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These are lecture notes for a course about algebraic geometry taught in the winter
term 2021/22 in Miinster. The goal of the course was to cover the basics of algebraic
geometry: schemes, sheaves, Ox-modules. The preliminaries for the course are a
good knowledge of rings, fields, ideals, prime ideals and very importantly the basic
concepts of categories. Moreover a knowledge of the basics of topological spaces
would be helpful.
Literature that I have used to prepare the course is:

(1) R. Hartshorne: Algebraic Geometry GTM 52. Springer.

(2) D. Mumford: The red book of varieties and schemes. Springer LN 1358.
(3) U. Goertz, T. Wedhorn: Algebraic Geometry 1. Vieweg.
(4) A. Grothendieck, J. Dieudonné: Eléments de géométrie algébrique.
(5) P. Scholze: Algebraic Geometry I lecture notes (typed by Jack Davies)






CHAPTER 1

Algebraic Geometry I - Wintersemester 2021 /22

1. Affine Varieties

What is the idea of algebraic geometry? We first look at some analogies:

e Linear algebra ~ study systems of linear equations. Solutions form a sub-
vectorspace

e Algebra ~ study a single polynomial equation, i.e. zeros of polynomials in
C with rational coefficients (e.g. Q((n))

e Algebraic geometry ~ study solutions to several polynomial equations, e.g
{(z1,.ccyzn) €R™ | f1(z) = ... = fr(x) = 0} with fi,.., fr € R[Xq,..., X,,].
Think geometrically, i.e. consider {z? + y?> = 1} as a circle, not just as a set of

elements in R? = transfer geometric intuition to solve algebraic questions and vice
versa.

REMARK 1.1. Recall that a smooth manifold M of dimension d can be defined as a
subset M C R for which there are (locally) smooth functions fi, ..., fi : R4T* — R
such that

M ={z e R™™* | fi(z) = fa(x) = ... = falz) = 0}

and such that for each x € M C R4*¥ the Jacobi matrix (0f;(z)/0z;); ; has maximal
rank.

The main difference that we make is to restrict to polynomial equations as opposed
to smooth funtions (we are doing algebra after all) and to drop the rank condition
which is there to make sure that the subset is smooth (we will get back to smoothness
in the algebraic setting later). We also remark that a set of solutions to smooth
equations M C R” is automatically closed and vice versa that each closed subset
can be described by smooth functions if we drop the rank condition (by a theorem
of Whitney even by a single function).

Now we let k be a field (we will soon assume that k is algebraically closed).

DEFINITION 1.2. An affine algebraic set is a subset V' C k™ that can be written as
the solutions of a set of polynomial equations, i.e. there is a set M C k[X1, ..., X,]
such that

V=V(M):={(x1,....,xn) | f(x1,...,200) =0 forall f € M}

ExAaMPLE 1.3. (1) The equation y = ax + b gives us a straight line. Similarly
all equations of degree 1 in two variables give straight lines.
(2) The “circle”, i.e. the set of elements (z,y) € k? such that 2 + y? = 1.
(3) We similarly have x? 4+ y? = —1, which has no real solutions

7



8 1. ALGEBRAIC GEOMETRY I - WINTERSEMESTER 2021/22

(4) The equation 22 = y? can be factored as (x + y)(z —y) = 0 so that it

describes a union of two diagonal lines through the origin. The origin is
a “singularity”, at least in the smooth world, since the derivative of the
polynomial vanishes at the origin.

(5) The elliptic curve y? = 22 — 2 + 1 which is smooth (at least over R as a
smooth manifold)

(6) Another elliptic curve is 2 = 23 — 2 which is also smooth but disconnected.

(7) The elliptic curve y? = 2% — 22 has a “nodal singularity” at the origin.

(8) The curve y? = 23 has a “cuspidal singularity” at the origin.

3

Recall that for every subset M C R of a commutative ring R there is a smallest
ideal containing M. Elements of this ideal will be linear combinations > \;m; for
m; € M and \; € R. If the set M = {rq,...,r,} is finite we write this ideal as

(7’1, ceey Tn).
PROPOSITION 1.4. For any subset M C k[X1, ..., X,] let a be the ideal generated by

M. Then we have that
V(M)=V(a) .
PROOF. Since M C a we clearly have V(a) C V(M). On the other hand, if
x € V(M) and g =) \im; € a then

g(x) = Ni(x)mi(z) = 0. O
Now our first big goal is to prove the following result:

THEOREM 1.5. Every affine algebraic set V' C k™ is the solution set of finitely many
polynomials f1, ..., fi.

In order to prove this, it is enough to prove that for a given subset M C k[X7, ..., X,,]
we find finitely many polynomials fi, ..., fx such that

We already know that V(M) equals V(a). Thus to prove the theorem is suffices to
prove that every ideal a C k[X7, ..., X},] is finitely generated, i.e. of the form

a= (flv"'vfk‘) .

We invent a name for such rings.

2. Noetherian rings

DEFINITION 2.1. A (commutativeﬂ ring R is called noetherian if all ideals are
finitely generated, i.e. if for each Ideal a C R there are finitely many element
r1,...,TE such that
a= (?”1, ...,Tk) .

EXAMPLE 2.2. Fields are noetherian. Finite rings are noetherian (we simply can take
all elements of the ideal as generators). The integers are noetherian, as every ideal
is a principal ideal (in some sense noetherian rings are generalization of principal
ideal rings).

PRrROPOSITION 2.3. The following statements are equivalent for a ring R:
(1) R is noetherian.

Henceforth all rings will be commutative with 1
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(2) Each ascending chain of ideals
ap Cag CagC ...

becomes eventually constant
(3) Each non-empty subset of ideals has a maximal element.

PROOF. Assume (1) and
ap Cag CagC ..

a chain of ideals. Then we consider the union |Ja; C R. This is an ideal. Thus it
has to be finitely generated. But each generator lies in some finite step, so that the
ideal equals already a finite union.

(2) = (3): Assume (3) fails for some set S of ideals. Then we find for each ideal
I € S anideal J € S with I C J (as otherwise I would be maximal). Inductively,
this allows us to build a sequence of ideals I} C I C I3 C ... in contradiction to (2).
Assume (3) and let I C R be an ideal. Consider the set of finitely generated ideals
contained in I. Then this set is non-empty and has a maximal element I’ C I. But
for any a € I we find that I’ + (a) is also a finitely generated ideal contained in I,
so by maximality of I’ we have that I’ + (a) = I’ for each a € I. It follows that each
such a lies already in I’, i.e. I = I’ and I is finitely generated. O

EXAMPLE 2.4. Consider the ring R = k[X; | i € N] which is given by polynomials in
countably many variables. Formally this ring is the colimit of the finite polynomial
rings, concretely every polynmial has only finitely many variables. We claim that R
is not noetherian. To see this consider the chain

(z1)  (z1,22) C (21,72, 73) C
LEMMA 2.5. Quotients of noetherian rings are noetherian.
PROOF. Let J C R/I be an ideal. Then the preimage J' C R of all elements

in R that map to J is by assumption finitely generated. It follows that also J is
finitely generated. O

EXAMPLE 2.6. Subrings of noetherian rings need not be noetherian. To see this
consider the non-noetherian ring R = Q[X;|¢i € N]. This ring does not have zero-
divisors, so it is a subring of its fraction field Q(R), which is noetherian.

THEOREM 2.7 (Hilbert’s basis theorem). Assume R is noetherian, then so is R[X].

PRrROOF. Let I C R[X] be an ideal which is not finitely generated. We construct
inductively a sequence of polynomials

fo=0, f1, fa, ...

by letting f; be a polynomial of minimal degree in I\ (fi,..., fi—1). Let d, be the
degree of f,, and a, be the leading coefficient. Note that the sequence of d, is
nondecreasing by construction, since f,, is of minimal degree in I\ (f1,..., fn—1) 2

fn+1-
Then consider the chain of ideals in R:

(a1) € (a1,a2) C (a1,a2,a3) C ...
Since R is noetherian, this sequence becomes constant, say at stage n. Then

ap+1 € (a1, ..y ap) -
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so that an4+1 = A\a1 + ... + A\pa, and we can consider the polynomial

n
frg1 — Z /\iXd"H_difi

i=1
This is in I\ (fo, ..., fn) since the second term is in (fy,..., fn). But on the other
hand its degree is less than the degree of f,11 in contradiction to the choice of

frt1. O

COROLLARY 2.8. For every noetherian ring R we have that R[ X1, ..., X,] is noether-
an.

3. The Zariski topology

Okay, lets get back to affine varieties. Recall that we now have proven Theorem
We know that affine algebraic sets V' C k™ are the zero sets of finitely many
polynomials. Let us recall that a topology on a set X corresponds on a set of subsets
of X called open subsets such that

(1) @, X are open.

(2) Arbitrary unions of open sets are open.

(3) Finite intersections of open sets are open.
A subset K C X is then called closed, if the complement X \ K is open. One
immediately sees that

(1) 0, X are closed.
(2) Arbitrary intersections of closed sets are closed.
(3) Finite unions of closed sets are closed.

One could clearly have defined a topological space equivalently by means of its closed
subsets.

ProrosiTIiON 3.1. There is a topology on k™ for which the closed subsets are the
affine algebraic sets.

PROOF. We have ) = V(1) and k™ = V(). Moreover we have that
ﬂ V(M;) = V(U M;)
iel el
so that the intersection of closed sets is closed. Finally we have to prove that the
union A U B of two closed sets

A=V (M) and B=V(N)
is again closed. We consider
M-N={f-glfeMgeN}

and claim that AU B = V(M - N). The inclusion C is clear. For the converse
assume that (x1,...,x,) is a zero of all polynomials f-g and not in A, i.e. there is at
least one fo € M with f(x1,...,x,) # 0. For each g € N we get that fo(x1,...,2,) -
g(x1,...,zn) = 0 so that g(x1,...,x,) = 0 and thus (z1,...,2,) € B. O

DEFINITION 3.2. The topology is called the Zariski topology. We denote the space
k™ with the Zariski topology by A™(k) or simply A™ if the ground-field is clear. It is
called the n-dimensional affine space.
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EXAMPLE 3.3. Identity Mat(n x n, k) = k™" = A"”. Then the subset
Gl(n, k) € Mat(n x n, k)

of invertible matrices is Zariski open. To see this we note that the complement,
i.e. the set of matrices with vanishing determinant, is closed. But this is true
by definition since it is V' (det) where det : Mat(n x n,k) — k is considered as a
polynomial in n? entries.

We can also consider Gl(n,k) as an affine algebraic set as follows: consider the
identification

Gl(n, k) = {(A,y) € Mat(n x n, k) x k | det(A) -y = 1} C k" x k = A"+

in which case it is the vanishing locus of a single polynomial in n? 4+ 1 entries,
namely det Y —1 € k[X7, ..., X,,2,Y]. We will consider the latter the ‘standard way’
of viewing it as an affine algebraic set.

Now we want to investige how much the algebraic set V' = V(a) remembers about
the ideal a.

DEFINITION 3.4. Let a C R be an ideal. The radical of a is the ideal
Va={x € R|a" € a for some n € N}
An ideal is called radical (or radically closed) if \/a = a.

LEMMA 3.5. v/a is itself an ideal and we have \/+/a = /a.

ProoOF. Clearly for € /a and r € R we have that (rz)" = r"2™ € a. Thus

rr € \/a.

For x,y € v/a with 2, y" € a we find that (z + 3)?" € a since each monomial %y
with ¢ + j = 2n has to contain at least n factors of x or n factors of y.
The other claim is clear. g

LEMMA 3.6. For an ideal a C k[X1, ..., Xy] we have that
V(a) =V(Va)

PROOF. The containment V(y/a) C V(a) is obvious since a C /a. For the
converse assume that (x1,...,2,) € V(a) and p € y/a. Then there exists an n such
that p" € a, in particular p™(z1,...,2,) = 0. But then also p(x1,...,x,) = 0. Thus

(1, ..., xn) € V(Va). O

For any subset M C A" we define the vanishing ideal I(M) C k[X,.., X,] as the
set of elements

IM)={fe€k[Xy,...X] | f(z1,....,zp) =0 forall z € M} .
This is clearly a radical ideal.

THEOREM 3.7 (Hilbert’s Nullstellensatz). Assume that k is algebraically closed.
Then the map

V(=): {radical ideals a C k[X1, ..., Xp]} — {Closed subsets of A"}
is a bijection with inverse V — I(V).

From now on we shall always assume that k is algebraically closed. Why is this
called Nullstellensatz?
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COROLLARY 3.8. Assume that a C k[X1, ..., X,,] is a proper ideal. Then there is an
element (1, ...,x,) € k™ such that f(x) =0 for all f € a.

PROOF. Since a is proper we have 1 ¢ a. But then also 1 ¢ \/a. Thus also a is
proper. Therefore we get from the injectivity of V' that

V(Va) # V(k[X1,...,Xn]) =0 . O

COROLLARY 3.9. Assume that we are given a finite set of polynomials f1, ..., fr €
k[X1,...,Xyn]. Then exactly one of the following things happen:

(1) The polynomials have a common zero in k™.
(2) There are polynomials g1, ..., gi € k[X1, ..., Xy] such that

afi+..+tafi=1.

ProoF. First note that these two alternatives clearly exclude each other. By
the last corollary we see that either (f1,..., fx) is the full ideal (which is the second
alternative) or that the polynomials have a common zero. g

3.1. Proof of the Nullstellensatz. The next statement is true for any field,
even if it is not algebraically closed:

LEMMA 3.10 (sometimes also called Nullstellensatz or Zariski-Lemma). Assume that
a field extension k — K is obtained as K = k[oy, ..., o] by ring-adjoining finitely
many elements, i.e. finitely generated as a k-algebra. Then it is algebraic.

PRrOOF. For n =1 it is clear, as it exactly says that K = k[a;]. Recall that the
argument goes as follows: we need to have a relation

ar' = p(o)

Thus p(a;)a; —1 =0 so that «; is algebraic.

For general n we consider
kl = I{Z(Oél) g K

Then K is generated by (n — 1)-elements over k1 and we get by induction on n that
it is algebraic over k1. If oy is algebraic over k then we are done, since then k; is
algebraic and thus the rest follow by transitivity of algebraic extensions. Thus we
can assume that o is transcendental, i.e. k; = k(ay) is rational functions in «;. To
stress this fact we will write ay = x and have k; = k(z). We now want to derive a
contradiction to finish the proof.

Since K is algebraic and finitely generated over k(x) we can choose a basis (v, ..., vt)
of K over k(z). We write down the multiplication table

pijk(T)

1 VU5 = — Vg

( ) ) Qijk(x)

with p;jr (), gijr(x) € k[z] polynomials. For convenience we set ag = 1 and write
fst()

2 Qg = v

) > got ()

We now want to show that the k-algebra A = k[aq,...,an] = klag, a1, ..., ay] is

smaller than K and thus derive a contradiction to the assumption of the lemma
that A = K.
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Every element a € A is a k-linear combination of products of the a;’s. If we expand
using we see that a is a k(x)-linear combination of products of the v; where all
the denominators of the coefficients are products of the gg’s. Then using we
see that a is a k(x)-linear combination of the v;’s where the denominators of the
coefficients are products of the ¢’s and ¢’s. In particular we see that if we express a
as a k(x)-linear combination of our basis, then all the coefficients have the property
that they can be expressed with a denominator whose irreduzible factors are among
the irreducible factors of the polynomials g;j;, and gs.

But then the we simply choose another irreducible polynomial w € k[z| (there are
infinitely many) and thus 1/w € K cannot lie in AE| O

COROLLARY 3.11. Assume that k is algebraically closed and R is a non-trivial k-
algebra (i.e. a ring with a map k — R) which is finitely generated (i.e. obtained by
ring adjoining finitely many elements). Then there is a map R — k over k.

PROOF. We choose a maximal ideal m C R and consider the map R — R/m =
K. Then by the previous lemma K is algebraic over k. But since k is algebraically
closed the map k — K is an isomorphism, and we find a map as desired. O

Before we prove the next result let us recall that one can invert elements in rings:
given a ring R and an element 7 € R we can form a new ring R[r~!] with a map R —
R[r~'] with the following universal property: for any other ring S the restriction
along R — R — R[r~!] induces a bijection

{maps Rr Y — S} = {maps R 55t flr)isa unit} .

Concretely one can construct R[r~!] by considering ‘fractions’ in R with denominator
powers of 7 or a little bit slicker as

R[r Y =R[T]/(rt — 1) .
This presentation also shows that R[r~!] is a finitely generated R algebra.

WARNING 3.12. Note that in general the map R — R[r~!] is not injective. The
kernel consists exactly of those elements s € R for which there exists an n such that
r"s = 0. This can be deduced directly from the concrete description of R[r~'] as
fractions (obviously those elements have to map to zero). In particular we conclude
that R[r~!] is the zero ring precisely if v is nilpotent.

PROOF OF HILBERT’S NULLSTELLENSATZ (THEOREM |3.7)). We will prove that
for every radical ideal a we have that

(3) IV(a)=a.

This shows that IV = id. But we have already seen that V is surjective, so that
this finishes the proof.

In order to prove (3)) we first note that for f € a we have by assumption that for each
x € V(a) that f(z) = 0. Thus f € IV(a) and we get the inclusion D. Conversely
assume that f € IV (a). Consider the ring

R=(k[X1,...X,])/a)[f7Y] .

2Here we use that there are always infinitely many irreducible polynomials over any field, a
proof of this fact will be given in the exercises.
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which is a finitely generated k-algebra. If R = 0 then there would be an n > 0
such that f™ € a. But then f € a since a is radical, and we are done. If R # 0
then we find by the previous corollary a homomorphism R — k and thus elements
(1, ..., ) € V(a) such that f(z1,...,z,) # 0. But this contradicts the assumption
that f € IV (a). O

COROLLARY 3.13. Every mazximal ideal of k[ X1, ..., Xy is of the form
I{a,..,an}) = (X1 — a1, ... X5, — ap)
for an element (aq, ..., ap) € k™.

PROOF. For every maximal ideal m there is a common zero (aq, ..., ay, ) according
to the Nullstellensatz. This means that the ideal is contained in the ideal of all
polynomials that vanish at aq,...,a, and hence the two are equal (the latter is
certainly not everything). But the latter is exactly the ideal (X7 — aq, ..., X;, — ap),
which is clearly maximal as the quotient is k. O

4. The category of affine Varieties

We now want to say things in more categorical language. As before we let k be an
algebraically closed field.

DEFINITION 4.1. Let V- C A" be a closed subset (i.e. an affine algebraic set). Then
we define the ring of functions on V' to be the ring

O(V) = k[ X1, ..., Xa] /I(V) .

EXAMPLE 4.2. We have that O(A") = k[ X1, ..., X,,]. We think of O(A") as functions
on A". In general, every element [p] € O(V) should be interpreted as a function
V' — k represented by the polynomial p. The point is that two polynomials p,q €
k[X1,...,X,] agree on V precisely if they differ by an element in I(V'), i.e. represent
the same class in O(V).

DEFINITION 4.3. A ring R is reduced if it does not admit any nilpotent elements,
i.e. if ™ = 0 implies that x = 0.

PROPOSITION 4.4. The ring O(V) is a finitely generated and reduced k-algebra.
Conversely any finitely generated, reduced k-algebra is of the form O(V) for some
affine algebraic set VC k™.

PROOF. Any finitely generated algebra R is of the form k[X1, ..., X},]/a for some

ideal a (where n is the number of generators). It is reduced precisely if a is radical.
Il

Now we define morphisms of affine algebraic sets. These are informally given by
maps that can be given by polynomials (think of our example of smooth manifolds,
where morphisms would be smooth maps).

DEFINITION 4.6. Let V. C A™ and W C A™ be affine algebraic sets. Then a mor-
phism V. — W is given by a map of sets f : V. — W for which there are polynomials
Dly oy Pm € k[ X1, ..., Xy such that

f(x) = (p1(x), .., pm(2)) -
for all x € V. This notion of morphisms is clearly closed under composition and

contains all identities. Thus affine algebraic sets and morphisms for a category which
we denote by AffVary.
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WARNING 4.7. The polynomials p1, ..., pm are not uniquely determined by the map
f- They are not part of the datum of a morphism, only their existence is required.

EXAMPLE 4.8. For V' C A" the set Hompgvar, (V,A!) consist of functions V. — k
that can be written as polynomials p € k[X7, ..., X;,]. Thus by the comparison with
Example we get a canonical bijection

Homagrvar, (V, A1) = O(V) .
so that O(V') indeed consists of functions.

EXAMPLE 4.9. More generally we see that a map from V' to A™ can be represented
by polynomials p1, ..., pp, € k[X1, ..., X;n] modulo I(V), i.e.

Homagvar, (V,A™) = O(V)™ .

From Example [£.8) we in particular see that for a given morphism f : V — W we
get an induced map

OW)—0(V)
by pullback (or precomposition) which is easily verified to be a map of rings as
follows: we find (p1, ..., pm) representing f. Then an element g € O(W) is send to
the polynomial [g(p1, ..., pm)] € O(V'). This assignment obviously preserves products
and sums (of ¢g’s). Together this defines a contravariant functor

. op f.g.,red.
O : AftVar,” — Alg,
to the category of finitely generated, reduced k-algebras.
THEOREM 4.10. This functor is an equivalence of categories.

PROOF. We have already seen that it is essentially surjective by Proposition [£.4]
Thus we only have to show that it is fully faithful, i.e. that the induced map

HOHIAH\/M,c (V, W) — HomAlgk (O(W), O(V))

is a bijection. Explicitly this maps the class [p1, ..., pm] to the morphism obtained
by precomposition as described above. In the special case W = A", this map is a
bijection as explained in Example An element on the left hand side is exactly
given by an m-tuple of elements ([p1],...,[pn]) € O(V)™, and the map takes it to
the homomorphism k[X1, ..., X,,] = O(V) which takes X; — [p;].

For arbitrary W C A™ we have the diagram

I—IOInAffVau";€ (Vva W) ——— HomAffVark (V: Am)

i I

Homapyg, (O(W),0(V)) —— Homayg, (k[z1,...,2m], O(V))

where the upper horizontal arrow exhibits Homagvar, (V, W) as subset of those maps
represented by polynomials (p1, .. ., py) which map V' to W, and the lower horizontal
map exhibits Homayg, (O(W), O(V')) as subset of those maps which vanish on I(W).
Since the upper right composite is injective, the left vertical map is also injective. To
see that it is an isomorphism, it therefore suffices to check that it is surjective. Thus
we have to see that [p1,...,pm] € Hompgva, (V, A™) take V to W if the corresponding
map k[X1,...,Xm] — OV), X; — p;, vanishes on I(W). The latter condition
spelled out means that for each f € I(W) we have that f(pi,...,pn) has to lie in
I(V). In particular if z € V then f(pi(z),...,pn(x)) =0, ie. p(x) € W. O
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COROLLARY 4.11. Two affine algebraic sets V. and W are isomorphic precisely if
their rings of functions O(V) and O(W) are isomorphic.

5. Irreducible Varieties

COROLLARY 5.1 (of the Nullstellensatz). Let V' be an affine algebraic set over an
algebraically closed field. Then the assigment

veV = A{[fleOWV) | f(v) =0}
is a bijection between points of V' and mazimal ideals of O(V').

PRrOOF. Ideals in O(V) are given by ideals in k[X7, ..., X;] that contain I(V).
Thus the maximal ones are precisely the maximal ideals of k[X7, ..., X,;] which con-
tain I(V'), i.e. points v € A" such that v € V. O

Now since A" is a topological space, we get a subspace topology on V' C A" in which
a subset

ViCcV
is closed precisely if V' C A™ is closed, i.e. V" is itself an affine algebraic set contained
in V. Thus we get:

PROPOSITION 5.2. The closed subsets of V' are in one-to-one correspondence to
radically closed ideals in O(V').

PROOF. We simply observe that ideals in O(V') correspond to ideals in k[ X1, ..., X,]
which contain I(V'). Under this correspondence, implemented by taking preimages,
we see that radically closed ideals correspond to radically closed ideals since

(K[X1s o, Xal JIOV)) Ja = k[ X1, ooy Xn] /o O

DEFINITION 5.3. A topological space X is called irreducible if it can not be written
as the union of two closed subspaces (neither of which agrees with X ).

An affine algebraic set V. C A™ is called irreducible (or affine variety, but we try to
avoid this notions here to not create confusion), if it is irreducible when considered
as a topological space.

Equivalently, V' is irreducible if we cannot write it as V' = VyUVj for affine algebraic
subsets Vp, Vi C V. Also equivalent: if V' C VU V; for Vj, V3 C A" then either

=

VCVorV CW.
EXAMPLE 5.4. The affine algebraic set
{(z,y) € C?* |2® —y* =0}
is not irreducible, since we can write it as the union of
Vo={(z,y) eC? |z —y=0} and Vi={(z,y) eC?|z+y=0}.

EXAMPLE 5.5. The affine algebraic set k = A! is irreducible, since each proper closed
subset is finite (solutions to a polynomial equation since every ideal is principal) and
k is infinite, being algebraically closed. Thus it cannot be written as union of two
closed subsets.

PROPOSITION 5.6. For an affine algebraic set V- C A™ the following are equivalent:

(1) V is irreducible
(2) I(V) Ck[Xy, ..., Xp] is a prime ideal
(3) O(V) is a domain, i.e. does not have zero divisors.
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PRrROOF. (2) and (3) are clearly equivalent. Thus we have to show that (1) is
equivalent to (2). To this end note that V' is reducible precisely if we have V' = VyuV;
for proper subvarieties Vj, V1. This equivalently means that we have

(V) =1(VouVi) =1(Vo) - 1(V1)

for the vanishing ideals I(V),I(Vy),I(V1) C k[ X1, ..., X, with I(V) € I(V;). Now
the claim follows from the assertion that a radically closed ideal a C k[X7, ..., X},]
is prime exactly if it can not be written as a product of two strictly larger radical

ideals b and ¢.
If

a="b-¢
then we find b € b and ¢ € ¢ such that bc € a but neither b nor ¢ is in a. Thus a is

not prime. If a is not prime then we find b, ¢ € k[ X1, ..., X;,] with bc € a but neither
of the two elements is in a. But then we consider

b:=+/a+(b) and c:=+/a+ (¢

We have that b - ¢ = a as one easily verifies, but both are larger than a. O
COROLLARY 5.7. A™(k) is irreducible.
PROOF. The polynomial ring is a domain. O

EXAMPLE 5.8. For every prime polynomial p € k[X7, ..., X,,] the hypercurve {p = 0}
is irreducible.

DEFINITION 5.9. A topological space X is called noetherian, if every descending
chain

VioVa 2o V32 ..

of closed subsets becomes eventually constant.

LEMMA 5.10. Every affine algebraic set V is noetherian as a topological space, i.e.
every descending chain of affine algebraic sets

VioVe 2 V30
becomes constant.
PROOF. Clear since O(V') is noetherian as a quotient of k[X7, ..., X,,]. O

DEFINITION 5.11. Let X be a topological space. A subset V- C X is called irreducible
if it is irreducible in the subspace topology, i.e. for every inclusion V. C Vo U Vp
with V; closed we have V.C Vy or V. C Vi. An irreducible component is a maximal
wrreducible subset of X.

LEMMA 5.12. Irreducible components are closed and every irreducible subset is con-
tained in an irreducible component.

PRrOOF. For the first part we note that the closure of an irreducible set is irre-
ducible. This is clear by definition. Thus if V' is maximal it has to agree with its
closure. For the second part assume that we are given an irreducible subset M C X.
Then the set of all irreducible subsets between M and X is inductively ordered (i.e.
every chain has an upper bound): given a sequence

M C My C M; € M C ...
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we can consider the unions My, = (JM;. This is irreducible, since for a given
decomposition My, = Ag U A; we get that since all the M;’s are irreducible each of
them has to be contained in Ag or A;. Thus we find infinitely many that lie in one
of them, say Ap. But then also the union does. Thus by Zorn’s Lemma a maximal
element exists, i.e. M is contained in an irreducible component.

g

PROPOSITION 5.13. Let X be a noetherian topological space. Then it admits finitely
many, uniquely determined irreducible components Vi, ..., V.. We have

X=WU..UV,.

The space X is not the union of r — 1 of them.

Conversely if we can write X as such a union of closed irreducible subsets such that
X is not the union of r — 1 of them (equivalently: they do not contain each other)
then these are already the irreducible components.

PrRoOF. If X is not irreducible, then we can write it inductively as the unions
of finitely many irreducible closed subspaces (using that the space is noetherian)

X=VWU..UV,.

We can WLOG assume that neither of those is contained in another one. Now
any irreducible subset M C X has to be contained in one of the V; by definition
of irreducible. If M is an irreducible component, then it has to agree with the
respective V;. Thus every irreducible component has to agree with one of the V.
Since every V; is contained in an irreducible component this also shows that all of
the V; are irreducible components. O

Note that irreducible components of V' correspond to prime ideals in O(V'). Thus
the last result can be translated into the existence of minimal prime ideals in this
ring.

ExXAMPLE 5.14. The irreducible components of
{(z,y) € ¥* | 2y = 0}

are given by the axes {x = 0} and {y = 0} since V' is the union of those but not of
less of them.

EXAMPLE 5.15. More generally for any polynomial p € k[X}, ..., X,;] we consider the
hypercurve

V={zecA"[p(x) =0} ={p=0}.

If we factor p into prime factors p = py* - ... - pzk then we first observe that with
p =[] pi; we have V = {p’ = 0} In fact, (p') = \/(p). But now we also have

V={p=0U{p2=0}U...U{px =0}

Again these are clearly not contained in each other (as the prime polynomials cannot
divide each other).

We finish this section by the following table
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Geometry Algebra
V. affine algebraic set | O(V): reduced, finitely generated k-algebra
x € V point I(x) maximal ideal in O(V)
V! C V closed subsets I(V') radical ideals in O(V)
irreducible subvarieties prime ideals
irreducible components minimal prime ideals

6. The spectrum of a ring

Recall that the points of an affine algebraic set V' are the maximal ideals in O(V).
We now want to do this for general rings A replacing O(V).

DEFINITION 6.1. Let A be a commutative ring. Then we define the Spectrum of A,
denoted as Spec(A), as the set of prime ideals of A (remember that prime ideals are
not the full ring). The maximal spectrum is the subset

mSpec(A) C Spec(A)

consisting of the maximal ideals. For a given point x € Spec(A) we define the residue
field at = to be

k(z) := Frac(A/z)
the fraction field of the domain A/x. EI An element f € A gives rise to an element
f(z) € K(x)
represented by the class [f].

We informally want to think of an element f € A as a function on Spec(A) which
takes x to an element in the residue field x(z), thus the domain varies. We clearly

have that for f,g € A that (f - g)(z) = f(z)g(x) and (f + g)(x) = f(z) + g(x).

EXAMPLE 6.2. If A = O(V) for an affine algebraic set V over an algebraically closed
field k, then V' = mSpec(A) and for every z € V we have that x(x) = k, the
isomorphism is given by

OWV)/I(z) =k [fI = f(x).

Thus for a given f € O(V) we get that under this identification f(z) is simply the
evaluation of f at the point x!

The spectrum Spec(A) now consists of the prime ideals, which are the irreducible
closed subsets of V. For a given point = € Spec(A) corresponding to an irreducible
variety V' C V the fraction field x(z) is given by the fraction field of the (do-
main) O(V’). The evaluation f(z) for an element f € O(V) at z is then given by
considering the restriction of f to V' as an element in the fraction field of O(V”).

EXAMPLE 6.3. Let’s consider the case V = Al ie. A = O(V). Then Spec(A)
consists of all the points of V' corresponding to the maximal ideals and additionally
the prime ideals. But the ring k[x] has only one prime ideal that is not maximal,
namely 0. Geometrically this corresponds to the irreducible variety V itself. Thus
Spec(A) has the points Al and one additional point 0, which is morally ‘arbitrarily
close’ to any other point. We will make the latter precise soon.

3That means we invert every nonzero element in A/x. Note that for a maximal ideal = we have
that A/z is already a field, thus k(z) = A/x
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EXAMPLE 6.4. Let’s consider the case V = A2 ie. A = O(V). Then Spec(A)
consists of all the points of V' corresponding to the maximal ideals and additionally
the points corresponding to irreducible subsets V/ C V that are not points. There is
again a point for the full subset V' (corresponding to the 0-ideal) and for every (nor-
malized) irreducible polynomial p € k[X7, X2] there is a further point corresponding

to the zero locus {p = 0}. One can show that these are all points (but we will not
do this here).

EXAMPLE 6.5. Consider the ring A = Z. Then the prime ideals are given by pZ for
p a prime and 0. The maximal ideals among them are the pZ, i.e. everything except
0 is maximal. Thus Spec(Z) has a point for every prime and an additional point 0,
which one should think of a point which is ‘arbitrarly close to all other points’. The
residue fields are given by

and

An element n € Z acts as the function of SpecZ which sends n to the value n
considered in each of these fields.

EXAMPLE 6.6. For any field & we have that Spec(k) only consist of a single point
(corresponding to the zero ideal) and the fraction field is k itself.

PROPOSITION 6.7. For any map A — B of rings the induced map
Spec(f) : Spec(B) — Spec(A) p—flp
1s well-defined.

PRrROOF. We only have to show that the ideal f~'p is prime. Thus assume
ab € f~'p. Then f(a)f(b) = f(ab) € p, therefore either f(a) or f(b) in p, which
implies that either a or b are in f~1p. U

WARNING 6.8. While mSpec(A) seems in some sense more natural than Spec(A) it
1s not functorial. For example the inclusion Z — Q induces the map
Spec(Q) — Spec(Z)

which sends (0) to (0). But mSpec(Q) = Spec(Q) while mSpec(Z) does not contain
the zero point. Said differently: the pullback of a mazximal ideal is in general only a
prime ideal but not maxrimal.

DEFINITION 6.9. Let M be a subset of a ring A. Then we define the vanishing locus
of M as
V(M) = {x € Spec(A) | f(x) =0Vf € M} ={x € Spec(4) | M C z} .
We leave the equality as an exercise to the reader to get used to the definitions.
PROPOSITION 6.10. (1) We have that V(M) =V (/(M)).
(2) There is a topology on Spec(A) called the Zariski topology such that the
closed sets are exactly the vanishing loci V (M).
(3) For any ring map f : A — B the map Spec(f) : Spec(B) — Spec(A) is
continuous

AThat is preimages of open sets are open, or equivalently preimages of closed sets are closed.
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(4) For any ideal a the map
Spec(A/a) — Spec(A)

induced by the quotient map is a homoeomorphism onto the closed subset

V(a).
PROOF. (1) is clear. The proof of (2) proceeds exactly as in Proposition
(VM) =V(UierM;)  V(M)UV(N)=V(M-N).

el
For (3) note that
Spec(f)"H(V(M)) = {z € Spec(B) | M C f~}(2)} = V(f(M)) .
For (4) we note that the map A — A/a certainly induces an bijection Spec(A/a) —

V(a). For any ideal over a we have that under this bijection V(b) corresponds to
V(b). O

THEOREM 6.11. Closed subsets of Spec(A) are in 1-1 correspondence with radically
closed ideals of A. The correspondence sends an Ideal a to the vanishing locus and
conversely sends a closed subset V- C Spec(A) to the ideal

{feAlfw=0vwev}i=)p

pev

PROOF. By definition and the previous proposition, each closed subset is of the
form V(a) for a radically closed ideal a. Thus it suffices to show that for each
radically closed ideal a we have that

a=r.

aCp

We will more generally show that for each ideal a (not necessarily radically closed)
in a commutative ring A we have

Va={1».

aCp

By replacing A by A/a this is equivalent to the statement that for every ring A we
have
Vo=p
p

i.e. that for any ring (commutative) the ideal of nilpotent elements is the intersection
of all prime ideals. We certainly have that every nilpotent element is contained in
each prime ideal. Thus it suffices to find for a non-nilpotent element z € A a prime
ideal which does not contain x. To this end we consider the ring A[z~!] which is
not zero, since x is not nilpotent. Then we choose a maximal ideal m in this ring
and consider the prime ideal i~'m where i : A — A[z71] is the canonical map. This
does not contain z. O

REMARK 6.12. This implies similarly to the Nullstellensatz (Corollary that for
every ideal a C A we have a point & € Spec(A) with f(z) = 0 for all f € a. But
one can do better: for every a # A we find a maximal ideal m containing a. Thus
m € V(a), i.e. all f € a vanish on m, i.e. we even have a zero in the maximal
spectrum.
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Recall that a space X is called compact or quasi-compact (if one wants to emphasize
the fact that it is not Hausdorff) if for every open cover X = (J;c; U; there is a finite
set of open sets U, ..., U;, such that X =U;, U...UU;, . In words: every cover has
a finite subcover. Equivalently: if there are closed sets V; with NV; = () then there
are already finitely many whose intersection is empty.

PROPOSITION 6.13. The topological space Spec(A) is quasi-compact.

PROOF. Assume that
0= \V(M) =V (UjesM;)
el
If a is the ideal generated by all the M; then V(a) = 0 so that a = A. But this

means that 1 € A. But then 1 is already contained in the ideal generated by finitely
many M; and thus the intersection of those V(M;) is already empty. O

For a subset M C A we denote the open set
D(M) =V (M)¢ C Spec(A) .
This is the set of all z € Spec(A) with f(z) # 0 for at least one f € M.
PROPOSITION 6.14. Given f € A the map
Spec(A[1/f]) — Spec(A)
induced by the canonical map i : A — A[1/f] is an open embedding with image D(f).

PRrROOF. Prime ideals in A[1/f] are in one-to-one correspondence with isomor-
phism classes of quotients A[1/f] — C which are domains. These are in one-to-one
correspondence with domain quotients A — B which send f to a nonzero element
(by localizing / passing to the image of A). So we see that prime ideals in A[1/f] are
in one-to-one correspondence with prime ideals of A which do not contain f (and
the bijection is given by intersecting an ideal of A[1/f] with A, i.e. by Spec(i)).
This tells us that Spec(i) is a bijection from Spec(A[1/f]) onto the complement
of V(f) in Spec(A). Thus it remains to prove that Spec(i) is an embedding, i.e.
that Spec(A[1/f]) carries the subspace topology. Since Spec(i) is continuous, the
intersection of a closed set in Spec(A) with Spec(A[1/f]) is closed in Spec(A[1/f]),
so it suffices to show that conversely, every closed set in Spec(A[l/f]) arises as
intersection with a closed set in Spec(A).

To this end consider a closed set

V(M) C Spec(A[1/f])

defined by some set M = {¥ | i € I} C A[1/f]. Then we consider the set M’ :=
{pi|i €I} C A. We have that

V(M') N Spec(A[L/ f]) = {z € Spec(A[1/f]) | i(M') C }
={x € Spec(A[1/f]) | M Ca} =V (M) .
This finishes the proof. O

DEFINITION 6.15. We call an open set U C Spec(A) principal open, if it is of the
form D(f) = Spec(A[1/f]) for some f € A. In the principal case we set

o) = All/f]
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REMARK 6.16. Note that O(U) is well-defined (i.e. only depends on the open set U)
since V (f) = V(') precisely if \/(f) = \/(f') and then we have such that f* = g’
and (f")™ = ¢'f so that inverting f inverts f’ and vice versa. Thus we have a unique
isomorphism A[1/f] = A[1/f'].

PROPOSITION 6.17. Every open set U C Spec(A) is a union of principal opens (that
is, the principal opens form a basis of the topology) and every finite intersection of
principal opens is principal open.

PROOF. We have

U=V =V = Dy
feMm feMm
and
Dy Dy = (V(f)uV(g) =VI(fg)" = Dyg . O

7. Generic points

DEFINITION 7.1. Let X be a topological space and V C X be a closed subset. A
point x € V is called generic point of V if T =V . If V = X then it is simply called
generic point (of X ).

A space X is called Ty-space if for each pair of points x # y there is an open set
which contains exactly one of the two points.

If V admits a generic point, then is is irreducible, since points are certainly irre-
ducible and closures preserve irreducibility. If X is T then generic points are, if
they exist, unique since if we can separate x and y by an open set then T # 7.

EXAMPLE 7.2. For every domain A the point (0) € Spec(A) is generic since every
closed set V(M) = {x € Spec(A) | M C z} containing (0) has to be everything.
Morally this means that (0) lies infinitely close to any other point in Spec(A) (as
it is contained in each neighborhood). This is for example true for Spec(Z) which
has a bunch of closed points (all the primes) and the point (0). This is also true for
Spec(k[X]) which is in fact homeomorphic to Spec(Z) as long as k is countable.

DEFINITION 7.3. A space is called sober if it is Ty and every irreducible closed subset
has a generic point.

EXAMPLE 7.4. Every Hausdorff space is sober (exercise). The space A" = k™ with
the Zariski topology is not sober, since it is irreducible but does not posses a generic
point (all points are in fact closed).

Every finite Ty-space is sober. To see this it suffices to show that a finite, irreducible
Ty space has a generic point. If not, then it has to be the unions of the closures of
its points, but not contained in any of them in contradiction to irreducibility.

PROPOSITION 7.5. For any ring A the space Spec(A) is sober.

PROOF. Assume that x # y are two distinct points in Spec(A). Then there has
to be an element f € A which is contained in one of the two ideals, but not the
other. But then the open set Dy C Spec(A) which is the subset of all prime ideals
which do not contain the element f containes exactly one of the two prime ideals.
Assume that V(M) is an irreducible closed subset. Then we can replace M by a
radical ideal a so that we assume V'(a) is irreducible. This however implies that for
two elements f,g € A with fg € a we have V(a) C V(fg) = V(f) U V(g). Thus
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either f or g are in a. Thus a is prime. We have shown that irreducible closed
subsets are of the form V(p) for p prime. But then we have that p € V(p) and
that V(p) is the closure of the point p since every closed subset that contains p also
contains V' (p). Thus p is a generic point. O

REMARK 7.6. We have now seen that Spec(R) is quasi-compact, sober and admits
a basis for the topology closed under intersections of open subsets that are also
quasi-compact (since they are homeomorphic to Spec(R[1/f])). It is a theorem of
Hochster that the topological spaces of the form Spec(R) are precisely the spaces
which have these properties, i.e. are quasi-compact, posses a basis of quasi-compact
opens which are closed under intersections and are sober. Such spaces are called
spectral spaces.

Geometry Algebra
Spec(A) A any ring
x € Spec(A) Prime ideals
closed points maximal ideals
V C Spec(A) closed radically closed ideals
irreducible closed subsets prime ideals

CONSTRUCTION 7.7. Assume X is any topological space. Then we can form a new
topological space S(X) called the sobrification which comes with a continuous map
X — S(X), is sober and initial among such. Concretely we have that

S(X)={V C X | V irreducible and closed} .

We define a topology on S(X) by letting the closed sets be the subsets of S(X) of
the form

{VveSX)|VCA}

for closed sets A C X. The map X — S(X) is given by z +— {2}. We leave it as an
exercise to check that this has the desired properties, concretely that:
(1) S(X) is a topological space
(2) The map X — S(X) is continuous
(3) S(X) is sober
(4) Every continuous map X — Y with Y sober factors uniquely over S(X)
(5) If X is Ty then the map X — S(X) is an embedding.

We now have the following immediate consequence:

THEOREM 7.8. Let V' be an affine algebraic set over an algebraically closed field k.
Then the map

V = mSpec(O(V)) — Spec(O(V))
is a continuous embedding and exhibits Spec(O(V)) as the sobrification of V.

This in particular shows that in passing from V to the prime spectrum we exactly
add ‘generic points’ of irreducible subvarieties.

REMARK 7.9. In general it is not true that mSpec(A) — Spec(A) is a sobrification.
This is precisely the case if in the ring A every prime ideal is the intersection of
maximal ideals. Such rings are called Jacobson rings. Hilbert’s theorem can then
be interpreted as saying that quotients of k[ X1, ..., X,;] are Jacobson rings. We will
however from now on work with the prime spectrum.
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8. The structure sheaf

For a topological space X we can consider the partially ordered set of open subsets
of X. We can consider this as a category which we denote Open(X). Concretely the
objects of Open(X) are the open sets U C X and the set of morphisms are given by

pt fUCV

HomOpen(X) (U7 V) - {@ otherwise

Every continuous map f : X — Y gives rise to a functor
Open(Y) — Open(X) U f7U .

REMARK 8.1. One can try to reconstruct the topological space X from the category
Open(X). It turns out, that this is exactly possible if the space X is sober. The

idea is the following: any point pt = X gives rise to a functor
2z~ 1 : Open(X) — Open(pt)

which preserves arbitrary unions and finite intersections (which can be characterised
as colimits and limits in the categories). Conversely one can consider the set of all
functors

Open(X) — Open(pt)
preserving arbitrary unions and finite intersections. It turns out that these are

precisely in bijection with closed, irreducible subsets V' C X for any topological

space X. Thus the assignment which sends each point x to the associated functor

x~! is a bijection precisely if X is sober.

Let C be any category. Examples to have in mind are C = Set, Ab, Ring, . ..

DEFINITION 8.2. A C-valued presheaf on a topological space X is a functor
F : Open(X)® — C .

We will refer to F(U) as the value on U or as the sections of F' over U. For an
inclusion of open sets U C V' we call the induced map F (V) — F(U) the restriction
map (or restriction along U C V). This map is sometimes written as (—)|y The
category of presheaves is the functor category

PSh(X;C) := Fun(Open(X)°?,C) .
ExXAMPLE 8.3. We consider the functor
F(U) := C°(U,R)

with the restriction of functions. This is a presheaf of rings. We also have the
presheaf of all set maps

F5(U) := Homget (U, R)
This is also a sheaf of rings and the inclusion of continuous maps in all maps induces
a morphism of presheaves F; — F». We also have the constant presheaf F5(U) =R

for all U and all restrictions the identity. Thinking of this as constant functions with
value in R we get a further morphism

F3—>F1.
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DEFINITION 8.4. Assume that the category C has products. A presheaf F € PSh(X;C)
is called a sheaf if for each collection (U;)icr of open subsets in X with U = U,;erU;
the induced diagram

(=lu;nujopri)ijer

HieIF(Ui) (Hi,jeIF(UimUj)

(—\UmUjoprj)i,jeI

(—lu;ier

FU)

18 a limit cone in C. Here the two maps project to the i-th respective j-th factor and
then restrict to the respective subset.

The category of sheaves Shv(X;C) is the full subcategory of PSh(X;C) spanned by
the sheaves.

REMARK 8.5. Assume that C = Set (or any category like Ab or Ring consisting of
sets with some algebraic extra structure for which limits are computed underlying).
Then the sheaf-condition is explicitly saying that for any familiy of elements

S; € F(Ul)

such that s;|y,nu; = sjlu,nu; there is a unique element s € F(U) with s|y, = s;.
Morally this means that one can ‘glue’ elements from local ones or elements are
determined locally. In this case, if the map from F(U) to the equalizer is just
injective, we say that F' is separated.

EXAMPLE 8.6. Consider the presheaf C°. This is a sheaf, since if we have locally
defined continuous functions U; — R which agree in double intersections U;NU; — R
then we get a unique continuous function U — R. The important fact is that being
continuous can be checked locally (check this as an exercise if you are not sure).
The presheaf of constant functions is in general not a sheaf, since the sheaf condition
applied to the empty cover of U = requires that

F()———— L F(Ui) ———= Hi,je@ F(U:NUj)

is a limit cone. Since empty products are simply pt, this precisely means that
F(0) = pt if F is a sheaf, which is not satisfied by the constant presheaf.

If we fix this by defining instead a presheaf with F'(()) = pt, F(U) = R for U # (), this
is still not a sheaf in general: Assume that we have disjoint open subsets U,V C X.
Then we can consider constant functions A; : U — R and Ay : V' — R. They agree
on the intersection U NV = () but there can not be a constant function extending
them unless A\ = \g.

PROPOSITION 8.7. Assume that F : Open(X)°? — C is a sheaf.

(1) Then F(0) is terminal
(2) For disjoint open set U,V C X we have that the map

Fouv) 22V by < pv)

s an tsomorphism.
(3) If we have a sequence of open subsets Uy C Uy C Uz C ... with | J;2,U; = U,
then the map
FU)— @F(U,) :

is an isomorphism.
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(4) More generally assume that we have a map of posets
I — Open(X) i— U;

where I has infima for pairs of objects and the map sends those to intersc-
tions (i.e. preserves infima). Then with U := UU; we have that

FU) = I}C{EF(Ul)
PrROOF. The reader that is not yet completely versed in the category theoretic
language might want to give these proofs first for the case C = Set.
1) For the empty set we have the covering consisting of no open subset. Then we
get that F() is the equalizer of the two empty products, These are terminal. Thus
we get that F(0) is itself terminal (think about why the equalizer is itself terminal).

2) For U UV we take the cover consisting of the two open sets U and V. Applying
the sheaf condition we get a limit diagram

FUUV)— FU)x F(V)——=FU)x F(V)x FUNV)x F(VNU) .
Here since U and V are disjoint we find that F(U N V) = pt and thus we get that

id
FUUV)——=F(U) XF(V).:dgF(U) x F(V) .
But the equaliser of the identity map with itself is simply the object F(U) x F(V).

3) We consider the covering of U given by the U;. Then we get that

F(U) =Eq HF(Ui) = HF(Umin(i,j))

.3

=Eq | [Trw) =] F@)

1<j

where the equality holds by universal properties (the upper product is strictly larger
than the lower one, but the remaining terms are just copies of terms that are already
there and the map factors accordingly). (4) works exactly as (3). O

ExaMmpPLE 8.8. If B is a basis of the topology of X closed under intersections, we see
from (4) that for a sheaf F' on X we have

FU)= VQIIIJI,IX}GBF(V) .

Now using this we shall construct a specific sheaf on Spec(A) called the structure
sheaf and denoted Ogpec(4) or simply O. It will have the property that

O(Dy) == A[l/f].

as in Definition [6.15] In order to turn this into a proper definition we will show that
one can define sheaves on a basis of the topology.

DEFINITION 8.9. Let X be a topological space and B be a basis of the topology stable
under finite intersection. A presheaf on B is a functor

B® — C
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where we consider B as a full subcategory of Open(X). It is called a sheaf whenever
it satisfies the sheaf condition for oll U € B and all open covers by elements in B.

LEMMA 8.10. A sheaf on B extends essentially uniquely to a sheaf on X. More
precisely the forgetful functor from sheaves on X to sheaves on B

U : Shv(X;C) — Shvp(X;C)

which simply forgets the value on all opens not contained in B is an equivalence of
categories.

PRroOOF. We construct an inverse functor
Shvg(X;C) — Shv(X;C) Fw F.

We simply define F(U) := limycy,ves F (V) where the limit is taken over the op-
posite of the category associated with the poset of all subsets V' C U contained in
B. This construction defines a functor Open(X)°? — C in the following way: for a
given inclusion U C U’ we can consider elements in the poset {V C U | V € B} also
as elements of {V C U’ |V € B} and therefore get a ‘projection’
lim F(V)— lim F(V).

VCU',VeB VeUveB
This clearly defines a functor F : Open(X)°P — C. We have to verify that this is a
sheaf. This will be left as an exercise!
Now for an open U in B we have

F(U) = F(U)

because in this case the poset {V C U | V' € B} has a terminal object (namely U)
so that the limit is simply evaluation at this object. We see that UF is naturally
equivalent to F' (the fact that all these constructions are naturaly is easily verified).
Conversely if we start with a sheaf F' on X we get a natural map

F—UF
given on an open set U C X by the morphism
4 FU)— 1 F(V
(4) )=, dim_ F(V)

induced by the restrictions F(U) — F (V). This is an isomorphism as seen before.
O

THEOREM 8.11. There is a (unique) sheaf O of commutative rings on Spec(A) which
takes a principal open U = Dy to

o) = A[1/f]
and an inclusion U = Dy C Dy =V to the localization

O(V) = All/gl = All/f] = O(U) .

PROOF. First we note that this makes sense, since for Dy C D, we have that

V(f) € /(g), thus f* = hg for some n and h. Thus inverting f also inverts
g and we get a unique map A[l/g] — A[l/f]. From this uniqueness also follows
functoriality, i.e.we get a functor

O : B°® — Ring .

Thus in order to apply the previous lemma we need to verify that O is a sheaf on B.
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We need to verify the sheaf condition for U = Dy and U = |J; Dy,. Since U itself is
given by Spec(A’) with A" = A[1/f] we can without loss of generality assume f =1,
i.e. that Spec(A) = J; Dy,. We will work under the additional assumption that I is
finite. The next lemma will show that this is indeed enough.

We have to show that

A——Tlics A/ il == 11 jer AL/ (fi15)]

is an equalizer. The open set Dy, does not change if we replace f; by a power f;".
Then the fact that | J Dflm = Spec(A) shows that A = /(f;""), i.e. some power of 1

lies in (f;"), i.e. 1 does. In particular, we have that for every sequence of natural
numbers (n;);cr that 1 € A can be written as a sum

(5) L= gfl"
I
for elements g; € A.

Assume now that s € A lies in the kernel of the map
A= TTAL/f
el
Then we know that there exist n; such that f"'s = 0. But then choosing the g; as
in we get that

Szl-s:Zgifims:().
I

This shows that the map from A into the equalizer is injective. For surjectivity
assume that we have elements

si = ai/ [i" € A[l/fi]
such that the images of a;/f;" and aj/f;j agree in A[1/(f;f;)], that is
aif fI T = oy £ f
in A, for some m = m(i, j). In particular in A[1/f;] we have
(@i fi)f} = a fi "

We replace a; by a; f]" and n; by n; +m. Doing this for each ¢ and j we can without
loss of generality assume that we have s; = a;/f;" and in A[1/f;] we have

ng i
(6) aif;” = a;f]'
Now we again choose g; as above and set

S = Zgiai .

Now in A[1/f;] we have that
95 = gifiai =Y giffa; = aj,
thus s = s; in A[1/f;] which finishes the proof modulo the next Lemma. O

LEMMA 8.12. A presheaf F' € PShg(X;Ring) of rings on principal opens in Spec(A)
that satisfied the sheaf condition for all finite open covers {U;}icr of a principal open
U is already a sheaf.
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PROOF. We want to show that F' is separated first, that is for an arbirary cover
{Ui}ier of U (not necessarily finite) the map

(7) FU) = [[F Wi
I

is injective. To see this we observe that U is quasi-compact, thus we have a finite
subcover {U; }ier, that covers U. But then the composition

FU) - [[Fw:) — [ FWi)
I Iy

is injective, thus also the map ([7])
Now we want to show that for a given element s; in the equalizer

[Lic; F(U:) == 11, jer F(U: 0 U;)

we find an s. Again we pick a finite subcover and observe that our element (s;);cr
gives rise to an element (s;);cr,. By the sheaf condition for finite covers we conlude
that there is some s € F'(U) such that s|y, = s; for all i € Iy. We want to show that
we have this for all ¢ € I. Thus for a fixed ¢ we observe that the restriction of s; to
Ui NU;, C U, agrees with the restriction of s|y,, since we have

(slv)lvinuy, = (slu )i, = (si)lvinuy, = (si)lvinu,, -
This holds for all 49. But the sets {U; N Uj, }ier, for varying iy cover U;, so that it
follows from the separatedness that the elements s; and s|y, actually agree. (Note

that here we are using that the U; themselves are quasicompact, since they are
principal opens and thus themselves of the form Spec(A’).) O

ExAMPLE 8.13. Consider the space Spec(Z). The open sets are precisely the sets
D(n) for n € N consisting of all the prime divisors of some given number n. The
structure sheaf O evaluated on this is given by

OSpeCZ(D<n>) = Z[l/n]
We have an inclusion D(n) C D(m) precisely if m divides n and then we get the

restriction

Z[1/m| — Z[1/n] .
9. Locally ringed spaces

From now on we shall assume that our category C is given by any of the categories
Set, Ring, Ab, . ..

DEFINITION 9.1. Let F' € PSh(X;C) be a presheaf and x € X a point. We define
the stalk of F' at x to be the colimit

By = C%I‘HOH UeOpen(X),zeU F(U) ’

For a given element s € F(U) with x € U we say that the image of s in Fy is the
germ of s.

Note that this is a filtered colimit since the diagram is filtered: for any pair of open
sets U,V with x € U,V we can take the intersection U NV which still contains x
and is contained in both of them.

Concretely an element of F), is given by an equivalence class of pairs (U, f) where U
is open containing x and f € F(U). Two such pairs (U, f) and (V,g) are declared
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equivalent if there exists an open W C U NV containing x such that f|W = g|W.
So informally we think of elements as germs of ‘functions around z’.

EXAMPLE 9.2. For F' = C%(—,R) we have that we can really think of the stalk F,
as continuous functions defined on a very small neighborhood of z (and identified if
they agree even closer to x).

REMARK 9.3. For the case of a basis of the topology B we have that we can also
write the stalk as

F, := COhEUeB@eU FU) .

This follows simply since each open neighborhood of U contains a smaller one in B.

EXAMPLE 9.4. Lets consider the case of the structure sheaf O on Spec(A). Then
the stalk at = € Spec(A) is given by

Oy = colimgzep, A[1/f] .

Here we have that « € Dy translates into f ¢ x. The structure maps of the colimit

are the maps A[1/f] — A[1/g] for D, C Dy (ie. \/(g9) € +/(f)). We claim that this
ring is the localization
A[LJf 1 f ¢ x] = Aq,

i.e. the universal ring obtained from A by inverting all elements in A \ z. Note that
we can form the ring A, for every prime ideal x C A and it is called the localization
of A at x.

This abstract ring has a universal property, namely that the elements in A\ x are
mapped to units in this ring and for any other ring B we have that the induced map

Homging(Az, B) — Homging (4, B)

obtained by composition with A — A, is injective with image those morphisms
A — B that send A\ z to units. Thus in order to prove the isomorphism

OSpec(A) T = A,

we have to verify this universal property for colimgep, A[1/f]: first of all, every
element f € A that does not lie in x gets mapped to a unit in this colimit since it
gets mapped to a unit in a finite stage. By definition with have that a morphism
from this colimit to B is given by compatible maps A[1/f] — B for all D¢. Thus a
morphism from this colimit to B consists exactly of a single morphism A — B such
that all f get mapped to units.

DEFINITION 9.5. A ring A is called a local ring if it has a unique mazximal ideal
mC A.

ExXAMPLE 9.6. Fields are local rings with the zero ideal being maximal. The integers
Z are not a local ring, since there are many different maximal ideals. Similarly the
rings k[x1, ..., x,] are not local.

LEMMA 9.7. For a ring A the following are equivalent:

(1) A is local

(2) The non-units A\ A* form an ideal

(3) There exists an ideal a such that A\ a consists of units
(4) Spec(A) has a unique closed point.
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PROOF. (1) = (2): assume A is local. We claim that m = A\ A*. The inclusion
C is clear, since no maximal ideal can contain a unit. Conversely assume that a € A
is not a unit. Then (a) # A and (a) is contained in a maximal ideal, hence in m.
(2) = (3): Takea = A\ A*.
(3) = (1): We have to show that any ideal I C A is contained in a. Thus given an
i € I, then i is not a unit. Thus ¢ is not contained in A \ a, hence in a.
The equivalence of (1) and (4) is immediate, since the closed points of Spec(A) are
the closed ideals. O

ExAMPLE 9.8. Consider for a topological space X with the sheaf C% € Shv(X;Ring)
of continuous R-valued functions on X the stalk C()J(,x . This is a local ring. An
element [f : U — R] is a unit precisely if f(z) # 0 since we can then find a
neighborhood on which f is not zero and thus invert it. The complement consists
of all f that vanish at z and is clearly an ideal.

