New York Journal of Mathematics
New York J. Math. 19 (2013) 545-564.

Bad intersections and constructive
aspects of the Bloch—Quillen formula

O. Braunling

ABSTRACT. The Bloch—Quillen formula, especially a version with Mil-
nor K-coefficients, makes it possible to express the product of the Chow
ring through an ordinary cup product in sheaf cohomology and the con-
catenation product of symbols. No special care is needed if cycles do
not intersect properly, no moving lemma nor deformation to the normal
cone. We give an explicit formula for the intersection form along this
line, different from the Serre Tor-formula.
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In this paper I would like to discuss a method to compute intersection
multiplicities via the Bloch—Quillen formula in K-theory which — to the best
of my knowledge — does not seem to be used much for concrete computa-
tions (if at all). In particular I want to confirm that actual computations
are possible, even by hand.

It yields a closed formula for intersection multiplicities quite different from
Serre’s Tor-formula.

The basic idea is very simple. Suppose X/k is a smooth variety! of pure
dimension n. The classical Bloch—Quillen formula is a canonical isomor-
phism of commutative rings

(1) CH*(X) = 5 HP (X, ICp).
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Here K, denotes the Zariski sheafification of the p-th K-theory group. The
product on the right-hand side is the cup product in sheaf cohomology,
combined with the product in K-theory K, ®z Ky — K,44, where Z is the
locally constant sheaf associated to Z. For example, say X is a surface, F a
divisor and we want to know the self-intersection £ - E. This is not a proper
intersection, so by classical means we would need to take some detour to
compute F - E. Trying to avoid this, it seems all the more tempting to just
use the above and compute the cup product

(2) H'(X,0%) ® H'(X,0%) — HX(X,K3) — Z.

(Note that K1 = Oy as sheaves.) On some small open, if e is a local section
pinning down the line bundle belonging to E, this product is just

e®e+—>{e,e};’>?

and so the whole difficulty in computing the self-intersection number is to
understand the map “?”. Or, if we want to be more precise and evaluate the
self-intersection zero cycle instead of just the self-intersection number, we
would need to understand the map H? (X,K2) — CHg(X) on an explicit
level. Perhaps surprisingly, it turns out that this method produces a closed
formula for “?”.

Moreover, the same approach works if X has higher dimension. Then an
immediate drawback of the right-hand side in Equation (1) is that it is not
a priori easy to write down a single explicit element of a higher K-theory
group, at least not if one uses Quillen’s definition in terms of homotopy
groups. However, actually there are many variations of the isomorphism in
Equation (1), where K-theory can be replaced by something simpler, for
example Milnor K-theory. We briefly recall that for a ring A we may define

(3) KM (A) =T(A")/{r® (1 — =) |all z with 2,1 — 2 € AX),

where T'(A*) := [ 5 (4" )®z denotes the tensor algebra of A* (read as a Z-
module) and we quotient out the two-sided ideal generated by the Steinberg
relation (cf. [Kerl0], [Mil70]). The image of a pure tensor a1 @ --- ® ay
is denoted by {a1,...,ap} (and called a symbol). As a consequence of the
Steinberg relation, one finds several useful relations, notably

(4) {z,y} = —{y,z} {z,—x} =0 {z,2} = {z,—-1}.
Being an ideal, these prolong to tensors in more slots, e.g., {z,y,z} =
—{y,x, 2} or {x,z,x} = {x,—1,—1}. Now let LM denote the Zariski sheafi-
fication of Milnor K-theory (we will work with a slightly more convenient
definition below). The Milnor K-theory counterpart of the product map
Ky ®z Kqg — Kpiq is strikingly simple,
M M M
(5) Ky @z Ky — Kpiy
{ar,...,ap} @ {b1,...,bg} —> {ar,...,ap,b1,...,b4}
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on the level of stalks. With this definition the Milnor analogue of the right-
hand side in Equation (1) already looks much more amenable to actual
computations.

The only remaining problem is that for any reasonable usability we probably
want to work with algebraic cycle representatives in CHP(X) and not with
less wieldy representatives in sheaf cohomology for HP (X, IC;:/I). Hence, we
need to understand the comparison isomorphisms

of : CHP(X) — HP(X,K)')  and  B”: HP(X,K)") — CHP(X)

on a level suitable for computations; and possibly also the map “?” of Equa-
tion (2) if we are just interested in plain intersection numbers (in general
the computation of CHy (X) is a hard problem). Here, it turns out that
only o is truly difficult. The case p = 1 however is nice and classical,

(6) C1X = CH! (X) 25 HY(X, kM) = HY(X, 0%) = Pic X,

it is the usual identification of Weil divisor classes with Cartier divisor
classes/line bundles. For p > 1 the maps of are far less pleasant. I am
not aware of any general method or even closed formula to make this mor-
phism concrete; one always needs to make a great number of choices, e.g., if
we model the sheaf cohomology using Cech theory we need to pick a good
open cover, good representatives on the respective opens, etc. .. For the con-
verse direction, the maps P admit a very pleasant description as a closed
formula:

