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0 INTRODUCTION

Let X’ — X be a desingularisation of a d-dimensional, integral variety over a
field k, with exceptional fibre E < X. Letting rE denote the r'" infinitesimal
thickening of E, we denote by F¢Ky(X’,rE) the subgroup of the relative K-
group Ko(X’,rE) generated by the cycle classes of closed points of X'\ F, for
each r > 1. This inverse system

FUKy(X',E) «+— F'Ko(X',2E) +— FKy(X',3E) +— - --

was first studied by S. Bloch and V. Srinivas [16], in the case of normal surfaces,
as a means of relating zero cycles on the singular variety X to zero cycles on the
smooth variety X’'. They conjectured [pg. 6, op. cit.] in 1985 that this inverse
system would eventually stabilise, i.e., F4Ko(X’,rE) = FKy (X', (r—1)E) for
r>> 1, with stable value equal to F9Ky(X), the subgroup of Ko(X) generated
by cycle classes of smooth, closed points of X.
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The Bloch—Srinivas conjecture was proved for normal surfaces by A. Krishna
and Srinivas [9, Thm. 1.1], and later extended to higher dimensional, Cohen—
Macaulay varieties with isolated singularities in characteristic zero by Krishna
[6, Thm. 1.1] [7, Thm. 1.2]. The conjecture has not been previously verified in
any case of non-isolated singularities, nor for any higher dimensional varieties
in finite characteristic.

The primary goal of this paper is to prove the following cases of the Bloch—
Srinivas conjecture for varieties which are regular in codimension one:

THEOREM 0.1. Let m : X' — X be a desingularisation of a d-dimensional,
quasi-projective, integral variety X over an infinite, perfect field k which is
assumed to have strong resolution of singularities. Let E — X be a closed
embedding covering the exceptional fibre, and assume that codim(X, 7(E)) > 2.
Then the associated Bloch—Srinivas conjecture is

(i) true up to (d — 1)!-torsion;

(ii) true if X is projective, k = k9, and char k = 0;
(iii) true if X is projective, k = k™, and d < char k # 0;
(iv) true if X is affine and k = k*%9;

(v) true “up to a finite group” if k = k% and X, is contained in an affine
open of X;

(vi) true if w(E) is finite;
(vii) true if the cycle class map CHo(X) — F1Ky(X) is an isomorphism.

The group CHy(X) appearing in part (vii) of Theorem 0.1 is the Levine-Weibel
Chow group of zero cycles of the singular variety X [10, 12]; it will be reviewed
in Section 1.1.

Part (iv) of the Theorem, combined with arguments of Krishna [7] and
R. Murthy [15], has concrete applications to Chow groups of cones and to
the structure of modules and ideals of graded algebras; see Theorem 1.17 and
Corollaries 1.18 and 1.19.

This paper is intended partly to justify the author’s pro cdh-descent theorem
for K-theory [13]; indeed, the results of Theorem 0.1 are obtained in Section 1.2
as corollaries of the following general result, which itself is an immediate con-
sequence of pro cdh-descent:

THEOREM 0.2. Let w : X' — X be a desingularisation of a d-dimensional,
quasi-projective, integral variety over an infinite, perfect field k which is as-
sumed to have strong resolution of singularities. Let E < X be a closed em-
bedding covering the exceptional fibre. Then:

(i) There exists a unique homomorphism BS, : F{Ko(X',rE) — F1Ky(X)
for v > 1 which is compatible with cycle classes of closed points.
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ZERO CYCLES ON SINGULAR VARIETIES 467

(i) The associated Bloch—Srinivas conjecture is true if and only if the canon-
ical map FIKo(X,rY) — FKy(X) is an isomorphism for r > 1, where
Y = 7(E)ed-

Section 2 concerns Chow groups of zero cycles with modulus. If X is a smooth,
projective variety over a field £ and D is an effective divisor on X, then the
Chow group with modulus CHy(X; D) is defined to be the free abelian group
on the closed points of X \ D, modulo rational equivalence coming from closed
curves C' which are not contained in |D| and rational functions f € k(C)*
which are = 1 mod D. This Chow group is central in M. Kerz and S. Saito’s
[5] higher dimensional class field theory.

It is natural to formulate an analogue of the Bloch—Srinivas conjecture for the
Chow groups with modulus given by successive thickenings of the exceptional
fibre of a desingularisation. We will explain this further in Section 2, where we
prove it in the following cases:

THEOREM 0.3. Let m : X' — X be a desingularisation of a d-dimensional,
quasi-projective, integral variety over an algebraically closed field k which
is assumed to have strong resolution of singularities. Let D be an effec-
tive Cartier divisor on X covering the exceptional fibre, and assume that
codim(X,w(D))> 2.

Then the inverse system

CHo(X'; D) +— CHy(X';2D) «— CHo(X';3D) +— - --
eventually stabilises with stable value equal to CHy(X), assuming that either

(i) X is projective and chark = 0; or
(ii) X is projective and d < chark # 0; or
(11i) X is affine.

Whenever the assertions of Theorem 0.3 can be proved for a singular, projective
variety X over a finite field (e.g., for surfaces, as we shall see in Remark 2.8),
it has applications to the class field theory of X; in particular, it shows that
there is a reciprocity isomorphism of finite groups CHp(X)? = 74P (X,eg)?. See
Remark 2.7 for further details.

We prove Theorem 0.3 by reducing it to the analogous assertion in K-theory,
which is precisely the Bloch-Srinivas conjecture, and then applying Theo-
rem 0.1. This reduction is through the construction of a new cycle class homo-
morphism

CHo(X; D) — F'Ko(X, D),

which is valid for any effective Cartier divisor D on a smooth variety X. This
also allows us to prove the following result, which appears related to a special
case of a conjecture of Kerz and Saito [5, Qu. VJ:
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THEOREM 0.4. With notation and assumptions as in Theorem 0.3, the cycle
class homomorphism

CHo(X';7D) — FUKo(X';7D)

is an isomorphism for r > 1.

