¢; A; is a filtered colimit of regular Noether-
ian rings with flat transition maps. Even if A is not Noetherian, the correct notion
of the K-theory of A is unambiguous: it is the K-theory of the exact category P(A)
of finitely generated projective A-modules. Moreover, we have

Ku(4) = lim K, (4))
iel
for all n. Since we assume each A; is regular Noetherian, each natural map
K, (A;) = G, (A;) is an isomorphism and thus the canonical map

K, (A) => G,(A)

is an isomorphism. In particular, K,(X7) = G, (X ) provided Xr — Spec(F) is
smooth and X is affine.

Theorem 5.12. Given a pointed curve (V, n) and a morphism p : X — Spec(V) of
Noetherian schemes, let X = X Xspec(v) Spec(F ), where F is the algebraic closure
of the field of fractions of the Henselization V™" of V at n. For any positive integer
I such that char(k (c))11, the specialization map o : G;( X\ X, Z/1) - G;(X., Z/ 1)
factors through G;(X5); i.e., there is a commutative triangle

OC,c,p

Gi(X\ X, Z/1)

Gi(Xe, Z/1D)

Gi(Xp, Z/1)

Moreover, if | is also not divisible by 2 or 3, then the direct sum indexed over
i > 0 of these morphisms are graded K.(V, Z/l)-module homomorphisms.

Proof. As discussed above, the map (V, n) — (VPen 1) is unramified and so, using
Lemma 5.10, we may assume without loss of generality that (V, n) is Henselian
with field of fractions F. Note that the integral closure V of F is a filtered colimit
of rings of the form V’, where V' is the integral closure of V in some finite field
extension F C F’ of the field of fractions of V. Using Lemma 5.10 again, we have
a commutative triangle

Gi(X\ X, 7)) —7—— Gi(X.,Z/1)

l %

Gi(X'\ X, Z/])
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for each such V'. Moreover, given maps V — V' »— V" associated to a chain of
finite field extensions F C F’ C F”, the diagram

Gi(X\ X, Z/l) —2—— G;(X., Z/1])

| ==

"

Gi(X'\X..z/l) °
Gi(X"\ X/, Z]1)

commutes. Taking colimits thus gives a commutative triangle

Gi(X\ X, Z/l) —7—— Gi(X., Z/1)

|

COliIIlFQF/ Gl'(X/ \ Xé,, Z/l)
The first result follows, since colimpc (X" \ X/,) = X and
Gi(X5. Z/1) = colim Gy (X' \ X[.. Z/).

For the final claim, note that every morphism occurring in this proof commutes
with multiplication by any fixed element of K,(V, Z/1). ([

Corollary 5.13. Suppose Q is a Noetherian ring, m is a maximal ideal, f € m is
a non-zero-divisor, and l is a positive integer that is not divisible by char(Q/m), 2
or 3. Set R = Q/f. If there exists a pointed curve (V,n) and a ring map V — Q
that sends some generator t of w to f, then for all i and j the 0 pairing fits into a
commutative square

Gi(Q[1/f1, Z]1) x K;(Spec(R) \m, Z/1) ., Kiyj-1(R/m, Z/1)

|

Gi(QW"®y F,Z/1) x K;(Spec(R) \m, Z/1)

where Qﬂf’n is the Henselization of Q at w and F is the algebraic closure of the
field of fractions F of V. Moreover, the direct sum indexed by i, j > 0 of these
morphisms are graded K, (V, 7 /1)-module homomorphisms.

If F - Q ®vy F is smooth, then

Gi(QM ®y F,Z/1) = K:(Q™" &y F,Z/1).



164 MARK E. WALKER

Proof. Applying Proposition 4.6 to the flat map Q — Qﬂf“ allows us to reduce
to the case where Q = Qf?ne“. The result then follows from Proposition 5.4 and
Theorem 5.12. ([l

Remark 5.14. In fact, Corollary 5.13 remains valid even if [ = O (i.e., with Z-
coefficients). Since we shall not need this fact in this paper, we omit its proof.

6. Etale (Bott inverted) K-theory

Recall that the vanishing result of Buchweitz and van Straten uses topological K-
theory, not algebraic K-theory. In a general characteristic setting, the best replace-
ment for topological K-theory is étale K-theory (with finite coefficients). This leads
us to the goal of proving that, under suitable hypotheses, the pairing

0:Go(QI1/f1,Z/1) x Ki(Spec(R) \m, Z/1) — Z/1

factors through the analogous pairing involving étale G- and K-theory.

This is roughly what we achieve in this section. But, to avoid some nagging
issues in the foundations of étale K-theory, it proves simpler to use instead the
theory obtained from algebraic K-theory (and G-theory) with finite coefficients by
inverting the so-called “Bott element”. Since the resulting theory is closely related
to topological K-theory, we will write it as K'P (and G'P); see Definition 6.1
below. Motivation for our approach is provided by Thomason’s theorem [1985,
Theorem 4.1] (recently extended by Rosenschon and @stvear [2006, Theorem 4.3]),
which says, roughly, that “Bott inverted algebraic K-theory with Z/[ coefficients
and étale K-theory with Z/1 coefficients coincide”.

Definition 6.1. For any scheme X and prime /, let (X, Z/I) be the result of
smashing the algebraic K-theory spectrum KC(X) of X with the mod-/ Moore space
and, for any Noetherian scheme X, let G(X, Z/[) be the result of smashing G(X)
with the mod-/ Moore space.

Let KU denote the spectrum representing (two-periodic) topological K-theory
and let L€ denote the Bousfield localization of a spectrum &£ at K.

Finally, for any scheme X and prime /, define

KX, Z/1) =, LicuK(X, Z/1), neZ,
and, for any Noetherian scheme X, define
G(X,Z/1):=m,LxuG(X,Z/1), nel.

Let us bring these definitions down to Earth a bit. Assume for simplicity that
[ > 5 and define u; = >/ I a primitive /-th root of unity in C*, and consider
the ring Z[u;]. Recall (from [Thomason 1985, Appendix A], for example) that
the Bott element is a certain canonical element 8 € K»(Z[w;], Z/!1), which maps
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to [u] € K1(Z[1;]) under the boundary map. If X is a scheme over Spec(Z[u]),
then we obtain by pullback a Bott element 8 € K>(X, Z/1).

For example, if X = Spec(k) is an algebraically closed field with char(k) # [,
then there is a map Z[u;] — k, specified by a choice of a primitive /-th root of
unity for k. Moreover, the boundary map of the long exact coefficients sequence
for the K-theory of k determines (using [Suslin 1983; 1984]) an isomorphism

Kok, Z) 1) =5 k),

and a Bott element 8 for k maps to the chosen primitive /-th root of unity in &k
under this map. More generally, if V' is a Henselian DVR with algebraically closed
residue field k such that char(k) # [, then we have
KV, Z)D) =Kk, Z)1) = {Z/l if £ is even,
0 otherwise,
by [Suslin 1983; 1984], and a Bott element for V may also be specified by choosing
a primitive /-th root of unity in k.

Given a Bott element 8 € K»(Z[u], Z/1) for some prime [ > 5, the element g
acts on the K- and G-groups of all schemes over Z[ ], and this action is compatible
with the localization long exact sequences for such schemes and it commutes with
the cup and cap products. Thus, formally inverting the action of 8 preserves all
the structure needed in this paper.

Lemma 6.2. Let ! > 5 be a prime, X a scheme over Z[ ], and let B € K»(X,Z/1)
be the associated Bott element for X. There is a natural isomorphism

KP(X.Z/1) = K(X. Z/D[1/B),

where K,(X, Z/1)[1/B] denotes the graded ring obtained by inverting the homo-
geneous central element B in the graded ring K..(X,Z/1).
If X is Noetherian, there is a natural isomorphism

GX(X,Z/1) = G.(X,Z/DI1/B],
where G.(X, Z/1)[1/B] is the localization by B of the graded K (X, Z/1)-module
G.(X,Z]1).
Proof. See [Thomason 1985, Section A.14]. U

Remark 6.3. Since § has degree two, one can view K P and Gy as Z /2-graded
abelian groups.

If V is a Henselian DVR with algebraically closed residue field k£ such that
char(k) #1, Q is a V-algebra, m is a maximal ideal of Q, and f € m is a non-zero-
divisor, then the family of pairings

0:Gi(QI1/f1.Z/1) x K;(Spec(Q/f)\m, Z/1) = Kiy;-1(Q/m, Z/1)
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forms a pairing of graded K.(V, Z/l)-modules, and hence, upon inverting the ac-
tion of the Bott element 8 € K»(V, Z/!), we obtain the pairing

6 - GT(QI1/£1,Z/D) x KF (Spec(Q/f)\m, Z/1) - KT, (Q/m, Z/1).

If Q/m is algebraically closed (e.g., if Q is a finite-type V-algebra or the localiza-
tion of such at a maximal ideal), then by [Suslin 1983; 1984] we have

K.(Q/m,Z/1)=Z/I[B]
and hence
KXP(Q/m, 2/l =2/11B, B~
In particular, Ko(Q/m, Z/1) = K, P(Q/m, Z/1) = 7/1.
Proposition 6.4. Assume V is a DVR with algebraically closed residue field k and
field of fractions F, Q is a flat V-algebra, t is a uniformizing parameter of V that
maps to an element f € Q, and wm is a maximal ideal of Q containing f such that

Q/m is algebraically closed. Set R = Q/f. For any prime | > 5 not divisible by
char(k), there is a commutative diagram

G1(Q[1/f1, Z]1) x Ko(Spec(R) \ m, Z/1)

|

GP(QI1/f1,Z/1) x Ky ®(Spec(R) \m, Z/1)

l

GP(QMM ®y F,Z/1) x Ky (Spec(R) \ m, Z/1)

7)1

Proof. This diagram is obtained from the commutative diagrams in Corollaries 4.10
and 5.13 by inverting the action of 8 € K»(V,Z/1). ]

Corollary 6.5. With the assumptions of Proposition 6.4, if th()p( Q‘;$“®V F,7/1)=0
for infinitely many primes | > 5, then % (M, N) = 0 for all finitely generated R-
modules M and N such that Ny has finite projective dimension for all p # m.

Proof. The proposition implies that 6% (M, N) is a multiple of / for infinitely many
primes /. O

7. Vanishing of K;°®

In this section, we combine a theorem of Rosenschon and @stver [2006, Theo-
rem 4.3], which is an improvement of [Thomason 1985, Theorem 4.1], with a
theorem of Illusie [2003, Corollaire 2.10] to establish the vanishing of the odd-
degree topological K-groups with Z/[-coefficients of the “algebraic Milnor fiber”,
Spec(ngf“ ®vy F), in certain cases.
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The Thomason—Rosenschon—Qstvcer theorem.

Definition 7.1. Fix a prime /. The mod-l étale cohomological dimension of a
scheme X, written cd;(X) € N U {00}, is defined as

cd;(X) = sup{i | Hét(X, F) # 0 for some /-power torsion étale sheaf F7}.

If F is algebraically closed (or even just separably closed), then cd;(F) = 0
since the étale topology of such a field is trivial. If E is a field extension of F of
transcendence degree d, then by [Serre 1994, Proposition 11.4.2.11] we have

cdj(E) <cdi(F)+d.

It follows that if E is a field of transcendence degree M over an algebraically closed
field then
cd)(E) < M. (7.2)

Definition 7.3. For an odd prime /, a scheme X is [-good if X is quasiseparated,
quasicompact and of finite Krull dimension, [ is a unit of I'(X, Oy), and there
is a uniform finite bound on the mod-/ étale cohomological dimensions of all the
residue fields of X. A commutative ring A is [-good if Spec(A) is [-good.

Remark 7.4. The definition of /-good is motivated by the hypotheses of the Rosen-
schon-@stver theorem. The correct version of /-good for [ = 2 involves “virtual
étale cohomological dimension”.

Note that an affine scheme X = Spec(A) is automatically separated (and hence
quasiseparated) and quasicompact. So, A is [-good if and only if A has finite Krull
dimension, / is a unit of A, and there is a uniform finite bound on cd;(x (p)) as p
ranges over all primes ideals of A.

If X is a separated scheme of finite type over an algebraically closed field &,
then the transcendence degree of each of its residue fields is at most dim(X) < oo,
and hence we have cd;(k (x)) < dim(X) for all x € X. It follows that, for such X,
if I # char(k) then X is /-good.

We will need a generalization of this fact that involves Henselizations. Recall
that, given a commutative ring V, a V-algebra Q is essentially of finite type over V
if O is the localization of a finitely generated V-algebra by some multiplicatively
closed subset.

Lemma 7.5. Suppose V is a Noetherian ring, p is any prime of V, Q is a V-
algebra essentially of finite type, and m is a maximal ideal of Q. Let Q}t:f“ denote
the Henselization of Q at wm. Ifl # char(k (p)), then Qf}fn Qv /Tp) is [-good, where
K (p) is the algebraic closure of k (p).

Remark 7.6. The lemma generalizes to schemes: if S is a Noetherian scheme,
p: X — S is a morphism of schemes essentially of finite type, and x € X is any
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closed point, then each geometric fiber of X" — § is /-good for all / not equal to
the characteristic of the fiber.

Proof. Since Q is essentially of finite type over V and V is Noetherian, Q is also
Noetherian. It follows [EGAIV4 1967, Théoréme (18.6.6)] that Q{}f“ is Noetherian
and, since it is local, dim(QEf‘“) < o0.

Again using that Q is essentially of finite type over V, there is a bound M such
that for each prime g € Spec(Q), the transcendence degree of «(q) over k (qN V)
is at most M. The residue fields of Q}T}f“ are algebraic (and separable) over the cor-
responding residue fields of Q by [EGA IV, 1967, Théoréme (18.6.9)]. It follows
that for each prime q € Spec(Q}r}f“ Qv Kk (p)), the transcendence degree of x (q) over
k(p) is at most M.

To simplify notation, we state and prove a more general assertion: if k is any
field, A is a commutative k-algebra of finite Krull dimension, and there exists a
finite bound M such that the transcendence degree of «(q) over k is at most M for
all q € Spec(A), then A ®; kisl -good for all / # char(k). The lemma follows from
the case k =k (p) and A = ngf“ Qv k(p).

The field & is the filtered colimit of the finite extensions L of k contained in it,
and hence A ®y k is the filtered colimit of the collection of rings {A ®; L}. For
each L, each residue field of A ®; L is a finite extension of the corresponding
residue field of A. As with any colimit of rings, the residue field of A ®; k at a
prime ¢ is the filtered colimit of the residue fields g N (A ®x L). We conclude that
for each q € Spec(A ®; k) the residue field k (q) is algebraic over k(q N A) and
hence has transcendence degree at most M over k. Since «(q) contains , it has
transcendence degree at most M over k as well. By (7.2) we have cd;(x(q)) <M
for all q € Spec(A @ k).

Finally, since A € A ®y k is an integral extension, dim(A ® k) = dim(A) < oo.

(I

The following result is an improvement of a celebrated theorem of Thomason
[1985, Theorem 4.1]:

Theorem 7.7 [Rosenschon and @stver 2006, Theorem 4.3]. If X is an I-good
scheme for a prime | > 5, there is a strongly convergent, right half-plane spectral
sequence

s t
EVT = K, (X, Z/1),

where |
EP HY (X, 1P ifq=2i,
2 0 if g is odd,

and the differential d, : EF"? — Ef)+r’q+r_l on the r-th page has bidegree (r,r —1).
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Remarks 7.8. (1) In their original paper, the abutment of this spectral sequence is
Tg—plL xukB(X,Z/1), where KB denotes Bass’s algebraic K-theory spectrum.
Since K — K2 induces an isomorphism on nonnegative homotopy groups, the
natural map Ly = LxyK8 is a weak equivalence.

(2) The integer i in u®' is allowed to be negative. For i < 0, u® = (u; )&l
where ufl is the Z/[-linear dual of w;.
(3) If X is a scheme over an algebraically closed field of characteristic not equal

to [, then upon choosing a primitive /-th root of unity, we may identify ,u,®i
with Z/1 for alli € Z.

(4) We have assumed / > 5 only to avoid some technical complications and be-
cause the cases / = 2, 3 will not be important for our purposes. But, appropri-
ately interpreted, this theorem remains valid for [ € {2, 3}.

The following result gives the special case of the theorem that we will need:

Corollary 7.9. Assume V is a Noetherian domain with field of fractions F, Q is
essentially of finite type over V , the generic fiber of Spec(Q) — Spec(V) (namely,
Spec(Q ®y F) — Spec(F)) is essentially smooth, m is a maximal ideal of Q, and
[ is a prime such that | > 5 and | # char(F). Then there is a strongly convergent
spectral sequence
E}Y = K, ,(On" ®y F,Z/1),
where _ _
EPa_ {Héf(Q‘;f“ ®v F.uf") ifq=2i,
2 0 if g is odd,

and the differential on the r-th page has bidegree (r,r — 1).
Proof. This follows from Lemma 7.5 and Theorem 7.7. ([

Hllusie’s theorem. We will need to make the following assumptions:
Assumptions 7.10. Assume (V, k, F, O, m, f,[) satisfy:

(1) V is a Henselian DVR with algebraically closed residue field k£ and field of
fractions F.

(2) Q is aregular ring, m is a maximal ideal of Q, and f e m.

(3) There is a flat, finite-type map Spec(Q) — Spec(V) of affine schemes of
relative dimension n such that the associated map of rings sends some uni-
formizing parameter t € V to f € Q.

(4) The morphism Spec(Q) — Spec(V) is smooth at every point except, possibly,
m € Spec(Q). Notice in particular that the generic fiber Spec(Q ®y F) —
Spec(F) is smooth.
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(5) The morphism Spec(Q) — Spec(V) is a complete intersection near m — that
is, for some g € O\ m, Q[1/g] the quotient of a smooth V-algebra by a regular
sequence.

(6) [ is prime not equal to 2, 3 or char(k). Notice this implies / # char(F’) too.
Theorem 7.11 [Illusie 2003, Corollaire 2.10]. Under Assumptions 7.10,

Hé{((QE?“)@v F,Z/l)=0

if j ¢ {0, n}, where Q};f“ is the Henselization of Q at m and F is the algebraic
closure of F.

Remark 7.12. Illusie’s theorem is the analogue of Milnor’s theorem, stating that
the Milnor fiber of an analytic isolated singularity is homotopy equivalent to a
bouquet of n-dimensional spheres.

Corollary 7.13. Under Assumptions 7.10, if n is even then
K®(QM"®y F,Z/1) =0.

Proof. The assumptions allow us to apply Corollary 7.9, giving a strongly conver-
gent spectral sequence
E}Y = K,” (Q®vy F.Z/),

where o
2 0 if ¢ is odd,

and the differential on the r-th page has bidegree (r,  — 1). Since F is algebraically
closed, p; = Z/1 (noncanonically) and thus Illusie’s theorem applies to give that
the only nonzero E,-terms are E, 2 and Eg’Zi. Since n is even, these terms only
contribute to the even degree part of K, . O

Remark 7.14. The proof also shows that, when #n is even, there exists an exact
sequence

0— HA(QM" @y F,Z/1) — K" (QM"@y F, Z/1) — HY( QM @y F, Z/1) — 0.
Similarly, when 7 is odd, there exists an exact sequence

0> KP(Q" &y F,7/1) - HA(Q" &y F,Z/1)
— HA(QW"®v F.Z/1) > K" (QW"®y F.Z/1) > 0.

Theorem 7.15. If conditions (1)—(5) of Assumptions 7.10 hold and n is even, then
0 (M, N) = 0 for all finitely generated R-modules M and N, where R = Q/f.
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Proof. The only singular point of R/f is m and hence 6% (M, N) is defined for all
finitely generated R-modules.

The hypotheses ensure that Qﬂf’n ®y F is a filtered colimit of regular (Noetherian)
rings with flat transition maps, and so

KP (0" @y F, 7/ =GP (O™ &y F,Z/1).
The theorem is thus an immediate consequence of Corollaries 6.5 and 7.13. ([l

Corollary 7.16. Let V be a Dedekind domain, n be a maximal ideal of V such that
V /nis a perfect field, and Q be a regular, flat V-algebra of finite type. Assume the
singular locus of the morphism Spec(Q) — Spec(V) is a finite set {my, ..., m} of
maximal ideals of Q that lie over n and that the morphism Spec(Q) — Spec(V) is
a complete intersection in an open neighborhood of each of the m,.

Then R := Q/f is a hypersurface with only isolated singularities and, if dim(R)
is even,

R (M, N)=0

for all finitely generated R-modules M and N.

Proof. We may assume V is local and hence a DVR. Then R is the hypersurface Q/f,
where f is the image in Q of a chosen uniformizing parameter ¢ of V. The non-
regular locus of R is {my, ..., m;} and we have

1
OF (M, N) =2 0% (M, Niy,)

i=1

for all finitely generated R-modules M and N. It suffices to prove 6%m =0 for all 7,
and thus, upon replacing Spec(Q) by a sufficiently small affine open neighborhood
of each m;, we may assume that / = 1, that m :=m, is the only singular point of the
morphism Spec(Q) — Spec(V), and that this morphism is a complete intersection.

Let V! denote the strict Henselization of V at its maximal ideal n. Recall from
[EGA IV, 1967, §18.8] that there is a faithfully flat local ring map V — VnSh, that
n:=nVM is the maximal ideal of V", and that the induced map on residue fields
V/n— Vlfh /n? is a (initially chosen) separable closure of V /n. Since we assume
V /u is perfect, the residue field of V21 is, in fact, algebraically closed.

Set ' =Q®y Vit and R := R®y V" = Q'/f’, where f’ is the image of f
under Q — Q’. The fiber of Spec(Q’) — Spec(Q) over m is

O/m®y VI= 0/m®y, VI = 0/mey k.

Since Q has finite type over V, k ~— Q/m is a finite field extension. This shows
that the fiber of Spec(Q’) — Spec(Q) over m consists of a finite number of max-
imal ideals m}, ..., m;, of Q. Since Spec(Q) \ m — Spec(V) is smooth, so is
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Spec(Q)\ {m, ..., m,} — Spec(V*"). For each i, upon replacing Q’ by a suitably
small affine open neighborhood of m;, conditions (1)—~(5) of Assumptions 7.10 are
met, and thus we have gFm: (—, —) = 0 by the theorem.

To prove O % vanishes, it suffices to prove the following more general fact: if R
is a hypersurface ring having only one singular point, m, and there is a flat local
ring map (Ry, m) — (R’, m’) such that R’ is a local hypersurface with an isolated
singularity satisfying 6% = 0, then 6% = 0. To prove this, observe that if T is a
finitely generated R-module supported on m then

lengthp (T ®g R') = lengthkx(T) - lengthg (R’ /mgR’).
It follows that, for any pair of finitely generated R-modules M and N, we have
length Torf/(M ®r R', N®g R') = lengthy, (TorR (M, N) ®x R')

= lengthg (TorR (M, N)) - length (R’ /mg R')
for i > 0, and hence

OF (M ®rR',N®g R _o 0
lengthy (R /mgR’)

OR (M, N) =

Theorem 1.2 from the introduction follows quickly from the previous corollary
by taking V = k[t]: Since f is a non-zero-divisor, the map of k-algebras k[t] — QO
sending ¢ to f is flat. Since k is perfect, Q is smooth over k and hence Q[¢] is
smooth over k[t]. The morphism Spec(Q) — Spec(V) = A,l is thus a complete
intersection because Q = Q[t]/(f —t).

We can extend our main vanishing result slightly by allowing localizations:

Corollary 7.17. For any ring R as in Corollary 7.16, 9571R(M, N) = 0 for any
multiplicatively closed set S disjoint from the singular locus of R and any pair of
finitely generated S~ R-modules M and N.

Proof. More generally, suppose R is any hypersurface whose nonregular locus is
{my, ..., m;} S mSpec(R) and 6% =0, and let R’ = S~ R for any multiplicatively
closed set S with SNm; = & for all i. We claim that R =0 too. Itis clear R’ is also
a hypersurface with isolated singularities. Given finitely generated R-modules M
and N, there exist finitely generated R-modules M and N such that M ®g R’ = M
and N ®pr R’ = N. For all i we have

S~ TorR (M, N) = Tor® (M, N)

and, fori >0, Torfe (1\71, ]\7) is supported on {my, ..., m,} so that 1 Torf (1\71, IV) =
Tor®(M, N). 1t follows that 8% (M, N) = R (M, N) = 0. O

In particular, Corollary 7.17 justifies Example 1.3 in the introduction.



ON THE VANISHING OF HOCHSTER'’S 6 INVARIANT 173

Acknowledgements

I am grateful to Michael Brown, Ragnar Buchweitz, Jesse Burke, Olgur Celik-
bas, Hailong Dao, Dan Grayson, Paul Arne @stver, Andreas Rosenschon, Clayton
Sherman, and Duco van Straten for conversations about the topics of this paper.

References

[Buchweitz and van Straten 2012] R.-O. Buchweitz and D. van Straten, “An index theorem for
modules on a hypersurface singularity”, Mosc. Math. J. 12:2 (2012), 237-259. MR Zbl

[Dao 2013] H. Dao, “Decent intersection and Tor-rigidity for modules over local hypersurfaces”,
Trans. Amer. Math. Soc. 365:6 (2013), 2803-2821. MR Zbl

[EGAIV,4 1967] A. Grothendieck, “Eléments de géométrie algébrique, IV: Etude locale des sché-
mas et des morphismes de schémas, IV”, Inst. Hautes Etudes Sci. Publ. Math. 32 (1967), 5-361.
MR Zbl

[Gabber 1992] O. Gabber, “K -theory of Henselian local rings and Henselian pairs”, pp. 59-70 in
Algebraic K -theory, commutative algebra, and algebraic geometry (Santa Margherita Ligure, Italy,
1989), edited by R. K. Dennis et al., Contemp. Math. 126, Amer. Math. Soc., Providence, RI, 1992.
MR Zbl

[Gillet and Grayson 1987] H. Gillet and D. R. Grayson, “The loop space of the Q-construction”,
Hlinois J. Math. 31:4 (1987), 574-597. MR Zbl

[Grayson 1979] D. R. Grayson, “K» and the K -theory of automorphisms”, J. Algebra 58:1 (1979),
12-30. MR Zbl

[Hochster 1981] M. Hochster, “The dimension of an intersection in an ambient hypersurface”, pp.
93-106 in Algebraic geometry (Chicago, IL, 1980), edited by A. Libgober and P. Wagreich, Lecture
Notes in Math. 862, Springer, Berlin, 1981. MR Zbl

[Mllusie 2003] L. Ilusie, “Perversité et variation”, Manuscripta Math. 112:3 (2003), 271-295. MR
Zbl

[Milnor 1968] J. Milnor, Singular points of complex hypersurfaces, Annals of Mathematics Studies
61, Princeton University Press, 1968. MR Zbl

[Milnor 1971] J. Milnor, Introduction to algebraic K -theory, Annals of Mathematics Studies 72,
Princeton University Press, 1971. MR Zbl

[Nenashev 1996] A. Nenashev, “Double short exact sequences produce all elements of Quillen’s
K17, pp. 151-160 in Algebraic K -theory (Poznan, 1995), edited by G. Banaszak et al., Contemp.
Math. 199, Amer. Math. Soc., Providence, RI, 1996. MR Zbl

[Nenashev 1998] A. Nenashev, “K| by generators and relations”, J. Pure Appl. Algebra 131:2
(1998), 195-212. MR Zbl

[Rosenschon and @stvar 2006] A. Rosenschon and P. A. @stvaer, “Descent for K -theories”, J. Pure
Appl. Algebra 206:1-2 (2006), 141-152. MR Zbl

[Serre 1994] J.-P. Serre, Cohomologie galoisienne, 5th ed., Lecture Notes in Mathematics 5, Springer,
Berlin, 1994. MR Zbl

[Sherman 1998] C. Sherman, “On K of an exact category”, K -Theory 14:1 (1998), 1-22. MR Zbl

[Sherman 2004] C. Sherman, “Connecting homomorphisms in localization sequences, 11", K -Theory
32:4 (2004), 365-389. MR Zbl


http://www.ams.org/distribution/mmj/vol12-2-2012/abst12-2-2012.html#buchweitz-vanstraten
http://www.ams.org/distribution/mmj/vol12-2-2012/abst12-2-2012.html#buchweitz-vanstraten
http://msp.org/idx/mr/2978754
http://msp.org/idx/zbl/1269.32016
http://dx.doi.org/10.1090/S0002-9947-2012-05574-7
http://msp.org/idx/mr/3034448
http://msp.org/idx/zbl/1285.13018
http://dx.doi.org/10.1007/BF02732123
http://dx.doi.org/10.1007/BF02732123
http://msp.org/idx/mr/0238860
http://msp.org/idx/zbl/153.22301
http://dx.doi.org/10.1090/conm/126/00509
http://msp.org/idx/mr/1156502
http://msp.org/idx/zbl/0791.19002
http://projecteuclid.org/euclid.ijm/1256063571
http://msp.org/idx/mr/909784
http://msp.org/idx/zbl/0628.55011
http://dx.doi.org/10.1016/0021-8693(79)90185-6
http://msp.org/idx/mr/535839
http://msp.org/idx/zbl/0413.18011
http://dx.doi.org/10.1007/BFb0090890
http://msp.org/idx/mr/644818
http://msp.org/idx/zbl/0472.13005
http://dx.doi.org/10.1007/s00229-003-0407-z
http://msp.org/idx/mr/2067039
http://msp.org/idx/zbl/1036.14008
http://www.jstor.org/stable/j.ctt1bd6kvv
http://msp.org/idx/mr/0239612
http://msp.org/idx/zbl/0184.48405
http://msp.org/idx/mr/0349811
http://msp.org/idx/zbl/0237.18005
http://dx.doi.org/10.1090/conm/199/02478
http://dx.doi.org/10.1090/conm/199/02478
http://msp.org/idx/mr/1409623
http://msp.org/idx/zbl/0858.19003
http://dx.doi.org/10.1016/S0022-4049(97)00056-X
http://msp.org/idx/mr/1637539
http://msp.org/idx/zbl/0923.19001
http://dx.doi.org/10.1016/j.jpaa.2005.06.019
http://msp.org/idx/mr/2220086
http://msp.org/idx/zbl/1094.19003
http://dx.doi.org/10.1007/BFb0108758
http://msp.org/idx/mr/1324577
http://msp.org/idx/zbl/0812.12002
http://dx.doi.org/10.1023/A:1007718422686
http://msp.org/idx/mr/1621689
http://msp.org/idx/zbl/0901.19001
http://dx.doi.org/10.1007/s10977-004-1482-y
http://msp.org/idx/mr/2112903
http://msp.org/idx/zbl/1077.19003

174 MARK E. WALKER

[Sherman 2013] C. Sherman, “K of exact categories by mirror image sequences”, J. K-Theory 11:1
(2013), 155-181. MR Zbl

[Suslin 1983] A. Suslin, “On the K -theory of algebraically closed fields”, Invent. Math. 73:2 (1983),
241-245. MR Zbl

[Suslin 1984] A. A. Suslin, “On the K -theory of local fields”, J. Pure Appl. Algebra 34:2-3 (1984),
301-318. MR Zbl

[Thomason 1985] R. W. Thomason, “Algebraic K -theory and étale cohomology”, Ann. Sci. Ecole
Norm. Sup. (4) 18:3 (1985), 437-552. MR Zbl

[Weibel 1981] C. A. Weibel, “A survey of products in algebraic K-theory”, pp. 494-517 in Algebraic
K -theory (Evanston, IL, 1980), edited by E. M. Friedlander and M. R. Stein, Lecture Notes in Math.
854, Springer, Berlin, 1981. MR Zbl

Received 30 Dec 2014. Revised 2 Feb 2016. Accepted 17 Feb 2016.

MARK E. WALKER: mark.walker@unl.edu
Department of Mathematics, University of Nebraska-Lincoln, 203 Avery Hall, Lincoln, NE 68588,
United States

:'msp


http://dx.doi.org/10.1017/is012003019jkt187
http://msp.org/idx/mr/3034287
http://msp.org/idx/zbl/1275.19003
http://dx.doi.org/10.1007/BF01394024
http://msp.org/idx/mr/714090
http://msp.org/idx/zbl/0514.18008
http://dx.doi.org/10.1016/0022-4049(84)90043-4
http://msp.org/idx/mr/772065
http://msp.org/idx/zbl/0548.12009
http://www.numdam.org/item?id=ASENS_1985_4_18_3_437_0
http://msp.org/idx/mr/826102
http://msp.org/idx/zbl/0596.14012
http://dx.doi.org/10.1007/BFb0089535
http://msp.org/idx/mr/618318
http://msp.org/idx/zbl/0482.18004
mailto:mark.walker@unl.edu
http://msp.org

ANNALS OF K-THEORY
Vol. 2, No. 2, 2017

dx.doi.org/10.2140/akt.2017.2.175

Low-dimensional Milnor-Witt stems over R

Daniel Dugger and Daniel C. Isaksen

We compute some motivic stable homotopy groups over R. For0 < p —¢q <3,
we describe the motivic stable homotopy groups 7, , of a completion of the
motivic sphere spectrum. These are the first four Milnor-Witt stems. We start
with the known Ext groups over C and apply the p-Bockstein spectral sequence
to obtain Ext groups over R. This is the input to an Adams spectral sequence,
which collapses in our low-dimensional range.

1. Introduction

This paper takes place in the context of motivic stable homotopy theory over R.
Write M, = H**(R; [F,) for the bigraded motivic cohomology ring of a point, and
write A for the motivic Steenrod algebra at the prime 2. Our goal is to study the
trigraded Adams spectral sequence

Ey = Ext;"" (M, Ma) = s

where 7, , represents the stable motivic homotopy groups of a completion of the
motivic sphere spectrum over R. This spectral sequence is known to have good
convergence properties [Morel 1999; Dugger and Isaksen 2010; Hu et al. 2011a;
2011b]. Specifically, in a range of dimensions we:

(1) compute the Ext groups appearing in the E,-page of the motivic Adams spec-
tral sequence over R;

(2) analyze all Adams differentials;

(3) reconstruct the groups 7, , from their filtration quotients given by the Adams
E-page.
Point (1) is tackled by introducing an auxiliary, purely algebraic spectral sequence
that converges to these Ext groups.
To describe our results more specifically we must introduce some notation and
terminology related to the three indices in our spectral sequence. We first have the
homological degree of the Ext groups, also called the Adams filtration degree —

MSC2010: 14F42,55Q45, 55510, 55T15.

Keywords: motivic stable homotopy group, motivic Adams spectral sequence, p-Bockstein spectral
sequence, Milnor—Witt stem.

175


http://msp.org
http://msp.org/akt
http://dx.doi.org/10.2140/akt.2017.2-2
http://dx.doi.org/10.2140/akt.2017.2.175

176 DANIEL DUGGER AND DANIEL C. ISAKSEN

we label this f and simply call it the filtration. We then have the internal bidegree
(t, w) for A-modules, where t is the usual topological degree and w is the weight.
We introduce the grading s =t — f and call this the topological stem, or just the
stem. The triple (s, f, w) of stem, filtration, and weight will be our main index
of reference. Using these variables, the motivic Adams spectral sequence can be
written

E, = Exti‘f’w(Mz, My) = ﬁs,w-

Morel [2005] has computed that 775, = 0 for s < w (in fact, this is true integrally
before completion). Write [Ty = @n Tn.n, considered as a Z-graded ring. This is
called the Milnor-Witt ring, and Morel [2004b] has given a complete description
of this via generators and relations. It is convenient to set [Ty = €, T4k, as
this is a Z-graded module over ITy. We call IT; the completed Milnor-Witt k-stem.
Related to this, the group 75 ,, has Milnor-Witt degree s — w.

The completed Milnor—Witt ring I1j is equal to

Zalp, 01/ (o +2n, p*n+2p),

where 1 has degree (1, 1) and p has degree (—1, —1). Note that Iy is the 2-
completion of the Milnor—Witt ring of R described by Morel [2004b].

We have found that the analysis of the motivic Ext groups over R, and of the
Adams spectral sequence, is most conveniently done with respect to the Milnor—
Witt degree. In this paper we focus only on the range s — w < 3, leading to an anal-
ysis of the Milnor-Witt stems I1y, [T, and IT3. The restriction to s — w < 3 is done
for didactic purposes; our methods can be applied to cover a much greater range,
but at the expense of more laborious computation. The focus on s —w < 3 allows us
to demonstrate the methods and see examples of the interesting phenomena, while
keeping the intensity of the labor down to manageable levels.

1.1. An algebraic spectral sequence for Ext. The main tool in this paper is the
p-Bockstein spectral sequence that computes the groups Ext 4(My, M,). This was
originally introduced by Hill [2011] and analyzed for the subalgebra A(1) of A
generated by Sq' and Sq?. Most of our hard work is focused on analyzing the
differentials in this spectral sequence, as well as the hidden extensions encountered
when passing from the E-page to the true Ext groups.

Over the ground field R, one has M, = F,[zt, p], where t has bidegree (0, 1)
and p has bidegree (1, 1). In contrast, over C one has Mg = [F,[7]. The groups
Ext‘;"é’w(f\/ﬂc, Mg), where A" denotes the motivic Steenrod algebra over C, were
computed in [Dugger and Isaksen 2010] for s < 34 and in [Isaksen 2014b] for
s <70. The p-Bockstein spectral sequence takes these groups as input, having the
form

E; = Extc (M5, M5)[p] = Extq(My, My). (1.2)
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The spectral sequence converges for the simple reason that the E-page is finite
for each degree (s, f, w). The differentials in the spectral sequence are extensive.
However, in a large range they can be completely analyzed by a method we describe
next.

As an F,[p]-module, Ext 4 (M7, M) splits as a summand of p-torsion modules
and p-nontorsion modules; we call the latter p-local modules for short. The first
step in our work is to analyze the p-local part of the Ext groups, and this turns out
to have a remarkably simple answer. We prove that

Ext 4 (Ma, M)[p~ '] = Exta, (Fa, F2)[p'],

where A is the classical Steenrod algebra at the prime 2. The isomorphism is
highly structured, in the sense that it is compatible with all products and Massey
products, and the element /; in Ext4,(F2, F2) corresponds to the element A;
in Ext 4(Mo, My)[p~"] for every i > 0. In other words, the motivic Ext groups
Ext4 (M3, M) have a shifted copy of Ext 4, (F2, F2) sitting inside them as the p-
local part.

It turns out, that through a large range of dimensions, there is only one pattern of
p-Bockstein differentials that is consistent with the p-local calculation described
in the previous paragraph. This is what allows the analysis of the p-Bockstein
spectral sequence (1.2).

It is not so easy to organize this calculation: the trigraded nature of the spectral
sequence, coupled with a fairly irregular pattern of differentials, makes it close to
impossible to depict the spectral sequence via the usual charts. See [Hill 2011;
Ormsby and @stveer 2013] for calculations of similar complexity.

We analyze what is happening via a collection of charts and tables, but mostly
focusing on the tables. A large portion of the present paper is devoted to explaining
how to navigate this computation.

Figure 2 on page 198 shows the result, namely Ext 4(M5, M) through Milnor—
Witt degree 4. Our computations agree with machine computations carried out by
Glen Wilson and Knight Fu (personal communication, 2014).

1.3. Adams differentials. Once we have computed Ext 4 (M, M), the next step is
the analysis of Adams differentials. Identifying even possible differentials is again
hampered by the trigraded nature of the situation, but we explain the calculus that
allows one to accomplish this —it is not as easy as it is for the classical Adams
spectral sequence, but it is at least mechanical. In the range s —w < 3 there are only
a few possible differentials for degree reasons. We show via some Toda bracket
arguments that in fact all of the differentials are zero.

1.4. Milnor-Witt modules. After analyzing Adams differentials, we obtain the
Adams E..-page, which is an associated graded object of the motivic stable ho-
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motopy groups over R. We convert the associated graded information into the
structure of the Milnor—Witt modules I, IT,, and IT3, as modules over IT,. We
must be wary of extensions that are hidden by the Adams spectral sequence, but
these turn out to be manageable.

Figure 3 on page 203 describes the results of this process. We draw attention to
a curious phenomenon in the 7-stem of [13. Here we see that the third Hopf map
o has order 32, not order 16. This indicates that the motivic image of J is not
the same as the classical image of J. This unexpected behavior suggests that the
theory of motivic v;-self maps is not what one might expect. This phenomenon
deserve more study. By comparison, it is known that the C,-equivariant Hopf map
o also has order 32 [Araki and Iriye 1982].

We also observe that the 1-stem of I1; is consistent with Morel’s conjecture on
the structure of 71 o. (See [Ormsby and @stvaer 2014, p. 98] for a clearly stated
version of the conjecture.) The group ¢ is also discussed in [Heller and Ormsby
2016; Rondigs et al. 2014].

Unsurprisingly, our calculations are similar to calculations of Z/2-equivariant
stable homotopy groups [Araki and Iriye 1982]. There is a realization functor from
motivic homotopy theory over R to Z/2-equivariant homotopy theory, and this
functor induces an isomorphism in stable homotopy groups 7, ,, when s > 3w — 5,
and perhaps in a larger range. Details are in [Dugger and Isaksen 2016].

1.5. Other base fields. Although we only work with the base field R in this article,
the phenomena that we study most likely occur for other base fields as well. This
is especially true for fields k that are similar to R, such as fields that have an
embedding into R.

One might use our calculations to speculate on the structure of Iy, I1,, and I3
for arbitrary base fields. We leave this to the imagination of the reader.

1.6. Organization of the paper. We begin in Section 2 with a brief reminder of the
motivic Steenrod algebra and the motivic Adams spectral sequence. We construct
the p-Bockstein spectral sequence in Section 3, and we perform some preliminary
calculations. In Section 4, we consider the effect of inverting p. Then we return in
Section 5 to a detailed analysis of the p-Bockstein spectral sequence. We resolve
extensions that are hidden in the p-Bockstein spectral sequence in Section 6, and
obtain a description of Ext 4(M;, M,). We show that there are no Adams differen-
tials in Section 7. In Section 8, we convert the associated graded information of
the Adams spectral sequence into explicit descriptions of Milnor—Witt modules.

1.7. Notation. For the reader’s convenience, we provide a table of notation to be
used later:

(1) My = Fj[7, p] is the motivic F,-cohomology ring of R.
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2) Mg = [F,[7] is the motivic F,-cohomology ring of C.
(3) A is the motivic Steenrod algebra over R at the prime 2.
(4) A, is the dual motivic Steenrod algebra over R at the prime 2.
(5) A is the motivic Steenrod algebra over C at the prime 2.
(6) A is the classical Steenrod algebra at the prime 2.
(7) Ext or Extg is the cohomology of A, i.e., Ext4(M;, M»).
(8) Extc is the cohomology of ACie., Ext 4¢ (Mg, Mg).
(9) Extg is the cohomology of A%, i.e., Ext 4a(F2, [Fy).
(10) 74 is the bigraded stable homotopy ring of the completion of the motivic

sphere spectrum over R with respect to the motivic Eilenberg—Mac Lane spec-
trum H[F,.

(11) Iy = EBn Tn+k.k 1 the k-th completed Milnor-Witt stem over R.

2. Background

This section establishes the basic setting and notation that will be assumed through-
out the paper.

Write My = H**(R; [,) for the (bigraded) motivic cohomology ring of R. We
use the usual motivic bigrading, where the first index is the topological dimension
and the second index is the weight. Recall that M), is equal to F;[7, p], where t
has degree (0, 1) and p has degree (1, 1). The class p is the element [—1] under
the standard isomorphism M;’l = F*/(F*)?, and  is the unique element such that
Sq' (v) = p.

Let A, denote the dual motivic Steenrod algebra over R. The pair (M3, A,) is
a Hopf algebroid; recall from [Voevodsky 2003] (see also [Borghesi 2007; Hoyois
et al. 2013; Riou 2012]) that this structure is described by

Ae =Mo[t0, Ty, ..., B0, €1, .. 1/ (Eo = 1, T = &kt + pTist + PT0EK11),
n(t) =1, nr(™)=t+p7, nLlp)=nr(p)=nr,,

k k
A =u®l+) & .06, AE)=) &, 0
i=0 i=0

The Hopf algebroid axioms force A(r) =t ®1 and A(p) = p® 1, but it is useful to
record these for reference. The dual A, is homologically graded, so T has degree
(0, —1) and p has degree (—1, —1). Moreover, 7; has degree (2¥! —1,2F — 1)
and & has degree (2T —2, 28— 1).

The groups Ext 4, (M2, M) are trigraded. There is the homological degree f
(the degree on the Ext) and the internal bidegree (p, g) of A.-comodules. The
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symbol f comes from “filtration™, as this index coincides with the Adams filtra-
tion in the Adams spectral sequence. Classical notation would write Ext/*(7-¢) for
the corresponding homogeneous piece of the Ext group. In the Adams spectral
sequence this Ext group contributes to 7,_,. We call p — f the stem and will
usually denote it by s. It turns out to be more convenient to use the indices (s, f, w)
of stem, filtration, and weight rather than (f, p, ¢). So we will write Ext*/* for
the group that would classically be denoted Ext/>¢*/%)_ This works very well in
practice; in particular, when we draw charts, the group Ext"/* will be located at
Cartesian coordinates (s, f).
The motivic Adams spectral sequence takes the form

E, = EXt;*f’w(Mz, M,) = ﬁ's,wa

with d,: Ext®/% — BExt*~L/4"%  Here 7. is the stable motivic homotopy
ring of the completion of the motivic sphere spectrum with respect to the mo-
tivic Eilenberg—Mac Lane spectrum HF;. (According to [Hu et al. 2011b], this
completion is also the 2-completion of the motivic sphere spectrum, but this is not
essential for our calculations.)

Our methods also require us to consider the motivic cohomology of C and
the motivic Steenrod algebra over C. We write l\/ﬂg and AC for these objects.
They are obtained from M, and A by setting p equal to zero. More explicitly,
Mg equals F»[7], and the dual motivic Steenrod algebra over C has relations of the
form rkz =1&ky1-

We will also use the abbreviations

Extg = Ext 4, (My, M>),
Exte = Ext 4c (M$, MY).

2.1. Milnor-Witt degree. Given a class with an associated stem s and weight w,
we call s — w the Milnor-Witt degree of the class. The terminology comes from the
fact that the elements of Milnor-Witt degree zero in the motivic stable homotopy
ring constitute Morel’s Milnor-Witt K-theory ring. More generally, the elements
of Milnor-Witt degree r in 7, , form a module over (2-completed) Milnor—Witt
K-theory.

Many of the calculations in this paper are handled by breaking things up into
the homogeneous Milnor-Witt components. The following lemma about Extc will
be particularly useful:

Lemma 2.2. Let x be a nonzero class in Ext%f " with Milnor-Witt degree t. Then
f=s—=2t.

Proof. The motivic May spectral sequence [Dugger and Isaksen 2010] has E|-page
generated by classes £;;, and converges to ExtC. All of the classes h; ; are readily
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checked to satisfy the inequality s + f — 2w > 0, and this extends to all products.
This inequality is the same as f > s —2(s —w), and ¢ equals s — w by definition. [

In practice, Lemma 2.2 tells us where to look for elements of Extc in a given
Milnor-Witt degree ¢. All such elements lie above a line of slope 1 on an Adams
chart (specifically, the line f =s — 2¢).

3. The p-Bockstein spectral sequence

Our aim is to compute Ext4(M;, My). What makes this calculation difficult is the
presence of p. If one formally sets p = 0 then the formulas become simpler and
the calculations more manageable; this is essentially the case that was handled in
[Dugger and Isaksen 2010; Isaksen 2014b]. Following ideas of Hill [2011], we
use an algebraic spectral sequence for building up the general calculation from the
simpler one where p = 0. This section sets up the spectral sequence and establishes
some basic properties.

Let C be the (unreduced) cobar complex for the Hopf algebroid (M, A,). Recall
that this is the cochain complex associated to the cosimplicial ring

M2 = A = As @i, As = As Oty Av Oty As -
L

by taking d¢ to be the alternating sum of the coface maps. Since we are working
over [, we do not have to deal with minus signs and can just take the sum of the
coface maps. For u an r-fold tensor, one has AwW=10u,d ' w)=u®1, and
d' (u) applies the diagonal of A, to the i-th tensor factor of u. For u in M (i.e., a
0-fold tensor), one has d°(u) = ng(u) and d' () = nr ().

The pair (C, d¢) is a differential graded algebra. As usual, we will denote r-fold
tensors via the bar notation [x|xz]| - - - |x,].

The element Slzk is primitive in A, for any k because & is primitive. Hence [slzk]
is a cycle in the cobar complex that is denoted by /. Likewise, 1y is primitive,
and the cycle [1p] is denoted by Ay.

The maps 1z, ng, and A all fix p, and this implies that all the coface maps are
p-linear. The filtration

C2pC2pCD--

is therefore a filtration of chain complexes. The associated spectral sequence is
called the p-Bockstein spectral sequence.
The p-Bockstein spectral sequence has the form

E, = EXtGrpA(GI‘p M, Gl‘p M) = EXtA(Mz, M),

where Gr,, refers to the associated graded of the filtration by powers of p. Since
M, = F»[z, pl, we have Gr, My = M. Similarly, it follows easily that there is an
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isomorphism of Hopf algebroids
(Gry M2, Gry A) = (M3, A%) @, Fa[p],

where Mg = [,[7] is the motivic cohomology ring of C. The point here is that

after taking associated gradeds, the formulas for n; and ng both fix t, whereas the

formulas for A are unchanged; and all of this exactly matches the formulas for A®.
Our p-Bockstein spectral sequence takes the form

E\ = Ext e (M, M7)[p] = Bxta(My, My)

because tensoring with F>[o] commutes with Ext. Alternatively, one can view
the identification of the Ei-page as a change-of-rings isomorphism. It will be
convenient to denote Ext Ac(Mg, Mg) simply by Extc.

The differentials in the p-Bockstein spectral sequence are essentially truncations
of the cobar differential. We make this more precise in Remark 3.1.

Our Ext groups are graded in the form (s, f, w). The filtration by powers of
p introduces a fourth grading on the p-Bockstein spectral sequence, which we
will not write explicitly since it is apparent in the powers of p in any monomial.
The p-Bockstein d, differential increases the p filtration by r, decreases s by 1,
increases f by 1, and preserves w.

We observe two general properties of the p-Bockstein spectral sequence. First,
the element p is a permanent cycle because p supports no Steenrod operations.
Second, the spectral sequence is multiplicative, so the Leibniz rule can be used
effectively to compute differentials on decomposable elements.

Remark 3.1. Here is a method for deducing p-Bockstein differentials from explicit
cobar calculations. Let u# be an element in C, and assume that « is not a multiple
of p. If possible, write d¢ (1) = pde(uy) + p>v,, where u; has a tensor expression
that does not involve p; then the p-Bockstein differential d (u) is zero. Otherwise,
di(u) equals d¢ (1) modulo p>.

If di (u) is zero, then if possible write d¢ (1) = pdc(u1) + p%de(us)+ p3vs, where
u; has a tensor expression that does not involve p; then d» () is zero. Otherwise,
dy(u) equals p2v2 modulo ,03.

Inductively, assume that

de(u) = pde(uy) +- -+ p" " de(u,—1) + p vy,

where each u; has a tensor expression that does not involve p. If possible, write
v = dc(u,) + pvr4+1, where u, has a tensor expression that does not involve p;
then d, (u) is zero. Otherwise, d, (1) equals p” v, modulo o't

The method described in Remark 3.1 is mostly not needed in our analysis; in
fact, we will eventually show how to deduce most of the differentials in a large
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range of the spectral sequence by a completely mechanical process. Still, it is often
useful to understand that the p-Bockstein spectral sequence is all about computing
p-truncations of differentials in C. Proposition 3.2 and Example 3.3 illustrate this
technique.