Theorem 1. Let X/k be a smooth? variety of pure dimension n over a field.
Suppose an element in HP(X, IC%}/I) is explicitly presented as a Cech cocycle
[ = (fs..5,) on some finite open cover (U;);c;- Then for every disjoint
decomposition

(7) X =Uye/Sa  with S0 CUs
we have (BPf) = [ pe xp har with multiplicities
hap = Z 8;571 e ;ﬁfa(wo)...a(mp) €Z.

zP—1 . 20

The sum runs through all chains of points x* € X' and o (x) denotes the
unique index such that r € X ).
We will prove this as Proposition 2 in §2 below. The maps
0+ KM (k (2)) — KM, (5 ()

for points z,y € X such that y is of codimension one in m are the boundary
maps in Milnor K-theory. We recall their definition in §1. Based on the
above explicit formula, the general version of Equation (2) is given as follows:

2The smoothness assumption can be dropped and the formula still gives a morphism,
see Remark 4 in the main body of the paper. However, it will usually not be an
isomorphism.
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Theorem 2. In the situation of the previous theorem, the intersection form
for Weil divisors Zu, ..., Z, (with p=n) is given by the explicit formula

(8) hxp =
P! 20 1 2
> % B aoeey faae) o Taartya@n} € 2

=1, 20

Here [ = (féﬂ)aﬁgd with féz,ﬁ € O% is a Cech representative of the line
bundle determined by Z;.

This will be Proposition 3. The above formula also admits a counter-
part using differential forms and residues instead of symbols and boundaries
(linking to the classical fact that intersection numbers can be computed via
residues), we explain this in §4. We obtain a precise Cech analogue of a
formula of Hiibl and Yekutiely in the context of adeles [HY96]. We also
explain that all this generalizes from Milnor K-theory to cycle modules (as
introduced by Rost [Ros96]). We intentionally avoid this quite technical
framework until this point as we have almost no use for the strength or
generality of this theory.

We give an explicit computation of a negative self-intersection on a surface
in §5.

Acknowledgements. I would like to thank Matthew Morrow, as well as
Alberto Camara for several discussions regarding this problem. I thank the
Research Group of Prof. Marc Levine for the stimulating scientific environ-
ment.

The “hands-on style” of Spencer Bloch’s classic [Blo74] has served as an
inspiration. So has the theory of adeles for schemes [Bei80], see Remark 7.
I would also like to thank the anonymous referee, whose remarks led to a
more streamlined presentation.

1. Recollections of the Gersten complex

A wariety X is a scheme which is separated and finite type over a field.
Once and for all let us fix a smooth variety X/k of pure dimension over a
field k.

See [GS06, Ch. 8|. Let X? denote the set of codimension p points. We write
k (x) for the residue field at a point € X. We define the Milnor K-theory
sheaf by

(9) K)NU) :==ker ([T,cpo K (5(x) — e K (5(2)))

for U any open in X and the Milnor K-groups of fields inside the parentheses
are defined as in the introduction, cf. Equation (3). The (proven) Gersten
conjecture, in the version for Milnor K-groups, is the following:
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Proposition 1 (Gersten Conjecture). Let k be a field. Suppose X = Spec A,
where A is a local ring on a smooth k-scheme. Then the sequence of abelian
groups

(10) 0— K};/I(X) - Hzeong{(”(x)) — erXqKM (k(x)) = -
1S exact.
This was originally proven by Gabber. For a proof see [Ros96, Thm. 6.1].

Remark 1. Instead of the definition in Equation (9) one can also sheafify
the plain definition of Milnor K-groups as in Equation (3). If k£ is an in-
finite field, both definitions agree and the above proposition remains true.
However, this is a nontrivial theorem. See [EVMS02], [Ker09]. For the case
of k a finite field there is a remedy nonetheless, see [Ker10]

The proposition is known to fail for singular X. See [Morl2, especially
Conj. 1] for a possible workaround in the context of algebraic K-theory.
The differential in the complex is the sum of all Milnor K-boundary maps,
ie. Zze xryeay % 0,. Applied to any element, all but finitely many sum-
mands will be zero. For the convenience of the reader we recall the definition
and basic properties:

Assume for simplicity that the codimension one point y € {x} is a normal
point, i.e., O@y s normal.

Let v be the valuation coming from interpreting y as a divisor on {7} Then:
e For ¢ =1 the map 9y : k (x)* — Z is just the valuation v.
e For ¢ = 2 the map 0 : K)X(k(x)) — k(y)* is the tame symbol:
{frg} = (=)0 pola) ge(r)

e In general one has the following formula:

Oy{m, uz, ... ugy ={uz, ..., Uy}
(11) Oy{ut, ... ug} :=0
for uy,...,uq € O{X Ty and v () = 1 a uniformizer. Via the relations

of Equatlons (4) any pure symbol can be rewritten as a Z-linear
combination of symbols as they occur on the left-hand side.
e There is a short exact sequence of abelian groups

0= KM(O ) — KM(k () ~5 KM, (5 () — 0.