NOTATION, CONVENTIONS, ETC.

A field k will be called good if and only if it is infinite, perfect, and has strong
resolution of singularities, e.g., char k = 0 suffices. A k-variety means simply
a finite type k-scheme; further assumptions will be specified when required,
and the reference to k with occasionally be omitted. Our conventions about
“desingularisations” can be found at the start of Section 1.2.

A curve over k is a one-dimensional, integral k-variety. Given a closed point x €
Cy, there is an associated order function ord, : k(X)* — Z characterised by
the property that ord,(t) = lengthy,,  (Oc,/tOc,s) for any non-zero t € Oc 4;
when C'is smooth ord, is the usual valuation associated to x.

An effective divisor D on X is by definition a closed subscheme whose defining
sheaf of ideals Ox(—D) is an invertible O x-module, or, equivalently, is locally
defined by a single non-zero-divisor; its associated support is denoted by |D],
but we write X \ D in place of X \ |D| for simplicity.

Given a closed embedding Y = Spec Ox /Z — X, its r*® infinitesimal thicken-
ing is denoted by rY = Spec Ox /Z".

A pro abelian group {A,}, is an inverse system of abelian groups, with mor-
phisms given by the rule

HomPro Ab({AT}T7 {Bs}s) = m @HOI’HA[,(AM Bs)

The category of pro abelian groups is abelian; we refer to [1, App.] for more
details.
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1 7ZERO CYCLES OF DESINGULARISATIONS

In this section we prove cases of the Bloch—Srinivas conjecture relating zero
cycles on a singular variety to those on its desingularisation.

There will be an important distinction between closed subsets S C X and
closed subschemes Y — X in an attempt to keep this clear we will use the
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ZERO CYCLES ON SINGULAR VARIETIES 469

differentiating notation C and < just indicated. Any closed subscheme Y < X
has an associated support |Y| C X, though we will continue to write X \ Y
rather than X \ |Y| for the associated open complement, and any closed subset
S C X has an associated reduced closed subscheme S;eq < X. The singular
locus of X is denoted by Xgns C X.

1.1 REVIEW OF THE LEVINE-WEIBEL CHOW GROUP

We begin by reviewing the Levine-Weibel Chow group of zero cycles [10, 12],
restricting to the situation that the singularities of X are in codimension > 2,
since this is sufficient for our applications. Unless specified otherwise, k is an
arbitrary field.

DEFINITION 1.1. Let X be an integral k-variety which is regular in codimension
one, and S C X any closed subset containing Xgne. Then the associated
Levine—Weibel Chow group of zero cycles is

free abelian group on closed points of X \ S

Ho(X;S9) :=
CHo(X;5) ((f)c : C — X a curve not meeting S, and f € k(C)*)

where (f)c = > ,cc,0rda(f)z as usual. In particular, CHo(X) :=
OHO(X;XSing)-

REMARK 1.2. Several remarks should be made:

(i) The group CHy(X;S) we have just defined can actually only reasonably
be called the Levine-Weibel Chow group of zero cycles if we assume that
codim(X, S) > 2. But it is convenient to introduce the notation in slightly
greater generality since it will be useful in Section 2.

(ii) Aninclusion of closed subsets S C S’ of X, both containing Xging, induces
a canonical surjection CHy(X;S") — CHy(X;S). This surjection is an
isomorphism if X is quasi-projective and S, S’ have codimension > 2, by
a moving lemma [12, pg. 113].

(iii) Suppose that X is a smooth k-variety and that S C X is a closed subset.
Then there is a canonical surjection CHy(X;S) - CHy(X;0) = CHy(X),
which will be an isomorphism if S has codimension > 2 and X is quasi-
projective, by the aforementioned moving lemma.

(iv) Suppose that X’ — X is a proper morphism which restricts to an isomor-
phism X'\ 5’ = X\ S for some closed subsets S C X, S’ C X’ containing
the singular loci. Then the induced map CHy(X;S) — CHy(X';S’) is
an isomorphism. Indeed, both sides are generated by the closed points
of X’\S" =X\ S, and closed curves on X not meeting S correspond to
closed curves on X’ not meeting S’.
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To review the relationship between CHy(X) and K-theory, we must first explain
the cycle class map. Let X be a k-variety, and i : Y < X a fixed closed sub-
scheme. If j : C' < X is a closed subscheme with image disjoint from both |Y|
and Xging, then j is of finite Tor dimension since it factors as C' — Xyee — X,
and it is moreover proper; thus the pushforward map j,. : K(C) — K(X) on
the K-theory spectra is well-defined. Moreover, the projection formula [19,
Prop. 3.18] associated to the pullback diagram

I

shows that the composition K(C) ELN K(X) =, K(Y) is null-homotopic, and
thus there is an induced pushforward j. : K(C) — K(X,Y). The cycle class
of C'in Ky(X,Y) is defined to be

H

H

(€)= 5.([0c]) € Ko(X, ).