Proposition 3.2. (1) d;(t) = phy.
) doe (%) = p* 2"y fork > 1.
Part (2) of Proposition 3.2 implicitly also means that d, (‘L’zk) is zero for all r < 2%,

Proof. Note that de(x) = nr(x) — np(x) for x in My. In particular, d¢(r) =
[T+ ptol — [t] = pl[19] = pho. Now use Remark 3.1 to deduce that d;(t) = phy.
Next we analyze dc(tzk). Start with

de(0*) = nr(t®) =L @) = [t + p10)* 1 - ¥ 1= ¥ [ 1.

Recall that rO = rgl _|_pfl + Pfofl in A, and so To — 2 12/« ' modulo sz,
Thus dC(f = 51 "1 modulo p+!. Remark 3.1 implies that dx (1) =
hk -

Proposition 3.2 is essentially the same as the content of [Ormsby and @stveer
2013, Theorem 5.5; Hill 2011, Theorem 3.2].

Example 3.3. We will demonstrate that dg(t*h) = pﬁth%. As in the proof of
Proposition 3.2, de(t%) = p*[(t&) + p11 + p1o&1)?]. Use the relations rg =
&+ p11 + p10é) and r12 = 1& + p12 + p1oé; to see that this expression equals

4121621+ pSt[£2] + pO7[£;] modulo p.
Since h; = [£1] is a cycle, we therefore have

de(t*hy) = p*?[E] 1611 + p°1 ([E261] + &7 1611)
modulo p’.
The coproduct on &, implies that d¢([&2]) = [512|$1]. We also have that

de(t?) = p*[3] = ptl&1] + P[] + p*[T01],

as in the proof of Proposition 3.2. Recall that the cobar complex is a differential
graded algebra, so there is a Leibniz rule for d¢. Therefore,

de(T?[&)) = p*tl&116] + P11 6] + 0 [w0&11E2] + T2ET 611
We can now write
de(t*hy) = p*de(T?[E:]) + p® (621611 + [£] €11 + [£1162])

modulo p’. From Remark 3.1, one has d;(t*h;) =0 for i < 6 in the p-Bockstein
spectral sequence, and de(t*h)) = p®7 ([&2161]+ [£]1&1] + [£11£2]).
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Finally, the coproduct in .4, implies that

de([6261]) = [£] 1611+ [£1162] + [E21611 + [E71E7).
This shows that [£2]&1] 4 [£7 €11+ [£11€2] = A3 in Ext.

The long analysis in Example 3.3 demonstrates that direct work with the cobar
complex is not practical. Instead, we will use some clever tricks that take advantage
of various algebraic structures. But it is useful to remember what is going on behind
the scenes: these computations of differentials are always giving us clues about the
cobar differential d.

The following result is useful in analyzing p-Bockstein differentials:

Lemma 3.4. If d,(x) is nontrivial in the p-Bockstein spectral sequence, then x and
d,(x) are both p-torsion-free on the E.-page.

Proof. First note that if y is nonzero on the E,-page then y is p-torsion if and
only if p"~!y = 0. The reason is that the differentials d, for s < r can only hit
p*-multiples of y.

Now suppose that d.(x) = p"y, where p’y is nonzero on the E,.-page. This
immediately forces y to be p-torsion-free. Since d, is p-linear, this implies that x
must also be p-torsion-free on the E,.-page. ([

4. p-localization

The analysis of the p-Bockstein spectral sequence is best broken up into two pieces.
There are a large number of p-torsion classes in the E..-page. If one throws away
all of this p-torsion, then the end result turns out to be fairly simple. In this section
we compute this simple piece of Extg. More precisely, we will consider the p-
localization ExtR[p_l] of Extgr. Inverting p annihilates all of the p-torsion.

The hi-localizations of Ext groups [Andrews and Miller 2015; Guillou and Isak-
sen 2015a; 2015c] has proven to be an interesting calculation that is useful for
understanding global structure. Localization with respect to p is similarly useful.

Let A% denote the classical Steenrod algebra (at the prime 2), and write Ext, =
EXtAcl([Fz, Fr).

Theorem 4.1. There is an isomorphism from Exta[p*!] to Extr[p '] such that:

(1) The isomorphism is highly structured, i.e., preserves products, Massey prod-
ucts, and algebraic squaring operations in the sense of [May 1970].

(2) The element h,, of Ext. corresponds to the element h, 1 of Extg.

(3) An element in Ext. of degree (s, f) corresponds to an element in Extg of
degree 25 + f, f, s+ f).
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The formula for degrees appears to be more complicated than it is. The idea is
that one doubles the internal degree, which is the stem plus the Adams filtration,
while leaving the Adams filtration unchanged. Then the weight is always exactly
half of the internal degree.

Proof. Since localization is exact, we may compute the cohomology of the Hopf
algebroid (Ma[p~ 1, A[p~']) to obtain Extr[p~']. After localizing at p, we have
Tep1 = p 17+ p~ ' TEk11 4 To&kt1, and so the Hopf algebroid (Ma[p ™', A[p~ ')
is described by

Adp™ 1 =Malp ™ 1[w, &0, &1, ... 1/ G = 1),
n(t) =1, nr(r) =1+ p70, nL(p)znzg(p)zp,
A)=1®1+181, AG) =) &, Q.

Since these formulas contain no interactions between the 7; and the &;, there is a
splitting
Malp™'1, Aulp ™D = (Malp™ ', A @k, (Fa, A,

where (M [p~ 11, A.,) is the Hopf algebroid
A, =Malp~ 7],

n(t) =1, nr(r)=1+p10,
A(t) =101+ 1® 10,

and (2, AY) is the Hopf algebra
Al =Fléo, &1, ... 1/ G = 1),
AE) =) & ®&.

Notice that A7 is equal to the classical dual Steenrod algebra, and so its cohomology

is isomorphic to Ext,;. By careful inspection of the degrees of elements, Extiif
contributes to Extﬂéﬁf /5% under this isomorphism.

For A/, we can perform the change of variables x = pty since p is invertible,
yielding
(Malp™'1, A = Falo* ] @, (Fal7], B),

where (F[t], B) is the Hopf algebroid defined in Lemma 4.3 below. The lemma
implies that the cohomology of Ma[p~ 1], A) is Fo[p*!], concentrated in homo-
logical degree zero. ([

Remark 4.2. The proof of Theorem 4.1 describes a splitting of the p-inverted
motivic Steenrod algebroid. This p-inverted splitting occurs more generally in the
motivic context over any field of characteristic different from 2.
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Lemma 4.3. Let R = F;[t] and let B = R[x], with Hopf algebroid structure on
(R, B) given by the formulas

n@=t, nr@)=t+x, AX)=xQ1+1®x, A@t)=t®I.

Then the cohomology of (R, B) is isomorphic to [, concentrated in homological
degree 0.

Proof. Let Cp be the cobar complex of (R, B), and filter by powers of x. More
explicitly, let F;Cp be the subcomplex

0— x'B—> Z xPBRRrxi1B — Z xPBRQrxIBQxRrx'B— ---.
ptq=i ptq+r=i

This is indeed a subcomplex, and the associated graded Gr, C is the cobar complex
for (R, Gry B). Although (R, B) is a Hopf algebroid because of the nontrivial
right unit ng, the pair (R, Gr, B) is isomorphic to a Hopf algebra because n () =
nr(t) =t and A(x) =x ® 1 + 1 ® x modulo higher powers of x. The associated
cohomology is the infinite polynomial algebra F»[z, ho, iy, ho, ... ], where h; =
[xZ]. One easy way to see this is to note that the dual of Gr, B is the exterior
algebra F,[t](eo, €1, €2, . ..), where ¢; is dual to xZ.

Our filtered cobar complex gives rise to a multiplicative spectral sequence with
E-page equal to F[7, ho, A1, . ..] and converging to the cohomology of (R, B).
The classes h; are all infinite cycles, since [x2'] is indeed a cocycle in Cg. Essen-
tially the same analysis as in Proposition 3.2 shows that d;(¢) = hg. This shows
that the E,-page is Fo[t%, hy, ha, ...]. The analysis from Proposition 3.2 again
shows d» (%) = h;, which implies that the E3-page is Fo[t*, ha, h3, .. .]. Continue
inductively, using that dyi (t2') = h;. The Eo-page is just [F;. (]

Remark 4.4. We gave a calculational proof of Lemma 4.3. Here is a sketch of a
more conceptual proof.

The Hopf algebroid (R, B) has the same information as the presheaf of groupoids
which sends an [>-algebra S to the groupoid with object set Homg, 4 (R, S) and
morphism set Homg, 44 (B, S). One readily checks that this groupoid is the trans-
lation category associated to the abelian group (S, +); very briefly, the image of
x in S is the name of the morphism, the image of ¢ is its domain, and therefore
t + x is its codomain. Notice that this groupoid is contractible no matter what S
is —this is the key observation. By [Hovey 2002, Theorems A and B] it follows
that the category of (R, B)-comodules is equivalent to the category of comodules
for the trivial Hopf algebroid (F», [,). In particular, one obtains an isomorphism
of Ext groups.
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5. Analysis of the p-Bockstein spectral sequence

In this section we determine all differentials in the p-Bockstein spectral sequence,
within a given range of dimensions.

5.1. Identification of the E{-page. From Section 3, the p-Bockstein spectral se-
quence takes the form

E; = Extc[p] = Ext4(My, My).

The groups Extc have been computed in [Dugger and Isaksen 2010; Isaksen 2014b]
through a large range of dimensions. Figure 1 gives a picture of Extc.

Recall that this chart is a two-dimensional representation of a trigraded object.
For every black dot x in the chart there are classes t'x for i > 1 lying behind x
(going into the page); in contrast, the red dots are killed by 7. To get the E|-page
for the p-Bockstein spectral sequence, we freely adjoin the class p to this chart.
With respect to the picture, multiplication by p moves one degree to the left and
one degree back. So we can regard the same chart as a depiction of our E;-page if
we interpret every black dot as representing an entire triangular cone moving back

12
10
2
P /’l] P2h2
8
PCO
6

Ph Ph,
4 / dy e Jo g
Co C.1

h3
ho hs hs3 ha

0 2 4 6 8 10 12 14 16 18 20

Figure 1. Extc = Ext 4c (M, l\/ﬂg). Black dots: copies of Mg. Red
dots: copies of Mg /. Lines indicate multiplications by h¢, /1, and
h,. Red arrows indicate infinitely many copies of MI‘[Z: /T connected
by A1 multiplications. Magenta lines indicate that a multiplication
hits T times a generator. (For example, hg - hoho equals th?.) Data
from [Dugger and Isaksen 2010] or [Isaksen 2014a].
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(via multiplication by ) and to the left (via multiplication by p); and every red
dot represents a line of p-multiples going back and to the left. For example, we
must remember that in the (2, 1) spot on the grid there are classes prihz, pS‘L'ih3,
p'3t'hy, and so forth. In general, when looking at coordinates (s, f) on the chart,
one must look horizontally to the right and be aware that p*x is potentially present,
where x is a class in Extc at coordinates (s + k, f).

There are so many classes in the E;-page, and it is so difficult to represent the
three-dimensional chart, that one of the largest challenges of running the p-Bockstein
spectral sequence is one of organization. We will explain some techniques for
managing this.

5.2. Sorting the E{-page. To analyze the p-Bockstein spectral sequence it is use-
ful to sort the E-page by the Milnor-Witt degree s — w. The p-Bockstein differen-
tials all have degree (—1, 1, 0) with respect to the (s, f, w)-grading, and therefore
have degree —1 with respect to the Milnor-Witt degree.

Table 1 shows the multiplicative generators for the p-Bockstein E-page through
Milnor-Witt degree 5. The information in Table 1 was extracted from the Extc chart
in Figure 1 in the following manner. Lemma 2.2 says that elements in Milnor-Witt
degree ¢t satisfy f > s — 2t. Specifically, elements in Milnor-Witt degree at most 5
lie on or above the line f = s — 10 of slope 1.

This region is infinite, and in principle could contain generators in very high
stems. However, in Extc there is a line of slope % above which all elements are
multiples of /| [Guillou and Isaksen 2015b]. The line of slope 1 and the line of
slope % bound a finite region, which is easily searched exhaustively for generators
of Milnor—Witt degree at most 5.

Note that the converse does not hold: some elements bounded by these lines
may have Milnor-Witt degree greater than 5.

s —w element (s, f, w)

0 o (=1,0,—1)
0 ho (0, 1, 0)
0 h (1,1,1)
1 T 0,0, —1)
1 hy (3,1,2)
3 hs (7,1,4)
3 co (8,3,5)
4 Ph, 9, 5,5)
5 Ph,  (11,5,6)

Table 1. Multiplicative generators for the p-Bockstein E;-page.
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0 1 2 3 4
hlé T T2 ‘E3 h3 ‘L’4 ‘[h()h3
hlf rh’é rzh](‘) t3h]5 hohs t4h'5 th%h3
thy  h ©hy hdhs  thy thihs

th? 2k h? hihs R thihs

th  2hd R by R thihs

h2 ‘L’hz ‘L’2h2 h%h3 ‘[3/’!2 TCo

h0h2 ‘L’h()hz T2h0h2 (&) ‘E3h0h2 ‘L’hlco

h3 thy hkey  ?h:  Phy

thy hkPh

Table 2. F;[p]-module generators for the p-Bockstein E;-page.

Our E|-page is additively generated by all nonvanishing products of the ele-
ments from Table 1. Because the Bockstein differentials are p-linear, it suffices to
understand how the differentials behave on products that do not involve p. Table 2
shows [>[p]-module generators for the E|-page, sorted by Milnor-Witt degree.

5.3. Bockstein differentials. Proposition 3.2 established some p-Bockstein differ-
entials with a brute force approach via the cobar complex. We will next describe a
different technique that computes all differentials in a large range; these are sum-
marized in Table 3.

All our arguments will center on the p-local calculation of Theorem 4.1, which
says that if we invert p, then the p-Bockstein spectral sequence converges to a copy
of Exty ®r,F2[p, ,0_1], with the motivic A; corresponding to the classical &;_;.

When identifying possible p-Bockstein differentials, there are two useful things
to keep in mind:

« Relative to our Extc chart, the differentials all go up one spot and left one spot.

« Relative to Table 2, the differentials all go to the left one column.

(s, f, w) X d, d, (x) proof

0,0, —1) T d; pho Lemma 5.4
(0,0, —2) 72 d, p*th; Lemma5.6
0,0, —4) T dy p*t?h, Lemma 5.8
(1,1,=-3)  t*hy  d¢ pSth3 Lemma5.10
(2,2,-2)  th? &y p'co  Lemma 5.10
(7,4,3)  th}hs ds  p*h?cy Lemma5.8
9,5,5) Phy ds p3h?c0 Lemma 5.7

Table 3. Bockstein differentials.
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Combining these two facts (which involves switching back and forth between
the chart and table), one can often severely narrow the possibilities for differentials.

Lemma 5.4. The p-Bockstein d, differential is completely determined by:
(1) di(7) = phy.

(2) The elements hg, hi, ha, h3, and cy are all permanent cycles.

(3) di(Phy) =0.

Proof. The differential d{(t) = phg was established in Proposition 3.2.

The classes /o and & cannot support differentials because there are no elements
in negative Milnor-Witt degrees. The classes /1, and #3 must survive the p-local
spectral sequence, so they cannot support differentials. Comparing chart and table,
there are no possibilities for a differential on cy.

Finally, if d; (Ph) is nonzero, then it is of the form px for a class x that does
not contain p. This class x would appear at coordinates (9, 6) in the Ext¢ chart.
By inspection, there is no such x. (]

Remark 5.5. We have shown that Ph survives to the E>-page, but we have not
shown that it is a permanent cycle. The Extc chart shows that p3h?co is the only
potential target for a differential on Ph;. If Phj is not a permanent cycle, then the
only possibility is that dz(Phy) equals p3h?co. We will see below in Lemma 5.7
that this differential does occur.

Lemma 5.4 allows us to compute all d;-differentials, using the product structure.
The resulting E,-page, sorted by Milnor-Witt degree, is displayed in Figure 4,
which due to its size appears at the end of the article (pages 206-208).

Table 4 gives F>[p]-module generators for part of the E>-page. Recall from
Lemma 3.4 that p-torsion elements cannot be involved in any further differentials,
so we have not included such elements in the table. We have also eliminated the
elements that cannot be involved in any differentials because we know they are
p-local by Theorem 4.1.

0 1 2 3 4

Thq 72 30, 4 thihs
th?  ?hy h? tthy thihs
rzh% 2h, r4hf TCQ

rzh? rh% r4h? Thicy

co t?hi Ph

hkco  thihs hkPh,

Table 4. Some [F;[p]-module generators for the p-Bockstein E»-page.
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Note that T/ is indecomposable in the E,-page, although rh% does decompose
as thy - hy. The multiplicative generators for the E,-page are then

2 2 3
(o} e} < [ha], <2, <h3, [hs), [co). hghs, zeo. Pha,

where boxes indicate classes that we already know are permanent cycles.
Lemma 5.6. The p-Bockstein d, differential is completely determined by:
(1) dy(z?) = p* - Thi.
(2) The elements thy, 'rh%, and tcy are permanent cycles.
(3) da(thihs) =0.
(4) d2(Phy) =0.

Proof. The differential d,(t?) = p>th; was established in Proposition 3.2.

Comparison of chart and table shows that a Bockstein differential on t/; could
only hit h% or pzh%. The first is impossible since the target of a d, differential
must be divisible by p2, and the second is ruled out by the fact that h% survives
p-localization. So no differential can ever exist on th;.

Similarly, chart and table show that there are no possible differentials on /3,
and no possible d, differential on either fh8h3 or Ph;.

It remains to consider tcg. The only possibility for a differential is that d>(7cg)
might equal p2hico. But if this happened we would also have d; (h%rco) = pzh?co,
which contradicts the fact that ‘L’h%CQ is zero on the Ej-page, while ,ozhfco is
nonzero. ]

Once again, Lemma 5.6 allows the complete computation of the E3-page (in our
given range), which is shown in Figure 4 (pages 206-208), sorted by Milnor-Witt
degree. Table 5 gives F,[p]-module generators for part of the E3-page. Recall from
Lemma 3.4 that p-torsion elements cannot be involved in any further differentials,
so we have not included such elements in the table. We have also eliminated the
elements that cannot be involved in any differentials because we know they are
p-local by Theorem 4.1.

o 1 2 3 4
2h, T4 ‘L’hghg,
rh% ™h T
Co ‘L’4h% Phl
h¥co rihi hXPhy
T°h3

Table 5. Some [F;[p]-module generators for the p-Bockstein E3-page.
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The multiplicative generators for the E3-page are

2 2 2 4,3
(ol [} [xmi] [ha] 2ho, ho, [2h3| (s [eo) o whiha, [Teo) Ph,

where boxes indicate classes that we already know are permanent cycles.

Lemma 5.7. The p-Bockstein ds differential is completely determined by:
(1) d3(Phy) = p*hico.
(2) The elements t*ho and t*hy are permanent cycles.
(3) d3(*) =0.
4) ds(thihz) =0.

Proof. As we saw in Lemma 5.4, k| and ¢ are permanent cycles. Therefore, h?co
is a permanent cycle. We know from Theorem 4.1 that h?co does not survive p-
localization. Therefore, some differential hits p’h?co. The only possibility is that
dsz(Ph) equals p3h?co.

Inspection of the E3-page shows that there are no possible values for differentials
on 72hy. For t2h,, there is a possibility that dsy(72hy) equals pzh%. However, this
differential is ruled out by Theorem 4.1.

By inspection, there are no possible values for d3 differentials on 74

or th8h3.
(]

The d3 differential has a very mild effect on the E3-page of our spectral sequence.
In Table 5, the elements Ph; and h’l‘Phl disappear from column four, and the
elements h’l‘co disappear from column three for £ > 3. Everything else remains the
same, so we will not include a separate table for the E4-page. The multiplicative
generators are the same as for the E3-page, except that Ph is thrown out. Figure 4
depicts the E4-page, sorted by Milnor-Witt degree.

Also, all these generators are permanent cycles except possibly for 74 and Th8h3.
In particular, every element of the E4-page in Milnor-Witt degrees strictly less
than 4 is now known to be a permanent cycle. All the remaining differentials will
go from Milnor-Witt degree 4 to Milnor-Witt degree 3.

Lemma 5.8. The p-Bockstein dy differential is completely determined by:
(1) da(z*) = p*c?ha.
(2) da(thihs) = p*hico.
(3) The other generators of the E4-page are permanent cycles.

Proof. The differential equation ds(thH = p4‘[2h2 was established in Proposition 3.2.
We know that h%co is a permanent cycle, but we also know from Theorem 4.1
that h%co does not survive p-localization. Therefore, some differential hits p” h%co
for some r. Looking at the chart, the only possibility is that d4(t h8h3) equals p4h%c0.
([l



LOW-DIMENSIONAL MILNOR-WITT STEMS OVER R 193

The multiplicative generators of the Es-page are the permanent cycles we have
seen already, together with T%hg and th;.

Lemma 5.9. The p-Bockstein ds differential is zero.

Proof. We only have to check for possible ds differentials on t*hy and t*h;. In-
spection of the Extc chart shows that there are no classes in the relevant degrees.
O

Figure 4 displays the Eg-page, sorted by Milnor-Witt degree.
Lemma 5.10. The p-Bockstein dg differential is completely determined by:
(1) de(z*hy) = pSth3.
(2) The element thy is a permanent cycle.

Proof. Lemma 3.4 implies that 7#4 is a permanent cycle because of the differential
di (7)) = p‘L’4ho.

By Theorem 4.1, we know that 7*h; does not survive p-localization. Since
0" t*h| cannot be hit by a differential, it follows that T#/; supports a differential.
The two possibilities are that de(t*hy) equals ,06‘Eh% or dg(t*hy) equals p8hih;.
We know from Theorem 4.1 that i;h3 survives p-localization. Therefore, we must
have dg(th;) = pérh%. O

The multiplicative generators for the E7-page are ‘E4h%, together with other
classes that we already know are permanent cycles. Figure 4 displays the E;-page,
sorted by Milnor—Witt degree.

Lemma 5.11. The p-Bockstein d; differential is completely determined by:
(1) d7(z*h?) = p’co.

Proof. By Theorem 4.1, we know that r4h% does not survive p-localization, and
since p” r4h% cannot be hit by a differential it follows that t4h% supports a differen-
tial. The two possibilities are that d7 (7,’4/1%) equals p’co or dg(r4h%) equals pgh%h}
We know from Theorem 4.1 that h%h3 survives p-localization. Therefore, we must
have d7(t*h?) = p’co. O

Finally, once we reach the Eg-page, we simply observe that all the multiplicative
generators are classes that have already been checked to be permanent cycles.

5.12. The p-Bockstein E-page. Table 6 describes the p-Bockstein Eo.-page in
the range of interest. The table gives a list of M,-module generators for the Fo-
page. We write x (p%) if x is killed by p¥, and we write x(loc) for classes that are
nonzero after p-localization.

The reader is invited to construct a single Adams chart that captures all of this
information. We have found that combining all of the Milnor—Witt degrees into
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0 1 2 3 4

hi(p)  Thi(p?)  T*hi(p)  Thi(p)  hih3(p) th§ (p)
hi(oc) thi(p®)  *hi(p?)  Tha(p*) hihs(oc)  T*h3(p*)
thi(p)  Thi(p*)  T?hoha(p) Rihs(loc)  Thihs(p?)
halloc)  h3(loc)  Th3(p®)  co(p))  Thihs(p?)
hoh2(p) hz(loc)  hyco(p’) tco(p?)
hohs(p)  hico(p®) thico(p?)

hgh3(p) hy P eo(p?)

Table 6. [F;[p]-module generators for the p-Bockstein Eo.-page.

one picture makes it too difficult to get a feel for what is going on. For example,
at coordinates (3, 3), one has six elements h3, th?, tzh?, T3h‘;’, ,05c0, and p6h%h3.
Each of them is related by hg, i, and p extensions to other elements.

6. From the p-Bockstein E,-page to Exty

Having obtained the E,-page of the p-Bockstein spectral sequence, we will now
compute all hidden extensions in the range under consideration. The key arguments
rely on May’s convergence theorem [May 1969] in a slightly unusual way. We use
this theorem to argue that certain Massey products {(a, b, c) cannot be well-defined.
We deduce that either ab or bc must be nonzero via a hidden extension.

Remark 6.1. As is typical in this kind of analysis, there are issues underlying the
naming of classes. An element x of the Bockstein E,-page represents a coset of
elements of Extg, and it is convenient if we can slightly ambiguously use the same
symbol x for one particular element from this coset. This selection has to happen
on a case-by-case basis, but once done it allows us to use the same symbols for
elements of the Bockstein E-page and for elements of Exty that they represent.

For example, the element g on the E..-page represents two elements of Extr,
because of the presence of ph; in higher Bockstein filtration. One of these elements
is annihilated by p and the other is not. We write /¢ for the element of Extg that
is annihilated by p.

Table 7 summarizes these ambiguities and gives definitions in terms of p-torsion.

Once again, careful bookkeeping is critical at this stage. We begin by choosing
preferred F;[p]-module generators for Extg up to Milnor-Witt degree 4. First, we
choose an ordering of the multiplicative generators of Extg:

p<ho<h1<rh1<h2<‘c2h0<t2h2<th%<h3<co<r4h0<tco.

The ordering here is essentially arbitrary, although it is convenient to have elements
of low Milnor-Witt degree appear first.
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(s, f,w) generator  ambiguity definition
0,1,0) ho phi p-ho=0
(1,1, 1) hi
(1,1, 0) thy p’hy p>-th; =0
(3,1,2) ha
0,1, =2) 72hy
(3,1,0) 7%h, p*h3 ot 12hy =0
(6,2,3) th3 p2h1hs3 p8-Tth3=0
(7,1, 4) h3
(8,3,5) co ph%h3 plcog=0
0,1, —4) hy
(8,3,4) TCo

Table 7. Multiplicative generators of Extr.

0 1 2 3 4
hi(p)  thi(p?) 2ho(p) 2 ha(ph)  hihs(p) t*ho(p)
hy(oc)  thi-hi(p®)  T*ho-ho(p)  ho-T*ha(p) hihs(loc)  Tho-hg(p)

haloc) — (th)?(p?)  hg-t*ha(p) hihs(loc)  t2hy-ha(p*)

hoha(p) — (thHhi(p?)  Th3(®  colp”) thy-h3(p?)
Bhae)  hoc)  hsoe)  hico(p))  thi-hiha(p?)
hohs(p)  hico(p®) co(p?)

R2h3(p) hiFco(p®)  hi-teo(p?)

Table 8. F;,[p]-module generators for Extg.

Next, we choose ;[ p]-module generators for Extr that come first in the lexico-
graphic ordering on monomials in these generators. For example, we could choose
either h(z)hz or th -h% to be an F,[p]-module generator; we select h%hz because
ho < hy. We do this for each element listed in Table 6.

The results of these choices are displayed in Table 8. This table lists Fo[p]-
module generators of Extg. We write x (p%) if x is killed by p¥, and we write
x(loc) for classes that are nonzero after p-localization.

Our goal is to produce a list of relations for Extg that allows every monomial to
be reduced to a linear combination of monomials listed in Table 8. We will begin
by considering all pairwise products of generators.

Lemma 6.2. Through Milnor-Witt degree 4, Table 9 lists the products of all pairs
of multiplicative generators of Extg.
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ho hy thy hy 2hy
ho —
hy 0 —
Th] ,Oh1 . ‘L’hl — —
ho — 0 0 —
2hg — p(rh1)2 ,osrh% ho-t2hy  Thy - hy
2h, — pzrh% p2t2h2 -hy —
‘[h% 0 e PTC)H Th] . h1h3
hs — — — 0
co 0 — h1 - TCo 0
‘L'4h0 — 0
Tco | phy-Teo —

Table 9. Extg multiplication table.

In Table 9, the symbol — indicates that the product has no simpler form, i.e., is
a monomial listed in Table 8.

Proof. Some products are zero because there is no other possibility; for example
h1h; is zero because there are no nonzero elements in the appropriate degree.

Some products are zero because we already know that they are annihilated by
some power of p, while the only nonzero elements in the appropriate degree are
all p-local. For example, for degree reasons, it is possible that sph| equals ,oh%.
However, we already know that phy is zero, while h% is p-local. Therefore, hoh,
must be zero. Similar arguments explain all of the pairwise products that are zero
in Table 9.

Some of the nonzero pairwise products are not hidden in the p-Bockstein spec-
tral sequence. For example, consider the product t2hg-hy. Then t2hg-ho+ho-12hs
is zero on the p-Bockstein Eno-page, but 2hg-hy+hg- 72, might equal something
of higher p filtration in Extg. The possible values for this expression in Extg are
the linear combinations of p3 - ‘L'/’l% and p>hh3. Both of these elements are nonzero
after multiplication by p, while 72ho - hy + ho - T2h>, is annihilated by p in Extg.
Therefore, we must have 72hq - hy + ho - T2h, = 0 in Extg.

The same argument applies to the other nonhidden extensions in Table 9, except
that they are somewhat easier because there are no possible hidden values.

The remaining nonzero pairwise products are hidden in the p-Bockstein spectral
sequence; they require a more sophisticated argument involving Massey products
and May’s convergence theorem [May 1969]. This theorem says that when there
are no “crossing” differentials, one can compute Massey products in Extg using
the p-Bockstein differentials. The precise definition of a crossing differential is
too technical to include here. See [Isaksen 2014b, Theorem 2.2.1] for details.
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We will demonstrate how this works for the product g - th;. Consider the
Massey product (p, hg, Thy) in Extg. If this Massey product were well-defined,
then May’s convergence theorem and the p-Bockstein differential di(t) = phy
would imply that the Massey product contains an element that is detected by 72/
in the p-Bockstein E.-page. (Beware that one needs to check that there are no
crossing differentials.) The element 72/, does not survive to the Eo.-page. There-
fore, the Massey product is not well-defined, so /¢ - Th| must be nonzero. The only
possible value for the product is ph; - th.

The same style of argument works for all of the hidden extensions listed in
Table 9, with one additional complication in some cases. Consider the product
hy - T2hg. Analysis of the Massey product (p, T2hg, h1) implies that the product
must be nonzero, since 73k does not survive to the p-Bockstein E..-page. How-
ever, there is more than one possible value for A - 72hy: it could be any linear
combination of p(th)? and p5h§. We know that p - 72k is zero, while h% is p-
local. Therefore, we deduce that h - T2hg equals p(th;)?. This type of p-local
analysis allows us to nail down the precise value of each hidden extension in every
case where there is more than one possible nonzero value. O

Proposition 6.3. Table 10 gives some relations in Extg that are hidden in the p-
Bockstein spectral sequence. Together with the products given in Table 9, they form
a complete set of multiplicative relations for Extg up to Milnor-Witt degree 4.

Proof. These relations follow from arguments similar to those given in the proof of
Lemma 6.2. The most interesting is the relation 43 - T2k, + (th;)? = p°co, which
follows from an analysis of the matric Massey product

ho - t2h
<p2, [ho Th 1, [ (OT,;)J ]>

If this matric Massey product were defined, then May’s convergence theorem and

(s, f, w) relation

(3,3,2) hghy +thy -h? =0
(3,3,0) h}-t?hy+ (th1)® = pico

9,3,6) h3hs+h3 =0
(6,3,4) hoh3 =0
(3,4,0) hy - t2hy = p®hico
(7,5,4) hths = p*h3e
(6,3,2)  hohy-1?hy = p*- 1o
(10, 5, 6) h?-tco=0

Table 10. Some relations in Extg.
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4 EXtR,MWIO 4 EXIR,MWII 4 EXtR,MWZZ

2 2 2 /ZV <
47/,] R
thy  h ©2hy
0 0 0
0 2 4 0 2 4 0 2 4 6
6

€,
2 2 t H_‘jz*h% thihs

4
™h
0 0

Figure 2. Extg = Ext4(M,, M,). Black dots: copies of F,. Red
lines: multiplications by p. Green lines: multiplications by hg.
Blue lines: multiplications by 4. Red (or blue) arrows indicate
infinitely many copies of [, connected by p (or 1) multiplications.
Dashed lines indicate hq or #; multiplications that are hidden in
the p-Bockstein spectral sequence.

the differential d»(t%) = p?th; would imply that it is detected by 7,'4/1% in the
p-Bockstein E.-page. But r4h% does not survive to the p-Bockstein E,-page.
For every monomial x in Table 8 and every multiplicative generator y of Extg,
one can check by brute force that the relations in Tables 9 and 10 allow one to
identify xy in terms of the monomials in Table 8. ]

Figure 2 displays Extg, sorted by Milnor-Witt degree. The picture is similar to
the E.-page shown in Figure 4 (pages 206-208), except that the hidden extensions
by hg and by h; are indicated with dashed lines.

7. The Adams spectral sequence
At this point we have computed the trigraded ring
Extg = EXtZ*’*(Mz, M)

up through Milnor-Witt degree four. We will now consider the motivic Adams
spectral sequence based on mod 2 motivic cohomology, which takes the form

Ext" (Ma, My) = 7, .

This spectral sequence is known to have good convergence properties [Morel 1999;
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Dugger and Isaksen 2010; Hu et al. 2011a; 2011b]. Recall that we are writing 7T, .
for the motivic stable homotopy groups of the completion of the motivic sphere
spectrum with respect to the motivic Eilenberg—Mac Lane spectrum H[F,. The
Adams d, differential takes elements of tridegree (s, f, w) to elements of tridegree
(s —1, f+r, w). In particular, the Adams d, differential decreases the Milnor—Witt
degree by 1. So it pays off to once again fracture the E;-page into the different
Milnor-Witt degrees.

It turns out that there are no Adams differentials in the range under consideration:

Proposition 7.1. Up through Milnor-Witt degree four, there are no differentials in
the motivic Adams spectral sequence.

Proof. The proof uses Table 8 and the Extr charts in Figure 2 to keep track of
elements.

The elements p, hg, and h; are permanent cycles, as there are no classes in
Milnor—Witt degree —1. For 72h0, we observe that there are no classes of Milnor—
Witt degree 1 in the range of the possible differentials on t2h. Similarly, there are
no possible values in Milnor-Witt degree 2 for differentials on rh%, h3, and cg.

For degree reasons, the only possible values for d, (th;) are h6+1 and p” +1h§+1.
However, h(z) . h6+1 is nonzero on the Adams E,-page, while h% -Th; is zero. Also,
0> p’“hi“ is nonzero on the Adams E,-page, while p?-th is zero. This implies
that there are no differentials on th;.

The only possible value for d,(h,) is p . However, h; - p
nonzero on the Adams E,-page, while A - h; is zero. This implies that there are
no differentials on £,.

The only possibility for a nonzero differential on 74hy is that da(t*ho) might
equal p'%h3h3. However, p - t*hy is zero on the Adams E»-page, while p - p'%h3h3
is not. This implies that there are no differentials on t%A.

It remains to show that 724, and tc( are permanent cycles. We handle these
more complicated arguments below, in Lemmas 7.3 and 7.6. (|

r—1pr+1 r—1pr+l :
h h" s

Lemma 7.2. The Massey product { ,02, thy, hy) contains 2h,, with indeterminacy
generated by p*hs.

Proof. Apply May’s convergence theorem [1969], using the p-Bockstein differen-
tial dp(72) = ,o2 - thy. This shows that t2h, or 72h, + ,o4h3 is contained in the
bracket. By inspection, the indeterminacy is generated by p*hs. ([

Lemma 7.3. The element t°h, is a permanent cycle.

Proof. As shown in Table 11, let 75 and v be elements of 771 ¢ and 773 2, respectively,
that are detected by th; and h,. The product p? - T is zero because there is no
other possibility. For degree reasons, the product 77 - v could possibly equal p?v?.
However, p - 71 - v is zero, while p? - p?v? is not. Therefore, 77 - v is also zero.
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(s,w) element Ext definition
(-1,-1)  p p {xl} > A1 -0)

(0, 0) € 1 twiston SHTA SH!

(0,0) w ho 1—¢

(1, 1) n hy  Hopf construction’*

(1,0) m th Thop + P2V

3,2) v ho,  Hopf construction”
0, =2) ) 72hy realizes to 2

3,0 2 72h, Viop + pto

(6, 3) Tv? rh%

(7,4) o h;  Hopf construction’

(8,5) € co pE=1n-TV?

Table 11. Notation for 77, .. ¥ = [Dugger and Isaksen 2013];
1 = [Morel 2004a].

We have just shown that the Toda bracket (p?, T, v) is well-defined. Moss’s
convergence theorem [1970] then implies that the Massey product (p?, Thy, hs)
contains a permanent cycle. We computed this Massey product in Lemma 7.2, so
we know that 724, or t2hy 4 p*h3 is a permanent cycle. We already know that
p*h3 is a permanent cycle, so T2h; is also a permanent cycle. ([

For completeness, we will give an alternative proof that T2k, is a permanent
cycle that has a more geometric flavor. There is a functor from classical homotopy
theory to motivic homotopy theory over R (or over any field) that takes the sphere
SP to SP9. Let vop be the unstable map S7% — %0 that is the image under this
functor of the classical Hopf map §7 — $*.

Lemma 7.4. The cohomology of the cofiber of vy is a free Ma-module on two
generators x and y of degrees (4,0) and (8,0), satisfying Sq*(x) = 12y and
Sq°(x) = p*y.

Proof. Consider the cofiber sequence
5§70 5 §40 Cvtop — §8:90,

where Cuy,, is the cofiber of vi,. Apply motivic cohomology to obtain a long
exact sequence. It follows that the cohomology of Cvp, is a free M;-module on
two generators x and y of degrees (4, 0) and (8, 0).

For degree reasons, the only possible nonzero cohomology operations are that
Sq*(x) and Sq®(x) might equal t2y and p*y, respectively. It follows by comparison
to the classical case that Sq*(x) = r2y.
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The formula for ng (x) is more difficult. Consider S**A C Vtop, Which has cells
in dimensions (8, 4) and (12, 8). The cohomology generator in degree (8, 4) is the
external product z A x, where z is the cohomology generator of S*# in degree (4, 4).
The cohomology generator in degree (12,4) is z A y.

Now we can compute Sq® in terms of the cup product (z A x)2. According to
[Voevodsky 2003, Lemma 6.8], the cup product z2 equals p*z in the cohomology
of §**. Also, the cup product x2 equals y in the cohomology of C Viop by compari-
son to the classical case. By the Kiinneth formula, it follows that (z Ax)? = p*(zAy)
and that Sq8 (x) = p*y. O

Another proof of Lemma 7.3. Lemma 7.4 shows that the stabilization of v, in
73,0 is detected by 72k + p*h3 in the motivic Adams spectral sequence. There are
elements p and o in 7_; _; and 777 4 detected by p and A3 in the motivic Adams
spectral sequence. Therefore, T2/, is a permanent cycle that detects Viop + pto. O

Lemma 7.5. The Massey product (thy, ha, hoha) contains tcy, with indetermi-
nacy generated by p - thy - hihs.

Proof. Recall that there is a classical Massey product (h1, iy, hohy) = co. This
implies that the motivic Massey product (th, h;, hoh;) contains tcy.
By inspection, the indeterminacy is generated by p - thy - hih3. ([

Lemma 7.6. The element tcy is a permanent cycle.

Proof. As shown in Table 11, let T and @ be elements of 7 o and 77y ¢ detected
by th; and hg. As in the proof of Lemma 7.3, the product 77 - v is zero. Also, the
product wv? is zero because there are no other possibilities.

We have just shown that the Toda bracket (tn, v, wv) is well-defined. Moss’s
convergence theorem [1970] then implies that the Massey product (thy, h, hoh?)
contains a permanent cycle. We computed this Massey product in Lemma 7.5, so
we know that tcg or Tcg+ p - Thy - h1hs is a permanent cycle. We already know
that p - Thy - h1h3 is a permanent cycle, so ¢y is also a permanent cycle. ([

8. Milnor-Witt modules and 7, .

In this section, we will describe how to pass from the Adams E-page to 7, .. We
recall certain well-known elements [Dugger and Isaksen 2013; Morel 2004a]:

(1) € in 7p g is represented by the twist map on SLIASLL
(2) @ =1—¢€in 7y o is the zeroth Hopf map detected by hy.
(3) pin w_; _ is represented by the inclusion {+1} — (Al —0).

(4) nin 71y is represented by the Hopf construction on the multiplication map
Al —0) x (Al —0) — (Al —0).
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(5) v in 73, is represented by the Hopf construction on a version of quaternionic
multiplication.

(6) o in 774 is represented by the Hopf construction on a version of octonionic
multiplication.

The element 1 — € is detected in the Adams spectral sequence by /. Thus it,
rather than 2, deserves to be considered the zeroth motivic Hopf map. Because it
plays a critical role, it is convenient to name this element w.

The motivic Adams E-page is the associated graded module of the motivic
homotopy groups 7, . with respect to the adic filtration for the ideal generated
by w and n. Note that this ideal also equals (2, n) because of the relation pn =
—l—e=w-2.

The elements p, hg, and /& detect the homotopy elements p, w, and 7 in the
zeroth Milnor-Witt stem ITy. The relation 2 = w — pn implies that hg + ph, rather
than hg, detects 2. This means that we must be careful when computing the additive
structure of Milnor—Witt stems.

In the Adams chart, a parallelogram such as

e
X
indicates that 2 times the homotopy elements detected by x are zero (or detected

in higher Adams filtration by a hidden extension) because (ko + phi)x = 0. On
the other hand, a parallelogram such as

y
e
indicates that 2 times the homotopy elements detected by x are detected by y
because (hg+ ph1)x = y.

We will choose specific homotopy elements to serve as our [1p-module gener-
ators. Because of the associated graded nature of the Adams E..-page, there is
some choice in these generators. For the most part, the [Tp-module structures of
the Milnor-Witt modules in our range are insensitive to these choices, so this is
not of immediate concern. However, we would like to be as precise as we can to
facilitate further study.

These observations allow us to pass from the Adams spectral sequence to the
diagrams of Ilp, I1, I, and I13 given in Figure 3.

8.1. The zeroth Milnor-Witt module. For I, the Adams spectral sequence con-
sists of an infinite sequence of dots extending upwards in each stem except for the
0-stem. These dots are all connected by 2 extensions, so they assemble into copies
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Figure 3. Milnor-Witt modules. Empty circles: copies of Z,. Solid
circles: copies of Z/2. Circles with n inside: copies of Z/n. Blue
lines: n-multiplications going to the right. Red lines: p-multiplica-
tions going to the left.

Remaining conventions:

o Lines labeled n indicate that the result of the multiplication is n
times the labeled generator; for example, p-pn=—2p or n-p> = —2p>
in H().

o Two blue (or red lines) with the same source indicate that the multi-
plication by 7 (or p) equals a linear combination. For example, 1 - Tv?
equals (p€ —40) +40 = pé in I1s.

o Arrows pointing off the diagram indicate infinitely many multipli-
cations by p or by 7.

» Elements in the same topological stem are aligned vertically. For
example, n3, v, n(rn)Z, and p3v2 all belong to the 3-stem. Their
weights are 1, 2, 1, and 1, respectively; this can be deduced from
their stems and Milnor—Witt degrees.

203
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of Z,. The 0-stem is somewhat more complicated. Here there are two sequences
of dots extending upwards: elements of the form pkhll‘ and elements of the form
(ho+ph)k = hl(‘) +pk h’l‘ . The former elements assemble into a copy of Z, generated
by pn, while the latter elements assemble into a copy of Z, generated by 1.

8.2. The first Milnor-Witt module. For I1;, there are three elements in the 3-stem
of the Adams spectral sequence. These elements assemble into a copy of Z/8
generated by v; note that h’(‘)hz = (ho + phl)khz because h1h; = 0. The two
elements t/; and ,O‘L'h% in the 1-stem do not assemble into a copy of Z/4 because
(ho+ ph1)Th, is zero.

We will now discuss precise definitions of the ITp-module generators of IT;.

Recall that there is a functor from classical homotopy theory to motivic homo-
topy theory over R that takes a sphere S” to S0, Let Niop iN 71,0 be the image of
the classical Hopf map n. By an argument analogous to the proof of Lemma 7.4,
Ntwp 1s detected by Thy + pzhz. Therefore nop + ,021) is detected by th;.

Definition 8.3. Let t7 be the element 7, + p?v of 71.0.

Another possible approach to defining 71 is to use a Toda bracket to specify a
single element. However, the obvious Toda brackets detecting T/, all have inde-
terminacy, so they are unsuitable for this purpose.

In terms of algebraic formulas we could write

My = o{zn, v)/2- 0, 8v, v, p*-Tn, n*-Tn —4v),
but we find Figure 3 to be more informative.

8.4. The second Milnor-Witt module. The calculation of IT, involves the same
kinds of considerations that we already described for I1p and for I1;. The names
of the generators (77)? and v? reflect the multiplicative structure of the Milnor—
Witt stems.

It remains to specify a choice of generator detected by t2h¢. Recall that there is
a realization functor from motivic homotopy theory over R to classical homotopy
theory. (This functor factors through Z/2-equivariant homotopy theory, but we
won’t use the equivariance for now.)

Definition 8.5. Let 72w be the element of 79, —2 detected by 72hy that realizes to 2
in classical 7.

In terms of algebraic formulas we could write IT, as
Mo(v?)/2v?, W)@ Mo(w, (tn)?)/(p-T°w, 2en), 1 (@), pen)*—n-Tw).

The unreadability of this formula illustrates why the graphical calculus of Figure 3
is so helpful.
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8.6. The third Milnor-Witt module. The structure of I3 is significantly more
complicated. We will begin by discussing choices of generators.

Definition 8.7. Let t2v be the element vy + p*o in 73 0.

A precise definition of the generator tv? detected by rh% has so far eluded us.
For the purposes of this article, it suffices to choose an arbitrary homotopy element
detected by th%. The distinction between the choices is not relevant in the range
under consideration here, but it may be important for an analysis of higher Milnor—
Witt stems.

Lemma 8.8 gives a definition of the generator detected by co, assuming that 7v?
has already been chosen.

Lemma 8.8. There is a unique element € in 7tg 5 detected by co such that pé —n- Tv?

equals zero.

Proof. Let € be any element detected by co. The relation pco+ h - Th3 = 0 implies
that pé’ —n-tv? is detected in higher Adams filtration. Note that w kills p€’—n- Tv?
because it kills both p and 7. Therefore, pé’ — - Tv? cannot be detected by h8h3.
If pé’ —n - tv? is detected by p?hjco, then we can add an element detected by
phico to € to obtain our desired element €. Similarly, if pé’ — n - Tv? is detected
by p3h%co, then we can add an element detected by pzh%co to €. ([

Remark 8.9. The classical analogue of € is traditionally called €; we have changed
the notation to avoid the unfortunate coincidence with the motivic element € in 7 .

Having determined generators for I13, we now proceed to analyze its [1p-module
structure. For the most part, this analysis follows the same arguments familiar
from the earlier Milnor—Witt stems. The 3-stem and the 7-stem present the greatest
challenges, so we discuss them in more detail.

In the 3-stem, 72v generates a copy of Z/8; these eight elements are detected by
2hy, ho - t2hy + ,03 -Th?, and h(z) 12hy 4+ psco. The element ,03 -7v? also generates
a copy of Z/8; these eight elements are detected by p> - rh%, p>co, and pOhcy.
Finally, p*o generates a copy of Z/8; these eight elements are detected by p*/3,
p’hihs, and p®h2hs.

In the 7-stem, o generates a copy of Z/32; these 32 elements are detected by
hs, hohs + phihs, h(z)hg + pzh%h3, h3h3, and p3h%co. The element pno generates
a copy of Z/4; these four elements are detected by ph;hs and pzh%h3. The ele-
ment pé — 4o also generates a copy of Z/4; these four elements are detected by
h3hs + p>h3hs + peo and hihs + p*hico.

The 7 extension from %o to n2€ is hidden in the Adams spectral sequence. This
is the same as the analogous hidden extension in the classical situation [Toda 1962].
This is the only hidden extension by p, w, or 7 in the range under consideration.
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Longitudes in SL; representations of link groups
and Milnor-Witt K,-groups of fields

Takefumi Nosaka

We describe an arithmetic K»-valued invariant for longitudes of a link L C R,
obtained from an SL, representation of the link group. Furthermore, we show
a nontriviality on the elements, and compute the elements for some links. As
an application, we develop a method for computing longitudes in SL;OP([R) rep-

. . <7 top . . .
resentations for link groups, where SL," (R) is the universal covering group
of SL, (R).

1. Introduction

Algebraic K-groups provide a uniform language for the study of many mathemat-
ical phenomena. When it comes to knot theory in topology, the Chern—Simons
invariant (i.e., complex volume) and the twisted Alexander polynomial have been
extensively studied as important invariants of 3-manifolds, and appear as elements
in the K- and K3-groups as follows:!

K-group link invariant

K, [Bass 1968] twisted Alexander polynomial
K, [Milnor 1971] | unknown
K3 [Quillen 1973] | Chern—Simons invariant

In contrast, there are few such studies on the second K-group in low-dimensional
topology. Although the paper [Cooper et al. 1994, §4] in topology introduced the
A-polynomial and a Steinberg symbol “{m, [} € Ké” (F)”, the symbol was defined
only for “the tautological representation” (However, this {m, [} has a relation to the
study of incompressible surfaces in Culler—Shalen theory; see [Cooper et al. 1994,
Introduction].) Moreover, we should emphasize that fields F' in most papers on the
Culler—Shalen theory are assumed to be (over) the complex field C, which is local
from the viewpoint of number theory. Nevertheless, the Milnor-Witt K,-group

MSC2010: primary 19C20, 19C30, 57TM27, 57Q45; secondary 19C40, 57M10, 57M50.
Keywords: knot, Milnor K-group, Witt ring, parabolic representations, quandle.

IFor the reader interested in the link invariants with relation to the K 1- and K3-groups, see [Mil-
nor 1966; Friedl and Kim 2008; Zickert 2009] and references therein.
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K%AW(F ) is defined, from any field F, to be the kernel of the universal central
extension £ (which exists because SL,(F') is perfect),

KMY(F) :=Ker(€ : SLo(F) —> SLa(F));

this K éVIW(F ) has been extensively studied in relation to, e.g., metaplectic groups,
stability problems and A!-homotopy theory (see [Matsumoto 1969; Morel 2012;
Hutchinson and Tao 2008; Suslin 1987]). Actually, Ké‘dw(F ) contains some ob-
structions, as in the class number formula, the Beilinson conjecture and so on (see
[Weibel 2013]).

