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Let D be an effective Cartier divisor on a regular quasiprojective scheme X of
dimension d > 1 over a field. For an integer n > 0, we construct a cycle class
map from the higher Chow groups with modulus {CH"‘“‘](X |mD,n)}y,>1 to
the relative K-groups {K, (X, mD)},,>; in the category of pro-abelian groups.
We show that this induces a proisomorphism between the additive higher Chow
groups of relative O-cycles and the reduced algebraic K-groups of truncated poly-
nomial rings over a regular semilocal ring which is essentially of finite type over
a characteristic zero field.
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1. Introduction

The story of Chow groups with modulus began with the discovery of additive
higher O-cycles by Bloch and Esnault [2003a; 2003b]. Their hope was that these
additive O-cycle groups would serve as a guide in developing a theory of motivic
cohomology with modulus which could describe the algebraic K -theory of nonre-
duced schemes. Recall that Bloch’s original higher Chow groups (equivalently,
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Voevodsky’s motivic cohomology) overlook the difference between nonreduced
and reduced schemes.

Motivated by the work of Bloch and Esnault, a theory of motivic cohomology
with modulus was proposed by Binda and Saito [2019] in the name of “higher Chow
groups with modulus” (recalled in Section 2E). The expectation was that one would
be able to describe relative algebraic K-theory in terms of these Chow groups. The
theory of Chow groups with modulus generalized the theory of additive higher
Chow groups defined by Bloch—Esnault and further studied by Riilling [2007],
Krishna—Levine [2008] and Park [2009]. It also generalized the theory of 0-cycles
with modulus of Kerz—Saito [2016] and the higher Chow groups of Bloch [1986].

Recall that one way to study the algebraic K-theory of a nonreduced (or any
singular) scheme is to embed it as a closed subscheme of a smooth scheme and
study the resulting relative K -theory. Since there are motivic cohomology groups
which can completely describe the algebraic K -theory of a smooth scheme, what
one needs is a theory of motivic cohomology to describe the relative K-theory.

The expectation that the higher Chow groups with modulus should be the can-
didate for the motivic cohomology to describe the relative K -theory has generated
a lot of interest in them in past several years. In a recent work, Iwasa and Kai
[2019], constructed a theory of Chern classes from the relative K -theory to a variant
of the higher Chow groups with modulus. In [Iwasa and Kai 2018], they proved a
Riemann—Roch type theorem showing that the relative group Ky-group of an affine
modulus pair is rationally isomorphic to a direct sum of Chow groups with modulus.
An integral version of this isomorphism for all modulus pairs in dimension up to
two was earlier proven by Binda and Krishna [2018]. They also constructed a cycle
class map for relative Ko-group in all dimensions.

The above results suggest strong connection between cycles with modulus and
relative K-theory. However, an explicit construction of cycle class maps in full gen-
erality or Atiyah—Hirzebruch-type spectral sequences, which may directly connect
Chow groups with modulus to relative algebraic K -theory, remains a challenging
problem today.

1A. Main results and consequences. The objective of this paper is to investigate
the original question of Bloch and Esnault [2003a] in this subject. Namely, can
0-cycles with modulus explicitly describe relative K -theory in terms of algebraic
cycles? We provide an answer to this question in this paper. We prove two re-
sults. The first is that there is indeed a direct connection between 0-cycles with
modulus and relative K -theory in terms of an explicit cycle class map. The second
is that in many cases of interest, these 0-cycles with modulus are strong enough
to completely describe the relative algebraic K-theory. More precisely, we prove
the following. The terms and notations used in the statements of these results are
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explained in the body of the text. In particular, we refer to Section 2C for relative
K -theory and Section 2E for higher Chow groups with modulus.

Theorem 1.1. Let X be a regular quasiprojective variety of pure dimension d > 1
over a field k and let D C X be an effective Cartier divisor. Let n > 0 be an integer.
Then there is a cycle class map

cycy | p: {CH" (X [mD, n)}m — {Kn(X, mD)}p (1.1)

between pro-abelian groups. This map is covariant functorial for proper mor-
phisms, and contravariant functorial for flat morphisms of relative dimension zero.

For those interested in the precise variation in the modulus in the definition
of cycy | p, we actually prove that for every pair of integers m > 1 and n > 0,
there exists a cycle class map CH"* (X|(n+1)mD,n) - K,(X, mD) such that
going to pro-abelian groups, we get the cycle class map of Theorem 1.1. For a
general divisor D C X, we do not expect that the cycle class map that we construct
in Theorem 1.1 will exist without increasing the modulus. However, if we use
rational coefficients, then the usage of pro-abelian groups can indeed be avoided,
as the following result shows. In this paper, we use this improved version in the
proof of Theorem 1.3.

Theorem 1.2. Let X be a regular quasiprojective variety of pure dimension d > 1
over a field k and let D C X be an effective Cartier divisor. Let n > 0 be an integer.
Then there is a cycle class map

cycy p: CH'M(X | D, n)g — K.(X, D). (1.2)

This map is covariant functorial for proper morphisms, and contravariant func-
torial for flat morphisms of relative dimension zero. Furthermore, it coincides with
the map (1.1) on the generators of CH"+? (X | D, n).

We now address as to why the cycle class maps of Theorems 1.1 and 1.2 should
be nontrivial and what we expect of these maps. Recall that the relative K-theory
K, (X, mD) has Adams operations (e.g., see [Levine 1997] for their construction).
From our construction, we expect the map (1.2) to be injective in the pro-setting,
with image {K, (X, mD)ng")}m. Here, K, (X, mD)gH") is (d + n)-th eigenspace
of the Adams operations. When D = &, the cycle class map cycy = cycy | is
not new and it was constructed by Levine [1994] by a different method. He also
showed that in this special case, cycy is indeed injective with image K, (X )g )

When X = Spec(k) and D = &, the cycle class map cycy coincides with To-
taro’s map CH" (k, n) — K,’l” (k) - K, (k) [Totaro 1992]. Totaro showed that the
map CH"(k,n) > K ,f/’ (k) is an isomorphism and one knows that the canonical
map KM(k)g — K, (k)g ) is an isomorphism. The remaining part of this paper is
devoted to showing that cycy |, is in fact an isomorphism with integral coefficients
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for the modulus pair (AL, {0}), where R is a regular semilocal ring essentially of
finite type over a characteristic zero field.

We make some further remarks on the past works on the cycle class map for 0-
cycles with modulus. Following Levine’s strategy, Binda [2018] showed that there
is a cycle class map to relative K -theory provided one makes the following changes:
replace the higher Chow group with modulus by a variant of it (which imposes a
stronger version of the modulus condition, originally introduced in [Krishna and
Park 2012b]), assume that D4 is a strict normal crossing divisor, and assume
rational coefficients. Theorem 1.1 imposes none of these conditions. If D C X
is a regular divisor, a cycle class map was defined in [Krishna and Pelaez 2018,
Theorem 1.5] using the stable A!-homotopy theory.

We now describe our results about the cycle class map of Theorem 1.1 for the
modulus pair (AL, {0}). Recall that in case of the higher K-theory of a smooth
scheme X, the cycle-class map CH" (X, n) — K,(X) from the O-cycle group can
not be expected to describe all of K,,(X) (even with rational coefficients). However,
we show in our next result that the cycle class map of Theorem 1.1 is indeed enough
to describe all of the (integral) relative K -theory of nilpotent extensions of smooth
schemes, if we work in the category of pro-abelian groups instead of the usual
category of abelian groups. This demonstrates a remarkable feature of relative
K -theory which is absent in the usual K -theory.

Before we state the precise result, recall that the additive higher Chow groups are
special cases of higher Chow groups with modulus. More precisely, for an equidi-
mensional scheme X, the additive higher Chow group TCH” (X, n + 1; m) is same
thing as the higher Chow group with modulus CH” (X x A,l | X x (m+ 1){0}, n)
for m, n, p > 0. To understand the reason for the shift in the value of n, we need to
recall that the additive higher Chow groups are supposed to compute the relative
K -theory of truncated polynomial extensions and one knows that the connecting
homomorphism 9: K, (X[t]/"1), (x)) = K.(X x AL, X x (m + 1){0}) is an
isomorphism when X is regular. Under this dichotomy, we shall use the notation
cycy for CYCAL | (Xx{0}) whenever we use the language of additive higher Chow
groups. In particular, for a ring R, we shall write cycy for cyc AL 1(0) while using
additive higher Chow groups.

Let R now be a regular semilocal ring which is essentially of finite type over
a characteristic zero field. Recall that there is a canonical map KY (R) — K, (R)
from the Milnor to the Quillen K -theory of R. For n > 1, the group TCH" (R, n; m)
is not a 0-cycle group if dim(R) > 1. Hence, Theorem 1.1 does not give us a cycle
class map for this group. However, using this theorem for fields and various other
deductions, we can in fact prove an improved version of Theorem 1.1. Namely, we
can avoid the usage of pro-abelian groups for the existence of the cycle class map
with integral coefficients.
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Theorem 1.3. Let R be a regular semilocal ring which is essentially of finite type
over a characteristic zero field. Let m > 0 and n > 1 be two integers. Then the
following hold.

(1) There exists a cycle class map
cycd : TCH"(R, n; m) — KM(R[x]/(x™"), (x)).
(2) The composite map
cyer: TCH! (R, m m) 25 K (RLx1/ 1), () = Ko (RIX]/ G, (1)

coincides with the map of Theorem 1.1 when R is a field.
3) cyc% and cycy are natural in R.
4 Cycj}g is an isomorphism.

(5) The map
cycg: {TCH" (R, n3 m)}m — {Ku(R[x]/(x" 1), ()}
of pro-abelian groups is an isomorphism.

In other words, Theorem 1.3 (5) says that the relative K-theory of truncated
polynomial rings can indeed be completely described by the relative O-cycles over
R (the cycles in TCH" (R, n; m) have relative dimension zero over R). This shows
that the additive Chow groups defined by Bloch—Esnault [2003a] and [Riilling
2007] are indeed the relative K-groups, at least in characteristic zero. This was
perhaps the main target of the introduction of additive higher Chow groups by
Bloch and Esnault.

By the works of several authors (see [Elbaz-Vincent and Miiller-Stach 2002]
and [Kerz 2009] for regular semilocal rings and [Nesterenko and Suslin 1989] and
[Totaro 1992] for fields), it is now well known that the motivic cohomology of
a regular semilocal ring in the equal bidegree (the Milnor range) coincides with
its Milnor K-theory. Theorem 1.3 (4) says that this isomorphism also holds for
truncated polynomial rings over such rings. This provides a concrete evidence
that if one could extend Voevodsky’s theory of motives to the theory of “non-A!-
invariant” motives over so-called fat points (infinitesimal extensions of spectra of
fields), then the underlying motivic cohomology groups must be the additive higher
Chow groups (see [Krishna and Park 2012a]).

It should be remarked that the objective of Theorem 1.3 is not to compute the
relative K-groups. There are already known computations of these by many au-
thors (e.g., see [Goodwillie 1985; Hesselholt 2008]). Instead, the above result
addresses the question whether these relative (Milnor or Quillen) K -groups could
be described by additive O-cycles.
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Theorem 1.3 has following consequences. The first corollary below is in fact
part of our proof of Theorem 1.3.

Corollary 1.4. Let R be a regular semilocal ring which is essentially of finite type
over a characteristic zero field. Let n > 0 be an integer. Then the canonical map

(K (RExT/ (™), )Y = {Kn(RIx]/(x™), () }hm
of pro-abelian groups is an isomorphism. In particular,
{Kn(RIx]/ (™), (0)) P} =0

for p #n.

Let R be any regular semilocal ring containing (. Then the Néron—Popescu
desingularization theorem says that R is a direct limit of regular semilocal rings
{R;}, where each R; is essentially of finite type over Q (see [Swan 1998, Theo-
rem 1.1]). One knows from [Riilling 2007, Lemma 1.17] that if each

(KM (R [x1/(x™), GO }nm=1

is a restricted Witt complex over R;, then {K,’l”(R[x]/(xm), (X)) }n.m>1 1s a re-
stricted Witt-complex over lim,_; R; = R (see [Riilling 2007, Definition 1.14] for
the definition of a restricted Witt-complex). On the other hand, it was shown in
[Krishna and Park 2016, Theorem 1.2] that each collection {TCH" (R;, n; m)}, m>1
is a restricted Witt-complex over R;. We therefore obtain our next consequence of
Theorem 1.3.

Corollary 1.5. Let R be a regular semilocal ring containing Q. Then the relative
Milnor K -theory {K,{‘/I(R[x]/(xm), (XN }n.m>1 is a restricted Witt-complex over R.

Bloch [1977, Chapter II] had shown (without using the terminology of Witt-
complex) that if R is a regular local ring containing a field of characteristic p > 2,
then the subgroup of the relative Quillen K -theory of truncated polynomial rings
over R, generated by Milnor symbols (the symbolic K -theory in the language of
Bloch), has the structure of a restricted Witt-complex. The above corollary extends
the result of Bloch to characteristic zero.

The last consequence of Theorem 1.3 is the following. Park and Unver [2018]
proposed a definition of motivic cohomology of truncated polynomial ring k[x]/(x™)
over a field. They showed that these motivic cohomology in the Milnor range
coincide with the Milnor K-theory of k[x]/(x) when k is a characteristic zero
field. Theorem 1.3 implies that the Milnor range (relative) motivic cohomology of
Park—Unver coincides with the additive higher Chow groups.
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1B. Comments and questions. We make a couple of remarks related to the above
results.

(1) Since Theorem 1.1 is characteristic-free, one would expect the same to be true
for Theorem 1.3 and Corollary 1.4 as well. Our remark is that Theorem 1.3 and
Corollary 1.4 are indeed true in all characteristics # 2. Since the techniques of
our proofs in positive characteristics are different from the present paper, they are
presented in [Gupta and Krishna 2019].

(2) Our second remark is actually a question. Recall that Chow groups with mod-
ulus are supposed to be the motivic cohomology to describe the relative K -theory,
just as Bloch’s higher Chow groups describe K -theory. Analogous to Bloch’s Chow
groups, the ones with modulus exist in all bidegrees. However, as we explained
earlier, Theorem 1.3 says that the 0-cycles groups with modulus are often enough
to describe all of relative K -theory in the setting of pro-abelian groups. One can
therefore ask the following.

Question 1.6. Let R be a regular semilocal ring essentially of finite type over a per-
fect field. Let n, p > 1 be two integers such that n # p. Is {TCH” (R, n; m)},, = 0?

Note that this question is consistent with the second part of Corollary 1.4. Note
also that it is already shown in [Krishna and Park 2020b] that the answer to this
question is yes when p > n. So the open case is when p < n. We hope to
address this question in a future work. Reader may recall that when p < n/2,
the additive version of the deeper Beilinson—Soulé vanishing conjecture says that
TCH? (R, n; m) should vanish for every m > 1.

1C. An outline of the paper. We end this section with a brief outline of the layout
of this text. In Sections 2 and 3, we set up our notations, recollect the main objects
of study and prove some intermediate results. In Section 4, we define the cycle
class map on the group of generators of O-cycles. Our definition of the cycle class
map is a priori completely different from the one in [Binda 2018; Levine 1994].
The novelty of the new construction is that it is very explicit in nature and, therefore,
it becomes possible to check that it factors through the rational equivalence. We
also prove in this section that the cycle class map is natural for suitable proper and
flat morphisms. One can check that this map does coincide with more abstractly
defined maps of [Binda 2018; Levine 1994] on generators. But we do not discuss
this in this paper (see however Section 4D for a sketch of this).

We break the proof of Theorem 1.1 into two steps. In Section 5, we prove it for
a very specific type of curves using the results of Section 2. This is the technical
part of the proof of Theorem 1.1. It turns out that the general case can be reduced
to the above type using the results of Section 2D. This is done in Section 6. The
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idea that we have to increase the modulus for factoring the cycle class map through
the rational equivalence is already evident in the technical results of Section 3B.

Sections 7 and 8 constitute the heart of the proof of Theorem 1.3. In Section 7,
we provide some strong relations between the additive O-cycles, relative Milnor K -
theory and the big de Rham—Witt complex. In particular, we show that it suffices
to know the image of certain very specific O-cycles under the cycle class map in
order to show that it factors through the relative Milnor K -theory of a truncated
polynomial ring (see Lemma 7.3). In Section 8, we give an explicit description of
the relative Milnor K-theory in terms of the module of Kihler differentials (see
Lemma 8.4). This allows us to establish the isomorphism between the additive
higher Chow groups of 0-cycles and the relative Milnor K -theory.