Recall that for a prime ideal x C A in a ring we define the localization of A at x
denoted A, by inverting all elements in A \ z.

PROPOSITION 9.9. For every prime ideal v € Spec(A) the stalk Ogpec(a)e = Az 15
a local ring. The map

Spec(Az) — Spec(A)

exhibits Spec(A,) as a subspace given by the intersection of all opens U C Spec(A)
that contain x.

PROOF. Generally, the prime ideals in a ring A[S™1] for some set S C A are given
by the prime ideals of A that do not contain .S, which follows as in Proposition [6.14
We conclude that in our case the prime ideals of A, are in 1-1 correspondence to
prime ideals of A that are contained in z. It therefore immediately follows that there
is a unique maximal ideal (namely x itself) and that A, is local. It also follows that

Spec(A;) = {y € Spec(4) | y C z}

is a subset and even a subspace of Spec(A) similarly to the proof of Proposition
Again this is a general statement about inverting a subset S C A.

Thus it only remains to identify this subset with the subset

() D(M) = () {y € Spec(A) | M Sy} = ()| {y € Spec(A4) | m ¢ y}

MCx MCzx mex

which is clear. O

Note that in particular the rings Z,) are local. These can canonically be considered
as subsets of Q. The maximal ideal is then given by (p).

DEFINITION 9.10. A ringed space is a pair (X,Ox) of a topological space and Ox
a sheaf of rings. It is called locally ringed space if all the stalks Ox , are local Tings.

EXAMPLE 9.11. For any ring A the pair (Spec(A), Ogpec(4)) is a locally ringed space.
We will also simply denote this pair as Spec(A) and leave the sheaf of rings implicit
(so be careful if we mean Spec(A) as a plain topological space or a locally ringed
space).

For any topological space X we have the locally ringed space (X, Cg().
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EXAMPLE 9.12. The pair (X, Abb), where Abb denotes the sheaf Homgei(—; R), is
not a locally ringed space unless X carries the discrete topology (in which case it
agrees wth (X, C?)). To see this assume that X does not carry the discrete topology
and pick a point € X for which every open U containing x has at least one other
point. Then we consider the germs of the two functions

fl(w):{o forx =0 f2($):{1 forx =0

1 else 0 else

These two germs fi, fo € Abb, are not units (being a unit means that a function has
to be non-zero in a neighborhood of z). But their sum is a unit, since it is constant
1. Therefore the ring cannot be local, by criterion (2) of Lemma

Given any ring R which is not local, we can also consider the pair (pt, R) where we
consider R as a sheaf on the one point space pt. Concretely we have that this sheaf
sends () to the zero-ring (the terminal object in rings) and the full subset pt to R.
Then the stalk of this sheaf is simply R which is not local.

DEFINITION 9.13. For a locally ringed space (X,0x) and x € X we define the
residue field k(x) at x as the quotient

K(x) == Ox z/my

where my is the maximal ideal. For any f € O(U) and x € U we define f(x) to be
the class of [U, f] in k(x).

EXAMPLE 9.14. For the locally ringed space (X, C%) all the residue fields are R and
for f: U — R and z € U this simply evaluates at x.
For Spec(A) we have that

r(x) = Agfmg = A[(A\ &) 7] /my = (A/2)[(A\ 2) 7] = Quot(A/m).

This was the definition of x(z) as given before (Definition [6.1). For f € A =
Ospec(4)(Spec(4)) we also find that under this identification the two definition of

f(z) agree.
10. Morphisms of locally ringed spaces
Before we can talk about morphisms now we need the following construction:

ConsTRUCTION 10.1. Let f : X — Y be a continuous map of topological spaces
and F' € PSh(X;C). We construct a presheaf f.(F) € PSh(Y;C) by setting

F(B)U) = F(f7H(U)) -

This is a presheaf, i.e. functorial in U. This is clear, but a more formal way of
saying this is to observe that f induces a functor f~! : Open(Y) — Open(X) and
we have simply composed with this functor:

£.(F) : Open(Y)® £ Open(X)» &5 ¢ .
This assignment defines a functor
f« : PSh(X;C) — PSh(Y;C) .
LEMMA 10.2. Assume that F' € PSh(X;C) is a sheaf. Then so is f.F.
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PROOF. Assume that we have an open covering U; of U in Y. Then the pullback
f~1U; is an open covering of f~'U and we have that f~'U;N f~1U; = f~1(U;NU;).
Therefore the sheaf condition for f,F is simply given by the diagram

F(f7U) ——= L, F(F10) = ILijer F(f~'usn f~1uy)
which is satisfied since F' is a sheaf. O

DEFINITION 10.3. A morphism of ringed spaces (X,Ox) and (Y,Oy) is given by
a pair (f, f*) where f : X — Y is a continuous map and f*: Oy — f.(Ox) is a
morphism of sheaves of rings over Y.

ExXAMPLE 10.4. Let f : X — Y be a continuous map. Then we get an induced
morphism

fr Cy — f(C%)
which on an open set U C Y is given by the map
C(U;R) — C°(fT'U3R)

which composes a map ¢ : U — R with the map f : f~'U — U to get a map
fi(p) : f7'U — R. This is a morphism of sheaves as one directly sees. Thus the
morphisms ff should be seen as the pullback of functions.

ExXAMPLE 10.5. Let f: X — Y be a smooth map between smooth manifolds. Then
we get an induced morphism

fTj 1Oy = f(CX)
which on an open set U C Y is given by the composition map
CP(U;R) — C=(f'(U);R)

as before. In fact, one can show that for a continuous map f : X — Y the induced
morphism

fF 0y = fuCR)
restricts to a morphism C3° — f,(C¥) precisely if f is smooth. In other words:
a continuous map f : X — Y between smooth manifolds X and Y is smooth

precisely of for each smooth function ¢ : U — R with U C Y the composition
pof:fYU)— U — R is smooth.

ExXAMPLE 10.6. Let f: A — B be a morphism of rings. Then we claim that we get
an induced morphism of ringed spaces

Spec(f) : Spec(B) — Spec(A)

which on underlying topological spaces is given by the morphism Spec(f) defined
before (see Proposition [6.7)) and which simply takes preimages of prime ideals. Now
we want to extend this to a morphism of ringed spaces, i.e. we have to define

Spec(f)* : Ospec(a) — Spec(f)«Ospec(B) -

By the equivalence of Lemma [8.10] it suffices to define such a morphism on principal
opens, i.e. for each principal open D, C Spec(A) with g € A a morphism

OSpec(A)(Dg) — OSpec(B) (Spec(f)il(Dg))
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natural in the open set. Note that Spec(f)™'(Dy) = Dy, as we proved when
proving continuity of Spec(f). So we need to give a map

All/g] = B[1/f(g)]
which is simply the map induced by f. Naturality is then straightforward.

Now we would like to define morphisms of locally ringed spaces. To this end we first
have to talk about morphisms of local rings. For every ring morphisms f: A — B
between local rings we clearly have that f~!(mp) is an ideal in B. Since f~!(mp) #
A we have that f~!(mp) C m4. In general there is no equality as the example of
the map

L) —Q

shows. The preimage of 0 is given by 0 which is not the maximal ideal of Z,).

DEFINITION 10.7. A morphism of local rings is a morphism f : A — B such that
fﬁl(mB) =my.

REMARK 10.8. Note that the definition is chosen in such a way that morphisms of
local rings f : A — B induce maps between residue fields A/my — B/mp. (It is
equivalent to f(my) C mp.) In fact, this gives us a functor from the category of
local rings to the category of fields. There is no such functor on the full subcategory
of Ring on the local rings.

LEMMA 10.9. A ring homomorphism between local rings is a morphism of local rings
iff the induced map Spec(B) — Spec(A) of topological spaces maps the closed point
to the closed point.

PRrOOF. Clear. g

ExAMPLE 10.10. Every isomorphism A — B between local rings is a morphism of
local rings.

CONSTRUCTION 10.11. Now let (f, f*) : (X,Ox) — (Y, Oy) be a morphism of ringed
spaces. For every point « € X there is a canonical morphism of rings

Ov.fx) = Oxz

induced by (f, f*). This morphism sends (U, ) to (f~'U, f%p). By this requirement
the morphism is completely determined and it is in fact easy to verify the claim
here directly (one simply needs to check well-definedness, but by assumption ftis
compatible with restriction, so this is clear). But we will say things a bit more
systematically in the next section.

DEFINITION 10.12. A morphism of locally ringed spaces (X,0x) — (Y,Oy) is a
morphism of the underlying ringed spaces such that the induced morphism Oy, f(,) —
Ox .z is a morphism of local rings.

ExampPLE 10.13. For a continuous map f : X — Y of topological spaces the induced
morphism (f, f*) : (X,C%) — (Y,CY) as in Example is on germs the induced
map

Cy. fla) C% s
sends a germ f : U — R to the composition f~'U — U — R. If f is in the maximal

ideal (i.e. vanishes at f(x)) then this composition lies also in the maximal ideal.
Therefore this is a map of locally ringed spaces.
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Similar we claim that Spec(f) : Spec(B) — Spec(A) for f: A — B is a morphism
of locally ringed space. Under the appropriate definitions the induced morphism on
stalks is simply given by the map

f : Af—l(:p) — B,

for z € Spec(B). Clearly, this takes the maximal ideal (f~!(z)) into the maximal
ideal (z).

REMARK 10.14. If f : (X,0x) — (Y,Oy) is a map of locally ringed spaces, the
map Oy () — Ox induces a map s(f(x)) — r(x) of fields. If we think of ft as
precomposing a function g € Oy (U) with f, then x(f(x)) — k(x) tells us how the
value g(f(z)) € s(f(x)) relates to the value of the restriction f%(g)(z) € r(x).

For a map f : X — Y of topological spaces considered as a map of locally ringed
spaces (X,C%) — (Y,CY%) the maps x(f(x)) — k(z) are all the identity R — R, so
in that case this simply expresses that (g o f)(z) = g(f(x)).

THEOREM 10.15. The functor Spec(—) from commutative rings to locally ringed
spaces is fully faithful.

We will prove this later, in fact deduce it from a more general statement.

11. Adjunctions between sheaves

LEMMA 11.1. A morphism of sheaves F' — G with values in rings/sets/abelian
groups on a space X is an isomorphism, precisely if it is an isomorphism on stalks.

PRrROOF. The only if statement is clear. Thus assume that F' — G induces an
isomorphism on stalks.
Observe that the map F(U) — G(U) is injective for each U: If f,g € F(U) have
the same image in G(U), they in particular have the same image in the stalk G,
for each x € U. Since the map on stalks F,, — G, is injective, this shows that f, g
have the same image in F, for each x € U. By the explicit description of stalks, this
shows that for each z € U, there is a neighbourhood U, C U such that f,g agree
already in F(U,). The U, cover U, so f, g agree in F(U).
For surjectivity, pick some f € G(U). For each x € U, we find some element of F),
which maps to the same element as f in G,. Representing this by some f, € F(U,)
for a neighbourhood, we see that the image of f, in G(U,) has the same germ at z
as f. Thus, we can make U, smaller to assume that the image of f, in G(U,) agrees
with f‘Ux
What we have achieved is that we have found an open cover U, of U and preimages
fz € F(Uy) of flu, € G(U,). In particular, the images of f, and f, in G(U, N U,)
agree. By injectivity this shows that f;|v,~v, = fylu.nvu,. It follows that the f;
glue to an element of F'(U), whose image in G(U) agrees with f since it does on the
cover U,. O

REMARK 11.2. Note that the injectivity portion of the proof only required injectivity
on stalks, i.e. if F; = G is injective for all x € U, F(U) — G(U) is, too.
The corresponding statement for surjectivity does not hold! As an example, consider
X = C\ {0}, with sheaf C°(—; C) of continuous complex-valued functions. We have
the squaring map

COU;€) = COU5C), frer f2,
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which is surjective on stalks, but not on C\ {0}. (Otherwise, we would have a global
square root map as a preimage of the “identity” U — C.)

So isomorphisms of sheaves are detected on stalks. As we will now see, there is also
a universal way of turning a presheaf into a sheaf without changing the stalks.

THEOREM 11.3. For every presheaf F of rings/sets/abelian groups there exists a
universal sheaf F' with a morphism F — F', i.e. such that every other morphism
F — G with G a sheaf factors through F'. The morphism F — F' induces an
isomorphism on stalks, and F' is characterized by this property.

ProoF. We set
F/(U) - {(fx € Fx)er}
where an element lies in F'(U) if each = admits a neighbourhood U, and g € F(Uy,)
such that for all y € U, the germ of g agrees with f,. So F'(U) consist of “functions
on U with values in the stalks” with the property that they locally come from actual
sections of F.
This is functorial in the obvious way. We get a presheaf map F' — F’ which takes
an actual element f € F(U) to the collection of its germs. On stalks, this map is
surjective, since by definition every element of F'(U) with x € U lifts to F(V) on
some smaller neighbourhood V of x. It is also injective, since if two f, g € F have the
same image in F, their representatives coincide in F’(V') for some neighbourhood
V of z, so in particular in F,.
We now directly check that F” is indeed a sheaf: A section on U consist of compatible
sections on all U; for some cover, since both amounts to give an element f, € F,
for each x € U, with the property that this assignment locally comes from actual
sections in F'. But since this last condition is local anyways, it can be checked on
the cover.
We now check the universal property. Given another map F' — G with G a sheaf,
we get a diagram
F——d

P
i // lg
7 e
.
.

F—

The lower horizontal map is uniquely determined by how F' — G acts on stalks.
The right vertical map is an isomorphism of sheaves by the preceding lemma. So
there exists a unique dashed morphism of sheaves making the upper left triangle
commute.
The final claim is that F’ is also characterized simply by being a sheaf with a map
F — F’ which is an isomorphism on stalks. Given another morphism F — G which
is an isomorphism on stalks, with G a sheaf, by the universal property we get a
morphism F/ — G of sheaves which also is an isomorphism on stalks. So it is an
isomorphism, again by the preceding lemma.

g

REMARK 11.4. The theorem is true, with a different proof, way more generally for
a large class if categories C (essentially, C needs all colimits and limits and a certain
interchange property that is practically always satisfied).

REMARK 11.5. The assignment F' — F’ defines a functor PSh(X;C) — Shv(X;C)
by the universal property. This is the sheafification functor a, we will therefore write
F’ as aF usually.
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DEFINITION 11.6. Let C and D be two categories. An adjunction between a pair of
functors F : C — D and G : D — C consist of an equivalence

Homp (Fz,y) = Home(z, Gy)

natural in  and y (i.e. we think of both sides as functors C°P? x D — Set.)
In this situation we call F the left adjoint and G the right adjoint, and say things
like “G is right adjoint to F”. We write F 4 G to express the relationship.

EXAMPLE 11.7. Sheafification is left adjoint to the forgetful functor i : Shv(X;C) —
PSh(X;C), i.e. a -1, so for each pair F' € PSh(X;C), G € Shv(X;C) we have

Hompgy(x,c)(F, iG) = Homgyy(xc) (aF, G).
This is precisely the universal property of sheafification.

ExaMPLE 11.8. Sobrification is left adjoint to the forgetful functor from sober spaces
to spaces.

ExamMpLE 11.9. The functor taking a local ring to its residue field is left adjoint to
the forgetful functor from fields to the category of local rings. This is because we
have

HomlocRing(R7 k) = Homﬁeld(R/m, k)

ExaMPLE 11.10. The forgetful functor Ring — Set has a left adjoint. It is given by
the functor which takes X € Set to the polynomial ring Z[X]| = Z[z; | ¢ € X]. This
is the universal property of polynomial rings. (Similarly, the functor taking a set to
the free group, free abelian group, free K-vector space,... can be described as a left
adjoint to a forgetful functor.)

We now recall the Yoneda Lemma. This is about the category of functors C°P — Set
(sometimes also refered to presheafs on C since it is the obvious generalization).
Every object ¢ € C gives rise to such a functor denoted ¢ as follows:

c:C? — Set x +— Home(z,c) .

ProproOSITION 11.11 (Yoneda Lemma). For F' : C°° — Set and ¢ € C there is a
(natural) isomorphism

HomFun(COP,Set) (97 F) = F(C) :

ProOOF. We explicitly give a map ¢ : Hompyy(cor set) (¢, ') — F(c): for a natural
transformation 7 : ¢ — F we let ¢(n) be the value

id. € ¢(c) 5 F(c) .

Conversely for a given d € F(c¢) we consider the natural transformation ny : ¢ — F
which sends f : d — ¢ to the element in F(d) given by the image under

Fle) L Fa) .
One readily checks that these two maps are inverse to each other. Il
COROLLARY 11.12. The Yoneda embedding
C — Fun(C°P, Set) c—c

is fully faithful. In particular if for two objects ¢, d € C the functors c,d are naturally
equivalent, then ¢ and d are isomorphic.
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We say that a functor F' : C°P — Set is representable if it is in the essential image
of the Yoneda embedding, that is if it is isomorphic to ¢ for some c¢. This object is
then uniquely determined.

Of course we also have the dual version applying this to C°P which says that C°P? —
Fun(C, Set) sending ¢ € C to the functor d — Home(c, d). This is also fully faithful
and thus we conclude that mapping out of an object also uniquely characterises
objects of categories.

LEmMA 11.13. If a functor has a right adjoint, it is unique up to canonical natural
isomorphism, and dually for left adjoints.

PROOF. Assume G and G’ are two right adjoints to F' : C — D. We get a natural
isomorphism
Home (2, Gy) & Homp(Fz,y) = Home(z, G'y),
which, by the Yoneda lemma, gives rise to a natural isomorphism Gy — G’y (we get
the map by looking at what happens to idg, € Hom¢(Gy, Gy) on the left, checking
that it gives an isomorphism is a little diagram chase). O

LEMMA 11.14. Right adjoint functors preserve limits. Left adjoint functors preserve
colimits.

PRrROOF. We again show one direction. Assume G is right adjoint to F': C — D.
Let y — (y;)ier be some limit cone over a diagram I — D. We want to show that
Gy — (G¥;)ier is a limit cone. This means we have to show that given any cone
x — (Gyi)ier, it factors uniquely through Gy. By adjoining, the maps in the cone
give a cone Fx — (y;)ier in D. By assumption, this factors through a map Fa — y.
The adjoint map = — Gy factors the given cone. O

For example, this explains why limits of rings are formed “underlying”, i.e. the
limit in the category of rings is a ring whose underlying set is just the limit of the
sets. This is since the forgetful functor Ring — Set has a left adjoint. The same
for colimits is of course not true (and the forgetful functor does not have a right
adjoint).

This also explains why a limit of sheaves is again a sheaf, since the fully faithful
functor 4 : Shv — PSh is a right adjoint. The same is typically not true for colimits.

LEMMA 11.15. Given functors Fy : C1 — Co and Fy : Co — C3 which both admit right
adjoints Gy and G, (G1 o G9) is right adjoint to (Fy o Fy). (Analogously for left
adjoints).

PROOF. We have natural isomorphisms
Home, (F2F1(x),y) = Home, (Fi(x), G2(y)) = Home, (z, G1G2(y))
which shows the claim. ]

We will now turn back to the study of sheaves on spaces. Recall that we described
for every continuous map f : X — Y the direct image functor f, : PSh(X;C) —
PSh(Y;C) which took sheaves to sheaves, i.e. we also have f, : Shv(X;C) —
Shv(Y;C).

LEMMA 11.16. The functor fs : PSh(X;C) — PSh(Y;C) has a left adjoint f*, which
takes F to F* = ft(F) with

JT(F)(U) = colimy s sy F(V).
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PROOF. For each F, the construction F* = f*(F) defines a presheaf, with
restriction map coming from the observation that if U’ C U, then every V 2 f(U)
also satisfies V' 2 f(U’), so we can map the colimits to each other. It is also clearly
functorial in F. To see that it is left adjoint, we need to check that a map of
presheaves '™ — G is the same as a map F — f.G. Unwrapping the definitions, a
map F* — G consists of maps

colimy 5 ¢y F(V) — G(U),

i.e. of compatible maps F(V) — G(U) for each pair of U C X, V C Y with
f(U)CV,orUC f~1(V). By the same logic, such a collection of compatible maps
also is the same as a map

FV) = G(U) =G(f~'V) = fG(V),

lim
ucf-1(v)
as desired. n

REMARK 11.17. Note that the colimit in the definition of F'*(U) is filtered so that
even in rings it is formed underlying.

This construction F' — f*(F) does not preserve sheaves. Instead, we can get a
similar adjoint also on the level of sheaves, by postcomposing with sheafification.
This is the functor we are really after:

THEOREM 11.18. The direct image functor f. : Shv(X;C) — Shv(Y;C) admits a left
adjoint f~1. It can be explicitly described as taking F to the sheafification of

U~ COhIIlVQf(U) F(V)

PROOF. We first observe that f, oi : Shv(X;C) — PSh(Y;C) has a left adjoint
f~1:PSh(Y;C) — Shv(X;C), given by the functor from Lemma followed by
sheafification, by Lemma [11.15
Explicitly, the adjunction gives a natural isomorphism

HomShv(X;C) (f_l(F)v G) = HomPSh(Y;C) (Fa f*G)a

where we suppress . We know that f.G is also a sheaf, so if we consider the above
natural isomorphism only for F' € Shv(Y’;C), we also get a natural isomorphism

HomShV(X;C) (f_l(F)7 G) = HomShv(Y;C) (Fa f*G)a
as desired. O

The inverse image functor is a common generalisation of restriction and of stalks.

ExamMpPLE 11.19. For an open inclusion ¢ : U — X, the inverse image functor
Shv(X;C) — Shv(U;C) simply restricts a sheaf: For each V € U, we have

i F(V) = colimyrsvy) F(V!) = F(i(V)),

since for open (V) the diagram has terminal object i(V). A priori we need to
sheafify this, but if ¢ is an inclusion, this is already a sheaf. More generally this
description works for any open map (not necessarily injective), but then we do need
to sheafify! In this case we shall also sometimes simply write the functor i ' F as
F|y and think of it simply as restriction of sheaves.

EXAMPLE 11.20. For the inclusion of a point i, : pt — Y, Shv(pt;C) is just C, and
the explicit formula for the inverse image functor tells us that i, ' F is F, under that
identification.
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ExXAMPLE 11.21. We first note that the constant presheaf F' on a space X with
value R (a ring) is not a sheaf as we have seen in Example But we can form
the sheafification aF and we claim that this is given by locally constant functions
on X with values in R, that is maps X — R for which every point x € X has
a neighborhood U such that the function is constant in this neighboorhood. The
latter is clearly a sheaf and the canonical map from constant into locally constant
function is a morphism of sheaves which induces an isomorphism on stalks. Thus
this is aF. We refer to this sheaf also as the constant sheaf with value R.

For the constant map ¢ : X — pt, ¢ 'R by definition is the sheafification of the
presheaf

U~ R,

i.e. the constant presheaf. Thus, ¢ 'R is the “sheaf of locally constant functions
with values in R”. Note that the direct image also has a very important description:
¢ (F), regarded as object in C, is given by the global sections F(X). The adjunction
thus gives us the important identity

HomShv(X;C) (C_lRa F) = HOIHC(R, F(X))v

i.e. maps out of the sheaf of locally constant functions into any sheaf are uniquely
determined by what they do on global sections.

LEMMA 11.22. For f : X — Y we have for every x a natural isomorphism (f 1 F), =
Fy)-

PrOOF. We have that for the composition pt 1—“”) X i) Y that fio (ig)« =

(foiz)s = (if(z))s Thus we get by Lemma [11.15[that (i;) "' o f~! = (if(;))~! which
11.20 O

by Example gives the claim.

COROLLARY 11.23. For a locally ringed space (Y,Oy) and a continuous map f :
X =Y the pair (X, f~1Oy) is also a locally ringed space. In particular for an open
subset U C'Y the pair (U, Oy|v) is again a locally ringed space.

ExAMPLE 11.24. Consider the open subset D(f) C Spec(A). Then this becomes a
locally ringed space. We claim that as such it is isomorphic to Spec(A[1/f]). We
have shown this as topological spaces already in Proposition Now we need to
also compare the structure sheaves. But note that a principal open in Spec(A[1/f])

is simply a principal open in Spec(A) of the form D(g) such that /(g) C /(f).
But then

OSpec(A) (D(g)) - A[l/g] - A[l/f][l/g] = OSpec(A[l/ﬂ(D(g)) :

DEFINITION 11.25. A morphism f : (X,0x) — (Y, Oy) of locally ringed spaces is
called open immersion if it induces an isomorphism between X and (U, Oy|v) for
some open U C Y.

Note that a morphism of ringed spaces (X,Ox) — (Y, Oy) was defined as a pair
f: X — Y and a morphism f*: Oy — f.(Ox). By adjunction we can now also
think of ff also as a morphism f~10y — Ox. We will do that very often and also
denote this map as f* abusively. Then this morphism on stalks induces the map

Oy,fz) = Oxz
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that we have been using in the Definition of morphisms of locally ringed spaces
(Definition {10.12)). This we could rephrase this Definition as saying such a morphism
is a pair (f, f*) with f*: f~'Oy — Ox such that ff is stalkwise a morphism of
local rings.

12. Schemes and affinization

Recall that we stated as Theorem that the functor Spec(—) from commutative
rings to locally ringed spaces is fully faithful. In this Section we will prove this and
a generalization thereof. We will deduce this from a more general result that we will
describe now.

DEFINITION 12.1. The global sections functor ' is the functor
I : {locally ringed spaces} — Ring®P

which takes a locally ringed space (X,Ox) to the global sections Ox(X). It sends a
morphism (f, f%) : (X,0x) = (Y, Oy) to the map Oy (Y) — Ox(X) induced by f*
onU.

THEOREM 12.2. The functor I' : {locally ringed spaces} — Ring®® is left adjoint
to the functor Spec : Ring®® — {locally ringed spaces}, that is we have a natural
isomorphism

Hom ((X, Ox), Spec(A)) = Hompjnger <(’)X(X), A) = HomRing (A, Ox (X))

Let us first explain how this proves Theorem [10.15] we clearly immediately get an
isomorphism

Hom (Spec(B), Spec(A)) = Homging (A, (’)Spec(B)(Spec(B))> = Homging (A4, B)

but this doesn’t quite show the claim, since we need to show that this bijection is
inverse to the map induced by Spec(—). In order to see this one has to go into the
analysis of adjunctions a bit more. Let

L
C — D
R
be an adjunction. Then we get natural morphisms € : LR(d) — d as the image of
the identity under the bijection

Home(R(d), R(d)) = Homp(LR(d), d)

which is part of the adjunction. The naturality in d € D is immediately verified.
This transformation is called the counit of the adjunction. Dually there is also a
unit n: ¢ — RL(c) (but we focus on the counit for now). Now assume that we are
given a transformation € : LR — id as above, then we can define a natural map

Home (c, Rd) 2 Homp(Le, LRd) % Homp(Le, d) .

and if € came from an adjunction we claim that this is indeed the natural isomor-
phism which is part of the adjunction. This follows from the Yoneda Lemma: for
fixed d any morphism Hom¢(—, Rd) — Homp(L—, d) has to be induced by an ele-
ment in Homp(LRd,d), which is the counit and the way the morphism is induced
is then the upper composition.
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REMARK 12.3. One can even revert the logic and give the following equivalent def-
inition of an adjunction: it is given by a natural transformation € : LR — id such
that the induced natural transformation

Home (¢, Rd) — Homp(Le, d)
is an isomorphism. Using this definition is sometimes benefical.

PROPOSITION 12.4. For an adjunction L 4 R the functor R is fully faithful precisely
if the counit LR — id is an isomorphism.

PROOF. We claim that the following triangle commutes

Homp(z,y) _R, Home¢ (Rz, Ry)

T b

Homp(LR(x),y)

This then immediately implies the claim since then the first morphisms is a bijection
precisely if the latter one is, which by Yoneda is equivalent to the assertion that
LR(x) — z is an isomorphism. To see the commutativity we consider the larger
diagram

Homp(z,y) — Home (Rz, Ry)

Dy

Homp(z,y) Homp(LRz, LRy)

\ }y
Homp(LRz,y)

where the commutativity of the lower square is the naturality of ¢ : LR — id. g

Now in order to deduce that Spec(—) is fully faithful we need to show that the
counit of the adjunction is an isomorphism. In fact, we will show in the proof of
Theorem that the counit of the adjunction is given by the natural isomorphism
I'(Spec(A)) = A. Before we give the proof we will give the main definition of the
course, the definition of schemes. It is similar to that of a manifold, which is a
topological space locally isomorphic to R":

DEFINITION 12.5. An affine scheme is a locally ringed space (X,Ox) isomorphic
to Spec(A) for some ring A. The category of affine schemes AffSch is the full
subcategory of locally ringed spaces on affine schemes.

A scheme is a locally ringed space (X, Ox) which is locally affine, that is for which
there exists an open cover U; of X such that for each i the locally ringed space
(Ui, Ox|u,) is an affine scheme (i.e. isomorphic to Spec(A;) for some ring A;) The
category of schemes Sch is the full subcategory of locally ringed spaces on affine
schemes.

We will often write a scheme simply as X instead of (X, Ox) and leave the sheaf

implicit.

COROLLARY 12.6. (1) The functors Spec and I' induce inverse equivalences
AffSch ~ Ring®? .
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(2) The inclusion AffSch — Sch admits a left adjoint given by sending X € Sch
to Spec(I'(X)). Concretely a morphism from a scheme X to an affine
scheme Y will factor uniquely through the morphism X — Spec(I'(X)).

(3) A scheme X is affine precisely if the morphism X — Spec(I'(X)) is an
isomorphism.

(4) The scheme Spec(Z) is terminal in the category of schemes, that is for
every scheme X there is a unique morphism X — Spec(Z).

PrRoOOF. Immediate from the previous statements and Theorem [12.2 O

LEMMA 12.7. Let (X,0Ox) be a scheme and U C X be an open subset. Then
(U,Oxlv) is also a scheme.

PROOF. To see this note that for a given point x € U we find an open neigh-
boorhood V' C X such that (V,Ox|y) is Spec(A). But we need to find an affine
neighborhood of x that lies in U, i.e in V N U. The latter is an open set in Spec(A)
so that is contains a principal open which also contains x. This principal open is
affine. g

DEFINITION 12.8. We will denote the affine scheme Spec(k|x1,,...,xy]) also by A}
for any ground ring k.

Note that this Definition is slightly dangerous since we have earlier denoted the
affine algebraic set £ by A}. But remember that Spec(k[z1,,...,z,]) is simply the
sobrification of the latter and only adds some generic points. Sheaves on the two
are the same anyways by Exercise 3 of Sheet 5, so that we can even think of the
structure sheaf independently.

ExXaMPLE 12.9. We have that for any scheme X
Homge (X, A) = Homping (Z[2], 0(X)) = O(X) .
That is global sections are functions X — A%.
EXAMPLE 12.10. Consider the affine scheme A? = Spec(k[X,Y]) and let U be the
open set
D(X,Y)=A2\0
given by the complement of the closed point 0. We consider U as a scheme. By the

first exercise of sheet 5 we see that the global sections of the scheme U are given by
k[X,Y]. Thus if U was affine the morphism

U — Spec(I'(U)) = A?

would have to be an isomorphism, which it is not. This morphism is in fact simply
the inclusion which is not even surjective.

12.1. Proof of theorem Now we would like to proof Theorem We
have seen that we need to verify that the morphism

(8) Hom ((X, Ox), Spec(A)) L Hom <A, OX(X))

is a bijection.
For injectivity assume two maps f,g : (X,0Ox) — Spec(A) with corresponding
morphisms

fti : fﬁlOSpec(A) — Ox gﬁ : gilospec(A) — Ox
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such that f and g induce the same map ¢ : A — Ox(X) on global sections. Then
for any © € X we have a commutative diagram

H—
A=, ox)

|, |

Ap@)y — Oxa

The preimage of the maximal ideal moy, C Ox ; under the counterclockwise com-

position is f(z). For this we use that ff« is a local morphism! From the clock-
wise composition we see that this preimage does not depend on f but only on .
Thus we get for each z that f(z) = g(z), i.e. the underlying maps of topological
spaces agree. The diagram also shows that the maps f¥ : fflospec( 4) — Ox and
gt g_l(’)Spec( 4) — Ox agree on stalks (there is at most one factorization of a map
A — Bover A f(ac))' Thus the maps agree, since any two maps of sheaves that agree
on stalks are equal.

Now to prove surjectivity of we have to construct for a given morphism ¢ : A —
Ox(X) a morphism (f, f*) of locally ringed spaces. We consider the composition
0zt A= Ox(X) = Ox, and have to set

f(@) = ;" (mx.q)

This a prime ideal and this way we define a map f : X — Spec(A4) of topological
spaces. We claim that is is continuous. To see this we have to verify that f~(D(a))
for a € A is open. But we find that

fH(D(a)) ={zeX|ad¢y, (mx,)}
={z € X | pz(a) g mx s}
={z e X |p(a)(z) #0in K(z)}

By Exercise 3 on sheet 7 this subset is open and therefore f continuous. Now we
want to define f* Ospec(a) — Ox for principal opens D(a). To this end we have to
construct an extension

A—F L 0x(X)

| I-

All/a] - = » Ox(f~1(D(a))

which exists precisely if ¢(a) is invertible on Ox(f~1(D(a)). But invertibility of
sections of a sheaf can be checked on stalks: Simply observe that s is invertible if
and only if the multiplication by s map Ox — Ox is an isomorphism of sheaves,
which can be checked on stalks.

We therefore get our transformation f# which clearly is compatible with restriction.
The last thing we have to verify is that is induces local maps on stalks, so that we
have a map of locally ringed spaces.
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For this we note that we have by construction the commutative diagram

#—
A-L=25 0x)

|, |

Af(m) Em— OX,z

The preimage of the maximal ideal along the counterclockwise composition is ¢, ! (m X.z)
which by definition is f(x) so that the claim follows and this finishes the proof.

13. k-valued points
Let k be a field (or even a commutative ring).

DEFINITION 13.1. For a scheme X we define the k-valued points X (k) to be the set
of homomorphisms Spec(k) — X.

EXAMPLE 13.2. Assume that X = Spec(R) for some ring R. Then we have that
X (k) = Homping(R, k). For example if R = Z[X1, ..., X,]/f1, ..., fx then we have
that
X(k)={z € k" | fi(z) = ... = fr(x) = 0} .

That is X (k) are the solutions to the equations given by the polynomials f;. This
is completely in line with our earlier use of the notation when we considered affine
varieties (then we would evaluate at algebraically closed fields k). We could for
example evaluate at k = C or R and get some intuition what our scheme ‘looks like’
by evaluating at those points.

EXAMPLE 13.3. Assume that X = Spec(Z[X]/X?). Then we get that
X(k)={z ck|z*=0}={0}

for all fields k. Thus by k-valued points we can not even distinguish the schemes
Spec(Z[X]/X?) and Spec(Z).

DEFINITION 13.4. A scheme X is called reduced if for each U C X the ring Ox (U)
is a reduced ring (i.e. has no nilpotent elements).

PROPOSITION 13.5. An affine scheme Spec(A) is reduced iff A is reduced. A general
scheme X is reduced precisely if it admits an open cover (U;)ier by affine reduced
schemes U;. A scheme is reduced precisely if the local rings Ox , are reduced.

PROOF. If Spec(A) is reduced then clearly also A = Ogpec(a)(Spec(4)) is re-
duced. Conversely assume that A is reduced. Then for any a € A we have that
Ala™!] is also reduced: if (b/a*)" =0 in A[a~!] then a™b" = 0 in A for some n and
M. This shows that ab is nilpotent in A, so ab = 0 and thus b= 0 in Ala~!].

For a general open set U C Spec(A) we find a cover U; = Spec(A[1/f;]) by principal
opens and this way we write Ogpec(4)(U) as a subring of the reduced ring [T A[1/ fi]
which shows that it is also reduced.

For the last part assume (X, Ox) is reduced. By definition we can cover it by opens
U; = Spec(4;) and we get that A; = Ox (U;) is reduced.

Conversely assume that X is covered by open, reduced subschemes X; (e.g. the X;
affine). Then we claim that X is reduced. To see this take U C X open. Then U is
covered by U N X; and all the those sets are open in X; so that we get Ox(UNX) is
reduced. Using the sheaf condition we get that O(U) is a subring of [],.; O(UNXj).
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For the local statement we observe that a sheaf is reduced precisely if the stalks are
reduced. U

EXAMPLE 13.6. For an affine algebraic set V' the associated scheme Spec(O(V)) is
reduced.

Recall that for any ring A we can form a reduced ring A,.q := A/+v/0 which is
reduced (as one directly verifies). For a topological space X with a sheaf O of rings.
We define a new sheaf 0,4 as the sheafification of the presheaf U — O(U),eq-

PROPOSITION 13.7. For a scheme X = (X,0Ox) we have that the ringed space
Xred == (X, Ox,_,) is also a scheme and we have a canonical morphismi : Xyeq — X
which exhibits X,eq as the universal reduced scheme with a morphism to X. If

X = Spec(A) then X,eq = Spec(Ayeq)-

PrOOF. For X = (Spec(A), Ospec 4) we have that as topological spaces Spec(A) =
Spec(A,eq) since ideals in A,.q are ideals of A that contain /0 and so prime ideals
(describing points) and radically closed ideals (describing closed subsets) are the
same in A and A;.q. Under this homeomorphism the open sets D(f) correspond to
each other for f € A (for f € v/0 the open set D(f) = Spec(A) so that we see that
there is no difference).

The sheaf (Ogpec A)red is given by the sheafifcation of

D(f) = (A[1/fD)rea = (Area)[1/ ]

thus it agrees with the structure sheaf of Spec(A;¢q).

Now for a general X we observe that for any open U C X we have that the reduction
of (U, Ox|y) is given by first reducing X,.q and then the restriction to U (this follows
since sheafifcation commutes with restriction to opens). Therefore we conclude that
if U is affine in X then U is also affine in X,.4 which shows that X,.4 is a scheme.
Moreover the map of ringed spaces i : X,..q — X given by the identity on spaces
and i : Ox — Ox._ is a map of locally ringed spaces since it is locally induced by
A— Ared-

Finally we note that a morphism Y — X for Y reduced is given by a pair (f, f)
with

red

05 = f.0y.
We claim first that f.Oy is reduced (by definition) and therefore this morphism
uniquely factors over Oy, , which implies that it factors uniquely to a map of ringed
spaces Y — X7 We claim that this is a map of locally ringed spaces as one easily
verifies (the stalks are the reduction of the stalks). O

In particular this means that we cannot distinguish the schemes X and X,.4 as long
as we only consider k valued points for fields & (or more generally reduced rings)
since the induced map

Xred(k) - X(k)
is an isomorphism.
For example we have that Spec(Z[z]/2?),cq = Spec(Z), and thus k-valued points of
Spec(Z[z]/x?) and Spec(Z) agree.
For any commutative ring A we consider the A-valued points X (A) and these as-
semble together into a functor

X (—) : Ring — Set
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called the functor of points of X. We will now see that the functor of points com-
pletely determines X:

PROPOSITION 13.8. The assignment X +— X (—) defines a fully faithful functor
Sch — Fun(Ring, Set) .

PROOF. We first note that if we replace Ring by Sch then we have for every
scheme X the functor S € Sch — Homg, (S, X) = X . The Yoneda Lemma implies
that this functor

Sch — Fun(Sch®P, Set)

is fully faithful and our functor is the composition

Sch — Fun(Sch®P, Set) = Fun(AffSch®P, Set)
(where we have implicitly identified AffSch°? ~ Ring). So our proof roughly proceeds
like the proof of the Yoneda lemma: we want to show that every morphism 7 :
X|afisch — Y|afiseh is induced by a unique morphism X — Y of schemes. If X
is affine this follows from Yoneda’s Lemma (applied to AffSch). In general given a
natural transformation 7

ng:{S—-X}—>{S—->Y}

for S affine we note that we can cover X by affines X; and take the value of the
inclusion nx,(X; — X) which is a morphism f; : X; — Y. These values agree
on double intersections X; N X; and thus using Exercise 2 of sheet 8 we can ’glue’
those to amap f: X — Y. We also see that the transformation 7 is now uniquely
determined by this map: for any j : S — X we can cover S by affine opens S; such
that any S; maps to some X; (simply by refining the preimages of X; by affine opens)

and then the composition 7(S; — S — X)) is given by the composite S; — X; iy,
Again using the glueing of such maps we see that this already ungiuely determines
S—=Y. g

Now finally we also want to talk about schemes over some fixed base. To this end
we need a general definition from category theory:

DEFINITION 13.9. Let C be a category and X € C an object. Then we define the
slice over X' or the overcategory to be the category C,x whose objects are morphisms
Y — X and whose morphisms Y — X toY' — X are commutative diagrams 1

Composition is defined in the evident way. Similarly we define the undercategory
or slice under X to be the category Cx, whose objects are morphisms X — Z and
whose morphisms are similar commutative diagrams.

EXAMPLE 13.10. Let C = Ring and k be a commutative ring. Then Ring;, is
equivalent to the category of k-algebras.

EXAMPLE 13.11. If X is terminal then C,x ~ C. In particular Sch;gpe.7 =~ Sch.
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DEFINITION 13.12. Let S be a scheme. Then the category Schg is the category of
schemes over S. If k is a commutative ring then the category of schemes over k is
the category of schemes over Spec(k), which we also write as Schy,.

Note that for a scheme X the structure of a scheme over Spec(k) is equivalent to a
morphism
In particular for any k-algebra A the scheme Spec(A) is a scheme over k. Moreover
using the restrictions Ox (X) — Ox (U) we see that a morphism k& — Ox (X ) makes
the sheaf Ox into a sheaf of k-algebras. In fact giving a morphism X — Spec(k)
is equivalent to lifting the structure sheaf Ox to a sheaf of k-algebras. Moreofer
we get that the category of affine schemes over k (as a full subcategory of Schy)
is equivalent to the category Alg, of k-algebras. Thus as a conclusion we could
rephrase the definition of a scheme over k as follows:

A scheme over k is a topological space X, with a sheaf Ox of k-

algebras such that the stalks are local k-algebra and such that the

pair (X, Ox) is locally isomorphism to Spec(A) for A a k-algebra.
We will often implicitly adopt this point of view.

PrOPOSITION 13.13. The category of AffVary for k algebraically closed embedds fully
faithfully into the category Schgpecr) by the functor

V +— Spec(O(V)) .
PrROOF. The second follows since it is the composition
AftVary — Alg;, — Schy
of fully faithful functors. O

For a scheme X over Spec(k) we have that for any k-algebra A we can define the
A-valued points X (A) to be the morphisms Spec(A) — X over Spec(k) (i.e. in the
category Schy = Sch/gpec(x). Similarly to the absolute case we obtain a functor

Schy, — Fun(Alg,,, Set)
which is fully faithful.

WARNING 13.14. If we consider a scheme over Spec(k) as a plain scheme (i.e.
forgetting the morphism to Spec(k)) then the two notions of X(A) are different
(once relative to k and once not). Therefore it is very important to always keep the
basis in mind.

14. Tensor products and fibre products

The question that we want to discuss in this section is if the category Sch of schemes
has (fibre) products. This question is closely related to the question whether the
category Alg, has coproducts. We will see that such a coproduct is given by
(A, B) — A®y B (yet to be defined). We first want to define R-modules, which are
‘vector spaces’ over rings instead of fields.

DEFINITION 14.1. Let R be a ring. An R-module is an abelian group M together
with a map
RxM—M (rym) —7r-m
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which is associative, distributive and unital, i.e.
(rs)m = r(sm) (r+s)m=rm+ sm r(m+mn)=rm+rn Im=m

form,ne M and r,s € R. An R-linear map or R-module map between R-modules
M and N is a group homomorphism f : M — N such that f(rm) = rf(m) for all
re€ R and m € M. The category of R-modules is denoted Modg.

ExampLE 14.2. If R is a field then R-modules are the same as R-vector spaces.
Generally many constructions from vector spaces carry over to R-modules: direct
sums @, products [], kernels, cokernels, submodules,....

The main difference is that not every R-module admits a basis, i.e. is not necessarily
isomorphic to a direct sum @, ; R. Therefore we can also not write general R-linear
maps as matrices.

ExXaMPLE 14.3. If R = Z then every abelian group M admits a unique structure
of a Z-module: the element 1 € Z has to act by 1-m = m and therefore n > 0 by
n-m=m+..+m, and (—n)-m = —(nm).

Now we see that the module Z/n does not admit a ‘basis’ since every element is
n-torsion, so that it is linearly dependent.

EXAMPLE 14.4. A module over a polynomial ring R[z] is the same as an R-module
M together with an R-linear map f : M — M. In particular if R = k is a field then
this is a way of expressing a lot of linear algebra (specifically normal forms for linear
maps) in the language of modules.

ExXAMPLE 14.5. Let A be a k-algebra for some commutative ground ring k. Then
we can consider A as a k-module by the restricted multiplication.

We will restrict attention here to commutative rings R. The notion of a module
of course also makes sense for non-commutative rings. In this case one has to
distinguish between left and right R-modules though and since we do not need this
case we avoid it here.

DEFINITION 14.6. Let M, N,P be R-modules. An R-bilinear map is a map [ :
M x N — P such that f(m,—): N — P and $(—,n) : M — P are R-linear maps
for each fixed m and n.

A tensor product of M and N is an R-module M ®r N together with an R-bilinear
mapi: M X N — M ®gr N such that for any other R-module P the induced map

Homp(M ®r N; P) <5 Bilg(M x N; P)

is a bijection. In other words: each bilinear morphism B : M x N — P factors
uniquely as

MxN-—"5p
L
M KRR 7\7
where the dashed arrow is R-linear. The image i(m,n) is denoted as m ® n and
called an ‘elementary tensor’.

We see that in order to define an R-linear map f: M ®r N — P we have to define
it on elementary tensors, i.e. define f(m®mn) € P for each m,n € M and check that
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this is bilinear in m and n. Note that we could equivalently express the universal
property as saying that the functor

Bilg(M x N;—) : Modr — Set
is corepresented by M ®r N.

EXAMPLE 14.7. Assume that R = Z and M = N = Z. Then a bilinear map
B : Z x7 — P for any abelian group P (aka Z-module) is determined by the
value 3(1,1) since 8(m,n) = mnB(1,1). If follows that the multiplication morphism
Z x 7. — Z is the universal bilinear morphism, i.e. Z ®z Z = Z.

If M = Z/n and N = Z/k then we have that a bilinear morphism M x N — P
is also determined by 3(1,1) € P, but we need that 3(1,1) is at the same time n
torsion and k-torsion, since

n- ﬁ(lvl) = ﬁ(n,l) = ﬁ(ovl) =0,

and analogously in the other variable. But being n and k torsion at the same time
is equivalent to being ged(n, k)-torsion. We conclude that the multiplication map

Z/n x Lk — L) ged(n, k)
is the universal bilinear map, or said differently Z/n @z Z/k = Z/ gcd(n, k).

For the next statement we need the concept of generators and relations descriptions.
In general for a given set G there is a free R-module on G given by the direct sum
F(G) = @4 R. The unit vectors e, are also denoted by g so that G' forms a basis
of F(G). This free module has a universal property, namely the map

Hompioq, (F(G), P) — Homge (G, P)

given by restriction to the basis is a bijection. In other words, the functor F': Set —
Modp, is left adjoint to the forgetful functor Modp — Set.

Now for any subsets @ of elements in F'(G) we can form the R-submodule generated
by @ and then the quotient which we denote by F'(G)/Q. This is what we mean by
generators and relations descriptions for R-modules. Now we see that

Homiod, (F(G)/Q,P) = {f: G — P| f(g) =0 Vg€ Q}
where f denotes the extension of f to f: F(G) — P. Thus for ¢ = Y. ; a;q; € R

we have that 0 = f(r) = > a; f(q).

PROPOSITION 14.8. For every pair of modules M and N there exists a tensor product
M QR N.

PrOOF. We define
M®@rN:=F(M x N)/Q

where @) consists of the relations which make the map i : M x N — F(M x N)
bilinear (as we will make explicit in a second). If we denote the basis elements
M x N C F(M x N) by m ® n, then the relations are:

(m4+m)en=men+m'@n m@n+n)=men+men

(rm)@n=r-(m®n) m® (rn) =r(m®mn) .
This then does the job since maps M ®r N — P are by definition determined on
m ® n and have to be bilinear in m and n. O
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REMARK 14.9. We see that by definition elements of M ®g N are given by finite
R-linear combinations of elementary tensors, i.e. of the form
n
Z a;(m; ® n;) .
i=1
Note that there are a number of relations between these elements.

Now we want to establish some properties of the tensor product ®. To this extend
we note that for any pair of modules M, N we can consider the set of R-linear
homomorphisms Hompg (M, N) itself as an R-module, where we define addition and
R-multiplication componentwise:

(f+9)(m) = f(m) +g(m)  (rf)(m):=rf(m)=f(rm).
This defines a functor Homp : Mod})%p X Modr — Modgr. Then we see that a R-
bilinear map 8 : M x N — P is clearly the same as a R-linear map

3 : M — Hompg(N, P)

where 3(m) : n — B(m,n). In other words: — ®p N is as a functor Modg — Modg
left adjoint to the functor Hompg (N, —).

ProprosITION 14.10. We have natural isomorphisms
(1) M@RNgN(X)RM
2) MeM)r N=(M®rN)® (M ®@rN)
B) MRr(N®N)=MrN®MerN’
(4) (colimy M;) ®r N = colim;(M; ®r N)
(5) M ®p (colimy Nj) = colim (M ®pr N;)
(6) (M ®rN)®rO =M ®pr (N ®gO)

PRrROOF. The first isomorphism sends m ®@n to n ®@m and is immediately implied
by the universal property: bilinear maps M x N — P at the same as bilinear maps
N x M — P by flipping the coordinates.

The second and third statement follow from the fourth and fifth (since the direct
sum is the coproduct). By symmetry it is enough to show one of them, lets say (4).
This simply says that — @z N preserves colimits, but that is automatic since it is
a left adjoint functor. The last isomorphism simply follows by the observation that
bilinear maps (M ®r N) x O — P are the same as ‘trilinear maps’ M x N x O and
the same for the other way of bracketing (we have implicitly used that the cartesian
product is associative). g

COROLLARY 14.11. We have that
R"®pr R™ = R™ .
For any pair of bases (vi)icr, (w;)jes a basis is given by (v; ® wj)icr, jeJ-
PrROOF. We have that bilinear maps R" x R™ — P are determined by the value

on the respective basis element (the same way this works for vector spaces). This
way we verify the universal property. O

So if we work with classical vector spaces this determines the tensor product. But it is
instructive to think about what happens for linear maps A : R" — R™ (represented
by a matrix A) and B : R™ — R™ for the induced map A® B : R" ®p R™ —
R™ ®@pr R"™. This is sometimes called the Kronecker product.
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Now assume that A and B are k-algebras (as usual commutative). Note that the
multiplication
AxA— A (a,b) — ab

is k-bilinear. Therefore we can consider it as a map A ®, A — A and similar for B.
PROPOSITION 14.12. The k-module A ®;, B admits the structure of a commutative
k-algebra by the multiplication
(a®b)- (' @V) > (ad’ @bb') .

The maps

A— A®L B a—a®l

B—+ A®, B b—1®0b
erhibit A ®i B as the coproduct in the category of k-algebras.

PROOF. First of all the tensor product is an abelian group. The map
(A®k B) x (A®k B) = (A®y B) (a®@b)-(a @)+ (ad' @bb') .

is clearly well-defined, in fact it is induced by the quadrilinear map A x B x A x B
sending (a,b,a’, V') to aa’@bb’. Therefore the designed multipliciation is distributive.
To see that is is really an algebra we simply need to check that it is also associative,
which is obvious.

Now we observe that the maps A - A ®; B and B - A ®; B are clearly maps of
k-algebras. Moreover in the k-algebra A ®j B every element is a sum of elementary
tensors a ® b which are in turn the product (a®1)-(1®b). Thus every algebra map
A ®y B — C is uniquely determined by the induced maps A — C and B — C.
Conversely for a pair of map f4: A — C and fp: B — C we get an induced map

f:A®rB—C (a®b) — fala)- fB(b)
since the right hand term is bilinear. Now this is a map of algebras since
f((a®b)-(d @V)) = f(ad" ® bb")
= fa(ad’) - f5(bV)
= fa(a)fa(d’) f(0) fB (V)
=fla®b)- fld V).
Note that in the last step we have crucially used the commutativity of C. O

EXAMPLE 14.13. We have that R[z|®gr R[y] = Rz, y]. This simply follows from the
universal properties since R[z] ® g R[y| is the coproduct and clearly R[x,y] is the
coproduct by the universal property. But one can also clearly see that since R[z]
has a basis consisting of powers of z and R|[y] has a basis consisting of powers of y
we get that the tensor product R[z] ® g R[y] has a basis consisting of elements of the
form z' ® y/. These are mapped to the monomial z%y’.

ProrosiTiON 14.14. For a diagram
C——A

|

B

of commutative rings we have that A ®c B is the pushout, i.e. the colimit of this
diagram in the category Ring (here we forget that it is actually a C-algebra).
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PRrROOF. First note that for any commutative ring D a map of rings f : AQcB —
D makes D into a C-algebra through the composition C' — A®c B — D. With this
C-algebra structure on D the map F' becomes a map of C-algebras. This shows that
a map of rings f is the same as a pair consisting of a map C' — D and a C-linear
map f : A®c B — D. The latter is by the previous result the same as a pair of
C-linear maps f4 : A — D and fp : B — D, in other words maps of rings such that
the composites C — A — D and C' — B — D agree with the map C — D and
in particular agree with each other. All the data together is simply given by two
maps A — D and B — D such that the two composites C' — D agree. This is the
universal property of the pushout. U

Dually a limit of a diagram
X

|

Y ——S

is called a pullback. In fact, such a limit Z can also be depicted by a square
Z — X
Y—S

which we then call a pullback square. We often also write Z = X xg VY.

If I is a finite category (that is finitely many objects and finitely many morphisms)
then we say that a functor I — C is called a finite diagram and its limit is called a
finite limit. We say that C admits all finite limits if all finite diagrams admit a limit.

THEOREM 14.15. The category of schemes has all finite limits. For a diagram
Spec(A)
Spec(B) — Spec(C)
the fibre product is Spec(A @c B).

Proving this statement will take some time (and additional Lemmas). But let us
first make a remark.

REMARK 14.16. In general arbitrary limits of schemes do not exist (I initially made
unfortunately a wrong claim to that extend!). Note that by the universal property
the functor of points of the pullback can be described as the pullback

(X x5 YV)(R) = X(R) xgr) Y (R) -

This is a very convenient description that we will employ. The main question really
is, if this pullback of functors is represented by a scheme.

We will first need a lemma for this statement.

LEMMA 14.17. Assume that a category C has a terminal object and all pullbacks.
Then it has all finite limits.
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PRrOOF. If C has pullbacks and a terminal object pt, then it also has finite
products, since A x B is the pullback A x,; B. Moreover we claim that C also has
equalizers, namely the equalizer of f,g: A — B can be written as the pullback

B

P
(f.9)

A—"5BxB

Every finite limit lim; X; can be written as an equalizer of two maps [[;.; X; —
Hi—>j Xi U
So in order to prove the theorem we need to verify that Sch has a terminal object and
pullbacks. We have already seen that Sch has a terminal object, namely Spec(Z),
so that it is enough to show that all pullbacks exist. In the previous statement we
have seen that the square

C———A

.

BHB@CA

is a pushout in Ring. Thus the square

Spec(B ®c A) — Spec(A)

J J

Spec(B) — Spec(C)

is a pullback in AffSch. But the inclusion AffSch — Sch is right adjoint with left
adjoint given by Spec(I') (Proposition [12.6). Thus it preserves limits and we can
conclude that this square is also a pullback in Sch.

For a general diagram of schemes

X

Jp
y 4.5

we can find an indexing set I and open affine covers (X;);cr of X ,(Y;);er of Y and
(Si)ier of S such that p(X;) C S; and ¢(Z;) C S; for all i. To do this simply start
with an open affine cover (S;);er of S and let the covers of X and Y be refinements
of the cover of S. They would a priori be defined for more complicated indexing sets
than I but we can without loss of generality make the cover of S very redundant
and insert many copies for the same index.
We get induced diagrams

X

Jp

Y, —— 5

and we can form the pullbacks Z; := X; xg, ¥; which are affine schemes. The idea

now is to form a scheme Z which has an open cover given by the Z;’s. To carry this
out we need to discuss the ‘glueing’ of schemes.
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This leads us to discuss colimits of schemes. Recall that for a family of topological
spaces X; we can form a new topological space

I1x:
which is as a set given by the disjoint union of the X;. The topology is determined
by declaring a subset U C [ X; to be open, precisely if all the intersections U N X;
are open in X;. Said differently: an open set is a disjoint union of open subsets

U; C X;. It is straighforward to check that this is a coproduct in the category of
topological spaces and continuous maps.

LEMMA 14.18. Let X; = (X;, Ox,) be a family of schemes. Then the coproduct in
Sch ezists and is given by the disjoint union of topological spaces

x=]]x
with the structure sheaf Ox given by O(11; Us) = [, Ox,(Us).

PRrROOF. This clearly describes a sheaf, for example since it can be described
as [[;(4:)«(Ox,) where i; : X; — X is the inclusion. Clearly (X,Ox) has a cover
by affines, given by covering each of the X;’s by affines (as the restriction of O to
X; C [IX; is given by Ox,). The universal property can be checked directly: a
morphism f : (X,0x) — (Y,Oy) is given by a continuous map f = (f;) : X - Y
with f; : X; — Y together with a morphism of sheaves

[ 0y = £.(0x) = £ ]]0)+(0x,) = [[(/)(Ox,)

1

which is a family of morphisms fiti as desired. Thus so far we have shown that
(X,0Ox) is the coproduct in locally ringed spaces. To see that it is indeed the
corproduct in locally ringed spaces we note that the condition on stalks is a local
condition, so for f translates into the corresponding condition for each f;. O

LEMMA 14.19. Assume that we have a diagram of schemes

U—i>X

s

Y

of schemes where both maps are open immersions. Then the pushout X Uy Y in the
category of schemes exists and the maps X — X Iy Y < Y are open immersions.

ProoF. We form the pushout in topological spaces as follows: the space is given
by the disjoint union X II Y modulo the equivalence relation that i(x) ~ j(z) for
x € U. One should think of this as the ‘union’ of X and Y. Now we equip this space
with a topology where a subset in X Iy Y is open precisely if its intersection with
X and Y is open. It is not hard to check that this is a topological space and that it
is in fact the pushout of this diagram in the category of topological spaces.

Now we would like to form the pushout in schemes. To do this we denote the
inclusions of topological spaces i : X — XIlyY, j:Y - Xy Y and k : U —
X Iy Y. Then we can form the sheaves i,(Ox), j.(Oy) and k.(Op) and we get
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induced maps
i+(Ox)

|

We now form then pullback of sheaves to obtain a sheaf Oz. it is not hard to see
that Oy is a sheaf that restricts to Ox and Oy on the respective open subsets of
Z =X Uy Y. Thus Z is in fact a scheme. Moreover by construction we find that it
is the pushout in schemes: a map of ringed spaces

(f, f8) : (2,0z) = (W,0w)
is given by maps fx : X — Y and f, : X — Y together with a map of sheaves

Ow — f«(Oz) .