In this paper, we propose a natural construction of an element in K g’lw(F ) from
any parabolic? representation f : 1 (R*\ L) — SL,(F), where F is any infinite
field and L is an arbitrary link in R, The construction is done in a simple way,
wherein the longitudes of L play a key role: First, we show (Proposition 3.1) that
f can be algebraically lifted to f : 77 (R3\ L) — SL2(F ); it follows from the
parabolicity that, for each (preferred) longitude [; € 7y (R>\ L), f(I;) lies in the
unipotent subgroup Ur of SL,(F) up to conjugacy. Therefore, the lifted £(1) lies
in the preimage £ ! (Ur), which will be shown to be isomorphic to the product
F x f%dw(F ) as abelian groups (Lemma 2.4). Here E%VIW(F ) is a Z /2-extension
of KéVIW(F ); see (2.3). Further, we will show that the value f (I;) is independent
of the choice of the lift f, and call it the K, invariant of f (Definition 3.3). Here
is a summary:

fi) e Fx KYV(F)= e (Up) ————= SLa(F)

- -7 £

[ em (R3\L) = ' SL,(F)

In addition, using a homotopical result in [Nosaka 2015], we will show that any
(algebraic) 2-cycle in kv%dw(F ) can be represented as the K, invariant of some
parabolic representation of some link (Theorem 3.4). Consequently, this theorem
ensures that many links give nontrivial examples of the K, invariants. Further-
more, the K, invariants are partially computable for some links, by the help of
arithmetic studies on the K>-groups. Here, the Matsumoto—Moore 2-cocycle [Mat-
sumoto 1969; Moore 1968] is useful, to formulate f (I;) explicitly in K%AW(F ) (see
Section 2), and K%VIW(F ) in some cases is computable (see Section 4); Thus, we

ZNotation in topology: Here, a link L is a C°°-embedding of solid tori into the 3-space R3.
Namely, L : |_|(D2 X Sl) < R3. By #L we mean the number of tori, and 7| (R3 \ L) is called the
link group of L. Furthermore, with a choice xg € S 1 a meridian is one component in the image of
LI(8D? x {xq}) and a longitude is that of |_|({xg} x S'). A homomorphism f : 771 (R3\ L) — SLy(F)
is parabolic if every meridian m in | (IR3 \ L) satisfies Tr f(m) = £2.
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will explicitly determine the K, invariants of some small knots (see Section 5),
although geometric and arithmetic features appearing in the K, invariants have
many unknown aspects (see the A-polynomial [Cooper et al. 1994]).

Furthermore, in Section 6B, we will give two applications from the K; stud-
ies to low-dimensional topology. The first is with respect to the unlifted object
f) = &( f (1)) € SL,(F), which is commonly called a cusp shape in hyper-
bolic geometry (see [Maclachlan and Reid 2003; Zickert 2009]). While the cusp
shape seems, by definition, to be a noncommutative object arising from the link
groups 1 (R?\ L), we explicitly introduce an additive sum formula for f([;),
as in the abelian group K%’IW(F ); see Theorem 6.1. The second is an applica-
tion to the method of Boyer, Gordon and Watson [Boyer et al. 2013] for find-
ing new 3-dimensional manifolds, M, (K), obtained by r-surgery on a knot K
such that 71 (M, (K)) is “left-orderable”. This result (Theorem 6.7) gives evi-
dence supporting to a conjecture in [Boyer et al. 2013] that relates L-spaces to
left-orderability. The key here is Proposition 6.3, which closely relates the real
K %VIW(IR) to i;OP(R), where ﬁ;OP(R) is the universal cover group of the Lie group
SL,(R). See Section 6B for the details.

This paper is organized as follows: We first review the K,-groups in Section 2,
and define the K, invariants in Section 3. After explaining computation on K> in
Section 4, we quantitatively compute some K, invariants in Section 5. Furthermore,
we describe the two applications in Section 6. Finally, Section 7 discusses parabolic
representations by means of quandle theory, and proves the theorems.

Notational conventions. Throughout this paper, F is a commutative field of infinite
order, and Char(F) is the characteristic (possibly Char(F) =0, 2).

2. Review: the Milnor-Witt K;,-group

Before stating the results, we should briefly review the Matsumoto—Moore theorem
[Matsumoto 1969; Moore 1968], which provides a presentation of the second group
homology Hy" (SLy(F)).
Define Ké\’lw(F ) to be the abelian group® generated by the symbols [a, b] with
a, b € F subject to the relations
@ Ia, bC] [b, c] =lab, c]+[a, b] and [a, 1] =[1, b] =0,
(i) [a, bl =[b"", a]l and [a, b] = [a, —ab] for a, b, c € F*,
(iii) [d, e] [d, (1 - d)el,
(iv) [d,0]=[d,0]=0ford,e € F.
3The original presentation did not contain the generators [0, d], [d, O] or the relation (iv). In order

to simplify our statements we employ this presentation, although we can easily see that it coincides
with the original presentation through the relation (iv).
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Noting that the group SL,(F) is perfect, i.e., SLy(F)ap = 0, we now describe the
theorem:

Theorem 2.1 [Moore 1968; Matsumoto 1969, Corollaire 5.12]. Let F be an infi-
nite field. There is an isomorphism Hégr(SLz(F ) = K%\/IW(F ). Moreover, the uni-
versal group 2-cocycle is represented as a map Oy : SLo(F) x SLy(F) — K%’IW(F )
defined by

Ouni(g, &) :=[x(gg), —x(©) 'xEN1—Ix(2), x(gh1 e KYV(F). (2.2)

(Here, for g = (;‘ g) € SL,(F), we define x(g) :=y if y #0 and x(g) ;=8 € F*
if y = 0.) In particular, the set K;VIW(F) x SLo(F) with the group operation
(o0, ) - (B, h) = (¢ + B+ 6uni(g, h), gh) is isomorphic to the universal extension

SLy(F).

Here we note two facts: First, the inclusion SL,(F) into the symplectic group
Sp,, (F) induces an isomorphism Hzgr(SLz(F )= Hzgr(sz,l (F)) for any n € N (see
[Hutchinson and Tao 2008; Suslin 1987]). Next, for any finite field F, with g > 10,
the Hzgr(SLz([Fq)) vanishes. Therefore, in this paper, we restrict ourselves to SL;
and infinite fields.

To end the section, we will introduce some terminology and Lemma 2.4. We
first observe the preimage of {£idy2} via the extension & : ﬁg(F ) = SL,(F). Let
I?g/[W(F) denote the preimage. Since Oyni(a, b) = Ouni(b, a) for any a, b € {£id g2}
by the definitions, Eév[w(F ) is abelian. To summarize, if Char(F) # 2, we have

0— KMW(F) > KYW(F)—>7Z/2— 0 (exact). (2.3)

If Char(F) = 2, we have KMV (F) = KW (F). Furthermore, consider the pre-
image of the unipotent subgroup U, where Uy is of the form {(*) .4) |a € F} as
usual. Notice the group isomorphism Ur = 7Z/2 x F or = F and that the restriction
of Oypn; on this summand F is zero. Hence, we can readily see the following:

Lemma 2.4. The preimage £~ (Ur) is isomorphic to IA(}\/[W(F ) x F as an abelian
group.

3. Definition: K, invariants

In this section, as a topological part, we introduce the K, invariant with respect to
SL;-parabolic representations of link groups (Definition 3.3), and state a theorem.
The knot-theoretic notation that we will use is mentioned in the introduction (see
the textbook [Lickorish 1997] for more details).

The key in the construction is the following proposition:

Proposition 3.1. Let F be an infinite field, and L C R? be a link. Every parabolic
representation f : w1 (R3\ L) — SLy(F) admits the lift f : m1(R>\ L) — SL,(F)
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such that any meridian m € (R \ L) satisfies
f(m) = (0, f(m)) € K}V (F) x SLy(F) = SLy(F).

Remark 3.2. The proof appears in Section 7B, not as standard discussions on
second homology. Actually, for example, if #L > 1, then R*\ L and $°\ L are
not always K (i, 1)-spaces and H>(R>\ L; Z) # 0. To summarize, the lifting is
guaranteed from special properties of K évlw and parabolicity.

Next, we will see that the lifted longitude lies in the preimage £~!(Up) =
IA(J%/[W(F ) X F in Lemma 2.4. For this, choose a meridian—longitude pair (m;, [;)
with respect to each link-component of L, where 1 < j < #L. Notice that the
centralizer of the unipotent subgroup Up is Ur itself in SL,(F). Therefore, since f
is parabolic and each m; commutes with [;, the image f(I;) € SLy(F) is contamed
in Ur. Hence, the lifted object f([ ) lies in the product KMW(F) x F C SLZ(F)
as required. Furthermore, this f () up to conjugacy of SLQ(F ) is independent of
the choice of the lifting f because K MW(F ) is the center in SLQ(F ).

Definition 3.3. Let f be a parabolic representation m; (R*\ L) — SLy(F). For a
link-component j of L, fix a merldlan—longltude pair (m;, [;). We define the K>
invariant of f to be the value of f (I;) after projecting it onto K MW(F ).

In Section 5, we will compute concretely the K, invariants of some links.
Speaking of invariants, we shall observe the nontriviality of the invariant (we
prove this theorem from a homotopical viewpoint in Section 7D).

Theorem 3.4. Let F be an infinite field. For any element (o, B) € E%’IW(F ) X F,
there are a link L and a parabolic representation f : w(R3\ L) — SLy(F) such
that the sum f () 4+ -+ f(lur) is equal to (a, B) € K;V[W(F) x F.

In summary, this theorem implies that any (algebraic) cycle in K;"IW(F ) may
be represented as some parabolic representation of a link via longitudes, and it
ensures many links which have the nontriviality of the K, invariants.

Incidentally, from the viewpoint of A!-homotopy theory, we note a homotopical
interpretation of the invariant £ for perfect fields F. The following isomor-
phisms of A!-fundamental groups are known (see [Morel 2012, §7]):

7 (SLa(F)) = 2 (A2 \ {0}) = KMV (F).

Moreover, via the A!-Galois correspondence, the extension & : ﬁz(F ) = SLy(F)
is the universal covering constructed from a simplicial scheme. Accordingly, the
value f () € K%AW(F ) can be interpreted as a lift of the covering. We refer the
reader to [Morel 2012] for more properties of Milnor-Witt K-theory.
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4. Some computations of the Milnor-Witt K;-group

In preparation for computing the K, invariants, this section analyses K%’IW(F )
quantitatively. The key here is a result of Suslin [1987]. To explain this, we will
review the two groups K/ (F) and I*(F).

First, let us review the Matsumoto theorem on the Milnor K;-group Ké"’ (F).
It says that this Ké” (F) is the quotient group generated by (Steinberg) symbols
{x, y} with x, y € F* subject to the relations

{a,bcy ={a,b}+{a,c}, {ab,c}={a,c}+{b,c} forall a,b,ce F*,
{a,1—a}=0 forall ae F*\{l1}.

Formally, K é"’ (F) can be also presented as the multiplicative group
F*Qz F*/la®@ (1 —a)|ae F*\{1})

Furthermore, as is known, the correspondence [a, b] — {a, b} defines an epimor-
phism w : K%’IW(F) — Ké"’(F). Hence, any element of the form {x, —1} € Ké”(F)
is annihilated by 2. Actually, 2{x, —1} = {x, 1} comes from [x, 1] =0 e KXWV (F).

Next, let WG(F) be the Witt—Grothendieck ring of F, that is, the Grothendieck
ring of isometric classes of all quadratic forms of finite dimension (see, e.g., [Lam
2005, Chapter II] for the definition). For a € F*, let us denote by the symbol (a)
the quadratic form ax? on F. Furthermore, let I (F) C WG(F) denote the augmen-
tation ideal, i.e., I (F) := Ker(WG(F) — Z). Note (see [Suslin 1987, §6]) that the
homomorphism

v: KYW(F) > I*(F), [a.b]l— (1) = (@) (1) — (b)),

induces the homomorphism & : K (F) — I?(F)/1°(F), called the Milnor map.
Suslin [1987] showed that the above homomorphisms provide a pullback dia-
gram

n
KMW(F) ————— K)(F)
v j lMilnor map & (4 1 )
projection

12(F) 1?/I3(F)

See [Hutchinson and Tao 2008] for another proof. We should make some remarks
on this diagram. It is known (see [Lam 2005, §V.6; Weibel 2013, Theorem 7.9])
that the Milnor map induces an isomorphism K (F)/2 = I?/I3(F). In particular,
the quotient 72/I3(F) is an elementary abelian 2-group. Hence, for any prime
[ # 2, the pullback localized at / means a direct product. Furthermore, it is known
(see [Kramer and Tent 2010] and references therein) that the composite 2-cocycle
V0 0yni : SLo(F)? — Ké\dW(F) — I2(F) coincides with “a Maslov 2-cocycle”.
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Next, we mention the Merkujev—Suslin theorem, which deals with torsion parts
of the Milnor groups of F; see, e.g., [Weibel 2013]. It says that if F' contains a
primitive m-th root of unity then “the Galois symbol” gives isomorphisms

KY(F)/m = HZ(Spec(F); n&*) = ,,Br(F).

Here, the last term ,,, Br(F') is the set of elements in the Brauer group Br(F') that are
of order m. The original proof of the theorem can be outlined as a reduction to a
discussion of the algebraic closure in F' of some algebraic subfields. Furthermore,
we should remark that the K,-group of the algebraic closure @ is known to be
zero, i.e., Ké” (@) 0. In particular, the map Ké” (F) —> Ké"’ (€) induced from
any complex embedding F — C of a number field is zero.* In summary, to study
the torsion K é"’ (F)/m, it is natural to assume that F is a number field, i.e., a finite
extension field of (1.

Accordingly, we will restrict ourselves to discussing number fields F. Let r| be
the number of real embeddings of F' and let Spm(OpF) be the set of finite primes
in the algebraic integer Or. We first write the localization sequence of the Milnor
groups (see [Weibel 2013, §I11.6]):

0 K¥(Op) 25 k¥ (F) 5 @ k@ >0 (exac).  (42)
peSpm(Or)

Here, the symbol i denotes the inclusion O < F and 9 is the sum of tame symbols
associated with all primes p € Spm(OF). Note further that the tame kernel K é” (OF)
is known to be of finite order. Hence, any element of Ké” (F) is of finite order.

On the other hand, for the study of the squared ideal / 2(F) in (4.1), consider
the sum of all completions Y : F — R"' @ (@pespm(OF) @p). The induced map
on 72%(e) is known to be injective because of the Hasse—-Minkowski principle [Lam
2005, §VI1.3]. Furthermore, concerning the quotient /2/13(s), the sum Y yields
an exact sequence

0— I2/13(F) 2 (I7/PR)" @ @ Q) — 7/2—0  (43)
peSpm(OF)
which is known as uniqueness of the Hilbert reciprocity. Here, we should note
(see [Lam 2005, §VI.2]) that each I*(Q,) is annihilated by 2, that I°(@,) = 0,
and that I2(R) = 4Z. Hence, I*(F) turns out to be a sum of Z" and some 2-
elementary abelian groups. In particular, the pullback (4.1) above immediately
leads to a lemma:

Lemma 4.4. The kernel of the map 1 : K%AW(F) — KéVI(F) is isomorphic to 7.
As a special case, if ri = 0, then the isomorphism Ké\dw(F) = KZM(F) holds.

“In contrast to K | and K3, the maps K; (F) — K;(C)"2 induced by the complex embeddings are
injective for i = 1, 3 (see [Zickert 2009] for details).
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Incidentally, the sequence (4.3) implies that the group K %’IW(F ) includes the
main information about the metaplectic group defined to be a double cover of SL, (F).

Example 4.5 (F = Q). Finally, let us compute KéVIW(@) as an application of the
above results. Note from a result of Tate (see [Weibel 2013, §II1.6.3] or [Milnor
1971]) that the sequence (4.2) splits and there is an isomorphism Ké” z)y=7/2.
Since r; =1, a careful observation of the pullback diagram (4.1) leads to K %"W(@) =
7® EBP Z/(p — 1), where p ranges over all odd primes.

5. Computation of the K, invariants; hyperbolic links

We will compute the K, invariants of some links. This section assumes that the
characteristics of fields are zero, for simplicity.

SA. Example: the figure-eight knot. Consider the figure-eight knot K4, of Figure 1.
By the Wirtinger presentation of 7 (R*\ K4,), the group is formally generated by
the arcs «;. Precisely, by definition,

3 ~ -1 -1
TR\ K4)) = (Mg, Mgy, Mgy, M, | Mg, = my ' mg, my, =mg, 'mg,mg,,

i -1
Mg, = My, My, Mg, = My Mg, Mg ).

Then, we can easily see that the following assignment yields an SL; representation
f:m(R*\ Ky4,) — SLo(F) if and only if x>+ x +1=0:

_( 10 o x (x=1?
f(moq).—(_1 1>, f(tl1o,3).—<_1 5 )

2 B ) e
rar=(37) = (PET SO0,

X 14+ x—x2

Moreover, according to Proposition 7.3, it can be seen that every parabolic rep-
resentation turns out to be this f, up to conjugacy. Thus, it is sensible to consider
the quadratic field Q(v/—3) = Q[x]/ (x> £ x + 1).

Thus, we set F = @(«/—_3), and compute the K, invariant of f. Note that the
preferred longitude [ forms

I —1,..—1 -1 _ —1 —1 3
[= My, Mg, My My, M, My Mg, M, = Mg, M, Mg, M, - € 71 (R7\ Kyg,).

Qal
4 Baz
a3

Figure 1. The figure-eight knot K4, with four arcs.
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Here, Ké\’lw(F )= Ké” (F) by Lemma 4.4 with r; = 0. Hence, from the definitions
of K%V[W and the 2-cocycle 6,,;, we can compute the K, invariant as

P, 0 f(D) = 0uni((f (M), F(m ) + (F(me,my ), f(me,))
+ (f(mgymy 'myy), f(mz 1))
= ({1, =1} = {1, 1)+ (%, 1} = {1, = 1)) + ({2 +4x%, =1} — (x*, x?})
={244x -1} — {x2, -1}
={2+4x2)x%, -1} = {-2—x%, —1} € K¥(QW/-3)).

Further, let us analyse this {—2 — x2, —1} in Kéw(@(\/—_?;)). Since the tame
kernel Ké” ((’)@( «/53)) is known to be zero (Tate), the sequence (4.2) means that
the sum 0 is an isomorphism. Furthermore, for any prime p € Spm(OpF), the
tame symbol 9,(—2 — x2, —1) equals (=1)%(2=%) ¢ k(p) by definition. Since
Q2+x3)(x*—1)=—-3and 2+x? and x> — 1 are prime elements over 3, we can
conclude the following:

Proposition 5.1. Let F = Q(v/—3). Then 9,2_1) @ dp4,2)({—2 — x%, —1) =
(-1,-De ([F;)Z, and for any other prime p we have 9, ({—2 — x2, -1 =1

In summary, the K, invariant f (D) in Ké"[ (Q(+/—3)) turns out to be nontrivial
by means of the tame symbols, whereas the representation f factors through the
algebraic integer O /=3

5B. Other links. Next, let us discuss other links. Here, notice from Lemma 4.4
that it is relatively easy to compute the kernel (which is isomorphic to Z"") of
W K%VIW(F ) —> Ké” (F). Thus, this subsection is specialized to some parabolic
representations and gives in Table 1 a list of these values 14( f (1)) without perform-
ing detailed computations (see [Maclachlan and Reid 2003, Appendix 13.3] for the
defining polynomials).

In each case, by F/Q we mean the minimal field extension that splits the defin-
ing polynomial. Furthermore, we can see that the class numbers of the splitting
fields vanish; we can easily study prime ideals in Of and compute the associated
valuations d,. For example, the tame symbols at the primes (x24+1) and (x2+2)
distinguish the K»-values of the 6;-knot from one of the 77-knot, whereas the defin-
ing polynomials are equal. In doing so, we can find further examples of nontrivial
K, invariants of other links; however, it remains a problem for the future to clarify
the topological and arithmetic features reflected in the K, invariants.

Finally, let us briefly comment on the K, invariants of hyperbolic small links
with #L > 1. As seen in [Baker 2001], we find many holonomies contained in
SL,(F) with some quadratic fields F'; we can easily compute the longitudes of
such holonomies, since the finite primes of F and the tame kernel O have been
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knot defining polynomial u( f hH) e Kf” (F)
3 x2—1 1 {3, —1}
51 xt43x% 41 2 (X242, =1} +{ 759 —8x?), —21+10x?}
5; 1—2x24x*—x® 1 2(14+xH(5+3x%), —1}
61 14+x243x*+2x04+x% 0 (x242, -1}
77 14+x24+3x*+2x4+x% 0 { 2(32126;2_’—1—3‘;4_:_;:) o1 +2x? —l—x4}
+ [—1 +4x? 4+ 7x* 4-4x5, =2+ 8x% +4x" 440 }
—2—x2—x*4

+{=3—2x2=3x*—x% 2x2 4+ 2x* + 16}

Table 1. Values of u(f(l)) for some defining polynomials of knots.

well studied (see [Keune 1989; Weibel 2013], for example). However, we remark
that, concerning the Whitehead and the Borromean links as the simplest examples,
these f([;) are trivial, unfortunately.

6. Two applications

This paper aims to applications of K,-groups to low-dimensional topology. This
section furthermore gives two applications, although these results are a bit tangen-
tial. In this section, although we roughly review some notions in knot theory, we
refer the reader to [Lickorish 1997, §1 and §11] or [Maclachlan and Reid 2003]
for detailed definitions.

6A. On the cusp shape. While we discuss the Kjinvariant in Sections 3-5, we
will focus on another summand F in F x I?%’IW(F ). The value f ([;) restricted on
this F is called the cusp shape as an important concept in hyperbolic geometry;
see, e.g., [Maclachlan and Reid 2003]. We give a sum formula of the cusp shape.

To state Theorem 6.1, we introduce some terminology. Fix a parabolic rep-
resentation f : w1 (R3\ L) — SL,(F), and a link diagram D of L. Roughly
speaking, as seen in Figure 2, D is the image p(L) C R? with over-under in-
formation, where p is a “generic” projection p : R*> — R2. Then, we can consider
the over-arcs 1, @2, . .., ay; along the orientation of the longitude [; as illustrated
in Figure 2. Let §; be the arc which divides «;_1 and «;, and ¢; € {1} be the
sign of the crossing between «; and §;, according to Figure 4 (see Section 7A).
We denote a loop circling around an arc & by m,. As is known from the Wirtinger
presentation, every m, is conjugate to some meridian in 7;(R? \ L). Hence, by
parabolicity of f, it can seen, as in (7.1), that any arc « uniquely, up to sign,
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......

Figure 2. The longitude [; and arcs «; and f; in the diagram D.

admits (cy, dy) € F x F\{(0, 0)} such that

1 +cod  d?
f(ma)—( 2 l—co,do,)'

o

Furthermore, we define a map S : (F x F \ {(0,0)})> — F by setting
-1+ 62/(a2—abc2—|—azcd) if a(bc*—a—acd) #0,

—1 4+ (=c*+3d) /a3, if a0, bc>—a—acd =0,
S((a.b). (c.d)) = ( e Tas

—1 4+ (—=1—cd)/b"c", if a=0, ¢c#0,

—14d?/b?, ifa=c=0.

We now analyse the sum 2,121 €i - S((cay» day), (cp;. dp,)) € F, as follows:

Theorem 6.1. The sum coincides with the cusp shape Pr o f (1 i) in F, where Pp
is the projection Kévlw(F) x F— F.

The proof will appear in Section 7D; the point here is that the sum formula is
independent of the order of the crossings, while the longitudes seem to be non-
commutative. Moreover, it is interesting and applicable to computations that we
need not describe the longitude [; in the formula, with [; complicated, as in (6.5).

6B. Another application: the real K»(R) and left-orderable 3-manifold groups.
This sectlon focuses on the real case F' = R and compares the K;-group K MW([R)
with SL2 (R), where SL2 (R) is the topological universal cover of SL,(R) asso-
ciated with 7 (SLo(R)) = Z. As an application, we give a formula to compute
longitudes lifted to §Lt20p([R). We hope that this computation will be useful for
studying the left-orderability of 3-manifold groups (see [Boyer et al. 2013], for
example). In fact, we give new 3-manifold groups which are left-orderable.

We now explain Proposition 6.3, which strictly describes §Lt20p([R). Consider the
map Sign : R — Z defined by Sign(a, b) =1if a <0 and b < 0, and Sign(a, b) =0
otherwise. Recalling the 2-cocycle i in (2.2), we equip Z x SL;(R) with the
group operation

(n, g) - (m, h) := (n+m+Sign o Ouyi(g, h), gh). (6.2)
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Proposition 6.3. This group structure on Z x SL;(R) is isomorphic to the universal
cover SLtZOP([R{) (forgetting the topology, of course).

Here, we should emphasize that this result is simpler than the known formula
for the group operation on SL;OP([RR), because it was formulated using logarithms
(see [Bargmann 1947] for details).

Proof. First, let us compute K%’IW(R). Since I (F') for any algebraically closed F
is known to be zero, we obtain K%AW(F )=EK é” (F) from the pullback diagram (4.1).
Moreover, it is known (see [Weibel 2013, Theorem II1.6.4 and Application II1.6.8.3])
that Ké” (F) is of uncountable cardinality and is a uniquely divisible group, i.e., a
(Q-vector space, and that an isomorphism Ké” RY=z726 Ké” (C)™* is obtained
as a corollary of Hilbert’s Theorem 90. Here the first summand Z/2 is widely
known to be generated by the (Steinberg) symbol {—1, —1} and the second one
is the invariant subspace by complex conjugation. Recalling from Section 4 that
I*(R) = 47 is generated by ((1) — (—a?))? with a € R, the pullback diagram (4.1)
implies that

KWR =z kY (©)". (6.4)

Here, notice that the induced homomorphism Sign, : K}V (R) — Z from Sign :
R? — Z coincides, by construction, with the projection in the decomposition (6.4).

Finally, we complete the proof. Since the cover SL2 (R) is a central extensmn
of SL(R) with fiber Z, the universal extension SLz(R) surjects onto SL2 (R).
By noticing the isomorphism (6.4) and that every quotient of a divisible group is
divisible, the central kernel is KQM (©)™". Hence, the surjection to the group (6.2)
induces the desired isomorphism. U

Thanks to Proposition 6.3, given an f s (R3 \K) - ﬁ;OP(R) we can com-
pute the value Pz( f (I)) of the longitude [. This section will give an application
(Proposition 6.6 and Theorem 6.7). Throughout this subsection, we will denote by
P7 the set-theoretic projection Z x SL(R) — Z.

First, let us comment on some known results. Note that the connection between
the summand Z in (6.4) and the Euler classes of U (1)-bundles over surfaces is well-
understood (see [Wood 1971]). For example, the Milnor-Wood inequality gives an
estimate of the value Pz( f (I)) € Z bounded by the Seifert genus g(K) of a knot K.
Precisely, since the longitude forms a product of g(K') elements in the commutator
subgroup 71 (R3 \ K)’, we have |Pz(f([))| <g(K)— 1. see [Wood 1971, (5.5)].
As a corollary, for any knot K of Seifert genus one, the value Pz( f () is zero
(this result was crucial in [Boyer et al. 2013; Hakamata and Teragaito 2014; Tran
2015]). However, no value Pz( f (I)) with respect to knots K of Seifert genus > 1
has been computed so far.
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o < n\ o
\.)%
Figure 3. The diagram D of the knot 6,.

As the nontorus knot of Seifert genus > 1 and of the minimal crossing number,
we will focus on the 6,-knot K. The diagram D with arcs «y, . .., ag is illustrated
in Figure 3.

Inspired by a method in [Hakamata and Teragaito 2014; Tran 2015], we will
find elliptic homomorphisms f : 771 (R*\ K) — SL,(R) such that

0
f(ma1)=(\(/); £1>, f(ma2)=(_s\/i1 ﬁ1> for some 5,1 € R.

Moreover, we set T = ¢ + ¢t~ ). Then, from the Wirtinger presentation, we can
easily see that s and ¢ must satisfy the equation R, (s, T) = 0, where Re, (s, T) is
the polynomial

1435452 +252 4+ 35 +5° — 3425 + 45> + 95> +4sHT
+ (1425 +952+65)T? — Bs +4sH T3 +sT*.

Owing to this quartic equation with respect to T =t + ¢, this  can be for-
mulated as an algebraic function of s. Here, suppose a (unique) positive solution
so = 1.48288 ... for which the discriminant A(s) of R, (s, t) with respect to 7 is
zero. Then, following the quartic formula for 7', if 0 < s < 59 (resp. so < s < 200),
there are two (resp. four) real solutions ¢ € R. ¢ of the equation R, (s, t+t7 =05
Choose the two solutions which are smallest and denote them by f,, and #s... We
denote by f; ; the resulting homomorphism 71 (R \ K) — SLy(R), and denote by
fox 11 (R3\ K) — SLYP(R) the lift of f;,.

We will compute the resulting value Pz( ﬂ (1)), where we will use a longitude [
of the form

[= malm;41ma3m;51 (m;llmaﬁmal )(m;llm;;ma,) € (IR3 \ Ks,). (6.5)

Hence, according to (6.2), we can formulate the value Pz ( f;,t([)) as a function of s.
By definition, the function is upper semicontinuous with respect to s. Furthermore,
it is possible to list all the (finitely many) noncontinuous points of Pz( ﬁ (D) for a
given interval in R. Here, we focus on the interval [0, 200]. Then, with the help of

5Incidentally, if 3000 < s, we have eight real solutions 7 € R of the equation Rg, (s, T) = 0.
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a computer, we can investigate noncontinuous points in the interval (here we use
the above quartic formula), and hence get the following conclusion:

Proposition 6.6. For s > 0, let tmin and tsc be the above solutions of Re, (s, t) = 0.
Then the value Pz ( f; ;... (1) is 0if 0 <s <200, while P7( fs .. (1) is 1 if so <s <200.

It is worth noting that, by a computer program, if 2700 < s < 2900, the value
Py( f},,mm (I)) is 1; hence Proposition 6.6 does not hold for any s > sy. However, we
emphasize that it is the first to discover infinitely many homomorphisms f; ¢ such
that the values Pz( fs ¢([)) are not zero, and that it seems to be hard to compute the
value Pz ( f (I)) for general knots K.

Finally, we give an application using the ideas of [Boyer et al. 2013; Hakamata
and Teragaito 2014]. It is known [Boyer et al. 2013] that, if an irreducible closed
3-manifold M admits a nontrivial homomorphism 7y (M) — éi;oP([R{), then M has
left-orderable fundamental group. Here, a group G is left-orderable if it has a total
order < such that g, x, y € G with x < y implies gx < gy. Based on their ideas,
we will show the following:

Theorem 6.7. Let r = p/q € Q. Let M, (K) be the closed 3-manifold obtained
by r-Dehn surgery along the 6;-knot K. If 0.1 < r < 7.99, then the fundamental
group w1 (M, (K)) is left-orderable.

Proof. We will construct a nontrivial homomorphism f : (R3 \K) —> STL;OP([RR)
which sends mgl [7 to the identity. Here note that the 3-manifold M, (K) obtained
from the 2-bridge knot 6, is known to be irreducible. If we have such a map, the
van Kampen theorem admits the induced map 7, (M, (K)) — ﬁ;Op([RR) and, hence,
gives the desired left-orderability.

The construction of f is as follows: First notice that the commutator subgroup

of fs:(mgy,) forms
-1 -2
{(g(“‘” LA ))‘MGRX}

without #> = 1. Hence, by the definition of [, we can see that fs.6(D) € SLa(R) is of

the form
gs, 1) *
0 g(s,0)7!

for some * € R, where g(s, t) is a polynomial in s of the form
(1=2t 412 =20+ 65+ 54> =3t — 1> =20 +36° =215+ 1)
+523% =203 — 1 4207 — 219 + 52 (1 — 1%)) /1%,

Since the commutator subgroup is isomorphic to R*, the equality f(my,)” f()9 =
idg2 € SLy(R) holds if and only if #~7/? = g(s, t)4. To solve this, we consider the
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function R : [0, 100] — [0, oo) defined by R(s) :=2log(g(s, tmin))/ log(tmin). Here
we note the estimate R(10™%) < 10~! and R(10?) > 7.99, which are obtained from
a computer program. Since this R is continuous by construction, the image of R
includes the interval [0.1, 7.99]. To summarize, for 107! < r < 7.99 there are s
and fpin with 0 < s < 100 which ensure a homomorphism f; ;. that sends mgl 4
to the identity in SL;(R).

Moreover, we consider a lifted ﬁ foin - TT1 (R3\K )— SL ([R) By Proposition 6.6,
we have Pz( fs toin (Ma,)) = Pz ( fs .. () = 0. Hence this lift is one of the required
maps. (|

It is well known (see [Boyer et al. 2013], for example) that the resulting 3-
manifold, M, (K), of r-surgery on any 2-bridge knot K is not an L-space, i.e., the
Heegaard Floer homology of M, (K) is not isomorphic to that of the lens space
L(p, q) for any (p, q) € Z*. Theorem 6.7 is supporting evidence for a conjecture
in [Boyer et al. 2013], which predicts an equivalence between L-spaces and the
left-orderability. As seen in the proof above, we hope that our computation will be
applicable to other knots of genus > 1.

7. Proofs of the theorems

We will prove the theorems from Sections 2 and 6. For this, this section employs
an approach to obtaining parabolic representations by means of quandles. This
approach, using quandle, has some benefits: first, while SL,(F) is of dimension 3
over F, the approach can deal with parabolic representations from a certain 2-
dimensional object (A2 \ 0)/{#}; see Proposition 7.3 (in contrast to [Riley 1972]
in a group-theoretic approach). Furthermore, the results of [Carter et al. 2005;
Eisermann 2014; Nosaka 2015] in quandle theory gave some topological applica-
tions; here the point is that quandle theory sometimes ensures nontriviality of some
knot invariants and makes a reduction to knot diagrams without 3-dimensional
discussion of R*\ L. Correspondingly, we will see that our setting of SL,(F)
satisfies conditions necessary to the results, and will give the proofs of Theorems
3.4 and 6.1.

7A. Parabolic representations in terms of quandles. Let us begin by reviewing
quandles. A quandle [Joyce 1982] is a set, X, with a binary operation <: X x X — X
such that

(D) a<ta=aforanya € X;
(II) the map (e <ta) : X — X defined by x — x < a is bijective for any a € X;
II) (a<tb)<ic=(a<c)<(b<c) foranya,b,ce X.

A map f: X — Y between quandles is a (quandle) homomorphism if f(a<1b) =
f(a) < f(b) for any a, b € X. For example, any group G is a quandle with the
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Figure 4. Positive and negative crossings.

conjugacy operation x <y := y~!xy for any x, y € G, and is called the conjugacy

quandle in G and denoted by Conj(G). Furthermore, given an infinite field F,
consider the quotient set F 2\ {(0, 0)}/~ subject to the relation (a, b) ~ (—a, —b),
and equip this set with the quandle operation

l4+cd d?*
cc l1l—cd )

(ab)<(cd)=(a b)( 2

This quandle in the case F' = C was introduced in [Inoue and Kabaya 2014, §5],
which refers to it as a parabolic quandle (over F) and denotes it by X . Further-
more, consider the map

t: Xr— SLo(F),

ey (1T @ N d=b)(11)(ab 7.1
’ 2 1—=cd)  \=¢c a 01 cdl

We can easily see that this ¢ is injective and a quandle homomorphism, and the
image is the conjugacy class of ((1) %) Hence, the quandle X is a subquandle
composed of parabolic elements of the conjugacy quandle in SL,(F') (furthermore,
it is a subquandle in PSL, (F)).

Next, we will review X-colorings. Let X be a quandle and D be an oriented
link diagram of a link L C S3. An X-coloring of D is a map C : {arcs of D} — X
such that C(yx) = C(y;) <{C(y;) at each crossing of D as in Figure 4.

For example, when X is the conjugacy quandle of a group G, the coloring con-
dition coincides with the relations in the Wirtinger presentation of a link L. Hence,
we have a bijection

1:1
Colconj(Gy (D) <—> Homg, (71 (R*\ L), G). (7.2)

Next, let us focus on colorings with respect to the parabolic quandles X r over
fields F. Since X is a conjugacy class of SL,(F) via (7.1), we can easily prove:

Proposition 7.3 (a special case of [Nosaka 2015, Corollary B.1]). Let D be a dia-
gram of a link L. Fix meridians my, ..., Mgy € 1] (R3 \ L) in each link-component
which is compatible with the orientation of D. Then the restriction of (7.2) gives
a bijection from the set Colx (D) to the following set, composed of parabolic
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representations from w1 (R>\ L):
{f € Hom(m([R{3\L), SLy(F)) | f(m;) = t(x;) for some x; € XF}.

In particular, if L is a hyperbolic link and F' = C, the holonomy is regarded as a
nontrivial X¢-coloring in Coly. (D) (see Appendix 13.3 of [Maclachlan and Reid
2003] for the hyperbolic knots of crossing number < 9).

We remark that it is very often (but not always) the case that the quotient set of
Coly, (D) modulo conjugation in SL,(F') is of finite order. In a special case, we
will see that small knots satisfy finiteness (Proposition 7.4). Here, a knot K is said
to be small if there is no incompressible surface except for a boundary-parallel
torus in the knot exterior. For example, the 2-bridge knots and torus knots are
known to be small.

Proposition 7.4. Let F be a field embedded in the complex field C. If D is a dia-
gram of a small knot K, then the quotient set of Colx, (D) subject to the conjugacy
operation of SL,(F) is of finite order.

We will omit the proof, since it follows from standard arguments in Culler—
Shalen theory similar to those in [Culler and Shalen 1983] or [Cooper et al. 1994,
Proposition 2.4].

Example 7.5. It is known that every knot of crossing number < 9 is small. Further-
more, we can see that the quotient set is bijective to {x € F*/{x1}| f(x) f(—x) =
0} for some polynomial f(x). Without proof, we list the defining polynomials of
some knots for the case Char(F) = 0 in Table 2.

7B. Proof of Proposition 3.1. From Proposition 7.3 and the definition of K %’[W(F ),
we will prove Proposition 3.1.

Proof of Proposition 3.1. By definition of parabolicity, f(m) for every meridian m
is contained in the image of ¢ (recall Proposition 7.3), where ¢ is the map in (7.1).

knot the defining polynomial f(x)

31 x—1

4 xP—x+1

51 x24+x—1

5, X —xr+1

61 xt+x?—x+1

74 WP 4+2x — D —x3+2x2=2x+ 1)

77 P xP—x+ DO+ 2x 23 252+ 2x + 1)

Table 2. The defining polynomials for some knots.
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Hence, from the Wirtinger presentation and Lemma 7.6 below, we can canonically
obtain a lift f : 7w (R3\ L) — SL,(F), defined by setting

fm) = (0, f(m)) € KYV(F) x SLy(F). O

Lemma 7.6. Consider the composite Oyni o (1 X () : (Xp)? > K%’IW(F) of the
universal 2-cocycle Oyi. Then, for any (a, b), (c, d) € X, the composite satisfies
the equality

Ouni 0 (¢t X )((a, b), (¢, d)) = Ouni 0 (t X )((c, d), (a, b) < (c, d)).

We will prove Lemma 7.6 by a tedious computation. To this end, denote the
restriction Gypi o (¢ X ¢) by ®. Then a direct calculation shows an easy formula for
this ©: precisely, for any (a, b), (c,d) € Xp, the map © : (Xrp)> — KYV(F)
satisfies the equality

[(ab —1)c? — (1 +cd)a?, —c?/a?]
O((a,b), (c,d)) = —[—a?, —c* if ac#0, (7.7
0 if ac =0.
Proof of Lemma 7.6. When ac = 0, we can easily obtain the desired equality in
Lemma 7.6 by a direct calculation, although we omit the details.

Thus, we will assume ac # 0, and compute ©((a, b), (¢, d)) in some detail.
Denote (a, b) <1 (¢, d) by (H, I) € X for short. Then a direct calculation can
show the identity

(A —cd)H*+ (1 + HDc? = (1 —ab)c? + (1 + cd)a>. (7.8)

Let B be the right-hand side in (7.8). Noting that [—a?, —c*] = [—a?, —c?/a?] by
axiom (ii), the ©((a, b), (c, d)) in (7.7) becomes [—B, —c?/a*] — [—a*, —c*/a?].
Further, this is equal to [B/az, —cz/az] —2[—1, —B] by Lemma 7.9(2) below.

Hence it is enough to show [B/c2, —H2/c2] = [B/az, —cz/az] for the proof. For
this purpose, note [B/a?, —c?/a*] = [B/c?, —c*/a*] by Lemma 7.9(1). Therefore,
from the identity B = a H + c¢? by definition and the axiom (iii), we deduce that

[B/c?, —c*/a®] = B/, —(B/* = D*(c?/a®)]
=[B/c?, —a’H?/(c*a®) = [B/c*, —H?/.
In summary, we have the desired equality [B/c?, —H?/c*] = [B/a?, —c?/a?]. O
Lemma79. (1) [x,yl=[x"', y "1 =[xy, y] foranyx,y e F*.
) [x, =21+ [=y?, =21 = [=xy?, =21+ 2[~ 1, x] forany x, y,z € F*.

Proof. First, (1) is directly obtained from the axiom (ii) of K ;VIW(F ).

Next we will prove (2). Following [Suslin 1987], we use the notation [a, b, c] :=
[a, b] + [a, c] — [a, bc]. Since [A, —z2] = [—z"2, A), the goal is equivalent to the
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equality [—z72, x, —y2] = [x, —1, —1]. To show this, we set up two identities
proven in [Suslin 1987, Lemma 6.1] of the forms

lab, x, c] = [a, bx,c]l+[b, x,cl—[a,b,cl, [d,e, fl=[d ' e, f1 (7.10)
for any x,a, b, c,d, e, f € F*. By applying a = —z, b =z and ¢ = —y? to these
identities, we have
2 x, =yl =1-2% x, =y = [~z zx, =y 1 + [z, x, =y’ = [~z, 2, x]
1

[—z~
=[—z7", —zx, =y 4+ [z, x, =y — [z, 7, x]
=[—1,x, —y°].

Lastly, since the equalities [x, b, c] = [x, ¢, b] = [b, ¢, x] are known [Suslin 1987,
Lemma 6.1], repeating the computation leads to [—z72, x, —yz] =[-1,x, —y2] =
[—y2, x, —11=[-1,x, —1] =[x, —1, —1], as desired. O

7C. Preliminaries. In the next subsection, we will prove Theorems 3.4 and 6.1,
which remain to be proved. For this purpose, this subsection reviews some results
[Carter et al. 2005; Eisermann 2014] of quandle theory, which explain a relation
between quandles and longitudes.

To this end, we begin by setting up some terminology. Consider the group
defined by generators e, labeled by x € X modulo the relations e, - e, = ey - e, 4,
for x, y € X. This group is called the associated group and denoted by As(X),
and has a right action on X defined by x - e, := x < y. Letting O(X) be the set
of the orbits, we consider the orbit decomposition of X, i.e., X = | 2€0(X) X,.In
addition, fix a quotient group G of As(X) subject to a central subgroup. Denote
the quotient map As(X) — G by pg.

Switching to topology, given an X-coloring C € Colyx (D) of a link L, let us
correspond each arc y to pg(ec(,)) € G. Regarding the arcs as generators of
m1(R3\ L) by the Wirtinger presentation (see Figure 5), the correspondence defines
a group homomorphism I'¢ : 71 (R3\ L) — G.

Furthermore, with respect to link-components of L, we fix an arc y; on D with
I <j<#L.Letx;:=C(y;) € X;, and fix a preferred longitude [; obtained from D.
Noticing that each [; commutes with the meridian y;, we have I'c([;) € Stab(x;).

Figure 5. The correspondence I'¢.

§
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We will give a computation for the value I'c(l;) as follows. Fix x; € X, for
any A € O(X), Since the action of G on X, is transitive, we can choose a section
5) : X; — G such that x; - s,(y) = y for any y € X,. Then we define a map
¢:X>— Gby

$(g. h) =s52(8)pcleg 'en)sn(g <)~ for g€ X;, heX. (7.11)

By definition, we see that ¢ (g, i) lies in the stabilizer Stab(x;) C G of x;
if g € X;.

With respect to the coloring C, similar to in Section 6A, we define a product of
the form

Se.j =@ (Cla), C(BN)¢(Cle2), C(2))? - - ¢ (Clan,), C(Bn,;))™ € Stab(x;),

where the terminology of arcs «; and §; and of signs ¢; are as in Section 6A (see
also Figure 2). Although this construction depends on the choice of the x; and the
sections s, , the following is known:

Proposition 7.12 [Carter et al. 2005, Lemma 5.8]. The product Sc ; equals

5. (C(n))'Te(1)s:.(C(n))

in Stab(x;). In particular, if Stab(x;) is abelian, the equality Sc j = T'c(l;) holds
in Stab(x).

The proof immediately follows from the definitions of ¢ and of the preferred
longitude [;.

We next review a computation, shown by Eisermann [2014], of the second quan-
dle homology HZQ (X) (see [Carter et al. 2003] for the original definition).

Theorem 7.13 [Eisermann 2014, Theorem 9.9]. Let X be a quandle with |0 (X)|=1.
Fix x; € X. Let Stab(x,) C As(X) denote the stabilizer of x,. Then the abelianiza-
tion Stab(x;)ap is isomorphic to 7 & H2Q (X).

In particular, the class [["¢(I;)] in the abelianization is contained in Z & HZQ (X)
by Theorem 7.13. Then, as a corollary of a homotopical study of the homol-
ogy HZQ (X), we can state a sufficient condition to ensure the nontriviality of the
classes in the Z & HQQ (X) as follows:

Proposition 7.14 [Nosaka 2015, Remark 6.4]. Let X be a quandle such that the
orbit O(X) is single. If the group homology Hzgr(As(X ); Z) is zero, then any
element Y € HzQ (X) admits some X-coloring C of a link such that the equality
Y =[Te()]+- - -+ [Tels)] holds in 7 ® HZ (X).
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7D. Proofs of Theorems 3.4 and 6.1. First, we aim to prove Theorem 3.4. In-
spired by Theorem 7.13, we first determine the associated groups As(X r) of the
parabolic quandles over F.

Theorem 7.15. Take the map - X — SLy(F) given in (7.1). Then the map
Xr— 7 x KYW(K) x SLy(F), x> (1,0, 1(x)).

gives rise to a group homomorphism As(Xr) — 7 X SNLQ(F), which is an isomor-
phism.

Proof. We can first verify that the map ¢ in (7.1) yields a group epimorphism
As(Xr) — SL,(F), which is a central extension. It then follows from Lemma 7.6
that the above map yields a group homomorphism As(Xr) — Z x ’SVLZ(F ). Since
Hi(As(XF)) = Z, the universality of central extensions implies that the homo-
morphism must be an isomorphism. U

Corollary 7.16. The second quandle homology HZQ (X F; Z) is isomorphic to the
group F & K%/IW(F).

Proof. We will compute HZQ (XF) using Theorem 7.13. Fix xg = (0, 1) € Xp,
and the universal extension & : §i,2(F ) = SLo(F). Noticing that the SL, standard
representation Xr v As(Xp) is transitive, i.e., |O(X)| = 1, we will calculate
the abelianization of the stabilizer Stab(xg) C As(Xfg). We easily check that
E(Stab(xg)) C SLy(F) is the subgroup Ur. Hence, Stab(xg) = Z x ENW(Up) =
Z x KYW(F) x F by Lemma 2.4. Since this is abelian, Theorem 7.13 readily
implies the conclusion Z @ HZQ Xp)= H{gr(Stab(xo)) =7 x I?%AW(F) x F. O

Proof of Theorem 3.4. Theorem 7.15 says that the quandle X r satisfies the assump-
tion of Proposition 7.14. Moreover, Stab(xq) =Z x KMV (F) x F = ZEBH2Q (Xr;2)
is abelian by Corollary 7.16. As a consequence, Proposition 7.14 implies the con-
clusion. ([

Next we will turn to proving Theorem 6.1.

Proof of Theorem 6.1. Let G be PSL,(F), and let ps be the composite of projec-
tions As(Xrp) — S’IZ(F) — SL,(F) 5 PSL,(F). Let x; be (0, 1) € X . Then we
easily see that the stabilizer Stab(x,) C G is an abelian group 7w (Ufr) = F.
Furthermore, we define a section sg : Xp — PSL,(F) by setting s¢(0, b) :=
diag(h~', b) and s¢(a, b) := (2 _Zfl ) if a # 0. Then, according to (7.11), we have
the resulting map ¢ : (Xr)> — m(Ur) = F. By an elementary computation, the
map ¢ agrees with the map S. Hence, Proposition 7.12 immediately implies the
equality claimed in Theorem 6.1. U

Remark 7.17. Similar to the previous proof, by considering the case (X, G) =
(XF, SLy(F)), we can give a sum formula for the K, invariant. However, as the
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author can not formulate a section Xp — §LZ(F ) in a simple way, the resulting
formula is a little complicated and is far from applications. The desired formula
would be simple; So this paper omits describing formulae for the K, invariants.
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Equivariant vector bundles, their derived category
and K-theory on affine schemes

Amalendu Krishna and Charanya Ravi

Let G be an affine group scheme over a noetherian commutative ring R. We
show that every G-equivariant vector bundle on an affine toric scheme over R
with G-action is equivariantly extended from Spec(R) for several cases of R
and G.

We show that, given two affine schemes with group scheme actions, an equiv-
alence of the equivariant derived categories implies isomorphism of the equivari-
ant K-theories as well as equivariant K'-theories.

1. Introduction

The goal of this paper is to answer some well-known questions related to group
scheme actions on affine schemes over a fixed affine base scheme. Our particular
interest is to explore when are the equivariant vector bundles on such schemes
equivariantly trivial and when does an equivalence of their derived categories im-
ply homotopy equivalence of the equivariant K-theory. Both questions have been
extensively studied and are now satisfactorily answered in the nonequivariant case
(see [Lindel 1981; Rickard 1989; Dugger and Shipley 2004]).

1A. Equivariant Bass—Quillen question. The starting point for the first question
is the following classical problem from [Bass 1973, Problem IX]:

Conjecture 1.1 (Bass—Quillen). Let R be a regular commutative noetherian ring
of finite Krull dimension. Then every finitely generated projective module over the
polynomial ring R[x1, ..., x,] is extended from R.

The most complete answer to this conjecture was given by Lindel [1981], who
showed (based on the earlier solutions by Quillen and Suslin when R is a field)
that the above conjecture has an affirmative solution when R is essentially of finite
type over a field. For regular rings which are not of this type, some cases have been
solved (see [Rao 1988], for example), but the complete answer is still unknown.

MSC2010: primary 13C10; secondary 14L30.
Keywords: group scheme action, equivariant vector bundles, equivariant K-theory.
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In this paper, we are interested in the equivariant version of this conjecture, which
can be loosely phrased as follows.

Let R be a noetherian regular ring and let G be a flat affine group scheme over
R. Let A = R[xy, ..., x,] be a polynomial R-algebra with a linear G-action and
let P be a finitely generated G-equivariant projective A-module. The equivariant
version of the above conjecture asks:

Question 1.2. Is P an equivariant extension of a G-equivariant projective module
over R?

The equivariant Bass—Quillen question was studied, for example, in [Knop 1991;
Kraft and Schwarz 1992; 1995; Masuda et al. 1996] when R = C is the field
of complex numbers. This question is known to be very closely related to the
linearization problem for reductive group action on affine spaces.

The first breakthrough was achieved by Knop [1991], who found counterexamples
to this question when G is a nonabelian reductive group over C. In fact, he showed
that every connected reductive nonabelian group over C admits a linear action on
a polynomial ring for which the equivariant Bass—Quillen conjecture fails. Later,
such counterexamples were found by Masuda and Petrie [1995] when G is a finite
nonabelian group. Thus the only hope to prove this conjecture is when G is
diagonalizable. It was subsequently shown by Masuda, Moser-Jauslin and Petrie
[Masuda et al. 1996] that the equivariant Bass—Quillen conjecture indeed has a
positive solution when R = C and G is diagonalizable. This was independently
shown also by Kraft and Schwarz [1995].