Although this appears to depend a priori on a chosen null-homotopy, it was
shown by K. Coombes [4] that the “obvious choices of homotopies” yield a
class which is functorial with respect to both X and Y, and so we will follow
Coombes’ choices. A codimension filtration on Ky(X,Y") is now defined by

FPKy(X,Y):=([C]: C — X an integral closed subscheme of X of codim > p
disjoint from |Y| and Xging)

In particular, F¢Ky(X,Y) is the subgroup of K¢(X,Y') generated by the cycle
classes of smooth, closed points of X \ Y. The following is standard:

LEMMA 1.3. Let notation be as immediately above. If j : C — X is a closed
embedding of a curve into X not meeting |Y| or Xgng, and f € k(C)*, then

ZIGCO ord, (f)[x] =0 in Ko(X,Y).
Proof. One has >, ord:(f)[z] = j.([Oc] = [fOc]) = j.(0) =0 . O

Now suppose that X is a d-dimensional, integral k-variety which is regular in
codimension one, let Y < X be a closed subscheme, and let S C X be a closed
subset containing both |Y| and Xging. It follows from Lemma 1.3 that the cycle
class homomorphism

CHy(X;S) — FIKy(X,Y), x+— [z]
is well-defined. In particular, taking S = Xgne and Y = () yields the cycle class

homomorphism

[ ]:CHy(X) — FYKy(X),
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which is evidently surjective. Moreover, as part of a general Riemann—Roch
theory, M. Levine [11, 10] constructed a Chern class chq : F4Ky(X) — CHo(X)
such that the compositions [ ] o chy and chg o[ ] are both multiplication by
(=1)4=1(d — 1)!. In particular, [ | : CHo(X) — F?Ky(X) is an isomorphism if
d=2.

We complete our review of the Levine-Weibel Chow group of zero cycles by
presenting the higher dimensional cases in which the cycle class homomorphism
can be shown to be an isomorphism:

THEOREM 1.4 (Barbieri Viale, Levine, Srinivas). Let X be a d-dimensional,
integral, quasi-projective variety over an algebraically closed field k which
is reqular in codimension one. Then the cycle class homomorphism
CH()(X) — FdKo(X) s

(i) an isomorphism if X is projective and chark = 0;

(i) an isomorphism if X is projective and d < char k # 0;

(11i) an isomorphism if X is affine and chark is arbitrary;

(iv) a surjection with finite kernel if Xgng is contained in an affine open
subscheme of X and chark = 0;

(v) a surjection with finite kernel if Xging is contained in an affine open
subscheme of X and d < char k # 0;

Proof. Thanks to the existence of Levine’s Chern class chg, it is enough to
check that CHy(X) has no (d — 1)!-torsion in cases (i)—(ii), that it has only a
finite amount of (d — 1)!-torsion in cases (iv)—(v), and that it has no torsion in
case (iii).

Then (i) and (ii) are [10, Thm. 3.2], while (iv) and (v) are [2, Thm. A]. Finally,
(iii) in characteristic zero (and when d < char k # 0) is [10, Corol. 2.7], and so
it remains only to deal with the following case: assuming that X is an integral,
affine variety which is regular in codimension one, over an algebraically closed
field of finite characteristic, we must show that CHy(X) is torsion-free. This
is true for the normalisation X by [18], and so it remains only to check that
CHo(X) 5 CHo(X). But since X is assumed to be regular in codimension
one, there are closed subsets S C X, S’ C X (given by the conductor ideal, for
example) of codimension > 2, containing the singular loci, and such that the
morphism X — X restricts to an isomorphism X \ §’ = X \ S. Then, in the
commutative diagram

CHy(X;S") — CHy(X)
CHo(X; §) — CHy(X)

the horizontal arrows are isomorphisms by Remark 1.2(ii), while the left vertical
arrow is an isomorphism by Remark 1.2(iv). Hence the right vertical arrow is
an isomorphism, as required. ]
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1.2 THE BLOCH-SRINIVAS CONJECTURE

Before we can carefully state the Bloch—Srinivas conjecture we must first fix
some terminology concerning desingularisations. Given an integral variety X,
a desingularisation is any proper, birational morphism 7 : X’ — X where
X’ is smooth; in particular, we allow the desingularisation to change the
smooth locus of X, though it is not clear if this is ever important in prac-
tice. There exists a smallest closed subset S C X with the property that
X'\ 77 1(8) S X\ S, and 7 1(S) is known as the ezceptional set of the reso-
lution; setting E := 7 1(9)eq yields the exceptional fibre E — X'. Corollaries
1.10-1.15 will require that 7(| E|) has codimension > 2 in X, which in particular
implies that X is regular in codimension one.

If X’ — X is a desingularisation of an integral variety X, with exceptional fibre
E — X', then Bloch and Srinivas [16, pg. 6] made the following conjecture in
1985:

CONJECTURE 1.5 (Bloch—Srinivas). The inverse system
FlKy(X',E) «+— F'Ko(X',2E) +— FKy(X',3E) +— - --
stabilises, with stable value F94K(X).

REMARK 1.6. To be precise, Bloch and Srinivas stated their conjecture in the
case of a normal surface X over an algebraically closed field, assuming that
the desingularisation did not alter the smooth locus of X. If Conjecture 1.5 is
false because it has been formulated in excessive generality, it is the author’s
fault. In fact, we will consider Conjecture 1.5 in greater generality still, by
replacing the exceptional fibre F by any reduced closed subscheme E — X’
whose support contains the exceptional set (henceforth “covers the exceptional
set”).

We interpret part of the Bloch—Srinivas conjecture as an implicit statement
that there exists a cycle class homomorphism

BS, : FIKy(X',7E) — F1Ky(X)

for > 1 which is compatible with cycle classes of closed points z € X'\ E,
i.e., BS.([z]) = [z]. Such a map BS, is unique if it exists.

