Advances in Mathematics 430 (2023) 109194

journal homepage: www.elsevier.com/locate/aim

Contents lists available at ScienceDirect

Advances in Mathematics

MATHEMATICS

Equivariant algebraic K-theory, G-theory and

derived completions ™

Gunnar Carlsson®, Roy Joshua”

L))

Check for
Updates

ok

2 Department of Mathematics, Stanford University, Building 380, Stanford, CA

94805, USA

> Department of Mathematics, Ohio State University, Columbus, OH, 43210, USA

ARTICLE INFO

ABSTRACT

Article history:

Received 13 March 2022
Received in revised form 25 June
2023

Accepted 25 June 2023

Available online xxxx
Communicated by A. Blumberg

MSC:
19E08
14C35
14L30

Keywords:
Equivariant algebraic K-theory
Derived completion

In the mid 1980s, while working on establishing completion
theorems for equivariant Algebraic K-Theory similar to the
well-known Atiyah-Segal completion theorem for equivariant
topological K-theory, the late Robert Thomason found the
strong finiteness conditions that are required in such theorems
to be too restrictive. Then he made a conjecture on the
existence of a completion theorem in the sense of Atiyah and
Segal for equivariant algebraic G-theory, for actions of linear
algebraic groups on schemes that holds without any of the
strong finiteness conditions that are required in such theorems
proven by him, and also appearing in the original Atiyah-Segal
theorem. The main goal of the present paper is to provide
a proof of this conjecture in as broad a contexrt as possible,
making use of the technique of derived completion, and to
consider several of the applications.

Our solution is broad enough to allow actions by all linear
algebraic groups, irrespective of whether they are connected
or not, and acting on any quasi-projective scheme of finite
type over a field, irrespective of whether they are regular or
projective. This allows us therefore to consider the equivariant
algebraic G-Theory of large classes of varieties like all toric
varieties (for the action of a torus) and all spherical varieties
(for the action of a reductive group). Restricting to actions
by split tori, we are also able to consider actions on algebraic
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spaces. Moreover, the restriction that the base scheme be a
field is also not required often, but is put in mainly to simplify
some of our exposition. These enable us to obtain a wide
range of applications, some of which are briefly sketched and
which we plan to explore in detail in the future. In fact, we
discuss an extension of our results to equivariant homotopy K-
theory along with various Riemann-Roch theorems in a sequel.
A comparison of our results with previously known results,
none of which made use of derived completions, shows that
without the use of derived completions one can only obtain
results which are indeed very restrictive.

© 2023 Elsevier Inc. All rights reserved.
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1. Introduction

An important problem in algebraic K-theory is to understand the behavior of equiv-
ariant K-theory. This is important not only for manifestly equivariant problems, but also
for descent problems arising in non-equivariant problems over a non-algebraically closed
base field, or more generally a scheme. The problem we are considering in this paper can
be summarized as follows. Let X denote a scheme provided with the action of a linear
algebraic group G. Then let K(X, G) denote the spectrum associated to the symmetric
monoidal category of G-equivariant vector bundles on X. Next let EG — BG denote a
principal G-bundle with BG the classifying space for G in a certain sense as made clear
later on. Then the pull-back along the projection ps : EG x X — X induces a map of
spectra p; : K(X,G) = K(EG x X,G) ~ K(EG x¢g X), where EG x¢g X is the Borel
construction. The main goal of the present paper is to prove that the map p5 becomes a
weak-equivalence after a certain derived completion has been performed at the spectrum
level on K(X, G) provided one replaces the category of G-equivariant vector bundles by
the category of G-equivariant coherent sheaves.

Observe that the statement above is at the level of spectra in the familiar sense and
do not involve any equivariant spectra or equivariant homotopy theory. However, our
approach is in fact suggested by the powerful results in equivariant homotopy theory
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such as [4], [6] and the following lines should put our work in perspective. For both of
the above referenced results, one finds that the equivariant theory (equivariant topolog-
ical K-theory in the case of [4], equivariant stable homotopy theory in the case of [6])
satisfies an approximation result that asserts that the equivariant theory, after applica-
tion of a suitable notion of completion is equivalent to a homotopy fixed point set of
the equivariant theory, and the latter is equivalent to the corresponding non-equivariant
theory applied to a suitable form of the Borel construction. In the setting of topological
K-theory, the above statement reduces to the one in the last paragraph, though com-
pletion meant one on the homotopy groups till now. Homotopy fixed point sets can be
considered homotopy theoretic information, and there are standard spectral sequences
for computing them. Informally we will say that equivariant topological K-theory and
equivariant stable homotopy theory are homotopy computable. The approach to ana-
lyzing equivariant algebraic K-theory is now to ask to what extent it too is homotopy
computable. The answer we provide is that equivariant algebraic G-theory is also ho-
motopy computable, but with a somewhat different notion of homotopy fixed point set
more suited to motivic frameworks, such as those in [59] or [36], thereby also solving
affirmatively the conjecture posed in [56].

Apart from [8], derived completions have never been used in the context of the Atiyah-
Segal framework for equivariant algebraic K-theory. The focus in [8] is on actions of
profinite groups, such as the absolute Galois groups of fields, and therefore, is essentially
disjoint from the context of actions by linear algebraic groups considered in this paper.
However, work in progress by the authors suggest that the results of the present paper
may also find application even when the primary focus is actions by profinite groups,
and also may have a bearing on the Norm-Residue Theorem: see [19], [60]. We expect
our results to have a number of applications, several of which are sketched later on (see
section 6), such as equivariant forms of higher Riemann-Roch theorems, computation
of the homotopy groups of the derived completion using the motivic Atiyah-Hirzebruch
spectral sequences, as well as to equivariant forms of homotopy K-theory in the sense
Weibel: see [63].

In order to put our work in context, it seems essential to provide a quick review
of related results in the literature, with a more detailed comparison left to section 6.
The first of these are the results of Atiyah and Segal in their landmark paper in the
1960s: see [4], which we will presently recall. If X is a compact topological space pro-
vided with the action of a compact Lie group, we let K§(X) (Ko(EG xg X)) denote the
Grothendieck group of isomorphism classes of G-equivariant topological vector bundles
(the corresponding topological K-theory in degree 0 of the Borel construction EG x ¢ X,
respectively). The relationship between K§ (X) and Ko(EG xg X) was studied in this
setting in [4]. Their main result was that, under strong assumptions on X which would

imply that K§ (X) is finite as a module over the representation ring R(G), the pull-back
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p5 considered in the first paragraph induces an isomorphism between Ko(EG x ¢ X) and
the completion of K§ (X) with respect to the augmentation ideal in R(G)."

The need for such strong assumptions may be understood by recalling completions
for commutative rings. Let A denote a commutative ring with a multiplicative unit and
let I denote an ideal in A. If M is an A-module, recall that the I-adic completion of M
along I is M~ = O£1<r_nnM/ I"M. Unfortunately, the functor M — M is neither right-exact

nor left-exact, in general: see [3, Chapter 10, Proposition 10.12 ] for basic results on
completion in the Noetherian case. Therefore, one needs the higher derived functors of
the above completion functor, which are nontrivial in general, that is, when A is no
longer required to be Noetherian and/or M is no longer required to be finitely generated
over A.

For the case considered by Atiyah and Segal in [4], the ring in question is R(G) which
is Noetherian (see [45, Corollary 3.3]), so that strong assumptions on X ensure that the
R(G)-module, K§ (X) is finite, which then ensure that the completion is well-behaved.

The next results in this direction are those of Thomason, where a corresponding
relationship for the action of algebraic groups on schemes was studied by him in a series
of papers in the 1980s: see [54], [56] and [57]. In his seminal paper [56], Thomason proves
that with certain strong restrictions on an algebraic group G and scheme X with G-
action, a Bott periodic form of algebraic G-theory is indeed homotopy computable. The
result is clearly very powerful, but it suffers from two deficiencies.

(1) It requires that we deal with the Bott-element inverted algebraic G-theory with fi-

nite coefficients prime to the characteristic. While it is true that there is a strong
relationship between algebraic G-theory and its Bott-element inverted version, this
relationship is not strong enough to permit exact calculations. In fact, the Bott-
element inverted version of algebraic G-theory with finite coefficients prime to the
characteristic is essentially topological (or étale) G-theory, so that Thomason’s re-
sults are only for this form of G-theory and not for algebraic G-theory itself.
We will in fact present an example in 6.1.1 that shows that the map from equivariant
algebraic G-theory with finite coefficients to the corresponding equivariant algebraic
G-theory with the Bott-element inverted is not an isomorphism for many varieties,
so that Thomason’s results do not provide an Atiyah-Segal type completion theorem
for equivariant algebraic G-theory, but only for its topological variant, namely the
Bott-element inverted form of equivariant algebraic G-theory. Therefore, one needs
a completion theorem for equivariant algebraic G-theory itself.

(2) There are certain awkward restrictions to the result, in particular the requirement
that the scheme or algebraic space be over a separably closed base field or possibly a

! The need for completion in this setting seems to be because of the failure of compactness of EG xg X
in general. But this observation is of secondary importance for us, since the main goal of the paper is to
be able to relax the strong finiteness assumptions in the Atiyah-Segal theorem by making use of derived
completions.
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scheme with finitely generated K-groups, such as rings of integers in number fields.
Such restrictions are mainly to ensure that the forms of equivariant algebraic K-
groups that are considered are finite over R(G).

The homotopy fixed point scheme that comes up in Thomason’s results is based on a
simplicial model of the classifying space for an algebraic group, and this seems to be
enough primarily because Thomason is considering algebraic G-theory with the Bott-
element inverted. To be able to consider algebraic G-theory itself, one needs a model of
classifying spaces that is more suited to motivic contexts, such as those in [59] or [36],
which is what we consider in this paper. More details on Thomason’s theorem and his
strategy are discussed in section 6

A third and recent attempt to prove an Atiyah-Segal type theorem for equivariant
algebraic K-theory, (that is, without using finite coefficients or inverting the Bott ele-
ment) is [29, Theorem 1.2]. (See also [30].) This makes use of the usual completion of the
homotopy groups of the K-theory spectrum at the augmentation ideal of the represen-
tation ring. Though [29, Theorem 1.2] avoids Thomason’s strong hypotheses, and could
very well be the strongest result that could be obtained by the traditional completion,
it requires a number of very strong and restrictive assumptions, such as the schemes
have to be projective and smooth over a field, the groups have to be connected and split
reductive etc., which very seriously restrict its utility. (See section 6 for further details.)

In fact, Thomason clearly understood the source of the difficulties and foresaw the
key ingredients necessary to resolve them. We have the following quote from one of
Thomason’s papers (see [Th86], pp. 795-796) (slightly edited to remove references to the
context of his paper):

“This is because the isomorphisms (involving the comparison between the two types
of equivariant theories) are expressed at the superficial level of the corresponding ho-
motopy groups, rather than the deeper level of spectra, and so depend on the Ig-adic
completion process being exact on the level of the homotopy groups. This necessitates
strong finiteness assumptions which can be met only in special cases. If the proper ho-
motopy theoretic construction on the spectrum of equivariant K-theory could be found,
that would induce Ig-adic completion on the homotopy groups in nice cases, and do
something more complicated involving the derived functors of the inverse limit functor
in general, then it could be used to formulate an extension of the Atiyah-Segal comple-
tion theorem to more general settings. It would also extend the Atiyah-Segal theorem
without their finiteness hypotheses.”

The first author has constructed exactly such a homotopy theoretic construction
(called derived completion) in [7] and the results of the present paper make use of this
derived completion, following the approach conjectured by Thomason. A comparison of
our main theorems, Theorems 1.2, 1.6 below show that, they do not suffer from any of
the above restrictions that showed up in [56] or [29].

Though we state our main results only when the base scheme S is the spectrum
of a field, as pointed out above, several of our results extend to a more general setting.
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Therefore, in order to extend the validity of our results to as general a context as possible,
we will assume the following framework for the paper. The base scheme S will be a
separated Noetherian scheme which is regular. For the most part, this means S will be
the spectrum of a finitely generated algebra over a field k, which is regular. Our approach
is general enough that some of our results also extend to actions of group schemes
(especially tori) on algebraic spaces. The algebraic spaces and schemes we consider will
always be assumed to be Noetherian and separated over the base scheme S. The group
schemes we consider will be affine group schemes which are finitely presented, separated
and faithfully flat over S. When we say a group scheme G is affine, we mean that it
admits a closed immersion into some GL,, g, for some integer n > 0. Observe that any
finite group G may be viewed as an affine group-scheme over S in the obvious manner,
for example, by imbedding it as a subgroup of the monomial matrices in some GL,,.
Our main results will be stated only under the following basic assumptions.

1.1. Standing hypotheses

(i) We will assume the base scheme S is the spectrum of a perfect field k of arbitrary
characteristic p. Let H denote a not-necessarily-connected linear algebraic group
defined over k. For considering actions of such linear algebraic groups other than
split tori, we will always restrict to H-schemes X of finite type over k, for which
there exists a closed H-equivariant immersion into a regular H-scheme X of finite
type over k. When H is a split torus (or a diagonalizable subgroup of a split torus),
we will allow actions on all separated algebraic spaces of finite type over S.

(ii) We will fix an ambient bigger group, denoted G throughout, and which contains
the given linear algebraic group H as a closed sub-group-scheme and satisfies the
following strong conditions: G will denote a connected split reductive group over
the field % so that if T denotes a maximal torus in G, then R(T) is free of finite rank
over R(G) and R(G) is Noetherian. (Here R(T) and R(G) denote the corresponding
representation rings.)

(iii) The above hypothesis is satisfied by G = GL, or SL,, for any positive integer n,
or any finite product of these groups. It is also trivially satisfied by all split tori.
(A basic hypothesis that guarantees this condition is that the algebraic fundamental
group 7 (G) is torsion-free: see section 2.3.)

Next, it seems important to clarify our basic strategy as discussed in the following key
reductions 1.2 as well as Proposition 1.1 below.

1.2. Key reductions and the basic strategy
(i) Observe that any linear algebraic group H can be imbedded into G (as a closed

sub-group-scheme), where G is a general linear group (that is, a GL,,) or a finite
product of such groups. Our basic strategy is to show by the following arguments
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that we may reduce to considering the action of the ambient group G, which will
be a finite product of GL,s. Then we reduce to considering actions by a maximal
split torus, and eventually to the case of a 1-dimensional torus.

The reduction to the case where the split reductive group is a finite product of
GLy s is handled by Proposition 1.1 (which makes use of Theorem 1.6 in its proof),
while the reduction from a finite product of GL,s to a split torus is handled by
Theorems 3.6 and 4.7, and the case when the group is a split torus is handled by
Theorem 5.6.

Let X denote a scheme as in the Standing hypotheses 1.1 and provided with an
action by the not-necessarily connected linear algebraic group H. For the purposes
of this introduction, we will let K(X, H) (G(X,H)) denote the spectrum obtained
from the category of H-equivariant vector bundles (coherent sheaves) on X, though
a more precise definition is given in section 2.

Assume the above situation. Then we let G x H act on G x X by (g1,h1) o (g,2) =
(glghfl,hlm), g1,9 € G, h1 € H and x € X. Now one may observe that G x H has
an induced action on GEX (defined the same way), and that G x H acts on X

through the given action of H on X. (Here GxX denotes the quotient of G x X by
H
the action of H given by h(g,x) = (gh™!, hz).) The maps s : G x X — GxX and
H
r:Gx X — GxX =X are G x H equivariant maps and the pull-backs
G

s G(GxX,G) > G(Gx X,GxH)and r* : G(X,H) —» G(G x X, G x H)
H

(1.2.1)
are weak-equivalences of module-spectra over K(S, G x H). (See Lemma 2.7 below

for more details.) Moreover, if X is a quasi-projective scheme, then so is GxX.
H

These observations, along with Proposition 1.1 below, enable us to just consider
the equivariant G-theory and K-theory with respect to the action of the ambient
group G.

One may also observe that the induced action by the closed subgroup G x {1} of
G x H on GEX identifies with the left-action by G on GEX. Similarly the induced

action by the closed subgroup H = {1} x H on X identifies with the given action
of H on X.

If H is a connected split reductive group, then R(H) = R(T)W, where W denotes
the Weyl group of H. Therefore R(H) is Noetherian. Therefore, one may find a
closed imbedding H— GLy, x --- GL,,_ for some ny,--- ,n,, such that the restric-
tion R(GLy, % ---GLy,_ ) — R(H) is surjective, so that Theorem 1.6 below applies.
Moreover the same conclusions apply to any linear algebraic group H for which
R(H) is Noetherian.

In view of these observations, assuming the ambient group G is a finite product of
GL,,s is not a serious restriction at all.
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Recall from [52, Theorem 2.5] that if H is a connected linear algebraic group and X
is any H-scheme which is normal and quasi-projective over the base scheme S = Spec k,
one may find an H-equivariant locally closed immersion of X into a projective space P"
on which H acts linearly. Therefore, one may find an open H-stable subscheme X of this
P" into which X admits an H-equivariant closed immersion. (To see this, observe first
that one may find an open subscheme U of the above projective space into which X
admits a closed immersion. If we let V denote the image of H x U under the action map
HxP™ — P", then V is open and H-stable and contains X as a locally closed subscheme.
It suffices to show that X is in fact closed in V, which should follow from the fact that
any point of V is in the orbit of a point of U and because X is closed in U.) Clearly
such an X is regular. (It is shown in [57, p. 629] how to remove the restriction that H be
connected in the above discussion. See also 6.3.)

We will let EG8™ denote the geometric classifying space for G which is constructed
in 2.1 as an ind-object of schemes. We let pg : K(S,H) — K(S) denote the map of
commutative ring spectra defined by restriction to the trivial subgroup-scheme. (See
section 3, especially Definition 3.1 for further details.) For a prime £ # p, let p; : S —

H(Z/¢) denote the mod—¢ reduction map, where S denotes the sphere spectrum and
H(Z/¢) denotes the (usual) Z/¢-Eilenberg-Maclane spectrum. Let pg o pg : K(S,H) —
K(S )/\H(Z/E) denote the composition of pg and the mod—/¢ reduction map idgs) A pe :

(S

K(S) - K(S)\H(Z/0).
We then state the following Proposition that completes the reduction to considering
actions by the ambient group G.

Proposition 1.1. (i) Making use of the weak-equivalences in (1.2.1) as module-spectra
over K(S,G x H), one obtains the weak-equivalences:

5 e - G(GxX C) e —G(G x X, G xH) .,y and
r pexH - G(X H) PGxH E) (G X X G X H) PGxH"*

(ii) Since the restriction maps R(G x H) — R(G) = R(G x {1}) and R(G x H) —
R(H) = R({1} x H) are split-surjective, Theorem 1.6 and the observation (iii) above,
provide the weak-equivalences:

G(GxX,0) G ~ G(GXX, G) ey and G(X,H)S, ~ G(XH),

PG xH PGxH"
(i) Thus combining (i) and (i), we obtain:
G(X,H)>,, ~ G(GI>_<IX,G)APG

With the above reductions in place, we obtain the following main result.
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Theorem 1.2. Assume that the base scheme S = Spec k for a perfect infinite field k and
that X denotes any scheme of finite type over S satisfying the Standing hypotheses in
1.1 and provided with an action by the not-necessarily-connected linear algebraic group
H. Let G denote a fixed ambient linear algebraic group which is a finite product of GL,s
containing H as a closed sub-group-scheme. Let EG8™ xX denote the ind-scheme defined

H
by the Borel construction as in section 2.1. (The K-theory and G-theory of these objects
are defined in Definition 2.5.)

L L
(i) Then the map G(X,H) ~ K(S, H) K(QH) G(X,H) - K(EG&™ H) K(/S\7H) G(X,H) —
G(EG®™ x X, H) ~ G(EG&™ xX) factors through the derived completion of G(X,H)
at pa and induces a weak-equ}zl'valence
G(X,H),,>G(EGs™ ﬁ X).
The spectrum on the left-hand-side is the derived completion of G(X,H) along the
map pu. The above map is contravariantly functorial for flat H-equivariant maps.
(ii) Let £ denote a prime different from the characteristic of k. Then one also obtains
a weak-equivalence
G(X,H), 5, >G(EGs™ EX)Z
where the subscript £ denotes mod—{-variants of the appropriate spectra. (See
(3.0.11) for their precise definitions.) Therefore, one also obtains the weak-
equivalence:
G(X’ H)/;NZOPH%G(EGgm EX)/;JZ :
The spectrum on the left-side (right-side) denotes the derived completion of G(X, H)
(G(EGgmﬁX)) with respect to the composite map peopu (the map pe, respectively).

The above map is also contravariantly functorial for flat H-equivariant maps.

(iii) One obtains a weak-equivalence: G(EGgmﬁX) ~ G(EHgmﬁX), where EHgmﬁX de-
notes the ind-scheme associated to H and defined by the Borel construction as in
section 2.1.

(iv) If the group G is replaced by a split torus, and H denotes the same torus, then all
of the above results extend to the case where X is a separated algebraic space of

finite type over any base field k.

Remark 1.3. Similar to the mod-¢ variant considered in Theorem 1.2 (ii), the other key
results in this paper, such as Corollary 1.4, Lemma 5.1, Proposition 5.2, as well as
Theorems 3.6, 5.6 all have mod-¢-variants. As these may be deduced in the same manner
from the corresponding results stated integrally, we choose not to discuss these explicitly.