It is not yet known if the equivariant Bass—Quillen conjecture has a positive
solution over any field other than C. One of the two goals of this paper is to solve
the general case of the equivariant Bass—Quillen question for diagonalizable group
schemes over an arbitrary ring or field. Our approach to solving this problem in
fact allows us to prove the stronger assertion that such a phenomenon holds over all
affine toric schemes over an affine base. This approach was motivated by a similar
result of Masuda [1998] over the field of complex numbers.

Let R be a commutative noetherian ring. Recall from [SGA 3 1970, Exposé VIII]
that an affine group scheme G over R is called diagonalizable if there is a finitely
generated abelian group P such that G = Spec(R[P]), where R[P] is the group
algebra of P over R.

Let L be a lattice and let o C Lg be a strongly convex, polyhedral, rational cone.
Let A denote the set of all faces of 0. Let A = R[o N L] be the monoid algebra
over R. Let ¢ : L — P be a homomorphism which makes Spec(A) a scheme with
G-action. Let A denote the subring of G-invariant elements in A. Let us assume
that every finitely generated projective module over R[Q] is extended from R if Q
is torsion-free (see Theorem 5.2).
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Our main result can now be stated as follows (see Theorem 7.8). The underlying
terms and notations can be found in the body of this text.

Theorem 1.3. Let R and A be as above. Assume that all finitely generated projec-
tive modules over A, and (A;)° are extended from R for every T € A. Then ev-
ery finitely generated G-equivariant projective A-module is equivariantly extended
from R.

For examples of rings satisfying the hypothesis of the theorem, see Sections 5,
6 and 7.

Let us now assume that R is either a PID, or a regular local ring of dimension
at most 2, or a regular local ring containing a field. As a consequence of the
above theorem, we obtain the following solution to the equivariant Bass—Quillen
question:

Theorem 1.4. Let R be as above and let G be a diagonalizable group scheme
over R acting linearly on a polynomial algebra R[xy, ..., Xy, Y1, ..., Yr]. Then
the following hold:

(1) If A = R[x1, ..., x,], then every finitely generated equivariant projective A-
module is equivariantly extended from R.

) IfRisaPID and A = R[xy, ..., x,, ylil, e yril], then every finitely gener-
ated equivariant projective A-module is equivariantly extended from R.

This theorem is generalized to the case of nonlocal regular rings in Theorem 8.4.
We note here that, previously, it was not even known whether every G-equivariant
bundle on a polynomial ring over R is “stably” extended from R.

The above results were motivated in part by the following important classifica-
tion problem for equivariant vector bundles over smooth affine schemes. One of
the most notable (among many) recent applications of the nonequivariant Bass—
Quillen conjecture is Morel’s classification [2012, Theorem 8.1] of vector bundles
over smooth affine schemes. He showed, using Lindel’s theorem [1981], that all
isomorphism classes of rank-n vector bundles on a smooth affine scheme X over
a field k are in bijection with the set of A!-homotopy classes of maps from X
to the classifying space of GL, ;. It is important to note here that, even though
Morel’s final result is over a field, its proof crucially depends on Lindel’s theorem
for geometric regular local rings.

The equivariant version of the Morel-Voevodsky A!-homotopy category was
constructed in [Heller et al. 2015]. One can make sense of the equivariant classi-
fying space in this category, analogous to the one in the topological setting [May
1996]. The equivariant analogue (Theorem 1.4) of Lindel’s theorem now completes
one very important step in solving the classification problem for equivariant vector
bundles. It remains to see how one can use Theorem 1.4 to complete the proof
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of the equivariant version of Morel’s classification theorem. This will be taken up
elsewhere.

1B. Egquivariant derived category and K-theory. We now turn to the second ques-
tion. To motivate this, recall that it is a classical question in algebraic K-theory to
determine if it is possible that two schemes with equivalent derived categories of
quasicoherent sheaves (or vector bundles) have (homotopy) equivalent algebraic K-
theories. This question gained prominence when Thomason and Trobaugh [1990]
showed that the equivalence of K-theories is true if the given equivalence of derived
categories is induced by a morphism between the underlying schemes. There has
been no improvement of this result for the general case of schemes to date.

However, Dugger and Shipley [2004] (see also [Rickard 1989]) showed a re-
markable improvement over the result of Thomason and Trobaugh for affine schemes.
They showed more generally that any two (possibly noncommutative) noetherian
rings with equivalent derived categories (which may not be induced by a map of
rings!) have equivalent K-theories.

Parallel to the equivariant analogue of the Bass—Quillen question, one can now
ask if it is true that two affine schemes with group scheme actions have equivalent
equivariant K-theories if their equivariant derived categories are equivalent. No
case of this problem has been known yet.

In this paper, we show that the general results of Dugger and Shipley [2004]
apply in the equivariant setup too, which allows us to solve the above question.
More precisely, we combine Dugger and Shipley’s results and Proposition 4.6 to
prove the following theorem.

Let R be a commutative noetherian ring and let G be an affine group scheme
over R. Assume that either G is diagonalizable or R contains a field of characteris-
tic zero and G is a split reductive group scheme over R. Given a finitely generated
R-algebra A with G-action, let us denote this datum by (R, G, A). Let DS(A)
and D%(proj/A) denote the derived categories of G-equivariant A-modules and G-
equivariant (finitely generated) projective A-modules, respectively. Let K ©(A) and
K{;(A) denote the K-theory spectra of G-equivariant (finitely generated) projective
A-modules and G-equivariant A-modules, respectively.

Theorem 1.5. Let (R, G1, A1) and (R, G, Ay) be two data of the above type.
Then DS1(A}) and D (A,) are equivalent as triangulated categories if and only
if D% (proj/ A1) and D% (proj/As) are equivalent as triangulated categories.

In either case, there are homotopy equivalences of spectra K°' (A1) ~ K92(A»)
and KE;I(AI) ~ K/GZ(AZ).

In other words, this theorem says that the equivariant K-theory as well as the
K’-theory of affine schemes with group action can be completely determined by
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the equivariant derived category, which is much simpler to study than the full equi-
variant geometry of the scheme.

Brief outline of the proofs. We end this section with an outline of our methods.
Our proof of Theorem 1.3 is based on the techniques used in [Kraft and Schwarz
1995] to solve the equivariant Bass—Quillen question over C. As in [loc. cit.],
we show that all equivariant vector bundles actually descend to bundles on the
quotient scheme for the group action. This allows us then to use the solution to the
nonequivariant Bass—Quillen question to conclude the final proof.

In order to do this, one runs into several technical ring-theoretic issues and
one has to find algebraic replacements for the geometric techniques available only
over C. Another problem is that the approach of [Masuda et al. 1996] to solve
Question 1.2 for R = C crucially uses the result of [Bass and Haboush 1985] that
every equivariant vector bundle over C[xy, ..., x,] is stably extended from C. But
we do not know this over other rings.

Our effort is to resolve these issues by a careful analysis of group scheme actions
on affine schemes. Instead of working with schemes, we translate the problem into
studying comodules over some Hopf algebras. Sections 2 and 3 are meant to do
this. In Section 4, we prove some crucial properties of equivariant vector bundles
on affine schemes, which play a very important role in proving Theorem 1.5. These
sections generalize several results of [Bass and Haboush 1985] to more general
rings.

In Section 5, we prove some properties of equivariant projective modules over
monoid algebras, which are the main object of study. In Section 6, we show how
to descend an equivariant vector bundle to the quotient scheme and then we use the
solution to the Bass—Quillen conjecture in the nonequivariant case to complete the
proof of Theorem 1.3 in Section 7. Theorem 1.4 and its generalization are proven
in Section 8.

We prove Theorem 1.5 in Section 9 by combining the results of Section 4, [Dug-
ger and Shipley 2004] and a generalization of a theorem of Rickard [1989]. This
generalization is shown in the Appendix.

2. Recollection of group scheme action and invariants

In this section, we recall some aspects of group schemes and their actions over a
given affine scheme from [SGA 3, 1970, Exposé III; SGA 3y 1970, Exposé VIII].
We prove some elementary results about these actions which are of relevance to
the proofs of our main results. In this text, a ring will always mean a commutative
noetherian ring with unit.

Let S = Spec(R) be a noetherian affine scheme and let Schg denote the category
of schemes which are separated and of finite type over S. Let Algy denote the
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category of finite-type R-algebras. We shall assume throughout this text that S is
connected. If R and S are clear in a context, the fiber product X x s Y and tensor
product A ®g B will be simply written as X x ¥ and A ® B, respectively. For
an R-module M and an R-algebra A, the base extension M ®g A will be denoted
by My.

2A. Group schemes and Hopf algebras. Recall that a group scheme G over §
(equivalently, over R) is an object of Schg which is equipped with morphisms
uwe : G x G — G (multiplication), n : S — G (unit) and t : G — G (inverse)
that satisfy the known associativity, unit and symmetry axioms. These axioms are
equivalent to saying that the presheaf X — hg(X) := Homgen (X, G) on Schyg is
a group-valued (contravariant) functor.

If G is an affine group scheme over S, one can represent it algebraically in terms
of Hopf algebras over R. As this Hopf algebra representation will be a crucial part
of our proofs, we recall it briefly.

Let us assume that G is an affine group scheme with coordinate ring R[G]. Then
the multiplication, unit section and inverse maps above are equivalent to having the
morphisms A: R[G] — R[G]®R[G], €: R[G] - Rand o : R[G] — R[G]in Alg,
such that ug = Spec(A), n = Spec(e) and T = Spec(o). The associativity, unit
and symmetry axioms are equivalent to the commutative diagrams

RIG] -2 R[G]® RIG] 22, (R[G]® R[G]) ® R[G]
/‘\can. iso. (2~1)
A
RIG]1® RG] 2, RIG] ® (R[G]® R[G])
RIG] <X RIG1® RIG1 25 RIG] RIG]1® RIG] 2% R[G]
\ AT / AT (2.2)
Id Id
R[G] R[G] ———> R

In other words, (R[G], A, €, o) is a Hopf algebra over R and it is well known
that the transformation (G, ug, n, 7) — (R[G], A, €, o) gives an equivalence be-
tween the categories of affine group schemes over S and finite-type Hopf algebras
over R (see [Waterhouse 1979, Chapter 1]).

2A1. R-G-modules. Let G be an affine group scheme over R. An R-G-module is
an R-module M equipped with a natural transformation 4 (Spec(A)) — GL(M)(A)
of group functors, where the functor GL(M) associates the group Auts (A @p M)
to an R-algebra A.

Equivalently, an R-G-module is an R-module M which is also a comodule over
the Hopf algebra R[G], in the sense that there is an R-linear map p: M — R[G]®r M
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such that the following diagrams commute:

M——" L RIGI®M M—L L RGIl®M
pJ lA@IdM IdMl le@IdM (2.3)
Idric1®p ~
RIGI® M 28 RIG1® RIG1® M M—=_RQM

The reader can check that the comodule structure on M associated to a natural
transformation of functors hg — GL(M) is given by the map p : M — R[G]Q M
with p(m) = hg(R[G])(Idg[c1) (1 ® m). We shall denote an R-G-module M in the
sequel in terms of an R[G]-comodule by (M, p).

A morphism [ : (M, p) — (M', p') between R-G-modules is an R-linear map
f:M — M'suchthat p’o f = (Idg;1® f)op. We say that M is an R-G-submodule
of M’ if f is injective. The set of all R-G-module homomorphisms from M to M’
will be denoted by Homgg (M, M').

We shall say that an R-G-module M is finitely generated (resp. projective) if
it is finitely generated (resp. projective) as an R-module. The categories of R-G-
modules will be denoted by (R-G)-Mod. The category of finitely generated projec-
tive R-G-modules will be denoted by (R-G)-proj. The category of not necessarily
finitely generated projective R-G-modules will be denoted by (R-G)-Proj.

If G is an affine group scheme which is flat over R, then it is easy to check
that (R-G)-Mod is an abelian category and (R-G)-proj is an exact category. The
flatness is essential here because in its absence the kernel of an R-G-module map
f M — M’ may not acquire a G-action as R[G] ®x Ker(f) may fail to be a
submodule of R[G]®r M.

2A2. Submodule of invariants. Let G be an affine group scheme over R and let
(M, p) be an R-G-module. An element m € M is said to be G-invariant under the
action of G if p(m) =1 ®m. The R-submodule of G-invariant elements of M will
be denoted by M.

Given an element A € R[G], we say that m € M is semi-invariant of weight A un-
der the G-action if p(m) = A ® m. The following is a straightforward consequence
of the definitions and R-linearity of p.

The group scheme G is called linearly reductive if Inv : (R-G)-Mod — R-Mod
sending M to M is an exact functor.

Lemma 2.4. Given an R-G-module (M, p) and character A € R[G], the set
My ={meM|p(m)=rQm)}

is an R-G-submodule of M. In particular, M© is an R-G-submodule of M. Every
R-submodule of M, is an R-G-submodule of M.
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Example 2.5. Let k be an algebraically closed field and let G be a linear algebraic
group over k. In this case, a (finite) k-G-module is the same as a finite-dimensional
representation V of G. We can now check that the above notion of G-invariants is
same as the classical definition of V¢, givenby V¢ ={veV |g-v=v for all g € G}.

Choose a k-basis {vy, ..., v,} for V and suppose that
n
pvi) =" ai; ®vj. (2.6)
j=1

One can use (2.3) to see that V becomes a G-representation via the homo-
morphism p’ : G — GL(V) given by p(g) = (a;;(g)). Recall here that an element
of k[G] is the same as a morphism G — A,l. If we write an element of V in terms
of arow vector x = (x1, ..., X,) = Z?:l x;v;, then it follows easily from (2.6) that
p(x) =1®x if and only if (a;;(g))x = x for g € G. But this is the same as saying
that p’(g)(x) =x forall g € G.

2A3. Group scheme action. Let G be a group scheme over S = Spec(R) and let
X € Schg. Recall that a G-action on X is a morphism uy : G xs X — X which
satisfies the usual associative and unital identities for an action.

If G is an affine group scheme over S and X = Spec(A) is an affine S-scheme,
then a G-action on X as above is equivalent to a map ¢ : A — R[G] ®r A in
Algy such that ¢ defines an R[G]-comodule structure on A. In this case, one has
wx = Spec(¢). We shall denote this G-action on X by the pair (A, ¢) and call A an
R-G-algebra. Note that this notion of R-G-algebra makes sense for any (possibly
noncommutative) R-algebra R — A such that the image of R is contained in the
center of A. We shall use this R-G-algebra structure on the endomorphism rings
(see Lemma 3.8).

We also recall, in the language of Hopf algebras, the G-action on an R-G-algebra
Aisfreeifthemap ®: AQr A — R[G]Rpr A given by ® (a1 ®ar) =¢(a1)(1Qay)
is surjective.

3. Equivariant quasicoherent sheaves on affine schemes

Recall from [Thomason 1987, §1.2] thatif X € Schg hasa G-action uxy :GxgX — X
then a G-equivariant quasicoherent sheaf on X is a quasicoherent sheaf 7 on X
together with an isomorphism of sheaves of Ogx-modules on G x g X

0 : p*(F) => uy(F), (3.1)

where p : G x5 X — X is the projection map. This isomorphism satisfies the
cocycle conditionon G x5 G x5 X

(1 x ux)* (@) o p33(0) = (ng x D*(0), (3.2)
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where py3: G x5 G xs X — G x5 X is the projection to the last two factors.
A morphism of G-equivariant sheaves f : (Fi, 61) — (F2, 67) is a map of sheaves
f 1 F1— Fasuchthat u% (f) o6 =60 p*(f).

3A. A-G-modules. Let us now assume that G is an affine group scheme over S =
Spec(R) which acts on an affine S-scheme X = Spec(A) with A € Alg,. Let
¢ : A — R[G] ®g A be the action map such that ux = Spec(¢).

Definition 3.3. An A-module M is an A-G-module if (M, p) is an R-G-module
such that
pla.m)=¢(a).p(m) forallac A and m € M. 3.4

An A-G-module homomorphism is an A-module homomorphism which is also
an R-G-module homomorphism. Given a pair of A-G-modules, the set of A-G-
module homomorphisms will be denoted by Homag(_, _).

We shall denote the category of A-G-modules by (A-G)-Mod. An A-G-module
M will be called projective, if it is projective as an A-module. We shall denote the
category of finitely generated projective A-G-modules by (A-G)-proj. The category
of (not necessarily finitely generated) projective A-G-modules will be denoted by
(A-G)-Proj. Notice that, given a morphism of R-G algebras f : (A, ¢p4) — (B, ¢p),
there is a pull-back map f*: (A-G)-Mod — (B-G)-Mod which preserves projective
modules. It is easy to check that, given an R-G-module M and an A-G-module N,
the extension of scalars gives an isomorphism

Hompgg (M, N) —=> Homug (M4, N). (3.5)
Proposition 3.6. There is an equivalence between the category of G-equivariant
quasicoherent O x-modules and the category of A-G-modules.

Proof. Let M be an A-module which defines a G-equivariant quasicoherent sheaf
on X and let 6 : R[G] ®r M —> R[G]®r M be an isomorphism of R[G]®gA-
modules as in (3.1) satisfying (3.2).

We define an A-G-module structure on M by setting p : M — R[G]®r M to
be the map p(m) =6 (1 ® m). The map p is clearly R-linear and one checks that

pla-m)y=01®a-m)==0(a-(1Q@m))=¢(a) -0(1@m)=4¢(a)-p(m).

Since the map ¢ : A — R[G] Qg A is just the inclusion map a — 1 ® a when
restricted to R, one checks easily from (3.2) that

(I xux)* (@) opy@)A@1®@m)=(1x 1s)* @) o pyO)(11&m)
= (Idg(G1 ® p) 0 p(m)

and it is also immediate that (ug x 1)*(0)(1 ® 1 @ m) = (A ® Idg[g)) o p(m).
This is the first square of (2.3). The second square of (2.3) is obtained at once by
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applying the map (n x n x 1)* to (3.2), where 1 : § — G is the unit map. We have
thus shown that M is an A-G-module.

Conversely, suppose that M is an A-G-module. We define 6 : R[G] ®r M —
R[G] ®g M by setting 6(x ® m) = x - p(m). In other words, we have

0 = (¢ ®Idy) o Idgic) ® p), (3.7

where o : R[G] ®r R[G] — R[G] is the multiplication of the ring R[G].

Since p is R-linear, we see that 6 is R[G]-linear. To show that 8 is (R[G|QrA)-
linear, it is thus enough to show that it is A-linear. This is standard and can
be checked as follows: For any a € A, x € R[G] and m € M, we get, inside
R[G]®r M = R[G]Qr A®s M,

Bla-x@m))=0(x ®aQm)
=0xQR1Qa-m)
=@®1)-pla-m)
=@®1)-(¢(a)- p(m))
=@ -¢(a) pim).
The fourth equality above follows from (3.4). On the other hand, we have
a-0(x@m)=¢() - 0(xR1Qm)
=¢@)- x®1)-0(1®@m)
=¢a) - x®1)-p(m).

The two sets of identities above show that 0 is (R[G]® g A)-linear. To show that
6 is an isomorphism, we define 01 RIGI®r M — R[G]®@r M by

07" = (¢ ®1dy) o (Idgi6) ® 0 ® Idy) o (Idri) ® ),

where o : R[G] — R[G] is the inverse map of its Hopf algebra structure.

It is easy to check using (2.2) and (2.3) that 6 o 0 '=06"106= IdgiG1o.m- The
cocycle condition (3.2) is a formal consequence of the left square in (2.3). It is also
straightforward to check that the two constructions given above yield the desired
equivalence between the categories of G-equivariant quasicoherent sheaves on X
and A-G-modules on A. We leave these verifications as an exercise. ([l

Lemma 3.8. Assume that G is flat over R and let (A, ¢) be an R-G-algebra. Let
(L, pr), (M, py) and (N, py) be A-G-modules and let p : (M, ppr) = (N, pn) be
an A-G-linear map. Assume that (L, pr) is finitely generated. Then Homy (L, N)
has a natural A-G-module structure and Homyu (L, L) has a natural A-G-algebra
structure such that the following hold:

(1) The induced map Homyu (L, M) Loy Homu (L, N) is A-G-linear.
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(2) Homug(L, N) =Homy (L, N)©.
3) If (M, ppy) and (N, pn) are finitely generated, then

Hom, (N, L) —— Hom (M, L)

is A-G-linear.

Proof. To define an A-G-module structure on Homy (L, N), we need to define
an R-linear map ¥y : Homa (L, N) — R[G] ®g Homa (L, N) satisfying (2.3)
and (3.4).

Since R[G] is flat over R and L is a finitely generated A-module, it is well
known (see [Eisenbud 1995, Proposition 2.10], for example) that there is a canon-
ical isomorphism of (R[G]®r A)-modules:

B : R[G]®r Homa(L, N) — Homg(Gieza(R[G]®r L, R[G]®r N).

Using 8, we can define {7y (f) for any f € Homy (L, N) to be the composition

RIGI®x L %5 RIG1 @1 L 425 RIGT @1 N 2% RIG] @& N, 3.9)

where 67 and 6y are as in (3.7). One checks using (3.2), (3.4) and (3.7) that ¥y
defines an A-G-module structure on Homy4 (L, N). To show that Homy4 (L, L) has
an A-G-algebra structure, we need to show that Y1 (fog) =v¥rr(f)ovrr(g).
But this is immediate from (3 9)

The map Hom4 (L, M) £°=5 Homyu (L, N) is known to be A-linear. Thus we
only need to show that it is R-G-linear in order to prove (1). Using (3.9), this is
equivalent to showing that, for any f € Hom4 (L, M), the identity

(IdRr[61 ® p) 0 Op o (IdgiG1 ® f) 00, ' =60y o (Idri1® (po £)) 06, (3.10)

holds in Homg[gigza (RIG] ®r L, R[G] ®r N). In order to prove this identity, it
suffices to show that (Idg;g] ® p) 0 0y = O o (Idg[6] ® p). But this is equivalent
to saying that p is R-G-linear (see the definition of morphism of G-equivariant
sheaves below (3.2)). This proves (1), and the proof of (3) is similar.

To prove (2), recall that f € Homy (L, N)© if and only if

Yin(f) =0y o(d® f)ob, ' =1d® f

(see Section 2A2), or equivalently if Oy o (Id® f) = (Id® f) 00;. We are thus left
with showing that Oy o (Id® f) = (Id® f) o6 if and only if pyo f = (Id® f)opL.
But the “if” part follows directly from (3.7) and the “only if” part follows by
evaluating 8y on 1 ® L — R[G]®R L. O
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3B. Diagonalizable group schemes. Recall from [SGA 3; 1970, Exposé VIII]
that an affine group scheme G over R is called diagonalizable if there is a finitely
generated abelian group P such that G = Spec(R[P]), where R[P] is the group
algebra of P over R. Recall that there is a group homomorphism (the exponential
map) e : P — (R[P])* and the R-algebra R[P] carries the following Hopf algebra
structure: A(e,) =e,Re,, o(e,) =e_, and €(e,) =1 for a € P, where we write ¢,
for e(a). As R[P] is a free R-module with basis P, we see that G is a commutative
group scheme which is flat over R. It is smooth over R if and only if the order of
the finite part of P is prime to all residue characteristics of R.

Taking P = Z, we get the group scheme G,, = Spec(R[Z]) = Spec(R[tT!]).
For an affine group scheme G over R, its group of characters is the set X (G) :=
Hom(G, G,,), whose elements are the morphisms [ : G — G,, in the category
of affine group schemes over R. Every element of P defines a unique homomor-
phism of abelian groups Z — P and defines a unique morphism of group schemes
Spec(R[P]) — G,,. One checks that this defines an isomorphism P —=> X (G) and
yields an antiequivalence of categories from finitely generated abelian groups to
diagonalizable group schemes over R. In particular, the category Diagy of diago-
nalizable group schemes over R is abelian. We shall use the following known facts
about the diagonalizable group schemes and quasicoherent sheaves for the action
of such group schemes.

Proposition 3.11 [SGA 3, 1970, Exposé VIIL, §3]. Let ¢ : G — G’ be a morphism
of diagonalizable group schemes. Then there are diagonalizable group schemes
H, G/H and G'] G together with exact sequences in Diagy

0>H—>G%G/H—>0 and 0—G/H—>G — G'/G — 0.

Proposition 3.12 [SGA 3, 1970, Exposé I, Proposition 4.7.3]. Let G = Spec(R[P])
be a diagonalizable group scheme. Then the category of R-G-modules is equivalent
to the category of P-graded R-modules. The equivalence is given by associating
to every R-G-module (M, p) the P-graded R-module M = @, p
M, :={m e M| p(m) = e, ® m} is the subspace of M containing elements
of weight e, (see Section 2A2). To every P-graded R-module M = @ ,.p M,,
we associate the R-G-module (M, p), where p(m) := (e, @ m) for all m € M,
anda € P.

M,, where

Corollary 3.13. Let G = Spec(R[P]) be a diagonalizable group scheme and let
0—)M1—>M2—>M3—>0

be an exact sequence of R-G-modules. Then the following hold:

(1) Foreacha € P, there is an exact sequence 0 — (M), — (M2)q — (M3), — 0
of R-G-modules.
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2) 0— MlG — M2G — M3G — 0 is an exact sequence of R-G-modules.

(3) The sequence 0 — M| — My — Mz — 0 splits as a sequence of R-G-modules
if and only if it splits as a sequence of R-modules.

Proof. Assertions (1) and (2) follow directly from Lemma 2.4 and Proposition 3.12.
The “only if” part of (3) is immediate and, to prove the “if” part, it is enough,
using (1) and Proposition 3.12, to give a splitting of the R-G-linear map ¢, :
(M3), — (M3), fora € P.

Lets : M3 — M, be an R-linear splitting of t : M, — M3. For a € P, consider
the composite map u, : (M3), ay Mz 5 M, Lay (M3),, where i, and p, are
the inclusion and the projection maps, respectively. As t = €, p t. and hence
t, 0 pg = pg o't, one checks at once that #, o u, is the identity on (M3),. Moreover,
for each m € (M3),, one has

(IdgriG) ® ua) 0 p3(m) = €q @ ug (M) = P20 ug(m)
and this shows that u, : (M3), — (M3), is an R-G-linear splitting of ¢,. U

Given any v € P, we shall denote the free R-G-module of rank one with constant
weight e, by R, (see Section 2A2).

Lemma 3.14. Let G = Spec(R[P]) be a diagonalizable group scheme and let
(A, @) be an R-G-algebra. Given two free R-G-modules (V, py) and (W, pw) of
rank one and respective constant weights e, and e, the A-G-module structure on
Homy (Va, Wy) is given by

Homy (Va, Wa) >~ (Ry—y) ®r A.
In particular, Homag (Va, Wy) >~ Ay_y and Endag ((V, py)) = AC.

Proof. This follows directly from Lemma 3.8 by unraveling the A-G-module struc-
ture defined on Homy4 (V4, Wa). U

Lemma 3.15. Let
O—> P]&Pgﬂ)}%—)o

be an exact sequence of finitely generated abelian groups and set G; = Spec(R[ P;]).
Let ¢ : R[P;] — R[P;11] denote the corresponding map of group algebras. Let
(A, 0) be an R-G-algebra.

(1) (A, (¢ ®1dy) 00) is an R-G1-algebra.

(2) If (E, p) € (A-G2)-Mod, then Ej, :={A € E | (¢; ®Idp)op(l) =, @A} C E
is an A-G,-submodule for each b € Ps.

3) If E € (A-G»)-proj, then so does Ejp,.
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Proof. The item (1) is clear. For (2), we can write E = @, p, Ea where each
E, is an R-G,-submodule. In particular, each Ej is an R-G,-submodule. To see
that it is an A-G,-submodule, it suffices to know that E}, is an A-submodule of E.
Setting A = EBCEPI A., it suffices to check that xA € E, forx € A. and A € E;,. But
this is a straightforward verification using the fact that (¢; o ¢7)(e.) = 1 and we
skip it. The item (3) is clear as each E}, is a direct factor of E as an A-module. [J

Corollary 3.16. With the assumptions of Lemma 3.15, assume furthermore that the
action of G| on A is free and that every finitely generated projective module over
AC1 is extended from R. Given any finitely generated projective A-G,-module E,
we have E >~ F4 for some R-G,-module F.

Proof. We can use Lemma 3.15 to assume that £ = E; for some b € P3. For any
aeco, ! (b), it is easy to check that the evaluation map

Homyug, (R, ®r A, E) ®4 (R, ®r A) - E (3.17)

is an isomorphism of A-Gs-modules. Lemma 3.15, however, says that E' :=
Homug, (R, ®r A, E) = (Homy (R, ®r A, E))%: is an A-G,-module. It follows
that (3.17) is an A-G5-linear isomorphism.

As E’ has trivial G3-action, it can be viewed as a projective A-Gi-module. It
follows from our assumption and [Vistoli 2005, Theorem 4.46] that this is the pull-
back of a finitely generated projective module over A®!. Since every such module
over A" is extended from R, we conclude that E' >~ F’ @ A as an A-G,-module
for some finitely generated projective R-module F’. Taking F = F' Qg R,, we
get E >~ Fy. U

4. Structure of ringoid modules on (A-G)-Mod

Let R be a commutative noetherian ring and let G be a flat affine group scheme
over R. Let (A, ¢) be an R-G-algebra. We have observed in Section 2A1 that
the flatness of G ensures that (A-G)-Mod is an abelian category. In this section,
we show that A-G-modules have the structure of modules over a ringoid (defined
below) for various cases of G. We shall say that an A-G-module is A-G-projective
if it is a projective object of the abelian category (A-G)-Mod.

Lemma 4.1 (resolution property). Let G = Spec(R[P]) be a diagonalizable group
scheme over R. Then every finitely generated A-G-module is a quotient of a finitely
generated, free A-G-module in the category (A-G)-Mod.

Proof. Let M be a finitely generated A-G-module. As an R-G-module, we can
write M =@, p M,, where each M, is an R-module and has constant weight “e,”.
We can find a finite set of elements S = {m}ll, R m’a‘ll, el m}lm, R m];’,z} cM
which generates M as an A-module, with ay, ..., a,, € P, k; € N and mf,l. € M,.
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Consider the free R-G-module F = )., Rlacjf, where R, denotes the free rank-1
R-G-module with constant weight e,,. Then we have an R-G-module map F — M
such that the set S lies in its image. Therefore, (3.5) yields a unique A-G-module
surjection F4 — M, where Fj4 is a free A-G-module of finite rank. U

Remark 4.2. A similar argument shows that every A-G-module (not necessarily
finitely generated) has an A-G-linear epimorphism from a direct sum of (possibly
infinite) rank-1 free A-G-modules.

Lemma 4.3. Let G be as above. Then a finitely generated A-G-module is A-G-
projective if and only if it is projective as an A-module. In particular, the category
(A-G)-Mod has enough projectives.

Proof. Suppose L is a finitely generated projective A-G-module. Let M 2, N be a
surjective A-G-module homomorphism. Then Hom4 (L, M) —%°-, Hom A(L,N)is
an A-G-linear map by Lemma 3.8 and is surjective as L is a projective A-module.
By Corollary 3.13(2), the map Hom4 (L, M)© ooy Homy (L, N)€ is also surjec-
tive and, therefore, Homug (L, M) —2°— Hom a6(L, N) is surjective by Lemma 3.8.
Hence, L is A-G-projective.

Conversely, suppose L is A-G-projective. By Lemma 4.1, there exists a finitely
generated free A-G-module F and an A-G-module surjection F — L. Since L is
A-G-projective, there is a splitting and hence it is a direct summand of F. Since
F is a projective A-module, L is A-projective as well. The existence of enough
projectives in (A-G)-Mod now follows from this, Lemma 4.1 and Remark 4.2 since
any direct sum of A-G-projectives is also A-G-projective. U

Let us now consider more general situations. Recall from [SGA 3 1970, Ex-
posé XIX] that an affine group scheme G over R is called reductive if it is smooth
over R and, for every point x € § = Spec(R), the geometric fiber G x g Spec(lTx))
is a reductive linear algebraic group over Spec(k(x)). We say that G is split re-
ductive if it is a connected and reductive group scheme over R and it admits a
maximal torus 7" >~ an’ & such that the pair (G, T') corresponds to a (reduced) root
system (A, R, AV, R") defined over Z (see [SGA 3; 1970, Exposé XXII]). It is
known that all Chevalley groups, such as GL,, SL,,, PGL,, Sp,,, and SO, are split
reductive group schemes over R.

Using similar techniques, we can now extend Lemmas 4.1 and 4.3 to the class
of split reductive group schemes over R, as follows:

Lemma 4.4. Let R be a unique factorization domain containing a field of charac-
teristic zero. Let G be a connected reductive group scheme over R which contains
a split maximal torus G, .. Let (A, ¢) be an R-G-algebra. Then:

(1) Every finitely generated A-G-module is a quotient of a finitely generated, free
A-G-module in the category (A-G)-Mod.
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(2) A finitely generated A-G-module is A-G-projective if and only if it is projec-
tive as an A-module.

Proof. Let k — R be a field of characteristic zero. Since R is a UFD and G contains
a split maximal torus, it is known in this case (see [SGA 3; 1970, Exposé XXII,
Proposition 2.2], for example) that G is in fact a split reductive group scheme
over R. In particular, it is defined over the ring Z and hence over k. Let G be a
k-form for G. In other words, Gy is a connected reductive group over k such that
k[Gol ® R ~ R[G].

Let M be a finitely generated A-G-module. Since Gy is reductive and char(k) =0,
we see that it is linearly reductive (see Section 2A2). Since R[G] = k[Go] ®¢ R,
we see that the R-G-module structure on M given by (M, p) is same thing as the k-
Go-module structure (M, p) (see Section 2A1). With this k-Gy-module structure,
we can write M as a (possibly infinite) direct sum of irreducible k-Go-modules.
Let S = {m, ..., my} be a generating set of M as an A-module. Then we can find
finitely many irreducible k-Gg-submodules of M whose direct sum contains S.
Letting F denote this direct sum, we get a k-Go-linear map F' — M whose image
contains S. This map uniquely defines an R-G-linear map Fr — M. Extending
this further to A using (3.5), we get a unique A-G-linear map F4 — M, which is
clearly surjective. This proves (1).

Suppose L is a finitely generated projective A-G-module. Let M2 Nbea
surjective A-G-module homomorphism. Then Homu (L, M ) Homy (L, N)
is an A-G-linear map by Lemma 3.8 and is surjective as L is a projective A-module.
Using the linear reductivity of G and arguing as in the proof of Lemma 4.3, we
see that the map Homu (L, M )G0 —2°=5 Homy (L, N)%° is surjective. As argued
in the proof of (1) above, it is easy to see from the identification of (M, pr)
with (M, p) and Section 2A2 that E G = EG for any R-G-module E. We con-
clude that the map Homy (L, M )G —°=5 Homu (L, N)C is surjective. Therefore,
Homug (L, M) — o, Homug (L, N) is surjective. Hence L is A-G-projective. The
converse follows exactly as in the diagonalizable group case using (1). U

We recall a few definitions in category theory:

Definition 4.5. Let .4 be a cocomplete abelian category. We say that a set of objects
{Py}q 1s a set of strong generators for A if for every object X in 4 we have X =0
whenever Hom 4 (P, X) = 0 for all «.

An object P is called small if @, Hom4(P, X;) — Homu(P, P, X,) is a
bijection for every set of objects {X; },.

Recall that a ringoid R is a small category which is enriched over the category
Ab of abelian groups. This means that the hom-sets in R are abelian groups and
the compositions of morphisms are bilinear maps of abelian groups. A ringoid with
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only one object can be easily seen to be equivalent to a (possibly noncommutative)
ring R.

A (right) R-module is a contravariant functor M : (R)°? — Ab. It is known that
the category R-Mod of (right) R-modules is a complete and cocomplete abelian
category, where the limits and colimits are defined objectwise. An R-module is
called free of rank one if it is of the form B +— Homg (B, A) for some A € R.
Such modules are denoted by H4. We say that an R-module is finitely generated
if it is a quotient of a finite coproduct of rank-one free R-modules. It is known that
R-Mod is a Grothendieck category which has a set of small and projective strong
generators. This set is given by the collection {H4 | A € Obj(R)}. We refer to
[Mitchell 1972] for more details about ringoids.

A combination of the previous few results gives us the following conclusion:

Proposition 4.6. Given a commutative noetherian ring R, an affine group scheme
G over R and an R-G-algebra (A, @), the following hold:

(1) If G = Spec(R[P)) is a diagonalizable group scheme, then the category
(A-G)-Mod has a set of small and projective strong generators.

(2) If R is a UFD containing a field of characteristic zero and G is a split re-
ductive group scheme, then the category (A-G)-Mod has a set of small and
projective strong generators.

In either case, the category (A-G)-Mod is equivalent to the category R-mod
for some ringoid R and this equivalence preserves finitely generated projective
objects.

Proof. If G = Spec(R[P]) is diagonalizable, we set S = {A Qg R, | a € P},
and if G is split reductive, we set S = {A ®k V,}q, where {V,}, is the set of
isomorphism classes of all irreducible k-Gg-modules. The proposition now follows
from Lemmas 4.1, 4.3 and 4.4 and Remark 4.2. It is shown as part of the proofs
of these lemmas that S is a set of strong generators for (A-G)-Mod.

The last part follows from (1) and (2) and [Freyd 1964, Exercise 5.3H], which
says that the functor

Hom(S, _) : (A-G)-Mod — End(S)-Mod

is an equivalence of categories, where End(S) is the full subcategory of (A-G)-Mod
consisting of objects in S. To show that this equivalence preserves finitely gener-
ated projective objects, we only need to show that it preserves finitely generated
objects, since any equivalence of abelian categories preserves projective objects.
Suppose now that M is a finitely generated A-G-module in case (1).

It was shown in the proof of Lemma 4.1 that there is a finite set {a;, ..., a,} S P
and a surjective A-G-linear map @, (A ®g R,,) — M. But this precisely means
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that @;":1 H,; (A®Rg R;) — Hom(S, M)(A ®r R,) for all a € P and this means
Hom(S, M) is a finitely generated object of End(S)-Mod. The case (2) follows
similarly. U

Remark 4.7. If G is a finite constant group scheme over R whose order is invert-
ible in R, then one can show using the same argument as above that the category
(A-G)-Mod has a single small and projective generator given by A ®g R[G]. In
particular, a variant of Freyd’s theorem implies that (A-G)-Mod is equivalent to
the category of right S-modules, where S is the endomorphism ring of A ® g R[G].

5. Group action on monoid algebras

In this section, we prove some properties of projective modules over the ring of
invariants when a diagonalizable group acts on a monoid algebra. We fix a com-
mutative noetherian ring R and a diagonalizable group scheme G = Spec(R[P])
over R.

Let Q be a monoid, i.e., a commutative semigroup with unit. Let G(Q) be the
Grothendieck group associated to Q.

Definition 5.1. We say that Q is
e cancellative if ax = ay implies x = y in Q;
e seminormal if x € G(Q) and x2, x> € Q implies x € Q;
e normal if x € G(Q) and x" € Q for any n > 0 implies x € Q;
e torsion-free if x" = y" for some n > 0 implies x = y;
e having no nontrivial unit if x, y € Q and xy = 1 imply that x is the unit of Q.

Given a monoid Q, we can form the monoid algebra R[Q]. As an R-module,
R[Q] is free with a basis consisting of the symbols {e, | a € O}, and the multiplica-
tion on R[Q] is defined by the R-bilinear extension of e, - e, = e4p. The elements
e, are called the monomials of R[Q]. For example, polynomial ring R[xy, ..., X,]
is a monoid algebra defined by the monoid 7}, and the monomials of R[Z" ] are
exactly the monomials of the polynomial ring.

5A. Projective modules over monoid algebras. For R as above, consider the fol-
lowing conditions.

(1) Every (not necessarily finitely generated) projective R-module is free and
every finitely generated projective R[Q]-module is extended from R if Q is
a torsion-free abelian group.

(1) Every (not necessarily finitely generated) projective R-module is free and
every (finitely generated) projective module over R[Q x Z"] is extended
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from R if Q is a torsion-free, seminormal and cancellative monoid which
has no nontrivial unit and n > 0 is an integer.

Theorem 5.2. Let R be a commutative noetherian ring that is any of the following:
(1) A principal ideal domain.
(2) A regular local ring of dimension < 2.
(3) A regular local ring containing a field.

Then R satisfies () and (7).

Proof. The first part of (1) holds more generally for any commutative noether-
ian ring R which is either local or a principal ideal domain. This follows from
[Kaplansky 1958, Theorem 2; Bass 1973].

That the principal ideal domains satisfy (1) and (77) follows from [Bruns and
Gubeladze 2009, Theorem 8.4]. These conditions for (2) follow from [Swan 1992,
Theorem 1.2, Corollary 3.5]. To show () and (§7) for (3), we first reduce to
the case when R is essentially of finite type over a field, using the methods of
[Swan 1998, Theorem 2.1] and Neron—Popescu desingularization. In the special
case when R is essentially of finite type over a field, (3) follows from [Swan 1992,
Theorem 1.2, Corollary 3.5]. (]

5B. Projective modules over the ring of invariants. Let Q be a monoid and let
u: Q@ — P be a homomorphism of monoids. Consider the graph homomor-
phism y, : Q — P x Q given by y,(a) = (u(a),a). This defines a unique
morphism ¢ : R[Q] — R[P x Q] >~ R[P]®g R[Q] of monoid R-algebras, given
by ¢(fa) = 8y.@ = Cu@ @ far Where e : P — (R[PD*, f:Q — (R[QD* and
g:P xQ— (R[P x Q] are the exponential maps (see Section 3B). Notice that
these exponential maps are injective. Setting A = R[Q], we thus get a canonical
map of R-algebras

¢:A— R[P]®rA. 5.3)

One checks at once that this makes (A, ¢) into an R-G-algebra.

Proposition 5.4. Let Q' = Ker(u) be the submonoid of Q. Assume that Q satis-
fies any of the properties listed in Definition 5.1. Then Q' also satisfies the same
property. In each case, there is an isomorphism of R-algebras R[Q'] => AC.

Proof. Since we work with (commutative) monoids, we shall write their elements
additively. It is immediate from the definition that the properties of being cancella-
tive, torsion-free and having no nontrivial units are shared by all submonoids of Q.
The only issue is to show that Q’ is seminormal (resp. normal) if Q is so.

So let us assume that Q is seminormal and let x € G(Q’) be such that 2x, 3x € Q.
Since G(Q') € G(Q), we see that x € Q. Setting y = u(x), we get 2y = u(2x) =
0=u(3x) =3y. Since P = G(P), we get y =3y — 2y = 0 and this means x € Q’.



254 AMALENDU KRISHNA AND CHARANYA RAVI

Suppose now that Q is normal and x € G(Q’) is such that nx € Q' for some n > 0.
As G(Q) C G(Q) and Q is normal, we get x € Q. The commutative diagram

Q'—0

LN

G(Q) — G(Q) o= P

now shows that u(x) = G(u)(x) = 0 and hence x € Q’.

It is clear from the definition that R[Q’'] € AY and so we only need to show the
reverse inclusion to prove the second part of the proposition. Let p=)__ 74 fa € AC
with O # r, € R. This means that ¢ (p) =1 ® p = eg ® p. Equivalently, we get

Zra(eu(a)(g)fa) = Zra(60®fa) — Zra(eu(a)_eO)(g)fa =0

a a

<~ rqleuq—ep) =0 foralla

= ey =€ for all a
< ua) =0 for all a
= acQ for all a.

The second equivalence follows from the fact that R[P] ®z R[Q] is a free R[P]-
module with basis { f, | a € @} and the third follows from the fact that R[P] is a
free R-module with basis {e, | b € P} and r, # 0. The last statement implies that
each summand of p belongs to R[Q’] and so does p. This proves the proposition.

O

Corollary 5.5. Assume that R satisfies (7). Let Q be a monoid which is can-
cellative, torsion-free, seminormal and has no nontrivial unit. Let A = R[Q] be
the monoid algebra having the R-G-algebra structure given by (5.3). Then finitely
generated projective modules over A and A® are free.

Corollary 5.6. Let R be a principal ideal domain and let Q be a monoid which is
cancellative, torsion-free and seminormal (possibly having nontrivial units). Let
A = R[Q] be the monoid algebra having the R-G-algebra structure given by (5.3).
Then finitely generated projective modules over A and A® are free.

Proof. This follows from Proposition 5.4 and the main result of [Gubeladze 1988].

O

We end this section with the following description of finitely generated free
R-G-modules when R satisfies (1) and its consequence:

Lemma 5.7. Assume that R satisfies (). Then every finitely generated free R-G -

module is a direct sum of free R-G-modules of rank one. Every free R-G-module
of rank one has constant weight of the form e, for some a € P.
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Proof. Let M be a finitely generated free R-G-module. By Proposition 3.12, we
can write M = @, _p M,. Lemma 2.4 says that this is a direct sum decomposition
as R-G-modules. Moreover, each M, is a direct factor of the free R-module M
and hence is projective and thus free as R satisfies (7).

Therefore, it is enough to show that, if M is a free R-G-module of constant
weight e,, then every R-submodule of M is an R-G-submodule. But this follows
directly from Lemma 2.4. The decomposition M = P, p M, also shows that a
free rank-one R-G=module must have a constant weight of the form e, witha € P.

]

Corollary 5.8. Assume that R satisfies (T). Under the assumptions of Corollary 3.16
suppose that F, F" € (R-G,)-proj are isomorphic as R-G3-modules. Then Fy >~ F,
as A-Gy-modules.

Proof. By Lemma 5.7 and Proposition 3.12, it is enough to prove that, if F and
F’ are one-dimensional free R-G,-modules of constant weights ¢, and e,/, where
a,a’ € P, with ¢y(a) = ¢»(a’), then Fy >~ F) as A-G,-modules.

As G3 acts trivially on A and ¢(a) = ¢»(a’), we have Homyg,(Fa, F)) =
Homy (Fa, F). By Lemma 3.15, Homug, (Fa, F;) = Homu(F4, F))) as A-G»-
modules and Homy (F4, ) >~ Ry—q ® A as an A-G,-module by Lemma 3.14. The
argument of Corollary 3.16 shows that Homg,(Fa, F ;\) ~ A as an A-G,-module.
Therefore, Ry, ® A >~ A and hence R, ® A ~ R, ® A as A-G,-modules. O

6. Toric schemes and their quotients

Let R be a commutative noetherian ring and let G = Spec(R[P]) be a diagonaliz-
able group scheme over R. In this section, we recall the notion of affine G-toric
schemes and study their quotients for the G-action.

6A. Toric schemes. Let L be a lattice (a free abelian group of finite rank). A
subset of Lg of the form /~!(Q..), where [ : Lo — Q is a nonzero linear functional
and @, = {r € Q| r > 0}, is called a half-space of Lg. A cone of Lg is an
intersection of a finite number of half-spaces. A cone is always assumed to be
convex, polyhedral and rational (“rational” means that it is generated by vectors
in the lattice). The dimension of a cone o is defined to be the dimension of the
smallest subspace of Lg containing 0. We say that o is strongly convex in Lg
if it spans Lg. By replacing Lqg by its subspace o + (—1)o, there is no loss of
generality in assuming that o is a strongly convex cone in Lg.

The intersection o N L is clearly a cancellative, torsion-free monoid. Moreover,
L, = o N L is known to be finitely generated and normal (see [Danilov 1978,
Lemma 1.3; Bruns and Gubeladze 2009, Corollary 2.24]). It follows from [Bruns
and Gubeladze 2009, Theorem 4.40] that the monoidal R-algebra A = R[L,] is
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a normal integral domain if R is so. The scheme X, = Spec(R[L.]) is called an
affine toric scheme over R. The inclusion ¢, : L, — L defines a Hopf algebra map
¢s : A— R[L]®g A (the graph of (), which is equivalent to giving an action of the
“big torus” T, = Spec(R[L]) on X,. The inclusion R[L,] < R[L] embeds T, as
a T, -invariant affine open subset of X, where T, acts on itself by multiplication.

A face of o is its subset of the form o NI~ (0), where [ : Lg — Q is a linear
functional that is positive on o. A face of a cone is again a cone, so for each face t
of o, we have a toric scheme X, which has an action of 7,; given by the inclusion
L, — L and this action factors through the action of the big torus 7; = Spec(R[M])
of X; (where M is the smallest sublattice of L such that Mg is a subspace contain-
ing 7) on X;. Let x be the characteristic function of the face t, i.e., the function
which is 1 on 7 and O outside . The assignment e,, > yx (m)e,, (for m € L)
extends to a surjective homomorphism of R-algebras i, : R[L,] - R[L], which
defines a closed embedding of X; in X,. The natural inclusion L, < L, defines
a retraction morphism 7; : R[L;] — R[L,]. Both i; and 7w, are R-T,-algebra
morphisms such that the composition i; o 7, is the identity.

If t” C o is another face different from 7 and 7 is their intersection, then we get
a commutative diagram

R[L:] — R[Ly] —— R[L:]

J l l 6.1)

R[Ly] —— R[L+]—— R[Ly]

in which the composite horizontal maps are the identity.

Let J denote the ideal of R[L,] generated by all the monomials e,, with m
strictly inside o. Then J is a T,-invariant ideal of R[L,] such that X, \ Y =T,
where Y = Spec(R[L,]/J) (see [Danilov 1978, Section 2.6.1], for example).

Lemma 6.2. Let A denote the set of codimension 1 faces of X . Then the ideal J
is the ideal defining the closed subscheme | J .1 X: of X5, 1€, Y =J,cn X7

Proof. The ideal Z(X) that defines X, is generated by all monomials e,, with
m € (o \ t)N L. Since I(UreAl X,) =(),ca Z(X;), the lemma follows. O

Lemma 6.3. For any m € L, there is a sufficiently large integer N such that
f/em € R[Ly] forany f e JV.

Proof. Tt is enough to prove the lemma when f = ]_[,](V:1 em, With my strictly
inside o. Let vy, ..., v, be generators of L, and let/, ..., [, be linear functionals
defining 0. Set s = min; ;{/;(v;) > 0}. Since my lies strictly inside o, [;(my) > 0
for any i. Since my is a linear combination of the v; with nonnegative integer
coefficients, we get [; (my) > s for any i. Therefore, /; (Z;{V:l mp —m) > Ns—1I;(m)
for any i. Since s is positive, we must have /; (Z,ICVZI my — m) >0 for any i if N is
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sufficiently large. That is, Z,iv: | My —m € L, independent of the choice of the my.
O

6B. G-toric schemes and their quotients. Let o be a strongly convex, rational,
polyhedral cone in Lg, where L is a lattice of finite rank. Let A = R[L,] and
X = X, = Spec(A). Let G = Spec(R[P]) be a diagonalizable group scheme
over R.

Definition 6.4. An affine G-toric scheme is an affine toric scheme X, as above
with a G-action such that the action of G on X, factors through the action of 7.

Since Spec(R) is connected, a G-toric scheme structure on X, is equivalent
to having a map of monoids ¢ : L — P such that the R-G-algebra structure on
A = R[L,] is defined by the composite action map

ép:A— RILIQr ALY RIPI®R A. (6.5)

Examples 6.6. We shall say that G acts linearly on a polynomial algebra A =
R[t1, ..., t,]if thereis a free R-G-module (V, p) of rank n such that A =Symz (V).
In this case, we also say that G acts linearly on Spec(A) = A,

Assume that R satisfies (). Let A = R[xy, ..., Xu, Y1, ..., ¥r] be a polynomial
R-algebra with a linear G-action, with n, r > 0. Using Lemma 5.7, we can assume
that the G-action on A is given by ¢ (x;) =e;, ®x; for | <i <nand ¢ (y;) =¢,,®y;
forl<j<r.