{z}y
If y is not a normal point on m, all of the above facts need to replaced

by something slightly more complicated:

The stalk O ol is a 1-dimensional local domain. The normalization

Spec O —

T — Spec O

{z}y



550 O. BRAUNLING

is a finite morphism. Hence, the unique closed point y in Spec Omy has

finite preimage {v},...,y.} C Spec Of{?}y‘ By normality the localizations
((’)’{7}7y)y§ are discrete valuation rings. Define

0 )
(12) Oy =i cor:Ez) 08;2 : K}]\/I (k(z)) — K}]vil (k(v)),

where 8;} refers to the Milnor K-boundary map as described before (the

points y; are normal!). The map cor:%) is the corestriction/norm of Milnor

K-theory (on K}! it is multiplication with the degree of the field extension,
on KM it is the usual norm). See [GS06, Constr. 8.1.1] or [Ros96, beginning
of §2, especially Equation 2.1.0] for details regarding this mechanism.

We may now define (obviously flasque!) sheaves

(13) Ilkgﬁxm@g)::<yw—» II<qude»>. (for U € X open)

zeU4 zeU4

By a slight abuse of language we may now interpret each entry in sequence
(10) as such a sheaf and replace the initial entry by its sheafification IC%;/I. As
the exactness of a sequence of sheaves can be checked on the level of stalks,
Proposition 1 can be rephrased as saying that the sheaf Kgd has a flasque
resolution by the sheaves of Equation (13) (the Gersten resolution):

(14) 0— K — J[ K)(s(x) — ] Epli(s(x) — -
zel® zeU?
This also implies the Bloch—Quillen formula

(15)  HP(X,K") = coker ([T, exo1 K7 (k(2)) = [,exn Ko (K()))

= CH? (X).
See [Blo74], [Qui73] for the original version using ordinary K-theory (the
pattern of proof is the same). It remains to render this abstract map explicit.

2. Cech model for Chow groups

Firstly, recall that for any open cover Y = (Uy)aer (I the index set)
and Zariski sheaf F there are Cech cohomology groups, which we denote by
H' (4L, F), defined as the cohomology of the Cech complex

CWF) =[] FWUaua), 6:CELF)—CT (U F),
ag...a€]itl
where we denote by U, an open in 4, and by Uy, .q, = ﬂizO,...,’r U,, the
respective intersections. For any refinement ' of 4, there is a canonical
induced morphism H*(4, F) — H*(W, F) (and "unique’ on C* only up to
homotopies). Finally, H*(X,F) is defined as colimy H* (i, F) over the dia-
gram in which 4 runs through all at most countably indexed open covers
and arrows are the refinements. This is a filtering colimit since any two
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covers admit a common refinement. We have H*(X,F) = H'(X,F) for all
sheaves we work with (as they all admit a flasque resolution), so we may
express sheaf cohomology this way.

2.1. Algebraic partitions of unity. In the world of real manifolds one
can often patch local sections of suitable sheaves by gluing them along a par-
tition of unity. However, in the algebraic world there is no way to “smoothly
fade contributions in and out”. The best possible approximation in the alge-
braic world are functions which only attain the values 1 and 0; characteristic
functions of subsets. All sheaves which allow some sort of a multiplication
with such functions then admit a similar patching mechanism. More pre-
cisely:

Lemma 1 (Algebraic “Partition of Unity”). Suppose b = (Uy)acr is an
open cover and F is a flasque sheaf such that:

(1) For every restriction res$, : F(U) — F(V) for any two opens of the
form Usy. yiyeiqme =2V CU = Uy, ,, we are given a morphism

EY: F(v) = FU).
(2) For every open V := Uy, ~, we have
S aerBV. oresy, = idruy, where Vo :=V NU,.
(3) For every open V := Uy, _~, and all indices 5 € I we have
HoerF(Va) = F(Vp), where Vo, :==V NU,.
Y oacl res“fg oE&a = ZaeIE\‘jfﬁ o res“ﬁzﬁ .
Define a homomorphism

H:C (F)— C (W F)
U cen 7;7
(Hf)ﬁo--ﬂi—l = ZaEIEUng‘Zi;faﬁo--ﬂi—l'

Then H is a contracting homotopy for the Cech complex C® (LULF), ie.,

The statements about the sums ) _; above are meant to imply that only
finitely many summands are nonzero (otherwise they would not make sense
at all).