Before we proceed further, a few brief comments on the subtle nature of derived
completion seem to be also in order.
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(i) First, observe that a key problem with completion with respect to an ideal in a
commutative ring with unit is that, in general, it is neither left exact nor right
ezxact. Therefore, a key role of derived completion is to rectify this problem: that is,
one has to rectify the failure of both left-exactness and right exactness. This means
that a simple-minded approach by taking either a projective resolution (that is,
a cofibrant replacement) or an injective resolution (that is, a fibrant replacement)
will not suffice.

(ii) Instead, one has to combine suitable cofibrant and fibrant replacements, and also at
the same time, the resulting derived completion for spectra has to be computable
in terms of the derived completion of their homotopy groups.

(iii) As Thomason states in his conjecture, the derived completion also has to have the
derived functor of the inverse limit functor built into it. Finally, the technology to
resolve the above issues needed important improvements in the theory of spectra
and stable homotopy theory (see for example, [50], [49]) that became generally
available only during the last 15 years.

These are among the reasons, why the existence of a derived completion with desirable
properties remained a conjecture for many years and the issues were all successfully
resolved only in the 2008 paper [7] by the first author. Moreover, in order to apply those
results to the context of this paper, we have to amplify some of those results: these are
discussed in section 3 as well as in the appendices A and C. The fact that we are able to
resolve successfully all the problems discussed above with the Atiyah-Segal completion
theorem, shows the effectiveness of the derived completion.

We provide the following remarks and corollaries to clarify the range of applications
of the above Theorem.

First we would like to point out that though the statements (ii) and (iii) in Theorem 1.2
seem natural and easily provable in the case of topological K-theory, they are by no means
obvious in our setting and take some effort to be proven. See the discussion in sections
3 and 8 for details on their proofs.

Observe that any finite group H may be imbedded in a symmetric group .,,, for some
n > 0, as a subgroup, and the symmetric group ¥, imbeds into G = GL, as the closed
subgroup of all permutation matrices. Moreover, if X is any quasi-projective scheme of
finite type over k, provided with an action by H, one may imbed X as a closed H-stable
subscheme of X, which is a regular scheme of finite type over k and provided with an
action by H. (For example, one may imbed X non-equivariantly into a smooth scheme
X, making use of the quasi-projectivity assumption on X and then take the diagonal
imbedding of X into the product of copies of X indexed by H.) Then we obtain:

Corollary 1.4. (Finite group actions) Assume H is a finite group imbedded as a closed sub-

group of some GL,,. Let G = GL,. Then the map G(X,H) ~ K(S,H) K(éH) G(X,H) —
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L
GEGE™ H) A G(X,H)— GEGE x X,H) ~ G(EG#™ xX) factors through the de-
K(S,H) H

rived completion of G(X,H) at pp and induces a weak-equivalence
G(X,H) 5, >G(EGE™ xX) ~ G(EH&™ xX).
H H

The above mentioned results of Sumihiro (see [52, Theorem 2.5]) enable us to see that
Theorem 1.2 applies to all toric varieties and spherical varieties, irrespective of whether
they are regular or projective. Recall a normal variety X provided with the action of
a split torus T (of a connected split reductive group H) is called a toric variety (an
H-spherical variety) if T has only finitely many orbits on X (H and a Borel subgroup of
H both have only finitely many orbits on X, respectively). (See [14], [53].)

Corollary 1.5. (Toric varieties and Spherical varieties) Theorem 1.2 applies to all toric
varieties, with the group H denoting the given torus and to all H-spherical varieties,
where H is the given connected reductive group.

Here are some remaining features of our main Theorem.

(i) Algebraic spaces are allowed as long as the groups acting on them are split tori (or
smooth diagonalizable subgroups of them: see the discussion following Theorem 1.6
for this extension).

(ii) Our Theorem 1.7 shows that when applied to projective smooth varieties over
a field, the homotopy groups of the derived completion identify with the usual
completion of the homotopy groups, so that we recover all the results of [29] as a
corollary to our results.

(iii) Making use of our results, and combining with the usual spectral sequence relating
motivic cohomology and algebraic K-theory, we obtain a computation of the equiv-
ariant K-groups of smooth schemes after applying derived completions, in terms of
their equivariant motivic cohomology groups. We also obtain as corollaries, strong
forms of equivariant Riemann-Roch theorems valid for all normal quasi-projective
G-schemes for the action of any linear algebraic group G, and involving higher
equivariant G-theory and equivariant motivic (and other forms of) cohomology.

(iv) More details on all of these are discussed in section 6.

In fact, if one restricts to actions of split tori, one may also consider more general
base schemes than a field: but we choose not to discuss this extension in detail, mainly
for keeping the discussion simpler. The strategy we adopt to proving the above theorem
has several similarities as well as some key differences with the proof by Atiyah and
Segal (see [4]) of their theorem. Both proofs proceed by reducing to actions by groups
that are easier to understand. In our case, we first reduce to the case where the given
not-necessarily-connected linear algebraic group H is replaced by the ambient connected
split reductive group G, then this group G is replaced by a finite product of GL,s. Finally
we reduce to the case where this product of GL,s is replaced by its split maximal torus.
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In this case, an equivariant form of the Kunneth-formula as in [2] and [28] together with
some properties of the derived completion provides a proof. The key difference between
our proof and the proof of the classical Atiyah-Segal theorem is in the use of the derived
completion, which is essential for our proof. Moreover, unlike in the classical case, for a
closed sub-group-scheme H in G, the derived completion of a K(S, H)-module spectrum
with respect to the maps py : K(S,H) — K(S) and pg : K(S,G) — K(S) will be
different in general. The main exception to this is discussed in the following theorem.

Theorem 1.6. Let H C G denote a closed algebraic subgroup of the linear algebraic group
G so that the restriction map R(G) — R(H) of representation rings is surjective. Let
X denote a scheme of finite type over k, provided with an action by H and satisfying
the Standing hypotheses 1.1. Then, for any module spectrum M over K(X, H), which is
s-connected for some integer s, the derived completions of M along the augmentations
pu : K(S,H) — K(S) and pg : K(S,G) — K(S) are weakly-equivalent, where S = Spec k
denotes the base scheme.

Since the proof of this theorem is quite short, we will state it here itself.

Proof of Theorem 1.6. One observes that the hypotheses of [7, Corollary 7.11] are sat-
isfied with the ring spectrum A = K(S, G), the ring spectrum B = K(S, H) and the ring
spectrum C' = K(S). O

Here are several examples where the last theorem applies.

(i) A notable example where this Theorem finds application is Proposition 1.1, which
enables us to reduce to considering derived completions with respect to the ambient
group G.

(ii) Another example for the above situation is when H is a diagonalizable subgroup
of a split torus G. For example, the above conclusions hold if H is a finite abelian
group imbedded as a closed subgroup of a split torus.

(iii) Another is when G denotes a Borel subgroup of a split reductive group, and H is a
diagonalizable subgroup of the maximal torus contained in G.

(iv) Next assume that H is a finite group, or more generally that H is any linear algebraic
group for which R(H) is Noetherian. Since the representation ring of H (of represen-
tations over k) is Noetherian, one may imbed H into a finite product of general linear
groups, GL,,, - ,GL,, so that the induced map R(GL,, x --- x GL, ) — R(H)
is surjective. Therefore, the above theorem applies in this case as well, where
G=GL,, x - xGL,,.

[57, Proposition 4.1] shows the analysis in [45, Corollary 3.3] carries over to show that
the representation ring of any linear algebraic group over any algebraically closed field
of characteristic 0 is Noetherian. [46] shows that for any connected split reductive group
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G defined over a field, the representation ring R(G) is Noetherian. One may observe as
a direct corollary to the above remarks and the last statement in Theorem 1.2, that our
results extend to actions of all smooth split diagonalizable group schemes on schemes
and algebraic spaces of finite type over k.

We also provide the following theorem, which shows when the derived completions
reduce to the usual completions at the augmentation ideal.

Theorem 1.7. (i) Let G denote a connected split reductive group satisfying our Standing
hypotheses 1.1 acting on a projective smooth scheme X over the field k. Then one obtains
the isomorphism: m,(K(X, G) ) = m.(K(X, G)) 1, where the term on the right denotes
the completion of m.((K(X,G)) at the augmentation ideal I C R(G).

(ii) If G is any connected split reductive group acting on the projective smooth scheme
X owver the field k and GL, denotes a general linear group containing G as a closed
subgroup-scheme, then m.(K(X, G) e, ) = m(K(X, G)) 7, -

This paper originated in our efforts to provide a proof of the descent conjecture for the
K-theory of fields due to the first author: see [8]. It is also motivated by a similar derived
completion theorem proven there for actions of profinite groups, making use of another
model for the classifying spaces. In that framework, one needs to consider representation
rings of profinite groups, which are in general, non-Noetherian. In the present framework,
since the representation rings of linear algebraic groups are Noetherian, the need for
derived completion is only so as not to put any strong restrictions on the schemes whose
equivariant K-theory and G-theory we consider.

Here is an outline of the paper. We review the basic properties of equivariant K-theory,
G-theory and the geometric classifying spaces of linear algebraic groups in section 2.
Section 3 is devoted to establishing several basic results on derived completion that
we use in later sections of the paper. This supplements the results of [7] on derived
completion, with the main result being Theorem 3.6. Sections 4 and 5 are devoted to a
detailed proof of Theorems 1.2 and 1.6, with section 4 discussing the reduction to the
case where the group is a split torus, making strong use of Theorem 3.6. In this section,
we also re-interpret Theorem 1.2 in terms of pro-spectra. Section 5 discusses the proof
of Theorem 1.2 for the action of a split torus. We point out that several results in this
section hold more generally for actions on algebraic spaces, though still over a base field.
Section 6 discusses several examples and compares our results with earlier results in the
literature. We also provide a proof of Theorem 1.7. It also discusses various applications
such as computing the completed equivariant G-theory in terms of equivariant motivic
cohomology as well as equivariant Riemann-Roch theorems. These should show the power
and utility of our techniques. The appendices A though C discuss various results of a
technical nature: Appendix A discusses the passage between Eilenberg-Maclane spectra
and chain complexes, Appendix B discusses the role of motivic slices in establishing key
properties of Borel-style equivariant K-theories and Appendix C contains supplementary
technical results.
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1.3. Basic conventions and terminology

(i) The main framework we need to work in can be readily understood by observing
that, if H is a linear algebraic group acting on the algebraic space X, the spec-
tra K(X,H) and G(X,H) considered in (2.0.1) are S'-spectra in the usual sense:
in particular they are not equivariant spectra in the sense of [32] for example.
This is because they are obtained by applying the (well-known) construction of
Waldhausen K-theory to the category of perfect complexes and pseudo-coherent
complexes of H-equivariant Ox-modules. Observe that here S' denotes the simpli-
cial 1-sphere, which clearly has no action by H.?

We will let Sptg: denote the category of S'-symmetric spectra throughout the
rest of the paper. The reason for this notation will become clear from the discussion
in (v) and (vi) below. One may observe that the sphere spectrum considered in [49]
(see also [24]) is the sequence of spaces {S"|n > 0}, where S™ denotes the simplicial
n-sphere provided with the action of the symmetric group ¥,: we will denote this
by S. This spectrum has the structure of a commutative ring spectrum, any object
X € Sptg: is then a module spectrum over S and vice-versa. In fact the category
Sptg: of Sl-symmetric spectra is symmetric monoidal under smash product, and
the unit of this category is the symmetric sphere spectrum S. Thus the category
of module spectra over S is synonymous with the category Sptq: and therefore, all
the results of [49] and [47] carry over to Sptg:.

In particular, it comes equipped with a stable model structure that is cofibrantly
generated and compatible with the closed symmetric monoidal structure given by
the smash product, making it a monoidal model category satisfying the monoidal
axiom as in [47, Definitions 3.1, 3.3]. It is also well-known (see, for example [16,
Appendix]) that Sptg: contains the K-theory spectra associated to any category
with cofibrations and weak-equivalences in the sense of [62]. Therefore, all the
constructions involved in the derived completion can be carried out in Sptg:.

(ii) We will make extensive use of the model structures defined in [47, Theorem 4.1]
to produce cofibrant replacements for commutative algebra spectra over a given
commutative ring spectrum. The commutative ring spectra that show up in the
paper are largely the K-theory spectra associated to the actions of a linear algebraic
group.

(iii) In addition, we will also need to consider the usual Eilenberg-Maclane spectra
associated to commutative rings. (This is discussed in detail in Appendix A.) Let R
denote such a commutative ring and let Alg(R) denote the category of commutative
algebras over R. In this case we will consider the free-commutative algebra functor
to find a simplicial resolution of a commutative R-algebra S, and use it defines a

2 This is also entirely similar to the version of equivariant topological K-theory defined by Atiyah and
Segal in [4]: that is the topological K-theory of a category of equivariant topological vector bundles each of
which is provided with an action by the given fixed group.
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commutative algebra spectrum H(S) which will be a cofibrant replacement of H(S)
in the model category of module spectra over H(R). See the proof of Theorem 3.6
and A.0.3 for more details on this technique.

(iv) Let Sptg: denote the category of Sl-symmetric spectra as in (i), and let T denote
a small category. Then we provide the category of diagrams of spectra of type I,
Sptf.;l, with the projective model structure as in [5, Chapter XI]. Here the fibrations
(weak-equivalences) are maps {f* : K* — L'|i € I} so that each f? is a fibration
(weak-equivalence, respectively) with the cofibrations defined by the lifting prop-
erty with respect to trivial fibrations. Since the homotopy inverse limit functor is
not well-behaved unless one restricts to fibrant objects in this model structure, we
will always implicitly replace a given diagram of spectra functorially by a fibrant
one before applying the homotopy inverse limit. If {K|i € I} is a diagram of spec-
tra, holim{ K*|i € I} actually denotes holim{R(K?)|i e I} where {R(K")|i ¢ I} is a
fibrant replacement of {K?|i e I} in Spti:.

(v) Let Smg denote the category of smooth schemes of finite type over the given base
scheme S, which one may recall is assumed to be separated, Noetherian and regular.
Now Sptgi(Smot) Will denote the category of presheaves of S'-symmetric spectra
on the category Smg provided with the Nisnevich topology and where the affine line
Al is inverted. Model structures on the category Sptg: (Smot) are discussed in [11].
Observe that if X' denotes a fibrant object in Sptg: (Smot ), and X is a smooth scheme
of finite type over S, sending X — T'(X, X) defines a functor Sptg: (Smot) — Sptg:.
Since the spectrum representing algebraic K-theory X — K(X) as in (i) is Al-
invariant and satisfies Nisnevich excision when restricted to smooth schemes X, it
defines a fibrant object in Sptg:(Smoet). As a result we are able to apply motivic
arguments to this functor.

As pointed out in Remark 2.6, the only place we need to invoke motivic spectra
is in order to prove that the Borel-style equivariant K-theory is independent of the
choice of the geometric classifying space as in (2.1.4). Here we will use the fact that
the non-equivariant algebraic K-theory spectrum is a fibrant motivic S'-spectrum
(that is, it is a presheaf of S'-spectra which is Al-invariant and satisfies Nisnevich
excision when restricted to smooth schemes over the base scheme S) and is —1-
connected when restricted to smooth schemes over the base scheme S, so that we
can apply the slice tower to it. See Appendix B.

(vi) The discussion in the last paragraph should also explain why we use the notation
Sptg: in (i): this is mainly to avoid any confusion with motivic P!-spectra, which
are also commonly used in the motivic contexts.
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2. Equivariant K-theory and G-theory: basic terminology and properties

Throughout the paper we will let G denote a split reductive group satisfying the
Standing hypotheses in 1.1, quite often this being a GL,, or a finite product of GL,s. Let
H denote a closed linear algebraic subgroup of G. (In particular it is a smooth group-
scheme over the base field.) Let X denote a separated algebraic space or scheme over S
provided with an action by H.

Let Pscoh(X,H) (Perf(X,H)) denote the category of pseudo-coherent complexes of
H-equivariant O x-modules with bounded coherent cohomology sheaves (the category of
perfect complexes of H-equivariant O x-modules, respectively). Recall that a complex
of H-equivariant Ox-modules is pseudo-coherent (perfect) if it is quasi-isomorphic lo-
cally on the appropriate topology on X (that is, if X is a scheme, we use the Zariski
topology, and if X is an algebraic space, and not a scheme, we use the étale topol-
ogy) to a bounded above complex (a bounded complex, respectively) of locally free
Ox-modules with bounded coherent cohomology sheaves. We provide these categories
with the structure of bi-Waldhausen categories with cofibrations, fibrations and weak-
equivalences by letting the cofibrations be the maps of complexes that are degree-wise
split monomorphisms (fibrations be the maps of complexes that are degree-wise split epi-
morphisms, weak-equivalences be the maps that are quasi-isomorphisms, respectively).
G(X,H) (K(X,H)) will denote the K-theory spectrum obtained from the above bi-
Waldhausen category structure on Pscoh(X, H) (Perf(X, H), respectively).

One may also consider the category Vect(X,H) of H-equivariant vector bundles on
X. This is an exact category and one may apply Quillen’s construction to it to produce
another variant of the equivariant K-theory spectrum of X. If we assume that every H-
equivariant coherent sheaf on X is the H-equivariant quotient of an H-equivariant vector
bundle on X, then one may observe that this produces a spectrum weakly-equivalent to
K(X, H): see [58, 2.3.1 Proposition] or [27, Proposition 2.8]. It follows from [54, Theorem
5.7 and Corollary 5.8] that this holds in many well-known examples. It is shown in
[26, section 2] that, in general, the map from the K-theory spectrum to the G-theory
spectrum (sending a perfect complex to itself, but viewed as a pseudo-coherent complex)
is a weak-equivalence

K(X,H) ~ G(X,H) (2.0.1)

provided X is regular. In general, such a result fails to be true for the Quillen K-theory of
G-equivariant vector bundles, which is the reason for our preference to the Waldhausen
style K-theory and G-theory considered above.

We will nevertheless make the assumption that every H-equivariant coherent sheaf
on the base scheme S is the H-equivariant quotient of an H-equivariant vector bundle.
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(Recall that, for some parts of the paper, we do not require the base scheme to be the
spectrum of a field and that, nevertheless, we require that it be always a Noetherian
regular scheme.) This hypothesis is clearly satisfied if the base scheme is the spectrum of
a field and more generally if the base-scheme is the spectrum of a Noetherian regular ring
and the algebraic group H is split reductive: see [54, Corollary 5.2]. It now follows from the
hypotheses that K(S, H) is weakly-equivalent to the Quillen K-theory of H-equivariant
vector bundles on S and that one obtains the weak-equivalence G(S,H) ~ K(S, H).

If ¢ is a prime different from the residue characteristics, py : S — H(Z/¢) will denote
the obvious map from the sphere spectrum to the mod—¢ Eilenberg-Maclane spectrum.

2.1. The geometric classifying space

We begin by recalling briefly the construction of the geometric classifying space of a
linear algebraic group: see for example, [59, section 1], [36, section 4]. Let H denote a lin-
ear algebraic group over S = Spec k, that is, a closed subgroup-scheme in GL,, over S for
some n. For a (closed) embedding i : H — GL,, the geometric classifying space Bgy, (H; 1)
of H with respect to ¢ is defined as follows. For m > 1, let EH&™™ = U, (H) = U(A™™) be
the open sub-scheme of A™™ where the diagonal action of H determined by 1 is free. By
choosing m large enough, one can always ensure that U(A™) is non-empty and the quo-
tient U(A™™)/H is a quasi-projective scheme: see the discussion following Definition 2.1,
where a more detailed discussion of the geometric classifying spaces appears.

Let BH&™™ = V,,,(H) = U, (H)/H denote the quotient S-scheme (which will be a
quasi-projective scheme) for the action of H on Uy (H) induced by this (diagonal)
action of H on A™"; the projection Uy, (H) — Vy,(H) defines Vy,(H) as the quo-
tient of Uy (H) by the free action of H and Vy,(H) is thus smooth. We have closed
embeddings Uy, (H) = Up41(H) and Vi, (H) = Vg1 (H) corresponding to the embed-
dings Id x {0}: A™™ — A" x A", We set EH®™ = {U,,(H)|m} = {EH&™™|m} and
BH#™ = {V,,(H)|m} which are ind-objects in the category of schemes. (If one prefers,
one may view each EH®™™ (BH&™™) as a sheaf on the big Nisnevich (étale) site of
smooth schemes over k and then view EH8™ (BH&™) as the corresponding colimit taken
in the category of sheaves on (Sm/S) ;s or on (Sm/S)e:.)

Given a scheme X of finite type over S with an H-action satisfying the Standing
hypotheses 1.1, we let Um(H)ﬁX denote the balanced product, where (u,z) and (ug™!, g)

are identified for all (u,z) € Uy x X and ¢ € H. Since the H-action on Uy, (H) is free,
U (H)xX exists as a geometric quotient which is also a quasi-projective scheme in this
H

setting, in case X is assumed to be quasi-projective: see [35, Proposition 7.1]. (In case X
is an algebraic space of finite over S, the above quotient also exists, but as an algebraic
space of finite type over S.)