(1) Let A = R[xy, ..., x,]. Consider the cone o = Q" of Lo, where L is the
lattice Z". Then A = R[o N L] and Spec(A) is an affine G-toric scheme via
the morphism v : 7%, — P given by ¥ (a;) = A;, where {a1, ..., a,} is the
standard basis of 7’| .

(2) Let A = R[xy, ..., x,, yfcl, N yril]. Then it can be seen, as in (1) above,
that Spec(A) is an affine G-toric scheme by considering the lattice L = Z"*"
and the cone 0 = @’} ® Q" in Lg.

Lemma 6.7. Let 6 : L — P be a homomorphism from L to a finitely generated
abelian group and let M = Ker(0). Then R[o N M] is a finitely generated R-
algebra.

Proof. By replacing P by the image of 6, we can assume that 8 is an epimorphism.
This yields an exact sequence

0— Mg - Lo — Pg— 0. (6.8)

We write 0 = ();_, 0, where o; = [ 1(@,) is a half-space. By taking repeated
intersections of M with these o; and using induction, we easily reduce to the
case when r = 1. We set T = 0 N Mg. Then v = 1~1(Q4) N Mg = m~1(Q,),



258 AMALENDU KRISHNA AND CHARANYA RAVI

where m =1 oiy. In particular, 7 is a cone in Mg. Furthermore, as M < L, itis a
free abelian group and hence a lattice in Mg. It follows from Gordon’s lemma (see
[Fulton 1993, Proposition 1.2.1], for instance) that T N M is a finitely generated
monoid. Therefore, c "M =0 N Mg N M =t N M is a finitely generated monoid.
Since any generating set of o N M generates R[o N M] as an R-algebra, the lemma
follows. (]

Combining Lemma 6.7 and Proposition 5.4, we get:

Corollary 6.9. Let AC denote the ring of G-invariants of A with respect to ¢p.
Then AC is a finitely generated R-algebra.

Lemma 6.10. Let B be any flat A®-algebra. Then B = (A ® 4¢ B)°.

Proof. Set B = A ® 46 B. To prove this lemma, we need to recall how G acts
on B’. The map ¢p : A — R[P]®g A induces a B’-algebra map

B =A®,0 B2 (RIP1®kr A) ® 46 B.
This can also be written as ¢p g : B'— R[P]®g B’ with ¢p p = ¢p ® 1, which
gives a G-action on Spec(B’).
Let yp : A - R[P] ®g A be the ring homomorphism yp(a) = 1 ® a, which
gives the projection map G x X — X. Set yp p=yp®1lp: B’ — R[P]®r B'. It
is clear that

vp.e(a®b)=yp(@)@b=1Qa®@b=1Q (a®Db).

Since B’ is generated by elements of the form ¢ ® b with a € A and b € B, we see
that yp p(a) = 1 @« for all « € B’.
Since A = R[L,] is flat (in fact free) over R (see Lemma 6.7), the map yp :
A — R[P]®r A is injective. Furthermore, there is an exact sequence (by definition
of A%)
0— A% > A 27" RIP]®g A. 6.11)

As B is flat over A, the tensor product with B over AC yields an exact sequence

B’ (¢p®lp)—(yp®15p)
- 5

0> B— R[P]1®r B'. (6.12)

Since ¢pp @ 1p =¢p p and yp @ 15 = yp p, we get an exact sequence

dpP.B—VP,B
P2 S R

0—>B— B [Pl®r B (6.13)

But this is equivalent to saying that B = (B')C. O

Lemma 6.14. Let I, I’ C A be inclusions of A-G-modules such that I +1' = A.
Then the sequence
01— A° > A/’ -0
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is exact and 16 + I'C = AC. In particular, the map Spec((A/I)¢) — Spec(A®)
is a closed immersion and Spec((A/1)°) N Spec((A/1')%) = & in Spec(A©).

Proof. The assumption [ 41’ = A is equivalent to saying that the map I ® 1’ — A is
surjective. The lemma is now an immediate consequence of Corollary 3.13(2). [J

Combining the above lemmas, we obtain the following. We refer to [Mumford
et al. 1994, §0.1] for the terms used in this result.

Proposition 6.15. Let X = X, be a G-toric scheme over R as above. Then a
categorical quotient in Schg, p : X — X', for G-action (in the sense of [Mumford
et al. 1994, Definition 0.5]) exists. Moreover, the following hold:

(1) If Z € X is a G-invariant closed subscheme, then p(Z) is a closed subscheme
of Y.

Q) If Z1, Z, € X are G-invariant closed subschemes with Z, N Z, = &, then
p(Z)Np(Zy) =2.

(3) The map p : X — X' is a uniform categorical quotient in Schg.

(4) The quotient map p is submersive.

Proof. We take X’ = Spec(A©). It follows from Lemma 6.7 that X’ is an affine
scheme of finite type over R. The fact that p : X — X', given by the inclusion
A% < A, is a categorical quotient follows at once from the exact sequence (6.11).
The universality of p with respect to G-invariant maps p’ : Y’ — X’ of affine G-
schemes with trivial G-action on Y’ also follows immediately from (6.11). The
properties (1) and (2) are direct consequences of Lemma 6.14. To prove (3), let
Y’ — X’ be a flat morphism between finite type R-schemes. To show that p’ :
Y xx» X — Y’ is a categorical quotient, we can use the descent argument of
[Mumford et al. 1994, §0.2, Remark 8] to reduce to the case when Y’ is affine. In
this case, the desired property follows at once from Lemma 6.10. Item (4) follows
from (1)—(3) and [Mumford et al. 1994, §0.2, Remark 6]. [l

Corollary 6.16. Let X = Spec(A) be a G-toric scheme as above and let p :
X — X' be the quotient map. Let Y C X be a closed subscheme defined by a
G-invariant ideal J. Let h € A® be a nonunit such that h = 1 (mod J) and set
V' = Spec(A°[h™']). Then we can find an open subscheme U’ of X' such that
X' =U'UV' and p~'(U)NY = 2.

Proof. Our assumption says that V' C X’ is a proper open subset of X’ and
Y C V= p (V') is a G-invariant closed subset. Setting Y’ = p(Y), it follows
from Proposition 6.15 that Y" C X’ is a closed subset contained in V’. In particular,
Y| = p‘l(Y ') is a G-invariant closed subscheme of X suchthat Y C Y, CV C X.
The open subset U’ = X'\ Y’ now satisfies our requirements. O
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7. Equivariant vector bundles on G-toric schemes

In this section, we prove our main result about equivariant vector bundles on affine
G-toric schemes.

7A. The setup. We shall prove Theorem 7.8 under the following setup. Let R be
a commutative noetherian ring and let S = Spec(R). Let G = Spec(R[P]) be a
diagonalizable group scheme over R. Let L be a lattice of finite rank and let o be a
strongly convex, polyhedral, rational cone in Lg. Let A denote the set of all faces
of 0.

Let A = R[L] be such that X = Spec(A) is a G-toric scheme via a homo-
morphism ¥ : L — P (see (6.5)). Set ¥ = |J, . X¢. Let X’ = Spec(A%) and
let p : X — X’ denote the uniform categorical quotient in Schg defined by the
inclusion A9 < A.

7B. Reduction to faithful action. We set Q = (L) and H = Spec(R[Q]). Then
H is a diagonalizable closed subgroup of 7, which acts faithfully on X and G
acts on X via the quotient G — H (see Proposition 3.11). The following lemma
reduces the proof of the main theorem of this section to the case of faithful action
of G on X.

We shall say that a finitely generated projective A-G-module M over an R-G-
algebra A is trivial if it can be equivariantly extended from R, that is, there is a
finitely generated projective R-G-module F such that M =~ Fj4.

Lemma 7.1. If every finitely generated projective A-H-module is trivial, then so
is every finitely generated projective A-G-module.

Proof. Given any E € (A-G)-proj, we can write £ = EBbeP/Q E, with E, =
@{aw:a mod 0} Ea- Lemma 3.15 says that each Ej € (A-G)-proj. It suffices to
show that each E}, is trivial.

Now, E} is trivial if and only if £, @ g R_, is trivial for any a with b =a mod Q.
But E;, ®r R_, is a projective A-H-module and so we can find an A-H-module
isomorphism ¢ : E, g R_, —=> F4 for some F € (R-H)-proj. This is then an
A-G-module isomorphism as well. (]

7C. Trivialization in a neighborhood of Y. Note that, if X = Spec(A) is an affine
G-toric scheme and 7 is any face of the cone o, then X; is a G-invariant closed
subscheme of X. Moreover, the map 7, : R[L;] - A = R[L,] defined before is
G-equivariant (because it is T,-equivariant).

Lemma 7.2. Let 1y, ..., 7y denote the codimension-1 faces of o and let I; denote
the ideal of A defining the closed subscheme X+, associated to the face t;. Let E be
an A-G-module and F be an R-G-module such that E/1; ~ FA/IJ, foralll < j <k
Then E/J >~ Fy,;, where J denotes the ideal defining Y = Ule X,
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Proof. Let J, be the ideal defining the G-invariant closed subscheme Y, = U,r: 1 X+,
for I < r < k. We prove by induction on r that E/J, ~ F4/;,. Assume that
¢:E/J. = Fpyy and n: E/I, 1| >~ Fyyy,, are given isomorphisms. This gives
us a G-equivariant automorphism 70 ¢~ of Fy,(,+1,.,). Under the G-equivariant
retraction IT, ¢ : Xy — X, = Spec(A/I, ;1) (where I1; = Spec(r;)), we have
I, 1(Y,) CY,NX,,, (see (6.1)).

Therefore ¢’ = (IT,+1]y,)*(n o ¢~!) defines an A/(J,)-G-linear automorphism
of F4,,,. Replacing ¢ by the isomorphism ¢’ o ¢, we can arrange that ¢ and 7 agree

modulo (J, + I,41). So they define a unique isomorphism E/J, 1 — Fayy,,,. To
see this, use the exact sequence
O—E/J,y1—> E/], XE/l,+1— E/(J,+1,+1) — 0. O

Lemma 7.3. Let P € M,,(A®) be a rank-m matrix with entries in A® such that
P is invertible modulo 1; forall 1 < j <k, where I; and J are as in Lemma 7.2.
Then, for any positive integer N, there is Py € GL,,(A%) such that (P Py)ij € JN

foralli #j.

Proof. For 1 <i <k, we consider the commutative diagram of retractions

(A/1NY —— A/I;

ngl lnr,. (7.4)

A — A

Since P mod [, is invertible, P := m,, (P modI;) € GL, (A%) and hence
PPl_1 = 1d,, (mod I1). We now let P, denote the image of PPI_1 mod I, under
the G-equivariant retraction r,. This yields P, =1d,, (mod I;) (see (6.1)) and so
PPI_] Pz_l =1d,, (mod I; N I). Repeating this procedure and using Lemma 6.2,
we can find ﬁl € GL,,(A%) such that P 131 =1d,, (mod J), which proves the lemma
for N = 1.

Assume now that there exists ﬁN € GL,,(A%) such that (P ﬁN) ij =0 (mod J Ny
fori # j and (P ﬁN)ii =1 (mod J). By elementary column operations

Civ> Ci—(PPy)jiC; fori>j=1,...,m—1
and

Civ> Ci—(PPy)jiC; fori<j=2,....m

on PﬁN, we get a matrix whose off-diagonal elements are 0 (mod JV*!) and diag-
onal elements are 1 (mod J). These operations correspond to right multiplication
by some P’ € GL,,(AY). Taking Py, = Py P’ completes the induction step. [

Lemma 7.5. Assume that R satisfies () and let I be a G-invariant ideal of A. Let
F and E be finitely generated free R-G- and A-G-modules, respectively. Given
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any (A/I)-G-module isomorphism ¢ : E /I —=> Fyp, there exists h € AC such that
h =1 modulo I and ¢ extends to an Ap-G-module isomorphism ¢y, : Ej, —> Fa,.

Proof. Let ¢’ denote the inverse of ¢. Since E and Fj are projective A-G-modules,
¢ and ¢’ extend to A-G-module homomorphisms 7 : E — Fyand T’ : Fy — E
by Lemma 4.3. As R satisfies (f), F' is a direct sum of rank-1 free R-G-modules
by Lemma 5.7. Since E and F4 are isomorphic modulo /, they have the same
rank, say m. Fix an R-basis {vy, ..., vy} of F consisting of elements of constant
weights e, ..., ey, (w; € P) and fix any A-basis of E.

With respect to the chosen bases, T and T’ define matrices in M,,(A) which
are invertible modulo /. Moreover, as TT" = (g;;) defines an A-G-module endo-
morphism of Fj, it can be easily checked using Lemma 3.14 that a;; € Aw;—w; and,
using the Leibniz formula for the determinant, one checks that det(77T") € AS. We
take 7 = det(T'T’) to finish the proof. O

7D. Descent to the quotient scheme. The following unique “descent to the quo-
tient” property of the G-equivariant maps will be crucial for proving our main
results on equivariant vector bundles:

Lemma 7.6. Assume that R satisfies (). Let g : W — W' be a uniform categorical
quotient in Schg for a G-action on W, where w : W — S and w' : W' — S are
structure maps. Assume that q is an affine morphism. Let F be a finitely generated
projective R-module. Given any G-equivariant endomorphism [ of w*(F), there
exists a unique endomorphism f of w*(F) such that f = q*(f). In particular,
f is an automorphism if f is so.

Proof. The second part follows from the uniqueness assertion in the first part, so we
only have to prove the existence of a unique f. Since W’ is noetherian, we can write

= Ui, U/, where each U/ is affine open. We prove the lemma by induction
onr. If r = 1, then W' is afﬁne and hence so is W. We can write W = Spec(B)
and W’ = Spec(BY) for some finite-type R-G-algebra B (see Proposition 6.15).
As F is a free R-G-module of constant weight e, it follows from Lemma 3.14 that
f € M,(B®) with n = rank(F). In particular, it defines a unique endomorphism
f of w*(F) such that f = ¢*(f).

We now assume 7 > 2 and set U’ = | JI_, U/. Then q : U, := ¢~ (U]) - U
and ¢ : U :=q~ (U’ ) — U’ are uniform categorical quotients. As U] is affine,
there exists a unique fU/ Fy — Fy; such that g*( fU )= flu,. By the induction
hypothesis, there exists a unique fUr : Fy— Fy such that ¢*(fu/) = flu. As
V' := U{N U’ has a cover by r — 1 affine opens, the induction ‘hypothesis and
uniqueness imply that fU ly = fo|v The reader can check that fU/ and fU/ glue
together to define the desued unique endomorphism frw*(F)— w/ (F). O
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7E. The main theorem. We now use the above reduction steps to prove our main
result of this section. We first consider the case of faithful action.

Lemma 7.7. Suppose r : L — P. Assume that R satisfies () and that every finitely
generated projective AS-module is extended from R. Let E € (A-G)-proj and
F € (R-G)-proj. Suppose there exist G-equivariant isomorphisms n: E|y —=> Faly
and ¢ : E|y —=> Fuly, where U = X \Y is the big torus of X and V = Spec(A[h_l])
for some h € AY such that h = 1 (mod J), where J is the defining ideal of the
inclusion Y < X. Then E >~ F4 as A-G-modules.

Proof. If h is a unit in A®, we have V = X and we are done. So assume that / is
not a unit in A®. Let p : X — X’ denote the quotient map as in Proposition 6.15.
Set V' = Spec(AC[h™']) so that V = p~!(V’) and let U’ C X’ be as obtained in
Corollary 6.16 so that Uy := p~{(U) CU. Set W =U'NV’' and W = p~ ' (W).
Then n: E|y, — Faly, is a G-equivariant isomorphism. Let ® = ¢ o ™! denote
the G-equivariant automorphism of Fy|w.

By Lemma 5.7, we can write F = @, F; ;> where A; € P are not necessarily
distinct and f,\i are free R-G-modules of rank 1 and constant weight e;,. Since
L — P, there exist monomials in R[L] of any given weight. Suppose d; € R[L] is
a monomial having weight e,,. Let D be the diagonal matrix with diagonal entries
dy,...,dy. Then D € Homgri6(FRiL] F;e[L]) is an isomorphism of R[L]-G-
modules, where F’ is a free R-G-module of rank m and constant weight e¢g. Thus
&:=DdD lisa G-equivariant automorphism of F A lw.

Since p : W — W' is a uniform categorical quotient which is an affine morphism,
we can apply Lemma 7.6 to find a unique automorphism f of F ;‘G |w+ such that
® = p*(f). As X' = U"U V’, such an automorphism defines a locally free sheaf
on X' by gluing of sheaves [Hartshorne 1977, Exercise II.1.22]. Since every such
locally free sheaf on X’ is free by assumption, we have [loc. cit.] f = f> o fi
for some automorphisms f; and f> of F)c|ys and F)ya |y, respectively. Then & =
P*(f)=p*(f2)o p*(f1) and hence we get & = (D~ p*(f2) D)(D~' p*(f1) D). As
p*(f>) defines a matrix P; in GL,,(A°[A~!]), by an appropriate choice of basis
we can find s > 0 such that P := h* P € M,,(A).

By Lemma 7.3, we can find ﬁN € GL,,(A) such that (PlgN)ij e JVN fori # j.
The (ij)-th entry of DflPﬁND is di’ldj(P ﬁN),-j. Taking N sufficiently large, we
may assume that dfldj(PﬁN)ij € A by Lemma 6.3.

Setting 6, = (D' Py'p*(f1)D) and 6, = (D'h~* P Py D), we see that 6,
and 6, define G-equivariant automorphisms of Fy4|y, and F4|y, respectively, such
that 06 = d=gon .

If we set n’ =6 0on and ¢’ = 02_1 o ¢, we see that n’ : E|y, — Faly, and
¢’ : Ely — Faly are G-equivariant isomorphisms such that n’|y = ¢'|w. By
gluing therefore, we get a G-equivariant isomorphism £ — F4 on X. ]
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Theorem 7.8. Consider the setup of Section 7A. Assume that R satisfies (1) and
that finitely generated projective modules over A, and (A;)C are extended from R
for every T € A. Then every finitely generated projective A-G-module is trivial.

Proof. We can assume that the map y : L — P is surjective by Lemma 7.1. Let
E € (A-G)-proj. Since R satisfies () and every finitely generated projective A-
module is extended from R, we see that E is a free A-module of finite rank. In
particular, Lemma 7.5 applies.

Let T denote the face of o of smallest dimension. Then X;: is a torus whose
dimension is that of the largest subspace of Lg contained in 0. Let M denote
the smallest sublattice of L such that T = Mqg. Let ¢ : M — L — P denote the
composite map. Consider the abelian groups Q1 :=Im(¢) and O, := P/Q. Fix
a finitely generated projective R-G-module F such that E|x. >~ F ®g R[Lz]. This
exists by Corollary 3.16, applied to the sequence

0—- Q01— P—P/Q—0.

We prove by induction on the dimension of the cone o that E >~ Fg[; 7. Assume
that E|x, =~ Fgyz, for all codimension-1 faces r of 0. Let Y = J, .. X be as
before. We first apply Lemma 7.2 to get an isomorphism ¢ : E/J ~ F, 17 We
next apply Lemma 7.5 to find 4 € A€ such that ¢ extends to an isomorphism ¢ on
V =Spec(Ap) D Y.

Applying Corollaries 3.16 and 5.8 to the torus 7, = Spec(R[L]), there exists
an R[L]-G-module isomorphism 7 : E|r, —> Fgjz] = Falr, (consider the exact
sequence 0 - P — P — 0 — 0 and note that the action of G on Ty is free). We
now apply Lemma 7.7 to conclude that £ >~ F4. This completes the induction step
and proves the theorem. ([

As an easy consequence of Corollary 5.6 and Theorem 7.8, we obtain:
Corollary 7.9. Consider the setup of Section 7A and assume that R is a principal
ideal domain. Then every finitely generated projective A-G-module is trivial.

8. Vector bundles over A% x G, ¢

In this section, we apply Theorem 7.8 to prove triviality of G-equivariant projective
modules over polynomial and Laurent polynomial rings. When R satisfies (f7), we
have the following answer to the equivariant Bass—Quillen question:

Theorem 8.1. Let R be a regular ring and let R[x, ..., Xy, Y1, ..., ¥r] be a poly-
nomial R-algebra with a linear G-action with n, r > 0. Then the following hold:

(1) If R satisfies (1) and A = R[x1, ..., X,], then every finitely generated projec-
tive A-G-module is trivial.
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(2) If Risa PID and A = R[xy, ..., Xy, ylil, <oy YE1, then every finitely gener-
ated projective A-G-module is trivial.

Proof. As shown in Examples 6.6, Spec(A) is an affine toric G-scheme in both
cases. To prove (1), note that R satisfies the hypotheses of Theorem 7.8, by
Corollary 5.5. Therefore, (1) follows from Theorem 7.8. Similarly, (2) is a special
case of Corollary 7.9. U

8A. Vector bundles over A, without condition (7). Let R be a noetherian ring
and let G = Spec(R[P]) be a diagonalizable group scheme over R. We now show
that if the localizations of R satisfy (1) then the equivariant vector bundles over A’
can be extended from Spec(R). In order to show this, we shall need the following
equivariant version of Quillen’s patching lemma [1976, Lemma 1]. In this section,
we shall allow our R-G-algebras to be noncommutative (see Section 2A3).

Given a (possibly noncommutative) R-G-algebra A, a polynomial A-G-algebra
is an R-G-algebra A[t] which is a polynomial algebra over A with indetermi-
nate ¢ such that the inclusion A < A[f] is a morphism of R-G-algebras and
t € A[t] is semi-invariant (see Section 2A2). For a polynomial A-G-algebra A[¢],
let (1 +¢A[t])* denote the (possibly noncommutative) group of units ¢ (¢) € A[¢]
such that ¢ (0) = 1.

Given an A[¢]-G-module M (with A commutative), we shall say that M is ex-
tended from A if there is an A-G-module N and an A[f]-G-linear isomorphism
0:N®y Alt] => M. It is easy to check that this condition is equivalent to saying
that there is an A[¢]-G-linear isomorphism 6 : (M /tM) @4 A[t] => M.

Lemma 8.2 (equivariant patching lemma). Let (A, ¢) be an R-G-algebra and
let (A[t], §) be a polynomial A-G-algebra as above. Let 0 # f € R and let
0(t) € (1 +tAr[t])* be a G-invariant polynomial. Then there exists k > 0 such
that, for any a, b € R with a — b € f*R, we can find a G-invariant element
V(1) € (1+tA[t])* with ¢ (t) = 0(at)0 (bt)~ L.

Proof. This is a straightforward generalization of [Quillen 1976, Lemma 1] with
the same proof almost verbatim. The only extra thing we need to check is that
ito() e (1+tAf[tD*N (A[t])© then ¥ (¢) (as constructed in [loc. cit.]) is also
G-invariant. But this can be checked directly, using the fact that ¢ is semi-invariant.
We leave the details to the reader. (]

Lemma 8.3. Let (A, ¢) and (A[t], (Z)) be as in Lemma 8.2. Assume that A is
commutative. Let M be a finitely generated A[t]-G-module and let Q(M) =
{f € R| My is an extended A y[t]-G-module}. Then Q(M) U {0} is an ideal of R.

Proof. We only need to check that if fy, f1 € Q(M) then fo+ f1 € Q(M). We can
assume that fj + fi is invertible in R. In particular, (fy, f1) = R. Set

Ai=Ap, Mi=My; fori=0,1, N=M/tM and E =Homyu(N, N).
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Given isomorphisms u; : N ®4 A;[t] => M;, Quillen [1976, Theorem 1] con-
structs automorphisms ¥;(z) € Homg,j(N ®a A;[t], N ®a A;[t]) = E;[¢] for
i =0, 1 with the following properties:

M{Z:ui-wi(l‘)IN(@AAi[t]i)M,’ and ("‘6)f1:(’4/1)fo-

1

One should observe here that the isomorphism
E;i[t] => Homy,;1j(N ®4 Ai[t], N®4 Ailt]), [t > i ®ar> f(n)®at),

is R-G-linear (see Lemma 3.8).

To prove the lemma, we only need to show that each ;(¢) is G-equivariant. By
Lemma 3.8, this is equivalent to showing that i;(¢) € (E; [1])C fori =0, 1. But
this follows at once (as the reader can check by hand) by observing that each u;
is G-invariant and subsequently applying Lemma 8.2 to Ey, and Ef,, which are
(possibly noncommutative) R-G-algebras by Lemma 3.8. ([

The following result generalizes Theorem 8.1 to the case when the base ring R
does not necessarily satisfy (77), but whose local rings satisfy (). For examples
of local rings satisfying (1), see Theorem 5.2.

Theorem 8.4. Let R be a noetherian integral domain such that its localizations at
all maximal ideals satisfy (11). Let G = Spec(R[P]) be a diagonalizable group
scheme over R. Let V. = @)_, Rx; be a direct sum of one-dimensional free R-
G-modules and let A = R[xy, ..., x,] = Symg (V). Then every finitely generated
projective A-G-module is extended from R.

Proof. We prove the theorem by induction on n. There is nothing to prove when
n =0 and the case n = 1 is an easy consequence of Theorem 8.1 and Lemma 8.3.
Suppose now that n > 2 and every projective R[xy, ..., x,—1]-G-module is ex-
tended from R.

Let M be a finitely generated projective A-G-module and set A; = R[x1, ..., x;].
It follows from Theorem 8.1 that M, is extended from (A, _1),, for every maximal
ideal m of R. We now apply Lemma 8.3 to (A,—1, ¢,—1) and (A, —1[xx], én_l) =
(A, ¢) to conclude that M is extended from A,_;. It follows by induction that M
is extended from R. (]

9. Derived equivalence and equivariant K-theory

In this section, we shall apply the results of Section 4 to show that the derived
equivalence of equivariant quasicoherent sheaves on affine schemes with group
action implies the equivalence of the equivariant K-theory of these schemes. When
the underlying group is trivial, this was shown by Dugger and Shipley [2004]. In
the equivariant setup too, we make essential use of some general results of Dugger
and Shipley, which we now recall.
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9A. Some results of Dugger and Shipley. Recall that an object X in a cocomplete
triangulated category 7 is called compact if the natural map lim , Hom7 (X, Z,) —
Hom7 (X, lim, Z,) is a bijection for every direct system {Z,} of objects in 7.

If A is an abelian category, then an object of the category Ch 4 of chain com-
plexes over A is called compact if its image in the derived category D(A) is com-
pact in the above sense.

The key steps in the proof of our main theorem of this section are Proposi-
tions 4.6 and A.1 and the following general results of [Dugger and Shipley 2004]:

Theorem 9.1 [Dugger and Shipley 2004, Theorem D]. Let A and B be cocomplete
abelian categories which have sets of small, projective, strong generators. Let
K.(A) (resp. K.(B)) denote the Waldhausen K-theory of the compact objects in
Ch(A) (resp. Ch(B)). Then:

(1) A and B are derived equivalent if and only if Ch(A) and Ch(B) are equivalent
as pointed model categories.

(2) If A and B are derived equivalent, then K .(A) ~ K.(B).

Theorem 9.2 [Dugger and Shipley 2004, Corollary 3.9]. Let M and N be pointed
model categories connected by a zigzag of Quillen equivalences. Let U be a com-
plete Waldhausen subcategory of M, and let V consist of all cofibrant objects in
N which are carried into U by the composite of the derived functors of the Quillen
equivalences. Then V is a complete Waldhausen subcategory of N, and there is an
induced zigzag of weak equivalences between K (U) and K (V).

Theorem 9.3 [Dugger and Shipley 2004, Theorems 4.2 and 7.5]. Let R and S be
two ringoids (see Section 4). Then the following conditions are equivalent:

(1) Thereis a zigzag of Quillen equivalences between Ch(Mod-R) and Ch(Mod-S).
(2) D(R) =~ D(S) are triangulated equivalent.

(3) The bounded derived categories of finitely generated projective R- and S-
modules are triangulated equivalent.

9B. Derived equivalence and K-theory under group action. Let R be a commu-
tative noetherian ring and let G be an affine group scheme over R. Let (A, ¢) be
an R-G-algebra and let X = Spec(A) be the associated affine S-scheme with G-
action, where S = Spec(R). We shall denote this datum in this section by (R, G, A).
Let Ch®(A) denote the abelian category of unbounded chain complexes of A-G-
modules and let DY(A) denote the associated derived category. One knows that
DY(A) is a cocomplete triangulated category.

We shall say that (R, G, A) has the resolution property if for every finitely gen-
erated A-G-module M there is a finitely generated projective A-G-module E and
a G-equivariant epimorphism E — M.
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Recall that a bounded chain complex of finitely generated, projective A-G-
modules is called a strict perfect complex. A (possibly unbounded) chain com-
plex of A-G-modules is called a perfect complex if it is isomorphic to a strict
perfect complex in DY(A). We shall denote the categories of strict perfect and
perfect complexes of A-G-modules by Sperf®(A) and Perf%(A), respectively. It
is known that Sperf“(A) and Perf®(A) are both complicial bi-Waldhausen cate-
gories in the sense of [Thomason and Trobaugh 1990] and there is a natural in-
clusion Sperf G(A) > Perf G(A) of complicial bi-Waldhausen categories. As this
inclusion induces an equivalence of the associated derived categories, it follows
from [Thomason and Trobaugh 1990, Theorem 1.9.8] that this induces a homo-
topy equivalence of the associated Waldhausen K-theory spectra. We shall denote
the common derived category by DY(Perf/A) and the common K-theory spectrum
by KY(A). It follows from [Thomason and Trobaugh 1990, Theorem 1.11.7] that
KG(A) is homotopy equivalent to the K-theory spectrum of the exact category of
finitely generated projective A-G-modules.

Let Chg (A) denote the category of bounded chain complexes of finitely gener-
ated A-G-modules and let DbG (A) denote its derived category. The Waldhausen
K-theory spectrum of Chy (A) will be denoted by K;(A). Let Ch"™ ~(A-G-proj)
be the category of chain complexes of finitely generated projective A-G-modules
which are bounded above and cohomologically bounded. Let D"~ (A-G-proj)
denote the associated derived category.

If (R, G, A) has the resolution property, then every complex of Ch}? (A) is quasi-
isomorphic to a complex of Ch"™ ~(A-G-proj) and vice versa. It follows from
[Thomason and Trobaugh 1990, Theorem 1.9.8] that they have homotopy equiva-
lent Waldhausen K-theory spectra:

K} (A) ~ K (Ch"™~(A-G-proj)). 9.4)

Lemma 9.5. Assume that (R, G, A) has the resolution property. Given any com-
plex K € ChC(A), there exists a direct system of strict perfect complexes Fy, and a
quasi-isomorphism
lim Fy — K.
o

Proof. The nonequivariant case of this result was proven in [Thomason and Trobaugh
1990, Proposition 2.3.2] and a similar proof applies here as well once we verify
that [ibid., Hypothesis 1.9.5.1] holds for A = (A-G)-Mod, D the category of (pos-
sibly infinite) direct sums of finitely generated projective A-G-modules and C the
category of cohomologically bounded above complexes in Ch®(A). For this, it is
enough to show that if M — N is a surjective map of A-G-modules then there is a
(possibly infinite) direct sum F of finitely generated projective A-G modules and an
A-G-linear map F — M such that the composite F' — M — N is surjective. But M
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is the direct limit of its finitely generated A-G-submodules, as shown in [Laumon
and Moret-Bailly 2000, Proposition 15.4] (see also [Thomason 1987, Lemma 2.1]
when G is faithfully flat over §). Therefore, it follows from the resolution property
that M is a quotient of a direct sum of finitely generated projective A-G-modules.

O

In order to lift the derived equivalence to an equivalence of Waldhausen cate-
gories, we need to use model structures on the category of chain complexes of
A-G-modules. We refer to [Hovey 1999] for model structures and various related
terms that we shall use here. Let .4 be a Grothendieck abelian category with enough
projective objects and let Ch 4 denote the category of unbounded chain complexes
over A. Recall from [Hovey 2007, Proposition 7.4] that Ch 4 has the projective
model structure, in which the weak equivalences are the quasi-isomorphisms, fi-
brations are termwise surjections and the cofibrations are the maps having the left
lifting property with respect to fibrations which are also weak equivalences.

Lemma 9.6. Let E be a bounded above complex of projective objects in a Gro-
thendieck abelian category A with enough projective objects. Then E is cofibrant
in the projective model structure on Ch 4.

Proof. This is proved in [Hovey 1999, Lemma 2.3.6] in the case when A is the
category of modules over a ring. The same proof goes through for any abelian
category for which the projective model structure exists. ([

Given a datum (R, G, A) as above, let ChCGC(A) denote the full subcategory of
Ch®(A) consisting of chain complexes which are compact and cofibrant (in pro-
jective model structure). For the notion of Waldhausen subcategories of a model
category, see [Dugger and Shipley 2004, §3].

Proposition 9.7. Let (R, G, A) be as in Proposition 4.6. Then there is an inclu-
sion Sperf G(A) — ChCGC(A) of Waldhausen subcategories of ChC(A) such that the
induced map on the K-theory spectra is a homotopy equivalence.

Proof. Tt follows from the results of Section 4 that Sperf®(A) is same as the
category of bounded chain complexes of finitely generated projective objects of
(A-G)-Mod. To check now that Sperf G(A) and Chfc(A) are Waldhausen sub-
categories of Ch®(A), we only need to check that they are closed under taking
push-outs. But this is true for the first category because every cofibration in Ch®(A)
is a termwise split injection with projective cokernels (see [Hovey 1999, Theo-
rem 2.3.11]) and this is true for the second category because of the well-known
fact that the cofibrations are closed under push-out and, if two vertices of a triangle
in a triangulated category are compact, then so is the third.

To show that Sperf G(A) is a subcategory of Chfc(A), we have to show that
every object of Sperf®(A) is cofibrant and compact. The first property follows
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from Lemmas 4.3, 4.4 and 9.6. To prove compactness, we can use Proposition 4.6
to replace (A-G)-Mod by R-Mod, where R is a ringoid. But, in this case, it is
shown in [Keller 1994, §4.2] that a bounded complex of finitely generated projec-
tive objects of R-Mod is compact.

To show that the inclusion Sperf GA) — Chg(A) induces a homotopy equiva-
lence of K-theory spectra, we can use [Blumberg and Mandell 2011, Theorem 1.3]
to reduce to showing that this inclusion induces an equivalence of the associated
derived subcategories of DY(A). To do this, all we need to show is that every
compact object of DY(A) is isomorphic to an object of Sperf “(A). We have just
shown above that every object of Sperf“(A) is compact. It follows now from
Lemma 9.5 and [Neeman 1996, Theorem 2.1] that every compact object of DY(A)
comes from Sperf G(A). Notice that we have shown in Lemmas 4.1 and 4.4 that
the hypothesis of Lemma 9.5 is satisfied in our case. The proof of the proposition
is now complete. O

Fori =1, 2, let R; be a commutative noetherian ring, G; an affine group scheme
over R; and A; an R;-G,-algebra such that one of the following holds:

(1) G; is a diagonalizable group scheme over R;.

(2) R; is a UFD containing a field of characteristic zero and G; is a split reductive
group scheme over R;.

We are now ready to prove the main result of this section.

Theorem 9.8. Let (R, Gy, A}) and (Ra, G2, A2) be as above. Then DS (A,) and
DY2(Ay) are equivalent as triangulated categories if and only if D' (Perf/A)
and D2 (Perf/A,) are equivalent as triangulated categories. In either case, the
following hold:

(1) There is a homotopy equivalence of spectra K Gi(A)) ~ KC92(Ay).
(2) There is a homotopy equivalence of spectra Ké;l (A)) ~ KE;Z(AZ)-

Proof. It follows from Lemmas 4.3 and 4.4 that the derived categories of perfect
complexes are the same as the bounded derived categories of finitely generated pro-
jective objects. The first assertion of the theorem is now an immediate consequence
of Proposition 4.6 and Theorem 9.3.

If D91(A)) and DC2(A,) are equivalent as triangulated categories, it follows
from Theorem 9.1 and Propositions 4.6 and 9.7 that there is a homotopy equiva-
lence of spectra K91 (A;) ~ K2 (A,).

To prove (2), we first conclude from Proposition 4.6 and Theorem 9.3 that the
equivalence of the derived categories is induced by a zigzag of Quillen equivalences
between Ch®!(A;) and Ch®2(A,). It follows from Propositions 4.6 and A.1 that
this derived equivalence induces an equivalence between the triangulated subcat-
egories D"~ (A1-G-proj) and D"~ (A,-G,-proj) of the corresponding derived
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categories. It follows that this zigzag of Quillen equivalences carries the Wald-
hausen subcategory Ch"™ ~ (A -G -proj) of Ch®!(A;) onto the Waldhausen subcat-
egory Ch™ ~(A,-G,-proj) of Ch®2(A,). Furthermore, it follows from Proposition
4.6 and Lemma 9.6 that the objects of Ch"™ ™ (A -G |-proj) and Ch"™ ~ (A,-G,-proj)
are cofibrant objects for the projective model structure on the chain complexes. We
can therefore apply Theorem 9.2 and (9.4) to conclude that there is a homotopy
equivalence of spectra K /G| (A1) and K /Gz(Az). This finishes the proof. O

Remark 9.9. If G is a finite constant group scheme whose order is invertible in
the base ring R, then one can check that the analogue of Theorem 9.8 is a direct
consequence of Remark 4.7 and the main results of [Dugger and Shipley 2004].

Appendix: Ringoid version of Rickard’s theorem

In the proof of Theorem 9.8, we used the following ringoid (see Section 4) version
of a theorem of Rickard [1989, Proposition 8.1] for rings. We shall say that a
ringoid R is (right) coherent if every submodule of a finitely generated (right) R-
module is finitely generated. We say that R is complete if every R-module is a
filtered direct limit of its finitely generated submodules. We shall assume in our
discussion that the ringoids are complete and right coherent. Given a ringoid R, we
have the following categories: Mod-R is the category of R-modules; mod-R is the
category of finitely generated R-modules; Free-R (resp. free-R) is the category of
free (resp. finitely generated free) R-modules; Proj-R (resp. proj-R) is the category
of projective (resp. finitely generated projective) R-modules. Let Ch(—) denote the
category of chain complexes and D(—) denote the derived category of unbounded
chain complexes. The superscripts —, b and hb denote the full subcategories of
bounded above, bounded and cohomologically bounded chain complexes, respec-
tively. D(Mod-R) is denoted by D(R).

Since every bounded above complex of finitely generated projective R-modules
has a resolution by a bounded above complex of finitely generated free modules,
we see that there are equivalences of subcategories D™~ (free-R) >~ D™ (proj-R) and
D®(mod-R) ~ D"~ (proj-R). We shall say that two ringoids R and S are derived
equivalent if there is an equivalence D(R) >~ D(S) of triangulated categories. We
shall say that a set T of objects in DP(proj-R) is a set of tiltors if it generates D(R)
and Homp ) (T, T'[n]) =0 unless n =0 for any T', 7" € T.

Proposition A.1. Let R and S be ringoids which are derived equivalent. Then
D"~ (proj-R) and D"~ (proj-S) are equivalent as triangulated categories.

Proof. Any equivalence of triangulated categories D(R) and D(S) induces an
equivalence of its compact objects and hence induces an equivalence between
D" (Mod-R) and D" (Mod-S), because an object X of D(R) is in D" (Mod-R) if
and only if, for every compact object A, one has Hompr)(A, X[n]) = 0 for all but
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finitely many n. Since D"~ (proj-R) = D~ (proj-R) N D" (Mod-R), the proposi-
tion is about showing that the triangulated categories D~ (proj-R) and D~ (proj-S)
are equivalent.

This result was proven by Rickard [1989, Proposition 8.1] when R and S are
both rings. We only explain here how Rickard’s proof goes through even for
ringoids without further changes. The completeness assumption and our hypothe-
ses together imply that the triangulated categories D~ (Proj-R) and D™~ (Proj-S) are
equivalent. It follows from [Dugger and Shipley 2004, Theorem 7.5] that this in-
duces an equivalence of the triangulated subcategories D°(proj-R) and DP(proj-S).
Let S denote the set of images of the objects of S (the representable objects of
S-Mod) under this equivalence and let 7 := End(S) denote the full subcategory of
DY (proj-R) consisting of objects in S. One easily checks that S is a set of tiltors
such that End(S) >~ S as ringoids (see [Dugger and Shipley 2004, Theorem 7.5]).

Rickard constructs (in the case of rings) a functor F': D~ (Proj-7) — D~ (Proj-R)
of triangulated categories which is an equivalence and shows that it induces an
equivalence between D~ (proj-7) and D~ (proj-R). We recall his construction,
which works for ringoids as well. The functor Homp ) (7, —) from D~ (Proj-R)
to 7-Mod induces an equivalence between the direct sums of objects of 7 and
free objects of 7-Mod. Moreover, the completeness assumption on S implies that
the inclusion Ch™ (Free-7) — Ch™ (Proj-7) induces an equivalence of their homo-
topy categories. One is thus reduced to constructing a functor from the category
D~ (Free-T) of bounded above chain complexes of direct sums of copies of objects
in S to D™ (Proj-R) with the requisite properties.

An object X of D~ (Free-T) consists of a bigraded object X = (X**,d, §) of
projective R-modules such that each row is a chain complex of objects which are
direct sums of objects in S but the columns are not necessarily chain complexes.
The goal is then to modify the differentials of X** so that it becomes a double
complex and then one defines F(X) to be the total complex of X**, which is an
object of D~ (Proj-R).

In order to modify the differentials of X**, Rickard uses his Lemma 2.3, whose
proof works in the ringoid case if we know that Homp(r) (7', T'[n]) =0 unless n =0
for any T, T' € S. But this is true in our case as S is a set of tiltors. The rest of
[Rickard 1989, §2] shows how one can indeed modify X** to get a double complex
under this assumption. The point of the other sections is to show how this yields
an equivalence of triangulated categories, which only uses the requirement that S
is a set of tiltors and, in particular, it generates DP( proj—7R) and hence D(R).

Finally, the functor F will take D~ (proj-7) to D~ (proj-R) if F(Tot(X**)) is a
bounded above complex of finitely generated projective R-modules whenever each
row of X™* is a finite direct sum of objects in S. But this is obvious because each
object of S is a bounded complex of finitely generated projective R-modules. [
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Motivic complexes over nonperfect fields

Andrei Suslin

We show that the theory of motivic complexes developed by Voevodsky over
perfect fields works over nonperfect fields as well provided that we work with
sheaves with transfers of Z[1/p]-modules (p = char F'). In particular we show
that every homotopy invariant sheaf with transfers of Z[1/p]-modules is strictly
homotopy invariant.

0. Introduction

Voevodsky defined the category of motives over an arbitrary perfect field. The main
reason why the same construction does not work over arbitrary fields is that we do
not know whether the theorem of Voevodsky, which states that every homotopy
invariant Nisnevich sheaf with transfers is strictly homotopy invariant, holds over
nonperfect fields. This makes life fairly inconvenient because when we start with
a field F of characteristic p > 0 and take a look on the function field F(S) of a
smooth scheme of finite type over F' we never get a perfect field unless dim S = 0.

The main purpose of this paper is to show that the above theorem holds over a
nonperfect field of characteristic p provided that we work with sheaves with trans-
fers of Z[1/p]-modules. In Section 1 we use the theory of Frobenius twists to show
that extension of scalars from F to its perfect closure F!'/7™ defines an equivalence
on the category PT), of presheaves with transfers of Z[1/p]-modules. In Section 2
we show that the above functor takes sheaves to sheaves, and the resulting functor
on the category NST, of Nisnevich sheaves with transfers of Z[1/p]-modules is an
equivalence as well. Finally we show that this functor preserves cohomology. In
Section 3 we show that the extension of scalars functor takes homotopy invariant
presheaves to homotopy invariant presheaves and hence every homotopy invariant
Nisnevich sheaf with transfers of Z[1/p]-modules over F is strictly homotopy
invariant. This fact readily implies that all results concerning homotopy invariant
presheaves with transfers proved by Voevodsky for perfect fields are true over arbi-
trary fields once we work with sheaves of Z[1/p]-modules. In particular we may
define the motivic category DM, (F) of effective motives in the standard way as
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the category of bounded above complexes of Nisnevich sheaves with transfers of
Z[1/p]-modules with homotopy invariant cohomology sheaves.

In Section 4 we discuss in some detail the extension of scalars for presheaves
with transfers of Z[1/p]-modules in the case of an arbitrary field extension F C E.
We show that this functor takes sheaves to sheaves, takes homotopy invariant
sheaves to homotopy invariant sheaves and is exact. This allows us to define the
extension of scalars functor ¢™* : DM;(F ) — DM;(E ) in the most straightforward
way — just applying the extension of scalars functor pointwise. We show also
that this functor takes tensor products to tensor products and happens to be an
equivalence of categories if E = F/7”.

In Section 5 we show that extension of scalars commutes with the internal Hom
functor.

1. Presheaves with transfers over nonperfect fields

For a field F we denote by Corr the category of finite correspondences over F and
by PT(F) the category of presheaves with transfers over F, i.e., additive contra-
variant functors Corgp — Ab; see [Mazza et al. 2006] for definitions. We use
the notation NST for the category of Nisnevich sheaves with transfers. Let E/F
be a field extension. In this case we have an obvious extension of scalars functor
¢ : Corp — Corg taking X to Xg and Z € Cor(X, Y) to Zg € Cor(Xg, Yg). Taking
the composition with ¢ we get a direct image functor ¢, : PT(E) — PT(F). The
functor ¢, is obviously exact and preserves direct sums and direct products. In
particular, ¢, is continuous and hence has a left adjoint ¢*; see [MacLane 1971].

Proposition 1.1. (1) The functor ¢* is uniquely characterized by the following
properties:

(@) ¢* is right exact.
(b) ¢* preserves arbitrary direct sums.

© ¢"(Zu(X)) = Z(XE).
(2) The functor ¢* is given by the formula

¢#(f)=Coker< P zxperxn— P Ztr(XE>®f(X>>.
seCorp(X,X1) XeSmp

Proof. Note that every left adjoint functor is right exact and preserves direct sums.
For any presheaf with transfers M € PT(E) we have

Hom(¢* (Z(X), M)) = Hom(Z(X), ¢ (M))
= (M) (X) = M(Xg) = Hom(Zy(X ), M).
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This proves the last formula. Assume now that a : PT(F) — PT(E) is a functor
having the above three properties. Note that in this case we also have the following
property: for any F € PT(F) and any abelian group A we have a natural isomor-
phism,

a(FRA)=a(F)®A.

In fact the case when A is a free abelian group is clear since a preserves direct
sums. The general case follows in view of right exactness of a. Note now that any
presheaf with transfers F € PT(F') has a canonical resolution

P zxerx)—> P ZX)®FX) > F—0.
seCorp(X,X1) XeSmp

Applying the functor a to this presentation and using the right exactness of a we
get the presentation for a(F). This proves that

a(f)=cOker( P zxpnerxn— P ztr<XE>®f<X>). D

s€Corp(X,X1) XeSmp

Recall that a presheaf with transfers is called free in case it is a direct sum
of presheaves of the form Z(X). Since all schemes in question are Noetherian
it follows that every such presheaf is actually a sheaf in the Nisnevich topology.
Later we’ll need the following additional properties of the functor ¢*:

Lemma 1.2. (1) The functor ¢* takes free presheaves to free presheaves.

(2) For any presheaves with transfers F, G € PT(F) we have a natural iso-
morphism ¢*(F @b G) = ¢*(F) @b ¢*(G) (here ®! stands for the tensor
product operation in the category of presheaves with transfers; see [Suslin
and Voevodsky 2000]).

Proof. The first claim is obvious. To prove the second one we note that, according
to the defining properties of the tensor product operation, to compute F ®! G we
may start with arbitrary free presentations

Pz x) 5P ze(v)—>F—-0 and PZe(X)HEPZu(V)) > G0,
i J s t

in which case F ®} G coincides with the cokernel of the resulting map
®1-1®
P ze(Xi x ¥) & P Zu(¥j x X)) T—5 P Zu(¥; x V).
it J.s Jit

Applying the functor ¢* to the above presentations we get free presentations of
¢*(F) and ¢*(G), and the same computation as above yields our claim. O



280 ANDREI SUSLIN

Note that ¢, takes Zariski (resp. Nisnevich) sheaves with transfer over E to
Zariski (resp. Nisnevich) sheaves with transfers over F. However it’s not clear
whether the functor ¢* takes sheaves to sheaves, so working with Nisnevich sheaves
we need to sheafify ¢*(F) in Nisnevich topology. The resulting sheaf with transfers
will be denoted ¢*(F). Sometimes we denote ¢*(F) by F @ E or Fg and call it
the extension of scalars in F.

Corollary 1.3. (1) For any presheaf with transfers F we have a natural isomor-
phism ¢* (F)nis = ¢* (Fnis)-
(2) For any sheaves with transfers F, G € NST(F) we have a natural isomorphism

P*(F ®u G) = ¢™(F) Qu ¢*(9).

Proof. The first claim is clear since composition of left adjoints coincides with the
left adjoint to the composition. The second claim follows from the first one and
the previous lemma. (]

Assume now that F is a field of positive characteristic p and take E = F!/?.
The field E may be identified with F via the Frobenius isomorphism, so that the
category Corg identifies with Corg and the resulting functor ¢ identifies with the
Frobenius twist functor X — X' =X ® ¢ F, where the subscript f indicates that
we view F as F-algebra via the Frobenius embedding f : F — F, x +— x?.
The important property of the Frobenius twist functor is the presence, for any
X € Sch/F, of the canonical Frobenius morphism &y : X — X M (see, for example,
[Friedlander and Suslin 1997]), which in the affine case corresponds to the F-
algebra homomorphism A® ¢ F — A, a ® A+ A -a?. The following elementary
lemma sums up some of the properties of the Frobenius map:

Lemma 14. (1) ®x : X — XY is a natural transformation of functors from
Sch/F to itself, i.e., for a morphism f : X — Y we get a commutative diagram

X%Y

ol e

f(l)
xh Ly

(2) Pxxy =Dx x Py.

(3) @y is a finite surjective morphism for any X. If X/F is a smooth irreducible
scheme of dimension d, the morphism ®x : X — XV is a finite flat purely
inseparable morphism of degree p“.

Let f : X — Y be a finite surjective morphism of irreducible schemes. In this
case the graph Iy C X x Y is finite over ¥ and so its transpose FfT C Y x X defines
a finite correspondence from Y to X (which we’ll call f .
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Theorem 1.5. The family of maps ®x : X — XU defines a natural transformation
of functors from Corr to itself, ® : Idcor, — ¢. Moreover, after inverting p this
natural transformation becomes an isomorphism of functors with inverse given by
the family of maps .

T .y
—pdimXcDX'X — X.

The proof is based on several easy but useful lemmas.

Lemma 1.6. Let f : X — Y be a finite flat purely inseparable morphism of smooth
irreducible schemes of the same dimension. Then the maps f, : Z (X)— ZI(Y)
and *: ZI(Y) — Z'(X) are defined on all cycles and both compositions coincide
with multiplication by deg f.

