





Chapter 19

— Non, dit Rambert avec amertume, vous ne
pouvez pas comprendre. Vous parlez le langage
de la raison, vous étes dans l’abstraction.

Mais la od les uns voyaient l’abstraction,
d’autres voyaient la vérité.

(Albert Camus, La peste)
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Chapter 19

Supplement: A short introduction to
complex analytic spaces

The main results of former Chapters including the existence of resolutions for all normal surface sin-
gularities have been accomplished - among others - by reference to the theory of branched coverings of
complex analytic spaces. This and more will be developed here in full generality (but, of course, without
complete proofs) thereby giving us the opportunity to fix our vocabulary concerning the language of
coherent sheaves that is also heavily used in more advanced parts of the book. The experienced reader
may omit reading these notes or consult them if the main text should not be clear enough.

19.1 Holomorphic functions on analytic subsets

As we already have remarked at several occasions in the previous Chapters, we must take into our con-
siderations not only the geometry of singularities but also their function—theoretic properties. Therefore,
we endow a closed analytic subset X of an open set U C C™ (or of any complex analytic manifold)
not only with the relative topology coming from U but also with a complex analytic structure by
calling a function f: V — C on an open set V C X holomorphic, if it is locally induced from a
holomorphic function on C": for all x € V' there exists a neighborhood W of = in U and a function
F e HYW, Ocn) such that fixow = Fixnw -

Under the natural addition and multiplication of complex—valued functions, the set of all holomorphic
functions on V' forms a ring containing the constants ¢ € C, hence a C—algebra. We denote it by

H°(V, Ox) or by Ox(V).
If we want to refer to continuous functions only, we use the symbols Cx , Cx (V) and so on. In particular,
Ox(V)cCx(V)

as C-algebras.
By definition, we have a canonical C-algebra—homomorphism

H°(U, Ocn) — H°(X, Ox)

which in general is neither surjective (for n > 2) nor injective. It is an epimorphism, if U C C" is
a domain of holomorphy (in particular, a polydisk or a ball) or more generally a Stein manifold (c.f.

Chapter 7).

If X is defined as the common zero—set of finitely many holomorphic functions fi,...,f. €
HO(U, Ocn), then it is clear that each holomorphic function f contained in the ideal (fi,...,f.)
generated by the elements fi,..., f. in H°(U, Oc¢n) vanishes on X . But in general, there exist func-

tions f not belonging to this ideal, yet vanishing on X : just notice that, given g¢i,...,g9s, we can
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define Y = N (g1,...,9s) alsoby Y = N(gfl,...,g£5) for any ¢; > 2, and not always will g; be

contained in the ideal (gi*,... g%).
The Rickert Nullstellensatz (or better: one of its versions; see Section 2 and 7) asserts that there are
locally no other functions vanishing on X than those having a power which is contained in (f1,..., f.).

For a precise statement, we must have the theory of sheaves at our disposal which we begin to develop
in the next Section. It is clear from the preceding remarks that the notion of the radical of an ideal a
in a ring R will play the crucial role:

rada = {f € R: it exists £ € N* with f*ca}.
In the algebraic category, there is an analogous global result called Hilbert’s Nullstellensatz:

*Theorem 19.1 Let Pi,...,P. be complex polynomials in n variables, and denote by X the common
zero—set of Py,...,P.. Then

{PeClay,...,2z,]: Px =0} =rad(P1,...,P.)Claxy,...,2,] .

19.2 Germs of holomorphic functions

For local considerations, it is convenient to go over to germs of functions. This concept is a special
manifestation of forming inductive limits that can be explained in a few words as follows:

Let (A,).,er be a system of sets A, indexed by a partially ordered set I, where the ordering is
denoted by <. Thus, (I, <) satisfies by definition the two axioms

L < forall cel
t<k,k<A = <X forall ¢, kK, A€T.

Further, assume that for all ¢+, Kk € I with + < k there exists a map ay, : A, — A, such that the
collection (ay,) is subject to the conditions

o, = idg, forall cvel
Qxg Oy, = ay, forall ¢, k, Ne€l with ¢+ < x < X,

Then the system (A,, a,,) is called an inductive system of sets. Such a collection demands the name of
an inductive system of groups, if all A, have a group structure and the «,, are group homomorphisms
(and similarly for all other categories).

The inductive limit of such a system is defined by an equivalence relation in the disjoint union of
the sets A,. Call a, € A, and a, € A, equivalent, if there exists a A € I with + < A, kK < A, and
such that

a)\L(aL) = a)\n(an) .
When the partially ordered set I satisfies the condition that each pair of elements admits a common

larger element, then the definition establishes an equivalence relation. Denoting the set of equivalence

classes [a,] by
limA, = A

Le

(suppressing the system of maps «, only for economical reasons), we get the inductive limit A together

with canonical maps
A — A
Q,
a, — [a,].

It is absolutely straightforward how to equip the inductive limit A with the structure of a group
(ring, algebra, etc.) for inductive systems of groups (rings, algebras, etc.) such that all maps «, are
homomorphisms.
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As an Ezxample, which is of paramount importance for the sequel, look at an arbitrary topological
space X and associate to any open set U C X the C-algebra of continuous functions Cx(U). The
system U, of open neighborhoods of a point x € X is partially ordered by

U<V «<— UDV

and satisfies the extra axiom mentioned above since U, V € U, implies U < UNV, V < UNV.
This ordering induces C—algebra homomorphisms

Tg : Cx(U) — Cx(V)

by restricting h € Cx (U) to V. So, by setting Ay = Cx(U), ayy = 1y, we get an inductive system
whose limit is usually denoted by
CX,r = lim Cx(U)
fAS

and whose elements f, := [f] are precisely the germs of continuous functions f € Cx(U) at z.

Since restrictions of holomorphic functions f € Ox(U) on an open subset U in an analytic subset
X to open sets V' C U are also holomorphic on V' by definition, the same procedure as above gives us
the algebra of germs of holomorphic functions on X at x:

Ox .z -

The analogous local morphism corresponding to the map studied in the second half of Section 1 is now
the canonical epimorphism
[l O(Cn,m — OXJ

induced by restrictions of representatives of holomorphic function germs in n variables near = to X .
If X can be written, in a neighborhood U of x, as the zero—set of functions fi,..., f. € HO(U, Ocn)
and if I, denotes the ideal generated by the germs fi z,..., frz in Ocn 5, then we can state Riickert’s
Nullstellensatz as follows:

*Theorem 19.2 ker e = rad I, .

In other words: if g € H°(U, O¢n) vanishes on X , then there exists for all # € U an open neighborhood
V Cc U of z, holomorphic functions hy,...,h, € H(V, Ocn) and a positive integer ¢ such that

f@):iym@ﬁu)mwuxev.
p=1

19.3 Presheaves and sheaves on topological spaces

It is quite obvious that there is a unifying concept behind the constructions in Section 2: This procedure
works for all systems S (U), U C X open, of sets (groups, rings, algebras) together with given maps
(homomorphisms of groups, rings, algebras, resp.)

i SU) — S(V), VcU

such that
rg = idg(y) and rWory =y, WcVcU.

Such systems are usually called presheaves (of sets, groups, rings, algebras) and are denoted by the
symbol S (which is regarded as a functor). By the same recipes, it is clear how to define a presheaf
S of modules over a presheaf of rings R. Although the restriction maps r{; play an important role,
they will in general not be mentioned explicitly, since they are in most examples canonically given (by
“obvious” restrictions of objects on U to V).
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For any presheaf S on a topological space X , we can form the inductive limit

S, = lim S(U)

fAS

which is also called the stalk of the presheaf S at x (having the germs of elements in S (U), z € U,
as elements). The restriction map S (U) — S, is then usually denoted by r{;, and, as a rule, we write
sy for the image 13 (s), s € S(U). It goes almost without saying that these stalks carry the same
algebraic structure as the defining presheaf does, and that the restriction maps r, are homomorphisms
in the respective category.

Besides the presheaves Cx on a topological space X and Ox on an analytic set X, we met
implicitly other ones in connection with holomorphic vector bundles 7 : E — M on a complex analytic
manifold M by associating to an open set U C M the Oy (U)-module of holomorphic sections over
Uin E:

H°(U, O(E)) = {s: U — E holomorphic with 7os = idy } .

There are canonical restriction maps r}; making this system into a presheaf O (E) or Oy (E); we
hope that the reader will not be confused by the fact that we use Oy (U) for the algebra of holomorphic
functions on U and Oy (E) for the presheaf of holomorphic sections in E'. It should be evident that
the stalk Op(E), has a canonical structure of a finitely generated free Oy ,—module.

All of these examples satisfy the additional properties of sheaves. A presheaf S is called a sheaf, if
the following two axioms are fulfilled for S (here U, Uj, j € J, denote open sets in X with U = UUj):

i) if s,t€ S(U) and rgjs = rgjt for all j € J, then s = t;

ii) if s; € S(U;) is a system of elements with rgij’“sj = rg:mUj sk for all j, k € J, then there

exists an element s € S (U) with rgjs = s, forall j.
Let us briefly sketch the method for associating a sheaf S to a given presheaf S having the same

stalks (and the same algebraic structure). Denote by S the disjoint union of all stalks S, , z € X , and
engrave a topology on S by using the fundamental system of open sets

{sz:2€U}, seSU).

Then the canonical projection 7 : S — X sending s, € S, to x € X is a continuous (locally
homeomorphic) map, and we can form the set of (continuous) sections

S(U) ={o:U — S continuous with 7oc = idy }

which - together with the obvious restriction maps - builds up a sheaf S. Moreover, S (U) can be
equipped with additional algebraic structures if those are given on S (U).
There exist canonical maps (homomorphisms)

S(U) — S(U), UcCX open,

which are easily seen to be bijective for all U, if and only if S is a sheaf. Therefore, we sometimes
identify a sheaf S with the topological space S — X, and we call S (U) simply the set (group, etc.)
of sections in S over U, denoting it also by H°(U, S).

19.4 Analytic sheaves

We are now returning to analytic sets X together with their associated structure sheaves Ox of germs
of holomorphic functions. We also have sometimes to make use of the sheaf O% of invertible elements
in Ox, i.e. of the sheaf of germs of nowhere vanishing holomorphic functions. Of course, O% has the
structure of a sheaf of (multiplicatively written) abelian groups. Further, we will consider the sheaf of
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locally constant functions with values in a ring R which is usually denoted by the same symbol R,
that is

H°(U,R) = {g: U = R, g locally constant on U} .

The latter (especially for R = Z, R, C) appear in topological arguments.

In analytic contexts, we will be concerned most of the time with sheaves S of modules over Ox ,
that is with analytic sheaves. So, for all open sets U C X , the abelian group S (U) of sections in S
over U has always the additional structure of an Ox(U)-module. (Notice that Ox(U) has always
a unit, namely the function being identically equal to 1; we therefore assume tacitly that the module
structure of S (U) is unitary, i.e. 1-s = s for all s € S(U)) . Examples of such analytic sheaves are
the sheaf of holomorphic sections in a holomorphic vector bundle £ — M on a complex manifold or
ideal sheaves I associated to elements fi,...,f. € H°(X, Ox) via the presheaf assigning to U the
ideal generated in Ox (U) by the restrictions f, .

The last example is a very special type of sheaves that can be constructed by using the concept
of sheaf homomorphisms. Such a homomorphism ¢ : S — S of sheaves (of abelian groups, say) is a
collection of group homomorphisms ¢y : S (U) — S (U) making all diagrams

4% ~

S(U) S(U)
TV 7’:V
U U
S(V) ——5(V)

commutative. We always denote the canonically induced homomorphism

lim oy : Sy = lim S(U) — lim S(U) = S,
wel

TE xE

by ¢ .
For a sequence

(%) (AN SN

of sheaf homomorphisms, exactness at S is measured by the exactness of the sequences of all group
homomorphisms

S frog, P ogr pe X

In other words: (x) is ezact at S, if and only if ker ¢, = im ¢, for all z € X .
Denoting by 0 the trivial sheaf of abelian groups, we call ¢ a monomorphism, if

0— 9 % 8

is an exact sequence at S’ (the left arrow being self explanatory).
1 is an epimorphism, if the sequence

S Y5 0

is exact at S”.
As in the case of groups, exactness of any sequence longer than (%) means exactness at all places
where the definition makes sense. In particular, a short exact sequence is a sequence of type

0—8 —-85S—5—0

where exactness holds at S’, S and S”.
One of the crucial facts about exact sequences of sheaves is the following
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Lemma 19.3 Let 0 — S' % 8 4 S be an exact sequence of sheaves of abelian groups. Then, for
all open sets U C X, the associated sequence of groups of sections

0 — H(U,S) — H°(U,S) — H°U, S")
18 exact.