To pass to Quillen K -theory, we prove a vanishing theorem (see Proposition 9.5)
using some results of [Krishna 2010]. This allows us to show that the additive O-
cycle groups for fields are isomorphic to the relative K-theory in the setting of
pro-abelian groups. In Section 10, we extend the results of Section 9 to regular
semilocal rings using the main results of [Krishna and Park 2020a]. The last sec-
tion is the appendix which contains some auxiliary results on the relation between
Milnor and Quillen K -theory of fields. These results are used in the main proofs.

2. The relative K-theory and cycles with modulus

Here we fix our notations and prove some basic results in relative algebraic K-
theory. We shall also recall the definition of the higher Chow groups with modulus.

2A. Notations. We shall in general work with schemes over an arbitrary base
field k. We shall specify further conditions on k as and when it is required. We
let Schy denote the category of separated finite type schemes over k. Recall that
X € Schy is called regular if Oy , is a regular local ring for all points x € X. We
let Smy denote the full subcategory of Schy consisting of regular schemes. For
X, Y € Schy, we shall denote the product X x; Y simply by X x Y. For any
point x € X, we shall let k(x) denote the residue field of x. For a reduced scheme
X € Schy, we shall let XV denote the normalization of X. For p > 0, we shall
denote the set of codimension p points of a scheme X by X?). For an affine
scheme X € Schy, we shall let k[ X] denote the coordinate ring of X.

We shall let CJ denote the projective space } = Proj(k[Yo, Y1]) and let 0=\ {1}.
We shall let A} = Spec(k[y1, - .., yn]) be the open subset of ", where 1y evvs n)
denotes the coordinate system of [J" with y i = Ylj / Y({ . Given a rational map
f: X --» 0" in Schy and a point x € X lying in the domain of definition of f,
we shall let f;(x) = (y; o f)(x), where y; : " — O is the i-th projection. For any
l1<i<nandte ﬁ(k), we let F,i’l. denote the closed subscheme of (1" given by
{yi=t}. Welet F, =37 | F}, .
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By a closed pair (X, D) in Schy, we shall mean a closed immersion D «— X
in Schy, where X is reduced and D is an effective Cartier divisor on X. We shall
write X \ D as X°. We shall say that (X, D) is a modulus pair if X° € Smy. If
(X, D) is a closed pair, we shall let mD C X be the closed subscheme defined by
the sheaf of ideals Z7j, where D is defined by the sheaf of ideals Zp.

All rings in this text will be commutative and Noetherian. For such a ring R and
an integer m > 0, we shall let R,, = R[t]/(t"*") denote the truncated polynomial
algebra over R. We shall write Spec(R([t1, ..., #,]) as A%. The tensor product
M ®z N will be denoted simply as M ® N. Tensor products over other bases will
be explicitly indicated.

2B. The category of pro-objects. By a pro-object in a category C, we shall mean
a sequence of objects {A,;,};,>0 together with a map a,ﬁ: Ap+1 — A, for each
m > 0. We shall write this object often as {A,,}. We let Pro(C) denote the category
of pro-objects in C with the morphism set given by

Hompro(C)({Am}’ {Bm}) = l(ith_r>nH0mC(Am7 Bn) (21)
n m

In particular, giving a morphism f as above is equivalent to finding a function
A:N— N, amap f, : Ay) = By for each n > 0 such that for each n’ > n, there
exists [ > A(n), A(n") so that the diagram

T
Al — A)L(nf) — By (2.2)

Ak(n) L) Bn
is commutative, where the unmarked arrows are the structure maps of {A,,} and
{Bn}. We shall say that f is strict if A is the identity function. If C admits all
sequential limits, we shall denote the limit of {A,,} by lim, A,, € C. If C is an
abelian category, then so is Pro(C). We refer the reader to [Artin and Mazur 1986,
Appendix 4] for further details about Pro(C).

2C. The relative algebraic K-theory. Given a closed pair (X, D) in Schy, we let
K (X, D) be the homotopy fiber of the restriction map between the Thomason—
Trobaugh nonconnective algebraic K -theory spectra K (X) — K (D). We shall
let K;(X) denote the homotopy groups of K (X) for i € Z. We similarly define
K;(X, D). We shall let K?(X) denote the homotopy fiber of the restriction map
K(X) — K(X\ D). Note that K”(X) does not depend on the subscheme structure
of D but K(X, D) does. Note also that if D’ C X is another closed subscheme such
that DN D’ = @, then K (X) is canonically homotopy equivalent to the homotopy
fiber KP (X, D') of the restriction map K (X, D) — K(X \ D, D').
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If (X, D) is a closed pair, we have the canonical restriction map K (X, (m +
1)D) — K (X, mD). In particular, this gives rise a pro-spectrum {K (X, mD)} and
a levelwise homotopy fiber sequence of pro-spectra

{K(X,mD)} - K(X) - {K(mD)}. 2.3)

If X = Spec(R) is affine and D = V (I), we shall often write K (X, mD) as
K(R, I")and K (X) as K(R). For aring R, we shall let E(Rm) denote the reduced
K -theory of R,,, defined as the homotopy fiber of the augmentation map K (R,,) —
K (R). Observe that there exists a canonical decomposition K (R,,) = K (R,,) %
K(R).

Suppose that R is a regular semilocal ring. Let f(¢#) € R[¢] be a polynomial
such that f(0) e R* andlet Z=V(f(t)) C A}e be the closed subscheme defined
by f(¢). Since Z N {0} = &, the composite map KZ(A}Q) — K(A}?) — K((m+
1){0}) is null-homotopic for all m > 0. Hence, there is a factorization K z (A}Q) —
K(AL, (m + 1){0}) — K(A}). Let [Oz] denote the fundamental class of Z in
KOZ (A}Q) (see [Thomason and Trobaugh 1990, Exercise 5.7]). Note that Z may
not be reduced or irreducible. Let oz denote the image of [Oz] under the map
KZ (AR — Ko(Ak, (m+1){0}). Let 9, K, (Ry) — K1 (AL, (m+1){0}) denote
the connecting homomorphism obtained by considering the long exact homotopy
groups sequence associated to (2.3). The homotopy invariance of K-theory on
Smy, shows that this map is an isomorphism. For g(¢) € R[¢], let m denote its
image in R,,.

Lemma 2.1. Given Z =V ((f(t))) as above, we have

az = ((fON~f@).

Proof. Since f(0) € R*, we note that Z = V((f(O))_lf(t)). We let g(t) =
(£(0)~! £(¢) so that g(0) = 1 and therefore M € 1?1 (Ri). Welet A ={(a,b) €
R[t]1x R[t]|a—b e (t"*1)} be the double of R[¢] along the ideal (+"*!) as in [Mil-
nor 1971, Chapter 2]. Let p; : A — R[t] be the first projection. Then recall from
[Milnor 1971, Chapter 6] that Ko(R[¢], (¢"1)) = Ker((p1)#: Ko(A) = Ko(R[t]))
and [Milnor 1971, Chapter 3] shows that 0 () = [M (u)] —[A] € Ko(R[], (tmt1y),
where M (u) is the rank one projective A-module given by M (u) = {(x,y) €
R[t] x R[t] |ux =y in R, } forany u € R,;.

Letu = m and let M = M(m). Let po : M — R[t]/(g(t)) denote the compo-
sition of the second projection M — R[¢] with the surjection R[] — R[t]/(g(?)).
It is then easy to see that the sequence

0— AL M2 R[1]/(2(1) = 0
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is a short exact sequence of A-modules if we let 0((a, b)) = (a, bg(t)) € M. In
particular, we get [Oz] = [V ((g(1)))] = [M]— [A] = 3:(g(¢)). This proves the
lemma. O

2D. The projection formula for relative K-theory. Let (X, D) be a modulus pair
in Sch; and let Sy be the double of X along D. Recall from [Binda and Krishna
2018, §2.1] that Sy is the pushout X LI, X of the diagram of schemes X <= D «— X.
On each affine open subset U C X, the double is the spectrum Sy of the ring
{(a,b) e Oy(U)xOy(U)|a—beIp(U)}, where Ip C Oy is the ideal sheaf of D.
We have two inclusions ¢4 : X < Sx and a projection p: Sy — X such that poiL =
idy. In particular, there is a canonical decomposition K (Sx) = K (Sx, X-) x K(X).
There is an inclusion of modulus pairs (X, D) < (Sx, X_), with respect to the
embedding X < Sx. This yields the pull-back map ¢ : K(Sx, X-) - K(X, D).

We now let u: Z — X be a closed immersion such that Z N D = &. This gives
rise to a closed embedding Z — X = Sy suchthat ZND=ZNX_ =@. Since
Z N D = @, the push-forward map (which exists because Z C Xyeg) us: K(Z) —
K (X) composed with the restriction K(X) — K (D) is null-homotopic. Hence,
there is a canonical factorization K (Z) — K (X, D) — K(X) of the push-forward
map. We shall denote the map K(Z) — K (X, D) also by u,. It is clearly functorial
in (X, D) and Z. Recall also that K (Z) and K (X, D) are module spectra over the
ring spectrum K (X) (e.g., see [Thomason and Trobaugh 1990, Chapter 3]). We
shall need to know the following result about the map u, in the proof of Lemma 9.2.

Lemma 2.2. The push-forward map uy: K.(Z) - K.(X, D) is K.(X)-linear.
Proof. Since Z C Sy \ X_, we also have the push-forward map v.: K(Z) —
K(Sx, X_), where we let v =ty ou. Suppose we know that

u, =15 ov,: K(Z) 2 K(Sx, X_) = K(X, D)

and the lemma holds for v,. Then for any @ € K, (X) and B € K.(Z), we get

(™ (@) B) =4 (01 (V" p (@) B)) = (™ (@) (B) = (pory) ()us(B) = ctu(B).
We thus have to show the following.

(1) The lemma holds for the inclusion Z — Sy, and

2) u, = L*+ 0 Uy.

To prove (1), we can use that the map K. (Sx, X_) — K, (Sx) is a split inclusion
(as we saw above). Using this and the fact that K (Sx, X_) — K(Sx) is K(Sx)-
linear, it suffices to prove (1) for the composite push-forward map v,: K(Z) —
K (Sx). But we already saw above that K (Z) is a module spectrum over K (Sx).
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We now prove (2). By the definition of the push-forward maps to the relative
K -theory, we have factorizations

K(Z) —— K*(Sx, X_) —— K(Sx, X_) (2.4)

* *

K(Z) —— K%(X, D) —— K(X, D),

such that the square on the right is commutative and the top (resp. bottom) com-
posite arrow is v, (resp. u,). Hence, it suffices to show that the left square is
commutative.

For showing this, we use the diagram

K(Z) — K%(Sx, X_) —— KZ(Sx \ X_) (2.5)

* *
H l% I‘Jr

K(Z) —— K%(X, D) ——— K%(X \ D),

where the horizontal arrows on the right are the restriction maps induced by the
open immersions of modulus pairs. In particular, the square on the right is com-
mutative. The right horizontal arrows are homotopy equivalences by the excision
theorem. Hence, it suffices to show that the composite square in (2.5) commutes.

To see this, we note that the composite horizontal arrows in (2.5) have the fac-
torizations:

K(Z) —— G(Z) —— K%(Sx \ X_) (2.6)

~ | *

K(Z) —— G(Z) —— K#(X \ D),

where G(Z) is the K -theory of pseudocoherent complexes on Z [Thomason and
Trobaugh 1990, Chapter 3] and K (Z) — G(Z) is the canonical map. We are now
done because the square on the right in (2.6) clearly commutes. U

2E. The 0-cycles with modulus. Let k be a field and let (X, D) be an equidi-
mensional closed pair in Schy of dimension d > 1. We recall the definition of
the higher Chow groups with modulus from [Binda and Saito 2019] or [Krishna
and Park 2017a]. For any integers n, p > 0, we let z?(X | D, n) denote the free
abelian group on the set of integral closed subschemes of X x [1" of codimension
p satisfying the following.

(1) Z intersects X x F properly for each face F C [I".
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(2) If Z is the closure of Z in X x 0" and v : Z¥ — X x " is the canonical
map from the normalization of Z, then the inequality (called the modulus
condition)

vV (D xO") < v*(X x F})
holds in the set of Weil divisors on ZV.

An element of the group z”(X | D, n) will be called an admissible cycle. It is
known that {n — z”(X | D, n)} is a cubical abelian group (see [Krishna and Levine
2008, §1]). We denote this by z”(X | D, x). We let

P(X | D, )
zP(XID,*)=;(|—,
édegn(X | D, %)

where z. gegn (X | D, ) is the degenerate part of the cubical abelian group z? (X | D, *).
For n > 0, we let
CH”(X | D,n) = H,(z" (X | D, %))

and call them the higher Chow groups with modulus of (X, D). The direct sum

CHo(X | D, %) := @CHf’+"(X | D, n) = @CH_,,(X ID,n)  (27)

n>0 n>0

is called the higher Chow group of O-cycles with modulus. The subject of this
paper is to study the relation between CHy(X | D, *) and the relative K-theory
K.(X, D).

We recall for the reader that the groups CH? (X | D, *) satisfy the flat pull-back
and the proper push-forward properties under certain conditions. We refer the
reader to [Binda and Saito 2019] or [Krishna and Park 2017a] for these and other
properties of the Chow groups with modulus.

3. The Milnor K -theory

Recall that for a semilocal ring R, the Milnor K-group K I.M (R) is defined to be the
i-th graded piece of the graded Milnor K -theory Z-algebra K (R). The latter is
defined to be the quotient of the tensor algebra T, (R*) by the two-sided graded
ideal generated by homogeneous elements {¢ ® (1 —a) |a, 1 —a € R*}. The image
ofanelementa; ®---®a, € T,(R*) in K ,1,"[ (R) is denoted by the Milnor symbol
a=1{ay,...,a,}. If I C R is an ideal, the relative Milnor K -theory KZ.M(R, I)is
defined to be the kernel of the natural surjection KM (R) — KM (R/I). It follows
from [Kato and Saito 1986, Lemma 1.3.1] that KM (R, I) is generated by Milnor
symbols {ay, ..., a,}, where a; € Ker(R* — (R/I)*) for some 1 <i <n, provided
R is a finite product of local rings.
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The product structures on the Milnor and Quillen K-theories yield a natural
graded ring homomorphism Vg : KM(R) — K (R). If I C R is an ideal, we
have a natural isomorphism KM(R nH= K1 (R, I), Where K (R, I) is the group
Ker(K.(R) — K.(R/I)). Using the module structure on K (R, I) over K,(R) and
the ring homomorphlsm K, M(R) — K.(R), we obtain a natural graded K M (R)-
linear map /g |;: KM(R, 1) — K. (R, I). The cup product on Milnor K -theory
yields maps KM(R) ® KM(R 1) — Kn+n (R, I)). In the sequel, we shall loosely
denote the image of this map also by K,’Y(R)K%(R, I) (e.g., see Lemma 3.3).

3A. The improved Milnor K-theory. If R is a semilocal ring whose residue fields
are not infinite, then the Milnor K -theory KM (R) does not have good properties.
For example, the Gersten conjecture does not hold even if R is a regular local
ring containing a field. If R is a finite product of local rings containing a field,
Kerz [2010] defined an improved version of Milnor K -theory, which is denoted
as K M(R). This is a graded commutative ring and there is natural map of graded
commutative rings n* : Kf’l(R) — I?f’(R). For anideal I C R, we let [’(\i”(R, )=
Ker(I/(\ff”(R) — I’(\f”(R/I)). We thus have a natural map Kf”(R, 1) — I@{”(R, I).
We state some basic facts about K M(R) in the following result and refer the reader
to [Kerz 2010] for proofs.

Proposition 3.1. Let R bi a finite product of local rings containing a field. Then
the map n® : KM(R) — KM (R) has the following properties:

(1) R is surjective.

(2) nRis an isomorphism for all n > 0 if R is a field.

3) n,‘f is an isomorphism for n < 1.

(@) 77,15 is an isomorphism for all n if each residue fields of R are infinite.

(5) The natural map K,{VI(R) — K, (R) factors through nf.

(6) The map I/{\é‘/[(R) — K7 (R) is an isomorphism.

(7) The Gersten conjecture holds for I’(\,{W (R).

We now let R be a regular semilocal ring (not necessarily a product of local
rings) containing a field. Let F denote the total quotient ring (a product of fields)
of R. Recall from [Kato 1986, §1] that there is a (Gersten) complex of abelian
groups

KNY(F)—> € KX k(p) — -
ht(p)=1
- P ke~ P K kp). G

ht(p)=n—1 ht(p)=n
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We let KM (R) denote the kernel of the boundary map

0:KM(F)—> P KM (k)

ht(p)=1

in (3.1). For any X € Schy, the improved Milnor K - theory Zariski sheaf ICM x Was
defined in [Kerz 2010] whose stalk at a point x € X is K, KM (Ox.x). As (3.1) gives
rise to a resolution of K,{"’ (Ry) for every prime ideal p C R by Proposition 3.1
(7), it follows that K ,1,"’ (R) coincides with the group of global sections of the sheaf
EMX on X = Spec(R).