It needs to be pointed out that the construction of the geometric classifying space
is not unique in general. When X is an algebraic space or a scheme in general, we will
let {Um(H)ﬁX\m} denote the ind-object constructed as above for a chosen ind-scheme
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{Un(H)|m > 0}. When X is restricted to the category of smooth schemes over Spec k,
one can apply the result below in (2.1.4) to show that the choice of the ind-scheme
{Un(H)|m > 0} is irrelevant, as long as it satisfies the hypotheses in Definition 2.1.

Next we recall a particularly nice way to construct geometric classifying spaces
through what are called admissible gadgets.

Definition 2.1. (Admissible gadgets) (See [36, 4.2] and also [29, 3.1].) The first step in
constructing an admissible gadget is to start with a good pair (W, U) for G: this is a
pair (W, U) of smooth schemes over k where W is a k-rational representation of G and
U € W is a G-invariant non-empty open subset which is a smooth scheme with a free
action by G, so that the quotient U/G is a scheme. It is known (cf. [59, Remark 1.4]) that
a good pair for G always exists. The following choice of a good pair is often convenient.
Choose a faithful k-rational representation R of G of dimension n, that is, G admits a
closed immersion into GL(R). Then G acts freely on an open subset U of W = Endk(R).
(Observe that if R = k®", W = R¥". Now one may take U = GL(R).) Let Z = W \ U.
A sequence of pairs {(W;, U;)|i > 1} of smooth schemes over k is called an admissible
gadget for G, if there exists a good pair (W, U) for G such that W; = W*' and U; CW;
is a G-invariant open subset such that the following conditions hold for each ¢ > 1.

(1) (U; x W)U (W x U;) C Ujyq as G-invariant open subsets.

(2) {codimy,,, (Uiy1 ~ (U; x W))[i} is a strictly increasing sequence,
that is, codimy,,, (Uit2 N (Uiy1 x W)) > codimy,_, (Uir1 ~ (U x W)).

(3) {codimw, (Wi~ Uj)|i} is a strictly increasing sequence,
that is, codimw,,, (Wit1 \ Uiy1) > codimyy, (W; \ Uj).

(4) U; is a smooth quasi-projective scheme over k with a free G-action, so that the
quotient U;/G is also a smooth quasi-projective scheme over k.

A particularly nice example of an admissible gadget for G can be constructed as
follows. Given a good pair (W, U), we now let

W, =W Uy =Uand EG# = Uy = (Ui x W)U (W x Up) fori>1, (2.1.1)
where Uiy is viewed as a subscheme of WX Observe that
EGE™ = Ui =Ux WIUWx Ux WL y...uW* x U. (2.1.2)

Setting Z1 = Z and Ziy1 = Uiy ~ (U; x W) for ¢ > 1, one checks that W; \ U; = VAS
and Zi, =Z% xU. In particular, codimw, (W;~U;) = i(codimw(Z)) and
codimy,, (Ziy1) = (i + 1)d — i(dim(Z)) — d = i(codimw(Z)), where d = dim(W).
Moreover, U; — U; /G is a principal G-bundle and that the quotient V; = U;/G exists as
a smooth quasi-projective scheme (since the G-action on U is free and U/G is a quasi-
projective scheme). We will often use EG8™! to denote the i+ 1-th term of an admissible
gadget {U;li}.
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In particular if G = GL,,, one starts with a faithful representation on the affine space
V =A" Let W=End(V) and U = GL(V) = GL,.

In case G = T = G2, ET®™! will be defined as follows. Assume first that T = Gyy,.
Then one may let ET#™! = Al — (0 with the diagonal action of T = G, on Al
Now BTe™! = P! which clearly has a Zariski open covering by i + 1 affine spaces, each
isomorphic to Af. If T = G2, then

ETe™! = (AT — 0)*» (2.1.3)

with the j-th copy of G,, acting diagonally on the j-th factor A'*? — 0. Now BT&™ =
(Pi) xn.
Next we consider the following preliminary result.

Proposition 2.2. If G = GL,, a finite product of GL, s or a split torus, then there exists a
finite Zariski open covering, {Va|a} of each BGE™! with each V,, being Al-acyclic, that
is, each Vo has a k-rational point p,, so that Vi, and p, are equivalent in the A'-homotopy
category. In fact, one may choose a common k-rational point p in the intersection of all
the open V. Moreover, in all three cases, one may choose a Zariski open covering of
BG&™i of the above form, to consist of i + 1 or more open sets.

Proof. We will recall the construction of the geometric classifying spaces BG&™! given
above. Observe that when G = GL,, U = GL, so that

EGE™! = Ui, = GLy xWXUW x GL, xW* =1 U... UW*! x GL,

Therefore BG8™ is covered by the Zariski open cover V; = GL, x WXV, =
GL,

W x GL, xWXi=1 ... Vi = WX x GL, each of which is isomorphic to W*! and

n Ln

hence A'-acyclic. Observe that there are exactly 7 + 1-open sets in this cover. Moreover,
one may choose a k-rational point ¢ ¢ GL,, = U and let p’ = (¢, ,q) ¢ W**! denote a
k-rational point. Clearly this belongs to EG8™! and provides a common k-rational point
in the intersection of the above open cover of BG#™i. When G = GLy, x -+ x GLy,,
one may take for BG®#™ = BGLE™™ x --- x BGLE™™, so that the conclusion is also
clear in this case.

If T = G2, then recall ET#™! = (A*1 — 0)*" with the j-th copy of G,, acting on
the j-th factor Ai*t —0. Now BT&™1 = (P1)*". The conclusions are clear in this case as
well. O

Remark 2.3. Let G = T = G. Now we have already two constructions for ET#™!. The
first, which we denote by ET&%1(1) starts with ETe™!(1) = GL, with the successive
ETe™1(1) obtained by applying the construction in (2.1.1) with ET#™i(1) = E GL&™"
Let ET#™1(2) denote the second construction with ET8™! = (A1 — 0)*. The explicit re-
lationship between two such constructions is often delicate. But as shown in Appendix B,
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the equivariant Borel-style generalized cohomology is independent of the choice of the
ind-scheme {EG&™™|m} used in defining a Borel-style generalized cohomology, at least
on considering smooth schemes of finite type over k.

Example 2.4. Assume H is a subgroup of ¥,,, which is the symmetric group on n-letters.
Then one may choose Uy, (2n) = {(xi,- -+ ,xn) € (A™)"|x; # x;,1 # j}, since the action on
this Uy, (X2,) by the symmetric group 3, is free.

Definition 2.5. (Borel style equivariant K-theory and G-theory) Assume first that

H is a linear algebraic group or a finite group viewed as an algebraic group by

imbedding it in some GL,. We define the Borel style equivariant K-theory of X

to be K(EH&" xX) = holimK (U, (H)xX). G(EH8™xX) is defined similarly by ob-

serving that the closed imbeddings Uy, (H)xX — Upy,41(H)xX are all regular closed
H H

imbeddings, and that, therefore the corresponding pull-backs are defined at the level
of G-theory. If ¢ is a prime different from the characteristic of the field k, then
K(EH®" xX)",, = ho}_imK(Um(H)xX)Am. G(EH®#™ xX)",, is defined similarly.

H o04—m H H

Since the H-action on EH®™ is free, one obtains the weak-equivalences:
K(EHs™ x X, H) ~ K(EH8™ xX), G(EH™ x X,H) ~ G(EH3™ xX)
H H
and similarly for the p,-completed version.
Next we make the following observations.

o Let {EH®™™|m} denote the ind-scheme defined above associated to the algebraic
group H. Then if X is any scheme or algebraic space over k, viewing every-

thing as simplicial presheaves on the Nisnevich site, we obtain lim EH®™™xX =
m—oo H

( lim EHe™™)xX = EH&™ xX. (This follows readily from the observation that the
m—o0o H H
H action on EH®™™ is free and that filtered colimits commute with the balanced
product construction above.)

o It follows therefore, that if E is any A!-local spectrum and X is a smooth scheme of
finite type over k, then one obtains a weak-equivalence:

Map(Xg? (EH®™ xX) 4, E) = holim{Map(3g (EH®™ ™ x X)), E)|m}.
H co+m H

where Map( , E') denotes the simplicial mapping spectrum. (This is the space of global
sections of the internal hom Map( , ) in Sptg:(S), considered in (8.0.1).) It is shown
in Appendix B, making use of the properties of motivic slices that for any two differ-
ent models of geometric classifying spaces given by {EH®™™|m} and {E\I:Igm)m|m}, one
obtains a weak-equivalence for any A!-local spectrum E and any smooth scheme X:

gm,m

holim{Map (3 (EH™ " xX)4, E)|m} = holim{Map(£g (EH/™" xX), E)|m}.
o0—m H o04—m H

(2.1.4)
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Remark 2.6. It may be worth pointing out that the only need to restrict to schemes
satisfying the Standing hypotheses as in 1.1 is to be able to reduce G-theory to K-theory
for regular schemes, where one may make use of the above arguments to show the Borel
style equivariant K-theory (and hence Borel-style equivariant G-theory) is independent
of the choice of the geometric classifying spaces. This is essential, since in the proof
of Theorem 1.2 one needs to use two different models of geometric classifying spaces
for the action of a maximal torus T in a split reductive group G, one of these being
{EH&™"™ /T|m} and the other being {ET#™™ /T|m}. It is only in this step that we need
to invoke motivic arguments. If one restricts to actions of split tori, then one may use a
single model of the geometric classifying space, namely {ET#™™ /T|m}, and therefore,
Theorem 1.2 holds for actions of split tori on all separated algebraic spaces of finite type
over any base field.

2.2. Key properties of equivariant K- and G-theories

All of the properties below extend to the py-completed versions though we do not state
them explicitly. Throughout X will denote an algebraic space of finite type over S, ex-
cept in statements that involve comparison of two distinct models of geometric classifying
spaces, where it is required to be a scheme satisfying the Standing hypotheses in 1.1. One
may also consider the Quillen style K-theory of the abelian category of H-equivariant co-
herent sheaves on X. This will always produce a spectrum weakly-equivalent to G (X, H):
see, for example, [27, Proposition 2.7].

Lemma 2.7. Assume as in (1.2.1) that X is provided with an action by the linear algebraic
group H and that G is a bigger linear algebraic group containing H as a closed subgroup
scheme. Then one obtains the commutative diagram

K(S,G x H) G&WX(D““‘H(HGHXAD

A
idAs™ J/ S*J/

K(S,GxH)AG(G x X,G x H) G(G xX,G x H)

idAr™* T r* T

K(S,GxH)AGX,H) — ' G(X,H),

where the maps r and s are as in (1.2.1). Moreover both the maps s* and r* are weak-
equivalences.

Proof. One may consider the corresponding diagram of tensor-product pairings of cate-
gories of equivariant vector bundles (or perfect complexes of equivariant O-modules) and
equivariant coherent sheaves: then one may readily see that such a diagram commutes.
The commutativity of the diagram in Lemma 2.7 follows. The fact that s and r are
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weak-equivalences follows from descent theory applied to the corresponding categories

of equivariant coherent sheaves. 0O

(1)

(iii)

Let H denote a closed subgroup scheme of G. Then, as observed above, one ob-
tains the weak-equivalences: G(X, H) ~ G(GEX’ G) and K(X,H) ~ K(GEX, G).
Under the same hypotheses, one also obtains the weak-equivalences of inverse
systems (that is, a weak-equivalence on taking their homotopy inverse lim-
its): {K(EHgm’mﬁXﬂm} ~ {K(EGgm’méGﬁXﬂm} and {G(EHgm’mﬁXﬂm} o~
{G(EGgm’méGﬁXﬂm}. (These follow readily in view of the results in Appendix

B, and the property (vii) below, which shows how to reduce to the case X is a
regular scheme.)

For the remaining items (ii) through (vi), we will assume that the action of the
subgroup H on X extends to an action by the ambient group G. Moreover, where
these properties are used is in section 4, where G will denote a split reductive group,
and H will denote either a Borel subgroup or a maximal split subtorus.

The G-equivariant flat map 7= : GxX — X, (gh~!,hz) — gh 'hez = gz in-
H
duces maps 7 : G(X,G) —» G(GxX,G) ~ G(X,H), 7* : G(EGE™™xX) —
H G
G(EG8™™x (GxX)) which identify with the corresponding maps obtained by re-
G H
stricting the group action from G to H.

In view of the above properties, given any linear algebraic group G, we will fix a
closed imbedding G — GL,, for some n and identify G(X, G) with G(GL,, xX, GL,,),
G

K(X,G) with K(GL, xX, GLy,),
G

G(EG#™ xX) with G(EGL,#™™ x (GL, xX)) and
G GL, G

K(EG#™™ xX) with K(EGL,#™™ x (GL, xX)).
G GLn G

Next assume that G is a split reductive group over S and H = B, that is, H is a Borel
subgroup of G. Then using the observation that G/B is proper over S and R"r, =
0 for n large enough, one sees that the map 7 also induces push-forwards 7, :
G(G§X7 G) - G(X,G) and 7, : G(EGgm’méGgX) — G(EGgm’méX), induced
by the derived direct image functor Rm.. (Such a derived direct image functor
may be made functorial at the level of complexes by considering pseudo-coherent
complexes which are injective Ox-modules in each degree, or by using the functorial
Godement resolution.)

Assume the above situation. Then the projection formula applied to Rm, shows
that the composition Rr.m*(F) = F ® RW*(OGEX) ~ F'| since

Rnﬂ'*(OGXx) = Ox, if n=0 and (2.2.1)
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=0, ifn > 0.

It follows that 7* is a split monomorphism in this case, with the splitting provided
by m«. (See [57, Theorem 1.13]. See (4.0.10) where this is applied to reduce equiv-
ariant G-theory with respect to the action of a split reductive group G to that of
a Borel subgroup B and hence to that of a maximal torus T.)

(vi) Assume the situation as above with T = the maximal torus in G. Then
B/T = R, (B)= an affine space. Now one obtains the weak-equivalences:

G(X,B) ~ G(BxX,B) ~ G(X,T) and G(EB#"™ xX) ~ G(EB&™™ x BxX)
T B B T

~ G(EB#™™xX)
T

where the first weak-equivalences are from the homotopy property of G-theory and
the observation that Ry (B) is an affine space over S.

(vii) Next assume that X is a scheme satisfying the Standing hypotheses as in 1.1. Let
i : X — X denote an H-equivariant closed immersion into a regular H-scheme. Then
one obtains the weak-equivalence: G(X, H) ~ (hofib(i* : K(X,H) — K(X — X, H)))
where hofib denotes the canonical homotopy fiber. Similarly, for each non-negative
integer m, G(EH&s™™ EX) is weakly-equivalent to the canonical homotopy fiber of

the restriction i* : K(EH&™ ™ xX) — K(EH2™™ x (X — X)). These identifications
H H

enable us to readily extend the main results of this paper to schemes that are not
regular, but satisfy the Standing hypotheses 1.1.

2.8. Properties of the representation ring: the algebraic fundamental group of a split
reductive group

First recall that the algebraic fundamental group associated to a split reductive group
G over the base field k£ with maximal torus T may be defined as A/X(T), where A (X(T))
denotes the weight lattice (the lattice of characters of T, respectively): see for example,
[34, 1.1]. Then it is observed in [34, Proposition 1.22], making use of [51, Theorem 1.3],
that if this fundamental group is torsion-free, then R(T) is a free module over R(G).
Here R(G) (R(T)) denotes the representation ring of G (T, respectively). Making use of
the observation that SL, is simply-connected (that is, the above fundamental group is
trivial), for any n, one may conclude that 7 (GL,,) = m1(G,,) = Z where G,,, denotes the
central torus in GL,,. Therefore R(T) is free over R(GL,), where T denotes a maximal
torus in GL,,.

3. Derived completions

In this section, we begin by reviewing some of the basic results from [7] and then go
onto establish several supplemental results on the derived completion which will play
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a key role in later sections of the paper. The essential use of derived smash products
in Proposition 5.2 and Theorem 5.6, which play a key-role in our results, make the
framework of the derived completions as worked out in [7] the appropriate framework
for this paper. (See also [15] for related results.)

Let f : B — C denote a map of commutative ring spectra in Sptg: which are both —1-
connected and let C' denote a cofibrant replacement of C' in the category of commutative
algebra spectra over B. Let Mod(B) (Mod(C)) denote the category of module spectra
over B (C, respectively). Then one defines a triple Mod(B) — Mod(B) by sending a

B-module spectrum M to M/};C’, which belongs to Mod(é’), and then by sending it to

the corresponding B-module spectrum using restriction of scalars from C' to B. Iterating
this defines a cosimplicial object T3(M,C) in Mod(B) whose n-th degree term is the
iterated smash product:

L L
We will often denote this object as M QC’ e QC’, meaning that an implicit choice of a

cofibrant replacement of C' has been made. Similarly T3(M,C) will often be denoted
T5(M,C), meaning an implicit choice of a cofibrant replacement of C' has been made.

Definition 3.1. In this set-up, the derived completion of M along f is defined to be the
homotopy inverse limit: hoiim T5(M,C) and often denoted M .

The derived completion is therefore a completion with respect to the above triple in the
sense of [40].

Remark 3.2. Let Alg(B) denote the category of commutative algebra spectra over B.
Observe that in the model structure on Alg(B) defined in [49], the weak-equivalences
are maps in Alg(B) which are stable equivalences of symmetric spectra and that any
cofibrant object in Alg(B) is also cofibrant in Mod(B). Observe also that the weak-
equivalences in Mod(B) are maps in Mod(B) which are stable equivalences of symmetric
spectra. Therefore first observe that if C' is chosen as above, then it is also a cofibrant
replacement of C' in Mod(B). Therefore, if C' € Alg(B) is such that it is a cofibrant
replacement of C in Mod(B), then for any M € Mod(B), one obtains a weak-equivalence
between M /}%CNv and M /E>CA’ as well as between the corresponding iterated smash products

with €' and C over B. Therefore, one may also define the cosimplicial object TS (M, C)
using C in the place of C. This observation will be used in the proof of Theorem 3.6.
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3.0.1. Partial derived completions
The partial derived completion of M along f up to order m will be defined to be the
hAolimTSmTé(M, C), where 1<, T3(M,C) = {Ti(M,C)}i < m}. This will be denoted
<m

M.
Let I denote the homotopy fiber of f. This is a B-module spectrum and it is observed
in [7, Corollary 6.7] that one obtains the stable cofiber sequence:

mtl oo
(A Ip)AM — M — holim7<,,, T5(M,C) = M 7, (3.0.2)
Bi—y B Dem =

Given a commutative ring R (a module M over R) H(R) (H(M), respectively) will
denote the Eilenberg-Maclane spectrum associated to R (M, respectively) as in Appendix
A. (Recall that H(R) (H(M)) has a single non-trivial stable homotopy group in degree 0,
where it is R (M, respectively).) Then one observes readily that H(R) is a commutative
connected ring spectrum with H(M) a module-spectrum over H(R).

Lemma 3.3. Suppose R is a commutative Noetherian ring with I an ideal in R so that
I is flat as an R-module. Let M be a flat R-module. Then one obtains the following
weak-equivalences, where f : H(R) — H(R/I) denotes the map induced by the map
R— R/I:

L mtl L rmtloop
A H(I)) A HM) ~H NHeM d 3.0.3
(o, B HOD < H(E~ DEM) an (303)

H(M) §.m = fgimfgm’f}im)(H(M ), H(R/I))
~ H(_lim {M/T"k <m+1})

where one makes use of the free resolutions by the free commutative algebra functor
discussed in A.0.5 to define the truncated cosimplicial object T<m T gy (H(M), H(R/I)).

Proof. In view of the flatness assumptions, the spectral sequence computing the derived
smash products of the left-hand-side in (3.0.3) degenerates. This proves the first weak-
equivalence: observe that the flatness assumptions imply the left-derived functors of the
tensor product there may be replaced by the tensor product. Next observe that the

m—+1
—_— m+1
L L —_——~
iterated derived tensor product M®1I - - - @I identifies with M®I ---®I = M @ I"™*! for
R R R R

m—+1
similar reasons, and that therefore, these maps injectively to M ® R--- @R = M. Then
R R

the resulting inverse system {M ® R/I* = M/(I*M)|k} has surjective transition maps
so that there are no lim!'-terms. This provides the second weak-equivalence. O
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Remark 3.4. A corresponding result for the completion M +— M7, for M a finitely
generated R-module, is proven in [7, Theorem 4.4] which holds more generally without
any of the flatness assumptions above. However, that proof does not apply to partial
derived completions: hence the need for the above result.

