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Introduction

The classical Riemann-Roch problem can be stated as follows in modern language. For
a compact Riemann surface X of genus g and a divisor D on X, how can we calculate
dim H°(X,Ox(D))? There is no general answer to this question. Instead, we can show that

dim H°(X, Ox (D)) — dim H*(X,Ox(K — D)) =degD +1 — g,
where K is the cotangent bundle of X and deg D is the degree of D. This is the Riemann-
Roch theorem for Riemann surfaces. Invoking Serre duality and writing £ = Ox (D), we see
that the Riemann-Roch theorem is equivalent to
dim H°(X, £) — dim H (X, L) = / + cl(£)> :
X

where ¢; is the first Chern class and KV is the dual of K. The left-hand side of this equation
is the Euler characteristic x(X,£). Now, one would like to generalize the Riemann-Roch
theorem to compact complex manifolds X of any dimension, i.e., to give a formula for x (X, £)
when £ is a line bundle on X. The general formula was shown by Hirzebruch ([Hirz]): for
any holomorphic vector bundle £ on a compact complex manifold X, we have that

N(X,E) = /X ch(€) td(X),

where ch(€) is the Chern character of £ and td(X) is the Todd class of the tangent bundle
Tx of X. Now, the above theorem is known as the Hirzebruch-Riemann-Roch theorem and
could also be interpreted as

some cohomological invariant of £ = / (some characteristic class of X and &).
X

By now, the importance of the FEuler characteristic
X(X,E) =) (~1)"dim H'(X, E)
was noticed.

In proving a Riemann-Roch theorem for smooth projective varieties, Grothendieck took on a
completely different approach. For starters, the base field C was replaced by a field of any
characteristic. Hirzebruch’s analytic methods are thus not applicable. Also, Grothendieck
proved a “relativized version” of the Riemann-Roch theorem which is much more powerful
than Hirzebruch’s theorem. For example, in a review of Grothendieck’s work for Mathematical
Reviews, Bott wrote “Grothendieck has generalized the theorem to the point where not only it
is more generally applicable than Hirzebruch’s version, but it depends on a simpler and more
natural proof”. Moreover, while developing “the” right setting for his theorem, he developed
many new concepts such as K-theory and A-rings while providing new perspectives for in-
tersection theory and characteristic classes. By “the” right setting, we mean Grothendieck’s
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2 INTRODUCTION

idea to consider all coherent sheaves (i.e., not just the locally free ones) and to replace the
cohomology ring by the Chow ring.

We can explain Grothendieck’s approach by looking a bit closer at Hirzebruch’s theorem. Let
X be a compact complex variety and let f be a morphism from X to a point. We can rewrite
Hirzebruch’s theorem as

(1) S (=1) dim R f.€ = f. (ch(€) td(X)),

where f, on the left-hand side is the direct image functor (i.e., global sections) and f, on the
right-hand side is the Gysin homomorphism (i.e., integration). Now, let X be a projective
smooth variety over a field k with structure morphism f : X — Speck. Assuming we have
defined “the” right objects, the Riemann-Roch theorem for f should be similar to equation (1).
A proof of such a theorem could then be approached as follows. One starts by embedding
X into a projective space P} via a closed immersion ¢ : X — P7. Then, one proves
equation (1) with f replaced by i and combines this with some simple facts about projective
spaces. Grothendieck actually took a much more general approach and considered morphisms
f X — Y of smooth projective varieties. As it turns out, there is not a big difference
between the proof of the above case and this case because f factors into a closed immersion
X — P% and the projection Py, — Y. Now, the Grothendieck-Riemann-Roch theorem
can be summarised in the following statement: if f : X — Y is a proper morphism of smooth
quasi-projective varieties over a field k, the following diagram

ch-td(X)

lf! if*
Ko(v) —2 4(vyezq

is commutative. The objects and the maps will be explained in Chapter 1 and 2. We
give examples and applications of the Grothendieck-Riemann-Roch theorem in Chapter 3.
The Grothendieck-Riemann-Roch theorem turns out be of fundamental value in the study
of heights for certain covers of varieties fibered over a curve as we shall see in Section 6 of
Chapter 3.

A ring will always be unitary, associative and commutative unless stated otherwise.

Ik wil graag Bas Edixhoven bedanken. Ik heb met groot genoegen gewerkt aan deze scriptie
waarvan het onderwerp mij werd voorgelegd door hem. Ik voel me ook genoodzaakt hem te
bedanken voor de hulp die hij me heeft geboden vanaf de dag dat ik hem vroeg of ik in Parijs
kon studeren. Uiteraard ben ik ook veel dank verschuldigd aan meneer Murre. Onze lange
gesprekken over wiskunde hebben zeker een grote rol gespeeld in mijn keuze om verder te gaan
in de wiskunde. In het bijzonder hebben ze de beslissing naar Parijs te gaan ook een tikkeltje
zwaarder gemaakt. Je tiens a remercier Professeur Bost d’avoir accepté de me diriger o Paris.
Ces conseils étaient d’une grande aide. Ik wil ook graag Robin de Jong bedanken voor zijn
suggesties en het corrigeren van deze scriptie. This thesis would not have been possible if it
weren’t for the Algant programme. Doing my first year in Paris was one of the most amazing
experiences I have had educationwise. Ik dank Arno voor het beantwoorden van mijn vragen.



CHAPTER 1

Grothendieck’s Kj-theory

1. Grothendieck groups

Let C be a full additive subcategory of an abelian category A.

ExXAMPLE 1.1. The category of A-modules is abelian for any ring A. The category of finitely
generated A-modules is a full additive subcategory. It is abelian if and only if A is noetherian.

Let Ob(C) denote the class of objects in C and let Ob(C)/ = be the set of isomorphism classes!.
Let F(C) be the free abelian group on Ob(C)/ =, i.e., an element T' € F(C) is a finite formal

> nx[X],

where [X] denotes the isomorphism class of X € Ob(C) and nx is an integer.

DEFINITION 1.2. To any sequence

(E) 0 M’ M M 0

in C, which is exact in A, we associate the element Q(E) = [M] — [M'] — [M"] in F(C). Let
H(C) be the subgroup generated by the elements Q(FE), where E is a short exact sequence.
We define the Grothendieck group, denoted by K (C), as the quotient group

K(C)=F(C)/H(C).

e The Grothendieck group K(C) depends on A. Therefore, we will always make explicit
what A is. In case C itself is abelian, we will always take A = C.

e The class of an element « € F(C) in K(C) is denoted by clg(a) or just cl(«). This
gives us a homomorphism cl : F(C) — K(C) such that any homomorphism F(C) —
A of abelian groups which is additive on short exact sequences factors uniquely
through K(C).

e Since C C A is an additive category, it has finite direct sums and a zero object.
Clearly cl(0) = 0 and cl(M) = cl(M') in Ky(C) for any two isomorphic objects M
and M’ of C. By the fact that the sequence

0O—M—MON—N—>0
is exact in A, the addition in K¢(C) is given by cl(M & N) = cl(M) + cl(N).

ExAMPLE 1.3. Let us give some examples.

Here we should restrict ourselves to categories C for which Ob(C)/ = is a set. Such categories are called
skeletally small categories.
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1. GROTHENDIECK’S Ko-THEORY

Let A be a ring and let C denote the (abelian) category of A-modules. To avoid set-
theoretical difficulties, the reader may consider A-modules of bounded cardinality.
For any A-module M, it holds that M & (P,,eny M) = P,,en M. Thus

(M) + (D M) = (P M)
neN neN

and cl(M) =0 in K(C). We see that K(C) = 0.
More generally, for any additive category C which admits countable direct sums, we
have that Ko(C) = 0. (This is independent of the abelian category .A.)
Let A be a principal ideal domain and C denote the (abelian) category of finitely
generated A-modules. By the structure theorem of A-modules, any finitely generated
A-module is isomorphic to the direct sum of a free module and a torsion module,
where the latter is isomorphic to a direct sum of cyclic modules. The rank of a
finitely generated A-module is defined as the rank of its free part. The rank gives
us a surjective map rk : Ob(C)/ =— Z which induces a surjective homomorphism
from F(C) to Z. Since the rank is additive on short exact sequences, it induces a
homomorphism K(C) — Z. For any nonzero ideal I = (z), we have a short exact
sequence

0 A—=A AJT 0

and therefore that cl(A/I) = 0in K(C). Thus, since the rank of A equals 1, the rank
induces an isomorphism from K(C) to Z.

Let A be a ring and let C,, be the category of finitely generated free A-modules of
rank 0 or rank greater than or equal to some fixed positive integer m. Since it has
finite direct sums and the zero object, it is an additive subcategory of the abelian
category C of finitely generated free A-modules. Assuming A # 0, for m > 2, the
kernel of the natural projection A™+!1 — A™ is not an object of C,,. Therefore, C,,
is not an abelian subcategory in this case. Assuming A is a principal ideal domain,
the reasoning above shows that the rank map induces an isomorphism K (Cp,) = Z
with generator cl(A™"1) — cl(A™). In particular, the natural inclusion C,, C C
induces an isomorphism on the level of Grothendieck groups.

Let A be a local ring with residue field k. Let C denote the category of finitely
generated projective A-modules viewed as a full subcategory of the abelian category
of A-modules. By Nakayama’s Lemma, every finitely generated projective A-module
M is isomorphic to a free A-module of rank equal to dimy M ® 4 k. We see that the
rank induces an isomorphism K (C) = Z.

Let C be the category of finite abelian p-groups for some prime number p. The length
of such a group induces an isomorphism K (C) — Z.

The above construction of the Grothendieck group coincides with the more general construc-
tion of the Grothendieck group associated to an exact category in [Weibel, Chapter 11.7].

2. The Grothendieck group of coherent sheaves

References for the basics of coherent sheaves are [Liu, Chapter 5] and [Har, Chapter IL.5].
Although we will precise this always, every scheme will be noetherian.

Let X be a noetherian scheme.
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Let Coh(X) denote the category of coherent sheaves on X. It is a full abelian subcategory of
the category of Ox-modules. If X = Spec A is affine, the global sections functor I'( X, —) gives
an equivalence of categories from Coh(X) to the category of finitely generated A-modules.

Its quasi-inverse assigns to each finitely generated A-module M the coherent sheaf M.
DEFINITION 1.4. The Grothendieck group of coherent sheaves of X, denoted by Ko(X), is
defined as

Ky(X) := K(Coh(X)) = F(Coh(X))/H(Coh(X)).
For a ring A, we write Ko(A) = Ky(Spec A). By the equivalence of categories, Ky(A) is the
Grothendieck group associated to the category of finitely generated A-modules.

ExamMpLE 1.5. Let K be the function field of P,lf and let n be its generic point. The map
Ko(P}) — Z & Z given by F — (dimg F,), x(P!, F)) is an isomorphism.

EXAMPLE 1.6. Let x be a closed point in X. Then Ky({z}) = Ko(k(z)) = Z.

For completeness, we state the following well-known Lemma ([BorSer, Proposition 1]).

LEMMA 1.7. Let U be an open subset of X and let F be a coherent sheaf on U. Then there
is a coherent sheaf G on X such that G|y = F. Moreover, if there is a coherent sheaf G on X
with 7 C G|y, then there is a coherent sheaf 7' on X which extends F such that 7/ € G. [

Recall that the support of a coherent sheaf 7 on X, denoted by Supp F, is the subset of
points € X such that F, # 0. Since the stalk F, = 0 if and only if F|y = 0 for some open
neighborhood U of x, the support of F is a closed subset of X. In fact, Supp F is the closed
subscheme defined by the sheaf of ideals Ann F and F is the extension by zero of a coherent
sheaf on V(Ann F).

LEMMA 1.8. Let F be a coherent sheaf on X with support S. Then there is a filtration
F=FoDF1D...0F, =0,
where F; is a coherent sheaf on X with support in S, such that F;/F;_; is an Og-module.

PROOF. Let Z be the ideal sheaf defining S in X. It suffices to show that Z"F = 0 for
some integer n € Z. Then the filtration

F=I'FoIFo>T?’F>..2I"'F>0

will be of the desired form. Thus, let z € S and let U = Spec A be an affine open subset of
X containing x. Let I be the ideal of A defining U NS and let M = F(U). Note that M is a
finitely generated A-module. For f € I, let D(f) be the complement of V' (f) in Spec A and
note that M ®4 Ay = 0. That is, all elements of M are annihilated by a power of f. Since
M is finitely generated, there is an integer r € Z such that f"M = 0. Therefore, since I is
also finitely generated (A is noetherian), there is an integer s € Z such that I°*M = 0. Now,
covering X by a finite number of affine open subsets, we see that Z"F = 0 for some integer
n € Z. g

THEOREM 1.9. (Localization sequence) Let Y C X be a closed subscheme of (the noe-
therian scheme) X and X\Y = U. There exists a sequence

Ko(Y)— Ko(X) —= Ko(U) —=0

for which the first arrow is induced by extension by zero of sheaves from Y to X and the
second arrow is induced by the restriction of sheaves from X to U. This sequence is exact.
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PROOF. It is clear that this sequence exists. (The extension by zero is an exact functor in
this case and so is the restriction of sheaves.) By Lemma 1.7, the map on the right is surjective.
Furthermore, it is clear that the composition of the two maps is zero. Therefore, we have
a natural surjective homomorphism 3 : A — Ko(U), where A = Ko(X)/im(Ko(Y)) is the
cokernel of the first map. To prove the theorem, it suffices to give an inverse v : Ko(U) — A
to 5.

Firstly, suppose that F is a coherent sheaf on U which extends to a coherent sheaf G on X.
We claim that the image of G in A only depends on F. To prove this we consider another
extension G’ of F and the diagonal embedding

F—FxF=(Gx3)u.

By definition, the composition with a projection on the first or second factor is given by the
identity morphism F — F. By Lemma 1.7, there exists a coherent subsheaf G’ € G x G’
such that G”|y = F. Therefore, there is also a morphism ¢ : G” — G which induces the
identity on U. The exact sequence corresponding to the morphism ¢ shows that

cl(ker p) — cl(coker ) = cl(G") — cl(G).
Since Suppker ¢ N U = Supp coker ¢ N U = (), we see that Supp ker ¢, Supp coker o C Y. By
Lemma 1.8, we have that cl(G”) — cl(G) is in the image of the map Ky(Y) — Ko(X). We
conclude that G” = G in A. Similarly, one can show that G” = G’ in A. Therefore, G = G’
in A. Thus, for any extension G of F, we may denote its image in A by v(F). To finish the

proof, we shall show that the map v : Ko(U) — A is well-defined (i.e., the assignment ~ is
additive on short exact sequences). To prove this we let

0 F' F F 0
be a short exact sequence of sheaves on U. By Lemma 1.7, we may choose an extension G of
F to X. Then F’ extends to a subsheaf G’ of G and F” extends to the quotient sheaf G/G’.

This shows that the map -y is indeed additive on short exact sequence, by the fact that it is
independent of the extension one chooses. (Il

COROLLARY 1.10. For any noetherian scheme X, it holds that the restriction homomorphism

1
Ko(X xz SpecZt]) — Ko(X xz SpecZ]t, E])
induced by the open immersion Spec Z[t, %] — Spec Z]t] is an isomorphism. In particular,

for any noetherian ring A, we have that Ko(Alt]) = Ko(A[t, }]).

PROOF. The open immersion Spec Z]t, %} — Spec Z[t] induces an open immersion X Xz,
Spec Z[t, 1] — X xzSpec Z[t] by base change. Note that the closed subscheme X xzSpec Z =
X is the complement of X xz Spec Z[t, %] By the exact sequence

Ko(X) — Ko(X xz AL) — Ko(X xz SpecZ[t, }]) —=0,

it suffices to show that the first homomorphism Ko(X) — Ko(X xz Ay) is zero. To prove
this, note that we have a short exact sequence of coherent sheaves

0——>p*F —1>p*F a 0.

Here p : ALY — X is the projection and i : X — A is the closed immersion (as above). [
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ExaMPLE 1.11. Let p be a maximal ideal of a principal ideal domain A and let n > 1 be an
integer. Note that A/p™A is a zero-dimensional local noetherian ring. The length induces an
isomorphism Ky(A/p™) — Z with generator the class of A/p.

EXAMPLE 1.12. Let n > 1. Let A be a principal ideal domain and let Y C Spec A[z1, ..., %)
be the closed subscheme defined by the ideal I C A and choosing 1 = 22 = ... = x, = 0.
There is an exact sequence of abelian groups

Ko(A/I) — Ko(A}) — Ko(U) —0,

where U = Ay — Y. Let us show that the homomorphism Ky(A/I) — Ky(A"}) is the zero
map. We distinguish two cases.

(1) Suppose that I = 0. We have a short exact sequence of A[zxy,...,z,]-modules
0—— Alx1] —= A[z1]] —= A ——0.

This shows that the class of A is zero in Ky(A’}). Since K¢(A) = Z with generator
(the class of) A, we conclude that Ky(A) — Ko(A'}) is the zero map,
(2) Suppose that I # 0. For any nonzero ideal J = 2 A, we have a short exact sequence

of A-modules

0 A A AlJ 0.

Therefore, the homomorphism Ky(A/I) — Ko(A) is zero. From the functoriality
of extension by zero, we can conclude that the composition Ko(A/I) — Ko(4) —
Ko(A'}) is zero.

For a morphism f : X — Y of schemes, the direct image of a sheaf 7 on X is denoted by
f«F. This defines a functor f, from the category of sheaves on X to the category of sheaves
onY.

ExaMPLE 1.13. For a closed immersion f : X — Y, the direct image coincides with the
extension by zero of a sheaf. In particular, the functor f, is exact in this case.

ExaMpPLE 1.14. For a field £ and morphism f : X — Speck, the push-forward coincides
with the global sections functor f. = I'(X, —). In general, this functor is only left exact. Its
right derived functors in the category of sheaves on X are the cohomology functors H*(X, —).

Recall that f, is right adjoint to the inverse image functor f~'. Therefore, it is left exact.
We can form the right derived functors R’ f, in the category of sheaves on X. These functors
are called the higher direct image functors. It is not hard to see that, for any sheaf 7 on X,
it holds that R!f.(F) is the sheaf associated to the presheaf

Vs H (Y V), Fly-1v))

on Y. In particular, for any noetherian and finite-dimensional scheme, we have that R’ f, = 0
when ¢ > dim X.

EXAMPLE 1.15. Let k be a field and let f : A} — Speck be the projection. Then f.k[z]
can be identified with the the k-module k[z] which is clearly not finitely generated. Thus,
the direct image does not preserve coherence necessarily. Note that f is not proper. (Make a
change of basis by taking the product of A,lC over k and note that the image of the hyperbola
xy — 1 is not closed.)
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EXAMPLE 1.16. Suppose that f is a closed immersion. Then R f, = 0 for i > 0. Furthermore,
since f is a finite morphism, we have that R f,F is coherent if F is coherent.

Let f: X — Y be a morphism of noetherian schemes. Recall that the derived functors of
f+ in the category of sheaves on X coincide with the derived functors of f, in the category of
O x-modules.

THEOREM 1.17. Suppose that f is proper. Let F be a coherent sheaf on X. For any ¢ > 0,
the higher direct image R’ f.F is a coherent sheaf on Y.

PROOF. Since the question is local on Y, we may assume Y = Spec A is affine with A a
noetherian ring. Now, let us show that

(2) R'f.F = H(X,F)

as sheaves on Y. Firstly, note that this holds for ¢ = 0 by the fact that f.F is quasi-coherent
on Y. Secondly, since the “tilde” functor ~ from the category of A-modules to the category
of Oy-modules is exact, we see that both sides of (2) are d-functors from the category of
quasi-coherent sheaves on X to the category of Oy-modules. But both sides are effaceable
for ¢ > 0. (Any quasi-coherent sheaf 7 on X can be embedded in a flasque, quasi-coherent
sheaf.) Thus, there is a unique isomorphism of §-functors which gives the isomorphism in (2)

—_—

by the fact that RVf,F = I'(X,F). We conclude that R'f.F is quasi-coherent. Since the
coherence is a bit more tricky, we will now assume f to be projective. This will suffice for
our applications. The general proof uses Chow’s Lemma ([Har, Chapter II, Exercise 4.10]),
which says that proper morphisms are fairly close to projective morphisms.

By the above, we have to show that H(X,F) is a finitely generated A-module when f :
X — Spec A is projective. There is a closed immersion i : X — P} for some integer m.
This allows us to reduce to the case X = P’}'. Explicit computations in Cech cohomology
show that H*(X,F) is finitely generated for sheaves of the form Ox(n), n € Z. The same
holds for direct sums of such sheaves. Now, for a general coherent sheaf F on X, we have a
short exact sequence

0 —K—=E& —F—0.