Regarding HY(U, -) as a functor assigning abelian groups to sheaves of abelian groups, Lemma 3 is
usually phrased by saying that H°(U, -) is left-evact. Before we prove this result, we give an Ezample
which shows that HC(U, -) is in general not right-exact (and hence not exact): Associate to any
holomorphic function f € HY(U, Ox) the function exp f defined by

exp f(z) =@ zeU.
Then exp f € H°(U, O%), and the morphisms of abelian groups
H°(U, 0Ox) — H°(U, O%)

are compatible with restrictions. It is clear that the corresponding sequence of sheaves of abelian groups

27 exp

0 —7Z — Ox — 0%y — 0

is exact. (Here, 2w means that locally constant Z-valued functions are multiplied by 27 ). The main
point is that nonvanishing holomorphic functions have locally well-defined branches of logarithms.
However, if U is not simply connected, it is in general not possible to patch these local logarithms
together to get a global logarithm on U . Hence,

OX,m — O;(,x
is surjective for all x € X , whereas
H°(U, 0x) — H(U, 0%)

is not always an epimorphism.

Proof of Lemma 3. (a) Let s’ € H°(U, S"), and let s = oy (s’) be zeroin HO(U, S). Then ¢, (s) =
Sz = 0, € Sy for all © € U such that s, € ker ¢, = (0,) C S, . By the first axiom for sheaves, s’
must be the zero element.

(b) Using the same argument as in (a) yields ¢y o oy = 0, i.e. im ¢y C ker ¢y . If; on the other
hand, s € ker ¢y, then s, € ker v, = im ¢, for all x € U. Therefore, we can find for all = a
neighborhood U, C U of z and an element sj, € H°(U,, S') with ¢y, (s;;) = s, = ry°s.
Applying (a) to U, N U, leads to S/IJJ\Uany = S,Uy\UmUy for all x, y € U. Hence, the second axiom
for sheaves guarantees the existence of an element s’ € HO(U, S") with ¢y (s') = s. O

For studying morphisms G 4 G of groups (vector spaces, modules, etc.), it is sometimes very
useful to go over to the canonical short exact sequences

0 —kerp — G — ime — 0,

O—>im<p—>C~1’—>c0kerg0—>0.

For a sheaf morphism ¢ : S — S , these constructions are a little bit more complicated. In view of
Lemma 3, only the definition of ker ¢ is straightforward: just put

(ker o) (U) := ker oy ,
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show that the system (ker ¢) (U) is compatible with the restriction maps r); of S and that this
collection of groups and homomorphisms satisfies all axioms of a sheaf which we then call ker ¢ . The
functorial exact sequences

0 — ker oy -4 S(U) 2% S(U)

can be viewed as a sequence of sheaves
0 — kerp — § %5 8

which is exact, since forming inductive limits is an exact functor. In particular, we have (ker @), =
ker ¢, for all x. B

In order to define im ¢ correctly, we have to do so in such a way that im ¢ = S for an epimorphism
¢ . Therefore, it is not correct to define the image by (im ¢) (U) = im ¢y, which in general is only
a presheaf (together with the obvious restriction maps coming from 7} : S(U) — S(V)). However,
it is an easy exercise to prove that the associated sheaf, which we call im ¢, has the following natural
description:

_ for all x € U there exists a neighborhood
(im ¢) (U) = { € S(U): V CU such that 7;(3) is the image
of an element sy € S (V) under oy

In particular, im ¢y C (im ¢) (U) such that there exists a canonical functorial factorization

YU

S(U) S(U)
(im ) ()

where jy denotes the natural inclusion (im @) (U) C S (U). Therefore, we get exact sequences of
sheaves o

0 — imp 5 S

0—>ker<p—i>5i>im<p.

But, by the definition of im ¢, it is plain that (im ¢), = im ¢, and @, is equal to the natural map
¢z 2 Sy — im @, . Thus, ® (which most of the time will be denoted by ¢, too) is an epimorphism.

The construction of coker ¢ follows the same pattern. Suppose, more generally, we are given a
monomorphism

0— 5 -4 3.
Then we can identify S’(U) via jy with a subgroup of §(U) - that is we regard S’ as a subsheaf of
S'. The system of quotient groups S (U)/S’(U) has a natural structure as a presheaf whose associated

sheaf is called S/S’. The canonical projections S (U) — S (U)/ S’ (U) define a sheaf homomorphism
p: S — S/8 satisfying ker p, = S., im p, = (S/S5’), . Hence,

0— 8 24828/ —0

is an exact sequence, and (S/S"), is canonically isomorphic to S,/ S, .

It is clear that for any exact sequence 0 — S’ 9§ B 8" - 0 the sheaf S” can be identified
with the quotient sheaf S/S’. Therefore,

ime = 5/ ker p,

and, by definition, B
coker p = S/ im ¢ .
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The reader may convince himself/herself that these constructions of ker ¢, im ¢ and coker ¢
together with the exact sequences

0 —kerp — S — imp —0
0—>im<p—>§—>cokergp—>0

carry over to sheaves of modules, in particular to analytic module sheaves.
There are other purely algebraic devices to build up new sheaves from old ones. Suppose that S;
and Sy are two sheaves of modules over the sheaf R of rings, then

(S1©82) (U) = S1(U) @ S2(U)

defines a new one with (S;® S2); = S1,4® S2,, the direct sum of S; and Sy . This procedure can be
extended to more than two summands. In particular, if S1 =---= S5, = S, then S1®...® S, will
also be denoted by S™ or S®".
There is also no problem in restricting sheaves S on X to open subsets V C X . We denote this
restriction by S}y :
SyU) = 8(U) forall U CcV, U open.

19.5 Finitely generated sheaves and the permanence principle

Of particular interest in the following are free R—modules RP . For instance, it is simply checked that the
existence of a morphism ¢ : RP — S for a sheaf S of modules over R on X is equivalent to selecting
p sections s1,...,s, € S(X), namely the p—images of the basis elements e; = (0,...,1,...,0) in the
free R(X)-module RP(X). The subsheaf S’ = im ¢ C S is then called the sheaf generated by the
sections si,...,sp. By definition,

S! = R,-submodule of S, generated by s1.4,...,Spz -

We usually write
S" = R(s1,...,8p);

we say that S is finitely generated, if S = R (s1,...,s,) for some sections si,...,s, € HY(X, S).

With the notion of restricting a sheaf, the concept of a sheaf being generated by finitely many
sections can easily be localized. We say that S is of finite type, if it is locally finitely generated, i.e. if
for all 2(® € X we can find a neighborhood V of z(°) and an epimorphism

R]\DV — S‘V

(where, of course, p may depend on x(?)). Under this assumption, all stalks S, in a neighbourhood
of (9 are finitely generated R, modules. But locally finite generation is more than this: we must be
able to choose a system of generators for all stalks S, simultaneously in a “continuous” manner.

The “permanence principle” we have applied already several times in the core part of the manuscript
can be formulated in the following way.

Theorem 19.4 Let S be a sheaf of modules over R of finite type. If s1,...,s, are sections in S in

a neighbourhood of a point x € X such that the germs $1z,...,Sp . generate the stalk S, over R,
then siy,.. 5 Spyy generate S\ over Ry, i.e: Sy = Rjy(s1,...,sp), for some neighbourhood V
of x.

Proof . Suppose without loss of generality that all sections sq,...,s, are defined on the same neighbor-

hood W of z. Look at the exact sequence
0 — R|W(S1, R ,Sp) — S|W — S|W/R|W(S1, R ,Sp) — 0

in which
(S|W/R|W(817"'asp))x =~ Sx/(Rm(Sl,mwwasp,m)) = O

Since with S every quotient sheaf S/S’ is also of finite type, it remains to show the following Lemma.
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Lemma 19.5 Let S be a sheaf of finite type on X . Then the set of points x € X in which S, = 0,
is open in X .

Remark. The complement of this set is usually called the support of the sheaf S (see also Section ?77).
For sheaves of finite type, this support is hence a closed subset of X . For coherent analytic sheaves on
a complex space X , it is even an analytic subset (see Section ?77).

Proof of Lemma. Fix an arbitrary point = € X and a neighbourhood W of x such that S is generated

over W by p sections si,...,s, € S(W).If S; = 0, then sy, =--- = sp, = 0 such that there
exists an eventually smaller neighbourhood V' of x with s;y = -+ = s, = 0. Consequently,
Sy = 0. |

Remarks. 1. It is not difficult to construct ideals in the sheaf of differentiable functions on R, necessarily
not of finite type, that contradict the result of the preceding Theorem.

2. Notice that the theorem and the lemma are obviously equivalent.

19.6 Coherent analytic sheaves

Coherence is a finiteness property of sheaves that has its roots in Oka’s Coherence Theorem for the
sheaf of germs of holomorphic functions on C™ which can be stated as follows:

*Theorem 19.6 Let ¢ : OfU — O, U C C" open, be a sheaf homomorphism. Then the kernel
ker ¢ is of finite type.

Notice that ker ¢, consists of those p-tuples (g14,...,0p) of germs satisfying

p
Z gj,a:fj,:v =0 )
j=1

where the functions f; € HO(U, Ocn) are the images of the basis elements e; . In other words: ker ¢
is equal to the sheaf of germs of relations between the generators fi,..., f, of the ideal sheaf im ¢.
Therefore, we say that an analytic sheaf S is of finite relation type, if for all homomorphisms

(p:(’)‘pU—>S‘U, UcCcX,

the kernel ker ¢ is of finite type. Whereas finite type carries over to homomorphic images, i.e. S/ S’
is of finite type for all subsheaves S’ C S if S is of finite type, finite relation type will automatically
be transmitted to subsheaves.

An analytic sheaf S is called coherent, if it is of finite type and of finite relation type. Oka’s
Coherence Theorem says that the structure sheaf Ocn is coherent (viewed as a sheaf of Oc¢n—modules).
By the preceding remarks it follows that an ideal sheaf I C O)y, U C C" open, is coherent, if and
only if I is of finite type.

Analytic sets in U and coherent ideal sheaves I C Oy are closely related. Suppose that I is such
a sheaf, and define the zero—set of I by

X=N{I)={z€U: I, # O},

where O stands for Oy . Then it is immediately checked that on all open sets V' C U, where Iy is
generated by functions f1,..., f. € H°(V, O), we have

XNV ={zeV: fifx) == fr(x) =0}.

So, X is an analytic subset of U . On the other hand, if X is analytic in U, it is only locally defined
by such coherent ideal sheaves which, however, do not fit together globally in general. Nevertheless,
X can always be constructed from a coherent ideal sheaf on U by taking the sheaf of all germs of
holomorphic functions vanishing on X . This is a consequence of Riickert’s Nullstellensatz and another
important Coherence Theorem due to Cartan and Oka:
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*Theorem 19.7 Let I C O;y, U C C" open, be a coherent ideal sheaf. Then its radical rad I is
coherent, too.

Here, rad I is the sheaf associated to the presheaf of all ideals rad I (V)), V C U open, which
satisfies the identity
(rad I), = rad I, .

Next, we would like to mention Serre’s Coherence Criterion.

*Theorem 19.8 If in the exact sequence of Ox-module sheaves
S1 — S — 8§ — S3 — 54

the sheaves S1, Sa, S3 and Si are coherent, then so is S.

Since the trivial sheaf 0 is obviously coherent, this result implies
Corollary 19.9 In a short exact sequence

0—9 —8—95 —0

all sheaves are coherent, if and only if two of the sheaves S’, S, 8" have this property.

In particular, the canonical exact sequence 0 — S; — S1®S2 — Sz — 0 shows that direct sums
of coherent sheaves are coherent. Moreover, given a morphism ¢ : S — S of coherent sheaves, im ¢
is a subsheaf of S of finite type, hence coherent, and the short exact sequences for ker ¢ and coker ¢
yield the same conclusion for these sheaves.

We want to use these remarks to indicate how one can prove that all structure sheaves Ox of
analytic sets X C U C C™ are coherent. More generally, we would like to describe the possibility
of restricting coherent sheaves S on U to X “coherently”: We start with the coherent ideal sheaf
I C Oy of all germs of holomorphic functions vanishing on X and form the sheaf

I'®o, S,
the tensor product of I and S over Oy, which is associated to the presheaf
(V) ROy (V) S(V).
Since tensor products commute with inductive limits, we have
(1 R0,y S)w =~ I, ®oy., Sz -

By definition of coherence, S can locally always be written as the cokernel of a map O|qv — O|pv such
that we get sequences

(%) Iv ®o,, Of’v — Iy ®o,, Olpv — Iy ®o, Sy =2 (I ®o S)jy — 0,

where Iy ®o Ofv , { = p, q, is canonically isomorphic to the ¢—fold direct sum
Ive---&ly,

hence coherent. Corresponding to (), we have the following sequence at = € V':

(I®O Oq)az — (I®O Op)m — (I®S)ZD — 0

(%) | | [
1, XKRo, Og — I Ko, 05 — I Ko, Sy
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which is induced from the exact sequence
ol — 0% — S, — 0.