Since the composite map KM (R) — KM(F) — KM | (k(p)) is well known to
be zero for every height one prime ideal p C R, it follows from the definition of
K ,{W (R) and the Gersten resolution of Quillen K-theory that there are natural maps

KM(R) - KM (R) Y5 K,(R). (3.2)

Suppose now that R is a regular semilocal integral domain of dimension one
containing a field and / C R is an ideal of height one. Then R// is a finite product
of Artinian local rings. In particular, the improved Milnor K -theory K M@R/I) is
defined. We can write R/I = H?:l Ry, /IRy, where my, ..., m, are the minimal
primes of /. We thus have the canonical maps

RM(R) = [T K (Rw) — [[ K} (R /1Rw,) < KM (R/D), (3.3)
i=1 i=1

where the first arrow is induced from the definition of K, ,’l"[ (R) and the Gersten
resolutions of the improved Milnor K -theory of the localizations of R. We define
the relative improved Milnor K-group K M(R, I) as the kernel of the composite
map. Note that this agrees with the relative improved Milnor K -groups defined
earlier if R is a product of local rings.

Note that (3.3) also shows that the diagram

KM(R) —— KM(R) —— K. (R) (3.4)

l J |

Ky (R/D) —— K} (R/T) —— Ku(R/D)
commutes. We therefore get the canonical maps of relative K -theories
KM(R, 1) — KM(R, 1) = K.(R, D), (3.5)

where recall that I/(\*(R, I)=Ker(K.(R) - K.(R/I)).
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3B. Some results on Milnor- K -theory. We shall need few results on the Milnor
K -theory of discrete valuation rings. For a discrete valuation ring R with field of
fractions F, we shall let ord : F* — Z denote the valuation map. We begin with the
following elementary computation in Milnor K -theory. We shall use the additive
notation for the group operation of the Milnor K -theory.

Lemma 3.2. Let R be a semilocal integral domain with field of fractions F. Let
a, b, s,t be nonzero elements of R such that 1 + as, 1 + bt # 0. Then we have the
following identity in Ké”(F).

{14as, 1+bt} = _{1+1j_€1s”’_as(l+bﬂ} if 1+ (14bt)as #0,
| 0, otherwise.

3.6)

Proof. Suppose first that 1 4 (1 4 bt)as = 0. Then we have
{14as,14+bt}={1+as, (—as)_l} =—{l+4as, —as} =0.

Otherwise, we write

{1+ ab_, (1+bt)}
Ttas %

ab
1+as

:{l—i— ab st,—as}+{1+ st,(1+bt)}
14+as

S -
+ {1+ +bt)as, 1 +bt}—{1+as, 1+ bt}
= {1+ (1+bt)as, —as}— {1 +as, —as}
+{14+A+bt)as, 1 +bt} —{1+as, 1+ bt}
={1+ {1 +bt)as, —(1 + bt)as}
—{1+4+as, —as} — {1 +as, 1 + bt}
={l—u,u}—{1—v,v}—{1+as, 1+ bt}
=—{1+4as, 1+ bt}, 3.7

where we let u = —(1 4 bt)as and v = —as. This proves the lemma. O

Lemma 3.3. Let R be a discrete valuation ring with maximal ideal m and field of
fractions F. Form,n > 1, let K,f’I(F, m) denote the subgroup of K,ﬁ”(F) generated
by Milnor symbols {yi, ..., y,} € K,‘:’I(F) such that y_:_, ord(y; — 1) > m. Then
forany n > 0, we have

KM (F,m) € (1+m™KM(F).
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Proof. Note that for n = 0, we actually have K IM (F,m) =1+ m" and this is
obvious from the definition of K f"’ (F, m). We shall prove n > 1 case by induction
on n. We let w denote a uniformizing parameter of R. We can write y; = 1 +u; 7"
for some u; € R* and m; € Z for 1 <i < n. We first observe that if m; > m for
somei > 1,then y; =14+ u;7™ € 14+ m™ and we are done.

We now assume that n = 1. In this case, if some m; < 0, then we must have
that some m; > m and we are done as above. We can therefore assume that 0 <
my, my < m. In this case, Lemma 3.2 says that {y;, y,} is either zero or it is —{1 +
uluzyl_lnm‘+”’2, —u1yr™}. Since m; > 0, we see that yl_1 € R*. In particular,
14 uguy; '™+ e 14 m™M+m We therefore get {y, y2} € (1 +m")K ¥ (F).

If n > 2, we have must have m; > 0 for some 1 <i <n as m > 0. Since
the permutation of coordinates of a Milnor symbol only changes its sign in the
Milnor K-group, we can assume that m; > 0 so that y; € R*. We can now write
i, ..., v} = {1, y2} - {y3, ..., yn}. We have seen before that the term {y;, y»}
is either zero or we have

i =1+ u ™ T+ uon™} - {y3, ..., yn}
LmiEme ™y} {y3s s Ya)

={—ujy,r™}-{1 +u1u2y1_171’"1+m2, V3o ees Yu}

= —{1 —l—ulugyf

Since y; € R*, it follows that y} := 1 +ujupy; ' 7™+ € 1 +m™ "2 In particular,
we see that ord(y, — 1) + > _;_sord(y; — 1) > Y, m; > m. Hence, the induction
hypothesis implies that {y}, y3,..., ya} € (1 +m™)KM (F). This implies that
Dt oo ) = {—wyot™} - {¥h, y3e ... yn} € A+ m™ KM (F). O

Lemma 3.4. Let R be a discrete valuation ring containing a field. Let m and F
denote the maximal ideal and the field of fractions of R, respectively. Then the
following hold for every integer n > 0:

(1) (1+m KM (F) €KY (R).
2) A +m™MKM(F) C (1 +m™) KM (R) for all m > 1.

Proof. We shall prove the lemma by induction on n. As the base case n = 0 trivially
follows, we shall assume that n > 1. Suppose we show that

(A+m) KM (F) € (1+m)KM(R) C K¥(R). (3.8)
We will then have

(1+mKMF) < (1 +m)KMRKM (F)
= KMR(1+m)KM (F)S' KM ((R)KM(R) < KM (R),

where C! holds by induction on n. This will prove (1).
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Similarly, suppose we show for all m > 1 that
(1+m" KM (F) < 1+m™)KM(R) c KM(R). (3.9)
Then for any m > 1 and n > 2, we will have

(L+m™M KM (F) € (1 +m™ " HEM(R)KM | (F)
=K (R +m" " HKM (F)S KM (R (1 +m™) K (R)
< (1+m™ K (R),
where C! holds by induction on n. This will prove (2). We are therefore left with
showing (3.8) and (3.9) in order to prove the lemma.
To prove (3.8), we let m be a uniformizing parameter of R. For j € Z and
u, v € R*, we then have
(1 +um, v/} = {1 +um, v} + {1 +um, 7/}
={14un,v}+ j{l +unr, 7}
={14+um,v}— j{l +um, —u},
where the last equality holds because {1 + um, —um} = 0. It follows that {1 +
ur, v/} € 1+m)KY(R). If i > 2, then {1 +un’, v/} e 1 +m'"HKM(R) C
(1+ m)Kf”(R) by (3.9). It remains therefore to prove (3.9).

Wenow fix m > 1,j € Z,a € R and u € R*. We consider the element {1 +
an™* umi} e (1+m" KM (F). We set

4

t=—an™, vV=>_0+1(-1—-7))"" and v'=-1-m.

With these notations, it is clear that 1+v't, 1+v"t € (14+m™) and (1+v't)(1+v"t) =
1 —t. In K} (F), we now compute
(A+an™ " un/y = {1 +an™ uy+ j{1 +an™ !, 7}

={l+arx" ™ u}+ j{l + (ax™)7, 7}
={l4+an™"" u} — j{1 + (@an™)7, —(an™)}
={1+an™" u)— j{l —nt, 1}
= (I +an"™ " u) = {0+ 0D +0"D), 1)
={1+4an™ u)— j{l+V'r, 1} — j{1+0"t, 1)
={l4an™ u}+ j{1 +'r, =0} + j{1 +0"t, ="}
e (1+m™KM(R).

This proves (3.9) and completes the proof of the lemma. U
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Let us now assume that R is a regular semilocal integral domain of dimension
one containing a field. Let {my, ..., m,} be the set of maximal ideals of R and let
F be the field of fractions of R. If m = (my, ..., m,) is an r-tuple of positive inte-
gers, we shall write the relative improved Milnor K -theory K M(R, m e mlr)
(see (3.3)) as I/(\i”(R, m). Forn > 1, we let

.
KM (F, m, sum) = [)(1 +m}" Ry, ) KM | (F).
i=1

Weletm+n=(mi;+n,...,m,+n).
Lemma 3.5. For every integer n > 1, we have K,’lw(F, m+n,sum) C I’(\,]l”(R, m).
Proof. If R is local, then Lemma 3.4 says that

KM(F,m+n,sum) € 14+m™KM (R) € KM(R,m™).

In particular, the lemma holds if R is local.
In general, let y € K ,]l” (F, m 4+ n, sum). Then it is clear that

y € (L+m"*" Ry )K) | (F)

for each 1 <i <r. It follows by Lemma 3.4 that y € (1 +mlf”Rmi)I/(\fl‘f1(Rm,) C
K ,{” (Rm,;) for each i. We conclude from (3.1) and Proposition 3.1 that y € K ,ILVI (R).
We now consider the diagram

KM(R) KM(F) (3.10)
\
Ak KM (R/m]" - m™) Ar
®; i ‘/

@?:1 I/{\l’lM(Rmi /mzr'ni)v

where ¢ is the last in the sequence of arrows in (3.3).

This diagram is clearly commutative. It follows from the case of local rings
shown above that (@l 71,-) o Ag(y) =0. Since ¢ is an isomorphism, we conclude
that 7w (y) = 0, which is what we wanted to show. U

Lemma 3.6. With notations as in Lemma 3.5, we have

KN (F,m, sum)q € K (R, m)q.
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Proof. The reduction from the semi-local ring R to it being a local ring (dvr) goes
through exactly as in the proof of Lemma 3.5 without any change. So the proof
of the lemma is eventually reduced to showing the following improved version of
Lemma 3.4 (2) for every pair of integers n > 0 and m > 1:

(1+m™KM(F)g € 14+m™KM(R)q. (3.11)

This inclusion is obvious for n = 0. To prove this for n > 1, an easy induction
(see (3.9) in the proof of Lemma 3.4) reduces to the case n = 1. We now let 7 be a
uniformizing parameter of R and let {14+ an™, un’/} € (1 +m"’)wa(F)@, where
ueR* aeRand jeZ. If a=0, there is nothing to show and so we can write
a=uor’ with ug € R* and i > 0. We then get the following in K} (F)q:

(14+an™, un’y = {1 + uor™™, un’}

= {1 +uor™™ u} + j{l + uon'*™", w}
:{1_i_uoni-l-m’u}_i_#{l_i_uoni-i-m’ni-iﬂn}
1+m
= {1+ uom' ™ 1} — l.%m{l Fugr M —u).

Since the last term clearly belongs to (1 + m’")l/(\ 1M (R)q@, we conclude the proof
of (3.11) and hence of the lemma. U

4. The cycle class map

In this section, we shall define the cycle class map on the group of O-cycles with
modulus and prove a very special case of Theorem 1.1. The final proof of this
theorem will be done by the end of the next section. We fix an arbitrary field k.

4A. The map cycy | on generators. Let (X, D) be a modulus pair in Schy of
dimension d > 1. Let n > 0 be an integer. We begin by defining the cycle class map
cycx | p on the group 24T(X | D, n). Let Z € X x (0" be an admissible closed point.
Since Z is a closed point, we have that Z = Spec(k(Z)). We let p5,: X x " — [1"
and px: X x 0" — X denote the projection maps. We let f: Z — X denote the
projection map. It is clear that f is a finite map and its image is a closed point
x € X which does not lie in D. We thus have a factorization Z — Spec(k(x)) —
X? — X of f. The latter is actually a map of modulus pairs f: (Z, @) — (X, D).
Hence, it induces the proper push-forward f,: CH,(Z, x) — CH, (X | D, *), where
CH, (Z, %) are Bloch’s higher Chow groups of Z [Bloch 1986].

Now, the closed point Z € X x [J* defines a unique k(Z)-rational point (which
we also denote by Z) in [1%, such that the composite projection map Z — [, — Z
is identity. Furthermore, [Z] € z¢1"(X | D, n) is the image of [Z] € " (Z, n) under
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the push-forward map f... Since Z < [17, does not meet any face of [1", it follows
that y;(Z) € k(Z)* for every 1 <i < n, where y;: 0% — O is the projection
to the i-th factor. In particular, {y;(Z), ..., y,(Z)} is a well-defined element of
KM (k(Z)). We let

cyc? ([Z]) = (y1(2), ..., ya(2)} € KM (k(2)), .1
cycz([Z]) = Yz ocyc¥ ([Z]) € K (2), 4.2)

where recall that ¥z : KM (k(Z)) — K.(k(Z)) = K.(Z) is the canonical map from
the Milnor to the Quillen K -theory.

We next recall from Section 2D that as x = f(Z) € X? (which is regular),
the finite map f defines a map of spectra f,: K(Z) — K(X, D) such that the
composite map K (Z) - K(X, D) — K(X) is the usual push-forward map. The
same holds for the inclusion ¢* : Spec(k(x)) — X. We let

cycx | p([Z]) = fiocycz([Z]) € Kn(X, D). 4.3)
Extending this linearly, we obtain our cycle class map
cyex p: 297 (X | D, n) > K,(X, D). (4.4)

If Z is an admissible closed point as above and x = f(Z), then we have a
commutative diagram

KM(k(Z)) vz, K, (k(Z)) (4.5)

e
NZ/xJ( ‘/Tk(N
X

KM (k(x)) ¥, K, (k(x)) —— K,(X, D),

where N7z, is the Norm map between the Milnor K-theory of fields [Bass and
Tate 1973] (see also [Kerz 2009]) and the right vertical arrow is the transfer (push-
forward) map between the Quillen K-theory of fields. The square on the left
commutes by Lemma A.3. We can therefore write

cycy | p([Z]) = frocyc ([Z])
= feoyzocycy (1Z])
= feo¥z({yi(2), ..., ym(Z)}
=, 0V o Nzyy(1(2), ... yu(2D)D).
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It is clear from the definition that for any integer m > 1, there is a commutative
diagram

2T X | (m+1)D, n) cyc—xu; K,(X,(m+1)D) (4.6)

Lo, ]

(X |mD,n) ———— K, (X, mD),

where the vertical arrows are the canonical restriction maps. We therefore have a
strict map of pro-abelian groups

cyex p: {27 (X I mD, )b — {Kn(X, mD)}. 4.7

We next prove that the map cycy |, is covariant with respect to proper mor-
phisms of modulus pairs and contravariant for the flat morphisms of modulus pairs
which are of relative dimension (. Note that these are the only general cases where
the functoriality of the cycle class map makes sense.

4B. Naturality for flat morphisms. Let (Y, E) and (X, D) be modulus pairs. Let
h :Y — X be a flat morphisms of relative dimension 0 such that E = h*(D).
Recall from [Krishna and Park 2017a, Proposition 2.12] that we have a pull-back
map h* : z4t"(X | D, n) — zT"(Y | E, n) such that h*([Z]) = [W], where W =
(h x id)~'(Z) and Z a closed point in X \ D x ("

Lemma 4.1. With notations as above, the following diagram commutes:

cyc
24X | D, n) —2 K, (X, D) (4.8)

|+ |-

cyc
Y E, n) — 5 K,(Y, E).

Proof. Let Z be a closed point in z¢+"(X | D, n) and let

,
[W1=) miW]ez/"(Y|E,n),
i=1
where W; are irreducible components of the inverse image scheme W with multi-
plicities m;. Let f2:Z— X, fV:W — Y and fWi : W; — Y denote the respective
projections. Let y(Z) = cyc)/ ([Z]) and y(W;) = cycyy ([W;]) as in (4.1). We then
have to show that

h*o f2oyz(3(2) =Y mi( f¥ ovw, (y(W)). (4.9)

i=1
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Consider the following diagram:

K(Z) — G(Z) — K%(X\ D) = KZ(X,D)—— K(X,D) (4.10)

lh* lh* lh* ) l’” lh,ﬁ

KW)— GW) — KYY\E)«— KY(Y,E)— K(Y, E).