Here € is a direct sum of sheaves Ox(n) and K is coherent. In fact, there exists an integer
n < 0 such that the twisted sheaf F(—n) is generated by its global sections. Since X is quasi-
compact, we may cover X with a finite number of open affine subsets U; (i = 1,...,d). On
each U;, we have that F(—n)(U;) is generated by a finite number of global sections. Therefore,
there exist a finite number of global sections si,...,s, € F(—n)(X) which generate F(—n)
on every open U;. Therefore there is a surjective morphism O — F(—n). Tensoring this
with Ox(n) gives a surjective morphism O% (n) — F. Its kernel is K by definition. Now,
the long exact sequence of cohomology applied to the above short exact sequence implies the
result by descending induction on <. O

From the previous theorem we get the following facts. For any coherent sheaf 7 on X, the
element cl(R'f,F) is well-defined in Ko(Y). Then, assuming X to be also finite-dimensional,
the alternating sum > (—1)%cl(R!f..F) is well-defined in Ky(Y). Note that the long exact
sequence for derived functors shows that the map [F] — > (—1)%cl( R’ f..F) is additive on short
exact sequences and therefore induces a homomorphism Ko(X) — Ky(Y'). This morphism
is denoted by fi. By the Leray spectral sequence, we have that gjo fi = (g o f)i.
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We conclude that Ky is a covariant functor from the category of noetherian and finite-
dimensional schemes with proper morphisms to the category of abelian groups. To a morphism
f+ X — Y one assigns the morphism of abelian groups f; : Ko(X) — Ko(Y) given by
Fel(F) = S (~1)cl(RTf.F).

The proof of the following Proposition illustrates a technique called Dévissage.

PROPOSITION 1.18. The extension by zero Ky(Xeq) —> Ko(X) is an isomorphism.

PROOF. We treat the affine case X = Spec A, where A is noetherian. Let I = /0 be the
nilradical of A. Since A is noetherian, there exists a positive integer n such that I™ = 0. For
any module A-module M, we have a chain of submodules

0=I"McI"'Mc...cCIMCM
such that I'M/I'"" M = I'M ® 4 A/I is a module over A/I. We see that
(M) = cl(M/IM) + cl(IM/I*M) + ...+ cl(I"' M)

in Ko(A). This implies that the homomorphism Ky(A/I) — Ky(A) is bijective. (In fact,
from the above filtration for M, it is clear that the homomorphism Ky(A/I) — Ko(A) is
surjective. An inverse to this morphism is given by assigning to the class of each A-module
M the element > cl(I'M ®4 A/I) in KY(A/I). Tt is easy to see that this is well-defined and
inverse to the homomorphism Ky(A/I) — Ky(A).)

In the general case, the reader may verify that the proof is similar to the proof of Lemma 1.8.
In fact, for any coherent sheaf F on X, we have a chain of subsheaves

F=FoDF1D...0F,=0

such that F;/F;_; is an Oy, ,-module. To prove this, one covers X with a finite number of
affine open subsets. O

3. The geometry of K(X)

Let A be a noetherian ring and M a finitely generated A-module. The support of M is the

subset Supp M = SuppM C Spec A. We already noted that Supp M = V(Ann M), where
Ann M = {a € A | aM = 0} is the annihilator of M in A. The following Theorem (which
can be found in [Ser]) is a bit more precise then Lemma 1.8.

THEOREM 1.19. There exists a chain of submodules
O=MycMyC...CM,=M
such that M;/M;_1 = A/p;, where p; is a prime ideal of A. O

Let X be a noetherian scheme. The class of a coherent sheaf F in K(X) is denoted by cl(F).

DEFINITION 1.20. A cycle on X is an element of the free abelian group Z(X) on the closed
integral subschemes of X. That is, an element of Z(X) is a finite formal sum »_ ny [V], where
V is a closed integral subscheme of X and ny is an integer.
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REMARK 1.21. For any open subset U C X with complement Y C X, we have a split exact
sequence of abelian groups
0—2Z2Y)— Z(X)— Z(U) — 0.

The first map is induced by the inclusion ¥ C X and is clearly injective. The second map is
induced by the restriction map [V] — [V NU]. Its left-inverse is given by assigning to each

closed integral subscheme V of U its closure V in X. The latter is again an integral subscheme
of X. The exactness in the middle is verified easily. We conclude that Z(X) = Z(Y)® Z(U).
In particular, Z(X) = Z(Xyeq)-

The following theorem reveals the geometric nature of Ko(X).

THEOREM 1.22. The homomorphism Z(X) — Ky(X) defined by [V] — cl(Oy) is surjective.

PrOOF. The affine case goes as follows. If X = Spec A is an affine scheme, the above map
v:Z(X) — Ko(A) is given by [V (p)] — cl(A/p). Let M be a finitely generated A-module,
where A is a noetherian ring. By Theorem 1.19, it has a chain of submodules

0O=MycMyC...CM,=M
such that M;/M;_1 = A/p;, where p; is a prime ideal of A. This implies that

cl(M) = cl(A/pn)+cl(Mp—1) = cl(A/pn)+cl(A/pn1)+. . .+cl(A/p1) = Y ([V(pa)]+- - +[V (p1)])-

Now, for the general case, let U = Spec A be an open affine in X with complement Y.
The groups Z(Y) and Ky(Y) are independent of the closed subscheme structure put on Y.
By noetherian induction, we may assume that Z(Y) — K(Y) is surjective. We have a
commutative diagram

0——2Z(Y)— Z(X) zU 0,

R

Ko(Y)— Ko(X) —= Ko(U) —=0

where the rows are exact. The homomorphism Z(U) — K(U) is surjective. By a diagram
chase, we conclude that the homomorphism Z(X) — Ky(X) is surjective. O

Let us briefly return to the affine setting. That is, let M be a finitely generated A-module,
where A is a noetherian ring. For the convenience of the reader, we include the proof of the
following theorem.

THEOREM 1.23. The support of M consists of only maximal ideals if and only if M is of finite
length.

PROOF. Suppose that M is of finite length and let 0 = My C My C ... C M,, = M be
a composition series, i.e., we have that M;/M;_1 = A/m; with m; a maximal ideal. Then we
have exact sequences

0—M; — M;y1 — M1 /M; —0 .
By induction, we have that

Supp M = U}"_; Supp M;/M;_1 = U; Supp A/m; = {my,...,m,}.
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Conversely, suppose that Supp M consists of only maximal ideals. We may suppose that
M # 0. Then SuppM # (. Let (x1,...,2,) be a minimal set of generators for M and
consider the proper submodule N generated by (x1,...,2,-1). It is clear that Supp M =
Supp N U Supp M/N. Therefore, by induction on n, it suffices to show the theorem for M
cyclic. (A composition series for N and M /N gives rise to a composition series for M.) To
prove this, let x € M such that M = Ax. Note that M = A/ Ann(z). By the assumption
that Supp M = Supp A/ Ann(z) = V(Ann(z)) consists of only maximal ideals, we have
that all prime ideals containing Ann(x) are maximal. This implies that the noetherian ring
A/ Ann(z) is zero-dimensional. In particular, A/ Ann(z) is artinian. Thus M is of finite
length over A/ Ann(z) since it is both noetherian and artinian. But since Ann(z)M = 0, we
have that M is of finite length over A. O

EXAMPLE 1.24. Let k be a field. Let us show that Ko(A) = Z - k[z] @ Z - k[y], where
A = klz,y]/(zy). We claim that Ky(A) is generated by the classes of the A-modules

klz] = A/(y), k[l =A/(x), k[z]/(f) = A/(y, f), kll/(9) =A/(z,g),
where f € k[x] is an irreducible polynomial and g € k[y] is an irreducible polynomial. Let us
verify this. Take a finitely generated nonzero A-module M. We have precisely two generic
points: 7, and 7,. The residue field of 7, is k(y) and the residue field of 7, is k(z). Let
r = rk M, be the rank of M at 1, and let s = rkM(,). Clearly, we have an injective
homomorphism
klz]" ® kly]® — M

whose cokernel N is torsion. Since N is torsion, it has finite support. Therefore, its support
must consist of only maximal ideals. (It can’t contain a generic point. Else it would be
infinite.) Thus, it has a composition series by the above Theorem. As in the proof of Theorem
1.22, this shows that N is a finite sum of the form

ST nped®[zl/ () + Y. mg-c(k[y]/(9)

f irreducible g irreducible

in the Grothendieck group. (In Ky(A) write N as the sum of the simple quotients that appear
in its composition series.) This proves the claim. Now, for any nonzero f € k[z|, the short
exact sequence of A-modules

0 — klz] — k[z] — k[z]/(f) — 0

shows that the class of k[z]/(f) is zero in Ky(A). Similarly, for any nonzero g € kly], the
class of k[y]/(g) is zero in K((A). Hence K(A) is generated by (the classes of) k[x] and k[y].
These are linearly independent over Z. In fact, suppose that a - k[z] + b - k[y] = 0, where
a,b € Z. Take the rank at (y) to see that @ = 0. Similarly, take the rank at (x) to see that
b= 0. Thus, we conclude that Ko(A) = Z - k[zx] & Z - k[y].

We now go back to geometry.

Let X be an algebraic scheme, i.e., a scheme of finite type over a field. In particular, we
have that X is noetherian and finite-dimensional. The free abelian group Z(X) = Z'(X) =
B,z Z"(X) is graded by codimension. Here Z"(X) denotes the free abelian group on the
closed integral subschemes of codimension 7. For a cycle a € Z'(X), we let o be its
component in Z"(X). Now, for later use, we shall formulate a “graded” version of Theorem
1.22.
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REMARK 1.25. If we let Z,.(X) denote the free abelian group on the closed integral subschemes
of dimension r, then Z,(X) = Z""(X) when X is an n-dimensional separated irreducible
scheme of finite type over a field. If X is not irreducible and separated, these gradings might
not be renumberings of each other.

EXAMPLE 1.26. Let k be an algebraically closed field and let X = Speck[t] = A}. Then
Z%X) =17 and Z'(X) = k(t)*/k*.

Suppose that X is separated and irreducible.

REMARK 1.27. For any irreducible closed subset Y C X with complement U, the sequence
0—2"%Y) —2"(X) —Z"(U) —0
is split exact. Here ¢ = codim(Y, X) and r € Z.

In general, the Grothendieck group Ky(X) is not naturally graded. Instead, it has a topolog-
ical? filtration
Ko(X)=F'X>F'X>...... o pdmX x o pdimX+lx —

where we define '

F'X = (cl(F) € Ko(X) | codimSupp F > i).
Let F be a coherent sheaf on X and let w be a generic point of S. Since the local ring Og,,
is zero-dimensional, the stalk F, is of finite length over Ox .
DEFINITION 1.28. For a coherent sheaf F on X, we define the cycle

[F] = Z (lengthe,  Fu)[W] € Z'(X).

W CSupp F

Here the sum runs through all irreducible components W of Supp F with generic point w
which are of codimension 0 in Supp F. For a closed subscheme V of X, we put

[V]:=1[0v]= > (lengthy,  Ovu)[W] € Z'(X).
wcv

Also, for any integral subscheme V', this does not conflict with our previous notation for the
class of V in Z(X).

ExAMPLE 1.29. Let A be a principal ideal domain and X = Spec A. To give a coherent
sheaf on X is to give a finitely generated A-module M. For such an A-module M, there are
irreducible f1,..., f, € A such that M = A%M ¢ @l _| M(f;). Here M(f) = A/(f")®...®
A/(f™s) for some integers ni,...,ns. We can show that
rkM - [A] if M is not torsion
(" 4.+l A+ 4+ (0 ndn) - [A/f)] i M s torsion

The formula is obvious when M is not torsion. In case M is torsion, the formula is clear since
the length of A/f™A over A is n.

(M) =

ProposiTION 1.30. For any coherent sheaf F with support of codimension 7, it holds that
the image of [F] under the morphism Z"X — F"X/F™"1X equals the image of cl(F) in
F"X/F™1X. In particular, the homomorphism Z"X — F”X/F "1 X is surjective.

2Opposecl to having also another filtration which is called the ~-filtration.
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PrROOF. For any finitely generated A-module M, if p is a minimal prime ideal of Supp M,
the number of times A/p occurs in a filtration for M (as in the proof of Theorem 1.22) is
precisely the length of M, over A,. O

4. The Grothendieck group of vector bundles

Let X be a noetherian scheme. Let Vect(X) denote the category of vector bundles on X. By
abuse of language, a vector bundle on X will be a coherent sheaf on X which is locally free.
A morphism of vector bundles on X is a morphism of Ox-modules. For any noetherian affine
scheme X = Spec A, the global sections functor I'(X, —) gives an equivalence of categories
from Vect(X) to the category of finitely generated projective A-modules.

EXAMPLE 1.31. Let S and T be P}, where k is an algebraically closed field. Let 7: S — T
be the morphism given by [z : y] — [z" : y"]. Note that 7 is a finite morphism. Let m = r
mod n, where 0 < r < n. We have that

_ m+1l, em-r-1) m+1l. e+

mO(m) = O(| "™ =]~ 1) o™ - e,

To prove this formula, cover S by S; = Speck[s] and S = Speck[s~!]. Similarly, cover T
by T = Speck[t] and Ty = Speck[t™!]. Now, O(m)(S;) is a free k[s]-module of rank 1.
For any basis (e) of O(m)(S1) as a free k[s]-module, we have that (s72™e) is a basis for the
free k[1]-module O(m)(Ss). By the definition of ., we have that (.O(m))(T1) is O(m)(S1)
considered as a k[t]-module. Therefore, it has a basis (e, se,s?%e,...,s" te). Similarly, the
k[1]-module (m.O(m))(T») has a basis (s~2me,s~m+e, .. s=(m+n=le) We may order
these bases such that corresponding elements have exponents of s congruent modulo n. The
above formula now follows from some combinatorics. For example, when m = 0, we see that
we get a transition matrix between our bases which is diagonal with entries (1,71, ... ¢t71).
The corresponding vector bundle is thus @ @ O(—1)®(®~1), When m = 1, we get a transition

matrix (t71,...,t71 ¢,t). Therefore 7, O(1) = O(—1)2("=2) @ O(1)%2,

Note that Vect(X) is a full additive subcategory of the abelian category Coh(X). Therefore,
we may define its Grothendieck group via this embedding.

DEFINITION 1.32. We define the Grothendieck group of vector bundles on X, denoted by
K°(X), as

K°%X) = K(Vect(X)) = F(Vect(X))/H (Vect(X)).
For a ring A, we write K°(A) = K°(Spec A).

The tensor product with respect to Ox defines a ringstructure on K°(X) where the identity is
given by the class of Ox. In fact, note that any vector bundle is a flat O x-module. Therefore
the subgroup H(Vect(X)) is an ideal of the ring F'(Vect(X)). This also shows that Ky(X)
becomes a K%(X)-module when multiplication is defined similarly.

REMARK 1.33. For any vector bundle £ on X, there is a locally constant map rk : X — Z
which sends z to the rank of £,. One can easily check that this defines a homomorphism
K°(X) — HO(X,Z). In particular, if X is nonempty, the ring K°(X) is of characteristic
zero. (For a connected scheme, the kernel of the rank morphism rk : K%(X) — Z is the
starting point of the so-called v-filtration for K(X). See Chapter 2.)
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EXAMPLE 1.34. Let A be a principal ideal domain. Then the rank morphism K°(A) — Z
is an isomorphism of rings.

EXAMPLE 1.35. Let O be the ring of integers for a number field K. Then K°(Og) =
Z & Cl(Og), where Cl(Og) is the ideal class group. In fact, for any projective finitely
generated A-module M, there is a fractional ideal a of A and an integer n > 0 such that M
is isomorphic to a @ A™. Compare this to Proposition 3.1. The ringstructure on Z @ CI(A) is
given by (n,a)(m,b) = (nm,nb + ma).

Let f : X — Y be a morphism of noetherian schemes. By the adjointness of f, and f~1,
there is a natural morphism f~!0Oy — Ox. For a coherent sheaf F on Y, the inverse image
of F is denoted by f*F. Recall that it is defined as f*F = f~1F ®f-10, Ox. For a vector
bundle &, it holds that f*£ is a vector bundle of the same rank. Also, for vector bundles &
and & on Y, it holds that

f*(gl R0y 52) = f*gl Rox f*gg.

Moreover, f* takes short exact sequences of vector bundles into exact sequences. Therefore,
f* induces a ringmorphism K°(Y) — K°(X) again denoted by f*. One easily checks that
g o f*=1(go f)* for morphisms f: X — Y andg:Y — Z.

We conclude that K° defines a contravariant functor from the category of noetherian schemes
to the category of rings. To a morphism f : X — Y one assigns the morphism of rings
f*: K°Y) — K°(X) given by f*cl(€) = cl(f*€).

EXAMPLE 1.36. Let k be a field and A = k[z,y]/(vy). We have that K°(A) = Z with
generator the class of A. To prove this, let E be a finitely generated projective A-module.
Note that M, = A(x) and that M) = A(Sy), where r and s are the ranks. Localizing M at

the origin (x,%), we see that 7 = s. From this it easily follows that K°(A) is isomorphic to Z
under the rank mapping (at any generic point).

5. The homotopy property for Ky(X)

Let X be a noetherian scheme. Then Ky(X) obeys a certain localization sequence (Theorem
1.9) and it has a set of geometric generators (Theorem 1.22). Also, we have seen that the
extension by zero Ko(Xeq) —> Ko(X) is an isomorphism. In this section we shall show
that the group Ko(X xz AL) is naturally isomorphic to Ko(X). In particular, it follows that
Ky(A")) is naturally isomorphic to Ky(A) for any noetherian ring A. This will allow us to
compute the Grothendieck group of the projective n-space over a field.

Suppose that f : X — Y is a flat morphism of noetherian schemes. Then the functor
f* : Coh(Y) — Coh(X) is exact. Therefore, it induces a natural homomorphism f' :
Ko(Y) — Ko(X). We do not write f* for this morphism. (See Remark 1.66.)

Let A be a noetherian ring. The inclusion of rings A C A[t] is flat and induces by base
change a flat morphism p: X x4 A — X for any (noetherian) A-scheme X. This induces
a homomorphism p' : Ko(X) — Ko(X x4 AY).

LEMMA 1.37. Suppose that A is reduced. Then the pull-back morphism Ky(A) — Ko(At])
is surjective.
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PrOOF. We shall proceed by noetherian induction on Spec A. By the localization theo-
rem, for any a € A, we have a short exact sequence

Ko(A/aA) — Ko(A) — Ko(As) —= 0.
Similarly, we have a short exact sequence
Ko(A/aA[t]) — Ko(A[t]) — Ko(A4lt]) —0 .
It is easy to see that we have a commutative diagram

Ko(A/aA) Ko(A) Ko(Ag) —=0

|- l |

Ko(A/aA[t]) — Ko(A[t]) — Ko(Aq[t])) —0,

with exact rows. By the induction hypothesis, for any nonzerodivisor a € A, the homomor-
phism f, is surjective. Since A is reduced, the nonzerodivisors in A form a directed system
S, where a < b if and only if bA C aA. Since the direct limit of abelian groups is an exact
functor, we have a commutative diagram

lim,ecg Ky (A/(ZA) Ky (A) limges Ko (Aa) —0

X i l

limges Ko(A/aAlt]) — Ko(A[t]) — limges Ko(Ag[t]) — 0,

where the map f is surjective. Now, the total ring of fractions K = S~'A is a finite product
of fields [], F;. Also, for any a € S, the natural inclusion A, C K is flat and induces a
homomorphism Ky(A,) — Ko(K). The latter induces a natural isomorphism of abelian
groups limgeg Ko(Aq) = Ko(K) . Since Ko(K) = @, Ko(F;), we have a commutative
diagram

lim,es Ko(A/aA) Ko(A) D; Ko(Fi) ——=0
| i |
limges Ko(A/aA[t]) — Ko(A[t]) — D, Ko(F[t]) —0,

where the homomorphism on the right is surjective. By a diagram chase, the homomorphism
Ky(A) — Ko(A[t]) is also surjective. O

PROPOSITION 1.38. The morphism Ky(A) — Ko(A[t]) is surjective.

PROOF. Suppose that the morphism Ky(A) — Ko(AJt]) is not surjective. For any ideal
I C A, we have a commutative diagram

Ko(A/T) — Ko(A/I[t])

i |

Ko(A) Ko(Alt]),

where the vertical maps are induced from the extension by zero. Since A is noetherian, among
all ideals I C A such that Ko(A/I) — Ko(A/I[t]) is not an isomorphism, there is a maximal
one J C A. Then, the ring B = A/J is such that Ko(B/I) — Ko(B/I[t]) is an isomorphism
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for every nonzero ideal I C B. By Proposition 1.18, the ring B is reduced. Thus, by the
above Lemma, the map Ko(B) — Ko(B][t]) is an isomorphism. Contradiction. O

THEOREM 1.39. (Homotopy) Let X be a noetherian scheme. Then the projection p :
X Xz AlZ — X induces a bijective homomorphism

P Ko(X) — Ko(X xz Ab).
PROOF. Let us show that p' has a left inverse. This will imply that p' is injective. The

projection Z[t] — Z given by ¢ + 0 induces a section 7o : X < X x A} of p. Dropping the
subscripts, we have an exact sequence

0——=Oxyart —=0x a1t —=0O0x —=0

of coherent sheaves on X x A'. Thus, for any sheaf F on X x A!, it holds that
(L'ny F)Ox = Torl('gxX (Ox,F)=0

Al
whenever i > 2. Therefore, the map 7}, : Ko(X x A') — Ko(X) given by
cl(F) = cl(Tor(Ox, F)) — cl(Tort (Ox, F))
is a well-defined homomorphism. One readily checks that 7r6 op' =id.