Proof. Easy computation. Suppose we are given a cocycle (fa,. .5 ,) €
¢~ (U4, F). For any a € I we compute

(5f)a/80"'57;71
i—1

 Usy.piy k Yasg. B Bia
- reSUaﬁO“ﬂi71 fﬂo"'ﬂi_l Z ( 1) reSUaﬁO.“Biil faﬁo...ﬂk...ﬁZ',l
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and thus
(16) (de)ﬁonﬂz'A

i—1 U U =~
k Bo---Bi—1 afg--Bg---Bi—1
= —— -1 E es =~
fﬁo"'5271 kgo( ) el UQBO...Bi_l Uaﬁo...ﬁi_l f&ﬁ(}.‘.ﬁk...ﬁi_17

where we have used property (2). Starting from (H f)g,.. 3, ,, We compute
(5Hf)50-~5¢71

1—1 Z
k Bo---B---Bi—1
= —1)"res Br
= ( ) Usy...5;_1 ( f)ﬁo..ﬂk--ﬂi—l
=0
i—1 U, & Uso .50
- L Bo--Br---Bi_1 Bo---Br--Bi—1 g
= (=)" > TeSy, b Ey =~ . JaB.Be.Bi1
= o=y i aBp---Br---Bi—1

Defining V :=U

oo BB the inner sum over o can be rewritten as
o BreBi

4
Y oacrl resy, Ey,,

so by using property (3) we obtain

1 .

— | k Uso--Bi—1 Uaﬁo»ﬁk»-ﬁiﬂ

- Z (_1) EU@,{J By reSUa,B By fa,BOA..E;..‘ﬂi_l’
k=0 o€l 0 i—1 0 i—1

so by revisiting Equation (16) our claim follows. O

Remark 2. Suppose Y is a smooth manifold, (U;);er an open cover. Let
(p;) be a classical partition of unity subordinate to the open cover. Consider
the sheaf F := C> (R) of smooth real-valued functions. Then

By ()= pa-]

Uagy...5;

(and prolonged by zero) satisfies the axioms of the lemma. For example,

ZaeIEya 0 res\‘;a = Zaejpa : (f |Va) = (Zaelpa) f=1r

Next, we need to make sure that morphisms Eg as in the previous lemma
exist for the flasque sheaves which occur in the Gersten resolution of our
KM-sheaves.

Lemma 2. Assume the open cover i is finite, i.e., I is a finite set. Suppose
F is a sheaf of the shape

FU) =[] 4,
yelU
where each Ay is some abelian group depending only on y. Fizx a disjoint

decomposition (always exists!)

(17) X =Upe/Sa  with S C U
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Define for any open U := U,,..~, and further intersection V := U N Upg
(= Usy...ys8) the homomorphism

EY : F(V) = F(U)

idy, ify e Xg

Hyev Ay = Iyev Ay by { 0 otherwise.

and transitively define E‘g = EgmUﬁ oEgmUﬁ if V:i=UNUgNUg, etc. Then
the assumptions of Lemma 1 are satisfied.

Remark 3. Of course such a drastic “switch-on / switch-off” definition as
in this lemma would hopelessly fail for a sheaf of smooth functions on a
manifold as in Remark 2.

Proof. A disjoint decomposition as in Equation (17) exists since i is a
cover, so X = JU,. For example (well-)order the set I and then let x € X,
if and only if « is the (unique) smallest element of I such that x € U,. It

remains to prove the properties (2) and (3). For (2) observe that for every

point y the map E“//a ores% on Ay isidy, if y € ¥, and zero otherwise. Since

il is a finite cover and the X, form a disjoint decomposition, the equality
Z E“;a (e} res“fa = ld]:(v)
ael
follows, proving property (2). Next, we need to verify the equation
> res“fﬁ 0By =Y Egjﬁ o resgzﬁ .
ael acl
On the one hand, for every point y the map E“;fﬁ o res“;zﬂ on Ay is idy,
if y € Vo NEa. As U is a finite cover and the ¥, are pairwise disjoint,
. \% . : .
summing over a € I means that ) Evf 5 © res&iﬂ on Ay is idy, if y lies in
the set
U (Vaﬁﬂza):‘/gﬂ U (VQQEQ)ZVBQ U Ya=VgNX=Vs
ael acl acl
since ¥, C Vi, so the right-hand side on A, is ida, if y € Vg and zero
otherwise. On the other hand, for every point y the map res“fﬁ OE&X on A,
is idg, if y € ¥y N V. Again, for varying o these sets are pairwise disjoint
and the union is all of Vj, so on the left-hand side ) ., res“fﬁ OEXQ on A,
is id4, if y € V3 and zero otherwise. This proves (3). O

2.2. Explicit formula for H™ (X, ICnM) — CH" (X). We may apply
the general formalism of the previous section to the flasque sheaves which
occur in the Gersten resolution of the XM -sheaves.

Proposition 2. Suppose U = (Uy)acr is a finite open cover of X and
f=(fs.5.) € H" (U, KLN) — H" (X, KM
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a representative of a sheaf cohomology class in H" (X,IC,I\L/[). Fiz o disjoint

decomposition X = J,c128a as in Lemma 2. Then the image of f under the
comparison map B : HM(X, KM) — CH"(X) is given by

]_[ g hon € Z
rneXn

n—1 0
hyn = Z T Z ( ;n 0--0 8;1 )fa(zo)a(xl).,.a(x"—l)oz(a:");
zn-lexn-l z0eX0
where:
e The sums run over all chains such that zP*1 € {xP}.
e a(zP) denotes the unique index in I such that xP € Xy (yp) holds.