Since # is flat, it follows that all the squares in (4.10) commute. Indeed, since the
canonical map K (—) — G (—) respects flat pull-back, the left-most square in (4.10)
commutes. The middle-left square commutes by [Thomason and Trobaugh 1990,
Proposition 3.18] and the middle-right square commutes because each map is a
pull-back map. Lastly, the right-most square in (4.10) commutes by the definition
of the left arrow in the square. As discussed in Section 2D, the composition of the
top horizontal arrows is the push forward map f? and the composition of the top
horizontal arrows is the push forward map f.
It then suffices to show that

-

£ o oz (3(2)) =D mi( £V oypw, (y(W))). (4.11)
i=1

Since W = (h x id7»)~1(Z), we have y(W;) = y(Z) for each 1 <i < r under the

injective map k(Z)* <> k(W;)*. It then follows that Yrw, (y(W;)) =hi¥z(y(2)) €

K,(W;), where h; : W; — Z is the induced map. Note that h; = h o g;, where

gi : W; — W denotes the inclusion of the irreducible component W; into W. We

are therefore reduced to show that

LY o oz (3(2)) =) mi( ¥ ogf ol oYz (¥(2))). (4.12)

i=1

We shall actually show that for all a € K,, (W), we have
r
@ =>"m fMogia. (4.13)
i=1

Observe that the equality (4.12) follows from (4.13) with a = h* oz (y(Z)). To
show (4.13), consider the diagram:

11

1o, GWy) 3 G(Wyg) = KW(Y\E) = KY(Y,E) - K(Y,E) 4.14)

S
8x

KW) —— GW)—KY(Y\E)— K"(Y,E) = K(Y,E).

I
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Since Wreq = | [; Wi, it follows that the push-forward map [ [:_; G(W;) = G (Wreq)
is an isomorphism and the left triangle in (4.14) commutes. Observe that the
left-most square commutes because all arrow in the square are (compatible) push-
forward maps. As before, the composition of the top horizontal arrows on G (W;)
is the push-forward map f*W". Let b € G,(W) be the image of a € K,,(W) un-
der the map K, (W) — G, (W) induced by the bottom left arrow in (4.14). The
equality (4.13) then follows if we show that

b:g*<2m,~gl~*(b)> € G(W). (4.15)

i=1

The equality (4.15) however follows from the following calculation:

g*(Zmig;%b)) =) miginog; (b)
i=1

i=1

=" migin(g; D)Ow,])

i=1

= b(Zmi g,-*qow,.]))
i=1
= b[Ow] =b,

where =! follows because for each i, we have [Ow,]1=1 € Go(W)), =2 follows
from the projection formula [Thomason and Trobaugh 1990, Proposition 3.17] for
G-theory because a € K,,(W) and =3 follows as 1 = [Ow] = Z;zl m; gix([Ow,]) €
Go(W). This completes the proof of the lemma. U

4C. Naturality for proper morphisms. Let (Y, E) and (X, D) be modulus pairs
such that X and Y are regular schemes over k of pure dimension dy and dy. Let & :
Y — X be a proper morphisms such that £ = h*(D). By [Krishna and Park 2017a,
Proposition 2.10], we have a proper push-forward map h, : z**"(Y | E, n) —
X (X | D, n) such that hy([z]) = [k(z) : k(w)][w], where w = (h x idg)(2)
and z is a closed point in Y \ E x [J*. The existence of the push-forward map
h,: K, E) - K(X, D) follows from the following lemma.

Lemma 4.2. The map h induces a proper push-forward map h,: K(Y, E) —
K (X, D) of relative K -theory spectra.

Proof. Since Y is regular, we can assume with out loss of generality that Y is
integral. Since X is regular, the map % has finite tor-dimension. By [Thomason
and Trobaugh 1990, 3.16.4], we have a push-forward map f.: K(Y) - K(X).
Observe that if £ = &, then we have a push-forward map f,: K(Y) - K(X, D).
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We can therefore assume that E # &. To prove the lemma, it suffices to show that
Y and D are tor-independent over X. This will in particular imply that £ — D
also has finite tor-dimension. For tor-independence, we note that D is an effective
Cartier divisor. Hence, the only possible nontrivial tor term can be ToréQX (Oy, Op).
But this is same as the Zp-torsion subsheaf of Oy. Since Y is integral, this torsion
subsheaf is nonzero if and only if the ideal Zg is zero. But this can not happen as
E is a proper divisor on Y. This finishes the proof. U

Remark 4.3. Observe that Lemma 4.2 is true for a general integral scheme (may
not be regular) Y over a regular scheme X.

We now prove that the map cycy | p in (4.4) commutes with the push-forward
map.

Lemma 4.4. For a cycle a € z*7"(Y | E, n), we have CYCx | p ohy(a) = hy o
cycy | g(@).

Proof. We can assume « is represented by a closed point z € z (Y | E, n). We
set w = (h x idor)(z) € X x 1" and x = px(w). The compatibility between
norm maps in the Milnor K -theory of fields and push-forward maps in the Quillen
K -theory (see Lemma A.3) yields a commutative diagram

KM (k(2)) —25 KM (k(w)) (4.16)

N s

L Kn(k(z))TKn(k(w)) burs

Al 2

K,Y,E) — K, (X, D).

Using this commutative diagram, we get

cyey | p ohs([2]) = cycx | p([k(z) : k(w)][w])
= tws (1 (W), ..., yu (w))FE*N)
="ty 0 tew, 05, (1 (W), .., ya(w)})
=" tws 0 Noju (91(2), - .., Ya (@)
=hiot, ({(y1(2), ..., (@)}
= h, ocycy | gz]).

In this set of equalities, recall our notation (preceding Lemma 5.2) that y; (z) is
the image of z under the i-th projection Spec(k(z)) — Uy(;). In particular, y;(z) €
k(z)* for all 1 <i < n. The coordinates y;(w) € k(w)* have similar meaning.
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The map ¢,/,, : Spec(k(z)) — Spec(k(w)) is the projection. The equality =lis
a consequence of the projection formula for the Milnor K -theory associated to
the resulting inclusion k(w) < k(z). The equality =2 follows from the fact that
Vi@ =yi(w) = L’Z"/w(y,-(w)) via the inclusion k(w) < k(z) for all 1 <i <n. This
proves the lemma. ([l

We end this section with some comments below on cycy | p, in the nonmodulus
case.

4D. Agreement with Levine’s map. We had mentioned in Section 1 that for Bloch’s
higher Chow groups of 0-cycles, a cycle class map to the ordinary K -theory of a
regular variety was constructed by Levine [1994] with rational coefficients. Binda
[2018] constructed such a map in the modulus setting and his map is identical to that
of Levine by definition. It is not hard to check that the map cycy |, coincides with
Levine’s map when D = & (note that 24 (X | D, n) €z (X, n)). In particular, it
turns out that Levine’s cycle class map for the ordinary 0-cycles exists with integral
coefficients. We give a sketch of this agreement and leave the details for the reader.

Let n > 0 be an integer. Since X is regular, the homotopy invariance implies
that the multirelative K -theory exact sequence (see [Levine 1994, §1]) yields an
isomorphism

0,: K,(X) > Ko(X x O, 01", (4.17)

where K (X x 0%, 0[J") is the iterated multirelative K -theory of X x [1" relative
to all codimension one faces.

Let Z C X x [J" be a closed point. Then Levine’s cycle class map cycﬁ([Z ])is
the image of 1 € Ko(Z) under the composition

Ko(Z) = KZ(X x O, 301") — Ko(X x 0", 901") <= K, (X). (4.18)

Let f: Z — X denote the projection map (which is finite). We then have a finite
map of multiclosed pairs f: (Z x ", dlJ") — (X x 0", oLJ"). Since the relative
K -theory fiber sequence commutes with finite push-forward for regular schemes
(see Lemma 4.2), and since cyc%([Z]) is the image of [Z] € Ko(Z x[1", d[J") under
the push-forward map f,, we can assume that X = Spec(k) and f: Z — Spec(k)
is the identity map.

When n = 0, the agreement of cyc,([Z]) and cyc,f([Z]) is immediate. When
n > 1 and if we follow our notation of (4.1), then we see that y;(Z) = a; € k*
for each 1 <i < n. In particular, we have cyc, ([Z]) = {a1, ..., an} € K, (k). One
therefore has to show that if z = (ay, ..., a,) € (k™)" is a k-rational point in [1"?,
then the class [k(z)] € Ko(L", d[J") coincides with 6,({ay, ..., a,}). But this is
an elementary exercise in K -theory using repeated application of relative K -theory
exact sequence. For n = 1, it already follows from a straightforward generalization
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of Lemma 2.1 (where we replace (+"*!) by any ideal of R[¢]) with identical proof.
We leave it to the reader to check the details for n > 2.

5. The case of regular curves

The goal now is to show that cycy | p, kills the rational equivalence if we allow the
modulus to vary along {mD},,>;. In this section, we shall prove a very special
case of this. The proof of Theorem 1.1 will be reduced to this case in the next
section. We consider the following situation. Let n > 0 be an integer. We let X be
a regular connected curve over k and let D C X be an effective Cartier divisor. Let
W C X x """ be a closed subscheme such that the following hold:

(1) The composite map W S x x2S Xisan isomorphism.

(2) W = W N (X x 0" is an admissible cycle on X x (0"! with modulus
(n+1)D. Thatis, [W] e """ (X |(n+1)D, n+1).

Let

n+1
=) (—D'@° =) : """ (X|E.n+1) > (X | E, n)
i=1

be the boundary map in the cycle complex with modulus for an effective divisor
E C X. We want to prove the following result in this subsection.

Proposition 5.1. The class cycy p(@W) dies in K,(X, D) under the cycle class
map

CYCx | p

7YX | D, n) —> K, (X, D).

We shall prove this proposition in several steps. We begin with the following
description of the cycle class map on various boundaries of W. Let F denote the
function field of X. Let g denote the Milnor symbol {g1, ..., g.+1} € K,’l‘il (F),
where g; : W — [ is the i-th projection for 1 <i <n + 1. Note that this symbol
is well-defined because no g; can be identically zero by the admissibility of W.
For any closed point z € W, let ord, : F* — Z denote the valuation associated
to the discrete valuation ring O .- We let 821"’1 : K%l(F) — KZ.M (k(z)) denote a
boundary map in the Gersten complex (3.1). We let m; denote the maximal ideal
of the local ring OW,Z- A symbol {ay, ..., a;, ..., a,} will mean the one obtained
from {ay, ..., a,} by omitting a;. For any point z € X x O+ let Vi - DZ?;; — Lo
denote the projection map to i-th factor. Let f%: Spec(k(z)) — X denote the
projection to X.
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Lemma 5.2. For1 <i <n+1, we have

CyCX|D(alQW) = Z Ordz(gi)f*z OWz({yl (Z)a e y/i(Z\), e y}’H—](Z)}),

zeddw
CyCX|D(8iOO‘/V) = Z Ordz(l/gl)f*z o Wz({)’I (Z)9 B y/i(z\)v EIE) yn-l—](Z)})-
€W

Proof. We should first observe that the admissibility of W implies that if z € 9/ W
for t € {0, oo}, then we must have y;(z) # 0 for all j #i. In particular, the element
n@,..., y/,-(z\), e mm1(@) € K,{"I(k(z)) is well defined. By the definition of
CYCx | D> it suffices to show that for 1 <i <n + 1, we have

oYW= " ord:(gNlz] and W= Y  ord;(1/g)lz]. (5.1)
z€d?W €W

But this is an immediate consequence of the definition of the intersection product
of an integral cycle with the faces of X x [J". (]

Lemma 5.3. Suppose that n > 1 and 8;}’[ (g) € @zexo K,f’[ (k(2)) under the Milnor
boundary map 8)’?’: K,’l‘il(F) - P.cxo K,ﬁ”(k(z)). Then

> fioyod () =0. (5.2)

zeX°

Proof. Suppose first that D = &. In this case, we have a diagram

K (F) =, PB.cx K (k(z)) (5.3)

‘//Fl l(wz)z
a3 (f5):

Kni1(F) —— @, cxo» Kn(k(2)) — K, (X).

The Gersten complex for Milnor K-theory canonically maps to the Gersten
complex for the Quillen K-theory by Lemma A.1. In particular, the square in the
above diagram is commutative. The bottom row is exact by Quillen’s localization
sequence and a limit argument. The lemma follows immediately from this diagram.

We now let D =m x| +-- -+ m,x,, where x, ..., x, are distinct closed points
of X and my, ..., m, are positive integers. Let A = Oy p be the semilocal ring of
X at D and let I denote the ideal of D inside Spec(A). The localization and rela-
tivization sequences give us the commutative diagram of homotopy fiber sequences
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U exo K (k(z)) == U ex K (k(2)) (5.4)
K(X, D) K (X) K (D)
K(A,I) K(A) K (D).

The associated homotopy groups long exact sequences yield the commutative
diagram of exact sequences of abelian groups

Q

Kor1 (A, 1) —2 @,y Ka(k(2)) 25 K, (X, D) (5.5)
J/ BQ || (f* l
Kns1(A) — @, g0 Kn(k(2)) —255 K (X)
Kn-i—l(D)»

where u: D < Spec(A) is the inclusion map. It follows from this diagram that
there is an exact sequence

Ron(a. % @ Kok L5 K (X, D). (5.6)

ze€X°

In order to compare this with the Milnor K -theory, we consider the diagram

ol o
KM (A) D.cx K (k(2)) (5.7)
Va KM (F) D.cx K (k(z)
lap )
0F
Kyp1(A) o D.cxo Kn(k(2)) W2):

o l )

K1 (F) D.cx Kn(k(2)).

The map 4 comes from (3.2). By the definition of K +1(A), we know that the
composite map

KM (A — KM (F) %, KM<k(z>>
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is zero for all closed points z € D. Hence, the composite

R ()~ KM () 2 QDKM ko)

zeX

factors through the map denoted by 9 f"’ in the above diagram. In particular, the
top face of (5.7) commutes. Exactly the same reason shows that the bottom face
also commutes. Furthermore, 83 is same as the boundary map in the bottom row
of (5.5). The left and the right faces clearly commute and so does the front face by
Lemma A.1. A diagram chase shows that the back face of (5.7) commutes too.

In order to show (5.2), we consider our final diagram

KM (4 (5.8)

/ ay
aM

(A, D) L Dy KM (k(2))

n+1
Va

YA, n K,+1(A) Y2):

Ku1(A, D) D.cxo Knlk(z)) — Ku(X, D).

The left face of this diagram commutes by (3.5) and we just showed above that the
right face commutes. In particular, the bottom face also commutes. Furthermore,
the bottom row is same as the exact sequence (5.6). Our assertion will therefore
follow if we can show that g € K 1 (A, I) provided W € X | (n+1)D, n+1).

Suppose now that W € z"“(X |(n+1)D,n + 1). By the definition of the
modulus condition (see Section 2E), it means that Z"H ord,, (g; — 1) = (n+1)m;
foreach 1 <i <r. Since n,m; > 1, we must have (n+ )m; = m; +n for
each 1 <i <r. This implies that g = {g1, ..., gn+1} € K,’l"frl(F, m; + n) for every
1 <i <r in the notations of Lemma 3.3. If we now apply Lemma 3.3 with R = Ay,
it follows that g € (1 + mm’+”)KM(F) for every 1 <i < r. In other words, g lies
in the intersection [} = (1 + m; ’+")K M (F ) as an element of K L (F). It follows
fromLemma35thatgeK+l(A m) = n+1(A I). O

Proof of Proposition 5.1. We assume first that n = 0. In this case, we will show the
stronger assertion that cycy ‘ p(@W) diesin K, (X, D) if W € THX | D, n+1).
Let A be the semilocal ring and I C A the ideal as in the proof of Lemma 5.3. By
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(5.4), we have an exact sequence

0
Ki(A, 1) iA—> @Ko(k(z)) ﬁ*—> Ko(X, D) — 0. (5.9

zeX°

Comparing this with the exact sequence

Q
Ki(4) 2 @ Kotk(2) L5 Ko(x),

zeXe

we see that we can replace K (A, I) by 1?1 (A, I) in (5.9). But then, it is same as
the exact sequence

(1+D~ —>z(X|D 0) KQ(X D) — 0.

Moreover, one knows that Coker(af"[ )= CHI(X | D, 0) (e.g, see [Krishna 2015,
§2]). We therefore showed that cycy | : CHI(X | D,0) - Ko(X, D) is actually
an isomorphism.

We now assume for the remaining part of the proof that n > 1. As before, let
gi : W — O denote the projections and let f = px ov: W — X be the projection
to X. We also recall the element g = {g1, ..., gn+1} € K%FI(F). Our task is to
show that

n+1
cycx | p(OW) = (1) cyey | p(B7°W —8)W) =0 in K,(X,D) (5.10)
i=1

if W satisfies the modulus condition for (n + 1) D.