Now, let us show that the map p' is surjective. Let U = Spec A be an affine open subscheme
of X. Then A = Ox(U) is noetherian. By applying the localization sequence to Y = X — U,
we have a commutative diagram

Ko(Y) Ko(X) Ko(A) —=0

| X |

Ko(Y x Al) —= Ky(X x AY) — Ko(Alt]) —=0

with exact rows. Also, the maps on the left and right are surjective by noetherian induction
and Proposition 1.38. By a diagram chase, we may conclude that p' is surjective. O

REMARK 1.40. One can deduce from the above theorem that, for any vector bundle £ — X,
the natural morphism Ky(X) — Ky(FE) is an isomorphism. (Here we view E as a scheme.)

Let us give an application of the homotopy property which is useful in proving the Grothendieck-
Riemann-Roch theorem (Theorem 3.6).

Let k be a field and suppose that X and Y are schemes of finite type over k. By base-change,
the projection morphisms X X, Y — Y and X x5 Y — X are flat. From the pull-back
construction above, these projections induce homomorphisms Ky(X) — Ko(X X Y) and
Ko(Y) — Ko(X xY) which give a natural homomorphism Ky(X)®Ky(Y) — Ko(X x;Y).

PROPOSITION 1.41. For any scheme X of finite type over k, the natural homomorphism
Ko(X) ® Ko(Py) — Ko(X x; PE)

is surjective.
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ProoF. We argue by induction on n. For n = 0, the statement is trivial. By the
localization sequence and the right exactness of Ky(X)® —, we have a commutative diagram

Ko(X) @ Ko(Pp~ ') — Ko(X) © Ko(Pf) — Ko(X) ® Ko(A}) —=0

: ’ ;

Ko(X x5 PP7h) Ko(X x5, P}) Ko(X xp AT) ——0

with exact rows. By the induction hypothesis, the map f; is surjective. By Theorem 1.39,
the map fs is bijective. By a diagram chase, we conclude that fs is surjective. ([l

6. Algebraic intermezzo: Koszul complexes, complete intersections and syzygy

Let A be a noetherian ring. For elements z1,...,x, in A and E the free A-module of rank
n with basis (e1,...,e,), we define the Koszul complex K*(x1,...,x,) associated to the
sequence (r1,...,x,) to be
0 A"E d An_lEL...JAlE:EL)AOE:AHO.
Here the boundary map d : APE — AP~LE is given by
P
d(eil VANPIAN eip) = Z(—l)]_lllﬁ@'jeil VANPIAN e%j VANAN €ip-
j=1

The reader may verify that d> = 0. Note that for any permutation o of the set {1,...,n}, the
Koszul complex K4(z1,...,x,) is isomorphic to the Koszul complex KA(xU(l), e T (p))-

ExXAMPLE 1.42. The Koszul complex associated to x1,x2 € A is the complex

0 A-To g2 9y 0,

where f:a— (axe,—axi) and g : (a,b) — azq + bxo.

DEFINITION 1.43. An element x € A is called regular if the multiplication by x is injective.
A sequence (z1,...,x,) of elements x1,...,x, € A is said to be a reqular sequence if x; is
regular and the image of x; in A/(z1A+ ...+ z;_1A) is regular for all i = 2,...,n.

REMARK 1.44. Any sequence of elements in the zero ring is regular. Suppose that A is not
the zero ring. Then a nonzero element x € A is regular if and only if it is a nonzerodivisor.
(The zero element is a nonzerodivisor.) Furthermore, a sequence (x1, ..., x,) is regular if and
only if the sequence (z1,...,zy,u) is regular for all units u € A.

ExAMPLES 1.45. We give some examples.

(1) Suppose that A # 0. Then (0,1) is not a regular sequence in A whereas (1,0) is.
Thus, regular sequences are not invariant under permutation in general.

(2) The sequence (x1,...,Zy,) is regular in A[zy,...,2,]/(1 —x1 — ... — ).

(3) Linear forms (f1,..., fn) in A = k[Xy,...,X,] define a regular sequence if and only
if they form a linearly independent set over k.

(4) Let A = k[z,y,z]/(xz —y). The sequence (z,y, z) is not regular in A.
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THEOREM 1.46. Let (z1,...,x,) be a sequence in A and let I be the ideal generated by it.
Assume [ # A.

(1) If (z1,...,xy) is regular, the augmented Koszul complex
0—=A"E— pnip o e e A —— A/T—0
is exact.

(2) If A is local and the augmented Koszul complex

0—> A"E —> Anlp o > E "> A ——> A/ —0
is exact, the sequence (z1,...,z,) is regular.
PROOF. See [Lang, Chapter XXI, Theorem 4.6, pp. 856]. O

EXAMPLE 1.47. Let k be a field. Suppose that A = k[z,y]/(xy) and m = (z,y)A. Let
k = A/m be the corresponding residue field. Consider the infinite resolution of free A-modules

g h g h g 12 ! A 2 0.

A? A? A? A?
Here

fi(s,t)—=sx+ty, g:(s,t)— (sy,tx) and h: (s,t) — (sz,ty).
It is easy to see that
k if ¢=0
k2 if i>0
To prove this we note that, after tensoring the above resolution with k, the maps become
zero. This shows that k does not have a finite projective resolution of A-modules. Else the
Torfl(k:, —) functors would be identically zero for i > 0. In particular, the Koszul complex

does not provide us with a resolution in this case.

Tor (k, k) = {

DEFINITION 1.48. An ideal I C A which can be generated by a regular sequence is called a
complete intersection in A. An ideal I C A for which the localization I, at any prime ideal
p C A is a complete intersection in A, is called a local complete intersection.

Any complete intersection in A is a local complete intersection. (Localization is exact.)

EXAMPLE 1.49. Let I be a complete intersection in A. Then the class of A/I in Ky(A) equals
zero. In fact, consider a Koszul resolution for A/l and use that the alternating sum of the
binomial coefficients is zero.

As the following proposition says, the number of equations defining a complete intersection
in Spec A is precisely its codimension.
PROPOSITION 1.50. Suppose that I is an ideal of A which can be generated by a regular
sequence (z1,...,%,). Then ht(I) =r.

ProoF. By Krull’s theorem, ht(p) < r. In particular, it holds that ht(I) < r. We shall
show by induction on dim A that ht(p) > r. Therefore, we may assume that the height of
p/x1Aisr—1in A/z1A. That is, there is a chain of prime ideals

PLGpe G Cpr=p
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with 14 C p1. Now, 1 does not belong to any minimal prime ideal. For, suppose that
x1 would belong to a minimal prime ideal. Since minimal prime ideals are associated to A,

we would have that z; is a zero divisor. But that contradicts the fact that (z1,...,z,) is a
regular sequence. Thus, we have that p; is not a minimal prime ideal. Therefore, there exists
a minimal prime ideal py such that pg C p1. We conclude that ht(p) > 7. O

Suppose that A is a local noetherian ring.

PRrROPOSITION 1.51. Any minimal set of generators for a complete intersection I in A forms
a regular sequence.

PROOF. We may and do assume that I # A. Let (z1,...,x,) be a regular sequence
generating I. Note that any minimal set of generators for I has precisely n elements. Thus,
suppose that (y1,...,yn) is a minimal set of generators for I. Then there exists an invertible
(n x n)-matrix A € GL,(A) such that a; = ) A;jb;. We see that A induces an isomorphism
of complexes K4(x1,...,2,) = K4(y1,...,9n). By Theorem 1.46, it holds that (y1,...,%»)
is a regular sequence. O

Let d = dim A. Recall that A is called regular if d = dimy(m/m?). Equivalently, the maximal
ideal m can be generated by d elements. Even better, the maximal ideal m of A is a complete
intersection. (Use that a local noetherian regular ring is an integral domain and Proposition
1.50.) By Proposition 1.51, for any system of parameters (x1, ..., z4) of A, the Koszul complex
KA(x1,...,2q) is exact if and only if A is regular.

LEMMA 1.52. Suppose that A is a local noetherian ring with residue field k. Let M be a
finitely generated A-module and suppose that Tor{'(k, M) = 0. Then M is free.

PRrROOF. Let (mi,...,m,) be a minimal set of generators for M and consider the exact
sequence
0 K AT ——M 0
where €: (a1,...,an) — > a;m;. The long exact sequence associated to Tor{!(k, —) gives us

a short exact sequence

k
00—k ®4 K —> Torf(k, A7) = k" — Tord (k, M) = k@4 M —=0 .

By Nakayama’s Lemma, e ® k : k" — k®4 M = M/mM is an isomorphism. Thus, 0 =
k®s K = K/mK. Again by Nakayama’s Lemma, K = 0. We conclude that M is free. ([l

THEOREM 1.53. (Syzygy) Suppose that A is a local noetherian regular ring. Let M be a
finitely generated A-module and let

0— N — FEgima-1 — ... —FEF1 —FEy— M —0

be an exact sequence of A-modules where the E; are free. Then N is free.

PROOF. The long exact sequence for the Tor functor shows that
TOF?(/{), N) = TOI‘émA+1(k, M)
This is called dimension shifting. Now, the Koszul complex provides us with a resolution for

k = A/m of length d = dim A. Therefore Tor’fl(k:, N) = Torglﬂ(k, M) = 0.Now, apply Lemma
1.52. ]
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In the next section we will give various applications of the syzygy theorem.

7. The Cartan homomorphism

Let X be a noetherian scheme. The embedding Vect(X) — Coh(X) of categories induces a
natural homomorphism K°(X) — Ko(X). This is called the Cartan homomorphism.

EXAMPLE 1.54. Let us give some examples of the Cartan homomorphism.

(1) Let p be a prime number, n > 1 an integer and A = Z/p"Z. The Cartan homomor-
phism Z = K°(A) — Ky(A) =2 Z sends 1 to n. (See Examples 1.3 and 1.11).

(2) Let A = k[z,y]/(xy). The Cartan homomorphism Z — Z @ Z is given by the
diagonal embedding. (See Example 1.24 and 1.36.)

LEMMA 1.55. Suppose that X is regular and finite-dimensional. Let F be a coherent sheaf
and suppose that

(3) 0—G—&— ... — & — & —F—0

is an exact sequence of coherent sheaves, where &; is a vector bundle for ¢ = 0,...,p. Then G
is also a vector bundle whenever p > dim X — 1.

PROOF. Firstly, note that G is coherent. Localize (3) at € X and apply Theorem 1.53
to conclude that G, is a finitely generated free Ox ;-module when p > dim Oy, — 1. Now,

we simply observe that dim X — 1 > codim({z}, X) — 1 = dim Ox, — 1 for all z € X. O

REMARK 1.56. Note that we used the finite dimensionality in an essential way here. Let us
give an example of an infinite-dimensional scheme such that the above theorem fails. Let k
be a field and let A = k x k[t1] X k[t1,t2] x .... Consider the exact sequence

0—K-—A4A—...—wA—A—Fk—0.

The map A — k is the projection. The second map is the projection A — A/k composed
with the inclusion A/k C A. At each stage, the kernel K is of the form A/(kx k[t1] x k[t1, t2] ¥
... X k[t1,...,ty] which is not locally free. Geometrically this corresponds to taking a point,
then adding a line, then adding a plane, etc.

ExaMPLE 1.57. Let X be a regular projective scheme over a noetherian ring A and let F be
a coherent sheaf on X. Write n = dim X and O = Ox. There exists an integer m € Z and a
positive integer > 0, such that F is a quotient sheaf of @" O(m) = O(m)®". (See the proof
of Theorem 1.17.) Therefore, by Lemma 1.55, we have a resolution of vector bundles

0—& —&i1— ... — & — & —F—0,

where &; is a direct sum of line bundles of the form O(m). Thus, the Grothendieck group of
coherent sheaves Ko(X) is generated by the classes of the line bundles O(m), where m € Z.
Of course, the same argument applies to K°(X). We see that the Cartan homomorphism
K°(X) — Ko(X) is surjective.

ExaMpPLE 1.58. We apply the above example to compute KO(PZ), where k is a field. Let
X =P} and O = Ox. We have an exact sequence of coherent sheaves

n+1

0—=0—=a"0(1) —=a(2)o@Q) — - —=@"'0(n) —= O(n+1) —=0.
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In fact, this is just a dualized Koszul complex. From this exact sequence, we get two important
facts. Firstly, writing & for the class of O(1) in K°(X), we see that (1 — &)"*! = 0. Here
we invoked the ringstructure on K°(X). Furthermore, we see that KY(X) is generated by
(1,€,...,6"). We will show that the surjective homomorphism Z"*! —s K°(X) given by
(ag, ..., an) — Y s a;E is an isomorphism of abelian groups. To prove this, we proceed in
two steps.

Firstly, note that £™ # 0 for 0 < m < n. In fact, for 0 < ¢ < n, the homomorphism
K°(X) — Z given by cl(€) — x(X,&(i)) maps & to dimy k[Tp, ..., Ty]; # 0. To finish
the proof, it suffices to show that the above surjective homomorphism Z"*1 — K°(X) is
injective. In fact, suppose that o = """ a;¢* = 0, where (ao, ...,a,) € Z"™\{0}. Choose i
maximal with a; # 0. Then

a;i=x(X,a- ) =0.
Contradiction. We conclude that

(L§...,€")

is a Z-basis for the abelian group K°(X). Also, the map Z[z]/(1 — x)" — K°(X) given by
x mod (1 —z)" +— £ is an isomorphism of rings with inverse given by

(&) = > x(X,E(@))2" mod (1 —a2)™.
=0

DEFINITION 1.59. If every coherent sheaf on X is a quotient of a vector bundle, we shall say
that Coh(X) (or just X) has enough locally frees.

ExaMPLE 1.60. Suppose that X is noetherian and has an ample invertible sheaf £. Then, for
any coherent sheaf F, there exists an integer m and an epimorphism O — F ®p, L&™.
Tensoring both sides with (£Y)®™, we see that any coherent sheaf on X is the quotient
of a vector bundle. Thus Coh(X) has enough locally frees. Since a scheme of finite type
over a noetherian ring A is quasi-projective if and only if it has an ample invertible sheaf, a
quasi-projective scheme over A has enough locally frees.

It turns out that the schemes we work with have enough locally frees if and only if they are
semi-separated. Let us make this more precise.

A scheme is called semi-separated if, for every pair of affine open subsets U,V C X, it holds
that U NV is affine. Note that separated schemes are semi-separated. (Suppose that X
is separated. Then the diagonal morphism A : X — X Xz X is a closed immersion. In
particular, it is affine. Therefore, for any pair of affine open subsets U, V C X, the intersection
UNV =AU x V) is affine.)

ExaMPLE 1.61. The affine line over a field with a double origin is semi-separated. This is
simply because any open of the affine line is affine. Similarly, the projective line with a double
origin is semi-separated.

ExXAMPLE 1.62. The affine plane over a field with a double origin is not semi-separated. This
is simply because A% — {0} is not affine.

REMARK 1.63. Suppose that X is a noetherian scheme which has enough locally frees. Then
X is semi-separated ([Tot, Proposition 1.3]). One can show a converse to this. Suppose that
X is a noetherian semi-separated locally Q-factorial scheme. Then X has enough locally
frees ([BrSc, Proposition 1.3]). In particular, a scheme which is smooth over a field has



22 1. GROTHENDIECK’S Ko-THEORY

enough locally frees if and only if it is semi-separated. Totaro actually shows that a scheme
which is smooth over a field is semi-separated if and only if the Cartan homomorphism
K°(X) — Ko(X) is surjective. The next theorem settles one implication, whereas Totaro
shows the reverse implication ([Tot, Proposition 8.1]).

THEOREM 1.64. Let X be a noetherian finite-dimensional regular scheme which is semi-
separated. Then the Cartan homomorphism K%(X) — Ko(X) is an isomorphism of groups.

ProoF. Let n = dim X. Note that X is Q-factorial. Therefore, every coherent sheaf is a
quotient of a vector bundle. Thus, we can construct a finite resolution of vector bundles by
a standard procedure. In fact, by Lemma 1.55, we have a finite resolution

0 En &o F 0

of vector bundles. Thus, the Cartan homomorphism is surjective. Let £ = &, ——= -+ ——= &

denote this resolution. Consider the element v(€) = >_(—1)%l(&;) in K°(X). Then (&)
only depends on F. This induces a homomorphism v : Ko(X) — K°(X) which is clearly
inverse to the Cartan homomorphism ([BorSer, Lemme 11,12]). O

EXAMPLE 1.65. Using the structure theorem, we showed that Ko(A4) = K°(A) = Z for any
principal ideal domain A. Alternatively, the Cartan homomorphism induces an isomorphism
Ko(A) = K°(A). Since any finitely generated projective A-module is free, the rank induces
an isomorphism K%(A) = Z.

Let us show why one wants to avoid schemes which are not semi-separated. Let X be the
projective n-space (over a field k) with a double origin. This is a smooth nonseparated scheme
over k. Let 0 be one of the origins of X and let U = P"™ be its complement in X.

We have an exact sequence Z — Ky(X) — Ko(U) — 0 associated to the closed point 0.

We claim that Ko(X) = Z @ Ko(U) = Z"+2. To prove this, note that we have a morphism
Ky(U) — Z given by the Euler characteristic. The composition Ko(X) — Ko(U) — Z
determines a left inverse to Z — K(X). Therefore, the homomorphism Ky(X) — Z @
Ko(U) given by cl(F) — (x(U,Fl|u),cl(Fly)) is an isomorphism of abelian groups. By a
similar argument and induction on m, if X is the projective n-space with m origins, we have
that

Ko(X) = Znm,

Now, let us determine K°(X). Firstly, suppose that n > 1. Since both origins are of codi-
mension at least 2, we conclude that K9(X) = K%(U) = Z"*!. (In fact, given a vector bundle
£ on U = P", we can clearly extend it to X by using the same data on the second origin.
Now, this extension is unique up to isomorphism. Assume that F is a vector bundle which
extends £. Let i : U — X be the inclusion. Then i*F = £. By the adjunction of i, and i~*,
we have a morphism F — 7, of coherent sheaves on X. The kernel of F — i,£ is zero on
U. Therefore, it is a torsion subsheaf of the vector bundle F. But this implies that it is zero.
Thus, we have a short exact sequence

0—F —i,&E—G—0,

where G is a coherent sheaf on X. The normality of X implies that G¥ = 2t (Ox,G) = 0.
Thus, dualizing the sequence gives us that FV = (i,£)Y. Since F is a vector bundle, we
conclude that F = (FY)V = (i.£Y)Y. We see that F is unique up to isomorphism.) Thus, the
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Cartan homomorphism K%(X) — Ky(X) is not an isomorphism. (By Theorem 1.64, this
implies Thomason’s observation ([ThTr, Exercise 8.6]) that X does not have enough locally
frees. To see this, one can follow the proof of Theorem 1.64 and arrive at a contradiction or
use Totaro’s theorem mentioned above.)

Now, suppose that n = 1. Then K°(X) = Z @ Ko(P!). (Here the factor Z should be
interpreted as Pic(P!).) In fact, any vector bundle on P! extends uniquely to X up to
the choice of a divisor as the above reasoning shows. The Cartan homomorphism is an
isomorphism in this case. Since X is semi-separated, this is consistent with Theorem 1.64.

Let X be a finite-dimensional noetherian semi-separated regular scheme. Since K°(X) has a
ringstructure given by the tensor product, we see that Ko(X) inherits a ringstructure from
K°(X) by the Cartan isomorphism. For F and G coherent sheaves on X, this product is

given by
dim X

cA(F)-cl(@) = > (—1) cd(TorP* (F, G)).
i=0
This is a direct consequence of the universality and additivity of the Tor functors.
REMARK 1.66. To a morphism f : X — Y of finite-dimensional noetherian semi-separated
regular schemes one assigns the composition of ringmorphisms

o Ko(Y) —== KOY) —= K%(X) —=> Ky(X)
which is given by f'cl(F) = 3 (—1)‘cl (Torzoy (Ox, .7-")) Assuming f : X — Y to be proper,
one can ask if fi : Ko(X) — Ko(Y) is a ringmorphism. The following Proposition shows
that this is not the case in general.
PROPOSITION 1.67. (Projection formula) For z € Ky(X) and y € Ko(Y), it holds that
filz- f'(y) = fi(z) - .