Proof. Note that the operation f; is defined on all cycles for any proper morphism

and the operation f* is defined on all cycles for any flat morphism. Furthermore,

the composition f, o f* coincides with multiplication by deg f in view of the

projection formula. Finally, since f is finite and purely inseparable, it is injective.

Hence f; is equally injective and, since fy o f* o f, =deg f - f«, we conclude that

frofi=degf O
We will also need the following well-known and elementary fact:

Lemma 1.7. Let Z € Cor(X, Y) be a finite correspondence from a (smooth) scheme
X to a (smooth) scheme Y. Let further f :Y — Y and g : X' — X be morphisms
of (smooth) schemes. Then:

(1) foZ eCor(X,Y’) coincides with (1x x f)«(Z).

(2) Zog e Cor(X',Y) coincides with (g x 1y)*(Z).

Corollary 1.8. (a) Let f : X — Y be a finite surjective morphism of smooth
irreducible schemes. Then f o fT =deg f.

(b) Assume in addition that f is purely inseparable. Then fT o f = deg f.

Proof. Note that for any morphism f : X — Y the cycle I'y C X x Y coincides with
(1x, /)«(X) = (Ix x f)+(Ax) and hence T} = (f, 1x)+(X) = (f x 1x)«(Ax).
Lemma 1.7 shows now that fo f7 = (1y x f)*(F]f) =1y X )s(f, 1x)(X) =
(fs +(X) = (Ay o f)«(X) = (Ay)«(deg f -Y) =deg f - Ay To prove the second
claim we note first that f is flat, so that we may apply Lemma 1.6. Applying
Lemma 1.7 once again we get

fTof=(f x1x)*T)) = (f x L)*(f x Ix)«(Ax) =deg f - Ax. O

Proposition 1.9. Let X be a smooth equidimensional scheme and let Z C X be an
equidimensional cycle of dimension d. Then (®x)4(Z) = p¢ - ZW.



282 ANDREI SUSLIN

Proof. 1t suffices, clearly, to treat the case when Z is irreducible, i.e., is represented
by a closed integral subscheme Z C X. In this case the cycle ZV is defined
by the closed subscheme ZV ¢ XV, which is irreducible but which however
need not be reduced. Thus, denoting the integral scheme Zr(el(; by Z' we see
that the cycle Z" equals [ - Z’, where [ is the length of the local Artinian ring
F(Z)®p FY? = F(Z) ® ¢ F. Furthermore, Lemma 1.4 shows that ®x(Z) = Z’

and hence (®x).(Z)=[F(Z): F(Z')]-Z'. Thus we only need to check the formula

[F(Z): F(Z)]=1-p.

Let x1, ..., x4 be the transcendence basis of F'(Z) over F. Note that dimension of
F(Z)®¢Fover F(xy,...,x)QsF=F(x1,...,xg)equals [F(Z):F(xy, ..., xq)]
and hence [F(Z) : F(xy,...,x0)]1=1-[F(Z)): F(xy,...,xg)]. The field embed-

ding F(Z') — F(Z) takes x; to xlp. Thus identifying F(Z') with a subfield of F(Z)
we identify its subfield F(xy, ..., x7) with the subfield F(xlp, cee, x5) Cc F(Z). So
we get

¢ [F(Z):F(xy,...,x0)]
C[F(Z):FG&P, o xD)]
_F@2):F(x{, ..., x))]
C[F(Z):F(el, o xD)]

-[F(xl,...,xd):F(xf,...,xf;)]

=[F(Z): F(Z)]. O

Proof of Theorem 1.5. We first show that ® is a natural transformation of func-
tors from Corp to itself. Let Z € Cor(X, Y) be a finite correspondence from a
smooth, irreducible scheme X to a (smooth, irreducible) Y. We have to verify the
commutativity of the diagram

XxX—% .y

Dy Dy
xO 22y
By Lemma 1.7, ®yoZ = (1x x ®y),(Z) and ZD oy = (dx x 1ya))*(ZD). Thus
we need to establish the relation (1xy x ®y).(Z) = (®x x 1ym)*(ZD). Applying
to both sides the injective map (®x x 1ym), and using Lemma 1.6 we see that
the formula in question takes the form (®x x ®y),.(Z) = pdimx ARE
Oy x Py = & xy we conclude from Proposition 1.9 that the left-hand side equals
pdimZ . 7z Tt suffices to note now that dim X = dim Z.
To finish the proof it suffices to establish that, for any smooth irreducible X,

Since

Oy o®h =pimX. Ayy and L ody=pim¥. Ay,

However, these formulae follow from Corollary 1.8. (]
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Denote by Corg[1/p] the category with same objects as Corg (i.e., all smooth
schemes of finite type over F) but whose morphisms are obtained from those of
Corr by inverting p.

Corollary 1.10. The Frobenius twist functor induces an equivalence
Corp[1/p] = Corp[1/p], X+ XD,

Proof. According to Theorem 1.5, the Frobenius twist functor is isomorphic to the
identity functor and hence is an equivalence. U

Set F, = F'/" and let Foo = FY/P™ = lim F,, be the perfect closure of F.

Theorem 1.11. Extension of scalars defines an equivalence of categories

¢ : Corp[1/p] — Corp_[1/p].

Proof. Corollary 1.10 shows that extension of scalars from F to F; gives an equiv-
alence of categories on Cor[1/p]. Induction on n implies that the same is true
for the extension of scalars from F to F),. Note further that, for X € Smp, every
closed subscheme in X is defined over F, for appropriate n. Hence, for any
X, Y € Smyg we have

Cor(Xr,,, Yr,) =lim Cor(Xp,, YF,).
n

Thus the extension of scalars map
Cor(X, Y)[1/p] = Cor(Xf,_, Yr )[1/p]

is an isomorphism. It remains to show that the functor ¢ is essentially surjective,
i.e., every object of Corg_[1/p] is isomorphic to Xr_ for appropriate X. However,
this follows from Corollary 1.8 and the following result:

Lemma 1.12. Let Z € Smp_ be a smooth irreducible scheme. Then there exists
a smooth irreducible scheme X € Smy and a finite, surjective, purely inseparable
morphism Z — XF,_.

Proof. Since every scheme of finite type over F is defined over F), for sufficiently
large n, we easily conclude that there exists a smooth irreducible scheme ¥ € Smp,
such that Z is isomorphic to Yr_ . In the case Y that is defined over F, the scheme Z
is also defined over F' and we have nothing to prove. In the general case we
may identify F,, with F via the n-th power of the Frobenius isomorphism. In this
way, Y defines a smooth irreducible scheme X over F. As we pointed out before,
the scheme Xr,, viewed as a scheme over F', coincides with the n-th Frobenius
twist X, The n-th power of the Frobenius morphism

L X — X"
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is a finite, surjective, purely inseparable morphism of degree p"4m* When we
return from F to F,, the morphism &', defines a finite, surjective, purely insepa-
rable morphism ¥ — Xp,. Extending scalars from F), to F, we get the required
morphism Z — Xp,_. U

We are going to use the notation PT, (F) for the category of the presheaves with
transfers of Z[1/p]-modules (i.e., additive functors from Corg to Z[1/p]-mod).
Note that presheaves with transfers of Z[1/p]-modules may be identified with
presheaves with transfers, all of whose groups of sections are uniquely p-divisible,
so that PT,(F) C PT(F).

Theorem 1.13. The direct image functor
¢« : PT,(Fso) = PT,(F)
is an equivalence of categories with quasi-inverse ¢*.

Proof. Note first that, for any additive category C, every additive functor M :
C — Z[1/p]-mod extends uniquely to an additive functor C[1/p] — Z[1/p]-mod.
Thus the category PT,(F) may be identified with the category of additive functors
from Corp[1/p] to Z[1/p]-mod. Our first claim follows now immediately from
Theorem 1.11. Since ¢* is left adjoint to an equivalence ¢,, we conclude that it
coincides with the quasi-inverse equivalence. ([

Corollary 1.14. Let E/F be any purely inseparable field extension. Denote by
Y : Corgp — Corg the corresponding extension of scalars functor. Then ¥, :
PT,(E) — PT,(F) is an equivalence of categories with quasi-inverse a8

Proof. Note that E C Fy, and, moreover, F,, = E. Denote by ¢’ the extension
of scalars functor corresponding to the field extension E C Eo. Our claim follows
from Theorem 1.13 and the commutative diagram

PT,(Ex) — PT,(Fx)

‘| |
Vs

PT,(E) —— PT,(F) O
In the next section we’ll need the following result:

Lemma 1.15. Let F € PT,(F) be a presheaf with transfers of Z[1/p]l-modules.
Let, further, f : X — Y be a finite, surjective, purely inseparable morphism of
irreducible smooth schemes. Then the homomorphism f* : F(Y) — F(X) is an
isomorphism.

Proof. Tt suffices to note that in Cory we have a morphism f7 : ¥ — X, which
yields a homomorphism ( f Tyx . F(X) — F(Y) and both compositions of f* and
(fT)* are equal (according to Corollary 1.8) to multiplication by deg f. (]
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2. Sheaves with transfers over nonperfect fields

We keep the notations introduced in the previous section. In particular we denote by
E = F the perfect closure of F'. We denote by ¢ : Corp — Corg the corresponding
extension of scalars functor. Finally we use the notation

¢« : PT,(Fso) = PT,(F) and " PT,(F) — PT,(Fx)
for the corresponding functors on presheaves with transfers of Z[1/p]-modules.

Theorem 2.1. Let F € PT,(Fx) be a presheaf with transfers of Z[1/pl-modules.
Assume that ¢.(F) is a Zariski (resp. Nisnevich) sheaf. Then F itself is also a
Zariski (resp. Nisnevich) sheaf.

We start with the case of Zariski sheaves, which is somewhat more transparent.

Lemma 2.2. Let w : Y — X be an integral surjective morphism of integral schemes.
Assume further that the scheme X is normal and the extension of rational function
fields is purely inseparable. Then 7 is a homeomorphism.

Proof. Since 7 is integral we conclude that it is a closed map. Thus it suffices to
establish that  is bijective. Our conditions show that 7 is surjective and we only
need to verify the injectivity of 7. Replacing X by an open affine scheme and Y by
its inverse image, we see that it suffices to consider the case when X = Spec A
(A is an integrally closed domain) and Y = Spec B is an affine integral scheme.
Surjectivity of 7 readily implies that 7* : A — B is injective. Denote by F (resp. E)
the field of fractions of A (resp. B). Since E/F is purely inseparable and A is
integrally closed there is exactly one prime ideal in B over each prime ideal of A —
see [Bourbaki 1972] — which means that  is bijective. |

Corollary 2.3. Under the conditions and notation of Lemma 2.2, let F be a presheaf
on the small Zariski site of Y. If m,.(F) is a sheaf, F itself is a sheaf as well.

Let F be a presheaf on Smp. For any X € Smp, restricting F to the small Zariski
(resp. Nisnevich) site of X we get a presheaf Fx on Xz, (resp. Xnis). Moreover,
for any morphism f: X — Y we get a canonical homomorphism o 7 : Fy — fi(Fx).
Finally, for a pair of composable morphisms f: X — Y and g:Y — Z,

agr = gx(ay)oa,.

Lemma 2.4. Let F € PT,(F) be a presheaf with transfers of Z[1/pl-modules. Let,
further, f : X — Y be a finite surjective purely inseparable morphism of smooth
schemes. Then the associated homomorphism

ar:Fy = fo(Fx)

is an isomorphism (for both the Nisnevich and Zariski topologies).
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Proof. We need to show that for any U € Ynjs (resp. U € Yza,) the canonical map
FU) L F(X xy U)

is an isomorphism. It suffices to treat the case when U is irreducible, in which case
(since f is purely inseparable ) X xy U is also irreducible. Now our claim follows
from Lemma 1.15, since p; is a finite, surjective, purely inseparable morphism. [

Proof of Theorem 2.1 for the Zariski topology. To show that F is a Zariski sheaf
we have to verify that for any ¥ € Smg the restriction Fy is a sheaf. It suffices,
clearly, to treat the case when Y is irreducible. Assume first that ¥ = X for
an appropriate X € Smp. Let w : ¥ — X be the structure morphism. Note that
. (Fy) = (¢(F))x and hence m,(Fy) is a sheaf. Since 7 : ¥ — X is an integral,
surjective, purely inseparable morphism of integral normal schemes we conclude
by Corollary 2.3 that Fy is a sheaf. In the general case, we use Lemma 1.12 and
find a finite surjective purely inseparable morphism Y L, X . Lemma 2.4 shows
that ar : Fx, — f«(Fy) is an isomorphism. Thus f,(Fy) is a sheaf. Applying
Corollary 2.3 again, we conclude that Fy is a sheaf. (]

Lemma 2.5. Let O be a henselian local ring. Let, further, A be an integral
O-algebra. If A is local it is a local henselian ring.

Proof. Assume first that A is finite over O. Every finite A-algebra happens to be a
finite O-algebra and hence is a finite product of local rings. However, this property
characterizes henselian local rings — see [Milne 1980] — so we conclude that A
is henselian. In the general case, let B be any finitely generated subalgebra of A.
Since A is integral over B, we conclude that there is a maximal ideal of A over
each maximal ideal of B. Thus B has to be local and hence has to be a henselian
local ring. The same reasoning shows that whenever B C B’ the inclusion B < B’
is a local homomorphism. Now it suffices to use the following lemma. O

Lemma 2.6. Let {B;};c; be a filtering direct system of local rings and local homo-
morphisms. If all B; are henselian then A = lim,_,; B; is also a henselian local
ring.

Proof. Denote by 9; and k; the maximal ideal and the residue field of B;. It’s
perfectly trivial to verify that A is a local ring with maximal ideal 90T = lim 901
and residue field k = limk;. Let f € A[T] be a monic polynomial and assume
that f = go - ho, where go, ho € k[T] are coprime monic polynomials. Clearly
there exists i € I such that f comes from the monic polynomial f(i) € B;[T]
and gg, ho € k[T] come from monic polynomials go(i), ho(i) € k;[T]. Moreover,
increasing i if required, we may assume that the identity f (i) = go(i) - ho(i) holds
in k;[T]. Clearly go(i) and ho(i) are coprime in k;[T]. Since B; is henselian we
conclude that f (i) = g(i) - h(i), where g(i), h(i) € B;[T] are monic polynomials
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with g(i) = go(i) and A (i) = ho(i). Taking the images of g(i), h(i) € B;[T]in A[T],
we get the required factorization for f € A[T]. U

Corollary 2.7. Let w : Y — X be an integral surjective morphism of integral
schemes. Assume further that the scheme X is normal and the extension of fields
of rational functions is purely inseparable. Let x € X be a point and y € Y be the
unique point over x. In this case,

Y xx Spec (9]; = Spec Oif.

Proof. Obviously Y x x Spec Oi’ = Spec A, where A is integral over Q’C’. To give a
maximal ideal in A is the same as to give a point in the fiber of Spec A — Spec (95:
over M". Since this fiber coincides with the fiber of ¥ — X over x, we conclude
that A is local and its unique maximal ideal lies over 91,. Lemma 2.5 shows that
A is a henselian local ring. On the other hand A is ind-étale over Y and hence
coincides with (’)i’,. O

Recall that whenever x is a point on the scheme X an étale neighborhood of x
on X is an étale morphism f : U — X together w1th a point # € U such that
f(u) = x and the embedding of residue fields k(x) EN k(u) is an isomorphism.
Given two étale neighborhoods (U, u) and (V, v) of x on X, we say that U is finer
than V if there exists a morphism g : U — V over X that takes u to v. Assume
that 7 : ¥ — X is a morphism of schemes. Let, further, x be a point on X and
y € Y be a point over x. Finally, let (V, v) be an étale neighborhood of x on X.
In this case we define the induced étale neighborhood 7~ 1(V) of y as follows:
we take U = V x x Y and define a morphism Spec k(y) — U using the canonical
morphisms (over X) Spec k(y) — Spec k(x) = Spec k(v) — V and Speck(y) — Y.
Straightforward verification shows that the resulting point u € U lies over y and
its residue field equals k(y).

Corollary 2.8. Under the conditions and notation of Corollary 2.7, let (U, u) be
an étale neighborhood of (Y, y). Then there exists an étale neighborhood (V, v)
of (X, x) such that 7~ V) is finer than U.

Proof. Obviously it suffices to treat the case when X = Spec A, Y = Spec B
and U = Spec R are affine. Since Oi{ may be identified with the direct limit of
coordinate algebras of affine étale neighborhoods of (Y, y), we get a canonical
B-algebra homomorphism R L O’; = O"®,4 B. Since R is a finitely presented
B-algebra and OQ ®a B = an; C ®4 B, where C runs through coordinate algebras
of affine étale neighborhoods of (X, x), we conclude that ¢ factors through C ® 4 B
for appropriate C. Thus V = Spec C is an étale neighborhood of (X, x), whose
inverse image to Y is finer than U. ]
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Proposition 2.9. Under the conditions and notation of Corollary 2.7, let F be a
presheaf on the small Nisnevich site of Y. Then

HY, (Y, F) = HY (X, m.(F)).

Proof. Given a Nisnevich covering V of X we get the induced Nisnevich covering
7~ 1(V) of Y. For these two coverings we have the obvious relation

Ho(x~'(V), F) = H'(V, 1. (F)).

Since Cech cohomology may be computed using any cofinal family of coverings,
it suffices to check that any Nisnevich covering of Y admits a refinement of the
form ' (V). However this readily follows from Corollary 2.8. O

Proof of Theorem 2.1 for the Nisnevich topology. We start with a presheaf 7 € PT, (E)
such that ¢..(F) is a Nisnevich sheaf. Since applying the functor I-VII?IiS to a presheaf
twice we get the associated sheaf, we see that to show that F is a sheaf it suffices
to verify that, for any irreducible ¥ € Smg, the natural map F(Y) — bvll% Y, Fy)
is an isomorphism. Assume first that ¥ = X for an appropriate X € Smr. Apply
Proposition 2.9 to the structure morphism 7 : ¥ — X. In this way we get

HY. (Y, F) = HY (X, p«(F)) = pu(F)(X) = F(Y).

In the general case we apply Lemma 1.12 and find a finite, surjective, purely
inseparable morphism f : ¥ — Xp. Lemma 2.4 shows that the natural map
ar : Fx, — f«(Fy) is an isomorphism and in particular f* : F(Xg) — F(Y)
is an isomorphism. Proposition 2.9 shows that the pull-back map

5 HY (XE, Fx,) — HY (XE, fu(Fy) — HY (Y, Fy)
is an isomorphism. Our claim follows now from the commutative diagram

F(XE) f”—*> F(Y)

;T

HI?HS(XE"FXE);T)FII(\)HS(Y, Fy) ]

Corollary 2.10. Let E/F be any purely inseparable field extension. Denote by
Y : Corp — Corg the corresponding extension of scalars functor. Let, further,
F € PT,(E) be a presheaf with transfers of Z[1/pl-modules over E. Assume that
Y« (F) is a Zariski (resp. Nisnevich) sheaf. Then F itself is also a Zariski (resp.
Nisnevich) sheaf.

Proof. Denote by ¢ (resp. ¢') the extension of scalars functor corresponding to the
field extension F C Fi, (resp. E C Exo = Fo), and set G = @ (F). Corollary 1.14
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shows that F = ¢, (G). Thus ¢.(G) = V. (¢.(G)) = ¥ (F) is a sheaf. Theorem 2.1
shows that G is a sheaf and hence F = qﬁ; (@) is a sheaf as well. |

Corollary 2.11. Under the conditions and notation of Corollary 2.10 the func-
tor ¥ PT,(F) — PT,(E) takes Zariski (resp. Nisnevich) sheaves to Zariski
(resp. Nisnevich) sheaves. More precisely, F € PT,(F) is a sheaf if and only if
V*(F) is a sheaf. In particular for Nisnevich sheaves we have an identification

v (G) = ¢v*(9).

Proof. This follows immediately from Corollary 2.10, since ¥, (¥*#(G) = G for any
G € PT,(F) according to Corollary 1.14. O

Denote by NST,(F) the category of Nisnevich sheaves with transfers of Z[1/p]-
modules.

Corollary 2.12. Let E/F be any purely inseparable field extension. Denote by
Y : Corp — Corg the corresponding extension of scalars functor. Then Vy :
NST,(E) — NST,(F) is an equivalence of categories with quasi-inverse J* = Vas

Theorem 2.13. Let F € NST,(F) be a Nisnevich sheaf with transfers of Z[1/p]-
modules. Then, for any scheme X € Smp, we have a natural identification of
cohomology groups

Hy (X, F) = Hiy (X ks FF)-

Proof. By Corollary 2.12, ¢.(Fr,) = F. Denote by w : ¥ = Xp_ — X the
structure morphism and by G the sheaf (FF, )y. Thus 7.(G) = Fx. Applying the
Leray spectral sequence to 7 we see that it suffices to establish that R'7,G = 0
for i > 0. However (R'7,.G), = H{HS(Y X x Spec OQ, G)=H!(SpecO",G)=0. O

3. Homotopy invariant sheaves with transfers over nonperfect fields

Proposition 3.1. Let 7 € PT,(Fw) be a presheaf with transfers of Z[1/ p]-modules.
Assume that ¢, (F) is homotopy invariant, where ¢, is as in Theorem 1.13. Then
F itself is also homotopy invariant.

Proof. We need to verify that for any irreducible ¥ € Smp,, the pull-back map
FY) L F(y x Al) is an isomorphism. To do so we use Lemma 1.12 and find
a finite, surjective, purely inseparable morphism f : ¥ — Xp . Consider the
commutative diagram

*

f
F(XFr) = @)«(F)X) ——— F(X)

l P lPT
(1"

F(Xp, xA) = (F)(X xAl) ——— F(¥ x Al
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Lemma 1.15 shows that both horizontal arrows are isomorphisms and the left ver-
tical arrow is an isomorphism by assumption. Thus the right vertical arrow is an
isomorphism as well. U

Using the same machinery as in the proof of Corollary 2.10 we readily verify:

Corollary 3.2. Let E/F be any purely inseparable field extension. Denote by
Y : Corp — Corg the corresponding extension of scalars functor. Let, further,
F € PT,(E) be a presheaf with transfers of Z[1/pl-modules over E. Assume
that the presheaf V.(F) is homotopy invariant. Then F itself is also homotopy
invariant.

Corollary 3.3. Under the conditions and notation of Corollary 3.2 let F € PT,(F)
be a homotopy invariant presheaf with transfers of Z|1/pl-modules. Then Fg is
also homotopy invariant. Conversely, if Fg is homotopy invariant then F is also.

Proof. This follows immediately from Proposition 3.1, since v, (Fg) = F accord-
ing to Corollary 2.12. O

Theorem 3.4. Let F € NST,(F) be a homotopy invariant sheaf with transfers of
Z[1/pl-modules. Then F is strictly homotopy invariant, i.e., Hli“s(X x Al F) =
HIi“S(X, F) for any i and any X € Smp.

Proof. Corollary 3.3 shows that Fr_ is a homotopy invariant sheaf with transfers

over a perfect field Foo. Thus Voevodsky’s Theorem 13.8 [Mazza et al. 2006]
shows that FF,_ is strictly homotopy invariant. Finally, using Theorem 2.13 we get

Hi (X xAl, Fy= Hiy (X x Al Fr ) = HE (X F, Fr,) = Hig (X, F). O

Theorem 3.4 shows that all results proved in [Mazza et al. 2006] over perfect
fields hold over all fields once we work with presheaves with transfers of Z[1/p]-
modules. In particular we have the following result:

Theorem 3.5. Let F € PT,(F) be a homotopy invariant presheaf with transfers of
Z[1/ pl-modules; then:

(1) The sheaf Fza coincides with Fyis and has a natural structure of a homotopy
invariant sheaf with transfers.

(2) H}, (X, Fzar) = Hiy (X, Fnis) for any X € Smp and any i > 0.
(3) The presheaves X +—> Héar(X y Fzar) = HIQ
presheaves with transfers.
Proof. The first claim is proved in [Mazza et al. 2006, Theorems 22.1 and 22.2]
for arbitrary homotopy invariant presheaves with transfers. In view of this fact, in
the sequel we may assume that 7 € NST,(F) is a homotopy invariant Nisnevich

sheaf with transfers of Z[1/p]-modules. Homotopy invariance of the presheaf
X Hliﬁs(X , J) is proved above in Theorem 3.4. The fact that X — HIiHS(X , F)

(X, Fnis) are homotopy invariant
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has a natural structure of a presheaf with transfers is proved in [Mazza et al. 20006,
Lemma 13.4] for arbitrary Nisnevich sheaves with transfers. Finally, the coinci-
dence of Zariski and Nisnevich cohomology follows easily from the homotopy
invariance of Nisnevich cohomology; see the proof of [Mazza et al. 2006, Propo-
sition 13.9]. O

Once Theorem 3.5 is proved we may proceed the same way as in [Suslin and
Voevodsky 2000] and define the category of effective motives DM, (F). Specifi-
cally we define the category DM, (F) as a full subcategory of the derived category
D™ (NST,(F)) of bounded above complexes of Nisnevich sheaves with transfers of
Z[1/p]-modules comprising the complexes with homotopy invariant cohomology
sheaves.

For any X € Smy we define its motive M, (X) as the complex C*(Z[1/ply(X))
in DM, (F); cf. [Suslin and Voevodsky 2000, §1]. Nisnevich cohomology may be
recovered in terms of DM/ (F). The proof of the following result is identical to
the proof of Theorem 1.5 in [Suslin and Voevodsky 2000].

Theorem 3.6. For any complex A* € DM (F) and any X € Smp we have natural
isomorphisms
Hy (X, A) = Hompy, (p) (M (X), A°[7]).

The category DM, (F)) may be also viewed as a localization of the category
D™ (NST,(F)) with respect to a thick triangulated subcategory A. Recall that
A* — C*(A®) defines a functor C* : D™ (NST,(F)) — DM;(F) and take A C
D™ (NST,(F)) to be the full triangulated subcategory consisting of those com-
plexes A* for which the complex C*(A*) is acyclic. The proof of the following
result is identical to the proof of Theorem 1.12 in [Suslin and Voevodsky 2000].

Theorem 3.7. (1) The functor C* is left adjoint to the embedding functor
DM, (F) C D™ (NST,(F))

and shows the equivalence of DM; (F) with the localization of D™ (NST,(F))
with respect to the thick triangulated subcategory A.

(2) A complex A* € D™ (NST,(F)) is in A if and only if it is quasi-isomorphic to
a bounded above complex of contractible Nisnevich sheaves with transfers of
Z[1/ pl-modules.

Finally recall (see [Suslin and Voevodsky 2000, §2]) that the category DM, (F)
has a natural tensor structure given by the formula A* ® B* = C*(A* ® B*). The
main properties of this operation listed in Proposition 2.8 of [Suslin and Voevodsky
2000] remain true over nonperfect fields provided that we work with complexes of
Nisnevich sheaves with transfers of Z[1/p]-modules.
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For future use we recall briefly the explicit definition of A* ®" B*. See [Mazza
et al. 2006, Definition 8.2]. Given two complexes A* and B* in DM;(F ) we
pick quasi-isomorphisms A} — A*® and B} — B* with free complexes Aj, Bj (i.e.,
consisting of direct sums of sheaves Z[1/p](X)) and set A* QL B* = Tot(A] ® B}),
where A} ® Bj is a bicomplex consisting of sheaves (A1)} ®¢ (By)!. The same
reasoning as in [Suslin and Voevodsky 2000] show that the resulting complex is
independent of the choice of free resolutions A} and B} up to a natural quasi-
isomorphism.

4. Extension of scalars for the category DM;(F )

Let E/F be a field extension. Denote by ¢ : Corp — Corg the corresponding
extension of scalars functor. In the sequel we denote by p the exponential char-
acteristic of F (i.e., p = 1 for fields of characteristic zero). We work with the
category PT,(F) of presheaves with transfers of Z[1/p]-modules.

Theorem 4.1. The functor ¢* : PT »(F) — PT,(E) takes Nisnevich (resp. Zariski)
sheaves to Nisnevich (resp. Zariski) sheaves, so that ¢* = ¢*. Furthermore, the
functor ¢* : PT,(F) — PT,(E) is exact.

Proof. Consider first the special case when the field F is perfect and E is finitely
generated over F. In this case E may be written in the form E = F(S) for an
appropriate smooth, irreducible scheme of finite type S € Smp. In this case Spec E
may be further identified with the inverse limit Spec E = lim U, where U runs
through a directed inverse system of open affine neighborhoods of the generic
point € § and we may apply the following classical result; see [EGA IV 1964]:

Theorem 4.2. Let I be a directed partially ordered set. Let, further, {S;}ic; be an
inverse system of schemes over I with affine transition morphisms. Assume that all
the S; are quasicompact and quasiseparated and set § = lim §;.

(1) For any morphism of finite presentation X — S there exists an index i € I and
a morphism of finite presentation X; — S; such that X = X; xs, S (as schemes
over S).

(2) Giveni € I, schemes of finite presentation X; and Y; over S; and a morphism
¢ Xi xs, S — Yi x5, S over S, there exists an index i’ > i and a morphism
@i+ Xi x5, Sy — Yi x5, Sir over Sy whose base change to S is ¢.

3) Giveni € I, X; and Y; of finite presentation over S; and a pair of morphisms
oi, ¥i + Xi — Y; (over S;) whose base changes to S are equal, there exists
i’ > i such that the base changes of ¢; and ; to Sy are equal.

(4) Assume that X; and Y; are schemes of finite presentation over S; and ¢; :
X; — Y; is a morphism over S;. Denote by X (resp. Y) the scheme obtained
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from X; (resp. Y;) by base change from S; to S. In a similar way denote
by ¢ : X — Y the morphism obtained from ¢; by base change from S; to S.
Finally, forany j >1ilet X;, Y; and ¢; be schemes and morphisms obtained
from X;,Y; and ¢; by base change from S; to S;. Assume that the morphism
¢ has one of the following properties:

(a) ¢ is an isomorphism.

(b) ¢ is an open (resp closed) embedding.
(c) ¢ is surjective.

(d) ¢ admits a section.

(e) ¢ is finite.

(f) ¢ is étale.

(g) ¢ is smooth.

Then there exists an index j > i such that ¢; has the same property.

Corollary 4.3. Under the conditions and notation of Theorem 4.2 assume that
the scheme S is Noetherian. Let, further, X/S be a reduced scheme of finite
type and let Y %5 X bea (singleton) Nisnevich covering of X. Then there exists
i € I, schemes of finite presentation X; and Y; over S;, and a Nisnevich covering
Y 25> X; such that X = X; x5, S, Y =Y; x5, S and ¢ = ¢; x, S.

Proof. Theorem 4.2 shows that we may assume that X = X; x5, S, Y =Y; x5, S
and ¢ = ¢; x5, S for appropriate X;, ¥; and ¢;. Since ¢ is étale we conclude
from Theorem 4.2 that, increasing i, we may assume that ¢; is étale as well.
Finally, since ¢ is a Nisnevich covering of a Noetherian scheme we conclude
from [Hoyois 2012, Proposition 1.6] that there exists a chain of closed subschemes
g =XgC X; C---C X, = X such that ¢ admits a section over X; \ X;_1
for 1 <i <n. Theorem 4.2 shows that we may assume that X = X;x xs, S, where
@ = Xjo C X;1 C --- C Xijn = X; is a chain of closed subschemes of X; and
¢; admits a section over X;; \ X; x—1. In this case ¢; : ¥; — X; is obviously a
Nisnevich covering of X;. (]

We still assume that F is perfect and E is finitely generated over F. We fix a
smooth scheme of finite type S € Smp such that £ = F(S). Let F : Smp — Ab
be a presheaf of abelian groups on the category Smp. In this case we define a
new presheaf aF on Smg using the following construction. Let X € Smg be a
smooth scheme of finite type over Spec E. According to Theorem 4.2 we may find
a nonempty open U C S and a smooth scheme of finite type X — U whose generic
fiber X » coincides with X. In this case we’ll be saying that X is a model of X
defined over U. In this situation we set

aF(X) = lim F(Xv).
vcU
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Let Y € Smg be another smooth scheme of finite type over Spec E andlet f: X — Y
be a morphism over Spec E. Let, further, ¥ — V be a model of Y defined over V.
Theorem 4.2 shows that, shrinking V, we may find a morphism f : X — ¥ over V
whose generic fiber equals f. Moreover, given two such extensions f] and f> of f,
we may find a nonempty open set W C V such that f; and f> agree on Xy . These
considerations readily imply that the definition of aF(X) is independent of the
particular choice of X and moreover that aF has a natural structure of an abelian
presheaf on Smg.

Proposition 4.4. Assume that F is a Zariski (resp. Nisnevich) sheaf. Then aF is
also a Zariski (resp. Nisnevich) sheaf.

Proof. Consider first the case of the Zariski topology. Since all schemes in question
are quasicompact it suffices to consider finite coverings. Let X = Ji_, X; be an
open covering of X € Smg. Let, further, X be the model of X defined over U C S.
Theorem 4.2 readily implies that, shrinking U, we may find an open covering
X = U?zl )'Z,- such that Xi is a model of X;. For any V C U we have an open
covering X y = U:’: | (f i)v and hence an exact sequence

0> FXv) > [[F(&Edv) = [ FUXnX)pv).
i=l1 i,j=l1

Passing to the direct limit over V we get the required exact sequence

n n
0— aF(X)— Ha]-"(Xi) — ]—[ aF(XiNX)).
i=1 ij=1

Next we consider the case of the Nisnevich topology. Let X be a smooth scheme
of finite type over Spec E and let X — U be its model defined over an open U C S.

To finish the proof of Proposition 4.4 we start with a singleton Nisnevich cov-
ering f:Y — X. According to Corollary 4.3 we may assume that f = f,], where
fY>X v is a Nisnevich covering of Xy. For any open set W C V the induced
map fw : Yw — Xw is also a Nisnevich covering and, since F is a Nisnevich
sheaf, we conclude that the sequence

0= F(Xw) = F¥w) > FTw x5, Yw

is exact. Passing to the direct limit over W we get the exactness of the sequence

0—aF(X)—aFXY)—aFXY xx7Y).

The case of an arbitrary Nisnevich covering readily follows since we already know
that aF is a Zariski sheaf. ]
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Proposition 4.5. Assume that F is a presheaf with transfers. Then aF also has a
natural structure of a presheaf with transfers.

Proof. For the proof we need the following elementary definition of finite corre-
spondences in a relative situation. The definition we give is a very special and
absolutely elementary case of the construction discussed in Section 1A of [Mazza
et al. 2006].

Let U be a smooth irreducible scheme of finite type over F. Let, further,
X/U and Y/U be smooth schemes of finite type over U (and a fortiori over F).
Denote by Cory (X, Y) the free abelian group generated by closed integral sub-
schemes (called elementary finite correspondences) T C X xy Y that are finite
and surjective over a component of X. Note that Cory (X, Y) is a subgroup in
Corp (X, Y). If Z/U is another smooth scheme of finite type over U, we have the
usual composition map Corg (Y, Z) x Corp(X, Y) — Corp(X, Z), and a straightfor-
ward verification shows that this composition map takes Cory (Y, Z) x Cory (X, Y)
to Cory (X, Z). In this way we get the category of finite correspondences over U,
whose objects are smooth schemes of finite type over U and morphisms from X /U
to Y /U are represented by finite correspondences over U. We denote the corre-
sponding category by Cory. Note further that if V C U is a nonempty open set we
get a canonical functor res[‘{ from Cory to Cory, which takes X/U to Xy /V and
takes the relative finite correspondence 7 C X xy Y to Ty C Xy Xy Yy.

Let n be the generic point of U. Denote by E’ the residue field at 5 (i.e., the
field of rational functions E’ = F(U)). In this case we get a canonical functor
from Cory to Corg, which takes X /U to its generic fiber X,, = X X Spec E’ and
takes an elementary correspondence 7 C X xy Y to the elementary correspondence
represented by the generic fiber T, C X, Xspec g7 Y. Whenever V' is a nonempty
open subscheme of U the following diagram obviously commutes:

Coryy —— Cory

| ]

Corgr —— Corg
Hence, for any X, Y € Smy we get the induced map

lim Cory(Xvy, Yv) — Corg/ (X, ¥y).
vcu

Lemma 4.6. For any X, Y € Smy the natural map

lim Cory (Xy, Yy) — Corg/ (X, ¥y)
VU

is an isomorphism.
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Proof. To prove the injectivity of the map in question it suffices to establish that
the canonical map Cory (X, Y) — Corg (X, ¥;) is injective. Since this map takes
the generators of the free abelian group Cory (X, Y) to the generators of the free
abelian group Corg/(X,, Y;)), we only need to verify that different generators go
to different generators, and this follows from the fact that the generic fiber T, is
dense in T.

To prove surjectivity, start with a closed integral subscheme Ty C X)) Xspec £/ Yy =
(X xy Y), that is finite and surjective over X,. Theorem 4.2 shows that after
shrinking U we can find a model T for Ty defined over U. The E’-morphism
i: T, — (X xyY), may be extended (after diminishing U) to a morphism i
T — X xy Y. Since i is a closed embedding we see that, diminishing U, we
may assume that 7 is a closed embedding as well, i.e., we may assume that 7T is a
closed subscheme of X x Y. Furthermore, since the projection p1 : T, = Tp — X,
is finite we conclude that we may assume that 7 is finite over X. Finally, since
T, is integral it follows easily —cf. [EGAIV3 1966, Corollaire (8.7.3)] — that we
may assume that 7 is integral. In this way we get an elementary correspondence
T € Cory (X, Y) whose image in Corg/ (X, Y;) equals Tp. O

Corollary 4.7. Assume that X € Smy and Y € Smpg. Then

Corg/ (X, Ypr) = lim Corp(Xy, Y).
vcU
Proof. This follows immediately from the previous proposition in view of the
obvious identification (valid for any V C U)

Cory (Xv, Y Xgpec r V) = Corp(Xy, Y) U

To finish the proof of Proposition 4.5 we note that given a section sg € aF(Y) and
a finite correspondence Ty € Corg (X, Y) we may pick an open set U C S, models
Y/U and 17/U for X and Y, and representatives s € }‘(?) and T e Cory (y, ?)
for so and Tp, respectively, and take T (sg) € aF(X) to be the canonical image of
T*(s) e F ()A(J ). A standard verification based on the repeated use of Theorem 4.2
shows that the resulting section is independent of all choices made and we really
get a presheaf with transfers structure on aF. ]

In a similar way we show that whenever f : 7| — F, is a homomorphism of
presheaves with transfers the resulting map af : aF; — aF, is also compatible with
transfers. In other words we get a functor a : PT(F) — PT(E). This functor is
obviously exact and commutes with arbitrary direct sums. Moreover, Corollary 4.7
shows that when we apply this functor to Z(Y) we get Z,(Yg). Proposition 1.1
readily implies that the functor ¢* coincides with a and hence takes sheaves to
sheaves and is exact.



MOTIVIC COMPLEXES OVER NONPERFECT FIELDS 297

Still assuming that F is perfect, consider the case of an arbitrary extension
E/F. Let {E;}ics be the direct system of finitely generated subextensions of E
(ordered by inclusion). Set F; = Fg,. Assume that i < j. In this case denote
by ¢J : Corg, — CorE the extension of scalars functor from E; to E;. Since
(d)f Y (F) = F; we get a canonical homomorphism F; — (gz‘)] )« (F}) and so, for
any X; € Smg,, setting X ; = (X; )Ej, we have a canonical map F; (X;) — F;(X;).
A straightforward Veriﬁcation shows that {F;(X)};>; is a direct system of abelian
groups.

We use the same approach as before to construct an appropriate model for
the functor ¢*. Let X be a smooth scheme of finite type over E. Theorem 4.2
shows that we can find i € I and a smooth scheme of finite type X; over E;
such that X = (X;)g. Defining X; for j > i in the same way as before we set
aF(X) = hm] -; Fj(X;). The same reasoning as before shows that the result-
ing group is independent of the particular choice of i and X;; moreover, aF is
a presheaf with transfers whenever F is and aZ is a sheaf in Zariski or Nis-
nevich topology whenever F is. The resulting functor a is clearly exact and com-
mutes with arbitrary direct sums. Since aZy(X) = Zw(Xg), we conclude from
Proposition 1.1 that a = ¢*.

Now we are ready to finish the proof of Theorem 4.1. Denote by F, and E
the perfect closures of F' and E, respectively. We get a commutative diagram of
fields

F—? L E
o vl
Fs —> E-

which yields the associated commutative diagram of functors

PT(F)——fi—+PT(E)

wil w%l
ot

PT(Fs) — PT(E).

Since both vertical arrows are equivalences and the bottom horizontal arrow is exact
we conclude that the top horizontal arrow is exact as well. The claim concerning
sheaves is proved in the same way, using Corollary 2.11. ([

Corollary 4.8. Under the conditions and notations of Theorem 4.1 the base change
functor * : NST,(F) — NST,(E) is exact.

Proof. This functor is right exact as a left adjoint to the functor ¢, and is left exact
because left exactness in the category of sheaves is equivalent to the left exactness
in the category of presheaves. (]
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Proposition 4.9. Under the conditions and notations of Theorem 4.1, the func-
tor ¢* takes homotopy invariant presheaves with transfers to homotopy invariant
presheaves with transfers.

Proof. We follow the same steps as in the proof of the Theorem 4.1. Assume
first that F is perfect and E is finitely generated over F. Let S/F be a smooth
irreducible scheme of finite type for which E = F(S). Let X be a scheme of finite
type over E. Find a model X /U for X defined over an appropriate U C S. In the
course of the proof of Theorem 4.1 we established that ¢* (F)(X) = limy, —, F (55 V).
At the same time A! x X is a model for A' x X and hence
@"F)A' x X) = lim FA! x Xy) = lim F(Xv) = ¢"F(X)
vcuU vcu

In a similar way we consider the case of an arbitrary extension of a perfect field
and finally use Corollary 3.3. ([l

The same reasoning establishes the validity of the following claim:

Lemma 4.10. Under the conditions and notations of Theorem 4.1, for any presheaf
F € PT,(F) we have the formula

¢*(C(F)) = Cu(¢* (F)).

The same arguments may be used to prove the following result, which concerns
categories of all Nisnevich sheaves with transfers.

Corollary 4.11. Let F be a perfect field and let E/F be an arbitrary field exten-
sion. The functor ¢* : PT(F) — PT(E) takes Nisnevich (resp. Zariski) sheaves
to Nisnevich (resp. Zariski) sheaves, so that ¢* = ¢#. Furthermore, the functor
¢* :PT »(F) — PT,(E) is exact, takes homotopy invariant presheaves to homotopy
invariant presheaves and commutes with C,,.

Theorem 4.1 together with Proposition 4.9 and Lemma 4.10 immediately imply
that, associating to a complex A* € DM (F) the complex A}, we get a well-defined
triangulated functor ¢™* : DM;(F ) — DM;(E ). The following result summarizes
the properties of this functor:

Theorem 4.12. (1) The functor ¢* takes exact triangles to exact triangles and
commutes with shifts.
(2) The functor ¢* takes tensor products to tensor products.
(3) ¢*(M,(X)) = M ,(XEg) for any smooth scheme of finite type X over F.
Proof. The first claim is obvious; the third one follows from Proposition 1.1

and Lemma 4.10. To prove the second claim we start with arbitrary complexes
A*, B* € DM;(F) and pick their free resolutions A] — A* and B} — B*. In this
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case A* ® B* is quasi-isomorphic to C*(A] ® B}) and hence ¢*(A* ® B*) is quasi-
isomorphic to ¢*(C*(A} ®y B}) = C*(¢* (A} ®y B}) = C*(§*(A}) ®u ¢*(BY).
Since ¢*(A}) and ¢*(B}) are free resolutions of ¢*(A*) and ¢*(B*), respectively,
we conclude that the last complex is quasi-isomorphic to ¢*(A*) ® ¢*(B*). U

The following result, which is an immediate consequence of the above discus-
sion and Corollary 2.12, shows that there is essentially no difference between a
nonperfect field F and its perfect closure Fuo.

Corollary 4.13. Let E/F be a purely inseparable field extension. Then the corre-
sponding functor ¢* : DM (F) — DM (E) is an equivalence of categories.

5. Extension of scalars and internal Hom-objects

In this section we’ll often write A% instead of ¢*(A*®). Recall that, for a perfect
field F, the category DM ™ (F') has internal Hom-objects, i.e., for any A* € DM™ (F)
and any X € Sm /F we have a new object Hom(M (X), A*) and a universal mor-
phism Hom(M (X), A*) @ M (X) — A* such that the resulting map

Hompy- gy (M, Hom(M(X), A®)) — Hompyg- () (M @ M (X), A*)

is an isomorphism for any M € DM™ (F). Corollary 4.13 immediately implies that
the same result is valid for the category DM, (F) for arbitrary F. The purpose
of this section is to show that extension of scalars functor preserves internal Hom-
objects.

Theorem 5.1. Let E/F be any field extension. Let, further, A* € DM (F) be any
motivic complex and let X € Sm /F be any smooth scheme. In this case we have a
natural isomorphism

Hom(M,(X), A) g = Hom(M,(X ), A%).

Proof. Applying the extension of scalars functor to the canonical homomorphism
Hom(M,(X), A*) @ M,(X) — A* and using Theorem 4.12, we get a homomor-
phism Hom(M,(X), A*)g ® M,(XE)) — A% and hence the induced map

Hom(M,(X), A*)g — Hom(M,(XE), A%).

We claim that this map is a quasi-isomorphism. If E/F is purely inseparable our
claim readily follows from Corollary 4.13. Using the same machinery as in the
proof of Theorem 4.1 we easily reduce the general case to the special one, when
F is perfect. We start with the following observation:

Lemma 5.2. Let I ¢ NST,(F) be an injective Nisnevich sheaf with transfers. Then,
for any smooth X/ Spec E, the cohomology groups HY, (X, Ir) are trivial in posi-
tive dimensions.
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Proof. We first consider the Cech cohomology. It clearly suffices to treat the case of
a singleton Nisnevich covering ¥ — X. Assume first that E/F is finitely generated,
pick a smooth irreducible scheme of finite type S/F such that E = F(S), and
denote by 7 the generic pomt of S. Accordlng to Theorem 4.2 and Corollary 4.3
we may assume that X = X n ¥ = Y and ¢ ¢,7, where X and Y are smooth
schemes over an open U C S and ¢ Y — X is a Nisnevich covering. For any
open V C U the morphism ¢y : Yv — Xy is still a Nisnevich covering and
hence H' (Y v/ X v, 1) =0 fori > 0; see [Suslin and Voevodsky 2000, Lemma 1.6].
Passing to the direct limit over V C U we see that H (Y/X, Ig)=0fori > 0. In the
general case we may write E as a direct limit of finitely generated subextensions,
E =lim E;, and represent Y, X and ¢ in the form Y =Y, g, X = X;g and ¢ = ¢; g,
where Y; and X; are smooth schemes of finite type over E; and ¢; : ¥; — X; is
a Nisnevich covering. For any j > i, ¢; = (¢,) g; : ¥Y; = X is still a Nisnevich
covering. Thus, by what was proved above, H *(Y / X, Ig,)=0fori > 0. Passing
to the direct limit over j > i we conclude that H' Y/X,Ig)=0fori > 0.

Now the standard argument involving the Cartan-Leray spectral sequence com-
pletes the proof. O

Proposition 5.3. Let A* be an arbitrary complex of Nisnevich sheaves with trans-
fers.

(1) Assume first that E/F is finitely generated, pick a smooth irreducible S/F
such that E = F(S) and denote by n the generic point of S. Then, for any
smooth scheme of finite type X /S, we have a natural identification

H (X, A) = lim H (Xy, A).
ucs
(2) For arbitrary E/F write E =lim E;, where E; [ F are finitely generated subex-

tensions. Then for any smooth scheme of finite type X;/E; we have a natural
identification Hy; (X)), AY) = hm]>l H{ (XD E;, A% )

Proof. (1) Recall (see [Suslin and Voevodsky 2000, §0]) that we define hyper-
cohomology with coefficients in nonbounded below complexes via Cartan—Eilenberg
resolutions. This approach gives correct answers since all schemes involved have
finite cohomological dimension in Nisnevich topology. Thus let A* — I** be a
Cartan—Eilenberg resolution of A* and let A% — J** be a Cartan—Eilenberg reso-
lution of A%. Note that, according to the definitions and results of Section 4,

H*(Iy (Xn)) = lim H* (I*(Xp)) = lim H* Xy, A*),
UCS UCS
H*(J*(X,)) = H*(X,, A%).
Since the functor M +— M is exact one checks immediately that Iz is an admis-
sible resolution of A%, i.e., cycles, boundaries and cohomology of rows of this
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bicomplex give resolutions of cycles etc. of A%. The universal property of Cartan—
Eilenberg resolutions shows that there exists a unique up to homotopy homomor-
phism 137 — J** of bicomplexes under A%. Finally the induced homomorphism
I;E’(f 0 —>J "()N( n) 18 a quasi-isomorphism since the columns of I}’ are acyclic
resolutions of A’é (according to Lemma 5.2 ) while the columns of J** are injective
resolutions of A’E, and sheaf cohomology may be computed using any acyclic
resolutions.

(2) The proof of this is essentially the same; we skip the trivial details. O

The end of the proof of Theorem 5.1. Consider first the case when E = F(S)
for a smooth irreducible scheme of finite type S/F. To show that the canonical
map Hom(M ,(X), A*)g — Hom(M,(XEg), A%) is a quasi-isomorphism we have
to check that its cone is trivial in DM, (E ). Since the > category DM, (E) is weakly
generated by objects of the form M, (Y )il (with ¥/S smooth of finite type) it
suffices to verify that HomDMp (M) (Y »lil, cone) = 0. In other words we have
to verify that the induced map

Hompyy gy (M (Y )[i], Hom(M,(X), A)g)
— Hompy- () (M, (V)[i], Hom(M (X, A%)))

is an isomorphism. The previous results show that we may compute the above
Hom-groups as follows:

HomDM;(E) (MP(YTI)[l]’ Hom(Mp(X)s A.)E)
=H (Y, Hom(M,(X), A)E)
=lim H~'(Yy, Hom(M,(X), A*))
ucs

= hm HomDM (F)(M (YU) l] Hom(M (X) A* ))
UCS

= hm HomDM (F)(M (YU XFX A* ))
UCS

= lim H ' (Yy xr X, A).
ucs

On the other hand,

Hompyy () (M (Y )li1, Hom(M (X E), Ap))
= HOInDM;(E)(Mp(Yr] XE XE)[Z]v A.E)
= H (Y xr X),, A%)

=lim H'(Yy xr X, A*).
ucs
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Thus the above Hom-groups identify canonically and it’s not hard to trace through
the above computations to see that this identification coincides with the canonical
homomorphism defined before.

The general case is treated once again by passing to a direct limit over finite
subextensions in £ and using Proposition 5.3(2). ([
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K-theory of derivators revisited

Fernando Muro and George Raptis

We define a K-theory for pointed right derivators and show that it agrees with
Waldhausen K-theory in the case where the derivator arises from a good Wald-
hausen category. This K-theory is not invariant under general equivalences of
derivators, but only under a stronger notion of equivalence that is defined by
considering a simplicial enrichment of the category of derivators. We show
that derivator K-theory, as originally defined, is the best approximation to Wald-
hausen K-theory by a functor that is invariant under equivalences of derivators.
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1. Introduction

Recent developments in the theory of derivators have shown both that the theory
is sufficiently rich to contend for an independent approach to homotopical algebra
and that its language is very useful in formulating precisely universal properties
in homotopy theory. Since models for homotopical algebra typically give rise
to derivators, the theory reflects a minimalist approach employing basically only
purely (2-)categorical arguments, albeit technically quite complex at times, to ad-
dress problems of abstract homotopy theory.