Our idea is to compute the cycle class of dW in terms of the cycle class of the
Milnor boundary 8)1}’1 (g). In order to do this, we consider in general a closed point
zeW.Ifz € WﬂFnl, then we must have g;(z) = 1 for some 1 <i <n+ 1. This
means that g; — 1 € m,. Lemma 3.4 then implies that BZM (g)=0.Ifz ¢ W\Bi{O’OO}W
forall 1 <i <n+ 1, then we must have g; € (9 forall 1 <i <n+1 and hence
BM(g) 0. IfzeBOWforsome 1<i<n+l, thenz¢ B’Wunless (t, j) =(0,1).
This implies that g; € (DX for all j #1i. Furthermore the image of g; under
the map (’)X T k(z)* is 51mply y;(z). By the definition of the boundary map in
the Gersten complex for the Milnor K -theory (e.g., see [Bass and Tate 1973]), we
therefore have

M (g) = (—1)'ord () {¥1(2), . Y(Dr - s Yas1 (D} € KM (k(2)).

We have the same expression for BZM (g)if z€0>W forsome 1 <i <n+1.
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If we identify W with X via f so that W € X? = X\ D, it follows from the above
computation of {BZM (&) lze€ WY} and the comparison of (5.10) and Lemma 5.2
that the two things hold. Namely,

BM
(1) The image of g under the Milnor boundary KnJrl (F) = @ZeXK,’l” (k(z)) lies
in the subgroup @ .oy KM (k(2)) C B, cxo K} (k(2)).

(2) The element 8)1}’1 (g) maps to cycy | p(dW) under the composition of maps

DK k@) L PKk) L5 Ka(X, D). (5.11)

zeX° zeX°

The proposition is therefore reduced to showing that » v, fFo ¥ o 8% (g) =0if
W lies in z"T1(X | (n + 1) D, n + 1). But this follows at once from Lemma 5.3. O

6. Proof of Theorem 1.1

In this section, we shall prove Theorem 1.1 using the case of regular curves. So
let k be any field. Let X be a regular quasiprojective variety of pure dimension
d > 1 over k and let D C X be an effective Cartier divisor. We fix an integer n > 0.
In Section 4A, we constructed the cycle class map

cyey p: 27X | D, n) = K(X, D).

The naturality statements in Theorem 1.1 follow from Lemma 4.4 and Lemma 4.1.
To prove Theorem 1.1, it therefore suffices to show the following.

Proposition 6.1. Let W C 24X | (n+1)D, n+1) be an integral cycle. Then the
image of W under the composition

X | (A1) D, n+1) > 294 (X | D, n4+-1) > 29+ (X | D, n) =22 K, (X, D)
is zero.

We shall prove this proposition in several steps. Let W C X x 0"*! be the closure
of W and let v: WY — X x [0"*! be the map induced on the normalization of W.
We begin with a direct proof of one easy case of the proposition as a motivating
step.

Lemma 6.2. Suppose that W lies over a closed point of X. Then the assertion of
Proposition 6.1 holds.

Proof. In this case, the modulus condition implies that such a closed point must lie
in X°. In other words, there is a closed point x € X° such that

W e z"(Spec(k(x)),n+1) C 2™ (X | D, n+1).
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Using the commutative diagram (see the construction of cycy |, in Section 4A)

2" (Spec(k(x)), n 4+ 1) —— 77 (Spec(k(x)), 1) — K, (k(x)) 6.1)

l .

- cyc
X | D,n+ 1) —— 244X | D, n) — 2 K,(X, D),

it suffices to show that cyc (W) = 0 in K, (k(x)). We can thus assume that
X = Spec(k) and D = @.

We let F denote the function field of W and let g ={g1, ..., gn+1} € K,ﬁl(F)
denote the Milnor symbol given by the projection maps g; : W — . Following the
proof of Proposition 5.1, our assertion is equivalent to showing that the composition

oM ™~
KM (P @ KM k)~ @D Kak@) L5 K, k)
zeW® zew®

kills g. Arguing as in (5.3), it suffices to show that the composite map

o5 f):
Kup1(F) = P Ka(k(z)) = K (k)
zeW®

kills g. Since this map is same as the composite map

Oow £
Knp1(F) == @@ Kulk(2)) == K, (k),
ze(wmy

we need to show that g dies under this map. But this is the well-known Weil
reciprocity theorem in algebraic K-theory (e.g., see [Weibel 2013, Chapter 1V,
Theorem 6.12.1]). |

We now proceed to the proof of the general case of Proposition 6.1. In view of
Lemma 6.2, we can assume that the projection map f : WV — X is finite.
This gives rise to a Cartesian square

6.2)
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Note that ¢ is a closed immersion. Using the finiteness of f and admissibility of
W, itis evident that WY = (WN)N (WY x [0"*1) is an admissible cycle on WV x
[0"*1. In other words, it intersects the faces of WV x [1"*! properly, and satisfies
the modulus (n + 1) E, if welet E = f*(D) C WV . Notice that a consequence of
the modulus condition for W is that E is a proper Cartier divisor on W . Since f is
finite and E = f*(D), we have a push-forward map f: P WN | (n+DE, %) —
"M (X | (n + 1)D, %) (see [Krishna and Park 2017a, Proposition 2.10]). Since
(f xidmn) takes WY to W and since WV — W is the normalization map, we see
that f,((WN) =[W]ez""X|(n+1)D,n+1). In particular, we get

L@WN) = 3£ (WMD) = aW. (6.3)

Proof of Proposition 6.1. In view of Lemma 6.2, we can assume that f: WY — X
is finite. Using (6.3) and Lemma 4.4, we have that

cycX‘D(aW) =CyCx|p of*(f)WN) = fs occhN‘E(aWN).

We can therefore assume that X is a regular curve and W € "t'(X | (n +
1)D, n+ 1) is an integral cycle such that the map px : W — X is an isomorphism.
We can now apply Proposition 5.1 to finish the proof. (]

Remark 6.3. We remark that throughout the proof of Theorem 1.1, it is only in
Lemma 4.2 where we need to assume that X is regular everywhere (see Remark 4.3).
One would like to believe that for a proper map of modulus pairs f: (Y, f*(D)) —
(X, D), there exists a push-forward map f,: K.(Y, f*(D)) - K(X, D). But we
do not know how to prove it.

6A. The cycle class map with rational coefficients. 1f we work with rational co-
efficients, we can prove the following improved version of Theorem 1.1. This may
not be very useful in positive characteristic. However, one expects it to have many
consequences in characteristic zero. The reason for this is that the relative algebraic
K -groups of nilpotent ideals are known be (D-vector spaces in characteristic zero.
The proofs of Theorem 1.3 and its corollaries in this paper are crucially based on
this improved version.

Theorem 6.4. Let X be a regular quasiprojective variety of pure dimension d > 1
over a field k and let D C X be an effective Cartier divisor. Let n > 0 be an integer.
Then there is a cycle class map

CYCx|p* CH""(X | D, n)g — K,(X, D)q. (6.4)

Proof. We shall only indicate where do we use rational coefficients in the proof of
Theorem 1.1 to achieve this improvement as rest of the proof is just a repetition.
Since we work with rational coefficients, we shall ignore the subscript Ag in an
abelian group A in this proof and treat A as a QQ-vector space.
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As we did before, we need to prove Proposition 6.1 with W € z¢*"(X | D, n +
1). We can again reduce the proof of this proposition to the case when X is a
regular curve and W € z"*!1(X | D, n + 1) is an integral cycle such that the map
px : W — X is an isomorphism. We thus have to prove Proposition 5.1 with
W e 27t (X | D,n + 1). In turn, this is reduced to proving Lemma 5.3 when
W e "*1(X | D,n + 1). However, a close inspection shows that the proof of
Lemma 5.3 works in the present case too with no change until its last step where
we need to use Lemma 3.6 instead of Lemma 3.5. U

6B. Chow groups and K-theory with compact support. Let X be a quasiprojec-
tive scheme of pure dimension d over a field k and let X be a proper compactifica-
tion of X such that X \ X is supported on an effective Cartier divisor D. Recall from
[Binda and Saito 2019, Lemma 2.9] that CH? (X, n). :=lim, _, CH” (X |mD, n)
is independent of the choice of X and is called the higher Chow group of X with
compact support. One can similarly define the algebraic K-theory with compact
support by K, (X). :=1lim, _, K, (X, mD). 1t follows from [Kerz et al. 2018, The-
orem A] that this is also independent of the choice of X. As a consequence of
Theorem 1.1, we get

Corollary 6.5. Let X be a regular quasiprojective scheme of pure dimension d
over a field admitting resolution of singularities. Then there exists a cycle class
map

CyCy - CH"™(X,n), — K,(X)..

We remark that even if CH" T (X, n). is defined without resolution of singular-
ities, this condition is needed in Corollary 6.5 because the usage of Theorem 1.1
requires that X admits regular compactifications (see Remark 6.3).

7. Milnor K -theory, 0-cycles and de Rham—-Witt complex

Our next goal is to show that the cycle class map of Theorem 1.1 completely de-
scribes the relative K-theory of truncated polynomial rings in terms of additive
O-cycles in characteristic zero. We shall give a precise formulation of our main
result for fields in Section 9 and for semilocal rings in Section 10. In this section,
we prove some results on the connection between a priori three different objects:
the additive O-cycles, the relative Milnor K -theory and the de Rham-Witt forms.
These results will form one of the two keys steps in showing that the cycle class
map cyc;, (see (7.2)) factors through the Milnor K-theory in characteristic zero.

7A. The additive 0-cycles. To set up the notations, let k be a field of any char-
acteristic. Let m > 0 be an integer. Recall that the additive higher Chow groups
TCH? (X, %; m) of X € Sch;, with modulus m are defined so that there are canonical
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isomorphisms Tz” (X, n+ 1; m) =z (X x A,l | X x (m + 1){0}, n) and

TCHP (X, n+ 13 m) = CHP (X x Al | X x (m + 1){0}, n), (7.1)

where the term on the right are the Chow groups with modulus defined in Section 2E.
Using a similar isomorphism between the relative K-groups, Theorem 1.1 provides
a commutative diagram of pro-abelian groups

[TCH (X, n+ 1 m) by — 5 (K (XTI, ) (7.2)

:l al:
SYeal 1xx(0)

{CHT (X 5 AL | X x (m + D{O}, m)}n = {Ka(X x AL, X x (m + 1){0})}
for an equidimensional regular scheme X of dimension d and integer n > 0.

7B. Connection with de Rham-Witt complex. Let k be a field with char(k) #
2. Let R be a regular semilocal ring which is essentially of finite type over k.
Let m,n > 1 be two integers. Let W, Q% be the big de Rham—Witt complex of
Hesselholt and Madsen (see [Riilling 2007, §1]). We shall let a = (ay, ..., a;)
denote a general element of W, (R). Recall from [Iiiilling 2007, Appendix] that
there is an isomorphism of abelian groups y : W(R) = (1 4+¢R[[¢])* (with respect
to addition in W(R) and multiplication in R[[#]]) such that y(a) =y ((a;,...)) =
]_[fil(l —a;t"). This map sends Ker(W(R) - W,,(R)) isomorphically onto the
subgroup (1 + " *1k[[¢])* and hence there is a canonical isomorphism of abelian
groups y

Yt W (R) S L HRED.

(1 + IR )™

Under this isomorphism, the Verschiebung map V, : W,,(R) = W, 4,—1(R) cor-
responds to the map on the unit groups induced by the R-algebra homomorphism
R[t1/(™ Y — R[t1/(t"™*") under which ¢ — t". Recall also that there is a re-
striction ring homomorphism é(f : Wiht1(R) = W, (R) as part of the Witt-complex
structure. We shall often use the notation V, also for the composition

(7.3)

Ryr—1
0

Vi
Wm(R)_)er-i-r—l(R) - Wy (R).

With this interpretation of the Verschiebung map, every element a € W,,,(R) has a
unique presentation

a=>Y Villailmi)): (7.4)
i=1

where for a real number x € Rx(, one writes |x | for the greatest integer not bigger
than x and [ ]|x): R — W, (R) for the Teichmiiller map [a]|y) = (a, 0, ..., 0).
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It was shown in [Krishna and Park 2016, Theorem 7.10] that {TCH*(R, *; m)};,>1
is a pro-differential graded algebra which has the structure of a restricted Witt-
complex over R in the sense of [Riilling 2007, Definition 1.14]. Using the universal
property of {W,,Q%},,>1 as the universal restricted Witt-complex over R, one gets
a functorial morphism of restricted Witt-complexes

X W Q! — TCH" (R, n; m). (7.5)

It was shown in [Krishna and Park 2020a, Theorem 1.0.2] that this map is an
isomorphism. When R is a field, this isomorphism was shown earlier by [Riilling
2007]. We shall use this isomorphism throughout the remaining part of this paper
and consequently, will usually make no distinction between the source and target
of this map.

7C. Connection with Milnor K-theory. Continuing with the above notations, we
have another set of maps

TCH' (R, 1; m) @ CH* (R, n— 1) (7.6)

R R R
tl<»1®vnfl Wmm

Wm(R)®KA/£1<R) TCH”(R,I’l;m).

n

Here, vR: KM (R) — CH"(R, n) is the semilocal ring analog of the Milnor-
Chow homomorphism of Totaro [1992]. It takes a Milnor symbol {by, ..., b,_1}
to the graph of the function (b, ..., b,_1): Spec(R) — 0"~!. A combination
of the main results [Elbaz-Vincent and Miiller-Stach 2002; Kerz 2009] implies
that this map is an isomorphism. The map w,fm is given by the action of higher
Chow groups on the additive higher Chow groups, shown in [Krishna and Levine
2008]. Tt takes cycles & € TCH' (R, n; m) and B € CH/(R, n') to A%(a x B) €
TCH! ™/ (R, n +n'; m), where

Ag: Spec(R) x Al x 0" ~1 5 Spec(R) x Spec(R) x Al x "+ ~1
is the diagonal on Spec(R) and identity on A,l x Ot =1,

Lemma 7.1. Fora = (ay,...,ay) € W,,(R) and b= 1{by,...,b,_1} € K%I(R),
one has lﬁ,ﬁm o (tfm ® v,f_l)(g®lg) = [Z], where

Z C Spec(R) x A} x O 1= Al xp O%!

is the closed subscheme given by

Z= {(t,yl,...,yn)|1_[(1—a,~ti):y1 b= =Yp1 —bn =0}. (1.7)
i=1
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Proof. We let f(t) =[]/L,;(1 —a;t"). In view of the description of ¥,X, . we only
have to show that rfm (a) = V(f(t)). But this is a part of the definition of the
restricted Witt-complex structure on {TCH*(R, *; m)},,>1 over R (see [Krishna

and Park 2016, Proposition 7.6]). O

Let ¢X,: W,,(R) ® KM | (R) - W,, Q" be the unique map such that 7, o
R = ‘/’f,m o (rfm ®vR ). The following lemma describes the map d),fm.

nm —

Lemma 7.2. Foranya e W,,(R) andb=1{by,...,b,_1} € K,’lw_l(R), we have
b (@ ®b) = adlog(Ibr]) A--- Adlog([by-1]).

Proof. For anideal I = (f1,..., f;) C R[t, y1, ..., Yu_1], we let Z(f1, ..., fr)
denote the closed subscheme of Spec(R[?, yi, ..., yu—1]) defined by I. We let
a€W,(R)and b={by,...,by_1} € KM (R). We write b =b;---b,_1 € R*.
Then we have by (7.4),

X (adlog([b1]) A -+ - Adlog([by—11))

= Z T (Vi(ailimyi)d log([bi]) A+ Adlog([by—11)).  (7.8)
i=1

We now recall that t,fm is a part of the morphism of restricted Witt-complexes.
In particular, we have for each 1 <i <m,

R Vi@l myid log([biDA- - -Ad 10g([by—11))
n—1
- V,-(Z(l—aﬂ‘))( I1 Z(1—b;‘t)>

j=1
/ X(d(Z(A=Di)A- - - Nd(Z(1—=by—11)))

n—1
=1 z(1—a,~zf)(]_[2(1—b;1t))

j=1
X @(Z(A1=b1D)A- - -Ad(Z(1=by—11))),

=2 Z(1—a;it)Y Z(1=b~' ) d(Z(A=b1t))A- - -Ad(Z(1=bp_11))), (1.9)

where =! follows from the fact the Verschiebung map on the additive higher Chow
groups is induced by the pull-back through the power map 7, : A}e — A}e’ given
by 7,(t) = t" (see [Krishna and Park 2016, §6]). The equality =2 follows from
the fact that the product in TCH' (R, 1; m) is induced by the multiplication map
p: Al xg Al — Al (see [Krishna and Park 2016, §6]).