PROOF. It suffices to prove the equality for z = cl(F) and y = cl(€), where F is a coherent
sheaf on X and £ is a vector bundle on Y. Firstly, we have a natural isomorphism of coherent
sheaves

[ (€@ F) =€ fu(F).
(In fact, since the statement is local for Y, we may assume that ¥ = Spec A is affine and
& = Oy. Then, from the definition of f*, it follows immediately that f*F = O%. The
equation now becomes obvious.) Thus, for any vector bundle £ on Y, the functor given by
G = fu(f1(€)®G)
is left exact and its right derived functors coincide with those of the functor
g ER [iG.
Since £ is flat, we get the formula
R'f.(F) ®oy € = R'f(F @0y [*E).
This clearly implies the projection formula. O

COROLLARY 1.68. Suppose that f is an isomorphism. Then f' : Ko(Y) — Ky(X) is an
isomorphism of rings with inverse fi. O
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CHAPTER 2

Intersection theory and characteristic classes

1. Proper intersection

Let k be a field. A variety is a separated integral scheme of finite type over k. A subvariety
of a variety is a closed subscheme which is a variety.

Let X be a smooth quasi-projective variety. In particular, we have that X is regular.

Let V' (resp. W) be a closed subscheme of X and let [J; (resp. J2) be the sheaf of ideals
defining V' (resp. W). We let V. N W be the closed subscheme defined by the sheaf of ideals
J1+ Jo. We call VN W the scheme-theoretic intersection of V and W. By definition,
Ovaw = Ox/(J1 + J2). This can be geometrically interpreted as the following.

The set of solutions of the union of two systems of equations is the intersection of the set of
solutions of each of them.

By the canonical identity of A-algebras
AT ®s AT =A/T+J),

where I and J are ideals in the ring A, we have that Oy = Oy ®o, Ow. More directly,
the scheme-theoretic intersection of V' and W can be defined as the closed subscheme of X
given by V xx W.

The problem in defining “intersection products” of cycles is to associate an “intersection
multiplicity” iz (V, W) to any irreducible component Z of VNW whenever V and W intersect
properly. Let us illustrate this by an easy example.

EXAMPLE 2.1. Suppose that X = A} = Specklz,y], V = Speck[z,y]/(y> — ) and W =
Speck[x,y]/(x — a), where a € k. Intuitively, the intersection of V' and W should consist of
two points. By the above, the intersection is given by

V NW = Speck[z,y]/(y* — x,x — a).
Clearly, we have that k[z,y]/(y? — 7,2 — a) = k[y]/(y?> — a). If a # 0 and k is algebraically
closed, the Chinese remainder theorem shows that
V NW = Speck[y]/(y — va) L1 Speck[y]/(y + Va).

This clearly coincides with our intuition. Even for a = 0, we get that VNW = Spec k[y]/(v?)
which we can interpret as a double point. Of course, when k is not algebraically closed, we
also want the multiplicity to be 2. Serre gave a definition for the intersection multiplicity and
proved that it is the correct one. See Definition 2.2.

By [Ser, Chapter V, Paragraph B.6, Theorem 3], we have that codim Z < codim V +codim W
for any irreducible component Z of VN W.

25
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DEFINITION 2.2. We say that V and W intersect properly if, for any irreducible component
Z of VN W, we have that

codim Z = codim V + codim W.

It is clear that this is a local property. Now, suppose that V' and W intersect properly and
let Z be an irreducible component of VN W. We define the (local) intersection multiplicity
of V and W along Z, denoted by iz(V, W), as

iz(V,W) = (—1)'length o (Tor;'(A/I, A/.J)).

Here A is the local ring Ox . at the generic point z of Z, I is the ideal defining V' and J
is the ideal defining W. Moreover, we define the product cycle of V and W, denoted by
V]-[W]e ZX, as

V]-[W] =) iz(V,W)[Z].
Z

Here the sum is over all irreducible components of V NW. Similarly, we say that cycles a and
B on X meet properly if their supports intersect properly. In this case, we define the product
cycle of cycles o, f € Z'(X), denoted by « - 3, by linear extension. Also, we sometimes say
that the cycle « - 8 is defined if o and 3 meet properly.

It is clear that, if V and W intersect properly, we have that [V] - [W] = [W] - [V]. More
precisely, we have that iz(V,W) = iz(W,V) for any irreducible component Z of V N W.
Also, [V]-[X] = [X] - [V] = [V]. Using a spectral sequence argument as explained in [Ser,
Chapter V, Part C.3, pp. 114], we can show that this “product” is associative. This means
that for cycles «, 3, such that a- 3, (- ) -7, 5 -7 and a - (B - v) are defined, we have that
(a-B)-v=a-(B-v). Moreover, we can show that there is a “exterior product formula” and
that in order to calculate the product cycle we may “reduce to the diagonal”. For a more
precise formulation of these properties see [Ser, Chapter V, Paragraph C.3, pp. 114]. We
now come to the following important theorem.

THEOREM 2.3. Let Z be an irreducible component of VNW, where V and W are subvarieties
of X.

(1) If V and W do not intersect properly at Z, we have that iz (V, W) = 0.

(2) If V and W intersect properly at Z, we have that iz(V, W) > 0 and that iz (V, W)
coincides with the “classical intersection multiplicity” in the sense of Weil, Chevalley
and Samuel.

PROOF. This is [Ser, Chapter V, Part C, Theorem 1, pp. 112]. There are two key points in
the proof. These are the reduction to the diagonal and the fact that any system of parameters
for a regular local ring A determines a finite free resolution for A as an A ®; A-algebra by a
Koszul complex. O

EXAMPLE 2.4. Let P be the origin of A? = Speck[z,y]. Let V be the curve in A? given
by the equation (22 + y?)? + 322y — 3 = 0 and let W be the curve given by the equation
(22 + 9?)3 — 42%y? = 0. Then V and W do not have any common irreducible component,
i.e., they intersect properly. We have that ip(V, W) = 14. (Use the classical intersection
multiplicity and its well-known properties. See [Ful2, Chapter 3].)
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Let V and W be subvarieties of a smooth quasi-projective variety X.

Suppose that V' and W are in general position. That is, for every z € V N W there is an
affine open subset U C X such that J;(U) is generated by a regular sequence (z1,...,z;,)
and J»(U) is generated by a regular sequence (g1, ..., gs) with (f1,..., fr,91,-..,9s) aregular
sequence in Ox(U). Note that V and W intersect properly. In fact, by Proposition 1.50, if
A = Ox . is the local ring at a generic point ¢ of V NW, we have that codim A/(I+J) =r+s
with I = (f1,..., f,) the ideal defining V' at x and J = (g1, ..., gs) the ideal defining W at z.

PROPOSITION 2.5. Let (x1,...,z,) be a sequence in a local noetherian ring A and I the ideal

generated by it. Suppose that J is an ideal such that (z; mod J,...,z, mod J) generates

a proper ideal of A/J. Then (1 mod J,...,x, mod J) is a regular sequence in A/J if and
only if

A _JA/I+J) it i=0

Tor; (A/I,A/J)—{ 0 it Q40

ProoF. Consider the Koszul complex K4 (z1,.. ., z,) associated to the sequence (1, ..., x,).
Tensoring this with A/J gives us an isomorphism of complexes

KA(x1,. .. x0) @4 A)T = KA (2 + 0,y + J).
The result now follows from Theorem 1.46. O

COROLLARY 2.6. Suppose that V and W are in general position. Then Torl(-QX (Oy,0w) =0
for all ¢ > 1.

PrOOF. It suffices to show that, for any x € X, the stalk Tor?x (Ov, Ow)z = 0. We may
and do assume that x € VN W. Let U be an open affine containing . Then,

(Tor?X (O, ow)) = Tor " (Oy.p, Ow.a) = Torl(A/I, A/ J),

where A = Ox , = Oy, and I (resp. J) is the ideal defining V' (resp. W) in U. The result
now follows from the definition of general position and Proposition 2.5. O

REMARK 2.7. The previous Proposition shows that
A(Oy)cl(Ow) = Z(—nicl(Tor?X Oy, OW)) = c(Oy ®o, Ow) = l(Oyrw)
in Ko(X) if V and W are in general position. Also, we have that
V]- W] = iz(V,W)[Z] = length Oyrw;z[Z] = [Ovrw] = [V N W],
z z

We see that the product in Ky-theory coincides with the product cycle (under the homo-
morphism Z'X — Ky(X)) and that they both coincide with taking intersections. There is
a very deep relation between K-theory and intersection theory. See Section 4 for a modest
treatment of this.

ExaMPLE 2.8. Suppose that X is projective over a field k and let d = dim X. Let D be
a nonsingular hyperplane section of X. Then cl(Op)?*t! = 0 in Ko(X). In fact, take d
nonsingular hyperplane sections D1, ..., Dy such that

DNDiN...NDyg=0,



28 2. INTERSECTION THEORY AND CHARACTERISTIC CLASSES

and such that D; is in general position with the subvariety D;_1N...ND1ND (i =2,...,d).
Since all hyperplane sections are linearly equivalent, we have that the ideal sheaves of two
hyperplane sections are isomorphic. In particular, we have that cl(Op,) = Op fori =1,...,d.
By the previous theorem, it holds that cl(Op)®+! = cl(Opnpin...n,) = 0.

EXAMPLE 2.9. Let H be a hyperplane in X = P? and let h = cl(Op) in Ko(X) =& Z""1.
We claim that (1,h,...,h") forms a basis for the free abelian group Ko(X) = Z"*!1. Writing
¢ = cl(Ox(1)), we showed that (1,¢,...,£") forms a Z-basis for Ky(X) in Example 1.57.
Taking into account the ringstructure on Ko(X), this implies that (1,£7%,...,£7") is also a
Z-basis for Ko(X). The short exact sequence

0 — Ox(-1) Ox On 0

implies that €1 = 1 — h. Therefore, h’ # 0 for 0 < i < n. Now, suppose that Y 1 ,a;h! = 0.
Choose j minimal with a; # 0. By the previous Example, we have that 0 = h"—i S, a;h’ =
ajh?. Contradiction. We conclude that Ko(P}) = Z[h]/(h"*1) as a ring.

2. The Chow ring

Let A be a one-dimensional integral domain with fraction field K. For f € K*, f = ¢ with
a,b € R, we put
ord4(f) := length ,(A/aA) — length 4 (A/bA)
and call it the order of f. For any a,b € A\{0}, we have a short exact sequence
0— A/aA — AJabA — A/bA — 0.

Since length, is additive on short exact sequences, we have that ordy : K* — Z is a
homomorphism.

ExAMPLE 2.10. For a one-dimensional local noetherian regular ring A, hence a discrete val-
uation ring, the order of f € A coincides with the normalized valuation of f.

Let X be an algebraic scheme, i.e., a scheme of finite type over a field k. A prime divisor on
X is a closed integral subscheme of codimension 1.

DEFINITION 2.11. Suppose that X is integral. For any prime divisor W with generic point
w, we define ordy = ordoy ,, to be the order along W.

Let us show that, for any f € K(X)*, there are only a finite number of prime divisors W
with ordy (f) # 0. To prove this, we may assume that X = Spec A is affine and that f is
regular on X, i.e., ordy (f) > 0 for all prime divisors W on X. In particular, ordy (f) # 0 if
and only if W is contained in V' (f). (Here V(f) is the closed subscheme defined by the ideal
fA.) But since f # 0, we have that V(f) is a proper closed subset. Since X is noetherian,
we have that V(f) contains only finitely many closed irreducible subsets of codimension 1 of
U.

DEFINITION 2.12. For any subvariety V' of codimension r in X, and any f € K(V)*, define a
cycle [div(f)] of codimension 7 + 1 (with support in V') on X by

[div(f)] = ordw (f)[W] € 2" (X),
w
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where the sum is over all prime divisors W of V. A cycle a € Z"(X) of codimension r is said
to be rationally equivalent to zero in Z"(X), denoted by a ~ 0, if there are a finite number
of subvarieties Y; of codimension » — 1 in X, and f; € K(Y;)*, such that

a= [div(f)]

in Z"(X). Since [div(f~1)] = —[div(f)], the cycles rationally equivalent to zero form a
subgroup Rat" (X)) of Z"(X). The group of cycles of codimension r modulo rational equivalence
on X is the factor group

A"(X)=Z"(X)/Rat"(X).
We call A'(X) =& A"(X) the Chow group.

Just as for Ky(X), we have push-forward and pull-back maps for the Chow group.

Let f: X — Y be a proper morphism of varieties. Let V be a closed subvariety of X with
image W = f(V). (Recall that a subvariety is a closed subscheme which is a variety.) If
dimW < dimV, we set f.(V) = 0. If dimV = dim W, the function field K (V) is a finite
extension field of K(W), and we set

f(V) = [K(V) : K(W)]W.

Extending by linearity defines a homomorphism f, of Z(X) to Z(Y'). These homomorphisms
are functorial, as follows from the multiplicativity of degrees of field extension.

Let f: X — Y be a flat morphism of relative dimension s. For a closed subscheme V of Y,
set
FvI=1 vl

Here f~1(V) is the inverse image scheme (a closed subscheme of pure dimension dim V' + s)
and [f~1(V)] is its cycle. Extending by linearity defines a homomorphism f* of Z(X) to Z(Y))
of degree —n. These homomorphisms are clearly functorial. We can also define the pull-back
f*[V] when f is not flat. (Here we use that X is smooth.) See [Ser|. These definitions
coincide for flat morphisms.

THEOREM 2.13. Let f: X — Y be a morphism of smooth quasi-projective varieties.

(1) Let « be a cycle on X rationally equivalent to zero. Suppose that f is proper. Then
the cycle f.« is rationally equivalent to zero.

(2) Let a be a cycle of codimension r on Y which is rationally equivalent to zero in
Z"(Y). Then the cycle f*« is rationally equivalent to zero in Z"*(X).

(3) Let o be a cycle on X and let 5 be a cycle on Y. Suppose that f is proper. Then
f«(a- f*B) = fear - B whenever both sides are defined.

PROOF. See [Full, Chapter 1.3, Theorem 1.4], [Full, Chapter 1.7, Theorem 1.7] and
[Ser], respectively. O

The following Theorem will allow us to define the product cycle for any two cycles (not
necessarily meeting properly). Its proof can be found in [Chev].

THEOREM 2.14. (Chow’s moving lemma) Let V' and W be subvarieties of a smooth quasi-
projective variety X. Then the cycle [V] is rationally equivalent to a cycle a which meets
[W1] properly. O
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Before we make our definition of the Chow ring we need the following Lemma.

LEMMA 2.15. Given elements o and 8 in the Chow ring, let o/ and 3’ be cycles representing
them which meet properly (these exist by the Moving Lemma). Then the class in A" (X)) of
o - #' is independent of the choice of representatives o/, 3’ € Z'(X) and depends only on «
and 5.

Proor. We sketch the proof. Firstly, using the more classical description of rational
equivalence give in [Full, Proposition 1.6], it suffices to show the following statement. Let
V C X x; P! be a (s + 1)-dimensional subvariety dominating P'. Fix closed points a,b € P*
and let W, (resp. Wj) be the fibre of W — P! above a (resp. b). Now, let V be an -
dimensional subvariety of X such that V intersects both W, and W, properly. Then [V]-[W,]
is rationally equivalent to [V] - [W}].

Let p: X x P! — X be the projection. Note that [W,] = p«([W]-[X x {a}]). Similarly, we
have that [Wp] = p.([W] - [X x {b}]). Thus, we reduce to showing that

V1 pe((W] - [X x {a}]) ~rar [V] - pe([W] - [X x {}]).
The projection formula implies that
V] pu((W] - [X x {a}]) = pu([V x P]- (W] - [X x {a}])),
and similar for b. Thus we reduce to showing that
p([V x P (W] [X x {a}])) ~rar pu([V x P - (W] - [X x {b}])).

Now, we may apply the associativity for the product cycle to conclude that [V x P - ([W]-
[X x {a}]) = ([V x PY]-[W]) - [X x {a}], and similar for b. Thus we reduce to showing

ps(([V x P [W)) - [X x {a}]) ~rae (VX PY] - [W]) - [X x {B}])
which is true by [Full, Proposition 1.6]. O

The previous Theorem tells us that we can define a product on the Chow group by using
Chow’s Moving Lemma. This product is commutative and associative with unit element [X].

THEOREM 2.16. For every smooth quasi-projective variety X, there is a unique contravariant
graded ring structure on A'(X) such that:

(1) It agrees with pull-back of cycles contravariantly.

(2) For any proper morphism f : X — Y, we have that f, : A(X) — A(Y) is
homomorphism. Also, if g : Y — Z is another proper morphism, then g, o fi, =
(g0 .f)s

(3) If f: X — Y is a proper morphism, and o € A'(X), 8 € A(Y), then we have the
projection formula f.(a - f*(5)) = fe(a) - B.

(4) If « and f are cycles on X, and if A : X — X x X is the diagonal morphism, then
we have the exterior product formula a - 8 = A*(a X ).

(5) For subvarieties V' and W of X which intersect properly, we have that the product
of [V] and [W] coincides with the product cycle [V] - [W].

(6) Tt agrees with the product A'(X) x A"(X) — A™1(X) induced by intersection
with Cartier divisors. O]
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3. Chern classes in the Chow ring

Let X be a smooth quasi-projective variety over a field k. Let Pic(X) be the group of invertible
sheaves on X and let C1(X) = A'(X) be the divisor class group. Every divisor D on X
determines up to isomorphism an invertible sheaf Ox (D) (denoted by £(D) in Hartshorne)
and every invertible sheaf is of this type. This induces an isomorphism Cl(X) — Pic(X).
See [Har, Chapter II, Proposition 6.16].

DEFINITION 2.17. For any £ € Pic(X), we define the first Chern class of £ in Cl(X) by
c1(L) = [D], where [D] € CI(X) is such that Ox(D) = £ in Pic(X). Clearly, the homomor-
phism ¢; : Pic(X) — CI(X) is inverse to the homomorphism Cl(X) — Pic(X) described
above.

Let £ be a vector bundle of rank r and let 7 : P(£) — X be the associated projective
bundle. Let O(1) = Opg)(1) be the canonical invertible sheaf on P(£). Note that the
pull-back 7* : A(X) — A(P(£)) makes A(P(£)) into an A(X)-module.

EXAMPLE 2.18. Suppose that £ = O%. Then P(£) = P% = P} x; X. We have already
seen that Ko(P(£)) = Ko(X) ®z Ko(P},) is a free Ko(X)-module. If £ is the class of O(1)
in Ko(X), we have seen that Ky(Pj}) is a free abelian group with basis (1,&,...,£"). In
particular, Ko(P(&)) is a free Ky(X)-module with the same basis.

THEOREM 2.19. The Chow ring A (P(€)) is a free A’ (X)-module with basis (1,€,...,¢&"),
where £ = ¢1(O(1)) € AY(P(E)) C A (P(£)).

PROOF. We sketch the proof. We have to show that the map @[_g A (X) — A (P(£))
sending (zg,...,z,—1) to Zf;ol 7*(x;)€" is an isomorphism. Firstly, note that we have a
“localization sequence” for the Chow ring ([Full, Chapter 1, Section 5]). Therefore, by
induction on dim X, we may assume X is affine and £ is trivial. Then we have a projective
subbundle i : Py — P(&) of P(&) of rank r — 1 such that P(£)\P; is an affine bundle over
X. Then we use a (strong) “homotopy property” for the Chow ring as in [Full, Chapter
1, Section 8] and the fact that i.(A(P1)) = A(P(E) - ¢ to conclude that @&[_j A (X) —
A (P(€) is surjective. Now, the injectivity follows from the fact that =(7*(z) - ") = = and
me(m*(x) - €) = 0 for 0 < i < n. To prove this, we may assume that * = [X] and X is a
point. The assertion then follows from the fact that £ - [P(&)] is represented by any section
of P(E) over X. 0

DEFINITION 2.20. There exist unique elements a; € A*(X) (0 < i < r) such that
& —m*(ay) - € ¥ (ag) €2 — L+ (=1)"1*(ar) = 0.

We define the i-th Chern class of £, denoted by ¢;(€) € A(X), as ¢;(€) = a; for 1 < i <.
We put ¢o(€) = 1. Note that ¢;(£) =0 for i > r.

EXAMPLE 2.21. Let £ = Ox (D) be an invertible sheaf where D is in C1(X). Then P(£) = X,

O(1) = Ox(D) and 7 is the identity map. Therefore, we have that £ — 7%(a;) = 0 showing

that ¢1(€) = [D] as one would expect.

DEFINITION 2.22. We define the Chern polynomial of £, denoted by ¢;(£), as the element
a&)=14+c(E)t+ ...+ (E)

in the ring A(X)[t].
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THEOREM 2.23. There is a unique theory of Chern classes for X, which assigns to each vector
bundle £ on X an i-th Chern class ¢;(£) € A*(X) and satisfies the following properties:

CO: It holds that ¢y(&) = 1.