Now using the pullback description of Oy (and the fact that f. preserves pullbacks)
we see that this can indeed be described as a pair of maps Ow — (fx)«Oz and
Ow — (fy)«Oz so that the two resulting maps agree. This shows that we have the
pushout in ringed spaces. But again the locality condition can be checked locally in
Z so that it is also the pushout in locally ringed spaces. O

REMARK 14.20. For any I-indexed diagram (X;, O;) of ringed spaces we can form
the colimit in ringed spaces as follows:

(colimy X, li}n(ji)*(’)i)

where j; : X; — colim X; is the canonical map. This follows exactly as in the
previous statements. If the X; form an open cover of X then it follows that it is a
locally ringed space and in fact the colimit in locally ringed spaces. This is what we
have used so far.

Note that for every scheme X we have by definition an open cover by affines X; C X.
One can wonder how to reconstruct X from this datum:

ProrosSITION 14.21. For every scheme X and every open cover X; we have that X
is the coequalizer of the diagram

Hi,j(Xi N Xj) — X

where the first map is induced by the inclusion X; N X; — X; and the second by the
inclusion X; N X; — Xj.

PRrOOF. This follows from the sheaf condition for maps of schemes proven in
Exercise 2 of sheet 8. O

This tells us that we can recover X from the X;’s if we additionally remember the
double intersections X; N X; and how this sits inside of X; and X;. Let us denote
the image of X; N X; in X; by U;; C X; and the image in X; by Uj;. Then we have
an isomorphism

Pij - Uij — U ji
which is really the identity in our identifications (but categorically this does not
make sense). Moreover if we consider the triple intersection

XiﬂXjﬁXkZUijﬁUijUjiﬂUijUkiﬁUkj
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as a subset of X; then we can compare the maps ¢;rp;; and ;;, which have target
X or rather an open subset of Xj. These maps agree.

THEOREM 14.22 (Glueing schemes). Assume that we have a family of schemes X
for i € I, for each pair i,j an open subscheme U;; C X;, and isomorphisms p;; :
Uij — Uj;. Assume that Uy = X;, that ¢ = id and that the following cocycle
condition is satisfied: for each triple i, j, k we have goi_jl(Uji NUj,) = Uiy NUj and
the diagram

Pik

Ul‘j N Us U N Ukj
Pij Pik
Uji N Ujk
commutes. Then there is a scheme X which has X; up to isomorphisms an open
cover and with intersections U;; = X; N Xj.

PROOF. Using similar arguments to what we have done before (See Remark
it is enough to construct the underlying toplogical space of X and observe
that X; is an open cover. Then we can form the structure sheaf by taking the limit
of the pushforwards of the sheaves from U;;. Similar to the case of pushouts but
a bit more technically involved. But the topological space can be formed as the
quotient of LIX; by an equivalence relation (which identified z € U;; with ¢;;(z)).
Then one has to check that the maps X; — X are open which is an exercise in
quotient topologies that we omit here. The rest follows as before. O

PROOF OF THEOREM [14.15 Assume that the pullback X xgY exists and U C
X is an open subscheme. Then we claim that the pullback U xgY exists and is given
by the open subscheme of X xgY induced by p~!(U) where p: X xgY — X is the
projection. This follows easily by verification of universal properties: unwinding the
definitions we see that a morphisms Z — p~'U is given by a pair of morphisms as
desired.
Now assume that for an open covering X; of X the fibre products X; xg Y exists.
Then the fibre product X xgY exists as we will argue now. Indeed we can simply
build it using the cocycle description: we define the double intersections U;; :=
X;NX; C X; as before and then we have that

Uij ><5Y

is open in X; xgY (by the first part of the proof) and moreover we have isomorphisms
wij 1 Uij xgY =2 Uj; xgY satisfying the cocycle conditions induced by the respective
isos Uz'j — Uji.

Thus we can use Theorem [14.22]to ‘glue’ those X; X g Y together to a scheme X xgY’
which has the X; xg Y as a cover by open subschemes. We claim that X xgVY is
indeed the fibre product. To this end we have to verify the universal property: for
a map

f:K—=> X xgY

from a scheme K one can find an open cover K; such that each K; maps to one of
the opens X; xg Y. Namely we simply take the preimages of the opens. But then
using that maps of schemes are a sheaf the map f is unqiuely determined by the
maps f; : K; = X; Xg Y. Now by the universal property of the pullbacks X; xgY
we see that each f; is determined by maps ¢; : K; — X; and maps h; : K = Y so



15. PROJECTIVE SPACE 59

that the resulting maps K; — S agree. Now using that these maps have to agree on
double intersections K; N K; we see that we obtain maps

g: K—-X and h:K—>Y

so that the maps K — S agree. Vice versa these maps uniquely determine the map
f which shows the claim.

After this discussion we see that we can reduce the claim in the X-variable to an
affine scheme X;. A similar argument reduces it in the Y and S variable to affine
schemes. But the fact that the pullback of affine maps exist was argued before
(using that it is given by the spectrum of the tensor product). This then finishes
the proof. O

15. Projective space

In this section we will introduce the scheme P" called n-dimensional projective space.
Its R-valued points are given by classical real and complex projective space P"(R)
or P*(C) (usually denoted RP™ and CP™). Let first recall the definition of those two:

DEFINITION 15.1. We let k be a field (here R or C). Then we set
n+1
Py o ETO)

~

where the equivalence relation is given by
(X0y ey Tn) ~ A0,y +vy Tp) for A € k*

It is the orbit relation for the kX action on k"1 \ {0} given by multiplication. Thus
we also have

pn(k)_w_{o di onal sub Y
= I = {One dimensional subspaces o
We write an element as (xo : ... : x,) call this representation homogenous coordi-

nates.
EXAMPLE 15.2. Lets try to understand P!(R) = (R? \ 0)/R*. We have the subset
Up = {(z0 : 1) € PY(R) | 29 # 0}
The map R — U given by x +— (1 : x) is a bijection with inverse (z¢ : z1) — x1/x0.
Then we have that
PY(R) =U; U[0:1] =R' U {occ}
so that we can think of P!(R) as adding to R one further point [0 : 1] which one
might call co. If we equip P!(R) with the quotient topology it is homeomorphic to

S!. There is another open open set Uy = {(zo : z1) | 21 # 0} isomorphic to R and
they cover P!(R).

EXAMPLE 15.3. We similary have that P?(R) has an open set
Uo = {(z0: x1 : x2) | mg # 0} = R?
and we have that
P?(R) = RZU P!
so that we can think of P? by enlargening R? and further adding one point at oo for
each direction. Now we can find three open sets Uy, Uy, Us isomorphic to R?.
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ExXAMPLE 15.4. In general we have that
P*(k) =k"UP" Y(k)=...=k"Uk" LUK 2U. URO
We can cover P"(k) by ‘charts’
where (g : ... : Tp) = (xo/T4y ..o, Tim1/Tiy Tiv1/Tiy . .., T /2;). We define the func-
tions
Xei: U= k" 2k
for s # 4, which is given by (z¢ : ... : ) — zs/x;. Accordingly, we set X;; = 1. On
double intersections U; N U; we have the equality
Xoi = w75 = 25/ - (0:/2;) " = X5 X, ]
for all 4, j, s. This description on fact works for all fields k.

Our goal is to construct a scheme P such that for every field the k-valued points
are given by P"(k) as defined above. We will do this by gluing together Pliicker-
coordinate sheets (using Theorem [14.22| which allows to glue schemes).

DEFINITION 15.5. For¢=0,..,n we set

Z[ X0, Xnil
Ui == : ) > A
: Spec( Xii—1

We have open subsets
Uij = D(Xi;) C Ui
given by Spec(Z[Xo ;, ...,Xfi, oy Xnil/(Xii —1)). We define isomorphisms
¢ij Ui = Uiy
which are given by maps of coordinate ring in the opposite direction which is defined
as
i (Xsi) = Xoj - Xij -
where we set X; ; = 1. We have the cocycle condition
ik © Pi(Xsi) = in(Xsj - X))
= @(Xsg) - @i (Xig) ™"
= (Xop X ) - (Xin X5 0) ™!
= i k(Xs,i) -

Thus we can glue a scheme from those which we call P™.

The scheme P has by definition open subsets U; C P which are isomorphic to A"
glued along the open subsets U; j = U;;. In particular for a field k¥ we have that

P(k) = | JUi(k) = |J k" =P"(k)
=0 =0

by what we have said before. Here we have used that Spec(k) is simply a point. (Le.
any map Spec(k) — P" factors through one of these open subspaces.) For a general
ring R we do not have that

]P;n(R) — Rn+1/ ~



15. PROJECTIVE SPACE 61

Our goal is to give a description of P"(R) for an arbitrary ring R now (we have seen
that this describes the whole scheme uniquely but the k-valued points don’t).

DEFINITION 15.6. Let L be an R-module. Then L is called invertible if there exists
another R-module L' such that L @ L' = R as R-modules.

EXAMPLE 15.7. Let R = k be a field. Then every k-module is of the form &, k.
The tensor product of @; k and @, k is given by @, ; k. We see that a k-module
L can only be invertible if it is 1-dimensional, thus k is the only invertible k-module
(up to isomorphism).

Assume that M is an R-module and that ¢ : R — S is a map of rings. Then the
tensor product ¢*(M) := M ®p S is an S-module by
Sx(M®rS)— M®grS s-(m®s)=m®ss .
Moreover we have for R-modules M and N:
(M®rS)®s(N®@rS)=(M®rN)®rS .

ExampLE 15.8. If L is an invertible R-module and ¢ : R — S a map of rings then
we have that ¢*(L) = L ®g S is an invertible S module since we have

(LopS)®@(L'®rS) = (L&rL)®r S R®pS=S.

Note that if R is aring and I C R and ideal, then we can consider I as an R-module,
in fact an R-submodule of R. Note that [ is precisely isomorphic as an R-module to
R if it is a principal ideal generated by a non-zero-divisor (then it is of the form (a)
and a is a basis). In particular all principal ideals generated by non-zero-divisors
are invertible R-modules, but boring ones as they are isomorphic to R. But one can
give non-trivial examples of invertible R-modules along those lines.

EXAMPLE 15.9. Consider the ring R = Z[\/—5] C Q(v/=5) = Q ® Qy/—5 C C given
b
’ ZdZ-5={a+b/-5|abecZ}.
This is a standard example for a ring that is not a UFD as one has:
(14+vV=5)(1-V-5)=6=2-3.
Then we consider the ideal
I=(2,1+v-5)=(21-V5CR

PROPOSITION 15.10. The R-module I is invertible as an R-module and not isomor-
phic to R.

PROOF. We consider I ® g I and construct a map of R-modules
I®rl— (2)CR (i,j)—~1i-7

which works since (1 +/=5)2 = 1+2y/-5—-5=2-(-2+ v/=5). We claim that
this map is an isomorphism. This then shows that I is invertible (with inverse I)
since (2) = R.

To verify that this map is an isomorphism we note that we also have a map of
R-modules

(2) > Ierl 2= (1+V-5)®@(1-V-5)-22.
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One easily verifies that the composition (2) + (2) is the identity. Conversely to
verify that the composition I ® g I — I ® g [ is the identity it suffices to write I ®p [
as (2,14 +v—5)® (2,1 —+/—5) and check what the map does on the four generators

202 20 (1-v-5) (1+V5®2 1+V5)®(1-V-5).

We treat the case of the fourth generator, the other ones are similar but easier:
(1+\/5)®(1_M)H6H3((1+\/?5)®(1—\/?5)_(2®2))

In order to verify that this generator maps to itself we consider the difference

2(1+V=B) @ (1-V=5)) —32e2) = (21 + V=5 & (1-V=5)) - (283-2)

= (20 1+ V=5)(1-V=5)) - 2©0)
=(2®6) - (206)=0.

For the non-trviality we have to show that I is not principal. A generator a 4 bv/—5
would divide 2, thus the conjugate a — by/—5 would also divide 2. Therefore the
integer (a + bv/—5)(a — by/=5) = a? + 5b% would divide 4. The only possibilities for
this are b = 0 and a = £2 or a = £1. Neither of those generate the ideal. O

Now we would like to describe the set P™(R) for a ring R. Recall that for a field we
have
P"(k) = {One dimensional subspaces of k" "1}

The question is what the ‘correct’ generalization of this description for arbitrary
rings R is. The idea is to consider invertible modules L as 1-dimensional (we will
be even more precise about this analogy eventually). Another difference between
rings and fields is that for an R-module M with a submodule N C M we do not
necessarily have a complement N’ C M such that N @ N’ = M. A neccessary and
sufficient condition for this is that the inclusion 7 : N — M has a retract, i.e. a map
r: M — N such that i = idy. For example the submodule 2Z C Z does not have
a complement since there is no retract from Z to 2Z.

DEFINITION 15.11. Let M be an R-module. We say that a submodule N C M 1is
1-dimensional and complementable if N is invertible as an R-module and it admits
a complement as a submodule (equivalently a retract).

THEOREM 15.12. For every ring R we have a bijection
P"(R) = { One dimensional complementable subspaces of R" ™'} .

We will prove this theorem after exploring the statement a bit. First we have to see
that the right hand side of the bijection is indeed a covariant functor in R. For a
1-dimensional complemented submodule L € R"*! and a map of rings ¢ : R — S
we consider the induced map @ : R*t! — §"*1 given by levelwise application of .
Then we can take the image @(L) C 8", It is clearly an additive subgroup and
even an R-submodule, but not necessarily an S-submodule. Thus we can form the
S-submodule generated by this set

(L) =5-¢(L)
given by linear combinations of S-multiples of ¢(L).

LEMMA 15.13. The S-submodule ©*(L) is 1-dimensional and complemented. In fact,
as an S-module it is isomorphic to L @ S
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PROOF. Note that in general for an injective map of R-modules N — M the
induced map N Qg S = M ®pg S is a map of S-modules which is not necessarily
injective. However, if i admits a retract (i.e. its image is a complements submodule)
then the induced map N ®r S — M ®p S also admits a retract induced from the
retract of the initial map by functoriality of tensoring. Thus it is still injective.
Now we take the inclusion i : L — R™*! and observe that the induced map L®rS —
R ®p § = S"! is an S-linear map which admits a retract, in particular is
injective. Now to prove that ¢*(L) =2 L ®pr S we simply observe that ¢*(L) is (up
to isomorphism) a submodule of S™*! by what we have just said and it is clearly
contained in ¢*(L). Moreover it contains the image @(L) and therefore the two
agreeﬁ Now this immediately implies that ¢*(L) admits is complemented and also
by Example that it is invertible. O

Note that this also says that our two uses of the notation ¢*(L) agree (here and
before Example [15.8)).

REMARK 15.14. This makes
{One dimensional complementable subspaces of R"*1}

into a functor Ring — Set and as such it is naturally isomorphic to the functor of
points of P™. Since the functor of points uniquely determines a scheme one can in
fact use this as a definition of P”. Then one only has to check that this functor of
points is representable by a scheme. Grothendieck follows this path in EGA (except
that he uses a dual description of complemented subspaces as certain quotients of
R"*! by passing to the ‘dual map’ of the inclusion).

Now note that for any scheme X we have that X(R) = Homgc(Spec(R), X) is
a sheaf on Spec(R), in particular if we have an open cover V; by principal opens
Vi = Spec(R[f; ']) = Spec(R;) with double intersections

Vi N'V; = Spec(R[1/ fi,1/ f;]) = Spec(R; ;)
then the diagram
X(R) — [, X(Ri) =—= Hz‘,j X (Rij)

is an equalizer. So for any functor F' : Ring — Set a necessary condition for being a
functor of points is that this condition is satisfied.

DEFINITION 15.15. We say that a functor F : Ring — Set satisfies descent if for
any open cover V; = Spec(R;) of Spec(R) by principal opens as above with double
intersection Spec(R;;) the diagram

X(R) — L X (Ri) == 1, ; X (Rij)

is an equalizer, or equivalently of for any R the restriction of F' to Open(Spec(R)),
i.e the induced presheaf in PShg(Spec(R); Set), is a sheaf.

PrROPOSITION 15.16. Any functor of points of a scheme satisfies descent.

5Said differently the map
LorS— ¢ (L) (x®@s)—s-o()

which is a map of S-modules is an isomorphism since both inject into
image.

S"*t1 and have the same
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Thus a necessary condition for a natural equivalence
P"(R) = {One dimensional complementable subspaces of R"™'} .

as in Theorem [15.12]is that the right hand functor satisfied descent. This is indeed
the case:

LEMMA 15.17. The functor
R — {One dimensional complementable subspaces of R"1}
satisfies descent.

PRrROOF. We will prove this in the next section as a special case of descent for
general modules and maps of modules. (]

We finally need one more Lemma in order to give the proof of Theorem [15.12| which
we will also prove later.

LEMMA 15.18 (Nakayama’s Lemma, prime ideal version). Assume that M is a
finitely generated R-module with elements m1,...,m, € M such that for some prime
ideal © € Spec(R) the images of the elements my,...,m, generate M ®pr k(z) as a
k(x)-vector space. Then there is some f € R with f ¢ x such that the elements
M1, ....,My, already generate M[1/f] as a R[1/f]-module.

PROOF OF THEOREM [15.12 We want to to prove the Theorem by giving ex-
plicit maps both ways:
Assume that we have a map g : Spec(R) — P". We choose an open covering (V;);cr
of Spec(R) together with a map 7 : I — {0, ..,n} such that g(V;) C Ur(;) where the
sets

Uo, ... U, C P"

are the standard opens of P". Thus we have maps V; — Ur;) C P". We assume
that V; = Spec(R;) is standard open. The map is thus described by a map of rings

gi: Z[XO,W(i)a s 7Xn,7r(i)]
Xo(iym(i) =1

—)RZ‘

i.e. a sequence of elements (gi(Xor,),---»9(Xpnr@))) With gi( Xz r@) = 1. We
then consider the submodule
Li=R-v; CR'!

spanned by the vector v; = (gi(XO,ﬂ'(i))vgi(Xl,ﬂ(i))7~"7gi(Xn,7r(i))) and claim that
this is a complementable 1-dimensional subspace. To see that it is complementable
we note that it has a complement given by

L ={(zs) € R"" |z = 0} C R}

since g(Xr(;),x@)) = 1: if we have an element in 2 € L; N L] then it is of the form
Av; and then A = 0, so it is zero. Also every element € R™! can be written as

xr = (.CU = Tr(i) " UZ‘) + ($7T(l) . ’Ui) S L; + L;.

Invertibility is also clear since L; is isomorphic to R given by the map R — L; with
A )\Ui.

Now we let R;; be the ring such that Spec(R; ;) = Spec(R;) N Spec(R;) and then
we have that the images of v; and v; in R;.?l under the maps ¢; : R; — R;; and
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¢;  Rj — R;; differ by multiplication with the unit ¢;(X; ;) by the definition of
projective space. Therefore we find that

(0i)"(Li) = (05)"(Ly)

as subspaces of RZ;H. Thus using Lemmal|l5.17|we get a well-defined one-dimensional
complementable subspace of R"T! assembling the L;.

Conversely assume that we have a 1-dimensional complementable subspace L C
R We want to produce a map Spec(R) — P" and will construct this locally
around each point x € Spec(R).

First L is as a quotient of R™™! finitely generated and the vector space L ®p ()
is invertible, hence 1-dimensional. Now pick an element v € L C R"*! whose image
generates this vector space. Such an element always exists since we can write any
element of LOprk(z) as Y, l;@[r;]/[si] = >, liri®1/[s;] so that a sufficient multiple
(by the product of all the s;) lies in the image. Therefore we deduce by the Nakayama
lemma that upon passing to an open neighborhood Spec(R') = Dy C Spec(R)
around x we have that L[1/f] is generated by v. We will assume for simplicity that
R’ = R since we need to construct our map locally anyway. Thus we can assume
that L is generated by a single element v € L. Not all of the coordinates v; can lie
in z since otherwise the induced element in L ® g k(z) would be zero. Thus pick a j
such that v; ¢ x and form the ring R[1/v;] whose spectrum is an open neighborhood
of z. Again we replace R be R[1/v;] and therefore assume that the j-th coordinate
of v is invertible in R.

In total we have shown that we can assume that L = (v) € R""! for some v with
j-th coordinate invertible. We then obtain a map

Z1 X0y Xni
Spec(R;) — Spec %o, il — P
Xjj—1
which sends X, ; to vs/v;. We claim that this map does not depend on the choice
of coordinate j. If we have another coordinate j” such that v;s is a unit, then we see
that the map

ZIXo s X
Spec(R;) — Spec( KXo X, ]> — P

Xjrg —1

is the same as the map above as the two maps differ by multiplication with X; ; by
definition of the charts of P”. This also shows on double intersections that the maps
agree and glue to a map Spec(R) — P™.

Finally we claim that the two given constructions are inverse to each other. This
follows immediately from the definitions, so let us be brief: if we start with a map
g : Spec(R) — P" then we produce a subspace L C R"*! that is locally (on the
open set V;) spanned by

Vi = (gl (XOJr(i))7 gi(Xl,W(i))7 ) gZ(XTL,T('(’L)))

which then gives back the respective vector. Conversely any 1-dim complementable
subspace L C R""1 locally of the form L = (v) for v = (vy, ..., 1, ...,v,) leads to the
map that sends X ; to v; and thus gives back the subspace itself. Il
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16. Nakayama’s Lemma
DEFINITION 16.1. For a commutative ring R we set
rad(R) = ﬂ{m | m € R mazimal ideal}
and call it the Jacobson radical of R.
Clearly the Jacobson radical is an ideal (as an intersection of ideals).

EXAMPLE 16.2. For fields the Jacobson radical is zero. For the integers Z we have
that rad(Z) = (), prime(P) = 0

Let R be a local ring with maximal ideal m. Then rad(R) = m. This for example
applies to the local rings A, or O,.

REMARK 16.3. We have seen in Theorem that the nilradical v/0 can be written
as the intersection of all prime ideals. Since every maximal ideal is prime we deduce
that we have an inclusion
Vo= (] pS () m=rad(R).
p prime m maximal

The Jacobson radical corresponds under the corresponce of radically closed ideals
and closed sets to the closure of the set of closed points in Spec(R).

PROPOSITION 16.4. We have that
rad(R)={z € R|1—xzy € R* for ally € R}

PROOF. Assume that x € rad(R) and suppose 1 — xy is not a unit for some y.
Then 1 —zy € m for some maximal ideal m. But since zy € rad(R) C m we get that
1 € m and a contradiction.

Assume conversely that 1 — zy is a unit for all y and = ¢ rad(R). Then for some
maximal ideal we have z ¢ m, thus 1 = ya + m for some m € m,y € R (otherwise
(x) + m would be a larger proper ideal). This implies that m = 1 — yz is a unit
which is a contradiction. O

EXAMPLE 16.5. From this formula we can again see that all nilpotent elements x
are contained in the Jacobson radical, since in this case an inverse to (1 — yx) is
given by the geometric series

1 +y:c+y2:c2 + ...
which is a finite sum due to nilpotency of .

THEOREM 16.6 (Nakayama’s Lemma, Abstract Version). Assume that M is a finitely
generated R module and I C rad(R) an ideal such that M@gR/I = 0. Then M = 0.

Note that we have M ®r R/I = coker(M ®r I — M ®r R) = M/IM. Thus the
assumption is equivalent to the fact that the inclusion
IM={im|iel,meM}CM
is an equality.
PrROOF. Let my,...,m, be a minimal generating set of M. If M is non-trivial

then we have n > 1 and m,, # 0. By assumption m,, € IM so that we have

n

my, = Z 1M

k=1
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hence
n—1
(1 —ip)my, = szmk € (my,...,mp—1) .
k=1
Since i, € I C rad(R) we have that (1 — i,) is a unit in contradiction to the
minimality of the generating set. O

REMARK 16.7. The assertion of the Nakayama Lemma fails completely for non-
finitely generated modules. For example we can take R = Zy) and I = (2) and the
Z9) module to be Q. Then certainly Q/2 = 0 but Q is non-zero.

COROLLARY 16.8. Assume that M is a finitely generated R-module and I C rad(R).
Assume that some elements my,...,my, are such that the images are generators for
M/I as a R/I-module. Then the m; also generate M.

Proo¥r. Consider the submodule M’ C M generated by myq,...,m, and form
the quotient M/M’. Then we have that (M/M')®gr R/I = M/(M' +IM) =0 and
thus M/M' = 0 which shows that M’ = M. O

We are now ready to prove the statement we have used as Lemma [16.9] above:

COROLLARY 16.9 (Nakayama’s Lemma, prime ideal version). Assume that M is a
finitely generated R-module with elements m1,...,m, € M such that for some prime
ideal © € Spec(R) the images of the elements my,...,m, generate M Qpr k(z) as a
vector space over k(x). Then there is some f € R with f ¢ x such that the elements
mi, ....,my, already generate M[1/f] as a module over R[1/f].

ProOF. Consider the local ring R,. The maximal ideal is m = xR, and R, /m =
k(z). Thus if we form the R,-module M’ := M ®pr R, we find that
M'/m = M ®p k(z) .
Thus the images of my, .., m, generate M’ by Corollary above. We have that
Ry = colimgzep, R[1/f] (see Example so that
M =M Rr R, = COlimxeDf M[l/f] .

This is a filtered colimit. Thus if we pick generators y1, ...,y of M they can all be
written as linear combinations of the m; in M’ thus in some M[1/f] for f large
enough (this also easily follows by thinking of elements in M[1/f] as fractions). This
f now does the job. O

17. Quasi-coherent sheaves

Recall that schemes are a global geometric version of rings. Similarly we’ll introduce
a geometric generalization of modules. Recall that for an R-module M and an
element f € R we can functorially form

M[1/f] =M ®r R[1/f] .
which is an R[1/ f]-module (and will sometimes also be considered as an R-module).
ProposITION 17.1. For any R-module M we have a sheaf of abelian groups M €
Shv(Spec(R); Ab) which is given on principal opens by the underlying abelian group

of
D(f) = M[1/f] = M g R[1/f] .
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PROOF. We have to show functoriality and the sheaf property. Functoriality is
clear since M|[1/f] only depends on D(f) i.e. the radical ideal generated by (f) and
then we simply look at inclusions of open sets. For the sheaf property we have to
assume that we have elements (fi, .., f,) such that 1 € (f1,..., f») and then show
that the diagram

M — [ M g =TT M0/ fi1/15)

is an equalizer.This works exactly as in the proof of Theorem [8.11] for the structure
sheaf, details omitted. O

The stalks of M are given by

M, = colimgep, M[1/f] = M[(R\z)"'] = M,
as one immediately sees from the definition.

DEFINITION 17.2. Let (X,Ox) be a ringed space. A sheaf of Ox-modules is a sheaf
of abelian groups M together with a morphism of sheaves

OXxM—>M

such that for every U the induced morphism O(U) x M(U) — M(U) makes M(U)
into a Ox(U)-module. Morphisms between sheaves M and N of Ox-modules are
sheaf morphisms that commute with this action and are denotes as

Homp, (M, N) .
We write the category of sheaves of Ox-modules also as Mod(Ox).

Note that by definition this means that we want to give for every U the abelian group
M(U) the structure of a Ox (U)-module compatible with the restriction maps.

ExaMPLE 17.3. This is an example for people who know what a vector bundle is. So
assume X is a topological space and p : V — X is a continuous real vector bundle.
In particular V is itself a topological space and for each x € X we have the structure
of an R-vector space on V, := p~!(x). We consider the sheaf of sections of V defined
as
UCXw—={s:U—=V|y|ps=id}.

This is a sheaf of Cg)(—modules by pointwise multiplication. In fact, one can com-
pletely recover vector bundles up to isomorphism from this associated sheaf, but we
will not go into this here.

PROPOSITION 17.4. For any R-module M the sheaf M s canonically a sheaf of
Ospec(r)-modules.

PrOOF. As usual by Lemma [8.10] it suffices to define everything on principal
opens. The action is given on U = Dy by

R[1/f] x M[1/f] = M[1/f]
and is natural (in fact, M[1/f] = M ®g R[1/f]). The rest is clear. O
We now prove an analogue of Theorem about being able to recover affine
schemes by its global sections. To this end note that for the sheaf of Ogpec(r)-

modules M we can recover the R-module M as global sections (i.e. evaluation at
Spec(R)).
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PROPOSITION 17.5. Let M be an R-module for some ring R and N be a sheaf of
Ospec(r)-modules on Spec(R). Then the map

r: Homospec<R)(M, N) — Homp (M, N (Spec(R))
1$ a bijection.

PROOF. We first prove injectivity. Assume that we have two maps ¢, : M —
N that agree on global sections. We will show that they agree on all principal opens
D(f) C Spec(R) which is enough (another application of Lemma [8.10). But by
definition we have a commutative square

M—— M[1/f]

[ K

N (Spec(R)) —— N(Spec(R[1/f]))

where the right hand maps are maps of R[1/f]-modules and the left hand map is a
map of R-modules. What we use now is that M[1/f] = M ®pr R[1/f] which implies
that for any R[1/f]-module N (here N = N (Spec(R[1/f]))) the induced map

(9) HOmR[l/f](M[l/f],N) —)HOmR(M,N)

is a bijection (this is a special case of Exercise 1 and 4 of sheet 11). That is the
right vertical maps in the diagram above are completely determined by the counter-
clockwise composition and therefore have to agree. This shows injectivity. For
surjectivity, given a map ¢ : M — N (Spec(R)), we would like to extend it for each
f € R as such

M —— M[1/f]
|+ 1
4
N (Spec(R)) — N(Spec(R[1/f]))

in a natural way where the dashed arrow is R[1/f]-linear. This is again automatic
by the universal property @ The dashed arrows for varying f are then clearly
natural and induce a map of Ogpec(r)-modules. 0

COROLLARY 17.6. The functor
Modg — Mod(Ogpee(r)) M — M

Jrom R-modules to sheaves of Ogpec(ry-modules is fully faithful and left adjoint to
the global sections functor.

The question now is to identify the essential image of this functor and to ‘globalize’
it.

DEFINITION 17.7. Let X be a scheme. A sheaf M of Ox-modules on X is called
quasi-coherent if there exists an open cover U; = Spec(A;) of X by affines such that

M|y, is as a sheaf of Oy,-modules isomorphic to M; for some A;-module M;. We
denote the category of quasi-coherent sheaves by

QCoh(X) € Mod(Ox)
which is defined as a full subcategory of Ox-modules.
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ExXAMPLE 17.8. For any R-module M the sheaf M € Mod(Ogpec(r)) is quasi-
coherent. We can simply take the trivial open cover for this. In fact, we could
take any other open cover by principal opens since we have by definition

(M)|p, = M[1/{]
as sheaves of Ogpec(r1/f))-modules, where M[1/f] is considered as a R[1/ f]-module.
PROPOSITION 17.9. Taking global sections induces an equivalence of categories
QCoh(Spec(R)) = Modpg
with inverse given by M +— M.

PROOF. We already know that Modr — QCoh(Spec(R)) is fully faithful by what
we have done so far. Thus it only remains to show that a quasi-coherent Ogpec(r)-

module M is always of the form M for M = M(Spec(R)) its global sections. By
the adjunction of Corollary we get a morphism

M — M
of sheaves of Ogpec(r)-modules which we have to show is an isomorphism (this is
the counit of the adjunction). It suffices to show that for each D(g) C Spec(R) the
induced map
M[1/g] = M(D(g)) — M(D(g))

is an equivalence.

Consider an open cover (U;);cr as in the definition of quasi-coherence. By passing to
smaller opens U; we can assume that U; = D(f;) is principal. Since Spec(R) is quasi-
compact we can moreover assume that I is finite. Then we get that M(U;) = M;
and M(U; NU;) = M;[1/f;] = M;[1/fi] =: M; ;. By the sheaf property for M we
can write M as the equalizer

Eq HMZ = HMi’j
i 1,j

Now localization is a filtered colimit, so commutes with equalizers (this is the fact
that filtered colimits of abelian groups/sets commute with kernels/equalizers). It
also commutes with finite products since these are also finite coproducts and colimits
commute with colimits. Thus we get that

M][1/g] = Eq H M;[1/g] = HMi,j[l/g]

= Eq | [[M(D(g)) = [[M(D(97:15))
i ij
= M(D(9))
where for the last equality we have used the sheaf property for M and the fact

that D(gf;) is a cover of D(g) with intersections D(f;g). This shows the claim (the
induced map is this isomorphism as one sees unwinding the constructions). O
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18. Descent for modules
Let X be a topological space, C be a category with all small limits and F' € Shv(X;C)
be a sheaf. For any open cover (U;);cr of X we get restricted sheaves
F; := F|y, € Shv(U;;C)
together with isomorphisms
vij : Filunu, = Fluno, 2 Filuinu,
in Shv(U; N Uj;C). These isomorphisms satsify on triple intersections Ui, := U; N
U; NUj the condition that
(onk‘Uijk) o (@U’Uz‘jk) = Spik|Uijk
as maps Fi’Uijk — Fj|UijIc' We will also abusively write this as ¢;; o @;r = @i and
leave the restrictions implicit. We refer to this condition as the cocycle condition.
DEFINITION 18.1. In the situation of a topological space X and an open cover U =
(Ui)ier we define the descent category of sheaves
Descy(Shv(—;C))
to be the category with objects given by descent data, that is families (F; € Shv(U;;C))ier
together with isomorphisms p;j : Filu,; — Fjlu,; in Shv(Ui;;C) that satisfy the cocy-
cle condition on triple intersections. A morphism (Fj, pi;) to (Gi,ij) is given by a
family of morphisms f; : F; — G such that fj o p;; = ;0 f;.
It is clear that this defines a category under composition of morphisms. Moreover
we have a canonical functor
Shv(X;C) — Descy(Shv(—;C))
which sends F' to the descent datum with F; := F|y, as described above.

PROPOSITION 18.2 (Descent for sheaves). The functor
Shv(X;C) — Descy(Shv(—;C))
18 an equivalence of categories.

SKETCH. We want to construct an inverse functor. To this extend, we define
a basis B of the topology of X to be given by those open sets U C X which are
contained in one of the U;. This basis is closed under intersection, so that Lemma
B.10] applies and we have that in the composition

Shv(X;C) — Shvp(X;C) — Descy (Shv(—;C))
the first functor is an equivalence. Thus it suffices to show that the second functor
is an equivalence. We will do this by giving an explicit inverse. To this extend we
start with a descent datum (Fj, ¢;;). Then we want to construct a functor
F:B® = C.
For U C B we have U C U; and thus can set
FU) := F;(U).

This is well-defined up to canonical isomorphism: if we have also U C U; then we
have that F;(U) = F;(U) be the isomorphism ¢;;. Moreover F' defines a sheaf and
the restriction of F' to each Uj is isomorphic to F; (these arguments are a bit sketchy
and should be proven a bit more carefully). O
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We have a similar statement for Ox-modules and quasi-coherent sheaves. The de-
scent categories are defined in the obvious way and we have similar functors as
before. The result is the following:

PROPOSITION 18.3. Let X be a scheme with an open cover (U;)ier. Then the functors
Mod(Ox) — Descy(Mod(O-))

and
QCoh(X) — Descy(QCoh(—))
are equivalences of categories.

PrROOF. The second statement follows from the first since quasi-coherent sheaves
are a full subcategory of Ox-modules defined by a local condition. For the first
we simply observe that we can use the inverse functor on the level of sheaves (as
constructed in the proof of Proposition and equip everything canonically with
O x-module structures. O

We finally specify the last statement to the case of affine schemes. Note that the
restriction functor
—|r : QCoh(X) — QCoh(U)
for X = Spec(R) and U = Spec(R[1/f]) principal open is under the equivalences
QCoh(X) ~ Modg and QCoh(U) =~ Modgy/4))

given by the functor

Mw— M[1/f] =M ®gr R[1/f] .
Thus we get the following statement for modules, which is not so easy to prove
directly (without using the formalism of sheaves);

COROLLARY 18.4 (Descent for modules). Let R be a ring with a principal open cover
(R; = R[f; )ier (i.e. Spec(R;) an open cover of Spec(R)). Then the functor
Modg — Desc(g,)(Mod)
= {M; € Modpg,, ij: Mi[fj*l] = M;[f;1 | cocycle condition}
18 an equivalence of categories.

This equivalence shows that we can construct and manipulate modules ‘locally’

similar to functions. This is an important principle. When we have a family M; €

Modg;, of locally defined modules with transition functions ;; then we also say that

the corresponding module M is ‘glued’ from the M;.

Note that under this equivalence the tensor product M ®gr N corresponds to the

operations of tensoring M; ®pg, N; and forming the corresponding isomorphisms
M M

Pij Q@i -

LEMMA 18.5. An R-module M is invertible precisely if for a principal cover (R;);er
as before the induced modules M; := M[fi_l] = M ®gr R; are invertible over R;.

PROOF. One direction is immediate from Example [[5.8 So assume that M is
such that the M; are invertible with inverses L;. Then we want to ‘glue’ the L; to
a global module L. To this extend we note that Li|Uij is inverse to M;;. Inverse
modules are unique in the sense that if N7 and Ny are inverse to the same module
M;j, then we get an induced isomorphism Ny — N» since:

N12N1®Mz‘j®NggN2.
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Applying this observation to Li]Ul.j and Lj\Uij we get isomorphisms between them
and it is not so hard to check that they satisfy the cocycle identity. Therefore we
can ‘glue’ them to get a global module L over R. This now has the property that
M ®pg L is equivalent to the unit R. This follows since it is true on U; for each
i € I and the resulting glueing functions are on double intersections given by the
identities as one easily verifies. O

Finally we can prove the last open part of our identification of the functor of points

of P!, which was Lemma [15.17
The functor

R — {One dimensional complementable subspaces L C R"H}

satisfies descent.

PROOF. Assume that we have a principal cover (R; = R[fi_l])z-e] of R with
maps ¢; : R — R;; (as usual the R;; are the double intersections). For a family of
complementable, 1-dimensional subspaces L; C R;"H such that

(0)*(Li) = (i) (L)

we need to find a unique L C Rt which base-changes to the L;.

In order to do this we need to supply a descent datum for L. Thus we choose the
local modules to be the L;’s and then the isomorphism ¢;; : Li[fj*l] — L;[f;1] is
given be the isomorphism

Lilf7 '] = Li@p, Rilf77 '] = (9)"(Li) = (00)"(L3) = Ly[fi]-

These isomorphisms then satisfies the cocycle condition and we can ‘glue’ them to
get a module L. By the previous Lemma this is an invertible module.

Similarly we also glue the inclusion morphisms L; — Rf‘“ to get a morphisms
L — R . Now we need to verify that the map L — R"*! is a split inclusion. We
skip this part here for time reasons. ﬁ O

19. Line bundles

DEFINITION 19.1. Let X be a scheme and M,N be Ox-module. Then we define
M@0, N as the sheafification of

U= MU) @0,y N(U) .
This is again an Ox-module sheaf.

PRrROPOSITION 19.2. For R-modules M and N we have

M ®0g,,p N=M @R N .

If X is a scheme and M and N are quasi-coherent. Then so is M ®o, N.

6Sketch: dualise the situation, then one has to show that being surjective between quasi-
coherent sheaves is a local property on affines. This folliows by looking at the cokernel and noting
that the cokernel of a map between quasi-coherent sheaves is again quasi-coherent, so vanishes
precisely if the global sections are trivial.
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PROOF. For U = D(f) C Spec(R) we have

M(U) @0, eoiny ) NU) = M[L/f] @pp, s N[1/f]
= (M ®gN)[1/f]

~ (M &g N)(U) .

This is a sheaf, so there is no sheafification necessary on principal opens.

The second statement can be checked locally (by the definition of quasi-coherent
sheaves). But locally it follows from the previous assertion (see the discussion in
Example for why we can argue locally). O

So we see that the tensor product of Ox-modules is the global geometric version of
the tensor product of modules. Finally we introduce the global version of invertible
sheaves.

DEFINITION 19.3. Let X be a scheme. Then an Ox-module L is called invertible or
a line bundle over X, if there exists an Ox-module L' such that L @0, L = Ox
We also write L' as L1 and call it the inverse of L.

Note that the inverse is unique (up to isomorphism) by the usual argument (see the
proof of Lemma|18.5) and therefore well-defined. An example of a line bundle is Ox
considered as a Ox-module by left multiplication. We refer this as the trivial line
bundle.

PROPOSITION 19.4. (1) Ewvery invertible Ox-module is quasi-coherent.
(2) If X = Spec(R) is affine then invertible Ox-modules are via taking global
sections equivalent to invertible R-modules.
(3) Given an open cover of X. Then an Ox-module M is invertible precisely
if it restricts to invertible modules on all of the open sets.
(4) For any line bundle L over X there exists an open cover such that the
restriction to this open cover is trivial.

We skip this proof for time reasons, but note that the third statement can also be
interpreted in terms of descent, namely that the assignment

X ~ {line bundles over X'}

satisfies descent similar to Proposiiton Combining this with the fourth state-
ment one could also define line bundles to be Ox-modules which are locally isomor-
phic to Ox. Note that this is even in the affine case a highly non-trivial statement,
namely that each invertible R-module M is locally trivial.

In total we have now introduced a number of global geometric statements:

algebraic object | global geometric object
Ring Scheme
Module quasi-coherent sheaf
invertible module line bundle

We will continue this table next semester.

THEOREM 19.5. For any scheme X we have a natural isomorphism

P"(X) := Homgen (X, P") = {L C (’)_7;(+1 | £ invertible, locally complementable}
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Here the inclusion means that L is a subsheaf of (’)}'H as an Ox-module sheaf, that
is for each U we have that L(U) C O¥H(U) and that this subset is closed under
restriction.

Again we have to skip the proof. As a result of the theorem we can consider the
identity id : P — P™. This gives rise to an invertible Ox-module £ C (’)}H.

DEFINITION 19.6. We define line bundles Opn(n) for n € Z over P" by setting
Opn(—n) := L = L R0y ... R0y L
Opn(n) =L " =L R0, ... Qo L7
for n >0 (which is to say that Opn(0) = Opn.

REMARK 19.7. It turns out that that the line bundles Op(n) with n € Z are all
invertible modules over P (and are mutually non-isomorphic).

ExXAMPLE 19.8. Consider the scheme P!. Then we have the open cover Uy and U;
with interection Up N U; = Spec(Z[z*]). Then an invertible module is given by a
triple

e Ly line bundle over Uy ;

e £ line bundle over U ;

e An isomorphism Lo|y,nv, — Lil|vent, -
Note that this is really everything, since there are no-triple intersections so the
cocycle condition is trivial (except it requires that the iso on U Ny is ihe inverse).
Examples are given by Ly = Op, and L1 = Op,. Then the isomorphism is given
by an isomorphism Z[z¥] — Z[2¥] of Z[z¥]-modules or equivalently a unit in Z[z*]
(by which we multiply to get the map). The units are precisely given by +z" for
n € Z and it is easy to see that the sign does not matter for the isomorphism class
of the glued line bundle. The bundle Op1(n) is under this isomorphism given by the
unit ™.






CHAPTER 2

Algebraic Geometry II, Sommersemester 2022

This course was taught in Sommersemester 2022 in Miinster. The goal is to continue
the theory of schemes. We will talk about the Picard group first and then cover
properties of morphisms like affine, separated and proper. We will also introduce
the dimension and projective schemes. Then we will study curves and how they are
associated to field extension, and why separated curves are quasi-projective.

(1) R. Hartshorne: Algebraic Geometry GTM 52. Springer.

(2) D. Mumford: The red book of varieties and schemes. Springer LN 1358.
(3) U. Goertz, T. Wedhorn: Algebraic Geometry 1. Vieweg.

(4) A. Grothendieck, J. Dieudonné: Eléments de géométrie algébrique.

(5) P. Scholze: Algebraic Geometry I lecture notes (typed by Jack Davies)

The lectures are Monday 2-4 and Thursday 2-4 in M6. The exercises are friday 10-12
and will be held by Achim Krause.

1. Summary and Preliminaries

We first want to recall the content of the first lecture and what we need to know
to follow this lecture. In particular we will review Grothendieck’s notion of schemes
which is central to everything. Everything that we outline here is covered in detail
in the first part of the script.

First we assume that the reader is familiar with the notion of sheaves: a sheaf on a
topological space X is a functor F' : Open(X)°? — C which satisfies descent, that is
for every collection of open sets {U; C X };cs the induced diagram

FuU;)) — I_IZ FU;) —= Hz’,j FU;nN Uj)

is an equalizer in C. Typically we will use this for C being rings or abelian groups
in which case it can be translated into a statement about elements and it becomes
appearent that this is a local-to-global principle. For every point x € X we can the
define the stalk

F, := colimgey F(U) .

DEFINITION 1.1. o A locally ringed space is a pair (X,Ox) consisting of a
topological space X and a sheaf of commutative rings Ox on X which has
the property that the stalks Ox , are local rings (i.e. have a unique mazimal
ideal) are local rings.

e A morphism of locally ringed spaces (X, Ox) — (Y, Oy) is a pair consisting
of a morphism f : X — Y and a morphism f*: f~1Oy — Ox of sheaves
over X such that for every x € X the induced morphism

F2 Oy = (f'0y)e = Oxg

is a morphism of local rings, i.e. the preimage of the mazximal ideal is the
mazimal ideal.

77
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ExaMPLE 1.2. Let R be a commutative ring. We define a locally ringed space
(Spec(R), Ogpec(r)) as follows: the points of Spec(R) are given by prime ideals in
R. The topology is the Zariski topology: for an arbitrary subset M C R we declare
the vanishing locus

V(M) ={x € Spec(R) | M C x} = {z € Spec(R) | f(x) =0V fe M}

to be closed and consequently the complements to be open. In particular for a given
element f € R we have the principal open set

D(f) =V(f)* ={z € Spec(R) | f ¢ 2} = {x € Spec(R) | f(x) # 0} .
There is a sheaf of rings Ogpec(r) Which has the property that

OSpec(R) (D(f)) = R[l/f] :
In particular the global sections are given by R. So geometrically we can think of R
as functions on this geometric object. It turns out that the stalks are given by

OSpec(R) T R,

(the localization at x) which are local rings. Thus the pair (Spec(R), Ogpec(r)) is
a locally ringed space. We will most of the time denote this locally ringed space
simply by Spec(R) and leave the structure sheaf Ogpec(g) implicit.

DEFINITION 1.3. A scheme is a locally ringed space (X, Ox) which is locally isomor-
phic to Spec(R), that is for every point x € X there exists and open neighbourhood
U such that (U,Ox|v) is isomorphic as a locally ringed space to Spec(R).

THEOREM 1.4. The assignment R — Spec(R) induces a fully faithful functor from
the opposite of the category of rings to the category of schemes. Objects in the
essential image (that is schemes isomorphic to Spec(R)) are called affine schemes.
This functor has a left adjoint given by taking global sections.

EXAMPLE 1.5. Assume that we have a ring k (e.g. a field) and a family of polynomi-
als p1,...,px € k[X1, ..., X;]. Then we have the ring A = k[ X1, ..., X,,]/(p1, ..., pr) and
the (affine) scheme Spec(R). The fact that A is k-algebra translates into a morphism
Spec(A) — Spec(k) so that Spec(A) is canonically a scheme over Spec(k).

The intuition is that this is the ‘geometric object’ formed by the zero-set of the
polynomials pi,...,pg. Let us explain this intuition a bit more, which is central
to algebraic geometry. First, as a topological space we have that Spec(A) is a
closed subset of Spec(k[X7q,..., X,,]) given by the vanishing locus of the p;. If k is
an algebraically closed field, then the closed points of Spec(A) (which correspond
to maximal ideals in R) are given by those elements © = (z1,...,2,) € k™ such
that p1(z) = ... = pr(x) = 0. But Spec(A) also has some non-closed points: these
correspond to generic points of irreducible closed subsets of k™ (the latter is identified
with closed points of Spec(k[X7, ..., Xy]).

In particular we have the scheme Spec(k[z1, .., z,]) and will denote it by A}.

EXAMPLE 1.6. For every ring k we have a scheme P} which has an open cover
Uo, ..., Up C P} such that
U; = Spec k[ Xo, ..., Xi, ..., Xp] = A7

and such that double intersections are given by

A~

Ui N U; = Speck[Xo, ..o, X3, oy Xiy ooy Xo]
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THEOREM 1.7. The category of schemes has all finite limits. For a diagram

Spec(A)

|

Spec(B) —— Spec(C)
the fibre product is Spec(A ®¢ B).

In particular products Spec(A) x Spec(B) are given by Spec(A ® B) and general
products and fibre products of schemes can be understood by observing that one
can locally reduce to the affine case. In particular we have that

© = A7 x Spec(k) © =P x Spec(k) .
DEFINITION 1.8. For any scheme X we have the functor of points:
X (—) : Ring — Set

given by X(R) = Homge, (Spec(R), X ). We call X(R) the R-valued points of X.
Sometimes we even call Homge, (S, X) for a scheme S the S-valued points of X and
write it as X (S). If X is a scheme over k (i.e over Spec(k)) then we similarly can
define a functor of points Alg;, — Set which we call the relative functor of points.

THEOREM 1.9. The assignment Sch — Fun(Ring, Set) is fully faithful, in particular
every scheme can be recovered by its functor of points. Every object in the essential
1mage satisfies descent.

One can in fact use this perspective to give a different definition of schemes: functors
Ring — Set which are locally isomorphic to Spec(R)(—) = Homging(R,—), but
defining what is meant by ‘locally’ in this setting requires some work and we shall
not need this for now.

ExAMPLE 1.10. Consider the scheme X = A% = Spec(Z[x1, ..., x,]). Then we have
that
X(R)=R".
For X = A} we have that for every ring R we have that the absolute functor of
points is given by
X (R) = Homging(k, R) x R"
The functor of points relative to k has a slightly easier form (which one?).

EXAMPLE 1.11. Assume that we have A = Z[x1, ..., zy]/p1, ..., pr and X = Spec(A)
as in Example Then we find that for any ring R

X(R) = {z € R | pi(2) = .. = pa() = 0},

thus solutions to the equations given by pi, ..., pg in the ring R. Clearly this functor
‘knows’ much more than just solutions over R = Z, which might not even exist, e.g.
for something for polynomials like 22 — 2 or 22 4+ 1. So in some sense the philosphy
to understrand a bunch of equations is to record solutions over each ring R.

THEOREM 1.12. For projective space P"* = IP7 we have that

P"(R) = { One dimensional complementable subspaces of R} .
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Finally we have talked about quasi-coherent sheaves on a scheme which is the ‘global’
version of modules (similar to the way schemes are the global version of rings). To
this end we recall for a scheme X the notion of an Ox-module sheaf M, which is a
sheaf of abelian groups M on X which comes equipped with an action of Ox on M
(in the appropriate sense).

EXAMPLE 1.13. For any R-module M we have a Ogpec(g)-module sheaf M which is
given by

M(D(f)) = M[1/f]
with the evident action of Og,ec(r)(D(f)) = R[1/f].

DEFINITION 1.14. Let (X,0Ox) be a scheme. An Ox-module M is called quasi-
coherent if for every point x € X there exist an affine neighborhood U =2 Spec(R)
such that M|y is as an Oy = Ogpec(r)-module equivalent to M for some R-module
M. The category QCoh(X) of quasi-coherent sheaves on X is defined as the full-
subcategory of Ox-module scheaves consisting of the quasi-coherent sheaves.

THEOREM 1.15. For every ring R the functor
Modgr — QCoh(Spec(R)) M M

from R-modules to quasi-coherent sheaves is an equivalence of categories with inverse
given by taking global sections.

Finally one important aspect of (quasi-coherent) modules is that they also satisfy
descent. Here descent is, similar to the descent that sheaves satisfy, a local-to-global
principle.
Let us describe this for modules: assume that we have a ring R and an open cover
U; = Spec(R;) with double intersections U;; = Spec(R;;). Here for simplicity we
assume that double intersections are also affine, which is for example true of all the
open sets are principal.
Then the descent result is that an R-module M is essentially the same as the fol-
lowing data:

(1) A family of R;-modules M;.

(2) For every pair 7, j an isomorphism

@ij : M; ®©p, Rij = Mj @R, Rij

such that after basechange to R;j; we have @;rp;; = @4 for all triples ¢, j, k
(this in particular implies ¢;; = id which is sometimes stated explicitly).
This latter condition is called the cocycle condition or cocycle identity.

More precisely this correspondence is given by sending an R-module M to the family
M; := M ®gr R; together with the isomorphisms
M; ®g, Rij = (M ®r R;) ®r, Rij
=M Qg R;j
~ (M ®pr R;) ® R, Rij
= M ®r; Rij -
So we claim that evert family of modules satisfying (1) and (2) above arises from a

family as below. A similar statement holds true for morphisms between modules.
This is very useful since it allows us to define and manipulate modules locally.
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The proof of this descent statement for modules proceeds by proving a similar descent
statement for sheaves and then deducing the module statement from that using
that modules are equivalent to quasi-coherent sheaves. So the more intuitive and
geometric statement is the one that sheaves also satisfy descent.

CONSTRUCTION 1.16. For a scheme X There is a tensor product ®o, on the
category of Ox-modules defining by the sheafififcation of the ‘pointwise’ tensor
prodduct. This tensor product restrict to a tensor product on the full subcategory
of quasi-coherent sheaves. For X = Spec(R) it corresponds under the equivalence
QCoh(X) ~ Modpg to the tensor product of R-modules.

DEFINITION 1.17. Let X be a scheme. Then an Ox-module L is called invertible or
a line bundle over X, if there exists an Ox-module L' such that L @0, L' = Ox

We had stated the following results (without proof):

PRroPOSITION 1.18. (1) Ewvery invertible Ox-module is quasi-coherent.
(2) If X = Spec(R) is affine then invertible Ox-modules are via taking global
sections equivalent to invertible R-modules.
(3) Given an open cover of X. Then an Ox-module M is invertible precisely
if it restricts to invertible modules on all of the open sets.
(4) For any line bundle L over X there exists an open cover such that the
restriction to all the open sets are trivial line bundles.

The first thing we want to do is to give proofs of these facts and understand line
bundles better.

2. Line bundles and vector bundles

Our first goal is to prove and understand Proposition a bit better. Therefore
let us try to prove these results. The first thing we need to do discuss the notion of
epimorphisms in categories

DEFINITION 2.1. A morphism w: M — N in a category is called an epimorphism if
for every pair of morphisms f,g: N — O with fm = gn we already have that f = g.

EXAMPLE 2.2. (1) If a morphism 7 : M — N admits a section, that is a
morgphism s : N — M with ws = id, then it is an epimorphism.

(2) In the category of sets the epimorphisms are precisely the surjections.
Clearly surjections are epimorphisms, since they admit sections. Conversely
if #: M — N is not surjective, say n € N is not in the image, then we
can find maps f,g : N — {0,1} which send N \ {n} to 0, and such that
f(n) =0and f(n) =1. Thus fr = gm but f # g.

(3) In the category of R-modules a morphism 7 : M — N is an epimorphism
precisely if it is surjective. The direction that surjections are epimorphisms
follows easily from the last example since equality of maps can be checked
on underlying set valued maps. For the converse assume that 7 : M — N
is not surjective. Then Im(7) # N and thus N/Im(7) # 0. Thus we can
consider the maps N — N/Im(w) given by the projection and the zero
maps. These agree after composition with M but are different.

(4) In the category of rings epimorphisms are not necessarily surjective. For
example Z — Q is an epimorphism since morphisms Q — R are given by
morphisms f : Z — R such that f(n) is invertible for all n € Z \ {0}.
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PropPoOSITION 2.3. A morphisms w : M — N is an epimorphism precisely of the

square
M

|

N

PROOF. Assume the square is a pushout and we are given f,g : N — O such that

wf = mg. Then by the universal property of the pushout we get a map h: N — O
such that f =h =g.

Conversely assume that 7 is an epi. Then the universal property follows immediately.

O

=

™
—

.
[}

id
—_—

=

1 a pushout.

COROLLARY 2.4. Every left adjoint functor preserves epimorphism, in particular
equivalences of categories preserve and detect epimorphisms.

COROLLARY 2.5. A morphism of sheaves of rings/sets/modules F — G is an epi-
morphism preicsely if it induces epimorphisms on stalks

PRrOOF. We have to verify that the square

F——G

!

G—G

is a pushout. But this is the case precisely if it is a pushout on stalks (since stalks
preserve colimits and detect equivalences), thus precisely if the induced morphisms
on stalks are epimorphisms. O

WARNING 2.6. An epimorphism of sheaves F — G need not be surjective on sections
FU) — G(U). For example for any topological space X we have the morhphism
exp : C%(—,C) — CY(—,C*) given by composition with the exponential function.
This is an epimorphism of sheaves since locally the logarithm exists. But globally
it doesn’t for example for X = C*. The identity C* — C* does not lift through
exp: C — C*.

DEFINITION 2.7. Let X be a scheme and M be a sheaf of Ox-modules. We say that
M is of finite type if for every point x there exists an open neighborhood and an
epimorphism OF, — M|y of Oy-modules.

Let us unfold what that means. First observe that for a scheme X, a O x-module map
Ox — M is the same as a global section of M: Indeed, a Ox-module map Ox — M
assigns to every open U a Ox (U)-module map Ox(U) - M(U) (compatibly), i.e.
an element of M(U). But by the sheaf property, a compatible choice of elements
M(U) for each open U is just determined by a global section. Similarly, a map
O% — M is the same as an n-tuple of global sections.

An epimorphism O% — M is therefore the same as n sections sy, ..., s, € M(X),
such that for each point z € X the germs of the sections (s1)g, .., (S5 ). generate M.
Thus, M is of finite type precisely if for each z, we find a neighbourhood U and
sections $1,...,8, € M(U) such that si1,...,s, generate the stalks M,s for each
2 el.
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PROPOSITION 2.8.

(1) Assume that X = Spec(R) and that M is quasi-coherent. Then M is of
finite type precisely if the global sections M(X) are finitely generated as an
R-module.

(2) Assume that M is quasi-coherent. Then M is of finite type precisely if for
every x € X there exists an open affine neighborhood U such that M(U) is
finitely generated as an Ox (U)-module.

PROOF. We first claim that a morphism between quasi-coherent sheaves M — N
on X = Spec(R) is an epimorphism of Ox-modules precisely if the map M — N is
surjective. To see this we simply observe that being an epimorphism of O x-modules
is a priori a stronger condition as we have to test against more morphisms (in general
if one has an epimorphism in a category then it is also an epimorphism in each full
subcategory in which it lies). Thus if it is an epimorphism of Ox-modules then
it clearly is an epimorphism of modules, hence surjective. The converse follows by
observing that being surjective on global sections certainly implies being surjective
on stalks (as they are localisations).

So M(U) is finitely generated as Ox(U)-module if and only if we find an epimor-
phism OFy = M|y. Thus (2) is directly equivalent to the definition of finite type.

We also deduce one direction of (1), namely that if global sections M(X) are finitely
generated that M is finite type. Thus it remains to show the other direction of (1),
namely that if M has the property that on an open cover the sections M(U;) are
all finitely generated, that then also M(Spec(R)) is finitely generated. To this end
we choose a finite affine cover U; = Spec(R[1/f;]) and local sections s;; € M1/ f;]
that generate. We can without loss of generality assume that s;; is in R since we
can always multiply by f; without destroying the property of generating. Then we
claim that the collection of all s;; € M generate M. This follows since they generate

locally, for example by translating back to a map O)Z(: " — M of quasicoherent
sheaves, which is surjective on stalks by construction. O

PROPOSITION 2.9. FEwvery line bundle L on a scheme X is of finite type.

ProOF. We choose a line bundle £~ which is inverse to £ and an isomorphism
L Qo L£~! — Ox. Then because of the definition of the tensor product as a
sheafification we locally around each point find finitely many sections s; € £L(U) and
t; € L7Y(U) such that the element

Y osiotie (Lo L))

maps to the unit element 1 under this isomorphism (note that this is not true globally
by the fact that we have to sheafify the tensor product but locally since sheafification
doesn’t change stalks).