3.0.4. Basic spectral sequences and reduction to derived completions of modules over
7ings

If M is an s-connected module spectrum over B, (for some integer s) there exist
convergent second quadrant spectral sequences:

B = 7 pop(H(m (M) H(ro(r)) = Tatp(M ), (8.0.5)
BV = Tgiop(H(m—p (M) m) = Tgp(M m).-

The first is discussed explicitly in [7, Theorem 7.1] and the second is obtained in an
entirely similar manner using [7, Proposition 7.7 and Corollary 7.8]. One may want
to observe that one cannot, in general, identify the E%'?-terms for the partial derived
completion with 7y op (H(7_,(M)) H(re(£)),m)-

However, since the convergence of the above spectral sequences may not be strong,
what seems more useful are the arguments in [7, Corollary 7.8] that enable one to reduce
questions on derived completions to derived completions of modules over rings. Accord-
ingly let M e Mod(B) for some commutative ring spectrum B, let f: B — C denote a
map of commutative ring spectra which are both —1-connected. Let {--- — M <t >—
M < t—1> ---|t} denote the canonical Postnikov tower for M. We will assume that M is
s-connected, for some integer s. Then the fiber of the fibration M <t >— M <t—1>
is an Eilenberg Maclane spectrum K (m:(M),t). We will denote this by H(m:(M))[t].
Observe that each M < ¢ > is a module spectrum over H(m(B),0): using the map
B — H(mo(B),0) of ring spectra, one may view each M < ¢t > and the fiber of the map
M <t>— M <t—1> as module spectra over B. It is shown in [7, Corollary 7.8] that,
then

B { —>WM<t>F—>M<t—1>)7F---|t} is also a tower of fibrations (up to

homotopy),

(ii) that the homotopy fiber of the map (M < t >)7 — (M < t—1 >)7 is
H (7 (M) (o (£))[t], where H(m:(M)) H(xo(s)) denotes the derived completion of
H(m:(M)) along the map H(mo(f))

(with H(m:(M)) H(ro(f))[t] denoting a suitable shift of H(m(M)) H(xy(f))), and
that
(iif) M7y ~ holi_ril(M <t>7p).

Since M is assumed to be s-connected, M < s >= K(ms(M), s), so that we may start
an inductive argument at s and step along the terms in the tower in (i) and finally use
(iii) to deduce properties of the derived completion on M.



G. Carlsson, R. Joshua / Advances in Mathematics 430 (2023) 109194 27

3.0.6. Mod-¢ completions

Given a commutative ring R with a unit, let H(R) denote the Eilenberg-Maclane
spectrum. Let ¢ denote a fixed prime. Then the mod-¢ completion for us will denote
the completion with respect to the mod-£ reduction map py : S — H(Z/{), where S
denotes the symmetric (S1)-sphere spectrum. We will assume throughout that H(Z/¢)
is a coftbrant (commutative) algebra-spectrum over the sphere spectrum S.

3.0.7. Derived completions for equivariant K-theory
For the rest of this discussion we will assume that S is the spectrum of a field and
that H is a linear algebraic group defined over S. We denote the restriction map

K(S,H) — K(S) by pu and the Postnikov-truncation map
K(S) = K(S) < 0 >~ H(m(K(S))) by <0>. (3.0.8)

The composite map K(S,H) — K(S) < 0 >~ H(mo(K(S))) will be denoted pg. Observe
that mo(K(S,H)) = R(H)= the representation ring of H. Clearly the restriction py
induces a surjection on taking mg: this is clear, since if V is any finite dimensional
representation of H of dimension d, the d-th exterior power of V' will be a 1-dimensional
representation of H. The Postnikov-truncation map < 0 >: K(S) — K(S) < 0 >~
H(mo(K(S))) clearly induces an isomorphism on 7. Therefore, the hypotheses of [7,
Theorem 6.1] are satisfied and it shows that the derived completion functors with respect
to the two maps pg and py identify up to weak-equivalence. Therefore, while we will
always make use of the completion with respect to the map pp, we will often find it
convenient to identify this completion with the completion with respect to py.

Observe that the above completion py has the following explicit description. Let
Mod(K(S,H)) (Mod(K(S))) denote the category of module-spectra over K(S, H) (K(S),

L
respectively). Then sending a module spectrum M e Mod(K(S,H)) to M K(/S\H) K(S)

and then viewing it as a K(S, H)-module spectrum using the ring map K(S,H) — K(S)
defines a triple. The corresponding cosimplicial object of spectra is given by

L . L L
. M,K(S):MZ M K M K - K(S)---
ws,m (M, K(S)) — K(/S\)H) (S) < K(QH) (S) K(/S\,H) K(QH) (S)

with the obvious structure maps. Then the derived completion of M with respect to pg

is
M "y = holim Tie(s 1) (M, K(S)) (3.0.9)

and the corresponding partial derived completion to degree m will be denoted pg m.
We may also consider the following variant. For each prime ¢, we let

pe o pu s K(S,H) — K(S)/£ = K(S)pH(Z/0) (3.0.10)
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denote the composition of pg and the mod-¢ reduction map idk sy A pe. The derived
completion with respect to p; o py clearly has a description similar to the one in (3.0.9).
If X is a scheme or algebraic space provided with an action by the group H, we let

n

K(X,H)e = K(X, H)AH(Z/0) - AH(Z/0)

(3.0.11)

n

K(EH®" xX), = K(EH®" xX)AH(Z /¢) - - - ANH(Z /)
H H S S

for some positive integer n. If it becomes important to indicate the n above, we will
denote K(X, H), (K(EH®™ xX),) by K(X,H),n (K(EH& xX), ,,, respectively). One de-
H H

fines G(X, H), and G(EH®™ xX), similarly. (Recall from 3.0.6, the smash products above
H

are all derived smash products.)

Next we proceed to compare the derived completions with respect to the map pg :
K(S,G) — K(S) for a split reductive group G and the derived completion with respect
to the map pr : K(S,T) — K(S), where T is a maximal torus in G. Given a module
spectrum M over K(S,T), res.(M) will denote M with the induced K(S, G)-module
structure, where res : K(S,G) — K(S,T) denotes the restriction map. Clearly there is
a map res,(M) — M (which is the identity map on the underlying spectra) compatible
with the restriction map K(S, G) — K(S, T). Therefore one obtains induced maps

res.(M) A K(S)- A K(S) oM A K(S)-

. A_K(S), (3.0.12)
K(S,G) K(S,G) K(S,T) K(S,T)

which induce a map from the derived completion of res,(M) with respect to pg to the
derived completion of M with respect to pr. (Similar conclusions hold for the maps
pe o pg and pg o pr.) These may be seen more readily from the following lemma.

Lemma 3.5. Let A — B — C denote maps of commutative ring spectra that are —1-
connected. Let f: B — C and res : A — B denote the given maps. Assume that C is a
cofibrant object in the category of commutative algebra spectra over B and that f : B — C
is the resulting cofibration. Then the following hold.

(i) One may find a cofibrant replacement B — B of B in the model category of com-
mutative algebra spectra over A and C' — C of C in the model category of commutative
algebra spectra over B so that the induced maps A — B and B — C' are cofibrations in
the model category of commutative algebra spectra over A.

(ii) Let rés : A — B and f : B — C denote the induced maps of ring spectra. For
any B-module spectrum M, one obtains an induced map of inverse systems of truncated
cosimplicial) objects of spectra:

{remTA(res (M), C) = t<n T3 (M, C) S7<m T3 (M, C)|m}
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where res, (M) denote M viewed as an A-module spectrum by restriction of scalars.

(#ii) Assume that A — B and B — C are both cofibrations in the category of commutative
A-algebra spectra. Let Ig (I4) denote the canonical homotopy fiber of the map f : B — C
(the composite map A — C, respectively). Then there exist cofibrant replacements Ip—
Ip in the category of module spectra over B (IA — 14 in the category of module spectra
over A) together with a map I4 — I compatible with the maps A — B. It follows that
for a B-module spectrum as in (ii), one obtains an inverse system of compatible maps

of spectra:
m+1 m-+1
——~ ——~
I = TNy AL (M Imtl = IgNIg - AIpA(M)|m}.
{1y aNLa - Aan(res (M) — I BAlp - Alp/A(M)|m}

Proof. (i) This follows readily from [12, (3.10) Remark], since the category of com-
mutative B-algebra spectra may be viewed as the under category B J(commutative
A-algebra spectra) with the model structure induced from the model structure on the
category of commutative A-algebra spectra, so that the cofibration B — C will be a
cofibration in the category of commutative A-algebra spectra. This proves (i). Then the
existence of the map {7<,, T4 (res.(M),C) — T<m T (M, C) in (ii) is immediate, mak-

ing use of the map A — B and observing that the composite map A — BLC is a
cofibration in the category of commutative A-algebra spectra. The existence of the map
T<m TS (M, C)S7<m TS (M, C)|m} is clear. That it is a weak-equivalence follows from the
fact that the maps B — B and C' — C' are weak-equivalences as well as the assumption
that C is a cofibrant algebra over B. This proves (ii).

(iii) Let Ip — I denote a cofibrant replacement in the category of B-module spectra.
Observe that this is a trivial fibration in the same model category and hence a trivial

fibration of the underlying spectra. Therefore, let I 4 = Iax I 5. Then I 4 1s a module
Ip

spectrum over A and the induced map Ia > 1I4isa map of A-module spectra which
is a trivial fibration of A-module spectra. Therefore a cofibrant replacement I of 14
in the category of A-module spectra is a cofibrant replacement of I4 in the category of
A-module spectra and provided with a map I4 — I compatible with the map 4 — B.
The last statement is clear. O

We will invoke the above lemma in the following theorem with A = K(S,G), B =
K(S,T) and C = K(S) with res : A — B and f : B — C denoting the obvious maps
induced by restriction of groups.

Theorem 3.6. Assume that S = Speck for a field k and that the split reductive group G
has m1(G) torsion-free. Let M be an s-connected module spectrum over K(S,T) for some
integer s. Then the inverse system of maps defined in (3.0.12),

{res (M) pgm = M o m|m}
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induces a weak-equivalence on taking the homotopy inverse limit as m — oo.

Proof. In view of the arguments in the second paragraph of 3.0.4, one reduces imme-
diately to proving the corresponding statement when M is an R(T)-module and the
completions are with respect to the rank-maps R(T) — Z and R(G) — Z. Throughout
this proof, we will denote the rank-map R(T) — Z by pr and the rank-map R(G) — Z
by pa. With this notation, we now reduce to proving

H(res.(M)) H(pe) = H(M) H(pr)
where H denotes the Eilenberg-Maclane spectrum functor discussed in detail in Appendix
A. Next one observes the isomorphisms:

R(T)R%R(G)/ker(pc;) = R(T)R%R(T)/(R(T)-ker(ps)) = R(T)/(R(T).ker(pc)).
Next we make use of Remark 3.2 to find a more convenient definition of the derived
completions. Let

—~—

R(G)/ker(pc), = R(G)/ker(pc)

denote a simplicial resolution by the free commutative algebra functor over R(G) as
discussed in A.0.3. It follows that if N denotes the functor sending a simplicial abelian
group to the corresponding normalized chain complex,

N(R(T)R%)R(G)/ker(pc).) - R(T)R%)R(G)/ker(pc) = R(T)/(R(T) ker(pc))

(3.0.13)
is a flat resolution by a commutative dg-algebra over R(T). One may observe that this
step strongly uses the assumption that 71 (G) is torsion-free, so that R(T) is free over
R(G). In view of the discussion in Appendix A (see especially (A.0.4)), this implies the
weak-equivalence:

—_~—

H(R(T)) H(R(G)/ker(pc)) ~ H(R(T)/R(T)ker(pc)). (3.0.14)

A
H(R(G))

—~ —~

Recall from the lines following (A.0.4), H(R(G)/ker(pg)) = hOC(A)lim{H(R(G)/ker(pg)n)|

n} is a commutative algebra spectrum over H(R(G)) and is cofibrant as an object in
Mod(H(R(G))). Now (3.0.13) implies the identifications:

—~—

M & R(T)/(R(T)ker(pc)) = M © R(T) ® N(R(G)/ker(pg),) (3.0.15)
R(T) R(T) R(G)

—_—~—

res.(M) & R(G)/(ker(pa)) = res.(M) & N(R(G)/ker(pc),)-
R(G) R(G)
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Here res. (M) denotes M viewed as an R(G)-module using restriction of scalars. These,
together with (A.0.2), then also provide the identifications:

L

H(M), £ HR(T)/(R(T) ker(pc)
SHOM A HERT) A HR(G) ker(pe)) (3.0.16)
H(res.(M)) A H(R(G)/(ker(pa)) = H(res.(M)) A H(R(G)/ker(pc))-

A
H(R(G)) H(R(G))

—_~— —_~—

Recall again that H(R(G)/ker(pg)) = hOC(A)lim{H(R(G)/ker(pg)n)|n} is a commuta-

tive algebra spectrum over H(R(G)) and is cofibrant as an object in Mod(H(R(G))).
Therefore, one may identify the two right-hand-sides of (3.0.16) and therefore the corre-
sponding left-hand-sides.

Next one repeats ﬁ\e_iame argument with M replaced by the terms in each degree of

M @ R(T) @ R(G)/ker(pg), so that one obtains an identification of the cosimplicial
R(T) R(G)

objects of spectra:

TH (r(c)) (H(res.(M)), H(R(G)/(ker(pc))))
= Ta(rery) (HM), H(R(T)/(R(T) ker(pc)))) (3.0.17)

Observe that the proof will be complete, if we show that there is a weak-equivalence of
the homotopy inverse limit of the term on the right with the homotopy inverse limit of
the cosimplicial object
]}.]I(R(T))(H(M)’ H(R(T)/ (ker(pr))))-
Therefore we will let I denote either one of the ideals ker(pr) or R(T).ker(pg). Now
Proposition 3.8 below provides the weak-equivalence:

holin 753y, (HI(M), H(R(T)/ 1)) == holim{H(M)_ K (H(R(T)/%)lk} ~ (3.0.18)

A
H(R(T))
where the first homotopy inverse limit is of the cosimplicial object there and the second
homotopy inverse limit is that of the inverse system. (Again we make use of the simplicial
resolution by the free commutative algebra functor over R(T) as discussed in A.0.3 to
define T3y, (EI(M), H(R(T)/1)).)

Next one observes that R(T) is a finite R(G)-module and hence that there exists some
positive integer ng so that ker(pr)™ C R(T).ker(pg) C ker(pr). Therefore, we proceed
to show that the inverse systems

(HQD), A H(R(T)/(B(T)ker(p)*)lk > 1 and

{H(M) RA( H(R(T)/(ker(pr)) )k > 1}
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define weakly-equivalent homotopy inverse limits. By taking a simplicial resolution M* —
M of M by free R(T)-modules, one may replace H(M) by hocglimH(M'). Let H(M) =

hocglimH(]Tf *). Now it suffices to show that,

{HQD, A HR(T)/(R(T) ker(p)))k > 1} and

HI(M) HI(R(T)/ (k Kk > 1 0.1

{H( i1 foeryy BT/ (kex(pr) ) e = } (3.0.19)
are isomorphic as pro-objects of H(R(T))-module spectra. Recall that if P = {P,|a}
and Q = {Qp|8} are pro-objects of H(R(T))-modules spectra, then,

Hom(P,Q) = liéncolimHomH(R(T)) (Pa, Qp).

Therefore, it suffices to show that for any H(R(T))-module spectrum K, one obtains
an isomorphism:

—_~—

lim HomH(R(T)) (H(M)

T H(é\(T))H(R(T)NR(T)-ker(PG))n)7 K)

& nlLH;OHOTnH(R(T))(H(M) H(R(T)/(ker(pT))n),K)

A
H(R(T))

But the left-hand-side identifies with li_>m Homygr(ty)(H(R(T)/(R(T) ker(pc))"),
Hompy(gr(T)) (m, K)) and the right-hand-side identifies with lim Homgg(Ty)(H(R(T)
n—oo
/(ker(pr))"), Hompg(ry) (H(M),K)). Here Hompg(t)) denotes the internal hom in
the category of H(R(T))-spectra. Observe also that since H(R(T)) is a commuta-
tive ring spectrum, the internal Hom in the category of modules over H(R(T)) be-
longs to the same category. Since the pro-objects {H(R(T)/(R(T).ker(pg))")n} and
{H(R(T)/ker(pr)")|n} are isomorphic, it follows that one obtains an isomorphism of
the pro-objects in (3.0.19).
In view of (3.0.18), we have shown that the two cosimplicial objects

To (rery) (H(M), H(R(T)/(R(T).ker(pc)))) and Tgy(pery) (H(M), H(R(T)/(ker(p1))))

define weakly-equivalent objects on taking the homotopy inverse limits. In view of the
identification in (3.0.17), it therefore also follows that the two cosimplicial objects

Tei(r(c)) (H(res.(M)), H(R(G)/(ker(pc)))) and Tgp(r)) (HM), H(R(T)/(ker(pr))))

define weakly-equivalent homotopy inverse limits, that is, H(res.(M)) me) =
H(M) H(pr)-
with respect to py o pg and pg o pr is similar. O

The proof of the corresponding statement for the derived completions
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Remark 3.7. 1. For the applications in the rest of the paper, we will restrict to the case
where the group G = GL, for some n or a finite product II* ; GL,,, since the hypotheses
of the Theorem are satisfied in this case.

2. It may be worth pointing out that for the usual completions, the Ir-adic and the
IgR(T)-adic completions are the same on any R(T)-module (as proven in [4, p. 8]).
Thus Theorem 3.6 shows this extends to derived completions, provided the hypotheses
of Theorem 3.6 hold.

Proposition 3.8. Let R denote a Noetherian ring and let I denote an ideal in R. For
each k > 1, let S = R/Ik and let Sy, denote a free resolution of S as a commutative
dg-algebra over R as in A.0.3. Let S = 5.

Let TH(R)(M,H(S')) denote the triple sending an H(R)-module spectrum M to the

H(R)-module spectrum M _® H(S) and let TH(r)(M) denote the corresponding cosim-
H(R) :

plicial resolution of the H(R)-module M. If M is any R-module, not necessarily finitely
generated, then one obtains the identification (up to weak-equivalence):
holzmTH(R)(H(M), H(S)) =~ iggﬁ?{H(M)H{\R)H(Skﬂk} ~ iégﬁT{H(M%Skﬂk} ~

L
holim{H(M®R/I*)|k}.
ook R
(Again we make use of the simplicial resolution by the free commutative algebra functor
over R as discussed in A.0.3 to define Tgg g, (H(M), H(S)).)

Proof. See [7, Corollary 5.5] for a somewhat similar result. First, the definition of the

cosimplicial object Ty R)(H(M ), HI(S)) provides the identification:
N L
H(r) (H(M), H(S)) = H(M)Hé\R)T]H.I(R)(H(R)aH(R/I))'

At this point, observe that one obtains a distinguished triangle of pro-objects of cosim-
plicial objects (that is, a diagram of pro-cosimplicial spectra, which is a stable cofiber
sequence for each k and each cosimplicial degree):

(EQD) A Te g (BY). H(RJD) R = (B A T3y (BL(R). BB/ D) k) o
= (HOD) A T3 oy (BL(R/ 1), HL(R/ ) )

L
The middle term {H(M)Hé\R) () (H(R), H(R/I))|k} is the constant pro-object con-

~

sisting of the same object H(M)H{\R) H(r) (H(R), H(R/I)) for all k. For each fixed k,

and each fixed cosimplicial degree mn, the homotopy groups of Ty ry(H(I ¥),H(R/I)) are
computed by a strongly convergent spectral sequence whose Fo-terms are the cohomol-

L L
ogy of the iterated derived tensor product I*@R/I ---QR/I.
R R
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For a finitely generated module K over R, we will denote the cohomology groups of
L L
the iterated derived tensor product KQR/I ---QR/I as MultiTor}y (K,R/I,--- ,R/I).
R R i

One considers the functor K + {I*K|k} = IK sending a finitely generated module K
over the Noetherian ring R to the pro-object {I*K|k} in the category of R-modules. As
observed in the proof of [7, Theorem 4.4], the pro-object

{MultiTor (I*, R/I,-- , R/I)|k}
identifies with the pro-object

IMultiTory (R, R/T,--- ,R/I) = {I*MultiTory (R, R/I,--- , R/T)|k}.

L L
Since the cohomology groups of the iterated derived tensor product RQR/I---®R/T are
R R

R/I-modules, it follows that I* acts trivially on the above cohomology groups. These
observations prove that the pro-object {75(I*, R/I)|k}, and therefore the pro-objects

{MéTé(Ik7R/I)Ik} and {wn(H(M)H(kR)Tﬁ(R)(H(I’“),H(R/I)))|k}

for any fixed integer n and each fixed cosimplicial degree are trivial. This shows that the
last map in (3.0.20) induces a weak-equivalence on taking the homotopy inverse limit of
the pro-objects (for each fixed cosimplicial degree).

Next we fix an integer k and consider the homotopy inverse limit of the cosimplicial
object

L
H(M)H{\R)TH;I(R)(H(R/I]“), H(R/I)). The discussion in [7] immediately following Propo-
sition 4.3, as well as Lemma 3.9 below now show that for any fixed k, the homotopy
L

inverse limit of the last cosimplicial object identifies with H(M )H{\R)(H(R/ I¥)). Finally

we take the homotopy inverse limits over £ — oo followed by the homotopy inverse
limits of the resulting cosimplicial objects for each of the three terms in (3.0.20). The
above discussion shows that this induces a weak-equivalence of the resulting last two
terms. However, one may clearly interchange the two homotopy inverse limits. Since the
middle term in (3.0.20) is a constant pro-object, the above observations now provide the
weak-equivalences:

holim 75 ) (H(M), H(R/I)) =~ holim(H(M)HéL\R)Tﬁ(R)(H(R)7 H(R/I)))

~ holim{H(M)H(AR)(H(R/Ik))|k}

ook
= fégggl{H(M)H(\R)H(Sk)\k} = holim {H(M®5)|k}
(3.0.21)

where the first two homotopy inverse limits are of the cosimplicial objects there and the
remaining homotopy inverse limits are that of the inverse system. O
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Lemma 3.9. Let p : A — B denote a surjective map of commutative Noetherian rings
with I = ker(p). For any chain complezes of A-modules M and N that are trivial in
negative degrees, the augmentation

L L
H(N) A H(M/I™" holimH(N) A Tga(H(M/I™), H(B
(V) A, FOM/T™) = holimBI(N) R Ty (H(M/ ), H(B))
is a weak-equivalence for any fived positive integer n. (Again we make use of the simplicial
resolution by the free commutative algebra functor over A as discussed in A.0.3 to define

H(a) (HM/I™), H(B)).)