C1: For an invertible sheaf Ox (D), we have that ¢;(Ox (D)) = [D].

C2: For a morphism of smooth quasi-projective varieties f : X — Y and any positive
integer 7, we have that f*(c;(€)) = c;(f*(€)).

C3: If

0 & & & 0
is an exact sequence of vector bundles on X, then
ci(&) = (N (E)
in A(X)[t].
C4: We have that ¢;(£) =0 for i > rk £.

C5: The mapping € — ¢(€) can be extended to a homomorphism ¢; : Ko(X) —
1+ @2, AY(X) -t

PROOF. This is a theorem of Grothendieck in [Groth, Théoréme 1, pp. 144]. Grothendieck
shows that the Chern classes constructed above satisfy these properties. (In our case, C2 and
C3 are the only nontrivial properties to check.) One of the main ingredients in proving this
theorem is the splitting principle stated below. ]

EXAMPLE 2.24. Let f: X — Speck be the structural morphism and let & = O be free of
rank r. By C2, for any i > 1, we have that ¢;(O%) = f*c;(k") = 0.

The proof of Theorem 2.23 uses in an essential way the so-called Splitting principle for the
Chow ring and &.

THEOREM 2.25. (Splitting Principle) Fix a vector bundle £ on X of rank r. There exists
a smooth quasi-projective variety X’ and a morphism 7 : X’ — X such that 7* : A(X) —
A(X') is injective, and &' = 7*E splits. (That is, it has a filtration &' =) D& D ... D E. =0
such that £; = &_1/&; is an invertible sheaf for 1 < i <r.)

ProoOF. There is nothing to prove when r = 1. Thus, suppose that » > 1. Let « :
P(£) — X be the natural projection. By Theorem 2.19, the ringmorphism 7* is injective.
Now, one can check locally that we have a natural surjective morphism 7*€ — O(1). Its
kernel £ is a vector bundle of rank r — 1. Now, we repeat this construction with the vector
bundle £ on P(€) until we reach a line bundle. O

Let 7 : X’ — X be as in the Splitting Principle. Then

T T
(€)= a(@E) =cllr)...c(Le) = [+ er(Lo)t) = [ + ait).

i=1 i=1

Here a; = ¢1(L;). Since 7* is injective, this actuallyzdetermines c(€). ZThus7 let us write
(&) = ﬁ(l + ayt),
=1

where aq,...,a, € A(X). Then ay, ..., alre called Chern roots of E and this factorization
is regarded as purely formal. Note that ¢;(£) is the i-th elementary symmetric polynomial in
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a1,...,ap. In particular, ¢;(€) = a1 + ...+ a, and ¢.(€) = a;1...a,. Also, any symmetric
polynomial in Chern roots determines a well-defined polynomial in Chern classes. (By a
well-known theorem on symmetric polynomials, any symmetric poynomial can be expressed
uniquely as a polynomial in the elementary symmetric polynomials.)

EXAMPLES 2.26. Let F be another vector bundle of rank s on X and let us write ¢;(F) =
[T;_,(1 + Bit). We apply the splitting principle to determine the Chern polynomial for dual
bundles, tensor products and exterior powers.

(1) Let us show that ¢(£Y) = c_¢(€), where £V is the dual of £. Firstly, note that
ct(LY) = c_¢(L) for any invertible sheaf £. Also, if £ has a filtration with quotients
L;, then £V has a filtration with quotients £,_;.

(2) It holds that

(€ ®oy F) = [ [(1+ (i +5))1).
4,J
This follows from the fact that ¢1(£1 ®o, L2) = c1(L1) + c1(L2) for any invertible
sheaves £; and Lo combined with the flatness of £ (or F).
(3) We have that

a(Afe) = J[ Q4 (e +.. +ai)t).
1<ir1 <. i <r
In fact, note that any exact sequence of vector bundles
0—L-—E—E& —0
with £ a line bundle, induces a short exact sequence
0— AP @ L — APE — APE' — 0.
Note that this also shows that ¢;(det£) =14 ¢1(€)t. That is, ¢1(E) = c1(det E).

Note that, for any Chern root a of £, we have a well-defined element exp(a) = 1+a+3a%+. ..
in A(X) ®z Q.

DEFINITION 2.27. We define the (ezponential) Chern character of £ as
T
ch(&) = Zexp(ai).
i=1

Since ch(&) is a symmetric polynomial in the Chern roots, we have that ch(€) is a well-defined
element of A(X)q := A(X) ®z Q. If ¢; = ¢;(€), we can show that

1 1 1
ch(&) =r+c + 5(0% —c9) + g(c:i‘ —3c1c2+3c3) + E(cil —4c?cy +4cies +2¢5 — 4eq) +hooot.,
The " term is B, where p; is determined inductively by Newton’s formula

pi — cipi1 + capia — -+ (1) eiipy + (=1)'ie; = 0.
The following Proposition follows essentially from Theorem 2.23 and the splitting principle.
PROPOSITION 2.28. There is a homomorphism ch : Ko(X) — A(X)q which is uniquely
determined by the following properties.
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(1) For any morphism f:Y — X of smooth quasi-projective varieties, it holds that
ffoch=chof*.
(2) For any invertible sheaf £ on X with ¢;(£) = [D], it holds that

ch(cl(£)) =ch(L) =) FIR
i>0
(3) The homomorphism ch is multiplicative, i.e., a ringmorphism. ([l
We will now consider the power series
x
=————¢ :
F@) = gy © Q]
One can show that
o0 oo
B; ; 1 By
= —_— =1 — 1
f@) ]z;j!:” T3 +z}(2¢)! ’

where Bj; is the j-th Bernoulli number.
DEFINITION 2.29. The Todd class of £, denoted by td(£), is defined as
td(€) = H <1_0‘_> € A(X)q.
pabet exp(—a;)
REMARK 2.30. Note that the Todd class of £ is invertible in A'(X)q.

REMARK 2.31. Let ¢; = ¢;(£). Then the first few terms of the Todd class of £ are
1 1 1 1
td(€) =1+ e+ E(c% +e2) + gpee + %(—cil +4cico + 3¢5+ crez —ca) ...
REMARK 2.32. It holds that

T T s

S (1Pch(APEY) = D (=P D exp(—ai1 — ... —ai,) = [J(1 — exp(—ax))
p=0 p=0 1< <ip i=1
(1 —exp(—y) 4
= o1...0 ————2 ) = (E)td(E) .
e L0

Just as with the Chern character, we have a Whitney sum formula. That is, if
0 &' & ol 0

is an exact sequence of vector bundles on X, we have that td(£) = td(£’) td(E”). In partic-
ular, the Todd class induces a homomorphism td : Ky(X) — A(X)*, where A(X)* is the
multiplicative group of units in the Chow ring.

DEFINITION 2.33. For any smooth quasi-projective variety X, we define the Todd class of
X, denoted by td(X), as the Todd class of the tangent sheaf Ty on X. For a morphism
f: X — Y, we define the relative Todd class of f, denoted by td(X/Y), as td(X/Y) =
td(X) - (7*td(Y)) L.
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4. Notes on the topological filtration

We already mentioned the similarity between the “product” on Z'(X) and Ky(X) in Remark
2.7, where Ky(X) denotes the Grothendieck group of coherent sheaves on X.

Let X be a noetherian scheme. We define the (topological) graded Grothendieck group by
Gr Ko(X) = @fi:l%x F"X/F™1X. Here F"X denotes the subgroup of Ky(X) generated by
the classes of sheaves F with codim Supp F > r. By Proposition 1.30, for any r € Z, we
have a surjective homomorphism Z”(X) — F"X/F""1X. One can now prove the following
theorem which is much easier in dimension 1. See Section 1 of Chapter 3.

THEOREM 2.34. Let X be a smooth quasi-projective variety over an algebraically closed field
and let v : Z(X) — Ky(X) be the surjective homomorphism studied in Chapter 1. We will
write yx for v if we want to emphasize that this is the homomorphism associated to X.

(1) Suppose that o € Z"(X) and g € Z°(X) meet properly. Then vy(a) - vy(5) = v(a - §)
mod F"Hs+1X.

(2) For any morphism f : Y — X of smooth quasi-projective varieties and any cycle
a € Z"(Y), we have that vx (f*(a)) = f*(7y(a)) mod Frt1X.

(3) Suppose that o and g are cycles on X of codimension r which are rationally equiv-
alent. Then vy(a) = v(8) mod F"*1X.

(4) Let V. C X and W C X be subvarieties of codimension r and s, respectively. If V/
and W intersect properly, we have that cl(Oy)-cl(Ow) = cl(Oyaw) mod FrTsTi1X.

(5) For any r,s € Z, we have that F"X - F*X C F'"5X.

(6) The surjective ringmorphisms vy : A (X) — Gr’(X) define a natural transforma-
tion of contravariant functors from the category of smooth quasi-projective varieties
to the category of graded rings.

PROOF. We sketch the proof given in [Mur]. Firstly, let V' C X and W C X be subvari-
eties of codimension r and s, respectively. For any i > 0, we have that

codim Supp Tor;(Oy, Ow) > r + s.

This clearly implies (1). To prove (2), one may assume f is a closed immersion by considering
the graph of f. Now, by pulling-back, the natural projection X x A' —s X induces an
isomorphism of Chow rings A'(X) — A'(X x A!). Combining this with (2), one can show
(3). The remaining properties (4), (5) and (6) can be deduced from (1), (2) and (3). O

Later we shall prove, using the Grothendieck-Riemann-Roch theorem, the following theorem.

THEOREM 2.35. The natural transformation v : A~ — Gr’' Ky becomes a natural isomor-
phism of contravariant functors after we tensor with Q. (Here we restrict to the category of
smooth quasi-projective varieties over an algebraically closed field.) O

Thus, the graded Grothendieck group Gr' K((X) may serve as a replacement of the Chow ring
if one desires to generalize intersection theory and characteristic classes. (Since we use Chow’s
Moving Lemma in our definition of the product on the Chow ring, our construction only works
for smooth quasi-projective varieties over an algebraically closed field.) Unfortunately, the
topological filtration has two disadvantages:

(1) Tt carries over to K(X) only when Ko(X) = K°(X).
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(2) It has been conjectured to be compatible with the ringstructure on Ky(X), but an
affirmative answer is only known modulo torsion. (See [Gil].) Note that Theorem
2.34 confirms the conjecture for smooth quasi-projective varieties.

We can overcome these difficulties by following Grothendieck and introducing a different
filtration on K°(X). In the following, all schemes will be connected noetherian separated
finite-dimensional schemes.

For any scheme X, there are maps Ao KY(X) — KY(X), defined by taking exterior pow-
ers: A'(cl(€)) = cl(A’E). These are not group homomorphisms, but rather \'(z + y) =
S _o A ()N (y) for any z,y € K9(X). (For a study of this A-ring structure see [FuLa].)

DEFINITION 2.36. The y-operations are defined by:
7 KO(X) — K9(X), z+— X(z+ (i —1)cd(Ox)).

Note that 7°(z) = A°(x — 1) = 1 and v!(z) = A (z) = =, for any » € K°(X). Also, we have
that v(z +y) = Zizo A" (x)y"(y). (In particular, the y-operations define another A-ring
structure on Ko(X).) Let tk : K%(X) — Z be the rank. We already said that the kernel of
this homomorphism is the starting point of the y-filtration in Remark 1.33.

DEFINITION 2.37. For i € Z>(, we define abelian groups F;'X, as opposed to the groups F'X
introduced in the previous Section, as follows. Let FSX = K°(X) and F,}X = kerrk. Then,
we require that if x € FVIX , we have v'(z) € F;X and that this be multiplicative. That is,

we require that , , o
FX-FJX CFX.

The groups F,iX define a multiplicative filtration on K°(X) which we call the ~-filtration.
The associated graded group Gr;, K%(X) = FéX/F;“X is a graded ring. As opposed to
the topological filtration, which we showed to be multiplicative for smooth quasi-projective
varieties, we have manually built in the graded ringstructure in Gr., K 0(X). Unfortunately,
it is not clear whether F;X = 0 for : > dim X. See [Man, Paragraph 9] for a proof of this
when X is regular.

Let £ be a vector bundle of rank r on X.
DEFINITION 2.38. For i > 1, we define the i-th (generalized) Chern class of € by
¢i(€) =~ (cl(€) = rcl(Ox)) mod FIK°(X) € Gr!, K(X).

Thus, for any invertible sheaf £ on X, we have that ¢;(£) = cl(£) — cl(Ox) mod F?2K°(X)
and ¢;(£) =0 as long as i > 2.

Now, one can define a generalized Chern polynomial as in Section 3 and formulate an analogue
of Theorem 2.23. Having defined a generalized Chern character, we can prove that it induces
an isomorphism Ko(X)q — Gr;, Ko(X) ®z Q. The proof of the former is less-involved than
the proof of its classical analogue (Theorem 2.35) which uses the Grothendieck-Riemann-Roch
theorem. In fact one constructs an inverse with the aid of the so-called Adams operations.
See [Man, Section 11].



CHAPTER 3

The Grothendieck-Riemann-Roch theorem

1. Riemann-Roch for smooth projective curves

A curve is an integral separated 1-dimensional scheme of finite type over a field.

Let X be a smooth projective curve over an algebraically closed field k. Note that A (X) = Z&®
Cl(X), where Cl(X) is the divisor class group of X. The group structure on Z@Cl(X) is given
by (n, D)+ (m, E) = (n +m, D + E) whereas the multiplication is given by (n, D)(m, E) =
(nm,mD + nE).

We define some natural homomorphisms from K°(X) to Z and Pic(X). The isomorphism
Ko(X) =2 K%(X) will allow us to define these for Ko(X).

There is a unique injective ringmorphism i : Z — K°(X) with right inverse the ring mor-
phism rk : K°(X) — Z which assigns to each vector bundle on X its rank.

We have a homomorphism det : K%(X) — Pic(X) which we call the determinant. To a
vector bundle £ we associate the class of the element A"E, where r = rk(€). As one can easily
show, this induces a map from K°(X) to Pic(X). (In fact, this works for any noetherian
scheme X.)

The map j : Pic(X) — K°(X) defined by [£] — cl(£) — cl(Ox) is a homomorphism. To
prove this, let £; and L9 be line bundles on X. Then, it suffices to show that
Cl(ﬁl ® ,CQ) = cl(Ll) . Cl([,g) = cl(Ll) + Cl(ﬁg) — CI(OX)
We proceed in two steps. Firstly, suppose that £1 = Ox(—D) and that Lo = Ox(—FE), where
D and FE are effective divisors on X. Then
A(Ox(=D)) - cl(Ox(—F)) = (cl(Ox) - cl(Op)) - (€l(Ox) — cl(O))
= cl(Ox) —cl(Op) — cl(Op) 4+ cl(Op)cl(OF)
= CI(OX) - CI(OD) - CI(OE)
= cl(Ox(=D))+cl(Ox(—FE)) — cl(Ox).
Here we used that cl(Op) - cl(Og) = 0 (Example 2.8). Note that, for any effective divisor D
on X, we have that

j(Ox (D)) = —j(Ox(-D).
In fact, note that cl(Ox (D)) - cl(Ox(—D)) = 1 in K°(X). Therefore, we have that
J(Ox(D)) = c(Ox(D)) - cl(Ox) = (l(Ox(—D)))™" = cl(Ox)
= ((Ox) —cl(Op))~! = cl(Ox) = cl(Ox) +cl(Op) — cl(Ox)
= cl(Op) —cl(Ox) +cl(Ox) = —(cl(Ox) — cl(Op) — cl(Ox))
= —(c(Ox(-D)) — cl(Ox)) = —j(Ox(=D)).
37
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This shows that, for £1 = Ox (D) and L2 = Ox(FE), we have that
cl(Ly ® Lo) =cl(Ly) - cl(Le) = cl(Ly) + cl(L2) — cl(Ox).

In fact, we may write D as a difference D1 — Dy of effective divisors and similarly for E. We
conclude that j is indeed a homomorphism. (We will see that there is a natural isomorphism
Ko(X) = Gr;, Ko(X) and that j becomes the first generalized Chern class as in Definition
2.38 under this isomorphism.) Note that detoj = idpjc(x)-

Let us put a graded ringstructure on the abelian group Z&Pic(X). We define (n, £1)(m, L2) =
(nm,nLo+mALy) for (n,L1),(m, L) € Z&Pic(X). (Since F2 = 0, this is just Gr, Ko(X).
Since the first Chern class ¢; : Pic(X) — CI(X), the homomorphlsm Z®dPic(X) — A(X
given by (n, L) — (n,c1(L£)) is an isomorphism of rings.

\_/\_/

PROPOSITION 3.1. We have an isomorphism of rings Ko(X) — Z @ Pic(X) given by a +—
(rk(a), det a).

PRrROOF. By the above, this is a ringmorphism. Now, we have a complex of abelian groups

0 — Pic(X) —> Ko(X) X>7Z —>0.

Since this complex is left split by det, it suffices to show that this complex is exact. By
Theorem 1.22, we have that o = rk(a) + > pc v closed P - ¢l(Op) for any a € Ko(X). By
the short exact sequence

0—> Ox(—P) Ox Op 0

associated to a point P € X, it holds that cl(Op) = 1 — cl(Ox(—P)) = j(Ox(—P)V) =
j(Ox(P)). Thus, it holds that

o —rtk(a) = j &) ox(p)err
PeXx closed
This shows that kerrk = im j, i.e., the above complex is exact. ([l

The inverse of the above isomorphism is given by (n, [£L]) — n-cl(£). Furthermore, the Chern
character ch : Ko(X) — A(X) given by

ch(a) = (tk(a), 1 (det(a)) = (rk(a), 1 (a))

is an isomorphism of rings.

Let g be the genus of X. Recall that for every D € Cl(X), we have that x(X,Ox(D)) =
deg D + 1 — g. In fact, since x(X,Ox) = 1 — g, it suffices to show that the formula holds for

D if and only if it holds for D + P, where P € Cl(X) is (the class of) some point in X. Now,
we have the exact sequence

OHOX(—P) Ox Op 0.

Tensoring this with Ox (D+ P) gives us the above formula by the additivity of . In particular,
combining this formula with Serre duality gives us that deg Kx = 2g — 2.

The Todd class of X is given by td(X) = (1, —3c1(wx)) = (1, —3Kx) in A(X)q. The degree
on the Chow ring is the function deg : A(X) — Z given by deg(n,D) = deg(D), where
deg D denotes the degree of a divisor. (More generally, if f : X — Speck is the structural



1. RIEMANN-ROCH FOR SMOOTH PROJECTIVE CURVES 39

morphism, the degree degy = deg on A'(X) is f. composed with the natural isomorphism
A(Speck) =1Z.)

THEOREM 3.2. (Riemann-Roch) The following diagram of groups

Ko(X) —2T% -~ A(X)q
X(X,)i J{deg
Z Q

is commutative.

PRrROOF. It suffices to show that, for any vector bundle £ of rank r, it holds that
1
X(X, €) = deg(ch(€) td(X)) = deg(cr(€)) — 5 des(er(wx)).

Since x(X,Ox (D)) =degD + 1 — g for all D € CI(X), the statement holds for (the class of)
a line bundle £ in Ky(X). To prove the Riemann-Roch theorem it suffices to do so for the
class of a vector bundle £ of rank r» > 1. Suppose that we have a short exact sequence

0—L—E—E& —0,

where £ is a line bundle and £’ is a vector bundle of rank r — 1. Then, by the additivity of the
Euler characteristic and the Riemann-Roch theorem for line bundles, the theorem follows by
induction on r. Let us show that we always have such a short exact sequence. Choose n > 0
such that £(n) is generated by its global section. Then, since dim X = 1 and rk&(n) > 1,
there is a global section s which is nowhere zero ([Har, Exercise 11.8.2]). Note that £(n)/sOx
is a vector bundle of rank » — 1 and that we have a short exact sequence

0 — sOx — &(n) — &(n)/sOx — 0.
Now tensor with Ox(—n) to get the desired short exact sequence. O

REMARK 3.3. As is clear from the definition of the Todd class, we may replace A (X)q by
A(X) ®z7 Z[%] in the above theorem.

We turn to an interesting application of the above result.

A surface is an integral separated 2-dimensional scheme of finite type over a field. Let X be a
smooth projective surface over k, where k is algebraically closed. Suppose that there is a flat
morphism f : X — C, where C is a smooth projective curve over k, such that each fibre is
a smooth projective curve. We say that X is a fibered surface over C. Recall that td(X/C)
is defined as td(X) - (V*td(C))~! (Definition 2.33).

COROLLARY 3.4. The following diagram

ch-td(X)
Ko(X) A(X)q
X(Xv)l ldeg
7 Q

is commutative if and only if, for any o € Ko(X), we have that
dege e1(fia) = degx (ch(a) td(X/C)).