In particular the sum has only finitely many nonzero terms. Define

EP9(81) := C4 (u, 1T &5, (H(x)))

zeUP

The objects (EE? (1)) can be arranged as a bicomplex. The two differentials
are taken from the Gersten and Cech complex respectively. Along with
it we obtain the bicomplex spectral sequence of cohomological type with
differentials (p,q) — (p+ 7,9 — r + 1) on the r-th page, denote its pages by
TEY® . The TE)-page has entries

TEPT(Y) .= HY (u, ]_[ K, (n(x))) .

zeUP

Any refinements of the open cover 4 induce a morphism between the re-
spective bicomplexes. Then the colimit of the TE; -page over all refinements
yields

M JE—
COliIIlu TEf’q (L[) = { HxEXP Kg—p (’%(55)) igf‘ g ; 8

since the colimit of the Cech complex computes sheaf cohomology and the
above sheaf is flasque. We conclude,

(18)  colimy TES? (1) = coker H k(z)* — H Z | =CH"(X).
zeXn—1 reXn
We also see that in the colimit the entire second page is supported in a

single row, so it is clear that this page is already the same as the TE-page.
Moreover, for the second spectral sequence associated to the bicomplex, call
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it 7Er®, we get

(19)  TEM ) =C | Wker( [T K (s(2)) = T Kali (w(2))

zeUo zeU!
= C7 (s, KN .

Again, after taking the colimit of all refinements, we arrive at HY (X , IC;\;[)

on 7EY? = EXI. All entries of the second page outside this column
vanish. As a result, we may explicitly compute the comparison maps

H" (X, K)) — CH" (X).

Proof of Proposition 2. Suppose we start with an element in H™(X, KM).
This element comes with an open cover 4 on which it can be defined, say

(fpo..6,) € H" (SLKC3T) — H™ (X, KY) -
After fixing this cover, it remains to take (arbitrary) representatives of the
element in H™ (4, KM) = *Eg’q (4) on the Ep-page, i.e., in _>E8’n (0.

H (U, KM) « 7BV 2 EP? (as it stems from Equation (19)), follow a
zig-zag in the bicomplex

07
Ey"
OT 1 1 1
(20) Eo,nf N E07n—
/I\
' — By gt

and conclude by sending the resulting representative in TE( 0 (L) along
TESO(4) — CH™ (X).

The arrow comes from taking the colimit over all refinements of the cover,
as in Equation (18). Write

£, € KM, (5(x)  with o, € I € X7

for the components of an element in E*? ({). Then for each step

EPa
™

Epa-1 . prtlg-1

we may use the contracting homotopy of Lemmata 1 and 2 to find a preimage
of an element in EP? in EP4~1: So, pick a disjoint decomposition X, for the
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fixed open cover 4. This yields

(pq 1) 2: Uso..-Bq-1 (pq)
0. Bg—1lz UaBo Bg—1 0450 Bg—1lz
acl

(p.)

o(z)Bo...Bq—1|
if we agree to write «(x) for the (unique!) a € I such that x € X,. For the
rightward arrow EP4~1 — EPT1.4=1 we just need to follow the map induced
by the differential of the Gersten complex. Thus, for y € X?P~1

1,4-1)
Tasn= 2 %L gy e
{zrexr|ye{z}}
where 9, denotes the component of the differential in the Gersten complex
going from x € XP to y € XP*!. Now, use induction along the whole zig-zag
in Diagram (20) (for this it is advisable to write 2P instead of x and zP*!
instead of y). This shows that the resulting

i~ (fg2) < 55 - (s 1 2]

zeXn

is given by the Cech 0-cocycle

n,0) Ln—1 20
f(o|:c”: Do D @m0 00 faeo)ateh).aten 1)

zn-lexn-l z0eX0

where the sums run over all chains such that 2"~ € {a"=2},... 2! € {20}
(i.e., the closures of 2°, ..., 2"~ ! form a chain of irreducible closed subsets of
X of increasing codimension). This 0-cocycle glues to a global section, so if
we want to read off the x™-component of the global section, we may use for
this any open Ug, such that 2 € Ug,. To make the formula as symmetric
as possible, we may in particular choose fy := « ("), giving the claim. O

Remark 4 (Dropping smoothness). Let us explore what happens if we drop
the assumption that X be smooth. Even in the nonsmooth case we have a
morphism

zelU0 zeUl 0n

as in Equation (14); but it need not be a quasi-isomorphism anymore. The
sheaves in the complex on the right-hand side are still flasque. Thus, we
still get a morphism

g H™ (X, KN — CHPY (X)),
but it will usually neither be injective nor surjective. This should not come

as a surprise, for n = 1 this is just the classical map from Cartier to Weil
divisors. See [Gil05, §2.6] for a discussion to what extent the cohomology
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groups H" (X , IC};/I) provide a good replacement for Chow groups for singular
varieties. Note that the product on the right-hand side of Equation (1)
(resp. Equation (5)) still makes sense for singular varieties

HP (X, KM) @7 HY (X, KM) — BP9 (X, kM) 25 crrte(x),

while there is no natural product structure on the Chow groups.