Our main technical theorem, which is an immediate consequence of the author’s
pro cdh-descent theorem for K-theory [13], proves the existence of the maps
BS, in full generality, and reduces the Bloch—Srinivas conjecture to the study
of the K-theory of X:

THEOREM 1.7. Let X be a d-dimensional, integral variety over a good field k;

let m: X' — X be a desingularisation, E — X' any reduced closed subscheme
covering the exceptional set, and set'Y := 7w(|E|)req. Then:
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(i) Forr > 1, the canonical map F1Ky(X,rY) — F*Ky(X) factors through
the surjection FAKy(X,rY) — FIKo(X',rE), i.e., there exists a com-
mutative diagram

FIKy (X', 1E) — > FIKy(X')

~

A

FUKy(X)

FUKo(X,rY)

(ii) The following are equivalent:

(a) The associated Bloch—Srinivas conjecture is true, i.e., BS, is an iso-
morphism for r > 1.

(b) The canonical map FAKo(X,rY) — FKy(X) is an isomorphism
forr>1.
(c) The canonical map FAKy(X,rY) — F1Ky(X) is an isomorphism
for allr > 1.
Proof. There is an abstract blow-up square

Y ——= X'

L b

Y —X

where Y/ := X’ xx Y; note that Y’ is a nilpotent thickening of E. By pro
cdh-descent for K-theory [13, Thm. 0.1] (it is here that the field % is required
to be good), the canonical homomorphism of pro abelian groups

{Ko(X,rY)}, — {Ko(X',rY")}, 2 {Ko(X',7E)},

is an isomorphism. Restricting to the codimension filtration we deduce that
the homomorphism

{FIKo(X, 1Y)} — {FUKo(X',7E)}, (1)

is injective; but each map FYKy(X,rY) — FIKy(X',rE) is evidently surjec-
tive, since both sides are generated by the closed points of X \' Y = X'\ E.
Thus (}) is an isomorphism.

By definition of an isomorphism of pro abelian groups, this implies that for any
5 > 1 there exists 7 > s and a homomorphism FIKy (X', rE") — F1Ko(X,sY)
making the diagram commute:

FUKy (X', 7E)

~
~ 3
~
~
~
A

FUKo(X,rY) FUKy(X,sY)
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Note that the vertical and horizontal arrows are surjective, since the groups
are generated by the closed points of X \ Y = X'\ E. This diagram shows that
the canonical map FAK(X,rY) — F9Ky(X) factors through the surjection
FiKy(X,rY) = FIKo(X',7E), proving (i).

This gives a commutative diagram

FUKy(X, 1Y) — FIKy(X, sY) FAKy(X)

FAK (X

from which a simple diagram chase yields the following implications (valid for
any s > 1 and r > s):

FiKy(X,7Y) — F1Ky(X) is an isomorphism == BS, is an iso-

morphism.
BS, is an isomorphism == F?Ky(X,sY) — FIKy(X) is an iso-
morphism.

The equivalence of (a)—(c) follow, completing the proof. O

REMARK 1.8. Suppose that the desingularisation X’ — X does not change
the smooth locus of X and that F is equal to the exceptional fibre (this
is probably the most important case of the conjecture). Then Theorem 1.7
states that the associated Bloch—Srinivas conjecture is true if and only if
FIKy(X,rY) = FOKG(X) for r > 1, where Y = (Xqing)red-

In particular, under these additional hypotheses on X’ and E we see that the
Bloch—Srinivas conjecture depends only on X, and not on the chosen desin-
gularisation. Even in the case of arbitrary desingularisations and general E
covering the exceptional set, Theorem 1.7 shows that the associated Bloch—
Srinivas conjecture depends only on X and w(|E|).

REMARK 1.9. The proof of Theorem 1.7 also shows the following: the in-
verse system FYKy(X',rE), r > 1, stabilises if and only if the inverse
system F?Ky(X,rY), » > 1, stabilises, in which case the canonical map
FiKy(X,rY) — FUKo(X',rE) is an isomorphism for r > 1.

The following corollary recovers all previously known cases of the Bloch—
Srinivas conjecture (normal surfaces [9, Thm. 1.1]; Cohen-Macaulay varieties
with isolated singularities in characteristic zero [6, Thm. 1.1] [7, Thm. 1.2];
note that in these cases one can use the reduction ideal trick of Weibel [20] to
avoid assuming that & has resolution of singularities, c.f., Remark 2.8):

COROLLARY 1.10. Let X be a d-dimensional, integral variety over a good field
k; let m : X' — X be a desingularisation, and E — X' any reduced closed
subscheme covering the exceptional set. Assume w(|E|) is finite and d > 2.
Then the associated Bloch—Srinivas conjecture is true.
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Proof. Set Y := 7(|E|)rea- According to Theorem 1.7, it is necessary and
sufficient to show that the canonical map FIKy(X,rY) — FIKy(X) is an
isomorphism for all » > 1. But this follows from [6, Lem. 3.1] since rY is zero
dimensional. O

The next corollary proves the Bloch—Srinivas conjecture under the assumption
that the cycle class homomorphism CHy(X) — F4Ky(X) is an isomorphism:

COROLLARY 1.11. Let X be a d-dimensional, integral, quasi-projective va-
riety over a good field k; let @7 : X' — X be a desingularisation, and
E — X' any reduced closed subscheme covering the exceptional set. Assume
codim(X, 7(|E|)) > 2 and that the cycle class map CHo(X) — FYK(X) is an
isomorphism.

Then the associated Bloch—Srinivas conjecture is true.