40 3. THE GROTHENDIECK-RIEMANN-ROCH THEOREM

PrOOF. Firstly, the diagram being commutative amounts to saying that, for any vector
bundle £ on X, we have that

X(X,E) = degx(ch(&)td(X)).

Note that both sides are additive on short exact sequences. Thus, it suffices to show that,
for any vector bundle £ on X, we have that deg- c1(fi€) = degy (ch(€) td(X/C)) if and only
if x(X,€) = degx(ch(€)td(X)). By the functoriality of K-theoretic push-forward and the
above Riemann-Roch theorem for C', we have that

X(X,&) = x(C, E) =1k(fiE) deg(td(C)) + degc1(fE).

If n is the generic point of X and X, is the generic fibre of f, we have that rk i€ = x(X,,&,).
Invoking the Riemann-Roch theorem for the smooth projective curve X, the Corollary follows
from

rk Aif = x(Xy, &) = rdegy, (td(X;)) + degx, c1(&y). O

REMARK 3.5. Combining the classical Riemann-Roch theorem for surfaces with Noether’s
formula, one can show that the above diagram commutes ([Har, Example A.4.1.2]). The
equality degq c1(fir) = degx (ch(a) td(X/C)) is an expression for the degree of the determi-
nant of cohomology det fia. By the functoriality of push-forward in intersection theory, this
equality can also be written as

dege e1(fia) = dege(f«(ch(a) td(X/C)).

We can now make three remarks.

(1) One is tempted to conjecture that the stronger equality of cycle classes

a(fia) = fu(ch(a) td(X/C)) )

holds in A (C')q. This equality holds and follows from the Grothendieck-Riemann-
Roch theorem for f given in the next section.

(2) As it appears, the determinant of cohomology plays an important role in Riemann-
Roch theorems. In fact, in the above situation, we can define a height over C for
covers of X with a fixed branch locus. For a detailed discussion of this see Section
6.

(3) The proof of the above Corollary shows that one can state a similar result for higher-
dimensional varieties fibered over a curve, as long as the “Hirzebruch-Riemann-Roch
theorem” on the fibres is known. More precisely, let f : X — C be a flat morphism
of smooth projective varieties. Suppose that dim C' = 1. Then the following diagram

ch-td(X)
Ko(X) A(X)q
X(Xz)l ldeg
7 Q

is commutative if and only if, for any a € Ky(X), we have that

dege e1(fia) = degx (ch(a) td(X/C)).
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2. The Grothendieck-Riemann-Roch theorem and some standard examples

Let f: X — Y be a proper morphism of smooth quasi-projective varieties over a field k.
We now come to the main theorem of this thesis.

THEOREM 3.6. (Grothendieck-Riemann-Roch) The following diagram

h-td(X)
Ko(X) — A(X)q
f! \L lf*
ch-td(Y)
Ko(Y) AY)q
is commutative. O

PROOF. We sketch the classical proof ([BorSer]). Firstly, since f is the composition of
a closed immersion ¢ : X — PY. and the projection 7 : P{, — Y, we may assume that f is
a closed immersion of a smooth subvariety into a smooth projective variety or that f is the
projection 7w : P — Y. The case of a projection 7 : Py, — Y is easy. Firstly, assume
Y = Speck is a point. Then a direct computation shows that the above diagram commutes.
In general, we have a diagram

(ch - td(P7))®(ch - td(Y))
Ko(P}) @ Ko(Y) : AP A(Y)q,

i chtd(P2) i

Ko(Py) A(PY)q
Ko(Y) chtd(Y) AV)g

where the big rectangle is commutative and the upper square is commutative. One simply
applies Proposition 1.41 to conclude that the lower square is also commutative. Now, one has
reduced to proving the Grothendieck-Riemann-Roch when f is a closed immersion i : ¥ — X
of a smooth subvariety Y into a projective variety X. This is done in four steps. Write
p = codim(Y, X). The first step ([BorSer, Proposition 14]) is formal and settles the theorem
for p =1 and any element in the image of i' : Ko(Y) — Ko(X). The second step ([BorSer,
Corollaire 1]) settles the theorem for X = P} and Y a closed point. The reasoning is
by induction on n and uses that Ky(Y) = Z. The main geometric idea is that, given a
hyperplane H in P}, one can find another hyperplane Z in P} and a line D on H, such that
D is in general position with ZNH on H and Y = DN ZN H. The computation can then be
compared to Example 2.8. The third step ([BorSer, Corollaire 2]) consists of reducing the
problem to p > dimY + 2. The strategy is to consider the composition

y4i>X4J>X><kPZ,

where j : a — (a,t9) and tg € P} is a fixed closed point. Essentially, by choosing n big
enough, one can apply the previous steps and the Kiinneth formula ([BorSer, Lemme 16])
to conclude. We come to the fourth and final step. Let f : X — X be the blow-up! of X

ISee [Har, Proposition I11.7.16, pp. 166] and [Har, Theorem I1.8.24, pp. 186].
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along Y and let J be the ideal sheaf defining Y. Let Y’ C X be the subscheme defined by the
inverse image ideal sheaf f~17-0 < and let j : Y’ —> X be the natural closed immersion. By
construction, we have that foj =iog. Now, note that X and Y are smooth quasi-projective
varieties and that codim(f’,)? ) = 1. The normal sheaf Ny, /X is an invertible sheaf on Y’
which we shall denote by £. Furthermore, let F be the quotient sheaf g*Ny/ x /Ny /% Note
that F is a vector bundle of rank p — 1. Let A_;F" denote the element 3-2~) (—=1)"cl(A" F)
in Ko(Y’). In Remark 2.32 we explained where this comes from. Now, the theorem follows

from a formal computation ([BorSer, Proposition 15]) once we can show the following facts
([BorSer, Lemme 19)):

(1) fof* is the identity,

(2) (6 1(F) = 1,

(3) Fliry) = 7lg (4) - ArF¥) for any y € Ko(Y),

(4) A_1FY is in the image of j'. O

REMARK 3.7. See [Full, Theorem 15.2] for a more modern approach to the Grothendieck-
Riemann-Roch theorem. The closed immersion ¢ : ¥ — X is handled differently by a
technique called the deformation to the normal bundle.

COROLLARY 3.8. (Hirzebruch-Riemann-Roch) For any vector bundle £ on a smooth
projective n-dimensional variety X, we have that

X(Xv E) = deg(ch(E) td(X))(n)
In particular, x(X,Ox) = deg(td(X))(n). -

ExaMPLE 3.9. Suppose that f is an isomorphism. It is not immediately clear that GRR
holds for f, i.e., that the above diagram commutes for f. In fact, by the projection formula,
it holds that fy = (f')~'. Thus, by the commutativity of f' with ch, we can conclude that
GRR holds for f.

ExXAMPLE 3.10. For a closed immersion 7 : Y — X of a smooth subvariety Y into a smooth
projective variety X and a vector bundle £ on Y, we have that

(4) chi,& = id,(ch& td(X/Y)™}).
Here td(X/Y) is the Todd class of the normal sheaf Ny, x. It coincides with the inverse of
td(Y/X) (Definition 2.33) by the short exact sequence

0 — Ty — Tx®0y —)Ny/X — 0.

ExaMpPLE 3.11. Suppose that dim X =1 and Y = Spec k. Then the Grothendieck-Riemann-
Roch theorem is just Theorem 3.2.

EXAMPLE 3.12. Suppose that dim X = 2 and Y = Speck. Then td(X) = 1+3c1+ %5 (cf +¢2),
where we put ¢; = ¢;(Tx). In particular, x(X, Ox) = & deg(c} + 2)2. If K = —c1(Tx) is the
class of a canonical divisor, we let K - K denote deg(K - K ). If x = deg(c2)2 is the topological
Euler characteristic, the above reads

1
X(X,0x) = (K - K + ).
By Corollary 3.8, for a vector bundle & of rank r with d; = ¢;(£), we have that

1
X(X,E) = 3 deg(d? + 2dy + c1dy) + rx(X, Ox).
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In particular, if D is a divisor on X,
X(X,0x (D)) = 3 (D* ~ K - D) + (X, Ox).
If D is effective, we have that
X(X,0p) =~ (D ~ K - D)

Now, if D is an irreducible curve on X, and p,(D) = dim H!(D, Op) is its arithmetic genus,
then

1
pa(D) = §(D2 + K -D)+1.
This provides an easy way to compute the arithmetic genus for a curve lying on a surface.

ExXAaMPLE 3.13. Suppose that dim X = 3 and Y = Speck. Then

1 1 1
td(X) =1+ 52 + E(C% +c2) + 226162

with ¢; = ¢;(Tx). For a vector bundle £ of rank r on X, with Chern classes d; = ¢;(£), it
holds that
1 1 1
(X, &) = deg(é(di’ — 3dyds + 3d3) + Z(clcz% — 2dy) + E(c% + ¢o)dy + icm)g.
In particular, for a divisor D on X, we have that

1 1 1 1
X D)) = —D3 4 e - D>+ —(& D+ — .
X(X,O0x(D)) = deg( D” + 71 +pleate) Dt oac);
Let us apply this to X = P$. Then A(X) = Z[h]/h*Z, where h is the class of a hyperplane.
If £ is a vector bundle on X, we write ¢;(€) = n;h' where n; € Z. Apply the above formula

to see that )
E(R? —3ning + 3ns + 11lny) € Z.
That is, n:f — 3ning 4+ 3ns + 11ny is divisible by 6. For example, if » = 2, we have that nins

must be even.

Let X be a smooth projective variety. In Section 4 we constructed a functorial surjective
ringmorphism A (X) — Gr'(X) and said that it induces an isomorphism once we tensor
with Q. We will now prove this theorem. Firstly, the following example illustrates the role
played by the Grothendieck-Riemann-Roch theorem.

ExaMPLE 3.14. Let P € X be a closed point and let f : Y — X be the inclusion, where
Y = {P}. Note that Y is smooth. Clearly, td(Y) = 1 € A(Y). By the Grothendieck-
Riemann-Roch theorem, if [Y] € A°(Y') denotes the class of Y, it holds that

ch(£.0y) = fu([Y]- fred(X) 7).
Since A7(X) =0 for j > dim X and f*td(X)~! = 1 + higher order terms, we conclude that
ch(fOy) = fi[Y].

This can be generalized as follows. Let f : Y — X be a closed immersion of a smooth
subvariety and let i = codim(Y, X). Let us show that

ch(f:0y) = fu([Y] + o),
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where [Y] € A°(Y') denotes the class of the subvariety Y and « is some element in @ i AV(X)q.

To prove this, note that [Y] € A°’X and that td(X/Y) is of the form 1 + higher order terms.
The same reasoning as above then applies. More precisely, we have that

o = [¥Y]-td(X/Y )1 +[Y] - td(X/V)s + ... + [V] - td(X/V)aimy € P A (V)q.

>
For i € Z, we define ¢’ : A(X) — Gr’(X) to be the homomorphism given by ¢([Z]) = cl(Z)
mod F'1 X whenever Z C X is a closed subscheme of codimension i.

LEMMA 3.15. For any closed immersion f : Y — X of codimension i, we have that
ch(cl(Oy)) = fu([Y] + a),

where a € ;. A’(Y)q. Inparticular, for any i € Z, we have that ch(F'X) C D, A(X)q.

PROOF. We proceed in two steps.

Step 1: Suppose that Y is smooth. Then this is just Example 3.14.

Step 2: Let U C X be an open subset such that Y NU is regular and s := dim X —U <
dimY NU =dimY =d —i. Put § = X — U and note that codim(S,X) = d — s.
For any j > 0, we have a short exact sequence

AT=d+5(8) — > AJ(X) — AI(U) —=0..

(For the exactness see [Full, Chapter 1]. We also used this fact in Theorem 2.19.) In
the interesting case j = i, we see that A*~9%5(S) = 0. Therefore, the homomorphism
AYX) — AY(U) is an isomorphism. Recall that this isomorphism is induced by the
intersection of cycles with U. Since we are only considered with cycles of codimension
less or equal to 7, we may assume that Y is smooth. Thus, we reduce to Step 1.

The last statement follows from the fact that the morphism ¢ is surjective (Proposition 1.30)
and the fact that f, increases the degree by i. 0

THEOREM 3.16. The Chern character ch : Ko(X) — A(X)q induces an isomorphism of
rings chq : Ko(X)q — A (X)q.
PROOF. Lemma 3.15 implies that the Chern character factors through Gr’ Ko (X), i.e., the

map Gr'(ch) : Gr" Ko(X) — A'(X)q is a well-defined ringmorphism. Since the composition

@ . Gr'(ch
P Gl Ko (X)

Ai(X) A'(X)q

is given by the natural inclusion A*(X) — A(X)q, we see that both ¢’ and Gr’(ch) induce
bijections after tensoring with Q. This implies that chq is injective. Since ch is surjective,
we have that chq is surjective. We conclude that it is an isomorphism of rings. g
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3. The Riemann-Hurwitz formula

Let f : X — Y be a finite morphism of smooth projective curves over an algebraically closed
field k. Note that f.Ox is a coherent sheaf by the fact that f is finite. (It is quasi-coherent by
the fact that f is affine.) Furthermore, it is locally free by the fact that X is integral and the
local rings are discrete valuation rings.? Note that f,Ox is also a sheaf of rings. Therefore, it
is a coherent locally free sheaf of Oy-algebras. Now, it is easy to see that the rank of f.Ox,
as a vector bundle on Y, is precisely deg f. The Grothendieck-Riemann-Roch theorem for f
and Ox states that
eh(f.0x) = £(td(X/Y)).

Comparing terms in degree 0, we immediately get that rk f.Ox[Y] = ¢o(f:Ox) = f(1) =
deg f[Y]in A (Y). That is, we get back that the rank of f.Ox is just the degree of f. Outside
of the branch locus, this is precisely the number of elements in any fibre of f. Now, what
does the Grothendieck-Riemann-Roch theorem give in degree 17 Well, an easy calculation
shows that the Grothendieck-Riemann-Roch theorem gives us

(5) 2c1(f«O0x) = deg f - Ky — fi(Kx).
Here Ky and Kx denote the canonical divisors on Y and X, respectively.

In this section we shall make some remarks on equality (5). We will always assume f to be
separable. In particular, the set of ramification points of f is finite.

We show that equality (5) follows from the following well-known theorem ([Har, Chapter IV,
Prop. 2.3]).

THEOREM 3.17. (Riemann-Hurwitz) Let R be the ramification divisor of f. We have that
Kx is linearly equivalent to f*Ky + R on X. O

In fact, by the projection formula, we have that f.Kx is linearly equivalent to deg f Ky + f« R
on Y. Thus, in order to prove the above statement, it suffices to show that f,R is linearly
equivalent to —2¢1(f,Ox) on X. But this follows from a local computation as in [Ser2,
Chapter 3.6, Proposition 13]. We conclude that the Grothendieck-Riemann-Roch theorem
for f and Ox follows from the Riemann-Hurwitz theorem. We may also conclude that the
Grothendieck-Riemann-Roch theorem implies the (less precise) Riemann-Hurwitz theorem
([Har, Chapter IV, Prop. 2.4]) which relates the degrees of Kx and Ky via the degree of
the ramification divisor R.

Let us give an example.

Fix an integer n > 1 and let 7 : X — Y be the morphism given by (z : y) — (2" : y") from
the projective line to itself. In particular, X and Y are isomorphic. Recall that we gave an
explicit expression for m,O(m) in Example 1.31. We now reprove the much weaker equality
in Ko-theory to illustrate that we lose a lot of precise information.

Let P be a point in X and let Q = 7(P). For m € Z, we have that
(6) c(mO(m)) =n+ (m —n+1)cl(Og).
2Actually7 for any finite flat morphism f : X — Y of noetherian schemes, the coherent sheaf f.Ox is

locally free. Since a finite morphism of smooth projective curves is automatically flat, this also shows that
f+Ox is locally free.
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In fact, note that Rim, = 0 for i > 0. Furthermore, we have that m(1) = cl(m.Ox) =
n + acl(Og) for some integer a € Z. This follows from the fact that 7,Ox is locally free of
rank n and Example 1.5 (or Proposition 3.1). It is easy to determine a. Namely, we have that
x(Y,1.0x) = x(X,Ox) = 1. This implies that a +n = 1. Now, by the short exact sequence

0—— O(—l) Ox Op 0
and the fact that cl(Op)? = 0, we have that cl(O(m)) = (1 — cl(Op))™™ = 1 + mcl(Op).
Equation (6) follows from the fact that 7,0p = Og.

Now, we could also easily verify the Grothendieck-Riemann-Roch theorem for = by going the
other way around via intersection theory. Note that cl(O(m)) = 1+ mcl(Op). Therefore, we
have that ch(O(m)) = 1+ m[P]. It is clear that td(Y) = 1+ [Q] and td(X) = 1 + [P]. Since
m«[P] = [Q], it holds that

td(Y) "' (ch(O(m)) - td(X)) = (1—[Q)(n+ (m+1)[Q]) =n+ (m—n+1)[Q].
Here we used that [P]? = 0 and [Q]? = 0. This equals
ch(mO(m)) =n+ (m —n+1)[Q)].

4. An application to Enriques surfaces

In this section we give an application of the Grothendieck-Riemann-Roch theorem to the
study of “classical” Enriques surfaces. It is based on a computation made in [Pap]. We shall
finish with a short remark on how the result of this Section is applied precisely to the study of
the coarse moduli space of Enriques surfaces. A good reference for the study of these surfaces
is [ BHPV].

The base field will be an algebraically closed field k. As usual, a variety is an integral separated
scheme of finite type over k.

DEFINITION 3.18. A smooth projective 2-dimensional variety E is called an® Enriques surface
if the following three conditions are satisfied:

(1) HY(E,Op) =0,

(2) HQ(Ev OE) = 07

(3) for any canonical divisor K on F, 2K is linearly equivalent to 0 but K itself it not
linearly equivalent to O.

Furthermore, a family of Enriques surfaces is a flat morphism f : X — Y of smooth
projective varieties such that each fibre is an Enriques surface.

Let f: X — Y be a family of Enriques surfaces.
LEMMA 3.19. The natural map Oy — R°f,Ox is an isomorphism.

PRrROOF. Note that f is surjective. This follows from the fact that Y is connected and that
f is an open and closed map. Therefore, since X and Y are integral schemes, the natural map
Oy — ROf,Ox is injective. Now, since R f,Ox is coherent on Y, we have that RCf,Ox is
a finite Oy-algebra. Apply the Stein factorization theorem, together with the fact that the
fibres of f are connected, to conclude that Spec R?f,Ox =Y. The statement follows. O

3For char k = 2 there are “other” Enriques surfaces. Our definition is of the so-called classical Enriques
surfaces.
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PROPOSITION 3.20. We have that R f,Ox = 0 if i > 0.

PRrOOF. Let F = Ox. For any y € Y, let F, be the coherent sheaf induced on the fibre
Xy. It is the structure sheaf on X,. By Grauert’s Theorem ([Har, Corollary I11.12.9]), for
any 4, the coherent sheaf R'f,F is a vector bundle on Y and, for every y € Y, the natural
map

R f(F) @ k(y) — H'(Xy, Fy)

is an isomorphism. Since X, is an Enriques surface, the result follows. O

Note that f is smooth of relative dimension 2. Equivalently, the sheaf of relative differentials
Qx/y is a vector bundle of rank 2 on X. In particular, the push-forward fi : A(X) — A(Y)
lowers the degree by 2. Let 7, be the relative tangent sheaf, i.e., Ty is the kernel of the
surjective morphism Tx — f*7y. For any fibre of f, the relative tangent sheaf 7Ty restricts
to the tangent sheaf of the fibre. That is, for any y € Y with v : X — X the natural
inclusion, we have that v*7; = Tx,. For i =0,1,2,..., let ¢; = ¢;(Ty) € A(X)q-

LEMMA 3.21. It holds that f.(c2) = 12 € A°(Y)q.

PrOOF. Since Chern classes commute with pull-back, we have that cg is given by dy :=
c2(Tg) in the generic fibre £ = X, of f. Since all fibres are Enriques surfaces, it holds that
co(Tg) € A%(E)q is of degree 12. In fact, by Example 3.12, it holds that

1 1
1= X(E,OE) = E(KE -Kg + (degdg)g) = E(degdz)g.

Now, we know that f,(c2) is a cycle in A°(Y) = Z. That is, fi(c2) is given by an integer m.
If D is a cycle in the class of co, this integer m is given by the intersection number D - E. But
this is precisely 12. O

Let £ = AQQX/Y = det Q2x/y = wx,y. Recall that a line bundle on a scheme X is said to be
torsion if its class in Pic(X) is torsion.

THEOREM 3.22. The coherent sheaf RV f,(£ ® L) is a torsion line bundle on Y.