Now we consider the morphism

S Og — E’U
given by the sections s, ..., s,. After tensoring with £~! this induces a morphism
nRLT S LeLTT 2Oy

which is an epimorphism since 1 is in the image. Then it follows that the initial
morphism s, which can be recovered by tensoring with £, was already an epimor-
phism. (For example since we can detect epimorphisms on stalks, and on stalks the
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tensor product is really the tensor product, and tensor products preserve surjective
maps) O

LEMMA 2.10. Assume that for any Ox-module sheaf M we have an epimorphism
M — Ox. Then it is locally split, meaning that every point has a neighbourhood U
such that we find a map Oy — M|y such that the composite Oy — M|y — Oy s
the identity.

PROOF. Since it is an epimorphism we locally find a preimage of 1, that it around
each point = we find an open U with s € M(U) such that s — 1 € Ox(U). But this
then already constitutes a map as required. O

PRroOPOSITION 2.11. Ewvery line bundle £ over X is locally a summand of O% for
some n (by this we mean that there for every x € X an open neighborhood U such
that L|U is a summand of Of, = O% |y ). In particular it is quasi-coherent.

PROOF. By the fact that the line bundle is of finite type we find locally on X
an epimorphism O% — L. After tensoring with £~ this epimorphism is by the
previous lemma locally split, so after restriction to a further open subset we can
assume that it is split. But then we deduce that the initial morphism (which can
be written by further tensoring with L) is also split. But this then shows that £
is a retract of the quasi-coherent Ox-module O%. But this now implies that £ is
quasi-coherent by Exercise 1, exercise sheet 1. O

COROLLARY 2.12. For an affine scheme X = Spec(R) line bundles over Spec(R)
are via global sections the same as invertible R-modules.

DEFINITION 2.13. A wvector bundle on a scheme is a locally free Ox-module.
Note that every vector bundle is quasi-coherent and of finite type.

THEOREM 2.14. Every line bundle is a vector bundle, in fact line bundles are locally
free of rank 1, that is locally isomorphic to Ox. Conversely, a vector bundle locally
free of rank 1 is already a line bundle.

PROOF. For the first statement, it suffices to work locally. Thus assume X =
Spec(R) is affine and the line bundle £ corresponds to an invertible R-module L.
Thus L ®z L~! = R. For any point = € Spec(R), we want to find a neighbourhood
of x in which L is free. Observe that L ®r r(z) and L~! ®@pr k(z) are inverse
k(z)-modules, thus 1-dimensional. We can lift a basis element to an element a €
L ®pr R[1/f]. By the prime ideal version of the Nakayama Lemma (last semester,
Corollary , there exists a smaller neighbourhood in which a actually generates
L, i.e. after changing f, we have that a generates L ®pr R[1/f].

We now consider this as a map Ox|p(s) — L[p(s), which is an epimorphism. By
Lemma (as used in the proof of Proposition , we can (in a possibly smaller
neighbourhood) find a split

(10) Llpy = Ox|p(p)-

Since the composite £|psy — Ox|p(sy — L|p(s) is the identity, the map is
an isomorphism at x, thus again by Nakayama, it is surjective on sections in a
yet smaller neighbourhood. It is also injective (being a retract), thus bijective on
sections in some neighbourhood.

For the converse, assume L is a vector bundle locally of rank 1. We define a dual
sheaf £V by letting £Y(U) be the set of Oy-module sheaf morphisms L|y — Op.
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Note that £V is a Ox-module sheaf, and it is quasicoherent, since £ is locally free,
and on an U; where L]y, = Oy,, we get LV |y, = Op,. We have a canonical map

LR £V -0 X
which is locally an isomorphism. It follows that £ is a line bundle. g

We now are ready to state and prove the following result that was already sketched
last term.

THEOREM 2.15. For any scheme X we have a natural isomorphism
P"(X) := Homge, (X, P™) = {£ C O%™ | L invertible, locally complementable}

Here the inclusion means that L is a subsheaf of O}H as an Ox-module sheaf, that

is for each U we have that L(U) C O%™(U) and that this subset is closed under
restriction.

PRrOOF. Recall that in Theorem [15.12] we produced a bijection

P"(Spec(R)) = {L C (’)g;elc( R) | £ invertible, locally complementable},

which by construction was natural in R. Thus, we have already established this
for affine schemes. We generalize to all schemes by descent: For fixed X, we now
consider
F: (U C X) — Homge (U, P")
and
G:(UCX) {£COE! | L invertible, locally complementable}

as set-valued presheaves on X. They are in fact sheaves: For F this is clear, for G this
follows from the fact that we can check being invertible and locally complementable
locally. (The first by the identification of line bundles with rank 1 vector bundles,
the second by definition).

Now we get a unique morphism ¢ : F — G which on affine U C X is given by
the bijection F(U) — G(U) from Theorem This follows from the following
observation: For an arbitrary open U and a € F(U), there exists a unique element
b € G(U) with restrictions b|y, = ¢(a|y,) to all affine opens U; C U. By the sheaf
condition, there exists at most one such element. To see that one exists, we need to
show that for two different affines U;, U; with intersection Uj,

elalv;)|u,; = elalu,)|u,;-
in G(U;j). Now Uj; is not necessarily affine, but can be covered by affines Vj,. The
restrictions ¢(alv,)|v, and ¢(a|v,)|v, both agree with ¢(aly;,) by naturality of ¢ on
affines, and so the claim follows.
Now ¢ is a morphism of sheaves on X, but it is an isomorphism on affine opens, so
it is an isomorphism of sheaves, in particular on global sections. [

Theorem [2.15] allows us to think of P" as a kind of classifying space: Every map
X — P" corresponds to a line bundle on X (with locally complementable embedding
to (’)?{H). In particular, the identity idpr : P — P" gives rise to a tautological
line bundle on P", which we denote by O(—1) with given locally complementable
embedding O(—1) — OpF ! By naturality of the bijection from Theorem the
bijection is also given by

(f: X = P") = (ffO(-1) = f*(Opt) = 0%
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DEFINITION 2.16. We define line bundles O(d) on P" by:
O(d) = O(=1)2D,

In order to describe them more explicitly, recall that P™ is covered by affine opens
U; for it =0,...,n, with

U, = Spec(Z[Xoﬁi, ce Xn,z]/(Xz,z — 1)) >~ A"

and U; ; = D(X;;) C U;, with gluing isomorphisms ¢; ; : U;; = U, ; induced by
X Xoj- X
A line bundle on P" is thus described by line bundles £; on all U;, and isomorphisms

Vi Ljlu,, — oi;Lilu, ; satisfying a cocycle condition.

PROPOSITION 2.17. The line bundle O(d) on P" admits a cocycle description as
follows:
e On each open U; we have a trivial line bundle.
o The gluing isomorphism 1; ; is given (on sections) by multiplication with
the unit Xi_jd.

PRroOF. For Spec(R) — P", the line bundle we assigned to this map (i.e. the

pullback of O(—1)) was given on an affine open Spec(R;) C Spec(R) which gets
mapped into U; = Spec(Z[Xo, . - -, Xnil/(Xi; — 1)) as the submodule of R} gen-
erated by the image of (Xo,...,Xp ).
So O(—1)(U;) gets canonically identified with the submodule of O(U;)"*! generated
by (Xo,,...,Xn:). In particular, O(—1) is free on the U;. Furthermore, observe
that O(—1)(U,;) is the submodule of O(U;;)"*! generated by (Xoj, ..., Xn,;), and
(¢F,0(—1))(Uj;) is the submodule generated by

i7j
(615(X0,0), -+ i (X)) = X+ (Ko, -, Xg)-
So v; ; takes
a (Xogy--os Xng) = (a- Xij) (9i(Xoy), -0 i (Xni))-

This shows that O(—1) has the desired gluing isomorphism, on O(n) = O(—1)®"
we correspondingly get multiplication by XZ_J" O

ExXAMPLE 2.18. A global section of O(d) is given by compatible global sections on
each U, i.e.:

e An element a; of Z[Xo;,...,Xn;|/(Xi; — 1) for each 1,

e such that X;flaj and ¢; ja; agree in Z[Xoj,. .., ijl, s Xngl/ (XG5 — 1),
For d = 1 and fixed k, a; = X}, ; defines such a section. We write this section as
xr € O(1)(P™).

DEFINITION 2.19. For a scheme X with line bundle L and global section f € L(X),
we let D(f) € X of all x € X such that f is nonzero in L, ®oy, ().

Note that for X = Spec(R) and £ = Ox, L(X) = R, and this definition agrees with
the original definition of D(f).

LEMMA 2.20.

(1) D(f) is open.
(2) L is trivial on D(f).
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(3) There exists a section f~1 € L71(D(f)) such that the isomorphism
L®L— Ox
takes f~1 ® f 1 on D(f).

PROOF. The first statement can be checked locally, so we assume that X =
Spec(R) is affine and that £ is the trivial line bundle Ox. Then D(f) agrees with
the principal open D(f) C Spec(R), thus is open. For the second statement observe
that the map

= Oxlp(y) = Llpis)
is on stalks given by a map Ox , — £, which is an isomorphism after tensoring with
k(x). Since L, = Ox 4, as Ox y-modules, we can noncanonically identify this map
with multiplication with an element of Ox , which is nonzero in x(z). This means
it is a unit, so f induces isomorphisms on stalks, and thus is a sheaf isomorphism.
The inverse map
Llp) = Oxlp)

can, after tensoring with £, be identified with a section of £~! that has the desired
property. O

Note that we can generally multiply sections of line bundles: f; € £1(X) and
f2 € L2(X) multiply to an element (f - f2) € (£1 ® £2)(X). For an f € L(X), we
think of D(f) as the locus where f is invertible, in the sense that there exists an
inverse section f~! of £71.

PRrROPOSITION 2.21. On P™, we have:
(1) The standard opens U; are given by D(x;), where x; € O(1)(P™).
(2) On D(x;), we have ;- x; ' = X, ;. Here we interpret xj -x; " as section of
O(1) ® O(—1) = Opn.

PROOF. By construction, j, is given on U; by the element X}, ; (relative to the
trivialisation of O(1) described in Proposition. So D(zy)NU; = Uy i, = UpNU;,
and therefore D(zy) = Uy.

On D(z;), x; trivializes to Xj;, and x; by X;; = 1, so the second statement follows.
O

The rank of a vector bundle V on a scheme X is a function
rky: X - N

of sets, which is given by sending each point z € X to the dimension of the stalk
Vi ®oy., k(T) as a k(x)-vector space. In a neighboordhood of z we find a trivial-
ization V|y = O%|y. This shows that the rank is everywhere on U the same (and
finite), i.e. that the rank is a locally constant function. Of course it does not have
to be globally constant. E| Note that for a line bundle the function is the constant
function 1.

We finish this section by a characterisation of vector bundles on affine schemes.

DEFINITION 2.22. An object P in a category is called projective if every epimorphism
M — P admits a section.

ExXaMPLE 2.23.

LOf course one could define a rank-function for every Ox-module sheaf of finite type, but it
would generally not be locally constant only upper semicontinuous.
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(1) Every set is projective in the category of sets (we assume the axiom of
choice).

(2) Every K-vector space is projective. To see this we observe that it is enough
to define a section of M — V on a basis of V' where we can simply pick
preimages.

(3) More generally: Free modules over a ring are projective.

(4) There are also non-free examples: For example, over a ring R x S, R as
R x S-module is always projective.

(5) The Z-module Z/2 is not projective, since the surjection Z — Z/2 does not
admit a section.

LEMMA 2.24. An R-module M is (finitely generated) projective if and only if it is a
retract of a (finitely generated) free R-module.

PROOF. Assume P is projective. Choose a surjection R! — P from a free R-
module (by choosing a set of generators). This map admits a section, so P is a
retract of R'.

Conversely, assume P is a retract of R!, i.e. we have maps i : P — R! and
r: R! = P with composite r o i = idp. Given a surjection M — P, choose a lift

M
|
Rl —— P
(we can do this since R! is free.) Then f o4 is the desired section of M — P. [

THEOREM 2.25. A quasi-coherent sheaf M over an affine scheme Spec(R) is a vector
bundle precisely if M(Spec(R)) is a finitely generated projective module over R. In
particular projective modules are locally free.

PrROOF. If M is a finitely generated projective R-module, then M ®p S is a
finitely generated projective S-module for each ring homomorphism R — S. Let « €
Spec(R) be a point, and let aq, ..., a, be a basis of M ®gpk(z). We can lift ay, ..., aq
to a neighbourhood, and by the prime ideal version of Nakayama (Corollary , we
find a neighbourhood M ®pg R[1/f] where aq,...,aq are generators. We thus have a
surjective map 7 : R[1/f]" — M ®gr R[1/ f], which admits a section ¢ by projectivity.
After tensoring with x, r o4 = id, so by another application of Nakayama, i is
surjective in a smaller neighbourhood. Thus we can choose f so that R[1/f]" —
M ®pr R[1/f] is an isomorphism, so M is a vector bundle.

For the other direction, let M be a vector bundle on Spec(R). By Proposition
M is finitely generated. Choose a surjective map R" — M, i.e. an epimorphism
O% — M. We would like to construct a section s : M — R". We define a sheaf

Homo, (M, O%)(U) = {Oy module homomorphisms M|y — O%|y},

and Homo, (M , M ) analogously. Since M is locally a free Opy-module, we see that
these are vector bundles, in particular quasicoherent. The map

Homo,, (M, O%) — Home, (M, M)

arising from postcomposition with the morphism O% — M is surjective on stalks,
therefore an epimorphism. Since global sections give

Homp(M, R") — Homp(M, M),
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which is therefore surjective, we thus see that the map R — M admits a section.
Thus M is projective. O

3. Closed immersions

DEFINITION 3.1. A map f : Z — X of schemes is called a closed immersion if the
induced map on topological spaces is a closed immersion (a homeomophism onto a
closed subset) and f*: Ox — f.Oyz is an epimorphism of sheaves.

PROPOSITION 3.2. Let f : Z — X be a map of schemes, then TFAE:

(1) f is a closed immersion

(2) For all open subsets U C X with U = Spec(A) we have that f~Y(U) =
Spec(B) C Z is open affine and A — B is surjective.

(3) There exists and open cover of X by affine schemes which satisfy the prop-
erty of part 2.

Note that this in particular means that closed immersions Z — Spec(A) are given
by maps Spec(A/I) — Spec(A) (and are in particular affine). We will prove the
statement at the end of the section with the aid of some more definitions and results.
DEFINITION 3.3. Let (f, f*) be a map of ringed spaces (X,Ox) — (Y, Oy).
(1) If N is an Ox-module, then the pushforward f.(N) is the Oy -module with
the structure morphism
Oy x fu(N) = fi(Ox) x fu(N) = fu(Ox x N) = fu(N) .

This is clearly a Oy -module.
(2) If M is an Oy-module, then f~1M is a sheaf of f~1Ox-modules via the
map
F7HOy) x f7H(M) = f7H(Ox x M) = f~H(M) .
We now define the pullback f*M as the Ox-module f*M = f~'M Rr-10,
Ox.

Some people/books write f* when they mean f~! but we will only use f* to mean
the pullback of Ox-modules we defined above.

PROPOSITION 3.4. The functor f* is left adjoint to f.. We have the following
equivalences:

f*(Oy) = O0x
(M ®o, N) = f*(M) ®oyx f*(N)

PROOF. We recall that on the level of sheaves we have that the functor f~! is
left adjoint to f.. As a result we have a natural isomorphism

HomShV(X)(f_lMa N) = HomShv(Y) (Ma f*N)

Now the Oy-linear maps on the right correspond to f~!Ox-linear maps on the left,
so that we get a natural isomorphism

Homygoq(-10,)(f T M, N) = Homyoq(0y) (M, f2N)

This can already be interpreted as saying that the adjunction statement is true for
the morphism of locally ringed spaces (X, f~'Oy) — (Y, Oy) for which no further
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tensoring is needed. Now we simply note that we also have by the usual adjunction
argument a natural isomorphism

Homygoq(f-10y)(f 7'M, N) = Homyoqox) (f "M ®¢-10, Ox, N)

which gives the desired statement.
The first of the three isomorphism follows immediately by definition:

f*(Oy) = f71(9Y Rf-10y Ox =20x .
For the second we have
f*(M @0, N)=f(M &0, N) @10, Ox
= (f7" (M) @10, [T'N) @10, Ox
= f*(M) ®oy [*(N)
where for the second isomorphism we have used that f~! commutes with tensor

products and colimits (which is immediate to check and omitted here).
O

PROPOSITION 3.5. The pullback f*(M) of a quasi-coherent sheaf M is quasi-coherent.
If M is a vector bundle (line bundle) then it is a vector bundle (line bundle). If
f : Spec(R) — Spec(S) then the induced functor f* : Modg — Modp is given by the
base change — ®g R.

PROOF. For the first statement we note that the pullback functor commutes
with restriction to an open subset. Thus we can check the statement locally and
therefore assume without loss of generality that we are in the situtation of the
second statement, i.e. f : X = Spec(R) — Spec(S) = Y and the sheaf is of the

form M = M for some S-module M. Then we have for any Ox-module N natural
isomorphism

Homo, (f*(M),N) = Homo,. (M, f.(N))
= Homg (M, f.(N)(Y))
= Homg(M, N (X))
= Hompg(M ®s R,N (X))

= Homop, (Mié_S/RN) .

Thus the Yoneda Lemma shows that f*(M) = M ®g R. We thereby have proven
the first and the last statement. The statements about vector bundles and line
bundles now either follow by using that base-change preserves projective and invert-
ible modules or even by restriction to a trivializing open and noting that pullback
preserves free modules (by the fact that it preserves sums and the one-dimensional
trivial module). O

Now in general the pushforward of quasi-coherent sheaves is not quasi-coherent
(examples are somewhat pathological though and will not be discussed). Instead
we need additional assumptions on the morphism. To this end we recall that a
topological space is called quasi-compact if every open cover has a finite subcover.

DEFINITION 3.6. A space X is called quasi-separated if given two quasi-compact open
subsets U and V', then the intersection UNV is also a quasi-compact open subset. A
map of schemes is called quasi-compact (resp. quasi-separated) if the inverse images
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of quasi-compact (resp. quasi-separated) open subsets of X are quasi-compact (resp.
quasi-separated).

EXAMPLE 3.7. Every affine scheme is quasi-compact and quasi-separated. To see
this we only have to verify that it is quasi-separated. But quasi-compact open sets
are finite unions of principal opens (since every open is a union of principal opens).
Thus the intersection of quasi-compact opens is the finite union of intersections of
principal opens, which are again quasi-separated.

We also note that open subsets of quasi-separated spaces are quasi-separated, thus
all open subsets of affine schemes are quasi-separeted.

ExXAMPLE 3.8. Every morphism between affine schemes is quasi-compact and quasi-
separated. To see this we note that pre-images of principal opens are principal open.
Since compact opens are finite unions of those this shows that preimages of quasi-
compact opens are again quasi-compact. For quasi-separatedness nothing is to show
since all open subsets of affine schemes are quasi-separated.

PRrOPOSITION 3.9. Let f : X — Y be a map of schemes which is quasi-compact
and quasi-separated, and let M be a quasi-coherent sheaf on'Y |, then f.(M) is a
quasi-coherent sheaf on X. On affines the functor corresponds to the restriction of
modules.

PROOF. let U C Y be an affine open. We want to show that f.(M)|y is quasi-
coherent. This suffices since being quasi-coherent is a local property. By definition
of f. we have that

fe(M)|u = fe(M|p-1(0))

where the second f means the restriction f : f~'(U) — U. Thus we can without
loss of generality assume that Y = Spec(S) is affine. Since the morphism f is
quasi-compact and quasi-separated it then follows that X is quasi-compact and
quasi-separated, i.e.

X = U Spec(R;)
i=1
with
Spec(R;) N Spec(R;) = U Spec(Rijk)
k
where the latter union is also finite. Now we set
N = £ (M)(Y)
and want to show that the induced map
N — f«(M)
is an isomorphism. It suffices to check that the map
N[1/s] = N(D(s)) = fu(M)(D(s))

is an isomorphism for each s € S. We note that by descent we have

N = f(M)(Y) = M(X) =eq | [ [ M(Spec(R:)) = || M(Spec(Rijx)
i 1,5,k
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where all the products are finite. E|
Now we use the fact that the localization functor —[1/s] commutes with finite prod-
ucts and equalizers to deduce that

N(1/s] =eq | [ M(Spec(R:))[1/s] = J] M(Spec(Ri;x))[1/s]
i 1,5,k

=eq [ [ M (Spec(Ri) N 7' D(s)) = [] M(Spec(Rijr N ' D(s)))
i 1,3,k
= M(f7'D(s)) = f«(M)(D(s))
where for the second equality we have used that M is quasi-coherent and for the one
before the last that it is a sheaf.
For the statement about affines: one can either argue using that this is implied by

the last proof (where we simply note that global sections in this case are easy to
deteremine) or slightly more elegantly that the functor

[« : Modr = QCoh(Spec(R)) — QCoh(Spec(S)) = Modg

is right adjoint to the functor f*. We already know that f* is base-change of modules.
Thus the right adjoint has to be given by restriction. O

Now we are finally ready to give the proof of Proposition We recall that the
statement was that for a morphism f : Z — X of schemes TFAE:

(1) f is a closed immersion

(2) For all open subsets U C X with U = Spec(A) we have that f~1(U) =
Spec(B) C Z is open affine and A — B is surjective.

(3) There exists and open cover of X by affine schemes which satisfy the prop-
erty of part 2.

PROOF. Proof of Proposition[3.2](1) = (2): assume that f is a closed immersion.
We first note that if Z — X is a closed immersion and U C X is open, then also
ZNU — ZN X is a closed immersion. This is immediate by the definition noting
that the restriction of surjective morphisms of sheaves is again surjective. Thus in
order to show (2) we can without loss of generality assume that X = Spec(4) is
affine. Then |Z] C |X]| (the underlying topological spaces) is closed which implies
that |Z| = | Spec(A/I)| and the map Z — X is quasi-compact and quasi-separated.
We now deduce that

f+(O2z)
is quasi-coherent, thus equal to B for the A-module B = Oz(Z) =: B. The map

OX — f*<Oz)

2Here we use a version of descent for the situation where we have a cover U; a and refinements
Uijr CU; NUj. In this situation for every sheaf we have that

F(U) - Eq (H FU) =] F(U,-,j,,c)> .

.5,k
is an equalizer. This follows by noting that an element in the equalizer is given by (s;) such that
silu,;, agrees with s;|u, ;. for each 4,7, k. But then we use that Uijx covers U; NU; to conclude that
then also Si|UmUj = sj|UmUj and we have an element in the ordinary equalizer.



3. CLOSED IMMERSIONS 93

being surjective now implies (since both are quasi-coherent) that the map on global
sections

A— B

is surjective. We thus have to show that the canonical ‘affinization’ morphism Z —
Spec(B) is an isomorphism. By construction this is a morphism over X so that we
have a canonical diagram

Z —— Spec(B)

N

where the morphisms to X are closed immersions of topological space (for the right
hand map this follows from the surjectivity of A — B). Now assume we have a
point z € Spec(B) \ Z. Then

since the stalk can be formed over open subsets disjoint from Z. At the same time
we have that since x € Spec(B) that

f(Oz)s = (By) #0

(where the latter is generally true for localizations at prime ideals). We deduce that
such an x cannot exist and we have that our map is a homeomorphism. It thus
remains to show that Oz = Ogpee(p)- For an open U = U’ N Spec(Z) we have

OZ(U) = f*(OZ)(U/) = (E)(U,) = OSpeC(B)(U, N SpeC(B)) = OSpeC(B)(U) :

The implication (2) = (3) is clear.

Finally for (3) = (1) we note that since everything can be checked locally it suffices
to check that surjections A — B of rings induced closed immersion f : Spec(B) —
Spec(A). On underlying spaces this is clear. Thus we need to check that the map
Spec(A) — fi(Ospec(p)) s surjective. Since both are quasi-coherent this follows
from the statement on global sections. O

We will also say that for a closed immersion Z — X that Z is a closed subscheme
of X. We identify two such Z — X and Z’ — X if they are isomorphic over X, i.e.
if there is a commutative triangle

We can therefore always assume that the underlying space of Z is actually a subset
of X by replacing i : Z — X by Z' = (im(i),i+(Oz)) which we will often do for
convenience and switch between the perspectives freely. Then (equivlanece classes
of) closed subschemes of Spec(A) are in bijection with ideals I C A.

In particular for a scheme (X, Ox) and a closed subset Z of X there is not a unique
way to turn Z into a closed subscheme, i.e. define a structure sheaf Oz on Z and a
map i* : Ox — i,(Oz). For example, if X = Spec(A) then for two ideals I, I’ the
closed subset Spec(A/I) and Spec(A/I’) agree precisely if I and I’ have the same
radical, but the subschemes are only the same if [ = I'.
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DEFINITION 3.10. Let (X, Ox) be a scheme and Z C X be a closed subset. A scheme
structure on Z is given by a closed subscheme (Z,0z) — (X, Ox) whose underlying
space s equal to Z.

One can wonder if such a scheme structure even exists in general. We will prove
that this is indeed the case.

PRrROPOSITION 3.11. Let (X,Ox) be a scheme and Z C X be a closed subset. Then

(1) Then there exists a minimal scheme structure on (Z,0y), that is an initial
object in the category of scheme structures on Z.

(2) This scheme structure (Z,0z) is also reduced (as an abstract scheme) and
it is the unique subscheme structure on Z that is reduced, we will denote it
by Zreq = (Z,0z) and refer to it as the reduced subscheme structure.

(3) For a reduced scheme (Y,Oz) a morphism of schemes (Y,Oy) — (Z,0z)
is the same as a morphism of schemes (Y,Oy) — (X,Ox) such that the
morphism of underlying topological spaces factors through Z C X.

PRrROOF. We will construct the sheaf Oz locally. So assume that we are given
an affine open U C X, then we want to construct (Oz)|ynz. To this end we simply
write U = Spec(A) ant then Z = V(I) for a unique redically closed ideal I. Then
we define the sheaf Oz|ynz as the structure sheaf of Spec(A/I) C Spec(A). We
claim that this defines by descent a well-defined sheaf on Z. To see this we have to
verify that upon passage to a smaller affine open Spec(A’) = U’ C U = Spec(A) the
restriction of the sheaf Ogpec(a/r) is given by the sheaf Ogpec(ar/r). But this is clear
since nilpotent elements can be detected locally.

In this way we have constructed a reduced scheme structure (Z,0z) on Z which
was unique as such. Now we want to argue that it is initial. To this extend assume
that we are given a second scheme structure (Z, 0,). Then we need to show that
there is a unique way of extending the identity Z — Z to a morphism of schemes, i.e
define a map id* : 0", — Oz. But such a map can be constructed locally in which
case we have to construct a map of schemes Spec(A/I) — Spec(A/I") over Spec(A)
for a given ideal I in A whose radical is I. But this is simply a map A/I' — A/I
under A which exists uniquely since I’ C I.

For the third statement we note that this can again be checkes locally in which case
we end up studying maps

Spec(B) — Spec(A/I)

for a radically closed ideal I C A, or equivalently ring maps A/I — B. But these
are the same as maps A — B that take I to zero. The latter condition is for B
radically closed equivalent the the assertion that the image of Spec(B) — Spec(A)
takes the closed set Spec(B) corresponding to a closed set contained in V(). O

Note that if Z = X then this recovers the reduced scheme structure on X discussed
in Section
4. Noetherian schemes

DEFINITION 4.1. A scheme X is called noetherian, if it admits a finite open cover
by affines Spec(A;) where each A; is a noetherian ring.

PROPOSITION 4.2. A noetherian scheme is quasi-compact and for each affine open
U C X the ring Ox(U) is noetherian.
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PROOF. Assume that X = |JSpec(4;) = U; for A; noetherian. As a finite union
of quasi-compact spaces the space X is itself quasi-compact. Now for given affine
open U C X we have to verify that A := Ox(U) is noetherian. U is covered by
finitely many U;’s by quasi-compactness. Moreover we can further cover each U NU;
by finitely many opens U;;, which are principal in Uj, i.e. of the form Spec(A4;[1/ fx]).
Then as a localization of a noetherian ring, the ring A;[1/f;] = Ajx is itsef notherian.
As a result we have a finite cover U;j, = Spec(A;x) of U = Spec(A) by spectra of
noetherian rings and we want to show that A is noetherian. In other words: we can
without loss of generality assume X = Spec(A) is affine and noetherian and have to
show that A is then noetherian as a ring.

If X = Spec(A) is affine and I C A is an ideal, then we consider I as an A-module
and we want to show that it is finitely generated. We can view I as a quasi-coherent
sheave on Spec(A). The restriction to Spec(A4;) is then the ideal in A; generated by
the image. Thus finitely generated and thus it follows from Proposition that I
is of finite type, hence [ finitely generated. O

Recall Definition [5.9; a topological space is called noetherian if every descending
chain of closed subsets becomes constant. Also note that by Zorn’s lemma this is
equivalent to the assertion that every non-empty set of open subsets has a maximal
element (cf. the proof of Proposition [2.3).

LEMMA 4.3. Assume a topological space T is noetherian. Then it is quasi-compact
and quasi-separated. Moreover each subspace of a noetherian space is again noether-
1an.

PrOOF. If T' = |J,c; U; for opens U; C T. Consider the set consisting of the

open sets
Ve=JUi.
icF
for I C I finite. This sequence has a maximal element Vg, which then already has
to cover T' by maximality. Thus 7' is quasi-compact.
To see that any subset 77 C T is noetherian note that closed subsets Z C T” are
intersections Z’ N'T’. Thus for a given sequence

VooDViDVaD ...
of closed subsets in 7" we find subsets V; closed in 7' with V/ N T" = V;. But then

we set
Vz‘” — ﬂ Vj/ ]
j<i
These sets are again closed, nested and we still have V" N T" = V;. Therefore this
seugence becomes stationary, which shows that the initial sequence does.
As a consequence of what we have proven, we see that each subset of a noetherian

space is quasi-compact. This immediately implies that the space is quasi-separated.
O

PROPOSITION 4.4. The underlying topological space of a noetherian scheme is noe-
therian.

PrOOF. We first note that Spec(A) for A a noetherian ring is a noetherian
topological space. This follows directly from the fact that a given sequence of closed
subsets

VWwa2Vi2Va 2.
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immediately translates into a seuqgence
LhchchcC..

of radically closed ideals. This then becomes eventually constant by the definition
of being noetherian so that the initial sequence becomes constant as well.

Now we claim that if a topological space T has a cover by finitely many noetherian
spaces T;, then T is itself noetherian. To see this we consider a sequence Vy D Vi D
V5 D ... and take the intersections

VonL; DOVinT; D Ve NT; D ..
These became constant, say at stage n;. Then the initial sequence becomes constant

at stage max; n;. O

In particular we see that for noetherian schemes we get a decomposition as in Propo-
sition b.13l

REMARK 4.5. The converse of Proposition does not hold: for a scheme X the
underlying topological space can be noetherian without the scheme being noetherian.
This can be exemplified in the affine case: if Spec(A) is a noetherian topological
space, then every sequence
IyChLiClhC..

of radically closed ideals becomes eventually constant. But this does not imply
that every sequence of ideals becomes eventually constant in general. For example
consider the ring

R=175[V2|neNCQy.
This ring is not noetherian as there are for examples chains of ideals

2)C (¥ (VD) ¢ .

=

doesn’t stabilize. However we have that Spec(R) = lim, Spec(Zy[/2]) has two
points.

We think of being noetherian as a finiteness condition on schemes. Now we will
discuss the corresponding finiteness condition for quasi-coherent sheaves. We will
make the definition in the generality of ringed spaces (because we can, but we really
only care about schemes...).

DEFINITION 4.6. Let (X,Ox) be a ringed space. Then a Ox-module M is called
coherent, if it is of finite type and for each open U C X together with a morphism

O{}%M’U

the kernel of this map is also of finite type. We denote the category of coherent
sheaves by Coh(X) C Mod(Ox).

WARNING 4.7. In general the structure sheaf Ox is not coherent. Not even in the
affine case!

LEMMA 4.8. Every coherent sheaf on a scheme is quasi-coherent.
PrROOF. Let M € Coh(X). Then for every x € X we find an epi
on 5 M|y
and after further shrinking U another epimorphism
OfF — ker(m) .
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Thus we find that in this neighborhood M|y is the cokernel of
i
and therefore quasi-coherent. O

PRrROPOSITION 4.9. The image of a morphism between coherent sheaves is also co-
herent. The kernel and cokernel of coherent Ox-modules is again coherent. Also
any extension of coherent Ox-modules is coherentﬂ

PRroOF. Consider a morphism 3 : M — N of coherent sheaves. The image
M — Im(y) — N receives an epimorphism from M and is thus of finite type. It
is also a subsheaf of N and thus satisfies the second condition in the condition of
being coherent. As an addendum we note that we have only used that M is of finite

type.

Now we want to show that the kernel ker(¢) is coherent. Pick an epimorphism
Of — M|y. Then the kernel of
0: 0% = M|y — Ny
is of finite type since NV is coherent. But the kernel of v is the image of the composite
ker(p) = Oy = M|y .

Thus by the first assertion including the addendum ker(#)) is coherent. Note again
that if M is only of finite type then we have shown that the kernel is also of finite
type since it then admits a surjection from ker(yp).

To see that the cokernel of v is quasi-coherent we can by passing to the image assume
without loss of generality that 1) is injective. Now observe that coker(¢)) = N/M is
of finite type since it receives an epimorphism from N. Thus assume that we are
given a morphism g : Of; — coker(¢)) and we need to show that ker(g) is of finite
type. Since this morphism g is given by n-sections it can after further shrinking U
be lifted to a morphism
g :0p =N

Then we get that ker(g) is the preimage of M under this map, i.e. we have a pullback
square

ker(g) — M .

|

Ofp —— N
Thus we have a short exact sequence
ker(g) = M & Oy = N
which shows by the addendum to the second part that ker(g)is of finite type.

Consider an extension with My and My coherent.

My — My, — My

3This means: given a short exact sequence 0 — My — M1 — My — 0 of Ox-module sheaves.
Then if My and My are quasi-coherent, then so is Mj.
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Then we note that any epimorphism Of; — M locally lifts to a morphism O, — M»
together with an epimorphism O — My the morphism

is then an epimorphism. Thus M; is of finite type. Now assume that we have a
morphism

g: 0" - M,
Then we consider the pullback

K‘)MO

|

On4>M1

This is the kernel of My @ O™ — M; and thus of finite type. But then the kernel of
the morphism ¢ is the kernel of K — Mj and thus also of finite type. O

In particular since extensions are coherent, we see that direct sums of coherent mod-
ules are also coherent (which is in fact very easy to see directly from the definition).

DEFINITION 4.10. A module M over a ring R is called coherent if it is finitely
generated and every finitely generated submodule is finitely presented. A ring R is
called coherent, if it is coherent as a module over itself.

Note that for a ring A to be coherent means that every finitely generated ideal is
finitely presented.

PROPOSITION 4.11. An Ogpec(a)-module on Spec(A) is coherent precisely if it is

of the form M for a coherent A-module M. If A is coherent then this is the case
precisely if M is finitely presented.

PROOF. Since every coherent module is quasi-coherent it has to be of the form
M for M € Mod 4. Now M is of finite type precisely if M is finitely generated (by
Proposition. Assume M is coherent and we have a finitely generated submodule
N C M. Then we have a map A" — M which surjects onto N and whose kernel
is the set of relations. This corresponds to a map ng co(A) M and therefore has
finitely generated kernel, this IV is finitely presented.
Conversely assume that M is coherent and assume we are given an open U C Spec(A)

and a map
@ : OZ — M ’U

We need to check that the kernel is of finite type. Since this can be done locally we
can assume that U = D(f). Then we need to verify that M[1/f] is also coherent.
to see that this map has a finitely generated kernel. But every finitely generated
submodule of M[1/f] is induced by a finitely genrated submodule of N C M and
thus is also finitely presented.

In general if a module is coherent then it is finitely presented, since we have a
surjection A™ — M and the kernel is itself finitely presented. Conversely since
cokernels of coherent modules are coherent (by Proposition combined with the
first part of the proof) we conclude that if M is finitely presented (i.e. the cokernel
of a map A™ — A™) it is coherent if A is. O
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PROPOSITION 4.12. On a noetherian scheme X a quasi-coherent sheaf is coherent
precisely if it is of finite typeﬁ

PROOF. By definition coherence can be checked locally as well as finite type.
Therefore we can immediately reduce to the affine case X = Spec(A). There the
claim becomes that a module is coherent precisely if it is finitely generated. By
definition, coherent modules are finitely generated. Conversely assume that M is
finitely generated. We want to show that it is coherent. Thus assume we are given a
map R — M. Then the kernel is a submodule of R"™. Since R is noetherian every
such submodule is finitely generated (this can be deduced by induction on n). Thus
M is coherent. 0

EXAMPLE 4.13. Every noetherian ring is coherent since it certainly is finitely gen-
erated over itself.
On a noetherian scheme the structure sheaf Ox is coherent.

Recall that an algebra B over A is called finitely generated, if there are finitely many
elements by, ..., b, such that the smallest A-subalgebra of B containing by, ..., b, is
already all of B. This is equivalent to the assertion that there is a surjective map
Alzy, ..., zp] — B of A-algebras, i.e. that B is a quotient of a polynomial ring. This
does of course not imply that B is finitely generated as an A-module.

DEFINITION 4.14. A morphism f :Y — X is of finite type, if it is quasi-compact,
and there is an open cover of Y by U; = Spec(B;), such that f|spec(s,) factors over
some open Spec(A;) C X and the induced map A; — B; exhibits B; as a finitely
generated A;-algebra.

Note that this definition could be read in two different ways: either one has to say
that after choosing the B; there have to exist A; such that the map factors and
then the B; are of finite type over A; or one can say that the A; have to be choosen
carefully so that the B; are of finite type over them. We will see in the next proof
that this is equivalent.

PROPOSITION 4.15. A morphism of affine schemes Spec(B) — Spec(A) is of finite
type iff B is finitely generated as an A-algebra.

PRrROOF. If B is finitely generated as an A-algebra then the corresponding mor-

phism if of finite type. Now assume conversely that Spec(B) — Spec(A) is of finite
type.
Conversely assume that Spec(B) — Spec(A) is of finite type. We choose a cover
Spec(B;) of Spec(B) with corresponding opens Spec(A;) according to the definition.
Since a localization of a ring at an element is of finite type we can refine the cover
Spec(B;) so that the B;’s are principal opens: B; = B[1/f;]. If we moreover have
that the morphism Spec(B;) — Spec(A4;) factors over some furher open Spec(A}) C
Spec(A;) then we have associated morophimsms

and if B; if finite over A; then it is in particular finite over A;. Using this observation

we can refine the opens Spec(4;) to also be principal (by also further shrinking the

An fact, it would suffices that the scheme is locally noetherian, but we will not get into this
here...
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Bi’s), i.e, A; = A[l/g;]. Thus we arrive at the situation that we have finitely
generated algebras

B[1/fi]
over A[l1/g;]. Now we see that since B[1/f;] is finite type over A[l/g;] it is also of
finite type over A. Thus we reduce to the situation that A; = A. Moreover since
Spec(B) is quasi-compact we already can also reduce to a finite open cover. So
finally we have the situation that we have a finite cover fi, ..., f, of Spec(B) such
that each B[1/f;] is a finitely generated A-algebra and we want to show that B is a
finitely generated A-algebra.
Fix generators b;;/ f"/ of B[1/f;] as an A-algebra. Then we claim that the collection
of elements

(b, fi)
generated B as an A-algebra, i.e. that the morphism

sending B;; to b;; and F; to f; is surjective. are surjective. This can be checked as
a morphism of modules, which means that it suffices to verify that for each prime
ideal x € Spec(A[B;;, F;]) we have that

A[Bij, Fz]:c — Bx
is surjective (since surjectivity for quasi-coherent sheaves can be checked at stalks).
Now if x € D(F;) for some ¢ then we have that this is true since by assumption the
morphisms

+ —
A[BijaFi ] - B[fz 1]

are surjective. If x is not in any D(F;) then B; = 0 since the D(g;) is a cover of

Spec(B) (said differnetly: then x does not lie in the image of the map Spec(B) —
SpeC(A[Bij,Fz‘])). O
ProproOSITION 4.16. If f : Y — X s a morphism of finite type and X is noetherian,

then Y 1is noetherian.

PROOF. Y is quasi-compact since the morphism is. For a given affine open
Spec(B) C Y we find Spec(A) C X such that B is finitely generated as an A-
algebra. Since X is noetherian we deduce that A is noetherian. But A finitely
generated A algebra is then also noetherian by Hilbert’s basis theorem. O

5. Dimension
5.1. Integral and finite ring extensions.

DEFINITION 5.1. Let R < R’ be an inclusion of rings.
(1) a € R’ is integral over R if there exists a monic polynomial f € R[x] such
that f(a) =0, i.e. we have a relation of the form
A"+ ep1a" M+ =0,

with ¢; € R.
(2) R C R’ is an integral extension if all a € R’ are integral over R.
(3) R C R/ is a finite extension if R’ is finitely generated as R-module.

More generally, we call a ring homomorphism ¢ : R — R’ integral (finite) if ¢(R) C
R’ is an integral (finite) extension.
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EXAMPLE 5.2. Suppose R C R’ is an inclusion of fields. Then R’ is integral over R
if and only if R’ is an algebraic field extension of R, and is finite over R if and only
if R’ is a finite field extension of R.

EXAMPLE 5.3. Suppose R is a unique factorisation domain, and let R’ be its field
of fractions. Then a € R’ is integral if and only if @ € R. Indeed, let a = % with p, g
coprime in R, and suppose

D n p n—1
() +cn_1(> SS—
q q

with ¢; € R. Multiplying with ¢", we see
Y+ .. .+ =0,

so gq|p™. Since p, g were assumed coprime, this implies that ¢ is a unit, so a = % €R.

P+ cpo1p"”

EXAMPLE 5.4. Let R = Clz], R’ = R[y]/f = Clx,y]/f, with f € R[y] nonconstant.
(So R — R’ is injective)
(1) Let f =y? — 2. Then Spec(R') — Spec(R) looks like

n

Observe that R C R’ is integral, since 7 satisfies 72 —Z? = 0. Geometrically,

all fibers are finite and nonempty.
(2) Let f=azy—1.

|

Then it is easy to see that 7 is not integral over R (for example by applying
Example [5.3). Here the fiber over the origin in Spec(R) = A! (i.e. the
point given by the ideal (x)) is empty.

(3) For f = zy, we get

Again, 7 is not integral. Here the fibers are all nonempty, but the fiber over
the origin in Spec(R) = Al is infinite.

THEOREM 5.5. Let R C R'. Then a € R' is integral over R if and only if a is
contained in an R-subalgebra of R’ which is a finitely generated R-module.

SHere we are using that it suffices to check this fo F since the product and sum of integral
elements is again integral as we will see soon (Corollary .
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PROOF. Suppose a is integral over R, i.e. we have
A"+ cp_1a” 4 g =0,

with ¢; € R. Then the R-submodule of R’ generated by 1,q,...,a" ! is closed under
multiplication, thus an R-subalgebra of R'.

Conversely, assume a € S C R, and S is a subalgebra which is finitely generated as
R-module. Pick generators my,...,my, of S as R-module, and choose b;; € R with

n
a-m; = E bijmj
j=1

for all i. Let B = (b;;) be the resulting n x n matrix, so we have

mi
(11) (a-1d,—B)-| + | =0.
My,
Recall from linear algebra that for every matrix M there is an adjugate matrix
adj(M) with
adj(M) - M = det(M) - Id,, .
This is usually done fields, but since the entries of adj(M ) are polynomial expressions
with integer coefficients in the entries of M, as is the determinant det(M ), the above
statement holds over any commutative ring. Multiplying with adj(a - Id,, —B),
we get
m1
det(a-1d,—B)-| : | =0.
mpy
Since 1 € § is an R-linear combination of the generators m;, this implies that

det(a - Id, —B) = 0. This means that a is a zero of the characteristic polynomial of
B, which is monic. O

COROLLARY 5.6. For R C R/, the set of elements of R' which are integral over R is
a subring of R'.

PROOF. Write R = {a € R’ | a integral over R}. Then for any a,b € R we find
sub-R-algebras A, B C R’ which are finitely generated as R-modules and contain
a,b. Writing A - B for the span of all products x -y with € A, y € B, we see
that A - B is also a subalgebra which is finitely generated as R-module. Since it
contains a & b, a - b, it follows that those elements are also integral over R. Thus R
is a subring. [l

COROLLARY 5.7. If R C R’ is a finite extension, then it is also an integral extension.
Proor. Clear from the theorem. 0

REMARK 5.8. The converse statement is false: Not every integral extension is finite.
For example, take an infinite algebraic extension of fields, such as Q C Q.

PROPOSITION 5.9. Let R C R’ C R". If R’ is integral (finite) over R and R" is
integral (finite) over R', then R" is integral (finite) over R.
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PROOF. The statement for finite extensions is clear: If aq, ..., a, are generators
of R' as R-module, and b1, ..., by, are generators of R” as R'-module, then the a;b;
form generators of R” as R-module. For the statement about integrality, let a € R”
be any element. Then there exists a relation

A"+ cp_1a” 4 g =0,
with ¢; € R'. So a is in fact integral over R|cy,...,c,—1] € R, and R|cy,...,cp,al
is finite over R]co,...,cn—1]. Since each of the ¢; is integral over R, we can also see
that R[co, ..., c,—1] is finite over R, so by the first statement, R[co, ..., ¢y, a] is finite
over R. Thus, a is also integral over R, and since a was arbitrary, we see that R” is
integral over R. 0
LEMMA 5.10. Suppose R C R’ is an integral extension.
(1) If I C R is an ideal, then R/(I N R) < R'/I is an integral extension.
(2) If S is a subset of R, then
R[S™1 < R'[S7]
18 an integral extension.
PROOF. (1) Let @ € R'/I. For some representative a € R’, we can write
a as zero of a monic polynomial with coefficients in R, so @ is a zero of a
monic polynomial with coefficients in R/(I N R).
(2) Let ¢ € R'[S™!] with a € R". The we have a relation
a"+ep_1a” 4. +¢, =0, ¢ €R.

Dividing by s™, we find

n n—1
(a) 4 ot (9) o+,
S S S S

with coefficients in R[S™1].

0

THEOREM 5.11 (Lying over). Suppose R C R’ is an integral extension. Then for
any prime ideal ¢ C R, there exists ¢ C R’ with p N R = q. Geometrically, this
means that the map Spec(R') — Spec(R) is surjective.

Proor. We first discuss the case where R’ is a field. Then we have to check
that R is also a field. Let b %20 € R, and let a = % € R'. Then we have

a"+cp1a” P+ .. +¢, =0, ¢ €R,
which, after multiplying with 0™ and rearranging, gives
1=b-(—ch_1+...—cob" ).

Here the term in parentheses is clearly in R, so we already have an inverse to b in
R, and R is indeed a field.

For the general case, we may first localize to assume that (R, q) is local, since local-
isation preserve integral extensions by Lemma Now we let p be any maximal
ideal of R’, and observe that R/(p N R) — R'/p is an integral extension where the
larger ring is a field. By the case we already did, thiss shows that R/(p N R) is also
a field, so pN R is maximal. Since (R, q) was assumed local, pN R = q is the unique
maximal ideal, and the result follows. O



104 2. ALGEBRAIC GEOMETRY II, SOMMERSEMESTER 2022

EXAMPLE 5.12. Lying over shows immediately that Clz] — Clz,y]/(zy — 1) is not
integral.

THEOREM 5.13 (Going up). Suppose ¢ : R — R’ is an integral homomorphism. Let

g C...Cqn
be a chain of prime ideals in R, and

be a chain of prime ideals in R', with m < n, such that ¢~ (p;) = q; for all i < m.
Then we can extend the chain to p1 C ... C p, with ¢~ (p;) = q; for all 7.

PROOF. By induction, we can reduce to the case m = 1, n = 2. We thus have
prime ideals ¢ € ¢’ in R and p € R’ with ¢~!(p) = q, and want to find p C p’
with ¢~1(p’) = ¢/. By assumption, the map R/q — R'/p is injective and an integral
extension, and q'/q is a prime ideal of R/q. The claim now follows by applying the
lying over theorem to this map. O

EXAMPLE 5.14. Consider Clz] C Clxz,y]/(y* — 2?). In C[z], we have the chain
of prime ideals (0) C (x — 1), which geometrically corresponds to the point x =
1 lying in the entire Al. In C[z,y]/(y*® — 2?) we have the ideal (z + y), whose
intersection with C|x] is (0). Geometrically, (x + y) is one of the two lines of which
Spec(Clx,y]/(y? — 2?) is the union. The Going Up theorem guarantees that we find
a prime ideal contained in (z + y) whose intersection with C|x] is precisely (z — 1),
i.e. that the selected line contains a point sitting over x = 1. This ideal can be given
explicitly by (z +y,z — 1).

THEOREM 5.15 (Incomparability). Let R C R’ be an integral ring extension. Suppose
p1,p2 € R’ are distinct prime ideals such that p1 "R = po N R. Then p1 € po and
p2 € p1.

PROOF. Suppose p; C po. Since they are assumed distinct, there is a € py with
a & p1. Since R/(p1 N R) — R'/p; is an integral extension, there is a relation

(12) @+ @ ..+ =0
in R'/p1, with all ¢; € R. Pick a relation of minimal degree n. Since a € py, we
see that ¢y € pa/p1 € R'/p1. But as ¢g € R, Gy € (p2 N R)/(p1 N R) = 0. So the

constant term of vanishes. But then we can divide by @ to get a relation of
smaller degree, contradicting our choice. O

COROLLARY 5.16. Let R C R’ be an integral extension.
(1) If R, R’ are integral domains, then R is a field if and only if R is a field.
(2) p' € R’ is mazimal if and only if p’ N R C R is maximal.

PRrRoOOF. That if R is a field, then R is a field, we already saw in the proof of
the Lying over theorem. For the other direction, assume R is a field and let p’ C R’
be any maximal ideal. Since R’ is an integral domain, (0) is a prime ideal, and we
have (0) C p’. But p’ N R =0 = (0) N R, so by incomparability,p’ = (0) and thus R’
is also a field.

The second statement reduces to the first by looking at the integral extension R/(p’N

R) — R'/p’. O
EXAMPLE 5.17. C[z] — C[z y]/ (zy) is not integral: We have a nontrivial inclusion
of prime ideals (z) C (x,y — 1), but the intersection of both with C[z] is just ().

)
Similarly, C[z] — C|x,y] is also not integral.
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5.2. Noether normalisation.

THEOREM 5.18. Let R be a finitely generated algebra over a field k. Then there
exists an injective map of k-algebras

klz1,..., 24 — R,
such that R is a finite extension of klz1,. .., z4].

EXAMPLE 5.19. R = Clzy,x2]/(x122 — 1). Then R is not finite over C[z;], as we
saw from the Lying Over theorem. We can fix this by changing coordinates: Let
1 = Y1 + Y2, Ta = Y2 — Y1, then R is isomorphic to C[y1,ys]/(y3 — y? — 1). The
extension

Cly1] C Cly1, w0l /(43 —yi — 1)
is finite. Geometrically, in our new coordinates we have changed the direction of
projection, and have fixed the problem of some fibers being empty.

N
D

PROOF OF THEOREM [5.18. By assumption, R is finitely generated as k-algebra.
We perform induction on the number of generators z1,...,z,. If n =0, R =k
and the statement is trivial. So suppose n > 0. If the generators z1,...,x, are
algebraically independent, i.e. the surjective map

klx1,...,zy] = R
has trivial kernel, then we are done. So assume we have an element f in the kernel,
i.e. a polynomial f in n variables such that f(xi,...,2,) =0 in R.
For suitable a1, ...,a,—1 € N (to be specified later), define new generators
Y1 =212 Y1 = Tn—1 — T Yn = T

These are still generators, since x,, = y,, and z; = y; + y2 for ¢ < n. Expressing the
relation f in terms of the new generators, we get

Fr+unts o yn—1 +yn" " yn) = f(21,.. . 20) = 0.

If we look at the left hand side as an abstract polynomial in yq, ..., y,, every mono-
mial ¢- [, zf’ in the original polynomial in the x; gives

kn QAn— kn— ai\k
¢ Yn" (Yn—1 +yn" ") (g oyt
kn+an—1kn—1+...+a1k;

If we expand this, the summand with largest degree in y,, is given by c-yn
We now choose r € N larger than all degrees of monomials in the original f(z1,...,x,),
and let a, = 1,a,_1 =7,...,a1 = r" 1. Then the numbers

kp+ rkn_1+ ...+ 7"k

are different for each tuple (ki,...,ky) (this is basically the statement that every
natural number can be written in a unique way in base r). So the contributions
of different monomials cannot cancel, and we see that the monomial of largest 1,-
degree in f(y1 + ¥y, ..., Yn_1 +yn" ", yn) is of the form c - y* for some ¢ # 0 and



106 2. ALGEBRAIC GEOMETRY II, SOMMERSEMESTER 2022

some k. Dividing by ¢, this shows that y, is integral over the k-subalgebra S C R

generated by y1,...,yn—1. In particular, R is finite over S. Since S is generated
by fewer generators, we know by induction that it is finite over some polynomial
subalgebra k[z1, ..., z4], so R is also finite over k[z1, ..., z4]. O

5.3. Dimension.
DEFINITION 5.20. Let R be a ring. The (Krull) dimension of R is defined as:

dim R :=sup{po € ... C pn | pi € R prime}

ExXAMPLE 5.21. If R is a field, dim R = 0. If R =[], k;, where the k; are fields, then
dim R = 0. If R = k[e]/e? for a field k, then dim R = 0.

ExampLE 5.22. If R is a PID, dim R < 1. Moreover, if R is not a field, dim R = 1.
For example dimZ = 1.

PROOF. Suppose R is not a field. Then (0) is not a maximal ideal, and so for
any maximal ideal (0) € m is a chain of length 1, so dim R > 1. Conversely, suppose
we have a chain of prime ideals pg C p1 C po. Without limiting generality, we may
assume po = (0) and p; # (0). Write p1 = (p1) and p2 = (p2) for irreducible elements
1, p2. Then p; € ps shows that po divides p1, so they are in fact unit multiples of
each other and p; = ps, contradiction. So dim R < 1. O

LEMMA 5.23. Let R — R’ be an integral extension. Then dim R = dim R.

PROOF. First we show dim R < dim R’. Consider a chain of prime ideals pg C

. € p, in R. By the lying over theorem, we find a prime ideal qo C R’ with

qo N R = pg. By the going up theorem, we can extend to a sequence of primes
qgo S ... € qn with g¢; " R = p;. So n < dim R', and thus dim R < dim R'.

For the other direction, let qo € ... € ¢, be a chain of prime ideals in R’. Let
p; = q; N R. By the incomparability theorem, the p; are distinct, and so

poS ... S hn
shows dim R > n, thus dim R > dim R’. O

EXAMPLE 5.24. Let f(z) € Z[z] be a monic non-constant polynomial. Then Z —
Z[z]/f is integral, so dimZ[z]/f = dimZ = 1.

EXAMPLE 5.25. Let k be a field. Then dim k[x] = 1 since k[z] is a PID. Similarly,
we expect dimZ[zx] = dimZ + 1 = 2, but this is more subtle.

PRrOOF. The chain (0) € (p) € (p, z) shows dimZ[z] > 2. To see dimZ|[z] < 2,
consider a chain (0) € p; € p2 C p3. Letting f be some irreducible element in pq,
i.e. (f) C p1, we may further replace p; by (f) and assume it is principal. Now
there are two cases:

(1) If f = p is a constant polynomial, then mod f we get (0) C p2 C p3, a
chain of length 2 in F,,[z]. But dimF)[x] = 1, contradiction.

(2) If f =cpa™+...4co € Z]x] is a non-constant irreducible polynomial, then
Z — Z[x]/ f is injective. Again, it would suffice to show that dim Z[z]/f =
1, or equivalently, that for any nonzero prime ideal p in Z[z]/ f, the quotient
(Z[z]/f)/p is a field. Consider the integral closure R of Z in Z[z]/f, i.e.
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the subring of Z[x]/ f of all elements which are integral over Z. Multiplying
f with =1, we see

(cn®)™ + cnt1(caz)" 4.+ coc™t = 0 in Z[x]/f,

so ¢ is integral over Z, i.e. ¢,z € R. Since x generates Z[x]/ f, this shows
that for any z € Z[z]/f, ¢ f € R for large enough N.

It remains to show that for any nonzero prime ideal p C Z[x]/f, the
quotient (Z[x]/f)/p is a field. First observe that p N R # 0, since for z € p
nonzero, some cy z € pN R, and Z[z]/f is a domain, so c) # 0. But since
R is integral over Z, we have dimR = dimZ = 1, and so R/(p N R) is a
field, necessarily of positive characteristic, since it is in particular integral
over Z. So there is a prime number ¢ € Z which is zero in R/(p N R), so
also £ =0 in (Z[z]/f)/p. It follows that we have a surjective map

(Z/0)]x) — (Z[z]/f)/p
Since Z/¢[x] = Fy[z] is a PID, it has dimension 1, and so a domain which
is a quotient of it is automatically a field.

[l
More generally, we would like to show that dim k[xq, ..., 2,] = n for a field k.

THEOREM 5.26. Let R be a finitely generated k-algebra, and let k[xy,...,z,] — R
be a finite extension (e.g. as in Noether normalisation). Then dim R = n.

For the proof, we will require the notion of transcendence bases.

DEFINITION 5.27. Let K C L be a field extension. We call ay,...,a, € L alge-

braically dependent over K if there exists nonzero f € K|x1,...,x,] with f(ai,...,an) =
0. Otherwise, aq,...,ay are algebraically independent over K.
(a1,...,ap) form a transcendence basis over K if aq,...,a, are algebraically inde-
pendent over K and L is algebraic over K(aq,...,ap).
LEMMA 5.28. For ai,...,an € L algebraically independent over K, we have that
the injection
Klzy,...,zn] = K(a1,...,an), f— fa1,...,an),
extends to an isomorphism Frac(K|[z1,...,x,)) = K(a1,...,ap).

PROOF. The map is injective by the definition of algebraic independence, so it
factors through the fraction field. The resulting map is surjective (because it takes
the x; to field generators «;), and injective because it is a field homomorphism. [

This justifies us to write K(x1,...,zy) for the fraction field of K[z1,...,x,].

LEMMA 5.29. Let aq,...,ay, € L be algebraically independent over K, and let 8 € L.
Then aq,...,an, B are algebraically dependent over K if and only if B is algebraic
over K(aq,...,ap).

PROOF. Suppose ay, ..., an, 3 are algebraically dependent. Then there exists a
nonconstant polynomial f with f(ai,...,a,, ) = 0. Consider the polynomial

qY) = floa,...,an,y) € K(aq,...,a,)[y].

Then ¢ is nonconstant and ¢(3) = 0, so [ is algebraic over K(aq,...,ap).
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For the other direction, assume 5 is a zero of a polynomial
cay+ -+ o € Ko, .., om)p] = K, .. 2n)lyl.
Then we can clear denominators to obtain a multiple

f=dpl+.. . +cheKlxy,... amy

This is now a nonzero polynomial with f(aq,...,ay,5) =0. O
LEMMA 5.30 (Swapping Lemma). Let aq,...,ay, € L be a transcendence basis of L
over K, and let 8 € L be non-algebraic over K. Then there exists i such that

aq, ... 7ai717/8’ai+1) -y, Qp
also forms a transcendence basis of L/ K. Moreover, if 5,01, ...,a; are algebraically
independent over K, we may pick i from 5+ 1,...,n.