Derivators codify structure lying somewhere between the model and its associ-
ated homotopy category, but fairly closer to the model than the homotopy category,
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and restructure the presentation of the homotopy theory defined by the model in
a surprisingly efficient way. This intermediate structure involves the collection
of all homotopy categories of diagrams of various shapes in the model together
with the network of restriction functors between them and their adjoint homotopy
Kan extensions. The theory of derivators is based on an abstract axiomatization of
collections of such (homotopy) Kan extensions (and their adjoints), which does not
involve any underlying model. On the one hand, it is often the case that questions
about the model are really questions about the associated derivator and thus they
can instructively be handled more abstractly at this level of generality. On the other
hand, for the theory to be successful, one is normally required to supply a large
amount of data in order to compensate for the lack of an underlying homotopy
theory and, consequently, working with these objects can be cumbersome.

The main problem is to understand how close this passage from the model to
its associated derivator actually is to being faithful. This paper is a contribution
to this problem in connection with Waldhausen K-theory regarded as an invariant
of homotopy theories. The proven failure to reconstruct K-theory from the trian-
gulated structure of the homotopy category in such a way that it satisfies certain
desirable properties [Schlichting 2002] suggested turning to the more highly struc-
tured world of derivators for such a reconstruction. Indeed, it turned out that the
structure of a derivator is rich enough to allow for a natural definition of K-theory.
This was introduced by Maltsiniotis [2007], who also conjectured that it satisfies an
additivity property, agreement with Quillen K-theory and a localization property.
In previous work [Muro and Raptis 2011], we showed that agreement fails for
Waldhausen K-theory and moreover, that derivator K-theory cannot satisfy both
agreement with Quillen K-theory and the localization property. On the other hand,
Cisinski and Neeman [2008] showed that additivity for derivator K-theory holds
for triangulated derivators.

The purpose of this paper is twofold. First, we define a new K-theory of deriva-
tors, which we also call Waldhausen K-theory, and show in Theorem 4.3.1 that
it agrees with the usual Waldhausen K-theory for all well-behaved Waldhausen
categories. The proof rests crucially on the homotopically flexible versions of the
Se-construction due to Blumberg and Mandell [2011] and Cisinski [2010b].

The price to be paid for such a strong version of agreement is that this new def-
inition is provably not invariant under equivalences of derivators. Here it is worth-
while to recall that Toén and Vezzosi [2004] showed that Waldhausen K-theory can-
not factor through the 2-category of derivators. However, we consider here a simpli-
cial enrichment of the category of derivators which enhances the 2-categorical struc-
ture. This leads to a stronger and more refined notion of equivalence of derivators
which basically encodes higher coherence and is closer to an equivalence of homo-
topy theories. We show that Waldhausen K-theory of derivators is invariant under
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this stronger notion of equivalence. We think that the simplicial enrichment of the
category of derivators and the accompanying stronger notion of equivalence have
independent interest and may prove useful also in other applications of the theory.

There is a natural comparison transformation from Waldhausen K-theory to
derivator K-theory. The second main result of the paper (Theorem 5.2.2) says that
this comparison transformation is homotopically initial among all natural transfor-
mations from Waldhausen K-theory to a functor which is invariant under equiva-
lences of derivators.

The paper is organized as follows. In Section 2, we review some background
material from the (2-categorical) theory of derivators and fix some notational con-
ventions. In Section 3, we discuss the simplicial enrichment of the category of
derivators, the associated notion of strong equivalence, and the comparison with
the 2-categorical viewpoint.

Section 4 is concerned with the definition of Waldhausen K-theory for deriva-
tors and some of its general properties. We present two canonically homotopy
equivalent models for Waldhausen K-theory, both of which we use in the paper.
Then we show that the Waldhausen K-theory of derivators is invariant under strong
equivalences of derivators and agrees with the Waldhausen K-theory of derivable
strongly saturated Waldhausen categories. In Section 5, we recall the definition
of derivator K-theory and discuss its dependence on the 2-categorical theory of
derivators. Then we recall the definition of the comparison map from Waldhausen
K-theory to derivator K-theory and show that derivator K-theory is the best approx-
imation to Waldhausen K-theory by a functor that is invariant under equivalences
of derivators.

There are several remaining open questions, regarding either the notion of strong
equivalence or the K-theory of derivators, some of which are briefly mentioned in
Section 6. The paper ends with two appendices on topics of related interest but
which are, strictly speaking, independent of the rest of the paper. In Appendix A,
we recall the results from the comparison between combinatorial model categories
and the 2-category of derivators due to Renaudin [2009] and discuss some slight
improvements with an eye towards understanding the comparison with the sim-
plicial category of derivators. Appendix B is concerned with the approximation
theorem in K-theory, which in a version due to Cisinski [2010b] shows that K-
theory is invariant under derived equivalences, and a partial converse which shows
that derived equivalences are detected by the homotopy type of the S,-construction.

2. Preliminaries on (pre)derivators

2.1. Prederivators. Let Cat denote the 2-category of small categories. We fix a
1- and 2-full sub-2-category of diagrams Dia C Cat which is closed under all
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required constructions appearing below (e.g., taking opposite categories or finite
(co)products, passing to comma categories, etc.); see [Maltsiniotis 2007] for the
precise list of axioms. We think of the collection of categories in Dia as possible
shapes for indexing diagrams in other categories.

The smallest option for Dia is Pos ¢, spanned by the finite posets, and the largest
option is, of course, Cat itself. An intermediate option, which appears prominently
in connection with K-theory, is the 2-category of diagrams Dir; spanned by the
finite direct categories. Recall that a finite direct category is a small category whose
nerve has finitely many nondegenerate simplices. This is equivalent to saying that
the underlying graph spanned by the nonidentity arrows of the category has no
cycles. Every finite poset is a finite direct category.

A prederivator (with domain Dia) is' a strict 2-functor D : Dia®® — Cat. More
explicitly, for every category X in Dia there is a small category D(X), for every
functor f : X — Y in Dia there is an inverse image functor

[F=D(): DY) - DX),

for every natural transformation « : f = g in Dia there is a natural transformation
o =D(): f*= g%,

f I*
/\ /\
X ﬂa Y, D(X) a*ﬂ D(Y),
\/ 7/\_/
8 g*

and all these are required to satisfy the obvious strict 2-functoriality properties.
A (1-)morphism of prederivators ¢ : D — D’ is a pseudonatural transformation
of contravariant 2-functors, i.e., for every X in Dia there is a functor

¢ (X) : D(X) — D'(X),

and for every f : X — Y in Dia there is a natural isomorphism ¢ ( f),

D) 2 (v

f*l 4}‘) l.f* 2.1.1)

D(X) — D'(X

(X) o D'X)

such that certain coherence laws are satisfied. The morphism ¢ is called strict if
d(X)f* = f*¢(Y) and ¢ (f) is the identity natural transformation for every f.

IThe reader should be warned about the slight variations of this definition that appear in the
literature. These pertain to the choice of domain and the different ways of forming the opposite of a
2-category.
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A 2-morphism t : ¢ = ¢’ between 1-morphisms of prederivators is a modifica-
tion of pseudonatural transformations. This is defined by a collection of suitably
compatible natural transformations in Cat,

d(X)
S
D(X) HT(X) D' (X)

¢'(X)

for every X in Dia (see, e.g., [Borceux 1994, Section 7.5] for the precise defini-
tions).

Let PDer (resp. PDer®") denote the resulting 2-category of prederivators, mor-
phisms (resp. strict morphisms) and 2-morphisms. This is an example of a 2-
category formed by 2-functors, pseudonatural (or 2-natural) transformations and
modifications (see [Borceux 1994, Propositions 7.3.3 and 7.5.4]). The notion of
equivalence of prederivators is defined in the usual way in terms of the 2-categorical
structure of PDer. Equivalently, a morphism ¢ : D — D’ is an equivalence if
and only if ¢(X) : D(X) — D'(X) is an equivalence of categories for every X
in Dia. We also consider the 1-full sub-2-categories PDer,q and PDerzg of PDer
and PDer®" respectively, which have the same objects and 1-morphisms but whose
2-morphisms are the invertible modifications. These are categories enriched in
groupoids.

Remark 2.1.2. A basic example of a prederivator is the representable prederivator
defined by a small category X:

Cat(—, X) : Dia®® — Cat.
This construction yields a 2-categorical Yoneda functor
Cat — PDer™",

which is 1- and 2-fully faithful when restricted to Dia. If we restrict to the 1-full
sub-2-category whose 2-morphisms are the invertible natural transformations, we

obtain a 2-functor to PDerg,.

Let e denote the final category with one object e and one morphism id,. Given
a small category X, there is a canonical isomorphism of categories ix _ : X =
Cat(e, X) defined as follows. An object x € Ob X defines a functor iy , : e — X
with iy ,(e) = x, and a morphism g : x — x’ in X induces a natural transformation
l'X,g tixx = ixx with ix,g(e) =g.

Let X be a category in Dia. For every prederivator D there is a functor

diay.. : D(X) — Cat(X, D(e)) 2.1.3)
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which sends an object F' in D(X) to the functor diay .(F) : X — D(e) defined by
diay .(F)(x) = i}'}ny, diax .(F)(g:x = x') = i;’gF,

and a morphism ¢ : F — G in D(X) to diay .(¢) : diay .(F) = diax .(G), the
natural transformation given by

diay,.(¢)(x) =iy ¢

This suggests a useful analogy, namely, to regard D(e) as the underlying category
of D and the elements of D(X) as X-indexed diagrams in D). We will often write
Fy for iy  (F).

Remark 2.1.4. The functors (2.1.3) assemble to a morphism of prederivators
dia_, : D — Cat(—, D(e))
which is the unit of the 2-adjoint pair

evaluation at e

PDer’ ————— (Car.
2-Yoneda

The counit is the natural isomorphism Cat(e, X) = X described above.

The product of 2-categories is 2-functorial, hence for any Y in Dia and any
prederivator D, we obtain a new prederivator

Dy :=D(— x Y) : Dia®® — Cat.
The morphism diay . for this new prederivator will be denoted by
diayy : D(X x Y) = Cat(X, D(Y)). (2.1.5)

Here we use the obvious isomorphism ¢ x ¥ = Y as an identification. This functor
sends an object F in D(X x Y) to the functor diay y : X — D(Y) defined by

diay y(F)(x) = (ix.x X Y)*F, diay y(F)(g:x — x') = (ix ¢ x Y)*F,

and a morphism ¢ : F — G in D(X x Y) to diay y(¢) : diay y (F) = diax y (G),
the natural transformation given by

diay,y () (x) = (ix,x X ¥)"p.

The functor diay y may be viewed as taking an (X x Y)-indexed diagram to the
underlying X-diagram of Y-indexed diagrams in D.
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2.2. Derivators. A (right or left, pointed, stable/triangulated) derivator is a pred-
erivator that satisfies certain additional properties. We only briefly review the def-
initions here. With the exception of Appendix A, we are mainly concerned with
the case of pointed right derivators.

A right derivator is a prederivator D satisfying the following properties:

(Derl) For every pair of small categories X and Y in Dia, the functor induced by
the inclusions of the factors to the coproduct X LY,

D(XUY) — D(X) x DY),

is an equivalence of categories. Moreover, [D(9) is the final category e.
(Der2) For every small category X in Dia, the functor
(i% Dxconx :DX) > [] Do)
xeOb X
reflects isomorphisms.
(Der3) For every morphism f : X — Y in Dia, the inverse image f*: D(Y) —
D(X) admits a left adjoint fi : D(X) — D(Y).
(Der4) Given f : X — Y in Dia and y an object of Y, consider the following
diagram in Dia:
X
I
Y

Here f | y is the comma category whose objects (x, f(x) — y) are pairs
given by an object x in X and amap f(x) — yinY, jy, is the functor
Jry(x, f(x) = y)=x,and ay(x, f(x) = y) = (f(x) = y). Then the
diagram obtained by applying D satisfies the Beck—Chevalley condition,
i.e., the mate natural transformation

Fly2

|
fly
e

y

_
ly‘y

Cf,y : (pfl/y)!j}:y : i;yﬁ,
which is the adjoint of

unit of
o T e Y wr e x
Jf’y=]f,yf h=Ujr) fi== >y ypryy) f!—PfWZY,yf!s

is a natural isomorphism.

A left derivator D is a prederivator whose opposite prederivator D°P, defined
by DP(X) = D(X°P)°P, is a right derivator. A prederivator which is both a left
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and a right derivator is simply called a derivator. There is yet another axiom that
a prederivator may satisfy:

(Der5) For every pair of small categories X and Z in Dia where Z is a free finite
category, the canonical functor

diaz x : D(Z x X) — Cat(Z, D(X))
is full and essentially surjective.

The inclusion of this axiom in the definition of derivator is somewhat controver-
sial in the literature. Heller [1988] includes (Der5) as part of the definition. Other
authors prefer either to omit it and reserve it for an additional “strongness” property
of a derivator, or to replace it with the seemingly weaker version in which Z = [1];
see, e.g., [Maltsiniotis 2001; 2007; Franke 1996; Groth 2013]. The inclusion of
(Der5) matters very little for our purposes here, but we choose to exclude it from
the basic definition.

We recall that a small category is called pointed if it has a zero object. A functor
between pointed categories is called pointed if it preserves zero objects. A pred-
erivator D is called pointed if D(X) is a pointed category and f* : D(Y) — D(X)
is a pointed functor for all X and f : X — Y in Dia. This definition follows Groth
[2013], who showed that it is equivalent for derivators to the original definition;
see, e.g., [Maltsiniotis 2007].

We recall the definition of cocartesian squares for right derivators. Consider
the “commutative square” category UJ = [1] x [1]. A commutative square in a
prederivator D is an object F' of D([J). There is a subcategory " C [ which can be
depicted as follows:

0,0) ——(1,0) 0,00 ——(1,0)
Lo | ]
0,1)——(1,1) O, 1)

Denote the inclusion functor by

ir:T— O

If D is a right derivator, a commutative square F in D is called cocartesian if the

counit
@irnicF — F

is an isomorphism. If D is a left derivator, a commutative square F in D is called
cartesian if it is cocartesian in D°P. A pointed derivator which satisfies (Der5) is
called stable (or triangulated) if cocartesian and cartesian squares coincide.



K-THEORY OF DERIVATORS REVISITED 311

A crucial point to note regarding all of the above definitions is that only the no-
tion of a prederivator constitutes structure, while the additional axioms assert prop-
erties. We also emphasize that the property of being a right (or left, pointed, sta-
ble/triangulated) derivator is invariant under equivalences of prederivators. More-
over, if D is a pointed right derivator, then so is Dy for every Y in Dia.

A morphism of right derivators ¢ : D — D' is called cocontinuous if for every
f : X = Y in Dia, the canonical natural transformation

f19(X) = oY) fi,
adjoint to
unit of
fidf” v SO
(X)) =——=¢X) [* fi——= fTo () /i,

is an isomorphism.> An easy application of (Derl) shows that the components of a
cocontinuous morphism between pointed right derivators are automatically pointed
functors.

Let Der and Der®" denote the 2-full sub-2-categories of PDer and PDer®", re-
spectively, given by the pointed right derivators, cocontinuous (strict) morphisms
and 2- morphlsms Let Dereq and Dergtr denote the 1-full sub-2-categories of Der
and Der®" whose 2-morphisms are the 1nvert1ble modifications.

2.3. Examples. The examples of prederivators that we are interested in arise from
categories with weak equivalences as follows. Let (C, V) be a pair consisting of a
small category C together with a subcategory VW which contains the isomorphisms.
The morphisms of W are called weak equivalences. The homotopy category of
(C, W) is the localization

HoC:=C[Wl.

For every object X in Dia, the diagram category CX together with the subcat-
egory of objectwise weak equivalences of functors is again a category with weak
equivalences (CX, WX). The choice of objectwise weak equivalences is natural
in X, so there is a prederivator D(C, W) : Dia°® — Cat given by the homotopy
categories of all relevant diagram categories, i.e., it is defined on objects by

D(C, W)(X) := Ho(C¥)

and on 1- and 2-morphisms in the canonically induced way.

A functor F : C — (' that preserves the weak equivalences F (VW) C W' induces a
(strict) morphism of prederivators D(F) : D(C, W) — D(C’, W’). Such functors are
called homotopical. A homotopical functor F : C — C’ is a derived equivalence if

2This condition is comparable to right exactness of a functor. This justifies the term right
derivator.
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it induces an equivalence of homotopy categories Ho ' : HoC > HoC'. A natural
transformation « : F = F’ of homotopical functors F, F' : (C, W) — (C', W)
defines a 2-morphism D(«) : D(F) = D(F’) in PDer™". If the components of the
natural transformation « are given by weak equivalences, then D(«) is in PDergg.

We note that if W is the subcategory of isomorphisms, D(C, W) = Cat(—, C)
is the representable prederivator of Remark 2.1.2. We will normally write D(C)
when the choice of W is clear from the context.

For well-behaved categories with weak equivalences (C, W), the associated pred-
erivator D(C) is a (right or left, pointed, stable/triangulated) derivator. We refer the
reader to [Cisinski 2010a] for a systematic treatment of the results in this direction.
Here we will be particularly concerned with categories with weak equivalences that
arise from Waldhausen categories [Waldhausen 1985]. Following [Cisinski 2010b],
we say that a Waldhausen category (C, coC, wC) is derivable if it satisfies the “2-
out-of-3” axiom and every morphism in C can be written as the composition of a
cofibration followed by a weak equivalence. The following theorem is a special
case of results proved in [Cisinski 2010a; 2010b].

Theorem 2.3.1 (Cisinski). (a) Let (C, coC, wC) be a derivable Waldhausen cate-
gory. Then the associated prederivator D(C) : Dir;p — Cat is a pointed right
derivator which also satisfies (Der5).

(b) An exact functor of derivable Waldhausen categories
F:(C,coC,wC)— (C', coC',wC")

induces a cocontinuous morphism D(F) : D(C) — D(C’) in Der’".
(c) Moreover, the morphism D(F) : D(C) — D(C’) is an equivalence in Der®" if
and only if Ho F : HoC — Ho (' is an equivalence of categories.

A derivable Waldhausen category (C, coC, wC) is called strongly saturated if it
satisfies the property that a morphism in C is a weak equivalence if and only if
it becomes an isomorphism in the homotopy category. A derivable Waldhausen
category with functorial factorizations is strongly saturated if and only if the weak

equivalences are closed under retracts; see [Blumberg and Mandell 2011, Theo-
rems 5.5 and 6.4].

3. Simplicial enrichments of (pre)derivators
We recall that the simplex category A consists of the finite ordinals
[n]={0<--- <n}

for n > 0, and the nondecreasing maps between them. Thus, it is contained in Diry,
and in fact also in any other possible category of diagrams Dia. The naturality of
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the construction Y +— Dy shows that there is a 2-functor
Dia®® x PDer*" — PDer*"

which may be regarded as a “cotensor 2-structure” of PDer®" over Dia. Using this,
we can associate to every prederivator D a simplicial object D, in PDer®" with

D, = D([n] x —).

In particular, we have Dy = D. Faces and degeneracies are morphisms of pred-
erivators since both ) and the product of 2-categories are 2-functorial. This natural
simplicial object will be used to define an enrichment of the underlying category
of PDer®" over simplicial sets.

3.1. Definition of PDer®". We define a simplicially enriched category PDer®" with
prederivators as objects and morphism simplicial sets

PDer* (D, D), = ObPDer*" (D, D).
The composition is defined by simplicial maps
PDer*" (D', D"), x PDer*"(D, D'), — PDer*"(D, D),
which send pairs of strict morphisms

¢:D— D'([n] x —-),
YD — D"([n] x —)

to the composite

Y([n]x—) D" (Ax—)
_

D 2 O/ (fn] x ) D"([n] x [n] x =) ———— D"([n] x —-),

where A : [n] — [n] x [n] is the diagonal functor.
To see that the composition is associative, consider strict morphisms

¢:D — D'(n] x —),
VD' — D"([n] x —),
£:D"— D" ([n] x —-).

Then it suffices to show that the leftmost and rightmost morphisms in the following
diagram coincide.
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Y ([n]x—)

D"([n] x [n] x =)

Ev)e

EY)([n]x—) §(We)

D”’(AX*)

D" ([n] x —)

All cells in this diagram commute by definition, except for the inner square. If the
inner square were commutative, the result would follow immediately. However, the
post-composition of the square with D”'(A x —) yields a commutative square, and
this suffices. Indeed, since the diagonal functor is coassociative, i.e., (A X [n])A =
([n] x A)A, it is enough to show that the slightly different square

D"([n] x [n] x —)

N

§([n]x[n]x—) D" (Ax—)

g
S
=~
S,
X
3
X
3
X
|
p—
=}
=
=,
X
|
p—a

commutes. Note that the only difference between this last square and the inner
square in the previous diagram is in the lower left arrow. The latter square com-
mutes because £ is a strict morphism.
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This simplicial enrichment can be used to introduce homotopy theoretic notions
into the world of prederivators, but these will be too coarse for our purposes here.
For a more appropriate notion of homotopy, we consider the subobject of D, de-
fined by “simplicially constant” diagrams.

3.2. Definition of PDerSEE]r. Given a prederivator D and Y in Dia, there is a pred-
erivator D(Y x —)q equipped with a strict morphism ieq : D(Y X —)eq — D(Y x —)
such that for all X in Dia,

ieq(Y) : DY X X)eq — D(Y x X)

is the inclusion of the full subcategory spanned by the objects F such that the
underlying Y-diagram

diay x(F) : ¥ — D(X)

sends each morphism of Y to an isomorphism in D(X).

To show that this is well-defined, it is enough to check that given f : X — Z
in Dia and F in D(Y x Z)eq, the object (Y x f)*(F) in D(Y x X) is actually in
DY x X)eq. Let g : y — y’ be a morphism in Y. We have

(iy,g x X)*(Y x f)*(F) = ((Y x f)(iy,g x X))*(F)
= (iy,g X f)*(F)
= ((ivg x 2)(Y x f)*(F)
= (e x f)*(iy,g x Z)*(F).

Since F is in (Y x Z)eq, it follows that (iy ¢ x Z)*(F) is an isomorphism. Hence,
sois (iy,g x X)*(Y x f)*(F) for any morphism g in Y, and therefore (Y x f)*(F)
isin D(Y x X)eq. (See also Remark 2.1.4.)

Hence, for any prederivator D, there is a simplicial prederivator Deq o With
Deq,n = D([n] X —)eq equipped with a morphism ieq : Deg,e — D, of simplicial
prederivators. Note that Deg,o = D.

We define a simplicially enriched category P]Z)if,fqr with prederivators as objects
and morphism simplicial sets

PDergg([D, D) = ObPDer™ (D, [D)éq’.)

such that the morphisms of simplicial prederivators ieq : I]]ng,. — D), induce a
simplicial functor ieq : PDergy — PDer*".
To show that this is a well-defined simplicial subcategory, we check that the
o st R “ir - .. st
composition in PDer™" of two composable n-simplices in PDerg, is again in PDerg,,

i.e., given strict morphisms ¢ : D — D'([n] X —)eq and ¥ : D" — D"([n] X —)eq,
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we show that the composite

Y ([n]x—) (Ax
_—

D2 D'([n] x —) D" ([n] x [n] x —) — 22 " (In] x )

takes values in D" ([1n] x —)cq. Given an object F in D(X) and a morphism g :x — x’
in [n], consider the following diagram:

¥ ([n]x

D(X) —> [D)/([I’l D// (nlxn]lxX) —— [D”([n] x X)
([n] X[y x X)* ([n]xip,) o x X)* /
(nd X7 { G X X)" (il ¢ < X)* (ifa1x X X)*
(l[nj \"XX)
D'(x D"([n] x X (it X X)*
o X X0 (i g x X)) Gy X X0 (U0 X X)*
-~ /
[D//(X) [D)//(X)

This diagram satisfies several commutativity properties. The subdiagram of func-
tors formed by the straight arrows and the arrows which are curved to the left is
commutative, and likewise the subdiagram of straight arrows and arrows curved to
the right. In the middle square, the natural transformations

Y (X) (iny,g X X)* = ([n] X ifay,g x X)* P ([n] x X)

coincide, since v is a strict morphism. In the rightmost region, the two horizontally
composable natural transformations compose to (if,¢ X X)*(A x X)*, since D" is
a 2-functor.

Since ¢ takes values in D'([n] X —)¢q, We have that (i), x X)*¢(X) is a
natural isomorphism. Moreover, ¥ takes values in D" ([n] x —)eq» and therefore
(ifn),g X X)*¥ (X) is also a natural isomorphism. This, together with the aforemen-
tioned commutativity properties, shows that

(ifn1,g X X)*(A x X)* P ([n] x X)¢ (X)(F)

is an isomorphism.

The passage from PDer®" to PD&ZE; is reminiscent of the passage from the cate-
gory of co-categories, regarded as an (00, 2)-category, to the associated co-category
defined by restriction to the maximal co-groupoids of the morphism co-categories.
More on the viewpoint that regards well-behaved types of prederivators as models

for homotopy theories will be discussed in Appendix A; see also [Renaudin 2009].
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3.3. Strong equivalences. The prederivator D([1] X —).q together with the factor-
ization

D -2 D[] % —)eq 22 D x D
of the diagonal natural transformation will be regarded as a path object associated
with D. We can now introduce some basic homotopical notions in the context of
prederivators.

Definition 3.3.1. Let ¢, ¢; : D — D’ be two strict morphisms of prederivators. A
strong isomorphism from ¢g to ¢ is a 1-simplex of PDerqur(ID, D",

WD — D'([1] X —)eqs
such that d; (W) = ¢¢ and do (V) = ¢1. We say that ¢y is strongly isomorphic to ¢,
written ¢ >~ ¢, if there is a zigzag of strong isomorphisms from ¢q to ¢;.

Obviously the relation ~~ is exactly the relation that two vertices of PDerS;qr([D, D)
lie on the same component.

Definition 3.3.2. Let D and D' be prederivators.

(a) A strict morphism ¢ : D — D' is called a strong (or coherent) equivalence if
there is a strict morphism v : D’ — D such that idy >~ ¢ and ¢y >~ idp,.

(b) D and D are called strongly (or coherently) equivalent if there is a strong
equivalence ¢ : D — D',

Remark 3.3.3. A strong isomorphism & from ¢y to ¢; induces a natural isomor-
phism _

dla[l],_(O — 1) : ¢ = ¢.
From this follows that strong equivalences of prederivators are also equivalences
in the 2-categorical sense of the previous section.

Example 3.3.4. For every prederivator D and any X in Dia with an initial ob-
ject xo € Ob X, the prederivator [D(X X —)eq is strongly equivalent to [. Indeed,
consider the morphisms

(px =) : DD(X X —)eqs (ix,00 X =) 1 DX X —)eq = D,

where p : X — e is the unique functor in this direction. Note that the under-
lying X-diagrams of elements in the image of (p x —)* are constant functors
(cf. Remark 2.1.4). Since piy ,, is the identity functor on e, we have

(ix,xo X —)"(px—)*=idp.

Moreover, ix ,p : X — X is the constant functor x — x¢, and since xy is initial,
there is a unique functor H : [1]x X — X with H(0, =) =ix »,p and H(1, —) =idy.
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The induced functor
(H x —)" :D(X x _)eq — D(([1] x X) x _)eq =D(X x _)eq,l

is a strong isomorphism from (p x —)*(ix x, X —)* to idD(XX_)eq. One can ar-
gue similarly if X has a final object. This shows, in particular, that the face and
degeneracy operators in Deq . are strong equivalences.

The notion of strong equivalence differs from the standard notion of equivalence
defined in terms of the 2-categorical structure of PDer. This observation will be cru-
cial in connection with the definitions of K-theory that follow in the next sections.

Example 3.3.5. Let D be a prederivator and iso, [ denote the prederivator for
which (iso, D)(X) is the full subcategory spanned by the strings of n composable
isomorphisms in the diagram category of Cat([n], D(X)). Then the canonical “in-
clusion of identities” morphism D — iso, D is clearly an equivalence of prederiva-
tors, but not a strong equivalence in general. This assertion is a consequence of the
invariance properties of Waldhausen K-theory and will be justified in Remark 5.1.5
below.

Remark 3.3.6. In connection with the examples of Section 2.3, a natural trans-
formation « : F = F’ between homotopical functors F, F' : (C, W) — (C', W)
induces a 1-simplex in PDer*",

o, D', W) = DEC, W) (1] x —),

which upgrades the 2-morphism D(«) : D(F) = D(F’). If « takes values in W’
then «, is a 1-simplex in PDiﬁfqr. This implies that for every homotopical functor
F:(C,W) — (C', W) which admits a “homotopy inverse” (i.e., there is a homo-
topical functor G : C’ — C such that the composites FG and G F' can be connected
to the respective identity functors via zigzags of natural weak equivalences), the

associated morphism D(F') is a strong equivalence.

A 2-category C will be regarded as a simplicial category N,C via the nerve
functor N, : Cat — SSet from small categories to simplicial sets, which preserves
products. We have a simplicial functor

PDer’ — N,PDer*",
which is the identity on objects, and is given on morphisms by the simplicial maps
PDer*"(D, D) — N,PDer™"(D, D) (3.3.7)

defined using the functors diaf,},—. These simplicial maps also restrict to simplicial
maps

PDerSEg(ID, D) — N.PDeng(ID, D)
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which assemble to a simplicial functor
. st st
p : PDery, — N PDerg,

given by the identity on objects.
Consider the following adjoint pairs

SSet (f—_l> Cat —— Grd.
No incl.
Here Grd is the category of groupoids, Grd — Cat is the inclusion, the lower
arrows are the right adjoints, t; is the fundamental category functor, and the com-
posite SSet — Grd is the fundamental groupoid functor, denoted by IT;. All these
functors preserve products, hence, for example, we can apply them to a simplicial
category S to obtain a 2-category 718, or a category enriched in groupoids I1;S.
In particular, the simplicial functors (3.3.7) and p above also define 2-functors

t st st St
71PDer®" — PDer®", l'[lPDergqr — PDequr,
by adjunction. These functors are not 2-equivalences of 2-categories. This means
that the simplicial enrichment of the category of prederivators encodes more struc-
ture than the 2-category of prederivators.
Similarly let Der®" and Der;g denote the corresponding simplicial subcategories

of PDer®" and PDer;g, respectively. In both cases the objects are pointed right

derivators, and for a pair of pointed right derivators D and D’ we have
Der*(D, D), = ObDer*"(D, D),

Der$™(D, D), = ObDer*"(D, D] ,).

This is well-defined because if X is in Dia and D is a right (or left, pointed, sta-
ble/triangulated) derivator, then so are D(X x —) and D(X X —)eq.
Specializing the discussion above to pointed right derivators, we define similarly

a simplicial functor
str

— N.Dereq.

o DerS[r

:Deryy
Again, the associated 2-functor

str

str
ITiDer;, — Derg,

is not a 2-equivalence.

4. Waldhausen K-theory of derivators

In this section, we define the Waldhausen K-theory of a pointed right derivator and
show that it agrees with the Waldhausen K-theory of a strongly saturated derivable
Waldhausen category.
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4.1. The Sqqe-construction. First we recall the analogue of Waldhausen’s S,-con-
struction in the setting of derivators due to Garkusha [2005; 2006]. Let D be a
pointed right derivator. We denote by Ar[n] the category (finite poset) of arrows of
the poset [n]. Let S, denote the full subcategory of D(Ar[n]) spanned by objects
F that satisfy the following conditions:

(i) for every 0 <i < n, the object i;:r[n],i—n'F € ObD(e) is a zero object;

(i1) for every 0 <i < j <k < n, the restriction of F along the inclusion of the
subcategory

i—j)—— -k

I

G—=0D——0U—k
of Ar[n], isomorphic to [, is a cocartesian object of D([J).

This defines a simplicial category S, where the simplicial operators are de-
fined by the structure of D as a prederivator. Since morphisms in Der®" preserve
cocartesian squares, it follows easily that the correspondence D +— S,D defines a
functor from the underlying 1-category Derzg’o of Dergy (or Der*") — which can
also be obtained by forgetting the simplices of positive dimension in Dﬂthr—to
the (1-)category of simplicial categories.

For the definition of Waldhausen K-theory, we need to consider a more refined
version of this construction. Let S,,[D be the bisimplicial set whose set of (n, m)-
simplices S, ,, D is the set of objects

F € ObD([m] x Ar[n])eq
such that

(%) for every j : [0] — [m] the object (j x Ar[n])*(F) € ObD(Ar[n]) is in S, D.

Note that if this condition holds for some j : [0] — [m] then it holds for all j.
The bisimplicial operators are again defined using the structure of the underlying
prederivator. Moreover, it is easy to see that the construction is natural in D; that
is, we obtain a functor D = S, from the underlying 1-category Derig,o of Der;g
to the category of bisimplicial sets.

Definition 4.1.1. The Waldhausen K-theory of a pointed right derivator D is de-
fined to be the space KW (D) := Q|S,.D|.

Our next goal is to show that the functor K" can be extended to a simplicial
functor from Dﬁzg to the simplicially enriched category of topological spaces Top.
Here the n-simplices of the simplicial mapping space Top(X, Y) between topolog-

ical spaces X and Y are the continuous maps X x A" — Y, where A" denotes the
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geometric n-simplex. Since both the geometric realization functor and the loop
space functor are simplicial, it is enough to show that the functor

D~ diag SeeD

can be extended to a simplicial functor from Dﬂzg to the standard simplicially
enriched category of simplicial sets SSet. We recall that for simplicial sets X and Y,
the n-simplices of SSet (X, Y) are the simplicial maps X x A[n] — Y, where A[n]
denotes the n-simplex and |A[n]| = A”. A useful way of describing an n-simplex
of SSet(X, Y) is by giving a natural transformation as follows (cf. [Waldhausen

1985, Section 1.4]):
% A°P \X
a“

(A [nDP Set

$»A°"X

Such a natural transformation « produces a simplicial map ¢ : X x A[n] = Y
which is defined by

¢ (x, [k] > [n]) = a(0)(x).
Conversely, a simplicial map ¢ : X x A[n] — Y defines the components of such a
natural transformation by setting o ([k] 2 [n]) =¢(—,0) : X = Yi.

Proposition 4.1.2. Waldhausen K-theory extends to a simplicial functor
K" Derlf — Top.
Proof. As remarked above, it suffices to show that the (1-)functor

str
Dergq o = SSet,

D — diag S..D,

extends to a simplicial functor from Dersstqr to SSet. This extension is defined as

StE e . .
eq» 168 IMage in SSet 18

an n-simplex, which we specify by giving the associated natural transformation

follows: given an n-simplex ¢ : D — D'([1n] X —)¢q in Der

diag S, D

source AOp
¢

(A [nDP Set

m&m/

diag S,
The component of ¢, at an object o : [k] — [r] in A | [r] is the map

¢(0) : Sk kD — Sk kD’
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defined as the (co)restriction of the map on objects that comes from the following

functor:
D([k] x Ar[k])eq

¢ ([k]x Ar{k])
D'(([n] x [k]) x Arfk])eq
D' (o x [k]x Ar[k])
D' (([k] x [k]) x Ar[k])eq

D' (AxAr[k])

D' ([k] x Arlk]eq

It is straightforward to check that ¢, is a natural transformation. Moreover, it
is easy to check that the correspondence ¢ — ¢, respects the composition (by
arguments analogous to those in 3.1). O

As an immediate consequence, we have the following invariance property of
Waldhausen K-theory.

Corollary 4.1.3. Let ¢ :D — D' be a strong equivalence of pointed right derivators.
Then the induced map KV (¢) : KW(D) — KW(I)) is a homotopy equivalence.

4.2. The se-construction. We mention a variant of the S,,-construction, which is
actually the analogue of Waldhausen’s s,-construction in this context (cf. [Wald-
hausen 1985, Section 1.4]). Let s, denote the simplicial set with n-simplices

s,D:=0bS,D =S, D,
and define

KY-o°(D) := Q|s, D).

The inclusion of the O-simplices defines a canonical comparison map

L K" D) — KV(D).
Proposition 4.2.1. The comparison map t is a weak equivalence.

Proposition 4.2.1 is a consequence of the following lemma (cf. [Waldhausen
1985, Lemma 1.4.1]).

Lemma 4.2.2. Let ¢, ¢’ : D — D' be two cocontinuous strict morphisms of pointed
right derivators. Then a 1-simplex W in Der’" with diV = ¢ and dyV = ¢’ induces

_eq
a simplicial homotopy se¢ > Se¢’ : S — s,V



K-THEORY OF DERIVATORS REVISITED 323

Proof. The idea is analogous to the definition of the simplicial enhancement in
Proposition 4.1.2. The required homotopy s,¢ = s,¢’ is a map s, x A[1] — s,
which we will specify by defining a natural transformation as follows:

y A°P &D‘
a“

(A | [1D°P Set
M A°P 4

Recall that W is a strict cocontinuous morphism W : D — D/([1] x —)eq- Given an
object o : [k] — [1] in A | [1], we define «(o) to be the (co)restriction of the map
on objects that comes from the following functor:

D(Arlk])

W (Ar{k])
D'([1] x Ar[k])eq
(px Ar{k])*
D'(Ar[1] x Ar[k])eq

(Ar(0),idarr)*

D' (Ar[k])

Here p : Ar[1] — [1] is the functor defined by p(0,0) =0, p(0, 1) =1, p(1,1) =1.
The restriction of the composite functor to the s,-construction is well-defined be-
cause the 1-simplex W is in Derszf]r (and not merely in Der®"). The naturality of «
is straightforward to check. ]

Remark 4.2.3. Moreover, the functor D +— s,D extends to a simplicial functor
from Deri‘qr to SSet. The same argument works with [1] replaced more generally
by [n] and p by the functor Ar[n] — [n], ( — j) +— j.

An immediate consequence is the following invariance under strong equiva-
lences.

Corollary 4.2.4. Let ¢ : D — [ be a strong equivalence of pointed right deriva-
tors. Then the induced maps |s¢@| : |ssD| = |ssD)'| and K% (¢) : KV°°(D) —
KY:°%(D)') are homotopy equivalences.

We can now return to the proof of Proposition 4.2.1.

Proof of Proposition 4.2.1. Since
|([n], [m]) = SumD| = |[m] > |[n] = s,D([m] x —)eq]

El
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it suffices to show that every simplicial operator in the m-direction is a weak
equivalence of simplicial sets after realizing in the n-direction. This follows from
Corollary 4.2.4 and Example 3.3.4. (]

4.3. Agreement with Waldhausen K-theory. The agreement of K" with the Wald-
hausen K-theory of well-behaved Waldhausen categories is based on results about
the homotopically flexible variations of the S,-construction by Blumberg and Man-
dell [2008] and Cisinski [2010b]. We recall that Waldhausen’s original S,-con-
struction [1985] of a Waldhausen category C is a simplicial Waldhausen category
[7] — S, C, where the objects of S,C are given by diagrams F' : Ar[n] — C such
that F'(i — i) is the zero object for all i € [n], and for every i < j <k, the square

FG—j)——F(i—k)

l |

F(j— ) ——=F(—>k

has cofibrations as horizontal maps and is required to be a pushout. Restricting
degreewise to the subcategory of (pointwise) weak equivalences gives a simplicial
category [n] — wS,C. We denote by N,wS,C the nerve of wS,C. Then the
Waldhausen K-theory of C is defined to be the space K (C) := Q|N,wS.C]|.

Theorem 4.3.1. Let C be a strongly saturated derivable Waldhausen category.
Then there is a natural weak equivalence

K () — KY(D()).

Proof. The map is induced by a bisimplicial map N, wS,C — S,.,»D(C) which
sends an element [m] x Ar[n] — C in N, wS,C to the corresponding object of
Sn.mD. Since C is strongly saturated, so too are the Waldhausen categories S,,C for
every n. It follows that the bisimplicial set Sy D(C) is isomorphic to the bisimpli-
cial set N.wSi’C of [Cisinski 2010b] (and also to the bisimplicial set NowS.C of
[Blumberg and Mandell 2008], since every map can be replaced by a cofibration).
Then the result follows from the agreement of the Sf’-construction with the S,-
construction; see [Cisinski 2010b, Proposition 4.3] (cf. [Blumberg and Mandell
2008, Theorem 2.9] under the assumption that factorizations are functorial). [J

5. Derivator K-theory

5.1. Recollections and 2-categorical properties. Derivator K-theory was first de-
fined for triangulated derivators by Maltsiniotis [2007]. The definition, however,
applies similarly to all pointed right derivators. Here we consider the explicit model
defined in terms of the S,-construction which was introduced by Garkusha [2005;
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2006], who also showed that it is equivalent to Maltsiniotis’s in the triangulated
setting.

Definition 5.1.1. The derivator K-theory of a pointed right derivator D is defined
to be the space K (D) := Q|N, is0 S,D]|.

Since a cocontinuous strict morphism ¢ : D — [’ preserves cocartesian squares
and zero objects, it can be easily checked that derivator K-theory defines a functor
from Derzg’o to the category of topological spaces. Moreover, it is invariant under
equivalences of derivators.

Proposition 5.1.2. If the strict morphism ¢ : D — D' is an equivalence of pointed
right derivators, then the induced map K (¢) : K(D) — K (D)) is a weak equiva-
lence.

Proof. This is an immediate consequence of the fact that the geometric realization
of simplicial categories sends pointwise (weak) equivalences to weak equivalences
of spaces. ([

We emphasize that an equivalence of right pointed derivators does not necessar-
ily admit a strict inverse. This means that an equivalence in Der is not in general a
(2-categorical) equivalence in Der®". However, the two concepts are closely related
as morphisms of prederivators can be made strict up to a strict equivalence in PDer;
see [Cisinski and Neeman 2008, Proposition 10.14].

Derivator K-theory is compatible with the 2-categorical structure of Der;g. We
show next how to enhance derivator K-theory to a simplicial functor from N.Der;‘qr
to Top.

Proposition 5.1.3. Derivator K-theory extends to a simplicial functor
K: N.Der;gr — Top.
Proof. Tt suffices to construct a simplicial enhancement for the (1-)functor

Derg, o — SSet,

D +— diag N, is0 S,D.
Suppose we are given an n-simplex
o= (g =21 = - =5 )
in Derthr(l]]), D’), where
i1
D o

)8
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are invertible modifications. We construct a simplicial map
(diag N, is0 S,)(«) : (diag N, iso S,D) x A[n] — (diag N, iso S,D")

by defining a natural transformation as follows:

y A°P %so&@

(A [n])P Set

0 /
$) AP diag N, iso S, D’

Given o : [k] — [n] in A, the map
ay(0) : Niiso SyD — Ny iso Sy’
is defined as follows. Let
B=ot(@) = (=51 2> L5y,

Consider an element in the domain of «, (o), denoted by (f1, ..., fx), which is a
chain of k composable isomorphisms in Sy C D(Ar[k]):

X0—>-~—>X,,1i>X,—>---—>Xk.

The k-simplex B gives rise to a k x k grid of commutative squares of solid arrows
in Sy’ C D' (Ar[k]):

Yo(Xo) — - —— Yo (Xy—1) — I s (X, — - —— Yo (X)

N
N
b .

N
N
N
N

> 1(fr
Yoot (Xo) — - — Y1 (Xyoy) 2 g (X) e — y1 (Xp)

~N
~N

Br(Xo) Br(Xr-1) h ~ Br(Xy) Br(Xk)
N
N

N
Vr(Xo) —= - == Y (X)) — == U (X)) —— - == Y (X

«(fr N
Ye(Xo) — - —— P (X)) —2 (X)) — - —— Yr(X)
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We set o, (0)(f1, ..., fr) to be the sequence of k diagonal morphisms, depicted
above as dashed arrows,

0120 AT AV NG S B AL

The naturality of a, in o is straightforward. For the compatibility with composition,

we consider an n-simplex in N.Derzf{(lD/, D",

o = (P) = ¢ =25 . 2y @),
and then it suffices to check that for all o : [k] — [n] in A | [n], we have

(@'a)«(0) = o (o) (0).

Indeed, if 5 p 5

B =o"a) = () = Y| => - =5 )
then each of the maps above, when applied to an element ( fi, ..., fx) € Ny iso S;D,
gives

Yovo(Xo) — - ——= Y, (X))
<ﬂ;ﬂr><xr>(w:w,_l)(ﬁ)lﬂ;(wr(m)w;_l(W,(f,)ﬁ,m1)>
Y (X)) Vv (Xo).

This k-simplex can be obtained as a diagonal in a 3-dimensional cube, in the same
way that a,(0)(f1, ..., fr) is a diagonal in a square. Therefore, the vertical map
can be written in six different ways. We have just chosen two of them. ([

Remark 5.1.4. The proposition shows that the homotopy class of the morphism
K (¢): K(D) — K (D) depends only on the isomorphism class of ¢ : D — D’ in the
2-category Dergg. This together with the invariance of derivator K-theory under
equivalences implies that derivator K-theory is in fact functorial in the homotopy
category of spaces with respect to all morphisms of derivators. More precisely, if
for a category G which is enriched in groupoids, we denote by moG the 1-category
obtained by identifying isomorphic morphisms, then there exists a unique factor-
ization
moDergy BESN Top/~

%

moDereq

Here Top/~ is the homotopy category of topological spaces. Compare [Cisinski
and Neeman 2008, Corollary 10.19].
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Remark 5.1.5. Derivator K-theory K (D) is weakly equivalent to the geometric
realization of Waldhausen K-theories

|[n] — K"°P(iso, D)|.

Note that the derivators {iso, D}, >0 are equivalent in Der and the simplicial opera-
tors are equivalences of derivators. Therefore, given that Waldhausen and derivator
K-theory are different in general [Muro and Raptis 2011], it follows that Wald-
hausen K-theory is not invariant under equivalences of derivators. In particular,
it follows that there are equivalences of (pre)derivators which are not strong, and
more specifically, there are derivators D such that the canonical “degeneracy” equiv-
alence D — iso, D is not a strong equivalence.

In the case where D =D)(C) for some derivable Waldhausen category (C, coC, wC),
the following variant of derivator K-theory is available. Passing to the homotopy
categories of the S,-construction, we obtain a new simplicial category [n]+— Ho S,,C,
and a canonical morphism of simplicial categories Ho S,C — S,D(C). This is
degreewise an equivalence of categories, and therefore the induced map

Q| N, isoHo S.C| — K (D(C))

is a weak equivalence.

5.2. Comparison with Waldhausen K-theory. There is a natural comparison map
from Waldhausen to derivator K-theory. For n, m > 0, the functors

diap,), arn) @ D([m] x Ar[n]) — Cat([m], D(Ar[n]))
assemble to define a bisimplicial map
SeeD — Ngiso S,D
which then induces the comparison map
w: KV(D) - K(D)

from Waldhausen K-theory to derivator K-theory (cf. [Maltsiniotis 2007; Garkusha
2005; Muro and Raptis 2011]). We note that composing with the weak equivalence
t: KW°°(D) - K"(D), we obtain

K" (D) —— K" (D)
Ju
ﬂob
K (D)

where the map 1 is given degreewise simply by the inclusion of objects. The
comparison maps w1 and u° define natural transformations. Moreover, u defines
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a natural transformation of simplicially enriched functors

str
Deri,q

str
N.Dereq

and the same holds for 1P (cf. Lemma 4.2.2 and Remark 4.2.3). However, making
use of these simplicial enrichments will not be required in what follows since it
is possible to think of them, in a homotopical fashion, only as asserting certain
invariance properties. We will concentrate instead on the natural transformation

K W.ob

str

™
Dereq’0 mbﬁ Top
-
K
because this is technically a more convenient model of the comparison map for the
statement of our results. Here Top is the ordinary category of topological spaces.

In connection with the diagram above, it is interesting to mention that To&n and
Vezzosi [2004] gave a neat abstract argument, based only on functoriality, to show
that Waldhausen K-theory cannot factor through N.Derffqr by a functor which is
invariant under equivalences of derivators.

Maltsiniotis [2007] conjectured that w is a weak equivalence when D is the trian-
gulated derivator associated with an exact category [Keller 2007]. This conjecture
remains open, but several relevant results are known. Garkusha [2006], based on
previous results by Neeman on the K-theory of triangulated categories, showed that
w1 admits a retraction when D arises from an abelian category. Maltsiniotis [2007]
and Muro [2008] showed that i induces an isomorphism on 7y and 1, respectively,
for any D that arises from a strongly saturated derivable Waldhausen category. In
[Muro and Raptis 2011], we showed that u fails to be a weak equivalence in general
for triangulated derivators that arise from differential graded algebras (or stable
module categories). Moreover, we showed that the conjecture fails if derivator
K-theory satisfies localization, a property also conjectured by Maltsiniotis [2007].

However, the pair (K, 1) turns out to be the best approximation to Waldhausen
K-theory by a functor which sends equivalences of derivators to weak equivalences.
We choose a rather ad hoc but direct way of formulating this property precisely as
follows.

First, in order to ensure that our categories remain locally small and so to avoid
set-theoretical troubles, we fix a (small) set S of pointed right derivators [ closed
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under taking iso D, and restrict to the full subcategory of Derzg,o spanned by S,

which we still denote by Derffqr o- Second, it will be more convenient to work here
with simplicial techniques and the delooped versions of Waldhausen and derivator
K-theory. Thus we set

Q7 'k (D) := diag S..D,
Q'K ND) :=s,D,
Q'K (D) := diagiso, S,D,
and we have natural transformations
w: QK" = Q7 lk,
p QKW o o K,
and a natural weak equivalence ¢ : Q7' K"°° = Q=1 KW with u° = .

Definition 5.2.1. Let SSer”*™ 40 be the functor category. The category App of
invariant approximations to Waldhausen K-theory Q_IK W.0b js the full subcat-
egory of the comma category Q~'KW:°b | SSetPFeao spanned by the objects
n: Q1KY = F such that F : Der;tqr,0 — SSet sends equivalences of derivators
to weak equivalences. A morphism

Q—IKW,ob
F F'

u

in App is a weak equivalence if the components of u are weak equivalences of
simplicial sets.

Note that % : Q71KW":°> = Q=K is an object of App. Following [Dwyer
et al. 2004], we say that an object X of a category with weak equivalences (C, W)
(satisfying in addition the “2-out-of-6" property) is homotopically initial if there
are homotopical functors Fy, F; : C — C and a natural transformation f : Fp = F)
such that

(i) Fp is naturally weakly equivalent to the constant functor at X,
(i1) Fj is naturally weakly equivalent to the identity functor on C, and
(1ii) fx : Fo(X) — F1(X) is a weak equivalence.

If X is initial in C, then it is also homotopically initial in this sense. If X is homo-
topically initial in C, then X is initial in Ho C. Finally, the category of homotopically
initial objects in (C, W) is either empty or homotopically contractible. We refer
the reader to [Dwyer et al. 2004] for more details.
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Theorem 5.2.2. The object 1°° : Q' KW-°* = Q=K is homotopically initial in
the category with weak equivalences App.