Proof. Set Y = 7(|E|)rea- According to Theorem 1.7, it is necessary and
sufficient to show that the canonical map FIKy(X,rY) — FIKy(X) is an
isomorphism for all » > 1. To prove this we consider the commutative diagram

FIKo(X,rY) — FYKy(X)

| |

CHo(X; Y1) CHo(X)

The right vertical arrow is an isomorphism by assumption, the bottom hori-
zontal arrow is an isomorphism by Remark 1.2(ii), and the left vertical arrow is
a surjection since the domain and codomain are generated by the closed points
of X\ Y. It follows that the top horizontal arrow (and left vertical arrow — we
will need this in the proof of Theorem 2.5) is an isomorphism, as desired. [

In particular, we have proved the Bloch—Srinivas conjecture for projective va-
rieties over an algebraically closed field of characteristic zero which are regular
in codimension one:

COROLLARY 1.12. Let X be a d-dimensional, integral variety over an al-
gebraically closed field k which has strong resolution of singularities; let
m: X' — X be a desingularisation, and E — X' any reduced closed subscheme
covering the exceptional set. Assume codim(X, w(|E|)) > 2 and that one of the
following is true:

(i) X is projective and chark = 0; or

(ii) X is projective and d < chark # 0; or

(iti) X is affine and char k is arbitrary.

Then the associated Bloch—Srinivas conjecture is true.

Proof. This follows from Corollary 1.11 and the results of Levine and Srinivas
recalled in Theorem 1.4. O
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REMARK 1.13. It seems plausible that some descent or base change technique
should eliminate the requirement in Corollary 1.12 that k& be algebraically
closed.

We can also solve the Bloch—Srinivas conjecture up to (d— 1)!-torsion whenever
X is regular in codimension one:

COROLLARY 1.14. Let X be a d-dimensional, integral, quasi-projective va-
riety over a good field k; let @ : X' — X be a desingularisation, and
E — X' any reduced closed subscheme covering the exceptional set. Assume
codim(X, 7 (|E|)) > 2.

Then the associated Bloch—Srinivas conjecture is true up to (d — 1)!-torsion,
i.e., the maps

BS, : FUKo(X',rE) @ Zlgtyy) — FIKo(X) @ Z

1
(d71)!]
are isomorphisms for r > 1.

Proof. Set Y = 7(|E|)rea. By a trivial modification of Theorem 1.7, it is neces-
sary and sufficient to show that the canonical map F4Ky(X,rY) — F1Ky(X)
is an isomorphism for all 7 > 1 after inverting (d — 1)!. This follows exactly as
in Corollary 1.11, since the cycle class map CHy(X) — FYKy(X) is an isomor-
phism after inverting (d — 1)!, thanks to the existence of Levine Chern class
chg IFdK()(X) —)CH()(X) ]

The next result solves the Bloch—Srinivas conjecture up to a finite group when
the singular locus Xgine has codimension > 2 and is contained in an affine open
of X. Note that the “obvious” cases in which this happens, namely when X,
is finite or X itself is affine, are already largely covered by Corollaries 1.10
and 1.12(iii) respectively:

COROLLARY 1.15. Let X be a d-dimensional, integral, quasi-projective variety
over an algebraically closed field k which has strong resolution of singularities;
let m: X' — X be a desingularisation, and E — X' any reduced closed sub-
scheme covering the exceptional set. Assume codim(X,w(|E|)) > 2, that Xy
is contained in an affine open of X, and moreover that d < char k if char k # 0.

Then the maps
BS, : FIKy(X',7E) — F1Ky(X)

are surjective with finite kernel for r > 1, and the inverse system
FiKy (X', rE), r > 1, stabilises.

Proof. Set Y = w(|E|)rea. We concatenate commutative diagrams we have
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already considered in Theorem 1.7 and Corollary 1.11:

FIKy(X',rE)
BS,
o

N
FIKo(X,rY) — FUK(X)

b

CHo(X;|Y|) —— CHo(X)

The left vertical arrows are surjective since the groups are generated by the
closed points of X\ Y = X'\ F; the bottom horizontal arrow is an isomorphism
by Remark 1.2(ii); the right vertical arrow is surjective with finite kernel A by
the result of Barbieri Viale recalled in Theorem 1.4.

A simple diagram chase shows that BS,. is surjective and that its kernel A, is
naturally a quotient of A. Since A is finite, this tower of quotients A, must
eventually stabilise, completing the proof. ]

REMARK 1.16. We finish our discussion of the Bloch—Srinivas conjecture with
a remark about SK;. Let 7 : X’ — X, E, Y, k be as in the statement of
Theorem 1.7, and assume X is quasi-projective and codim(X,Y") > 2.
The maps F?Ko(X,rY) — FYKy(X) are surjective for all r > 1 (by Re-
mark 1.2(ii) and existence of the cycle class maps); hence we may add

(b') The canonical map F1Ko(X,rY) — FIKy(X) is injective for r > 1.

to the list of equivalent conditions in Theorem 1.7(ii).

Next, it follows from [6, Lem. 3.1] that (b’) (hence the associated Bloch—
Srinivas conjecture) would follow from showing that (SK;(rY)) = 0, where 0 :
Ki(rY) — Ko(X,rY) is the boundary map and SK;(rY) := Ker(K;(rY) —
HO(rY,0)5)); equivalently, it is enough to show that SK;(X) — SK;(rY) is
surjective. Using the arguments of Theorem 1.7 it would even be enough to
show, for each r > 1, that

Im(SK;(sY) = SK1(rY)) CIm(SK(X) — SK1(rY))
for some s > r. It is not clear whether one should expect this to be true.

We finish the section with some consequence of the Bloch—Srinivas conjecture.
The following result about Chow groups of cones was conjectured by Srinivas
[17, §3] in 1987; it was proved by Krishna [7, Thm. 1.5] under the assumption
that the cone X was normal and Cohen—-Macaulay, and we will combine his
argument with Theorem 1.7 to establish the result in general; due to the failure
of Kodaira vanishing in finite characteristic we must restrict to characteristic
Zero:
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THEOREM 1.17. Let Y — ]P’fcv be a d-dimensional, smooth, projective variety
over an algebraically closed field k of characteristic zero; assume d > 0 and
HYY,0y (1)) = 0, and let X be the affine cone over Y. Then CHy(X) = 0.