Proof. The proof will be by ascending induction on n. The assertion for n = 1, is es-
sentially [7, Proposition 3.2, 6]. In this case, it suffices to observe that the cosimplicial

L
object H(N) A T . (H(M/I™),H(B)) has an extra co-degeneracy which provides a
H(A) H(A)

contracting homotopy. Next we consider the case of a general n. By taking a free resolu-

tion, we may assume M and N consist of free A-modules in each degree. In view of the

above flatness assumptions on M, one has the short-exact sequence (of complexes):
0— M(%I"C‘l/]’C — M/T* — M/I*=* — 0.

This provides a commutative diagram of cosimplicial objects:

L _ - L o —_ L -
H(N) A (H(M@I=1/1%)) H(N) A, (H(M/1%)) H(N), A (H(M/15)

J J J

H(N), K, Ty (BOMQIF/1), H(B) 7 H(N) R Ty (/19 H(B) 7 BN K Ti o (BOM/T), H(B))

The two rows are clearly stable cofiber sequences and remain so on taking the homotopy
inverse limit of the cosimplicial objects in the last row. Observe that M®I*~!/I* is an
A

A/I = B-module. Therefore the case n = 1 applies to show the first vertical map is a
weak-equivalence on taking the homotopy inverse limit of the cosimplicial objects. By
the inductive assumption, the last vertical map induces a weak-equivalence on taking
the homotopy inverse limit. Therefore, the middle map also induces a weak-equivalence
on taking the homotopy inverse limit. 0O

4. Reduction to the case of a torus in G and an outline of the proof of the main
theorem

Recall the following hypotheses of Theorem 1.2: let X denote a scheme of finite type
over the base scheme S = Spec k, satisfying the Standing hypotheses 1.1 and provided
with an action by the not-necessarily connected linear algebraic group H. G denotes a
connected split reductive group containing H as a closed subgroup scheme. We begin
with the following Proposition which shows we may reduce to just considering actions
by the ambient group G.
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Proposition 4.1. If the derived completion with respect to the map pg induces a weak-
equivalence:

~

G(GEX, G);G%G(EGgmé(GﬁX))

then one obtains a weak-equivalence:

G(X,H);, >G(EG# x(GxX)) ~ G(EH"™ xX).
G H H

Proof. We first make use of the weak-equivalence G(X,H) ~ G(GxX,G) (see
H

Lemma 2.7), and Proposition 1.1 to obtain the weak-equivalence: G(X,H)",, =~
G(GxX,G)s. The weak-equivalence G(EH®™ xX) ~ G(EG&#™ x(GxX)) follows from
H H H H
Appendix B. O
Therefore, we may assume without loss of generality, in the rest of this section that
G = GL,, for some n > 1 or a finite product of such GLy,s.

Definition 4.2. Let the base scheme S = Spec k. Then we make the following definitions.

(i) Let B denote a smooth scheme of finite type over S and let A denote a locally
closed smooth subscheme of B. Then we let K(B,A) = the canonical homotopy
fiber of the restriction K(B) — K(A). In case B has a k-rational point p, we will
let K(B, p) be denoted by K(B).

(Observe that K(B) identifies up to weak-equivalence with the homotopy cofiber
of the map 7f; : K(p) — K(B), where 7p : B — Spec k = p is the structure map of
X. Therefore, K(B) is independent of the choice of the k-rational point p in B.)

(ii) Let E denote a smooth scheme of finite type over S provided with an action by
the linear algebraic group G and let C denote a locally closed G-stable smooth
subscheme of E. Then we let K(E,C,G) = the canonical homotopy fiber of the
restriction K(E, G) — K(C, G).

(iii) Next assume that G acts freely on the smooth scheme E and B is the corresponding
geometric quotient, with 7 : E — B denoting the corresponding quotient map. Let
p denote a k-rational point of B. Then we will denote K(E, 7~ (p), G) by K(E, G).

Now we obtain the following result whose proof is straightforward and is therefore
skipped.

Lemma 4.3. Let X and Y be smooth schemes provided with actions by the linear alge-
braic group G. Let A (B) denote a locally closed smooth G-stable subscheme of X (Y,
respectively). Then one obtains a pairing:

K(X, A, G)K(g\g)K(Y,B, G) 5 K(X x Y,AxYUX x B,Q)
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that is contravariantly functorial in all the arguments.

Proposition 4.4. Assume that the linear algebraic group G acts freely on the smooth
scheme E and B is the corresponding geometric quotient, with w : E — B denoting the
corresponding quotient map. Assume that B has a Zariski open cover by {Vili=1,--- ,n}
so that (i) there exists a positive integer m, so that each Vi = A™ and (ii) there exists a

k-rational point p € Ni—; V;. .

Then the composite map K(E,G) AV K(E,G) A .- AK(E,G) — K(E*, G)A—;

K(E, G) is null-homotopic.

Proof. Observe first that p ~ Vj, for each i = 1,--- ,n, in the A'-homotopy category.
Next, the cofiber-sequence (Vi,p) — (B,p) — (B, V;) shows that one obtains the stable
fiber sequence: K(B,V;) — K(B,p) — K(Vi,p). Since K(V;,p) is weakly-contractible,
it follows that the map K(B,V;) — K(B, p) is a weak-equivalence for each 1.

Next observe the weak-equivalences (since the action of G is assumed to be free on
E):

KB)~K(E,G), K(B,V;) ~K(E, 7 (V;),G),K(B,p) ~ K(E, 7 '(p),G) and

K(Vi,p) ~ K(r ' (Vi), 7 (p), G).
(4.0.1)

In particular, it follows that all terms on the right sides above are module spectra over
K(S,G). Next recall that the cardinality of the open cover {V;jli} is n.

Let V = Vi x B 1[JBxVyx B 2(JBxBxVzxB*3J---UB* ! xV,. We
let Vi=71(V;), V=V xE" 'UE x Vo x E* 2 JEX E x V3 x E*=3J---[JE* 1 x
A

Observe that K(E,G)= the homotopy fiber of the map K(E,G) — K(zm~*(p),G),
and K(E,V;,G) = the homotopy fiber of the map K(E,G) = K(E,7—!(p),G) —
K(m=1(V;), 7 1(p),G). (Since the last term is weakly contractible, it follows that
the map K(E,V;,G) = K(E,G) is a weak-equivalence.) K(E*",G) is defined as
K(EX* 7=1(p)*®, G). Now the following diagram

K(E,V1,G) AVK(E, Vs, G) AL - ALK(E, V,,G) — " K(E,G) AV K(E, G) AL -+ K(E, G)

| J

K(E*,V,Q) K(EX,G)
|- |«
K(E,E,G) K(E,G)

(4.0.2)
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commutes up to homotopy. The pairings forming the top vertical maps in the left and
right column are provided by Lemma 4.3. The contravariant functoriality of the pairings
there show that the top square homotopy commutes. Since all maps are maps of module
spectra over K(S,G) (as observed in (4.0.1)), the AL above is over K(S,G). Since the
top horizontal map is a weak-equivalence, and since K(E, E, G) is weakly contractible,
it follows that the composition of the maps in the right column is null-homotopic. This
completes the proof of the Proposition. O

Proposition 4.5. Let G denote GL,, for some n or a split torus. Let X denote a scheme
or algebraic space of finite type over S = Spec k. Then, with the choice of the classifying
spaces as in (2.1.2) and (2.1.3), the following hold.

(i) If I denotes the homotopy fiber of the restriction map K(S, G) — K(S), then the
(obvious) map

G(X,G) - G(EG*™™ x X, G) = G(EG*™™ xg X)
factors through G (X, G)/IlémurlG(X7 G) for some positive integer m’ > m. Here

m’'+1

’ L L L
Iémﬂg(x,g):]GK/\ Ig--- A Is. N G(X,G),
(S,G) K(S,G) K(S,G)

and G(X,G)/Iém/HG(X,G) is the homotopy cofiber of the map Iém/HG(X,G)

GX,G) - GX,G).

(ii) It follows that the map G(X, G) = G(EGE™™ x X, G) factors through the partial
derived completion G(X, G) g m’ for some positive integer m’ > m+1. If 7 : X = Y is
a G-equivariant map that is also flat (proper), then the above factorization is compatible
with the induced map ™ : G(Y,G) — G(X,G) (the induced map 7, : G(X,G) —
G(Y, G), respectively).

(iii) More generally, if Gi, i = 1,--- ,q are either general linear groups or split tori,
the map

A
K(S,G)

G(X,Gy x --- X Gq) = G(EGE™™ x - -- x EGE™™ x X, Gy x --- x Gq)
factors through

G(X,Gy x -+ X Gq)Apclx,..Gq,m’

for some positive integer m' > m + 1. Let # : X — Y denote an equivariant map
with respect to the action of G = Gy x --- x Gq. If 7 : X = Y is also a flat map
(also a proper map), then the above factorization is compatible with the induced map
7 G(Y,G1 X -+ X Gg) = G(X,G1 X -+ X Gq) (the induced map 7, : G(X, Gy X -+ - X
Gq) = G(Y,G1 x - -+ x Gy), respectively).
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Proof. This parallels the original proof in [4] for the usual completion for equivariant
topological K-theory. We will invoke Proposition 4.4 with B = BG#™™ E = EG&™™
for some fixed m and let {V;]i=1,--- ,n} denote a finite Zariski open cover of B with
chosen k-rational point p € N; Vi, so that p ~ V; in the Al-homotopy category. Recall
Proposition 2.2 that shows the existence of such Zariski open coverings of B = BG&™™.
Then Proposition 4.4 shows that the composite map

n

KEG™™ Q) A KEG™™ G)-.. A K(EGE™™ Q)
K(5,G) K(S,Q)
- K((EGE™™)® G5 K(EGE™™, G) (4.0.3)

is null-homotopic.
Next consider the homotopy commutative diagram

I~ K(S,G) T TK(©S) (4.0.4)

| | l+

K(EGe™™ G) — 7 K(EGE™™ G) — " K(G,G) ~K(S).

Taking B = BGs™™ E = EG8™™ in (4.0.2), we see that the map

n

L L ~ ~
AN Ig--+ AN Ig— K(EG™™ G)~ K(BGs™™
X G K(S.G) G ( ) ) ( )

"
G GK
is null-homotopic, since it factorizes as

1§ — K(EGE™™, G

n

% Lo L -
= K(EGgm,m’ G) A K(EGgm,m’ G) N I{(Eggm,m7 G)
K6 K(8,G)

— K(EGE™™ G).

Therefore, the middle vertical map in (4.0.4), namely K(S,G) — K(EG#™™ G), fac-
tors through K(S, G)/I&"" which is the homotopy cofiber of the map I§"" — K(S, G).

L
Finally one makes use of the pairing: K(S, G)AG(X,G) — G(X,G) and the homotopy
commutative square (where the vertical maps are the obvious ones)
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IV RGX,G) TP K(S,G)AG(X,Q) T G(X, Q)

J J |

K(EGE™™ G)AG(X,G) — K(EGE™™ G)AG(X,G) — G(EGE™™ x X, Q).
(4.0.5)
These show the composite map from the top left-corner to the bottom-right corner is
null-homotopic. This proves the first statement by letting m’ =n > m + 1.
Next we consider the first statement in (ii) as well as the functoriality of the factor-
izations in (i) and (ii). Recall (see [7, Corollary 6.7]) that the partial derived completion
G(X,G) pg,m = the homotopy cofiber of the map

I AN Ig--- A I AN G(X, G I AN G(X,G
“k6.0) ¢ Kspee k,G) CKG.G) (X,G) = Ig K(S.G) (X.G)
K(©S,G) A G(X.Q)=G(X,G

— K(S, )K(S,G) (X,G) (X, G)

which maps into (K(S, G) /IgA‘“'“)K(QG)G&,/G)- Here I — I (G(X, G) = G(X, C))

is a cofibrant replacement in the category of K(S, G)-module spectra. This proves the
first statement in (ii). The functoriality of the factorization in (i) and (ii) follows readily
by observing that both 7* (when  is flat) and 7, (when 7 is proper) are module maps
over K(S, G). Therefore, these maps will induce maps between the diagrams in (4.0.5)
corresponding to X and Y.

To prove the last statement, one first observes that G(X, Gy X --- x Gq) is a module
spectrum over K(S, Gy x - -+ X G4). Now the homotopy commutative square (where the
vertical maps are the obvious ones)

K(S, 11, Gi) A G(X, T, G;) G(X,TI, Gy)

J |

K(EGE™™ x ... EGE™™ T Gy) A G(X, T, Gy) — 7 G(EGE™™ x ... EGE™™ x X, T Gy)

and an argument exactly as in the case of a single group, proves the factorization in the
last statement. The functoriality of this factorization may be proven as in the case of a
single group. O

Definition 4.6. For each linear algebraic group G which is either a finite product of general
linear groups or split tori acting on a scheme X satisfying the Standing hypotheses as in
1.1 and each choice of admissible gadgets as in Proposition 2.2, we will define a function
a: N — N, by a(m) = m’ where m" > m + 1 is some choice of m' as in the last
Proposition.
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Let m, x : EG#™" x X — X denote the obvious projection. Then, m,, x is G-equivariant
for the diagonal action of G on EG#™" x X and the given action of G on X. Now we
consider the map:

% G(X,G) = G(EG x X, G) = holim{G(EG#™" x X, G)} (4.0.6)

oo<—n

As we observed earlier, in view of the fact that the G-action on EG8™" is free, we may
identify G(EG x X, G) with G(EG x¢ X). The main result of this section will be the
following Theorem.

Theorem 4.7. Let G denote a finite product of general linear groups acting on a scheme
X of finite type over a field k satisfying the Standing hypotheses 1.1. Let T denotes the
maximal split torus in G. Then the maps in the diagram

7%, e P G(X,G) e = G(EG x¢ X)) + G(EG x¢ X)
are both weak-equivalences of spectra provided the corresponding maps

7%, por P GX,T)pp = G(ET x7 X))y = G(ET x7 X)
are both weak-equivalence of spectra. Moreover, the map

7%, pr t G(X, T) r = G(ET x1 X)) + G(ET x1 X)

is a weak-equivalence for any G-scheme X satisfying the Standing Hypothesis 1.1(%).

The inverse system of map {G(X,T) ppm = GETE™™ x X, T)|m} forms a homo-
topy coherent map of inverse systems and induces a weak-equivalence on taking the
homotopy inverse limit as m — oo: this holds for any separated algebraic space X of
finite type over k provided with an action by T, when the {ET8™™|m} is chosen as
in (2.1.3).

Proof. The rest of this section will be devoted to a proof of the above theorem. We start
with the following diagram

{“:n,y‘m}

G(Y,G) — " {G(EG#™™ x Y,G)|m} (4.0.7)

Jh {hm|m} J/
{”jn,x |m}

G(X,G) {G(EGE™™ x X, G)|m},

where X and Y are schemes provided with actions by G, and either h = f*, for a G-
equivariant flat map f or h = Rf, for a proper G-equivariant map. Then the above
diagram strictly commutes when o = f* and also for h = Rf,, with a suitable choice
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of the right derived functor Rf, as defined below. Observe that the maps m,, v and
Tm,x are all flat maps. Therefore, the strict commutativity of the diagram (4.0.7) for
h = f* follows from the observation that G-theory is strictly contravariantly functorial
for pull-back by flat maps.

Therefore, we will next consider the case where h = Rf,. In this case, by applying
the functorial Godement resolution, we may replace every pseudo-coherent complex of
O-modules, up to quasi-isomorphism by a complex of flabby O-modules up to quasi-
isomorphism. Let G denote this functor. Then we claim the above square commutes
strictly with h = Rf,, and this may be seen as follows. The composition of the top hori-
zontal map and the right vertical map sends a pseudo-coherent complex of G-equivariant
O-modules @ to

(id x )y (G(Q)) = (id X f).(Opcemm B G(Q)) = Opgann B (£.G(Q)).

The composition of the left vertical map and the bottom horizontal map sends the same
complex @) to

T, x (J+(G(Q))) = Opgem= W (f+(G(Q)))-

It follows that the diagram in (4.0.7) which now becomes

{ﬂ-:n,YOG‘m}

G(Y,G) ~ " {G(EGE™™ x Y,G)|m} (4.0.8)

f*oGJ/ tr <m) l{(idef)*lm}
ﬂ'm,X m
G(X,G) {G(EGE™™ x X, G)|m},

also commutes strictly in this case.
Therefore, on taking the homotopy inverse limit of the diagram in (4.0.7), we obtain
the commutative diagram:

"
'

G(Y,G)~ " G(EGxgY) (4.0.9)

lf* J/f*—holim{fm*|m}
T

G(X,G) 7 G(EG xgX).

Let B denote a fixed Borel subgroup of G and let 7 : GxX — X denote the map consid-
B

ered in section 2.2(ii). This map is both flat and proper. Therefore, invoking the above

result, we see that the maps 7* and 7, associated to 7 : GXX — X induce maps that
B

make the following diagram commute:
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G(X,G) G(EGxX) (4.0.10)

* *
us J/Tl'

G(X,B) ~ G(GxX,G) —  G(EGxX) ~ G(EG x (GxX),G)
B B B

T Jﬂ'*

G(X,G) G(EGXX).

Observe that the composition of the maps 7* and 7, is a weak-equivalence in both the
right and left columns: see 2.2(v).

On applying the derived completion with respect to pg to the above diagram, we
obtain the commutative diagram, where the composition of the vertical maps n* and m,
are both weak-equivalences:

G(X,G) e G(EGXX,G) e G(EGxX,G)

G(X.B) e = G(CGxX.G) T 7 G(EGXX,B) ) ~ G(EGX(GxX),G) & G(EGxX,B)

G(X,G) e G(EGxX,G)> G(EGxX,G)

PG

(4.0.11)
Next observe that the equivariant K-theory spectrum with respect to the Borel subgroup
B canonically identifies with the equivariant K-theory spectrum with respect to fixed
maximal torus T. Since all the terms in the middle row are equivariant G-theory spectra
with respect to the action of the Borel subgroup B, invoking Theorem 3.6, it suffices to
prove that both the maps in

G(X,T), = G(EG x X, T) ", « G(EG x X, T) (4.0.12)

are weak-equivalences. This completes the proof of the first statement in Theorem 4.7.
Next we consider the proofs of the remaining statements in the theorem. One may also
observe from (B.0.4) and the Standing Hypothesis 1.1(i) that there is a weak-equivalence
GEGxX,T)~ GET x X, T).
Next we observe from Theorem 5.6 that each of the maps G(X,T) — G(ET&™™ x
X,T) factors through G(X,T) . m and that the corresponding induced map
G(X,T) prm = G(ETe™™ x X, T) is a weak-equivalence, that is natural in m.
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Now we consider the commutative diagram of towers:

(G(X,T) pmlm}t — 7 {G(ET x X, T) )y mn|m} (4.0.13)

lid lﬁ—{ﬁmlm}

{G(X,T) prm|m} {GETE™™ X X, T) )y m|m}

pT,
\ Tu-{amlm}

{G(ET*™™ x X, T)|m}

Theorem 5.6 provides the identification { G(ET#™™ x X, T) ", m|m} ~ {G(ETe™™ x
ETe™™ x X, T)|m}, where T acts diagonally on ET&™™ x ETs™™ x X. Therefore,
(B.0.4) and the Standing Hypothesis 1.1(i) shows that the map o = {ay,|m} induces
a weak-equivalence on taking the homotopy inverse limit over m — co.

Next consider the double tower

G(ETE™™ x X, T) . njn, m}. 4.0.14
pr,

Taking the homotopy inverse limit along m first provides the term {G(ETxX, T) . n[n}:
see [7, Corollary 7.8]. On the other hand, taking the diagonal of the above double tower
provides the tower {G(ETs™™ x X, T) . m|m}. Now the diagonal map A : N — N x N
is cofinal, which shows the comma category A/(n,m) for any pair of integers n,m e N is
contractible. Therefore, [5, Chapter XI, 9.2 Cofinality Theorem] shows that the map S
induces a weak-equivalence on taking the homotopy inverse limit as m — oo. Therefore,
it follows that both maps in (4.0.12) are weak-equivalences, thereby completing the proof
of all but the last statement in Theorem 4.7. The last statement in Theorem 4.7 is proven
in Theorem 5.6. O

5. Proof in the case of a split torus

In view of the above reductions, it suffices to assume that the group scheme H is a split
torus G . In case the group scheme is a smooth diagonalizable group-scheme, we may
imbed that as a closed subgroup scheme of a split torus. Then, making use of the remarks
following Theorem 1.6, one may extend the results in this section to actions of smooth
diagonalizable group schemes also. However, we will not discuss this case explicitly. Thus
assuming H = G} = a split torus, a key step is provided by the following result.