Tensoring being a right—exact functor, it follows that the sequence (xx) is exact for all = € V. Therefore,
the sequence (*) is exact and [ ®¢, S is seen to be coherent.
We use the tensor product via the canonical sheaf homomorphism

I®(9‘US—>S

that associates to ) f; ® s; € I (V) ® S (V) the element ) f;s; € S(V). We denote its image sheaf
by I-S,or IS for short, since

(I-8), = I, S, = submodule of S, generated by I, .

By construction, the cokernel

S/IS

of this homomorphism is a coherent O|;-module sheaf which is “concentrated” on X :
(S/18)y = S;/1.Ss = Oy forall z e U\ X .

In particular, taking S = Oy, we get the coherent Ojy—module sheaf O/ which can be regarded
as the trivial extension of the structure sheaf Ox to U, since

Oxx,IGX

(OlU/I)a:g{ 0, ,zcU\X.

It is now an easy matter to derive the coherence of Ox (as an Ox-module sheaf) from the coherence
of Oy /1 as Ojy—module sheaf. Moreover, for the coherent analytic sheaf S on U, the quotient S/ 1.5
inherits the structure of a coherent sheaf of (O)y/ I)-modules. It is clear that for any two open sets
Wi, Wo CU with Wi N X = WonX =V the groups of sections

H°(W,, S/IS) and H°(Ws, S/IS)

are identical as HY(Wy N W, O,y /I) = H°(V, Ox)-modules. Hence, there exists a sheaf S of Ox—
modules on X with

Sy =8,/1,8:,, z€X,
which is called the analytic restriction of S to X . As a rule, we denote this analytic sheaf by S x .
From the preceding remarks, one can also deduce that S|x is a coherent sheaf on X .
Let us summarize some of the previous results and a few of their immediate consequences in

Theorem 19.10 Let X C U C C" be a closed analytic subset. Then the structure sheaf Ox is coher-
ent. Kernels, images and cokernels of homomorphisms between coherent analytic sheaves are coherent.
In particular, an analytic sheaf S on X 1is coherent, if and only if it is locally presentable, i.e. if it
coincides with the cokernel of a homomorphism

Ofv — OF

Vo V C X open.

For two coherent analytic sheaves S1, So on X, their direct sum Sy ® S and their tensor product
S1® So are coherent. Further, if I is a sheaf of ideals in Ox of finite type and if S is coherent and
analytic, then so is 1.S.

Only the statement about the tensor product needs verification. However, for this one can follow
exactly the same pattern of reasoning as in the case of the tensor product I ®¢ S, since we used there
only the coherence of I, S and of the structure sheaf O.

In the rest of our manuscript, we adopt the widespread behaviour to call a sheaf of Ox—modules
simply an Ox—module. Similarly, we use the words ideal or ideal sheaf synonymously for a sheaf of
ideals in Ox .
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19.7 Analytic sets and supports of coherent analytic sheaves

Since we now have available the notion of holomorphic functions on a closed analytic subset X C U C
C™, it is straightforward to give a definition for a closed subset A of X to be analytic in X : locally
in X, the set A has to be the precise zero—set of finitely many holomorphic functions on X . This
condition is, of course, equivalent to the following:

i) A isaclosed in U and contained in X ;
ii) A is a closed analytic subset of U .

So, as sets, we do not find new objects. But, from the sheaf-theoretical point of view, we must carefully
distinguish between ideals J C Ox and J C Oy defining A. If the set X itself is given by the
coherent ideal I C Oy of all holomorphic functions vanishing on X', we obtain such a defining ideal

Jc Oy from a defining ideal J C Ox by taking the kernel of the composite map
Oy — O/l = Ox — Ox/J,
where we identify Ox with its trivial O|y—coherent extension to U . Hence, denoting by
ez Ove — Ox g

the canonical epimorphism, we have for all x € X :

Jm - 6;1(JT) 5 5T(j;) = JI 5
and consequently, by an easy exercise:
rad J, = ¢, '(rad J,), eg(rad J,) = rad J, .

Using the standard Riickert Nullstellensatz and the Coherence Theorem of Cartan and Oka, these
equations imply:

Theorem 19.11 Let A be a closed analytic subset of X C U C C™. Then the ideal I4 C Ox of
germs of holomorphic functions on X wvanishing on A is coherent and (locally) identical to the radical
of any coherent ideal in Ox defining A .

It follows from our definitions that an analytic set A C X C U can be described as the set of points
x € X, where we have

OX,r/IA,r = (OX/IA)z # Oz .

This is a special case of the support of a coherent Ox—module sheaf S which is defined by
supp S = {zeX: S5, #0,}.
One of the most important features of coherent analytic sheaves lies in
Theorem 19.12 The support of a coherent Ox—module S is a closed analytic subset of X .

Proof. We work locally at a point z(°) € X and present S in a neighborhood V of z(®) by the
cokernel of a map
©w: Oqu — (’)‘pv ,

where ¢ is given by a ¢ x p matrix of holomorphic functions ¢, € H°(V, Ox). Consequently, we
have for A = supp S':
ANV ={zeV: p,: 0L — OF not surjective }

={zeV: rank(apjk(x))ij ,,,,, 1 < p}.

(%)
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Now, if 2(®) & A, then there exists a p x p submatrix of (pjx) whose determinant at z(© is not zero.
By continuity of holomorphic functions and the determinant, this remains true in a whole neighborhood
of (9 so that A is closed in X . But, again using (x), A is easily seen to be locally analytic, since
ANV is the set of points z € V', where all p x p submatrices of (¢;r(x)) vanish. O

Theorem 10 is only a very special form of what can be called the permanence principle for coherent
analytic sheaves: For most “good” properties of modules over local rings, it can be proved that, if a
stalk S, of a coherent analytic sheaf S has such a property, all neighboring stalks S, are equally
good, and the “bad” points x € X , where S, does not satisfy the condition, form an analytic subset.
For instance, 2(?) € X being a smooth point can be translated into the purely algebraic statement that
the stalk of the structure sheaf at z(®) is a regular local ring. The permanence principle related to this
property of rings implies that the set sing X of singular points in X is a closed analytic set.

We will come back to such questions later. For the moment, we draw only some simple conclusions
from Theorem 10. So, for instance, we can state:

Corollary 19.13 Let ¢ : 8" — S” be a morphism of coherent analytic sheaves. Then the following
sets are closed and analytic in X :

{x € X : v, is not surjective } ,
{xz € X : py is not injective} ,

{z e X : p, is not an isomorphism} .
Moreover, we can generalize Theorem 10 to
Theorem 19.14 Let S, S” be coherent submodules of a coherent Ox-module S . Then
{zeX: S, ¢S5/}

is a closed analytic subset of X . In particular, if S’ C 8%, or 8!, = S for a point 2@ e X,
then S"V C Sy or S"V = SI’(/ in a suitable neighborhood V of x(©) .

Proof. Since S!, C SV if and only if S!, = S, NS, we can reduce the problem to the investigation
of the set {z € X : S, = S/ }. In fact, using the morphism % : S’ ®S” — S defined by (s, s”) —
s — " for &€ S(V)CS(V), s"eS"(V)c S(V), yields the coherence of the sheaf ker ¢ whose
stalks can be identified with the intersections S7 N S2. Consequently, we write ker ¢y = S’ N S”.
Therefore, if we replace S” by the coherent sheaf S’ N S”, we may assume that S” C S’, so that
SLg Sl e SLAS & (885, =S,/S) # 0p5ie {zeX: S, ¢S} =supp(S'/5"). O

It should be noticed that the result of Theorem 12 remains valid when we only assume that S is
of finite relation type, whereas the subsheaves S’ and S” are of finite type; because then S’, S”
are automatically coherent as subsheaves of S, im ¢ is of finite type and hence coherent for the
same reason, and consequently ker v is coherent. We finally remark that the stalks of the coherent
Ox-module im 1 are the sums S, + S of S, and S/ in S, . Therefore, we put S’ + S” := im v

19.8 The annihilator of coherent sheaves and the generalized
Riickert Nullstellensatz

Closely related to an analytic sheaf S on X is an ideal sheaf in Ox whose stalks are the annihilators
of the Ox ;—modules S, :

A S, = {fo € Oxp: foSe = 0,}, z€X.

We leave it as an exercise to the reader to show that there exists indeed an ideal sheaf Ann S C Ox
having these stalks, if S is of finite type (just notice that any local representative f of an annihilator



600 Chapter 19 A short introduction to complex analytic spaces

foz € Ann S 0 has then the property to annihilate all nearby stalks: f,.S, = 0, for all = close to
z(© ). Of course, we have 1, € (Ann S),, if and only if S, = 0, . In other words, if we use the fact
that Ox , is a local ring (with maximal ideal m = my , which is the image of the maximal ideal in
Oc¢n , under the natural epimorphism Ogn , — Ox ), we have the equivalence:

T €supp S <— (Ann S), C mx,
< Ox,y/(Ann S), # 0,

Therefore, the following is a stronger version of Theorem 10:

*Theorem 19.15 For any coherent analytic Ox-module S, the annihilator Ann S is a coherent ideal
m OX .

By the very definition of Ann S, it is quite obvious that each module S, can also be regarded
as an R, = Ox,/ Ann S;—module. Similarly to Section 5, we can think of S as being a sheaf on
A = supp S C X of modules over the sheaf R of rings on A, and again, it is not difficult to show
that S is a coherent R-module. However, R will in general not be the structure sheaf O4 that we
introduced in Section 1. We have seen before that for f € (Ann S) (V) and x € (supp S)NV we must
have f(xz) = 0. This implies

(Ann S), C 14, ,

if T4 denotes the sheaf of all holomorphic function germs vanishing on A, and hence the existence of
an epimorphism

RZOX/AHHSHOX/IAZOA,

which, on the other side, is almost never an isomorphism such that S cannot be regarded as an Os—
module. The precise relationship between Ann S and I, is the content of the generalized Riickert
Nullstellensatz:

*Theorem 19.16 Let S be a coherent analytic sheaf on X . Then
rad Ann S, = I4,, A =suppS
for alle x € X .

Notice that rad [4, = Ia, and Ann S; C I4, implies rad Ann S; C 4, . So, Theorem 14 is
equivalent to its

Corollary 19.17 Let S be a coherent analytic sheaf, and let f wvanish on A = supp S (locally near
x ). Then there exists a number t € N* such that f! € Ann S, .

If S is a coherent sheaf of type Ox/J for a finitely generated ideal sheaf J, we have Ann S, = J,
such that Theorem 14 implies the classical Riickert Nullstellensatz.

19.9 Complex analytic spaces and their reductions

We are now in a position to define ultimately the correct category we want to work in. The last
Section together with earlier examples bears evidence of the necessity not to deal completely within the
framework of analytic sets carrying their natural structure sheaf of holomorphic functions, that is we
should allow structure sheaves of type Oy /.J, U C C" open, for arbitrary ideals J of finite type. On
the other hand, we are forced to make this concept to a global abstract one, as we have already seen in
the procedure to resolve singularities of curves. The second step uses the same patching idea as in the
case of complex analytic manifolds.

To begin with that step, we introduce the notion of a ringed space (X, R), where X is a topo-
logical space (Hausdorff with a countable basis, as we always assume) and R denotes a fixed sheaf of
(associative, commutative) rings (with a unit). Ezamples of such spaces are:
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1. Topological spaces X with R = Cx , the sheaf of germs of continuous functions on X .
2. Differentiable manifolds X with R = C¥, the sheaf of germs of differentiable functions on X .

3. Complex analytic manifolds M with R = O, the sheaf of germs of holomorphic functions on
M.

The space (X, R) is called locally ringed, if the stalks R, , x € X, are local rings (whose maximal
ideal is then denoted by m, ). In most cases, R, carries the structure of a C—algebra which induces
an isomorphism C 5 R, /m, from C to the residue field R,/m, . In particular, R, = C@® m, as
C-vector spaces. If (X, R) is a (locally) ringed space, so is (V, Rjy) for any open subset V C X .

In order to find the correct notion for morphisms between ringed spaces (X, R) and (X', R’), recall
that a continuous map ¢ : X — X’ between complex manifolds is holomorphic, if and only if f/o ¢
is holomorphic for any (locally given) holomorphic function f’ on X’. But, in our general context, the
elements f' € H°(V', R') may not be functions; therefore, it makes no sense to speak directly about
the composition f’ o ¢. The idea to circumvent that difficulty is to introduce an abstract sheaf on
X’ associated to R and ¢ whose sections are sections in R, and to relate this new sheaf to R’ in a
functorial way.