PROOF. Let us apply the Grothendieck-Riemann-Roch theorem to f and Ox. By the
above, this gives us that td(Y) = f.(td(X)). By the projection formula, we have that
f«(td(Tf)) = 1. The degree 1 part of this equality reads

1

0= £.6A(T )y = £ (td(Ty)is) = fo(gperea) = o fuler ).

We conclude that fi(c1 - c2) = 0. Now, we know that c; = —c1(Qx/y) = —c1(det Qx/y) =
—c1(L). Also, since the fibres are Enriques surfaces, the line bundle £ ®o, £ is trivial along
the fibres of f. This implies that £ ®p, £ = f*(J) for some line bundle § on Y. By the
projection formula and Proposition 3.20, we have that

RYf (L 2oy L) = R f.(f*(6)) = R°£.Ox ®0, 6 = 6.

This shows that R*f,(£ ® L) is a line bundle on Y. Also, it shows that ¢; = —3c1(L ® £) =
—%f*(cl(é)). Again, by the projection formula, we have that

0==2-filerca) = fu(f7(c1(9)) - c2) = €1(0) - fulez) = 12¢1(9).
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We conclude that ¢;(§) = 0 in A'(Y)q. Therefore, the line bundle § = RVf.(£ ®o, L) is
torsion. u

REMARK 3.23. Writing K = RYf.(L ® L), we have that K®2* = Oy. This requires a more
precise Grothendieck-Riemann-Roch theorem called the Grothendieck-Riemann-Roch theorem
without denominators. See [Pap2| for a modern proof of the latter(in characteristic zero)
based on Hironaka’s resolution of singularities ([Hiro]) and the weak factorization theorem
for birational maps ([AKMW]). One can also find a more general proof in [Full, Chapter
15.3] based on the deformation to the normal bundle.

REMARK 3.24. The above theorem is used in [Pap] to prove that the coarse moduli space of
complex Enriques surfaces is quasi-affine. Basically, due to the above theorem, a certain line
bundle on the coarse moduli space has a nowhere vanishing “invariant” global section after
tensoring it with itself a sufficient amount of times. The same line bundle can be shown to
be very ample. These facts together can be used to show that the coarse moduli space is
quasi-affine.

5. An application to abelian varieties

Let X be an abelian variety over the field k and let ¢ = dim X. A good reference on abelian
varieties is [GeMo].

LEMMA 3.25. Let £ be a line bundle on X and let D = ¢1(£) be its first Chern class in

AY(X). Then 27 is an integer. Furthermore, if £ is ample, we have that % is positive.

g!

ProOOF. Apply the Hirzebruch-Riemann-Roch theorem to X and L. Since the tangent
bundle is trivial, the Todd class of X is trivial. Therefore,
X(X, £) = deg(ch(L))y)-

We conclude that % = x(X, £) is an integer. For the last statement, it suffices to show that

D9 is positive for £ very ample. But if £ is very ample, we have that DI = deg(f(X)) > 0,
where f: X — P7 is the embedding defined by £ such that f*O(1) = L. O

Let p: X x X — X be the projection onto the first coordinate. Similarly, let ¢ : X x X — X
be the projection onto the second coordinate. For any line bundle £ on X, we define its
Mumford line bundle on X x X, denoted by A, as

A=m*'L® (L) e (L)t
The following theorem is a special case of [Jah, Theorem 1.7].
THEOREM 3.26. For any ample line bundle £, we have that
(det (A @ p*L)) ™" = (det g(m"L @ (¢"£) )~
is an ample line bundle on X.
ProOOF. We apply the Grothendieck-Riemann-Roch theorem to the projection ¢ : X X
X — X and the element £ := m*£L ® (¢*£)~!. Since the Todd class of an abelian variety is

trivial, we get that B B
ch(q:L) = g(ch(L)).
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Note that ¢, lowers the degree by g, where ¢ = dim X. Comparing terms in degree 1, this
gives

cl(det q!Z) = (q!Z) = (q*(ch(Z))(l) = (q* <Z Cl(i!ﬁ)l>>(1) = (gil)!Q*(Cl(,C)ngl).

Substituting back £ = m*L ® (¢*£) !, we get
g (c1(m*L @ (g*L)~1)9t1)
(g+1)!
By properties of the first Chern class, the righthandside of the above equation is given by
e (a(m L (L)) g (L) — g (L))
(g+ 1) (g+1)! '
To simplify the computation, we introduce the isomorphism of abelian varieties s : X x X —

X x X defined as (z,y) — (x —y,y). We already noted that s, is an isomorphism with
inverse s*. Now, it is easy to see that g o s = ¢ and that ms = p. This allows us to rewrite

¢ (m*e1(L) — ¢*er(£))91) as
g+ ((m*er (L) = g*er (£))7H1)

ci(det g(m* L@ (¢ L) )™ = —c1(det g(m* L @ (¢* L)1) = —

gusis™ (m*er(£) — g er(£))7F)

(g5)« ((ms)*e1(L) = (g5)* (er(£))7*)
= ¢ ((Prer(L) — ¢ er (L))

Writing out the sum (p*c1(£) — g*c1(£))9*! and applying the projection formula, we see that
g+1

¢ ((Prar(L) =g er(£)) = gy (-7 <g + 1>p*<c1 (L)) - q* (1 (L))
1=0
g+1
= 2T (H 1)q*p*<c1<£>i> (ea(£)71)
=0

= —9¢. (P (c1(L9)) - e1(L) + qu(er (L))

= —99:p"(c1(L)?) - e1(L).
Here we used that g, is of degree —g and the graded ring structure on the Chow ring to see
that the only summand that could give a nonzero contribution under the image of ¢, is the
one with i = d. Now, let D = ¢;(£) and note that D is an ample divisor on X. Also, by

Lemma 3.25, we have that n = % is a positive integer. We may conclude that

ci(det (m*L @ (¢ L)) = € f 1! (c1(£)?) =nD

is ample. ]

6. Covers of varieties with fixed branch locus

This section is based on the article [EdJoSc], where one studies branched covers of surfaces.
The goal is to illuminate on how the Grothendieck-Riemann-Roch theorem is applied and
extend some of its results to higher-dimensional varieties.

The base field will be the field of complex numbers C.
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We suppose given the following data.

A separated smooth integral projective 1-dimensional C-scheme C;

A separated smooth integral projective C-scheme X;

A flat morphism h : X — C of C-schemes;

An effective simple normal crossings divisor D on X such that all components are
smooth with multiplicity 1 and intersect transversally;

Let U be the complement of D and let V. — U be a finite étale morphism. For simplicity,
we will assume V' to be connected. By properties of étale morphisms, we have that V is a
smooth variety. Let 7 : Y — X be the normalization of X in the function field of V' ([Liu,
Definition 4.1.24]). The variety Y is normal and the morphism 7 : Y — X is finite ([Liu,
Proposition 4.1.25.]). In particular, dimY = dim X. Since C' is a Dedekind scheme, we have
that Y is projective and flat over C. More precisely, since the local rings of C' are discrete
valuation rings, Y is flat over C'. Since Y is finite over X it is projective (and affine) over X.
Since X is projective over C, we have that Y is also projective over C.

REMARK 3.27. Since the topological fundamental group of U is finitely generated, there are
only finitely many V' — U as above of given degree. See [SGAT, Exposé II, Théoreme
2.3.1]. In particular, for a fixed degree, the “height over C of the associated covers Y — X"
is bounded. The aim of [EdJoSc] is to give an effective version of this result. We aim at
explaining their result and on how the Grothendieck-Riemann-Roch is of fundamental value
in the study of this problem.

In order to analyse the singularities of Y we will need the following definition.

DEFINITION 3.28. A point y € Y is called a quotient singularity if there exists a nonsingular
variety W and a finite group I' acting on W such that the quotient W/I" exists as a variety
and is isomorphic to a neighbourhood of y. One says that a quotient singularity is a cyclic
quotient singularity if I" can be taken to be a cyclic group. Note that nonsingular points are
quotient singularities.

To understand the situation, we study the local model. The following examples describe
the local behaviour of a covering ¥ — X when X is a smooth projective surface, i.e.,
dim X = dimY = 2. They illustrate some basic properties shared by all associated covers
Y — X. These properties will be mentioned below.

ExaMpPLE 3.29. Consider the inclusion of C-algebras
A= C[z%, 9 xy] C B := Clz,y].

Note that A is the algebra of invariants of an action by the cyclic group G of order 2 on B,
that we describe as follows. Let G = {e,a}, with e the identity element. We define the action
of a on a monomial z'y’ by
a-xly = (—1)Txlyl,

It is easy to show that A is indeed the algebra of invariants BS. Since the extension of
rings C[z2,y?] C A is integral, we have that the Krull dimension of A equals 2. Since A is
generated by 3 elements, we may describe it as a quotient of C' := C[z1, z2, x3]. Namely, we
may describe A as the quotient of C by the ideal

I = (22— z1139).
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Since the Jacobian matrix is given by
( —Xo —X1 2333 ),
it follows that (21,29, 23) € V(I) is singular® if and only if 21 = x5 = 23 = 0. Consider now
the following map
7 :SpecC/I — X = Spec B = A%, (z1,22,23) — (21, 29).
Then 7 is a finite map of degree 2 which is unramified outside D C X, where the divisor D
is the union of the coordinate hyperplanes.

ExaMPLE 3.30. Consider the action a - 2'y/ = (—1)'2'y’ in the above example. The normal
surface Y = Spec C[z2, ] is smooth in this case.

ExaMpPLE 3.31. Let » > 1 and consider the inclusion of C-algebras
A:=C[z",y",xy] C B := Clz,y].

Note that A is the algebra of invariants of an action by the cyclic group G of order r on B,
that we describe as follows. Let a be a generator of G and let ¢, be a primitive r-th root of
unity. We define the action of a on a monomial z'y" by

a-a'y = (G) 'y
It is easy to show that A is indeed the algebra of invariants BY. (For r = 2, this is Example
3.29.) We may describe A as the quotient of C' = C[x1, x2, 23] by the ideal

I = (25 — x122).
It follows that (x1,29,23) € V(I) is singular® if and only if 1 = 2o = 23 = 0. Consider now
the following map
7:SpecC/I — X = Spec B = AL,  (x1,22,23) — (1, 22).
Then 7 is a finite map of degree r which is unramified outside D C X, where the divisor D
is the union of the coordinate hyperplanes.
EXAMPLE 3.32. Let the cyclic group G = {e, a,a?} of order 3 act on Clz,y] by
a-aty’ = (G) Mty
It is easy to show that A = C[z3, 2%y, 2y?, ?] is the algebra of invariants. Since A is generated
by 4 elements, we can describe it as a quotient of C' := Clxy,z2,x3,x4]. In fact, for I =
(w129 — 2324, 72 — 2173, :L‘% — xoxy), we have that the morphism Clzy,x2, 23, x4] —> A given
by
X1 — .’BS, X9 > y3, T3 — xyz, Ty x2y

in surjective with kernel 7. We have that Y = Spec C/I is singular® precisely at the point
(0,0,0,0) € SpecC'/I. This is easy to see by considering the Jacobian matrix

) Ty —X4 —T3
J = —XI3 0 —X1 21‘4
0 — X4 2.%‘3 — X9

4This is called the %
5This is called the %(1, —1) or A, ,_1 cyclic quotient singularity.
6This is called the %(1, 1) or As 1 cyclic quotient singularity.

(1,1) or As,1 cyclic quotient singularity.
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The rank of J equals 0 if and only if 1 = 29 = 3 = 4 = 0. Thus, suppose that the rank
of J equals 1. We will show that 1 = 9 = x3 = x4 = 0. Suppose that the bottom row
is not equal to zero. Then all the other rows are scalar multiples of this row. It then easily
follows that 1 = z9 = x3 = x4 = 0. Thus, we may suppose that the bottom row is zero.
Therefore, we have that o = 3 = x4 = 0. Since the rank of J is 1, this forces 1 = 0.
We conclude that Y is singular precisely at the origin. The morphism 7 : Y — A% given
by (1,22, 23,24) = (r1,22) is a finite map of degree 9. If D C AZ is the union of the
hyperplanes, we see that 7 is unramified outside D and that the singularities of Y occur in
the inverse image of the singularities of D.

ExaMpPLE 3.33. This example is similar to the above examples. Since it is hard to find
explicit equations always, we give another approach. Consider the action of the cyclic group
G = {e,a,...,a" "'} of r elements on C[z,y] given by a - 2%y’ = ((.)"*aiy’. The algebra of
invariants is A = C[z", 2" 'y,..., 29", y"]. Note that dim A = 2. In fact, the extension
of rings Clu,v] C A is integral, where u = 2" and v = y". Let Y = Spec A and denote the
morphism associated to the extension of rings Clu,v] C A by

7Y — Spec Clu, v].
Let D be the union of the hyperplanes in Spec Clu,v]. Let us show that 7 is unramified

outside the divisor D. In fact, for any 0 < a < n, we have relations u®y" ™% = (z%"~%)".
The minimal polynomial of 2%y"~® over Clu, v] is therefore separable if and only if v # 0 and
v # 0. Thus, we see that 7 is unramified outside D. Now, let us show that the singularities of
Y occur in the inverse image of the singular locus of D. Suppose that y is a singular point of
Y mapping to a nonzero point 2 on D. Consider the action of the group C* x C* on Clu,v]
given by u — Au and v — Agv for any (A1, \2) € C* x C*. For any (A1, \2) € C* x C*,
this induces an automorphism of Spec C[u, v]. Under this action, the orbit of x is infinite. In
particular, the orbit of y is infinite. (Here the action on Y is induced by the action on A.)
Since every element of the orbit of y is again singular, we see that the singular locus of Y
is infinite. But the singular locus of Y is of codimension 2 in X. Therefore, it is finite by
Noether’s normalization lemma. Contradiction. Moreover, note that Y is singular precisely
at the origin. In fact, the singular locus of D is precisely the origin of AQC. Apply the defining
relations above to see that its fibre under 7 is precisely the origin” in Y.

What do we learn from these examples?

(1) The normal variety Y can be singular.

(2) The singularities of Y are isolated and cyclic quotient in the above examples. This
always holds when dim X = 2. We will give an example to show that this is no
longer true if dim X > 2.

(3) In the above examples, the singularities of Y occur in the inverse image of the
singularities of D. This is always true by Theorem 3.34 below.

Now, we return to our general setting. We write D8 for the singular locus of D and let
n = dim X. The following Proposition generalizes [EdJoSc, Lemma 2.1]. Its proof invokes
the analytic structure on the algebraic variety X. See [SGA1, Exposé XII].

THEOREM 3.34. We have the following three facts.

"This is called the %(1, 1) or A, 1 cyclic quotient singularity.
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(1) All singularities of Y are (abelian) quotient. .
(2) The singularities of ¥ occur in the inverse image under 7 of D*"®.
(3) The morphism 7—(D — Ds"8) —s D — DSIn8 ig étale.

PRrOOF. Firstly, if x is a point of X not lying on D, we have that all points in Y mapping
to x are regular. Thus, let x € X be a point lying on D and let y be a point of Y mapping
to . Locally for the analytic topology we identify a neighbourhood W of x in X with the
poly-disk

{(#1,--2n) €C" | 21| < 1,...,|2n] <1},

identifying = with the origin and D locally with the zero set of z1 - ... - z,, where 1 <p <n
depends on = and D. (The number p is the number of coordinate axes meeting at z. For
example, x is a nonsingular point of D if and only if p = 1.) Let B be the connected
component of 7=(W) containing y. Then

B-—nYD)—W-D
is a connected finite degree topological covering. Therefore, we have that
I = m(m (B — 7 (D))

is a subgroup of finite index of 7 (W — D). Since W — D is homeomorphic to a product of
n — p open disks with p punctured open disks, we have that m (W — D) = ZP. Since this is
an abelian group, every covering of W — D is Galois. Let e be the index of the subgroup I'y
in ZP. Note that I'y := eZP is a subgroup of index e?~! of I';. The topological covering
C:W — W, (21,22,...,20) = (21,25, -+, 2ps Zpt1s- -+ 5 Zn)

is of degree eP with fundamental group I's. By the Galois correspondence, we have a connected
finite degree connected topological covering  : W — D — B — = 1(D) of degree eP~! and a
commutative diagram

W —D

By [SGA1, Expose XII, Théoreme 5.4], there is a unique finite covering n : W — B which
extends : W — D — B — (D) and which fits into a commutative diagram

X;/B.

We see that B is the quotient of W under the action of I'y/T";. This shows (1). Now, in order
to show (2) and (3), we suppose that x is a closed point of X lying on D but not on D8,
This happens if and only if p = 1. Since 71 (W — D) is infinite cylic in this case, we have that
I’y = I'y. Therefore, the covers m and ( are equivalent and the holomorphic map n: W — B
is an isomorphism. Thus, we have that B itself is regular. We deduce that Y is regular above
D — D" and that 7= 1(D — Ds"8) — D — D®"8 is étale. This proves (2) and (3). O

w
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REMARK 3.35. In the above proof, one can show that if p = 2, the point y has an open
neighborhood which is the product of a 2-dimensional cyclic quotient singularity and an open
linear subspace of C™ isomorphic to® C"~2. See the proof of [EdJoSc, Lemma 2.2]. In
particular, if dim X = 2, we have that all singularities of Y are cyclic quotient.

The following examples show that Y can have quotient singularities which are not cyclic
quotient if dim X > 2.

ExAMPLE 3.36. Consider the inclusion of C-algebras
A= C[z?,3?, 2%, zyz] C B := Clz,y, 2].

Note that A is the algebra of invariants of an action of the noncyclic group G of order four
on B, that we describe as follows. Let G = {e,a,b,c}, with e the identity element. Then we
define the action of a,b, ¢ on a monomial z'y’ zF by

a- ik = (“1)Hgiyik b.giyd k= (=)0 Egiyd k| e iy gk = (—1)Rtigiyd ok
It is easy to see that A is indeed the algebra of invariants BY. It is clear that we may

identify A with C[zy, 2,23, z4]/I, where I is the ideal (z3 — x1z273). The singularities of
Spec A = Spec Clz1, 2, x3,24]/I consist of the union

{x1:x2:x4:0}u{az1:x3:$4:0}u{$2:w3:x420}.
Let Y = Spec A = Spec C'/I and consider the morphism
7T:Y—>C3, (x1,$2,$3,$4)'—> ($1,$2,Z’3).

Then 7 is a finite morphism of degree 2, unramified outside the divisor D C X. Here the
divisor D is the union of the coordinate hyperplanes. Note that the origin is not cyclic
quotient. In view of Remark 3.35, locally around the point (x,0,0,0) with « # 0, we have
that Y is isomorphic to the product of the variety {uv = w?} with a linear space U C C3.

Of course, we can give a similar example in dimension 4.

EXAMPLE 3.37. Consider the inclusion of C-algebras A := C[z?,y?, 22, w? zyzw] C B =
Clz,y,z,w]. We see that A is the algebra of invariants of an action of the noncyclic group
G of order four on B. It is clear that we may identify A with C[z1,x9,x3,z4,x5]/1, where
I = (2 — x1292324). The singular locus of Spec A = Spec Clx1, T2, 73, 24]/I is given by the
union of {1 = 29 = x5 = 0}, {21 = 23 = x5 = 0}, {1 = x4 = 25 = 0}, {xy = 23 =
x5 = 0}, {x2 = ©4 = x5 = 0} and {x3 = 24 = x5 = 0}. Now, consider the morphism
7:Y = Spec C/I — C* defined by (21, 22, 23, 24, 75) > (21, 2,3, 24). Then, we have that
7 is a finite morphism of degree 2, unramified outside the divisor D C X. Here the divisor
D is again the union of the coordinate hyperplanes. Again, note that the origin is not cyclic
quotient.

A proper birational surjective morphism Y/ — Y with Y’ a smooth variety over C is called
a resolution of singularities for Y. By Hironaka’s theorem ([Hiro]), we can always find a
resolution of singularities for Y. Since C' is a Dedekind scheme, we have that Y is flat over
C. If dimY = 2, this also implies that Y” is projective over C. If dimY > 2 this is no longer
true. In general, we can always arrange Y’ to be projective over C, but there are resolutions

8Let x and p be as in the above proof. I think one can show that x is a quotient singularity given by a
product of p — 1 cyclic groups.
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p:Y' — Y with Y’/ nonprojective. Let us explain this. Firstly, the algorithms to construct
a resolution of singularities p : Y/ — Y show that Y’ can be obtained as a composition
of blow-ups. Therefore, in this case Y’ is projective. Unfortunately, when dimY > 2 and
p:Y' — Y is a resolution of singularities for Y, Hironaka proves that we can find a smooth
complete nonprojective variety Y which dominates and is birational to Y’. That is, there
are always resolutions for Y which are nonprojective.

LEMMA 3.38. For any resolution of singularities p : Y/ — Y, it holds that R?p,Oy+ = Oy-.