3. The cup product

We quickly recall the construction of the cup product in Cech cohomology.
For general sheaves F,G with values in abelian groups, the tensor sheaf
F ®z G (where Z denotes the locally constant sheaf with value Z) has stalks

For Cech cochains on an open cover i = (U, )qecs one defines the Z-bilinear
pairing

(21) —: CP(U, F) x CUL, G) — CPHI(U, F 7 G)
L F Ua e g Ua e
(f ~ g)OCO-..Ocp+q T reSUagAAaZ#,q fao...Oép ® reSUaz,“a:iZ gO(p...ap+q7

where 7 res and 9 res denote the restrictions to smaller opens of the sheaves

F, G respectively. The identity
5(f—g)=0f —g+(-1)"f—dg

is easy to show and proves that Equation (21) induces a pairing of Cech
cohomology groups, the cup product. It becomes associative on the level of
cohomology groups.

Remark 5. If one defines the cup product in a derived setting as the mor-
phism ’U’ in

—:RI(X,F) ®3 R['(X,G) = RI(X, F 2% G),

this cup product relates (after taking the colimit over all refinements of
covers) to the one in Equation (21) by composing with RI'(pr), where pr :
F ®% G — F ®gz G is the natural morphism.

Next, the product morphism in Milnor K-theory induces a morphism of
KM-sheaves

K g K = KL

it is defined as the usual multiplication in the Milnor K-groups K})\/I (k(zx))

which appear in the term ], 0K} (5(2)) in Equation (9). One checks
easily that this is well-defined. Whenever the Milnor K-theory sheaf agrees
with the plain sheafification of Milnor K-theory (as explained in Remark 1),
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this agrees with the multiplication as discussed in Equation (5) in the intro-
duction. This induces a morphism of Cech cochain groups and composing
this with the cup product, we get morphisms

CP(8, K1) @z CULL KN — CPH(U, K @z K — CPH(UL KL ).

After taking the colimit over refinements of the cover, this yields cup prod-
uct counterpart of the product on the Chow ring as in

(22) CHP(X) ®z CHY(X) —— CHPHI(X)

J |

HP(X, ICIIE/I) ®z HY(X, ICS/I) —— HPTI(X, ICI%q).

For algebraic K-theory the compatibility of products was first established by
Grayson [Gra78]. If X is smooth proper of pure dimension p, an inductive
use of this compatibility yields the intersection form on Weil divisors (=
Chow 1-cocycles)
CH'(X)®---®CH! (X) — CH? (X)
(2] @@ [Zp] — [Z1] — - — [Z].

Proposition 3. In the situation of Proposition 2 the intersection form for
Weil divisors Z1,. .., Z, is given by the explicit formula

<Z17 et ZTL) = Hmnethxn E CH” (X)
xnfl .TO n
hgn := Z On - 0% {folé(mO)a(ml), fi(xl)a(mg), e fa(mnfl)a(mn)} €z,
20

gn—1 .
where f* = (f! B)aﬁg with féﬁ € 0% isa Cech representative of the line
bundle isoclass determined by Z; under the usual map
(23) DivX — H° (X,K%/0%) /H(KY) — H' (X,0%),
where the middle term is the group of Cartier divisor classes.
Proof. Firstly, KM = O%, so the passage ol : CH! (X) = H! (X, /Cll\/[)
reduces to the classical comparison of Weil and Cartier divisors as in Equa-
tion (23) (or Equation (6)). Now, if each Z; is given by a Cech 1-cocycle
(f&.5)a,er on a fixed open cover U = (Ua),ep, We may unwind the lower
row in diag. 22 explicitly (using Equations (5) and (21) inductively):

1 — fl 2
(f — fp)ﬁo...gn = foopy T8 fgnflﬁ’n

1 2
= {fﬁ’o/ﬁﬂ f51,32’ T ’f/gn—l,ﬁn} € Iq\l/l (U/BO---ﬁn) :
Now invoke Proposition 2 to translate this into a conventional representative
for an algebraic cycle. O

Remark 6. If one prefers to think in terms of H? (X,K%/0%), let g, €
K% (Ua) be alocal equation cutting out the divisor Z;. Then under the map
in Equation (23) we find f! 5= gzﬁ/gfx
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4. Relation to residue calculus

There is a natural morphism of sheaves of abelian groups,

dlog : Kp! — QF

X/k
da da
(an, oy} e 3005 da
al Gp

For p = 0 this is supposed to mean that dlog : Z — Ox, 1z — 1;. The map
respects the product structures on either side and the Steinberg relation due
to

da d(1-—a) da da

1-— _»— A —" = A =0.
{a, a} a 1—a a l—a

In particular, we get an induced morphism of sheaf cohomology groups

dlo
HP(X,IC,") =5 HP(X, Q% ).