Proof. Let F : Derzgo — SSet be a functor. Then there is a canonical way of

associating to F a new functor

HF : Derzg’o — SSet,

D + diag F (iso, D).
The inclusion of O-simplices defines a natural transformation

tp: F = HF.
By definition, we have

Lg-1gwer = puo : QKW — HO KW = o 1K,

If F sends equivalences of derivators to weak equivalences then the simplicial
operators of F (iso, D) in the iso,-direction are weak equivalences, so ¢ is a natural
weak equivalence. In this case, it follows that HF also sends equivalences of
derivators to weak equivalences. Using this fact, we can view the H-construction as
an endofunctor, denoted H : App — App, which sends an object : QT 'KW°° = F
in App to the natural transformation [FI](n) given by the diagonal in the following
commutative square:
Q kWb Lo

Mobﬂ/ f\»“/”,—
-1 Hn
Q'K == HF

The natural transformation ¢ induces a natural weak equivalence ¢ : idypp = H
given by the right vertical arrow, and the bottom horizontal arrow defines a natural
transformation from the constant functor at x° : Q-1 KW-°> = Q-1K to H. Hence,
the result follows. (]

We wish to remark that we could have worked entirely with simplicially enriched
categories and functors in this section. More specifically, the construction HF in
the proof of the last theorem has a simplicial enhancement which can be constructed
as in the proof of Proposition 5.1.3. We decided to work with 1-categories in order
to avoid the ensuing technicalities.

6. Some open questions

6.1. Derivators and the homotopy theory of homotopy theories. The simplicial
enrichment of the category of derivators leads to a homotopy theory of derivators
which is more discerning than the 2-categorical one and is closer to the homo-
topy theory of categories with weak equivalences. An interesting problem is to
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understand exactly how close this relationship is, and find out whether this homo-
topy theory of derivators is rich and structured enough to be (or contain a part
of) a model for the homotopy theory of homotopy theories. In the case of the
2-category of derivators, a theorem of Renaudin [2009] specified the relationship
between combinatorial model categories and their associated derivators (see also
Appendix A for a review). In this context, the question would be whether this result
can be improved in view of the simplicial enrichment of derivators. The results of
Appendix A may be a first step in this direction.

6.2. Derived equivalences vs. strong equivalences. We do not know whether an
exact functor of well-behaved Waldhausen categories which is a derived equiva-
lence also induces a strong equivalence between the associated pointed right deriva-
tors. This is clear in the case where the derived equivalence admits a homotopy
inverse (cf. Remark 3.3.6), but such an inverse may not exist strictly at the level
of models in general. If the statement is true, then we will be able to deduce
the invariance of Waldhausen K-theory (of Waldhausen categories) under derived
equivalences also from the invariance of Waldhausen K-theory of pointed right
derivators under strong equivalences.

6.3. Additivity for derivator K-theory. The additivity of derivator K-theory was
proved by Cisinski and Neeman [2008] for triangulated derivators. However, the
more general case of additivity for derivator K-theory of pointed right derivators
seems to remain an open problem. We emphasize that this seems to be so also in
the case where the derivator admits a model. In this case, we tried to apply Wald-
hausen’s original proof and generalize the approach in [Garkusha 2005], but we dis-
covered a gap in the proof of [Garkusha 2005, Theorem 3.1] which we could not fix.
(Namely, in diagram (7), at the bottom of page 655, the arrow ¢ vic; : V)" — X,
need not be a weak equivalence.) In particular, we do not know whether derivator
K-theory of pointed right derivators is invariant under an appropriately defined
notion of stabilization which would produce a triangulated derivator.

A related problem is to show that additivity holds for the Waldhausen K-theory
of pointed right derivators. Of course, this is true if the derivator admits a model.
However it would still be interesting to establish the general case as it is through
this generality that the concept of derivator can also be tested.

Appendix A. Combinatorial model categories and derivators

The purpose of this appendix is to highlight some results on the connections be-
tween combinatorial model categories and derivators. Since the discussion is heav-
ily based on [Renaudin 2009], we will give a very concise review of his results
while providing precise references where necessary. Then we will record some
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minor strengthenings of Renaudin’s main theorem with a view to addressing the
questions of Section 6.1.

Let .#0% denote the 2-category of left proper combinatorial model categories,
Quillen adjunctions and natural transformations between left Quillen functors. Fol-
lowing [Renaudin 2009], we view the morphism categories as categories with weak
equivalences where the weak equivalences are given by Quillen homotopies. We
recall that a natural transformation of left Quillen functors is a Quillen homotopy
if it is pointwise a weak equivalence at the cofibrant objects; see [Renaudin 2009,
Définition 2.1.2]. Passing to the homotopy categories of all morphism categories
yields a new 2-category .#0%. We note that .#0% is enriched in the category of
all categories 67.7.

The class of Quillen equivalences in .Z0% admits a calculus of right fractions
[Renaudin 2009, Proposition 2.3.2]. Thus the bilocalization of .#Z0'% at the class
of Quillen equivalences exists, denoted here by .#Z62[Q~'], and is actually equiv-
alent to the bilocalization of .Z0'% at the class of Quillen equivalences [Renaudin
2009, Théoreme 2.3.3].

Let .#02? be the 1- and 2-full subcategory of presentable model categories —
that is, combinatorial model categories that arise from a left Bousfield localization
of the projective model category of C-diagrams in SSet, for some small category C,
at a set of morphisms S. Every combinatorial model category is equivalent to a
presentable one [Dugger 2001]. Presentable model categories have certain nice
“cofibrancy” properties which can in particular be used to show that the 2-functor

MODP — HOD[Q 1]

is a biequivalence [Renaudin 2009, Proposition 2.3.4]. Here .#0%7" denotes the
corresponding 1- and 2-full subcategory of .#0%. The restriction to presentable
model categories in what follows is mainly a technical matter and is due essentially
to the rigidity of .#Z0'%7 compared, say, to the essentially equivalent context of
presentable oo-categories.

Let 26% (resp. DEX,, DEXqq4) denote the 2-category of derivators with do-
main Dia = Cat and values in the 2-category ¥/ together with pseudonatural
transformations (resp. cocontinuous morphisms, adjunctions between derivators)
as 1-morphisms, and modifications as 2-morphisms. Cisinski [2003] constructed

a pseudofunctor
D(-) : AOD — DER 44

which is defined on objects by M +— D(M) (cf. Section 2.3) and sends Quillen
equivalences to equivalences of derivators. We note that D(M) takes values in
locally small categories. There is an induced pseudofunctor of 2-categories

D(=): #OD(Q" " = DERua.
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Renaudin [2009, Théoréme 3.3.2] showed that this functor is a local equivalence,
i.e., it induces equivalences between the morphism categories. This could be inter-
preted as identifying a part of 26%,4 with a truncation of the homotopy theory of
homotopy theories as modeled by .Z0%. For our purposes, it will be necessary to
reformulate this result in terms of the larger 2-category 2% (cf. [Renaudin 2009,
Remarque 3.3.3]).

Theorem A.1. The canonical pseudofunctor
D(-) : HOD’ — DER)
is a local equivalence.

Proof. Since the composition #4CYP — HCD [Q7 '] > D%, is a local equiva-
lence, it suffices to show that for all M and N in .#0%?, the fully faithful inclusion
functor

DER 40(D(M), DN)) — 26%,(D(M), D(N)) (A.2)

is also essentially surjective. Let F : D(M) — D(N) be a cocontinuous morphism.
Suppose that M = LsSSetC. The Quillen adjunction Id : SSet¢ =2 M : Id induces
a morphism in 6% ,4, denoted as

Ls(Id) : D(SSet€) = D(M) : Rg(1d).

The composite F' = F o Lg(Id) : D(SSet€) — D(N) is a cocontinuous morphism.
By [Renaudin 2009, Remarque 3.3.3] (or more directly, by using the universal
property of SSet® due to Dugger [Renaudin 2009, Proposition 2.2.7], and that of
D(SSet®) due to Cisinski [Renaudin 2009, Théoreme 3.3.1]), there is a Quillen
adjunction _ _

F':8Set“ 2N : G
such that D(F") is isomorphic to F’ in 26%,(D(SSet®), D(N)). Then the uni-
versal property of Bousfield localization shows that (F’, G) descends to a Quillen
adjunction _ ~

F":LsSSet =2 N :G”
such that D(F") o Lg(Id) is isomorphic to F o Lg(Id). Then
D(F") : D(M) = D) : D(G")

is an adjunction of derivators and the left adjoint I]])(f ") is isomorphic to F' since
the functor

Ls(Id)* : 262, (D(M), DN)) — 2E%,(D(SSet€), D(N))

is fully faithful [Tabuada 2008, Definition 4.2, Lemma 4.3 and Theorem 4.4]. [J
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We would like to emphasize that the equivalence of categories (A.2) in the last
proof can be regarded as an adjoint functor theorem for derivators that arise from
combinatorial model categories.

We recall from [Groth 2012] the construction of internal hom-objects in the
2-category of derivators. Given prederivators D, D' : Cat — 6«7 there is a pred-
erivator HOM(D, ') : Cat°? — ¥€«/7 which is defined explicitly by

HOM(D, D')(X) = 26%(D, D).

Moreover, if D' is a derivator, then so is HOM(D, D’); see [Groth 2012, Proposi-
tion 1.20]. The simplicial enrichments of the previous sections are obtained from
this by setting X = [n] and restricting to the objects. If D and D’ are derivators we
also consider the following closely related prederivator

HOM((D, D) : Cat®® — €.</.7,
X > 26%,(D, Dly).

To see that this is again a prederivator, it suffices to consider u : X — Y in Cat and
a cocontinuous morphism ¢ : D — D)},, and then note that the morphism

HOM(D, D) (u)(¢) :=u*¢ : D — D}, — DY

is again cocontinuous because u* : D}, — DYy is cocontinuous (in fact, it admits a
right adjoint u, : Dy — D}).

Similarly, it is easy to check that HOM;(DD, D)) is in fact a right derivator. For
every u : X — Y, the pullback functor

u*: 96%,(D, Dy) — 26%,(D, DY)
defined above admits a left adjoint
uy: 26%,(D, D) — 26%,(D, DY)

which is defined as for the derivator HOM(D, '): given a cocontinuous morphism
¢:D— D, set
u(¢) :==u¢: D — Dy — Dj.

We refer the reader to [Groth 2013, Propositions 2.5 and 2.9, Example 2.10] for
more details about adjunctions.

The purpose of this appendix is to show that the functor D(—) also preserves
hom-objects in the sense of the following theorem. For M and N in .Z02, let
MOD; (M, N') denote the category of left Quillen functors M — N and natural
transformations. This is again a category with weak equivalences, the Quillen
homotopies, and the forgetful functor .#02(M, N) — #C2;(M, N) is an equiv-
alence.
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Theorem A.3. Let M and N be presentable model categories. Then there is an
equivalence of prederivators

DSM,N) : DO (M, N)) ~HOM,(D(M), D(N)).
Proof. For every small category X, there is a natural equivalence of categories
D(AE6D1 (M, N))(X) =~ Ho(AOD (M, (N i),

since an X-diagram of left Quillen functors M — N is the same as a left Quillen
functor M — (N'X )inj Where the target is given the injective model structure. The
latter model category is strictly speaking no longer presentable, but we can find
a natural replacement for it by a presentable one N'X simply by a change to the
projective (co)fibrations. Then by [Renaudin 2009, Proposition 2.2.9], we have an
equivalence of categories

Ho(.#671(M, (NX)inj)) <— Ho(.#07;(M, NX)).
There is a morphism of prederivators
O (M, N) : Ho(#OD1(M, (N )inj) — HOM(D(M), D(N)),

induced by D(—), whose components are equivalences of categories, because we
have commutative diagrams

Ho(MOF (M, (VX)) ——— A0 962, (DM), DY)

\/

Ho(.#02;(M, NX))

where the indicated equivalence on the right is a consequence of Theorem A.1. [

Appendix B. A remark on the approximation theorem

The original approximation theorem of Waldhausen [1985] states sufficient con-
ditions for an exact functor of Waldhausen categories to induce an equivalence
in K-theory. Although Waldhausen did not analyze the meaning of these condi-
tions from the viewpoint of homotopical algebra, various authors have later stud-
ied connections between abstract homotopy theory and Waldhausen K-theory and
have shown more general and refined versions of the approximation theorem; see
[Thomason and Trobaugh 1990; Sagave 2004; Dugger and Shipley 2004; Cisinski
2010b; Blumberg and Mandell 2011]. These results ultimately say that Waldhausen
K-theory is an invariant of homotopy theories and allow definitions of the theory
via oco-categories or simplicial categories; see also [Toén and Vezzosi 2004].
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Theorem B.1 [Cisinski 2010b; Blumberg and Mandell 2011]. Let F : C — C’
be an exact functor of strongly saturated derivable Waldhausen categories. If the
induced functor Ho F : HoC — Ho C' is an equivalence of categories, then the map
wS, F : wS,C — wS,,C' is a weak equivalence for all n > 0. In particular, the map
K(F): K(C) — K(C') is also a weak equivalence.

The purpose of this appendix is to note the following result, which may be
regarded as a partial converse to the approximation theorem. The proof is based
on ideas of Dwyer and Kan for modeling mapping spaces in homotopical algebra
via zigzag diagrams (see, e.g., [Dwyer and Kan 1980]) and related results from
[Blumberg and Mandell 2011].

Theorem B.2. Let F : C — (' be an exact functor of derivable Waldhausen cate-
gories. Suppose that

(i) wF : wC — wC' induces isomorphisms on 7y and 7| for all basepoints,

(i) wSF : wSC — wSC' is 1-connected (i.e., it induces an isomorphism on 1
and an epimorphism on w1 for all basepoints).

Then Ho F : HoC — Ho (' is an equivalence of categories.
Proof. Consider the commutative square

wS,C v r wSC'

l(dl.dz) J(dl,dz)

wFxwF
wC x wC ——————  wC’ x wl’

Using the properties of the long exact sequence of homotopy groups and assump-
tions (i) and (ii), it follows that the induced map between the homotopy fibers
of the vertical maps (at any basepoint) induces an isomorphism on mg; see, e.g.,
[May and Ponto 2012, Lemma 1.4.7]. Applying [Blumberg and Mandell 2011,
Theorem 1.2], the map between the homotopy fibers at the points defined by
(X1,X3) € ObC x ObC and (F(X), F(X3)) € ObC’' x Ob(’ can be identified
with the map induced by F between the corresponding mapping spaces in the
respective hammock localizations

L) (X1, X2) — L7 (C)(F (X)), F(X2)).
Thus, applying ¢ to this map gives an isomorphism
Ho F : HoC(X1, X») = Ho C/(F(Xl), F(X>7)),

and therefore Ho F is fully faithful. It is also essentially surjective because w F is
an epimorphism on . (]

To sum up, we have the following corollary.
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Corollary B.3. Let F : C — C' be an exact functor of strongly saturated derivable
Waldhausen categories. If

(1) wF : wC — wl induces isomorphisms on my and 71, and

(1) wSF : wS,C — wS,C' is 1-connected,

then wS, F : wS,C — wS,,C’ is a weak equivalence for all n > 0. In particular, the
induced map K (F) : K(C) — K(C') is also a weak equivalence.

These results show that being a derived equivalence is much stronger than being
a K-equivalence. More specifically, the property of being a derived equivalence
does not take into account the “group completion” process that takes place in the
definition of K-theory. To obtain an ideal approximation theorem that encodes this
group completion process, one would need to “localize C and C"” at all the relations
which are derived from the additivity property, and then ask for the weaker property
that these localized objects are equivalent. This localization is accomplished using
oo-categories with the construction of the universal additive invariant in [Blumberg
et al. 2013], and it is essentially shown that it is equivalent to Waldhausen K-theory.
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Chow groups of some generically twisted flag varieties

Nikita A. Karpenko

We classify the split simple affine algebraic groups G of types A and C over
a field with the property that the Chow group of the quotient variety E/P is
torsion-free, where P C G is a special parabolic subgroup (e.g., a Borel sub-
group) and E is a generic G-torsor (over a field extension of the base field).
Examples of G include the adjoint groups of type A. Examples of E/P include
the Severi—Brauer varieties of generic central simple algebras.

1. Introduction

Let G be a split semisimple affine algebraic group over a field £ and let P be
a parabolic subgroup of G. The quotient G/ P is a smooth projective algebraic
k-variety sometimes called a flag variety of G. The variety G/ P is (absolutely)
cellular (in the sense of [Elman et al. 2008, §66]). In particular, its Chow group
CH(G/ P) is torsion-free.

Given a G-torsor E over k, the quotient variety E/P is a twisted flag variety,
a twisted form of G/P. The Chow group CH(E/P) may have a large torsion
subgroup and is far from being understood. The situation is still the same when
we restrict our attention to the case of a special parabolic subgroup P. Recall that
P is special if any P-torsor over any field extension of & is trivial. (For instance,
any Borel subgroup of G is special parabolic.) For any special parabolic P, ev-
ery G-torsor E over k splits over the function field k(E/P) (see [Karpenko and
Merkurjev 2006, Lemma 6.5]), showing that E/P is a generically cellular variety,
i.e., becomes cellular over its own function field.

Let, now, E be a generic G-torsor. By this we mean a G-torsor over a certain
field extension F/k, obtained by the following construction (see Remark 2.3): We
fix an imbedding of G into the general linear group GLy for some N. This makes
GLy a G-torsor over the quotient variety S := GLy/G. We define F to be the
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function field k£(S) and we define the generic G-torsor E to be the G-torsor over F
given by the generic fiber of GLy — S.

For any other G-torsor E’ over any field extension k’/k, there exists a k’-point
of S such that E’ is isomorphic to the fiber of GLy — S over the point. Moreover,
for infinite k', the set of such k’-points is dense in S [Serre 2003, §5.3]. This
suggests that E, being the generic fiber of GLy — S, is the most complicated G-
torsor and that the variety E /P, which we call a generically twisted flag variety,
is the most complicated twisted flag variety (for given G and P). Nevertheless,
the Chow group CH(E/ P) for a generic E turns out to be more accessible than in
general.

In this paper, we classify the split simple affine algebraic groups G of types A
and C over a field with the property that the Chow group CH(E/P) of E/P is
torsion-free — see Theorems 3.1 and 4.1. Examples of G include adjoint groups
of type A (Theorem 3.7). Examples of E/P include the Severi—Brauer varieties
of generic central simple algebras.

An application to computation of the topological (also called geometrical) filtra-
tion on the Grothendieck ring of twisted flag varieties is provided as well as some
other applications — see Corollaries 3.9, 3.10 and 3.14.

For G of type B,,, an analogue of Theorems 3.1 and 4.1 is known. Note that
G is isomorphic to Spin,, , | (the simply connected case) or to O;n 4 (the adjoint
case). Since B, = C,, for n = 1, 2, let us assume that n > 3. By [Petrov 2007] (see
also [Smirnov and Vishik 2014]), CH(E/ P) is torsion-free for G = 021 41+ And it
is easy to see that CH?(E/P) contains an element of order 2 for G = Spin,, il

For the type D,, (with n > 4), CH(E/ P) is torsion-free if G = O;rn (see [Petrov
2007] or [Smirnov and Vishik 2014]) and CHQ(E /P) has an element of order 2
for G = Spin,,,. However, the analysis of the remaining projective orthogonal and
semispinor groups has not been completed so far.

For G of type G, and any nonsplit G-torsor E over a field, CH>(E/P) has an
element of order 2; see [Yagita 2016], for example, which also has computations
concerning Chow groups of some other twisted flag varieties.

2. Generic torsors

For G as in the introduction and P a parabolic subgroup of G, we consider a gener-
ically twisted flag variety E /P, where E is the generic G-torsor over F obtained
from an imbedding G — GLy for some N. Here F is the function field k(S) of
the k-variety S:=GLy /G.

We consider the pull-back homomorphism of P-equivariant Chow groups (see
[Edidin and Graham 1998])

CHp Spec F — CHp E
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with respect to the (P-equivariant) structure morphism £ — Spec F of the F-
variety E (where P acts on Spec F trivially). Note that the P-equivariant Chow
group CHp E coincides with the ordinary Chow group of E/P. The following
statement is proved but not formulated in [Karpenko and Merkurjev 2006]:

Lemma 2.1. The homomorphism CHp Spec F — CH(E/ P) is surjective.

Proof. The variety GLy is a GL y-equivariant open subvariety of the affine space
End k". It is enough to prove that the composition

CHp Speck — CHp Spec F — CH(E/P) =CHp E

with the change of field homomorphism CHp Spec k — CHp Spec F is surjective.
The homomorphism CHp Spec k — CHp E decomposes as

CHp Speck — CHp Endk" — CHp GLy — CHp E.

The first homomorphism here is the pull-back with respect to the structure mor-
phism of the k-variety End k" it is an isomorphism by homotopy invariance of
equivariant Chow groups. The second and the third homomorphisms are pull-backs
with respect to the open imbedding GLy <> End k" and the localization morphism
E — GLy; they are surjective by the localization property of equivariant Chow
groups. U

Example 2.2. For the quotient G :=SL,, /1, of the special linear group SL,, by the
central subgroup u,, of the m-th roots of unity, where m > 1 is a divisor of n > 2,
any G-torsor over k gives rise to a central simple k-algebra A of degree n and
exponent m. We refer to an algebra A corresponding to a generic G-torsor as a
generic central simple algebra of degree n and exponent m. In the decomposition
n = niny with ny > 1 having the same prime divisors as m and with n; relatively
prime to m, the factor n; is the index of A. Let P be a parabolic subgroup in G
with conjugacy class corresponding to the subset of the Dynkin diagram of G
obtained by removing the first vertex. The variety E /P is the Severi—Brauer variety
X of A. It is shown in [Karpenko and Merkurjev 2006, §8.1] that the graded
ring CHp Spec F is generated by some homogeneous elements with at most one
element in every codimension. Therefore, by Lemma 2.1, the Chow ring CH X
is generated by some homogeneous elements with at most one element in every
codimension.

In the particular case of G := PGL,, = SL,, /u,, we refer to A as a generic
central simple algebra of degree n. The index and exponent of such A are equal
to n as well.

Remark 2.3. The construction of a generic G-torsor we use in this paper is a
particular case of the construction of [Serre 2003, Example 5.4], which nowadays
is more common. For two generic G-torsors E and E’ over fields F/k and F'/k
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produced by this more general construction, there is a canonical construction of
a field L/k, containing both F/k and F'/k, and of an isomorphism E; >~ E}
such that the extensions L/F and L/F’ are purely transcendental. Since Chow
groups do not change under purely transcendental base field extensions, we get a
canonical isomorphism CH(E / P) ~ CH(E’/ P) for any P. Thanks to A. Merkurjev
for pointing this out.

The relationship between CH(E/P) and CH(E/P’) for different special para-
bolic subgroups P, P’ C G is explained in the proof of Lemma 3.6.

Example 2.4. For any split semisimple G, a generic G-torsor E, and a Borel sub-
group B C G, the topological filtration on the Grothendieck ring K (E/B) coincides
with the gamma filtration. Indeed, by [Edidin and Graham 1998, Proposition 6], the
graded ring CHp Spec F is identified with the symmetric algebra S (T) of the char-
acter group T of a maximal split torus 7 C B. It follows that the ring CHp Spec F
is generated by elements of codimension 1. By Lemma 2.1, this implies that the
ring CH(E/B) is generated by elements of codimension 1. Therefore the ring
CH(E/B) is generated by Chern classes. In particular, the associated graded ring
of the topological filtration on K (E/B) is generated by Chern classes, which pre-
cisely means that the topological filtration coincides with the gamma filtration; see
[Karpenko 1998, Remark 2.17].

The above considerations also show that the ring CH(E/B) is finitely generated.
In particular, its torsion subgroup Tors CH(E/B) is finite.

3. Type A,—1

Let n > 2. Any split simple affine algebraic group G of type A,_; over any field k
is isomorphic to the quotient SL,, /i,,, where m > 1 is a divisor of n. Here is the
main result of this section:

Theorem 3.1. For G := SL,, /iu,;, (With n and m as above) over any field k, let
P C G be a special parabolic subgroup and let E be a generic G-torsor over a
field extension F/k. The group CH(E/P) is torsion-free if and only if the g.c.d.
(m, n/m) is bounded by 2. Moreover, for every odd prime divisor p of (m,n/m),
as well as p =2 if 4 divides (m, n/m), the group CH>(E / P) contains an element
of order p.

We will prove Theorem 3.1 after some preparation. The most significant cases
of torsion-free CH(E/ P) are the cases G =PGL,, =SL,, /u, and G = SLyr /iy
(for any r > 1). Since SL, is special, the case G = SL,, is trivial. We start with a
result covering the case G = PGL,;:

Proposition 3.2. Let F be a field and A a central simple F-algebra. Assume that
the Chow ring CH X of the Severi—Brauer variety X of A is generated (as a ring)
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by some homogeneous elements with at most one element in every codimension.
Then the group CH X is p-torsion-free for every prime number p such that the
p-primary parts of the exponent and the index of A coincide.

Remark 3.3. According to Example 2.2, Proposition 3.2 applies to any generic
central simple algebra A of any given degree (without restriction on its exponent),
implying that the Chow ring of the Severi—Brauer variety of A is torsion-free.

Remark 3.4. In the case where exp A =ind A, Proposition 3.2 provides a complete
description of the ring CH X. Indeed, for any n > 1 and any central simple F-
algebra A of degree n, the kernel of the change of field homomorphism

CHX — CHX; =CHP" ! =Z[H]/(H"),

given by any splitting field L/ F of the algebra, where H corresponds to the hyper-
plane class in CHP"~!, is the torsion subgroup of CH X. Moreover, by [Karpenko
1995b, Theorem 1], if exp A =ind A =: d, then for any 0 < j <n — 1 =dim X the
image of CH/ X in CH/P"~! = Z is generated by d/(j, d).

Proof of Proposition 3.2. Let n be the degree of A. Letx; € CH'X,i=0,1,...,n—1,
be elements generating the ring CH X.

We fix an arbitrary prime number p such that the p-primary parts of the exponent
and the index of A coincide. For the remainder of the proof, we switch to the Chow
groups CH ®Z,,y with coefficients in Z,) — the localization of Z at the prime ideal
(p) generated by p. To prove Proposition 3.2 it suffices to show that the group
CHX ® Zp) is torsion-free.

Let p" be the p-primary part of ind A. By Lemma 3.5, we only need to check
that CH' X ® Zp) 1s torsion-free for j < p".

Let L/ F be a finite Galois field extension splitting A. Let L, be the intermediate
field corresponding to a p-Sylow subgroup of Gal(L/F), so that [L, : F] is prime
to pand [L: L,] is a p-power. Let Ly be a minimal subfield of L containing L,
and splitting A. We have [Lg : L,] = p”. By [Hall 1959, Theorem 4.2.1], there is
a chain of subfields

L, CL,_yC---ClLy

with [L;_:L;]=pforeveryi=r,..., 1. Notethatind A, = p’ fori =0, 1,...,r.
We claim that, for any j =1, ..., p” — 1, the norm map

Nl-j . CHjXLi ®Z(p) — CHjX ®Z(p)

is surjective, where i = v, (j) and v, is the p-adic valuation. Since ind Ay, = P
divides j, we have CH’ X L; = Z (by [Karpenko 1995a, Corollary 1.3.2]). More pre-
cisely, CH/ X; = CH/P"~! =Z, where 1 € Z corresponds to the class in CH/[P"~!
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of a linear subspace in P"~! of codimension j, and the change of field homomor-
phism CH/ X L — CH/ X is an isomorphism. Therefore the claim implies that
CH'X ®Z, p) 18 torsion-free.

We prove the claim by induction on j. Given an arbitrary positive j < p" —1, we
assume that the claim holds in positive codimensions < j. We first check that every
element of CH/ X ® Z,) that is a polynomial in xy, ..., x;_ (without x;) is in the
image of the norm map Ni] . It suffices to consider the case where the polynomial
is a monomial. Since the degree j of the monomial is not divisible by p'*!, the
monomial contains a factor x; for some k € {1, ..., j — 1} not divisible by p*!.
Since v, (k) < i, it follows by the induction hypothesis that x; is in the image
of N l.k. Therefore, by the projection formula [Elman et al. 2008, Proposition 56.8],
the monomial is in the image of Nl.j .

To finish the proof of the claim (and therefore the proof of Proposition 3.2), it
suffices to check that x; is also in the image of NZJ . For this we decompose the
element N/ (1) € CH/ X ® Z ), where 1 is the generator of CH/ X1, ® Z() = Z ),
into a linear combination of the degree-j monomials in x1, x2, ..., x; and check
that the coefficient A € Z ) at the monomial x; is invertible.

Let us observe that vp(NL.J(l)L) =v,([L; : F]) =r —i. On the other hand, if A
is not invertible, then (Ax;) is divisible by p"~i*1 because x; is divisible by p’
for any element x € CH’ X; see Remark 3.4." Also M; is divisible by p"~'*! for
any monomial M € CH/ X inxy,...,x j—1 because M contains x; with some k not
divisible by p*!: x;; is then divisible by p’~/; at the same time, M necessarily
contains another factor x; with some /[ =1, ..., j — 1 (I =k is also possible). Our
assumption that j < p” ensures that / is not divisible by p” so that x;; is divisible
by p. O

Here is the lemma used in the proof of Proposition 3.2:

Lemma 3.5. Let A be a central simple algebra over a field F of degree n > 1.
Let p be a prime number and p” the p-primary part of ind A. Let X be the Severi—
Brauer variety of A. For any integer 0 < j <dim X =n — 1, the group CH’ X QL (p)
is isomorphic to the group CH'X ® Z(py, where 0 < j' < p" — 1 is the remainder
after division of j by p’.

Proof. Let A, be the p-primary part of the underlying division algebra of A (so
that ind A, = p"). Let X, be the Severi—Brauer variety of A .

Let L/F be a finite Galois field extension splitting the algebra A. Let K/F be
the subextension corresponding to a p-Sylow subgroup of Gal(L/F). Therefore
the degree of K/F is prime to p, the degree of L/K is a p-power, and the algebra
Ak 1s isomorphic to a matrix algebra over A k.

IThis is the only place in the proof where we use the fact that the p-primary part of the exponent
of A coincides with the p-primary part of its index.
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Below we work in the category of Chow motives [Elman et al. 2008, §64], first
with integral coefficients, then with coefficients in Z(,). The integral Chow motive
M (X ) of the K-variety X g is isomorphic to the direct sum of shifts of the Chow
motive of X,x with the shifting numbers of the summands being the multiples
of p” from 0 to n — p” [Karpenko 1995a, Corollary 1.3.2]:

n/p"—1
M(Xg) >~ _EBO M(X,){ip"}.
i=
We switch to the Chow motives with coefficients in Z(,). Let f be the above
isomorphism after the switch. We apply the norm N ,r to f and divide the result
by [K: F]e Z(Xp). This way we get a morphism g : M(X) — @?igr_lM(X){ipr}
with the property that g; = f;. In particular, g; is an isomorphism. It follows
by [Elman et al. 2008, Corollary 92.7 with Remark 92.3], a consequence of the
nilpotence theorem for projective homogeneous varieties, that g is an isomorphism.

Thus CH/X ® Z(,) ~ CH/ X, ® Z() ~ CH/ X ® Z,,. 0

Lemma 3.6. Let G be a split semisimple linear algebraic group over a field k and
let E be a G-torsor over k. If the Chow group CH(E / P) is torsion-free for at least
one special parabolic subgroup P of G, then it is torsion-free for every special
parabolic subgroup. The same holds with CH*(E / P) in place of CH(E / P).

Proof. Let P and P’ be special parabolic subgroups of G with torsion-free CH(E / P).
Since E splits over F(E/P) (see [Karpenko and Merkurjev 2006, Lemma 6.5]),
the Chow motive of the variety E/P x E /P’ is a direct sum of shifts of the motive
of E/P [Petrov et al. 2008, Corollary 3.4]. Therefore CH(E/P x E/P’) is torsion-
free. At the same time, the Chow motive of E/P x E /P’ is a direct sum of shifts
of the motive of E/P’, so that CH(E/P’) is torsion-free as well.

The same chain of conclusions goes through for CHZ(E /P) inplace of CH(E/ P),
because one shifting number is 0 and the remaining shifting numbers are positive
in both motivic decompositions mentioned. (Recall that, for any projective homo-
geneous variety, the groups CH® and CH! are torsion-free.) ([

At this point we have already proved Theorem 3.1 for m = n, i.e., for G = PGL,,:

Theorem 3.7. For any field k and any n > 2, let G be the projective linear group
PGL,, over k, let P be a special parabolic subgroup of G, and let E be a generic
G-torsor (over a field extension of k). Then the Chow group of the generically
twisted flag variety E /P is torsion-free. ([

The Severi—Brauer variety X of a degree-n central simple algebra A is, by defi-
nition, a closed subvariety of the Grassmannian of n-dimensional subspaces in the
n’-dimensional vector space A. The tautological bundle on X has rank n and is
the restriction of the tautological bundle on the Grassmannian.
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Corollary 3.8. For any n, let X be the Severi—Brauer variety of a generic central
simple algebra of degree n. Then the Chow ring CH X is generated by the Chern
classes of the tautological vector bundle on X.

Proof. Let X be X over a splitting field of the algebra. As shown in [Karpenko and
Merkurjev 2006], the image of the change of field homomorphism CH X — CH X
is generated by the Chern classes of the tautological vector bundle. Since CH X is
torsion-free, the change of field homomorphism CH X — CH X is injective and it
follows that CH X itself is generated by the Chern classes of the tautological vector
bundle. (]

Here are a couple of applications:

Corollary 3.9. Let X be the Severi—Brauer variety of a central simple algebra A
over a field k satisfying ind A = exp A. Then the torsion subgroup Tors CH X of
CH X splits off canonically as a direct summand of CH X.

Proof. By [Karpenko 1995a, Corollary 1.3.2], we may assume that A is a division
algebra. By specialization, all relations between the Chern classes of the tautolog-
ical vector bundle on the Severi—Brauer variety of a generic central simple algebra
of degree deg A hold for the Chern classes of the tautological vector bundle on
our X. It follows that the subring C C CH X generated by these Chern classes is
mapped under the quotient map CH X — CH X/ Tors CH X isomorphically onto
the quotient (see Remark 3.4), whence the statement. O

The following result has been proved in [Karpenko 1998] for division algebras
of p-primary index. Those assumptions can be dropped:

Corollary 3.10. Let X be the Severi—Brauer variety of a central simple algebra
A over a field k satisfying ind A = exp A. Then the topological filtration on the
Grothendieck ring K (X) coincides with the gamma filtration. Moreover, for any
finite product Y of any generalized Severi—Brauer varieties of any tensor powers
of A, the topological filtration on the Grothendieck ring K (Xi(y)) coincides with
the gamma filtration.

Proof. Let X be the Severi—Brauer variety of a generic central simple algebra A of
degree deg A over a field F. Note that exp A=indA = deg A. By Corollary 3.8,
the ring CH X is generated by Chern classes. Therefore, the topological filtration
on the Grothendieck ring K (f( ) coincides with the gamma filtration. Let T be
the generalized Severi—Brauer variety SBipq A(A) (of right ideals in A of reduced
dimension ind A; the usual Severi—Brauer variety SB(A) is SBl(A) in this nota-
tion). By the index reduction formula [Merkurjev et al. 1996, (5.11)], the index
and the exponent of the central simple F(T)-algebra A F(r) are equal to ind A.
Since the projection 7' x X — X is a Grassmann bundle, the topological filtra-
tion on the Grothendieck ring K (f( F (1)) coincides with the gamma filtration; see
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[Karpenko 1998]. Moreover, by [Karpenko 1995b], since ind A F(T) = €Xp A F(T)
the topological filtration on K (X F (1)) coincides with the filtration induced by the
topological filtration on the Grothendieck ring of X considered over an algebraic
closure of F(T).

Turning back to A and X over k, we have three embedded filtrations on K (X):
the gamma filtration, which is contained in the topological filtration, which in turn
is contained in the filtration induced by the topological filtration over an algebraic
closure of k. By [Quillen 1973], since for any i > 1 the indexes of the i-th tensor
powers of the algebras A and A F (1) coincide (see [Karpenko 1998, Example 3.9]),
the rings K (X) and K (5( F (7)) are identified. Under this identification, both gamma
filtrations and both filtrations induced from the respective algebraic closures are
identified as well. It follows that all three filtrations on K (X) coincide. In partic-
ular, the topological filtration on the Grothendieck ring K (X) coincides with the
gamma filtration.

From this point, the deduction of the statement on K (X y)) is standard; see
[Karpenko 1998]. O

The following statement will be of help in the proof of Proposition 3.12:

Corollary 3.11. Ler A be an arbitrary central simple algebra over a field F and
let L be a maximal subfield of the underlying division algebra. Let p be a prime
integer. Fori >0, letc; e CH' X ® Z(p) be the i-th Chern class of the tautological
vector bundle on the Severi—Brauer X variety of A, considered in the Chow group
with coefficients in Z ). For any i > 0 coprime with p, the class c; is in the image
of the norm map Ny f.

Proof. We fix some i > 0 coprime with p and set n := deg A. The image of
1 € Z=CH X under Ny r : CH X; — CH'X equals /' (e), where e € CHy X is
the class of a closed point of degree ind A (the canonical generator of the torsion-
free group CHy X; see [Panin 1984] or [Chernousov and Merkurjev 2006]) and
h e CH' (X x X) is the first Chern class of the canonical line bundle on X x X. (In
particular, N ,r (1) does not depends on the choice of L.) We need to show that
c; is a multiple of /2’ (e) (in the Chow group with coefficients in Z)).

By Theorem 3.7, ¢; is a multiple of A’ (e) provided that A is replaced by a
generic central simple algebra of degree n (over a field extension of F). Indeed, for
generic A, the Chow group with integer coefficients is torsion-free (by Theorem 3.7)
and, by Remark 3.4, the image of CH' X ®Z, in CH' X, ®Z ) = Z ) is generated
by the image [L : F]=ind A of h(e).

It follows by specialization that ¢; is a multiple of A’ (e) for our initial A as
well. (]

Here is the result serving the case of G = SL,, /., 2:
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Proposition 3.12. Let F be a field and let A be a central simple F-algebra such
that the 2-primary part of its exponent is equal to the half of the 2-primary part
of its index d (this implied that d is divisible by 4) and the index of the tensor
power A®/Y s divisible by 4. Assume that the Chow ring CH X of the Severi—
Brauer variety X of A is generated (as a ring) by some element of codimension 1
and the Chern classes of the tautological vector bundle. Then the group CH X is
2-torsion-free.

Remark 3.13. Inthe case d :=ind A=2exp A and 4 | ind A®“/*) Proposition 3.12
provides a complete description of the ring CH X. Indeed, for any n > 1 and any
central simple F-algebra A of degree n, the kernel of the change of field homomor-
phism CH X — CHP"~! =Z[H]/(H"), given by any splitting field of the algebra,
is the torsion subgroup of CH X. Moreover, if exp A = %d , where d :=ind A, and
4 |ind A®@/% then, for any 0 < j < n — 1 and any prime integer p, the p-adic
valuation of a generator of the image of CH/X in CH/P*~! = Z is determined
as follows: for odd p itis v,(d/(j,d)); for p =2 itis va(d/(j, d)) provided that
v2(j—1) <vy(d) and it is vo(d) — 1 otherwise. This is a consequence of Remark 3.4
(for odd p) and of [Karpenko 1998, proof of Proposition 4.9] (for p = 2), since by
the proof of Lemma 3.5 we only need to consider the case where d is a p-power.

Proof of Proposition 3.12. We obtain a proof of Proposition 3.12, appropriately
modifying the proof of Proposition 3.2. Let n be the degree of A. Fori > 2, let
x; € CH' X be the i-th Chern class of the tautological vector bundle on X. As a
ring, CH X is generated by some element x; € CH' X and the elements x; € CH' X,
i=1,...,dmX=n—1.

For the remainder of the proof, we switch to the Chow groups with coeffi-
cients in Z ) — the localization of Z in the prime ideal generated by 2. To prove
Proposition 3.12, it suffices to show that the group CH X ® Zy) is torsion-free.

Let 2" be the 2-primary part of d =ind A. Recall that d is divisible by 4, that is to
say, 7 > 2. By Lemma 3.5, we only need to check that CH’ X ® Z(y) is torsion-free
for j < 2.

Let L/ F be a finite Galois field extension splitting A. Let L, be the intermediate
field corresponding to a 2-Sylow subgroup of Gal(L/F), so that [L, : F] is odd
and [L : L,] is a 2-power. Let Ly be a minimal subfield of L containing L, and
splitting A. We have [Lg : L,] = 2". By [Hall 1959, Theorem 4.2.1], there is a
chain of subfields

L, CL,_iC---ClLyg

with [L;_y:L;]=2foreveryi=r,..., 1. Note thatind A;, =2 fori =0, 1,...,7.
We claim that, for any j =2, ...,2" — 1, the norm map

N/ :CH/X[, ®Z) — CH/ X ® Z
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is surjective, where i = v>(j) and v, is the 2-adic valuation. In contrast with the
proof of Proposition 3.2, where the exponent of A was equal to the index of A,
not to half that, the norm map N(} is not surjective; moreover, none of the maps
N 11, e er_l is surjective. However, and this will be used in the proof below, the
image of the change of field homomorphism CH'X ® 2oy — CH'Xx L ®Zo
coincides with the image of the norm map

NLo/erl :CHIXL0 ®Z(2) — CHIXLF1 ®Z(2).

This is so because the change of field homomorphism CH!'X - CH!'X, =7Zis
injective and its image is generated by the integer exp A [Artin 1982, §2].

Since ind Ay, = 2! divides j, we have CH/ X L, =Z (by [Karpenko 1995a, Corol-
lary 1.3.2]). More precisely, CH’ X; = CH/P"~! = Z, where 1 € Z corresponds
to the class in CH/P*~! of a linear subspace in P"~! of codimension j, and the
change of field homomorphism CH’ X L — CH’ X is an isomorphism. Therefore
the claim implies that CH/ X ® Z 5, is torsion-free.

We prove the claim by induction on j. Given an arbitrary j with2 < j <2" —1,
we assume that the claim holds in codimensions 2, ..., j — 1. We first check that
every element of CH/ X ® Z 5 that is a polynomial in x, ..., x;— (without x;)
is in the image of the norm map N;. It suffices to consider the case where the
polynomial is a monomial. Since the degree j of the monomial is not divisible
by 2i+1 the monomial contains the factor x; for some k € {1, ..., j — 1} not
divisible by 2/*!. If k # 1, then it follows by the induction hypothesis that x; is
in the image of Nl.k; therefore, by the projection formula, the monomial is in the
image of Nl.j .

Now assume k = 1. There is at least one more factor x;, for somel {1, ..., j—1}.
If [ # 1, it follows by the induction hypothesis that x; is in the image of Nf_l
(our assumption that j < 2" ensures that / is not divisible by 2"), so that x;x; =
Nf_l(le,_ly) for some y € CHZXL,,_,. Since x17,_, is in the image of the norm
map Np,/r,_,, the product x1x; is in the image of N(I)Jrl (and therefore in the image
of NilJrl for any 7).

It remains to consider the case / = 1. We show that xl2 is in the image of Ng. The
Chow group CH?X coincides with the quotient K (X)® /K (X)® of the second
term of the topological filtration on the Grothendieck ring K (X) by the third term.
The second term of the topological filtration coincides with the second term of the
gamma filtration. The third topological term contains the third gamma term and
the quotient consists of torsion elements; see [Karpenko 1998, Proposition 2.14].
Since 4 | ind A®@/4) | the quotient of the second gamma term by the third gamma
term is torsion-free by [Karpenko 1998, Proposition 4.9 with Lemma 3.10] and the

r—1

proof of Lemma 3.5. It follows that the third gamma term coincides with the third
topological term. In particular, the quotient of the topological terms is torsion-free.
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Therefore the group CH?X is torsion-free as well. So, by Remark 3.13, it is iden-
tified with 2"~'Z € Z = CH?X[,,. The image of the norm map N3 is 2"Z(3), and
x12 =222 Since r > 2, we have 2r —2 > r, showing that xl2 is indeed in the
image of Ng.

To finish the proof of the claim (and therefore the proof of Proposition 3.12),
it suffices to check that x; is also in the image of Ni’ . For odd j, this holds by
Corollary 3.11 (we recall that x; is the j-th Chern class of the tautological vector
bundle). For even j, we decompose the element Ni] (1) € CH’ X into a linear com-
bination of the degree-j monomials in xy, x2, ..., x; and check that the coefficient
A € Z ) at the monomial x; is invertible.

Let us observe that vz(Nl.j(l)L) =vy([L; : F]) =r —i. On the other hand, if A is
not invertible, then (Ax;),, is divisible by 2"~ *! because x/, is divisible by 2"~
for any element x € CH’ X; see Remark 3.13. Also M; is divisible by 2r=i+1 for
any monomial M € CH/'X inxy,...,x j—1, because M contains x; for some k not
divisible by 2/*1; x;; is then divisible by 2"~ (even if k = 1, because i > 1 since
J is even); at the same time M necessarily contains another factor x; for some
I=1,...,j—1( =kis also possible). Our assumption that j < 2" ensures that
[ is not divisible by 2", so that x;;, is divisible by 2. (]

Proof of Theorem 3.1. Let A be the central simple F-algebra corresponding to
the generic G-torsor E. By Lemma 3.6, we may assume that £/ P is the Severi—
Brauer variety X of A. By [Karpenko 2016, proof of Theorem 1.1], the ring CH X
is generated by CH!X and the Chern classes of the tautological vector bundle.
This, in particular, implies that the topological filtration on K (X) coincides with
the gamma filtration.

We start by assuming that the condition (m, n/m) < 2 fails. Then the integer
(m, n/m) is divisible by an odd prime number p or by 4. In the first case, let us
show that the group CH?(E/P) has an element of order p. The group CH?X is
isomorphic to the quotient K (X)® /K (X)® of the topological filtration on the
Grothendieck group K (X). Let L/F be a finite extension of degree prime to p
such that the index of the L-algebra A; is a p-power. Note that ind A; = p¥ ™
and exp Ay = p"»"™, so that exp A; < ind A . The change of field homomorphism
K(X)®Zp) — K(X1) ®Zp) is an isomorphism of rings with filtrations. The
topological filtration on K(X1) ® Zp) coincides with the gamma filtration. By
[Karpenko 1998, Proposition 4.7], the 2nd quotient of the gamma filtration on
K (X 1) has an element of order p. So, we get an element of order p in CH?X.

Let now assume that 4 divides (m, n/m) and prove that CH?(E /P) has an ele-
ment of order 2. We proceed as above and come to a 2-primary algebra A; with
exXp AL < % ind Ay. By [Karpenko 1998, Proposition 4.9], the 2nd quotient of the
gamma filtration on K (X ) has an element of order 2. So, we get an element of
order 2 in CH?X.
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Finally, let us assume that (m, n/m) < 2. For an arbitrary prime number p we
claim that the p-torsion of CH X is trivial. If v,(m) = 0, then p does not divide
the index of A, so that the claim is obvious. Below we assume that v, (m) > 0, in
which case v, (m) = v,(n) or p =2 and v2(m) = v2(n) — 1.

If v,(m) = v, (n), Proposition 3.2 does the job.

If p =2 and vy(m) = vp(n) — 1, we are done by Proposition 3.12. Indeed, by
[Karpenko 1998, Lemma 3.10], there exists a central simple algebra A (over a field
extension of k) of degree n and exponent m, satisfying the condition 4 | ind A®(@/¥
of Proposition 3.12, where d :=ind A. Therefore any generic algebra of degree n
and exponent m satisfies this condition. U

The following statement is an application proved similarly to Corollaries 3.9
and 3.10:

Corollary 3.14. Let X be the Severi—Brauer variety of a central simple k-algebra
A such that d :=ind A = 2exp A and 4 |ind A2“/Y . Then the torsion subgroup
Tors CH X splits off canonically as a direct summand of CH X. Furthermore, the
topological filtration on the Grothendieck ring K (X) coincides with the gamma
filtration. Moreover, for any finite product Y of any generalized Severi—Brauer
varieties of any tensor powers of A, the topological filtration on the Grothendieck
ring K (Xy(y)) coincides with the gamma filtration. O

4. Type C,

A split simple group G over k of type C, (n > 1) is isomorphic to Sp,, (the simply
connected case) or PGSp,,, (the adjoint case). The group Sp,, is special. For this
reason, we only treat the adjoint case G = PGSp,,, here.

The set of isomorphism classes of G-torsors over k is identified with the set
of isomorphism classes of central simple k-algebras of degree 2n endowed with a
symplectic involution. Let E be a G-torsor over k and let A be a corresponding
k-algebra. Since A possesses a k-linear involution, the exponent of A is 2 or A is
split. The index of A is a 2-power, a divisor of the 2-primary part of 2n. If E is
a generic G-torsor (over F D k), then exp A = 2 and ind A is the 2-primary part
of 2n.

Let P C G be a parabolic subgroup of type C,_;. Then P is special and the
variety E /P can be viewed as the variety of isotropic right ideals in A of reduced
dimension 1. But every right ideal of reduced dimension 1 is isotropic with re-
spect to any symplectic involution on A, therefore E /P, which is a priori a closed
subvariety in the Severi—Brauer variety SB(A), coincides with SB(A).

If n is not divisible by 4, then ind A divides 4 and it follows that the group
CH X of X :=SB(A) is torsion-free. In more detail, CH X is a direct sum of shifted
copies of CH X', where X' is the Severi—Brauer variety of a degree-4 central simple
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algebra A’ Brauer-equivalent to A. For i < 2 the group CH' X’ coincides with the
i-th quotient of the topological filtration on K (X”), which is torsion-free (for i = 2,
see [Karpenko 1998, Proposition 4.9], for example). The group CH>X’ = CH, X’
is torsion-free by [Chernousov and Merkurjev 2006] (originally proved in [Panin
1984]).

For any n and generic E (over F D k), it follows by Corollary 3.10 and special-
ization that the topological filtration on K (X) coincides with the gamma filtration.
Indeed, over a suitable field extension k”/k, there exists a central division algebra
A” with 2n =deg A” =ind A” =exp A”. Taking for Y in Corollary 3.10 the Severi—
Brauer variety of the tensor square of A” and setting k" := k”(Y) and A" := A},
we get that, for X’ := SB(A’), the topological filtration on K (X’) coincides with
the gamma filtration. By the index reduction formula for Severi—-Brauer varieties
[Schofield and Van den Bergh 1992] (see also [Merkurjev et al. 1996, (5.11)]),
the index of the algebra A’ is the 2-primary part of 2n and its exponent is 2. In
particular, A’ admits a symplectic involution [Knus et al. 1998, Theorem 3.1(1)
and Corollary 2.8(2)]. The pair, consisting of the algebra with a fixed symplectic
involution on it, is given by a G-torsor E’ over k’. Using specialization, we identify
K (X) with K(X’). Under this identification, the gamma filtration on K (X) is
identified with the gamma filtration on K (X’), while each term of the topological
filtration on K (X) is identified with a subgroup of the corresponding term of the
topological filtration on K (X’). Since each term of the topological filtration on
K (X) contains the corresponding term of the gamma filtration, both filtrations on
K (X) coincide.

By [Karpenko 1998, Proposition 4.9], if n is divisible by 4, the second quotient
of the gamma filtration contains an element of order 2. We have proven:

Theorem 4.1. For G :=PGSp,,, (n > 1) over any field k, let P C G be a special
parabolic subgroup and let E be a generic G-torsor over a field extension F/k.
The group CH(E/ P) is torsion-free if and only if n is not divisible by 4. Moreover,
if n is divisible by 4, the group CH>(E / P) contains an element of order 2. [l
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