Proof. We may resolve X, which has a unique singular point, to obtain X’
which is a line bundle over Y, whose zero section is the exceptional fibre
of the resolution X’ — X. By Corollary 1.10 or 1.12(iii), we know that
CHy(X) = FIH'Ky(X',rY) for r > 1; moreover, CHy(X') surjects onto
FAKy(X"), and CHy(X') = 0 since X’ is a line bundle, so F?Ky(X') = 0. So
it is enough to show that the canonical map F4t1 Ko(X',7Y) — FIT1Ky(X")
is an isomorphism. According to Krishna’s proof of [7, Cor. 8.5], this would
follows from knowing that:

(1) H{(X', Kax') @ k> — HUY,Kgy) ® k* is surjective; and

da
(i) H* <7”Y7 ;;2(5)_/‘1}/) ) =0 forr>1.
Condition (i) is satisfied since the zero section ¥ — X' is split by the line
bundle structure map X’ — Y. Condition (ii) is deduced from the Akizuki-

Nakano vanishing theorem, as explained in Lem. 9.1 and the proof of Thm. 1.5
in [7]. O

COROLLARY 1.18. Let Y,k be as in the previous theorem, and let A be its
homogeneous coordinate ring. Then every projective module over A of rank at
least d has a free direct summand of rank one.

Proof. This follows from Theorem 1.17 using a result of R. Murthy [15,
Cor. 3.9]. O

COROLLARY 1.19. Let k be an algebraically closed field of characteristic zero,
and [ € k[t] := k[to,...,tq] a homogenous polynomial of degree at most d + 1
which defines a smooth hypersurface in ]P’g, Then every smooth closed point of
Speck[t]/(f) is a complete intersection.

In other words, if m is any mazimal ideal of k[t] containing f other than the
origin, then m = (f, f1,..., fa) for some f1,..., fa € k[t].

Proof. This also follows from Theorem 1.17 thanks to Murthy [15, Thm. 4.4].
O

2 CHOW GROUPS WITH MODULUS

If X is a smooth variety over a field k, and D is an effective divisor on X,
then the Chow group CHy(X;|D|) from Definition 1.1 may be a rather coarse
invariant, as there may not be enough curves on X avoiding the codimension-
one subset |D|. Of greater interest is CHy(X; D), the Chow group of zero cycles
on X with modulus D, which we will define precisely in Definition 2.1; note
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the notational difference, indicating that CHy(X; D) depends not only on the
support of D, but on its schematic, and possibly non-reduced, structure.
According to the higher dimensional class field theory of M. Kerz and S. Saito,
when k is finite and X is proper over k, the group CHy(X; D) classifies the
abelian étale covers of X \ D whose ramification is bounded by D; we refer the
reader to [5] for details since we will not require any of their results.

We now turn to definitions, and refer again to [op. cit.] for a more detailed
exposition. Let C' be a smooth curve over a field k, and D an effective divisor
on C; writing D = ZmE|D| mgx as a Weil divisor, we let

E(C)) = {f € k(C)* :ord,(f — 1) > m, for all z € |D|}

denote the rational functions on C' which are = 1 mod D. More generally, if
X is a smooth variety over k and D is an effective divisor on X, then for any
curve C' < X which is not contained in |D| we write

k(C)p = k(é);*m

where ¢ : C — C < X is the resulting map from the normalisation C to X;
evidently k(C)}, = k(C)* if C does not meet |D].
The Chow group with modulus is defined as follows:

DEFINITION 2.1. Let X be a smooth variety over k, and D an effective divisor
on X. Then the associated Chow group of zero cycles of X with modulus D is

free abelian group on closed points of X \ D
((f)e : C = X a curve not contained in |D|, and f € k(C)})

where (f)c = erco ord,(f) x.

If we were to define

CHy(X; D) :=

y kE(C)* if C does not meet | D],
k(O = ,
1 if C' meets |D|,

and repeat Definition 2.1 with |D| in place of D, then the resulting group
CHy(X;|D|) would coincide with that defined in Definition 1.1.  Since
k(C)[p| € k(C)p, we thus obtain a canonical surjection

CHo(X;|D[)—» CHo(X; D).

One sense in which CHy(X; D) is a more refined invariant than CHy(X; |D)|)
is that the cycle class homomorphism CHy(X;|D|) — Ko(X, D) of Section 1.1
factors through CH(y(X; D). There does not appear to be a proof of this im-
portant result in the literature, so we give one here, beginning with a much
stronger result in the case of curves:
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LEMMA 2.2. Let C' be a smooth curve over a field k, and D an effective divisor
on C. Then the canonical map

free abelian group on closed points of C\ D — Ky(C, D), x+— [x]
induces an injective cycle class homomorphism
CHy(C; D) — Ko(C, D),
which is an isomorphism if D # 0 (and has cokernel = Z if D =0).

Proof. The Zariski descent spectral sequence for the K-theory of C relative to
D degenerates to short exact sequences, since dim C' = 1, yielding in particular

0 — HY(C, K1 c,p)) — Ko(C,D) — H°(C,Ko (c,p)) — 0.

Here K; (c,py is by definition the Zariski sheafification on C of the presheaf
Uw K;(UU x¢ D).