To be more precise, we associate to any open set V' C X’ the ring R (p~1(V)). Since the sys-
tem {o 1(V') : V' openin X'}, is part of the topology of X, it is straightforward to check that
{R(p~1 (V") } defines a sheaf of rings on X . We denote it by

w R

and call it the direct image of R under ¢. It is clear that locality of R does not transfer to ¢, R
in general (take, for instance, the constant map ¢ : C — {0} and observe that (¢.Oc)foy =
H(C, O¢)). However, for all z € X, 2/ = ¢ (z) € X', there exists a canonical map (p«R)» — Ry
given by
_ . ! _ . —1 ! . _
(peR)er = lim @ R(U') = lim R(p~ (V")) — lim R(U) = R, .
U'sz’ U'sx’ Usx

For, e.g., continuous maps ¢ : X — X’ there exists a canonical sheaf homomorphism Cx: —

p«Cx , namely

fr—flop.
We denote this homomorphism by @. In the case of complex manifolds, analyticity of a continuous map
¢: X — X’ can be expressed by the morphism @. Since Ox C Cx , it follows that ¢.Ox C ¢.Cx .
On the other hand, » maps Ox into ¢.Cx , and so, it makes sense to demand that

{ Cxr (V') — Cx (7' (V")) = (:Lx)(V')

?(O0x/) C . Ox .

The reader may convince himself that this is precisely the condition for ¢ to be holomorphic.

In general, ¢ may not be determined by ¢ . Therefore, we simply assume that @ exists. A morphism
of ringed spaces between (X, R) and (X', R') is a pair (¢, ) consisting of a continuous map ¢ :
R — R’ and a morphism of sheaves of rings ¢ : R’ — p,R.If X and X’ are locally ringed spaces,
we assume moreover that the composition

/
x!

P (o R)w — Ry, o' = p(z),

is local, i.e. that it maps the maximal ideal of R/, into the maximal ideal of R, . Holomorphic maps
between complex manifolds have obviously this property.

We leave it as an exercise to the reader to check that locally ringed spaces together with their
morphisms form a category. Isomorphisms are pairs (p, @), where ¢ is a homeomorphism and ¢ :
R’ — @R is an isomorphism of sheaves of local rings. Moreover, if R C Cx:, R’ C Cx/, then ¢ is
uniquely determined by ¢ as in the case of holomorphic maps, i.e. @ is the restriction of the canonical
map Cx: — p.Cx to R CCx.
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To build up complex analytic spaces, we construct local models as indicated before: Take any coherent
sheaf Ix in the structure sheaf Oy of an open set U C C", and denote by X the support of the
coherent Ojy—module O/ Ix , which is a closed analytic subset of U . Denote by Ox the canonical
restriction of O/ Ix to X satisfying

OX,.’t = OIU,I/IX/I' 3 €T G X .

Then Ox is a coherent sheaf of local rings such that the pair (X, Ox) forms a special example of a
locally ringed space: a local model of a complex space. One should notice that this symbol is slightly
misleading: it is not true that the set X determines the structure sheaf Oy , since X; = X, for two
ideals Ix, , Ix, C O|U , if and only if rad Iy, = rad Ix, by Riickert’s Nullstellensatz.

A complex analytic space, or complex space for short, is by definition a locally ringed space (X, Ox)
which is locally isomorphic to a model of a complex space. Since coherence is a local property, the
structure sheaf Ox is always coherent. Moreover, each stalk Ox , is an analytic algebra, i.e. a quotient

of a convergent power series ring by an ideal contained in the maximal ideal m,, of (9(()") .

The concept of coherent analytic module sheaves can easily be introduced in this new set up. All
constructions and results presented so far remain valid mutatis mutandis. In particular, an ideal I C Ox
is coherent, if and only if it is of finite type, and the support Z of Ox/1T is a closed analytic subset
of X . The pair (Z, Oz), where Oz is the restriction of Ox/I to Z, is again a complex space. We
call it a closed subspace of (X, Ox). Open subspaces are, of course, pairs (V, O}y), where V is open
in X and O)y equals the natural restriction of Ox to V.

A holomorphic map between complex spaces (X, Ox) and (Y, Oy) is just a morphism (¢, @) :
(X, Ox) — (Y, Oy) of locally ringed spaces. In particular, if y = ¢ (), then the natural map

L/ﬁx : OY,y — OX,x

is a local algebra homomorphism.

Any complex manifold M can be considered as a complex space (M, Oy), and holomorphic maps
@: M — N can be extended to holomorphic mappings (¢, @) : (M, Op) — (N, On).

We would like to emphasize here that - although we will speak of holomorphic “functions” f €
H°(X, Ox) - these sections are not really functions in the usual sense. The main point is that such
sections produce indeed continuous functions or - in other words - that there exists a canonical algebra
homomorphism

redy : H(X, Ox) — H°(X,Cx),

but that the map redx is not always injective.

Let us illustrate this phenomenon by the simplest possible example: We take the structure sheaf O¢
of C and the coherent ideal Ix generated by the square z2? of a complex coordinate z; then X =
supp Oc/I = {0}, but Ix is not its own radical. In fact, we have rad Ix = xO¢ # 2°0O¢ = Ix.
The structure sheaf of X consists of precisely one stalk Ox  which is isomorphic to

Oco/mi = Clx]/2*.
So, denoting the residue class of z in Ox, by ¢, we have
Oxo=C@eC

with multiplication (a + €b) (¢ +ed) = ac+ ¢ (be + ad) , i.e. €2 = 0. We sometimes denote this algebra
by C[e] and call it the algebra of dual numbers. Clearly, HY(X, Ox) = Ox,, H°(X, Cx) = C, and
the canonical map redy assigns to such a section f, the value of any representative F € H(U, O¢)
of fo at the origin:

C[é‘}Ba‘l’bE@){aEC,

such that the kernel of redx is generated by the nilpotent element €.
Up to now, we tried hard in the present text to avoid or even to mention such nonreduced spaces. The
restriction has been accomplished by considering in connection with an analytic subset A C U C C"
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exclusively the sheaf of all holomorphic functions vanishing on A, whereas in the example above the
ideal I is not maximal with respect to this property. Although, at first thought, this example might
look to be extremely artificial, it is rather natural, if one is studying e.g. the simple map f: z — 22
in C and tries to encode the tendency of the one point fiber f=1(0) = {0} to split up into two points
Y (x) = {x1, 22} for & # 0 close to zero, which, of course, cannot be read off the point 0 alone.

We are confronted here with a general paradoxe that flashes up from time to time in every branch
of mathematics: The need to enlarge a category C' in order to understand what is really going on in
C.

To reduce a complex space (X, Ox) means to endow X with a new structure sheaf of continuous
functions denoted by red Ox and defined by

(red Ox)(V) = im (H*(V, Ox) redy H(V,Cx)), V C X open.

Before we can outline the reasons for (X, redx) being indeed a complex space, we should define the
map redy rigorously: Whenever f € H°(V, Ox) and z € X, we find a germ F, € Ocn, which is
mapped onto f, under the epimorphism

O(C”,ac — OC",I/IZ = OX,za

if X is realized as the zero-set N (I) locally near x, I a coherent ideal in O);;, U C C" open. Taking

any representative ' of F, near z and restricting F to X gives a continuous function f, on X near
2 which does not depend on the special choice of F' (since the difference of two such representatives

vanishes on X ). By construction, we have for all functions f y» Y close to x, the identity

I,y = F.()

such that all these local functions f, patch together to a continuous function f = redy(f) on V, V
open in N (I).

It remains to show that red does not depend on the choice of local models. For each complex space
X and each point x € X, there exists a canonical sequence of homomorphism

C — OX@ — OXJ/mXJ.

Since the composition is not trivial, it is necessarily an isomorphism. Analytic homomorphisms
@z + Oyy — Ox, being local C-algebra homomorphisms, the induced field homomorphism in the
commutative diagram

OY,y > OX,Q:

~

C =~ Oy’y/my’y

OX,x/mX,x =C

is always the identity. Now, for ¥ = C™, y = 0 and F a representative of a germ Fp, the value of
F at 0 can simply be identified with the residue class of Fy in Ogn o/ men,o = C. Hence,

f@) = f.(@)

F (z) = F, mod mgn 4

= fz mod mx,. =: fﬂc7

yielding an intrinsic definition for the map red.
As a next step we want to compute the kernel of redx . By the last description, f € ker (redx), if
and only if

(%) fe€my, foral ze X .
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Certainly, for each x € X there exists (locally near x) a finitely generated ideal sheaf I C Ox
satisfying I, = mx , such that

z €supp (Ox/I) = N(I) C N (f).

Hence, (x) is equivalent to
x € N (f) for all =,

which in turn is equivalent to
Xe =N(f)o, 2€X,

where A, denotes the germ of a set A C X at z to be defined in exactly the same manner as the
germ of a function at x.

On the other hand, the germ of X at z is obviously equal to N (0),, O the trivial function, such
that by Riickert’s Nullstellensatz we get the necessary and sufficient condition

feerad(0;) =nx,, z€X,

where ny , = n(Ox,) is the nilradical of Ox , consisting of all nilpotent elements.
As we have remarked earlier, rad (0) =: nx is in fact an ideal sheaf in Ox having the stalks ny , .
By the preceding considerations, it is also clear that

(red Ox)s = Ox 2/ 0x2 ,
and we have for trivial reasons
supp (Ox/nx) = X .
Thus, (X, red Ox) will be a complex analytic space, if the nilradical is of finite type. This, however, is
always true according to another classical Coherence Theorem to be commented on in the next Section.

19.10 The Coherence Theorem of Cartan and Oka

We formulate the result without proving it in a strong form and will say some words about its conse-
quences.

*Theorem 19.18 (Coherence Theorem of Cartan and Oka) Let (X, Ox) be a complex space,
and let I C Ox be a coherent ideal. Then its radical rad I is also coherent. In particular, the reduction
(X, red Ox) exists together with a natural holomorphic map (X, red Ox) — (X, Ox).

As an application of Riickert’s Nullstellensatz, Theorem 16 is equivalent to

Theorem 19.19 Let A C X be a closed analytic subset of the complex space X . Then the ideal sheaf
14 of all germs of holomorphic functions vanishing on A is coherent.

Another reformulation is

Theorem 19.20 A set A C X s closed analytic, if and only if to each point x € X there exists
a neighborhood U of x and finitely many elements f1,...,f; € H°(U, Ox) such that ANU =

N(flw"afi)'

Evidently, a factor ring A/ a is reduced (in the sense that it has no nontrivial nilpotent elements),
if and only if the ideal a coincides with its radical rad a. This remark implies:
Each closed analytic subset A C X carries one (and only one) natural structure O4 of a reduced
complex space:

Oa = (Ox/1a)a -

Moreover, the space (X, Ox) is reduced at all points x, where the canonical homomorphism of

coherent O x—modules
OX — Ox/I‘LX

is an isomorphism. Thus, we conclude from Corollary 11:

Theorem 19.21 The set of points, where a complex space (X, Ox) is not reduced, is a closed analytic
subset.
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19.11 The singular locus of complex spaces

We are now in a position to fix our notions of regular and singular points for the rest of the book. A
point z in a complex space (X, Ox) is called regular or smooth or a manifold point, if there exists a
neighborhood V' of z in X and an open set U in some number space C" such that

(‘/, O|V) and (U, O|U)

are biholomorphically equivalent (where Oy denotes the restriction of Ox to V and Oy is the
restriction of Oc¢n to U ), i.e. if there exist holomorphic maps

~

(f ) (V,On) — (U, Op), (9,9): (U, Opy) — (V. O)

satisfying
gof =idy, fog=idy
and inducing the resp. identical sheaf homomorphisms under the compositions:

O -5 6.0 =W . (£.01) = (g0 O = (idv).O = Oy

A

ido,,

and vice versa. In other words: f: V — U is a homeomorphism such that for all open sets W C U
the canonical homomorphism

HY W, Oy) — H'(W, f.0y) = H(f~1(W), Oy)

is a (C—algebra) isomorphism.
Since, by definition, (U, O|yy) consists of smooth points only, the set of regular points reg X in
(X, Ox) is a priori an open set. Of course, the singular locus is the set of nonsmooth points:

sing X = X \reg X .
It follows directly from the definition that the structure sheaf must be regular at a smooth point:
z € X smooth = Ox, = Ocrp =: R, for some n .

The opposite is also true as we will outline in the following Section.

Since the algebras R,, are integral domains, they are also reduced. Thus, a complex space is neces-
sarily singular at its nonreduced points. Notice that we have found examples of complex spaces which
are nonreduced at all points but smooth (of positive dimension) everywhere after reduction. In partic-
ular, we have to be precise about the coherent ideal sheaf I defining an analytic set A C X when
speaking about regular points of A. It should be clear now that our original definition for a smooth
point of an analytic set in C™ refers to the canonical reduced structure of A (see the remark just before
Theorem 19).