First assume that the base scheme S is the spectrum if a field k£ and that X and Y are
schemes or separated algebraic spaces of finite type over S. Assume X and Y are acted on
by an affine group-scheme H over S. In this case the external tensor product of coherent
O-modules induces a pairing G(X,H) AG(Y,H) — G(X>§Y, H) where G-theory denotes
the Quillen K-theory spectra of the exact category of coherent O-modules. The action
of H on X>S<Y is the diagonal action. This pairing is compatible with the structure of the
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above spectra as module-spectra over the ring spectrum K(S, H) so that one obtains the
induced pairing:

L
piATE GOGH) A G(Y,H) = G(X XY, H).

One obtains a similar pairing where the Quillen-style G-theory and K-theory above
are replaced by the corresponding Waldhausen-style theories. Once again, the flatness
hypothesis on X and Y over S ensures that the external product preserves cofibrations
and weak-equivalences after fixing one of the arguments. In addition one may check that
if K’ — K is a cofibration of Ox-modules and M’ — M is a cofibration of Oy-modules,
then the induced map K@ M’ & K ®@M — K® M is a cofibration which is a quasi-
Os K’ 2 M’ Og Os
isomorphism if either of the maps K’ — K or M’ — M are quasi-isomorphisms.

Lemma 5.1. (See [28, Proposition 3.1].) Assume that the base scheme S is the spectrum
of a field k. Let X denote a cellular scheme, that is, a scheme stratified by locally closed
smooth subschemes all of which are affine spaces over the base scheme Assume that H is
an affine group scheme over S acting on X so that the strata of X are H-stable. Let Y
denote any scheme or algebraic space of finite type over S also provided with an H-action.
Then the map (induced by the above external product)

L
PIARE GOGH) A G(Y,H) = G(Xx Y, H) (5.0.1)

is a weak-equivalence of spectra. Here p1 : XXY — X, po : XXY — Y is the projection
S S

to the i-th factor. When X and Y are regular, we may replace the G-theory spectrum by
the K-theory spectrum everywhere.

Proof. This is essentially [28, Proposition 3.1] where it is stated in terms of the K-
theory and G-theory of quotient stacks. One considers the localization sequences in
H-equivariant G-theory defined using the given strata on X and the induced strata on
X x Y. The map p} A p4 is compatible with these localization sequences. Therefore, one
reduces to the case where X is an affine space over S, in which case the conclusion follows
by the homotopy property of H-equivariant G-theory. When X and Y are regular, the
equivariant G-theory spectrum is weakly equivalent to the corresponding equivariant
K-theory spectrum as observed earlier, thereby proving the last statement. O

Proposition 5.2. Assume that the base scheme S is the spectrum of a field k. Assume
that H = G}, = a split torus over S and let Y denote any scheme or separated algebraic
space of finite type over S provided with an H-action. In this case the map (defined as
in (5.0.1))
K(EHs™™ H) }J\ G(Y,H) —» G(EHe™™ x Y,H) ~ G(EH&g™™xY)
K(S,H) H

is a weak-equivalence for all positive integers m, with the product EH®™™ x'Y denoting
the fibered product over the base-scheme S. Therefore, the induced map
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L
im{K(EH®™™ H Y, H / EH®™™ x Y, H
holim{K(EH™" H) K G(Y.H)lm} — holim{G(EH™" x Y, H)m}

~ ) gm,m
~ lggﬁg}{G(EH éY)|m}

is also a weak-equivalence. The corresponding assertions also hold with the G-theory
spectrum replaced by the K-theory spectrum when Y is reqular.

Proof. A point to observe is that EH""" is not a cellular scheme, so that the last
lemma does not apply directly. We first recall that if T = G}, is a split torus,
then ETe™™ = (A™+! — )0 and BT&™™ = ETe™™ /T = ((A™F! — 0)/Gy)® = (P™).
Therefore the first statement in the proposition says the obvious map

L
G((A™ =0, Ch) R G(Y.€L) = G(A™ ~0)" x V.Gl

m

~ G((A™H — 0)“(5 Y)

is a weak-equivalence. The last weak-equivalence follows from the observation that G},
acts freely on the product (A™*+1 —0)", with each factor of G,, acting on the correspond-
ing factor of A™*! — 0. Now it remains to prove the first map is a weak-equivalence.

For the proof, it will be convenient to denote the rank of the split torus as n and the
nin (A™+1 —0)" as u. For u < n, the scheme (A™*! —0)“ will be identified as the closed
subscheme (A™*! —0)% x 0% in (A™*! —0)% x (A™T1)"~% with the last n — u factors
being the origin of A™*! and the remaining factors being (A™*! — 0). In this case, the
G,,, forming the last n — u factors will clearly act trivially on the corresponding factors
which are identified with the origin in A™*!. Therefore, making use of the localization
sequences in G-equivariant G-theory, one may prove this by ascending induction on u.
We will consider the map

L
G Am+1 — 0 o G A G(Y.Gr
( X 0TGE) R G(Y,GY)

— G((A™T —0)* x A" x onTeTl G, (5.0.2)

Assume that the above map is a weak-equivalence for a fixed u < n, 0 < u; we will then
show that it is also a weak-equivalence for u replaced by u + 1 as follows. Since both the
source and the target of the above map are compatible with localization sequences, we
obtain the following commutative diagram with each row a stable cofiber sequence:

L
G((Am,Jrl _ O)U x On—u’G%)K(S/\G )G(Y, Grr;‘) — G((Am+1 _ O)u x AT« 0”7“71,62,,)

| |

G(A™ —0)" x 0" x Y,GR) — 7 G((A™T —0)" x A™F! x 0n vl X Y, GR)

L
A G(Y,Gy)
K(S,Gr)
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L
T G(ATT 0 x 0m LG A G(Y.GY)

GL)

T G(A™T - 0) L x 07 X Y, G

The first vertical map is a weak-equivalence by the inductive assumption and the second
vertical map is a weak-equivalence making use of this inductive assumption and the
homotopy property for equivariant G-theory. Therefore, so is the last vertical maps
which completes the induction. This reduces everything to the case where u = 0, which
is clear. When Y is regular, the weak-equivalences K(Y,G2) ~ G(Y,Gn), K((A™*+! —
0)",Gn) ~ G(A™H —0)",G"), K(A™H —0)"xY,G2) ~ G((A®! —0)*xY,Gn)

and K((A™*! — O)"Gx Y) ~ G((A™F! — O)nGx Y) complete the proof. O

5.0.3. Multiple derived completions

We remind the reader that the discussion in this section also takes place in Sptqi,
which is the category of all symmetric S'-spectra. Let R denote a commutative ring
spectrum and let Alg(R) denote the category of commutative R-algebra spectra. We
will provide Alg(R) with the cofibrantly generated model category structure discussed
in [49]. Let n denote a fixed positive integer and let B;,C; ¢ Alg(R), i = 1,--- ,n be
provided with maps of commutative algebra spectra f; : B; — C; in Alg(R). We will also
assume that one is provided with augmentations C; — R that are maps in Alg(R). (In
the examples that we consider below, each C; = R, so this last condition is automatic.)
We will assume the B;, C; i = 1,--- ,n are cofibrant in Alg(R), so that each map B; — C;
is a cofibration in Alg(R). We will let

B=Bi{AgRBsAg---Agp B, and C =Ci AR Co AR --- Ar C,,.

Since each B; — C; is a cofibration, it follows that the induced map B — C is a
cofibration in Alg(R). Then one first observes that these are commutative algebra spectra
over R and that f = fi Ag foARAR AR frn is a map of such algebra spectra. We proceed
to consider derived completions of a module spectrum M e Mod(B) with respect to the
map f and explore how it relates to the derived completions with respect to the maps
fi,i: 1,'“ , N

It needs to be pointed out that there is an entirely parallel set-up where R denotes a
commutative ring and B;, C;, i = 1,- -+ ,n are commutative algebras over R (or commu-
tative dg-algebras over R) which will all be assumed to be flat over R. In this set-up M
will be a module (or dg-module) over B.

The main example to keep in mind is what appears in Proposition 5.2, namely R =
K(S), B; = K(S,G,,) with the G,, forming the i-th factor in T = G} and C; being
suitable cofibrant replacements of K(S) for alli = 1,--- ,n. Then K(S, T) identifies with
K(S,Gm) Ak(s) K(S,Gm) - - - Ak(s) K(S,Gm) so that we will let B = K(S,T).
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For each i = 1,---,n, let T, : Mod(B) — Mod(B) denote the triple defined by
M — M Ap, C; which is M Ap, C; viewed as a B-module through the obvious B-bi-
module structure on M. Clearly T, (M) has a (right) C;-module structure. Now one
obtains an induced Bj;-module structure on Tg, (M) obtained by restriction of scalars
along the map B; — C;. Since all the ring spectra we consider are commutative ring
spectra, one may observe that this B;-module structure is compatible with the B-module
structure on T, (M) considered earlier (and used in the definition of the functor T'z,). We
let 753, denote the cosimplicial object obtained by iterating Tp, and denoted T3 (M, C;)
elsewhere. Observe that it is also possible to compose Tz, and T, and thereby define a
triple Tg, ... ., : Mod(B) — Mod(B) by M +— M Ap, Ci A, Ca--- Ap, C,, that is,

Tp,,...B, =1B, 0 -01p

B, (M) has the obvious structure of a (right) C = Cy Ag -+ Ag Cyp-
module and that the B-module structure on it obtained by restriction of scalars along
the map B1 Ag---Agr B, — C1 Ar---AgrC, is compatible with the B-module structure
on Tp, .. , (M) used in its definition: that is, if m ¢ M,b; € B;,¢; € C; and 1; € R,
i=1,--+-,n, then mAribicy Argbaca A+ -+ Ary,bpc, is identified with mry -+ - rpby -+ - by A
c1 Aca A -+ A¢p. Therefore, one obtains the identifications for any M e Mod(B):

Tp,Ts, - (Ip,(M))) =Ts,,...B,(M) = TppnpnpB, (M) =M A CiAg

BiAR-ARrBn

-+ AR Cm
where the B;-module structure on T, , --- T, (M) is from the original B-module struc-
ture on M. Moreover if M = My Ag --- Ar My, then Tp, .. g, (M) = Tg,(Mi) Ar
Tp, (MQ) AR AR TB"’ (Mn)

One may iterate the above constructions to obtain an n-fold multi-cosimplicial object:
Tp. g, (M) defined by

By g (M) =T (- Tt (M)

where an M e Mod(B) is viewed as an object in Mod(B) for forming 73" (M) and each
T (e 5. (M)) is given the B;-module structure induced from the original B-module

i—1
structure on M before applying 7 BZ". For a sequence of non-negative integers my, - - - , My,

Observe T, ... B

we define o<y .o, o ", (M) = (T35 (M)lix < ma, iy < my), which is a
truncated multi-cosimplicial object. Then we let

M7, = hoiim(agm(ATéi"';j?Bn (M))) where A denotes the diagonal and  (5.0.4)

M .y ;m,, = holim - - - }iolim(agmh... <ma, (Téi":,’an (M))). (5.0.5)
<mq <mnp l
This denotes the partial derived completion up to degrees mq,--- ,my,.

Proposition 5.3. Assume the above situation. Then the following hold for an M e Mod(B).
(i) For any sequence of positive integers mq, - , My,
Mty m,, = holim- - - holim(c<m, ... <m.,, (T *5 (M)))

<mq <mp

s
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~ holimo <y, T3, (Rolimo<, T3, (- (holimo<p, T3, (M))))

<mn <mo <my

(i5) M7y = holimM ., =~ holim M5 i ... .m,, which denotes the derived

00, ,004=(m1, ;M "
completion along f.

(itt) In case M = My Agr My AR -+ Ag My, with M; € Mod(B;), then M §m, ... m, =~
holim 0<m, (Tél (Mh Cl) AR AR ZOlim(USmn TBn (M7 Cn)) = Ml/\flyml AR M2?2»m2 AR

<mq <mn

-+ AR MnAfn,mn'

Proof. The weak-equivalence in the second line in (i) follows from [7, Proposition 2.9].
(The main point here is that the partial derived completions involve only finite homotopy
pull-backs.) The statement in (ii) now follows because the iterated homotopy inverse
limit of a multi-cosimplicial object may be replaced by the homotopy inverse limit of
the diagonal cosimplicial object. (See, for example, [55, Lemma 5.33] for a proof.) The
last statement then follows from the observation that the triples Ts, commute with each
other and by an application of [7, Proposition 2.9]. O

Remark 5.4. For i = 1,--- ,n, let pp, = fi : K(S, Gy) — K(S) denote the map induced
by the restriction to the trivial subgroup, where G,, is the i-th factor in the split torus
T=Gx " Let f = fi A--- A fn. Then using the terminology above, we proceed to
establish the weak-equivalences (in the following theorem):

K(S,T) rmy . m, ~ K(BTE™™0 M) — K(P™ x .. P™) and  (5.0.6)
K(S,T)", ~ K(BT#") = holimK(P™ x --- x P™)

pr = oco<—m
Corresponding statements hold for the completion with respect to the map py o pr :
K(S,T) — K(S) — K(S)/S\H(Z/Z) for a fixed prime ¢ different from char(k) = p.

The following results will play a major role in the proof of the main theorem. First
observe that if T = GP is an n-dimensional split torus, then ET&™™ = (Am+1 — g)n
and BTe™™ = (P™)". The obvious map ET#™™ — S induces a compatible collection of
maps {K(S,T) - K(ETs™™ T) = K(BT¢™™)|m > 0}.

Theorem 5.5. Assume the base scheme S is the spectrum of a field k and that T = G},
is a split torus over S. For each i = 1,--- n, let T; denote the G,, forming the i-th
factor of T. Let pr : K(S,T) — K(S) denote the restriction map as in 3.0.7. Then the
map K(S,T) —» K(ETe™™ T) = K(BT8™™) factors through the multiple partial derived
completion

K(S,T) prm,...m = holimo<y, - - - holz’mangI;’(é;’T'l)w ,K(S7Tn)(K(S, T),K(S))

<m <m

and induces a weak-equivalence, that is natural in m:
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K(S,T), ~ K(BT&™™ x ... x BT&™™),

PT,m, - ,m

Proof. First observe that

m(K(S,T)) = R(T)%m(K(S)) (5.0.7)
Step 1. We will next restrict to the case where the torus T is one dimensional. Let A
denote the 1-dimensional representation of T corresponding to a generator of R(T). For
each m > 0, (A — 1)™*! defines a class in 7o(K(S, T)) = R(T) ® mo(K(S)). Viewing this
class as a map S — K(S, T) (recall S denotes the S'-sphere spectrum), the composition
SAK(S,T) = K(S,T) AK(S, T)BK(S, T) defines a map of spectra

K(S,T) = K(S,T),

which will be still denoted (A — 1)™*1. (Here p is the ring structure on the spectrum
K(S,T).) The heart of the proof of this theorem involves showing that the homotopy
cofiber of the map (X — 1)™*1 identifies with the partial derived completion to the order
m, along the restriction map pr : K(S,T) — K(S).

Step 2. Let S x A™+! denote the vector bundle of rank m + 1 over S on which the torus
T acts diagonally. The Koszul-Thom class of this bundle is 7*(A — 1)™T! where 7 : S x
A™*+L — S5 the projection. This defines a class in mo(K(S x A™T1 S x (A™T1 —0),T)).
Next consider the diagram:

(A—1)m+1
K(S,T) K(S,T) cofiber((A —1)m*1)

K(S x AmHL S x (Am+L —0),T) K(S x A+ T) K(S x (Am*T1 —0),T)
(5.0.8)
where the bottom row is the stable homotopy fiber sequence associated to the homo-

topy cofiber sequence: S x (A™*+! —0) — S x A™FTL 5 (S x AP+ /(S x (A™HL —0)) in
the A'-stable homotopy category. The left-most vertical map is provided by Thom-

isomorphism, that is, by cup-product with the Koszul-Thom-class 7*(\ — 1)+, There-
fore, this map is a weak-equivalence. The second vertical map is 7#* and is a weak-
equivalence by the homotopy property. In view of the fact that the unit of the ring
spectrum K(S, T) is sent to the Koszul-Thom class 7*(A — 1)™*! by the left-most ver-
tical map and the middle map is the pull-back 7*, the left-most square commutes.
Therefore, the right square also commutes and the right most vertical map is also a
weak-equivalence.

Step 3. Next we take m = 0. Then it follows from what we just showed that the map
cofiber(A —1) — K(S x Al —0,T) = K(S) (forming the last vertical map in (5.0.8)) is
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a weak-equivalence. Now the map K(S x A" G.,) — K(S x Gy, G) = K(S) form-
ing the bottom row in the right-most square of (5.0.8) identifies with restriction
map K(S,Gy,) — K(S). Therefore, by the homotopy commutativity of the right-most
square of (5.0.8), it follows that the homotopy fiber of the restriction map pr
K(S, T) — K(S) identifies up to weak-equivalence with the homotopy fiber of the map
K(S,T) — cofiber(A — 1), that is, with the map (A —1) : K(S,T) — K(S, T).

Step 4. Next recall (using [7, Corollary 6.7]) that the partial derived completion
K(S,T) ,p.m may be identified as follows. Let It — It denote a cofibrant replace-
ment in the category of module spectra over K(S,T), with It denoting the homotopy
fiber of the restriction K (S, T) — K(S). Then

m+1

K(S,T) ppm = coﬁb(fTK AL It

A - A It = K(S,T)).
(S,T) K(8,T) K(S,T)

What we have just shown in Step 3 is that the homotopy fiber It of the restriction
map K(S,T) — K(S) identifies with the map K(S, T)(/\:>1)K(S7 T) and hence is clearly
cofibrant over K(S, T): that is, I = It is simply K (S, T) mapping into K(S,T) by the
map (A — 1). Therefore the homotopy cofiber

m—+1
- ~ = _qym+1
Cofib(Iy A Ir A - A Ir—K(S,T)) = Cofiber(K(S,T)" %" K(S,T)).
K(S,T) K(S,T) K(S,T)

Making use of the diagram (5.0.8), these observations prove that
K(S, T) pm = cofiber(A — 1) ~ K(S x (A™F! —0),T) = K(S x P™) = K(BT#™™).

Observe that as m varies, the diagram in (5.0.8) forms an inverse system of commutative
diagrams, which provides the compatibility of the above weak-equivalence as m varies.
(If one prefers, one may also apply Lemma C.5 to the inverse system of squares forming
the last vertical map in (5.0.8), as m varies.) This completes the proof for the case of
the 1-dimensional torus. (It may be worthwhile pointing out that classical argument due
to Atiyah and Segal for the usual completion for torus actions in equivariant topological
K-theory is very similar: see [4, section 3, Step 1], the main difference being that in [4]
the corresponding argument is applied at the level of homotopy groups.)

Step 5. Next suppose that T = GJ,. Letting T,,_1 = the product of the first (n — 1)
copies of G,,, one observes that K(S, T) ~ K(S, Ty_1) Ak(s) K(S,bGn). Therefore one
may use ascending induction on n and the discussion on multiple derived completions in
Proposition 5.3 to complete the proof of the theorem. O

Theorem 5.6. Assume the base scheme S is the spectrum of a field k and that X is either
a scheme or a separated algebraic space of finite type over S. Let H = G}, denote a split
torus over S acting on X.
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(i) Then, for each fized positive integer m, the map

L L
G(X,H)~K(S,H) A GX,H) - KEH"" H) A G(X,H)
K(S,H) K(S,H)

— G(EH®™™ xX)
H

factors through the partial derived completion G(X,H) ,, m, the induced map
GX,H) pym — G(EHgm’mﬁX) is functorial in m and is a weak-equivalence.
Moreover, this weak-equivalence is natural in both X and H.

(it) Therefore, we obtain an induced weak-equivalence G(X,H) 7, — éL(gl_imG(EHgm’mﬁ
X) that is functorial in X and H.

(iii) The corresponding assertions hold with the G-theory spectrum replaced by the K-
theory spectrum when X is reqular.’

Proof. We will first consider the case when H is a one dimensional torus, and then use
ascending induction on the rank of the split torus H to prove the theorem in general.

Therefore we will assume presently that H is a one dimensional torus. Let Zy denote
the homotopy fiber of the map K(S,H) — K(S) induced by the restriction map. One
may readily see that it is module spectrum over K(S, H). Then, we will replace this by a
cofibrant object in Mod(K(S,H)) and denote the resulting object by the same symbol.
Therefore, one may now form the derived smash-product

m+1

It =Ty AN Iug--- A
K(S,H) K(S,H)

Tn. (5.0.9)

[7, Corollary 6.7] and Theorem 5.5 then show that
et - K(S,H) — K(S,H) Sy m ~ K(EHS™™ H) (5.0.10)

is a stable fibration sequence of spectra, and therefore also a stable cofibration sequence of

spectra. Let G(X,H) denote a cofibrant replacement of G(X,H) in the model category

Mod(K(S,H)). Now taking smash-product over K(S,H) with the spectrum G(X,H)
provides the stable cofibration (or equivalently stable fibration) sequence:

0 A G(X,H) = G(X,H) - K(EHE™™ H) A G(X, H) ~ G(EHE™ xX),
K(S,H) K(S,H) H

(5.0.11)

3 Work in progress shows that it is also possible to prove a variant of this theorem where equivariant
G-theory is replaced by homotopy equivariant K-theory, which would be an equivariant version of the
homotopy K-theory considered in [63].
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The last weak-equivalence is provided by Proposition 5.2. One also obtains the stable
cofibration (or equivalently stable fibration) sequence (by smashing the stable cofiber

sequence Z;i T — K(S,H) — K(S,H)/Z3! with G(X, H) over K(S,H)):

) o P L .
~ G(X, H)/(Tn+ G(X, H)). 0.12

By [7, Corollary 6.7] again, one sees that last term above identifies with G(X, H) ,; m.
Therefore, one obtains the weak-equivalence

G (X, H) yym = G(EHE " xX). (5.0.13)

These complete the proof of statement (i) in this case, and statement (ii) is clear
from the above discussion. Taking the homotopy inverse limit as m — oo, one obtains
statement (iii). This completes the proof when H is a one dimensional torus.