Since the differential of the additive higher Chow groups is induced by the an-
tidiagonal map (z, )= (@, 1, y), we see that d(Z(1 —b;t)) = Z(1 —b;t, y; — b;).
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In particular, we get
d(ZA=bit) A+ Nd(Z(1 = bp11)) = Z(1 = bt, y1 — b1, ..., ya—1 — bp—1).

As Z(1—b7'1)- Z(1 — bty = Z(1 — 1) = {f (1) is the identity element for the
differential graded algebra structure on TCH*(R, *; m), we therefore get

R (Vi(ailmyi)d 1og([b1]) A - - - Ad log([by—1]))
=Z(I—ait', y1—b1, ..., Yo1—bn_1).

Combining this with (7.8), we get

X (adlog([bi]D) A+ Adlog([by—1]))

= Z(l_[(l —ait"), y1—bi, ..., Y1 _bnl)- (7.10)
i=1

Since TR

n,

18 an isomorphism, we now conclude the proof by applying Lemma 7.1.
O

7D. Additive 0-cycles in characteristic zero. We shall assume in this subsection
that the base field k has characteristic zero. As above, we let R be a regular semilo-
cal ring which is essentially of finite type over k and m, n > 1 two integers. For any
b=1{by,...,by_1}€ K%I(R), weletb =5, ---b,_1 € R*. Under our assumption
on char(k), we can prove the following result which is the first key step for showing
that the cycle class map cyc, (see (7.2)) factors through the Milnor K-theory in
characteristic zero.

Lemma 7.3. The map

Yo (@, ®vE ) W, (R) ® KM | (R) > TCH" (R, n; m)

n,m
is surjective. In particular, ', is surjective.

Proof. Let ¢X, - W,,(R) @ KM (R) — W, Q%! be the unique map such that
TR oo, =¥k, o, ®v¥ ). The lemma is then equivalent to showing that
¢x, is surjective.

Fora e W,,(R) and b= {by,...,b,_1} € K,{‘fl(R), it follows from Lemma 7.2
that qﬁ,fm (a ®b) =adlog([b1]) A--- Adlog([b,—1]). We shall now use that the
ground field has characteristic zero. Let p > m be a prime. It then follows from
[Riilling 2007, Theorem 1.11, Remark 1.12] that there is a canonical (Ghost) iso-

morphism

b

m
R W = [T 2% (7.11)
i=1
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such that

Lo ey -+ - dyy) = (.i,Fj(X)dFj(yl) - 'dFj(yr)> ;
J 1<j<m
where x, y; € W,,(R) and F;(y;) means its restriction to W; €2, via the restriction
map of the de Rham—Witt complex. In particular, g(fm x) = (Z | dxcj/ d)
is the classical Ghost map, where x = (xq, ..., x,) € W,,(R).
It follows that the following diagram commutes:

l<j<m

R

n,m

0 _
W, (R) ® KM | (R) —=— W, Q5! (7.12)

g“(fm@idl; Elml’m

(IT~ R) @ K (R) —— [TiL, Q!

where the bottom arrow is defined componentwise so that (a;); ® {b1, ..., b,—1}
maps to (1/(i”_1)a,-dlog(b1) A -+ Adlog(b,—1));. Since we are working with
characteristic zero field, it then suffices to show that the map R®@ K % 1(R) — Q'I;—l,
given by a ® b — adlog(by) A --- Adlog(b,—1), is surjective. By an iterative
procedure, it suffices to prove this surjectivity when n = 2.

We now let a, b € R. By Lemma 7.4 below, we can write b = b; + b, where
b1, by € R*. We then get adb = adb; +adb, = abd log(b,)+ab,d log(b;). Since
Q;e is generated by the universal derivations of the elements of R as an R-module,
we are done. O

Lemma 7.4. Let R be a semilocal ring which contains an infinite field k. Then
every element a € R can be written as a = uy + up, where uy € k* and uy € R*.

Proof. Let M = {my, ..., m,} denote the set of all maximal ideals of R. Fix a € R.
Suppose that there exists u € k* € R* such that a +u € R*. Then we are done.
Otherwise, every element u € k™ has the property that a +u € m; for some i. Since
k is infinite and M is finite, there are two distinct elements u1, u, € k* such that
a+uy and a + us both belong to a maximal ideal m;. Then we get u; —up € m;.
But u1 # us in k implies that u1 — uy € k* and this forces m; = R, a contradiction.
We conclude that there must exist # € k* such that a +u € R*. O

8. The relative Milnor K -theory

In this section, we shall prove our second key step (see Lemma 8.4) to show the
factorization of the cycle class map through the relative Milnor K -theory and prove
the isomorphism of the resulting map.
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8A. Recollection of relative Hochschild and cyclic homology. In the next two
sections, we shall use Hochschild, André—Quillen and cyclic homology of commu-
tative rings as our tools. We refer to [Loday 1998] for their definitions and some
properties that we shall use. While using a specific result from [Loday 1998], we
shall mention the exact reference.

Let R be a commutative ring. For an integer m > 0, recall from Section 2A that
the truncated polynomial algebra R[¢]/(+™*") is denoted by R,,. Throughout our
discussion of truncated polynomial algebras, we shall make no distinction between
the variable € R[t] and its image in R,,.

If k C R is a subring, we shall use the notation H H,(R | k) for the Hochschild
homology of R over k. Similarly, D’ (R | k) for ¢ > 0 and HC,(R | k) will denote
the André—Quillen and cyclic homology of R over k, respectively. When k = Z,
we shall write H H,(R | k) simply as H H,(R). Similar notations will be used
for D (R |Z) and HC,(R |Z). Note that H H,(R) = HH,(R |Q), D (R) =
D(q)(R | @) and HC.(R) = HC,(R| Q) if R contains @. We also have leie =
Q;Ie/z = QR/@ for g > 0.

Recall that for an ideal I C R, the relative Hochschild homology H H.((R, I) | k)
is defined as the homology of the complex Ker(HH (R | k) -» HH(R/I | k)), where
k C R is a subring and H H(R | k) is the Hochschild complex of R over k. The
relative cyclic homology HC,((R, I) | k) is defined to be the homology of the
complex Ker(CC(R | k) - CC(R/I | k)), where CC(R | k) is the total cyclic com-
plex of R over k. We refer to [Loday 1998, 1.1.16, 2.1.15] for these defini-
tions. One defines D(q)((R I) | k) similarly. If R is a commutative ring, we shall
write H H.((Ry. (1) | 2) D (R, (1)) Z) and HCo((Ry. (1))]Z) simply as
HH, (Rn), D @) (R;,) and HC (Ry), respectively. We let Q _Ker(Q”m — Q).
Recall from Section 2C that K (R;,) denotes the relative K -theory K. (R, (1)).
Suppose now that R contains Q. For x € tR,,, we shall write exp(x) =), x'/i!
and log(1 +x) = Y_,.;(=1)'~'x//i. Note that these are finite sums and define
homomorphisms -

(R 2 K1 (Ru) 2% 1Ry, 8.1)

which are inverses to each other.

8B. Relative Milnor K-theory of truncated polynomial rings. Let R be a semilo-
cal ring and let m > 0, n > 1 be two integers. We shall write the relative Milnor
K -groups (see Section 3) KM(Rm, (1)) as EM(Rm) Since E (R,,) is same as the
kernel of the augmentatlon map K.(R,) - K.(R), we have the canonical map
WR KM(Rm) g K (Rm)

Let us now assume that R is a semilocal ring containing Q. Recall that there
is a Dennis trace map trﬁ’n: K,(R,) - HH,(R,) which restricts to the dlog
map on the Milnor K-theory (e.g., see [Geller and Weibel 1994, Example 2.1]).
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Equivalently, there is a commutative diagram

dlog
KY (Ry) —— Q. (8.2)

"/me N J/ lell
tr®

Kn(Rm) L) HHn(Rm)v

where €, is the canonical antisymmetrization map from Kéihler differentials to
Hochschild homology (see [Loday 1998, §1.3.4]).

A very well known result of [Goodwillie 1985] says that the relativization of
the Dennis trace map with respect to a nilpotent ideal factors through a trace map
K (Ry) — HC C,_ 1(R ) such that 1ts composition with the canonical Connes’ pe-
riodicity map B: H Cn 1(Ry) — HE H, (R,,) is the relative Dennis trace map. This
factorization is easily seen on K1(R,,) via the chain of maps

~ 1 —~ —_—~ ~
Ki(Ry) =5 1Ry = HCo(R,) > HH (Ry) = G . (8.3)

Recall that Connes’ periodicity map B on H Cy(R,,) coincides with the differential
d: R, — Q}em under the isomorphisms R, = HCy(R,,) and Q}em = HH{(R,).
Goodwillie showed that his factorization I?n (R,) — ch,,_l(Rm) 1S an isomor-
phism of Q-vector spaces. We shall denote this Goodwillie’s isomorphism also by
u

Going further, Cathelineau [1990, Theorem 1] showed that the K-group K (Ry)
and the relative cyclic homology group H HC n—1(Ry,) are A-rings. Furthermore,
Goodwillie’s map is an isomorphism of A-rings, thanks to [Cortifias and Weibel
2009, Theorem 6.5.1]. In particular, it induces an isomorphism between the Adams
graded pieces trf : K\ (R,) = H HC'"V(R,) forevery 1 <q <n. Asa corollary
of this isomorphism and [Loday 1998, Theorem 4.6.8], we get the following:

Lemma 8.1. The Dennis trace map induces an isomorphism of Q-vector spaces

N S~2n—1
Uyt KV (Rm) > —= -
<y

In order to relate these groups with the Milnor K -theory, we first observe that as
the map K f” (Ry) — K1(Ry,) is an isomorphism, it follows from the properties of
y-filtration associated to the A-ring structure on K -theory that the canonical map
K,{"’(Rm) — K, (R,;) factors through K,{”(Rm) — F;‘Kn(Rm), where F;K,,(Rm)
denotes the y-filtration. If we consider the induced map on the relative K-groups,
it follows that the canonical map K ,ﬁ” (R,,) — K 2 (R,,) factors as

YRyt KN (R) = K (Ry) = FI Ky(Ri) = Ku(Run).
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It follows from [Stienstra 1985, Theorem 12.3] that Ker(yg, ,) is a torsion
group. On the other hand, it follows from [Gorchinskii and Tyurin 2018, Propo-
sition 5.4] that E M(R,) is a Q-vector space. If we now apply Soulé’s [1985,
Théoréme 2] computation of Fy "K (Rm), we conclude that the map g, , is in
fact an isomorphism. We have thus shown the following.

Lemma 8.2. The maps

on—1
RY Ry Y15 RO (Ry) 5 e
asyl

are all isomorphisms of Q-vector spaces.

One knows from [Geller and Weibel 1989, 3.4.4] that the map
d=B: ’SVZ’}(I/dEZ"*Z — ’SVZ"

is injective. Using the fact that tr® mn - Ky KM (Rn) — Q" %, 1s multiplicative (e.g.,
see [Kantorovitz 1999, Property 1.3] or [Loday 1998, 8.4.12]) and it is the usual
logarithm on K IM (R,,) (see (8.3)), it follows from (8.2) that modulo dﬁ'l’iz, the
composite map tr,’i m © VR, n 18 the dlog map:

dlog({1 —tf(t),by1,...,by1})
=log(1 —tf(¢))dlog(b)) A---Adlog(b,—1). (8.4)

8C. More refined structure on K M(R,,). We shall further simplify the presenta-
tion of K M(Ry,) in the next result. This will be our second key step in factoring
the cycle class map through the relative Milnor K-theory and showing that the
resulting map is an isomorphism. For this, we assume m > 1 and look at the

diagram
[Rm®K%1(R)—>I?rIzW(Rm) (8.9)
e
id®d logl
[Rm ® 9%71 trrfz.now’em'”

Jf 97171

{Ry ®p Ly ' —s Q' /d Y2,
where the top horizontal arrow is the product

a®i{by,...,by_1}— {exp(a), by, ..., by_1}.

The map 9” in (8.5) is the composition of the canomcal map ? IRy Qr Uy I
Q” ! (sendlng TRwtor ' w) with the surjection Q SZ'IZe ! /dQ” 2 Usmg (8.4),
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it is easy to check that (8.5) is commutative. It follows from Lemma 8.2 that 0” !
factors through a unique map 0 (1R, ®r Qi I K, KM (R). We want to show
that this map is an 1somorphlsm Equlvalently, 9” Uan isomorphism. Since the
proof of this is a bit long, we prove that it is sur]ectlve and injective in separate
lemmas.

Lemma 8.3. The map Oy, is surjective for all n > 0.

Proof. This is obvious for n = 0 and so we assume n > 1. We now consider the
exact sequence
1 1 1
Ry Qr Qp — QRm — QRm/R — 0.

We claim that the first arrow in this sequence is split injective. For this, we
consider the map d’: R,y — Ry @ Q. given by d' (31 g a;it’) =1 t' ®d(a;).
The computation

() ()
= d’(;aibjzi+f>

=Y tHd(a;b))

i,j

=Y bt @d(@)+ ) ait"™ @d (b))
i,j i,j

:(;bjtj>®d’<2i:a,-t"> (Za, )@d’(Zbﬂ)

shows that d’ is a @Q-linear derivation on the R,,-module Q}e ®r R,,. Hence, it
induces an R,-linear map u : Q}em — R, ®r Q}Qm‘ Moreover, it is clear that the
composite R, Qg Ql — Ql =5 R, Qg QL 18 identity. This proves the claim. We
thus get a direct sum decomposmon of R,,-modules Q}e = (R,, ® Q! R @ Q! Ru/R"
As erl?,,l/R =0 forn > 2, we get Q” =R, ®@Q%) ® (QR R ®R Q’}Q 1) for any
n > 1. This implies that

Qh = (1R ®r p) & (x5 Or Uy ). (8.6)
The other thing we need to observe is that the exact sequence
d
@t/ @) > Q}?[t]/R ®R[1 R — Q}im/R — 0

implies that Q /R = R, dt/(t")dt. In particular Ql /R DR Q”_l is generated as
an R-module by elements of the form (Z -0 L at dt) ® w, where a; € R.
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We now let w € Q’I’;l. We then get

m—1
a; :
d _l,l—i-l ®6())

m—1 m—1

_Z +i1 ’+1®da)+z ai '+1®a)+2aitidt®a)
i=0
m—1 m—1
. id da; N .
:Zt’“@alwi—:_#+2ait’dt®w. (8.7)
i=0 i=0

It follows from this that the composite map 7R, ®g Q — SNZ’}em — ﬁ’}em /d 52';?;1
is surjective. ([

Lemma 8.4. For m,n > 1, the map
@gm (tR,, ®r Q’I‘{I — E%(Rm);
Ok, (@@dlog(by) A--- Adlog(by-1)) = {exp(@), b, ..., by},
is an isomorphism.

Proof. In view of Lemmas 8.2 and 8.3, the assertion that 51’5," is an isomorphism for
all m, n > 11is equivalent to showing that the map 63 : 1R, Qg Qy — ﬁ’;em /dﬁ'}e;l
(see (8.5)) is injective for all » > 0 and m > 1. We can again assume that n > 1. We
shall prove this by induction on m > 1. Assume first that m = 1. In this case, we
want to show that the map 1R ®g Q2 — Q” /d Q” Vis injective. To show this, we
should first observe that every element of tR Rr Q” ! must be of the form ¢ ® w
and every element of Rdt ® g Q7 2 must be of the forrn dt ® @'. In this case, we
get

dtQuw+dtu)=dt A\o+tdo—dt Ado =t Qdw+dt @ (v —do'). (8.8)

If d(t@w+dt®w') has to lie in Rt ® g ', then we must have dt ® (w—dw') =0.
But this implies that w = dw'. Putting this in (8.8), we get t ® dw = 0. This shows
that d Q” 'N(Rt @ " %) = 0. But this is equivalent to the desired injectivity.

To prove the m > 2 case by induction, we shall need the following
Claim. The restriction map Ker(fé’l’e;il 4 SNZ’}emH) — Ker(fé’,;;l 4 57?,,,) is surjec-
tive for every m > 1.