Using the same arguments as before it follows at once that sing X is the union of the set of
nonreduced points and the singular set of the reduction red X . Since analytic subsets of red X are
analytic in X (just lift a defining ideal under the epimorphism Ox — Ox/nx ), it is sufficient to
analyze the structure of the singular set in reduced spaces.

Theorem 19.22 The singular set sing X of a reduced complex space (X, Ox) is a nowhere dense
closed analytic subset of X .

Corollary 19.23 In an arbitrary complex space X , the singular locus is closed analytic.

For the proof of Theorem 20 we will apply a regularity criterion referring to Kéhler differentials on
complex spaces (see Section 13 and 14).
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19.12 Complex analytic singularities

From now on, we use the word (abstract) complex analytic singularity as a synonym for a germ of a
complex analytic space (X, Ox) at a point = € X, even if z is a regular point of X (the “regular
singularity”). Instead of the correct notation (X, Ox, ) for such a singularity we use very often the
shorter symbol (X, x) or speak about the singularity = € X tacitly assuming that the structure
sheaf Ox is a priori given. We always think of X as a concrete representative for the germ (X, x)
which, however, can be chosen as small as we wish. Mostly, we will assume X to be a Stein space (see
Chapter 677).

A holomorphic map between singularities (X, ) and (Y, y) is by definition the germ of a holomor-
phic map

~

(f, f): (X, Ox) — (Y, Oy)
with f(z) = y. Two singularities (X, z) and (Y, y) are called biholomorphically equivalent (or

isomorphic for short), if there exists a biholomorphic map (f, f) for suitably chosen representatives
(X, Ox) and (Y, Oy). (Follow verbatim the definition of regular points in the preceding Section in
order to introduce the concept of biholomorphic maps in full generality).

Whereas the sheaf homomorphism f: Oy — f«Ox is not determined by the continuous map
f underlying a holomorphic map (f, f), the opposite is true at least locally: Let X be given by
N (I), I C Oy a coherent ideal, U open in C", and put similarly ¥ = N (J), J C Oy, V. C C™.
Let x be a point in X, and let y be its image f (x) such that the local homomorphism fz : Oyy —
Ox , fits into the diagram

O(Cm,’y _ — — OC"@

~

OY,y f;c OX,ac

with surjective vertical arrows. Since O¢m y = C y1,...,Ym = Ry, is a free algebra in the sense that
any local homomorphism ¢ : R,, — A into an analytic algebra A is completely fixed by the images
©),--, ¢ (Ym), we can easily make the diagram commutative by replacing the dotted arrow by a
substitution homomorphism ﬁaz sending yj to suitable elements Fy, € Ocn ,, kK = 1,...,m. Defining
F(z1,...,2n) = F(2) = (Fi(2),...,Fn(x)) and shrinking U if necessary yields a holomorphic map

F:U — V with F(z) =y,
and if ¢1,...,g, are generators of J near y, then
(gj°Fa = Fulgjy) € I ,
such that from the coherence of I we may conclude that
X=N({I)CN(goF,....,g,0F) C F YN (g1,...,9,) = F7}(Y).

Hence, F' restricts to a continuous map X — Y which we expect to be f.

To prove this, we can regard instead the maps jo Fix and jo f where j: Y — V is the natural
embedding. In other words: we are reduced to the special case ¥ = V open in C™, and all we need
is the following Lemma whose proof is left to the reader:

*Lemma 19.24 Let (X, Ox) be a complex space, and denote by Hol (X, C™) the set of all holomor-
phic maps from X to the complex manifold C™ with the standard complex analytic structure. Then
there exists a canonical bijection

Hol (X, C™) = HO(X, Ox)™.
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By way of these considerations we come to the important interplay between local complex analytic
geometry and local algebra which can simply be stated as follows.

Theorem 19.25 By the associations

singularity (X, Ox,) +— analytic algebra Ox ,
morphism (f, f): (X, Ox ) = (Y, Oyy) — map fz: Oy, — Ox,

we get an isomorphism between the categories of (isomorphism classes) of

singularities analytic algebras
with (germs of ) holomorphic maps and with local homomorphisms
as morphisms as morphisms

In particular, two singularities (X, x) and (Y, y) are isomorphic, if and only if Ox , = Oy, . The
singularity (X, z) is regular, if and only if Ox 4 = R, for some n > 0.

To be sure, the opposite direction Ox, — (X, Ox, x) is constructed by writing Ox, =

OC”,O/a, a = (fl,Ov"'va,O) and putting X = N(fl»"'af’r‘)v OX - O|U/(f17"'7fr)7 fJ €
HO(U, Oc¢n) representatives for fjo, j = 1,...,7.

19.13 Kahler differentials on complex spaces and analyticity of
the singular locus

Let us suppose that we are given a complex analytic manifold M with structure sheaf Oy, . Our first
aim will be to give in that situation different characterizations for the (complex analytic) tangent bundle
Ty of M . Describing the sheaf of holomorphic sections in T); in terms of derivations, we will be able
to define the tangent sheaf ©x for any complex analytic space (X, Ox) in a purely algebraic way.
The sheaf Q% of (holomorphic) Kdihler differentials of degree 1 shall then be introduced by solving a
universal problem with respect to derivatives with values in arbitrary coherent analytic sheaves. The
sheaves O of Kihler differentials of degree p are finally easily defined by setting Qf = APQL . We
close the present Section by filling in the remaining step in the proof of analyticity of the singular locus.

So, as we suggested above, let M be an n—dimensional complex analytic manifold. By definition,
a (holomorphic) tangent vector at the point z(® € M is the equivalence class of germs of holomorphic
maps

v ((Ca 0) — (Mv x(O)) ;

where equivalence is defined by equality up to first order: if locally (M, z(®)) = (C", 0) and v; =
(vgj),...,vff)) : (C,0) —» (C",0), j = 1,2, then v; ~ vy if and only if oV — P e m2, v =
1,...,n, mp the maximal ideal of O¢ . It is a trivial exercise to show that this is an intrinsic definition
for M at z.We denote by Ty, .0 the set of these holomorphic tangent vectors to M at (9 | Invoking
again a local isomorphism (M, 2(®)) = (C", 0), we simply can state that Tar o) carries a natural
structure of a complex vector space. Sending s € C to z = (0,...,0,s,0,...,0), the number s in the
j-th place, we construct tangent vectors v;, j = 1,...,n, and it is easily seen that T} ;) is minimally
generated by vi,...,v,. Hence, Ty ) is a complex vector space of dimension n = dimc M .

We next give the (above promised) description of Ty, .« by algebraic means, i.e. by derivations.
Whenever v € Ty 0 and f € Oy 40 , we can form D,(f) = fov e Ocyp. Clearly, the maps

O 00 — Ocp
D, :
f o fou
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obey the following conditions:

i) Dy(fi + f2) = Du(f1) + Du(f2)
ii) Dy(c f) = cDy(f) ;
iii) Dy (f9g) = fDu(g) + gDu(f)
iv) Dyt (f) = Do (f) + Du(f)
v) Doy (f) = c¢Dy(f)
Consequently, the map
(*) Yy Thp o) — Der (Ops 405 Opg o))

where
Der (O z, Opp) = {D 2 Oy — Opy o satistying i), i) and iii) }

is a linear map of C—vector spaces. Now, it is easy to check that this morphism is injective and
dim(c Der (0M7w(0)7 OM7Z(0)) = n = dimc M y
since this C vector space of derivations is canonically spanned by the partial derivatives

0

% : OM,:L’(U) — OM,QJ(O) 5 j = 1,...777,.
J lg=x(0)

Therefore, the canonical map in (x) is bijective for all z(®) € M .
Now, defining the (holomorphic) vector bundle Th; in the usual way, means precisely the following:
Giving a holomorphic section s € H°(U, On(Tar)) , the map

Usz — ¥y(8) € Der (Onryp, Ome)
is holomorphic, i.e. if f is holomorphic in U, then
Usz — ((Ya(sa)) (fa)) (x) €C

is a holomorphic function on U .
Since the opposite is obviously true, we obtain the following

Theorem 19.26 The Oy —sheaf Oy = Opn(Ta) of germs of holomorphic sections in the tangent
bundle Tyy is locally free of rank n = dimc M . Fach stalk Op(Thr) o s canonically isomorphic to
the n-dimensional free Oy ) ~module Der (O ), Opf o) -

Thus, any section d € H°(U, O(Tys)) can in particular be interpreted as an operator
d: H(U, Op) — HU, Op)

satisfying conditions i), ii) and iii) as above. If U is (biholomorphic to) an open subset in C" with

coordinates x1,...,x,, then the partial derivatives
0
0= —, j=1...,n,
J 8xj J

are special objects of this kind, and it is evident from the remarks above that every element O can
uniquely be written in the form

8220,]‘8]‘, ajEO(Cn(U).

j=1
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We call such elements in HY(U, Oy (Ths)) holomorphic vector fields on U .
Now, by definition, the sheaf Q}, of germs of holomorphic (Kihler) 1-forms on M is the Op—dual
of O, . It is therefore a locally free sheaf of rank n, as well. At every point xy € M , the stalk Q!

M,z(0)
has a basis dz1,...,dz,, dual to the partial derivatives 1,...,0, at z(9). These germs extend to
sections in HO(U, Q}w), also denoted by dzxi,...,dz,, in a coordinate system U with holomorphic
coordinates z1,...,z,, and H°(U, Q},) is a free Op(U)-module with basis dz1,...,dz, .

We next associate to any germ f, € Op, a germ of a holomorphic 1-form (df),, called the
differential of f, by associating to each tangent vector v, € Der (Oum g, Omz) = Om(Tu)s the
holomorphic function germ

(df)Z(Uw) = ve(fe) -

Then d is a C-linear sheaf homomorphism

satisfying the Leibniz rule
d(fg) = fdg + gdf .
In local coordinates x1,...,x,, we easily calculate

or

aal‘k

(df)(Ok) = Onf =

such that, by definition, the differential dz; of the function z; coincides with the element dz; intro-
duced above, and
of of
df = =L g o Yy
f 8.’171 1+ + 6951 n
for every holomorphic function f € Oy (U) .

We are now going to generalize these notions to general complex analytic spaces (X, Ox).If S is
any coherent analytic sheaf on X | we can define the sheaf of germs of derivations with values in S by
the germs of C-linear maps

d: Ox — S
satisfying the Leibniz rule d(fg) = fdg + gdf . Obviously, that sheaf admits the canonical structure

of an Ox—module and as such, it is coherent (since each derivation is determined by its values on a
parameter system of Ox ;). We denote this sheaf by

Der (0, S)
and, in the special case S = Ox, by Ox:
@X = Der(@x, Ox) .

Ox is the (analytic) tangent sheaf of X .
Next, observe that composing a derivation dy : Ox — Sy with an Ox—module morphism ¢ :
Sy — S yields a derivation d = pody: Ox — S. Thus, we have a natural morphism

(%) Hom (S, S) — Der (Ox, S)

induced by dy, and we may ask the following natural question: Does there exist a universal object Sy
together with a derivation dp: Ox — Sp such that (*) is an isomorphism ?

It is not hard to show that Sy is uniquely determined (up to isomorphism) if it exists, and that, for
a complex analytic manifold M , this object is precisely the sheaf Q}, of Kihler 1-forms with dy the
usual differential. Therefore, we will call Sy the sheaf QY of Kéhler 1-forms on X .

By the uniqueness property just stated, it is only necessary to construct Q% locally. So let X be
of the form (N (I), Oy/I), U C C™ open, I a coherent ideal. Then set

QY =QL/(I-Q + Oy -dl),

which is a coherent sheaf on X . The differential d : Oy — €}, yields canonically a derivation
d: Ox — QL , and the pair (Q%, d) has the desired property:
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*Theorem 19.27 On each complex analytic space X , there exists a uniquely determined coherent
analytic sheaf QY and a derivation d: Ox — QX such that the canonical homomorphism

Hom (2%, S) — Der (Ox, S)

is bijective for all coherent analytic sheaves S on X . In particular, the dual of QY is canonically
isomorphic to the tangent sheaf Ox :
(Qx)" — Ox.

Here, a word of warning is in order. Although we introduced Q! on a manifold M as the dual of
the tangent sheaf O, i.e. by QL = ©%,, this relation is not satisfied for general spaces X . Or, in other
terms: the canonical morphism

Qx — (2x)™
is in general neither injective nor surjective.

For a manifold M of dimension n, O, and Q}, are locally free of rank n. It is not known whether
the opposite is correct for the tangent sheaf (Zariski’s conjecture): Does ©x , free at a point x € X
imply that x is a reqular point of X 7

The corresponding statement for the sheaf of Kahler 1-forms, however, holds true:

Theorem 19.28 If Qﬁ(z is free for a point x € X , then Ox , is a reqular analytic algebra.