To describe these terms further we make some standard comments about the
long exact sequence of sheaves

Ka.c = K2op = Ki,c,p) = K1,c = K10 = Ko,c,p) = Ko,c = Ko,p-

Firstly, K1, = OF and K1 p = Of, so the map Ky,c — Ky, p is surjec-
tive; moreover, the sheaves Ko ¢ and Ky p are generated by symbols, and
so the map Ky ¢ — Kz p is also surjective. It follows that Ky (c,p)y =
Ker(Of — Of) =: O(XQD) and that H°(C, Ko c,p)) = Ker(H°(C,Koc) —
H°(D,Ko.p)). Secondly, Ko ¢ = Z via the rank map, and so H°(C, Ko .c) = Z;
similarly, H(D, Ko,p) = @, ¢|p, Z via the rank map. If D # 0, we deduce that
the map H°(C,Ko.c) — H°(D, Ko p) is injective and so H°(C, Ko,c,py) = 0;
while if D = 0 then evidently H(X, Ko (c,p)) = H(X,Ko,c) = Z.

In conclusion, it remains only to construct the cycle class isomorphism

CHo(C; D) — H'(C, 0}, 1)

We will do this via a standard Gersten resolution.

Given an open subscheme U C C containing |D|, let jy : U — C denote the
open inclusion. Then the canonical map (’)(XQD) — jU*jz}(’)é’D fits into an
exact sequence of sheaves

. % (ordy)a i
0 0% ) — J0eit Oy 205 ) inZ 0,
zeC\U

where i,,Z is a skyscraper sheaf at the closed point x. This remains exact after
taking the filtered colimit over all open U containing | D], yielding

0—Olopy — k(O)p Lorde)e, @ Ggx — 0,
CDGC()\D
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where k(C)}, denotes a constant sheaf by abuse of notation. This latter se-
quence is a flasque resolution of O(XC D)’ and using it to compute cohomology
yields a natural isomorphism

coker (k(C)} (orda)e, @ Z) — H'(C, Olc.p)-
z€Co\D

But the left side of this isomorphism is precisely CHy(C'; D), thereby completing
the proof. O

PROPOSITION 2.3. Let X be a smooth variety over a field k, and D an effective
divisor on X. Then the canonical map

free abelian group on closed points of X \ D — Ky(X,D), x+— [z]
descends to a cycle class homomorphism
CHy(X;D) — Ko(X, D).

Proof. We must show that if C' < X is a curve not contained in |D| and
f e k(C)p, then 7 o ord,(f)[z] = 0 in Ko(X, D). We will deduce this from
Lemma 2.2 once we have verified a suitable pushforward formalism.

Let ¢ : C — C — X be the resulting map from the normalisation C' to X, and
consider the following pullback square:

¢*D—>C’

]

D4>

We claim that ¢ and j are Tor-independent; that is, if y is a closed point of C
such that @ := @(y) lies in |D|, we must show that Tory,  (Op., O ,) =0
for all 4 > 0. But since D is an effective Cartier divisor, there exists a non-
zero-divisor t € Ox , such that Op, = Ox ,/tOx ,; thus the only possible
non-zero higher Tor is Tor!, which equals the ¢* (t)-torsion of an; this could
only be non-zero if ¢*(¢t) = 0 in Oﬁ,y’ but this would contradict the condition
that C' does not lie in |D|. This proves the desired Tor-independence.
Moreover, ¢ is a finite morphism and X is assumed to be smooth, whence ¢
is proper and of finite Tor-dimension. Therefore the projection formula [19,
Prop. 3.18] (or [4, Thm. 4.4]) states that the diagram

vES

K(C) ——K(¢"D)
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is well-defined and commutes up to homotopy; so there is an induced pushfor-
ward map _
¢« K(C,0*D) — K(X,D),

which by functoriality of pushforwards (as in Section 1.1 we must appeal to
[4, §4-5] to know that the obvious choices of homotopies yield a functorial
construction) satisfies ¢.[x] = [¢(x)] for any x € Cy. Therefore

Z ord,(f)[z] = Z ordg(z) (f)[p(2)]

zeCo zeCy
= 0.( Y ordu(f)fa])
IG&Q
= ¢.(0)
=0,
where » & ord;(f)[z] € Ko(C, ¢* D) vanishes by Lemma 2.2. O

REMARK 2.4. F. Binda [3] has independently proved Proposition 2.3, as well
as constructing cycle class homomorphisms CHy(X; D;n) — K, (X, D) for the
higher Chow groups with modulus.

Let X be a d-dimensional, smooth variety over k. Given effective divisors
D' > D with the same support, the inclusions k(C) 5, C k(C')} induce a canon-
ical surjection CHy(X;D’) — CHy(X; D). This applies in particular when
D’ = rD is a thickening of D. Combining this observation with Proposition
2.3 we obtain a commutative diagram of inverse systems of Chow groups and
relative K-groups (recall the definition of F K, from Section 1.1) in which
all maps are surjective (since every group is generated by the closed points of

X\ D):
FUKo(X,D) <~— F'Ky(X,2D) <~— F*Ko(X,3D) <~— F*Ko(X,4D) <— - --

| | | T

CHo(X; D) =<—— CHo(X;2D) <—— CHo(X;3D) <—— CHo(X;4D) <— -+~

—
—
—
—
—
—
—
—
—
—

CHo(X;|DI)

There are two natural questions to consider concerning this diagram. Firstly,
a question seemingly related to a conjecture of Kerz and Saito [5, Qu. V] is
whether the cycle class homomorphism

{CHy(X;rD)}, — {F'Ko(X;rD)},

is an isomorphism of pro abelian groups, perhaps at least ignoring (d — 1)!-
torsion.
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Secondly, changing notation, now suppose that X’ — X is a desingularisation
of an integral variety X, whose exceptional fibre is an effective Cartier divisor
D. Then, as a Chow-theoretic analogue of the Bloch—Srinivas conjecture, we
ask whether the inverse system

CHy(X'; D) +— CHy(X';2D) +— CHy(X';3D) +— - --

eventually stabilises, with stable value most likely equal to the Levine-Weibel
Chow group CHy(X) of X.