To prove the claim, recall from (8.6) that

Q1= (tRy @r Uy ) ® (Rudt /(") dt @ U1

m—1 m—1

~ (@ R @p sz',;l> ® (@ R' dt ®g 9'1;2). (8.9)
i=0 i=0
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Suppose that w € Q" !is such that da) 0. It follows from (8.9) that we can
write @ = Y i 4 1)~ it g S thde A w]. Therefore, we have

m—1 m—1 m—1

do=Y @+t dw+ ) t'dt Adw = 1 dt Ado]

i=0 i=0
m—1 m—1
=Y (+D) " doi+ ) 1 dt A — do)). (8.10)
= i=0

Since the left-hand term is zero, it implies from the decomposition (8.9) (for
Q" ) that dw; = 0 = w; —dw| for 0 <i <m — 1. If we now let ' = Y "' (i +
D~ e Q’}e;z, we get

m—1 m—1
do' =) (i + 17"t doj+ > i Ao =o. (8.11)
i=0 i=0
The claim now follows from the surjectivity of the map Q" 2 Q" 2. Indeed,
this implies that some @ € Q” il maps onto ' and therefore da) € SZ" i | maps
onto w. Since d is clearly a closed form, we are done.
In order to use the above claim, we let F,; = (Rt" Qg Q) ® (Rt~ ldt®g Qr ).

m
We then have an exact sequence of R,,;-modules

0> Fi —Q —Qh —0. (8.12)

Letting m > 1 and taking the quotient of this short exact sequence by the similar
exact sequence for n — 1 via the differential map, we obtain a commutative diagram

0— Rt"T Qg Q% — tRyi1 @r Qb —> 1Ry @ % — 0 (8.13)

n
l J/eRm-H lgﬁm

0— Fp  JdFp ) — Qy  /dQ ! — Q /dQ ! — 0.

The top row is clearly exact and the above claim precisely says that the bottom
sequence is exact. The right vertical arrow is injective by induction It suffices
therefore to show that the map Rt"*! @z Qy — F, /dF," +1 is injective. The
proof of this is almost identical to that of m = 1 case. Indeed, it is easy to check
that every element of F,’ ﬁ must be of the form ¢! ® w4 1"dt @ '. We therefore
get

A" Qw4+ t"dt @ @) = " Mdw + (m + Di"dt Aw —t"dt Ade
=" o+ "dt A ((m+ Do — do')
="Moo+ 1"dt @ (m+ Do — do). (8.14)
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If dt"™H @ w + t"dt @ @) lies in Rt™t! @k Q", then we must have t"dr @
((m 4+ Do — dw}) = 0. But this implies that w = d((m + D~ 'w). Putting this
in (8.14), we get "1 ® dw = 0. This shows that dF/'_| N (RI"+! @ Q%) = 0.
Equivalently, the left vertical arrow in (8.10) is injective. This proves that 6 is
injective for all m > 1 and completes the proof of the lemma. ([l

We shall also need the following related result later on.

Lemma 8.5. Let R be as above. Let n > 0 and m > 1 be integers. Then the map
d:tR, ®r QU — Q'I’Jl is injective.

Proof. Suppose w = St @ w; and d(w) = 0. That is, Y7 t’:“ Rdw; +
SN 4 D' dt @ w; = 0. But this implies by (8.6) that 370! (i + 1)t'dr @ w; =0.
Since Qp p ®r Uy = Qpdt @- - - S Qpt"~'dt = ()" as an R-module, we must
have w; = 0 for each i. In particular, we have w = 0. U

9. The cycle class map in characteristic zero

In this section, we shall show that the cycle class map for the additive O-cycles
completely describes the relative K -theory of the truncated polynomial rings over
a characteristic zero field in terms of additive O-cycles. This was perhaps the main
target for the introduction of the additive higher Chow groups by Bloch and Esnault
[2003a]. We formulate our precise result as follows.

Let k be a characteristic zero field. Let R be a regular semilocal ring which
is essentially of finite type over k. Let m > 0,n > 1 be two integers. Recall
from Section 8B that the canonical map from the Milnor to the Quillen K -theory
induces a map ¥g ,: I?,f” (Ry,) — I?,,(Rm). Since this map is clearly compatible
with change in m > 0, we have a strict map of pro-abelian groups

YR AKM (R — (K (Rp)dm- 9.1)

In this section, we shall restrict our attention to the case when R is the base
field k itself. We shall prove a general result for regular semilocal rings in the next

ms

section. In the case of the field k, every integer n > 1 has associated to it a diagram
of pro-abelian groups:

(K () 9:2)
e
llﬁk
n G
The following is our main result.

Theorem 9.1. If k is a field of characteristic zero, then all maps in (9.2) are iso-
morphisms.
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The proof of this theorem will be done by combining the results of Section 7
and Section 8 with a series of new steps.

9A. Factorization of cycy, into Milnor K-theory. We follow two step strategy for
proving Theorem 9.1. We shall first show that cyc, factors through the Milnor
K -theory and the resulting map is an isomorphism. The second step will be to
compare the Milnor and Quillen K-groups in the pro-setting. Apart from show-
ing factorization through the Milnor K -theory, the following result also improves
Theorem 1.1 in that it tells us that for additive higher Chow groups of 0-cycles, the
cycle class map is a strict morphism of pro-abelian groups (see Section 2B).

Lemma 9.2. Let m > 0, n > 1 be two integers. Then the following hold.

(1) The map cyc;: Tz"(k, n; m) — K n(kn) descends to a group homomorphism
cyc, : TCH" (k, n; m) — Ky, (k).

(2) The map cyc,, has a factorization

TCH" (k, m: m) 25 RM () 222 R ).
Proof. Since char(k) = 0, we know by the main result of [Riilling 2007] (see also
[Krishna and Park 2016, Theorem 1.2]) that each TCH" (k, n; m) is a k vector space.
Similarly, K (k) is a Q-vector space because it is isomorphic to H HC n—1(km) by
[Goodwillie 1985]. The first part of the lemma therefore follows directly from
Theorem 6.4.

We shall now prove the second part. Since V¥, , is injective foreachm >0, n > 1
by Lemma 8.2, we only need to show that cyc,, takes a set of generators of the group
TCH" (k, n; m) to KM (ky,).

We first assume that n = 1. Let z € A,l be a closed point. We can write
z = Spec(k[t]/(f(t))), where f(¢) is an irreducible polynomial. The modulus
condition for z implies that f(0) € k*. If we let g(t) = (f(0))~! £(¢) and let g(_t)
denote the image of g(¢) in k,,, then we see that m € E M (k). By the definition
of the cycle class map in (4.3), we have that cyck(z) = k(z)] e Ko(Al, (m + 1){0}).
But Lemma 2.1 says that [k(z)] = 8(g(t)) under the isomorphism K (k) =
K1 (k) KN Ko(k[f], ™F1)). So we are done.

Suppose now that n > 2. In this case, Lemma 7.3 says that TCH" (k, n; m) is
generated by closed points z € A,l x 0"~ which lie in A,l xG'= ¢ A} . Furthermore,
z € A} is defined by an ideal I C k[t, y1, ..., yo—1] of the type I = (f(t), y1 —
bi,...,Yp—1 —by_1), where b; € k* foreach 1 <i <n — 1. Since z is a closed
point, f(z) must be an irreducible polynomial in k[¢]. Moreover, f(¢) defines an
element of W, (k) = KM (k,,). In particular, f(0) € k*.
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We next note that the push-forward map K, (k(z)) — K. (k(z')) is K, (k)-linear,
where 7z’ = Spec(k[t]/(f(¢))) (see [Thomason and Trobaugh 1990, Chapter 3]).
The map K. (k(z')) — K. (k[t], (t"*t1)) is K, (k)-linear by Lemma 2.2. It follows
that the composition K, (k(z)) — K, (k[t], #"*1)) is K, (k)-linear.

It follows therefore from the definition of the cycle class map in (4.3) that under
the map cyc;: Tz"(k, n; m) — K,_1(k[t], (#"t1)), we have

cyc ([z])
=1{b1,...,by1}-[k(z)] € KM (k) - Ko(k[t], (")) C K1 (K[2], 2™ T1)),

where {b1, ..., by_1} € KM (k). We let g(t) = (f(0))~! f(¢) and let g () be the
image of g(¢) in k,, via the surjection k[t] — k.

Since 9: En (k) = K,_1(k[t], (1)) is K, (k)-linear, we see that
{br, ... b} k@) =1{b1, ... by1}-8(g(1) = 0({b1, - ... bu1} - g (D).
We are now done because
{br,...,bo1}-g() € KM (k) - KM (ky) € KM (k).
We have thus shown that cyc, ([z]) lies in the image of K ,ﬁ” (ky,) under the map 9. [

9B. The main result for cycz” . Let k be a characteristic zero field as before. We
shall now show that the cycle class map cyc,i"’ that we obtained in Lemma 9.2 is an
isomorphism. Since the map t,’l‘ym W, QZ_I — TCH"(k, n; m) is an isomorphism,
we shall make no distinction between W, 2] ~! and TCH" (k, n; m) throughout our
discussion of the proof of Theorem 9.1. Furthermore, we shall denote cyc, Ofr]f,m
also by cyc, in what follows.

Theorem 9.3. For every pair of integers m > 0, n > 1, the map
cyc! : TCH" (k, n; m) — KM (ky,)
is an isomorphism.

Proof. When m = 0, the group on the right of cyc, is zero by definition and the one
on the left is zero by [Krishna and Park 2017b, Theorem 6.3]. We can therefore
assume that m > 1.

We can replace TCH" (k, n; m) by WmQZ_l. Accordingly, we can identify
cycy! with cyc ot¥ . Let nf : Q! = "k, ®; Q¢! denote the (k-linear) map

n,’; (aw) = —at™ ® w. This is clearly an isomorphism of k-vector spaces.
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We shall prove the theorem by induction on m > 1. Suppose first that m = 1. In
this case, it follows from Lemmas 7.1 and 7.2 that

cycM (ad log(by) A --- Adlog(b,_1))
=cye(Z(1 —at, y1 = b1, ..., yo1 —bn1))
={l—at,by,...,by_1}
=67, (—at) ®d log(b) A- - Ad log(by—1))
=07 onf(adlog(by) A--- Adlog(by_1)).

It follows from this that cyc,](” = 5,?1 o n’l‘. We now apply Lemma 8.4 to conclude

that cyc is an isomorphism.

Suppose now that m > 2. Let F). denote the kernel of the restriction map

I?fl” (k) — fé{"’ (km—1). It is easy to see that the isomorphism 5,?'" of Lemma 8.4
commutes with the restriction map k,, — k,,—; for all m > 1. It follows therefore
from Lemma 8.4 and the snake lemma that 9,?"1“ restricts to an isomorphism

~ 1 o~

O @t ki > Fp s (9.3)

Of  (dlog(b)) A+ Adlog(by—1)) @at™ ) = {1+at™ by, ... by_i}.
We now consider the diagram

Vint1

0 Q! W1 Q07 —— W, Q7 —— 0 (9.4)

o7 k

0 F', KM (k1) — KM (k) — 0,

where the horizontal arrows on the right in both rows are the restriction maps. In
particular, the square on the right is commutative.

We next note that V4 (ad log(by) A --- Adlog(b,—1)) = Vipy1(a)d log(br) A
-+ Adlog(b,—1) (see [Riilling and Saito 2018, Proposition 4.4]). Indeed, by it-
eration, it is enough to check this for n = 2. Furthermore, we can check it in
TCH?(k, 2; m). Now, we have

Vint1(adlog(br)) = Vi1 (Z(1 — abflt)d(Z(l —b11)))
= Vur1(Z(1 —at, y1 —by))
=Z(1 —at"™" y —by), 9.5)

where the last two equalities follow from the definitions of differential and Ver-
schiebung on the additive higher Chow groups (see the proof of Lemma 7.2). On
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the other hand, we have

Viny1(@)d log(by) = Viup1(a)by 'db
= (V1 (ZA —at)Z(1 = b ' )d(Z(1 — byt))
=Z(1—at™ ™z = b ')d(Z(1 — b11))
=Z(1—at™NZA —b7')Z( —bit, y1 — by)
=Z(1—at™"NYZ(1 =1,y —by)
=Z( —ar™ y —by), 9.6)

where the equalities again follow from various definitions; see the proof of Lemma
7.2. A combination of (9.5) and (9.6) proves what we had claimed. Since the map
k®K,/[Vi1 k) — QZ‘I (givenby a®b +— ad log(b1) A- - - Ad log(b,—1)) is surjective,
it follows from (7.10) and (9.3) that the left square in (9.4) is also commutative.
The top row of (9.4) is well known to be exact in characteristic zero (e.g., see
[Riilling and Saito 2018, Remark 4.2]). The bottom row is exact by the definition
of F, ., and the fact that the map E,{W (k1) — I?,fl (k) is surjective. The left
vertical arrow in (9.4) is an isomorphism by (9.3) and the right vertical arrow is an
isomorphism by induction. We conclude that the middle vertical arrow is also an
isomorphism. This completes the proof of the theorem. U

Remark 9.4. The reader can check that the proof of Theorem 9.3 continues to
work for any regular semilocal ring R containing k as long as cycy is defined in
a way it is for fields. In more detail, the isomorphism n® makes sense. Lemmas
7.1 and 7.2 as well as (9.3) are all valid for R. The final step (9.4) also holds for
R. This observation will be used in the next section in extending Theorem 9.1 to
regular semilocal rings.

9C. The final step. We shall now prove our final step in the proof of Theorem 9.1.
Namely, we shall show that the reduced Milnor and Quillen K-theories of the trun-
cated polynomial rings are pro-isomorphic. This will finish the proof of Theorem 9.1.
The desired pro-isomorphism is based on the following general result about pro-
vanishing of relative cyclic homology.

Let R be a ring containing Q. Recall from [Loday 1998, §4.5, 4.6] that for
integers m > 0 and n > 1, there are functorial A-decompositions I:ff{,,(Rm) =
D, HH ;’)(Rm) and HC,(R,,) = D, I-Téil)(Rm). Moreover, there are iso-
morphisms

~

Q"
HH,”(Ry) = Q% and HC," (Ry) = o
R

.7
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such that the canonical map I-Tf—l " (R,,) — ﬁi‘ (R,,) is the quotient map Q” =
Q" /d SZ" ! We also have the functorlal 1somorphlsms

HHY (R,) = DY (Ry). 9.8)

n—i
The key result is the following.

Proposition 9.5. Let R be a regular semilocal ring which is essentially of finite
type over a characteristic zero field. Let 0 < i < n be two integers. Then

{HCY (Rp)}m =0.

Proof. First we show that { HH (1>(Rm)}m = 0. By (9.8), this is equivalent to show-

ing that {Di’ll (Rn)}m =0. To show this latter vanishing, we let A = R[7?, 3] C R[1]
be the monomial subalgebra generated by {r2, r3}. We then know that the inclu-
sion A < R][t] is the normalization homomorphism whose conductor ideal is
I = (t?, %) C A such that IR[t] = (t?). Since R[f] is regular, we know that
Dr(lili(R[t]) =0 for 0 <i < n by [Loday 1998, Theorem 3.5.6]. We now apply part
(i1) of [Krishna 2010, Proposition 5.2] with A = R[t?, 3] and B = R[] to conclude
that {D(’) (Ropm—1)}m = {D(’) (R[t1/(t*™)},» = 0. But this is same as saying that
{D(‘) (Ri)}m = 0. In particular, we get {5521. (Ry)Ym =0.

To prove the result for cyclic homology, we first assume n > 2 andi =n — 1.
Connes’ periodicity exact sequence (see [Loday 1998, Theorem 4.6.9]) gives an
exact sequence

ke B g1 1 Pk,
dﬁn—?a > MR, dﬁn—Z :

R :

m

(n 1))

g "R, > HC' TV (Ry) >

We have shown that the first term in this exact sequence vanishes. It suffices there-
fore to show that the e map B is injective. But B is same as the differential map
d: Qy2/dQ — Q! by [Loday 1998, Corollary 2.3. 5]. By Lemma 8.4, we
therefore have to show that the map d: Qf 2Qr 1Ry — Q !'is injective. But
this follows from Lemma 8.5.

We prove the general case by induction on n > 2. The case n =2 is just proven
above. When n > 3, we can assume that 1 <i <n — 2 by what we have shown
above. We now again use the periodicity exact sequence to get an exact sequence
of pro-abelian groups:

(i) @)

(HH Ry > {HCY (Ry)} > (HC!)

2 (Rm)}m-

Since i <n —2, we geti — 1 <n — 3. Hence, the induction hypothesis implies
that the last term of this exact sequence is zero. We have shown above that the first
term is zero. We conclude that the middle term is zero as well. (]
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Corollary 9.6. Let R be a regular semilocal ring which is essentially of finite type
over a characteristic zero field. Let n > 0 be an integer. Then the canonical map

Ykt K (R = (K (Ri)bn
is an isomorphism of pro-abelian groups.