The main point of the proof lies in the fact that Q&x is minimally generated by e = emb Ox ,
elements: Clearly, cg Q% , < e, and the homomorphism w : Q% , — m,/m2 attached to the deriva-

tion
5. Ox. — m,/m2
' f ~— f— f(z) mod m2
via () is surjective by Theorem ? and m, Q&m C ker w. Because of
dimg Q ,/mY Q% , = cg Ok, < e = dimcm,/m] ,

we must have equality.

To prove the Theorem, take a representation (N (I), Oy /I) of X near z with dimU = e =
emb Ox , . Then the images duy,...,dz. of dxy,...,dz. generate Q% , minimally, and since Q% ,
is locally free at x, they form a basis near z. But, for f € I, we have

O_W_Z(ai{)‘ixj;

Jj=1

hence 0f/0x; € I forall j = 1,...,e. Thus, the claim follows from the next Lemma. O

Lemma 19.29 If a is a proper ideal in a regular algebra R, such that Of/0x; € a forall fea, j =
1,....,n, then a = 0.

Proof. By induction, all partial derivatives of f are in a C m, . Therefore, d/If/dz¥ = 0 at
x = 0, and, by Taylor expansion, f = 0. O

We are now ready to conclude the analyticity of the singular locus of any complex analytic space.
In virtue of Theorem xx, we may assume that the complex analytic space X is reduced and purely
d-dimensional. Then = € X is a regular point of X if and only if the module of K&hler differentials
M, = Q%w is free of rank d. Now, the following criterion for freeness is very easy to prove:

*Theorem 19.30 A finitely generated module M over the local ring A is free of rank d if, and only
if, the canonical map

AM @AM — A
is bijective.

Since there is a sheaf version of this homomorphism on complex analytic spaces, we are done.  [J
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19.14 Normal complex spaces

Suppose for the rest of this Chapter that (X, Ox) denotes a reduced complex analytic space. One
of the main features of complex analysis are extension theorems like Riemann’s Removable Singularity
Theorems. We want to discuss these questions here in more detail.

We begin with a bunch of definitions. For U C X open, we call a function f € H(U \ 4, Ox)
weakly holomorphic on U, if A C U is an analytically thin subset of U and f is locally bounded at
A. It should be evident how the sheaf of germs of weakly holomorphic functions ought to be defined.
We denote this sheaf in the sequel by O . A weakly holomorphic function f € H(U\ A, Ox) is called
continuous (resp. holomorphic) if it admits a (necessarily unique) extension to a continuous (resp. a
holomorphic) function on U (also called f in general).

One can show:

*Theorem 19.31 The following statements are equivalent :
i) Every germ f € 6X7x(o) is continuous at x(0) ;
ii) the germ of X at O s irreducible ;
iii) the ring Ox . is an integral domain.

Every point z(9) in a smooth space X satisfies the conditions ii) and iii) of Theorem ?. Therefore,
weakly holomorphic functions on complex analytic manifolds X are continuous. Of course, they are
even holomorphic.

The complex space X is called weakly normal resp. normal at the point z(®) € X | if

(%) Ox 20 NCx gz = Ox 00,

that is, if every germ of a continuous weakly holomorphic function at z(°) is actually holomorphic,
resp. if

(**) 6X,m(0) = OX,m(m )

that is, if every germ of a weakly holomorphic function at x(®) is automatically holomorphic.

The space X is called normal (weakly normal) if it is normal (weakly normal) at every point
() € X . Riemann’s first removable singularity theorem says exactly that a smooth space X is weakly
normal. Consequently, since the singular locus sing X of a reduced space X is analytically thin, it
follows from the definitions that the complex structure of a normal space X is completely determined by
the underlying topological structure and the complex analytic structure on the regular part X \sing X .

If X is irreducible at x(o), one can show that 6X’$(o) is contained in the algebraic closure of
Ox 4o 1in its quotient field Mx ,©) which we always denote by (/9\X7I(0) . The main result of this
theory is contained in

*Theorem 19.32 X is a normal space at =©) if and only if the ring Ox o is normal, i.e. if Ox 40
is algebraically closed in its quotient ring Mx o) ; in symbols :

OX,I(O) - OX,:E(O) .

The set of points (%) € X, where a reduced complex analytic space X is not normal, is a closed
analytic subset. Since it is contained in sing X , it is analytically thin.
In normal spaces (X, Ox), also Riemann’s second removable singularity theorem remains correct:

*Theorem 19.33 If X is a normal complex analytic space, and A C X is a closed analytic subset of
X of codimension at least 2, then the restriction map

O(X) — O0(X\A4)

is an isomorphism.
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The proof is reduced to the smooth case by a local Noether normalization X — U C C? and by
the fact that we only have to show that functions in O (X \ A) are locally bounded near A. O

Corollary 19.34 Let A be an analytically thin subset of a normal space X . Then f € O(X \ A)
admits a holomorphic extension to X if and only if it can be continuously extended.

We add some remarks on the integral closure R of a reduced analytic algebra R = Ox ;) . If
P1,-..,p, denote the minimal prime ideals of R, then it is not difficult to convince oneself that
-~ r —_—
R =D R/
j=1

Thus, R is a semilocal algebra, having exactly as many maximal ideals as X has irreducible components
at (9 . From this fact, one can conclude:

*Theorem 19.35 For a reduced space (X, Ox), the sheaf @X is a coherent Ox —algebra.

We introduce the normalization of a complex analytic space via the notion of the analytic spectrum
of OX .

19.15 The analytic spectrum of a coherent algebra

We intend to associate to any coherent Ox-—algebra A on a complex analytic space (X, Ox) a new
space (Y, Oy) such that there exists a finite covering p: Y — X with p,Oy = A.
By coherence, it is easily checked that, locally, there exists an algebra epimorphism

Ox(U)[s1,...,8] — AU);

hence
AU) = Ox(U)[s1,..., 8]/ (f1, -5 fr)

with functions fi,..., f, € O(U x C*) which are polynomials in si,...,s;. Therefore, one is more or
less forced to define Y locally by

Y| ={(z,5)eUxC": f1 =---

I
ey
I
)
—

together with the structure of
Ov(UXTYHN|Y ) = OU X CY/ (frv--. fr) -

One can patch these local models together (in general not uniquely) to form a complex analytic space
(Y, Oy) together with a holomorphic map p: Y — X (locally induced by the projection UxC! — U)
such that

(p+Oy ) o) = @ Oy y0 = Ay -

YO ep=1(2(9)

Theorem 19.36 For any coherent analytic Ox—algebra A on X, there exists a complex analytic
space (Y, Oy) together with a holomorphic map p: Y — X such that

By construction, (p.Oy )0 = A, is semilocal, i.e. a finite direct sum of local algebras. Hence,
by definition, p is a finite holomorphic map which maps |Y | to the support of the sheaf A. We call
Y the analytic spectrum of A; in symbols:

Y = Specan A .

Specan. A is not canonically defined globally. However, if A has no nontrivial Ox—morphisms,
Specan A is globally well-defined (up to global isomorphisms).
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19.16 The normalization of reduced spaces

It is a simple exercise to check that the coherent O x—algebra Oy admits only trivial Ox-—algebra
homomorphisms. Therefore, the results of the preceding Section imply:

Theorem 19.37 For every reduced complex analytic space (X, Ox) there exists a uniquely determined
complex analytic space (X, Og) together with a finite holomorphic map p: X — X such that

(p*O)?)m(t)) = Ox 0
for every point x(®) € X .

By definition, there is a one-to-one correspondence between points 2(©) € p~!(2(®)) and the irre-
ducible components of X at z(® | and

0.0 = (Ox.p /i)~

for precisely one minimal prime ideal p; C Ox ;o . In particular, X is a normal complex analytic
space, called the normalization of X . The map p : X o X is surjective and finite, and p~1(4), A
the set of nonnormal points in X , is analytically thin in X.

Normalization is not a functor. In general, holomorphic maps of reduced spaces cannot be lifted to
the normalization. However, one can prove:

*Theorem 19.38 If f : X — Y is a holomorphic mapping between reduced spaces such that the
preimages of the nonnormal points in Y under f form an analytically thin subset of X, then there
exists exactly one holomorphic mapping f: X — Y between the normalizations making the diagram

]

Y

<)

b

commutative.

Corollary 19.39 Let X be a reduced, Y be a normal complex analytic space together with a finite
holomorphic map p: Y — X such that p~(A), A the nonnormal points of X , is analytically thin
in'Y, and p is generically (locally with respect to X ) an isomorphism. Then Y is (isomorphic to)
the normalization of X .

19.17 The maximalization of complex structures

Normalization of a (reduced) complex space X in general changes the topological structure since it
separates the irreducible components. When one wants to keep the topology, one has to be satisfied with
an analytically weaker property, namely the so—called weak Riemann removable singularity theorem,
that is:

(*) OX,z(‘)) = OX’I(O) ﬂcx’z(o) .

The complex structure (X, Ox) is called mazimal if (x) is fulfilled. Plainly, normal spaces are maximal.
It is easily shown that a maximal structure has the property that for any other reduced complex analytic
structure A on the topological space | X | that contains Ox ,i.e. Ox C A, one must have Ox = A.
Hence the name.

The following is an easy consequence of the definition:
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*Theorem 19.40 Let (Y, Oy) be a mazimal compler analytic space, and let f : X — Y resp.
g: Y — Z be a holomorphic resp. a continuous map, X , Z reduced spaces. Then

i) if f is a homeomorphism |X | — |Y|, then f is biholomorphic,

ii) if Y is normal, f is injective and dim Ox . = dim Oy ¢ for all x € X, then f is open and
maps X biholomorphically onto f(X),

iii) g is holomorphic if and only if the graph of g is an analytic subset of Y x Z.
In contrast to the situation for normalization, maximalization is a functor:

*Theorem 19.41 a) If (X, Ox) is a reduced complex space, then (X, Ox NCx) is a complex space
with a mazimal structure (the maximalization or weak normalization of X ).

b) Ewvery holomorphic map f : X — Y extends (uniquely) to a holomorphic map between the
mazximalizations.

19.18 Preimages of coherent analytic sheaves

The o—modifications considered earlier in this work are special cases of modifications attached to
coherent ideals or even coherent sheaves of modules. In order to understand the corresponding notion
of a monoidal transformation we first have to introduce the basic concept of analytic preimages.

The topological preimage of a sheaf S on X under a continuous map f: Y — X is most easily
understood by regarding S = X as a fiber space with total space

sS= S
zeX

conveniently topologized in such a way that S (U), U C X, can be identified with the set of topological
sections s: U — S. The topological preimage is then nothing else but the topological fiber product

Sof =8xxY ={(s,y)eSxY:n(s) = f(y)}

endowed with the induced topology coming from the topology of the cartesian product S x Y . It is not
difficult to check that S ¢ f is indeed a sheaf under the natural projection S xx Y — Y having the
stalks

(Sof)y = St »
and for all U open in X there exists a canonical map

HU, S) — H(f7'(U), So f) = H(U, fu(Sof)).

Everything here is compatible with abelian group structures. Moreover, for any sheaf S of R—modules,
S o f is a sheaf of (R¢ f)-modules.

If f is a morphism of complex spaces and if S; and S denote analytic sheaves on Y and X,
resp., we can form the abelian groups

Homy(Sg < f, Sl) and HomX(Sg, f*Sl)
of all sheaf homomorphisms between the sheaves involved. Given
¢ € Homy (S2 ¢ f, S1)

there is an associated homomorphism f.¢ : fi(Sa¢ f) — f.S1 that can be combined with the natural
homomorphism Sy — f.(S2 ¢ f) (see above), leading to a group homomorphism

{ Homy(Sg <>f, Sl) — HomX(Sg, f*Sl)

o — ¢
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On the other hand, the local maps

(feS1) 0 fly — (feS1) () — S1y

give rise to a natural sheaf homomorphism
(feS1) o f — S1
which can be used similarly to define
Homy (S2, f«S1) — Homy (S2 ¢ f, S1)
A

via the composition

w<>f

SQOf (f*Sl)Of — 57 .

It is an easy exercise to show that b and f are inverses of each other:
Homy (Sy o f, S1) — Homxy (S, f.51) -

In particular, the morphism f € Homy (Ox, f«Oy) can ‘always be replaced by the morphism fie
Homy (Ox ¢ f, Oy) and vice versa. (We will also denote fﬁ by f in the following).

Of course, we would like to associate to an analytic sheaf S on X an Oy—module sheaf on Y .
This is now easily done with the help of the topological preimage by putting

S = (Sof)®oyoer Oy
where Oy is regarded as an (Ox ¢ f)-module via the map f: Ox o f — Oy . Since
(f*S)y = Srw) QO ¢ Ovy, yev,

we sometimes write shortly

'S = S®o, Oy .

In contrast to the direct image, the analytic preimage f*S is always coherent when regarded as an
Oy-module provided that S was coherent on X . This is a consequence of f* being in fact a right
exact functor with f*Ox = Oy .