PROOF. Since the question is local on Y, we may assume that Y = Spec A is affine. Since
p is proper, we have that R%p,Oy is a coherent sheaf of Oy-algebras. Therefore, we have
that the regular ring B := I'(Y, R%p.Oy) is a finitely generated A-module. Note that A
and B are integral domains. Therefore, since p is surjective, the natural morphism A — B
is injective. Since p is birational, A and B have the same quotient field. But, since Y is
normal, we have that A is integrally closed. Therefore, we have that A = B. We conclude
that Rop*Oy/ = Oy. ]

We showed that the singularities of Y are quotient singularities. This is a purely geometric
property of the singularity. It turns out that quotient singularities are rational singularities.
This is a cohomological property defined below.

DEFINITION 3.39. A singularity y € Y is called rational if there exists a neighbourhood U of
y, such that for every resolution of singularities p : Y’/ — U for U we have R'p,Oy = 0 for
i > 0.

Every regular point of Y is a rational singularity. Therefore, by the Leray spectral sequence,
it suffices to check the above condition for only one resolution of singularities.

LEMMA 3.40. For any resolution of singularities p : Y/ — Y, we have that

i . OY for 1=0
RP*OY’_{ 0 for i>0

O

PROOF. Quotient singularities are rational ([Vie, Proposition 1]).

From Lemma 3.40 and the functoriality of push-forward, we get the following result.
COROLLARY 3.41. For any resolution of singularities p : Y/ — Y, we have that x(Y’', Oy/) =
x(Y,Oy). O
We already noted the importance of the determinant of cohomology in Remark 3.5.

THEOREM 3.42. Fix a resolution of singularities p : Y/ — Y and write f = homo p. Then
c1(fiOy+) equals

n—1
Fo(4d(Y") ) = B (4 (X)) (,-1)) £d(C) 1) deg 7 = td(C) (1) | > ch(mOy )y td(X) (1)
=1

PRrROOF. This is the same computation made in [EdJoSc, Section 3]. We apply the
Grothendieck-Riemann-Roch theorem to f and Oy in degree 1 and combine this with the
Grothendieck-Riemann-Roch theorem for A and 7.Oy . O
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ExaMPLE 3.43. Suppose that n =1, i.e., X is a smooth projective curve. In particular, the
flat morphism h : X — C' is finite. Applying the Grothendieck-Riemann-Roch theorem to
deduce the above formula seems to be overkill in this case. In fact, we can deduce it more
directly as follows. Since Y is normal, it is smooth. Since smooth projective curves are
determined by their function fields, any resolution of singularities p : Y/ — Y is actually
an isomorphism. Thus, we have that 7 : Y — X is a finite morphism of smooth projective
curves. The composition f = hom is also a finite morphism of smooth projective curves. The
effective divisor D is just a finite set of points on X and deg D is just the number of points
on D. Note that 7 is separable and flat. Let R be the ramification divisor of 7 : ¥ — X.
Then R=) p..-1plep —1)[P] and

0<degR= Z (ep — 1) =degmdeg D — deg D.
Per—1D

Here we used that, for any @ € X, we have that

Z ep = deg .

P—Q
Now, recall Section 3 and apply the Riemann-Hurwitz theorem to f. This gives us that

2¢1(f«Oy) =deg f - Ko — f«(Ky).
Apply the Riemann-Hurwitz theorem to 7w : Y — X and rewrite the former as
2¢1(f«Oy) =deg f - Ko — f«(n*Kx + R).

This implies that

1 1
degdet f,Oy = i(degKC degh — deg Kx — deg D) degm + B deg D.

In view of the definition below, we conclude that the “height of m over C” grows linearly in
deg 7 as a function with coefficients depending only on C, X, h and D.

DEFINITION 3.44. Fix a resolution of singularities p : Y/ — Y and write f = homwo p. The
height of m over C, denoted by H¢(7) or just H(w), is defined as

H(r) = | deg det(£iOy)].

By Corollary 3.41 and Theorem 3.42, the height is independent of the chosen resolution. In
fact, the Hirzebruch-Riemann-Roch theorem shows that

dege fi td(Y') = degtd(Y') = x(Y', Oy+) = x(Y, Oy).

REMARK 3.45. In the process of defining and studying the height, the Grothendieck-Riemann-
Roch theorem has shown itself to be of fundamental value. We have applied it to the morphism
h:X — C, f:Y" — C and the structural morphism Y’ — Spec C to obtain a well-
defined height (i.e., independent of the resolution) and a useful formula (i.e., Theorem 3.42).

In general, as we mentioned in Remark 3.27, for a fixed degree, the height of 7 over C' is
bounded from above. Our ultimate goal is actually to give a bound for the height of © over C
which is polynomial in deg 7 and whose coeflicients depend only on C, X, h and D. To arrive
at such a result, it suffices to bound the following quantities.

Firstly, one should bound
degtd(Y")(n) = x(Y, Oy).
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Then, one should bound the degree of

n—1

(7) td(C) 1) - e | > ch(mOy) () td(X) (1)
j=1

For example, let us show how to bound the terms of (7) which involve only ¢;(7.Oy). That
is, let us bound the degree of

1 j
(8) () he [0 ((”J?Y”

Jj=1

td(X) (n—1—j)

polynomially in deg 7w with coefficients depending only on C, X, h and D.

Write D =, ; D; for the decomposition of D in prime components. Define R to be the Weil
divisor, supported on 7~1(D), given as follows: let D;; be a component of 7~1(D) mapping
onto D;, then the multiplicity of D;; in R is e;; — 1. Here e;; is the ramification index 7 at the
generic point of D;;. Define B := m,R. We have that the ideal sheaf of B can be identified with
(det 7,0y )®2. To prove this, we invoke the trace pairing 7,0y ® 1.0y — Ox. This trace
pairing induces a monomorphism (det 7,0y )®? — Oy, identifying (det 7.0y )®? with the
ideal sheaf Ox(—B) of B as a local computation shows (e.g., [Ser2, Chapter 3.6, Proposition

13]). We obtain that
1

ci(mOy) = —5[B]
in A(X)q. Note that the multiplicity of each D; in B is }_,c ;. (€;; — 1) fij, where f;; is the
degree of D;; over D;. For a fixed i € I, we have

Z eijf,-j = deg .

JE€J;
For each j =1,...,n — 1, we conclude that each term

td(C) ) - fox (Wﬁw td(X)(nlj)>

of the sum in expression (8) is bounded by a polynomial in deg 7 of degree j with coefficients
depending only on C, X, h and D.

The terms in expression (7) involving higher Chern classes are not so easily dealt with. If
dim X = 2, we see that the only term that remains to bound is td(Y”)(g).

What about the degree of td(Y’ )(n)? Well, we can show how to do this when n = 2 following
[EdJoSc]. So from now on, we assume that n = 2.

Suppose that dim X = 2. Then the height can be bounded linearly in degw. That is, one
can show that there is some positive integer ¢ (which depends only on C, X, h, D) such that
H(m) < cdegm. Although details can be found in [EdJoSc], let us give an idea of how one
can bound the degree of td(Y”’) from above.

Since the height is independent of the resolution, we can choose Y’ to be the minimal resolution
of Y. (This always exists by [Liu, Proposition 9.3.32] and it is unique up to a unique
isomorphism). Write ¢; for the degree of ¢;(7y+) and note that

_C%+62

deg td(Y’)(z) D




58 3. THE GROTHENDIECK-RIEMANN-ROCH THEOREM

Thus, it suffices to bound ¢ and ¢y from above. Now, by the Bogomolov-Miyaoka-Yau
inequality, we have that ¢ < 3cg, if X is of general type. If X is not of general type, we
actually have that ¢ < 9 by Table 10 in Chapter VI of [ BHPV]. Therefore, in order to bound
the degree of td(Y”’) from above, it suffices to bound ¢y from above. By the Gauss-Bonnet
theorem, we have that co equals the topological Euler characteristic e(Y’). In particular,
it suffices to bound e(Y’). We have that e(Y') = e.(Y) + s, where e.(Y) is the compactly
supported Euler characteristic of Y and s is the total number of exceptional components
of Y/ — Y. Thus, we reduce to bounding e.(Y) and s. To bound e.(Y), we use that
77U — U and 7~ Y(D — D*"8) — D — D5"8 are étale. Then, by [EdJoSc, Lemma 2.4],

ee(Y) = eo(m7U) 4+ ee(n7ID) = e.(U) deg 7w + ec(n~ 1D — D¥"8) 4 e (r ' D*8),

Now, we have that e (771 D%"8) = #x~1Ds"8 < 4 D& deg . Let us explain how to bound
the compactly supported Euler characteristic of 7~!(D— D*"#). Consider the prime decompo-
sition of D = Y D; as above and write d; for the degree of the étale cover 7—1(D; — D5"8) —
D; — Ds'"8. Consider the degree fij of each component D;; of 71D, over D;. The bound

follows from
d; = Zfij < Zeijfij = degm,
J J

where ¢;; is the ramification index 7 at the generic point of D;;. Thus, it remains to bound
s. This one does by invoking the Hirzebruch-Jung continued fraction associated to a singular
point on Y (which we know is cyclic quotient). This finishes our sketch of how to give a linear
upper bound for deg td(Y”).

The lower bound for degtd(Y”) is harder and requires intersection theory on the normal
surface Y.

If dimY = 3 the above argument to bound td(Y”)) from above breaks down for several
reasons. For example, let us try and bound the degree of td(Y”’) from above. Again we write
¢; for the degree of ¢;(7y+). Then, the degree of td(Y”) is 2—140102. One could try to give an upper
bound for this by giving an upper bound for ¢3 (while hoping for some generalized Bogomolov-
Miyaoka-Yau inequality). But this will probably not suffice by ([LeBrun, Theorem A and
Theorem B]). Thus, we suspect it will not be sufficient to bound cs from above in order to
bound td(Y”) from above. Furthermore, there is no good notion of minimal resolution when
dimY > 2.

7. Arithmetic curves

We fix a number field K with ring of integers O.

DEFINITION 3.46. A connected regular scheme X which is projective and flat over Spec Ok is
called an arithmetic variety over Og. A 1-dimensional arithmetic variety over O is called an
arithmetic curve over Ok . A 2-dimensional arithmetic variety over O is called an arithmetic
surface over O .

REMARK 3.47. An arithmetic variety over Of is an arithmetic variety over Z.

Let X = SpecOg. We give an elementary proof of the following Lemma which is usually
shown by invoking Serre’s criterion for affineness.

LEMMA 3.48. Any open subset of X is affine.
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ProoOF. Clearly, any open subset of X is the complement of a finite set of closed points.
Let D be a finite set of closed points of X with complement U = X — D in X. Considering D
as a finite set of maximal ideals in O, we can define the ring O K[%] to be the elements a in K
which have nonnegative valuation at all the primes outside D. Then Spec O K[%] — Spec Ok
is an open immersion with image U. This can be checked easily on a covering by basic open
affines on which the primes in D become principal. O

Let D be a finite set of maximal ideals in Ok . By the above Lemma, we have that U = X — D
is affine and we can write U = Spec OK[%]. For any finite étale morphism V' — U, we have
that V is affine and isomorphic to Spec OL[%] if we assume V' to be connected with function
field L. The normalization 7 : ¥ — X of X in L is finite. Since the integral closure of Ok
in L is O, we have that Y = Spec O,.. Reversely, any arithmetic curve over O arises in this
matter. (Apply [Bruin, Proposition 6.1] and the fact that the set of ramification points of a
finite field extension K C L is finite.) Of course, the degree of 7 is the degree of the extension
K C L. As in Section 3, we can interpret this as a Riemann-Roch theorem in degree 0. We
now formulate a Riemann-Roch theorem for 7 in degree 1.

ExXAMPLE 3.49. Consider the field extension Q C Q(z). The ring of integers of Q(i) is the
ring of Gaussian integers Z[i]. A prime ideal B of Q(i) is ramified over Q if and only if
B contains the different Dq;)/q- In this case, Dqy)/q = (2¢)4[i] = (2)Z[i]. We see that
(1 + @)Z][7] is the only prime ideal which ramifies. Its ramification index over Q is 2. There
are precisely four covers of Spec Z ramified at (2):

A point at infinity on X is an embedding ¢ : K — C. For any embedding ¢ : K — C, we
define its conjugate & : K — C as the composition of ¢ with the complex conjugation on
C. We say that 0 € X is real if 0 = 7. Clearly, an element o € X, is real if and only if
o(K) C R. We let X be the set of embeddings o : K — C. Note that #% = [K : Q].

We now give some basic definitions and facts.

The group of arithmetic cycles of codimension 1 or Arakelov divisors on X is defined as
ZYX)=Z"(X)® R>.

Usually, we will denote elements of Z* (X) by (D,g), where D is a divisor on X and g is an
element of R*. We define the map div : K* — Z'(X) by

div(a) = div(a) @ (~ log |o(a)|)-

Here div(a) denotes the cycle associated to the fractional ideal Ok - a. Note that div is

—1
a homomorphism. We let Rat (X) be its image. We define the arithmetic Chow group of
codimension 1 to be the quotient group

AY(X) = ZY(X)/Rat (X).
Finally, we define the arithmetic Chow group as

A(X) =Za AY(X).
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Let (D, g) be an Arakelov divisor on X = Spec Og. We define its (arithmetic) degree in R,
denoted by deg(D, g), as

deg(D,g)= Y. mplog(#0x/p)+ Y log|o(a)l.

p maximal in O oY
This clearly defines a homomorphism c/lég 7 HX)—R.

LEMMA 3.50. For any a € K*, the degree of (Ti:f(a) equals zero.

PrOOF. We may assume that a € Ok and that a # 0. Then
degdw Z ordy(a)log(#O0xK /p) — Z log |o(a)

ceX
It is easy to see that

ordp(a)log(#O0k /p) = log(#O0k p/(a)).

Since the Og-module O /(a) has finite support, one has an isomorphism

Ok/(a @OK;]/

This implies that
Zordp ) log(#0k /p) = log(#0x /(a)) = log N(a),

where N (a) is the norm of the ideal (a) C Ox. We have a short exact sequence

Ok Ok/(a) —=0,

where m, is the multiplication by a. It is easy to show that #Ox/(a) = |det(m,)|. Now,
tensor the above short exact sequence with C over Z. The map induced by m, from O ®7zC =
DrexC to itself is given by the multiplication by o(a) on the coordinate indexed by o.
Therefore, we see that det(my) = [[,¢x 0(a). This implies the result. O

Mma

0 Ok

We conclude that the degree induces a homomorphism d/e\g . Al (X) — R.

EXAMPLE 3.51. Suppose that X = SpecZ. Then d/é\g : Al (X) — R is an isomorphism.

A metrised O -module on X is the data of a finitely generated Ox-module M together with
a family (hy)sex of hermitian forms h, on the complex vector space 0*M = M ®, C such
that (hs)sex is invariant under conjugation. The former means that, for any ¢ € ¥ and
v,w € o*M, we have that
he (v, w) = ha(v, ).

A hermitian vector bundle on X is a metrised Og-module (M, (hs)sex), where M is projec-
tive. A hermitian line bundle on X is a hermitian vector bundle (M, (hy)gex), where M is
of rank 1. The projective finitely generated Og-modules of rank 1 correspond to fractional
ideals. We will write just M for a metrised Og-module when the hermitian form is clear from
the context.

For any hermitian line bundle L on X, we can define its degree d/(%L. One simply takes
a section a section s of L and defines degl to be the degree of the arithmetic cycle with
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multiplicity ordy(s) := ordy(a) at a prime ideal p, where a € K* is the unique element such

that s = a - 1. It is easy to see that degl is well-defined, i.e., independent of the section s.
(Use the product formula or a similar reasoning as in Lemma 7.)

A morphism of metrised Ox-modules (M, h,) and (N, h.) on X is a morphism of Ox-modules
@ : M — N such that, for any o € ¥ and v € ¢* M, we have that

ho (0" @(v),0%p(v)) = he(v,v).

This defines the category C/o\h(X ) of metrised Og-modules. An isomorphism in the category
of metrised Ox-modules is called an isometry. It is not hard to See/téat morphisms of metrised
Ox-modules which are bijective are isometries. The category Vect(X) of hermitian vector
bundles is a full subcategory.

Let us recall some basic constructions. Let (M, (hs)sex) be a metrised Og-module. Suppose
that N C M is a submodule and that (M’, (h])yex) is another metrised Ox-module. In the
following ¢ will be a point in 3. The restriction of h, to 0* N endows N with a natural struc-
ture of a metrised Ox-module. Similarly, the restriction of h, to the orthogonal complement
of 0* N makes M/N into a metrised Og-module if we identity this complement with o*M/N.
Now, the orthogonal direct sum h, & h. of h, and h. makes the direct sum M @ N into a
metrised Og-module. Here, for any v,w € 0*M and v, w’ € M’, we define

he @R (v DV, wd W) = hy(v,w) + h(V,w).
Also, for any v,w € c*M and v',w’ € M’, we define
he @ hL(v@ v, w@w) = hy(v,w)-h (@ w).

This makes M ®¢o, M’ into a metrised Ox-module. As an application of this, let E be the
Ok-module Homgp, (M, M') and note that o*E = Homg(c*M,o0M’) is the tensor product
of 0*M and o*M’. Therefore, we can make E into a metrised Og-module by endowing it
with this hermitian form on each complex vector space ¢*E. In particular, the dual module
EY = Homg, (M, Ok) is endowed with a natural structure of metrised Ox-module. More
explicitly, if vV denotes the element h,(—,v) in 0*E"Y, where v € 0*E, we have that

RY (v, wY) = he(v,w).
Finally, let p > 0. For any vi A ... Avp,wi A ... Aw, € c*APM, we define
APhy(v1 A oo Avpywr A Awy) = det(hg (v, w;))R (0, w').

This makes APM into a metrised Og-module. In particular, we can naturally endow the
determinant of M with the structure of a metrised Og-module.

The category C/(EI(X ) is abelian and @t(X ) is an additive subcategory of @(X )

Let w : Y — X be an arithmetic curve over Ok of degree n. We already said that we can
write Y = Spec Op, where L is the function field of Y. Endow Op with the trivial metric.
That is, for any 7 : L — C, define the hermitian form h, on 7*Op = C to be the usual
hermitian form on C. Thus, for any v,w € C, we have h,(v,w) = vw. Now, it is easy
to endow the projective finitely generated Og-module E := 7,0 with the structure of a
hermitian vector bundle. In fact, let ¢ : K — C be an embedding. If 7 : L — C is an
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embedding such that 7|x = o, we will write 7|o. Then, for any o : K — C, we can define a
hermitian form (m.h), on o*E as follows. Given v,w € 0*E, we define

(meh)o(v,w) =D he(7(v), 7(w) = Y he(viyws) = Y vl
=1

T|o =1

Here we use the decomposition c*FE = *Or. To conclude, note that the family of

T|o T
hermitian forms ((7m.h)s)sex is invariant under conjugation. Since any fractional ideal a of L
can be endowed with the trivial metric described above, the above construction shows that

0 can be canonically given the structure of a hermitian vector bundle on X.

ExXAMPLE 3.52. The above construction does not always work. Let n > 1 and let X — Y be
the morphism given by z — x", where X =Y = C. This is clearly a finite morphism. Note

that & = m,Ox is a free Oy-module with basis (1,w,...,w" !). Here w is the coordinate on
Y. The trace form £ ® € — Oy maps (f,g) € € x € to tr(f ® g). This is symmetric and
Oy-linear. Let z be the coordinate on X. Then, in the basis (1,w,...,w" 1), the matrix of
the trace form reads

n 0 ... 0

tr(w w7t = ! "

0

nz

The determinant of this matrix is

det tr(wtwi L) = e(1-n—1)2n — 1. (| =2

2

Dy (—1)Eitant,

As an application of this we have the following Lemma.
LEMMA 3.53. There is a canonical isomorphism
(det m,0L)®? 20 g
of hermitian line bundles. Here 0,/ denotes the discriminant ([Neu, Chapter II1.2]).
ProOF. Consider the Og-bilinear map on Oy, given by the trace map. It induces a linear
map 7 : det(m.Or) @det(7,0r) — Ok given by 7(vi A... Avp, wiA. .. Awy,) = det(tr(v,w;)).

Its image is, by definition, the discriminant 97,/x. As a local computation shows, it suffices
to compare the hermitian metrics on both sides.

Let 0 : K — C be an embedding. By construction, the hermitian form on ¢*FE is given
by ho(v,w) = 32, 7(v)7(w). The trace form o*tr : ¢*E — 0*O is given by the map

(zr) = >_ zr. In particular, the linear map o*7 is given by

(V1 Ao ADR) @ (W Ao Awy) > det (Z vi;rwj,T) = det(v; - ) det(wj s).

T

We conclude that o*7 is an isometry. O

Since d/e%b /K equals —log N(0y,x ), we have proven the following arithmetic Hurwitz theo-
rem.

THEOREM 3.54. One has d/e%det .01, = —% log N(0r/k)- O
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