(Note the similarity to the Steinitz exchange lemma in linear algebra.)

PRrROOF. By assumption (and the previous lemma), we have that ay,...,a,, [
algebraically dependent over K. Suppose that §,aq,...,a; are algebraically inde-
pendent over K, but 8,a1,...,a; 41 are algebraically dependent. Then we claim
that swapping 8 with a1 gives also a transcendence basis. Indeed, let

K, = K(Oél,... ,ozj,l,ﬂ,oz]url,. . .,Oén).

By the lemma, o4 is algebraic over K(oy,...,a;-1,3), so in particular the exten-

sions K’ C K'(cj41) C L are algebraic. It remains to show that aq,...,05-1, 8, @jt1, ...

are algebraically independent. Suppose not, then we would have that 3 is algebraic
over K" = K(ou,...,05-1,Qj41,...,0y), and then K" C K"(p) = K' C K'(aj41)
would be algebraic extensions. But then «j11 would be algebraic over K", which con-
tradicts the original assumption that ag, ..., «, are algebraically independent. [J

COROLLARY 5.31. If aq,...,ay, are a transcendence basis for L/ K, and [,. .., Bm
are algebraically independent over K, then m < n.

PROOF. Suppose m > n. By the swapping lemma, we can inductively replace
entries of the original transcendence basis by f1,...,8,. We obtain that S5q,..., 8,

is a transcendence basis. But then we get that §1,..., Bn, Ont1 are not algebraically
independent, contrary to the assumption. O
COROLLARY 5.32. If aq,...,ap and B1,...,[Bm are transcendence bases of LK,
they have the same length n = m.

PrOOF. By the above, n < m and m < n. O
DEFINITION 5.33. Suppose K < L has a transcendence basis aq,...,a,. Then we

define the transcendence degree trdeg L/ K = n. Otherwise, we define trdeg L/K =
00.

LEMMA 5.34. Let K be a field, and let R = k[x1,...,x,]/f for f irreducible. Then
Frac(R) has transcendence degree n — 1 over K.

PROOF. Since f is nonconstant, at least one variable appears nontrivially in f,
without limiting generality we may assume x,, does. We claim that k[z1,..., z,—1] —
R is injective. Indeed, if not, there is an element ¢ in the kernel (f)Nk[x1,. .., zy_1],
but this is then a polynomial in x4, . .., ;1 which is a multiple of f, which is absurd.

y On,
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It follows that =y,...,T,—1 are algebraically independent in Frac(R). Moreover,
Z1,...,Tn—1 are algebraically dependent in Frac(R) by definition, and generate, so
Z1,...,%Tp—1 form a transcendence basis for Frac(R)/K. O

THEOREM 5.35. Let A be a finitely generated k-algebra and integral domain, where
k is a field. Then trdegFrac(A)/k < oo (i.e.: there exists a transcendence basis),
and trdeg Frac(A)/k = dim(A).

PRrROOF. Given A, we choose a Noether normalisation k[x1,...,z4] < A. Then
since k[x1, ..., 24] C Ais a finite extension, trdeg Frac(A)/k = trdeg k(z1,...,xq)/k =
d, so in particular, it is finite.

Now we proceed by induction on trdeg. Suppose trdegFrac(A)/k = 0. Then since
Frac(A)/k is an algebraic extension, A/k is an integral extension (in fact, a finite
extension, since it is finitely generated and each generator is algebraic over k). But
we saw that integral extensions of fields are fields, so A is a field and dim A = 0.
Now suppose by induction that if trdeg < n, then trdeg = dim. Choosing a normal-
isation, we may assume A = k[z1, ..., z,], since neither trdeg nor dim change under
finite extensions. We claim that dim A = n. The chain of prime ideals

0)C(x1) S ... C (z1,...,2n)

=

shows that dim(A) > n. Suppose we are given an arbitrary chain

PSP C...Chom.

Then we may assume pg = (0), and by replacing p; by (f) for an irreducible element
[ € p1, also that p; = (f). By the above lemma, we have trdeg Frac(k[z1,...,z,]/f) =

n — 1, so by induction, dim k[z1,...,2,]/f =n — 1. So the remaining chain
0) Sp2/(f) S S pm/(f)
proves that m — 1 <n — 1, thus m <n and dim A = n. Il

COROLLARY 5.36. Let A be a finitely generated k-algebra. Then for any finite ex-
tension klx1,...,z,] C A, we have dim A = n.

ProOOF. We know dim A = dim k[z1,...,z,] = trdeg k(x1,...,2,)/k=n. O

It is instructive to see that this vastly generalizes Lemma [3.10, which we used last
semester to prove the Nullstellensatz:

COROLLARY 5.37 (Zariski-Lemma / Nullstellensatz). Assume that K is a finitely
generated k-algebra which is a field. Then K/k is algebraic.

PRrROOF. We have trdeg K/k = dim K = 0, so K is an algebraic extension of
k. O

5.4. Dimension in topology.

DEFINITION 5.38. Let X be a topological space. A chain of irreducible closed subsets

in X is a sequence Zog S Z1 S ... C Zy, where each Z; is closed and irreducible.
Then

dim(X) :=sup{Zp C ... € Z,, chains of irreducible closed subsets}

if X is nonempty, and dim(0)) := —oo by definition.
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REMARK 5.39. Suppose X is sober, i.e. every irreducible closed subset Z C X is
given by {z} for a unique point z € Z. (Recall that Spec(A) is sober for each ring
A.) Then every chain Zy C ... C Z, corresponds to a sequence of points zo, ..., 2,
where z; € {z;41} foreach i =0,...,n — 1.

We say that «x is a specialisation of y if x € @, written y ~» x, so we may also write

dim X = sup{zg ~» x1 ~ ... ~> x, specialisation chains}.
n

REMARK 5.40. (1) If X = X, for X; irreducible components of X, we see
that dim(X) = sup dim(Xj).
(2) If W C X is any subspace, then dim W C dim X.

PROOF. The first claim follows from the fact that any chain is contained in
one of the X; by irreducibility. For the second claim, observe that for any chain
Zo S ... C Zy, in W, the closures

ZyC...C 27,

are all distinct, closed and irreducible, thus form a chain in X and show dim X > n,
thus dim X > dimW. Indeed, note that Z; N W = Z;, so they are distinct. To
see that Z; is irreducible, assume Z; = A U B with both closed. Then one of the
intersections ANW, BNW has to agree with Z; by irreducibility of Z;, say A. Thus
Z; C A, and therefore also Z; C A, thus Z; is irreducible. O

ExXAMPLE 5.41. For a ring R, dim Spec R = dim R in view of the (order-reversing)
bijection between prime ideals p C R and closed irreducible subsets V (p) C Spec(R).

REMARK 5.42. For U C X an open subspace, there is a bijection between irreducible
closed subsets of U and irreducible closed subsets of X that meet U, given by taking
closure in X / intersecting with U. It follows that a scheme X has dimension
dim X = n iff it has an affine open cover |J Spec(A4;) with dim Spec(4;) < n for all
i and dim Spec(A;) = n for at least one 1.

6. Varieties

In this section, we want to define varieties, which are a nice subclass of schemes
over an algebraically closed field k. The main idea will be that the category of
affine varieties is equivalent to the category of affine algebraic sets we defined in
the beginning of the first lecture. So one should think of varieties as a good non-
affine generalisation of affine algebraic sets.We start by explaining the concept of
separatedness, which is crucial for the the definition of varieties.

Recall that a topological space X is called Hausdorff if points can be separated by
open sets, i.e. if # # y, we find neighbourhoods U > z, V 3 y with U NV = (). This
condition is important in geometry: Manifolds are always required to be Hausdorff,
excluding example such as R™ Lgn\ oy R™.

We want a similar property for schemes, satisfied by A™ and P™, but for example not
by At Iy 1\ <o Al i.e. the pushout of Spec k[z] and Spec k[z] along Spec k[z*!] where
both maps are the same (this is different from the pushout defining P!!). Hausdorff
is not a good property, since Spec(A) is only Hausdorff if A is 0-dimensional.
However, recall the following;:

PROPOSITION 6.1. A topological space X is Hausdorff iff the diagonal subspace A C
X x X is a closed subspace.
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PROOF. A is closed if and only if its complement is open, i.e. if every point has
an open neighbourhood. Since the product topology is generated by open boxes,
this explicitly means that every (x,y) € X x X with x # y lies in a subset of the
form U x V C X x X \ A, where U,V C X are open subsets. But U x V being
disjoint from A means precisely that U NV = (), so this property is equivalent to
Hausdorft. O

It turns out this property does generalize well to schemes:

DEFINITION 6.2. A morphism of schemes f : X — S is called separated if the
diagonal map
Ax/g: X = X xg X

is a closed immersion. A scheme X is called separated if X — SpecZ is separated.

Note that unlike for topological spaces, this is not the same as asking for the un-
derlying space to be Hausdorff, since the underlying space of X xg X is not the
pullback of spaces.

To get a feeling for this condition, we introduce a weaker notion of closed immersions:

DEFINITION 6.3. A morphism i : X — Y of schemes is called a locally closed
immersion if:
(1) The underlying map of spaces is a homeomorphism onto its image, and as
spaces, i(X) C Y is open in its closure i(X).
(2) The map i* : i"'Oy — Ox is an epimorphism of sheaves.

Note that the condition is in terms of the map i~'Oy — Ox of sheaves on X, not
the map Oy — i,Ox of sheaves on Y.

EXAMPLE 6.4. (1) Every closed immersion is in particular a locally closed im-
mersion. Indeed, i~ preserves stalks, and for a closed immersion we also
have i~ 04, = id, so if Oy — i,Ox is an epimorphism, also i "0y — Ox
is an epimorphism.

(2) Every open immersion (inclusion of an open subscheme) is also a locally
closed immersion: Indeed, an open immersion can be characterized as being
a map ¢ : U — X which is a homeomorphism on an open subspace, such
that the map if : i "1Ox — Oy is an isomorphism, in particular surjective.

LEMMA 6.5. If a locally closed immersion has closed image, it is a closed immersion.

PROOF. Let 7 : X — Y be a locally closed immersion with closed image. We
only have to check that if : Oy — i,Ox is an epimorphism. We can check this
on stalks, and since i(X) is closed, we have (i,Ox), = 0 for each y ¢ i(X). Now
observe that i~ 'i,Ox = Ox since i is a homeomorphism onto its image, and since
(i1 F)z = (F)i(a), surjectivity on stalks at points in the image i(X) is equivalent to
surjectivity of i 1Oy — Ox. g

PROPOSITION 6.6. A morphism i : X — Y is a locally closed immersion if and only
if it can be written as a closed immersion followed by an open immersion.

PROOF. Since closed and open immersions are both in particular locally closed
immersions, and locally closed immersions can be composed, one direction is clear.
For the other, assume 7 : X — Y is a locally closed immersion. Then the subspace
i(X) is open in i(X), so by the definition of the subspace topology, there exists an
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open U C Y such that i(X) =#(X)NU. So i(X) is closed in U. Regarding U as an
open subscheme, we get the desired factorisation

X —->U=Y,

where the first one is automatically a closed immersion since its image is closed. [

This suggests a nice way to thinking about locally closed immersions: They are
precisely those maps i : X — Y such that each point in the image i(X) admits a
neighbourhood U C Y for which i~ 1(U) — U is a closed immersion. The difference
to closed immersions (which we can also check locally) is that there we require such
a neighbourhood around each point of Y, not just in i(X).

We will now see that the sheaf part of separatedness is automatic.

PROPOSITION 6.7. Let f : X — S be a morphism of schemes. Then the diagonal
map Ax g : X — X xg X is a locally closed immersion. If X and S are affine, then
this is in fact just a closed immersion.

PRrROOF. First assume that X = Spec(A), S = Spec(R) are affine. Then we have
X xg X = Spec(A®pr A),
and the diagonal map corresponds to the multiplication map A ® g A — A. This is
clearly surjective, to it is a closed immersion. In general, for x € X, pick an affine
neighbourhood U = Spec(A) C X of x mapping to an affine open Spec(R) C S.
Then in X x5 X, W = Spec(A) Xgpec(r) Spec(A4) = Spec(A ®r A) is an open
neighbourhood of Ax/g(z). Its preimage is given by
AW = Spec(A),
so it suffices to check that Spec(A) — Spec(A ®pr A) is a closed immersion, which

we know from the affine case. O

COROLLARY 6.8. A morphism X — S of affine schemes is automatically separated.
In particular, every affine scheme X is separated.

COROLLARY 6.9. A morphism f : X — S is separated if and only if the subspace
Axs(X) C X x X is closed.

PROPOSITION 6.10. For a commutative diagram of schemes

x L.y

X‘ lg
Z,
we have

(1) If f and g are separated, so is h.
(2) If h is separated, so is f.

PrROOF. We have a diagram

X

A
Al (X XZX)X(YXZY)Y

M) \LidXAy/Z

XXZXg(X XzX) X(YXZY) (Y X2Y),
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If f and g are separated, the horizontal map is a closed immersion, the vertical map
is a pullback of a closed immersion, so the composite is also a closed immersion. If A
is a closed immersion, we simply observe that on spaces, the image of the horizontal
map is the preimage of the image of the diagonal map under the vertical map. So
the image of the horizontal map is also closed, thus f is separated. U

Recall that we previously defined a scheme X to be separated if X — Spec(Z) is
a separated morphism. If we are instead working in Schgpec(x), we might instead
want to call a scheme X over Spec(k) separated if X — Spec(k) is separated. Since
the morphism of affines Spec(k) — Spec(Z) is automatically separated, the previous
proposition shows that X — Spec(k) is separated if and only if X — Spec(Z) is
separated, so the two notions agree.

Finally, we give a useful criterion to check whether a scheme is separated.

PROPOSITION 6.11. (1) If X is a separated scheme, then for every pair U,V C
X of affine opens, the intersection U NV is also affine, and furthermore
the map

Ox(U)®z0x(V) = Ox(UNV)
18 surjective.
(2) If a scheme X admits a cover by affine opens U;, such that U;NUj is affine
for each i,j, and furthermore the maps

Ox(U;) ®z Ox(Uj) — Ox(U; N U;)
are surjective, then X is separated.

PROOF. For the first statement, observe that the preimage of U x V under
Ax: X - X xXisUNV. So A restricts to a closed immersion

Unv =UxV.

If U = Spec(A) and V = Spec(B), then this shows that U NV = Spec((A® B)/I)
for some ideal I.

For the converse, observe that the U; x U; cover X x X. So to check whether
A X — X x X is a closed immersion, it suffices to check whether U;NU; — U; x U;
is a closed immersion for all 4, j. Again, if U; = Spec(4;) and U; = Spec(4,;), this
exactly means that U; N U; = Spec((A4; ® A;)/I) for some ideal I. O

COROLLARY 6.12. P™ is separated.

ProOF. Clearly, the standard cover we used to define P" satisfies the condition
of Proposition [6.11 O

We now are ready to define varieties:

DEFINITION 6.13. Let k be an algebraically closed field. A variety is a scheme over
k which is reduced, irreducible, separated and of finite type.

Irreducible here means that it is irreducible as a topological space, that is the un-
derlying space cannot be written as the union of two closed subspaces, neither of
which is the whole space.

REMARK 6.14. Note that every irreducible closed subspace of a variety is again a
variety equipped with the reduced scheme structure. The only slightly subtle aspect
might be to check that it is of finite type, but this is a condition that can be checked
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locally where it is clear (since it is a quotient of a finitely generated algebra). Also
the fact that it is again separated follows from the next exercise sheet (Exercise 2).
Also note that by Hilbert’s basis theorem (Proposition every variety is noe-
therian. Thus if we drop the condition of irreducibility, i.e. consider X a reduced
scheme of finite type over k then we would be able to write it as a finite union of
irreducible components (according to Proposition , each of which is a variety.
We will shed light on the irreducibility condition soon.

EXAMPLE 6.15. A} and P} are both varieties.

PROPOSITION 6.16. The category of affine varieties over Spec(k) is equivalent to the
category of irreducible affine algebraic sets over k.

ProOF. By Theorem from last semester, the construction which takes an
affine algebraic set V' C k™ to its algebra of functions O(V') defines an equivalence
between the categories

Aﬂ'Vaer — Algfk'g"red' .
We can also view this as a covariant equivalence between AffVar, and the full sub-
category of schemes over Spec(k) which are affine, reduced and of finite type. So

we also get an equivalence between the full subcategories of irreducibles on both
sides. 0

To get a better feeling for varieties (and why we included irreducibility), we introduce
the following notion:

DEFINITION 6.17. A nonempty scheme X is integral (as in integral domain, not as
in integral extension) if Ox(U) is an integral domain for all affine opens U # 0 in
X.

REMARK 6.18. This is not a local condition! Indeed, Spec(k)IISpec(k) = Spec(k x k)
does not have global sections given by an integral domain, but of course admits a
cover by two copies of Spec(k), where k is an integral domain.

PROPOSITION 6.19. A scheme X is integral if and only if it is reduced and irreducible.

PROOF. Assume first that X is integral. Then Ox(U) is an integral domain for
each affine U, in particular Ox (U) is recuced. Using Proposition we deduced
that X is reduced. If X was not irreducible, we would find nonempty opens U,V
with U NV = (. By shrinking them we may assume they are affine. But then
Ox(UUV)=0Ox(U) x Ox(V) by the sheaf condition, which is not a domain.

Conversely, assume X is reduced and irreducible. For affine U, given f,g € Ox(U)
with f-¢g = 0, we need to show that f = 0 or ¢ = 0. We get closed subspaces
V(f),V(g) € U where f and g vanish. We have that U = X by irreducibility.
By assumption, V(f) U V(g) cover all of U, so V(f) UV(g) cover all of X. By
irreducibility, one of them agrees with X, say V(f). Then V(f) =V (f)NnU =U.
It follows that f vanishes at all points of U. Since X is reduced, this means that f

is actually zero in Ox (U). O

Thus we can equally well characterize varieties as integral, separated schemes of
finite type. Integral schemes play an important role, since we can study the rings
Ox (U) for U affine by embedding them into their fields of fractions which are subject
to the following statement. Recall that the topological space underlying a scheme
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is sober, that is each irreducible closed subset has a unique generic point. Strictly
speaking we have only shown this for affine schemes, but for a general scheme X we
simply note that if Z C X is irreducible closed then for any affine U we have that
ZNU CU is also irreducible closed, thus of the form Z for a generic point . Then
Z=UNZ-=rx.

In particular every irreducible scheme X has a unique generic point x.

PROPOSITION 6.20. For any integral scheme (in particular a variety) all the fraction
fields of Ox(U) for U affine open are isomorphic to one another and to the stalk
Ox o at the generic point x of X, which is also isomorphic to the fraction field k(z).

PROOF. Let U = Spec(R) be any affine open. Then = € U since it is a generic
point and R is an integral domain. The generic point is the zero ideal in R thus the
stalk at the point x agrees with the fraction field of R, in particular is a field. [

For a variety X over £, the stalk Ox , is a field extension of k, called field of functions
of X, which remembers some (but not all) information on X. For example, both A!
and P! both have the same field of functions k(z). If X is affine, i.e. of the form
Spec(A) for A a finitely generated k-algebra without zero divisors, then the field of
functions is the fraction field of A.

7. Projective varieties

We have seen that irreducible affine algebraic sets over an algebraically closed field
k (or equivalently: Spec(A) for finitely generated reduced integral domains A over
k) give examples of varieties. We will now study interesting non-affine examples,
based on projective space Py.

DEFINITION 7.1. A scheme X over a field k is called projective if there exists a
closed immersion X — P}! for some n.

Note that we do not required projective schemes to be reduced, so they are not
necessarily varieties.

REMARK 7.2. Note that such projective scheme X is automatically separated and
of finite type. The definition of projective schemes is closely related to the following
characterisation of affine schemes of finite type over k: X (of finite type over k) is
affine if and only if there exists a closed immersion into A™ for some n. Indeed,
closed subschemes of A™ are affine and of finite type, and vice versa, if X = Spec(A)
with A finitely generated, there exists a surjective map k[z1,...,z,] — A.

Recall that the sheaf O(1) on P™ has global sections given by the homogeneous
coordinates x;. Thus, any homogeneous polynomial f of degree d in xg,...,x,
defines a section f € O(d)(P™). To a section of a line bundle, we previously assigned
an open subscheme D(f) where f was invertible. We now want to see that we can
also assign closed subschemes (where f vanishes), and more systematically see that
all closed subschemes of P" arise as vanishing loci of homogeneous polynomials in
this way.

PRroPOSITION 7.3. For a scheme X, closed subschemes Z C X are in one-to-one
correspondence with quasicoherent ideal subsheaves in Ox, i.e. quasicoherent sub-
sheaves

T CO0x
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such that locally, Z(U) C Ox(U) is an ideal. For a schemeY, a morphism g:Y —
X factors through Z C X precisely if the morphism g* : Ox — f.(Oy) vanishes on
T or equivalently

9"(1) = g7 (0Ox) = Oy
s the zero map.

PROOF. For a closed subscheme i : Z < X, we define an ideal subsheaf 7 as
kernel of the structure map Ox — i,Oz. Recall that there exists at most one iso-
morphism between two closed subschemes over X, so if Z, Z’ are isomorphic locally
(over some cover of X ), the isomorphisms glue to a well-defined isomorphism over X.
So two closed subschemes are isomorphic over X if and only if their ideal sheaves are
equal as subsheaves of Ox: Affine-locally, this is just the isomorphism theorem of
rings. To see that every ideal subsheaf actually defines a closed subscheme, it again
suffices to know this affine-locally (where it is clear), and then glue the resulting
schemes along the unique isomorphisms over X.

The description of morphisms then also follows from the affine case. O

Note that the description of morphisms as above in particular gives a description of
the functor of points of Z C X for a given Z: the set Z(R) is the subset of X (R)
consisting of those elements ¢ : Spec(R) — X which satisfy the given description.

DEFINITION 7.4. Let £ be a vector bundle on a scheme. Then the dual vector bundle
&V is the quasicoherent sheaf with

5\/(U) = HOHIOU(S|U, OU)

This is a sheaf of Ox-modules with the obvious restriction map and the Ox-action
given by multiplication. This construction has already been used in the proof of
Theorem We claim that £V is again a vector bundle. Since this condition can
be checked locally we can assume that €|y = O, and then we get that £¥|y = OF
as well.

EXAMPLE 7.5. We have that OY = Ox and for a line bundle £ we have that £V is
the inverse £~!. This is clear locally and then follows globally (remember that the
inverse was well-defined).

Note that we have that (£V)Y is canonically isomorphic to £ by the map
E— (EV)Y s€ &) (evs: &Yy — Op)

where evy sends f € £Y(V) = Homop,, (€]v,Oy) for V.C U to f(s]y). Locally on
modules this is simply the canonical map from a projective module P to its bidual.
For a morphism f : £ — F between vector bundles (by which we mean an O x-linear
map) we have a dual map
e FY ey

locally given by composition with f. We again have that (fV)¥V = f under the
identifications above. Said differently: if we denote by Vect(X) C QCoh(X) the full
subcategory of vector bundles then we have the functor

(—)Y : Vect(X)°P — Vect(X) E &Y
which comes with a natural equivalence id ~ ((—)")V. Here we have to consider one

of the the instances of (—)V as a functor Vect(X) — Vect(X)°P. We see that this
shows that (—)V is an equivalence of categories.
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DEFINITION 7.6. For a scheme X, a vector bundle £, and a section s : Ox — &, we
define a closed subscheme V (s) of X as closed subscheme corresponding to the ideal
sheaf T, obtained as image of the dual map

(":V — O}/( = OX.
More generally, for s1,..., s, sections of different vector bundles &1, ..., E,, we write
V(s1y...,8n) for V(s) where
$:0x =2&E1®...0&,

is the combined map. Of course this is just a special case of the first by taking the
direct sum of vector bundles.

On every affine open U = Spec(A) C X, the section s corresponds to an A-linear
map A — A", i.e. to a list of elements fi,..., f, € A. The dual map is given by

An—>A, (al,...,an)HZaifi,

whose image is precisely the ideal (f1,..., f,). So on each affine open, V(s) is of the
form A/(f1,..., fn), where the f; are the coordinates of s in a local trivialisation of
E. The construction simply tells us a priori that this glues and is independent of
the trivialisation.

Note that according to Proposition the functor of points of V(s) is given by
the subset of X (R) consisting of those morphisms g : Spec(R) — X such that the
composition

o i Ox 2ﬁ_> g*(OSpec(R))
is zero. Equivalently the adjoint morphism
x( oV s oy 9707
g (5 ):g (8) - OSpec(R)
is zero.
PROPOSITION 7.7. For every commutative ring k we have that

homogeneous polynomials over k in xq,...,xy of degree d if d > 0
0 otherwise

O(d)(Py) = {

PROOF. Exercise 3 on the current sheet. O

Here the z; are the standard sections of O(1)(P") constructed in Example
Thus this proposition really says that a specific map

k[ X0, Xnla = O)(PY)  f s sy

is an isomorphism. Now we can form V(sf) as in Definition
Recall the functor of points description of P} given as

PP(A) = {£ C A" | £ locally complementable and invertible}
for any k-algebra A (here this is the relative functor of points).

PROPOSITION 7.8. For any homogenous polynomial f € k[Xo, ..., Xn]q we consider
the associated polynomial map f 4 : A" — A. Then the closed subscheme V (sy) C
IP? has the following concrete functor of points description:

V(sp)(A) = {£ € PU(A) | Fa() =0 VieL}.
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EXAMPLE 7.9. Assume that A = k. Then £ = [ap : ... : a,] and we have that f,
vanishes on that line, precisely if f(ag, ..., a,) = 0, which is a well-defined condition
since f is homogenous.

Note that for a map of k-algebras A — B we have the induced map
Pr(A) — PE(B)

and it takes the subset V' (s¢)(A) described in the Proposition to the subset V' (s¢)(B)
so that we indeed describe a functor this way.

PROOF OF PROPOSITION . Let us first make the section s; explicit. Con-
cretely for a homogenous polynomial f € k[zo, ..., z,]q we have to describe a mor-
phism
of line bundles on P". Dually this is a morphism
Here O(—d) = O(—1)®%. On P? we have a canonical inclusion of vector bundles

O(-1) = Opt!
After pullback along Spec(A) — P} this map is given by the inclusion £ C AL

The x;’s are simply the composition with the projections to the coordinates of Ogﬁ L
Then the map associated to a homogenous polynomial f = x;, - ... - x;, is given by

the sum of d-fold tensor products of these maps. In particular for any morphism
g : Spec(A) — P" corresponding to £L C A"*! we have that the corresponding
morphism

g*(s5}) : g"O(=d) = g*Opn

which is a map

fA : [,®d —A.
Concretely this map sends [1 ® ... ® lg to (11)s, - ... - (lq)i,- In particular we see for a
monomial f and an element [ € L that we have
(13) fal® ..ol =Ffa0) .

The equality then also holds for arbitrary homogenous polynomials by linear
extension.
In particular for a given £ C A"*! we have that

Fal) =0Vl & fa(l®..@1) =0Vl .

In order to prove the Proposition we need to verify therefore that f. A(l®...01) =0
for all [ € £ already implies that the map

fA:£®d—>A

vanishes. Since line bundles are locally trivial we can pick elements f; € A and
non-vanishing sections s; of L|p(s,y, i.e. L|ps) = R fi_l] - ;. We can replace s; by
s; - [I' for n sufficiently large and thus assume that s; is a section of £ which after
localization at f; generates £. Then we have that

Fa(si®..®s)=0.

Now to check that B
fa:L£% 5 A
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is zero, we can check this locally. But locally s; ® ... ® s; generated £2? so that we
are done. n

THEOREM 7.10. Let X C P} for k a field be a closed subscheme H Then X =
V(fi,..., fx) for homogeneous polynomials f; of degree d (we can take the same d
for alli).

We will prove this result eventually, but first we want to develop some terminology.

DEFINITION 7.11. Let X be a scheme. We say that a line bundle L on X is ample if
X is quasi-compact and for each x € X there exists m > 1 and a section s € LO(X)
such that

D(s) C X
is an affine open neighborhood of x.

EXAMPLE 7.12.

(1) On an affine scheme Spec(R), the trivial line bundle Ogeq(r) is ample.
(2) The line bundle O(1) over P} is ample. Indeed, it has the sections x; with
D(x;) the standard cover of P.

LEMMA 7.13. L s ample precisely if there exists a number m > 1 and sections
81y .eey Sp € LO(X) such that the D(s;) cover X.

A line bundle L is ample iff L™ is ample for some m > 1 iff LO™ is ample for all
m > 1.

PRrROOF. If the condition of the Lemma holds, then clearly £ is ample. Conversely
assume that £ is ample. Then we pick m; and s; € L& (X)) such that D(s;) cover
X. By quasicompactness, we can assume these are finitely many. Then we set

MI=M1 . - My -

Then we also set s; := (s})™/™ € L£®™(X). We have that D(s;) = D(s}) and
therefore the condition of the Lemma.

Finally if £ is ample, take sections si,...,s, € £L®™(X) such that the D(s;) cover
X. Then also s¥,...,sk € £%7"F(X) have this property, so £LZF is ample. The
converse is clear. O
EXAMPLE 7.14. The line bundles O(d) on P} are ample for d > 1 but not for d < 0.
In the latter case no power of O(d) has any non-constant global sections.

LEMMA 7.15. (1) On an affine scheme Spec(R), any line bundle is ample.
(2) If £ is a line bundle on Spec(R) and s € L(Spec(R)), the open subset
D(s) C Spec(R) is affine.

PROOF. We first prove the second part. Write L = L(Spec(R)), view the section
s as map R — L, and define

1 S S S
R[g] := colim (R—>L—>L®2 N )

Here, elements should be thought of as formal fractions 3 with a € L®*. We claim
that Spec(R[1]) — Spec(R) is an open immersion with image D(s). If L is the
trivial line bundle, where s is precisely an element of R, this is just the usual D(s)

6Actually k being noetherian is enough
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and the usual R[%] More generally, we can check the claim locally, but locally £ is
trivial.

To check the first statement, observe that for each € Spec(R), we find a neigh-
bourhood D(f) on which £ is trivial, i.e. L£(D(f)) = L[%] = R[%] Denote the
element corresponding to 1 by ﬁ, then D(f) C D(s). By the second statement,

D(s) is indeed an affine neighbourhood. O

LEMMA 7.16. If X is a scheme with an ample line bundle L, X is quasicompact and
quasiseparated.

PrROOF. Quasicompact is part of the definition of ample line bundles. For qua-
siseparatedness, first observe that if D(s), D(s’) are affine opens for s, s’ € LZ(X),
then

D(s) N D(s") C D(s)

is the open subset associated to s’ € L®™(D(s)). By the previous lemma, this is
automatically affine, in particular quasicompact. So X has a cover by affines, the
intersections of which are affine, in particular quasicompact. This implies that X is
quasiseparated, we can directly argue as below:

let U,V be two quasicompact subsets. Each x € UNV is contained in some D(s). We
choose opens W, C UND(s) and W, C VN D(s) which are principal opens in D(s).
Finitely many of the W, cover U, denote those by W1,...,W,, and analogously
Wi,..., Wy, cover V. Each W; N W is a principal open in D(s) N D(s'). SoUNV
is the union of finitely many quasicompacts, therefore it is quasicompact. O

One of the main benefits of ample line bundles is that they generally allow us to
describe sections on opens as a kind of localisation:

LEmMA 7.17. If X is quasicompact and quasiseparated, L is a line bundle on X,
s € L(X), and M is a quasicoherent sheaf on X, then local sections M(D(s)) admit
the description

M(D(s)) = colim (M(X) 5 (M L)(X) S (M L22)(X) S .. )

PRrOOF. If X is affine and £ is trivial, this is simply the formula

In general, cover X by finitely many affine opens U; on which £ is trivial, and
cover each intersection U;; by finitely many affine opens Ujj,. The sheaf condition
describes

(M ® L) (X) = eq ( @Ui (M ® L) (U;) == EBUijk Me £®k)(Uijk))
and

M(D(s)) £ ea (@, M(U: N D(s)) == Dy, M(Usje. 1 D(s)).

Since filtered colimits commute with equalizers and direct sums (here we used qcgs,
otherwise we would have infinite products here), and we have already checked the
claim on the U;, passing to the colimit yields the claim. O
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Note that M|p,) and (M ® £®k)]D(s) are isomorphic via the multiplication by s*
map. So in particular, the above lemma says that any local section in M(D(s))
comes from a global section of some M ® L®* after multiplying with some s*. That
is we can think of elements in M(D(s)) as fractions % for g € M(X). This is
a strong generalisation of the usual observation in the affine situation, that every

element of M(D(f)) = M[%] can be viewed as % for an element m € M.

We make a number of observations:

COROLLARY 7.18. If L is a line bundle on a quasicompact and quasiseparated X,
and D(s) for s € L(X) is affine, its ring of functions is explicitly given by

colim (Ox(X) 5 L(X) S LP2(X) > ...).
Ezplicitly, elements can be thought of as formal fractions 5 with a € LEF(X).

Proor. If D(s) is affine, its ring of functions is given by Ox(D(s)). This has
the claimed formula by the lemma. O

COROLLARY 7.19. If L is an ample line bundle on X, X is already separated.

PROOF. By replacing £ by a suitable power, we may assume that X has a cover
by affines D(s;) with s; € £(X). We claim that D(s;) N D(s;) is also affine, and the
map

Ox(D(s:)) ® Ox(D(s;)) — Ox(D(si) N D(s;))

is surjective. In fact, D(s;) N D(s;) is simply the principal open subset of D(s;)
obtained by inverting Z—z In particular, every element of Ox(D(s;) N D(s;)) is hit
by some
l
a s
O
S

which shows surjectivity. g

COROLLARY 7.20. A line bundle £ on a quasicompact scheme X is ample if and
only if the opens D(s) for s € LO(X) for all m form a basis of the topology of X .

ProoF. If £ is ample, take x € U. We find an open affine € D(s) = Spec(R)
with s € £™(X), and take a principal open x € D(f) C D(s) N U for f € R.
Use Corollary to write f = 4% with a € L®¥(X), then D(as) = D(f) and
as € LEMFH) (X)),

Conversely, if the D(s) for s € £L%™(X) form a basis of the topology of X, we
need to check that the affine such D(s) still cover X. Take some z € X and an
affine open neighbourhood U. Then there exists D(s) C U. By Lemma[7.15] this is
automatically affine. O

COROLLARY 7.21. Let M be a quasicoherent sheaf of finite type on a scheme X,

and let L be an ample line bundle. Then there exists m and a finite list of sections
f1s-es fn € (M@ LE™)(X) which generate M @ LZ™ in the sense that

P ox LI M £om

is an epimorphism of sheaves.
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PROOF. Cover X by finitely many affine opens D(s;) where s; € £(X). On each
D(s;), M restricts to a finitely generated module over Ox (D(s;)), so there is a finite
list of sections f;; € M(D(s;)) which generate, i.e. that

P OxIp(s,) = Mlp(s,)
7

is an epimorphism. Multiplying with si* for m large enough, we may assume that
each f{; := s]" fi; comes from a global section of M ® L™, by Lemma So the
map

Pox =5 Mo Lom
J
is an epimorphism on D(s;), and the sum of all,

7
@ Ox L M Lom
,J

is an epimorphism globally, as desired. O
We are now ready to prove Theorem

ProOOF oF THEOREM [Z.T0l Let X C P} be a closed subscheme. We have a
corresponding ideal sheaf 7 C Opr. It is finite type since Py is Noetheriarﬂ Since
O(1) is ample, Z& O(d) is globally generated for some d, i.e. we find an epimorphism

@ OPZ - 7I® O(d),

or equivalently an epimorphism

Po-a —1.
This characterizes Z as the image of the composite @ O(—d) — O. If we write
f1,. .., fn for the sections of O(d) described by the dual map O — @ O(d), we have
thus identified
X=V(fi, -, fn)
by definition of the latter. O

Having convinced ourselves of the usefulness of ample line bundles, we might wonder:
Which schemes do admit ample line bundles?

LEMMA 7.22. If i : X — Y is a locally closed immersion and L is an ample line
bundle on Y, then i*L is ample on X.

PROOF. We prove this separately for open and closed immersions. For open
immersions, this is a direct consequence of Corollary since for U C X and
s € L(X) we have D(s|y) = D(s)NU.

So let i : X — Y be a closed immersion, and let D(s;) be an affine cover of Y with
si € L2(Y). The s; pull back to global sections t; € (i*£)®™(X), and we have
D(t;) = i71(D(s;)). Finally, i : D(t;) — D(s;) is a closed immersion, so D(#;) is
affine. O

As our prototypical example of an ample line bundle is on P}, we make the following
definition:

"Here is where the assumption that k£ is noetherian enters and it can obviously be replace by
k a noetherian ring or even scheme
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DEFINITION 7.23. A scheme X over Spec(k) is quasi-projective if there exists a
locally closed immersion
X =P

for some n.

By the above, every quasiprojective scheme admits an ample line bundle. This
includes projective schemes, but also affine schemes of finite type, since we have
open immersions A7 — P}!. Surprisingly, the converse is true as well:

THEOREM 7.24. A scheme X of finite type over Spec(k) admits an ample line bundle
if and only if is quasi-projective.

This clarifies the important role that projective space plays in algebraic geometry.
Note that many schemes come with an ample line bundle but no obvious immersion
into Py, for example products P} x P}

PROOF OF THEOREM [7.24] If X is quasi-projective, then it admits an ample
line bundle: Simply pull back Opr (1) along a locally closed immersion i : X — P
and apply Lemma
Conversely, assume X has an ample line bundle £, we show that it is quasi-projective.
By replacing £ by powers if necessary, we may assume that X can be covered by
finitely many affine opens D(s;), 0 < i < n, for s; € L(X). Since X is of finite type,
each

Ox(D(s;)) = colim (Ox (X) 25 L(X) 25 LP2(X) 25 ...)
aL]

is a finitely generated k-algebra. Represent generators by elements of the form

for a common large enough m, with a;; € £L™(X).
The sections s, ..., s)", (aij)i; define a map

OEL(JrlJrN N £®m‘

This is an epimorphism, since on D(s;), s* is even an isomorphism. This also
shows that the map splits locally: On D(s;), a right inverse is given by the map

s;™: L% — Ox into the i-th summand. Dually,
LT — OtN

is locally complementable. Thus this datum defines a map f : X — ]P’Z+N by
Theorem 2.151
We claim it is a locally closed immersion. By construction, f* takes

(O(=1) = OpEN) = (L7 = OFHHY)
k

and dually, since f* preserves duality as we will see in the exercises:

(OggjﬁN - O(1)) = (OFHHN 5 &™),
The map on the left is given by the homogeneous coordinates xq, . . . , Tp+ N, S0 under
[, they pull back to si’,..., s/, (ai)i;. In particular, the preimage of U; under f
is given by f~Y(D(z;)) = D(s;). Since the D(s;) cover X it remains to check
that D(s;) — D(x;) is a closed immersion. But by construction, the Z% generate
Ox(D(si)), so the map L
Opnin (Us) = Ox(D(si))
is surjective. Since both are affine, this proves the claim. O
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REMARK 7.25. The existence of ample line bundles gives us thus a sufficient and
necessary condition for being quasi-projective (under the additional finite type as-
sumption which is also necessary). One can wonder if one can give a similar descrip-
tion for projective schemes. And this is indeed possible: being a closed subscheme
of P} one can deduce that projective schemes satisfy the algebro-geometric analogue
of being compact. This is called proper. We will not get into the intricacies of
proper scheme here, but the final result is that all projective schemes are proper and
conversely a scheme over k is projective if and only if it is of finite type, proper and
admits an ample line bunde.

8. Line bundles and the Picard group

In this section, we attempt to answer the question: How many line bundles, up to
isomorphism, are there on a given scheme X7

DEFINITION 8.1. For a scheme X, we define the Picard group Pic(X) to be the
group of isomorphism classes of line bundles on X. The group structure is induced
by the tensor product of line bundles.

Note that this is indeed a group: the tensor product of line bundles is again a line
bundle and it is associative. The neutral element is the line bundle Ox and there
are inverses given by the inverse bundle (which is also the dual).

REMARK 8.2. There is one slight subtlety though: a priori it is not clear that Pic(X)
is even a set, it could be too big as the collection of all Ox-modules is certainly not
a set (neither is the collection of all quasi-coherent sheaves). Even for a field k the
collection of all k-vector spaces doesn’t form a set, since for each set S we can form
the free vector space on that set and two such are isomorphic precisely if the sets are
in bijection. Thus the collection of isomorphism classes of all vector spaces contains
the collection of all isomorphism classes of all sets which is too big to be a set (by
the usual argument).

However, we claim that the Picard group is still a set. This follows from the fact
that each line bundle is locally trivial and thus for every line bundle £ we find a
cover U; such that L|y, is trivializable. But then we can describe L by means of a
cocyle, that is a family of isomorphisms

Ov,nu; = Ouinu,
which satisfy the cocycle identities. The entirety of all such morphisms forms a set.
Thus we find that all line bundles that can be trivialized on the given cover form up

to isomorphism a set and thus all isomorphism classes of line bundles form a set as
the union over all covers of those sets.

Our main tool to study the Picard group is the notion of a divisor.

DEFINITION 8.3. Let X be a scheme. A closed subscheme D C X is called effective
Cartier divisor if the associated ideal sheaf ITp C Ox is a line bundle. In this case
we denote the dual of Ip by Ox (D) and call it the line bundle associated to the
divisor.

Note that the dual of the inclusion Zp — Ox defines a section 1p : Ox — Ox (D)
and then we have that D = V(1p). Thus effective Cartier divisors are in particular
vanishing loci of sections of line bundles. Note that the section s is a monomorphism
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of sheaves (since it is obtained from the inclusion by tensoring with Ox (D). Con-
versely if we have a monomorphism of sheaves s : O — L then we get an effective
Cartier divisor V (s) C X with Ox(V (s)) = £ which follows by tracking through the
constructions. We conclude that effective Cartier divisors are in 1-1 correspondence
the line bundles equipped with a monomorphic section (up to the ‘obvious’ choice
of isomorphism).

REMARK 8.4. Note that if X is integral (e.g. a variety), the condition that a section
s : Ox — L of a line bundle being a monomrophism is equivalent to not being zero.
Indeed, if s is nonzero, then also s|y : Oy — L]y is nonzero for each nonempty open
U C X, since otherwise V' (s) U (X \ U) = X, contradicting integrality (Proposition
6.19). Now each point has an affine neighbourhood U = Spec(R) in which £ is
trivial, so in that neighbourhood s|i : R — R is simply a nonzero element of R.
This is a domain by integrality, so s|y : R — R is injective. Thus in this generality
effective Cartier divisors are in 1-1 correspondence to line bundles equipped with a
non-zero section.

ExXAMPLE 8.5. Let X = Spec(R). Then a closed subscheme Spec(R/I) — Spec(R)
is an effective Cartier divisor precisely if I C R is a line bundle, e.g. if I is locally a
principal ideal generated by a nn-zero divisor. Then L = IV.

EXAMPLE 8.6. The subscheme P} C PZH is an effective Cartier divisor whose
corresponding line bundle is O(1).

Note that the condition of bring a Cartier divisor is a local condition, that isif D C X
is a Cartier divisor if for each U C X the intersection UND — U is a Cartier divisor.
In particular if D is a point we can check this in a small neighborhood.

The key result to understand the Picard group is now the following:

PRrOPOSITION 8.7. Let X be a quasicompact and quasiseparated scheme and D C X
and effecitve Cartier divisor which is also reduced and irreducible. |§| Then the
sequence

7 25} pie(X) —— Pic(X \ D)

is exact, meaning that the kernel of the right map agrees with the image of the left
map.

PROOF OF PROPOSITION [B7 We write £ = Ox (D) and s = 1p to simplify
notation.
We first note that £ is trivial on X \ D where the trivialization is given by the
sections s. This shows that the composition of maps is trivial. For the converse we
have to show the following: If line bundles £q, £2 on X become isomorphic after
restriction to D(s), they already differ only by a power of L.
Fix an isomorphism Li|p(s) = La2|p(s)- This isomorphism and its inverse can be

considered as sections of Lo ® £ and £; ® £, on D(s). By Lemma we

can write both of them as Sik and % for global sections of Lo ® El_l ® LP and
L1 ® Ly ® L2 This means we find maps
fiLly— Low L,

g:£2—>£1®ﬁ®l

8This just means it is given by an irreducible closed subset equipped with the reduced subscheme
structure.
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whose composites are each given by multiplication with s*T!. We now assume we

have chosen such maps f, g with k, [ arbitrary integers with k41 > 0, in such a way
that k41 is as small as possibleﬂ If K+ 1 =0, we are done: Then the composites of

Ly = Lo® LY,
g: Lo LF = Ly

are given by the identities, and so £1 = Lo ® LZ*, as we wanted to show. So assume
k41> 0. In that case, we have V(f) UV (g) = V(s) as subsets, since f and g
compose to a power of s. By irreducibility, one of them agrees, say V(f) = V(s).
We claim that then there exists a unique lift in the following diagram:

Lo @ LOFL

//7
-
-
. S
-
-
-

L1 %) Lo® LBk
To check this, cover X by affine opens U; small enough so that all of £, L1, L5 are
trivial on U; = Spec(R;). On each of those opens, our sections trivialize to maps
flu, : Ri — R; and s|y, : R; — Ry, i.e. to elements f;, s; of R;, with V(f;) = V(s;).

So we have
\/@ = \/® = (Si)a

where the latter equality holds since by assumption V(s;) = V(s) N U; is reduced.
So f; is divisible by s;, and it follows that we find a lift as desired over each U;.
Since s is a monomorphism of sheaves, it then follows that lifts against s are locally
unique, and so the local lifts glue together to a global lift. Denote this lift by f’.
Again since s is a monomorphism, it now follows that f'og and go f’ are each given
by s¥*t1=1 contradicting the minimality of k + I. This finishes the proof. O

EXAMPLE 8.8. Assume that R is a domain. Then a closed subscheme Spec(R/I) —
Spec(R) satsifies the assumptions precisely if I is an invertible prime ideal. This is
for example the case if I = (7) for a prime element 7 € R. In this situation we get
from the theorem that

Pic(R) — Pic(R[r!])
is injective.
COROLLARY 8.9. If R is a UFD then Pic(Spec(R)) is the trivial group, so every line
bundle is trivial on Spec(R).

PROOF. Let £ be any line bundle. Since line bundles are locally trivial, £ is
trivial on some D(f). Since R is a UFD, we can write f = fi--- f, for prime
elements f; € R. Since all of these are sections of the trivial line bundle, Proposition
.7 shows that all the maps

Pic(Spec(R)) — Pic(D(f1)) — Pic(D(f1f2)) — ... = Pic(D(f))

are injective (we use that localizations of UFDs are again UFDs). Since [£] + 1 on
the right, [£] = 1 on the left, so £ = Ogpec(p)- O

THEOREM 8.10. Pic(P%) = Z for any UFD R, with generator given by O(1), i.e.
any line bundle on P’} for a UFD R is given by O(d) for some d € Z.

INote that we can choose k and [ even as natural numbers, but for the next step we would like
to be more liberal and allow integers here.
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PRroOOF. Using that ]P’%_l C P% is an effective Cartier divisor Proposition
gives us an exact sequence

z 2299, pic(py) — Pic(P) \ L),

Note that P \ P! =2 A% = Spec(R[X1,...,Xno]) is the spectrum of a UFD
(by Gauss’ Lemma, polynomial rings over UFDs are UFDs). So the right-hand
term in our exact sequence is trivial, therefore the map Z — Pic(IP}) is surjective.
It is also injective: If we had O(n) = O(m) with n < m, then this would mean
that O(n —m) = O, but the latter has nonzero sections, the former doesn’t since

n—m <0. O
We end by a nice application.

PrOPOSITION 8.11. Assume that X is a 1-dimensional, irreducible and noetherian
scheme which moreover satisfies the following assumption: every closed point with
the reduced subscheme structrue {x} C X is an effective Cartier divisor with asso-
ciated line bundle O(x). Then every line bundle on X is isomorphic to a tensor
product of line bundles O(z1)®% @ ... ® O(x,)®*" for closed points x; € X and
integers k; € 7.

We will see that the assumption on X is satisfied if X is a smooth curve next term
(a notion to be introduced). For the proof we need a lemma:

LEMMA 8.12. Fach quasi-compact scheme X contains a closed point

PRrROOF. First we note that affine schemes X = Spec(R) contain closed points
by the existence of maximal ideals. Now for general X pick an irredundant cover by
affines

X=U0U..uU, .
Then X \ (Uy U ... U U,) is non-empty, closed in X and affine. The latter since it
is a closed subset of U;. Thus we find a closed point in this set which is then also
closed in X. [ O

PRrROOF OF PROPOSITION [R.11] Let £ be an arbitrary line bundle. Then there
exists a non-empty open subset U C X such that L|y is trivial. Consider the
complement Z of U. We claim that U (more generally every open set of X) is
of the form U O X \ {x1,...,x,} for closed points z; € X, ie. Z = {x1,..,2,}:
Since X is noetherian so is Z and we can decompose into irreducible components
Z =71 U..U/Z;. Each Z; C X contains a point x; € Z by the previous lemma.
Thus we have the chain of closed irreducible subsets

{z;}CZ;CZ
and by being 1-dimensional we have that one of the inclusions have to be an equality.
If it was the second then U would have to be emtpy, which we excluded. Thus
Z; = {x;} and therefore Z = {x1,....,x,} and U has the claimed form.
Now since {1} is an effective Cartier divisor in X is is also an effective Cartier
divisor in the open set X \ {z2,...,2,} since being an effective Cartier divisor is a
local notion. Thus we have an exact sequence

Z 280 Pic(X\ {wa, s 1)) = . Pic(U \ {1, 2, ooy 20 })

10The condition that the scheme is quasi-compact is really necessary to find a non-redundant
affine cover. And in fact one can find non-quasi compact schemes without closed points.
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And we conclude that Lx\ (,,...2,_1} = O(x1)*. But then Lx\{zg,....tn1 ®0(x1)™™
is trivial on X \ {z2,...,x,—1} and we can inductively continue to deduce the claim.
O

9. The first sheaf cohomology groups

DEFINITION 9.1. (1) Let G be a group. A G-torsor is a set P equipped with
an action G X P — P such that P is non-empty and this action is simply
transitive, that is for each p € P we have that the map

G—P g gp

s a bijection.
(2) Given a space X and a sheaf of (not-necessarily abelian) groups G over X
then another sheaf P (of sets) with an action

GxP—=P

is a G-torsor if all stalks of P are non-empty and for each U C X and
p € P(U) the map

GU)—PWU) g—gp

is an isomorphism.
There is a (hopefully) obvious notion of morphism of torsors.

EXAMPLE 9.2. (1) A torsor should be thought of as a copy of G but without a
choosen basepoint. For example one could argue that our universe is more
like a (R3, +)-torsor than R? since there is no specificed basepoint.

(2) Let X be the Mdobius strip and G be the constant sheaf Z/2 and P be the
sheaf of local orientations. Then P(X) = () but locally the action given by
change of orientation is an isomorphism for every chosen orientation.

(3) Assume that we a vector bundle V on a scheme X of constant rank n.
Consider the sheaf P of trivializations, i.e.

PU) = {¢: OF = V|pas Oy-module sheaves} .
We have an action of the sheaf
GU) = {p: OF = Olas Oy-module sheaves}

of autormorphisms of Of; and an obvious action of G on P by composition.
This makes the former a torsor over the latter.

(4) For every G there is the torsor given by G itself and the action given by
left-multiplication. This is a torsor (the stalks are non-empty because they
have a unit). We will refer to this as the trivial torsor.

(5) In general a torsor is isomorphic to the trivial torsor precisely of there is
an element in p € P(X) since then the map

g—"P

defined by
GgU)—=PU) g—gp

is an isomorphism of torsors.
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We claim that every map of G-torsors is in fact an isomorphism. To see this we
note that this is obviously true if we talk about classical (non-sheafify torsors), since
maps are induced by (right) multiplication with elements of G. Then the statement
about maps between sheaves can be checked on stalks which are classical torsors.
In fact, we see that a sheaf P with G-action is a torsor precisely if all the stalks P,
are G, -torsors.

DEFINITION 9.3. Given a space X and G a sheaf of groups, then
HY(X;G) := {isomorphism classes of G-torsors on X} .
is the first cohomology of X with coefficients in G, which is in general just a set.

The set H'(X;G) comes with a canonical basepoint given by the trivial torsor.
Actually, a priori it is not even clear that H'(X;G) is even a set.

LEMMA 9.4. HY(X;G) is a set.

PROOF. for every torsor P over X we find an open cover U; C X such that
P(U;) # 0. After choice of elements p; € P(U;) we get trivializations O|y, ~ G|, .
Then by descent for sheaves, Proposition[I8.2] we see that the whole torsor is actually
described by the isomorphisms ¢;; : Gly,nv; — Glu,nu; which are maps of torsors.
These certainly form a set, so that for each fixed cover the set of all torsors that
trivialize on that cover form a set and thus also the set of all torsors form a set. [

REMARK 9.5. The proof also gives a different way of thinking about H'(X,G) which
is closely related to Cech-cohomology (as will be discussed next term). Namely an
element in H'(X, @) is describe by a pair consisting of a cover U; of X and element
wij € G(U; NUj) such that ¢ - @i = @i in G(U; N U; N Ug). One can then
identify when two such elements represent the same class in H*(X,G) by an explict
description.

Assume that A is an abelian group. Then a left action of A on a set M can also be
considered as a right action

m-a:=am
and we for two A-sets M and N we can form a new A-set
M xgN:=(MxN)/~
with (ma,n) ~ (m,an). This is a A-set through left multiplication:
a-[(m,n)] = (am,n) .

If M and N are A-torsors, then so is M x 4 N.
If A is a sheaf of abelian groups on X and P and Q are G torsors, then we define
similarly

P XA Q
by the sheafification of the presheaf
(P x4 Q)U) =PU) xaw) QU) .
This is again a torsor.

LEMMA 9.6. For G abelian the operation (P, Q) — P x 4 Q endows H' (X, A) with
the structure of an abelian group.
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PROOF. The fact that it is associated, unital and commutative are straighfor-
ward (checking the respective properties for P x 4 Q. For the existence of inverses
one simply takes a torsor P and equips it with a new A-action obtained by action
with the inverse map — : A — A. Then one checks that this is indeed an inverse.
Details omitted. U

PROPOSITION 9.7. Let X = Spec(R) be an affine scheme and M be a quasi-coherent
sheaf of Ox-modules on M. Then

HY(X,M)=0.
In order to prove this result we shall prove a more general result:
PROPOSITION 9.8. Given a scheme X and a quasi-coherent sheaf M of Ox-modules,
then there is a bijection:

HY(X, M) = {extensions of Ox-modules 0 — M — M' — Ox — 0}

isomorphism
= Ext}QX (Ox, M) .

Here two extensions 0 = M - M - Ox - 0and0 = M - M" - Ox — 0
are isomorphic if there is an isomorphism of Ox-modules M' — M" making the

diagram
/
0 > M = O x — 0
\M//
commutative.

REMARK 9.9. Note that every morphism M’ — M" of extensions (as in the defi-
nition of isomorphismsm above) is automatically an isomorphism by the 5-lemma.
Also note that all extensions M’ are automatically quasi-coherent, since locally they

split (by Lemma [2.10]) so that locally M’ = M & Ox.
PROOF OF PROPOSITION [0.8. We have a map
Exty, (Ox, M) = H' (X, M)

which sends an extension M - M’ B Ox to the sheaf
P:Uw— {se MU)|p(s)=1}
which has an M-action defined by:
MU) x P(U) = PU) (m,s) —i(m)+s.

We claim that this is a torsor. To see this we note that locally around each point
such splits exist (by Lemma [2.10f), thus the stalks are non-empty. Moreover if we
have given a split s € M’(U) then this induces an isomorphism of the sequence to

My = M|y & Oy — Oy

and we see that any further split is induced map a map Oy — M|y, i.e. a section
of M|y Therefore this is a torsor.
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It is also clear that for isomorphic extensions the induced torsors are isomorphic so
that we indeed get a well-defined map

Exty, (Ox, M) = H'(X, M)

which we will show to be a bijection.

Assume that we have two extensions M — M’ — Ox and M — M"” — Ox. Then
we claim that morphisms (of extensions) M’ — M” are 1-1 to morphisms of the
associated torsors P — P’. To see this we note that morpisms of extensions as well
as morphisms of torsors are global sections of sheaves and our assignment defines a
morphism of these sheaves. Thus to check that it is an isomorphisms we can check
this locally, i.e. we can assume that our extensions are split, i.e. M’ = M@ Ox and
M" = M @& Ox. In this situation morphisms of extensions are given by morphisms

Ox—>./\/l

i.e. global sections of M. The same is true for morphisms of torsors and the
assignment is also compatible

Thus we see that our map is injective. For subjectivity let P be a torsor over
X. Choose a cover U; on which it trivializes. Then we can find extensions which
are preimages (namely the trivial ones). Moreover on double intersections we pick
corresponding isomorphisms. Then these local choices glue to global ones using
descent for sheaves as in Proposition [I8:2] O

REMARK 9.10. We have in fact shown more than Exty (Ox, M) = H'(X, M) in
the last proof, we have shown an equivalence of categories.

PROOF OF PROPOSITION [077l For X = Spec(R) and M = M we have that
extensions as in Proposition are simply given by R-module extensions

0—-M-—-M —-R—0
But since R is project all of those split so that M’ = M & R is trivial. U

Let X be a topological space and 0 — A4; — Az — A3 — 0 an exact sequence of
sheaves of abelian groups. Recall that this does not mean that
0— A1(X) 5 A(X) B A5(X) = 0

is exact, since the right hand map A(X) — A3(X) is not necessarily an epimor-
phism (it is only so on stalks), so that we only have an exact sequence

0— A (X) 5 Ay(X) B A3(X) .

We claim that the cohomology H' can be seen as a way of measuring the deviation
of this map to be surjective. Lets make this precise:

PrOPOSITION 9.11. Let X be a topological space and 0 — Ay AN Ay B A5 — 0 an
exact sequence of sheaves of abelian groups. Then the sequence above continues to
an exact sequence

0= A (X) 5 Ay (X) B As(X) S HY X, A) 5 HY(X, A) B HY(X, As)

of abelian groups.

We note that a version of this result is also true for sheaves of non-abelian groups
where exactness is then interpreted in terms of pointed sets.
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PrOOF. We already have the first part. The maps H'(X, A;) RNy S (X, A9) 2,
H'(X, A3) are instances of the following construction: for a given morphism f :
G — G’ of sheaves of groups we get an induced morphism

HYX,G) = H (X,G) P—=G xgP
where the latter is the sheafification of the sheaf with
(G" xg P)(U) =G'(U) xgw) PWU) .
It is not hard to see that this is indeed a torsor, defines a well-defined map as
claimed. Moreover if both G and G’ are abelian then this even a map of abelian
groups. We also need to construct the map § : As(X) LN H'(X,Ay). So given an
element s € A3(X) we define a A;-torsor as follows:
U {s' € A (U) | p(s) = slu}

with the action of Aj-induced by the action of A; on As. It is not hard to check

that this is again a torsor (using that the map Ao — Aj is surjective on stalks). We

leave it to the reader to check that ¢ is indeed a group homomorphism.