The left-hand side term is only an abelian group. For the right-hand side
we recall that both the categories of abelian group sheaves as well as quasi-
coherent sheaves have enough injectives; one can choose a simultaneous
resolution in both categories, so it does not matter in which of these two
categories one computes the right-hand side (except that the k-vector space
structure is not visible if one works with sheaves of abelian groups). Assume
p+q=n. We get a pairing

HP(X, KM) ®g7 HI(X, KM) ——— H™(X, KM) —— CHy(X)

| J |

where the isomorphism in the upper row is our usual comparison map =
CH" (X) = CHo (X) (since we assume X is smooth of pure dimension n),
the isomorphism of the lower row is the trace map coming from residue
calculus. Moreover, there are commutative squares

T

M (5 (2)) — KM (5 ()

p
Y4 p—1
RO e G LANYS
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This transforms the formula of Proposition 3 into
(24) dlog hxp

o mp*l :EO
= E resyp, ---Tes;

zp—1, 20

(d 10g £ (y0ya(ary A - A dlog fg(xp_l)a(xp))

91 1 9
= g resﬁ§71 ---resi(l) (d log ?(x JAA dlog pa(zp) >
9a(z0) Ga(ar-1)

zp—1, 20

if g¢, denotes a local equation cutting out the divisor Z; as in Remark 6.
This is also a formula for intersection multiplicities, yet it is less precise as
Proposition 3 as it does not give a zero cycle, but just an intersection numer
(= degree of the zero cycle).

Remark 7. This formula is a Cech cohomology analogue of an intersection
multiplicity formula due to Hiibl and Yekutieli in the context of higher
adeles, see [HY96, Proposition 2.6]. This in turn generalizes a formula due
to Parshin [Par83, §2.2, eq. 4. & use Corollary].

Concluding this section, we shall use slightly more technology than in the
previous ones, but otherwise continue our discussion seamlessly.
Following Rost [Ros96, §5] we may more generally pick a cycle module M
instead of just Milnor K-theory. Denote by

(25) M(U) = ker ([epo M (5(x)) — Hpern M (k(2)))

the associated Zariski sheaf. By [Ros96, Cor. 6.5] there is a canonical
isomorphism H? (X, M) — AP(X; M) (the latter group is the cohomology
of Rost’s cycle complex). Without any change in the argument in §2.2 we
obtain an explicit description for this map as well (with the same formulal).
The only change is that the boundary maps 0 run along the graded parts
of the cycle module M — M_; — --- — M_, where they would run down
K}J\/I — = K(l)vI = Z in the above case. Picking Milnor K-theory as the
cycle module one recovers precisely the discussion of §2.2. For the record:

Proposition 4. Let M be a Rost cycle module, M the associated Zariski
sheaf. Suppose s = (Uy)acr is a finite open cover of X and

[ = (fs..,) € H" (U M) = H" (X, M)
a representative of a sheaf cohomology class. Fix any disjoint decomposition

X = UnerZa as in Lemma 2. Then the image of f under the comparison
map H"(X, M) — A™(X; M) is given by
[ xnhan; hyn € M_, (k(x))

with
n—1 0
han = Yty -+ Yaoexal@ o0 028

)foa(zo)a(a:l)...a(x”—l)oz(:r:n) ’
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where 0y is the boundary map of the cycle module, 2" and a(z?) as in Propo-
sition 2.

Proof. Exact copy of the proof of Proposition 2, except two details: The
cokernel in Equation (18) becomes a cohomology group of the cycle com-
plex, namely Rost’s A™(X; M). The kernel in Equation (19) is precisely the
definition of M (see Equation (25)). O

5. Example with negative self-intersection

We wish to give an example of an explicit computation of a negative
self-intersection number using the methods of this text. For the sake of ex-
position we shall use the formula based on Milnor K-theory (Proposition 3),
although for this particular computation the simpler residue formula, Equa-
tion (24), would be sufficient. No moving will be used. To keep the example
sufficiently simple, we consider Hirzebruch surfaces F,, (n € Z). They can
be described either as the toric surface of the fan (see [Dan78] §1-3 for toric
generalities; or [CLS11], [Ful93])

oo = Re; + Rey o1 = Rey, + R(—e; + ney)
oy = R(—e; + ney) — Rey o3 = Re; — Rey,
S,

Gy
[
3 23

(depicted left for n = 2) or as the projectivization of the vector bundle
m : E — P} given through (’)P}C(n) & Op: on P.. For n = 0 one has

Fy ~ P,l€ X P}g. Explicitly, the smooth proper surface Fj, is patched from
affine opens