A slight modification of our arguments above produces another isomorphism of C—vector spaces

Homy (f*S3, S1) — Homx (Sa, f.51) -

In particular, when taking S; = f*Ss or Sy = f,S; and the identity on one of the two sides, we can
establish the existence of natural sheaf homomorphisms

Sy —» f*f*SQ
and

f*f*Sl — Sl .
19.19 Cech cohomology

It is now time to say a few words about cohomology theory. We know that to have a sheaf epimorphism
1 S — S5 does not mean surjectivity of the homomorphisms

Yy S(U) — S2(U), UC X open.
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E.g., it is well-known that for the epimorphism exp: O — O* on C, surjectivity of the morphism
o (U) =5 0*(U)

holds on an open connected subset U C C if and only if U is simply—connected.

Let us examine the necessary and sufficient conditions under which an element s € S2(U) has a
preimage in S (U). Since we can regard the restrictions of the sheaves S and Sa to the subset U, we
restrict ourselves to the case U = X . Surjectivity of ¢ then implies that we may find an open covering
U = {U, }er of X and sections s, € S(U,) such that ¥y, (s,) = sgy, . Of course, we would like to
have

Sus = Sku,. — Suu,. = 0, Ux = U NUg

for all ¢, k. However, we only know that

Vu,.(5ix) = Yu,.(sxv,.) — Yu..(sv,,)
= 7/1U~(5m)\Um - UJU‘,(SL)\ULN
= S2u,.. — S2ju,. = 0
i.e.
S €S1(Upk), ¢, keI,

where

S1 = ker ¢ .
By the very definition of the system

{0 €S1(Ux): (t, k) €I xT},

it satisfies obviously the conditions for a I—cocycle in the sense of Chapter 2(7?); i.e. for all ¢, k, A € I,
we have

(*) Suk|Upr T SsMULx T Sxqu,n = 0, Uwx = U.NUNUy .

In particular, s,, = —s., and s,, = 0 forall ¢, k€ I.

Recall, that we associated to any holomorphic linebundle L on a complex manifold M a 1-cocycle
in the sheaf O* with respect to a trivializing covering 4 of L, and vice versa. The group of such 1-
cocycles has been denoted by Z(4, O*). Hence, we are now forced to contemplate on such 1-cocycles
in general sheaves S, the group of which we consequently will denote by

ZYY, Sp) = {(8uk)(uryerxr @ Sus € S1(U,) satistying (x) } .

We shall call the system (s,;) in our construction above the I—cocycle associated to local liftings of the
section so € So(X).
Now suppose that sy € S2(X) has a global lifting 5 € S (X). Then, as above,

SL = SL — glUL e Sl(UL) fOI" all L 6 I,

and, on U, :

(xx) Sk — S, =(sx —8) — (5, —5) = Sk -

We call an element (5,),er € [[,c; S1(U.) a 0-cochain in the sheaf S;. A 1-cocycle (s,.) € Z (U, S)
is called a 1-coboundary, if (+*) holds for a 0—cochain in S; . Hence, we have proved the ,,only if’—part
of the following

Lemma 19.42 A section sy € So(X) has a global lifting s € S (X) with respect to the sheaf epimor-
phism ¢ : S — So, if and only if each 1—-cocycle associated to local liftings is a 1-coboundary with
respect to S = ker 1.
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Proof of the “if”—part: Let s, € S(U,) be local liftings, let s,, = (sx — s.)|v,. be the associated
1—cocycle in S7, and suppose that we have

Sy = S — 8, on Uy,
for a O—cochain (3,) € [[S1(U,). Then regard (s, — 3,),er as a 0—cochain in S. Since, on U, N U,
(s, —8,) — (Sx — Sk) = (8 — 8.) — (8 — 8,) = S — S = 0,
the system defines a global section in S (X) which maps onto se under . ]
It is, by the way, not difficult to convince oneself that two 1-cocycles in Z!(U, O*) define the same

holomorphic linebundle L on X up to isomorphism, if their difference is a 1-coboundary in O*.
Hence, we have seen up to now two instances where it seems to make sense to introduce the group

H' (U, S) = ZY(4, S)/BY(4, S),

B(4, S) denoting the subgroup of 1-coboundaries, which we call the first Cech cohomology group with
values in the sheaf S (with respect to the open covering 4 of X ). Two elements in Z!(4, S) are also
called cohomologuous to eachother, if they define the same class in H'(4, S).

To get rid of the particular coverings, we observe that for a finer covering U < &l i.e. for a covering
U = { Vi }rea together with a map 7: A — I such that V) C U,y for all X, there are canonical
compatible restriction maps

zYy, S) — zY4(1,8), BYY,S) — BY3,S9),

inducing maps
riyg H'(8, S) — HY(, S),

which, in fact, do not depend on the specific map 7, and satisfying all axioms for an inductively ordered
system. Hence, we form the inductive limit

HY(X, S) = lim H*(4, S)
Ty

and call it the first C'ech cohomology group of X with values in S. Clearly, we have for all open
coverings il canonical maps
rix: H'(8, S) — HY (X, S),

which can be shown to be injective (since, by a simple exercise, the maps 7'2117;5 are monomorphisms for
all B < 4).
As a first application of this notion, we state the easily proven

*Theorem 19.43 There is a natural 1-1 correspondence between the set of isomorphism classes of holo-
morphic linebundles on a complex analytic manifold X and the Cech cohomology group H(X, O*).
Moreover, this correspondence is a group isomorphism, when the group operation on linebundles is taken
as the tensor product.

If we go through the construction at the beginning of the present Section again, we easily recognize
that we have associated to a short exact sequence

0— 5 5558 —0
of sheaves on X a group homomorphism
§: S(X) — HY(X, S1),
such that se € im ¢y , if and only if 0 (s2) = 0. In other words: The sequence

0 — S1(X) — S(X) — S(X) — HY X, S)



618 Chapter 19 A short introduction to complex analytic spaces

is exact.
Our next task is to prolong this sequence. In order to do so, we generalize all concepts developed so
far. Define first the groups of g—cochains in the sheaf S relative to a covering i by

ciy, S) = 11 S (Usy..y) 5
(¢0,---stq)ETIHL

where U,,..., = U

w...N ULq . There is a canonical map

§7: CUY, ) — CITHY, S),
defined by

q+1
R S JA
A=0
which commutes with the restriction maps
CIU, 8) — C(B,8), j=qq+1
for any refinement U < . Hence, denoting by
Z(4, S) = ker 67,
Bty S) = im 87, B, S) = 0

the groups of g—cocycles and g-coboundaries, resp., and remarking that 697! o §? = 0, we can define
the Cech cohomology groups

H(8, §) = Z9(4L, §)/ BU(4, S) and HU(X, S) = lim H(sL, )
11

for all ¢ > 0 together with canonical homomorphisms

rix s HiW, S) — HYX, S).
It is immediately clear from the definition that

HYX,S) = H(U, S) = S(X)

for all open coverings i, justifying our notions in use since Chapter 2 (?77).
Given a morphism ¢ : S — S’ of sheaves, we find associated group homomorphisms

ciy, S) — ciy, S
{ (S10.0q) 7 (PULy 1y (S10.00))
which obviously give rise to group homomorphisms
el HI(U, S) — HIWU, 9

and
<pq : HQ(X’ S) — Hq(Xa S/) )
such that
W = ox: HY(X,S) = S(X) — S'(X) = H' (X, 3.

Modifying the construction of the morphism 6 : HY(X, Sy) — H'(X, S1) for a short exact sequence
0— S 5855 85 — 0,

we can also construct connecting homomorphisms
§7: HI(X, Sy) — HITY(X, S))

for all ¢ > 0, provided that the topological space X is paracompact, i.e. if each open covering &l
allows for a locally finite refinement U < 4. (Then we can represent cohomology classes by cycles in
Z(0, S) with locally finite ). - The main theorem for Cech cohomology now states:
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*Theorem 19.44 For any short exact sequence
©® P
00— S5 —85 — 85 —0

on a paracompact space X , the associated long cohomology sequence

(PO wo 60
0 — HYX, S;) — H%X,S) — HYX, S) —
11[}1 61

— H'(X, S)) & HY(X,S) 5 HYX, S, —
— HZ(X, Sl) —

is exact. This long exact cohomology sequence depends functorially on the given short exact sequence.

19.20 Acyclic sheaves and resolutions

A sheaf A is called acyclic on X , if all higher cohomology groups H4(X, A), ¢ > 1, vanish. Assume
that we have an exact sequence

(+) A A Lo o2

of acyclic sheaves such that ker d° = S. Then we call A an acyclic resolution of the sheaf S. We
shall see later that each sheaf admits such resolutions (even in a canonical fashion). The important
feature of acyclic resolutions consists in the fact that we are able to compute the cohomology of S by
means of the sequence of sections in A" . To be precise, regard the sequence of groups

0 1
A(X): 0 — A2X) 55 ALX) B A2(x) — -
Since dg('H ody =0 forall ¢ >0 (ie. A(X) isa complex), we can form the cohomology groups
HI(A (X)) = ker d%/imd% ", dy' =0.

Clearly, H°(A (X)) = ker d% = S(X) = H°(X, S). That this is true for all cohomology groups, is
the content of the abstract de Rham Theorem:

Theorem 19.45 Let A be an acyclic resolution of the sheaf S on a paracompact space X . Then
there are canonical isomorphisms
HY(X,S) 2 HI(A(X)) .

Proof. Denote by KP the kernel of the sheaf homomorphism dP : A? — AP*T! . Then we have
K= S and KP = kerd” =imd’™, p>1.
Hence, the resolution (+) decomposes into short exact sequences
0 — KP — AP L kPl 0, p>0.
Due to the long exact cohomology sequence, we conclude that
0 = HY(X, A?) — HY(X, KP*') — HTNX, KP) — HITY(X, AP) = 0
is exact for ¢ > 1. Therefore, by induction,

HY(X,S) = HY(X, K°) = H"Y(X, K') =... 2 H}X, K1)
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for all ¢ > 1. The initial part of the cohomology sequence contains the exact segment

HOX, A7) 225 gO(X, KPHY) —s HY(X, KP) — H'(X, A7) = 0

such that
HY(X,S) =~ HY(X, K7') = HY(X, K9)/ im d% " .

Applying the left-exact functor H? to the exact sequence
0 — K7 — A7 Ly gott
finally yields
H°(X, K7) = ker d% . O

There are some important classes of acyclic sheaves on paracompact spaces X . Generalizing the
concept of a partition of unity from functions to sheaves, we call a sheaf S fine, if for all locally finite
coverings {4 = {U, },er there are sheaf homomorphisms h, : S — S with supp h, = {z € X :

h,(Sz) # 0, } C U, and
> ho=ids .

vel

Notice that each Cx—module sheaf on a paracompact topological manifold X and also each C§—module
sheaf on a paracompact C*°—manifold X is fine.

Theorem 19.46 FEvery fine sheaf S on a paracompact space X is acyclic.
Proof. Since X is paracompact, it suffices to show that
HIY, S) =0, ¢g=>1
for all locally finite coverings 4 of X . Now, for a fixed partition (h,),c; of idg, define homomorphisms

kqi Cq(il, S) — qul(u, S) ) q 2 17

by
(kq(sLo...Lq))m).../{q,l = Z hL(SLno..‘nq,l) P
el
where  h,(S.x9..,_,) denotes the trivial extension of this element from Uy .x,_, \ U,
to Uxg.my_,- It is easily checked that 6971 o k7 + k91 o §7 = idca(s,s), such that
Zq(ﬂ, S) = idcq(uﬁ)Zq(u, S) - Bq(ﬂ, S) g

Other examples of acyclic sheaves are the following, as we shall see in a moment: A sheaf F' is called
flabby, if for all open subsets U C X the restriction homomorphism

HY(X, F) — H°(U, F)

is surjective. Every sheaf S can be embedded into a flabby one (its “flabbyfication”), called F (5),
whose groups of sections consists of all (i.e. not necessarily continuous) sections in S'; in other words:

F(SY(U)={s:U = S:mos=1idy}.

Each section in F (S) (U) can trivially be extended to the whole space X by putting s(z) = 0., = €
X\U.

Moreover, we can build up a canonical flabby resolution of a given sheaf S by setting FO :=
F(S), F! := F(FY/9) etc.

0— S — FY — F' — ...,

In order to prove that flabby sheaves are acyclic, we need the following lemmata.
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Lemma 19.47 If 0 — Fy — F — Fy — 0 1is a short exact sequence with a flabby sheaf Fi, then
the sequence
0 — H°X,F) — HX,F) — HX, F,) — 0

1s exact.