Next let H denote a split torus of rank n > 1. We will assume using ascending induction
on n that the theorem is true for all split tori of rank < n. Let H = H; x Hy, where H;
is a one dimensional torus and Hs is a split torus of rank n — 1.

Observe that K(S,H) = K(S,H; x Ha) ~ K(S,H1) Ak(sy K(S, Hz), so that Proposi-
tion 5.3(iii), Proposition 5.2 along with the inductive assumption shows that

K(S,Hl X Hg)/;)H’myml‘ K(S,Hl)/\le’m /\K(S) K(S,Hg)/\prm (5014)
~ K(EH%m’m, Hl) /\K(S) K(EH%m’m, HQ)
~ K(EHS™™ xg EHE™™ H) = K(EH&™™ H).

(One may observe that Proposition 5.2 provides the third weak-equivalence.) Therefore,
one sees that the stable cofibration sequence in (5.0.10) still holds with H = H; x Ha,
and where Zy denotes the homotopy fiber of the map K(S,H) — K(S) induced by the
restriction map. Now taking smash Br\oguct over K(S,H) of the terms of in the stable

cofiber sequence in (5.0.10) with G(X,H) once again produces the stable cofibration
sequence in (5.0.11).

By smashing the stable cofiber sequence Zj} ™' — K(S,H) — K(S,H)/Z7"! with
G/(_)E,/H) over K(S,H)) provides the stable cofibration (or equivalently stable fibration)
sequence in (5.0.12). The above arguments show that one obtains the weak-equivalence
in (5.0.13) for the split torus H. These observations complete the proof of statements
(i) and (ii) in this case. Taking the homotopy inverse limit as m — oo, one obtains

statement (iii). This concludes the proof of the theorem for the split torus H. O

We conclude this section with the proof of Theorem 1.2.
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Proof of Theorem 1.2. Let G denote a split reductive group over k, which is a finite
product of GL,s and containing the given linear algebraic group H as a closed subgroup.
Then Proposition 1.1 provides the weak-equivalence:

G(X,H),, ~ G(G xug X,G) -
At this point Theorem 4.7 (aided by Theorem 3.6) provides the weak-equivalence:

G(GxuX,G) ) G(EGgmé(G xy X)) ~ G(EGgméX),
by reducing this statement to the corresponding statement when G is replaced by a
maximal torus T in G. Theorem 5.6 proves this statement for the case when the group
G is a split torus. These complete the proof of the statement in (i).

The statement in (ii) is a variant of (i) and may be proven similarly. The statement in
(iii) follows now from (B.0.4). Observe that Theorem 5.6 holds for all separated algebraic
spaces of finite type over the given base scheme S. This observation proves the last
statement in Theorem 1.2. O

6. Comparison with existing results, examples and applications
6.1. Comparison with Thomason’s theorem

In this section we will first compare our results with prior results on Atiyah-Segal
type completion theorems in equivariant G-theory, the earliest of which are those of
Thomason. In [56, Theorem 3.2], Thomason proves the following theorem:

Theorem 6.1. Let G denote a linear algebraic group scheme over a separably closed field
k so that it is the product of a group scheme smooth over k and an infinitesimal group
scheme. Let X denote a separated algebraic space on which G acts. Let £ denote a prime
that is invertible in k, let B denote the Bott element and let I denote the kernel of rank
map R(G) — Z. Then the map

m(G/¢(X,G)B7]) e E>7r*G/é”(EGgméX)[ﬂ_l])

is an isomorphism, where the completion on the left denotes the completion of the ho-
motopy groups
7. (G/7 (X, G)[B7Y]) at the ideal Ig.

In the above theorem of Thomason, the strategy is to show that a spectral sequence
whose Fo-terms are the cohomology groups computed on a site called the isovariant
étale site associated to the G-scheme X with Z/¢Y-coefficients converges strongly to
the above homotopy groups. (The above spectral sequence is an equivariant analogue
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of the spectral sequence relating étale cohomology to mod—¢”-algebraic K-theory with
the Bott-element inverted as in [55].) All the stringent hypotheses stated there seem
necessary to obtain strong convergence of this spectral sequence and thereby to conclude
that the homotopy groups m.(G /€% (X, G)[871]) are finite modules over the representation
ring R(G). Nevertheless, the following simple example shows that for lots of varieties
with group actions, the Bott-element inverted form of equivariant algebraic K-theory
with finite coefficients is distinct from the corresponding equivariant algebraic K-theory
with finite coefficients. Thus Thomason’s theorem does not provide an Atiyah-Segal
type completion theorem for equivariant algebraic K-theory, but only for its topological
variant, that is, with the Bott element inverted.

6.1.1. Equivariant algebraic K-theory and the equivariant algebraic K-theory with the
Bott element inverted are not isomorphic in general

Let k denote an algebraically closed field and let ¢ denote a prime different from
char(k). Let s > 1 be an integer and let X = G2,. Then we make the following observa-
tion:

Proposition 6.2. The map m;(K(G2,) /") — mi(K(G3,)/¢7[371]) is an isomorphism for
all i >0 if s =1 and for s > 2, it is not surjective for i < s — 1. In particular, for all
i < s—1, the above map is only an injection.

Proof. For s = 1, this follows readily from Quillen’s calculation of the K-groups of G,;,:
that is, m(K(G,,)) = m(K(Speck)) @ m—1(K(Speck)), for i > 0. (See [39, Corollary
to Theorem 8].) In fact the above result follows more generally from the localization
sequence for any smooth scheme X:

K(X x {0}) = K(X x AYSK(X x Gu),

along with the observation that the composite map j* o #* is a split monomorphism,
where 7 : X x Al — X is the projection and j : X x G — X x A! is the open immersion.
Therefore, the same conclusions hold for K( )/¢" and K( )/¢"[37!]. Hence, one may
compute

mo(K(Gp)/£"[571]) = mo (K (Spec k) /£7[571]) © w2 (K (Spec k) /¢"[371])
=Z/0" @7/, while
mo(K(G2,)/0") 2 mo(K(Spec k) /1) = Z./¢".

Therefore, for s = 2, the map m;(K(G2,)/¢") — m;(K(G$,)/€¥[371]) is not surjective.
One may similarly obtain the same conclusion for all s > 2.

Then, observing that G,, is a linear scheme, one invokes the derived Kunneth formula
in [25, Theorem 4.2]. Then one observes that the corresponding spectral sequences de-



56 G. Carlsson, R. Joshua / Advances in Mathematics 430 (2023) 109194

generate (in view of the computation of the K-groups of G,, above), thereby providing
the isomorphisms

T (K(G,)/07) = m (K(Gy ) /) ® T (K(G) /17), (6.1.1)
7. (K(Speck)/Lm)

T (K(Gy,) /¢ (7)) = m(K(G ) /¢ [871) ®  m(K(Gw)/[B)
. (K(Spec k)/£*[5~1))

= (K(G )/ [B7Y) ® 7 (K(Gm) /7).
7.« (K(Speck)/£v)

Now an induction on s, will show that the induced map of the right-hand-sides is an
injection on homotopy groups for all i > 0. O

Now let s > 3, G = Gy, acting by translation on the first factor in X = G;, and
trivially on the other factors. Observing that the classifying space for G,, is P°°, one
can readily see that EGxX ~ EGxG5! ~ GS-1. Therefore, it follows that the homotopy

G
groups of the mod-£* algebraic K-theory spectrum of EGxX and the homotopy groups of

the corresponding K-theory spectrum with the Bott—elem(ént inverted are not isomorphic
in degrees < s — 2. The case where G,, acts diagonally on G, may be reduced to this
case by viewing G, = A(G,,) x (G:,/A(G,,)). Moreover, the above example shows
that for varieties provided with an action by a torus G,,, and provided with strata
that are products of affine spaces and split tori (as is the case with all linear varieties),
the G,,-equivariant algebraic K-theory is likely to be distinct from the corresponding
Bott-element inverted variant.

Our main result, Theorem 1.2, is a huge improvement over the above theorem of
Thomason, since we do not need to work modulo a prime nor with the Bott element
inverted, nor with any other serious restriction such as the base field being separably

closed. This is made possible by the use of derived completions.
6.2. Comparison with the completion theorem in [29]

Next we proceed to compare our results in detail with the most recent attempt in
[29], at proving Atiyah-Segal completion theorems, for equivariant algebraic K-theory
integrally and without inverting the Bott element, making use of the classical completion
of the homotopy groups of the equivariant K-theory spectra at the augmentation ideal
of the representation ring.

6.2.1. The range of allowed group actions in [29]

In [29, Theorem 1.2] one has to restrict to connected groups, thereby disallowing
even actions by finite abelian groups. In contrast, in this paper the following are the
assumptions.
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We may assume the base scheme S is a regular Noetherian affine scheme of finite
type over a field, in general, though, we may restrict to the case where S is the
spectrum of a field to keep the discussion simple enough. Then we allow any smooth
linear algebraic group scheme G acting on any quasi-projective variety (scheme)
that admits a G-equivariant closed immersion into a regular quasi-projective variety
(scheme) provided with a G-action.

This puts very little restriction on the groups that are allowed: clearly all finite
groups may be imbedded as closed subgroups of a suitable GL,, and therefore are
allowed in Theorem 1.2.

6.2.2. The range of allowed objects with group action in [29]

()
(i)

(iii)

The objects considered have to be schemes of finite type over a field. In particular,
this means natural objects like algebraic spaces cannot be considered.

The schemes have to be both projective as well as smooth. In particular, varieties
that are non-smooth, like normal varieties are not allowed in general. Recall that
toric varieties and spherical varieties are defined to be normal varieties satisfying
certain further hypotheses. This shows that large classes of commonly occurring
varieties like toric varieties that are singular or non-projective (when the group
is a torus) are not allowed. Similarly, the large class of varieties called spherical
varieties (when the group is a reductive group, even as simple as GL,, or SL,,) that
are singular or non-projective cannot be considered. A variant of this is the counter-
example discussed in [29, Theorem 1.5] where the scheme is the homogeneous space
G/ pe for the action of Gy, all over C. This shows that [29, Theorem 1.2], fails
even for smooth varieties such as homogeneous spaces for a linear algebraic group,
which are not projective. The source of the counter-example is that the first map
n [29, (10.3)] is not surjective.

On using derived completions, the corresponding map from the partial derived
completion to the corresponding term of the Borel-style equivariant G-theory spec-
trum is a weak-equivalence as shown in (5.0.13). Therefore, this counter-example
does not arise on using derived completions.

The assumption of projective smoothness over a field and the restriction to actions
by connected split reductive groups in [29] is to be able to reduce to the case of
schemes stratified by strata that are affine spaces over a smooth projective scheme
with trivial action, by making strong use of Bialynicki-Birula decomposition. All
toric and spherical varieties have only finitely many fixed points for the action of a
maximal torus. This means the only toric and spherical varieties that are allowed
by [29, Theorem 1.2] are those schemes stratified by strata that are affine spaces,
which forms an extremely narrow class of varieties. Moreover for such varieties over
separably closed fields, the map from equivariant algebraic K-theory to equivari-
ant algebraic K-theory with the Bott element inverted, and both with coefficients
prime to the characteristics, is an isomorphism in non-negative degrees, so that [29,
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Theorem 1.2] in this case is implied by Thomason’s Theorem (that is, [56, Theorem
3.2)).

Remark 6.3. The kind of dimension shifting that occurs in [29, Theorem 1.5] is quite
natural from our point of view. In our case, the derived completion when applied to rings
and modules, creates higher dimensional homotopy. For example, the derived completion
at the ring homomorphism Z — F, of the module Q/Z has mp = 0 and m = Zy. In
the counter example in [29, Theorem 1.5], this is accounted for by the fact that the
derived completion of the module Q/Z ® Z[Z/27Z] at the augmentation homomorphism

Z[Z/2Z] — 7 has mo =2 Z and 71 = Zs.

The rest of this section will focus on various applications and good features of the
derived completion developed in the earlier sections.

6.3. Equivariant G-theory and K-theory of G-quasi-projective varieties and schemes:
toric varieties, spherical varieties and linear varieties

We will again restrict to the case the base scheme is a field. For a given linear algebraic
group G, a convenient class of schemes we consider are what are called G-quasi-projective
schemes: a quasi-projective scheme X with a given G-action is G-quasi-projective, if it
admits a G-equivariant locally closed immersion into a projective space, Proj(V), for
a representation V of G. Then a well-known theorem of Sumihiro, (see [52, Theorem
2.5]) shows that any normal quasi-projective variety provided with the action of a con-
nected linear algebraic group G is G-quasi-projective. This may be extended to the case
where G is not necessarily connected by invoking the above result for the action of G°
and then considering the closed G-equivariant closed immersion of the given G-scheme
into Il . ¢/goProj(V) followed by a G-equivariant closed immersion of the latter into
Proj(®y ¢ a/go V). (See for example. [57, p. 629].)

Now the important observation is that quasi-projective toric varieties are defined to
be normal varieties on which a split torus T acts with finitely many orbits. Therefore,
such toric varieties are T-quasi-projective. This already includes many familiar varieties:
see [37], for example.

Given a connected split reductive group G, a quasi-projective G-spherical variety is
defined to be a normal G-variety on which G, as well as a Borel subgroup of G, have
finitely many orbits. (See [53].) This class of varieties clearly includes all toric varieties
(when the group is a split torus), but also includes many other varieties. The discussion
in the first paragraph above, now shows these are also G-quasi-projective varieties.

Finally we recall that linear varieties are those varieties that have a stratification where
each stratum is a product of an affine space and a split torus. We will restrict to quasi-
projective linear varieties with an action by the linear algebraic group G, where each
stratum is also G-stable. It is clear the G-equivariant G-theory of such varieties can be
readily understood in terms of the corresponding G-equivariant G-theory of the strata.
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Examples of such varieties are normal quasi-projective varieties on which a connected
split solvable group acts with finitely many orbits. (See [43, p. 119].)

It is important to observe that all the main theorems in this paper, Theorems 1.2 and
1.6 apply to all the above classes of schemes, without any restrictions, that is, to all
toric varieties, all spherical varieties and all G-quasi-projective varieties, irrespective of
whether they are smooth or projective. See also 6.} below.

The example in 6.1.1 shows that for large classes of toric and spherical varieties, the
equivariant algebraic K-theory with finite coefficients away from the characteristic is not
isomorphic to the corresponding equivariant K-theory with the Bott element inverted,
so that Thomason’s theorem does not provide a completion theorem for equivariant K-
theory unless the Bott element is inverted. Neither does [29, Theorem 1.2] unless these
varieties are stratified by affine spaces.

6.4. Computation of the homotopy groups of the derived completion

Assume that X is a G-scheme as in 6.3, with G = T a split torus. Then the approx-
imation EG8™™x X is always a scheme, and therefore, for a fixed value of —s — ¢, the
G

homotopy groups of its G-theory may be computed using the spectral sequence with m
sufficiently large:

Byt = Hipara (EGE XX Z(—1)) = st (GEG™ ™ XX) = 7y (G (X, G) ,0)

The last isomorphism is from (5.0.13) and Hpgas,ar denotes Borel-Moore motivic coho-
mology, which identifies with the higher equivariant Chow groups. (This identification
shows that the ES’t = 0 for all but finitely many values of s and ¢, once —s — ¢ is
fixed. Therefore, these Es-terms, and hence the abutment, will be independent of m,
pa.m) identify
with the rational G-equivariant higher Chow groups. For example, if X has only finitely

~

if m >> 0.) In addition, rationally, the homotopy groups m_,_;(G(X, G)

many G-orbits, then the homotopy groups of the derived completion may be computed
from the higher Chow-groups of the classifying spaces of the stabilizer groups. Such com-
putations will hold if X is any toric variety and G denotes the corresponding torus. For
more general groups other than a split torus, there is still a similar spectral sequence,
but only for the full EG&™ é X. This spectral sequence converges only conditionally, and

computes the homotopy groups of the full derived completion.
6.5. Actions on algebraic spaces

Recall that Theorem 1.2(iii) applies to actions by split tori on algebraic spaces. Here
we will mention some well-known examples where one is forced to consider algebraic
spaces. Consider the action of a finite group on a scheme. If each orbit is not contained
in an affine subscheme, then the quotient for the group action may not exist as a scheme,
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but only as an algebraic space. A well-known example is the non-projective proper three-
fold due to Hironaka (see [20] or [18, p. 443]) provided with the action of the cyclic group
of order two. In this case, the quotient exists only as an algebraic space.

Thus taking geometric quotients of schemes by actions of finite and reductive groups
on schemes often produce algebraic spaces that are not schemes. Therefore, derived
completion theorems for algebraic spaces provided with actions by split tori, such as in
Theorem 1.2(iv), greatly increases the breadth and utility of our theorems.

6.6. Higher equivariant Riemann-Roch and Lefschetz-Riemann-Roch theorems

An immediate consequence of our main theorems is a strong form of Riemann-Roch
theorem relating higher equivariant G-theory with other forms of Borel-style equivariant
homology theories for actions of linear algebraic groups on schemes (and also algebraic
spaces, if the group actions are by split tori). We consider this briefly as follows. Let
f: X =Y denote a proper H-equivariant map between two H-quasi-projective schemes,
where H is a linear algebraic group. Let G denote either a GL, or a finite product of
groups of the form GL,, containing H as a closed subgroup-scheme. Then the squares

G(X,H) G(X; H)/\pG (m) G(EGI™™ x X H) — G(EGgm,mxX)
’ o
lRf - JRJ”* lRf* lmﬂ
G(Y,H) G(Y,H) gy GEGI™™ x Y H) — 7 GEG™™ xY)
1 H

homotopy commute, for any fixed integer m > 0, with «(m) as in Definition 4.6. (The
commutativity of the left-square follows from Proposition 4.5(ii), after one identifies
G(X,H) with G(G xy X, G) and similarly for Y. The composition of the left two hori-
zontal maps is given by sending a complex of H-equivariant coherent sheaves on X (Y)
to its pull-back on EGgm’méX (EGg’”’méY)), respectively. Therefore, the homotopy

commutativity of the two left-most squares follows from Proposition 4.5.) One may com-
pose with the usual Riemann-Roch transformation into any equivariant Borel-Moore
homology theory such as equivariant higher Chow groups, to obtain higher equivariant
Riemann-Roch theorems that hold in general. When the group G is a split torus, one
may also assume in the above theorem that X and Y are separated algebraic spaces
of finite type (over the given base field). Moreover, in such cases, one can also con-
sider Lefschetz-Riemann-Roch theorems involving the fixed points of the torus actions.
Such equivariant Riemann-Roch theorems will be pursued (in more detail) separately in
forthcoming work: see [9]. Note that [1] is classical result in this flavor.

It may be important to point out that, in view of the difficulties with usual Atiyah-
Segal type completion, (for example as in [29]), such Riemann-Roch theorems are cur-
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rently known only for Grothendieck groups, unless one assumes that both X and Y are
projective smooth schemes or in the non-equivariant case as in [41].

6.7. Actions on projective smooth schemes over a field

Finally we proceed to show that for projective smooth schemes over a field provided
with an action by a connected split reductive group, the homotopy groups of the derived
completions in fact reduce to the usual completions of the homotopy groups of equivariant
K-theory at the augmentation ideal and thereby complete the proof of Theorem 1.7. This
shows that the results of [29, Theorem 1.2] all follow as a corollary to our more general
derived completion theorems.

Proposition 6.4. Let X denote a scheme with a trivial action by a split torus T, all
defined over a field k. Then m,(K(X,T)) 7, = m.(K(X,T) ) where the completion on
the left denotes the completion at the augmentation ideal It in the usual sense and the
completion on the right denotes the derived completion along pr.

Proof. Observe that 7, (K(X,T)) = 7.(K(X))®R(T) and that R(T) is Noetherian.
Z

Therefore, [7, Theorem 4.4] shows the derived completion of 7.(K(X,T)) at the ideal
It identifies with the usual completion of 7.(K(X,T)) at It. Finally, the first spectral
sequence in (3.0.4) degenerates identifying the homotopy groups 7, (K(X,T) ) with
the derived completion of 7. K(X) ® R(T) at I, which by the above arguments identify
with 7. K(X) © R(T) 3, & 1 (KX, T) 5o O

An immediate consequence of these results is Theorem 1.7 stated in the introduction.