Up = Speck[X,Y] Uy = Speck[X 1, X"Y]
Us = Speck[X 1, X"y 1] Us = Speck[X,Y 1]
(all isomorphic to A?) along the intersections
Uor = Speck[ X1, X, Y] Uiz = Speck[X "Y1 X"y, X!
Usps = Speck[X 1, X, Y] Ups = Speck[X,Y, Y1
(all isomorphic to Al x Gy, ). All other intersections of two opens, e.g.,
Uge or Uhs, are 2-tori, Speck[X, X 1Y, Y 1] ~ ank. The same holds
for all triple intersections like Upia, Up1s, etc. These opens U; correspond
to the toric affine opens coming from cones o; (associated to orbits of the

torus action if we view F,, as an equivariant compactification). In particular,
= (Ui)i=0,1,2,3 is an open cover we may use for Cech cohomology. Define
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V = F, \ Uy as the reduced closed complement of Uj. Using the same cover
as for F,, this locally comes down to

Vo =Uo\ Uy = 2,

Vi = Uy \ Uy = Spec k[ X"Y],

Vo= Uz \ Dx-1(x-ny-1) = Speck[X 1, X "Y1 /(X7 - (XY ),
Vs = Us \ Uy = Spec k[X].

In particular V; ~ A,1€, V3 ~ A,lﬁ, V5 is reducible and its irreducible compo-
nents are both isomorphic to A}. The closures (in the whole surface F,,) Vi
and V3 are both isomorphic to P,lC (with Via ~ Gy, 1 and Vo3 ~ Gy, 1 the
overlaps of the two copies of Ai), they intersect in a single closed point in
V5. Moreover, Vi3 = @. For the construction of the contracting homotopy
in Lemma 2 we now may use the disjoint decomposition of F), (as a set!)

Yo:=Uy, X1:=VNU;, Xo:= (V\Ul) NUy, X3:= (V \ (Ul U Ug))

Graphically, the decomposition of the complement V is depicted on the
right in the above figure. The two circles represent Vi and V3 (~ P}).
Summarized, F;, decomposes as follows:

e (codim. 0) the unique generic point 7 lies in Xq;

e (codim. 1) the generic points of all integral curves of Uy are in 3.
31 contains only the codimension 1 generic point of V4, %1 contains
only the codimension 1 generic point of V3, X3 does not contain any
codimension 1 points;

e (codim. 2) the closed points of Uy all lie in ¥. The closed points
in ¥ are the closed points of V; ~ Al (the single additional closed
point of its closure Vj lies in X9 — it’s the same point as the in-
tersection V1 N V3), the closed points in X3 are the closed points of
V3 ~ A,lC (the single additional closed point of its closure V3 lies in
¥3). X3 consists only of this closed point.

Now we wish to study the divisor D associated to the cone spanned by
ey, 1.e., oo N o71.

Claim. We have self-intersection D - D = —n.

The divisor D is an effective Cartier divisor in H°(F,,, > /O*), which we
may represent in our Cech cover through

C():Y ClzXnY 02:1 63:1

in HY(U,K*/O*). The associated line bundle is given by (& ;);; in the
group H'(4, O%) so that

Cor = X" Co2 = y~! Co3 = y~!

Gl = X"y ! Gi3 = X"y ! oz = 1.
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Thanks to Proposition 3 the self-intersection number D - D comes down to
the computation of various boundaries in Milnor K-theory, namely

Il CEO ~ -
(26) hy2 = Z az2 azl {ca(mo)a(x1)7coc(xl)a(;t?)}'

2,20

As the formula Equation (26) really mostly depends on the values of a(x?)
for various i, it is convenient to do a case-distinction depending on these
values. Since a(z%) = 0 always (there is only one generic point and it lies in
Yo), we are left with {éa(xO)a(ml), Ea(zl)a(m2)} =

la(@?) /a(=h)][0]1 | 2 |3 ‘
0 0[]0 % %
1 0[0 Y- x"vy [ {Y 1, X"V}
2 0 {X", X "Y~1}10 0
3 0 {xX", XY~} 10 0,

where * indicates an element of the shape {a,a"1}.

Remark 8. While these elements are usually nonzero, we have {a,a 1} =
{a, —1}, so they are 2-torsion. Thus, when being mapped to an intersection
number, i.e., to Z, they necessarily vanish, so we may disregard them already
here.

In Equation (26) the value a(z!) = 3 is impossible since Y3 does not
contain generic points of curves. The value a(x!) = 2 is only possible if
! = V3, but the only nontrivial entry is at a(z?) = 1, however by the
nature of our decomposition no closed points on the curve V3 lie in ¥j.
Thus, only for a(z') = 1 nontrivial symbols occur. Note that a(z!) = 1
implies ! = V| and all the closed points of V] lie in ¥; and s, so the
case a(r?) = 3 is also impossible. For a(z?) = 2 the closed point must be
V1N Vs, given by 22 = (X1, X "Y 1) in Uy = Speck[X 1, XY 1] and
2! |r,= V1 |u,= (X~1). Hence, the whole sum of Equation (26) reduces to
the single expression

DD =d%d" {X", X "Y1} = 9%9", (—n{X "L, X "Y1})
= L {XY 1} = —n[z® 1] = —n € Z

since x is a closed point of degree 1 on F,. Here [22, 17] refers to the zero
cycle represented by 1z at the closed point x2.
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