Now we want to check exactness at various spots. At the first two spots this is clear.

Exactness of HY(X, A;) - HY(X, As) & H(X, As): Clearly the composition is zero,
thus assume we have a torsor P for Ay and an isomophism A3 x 4, P = A3 of torsors.

This gives a map of sheaves

f:P— As
which is As-equivariant (and the target carries the restricted action). Now we con-
sider the sheaf
ker(f) =P CP

of all those elements in P which are mapped to the unit in As, i.e.

P(U)={pePU)| f(p)=0}.
We claim that the As-action on P restricts to a .A;-action on P’. To see this we have

to note that for a € A;(U) and p € P/(U) the element f(ap) = [a]f(p) = f(p) = 0.
We get an induced map

73/ X Ay .AQ — P
induced by the inclusion. This map is an isomorphism, which can be checked stalk-
wise, where it is trivial. Thus the sheaf P’ witnesses that our element indeed was in
the image and we have established exactness.
Exactness of Ay (X) £ A3(X) LN H'(X, A;): We claim that the composition is triv-
ial. To see this we consider s € A3(X) and then apply

d(ps)(U) = {s' € A(U) | p(s') = (ps)lu}

This torsor has an obvious global section, namely s and thus is trivial. Now assume
conversely that for a given s € A3(X) the torsor §(s) has a global section s’ € A4(X).
Then this is by definition a lift of s so that indeed s is in the image. This shows
exactness. '

Exactness of A3(X) LN HY(X,A) 5 HY(X, Ay) : Let s € A3(s) and consider the
torsor

AQ X Ay 5(8)
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A section of this torsor is the same as a map d(s) — Az which is Aj-equivariant.
Such a map is provided by the obvious inlcusion

0(s)(U) = {s" € A2 (U) | p(s') = (s)lv} = A(U) .
Conversely assume that we are given a Aj-torsor P with a Aj-equivariant map
f:P— A

then we want to define an element s € A3(X). We will do define this locally: pick
U small enough so that there is a section s’ € P(U). Then define

slu = pf(s') € A3(X)

This element s|y does not depend on the choice of s’ since another section differs
by an element in A;(U) and thus so do the images in Az (since f is equivariant)
and we conclude that they go to the same element under p. Once we know that s|¢
is well-defined we also see we get a global element s and we see that the morphism
f:P — As induces a morphism

PU) = d(s)(U) ={s" € A(U) | p(s) = s} € A:(U)
This morphism is equivariant and thus an isosmorphism of torsors and therefore an

isomorphism. This finishes the proof. O

This results makes rigorous the way in which H! measures the deviation of global
sections being exact. We will in fact see soon, that H' is also the universal such
functor.

ExXAMPLE 9.12. Note that for an epimorphism p : My — M3z of quasi-coherent
sheaves on an affine scheme X = Spec(R) we know that the induced map My (X) —
M3 (X) is indeed surjective. This is reflected by the fact that in this case the kernel
M1 = ker(p) is quasi-coherent and H'(X, M1) = 0 and thus the sequence

Mao(X) B My(X) S HY(X, M) =0

also shows the surjectivity. This surjectivity has been one of the very important
facts which droves a lot of proves and statements in this course so far!

10. Higher sheaf cohomology groups

For an exact sequence A; — Ay — Az the map H'(X, As) & H' (X, A3) is not
surjective in general! The goal of sheaf cohomology is to further extend this con-
struction to the right.

We now set HY(X, A) = A(X). Lets summarize our findings so far:

(1) Any morphism of sheaves f : A — B induces morphisms f:
H(X,A) - H°(X,B) and HYX,A) — H'(X,B)

This is a functor, i.e. (fg)« = fegsx and id, = id.
(2) for any short exact sequence A; — Ay — A3 we get a natural map

§: HYX, A3) — HY (X, A) .

Naturality hear means natural in short exact sequences, where morphisms
of such are ‘ladder’ diagrams.
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(3) The associated sequence

0= A (X) 5 Ay (X) B As(X) S HY (X, A1) 5 HY(X, A) B HY(X, As)

is exact.
(4) If X is an affine scheme and M quasi-coherent then H!(X, M) = 0.

The goal of sheaf cohomology is to further extend this sequence, that is to construct
abelian groups

H'(X,A) fori e N
such that analogous of these properties hold and such that it is universal with respect
to those.

DEFINITION 10.1. A §-functor (from sheaves on X to abelian groups) is given by a
sequence of product preserving functors

F':Shv(X,Ab) - Ab  i€N
together with a natural maps
60 FY(A3) — FHAY)
for every short exact sequence A1 — Ay — As such that the induced sequence
0 — FO(A)) — F9(Ay) — F°(A3) = FY(Ay) — ..
is long exact. A morphism of delta functors (F',§) — (G*, 6°) is given by a sequence

of natural transformations F* — G* such that the diagram

Ff —— G°

b

FiHl ., it
commutes.
The main result about sheaf cohomology is the following;:
THEOREM 10.2 (Grothendieck). For every space X there exists an initial o-functor
(H*,58") with HO(A) = A(X). We write
H(X,A)

and call it the i-th sheaf cohomology of X with value in A.

Moreover in degree 1 it agrees with our H' and 6° agrees with our §. For affine
schemes X and quasi-coherent sheaves A we have that H'(X, A) =0 for i > 0.

Note that being initial of course uniquely determines this functor. We will not fully
prove this result, but give an idea how it works. For this the notion of an injective
object is central:

DEFINITION 10.3. An object A € C in a category is called injective if every monomor-
phism i : A — B has a retract, i.e. a map r: B — A sich that ri = id 4.

ExAMPLE 10.4. (1) every set is injective in the category of sets
(2) Every vector space over a field k is injective. To see this assume hat V' — V'
is an injection. Then we choose a complement to V in V' and take the
retraction.
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(3) The abelian group Z is not injective, since Z — Q does not admit a section.
The groups Z/n is also not injective since the inclusion Z/n — Q/Z sending
1 to 1/n does not admit a section.

(4) The abelian group Q is injective (without proof). More generally an abelian
group A is injective, precisely if it is divisible, that is if for every a € A and
n € Z there exists an object b with nb = a (also without proof).

LEMMA 10.5. Let F be an injective sheaf of abelian groups on a space X. Then
HY(X,F)=0.

PROOF. We first claim that for an arbitrary sheaf of abelian groups JF there is
a 1-1 correspondence between elements in H'(X,F) and isomorphisms classes of
extensions

0>F—=>F —-Z—0

where Z is the sheaf of locally constant Z-valued functions. This 1-1 correspondence
follows exactly as the one in Proposition Moreover under this correspondence
the trivial F-torsor corresponds to the split extension. Now if F is injective then
such an extension splits automatically since the map F — F' admits a retract. [

THEOREM 10.6 (Enough injectives). Let X be a topological space and F a sheaf
of abelian groups on X. Then there exists a monomorphism F — F' where F' is
injective.

The last two statements together already detemine H'(X, A) for a sheaf of abelian
groups A: we embedd A into an injective sheaf Z and form the short exact sequence
A—-IT—-T/A

which induces a long exact sequence:
I(X) = (ZJA)(X) - H' (X, A) » H'(X,Z) =0

so that we see that H'(X, A) is the cokernel of Z(X) — (Z/.A)(X) for any monomor-
phism A — 7 with Z injective.
Now the main idea to prove and to compute the sheaf cohomology is to prove
two things:
(1) Construct a -functor H® with H%(A) = A(X) and H(Z) = 0 for T injective
and 7 > 0.
(2) Prove that any d-functor which vanishes on injectives in positive degrees is
already initial.

As a result we see that H(X,Z) = 0 and we can apply a trick similar to above to
use injective resolutions to compute the sheaf cohomology.
11. Outlook: the Riemann—Roch theorem

DEFINITION 11.1. If A is an algebra over any base ring k and M is an A-module then
a k-linear map d : A — M 1is called a k-linear derivation if d(ab) = a-d(b) +d(a)-b.

Of course in this case we have d(1) = 0 and thus d(\) = 0 for all A € k. As an
example let A = k[t] and M = A. Then the usual derivative

klt] — k[t] p—p

is a derivation.
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PRrROPOSITION 11.2. For any k-algebra A there is an initial k-linear derivation
d:A— Q)

This is for any other deriwation d' : A — M there is a unique k-linear morphism

f: Q}L‘/k — M such that fd=d'.

The module 9}4 Ik is called the module of Kahler differentials.

Proor. We define 9}4 /e a8 the A-module freely generated by symbols da for
a € A subject to the relations
d(ab) = ad(b) + bd(a) d(k) =0 d(a+b)=da+db .
Then the ma|
A— QY Ik

is a k-linear derivation and it is clear that 9114 Ik is initial. O

EXAMPLE 11.3. For A = k[t] we have that
is a free module on a single generator (called dt).

PROPOSITION 11.4. The construction A — Qz/k commutes with localizations, that
is

Qh[b*l]/k = Q,l4/k ®aAD] .
In particular we obtain for every scheme X a quasi-coherent sheaf Q%{/k on X such
that the value on affine opens Spec(A) C X is given by the Kdhler-differentials of
A.

Let k be an algebraically closed field, and C a projective and smooth curve over k
(the latter notion has not been defined yet). Then one can show that Qé Ik is a line

bundle.

DEFINITION 11.5. Let C' be projective and smooth curve over k, then the genus g is
defined as
g := dim(T(C, Q1)

THEOREM 11.6 (Riemann-Roch Theorem). For all line bundles £ on C' we have
dimy, T(C, £) — dimy, T(C, Qg )y, © LY) =deg L+1 — g
The proof strategy will rely crucially on sheaf cohomology. In fact we will show two
things:
(1) For any line bundle £ on C we have
dimy HY(C, £) — dimy, H'(C, L) =degL+1 —g
and the left hand terms are finite (which is in some sense the hardest part).

(2) For a proper, smooth scheme X over a field & of dimension d, and a vector
bundle £ over X, then we have an isomorphism

H'(X,8) = H™'(X,0% ), ® ")

This is Serre duality. In particular in our situation for X = C we have
d = 1 so that H'(C, L) is dual over k to H'(C, Qlc/k ® LY) and thus has

the same dimension.



CHAPTER 3

Algebraic Geometry I1I, Wintersemester 2022/23

1. Overview: Smoothness and Riemann—Roch

In the last terms we have talked about schemes and varieties. Let us review some
basic notation first.

Recall that for a scheme X we have the structure sheaf Ox and the local rings Ox ,
for each point € X. Then the residue field at z is given by k(z) = Ox /m,.
Locally every scheme by definition looks like X = Spec(R) in which case we have
for a point « € Spec(R) corresponding to a prime ideal that

OSpec(R) T Ry

is the localization at x, i.e. inverting all elements in the complement of z. The
maximal ideal is given by m, = 2R, C R, and the residue field by

k(r) = Ry /xR, = Frac(R/x) .

We have then discussed the notion of quasi-coherent sheaves on schemes X. If
X = Spec(R) then quasi-coherent sheaves on X are given by M = M for R-modules
M, in fact there is an equivalence of categories QCoh(X) ~ Modp. For every quasi-
coherent sheaf M we have the stalk M, which is a module over Ox ; and then the
fibre

M, ®oy, K(T) .

This is also the same as the pullback of M to Spec(x(x)) along the canonical mor-
phism Spec(k(x)) — X which factors as

Spec(k(x)) = Spec(Ox 5) = X .

For a given module M we have that

and the fibre is
My /xMy = (M/2M) @pjy k() -

ExXAMPLE 1.1. Let X = Spec(Z). Then the points are given by primes p and the
generic point 0 with residue fields (p) = F, and ~(0) = Q. A quasi-coherent sheaf
is simply and abelian group M and then the fibres are given by the quotients M /p
(considered as F,, vector space) and the rationalization M ® Q.

Let k be algebraically closed (or maybe k& = C for intuition). A variety is a scheme
over k which is reduced, irreducible, separated and of finite type. In this case we have
that all the residue fields x(x) are field extensions of K of finite transcendence degree
(of course there are not finite field extensions). For closed points the residue fields
are isomorphic to k itself. Recall that affine varieties are the same as irreducible

137
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affine algebraic sets, i.e. zeros of finitely many polynomials in n variables over k
which are additionally irreducible. Examples of (affine varieties) include curves like
(1) V(y+ 3z —4) (a straight line)
(2) The elliptic curve y?> = 23 — x + 1 which is smooth (at least over R as a
smooth manifold)
(3) Another elliptic curve is y? = x
over R.
(4) The elliptic curve y? = 2% — 22 has a “nodal singularity” at the origin.
(5) The curve y? = 23 has a “cuspidal singularity” at the origin.

3 _ 2 which is also smooth but disconnected

3

One of the topics of this course is to make rigorous the notion of “smoothness” in
the algebraic setting and define what a “singularity” is. For varieties smootheness
is equivalent to regularity, which we will motivate now: the rough idea is to define
a tangent space to schemes X for every point = € X.

DEFINITION 1.2. This cotangent space T X is defined in terms of the local ring Ox

as
* I 2
77X :(=my/ms .

This quotient is a quotient of Ox z-modules. But it will be a module over Oy ,/m,
since m, acts trivially. Thus the cotangent space at x is a k(z)-vector space.

We will see that these vector spaces can be assembled together into a quasi-coherent
sheaf Qﬁ( /i On X, i.e. we have for all closed points x € X that

Ty X = T(ip(Qx ) = Vypr ox, K(2) -

where iy : Spec(k(x)) — X is the canonical map induced by the point z. This sheaf
Qﬁ( Ik will be refered to as the sheaf of Kéahler differentials of X or the cotangent
sheaf of X.

DEFINITION 1.3. The tangent space at x is simply defined as the dual space
T, X = (T;X)V = Homﬁ(x)(T;Xa k()

We will see that this tangent space in the above examples pretty much encapsulates
the idea of a tangent space (and is closely related to the tangent space we know for
smooth manifolds). In fact, it turns out that a tangent vector at a closed point x of
a variety i.e. an element of the tangent space T, X is essentially the same datum as
a map
Spec(k[e]/€?) — X

over and under the map i, : Spec(k) — X given by the point € X. Note that the
ring k[e]/€? is not reduced, so Spec(k[e]/€?) is far from being a variety.

DEFINITION 1.4. We say that a variety X is smooth at x € X if we have that
Here the first means the Krull dimension.

In the examples above the Krull dimension of all the local rings is 1 (these are
curves after all) but the tangent dimension can be higher, namely in the “singular
cases”. We will different characterisations of smootheness in the course. One of
the consequences of smootheness is that the Kahler differentials Qﬁ( Ik form a vector
bundle whose rank is the Krull dimension of X. In particular for curves C the
Kahler differentials for a line bundle.
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1.1. Riemann—Roch.

DEFINITION 1.5. Let C' be projective and smooth curve over k, then the genus g is
defined as
g = dimy(I'(C, Qé/k)) .

Note that it is a priori not even clear that this is a finite number (but it turns out
to be as we will see). Informally this measures the number of ‘holes’ in the picture
of curves over C as surfaces, i.e. elliptic curves have genus 1 and P! has genus zero.

The main result that we will prove and one of the most important results in algebraic
geometry is the following:

THEOREM 1.6 (Riemann-Roch Theorem). For all line bundles £ on C we have
dimy, T(C, £) — dimy, T(C, Q) © LY) = deg L+1 — g

The proof strategy will rely crucially on sheaf cohomology. Thus a considerable part

of this course will be about sheaf cohomology. Sheaf cohomology takes the following

form: for any topological space X and every sheaf 7 on X we define abelian groups
H'(X,F) €N

called sheaf cohomology groups. If F is a sheaf of k-vector spaces, then the groups
H(X,F) are also k-vector spaces. The design criterion is that H°(X, F) = F(X)
and that for every short exact sequence of sheaves

F0—>f1—>.72

we get a long exact sequence
0 — HY(X,F) — H' (X, F) = H' (X, F) LN HY X, F) - HY(X,F) —» HY(X, F) — H*(X, Fo)

So in some sense the groups H*(X, F) measure the deviation of exactness of global
sections. Sheaf cohomology is very important way beyond the scope of this course!

After establishing the framework for sheaf cohomology we will prove the following
facts, which imply Riemann-Roch:

(1) For any line bundle £ on C' we have
dimy, H°(C, £) — dimy HY(C, L) = deg L+1—g

and the left hand terms are finite (which is in some sense the hardest part).
(2) For a projective, smooth scheme X over a field & of dimension d, and a
vector bundle £ over X, then we have an isomorphism

HY(X, &) = H(X,0% ), @ £¥)"
This is Serre duality. In particular in our situation for X = C we have
d = 1 so that H'(C, L) is dual over k to H°(C, Q}j/k ® L) and thus has
the same dimension.

Literature that I have used to prepare the course is:

(1) R. Hartshorne: Algebraic Geometry GTM 52. Springer.

(2) D. Mumford: The red book of varieties and schemes. Springer LN 1358.
(3) U. Goertz, T. Wedhorn: Algebraic Geometry 1. Vieweg.

(4) A. Grothendieck, J. Dieudonné: Eléments de géométrie algébrique.
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(5) P. Scholze: Algebraic Geometry I & II, lecture notes (typed by Jack Davies)
(6) The stacks project

We will assume knowledge about the basics of scheme theory: the notion of a scheme,
morphisms of schemes, the notion of quasi-coherent sheaves, line bundles, vector
bundles. The most important example for us is projective space P and we encourage
everyone to understand this scheme from as many perspectives as possible. These
preliminaries are all covered in the first part of the course.

Further notions that will sometimes play a role are

(1) Closed immersions (Theorem about affine situation)
(2) pushforward and pullback of quasi-coherent sheaves
(3) Noetherian schemes and coherent modules

(4) Dimension theory, Noether normalization

(5) finite type morphisms

(6) Varieties and Projective varieties

2. Flatness

DEFINITION 2.1. Let R be a ring. Then an R-module M is flat if the functor —Qpr M
is exact. Equivalently if for every mononorphsm of R-modules N — N’ the induced
map

N®rM — N @p M
s also injective.
A map R — S of rings is called flat if S is flat as an R-module. It is called faithfully
flat if additionally the induced map Spec(S) — Spec(R) is surjective.

EXAMPLE 2.2. (1) Free modules are flat, since tensoring is just a direct sum.
(2) Projective modules are flat, since retracts of flat modules are clearly flat.
(3) The Z-module Z/2 is not flat, since the short exact sequence

7357 -7/2

becomes after tensoring with Z/2 the seugence
2/2% 72 7/2

which is not exact.
(4) The localization of a ring R — R[S™1] at a set S is flat. This follows since
tensoring with R[S™!] is the functor

N — N[S7Y
which preserves monomorphisms since for a given monomorphism ¢ : N —
N’ an element n/s in the kernel of N[S~!] — N’[S7!] has to have the
property that i(n) is anihilated by some s, i.e. s’i(n) = 0. But this implies
that i(sn) = 0 and thus sn = 0.

(5) In general filtered colimits of flat modules are flat, since filtered colimits
are exact. For example we can write R[z~!] also as the filtered colimit

RLERLERLR— ..

(6) Assume that R is an Fp-algebra. Then the Frobenius R — R is a ring map
which induces the identity map Spec(R) — Spec(R), since the pullback
of a prime ideal is the same prime ideal. It follows that the Frobenius is
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faithfully flat if and only of it is flat. Such Fj-algebras are closely related
to regular rings by a theorem of Kunz.

LEMMA 2.3. For an R-module M the following are equivalent:
(1) M is flat
(2) For sequences N — N' — N exact in the middle, the induced sequences
after tensoring with M is exact in the middle.
(3) for every ideal I C R the induced map

M@rl >M@rR=M
18 1njective. E|
(4) for every finitely generated deal I C R the induced map
M@rl >M@rR=M
18 injective
PROOF. Omitted since tedious (but elementary), see Lemma 00HD. O
COROLLARY 2.4. A Z-module is flat precisely if it is torsion free.

PROOF. For the ideals nZ C Z the induced map is given by M — M which is
injective precisely if M is n-torsion free. O

THEOREM 2.5 (Lazard). An R-module is flat if and only if it is a filtered colimit of
finite free modules.

PROOF. Let M be an R-module which is flat. We have to show that it is a
filtered colimit of free ones. To this end we note that M is the colimit of all finite
free modules mapping to M. In other words, it is the colimit of the diagram

Free )y — Modg

which sends F' — M to F. Thus it suffices to show that Free,, is indeed filtered.
Clearly this slice has coproducts (given by the sum of free modules) this to show
that it is filtered, it suffices to check that any pair of parallel morphisms.

fa g: Fl — F2

in Free/ys can be equalized, i.e. there is a map p : F» — F3 such that pf = pg. Note
that we cannot simply take the coequalizer, since this wouldn’t necessarily by free.
What we instead do is to consider the dual maps
vV f\/,g\/ \VJ
(F2)" —— (F1)
and find a free module F3 = @R with a surjective map h to the equalizer of fV and
g, i.e. the kernel of the difference, i.e. we find a sequence
. I h v Y=gV \%
colimpc reinite B° — Fy ——— F)

which is exact in the middle. Then the resulting sequence after tensoring with M
will also be exact in the middle:

’ (hY)* —g)*
colimysc ranire Hom(RT', M) "5 Hom(Fy, M) Y= Hom(Fy, M)

Thus applying this to the structure maps F» — M we find a map BRI — M such
that (h),) : F» — R! equalizes the maps. O

1One could equivalently phrase this as saying that M ®r I — I M is an isomorphism.
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PROPOSITION 2.6. Let R be noetherian with an ideal I C R. Then the ‘completion’
R — R} =lmR/I"
1$ flat.

PrOOF. Let J C R be another ideal. We claim that J ®p R? — R? is injective.
This follows from the following two facts:

e JQr R} =J ;\
e For an injection M — N of finitely generated R-modules the induced map
M} — N} is injective.
which we also omit (see stacks project Lemma 00MA) O

EXAMPLE 2.7. Assume that f1,.., f, € R aresuch that 1 € (f1, ..., f) or equivalently
the D(f;) form a cover of Spec(R). Then the map

R — [ RIL/f]
is faithfully flat. Indeed, it is flat as a finite sum of flat modules and the covering

property exactly implies surjectivtity.

LEmMA 2.8. If f : R — S is faithfully flat and for an R-module M we have MQRS =
0 then M = 0.

PROOF. Assume not and pick € M non-trivial. Let
I={reR|re=0}CR
be the annihilitor ideal of x. Then the map
R/I - M [r] = ra
is an injective map of R-modules, so that after tensoring with S the induced map
S/IS - M ®rS=0
is also injective, so that S/IS = 0. On the other hand we have a pullack diagram
Spec(S/1S) —— Spec(R/I)

J J

Spec(S) —— Spec(R)

of schemes. The lower map is surjective and the vertical maps are closed immersions.
In this situation the top map must also be surjective (think about what prime ideals
in R/I and S/IS are...). Concretely we see that prime ideal in R/I are simply
prime ideals in R which contain I and simillarly form S/IS. The upper map being
surjective is in contradiction to to S/IS = 0 (i.e. Spec(S/IS) = 0) but R/I # 0
(i.e. Spec(R/I) # 0). O
LEMMA 2.9. Let R — S be a map of rings. Then — ®pr S : Modr — Modg sends

flat modules to flat modules. If R — S is flat then restriction Mods — Modpg also
preserves flat modules.

PROOF. Let M be a flat R-module and N — N’ be a monomorphism of S-
modules. Then (M ®r S) ®s N = M ®r N and similary for N’. Thus flatness
follows from flatness of M.
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For the second part assume that M is a flat S-module and R — S is flat. Then for
every injection
N — N’

R-modules. We have
N®rM = (N®prS)®s M

and similar for N’. Thus flatness if S implies that N @z S — N’ ®g S is injetive
and then flatness of M implies that N @ g M — N’ @ M is injective. O

PROPOSITION 2.10. (Flatness is flat-local) Assume that R — S is faithfully flat and
M is an R-module. Then M is flat iff M @r S is flat as an S-module.

PROOF. By the previous Lemma we we only need to show the ‘if’ direction.
To this end assume that M ®g S is flat and we are given an injection N — N’ of
R-modules. Let K be the kernel of N @g M — N’ ®@g M and consider the exact
sequence

0K +N®rM — N @r M

of R-modules. After basechanging to S we get by flateness an exact sequnence
0> K®R3rS —->NRIrMRrS >N @prM®pS

By flatness of M ®gr S and the previous Lemma the right hand map is injective.
This K xg S = 0 which by Lemma [2.8| implies that K = 0. O

COROLLARY 2.11 (Flatness is a Zariski-local property). Let M be an R-module and
R, = R[fifl] be a Zariski cover of R. Then M is flat iff and only if M @g R; is flat
for all i.

COROLLARY 2.12. Let M be a quasi-coherent sheaf on a scheme X. Then TFAE;
e For all open affines U = Spec(R) C X the R-module M(U) is flat.
o There exists an affine cover U; = Spec(R;) such that M(U;) are flat R;-

modules.

PRrROOF. We only need to show that the second condition implies the first. Thus
assume that U; = Spec(R;) is a cover as in the second and U = Spec(R) is affine.
Then we can form the intersections

UnNU;

These need not be affine, but we can find further refinements V;; C U NU; which are
affine and which are principal open in U. We first observe that M(Vj;) is flat (by
Lemma [2.9] since it is a basechange of M(U;) as M is quasi-coherent). Therefore we
have found a cover of U by principal opens on which M is flat, thus by Corollary
2.11] we get that M(U) is flat. O

DEFINITION 2.13. If one of these conditions is satisfied then we call M flat. A
morphism Y — X of schemes is called flat if for each affine open Spec(S) =U CY
mapping to an affine open Spec(R) =V C X the induced map R — S is flat.

PRrROPOSITION 2.14. A morphism Y — X is flat iff there exists an affine open cover
U; = Spec(R;) €Y mapping to open affines V; = Spec(S;) C X such that R; is flat
over S;.
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PROOF. One direction is obvious. For the other one we assume that the condi-
tions of the proposition are satisfied and want to show that Y — X is flat. We first
claim that if Spec(R}) = U! C U; and Spec(S;) = V/ CV; with f(U/) C V/ then R}
is flat over S]. This indeed follows since S! is the basechange of S; along R; — R.
Therefore we can refine the cover for which the condition of the proposition holds.

O

Now we want to understand faithfully flat descent. Recall the descent statement
that we proved for modules (in the first part of the course):

PROPOSITION (Descent for modules). Let R be a ring with a principal open cover
(R; = R[f; )ier (i.e. Spec(R;) an open cover of Spec(R)). Then the functor
Modg — Desc(g,)(Mod)
= {M; € Modpg,, ij: Mi[fj*l] = M;[f; 1] | cocycle condition}
18 an equivalence of categories.

Now we want to formulate a more general version of this result for arbitrary faithfully
flat maps f : R — S replacing the open cover

f:R— ][R
The result is the following:

THEOREM 2.15 (Faithfully flat descent). Let f : R — S be a faithfully flat map.
Then the functor

Modg — Descy(Mod)
={N €Mods, ¢:N®rS = S®r N as S ®p S-modules | cocycle condition}
sending M to S®pr M with the ‘canonical’ choice of p is an equivalence of categories.

Here the cocycle condition is the condition that we have a commutative diagram

id
NopSorS 2% s 0n NagS

) lids@)s@
(1) Qids®¢(3)

SRRrRS®p N

Here the diagonal map can also be seen as flipping the first two factors, applying
id ® ¢ and switching the first two factors again. The descent category Desc¢(Mod)
becomes a category in the (hopefully) obvious way allowing morphisms in Modg
which preseve the descent datum.
The functor Modg — Desc¢(Mod) sends M to the S-module N = S ®p M with the
isomorphism

0: (SRRM)RrS=S®r(S®r M)
given by flipping the second and third factor. This isomorphism satisfies the cocycle
condition because the diagram takes the form

SARM rS®rS —— S®Rr S M QRS

\ J

SOrRSQrSRr M
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in which the upper horizontal map switches the middle factors, the right vertical
map switches the right most factors and the diagonal map switches the M with the
last factor.

We encourage the reader to work out how Zariski descent (as stated above) is a

special case. Now we will provide some results that will eventually lead to a proof
of Theorem 2.15]

LEMMA 2.16. A morphism f : (N,¢) = (N',¢') in Descy(Mod) is an isomorphism
iff the underlying morphism N — N’ of S-modules is an isomorphism.

PROOF. By definition the morphism f : N — N’ makes the diagram
N®rS—— SN
J]f@id Jid@f
N ©pS -2 Sep N
commutative. Thus its inverse f~! makes the diagram

N®sR——R&g N
Tf*@id Tid@f‘l
N' s R Rog N
commutative. This shows the claim. O
LEmMA 2.17. The functor

Modgr — Descy¢(Mod)
has a right adjoint given by sending

(N, @) s ker(N LU0 60 NY

ProOOF. We note that maps (S @r M,7) — (N, ¢) in Descy(Mod) are given by
maps f:S®r M — N of S-modules such that the diagram

S®RM®RSL>S®RS®RM

Jf@id lid@f

NopS—F  sS®rN

of S ®p S-linear maps commutes, where the upper map is the flip map. By the
universal property of induction this is the same as a map of R-modules M — M
such that the diagram

M—4

Jf@l Jl@f

N ®gS Y ,8® rN
But such a map is exactly a map into the kernel. O

ExaMPLE 2.18 (Faithfully flat descent along R — C). Let f : R — C be the
canonical inclusion of fields. We claim Descy(Mod) is equivalent to the category of
C-vector spaces V together with an automorphism 7 : V — V which is C-antilinear
(meaning 7(zv) = Z7(v)), and satisfies 72 = id.
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Indeed, C ®g C is isomorphic to a product C x C, along the map a®b + (a-b,a-b).
So a C®r C-module isomorphism VRrC — CRrV is determined by its basechanges
along the two maps C®rC — C. The first basechange takes both vector spaces to V,
the second takes V ®@r C — V, and C®r V — V. So a C ® C-linear isomorphism
p: VR C — C®rV can be identified with a pair of C-linear isomorphisms
(po:V—)V,(p1:V—>V.

Now we analyze the cocycle condition: C ®r C ®r C decomposes as C** by iterating
the above decomposition, with the map taking a ® b® ¢ + (abe, abe, abe, abe). Base-
changing the diagram

VorCor C —— p&id CorVerC

. id®y
¢(1>®ldm i

CrCrV

along the four projection maps leads to the four diagrams

LU VAR Vg RN v AT AR VAN N 4

\lm b \lw R

of which the first tells us that ¢ = id (since we know it is an isomorphism), the sec-
ond and fourth are then trivial, and the third tells us that pyop; = id. Equivalently,
we can view p as complex-antilinear map 7 : V' — V', which turns this condition into

=id. We also see that under this equivalence, the functor Descs(Mod) — Modg
takes V' to the subspace of v with 7(v) = v.

EXAMPLE 2.19 (Real forms of C x C). The equivalence between R-vector spaces and
C-vector spaces with complex-antilinear involution given by the previous example
is compatible with tensor products. So it also gives rise to an equivalence between
R-algebras and C-algebras with complex-antilinear involution (which is an algebra
map). We may use this to classify all R-algebras A with A ®r C a given C-algebra.
For example, how many R-algebras base-change to C x C?

An anti-linear algebra involution 7 on C x C needs to take the unit (1,1) to iself,
and since (1,1) and (1,0) are a C-basis, it is determined by 7(1,0). This also has to
be an idempotent, and so we have either 7(1,0) = (1,0) or 7(1,0) = (0,1). In the
first case, the map generally takes (a,b) + (@,b), and thus the R-algebra given by
descent is R x R. In the second case, the map takes (a,b) — (b,a), and we check
that the subset of v with 7(v) = v is given by the set (a,a) for a € C and thus as an
algebra isomorphic to C. Thus we see that every R-algebra A with AQrC = C x C
is either isomorphic to R x R or C.

ExaMPLE 2.20 (Real forms of G,,). As a more involved example of the above clas-
sification, let us ask which R-algebras A have A ®g C = C[zT!]. Geometrically, we
are asking which schemes over Spec(R) pull back to (G,,)c over Spec(C).

A complex-antilinear automorphism 7 of C[z*!] is determined by where it takes
z, and it has to take it to a unit Az* (all units are of this form). For 7 to be an
involution, it is necessary that k = +1.

In the k = 1 case, 72 takes z + X - Az, so we need |A\|]? = 1. Letting p be a square
root of A\, ux — mAx = px, and so by replacing our generator x with ux, we may
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assume A = 1. Then 7(az™) = az", and the R-algebra determined by 7 is given by
R[z*1]. ~
In the k = —1 case, 72 takes x — %1‘, and so A needs to be real. Since for any u we

have
1

T(px) = pAe " = [uPA(pr)
replacing our generator x by px, we may rescale A by arbitrary positive real numbers.
Thus we may assume A =1 or A = —1.

In the A = 1 case, 7(z) = x~!, and generally 7(az™) = @az~". The real subalgebra
fixed by 7 is therefore additively spanned by 1 and the elements z" + =" and
iz — iz~ " for n > 0. As algebra, it is generated by u = “JFQL and v = % (by
a simple induction on degrees), and we have

2 9 _ —2
02:—x+ a; =1—u?
4

So this algebra can be identified with Ru, v]/(u? + v? = 1).

In the A = —1 case, 7(z) = —2~!, and generally 7(az") = @(—1)"2~". So the real
subalgebra fixed by 7 is additively spanned by z" + (—1)"z~" and iz" — (—1)"x™",

and again generated as algebra by u = % and v = % We have

2 -2

v? = % = —1—u?
and thus this algebra can be identified with R[u, v]/(u? + v? = —1).
Geometrically, all three possibilities (Spec(R[zF!]), Spec(R[u,v]/(u? + v? — 1)),
Spec(R[u,v]/(u? + v? + 1))) are schemes with complex points in bijection to C*.
They differ by how complex conjugation acts on the set of complex points: In the
first case, it acts by z € C* — Z, fixing the subset R* of real points. In the second
case, it acts as z € C* + z~ !, fixing the subset |z|?> = 1 (therefore, in the second
case, the real points geometrically form a circle). Finally, in the third case, it acts
as z € C* — —z 1, fixing no points, corresponding to the fact that there are no real
points. One way to visualize schemes X over R, related to this descent perspective,
is as their set of complex points X (C), “folded up” along the action of complex
conjugation. In the three cases above, this leads to a “pointed closed half plane”, a
“pointed closed disk”, and an “open M&bius strip”, with boundaries corresponding
to the real points. (This last object occurs as affine charts in a surprising real form
of PL, the “twistor P1")
Had we instead descended C[z] (i.e. Al), only the first case would occur, and all
resulting real forms would be of the form A!, geometrically looking like a closed half
plane.

PrROOF OF THEOREM [2.15] Now that we have an adjunction between

®rS
Modr ———= Descs(Mod)

in order to prove Theorem [2.15] it is enough to check that unit and counit of this
adjunction are isomorphisms. Thus we have to check two things:

(1) For any descent datum (N, ¢) the induced map

p(n®1)—10n
R e

S ®@p ker(N S®@rN)— N
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is an isomorphism. A priori we need to check this as a morphism in the de-
scent category, but by Lemma |2.16|it is enough to check this on underlying
modules.

(2) For any R-module M the morphism

p(n®1)—1en
-

M—>ker(S®RM S®RS®RM)

is an isomorphism.

We claim that the second condition is implied by the first using the fact that the
functor Modr — Descy(Mod) is conservative, i.e. detects isomorphism. In general
we claim that for an adjunction with left adjoint

L:C—D

that is conservative we get that the unit ¢ — RLc is an isomorphism if the counit
LRd — dis an isomorphism for every d € D. Indeed, we can check whether ¢ — RLc
is an isomorphism by applying L to it, so that we get a morphism Lc — LRLc. But
this morphism sits in a commutative diagram

Le—Y LRLe

|

Le

where the right vertical morphism is the counit of L¢ which is an isomorphism by
assumption.

The upshot of the previous discussion is that it is enough to check that the first
condition above holds true. Now we observe that if we have any commutative
diagram of rings

then we get an induced diagram

R——— R

|

Descy —— Descy .

If R — R is flat then so is S — S’ and under the lower horizontal morphism the
map

S®Rker(NM>S®RN)—>N

gets mapped to the corresponding map for the induced descent object in Descy.
Here flateness enters through the fact that the lower base-change otherwise does not
necessarily preserve the kernel. If we moreover assume that R — R’ is faithfully
flat, then so is S — S’ and thus the functor

Descy — Desc

is conservative. Thus in order to check that the adjunction counit for the first
adjunction is an equivalence, we can check that this is the case for the second.
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To do this we let R’ be S so that we can replace the map R — S by the map
S — S ®grS. But this second map has a retract. Thus we may without loss of
generality assume that our first map R — S had a retract and thus reduced the
result about faithfully flat descent to showing that for a map f : R — S with a
retract r : S — R the functor

— ®pr S : Modgr — Descy

is an equivalence of categories.

Now we would like to argue that this is indeed the case by establishing an inverse
functor (which eventually has to agree with the other inverse functor). The inverse
functor is given by

f *
Descy N Modg - Modp
where r* is base-change along the retraction. Now is is clear that the composition
Modg — Descy — Modpr

is equivalent to the identity, since r o f ~ id and we are left with showing that the
other composition

Descy — Modg — Descy

is equivalent to the identity as well. To see this we need to prove that any descent
datum (NN, ¢) is equivalent to the new descent datum ((fr)*N,7). To see this we
consider the map

r:S®rS — S
given by s ® s’ — r(s) - s’. Then for any S-module N we have
(r')* (N ®g ) = (r')"(i1)"(N) = (fr)"N  and
()" (R@s N) = (1)"(i2) "N = N
so that the isomorphism ¢ : N @ S — R ®g N induces after basechange along r’
an isomorphism

0:(fr)*N - N
of S-modules. We need to check that this isomorphism is compatible with the
descent data, that is that the diagram

(14) (fr)*N @r S 224 N o S

| &
S@r (fr)*N 2% s op N

commutes. To this end consider the commutative square of S ® g S ®g S-modules

id
NorS®rS225%S@r N og S
, Jidw
@(M‘
S®rS®r N
which commutes by the cocycle identity. Now we base-change this diagram along

P ®id: S®erS®rS - S@rS (s@s5®s" —r(s) (sf®s"))
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and get a diagram

(fr)*N ®r S 224 N o S

©
(WJ

S®r N

where we identity the diagonal arrow by explicitly noting that the map 1) ®id®p(g)
is the base-change along S®r S - S®r S®Rr S given by s®t — s®1®1t and using
that the composite (' ® id) composed with this map equals i3 o 7/. This show that
diagram [14] commutes and finishes the proof. O

DEFINITION 2.21. A morphism f :Y — X of schemes is a fpqc cover if it is flat,
surjective (i.e. faithfully flat) and additionally every quasi-compact open subset of
X is the image of a quasi-compact open subset of Y.

EXAMPLE 2.22. If Y = Spec(S) and X = Spec(R) then f : Y — X is an fpqc
cover iff the induced map R — S is faithfully flat. One direction is obvious, for the
other one note that the morphism Y — X is quasi-compact, that is preimages of
quasi-compact opens are quasi-compact (see Example [3.8]). Hence we can simply
take the preimage to verify the second condition.

More generally this argument shows that quasi-compact and faithfully flat mor-
phisms are fpqc covers, that is also the reason for the name: fp = fidelement plat
(french for faithfully flat) and qc = quasi-compact. This is slightly confusing though,
since the converse doesn’t quite hold.

EXAMPLE 2.23. Assume that X = Spec(R) and f : Y — X is a fpqc cover. Then
we find U C Y quasi-compact with f(U) = X. We can cover U by finitely many
affine opens Spec(R;) = U; C U for i = 1,...,n. Then we have a diagram

[T, Spec(R;)) ———— Y

N

X

Thus we see that fpqc morphism are those which can be ‘covered’ by faithfully flat
maps of rings.

Let f:Y — X be a fpqc cover of schemes. We define a category
Desc¢(QCoh) := {M € QCoh(Y), ¢ : i M = 15 M € QCoh(Y x xY) | mhgpomisp = migp}
where the latter equality holds in QCoh(Y xx Y xx Y).
THEOREM 2.24. Let f: Y — X be a fpgc morphism. Then the functor
QCoh(X) — Desc¢(QCoh)
s an equivalence of categories.

PrOOF. Omitted. O
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3. Smooth morphisms

In this section we want to talk about smooth schemes over some base Spec(k). It
will turn out that smoothness is really a notion for the morphism X — Spec(k) and
can be generalized to arbitrary base schemes S in place of Spec(k).
Recall from the introduction that tangent vectors and tangent spaces are related to
morphisms

Spec(k[e]/€?) — X
and note that in k[z]/x? the element = squares to zero. We will now try to capture
this behaviour geometrically:

DEFINITION 3.1. A closed immersion i : Sg — S of schemes is called a first order
thickening (or n-th order thickening) if the corresponding ideal sheaf T = ker(i* :
Ogs — i.0s,) satisfies T> =0 (or It =0).

Examples of first order thickenings include the extension Spec(k) — Spec(k[e]/€?)
as well as non-split extensions like Spec(F,) — Spec(Z/p?).

LEMMA 3.2. Every n-th order thickening i : So — S is the composition of n first
order thickenings
So—>S1—>..—> S5, =5

PRroOOF. Consider the ideal sheaves
I=Ty>I’=7,>..0I""'=7,=0

and take the associated closed subschemes. Then we have that for an inclusion
S; — S;+1 the corresponding sheaf squares to zero since Iz? CZiy1. O

LEMMA 3.3. For a n-th order thickening Sy — S the induced map on underlying
topological spaces is a homeomophism.

PROOF. The claim can be checked locally on S, since a continuous map g : Z —

7' of topological spaces is a homeomorphism precisely if there exists an open cover U;
of Z such that all induced morphisms g~*(U;) — U; are homeomorphisms. Thus we
may assume that S is affine. In this case we have the situation Spec(R/I) — Spec(R)
where [ is a nilpotent ideal. But then the induced map clearly is a homeomorphism.
O

DEFINITION 3.4. A morphism f : X — S of schemes is called formally smooth if
for every commutative diagram

TO — X
[ ]
T——S
in which i is a first order thickening of affine schemes there exists a lift
To — X
2

o]

L4

e
T7'——S

rendering everything commutative. The morphism is called formally étale if there
erists a unique such lift and formally unramified if there exists at most one such lift.



152 3. ALGEBRAIC GEOMETRY III, WINTERSEMESTER 2022/23

Clearly we have
formally étale < (formally smooth + formally unramified)

Also note that by the lemma we could in the definition replace first order thickenings
by n-th order thickenings since we can paste lifting squares. We warn the reader
that the affinness for the test schemes cannot be dropped for formal smoothesness,
but it can be dropped for unramifiedness and étaleness.

ExamMpPLE 3.5. Every open immersion U — S is formally étale. To see this we
consider the square
To—— U
A
L
/
T——S

and note that a morphism h : T — S factors over U if and only if h(|T|) C |U].
In this case the lift is unique. The claim now follows since the map of underlying
spaces |Tp| — |T'| is a homeomorphism.

ExXaMPLE 3.6. Every closed immersion Z — S is formally unramified. To see this
note that for any scheme 71" the map

Homg (T, Z) — Homg (T, S)

is injective, i.e. it is a property of a morphism 7" — S to factor through Z.
In general closed immersions are not formally smooth, e.g. consider a first order
thickening Sy — S. Then for any square

SQL%S'O
S id

the dashed arrow would be an inverse to ¢. Thus first order thickenings are formally
smooth iff they are formally étale iff they are isomorphisms.

EXAMPLE 3.7. For any commutative ring k& the map A} — Spec(k) is formally
smooth, but not formally étale. To see this we have to consider a lifting problem

R/T 21— k[Xy,..., X,
RE— &
which can be solved by choosing preimages of the g(X;) under R — R/I. Clearly

those preimages are not unique.

ExAMPLE 3.8. Consider the map Spec(F,;) — Spec(FF,) for a finite field F, = Fyn.
We claim that it is formally étale. To see this we have to solve the lifing problem

R/I+ T,
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Let x € F, and note that x = y” for a unique element y € F,. For any r with
m(r) = g(y) we have that

m(r’) =7 (r)" = g(y)" = g(x)
Moreover we claim that 7 is independent of the choice of r. Namely if 7’ is another
element with m(r') = g(y) then the difference r — 7’ squares to zero and thus

P =P+ (r' —r)P =P,
Now we can define
g (x):=rP.

It is easy to see that this is indeed a ringhomomorphism and solves the lifting
problem. It is also unique.

LEMMA 3.9. The class of formally smooth/étale/unramified maps are closed under
composition and pullback.

PROOF. By the very definition of lifting properties. O

LEMMA 3.10. The property that f : X — S is formally étale/umramified is local in
the source, that is if there is an open cover U; C X with i € I such that all the maps

f|Ui : Ui — S
are formally smooth, then f is formally smooth.

PROOF. Since the classes are closed under composition by Lemma and open
immersions are formally étale, one direction is obvious.
Assume conversely that f|y, : U; — S are formally unramified and we are given a
diagram
To — X

|

T —— 5

and two lifts f,g : T — X. We set T; = f~1(U;) = g~ '(U;), the equality follows
since the underlying maps of topological spaces of f and g agree, as Ty — T is a
homeomorphism. Then Ty; — T; is a first order thickening, but not necessarily
affine. Nevertheless we can conclude that f = g on T}, so that f = g since the T;
cover T.

For formal étaleness assume that we are given a cover T; C T and locally defined
lifts

TO,i — X

T, — S
Then we can glue those to a global lift, since they are locally unique. O

REMARK 3.11. One of the big results that we will prove soon is that formaly
smootheness is also local in the source, but this will require the technology in-
troduced in the next sections (Kahler differentials).

DEFINITION 3.12. A morphism f : X — S is locally of finite type (resp. finite
presentation) if one of the following equivalent conditions hold:
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(1) For any affine open U = Spec(R) C X mapping to Spec(R') C S the
algebra R is a finitely generated R’ algebra (resp. finitely presented).

(2) There exists an affine cover Spec(R;) = U; of X mapping to Spec(R}) =
Vi C S such that all R; are finite generated (resp. presented) R}-algebras.

Note that the difference between finite type and locally of finite type is that in the
former case the morphism is additionally required to be quasi-compact.

DEFINITION 3.13. A morphism f : X — S is smooth (resp. étale, resp. unramified)
if it is formally smooth (resp. formally étale, resp. formally unramified) and f is
locally of finite presentation (resp. locally of finite presentation, resp. locally of finite
type).

EXAMPLE 3.14. Open immersions are étale, A7 — Spec(k) is smooth, the map
Spec(F,) — Spec(FF,) is étale.
4. Kahler differentials

Consider for any ring k the thickening Spec(k) — Spec(k[e]/e?) with the map given
by sending € to 0. Note that Spec(k[e]/€?) canonically a k-scheme.

DEFINITION 4.1. For any k-point z : Spec(k) — X (over Spec(k)) we define the
tangent space T, X to be the set of maps of k-schemes Spec(kle]/€?) extending x, i.
the set of commutative squares

Spec(k) ———— X

=

Spec(kle]/e?) —— Spec(k) .

Note that we always have a ‘trivial’ tangent vector induced by the map Spec(k[e]/€?) —
Spec(k) & X. Thus the map X — Spec(k) being unramified in particular implies
that the tangent space at every point consists only of one point. Also note that the
definition of the tangent space only depends on an open neighborhood of .

DEFINITION 4.2. For any k-algebra A and any A-module M a map 6 : A — M is a
k-linear derivation if it is k-linear, additive and

d(ab) = ad(b) + d(a)b (Leibniz rule)

REMARK 4.3. Note that if § : A — M is additive and satisfies the Leibniz rule, then
being k-linear is equivalent to §(A) = 0 for A € k: if this is the case then

d(Aa) = ad(N\) + d(a)X = d(a)A.
If conversely 4 is k-linear then
JA)=0(A-1)=X0(1-1) =2X5(1) = 20(N).
which implies 6(\) = 0.

We now want to identity 7, X for some x € X (k). We can without loss of generality
assume that X = Spec(A).

PROPOSITION 4.4. The set of tangent vectors in T, X is in 1-1-correspondence to
k-linear derivations A — k, where k is an A-module through the map © : A — k.
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ProOOF. We have to understand k-linear maps
A — k[e] /€

over k, where the map A — k is given by x, such a map is given by a pair of k-linear
maps A — k and A — ke where the first is determined by z. Thus the latter is of
the form

a—d(a) €.
Thus we see that the tangent space is 1 — 1 to k-linear maps ¢ : A — k with the
property that the induced map

h:A— kle/e a— z(a)+6(a)e
is a ring homomorphism. But we see that
h(ab) = x(ab) + d(ab)e = x(a)z(b) + d(ab)
and
h(a)h(b) = (z(a) + d(a)e) - (z(b) + 0(b)e) = z(a)z(b) + (z(a)b+ z(b)a)e
which shows that § has to be a derivation and finishes the proof. O

Note that the set of k-linear derivations Dery(A, M) is an A-module by pointwise
addition and scalar multiplication, so that we see that the tangent space T,X is
indeed an A-module in a canonical way (and thus in particular also a k-module).

PROPOSITION 4.5. For any k-algebra A there is an initial k-linear derivation
d:A—Qy,

This is for any other derivation d' : A — M there is a unique k-linear morphism
f: Q,l4/k — M such that fd=d' .
The module 9}4 Ik is called the module of Kahler differentials.

PRrROOF. We define 9}4 /i B the A-module freely generated by symbols da for
a € A subject to the relations

d(ab) = ad(b) + bd(a) d(k) =0 d(a+b)=da+db .

Then the map
A— QY Ih

is a k-linear derivation and it is clear that Qh Ik is initial. g
COROLLARY 4.6. We have an isomophism of k-modules
T,X = Der(A, k) = Homa (2} ., k) = Homp () ) ®ko b k) = (4 5 Qka k)
ExAMPLE 4.7. We have Q}C k= 0 since k-linear derivations k — M are identitically
Zero.
EXAMPLE 4.8. For A = k[t] we have that
g, = k[t - dt

is a free module on a single generator (called dt), which is seen by verifying the
universal property: a k-linear derivation

d:k[t] > M
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is uniquely determined by §(t) since we necessarily have

5O aith) = it (1) .

In other words: the map Dery(A, M) — M is a bijection. This show that the
derivation d : k[t] — k[t] - dt which sends p to p’ - dt induces an bijection

Homk[t](k:[t] -dt, M) — Dery(k[t], M) f— fod.

as both are canonically isomorphic to M through evaluation at dt respectively t.
Alternatively one could also use the generators and relations description

Ol k[t] - {dp | p € k[t]}
MUk ™ d(pq) = pdg + qdp,d\ = 0,d(p + q) = dp + dg

to see that this is indeed generated by dt without any relations.

We have that
Dty = FlEL o tal{dtr, o din}

The proof is similar to the previous one, derivations klti, ..., t,] are determined by
their values on ty,...,t, without any relation between them. Alternatively since
Qllc[tl,u.,tn]/k = k[t1, .., .tu){dt1, ..., dt, } = ®k[t1, .., .t,]{dt;} this also follows from the
next lemma:

LEMMA 4.9. For general k-algebras A and B we have a canonical isomorphism

PROOF. We analyse k-linear derivations 6 : A ® B — M. Here M is a A ®;, B-
module, which means and A and a B-module with commuting module structures
both leading to the same k-module structures. Clearly ¢ is determined by

S1=06(-®1):A— M

and
do=01®—-):B—>M

and since A — A®y, B is a ringhomomorphism we get that ; and by symmetry also
09 are k-linear derivations. Moreover these clearly determine § since

da®b)=0((a®1)- (1®b)) =0d1(a)b+ adz(b).
For any pair of k-linear derivations 6; : A — M and d2 : B — M we find that
0: Ay B—> M

defined by
5(& ® b) = 51(&)[) + a52(b)
and linear extension is a derivation since
5((a®b)(a'®b)) = §1(aa’ )bb' +aa’do(bb') = 61 (a)a’bb’ +adi (a")bb' +aa’ 62 (b)b' +aa’bds (V) .

which equals
§(a®b)a’t’ + abd(a’ @) .
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Together this shows that § — (01, d2) determines an isomorphism
Dery(A ®y B, M) = Derg(A, M) x Dery(B, M)
= HomA(Q}LVk,M) X HomB(QlB/k,M)
= Homag, 5( ), @ B, M) x Homag, p(A @ U, M)
= Homag,5(Qy ), @k B ® A ®k Q)
which by naturality in M finishes the proof. O

LEMMA 4.10. We have
1 1
Qagen/B = Qayr @ B
PROOF. Follows from universal properties, similar to the last proof. O

PROPOSITION 4.11. Assume we have maps k — A — B of rings.

(1) The sequence

QU ©4 B = Qp = Qp g =0
mnduced by the ‘canonical’ maps of B-modules sending dx to dx is exact.
(2) If A — B is surjective with kernel I then we have an exact sequence
I/ L 04 @A B — QL =0
PROOF. 1) The surjectivity of the map Q}B/k — Q%/A is clear since both are

generated as B-modules by symbols of the form db. Moreover from the generators
and relations descriptions we also see that

1
0l _ QB/k:
B/A™ Blda | a € A}

which also shows exactness in the middle.

2)
For the next claim note that because B = A/I as A-modules we have
Qi
0l 0a B = T
/ 19,
and .
Qa/k

1 _
(f1ses fn) [ Qg = Ad(i) [i e I} +19Y ,

From this we get the desired result, since the kernel of the map is generated as an
A-module by d(7). TODO: some details missing O

EXAMPLE 4.12. Consider B = k[t]/f for some polynomial f € k[t]. With A = k[t]
we find that

Qs = (k[H)/f - dt)/ f'dt = (K1) (£, ') = B/ f' - dt.
The conormal sequence takes the form
(f)/(f2) % Bdt — B/f'dt — 0 .

For f = 22 we see that the first map is not injective, as for example [23] lies in the
kernel. More generally for B = k[ti,...,t,]/ f1, ..., fr we find that

Q}S/k = B{dty, ..., dt,}/df1, ..., df
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as B-modules.

EXAMPLE 4.13. Let k be a field and consider the spectrum X = Spec(k[x,y]/xy) =
Spec(A), i.e. the coordinate axis. We want to calculate the tangent space Ty g for
k-valued points «, 5. We find that

Qh/k = A{dz,dy}/(xdy + ydz) .

If « € £ and 5 = 0 then

1 \Y
Ta’o = (QA/]C ®Av¢a,ﬁ k)

= (k{dx, dy}/ady)”
0

= ({ay))" = k- 5

where 0/0y is the derivation A — k that takes the partial derivative by y and then
evaluates at (a,0). Similarly we find for (0, 3) with g € £* that

)
Tpoy=k-5 -

Finally for the point (0,0) we have that

o 0
Tio,0) = (k{dz,dy})" =k {E)x’ 8y}

so that this tangent space is 2-dimensional (and agrees with the tangent space of
the ambient plane).

Now we want to generalize the relation between derivations and tangent vectors to
arbitrary first order thickenings. Thus assume that we are given a diagram of affine
schemes

Spec(B/I) =Ty —— X = Spec(A)

| |

Spec(B) =T —— Spec(k)
or equivalently a diagram of rings

B/IﬁA
[
B+—k

We assume that 2 = 0. In particular I is naturally a B/I-module, since the
canonical B-module structure factors over B/I. Thus through the map A — B/I
we can given I the structure of an A-module.

PROPOSITION 4.14. The set of lifts in the above diagram A — B forms a torsor over
the group of k-linear derivations § : A — I. Concretely for a lift f : A — B and a
k-linear derivation § : A — I we get a new lift as f +6: A — B.
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PRrROOF. Clearly for f + § the diagram also commutes. Moreover it is a ringho-
momophism since

(f+9d)(ab) = f(ab) + d(ad)

f(0) +6(a)F(b) + F(a)d(b)

f(b) +0(a) f(b) + f(a)d(b)

fla) +6(a))(f(b) +6(b) = (f +6)(a)(f +)(b) .

Conversely we claim that for any pair of lifts f, f* the difference f — f' : A —
I is a derivation (note that it lands in I by the fact that both lift f). This is
straightforward:

+
+

(f = f))(ab) = f(ab) — f'(ab)
= f(a)f(b) = f'(a) (D)
= (f = @) f(0) + f(a)(f = f) ()
= (f = [)(@)f(b) + Fa)(f = f)(D) -

g

COROLLARY 4.15. A morphism Spec(A) — Spec(k) is formally unramified if and
only if Qh/k =0.

Proor. If Qi‘/k = 0 then there are no non-trivial derivations A — I to any
A-module I, in particular any pair of lifts as above have to agree. If conversely f
is formally unramified then we consider for any A-module M the ring B=A® eM
with ‘square-zero’-multiplication, i.e.

(a+em)(a +em') = ad’ +am' +mad .
This contains M as an ideal and we consider the square

Ac— A

I |

A+eM «— &k

There clearly exist lifts in this square (e.g. the inclusion A — A @ eM) and any
other lift differs by a k-linear derivation § : A — M. We conclude that there are no
such derivations and thus that Qh k= 0. U

Note that the last proof also shows that derivations § : A — M are the same as
k-linear sections of the map A + eM — M which sends em to 0.

PROPOSITION 4.16. Assume Spec(A) — Spec(k) is formally smooth. Then Qh/lz 18
projective as an A-module.
If f is smooth then Qil/k; 1s finitely generated projective, i.e. a vector bundle.

PROOF. Assume we are given any surjection of A-modules M — Q Ak e need
to produce a section s : L Ak ™ M or equivalently a k-linear derivation é : A — M
such that the composition A - M — 9114 Ik is given by d. Equivalently we try to find
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a k-linear section of A + eM — A such that the induced section of A + 69}4 i A
is given by id + ed. This can equivalently be described as a lifting problem

A"%GQLM31¢Hd A

T |

A+eM <—— k

Now the map A+ eM — A+ EQL/k is surjective and the kernel squares to zero.
Thus such a lift exists.
For the last claim we simply observe that if A = k[t1, ..., t,]/I then Q1 /i 18 & quotient

of A{dty,...,dt,} which shows that it is finitely generated. O

PROPOSITION 4.17. For morphisms k — A — B with A — B formally smooth the
sequence

of Proposition is split short ez:actﬂ

Proo¥r. Using Proposition it is enough to produce a retract of the map
Q,l4/k; ®a B — Q}B/k' Using that the source is induced and the property of Kéhler

differentials this translates into a a k-linear derivation r : B — (2114 Ik ® 4 B such that
the composition

A= B 5 QY ®aB

is d ® 1. Equivalently we search a section of B + G(Qi‘/k ®4 B) — B such that
the induced map A — B + E(QL/k ®4 B) is the map a — f(a) + €(d(a) ® 1). This
translates into the lifting problem

<—
Bjte(fzi‘/,c ®aB) +— A
Note that any section is automatically k-linear so that we find a lift and finish the
proof. O

PRrROPOSITION 4.18. For morphisms k — A — B with A — B surjective with kernel
I and k — B formally smooth the sequence I

0= I/1* % QY @4 B — 0k, —0.
of Proposition [{.11] is split short exact.

PROOF. We want to construct a B-linear retraction of the first map. Unwinding
what that means we have to find a derivation

§:A—I/T?