Proof of Theorem 1.7. First, we observe the commutative diagram:

T (G(X, G)) 16 T (G(X, G) e ) Ta T (G(X, G) e )

m(GEXO) T m(GEXG)T T m(G(GXXG)5)

y* gm lm

m(G(X, G)) 16 T (G(X, G) 6 ) 16 m(G(X,G)

“vc)

(6.7.1)
Here B is a fixed Borel subgroup of G. The observation that there is a natural map
G(Y,G) = G(Y,G) ", for any G-scheme Y readily provides the horizontal maps. Since
the composition of the maps 7* and 7, are isomorphisms, it suffices to prove both maps
in the middle row are isomorphisms. Let T denote split maximal torus contained in

B. Then, one observes the isomorphisms: 7.(G(GxX, G)) ], = m.(G(GxX,G)) T, and
B B
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W*(G(GEX, G) Hhe)1s = w*(G(GEX, G) pr) 1r- These follow from the fact that the Ip-

adic and the IgR(T)-adic completions are the same on any R(T)-module (as proven in
[4, p. 8]) and Theorem 3.6. These reduce the proof to the case where the group G =T
is a split torus.

Next, making use of Bialynicki-Birula decomposition, for the action of a split torus
T on the smooth projective scheme X, one shows that the theorem holds for the action
of T on X by reducing it to the trivial action of T on the fixed point scheme XT, at
which point Proposition 6.4 applies. (A key observation here is the following: there is an
ordering of the connected components of the fixed point scheme XT = L2 (7Z; so that
there exists a corresponding filtration {¢ = X_1 C Xg € X5 € --- € X,, = X} so that
each X; — Xj_1 — Z; is a T-equivariant affine space bundle. Therefore, one may show
K(X,T) ~ V;K(Z;, T).) This proves Theorem 1.7(i).

Theorem 1.2(i) with G = GL, and H = G proves that m (K(X,G) .. ) =
7. (K(EGLy xX))

~ 1. (K(EGxX)), since EGL,, also satisfies the properties required of EG: see (B.0.4).
el
But by [29, Theorem 1.2], this identifies with m.(K(X, G))71,. This proves (ii). O

6.8. Various extensions of our current results

The key reason we have restricted to equivariant G-theory in this paper is because of
the readily available localization sequences. However, already by the late 1980s (see [58]),
Thomason had established localization sequences for the K-theory of perfect complexes
and recent work, for example [44], considers an abstract framework in which localization
sequences for K-theory holds: this framework applies to the equivariant situation by [44,
section 5]. On considering the associated homotopy invariant version, one also recovers
the homotopy property.

One of our immediate goals therefore is to extend the derived completion theorems
proven here to equivariant (homotopy invariant) algebraic K-theory of perfect complexes
and also to actions by families of linear algebraic groups. The first of this is already
worked out in detail in [9].

Appendix A. Chain complexes vs. abelian group spectra

In this section we recall certain well-known relations between the above two categories,
the basic references being [48] and [50]. Since this correspondence is discussed in detail
in the above references, we will simply summarize the key points for the convenience of
the reader. One may also consult [10], [17], [23] and [33] for related discussions.

A chain complex will mean one with differentials of degree —1. Let R denote a com-
mutative ring with 1. Then H(R) will denote the Eilenberg-Maclane spectrum defined as
follows. The space in degree n, H(R),, is the underlying simplicial set of R® S™ which in
degree k is the free R-module on the non-base point k-simplices of S™ (and with the base
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point identified with 0). The symmetric group ¥,, acts on S = (S1)"" and therefore on
H(R),. Clearly there is a map from the simplicial suspension S* A H(R),, — H(R),11
(compatible with the action of X,,11), so that this defines a symmetric spectrum. This is
the Eilenberg-Maclane spectrum associated to R. One may observe this is an Q-spectrum
and that it is also a symmetric ring spectrum.

Next one may define a functor H : Mod(R) — Mod(H(R)), where Mod(R)
(Mod(H(R)))) denotes the category of modules over R (module spectra over H(R),
respectively) by H(M) = M ®r H(R): the n-th space H(M),, is now M ®r (R® S™).

Though the normalizing functor N sending a simplicial abelian group to its associated
normalized chain complex is symmetric monoidal, its familiar inverse I' (defined by the
classical Dold-Kan equivalence) is not symmetric monoidal. This is the main difficulty in
extending the functor H to a monoidal functor defined on all unbounded chain complexes
of R-modules with the usual tensor product as the monoidal structure. Nevertheless,
solutions to this problem have been worked out in detail in [48, Appendix B]. (See also
[50] and [42].) The main result then is the following.

Let C(Mod(R)) denote the category of unbounded chain complexes (that is, with
differentials of degree —1) of R-modules, with the tensor product of chain complexes as
the monoidal product and provided with the projective model structure where the fibra-
tions are degree-wise surjections, weak-equivalences are maps that induce isomorphism
on homology and the cofibrations are defined by the lifting property. This is the model
structure discussed in A.0.5 below. Let Mod(H(R)) denotes the category of symmetric
module spectra over H(R), provided with Ag(g) as the monoidal product and with the
model structure defined on it as in [47, section 4]. Then these two model categories are
related by functors

H:C(Mod(R)) = Mod(H(R)),© : Mod(H(R)) — C(Mod(R)) (A.0.1)
so that they are part of a Quillen equivalence between the corresponding derived cate-

gories. Since the two functors H and © are weak-monoidal functors, one also obtains a
weak-equivalence

H(M) A H(N) ~ H(M%N), M,N e C(Mod(R)). (A.0.2)

R
is defined by replacing one of the arguments by a cofibrant replacement. The above

that is natural in the arguments M and N. Here the left-derived functor of HQ\R) (®)

weak-equivalence is not induced by a map from the left-hand-side to the right-hand-
side: rather, the left-hand-side and the right-hand-side are related by maps which are
weak-equivalences into intermediate spectra. Nevertheless, this suffices for us to reduce

L
computations of the left-hand-side to computing M®N.
R

One may make use of the discussion on model structures for C(Mod(R)) given below
to find suitable cofibrant replacements of a given K ¢ C'(Mod(R)). However, if K = S



64 G. Carlsson, R. Joshua / Advances in Mathematics 430 (2023) 109194

is actually a commutative algebra over R, one may make use of the following device to
produce a particularly nice cofibrant replacement of S in the category of commutative
dg-algebras over R. This is discussed in [7, proof of Lemma 5.2].

A.0.3. Resolutions via the free commutative algebra functor

Let R denote a commutative ring with 1 and let S denote a commutative algebra
over R. Given a set X, one first forms the free R-module on X: this will be denoted
Fr(X). Now one takes the R-symmetric algebra on Fg(X): this will be denoted Fr(X).
Observe that Fr(X) is a graded R-module which is free in each degree. Let (R—algebras)
denote the category of all commutative R-algebras and let (sets) denote the category of
all (small) sets. Let U : (R—algebras) — (sets) be the forgetful functor. Then the functor
Fg defined above will be left-adjoint to U. Together, these two functors define a triple
and we may apply them in the usual manner to S to produce a simplicial object in the
category of R-algebras, S, together with a quasi-isomorphism to S. Since the normalizing
functor sending a simplicial abelian group to the associated normalized chain complex
is strictly monoidal, one observes that S = N (S.) is a dg-algebra, trivial in negative
degrees, together with a quasi-isomorphism to S. (One may also observe that if each S,
is a free R-module, then so is N(S,),.) In view of the explicit construction above, one
may verify the following isomorphism:

H(S)H(AR)H(M) = H(S‘%M}, M ¢ C(Mod(R)), (A.0.4)

where we let H(S) = H(S,) = hocglim{H(Sn)M} and H(S’%M) = H(S.@M) =
hocghm{H(Sn%MHn}.

Finally it is important to observe that H(S,) for each n > 0 and therefore

hocglim{H(S'nMn} is commutative algebra spectrum over H(R). Moreover, each H(S,,)

is a cofibrant object in Mod(H(R)) and hence so is hocglim{H(Snﬂn}. Therefore we will

in fact make use of this cofibrant replacement, along with Remark 3.2.

A.0.5. Model structure for the category of (unbounded) chain complezxes

Let R denote a commutative ring and let C(R) denote the category of all (that is,
possibly unbounded) chain-complexes of R-modules with a differential of degree —1. This
category may be given the cofibrantly generated model category structure described in
[21, Definition 2.3.3] and also [13]. Recall the generating cofibrations and generating triv-
ial cofibrations are defined as follows. For each integer n, one lets S™ to be the complex
concentrated in degree n where it is R and trivial elsewhere. D™ will be the complex con-
centrated in degrees n and n —1 where they are both R with the differential D] — D] _;
being the identity. Then it is shown in [21, Proposition 4.2.13] that this model cate-
gory is a cofibrantly generated symmetric monoidal model category with the generating
cofibrations I, being maps of the form {S"~! — D"|n} and with the generating trivial
cofibrations J, being maps of the form {0 — D"|n}. The monoidal structure is given
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by the tensor product of chain complexes, weak-equivalences are quasi-isomorphisms of
chain complexes and fibrations are maps that are degree-wise surjective. It is straight-
forward to verify that this model category satisfies the monoidal axiom: see [13, Lemma
4.6] for more details.

A.0.6. Homotopy inverse limits of cosimplicial objects of chain complexes

Let R denote a commutative ring and let C(R) denote the category of chain complexes
of possibly unbounded complexes of R-modules with differentials of degree —1. We pro-
vide C(R) with the model structure discussed above. In order to define homotopy inverse
limits of diagrams in C(R), it suffices to first observe that the model category C(R) is
quasi-simplicial (see [13, Definition 5.1]), though not simplicial. Then the usual defini-
tion of the homotopy inverse limit as an end carries over and therefore the homotopy
inverse limit will have the usual properties.

Appendix B. Motivic slices and independence on the choice of the geometric
classifying space

Throughout this section Sptgi(Smet) Will denote the Al-localized category of S!-
spectra on the Nisnevich site of S = Speck, with k a perfect field. We will let
E € Sptg1 (Smot) denote any spectrum that satisfies the following properties:

(i) it is —1-connected,
(ii) it is A'-homotopy invariant and has Nisnevich excision, and
(iii) is the O-th spectrum of some P1-Q spectrum € € Spt(Smot)-

One may observe that the above properties are satisfied by the S'-spectrum representing
algebraic K-theory. The work of [61], [31] and [38] show that now one can define a
sequence of functors f,, : Sptg1(Smot) — Sptgi (S) so that the following properties are
true for any spectrum E € Sptgi (Smot):

B.0.1.

(i) One obtains a map f,E — E that is natural in the spectrum E and universal for
maps F — E, with F ¢ X%, Sptg: (Smot)-

(ii) One also obtains a tower of maps --- = fp,41E — foE — -+ — foE = E. Let s,E
denote the canonical homotopy cofiber of the map f,11F — f, and let s<q_1
be defined as the canonical homotopy cofiber of the map f,& — FE. Then one
may show readily (see, for example, [38, Proposition 3.1.19]) that the canonical
homotopy fiber of the induced map s<,E — s<,—1F identifies also with s,(E).
One then also obtains a tower: -+ = s<,F — s<q_ 1 — - --.

(iii) Let Y be a smooth scheme of finite type over S and let W C Y denote a closed
not necessarily smooth subscheme so that codimy (W) > q for some ¢ > 0. Then



66 G. Carlsson, R. Joshua / Advances in Mathematics 430 (2023) 109194

the map f,E — E induces a weak-equivalence (see [31, Lemma 2.3.2]) where Map
denotes the mapping spectrum (that is, the internal hom in the category Sptq:(S)):

Map(35i (Y)Y = W)y, foE) = Map(Xsi (Y/Y — W), E), E € Sptgi (Smot)-
(iv) Tt follows that, then,
Map(E (Y)Y — W), s<qu1F) ~ =

Next assume that G is a linear algebraic group and (W, U), (W, f}) are both good pairs
for G as in Definition 2.1. Let {(Wy,, Uy )m > 1} and {(W,,, U,,)|m > 1} denote the
associated admissible gadgets. Then, since G acts freely on both Uy, and Uy, it is easy
to see that (W x W, Ux WUW x U) is also a good pair for G with respect to the diagonal
action on W x W. Moreover, under the same hypotheses, one may readily check that
{Wp X Wi, Uy x Wy, UW,, x Upy)jm > 1} is also an admissible gadget for G, for the
diagonal action on W x W. Let X denote a smooth scheme of finite type over k on which
G acts.

Since G acts freely on both Uy, and I_Jm, it follows that G has a free action on Uy, X Wiy,
and also on Wy, x Uy,. We will let me =Upn x Wi UW,, x Uy, for the following dis-
cussion. One may now compute the codimensions

codimﬁméx(ﬁméX — Up x V_VméX) = codimw, (W — Up), and  (B.0.2)

codimﬁméx(ﬁméX — W X UméX) = codimy;, (W, — Upy) (B.0.3)

In view of 8.0.1(iv), it follows that the induced maps

Map(EF (U X6 X) 4, 5<q-1E) = Map(Eg (U x Win) X6 X), 5<q-1E)
— Map(2Z (U, xa X) 4, 5<q_1F) and

Map(EE (U, X6 X) 4, 5<q-1E) = Map(Eg5 (Wi X Un) X6 X) 4, 8<q-1E)
— Map(Eg (U, xa X) 4, s<q 1 E)

(B.0.4)

are both weak-equivalences if codimw,, (W — Un) and codimy; (Wp, — Uy,) are both
greater than or equal to ¢. The first weak-equivalences in (B.0.4) are provided by the
homotopy property for the spectrum FE, which is inherited by the slices. Therefore, both
maps in (B.0.4) induce a weak-equivalence on taking the homotopy inverse limit as
m,q — oo. Finally, one may conclude that, since E is also assumed to be Al-homotopy
invariant, Iéggr;lMap(Zgﬁ’(Um Xa X)4,8<q-1E) ~ Map(Xg7 (U, x@ X)4,E) and

hOEmMGP(Eg? (Um Xa X)+7 quflE) = Map(ng (ﬁm XaG X>+aE)'
004—q
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Appendix C. Additional results on derived completion

In this section we collect together a few technical results that have been used in the
body of the paper. Recall that Sptg: denotes the category of S!'-symmetric spectra: the
spectra that we consider in this section will all be spectra in Sptg:. A notion that we have
found useful is that of ideals in ring spectra, which we use in Lemma 3.5, Proposition 4.5
and also appears in [7, Corollary 6.7]. (See also [22] for related results.)

C.1. Ideals in ring spectra

Definition C.1. Let E be a commutative ring spectrum, which we will assume is cofibrant
in the category of algebra spectra over the sphere spectrum. An ideal in F is an E-module
spectrum, I, which is cofibrant as an E-module spectrum, together with a specified map
i : I — E of E-module-spectra so that the canonical homotopy cofiber of i is weakly-
equivalent to a commutative ring spectrum under E (that is, with a map of commutative
ring spectra from E). Moreover, we require that these can be chosen functorially in s.

Lemma C.2. Let f : E/ — E denote a map of commutative ring-spectra.

(i) If i : I — E is an ideal in E, then the canonical homotopy pull-back of i by f is
an ideal in E’.

(i) If j - J — E’ is an ideal in E', and E is cofibrant as an E'-module spectrum, then
i=j Nidg: JANE — FE is an ideal in E.

id g E
Proof. Observe first that, E’, E and I are all module-spectra over E’ and that the given
maps between them are also maps of E’-module-spectra.

Next we consider (i). One may functorially replace ¢ by a map which is a fibration
in the category of F-module spectra. Let j : J — E’ denote the pull-back of I over E’
by f. Therefore, it follows that J is an E’-module spectrum. The homotopy fiber of the
induced map J — E’, which will be denoted hofib(j) maps to the homotopy fiber of
the map i : I — E (denoted hofib(i)) and the above map is a weak-equivalence. By our
hypotheses, hocofib(i) (that is, the homotopy cofiber of i, which is weakly equivalent to
the suspension of hofib(i), that is, Yhofib(i)) maps by a weak-equivalence to a commu-
tative ring-spectrum E/I under E. Since f is map of ring-spectra, E/I is a commutative
a ring-spectrum under E’ as well. Moreover the choice of E/I is functorial in 7 and hence
in j.

(ii) Clearly Jé\/E is an E-module. The map i corresponds to the map Jé\,E — E’]{J\/E =

E. Since E is assumed to be cofibrant as an E’-module,
hofib(j)AE — JAE — E'ANE =E
E’ E’ E’

is a fiber sequence. Let Xhofibf(j) — hocofib(j) ~ E’/J denote a weak-equivalence to
a commutative ring spectrum under E’ given by the ideal-structure of j. Since F is a
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commutative ring spectrum under E’ (and cofibrant as an E’-module), it follows that,
hocofib(j) }é\/E ~FE'|J Jé\/E. The latter is clearly a commutative ring spectrum under E.

This proves (ii). O

Proposition C.3. (i) Let R denote a commutative Noetherian ring with unit and let I, J
denote two ideals in R with J C I and where there exists a positive integer N so that
IN C J. If M is any chain complex (that is, with differentials of degree —1) of R-modules
trivial in sufficiently small degrees, then M7 ~ M ", where the completion denotes the
derived completion.

(ii) Let E denote a —1-connected commutative ring spectrum so that wo(E) is a com-
mutative Noetherian ring. Let I, J denote two ideals in E so that mo(J) C mo(I) and there
exists a positive integer N so that wo(I)N C mo(J). If M is any t-connected E-module
spectrum (for some integer t), then one obtains a weak-equivalence M7 ~ M.

Proof. We may reduce (ii) to (i) by making use of the arguments in 3.0.4. Now (i) follows
by invoking Proposition 3.8. (See for example, the proof of (3.0.19).) O

Next we will prove that indeed the derived completion of modules over a commutative
Noetherian ring at an ideal depends only the radical of the ideal.

First we show how to obtain functorial flat resolutions that are compatible with pair-
ings. Let R denote a commutative Noetherian ring with 1. Let Mod(R) denote the
category of all R-modules and let (sets) denote the category of all small sets. Then we
obtain the following functors: S : Mod(R) — (sets) and F : (sets) — Mod(R) by letting
S(M) = Hompg(R, M) and F(T) = the free R-module on the set T. Here Homp denotes
Hom in the category Mod(R). Then F is left-adjoint to S and they provide a triple:

FoS:Mod(R)— Mod(R).

By iterating this triple, we obtain a simplicial resolution of any R-module M, which
consists of flat-modules in each degree. One may then apply the normalization functor
that sends a simplicial abelian group to a chain complex (that is, where the differentials
are of degree —1) and then to the associated co-chain complex that is trivial in positive
degrees and with differentials of degree +1. We will denote this functorial flat resolution
of an R-module M by M (or M *). This construction has the following properties.

(i) It is functorial in M, i.e. if f: M — N and g : N — P are maps in Mod(R), then
one obtains induced maps f : M — N and §: N — P so that (?;7) =go f.

(ii) It is compatible with pairings, that is, if M ® g N — P is a map of R-modules,
one obtains an induced map M @z N — (M/(g;N) — P.

Theorem C.4. Let R denote a commutative Noetherian ring with 1 and let J C I denote
two ideals in R so that /T = /J. Then if M is an R-module, not necessarily finitely
generated, M7} ~ M~y where M7 (M~;) denotes the derived completion of M with
respect to I (J, respectively).
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Proof. First observe that since v/J = v/I O I and I is finitely generated, it follows
that I C J for some ng >> 0, that is, now we obtain the chain of containments:
Jmo C ™ C J C I. Therefore, the conclusion follows from Proposition C.3. O

We conclude with following Lemma: we thank Pablo Pelaez for discussions on this.

Lemma C.5. Let E denote an S'-ring spectrum. Let {p, : X411 — Xn|ln > 0} denote a
tower of maps of E-module spectra and let {qn : Ynt1 — Yn|n > 0} denote a tower of
fibrations of E-module spectra.

Assume that one is given, for each n, a map f, : X, — Vn, so that each of the squares

Pn

Xn+1 Xn

an{»l J/fn
qn

yn—i—l yn

homotopy commutes in the category of E-module spectra. Then one may inductively re-
place each of the map f,, up to homotopy by a map fl, n >0, so that the maps {f]|n > 0}
define a map of inverse systems of maps {X,|n} and {Y,|n} of E-module spectra.

Proof. We will construct the replacement f;, by ascending induction on n, starting with
14 = fo. Assume we have found replacements of the maps f;, by f/, for all 0 < i <n, so
that (i) each of the maps f! is homotopic to the given map f; for all 0 <4 < n and that
the diagram

Dn p1
X, .. X (C.0.1)

lfﬁ Jfé
qn q1

Yn Yo

strictly commutes. Let H : X, 41 x A[l] — ), denote a homotopy so that, H( ,1) =
dn+1 © fuy1 and H( ,0) =1/ o py+1. Now we consider the diagram:

fn+1

—
XnJrl yn+1

H/
ilJ/ qn+1l
H

Xn+1 X A[l] yn

Z‘OT fy,ﬂ\
Pn+1

Xn-{—l Xn
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Here the homotopy H' is a lifting of the given homotopy H: observe that such a lifting
H’ exists because the map #; is a trivial cofibration and ¢, 1 is a fibration.

Now we will replace the map f,,41 by the map f; ; = H oij. Then one may observe
that H' provides a homotopy between the two maps f,41 and f,_ ;. Moreover, the

diagram
Pn+1 Pn P1
Xopr X, s X
lfaiw»l lfﬁl l 0
dn+1 Adn q1
yn+1 yn e yO

strictly commutes. Clearly, one may repeat the above arguments to complete the
proof. O
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