Proof. The case n <2 is well known (e.g, see [Kerz 2010, Proposition 2]) and in
fact an isomorphism at every level m > 0. We can therefore assume that n > 3.
We have seen in Section 8B that Goodwillie provides an isomorphism of Q-vector
spaces

: Ka(Ru) = HCooi (R) = @HC,E’)1<Rm)

i=1
Moreover, Lemmas 8.1 and 8.2 say that the map tﬂRm ne K (Rm) — K (R,,) is
injective and tr® » Maps K KM (Ry,) isomorphically onto H HC," el (R ). We therefore
have to show that {HCn_1 (Rn)}m =0 for 1 <i <n—2. But this follows from
Proposition 9.5. U

Proof of Theorem 9.1. The proof is a combination of Lemma 9.2, Theorem 9.3 and
Corollary 9.6. U

10. The cycle class map for semilocal rings

In this section, we shall define the cycle class map for relative 0-cycles over regular
semilocal rings and prove an extension of Theorem 9.1 for such rings. Let k be a
characteristic zero field and let R be a regular semilocal ring which is essentially of
finite type over k. We shall let F' denote the total quotient ring of R. Note that R is
a product of regular semilocal integral domains and F is the product of their fields
of fractions. Since all our proofs for regular semilocal integral domains directly
generalize to finite products of such rings, we shall assume throughout that R is
an integral domain. We shall let 7 : Spec(F) — Spec(R) denote the inclusion of
generic point. We shall often write X = Spec(R) and n = Spec(F'). We shall let
% denote the set of all maximal ideals of R.

10A. The sfs cycles. Let m >0 and n > 1 be two integers. Recall from Section 2E
and Section 7A that TCH" (R, n; m) is the defined as the middle homology of
the complex Tz" (R, n + 1; m) N Tz"(R, n; m) N Tz"(R,n — 1; m). A cycle in
TZ" (R, n; m) has relative dimension zero over R. For this reason, TCH" (R, n; m)
is often called the additive higher Chow group of relative O-cycles on R. When R
is a field, it coincides with the one used in the statement of Theorem 9.1.

Since TCH" (R, n; m) does not consist of 0-cycles if dim(R) > 1, we can not
directly apply Theorem 1.1 to define a cycle class map for TCH" (R, n; m). We
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have to use a different approach for constructing the cycle class map. We shall use
the main results of [Krishna and Park 2020b] and the case of fields to construct a
cycle class map in this case. We shall show later in this section that this map is an
isomorphism. We shall say that an extension of regular semilocal rings R; C R»
is simple if there is an irreducible monic polynomial f € R;[¢] such that R, =

Ri[t]/(f ().

Let Z C X x A,i x [0"~! be an irreducible admissible relative 0-cycle. Recall
from [Krishna and Park 2020a, Definition 2.5.2, Proposition 2.5.3] that Z is called
an sfs-cycle if the following hold:

(1) Z intersects X X A,i x F properly for all faces F (1"~
(2) The projection Z — X is finite and surjective.
(3) Z meets no face of X x A,i x O,
(4) Z is closed in X x A,l X A,’(’_l = Spec(R[t, y1, ..., yn—1]) (by (2) above) and
there is a sequence of simple extensions of regular semilocal rings
R=R_ | CRyC---CR,_1 =k[Z]
such that Ry = R[t]/(fo(2)) and R; = R; _1[y;]/(fi(y:)) for1 <i <n—1.

Note that an sfs-cycle has no boundary by (3) above. We let Tzl (R, n;m) C
Tz"(R, n; m) be the free abelian group on integral sfs-cycles and define

n . _ TZZfS(R’ n; m)
TCH (R, n; m) = m - . (10.1)
0(TZ"(R,n+1;m)) N Tz, (R, n; m)

We shall use the following result from [Krishna and Park 2020b, Theorem 1.1].
Proposition 10.1. The canonical map TCH (R, n; m) — TCH"(R, n; m) is an

sfs
isomorphism.

10B. The cycle class map. By Proposition 10.1, it suffices to define the cycle
class map on TCH; (R, n; m). We can now repeat the construction of Section 4
word by word to get our map. So let Z C X X A,l x 0"~ be an irreducible
sfs-cycle and let R’ = k[Z]. Let f: Z —> X x A,l be the projection map. Let
gi© Z — [ denote the i-th projection. Then the sfs property implies that each g;
defines an element of R’™, and this in turn gives a unique element cyc%([Z]) =
{g1,...,8n-1} € K%I(R’). We let cyc g ([Z]) be its image in K,,—;(R’) under the
map K,?’il(R’) — K,_1(R"). Since Z does not meet X x {0}, we see that the finite
map f defines a push-forward map of spectra f.: K(R') — K(R[t], (t"F1)). We
let cycp([Z]) = fi(cycr ([Z])) € Kn—1(R[t], (#"*+1)). We extend this definition
linearly to get a cycle map cycp: Tzl (R, n; m) — K,_1(R[t], (#"*1)). We can
now prove our first result of this section.
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Theorem 10.2. The assignment [Z] — cycy([Z]) defines a cycle class map
cycg: TCH" (R, n; m) — K,_1(R[t], (1)),
which is functorial in R.

Proof. Let F be the fraction field of R. We consider the diagram

91 (TZ% (R, n: m)) —— T2" (R, n: m) —=+ K, (R[], ")) (10.2)

sfs sfs

| |- |-

n . J n . cyer m—+1
TZ'(F,n+1;m) —— TZ2"(F,n;m) —— K,_1(F[t], (¢ ).

Assume first that this diagram is commutative. Then Theorem 9.3 says that
cycp odom* is zero. Equivalently, m*ocycy 0d =0. We will be therefore done if we
know that the right vertical map 7r* between the relative K-groups is injective. To
show this, we can replace these relative K-groups by the relative cyclic homology
groups by [Goodwillie 1985]. These relative cyclic homology groups in turn can
be replaced by the Hochschild homology H H.(R) and H H.(F) by [Hesselholt
2005, Proposition 8.1]. Since R is regular, we can go further and replace H H,(R)
and HH,(F) by Q} and QF, respectively, by the famous Hochschild—Kostant—
Rosenberg theorem. We therefore have to show that the map Q% — Q7 is injective.
But this follows from Lemma 10.3.

To show that cycy is natural for homomorphisms of regular semilocal rings
R — R’, we first observe that (10.2) shows that cycy is functorial for the inclusion
R — F. Since the right-most vertical arrow in (10.2) is injective, we can replace
R and R’ by their fraction fields to check the naturality of cycy in general. In this
case, the naturality of cycy follows from Theorem 1.1. It remains now to show
that (10.2) is commutative.

The left square is known to be commutative by the flat pull-back property of
additive cycle complex. To show that the right square commutes, let Z C A}? XR
D’,’{l be an irreducible sfs-cycle and let R,—; = k[Z]. Let Ry be the coordinate
ring of the image of Z in A}e as in the definition of the sfs-cycles. By definition of
sfs-cycles, we have the commutative diagram

R— Ry - R, (10.3)

F—— Fy—— F,_,

where each term in the bottom row is the quotient field of the corresponding term
on the top row. Note also that all horizontal arrows are finite maps of regular
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semilocal integral domains. In particular, we have Fy = Ry ®p F and F,,_| =
R,_1®r F =R,_1 Qg Fo.

Welet f: Z — A}e be the projection and let p: Spec(Rp) — A}Q be the inclusion.
We denote the projection Spec(F,_;) — A}, and inclusion Spec(Fp) — A}r also
by f and p, respectively. Note that f is a finite map which has factorization
Z — AL\ {0} C AL.

We let o = cyc%lil([Z]) ={g1,...,8n-1} € K}f”_l(Rn_l). We then have, by
definition, cycp(IZ]) = fx 0 Yx,_, (@) and ey, (T*(Z]) = fu 0 ¥r,_, o} (a0).
Using (10.3), we can write these as cycp([Z]) = p« o fox o ¥R, , (o) and

cycp (" ([Z]) = psxo fox 0¥, o, ().

Since 7, oYr, , =V¥F,_, om,_;, we only have to show that the diagram
K(Ry-1) e, K (Ro) —=— K (R[t], (1)) (10.4)

T[:lJ/ lng ln*
fo

K(Fy 1) = K(Fy) —— K(F[1], ("))

commutes.

The left square commutes by [Thomason and Trobaugh 1990, Proposition 3.18]
since F,,_1 = R,—1 ®pg, Fo and fp is finite. To see that the right square commutes,
note that we can replace K (Ro) by KZ0(AL) and K (Fy) by K™ (AL), where Zy =
Spec(Ry) and ng = Spec(Fp) (see Section 2C). We can do this because R[t] and
Ry are regular. We are now done because the diagram

K (Ag, (m +1){0}) —— K (A \ Zo, (m + 1){0}) (10.5)

| J

K(AL, (m+1){0}) —— K (AL \ no, (m + 1){0})

of restriction maps is commutative and the right square in (10.4) is gotten by taking
the homotopy fibers of the two rows of (10.5). We have now shown that both
squares in (10.2) are commutative. This also shows that cycj is compatible with
the inclusion R < F. The proof of the theorem is complete. (]

Throughout the rest of our discussion, we shall identify TCH" (R, n; m) with
W, Q’,’Q_l (by (7.5)) and K,_1(R[t], (t"+1)) with K,,(R,,) (via the connecting ho-
momorphism).

10C. Factorization through Milnor K-theory. We shall now show that cycy fac-
tors through the relative Milnor K -theory. The proof is identical to the case of
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fields and we shall only sketch it. We shall reduce the proof to the case of fields
using the following result.

Lemma 10.3. Forn > 0 and m > 1, the map n*: W,,Q% — W, Q' is injective.
In particular, the map 7*: I?,?”(Rm) — E%(Fm) is injective for all m > 0.
Proof. Since W,,, Q% = (7)™ (and also for F'), we need to show that Q' — Q. is
injective to prove the first assertion of the lemma. Since Q' = Q% ®r F, it suffices
to show that 2 }e is a free R-module. Since R is regular, we have D;(R | k) =0 and
Q}e sk 1s a free R-module. The Jacobi—Zariski exact sequence (see [Loday 1998,
3.5.5]) therefore tells us that Q1 = (Q,lc ®r R) ® Q}e /K This proves the first part.
For the second part, there is nothing to prove when m = 0. When m > 1,
Lemma 8.4 reduces to showing that the map Q' ®rtR,, — Q' @t F, is injective
for all n > 0. Since Q}, @r tF,, = Q} ®rtR,, and tR,, is a free R-module, the
problem is reduced to showing that Q% — Q. is injective. We can now use the
first part of the lemma. O

Our second main result of this section is the following. This generalizes the main
results of [Elbaz-Vincent and Miiller-Stach 2002; Nesterenko and Suslin 1989;
Totaro 1992] to truncated polynomial rings.

Theorem 10.4. Let R and m > 0,n > 1 be as above. Then the cycle class map
cycg has a factorization

meJrl,n

M
TCH"(R, n; m) —% KM (R) —=% K, (Ry).

Furthermore, Cyc]}e/[ is natural in R and is an isomorphism.

Proof. We shall use Proposition 10.1, which allows us to repeat the proof of the field
case Lemma 9.2 word by word. When n = 1, any sfs irreducible cycle Z C A}e
is of the form Z = V(f(¢)), where f(¢) is an irreducible polynomial such that
f(0) € R*. We now repeat the argument of the field case and use Lemma 2.1
to finish the proof. The n > 2 case follows from Lemma 7.3 and the proof is
identical to the case of fields. To prove that cyc} is an isomorphism, we again
repeat the case of fields and use Remark 9.4. The naturality of cycl}g follows from
Theorem 10.2 since ¥, » 18 injective. (]

Finally, we are now ready to prove Theorem 1.3 (5). We restate it again for
reader’s convenience.

Theorem 10.5. Let R be a regular semilocal ring which is essentially of finite type
over a characteristic zero field. Let n > 1 be an integer. Then the cycle class map

cycg: {TCH" (R, n; m)}p = {Kn(Rn)}m

is an isomorphism of the pro-abelian groups.
Proof. Combine Theorem 10.4 and Corollary 9.6. U
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11. Appendix: Milnor vs. Quillen K -theory

In this section, we collect some results on the compatibility of various maps be-
tween Milnor and Quillen K -theories of fields. They are used in the proofs of the
main results of this paper. We expect these results to be known to experts but could
not find their written proofs in the literature.

Let k be a field and let X be a regular scheme which is essentially of finite type
over k. Let x, y € X be two points in X of codimensions p and p — 1, respectively,
such that x € {y}. Let

Y=00, F=k(y), A=0y, and [=k(x).

Lemma A.1. For any n > 1, the diagram

KM(F) LN KM (1) (A1)

L, |

K, (F) — K,1()
is commutative.

Proof. Let B denote the normalization of A and let S denote the set of maximal
ideals of B. Note that B is semilocal so that S is finite. Since the localization
sequence for Quillen K -theory of coherent sheaves is functorial for proper push-
forward, we have a commutative diagram

G(B) — Ko (F) D.csKn—1(k(2)) (A2)

l H lzz Tky/1

Gu(A) —— Kn(F) —— Km0,
where Tj(;)/; is our notation for the finite push-forward K, (k(z)) — K.(I) and
G (-) is Quillen K -theory of coherent sheaves functor (for proper morphisms).
Note that K, (B) = G.(B).
On the other hand, the boundary map in Milnor K -theory also has the property
that the diagram

H lzz Niy/1

KMF) — 2 kM )
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commutes, where the right vertical arrow is the sum of the Norm maps in Milnor
K -theory of fields (see [Bass and Tate 1973; Kato 1980]). The lemma therefore
follows if we prove Lemmas A.2 and A.3 below. ([

Lemma A.2. Let z € S be a closed point as above and let R denote the discrete
valuation ring of F associated to z. Then the diagram

KMF) " KM (k(2)) (A4)

| |

92
Ky (F) — Kn—1(k(2))
is commutative for every n > 1.

Proof. 1t is well-known and elementary to see (using the Steinberg relations)
that KM (F) is generated by K/ (F) as an KM (R)-module. Furthermore, 0 is
KM (R)-linear (see [Bass and Tate 1973, §4, Proposition 4.5]). Since the local-
ization sequence such as the one on the top of (A.2) (with B replaced by R) is
K..(R)-linear, it follows that all arrows in (A.4) are K i” (R)-linear. It therefore
suffices to prove the lemma for n = 1. But in this case, both 3" and 9 are simply
the valuation map of F' corresponding to z. O

Lemma A.3. Let k < k' be a finite extension of fields and n > 0 an integer. Then
we have a commutative diagram

KM (kry S KM gy (A.5)

.

K, (k) — K, (k).

Proof. Assume first that k < k' is a simple extension so that k" = k[¢]/m for some
maximal ideal m C k[¢]. Let vy be the valuation of k(¢) associated to the point
o0 € ‘][,](. Its valuation ring Ro, C k(¢) has uniformizing parameter #~'. In this case,
we have the following diagram:

00— KM () — KM k(1) —=SW, o KM (k) —— 0 (A6)

S

0 —— Kpy1(k) —— Ku1 (k(1)) —— D, 2, Kn(k(v)) —— 0.

The horizontal arrows on the left in both rows are induced by the inclusion
k C k(t). The top row is Milnor’s exact sequence (see [Weibel 2013, Chapter I1I,
Theorem 7.4]). The bottom row is the localization sequence in Quillen K-theory
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(using the isomorphism K, (k) i K..(k[t])) and is known to be exact (see [Weibel
2013, Chapter V, Corollary 6.7.1]). The right square commutes by Lemma A.2.
On the other hand, we have another diagram

KM (k" (A7)
A Nk’/k
M= ) v UN v)/k
KM k) — 0% @, KM () = o
| -
Kt (1) — =% @ Kah() —=2 s K, (k)
Ty )k

K, (k).

By the definition of the norm Ny in Milnor K -theory, the composition of
the horizontal arrows on the top is the map (—1)8Y : K | (k(t)) — K (k) (see
[Weibel 2013, Chapter III, Definition 7.5]). Similarly, the composite of the horizon-
tal arrows on the bottom is the map (—1)80%: K,+1(k(t)) = K, (k) (see [Weibel
2013, Chapter V, 6.12.1]). Note that both of these assertions are another way of
stating the Weil reciprocity formulas for the Milnor and Quillen K -theories.

Since the left horizontal arrows in both rows are surjective, we are reduced to

showing therefore that the diagram

KM (k(1)) i KM (k) (A.8)

|,

K1 k(1)) —=— K, (k)

commutes. But this follows from Lemma A.2. This proves the lemma for simple
extensions.

In general, we can write k" = k(xy, ..., x,). Since the norm maps in Milnor
K -theory and the push-forward maps in Quillen K-theory satisfy the transitivity
property, and since k < k’ is a composite of simple extensions, the proof of the
lemma follows. U
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