2Note that the target is projective, so being split short exact follows immediately from being
short exact. The point here is that the first map is injective
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such that the composition I — A — I/I? is the canonical map. We now use the
square

AJT+— AT A

e
T P T /
A2 — k
and find a lift as indicated since k — A/I = B is formally smooth. Now we have

two lifts in the outer diagram, since the projection A — A/I? is also a lift. The
dfifference gives the desired derivation as the kernel of A/I? — A/I is I/I/I?. [

We now want to define for every scheme X over some base S a quasi-coherent sheaf
Qﬁ( /s which on affines is given by the module of Kahler differentials. Then we will
translate the local statements that we had into global ones.

PROPOSITION 4.19. The construction A — Qh/k, commutes with localizations, that
18

Qap-11n = Qaj @a ADY]
and if A is k[c™!]-algebra then

1 ~ Ol
Qaske1) = Qag
In particular we obtain for every scheme X over a scheme S a quasi-coherent sheaf
Qk/s on X such that the value on affine opens Spec(A) C X is given by the Kdhler-

differentials of A.

PROOF. Let M be a module over A[b~!] which we can equivalently think of an
A-module on which b acts inertibly. We claim that the restriction along A — A[b™!]
induces an iso

Dery(A[b™1], M) — Dery(A, M) .

which shows the claim since the two sides are corepresented by the objects in ques-
tion. To see this note that for a derivation § : A[b~!] — M we necessarily have

0=256(1)=0(bb~Y) =d(b)b~ +b-6(b71)
thus
(b7 = —b725(b)
and therefore
§(ab™) = 6(a)b™™ — nab " "1(b) .
Thus the derivation is completely determined on A and for a derivation on A the

formula defines a derivation on A[b~1]. O

Now from the statements of this section we immediately obtain the following non-
affine versions:
ProproOSITION 4.20. Let f: X =Y and g: Y — S be morphisms of schemes.

(1) There exists a canonical derivation d : Ox — Q}X/S which restricts to the

universal derivation in the affine situation. E|

3Here such a map is called derivation if for all U C X the induced map Ox (U) — Q%{/s(U) is

a derivation.
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(2) The sheaf Qﬁ(/s commutes with base change with respect to S, that is if we
have a map S" — S and set X' :== X xg S" with g : X' — X then

Q%{’/S’ = g*Qﬁ(/S .
(3) The sequence,
[ Qys) = Uxss = Qxy = 0

is exact. Here the first map sends da for a € Oy to dft(a). If f is formally
smooth, then the sequence above is exact on the left (more precisely, the
first map is split injective).

(4) If f is a closed immersion with corresponding ideal sheaf L then the sequence

* d *
FHD) = [ (Qys) = Qyys = 0

is exact. If gf is formally smooth, then our sequence is exact on the left
and locally split.
(5) If f is smooth then Qﬁ(/y is a vector bundle.

(6) f is formally unramifired if and only if Qk/y =0.
(7) If f is formally étale then f*(Q%//S) — Q%(/S is an isomorphism.

PROOF. The key is to note that all the maps can be constructed locally as long as
they are compatible with restriction. After constructing the maps, all the statements
can be checked locally in which case they reduce to Lemma Propositions |4.11
4.16} [4.17] |4.18] and Corollary For (6) we also use Lemma and for (5)
that if a map is smooth then it is locally smooth, which is clear by definition. The
converse is also true and will be proved in the next section, but not needed here.
The last part (7) follows by combining (3) and (6). O

5. Formal smootheness is a local property

Our goal in this section is to prove an analogue of Lemmal[3.10]for smooth morphisms.
That is the following result:

THEOREM b5.1. Assume that we have a morphism f : X — S and open covers
U; C X and V; € S with f(U;) CV;. Then f is (formally) smooth if and only if
each restriction f; : U; — V; are (formally) smooth.

We will mostly be intersted in the case where V; = 5. ¢

EXAMPLE 5.2. The scheme P} is smooth over Spec(k) since there is an open cover
of P} given by opens isomorphic to A} and we already know that A} — Spec(k) is
smooth.

So the reason that P} is smooth is that it locally looks like Af!. More generally we
see that a scheme X — S is smooth if it is locally isomorphic to an open subset of
A%. However it turns out that the converse does not quite hold for general smooth
schemes, i.e. not every smooth scheme has this property. But it does hold up to
passing to étale covers of open subsets of Aj!. More precisely we have the following
local form of smooth schemes:
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COROLLARY 5.3 (Uniformising Parameters). Given a map of schemes f : X — S.
Then f is smooth if and only if for each x € X there is an open neighbourhood
x € U C X and sections x1,...,xn, € I'(U,Oy) such that the map

(X1, ey p) : U — AG
is an étale map and that Qﬁ(/shj =@, Olydx;.
PRrROOF. One direction is easy: since étale maps are smooth and A% is smooth
we find that every scheme that has the prescribed property is smooth.
Assume conversely that f : X — S is smooth. We know that Q& /s is a vector
bundle We also know that Q& /S|U for U C X is generated by terms of the

form dg for g € Oy (e.g. take U to be affine). We claim that, after possibly further
shrining U we can in fact find a basis of Qﬁf / sl by elements of the form dxy, ..., day,.

This is a general claim: given a vector bundle V over a scheme S with a set of
generators G C V(S) as an Og-module. Then locally around each point we can find

an isomorphism
Viv=@ou .
geG
This intermediate claim is an exercise (use Nakayama). Now we choose elments
Z1, ..., &y € O(U) such that

Qs = Uxyslv = P ol - dz;
=1

and consider the resulting commutative triangle

g=(z1,...,Tn

U LAz

—_
x /
S

Clearly g is locally of finite presentation, since f ist. The induced map
9" (Qupss) = Qs
is an isomophism by construction. We get immediately from Proposition m (3)

and (6) that g is formally unramified. Thus it remains to show that ¢ is formally
smooth, which follows from the next assertion. O

PROPOSITION 5.4. Assume we have a morphism g : X — Y of schemes over S where
X — S is formally smooth then g is formally smooth if and only if the canonical
map
* )1 1
9 Qyg = Qx/g
1s locally split injective.
PROOF. One direction is immediate from Proposition [£.20] (3). For the other
assertion assume that
1 1
9 Qys = Qy/g
is locally split injective. Slnce formal smootheness can be checked locally we may
assume S = Spec(k), Y = Spec(A4) and X = Spec(B), so that we have a map
g : A — B of k-algebras and we may assume that the map

Q,14/k ®a B — QlB/k
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admits a retraction r. We need to solve the lifting problem

R/I+—B

Ik

We can solve this problem if we replace A by k by the assumption that X — S is
smooth. Thus we find a morphism u : B — R such that the upper triangle commutes
but the lower triangle does not necessarily commute, but the diagram

R/I+—B
11
R——k

commutes. We would like to modify u to another section u' = u + ¢ of the lower
diagram, so that the upper diagram also commutes, i.e. u'g = ug. Thus the desired
0 has to be a k-linear derivation § : B — I such that we have the equality

(15) dog=(u —u)g=uo— ug.

Note that the right hand side is a derivation A — I where [ is an A-module through
ug : A — I. We denote this derivation as dg : A — I so that we are looking for a
derivation 6 : B — I which restricts to g : A — 1.

Our 6 can be considered as a map

QL P
and translates into the requirement that the composite
1 1
Q4 ke Qp e 1
is the map associated with dg. Since I is a B-module the latter is equivalent to the
requirement that the composite
V), ®aB— Q=1
is the map induced by dy. Now the latter map has a retraction r, so that we can
find such a derivation by composition with the retraction:
which finishes the proof. O
Now we would like to prove Theorem Note first that being of locally finite type
is a local property, thus it suffices to prove the result for formally smooth morphisms
(even though we will see that it is easier for smooth morphisms). In the course of
the proof we will employ the theory of torsors and H' that we had introduced last

term (cf Section [9).
In order to show that X — S is formally smooth we have to solve a lifting problem

T()LX

[l

EEC N o
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We fix this lifing problem and in particular the maps ug and w for the rest of the
proof. By assumption we can solve this lifting problem if we replace T' be open
affine subsets U C T which under the map |Tp| — |X| are mapped to some open
U;. Then we get an induced lifting problem

Uy y U X
[
U Vi > S

which we can solve by the assumption that U; — V; is formally smooth. In other
words: if we consider the sheaf L € Shv(|Tp|, Set) defined by

Up — X
U C T { lifts in l l
U——5
then this locally admits sections. Our task is to show that it admits a global section.
PRrROPOSITION 5.5. The sheaf L is a torsor over the sheaf of groups
G = Homo, ((u0)"Qy/s.Z) -

Here T is the ideal defining Ty in T which can be considered as a quasi-coherent
sheaf on Ty by the fact that we are an affine first order thickening. The inner hom
HomOTO (F,G) is the sheaf whose U-sections are given by

Home,, (F,9)(U) = Homo, v (Flv, Glv) -

PRrROOF. This is the global version of Proposition [£.14] in combination with the
universal property of Kéahler differentials. We will spell out the argument a bit more:
We first analyse what maps

0 : (uo)* iy slv = Zlu
are for U C Tj. Let us denote the inclusion U — Ty by i. Then we have that
(u0)* Qi sl = i ug Qg
Thus a map ¢ is by adjunction equivalently given by a Ox-linear map
Qﬁ(/s — (u0)+i:Z
Now we claim that such morphisms are the same as derivations
Ox/s — (u0)+1sT .

To verify this claim we note that derivations as well as maps Qﬁ( /s — (up)«i+Z are

global sections of sheaves, there is a natural map connecting them (induced by the
universal derivation) and that this map is locally an isomorphism.

On the other hand let us say what lifts in the upper [ € L(U) are. First the
underlying map of topological spaces |l| is uniquely determined since Ty — T is a
homeomorphism. Thus we only need to understand the map

lﬂ : OX — Z*OT’U = (uo)*i*OT
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where the last equality only makes sense after identitying the underlying topological
spaces of Ty and T'.

Having given this translation it is clear that we can act with a derivation § on a lift [
by addition (all the well-definedness, commutativity of squares etc. can be checked
locally where it reduces to the claims made in Proposition . Finally also the
assertion about this being a torsor can be reduced to the local case: if upi(U) is
contained in some affine open Spec(A) C X then everything literally reduces to the
local situation. O

In order to finish the proof of Theorem we need to show that the G-torsor L
is trivial, equivalently admits a global section. We will do this by showing that all
torsors over the specific sheaf of groups G are trivial, that is

HY(T,G) =0
For this we need the following result:

PROPOSITION 5.6. Given an affine scheme Z, M a quasi-coherent sheaf correspond-
ing to a projective module and N a quasi-coherent sheaf. Then

H(Z, Homy, (M, N)) =0
Proor. We write M as a retract of @; Oz and thus find that Hom, (M, N)

is a retract of
HHomoz(Oz,N) = HN
I

T
so that H'(Z, Homy (M, N)) is a retract of

H! (Z,HN) .
I
and it suffices to show that the latter vanishes. Now we claim that the canonical

o H1<Z,H/\/> S [E 2N
I I

is injective. To see this we note that H'! (Z, LN ) is given by isomorphism classes

of torsors over [[; V. We claim that such a torsor is the same as a family of torsors
P; over N for each i such that for every point z € Z there exists a neighboorhoood
in which all the torsors admit sections. To see this we simply note that every [[; N/
torsor leads to such a family by“base-change” and that conversly taking infinite
products defines an inverse map. O

Proor OF THEOREM [B.1l Assume that U; — V; is smooth for some cover.
Then we have that Q%]Z Vi is locally projective in the sense that is is locally pro-

jective on affines. But
1 1 1
QUZ-/Vi = QUZ-/S = QX/S|U1"
We conclude that (ug)*Q / sl is projective for U C T small enough. In particular

we can find an affine open cover of Ty so that the restriction is projective. Now
if the maps U; — V; were smooth we would now that (uo)*Qﬁ( /S‘U is also finitely

generated, i.e. a vector bundle, so that it corresponds to a projective module over
['(Tp). Without the finiteness assumption we need to use the highly non-trivial
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result of Raynaud and Gruson the projectivity of an R-module can be checked
Zariski-locally. Then the discussion above finishes the proof. O

6. Criteria for smootheness

PROPOSITION 6.1. Assume we have a closed immersion i : Z — X of schemes over
S where X — S is formally smooth, then Z — S is formally smooth if and only if
the canonical map

T 0k g
1s locally split injective.

PROOF. One direction is immediate from Proposition [4.20] (4). For the converse
we assume that the map is locally split injective. Using Theorem we can reduced
to the affine situatution, i.e. X = Spec(A), Z = Spec(A/I) and S = Spec(k). The

splitting translates into the condition that I/I? LN QY Ik ©4 A/I is split injective.
We need to solve a lifting problem of the form

B)J+—— A/I

B+—k

with J2 = 0. We can find a lift u : A — B starting at A by smootheness:

B/J+2— A
=
B+—k

We need to modify u to a different splitting v’ = u— ¢ for some derivation § : A — J
such that u' vanishes on I, i.e. that §|; = u|;. Note that u|; lands automatically in
J and vanishes in I2.

To find a derivation 0 is equivalent to finding a A/I-linear map

Q@4 AT = J

which has the property that the composite I/1? — Q,l4/k; ®a A/I — J is given by .
u. But this can be achieved using the retract. O

Consider a closed subscheme

A AD
\ /
Spec(k)

for k£ a ground ring such that Z — A} is locally of finite presentation. If we write
Z =V(I) for I C k[Xy,..., X,,] then this implies that I is a finitely generated ideal.
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Set B = k[X1,...,X»n]/I. According to the last statement smoothness of Z over
Spec(k) means that the B-linear map

d
rs Q;lg[xh,,Xn}/k’ Ok[X1,.... X B = B{dr1, ..., dzn}

is locally (in B) split injective. We want to make this more explicit now.

Let z € Z be a point and we want to investigate what it means that this is true
around z. We consider the vector space V := I/I?> ®p /<;(:E)E| We choose a set of
elements f1, ..., fr € I such that the images form a basis of V' (this is possible since I
is finitely generated). Then by Nakayama we have that in some open neighborhood
U C A} of z the elements

flv 7fk

form a generating set of the ideal I. Geometrically this means that we have
ZNU =V(f1,...fr)yNU .

Now in order to verify that the map
d:I1/I* = B{dxy,...,dz,}

is split injective we consider the B-linear composition
B{f1, o fi} = I/1* % B{day, ..., dx,}
which is given by the Jacobi matrix
J = (0fi/0xj)i; € M(n x k,B).

In the neighborhood U the first map B{f1, ..., f} — I/I? is surjective and after base-
change to k(z) an isomorphism. Thus if the second map is locally split injective,
then the base-change of the Jacobi matrix to x(z)

Je=J @p k(x) € M(n X k,k(z))
is injective. Assume conversely that 7, is injective, then the next lemma implies
that the map B{f1,..., fx} — I/I? 4 B{dzy,...,dx,} is also split injective in a
neighborhood of z. If the niegborhood is small enough so that the first map is
surjective, this then proves that also I /12 LN B{dx,...,dx,} is split injective in this
neighborhood (this follows from a little diagram chase).

LEMMA 6.2. Let A be a ring and M : A¥ — A™ be an A-linear map. If M ® 4 k(x)
is injective for some x € Spec(A), then M is split injective in a neigborhood of x,
i.e there exists an f ¢ x such that M[f~1] is split injective.

PROOF. After reordering we may assume that

_ (M
=)
with M; a k x k-matrix which is invertible after base-change to k(x). Equivalently
the determinant f := det(M;) € A does not map to zero in k(z), i.e. is not contained
in . But then M is also invertible over A[f~!] and we get a retract of M|[f~!] by
the matrix

(Mt 0)

4Note that () is the same for Z and X and thus umambiguous
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Altogether we have proven:

THEOREM 6.3. A closed subscheme Z C A} of is smooth precisely if it is locally of
finite presentation and if around every point x € Z there exist fi, ..., fx € k[x1, ..., xy]
with Z = V(f1, ..., fx) around x and the Jacobi matriz J, € M(n X k,k(z)) (which
depends on the f]s) has rank k. Equivalently the vectors

Ofi/ 0z

Ofi/0xy
fori=1,...,k are linearly independent in k(z)".

Note that any scheme which is locally of finite presentation is locally a closed sub-
scheme of A”.

REMARK 6.4. Also note that it is the number of equations in the previous theorem
that matters. For example one can always add a redundand version of one f; and
then the injectivity fails. In fact, one can define the tangential codimension of Z in
X at the point x as the number

dy =n—dimT, 7.
which is the dimension of the kernel of the map zfcﬂ}&z e M9} /i Where iy

Spec(k(z)) — X. We know there is a surjection from I/I? ®j, x(x) onto this kernel
and so the injectitity is equivalent to the question whether around x the subscheme
Z can be described by d -equations. One a priori knows by the previous discussion
that one needs at least d but it’s not clear that one needs exactly d. We will soon
translate this observation in a statement about Krull-dimensions.

THEOREM 6.5. Let f : X — S be a map of locally finite presentation. Then the
following are equivalent:

(1) f is smooth.

(2) f is flat and has smooth fibres, that is for any point s € S with corresponding
map Spec(k(s)) — S we have that X xg Spec(k(s)) — Spec(k) is smooth.

(3) f is flat and has smooth geometric fibres, that is for map Spec(k) — S
with k an algebraically closed field we have that X xg Spec(k) — Spec(k)
15 smooth.

PROOF. Proof omitted. The idea for (1) = (2) is to use the standard description
of smooth schemes by the Jacobi criterion (so called standard smooth) and show
flatness for such concrete quotients of polynomial rings by hand (which is still quite
some work). The fact that the fibres are smooth is clear since it is the pullback of
smooth maps.

For (2) = (1) one uses the tangential criterion Proposition for smootheness
again (after locally embedding in some A}'). Then by flateness this can be reduced
to residue fields using Lemma [6.2] and thus we get the statement we need.

(2) = (3) is clear and for (3) = (2) one uses descent. O

7. Smooth maps are open

We now want to draw some conclusions from that, specifically that smooth maps
are open. This requires some work.
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DEFINITION 7.1. We say that a map R — S of rings satisfies going down if for an
inclusion of prime ideals p C p’ in R and a prime ideal ' C S lying over p’ there
exists a prime ideal q C q' lying over p.
Geomerically this means that the map Spec(S) — Spec(R) has the property that
if we have two points z, 2" € Spec(R) with x ~ 2’ (i.e. 2 is a specialization of x
meaning that 2’ lies in the closure of z) and a preimage y’ of 2’ we find a preimage
y of x such that y ~ y'.
Yet another reformulation is that for any pair of prime ideals p’ C R and ¢’ C S
lying over p’ we have that the induced map

Spec(Sy) — Spec(Ry)
is surjective.
ExamMpPLE 7.2. Let R — S be flat. Then it satisfies going down. To see this note
that the induced map

Spec(Sy) — Spec(Ry)
is flat as well. But flat maps between local rings are automatically faithfully flat
(exercise), hence surjective on prime spectra.

LEMMA 7.3. Assume the map f : Spec(S) — Spec(R) is open. Then R — S satisfies
going down.

PROOF. Assume that p C p’ in R and ¢’ C S lies over p’. For every s € S with
s ¢ q' we see that p is in the image of D(s) C Spec(S) by openness of f. Thus

Sls™ @ru(p) #0,
The stalk Sy is the filtered colimit of the S[s~!] and thus we see that that
Sy @r K(p) #0 .
Thus p is the image of the Spec(Sy) — Spec(R) as desired. O

The next goal is to prove a converse, namely that maps which satisfy going down
and are of finite presentation are open.

LEMMA 7.4. Compositions of maps which satisfy going down also satisfy going down.
ProoF. Clear by definition. O

DEFINITION 7.5. A subset E C X of a topological space X is called retrocompact if
the inclusion map E — X is quasi-compact. In other words: for every quasi-compact
open U C X the intersection U N E is quasi-compact.

EXAMPLE 7.6. Finite unions of retrocompact subsets are retrocompact. This follows
by the usual rule

UN(ViU..UV,)=UNWV)UUNVK)U..UUNV,)

and the fact that finite unions quasi-compacts are quasi-compact.
Similarly finite intersections of retrocompact opens are also retrocompact. To see
this let U be quasi-compact and V; be retrocompact. Then note that

UnVin.nVy)=(Unwv)nV)n..NnV,

and the first intersection is quasi-compact since V7 is retrocompact. Then the second
intersection is quasi-compact since V5 is retrocompact etc.
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EXAMPLE 7.7. Assume that X = Spec(R). Then we claim that an open subset
V C X is retrocompact iff it is quasi-compact. To see this first note that if V' is
retrocompact then since Spec(R) is quasi-compact we see that V' =V N Spec(R) is
quasi-compact. Conversely every quasi-compact open is the finite union of D(f) =
Spec(R[1/f]) and so the claim reduces to showing that D(f) — X is quasi-compact,
which is true since both are affine (see Example .

DEFINITION 7.8. A subset E C X of a topological space is called constructible if it
can be written as a finite union of subsets of the form

unve
for U,V C X retrocompact opens.

PROPOSITION 7.9. The set of constructible subsets of X is the smallest class of
subsets that contains the retrocompact opens and is closed under finite unions, in-
tersections and complements (i.e. the Boolean algebra generated by the retrocompact
opens).

PRrROOF. Closure of constructible sets under finite unions is clear. The emptyset
and X are clearly constructible since they are retrocompact. Let

n n

E=Junve  E=JUnW)
i=1 i=1

be constructible, then the intersection is

EnE = ]JUunvenuinV) = Jw:nU)nViuyy)e
i, (23]
and U; N U] as well as V; N V¢ are retrocompact. The case of complements works
similar. The fact that the construcibles are the minimal such set is clear. O

THEOREM 7.10. (Chevalley) Suppose that R — S is of finite presentation. Then the
image of a constructible subset of Spec(S) — Spec(R) is constructible, in particular
the image is constructible. More generally a map f : X — Y of schemes preserves
constructible subsets if it is of finite presentation (i.e. quasi-compact and locally of
finite presentation).

ExaMpPLE 7.11. In particular the image of a scheme might not be a scheme. For
example the morphism
fiAL — AL
informally given by (z,y) — (x,zy) and precisely given by the ring map C[s,t| —
C[s,t] with s+ s and ¢ + st. This has image given by the union
{z#0}U{z =y =0}

or more precisely the union of the open set D(s) and the point at the origin. To
see this we note that the map f takes D(s) homeomorphically to D(s) (and the

preimage of D(s) is D(s)) and is constant on the complement V(s) C A2. This is
not a subscheme but constructible.

Our goal is to prove Chevalley’s theorem. For this we will need some auxiliary
statements. For the next few lemmas we will R be an arbitrary ring.

LEMMA 7.12. Let I C R be a finitely generated ideal. Then the map i : Spec(R/I) —
Spec(R) sends constructible sets to constructible sets.
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ProOF. If I = (fi,..., fn) then the image V' (I) is the complement of the union
of the D(f;)’s, hence constructible. We now need to show that ¢ sends U N V¢ for
U,V C Spec(R/I) retrocompact open to a constructible subset of Spec(R). Since
i is injective it also preserves intersections, thus we can reduce to showing it for U
and V¢ and since the image is constructible even to the case of a retrocompact open
U (the image of V¢ is the intersection of (V)¢ N Im(7).

But retrocompact opens are quasi-compact, hence finite unions of principal opens
D(r;) with r; € R/I. Thus we can reduce to the case D(r;). For any lift 7, of r; we
find that

i(D(r;)) = D(r) Nim(i)
which is constructible. O

LEMMA 7.13. Inclusions of principal opens Spec(R[x~!]) — Spec(R) send con-
structible sets to constructible sets.

PrROOF. We argue as before that the intersection in the small set agrees with
the intersection in the bigger one. Moreover the image is constructible. Therefore
it suffices to show that retrocompact opens are send to constructible ones, which is
clear since these are precisely the quasi-compact ones. O

LEMMA 7.14. For the inclusion R — R[x] the induced map f : Ak — Spec(R) is
open and the image of quasi-compact opens is quasi-compact open.

PRrROOF. It suffices to show that the image of D(p) C A}, is quasi-compact open
for some polynomial
p:aoxd+...+ad .
We claim that this image is given by D(ag) U D(a1) U ... U D(ayq), i.e. those prime
ideals in R which do not contain any of the coefficients of f.
To see this we first claim that

Im(f) - D(a[)) U D(al) U...u D(ad)

That is if p C R[z| is a prime ideal that does not contain p then the intersection
p N R is an ideal which does not contain all the ay’s. This follows since if all the
ar’s were in this intersection then p would contain all the a;’s and thus also p in
contradiction to the assumption.

To see that D(ag) U D(a1) U ... U D(aq) C Im(f) we assume that we have an ideal
p C R that does not contain one of the ay’s. Then we form the ideal

p’ = plz] C Rlz]

of all polynomials with coefficients in p. This is a prime ideal since the quotient is
R/p|x] is integral. Moreover we have that p’ N R = p. Finally we note that p’ does
not contain p since p does not contain all the coefficients. O

LEMMA 7.15. For the inclusion R — R[z] the induced map f : A}, — Spec(R) sends
constructible sets to constructible sets.

PROOF. Decomposing by finite unions we can immediately reduce to showing
that the constructible set

T=D(p)NV(g1,..-s gn)
for p, g1, ..., gn € R[z] is send to a constructible set in Spec(R).
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Note that for some ¢ € R we can decompose Spec(R) = V(¢) U D(c) = Spec(R/c) L
Spec(R[c!]) and similarly

Spec(R|x]) = Spec(R/c[z]) U Spec(R[z[z]) .

The image of T in both sets has the same shape with p, g; replace by their image in
R/c[z] and R[x~1][z]. Moreover to check that a subset of Spec(R) is constructible we
can check if its intersection with Spec(R/c[z]) and Spec(R[x~1][z]) is constructible

(by Lemmas and [7.13]).

We assume that
deg(g1) < ... < deg(gn)

and want to show that f(7') is constructible. We proceed by induction over the
number n and the degree’s of the g;’s. Let

g1 = cx? -+ ad,lwdfl + ...

Then using the above observation we can reduce to the case where either c is zero
and thus g; has lower degree or c is invertible. If ¢ is invertible and n > 1 then we
can replace go by

gh=go — )\/deeg(gz)fdeg(gl)gl
with V(g1,...,9n) = V (91, G5, ..., gn) and ¢ has strictly lower degree. The base case
of the induction is the case where

T = D(p) UV (g)

where g has invertible leading coefficient or 7' = D(p) the second case is covered by
Lemma [7.14) and the first one by the next lemma. O

LEMMA 7.16. Let T = D(p) UV (g) C Spec(R[x]) for polynomials p and g where g
has an invertible leading coefficient. Then the map f : Spec(R[z]) — Spec(R) sends
T to a set of the form Ul D(r;).

PRrROOF. This is Lemma 10.29.9. in the stacks project, see there for more details.
Consider the R-module M := R[z]/g which is finite free with basis 1, z, ..., 2"~ ! with
n = deg(g) since the leading coefficient is a unit. Now consider the R-linear map
F: M — M given by multiplication with f and let

x(t) = det(idt — F) =" +rt"  + ...+ 1,
be its characteristic polynomial. Then the coefficients r; do the job which follows
from the following observations:
(1) Let R — S be a map of rings. Then p € Spec(R) is in the image of the
map Spec(S) — Spec(R) iff the ring
S ®r k(p)

is non-trivial. To see this simply consider the pullback corresponding to
this tensor product.
(2) The constructible set T is the spectrum of the ring

(Rlz]/9)[f ]

so that the question whether p lies in the image is equivalent to the question
if

(Rz]/9)[f "] @R K(p) #0 .
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(3) We have that
(Rlz]/9)[f 1 @R w(p) = (k(p)[2]/9)[f "]

so the question becomes whether or not f acts nilpotently on M ®p k(p).
(4) An endomorphism of a finite dimensional vector space is nilpotent iff its
characteristic polynomial is of the form ¢".
(5) We have that the characteristic polynomial of F' ®pr k(p) is the image of
the xr(t) under the map

R[t] = x(p)[t]
This is naturality of the determinant.
Taking everything together we see that p is not in the image iff the image of x4 (¢)
in k(p)[t] is t", which is equivalent to the assertion that all coeffiicents are zero, i.e.

pE V(Tl, ey Tn).
O

PrOOF OF THEOREM [(.101 We consider S = Rx1, ..., xs)/(f1, ., f). Then we
can write the map as the composition

R — R[:cl] — R[$1,$2] — . R[xl, ...,.CL‘n] — R[l’l, ...,l’n]/(fl, ceey fk)

so that it suffices to prove the result for these maps separately. These cases are
covered by the previous lemmas. O

LEMMA 7.17. Let E C Spec(R) be constructible.

(1) Every element x € E is the specialisation of some element of E.
(2) E is closed iff E is stable under specialization.
(3) E is open iff E is stable under generalization.

PROOF. Assume that z € E. Since closures of finite unions are the union of
the closures we may without loss of generality assume that £ =U N V¢ for U,V C
Spec(R) retrocompact open, which is by Example equivalently to quasi-compact
open.

Writing U as a finite union of principal opens we can further assume that U = D(r)
is principal open and V¢ = V(1) for some ideal I. Now we let U; = Spec(R[fj_l])
be the system of principal open neighborhoods of x. Then

UjﬁE;ﬁ@

by assumption since z is the in the closure. Then finite intersections of U; are again
of the form U; and thus we have that all finite intersections of U; N E are non-empty.
Now we note that

Ui N E = Spec(R/Tr, £74 | j € J))
J

and we claim that this ring R/I[r 1, fj_1 | j € J] is non-zero. This follows since it is
a filtered colimit of localizations at finitely many f;’s which are non-zero and thus
it is non-zero (otherwise the element 1 would have to vanish in a finite stage). This
however shows that there is an element y € ﬂj U; N E. This means that z is in the
closure of y, i.e. a specialization of y.

Assertion (2) is immediate: clearly closed maps are closed under specialization and
the converse follows from part (1). Assertion (3) follows from (2) by passing to
complements. O
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PRrROPOSITION 7.18. Let f : R — S be a map which satifies going down and is of
finite presentation. Then the map Spec(S) — Spec(R) is open.

PROOF. We need to show that the image of open sets is open. We can imme-
diately reduce this to principal opens Spec(S[s~!]) C Spec(S). But then we can
replace S by S[s™!] since the composite R — S — S[s~!] is still finitely presented
and satisfies going down by Example [7.2 and [7.4l Therefore we reduce the claim
without loss of generality to showing that the image of f is open.

If f satisfies going down then the image of the induced map Spec(S) — Spec(R) is
closed under generalization. By Chevalley’s theorem it is also constructible. Thus
by Lemma [7.17] it is open. O

COROLLARY 7.19. Let f: X — Y be a flat map between schemes which is locally of
finite presentation. Then f is open.

PROOF. Being open is a local property, so that by the definition of flatness and
Example [7.2] this reduces to the previous claim. O

We warn the reader that under the assumptions of the previous corollary it is not
necessarily true that the image of constructible sets are constructible.

COROLLARY 7.20. Smooth and étale maps of schemes are open.
PROOF. Smooth and étale maps are flat and locally of finite presentation. Thus
they are open by the previous claim. O
8. Smooth schemes over fields

Now our goal is to provide criteria for schemes to be smooth. The key will be the
notion of regularity from algebra which we introduce now.

THEOREM 8.1 (Krull). Let R be a local noetherian ring with mazimal ideal m and
residue field k = R/m. Then

dim R < dimy, m/m?
where dim R s the Krull dimension.

REMARK 8.2. By Nakayma the dimension of m/m? equals the mininal numbers of
generators of m. In particular the dimension of local Noetherian rings is finite since
. We warn the reader the that dimensional of general noetherian rings might be
infinite.

DEFINITION 8.3. A regular local ring is a local, noetherian ring R such that
dim R = dimy m/m? .

PROPOSITION 8.4. For a local noetherian ring, the following are equivalent:

(1) R is regular
(2) m can be generated by dim R elements.
(3) The graded k-algebra
@ mk/mk+1
k=0

is equivalent to k[x1, ..., x,] with z; in degree 1.



176 3. ALGEBRAIC GEOMETRY III, WINTERSEMESTER 2022/23

EXAMPLE 8.5. Let R be a noetherian local ring of dim(R) = 0. Then R is local iff
R is a field. An example of a non-regular local ring of dimension 0 is for example
k[z]/x? for a field k or Z/4.

If dim(R) = 1 then R is regular iff the maximal ideal is a principal ideal. For
example this is the case for Z,) or Z,.

LEMMA 8.6. Regular local rings are reduced and (\m™ = 0.

THEOREM 8.7. Let X — Spec(k) be a scheme over an algebraically closed field k.
Then the following are equivalent:
(1) X — Spec(k) is smooth
(2) X — Spec(k) is reqular, that is each local ring Ox 4 is a regular local ring.
(3) X — Spec(k) is locally of finite type, Qk/k is a vector bundle and X is
reduced.

9. Sheaf cohomology

The goal of sheaf cohomology is to construct abelian groups
HY(X,A)  forieN

with H(X, A) = I'(X,.A) and such that for every exact sequence A; — Ay — A3
we get a long exact sequence

0— HYX, A)) — HY(X, Ay) » H°(X, A3) - HY(X, A)) — HY(X, Ay) = HY(X, A3) = H*(X, Ay) —

DEFINITION 9.1. A §-functor (from sheaves on X to abelian groups) is given by a
sequence of product preserving functors

F':Shv(X,Ab) - Ab  i€N
together with a natural maps
60 FY(A3) — FHAY)
for every short exact sequence A1 — Aa — As such that the induced sequence
0— FO(A)) = F9%(Ay) — F°(A3) = FY(Ay) — ..
is long exact. A morphism of delta functors (F*,6°) — (G*,4%) is given by a sequence

of natural transformations F'* — G' such that the diagram
Fi ; Gz
b
FiHl ., it
commutes. There is an obvious notion of morphisms of §-functors.

The main result about sheaf cohomology that we want to eventually prove is the
following:

THEOREM 9.2 (Grothendieck). For every space X there exists an initial §-functor
(H',8%) with HO(A) 2 A(X). We write

H'(X,A)
and call it the i-th sheaf cohomology of X with value in A.

Moreover in degree 1 it agrees with our H' and 6° agrees with our 8. For affine
schemes X and quasi-coherent sheaves A we have that H'(X, A) =0 for i > 0.
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Note that being initial of course uniquely determines this functor.

DEFINITION 9.3. An object A € C in a category is called injective if every monomor-
phism i : I — J and every morphism I — A there exists an extension J — A, i.e.
I— A
A
/

/
/

J

EXAMPLE 9.4. (1) a set is injective in the category of sets iff it is non-empty.

(2) Every vector space over a field k is injective. To see this assume hat V' — V'
is an injection. Then we choose a complement to V in V’ and take the
retraction.

(3) The abelian group Z is not injective, since Z — Q does not admit a section.
The groups Z/n is also not injective since the inclusion Z/n — Q/Z sending
1 to 1/n does not admit a section.

(4) In any category, products of injective objects are injective.

REMARK 9.5. (1) The definition of injective means that Home(—, A) : CP —
Set sends monomorphisms in C to epimorphisms of sets.

(2) Assume that the ambient category C has the property that monomorphisms
are stable under pushout. This is for example the case for the category of
sets or for any abelian category but not in all categories. Then an object
A is injective iff every monomorphism 7 : A — A’ has a retract, i.e. a
morphism r : A’ — A such that r o7 = id4. We will freely switch between
these equivalent descriptions.

To see that this is indeed equivalent assume first that A is injective.
Then we get a retract by lifting against
A—4
7/

/
7

A/
Conversely assume that monomorphisms out of A admit retracts and we
have a lifting diagram

I— A

J

Then for the pushout A" = A[]; J. The morphism A — A’ is a monomor-
phism by assumption on the category C, thus admits a retract r. But by
the universal property of the pushout the retract in particular yields a lift.
(3) Sometimes one modifies the definition if injective by requiring lifts only
for specific classes of monomorphisms (or generally classes of morphisms),
e.g. so-called regular monomorphisms. In our cases of interest this will not
make a difference so that we do not have to go into these subtleties here.

THEOREM 9.6. For every abelian group A there is an injection A — A’ with A" an
injective abelian group. Moreover an abelian group A is injective, precisely if it is
divisible, that is if for every a € A and n € Z there exists an object b with nb = a
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PROOF. Assume that A is injective and fix a € A and consider the injection
Z 2 7. Then the induced map

A =Hom(Z,A) — Hom(Z,A) = A

which is given by multiplication with n. It is surjective by injectivity of A. Thus A
is divisible.

Assume conversely that A is divisible and choose an injection A — A’. Consider
the set of pairs consisting of an abelian group A C B C A’ and a retract br of the
inclusion A — B. Such pairs (B, r) are ordered by

(B,r)<(B',r"y<+BCB'  and rg=r7.

If we have a totally order collection of pairs (B;, ;) then we get a new pair (|J B;, )
where r is defined as the unique extension of the r;’s. Thus Zorn’s Lemma applies
and we get a maximal element (B,r). We want to show that B = A’. Assume not
and pick z € A"\ B. If for all n > 1 we have nz ¢ B then we have that the subgroup
(B,x) C A’ is isomorphic to B @ (z) and thus we could extend r (e.g. by setting
r(z) = 0 in contradiction to maximality. Thus there exists n > 1 with nz € B and
we assume that n is minimal, so that

(B,z) = B® (x)/(nx,—nx) .
Now consider the element r(nx). By divisibility of A there is an element a with
na = r(nz) .

We now define a morphism

= (B,z) —» A
as r on B and r/(z) = a. This is well-defined in contradiction to maximality of B
which shows that A was injective.
Now to embedd an arbitrary group A into an injective abelian group let 0 = x € A
be an element of order n (where n € [1,00]). We then consider the abelian group

A, = {Q/nZ for n < oo

Q for n = oo

There is a map (x) — A, sending z to 1. Since A, is injective we extend this to a
map A — A, that still sends x to 1. Now consider

A—>HA,;

z#£0
which is injective (since every element is non-zero in at least one factor) with divisible
target (since products of divisible groups are clearly also divisible). O

Note that in the previous proof we have shown that each abelian group injects into

a product of Q’s and Q/Z’s (as Q/nZ = Q/Z). However we can also embedd Q into
a product of Q/Z’s by the map

Q- JJ@/mz g ([a)nex

which is injective. It follows that every abelian group injects into a product of Q/Z’s.
Moreover if A is injective then every such inclusion has a retract, thus the injective
abelian groups are precisely those which are retracts of products of Q/Z’s.
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COROLLARY 9.7. For any module M over a ring R there is an injection M — M’
into an injective R-module M'.

PRroOOF. Consider the underlying abelian group of M and pick an injection j :
M — A to an injective abelian group. We now set

M’ := Hompp(R, A)

the R-module of maps of abelian groups R — A. This is an R-module by acting on
the source, i.e.

(r-¢)(x) = o(rz).

Now there is an R-linear map
i M — M m— Pm Om(r) =j(rm) .

such that j is the composite M — M’ =25 A. Therefore i is injective. Moreover we
claim that M’ is injective as an R-module. To see this note that
HOmR(I, HOmAb(R, M)) = HOmAb(I, M) HOmR(J, HOmAb(R, M)) = HOmAb(J, M)

and for every monomorphism I — J the induced map under this equivalence is
precomposition. So injectivity follows from injectivity of M as an abelian group. U

Again the proof really shows (with the comments before the corollary) that every
R-module embedds into a product of Homay(R,Q/Z). Moreover every injective
module is a retract of those.

THEOREM 9.8 (Enough injectives). Let X be a topological space and F a sheaf of
abelian groups on X or more generally a sheaf of modules over some sheaf of rings.
Then there exists a monomorphism F — F' where F' is injective.

PROOF. For every point z € X we denote the inclusion from the one point space
by
iz :pt =& X
A sheaf on pt is simply given by an abelian group. Now assume that we pick an
injective abelian group A. Then we claim that

(iz)+(A) € Shv(X, Ab)

is injective. To see this we consider a monomorphism F — G of sheaves and want
to prove that

Homgpy(x,ap) (G, (iz)«(A)) = Homgyy(x,ab) (F) (iz)+(A))
is surjective. Using the adjunction i;! - (i,). this translates into the map
Homgpy(x,ab) (G, A) — Homgpy(x,ap) (Fi, A)

being surjective. But the map F, — G, is also injective so that this follows from
injectivity of A.

Now let F be an arbitrary sheaf of abelian groups. For every point x € X we pick
an injection F, — A, and set

F =[] )+(As)

and define a map F — F’ as the collection of maps F — (i;)«(A,) adjoint to the
maps F; — A;. This map is a monomorphism as we can check this on stalks where
it follows by definition since the stalk F, maps to A,. O
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Again we see that we can embedd every sheaf in fact into a product of (i;).Q/Z’s
for varying points .
We are still in the process of proving Theorem

DEFINITION 9.9. Let G : Shv(X,Ab) — Ab be an additive functor, i.e. a functor
which preserves products. The G is called effaceable if for every sheaf F' there exists
a monomorphism F — F' such that G(F') = 0.

LEMMA 9.10. An additive functor G is effaceable iff for each injective sheaf T we
have G(I) = 0.

PROOF. One direction immediately follows from Theorem [9.8f Conversely if G
is effaceable and Z is an injective sheaf. Then we can choose some monomorphism
7 — I’ with G(Z') = 0. But since Z is injective we get a retract Z' — Z exhibiting Z
as a retract of Z'. Thus G(Z) is a retract of G(Z') = 0 and therefore G(Z) =0. O

DEFINITION 9.11. A -functor (R',§%) is called effaceable if all R for i > 0 are
effaceable.

PROPOSITION 9.12. Every effaceable §-functor (R',8%) is initial among all 6-functors
with G° = RO,

PROOF. Assume that we are given a d-functor (G?,6°) with an isomorphism
G° = RY. We need to show that there is a unique map of J-functors

Pl (R0 = (G0

We will do this by induction over i, i.e. assume that the natural transformations
©F : RF — G* have already been constructed for k < i in a way that is compatible
with the respective §’s.

Thus pick some sheaf A, we want to define map

' RY(A) = G(A) .

To this end we pick some monomorphism A — A’ with RY(A") = 0 and consider the
relevant chunk of the long exact sequences

RN A) —— R (A JA) —2 RI(A) — RI(A) =0

I
Loil pril |
3

GiL(A) —— G Y (A ) A) —2 Gi(A)

The upper map § exhibits R?(A) as the cokernel of the map R‘=1(A") — R=1(A'/A).
Thus there is a unique dashed morphism by the universal property of the cokernel
together with the map the the composition from the upper left term to the lower
right term is zero, since the lower composition is zero.

We were forced to define ¢ this way, but it is not clear that the ¢’ defined this
way is well-defined (as it might depend on the choice of A — A’). If we have a
map diagram A — A" — A" with R(A”) = 0 as well, the map R'(A) — G*(A)
obtained from the pair A — A’ agrees with the one obtained from the pair A — A",
by looking at the resulting commutative diagram. Finally, for two different choices
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A — A" and A — A" we find that the pushout

A— A

A'—— P

can also be embedded into a sheaf P — A" on which R’ vanishes. So A’ and A"
lead to the same map, and A” and A" do, so we see that A" and A" lead to the
same map.

Similarly, we see that the map ¢’ is really a natural transformation: For A4 — B, we
always find A’ and B’ on which R’ vanishes, which fit into a diagram

A— B

I

A/ B/
which shows that ¢ is natural with respect to A — B.
Finally one needs to show that the maps defined this way constitute a map of 4-
functors, i.e. are compatible with morphisms §. To this end we assume that we have
a short exact sequence
0—- A — Ay — A3 — 0
of sheaves. Then we need to show that the diagram

Ri=Y(A3) —>— Ri(A)

]

G A3) -2 Gi(A)

commutes. By construction, we do know that this commutes for exact sequences
where R'(A2) = 0. We may pick Ay — A} with that property and get a new
sequence

0 Ay As As 0
0 Aq Al A 0.
Looking at the resulting cube, we are done. O

PROPOSITION 9.13. For any left ezact functor I : Shv(X, Ab) — Ab an effaceable
d-functor (RF",9") extending F exists.

PROOF IDEA. We will now see how RF(F) are determined inductively. Well-
definedness will follow later. First we choose a monomorphism

F—=1°

into an injective sheaf, with cokernel F! := Z°/F. Then since we want RF'(Z%) = 0
and an exact sequence

RF%(1°) — RF°(FY) & RFY(F) - RFY1°) =0

we need to have

RFY(F) := coker(F(ZI°) — F(F")).
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We also see from the rest of the long exact sequence that
RF™(1°) — RF™(F') & RF™(F) & Pt (20)

is exact, so RF""1(F) = RF™(F!) since the outer terms vanish. For example, to
compute RF?(F) & RFI(F'), we pick another monomorphism F! — Z! into an
injective, and set 72 to be the cokernel. Then we need to have

RF?(F) = coker(F(Z') — F(F?)) .

If we keep playing this game we obtain a diagram like this

0 & 7! & 72 &
\Fl/ \ﬂ/ \FS/
and we get that RF"(F) = ... = RFY(F"!) and thus
RF™(F) = coker(F(Z""') — F(F™))

= coker(F(T" ') — F(ker(Z" — ™))
= coker(F(Z"') = ker(F(Z") — F(IT")) .

0 F

Thus we can express all the REF? in terms of the cochain complex
F(I°) —» F(T') - F(T%) — ...

more precisely as the n-th cohomology. The main problem now is to show that the
functors defined this way do not depend on the choice of the Z7. This will be shown
in the next section after establishing some abstract terminology. O

10. Abelian categories

DEFINITION 10.1. Let A be a category. We say that

(1) A is pointed if there is an object 0 € A which is initial and terminal . In
this case we have for every pair of objects A, B € C a morphism A -0 — B
which we denote by 0 € Hom 4(A, B).

(2) A is semiadditive if it is pointed, has finite products and coproducts and for
every pair of objects A, B € A the morphism

idgs 0
AHB—>A><B (0 idB)

is an isomorphism. In this case we write A @ B for the (co)product and
call it a biproduct.

ExAMPLE 10.2. The category of pointed sets Set, is pointed with the zero object
x. The category of groups is pointed with zero object 1. The category of abelian
monoids, abelian groups, R-modules and sheaves of abelian groups are all semiad-
ditive with coproduct .

In any semiadditive category we can define an addition + on Hom 4(A, B) for objects
A, B € A by defining f + g to be the morphism

AN Apal® BeoB Y B
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It is straightforward to see that this gives Hom4(A, B) the structure of an abelian
monoid with neutral element 0. The composition

o: HomA(B,C') X HomA(A,B) — HomA(A, C)

is bilinear. (If we write maps between direct sums as matrices, we also get the usual
formula for matrix multiplication, involving this +)

LEMMA 10.3. Let A be a semiadditive category. Then the following are equivalent:
(1) For every object A € A the morphism

ABA—AdA dg idg
0 idg
is an isomorphism.
(2) For every object A € A there exists a morphism i : A — A such that the
composition

AL Ap A% Ao a4

18 Zero.

(3) For any object A the monoid Hom4(A, A) is an abelian group.

(4) For any pair of objects A, B € A the monoid Hom4(A, B) is an abelian
group.

PRrROOF. Clearly, (4) = (3) = (2), and for (2) = (1) we observe that an inverse

is given by
idg @
0 idg /°

For (1) = (4), we observe that on Hom(B, A® A) = Hom(B, A) x Hom(B, A), post-
composition with the morphism from (1) acts by (f,g) — (f + ¢,¢9). In particular,
if the morphism from (1) is an isomorphism, Hom(B, A) is an abelian group, since
we find an additive inverse to g by considering the preimage of (0, g). O

DEFINITION 10.4. If either of the equivalent conditions of the previous lemma are
satisfied we call A additive. If A is additive it is called abelian if moreover for each
morphism f : A — B the objects

0 A-1.B
ker(f) = lim J( and  coker(f) = colim J
A L> B 0

exist and the canonical morphism
coker(ker(f) — A) — ker(B — coker(f))
is an isomorphism. We call this object im(f).

ExaMPLE 10.5. The category of abelian groups is abelian, the category of abelian
monoids is not additive (hence not abelian). The category of R-modules is abelian.
The category Shv(X, Ab) is abelian. The category QCoh(X) is abelian. The cate-
gory Coh(X) is abelian.



184 3. ALGEBRAIC GEOMETRY III, WINTERSEMESTER 2022/23

ExaMPLE 10.6. Consider the category of finitely generated free abelian groups.
This is preadditive. Moreover we claim that it has kernels and cokernels. Kernels
are clear, since subgroups of finitely generated free abelian groups are also finitely
generated free. The cokernel is a bit more surprising since the the cokernel in abelian
groups might have torsion, i.e. the cokernel of Z = Z. However what we do to form
the cokernel in finite free abelian groups for a morphism f : A — B is to form the
cokernel in abelian groups M := B/A and then take the quotient by the subgroup
M’ C M of torsion elements. Then it is not hard to see that M/M’ is indeed
torsionfree and finitely generated, hence free. Moreover every morphism M — C
where C' is finite free sends M’ to zero. This shows the universal property.

For example we have that the cokernel of f : Z = Z in this category is zero for each
n # 0. But this category is not abelian since the canonical morphism

Z = coker(ker(f) — Z) — ker(Z — coker(f)) = Z

is multiplication by n and thus not an isomorphism (note the difference to the case
of abelian groups).

LEMMA 10.7. A morphism f in an abelian category is

(1) a monomorphism iff ker(f) = 0 iff it is a kernel ker(g) — B of some
morphism g : B — C.

(2) an epimorphism iff coker(f) = 0 iff it is the cokernel of some morphism
g:7Z— A.

(3) an isomorphism iff it is an epimorphism and a monomorphism

Moreover monomorphisms are closed under pushouts and epimorphisms closed under
pullbacks.

We note that in a general category morphisms can be epi and mono without be-
ing an isomorphism, for example the morphisms Z — Q is a monomorphism and
epimorphism in the category of commutative rings.

PROOF. Assume that f : A — B is a monomorphism and we have any morphism
Z — A such that the composition Z —+ A — B is zero. Then the morphism Z — A
is already zero by the definition of a monomorphism. This shows that ker(f) = 0.
Assume conversely that ker(f) = 0. Then

A = coker(0 — A) = Im(f) = ker(B — coker(f))

Thus two morphisms Z — A agree precisely if the two morphisms to B agree (as
morphisms into a kernel agree if they agree as morphisms to the first object by the
universal property).

The proof of (2) works dually. For one direction of (3) note that isomorphisms are
clearly mono and epi. For the converse assume that f : A — B is mono and epi.
Then by the definition of an abelian category we get that the canonical morphism

A = coker(0 — A) — ker(B — 0) = B

is an isomorphism.

g

DEeFINITION 10.8. Let A, B be semiadditive categories. Then a functor F : A — B
is called additive if it preserves products (equivalently coproducts). If A and B are
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abelian then I is called left exact if it is additive and for each morphism f: A — B

in A the map
F(ker(f)) — ker(F(f))

is an isomorphism. Similarly we define right exact using cokernels. A functor is
called exact if it is additive and both left and right exact.
We now want to talk about exact sequences in an abelian category:
DEFINITION 10.9. Let A be an abelian category. A cochain complex in A is a se-
quence of objects

oot S o & onl
such that all composites d™ o d™" are 0.
LEMMA 10.10. For a sequence A — B — C with composite 0, we have

ker(coker(A — B) — C)
= coker(A — ker(B — ()
=~ coker(im(A — B) — ker(B — C))

PROOF. A map coker(4A — ker(B — C)) — ker(coker(A — B) — () is, by
universal properties, given by a map ker(B — C) — coker(A — B) which is zero
when precomposed with the map from A or postcomposed with the map to C. We
have such a map, given by ker(B — C) — B — coker(A — B).

In the diagram

B —— coker(A — B)

| |

C ——C

we may take vertical and then horizontal kernels or horizontal and then vertical
kernels, to see that

ker(B — C) — ker(coker(A — B) — C)
has kernel im(A — B). This shows that we have a canonical monomorphism
coker(im(A — B) — ker(B — C)) — ker(coker(A — B) — C)),
and since A — im(A — B) is epi, we may also write this as
coker(A — ker(B — C')) — ker(coker(A — B) — C)).

This means that our canonical morphism is mono. By working in the opposite
abelian category, we also get that it is epi, so it is an isomorphism as desired. = [J
DEFINITION 10.11. We write

H"(C) := ker(coker(C" ! — C™) — ™)
DEFINITION 10.12. We call a sequence A — B — C' exact in the middle if its H"
vanishes when we view it as cochain complex, i.e. if ker(coker(A — B) — C) =0,

or equivalently im(A — B) = ker(B — C). We call a longer sequence ezact if all its
parts are exact. The special case of an exact sequence

0—+A—B—>C—=0

1s called a short exact sequence.
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The following lemma is useful for later:
LEMMA 10.13. (1) For a commutative diagram

A— B

L]

C —— D

consider the sequence 0 - A — B @® C — D — 0. This is left exact if and
only if the diagram is a pullback, right exact if and only if it is a pushout,
exact if and only if it is both.

(2) Pullbacks of epimorphisms are epimorphisms, pushouts of monomorphisms
are monomorphisms.

PROOF. Observe that a short sequence is left exact if and only if the canonical
map to the kernel is epi and mono, hence iso. So the first statement follows by
comparing universal properties, analogously for the dual statement.

For the second statement, if
A—— B
C —— D
is a pullback diagram with C' — D epi, then by the above,

0>A—-BpC—-D—0

is left exact. But B ® C — D is also epi since C — D is, so the diagram is also a
pushout. By universal properties, we see that coker(A — B) = coker(C — D) =0,
hence A — B is epi. O

DEFINITION 10.14. An abelian category is said to have enough injectives if for every
object A there exists a monomorphism A — I into an injective object.

Now note that d-functors, initial d-functors and effaceable functors make sense in
the generality of abelian categories (replacing Shv(X, Ab) and Ab). Also the claim
that effaceable functors are initial works in this generality.

DEFINITION 10.15. Let C* and D* be cochain complexes.
(1) A chain map f : C* — D* is a collection of maps f" : C™ — D™ which
commutes with the differentials d™.
(2) A chain homotopy h between two chain maps f,g: C* — D* is given by a
collection of maps h™ : C™ — D"~ with
dn—lhn + hn+ldn — fn _ gn‘
If there exists a chain homotopy between f, g, we call f, g chain homotopic. Being

chain homotopic is clearly an equivalence relation (for transitivity, add the chain
homotopies).

DEFINITION 10.16. We define Ch(.A) to be the category of cochain complexes in A
with morphisms given by chain maps and KC(A) as the category of cochain complezes
with morphisms given by chain homotopy classes of chain maps.

Note that, while Ch(.A) is an abelian category, K(.A) is generally not!
The significance of working up to chain homotopy is in the following lemma:
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LEMMA 10.17. Cohomology defines a functor H™ : Ch(A) — A, which factors
through K(A).

PRroOOF. Clearly, cohomology is functorial, so we need to check that two chain
homotopic chain maps f, g induce the same map on H"(C) — H™(D). Indeed, on
ker(d™), f™ — g™ agrees with d"~!oh™, i.e. becomes zero in coker(D" ! — ker(D" —
Dn+1))' O

DEFINITION 10.18. Let A be an abelian category. An injective resolution of an object
A € A is given by a cochain complex

R L S
of injective objects of A, together with a map A — I° such that the sequence
0A—=1">T1— ...

15 exact.

There are other ways to say this, for example an injective resolution of A can also
be described as a cochain complex as above with H™(I) = 0 for n > 0 and a chosen
isomorphism A — HY(I). We don’t think of A as part of the cochain complex I*
(but of course the map A — I° is part of the data of an injective resolution).

LEMMA 10.19. If A has enough injectives, every object A admits an injective reso-
lution.

PRrOOF. We inductively construct objects A? and I’ by setting A° = A, and then
letting A® — I’ be a monomorphism into an injective, and A**! = coker(A* — I?).
Then we claim the complex

J R L
is an injective resolution of A. Indeed, the kernel of I® — I' agrees with the kernel
of I — A!, since A' — I'! is a monomorphism, and thus with A°, since A° — I°
was a monomorphism. By the same argument, we have

ker(I° — I't1) = A' = coker(A™t — I') = im(I'""! — TY),
so the sequence is exact in all higher degrees. O

THEOREM 10.20 (Fundamental Lemma of homological algebra). Let C' be any cochain
complex whose cohomology is concentrated in degree 0 (i.e. H(C) =0 fori # 0),
and let I be a complex of injectives concentrated in degrees > 0. (For example, both
could be injective resolutions.) Then H° induces an isomorphism

Homyc(4)(C, I) = Hom4(H®(C), H°(I)).

PROOF. We first show injectivity. Since the map is a homomorphism, it suffices
to check that if f : C' — I induces the zero map on H° (and hence all cohomology),
we find a chain homotopy between f and 0.

Suppose we have inductively found h? : C; — I;_q for i < n, with & 1hi+hiTId =
for i < n —1. (We start with n = 0, which is trivial.) We now have to find
L Chs1 — I, with

(16) R = 7 —d R
By construction, the right-hand map, precomposed with d"~! : C"~! — C", equals:
(fn _ dn—lhn)dn—l _ fndn—l . dn—l(dn—2hn—1 + hndn—l) — fndn—l _ dn—lfn—l -0
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So the right hand map factors through a map coker(d”~!) — I". Furthermore, the
map vanishes on H"1(C) = ker(coker(d"~!) — C™*1). This is clear for n > 2, and
for n = 1 it comes from the fact that the map from HY(C) — ker(I° — I') = HO(I)
is precisely the effect of our f on cohomology, which is zero by assumption. So the
right hand map f™ — d" 'h" even factors through im(C™ — C"*1). By injectivity
of I,,, we may extend it over the monomorphism to C"*!, the resulting map A" *! :
C™*1 — I™ solves ([16)).

We now show surjectivity. For this, we first observe that we may extend a ho-
momorphism H°(C) — H(I) = ker(I° — I') over the monomorphism H°(C) —
coker(C~1 — (C°) to obtain a map f° : C% — I°. We now assume we have con-
structed f?: C" — I’ for i < n with &1 fi=1 = fid"~! for i < n. We need to find
a frtl with f*+1d® = d"f™. The right hand side vanishes when precomposed with
d"~!, so factors over a map coker(d”~!) — I"*1. Since it even vanishes on H"(C)
(for n > 1 this is clear, for n = 0 we have constructed f° to take the kernel of d° to
the kernel of d°), it even factors over im(C™ — C™*1). Using injectivity of I"*1, we
may extend over all of C"*! to obtain our fm*1. O

COROLLARY 10.21. Let A have enough injectives, and let C C K(A) denote the
full subcategory of cochain complexes which are injective resolutions, i.e. levelwise
injective, concentrated in degrees > 0, and with homology concentrated in degree 0.
Then the functor Hy induces an equivalence of categories C = A. In particular, the
inverse equivalence gives a well-defined functor

I':A— K(A)
which takes each object A € A to an injective resolution of A.

We are now able to define the functors RF? from simply as the composite
AL k) L kB L B

where the first functor is our injective resolution functor, and the second functor
levelwise applies F', which is well-defined since F' is additive and hence in particular
preserves chain homotopies. In order to make these into a §-functor, we need however
one more ingredient, namely the long exact sequence which is part of the structure
of a d-functor (i.e. the connecting homomorphisms 4).