Proof. Given a section fo € F5(X), we choose a lifting f € F (U) with a maximal open set U C X
and claim that U = X . Suppose, to the contrary, that U # X . Then there exists a nonvoid open set
V', not contained in U, and a lifting f of f> over V. f — f can be extended from UNV to a global
section f; in Fy, and the pair (f, f1 + f) defines a lifting of fo» to U UV . Contradiction ! ]

Lemma 19.48 For a short exact sequence 0 — Fy — F — Fy — 0 with flabby sheaves Fy and F,
the cokernel Fy is also flabby.

Proof . Trivial.
Theorem 19.49 Flabby sheaves are acyclic.
Proof. Choose a flabby resolution 0 — F — F% — F' — ... of I, and define the exact sequences
0 — KP — FP — KP*L —5 0, p>0,

as in the proof of Theorem 7. By induction on p, we may conclude that all sheaves KP? are flabby.
Using Lemma ? above, we find
ker &%t =imd%, p >0,

and the conclusion follows from Theorem ?. O

It is also not difficult to show that the special flabby sheaves F'(S) are even fine.

The same reasoning shows that there exists on a paracompact space X only one “cohomology
theory” normalized in such a way that flabby sheaves (or only sheaves of type F (S)) have trivial
higher cohomology groups.

19.21 Leray and Stein coverings

We have remarked in the previous Section that the canonical homomorphisms rill’ < HY(W, S) —
H'(X, S) are always injective. If the covering [ is “cohomologically good”, these maps and the corre-
sponding ones in arbitrary dimension ¢ are bijective.

An open covering  of X has the Leray property for the sheaf S in dimension p, if H9(U,,....,, S) =
0 for all ¢ = 1,...,p and all p—fold intersections. It is called a Leray covering for S, if the Leray
property is satisfied for all natural numbers p > 1. With this notion, one can prove Leray’s Theorem:

*Theorem 19.50 For a covering U of X with the Leray property for S in dimension p the canonical
homomorphism i \ : HP(MU, S) — HP(X, S) is bijective. This is true for all p > 0, if $k is a Leray
covering for S'.

It is now very important to have Leray coverings simultaneously for a whole class of sheaves. This
remark, for instance, applies to the class of constant sheaves, if all intersections U,,...,, are (connected
and) contractible (e.g. a covering of R™ with convex sets U, ).

In the case of complex analytic spaces X , we would like to work with all coherent analytic sheaves
S at the same time. Therefore, we are interested in open subsets U C X with the property that
HY(U, S) = 0 for every ¢ > 1 and each coherent analytic sheaf S on U. We call such sets B-
domains in X ; if X itself is a B-domain, it is called a B—space, which is shorthand for stating that
the space X satisfies Theorem B of Cartan.

B—spaces have very strong properties. They satisfy, for instance, the so—called Theorem A of Cartan,
as well:
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Theorem 19.51 Let S be a coherent analytic sheaf on the B-space X . Then, for all x € X , there
are finitely many sections s1,..., sy € S(X) such that the stalk Sy is generated as an Ox z-module
by the germs Siz,...,Skz -

Proof. Denote by I = I, the ideal sheaf of holomorphic function germs vanishing at the point x .
From the exact sequence
0—I1-§5—8S—S8/I15—0,

we deduce exactness of
HY(X,S) — H°X,S/I-S) — HYX,I-5) =0,
since I-S is a coherent subsheaf of S. But (S/I-S), # 0, for all y # =z, whence
HY(X, S/1-8) = S;/mxSs

and the claim follows from Theorem 5. ?77. O

By the same reasoning as above for the ideal sheaf I, , of germs of holomorphic functions vanishing
at x and y, x # y, we also get immediately

Theorem 19.52 Every B-space X is holomorphically separable, i.e. for x1 # xo in X there exists
a holomorphic function f € O(X) with f(z1) # f(z2).

Clearly, each of the last two Theorems implies that a B—space is compact if and only if it consists
of isolated points only.
Finally, the following holds true:

Theorem 19.53 FEvery B-space X is holomorphically convez, i.e. for each compact set K C X the
holomorphically convexr hull

K:={zeX:|f(x)] <sup|f(K)|foral feO(X)}
1§ compact.

Proof . Suppose that there exists a compact set K C X such that the convex hull K is not compact.
Then there is an infinite series {z; }jeny in K without accumulation points in K . Since K is closed
in X, theset A = {z;: j € N} has no accumulation points in X , as well. Hence, A is a discrete
analytic subset in X with a coherent ideal sheaf I4 . By property B, we have exactness of the sequence

HY(X, Ox) — HYX, Ox/14) — HY(X, 14) =0,
such that we can find a holomorphic function f € Ox(X) with lim; .o f(x;) = 0o, contradicting
sup | f (z;)| < sup [ f(K)| < 0. O

Calling a complex analytic space X a Stein space (or holomorphically complete) if it is holomorphi-
cally separable and holomorphically convex, we may state that B—spaces are Stein spaces. Remember
that we assume all topological spaces to have countable topology. However, this follows automatically
(at least for each connected component) for holomorphically separable spaces. This taken for granted,
one can show that one may replace the assumption of a Stein space X to be holomorphically convex
by the following one:

For each infinite discrete closed set Z C X, there exists a holomorphic function f € O(X) such that

sup | f(z)] = oo.
T€Z

For Stein spaces, the following permanence results are more or less obvious:
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*Theorem 19.54
1. Ewvery region in C is a Stein space.
2. Products of Stein spaces are Stein; in particular, every polydisk P C C™ is a Stein space.

3. Closed subvarieties of Stein spaces are Stein spaces; in particular, each point x in a complex
analytic space X has arbitrarily small Stein neighborhoods.

4. Intersections of finitely many Stein domains in a complex space are Stein spaces; in particular,
every complex space X (with countable topology) has arbitrarily fine (locally finite) Stein coverings
U = {U, }ber, i-e. coverings with U,, N ...NU,, Stein for all vy, ..., 1q € I9T.

Our task concerning Leray coverings on complex spaces is now accomplished by the famous and
very deep Theorem B of Cartan:

*Theorem 19.55 Every Stein space is a B-space.

Let us finish the present Section by sampling some results for Stein domains in C™. Obviously,
every such domain G is holomorphically separable. Hence, in these cases, “holomorphically convex” is
equivalent to “property B”. In fact, there are many different characterizations of such Stein domains in
C™. Among them are the characterizations as

i) domains of holomorphy;

)

ii) pseudoconvex domains;

iii) domains with H'(G, I) = 0 for all coherent ideal sheaves I C Og with discrete zero-set N (I);
)

iv) domains with H4(G, Og) = 0 for ¢ = 1,...,n — 1.

19.22 Grauert’s Coherence Theorem

In many applications, one is forced to study a relative situation f: X — Y together with some sheaves
S on X . Similarly to the absolute case, an exact sequence

(%) 00— S5 — 85 — 5
on X gives rise to an exact sequence
0 — f*Sl — f*S — f*S2

of direct images. (Recall that the direct image sheaf f.S of S, say, is defined by (f.S) (V) =
HO(f~%(V),S), V C Y open, the left-exactness of the functor f. following from Theorem ?7?7?).
It is clear that, for obvious reasons, we also have to introduce similar sheaves for all cohomology groups.

Therefore, we associate to any open subset V C Y the cohomology group HY(f~*(V), S). If
= {U, },er denotes an open covering of f~1(V), and if W is an open subset of V| then

V= UNfH W) = {V, = Unf (W) ber
is an open covering of f~'(W) with natural restriction maps
S({U,) — S(V)

inducing homomorphisms C9(Y, S) — C9(Y, S) commuting with ¢ such that there are canonical
restriction homomorphisms

HI(, ) —s H(T, S)
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and
HI(fH(V), S) — HI(fTH(W), 8)
for all ¢ > 0. This, in fact, defines a presheaf which, in general, is not a sheaf for ¢ > 1. The associated

sheaf is denoted by
RIf.S or f18

such that ROf,S = f9S = f.S. RIf.S is usually called the q-th direct image sheaf of S under the
map f.In case that f is a morphism of ringed spaces (X, Rx) — (Y, Ry), these sheaves carry a
natural structure of Ry-modules.

It should also be self-evident how to construct canonical morphisms Ry, : RIf,S — RIf,S" as-
sociated to sheaf homomorphisms ¢ : S — S’ on X and connecting homomorphisms §9 : R?f,S, —
RI+1f.S; for exact sequences 0 — S; — S — S5 — 0 on X.

*Theorem 19.56 For any short exact sequence 0 — S; — S — Sy — 0 of Ox-modules on a
compler analytic space X and any holomorphic map f : X — Y, one has a canonical long eract
sequence of Oy -modules:

0 — R°f.S1 — Rf.S — RVf.Sy —
R'f.S1 — R'f.S — R'f.Sy —
R2f*51 —

Grauert’s Coherence Theorem now states:

*Theorem 19.57 For a coherent analytic sheaf S on X and all proper holomorphic maps f: X —
Y, the direct image sheaves R1f,S, ¢ > 0, are coherent. Moreover, if V C Y is a Stein domain, then
the natural morphisms

HY(f~'(V),S) — H°(V, RUf,S), q >0,

are bijective.

Every compact complex space X carries a (proper) constant holomorphic map. Hence, Grauert’s
Coherence Theorem implies:

*Theorem 19.58 The cohomology groups HY4(X, S), ¢ > 0, on a compact complex space X with
values in a coherent Ox-module sheaf S are finite dimensional complex vector spaces.

We now want to compare the stalks (R?f.S),, y € Y fixed, with some canonical cohomology

groups on the fibers X, := f~!(y) carrying the usual complex analytic structure with respect to the
proper holomorphic map f. We denote by S, the analytic restriction of the sheaf S to the subvariety
Xy, ie.

Sy = S®ox Ox, = (5/ [*(Ly)S)s-1(y) »

I, C Oy the ideal sheaf of the point y. Since any section in S over an open set U defines a section
of S, on UN f~!(y), we have a canonical homomorphism

(Rf.S)y — H(Xy, Sy)

whose kernel contains m, (R?f,.S), where m, denotes the stalk of I, at y € Y, i.e. the maximal ideal
of Oy, . Hence, we find a canonical homomorphism of finite dimensional vector spaces

T%(y) : (qu*s)y B0y, (OY,y/my) — Hq(va Sy)

which, in general, is neither injective nor surjective. However, defining higher infinitesimal neighborhoods
of f~1(y), namely the spaces

Xysn) with structure sheaf Oy / f*(I,/)Oy ,
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all having the same underlying topological space f~!(y), and correspondingly forming the analytic
restrictions
s — 5 oy O

Y y of S to XZS")

x5
for all n, we get a projective system of homomorphisms
(R1£.8)y ®oy., (Oyy/ml) — HY(X,, S{)

giving rise to a homomorphism from the m,-adic completion

(R1f.8), = lim (R?f.S),/mj(Rf.S),

n

of the finite Oy ,—module (R?f.S), into the projective limit

lim H?(X,, Simy .

n

Grauert’s Comparison Theorem (called the Theorem of Formal Functions in Algebraic Geometry)
says that this is a bijection:

*Theorem 19.59 Let f: X — Y be a proper holomorphic map of complex spaces, and let S be a
coherent analytic sheaf on X . Then, for all points y € Y and all ¢ > 0, the canonical homomorphisms

(R1f.S), — lim HI(X,, S;")

n

are isomorphisms.

We finish this Section by formulating Grauert’s Semicontinuity Theorems. Here, we are dealing with
the functions
di(y) := dimc HY(X,, S,), yeY,

for proper holomorphic maps f : X — Y and coherent analytic sheaves S that are flat over Y .
Under these assumptions, we have

*Theorem 19.60
1. The maps df are upper semicontinuous on Y . More precisely, for all k € N, the sets
{yeY:di(y) > k}
are closed analytic subsets of Y .

2. If d¥ s a locally constant function, and if Y is reduced, then RIf.S is a locally free sheaf, and
the canonical homomorphisms

r&(y) : (R1f.S)y/ my(RIf.S), — HY(X,, Sy)
are bijections for all y €Y .

3. The Euler—Poincaré characteristic

Xs(y) = Y (~1)1d4(y)
q=0

is (defined and) locally constant on Y .

We will have the opportunity to use the following Corollary to the Semicontinuity Theorem:
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Corollary 19.61 Under the assumptions of the preceding Theorem, if H1? (Xy, Sy) vanishes for some
y =y €Y and some q €N, then
H(Xy, Sy) =0

for all y in a neighborhood V' of y©) , and (R1f.S)y = 0.

This is a direct consequence of Theorem ? provided Y is reduced at y(® . In the general case, it
follows from the next result, called the Base Change Theorem:

*Theorem 19.62 If the canonical homomorphism rl is surjective at one point y©) €Y, then it is an

isomorphism in a whole neighborhood V' of y© . Moreover, under this assumption, RIf.S is locally
) 4 if 210y 4 iecti

free near y'°) if and only if r& " (y'\")) is surjective.

Notes and References
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To be continued.