The following theorem simultaneously answers cases of these two questions,
working under almost identical hypotheses to Corollary 1.11:

THEOREM 2.5. Let X be a d-dimensional, integral, quasi-projective variety
over a good field k; let m : X' — X be a desingularisation, and D any effec-
tive Cartier divisor on X whose support contains the exceptional set. Assume
codim (X, 7(|D|)) > 2 and that the cycle class map CHo(X) — FIKy(X) is an
isomorphism.

Then CHo(X) = CHo(X';|D|), and the canonical maps

CHy(X';|D|) — CHy(X';7D) — FeKy(X';rD)
are isomorphisms for r > 1.

Proof. Let Y < X be the reduced closed subscheme with support 7(|D]); this
has codimension > 2 and covers Xgi,,. Consider the following commutative
diagram, which exists for any r > 1:

CHy(X';|D|) —= CHy(X';7D) — FYKy(X';7D)

T Js.

CHo(X; Y1) CHo(X) FIKy(X)

The bottom right horizontal arrow is an isomorphism by assumption; the bot-
tom left horizontal arrow is an isomorphism by Remark 1.2(ii); the left vertical
arrow is an isomorphism by Remark 1.2(iv); the right vertical arrow is an iso-
morphism by Corollary 1.11. Since the two top horizontal arrows are surjective,
it follows that they are isomorphisms. O

COROLLARY 2.6. Let X be a d-dimensional, integral variety over an al-
gebraically closed field k which has strong resolution of singularities; let
m: X' — X be a desingularisation, and D any effective Cartier divisor on X
whose support contains the exceptional set. Assume codim(X,w(|D])) > 2 and
that one of the following is true:

(i) X is projective and chark = 0; or
(i) X is projective and d < chark # 0; or
(11i) X is affine.
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Then CHo(X) = CHo(X';|D|), and the canonical maps
CHo(X';|D|) — CHo(X';rD) — F'Ko(X';7D)
are isomorphisms for r > 1.

Proof. This follows from Theorem 2.5 and the results of Levine and Srinivas
recalled in Theorem 1.4. O

REMARK 2.7 (Class field theory of singular varieties). In this remark we ex-
plain how the CHj isomorphism of Theorem 2.5 over a finite field F, can be
interpreted as part of an unramified class field theory for singular, projective
varieties.

Let X be a projective variety over F, which is regular in codimension one;
suppose that a desingularisation 7 : X’ — X exists, that D is an effective
Cartier divisor on X whose support contains the exceptional set, and that
codim(X, 7 (|D|)) > 2. Write U := X'\ D = X \ n(|D]).

The Kerz-Saito class group [5] of U is C'(U) := Jim_ CHo(X';rD), and their
class field theory provides a reciprocity isomorphism C'(U)? = 3P (U)°, where
the superscripts 0 denote degree-0 subgroups. Assuming that the conclusions
of Theorem 2.5 are true in this setting, we deduce that C(U) = CHy(X';rD) =
CHo(X) for r > 1. Kerz—Saito prove moreover that each group CHo(X';rD)°
is finite.

In particular, this would prove finiteness of CHy(X)?, which is known in the
smooth case thanks to the unramified class field theory of S. Bloch, K. Kato
and Saito, et al. It would also yield a reciprocity isomorphism

CHo(X)? = 72> (U)°,  [2] — Frob,

However, since the canonical map 73" (U) — 74®(X) is surjective but generally
not an isomorphism, we would obtain in general only a surjective reciprocity
map

CHo(X)" — 71" (X)",

indicating that the Levine-Weibel Chow group CHy(X) is not the correct class
group for unramified class field theory of a singular variety.

REMARK 2.8 (The case of surfaces). If X is an integral, projective surface
over [F, which is regular in codimension one, then we have actually proved
the observations of Remark 2.7 unconditionally: CHy(X) is isomorphic to the
Kerz-Saito class group C(X,eg), its degree-0 subgroup is finite, and there is a
reciprocity isomorphism

CHp(X)? = 73P(Xyeg)°

of finite groups. This was brought to the author’s attention by [8], in which
Krisha reproduced the argument while being unaware of the present paper.
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To prove this we must only check that Theorem 2.5 is true for surfaces over
finite fields. In fact, we will let X be a 2-dimensional, integral, quasi-projective
variety over an arbitrary field k which is regular in codimension one. Then X
admits a resolution of singularities 7 : X’ — X with exceptional set equal to
exactly 771 (Xging); let B := 71 (Xsing)red and Y := (Xsing)red-

Then Theorem 1.7 is true for the data X’ — X, Y, E. Indeed, it is only
necessary to establish the isomorphism (f) occurring in the proof, which may
be broken into the two isomorphisms

{FIKy(X,rY)} S {FIK(X, X xx rY)} S {FIKo(X',rE)},,

where X — X denotes the normalisation of X. The second of these isomor-
phisms is due to Krishna and Srinivas [9, Thm. 1.1]; the first isomorphism
follows from the isomorphism {Ko(X,7Y)}, = {Ko(X, X xx 7Y)},, which is
a case of the author’s pro-excision theorem [14, Corol. 0.4 & E.g. 2.5], and the
obvious surjectivity just as in the proof of Theorem 1.7.

Now assume further (perhaps after blowing-up X’ at finitely many points)
that there is an effective divisor D on X’ with support W*I(Xsing). Since the
cycle class map CHy(X) — FYKy(X) is automatically an isomorphism (as
we remarked immediately before Theorem 1.4), it follows that the assertions
of Theorem 2.5 are also true, as required: CHy(X) = CHy(X’;|D|), and the
canonical maps CHo(X';|D|) — CHo(X';7D) — FAKo(X';7D) are isomor-
phisms for r > 1.
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