DEFINITION 10.22. Let f: C — D be a chain map. We define a new chain complex
Cone(f) by

Cone(f)" = D" @ C"!,
: D" @ C"H — DL g O 2 given by

(5 %)

mn
It is not hard to see that this is indeed a chain complex. Moreover we have a map
D — Cone(f) given by the inclusion and a map Cone(f) — C[1] given by the

projection where C[1] is the chain complex C' shifted up by one, i.e. C[1]* = C"+1L,
We now claim that the sequence

— (Cone f)[-1] = C — D — Cone(f) — C[1] — D[1] — ...

induces an exact sequence in cohomology. In order to prove this we need to check
exactness of a sequence. In a category of modules, we may do this by a simple

with d%. )



10. ABELIAN CATEGORIES 189
diagram chase, using elements. This is not available in a general abelian category,
but we may work with generalized elements, i.e. homomorphisms Z — A.

LEMMA 10.23. A sequence
A—B—C

in an abelian category, is exact if and only if for any Z — B with composite Z — C
being 0, there exists an epimorphism Z — Z such that Z — B factors through A,

I,

A—s B ——C

7 —»

ProOF. If A — B — C is exact, A — ker(B — () is an epimorphism. We may
now take Z to be the pullback along Z — ker(B — C), and use that pullbacks of
epimorphisms are epimorphisms.

Conversely, take Z = ker(B — C). Then Z — Z — ker(B — C) is an epimorphism,
and so A — ker(B — C) is, too. O

LEMMA 10.24. We have natural long exact sequences
... — H"(C) - H"(D) — H"(Cone(f)) - H"(C) — ...

where the first map is induced by f, the second comes from the canonical inclusion
of complezxes, and the third from the canonical projection of complezes.

PROOF. We need to show exactness. This can be done by a diagram chase with

generalized elements, we demonstrate this for exactness at H"(C), the others work
similarly.
Let Z — H"(C) be a map such that the composite Z — H"(C) — H"(D) van-
ishes. We need to find an epimorphism Z — Z such that Z — H"(C) lifts
over H"~!(Cone(f)). Indeed, we first choose an epimorphism Z’' — Z such that
Z — H™(C) lifts to a map Z" — ker(dg) (e.g. take the pullbacks). Now since Z —
H™(C) — H™(D) vanishes, it means that we find Z — Z’ such that Z’ — ker(d})
lifts over D"~! — ker(d?,). This gives us a map (with appropriate sign)

Z—C"q D!
in the kernel of 5gg§e(f), lifting the map Z — Z — C™. O

Naturality here means natural in the pair C' — D. We may view these pairs as a
category, which we call the arrow category: An object of Ar(C) for any category
C consists of a morphism z — y in C, and a morphism between such arrows is a
commutative square. The natural long exact sequence above is hence a functor from
Ar(K(A)) into a category of long exact sequences in .A. Note that Ch(Ar(A)) =
Ar(Ch(A)). There is also a canonical functor

K(Ar(A)) — Ar(K(A)) .
However, while this functor is essentially surjective it is in general not an equivalence.

ExamMpPLE 10.25. Let A = Ab be the category of abelian groups and consider the
object
Z[0] — Cone(idzg))
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of K(Ar(A)).Here Z[0] is the chain complex with Z in degree 0 and Cone(id) is the
cochain complex

0—>Zi—d+Z—>0—>0—>...

with Z’s concentrated in degree 0 and —1. Clearly Cone(id) is chain homotopy
equivalent to 0, thus in Ar(XC(A)) this object is equivalent to Z[0] — 0. On the
other hand in IC(Ar(.A)) there is no non-trivial map in Ar(A) from Z[0] — 0 to
Z[0] — Cone(idz). In particular they cannot be isomorphic in K(Ar(A)).

It is also not hard to see that if [ and J are injective in A, then I @ J — J is an
injective object in Ar(A)H In particular if .4 has enough injectives then Ar(.A) does,
too: for M — N we simply choose monos M — [ and N — J and then pick the
resulting map (M — N) — (I & J — J). By choosing an injective resolution in
Ar(A) we get a functor
Ar(A) 5 K(Ar(A))

which lifts the functor

Ar(A) 2 ar(rc(a)).
The construction Cone is naturally a functor

Ch(Ar(A)) = Ar(Ch(A)) — Ch(A)

LEMMA 10.26. If we let Ar(A)™°"° denote the full subcategory on arrows which
are monomorphisms, then we have a natural isomorphism between the composite
functors

Ar(A)mone L, k(Ar(A))

lcoker lCone

A—I 5 KA
Stmilarly, we have natural isomorphisms

Ar(A) — K(Ar(A))

is ort J/s ort

A—I 5 kA

PrOOF. We first do the second (and third) diagrams. Both composites land
in the full subcategory of injective resolutions in K(A). This is clear for the lower
left composite, and for the upper right one we need that for an injective object of
Ar(A), both source and target are injective. This is easy to see. Since H gives
an equivalence between this full subcategory of injective resolutions and A, we may
check the statement after postcomposition, but then it is obvious.

In the first diagram, both functors again take values in the full subcategory of IC(.A)
of injective resolutions. This is clear for the lower left composite, and for the other
we observe that Cone of a map between injective resolutions consists of injectives, is
concentrated in degrees > 0, and if we started with a monomorphism arrow A — B,
the long exact sequence for

Cone(I*(A — B))

SIn fact, every injective object of Ar(A) has this form. An arbitrary injective object can be
embedded into one of those as we will argue above. Thus it ends up being a retract. But this
implies that it is split surjective with injective target and kernel, thus of the claimed form.
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shows that Cone(/*(A — B)) has cohomology concentrated in degree 0 (given by the
cokernel). So we may again check commutativity of the diagram by postcomposing
with H. In that case it exactly reduces to the observation that H°(Cone(I*(A —
B))) = coker(A — B). O

Now we can finally come back to give a proof of Proposition [9.13] and thereby
Theorem [9.2

ProposiTION 10.27. Let A, B be abelian categories, F' : A — B an additive, left-
ezact functor, and assume that A has enough injectives. Then there exists an ef-
faceable 6-functor (R'F,§") extending F.

PRrOOF. We define RF? as the composite

AL ) B, sy oy B,

For an injective object I, we have I*(I) = I[0] in K(A), where I[0] denotes the
cochain complex with I concentrated in degree 0. (Since both are injective resolu-
tions, and HY takes them to the same object.) So we directly see that RF*(I) = 0
for i > 0.

All that’s left to do is to endow the RF® with the structure of a é-functor, i.e.
naturally associate to each short exact sequence

0— A1 — Ay — A3 =0

a long exact sequence. Consider the composite
Ar(A)mone EAN K(Ar(A)) EiR K(Ar(B)) — long exact sequences
which takes A; < As to the long exact sequence associated to F(I*(A; — Aj)).
By Lemma [10.26] we have natural equivalences
FI'(A; — Ag) 2 F(I"(A1) = I"(Ag)) = (FI*(A1) — FI*(Ag)),
Cone FI*(A; — Ag)) = F Cone(I" (A1 — Az)) = FI*(coker(A; — Ag)) = FI*(A3),

since applying F' preserves cones (F' is additive). So the long exact sequence we
have functorially associated to each short exact sequence indeed has terms given by

...— RF'(A)) — RF'(A3) — RF'(A3) — RF'"™(A)) — ...

In particular, we get natural transformations §° as desired.

Finally, we need to check RFY = F. From the fundamental theorem, we have a
natural transformation A[0] — I*(A), so applying F' and taking cohomology, we
see that we have a natural map F(A) — RF°(A). To check that it is an iso, we
take an injective resolution of A and observe that 0 — A — I9 — I is exact, so
0— F(A) — F(I°) — F(I') is, too, and so the canonical map F(A) — ker(F(I°) —
F(IY)) = H°(I*(A)) is an isomorphism. O

Finally we note that we can now derived functors. Given a left exact functor
F:A—-B

we can define R'F, the i-th derived functor, as the initial é-functor extending F
(if such an initial extension exists). We have seen that, if A has enough injective
objects it does indeed exist and is given by

R'F(A) := H(F(I")) .

Then sheaf cohomology is the derived functor of global sections.
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11. Cohomology and Ox-modules

We have defined sheaf cohomology in the last sections. Now assume that X is a
scheme and M is an Ox-module (e.g. a quasi-coherent sheaf). Now we define
sheaf cohomology of X with values in M by simply ignoring the fact that M is an
Ox-module, i.e. take the derived functor of

I': Shv(X,Ab) — Ab
as before. We can also take the derived functor of
I: MOd(OX) — MOdOX(X)

or the derived functor of
I': Mod(Ox) — Ab
obtained by further forgetting the module structure over the global sections Ox (X).

PROPOSITION 11.1. All possible derived functors R'T exist and agree (under the
obvious forgetful functors).

We will eventually prove this result here. But we first note that all the categories
have enough injective objects. For sheaves of abelian groups we have already seen
this. For Mod(Ox) it follows formally from this result by coinducing injective ob-
jects, similar to the argument given in Corollary [9.7 for a given Ox-module M
we choose a mono to an injective sheaf of abelian groups M — Z. Then we get
an injective sheaf of Ox-modules as Hom(Ox,Z). Injecitivity can be seen similar
to the argument in Corollary and the morphism M — Hom(Ox,Z) is clearly
injective. Thus the existence part for the derived functors is clear.
The fact that the derived functors of I' : Mod(Ox) — Modp (x)and I' : Mod(Ox) —
Ab agree is also immediate, since the forgetful functor Modp , (x) — Ab is exact and
therefore preserves cohomology of complexes. Finally to compare it to the derived
functor of " : Shv(X, Ab) — Ab, i.e. sheaf cohomology, it suffices to show that
Mod(Ox) — Shv(X, Ab) -7 Ap
for ¢ > 0 is still an effacable functor, i.e. vanishes on injective Ox-modules. This is
true as we will proof now, but it is not formal since general injective Ox-modules
are not injective as sheaves of abelian groups. Therefore we need to establish some
terminology.

DEFINITION 11.2. A sheaf F on a space X is called flasque if for all inclusions
UCV CX the induced map F(V) — F(U) is surjective.

LEMMA 11.3. If a sheaf of Ox-modules M is injective (as a sheaf of Ox-modules),
then it is flasque.

PROOF. For a given open set U C X we consider the sheafification of the presheaf
of Ox-modules

iv(V) =
We have that for any sheaf of Ox-modules M that
HomMOd(Ox)(/iU7 M) = M(U) :

by a version of the Yoneda lemma. Moreover we have that (i), = O, for z € U
and (i), = 0 else.

Ox(V) ifVCU
0 else
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Now for an inclusion U C V the induced map iy — 4y is a monomorphism and thus
we can conclude that

M(V) = Homyoq(ox) (iv, M) — Homypoq(ox) (iv, M) = M(U)
is surjective. O
LEMMA 11.4. If F is a flasque sheaf of abelian groups and
F—>G—H
1s a short exact sequence. Then the induced map
G(X) = H(X)
18 surjective.

PROOF. Let s € H(X). Using Zorn’s Lemma we pick a maximal pair (U, s1)
where s is a lift of s in G(U). If U # X then pick a point ¢ X and a lift of s
in a neighborhood V, i.e. an element sy € H(V'). This is possible since the map is
surjective on stalks. Now we consider

stlunv — s2lunv € G(UNYV)
This element actually lies in F(U N V) since ist image in H(U N V') vanishes. This
using that F is flabby we can extend it to an element
te F(V).

Then sy +t € G(V) is still a lift of s and on UNV agrees with s;. Thus we can glue
the two sections s; and s2 + ¢ to a section G(U U V) lifting s. This contradicts the
maximality of U. 0

LEMMA 11.5. Let F be a flasque sheaf of abelian groups. Then H'(X,F) =0 for all
1> 0.

PROOF. Choose a mono F — Z and consider G := F/Z. Then we have from the
long exact sequence that
HY(X,F)= H(X,6)/H"(X,T)
and
H'(X, F) = H'™/(X,G)
for ¢ > 1. The first vanishes by the previous lemma. We finish the argument
inductively by the claim that G is also flasque. This follows since F and Z are

flasque (the latter by an argument similar to [11.3]). But then for U C V we have a
commutative square

Z(V) —G(V)
Z(U)—G(U)

in which the lower horizontal morphisms is surjective by the fact that Fl|y is an
injective sheaf and the previous lemma applied to

0= Fly =ZIlv = Glu = 0.
It follows that G(V) — G(U) is surjective. O
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REMARK 11.6. If M is quasi-coherent, then one can also take the derived functor
of either

' : QCoh(X) — Modp, (x) or I': QCoh(X) — Ab .
The fact that one can do this follows since one can show that QCoh(X) has enough

injectives, which is a Theorem of Gabber. However it turns out that it is generally
not true, that these derived functors also agree.

THEOREM 11.7. Let X = Spec(R) be affine and M be quasi-coherent. Then H*(X, M) =
0 fori > 0.

In order to prove this result, we shall introduce Cech cohomology. Let X be a

topological space and {U;};c; be an open covering of X. We set for i, ..., i, € [
Uio,u-,in = Uio nNU;,N..NU;, .

We will moreover assume that I is equipped with a total ordering.

DEFINITION 11.8. For a sheaf F of abelian groups we define the Cech complex of F
with respect to U as the cochain complex

= d d d
C’(Z/{,]-") = H .F(UZ) — H F(Uio,il) — H ]:(Uig,il,ig) — ...
g€l 10<t1 10<t1<i9
where the differentials are given as the alternating sum of restrictions. Concretely
for a family s = (sig,...in_1)ig,rin_1 € Hz‘0<...<z’n,1 F(Us,....in_1) we have

k
d(s)io,m,in = Z(_l) Sio,.--,ik,---,in|Ui0 ,,,,, in

k=0
where iy, indicates to skip the k-th entry.

One can easily check that this is indeed a cochain complex:

n

d(d(s))io,---Jn = Z(_l)kdsio,,,,,ik,,,,,in|Ui0 ,,,,, in

k=0

n n—1 n—1

k l l
= (_]‘) Z(_l) Si07,,,7gl7,,,%k,,,,,in Uio ..... in + Z(_l) Sio,...,ik,‘..,iH,l,...,in Ui in

k=0 i<k >k

For a < b the term s. . ; |y, . occurs twice in this sum at indices | =
80yeeeyyensDyeeisiin 1Yi0,sin

a,k =band [ = b— 1,k = a. But the signs are different so that they cancel and
d*(s) = 0.

DEFINITION 11.9. We define the Cech-cohomology of F with respect to U as the
cohomology . §

ExaMPLE 11.10. For n = 0 we have

H(U,F) = ker (H]—“(Uio) - 11 I(Uio,i1)> :

i0 10<t1

By the sheaf property for F this is isomorphic to F(X), so that HO(U, F) = F(X).
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EXAMPLE 11.11. If U consists of two open sets U and V then the Cech complex
takes the form

FU)xF(V)Z2EL FUNV) -0 —=0— ...

In particular the cohomology in degree 1 is given by elements in F(U N V') modulo
differences sa — s1 of sections s; € F(V) and s9 € F(U).

EXAMPLE 11.12. If U consists of three open sets U, V,Wthen the Cech complex
takes the form

(resg—rest)

FU)xF(V)xF(W)
LEMMA 11.13. Assume that there exists an j € I such that U; = X. Then

F(X) n=0
0 else

-

PRrROOF. We assume for simplicity that j is minimal and call it 1 (otherwise
permute the order of ). We simply expand the Cech complex

CuF) =|[[FU) % [] FUOwid) > ] FUnii) -

o€l i0<i1 i0<i1<iz
and compare it to the cochain complex
FX)0=(FX)—0—0—...)
There is a chain map
F(X)[0] = CU,F)

given by restriction along U;, — X. But there is also a map

CU,F)— F(X)[0]
given by projection to the first factor. The composition F(X)[0] — F(X)[0] is
clearly the identity. The composition

CU,F)—CU,F)

is not the identity, but we claim that it is chain homotopy equivalent to the identity
by means of the chain homotopy

he I FWii) = 1] FUiins)
10<...<ln 10<...<lp—1

which is given in the ig < ... < i,_1-coordinate by the projection to the 1 < i <
. < ip_1 factor if 49 # 1 and by 0 else. One then verifies that this is indeed the
required chain homotopy. g

LEMMA 11.14. Assume that M is a quasi-coherent sheaf on X = Spec(R) and
(Ui = D(fi))icr is a (finite) cover by principal opens. Then

F(X) n=0

0 else

) - {

FUNV)XF(UNW)xF(VAW) - F(UNWNW) -0 — 0 — ...
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PrOOF. We have to show that the complex
d d d
M(X) — @M(Um) — @ M(Umm) — @ M(Uio,il,iz) — ...
g€l 10<i1 10<t1 <t
is exact. This is a complex of R-modules and thus we can check exactness by
faithfully flat descent after basechange along R — R| fj_l] for each j. But then
the resulting complex is the Cech complex of the cover (U; N U;)ier which has the

property that one of the opens agrees with the full set U;. Thus by the previous
lemma the claim follows. O

LEMMA 11.15. Assume that F is injective as a sheaf or as an Ox-module. Then

U, F) = {f(X) n=0

0 else
In particular this agrees with sheaf cohomology.

PROOF. We cover the case of an injective Ox-module. The case of an injective
sheaf works similar. Recall for an open U C X the sheaf iy from the proof of Lemma
11.3| given as the sheafification of

) Ox(V) ifvVvCu

w(V) = {0 ) else
with

Homyjoq(0 ) (iv, F) = F(U) .

Now for a given cover U = {U,};c; we consider the object corpresenting the aug-
mented Cech complex.

FX) = [[FU0) S T] FUwi) S T] FlUiiria) & .

o€l 10<t1 10<i1<ig
given as
1xX < @ZUiO — @ ZUZ.O,Z.1 — @ ZUZ.O,Z.M.2 — ...
0 10<t1 10<t1<t2

We claim that the latter is exact as a chain complex of sheaves. This would imply the
claim since by injectivity of F this also implies that the augmented Cech complex
is exact. For exactness of the corepresenting complex we simply observe that this
can be checked on stalks for each x € X. But each x € X is contained in some
open U; and we may without loss of generality replace X by U;. But then we have
that one of the open sets in the cover agrees with X and we get the exactness by
an argument similar to the previous Lemma, i.e. writing down an explicit chain
nullhomotopy. O

LEMMA 11.16. Let
0O M->M - M'"=0
be a short exact sequence of Ox-modules and U C X be an open subset. Assume
that each covering of U admits a refinement U such that H (U, M) = 0, then the
map
M (U) - M"(U)

18 surjective.
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PRrROOF. Let s € M"”(U). We can find a covering U = (U;) of U such that
H'(U, M) = 0 and such that there exists lifts s; € M’(U;) of s|y,. Now consider

Sig,i1 = Sio|U¢0,i1 - Si1|U¢0,¢1 .
This lies in M(Uy, ;,) as one easily verifies. Moreover it defines a Cech cocycle, and
thus by the vanishing of Cech cohomology a boundary, that is there are t; € M(U;)
such that s;,;, = t;, — t;,. But then s; —t; € M'(U;) agree on double overlaps and

therefore define a lift of s in M'(U). O

PRrROOF OF THEOREM [IT.7l As in the theorem let X = Spec(R) and M quasi-
coherent. Pick a monomorphism M — Z with Z injective (in Ox-modules) and

denote the quotient by Q. Using the previous Lemma in combination with Lemma
M1.14l we deduce that

0—->MU)—>ZU)—QU)—0

is short exact for every affine open U C X. Thus for any cover U consisting of
principal opens we get a levelwise short exact sequence

0—=CUM)—=CU,T)—CU,Q) =0

of Cech complexes (every term is given by products of terms as above). From the
long exact sequence in Cech cohomology we deduce that the higher Cech cohomology
groups or all three sheaves vanish with respect to principal covers (for the first two
these are Lemma and Lemma .

Now we consider the long exact sequence in sheaf cohomology associated to the
sequence M — T — Q. We find that H!'(X, M) = 0 by surjectivity of Z(X) —
Q(X) and vanishing of H'(X,Z) and H"(X, M) = H" (X, Q).

Now we can repeat the whole argument replacing M by Q since we have only used
about M that the higher Cech cohomology wrt principal covers vanishes and this is
also satisfied for Q as shown above. Then induction finishes the proof. O

Recall that we would like to think of Cech cohomology as a ‘resolution’ of the
space X. Now we would like to prove that one can also use this to compute sheaf
cohomology. The idea is to resolve both at the same time and see what we get.
Precisely what we mean is that we choose an injective resolution

rap4ps
of F and then consider the Cech complex for each of the Z". This give the following
commutative diagram

[Lioer 20U —2 Tiyci, T Wigin) —2 Tliyciycsy Z0Wigsin i) — ..
0 0 0
[iyer 2 UD) —2 [Ty et T Uigsn) — = Tlig<ircsy T Uigsinsin) — 2 .
o 0 o
[Loer Z2U) —2 Tiyci, T Wigis) —2 Ty iy sy T2 Uig ir i) — ..

0 0 0
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called a double complex. By definition a double complex is a chain complex in chain
complexes. Concretely a double complex in some abelian category A is given by
objects A% for i,j € Z with maps 0 : A% — A% and d : A% — A%+ such that
d0 = 0d and d?> = 9% = 0, i.e. all rows and all columns are cochain complexes. In
our situation the double complex is concentrated in the first quadrant, i.e. A% =0
if i <0orj<0. Ina double complex one can take the cohomology of each row
H"™ (A% d) (for fixed i and n) which still gives a square grid of objects of A. This
then still has am operator 0 that makes it into cochain complexes for each n. Then
one can take the cohomology of the columns as well to get a square grid of objects
in A (without any further maps). One can of course also do this in reverse order,
i.e. first take cohomology of the columns and then of the rows. These two things
are generally quite different, but we will see now that they sometimes agree.

Note that in our double complex the rows have the property that their cohomology is
concentrated in degree 0 by Lemma [11.15| and since restrictions of injective sheaves
to open subsets are still injective. We have the following important property.

LEMMA 11.17. Assume that a first quadrant double complexr (A% ,d,d) in A has
the property that all rows and columns individually have cohomology concentrated in
degree 0. Then we have natural isomorphisms

H™(H(AY,d),9) = H"(HY(A¥,0),d) .

PROOF. Omitted, but the idea is to define a third object, called the total com-
plex and the total cohomology by taking the sum of diagonal entries. Then one
compares both sides to this third object. O

PROPOSITION 11.18. Assume that for all intersections Uy, 4, with iy < ... < i, we
have that H™(Us,... .., F) =0 for alln > 0. Then

H"(U,F)= H"(X,F)
for all n.

PrOOF. We now consider the double complex above. The assumptions ensure
that the double complex satisfies the assumptions of the Lemma. Thus we conclude
using the Lemma. O

This proposition is the ultimate version of the statement that one can resolve the
source and the target. Before proceeding we would like to give an Example from
Topology so that the reader can get a feeling for sheaf cohomology. This Example
is not important for anything that follows and can safely be ignored.

ExaMPLE 11.19. Let X be a nice topological space, i.e. a CW complex or a manifold.
Then we would like to consider the sheaf cohomology H*(X,Z) where Z is the sheaf
of locally constant Z valued functions on X (i.e. continuous wrt the discrete topology
on Z). It turns out that this is isomorphic to singular cohomology of X, which is
an invariant that we would like to compute. In particular it follows that if X is
contractible, then H"(X,Z) = 0 for n > 0 and H°(X,Z) = Z(X) is free on the
connected components of X. Now assume that we have an ordered covering (U;);cr
of X with the property that all U, . ;, are also nice and contractible (such covers
are called good). For example we could let X be a manifold and choose a covering
by small balls (with respect to some Riemannian metric). For example we could
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try to do this for a circle S in which case one needs three open sets and the chain
complex takes the form

21021 2L DZ—7Z—0—0— ...

where the differentials are given as...

COROLLARY 11.20. Let X be a separated scheme, U be a cover by affine opens and
M a quasi-coherent sheaf. Then

H™(U,M) = H" (X, M)
for alln.

PROOF. In a separated scheme the intersection of affine opens is affine (see
Proposition [6.11]). The restriction of a quasi-coherent sheaf is quasi-coherent. Thus
the claim follows from Proposition [11.18 combined with Theorem [11. U

12. Finiteness of cohomology

Recall from Definition that projective schemes over some base A are those
schemes that admit a closed immersion into P’}.

THEOREM 12.1. Let X be a projective scheme over some noetherian ring and F be
a coherent sheaf. Then for all k > 0 the cohomology group H*(X,F) is a finitely
generated A-module and vanishes for k >> 0.

PROOF. We first want to prove the vanishing in high degrees. To this end we note
that X is separated as a closed subscheme of the separated scheme P’. Moreover
IP"; has a finite cover by n+ 1-affine open sets. The intersections of X with the opens
are still affine (as closed subsets of the affine opens) and thus we can cover X by
(n+ 1) affine open sets, which implies that the cohomology can be computed by the
Cech cohomology wrt this cover. This cohomology evidently vanishes in degree > n
proving the second claim of the Theorem.

Now for the first part of the Theorem we need some pre considerations about closed
immersion: We first observe that for a closed immersion ¢ : X — Y of schemes
the induced functor i, : Mod(Ox) — Mod(Oy) is exact. In fact the stalks of
the pushforward i.(F), are simply given by the stalks F, for y € X and 0 else.
Moreover if we have an injective sheaf 7 € Mod(Ox) then it is flasque, as we have
seen before. But the pushforward i.(F) of any flasque sheaf is again flasque. Thus
it follows that we can compute the sheaf cohomology of F as the sheaf cohomology
of i,(F). Moreover the pushforward of a coherent sheaf is also coherent if YV is
noetherian (otherwise we would need conditions on ¢). This can again be checked
locally.

Together these considerations imply that we have that

H*(X, F) = H" (P, i. F)
Thus we may without loss of generality assume that X = P".
Now we would like to downward induct on k. For some large d we have that F@O(d)
admits an epimorphism
O™ - F®0(d)
by Corollary Equivalently we have an epimorphism O(—d)™ — F and therefore
a short exact sequence
0-G—-0(-d)" —-F—=0
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where G is coherent as well ans we look at the associated long exact sequence
. — HEPY, O(-d)™) — HYPY, F) - H Y P, G) — ..

By inductive assumption the right hand term is finitely generated. The first term is
also finitely generated by the next computation. This then implies the claim. O

Now we would like to state the computation of the cohomology of projective space
P™ with values in the twisted sheaves O(d). To this end we want to establish some
terminology. We consider the graded ring Alzy,..,z,] with z; in degree 1. Then
the d-th graded piece is given by homogenous polynomials of degree d, i.e. has

an A basis consisting of monomials :cd oo 2dn with Z _od; = d. Similarly we

let A[ v o ] be the graded rlng of polynomlals in x; 1 which accordingly have
degree —1 and prY— A[xlo - ] be an ideal in this graded ring with the induced
grading. We have that the d- th graded component of this graded A-module vanishes
for d > —n and has a basis consisting of monomials x ~do . ndn with d; > 1 and

Zz:O d = —d.
ProOPOSITION 12.2. Ford € Z, n > 1 and A arbitrary we have

Alxo, .., Tn)d- fork=0
HE (P, O(d)) = (xo,__%_.an[%,..,ﬁ])d fork=n
0 else

where each x; has degree 1.

Note that only for d > 0 only the first term is non-zero and for d < —n only the
latter. In between both terms vanish. In order to prove this result we would like to
quickly talk about graded modules and graded rings.

DEFINITION 12.3. A graded ring is given by a sequence of abelian groups (R;)icz
together with multiplication maps R; ® R; — Ry such that @,., R; with those
maps becomes a ring. A graded module is given by a sequence of abelian groups
(M;)icz, with maps M; @ Rj — My such that @ M; becomes an R-module.

EXAMPLE 12.4. Consider the ring Az, ..., z,] with x; in degree 1 and A in degree
0. The i-th graded piece consists of those polynomials of degree i.
Also the quotient

A[l‘o, ceey $n]/(f1, PN fk)

where all f; are homogenous polynomials is a graded ring with the induced grading.
For any graded ring R and n € Z we have the graded module

R(n)z = Ri+n
given by shifting. More generally for any graded R-module M we can define

DEFINITION 12.5. Let R = @,., R; be a graded ring.
(1) We set Rt = @, R
(2) an ideal I C R is called homogenous, if it is generated by homogenous
elements. Equivalently, if I = @,c, I N R;.
(3) The set Proj(R) is defined as the set of homogenous prime ideals p C R
with RY ¢ p.
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(4) For any homogenous ideal I C R we define the subset Vi (I) C Proj(R) as
the set of those prime ideals that contain 1.

(5) For a homogenous element f € R of positive degree (i.e. f € R; fori>0)
we define

Dy (f) ={p € Proj(R) | f ¢ »}

(6) For a graded module M and a homogenous element f of positive degree we
set

M(Dy(f)) = Mo
(7) We set Opyojry = R(D1(f)) = R[f o

PROPOSITION 12.6. (1) Proj(R) is a topological space with closed sets Vi(I).
It is a subspace of Spec(R) and has a basis of the topology consisting of the
D+(f)a

(2) The constructions Dy(f) — M(Dy(f)) canonically extends to sheaf of
abelian groups on Proj(R)

(3) The pair (Proj(R), Opyojr)) is a scheme, which is separated.

(4) The standard opens D4 (f) are affine and thus isomorphic to Spec(R[f o).

(5) M 'is a quasi-coherent sheaf

(6) There is a canonical morphism Proj(R) — Spec(Ry) of schemes induced by

taking a homogenous ideal to the intersection with Ry.
PROOF. Omitted. O

WARNING 12.7. In general Proj(R) is not quasi-compact, e.g. Proj(Z[zi,za,...])
with x; in degree 1. But it is quasi-compact if R is generated by finitely many
elements in degree 1. s
Also in general a quasi-coherent sheaf on Proj(R) is not necessarily of the form M.
But if Proj(R) is quasi-compact this is the case, see Stacks 28.28.5. If moreover
Proj(R) is covered by standard opens D, (f) for degree 1 elements f then we also

have that T'(X, M(n)) = Mn, which gwes an important formula for global sections.
We also do not have that M RQr N = M O Opyoj(r) N see Remark 27.9.2.

ExAMPLE 12.8. For the ring R = A[Xj, ..., X,,] the scheme Proj(R) is given by
projective space Py with D (z;) = U; the standard opens given by

Spec(A[zg, ..., T [xi_l]o) = Spec(A[xo/Tiy oy Ti ) Tiy ooy Tp [ i]) = A} .

We have that ]% = O(n). Generally we have that Uj, _; = Di(xj, - ... x;,) and

thus
O(d) (U, !

10,0k

—AlXy .. X ]
) 0, y An, X, X d

20 T ees t 1k

If we have a number of homogenous fi, .., fr € A[Xo, ..., X;,] then we have that

PI‘Oj(A[XO, "')Xn]/fla 7fk) = V(flv ceey fk) g PZ .

PROOF OF PROPOSITION [12.2 We use the Cech complex for the standard cover
= UL, Ui by affines to compute the cohomology with the standard ordering on
the index set {0,...,n}. The Cech complex takes the form

. 1
C*U,0(d)) = @ A[XOa"'vXnvﬁ p

L . FF i
10<i1 <...<ip 0 k
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with differential given by the alternating sum of canonical maps to the localizations:

k

d(8)ig,ip = Y (—1)Fs
=0

105058550 0n

We can further consider this complex as being graded over the degree of monomoals

@ = (eg,...,en) € Z" with Yoigei = d. In other words we declare that the

monomoial X - ... - Xt has degree @ = (eo,...,en). We shall also write this

monomial as X ©. Clearly the differential of the complex respects this degree and
the whole complex decomposes into a direct sum over subcomplexes

CU, @) CU,0(d)) .
Thus we have that

H* (P}, 0(d)) = H*(C*(U, 0(d))) = © H(CWe)
Cwith 37 e;=d

Now we distinguish three cases:

(1) All e; < 0. This can of course only happen if d < —n. In this case we find
U, @) = (O—>0—>...—>0—>A-X?—>O—>...)

where the only non-trivial entry sits in degree n and is isomorphic to A.
Thus we find that

1 1 1 _
H*(O(u’ ?)) _ <$O$nA[-73707 .y E])e for x =n
0 else
(2) All e; > 0. This can only happen if d > 0. Now the complex takes the form
(@Axeﬁ@Axea@Axe )
10<t1 i<ty <i2
This complex is isomorphic to the complex

@A—> @A—) @ A—.

10<t1 19<t1 <12
which arises as the Cech complex of Ogpec(4) for the cover consisting of the

(n 4+ 1) open sets V; all given by Spec(A4). Thus we find that it only has
cohomology in degree 0. More precisely

H*(C(u,?)) = {A[‘T()’ "ﬂxn]e fOI‘ *x =0

0 else

(3) Finally if precisely n—k of the numbers ey, ..., e, are negative. For simplicity
we assume these are eg1,..., e, the other cases are a relabelling. Then
the complex only contains those summands corresponding to the entries
19 < i1 < ... < iz that end with k 4+ 1 < ... < n. Explicitly it takes the form

CUT)=(0=..20=AX" - P 4x° - P 4x7 - .)
io<k+1 i<ty <k+1
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where the first entry is in degree n — k — 1. This complex is up to shifting
isomorphic to the complex

(A— EB A— @ A— EB A— ...

io<k+1 i0<t1<k+1 10<i1<io<k+1

If it wasn’t for the first A it would be the Cech complex of Ogpec(a) for the
cover consisting of the (k + 1) open sets V; all given by Spec(A) (similar
to the second case). The further A in degree zero makes our complex the
augmented Cech complex and thus has vanishing cohomology, i.e.

H*(C(U, <)) =0
Finally the cases (1)-(3) show the result. O

We would like to finish by quoting a result about the vanishing of sheaf cohomology.

THEOREM 12.9. If X is a spectral spaceﬂ e.g. the topological space underlying a qcgs
scheme, and F a sheaf of abelian groups, then H'(X,F) =0 for i > dim X.

PrOOF. |Proposition 0A3G O

13. Riemann—Roch

Recall the notion of an effective Cartier divisor, which is given by a closed subscheme
Z C C such that the associated ideal sheaf 7, € QCoh(C) is a line bundle. Then
we denote the dual by O(Z2).

LEMMA 13.1. Let C' be a smooth curve over some field k, i.e. a smooth variety of
Krull dimension 1. Every closed point x € C defines (with the reduced subscheme
structure) an effective Cartier divisor.

PRrROOF. We may assume that C' = Spec R, since everything is local (and away
from the point the vanishing ideal is trivial). Let I be the vanishing ideal of z. We
have seen in the Exercises that

/P =k, 0 k()

Thus it follows from smootheness that I/I? is 1-dimensional as a x(z) vector space.
Let f be an element of I that maps to a generator of I/I%. By Nakayama this is
even a generator of I in a neighborhood of z, that is after replacing R by some
localization we have that I is a principal ideal. Since R is a domain it follows that
I is a line bundle. O

Note that this crucially needs the smoothness of C', otherwise it would be totally
false. From Proposition [8.11] we immediately deduce:

COROLLARY 13.2. Let C be a smooth curve over some field k. Then every line bundle
on X is isomorphic to a tensor product of line bundles O(x1)®% @ ... @ O(z,)*n
for closed points x; € C' and integers k; € Z.

6Recall that a spectra space is a topological space that is sober, quasi-compact, quasi-separated
and the quasi-compact opens form a basis of the topology
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From now on we let C be a smooth and projective curve over an algebraically closed
field k. By this we mean a 1-dimensional, projective variety which is smooth. If we
speak about points x € C' they are assumed to be closed for this section (unless we
specifiy it to be the generic point). Note that by the results of the previous section
we have that all cohomology groups H*(C,O¢) are zero unless & = 0,1 in which
case these are finite dimensional vector spaces.

We claim

H(C,0¢) = 0c(C) = k

i.e. all global sections are constant. This follows from the more general assertion:

PRrROPOSITION 13.3. Let X be a projective variety over k, i.e. a closed subvariety of
P}. Then Ox(X) = k.

Proor. HY(C;Ox) is a finitely-generated k-module by Theorem It is also
a domain: If f-¢g =0, then X = V(f)UV(g), so by irreducibility either of those is
all of X, say V(f). Then f is nilpotent, hence zero since X is reduced. It follows
that H°(C; Ox) is a finite dimensional k-algebra without zero divisors, hence a finite
field extension. By algebraic closedness, H(C;Ox) = k. O

Note that this claim would be false if we drop the condition that X is irreducible,
then we could for example have two points.

DEFINITION 13.4. We define the genus of C' to be
g :=dim H(C,0¢) .

Informally the genus measures the number of ‘holes’. For example if & = C then
curves over C are orientable surfaces over R and those have a number of holes, which
is the genus. Note that the finite dimensionality of the first cohomology is crucial
for this definition. Generally the finite dimensionality is key for everything in this
section.

EXAMPLE 13.5. The genus of P! is 0 since H!(P*, 0) = 0.

DEFINITION 13.6. A (Weil) divisor on C is a formal sum
D= Z Ny []
xeC

where almost all n, are zero. The group Div(C) is the group of divisors under
addition. Equivalently it is the free abelian group generated by the closed points of
C. A divisor is called effective if all n, are non-negative.

For a divisor D we define the sheaf O(D) as the tensor product

O(D) =R O(x)™ .
ceC
The association D — O(D) induces a group homomorphism
Div(C) — Pic(C)
which is surjective by Corollary

REMARK 13.7. Every effective Weil divisor gives rise to an effective Cartier divisor
with associated sheaf O(D) and sections given by the tensor product of sections
(which exist for positive integers). This follows from the fact that effective Cartier
divisors are essentially the same as line bundles with a section. The subspace of the
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associated Cartier divisor is the union of all the points, but the subscheme structure
takes care of multiplicities.

Our goal eventually is to give a more direct definition of O(D) for a divisor D and
the relation to meromorphic sections. For the moment we shall stick with the current
definition.

DEFINITION 13.8. The degree of a divisor
D= Z ng[]
zeC
s given by

zeC
This defines a homomorphism

deg : Div(C) = Z .
For a line bundle L we define the degree as the degree of a divisor D with O(D) = L.

THEOREM 13.9 (Riemann—Roch I). The degree of a line bundle is well-defined and
for any line bundle L on C' we have

dimy, H(C, £) — dimy, H*(C, £) = deg(L) + 1 — g.
Proor. We first assume that £ = O(D) for D = ) - n.[z] and prove the
Riemann-Roch formula.

(17) dimy H°(C,O(D)) — dimy H'(C,0(D)) = > nz+1—g.
zeC

If D = 0 then we get that O(D) = O¢ and so we get that dim;, H(C,O) = 1 and
dimy, H'(C,0) = g so that the equation (17) is true.
For the next step assume that D = D’ + z. Then we have

O(D) =0(D") ® O(x)
For O(x) we have a short exact sequence
O — O(z) — i.(k)

where i is the inclusion {z} — C of the point (with the reduced scheme structure).
This follows from the short exact sequence

Z— O — k)

(given affin locally by I — R — R/I = k) by tensoring with Z=! = O(z). Tensoring
further with O(D’) we get a short exact sequence

O(D") = O(D) = (k) ® O(D') = i, (k)
Thus we deduce that we get a long exact sequence
0— H°(C,0(D")) - H°(C,0(D)) - k — H(C,0(D")) - H(C,O(D)) = 0
From this we see that we have short exact sequences
0— H°(C,0(D") - H°(C,0(D)) — im — 0

and
0 — k/im — H'(C,0(D")) — H'(C,0(D)) = 0
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so that
dim H°(C, O(D")) + dimy, im = dim H°(C, O(D))
1 — dimim + dim HY(C, O(D)) = dim H*(C, O(D"))

~

so that we get
dim H°(C, O(D)) — dim H*(C, O(D))
= dim H°(C, O(D")) + dimim — dim H*(C,O(D’)) — dimim + 1
= dim H(C,0(D")) — dim H'(C,O0(D")) + 1

Now assume formula holds for either D or D’, then we get from this equality
that it also holds for the other, since the right hand sides of differ also exactly
by 1.

Altogether we see inductively that formula holds for all Divisors D. Now every
line bundle £ is of the form O(D) and we can define

deg(L) := dimy, H*(C, L) — dimy H (C, L) —1+g¢

This is obviously an invariant of £ and by the first part extends the degree of divisors.
This finishes the proof. O

The term H'(C, £) can be reinterpreted using the following theorem, which we state
without proof:

THEOREM 13.10 (Serre duality). Let V be a vector bundle over C. Then fori=0,1
there are canonical isomorphisms

HY(C,Qp ), @ VY) = HITH(X, V)Y

i particular we get
dimy, H'(C, V) = dimy H(C, Qg @ VY)
Using this result we can rewrite the Riemann-Roch theorem without sheaf cohomol-
ogy:
THEOREM 13.11 (Riemann-Roch II). We have
dimy, T(C, £) — dimy, T(C, LY © Qp ) = deg(L) + 1 — g.
ExAMPLE 13.12. For the line bundle £ = Q}J/k we get that
dimy I'(C, Qlc/k) —dim; I'(C,0) = deg(Qlc/k) +1—yg

We can calculate all terms, the first one is by Serre duality g so that the lhsis g —1.
Thus we get that

deg(Qpy) =29 - 2.
Note that it is not obvious how to write Qlc/k as O(D)!

We record the following important characterisation of degree, which was implicit in
the proof of Riemann-Roch:

LEMMA 13.13. Let C be a smooth projective curve as above, and let s : L — L' be a
nonzero morphism of line bundles on C. Then

deg(L') — deg(L) = dim Oy (5 (V(s)).
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PROOF. By definition of V'(s), we have an exact sequence
0= L& (L) = Oc = .0y — 0,
Tensoring with £ and using the projection formula, this translates to
0= L—=>L —id* L —0,

Since V(s) is a closed subset of C, and C' is irreducible of dimension 1, V(s) is
zero-dimensional, and thus consists of finitely many points x1,...,x,. Around each
point, the line bundle i*£’ is trivial, so we get an isomorphism Oy (s) — 1*L'. Hence
we have:

HY(Cyixi™L') = HO(V (s);" L") = H(V(5); Lyy(y)) = H(V(5), Ovy)),
and HY(C;ii*L") =2 HY(V(s);i*L') = 0 since V (s) is 0-dimensional. So we have a
long exact sequence
0— HY(C; L) — H(C; L) = H(V(s), Oy (s) = H'(C; L) — H'(C; L) — 0.

As in the proof of Riemann-Roch, this implies that the alternating sum of dimensions
is 0, which we can rearrange as

(dim H(C; £)—dim H'(C; £))—(dim H(C; L") —dim H' (C; £'))+dim H(V (s), Oy (5) = 0.
Combining this with Riemann-Roch, we obtain

deg(£) — deg(£) = — dim HO(V (s), Oy(y)).
i.e. the desired result.

COROLLARY 13.14. If there is a nonzero morphism s : L — L', then deg(L') >
deg(L), with equality if and only if s is invertible. In particular:

(1) Line bundles of negative degree have no nonzero sections, line bundles of
degree 0 have monzero sections only if they are trivial.

(2) The relation defined by L' > L if there exists a non-trivial morphism £ — L’
s a partial order on isomorphism classes of line bundles.

ProoF. From deg(L') — deg(£) = dim Oy (4)(V(s)), the inequality is clear. If
we have equality, i.e. Oy (4)(V(s)) = 0, we need to have V(s) empty, since it is a
union of finitely many points, hence affine. Then s is invertible, as claimed. O

COROLLARY 13.15. For a line bundle L we have that
dim; I'(C, L) > deg(L) +1—g¢
with equality if deg(L) > 2g — 2.
PRrROOF. The inequality clearly follows from Riemann—Roch. For equality we
have to show that
T(LY @ Q) =0
If deg(L) > 2g — 2 then we have that
deg(LY © Q) = 29 — 2 — deg(£L) < 0

so that this cannot admit a section. O

COROLLARY 13.16. A line bundle L of degree deg(L) > 2g is globally generated, i.e.
there exists an epimorphism @ O — L.
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PRrROOF. It suffices to check that for any point x € C, there exists a section
O — L which does not vanish at x, since then this section is automatically an
isomorphism in a neighbourhood of z, and by quasicompactness finitely many such
sections suffice to generate L.
Letting i : Spec k — C' denote the inclusion of x, we have an exact sequence

0= O(—z) = O =ik —0,
which we may tensor with £ to obtain a sequence
0> LR®O(—x) = L —ii"L— 0.
The resulting morphism H°(C; L) — H°(C;i.i*L) = H(Speck;i*L) = L, R0, k()
is evaluation at z. By assumption, deg(LRO(—x)) > 29—2, so H(C; L&O(—x)) =
0, and thus the evaluation map is surjective. We thus obtain a section of £ not
vanishing at x, as desired. O

COROLLARY 13.17. A line bundle L is ample iff deg(L) > 0.

PROOF. We need to show that the D(s) for s € LZ¥(C) form a basis for the
topology. In other words, we need to show that for any x € C and any open
neighbourhood z € U C C, we find s € L®(C) with z € D(s) € U. The
complement of U is a closed subset of C, and since C is irreducible of dimen-

sion 1, it consists of finitely many points z1,...,z,. We are thus looking for s
which does not vanish at x, but does vanish at xi,...,x,. If we had a section
f:0 = L% ® O(—z; — ... — x,) which does not vanish at z, then we could pre-
compose with the morphism £#* @ O(—x1 — ... — 2,) — L®* which does vanish at
z1i,...,Tyn, but not at x, obtaining a section as desired.

Choosing k large enough, such that k - deg(L£) —n > 2g — 1, we find a section f as
desired. O

14. Meromorphic functions and applications

Let C' be a smooth curve over an algebraically closed field k (really for the first part
we only need a reduced and irreducible scheme, but we will gradually need more).
Recall from Proposition that all the fraction fields of O¢(U) for affine opens
U C C are isomorphic and given by x(n) for the generic point 7.

DEFINITION 14.1. We call the field K = K(C) = k(n) for the generic point n € C
the function field of C or the field of meromorphic functions.

More generally, we want to think of an element of £, for a line bundle £ as a
“meromorphic section of £”. Explicitly such an element is represented by a pair
(U, f) with U C C open, f € L(U), and (U, f) ~ (V,g) if f and g agree on any
open subset of U NV. We justify calling these meromorphic sections through the
following lemma:

LEMMA 14.2. For any open U C C, the map L(U) — L, is injective, where n € C
is the generic point. For any f € L,, there exists a unique mazimal U C C with

feLw).

Proor. If f € £L(U) maps to zero in L,, then it vanishes at 7. But then V(f)
contains the closure 77, so V(f) = C and f is nilpotent, hence zero.
For the second claim, if f; € £(U;) map to the same element, then by the first claim,
they agree on all intersections U; N Uj, hence glue to an element of L(|JU;). O
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We call U the domain of definition of f. Since a nonempty open U C C' is the
complement of finitely many points z1,...,x, (see the proof of Proposition for
an argument), we think of f as having poles at z1, ..., z,, and will call {z1,...,z,}
the set of poles of f.

Note that although every nonzero morphism £ — £’ induces an isomorphism on
L, — (L), where z is the generic point, hence we may identify meromorphic sections
of £ with meromorphic sections on £’, the domain of definition of a given element
depends on the line bundle we look at. For example, consider O(—z) — O. The
section 1 € O(C) defines an element of O, = O(—x),. As section of O, its domain
of definition is all of C. But since 1 does not lift to a global section of O(—x)
(having no global sections since its degree is —1), its domain of definition as section
of O(—x) is only C'\ {x}, as it can’t be all of C', but definitely contains C'\ {z} since
O(—z) — O is invertible there.

DEFINITION 14.3. Let f € L, be a meromorphic section. For a closed point x € C,
we define the order of f at x € C as the largest n for which the domain of definition
of f regarded as meromorphic section of L&O(—n[z]) contains x. We write v, (f; L)
for the order of f at x (or vy(f) if the line bundle is clear).

Assume f € L, is a meromorphic section and x € C a closed point. Let U be a
neighbourhood of  such that the domain of definition of f contains U \ {z}. Recall
that

LU\ {x}) = colimg (L ® O(k[z]))(U).
Here all of the maps are injective, so the colimit is really the union. The order of f
at x is the largest n such that f is contained in (£ ® O(—nlz]))(U).

LEMMA 14.4. (1) For f € Ly, we have vy(f) < 0 if and only if f has a pole at
x, v:(f) =0 if and only if [ is invertible at x, and v, (f) > 0 if and only if
f vanishes at x.
(2) The order is multiplicative, that is
Ua(f3 £) +v02(g: L) = va(fg: LB L)
(3) We have
vz(f + g3 £) = min(vy(f; £), va(g; L))
with equality if the two orders are different.

(4) Assume that f # 0. Then we have that v, (f; L) is nonzero only at finitely
many closed points, and

Z U:r(f; ﬁ) = deg(ﬁ)
zeC

PROOF. By definition, v,(f) < 0 is equivalent to = not being contained in the
domain of definition of f regarded as meromorphic section of £. For the other
statements let U be a neighbourhood of z in which f is defined. We observe that
the long exact sequence associated to

0=>LR0(—x) > L1, L—0
gives an exact sequence
HY UL ® O(—z)) = HY(U: L) = L, @ Oyk(z).
Thus, f pulls back to £ ® O(—=x)(U) if and only if its value at x vanishes.
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If f and g have order n and m, then f regarded as section of £& O(—n|z]) is defined
and invertible at z, g regarded as section of L' ® O(—m/x]) is defined and invertible
at z, and so f ® g regarded as section of L ® L' @ O(—(n + m)[z]) is defined and
invertible at x. Hence the order of fg regarded as section of £L ® £’ is n +m at x.
For the third claim, assume v, (f; £) < v,(g;£). By multiplicativity, the claim is
equivalent to v, (14 ¢g/f;O) > min(0,v,(g/f; O)). But this is clear: By assumption
vz(g/f;O) > 0, so it is defined at z, and hence 1 + g/f is also defined at x. Fur-
thermore, if v,(g/f; O) > 0, then it vanishes at 1+ g/ f, and so the value of 14 g/ f
at x is nonzero.

For the final claim, if f is a nonzero meromorphic section of £, it has finitely many
poles. Also, f~! as section of £~! has finitely many poles, so altogether the order
of f at only finitely many points is nonzero. Now note that the canonical section

sy : O = O(x) has order 1 at = and 0 at all other points. So f - Hs;%(f;ﬁ) is a
meromorphic section of £L® O(—D) with D = > v, (f; L) - [z], whose order at each
point is 0. So this section has domain of definition C', and is invertible at each point,
hence invertible. This implies that £ ® O(—D) = O, and hence

deg(L) = deg(O(D)) = > vu(f; £).

T

g

REMARK 14.5. Note that the basic properties of the order only used that C' is a
smooth variety of dimension 1. Only the invariance of ) v,(f; L) used that C'is a
projective variety, through finiteness of cohomology. If C'is not a projective variety,
then ) v,(f;L) can take different values for different sections of the same line
bundle £, for example O on A}, = Spec(k[t]) admits the sections 1 (with v, (1;0) =0
for each x) and ¢t with v,(¢; O) given by 1 for the point z = (¢) and 0 everywhere
else.

ExXAMPLE 14.6. By Example we have deg(Qlc/k) = 2¢g — 2, meaning that for
an arbitrary nonzero meromorphic section of Qlc I the total order is 2g — 2.

For example, write C' = P} as union of U = Spec(k[t]) and V = Spec(k[t']), glued
along k[(t)*'] = k[t¥!], ¢/ — t~1. The element dt € Q}C[t]/k = Qlc/k(U) defines a
meromorphic section whose order at every point in U is zero, since dt freely generates
Qllﬁ[t]/k as a k[t]-module. So the order at the remaining point of P} has to be —2,

and indeed, our section is given on V' by:

1
()
EXAMPLE 14.7. For C' = V(23 4+ 23 + 23) C P2, we computed in a previous exercise
that H(C; ) is 1-dimensional, so g = 1. It follows that deg(Qlc/k) = 0. In fact,
Serre duality tells us that HO(Qlc/k) >~ (H'(O;k))Y is 1-dimensional, so there exists

a nonzero global section of Qé Ik Since its domain of definition is all of C, the

dt’

()™ =~

order must be nonnegative everywhere, but since deg Qé k= 0, the order must be
0 everywhere. So in fact Q}J Jk =~ O here! It is not obvious how to find such an

isomorphism, i.e. a global section of Qlc Ik that vanishes nowhere. In our concrete
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example, one can compute

1)) )
it T2 g T2 Ty T
with domain of definition D(z1x2) U D(zox2) U D(zox1) = C.

COROLLARY 14.8. Ewvery non-zero meromorphic function f € K = K(C) has as
many zeros as poles (counted with multiplicity), that is

> 0a(f,0)=0

zeC
PROOF. Follow from Lemma [14.4[4) since deg(0) = 0. O

Having developed the notion of orders, we can finally give a more intuitive description
of the line bundles O(D).

PROPOSITION 14.9. Let D = Y n;x; be a divisor. The sheaf O(D) admits the
following explicit description:

OD)U)={fe K=rn)=0,|v,(f;0) > —n; for each x; € U}

PROOF. Recall that O(z) comes with a canonical global section s, with v,(s,; O(x)) =
1, and vy(sz; O(x)) = 0 at all other points. Inverting this, O(—z) has a canonical
meromorphic section with order —1 at x, and tensoring these together, O(D) has a
canonical meromorphic section sp of order n; at z;, where D = > n;[x;].
We have an injective map

OD)(U) — O(D), 25 0,

which takes values in the right hand side of the equality we want to prove. In fact,
it is also surjective, since given an f € O, with v, (f;O) > —n; for each z; € U,
f - sp has nonnegative order at each point of U, so its domain of definition contains
U and it extends to a section of O(D)(U). O

As a consequence we see that if we have Divisors D = Y ng[x] and D' = )" n[z]
with D < D', meaning that for each € C' we have n, < n/,, then O(D) C O(D’)
as subsheaves of K (C') as in Proposition

DEFINITION 14.10. Given any f € K> considered as a meromorphic section of O
we can construct a divisor

div(f) ==Y va(f; L[]
zeC
which is well-defined by Lemma |14.4).

THEOREM 14.11. The following sequence

0=k = K% 9 Divio) 22 pic(c) — 0

1S exact.

PROOF. The injectivity of the first map is clear and the surjetivity of the last
we have seen before (Corollary [13.2)).
For exactness at K™ note that clearly div(\) = 0 for a constant function A. Now
assume that we have a function f with div(f) = 0.Then it doesn’t have poles, so it
is a global function, hence constant.
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Now to see that O(div(f)) = O we simply note that multiplication by f gives a map
O(div())(U) ={g € K | v3,(9;0) > —v5,(f; O) for each x; € U}
EN {9 € K |vy,(g;0) >0 for each z; e U} = O(U)

with inverse given by multiplication with .

Finally assume that we have a divisor D = > n,[x] with an isomorphism O(D) = O.
Under this isomorphism the global section 1 € O corresponds to a global section of
O(D), i.e. an element f € K* with

U:E(fa O) > Ny

for all x € C'. In fact, by the fact that 1 does neither of poles nor zeros we see that
we even have an equality

vz (f, 0) = —ny
so that div(f) = —D. O

We now want to discuss some applications of Riemann-Roch. Abstractly, Riemann-
Roch allows us to find functions with desired properties. We can use this to classify
curves of small genus. First we make an observation similar to what we used when
we related ampleness and quasi-projectiveness:

LEMMA 14.12. Let X be a scheme over Spec(k) and L a line bundle with sections
fo,..., fn such that:

(1) UD(fi) = X,
(2) There exists a m € N such that L¥*(X) is generated by degree k monomials
in the f; for all k > m.

Then the f; determine a closed immersion X — P7.
PROOF. The sections f; determine an epimorphism
OnJrl Ny

or dually a locally split monomorphism £~ — O"*! hence a morphism f : X — Py
We have f*O(1) = L by construction, and z; € O(1)(P}) pulls back to f;. In
particular f~Y(D(f;)) = D(x;). Furthermore, on each D(f;), the map

Opy (D(z5)) = (f+Orp)(D(f;)) = L(D(f;))

i Jis
takes o) to 7, in

L(D(f;)) = colim < o LX) B X > .

By assumption, the }% generate the right hand side as algebra, and so D(f;) — D(z;)
is a closed immersion. It follows that X — P} is a closed immersion. g

THEOREM 14.13. If C is a smooth projective curve over an algebraically closed field
k, and C has genus 0, then C = IP’,lg.

PROOF. Pick a point x € C, and consider the sheaf O(x). By Corollary
we see that H'(C;O(z)) = 0 and HY(C;O(z)) is 2-dimensional. We have that
H°(C;O(xz)) consists of meromorphic functions that only have a pole at = of pole
order maximally 1. There is the function 1. There has to be another linearly
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dependent function f as well, which has to actually have a pole at x, otherwise it
would be globally defined and thus constant.
Now we have that

O(x)*!(C) = O(d[a])(C)
contains f? with a pole of order d at z. Thus for any g € O(d[z])(C) we have that
some g — Af¢ has a pole of a lower order, so that inductively O(d[z])(C) is generated
by monomials in f. So by Lemma they determine a closed immersion C' — P!,

Since both have the same dimension and are reduced, this must be an isomorphism.
O

THEOREM 14.14. If C is a smooth projective curve of dimension 1 over an alge-
braically closed field k and C' has genus 1, then C is isomorphic to a projective
variety of the form

V(zy? — 2 — agryz — azz’z — agyz? — aszz? — ag2®) C Pi.

if k has characteristic # 2,3 then C' is even isomorphic to a projective variety of the
form

V(zy? —2® — axz® — b23) C P3.

PrOOF. We pick a point p € C, and study the line bundles O(d - [p]). Using
Riemann—Roch (and Corollary [13.15)) we get that

\—2\—1 0\1\ 13|4]5]6

dlmHO(,O p 0 1]2[3]4[5]6
dim H(C; O(d - [p)) 1 olololololo
This tells us that O(p)(C) is generated by 1 € K, different from the genus 0 case.

However, in O(2[p])(C), we have another section, say f which is not constant, hence
has to have a pole or order 2 at p (it can’t be of order 1 since then it would already
lie in O(1[p])(C)). Then 1, f form a basis of O(2[p])(C). In O(3[p])(C) we have 1, f
need a further element g € K. Again, K must have a pole of order 3 at p.

We now let £ = O(3[p]), and write z =1, y = g, x = f. We can now extend the
table of sections

d |[o[1]2|3]4][5] 6 |..|
dim H°(C;0(d-[p]) [[1]1]2[3] 4|5 6 ..
mero. functions z x|y x? xy :c‘?’,y2 .

We first see that every section of £¢ = O(3d][p]) is a linear combination of monomials
of z,y,z. By Lemma this means that z,y, 2 determine a closed immersion
into IP’%. To determine its image, we look for a relation between x,y, z. Moreover we
learn that there is a relation of the form

aozy2 + a1+ asxyz + a3x2z + a4y22 + a5a:z2 + a623 =0.

for a; € k. Changing x,y by suitable units, we may assume a9 = —1 and a; = 1.
Thus the equation becomes the Weierstraflequation on an elliptic curve.

A substitution ¥’ = y+ A2 + A2z absorbs the 2z, y2? terms into the zy? term, and
then a substitution 2/ = x + pz absorbs the 22z term into the x3 term. (Here we
used the assumption on characteristic.) Finally, we have chosen z,y, z so that

zy2 =3+ a5acz2 + a623.
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Thus, our immersion C' — IP’% maps C to V(zy? — 2% — asxz? — ag2?)
easily checks this to be reduced, irreducible and of dimension 1, so C

23 — asz2? — ag2?).

1N
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